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Streszczenie

Wstep

Jedna z cech charakterystycznych nowotworéw jest ich genetyczna niestabilnos¢,
ktéra prowadzi do podwyzszonego tempa powstawania mutacji w ich genomach [1]. Z tego
tez powodu istnieje wzglednie wysokie ryzyko zajScia mutacji i utraty funkcji w genach,
ktorych produkty biorg udziat w szlakach kluczowych dla przezycia komérki - np.
mechanizmach naprawy DNA. W takich warunkach przezycie komérki nowotworowej zostaje
uzaleznione od znalezienia substytutu utraconego mechanizmu i aktywacji szlaku
alternatywnego [2]. Jesli inaktywujgce mutacje powstajagce w okreslonych parach genéw
prowadzg do $mierci komérek, natomiast inaktywacja kazdego z nich indywidualnie nie
wptywa na przezycie komoérek, méwimy woweczas, ze wykazujg one interakcje syntetycznej
letalnosci [3]. Zastosowanie inhibitoréw lub aptamerdéw biatek w celu zablokowania szlaku
alternatywnego stato sie w ostatnich latach przedmiotem spersonalizowane] terapii
przeciwnowotworowej opartej o syntetyczng letalnos¢. Takie podejscie moze nie tylko okazaé
sie selektywnym i skutecznym rozwigzaniem w spersonalizowanej terapii
przeciwnowotworowej, ale przyczynia sie juz obecnie do poszerzania wiedzy dotyczacej

interakcji genetycznych zachodzacych w komérkach [4].

Powstawanie peknie¢ dwuniciowych DNA (DSB - ang. double strand breaks) w
komoérkach moze by¢ spowodowane ekspozycjg na promieniowanie jonizujace, reaktywne
formy tlenu czy stres genotoksyczny wywotany np. chemoterapeutykami [5]. Nienaprawione
DSB moga prowadzi¢ do powstawania rearanzacji genetycznych i progresji nowotworu.
Przypuszcza sie, ze mutacje gendw bioracych udziat w naprawie tego rodzaju uszkodzen oraz
aktywacja alternatywnych systemoéw naprawy moze by¢ Zréodtem opornosci komorek
nowotworowych na stres genotoksyczny [6]. W komoérkach prawidtowych naprawa DSB
przebiega poprzez szlak taczenia koncéw niehomologicznych (NHEJ) w fazie G1/S cyklu
komérkowego lub poprzez mechanizm naprawy przez homologiczna rekombinacje (HR) w
p6znej fazie S i G2. Dodatkowo mozna wyodrebni¢ dwa podsystemy - podstawowy i
alternatywny zaréwno dla NHEJ, jak i dla HR. Szlak podstawowy NHEJ - cNHEJ zalezny jest od
biatka DNA-PKcs, natomiast, jesli nie dziata on prawidtowo, jego funkcje sg przekierowywane
do szlaku altNHEJ opartego na biatku PARP1 [7]. Poza naprawg DSB PARP1 bierze udziat

rowniez w naprawie peknie¢ jednoniciowych DNA, a takze indukuje HR na zatrzymanych
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widetkach replikacyjnych [8]. Naprawa poprzez HR zachodzi przy wspétdziataniu biatek
BRCA1/2 oraz RAD51, jednak zauwazono, ze w komoérkach z mutacjami w genach BRCA1/2
moze dochodzi¢ do aktywacji szlaku alternatywnego, w ktérym zostaja one zastgpione
biatkiem RAD52 [6]. Mutacje utraty funkcji w genach szlakow podstawowych moga stwarzac
warunki do selektywnej eliminacji komoérek nowotworowych wykorzystujac inhibitory
szlakéw alternatywnych. Na obecng chwile jedynie inhibitory PARP1 znalazty zastosowanie w
spersonalizowanej terapii opartej o syntetyczng letalnos¢. Inhibicja PARP1 w komérkach z
mutacjami BRCA1/2 prowadzi do nieskutecznej naprawy uszkodzeh DNA w mechanizmach
zaleznych od PARP1 i inwersji uszkodzen do DSB, ktére z kolei nie moga zosta¢ wydajnie
naprawione przez szlak HR. Moze to dalej prowadzi¢ do akumulacji DSB, pogtebiania
niestabilnosci genetycznej i $mierci komorki [9]. Pomimo, ze to szlak NHEJ jest gtdwnym
szlakiem naprawy w komérkach eukariotycznych, to niektére typy nowotworéw wydajg sie
znacznie bardziej polegaé¢ na HR, dlatego jego inaktywacja moze wywieraé silnie toksyczny

wptyw na komorki rakowe [10].

W niniejszej pracy podjeto sie poszukiwania kolejnych interakcji syntetycznej
letalnosci w komédrkach Zle prognozujacych guzéw litych - glejaka i czerniaka. Pomimo, ze
czerniak na wczesnych etapach fatwo poddaje sie leczeniu, to wyzsze stopnie zaawansowania
i przerzuty do innych organdéw zazwyczaj znaczaco pogarszajg mediane przezycia ponizej 9
miesiecy [11]. Glejak wielopostaciowy jest natomiast jednym z najczestszych nowotworéw
centralnego uktadu nerwowego, jednak nawet pomimo wykorzystania agresywnych strategii
terapeutycznych wykazuje bardzo niski wspodtczynnik przezywalnosci (mediana 14.6
miesiecy) [12]. Badania zaktadaty utworzenie dla kazdego badanego przypadku profilu
ekspresji genéw kluczowych dla naprawy DSB i identyfikacje “stabych punktéw” naprawy w
nowotworze, ktére mogtyby zosta¢ wykorzystane do stworzenia spersonalizowanego do

kazdego przypadku zestawu zwigzkéw celujgcych w alternatywne szlaki naprawy DSB.

Cel pracy

Celem niniejszej pracy byto badanie odpowiedzi linii pierwotnych glejaka i czerniaka
wykazujgcych obnizong ekspresje biatek biorgcych udziat w naprawie DSB na zastosowanie

inhibitoréw alternatywnych szlakéw naprawy. Cel ten osiaggnieto poprzez:
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1. Wyprowadzanie linii pierwotnych Zle prognozujacych guzéw litych od pacjentéw oraz
potwierdzanie charakterystyki otrzymanej linii komorkowej poprzez zastosowanie

markeréw powierzchniowych i genetycznych;

2. Okreslenie poziomu ekspresji genéw, ktérych produkty biorg udziat w naprawie DSB
(BRCA1, BRCA2, PALB2, homologi RAD51, RAD52 - HR; DNA-PKcs, XRCC5, XRCCé, LIG4 -
cNHEJ; PARP1, LIG3 - altNHEJ) i odniesienie ich poziomu do ekspresji w komédrkach
prawidtowych, co pozwoli na identyfikacje “stabych punktéw” w systemach naprawy DSB
w komérkach nowotworowych i dobranie inhibitoréw, ktére mogtyby doprowadzi¢ do

zajscia syntetycznej letalnosci;

3. Ocena aspektow odpowiedzi komoérek nowotworowych i prawidtowych po zastosowaniu
dobranych inhibitoréw zastosowanych samodzielnie lub w kombinacji ze zwigzkami

alkilujgcymi stosowanymi obecnie w terapii wybranych do badan typéw nowotworéw.

Przeprowadzone badania pozwolg na poszukiwanie korelacji pomiedzy profilem
ekspresji gendéw kodujacych biatka DSB, a wrazliwoscig na podejscie oparte o syntetyczng

letalno$¢ w komérkach nowotworowych.

Materiaty i metody

Materiat do badan stanowity linie pierwotne czerniaka i glejaka. Wycinki czerniaka
sklasyfikowane histopatologicznie jako stadia kliniczne IIl i IV zostaty pobrane od pacjentéw
Oddziatu Chirurgii Onkologicznej Wojewodzkiego Szpitala Specjalistycznego im. M. Kopernika
w todzi. Komoérki czerniaka DMBC 2, DMBC 8, DMBC 10, DMBC 11, DMBC 12 zostaty
wyizolowane z wycinkébw w Zakfadzie Biologii Molekularnej Nowotworéw, Uniwersytetu
Medycznego w todzi, a obecnos¢ komoérek nowotworowych w hodowlach zostata
potwierdzona poprzez analize cytometryczng markeréw powierzchniowych
charakterystycznych dla komoérek czerniaka oraz dla komérek macierzystych nowotworowych
[13]. Otrzymane przez zespoét linie pierwotne czerniaka zostaty nam udostepnione do
dalszych badah. Komoérki byly hodowane w formie tréjwymiarowych melanosfer, ktére w
poréwnaniu do systemu hodowli “monolayer”, pozwalaja na lepsze odwzorowanie

heterogennosci populacji komérek guza oraz jego tréjwymiarowej struktury.
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Wycinki glejaka wielopostaciowego sklasyfikowane histopatologicznie jako stadia
kliniczne 1l i IV pobrano od pacjentéw Kliniki Neurochirurgii i Chirurgii Nerwow
Obwodowych, Uniwersyteckiego Szpitala Klinicznego im. Wojskowej Akademii Medycznej
oraz Oddziatu Neurochirurgii i Nowotworéw Uktadu Nerwowego, Wojewddzkiego Szpitala
Specjalistycznego im. M. Kopernika w todzi. Badania uzyskaly zgode Komisji Bioetycznej
Uniwersytetu Medycznego w todzi (nr zgody RNN/194/12/KE). Komorki glejaka H3, H6 i H7
zostaty wyizolowane z wycinkéw w Katedrze Genetyki Molekularnej Uniwersytetu tédzkiego.
Linie komorkowe zostaty poddane sortowaniu z uzyciem kulek magnetycznych MACS (ang.
magnetic-activated cell sorting) wykrywajacych antygen powierzchniowy CD133, ktory jest
markerem komoérek nowotworowych macierzystych. Dodatkowo w celu potwierdzenia
obecnosci komoérek glejaka w otrzymanej hodowli przeprowadzona zostata analiza utraty
heterozygotycznosci (LOH - ang. Loss of heterozygosity) w locus chromosomowych 10q23-24,
10p14 i 22q12.3, ktérych delecje uznawane s3 za jedne z najczesciej wystepujgcych zmian w
komorkach glejakéw. LOH zostaty poréwnane miedzy prébkami krwi obwodowej pobranej od
pacjentéw, a pobranymi od nich wycinkami guzéw i wyprowadzonymi z nich liniami. LOH10q
zostat wykryty we wszystkich badanych liniach, pokazujac ok. 50% spadek w wycinku guza i
65-70% spadek w wyprowadzonej linii komérkowej w poréwnaniu do wartosci w krwi
obwodowej, sugerujac, ze mutacja 10g charakterystyczna dla glejaka zostata
rozpropagowana w hodowli. Kontrole do eksperymentéw stanowity komercyjnie dostepne
linie prawidtowych melanocytéw (NHEM - ang. Normal Human Epidermal Melanocytes) i

astrocytow (NHA - ang. Normal Human Astrocytes).

Analize ekspresji genéw, ktoérych produkty sy zaangazowane w naprawe DSB
rozpoczeto od izolacji catkowitego RNA z kazdej z badanych linii. W nastepnym etapie zostat
on przepisany na cDNA z wykorzystaniem reakcji odwrotnej transkrypcji. Reakcja
tancuchowej reakcji polimerazy z detekcjg w czasie rzeczywistym zostata przeprowadzona z
sondami TagMan wykrywajacymi geny BRCA1, BRCA2, LIG3, LIG4, PALB2, PARP1, PRKDC,
RAD51B, RAD51C, RAD51D, XRCC2, XRCC3, RAD52, XRCC5, XRCC6, ktérych ekspresja zostata
znormalizowana do genu referencyjnego 18S rRNA. Fold change w ekspresji gendw zostat
obliczony w poréwnaniu do komoérek prawidtowych NHEM (dla linii czerniakow) lub NHA (dla
linii glejakow). Badanie Western Blot zostato wykonane dla wybranych z poprzedniego

eksperymentu genéw w celu potwierdzenia poziomu ich ekspresji na poziomie biatka.
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Do badan odpowiedzi komérek na zastosowane zwiazki wybrane zostaty dwie linie
komérkowe kazdego typu nowotworu. Decyzja o wyborze linii byta podyktowana przede
wszystkim poziomem ekspresji gendéw i biatek naprawy DSB, jednak istotna byta réwniez
tatwos¢ prowadzenia hodowli i tempo wzrostu komérek. Odpowiedz komoérek byta badana
po zastosowaniu inhibitorow PARP1 - olaparybu (AZD2281) w liniach czerniaka i talazoparybu
(BMN673) w liniach glejaka, podawanych samodzielnie lub w kombinacji ze zwigzkiem
alkilujgcym stosowanych obecnie w terapii wybranego typu nowotworu - dakarbazyna (DTIC)
w przypadku czerniaka lub temozolomid (TMZ) w glejaku. Zastosowanie kombinacji
inhibitora PARP1 z DTIC lub TMZ w komérkach z obnizong ekspresjg LIG4 miato na celu
zablokowanie szlaku alternatywnego altNHEJ i wytworzenie wrazliwosci na uszkodzenia DNA
wprowadzane przez zwiazek alkilujacy. Komorki inkubowane byly ze zwigzkami 48h, po czym
cze$¢ komoérek pobierana byta do pierwszych analiz, a pozostate otrzymywaty drugg dawke

zwigzkéw, z ktorg inkubowane byty jeszcze 72h.

Badanie wptywu badanych zwigzkéw na Zzywotno$¢ komoérek czerniaka byto
prowadzone poprzez wykorzystanie cytometrii przeptywowej i barwienia komérek jodkiem
propidyny. W komérkach glejaka przeprowadzono analize cytometryczng po barwieniu
komoérek jodkiem propidyny i aneksyng V. Wykorzystanie kombinacji barwnikéw oprécz
identyfikacji martwych komoédrek, pozwala réwniez na identyfikacje $ciezki S$mierci
komérkowej. Aneksyna V wybarwia fosfatydyloseryne, ktéra pojawia sie na zewnatrz btony
komérkowej na wczesnych etapach apoptozy. Jodek propidyny barwi DNA wnikajac do
wnetrza komoérek przez pofragmentowang btone komoérkows. Jest to zmiana

charakterystyczna dla nekrozy i p6Zznych etapéw apoptozy.

W badaniach na liniach glejaka przeanalizowane zostaty zmiany morfologiczne
zachodzace w komorkach po inkubacji z inhibitorem PARP1 + zwigzkiem alkilujagcym.W tym
celu wykorzystano mikroskopie fluorescencyjng i barwienie komérek kalceing AM i jodkiem
propidyny. Kalceina AM ma zdolno$¢ przenikania do wnetrza zywych komérek, gdzie ulega
degradacji do kalceiny wykazujacej po wzbudzeniu silna, zielong fluorescencje. Jodek
propidyny wybarwia DNA komérek martwych wykazujacych niski stopien integralnosci btony
plazmatycznej. By przeanalizowa¢ wptyw zwigzkédw na rozktad komorek linii glejaka i
czerniaka w cyklu komoérkowym przeprowadzono analize cytometryczng po barwieniu

jodkiem propidyny z dodatkiem RNazy.
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Zdolno$¢ komoérek nowotworowych do proliferacji byta badana z wykorzystaniem
testu klonogennosci. Metoda testuje zdolno$¢ kazdej pojedynczej komérki do przejscia
podziatéw i utworzenia kolonii. Komoérki prawidtowe NHEM i NHA nie majg zdolnosci wzrostu
w miekkim agarze, dlatego kontrole stanowity komoérki nowotworowe niepotraktowane

zwigzkami.

Analiza akumulacji DSB w komérkach czerniaka zostata wykonana z wykorzystaniem
testu ELISA wykrywajgcego ufosforylowany histon YH2A.X poprzez zastosowanie
specyficznych przeciwciat. W badaniach na liniach pierwotnych glejaka poziom
ufosforylowanego histonu yH2A.X byt badany poprzez identyfikacje cytometryczng
utrwalonych komorek, ktore zwigzaty przeciwciato Alexa Fluor 647 Mouse Anti-H2A.X
(pS139). Wyniki badan wykrywajacych fosforylacje histonu yH2A.X zostaty potwierdzone

przez wykonanie neutralnego testu kometowego, ktéry rozpoznaje DSB.

W celu potwierdzenia hipotezy projektu komérki linii glejaka i czerniaka z obnizong
ekspresjg LIG4 zostaty poddane transfekcji plazmidem pCMV6-AC-GFP-LIG4, przenoszacym
cDNA dla LIG4 w celu podniesienia wewnatrzkomérkowego poziomu tego biatka. Kontrole
stanowity komoérki poddane transfekcji pustym plazmidem. Komoérki GFP+ zostaty
wysortowane i poddane dziataniu badanych zwiazkéw przez 48h. Zywotnoé¢ komoérek byta
liczona po barwieniu btekitem trypanu. Kolejnym modelem byty linie NALMé6 rodzicielska i
NALM6 LIG4-/-, ktére zostaty poddane dziataniu olaparybu, a zywotno$¢ zostata policzona po
barwieniu btekitem trypanu. Komoérki glejakow z obnizong ekspresja LIG4 i z prawidtowym
poziomem LIG4 byly poddawane wyciszaniu PARP1 z wykorzystaniem siRNA. Kontrole
negatywna stanowity komorki poddane transfekcji plazmidem kontrolnym (ang. siRNA non-
targeting control). Kontrole pozytywng stanowit zestaw do wyciszania ekspresji genu GAPDH
w komorkach. Po transfekcji komoérek badanymi plazmidami przeanalizowany zostat spadek
ekspresji badanych mRNA, a nastepnie komérki zostaty poddane inkubacji z temozolomidem
(TMZ) przez 48h. Komorki glejaka zostaty takze poddane transfekcji plazmidem pMIG-
mCherry-PARP1(E988K) kodujagcym dominujacy negatywny mutant (E988K)PARP1
nieaktywny katalitycznie. Komorki mCherry* zostaty wysortowane i poddane 48h inkubacji z
TMZ. Zywotno$¢ komoérek po traktowaniu zwiazkami byta analizowana przez barwienie

btekitem trypanu i poréwnanie do kontroli negatywne;j.
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Whyniki zostaty uzyskane w trzech niezaleznych powtérzeniach i przedstawione jako
wartos¢ Srednia £ SD. Wyniki zostaty poréwnane wykorzystujgc niesparowany test-t
Studenta. Wartosci p<0.05 zostaty uznane za istotne statystycznie. Efekt synergistyczny
zwigzkéw zostat przeanalizowany stosujgc podejscie addytywnosci odpowiedzi

dwuczynnikowej analizy wariancji ANOVA (ang. two-way ANOVA) [14].

Przeprowadzone zostaty réwniez wstepne badania in vivo na myszach NSG (NOD scid
gamma) ksenograftach linii pierwotnej czerniaka DMBC11. Komorki zostaty podane
podskérnie, a kiedy zaobserwowano wzrost guzéw, rozpoczeto podawanie zwigzkéw.
Badania zostaty przeprowadzone na 4 grupach oznaczajgcych warianty podawanych

zwigzkow (kontrola, olaparyb, DTIC, olaparyb + DTIC) - po 6 myszy na grupe.

Wyniki

Analiza ekspresji genéw, ktérych produkty biorg udziat w naprawie DSB wykazata
obnizony poziom LIG4 w komodrkach czerniaka, w poréwnaniu do komoérek prawidtowych
melanocytow NHEM. LIG4, wraz z partnerem w oddziatywaniach - XRCC4, przeprowadza
taczenie koncdw w cNHEJ. Jej obnizony poziom moze prowadzi¢ do niewydajnej naprawy DSB

przez szlak kanoniczny i aktywacji szlaku altNHEJ.

W celu zablokowania mechanizmu alternatywnego wykorzystany zostat inhibitor
PARP1 - olaparyb. Kombinacja inhibitoréw PARP1 i DTIC - miata natomiast na celu
wzmocnienie efektu zablokowania altNHEJ i wytworzenia wrazliwosci na uszkodzenia
wprowadzane przez zwiazek alkilujgcy. Do badan odpowiedzi komérek wybrane zostaty dwie
linie - DMBC 11 i DMBC 12. Barwienie komoérek jodkiem propidyny i ich analiza
cytometryczna wykazaty specyficzng eliminacje komoérek czerniaka po zastosowaniu
olaparybu razem z DTIC. Po 48h inkubacji jedynie kombinacja zwigzkéw powodowata spadek
zywotnosci komérek czerniaka. Podanie drugiej dawki i inkubacja przez kolejne 72h
spowodowata spadek zywotnosci po samodzielnym zastosowaniu olaparybu lub DTIC, jak i
prowadzito do dalszego spadku liczby zywych komérek po dodaniu kombinacji. Takie samo
traktowanie prawidtowych melanocytéw NHEM nie przyniosto efektu toksycznego nawet po

5-dniowej inkubaciji.

23



Badanie rozktadu komérek w fazach cyklu komérkowego nie wykazato znaczacych
zZzmian w jego przebiegu po inkubacji z badanymi zwigzkami, za wyjatkiem niewielkiego

wzrostu populacji komérek w fazie G2/M po traktowaniu kombinacjg zwigzkéw.

Badanie zdolnosci komérek czerniaka do proliferacji wykazato niemal zupetne
zatrzymanie podziatow komérek potraktowanych inhibitorami PARP1 w kombinacji z DTIC.

Zwiazki zastosowane samodzielnie prowadzity jedynie do obnizenia podziatéw o ok. 30-45%.

Poziom ufosforylowanego histonu yH2A.X, ktory jest markerem przebiegajacej
naprawy DSB, nie ulegat zmianie w komoérkach prawidtowych melanocytéw NHEM
potraktowanych inhibitorem PARP1 i DTIC samodzielnie i w kombinacji, jednak w komérkach
linii czerniaka DMBC11 i DMBC 12 kombinacja prowadzita do odpowiednio 5- i 2-krotnego
wzrostu liczby DSB. Akumulacja DSB w komorkach czerniaka byta jeszcze bardziej znaczaca w

wyniku testu kometowego w warunkach neutralnych.

Badania in vivo przeprowadzone na ksenograftach pierwotnej linii czerniaka w
myszach NSG pozwolity zaobserwowaé niewielka, jednak istotng statystycznie redukcje masy
guza po zastosowaniu zwigzkéw. Badania te zostaty potraktowane jako wstepne, a

otrzymanie silniejszego efektu moze wymagaé dalszej optymalizacji protokotu.

Zatozenie, ze eliminacja komorek czerniaka jest spowodowana przez interakcje
syntetycznej letalnosci miedzy LIG4 a PARP1, zostato zweryfikowane poprzez podwyzszenie
ekspresji LIG4 w komorkach czerniaka z wykorzystaniem wektora plazmidowego
przenoszacego cDNA dla LIG4. Komérki wzbogacone w LIG4 wykazywaty obnizong wrazliwo$é
na olaparyb w poréwnaniu do komoérek poddanych transfekcji plazmidem kontrolnym.
Dodatkowo, komorki biataczkowe NALM6 z knockout’em LIG4-/- wykazywaty znacznie

wieksza wrazliwo$¢ na zastosowanie olaparybu niz komorki rodzicielskie posiadajgce LIG4.

Badanie poziomu ekspresji genéw naprawy DSB w komorkach linii pierwotnych
glejaka wielopostaciowego réwniez pozwolita zaobserwowaé spadek ekspresji LIG4 w
badanych komérkach. Obnizony poziom LIG4 zostat potwierdzony takze na poziomie biatka
poprzez wykonanie analizy Western Blot. W badaniach odpowiedzi komérek na celowanie w
szlak alternatywny wykorzystany zostat inhibitor PARP1 - talazoparyb. Zwigzek podawano
samodzielnie oraz w kombinacji ze zwigzkiem alkilujgcym stosowanym w terapii glejaka -

T™MZ.
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Zastosowanie w komérach linii glejaka talazoparybu w kombinacji z TMZ wykazato
znacznie bardziej toksyczny efekt, niz kazdy ze zwigzkdw zastosowany samodzielnie.
Toksyczno$é dla prawidtowych astrocytow ludzkich byta nieznaczna, nawet po inkubacji z
druga dawka zwigzkéw (48h+72h). Badanie cytometryczne po barwieniu aneksyng V i
jodkiem propidyny wykazato, ze Smieré komérek nowotworowych z obnizong ekspresjg LIG4
po inkubacji z inhibitorem PARP1 i zwiazkiem alkilujgcym zachodzi poprzez apoptoze.
Barwienie komoérek kalceing AM i jodkiem propidyny wykazato w mikroskopie
fluorescencyjnym uszkodzenia btony komérkowej oraz obkurczanie i fragmentacje komérek

nowotworowych po zastosowaniu badanych zwigzkéw.

Badanie rozmieszczenia komoérek w fazach cyklu komérkowego wykazato akumulacje
potraktowanych zwigzkami komoérek glejaka w fazie subG1 odpowiadajacej komodrkom
ulegajgcym $mierci, ktérych DNA ulegto fragmentacji przez endonukleazy. Nie obserwowano

znaczacych zmian w rozmieszczeniu prawidtowych astrocytéw w fazach cyklu komérkowego.

Test klonogennosci wykazat zupetne zatrzymanie podziatébw komorek linii glejaka z
obnizong ekspresjg LIG4 po zastosowaniu kombinacji talazoparybu i TMZ. Jedynie TMZ
zastosowany samodzielnie byt w stanie znaczaco obnizy¢ potencjat proliferacyjny linii glejaka

wielopostaciowego.

Inkubacja komérek glejaka z kombinacjg inhibitora ze zwigzkiem alkilujgcym

prowadzita ponadto do akumulacji toksycznych DSB.

Rola obnizonej ekspresji LIG4 na wrazliwo$¢ komoérek glejaka na inhibitor PARP1
zostata okreSlona poprzez poddanie komoérek jednej z linii transfekcji wektorem
przenoszacym cDNA dla LIG4. Podwyzszenie wewnatrzkomérkowego poziomu LIG4

spowodowato uzyskanie opornosci na zastosowanie kombinacji talazoparybu i TMZ.

Dodatkowo, wyciszono ekspresje PARP1 w wybranych liniach z obnizong ekspresja
LIG4, a komorki poddano nastepnie inkubacji ze zwigzkiem alkilujgcym. Tak potraktowane
komérki byty bardziej wrazliwe na zastosowanie TMZ, niz komérki poddane transfekcji
plazmidem kontrolnym (wyniki badan wykonanych w zagranicznym osrodku przedstawione
zostalty w danych uzupetniajacych). Przeanalizowano réwniez odpowiedz? linii pierwotnych

glejaka wykazujacych poziom ekspresji LIG4 zblizony do komérek prawidtowych astrocytéw.
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Po wyciszeniu ekspresji PARP1 nie obserwowali$my znaczacego spadku zywotnosci komorek

po inkubacji ze zwigzkiem alkilujgcym.

Komérki glejaka z niskim i prawidtowym poziomem LIG4 zostaty réwniez poddane
transfekcji plazmidem kodujagcym dominujacy negatywny mutant biatka PARP1 (E988K)
nieaktywny katalitycznie. Tak potraktowane komérki z obnizong ekspresjg LIG4 byty bardziej
wrazliwe na zastosowanie TMZ w poréwnaniu do komoérek z prawidtowym poziomem LIG4,
jak i w poréwnaniu do komoérek poddanych transfekcji plazmidem kontrolnym (wyniki

przedstawione w danych uzupetniajacych).

Podsumowanie i wnioski

Zwazywszy na rosnacg wiedze na temat zmian genetycznych i epigenetycznych
zachodzacych w komoérkach nowotworowych, spersonalizowane podejscie do terapii
przeciwnowotworowej i terapia oparta o syntetyczng letalno$¢ zyskuja sobie w ostatnich
latach uwage licznych grup badawczych. Chociaz w obecnej chwili jedynie zdolno$é
inhibitorow PARP1 do eliminacji komérek z mutacjami BRCA1/2 znalazta zastosowanie
kliniczne, to inhibitory PARP1 mogtyby zostaé wykorzystane w terapii spektrum innych typow

nowotworow z defektami w szlakach naprawy DNA.

By przeanalizowac terapeutyczne dziatanie strategii przeciwnowotworowej opartej o
syntetyczng letalnos¢ w komérkach Zle prognozujacych guzéw litych, od pacjentéow
wyprowadzono linie pierwotne czerniaka i glejaka. Wykrycie w nich obnizonej ekspresji LIG4
pozwolito nam postawi¢ hipoteze, iz zastosowanie inhibitoréw szlaku altNHEJ w kombinacji
ze zwiazkiem alkilujagcym doprowadzi do specyficznej eliminacji komoérek nowotworowych,
bez toksycznego efektu na komorki prawidtowe, w ktérych prawidtowo funkcjonuje szlak
podstawowy NHEJ. LIG4 jest elementem bioracym udziat w naprawie cNHEJ, a jej obnizona
ekspresja moze byé Zrédtem nieefektywnej pracy tego szlaku i aktywacji alternatywnych
éciezek naprawy. Zrédta obnizonej ilosci LIG4 w komérkach nie s jeszcze dobrze poznane,
jednak wstepne wyniki badan sugerujg m.in. niewydajng prace szlakéw JAK2-STAT5 lub PI3K-
AKT [15]. Niska ekspresja LIG4 byta wczesniej wykrywana w liniach nerwiaka zarodkowego i
korelowata z wyzszym stadium choroby oraz nizszym prawdopodobieAstwem przezycia

pacjenta [16].
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Zastosowanie kombinacji zwigzku alkilujgcego i inhibitora PARP1 - olaparybu lub
talazoparybu byto skuteczne w selektywnej eliminacji komérek czerniaka i glejaka. Inkubacja
z badanymi zwigzkami doprowadzata do akumulacji DSB ponad naprawialny prog,
zahamowania proliferacji komérek nowotworowych, zmian morfologicznych, a koncowo do
zajscia apoptozy. Obnizony poziom LIG4 i zablokowanie alternatywnych $ciezek naprawy byty
bezposrednimi czynnikami odpowiedzialnymi za powstanie wrazliwosci na uszkodzenia
wprowadzane przez zwigzek alkilujacy do komérek glejaka i czerniaka, gdyz przywrécenie
ekspresji LIG4 powodowato podniesienie opornosci komérek na dodawane zwiagzki.
Zastosowanie inhibitora PARP1 ze zwigzkiem alkilujgcym nie dawato efektu toksycznego w

prawidtowych melanocytach i astrocytach.

Analiza bazy danych TCGA (ang. The Cancer Genome Atlas) wykazata, ze obnizona
ekspresja i mutacje LIG4 sq wykrywane w $rednio 7% przypadkéw czerniaka i 4% glejaka
wielopostaciowego, jednak catkowity udziat mutacji czynnikdéw biorgcych udziat w szlaku
podstawowym NHEJ byt znacznie wiekszy. Moze to sugerowac, ze potencjalnie znacznie
szersza grupa pacjentow mogtaby skorzysta¢ z terapii spersonalizowanej opartej o

syntetyczng letalno$é miedzy inhibitorami PARP1 a defektami szlaku cNHEJ.

Przeprowadzone badania sugerujg mozliwo$¢ zastosowania terapii opartej o
syntetyczng letalno$¢ w celu selektywnej eliminacji komérek czerniaka i glejaka z obnizona
ekspresja LIG4. Niski poziom LIG4 i inhibicja PARP1, ktéry bierze udziat w szlaku
alternatywnym NHEJ, naprawie pojedynczych peknie¢ DNA oraz indukcji HR na zatrzymanych
widetkach replikacyjnych, jest przyczyng akumulacji DSB ponad prég, ktéry komoérka jest w
stanie naprawi¢. W komérkach prawidtowych funkcjonowat szlak kanonicznej naprawy

cNHEJ, redukujacy liczbe uszkodzeh wprowadzanych przez zwigzki alkilujace.
Whioski

e Obnizony poziom ekspresji LIG4 w komérkach linii pierwotnych czerniaka i glejaka wigzat
sie z ich wrazliwoscig na zastosowanie inhibitoréw PARP1, szczegélnie w kombinacji ze
zwigzkiem alkilujagcym, wzmacniajagcym efekt zahamowania alternatywnego szlaku

naprawy;
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e Badane zwiazki prowadzity do gromadzenia DSB ponad naprawialny prég, znaczaco
obnizaty potencjat proliferacyjny komérek oraz prowadzity do zmian morfologicznych i

apoptozy;

e Przywrocenie ekspresji LIG4 w komérkach powodowato utrate wrazliwosci na inhibitory;

e Zastosowane zwigzki nie dawaty efektu toksycznego w prawidtowych melanocytach i
astrocytach, gdyz prawidtowo funkcjonowat w nich mechanizm cNHEJ redukujacy liczbe

wprowadzanych przez zwiazki alkilujgce uszkodzen.
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Summary

Introduction

One of the hallmarks of cancer cells is their genetic instability which might lead to
increased generation of mutations in their genomes [1]. For that reason, there is an
increased risk that loss of function mutations will arise in genes whose products are a part of
mechanisms crucial for cell survival, e.g. DNA repair systems. Under such conditions, cancer
cell's survival 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 the alternative pathways using inhibitors
and aptamers has become an attractive strategy gaining increasing interest in recent years.
Synthetic lethality approach 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].

Double strand breaks (DSBs) might arise due to an exposition to factors like ionizing
radiation, reactive oxygen species or genotoxic stress e.g. due to chemotherapy [5].
Unrepaired DSBs can lead to genetic rearrangements and tumor progression. It has been
suggested that inactivating mutations of genes involved in DSB repair and activation of a
back-up pathway is a source of the therapy-refractory character of some cancer cells [6]. In
normal cells in G1/S phase of the cell cycle DSBs are repaired via non-homologous end
joining (NHEJ), whereas homologous recombination (HR) mechanism repairs DSBs during G2
and late S phase. What is more, two subsystems (canonical and alternative) can be
distinguished for both NHEJ and HR. The canonical NHEJ (cNHEJ) pathway depends on DNA-
PKcs protein, however, if any protein crucial for cNHEJ is absent and the mechanism is not
able to perform efficiently, its functions are redirected to the alternative pathway (altNHE)J)
basing on PARP1 [7]. PARP1 is involved not only in DSB repair but also participates in repair
of DNA single-strand breaks and induces HR at stalled replication forks [8]. Repair by HR
bases on interactions between BRCA1/2 and RAD51, however, it has been suggested that
cells carrying inactivating BRCA1/2 mutations rely on alternative pathway depending on
RAD52 and RAD51 [6]. Loss of function mutations in canonical pathway genes can create

conditions for the selective elimination of cancer cells with alternative pathway inhibitors. At
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present, only PARP1 inhibitors have found an application in personalized therapy based on
synthetic lethality. PARP1 inhibition in cells carrying BRCA1/2 mutations lead to inefficient
DNA damage repair by PARP1-dependent mechanism and leads to the inversion of lesions to
DSBs, which in turn cannot be repaired efficiently due to the mutations inactivating
BRCA1/2-HR pathway. Such conditions may further lead to the accumulation of toxic DSB,
aggravation of genetic instability and cell death [9]. Although NHEJ system is the
predominant DSB repair mechanism in eukaryotic cells, some types of cancer seem to rely

mostly on HR, therefore its inactivation can exert a strongly toxic effect on cancer cells [10].

The aim of this research was to identify new synthetic lethality interactions within
primary cell lines of melanoma and glioblastoma. Although at the early stages melanoma
can be successfully cured, cancer progression and especially metastasis to other organs
usually significantly worsen median survival (< 9 months) [11]. Glioblastoma multiforme on
the other hand is one of the most commonly occurring cancer types in the central nervous
system, and often despite the use of aggressive therapeutic approach survival rate median
stays bellow 14.6 months [12]. The aim of the research presented in this thesis was to
analyze the expression level of DSB repair genes in each glioblastoma and melanoma case.
Basing on the created profile ‘repair mechanism vulnerabilities' were identified which could
be utilized to create a personalized approach using inhibitors targeting alternative DSB repair

pathways.

Aim of the study

The main aim of this study was to investigate the response of primary glioblastoma
and melanoma cell lines expressing reduced level of proteins involved in DSB repair, to the

treatment with inhibitors of the alternative DSB repair pathways. This aim was achieved by:

1. Establishment of primary cell lines from surgical specimens of solid tumors and

confirmation of the obtained cell line’s characteristics using surface and genetic markers;

2. Determination of the expression level of genes whose products are involved in DSB
repair systems (BRCA1, BRCA2, PALB2, homologs of RAD51, RAD52 - HR; DNA-PKcs,
XRCC5, XRCC6, LIG4 - cNHEJ; PARP1, LIG3 - altNHEJ) and comparison of their level to
expression in normal cells. Identification of the "weak points" in DSB repair systems in

cancer cells and selection of the inhibitors that could lead to cell’s synthetic lethality;
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3. Evaluation of cancer and normal cell’s response to the treatment with selected inhibitors
applied alone or in combination with the alkylating compounds currently used in the

therapy of selected types of cancer.

The conducted research will let us identify correlations between the expression
profile of genes encoding DSB proteins and cancer cell’s sensitivity to the approach based on

synthetic lethality strategy.

Materials and methods

The subject of this study were glioblastoma and melanoma primary cell lines.
Melanoma specimens classified as clinical stages Il and IV were acquired from patients of
the Clinic for Oncological Surgery, Copernicus Memorial Hospital, Medical University of Lodz.
DMBC 2, DMBC 8, DMBC 10, DMBC 11, DMBC 12 melanoma cells were isolated from
samples in the Department of Cancer Molecular Biology, Medical University of Lodz, and the
presence of cancer cells in the established cultures was confirmed by cytometric analysis of
surface markers specific for melanoma cells and cancer stem cells [13]. The primary
melanoma cell lines obtained by the team were shared with us for further research on
personalized anticancer therapy. The cells were grown in the form of three-dimensional
melanospheres, which, compared to the monolayer culture system better reconstitute the

structure of the tumor and the heterogeneity of its cell population.

Samples of glioblastoma multiforme classified as clinical stages Ill and IV were
obtained from patients of the Department of Neurosurgery, Copernicus Memorial Hospital,
Medical University of Lodz and Department of Neurosurgery, Surgery of Spine and Peripheral
Nerves, University Hospital WAM-CSW, Medical University of Lodz. The research gained
approval from the Bioethical Commission of the Medical University of Lodz (approval No.
RNN / 194/12 / EC). H3, H6 and H7 glioblastoma cells were isolated from surgical specimens
at the Department of Molecular Genetics at the University of Lodz. Cell lines were sorted
using magnetic beads MACS (Magnetic-Activated Cell Sorting) detecting the surface antigen
CD133, which is a marker of the cancer steam cells. In addition, to confirm the presence of
glioblastoma cells in the obtained culture, an analysis of loss of heterozygosity (LOH) at the
chromosomal locus 10g23-24, 10p14 and 22q12.3 was performed. Detection of the genetic

changes in at least one of these locations is considered a common change characteristic for
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glioblastomas. LOH were compared between peripheral blood samples, tumor bulk obtained
from patient and established cell line. LOH10q was detected in all tested lines, showing an
approximately 50% decrease in the tumor samples and a 65-70% decrease in the derived cell
lines compared to the peripheral blood. This suggests that the 10g mutation characteristic
for glioblastoma was propagated in the established culture. Normal human epidermal
melanocytes (NHEM) and normal human astrocytes (NHA) commercial cell lines were used

as a control for the experiments.

Analysis of the expression of the genes whose products are involved in DSB repair
began with the isolation of total RNA from each of the tested lines. In the next step, reverse
transcription was performed in order to translate mRNA into cDNA. Polymerase chain
reaction with real-time detection was carried out using TagMan probes detecting genes
BRCA1, BRCA2, LIG3, LIG4, PALB2, PARP1, PRKDC, RAD51B, RAD51C, RAD51D, XRCC2, XRCC3,
RAD52, XRCC5, XRCCé. Their expression was normalized to the 18S rRNA reference gene.
Fold change of the gene expression was calculated as compared to NHEM (for melanoma
lines) or NHA (for glioma lines). Western Blot was performed for genes selected from the

previous experiment in order to confirm their expression at the protein level.

Two cell lines of each tumor type were selected for the experiments of the cell
response to the compounds utilizing the synthetic lethality approach. The decision was made
basing majorly on the level of expression of DSB repair genes and proteins, however, the
ease of culture and the rate of cell divisions were also considered. Cell response was studied
after using PARP1 inhibitors - olaparib (AZD2281) in melanoma and talazoparib (BMN673) in
glioblastoma cell lines, alone or in combination with an alkylating compound currently used
in the treatment of the selected cancer type - dacarbazine (DTIC) for melanoma or
temozolomide (TMZ) in glioblastoma. The use of the PARP1 inhibitor in combination with
DTIC or TMZ in cells with reduced LIG4 expression was intended to block the altNHE)J
alternative pathway and to generate sensitivity to the DNA damage introduced by the
alkylating compound. The cells were incubated with the treatment variants for 48h, after
which some cells were collected for the first experiments, and the remaining cells received a

second dose of compounds with which they were incubated for 72h more.

The study of the therapeutic effect of the tested compounds on melanoma cell

viability was conducted using flow cytometry and propidium iodide staining. In glioblastoma
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cells, a cytometric analysis was performed after cell staining with propidium iodide and
annexin V. The use of a combination of fluorescent dyes not only allowed identification of
dead cells but also allowed to distinguish cell death pathway. Annexin V stains
phosphatidylserine, which appears outside the cell membrane in the early stages of
apoptosis. Propidium iodide stains DNA by penetrating cells through the fragmented cell

membrane. This is a characteristic change occurring in necrosis and late stages of apoptosis.

In glioblastoma primary cell lines fluorescent microscopy was used to analyze the
morphological changes occurring in the cells after incubation with the compounds. Cells
were stained with calcein AM and propidium iodide. Calcein AM can penetrate living cells,
where it is degraded into calcein, which gives strong green fluorescence when excited.
Propidium iodide stains the DNA of dead cells that demonstrate low plasma membrane
integrity. To analyze the effect of compounds on the distribution of glioma and melanoma
cell lines in the cell cycle phases, the cytometric analysis was performed after propidium

iodide + RNase staining.

The ability of tumor cells to proliferate was tested using clonogenic assay. The
method tests the ability of each individual cell to undergo divisions and form a colony. NHEM
and NHA normal cells do not have the ability to grow in soft agar, therefore the untreated

cancer cells constituted control for the experiment.

The analysis of DSB accumulation in melanoma cells was performed in ELISA assay
detecting phosphorylated histone YH2A.X by specific antibodies. In studies on primary
glioblastoma cell lines, the level of phosphorylated histone yH2A.X was tested by cytometric
identification of Alexa Fluor 647 Mouse Anti-H2A.X (pS139) antibody - stained cells. The
results of tests detecting phosphorylation of yH2A.X histone were confirmed by performing a

neutral comet test that recognizes DSB.

To confirm the hypothesis and increase intracellular level of LIG4, glioma and
melanoma cell lines with reduced LIG4 expression were transfected with plasmid pCMVé6-AC-
GFP-LIG4. The cells transfected with an empty plasmid constituted a control. GFP+ cells were
sorted and exposed to the tested compounds for 48 hours. Cell viability was calculated after
trypan blue staining. The next model were the parental NALM6 and NALMé LIG4 -/- lines,
which were treated with olaparib and viability was counted after trypan blue staining.

Glioblastoma cells with reduced LIG4 expression as well as cells with normal LIG4 level were

34



subjected to PARP1 silencing using siRNA. The cells transfected with control plasmid (siRNA
non-targeting control) constituted a negative control for the experiment. A kit for silencing
GAPDH gene expression in cells was used as a positive control. After transfection of cells
with given plasmids, the decrease in expression of the tested mRNA was analyzed. Cells were
incubated with temozolomide (TMZ) for 48 hours. Glioblastoma cells were also transfected
with plasmid pMIG-mCherry-PARP1(E988K) encoding catalytically inactive dominant negative
mutant (E988K) of PARP1. mCherry* cells were sorted and incubated 48h with TMZ. Cell
viability after treatment with compounds was analyzed by trypan blue staining and

compared to a negative control.

The results were obtained in triplicates and presented as mean + SD. The results were
compared using an unpaired Student's t-test. P values <0.05 were considered statistically
significant. The synergistic effect of compounds has been analyzed using the additivity

approach - two-way ANOVA [14].

Preliminary in vivo studies have also been performed on NSG (NOD scid gamma) mice
xenografts of the primary DMBC11 melanoma cell line. The cells were administered
subcutaneously, and when tumor growth was observed, the compounds were administered.
The studies were carried out on 4 groups denoting variants of the administered compounds

(control, olaparib, DTIC, olaparib + DTIC) - 6 mice per group.

Results

Analysis of the expression profile of genes whose products are involved in DSB repair
showed a reduced level of LIG4 in melanoma cells compared to normal melanocyte cells.
LIG4, together with its interaction partner - XRCC4, performs end joining in cNHEJ pathway.
Its reduced level may lead to inefficient DSB repair by cNHEJ and activation of the alternative

pathway - altNHEJ.

PARP1 inhibitor olaparib was used in order to suppress the alternative mechanism.
The alkylating agent DTIC was administered in combination with PARP1 inhibitor to
strengthen the toxic effect of altNHEJ inactivation, creating sensitivity to damage introduced
by the alkylating compound. Two primary melanoma cell lines - DMBC 11 and DMBC 12 were
selected for the analysis of cell response. Cytometric analysis after propidium iodide staining

revealed specific elimination of melanoma cells when olaparib was used together with DTIC.
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After 48 hours of incubation, only the combination of compounds reduced the viability of
melanoma cells, however, administration of a second dose and incubation for another 72h
resulted in a further decrease in cell viability. The same treatment of normal NHEM

melanocytes did not exert a toxic effect even after a 5-day incubation.

The examination of cell distribution in the phases of the cell cycle did not show
significant changes in its course after incubation with tested compounds. A slight increase in
the cell population in the G2/M phase was only observed after treatment with the

combination of compounds.

Analysis of the proliferative potential of melanoma cells showed almost complete
arrest of cell divisions after treatment with PARP1 inhibitor in combination with DTIC.

Compounds used alone led only to average 30-45% reduction of divisions.

The level of phosphorylated histone yH2A.X, which is a marker of ongoing DSB repair,
did not increase in normal NHEM melanocytes cells treated with PARP1 inhibitor and DTIC
alone and in the combination, however in DMBC11 and DMBC12 melanoma cell lines
combination of the compounds resulted in respectively 5- and 2-fold increase in DSB
amount. Accumulation of DSB in melanoma cells was even more significant in performed

comet assay under neutral conditions.

In vivo studies conducted on primary DMBC11 melanoma cell line xenografts in NSG
mice showed a slight but statistically significant reduction in tumor mass after combination
of PARPi and alkylating agent was administered for 24 days. These results are considered to
be only preliminary, and further protocol optimization might allow obtaining a stronger

effect.

The hypothesis that melanoma cell elimination is caused by synthetic lethality
interactions between LIG4 and PARP1 has been verified by increasing LIG4 expression in
melanoma cells using a plasmid vector carrying cDNA for LIG4. LIG4-enriched cells exhibited
reduced sensitivity to olaparib compared to cells transfected with the control plasmid. Also,
NALM6 leukemia cells with the LIG4-/- knockout were much more sensitive to olaparib than

parental cells expressing LIG4.

Analysis of the expression level of DSB repair genes in the primary glioblastoma

multiforme cell lines also demonstrated a decreased expression of LIG4 in the tested cells.
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The reduction of the LIG4 level was also confirmed by performing Western Blot analysis.
PARP1 inhibitor - talazoparib was used to investigate cell response to the alternative pathway
targeting. The compound was administered alone and in combination with an alkylating

agent - TMZ used in the treatment of glioblastoma patients.

The use of talazoparib in combination with TMZ exerted significantly more toxic
effect than any of the compounds used alone. Toxicity to normal human astrocytes was
slight to none, even after incubation with the second dose of compounds (48h + 72h).
Cytometric analysis after staining with annexin V and propidium iodide showed that the
death of analyzed cancer cells after incubation with a PARP1 inhibitor + TMZ occurs through
apoptosis. Fluorescent microscopy after staining with calcein AM and propidium iodide
showed cell membrane damage, shrinking and fragmentation of tumor cells occurring after

the application of tested compounds.

Analysis of glioblastoma cells distribution in the cell cycle phases showed the
accumulation of compound-treated glioblastoma cells in the subG1 phase corresponding to
dead cells whose DNA was fragmented by nucleases. No significant changes in the

distribution of normal astrocytes in the phases of the cell cycle were observed.

Clonogenic assay demonstrated the complete abolishment of glioblastoma cell
division after treatment with a combination of talazoparib and TMZ. Only TMZ used alone
was able to significantly reduce the proliferative potential of glioblastoma multiforme

primary cell line.

Incubation of glioblastoma cells with the combination of the inhibitor and the

alkylating compound also led to a significant accumulation of the toxic DSBs.

The role of reduced LIG4 expression on the sensitivity of glioblastoma cells to the
PARP1 inhibitor was determined by cell transfection with an expression vector carrying cDNA
for LIG4. Increasing intracellular LIG4 levels resulted in resistance to the combination of

talazoparib and TMZ.

Also, PARP1 expression was silenced in selected lines with reduced LIG4 expression,
and the cells were then incubated with the alkylating compound. Cells with PARP1 silenced
were more sensitive to TMZ than cells transfected with the control plasmid (results in the

supplementary data). The response of glioma primary cell lines exhibiting a level of LIG4
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similar to normal astrocyte cells was also analyzed. After silencing PARP1 expression we did
not observe a significant decrease in cell viability after incubation with the alkylating

compound.

Glioblastoma cells with low and normal LIG4 expression were also transfected with a
plasmid coding dominant-negative PARP1 (E988K) mutant. Cells with reduced LIG4
expression which were expressing catalytically inactive PARP1 were more sensitive to TMZ

when compared to cells with normal LIG4 levels (results in the supplementary datas).

Resume and conclusions

Growing knowledge of genetic and epigenetic changes occurring in cancer cells
resulted in an increasing interest in synthetic lethality and a personalized approach to
anticancer therapy. Although at the present moment only ability of PARP1 inhibitors to
eliminate BRCA1/2-deficient cells found clinical application, PARP1 inhibitors could be
potentially utilized for the treatment of different cancer types expressing defects in DNA

repair pathways.

In order to analyze the therapeutic effect of an anticancer therapy based on
synthetic lethality in cells of solid tumors, glioblastoma and melanoma primary cell lines
were derived from surgical specimens. Detection of low LIG4 expression in given cell lines
allowed us to hypothesize that the use of altNHEJ inhibitors in combination with an
alkylating compound will lead to selective elimination of cancer cells, with no toxic effect on
normal melanocytes and astrocytes in which ¢NHEJ functions properly. LIG4 is involved in
the end ligation step in ctNHEJ and its reduced level might be a reason for ineffective repair
by cNHEJ and activation of a back-up repair mechanism. The sources of the reduced level of
LIG4 in cells are not yet well understood, however, preliminary research results suggest

inefficient JAK2-STAT5 or PI3K-AKT pathway activity [16].

The combination of alkylating agent and PARP1 inhibitors - olaparib or talazoparib was
effective in the selective elimination of melanoma and glioblastoma cells. Treatment with
the tested compounds led to the accumulation of DSBs above the repairable threshold,
inhibited proliferative potential of tumor cells, resulted in morphological changes and
apoptosis. Reduced expression of LIG4 and inhibition of the alternative repair pathway were

directly responsible for the emergence of the cellular sensitivity to damage induced by an
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alkylating agent to glioblastoma and melanoma cells. Restoration of LIG4 expression resulted
in increased resistance to analyzed compounds. Using PARP1 inhibitor with an alkylating

compound did not have a toxic effect on normal melanocytes and astrocytes.

The analysis of the TCGA database (The Cancer Genome Atlas) shows that reduced
expression and mutations of LIG4 are detected in average in 7% melanoma and 4%
glioblastoma cases, however, the total percentage of general c¢cNHEJ mutation was
significantly higher. This discovery might suggest that potentially a wider group of patients
could benefit from personalized anticancer therapy based on synthetic lethality between

PARP1 inhibitors and cNHEJ pathway defects.

The results of the conducted research suggest the therapeutic effect of the approach
based on targeting PARP1 in order to selectively eliminate melanoma and glioma cells with
reduced LIG4 expression. Downregulation of LIG4 and inhibition of PARP1 which is involved
in altNHEJ, DNA single-strand break repair and induction of HR at stalled replication forks,
caused DSB accumulation and led to cancer cell death. In normal cells, cNHEJ repair pathway

operated properly reducing the number of DNA lesions introduced by an alkylating agent.

Conclusions

e The decreased expression level of LIG4 in melanoma and glioblastoma primary cell lines
was associated with their sensitivity to PARP1 inhibitors, especially when applied in
combination with an alkylating compound which enhanced the result of alternative

pathway inhibition;

e Compounds led to the accumulation of DSBs above the repairable threshold, significantly

reduced cell proliferative potential, and led to morphological changes and apoptosis;

e Restoration of LIG4 expression in cells resulted in the loss of sensitivity to the treatment;

e Used compounds did not affect normal melanocytes and astrocytes, because the cNHEJ
mechanism which functioned correctly, reduced the number of damage introduced by

alkylating compounds.
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Stowa kluczowe:

Streszczenie

Z roku na rok liczba odnotowanych zachorowari na nowotwory drastycznie wzrasta. Poszukuje sie
narzedzi, ktére bedg pozwalaly eliminowaé zmienione komérki o fenotypie nowotworowym, nie
tylko szybko, ale réwniez bardzo specyficznie, nie uszkadzajac przy tym komérek prawidtowych.
Takie podejécie terapeutyczne niesie za sobg zmniejszenie liczby jej dziatari niepozadanych, a wiec
takze poprawe rekonwalescencji chorego. Nowa nadzieja w stworzeniu skutecznej spersonalizowa-
nej terapii przeciwnowotworowej, stato sie odkrycie zjawiska syntetycznej letalno$ci. Zauwazono,
ze jednoczesne mutacje niektérych par genéw mogg prowadzi¢ do $mierci komérki, podczas gdy
kazdy z nich zmutowany indywidualnie nie wywotuje efektu letalnego. Poniewaz w komdérkach
nowotworowych dochodzi do licznych zmian w materiale genetycznym, odnajdujac pary oddzia-
tujacych ze sobg w ten sposéb gendw, mozna sie przyczyni¢ do powstania potencjalnej terapii
przeciwnowotworowej. Przypuszcza sie, ze proces taki wyewoluowat, by uodporni¢ komérke na
uszkodzenia pojedynczych genéw - dany szlak nie zalezy wéwczas od pojedynczego wariantu. Ta-
kie procesy komérkowe doprowadzity jednak do powstania chordb o ztozonej etiologii, takich jak
nowotwory. Obecnie preznie rozwijajaca sie technika badania z uzyciem iRNA, shRNA czy mato-
czasteczkowych inhibitoréw, pozwala na odnajdywanie oddzialywari miedzygenowych, majacych
znaczenie w powstawaniu zjawiska syntetycznej letalnosci. Umozliwia to nie tylko wykorzystanie
tego zjawiska jako potencjalnej terapii przeciwnowotworowej, ale réwniez jako narzedzia do iden-
tyfikowania funkcji nowo poznanych genéw. Syntetyczna letalno$é pozwala takze na poszerzenie
wiedzy na temat biologii molekularnej nowotworéw, ktéra jest wykorzystana do stworzenia nowych
i bardzo skutecznych spersonalizowanych terapii przeciwnowotworowych.

syntetyczna letalnos¢ - terapia przeciwnowotworowa - oddziatywania miedzygenowe « iRNA - shRNA
- matoczasteczkowe inhibitory

Summary

Nowadays, cancer and anticancer therapy are increasingly mentioned topics. Groups of re-
searchers keep looking for a tool that will specifically and efficiently eliminate abnormal cells
without any harm for the normal ones. Such method entails the reduction of therapy’s side
effects, thus also improving patient’s recovery. Discovery of synthetic lethality has become
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— Tomasz Sliwinski, kierownik projektu).
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a new hope to create effective, personalized therapy of cancer. Researchers noted that pairs
of simultaneously mutated genes can lead to cell death, whereas each gene from that pair mu-
tated individually does not result in cell lethality. Cancer cells accumulate numerous changes
in their genetic material. By defining the pairs of genes interacting in cell pathways we are
able to identify a potential anticancer therapy. It is believed that such a process has evolved
to create cell resistance for a single gene mutation. Proper functioning of a pathway is not
dependent on a single gene. Such a solution, however, also led to the evolution of multifacto-
rial diseases such as cancer. Research techniques using iRNA, shRNA or small molecule librar-
ies allow us to find genes that are connected in synthetic lethality interactions. Synthetic le-
thality may be applied not only as an anticancer therapy but also as a tool for identifying the
functions of recently recognized genes. In addition, studying synthetic lethality broadens our
understanding of the molecular mechanisms governing cancer cells, which should be helpful
in designing highly effective personalized cancer therapies.
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Wykaz skrotow:  8-okso-dG - 7,8-dihydro -8- okso- deoksyguanina; AKT - serynowo-treoninowa kinaza biatkowa;

Wsrep

AP - miejsce apurynowe/apirymidynowe; ATM, ATR - biatka uczestniczace w odpowiedzi komorki
na pekniecia nici DNA; BCR-ABL - fuzyjna kinaza powstata w wyniku translokacji; BER — naprawa
DNA przez wycinanie zasad; BRCA1, BRCA2 - biatka uczestniczace w odpowiedzi komoérki na
dwuniciowe pekniecia nici DNA; CIP/KIP - rodzina inhibitoréw kinaz cyklinozaleznych; CML - prze-
wlekta biataczka szpikowa; DSB — pekniecia dwuniciowe DNA; E2F1 - czynnik transkrypcyjny; EGFR
— receptor czynnika wzrostu naskoérka; GFP - biatko zielonej fluorescencji; GMP — monofosforan
guanidyny; HER2/neu - onkogen; HPRT1 - fosforybozylotransferaza hipoksantynowo-guaninowa;
HR - naprawa DNA przez homologiczng rekombinacje; IMP - inozynomonofosforan; MLH1, MSH2,
MSH6, PMS2 - geny kodujace biatka naprawy btednie sparowanych zasad DNA; MMR - naprawa
btednie sparowanych zasad DNA; MTOR - kinaza biorgca udziat w odpowiedzi komorki na stres;
NHEJ - naprawa DNA przez niehomologiczne taczenie koncéw; PARP1 - polimeraza poli-ADP-
-rybozy; PCC - przedwczesna kondensacja chromatyny; PDGF — ptytkopochodny czynnik wzrostu;
PINK1 - mitochondrialna kinaza serynowo-treoninowa; PIP3 — tréjfosforan fosfatydyloinozytolu;
PTEN - gen supresorowy; RAD51, RAD52 - biatka naprawy DNA przez homologiczng rekombi-
nacje; RB1 - gen supresorowy, negatywny regulator cyklu komérkowego; RPA - biatko wigzace
jednoniciowy DNA; XP - rodzina genéw zwigzanych z choroba xeroderma pigmentosum.

jest bardzo prawdopodobna ze wzgledu na wystepowanie

licznych rearanzacji w jej genomie. Przezycie komérki jest

Syntetyczna letalno$¢ jest zjawiskiem zachodzacym w ko-
morce, oznaczajacym jednoczesne zaburzenia dwdch lub
wiecej genéw, powodujace $mier¢ tej komérki lub nawet ca-
tego organizmu, w sktad ktérego wchodzi. Produkt jednego
ztych gendw jest istotny w procesie przezycia komérki. Gdy
ulega uszkodzeniu, jego funkcja jest zastepowana przez dru-
gi gen, uczestniczacy w szlaku alternatywnym dla procesu,
w ktérym uczestniczy! pierwszy. Uszkodzenie badz celowe
wylaczenie obu genéw koriczy sie Smiercig komérki lub or-
ganizmu. W komdrce nowotworowej utrata funkcji gendw

zatem bezpos$rednio uzaleznione od dziatania takich alter-
natywnych gendéw. Ze wzgledu na skutek, ktéry jest wy-
wolywany w komdrce, zagadnienie syntetycznej letalno-
$ci wydaje sie wyjatkowo atrakcyjne i budzi coraz wieksze
zainteresowania naukowcéw. Jest tez przedmiotem coraz
liczniejszych badan obejmujacych m.in. wykorzystanie le-
kéw nowej generacji stosowanych w terapiach przeciwno-
wotworowych, opierajacych sie na zjawisku syntetycznej
letalnosci. Genetycy zainteresowali si¢ syntetyczng letal-
noscia réwniez dlatego, poniewaz moze dostarczy¢ istot-
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nych informagji o interakcjach miedzy genami, czy tez ich
produktami. Ponadto zakrojone na szerokg skale badania
zwykorzystaniem tego zjawiska stwarzaja mozliwo$¢ m.in.
poszerzenia wiedzy na temat dziatania obecnie wykorzysty-
wanych lekéw oraz poznania punktéw docelowych terapii.

Dwa geny (A i B) mozna uznaé, ze sg syntetycznie letalne,
jesli mutacja w kazdym z genédw oddzielnie nie ma wpty-
wu na zywotno$¢ komdrki, natomiast jednoczesne mutacje
zaréwno w genie A, jak i B prowadza do $mierci komérko-
wej. Komorka jest zdolna do utrzymania réwnowagi cze-
$ciowo przez uniezaleznienie aktywnosci metabolicznej od
pojedynczego czynnika, ktéry moze tatwo ulec zaburzeniu
przez mutacje wywolane przez czynniki endo- lub egzo-
genne. Obecnie uwaza sie, ze taka ,,odporno$¢” komérek na
uszkodzenie pojedynczych genéw mogta odgrywaé gtéwna
role w powstawaniu i ewolucji choréb wieloczynnikowych,
takich jak nowotwory. Odpornos$¢ genetyczna jest zapew-
niana m.in. przez swoista funkcjonalng ,,nadmierno$¢ ge-
netyczng”, np. przez posiadanie dwdch alleli jednego genu.
Innym przyktadem moga by¢ tzw. biatka kondensatory (np.
biatko szoku cieplnego Hsp90), ktére pozwalajg na masko-
wanie fenotypu nieprawidlowego zwiniecia ,,zmienionych”
biatek [37].

Termin ,,syntetyczna letalno$¢” zaproponowat w 1946 r.
Theodor Dobzhansky. Przymiotnik ,,syntetyczna” pochodzi
zjezyka greckiego i oznacza mieszanine dwdch podmiotéw,
z ktdrej powstaje co$ zupelnie nowego. Po raz pierwszy
proces ten opisat na poczatku XX w. Amerykanski genetyk
Calvin Bridges, ktéry podczas krzyzowania Drosophila mela-
nogaster, spostrzegt, ze kombinacja pewnych nieallelicznych
genéw byta letalna, mimo iz homozygotyczne osobniki ro-
dzicielskie byly zywotne i funkcjonalne. Geny te byly dla
siebie alternatywa, wiec dopiero kombinacja ich rearanzacji,
powodowata §mier¢ osobnika, ze wzgledu na to, iZ mutacji
ulegty geny biorace udziat w procesie koniecznym do jego
przezycia[4]. Podobne zjawisko zaobserwowat Theodor Dob-
zhansky u Drosophila pseudoobscura [14].

Chcac poznaé procesy molekularne zachodzace w komdr-
kach ludzkich naukowcy skupili sie na poczatku na prost-
szym i taiszym modelu badawczym, jakim sg komérki
drozdzowe, ktérych genomy sktadaja sie z wielu gendéw
bedacych ludzkimi ortologami. Badania nad syntetyczng
letalnoscia w drozdzach pozwolity naukowcom otrzymaé
ztozone mapy oddziatywan zachodzacych miedzy genami.
Analiza takich sieci powigzan w komdérkach ludzkich wyda-
je sie niezwykle atrakcyjnym kierunkiem badar, gtéwnie
dlatego, ze wiele ludzkich genéw wcigz nie ma przypisa-
nych im funkcji, mimo iz uptyneta juz dekada od poznania
sekwengcji ludzkiego genomu. Obecnie, przy wykorzystaniu
metod analizy syntetycznej letalnosci, takich jak bibliote-
ki interferencyjnego RNA, mozliwym staje sie poznawanie
proceséw, a nawet catych szlakéw komérkowych, ktérych
wecze$niej nie znano [22]. Oddzialywania fizyczne miedzy
genami, wykazywanie ich mniej lub bardziej zblizonych
funkcji, ich jednoczesna ekspresja, czy tez kolokalizacja,
okazuja sie elementami pozwalajacymi doktadnie poznaé
interakcje miedzygenowe [43]. Jednak bez wykonania odpo-

wiednich badan funkcjonalnych nie mozna jednoznacznie
stwierdzié, czy oznaczane dwa geny stanowig kompensa-
cje wzgledem siebie, pod katem petnionej przez nie funkgji
w koméree. Po blizszym poznaniu genoméw drozdzowych
naukowcy zaczeli sie interesowa¢ tym, jaki jest stopieri za-
chowania ewolucyjnego tych oddziatywan miedzy gatun-
kami. S. cerevisiae i S. pombe, ktére ulegly rozdzieleniu 400
mln lat temu i wspétdzielg niespetna 30% interakcji gene-
tycznych. Poddano tym samym w watpliwo$¢ uzyteczno$é
modelu drozdzowych interakeji do przewidywania zjawiska
syntetycznej letalno$ci u wyzszych kregowcédw. Uzyskane
wyniki badati z wykorzystaniem tego modelu nie sg jedno-
znaczne, co mogto by¢ spowodowane dwczesnymi ograni-
czeniami technicznymi, badz tez wynikato z preferencyj-
noéci zjawiska syntetycznej letalno$ci tylko w niektérych
procesach komérkowych [13,38,40]. Najlepszym sposobem
na badanie tego procesu u ludzi sa badania wtasnie na ko-
mdrkach ludzkich, a nie préby korelacji z wynikami uzy-
skanymi na organizmach modelowych.

SYNTETYCZNA LETALNOSC W KOMORKACH LUDZKICH

Badania syntetycznej letalnosci na komérkach ludzkich
oparte sa przede wszystkim na wykorzystaniu jej poten-
cjatu, jako przysztosciowej terapii przeciwnowotworo-
wej, narzedzia do poznawania funkcji genéw oraz oddzia-
tywat miedzy nimi. Wiedza o sieciach molekularnych,
ktére przebiegaja w komdrkach prawidtowych, czy tez
nowotworowych jest jeszcze ograniczona. Nie pozwala
to na wytypowanie gendw, stanowigcych dla siebie alter-
natywe, czy tez zastepstwo. Istnieje wiele pomystéw na
to, jak wykorzystaé efekt syntetycznej letalnosci do tego
celu. Zdarzy¢ sie moze, ze jeden gen koduje produkty
spetniajace wiele funkcji w komdree. Jest tak w przypad-
ku onkoproteiny E2F1 (E2F transcription factor 1), ktéra
odpowiada zaréwno za modulowanie cyklu komdrkowe-
g0, zdolnosci proliferacyjnych, a takze za przebieg apop-
tozy. Produkt genu E2F1 pozwala komérkom ssaczym na
wejécie w faze S cyklu komdrkowego, podczas ktérej do-
chodzi do tworzenia przez niego kompleksu z cykling A/
CDK2 (cyclin-dependent kinase 2). W takim kompleksie
zupetnie zniesiona jest zdolno$¢ E2F1 do wigzania z DNA.
Inhibitorem E2F1, blokujagcym wejscie komérki w faze S
jest biatko RB, produkt genu RB1 retinoblastoma 1; gen su-
presorowy, negatywny regulator cyklu komérkowego. Na-
tomiast zdolno$¢ blokowania RB, ma kompleks cyklina A/
CDK2. Zaproponowano model opierajacy sie na zwieksze-
niu ekspresji takich biatek jak E2F1, ktére pozostaja wyso-
ce aktywne w komdrkach nowotworowych, wywotujacym
tym samym przekroczenie progu ekspresji, wymaganego
do zajécia apoptozy. Zatrzymanie aktywnosci RB w celu
zaj$cia dodatniego sprzezenia zwrotnego, w ktérym E2F1
aktywowatby swéj wlasny promotor, moze pozwoli¢ na
u$miercanie komdrek transformowanych, pozostawia-
jac nietkniete komérki prawidtowe [1,23]. W badaniach
przeprowadzonych na myszach wykazano, ze osobniki
pozbawione genu Cdk2 rozwijaly sie prawidtowo. Zalez-
no$¢ przytoczona wezesniej nie funkcjonuje w przypadku
inhibicji dziatania partnera cykliny A - CDK2. Dzieje sie
tak prawdopodobnie dlatego, ze obecny jest inny part-
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ner katalityczny, ktéry potrafi zastapi¢ CDK2 w tych in-
terakcjach [3].

Zjawiska syntetycznej letalno$ci moga by¢ takze wykrywa-
ne na podstawie obserwacji poszczegélnych punktéw kon-
trolnych cyklu komdrkowego. Przedwczesna kondensacja
chromatyny PCC (prematurely condensed chromatin) jest
zjawiskiem wystepujacym podczas fazy S w komérkach ssa-
kéw. Zachodzi, gdy podziat rozpoczety zostanie przed zakori-
czeniem replikacji DNA. Aby zapobiega¢ takim zdarzeniom,
wyksztatcone zostaty punkty kontrolne cyklu komérkowego,
w ktérych gtéwna role odgrywajg biatka, takie jak ATR (ata-
xia telangiectasia and RAD3-related protein) czy p53. Ich za-
daniem jest powstrzymanie komdrki przed nieprawidlowym
podzialem i zatrzymanie jej aktywnosci. Aktywno$é genu
ATR moze by¢ inhibowana przez zastosowanie kofeiny. Kie-
dy dodatkowo pozbawimy komdérke aktywnosci p53, dojdzie
do przedwczesnej, letalnej kondensacji chromatyny [33].

Pojecie syntetycznej letalno$ci moze nieco przypominaé
zjawisko ,,uzaleznienia od onkogenu”, ktére przejawiaja ko-
mdrki nowotworowe stajac sie zaleznymi od swoich zmian
genetycznych, a wiec staja sie podatne na nagte zmiany
w swoich onkogenach lub odzyskanie funkgji przez geny
supresorowe. Pojawienie sie konkretnego fenotypu nowo-
tworu jest uzaleznione od pojawiajgcych sie w komérce
mutacji. Wystapienie niektérych typéw nowotwordw jest
zalezne od pojawienia si¢ mutacji w zaledwie pojedynczym
genie. Przyktadowo siatkéwczak, uwarunkowany jest mu-
tacja w genie RB1. Pojedyncza mutacja rzadko moze spowo-
dowac przemiany komdérki prawidlowej w nowotworows,
atym bardziej w jej zeztosliwienie. Natepne mutacje spowo-
dowane postepujacym obnizaniem stabilnoéci genetycznej
powodujg stopniowa progresje nowotworu. Nowotwory,
azwlaszcza ich wzrost i podziat staja sie uzaleznione od eks-
presji niektdrych gendw, ktére podlegaty zmianom w toku
transformacji. Istnieje obecnie wiele przyktadéw nowo-
twordw, ktére wydaja sie by¢ ,,uzaleznione” od niektérych
onkogendw, dodatkowo wyniki badati sugerujg réwniez, ze
komérki nowotworowe moga by¢ ,,uzaleznione” od inakty-
wacji genéw supresorowych [20]. Termin ,,uzaleznienie on-
kogenu” zaproponowat po raz pierwszy Bernard Weinstein.
Domniemywal, ze komdrka zyje i dzieli sie tak dtugo, do-
poki sygnat proliferacyjny jest otrzymywany od onkogenu,
amoze to by¢é zwigzane ze zdolno$cia takich onkogenéw do
zawiazywania skomplikowanych sieci molekularnych, ktére
mogg dostarczaé sygnatéw proliferacyjnych i antyprolife-
racyjnych. Je$li onkogen ulegnie wyciszeniu lub dojdzie do
przywrécenia funkcji genu, przewage osiagna sygnaly an-
typroliferacyjne, co doprowadzi do zahamowania wzrostu
lub $émierci komérki. Uzaleznienie od onkogenu moze lezeé
u podstaw skuteczno$ci terapii inhibitorem kinaz - Imatini-
bem, ktéry powstrzymuje hiperaktywno$¢ fuzyjnej kinazy
BCR-ABL (BCR - breakpoint cluster region, ABL - c-abl on-
cogene 1, non-receptor tyrosine kinase) w przewlektej bia-
taczce szpikowej CML (chronic myeloid leukemia) [9,20,41].

Nowotwory powstaja na skutek zmian genetycznych za-
chodzacych etapowo. Z kazda kolejng modyfikacja feno-
typ komdérki ptynnie przechodzi z prawidtowego w nowo-

tworowy. Kazde nastepne zaburzenie zwieksza réwniez
prawdopodobienistwo zaj$cia uzaleznienia od onkogenu.
Fenotyp nie jest suma pojedynczych mutacji, gdyz zmie-
nione geny niejednokrotnie biora udziat w wielu ztozo-
nych procesach integrujac ztozone sieci metaboliczne.
W komérkach nowotworowych onkogen moze odgrywaé
odmienng i bardziej istotna role w poréwnaniu z jego
rolg w komérce prawidlowej, stad nowotwdr moze by¢
bardziej zalezny od aktywnosci konkretnego genu. Zmie-
nione geny podlegaja ciaglej presji selekcyjnej [42]. Za-
chowaniu ulegaja jedynie mutacje, ktére sg dla nowotwo-
ru neutralne lub korzystne wzgledem wariantu dzikiego
genu, jedynie wéwczas presja selekcyjna dziata na ich ko-
rzy$¢. Mozliwe jest réwniez, ze mutacja pierwotna, ktéra
zaszta w jednym z genéw, moze zmniejsza¢ skutki muta-
cji, ktéra nastapita w innym genie, a nawet nie pozwa-
la¢ na $mier¢ komérki w wyniku syntetycznej letalno$ci.
Mutacja w genie RB1 prowadzi do powstania sprzezenia
zwrotnego, w ktérym czynnik E2F1 aktywuje sam siebie.
Moze to stymulowaé komérke zaréwno do wejécia w faze
S, a takze moze promowacl wejscie jej na droge apoptozy
zaleznej od biatka p53. Jesli jednak w pierwszej kolejnosci
dosztoby do mutacji w biatku p53, niemozliwa stanie sie
apoptoza komérki. Nie bedzie mozliwym réwniez zajscie
efektu syntetycznej letalno$ci w komdrkach z mutacja
w genie RB1. Powstata mutacja moze sie okazaé wiec ko-
rzystna dla komérki nowotworowej, gdyz spowoduje jej
proliferacje. Wszystko to bedzie jednak uwrazliwiato jg
réwniez na utrate takiej wersji genu [20].

Zjawisko uzaleznienia od onkogenu moze przypominaé
syntetyczna letalnos¢, gdyz komdrka uzalezniona zosta-
je ostatecznie od produktu pojedynczego, zmutowanego
genu. Jednak wlasnie jednym z mechanizméw ttumacza-
cych zajécie uzaleznienia komérek nowotworowych od
onkogenu jest proces syntetycznej letalnosci. Na przyktad
komdrka nowotworowa moze zostaé uzalezniona od jakie-
go$ onkogenu, poniewaz w czasie swojego rozwoju doszto
do utraty funkcji innego genu, o podobnej funkgji. Spro-
wadza sie to do wniosku, ze syntetyczna letalno$é moze
zostaé wykorzystana jako potencjalna terapia przeciw-
nowotworowa. Podejrzewa sie jednak, ze ze wzgledu na
mnogo$¢ zmian w komdrkach nowotworowych pary ge-
néw wykazujace interakcje w komérkach prawidlowych
nie zawsze moga korespondowaé z istniejacymi w komdr-
kach nowotworowych, co moze powodowacé jeszcze wiek-
sze ich uzaleznienie od danego onkogenu [42].

Uzaleznienie od onkogenu moze by¢ spowodowane utra-
tg dodatkowych szlakéw sygnalizacyjnych. Niestabilno$¢
genomu nowotworowego i nieobecno$¢ presji selekcyj-
nej dziatajacej w celu utrzymania dodatkowych drég sy-
gnalizacyjnych w procesie komérkowym wywotuje efekt
zwany ,,optymalizacjg genomu”. Jest to zjawisko, ktére-
mu podlega informacja genetyczna majaca dla komdr-
ki nieznaczng warto$¢ adaptacyjna. Elementy te muszg
by¢ zalezne od metabolizmu komérkowego, co stanowi
dla komérki dodatkowe obciazenie. Racjonalnym rozwia-
zaniem wydaje sie wiec usuniecie ich z genomu [15,21].
Szlaki, ktére aktywowane zostaja na wczesnych etapach
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Ryc. 1. Schemat syntetycznej letalnosci. Komérki prawidtowe maja dwa funkcjonalne, alternatywne wobec siebie szlaki, w procesie niezbednym do jej przezycia
(np. zalezne od gendéw A i B, istotnych dla tych szlakéw). W komérkach nowotworowych, w ktérych czesto dochodzi do licznych rearanzacji materiatu
genetycznego, w wyniku ktérej jeden z istotnych szlakéw stanowigcych alternatywe wzgledem siebie, zostaje wytaczony (brak funkcjonalnego genu, np.

A). Powoduje to uzaleznienie komdrki od szlaku alternatywnego. W chwili zablokowania tego szlaku w wyniku mutagji genu np. B, lub za pomoca np.
matoczasteczkowego czynnika chemicznego, takiego jak inhibitor czy aptamer, oddziatujacego na jego produkt, dochodzi do $mierci komérki nowotworowej.
Mutacja lub zahamowanie genu B w komérce prawidtowej nie wptywa znaczaco na jej przezywalnos¢, poniewaz wciaz obecny jest funkcjonalny gen A

rozwoju nowotworu, moga sie okazaé jednocze$nie jego
stabym punktem. Z czasem szlaki alternatywne zostana
usuniete w wyniku optymalizacji genomu, a caty szlak
oparty bedzie na pojedynczym czynniku.

Badania syntetycznej letalno$ci w komérkach ludzkich
skupiaja sie obecnie przede wszystkim na mozliwo$ci
wykorzystania tego procesu w celach terapeutycznych.
By¢ moze niedtugo mozliwe stanie sie spersonalizowa-
nie terapii dla konkretnego profilu choroby, a obecnie

wiadomo, ze niestabilno$¢ komérek nowotworowych jest
zaréwno ich mocna strona, jak i potencjalna szansg uzy-
skania przez naukowcéw skutecznych, celowanych terapii
przeciwnowotworowej. Przez liczne mutacje powstajace
w komérkach nowotworowych, powstaje wiele nierozréz-
nianych jeszcze do kotica typédw nowotwordéw. Ta zmien-
no$¢ dostarcza jednak réwniez mozliwo$ci doktadnego
nakierowania terapii przeciwnowotworowej na jak naj-
bardziej wybidrcze, celowane dziatanie, wywotujace jak
najmniej dziatan niepozadanych.
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POTENCJALNE TERAPIE PRZECIWNOWOTWOROWE

Standardowe zwigzki stosowane w chemioterapii od-
kryto dzieki ich zdolno$ciom do eliminowania szybko
dzielacych sie komérek. Niestety, nie sg to tylko komérki
nowotworowe, ale m.in. réwniez szybko dzielace sie ko-
moérki w cebulkach wtoséw, btonach §luzowych uktadu
pokarmowego czy w szpiku kostnym. Ich dziatania nie-
pozadane, takie jak utrata wloséw, nudnosci czy obni-
zenie odpornosci, sa $cile zwiazane z niewybidrczym
dziataniem chemioterapii. Zwiazki te moga by¢ toksycz-
ne dla komérek prawidtowych o obnizonym stopniu pro-
liferacji, np. deksorubicyna (dziata szkodliwie na serce),
bleomycyna (ptuca), cytarabina (mézdzek) [20]. Stabym
punktem obecnych poszukiwan bezpiecznej i zarazem
skutecznej terapii jest nie tyle niezdolno$¢ do odnale-
zienia zwiazku, ktéry zniszczy komérki nowotworowe,
bo przeciez takich odkryto wiele w ostatnich 50 latach,
lecz odnalezienie zwigzkéw, ktdre zniszczg nowotwor
w stezeniu nieszkodliwym dla pacjenta. Wiele z che-
mioterapeutykéw uzywanych obecnie charakteryzuje
sie niskim indeksem terapeutycznym (stosunkiem daw-
ki, ktéra wywotuje objawy toksyczne, do dawki dajacej
efekt terapeutyczny) i waskim oknem terapeutycznym
(stezeniem leku, w ktérym mozna przewidzieé i opano-
wad skutki zastosowania go w terapii - stezenie, w kté-
rym dzialanie terapeutyczne jest najwyzsze, a dziatania
niepozadane najmniejsze). Na wielko$¢ tych czynnikéw
wptyw ma wiele zmiennych, np. niezwykle istotna jest
swoisto$¢ dziatania leku, czyli to, jak wiele jest miejsc
docelowych leku, ktére jednak nie sg celem stosowanej
terapii. Niezamierzone punkty dziatania terapii moga
by¢ przyczyna pojawienia dziatat niepozadanych, a na-
wet moga by¢ antagonistami zamierzonych miejsc doce-
lowych leku. Brak wybidrczo$ci w dziataniu chemiotera-
pii stat sie gtéwnym czynnikiem limitujacym wysoko$¢
dawki stosowanej podczas leczenia. Zaistniata wiec wy-
razna potrzeba odnalezienia kuracji, ktéra skutecznie
i selektywnie bedzie eliminowata wytacznie komdrki
nowotworowe, a jednocze$nie nie bedzie wykazywata
dziatania toksycznego na komdérki prawidtowe.

Zmiany genetyczne lezace u podstaw niestabilnosci ge-
netycznej sg niezwykle wazne w badaniach nad nowymi
terapiami, poniewaz wszystkie nowotwory sa genetycznie
niestabilne, a zmiany te sa prawdopodobnie niezbedne
w procesie progresji i zeztosliwienia nowotworéw. Do-
brze wiadomo réwniez, ze defekty w wielu genach na-
prawy DNA, stwarzajg mozliwo$¢ wykorzystania w terapii
konkretnego czynnika uszkadzajacego DNA. Na przyktad,
mutacje w genach z rodziny XP (Xeroderma pigmentosum)
uwrazliwiaja komérki na $wiatto ultrafioletowe, a muta-
cje w genach ATM (ataxia telangiectasia mutated) badz
BRCA2 (breast cancer 2) uwrazliwiajg komérki na pro-
mieniowanie jonizujgce. Chociaz strategie te pozwalaja
przeksztatcié niestabilno$¢ genetyczng w potencjalng te-
rapie, zréznicowanie komérek nowotworowych, wynika-
jace z ich niestabilno$ci genetycznej, moze jednocze$nie
zmniejszaé skuteczno$¢ zaprojektowanych na tej podsta-
wie lekéw [18,28].

Obecne badania sg skupione na procesach i czynnikach
pozwalajacych na odréznienie komérek nowotworowych
od pozostatych, prawidtowych komérek organizmu. Sa to
przede wszystkim czynniki, ktére biora udziat w przemia-
nie komdérki prawidlowej do zmienionej nowotworowo,
przerzutujgcej komdrki. Kluczowym jest réwniez pozna-
wanie potencjalnych miejsc dziatania terapii. Jednak ich
mnogo$¢ jest obecnie czynnikiem zaréwno dostarczaja-
cym materiatu badawczego naukowcom, jak i utrudnia-
jacym identyfikacje poszczegSlnych typéw i podtypdw
nowotwordw. Dotad badania byly nakierowane na swoiste
cechy molekularne komérek nowotworowych i przyniosty
kilka dobrze zapowiadajacych sie terapii.

Muromonab-CD3 zapisal sie na kartach historii jako
pierwsze przeciwciato zastosowane w terapii. Stosowany
byt jako czynnik zapobiegajacy odrzuceniu przez biorce
przeszczepu. Jest to mysie przeciwcialo monoklonalne
swoiste dla antygenu CD3 limfocytéw T. Wiaze sie spe-
cyficznie do taricucha glikoproteiny CD3, ktéra jest za-
angazowana w rozpoznawanie antygendw i stymulacje
limfocytu. Jednak okazato sie, ze niemodyfikowane prze-
ciwciala mysie wywotujace odpowiedz ze strony uktadu
odporno$ciowego cztowieka, byty nietrwate i na ogét nie
dziataly wydajnie. Pierwszym przeciwciatlem zastosowa-
nym przeciwko komérkom nowotworowym byt rituxi-
mab (Rituxan), ktéry zostat uzyty w terapii nieziarnicze-
go chtoniaka B-komdrkowego. W 1998 r. jako potencjalng
terapie przeciwko rakowi piersi z wykryta nadekspresja
onkogenu HER2/neu (v-erb-b2 avian erythroblastic leu-
kemia viral oncogene homolog 2) (prawie 25% wszyst-
kich nowotwordéw piersi) wyprowadzono trastuzumab
(Herceptin). Takie podwyzszenie ekspresji HER2/neu jest
zwigzane z bardziej agresywnym fenotypem nowotwo-
ru oraz gorszym prognozowaniem. Trastuzumab wigze
zewnetrzne domeny receptora HER2/neu (nalezy do ro-
dziny receptoréw czynnikéw wzrostowych, jest recepto-
rem kinazy tyrozynowej), zapobiegajac tym samym po-
wstawaniu kaskady sygnalizacyjnej i zwiekszajac stezenie
biatka p27 (nalezy do rodziny inhibitoréw kinaz cykli-
nozaleznych zwanej CIP/KIP - CDK interacting protein/
Kinase inhibitory protein), co ostatecznie doprowadza
do zatrzymania cyklu komérkowego. Stad trastuzumab
jest czynnikiem, ktéry jest naprowadzony na szczegdlng
ceche okreslonego rodzaju nowotworu [8,41].

Dalsze préby stworzenia swoistego leku przeciwnowo-
tworowego zaowocowaly zidentyfikowaniem i rozwojem
matoczasteczkowych zwigzkéw chemicznych (inhibito-
réw, aptamerdéw). Jednym z obecnie stosowanych lekéw
tego typu jest opracowany juz na poczatku lat 90 XX w.
imatinib, ktéry znalazt zastosowanie gléwnie w leczeniu
przewlektej biataczki szpikowej. Niekorzystne dziatanie
na aktywno$¢ hybrydowej kinazy tyrozynowej powstatej
w wyniku translokacji ber-abl (tzw. chromosom Philadel-
phia), ktéra jest odpowiedzialna za fenotyp przewlekle;
biataczki szpikowej jest zwigzana z konkurencyjnym wia-
zaniem sie leku do domeny wiazacej ATP takiego zmie-
nionego biatka, co zaburza jej funkcjonalno$é. Poniewaz
lek nie dziatat na wszystkie analizowane kinazy tyrozy-
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Ryc. 2. Schemat badan przesiewowych pozwalajacych na identyfikacje czynnikow wywotujacych syntetyczng letalnos¢. A — mieszanina komorek prawidtowych
(niebieskie) i komdrek nowotworowych izogenicznej linii (z6tte) wyznakowanych fluorescencyjnie. Inkubacja mieszaniny z czynnikiem majacym wywota¢
w komérkach syntetyczng letalnos¢, tj. biblioteka siRNA, shRNA czy matoczasteczkowy zwiazek chemiczny (aptamer, inhibitor); B-E — analiza wybiérczosci
dziafania badanego czynnika; B — wywotanie syntetycznej letalnosci w obu typach komdrek (znikoma fluorescencja); C — wybidrcze dziatanie na komorki
prawidtowe (fluorescencja komdrek nowotworowych); D — wybiércze dziatanie na komérki nowotworowe (fluorescencja komorek prawidtowych); E— brak
dziatania czynnika na komorki (fluorescencja zaréwno komorek prawidtowych, jak i nowotworowych)

nowe, wyprowadzono wniosek, iz musza istnie¢ réznice
w ich domenach wiazacych ATP, ktére stanowia zawade
przestrzenna do wiazania sie go. Stwierdzono réwniez,
ze imatinib dziata hamujaco na receptory ptytkopochod-
nego czynnika wzrostu PDGF (platelet-derived growth
factor), co prowadzi do zablokowania podziatéw komér-
kowych [6].

Niestabilno$¢ genetyczna jest cecha typowa dla komé-
rek nowotworowych, a zmiany w materiale genetycz-
nym sg charakterystyczne dla takich wtasnie komérek,
zwlaszcza zmiany w genach naprawy DNA, ktére moga
uwrazliwiaé nowotwdr na dziatanie pewnych czynnikéw
uszkadzajgcych. Jednym z pierwszych naukowcéw, ktérzy
zajeli sie wykorzystaniem syntetycznej letalno$ci w po-
szukiwaniu nowych lekéw przeciwnowotworowych byt
Leland Hartwell. Jego prace oparte byly na modelu droz-
dzowym. Sugerowat, ze czynnikiem limitujacym rozwdj
nowoczesnych terapii przeciwnowotworowych i identy-
fikacje nowych lekéw, oprécz problemu okreslenia bez-
piecznej dawki terapeutycznej, jest réwniez identyfikacja
selektywnych cech nowotworéw. Stad przedmiotem jego

badan staty sie mutacje utraty funkcji genéw, takich jak
geny naprawy DNA, czy geny supresorowe. Badania w po-
szukiwaniu syntetycznej letalno$ci moga by¢ prowadzone
w dwojaki sposdb: przez analize gendéw, ktdre potencjalnie
moga wykazywa( interakcje z powstawaniem tego zja-
wiska bad? tez przez analize calego genomu. Wybér po-
tencjalnych celéw wymaga wielu wcze$niejszych analiz,
niezbednych do poznania drdg i mozliwosci wywotania
specyficznych mutacji w genach, koniecznych do analizy
ostatecznych skutkéw funkcjonalnych w komérce, wy-
wotanych kombinacja zmutowanych genéw. Zesp6t Har-
twella wyprowadzit 70 linii izogenicznych Saccharomyces
cerevisiae, kazda z mutacja w pojedynczym genie, beda-
cym elementem odpowiedzi na uszkodzenia, tj. naprawy
DNA, czy tez genéw kodujacych biatka odpowiedzialne
za regulacje cyklu komérkowego. Mutanty te mogly wiec
by¢ uwazane za modele komérek nowotworowych. Bada-
nia przesiewowe w poszukiwaniu lekéw, ktére wywotuja
wyzsza $miertelno$¢ u mutantéw, w stosunku do komérek
typu dzikiego, pozwolity na wylonienie lekéw o cechach
terapeutycznych, zaréwno w interakcji z DNA, jak i z biat-
kami odpowiedzialnymi za oddzialywanie z nim. Dobrym
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przyktadem takiego zwigzku chemicznego jest cisplatyna,
ktéra powoduje wiele rodzajéw mutacji, co odzwiercie-
dlata mnogo$¢ wrazliwych mutantéw drozdzowych. Co
istotne natomiast, odznaczata sie duzg swoisto$cia dzia-
tania na komérki, w ktérych uszkodzeniu ulegaty geny
naprawy postreplikacyjnej. Natomiast mitoksantron, be-
dacy inhibitorem topoizomerazy 11, wykazywat specyficz-
ne dziatanie na linie drozdzowe z defektami w genach
naprawy peknie¢ dwuniciowych DNA. Mozliwe staje sie
wiec wykorzystanie cisplatyny i mitoksantronu w terapii
nowotworéw z mutacjami odpowiednio w genach napra-
wy poreplikacyjnej czy naprawy peknie¢ dwuniciowych
DNA. Wykazano ponadto potencjalng mozliwo$¢ wyko-
rzystania tego typu badan do identyfikacji oddziatywari
miedzygenowych, ktére moga zostaé wykorzystane do
wywolania syntetycznej letalnosci [18].

Prawdopodobnie najwieksza stabo$cig wspdtczesnych te-
rapii jest niewielka skuteczno$¢ dziatania na zaawansowa-
ne postaci nowotwordw, ze wzgledu na ich ztozono$¢, wy-
nikajaca z wieloetapowej i ztozonej drogi ich przej$cia od
komérki prawidtowej do nowotworu zto$liwego. Mimo ze
wiele wiadomo na temat ogromne;j liczby aberracji zacho-
dzacych w komérkach nowotworowych, trudno przetozy¢
te wiedze na stworzenie skutecznej, swoistej terapii i mi-
nimalizacje dziatah niepozadanych. Niewatpliwg zaleta
terapii z wykorzystaniem syntetycznej letalno$ci wydaje
sie whasnie potencjalna mozliwo$¢ uzycia jej w terapii po-
czatkowych, jak i zaawansowanych stadiéw nowotworéw,
zaréwno w terapii kombinowanej jak i jednoczynniko-
wej. Duzg skutecznoscig moze cechowac sie terapia przez
podawanie czynnika biorgcego udziat w wywotywaniu
syntetycznej letalno$ci z czynnikiem cytotoksycznym.
Komérka nie bedzie zdolna do naprawiania powstajacych
uszkodzeti DNA, a ich nagromadzenie wprowadzi jg na
$ciezke programowanej $mierci.

MozLiwo$cI WYKORZYSTANIA BADAN NAD SYNTETYCZNA LETALNOSCIA

W przeszto$ci badania syntetycznej letalnosci ograni-
czaly sie wytacznie do organizméw modelowych, takich
jak muszka owocowa czy niciei Caenorhabditis elegans
[11,28]. Analizie podlegat nie tylko profil genetyczny, ale
takze jego wptyw na fenotyp osobnika, odzwierciedlajacy
wplyw zastosowanego czynnika na organizm. Podobnie
model drozdzowy okazat sie nieoceniony w wyjasnieniu
zjawiska syntetycznej letalno$ci u cztowieka. Okazuje sie
jednak, ze nie wszystkie geny ludzkie znajduja swoje orto-
logi w organizmach modelowych. Obecnie badania synte-
tycznej letalno$ci nie ograniczajg sie wytacznie do orga-
nizméw modelowych badz tez tylko do wybranych genéw
podstawowych dla komérek nowotworowych. Odnajdo-
wane sa wciaz nowe sposoby analiz tego zjawiska, takie
jak wykorzystywanie bibliotek siRNA, shRNA, czy mato-
czasteczkowych zwigzkéw chemicznych. Podejscie takie
pozwala na odnajdywanie w krétkim czasie genéw biora-
cych udzial w interesujacych badacza interakcjach. Pro-
wadzenie badati z wykorzystaniem RNA wiaze sie z wyko-
rzystywaniem izogenicznych linii komdrkowych, o §cisle
zdefiniowanym genotypie, wykorzystywanym w badaniu

oraz czy i jak komérki zareaguja na analizowany czynnik.
Doktadna analiza, nawet najbardziej nieoczekiwanego
wyniku badan, moze pozwoli¢ na szczegétowe pozna-
nie wtadciwo$ci badanego czynnika, a przede wszystkim
zwiekszy¢ wiedze na temat biologii nowotwordw przez
poznawanie punktéw docelowych terapii, jak i swoistych
sieci powigzah miedzy genami w tych komérkach [7].

Wykorzystujac biblioteki oparte na interferencyjnym
RNA mozna sie dowiedzieé, ktére geny sg istotne w kon-
tekscie okreslonego szlaku. Pozwala to na odnajdywanie
nieznanych wczeéniej szlakéw oddziatywan miedzy ge-
nami, co nie zawsze pozwala na odnajdywanie potencjal-
nych kandydatéw na czynniki terapeutyczne, ale niemal
zawsze dostarcza istotnej wiedzy na temat biologii tych
oddziatywar i czynnikéw bioracych w nich udziat. Decy-
dujac sie na wykorzystanie w badaniach bibliotek mato-
czgsteczkowych zwigzkéw chemicznych, takich jak inhi-
bitory czy aptamery, celem eksperymentu moze sie sta¢
wytypowanie czynnikéw o wlasciwo$ciach terapeutycz-
nych dla konkretnego genotypu nowotworu (majacych
wywolywal syntetyczna letalno$é przy zadanym geno-
typie) [24]. Istniejg pewne przestanki, kiedy do poszuki-
wan syntetycznej letalnosci powinno uzywad sie iRNA,
a kiedy bibliotek inhibitoréw czy aptamerdéw. Zastoso-
wanie poszczegdlnych schematéw niesie ze sobg rézne
wady i zalety uzycia metody. Przy wykorzystaniu bibliotek
RNA dziata sie czynnikiem ,,odgérnie”, czyli na jednostke
strukturalna, ktdrej funkcji nie zna sie, po to, by poszu-
kiwa¢ oddziatywan, co pozwala na doktadng identyfi-
kacje funkcji gendw i interakcji gen-gen. Wada metody
jest to, iz odnalezione interakcje nie zawsze prowadza
do wyprowadzenia potencjalnej terapii. Zwigzane jest
to z tym, ze mozna nie znaé czynnika, ktéry mégtby by¢
zastosowany do modulowania tych interakcji. Ponadto
nieswoista toksyczno$é iRNA moze prowadzi¢ do fatszo-
wania wynikéw. Zauwazono np., ze inhibitor receptora
czynnika wzrostu naskérka EGFR (epidermal growth fac-
tor receptor) - erlotinib, zwiekszal nieznacznie przezycie
w grupie pacjentéw ze zdiagnozowanym rakiem trzustki.
W celu zidentyfikowania czynnika, ktérego inhibicja be-
dzie wzmacniata skutki blokowania EGFR, potraktowano
komorki interferencyjnym RNA dziatajagcym na niemal
800 zaproponowanych genéw, w obecnosci erlotinibu.
Badania wylonily kilka kinaz, ktérych zablokowanie po-
skutkowato obnizeniem przezywalno$ci komérek raka
trzustki [30].

Zaleta metody przeszukiwania bibliotek matoczgstecz-
kowych zwigzkéw chemicznych jest to, iz bezposrednio
wytaniaja spo$rdd potencjalnych kandydatéw te, ktére
istotnie wptynety na komérki. Podejécie ,,oddolne” ozna-
czatyle, ze aby zastosowad metode, trzeba mie¢ zidentyfi-
kowany cel dla tego czynnika. Nie pozwala to natychmiast
wyciagnad jakichkolwiek wnioskéw na temat biologii, czy
genetyki oddziatywari. Podejscie takie okazuje sie przy-
datne do analizy powiazania struktury biatek i aktywnosci
czynnikdw, co moze sie sta¢ pomocne przy optymalizacji
dziatania tych czynnikéw, czy identyfikacji metod zwal-
czania opornosci na leki [7].
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Zastosowanie metody genetycznej badania syntetycznej
letalno$ci, czyli bibliotek iRNA czy shRNA, jest oparte
na prostej zasadzie transfekcji materiatu genetycznego
z zewnatrz komérki do jej wnetrza, gdzie ulega ekspre-
sji lub interferencji. Dokonywa¢ tego mozna za pomoca
réznych podej$é eksperymentalnych. Stosujgc biblioteki
iRNA mozna umie$ci¢ komérki na ptytkach, w ktérych jest
juz obecny iRNA komplementarny do odcinka materiatu
genetycznego, w ktéry sie celuje. Do ptytek dodany musi
zostaé réwniez czynnik transfekcyjny. Obce RNA ze $ro-
dowiska do wnetrza komérki mozna przetransportowac
réwniez w wyniku elektroporacji - metoda opiera sie na
potraktowaniu komérki polem elektrycznym o odpowied-
nio wysokim napieciu, w celu odwracalnego zwiekszenia
przepuszczalno$ci blony komdrkowej i wnikniecia obcego
materiatu genetycznego do jej wnetrza. Metoda jest sto-
sowana réwniez do przenoszenia lekéw do wnetrza ko-
morek. Tak potraktowane komdrki poddawane sg inkuba-
cji, podczas ktérej ma doj$é do interferencji. Nastepnym
etapem jest analiza przezywalno$ci komdrek.

Transfekcji mozna tez dokonywaé wykorzystujac wek-
tory plazmidowe przenoszone np. przez Escherichia coli,
czy w wyniku infekcji retrowirusowej [2,34]. Zaleta pty-
nacg z wykorzystania plazmidéw, jest mozliwo$é dodat-
kowego zastosowania tzw. ,.kodéw kreskowych”, czyli
niezmiennych, charakterystycznych sekwencji flanku-
jacych dodawany shRNA. Do linii izogenicznej, u ktérej
zmutowano gen A, transfekowany zostaje plazmid, w kté-
rym jest obecny gen shRNA blokujacy gen B. Gen B jest
prawdopodobnie ,,partnerem” dla genu A w kontekscie
pojawienia sie syntetycznej letalno$ci. Na plazmidzie gen
shRNA zostatl oflankowany charakterystyczna sekwencja
swoistego ,,.kodu kreskowego”. Komérki poddaje sie inku-
bacji w wybranych przez siebie warunkach, a nastepnie
za po$rednictwem ilo$ciowej taticuchowej reakeji polime-
razy qPCR (z zastosowaniem starteréw komplementar-
nych do sekwencji kodu kreskowego) badz tez z uzyciem
mikromacierzy analizowana jest liczba poszczegblnych
sekwencji. Ma ona odzwierciedla¢ skuteczno$¢ dziatania
zadanego shRNA, a wiec tez to, czy rzeczywiscie zacho-
dzi zjawisko syntetycznej letalno$ci w wyniku interakcji
miedzy genami A i B [35]. W przypadku préby stworze-
nia potencjalnej terapii skierowanej przeciwko jedne-
mu z tych genéw, niezbedne bedzie wykonanie drugiej
analizy, w poszukiwaniu czynnika, ktéry zablokuje gen
badz jego produkt. W tym celu przeprowadza si¢ analize
metodg chemiczng, czyli z zastosowaniem np. matocza-
steczkowych zwigzkéw chemicznych, ktérych zadaniem
jest inhibicja wybranego czynnika i zablokowanie szlaku.
Eksperymentami tego rodzaju byly te przeprowadzone
przez Hartwella na izogenicznych mutantach drozdzy
[18]. Do przeprowadzenia analizy tego typu potrzebna jest
znajomo$¢ interakcji zachodzacych miedzy wybranymi
genami oraz produktéw, ktére koduja. Badania takie sa
przydatne nie tylko do poszukiwania potencjalnych te-
rapii przeciwnowotworowych, ale réwniez w przypadku
préb ich optymalizacji oraz modyfikacji czynnikéw tera-
peutycznych (np. odnalezienie najwydajniejszej postaci
leku wykorzystywanego w terapii).

Przyktadem takiego eksperymentu mogg by¢ badania
wykonane przez Arnolda Simonsa, ktérych celem bylo
ustalenie metody chemicznej do analizy zjawiska syn-
tetycznej letalno$ci w komdrkach ludzkich. Jako mecha-
nizm modelowy wybrana zostata biosynteza monofos-
foranu guanidyny (GMP - guanosine monophosphate),
poniewaz sktada sie z kilku alternatywnych szlakéw, ktére
mogga sie okazad idealne do przeprowadzenia analizy ta-
kich oddzialywati. W warunkach prawidlowych, GMP jest
wytwarzane w procesie syntezy de novo. Synteza alterna-
tywna przewiduje natomiast konwersje hipoksantyny do
inozynomonofosforanu (IMP - inosine monophosphate)
lub guaniny bezpo$rednio do GMP. Do przejscia szlakéw
konwersji jest wymagana w obydwu przypadkach, fosfo-
rybozylotransferaza hipoksantynowo-guaninowa HPRT1
(hypoxanthine-guanine phosphoribosyl transferase), kté-
ra nie jest niezbedna do przezycia komdrki w warunkach
prawidtowych, natomiast w warunkach stresowych, kie-
dy zablokowane przez inhibitory zostang szlaki syntezy
de novo, moze sie sta¢ istotna. Eksperyment zaprojekto-
wany przez zespdt Simonsa niejako integruje podejscie
genetyczne i chemiczne. Zaktada bowiem umieszczenie
w komérkach pozbawionych HPRT1 i hodowanych z inhi-
bitorami szlaku de novo (takimi jak kwas mykofenolowy)
plazmidu, na ktérym oprécz biatka HPRT1 umieszczony
zostanie réwniez gen wytwarzajacy biatko zielonej flu-
orescencji GFP (green fluorescent protein). Przyrost ilo-
$ci fluorescencji w detektorze po inkubacji bedzie ozna-
czal wzrost transkrypcji genéw HPRTI, a zatem réwniez
prawidtowe dziatanie inhibitoréw szlaku de novo. Takie
wysoko wydajne badania przesiewowe czynnikdw, ktére
potencjalnie wywotujg w komdrce syntetyczna letalnosé,
moga pomdc w tworzeniu terapii dziatajgcych na wybrana
pare gendw, wykazujacych opisane wyzej interakcje [39].

Celem przeprowadzania takich analiz jest personaliza-
cja terapii przeciwnowotworowej, w ktdrej po przeana-
lizowaniu profilu ekspresji genédw pacjenta cierpigcego
z powodu konkretnego typu nowotworu, mozliwym be-
dzie przypisanie mu indywidualnego sposobu leczenia,
ktéry bedzie dla niego wybidrczy i skuteczny. Mozliwa
dzieki takiemu podej$ciu stanie sie minimalizacja dziatan
niepozadanych, a wiec réwniez jakos$¢ rekonwalescencji
osoby chore;j.

BIALKA NAPRAWY DNA A SYNTETYCZNA LETALNOSC W KOMORKACH
NOWOTWOROWYCH

Doskonatym celem do wywotania skutku syntetycznej le-
talno$ci moga zostaé czynniki biorace udziat w naprawie
DNA. Systemy naprawy DNA sktadaja sie z wielu szlakéw
alternatywnych. Naprawa dwuniciowych peknie¢ DNA
DSBs (double strand breaks) odbywa sie za pomocg - na-
prawy DNA przez rekombinacje homologiczng HR (homo-
logous recombination) oraz niehomologicznego taczenia
koricéw NHEJ (non-homologous end joining). Komérki
nowotworowe maja czesto mutacje w jednym ze szlakéw
naprawy DNA, alternatywnych wzgledem siebie, powodu-
jac jego unieczynnienie. Sytuacja ta moze by¢ przydatna
w przypadku wylaczenia pozostajacego szlaku funkcjonal-
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nego, w celu wywolania syntetycznej letalnosci w tych ko-
morkach. Niezwykle istotnym czynnikiem naprawy DNA
przez HR jest biatko RAD52, ktérego rola jest rozpoznanie
uszkodzenia, wigzanie pojedynczej nici DNA i posrednic-
two w laczeniu homologicznych koficéw DNA. Ponadto
wigze ono biatko RAD51 i stymuluje je do homologicznego
taczenia nici. Szczegdlnie istotng role odgrywa w komér-
kach z defektem biatka BRCA2 odpowiadajacego zaréwno
za transport RAD51 do jadra komdrkowego, jak i za jego
umiejscowienie podczas przebiegu naprawy DNA. BRCA2
i RAD52 wspdtdzielg wiele funkgji, takich jak wigzanie
jednoniciowego DNA, oddzialywanie z RAD51 i biatkami
RPA (replication protein A). Pozwala to domniemywaé,
ze mozliwe jest wywotanie efektu letalnego w komérkach
nowotworowych majacych mutacje w genie BRCA2, przez
zastosowania inhibicji biatka RAD52 [12,17].

Jeden z eksperymentdéw, wykorzystujacy wyzej opisa-
ne geny naprawy DNA, przeprowadzono na dwéch li-
niach komérkowych, z ktérych jedna (Capan-1 - komérki
ludzkiego raka trzustki) miata tylko jeden gen BRCA2,
ktéry dodatkowo zawierat delecje, co skutkowato two-
rzeniem krétszej postaci biatka. Druga linia (EUFA423
- komérki wyprowadzone od pacjenta z anemig Fanco-
niego) wytwarzata natomiast dwie zmutowane wersje
tego biatka. W pierwszej linii okre$lono nizszy poziom
ekspresji biatka RAD52 i, jak oczekiwano, nie wykry-
to biatka BRCA2 o prawidtowej dtugo$ci. W przypadku
EUFA423 wykrywano jedynie niewielkie ilo$ci zmuto-
wanego BRCA2 zaréwno w jadrze, jak i w cytoplazmie,
co pozwalato domniemywa(, ze taka postaé biatka moze
by¢ niestabilna i szybko ulega degradacji. Biatko RAD51
jest obecne w strukturach subjadrowych w postaci tzw.
skupisk jadrowych, ktére nie tylko pozwalaja na wykry-
cie obecnosci tego czynnika, ale takze odzwierciedlaja
intensywno$¢ przebiegu naprawy przez rekombinacje
homologiczna. Obydwie linie przeanalizowano pod ka-
tem obecnosci takich miejsc w jadrze przed i po stymu-
lacji promieniowaniem jonizujacym. W pierwszej z linii
nie wykryto istotnych zmian, natomiast w drugiej zaob-
serwowano 15% wzrost liczby skupisk RAD51. Poniewaz
niewiele czgsteczek BRCA2 w drugiej z linii osigga jadro
komérkowe, podejrzewa sie, iz taki wzrost byt spowo-
dowany zwiekszong aktywnos$ciag RAD52, co mogto byé
spowodowane niedoborem funkcjonalnej wersji biat-
ka BRCA2. Analizowano réwniez oddzialywanie biatek
RAD52 1 RAD51 przez ich kolokalizacje. W komdérkach, na
ktére nie podziatano promieniowaniem jonizujgcym, ko-
lokalizacja osiggata niski poziom. Po zastosowaniu czyn-
nika uszkadzajgcego, oprécz przyrostu w czasie skupisk
obydwu tych biatek obserwowano réwniez ich umiej-
scowienie w podobnych miejscach jadra, co potwierdza
teze, ze RAD52 funkcjonuje jako regulator funkcji RAD51
pod nieobecno$é BRCA2. Obnizenie poziomu RAD52 za
pomocg siRNA doprowadzito do zmniejszenia zdolnosci
komdrek ze zmutowana wersja genu BRCA2, do tworze-
nia skupisk jadrowych z RAD51, a wiec i skutecznosci na-
prawy przez homologiczng rekombinacje [17]. Mutacje
w genie BRCAZ nie sg jednak czesto badane, stwierdzano
natomiast obnizenie ekspresji tego czynnika np. w spo-

radycznym raku piersi i jajnika. Potencjalnie toksyczno$é
zastosowanych inhibitoréw biatka RAD52 w komérkach
z defektem w genie BRCA2 moze sie przyczyni¢ do po-
wstania strategii dziatania przeciwko tej grupie nowo-
tworéw. W ukladzie takim RAD52 jest syntetycznie le-
talne wzgledem BRCA2.

Inny podej$ciem byto wykorzystanie mutagenezy oraz
aptameru, co pozwolito wskazaé fenyloalanine 79 w do-
menie I biatka RAD52 odpowiedzialnej za wigzanie DNA
(RAD52-fenyloalanina 79 aptamer [F79]), jako wazny cel
do indukgji syntetycznej letalno$ci w komérkach nowo-
tworowych z niedoborem BRCA1 i/lub BRCA2, bez wpty-
wu na komdrki i tkanki prawidtowe. Potaczenie aptameru
F79 z biatkiem RAD52 zaktdca jego oddziatywanie z DNA,
co prowadzi do akumulacji peknieé¢ dwuniciowych tylko
w komérkach nowotworowych, w przeciwienistwie do
komdrek prawidtowych. Ujecie takie moze zainicjowaé
spersonalizowane podejscie terapeutyczne u wielu pa-
cjentéw z nowotworami wykazujacych niedob6r BRCA na
poziomie genetycznym i funkcjonalnym [10].

Zadaniem polimerazy poli(ADP-rybozy) PARP1 (poly (ADP-
-ribose) polymerase 1) jest umozliwianie przebiegu na-
prawy peknie¢ jednoniciowych DNA w systemie naprawy
DNA przez wycinanie zasad azotowych BER (base excision
repair), przez wigzanie sie do jednoniciowego DNA i rekru-
tacje bialek naprawy do miejsca uszkodzenia. Inhibicja tego
enzymu w komdrkach z mutacjami w genach BRCAI (breast
cancer 1) i BRCA2 prowadzi do niestabilno$ci chromosomo-
wej, zablokowania cyklu komérkowego, a ostatecznie do
$mierci komérki. Zahamowanie dziatania PARP1 powoduje
zatrzymanie naprawy BER i konwersje pekniecia jedno-
do dwuniciowego. Naprawg tego typu uszkodzeti zajmuje
sie natomiast w gléwnej mierze wcze$niej wspomniany
szlak HR (szlak NHEJ dziata mniej wydajnie w przypadku
uszkodzeti z lepkimi koticami). Je$li w komdrce bedzie niski
poziom biatek naprawy DNA przez homologiczng rekom-
binacje, takich jak BRCA1 i BRCA2, dojdzie do gromadzenia
peknieé dwuniciowych, na skutek niewydajnie zachodza-
cego procesu ich naprawy. Doprowadzi to do zatrzymania
cyklu komérkowego i $mierci takiej komérki. Inhibitory
PARP1 s3 jedna z pierwszych zidentyfikowanych grup ni-
skoczgsteczkowych czynnikdéw, ktére biorg udziat w wy-
wotaniu syntetycznej letalno$ci. Hipoteze potwierdzity
badania prowadzone przez zespét H. E. Bryanta. Poczat-
kowo byty prowadzone na komérkach chomika chitiskiego
z defektem w naprawie DNA przez HR (dwie linie komdr-
kowe pozbawione XRCC2 (X-ray repair complementing de-
fective repair 2) lub XRCC3 (X-ray repair complementing
defective repair 3), ktdre to linie okazaly sie wrazliwe na
dziatanie inhibitoréw PARP. Nastepnie badania przeprowa-
dzono namodelu bardziej odpowiednim dla komdrek ludz-
kich. Poniewaz defekty genu BRCAZ sa charakterystyczne
dla ludzkiego raka piersi, to wlasnie takie linie wytypowa-
no do eksperymentu. Przezywalno$¢ obydwu linii znacza-
co zmniejszyta sie po zastosowaniu inhibitoréw polime-
razy poli(ADP-rybozy). Do komdrek dodawano réwniez
siRNA, ktérego zadaniem byta minimalizacja ekspresji
BRCA2. Utrata BRCA1 lub BRCA 2 i zadzialanie na komérke
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nowotworowg inhibitorami PARP1 jest $wietnym sposobem
zaaranzowania potencjalnej, nowatorskiej terapii przeciw-
nowotworowej, opartej na wywolaniu zjawiska syntetycz-
nej letalnosci, powstatego w wyniku defektu w naprawie
DNA [5,16]. Inhibitory tego typu mogg sie okaza¢ nieoce-
nione w walce z nowotworami piersi i jajnikéw, a wiele
lekéw tego typu znajduje sie na etapie badan klinicznych
[19]. Doskonale rokuja réwniez polaczenia inhibitoréw wy-
wolujacych syntetyczna letalno$¢ z cytostatykami, takimi
jak cisplatyna, karboplatyna czy temozolomid. Dodatko-
we uszkodzenia DNA wywotywane przez te cytostatyki,
nie sg skutecznie usuwane przez niefunkcjonalne, w ko-
mdrkach nowotworowych, szlaki naprawy DNA. Docho-
dzi do kumulacji uszkodzen oraz stopniowego obnizania
przezywalno$ci komérek nowotworowych. Terapia taka
dziata selektywnie, pozostawiajac nienaruszone komérki
prawidlowe [31,36].

Naprawa blednie sparowanych zasad DNA MMR (mi-
smatch repair) jest innym z systeméw usuwania uszko-
dzeri DNA, ktéry odgrywa gtéwna role w ustalaniu home-
ostazy genetycznej komérki. Zadaniem MMR jest m.in.
poreplikacyjne usuwanie btedéw popetnianych przez po-
limeraze DNA, ale réwniez naprawa zasad zawierajgcych
8-oxo0-guanine, ktéra powstaje w komérkach na skutek
kontaktu guaniny z reaktywnymi formami tlenu. Muta-
cje w genach MMR, takich jak MLH1 (MutL homolog1),
MSH2 (MutS Homolog?2), MSH6 (MutS Homolog 6) czy PMS2
(postmeiotic segregation increased 2) skutkowaé moga
m.in. przyspieszonym starzeniem, powstawaniem nowo-
twordw, czy tzw. syndromu Lyncha (dziedziczny rak jelita
grubego niezwigzany z polipowatoécia) [25]. Gen PINK1(P-
TEN induced putative kinase 1) koduje natomiast biatko
kinazy serynowo-treoninowej, ktéra jest umiejscowiona
w mitochondriach. Jej gtéwna rola jest ochrona komdrki
przed stresem oksydacyjnym, ktéry moze by¢ powodem
nieprawidtowego dziatania zaréwno tych organelli, jak
i calej komérki. Niedobdr tego biatka prowadzi do akumu-
lacji reaktywnych form tlenu i powstawania oksydacyj-
nych uszkodzer DNA, takich jak 8-okso-dG (8-oxoguani-
ne) w genomie komérek z mutacjami w genach naprawy
MMR. Podczas replikacji dochodzi do nieprawidtowego
parowania zmienionej guaniny z adening, co powodu-
je pdézniej powstawanie miejsca AP (apurinic/apyrimi-
dinic site), ma to na celu ograniczenie transwersji GC
— TA. W kolejnych cyklach replikacyjnych powoduje to
akumulacje pekniec jednoniciowych DNA, co moze zna-
czgco wptywaé na prawidtowe funkcjonowanie komérki,
a takze na jej przezywalno$¢ [26]. Wykazano ponadto, iz
mozliwe jest wywotanie syntetycznej letalnosci przez za-
stosowanie inhibitoréw polimerazy DNA  w komdrkach
z niedoborem biatka MSH2 oraz inhibitoréw polimerazy
DNA y w komérkach z niedoborem aktywnosci MLH1.
Zastosowanie ich, podobnie jak we wczesniejszym, przy-
padkowo prowadzito do gromadzenia 8-oxo-G w genomie
jadrowym w przypadku pary MSH2/pol p lub w genomie
mitochondrialnym w MLH1/pol y [26].

Gen PTEN (phosphatase and tensin homolog) to gen
supresorowy, do utraty funkcji, ktérego dochodzi

w licznych przypadkach nowotworéw, zaréwno spora-
dycznych, jak i dziedzicznych. Jego mutacje sa czesto
wykrywane w przypadkach nowotworéw piersi, maci-
cy, stercza, tarczycy, skéry czy tez w glejakach. PTEN
wykazuje dwojaka nature - fosfatazy biatkowej i lipi-
dowej. Gen PTEN koduje lipidowa fosfataze fosfatydylo-
inozytolu 3, ktéra odpowiada za defosforylacje tréjfos-
foranu fosfatydyloinozytolu PIP3 (phosphatidylinositol
(3,4,5)-triphosphate). PIP3 dziata stymulujgco na szlak
kinazy AKT (v-Akt murine thymoma viral oncogene ho-
molog 1), ktéry zapobiega przebiegowi programowane;j
$mierci komérki i stymuluje synteze biatek. PTEN przez
inaktywacje PIP3 wplywa na zatrzymywanie cyklu ko-
moérki w fazie G1 i doprowadza do jej wejécia na dro-
ge programowanej $mierci. Komdrka pozbawiona pra-
widtowo funkcjonujacego genu PTEN wymyka sie spod
kontroli i podlega niekontrolowanym podziatom. Biatko
MTOR (mechanistic target of rapamycin) bierze udziat
w mechanizmach regulujacych przezycie komérki w wa-
runkach niedoboru substancji odzywczych. Poniewaz
uczestniczy ono w szlaku zaleznym od Akt i kinazy PI3,
postanowiono przeanalizowaé interakcje genetyczne
zachodzace miedzy MTOR a PTEN w sytuacji obnizonej
ekspresji tego drugiego. Wykorzystano w tym celu po-
chodng rapamycyny, ktéra powoduje zatrzymywanie
cyklu komérkowego w fazie G1. Dziata na MTOR i in-
hibuje jego fragment odpowiedzialny za fosforylacje
substratéw, takich jak kinaza S6 czy 4E-BP1. Jak sie oka-
zato zaréwno linie ludzkich komérek nowotworowych,
jak i komérki mysie, pozbawione genu PTEN byly wraz-
liwe na dziatanie rapamycyny. Utrata funkcjonalnego
PTEN moze predysponowac komdrki do podatnosci na
zahamowanie dziatania MTOR nawet niskimi dawkami
pochodnej rapamycyny. Wynik potwierdzata réwniez
analiza poziomu kinazy S6 [32]. Gen PTEN jest niezwykle
istotny do utrzymania stabilnosci genetycznej komérki.
Wystepujace w nim mutacje moga zupetnie pozbawic ko-
mérke naprawy DNA przez rekombinacje homologiczng.
W takiej sytuacji mozliwe jest wykorzystanie inhibito-
réw skierowanych przeciwko biatkom szlaku BER, takim
jak PARP1. W przypadku niefunkcjonalnosci tego szlaku,
nienaprawione uszkodzenia zostang przekonwertowane
do uszkodzerr dwuniciowych. Niefunkcjonalny szlak HR
nie bedzie zdolny do naprawy tych uszkodzet, co dopro-
wadzi do §mierci komdrki [29].

Opisane badania sa przyktadami wykorzystania syntetycz-
nej letalno$ci w badaniach podstawowych, jak i prébach
stworzenia spersonalizowanej terapii przeciwnowotwo-
rowej. Badania te pozwalaja odnaleZ¢ cechy odrézniajace
komérke nowotworowg od prawidtowej, co powoduje,
ze potencjalna terapia przeciwnowotworowa moze sie
staé §ci$le celowana i wywotaé mozliwie najmniej dziatat
niepozadanych. Uzyteczno$¢ wykorzystania narzedzia
syntetycznej letalnosci nie koriczy sie tylko na identy-
fikacji potencjalnych terapii przeciwnowotworowych.
Niezwykle istotnym celem tego typu analiz jest bowiem
poznanie biologii molekularnej nowotworéw i interakcji
miedzygenowych, czy tez ich produktéw, zachodzacych
w toku ich rozwoju.
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PobsumowaNiE

Syntetyczna letalno$é jest niezwykle uzytecznym narze-
dziem zaréwno w procesach definiowania funkcji genéw,
jak i do poznawania biologii nowotwordw i poszukiwa-
nia potencjalnych terapii przeciwnowotworowych. Po-
step technologiczny i mozliwo$é wykorzystania bibliotek
iRNA, shRNA, jak i maloczasteczkowych zwigzkéw che-
micznych, takich jak inhibitory czy aptamery, okazuja sie
niezwykle uzyteczne do poznawania natury syntetycznej
letalnosci i proby jej wykorzystania u ludzi. Chemiotera-
pia jest metodag walki z nowotworami stosowang od kil-
ku dekad, jednak wcigz nie zmienialy sie priorytety jej
dzialania. Stosowane sa gtéwnie leki eliminujgce szybko

PismiennicTwo

dzielgce sie komérki. Takie podejscie jest przyczyng po-
jawiania sie u pacjentéw wielu dziatari niepozadanych
oraz znaczgco utrudnia ich rekonwalescencje. Syntetycz-
na letalno$¢ moze w obecnej sytuacji okaza¢ sie ztotym
$rodkiem na selektywne zabijanie wytacznie komérek
nowotworowych. Wykorzystanie jej w polaczeniu z ra-
dioterapia, czy czynnikami cytotoksycznymi moze dodat-
kowo zwiekszaé skutecznosé¢ tego typu terapii. Badania
syntetycznej letalnosci znajduja sie jednak w poczatko-
wych etapach i wymagane jest jeszcze przeprowadzenie
wielu analiz tak, by doktadnie poznaé to zjawisko. Jednak
potencjalne, przyszto$ciowe korzysci dla cztowieka, jakie
bedzie mozna uzyskaé w rezultacie z przeprowadzonych
badan, z pewnoscia zrekompensujg poswiecone $rodki.
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DNA Double Strand Break Repair - Related Synthetic Lethality
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Abstract: Cancer is a heterogeneous disease with a high degree of diversity between and within
tumors. Our limited knowledge of their biology results in ineffective treatment. However, per-
sonalized approach may represent a milestone in the field of anticancer therapy. It can increase
specificity of treatment against tumor initiating cancer stem cells (CSCs) and cancer progenitor
cells (CPCs) with minimal effect on normal cells and tissues. Cancerous cells carry multiple

ARTICLE HISTORY genetic and epigenetic aberrations which may disrupt pathways essential for cell survival. Dis-

covery of synthetic lethality has led a new hope of creating effective and personalized anti-
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Accepted: November 16, 2017 products causes cell death whereas individual inactivation of either gene is not lethal. The effec-
tiveness of numerous anti-tumor therapies depends on induction of DNA damage therefore tu-
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ways are promising targets for synthetic lethality. Here, we discuss mechanistic aspects of syn-

thetic lethality in the context of deficiencies in DNA double strand break repair pathways. In
addition, we review clinical trials utilizing synthetic lethality interactions and discuss the
mechanisms of resistance.

Keywords: DNA repair, double strand breaks (DSB), synthetic lethality, anticancer therapy, radiotherapy, PARP.

1. INTRODUCTION of researchers have been focused on finding the tools
that would be able to eliminate cancer cells not only
quickly but also as pointedly as possible. Nowadays,
the need for rationally designed selective drugs has a
great chance of achievement due to multiple studies
being carried out on personalized anticancer therapy.
Such approach takes into account molecular uniqueness
of each patient’s cancer cells and attempts to find a
treatment that would most effectively influence them,
while the primary goal of personalized therapy is to
select an individual specific treatment with the least
side effects. Carcinogenesis is a long-term complex
mechanism involving accumulation of multiple
changes in a cell’s genome. Therefore, we are looking

Most of the anticancer therapeutics currently in use
lack specificity of their actions in that the number of
their off-targets is still too high and this remarkably
influences a patient’s convalescence. Their ability to
kill rapidly proliferating cells also goes against normal
cells with high division rate. In addition, many drugs,
including bleomycin, cytarabine or doxorubicin are
toxic also to normal tissues (namely to lungs, cerebel-
lum and heart), hence are of low therapeutic index.
Taking all that into consideration, the vulnerability of
current cancer treatment is not in its inability to find a
compound that will be able to kill cancer cells, but in

finding one that will work specifically and eliminate  for changes in the DNA of cancer cell that would let us
cancer cells at a dose that will not cause toxic effect to distinguish them from normal cells and create an inno-
other tissues [1, 2]. For the last two decades, the efforts vative treatment that specifically target them. Carrying

out a panel analysis (e.g. gene and protein expression
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DNA Double Strand Break Repair

Cancerous cells develop genomic instability respon-
sible for tumor progression and accumulation of nu-
merous modifications in their genome [3]. Changes in
the functioning of essential processes for cell survival
(e.g. DNA repair mechanisms) could be exploited as a
novel tool for personalized anticancer therapy. In tumor
cells, loss of one of the genes, the products of which
are crucial for such pathways, is highly probable due to
the enormous variety of rearrangements in their ge-
nomes. Under such conditions, in order to survive, can-
cer cells must find a substitute of the lost pathway, ipso
facto, becoming “addicted” to it. Targeting such alter-
native mechanisms could potentially sensitize malig-
nant cells, subsequently resulting in their death (Fig. 1).
The phenomenon described above is termed “synthetic
lethality” and has lately become a novel tool for per-
sonalized anticancer therapy. Lethal effect is caused by
the loss of function of two and more genes, whereas
individual mutation in each of these genes does not
cause any changes in cells viability [4, 5]. Researches
over this phenomenon are conducted within many cel-
lular pathways. New trends in developing a synthetic
lethality based on alterations in mechanisms like DNA

A Normal cell

B Viable cancer cells

C  Synthetic lethality

Current Medicinal Chemistry, 2019, Vol. 26, No. 8§ 1447

repair are very likely to have a great impact on speci-
ficity and efficiency of novel anticancer therapies.
Cancer-specific abnormalities and malignant cells’ re-
liance on compensatory pathway create an opportunity
to induce synthetic lethality through targeting a gene
(or its product) that is essential for proper functioning
of back-up pathway. This approach will enable us se-
lectively eliminate cancer cells without harming the
functions of normal cells, because even after inhibition
of alternative mechanism, proper activity of basic
pathway will rescue them from the effects of the inhibi-
tor [6]. It is believed that such “resistance” of cells to
mutations of some genes by redirecting crucial proc-
esses to alternative pathways could play a major role in
the evolution of multifactorial diseases such as cancers
[7, 8]. Cell survival is ensured by functional “genetic
excessiveness”, e.g. by evidence of two pathways com-
plementing each other or having two alleles of one
gene [9, 10]. Synthetic lethality is already contributing
to a broader understanding of associations occurring
between pairs of genes in malignant cells.

Neoplastic diseases are extremely heterogeneous.
Moreover, the bulk of each tumor itself does not consti-
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Fig. (1). Synthetic lethality scheme. A. Normal cells possess two functional, alternative pathways of the process crucial for
their survival (depending on the genes marked with either ABC or XYZ). B. In tumor cells, genomic instability often results in
loss of function mutation in one of such genes eliminating one of the pathways arising cell “addiction” to the alternative route.
C. When one of the genes of both ABC and XYZ pathway is impaired due to the loss of function mutation or to the targeting it
with inhibitor, cancer cell dies. Treatment with inhibitors affecting one of the pathways would not influence normal cells, since

basic pathway remains functional in them.
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tute a homogenous structure but consist of cancer pro-
genitor cells (CPCs) and a small cohort of quiescent
and proliferating cancer stem cells (CSCs), which act
as the therapy refractory and tumor initiating cells that
are usually responsible for tumor relapse [11-15]. Syn-
thetic lethality, in contrast to currently available thera-
pies, offers the opportunity to eliminate drug-resistant
CSCs and CPCs. A correlation between disrupted DNA
repair mechanisms and survival of cancer stem and
progenitor cells undergoing genotoxic stress induced
by reactive oxygen species (ROS) and cytotoxic treat-
ment has been established [16]. CSCs and CPCs “ad-
dicted” to their DNA repair pathways could be elimi-
nated by targeting these mechanisms.

The idea of synthetic lethality is gaining increasing
attention each year, with researchers continuously de-
signing new methods helpful in discovering synthetic
lethality interactions - screens with the use of CRISPR
method (Clustered Regularly Interspaced Short Palin-
dromic Repeats) [17], shRNA (short hairpin RNA) [18,
19], small-molecule libraries [20], or reported this year
MiSL (Mining Synthetic Lethals) [21]. Additionally,
original comprehensive methods are being invented to
detect abnormalities in pathways of cancer cells. At
present, it is recommended to use next-generation se-
quencing (NGS) including analysis of genetic instabil-
ity markers like loss of heterozygosity (LOH) or te-
lomeric allelic imbalance (TAI) for identification of
patients carrying abnormalities [22, 23]. Recent novel
methods, like GEMA (Gene Expression and Mutation
Analysis), have the potential of finding a clinical use
through detecting abnormalities that could be exploited
in anticancer therapy based on synthetic lethality [24].
Factors that could become targets for such approach
can be found easily in the first synthetic lethality inter-
action predicting database - SynLethDB, which collects
information from published data, multiple screens, in
silico predictions and related databases [25]. Efforts of
researchers are also focused on finding new com-
pounds and new approaches that could be used to in-
hibit activity of alternative pathways. The US Food and
Drug Administration (FDA) approval for PARP (Poly
[ADP-ribose] polymerase) inhibitor - olaparib (Lyn-
parza”) in monotherapy of patients with BRCA-
depleted ovarian cancer is a good evidence of the pro-
gress made in this field [26]. Hopefully, further pro-
gress will allow us exploit a broad range of compounds
and target molecular uniqueness of broader spectrum of
tumor types.

Toma et al.

2. SYNTHETIC LETHALITY - A NOVEL AP-
PROACH TO CANCER TREATMENT IN PER-
SONALIZED ANTICANCER THERAPY

The concept of a clinical therapy based on death in-
duction in cancer cells carrying mutations impairing
activity of the mechanisms essential for cell survival,
by inhibiting activity of back-up path that the tasks
were rewired to, is termed “synthetic lethality”. This
phenomenon owes its name to Theodor Dobzhansky,
however, it was observed for the first time in 1922 in a
macro scale on a fruit fly by Calvin Bridges [27, 28].
Early studies over synthetic lethality interactions were
performed on yeasts as a great number of their genes
have human orthologs [29, 30]. Studies over synthetic
lethality interactions contribute to the increasing
knowledge on genes function, molecular biology of the
cancer and mechanisms of action of anticancer com-
pounds [31]. Revolutionary idea of using such ap-
proach in anticancer therapy was first published in
1997 by a Nobel Prize winner Leland H. Hartwell. He
described it as a method of a great therapeutic potential
that could also help us identify webs of interactions
underlying malignant phenotype [32].

Carcinogenesis seamlessly changes normal cells
into cancerous cells and to highly invasive derivatives
at the final phase. Genetic and epigenetic deregulations
are the hallmarks of tumor cells which let them exhibit
increased proliferative potential, evade apoptosis and
growth suppressing signals, ensure self-sufficiency in
growth signaling as well as metastatic and tissue-
invasive character at its final stages [33-36]. Extensive
sequencing studies revealed landscape of over 140
more (“mountains”) and less (“hills”) often altered
genes promoting tumorigenesis. Although the general
number of mutations occurring in a typical cancer is
outstanding, only two to eight of them are essential for
tumor development and progression [37-39]. Such
changes can become the source of the so called “onco-
genic addiction” of malignant cells viability to muta-
tions and to pathway redirection after loss or reduction
of functions critical for their cell survival mechanism.
Also a separate name — “non-oncogenic addiction” —
has been proposed for similar interactions occurring in
genes that are not themselves classified as oncogenes,
but are crucial for cancer cells survival and support
malignant phenotype [40-42]. Interactions of both
kinds bring to light new vulnerabilities which make
cancer cells more dependent on the functions of some
oncogenes and hypersensitive to reactivation of sup-
pressor genes [43].
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The changes arising in the genome of cancer cells
constitute unique features that help distinguish them
from their normal analogues. Targeting back-up path-
ways, which buffer the loss of mechanisms crucial for
cancer cell survival, with genetic or chemical methods,
should offer a specific and efficient therapeutic solu-
tion. Many examples can be given to demonstrate the
potential of anticancer therapy based on synthetic le-
thality. Multiple genes involved in many cellular func-
tions including metabolism or signaling pathways have
been reported to demonstrate such interactions with
one or more partner genes [44-49]. Furthermore, DNA
repair mechanisms appear to be the ideal target for de-
veloping the therapy because of the tumor-specific
changes which were found in multiple genes crucial for
these pathways. Moreover, some proteins involved in
repair create a web of interactions between multiple
pathways. A good example is PARPI directly involved
in base excision repair (BER), alternative non-
homologous end joining repair (altNHEJ) and promot-
ing homologous recombination (HR) [50]. Because of
the wide variety of functions it exhibits, PARP1 is
lately being extensively examined as a target for syn-
thetic lethality-based anticancer therapy in tumors with
detected abnormalities in DNA repair pathways like
HR and classical non-homologous end joining
(cNHEJ). All mechanisms that restore the original
DNA sequence share similarities in the order of their
stages, e.g. damage detection and strand binding by
repair machinery, gap filling and ends ligation, mean-
ing that there could be many potential synthetic lethal-
ity interactions occurring and many potential targets for
the therapy [51]. Synthetic lethality-based therapy can
be used to enhance the efficiency of currently used
agents e.g. cytotoxic drugs or radiotherapy. Inhibition
of essential for cell survival alternative pathways may
cause sensitization to such agents. For instance, deacti-
vation of double strand breaks repair pathways may
create the environment suitable for the cells sensitivity
to factors giving rise to DNA lesions.

3. DOUBLE STRAND BREAK CLASSICAL AND
ALTERNATIVE REPAIR PATHWAYS

Our genetic material is exposed to the numerous en-
dogenous and exogenous damaging factors including
ROS generated during cell’s metabolism, unusual DNA
structures, collision of transcription and replication
machinery, radiation, hypoxia, carcinogens delivered
with food or medicines including chemotherapeutics
[52-54]. Every compound of a DNA structure can be
influenced by such agents. For this reason, DNA repair
systems are critical to maintain the stability of the ge-
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nome and prevent cell from malignant transformation
or death. Cell physiological aging occurs by accumula-
tion of oxidative DNA damage caused by free radicals
having their origin in the cell’s metabolism. Each day,
some 10° oxidative DNA lesions per cell appear but are
rapidly repaired in our genome by complicated DNA
repair machinery. Some of them are converted to single
strand DNA breaks (SSBs) occurring approximately
5000 times/cell daily [55, 56]. The most toxic DNA
lesions are double strand breaks (DSBs) which are de-
fined as complete disruptions in chromosome integrity
[57, 58]. In comparison to the SSBs, where the original
sequence can be easily restored based on access to the
uninterrupted, complementary strand, faithful rebuild-
ing of both chromosome integrity and order of the se-
quence after DSB occurrence could by an uphill task
for repair machinery. Pathological DSBs arise as a re-
sult of ionizing radiation (IR), response to the clastogen
(i.e. temozolamide, cisplatin, mitomycin C, bleomy-
cin), as well as from endogenous processes like replica-
tion on the template including unrepaired lesion or
from disrupted repair processes [59]. DSBs can be the
reason of cell death and contribute to genomic instabil-
ity by causing mutations, genome rearrangements, neo-
plastic transformation and LOH [60]. About 2-3% of
malignant cells chromosomes seams to demonstrate the
“scars” appearing after numerous DSBs, deletions or
inversions it suffered from [61]. To prevent such haz-
ardous effects of DNA lesions, organisms have devel-
oped a wide range of proteins taking part in DSB repair
pathways.

DSBs are extremely toxic lesions that are repaired
in cells either by HR repair or NHEJ and their two sub
pathways. HR system is able to restore the original se-
quence based on the template of sister chromatid or
homologous chromosome. That mechanism has its pros
and cons — though it is error-free, for its activity it re-
quires short distance to the homologous sequence,
meaning it can be active during G2/S phases of the cell
cycle due to the short distance from homologous se-
quence [62]. On the other hand, NHEJ is a fast repair
mechanism that doesn’t require extensive homology. It
can work directly on the blank ends or use one or sev-
eral base pairs of microhomology between short single
stranded DNA (ssDNA) overhangs that arise due to the
chemical nature of DSB or due to the activity of tem-
plate-independent polymerases taking part in NHEJ.
However, because this repair system may cleave the
DSB in search of microhomology between overhangs
or to achieve DSBs form it will be able to ligate, some
part of the genetic information can get lost in the proc-
ess. Moreover, polymerases that can take part in NHEJ
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mechanism can cause insertions due to their template-
independent activity [63]. What is more, the partner
strands for NHEJ repair are not always chosen properly
what makes this system being considered error-prone
[64].

The cell cycle phase and the chemical nature of the
DNA ends are the factors that play a crucial role in se-
lection of machinery to approach lesion. It is very un-
likely for DSBs to have ends that can be directly con-
nected. In most cases they are incompatible due to the
overhangs and chemical modifications at their termini,
meaning such elements must be removed by resection
process which ensures that both ends have structures
that can be processed during the repair. Canonical
NHE]J is able to work on ligatable, blunt or near-blunt
DSBs that are not damaged or don’t include any modi-
fications. Resection in this process involves small re-
gions [65]. HR on the other hand can perform more
extensive end-resection led by the MRN complex
(MRE11/RAD50/NBSI) [66]. Early stage of resection
termed “end clipping” removes relatively short frag-
ment of one of the strands predisposing the ends to be
processed by altNHEJ, further “extensive resection” by
helicases and exonucleases leads to creation of long
ssDNA overlaps that are the substrates for HR [67].
Competition between DSB repair processes settles be-
tween Ku and MRN complexes as well as between an-
tagonistic p53 binding protein 1(53BP1) and BRCA1
proteins. The first one accumulates in the vicinity of
DSB by recognizing dimethylation of H4 histone
(H4Lys20) [68]. It promotes NHEJ repair by blocking
BRCA1 — mediated end resection which would have
promoted HR [69, 70]. Lack of H4Lys20 methylation
after replication weakens the affinity of 53BP1 to the
lesion and promotes BRCAI-mediated end resection
and HR [71, 72]. Moreover, it has also been proposed
that BRCA1 may play a role in promoting cNHEJ path-
way and not altNHEJ by inhibiting the end-resecting
activity of MRN complex which acts at the initial stage
of altNHEJ [73].

Although NHEJ system may constitute one of the
reasons of genomic instability, it is still the major DSB
repair mechanism in human and other higher eukaryo-
tes cells. It can be divided into two subpathways — clas-
sical or canonical NHEJ (¢cNHEJ) and back-up NHEJ
(bNHEJ) also termed alternative (altNHEJ) or micro-
homology-mediated end joining (MMEJ) (Fig. 2). Both
classical and alternative paths are genetically inde-
pendent of each other, and there seems to be no consid-
erable crosstalk between them [74-76]. First step of
cNHEJ repair process is damage recognition and bind-
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ing by Ku heterodimer (Ku70/Ku80) which creates a
ring around each end of a lesion and protects them
from nucleases. Ku rings exhibit barely any contact
with helix and their interactions are based more on
proper steric adaptation of the Ku complex to the shape
of DNA grooves [77, 78]. What is more, Ku heterodi-
mer has been lately identified as an effective 5’
dRP/AP lyase [79-81]. Ku performs a primary role in
promoting and proper functioning of NHEJ repair, not
only by detecting the DSBs, protecting them and re-
moving nucleotide damage near DSBs ends, but also
by serving as a kind of protein loading factor which
recruits other core repair proteins required lesion repair
[82]. When bound to DNA, Ku complex exhibits a high
affinity to the catalytic subunit of DNA-dependent pro-
tein kinase (DNA-PKcs) and stimulates its activity,
resulting in formation of DNA-PK complex at each end
of the damage [83, 84]. The primary function of this
compound is tethering the ends of the lesion and re-
cruiting different proteins depending on the phosphory-
lation of its different residues. DNA-PKcs protein con-
tains two clusters of conserved sites (ABCDE and
PQR) that, upon activation of a protein, can be auto-
phosphorylated or phosphorylated by other kinases.
Modification in ABCDE cluster on both sites of DSB
results in opening lesion conformation, leaving it avail-
able for ligases. Ends-processing mechanisms are pro-
moted when phosphorylation of the ABCDE sites oc-
curs only on one side. Modification in the second clus-
ter of DNA-PK protein — PQR results in more sealed
conformation of the synapse, which blocks nucleolytic
end-edition activities. Instead, it allows ligation and
polymerization processes to take place. It has been
proposed that phosphorylation in this cluster occurs
after microhomology appears between the opposite
ends of DSB. Its role is to hold such a structure in
place, stabilize it and open it for polymerases and li-
gases. DNA-PK inactivation and dissociation is medi-
ated by phosphorylation in T site and other places [85].
It has been suggested that blunt ends are less likely to
activate DNA-PKcs activity than single strand over-
hangs [86]. When Ku-bound, DNA-PKcs can recruit
and activate Artemis nuclease which exhibits both exo-
and endonucleolytic properties and can modify a wide
variety of DNA substrates at the border between dou-
ble-stranded DNA and single strand overhangs.
Artemis requires phosphorylation of ABCDE cluster of
DNA-PKcs to access the DNA [87]. End-editing during
NHE]J repair can be performed by a group of different
nucleases, including apraxin (APTX), PNKP-like fac-
tor (APLF), CtBP-interacting protein (CtIP) or previ-
ously mentioned MRN complex [88-90]. Ku complex
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Fig. (2). DNA DSBs repair in mammalian cells with current synthetic lethality targets marked with red stars. DSBs repair oc-
curs either by HR repair or NHEJ and their two sub pathways. The choice is determined basing on the cell cycle phase and the
length of 5” end resection which is promoted by BRCA1/CtIP and inhibited by 53BP1/RIF1. In cNHEJ Ku heterodimer creates
a ring around each end of a lesion and protects them from nucleases and resection. When bound to DNA, Ku exhibits a high
affinity to the catalytic subunit DNA-PKcs and stimulates its activity, resulting in formation of DNA-PK complex at each end
of the damage. Phosphorylation of different residues of DNA-PKcs is required for recruitment of many other repair proteins
including end modifying proteins (Artemis/APTX/APLF/ MRN/CtIP) or polymerases (Pol A/u). The final step of cNHEJ is
performed by LIG4 which in cooperation with XRCC2 ligates ends of DSB. AItNHEJ plays minor role in DSB repair under
physiological conditions, however disturbance in the activity of cNHEJ proteins, like LIG4 causes inactivation of the classical
pathway and redirects the process to the altNHEJ. Process requires “end-clipping” which reveals regions of microhomology
between DSB termini. Homology annealing is catalyzed by Pol ® and residual flap structures are removed by FEN1. Ligation
is carried out by either LIG1 or LIG3 in cooperation with XRCC1. Extensive resection and close proximity of sister chromatid
during G2/S phases of cell cycle predisposes DSB to be repaired by HR. MRN complex stimulated by CtIP reveals long ssDNA
overhangs at the DSB termini. RPA proteins cover ssDNA tails and protect them. Recombination factors like
BRCA1/PALB2/BRCA2 complex and/or RADS52 mediate at RADS1 localization at ssDNA overhangs and creation of recom-
bination filament. With the support of RAD54, filament invades sister chromatid and searches for homology. After strand elon-
gation by Pol § junction is resolved and ligated by LIG1.
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interacts also with polymerases - polp and polk which
can work in both dependent and independent manner
from the template [91, 92]. The crucial element of
cNHEJ repair is ligation by a complex of ATP-
dependent DNA ligase IV (LIG4), X-ray repair cross-
complementing protein 4 (XRCC4), Cerunnos (also
known as XRCC4-like factor; XLF) and paralog of
XRCC4 and XLF (PAXX) [93]. At first, XRCC4-
Cerunnos complex encircles DNA duplex, then aligns
and stabilizes the position of ends. PAXX interacts
with that complex and with Ku heterodimer to mediate
DNA repair [94]. LIG4 merges with XRCC4 via BRCT
domains at its C-terminal region and secure ligation of
a DNA terminus [95].

Disturbance in the activity of cNHEJ proteins, like
Ku, DNA-PKcs or LIG4 causes inactivation of the
classical pathway and redirects the process to the
altNHEJ mechanism. Though altNHEJ is not signifi-
cant for DSB repair under physiological conditions, it
has been shown that altNHEJ can play a major role in
damage repair at collapsed replication forks [96]. In
comparison to the canonical system, altNHEJ relays
much more on microhomology between DNA termini
and works slower, what may cause migration of DSB
termini and selection of wrong repair partners. The mi-
crohomology-prone character of this repair system
makes it look for complementarities in the distant se-
quences from where actual DSB occurred, causing rela-
tively extensive end-resection and loss of DNA frag-
ments between complementary sequences [97]. What is
more, due to its lower kinetics, this system is consid-
ered one of the reasons of extensive genome rear-
rangements [98]. AItNHEJ involves activity of CtIP,
MRN complex, PARP1, pol® and DNA ligase I (LIG1)
or III (LIG3), which act as the substitutes of the crucial
cNHEJ proteins [99, 100]. At the first step, PARPI
recognizes DSB and binds both ends leading to its acti-
vation and to modification of various proteins [101].
PARP1 competes with Ku complex for binding to the
lesion, however it exhibits lower affinity to DSB so its
binding in the presence of functional cNHEJ system is
less likely to happen [102]. Its role in altNHEJ is to
participate in synapsis creation and recruitment of other
repair factors like polymerases, ligases or nucleases
[103]. End-processing and microhomology revealing is
managed by MRN complex which binds DNA ends
and resects them in 5’ to 3’ manner, thus exposing
complementary sequences [104, 105]. MRN activity
and the process of resection are stimulated by CtIP pro-
tein which itself exhibits nucleolytic activities that are
not required for altNHEJ end-resection [106, 107].
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Once ends have been edited by the protein complex
and the complementary sequences have been revealed
and connected, altNHEJ proceeds to the stage of mi-
crohomology annealing being held by polymerase ©®
[108]. In the latest studies, polymerase ® has been
shown to exhibit a number of unique features, hence
determining its major role in altNHEJ repair [109]. It
can interact with DNA in three ways — template-
dependent polymerase using ssDNA tails of both DSB
ends for synthesis of complementary strand, template-
independent polymerase adding ssDNA overhangs or it
can “snap back” an overhang in a hairpin-shape to be
able to continue synthesis of complementary sequence
on its own template. When homology isn’t present
pol® has an ability to create short complementary re-
gions by extending ssDNA overhangs via its terminal
transferase activity, which may give rise to nucleotide
insertion [110]. Polymerase ® has been reported to ef-
ficiently align two 6-15 nt long 3’ overhangs sharing 4
bp of homology but struggling while working on longer
ssDNA termini, this may suggest involvement of other
polymerase after the stage is initiated by polymerase ®
[111-113]. It has been suggested that polymerase ®
forms a tetrameric structure that is able to bind ssDNA
inside and fold it back as well as bind both ends of
DSB and screen it for a homology, thanks to its heli-
case activity [114]. The flap structure created after
connection of the deep-strand homologous regions is
removed by nucleolytic activity of ERCC1/XPF com-
plex or by endonucleolytic activity of flap structure-
specific endonuclease 1 (FEN1) [115-119]. Subse-
quently, a stable, annealed and ligatable polymerization
product has to be sealed by LIG]l or a complex of
LIG3a and XRCCI1 that stabilizes it [120, 121].

Microhomology-based NHEJ is similar to the proc-
ess of single strand annealing (SSA). Human genome
contains many direct sequence repeats. DSBs occurring
in such regions have a possibility of being easily re-
paired by short end-resection and revealing homology
found in the repeats continuation on the partner strand.
The process is terminated by nucleolytic removal of
flap structures and ligation [122].

As it has been previously mentioned, HR repair is
mostly active during mid S and G2 phase of the cell
cycle, due to the close proximity to the sister chromatid
(Fig. 2). Also homologous chromosomes can be part-
ners for this system, however, it may lead to the loss of
heterozygosity in HR which uses such donors [123].
Furthermore, HR requires prolonged 5’ to 3’ end resec-
tion in order to perform extensive homology search.
The unique character of this pathway manifests itself in
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the high accuracy in reconstructing the original se-
quence and its ability to work on stalled replication
forks [124]. HR involves steps of end processing re-
vealing long ssDNA overhangs, search for complemen-
tarity between revealed fragment and homologous se-
quence, invasion of recombinase-ssDNA complex onto
a homologous sequence and formation of D-loop, tem-
plate-dependent synthesis extending 3’ end, formation
of two Holliday junctions, separation of the structure
and ligation [125]. Initial step of end processing re-
quires cooperation between CtIP protein and MRN
complex and helicase activity of BLM (Bloom syn-
drome RecQ like helicase) protein [126]. MRN
(MRE11/RAD50/NBSI) catalyzes initial 5° to 3” end
resection. MREI11 exhibits both ssDNA endonu-
cleolytic and exonucleolytic activity. Both get stimu-
lated when protein is in conjunction with RAD50 form-
ing MRE11,RADS50, core [127, 128]. Further resection
of DSB ends is maintained by EXO1 (exonucleases 1)
exonucleolytic activity [129]. When ssDNA tail is be-
ing formed, RPA proteins (replication protein A) bind
it covering like beads and protect from creating the
secondary structures as well as from nucleolytic attack.
However, the protective effect of RPA proteins at 3’
termini has to be abolished later, to allow for recom-
binase binding [130]. Once ssDNA tail is ready, re-
combinase filament has to be formed at the end of an
overhang in order to support the invasion on the ho-
mologous sequence. RADS51 is a recombinase which
plays an essential role in HR. Proper activity of RADS51
is provided by a group of proteins including its 5
paralogs — RADS51B, RAD51C, RAD51D, XRCC2,
and XRCC3, all of which have been suggested to have
a part in assembling of a filament [131]. Paralogs are
able to form different complexes like BCDX2
(RADS5S1B, RADSIC, RADS51ID, XRCC2), CX2
(RADS1C and XRCC2), BC (RAD51B, RAD51C), etc.
and participate in various processes [132, 133]. For
instance, BCDX2 and CX2 act at the different stages of
HR, recruiting and stabilizing RADS51 filament [134].
Other proteins crucial for filament formation are
BRCA1 and BRCA2 - tumor suppressor proteins the
loss of which has already been widely correlated with
increased risk of breast and ovarian cancer [135].
BRCAL1 promotes HR repair and interacts with a num-
ber of proteins involved in DSB repair including resec-
tion MRN-CtIP complex [136]. BRCA2 contains ds-
and ssDNA binding sites as well as a few RADS51 bind-
ing motifs which may indicate the important role of
BRCAZ? in the filament formation at the ssDNA termini
[137-139]. Partner and localizer of BRCA2 (PALB2)
as a scaffold for both BRCA proteins and serves en-
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sures their proper localization and stable binding dur-
ing HR repair [140, 141]. In BRCA1-PALB2-BRCA?2
complex, BRCALI is responsible for directing the re-
maining two to the damaged region [142, 143]. Lastly,
RADS54 protein cooperates with RADS51 filament at
many stages of its action by supporting it in homology
search, D-loop creating as well as catalyzing RADS1
dissociation from DNA heteroduplex [144]. The main
responsibility for proper DSB repair in HR repair relies
on RADS51 recombinase. With the assistance of previ-
ously mentioned proteins - BRCA2, RADS51 paralogs
and RAD52, RADS51 assembles on the previously iso-
lated and RPA—protected DNA 3’ overhangs and forms
presynaptic filament which is stabilized by RAD54. In
the next step, the filament penetrates homologous
dsDNA particle and examines it looking for comple-
mentarity. RADS51 is then removed from heteroduplex
to provide access of DNA polymerase [145]. Currently
two models — Double Strand Break Repair (DSBR) and
Synthesis-Dependent Strand Annealing (SDSA) ex-
plain how recombination process may occur. In the
first model proposed by Szostak et al., one of the 3’
tails invades a homologous dsDNA fragment creating a
D-loop and each 3’ end of DSB is annealed on the
template of complementary strand of homologous
DNA sequence. Such model provides for creation of
two Holliday junctions which can get resolved by cut-
ting either outer or inner strands of each of the junc-
tions. If both junctions are cut the same way, the proc-
ess won’t result in crossover in the final products.
However, if junctions are resolved differently, such
that one has its outer strand cut while the other has its
inner strand cut, the process generates crossovers
[146]. The second model is SDSA. This provides for
migration of a “bubble” or a D-loop caused by 3’ end
annealing machinery, traveling along one of the strands
of homologous DNA fragment. Synthesis of only one
3’ ssDNA overhang of the lesion is led on a template of
homologous DNA sequence and as soon as this process
is finished, the product is displaced and paired with its
partner basing on the sequence homology between
freshly synthesized sequence and partners ssDNA
overhang. Any excessive 3’ flaps are then eliminated to
allow for ligation. A gap in the strand which had not
been involved in heteroduplex formation is filled bas-
ing on the template of complete complementary strand.
This model does not provide for generating Holliday’s
junctions or crossover products [147-149]. SDSA
model has also many variations that include replica-
tion-like repair with synthesis of leading strand using
an unbroken homologous template and lagging-strand
on the template of freshly synthesized partner strand.
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Another example is a model providing for involvement
of both strands of homologous section in annealing
process of damaged strands, but without junction cut-
ting or possibility of crossover products [150].

RADS2 protein is one of the factors taking part in
DSB repair via HR. It is able to bind RPA coated
ssDNA and promote interactions of RADS51 with target
substrate by directing it to RPA-ssDNA complex [151].
RADS1 recruitment to the termini of ssDNA strongly
depends on RADS2 because it is able to abolish the
RADS51-binding inhibitory effect of RPA and promote
recombinase binding and filament creation [152, 153].
RADS2 suppresses RPA in an immediate protein-
protein interaction. Synthesis takes place once a fila-
ment is created. During the whole process, RAD52-
RPA complexes remain spread along the invading
RADS51-coated tail which may point to stabilizing
function of this element [154]. Moreover, RADS52 is a
protein involved in previously mentioned SSA repair
system. Interestingly, yeast cells deficient in Rad52
exhibit highly increased sensitivity to genotoxic stress
[155]. However, this phenomenon is unlikely to occur
in mammalian cells, where RADS51 loading is mainly
performed by BRCA proteins. RAD52 knockout mice
are viable, fertile and do not express any changes in
phenotype. In vertebrates, absence of RADS52 also re-
sults in no obvious changes in HR functioning [156,
157]. For that reason, it has been proposed that BRCA
and RADS52, which both are recombination mediators,
take part in two separate HR subpathways — BRCA1/2-
RADS51 dependent and backup, RAD52-RADS51 de-
pendent (Fig. 2). It has been discovered that tumors
carrying reduction- or loss-of-function mutations in
BRCA1/2 suppressor genes are sensitive to RADS52
deprivation [158]. On the other hand, mutation in
RADS51 in mice resulted in early embryonic lethality,
while RAD51-defficient vertebrate cells reacted with
accumulation of chromosomal breaks and cell death,
suggesting that alternative pathway does not go beyond
RADS2 activity [159-161].

4. ALTERATIONS IN DSB REPAIR SYSTEMS
AS A CHANCE FOR PERSONALIZED ANTI-
CANCER THERAPY BASED ON SYNTHETIC
LETHALITY

Changes occurring in cancer cells genomes and
alterations in repair systems, in particular, offer an op-
portunity of designing a therapy that would pointedly
and efficiently eliminate malignant derivatives. Addic-
tion to the genes which products are involved in DSB
repair mechanisms is a common phenomenon in tumor
cells deprived in factors crucial for basic pathways.
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These genes (or their products) can potentially become
targets for synthetic lethality-based anticancer therapy,
which will result in cell sensitivity to DNA damage.
Inefficient DSB repair will result in lethal lesion accu-
mulation and cell death. First and foremost, this simple,
yet elegant approach, targets only cancer-specific vul-
nerabilities, as a result will not affect normal cells. For
this reason, synthetic lethality-based therapy should
also exhibit limited number of side effects and lower
doses of drugs should give satisfactory results [162].

Extensive studies over factors involved in DSB re-
pair systems have made it possible to predict potential
targets for synthetic lethality. Different approaches
consider both complementary nature between HR and
NHE]J system during the cell cycle as well as existence
of alternative HR and NHEJ pathways activated in the
event of basic pathway failure.

5. PARP INHIBITION IN CELLS DEFICIENT IN
HR COMPONENTS

For the present moment, only interaction of syn-
thetic lethality between PARP1 and BRCA genes has
found application in clinical therapy. Evidence of cor-
relation between mutation in BRCA1/2 genes and re-
sponse to PARP inhibitor were for first time reported in
2005 [163, 164]. PARP proteins are involved in multi-
ple cellular pathways, including repair of base modifi-
cations and SSBs in BER/SSBR system where it inter-
acts with main proteins of this system such as XRCC1,
OGG1 (8-oxoguanine DNA glycosylase 1), DNA po-
lymerase p or LIG3 [165, 166]. The important role of
PARP in the DSB repair has also been revealed re-
cently. Besides previously explained function of this
protein in PARP1-dependent altNHEJ, this factor also
plays a crucial role in HR induction at stalled replica-
tion forks. Such obstacle triggers poly[ADP-
ribosyl]ation, resulting in recruitment and activation of
MRN complex at the disrupted replication region and
further repair by HR system [101]. Despite the multi-
functional character of PARP proteins, mice which had
been deprived of it stayed viable and fertile, however,
they displayed enhanced sensitivity to genotoxic stress
induced by factors such as alkylating agents or radia-
tion, this was manifested by increased number of gene
amplifications, sister chromatid exchanges (SCEs) and
recombination in general [167, 168]. Although effec-
tiveness of anticancer therapy based on targeting PARP
in BRCA-deficient cells has been confirmed in multi-
ple clinical trials, the mechanism of inhibition remains
unclear [169-171]. The fact whether PARP inhibitors
only cause catalytic inhibition that decreases the ability
of PARP to perform its function or they also result in
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PARP trapping at the DNA strand during an ongoing
repair, due to impaired ability of autoADP-ribosilation,
is still being researched. Such failure in PARP disso-
ciation from DNA sites may result in stalling replica-
tion forks which needs HR pathway for work resump-
tion [162, 172, 173]. Ineffective repair of SSBs under
absence of PARP results in their conversion to DSBs.
In cells with detected mutations in BRCA1/2 such
situation leads to the accumulation of toxic lesions,
sensitivity to genotoxic stress, further genomic instabil-
ity and cell death [174].

Despite the fact that NHEJ is a major repair system
in mammalian cells, some cancer types seem to rely
mostly on extensive homology dependent pathway
[175]. Mutations in BRCA1/2 have been associated
with the elevated risks of breast and ovarian cancer. It
has been established that about 11% to 15% of the
cases of epithelial ovarian cancer (EOC) are correlated
with inherited mutations in BRCA1/2 genes [176, 177].
Similarly, extensive studies on the frequency of muta-
tions in BRCA1/2 in breast cancer patients have shown
that the majority of cases are correlated with mutation
in this pair of genes [178]. Mutations of BRCA1 and/or
BRCA2 have been found also in numerous cases of
melanoma, pancreatic and prostate cancer [179-181].
Interestingly, in leukemia cells, BCR-ABLI1 fusion has
been associated with a decreased expression of BRCA1
protein to nearly undetectable level. Downregulation in
protein activity was not due to lower gene expression,
but to repressed translation [182, 183]. Also chronic
hypoxia in cancer cells leads to defects in HR proteins
such as RAD51, RAD54, BRCA1/2 and XRCC3 [184].
Moreover, while many sporadic cancer cases do not
carry germline mutations in BRCA genes, they still
share pathological phenotype typical for BRCA-
mutated cells. Such phenomenon, termed “BRCAness”,
may occur, for instance, due to epigenetic gene silenc-
ing [185]. The listed conditions create an excellent op-
portunity for personalized anticancer therapy based on
targeting PARP1 in cells with disrupted HR pathway. It
has been also proposed that in BRCA-proficient cells,
environment appropriate for synthetic lethality-based
therapy could be provided by thermal degradation of
BRCA2 with local mild hyperthermia (40-43°C) [186-
189].

In order to exploit the strategy of synthetic lethality
in phenotype of ineffective HR repair in wider group of
patients, other factors crucial for this pathway, along
with PALB2 [190, 191], BARD1 (BRCAI1 associated
RING domain) [192, 193], RADS1C [194, 195], and
RADS1D [196], have also been screened in search of
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interactions which could increase clinical relevance of
PARPI inhibitors [178, 197]. Besides, RAD54B - a
mammalian paralog of RAD54 is a HR repair protein
whose mutations have been detected in numerous types
of cancer including colorectal, breast, lung cancer and
primary lymphoma [198, 199]. RAD54B interacts in a
highly specific manner with RAD51 which stimulates
its ATPase and helix-opening activities. The efficiency
of HR is significantly reduced in the absence of
RAD54 and RADS54B [200]. Decreased level of
RADS54B has also resulted in chromosomal instability
and increased number of chromosomes [201]. It has
been reported that PARP inhibition results in specific
elimination of RADS54B-deficient cells and elevated
level of DSBs, hence suggesting synthetic lethal inter-
actions between these two genes [199]. Furthermore,
LIG4 and FENI deficiency has also been found to be
correlated with synthetic lethal killing of RAD54B-
deprived cells [201, 202].

6. PARP INHIBITION IN CELLS DEFICIENT IN
NHEJ COMPONENTS

PARP inhibitors may also find clinical use under
conditions of ineffective NHEJ repair resulting from
mutation or downregulation of its crucial components.
It has been lately reported that targeting PARP in LIG4
deficient melanoma cell lines results in their highly
specific elimination due to the accumulation of toxic
DSBs. Reduced LIG4 expression resulted in inefficient
effectiveness of cNHEJ and redirecting of repair to an
alternative pathway. Additionally, targeting PARPI
protein responsible for BER, altNHEJ and HR induc-
tion at stalled replication fork resulted in accumulation
of lethal DSBs and cell death. In fact, only about 7% of
cutaneous melanomas harbor mutations in LIG4, ac-
cording to TCGA database, however, further analysis
suggests that greater number of patients could benefit
from PARP targeting due to deficiencies in other fac-
tors of cNHEJ pathway factors [203]. LIG4 deficiency
has previously been detected also in high-risk neuro-
blastoma cell lines, thus suggesting that such patients
could benefit from this approach [204].

Interestingly, poor prognosis in acute myeloid leu-
kemia (AML) is often associated with internal tandem
duplications (ITD) in FLT3 (fms related tyrosine
kinase 3). Cells expressing FLT3-ITD demonstrate de-
creased levels of Ku proteins, crucial for cNHEJ, and
elevated level of LIG3a, the component acting in
altNHEIJ. Such cells are characterized by frequent DNA
deletions and DSB repair pathway involving microho-
mology regions. PARP inhibition can potentially result
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in accumulation of lethal DSB in FLT3-ITD expressing
leukemia cells [205, 206].

7. PARG INHIBITION

In the early steps of response to a DNA strand inter-
ruption, PARP proteins covalently attach multiple
subunits of ADP-ribose to themselves and to other ac-
ceptor proteins using NAD" as a substrate. This process
is crucial for repair of SSBs and DSBs as well as for
restart of stalled replication forks. Such signal is re-
sponsible for chromatin remodeling and recruitment of
multiple repair agents. Under pathological conditions,
prolonged oxidative, or nitrosative stress caused by
increased number of DNA lesions, expression of PARP
protein and its activity is extremely elevated resulting
in NAD" and ATP depletion. Such situation leads to a
parthanatos — PARP1-dependent cell death caused by
hyper[ADP-ribosyl]ation of target proteins and mito-
chondrial dysfunction [101, 207]. Modifications in-
duced by PARP are not permanent. It has been sug-
gested that removal of ADP-ribose moieties is crucial
for further steps of repair [208]. Poly[ ADP-ribose] gly-
cohydrolase (PARG) and ADP-ribosyl hydrolase 3
(ARH3) are the enzymes responsible for removal of
ADP-ribose units. PARG exhibits activity of endo- and
exoglycohydrolase which allows it to reverse PARP
modifications by hydrolysis of ribose-ribose bonds pre-
sent in poly[ADP-ribose] chains and returning acceptor
proteins to their native form [209]. PARG deficiency
results in elevated sensitivity to genotoxic stress and
genomic instability [210, 211]. Loss of PARG has also
been associated with neurodegeneration [207, 212].
PARG targeting generates a new possibility for specific
synthetic lethality-based killing of cells deficient in HR
repair factors such as BRCA1/2, PALB2, or BARDI.
Inhibition of PARG, just as in PARP inhibition, re-
sulted in the death of HR-deficient cells due to inability
to resolve arrested replication forks. Interestingly,
PARP and PARG do not share all partners in synthetic
lethal interaction, which might point to slightly differ-
ent functions of these proteins. The results obtained
varied depending on the cell line used in the analysis
and on the factor absent in PARG inhibited cells [213-
215]. Targeting PARG in HR-deficient cancer types
needs further examination and therefore opens new
perspectives in the field of personalized anticancer
therapy.

8. RAD52 INHIBITION IN BRCA-DEFICIENT
CELLS

PARP1 inhibition results in disruption of a plethora
of cellular processes in which this protein is involved,
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among others, chromatin modeling, telomere mainte-
nance and DNA repair or transcription [216, 217]. Af-
fecting such a wide range of processes may result in
induction of side effects in normal cells also. What is
more, majority of currently available compounds also
show activity toward other proteins from the PARP
family, due to their structural similarity, this thereby
widens the spectrum of aftereffects [218]. For these
reasons, further efforts are focused on identification of
novel targets which act the most exclusively in backup
pathways. Targeting factors which are not part of a
broad spectrum of processes but are specific for a
unique pathway could significantly lower the number
of side effects. An example of such target can be
RADS2 which has been reported to exhibit synthetic
lethality interactions with BRCA1/2, PALB2, and
RADS1 paralogs [161, 219]. RADS1 binding and fila-
ment formation during HR repair is primarily carried
out by BRCA protein in mammalian cells, whereas,
RADS2 serves as a factor crucial for backup pathway
exhibiting activities of binding ssDNA, RAD51, and
RPA coated ssDNA overhangs. Previous studies have
showed that inhibition of RADS52 in BRCA-proficient
cells has no effect, whereas, BRCA-deficient cells react
with reduced number of RADS51 binding foci and less
effective HR [220]. In cells harboring mutations of
BRCAL1/2 genes, alternative RAD52-RADS51 pathway
could be activated in order to provide cell viability
[221]. Therefore, RADS52 protein could become a novel
target for synthetic lethality-based personalized anti-
cancer therapy in tumors deficient in RADS51 localizing
mediator proteins like BRCA1/2 or PALB2, for exam-
ple in familial breast or ovarian cancer. Extensive stud-
ies have generally confirmed the great potential of this
approach on multiple cell lines as well as in patient de-
rived of leukemia cells, resulting from the previously
described BRCA1/2 down regulation in BCR-ABL ex-
pressing cells [222-224]. Analysis has also shown the
ability of RADS52 inhibiting single-agent therapy to kill
both progenitor and cancer initiating stem cells by ac-
cumulation of toxic DSBs and activation of error-prone
repair processes giving rise to genomic instability
[225]. Thus, such approach may find a clinical applica-
tion in tumors displaying BRCA-defective phenotype.

9. SYNTHETIC LETHALITY-BASED ANTI-
CANCER THERAPY IN CLINICAL TRIALS

The initial development stages of therapy based on
small molecules inhibiting PARP activity exploited
mainly their role as radio- and chemo-sensitizing drugs,
however, their utility in a single-agent treatment has
not been assessed [226]. Therefore, the ability of PARP
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inhibitors to selectively kill BRCA-deficient cells has
been extensively described in multiple preclinical in
vitro and in vivo studies, which has contributed to di-
verse successive clinical tests. To the present moment,
a number of PARP inhibitors have been designed and
current clinical trials are focused on investigating their
efficiency in monotherapy in cancer types expressing
changes in DNA repair systems as well as in combina-
torial therapy demonstrating synergistic effects of such
compounds with alkylating agents or radiation [227].
This group includes orally delivered drugs - olaparib
(AZD2281, Lynparza" ), niriparib (MK4827, Zejula ),
rucaparib (AG14699, Rubraca®), veliparib (ABTS888),
and talazoparib (BMN673) (Table 1). Majority of
PARP inhibitors are nicotinamide analogues able to
reduce NAD-binding catalytic activity of PARP pro-
teins, however, they differ in bioavailability, ability to
trap PARP on the DNA strand, and efficiency of inhib-
iting target protein [172, 226]. Due to the high similar-
ity of the catalytic domain of PARP proteins, many
inhibitors are not able to distinguish between different
PARP isoforms. PARP1 and PARP2 share over 68%
homology in NAD" binding domain [228]. The first
PARP inhibitors were developed in 1980s and were
aimed at enhancing the effect of chemo- and radiother-
apy. Studies on agents like 3-aminobenzamide (3-AB),
which sensitized cancer cells to the methylating factors
contributed towards better understanding of PARP ac-
tivity [229]. On the other hand, the first generation of
inhibitors never made it to the clinical trials due to the
high concentrations which had to be used to achieve
the desired effect. The second generation of PARP in-
hibiting agents developed in early 1990s were based on
the quinazoline structure. Compounds like PD 128763
or NU1025 have been characterized by higher effec-
tiveness and specificity [174, 230, 231]. Research over
modifications of these inhibitors have led to discovery
of PARP catalytic domain residues which when bound
may contribute to enhanced inhibiting effect of the
drugs. For instance inhibitors with carboxamide group
in their second aromatic ring have been shown to be
more potent due to their ability to create additional hy-
drogen bounds with Glu988 residue which is responsi-
ble for the major catalytic activity of PARP proteins
and takes part in the elongation of ADP-ribose chains
[174, 232]. The third generation of PARP inhibitors
consists of new and more effective agents including a
few benzimidazole-based compounds. Novel PARP
inhibitors such as talazoparib demonstrate an elevated
metabolic stability, a more potent action, a favorable
bioavailability and pharmacokinetics. Such increased
profile makes it possible to achieve cancer cell re-
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sponse using much lower doses as compared to other
PARP inhibitors [233]. On 19" December 2014 the first
PARPI inhibitor — olaparib (Lynparza ) was approved
by FDA and European Medicines Agency (EMA) for
single-agent use in synthetic lethality-based anticancer
therapy of BRCA-deficient ovarian cancer patients
[26]. Similarly, two years later, FDA approved ruca-
parib (Rubraca™) for the treatment of BRCA-mutated
ovarian cancer patients [234]. On March 27" 2017 an-
other PARP inhibitor niraparib (Zejula" ) was approved
as a therapy for patients with recurrent EOC as well as
fallopian tube cancer and peritoneal cancer who are
responsive to the platinum-based chemotherapy. In
clinical trials treatment showed the best results in the
cohort of patients with germline BRCA mutations in
comparison to the cohort without mutations in BRCA
and to the cohorts receiving placebo [235]. Thus, these
three milestones point to a promising new direction of
personalized medicine, they are of clinical significance
and offer many possibilities in the treatment of repair-
deficient cancer types.

10. IDENTIFICATION OF POTENTIAL THER-
APY RECIPIENTS

Today, the efforts of pharmaceutical companies are
focused not only on drug designing, but also on devel-
opment of a method which would allow identification
of patients that would be responsive to PARP inhibitors
and who would benefit from that approach. One of
such tests is FDA approved BRACAnalysis CDx"
(Myriad Genetics) which identifies potential olaparib
and niraparib responsive ovarian cancer patients by
assessing data on alterations in BRCA1/2 sequence via
Sanger sequencing performed in order to identify sin-
gle nucleotide polymorphism (SNP), small insertions
and deletions. The method also consists of multiplex
PCR BART" acquiring data about extensive deletions
or insertions. Genomic DNA isolated from peripheral
blood or buccal mouthwash samples constitute the ma-
terial to be used in method. Easily accessible samples
are also a limitation of this method to detection of only
germline mutations in BRCA genes. For this reason,
company is currently developing equivalent method of
TumorBRACAnalysis CDx" that analyzes samples
derived from preserved tumor tissue [236-238]. Im-
proved modification of BRACAnalysis CDx"” - My-
Choice HRD" (Myriad Genetics) is another diagnostic
test currently under clinical trials. It is performed on
genomic DNA acquired from paraffin or formalin pre-
served tissue samples. In addition the tests included in
BRACAnalysis CDx", myChoice HRD" assess addi-
tional information on genomic instability status NGS-
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Table 1. Clinical trials evaluating effectiveness of PARP inhibitors in single-agent therapy.
ClinicalTrials.gov . . Primary
identifier/ Trial name Phase Study design Study population Dose outcome
OLAPARIB
DDS, 10
NCT00516373 I Single arm, Malignant advanced solid tumor refractory mg QD = DLT, MTD
open label to standard therapy 400 mg
BID
NCT01844986 Randomized, double | pp A _mutated OC following first line 300 mg
(SOLO1) 1 blind, placebo con- latinum-based chemothera tablets, PES
trolled p 4 BID
NCTO01874353 Rapdomlzed, double Platinum sensitive relapsgd BRCA-mutated 300 mg
(SOLO2) 111 blind, placebo con- OC following tablets, PFS
trolled CR or PR to platinum-based chemotherapy BID
. . . 300 mg
NCT02282020 Randomized, Platinum sensitive relapsed BRCA-mutated
11 tablets, PFS
(SOLO3) open label ocC
BID
Non-randomized, sin-
’ Advanced BRCA-mutated 400 mg,
NCT01078662 I gle arm, 0C, BC, PC, PaC BID TRR
open label
NCT00494442 (ICE- Non-randomized, open Advanced BRCA1 or BRCA?2 associated 100 mg/
I 400 mg, OTR
BERG2) label oC
BID
NCT00628251 (ICE- Randomized, Advanced BRCAI or BRCAZ ass9c1ated 200 mg/
BERG3) 1I open label OC who have failed previous platinum- 400 mg, PFS
based chemotherapy BID
RUCAPARIB
NCT01482715 (Study Non-randomized, sin- BRCA-mutated OC or other DLT, PK,
VI gle arm, . DDS
10) solid tumor ORR
open label
NCT 01891344 I Single arm, Platinum sensitive relapsed 600 mg, DP. ORR
(ARIEL2) open label high-grade EOC, FTC, PPC BID ’
Randomized, double Platinum sensitive relapsed HGSOC, EOC,
NCTO1968213 il blind, placebo con- FTC, PPC following CR or PR to 600 me, DP, PFS
(ARIEL3) . BID
trolled platinum-based chemotherapy
NCT02855944 Randomized, open Platinum sens1t1v§ relapsed BRCA-mutated 600 mg,
(ARIEL4) 1 Jabel high-grade BID PES
EOC, FTC, PPC
NCT02952534 (TRI- I Single arm, Metastatic castration-resistant PC with ho- 600 mg, ORR. PSA
TON2) open label mologous recombination gene deficiency BID ’
NCT02975934 (TRI- I Randomized, open Metastatic castration-resistant PC with ho- 600 mg, PFS
TON3) label mologous recombination gene deficiency BID
NIRAPARIB
DDS, DLT, inhi-
Non-randomized, open Advanced solid tumors and hematologic 30 mg = bition of
NCT00749502 ! label malignancies 400 mg, PARP ac-
QD tivity

(Table 1). Contd.....
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ClinicalTrials.gov . . Primary
identifier/ Trial name Phase Study design Study population Dose outcome
NCT02354586 I Single arm, Wﬁdg:ncerd reilj‘pszd_fcisec’ FThCI’nPIZE | 300mg, Antitumor
(QUADRA) open label 0 have recetve previous chemothe QD activity
apy regimens
NCT01847274 Rapdomlzed, double Platinum sensitive OC, FTC, PPC .who have 300 mg,
I blind, placebo con- responded to the previous platinum- PFS
(NOVA) o QD
trolled containing therapy
NCT02655016 - I]{j.n‘iiomllzedl; double |\ 4\ anced OC following CR or PR on front- | 300 mg, PFS
(PRIMA) nd, g(?ﬁ: do con- line platinum-based chemotherapy QD
VELIPARIB
10 mg/
. . . PK, change
NCT00387608 0 Single arm, Advanced solid mmors gnd hematologic 25 mg/ in tumor
open label malignancies 50 mg,
. PAR level
single dose
Single arm, Persistent or recurrent EOC, FTC, PPC with 400 mg,
NCT01540565 1 open label a germline BRCA-mutations BID AEs, OTR
Refractory BRCA-mutated solid cancer,
Single arm, platinum-refractory OC, FTC, PPC or basal- 400 mg,
NCT00892736 ! open label like BC that do not respond to previous BID MTD, DLT
therapy
Single arm, BRCA-mutated and platinum-resistant or 300 mg, MTD, DLT,
NCT01472783 m open label partially platinum-sensitive relapsed EOC BID ORR
TALAZOPARIB
. . . DDS, 0.025
NCT01286987 I Single arm, Advanced or rfacurrent solid tum0r§ with — 1.1 mg, MTD
open label DNA-repair pathway deficiencies QD
Advanced cancer with alterations in BRCA
NCT02286687 I Non-randomized, open | or other genes involved in BRCA pathways, | mg, QD CB
label homologous recombination defects or
PTEN alterations
NCT01945775 (EM- Randomized, open Advanced and/or metastatic BRCA-mutated
BRACA) m label BC I' mg, QD PES
CEP9722
NCT00920595 I Single arm, Advanced solid tumors DDS, 150 | yi0p pLr
open label mg, QD

(AEs — adverse events, BC — breast cancer, BID — twice daily, CB — clinical benefit, CR — complete response, DDS — dose determining study,
DLT — dose-limiting toxicities, DP — disease progression, EOC — epithelial ovarian cancer, FTC — fallopian tube cancer, HRD — homologous
recombination deficiency, MTD — maximum tolerated dose, OC — ovarian cancer, ORR — objective tumor response, OTR — overall response

rate, QD — once daily, PaC — pancreatic cancer, PC — prostate cancer, PFS — progression-free survival, PK — pharmacokinetics, PPC — pri-

mary peritoneal cancer, PR — partial response, PSA — prostate specific antigen, TRR — tumor response rate).

based identifying three components: LOH, TAI and
large-scale state transitions. This method is dedicated
to potential niraparib-responsive ovarian cancer, metas-
tatic, and primary breast cancer [237, 239]. Similarly,
Foundation Medicine Inc. has developed Foundation-
Focus CDxBRCA® - a companion diagnostic test
which uses NGS for detection of BRCA1/2 mutations
in tumor samples collected from women with ovarian
cancer which could be responsive to rucaparib treat-

ment. The company has also designed a massive com-
prehensive genome profiling diagnostic test - Founda-
tionOne” which using NGS-based analysis screens si-
multaneously coding regions of over 300 tumor related
genes and intron sequences of 28 genes whose changes
have often been associated with cancer. The method
allows for detection of all kinds of genomic alterations,
including insertions, deletions, base substitutions, or
copy-number alterations (CNAs). Such massive diag-
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nostic examination is performed from a small amount
of tissue acquired from needle biopsies fixed in forma-
lin or paraffin [237, 240, 241]. Foundation Medicine
Inc. is currently conducting clinical trials of an
ARIEL2 companion diagnostic test which will be able
to not only detect BRCA-mutated patients, but also
non-BRCA-mutated ones expressing “BRCAness”
phenotype. Moreover, novel comprehensive methods
identifying HR-deficient patients are at an early pre-
clinical stages of development. A good example is
Gene Expression and Mutation Analysis (GEMA)
which is potentially able to identify recipients of PARP
inhibitor-based therapy by detecting BRCA and DNA-
PK-deficiencies using Reverse Transcription-quantitive
PCR (RT-qPCR), flow cytometry, and microarrays or
by detecting oncogenes like BCR-ABL1 and AMLI1-
ETO [24, 242]. Some authors have successfully used
PARP inhibitors to target GEMA-selected BRCA/
DNA-PK-deficient  proliferating and DNA-PK-
deficient quiescent leukemia steam and progenitor cells
triggering cell death due to the dual synthetic lethality
[24, 242]. The described diagnostic tests offer genetic
vulnerability-screening methods, consequently making
it possible to exploit the concept of synthetic lethality-
based personalized strategy in patients with defects in
repair systems.

11. OLAPARIB

Olaparib (Lynparza ) (Ca4Hy3FN4Os, 4-[3-(4-cyclo
propanecarbonylpiperazine-1-carbonyl)-4-fluoro  ben-
zyl]-2H-phthalazin-1-one) is a small molecule inhibitor

(0]
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of PARP1/2/3 proteins, named KU-0059436, that was
initially developed by Kudos (Fig 3). The name was
changed to AZD2281 after the company was taken
over by AstraZeneca. Olaparib is one of PARP-
inhibiting compounds belonging to the bicyclic lactams
[243, 244]. Olaparib is the first PARP inhibitor to find
application in clinical practice. It is absorbed fast after
oral intake and the highest plasma concentration is usu-
ally achieved after 1-3 hours [26]. Currently approved
olaparib dose is 400 mg received twice a day in a cap-
sule formation with or without food. This dose, after to
the initial phase I trials in ovarian cancer patients, has
been defined as a maximum tolerated dose
(NCT00516373)[245]. Because of low solubility of the
inhibitor, each capsule delivers 50 mg of olaparib,
which means that a patient has to take 16 capsules a
day to reach the desired daily dose. Between 2008 and
2012 the phase I clinical trials compared the bioavail-
ability, efficiency, and safety of 300 mg dose delivered
in two 150 mg tablet formulation twice a day (2 x 150
mg twice a day) in comparison to the current dose. Due
to the promising results, tested dose was recommended
for further analysis in phase III clinical trials [246].
SOLO1 (NCT01844986) and SOLO2 (NCT01874353)
are undergoing phase III, double-blind, placebo-
controlled clinical trials of described 300 mg twice a
day dosage in platinum-sensitive patients with
BRCA1/2 defective high-grade serous ovarian cancer
(HGSOC), peritoneal cancer, fallopian tube cancer, or
high grade endometrioid cancer [247, 248].
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Fig. (3). Chemical structures of PARP inhibitors in clinical trials.
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Olaparib was the first PARP inhibitor to obtain ap-
proval of EMA and accelerated approval of US FDA
for treatment of BRCA1/2 mutated ovarian cancer that
have been treated with three or more lines of chemo-
therapy. Decision was based on the phase II open label,
non-randomized, non-comparative clinical trial
(NCT01078662) which analyzed response of 137 pa-
tients with ovarian cancer with detected mutations in
BRCA genes to olaparib administered orally in dose of
400 mg twice a day (50 mg x 8 twice daily). Over a
third of patients (46/137) demonstrated complete or
partial response (objective response rate ORR equal
34%)[249]. Also many other clinical trials at different
stages have supported the results. Phase I initial trials
assessed data considering safety, tolerability, toxicity,
and pharmacokinetics of olaparib [245]. Expanded
program of these clinical studies focused on response
of patients with BRCA1/2 mutated ovarian, fallopian
tube, or primary peritoneal cancer to treatment with
200 mg olaparib twice a day showed that 40% (20/50)
achieved partial or complete response, according to
Response Evaluation Criteria in Solid Tumors (RE-
CIST) and/or marker analysis. What is more, the study
showed a significant correlation between clinical re-
sponse and platinum sensitivity of tumor [250].

Phase II non-randomized trials confirmed the safety
and efficacy of olaparib treatment in advanced ovarian
cancer with mutated BRCA1l or BRCA2 gene. Re-
sponse of patients given either maximum tolerated dose
(MTD) or smaller dose of 100 mg twice a day was as-
sessed. In the group of patients receiving 400 mg ola-
parib twice a day, the ORR reached 33% (11/33),
whereas in the second group treated with lower doses,
only 13% showed some response (NCT00494442)
[169]. A phase II open label, randomized studies com-
pared the response of BRCA-defective ovarian cancer
patients prior to platinum-based chemotherapy to either
different doses of olaparib (200 or 400 mg twice daily)
or pegylated liposomal doxorubicin (PLD) (50
mg/m’every 28 days) which represented an approved
approach for treatment of patients with post-platinum
treatment recurrent or progressed ovarian cancer. Inter-
estingly, no statistically significant differences were
found between olaparib and PLD group in ORRs or
progression-free survival (PFS) length (NCT00628251)
[251]. Yet another phase II single-arm study for the
first time reported effectiveness of olaparib in treat-
ment of sporadic ovarian cancer without mutations in
BRCA1/2 genes (ORR = 24%, 11/46 patients). Study
has also analyzed response of triple-negative breast
cancer (TNBC) patients but no confirmed ORRs have
been reported [252]. Extensive phase II placebo-
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controlled trials achieved significant improvement of
PFS in the maintenance through olaparib treatment
(400 mg twice a day) of platinum-sensitive HGSOC
patients who had previously received platinum-based
treatments. Both BRCA-mutated and “BRCAness” ex-
pressing patients reached longer median PFS than pla-
cebo treated ones, however, the difference was more
significant for patients with defective BRCA1/2, who
benefited  mostly  from  olaparib  treatment
(NCTO00753545) [253, 254]. Olaparib treatment re-
sponse rate of recurrent ovarian, breast, pancreatic or
prostate cancer patients with detected BRCA1/2 germ-
line mutation was evaluated in other large scale single-
arm, non-randomized phase II studies. All 298 patients
assigned to the trial were refractory to conventionally
used therapy. Overall tumor response after a 400 mg
administration twice daily reached 26.2%. The best
response was noticed in platinum-resistant ovarian can-
cer carriers (31.1% ORR, 60/193). It is interesting to
point that patients with metastatic pancreatic cancer
who received previously two chemotherapy regimens
in the trial reached 21.7% response rate
(NCTO01078662) [255]. These clinical researches also
defined the occurrence of adverse events (AEs) during
olaparib treatment, most of which were mild-to-
moderate, these effects included fatigue, headache, gas-
trointestinal symptoms, anorexia, and anemia [253-
255]. Although a great majority of AEs were not se-
vere, trials reported also a small number of events
which could be potentially threatening to patient’s life.
This includes myelodysplastic syndrome or AML
(MDS/AML) which were reported in less than 1% of
olaparib treated patients and were fatal in the majority
of reports. Lynparza  treatment also reports less than
1% of cases of pneumonitis [248, 256].

Current findings of olaparib-based single-agent
treatment indicated confirmed durable effects in recur-
rent ovarian cancer patients with germline mutations in
BRCA genes who received at least three regimens of
chemotherapy. This promising data translated into a
tremendous number of clinical trials over olaparib in
single-agent and combination therapy (over 100 studies
at different stages due to the clinicaltrials.gov database)
[257]. Although current olaparib treatment is focused
only on FDA approved monotherapy, possibly it will
be utilized in the future in a greater spectrum of cancer
patients, either alone or supporting other therapeutic
compounds.

12. RUCAPARIB

Rucaparib (Rubraca®) is the second FDA approved
PARP1/2/3 small molecule inhibitor [258]. It was ini-
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tially developed by Pfizer (named PF-1367338) and
later, in 2011, transferred to Clovis Oncology Inc. (CO-
338) [243]. Its full chemical name is 6H-pyrrolo[4,3,2-
ef][2]benzazepin-6-one,8-fluoro-1,3,4,5-tetrahydro-2-
[4-[(methylamino)methyl]phenyl] (C;9H;sFN;O) (Fig.
3). Cytotoxicity induced by this compound results in
elevated number of PARP/DNA complexes which may
result in unsuccessful DNA repair, apoptosis, and cell
death [259]. The efficacy of rucaparib in treatment of
orthothopic glioblastoma xenografts was shown to be
low due to its limited delivery to brain [260]. In 2016,
rucaparib was granted the FDA approval for the single-
agent treatment of patients with advanced ovarian can-
cer with both germline and somatic deletions in BRCA
genes. Patients legible to be enrolled in the treatment
must have been previously treated with two or more
regimens of chemotherapy [259]. In preclinical in vitro
and in vivo trials, rupacarib demonstrated promising
results in cancer cells lines and xenografts with identi-
fied mutations and epigenetic silencing of BRCA
genes. Positive results were associated with mutations
in other HR-related gene — XRCC3 [261, 262].

A phase I/Il open label, dose-escalation studies
evaluated MTD, safety, pharmacokinetics, and prelimi-
nary efficacy of rucaparib treatment in patients with
solid tumors whose disease continued to deteriorate
after treatment with standard therapy. Analyzed doses
spectrum ranged from 40 mg administered once daily
to 840 mg taken twice a day. Basing on antitumor ef-
fectiveness and manageable toxicity, research deter-
mined the optimal, recommended administration to be
600 mg of rucaparib twice a day. What is more, ruca-
parib demonstrated promising anticancer activity in
both platinum-sensitive and resistant group of ovarian
cancer patients (Studyl0, NCTO01482715) [263-265].
This recommended dose was later used in further clini-
cal trials and is currently used in the clinical treatment
administered in two 300 mg tablets twice a day [259].

Currently further development of rucaparib treat-
ment is focused on three main trials - ARIEL2,
ARIEL3 and ARIELA4 trials (Assessment of Rucaparib
in Ovarian Cancer Trial) which are based on coopera-
tion between Clovis Oncology Inc. and Foundation
Medicine Inc. Programs are aimed at identifying a mo-
lecular signature of ovarian cancer cases which could
benefit the most from rucaparib-based therapy.
ARIEL2 is a phase II open label trial conducted on pa-
tients with relapsed or progressed high grade endo-
metrioid epithelial ovarian, fallopian tube or primary
peritoneal cancer who had previously received three or
more regimens of chemotherapy and had been catego-
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rized as platinum-sensitive. Primary results from
ARIEL2 show response according to RECIST and/or
marker analysis in both BRCA-mutated patients and
BRCA-wild type patients who registered high level of
LOH in their tumor tissue (NCT 01891344) [266]. Fur-
ther extended analysis has confirmed previous trend
and showed response in 69% patients with detected
mutations in BRCA genes. Interestingly, response oc-
curred in both germline and somatic mutated tumors.
Research has also confirmed response in group of pa-
tients with wild type of BRCA but high level of LOH
(39%). Only 11% of patients with no detected BRCA-
mutated or BRCA-like variant responded to the ruca-
parib treatment [267]. In a group of women with plati-
num-sensitive deleterious mutation in BRCA genes
who had already received two to four chemotherapy
regimens and experienced progression-free interval
(PFI) above 6 months rupacarib demonstrated a high
antitumor activity with ORR reaching 81% (21/26)
[268]. ARIEL3 is a phase III randomized, double-blind
trial indicating the effectiveness of rucaparib mainte-
nance treatment of platinum-sensitive HGSOC, endo-
metrioid epithelial ovarian, fallopian tube, and primary
peritoneal cancer in comparison to placebo group
(NCTO01968213) [257, 269]. ARIEL4 is a randomized,
open label phase III study comparing rucaparib treat-
ment with standard chemotherapy (NCT02855944)
[257,269].

Effectiveness of rucaparib treatment is also being
evaluated in prostate cancer in phase II and phase III
studies. They aim to identify patients with metastatic,
castration-resistant tumors with evidence of HR-
deficiencies who may benefit from rucaparib-based
treatment. TRITON2 (Trial of Rucaparlb In prosTate
indicatiONs) is an open label phase II trial on the re-
sponse of the described patients to rucaparib monother-
apy (NCT02952534). TRITON3 (phase III open label
trial), on the other hand, compares response to ruca-
parib with response to standard chemotherapy
(NCT02975934) [257].

The most common treatment-related AEs observed
during clinical trials included gastrointestinal symp-
toms, fatigue, and increase in AST/ALT. MDS/AML
has been reported in 0.5% of patients (2/377) treated
with rupacarib [259, 268].

13. NIRAPARIB

Niraparib (Zejula™, MK-4827) is a recently FDA
approved highly selective PARP1/2 small molecule
inhibitor developed by Tesaro Inc. [243]. Its full
chemical name is 2-{4-[(3S)-piperidin-3-yl] phenyl}-
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2H-indazole-7-carboxamide (C,sH3;0N4OsS) (Fig. 3).
Niraparib exhibits 100-fold higher selectivity for
PARPI1 and PARP2 than for other members of PARP
protein family [270]. It has demonstrated very attrac-
tive pharmacokinetics when administered orally once a
day in doses of 300 mg in three 100 mg capsules inde-
pendently from food intake. Just like olaparib, this in-
hibitor is rapidly absorbed, reaching its peak plasma
concentration within 3 hours after an oral administra-
tion. Niraparib is able to cross the blood-brain barrier.
It has been approved in the USA for the maintenance
therapy of recurrent epithelial ovarian, fallopian tube,
and primary peritoneal cancer patients who had previ-
ously received platinum-based therapy and had showed
complete or partial response [271]. Also EMA has cur-
rently approved niraparib for review of Marketing
Authorization Application (MAA) as a single-agent
treatment of platinum-sensitive recurrent ovarian can-
cer [272].

In preclinical in vitro tests, niraparib has demon-
strated selective antiproliferative activity in BRCA1/2-
mutated tumor cells in comparison to normal BRCA-
proficient cells. Cytotoxic activity of the compound
resulted in cell death due to induction of cell cycle ar-
rest, apoptosis and mitotic catastrophe [273]. Addition-
ally, in vivo studies over response to different niraparib
doses have showed not only tumor regression, but also
excellent tolerability (no mortality and less than 10% of
body weight loss) [270]. A number of studies have also
demonstrated ability of niraparib to radio sensitize hu-
man lung, breast, and neuroblastoma cancer cell lines
as well as xenograft mice. Combinatory treatment with
PARP inhibitor and radiation significantly increased
the number of DSBs expressed in the elevated level of
phosphorylated histone YH2A.X [274-276]. In addition,
other in vivo studies have evaluated the response of
five models of patient-derived HGSOC xenografts to
niraparib treatment. Tumor regression was only
achieved in model with hypermethylated promoter of
RADS51C gene and in one out of two models with dele-
tion detected in BRCA2 gene. Maintenance therapy
with niraparib was generally able to delay progression
of disease in BRCA2-deficient mice [277].

Initial phase I/Ib dose-escalation trials aimed to in-
vestigate maximum tolerated dose, pharmacokinetics,
and pharmacodynamics of niraparib monotherapy in
100 patients with solid tumors. The compound was
well tolerated up to the dose of 300 mg administered
once daily which was recommended for further phase
II tests. Preliminary antitumor activity analysis sug-
gested that carriers of BRCAI1/2-defective ovarian
(40%, 8/20) and breast cancer (50%, 2/4) could poten-
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tially benefit from niraparib. A better response was also
correlated with platinum-sensitivity (NCT00749502)
[278].

There is presently an ongoing phase II trial
QUADRA single-arm test of niraparib treatment in re-
lapsed HGSOC, fallopian tube cancer or primary peri-
toneal cancer patients who had received previously 3 or
4 regimens of chemotherapy. Patients enrolled in the
trial must have experienced a platinum-based first-line
therapy = response  lasting over 6  months
(NCTO02354586) [257, 279]. The development process
of niraparib bases also on extensive phase III double-
blind, placebo-controlled trial NOVA which has been
recently completed. The study evaluated efficacy of
niraparib single-agent treatment in platinum-sensitive
recurrent ovarian cancer patients in comparison to pla-
cebo treatment. During the examination two groups
were created, one with germline mutation of BRCA1/2,
the other without detected alterations. Beneficial effect
of niraparib therapy was most pronounced in the group
of patients with platinum-sensitive ovarian cancer with
detected mutations in BRCA genes. In this group PFS
reached 21 months, compared to 5.5 months in placebo
group and 12.9 months in group of niraparib treated
patients without detected mutations in BRCA genes but
categorized as homologous recombination deficient
patients by myChoice HRD" (Myriad) (NCT01847274)
[280]. The most commonly reported AEs after
niraparib treatment included mild-to-moderate inci-
dents such as nausea, anemia, thrombocytopenia, and
fatigue. NOVA trial reported also 5 cases (1.4%) of
MDS/AML in a group of 372 patients treated with
niraparib [278, 280].

PRIMA, which is a phase III randomized, double-
blinded, placebo-controlled trial, evaluates efficacy of
niraparib maintenance treatment in stage III or IV ovar-
ian cancer patients who had responded to first-line
platinum-based therapy. Patients undergoing the clini-
cal trial are tested for HR deficiencies (NCT02655016)
[257]. Currently, possible beneficial outcome of
niraparib-based treatment is also being analyzed in
other solid tumors. This includes phase III open label
trial BRAVO in patients with advanced or metastatic
HER2-negative breast cancer with detected germline
abnormalities in BRCA genes. The trial compares re-
sponse to niraparib with the treatment chosen by physi-
cians (NCT 01905592) [257].

14. VELIPARIB

Veliparib (ABT-888, NSC-737664) is a potent
PARP1/2 small molecule inhibitor developed by Ab-
bott [243]. It is a bezimidazole compound which has
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demonstrated promising efficacy and tolerability in
preclinical trials. Its full chemical name is 2-[(2R)-2-
Methylpyrrolidin-2-yl]-1H-benzimidazole-4-
carboxamide (C;3H;sN4O) (Fig. 3). Veliparib exhibits
good oral bioavailability and is able to cross blood-
brain barrier. In a single-agent therapy, veliparib does-
n't demonstrate any antiproliferative effects; thereby it
inhibits PARP1/2 and exhibits very promising chemo-
and radio sensitizing activities [281-283]. Nowadays
veliparib is mainly examined in combinatory therapy
with different cytotoxic agents or ionizing radiation.

Phase 0 trial evaluated pharmacokinetics and phar-
macodynamics of veliparib in recurrent solid tumors
and lymphoid malignancies. Thirteen patients were
divided into three groups and administered a single
dose of either, 10 mg, 25 mg, or 50 mg of veliparib.
Drug was well tolerated and demonstrated a good oral
bioavailability (NCT00387608) [284]. Phase II open
label trial on BRCA-mutated recurrent ovarian cancer
patients analyzes the benefit of veliparib as a single-
agent therapy. The compound is being administered
twice daily in a dose of 400 mg. Results have shown
26% (13/50) of response in analyzed group of patients.
The response reached 35% and 20% in the groups of
platinum-sensitive and platinum-resistant patient re-
spectively. The most common AEs reported in the
group of patients treated with veliparib were fatigue,
nausea, vomiting, and anemia (NCT01540565) [285].
Effectiveness of veliparib monotherapy is being cur-
rently evaluated in phase I clinical trials on groups of
patients with malignant solid tumors that had not been
responsive to previous treatment regimens (NCT
00892736). Phase I/II open label trial is investigating
veliparib-based monotherapy in patients with BRCA-
mutated relapsed ovarian cancer (NCT01472783)
[257].

Veliparib has exhibited previously ability to sensi-
tize tumor cells to chemo- and radiotherapy, therefore,
this ability is widely utilized in multiple clinical trial of
this compound in combination with other agents induc-
ing DNA lesions [286-288].

15. TALAZOPARIB

Talazoparib is an oral PARP1/2 inhibitor initially
developed by Lead Therapeutics (named LT673) but
acquired first by BioMarin (named BMN673) and then
by Medivation Inc. (now a part of Pfizer Inc.) [243]. Its
chemical name is (8S,9R)-5-fluoro-8-(4-fluorophenyl)-
9-(1-methyl-1H-1,2 4-triazol-5-yl)-8,9-dihydro-2H-
pyrido[4,3,2-de]phthalazin-3(7H)-one  (Ci9H4F,N¢O)
(Fig. 3). This small molecule inhibitor exhibits unusu-
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ally high potency and selectivity of its action. Talazop-
arib is able to trap PARP/DNA complexes approxi-
mately 100-fold more effectively than previously de-
scribed inhibitors, namely olaparib and rucaparib, how-
ever, their ability to inhibit catalytic activity of PARP
is similar [233, 289]. The novel structure of this com-
pound provides for unique, extensive binding with
PARP1/2 [290]. In preclinical in vitro and in vivo tests,
talazoparib has demonstrated promising antitumor ac-
tivity, particularly in BRCA-deficient cells and
xenografts [291, 292]. Moreover, there is a correlation
between molecular signatures of BRCAness with re-
sponse to talazoparib [293].

Effectiveness and safety of talazoparib treatment is
currently being tested in a number of clinical trials. A
two-part, phase 1 dose-escalation trial has evaluated
MTD to be 1 mg a day. Preliminary antitumor activity
analysis in patients with advanced or recurrent solid
tumors has confirmed response in 50% (7/14) of
BRCA-deficient breast and ovarian cancer carriers.
Response reached 42% (5/12) in group of patients with
pancreatic and lung cancer. Most common talazoparib-
related AEs included fatigue and anemia, gastrointesti-
nal issues, and thrombocytopenia (NCT01286987)
[294, 295]. Phase II non-randomized study is currently
testing response of patients with advanced solid tumors
with BRCAness or BRCA-mutated genes to talazoparib
administered at 1 mg a day (NCT02286687) [296]. Ef-
ficacy of talazoparib in comparison to standard chemo-
therapy is currently being tested in EMBRACA phase
IIT randomized, open label trial in advanced or metas-
tatic breast cancer patients with detected germline mu-
tations in BRCA1/2 genes (NCT01945775) [257].

16. CEP9722

CEP9722 is a novel small molecule oral PARP1/2
inhibitor currently being developed by Cephalon (part
of Teva Pharmaceutical Industries Ltd.) as both single-
agent therapy and in combination with other different
drugs. Its chemical name is 11-methoxy-2-((4-
methylpiperazin-1-yl)methyl)-4,5,6,7-tetrahydro-1H-
cyclopenta[a]pyrrolo[3,4-c]carbazole-1,3(2H)-dione
(C4Hy6N4O;3)  (Fig. 3). Preliminary study over
CEP9722 has shown, in vitro and in vivo, antitumor
activity when administered either alone or in combina-
tion with other anticancer drugs. However, what is
even more important about this is that it did not induce
myelotoxicity [297, 298]. Phase I dose-escalation trial
has evaluated MTD to be 750 mg of CEP9722 per day.
The results have also shown this compound to exhibit
only modest myelosuppresion (NCT00920595) [299].
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CEP9722 is currently under further development either
alone or in combination with other anticancer agents
(NCT00920595), (NCT01345357).

17. PARP INHIBITORS IN COMBINATION
WITH CHEMO- AND RADIOTHERAPY

PARP inhibitors have shown an ability to selec-
tively eliminate cells with defective repair pathways.
However, their original aim was to sensitize cells to-
wards other anticancer agents and their utility as single-
agent therapy had not been expected. Multiple in vitro
and in vivo studies over utility of PARP inhibitors in
antitumor treatment have proven their ability to elicit a
profound radio- and chemosensitizing activity and cur-
rently a broad spectrum of agents is being tested on
their potential clinical use in combination with differ-
ent PARP inhibitors (Table 2) [276, 281, 283, 300]. A
combination of three factors - reduced HR functionality
in cancer cells, PARP inhibition, and use of DNA dam-
aging agent could bring promising therapeutic results.
For instance, many patients receive radiotherapy as part
of their anticancer therapy. Exposure to IR causes ac-
cumulation of DNA lesions the repair of which in-
volves recruitment of PARPI1, which then creates a
complex with DNA [301]. Studies indicate that 1 Gy of
radiation induces average of 35 DSBs per cell [302].
For these reasons, PARPI1—deficient cell lines and
xenografts are found to be sensitive to IR [168, 303].
This potential treatment is nowadays being tested in a
number of clinical trials including a study over combi-
nation of veliparib with radiotherapy in patients with
solid tumors (NCT01264432) or a phase I trial over
olaparib and radiation therapy in TNBC (RadioPARP,
NCT03109080) [288]. A combination of radiation and
PARP inhibitors has been predicted to improve its effi-
cacy in tumor cells and has elicited specific ability to
eliminate cancer cells.

The main purpose of chemotherapeutic agents cur-
rently in use is to either introduce DNA damage or ex-
ploit abnormalities occurring in the repair pathways of
cancer cells. PARP inhibitors, which also cause desta-
bilization of repair processes, have demonstrated ex-
tensive chemopotentiating effects. Temozolomide
(TMZ) and dacarbazine (DTIC) are compounds of cy-
totoxic therapy being used in brain and melanoma can-
cer treatment, respectively. They both are cytotoxic
agents that introduce alkyl groups to guanine bases
[304, 305]. Out of wide spectrum of their methylation
sites, the most frequent ones are N7-methylguanine
(N7MeG) and N3-methylguanine (N3MeG). The most
toxic of lesions induced by alkylating agents is O6-

Current Medicinal Chemistry, 2019, Vol. 26, No. 8 1465

methylguanine (O6MeG) that represents 0.3 to 8% of
all adducts created by alkylating agents in cells. O6-
methylguanine-DNA methyltransferaze (MGMT) is a
major alkyltransferaze responsible for acquired resis-
tance to cytotoxic agents such as TMZ or DTIC due to
its activity in removing alkyl group from oxygen by
transferring it to the cysteine in its catalytic domain,
resulting in MGMT protein deactivation. If O6MeG is
not repaired before a replication process, which may be
a result of MGMT depletion or natural low level of
MGMT in the tissue, faulty mismatch repair (MMR)
mispairs O6MeG with thymine, later leading to genera-
tion of secondary lesions and subsequently to creation
of DSBs [306]. Therefore, it has already been demon-
strated that MGMT-deficient cells exhibit elevated
level of YH2A.X, suggesting that the fallout of im-
paired MGMT dependent repair is formation of DSBs.
Further effects of impaired O6MeG repair include
SCEs, chromosomal aberrations, point mutations, cell
death, and also tumor initiation and/or progression
[307]. Unsuccessful repair of O6MeG leads to replica-
tion forks stalling, therefore, a repair pathway which
appears to protect cells from O6MeG-triggered cell
death is HR. Cells with impaired HR are more sensitive
to alkylating agents than HR-proficient cells. This ex-
plains the reason for effectiveness of alkylating agents
in combination with synthetic lethality-based antican-
cer therapy [308]. Likewise, synergism of PARP in-
hibitors and alkylating agents appears to be the
stronger, the better inhibitor traps PARP protein on
DNA. Alkylating agents are potent at enhancing sensi-
tivity of multiple tumor types to PARP inhibitors and a
number of clinical trials are currently testing the effi-
cacy of their use in combination with inhibitors like
olaparib, niraparib, talazoparib, or  veliparib
(NCTO01858168, NCT00516 802, NCTO01294735,
NCT02116777, NCT01009788) [257, 309, 310].

Platinum salts are other DNA-damaging che-
motherapeutic used in anticancer therapy in combina-
tion with PARP inhibitors. Highly reactive platinum
analogs are able to covalently interact with nucleo-
philic residues in DNA and generate interstrand, and
more frequently intrastrand crosslinks, therefore, ar-
resting transcripting or replicating machinery progres-
sion. Such arrest could lead to miscoding and collapse
of replication forks, SSBs and DSBs [311]. Combina-
tion of PARP inhibitors with compounds like cisplatin
or carboplatin has demonstrated promising results in
preclinical trials and is currently further being tested in
several clinical studies (NCT00782574,NCT01445418)
281,312, 313].
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Table 2. Clinical trials evaluating effectiveness of PARP inhibitors in combination with different anticancer agents.

NCT no./Trial . . Primary
Treatment Name Phase Study Design Study Population Outcome
RADIATION
Veliparib, Radia- Single arm, Advanced solid malignancies with perito-
tion NCT01264432 I open label neal carcinomatosis, EOC, FTC, PPC MTD
Olaparib, Radia- NCT03109080 Single arm, .
tion (RadioPARP) 1 open label Advanced or metastatic TNBC MTD
ALKYLATING AGENTS
Olaparib, Temo— NCT01858168 I Non-randomized, open Recurrejnt or Fnetastatlc. Ewing's Sarcoma MTD
zolomide label following failure of prior chemotherapy
Niraparib, Temo- NCT01294735 I Non-randomized, open | Recurrent solid tumors, advanced glioblas- MTD,
zolomide label toma multiforme, advanced melanoma DLT
Talazoparib, Te- Single arm, . . MTD,
mozolomide NCT02116777 /11 open label Refractory or recurrent malignancies DLT, PK
Veliparib, Temo- | 101009788 1l Single arm, Metastatic BC and BRCA-mutated BC ORR
zolomide open label
. Non-randomized, sin-
Olaparlb? Dacar- NCT00516802 I gle arm, Advanced melanoma MTD,
bazine DLT
open label
PLATINUM SALTS
Olaparib, Cisplatin NCTO00782574 1 Single arm, Advanced solid tumors MTD
open label
Olaparib, Car- Non-randomized, open BRCA-mutated BC and OC, sporadic
boplatin NCT01445418 ! label TNBC and OC MTD
TAXANES
. . Randomized, double . .
Olaparib, Pacli- NCT01924533 1 blind, placebo con- Advanced gastric ca.ncer.whlch have pro- 0s
taxel gressed after first-line therapy
trolled
GEMCITABINE
Olaparib, Gemeit- | 100515866 1 Randomized, open Advanced solid tumors MTD
abine label
TOPOISOMERASE INHIBITORS/POISONS
Olaparib. Topote- Non-randomized, sin-
P cz;n P NCT00516438 I gle arm, Advanced solid tumors MTD
open label
Vellparlcb;,nTopote- NCTO00553189 I Non—randl(;rglélz cd, open Refractory solid tumors and lymphomas MTD
Olaparib, Liposo- | \epg0g19221 1 Single arm, Advanced solid tumors MTD
mal doxorubicin open label
Veliparib, .
Liposomal NCTO1145430 I Single arm, Recurrent OC, FTC, PPC or metastatic BC | M1D>
. open label DLT
doxorubicin

(BC — breast cancer, DLT — dose-limiting toxicities, EOC — epithelial ovarian cancer, FTC — fallopian tube cancer, MTD — maximum toler-
ated dose, OC — ovarian cancer, ORR — objective tumor response, OS — overall survival, PK — pharmacokinetics, PPC — primary peritoneal
cancer, TNBC — triple-negative breast cancer)

suppressors of microtubule dynamics that induce their
polymerization properties. As a result they block mito-

PARP inhibitors are also expected to enhance the
effect of taxanes (paclitaxel or docetaxol) which are
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sis and cause cell death [314]. These agents are being
tested in gastric cancer, which often carries mutations
in the ataxia telangiectasia mutated (ATM) gene [315].
Deficiency of ATM was previously correlated with
sensitivity to PARP inhibition, therefore, agents like
olaparib in combination with paclitaxel are currently
under development (NCT01924533) [197, 300, 316].

Gemcitabine is an antitumor agent that increases
replication stress by inhibiting DNA chain elongation
and blocking processivity of replication forks. It is
generally used either alone or in combination with
other compounds like taxanes or platinum salts. Pre-
clinical studies have demonstrated synergistic action of
PARP inhibitors and gemcitabine [317]. These studies
are currently being expanded in clinical trials that ana-
lyze the safety and tolerability of PARP inhibitors like
olaparib or veliparib administered in combination with
gemcitabine (NCT00515866, NCT02860819).

Additional chemotherapeutics under evaluation for
therapy in combination with PARP inhibitors are topoi-
somerase inhibitors and poisons. This group of com-
pounds includes camptothecin, irinotecan or topotecan
which are topoisomerase 1 poisons/inhibitors and mi-
toxantrone, etoposide or doxorubicin which interact
with topoisomerase 2 [300]. Topoisomerase 1 is able to
induce breaks in one strand of DNA giving rise to
SSBs, whereas type 2 topoisomerase induces DSBs by
cutting both strands of DNA simultaneously. This
process is required for DNA relaxation and torsions
removal during processes like replication or transcrip-
tion. Inhibition of these enzymes results in creation of
stabilized complex of enzyme fixed covalently with
DNA during replication process, which subsequently
prevents strand ligation and gives rise to SSBs and
DSBs due to a collision of replication forks with a
topoisomerase/DNA fixed complex [318, 319]. PARP1
activity is crucial for repair of topoisomerase 1 inhibi-
tion effects by tyrosyl-DNA phosphodiesterase 1
(TDP1) [320]. For this reason, synergism of PARP in-
hibitors and compounds like camptothecin or topotecan
are currently undergoing clinical trials (NCT00516438,
NCT00553189). Topoisomerase type 2 inhibitors can
either fix an enzyme on the DNA (mitoxantrone or
doxorubicin) or weaken its ATP catalytic activity (bis-
dioxopiperazines or novobiocin) [321]. Their synergis-
tic effect with PARP inhibitors is under tests in clinical
studies (NCT00819221, NCT01145430).

In addition to chemotherapeutic compounds, PARP
inhibitors can be combined with targeted agents utiliz-
ing cancer cells vulnerabilities. This group includes
drugs like erlotinib, an epidermal growth factor recep-
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tor (EGFR) inhibitor approved for treatment of EGFR-
mutated non-small cell lung cancer (NSCLC) which in
combination with olaparib had a significant antitumor
activity in EGFR-overexpressing BRCA1/2-wild type
ovarian cancer cell lines and xenograft mice [322].
Anti-angiogenetic agents like vascular endothelial
growth factor receptor (VEGFR) inhibitors constitute
yet another group of compounds. Interestingly,
VEGFR3 inhibition in ovarian cancer CSCs has been
associated with decreased expression of BRCA1/2
which can potentially sensitize cells that exhibit pri-
mary or secondary resistance to PARP inhibitors [323].

In addition, inhibition of histone deacetylase
(HDAC) could promote sensitivity of cancer cell to
PARP inhibitors. Activity of HDAC is responsible for
removing acetyl groups from histones and other non-
histone proteins. Eleven HDAC proteins grouped in
three classes are crucial for maintaining the structure of
chromatin during such processes as transcription or
DNA repair. Multiple tumor types have been reported
to overexpress class | HDACs which has been associ-
ated with decreased survival. These data points to the
role of HDACs in tumor cell maintenance [324].
HDAC inhibition results in decreased expression of
DSB repair proteins including RAD51, RADSID,
FANCD (Fanconi anemia complementation group D)
and Ku70. Class I HDAC inhibition in melanoma cells
resulted in abolition of their resistance to alkylating
agents by impairing HR repair pathway responsible for
removal of O6MeG adducts from DNA under condi-
tions of low MGMT expression [325]. HDAC inhibi-
tion-triggered HR-deficiency could potentially sensitize
cells to PARP inhibitors. These synergistic interaction
have been confirmed in TNBC cell lines and in mice
xenografts [326]. However, this model has not yet been
analyzed in clinical trials.

18. NOVEL POTENTIAL RADS52 INHIBITORS

The concept of RADS52 targeted therapy in
BRCA1/2-deficient cells is relatively new, therefore, it
is currently focused on further interactions evaluation
and development of novel potential RAD52-inhibitors
in preclinical in vitro and in vivo trials. 6-hydroxy-
DOPA - a precursor of 6-hydroxydopamine - is a small
molecule RADS52 inhibitor. It has been shown to selec-
tively reduce the proliferative potential of BRCA1/2-
deficient cancer cells and to lead to cell death [222].
Huang et al. have reported development of two potent
RADS2 inhibitors - D-G09 and D-103 which were able
to inhibit RADS52 activity and suppress growth of
BRCA1/2-deficient cells [223]. Sullivan et al. have
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aimed Phe79 residue of DNA binding domain I and
designed aptamer F79 to disrupt interactions between
RADS52 and DNA. F79 induced cell death in
BRCA1/2-deficient cancer cells and did not affect nor-
mal cells [225]. In addition, adenosine 5'-
monophosphate (A5MP), and also its mimic 5-
aminoimidazole-4-carboxamide  ribonucleotide 5
phosphate inhibited RADS52 activity in vivo and exerted
synthetic lethality against BRCA1 and BRCA2-
mutated carcinomas [327]. Moreover, small-molecule
inhibitors identify the RAD52-ssDNA interaction as
critical for recovery from replication stress and for sur-
vival of BRCA2-deficient cells [328]. Targeting
RADS2 in tumors depleted in BRCA1/2 activity offers
a novel therapeutic approach and drugs currently in use
in preclinical trials need further extensive investigation
into their safety and application effectiveness.

19. RESISTANCE TO SYNTHETIC LETHALITY

The growing interest in synthetic lethal interactions
has led to appearance of numerous clinical trials on
therapy based on PARP inhibitors used either alone or
in combination with other compounds. Deregulation in
HR repair system expressed in BRCA mutations has
been associated with improved survival and prolonged
progression-free period [329]. However, patients often
develop resistance to treatment with platinum com-
pounds or PARP inhibitor. This has become a vexing
challenge to clinical utilization of synthetic lethality-
based therapies. Taking into consideration underlying
mechanisms, resistance could also arise after treatment
with potential RADS52 inhibitors, for they utilize the
same cancer cell vulnerabilities as PARP inhibitors.

BRCA mutations, for example hypomorphic BRCA
mutations, differ in effectiveness of HR impairment.
Mice carrying a missense mutation in BRCA1%'¢
RING domain appear to be much more resistant to ola-
parib treatment than mice with knock-out of BRCAL.
The relatively higher level of RADS51 foci and lower
level of DSBs induced by olaparib in tumors with mu-
tated BRCA1“' RING as compared to BRCA-
deficient tumors suggests that resistance may arise due
to residual activity of mutated protein [330]. The ma-
jority of mutations, both somatic and germline, occur-
ring in BRCA1/2 genes lead to the frame shift or pre-
mature termination of gene transcription, giving rise to
shorter, dysfunctional proteins [331]. Treatment utiliz-
ing cytotoxic compounds that damage DNA and inhibi-
tors that activate error-prone repair pathways very of-
ten backfires due to induction of secondary mutations
restoring function of BRCA1/2 proteins and HR sys-
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tem, therefore, granting tumor resistance to PARP in-
hibitors and platinum salts based therapy [332-334].
Detection of secondary mutations in BRCA1/2 has ap-
peared to predict platinum resistance better than detec-
tion based on progression-free interval from last plati-
num-based treatment. BRCAI1/2 reverse mutations
were more common in patients that had experienced
recurrent tumors prior one or more therapy regimens
[335].

Although secondary mutations that restore function
of BRCA1/2 have been demonstrated to be highly as-
sociated with tumor resistance to PARP inhibition, not
all therapy refractory tumors carry them, suggesting
presence of other mechanisms facilitating tumor resis-
tance to the treatment [335]. Mutation in previously
described antagonist of BRCA1 — 53BP1 is another
mechanism of resistance to synthetic lethality-based
therapy with PARP inhibitors. The loss of this protein
along with BRCA1/2 deficiency results in repair rewir-
ing, leading to partial restoration of HR pathway [336,
337]. Lastly, overexpression of p-glycoprotein efflux
pump (PgP), a multidrug-resistance protein, results in
acquired resistance to PARP inhibitors. Activity of this
transmembrane protein is responsible for transporting
drugs from inside the cell to its outer environment,
which results in reduction of intracellular concentration
of drug and its limited delivery to the target. Acquired
resistance to olaparib has been observed in mice over-
expressing Abcbla/b genes coding murine PgP efflux
pump. Later treatment with PgP inhibitor — tariquidar
managed to overcome the resistance and resulted in
sensitization of recurrent tumors to olaparib [338, 339].

However, the issue of drug resistance is a challeng-
ing problem that requires further research. For instance,
it is currently unclear whether resistance will also arise
in response to combination therapy or maybe it would
be possible to delay resistance acquisition or even pre-
vent it. Another issue is how factors like drug level, its
scheduling and sequence of administration in combina-
tion with other agents lead to acquisition of resistance.
Finding solutions to these key issues is critical not only
for the development of PARP inhibitors based treat-
ment, but also appears to affect all synthetic lethality-
based therapies.

CONCLUSION

For the past few decades, development of specific
and effective anticancer therapy has proven to be a
challenging and often futile effort. Synthetic lethality
represents a new approach for targeted therapy against
unique molecular signature of different tumors. Utiliza-
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tion of genomic instability and vulnerabilities arising AML = acute myeloid leukemia
specifically in cancer cells appears to be an elegant APLF — PNKP-like factor
method of tumor elimination, without harm to normal

cells and tissues. FDA approval granted in the recent APTX = aprataxin

years to three PARP inhibitors — olaparib, niraparib and ARH3 = ADP-ribosyl hydrolase 3
rucaparib, pushed the anticancer therapy to a new tra-
jectory of personalized treatment utilizing the unique
molecular changes of each patient. Efficacy and toler- BARDI = BRCALI associated RING domain
ability data from currently conducted clinical trials BER = base excision repair
continue to give us encouraging results of application ) ]

of synthetic lethality in clinical practice. Novel diag-  BLM = Bloom syndrome RecQ like helicase
nostic comprehensive analyses are able to search for bNHEJ = back-up non-homologous end joining
molecular tumor signatures that determine tumor sensi-

ATM = ataxia telangiectasia mutated

. . . . NA = -number alterati
tivity to applied therapy. What is more, extensive stud- CNAs cop y.num ° a. crations
ies over these interactions have broadened our knowl- cNHEJ = clasglgal/ canonical non-homologous
edge on molecular biology of cancer cells and have end joining
revealed new therapeutic targets beyond BRCA1/2 de- CPCs = cancer progenitor cells
fects. Tumor-specific deregulations impairing the DNA
P g P g CRISPR = clustered regularly interspaced short

repair systems are more common than initially esti-
mated therefore they appear to be a promising target
for synthetic lethality-based therapy. Abnormalities in CSCs = cancer stem cells
repair systems refer not only to genetic changes in their CtIP
components, but also to events like hypermethylation

palindromic repeats

= CtBP interacting protein

of genes promoter sequences that result in their silenc- ~ DNA-PKes = catalytic subunit of DNA-dependent
ing and decreased expression that depleting cells their protein
activity. However, treatment with compounds that lead DSBR = double strand break repair

to induction and accumulation of toxic DNA lesions
may seem like skating over thin ice. Activation of er-
ror-prone repair systems and treatment based on cyto- ~ DTIC = dacarbazine
toxic agents could induce secondary mutations restor-
ing function in genes responsible for primary DNA re-
pair pathway deactivation, subsequently, granting tu-
mor therapy resistance. Therefore, it is crucial to iden- EOC = epithelial ovarian cancer
tify mechanisms of tumor resistance and investigate

DSBs = double strand breaks

EGFR = epidermal growth factor receptor
EMA = European Medicines Agency

. . . . EXOl1 = exonucleases 1
methods of either preventing or overcoming them if
they have already developed. Despite the undeniably =~ FANCD = Fanconi anemia complementation
enormous potential of synthetic lethality in anticancer group D
therapy, this approach is still in its infancy. Further, FDA = Food and Drug Administration
researches will provide us with broader insight into .
efficacy and long term effects of synthetic lethality- FENI = flap structure-specific endonuclease 1
based therapies. However, the number of interactions GEMA = Gene Expression and Mutation
currently utilized in synthetic lethality-based therapy Analysis

appears to have only just begun to scratch the surface HDAC

. i et . = histone deacetylase
in the spectrum of possibilities that this approach cre-

ates. HGSOC = high-grade serous ovarian
HR = homologous recombination
LIST OF ABBREVIATIONS o o
IR = ionizing radiation
53BP1 = p53 binding protein 1 . L
ITD = internal tandem duplications
AEs = adverse events i
LIG1/3/4 = ligase I/III/TV
altNHEJ = alternative non-homologous end join- .
: LOH = loss of heterozygosity

ing
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MAA = Marketing Authorization Application

MDS = myelodysplastic syndrome

MGMT = 06-methylguanine-DNA methyl-
transferaze

MiSL = Mining Synthetic Lethals

MME]J = microhomology-mediated end joining

MMR = mismatch repair

MRE = complex of MREI11

RADS0 =

NBSI =

MTD = maximum tolerated dose

N3MeG = N3-methylguanine

N7MeG = N7-methylguanine

NGS = next-generation sequencing

NHEJ = non-homologous end joining

NSCLC = non-small cell lung cancer

0O6MeG = 06-methylguanine

0GG1 = §8-oxoguanine DNA glycosylase 1

ORR = objective response rate

PALB2 = partner and localizer of BRCA2

PARG = poly[ADP-ribose] glycohydrolase

PARP = poly [ADP-ribose] polymerase

PAXX = paralog of XRCC4 and XLF

PFI = progression-free interval

PFS = progression-free survival

PgP = p-glycoprotein efflux pump

PLD = pegylated liposomal doxorubicin

RECIST = Response Evaluation Criteria in Solid
Tumors

ROS = reactive oxygen species

RPA = replication protein A

RT-qPCR = Reverse Transcription-quantitive
PCR

SCEs = sister chromatid exchanges

SDSA = synthesis-dependent strand annealing

shRNA = short hairpin RNA

SNP = single nucleotide polymorphism

SSA = single strand annealing

SSBR = single strand break repair
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SSBs = single strand breaks

ssDNA = single stranded DNA

TAI = telomeric allelic imbalance

TDP1 = tyrosyl-DNA phosphodiesterase 1

TMBC = triple-negative breast cancer

T™Z = temozolamide

VEGFR = vascular endothelial growth factor
receptor

XLF = XRCC4-like factor

XRCC1/2/3/4 = X-ray repair cross-complementing

protein 1/2/3/4
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Abstract: Alterations in DNA repair systems play a key role in the induction and progression of cancer.
Tumor-specific defects in DNA repair mechanisms and activation of alternative repair routes create the
opportunity to employ a phenomenon called “synthetic lethality” to eliminate cancer cells. Targeting
the backup pathways may amplify endogenous and drug-induced DNA damage and lead to specific
eradication of cancer cells. So far, the synthetic lethal interaction between BRCA1/2 and PARP1 has
been successfully applied as an anticancer treatment. Although PARP1 constitutes a promising target
in the treatment of tumors harboring deficiencies in BRCA1/2—mediated homologous recombination
(HR), some tumor cells survive, resulting in disease relapse. It has been suggested that alternative
RADb52-mediated HR can protect BRCA1/2-deficient cells from the accumulation of DNA damage
and the synthetic lethal effect of PARPi. Thus, simultaneous inhibition of RAD52 and PARP1 might
result in a robust dual synthetic lethality, effectively eradicating BRCA1/2-deficient tumor cells. In this
review, we will discuss the role of RAD52 and its potential application in synthetic lethality-based
anticancer therapies.

Keywords: synthetic lethality; dual synthetic lethality; RAD52; PARP1; DNA repair

1. Introduction

Over the past years, physicians and scientists have been implementing major changes in medical
practice, leading to a shift from traditional “trial and error” approach to personalized therapy based
on the individual features of each patient. Targeted anticancer therapy is a promising tool of current
medicine, which allows us to improve the effectiveness of the treatment and increase the overall
survival of patients diagnosed with cancer. Multiple studies and clinical trials conducted nowadays
utilize personalized anticancer therapy as an approach to provide a great chance to fulfill the need for
rationally designed selective treatment. Carcinogenesis is a complex process involving the development
of genetic instability, which is responsible for the accumulation of mutations and tumor progression [1].
Therefore, a personalized approach would aim to identify these specific changes in the DNA of an
individual patient’s cancer cells, which would allow us to specifically target them, and not harm
normal cells and tissues.

Maintenance of genome integrity is critical for cell survival. For that reason, double-strand breaks
(DSBs), which disrupt DNA continuity, are among the most toxic lesions, often causing mutations
and chromosomal aberrations resulting in neoplastic transformation. In human cells, repair of DSBs
is carried out by two major mechanisms—homologous recombination (HR) and non-homologous
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end-joining (NHE]) [2]. NHE] is the main repair pathway in quiescent cells, whereas HR works
primarily by utilizing the short proximity of the homologous sequence in proliferating cells.
Canonical DNA-PK-mediated NHE] (D-NHE]) is a predominant repair system in normal quiescent
cells, while PARP1-mediated alternative NHE] (B-NHE]) serves as backup. In normal proliferating
cells, PARP1-mediated base excision repair (BER) is employed to prevent replication fork collapse and
eventual DSB formation. BRCA1/2-RAD51-dependent HR (BRCA1/2 HR) serves as a main DSB repair
pathway and RAD52-RAD51 HR (RAD52 HR) serves as an alternative pathway (Figure 1) [3].

DSB repair

Proliferating cells
Quiescent cells

BRCAL)2HR RAD52HR SSA TA-HR D-NHE] B-NHE] (MME))

BRCA1 RAD52 RAD52 RAD52 DNA-PKcs  PARP1 Pol@
BRCA2 RAD51 ERCC1  CSB Ku70 LIG3

PALB2 XPF XBP Ku80

RAD54 RAD51 Artemis

RAD51 LIG4

RAD51 paralogs XRCC4

Figure 1. Double-strand break (DSB) repair mechanisms in quiescent and proliferating cells and major
proteins participating in them. RAD52 as a potential target for synthetic lethality-based therapy has
been marked in red. poly(ADP-ribose) polymerase 1 inhibitors (PARP1) and Pol0—promising partners
for dual synthetic lethality have been marked in green.

Tumor-specific alterations in DSB repair mechanisms are currently under broad investigation as a
novel target for personalized anticancer therapy. Loss of one of the repair pathways is highly probable
in cancer cells due to their genomic instability. Under such conditions, cell survival depends fully on
the alternative pathway, which compensates for the deficit. Inactivation of the alternative pathway
causes synthetic lethality, where the simultaneous loss of function of two genes/pathways results in
cell death; however, the individual inactivation of either of these genes/pathways does not affect cell
viability [4]. In the context of anticancer treatment, targeting the alternative pathway in tumors that
are deficient in the primary repair system will lead to an accumulation of toxic lesions and specific
eradication of cancer cells, with low risk for normal cells. Synthetic lethality was first mentioned as
a potential tool for anticancer therapy in 1997 by a Nobel Prize winner, Leland H. Hartwell, who
understood the great therapeutic potential of this approach as well as the possibilities of using synthetic
lethality to identify interaction networks underlying a malignant phenotype [5]. Almost 20 years later,
the poly (ADP-ribose) polymerase 1 (PARP1) inhibitor (PARPi) olaparib became the first synthetic
lethality-based treatment approved by the Food and Drug Administration (FDA) as a single-agent
therapy for BRCA-deficient ovarian and breast cancer patients [6]. While normal cells treated with
PARPi are able to efficiently repair DSBs using BRCA1/2-mediated HR, cancer cells carrying defects in
HR accumulate high levels of toxic lesions that leads to synthetic lethality and apoptosis [7]. Recently,
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three other PARPi: rucaparib, niraparib, and talazoparib, obtained FDA approval, and numerous
compounds are in various stages of clinical trials as single-agent therapies and in combination with
other cytotoxic compounds or radiotherapy [8].

Although currently the synthetic lethal interaction between BRCA1/2 inactivation and PARP1
inhibition is the only one which successfully found application in medicine, the sensitivity of tumors
carrying other DNA damage response (DDR) defects to PARPi and to novel inhibitors against new
targets for synthetic lethality-based therapy are under investigation [9]. One of the reasons for searching
for novel synthetic lethal avenues is that the effect of PARPi is usually short-lived. In many cases, tumor
cells become resistant to treatment due to a variety of mechanisms, including secondary mutations
restoring function of BRCA1/2, or overexpression of the P-glycoprotein efflux pump, which limits
the delivery of the drug into the cells [10]. Additionally, loss of function mutations in 53BP1 or E2F7
may lead to partial restoration of HR and subsequently, the emergence of PARPi resistance [11,12].
Therefore, there is a need to develop a strategy, which would allow for an increase in the effectiveness
of PARPi, and the more rapid and robust eradication of tumor cells to eliminate the emergence of
PARPi-resistant clones.

It has been suggested that the alternative RAD52-RAD51-dependent HR pathway remains active
in BRCA-deficient cells, protecting them from the synthetic lethal effect of PARPi [13]. Since the role of
RADS52 appears to be important in BRCA-deficient cells in particular, targeting RAD52 could constitute
an attractive anticancer therapeutic approach [14,15].

2. RADS52 Protein: Structure and Functional Modifications

During the IVth International Yeast Genetics Conference in 1970, it was proposed that all genetic
loci, which mutations confer to X-ray sensitivity, would be given the name “rad” followed by an
identification number. Rad52 was first established four years later in S. cerevisiae, where its mutation
resulted in the abolishment of all recovery processes after irradiation with X-rays [16].

The crystal structure of purified human RAD52 has suggested it forms a ring-shaped undecamer;
however, biophysical studies show that RAD52 in vitro could exist as a heptameric ring with a positively
charged ssDNA-binding groove running around the structure (Figure 2) [17,18]. DNA-binding domains
have, however, been found on both C- and N-terminal parts of the molecule, therefore supporting
speculation of another binding-region outside the first groove of the protein oligomer [18]. RAD52 also
contains a residue responsible for its import into the nucleus (nuclear localization signal = NLS) which,
in human RADS52, is located at the C-terminal end of the protein [19]. The RAD52 NLS is weak when
the protein is in monomeric form and allows for only slow migration into the nucleus; however, in the
oligomeric ring structure, the additive effect of seven NLS would allow for more efficient transport
to the nucleus. For this reason, the most likely formation of RAD52 heptamer is occurring in the
cytoplasm [20]. The N-terminal domain of RAD52 allows for its heptamerization, and it possesses the
ability to interact with RAD59. The RAD52/RAD59-dependent recombination pathway appears to be
important for the processing of faulty Okazaki fragments [21]. The C-terminal and the central domains
of RAD52 facilitate recombination “mediatory function” of the protein.
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Figure 2. Human RADS52 structure, post-translational modifications, and functions. N-terminal
fragment of RAD52 contains a region responsible for its oligomerization and binding with DNA
molecule. C-terminal area includes domains interacting with replication protein A (RPA) and RAD51
recombinase, as well as nuclear localization signal (NLS) region responsible for RAD52 transportation
to the nucleus. According to the “nuclear retention model”, RAD52 monomer possesses a weak NLS
signal allowing only slow transport to the nucleus where RAD52 undergoes oligomerization. The
“additive NLS model” suggests formation of RAD52 ring in the cytoplasm, resulting in an additive
NLS effect and more robust RAD52 ring transportation to the nucleus. Activity of RAD52 and its
participation in different recombination processes can be modulated by post-translational modifications
including SUMOylation, phosphorylation, and acetylation.

A variety of post-translational modifications including acetylation, phosphorylation, or
(SUMO)ylation modulates the function of numerous proteins. The involvement of human RAD52 in
HR repair depends on its acetylation by histone acetyltransferases (HATs) p300/CBP [22]. Unacetylated
RADS52 dissociates from DSB along with RAD51 recombinase. The acetylation status of RAD52
is maintained by continuous cooperation between HATs and the histone deacetylases (HDACsS)
sirtuin? (SIRT2) and SIRT3 [22]. RAD52 can also undergo (SUMO)ylation which does not influence
its protein—protein interactions, although it delays recombination by inhibition of DNA-binding and
strand annealing activities [23]. SUMO modification also sustains the activity of yeast Rad52 and
protects it from degradation [24]. Phosphorylation of RAD52 by c-ABL1 kinase at tyrosine 104 seems to
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enhance ssDNA annealing activity and inhibit dsSDNA binding abilities of RAD52 [25]. Constitutively
active oncogenic BCR-ABLI1 kinase facilitates nuclear localization of RAD52 and stimulates SSA repair
in leukemia cells [26,27].

3. Role of RAD52 in DNA Repair

RAD?52 is able to bind ssDNA, facilitating a major role in single strand annealing (SSA) and
HR repair of DSBs based on the homologous strand. RAD52 can also operate on single-ended
DSBs, preventing excessive degradation of stalled replication fork by converting them into a compact
conformation that is less available for reversal enzymes [28]. In checkpoint-deficient cells, RAD52
reverses stalled replication forks to the form in which they can be cleaved by the MUS81/EME1
complex during the process of break-induced replication (BIR) [29]. In fact, RAD52, through its
ssDNA annealing activity, is suspected to assemble a displacement loop (D-loop) which invades
the homologous chromosome and allows for BIR progression on the template of the homologous
sequence [30]. RAD52 can also prevent chromosome end exposure by copying telomere caps from
other chromosomes in a subtype of HR—alternative lengthening of telomeres (ALT) [31].

3.1. Homologous Recombination (HR)

Although in S. cerevisae RAD52 is a predominant recombination protein acting alone in facilitating
RAD51 loading onto ssDNA, in mammals its role seems to be diminished by other proteins, namely
BRCA1/2. Rad52-/- mice are viable, fertile, and show only a slight decrease in HR activity [32]. However,
overexpression of RAD52 in mammalian cells enhanced their resistance to ionizing radiation, indicating
the importance of RAD52 in the DNA damage response [33]. It has been demonstrated that in the absence
of the BRCA1/2-dependent HR pathway, cell viability may be dependent on RAD52-RAD51, indicating
that in mammalian cells, HR operates with at least two alternative sub-pathways: BRCA1/2-dependent
canonical mechanism and RAD52-dependent alternative repair [34-36]. In the latter, RAD52 interacts
with RAD51 and places it on RPA-coated ssDNA overhangs, which is possible thanks to the strong
inhibitory effect that RAD52 exerts on the RPA-ssDNA complex. It has been suggested that once
RADS1 is localized at the DSB, most of RPA and RAD52 are displaced from the DNA; however, some
persist surrounded by recombinase filaments, possibly stabilizing further steps of HR [37,38].

3.2. Single Strand Annealing (SSA)

In general, DSB end resection and the creation of single-stranded overhangs is a pivotal moment
of DNA repair which allows for the cell to choose between not only NHE] and HR, but also between
HR and SSA depending on how far resection has proceeded [39,40]. SSA events require sufficient
resection to have direct sequence repeats presented in the form of ssDNA. 53BP1 is a factor that is
responsible for the suppression of BRCAl-mediated end resection and the promotion of D-NHE]. It has
been suggested that the absence of 53BP1 leads to hyper-resection of DSBs in G2/S phase. This stage
leads to the switch from error-free HR to mutagenic RAD52-mediated SSA. Therefore, cells lacking
BRCA1 and 53BP1 require RAD52 for the maintenance of DSBs [41]. In addition, other factors—BRCAL1,
RNF168, RIF1, histone H2A.X—which inhibit end resection, were shown to suppress SSA [42-44].

In SSA, 5’ to 3’ end resection within tandem repeats exposes about 25 nt ssDNA overhangs.
RAD?S?2 interacts with RPA-coated overhangs and aligns the complementary regions. It was suggested
that after finding initial homology, a further search for stronger interactions and more extensive
homology continues without complex dissociation. The alignment occurs due to the overlapping
of nucleoproteins present on the opposite sites of DSB [45]. After final homology is achieved, the
endonucleolytic complex ERCC1/XPEF, in cooperation with RAD52, trims 3’ overhangs. Final gap filling
and strand ligation follow this step. SSA often results in the generation of deletions during the step
where 3’ ssDNA overhangs are trimmed. Additionally, since SSA uses as templates repetitive elements
that are present in multiple other genetic loci, SSA may also lead to translocations [46].
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3.3. RNA-Dependent DNA Recombination

Although HR is mostly active during G2/S phase due to the short proximity to homologous
sequence of sister chromatid or homologous chromosome, it appears that a HR sub-pathway that uses
RNA transcripts as a template is active at transcriptionally active regions during G1/G0 phase of the
cell cycle. RNA polymerase II can bypass different base modifications, however single strand breaks
(SSBs) and DSBs result in permanent blockage of the enzyme. Such damage in transcriptionally active
regions is expected to be more toxic than in any other genome area [47].

Under conditions of low abundance of BRCA1/2 during GO and early G1 phase, its task of RAD51
recruitment to a DSB is fulfilled by RAD52 [48-50]. It appears that RAD52 may not only show affinity
to ssDNA but also to RNA, and it might be active in repair mechanisms in differentiated, non-dividing
cells [49]. Cocaine syndrome B protein (CSB) is expected to be the key protein in transcription-coupled
homologous recombination (TC-HR). It detects stalled RNA polymerase and interacts directly with
HR proteins RAD51C and RAD52, directing them to DNA damage in coding regions [51]. RAD52
binds to R-loops, which are three stranded DNA-RNA hybrids that allow for repair on the template
of RNA transcript. In transcription-associated homologous recombination repair (TA-HR) RAD52 is
recruited to the RNA-DNA hybrid at the DSB and promotes ERCC excision repair 5 (XPG)-mediated
processing, leading to HR-based repair [52].

Two models indicate how RAD52 might promote RNA-mediated repair. In the first, RAD52 directs
RNA to the DSB, where it finds homologous sequences with both its termini, creating a synapse that
conjoins the ends. In the second model, RAD52 creates an RNA-DNA hybrid at 3’ ssDNA overhang.
The overhang created by RNA is then used as a template for reverse transcription, before finally being
degraded by RNase H. In the final steps, homology between the created ssDNA and the other end of
the DSB allows for end joining and RAD52-promoted SSA [53].

It has been established that not only yeast, but also human RAD52 promotes RNA-templated
DNA repair. RNA could constitute a stable template for DSB repair in differentiated cells that do not
undergo divisions thus do not have sister chromatid as a template [50,51,54].

4. Synthetic Lethality Targeting RAD52

BRCA1 and BRCA?2 are tumor suppressor genes in which mutations have been widely correlated
with hereditary and sporadic breast and ovarian cancer [55]. BRCAL is responsible for directing
DSB repair pathway choice towards recombination-based mechanisms and interacting with proteins
participating in end resection. The recombination mediator BRCA2 contains ssDNA, dsDNA, and
RAD51-binding domains, which facilitate the formation of recombinase RAD51-ssDNA filament
during HR repair [56].

In contrast to the severe effects of RAD52 depletion in yeasts, only a mild effect on recombination
was observed in RAD52-deficient vertebrate cells, and Rad52-/- mice are viable and fertile [32,57].
However, cancer cells that are deficient in BRCA substitute its activity with RAD52, which, thanks
to its ssDNA and RAD51-binding sites, is able to manage HR in a BRCA-independent manner [34].
The fact that RAD52 is essential in human cells only under conditions of BRCA-deficiency makes it an
attractive target for synthetic lethality-based anticancer therapy. Such approach is based on natural
genetic interactions between DNA repair mechanisms and it utilizes cancer-specific defects. Targeting
RAD52 in BRCA-depleted cancer cells will sensitize them to the toxic effect of DSBs, while normal cells
and tissues with intact BRCA1/2-dependent HR should not be influenced.

It has been reported that one probable mechanism of synthetic lethality in
RAD52/BRCA1/2-depleted cells is the activity of the endonuclease/exonuclease/phosphatase family
domain containing protein 1 (EEPD1) [58]. In cells depleted in BRCA, 5" endonuclease EEPD1 can nick
stalled replication forks independently of BRCA to initiate end resection by EXO1, creating the ssDNA
3’ overhangs that are required for HR [59]. Downregulation of EEPD1 results in the suppression of
synthetic lethality in RAD52/BRCA1/2-deficient cells. EEPD1-mediated cleavage of stressed replication
forks creates a toxic intermediate, which under conditions of impaired BRCA- and RAD52-dependent
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HR, is dependent fully on error-prone systems for repair, resulting in accumulation of lethal damage in
the cell’s genome [58]. Additionally, other evidence confirms that the malfunction of factors like BRCA2
or RAD52, which are responsible for the prevention of excessive degradation of stalled replication forks,
might also be responsible for the development of toxic intermediates that lead to cell death [28,60,61].

Several laboratories have focused on the development of a small-molecule inhibitor of RAD52
(RADS52i), which could be utilized to trigger synthetic lethality under conditions of depleted BRCA1/2.

4.1. F79

In 2013, the first paper was published that confirmed the successful inhibition of RAD52 in human
BRCA1/2-deficient leukemia cells derived from patients [14]. The goal was achieved by the utilization
of synthetic peptide aptamer F79 that probably interferes with DNA binding by RAD52.

The authors proposed to use the F79 aptamer to treat leukemias displaying low levels of
BRCA1/2. To test this hypothesis, they conducted an analysis of the response of different leukemia
types displaying a variety of mutations that cause a low level of one of the members of BRCA-HR
pathway, which includes: BCR-ABL1-positive chronic myeloid leukemia (CML) cells in which BRCA1 is
downregulated [62], PML-RAR-positive acute promyelocytic leukemia (APL) cells with downregulation
of RAD51C (RADS51 paralog), and samples from leukemias which express low levels of BRCA1/2 due
to unknown mechanisms. Therefore, another goal of the research was to identify a cohort of patients
who could potentially benefit from targeting RAD52.

F79 was able to selectively eliminate BRCA-deficient leukemia cells, with low risk for normal
cells. It resulted in synthetic lethality in leukemias carrying BCR-ABL1 and PML-RAR oncogenes as
well as epigenetic modifications resulting in BRCA-ness. In vivo tests showed significantly extended
life spans of F79 treated SCID mice carrying BCR-ABL1—positive leukemia. F79 treatment resulted
in synthetic lethality in BRCA1/2-mutated breast, pancreatic, and ovarian cancer cells and displayed
synergistic effect with approved drugs such as imatinib (approved for BCR-ABL1-positive leukemia)
and ATRA (for PML-RAR-positive leukemia) [14].

4.2. 6-OH-dopa

Another small-molecule RAD52i is 6-hydroxy-dopa (6-OH-dopa) [63]. 6-OH-dopa disrupts
formation of the RAD52 heptameter superstructure and its dissociation, leading to abolished recruitment
of RAD52 to DNA damage sites. 6-OH-dopa was reported to specifically inhibit SSA but had little
to no effect on HR or D-NHE] in BRCA-proficient cells. It selectively halted the proliferation of
BRCA1-depleted triple negative breast cancer (TNBC) cells. Selective growth blockage after treatment
with 6-OH-dopa was also observed in BRCA-deficient AML and CML cells derived from patients.
BRCA-deficient cells treated with the inhibitor demonstrated increased level of DNA damage, thus
resulting in increased apoptosis [63].

6-OH-dopa is a dopaminergic toxin derivative and has been reported to contribute to Parkinson
disease and degeneration of mitral neurons [64]. Therefore, it is unlikely that 6-OH-dopa finds
application in anticancer therapy.

4.3. ASMP and AICAR/ZMP

Another screen of libraries of drug-like compounds and FDA-approved drugs identified
two substances, which were able to inhibit ssDNA binding by human RAD52. One of the
leading compounds—adenosine 5-monophosphate (A5SMP) was able to halt the proliferation
of BRCAIl-deficient HCC1937 breast cancer cells and did not influence cells with restored
BRCA1 expression [65]. The second identified compound—5-Aminoimidazole-4-carboxamide
ribonucleotide (AICAR) 5’monophosphate = ZMP is known to imitate ASMP, and similarly to
AS5MP it disrupts ssDNA-RAD52 binding. Although ZMP is not able to penetrate the cell membrane, its
membrane-permeable precursor AICAR is spontaneously phosphorylated intracellularly, generating
high levels of ZMP within the cell [66]. AICAR treatment was able to disrupt SSA repair and
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cisplatin-induced formation of RAD52-ssDNA foci in BRCA1-deficient cells. Both ASMP and ZMP
localize at the intersection between two molecules of RAD52, interacting with its DNA-binding domain.
Similarly to ASMP, AICAR was able to eliminate BRCA1-deficient HCC1937 cells and BRCA2-deficient
Capanl pancreatic adenocarcinoma cells. BRCA1/2-reconstitution resulted in complete abrogation of
the sensitivity to the compound. Ectopic expression of BRCA1 resulted in reversion of sensitivity to
AICAR in Capanl and BCR-ABL1 leukemia cells implicating the synthetic lethal interactions between
BRCA-deficiency and AICAR [65].

4.4. D-103

Huang et al. conducted a high throughput screen and identified 17 compounds able to
almost completely prevent RAD52-mediated D-Loop formation in vitro tests [67]. The compound
D-103 exhibited the strongest inhibitory effect and preferentially suppressed the proliferation of
BRCA-deficient cells in all experimental setups, with no effect in BRCA-proficient counterparts. In
BCR-ABL1-positive CML cells which express low levels of BRCA1, treatment led to selective growth
inhibition in comparison to BRCA1-proficient control cells [67]. D-103 led to inhibition of RAD52
but not RADS1 foci formation after cisplatin treatment, and significantly reduced level of SSA repair
with no influence on HR. It has been reported that D-I03 binds directly to RAD52 and impairs its
DNA-annealing activity [67].

4.5.'17’, 6" and NP-004255

Compounds ‘1" ((-)-Epigallocatechin) and ‘6" (Epigallocatechin-3-monogallate) are RAD52i
identified in Hengel at al. [68]. They interact directly with the ssDNA binding groove running
around the RAD52 oligomer, and disrupt DNA wrapping by RAD52. However, unlike previous
inhibitors ‘1" and ‘6’ do not disrupt the RAD52 ring assembling process. NP-004255 (Corilagin) was
identified in the screen of natural products library. It is a macrocyclic ester, which similarly to “1’and
‘6,” binds the RAD52 oligomer in the ssDNA interacting groove, abolishing the activity of this region.
Importantly, ‘1" and ‘6" compounds were able to inhibit RAD52 binding to RPA-coated ssDNA and
its ability to anneal ssDNA. Both compounds were also able to decrease RAD52-dependent BIR in
hydroxyurea-treated, checkpoint-depleted cells [29,68]. ‘1" was able to significantly reduce the viability
of BRCA2 or MUS81-depleted cells under conditions of replication stress [68].

4.6. F779-0434

Compound F779-0434 exhibits high affinity for RAD52 and stably binds to the protein.
F779-0434 interacts with RAD52 residue Lys152, which plays a major role in ssDNA binding. The
compound disrupts RAD52-ssDNA interactions and selectively eliminated BRCA2-mutated pancreatic
adenocarcinoma Capanl cells at the concentration range 10-40 uM, whereas the BRCA2-proficient
BxPC3 cell line viability was not significantly influenced. The compound could be further investigated
as a promising tool for targeted therapy of cancer cells with deficiencies in BRCA1/2-based
HR-pathway [69].

5. Dual Synthetic Lethality as an Aggressive Anticancer Strategy

Most recently, a new strategy named “dual synthetic lethality” emerged from the idea of
simultaneous aiming at two targets: (A) Two different types of cancer cells (D-NHE]J—deficient
quiescent cells and BRCA1/2 HR—deficient proliferating cells) = “dual cellular synthetic lethality”
(Figure 3A) [70], (B) two different repair pathways within the cell (PARP1 and RAD52) = “dual
pathways synthetic lethality” (Figure 3B) [71] and (C) two different functions of the same protein (the
NAD binding niche of PARP1 and histone 4-mediated activation of PARP1)—"dual molecular synthetic
lethality” (Figure 3C) [72]. “Dual synthetic lethality” is an aggressive anticancer approach, which has
a chance to increase the effectiveness of cancer cell elimination, thus preventing the emergence of
drug-resistant cells [71].
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Figure 3. Dual synthetic lethality strategies: (A) Dual cellular synthetic lethality—inhibition
(inh) of PARP1 gives a chance to simultaneously eliminate DNA-PK (DNA-dependent protein
kinase)—deficient quiescent and BRCA (breast cancer susceptibility protein)-deficient proliferating
cancer cells accumulating high numbers of DSBs, with no harm for BRCA-proficient normal cells; (B)
dual pathway synthetic lethality—simultaneous inhibition of RAD52 and PARP1 exerts synergistic
synthetic lethality effect against BRCA-deficient cancer cells with no toxicity to BRCA-proficient cells; (C)
dual molecular synthetic lethality—anti-PARP1 activity of the combination of NAD-like inhibitor (NLi)
reducing the catalytic activity of PARP and non-NAD-like inhibitor (nNLi), which abolishes activation
of PARP1 by histone H4, resulting in synergistic effect eliminating BRCA-deficient cancer cells.

5.1. Dual Cellular Synthetic Lethality

Tumor bulk is a heterogeneous agglomeration of cells, containing a small cohort of cancer stem
cells (CSCs) which display tumor-initiating properties, and give rise to cancer progenitor cells (CPCs)
which constitute the majority of cancer’s mass. CSCs consist of proliferating and quiescent cells. Most
of the currently available drugs fail to eradicate CSCs due to their chemo- and radiotherapy-resistance
associated with quiescence, and their ability to reproduce tumor mass from even a small number of
tumor-initiating cells [73]. Dual cellular synthetic lethality offers the possibility to eradicate quiescent
and proliferating CSCs and proliferating CPCs (Figure 3A). PARPi was able to cause extensive “dual
cellular synthetic lethality,” simultaneously eliminating DN A-PK-deficient quiescent leukemia CSCs
and BRCA1/2-deficient proliferating CSCs and CPCs [70]. Thus, “dual cellular synthetic lethality” is
a strategy of great potential allowing for the eradication of therapy-refractory cancer cells utilizing
specific vulnerabilities to DNA repair inhibitors.
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5.2. Dual Pathway Synthetic Lethality

At this time, only PARPi are being applied in personalized anticancer therapy of BRCA-deficient
ovarian and breast cancer patients. However, the effect of PARPi is usually temporary and the majority
of patients develop therapy resistance. “Dual pathway synthetic lethality” expands the synthetic
lethal approach to simultaneous targeting of two repair mechanisms. RAD52 maintains residual HR in
BRCA-deficient PARPi-treated cancer cells, so simultaneous targeting PARP1 and RAD52 represents
an attractive therapeutic approach [71].

Rad52-/-Parp1-/- mice are normal but show delay in the appearance of BRCA1-deficient leukemia
when compared to single knockout mice [71]. Simultaneous inhibition of PARP1 and RAD52 by small
molecule inhibitors resulted in the synergistic accumulation of lethal DSBs and complete elimination
of BRCA1/2-deficient cell lines in comparison to individual agent treatment (Figure 3B). Combination
of PARPi and RAD52i also effectively eliminated primary leukemia cells displaying “BRCA1/2-ness”,
while individual compounds generated only a partial effect. “Dual pathway synthetic lethality” could
be even enhanced by addition standard therapeutic drugs (e.g., imatinib or daunorubicin). Additionally,
combination of PARPi and RADS52i inhibitors exerted a synergistic effect against BRCA-deficient tumors
in immunodeficient mice with low toxicity to normal cells and tissues [71]. Therefore, “dual pathway
synthetic lethality” simultaneously targeting PARP1 and RAD52 offers a promising and very aggressive
therapeutic approach against HR-compromised tumors, allowing for more robust elimination of cancer
cells and preventing the emergence of drug resistance.

PARPi could potentially be used in combination with inhibitors of other pathways. Pol® (encoded by
PolQ)), is a unique DNA polymerase that contains a helicase-like domain at its N-terminal end. Pol6 plays
an essential role in B-NHE], particularly in microhomology-mediated end-joining (MME]) [74]. However,
it has been recently suggested that Pol® might also interact with RAD51 and thus may regulate HR
repair [75]. The expression of Pol0 is relatively low in normal human cells; however, its elevated expression
is often associated with poor prognosis in breast cancer [76,77]. Simultaneous inactivation of HR factor
Fancd2 and Polg in mice resulted in embryonic lethality, whereas knockdown of Pol6 in HR-deficient
epithelial ovarian cancer (EOC) and breast cancer cells caused increased cell death, therefore suggesting
synthetic lethal interactions between HR and Pol8-mediated repair [75,78]. Pol® depletion resulted
in increased sensitivity of HR-deficient cells to PARPi, with no effect on HR-proficient counterparts.
Fancd2-/-Polg-/- mouse embryonic fibroblasts (MEFs) exhibited high sensitivity even to low doses of
PARPi [75]. Therefore, the simultaneous targeting of PARP1 and Pol® might constitute an interesting
strategy for treatment of HR-depleted tumors; however, this strategy needs further investigation.

5.3. Dual Molecular Synthetic Lethality

“Dual molecular synthetic lethality” simultaneously targets two functions within one molecular
target (Figure 3C). Although this approach has not been expanded in the context of RAD52, double
inhibition of PARP1 has recently been investigated. All currently clinically utilized PARPi are designed
to target the nicotinamide adenine dinucleotide (NAD)-binding site on the PARP1 protein [79,80]. This
domain is present not only among the PARP protein family but also in many other enzymes utilizing
NAD as a cofactor, which means that NAD-like PARP inhibitors can affect the activity of much broader
group of proteins, leading to toxic effects. Recently discovered non-NAD-like PARPi seems to be as
effective as NAD-like inhibitors, but less toxic [72,81].

5F02 is a non-NAD-like compound which interferes with PARP1 interactions with histone H4,
resulting in the inhibition of PARP1 enzymatic activity [81,82]. 5F02 has been proven effective
and selective against breast, prostate, and kidney cancer cells; however, the combination of 5F02
with NAD-like inhibitor generated synergistic anti-tumor effect in comparison to each compound
administered individually [81]. Combination of NAD-like and non-NAD-like inhibitors was
exceptionally effective in vitro and in vivo against BCR-ABL1-positive BRCA1-deficient CML in
chronic phase, at the same time causing little or no toxicity to normal cells and tissues [72]. While
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NAD-like PARPi usually lead to the accumulation of DSBs, non-NAD-like 5F02 did not seem to induce
DSBs. Therefore, the course of action of this inhibitor needs further investigation [72].

6. Conclusions

The success of synthetic lethality with PARP1 gave hope for the development of highly personalized
therapies that take into consideration the molecular uniqueness of each cancer case. Although PARP1
constitutes a promising target in the treatment of tumors harboring deficiencies in BRCA-mediated HR,
some tumor cells acquire therapy-resistance and survive, resulting in disease relapse. Targeting RAD52
represents a next step in synthetic lethality-based anticancer therapy. The fact that its activity is limited
exclusively to DNA repair and its absence is only lethal under conditions of HR-deficiency makes RAD52
an attractive target for personalized, highly specific anticancer therapy of HR-compromised tumors.
Currently available RAD52 inhibitors prevent the creation of the RAD52-DNA complex, which is
crucial in all RAD52-mediated processes. Additionally, the recently developed “dual synthetic lethality”
strategy might increase the effectiveness and specificity of cancer cell elimination via targeted approach
and prevent the emergence of drug-resistant cells. In the context of this strategy, the combination of
RADS52i with PARPi has been reported to exert synergistic lethal effect in HR-deprived cells.
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Abbreviations

ALT alternative lengthening of telomeres

APL acute promyelocytic leukemia

B-NHE] backup non-homologous end-joining

BER base excision repair

BIR break-induced replication

BRCA1/2HR BRCA1/2-mediated homologous recombination
CML chronic myeloid leukemia

CPC cancer progenitor cell

D-NHE] DNA-PK-mediated non-homologous end-joining
DDR DNA damage response

D-Loop displacement loop

DSB DNA double strand break

EOC epithelial ovarian cancer

HR homologous recombination

MME] microhomology-mediated end-joining

NHE] non-homologous end-joining

PARP1i poly(ADP-ribose) polymerase 1 inhibitor

RAD52 HR RADS52-mediated homologous recombination
RAD52i RAD?52 inhibitor

SSA single strand annealing

SSB DNA single strand break

ssDNA single stranded DNA

TA-HR transcription-associated homologous recombination
TC-HR transcription-coupled homologous recombination

TNBC triple negative breast cancer
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ABSTRACT

Cancer including melanoma may be “'addicted” to double strand break (DSB)
repair and targeting this process could sensitize them to the lethal effect of DNA
damage. PARP1 exerts an important impact on DSB repair as it binds to both single-
and double- strand breaks. PARP1 inhibitors might be highly effective drugs triggering
synthetic lethality in patients whose tumors have germline or somatic defects in
DNA repair genes. We hypothesized that PARP1-dependent synthetic lethality could
be induced in melanoma cells displaying downregulation of DSB repair genes. We
observed that PARP1 inhibitor olaparib sensitized melanomas with reduced expression
of DNA ligase 4 (LIG4) to an alkylatimg agent dacarbazine (DTIC) treatment in vitro,
while normal melanocytes remained intact. PARP1 inhibition caused accumulation
of DSBs, which was associated with apoptosis in LIG4 deficient melanoma cells. Our
hypothesis that olaparib is synthetic lethal with LIG4 deficiency in melanoma cells
was supported by selective anti-tumor effects of olaparib used either alone or in
combination with dacarbazine (DTIC) in LIG4 deficient, but not LIG4 proficient cells.
In addition, olaparib combined with DTIC inhibited the growth of LIG4 deficient human
melanoma xenografts. This work for the first time demonstrates the effectiveness of
a combination of PARP1 inhibitor olaparib and alkylating agent DTIC for treating LIG4
deficient melanomas. In addition, analysis of the TCGA and transcriptome microarray
databases revealed numerous individual melanoma samples potentially displaying
specific defects in DSB repair pathways, which may predispose them to synthetic
lethality triggered by PARP1 inhibitor combined with a cytotoxic drug.

INTRODUCTION below nine months [1]. Despite of the recent advances
in melanoma treatment, including immunotherapies

While melanomas can be successfully treated in and targeted therapies, a resistance is developed in

the early stages, the appearance of metastasis in distant the majority of patients [2] indicating that genotoxic
organs worsens prognosis and drops median survival therapies might still be needed. It has been suggested
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that cancer cells survive genotoxic stress due to
acquired abnormalities in DNA repair system [3].
The 'addiction' of cancer cells to compensatory DNA
repair mechanisms, especially double strand break
(DSB) repair, may create an opportunity to target these
pathways to eliminate malignant cells [3, 4].

DSBs are highly cytotoxic DNA lesions caused
by reactive oxygen species (ROS), ionizing radiation
and genotoxic drugs [4]. In proliferating cells DSBs are
usually repaired by two major mechanisms, BRCA1/
BRCA2-dependent homologous recombination (HR)
and DNA-PKcs-mediated non-homologous end-joining
(D-NHEJ), whereas PARP1-dependent back-up NHEJ
(B-NHEJ) serves as an alternate mechanism [5-7]. In
addition, PARP1 may decrease the number of potentially
lethal DSBs, either by stimulation of base excision repair
(BER) and single-strand break (SSB) repair and/or by
facilitation of MRE11-mediated recruitment of RADS5I1,
as well as, by involvement in relocation of XRCC1, an
essential protein for an effective DSB repair and restart of
stalled replication forks [8, 9].

It was reported that cells deficient in BRCA1/
BRCA2-mediated HR are sensitive to PARP1 inhibitors,
such as the recently FDA approved olaparib (Lynparza,
Astra-Zeneca) due to induction of synthetic lethality [10].
Since TCGA database analysis revealed that melanoma
samples display deregulated expression and/or mutations
of the genes encoding DSB repair proteins (Figure 1), we
hypothesize that DSB repair deficiencies could sensitize
individual melanomas to PARP1 inhibitor administered
either alone or in combination with DSB-inducing
genotoxic agents, such as dacarbazine (DTIC) [11].
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RESULTS

Genes involved in the DSB repair pathway
are differentially expressed in patient-derived
melanoma cells and in normal melanocytes

To test the potential anti-melanoma effect of PARP1
inhibitors we established six patient-derived melanoma
cell lines. Real-time PCR was used to determine the
gene expression profile in melanoma cells and in normal
human melanocytes. Eight genes were examined, whose
products are essential for DSB repair pathways (BRCAL,
PALB2, and RADS51 in HR; PRKDC, XRCC6, and LIG4
in D-NHEJ; PARP1 and LIG3 in B-NHEJ). Significant
differences were found in the gene expression profiles
between melanoma cells and melanocytes. In particular,
all melanoma lines showed a decreased level of DNA
ligase 4 (LIG4) (Figure 2A).

Protein expression status of LIG4, RAD51, PARPI,
Ku70 was determined by Western blot analysis in
normal melanocytes and melanoma cell lines (DMBC11,
DMBC12) (Figure 2B). Both DMBC11 and DMBCI12 cell
lines displayed elevated expression of RADS51, PARPI
and Ku70 proteins, whereas expression of LIG4 was
downregulated.

Olaparib used either alone or in combination
with DTIC induced cytotoxic effects in patient-
derived LIG4-deficient melanoma cells

To determine the influence of tested compounds
on viable cell number, plasma membrane integrity was
measured by cytometric analysis (Figure 3A). After
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Figure 1: Analysis of TCGA database of 287 individual skin cutaneous melanomas. Deregulated expression (Z-score >2.0)
and/or mutations of the genes in DSB repair pathways, HR and D-NHEJ, are shown.
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the first 48 hours of treatment, only the combination of
olaparib and DTIC markedly reduced viability reaching
about 54% of control. The second dose and additional
incubation for 72 hours induced cell response to drugs,
used either alone or in combination. Normal melanocytes
were not affected by the treatments.

Cell death was assessed by the appearance of sub-
diploid fraction (subGl, Figure 3B). Sub-diploid DNA
content was found in about 55% in DMBCI11 cells and 34%

A

in DMBCI12 cells after combined treatment with olaparib
and DTIC for 48 hours, and this effect was further increased
with the next dose and prolonged treatment. This might
indicate that these compounds were more likely to induce
cell death than cytostatic effects in melanoma cells, which
was further confirmed by cell cycle analysis. Cell cycle
arrest was not clearly visible in olaparib or DTIC treated
melanoma cells, and only a modest fraction of cells treated
with olaparib + DTIC accumulated in G2/M (Figure 3C).
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Figure 2: Expression profiles of DNA double-strand break repair genes in melanoma cells compared to melanocytes.
A. The transcript level of each gene was normalized to the expression of a reference gene (18S RNA). Data is presented as fold change in
melanoma cells versus melanocytes, in which expression levels of the genes were set as 1. The mean values + SD were calculated from
3 experiments performed in triplicates. B. The protein level was normalized to the expression of a reference protein, GAPDH. Data is
presented as fold change in melanoma cells versus melanocytes, in which the expression levels of the proteins were set as 1. The means +
SD were calculated from 3 experiments. Representative Western blot results are included.
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Figure 3: Effects of olaparib and DTIC, used alone or in combination, on viability, distribution in cell cycle and
clonogenicity of melanoma cells. A. Viability was measured using PI staining and flow cytometry, and it is shown as % of vehicle
control. Means + SD of 2 independent experiments performed in triplicates are shown. B. Cell death was measured by accumulation of
melanoma cells in the sub-G1 fraction; mean + SD of 2 independent experiments. C. Distribution of melanoma cells through the cell-cycle
phases was analyzed by flow cytometry. Left panel, bars represent cell distribution after 48 hours and after additional 72 hour treatments
of DMBC11 and DMBC12 populations with DTIC and olaparib, used alone or in combination. ModFit LT 3.0 software was used to
calculate the percentages of cells in each fraction; means + SD of two independent experiments are shown. Right panel, representative
histograms of DMBC11 cells treated with two doses of indicated drugs (48 hours followed by 72 hours). D. Clonogenic assay showing the
long-term effects olaparib and/or DTIC on melanoma cell lines DMBCI11 and DMBCI12. Left panel, bars represent clonogenic efficiency
in drug-treated melanoma cell populations, expressed as percentages of clonogenic efficiency in vehicle-treated control; mean + SD of 2
independent experiments. Right panel, photographs of a representative experiment are shown.
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Soft agar was used as a semisolid support to obtain
spatially distinct colonies. When used alone, DTIC and
olaparib reduced the number of colonies (Figure 3D).
When drugs were used in combination, the clonogenic
efficiency was further reduced.

To validate the importance of reduced level of LIG4
on the susceptibility of melanoma cells to olaparib, L1IG4
was ectopically expressed in DMBCI1 cell line (Figure
4A). Elevated expression of LIG4 reduced the sensitivity
of DMBI1 cells to olaparib (Figure 4B). Moreover, LIG4-/-
pre-B cells were more sensitive to olaparib treatment than
parental cells expressing endogenous LIG4 (Figure 4C).

Olaparib and DTIC, used alone or in
combination, increase the number of DSBs in
patient-derived LIG4 deficient melanoma cells

In normal melanocytes the level of phosphorylated
v-H2AX, which marks DSBs [12], remained unchanged
after the treatment. However, DMBC11 and DMBC12 cell
lines showed increased levels (5- or 2-fold, respectively)
of phosphorylated y-H2AX in comparison to melanocytes
(Figure 5A). Moreover, combined treatment approximately
doubled the level of phosphorylated y-H2AX in both
melanoma cell lines in comparison to cells treated with
either drug alone.

The neutral comet assay was also used to measure
the ability of olaparib and/or DTIC to induce DSBs
as described before [13]. DMBCI11 and DMBCI12 cell
lines treated with individual drugs showed increased
intensity of DNA tail in comparison to melanocytes
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indicating accumulation of DSBs (Figure 5B). Moreover,
combination of olaparib and DTIC caused more DSBs that
individual drug.

Olaparib and DTIC combination reduces
melanoma growth in NSG mice

Sub-optimal doses of olaparib or DTIC did not
reduce the growth of DMBC11 cells in NSG mice (Figure
6). Interestingly, the combination of olaparib and DTIC
exerted modest, but statistically significant anti-melanoma
effect. Stronger effect would probably require optimization
of the treatment protocol.

DISCUSSION

Synthetic lethality is a phenomenon occurring when
simultaneous depletion of a pair of genes or gene products
is required for cell death to occur. For example, cells
harboring BRCA1/2 inactivating mutations are sensitive
to PARPI inhibitors [14, 15]. Therefore, PARP1 inhibitors
may be highly effective drugs in variety of tumors with
germline or somatic defects in DNA damage repair genes.
In the present study we showed that PARP1 inhibitor
olaparib applied alone and in combination with DTIC (a
drug used in melanoma treatment) was effective against
melanoma cells displaying downregulation of LIG4
without affecting normal melanocytes. This effect was
associated with accumulation of toxic DSBs, implicating
olaparib-mediated synthetic lethal effect in LIG4 deficient
melanoma cells. Downregulated LIG4 and/or Artemis were
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Figure 4: Sensitivity to olaparib depended on LIG4 expression levels. A. Quantification of normalized LIG4 levels to GAPDH
in total cell lysates obtained from GFP+ DBM11 cells transfected with expression plasmids encoding GFP or GFP and LIG4. Bars represent
mean percentage volume intensity + SD from 3 experiments; *p < 0.001 in comparison with GFP. Representative Western blots of the
expression of LIG4 and GAPDH (loading control) are shown. B. The effect of olaparib on viability of DMBCI11 cells transfected with
GFP or GFP + LIG4. Results represent mean + SD from 3 independent experiments; **p < 0.05 in comparison with GFP. C. The effect
of olaparib on viability of Nalm6 parental and Nalm6 L/G4-/- pre-B cells. Results represent mean + SD from 3 independent experiments.
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detected before in cell lines established from high-risk
neuroblastomas and therapy-resistant breast carcinomas
[16, 17]. However, these studies did not establish that
sensitivity to PARP1 inhibitors depended on inhibition
of LIG4. Our work for the first time demonstrates that
downregulation of LIG4 in melanoma cells is directly
responsible for enhanced sensitivity to olaparib.

Our results suggest the new therapeutic approach
against melanomas based on synthetic lethality which
exploits the reduced levels of LIG4, an essential
component of D-NHEJ that performs the final ‘end
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processing' step of DSB repair [18]. When LIG4
expression is reduced, D-NHEJ repair is performed
inefficiently, and additional inhibition of PARP1-dependent
B-NHEJ, BER and/or replication fork restart by olaparib
could result in accumulation of toxic DSBs [5, 7-9].
Altogether, we postulate that D-NHEJ deficiency caused
by downregulation of LIG4 could be synthetically lethal
with B-NHEJ deficiency induced by PARPI inhibitor.
This hypothesis is supported by the results showing that
PARP inhibitors were selectively toxic to LIG4-deficient
melanoma and leukemia cells (this work) and that they

B = —
20 +
— 15
fc
£ ki
< 10 T =
=
(&)
5
0 N 9
%((’Q & &

Figure 5: Olaparib and/or DTIC induced DSBs in melanoma cell lines (DMBC11, DMBC12). Cells were treated with 5 M
olaparib and/or 2 mM DTIC for 48 hrs (comet assay) and 120 hrs (y-H2AX). A. The mean values = SD of y-H2AX were calculated from
3 ELISA experiments performed in triplicates. B. The mean percentage = SD of DNA in the tails of comets in neutral conditions acquired
from one hundred cells/group from 3 experiments. *p<0.05 and **p<0.001 in comparison with control.
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Figure 6: Combination of olaparib and DTIC reduced the growth of human melanoma in immunodeficient mice. NAG
mice were injected s.c. with DMBC11 melanoma cells followed by the treatment with olaparib (35 mg/kg twice a day), DTIC (8 mg/kg
every second day), or olaparib + DTIC. Data represent mean = SD of tumor mass from 2 independent experiments, *p<0.05 in comparison

with untreated mice.
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increased DNA damage induced by radiation exposure in
LIG4-/- HCT116 colon carcinoma cell line [19].
Although downregulation/mutation of LIG4 (and its
partner XRCC4) was detected only in approximately 7%
of cutaneous melanomas in TCGA database (Figure 1),
inhibition/inactivating mutation of other members of
D-NHEJ potentially impairing DSB repair activity by the
pathway were detected, too [20]. Moreover, transcriptome
analysis by microarrays of 229 melanoma cell lines
detected downregulation of at least one member of
D-NHEJ pathway (including LIG4) in numerous samples

established from patients manifesting different stages of
malignancy (Figure 7A). The 229 melanoma cells were
grouped by their molecular phenotype, proliferative,
intermediate and invasive. The proliferative phenotype is
defined by high expression of MITF and low expression
of WNTSA, the invasive phenotype is defined by low
expression of MITF and high expression of WNTSA,
and intermediate phenotype have approximately equal
expression of MITF and WNT5A. From the analysis,
it seems that the invasive phenotype has greater
downregulation in the D-NHEJ genes than proliferative,
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therefore selected melanomas with an invasive phenotype
should display enhanced sensitivity to PARP1 inhibitors.

In addition, multiple melanoma samples displayed
downregulation of at least one gene in HR pathway (Figure
7B) with higher frequency in the invasive phenotype
suggesting their sensitivity to synthetic lethality triggered by
PARP1 inhibitors [21]. In concordance, inhibition of histone
deacetylases class I resulted in suppression of HR due to
down-regulation of RADS51 and FANCD?2 and sensitized
malignant melanoma cells to a synthetic lethal effect of
olaparib combined with alkylating drug temozolomide [22].

Despite  downregulation/mutations of DSB
repair genes detected in numerous samples in TCGA
and transcriptome microarray databases, melanomas
typically do not respond well to DNA damaging agents.
Perhaps the degree of downregulation of DNA repair
genes is not strong enough to increase the sensitivity
to chemotherapeutics in clinical settings. However, as
suggested by this work, the effect may become clinically
relevant in repair-deficient cells when a genotoxic drug is
combined with PARP1 inhibitor, which further enhances
DNA damage beyond a reparable threshold.

In summary, PARPI inhibitor seems to offer
additional treatment opportunity to pre-selected melanomas
displaying LIG4 (and/or XRCC4) deficiency. In addition,
analyses of the already existing databases strongly
suggest that numerous melanomas could be sensitive to
personalized medicine-guided PARP1 inhibitor-mediated
synthetic lethality due to their putative deficiencies in
DNA repair pathways. This speculation is supported by
phase II study showing almost doubled (although not
statistically significant) progression-free survival of the
patients with metastatic melanoma treated with veliparib
+ temozolomide compared with placebo + temozolomide.
Perhaps personalized medicine approach is necessary
to pre-select patients with melanomas predisposed to
synthetic lethality mediated by PARP1 inhibitor.

MATERIALS AND METHODS

In vitro cell cultures

Melanoma cell lines derived from surgical
specimens of nodular (DMBC2, DMBCS, DMBC9,
DMBC10, DMBC12) and superficial spreading melanoma
(DMBC11) were established in the Department of
Molecular Biology of Cancer. The study was approved
by the Ethical Commission of the Medical University
of Lodz, and informed consent was obtained from all
patients. Melanoma cells were cultured in Stem Cell
Medium (SCM) as described elsewhere [23, 24]. Normal
Human Melanocytes (NHEMs — Ad, Lonza) were cultured
in Melanocyte Cell Basal Medium (MBM) (CC-3250,
Lonza) supplemented with growth supplements according
to the manufacturer’s protocol. Nalmé6 parental and Nalm6
LIG4-/- pre-B cells were purchased from HORIZON

(www.horizondiscovery.com) and cultured in RPMI
medium with 10% FBS (Lonza) and antibiotics (100 [U/
ml penicillin, 100 mg/ml streptomycin (Gibco) at 37°C in
a humidified atmosphere containing 5% CO,.

Drug treatment

Melanoma cells and NHEMs were plated at a
density of 1 x 10° viable cells per well in a 6-well plates
one day before drug treatment. Cells were cultured with
5 uM olaparib (Selleckchem), 2 mM dacarbazine (DTIC)
(Sigma Aldrich), olaparib + DTIC, or vehicle. After
48 hours, half the cell suspension from each well was
taken to determine cell viability after propidium iodide
(PI) staining and cell cycle analysis. Following this,
I ml of fresh medium containing drugs at appropriate
concentrations was added to the remaining cell culture for
additional 72 hours of culturing.

Clonogenic assay

Melanoma cells were first incubated with
compounds at indicated concentrations for 48 hours
and then for 72 hours. Then, 1000 single viable cells
were transferred to soft agar and clonogenic assay was
performed as previously described [23].

Flow cytometry

Flow cytometry and propidium iodide (PI)
staining was used to assess changes in viability and cell
distribution in cell cycle phases. Cells were analyzed
using a FACSVerse flow cytometer (Becton Dickinson,
San Jose, California, USA). ModFit LT 3.3 software
(Verity Software, Topsham, Minnesota, USA) was used to
calculate the percentage of cells in each cell-cycle phase
and FACSuit software (Becton Dickinson) was used to
calculate the percentages of dead cells in subG1.

Ectopic expression of L1G4

Melanoma DMBCI11 cells were transfected with
plasmid pCMV6-AC-GFP with cloned human LIG4
c¢DNA (OriGene Technologies) using lipofectamine 3000
(Invitrogen) according to the manufacturer's protocol.
GFP+ cells were sorted after 48 hrs and used for the
experiments.

Transcriptome microarrays analysis

Microarray data was obtained from NCBI GEO and
analyzed for phenotype classes proliferative, intermediate
and invasive as described in Widmer et al [25]. Microarray
was subset for D-NHEJ genes and HR genes. Z-score
cutoffs were set at 1.5 and 2 to detect upregulated
and downregulated genes. Samples with at least one
downregulated gene were counted.
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RNA isolation, cDNA synthesis and Real-Time
PCR

Isolation and purification of RNA was performed
using total RNA isolation kit (A&A Biotechnology).
Subsequently, RNA was transcribed into cDNA using
SuperScript II Reverse Transcriptase (Invitrogen Life
Technologies, Carlsbad, California, USA). qRT-PCR was
performed using TagMan® Real-Time PCR Master Mix
(Life Technologies) and Agilent Technologies Stratagene
Mx300SP working on MxPro software. TagMan probes
(Life Technologies) were used to analyze 8 genes whose
products are essential for DSB repair pathways (BRCA I,
LIG3, LIG4, PALB2, PARPI, PRKDC, RAD51, XRCC6),
and /85 RNA (Life Technologies) was included as the
reference gene. The cycling parameters were 95°C for 10
minutes, 30 cycles of 95°C for 15 seconds and 60°C for
60 seconds.

Western blot analysis

Cell lysates were obtained by incubating a cell
pellet with RIPA buffer for 30 minutes. Lysates were
than resolved by SDS-PAGE. The proteins were
transferred onto an Immobilon-P PVDF membrane
(Millipore), which were blotted overnight with primary
antibodies recognizing GAPDH, DNA LIG4 (Santa Cruz
Biotechnologies), Ku70, RAD51 or PARP1 (ThermoFisher
Scientific). This was followed by 1 h incubation with
secondary antibodies conjugated with HRP (Anti-Mouse
and Anti-Rabbit antibodies, Cell Signaling).

ELISA measurement of y-H2AX

Cell lines DMBCI11, DMBCI2 and NHEMs
were cultured with vehicle or with drugs on black 96-
well plates with a clear bottom. Analysis of the level of
phosphorylated histone y-H2AX was performed using an
H2AX Phosphorylation Assay Kit (Millipore, Billerica,
MA, USA according to the protocol. Chemiluminescence
detection was performed using attached HRP-substrates
using a GloMax-Multi device (Promega). Bleomycin at 35
uM for 30 min was used as a control.

Neutral comet assay measurement of DSBs

Cells were cultured with vehicle or drugs for 48
hours and analyzed by neutral version of comet assay to
detect DSBs as described before with modifications [13].
Briefly, cells were suspended in 0.75% LMP agarose
and casted onto microscope slides precoated with 0.5%
NMP agarose. The cells were then lysed for 1 h at 4 °C
in a buffer consisting of 2.5 mM NaOH, 100 mM EDTA,
1% Triton X-100, 10 mM Tris, pH 10. After the lysis the
slides were placed in an electrophoresis unit, DNA was
allowed to unwind for 20 min in the electrophoresis buffer
consisting of 100 mM Tris and 300 mM sodium acetate at

a pH adjusted to 9.0 by glacial acetic acid. Electrophoresis
was conducted in this electrophoresis buffer at 4 °C for 60
min at an electric field strength of 0.41 V/cm (100 mA).
The slides were then washed in water, drained and stained
with 2 pg/ml of DAPI and examined at 200x magnification
in an Eclipse fluorescence microscope (Nikon, Tokyo,
Japan) attached to COHU 4910 video camera (Cohu,
San Diego, CA, USA) equipped with a UV-1 filter block
consisting an excitation filter (359 nm) and a barrier filter
(461 nm) and connected to a personal computer-based
image analysis system, Lucia-Comet v. 5.41 (Laboratory
Imaging, Praha, Czech Republic). Fifty images were
randomly selected from each sample and the percentage
of DNA in the tail of comets (% tail DNA) was measured.
The mean value of the % tail DNA in a particular sample
was taken as an index of DSBs in the sample.

Xenograft experiments

24 NSG mice were injected subcutaneously under
the right scapula with 1x10° melanoma cells previously
suspended in Matrigel. After 4 days tumor-bearing mice
were randomly assigned into four groups; untreated, and
treated intraperitoneally either with olaparib (35 mg/
kg bodyweight twice a day, diluted in DMSO), DTIC (8
mg/kg bodyweight every second day, diluted in PBS) or
olaparib with DTIC (same dosing as in monotherapy)
for 24 days. After the end of experiment tumors were
collected and weighted. The study was approved by the
local Ethical Committee.
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ABSTRACT

Cancer cells often accumulate spontaneous and treatment-induced DNA damage
i.e. potentially lethal DNA double strand breaks (DSBs). Targeting DSB repair
mechanisms with specific inhibitors could potentially sensitize cancer cells to the
toxic effect of DSBs. Current treatment for glioblastoma includes tumor resection
followed by radiotherapy and/or temozolomide (TMZ) - an alkylating agent inducing
DNA damage. We hypothesize that combination of PARP inhibitor (PARPi) with TMZ
in glioblastoma cells displaying downregulation of DSB repair genes could trigger
synthetic lethality. In our study, we observed that PARP inhibitor (BMN673) was
able to specifically sensitize DNA ligase 4 (LIG4)-deprived glioblastoma cells to TMZ
while normal astrocytes were not affected. LIG4 downregulation resulting in low
effectiveness of DNA-PK-mediated non-homologous end-joining (D-NHEJ), which
in combination with BMN673 and TMZ resulted in accumulation of lethal DSBs and
specific eradication of glioblastoma cells. Restoration of the LIG4 expression caused
loss of sensitivity to BMN673+TMZ. In conclusion, PARP inhibitor combined with
DNA damage inducing agents can be utilized in patients with glioblastoma displaying
defects in D-NHEJ.

INTRODUCTION (median of 14.6 months) [2]. Currently, treatment bases
on surgical resection if feasible, followed by radiotherapy

Glioblastoma (grade IV in WHO Classification of and/or oral chemotherapy with temozolomide (TMZ)
Tumors of the Central Nervous System) [1] is the most — alkylating agent inducing toxic DNA lesions like O6-
frequent primary brain tumor with very poor survival rate methylguanine, N7-methylguanine or N3-methylalanine.
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These, become highly lethal for cancer cells when DNA
repair systems are disrupted [3, 4].

One of the hallmarks of the cancerous cells is
genomic instability responsible for accumulation of
further genome rearrangements and tumor progression
[5]. Development of such abnormalities in primary DNA
repair systems results in activation of compensatory DNA
repair mechanism, ipso facto, inducing cell “addiction”
to the changes it carries. It has been suggested that
cancer-specific abnormalities in the functioning of DNA
repair systems and pathway redirection events might be
responsible for the resistance and survival of cancer cells
after exposure to genotoxic stress [6].

DNA double-strand breaks (DSBs) are the most
toxic among DNA lesions and can be responsible for
genome rearrangements leading to genomic instability,
neoplastic transformation and cell death [7]. DSBs can
arise due to the exposure to ionizing radiation (IR),
reactive oxygen species (ROS) or genotoxic drugs [8].
Two mechanisms predominantly responsible for repair
of DSBs in proliferating cells are BRCA1/2-mediated
homologous recombination (HR) and DNA-PK-mediated
non-homologous end-joining (D-NHEJ). When proper
functioning of one of these pathways is compromised, cells
redirect functions to an alternative mechanism — PARP1-
dependant backup NHEJ (B-NHEJ) [9-11]. PARP1 is a
protein playing a critical role in other processes decreasing
the number of lethal DSBs - by activation of base excision
repair (BER), single strand break (SSB) repair or HR
activation at stalled replication forks [12—-13]. PARP
inhibitors are currently used in synthetic lethality-based
personalized therapy in patients with breast and ovarian
cancer deficient in BRCA1/2-mediated HR [14—15]. We
hypothesized that deficiencies in DSB repair pathways
could sensitize glioblastoma cells to PARP inhibitor
(PARPi) BMNG673 especially when combined with DSB-
inducing drug temozolomide [16—18].

RESULTS

Expression of genes involved in DSB repair in
normal human astrocytes and glioblastoma cells

In order to utilize personalized synthetic lethality
approach we determined the expression profile for 3
patient-derived glioblastoma primary cell lines and
compared it to the profile of normal human astrocytes
(NHA). The subject of our interest were 15 genes
involved in DSB repair pathways (BRCAI1, BRCA2,
PALB2, RADS51B, RAD51C, RADS1D, XRCC2, XRCC3,
RADS?2 taking part in HR; LIG4, DNA-PKcs, XRCCS5,
XRCC6 in D-NHEJ; and PARP1, LIG3 in B-NHE)).
Significant changes in the mRNA expression profile of
LIG4 was found between glioblastoma cell lines and NHA
(Figure 1A). Decreased level of LIG4 at the protein level
was then confirmed by Western blot in cancer cell lines in

comparison to normal astrocytes (Figure 1B). For further
experiments H6 and H7 primary cell lines were chosen
due to abundant downregulation of LIG4.

Patient-derived glioblastoma cell lines carry
tumor-unique molecular markers

Loss of heterozygosity (LOH) in chromosome loci
10q, 10p and 22q were reported to be one of the most
commonly occurring abnormalities during astrocytoma
progression [19-20]. Therefore, we analyzed LOH
in these locations in order to confirm the presence of
glioblastoma cells in tumor samples and established
primary cell lines H6 and H7. LOH was examined in two
resected primary tumors and two corresponding primary
cell lines in comparison to blood samples. LOH in 10q
locus were detected in all neoplastic samples (Figure 2)
whereas no aberrations were noted in 10p and 22q locus.
The presence of the wild-type DNA in the tumor samples
have been observed, which may refer to the heterogeneity
of cell population in the tumor bulk. Nonetheless
control vs corresponding tumor peak height ratio was
lower than 50%, whereas in cell lines was more than
65-70%, strongly suggesting that 10q aberration has been
propagated in cell culture condition.

Response of patient-derived glioblastoma cells
and normal astrocytes to PARP1 inhibitor used
alone and in combination with alkylating agent

To analyze the potential anti-glioblastoma effect
of PARP inhibitor (BMN673) used either alone or
in combination with alkylating agent (TMZ), double
staining with propidium iodide (PI) and annexin V was
used. Annexin V staining in conjunction with vital dye
(PI) distinguishes viable cells from dead, and also early
apoptotic cells from necrotic cells. When compared
to individual agents, the combination of BMN673 +
TMZ exerted significantly stronger anti H6 and H7
glioblastomas effect with only minimal toxicity to
normal astrocytes (Figure 3A). The flow cytometry
result indicates also that post-treatment cell death occurs
majorly via apoptosis as cells were getting accumulated
in Q4 quadrant (Annexin V*, PI') and then shifting to
Q2 quadrant (Annexin V*, PI*) what would characterize
slow externalization of phosphatidylserine and prolonged
annexin V binding which is typical for apoptosis
(Figure 3B) (Supplementary Figure 1). The results were
also confirmed with trypan blue staining (Supplementary
Figure 2).

Morphological changes induced by BMN673 +/-
TMZ were assessed by Calcein AM/PI double staining
(Figure 3C). Cells treated with the inhibitors showed the
characteristic hallmarks of cellular homeostasis disorders
(cellular membrane damage, cell shrinkage and their
fragmentation). These morphology changes were much
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more noticeable in cancer than in normal cells. These
alterations of cellular morphology were in agreement
with the increasing number of dead cells stained with PI
especially in samples treated with BMN673 + TMZ.

The impact of BMN673 + TMZ on cell cycle phase
distribution of glioblastoma cells and normal human
astrocytes was analyzed by flow cytometry (Figure 4). The
effect of drugs was visible in H6 and H7 glioblastomas as
elevation of SubG1 and S phase populations but a picture
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typical for G2/M arrest was not detected. Interestingly,
drug-induced changes in cell cycle phases for NHA cells
were slight to none.

Clonogenic assay was used to test the impact of
drugs on colony formation ability of cancer cells. When
used alone, only TMZ had a significant influence on long-
term clonogenic efficiency whereas BMN673 + TMZ were
able to almost completely abrogate clonogenic ability of
LIG4-deficient glioblastoma cells (Figure 5).
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Figure 1: Expression profiles of genes involved in HR, D-NHEJ and B-NHEJ repair systems in glioblastoma cells vs
normal human astrocytes. (A) mRNA expression level of 15 indicated genes in primary human glioblastoma cell lines (H3, H6 and
H7) was normalized to the expression of reference gene — 18S rRNA. Data are presented as a fold change in reference to normal human
astrocytes (NHA). Results represent mean value + SD from 3 independent experiments each performed in triplicates. (B) Protein expression
level presented as fold change in comparison to NHA where expression was set as 1. The expression level was normalized to the reference
protein, GAPDH. Mean + SD was calculated form 3 independent experiments. Representative Western protein expression analysis of LIG4

and GAPDH (loading control) is shown.
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Combination of BMN673 and TMZ induces
accumulation of toxic DSBs in patient-derived
glioblastoma cells

Phosphorylation of serine 139 on histone 2A.X
(YH2A.X) can be used as a marker of DSBs [21]. TMZ
treatment increased YH2A.X immunofluorescence in H7
primary cell line (Figure 6A). This effect was remarkably
enhanced in both H6 and H7 cell lines when BMN673 and
TMZ were used in combination. In NHA cells the level
of YH2A.X positive cells stayed at relatively low level
regardless from the treatment used.

Neutral comet assay was also employed to detect
DSBs after treatment with BMN673 and/or TMZ. After
treatment with individual drugs only TMZ enhanced the
percentage of DNA in tails of H7 cells in comparison
to NHA cells (Figure 6B). Combination of BMN673
and TMZ caused significant increase of DSBs in both
glioblastoma cell lines.

Rescue of LIG4 expression caused resistance to
BMNG673 + TMZ treatment

To determine the role of reduced expression of LIG4
in sensitivity of glioblastoma cells to BMN673+TMZ, H7
cells were transfected with the plasmid carrying LIG4 cDNA
followed by treatment with the drugs. Elevated expression of
LIG4 resulted in resistance of H7 glioblastoma primary cell
line to BMN673 + TMZ (Figure 7).

DISCUSSION

Due to the growing knowledge of genetic and
epigenetic changes in tumors the concept of synthetic

PBMC

Tumor

lethality became lately one of the main areas of searching
for new therapy candidates. The phenomenon occurs
when simultaneous loss of two genes causes cell death
whereas loss of each of these genes individually is not
lethal [11]. For instance, BRCA1/2 deficient tumors with
impaired homologous recombination repair were reported
to be sensitive to PARP inhibition [16—-17]. PARPi could
be used in combination with the agents inducing DNA
damage like doxorubicin, radiation or alkylating drugs
[22]. Therefore, we postulated that combination of PARPi
may significantly improve the therapeutic outcome of
currently used TMZ-based therapy and specifically
eradicate glioblastoma cells with disrupted DSB repairing
pathways.

LIG4 is a crucial element of D-NHEJ pathway and
its low level might result in ineffective functioning of this
repair system. Downregulation in LIG4 was previously
described in patient-derived high-risk neuroblastomas and
correlated with higher stage of disease and lower survival
probability [23]. Analysis of available mRNA gene
expression databases revealed cohorts of glioblastomas
displaying lower expression of LIG4. Mechanisms
responsible for reduced expression of LIG4 are not
known, but our recent report suggested that inefficient
JAK2-STATS and/or PI3K-AKT pathways may play a
role [24].

To examine the potential therapeutic aspect we
generated primary glioblastoma cells with downregulated
LIG4 when compared to normal human astrocytes.
PARPi BMN673 in combination with alkylating agent
TMZ was effective against patient-derived glioblastoma
cells displaying downregulation of LIG4 but not against
normal human astrocytes. Downregulation of LIG4 in
glioblastoma cells was directly responsible for enhanced
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Figure 2: Loss of heterozygosity (LOH) examined in two primary tumor samples and established primary cell lines H6
and H7 in comparison to normal corresponding blood samples. LOH in 10q locus was been observed in all neoplastic samples.
As expected, tumor tissue expressed lower level of LOH due to the presence of both normal and cancer cells.
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sensitivity to BNM673 as restoration of LIG4 expression
resulted in resistance to the treatment.

We postulate that D-NHEJ deficiency resulting
from downregulation of LIG4 could be synthetically
lethal with B-NHEJ deficiency induced by PARPi in
glioblastoma cells exposed to TMZ-induced DNA
damage. In concordance, we demonstrated that LIG4
deficient melanoma cells were highly sensitive to the
combination of an alkylating agent dacarbazine and PARPi
[18]. Morevoer, HCT116 Lig4-/- cells were sensitive to the
combination of PARPi with radiotherapy [25].

Although downregulation/mutation of LIG4 (and
its partner XRCC4) was detected only in approximately
4% of glioblastomas in The Cancer Genome Atlas
(TCGA) database [26] inhibition/inactivating mutation
of other members of D-NHEJ potentially impairing DSB

H6

repair activity were present in up to 20% of the cases.
Moreover, transcriptome analysis by microarrays detected
downregulation of at least one member of D-NHEJ pathway
(including LIG4) in 191 glioblastomas manifesting the
proneural, proliferative, proliferative-mesenchymal and
mesenchymal phenotypes (Figure 8A) [27]. In addition,
multiple glioblastoma samples displayed downregulation of
at least one gene in HR pathway (Figure 8B) suggesting their
sensitivity to synthetic lethality triggered by PARPi [28].

In summary, this study implicates potential
therapeutic effect of PARPi used in combination with
DNA-damaging agents in D-NHEJ-deprived glioblastoma
cells. Therefore patient pre-selection based on expression
of DNA repair genes may be applied for personalized
medicine approach to improve the effectiveness of anti-
glioblastoma therapy.
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Figure 3: BMN673+TMZ anti-glioblastoma effect. H6, H7 and NHA cells were treated with BMN673 (BMN) and/or TMZ. (A)
Viability measured as population of Annexin V/PI negative cells in comparison to vehicle-treated control after 48 h and 120 h. Results
represent mean % + SD of 3 independent experiments, “p < 0.05, *’p < 0.001 in comparison with control. (B) Quantitative representation
of flow cytometry results after 120 h of treatment. Results represent mean value + SD from 3 independent repeats, “p < 0.05, “p < 0.001 in
comparison with control. (C) Morphological changes of normal and cancer cells after 120 h of treatment with BMN673 + TMZ or vehicle
(Control). Cells were stained with Calcein AM/ propidium iodide. Note the typical morphological features of cell death: loss of structural
framework of nuclei, condensation of chromatin, cell shrinkage and nuclear fragmentation (observed mostly in higher magnification).
Cells were analyzed under an inverted fluorescence microscope (Olympus IX70), magnification x100 (scale bar = 50 pm) and x400

(scale bar =25 um).
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Figure 8: Microarray-based gene expression profiling for the genes in (A) D-NHEJ pathway and (B) HR pathway. Data was obtained
for 191 glioblastoma patients manifesting the following phenotypes: a — proneural (n = 56); b — proliferative (n = 48); c- proliferative-
mesenchymal (n = 18); d — mesenchymal (n = 69). Percent above column bar represents number of samples with at least one downregulated
gene within the phenotype group.
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MATERIALS AND METHODS

In vitro cell culture

Glioblastoma  specimens, histopathologically
classified as clinical stage IV, were obtained from
patients of Department of Neurosurgery, Surgery of
Spine and Peripheral Nerves, Medical University of
Lodz (University Hospital WAM-CSW L6dz) and
Department of Neurosurgery, Medical University of Lodz
(Copernicus Memorial Hospital, £6dz, Poland). Cell
cultures derived from specimens were established in the
Laboratory of Molecular Genetics, University of Lodz
and named H3, H6 and H7. After several washes tissue
fragments were minced with scalpel and cells were filtered
through 70 pM pore size cell strainer. Glioblastoma
cells were cultured in DMEM medium (Lonza, Basel,
Switzerland) supplemented with 10% FBS (Lonza), 100
IU/ml penicillin, 100 pg/ml streptomycin (Lonza) and
gentamycin 50 pg/ml (Lonza) in a humidified atmosphere
containing 5% CO, at 37°C. The normal human astrocytes
NHA (Lonza) were grown in ABM Basal Medium
supplemented with AGM BulletKit (Lonza) and cultured
according to the protocol provided by manufacturer.

Isolation of DNA from tumor, blood and cell
culture samples and loss of heterozygosity
analysis

Loss of heterozygosity (LOH) analysis was
performed using microsatellite markers. The aim of the
experiment was to verify presence of genetic aberrations
specific for glioblastoma cells in suspected cancerous
tissue. The samples were examined for LOH using sets
of DNA samples isolated from tumor bulk specimen
and corresponding cell culture and peripheral blood
samples (PBMC). Isolation and purification of genomic
DNA was performed with Genomic Mini and Blood
Mini isolation kits (A&A Biotechnology) according to
the manufacturer’s protocol. The microsatellite markers
D10S1709 (10q) (F-GTGAGTCCAGAATCACCCC,
R-CAGTGGAAATGGCTCATTTQG), D10S1172

(10p) (F-GGATACTACCAAGAGAGAG, R-
ATCATCTATCTCTACTATCTQG), D22S5283
(22q) (F-ACC AACCAGCATCATCAT, R-

AGCTCGGGACTTTCTGAG) were selected using the
NCBI database [20, 21]. The F primers were 5’-labelled
with Fam fluorochrome (Sigma). Each reaction was
amplified in volume of 25 pl containing 50 ng of
DNA template, dNTP, KAPA Taq DNA Polymerase
(Kapa Biosystems) and forward/reverse primers. PCR
reaction was carried as follows: 95°C 3 min, (95°C 30s,
temperature depending on primer pair 30s, 72°C 45s)
x32, 72°C 4 min. PCR products were visualized with a
16-capillary electrophoresis 3130xl Genetic Analyzer
(Applied Biosystems). The analysis was performed using

Gene mapper 4.1 software and verified manually. Loss of
heterozygosity was judged to be present if the allelic signal
intensity of the tumor sample was reduced by at least 50%
relative to the corresponding allele in the patient’s control
DNA (PBMC).

RNA isolation, reverse transcription and Real-
Time PCR

RNA isolation and purification was performed
using RNA isolation kit (A&A Biotechnology). In the
next step samples were transcribed into cDNA with
SuperScript II Reverse Transcriptase (Invitrogen, Life
Technologies, Carlsbad, California, USA) according to
the manufacturer’s protocol. Real-Time PCR quantitation
was carried out using TagMan Real-Time PCR Master
Mix and TagMan probes (Applied Biosystems, Life
Technologies, Carlsbad, California, USA) detecting genes
which products are involved in DSB repair pathways
(BRCA1, BRCA2, LIG3, LIG4, PALB2, PARP1, PRKDC,
RADS51B, RAD5IC, RADS5ID, XRCC2, XRCC3,
RADS52, XRCC6, XRCC7). 18S rRNA TagMan probe was
included as the reference gene. The parameters for Agilent
Technologies Stratagene Mx300SP instrument were 95°C
for 10 minutes, 30 cycles of 95°C for 15 seconds and 60°C
for 60 seconds.

Protein isolation and western blot analysis

Protein extraction was performed incubating cell
pellet with the mixture of RIPA buffer (Sigma) and
protease inhibitor cocktail (Thermo Scientific, Rockford,
Illinois, USA). After concentration measurement, 30
ng of cell lysates was resolved on 4-20% ExpressPluS
PAGE Gel (GenScript, Piscataway, New Jersey, USA).
The proteins were then transferred onto PVDF Transfer
Membrane (Thermo Scientific, Rockford, Illinois,
USA) using eBlot Protein Transfer device (GenScript,
Piscataway, New Jersey, USA). Membranes were blocked
and blotted overnight with primary antibodies recognizing
LIG4 and GAPDH (Santa Cruz Biotechnology, Dallas,
Texas, USA). Membranes were then washed and incubated
1 h with secondary anti-mouse antibody conjugated with
HRP (Cell Signaling Technology, Danvers, Massachusetts,
USA). The result was visualized using Pierce ECL
Western  Blotting  Substrate  (Thermo  Scientific,
Rockford, Illinois, USA) and BioRad Universal Hood
II with Chemiluminescence System (BioRad, Hercules,
California, USA).

Drug treatment

Normal astrocytes and glioblastoma cells were
plated in a 6-well plate at a density of 2 x 10° viable
cells per well. Cells were cultured with 50 nM BMN673
(Selleckchem), 6.25 pM TMZ (Sigma Aldrich), BMN673
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+ temozolomide or vehicle for 48 h followed by the
second dose of the compounds and another 72 h of
incubation.

Calcein AM/propidium iodide double staining

After the indicated treatments, normal and cancer
cells were incubated for 30 min at 37°C with the mixture
of 2 mM Calcein AM and propidium iodide 1 mM
(Life Technologies, USA) diluted in PBS. Fluorescence
emitted by stained cells was then observed in an inverted
fluorescence microscope (Olympus IX70, Japan).

Flow cytometry

Flow cytometry and staining with propidium iodide
and FITC Annexin V (BD Biosciences) was used to
assess changes in viability and to track the mechanism
of cell death after treatment. Cells were prepared and
analyzed according to the FITC Annexin Apoptosis
Detection Kit II (BD Biosciences). To analyze the
influence of the compounds on glioblastoma and NHA
distribution in cell cycle, cells fixed with 70% cold
ethanol were stained with propidium iodide with addition
of RNase (BD Biosciences) and analyzed. The extent of
DNA DSBs measured by phosphorylation of H2A.X
histone was obtained using Alexa Fluor 647 Mouse
Anti-H2A . X (pS139) antibody (Becton Dickinson, San
Jose, California, USA) after 48 h treatment with the
compounds. Fixed cells were washed resuspended in 20
ul BD Perm/Wash™ buffer and stained for 20 min with
H2A.X antibody (5 pl/test). All the experiments were
performed using a FACS Canto II cytometer (Becton
Dickinson, San Jose, California, USA).

Neutral comet assay

Neutral comet assay was performed according to
the protocol used in the previous research [19] on cells
cultured for 48 h with either drugs or vehicle. Fifty comet
images were randomly selected for each treatment variant
and the percentage of DNA in the tail (% tail DNA) was
measured. The mean value for this parameter was taken as
an index of DSBs in the given sample.

Clonogenic assay

To examine clonogenic activity glioblastoma cells
were first cultured with drugs or vehicle for 48 h followed
by the second dose of the compounds and another
72 h of incubation. After treatment cell viability was
determined by staining with trypan blue and 10° cells
were resuspended in 700 pl of soft agar (DMEM, 0.4%
w/v) and plated over 700 pl of solidified agar underlay
(DMEM, 0,5% agar) on a 12-well plate. After solidifying
cell layer was covered with medium (changed weekly).

After 2-3 weeks colonies were stained with crystal violet
(0.5% w/v) 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%).

Ectopic expression of LIG4

Glioblastoma H6 cells were transfected with
pCMV6-AC-GFP plasmid containing human LIG4 cDNA
(OriGene Technologies). The method was performed
using Lipofectamine 2000 (Invitrogen, Life Technologies,
Carlsbad, California, USA). GFP-positive cells were
sorted 48 h after transfection.

Microarrays

Microarray data sets were obtained from NCBI GEO
(GSE13041). Gene expression profiling was performed
as described before [29-30]. Microarray was subset for
D-NHEJ genes and HR genes. Z-score cutoffs were set at
1.5 and 2 to detect upregulated and downregulated genes
as described before [18].

Statistical analysis

Data was accessed in three independent experiments
and presented as mean + SD. Results were compared using
two tailed Student ¢ test. P values lower than 0.05 were
considered significant. The synergistic effect of drugs was
studied using response additivity approach.

Study approval

Studies performed on cells derived from surgical
specimens were approved by the Ethical Commission of
the Medical University of Lodz (no. RNN/194/12/KE) and
informed consent was obtained from all patients.
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Dane uzupetniajace
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Wykres 1. Ekspresja PARP1 po zastosowaniu siRNA w celu wyciszenia PARP1. Reprezentatywny wynik
eksperymentu Western Blot po wyciszeniu ekspresji PARP1 w badanych liniach (+) i negatywna
kontrola (-). Densytometryczna analiza zaprezentowana na wykresie zostata znormalizowana do
ekspresji GAPDH i przedstawiona jako $rednia £ SD.
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Wykres 2. Zywotno$¢ komoérek lini H3, H6 i H7 (z obnizonym poziomem LIG4) i linii H2 i H10
(z poziomem LIG4 poréwnywalnym z komorkami prawidtowymi) po wyciszeniu ekspresji PARP1 i 48h
inkubacji ze zwiazkiem alkilujgcym. Srednia + SD.
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Wykres 3. Zywotnoé¢ komoérek lini glejaka po wywotaniu ekspresji dominujacego negatywnego
mutanta PARP1(E988K) (DNMut) i po traktowaniu zwiazkiem alkilujacym. Srednia = SD.
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podstawowych oraz w terapii przeciwnowotworowej. Postepy Higieny i Medycyny Doswiadczalnej.
2014; 68: 1091-1103

moj udziat polegat na opracowywaniu koncepcji publikacji, tworzeniu manuskryptu

oraz wizualizacji. Swéj udziat w artykule oceniam na 80%.
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Tomasz Skorski, MD, PhD, DSc 16.01.2020r.

Sol Sherry Thrombosis Research Center and

Fels Institute for Cancer Research and Molecular Biology,
Lewis Katz School of Medicine

Temple University

Philadelphia, PA, USA

Oswiadczenie o udziale w publikacjach

Oéwiadczam, ze w pracy

Toma M, Skorski T, Sliwifiski T. Syntetyczna letalno$¢ jako funkcjonalne narzedzie w badaniach

podstawowych oraz-w terapii przeciwnowotworowe]. Postepy Higieny i Medycyny Doéwiadczalne;.
2014; 68: 1091-1103

moéj udziat polegat na tworzeniu koncepcji, edycji i nadzorze powstawania

manuskryptu. Swoj udziat w artykule oceniam na 10%.

Tomasz Skorski, MD, PhD, DSc




prof. dr hab. Tomasz Sliwinski 20.01.2020r.

Kierownik Pracowni Genetyki Medycznej
Uniwersytet todzki

ul. Pomorska 141/143

90-236 todz

Oswiadczenie o udziale w publikacjach

Oswiadczam, ze w pracy

Toma M, Skorski T, Sliwiniski T. Syntetyczna letalno$¢ jako funkcjonalne narzedzie w badaniach

podstawowych oraz w terapii przeciwnowotworowej. Postepy Higieny i Medycyny Doswiadczalnej.
2014; 68: 1091-1103

moj udziat polegat na pozyskiwaniu funduszy, tworzeniu koncepcji, edycji i nadzorze

powstawania manuskryptu. Swoj udziat w artykule oceniam na 10%.
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mgr Monika Toma 16.01.2020 .

Pracowni Genetyki Medycznej
Uniwersytet £odzki

ul. Pomorska 141/143

90-236 todz

Oswiadczenie o udziale w publikacjach

Oswiadczam, Zze w pracy
Toma M, Skorski T, Sliwifiski T. DNA Double Strand Break Repair - Related Synthetic Lethality. Current
Medicinal Chemistry. 2019; 26(8): 1446-1482(37)

moj udziat polegat na opracowywaniu koncepcji publikacji, tworzeniu manuskryptu

oraz wizualizacji. Swoj udziat w artykule oceniam na 80%.
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Tomasz Skorski, MD, PhD, DSc 16.01.2020r.

Sol Sherry Thrombosis Research Center and

Fels Institute for Cancer Research and Molecular Biology,
Lewis Katz School of Medicine

Temple University

Philadelphia, PA, USA

Oswiadczenie o udziale w publikacjach

Oswiadczam, ze w pracy

Toma M, Skorski T, Sliwiriski T. DNA Double Strand Break Repair - Related Synthetic Lethality. Current
Medicinal Chemistry. 2019; 26(8): 1446-1482(37)

moj udziat polegat na pozyskiwaniu funduszy, tworzeniu koncepcji, edycji i nadzorze

powstawania manuskryptu. Swéj udziat w artykule oceniam na 10%.

Tomasz Skorski, MD, PhD, DSc




prof. dr hab. Tomasz Sliwinski 20.01.2020 .

Kierownik Pracowni Genetyki Medycznej
Uniwersytet todzki

ul. Pomorska 141/143

90-236 todz

Oswiadczenie o udziale w publikacjach

Os$wiadczam, Zze w pracy
Toma M, Skorski T, Sliwiriski T. DNA Double Strand Break Repair - Related Synthetic Lethality. Current
Medicinal Chemistry. 2019; 26(8): 1446-1482(37)

moj udziat polegat na pozyskiwaniu funduszy, tworzeniu koncepcji, edycji i nadzorze

powstawania manuskryptu. Swoj udziat w artykule oceniam na 10%.
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Pracowni Genetyki Medycznej

Uniwersytet todzki

ul. Pomorska 141/143

90-236 todz

Oswiadczenie o udziale w publikacjach

Oswiadczam, ze w pracy
Toma M, Sullivan-Reed K, Sliwiriski T, Skorski T. RAD52 as a Potential Target for Synthetic Lethality-
Based Anticancer Therapies. Cancers 2019; 11, 1561

moj udziatl polegat na opracowywaniu koncepcji publikacji, tworzeniu manuskryptu

oraz wizualizacji. Swéj udziat w artykule oceniam na 77%.
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Katherine Sullivan-Reed, PhD 16.01.2020 .

Sol Sherry Thrombosis Research Center and

Fels Institute for Cancer Research and Molecular Biology,
Lewis Katz School of Medicine

Temple University

Philadelphia, PA, USA

Oséwiadczenie o udziale w publikacjach

Oswiadczam, ze w pracy
Toma M, Sullivan-Reed K, Sliwinski T, Skorski T. RAD52 as a Potential Target for Synthetic Lethality-
Based Anticancer Therapies. Cancers 2019; 11, 1561

méj udziat polegat na edycji tresci manuskryptu. Swoj udziat w artykule oceniam na

10%.
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Toma M, Sullivan-Reed K, Sliwinski T, Skorski T. RAD52 as a Potential Target for Synthetic Lethality-
Based Anticancer Therapies. Cancers 2019; 11, 1561

| have contributed to the publication by editing the manuscript and | estimate that my

overall participation in the article is 3%.

Katherine Sullivan-Reed, PhD




prof. dr hab. Tomasz Sliwinski 20.01.2020 1.

Kierownik Pracowni Genetyki Medycznej
Uniwersytet todzki

ul. Pomorska 141/143

90-236 todz

Oswiadczenie o udziale w publikacjach

Oswiadczam, ze w pracy
Toma M, Sullivan-Reed K, Sliwinski T, Skorski T. RAD52 as a Potential Target for Synthetic Lethality-
Based Anticancer Therapies. Cancers 2019; 11, 1561
moj udziat polegat na pozyskiwaniu funduszy oraz tworzeniu koncepcji i edycji
manuskryptu. Swoj udziat w artykule oceniam na 10%.
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Tomasz Skorski, MD, PhD, DSc 16.01.2020 .

Sol Sherry Thrombosis Research Center and

Fels Institute for Cancer Research and Molecular Biology,
Lewis Katz School of Medicine

Temple University

Philadelphia, PA, USA

Oswiadczenie o udziale w publikacjach

Oswiadczam, ze w pracy

Toma M, Sullivan-Reed K, Sliwinski T, Skorski T. RAD52 as a Potential Target for Synthetic Lethality-
Based Anticancer Therapies. Cancers 2019; 11, 1561

moj udziat polegat na pozyskiwaniu funduszy, tworzeniu koncepcji, edycji i nadzorze

powstawania manuskryptu. Swoj udziat w artykule oceniam na 10%.

Tomasz Skorski, MD, PhD, DSc




prof. dr hab. n. med. Matgorzata Czyz 25.01.2020r.

Zaktad Biologii Molekularnej Nowotwordow
Uniwersytet Medyczny w todzi

ul. Mazowiecka 6/8

92-215 t6dz

Oswiadczenie o udziale w publikacjach

Os$wiadczam, Ze praca
Czyz M*, Toma M*, Gajos-Michniewicz A, Majchrzak K, Hoser G, Szemraj J, Nieborowska-Skorska M,
Cheng P, Gritsyuk D, Mitchell Levesque, Dummer R, Sliwifiski T, Skorski T. PARP1 inhibitor olaparib
(Lynparza) exerts synthetic lethal effect against ligase 4-deficient melanomas. Oncotarget 2016; 7(46):
75551-75560

jest publikacja o réwnorzednym pierwszym autorstwie, a méj udziat polegat na
tworzeniu koncepcji badan, projektowaniu eksperymentéw, analizie wynikéw oraz tworzeniu

manuskryptu. Swoj udziat w artykule oceniam na 35%.
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90-236 todz

Oswiadczenie o udziale w publikacjach

Oswiadczam, Ze praca

Czyz M*, Toma M*, Gajos-Michniewicz A, Majchrzak K, Hoser G, Szemraj J, Nieborowska-Skorska M,
Cheng P, Gritsyuk D, Mitchell Levesque, Dummer R, Sliwiriski T, Skorski T. PARP1 inhibitor olaparib

(Lynparza) exerts synthetic lethal effect against ligase 4-deficient melanomas. Oncotarget 2016; 7(46):
75551-75560

jest publikacja o réwnorzednym pierwszym autorstwie, a méj udziat polegat na
wykonaniu analizy RealTime PCR, analizy Western Blot, testu kometowego, badania poziomu
ufosforylowanego histonu YH2A.X oraz na analizie wynikéw. Swdj udziat w artykule oceniam

na 35%.
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Zaktad Biochemii Medycznej
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92-215 todz

Oswiadczenie o udziale w publikacjach

Oswiadczam, ze w pracy

Czyz M™, Toma M*, Gajos-Michniewicz A, Majchrzak K, Hoser G, Szemraj J, Nieborowska-Skorska M,
Cheng P, Gritsyuk D, Mitchell Levesque, Dummer R, Sliwinski T, Skorski T. PARP1 inhibitor olaparib
(Lynparza) exerts synthetic lethal effect against ligase 4-deficient melanomas. Oncotarget 2016; 7(46):
75551-75560

moj udziat polegat na wspotudziale w wykonaniu analizy RealTime PCR, analizy

Western Blot oraz na analizie danych. Swéj udziat w artykule oceniam na 1%.

prof. dr hab. n. med. Janusz Szemraj
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90-236 todz

20.01.2020 r.

Oswiadczenie o udziale w publikacjach

Oswiadczam, ze w pracy

Czyz M™, Toma M*, Gajos-Michniewicz A, Majchrzak K, Hoser G, Szemraj J, Nieborowska-Skorska M,
Cheng P, Gritsyuk D, Mitchell Levesque, Dummer R, Sliwiniski T, Skorski T. PARP1 inhibitor olaparib
{Lynparza) exerts synthetic lethal effect against ligase 4-deficient melanomas. Oncotarget 2016; 7(46):

75551-75560

moj udziat polegat na pozyskiwaniu funduszy, tworzeniu koncepcji projektu,

projektowaniu eksperymentow, analizie wynikéw oraz tworzeniu manuskryptu. Swéj udziat w

artykule oceniam na 10%.
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Tomasz Skorski, MD, PhD, DSc 16.01.2020r.

Sol Sherry Thrombosis Research Center and

Fels Institute for Cancer Research and Molecular Biology,
Lewis Katz School of Medicine

Temple University

Philadelphia, PA, USA

Oswiadczenie o udziale w publikacjach

Oéwiadczam, ze w pracy

Czyz M*, Toma M*, Gajos-Michniewicz A, Majchrzak K, Hoser G, Szemraj J, Nieborowska-Skorska M,
Cheng P, Gritsyuk D, Mitchell Levesque, Dummer R, Sliwifiski T, Skorski T. PARP1 inhibitor olaparib

(Lynparza) exerts synthetic lethal effect against ligase 4-deficient melanomas. Oncotarget 2016; 7(46):
75551-75560

moj udziat polegat na pozyskiwaniu funduszy, tworzeniu koncepcji projektu,
projektowaniu eksperymentéw, analizie wynikéw oraz tworzeniu manuskryptu. Swéj udziat w
artykule oceniam na 10%.

Tomasz Skorski, MD, PhD, DSc
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Pracowni Genetyki Medycznej
Uniwersytet todzki

ul. Pomorska 141/143

90-236 todz

Oswiadczenie o udziale w publikacjach

Oswiadczam, Ze w pracy

Toma M, Witusik-Perkowska M, Szwed M, Stawski R, Szemraj J, Drzewiecka M, Nieborowska-Skorska
M, Radek M, Kolasa M, Matlawska-Wasowska K, Sliwirski T, Skorski T. Eradication of LIG4-deficient
glioblastoma cells by the combination of PARP inhibitor and alkylating agent. 2018;
9(96):36867-36877

moj udziat polegat na prowadzeniu hodowli komdrkowych linii glejakéw, badaniu
utraty heterozygotycznosci (LOH), przeprowadzeniu analizy RealTime PCR oraz Western Blot,
analizie danych cytometrycznych, przeprowadzeniu testu klonogennosci komaérek, transfekcji
komérek glejaka wektorem kodujacym ligaze IV oraz na analizie otrzymanych danych. Swéj

udziat w artykule oceniam na 66%.
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Dr n. med. Monika Witusik-Perkowska 20.01.2020.

Zaktad Biochemii Medycznej
Uniwersytet Medyczny w todzi
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92-215 to6dz

Oswiadczenie o udziale w publikacjach

Oswiadczam, Ze w pracy
Toma M, Witusik-Perkowska M, Szwed M, Stawski R, Szemraj J, Drzewiecka M, Nieborowska-Skorska
M, Radek M, Kolasa M, Matlawska-Wasowska K, Sliwinski T, Skorski T. Eradication of LIG4-deficient
glioblastoma cells by the combination of PARP inhibitor and alkylating agent. 2018;
9(96):36867-36877

méj udziat polegat na hodowli linii glejaka i wykonaniu testu kometowego. Swéj udziat

w artykule oceniam na 3%.

Dr n. med. Monika Witusik-Perkowska




prof. dr hab. n. med. Janusz Szemraj 16.01.2020r.

Zaktad Biochemii Medycznej
Uniwersytet Medyczny w todzi
ul. Mazowiecka 6/8

92-215 tod?

Oswiadczenie o udziale w publikacjach

Oswiadczam, ze w pracy
Toma M, Witusik-Perkowska M, Szwed M, Stawski R, Szemraj J, Drzewiecka M, Nieborowska-Skorska
M, Radek M, Kolasa M, Matlawska-Wasowska K, Sliwifiski T, Skorski T. Eradication of LIG4-deficient
glioblastoma cells by the combination of PARP inhibitor and alkylating agent. 2018:
9(96):36867-36877

moj udziat polegat na wspotudziale w wykonaniu analizy RealTime PCR oraz na

analizie danych. Swéj udziat w artykule oceniam na 2%.
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90-236 todz

Oswiadczenie o udziale w publikacjach

Oswiadczam, ze w pracy
Toma M, Witusik-Perkowska M, Szwed M, Stawski R, Szemraj J, Drzewiecka M, Nieborowska-Skorska
M, Radek M, Kolasa M, Matlawska-Wasowska K, Sliwiriski T, Skorski T. Eradication of LIG4-deficient
glioblastoma cells by the combination of PARP inhibitor and alkylating agent. 2018;
9(96):36867-36877

moj udziat polegat na pozyskiwaniu funduszy, tworzeniu koncepcji projektu,
projektowaniu eksperymentéw, analizie wynikéw oraz tworzeniu manuskryptu. Swéj udziat w

artykule oceniam na 10%.
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Tomasz Skorski, MD, PhD, DSc 16.01.2020r.

Sol Sherry Thrombosis Research Center and

Fels Institute for Cancer Research and Molecular Biology,
Lewis Katz School of Medicine

Temple University

Philadelphia, PA, USA

Oswiadczenie o udziale w publikacjach

Oswiadczam, ze w pracy
Toma M, Witusik-Perkowska M, Szwed M, Stawski R, Szemraj J, Drzewiecka M, Nieborowska-Skorska
M, Radek M, Kolasa M, Matlawska-Wasowska K, Sliwirski T, Skorski T. Eradication of LIG4-deficient
glioblastoma ceIIs. by the combination of PARP inhibitor and alkylating agent. 2018;
9(96):36867-36877

moj udziat polegat na pozyskiwaniu funduszy, tworzeniu koncepcji projektu,
projektowaniu eksperymentéw, analizie wynikéw oraz tworzeniu manuskryptu. Swéj udziat w

artykule oceniam na 10%.
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