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ZRODLO FINANSOWANIA

Badania przeprowadzone w ramach rozprawy doktorskiej zostaly sfinansowane z nastepujgcych
zrédet:

I PROJEKT SONATA BIS 9

Projekt badawczy SONATA BIS 9 nr 2019/34/E/NZ7/00056 finansowany przez Narodowe Centrum
Nauki pt. ,Wykorzystanie olaparibu i inhibitoréw kinazy ATR/CHK1 jako celowanej terapii
przeciwnowotworowej opartej na syntetycznej letalnos$ci”. Kierownik projektu: dr hab. Aneta
Rogalska, prof. Ut.
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WSPOLPRACA

Cze$¢ badan przedstawionych w zbiorze opublikowanych artykutéw i nieopublikowanego
manuskryptu, stanowigcym podstawe rozprawy doktorskiej, przeprowadzono we wspoipracy
Z ponizszymi jednostkami naukowymi:

I UNIWERSYTET MEDYCZNY W LODZI UNIWERSYTET
+ Zaktad Biochemii Kwaséw Nukleinowych m Mﬁ DYCZNY
W LtODZI
+ Zaktad Genomiki Funkcjonalnej
| NARODOWY INSTYTUT ONKOLOGII
IM. MARII SKEODOWSKIEJ-CURIE Narodowy
- PANSTWOWY INSTYTUT BADAWCZY Instytut
+ Zaklad Genetyki 4 Onkologii
im. Marii Sklodowskiej-Curie
+ Zaktad Immunoterapii Eksperymentalnej paﬁﬁwng Instytut B:;daw{:z\,r



DOROBEK NAUKOWY

I ARTYKULY WCHODZACE W SKLAD ROZPRAWY DOKTORSKIE]

Na niniejszg rozprawe doktorskg sktada sie cykl czterech opublikowanych i powigzanych
tematycznie artykutéw naukowych uzupehliony o jeden nieopublikowany manuskrypt artykutu
gotowy do wystania do recenzowanego czasopisma. Warto$¢ wspotczynnika wptywu Impact Factor
(TF) oraz liczbe punktéw Ministerstwa Nauki i Szkolnictwa Wyzszego (MNiSW) dla danego artykutu
naukowego ustalono zgodnie z rokiem opublikowania artykutow.

Publikacja przegladowa

4+ Biegala L., Gajek A., Marczak A., Rogalska A. PARP inhibitor resistance in ovarian cancer:
Underlying mechanisms and therapeutic approaches targeting the ATR/CHKI1 pathway. Biochim
Biophys Acta Rev Cancer. 2021. 1876(2):188633. doi: 10.1016/j.bbcan.2021.188633.

Punkty MNiSW = 200 pkt, IF = 11,414 (2-letni)

Publikacje doswiadczalne

+ Biegala L., Gajek A., Marczak A., Rogalska A. Olaparib-resistant BRCA2'T ovarian cancer cells
with restored BRCA2 abrogate olaparib-induced DNA damage and G2/M arrest controlled by the
ATR/CHK]1 pathway for survival. Cells. 2023. 12(7):1038. doi: 10.3390/cells12071038.

Punkty MNiSW = 140 pkt, IF = 6,0

+ Biegala L., Gajek A., Szymczak-Pajor 1., Marczak A., Sliwiriska A., Rogalska A. Targeted inhibition
of the ATR/CHK]1 pathway overcomes resistance to olaparib and dysregulates DNA damage response
protein expression in BRCA2MUT ovarian cancer cells. Sci Rep. 2023. 13(1):22659.
doi: 10.1038/s41598-023-50151-y.

Punkty MNiSW = 140 pkt, IF = 4,6

+ Biegala L., Kolat D., Gajek A., Pluciennik E., Marczak A., Sliwifiska A., Mikula M., Rogalska A.
Uncovering miRNA-mRNA Regulatory Networks Related to Olaparib Resistance and Resensitization
of BRCA2MYT Qvarian Cancer PEOI-OR Cells with the ATR/CHK1 Pathway Inhibitors. Cells. 2024.
13(10):857. doi: 10.3390/cells13100867.

Punkty MNiSW = 140 pkt, IF = 6,0

Nieopublikowany manuskrypt artykulu doswiadczalnego

+ Biegala L., Statkiewicz M., Gajek A., Szymczak-Pajor 1., Rusetska N., Sliwiriska A., Marczak A.,
Mikula M., Rogalska A. Olaparib rechallenge combined with the ATR/CHKI pathway inhibitors in
olaparib-resistant PDX models of ovarian cancer: Mechanisms behind synergistic tumor growth
inhibition.

Sumaryczna liczba punktéw MNiSW cyklu prac wynosi: 620
Sumaryczny IF cyklu publikacji wynosi: 28,014



I POZOSTALE ARTYKULY STANOWIACE DOROBEK NAUKOWY

4+ Drzazga A., Okulus M., Rychlicka M., Biegala L., Gliszczynriska A., Gendaszewska-Darmach E.
Lysophosphatidylcholine Containing Anisic Acid Is Able to Stimulate Insulin Secretion Targeting G
Protein Coupled Receptors. Nutrients. 2020. 12(4):1173. doi: 10.3390/nu12041173.

Punkty MNiSW = 140 pkt, IF = 5,717
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BRCA2MYT gvarian cancer cells and its reversal with the ATR/CHK1 pathway inhibitors: miRNA-
mRNA regulatory network and growth factor signaling”.
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| NAGRODY, WYROZNIENIA I STYPENDIA

+ I Nagroda w konkursie ,,Nagroda Naukowa Rektora Uniwersytetu £.6dzkiego” dla doktorantek
i doktorantéw realizujgcych czwarty rok ksztalcenia w Szkotach Doktorskich UL w roku
akademickim 2023/24 za osiggniecia w zakresie dzialan zwigzanych z aktywno$cig publikacyjng
i umiedzynarodowieniem ksztalcenia oraz pracy naukowej i badawczej. Nagrode uzyskano
w obrebie Szkoty Doktorskiej Nauk Scistych i Przyrodniczych UL | 19.04.2024,

+ Wyrdznienia za plakat w konkursie ,Best Poster Distinction” podczas miedzynarodowej
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I ORGANIZACJA KONFERENC]JI I SZKOLEN NAUKOWYCH
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08.11.2023 oraz Warszawa, 22.11.2023.

| PROJEKT BADAWCZY

+ Wykonawca projektu badawczego ,,Wykorzystanie olaparibu i inhibitoréw kinazy ATR/CHK1
jako celowanej terapii przeciwnowotworowej opartej na syntetycznej letalno$ci”
finansowanego przez NCN w ramach projektu krajowego SONATA BIS 9 numer
2019/34/E/NZ7/00056 | 02.11.2020-30.04.2024.



I SZKOLENIA NAUKOWE
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| POPULARYZOWANIE NAUKI

+ Prowadzenie warsztatow eksperymentalnych pt. ,,Jak hodowa¢ komoérki w warunkach in vitro?”
w ramach zaje¢ Instytutu Kreatywnej Biologii organizowanego przez Wydziatlu Biologii
i Ochrony Srodowiska Uniwersytetu E6dzkiego:

- edycja 2023/2024 | 19.01.2024, 23.02.2024, 19.04.2024

- edycja 2022/2023 | 18.11.2022, 24.02.2023, 21.04.2023, 16.06.2023,
- edycja 2021/2022 | 10.06.2022,

+ Prowadzenie warsztatow eksperymentalnych pt. ,,Jak hodowa¢ komérki w warunkach in vitro?”
w ramach XX Festiwalu Nauki, Techniki i Sztuki na Wydziale Biologii i Ochrony Srodowiska
Uniwersytetu Lodzkiego | £.6dz, 19.10.2021.

I WSPOLPRACA Z PRACODAWCAMI I BIZNESEM

+ Przeprowadzenie testéw urzgdzenia do przygotowywania zeli poliakrylamidowych ,mPAGE®
Lux Casting System for SDS-PAGE Gels” do techniki SDS-PAGE (czes¢ II) dla firmy Merck
Sp. z 0. 0. z obszaru Life Science | Katedra Biofizyki Medycznej, Uniwersytet Lodzki, £odz,
01-31.01.2023,

+ Przeprowadzenie testéw urzadzenia do elektroforezy i transferu biatek metodg Western Blot
dla firmy Merck Sp. z o. 0. z obszaru Life Science | Katedra Biofizyki Medycznej, Uniwersytet
Lodzki, £6dz, 01-14.08.2022,



+ Przeprowadzenie testéw urzadzenia do przygotowywania zeli poliakrylamidowych ,,mPAGE®
Lux Casting System for SDS-PAGE Gels” do techniki SDS-PAGE (cze$¢ I) dla firmy Merck
Sp. z 0. 0. z obszaru Life Science | Katedra Biofizyki Medycznej, Uniwersytet L.odzki, £6dzZ,
06-19.12.2021.

I POZOSTALY DOROBEK NAUKOWY

+ Czlonek Europejskiego Towarzystwa Onkologii Medycznej (ESMO) od 13.03.2024—-obecnie,
+ Czlonek Polskiego Towarzystwa Biochemicznego od 16.09.2021-obecnie,

+ Opieka nad czescig eksperymentalng pracy magisterskiej Pani Karoliny Gornej, studentki
kierunku Biologia na Wydziale Biologii i Ochrony Srodowiska Uniwersytetu £odzkiego w roku
akademickim 2021/2022. Tytul pracy magisterskiej: ,Uwrazliwienie komoérek raka jajnika
o wysokim stopniu ztosliwo$ci na olaparib z wykorzystaniem inhibitoréw szlaku ATR/CHK1”.
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STRESZCZENIE

»Wykorzystanie szlaku kinazy ATR/CHK1 w celu zwiekszenia efektywnosci terapii
olaparibem. Poréwnanie efektow terapeutycznych w modelu in vitro oraz in vivo
raka jajnika opornego na leczenie inhibitorem PARP”

N iskozréznicowany surowiczy rak jajnika (HGSOC, ang. high-grade serous ovarian cancer) to
najczestszy i najgorzej rokujgcy typ histologiczny raka jajnika, ktéry cechuje sie wysokg
heterogennoscig i w przypadku nawrotéw uwazany jest za chorobe przewleklg. Od pewnego czasu
w leczeniu HGSOC coraz wigkszg role odgrywaja leki ukierunkowane molekularnie. Olaparib, to
niskoczgsteczkowy inhibitor polimerazy poli(ADP)rybozy (PARPi, ang. poly(ADP)ribose polymerase
inhibitor) stosowany w raku jajnika zwykle w leczeniu podtrzymujgcym platynowrazliwego HGSOC,
ktéry zostal po raz pierwszy zarejestrowany w leczeniu raka jajnika w 2014 roku. Przeprowadzane
w kolejnych latach badania kliniczne umozliwily rozszerzenie wskazan do stosowania tego leku
w terapii HGSOC, uwzgledniajgc charakterystyke guzéw pacjentek, ktére mogg uzyskaé najwieksze
korzysci terapeutyczne. Mechanizm przeciwnowotworowego dzialania olaparibu w komoérkach
HGSOC opiera sie na wykorzystaniu zjawiska syntetycznej letalno$ci. W przypadku komoérek
nowotworowych z mutacjami w genach BRCAI1/2, zaburzajgcymi szlak naprawy DNA przez
rekombinacje homologiczng (HR, ang. homologous recombination), zahamowanie dodatkowo
alternatywnych szlakéw naprawy regulowanych przez PARP z uzyciem olaparibu prowadzi do
akumulacji uszkodzen DNA prowadzgcych w konsekwencji do $§mierci komérki. Jednak istotnym
problemem w terapii raka jajnika z uzyciem olaparibu jest nabywanie oporno$ci na ten lek, co
znaczgco ogranicza potencjal PARPi u pacjentek z HGSOC. Jak dotgd, poznano cze$¢ mechanizméw
odpowiedzialnych za rozw6j opornosSci na ten PARPi w raku jajnika. Aktualnie podejmowane sg
takze proby przelamywania oporno$ci na olaparib z zastosowaniem celowanych terapii
skojarzonych. Jedng z obecnie badanych strategii ponownego uwrazliwiania komérek HGSOC na
olaparib jest inhibicja szlaku ATR/CHK1, ktéry odpowiedzialny jest za regulacje odpowiedzi na
uszkodzenia DNA oraz przebiegu cyklu komoérkowego. Dalsze badania nad nabywaniem
i przetamywaniem opornosci na olaparib, uwzgledniajgce ré6znorodnos¢ komérek HGSOC, moga
przyczynic sie do lepszego zrozumienia tych zjawisk, a w efekcie poprawe skuteczno$ci terapii raka
jajnika przedtuzajgcej czas zycia pacjentek.

Uwzgledniajgc powyzsze przestanki, celem niniejszej rozprawy doktorskiej byla ocena
przeciwnowotworowego dziatania oraz potencjatu terapeutycznego polgczenia olaparibu
z inhibitorem kinazy ATR (ATRi) lub kinazy CHK1 (CHK1i) odpowiednio w modelu in vitro oraz
in vivo HGSOC z mutacjami w genach BRCA1 i/lub BRCA2 (BRCA1/2M"T) oraz nabytg opornoscig na
olaparib. Jednoczes$nie poréwnano skuteczno$¢ badanych kombinacji olaparibu ze skutecznoscig
kazdego z inhibitorow osobno w hamowaniu wzrostu i przezycia opornych komoérek HGSOC.
Ponadto, celem pracy bylo poznanie mechanizmoéw zwigzanych z nabywaniem opornosci na
olaparib oraz jej przetamywaniem poprzez inhibicje szlaku ATR/CHK1.

W pierwszej czesci badan in vitro wyprowadzono linie komoérkowg raka jajnika PEO1-OR oporng na
olaparib z macierzystej linii wrazliwej PEO1 oraz zbadano molekularne mechanizmy
odpowiedzialne za nabywanie fenotypu opornego. Jednym ze zidentyfikowanych w warunkach
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in vitro mechanizméw opornosci byla selekcja klonalna w kierunku komérek posiadajgcych rewersje
mutacji w genie BRCA2 przywracajgca prawidlowa ramke odczytu. Nastepnie wytypowano stezenia
inhibitoréw wykazujagcych w kombinacji synergistycznie dzialanie przeciwnowotworowe
w komorkach linii wrazliwych (PEO1 i PEO4) przy jednoczesnym niewielkim wptywie na przezycie
komorek linii niewrazliwej (PEO1-OR) w celu poréwnania na poziomie molekularnym odpowiedzi
komoérek HGSOC zalezne od wrazliwo$ci na PARPi. W zwigzku z tym zbadano miedzy innymi
ekspresje polimerazy PARP1 i glikohydrolazy PARG, kinazy ATR i CHK1 oraz ich fosforylacje, a takze
biatek zaangazowanych w szlaki naprawy DNA (BRCA1, BRCA2, RAD51, 53BP1, yH2AX). Ponadto
oceniono role glikoproteiny P w odpowiedzi na badane inhibitory oraz zbadano przebieg cyklu
komoérkowego i poziom uszkodzenn DNA indukowanych przez badane zwigzki.

Kolejny etap badan in vitro obejmowato poréwnanie przeciwnowotworowego dziatania inhibitoréw
stosowanych osobno, jak i w kombinacji w wyzszych stezeniach wykazujgcych synergistyczne
dzialanie przeciwnowotworowe w komoérkach PEO1-OR. Co wazne, potwierdzono, ze inhibicja
szlaku ATR/CHK1 umozliwia przetamanie opornosci na olaparib w warunkach in vitro. Dodatkowo,
zbadano odpowiedZ uwrazliwionych komérek PEO1-OR na badane kombinacje, w tym oceniono
udziatl apoptozy, aktywno$¢ kaspaz-3/7 oraz ekspresje panelu 27 bialek zaangazowanych w szlak
naprawy DNA.

W nastepnej czesci badan in vitro skupiono sie na roli czgsteczek mikroRNA (miRNA) w nabywaniu
i przetamywaniu oporno$ci na olaparib. W tym celu przeprowadzono profilowanie ekspresji miRNA
we wszystkich trzech liniach komérkowych HGSOC. Nastepnie wykonano analizy bioinformatyczne
umozliwiajgce zidentyfikowanie genéw docelowych dla miRNA o zmienionej ekspresji oraz
proceséw komoérkowych i szlakéw sygnatowych zwigzanych z wytypowanymi genami. Na koniec
oceniono zwigzek pomiedzy miRNA o zmienionej ekspresji w linii PEO1-OR oraz ich genami
docelowymi a przezyciem pacjentek z surowiczym rakiem jajnika na podstawie danych klinicznych
Z repozytorium.

Ostatni etap badari obejmowal ocene potencjalu terapeutycznego kombinacji olaparibu
z inhibitorami szlaku ATR/CHK1 w warunkach in vivo w mysim modelu opornego na olaparib
heteroprzeszczepu guza pochodzgcego od pacjentki z HGSOC. Co wazne, potwierdzono, ze dodanie
do olaparibu ATRi lub CHK1i prowadzi do synergistycznego zahamowania wzrostu guzéw opornych
na olaparib. Dodatkowo, scharakteryzowano zmiany zachodzgce podczas nabywania opornosci na
olaparib oraz odpowiedZ uwrazliwionych guzéw na badane kombinacje, w tym przeprowadzono
analizy histopatologiczne oraz badania molekularne.

Podsumowujgc, zrealizowane w ramach niniejszej rozprawy badania potwierdzity, ze dodanie ATRi
lub CHK1i do olaparibu przelamuje oporno$¢ na PARPi w komoérkach raka jajnika z nabytg
oporno$cig na olaparib. Synergistyczne przeciwnowotworowe dziatanie kombinacji olaparibu
z inhibitorami szlaku ATR/CHK1 stwierdzono zaréwno w modelu in vitro opartym o ludzkg linie
komoérkowg HGSOC, jak i w mysim modelu in vivo opartym o heteroprzeszczep guza pozyskanego
od pacjentki z HGSOC. Uzyskane wyniki wskazujg na duzy potencjat celowanej terapii skojarzonej
laczacej olaparib z inhibitorami szlaku ATR/CHK1 u opornych na olaparib pacjentek z rakiem jajnika
bedgcych nosicielkami mutacji w genach BRCA1/2.
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ABSTRACT

»Targeting the ATR/CHK1 pathway to increase the efficacy of olaparib therapy.
A comparison of therapeutic effects in ovarian cancer models
resistant to PARP inhibitors in vitro and in vivo”

H igh-grade serous ovarian cancer (HGSOC) is the most common and lethal histotype of ovarian
cancer, characterized by tumor heterogeneity and regarded as a chronic condition upon
recurrence. Recently, targeted therapy drugs have gained increasing relevance in HGSOC treatment.
Olaparib, a small-molecule poly(ADP)ribose polymerase inhibitor (PARPi), received its initial
approval for ovarian cancer therapy in 2014. Currently, olaparib is primarily recommended for use
in HGSOC as maintenance therapy for platinum-sensitive patients. Clinical trials assessing
olaparib’s efficacy in various HGSOC cohorts have allowed for the expansion of its indications based
on the characteristics of patients’ tumors, which help predict drug efficacy. Olaparib’s antitumor
mechanism of action relies on the concept of synthetic lethality. In the context of BRCA1/2-mutated
tumors with homologous recombination deficiency, this concept refers to a phenomenon where
simultaneous inhibition of alternative DNA repair pathways controlled by PARP1 with olaparib
leads to the accumulation of DNA damage and cell death. Unfortunately, acquired resistance to
olaparib poses a significant challenge in the treatment of ovarian cancer, limiting its effectiveness
in HGSOC patients. To date, several mechanisms of resistance to PARPi have been elucidated in
ovarian cancer. Nowadays, combination targeted therapies constitute a promising approach to
overcoming olaparib resistance. Current studies investigate the potential of inhibiting the
ATR/CHK1 pathway, regulating DNA damage response and cell cycle, to resensitize HGSOC to
olaparib. Future studies linking HGSOC heterogeneity with acquiring and overcoming resistance to
olaparib can enhance our understating of these processes, leading to the development of therapies
with enhanced efficacy in ovarian cancer.

In view of the above, the presented doctoral dissertation aimed to assess the antitumor activity and
therapeutic potential of combining olaparib with the ATR kinase inhibitor (ATRi) and CHK1 kinase
inhibitor (CHK1i) in both in vitro and in vivo models of olaparib-resistant BRCA1/2M"T HGSOC,
respectively. Additionally, the activity of each single-agent inhibitor was compared with their
combinations regarding tumor growth inhibition and survival. Furthermore, the conducted studies
sought to elucidate the mechanisms associated with both conferring and overcoming resistance to
olaparib through the ATR/CHK1 pathway inhibition.

In the first part of in vitro studies, the olaparib-resistant ovarian cancer PEO1-OR cell line was
developed from the parental olaparib-sensitive PEO1 cell line. Molecular mechanisms underlying
the resistant phenotype were established, which included the subclonal enrichment of the BRCA2
secondary mutation restoring the protein’s open reading frame. Subsequent investigations enabled
me to identify concentrations of combined inhibitors that exerted synergistic antitumor activity in
olaparib-sensitive cell lines (PEO1 and PEO4), while minimally affecting the survival of the
olaparib-resistant cell line (PEO1-OR). Using these selected doses, HGSOC cell responses were
compared across cell lines with varying sensitivities to olaparib. This comparison encompassed the
PARP1 polymerase and PARG glycohydrolase expression, ATR and CHK1 kinases expression and
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phosphorylation as well as levels of DNA damage repair-related proteins (BRCA1, BRCA2, RADS5I1,
53BP1, yH2AX). Moreover, we investigated the role of glycoprotein P (MDR1), changes in cell cycle
progression, and DNA damage in the context of the HGSOC responses to tested inhibitors.

In the subsequent phase of in vitro studies, the antitumor activity of each single-agent inhibitor was
compared with their combinations at higher concentrations, which demonstrated synergistic
activity in PEO1-OR cells. Importantly, overcoming resistance to olaparib through targeted
inhibition of the ATR/CHK1 pathway was confirmed. Furthermore, the response of PEO1-OR cells
resensitized to olaparib with the ATR/CHK1 pathway inhibitors was characterized. This
characterization included the role of apoptosis, caspase-3/7 activity, and the expression of 27
proteins involved in DNA damage response.

The subsequent part of in vitro studies was dedicated to investigating the role of microRNA (miRNA)
in both acquiring and overcoming resistance to olaparib. To begin, miRNA profiles were established
in all three HGSOC cell lines. Subsequently, bioinformatic analyses were conducted to identify
genes targeted by differentially-expressed miRNAs and to unveil enriched biological processes and
signaling pathways linked to these genes. Lastly, the association between miRNAs that were
differentially-expressed in the PEO1-OR cell line, along with their target genes, and survival
outcomes of HGSOC patients based on available clinical data.

The final part of the studies was focused on assessing the therapeutic potential of combining
olaparib with the ATR/CHK1 pathway inhibitors in vivo, utilizing the olaparib-resistant mouse
xenograft model of HGSOC derived from a patient’s tumor. Notably, the addition of ATRi or CHK1i
to olaparib resulted in synergistic growth inhibition of tumors with acquired resistance to olaparib.
Moreover, changes associated with acquiring and overcoming resistance to olaparib were
characterized through histopathological and molecular analyses of the resensitized tumors.

In summary, conducted studies confirmed that adding ATRi or CHK1 to olaparib effectively
overcomes resistance to tested PARPi in HGSOC cells that had acquired resistance to olaparib.
Synergistic antitumor activity of olaparib combined with the ATR/CHK1 pathway inhibitors was
documented in both in vitro the HGSOC cell line model and in vivo in the HGSOC patients-derived
xenograft model. These findings highlight the potential of a targeted therapy combining olaparib
with the ATR/CHK1 pathway inhibitors for ovarian cancer patients harboring BRCA1/2 mutations.
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ak jajnika (OC, ang. ovarian cancer) wcigz pozostaje jednym z najwiekszych wyzwan pod

wzgledem diagnostycznym i terapeutycznym wspotczesnej onkologii klinicznej, ze wzgledu na
wysokg heterogenno$¢ nowotworéw wywodzacych sie z jajnika [1]. W 2020 roku, na catym $wiecie,
zdiagnozowano raka jajnika u ponad 310 000 kobiet, a blisko 210 000 pacjentek umarto z jego
powodu [2]. Szacuje sie, ze w 2024 roku rak jajnika bedzie przyczyng $§mierci 12 700 oséb w Stanach
Zjednoczonych [3]. Jak dotad, nie opracowano wiarygodnej metody diagnostycznej pozwalajgcej
wykry¢ te chorobe we wczesnych etapach, co przyczynia sie do stosunkowo wysokiej §miertelnosci
pacjentek z rakiem jajnika [4].

I CHARAKTERYSTYKA RAKA JAJNIKA

Rak jajnika to zréznicowana jednostka chorobowa, ktéra klasyfikowana jest ze wzgledu na typ
histologiczny. Najpowszechniejszym typem rak jajnika jest nabtonkowy rak jajnika (EOC, ang.
epithelial ovarian cancer), ktéry stanowi okoto 90% wszystkich przypadkéw [5]. Zgodnie z ostatnig
klasyfikacja WHO z 2020 roku EOC dzieli sie na pie¢ typow histologicznych, ktére réznig sie
patogenezg, morfologig i charakterystykga molekularng, przez co uwazane sg za oddzielne jednostki
chorobowe i poddawane sg réznym sposobom leczenia [6]. NajczeSciej wystepujacym typem
histologicznym EOC jest niskozréznicowany surowiczy rak jajnika (HGSOC, ang. high-grade serous
ovarian cancer) charakteryzujacy sie niestabilnoscig genetyczng, znaczgcym odsetkiem mutacji
w genie TP53 (95% przypadkéw) oraz wysokg $§miertelnoscig ze wzgledu na sktonno$¢ do nawrotéw
po leczeniu [7]. Niestety, w wiekszo$ci przypadkéw rak jajnika wykrywany jest w péznym stadium
zaawansowania choroby, tzn. w III i IV stopniu zgodnie z klasyfikacjg FIGO, ze wzgledu na
bezobjawowy przebieg choroby w poczgtkowych stadiach jej rozwoju, co utrudnia skuteczne
leczenie [4, 8].

W raku jajnika zmiany na poziomie gendéw sg waznym czynnikiem bezposrednio zwigzanym
z ryzykiem rozwoju tej choroby nowotworowej. Jednym z najczesciej wykonywanych badan
genetycznych sg badania w kierunku mutacji genéw supresji nowotworowej BRCA1/2 (ang. breast
cancer susceptibility 1 and 2), ktére zaangazowane sg w naprawe DNA. Mutacje w genach BRCA1/2
sg waznymi czynnikami prognostycznymi i predykcyjnymi w raku jajnika, na podstawie ktérych
mozna czesciowo przewidzie¢ przebieg choroby oraz skuteczno$¢ podjetego leczenia [9].
Potencjalnie patogenne mutacje somatyczne i germinalne w genach BRCA1/2 sg identyfikowane
u okoto 17-25% pacjentek z EOC [10, 11]. Geny BRCA 1/2 kodujg biatka bezposrednio zaangazowane
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w naprawe uszkodzenn DNA poprzez rekombinacje homologiczng (HRR, ang. homologous
recombination repair), przez co mutacje w tych genach mogg doprowadza¢ do zaburzen w naprawie
DNA [12]. Nosicielki mutacji BRCA1/2 zwykle lepiej odpowiadaja na leczenie zwigzkami
indukujgcymi uszkodzenia DNA [9]. Dane z repozytorium programu genomu raka The Cancer
Genome Atlas (TCGA) pokazujg, ze okoto 50% pacjentek z HGSOC posiada mutacje w genach
zwigzanych ze szlakami HRR [13]. Badania genetyczne na grupie prawie 500 pacjentek z HGSOC
potwierdzily, ze az 52% z nich zostala diagnozowana ze statusem niedoboru rekombinacji
homologicznej (HRD, ang. homologous recombination deficiency) [14].

I ROLA SZLAKU ODPOWIEDZI NA USZKODZENIA DNA W RAKU JAJNIKA

Kazdego dnia w komdrce indukowane sg dziesigtki tysiecy spontanicznych uszkodzen DNA, ktére
naprawiane sg przez systemy wewngtrzkomoérkowe zwigzane ze szlakami odpowiedzi na
uszkodzenia DNA (DDR, ang. DNA damage response) utrzymujgce stabilnos¢ genomowg. Podwdéjne
pekniecia DNA (DSB, ang. double-strand break) nalezg do jednych z najbardziej genotoksycznych
typéw uszkodzen [15]. Powstajg one w wyniku dziatania czynnikéw endogennych m. in. poprzez
zatrzymanie widelek replikacyjnych w czasie syntezy DNA i nieefektywng naprawe pekniec
pojedynczej nici DNA przez polimerazy poli(ADP-rybozy (PARP, ang. poly(ADP-ribose) polymerase),
oraz czynniki egzogenne tj. promieniowanie jonizujgce i chemioterapeutyki [15].

Biatka z rodziny PARP sygnalizujg wykrycie zaréwno pojedynczych, jak i podwdjnych uszkodzen
DNA oraz biorg udziat w ich naprawie. Gléwnym przedstawicielem tej grupy biatek jest polimeraza
PARP1. Aktywowany PARP1 katalizuje przytgczanie pojedynczych czgsteczek lub polimeréw ADP-
rybozy (PAR, ang. poly(ADP-ribose)) do wlasnej czgsteczki polimerazy oraz do innych biatek
akceptorowych. Proces ten, zwany PARylacjg, jest jednym z rodzajow potranslacyjnej modyfikacji
biatek i ma na celu przekazanie informacji o detekcji uszkodzert DNA w komorce [16].

Do dwoch gltéwnych szlakéw naprawy DSB zaliczy¢ mozna HRR oraz naprawe poprzez tgczenie
niehomologicznych konicow (NHE], ang. non-homologous end joining). Mechanizm naprawy oparty
o HRR, ktory zachodzi gtéwnie w fazie S i G2 cyklu komoérkowego, uwazany jest za praktycznie
bezbledny w zwigzku z wykorzystywaniem homologicznych sekwencji DNA stuzgcych jako matryce
do naprawy. W proces ten zaangazowana jest cata grupa biatek odpowiedzialnych za rozpoznanie
uszkodzen i ich dalszg naprawe, w tym kompleks MRN (MRE11-RAD50-NBS1), histon H2AX,
BRCA1, BRCA2, RAD51 oraz PALB2 [17]. W odrdznieniu od HRR, NHE] zachodzi¢ moze we
wszystkich fazach cyklu komérkowego, ale charakteryzuje sie mniejszg wiernos$cig naprawy pod
wzgledem zachowania prawidtowej informacji genetycznej [18]. Zaburzenia w dziataniu jednego
z biatek szlakéw naprawy, w tym BRCA1 czy BRCA2, moze wigzac sie z ograniczong wydajnoscig
dziatania HRR, co od pewnego czasu wykorzystywane jest w terapii HGSOC opartej o inhibicje PARP.
Szacuje sie, ze w okoto 50% przypadkéw HGSOC system HRR jest niefunkcjonalny, co stanowi
podstawe dziatania dla ukierunkowanych molekularnie zwigzkéw przeciwnowotworowych w tym
typie raka jajnika [18].
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I LECZENIE NISKOZROZNICOWANEGO RAKA JAJNIKA - INHIBITORY
PARP

Standardowe leczenie nowo zdiagnozowanego HGSOC opiera sie na terapii skojarzonej, tgczgcej
operacje cytoredukcyjng z pooperacyjng chemioterapig opartg na zwigzkach platyny. Zabieg
chirurgiczny poza usunieciem jak najwiekszej ilosci tkanki nowotworowej pozwala na
zdiagnozowanie histologicznego typu raka jajnika oraz stopnia zaawansowania choroby [19].
Dlugotrwata skuteczno$¢ terapeutyczna chemioterapii jest jednak w wielu przypadkach
ograniczona ze wzgledu na czesty nawrét choroby (70-80% przypadkow) w przeciaggu trzech lat oraz
narastajgcg chemiooporno$é¢ [3, 4]. W przypadku nawrotowego HGSOC, dalsze leczenie
podyktowane jest przede wszystkim odpowiedzig na chemioterapie opartg na zwigzkach platyny
w poprzednich liniach leczenia oraz obecno$cig mutacji w genach BRCA1/2 [4]. W zalezno$ci od
skuteczno$ci leczenia pochodnymi platyny w pierwszej linii, pacjentki sg klasyfikowane jako
platynowrazliwe lub platynooporne. Zgodnie z wytycznymi ESMO z 2023 roku, pacjentki
z nawrotowym platynowrazliwym rakiem jajnika mogg zosta¢ poddane leczeniu chemio-
terapeutykami w kolejnych liniach w skojarzeniu z bewacyzumabem lub w potgczeniu z terapig
podtrzymujgcg inhibitorami PARP (PARPi) [4]. W przypadku nawrotowego platynoopornego raka
jajnika, rekomendowane jest przede wszystkim wilgczenie leczenia paliatywnego, w tym terapii
opartej o inne chemioterapeutyki tj. paklitaksel, topotekan, czy gemcytabina w skojarzeniu
z bewacyzumabem lub udzial w badaniach klinicznych z uzyciem nowych terapii celowanych [4].
Jednak ograniczona skuteczno$¢ stosowanej obecnie chemioterapii oraz jej stosunkowo wysoka
toksyczno$¢ ogdlnoustrojowa wskazujg, ze tradycyjne metody leczenia raka jajnika nie przyczynig
sie do dalszego zwigekszenia korzysci terapeutycznych. Rak jajnika obecnie stal sie chorobg
przewlekla, gdzie okresy choroby przeplatajg sie z okresami wolnymi od progresji, nawet
w przypadku stosowania PARPi. Ostatnie dane pokazujg, Ze piecioletni wskaznik przezycia
pacjentek z rakiem jajnika w latach 1975-2019 wzrést umiarkowanie z 36% do 51% [3]. Stad,
kluczowe jest opracowywanie nowych schematéow leczenia wykorzystujgcych czgsteczki
ukierunkowane na okreSlone cele molekularne dobierane na podstawie indywidulanej
charakterystyki molekularnej i genetycznej pacjentki.

Wprowadzenie w ostatnich latach nowoczesnych terapii celowanych opartych o niskoczgsteczkowe
inhibitory pozwolito poprawi¢ wyniki leczenia HGSOC. Jednymi z najistotniejszych lekéw nowej
generacji hamujgcych szlaki DDR sg PARPi, ktére zwiekszylty efektywnos¢ terapii i wprowadzity
nowe perspektywy dla leczenia tego typu raka jajnika wykorzystujgc koncepcje syntetycznej
letalnosci [15]. Jest to zjawisko indukowania $mierci komoérki nowotworowej w wyniku
zahamowania funkcjonalnosci dwéch genéw lub ich produktéw biatkowych. Jednoczesnie, jeden
z gendw lub kodowanych przez niego biatek, musi byc¢ kluczowy dla przezycia komorki, a zaburzenie
jego funkcji prowadzi¢ do postugiwania sie funkcjg drugiego genu lub biatka w alternatywnym
szlaku [20].

Jak wspomniano wcze$niej, w komoérkach raka jajnika biatka PARP odrywajg kluczowg role
w procesach naprawy pojedynczych i podwéjnych peknie¢ nici DNA [15]. Inhibitory PARP dzialajg
na komorki nowotworowe poprzez dwa gtéwne mechanizmy. Zahamowanie PARP po pierwsze
ogranicza aktywno$¢ enzymatyczng polimerazy i blokuje rekrutacje biatlek naprawczych
podlegajacych PARylacji w szlakach DDR. Po drugie, inhibicja PARP blokuje interakcje czgsteczek
tego enzymu z miejscami uszkodzenia DNA, co ogranicza zdolno$¢ systemdéw naprawczych DNA
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i prowadzi do akumulacji uszkodzen [21]. W przypadku stosowania PARPi, utrata funkcji BRCA1/2
lub innych genéw zaangazowanych w naprawe HRR, z jednoczesng inhibicja PARP1, moze
doprowadzi¢ do $mierci komodrek raka jajnika na drodze syntetycznej letalnosci poprzez
zahamowanie alternatywnego szlaku naprawy DNA [16].

Jak dotad, trzy PARPi uzyskaly rejestracje Europejskiej Agencji Lekow (EMA, ang. European
Medicines Agency) i Agencji ds. Zywnosci i Lekéw (FDA, ang. Food and Drug Administration) do
stosowania w leczeniu raka jajnika. Do tej grupy lekow nalezg olaparib, niraparib i rucaparib [16].
Skuteczno$¢ olaparibu w terapii raka jajnika zaobserwowano po raz pierwszy u pacjentek z mutacjg
BRCA1/2 [22]. Jednak dalsze badania, pokazaly, ze nie wszystkie pacjentki bedgce nosicielkami
mutacji w BRCAI/2 odpowiadajg na leczenie olaparibem, a z drugiej strony czesS¢ pacjentek
z prawidlowymi wersjami tych genéw wykazujg wrazliwo$¢ na PARPi. Obserwacje te byty podstawg
do zidentyfikowania doktadniejszego czynnika predykcyjnego wskazujgcego na potencjalne
korzysci terapeutyczne ze stosowania olaparibu. Jak sie okazato, identyfikacja statusu HRD poprzez
profilowanie molekularne guzéw moze dokladniej odzwierciedla¢ skutecznos¢ terapii olaparibem
w wiekszej grupie pacjentow [15]. Przyktadem testu do oceny potencjalnych korzysci ze stosowania
olaparibu jest zatwierdzony przez FDA test MyChoice® CDx oceniajgcy status HDR [14].

Randomizowane badanie kliniczne III fazy SOLO2, oceniajgce leczenie podtrzymujgce olaparibem
pacjentek z nawrotowym rakiem jajnika z mutacjg BRCA1/2 wrazliwym na chemioterapie, wykazato,
ze catkowity czas przezycia pacjentek wydtuzyt sie o ponad rok (12,9 miesigca) w poréwnaniu
z grupg placebo [23]. Ostatnie wyniki kolejnego badanie klinicznego III fazy SOLO3 z 2022 roku,
pokazaly, ze monoterapia olaparibem istotnie wydtuza czas przezycia wolnego od progresji choroby
u platynowrazliwych pacjentek z mutacjami BRCAI/2 w poréwnaniu z chemioterapig. Kolejne
badania kliniczne umozliwity w nastepnych latach poszerzenie wskazan do stosowania PARPi,
rowniez jako monoterapii pierwszej linii, u pacjentek z HGSOC [21].

Od kilku lat w Polsce PARPi sg refundowane do stosowania w praktyce klinicznej. Pierwszym z nich
byt olaparib, ktéry znalazt sie na lisScie refundacyjnej w 2016 roku w ramach leczenia
podtrzymujgcego, jednak dla ograniczonej grupy pacjentek z zaawansowanym rakiem jajnika.
Dodatkowym przelomem w terapii raka jajnika w Polsce bylo zapewnienie szerokiego dostepu do
zastosowania niraparibu w leczeniu podtrzymujgcym HGSOC od 1 stycznia 2022 r., bez wzgledu na
obecno$¢ mutacji w genach BRCA1/2 oraz status HRD. Zgodnie z ostatnim obwieszczeniem Ministra
Zdrowia z 1 kwietnia 2024 roku, refundowany przez NFZ program lekowy B.50 pozwala obecnie na
leczenie podtrzymujgce w pierwszej linii nowo zdiagnozowanego HGSOC z zastosowaniem:

- olaparibu w przypadku obecnosci mutacji w genach BRCA1/2,

- niraparibu niezaleznie od obecnosSci mutacji w genach BRCA1/2 oraz statusu HRD,

- olaparibu w skojarzeniu z bewacyzumabem w przypadku obecno$ci mutacji w genach
BRCA1/2 lub potwierdzonym HRD.

Ponadto, terapia podtrzymujgca nawrotowego HGSOC w drugiej linii obejmuje wykorzystanie
olaparibu u pacjentek ze zdiagnozowang mutacjg w BRCA1/2 lub bez mutacji BRCA1/2, gdy
zakonczono co najmniej dwie linie chemioterapii i nie stwierdzono nawrotu choroby w przeciggu co
najmniej 6 miesiecy. Jednak w kazdym z wyzej wymienionych wskazan, czas leczenia
podtrzymujgcego trwa do 36 miesiecy u pacjentek z nowo zdiagnozowanym rakiem jajnika lub do
czasu wystgpienia progresji choroby czy znaczgcej toksycznosci.
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I PRZYCZYNY ROZWOJU OPORNOSCI NA OLAPARIB

Pomimo ogromnego sukcesu klinicznego PARPi, opornos¢ na olaparib pozostaje gtéwng przyczyng
ograniczajgcg skuteczno$¢ leczenia HGSOC. Cze$¢ pacjentek nie odpowiada zupelnie na leczenie
PARPi, co zwigzane jest z opornoscig wrodzong na te niskoczasteczkowe leki. Do drugiej grupy
ograniczen nalezy oporno$¢ nabyta, czyli stopniowe zmniejszanie sie wrazliwosci komoérek raka
jajnika w trakcie leczenia. Obecna wiedza wskazuje, ze nabyta opornos¢ na olaparib jest zwigzana
z wieloma réznymi czynnikami molekularnymi i komérkowymi [5]. Badania nad mechanizmami
oporno$ci na olaparib pozwalajg zrozumie¢ przyczyny niepowodzenia tego typu leczenia oraz
wskazac potencjalne sposoby na jej przetamanie. Kluczowg role w poznawaniu przyczyn nabywania
opornos$ci na olaparib sg zarowno modele in vitro oparte o linie komérkowe, jak i modele in vivo
bazujgce na materiale pochodzgcym od pacjentek. Procesy zwigzane z nabywaniem opornosci
w raku jajnika poznane w ostatnich latach zostaty szczegdétowo opisane w publikacji przeglagdowe;j
bedgcej podstawg teoretyczng powyzszej rozprawy doktorskiej [24].

Jedng z najlepiej poznanych przyczyn nabywania opornosci na olaparib jest przywracanie
funkcjonalnosci szlaku HRR, gléwnie poprzez rewersje mutacji w genach BRCAI1/2, ktéra
uniemozliwia wykorzystanie koncepcji syntetycznej letalnosci bedgcej podstawg dziatania PARPi.
Inne mechanizmy mogg réwniez wigzac sie z przywroceniem dziatania $ciezki HRR i zmniejszeniem
wrazliwosci na olaparib, w tym: demetylacja promotora BRCAI, mutacje hipomorficzne BRCAI,
promowanie formowania sie skupisk RAD51 w miejscu uszkodzenia DNA, nadekspresja genéw
zaangazowanych w HRR, czy reaktywacja szlaku HRR poprzez inaktywacje biatek 53BP1 przy braku
BRCA1 [24]. Ponadto, nabywanie opornosci na olaparib w komérkach raka jajnika [24] powigzano
miedzy innymi z procesami tj.:

- przywrdcenia stabilnosci widetek replikacyjnych poprzez inhibicje MRE11,

- ograniczenie zatrzymywania widelek replikacyjnych przez PARP1 w wyniku utraty lub
mutacji PARPI,

- przywrdcenie procesu PARylacji poprzez utrate glikohydrolazy PARG,

- zwiekszenie czynnego usuwania lekéw z komérki poprzez nadekspresje glikoproteiny P,
zwanej réwniez MDR1 (ang. multi drug resistance 1)

Warto zauwazy¢, ze w HGSOC opornos¢ na olaparib czesto koreluje ze zmniejszong wrazliwoscig na
cisplatyne, gdyz cze$¢ z mechanizmdédw nabywania opornosci na te dwie grupy lekow jest wspélna
[25]. Wyniki badan klinicznych pokazaty, Ze znaczny odsetek pacjentek z HGSOC nie odpowiada na
leczenie olaparibem w przypadku braku ich wrazliwos$ci na pochodne platyny [16, 23]. U pacjentek
z tym typem raka jajnika, wrazliwo$¢ na cisplatyne jest jednym z czynnikéw predykcyjnych, ktory
wykorzystywany jest do przewidywania odpowiedzi na PARPi.

| PRZELAMYWANIE OPORNOSCI NA OLAPARIB A SZLAK ATR/CHK1

Dotychczasowe badania dotyczgce zastosowania PARPi w raku jajnika skupiajg sie gtéwnie na
monoterapii. Od czasu zaobserwowania zwiekszajgcej sie ilosci przypadkéw nabywania opornosci,
naukowcy zainteresowali sie podjeciem préb zwiekszania przeciwnowotworowego dziatania
olaparibu poprzez jego lgczenie z inhibitorami ukierunkowanymi na odmienne cele molekularne,
ktore mogg dziata¢ synergistycznie [24].
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Szlaki DDR ze wzgledu na swojg kluczowa role i czeste zaburzenia dzialania w raku jajnika staty sie
obiektem wielu badan nad opracowywaniem nowych metod leczenie tego typu nowotworu, takze
w kontekscie przelamywania opornos$ci na olaparib [17]. Od kilku lat szczeg6lne zainteresowanie
wzbudza miedzy innymi inhibicja szlaku ATR/CHK1 w terapii raka jajnika. Kinaza ATR (ang. ataxia
telangiectasia and Rad3 related) jest jednym z przekaznikow sygnatu informujgcym o rozpoznaniu
uszkodzen DNA. Zostaje ona aktywowana w przypadku powstania miedzy innymi pojedynczych
i podwdjnych peknie¢ nici DNA. Aktywowana kinaza ATR fosforyluje wiele biatek mediatorowych,
w tym CHK1 (ang. checkpoint kinase 1), BRCA1, NBS1 oraz p53 [26]. Dalsza aktywacja kinazy CHK1
prowadzi do fosforylacji biatek regulujgcych punkty kontrolne cyklu komérkowego [5]. Istotnie,
Sciezka sygnatowa ATR/CHK1 jest odpowiedzialna zaréwno za regulacje proceséw naprawy
uszkodzenn DNA, stabilno$¢ oraz dynamike widelek replikacyjnych, jak i kontrolowanie cyklu
komorkowego i decyduje o przezyciu lub $§mierci komoérek raka jajnika (Rys. 1) [27].

Pojedyncze pekniecia Podwdajne pekniegcia Legenda:
nici DNA (SSB) nici DNA (DSB) .
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Rysunek 1. Rola szlaku ATR/CHK1 w kontrolowaniu odpowiedzi na uszkodzenia DNA oraz cyklu
komoérkowego w obecnosci olaparibu. Na schemacie przedstawiono potencjat wykorzystania inhibicji
kinazy ATR i CHK1 w celu zwiekszania cytotoksycznego dzialania olaparibu w komoérkach raka jajnika.
W obecnosci olaparibu, indukujgcego akumulacje podwoéjnych uszkodzen nici DNA (DSB), kinaza ATR
fosforyluje m. in. histon H2AX i BRCA1 (promujac naprawe poprzez HRR), oraz kinaze CHK1. Ta ostatnia
w wyniku aktywacji fosforyluje m. in. RAD51 (umozliwiajgc rekrutacje komplekséw RAD51-BRCA2 w miejsca
uszkodzenia DNA) oraz biatka bezposrednio regulujgce cykl komoérkowy. Farmakologiczne zahamowanie
procesow regulowanych przez szlak ATR/CHK1 moze ponownie zaindukowac cytotoksycznos¢ olaparibu na
drodze syntetycznej letalnosci.

Stad, szlak ATR/CHKI1 stal sie obiecujgcym celem molekularnym w terapii raka jajnika, gdyz jego
inhibicja moze zwiekszy¢ efektywno$¢ olaparibu lub przywréci¢ jego przeciwnowotworowe
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dziatanie w komdrkach nowotworowych, ktére wyksztalcity oporno$¢ na ten lek [28]. Badania
przeprowadzone na liniach komoérkowych oraz pierwotnych komérkach raka jajnika pokazaty, ze
inhibitor ATR, zwany VE-821, uwrazliwia komérki z mutacjg BRCAI na olaparib [29]. Zahamowanie
kinazy ATR zwiekszylto réwniez przeciwnowotworowe dzialanie olaparibu w komérkach opornych
raka jajnika z mutacjg BRCA2 w warunkach in vitro, jak i in vivo [30]. Badania nad inhibitorami kinazy
CHK1 potwierdzity, ze prexasertib, inhibitor CHK1, zwieksza aktywno$¢ przeciwnowotworowg
olaparibu w komorkach raka jajnika bez mutacji BRCA 1/2 w warunkach in vitro [31]. Wyniki innych
eksperymentoéw zademonstrowaty, ze zastosowanie innego inhibitora kinazy CHKI1, zwanego
MK-8776, przywraca komérkom raka jajnika z mutacjg BRCA1 wrazliwo$¢ na olaparib [32].

Jak dotgd, niektére badania kliniczne dotyczgce zastosowania inhibitoréw szlaku ATR/CHK1
w zwiekszaniu efektywno$ci przeciwnowotworowego dzialania olaparibu okazaty sie obiecujgce.
Pierwsze wyniki badania klinicznego II fazy CAPRI, przeprowadzone na pacjentkach z nawrotowym
platynoopornym HGSOC, pokazaty, ze kombinacja olaparibu z inhibitorem ATRi (ceralasertib) nie
przyniosta obiektywnej odpowiedzi w catej grupie pacjentek, ale cze$¢ z nich uzyskata korzysSci
terapeutyczne w postaci zahamowania progresji choroby [33]. Dalsze analizy pokazaly, ze
ceralasertib uwrazliwia na olaparib pacjentki z nawrotowym platynowrazliwym HGSOC i statusem
HRD (gléwnie zwigzanym z mutacjami BRCA1/2) [34]. Zastosowanie inhibitora kinazy CHK1
w warunkach klinicznych réwniez moze przyczyni¢ sie do zwiekszenia efektywnosci olaparibu.
Badanie kliniczne II fazy, w ktérym udziat wziety pacjentki z nawrotowym HGSOC, pokazato, ze w
grupie leczonej jednocze$nie prexasertibem i olaparibem osiggnieto czeSciowg odpowiedZ na
terapie [35]. CzeSciowag aktywno$¢ kliniczng tej terapii taczonej stwierdzono takze u pacjentek
z mutacjami BRCA1/2 uprzednio leczonymi PARPi [36]. Pomimo korzystnych doniesien dotyczgcych
przetamywania opornosci na olaparib, jak dotagd nie opracowano schematu terapeutycznego
opartego na terapii skojarzonej, ktoéra bylaby wprowadzona do praktyki klinicznej. Zaréwno
w przypadku inhibitoréw kinazy ATR, jak i CHK1, niezbedne sg dalsze badania, w tym badania
kliniczne IIT fazy na wiekszych, stratyfikowanych grupach pacjentek w oparciu o status HRD, aby
oceni¢ dlugoterminowe efekty ich stosowania w potgczeniu z olaparibem.

Niemniej, kazde kolejne badanie przyczynia sie do lepszego poznania mechanizmow
odpowiedzialnych za nabywanie opornosci na olaparib i jej przetamywanie. Ze wzgledu na wysokg
heterogenno$¢ raka jajnika, dalsze analizy sg kluczowe w celu zwiekszenia oraz identyfikacji grupy
pacjentek mogacych uzyska¢ korzysci terapeutyczne ze stosowania leczenia PARPi, zaréwno
w przypadku monoterapii, jak i terapii skojarzonych.

I ZNACZENIE MIKRORNA W RAKU JAJNIKA

W ostatnich latach co raz wiecej uwagi skupia sie na roli mikroRNA (miRNA) w patogenezie raka
jajnika. MiRNA to krotkie, niekodujgce czasteczki RNA odpowiedzialne za potranskrypcyjng
regulacje ekspresji gendéw. Zaangazowanie ogromnej liczby miRNA w r6zne procesy w komérkach
nowotworowych stanowity podstawe do poszerzenia obszaru towarzyszacych im badan [37]. Liczne
eksperymenty potwierdzity istotng role miRNA w diagnostyce oraz leczeniu raka jajnika.
Profilowanie ekspresji miRNA pozwolito opracowa¢ grupe biomarkeréw o potencjalnej wartosci
diagnostycznej w raku jajnika [37, 38]. W zalezno$ci od poziomu ekspresji miRNA, mogg one dziata¢
zaréwno jako onkogeny, jak i geny supresji nowotworowej. Zmiana ekspresji miRNA, a zatem biatek
kodowanych przez docelowe geny, moze istotnie wplywa¢ na przebieg wielu proceséw
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biologicznych, w tym na proliferacje, angiogeneze, przerzutowanie, czy oporno$¢ na leczenie
Przyktadowo, nadekspresje miR-126-3p powigzano z zatrzymaniem cyklu komodrkowego
w komoérkach raka jajnika in vitro [39]. Inne badania pokazaty, Ze miR-424-3p moze zwiekszac
wrazliwo$¢ komorek raka jajnika na cisplatyne poprzez obnizanie ekspresji antyapoptotycznych
biatek [40].

Obecnie, obszar badan nad rolg miRNA w raku jajnika dynamicznie sie rozwija, gtéwnie dzieki
upowszechnieniu technik wysokoprzepustowych do identyfikacji miRNA oraz narzedzi
nieinformatycznych do ich analiz. Stanowi to ciekawg tematyke, ktéra moze pomodc
w przewidywaniu odpowiedzi na stosowane obecne leczenie, monitorowaniu odpowiedzi na terapie,
jaki i opracowywaniu nowych schematéw terapeutycznych.
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Wostatnich latach opracowano nowe schematy leczenie pacjentek z HGSOC, ktére dzieki

zastosowaniu PARPi przyniosty zauwazalne korzysci terapeutyczne dla tej grupy pacjentek.

Jednak wydajg sie one niewystarczajgco przetomowe, zwlaszcza w przypadku nowotwordw

nawrotowych. Stad gléwnym celem rozprawy doktorskiej bylo okreslenie czy zastosowanie
kombinacji olaparibu z inhibitorami szlaku ATR/CHK1 prowadzi do zwiekszenia $mierci
komorek raka jajnika opornych na olaparib w warunkach in vitro oraz in vivo.

Badania zrealizowane w ramach weryfikacji powyzszej hipotezy badawczej zostaly podzielone na
cztery etapy, obejmujgce poszczegdlne cele szczegdlowe:

+ Etap 1: Okreslenie mechanizméw zwigzanych z rozwojem opornosci na olaparib w komérkach

raka jajnika in vitro oraz poréwnanie odpowiedzi komérek wrazliwych i opornych na potgczenie

olaparibu z inhibitorami szlaku ATR/CHK1 w stezeniach wykazujgcych synergistyczng

cytotoksyczno$¢ w komoérkach wrazliwych:

Wyprowadzenie stabilnej linii komoérkowej raka jajnika o fenotypie opornym na olaparib
z wrazliwej linii komo6rkowej z mutacjg BRCAZ2 i wyjasnienie molekularnych mechanizméw
zwigzanych z nabywaniem opornosci w warunkach in vitro,

Wytypowanie stezenn badanych zwigzkéw wykazujgcych w kombinacjach synergistyczng
aktywnos$¢ cytotoksyczng w komoérkach wrazliwych na olaparib,

Poréwnanie odpowiedzi komérek raka jajnika o r6znej wrazliwo$ci na olaparib na polgczenie
olaparibu z inhibitorami szlaku ATR/CHK1 przy zastosowaniu kombinacji inhibitoréw
w stezeniach subletalnych dla komoérek wrazliwych.

+ Etap 2: Analiza potencjatu przeciwnowotworowego potgczenia olaparibu z inhibitorami szlaku
ATR/CHKI1 jako kombinacji przelamujgcej opornos¢ na PARPi w komoérkach raka jajnika
niewrazliwych na olaparib w warunkach in vitro:

Wytypowanie stezern badanych zwigzkow wykazujgcych synergistyczng aktywno$cé
cytotoksyczng w komorkach opornych na olaparib,

OkreSlenie udzialu apoptozy w $mierci komoérek indukowanej przez badane zwigzki
stosowane w kombinacjach,
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Analiza zmian poziomu ekspresji biatek zaangazowanych w szlak odpowiedzi na uszkodzenia
DNA przy przelamywaniu opornosci na PARPi w komérkach opornych oraz wrazliwych na
olaparib.

+ Etap 3: Ocena roli czgsteczek miRNA w nabywaniu opornosci na olaparib oraz jej przelamywaniu

w komoérkach raka jajnika z zastosowaniem inhibitoréw szlaku ATR/CHKI1 in vitro:

Profilowanie ekspresji miRNA i identyfikacja dojrzatych transkryptéw miRNA o zmienionej
ekspresji specyficznej dla komérek opornych i uwrazliwionych — analiza réznicowej ekspres;i,
Okreslenie potencjalnie waznych szlakéw i proceséw biologicznych poprzez analize
funkcjonalnego wzbogacenia genéw docelowych dla deregulowanych miRNA,

Analiza zmian poziomu ekspresji biatek zaangazowanych w szlaki sygnatowe czynnikow
wzrostu i ich receptordow,

Skonstruowanie sieci regulatorowych kluczowych oddziatywarn miRNA-mRNA w komérkach
opornych oraz uwrazliwionych na olaparib,

Powigzanie ekspresji wybranych miRNA oraz genéw z przezyciem pacjentek, jako
potencjalnych czynnikéw predykcyjnych odpowiedzi na olaparib oraz skutecznosci terapii
przetamujgcej opornos¢.

+ Etap4: Ocena potencjalu terapeutycznego potgczenia olaparibu z inhibitorami szlaku
ATR/CHK1 w kontekscie uwrazliwiania komorek raka jajnika na olaparib w warunkach in vivo:

Opracowanie oraz charakterystyka molekularna opornego na olaparib mysiego modelu
heteroprzeszczepu tkanek nowotworowych pochodzgcych od pacjentki (PDX, ang. patient-
derived xenograft) z rakiem jajnika (HGSOC),

Poréwnanie skuteczno$ci monoterapii i terapii skojarzonej tgczgcej olaparib z inhibitorami
kinazy ATR lub CHK1 w modelu PDX raka jajnika niewrazliwym na olaparib,

Zbadanie wpltywu polgczenia olaparibu z inhibitorami szlaku ATR/CHK1 na zmiany
histologiczne i molekularne zachodzgce w heteroprzeszczepach uwrazliwionych na olaparib
poprzez inhibicje szlaku ATR/CHKI1.
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zczegbtowy opis materialéw badawczych oraz procedur wykorzystanych w niniejszych
badaniach zostal przedstawiony w artykutach doswiadczalnych oraz nieopublikowanym
manuskrypcie pracy eksperymentalnej, stanowigcych podstawe rozprawy doktorskiej.

MATERIAL BADAWCZY

Eksperymenty w ramach niniejszej pracy przeprowadzono z wykorzystywaniem dwéch typow
modeli badawczych:

+ Model in vitro
W badaniach podstawowych wykorzystano trzy linie komérkowe ludzkiego niskozréznicowanego
surowiczego raka jajnika z mutacjg TP53 (c.G731A; p.G244D) wykazujgce zréznicowang wrazliwos¢

na olaparib:

» PEOI1 - linia komérkowa wrazliwa na olaparib z mutacjg nonsensowng BRCAZ2
(c.4965C>G; p.Y1655*), zakupiona z kolekcji ECACC (nr kat. 10032308),

*» PEO4 - linia komérkowa wrazliwa na olaparib z mutacjg rewersyjng BRCA2
(c.4965C>T; p.Y1655Y), zakupiona z kolekcji ECACC (nr kat. 10032309),

= PEO1-OR - linia komérkowa z wyindukowang opornoscig na olaparib i mutacjg rewersyjng
BRCAZ2 (c.[4964A>T; 4965C>G], p.Y1655L), wyprowadzona z komoérek linii PEO1
w warunkach laboratoryjnych.

+ Model in vivo

W badaniach in vivo wykorzystano trzy mysie heterotropowe modele heteroprzeszczepdéw raka
jajnika z mutacjami w genach BRCA1/2 wyprowadzone z tkanek nowotworowych pozyskanych po
chirurgicznym usunieciu guza u trzech pacjentek z HGSOC niepoddanych przedoperacyjnemu
leczeniu przeciwnowotworowemu: PDX-X127, PDX-X160 i PDX-X179.

Modele te zostaty uzyte w préobach wyprowadzania docelowych heterotropowych modeli PDX raka
jajnika z nabytg oporno$cig na olaparib. Uniewrazliwienie na olaparib skutecznie zaindukowano
w heteroprzeszczepach z modelu PDX-X179, zastosowanych dalej do oceny skutecznosci
terapeutycznej potgczenia olaparibu z inhibitorami szlaku ATR/CHK1 w kontekscie przetamywania

oporno$ci na badany PARPi.
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BADANE ZWIAZKI

Przedmiotem badan byly trzy niskoczgsteczkowe inhibitory ukierunkowane molekularnie:
= olaparib - inhibitor polimerazy PARP1 (O),
» ceralasertib - inhibitor kinazy ATR (ATRi, A),
» MK-8776 - inhibitor kinazy CHK1 (CHK1i, C).

METODY BADAWCZE

| BADANIA in vitro

+ Wyprowadzenie linii komoérkowej raka jajnika z wyindukowang oporno$cig na olaparib z linii
macierzystej PEO1.

+ Wyznaczenie tempa proliferacji komoérek i okreslenie czasu podwojenia populacji na podstawie
krzywych wzrostu.

+ Mikroskopowa ocena zmian morfologicznych komérek.

+ Ocena aktywnos$ci cytotoksycznej oraz okreslenie wspélczynnikéw interakcji dla olaparibu,
ATRi, CHK1i oraz ich kombinacji:

= ocena przezywalnosci komorek i wyznaczenie wartosci ICs dla inhibitoréw — test MTT,
= ocena zdolno$ci komérek do tworzenia kolonii — test wzrostu klonalnego.

+ Ocena cytotoksyczno$ci badanych zwigzkéw i ich kombinacji w obecnosci inhibitorow
glikoproteiny P (MDR1) — test MTT.

+ Izolacja genomowego DNA z hodowli komoérkowych.

+ Ocena jakosci, czystosci i integralnosci wyizolowanego DNA za pomocg elektroforezy w zelu
agarozowym oraz metodami spektrofotometrycznymi.

+ Sekwencjonowanie calego eksomu (WES, ang. whole-exome sequencing) metodg NGS i analiza
surowych wynikéw sekwencjonowania (zlecone firmie zewnetrznej).

+ Annotacjai interpretacja wariantow sekwencyjnych za pomocg programu Qiagen Clinical Insight
Interpret Translational, w tym przewidywanie ich wptywu na funkcje genéw.

+ Przygotowanie lizatow biatkowych z linii komérkowych oraz oznaczenie catkowitego stezenia
biatek metodg Bradforda oraz BCA.
+ Okreslenie poziomu ekspresji i/lub fosforylacji biatek metodg Western Blot, w tym biatek:
» bedgcych celami molekularnymi badanych inhibitoréw (PARP1, ATR, fosfo-ATR (Thr1989),
CHK1 oraz fosfo-CHK1 (Ser345)),
» zaangazowanych w naprawe uszkodzen DNA poprzez szlak HRR (BRCA1, BRCA2, fosfo-H2AX
(Ser139) dalej okreslony jako yH2AX, RAD51) oraz szlak NHE] (53BP1),
» odpowiedzialnych za transport lekéw (MDR1),
* bedacych markerami programowanej Smierci komérki (kaspaza-3, cieta kaspaza-3, ciety
PARP1),
» zaangazowanych w dePARylacje (PARG),

28



3 | MATERIALY I METODY

+

+
+

+
+
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Okreslenie dystrybucji komérek w fazach cyklu komérkowego z jednoczesng oceng poziomu
YH2AX w komoérkach — analiza cytometryczna z zastosowaniem barwienia wielokolorowego
(potgczenie testu na inkorporacje BrdU z immunofluorescencyjnym barwieniem biatek).

Ocena poziomu indukowania podwojnych peknie¢ nici DNA i ich naprawy
- immunofluorescencyjna analiza tworzenia skupisk yH2AX i RAD51.

Analiza poziomu uszkodzen DNA:

= Preparatyka chromosoméw metafazowych (strukturalne uszkodzenia chromosomoéw),
= Test kometowy w warunkach neutralnych (dwuniciowe pekniecia DNA).

Izolacja catkowitego RNA z hodowli komérkowych.

Synteza cDNA na matrycy mRNA oraz badanie ekspresji genéw metodg RT-qPCR
z uwzglednieniem walidacji stabilnej ekspresji genéw referencyjnych.

Analiza cytometryczna aktywno$ci kaspazy-3/7.

Analiza cytometryczna zmian apoptotycznych z rGwnoczesnym pomiarem zmian integralno$ci
btony komérkowej (wyznakowanie komoérek aneksyng V i jodkiem propidyny).

Okreslenie poziomu ekspresji biatlek z uzyciem macierzy przeciwciat dla 27 bialek
zaangazowanych w odpowiedz na uszkodzenia DNA oraz 41 bialek zwigzanych ze szlakami
sygnatowymi czynnikéw wzrostu i ich receptoréw.

Synteza cDNA na matrycy mikroRNA (miRNA) oraz badanie réznicowej ekspresji miRNA metodg
RT-qPCR (profilowanie miRNA) z uwzglednieniem walidacji stabilnej ekspresji trzech genéow
referencyjnych.

Bioinformatyczna analiza danych z r6znicowej ekspresji miRNA w liniach komoérkowych:

» Klastrowanie wartosci ekspresji miRNA za pomocg programu ClustVis,

» Identyfikacja eksperymentalnie potwierdzonych genéw docelowych dla miRNA z bazy danych
miRTarBase v8.0 i TarBase v8.0, zbudowanie sieci regulatorowej miRNA-mRNA
z uwzglednieniem oddziatywan biatko-biatko za pomocg programu miRNet 2.0,

» Analiza funkcjonalnego wzbogacenia grupy z uzyciem testu hipergeometrycznego na
podstawie bazy danych Reactome oraz GO:BP za pomocg programu miRNet 2.0,

» Dostosowanie, edycja sieci regulatorowych i identyfikacja centralnych miRNA i genéw za
pomocg oprogramowania Cytoscape,

Bioinformatyczna analiza danych klinicznych pochodzgcych od pacjentek z rakiem jajnika:

* Analiza r6znicowej ekspresji miRNA i genéw na podstawie danych RNAseq pobranych z bazy
TCGA (The Cancer Genome Atlas) dla pacjentek z rakiem jajnika za pomocg pakietu Limma,

* Analiza réznicowej ekspresji genéw na podstawie danych RNAseq z baz TCGA i GTEx dla
odpowiednio pacjentek z rakiem jajnika oraz normalnych jajnikéw za pomocg programu
TNMplot,

» Analiza przezycia Kaplana-Meiera dla pacjentek z HGSOC na podstawie danych RNAseq
z bazy TCGA za pomocg programu ToPP,

* Analiza poziomu ekspresji genéw na poziomie bialka na podstawie danych
immunohistochemicznych z bazy HPA (Human Protein Atlas).

Analiza statystyczna wynikéw za pomocg oprogramowania GraphPad Prism.
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| BADANIA in vivo

+ Izolacja DNA oraz celowe sekwencjonowanie genéw BRCA1/2 metodg NGS w mysich modelach
heteroprzeszczepu raka jajnika pochodzgcych od pacjentek (PDX, ang. patient-derived xenograft).

+ Pomiar objetos$ci guzéw i sporzadzenie krzywych wzrostu heteroprzeszczepéw w modelach PDX
oraz pomiar masy myszy.

+ Wyprowadzenie opornego na olaparib mysiego modelu PDX raka jajnika.

+ Ocena skutecznosci terapeutycznej stosowanych osobno inhibitoréw i ich kombinacji w modelu
PDX opornym na olaparib po zastosowaniu badanych terapii za pomocg ponizszych parametrow:
= Wzgledna objetos¢ guza (RTV, ang. relative tumor volume),
= Stosunek wzrostu guz wzgledem kontroli (T/C ratio, ang. tumor-to-control ratio),

» Inhibicja zahamowania guza (TGI, ang. tumor growth inhibition),
= Wspotczynnik kombinacji (CI, ang. combination index).

+ Przygotowanie prébek tkanek utrwalonych w formalinie i zatopionych w parafinie (FFPE, ang.
formalin-fixed paraffin-embedded)

+ Barwienie hematoksykling i eozyng wraz z oceng indeksu mitotycznego oraz cech
histopatologicznych (nekroza, pleomorfizm jagdrowy, wakuolizacja komoérek) w tkankach guzow
pobranych z modelu PDX,

+ Ocena stopnia i czestosci uszkodzenia miesnia sercowego w materiale pobranym z modelu PDX,

+ Analiza poziomu ekspresji Ki-67 oraz fosfo-CHK1 (Ser345) za pomocg barwienia
immunohistochemicznego w tkankach guzéw pobranych z modelu PDX.

+ Przygotowanie lizatow biatkowych z tkanek guzéw oraz oznaczenie catkowitego stezenia biatek
metodg Bradforda oraz BCA.

+ OkreSlenie poziomu ekspresji i/lub fosforylacji biatek metodg Western Blot, w tym wyzej
wymienionych biatek badanych w eksperymentach in vitro oraz biatek zaangaZzowanych
w przejscie epitelialno-mezenchymalne (E-kadheryna, TIMP2, MMP2, wimentyna).

+ Izolacja catkowitego RNA z tkanek guzéw pobranych z modelu PDX.

+ Synteza ¢DNA na matrycy mRNA oraz badanie ekspresji gendéw metodg RT-qPCR
z uwzglednieniem walidacji stabilnej ekspresji genéw referencyjnych.

+ Analiza statystyczna wynikéw za pomocg oprogramowania GraphPad Prism.
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WYNIKI I DYSKUSJA

yniki badan realizowanych w ramach niniejszej rozprawy doktorskiej i opisanych w zbiorze

publikacji naukowych podzielono na cze$¢ teoretyczng oraz cze$¢ eksperymentalng. Zbiér
powigzanych tematycznie artykuléw, bedgcych przedmiotem niniejszej rozprawy doktorskiej,
otwiera publikacja przeglagdowa pt.: ,,PARP inhibitor resistance in ovarian cancer: Underlying
mechanisms and therapeutic approaches targeting the ATR/CHK1 pathway” [24]. Praca ta
stanowi przeglad aktualnych doniesiert na temat mechanizméw nabywania opornosci na PARPi,
w szczegdblnosci olaparib oraz jej przetamywania w komérkach raka jajnika za pomocg kombinacji
PARPi z czgsteczkami ukierunkowanymi na inne cele molekularne.

W publikacji przeglagdowej zaznaczono jak istotnym problemem w obecnej praktyce klinicznej jest
wrodzona oporno$¢ na olaparib oraz jej nabywanie w trakcie terapii u pacjentek z najczestszym
typem rakiem jajnika — HGSOC. Nastepnie szczegétowo omoéwiono zidentyfikowane wczesniej
mechanizmy petnigce istotng role w rozwijaniu sie opornosci na olaparib z uwzglednieniem wplywu
szlaku ATR/CHK1 na to zjawisko w kontekscie regulacji Sciezek DDR i zjawiska syntetycznej
letalnosci. Jedng z gtéwnych grup mechanizmdw nabywania opornosci na PARPi jest przywracanie
funkcjonalnosci szlaku naprawy DNA poprzez HRR, gdzie wyrdzni¢ mozna kilka proceséw
odpowiedzialnych za to zjawisko (Rys.2). Co wiecej, znajomos$¢ tych mechanizméw moze
przyczynic sie do opracowania strategii uwrazliwiania komorek raka jajnika na PARPi.

W dalszej czesci pracy opisano potencjalnie mozliwosci przetamywania opornosci na olaparib
z wykorzystaniem niskoczgsteczkowych inhibitorow oraz przeciwcial monoklonalnych, w tym
inhibitoréw kinazy AKT, ATR, PI3K. Usystematyzowano doniesienia na ten temat pochodzace
zar6wno z badan in vitro, przedklinicznych, jak i klinicznych. Co ciekawe, wiekszos¢ badan
klinicznych skupia sie na terapiach 1gczgcych PARPi z jednoczesng inhibicjg kinaz (AKT, ATR,
CHK1, MEK1/2, PI3K czy WEE1) lub punktéw kontrolnych uktadu odpornosciowego (CTLA-4,
PD-1, PD-L1).

W pracy szczegétowo przedstawiono potencjat tgczenia PARPi z inhibitorami szlaku ATR/CHK1 jako
obiecujgcej metody uwrazliwiania komorek raka jajnika na olaparib. Uwaza sie, ze komorki raka
jajnika podczas nabywania opornosci mogg korzysta¢ z funkcji alternatywnych biatek i proceséw
umozliwiajgcych im przezycie. Biorgc pod uwage, ze $ciezka ATR/CHK1 pelni istotng role
w kontrolowaniu DDR, stresu replikacyjnego oraz cyklu komoérkowego, jej zahamowanie moze
przyczynic sie do akumulacji uszkodzen DNA i uniemozliwienia ich naprawy w obecnosci olaparibu,
a w konsekwencji §mierci komérek raka jajnika.
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Przywrdcenie naprawy poprzez rekombinacje homologiczng (HRR)
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Rysunek 2. Wewngtrzkomodrkowe procesy odpowiedzialne za nabywanie opornosci na inhibitory
PARP w komoérkach raka jajnika, ktore przywracajg funkcjonalnosé szlaku naprawy uszkodzen DNA
poprzez rekombinacje homologiczng (HRR). Poszczegdlne mechanizmy sklasyfikowano jako zalezne oraz
niezalezne od genéw BRCA1/2.

W dalszej czesci przedstawiono i oméwiono osiggniecia uzyskane dzieki realizacji poszczegélnych
etapéw pracy eksperymentalne;j:

ETAP 1

Okreslenie mechanizméw zwigzanych z rozwojem opornosci na olaparib w komoérkach raka
jajnika in vitro oraz poréwnanie odpowiedzi komodrek wrazliwych i opornych na olaparib na
polaczenie olaparibu z inhibitorami szlaku ATR/CHK1 w stezeniach wykazujgcych
synergistyczng cytotoksyczno$¢ w komorkach wrazliwych.

Pierwszy etap badan podsumowuje praca doswiadczalna pt.: ,Olaparib-resistant BRCA2MUT
ovarian cancer cells with restored BRCA2 abrogate olaparib-induced DNA damage and G2/M
arrest controlled by the ATR/CHK1 pathway for survival” [41].

Do badan nad molekularnym podozem nabywania opornosci na olaparib oraz do badan odpowiedzi
komoérek na kombinacje PARPi z inhibitorami szlaku ATR/CHK1 wykorzystano linie komérkowe
HGSOC wrazliwe (PEO1, PEO4) i oporne na olaparib (PEO1-OR). Linie komérkowe PEO1 oraz PEO4
to komercyjnie dostepne modele wyprowadzone w latach 80-tych ubiegtego wieku od tej samej
pacjentki z HGSOC [42], ktéra jak sie pozniej okazato byta nosicielkg nonsensownej mutacji BRCA2
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[43]. Komorki PEO1 i PEO4 wyizolowano z nawrotowych tkanek nowotworowych pobranych po
pierwszym etapie leczenia chemioterapig (PEO1) oraz po drugim etapie leczenia z nabytg kliniczng
opornoscig na cytostatyki (PEO4) [42, 44]. Ze wzgledu na wysokg heterogennos$¢ oraz komercyjng
dostepnos¢ wielu linii komérkowych raka jajnika, w badaniach nad tym typem nowotworu
niezmiernie istotne jest wykorzystanie odpowiedniego modelu. Ostatnie badania klasyfikujgce linie
komoérkowe raka jajnika potwierdzily, ze zaréwno komoérki PEOI1, jak i PEO4 wykazujg typ
histologiczny HGSOC i stanowig wiarygodny model do badan in vitro nad tg jednostkg chorobowg
[45].

W pierwszej czeSci pracy opisano wyprowadzenie stabilnej linii komorkowej PEO1-OR
z wyindukowang opornoscig na olaparib z linii macierzystej PEO1 z mutacjg BRCA2. W tym celu
przeprowadzono selekcje komorek podczas ciggtej inkubacji z wzrastajgcymi stezeniami olaparibu
(0-80 uM). Nastepnie prowadzono hodowle stabilizujgcg wyselekcjonowane klony w nieobecnosci
leku oraz namnozono komorki ustabilizowanej linii do przygotowania bankéw komoérkowych do
dalszych badan (Rys. 3). Ostatecznie uzyskano stabilng linie PEO1-OR z nabytg opornoscig na
PARPI, dla ktérej wartos¢ ICso dla olaparibu przy 5-cio dniowej inkubacji wzrosta az 3,3-krotnie do
wartosci 82,1 uM wzgledem komérek PEO1. Dodatkowo na podstawie wyznaczonych krzywych
wzrostu i czasu podwojenia populacji (PDT, ang. population doubling time) pokazano, ze tempo
proliferacji komérek PEO1-OR jest znacznie wyzsze niz komorek PEO1 oraz PEO4 (PDT = 31,9 godz.
vs. 37,1 godz. oraz 46,3 godz.).
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Rysunek 3. Schematyczne przedstawienie poszczegélnych etapéw wyprowadzania linii PEO1-OR
z wyindukowang opornoscig na olaparib. W pierwszym etapie komoérki macierzyste PEO1 hodowano
w obecnos$ci wzrastajgcych stezen olaparibu (10, 20, 40 i 80 puM). Po 20-stu dniach selekcji klonéw tolerujgcych
coraz wyzsze stezenia leku, komérki hodowano w nieobecnosci leku oraz okresowo badano wartos¢ ICs, dla
olaparibu. Dodatkowo przeprowadzono cykl zamrazania i rozmrazania w celu ustabilizowania zmian fenotypy
o zwiekszonej opornosci na olaparib. Na konicu wyselekcjonowane komoérki PEO1-OR namnozono i poddano
bankowaniu. Ostateczng warto$¢ ICsp dla olaparibu oceniono po catym procesie wyprowadzania linii opornej.

Nastepnie oceniono aktywno$¢ cytotoksyczng olaparibu i inhibitoréw szlaku ATR/CHK1 oraz ich
kombinacji w komérkach PEO1, PEO4 oraz PEO1-OR. Badania te miaty na celu wyznaczenie stezen
zwigzkdéw wykazujgcych w polgczeniu synergizm wobec komoérek wrazliwych na olaparib, aby
w dalszych eksperymentach zbada¢ odpowiedz badanych linii na poziomie komoérkowym
i molekularnym. Na podstawie wyznaczonych testem MTT warto$ci ICso dla pozostatych inhibitorow
po 5 dniach inkubacji pokazano, ze komo6rki PEO1-OR oporne na olaparib wykazujg réwniez istotnie
zmniejszong wrazliwos¢ na ATRi (3,3 uM) wzgledem odpowiednio komérek PEO1 (0,89 uM) oraz
PEO4 (1,7 uM) i zmniejszong wrazliwo$¢ na CHK1i (17,8 uM) wzgledem komoérek PEO1 (3,9 uM).
Wyznaczone warto$ci ICso pozwolity wytypowa¢ szereg stezen olaparibu (0,5 uM; 2,5 uM; 5 uM;
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10 uM) i inhibitoréw kinazy ATR (0,5uM) i CHK1 (2,5 uM) do okre§lenia efektywnych stezen
wykazujacych silnie synergistyczne dzialanie przeciwnowotworowe w kombinacjach wzgledem
komoérek wrazliwych na olaparib. Stusznos$¢ koncepcji podania skojarzonego inhibitoréw szlaku
ATR/CHKI1 oraz olaparibu potwierdzono na podstawie wartosci wspoétczynnika interakcji lekow
(CDI, ang. coefficient of drug interaction) dla kazdej kombinacji zwigzkéw. Na podstawie testu MTT
oraz testu wzrostu klonalnego do dalszych badan wybrano 5 uM olaparib, 0,5 uM ATRi, oraz 2,5 uM
CHK1i. Dodanie ATRi do olaparibu synergistycznie zmniejszyto przezywalno$¢ komoérek PEO1 oraz
PEO4 do odpowiednio 49% (CDI=0,98) i 23% (CDI = 0,40). Podobny efekt zaobserwowaniu przy
polgczeniu CHKI1i z olaparibem, gdzie przezywalno$¢ komoérek PEO1 oraz PEO4 zostata obnizona
do odpowiednio 26% (CDI=0,80) i 41% (CDI=0,71). Jednocze$nie, kombinacje inhibitorow
w powyzszych stezeniach nie wptynely istotnie na przezywalno$¢ komoérek PEO1-OR.

Wyniki testu klonalnego potwierdzily, ze inkubacja komdrek PEO1 oraz PEO4 réwnoczesnie
z olaparibem i inhibitorami szlaku ATR/CHK1 po 5 dniach traktowania zwigzkami wykazuje
synergistyczne dziatania przeciwnowotworowe (CDI w zakresie 0,44-0,49 dla komérek PEO1 oraz
0,20-0,25 dla komérek PEO4). Co wazne, potgczenie olaparibu z ATRi lub CHK1i obnizyto zdolnos¢
komorek wrazliwych na olaparib do tworzenia kolonii do okoto 6-12% w linii PEO1 i okoto 1-2%
w linii PEO4 , wskazujgc na niewatpliwe dziatanie przeciwnowotworowe kombinacji w kontekscie
zdolnosSci komorek do przezycia i proliferacji. Na szczegdlna uwage zastuguje fakt, iz komoérki linii
PEO1-OR wykazywaty ograniczong zdolno$¢ do tworzenia kolonii (35-49%) w obecnos$ci kombinacji
zwigzkéw, pomimo braku istotnego wpltywu zastosowanych stezeri inhibitoréw na aktywnos¢
metaboliczng komoérek, wskazujac, ze koncepcja podania skojarzonego inhibitoréw moze by¢
efektywna w przelamywaniu nabytej opornosci na olaparib po zoptymalizowaniu stezen
inhibitoréw.

W dalszej czesci pracy skupiono sie na identyfikacji mechanizméw nabywania opornosci na olaparib
przez komoérki PEO1-OR. W pierwszej kolejnosci skupiono sie na ocenie zmian genetycznych
odpowiedzialnych za fenotyp o obnizonej wrazliwo$ci na PARPi, w szczegdlno$ci mutacji
w rejonach kodujacych gendéw zaangazowanych w szlak DDR, cykl komérkowy i aktywny transport
lekéw. Wyniki sekwencjonowania catego eksomu metodg NGS potwierdzity obecnosé charaktery-
stycznej dla HGSOC mutacji zmiany sensu w TP53 (c.731G>A; p.G244D) w komérkach PEO1 oraz
PEO1-OR, a takze mutacji nonsensownej w BRCA2 (c.4965C>G; p.Y1655*) w komoérkach PEOI.
Ponadto w linii PEO1 oraz PEO1-OR zidentyfikowano wiele wspdlnych mutacji w wariantach genow,
w tym BRCA1, PARP1, ATR, CHKE1 i innych opisanych szczegdtowo w artykule. Co najwazniejsze,
badania ujawnily, ze podczas wyprowadzania linii PEO1-OR nastgpita selekcja komoérek w kierunku
klonéw z wtérng mutacjg w genie BRCA2 (c.[4964A>T; 4965C>G], p.Y1655L) przywracajgcg otwartg
ramke odczytu. Obecnos$¢ zidentyfikowanego wariantu BRCAZ2 i zdolno$¢ komoérek do ekspresji
petnotaricuchowego biatka potwierdzono biochemicznie technikg Western Blot.

Nastepnie wykluczono role glikoproteiny P (MDR1) w nabywaniu oporno$ci na olaparib. Oceniajgc
poziom ekspresji tego biatka oraz aktywnos$¢ cytotoksyczng zwigzkéw w obecnosci specyficznego
inhibitora MDR1 - tariquidaru, stwierdzono, ze powyzszy transporter nie uczestniczy w odpowiedzi
komorek raka jajnika na badane inhibitory i ich kombinacje. Dodatkowo stwierdzono, ze poziom
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ekspresji celu molekularnego olaparibu, polimerazy PARP1, rowniez nie odgrywa znaczgcej roli we
wrazliwos$ci komoérek HGSOC na inhibitory PARP, ATR, CHK1 i ich kombinacje.

W dalszej kolejnosci wykazano, ze potgczenie olaparibu z inhibitorami szlaku ATR/CHK1
synergistycznie zwieksza poziom cietego PARP1, bedgcego markerem programowanej $mierci
komorki kontrolowanej przez kaspazy, w liniach komérkowych wrazliwych na PARPi. Obserwacje te
staty sie podstawg do weryfikacji udzialu apoptozy w przeciwnowotworowym dziataniu zwigzkéw
w dalszej czesci pracy (publikacja nr 2).

W komérkach raka jajnika z mutacjg TP53 regulacja punktu kontrolnego G2/M cyklu komérkowego
jest silnie zalezna od aktywacji Sciezki sygnatowej ATR/CHK1 w odpowiedzi na uszkodzenia DNA.
Stad, sprawdzono poziom fosforylowanej, aktywnej kinazy ATR (Thr1989) oraz CHK1 (Ser345)
w odpowiedzi na stosowane inhibitory. Badania pokazatly, ze komérki PEO1-OR unikajg aktywacji
szlaku ATR/CHKI1, obserwowanej w komoérkach wrazliwych na PARPi jako odpowiedZ na
cytotoksyczne stezenia olaparibu.

Cytotoksyczne dziatanie PARPi opiera sie na zwiekszaniu akumulacji DSB w komorkach
nowotworowych, doprowadzajgc do ich Smierci. W celu okreslenia stopnia indukowania DSB,
zbadano poziom fosforylacji histonu H2AX (yH2AX). Po pierwsze, wyniki wykazaly, ze komorki
PEO1-OR majg znacznie nizszy podstawowy poziom DSB niz komérki PEO1. Podwyzszony poziom
YH2AX w komoérkach wrazliwych na PARPi w odpowiedzi na kombinacje olaparibu z ATRi wzgledem
zwigzkdéw stosowanych osobno, wskazuje na akumulacje DSB, zgodnie z zaobserwowang
aktywnoscig cytotoksyczng zwigzkéw. Ponadto, w komérkach PEO1-OR nie stwierdzono znacznych
zmian w poziomie YH2AX, co wskazuje na relatywnie nieistotny wpltyw kombinacji na indukowanie
DSB w komorkach o zwiekszonej opornosci. W celu poglebienia wiedzy na temat indukowania DSB
przez analizowane inhibitory oraz potencjalnej zdolno$ci komérek do ich naprawy zbadano
kolokalizacje yH2AX oraz rekombinazy RAD51 (marker sprawnosci naprawy przez HRR). Bylo to
szczegllnie wazne ze wzgledu na fakt, iz RAD51 rekrutowana jest do miejsc uszkodzen DNA za
posrednictwem BRCA2, w ktorym stwierdzono obecno$¢ mutacji niesynonimicznych w badanych
liniach komorkowych. Analiza immunofluorescencyjna pokazata, ze we wszystkich liniach
komédrkowych tworzone sg sgsiadujgce skupiska yH2AX i RAD51, co wskazuje na funkcjonalnos¢
szlaku HRR. Dodatkowo potwierdzono wczes$niej opisane wyniki poziomu ekspresji YH2AX, gdyz
w komérkach PEO1-OR zaobserwowano najmniej widocznych skupisk ufosforylowanego histonu.

DSB sg typem uszkodzen DNA, ktére mogg doprowadza¢ do powaznych aberracji strukturalnych
chromosoméw. W celu weryfikacji zaobserwowanej zdolnoSci badanych inhibitoréw do
indukowania DSB, zbadano bezposrednio stopien uszkodzen DNA przy pomocy testu kometowego
oraz mikroskopowej oceny morfologicznych zmian metafazowych postaci chromosoméw. Uzyskane
wyniki pokazaty, Zze dodanie inhibitoréw szlaku ATR/CHK1 do olaparibu potegowalo genotoksyczne
dziatanie inhibitoréw stosowanych osobno w komoérkach wrazliwych na PARPi. Ponadto
zaobserwowano, ze linia PEO1-OR cechuje sie znacznie mniejszym poziomem akumulacji DSB oraz
strukturalnych uszkodzenn chromosoméw w obecnosci badanych inhibitoréw w poréwnaniu
z komoérkami wrazliwymi. Co wazne, w komoérkach PEO1-OR jedynie polgczenie olaparibu
z jednoczesng inhibicjg Sciezki ATR/CHK1 przyczynito sie do akumulacji uszkodzen DNA, jednak
W znacznie mniejszym stopniu niz w komoérkach PEO1 i PEO4, co odzwierciedla poziom yH2AX.
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Istotnie, obserwacje te po raz kolejny potwierdzity wyniki testéw cytotoksycznosci i ujawnity
zdolnos$¢ inhibitoréw do wywotywania genotoksycznych efektow.

Biorgc pod uwage, ze szlak ATR/CHK1 kontroluje cykl komérkowy, a inhibicja PARP z jednoczesnym
blokowaniem kinaz ATR i CHK1 moze prowadzi¢ do $§mierci komoérek raka jajnika, w dalszej czesSci
badan skupiono sie na ocenie dystrybucji komdrek w fazach cyklu komérkowego. Jednoczesnie
okreslono poziom DSB w czasie progresji komoérek przez fazy cyklu komoérkowego. Olaparib
indukowat blokowanie komoérek PEO1 i PEO4 w fazie G2/M, jednak dodanie inhibitorow szlaku
ATR/CHKI1 nie spotegowato tego efektu.

Co wazne, zaréwno zwigzki stosowane osobno, jak i ich kombinacje nie miaty wptywu na progresje
komoérek PEO1-OR przez kolejne fazy cyklu komérkowego. Jednocze$nie w komérkach opornych
potwierdzono brak zmian w poziomie fosforylacji H2AX, w przeciwienistwie do linii PEO1. Wyniki
te pokazaty, ze komo6rki PEO1-OR unikajg zahamowania cyklu komérkowego w obecnosci badanych
zwigzkdéw przez co prawdopodobnie nie sg kierowane na droge programowanej $mierci komorki.

Dane literaturowe wskazujg, ze utrata biatka 53BP1 w komorkach raka jajnika pozbawionych BRCA1
moze przyczyni¢ sie do reaktywacji szlaku naprawy DNA poprzez HRR i zmniejszac¢ wrazliwo$¢ na
olaparib. W zwigzku z tym zbadano poziom ekspresji bialek BRCA1 oraz 53BP1 wzajemnie
regulujgcych odmienne szlaki naprawy DNA aktywowane w obecnosSci uszkodzen materiatu
genetycznego tzn. HRR i NHE]. Nie stwierdzono rézni¢ w ekspresji podstawowej 53BP1 pomiedzy
badanymi liniami komoérkowymi. Niemniej, komérki PEO1-OR cechowaly sie zwiekszonym
poziomem podstawowej ekspresji BRCA1, spotegowanym przez inkubacje z nietoksycznym
stezeniem olaparibu, co wskazuje na potencjalng role tego biatka regulujgcego HRR w zmniejszonej
wrazliwosci na PARPi. Z drugiej strony, dodanie ATRi lub CHK1i do olaparibu obnizyto poziom
BRCA1 w linii PEO1-OR wzgledem komoérek nietraktowanych, przy jednoczesnym braku wpltywu
kombinacji na ekspresje 53BP1. Biorgc pod uwage, ze jednoczesne stosowanie badanych zwigzkow
ograniczyto zdolno$¢ komoérek PEO1-OR do tworzenia kolonii, przypuszcza¢ mozna, Ze obnizenie
poziomu BRCA1 promujgcego HRR moze by¢ wskaznikiem potencjatu przeciwnowotworowego
badanych kombinacji.

Ostatnim czynnikiem zbadanym pod katem potencjalnego wplywu na odmienne wrazliwo$ci
komorek na olaparib byta glikohydrolaza PARG, ktéra usuwa potranslacyjng PARylacje bialek przez
PARP1, a jej utrata moze by¢ prawdopodobnie zwigzana z opornoscig na PARPi. Brak réznié¢
w podstawowej ekspresji PARG pomiedzy komérkami PEO1 i PEO1-OR wskazuje na brak roli tego
biatka w nabywaniu opornosci na olaparib. Stwierdzono jednak, ze linia PEO1-OR nie wykazuje
obnizonej ekspresji PARG w obecnosci kombinacji badanych inhibitoréw, ktéra zostala z kolei
wykryta w linii PEO1. Jak wczesniej opisano, dodanie ATRi lub CHK1i do olaparibu zwiekszato
ekspresje PARR1 wzgledem linii wrazliwej. Wydaje sie zatem, ze regulacja poziomu PARylacji biatek
przez PARP1 i PARG moze mie¢ wptyw na odmienng odpowiedzi komérek wrazliwych i opornych
na potgczenie olaparibu z inhibitorami szlaku ATR/CHK1. Obserwacje te staly sie podstawg do
analizy tej modyfikacji potranslacyjnej w warunkach in vivo w dalszej czesci pracy.
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Podsumowujgc, pierwsza czes$¢ badan ujawnita jak komoérki wyprowadzonej linii PEO1-OR nabywajg
oporno$¢ na olaparib w warunkach in vitro, wskazujgc jednoczesnie na role wielu réznych
mechanizméw odpowiedzialnych za rozwdj tego fenotypu (Rys. 4).
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Rysunek 4. Podsumowanie mechanizméw prowadzacych do obnizonej wrazliwosci na olaparib w linii
komoérkowej PEO1-OR.

Selekcja klonalna w kierunku mutacji rewersyjnej BRCAZ2 oraz krotno$¢ zmian cytotoksycznosci
olaparibu w komérkach PEO1-OR wzgledem PEO1 potwierdzita, Ze uzyskany model badawczy do
badan in vitro w zadowalajgcy sposob odzwierciedla zmiany w warunkach klinicznych opisywane
w literaturze. Ponadto potwierdzono synergistyczne potegowanie cytotoksycznosci i genotoksy-
cznosci olaparibu podczas blokowania szlaku ATR/CHK1 w komoérkach wrazliwych. Wskazano
rowniez na potencjat przeciwnowotworowy polgczenia badanych zwigzkéw w komoérkach opornych
na PARPi przy stezeniach subletalnych dla komérek wrazliwych, jednak linia PEO1-OR cechowala
sie znacznie nizszg wrazliwoscig na testowane kombinacje. Jednoczesnie opisano rézne formy
odpowiedzi komorek na jednoczesne stosowanie olaparibu z ATRi lub CHK1i w liniach raka jajnika
wrazliwych i opornych na olaparib.

ETAP 2

Szczegélowa analiza potencjalu  przeciwnowotworowego polgczenia olaparibu
z inhibitorami szlaku ATR/CHK]1 jako kombinacji przelamujgcej opornosc na inhibitor PARP
w komorkach raka jajnika niewrazliwych na olaparib w warunkach in vitro.

Drugi etap badan podsumowuje praca doswiadczalna pt.: ,,Targeted inhibition of the ATR/CHK1
pathway overcomes resistance to olaparib and dysregulates DNA damage response protein
expression in BRCA2M'" ovarian cancer cells” [46].
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Jak wykazano w poprzedniej czesci badan, potgczenie olaparibu z inhibitorami szlaku ATR/CHK1
wykazuje potencjat przeciwnowotworowy w komoérkach PEO1-OR opornych na olaparib przy
zastosowaniu subletalnych stezen zwigzkow dla komoérek wrazliwych (5 uM olaparib; 0,5 uM ATRi
oraz 2,5 uM CHK1i), jednak komoérki oporne sg znacznie mniej podatne na dziatanie kombinacji.

Gtéwnym celem tego etapu badan byto wykazanie, ze kombinacja olaparibu z ATRi lub CHKI1i
w odpowiednich stezeniach synergistycznie indukuje $mier¢ komoérek opornych na olaparib PEO1-
OR z rewersjg mutacji BRCA2. Okreslenie aktywnosci cytotoksycznej inhibitoréw po 2 i 5 dniach ich
dziatania za pomocg testu MTT (Rys. 5) pozwolito wykaza¢, zZe wybrane stezenia zwigzkow dzialajg
synergistycznie w silnym stopniu w komoérkach:

- wrazliwych (PEO1 i PEO4): 10 uM olaparib; 5 uM ATRi oraz 1 uM CHK1i,
- opornych (PEO1-OR): 15 uM olaparib; 7,5 uM ATRi oraz 2,5 uM CHKI1i.

Przy nizszych stezeniach zwigzkoéw, silnie synergistycznie zmniejszenie zywotnosci komoérek byto
widoczne po 5 dniach inkubacji w linii PEO1 oraz PEO4 (Rys. 5). Dodanie ATRi (5 uM) lub CHK1i
(1 uM) znaczgco zwiekszylo cytotoksycznos¢ olaparibu (10 uM) z 45% do odpowiednio 16%
(CDI=0,58) i 14% (CDI=0,51) w komédrkach PEO1 oraz z 42% do odpowiednio 18% (CDI = 0,48)
i 28% (CDI = 0,66) w komdrkach PEO4. W komérkach PEO1-OR wykazano synergizm [47], jednak
stosunkowo staby, pomiedzy badanymi zwigzkami w tych stezeniach inhibitoréw (CDI = 0,90 dla
olaparibu + ATRi, CDI=0,93 dla olaparibu + CHK1i). Potwierdza to wczeSniejsze obserwacje
o mniejszej wrazliwo$ci komoérek PEO1-OR na polgczenia badanych inhibitoréw. Co wazne, w linii
PEO1-OR zastosowanie wyzszych stezen inhibitoréw (15 uM olaparib, 7,5 uM ATRi, oraz 2,5 uyM
CHK1i) spowodowato bardziej zauwazalny synergistyczny efekt cytotoksyczny (CDI< 0,9). Jak
wykazano, potgczenie olaparibu (15 uM) z ATRi (7,5 uM) lub CHK1i (2,5 uM) zmniejszyto znaczgco
przezywalnos$¢ komoérek z 84% do odpowiednio 56% (CDI=0,79) i 63% (CDI=0,85) (Rys. 4).
Jednoczesnie, zwiekszenie stezeni inhibitorow w komoérkach PEO1-OR nie wptynelo istotnie na
cytotoksyczno$¢ zwigzkow stosowanych osobno po 5 dniach inkubacji (olaparib: 88% vs. 84%, ATRi:
91% vs. 85%, CHK1i 95% vs. 88%). Pokazuje to, ze komoérki PEO1-OR sg wyjgtkowo mato wrazliwe
na badane inhibitory, ale zastosowanie ich w kombinacji przyczynia sie do istotnego zwiekszenia
cytotoksycznosci.

W celu potwierdzenia synergistycznej aktywnosci przeciwnowotworowej w komoérkach opornych na
olaparib, przeprowadzono test wzrostu klonalnego. Uzyskane wyniki potwierdzily, ze wytypowane
dla komoérek PEO1-OR stezenia inhibitoréw przetamujg opornosc¢ na olaparib. Dodanie do olaparibu
ATRi lub CHK1i zmniejszyto zdolno$¢ komérek do tworzenia kolonii z 68% do odpowiednio jedynie
1% (CDI=0,04) i 19% (CDI=0,34) po 5 dniach inkubacji. Co wazne, zdolno$¢ do przezycia
i proliferacji komoérek byta wyraznie obnizona zaréwno w komoérkach wrazliwych, jak i opornych na
olaparib.

Powyzsze wyniki wskazujg, na wiekszy potencjat przetamywania opornosci na olaparib przy uzyciu
ATRI, jednak obie badane kombinacje wykazaly zadowalajgcy efekt przeciwnowotworowy. Stad,
w dalszych badaniach in vitro stosowano powyzej opisane stezenia lekéw odpowiednio dla komérek
wrazliwych i opornych na olaparib, aby poréwnac¢ dalsze efekty wywolywane przez zwigzki na
poziomie molekularnym i komérkowym.

38



4 | WYNIKI I DYSKUSJA

bEO1
— 150 FREH Sk
2 125 :
E - % % @ Kontrola
3 I : P
- o e O 10 uM
ﬁ 754 H + e z W : . e A 5uM
0 - - ‘:-If‘ : < eC 1uM
th . B = :\
g 504 G == + "? o 0+A
o - N T W o 0+C
& =
0 CDI; 0.96_1.01 CDI: 0.58_0.51
PEO4
150
S 1259 . ", . o
g 1004 o  wm b e i + ® Kontrola
§ oo B e & a0 o
o J 3 = = eA 5 uM
£ 7 . eC 1M
T EhkEkk e e I-I
L]
@ 504 ; sxnn HinE © O+A
5 -;L jnay — o 0+C
g 3 =
LI CDI: 0.94 0.96 CDI: 0.48_0.66
PEO1-OR
150
-§ 1254 i " e
= é 3 e : dE * S oY At e Kontrola
S 100 2k, 2 = + o
3 F g L e = . ¢0 oM
£ 759 : 5 ¥ s :% ¥
W e eC 1 uM
S 50 : © 0+A
£ o 0+C
g 25
'N n
v CDI: 1.02_1.09 CDI: 0.90_0.93
PEO1-OR
150 hEk
S 1254 .
€ o % e o . S .i_ = ® Kontrola
- 3 % i = i P g e 0 15 pM
e 0 s
S 75 + v T % : b + + + g @A 75uM
Q i ':LT:' @eC 25uMm
o =
2 504 %' : o 0O+A
£ . - o 0+C
$ 257
™~
e CDI: 1.06 1.08 CDI: 0.79 0.85

v O KontrolaO A C v O
Kontrola O A C o o ot o

Rysunek 5. Polgczenie olaparibu z inhibitorami szlaku ATR/CHK1 synergistycznie zwieksza cytoto-
ksyczno$¢ badanych lekéw zaréwno w komoérkach wrazliwych (PEO1 i PEO4), jak i opornych na
olaparib (PEO1-OR) przy zastosowaniu odpowiednich stezenn zwigzkéw. Wykresy przedstawiajg
zywotno$¢ komorek po 2 i 5 dniach inkubacji oznaczong za pomocg testu MTT. Istotno$¢ statystyczng
okres$lono za pomocg dwuczynnikowej analizy ANOVA oraz testu wielokrotnych poréwnan Tukey’a: “p < 0,01,
*p < 0,01, "*p < 0,001, “**p < 0,0001 (inhibitor(y) vs. kontrola); *p < 0,05, **p < 0,01, ***p < 0,0001 (olaparib
vs. kombinacja z ATRi lub CHK1i); #*#*p < 0,0001 (ATRi lub CHK1i vs. odpowiednia kombinacja z olaparibem).

W dalszej cze$ci badan oceniono czy dodanie do olaparibu inhibitoréw szlaku ATR/CHK1 poteguje
Smier¢ komoérek opornych na olaparib na drodze apoptozy. Wyniki oznaczenia poziomu
eksternalizacji fosfatydyloseryny w linii PEO1-OR po 2 dniach inkubacji pokazaty, ze uzycie samego
olaparibu czy ATRi nie ma statystycznie istotnego wplywu na zmiane odsetka komorek
wyznakowanych aneksyng V wzgledem komorek kontrolnych (wzrost z 3,8% do odpowiednio 6,5%
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oraz 5,7%). Jednak zastosowanie polgczenia obu inhibitorow przyczynilo sie do istotnego
2,2-krotnego zwiekszenia udziatu komérek apoptotycznych w catej populacji. Inkubacja zaréwno
z samym CHKI1i, jak i w polaczeniu z olaparibem spowodowata wzrost odsetka komorek
z wyeksponowang fosfatydyloseryng do odpowiednio 8,6% oraz 9,6% wzgledem komorek
nietraktowanych. Nastepnie oceniono, czy kaspazy biorg udzial w indukowaniu apoptozy we
wczesnych etapach dziatania zwigzkow w komoérkach raka jajnika poprzez pomiar aktywnosci
kaspaz wykonawczych-3/7 po 2 dniach inkubacji. Traktowanie komoérek PEO1-OR samym
olaparibem nie przyczynito sie do istotnego zwiekszenia aktywno$ci kaspaz-3/7 wzgledem komorek
kontrolnych, zgodnie z opornym fenotypem komérek. Co wazne, w linii PEO1-OR stwierdzono
synergistyczng aktywacje kaspaz-3/7 w wyniku potgczenia olaparibu z ATRi lub CHK1i, ktérych
dodanie przyczynito sie do odpowiednio 1,5-krotnego i 2,3-krotnego zwiekszenia odsetku komérek
kaspazododatnich wzgledem samego inhibitora PARP. Ocena poziomu ekspresji mRNA dla
kaspazy 3 nie wykazata nadekspresji genu w komoérkach PEO1-OR w odpowiedzi na stosowane
osobno zwigzki ani ich kombinacje, w przeciwienstwie do komérek PEO1, gdzie stwierdzono
synergistycznie zwiekszony poziom CASP3 w odpowiedzi na tgczne dzialanie olaparibu z ATRi lub
CHK1i. Podsumowujgc, inhibitory szlaku ATR/CHK1 w potgczeniu z olaparibem wykazujg
spotegowane dzialanie proapoptotyczne w komdrkach PEO1-OR juz po 2 dniach, co uwidacznia sie
w przeciwnowotworowej aktywnosci kombinacji zwigzkéw po 5 dniach.

Wyniki badan z pierwszego etapu pracy, wskazujagce na genotoksyczne dziatania badanych
inhibitoréw, sktonity mnie do dalszej oceny znaczenia szlakéw DDR w komorkach PEO1-OR oraz
ich linii macierzystej. W tym celu oznaczono poziom ekspresji 27 biatek zaangazowanych w DDR,
aby oceni¢, czy przyczyniajg sie one do uwrazliwiania komérek PEO1-OR na olaparib podczas
inhibicji szlaku ATR/CHK1.

W pierwszej kolejnosci skupiono sie na poréwnaniu odpowiedzi komérek wrazliwych i opornych
podczas inkubacji z samym olaparibem, ktéry jak pokazano wczesnie, wykazuje aktywnos$¢
cytotoksyczng jedynie w linii PEO1. PARPi spowodowatl istotne zwiekszenie ekspresji 10 biatek
w linii PEO1-OR wzgledem komorek wrazliwych, w tym zaangazowanych w naprawe HRR (BRCA1,
BRCA2, c-Abl), NHE] (Ku80), bezposredniag naprawe uszkodzen (MGMT), regulacje cyklu
komoérkowego (CHK1, CHK2, cyklina B1), apoptoze (MDM2) oraz biatka PARP1. Wzrost poziomu
wiekszosci z tych biatek w komérkach PEO1-OR w poréwnaniu z komérkami PEO1 przyczynit sie do
przywrocenia podstawowego poziomu ekspresji obserwowanego w komérkach nietraktowanych.
Poza tym, zwiekszenie ekspresji c-Abl, CHK1, Ku80, MDM2 i PARP1 w komérkach PEO1-OR
w poréwnaniu z komérkami PEO1 sugeruje role tych biatek w zmniejszaniu wrazliwosci na olaparib.

W dalszym etapie analiz poréwnano odpowiedzi komoérek PEO1-OR na traktowanie ich jedynie
olaparibem oraz jego polgczeniami z inhibitorami szlaku ATR/CHK1, ktére przelamujg opornosé
(Rys. 6). Traktowanie linii PEO1-OR olaparibem zwiekszyto poziom 9 bialek zaangazowanych
w DDR. W poréwnaniu z inhibitorem PARP, dodanie ATRi lub CHK1i spowodowato przywrdcenie
ich podstawowej ekspresji (ERCC1, Ku70, Ku80, c-Abl, MDM2, CHK1, CDK1 i p21) lub jej
zmniejszenie (PARP1) wzgledem komérek nietraktowanych. Ponadto, polgczenie olaparibu z ATRi
lub CHK1i zaindukowano obnizenie poziomu PLK1. Role kazdego z tych biatek w szlaku DDR
przedstawiono na Rysunku 6.
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ODPOWIEDZ NA USZKODZENIA DNA W KOMORKACH PEO1-OR
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Rysunek 6. Olaparib w polgczeniu z inhibitorami s$ciezki sygnalowej ATR/CHK1 powoduje
w komoérkach PEO1-OR zmiany w ekspresji bialek zaangazowanych w rdézne procesy bedgce
elementami szlaku DDR. aNHE] - alternatywne lgczenie niehomologicznych koncéw, cNHE] - kanoniczne
laczenie niehomologicznych koncéw, DSB — podwdjne pekniecia nici DNA, HRR - naprawa poprzez
rekombinacje homologiczng, NER - naprawa przez wycinanie nukleotydow.

Warto zaznaczy¢, ze kombinacje badanych inhibitoréw nie miaty wplywu na poziom gléwnych
mediatorow naprawy przez HRR tzn. BRCA1 i BRCAZ2, ale obnizyly poziom kinazy c-Abl (posredni
regulator HRR) do obserwowanego w komodrkach nietraktowanych badanymi zwigzkami. Analiza
poziomu biatek zaangazowanych w mechanizm naprawy za posrednictwem NHE] pokazala, ze
dodanie ATRi lub CHK1i znosito nadekspresje Ku70 i Ku80 indukowang przez olaparib. Jednoczes$nie
nie stwierdzono wptywu dziatania zwigzkéw na gtéwng kinaze regulujgcg ten szlak - DNA-PKcs.

Reasumujgc, zahamowanie szlaku ATR/CHK1 skutecznie uwrazliwia komo6rki PEO1-OR na olaparib.
Zwiekszenie apoptozy poprzez synergistyczny wzrost aktywnosci kaspaz-3/7 odgrywa wazng role
w przelamywaniu opornosci na PARPi. Przywrdcenie cytotoksycznej aktywnosci olaparibu podczas
inhibicji szlaku ATR/CHK1 wigze sie z deregulacjg ekspresji biatek szlaku DDR. Badania te w istotny
sposOb poszerzajg wiedze na poziomie molekularnym dotyczgcg nabywania i przelamywania
opornosci na olaparib w komérkach z rewersjg mutacji BRCA2 w warunkach in vitro.
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ETAP 3

Ocena roli czgsteczek miRNA w nabywaniu opornosci na olaparib w komoérkach raka jajnika
oraz jej przelamywaniu z zastosowaniem inhibitoréw szlaku ATR/CHK1 .

Trzeci etap badan podsumowuje praca doswiadczalna pt.: ,,Uncovering miRNA-mRNA regulatory
networks related to olaparib resistance and resensitization of BRCA2YYT ovarian cancer
PEO1-OR cells with the ATR/CHK1 pathway inhibitors” [48].

W tej czesci badan in vitro przeprowadzono analize réznicowej ekspresji czgsteczek miRNA
(identyfikacja miRNA réznigcych sie poziomem ekspresji dojrzatych transkryptow pomiedzy
badanymi warunkami) w celu zidentyfikowania miRNA, ich genéw docelowych i potencjalnych
proceséw biologicznych powigzanych z nabywaniem i przelamywaniem opornos$ci na olaparib
w komérkach PEO1-OR. Nastepnie okreslono, ktére z wytypowanych w badaniach in vitro miRNA
i ich genéw docelowych sg zwigzane istotnie z przezyciem pacjentek na podstawie analiz in silico
danych klinicznych (Rys. 7).
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Rysunek 7. Uogélniony schemat postepowania przy okreslaniu roli miRNA w nabywaniu
i przelamywania opornosci na olaparib w komoérkach raka jajnika. Na podstawie wynikow analizy
réznicowej ekspresji miRNA w komérkach raka jajnika in vitro okreslono, ktére czgsteczki wykazujg zmieniong
ekspresje. Nastepnie za pomocg narzedzi bioinformatycznych przewidziano geny docelowe dla
wytypowanych miRNA, opracowano sieci regulatorowe miRNA-mRNA z uwzglednieniem oddzialywan
biatko-biatko oraz przeprowadzono analize funkcjonalnego wzbogacenia. Na koniec oceniono warto$é
prognostyczng wybranych miRNA i ich genéw docelowych w prébkach klinicznych na podstawie danych
z bazy TCGA i wybrano czgsteczki, ktérych zmieniona ekspresja byta skorelowana z przezyciem pacjentek.

Na poczatku przeprowadzono badania przesiewowe za pomocg komercyjnie dostepnych macierzy
miRNA w celu okre$lenia profilébw ekspresji 754 miRNA w komoérkach PEO1 i PEO1-OR
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nietraktowanych oraz traktowanych badanymi inhibitorami przez 2 dni. Etap ten pozwolit
wytypowac obiecujgce czgsteczki o znaczgco zmienionej ekspresji (bezwzgledna krotno$¢ zmian
*1,5), sposrad ktérych wybrano 44 miRNA do oceny réznic w ich poziomie ekspresji we wszystkich
liniach raka jajnika za pomocg zaprojektowanych macierzy miRNA z odpowiednio dobranymi
genami referencyjnymi o potwierdzonej stabilnej ekspresji pomiedzy warunkami eksperymen-
talnymi.

Na podstawie wynikoéw walidacyjnych, najpierw poréwnano profile ekspresji wyselekcjonowanych
miRNA pomiedzy nietraktowanymi komdrkami PEO1 oraz PEO4 i PEO1-OR w celu okre$lenia, ktore
z czgsteczek ulegaly istotnie zmienionej ekspresji, dalej okreslanych jako deregulowane, zwigzanej
z wrazliwoScig komdrek na olaparib. Szczegdlng uwage poswiecono linii opornej PEO1-OR oraz jej
linii macierzystej. Za istotnie deregulowane miRNA uwazano te czgsteczki, dla ktérych bezwzgledna
krotno$¢ zmian wynosita co najmniej 1,5 przy wartosci p < 0,05. Jak pokazaty wyniki, w komérkach
PEO1-OR oraz PEO4 doszto do istotnej zmiany ekspresji odpowiednio 11 i 16 miRNA wzgledem
komoérek PEO1, przy czym ponad 90% z nich ulegla obnizonej ekspresji. Jednym z najbardziej
deregulowanych miRNA w komérkach PEO1-OR byl miR-486-5p, ktérego ekspresja obnizyla sie
ponad 10-krotnie wzgledem komoérek macierzystych. Fakt, ze az 25% miRNA sposréd docelowo
badanych uleglo istotnej zmianie ekspresji w komoérkach PEO1-OR wskazuje na to, ze komorki
oporne mogg znhacznie roéznic sie potranslacyjng regulacjg ekspresji docelowych genéw.

Nastepnie okre$lono profil ekspresji miRNA w komérkach raka jajnika w odpowiedzi na badane
inhibitory lub ich kombinacje w celu okreslenia, ktére z miRNA mogg by¢ potencjalnie zwigzane
z przelamywaniem oporno$ci na olaparib. Wyniki analizy pokazaty, ze profile miRNA w komérkach
PEO1-OR traktowanych kazdym inhibitorem osobno réznig sie od tych w komérkach inkubowanych
z kombinacjami zwigzkéw. W linii PEO1-OR sam olaparib spowodowal zmiane ekspresji jedynie
3 miRNA (miR-96-5p, miR-486-5p i miR-766-3p). Kombinacja olaparibu z inhibitorami szlaku
ATR/CHKI1 przyczynita sie do istotnej zmiany ekspresji w sumie 7 miRNA w komérkach PEO1-OR,
przy czym ekspresja 4 z nich ulegla zmianie jedynie w tej linii (miR-33a-3p, miR-95-3p,
miR-424-3p i miR-1275) w poréwnaniu z liniami wrazliwymi PEO1 i PEO4. Co ciekawe, polgczenie
olaparibu z ATRi lub CHK1i przywracato w komérkach PEO1-OR ekspresje miR-95-3p i miR-1290
do poziomu obserwowanego w linii wrazliwej PEO1. Ponadto, kombinacje inhibitoréw wywotaly
podobny efekt zmiany ekspresji w komérkach PEO1 oraz PEO1-OR. Powyzsze obserwacje wskazujg,
ze zmiany ekspresji pewnych miRNA mogg by¢ zwigzane z uwrazliwianiem komoérek opornych na
olaparib poprzez inhibicje szlaku ATR/CHKI1.

Kolejno na podstawie wynikéw analizy r6znicowej ekspresji miRNA przeprowadzono analizy
bioinformatyczne w celu zrozumienia roli wybranych miRNA. Na poczgtku zidentyfikowano
docelowe geny dla miRNA z istotnie zmieniong ekspresjg i zbudowano odrebne sieci regulatorowe
miRNA-mRNA dla czgsteczek miRNA zwigzanych z oporno$cig na olaparib badz przelamywaniem
opornosci za pomocg kombinacji badanych inhibitoréw (Rys. 7).

Zaburzona ekspresja miRNA moze mie¢ istotny wptyw na regulacje szlakéw sygnatowych i proceséw
komoérkowych w nowotworach. Wobec tego, w dalszej czesci zidentyfikowano eksperymentalnie
potwierdzone docelowe geny dla miRNA, skonstruowano sieci regulatorowe miRNA-mRNA oraz
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przeprowadzano analizy funkcjonalnego wzbogacenia dla grupy docelowych genéw za pomocg
narzedzia bioinformatycznego miRNet 2.0 [49].

Kazda pierwotna sie¢ regulatorowa o wysokim stopniu zlozono$ci, zawierajgca nawet kilkadziesigt
tysiecy bezposrednich interakcji pomiedzy elementami sieci, zostala zredukowana do sieci
przedstawiajgcych Kkluczowe oddzialywania wspotorganizujgce sie¢ za pomocg algorytmu
»~minimum connected network” dostepnego w miRNet 2.0. Czynno$¢ ta pozwolita skupi¢ sie na
zbadaniu roli kluczowych interakc;ji.

Zredukowana sie¢ regulatorowa miRNA-mRNA dla nietraktowanych komérek PEO1-OR skladata sie
z 11 deregulowanych miRNA oraz 38 genow docelowych, gdzie kazdy z miRNA okazat sie regulowac
od 7 do 21 genéw. Wyniki analizy wzbogacenia funkcjonalnego grupy genéw z uzyciem baz danych
dla sciezek sygnatowych (Reactome) oraz proceséw biologicznych (GO:BP) pokazaly, ze w proces
nabywania oporno$ci mogg by¢ zaangazowane szlaki sygnatowe wielu czynnikéw wzrostu i ich
receptoréw, w tym FGFR, EGFR, PDGF, SCF-KIT, TGFBR, oraz $ciezki zwigzane z kancerogenezg,
proliferacjg, migracjg i cyklem komoérkowym. Ponadto przewidziano, ze za oporny fenotyp mogg
rowniez odpowiada¢ procesy komdérkowe zwigzane z DDR, co wigze sie z danymi eksperymental-
nymi uzyskanymi we wcze$niejszych etapach badan.

W przypadku komérek PEO1-OR uwrazliwionych na olaparib poprzez inhibicje szlaku ATR/CHK1,
w sktad zredukowanej sieci regulatorowej wchodzito 7 miRNA, kazdy istotnie regulujgcy 4-6 geny
sposrod wszystkich 23 zidentyfikowanych jako geny docelowe. Na podstawie rezultatéw analizy
wzbogacenia funkcjonalnego wykazano, ze w proces przelamywania opornosci na olaparib moze
by¢ zaangazowany szlak sygnatowy Wnt niezalezny od B-kateniny, szlaki zwigzane z apoptozg
regulowang przez kaspazy oraz regulacja cyklu komérkowego w punkcie kontrolnym G2/M. Istotnie,
we wczes$niejszym etapie badan udowodniono, ze cze$¢é tych procesow jest zwigzana z odpowiedzig
komoérek PEO1-OR na kombinacje badanych inhibitoréw, co zwieksza wiarygodno$¢ przewidywan
za pomocg analiz in silico. Ponadto, badania te pokazaly, ze uwrazliwianie komérek PEO1-OR na
olaparib moze mie¢ zwigzek rowniez ze Sciezkami sygnatowymi czynnikéw wzrosty i ich receptoréw
(TGFB, EGFR, FGFR1, NGF, VEGFR2 oraz PDGF).

Wyniki analizy funkcjonalnej wzbogacenia grupy genéw dla deregulowanych miRNA, wskazujace
na role wielu réznych czynnikéw wzrostu i ich receptoréw, wymagaty weryfikacji poprzez okreslenie
poziomu ekspresji panelu czynnikéw wzrostu i ich receptoréw na poziomie biatka. Badania poziomu
ekspresji 41 wybranych biatek przeprowadzono za pomocg macierzy przeciwciat w komérkach PEO1
oraz PEO1-OR po zastosowaniu inhibitoréw lub ich kombinacji przez 2 dni. W obu liniach
komoérkowych udato sie wykryc¢ i ilo§ciowo okresli¢ poziom 38 czynnikéw wzrostu i ich receptoréw.
Za biatka, ktorych ekspresja ulegla istotnej zmianie uwazano te, ktorych poziom ekspresji zmienit
sie co najmniej = 1,5-krotnie przy p < 0,05. W komérkach PEO1-OR inkubacja z samym olaparibem
zmienitla poziom jedynie czynnika FGF6 (1,6-krotny spadek wzgledem komoérek kontrolnych).
Inhibicja PARP w potgczeniu z ATRi lub CHK1i zaburzyt ekspresje 7 biatek w komdrkach PEO1-OR
oraz az 15 bialek w komoérkach PEO1. Sposrod wszystkich biatek o istotnie zmienionej ekspres;ji,
kombinacja olaparibu z inhibitorami szlaku ATR/CHK1 spowodowata obnizenie ekspresji 5 biatek
jedynie w linii opornej (FGF4, FGF7, NT-4, PLGF, and TGFB1). Ponadto, w komdrkach PEO1-OR nie
odnotowano nadekspresji 12 biatek indukowanej przez kombinacje inhibitoréw w linii PEO1
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(amfiregulina, HB-EGF, HGF, IGFBP-1, IGFBP-3, IGFBP-4, IGFBP-6, PDGFRa, PDGFRB, PDGF-AA,
VEGF-A i VEGFR2). Co wazne, wyniki eksperymentalne potwierdzilty przewidywane zaburzenia
w ekspresji czynnikéw wzrostu i ich receptoréw. Naswietla to istotng role biatek zaangazowanych
w regulowanie wzrostu i proliferacji w przelamywaniu opornosci na olaparib.

Dalsza cze$¢ badan byta poswiecona analizom in silico danych klinicznych z bazy danych TCGA dla
pacjentek z surowiczym rakiem jajnika w zaawansowanym stadium po farmakoterapii dla istotnie
deregulowanych miRNA i ich genéw docelowych zidentyfikowanych in vitro. Celem tych analiz byto
przede wszystkim okreslenie, czy wytypowane miRNA oraz geny, w kontek$cie nabywania
i przelamywania opornosci na olaparib, majg zwigzek z przezyciem pacjentek. Sposrdd
wyznaczonych wczesniej miRNA deregulowanych w komérkach PEO1-OR do analiz wybrano te,
ktérych poziom ekspresji na podstawie danych klinicznych moze mie¢ znaczenie biologiczne in vivo.
Jako kryterium przyjeto wartos¢ progowa ekspresji okreslong jako zaliczenia na milion (CPM, ang.
count per milion) powyzej 10 w co najmniej 50% probek. Sposréd wszystkich miRNA zwigzanych
znabywaniem i przelamywaniem opornos$ci kryterium progu poziomu ekspresji u pacjentek spetnito
8 miRNA (miR-9-5p, miR-99b-5p, miR-100-5p, miR-125a-3p, miR-324-5p, miR-424-3p,
miR-486-5p i miR-505-5p).

Najpierw skupiono sie na powigzaniu roli wybranych miRNA ze zmniejszong wrazliwoscig na
olaparib. Wéréd 8 zakwalifikowanych do analiz miRNA, 7 z nich okre$§lono wcze$niej jako powigzane
z nabywaniem opornosci w komérkach PEO1-OR. Analiza przezycia metodg Kaplana-Meiera dla
pacjentek z HGSOC z uzyciem programu ToPP pokazala, ze w grupach z obnizonym poziomem
ekspresji dla 3 miRNA stwierdzono krotszy czas przezycia catkowitego (OS, ang. overall survival)
oraz krotsze interwaty wolne od progresji (PFI, ang. progression-free intervals). Skrécony czas OS
powigzano z obnizonym poziomem miR-99b-5p (HR =0,84; p=0,011), miR-424-3p (HR =0,738;
p=0,021) i miR-505-5p (HR = 0,605; p = 0,0009) (Rys. 8).

Podstawowy poziom ekspresji tych miRNA by} réwniez obnizony w komérkach PEO1-OR. Ekspresja
wspomnianych miRNA nie réznila sie istotnie pomiedzy pacjentkami w II, IIT i IV stadium
zaawansowania, a ich stabilny poziom ekspresji moze wskazywac na role tych czgsteczek w progresji
choroby. Przeprowadzona dalej redukcja wielkosci sieci regulatorowej miRNA-mRNA dla komérek
PEO1-OR do trzech miRNA o wartosci prognostycznej (miR-99b-5p, miR-424-3p i miR-505-5p)
wyselekcjonowata 13 potencjalnie waznych genéw docelowych (Rys. 8). Po$rdd nich poszukiwano
takich, ktorych podwyzszony poziom ekspresji korelowatby negatywnie z przezyciem pacjentek.
Wyniki pokazaly, ze pacjentki ze zwiekszonym poziomem genu dla eukariotycznego czynnika
elongacyjnego 1 delta (EEF1D), integryny 5 (ITGA5), wimentyny (VIM) oraz zaleznej od cyklin
kinazy 6 (CDK6) charakteryzowaly sie istotnie gorszym przezyciem (krotszy czas OS oraz PFI).
Poréwnanie poziomu ekspresji tych gendéw u pacjentek w réznych stadiach zaawansowania
wykazato nadekspresje VIM w stadium III w poréwnaniu do II oraz nadekspresje CDK6 w stadium
IV w poréwnaniu do III, co moze swiadczy¢ o roli tych genéw w progresji nowotworu. Ponadto
stwierdzono, ze zaréwno ITGAS5, jak i VIM wykazujg obnizong ekspresje na poziomie mRNA
w tkankach pochodzgcych z guzéw nowotworowych w poréwnaniu z prawidtowymi tkankami
jajnika. Obnizenie poziomu ekspresji wimentyny u pacjentek z surowiczym rakiem jajnika
potwierdzono na poziomie biatka na podstawie danych z bazy Human Protein Atlas (ang. HPA).
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Rysunek 8. Powigzanie miRNA deregulowanych w komérkach PEO1-OR oraz ich genéw docelowych z
przezyciem pacjentek z HGSOC podzielonych na grupy zaleznie od poziomu ekspresji. (a) Sieci
regulatorowe mMiRNA-mRNA ograniczone do miRNA o potencjalnej warto$ci predykcyjnej zwigzanej
z nabywaniem i przelamywaniem opornosci na olaparib. Na niebiesko i czerwono zaznaczono miRNA oraz
geny, ktérych odpowiednio niska i wysoka ekspresja istotnie wptywa na przezycie (b) Krzywe Kaplana-Meiera
przedstawiajgce czas calkowitego przezycia u pacjentek zaleznie od poziomu miRNA i genéw najbardziej
wplywajgcych na réznice w przezyciu pomiedzy grupami o niskim (niebieski) i wysokim (czerwony) poziomie
ekspresji. HR-wspétczynnik ryzyka (ang. hazard ratio) z 95% przedzialami ufnosci.

Nastepnie skoncentrowano sie na okre§leniu prognostycznej warto$ci miRNA dla czgsteczek
zwigzanych z przelamywaniem opornosci na olaparib w komoérkach PEO1-OR (miR-324-5p,
miR-424-3p i miR-486-5p). Analiza przezycia Kaplana-Meiera dla pacjentek z HGSOC wykazata,
ze niski poziom miR-324-5p i miR-424-3p zwigzany byt ze skroconym czasem OS oraz PFI. Istotnie,
obnizenie ekspresji tych miRNA réwniez zidentyfikowano w komérkach PEO1-OR uwrazliwionych
na olaparib z uzyciem inhibitoréw szlaku ATR/CHK1. Oba miRNA wykazywatly stabilng ekspresje
u pacjentek w stadiach II-IV, co moze wskazywa¢ na ich role w progresji choroby. Zredukowana dalej
sie¢ regulatorowa miRNA-mRNA dla uwrazliwiania komérek raka jajnika na olaparib wykazata,
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ze miR-324-5p i miR-424-3p regulujg 7 genéw docelowych (Rys. 8), przy czym istotng warto$¢
prognostyczng stwierdzono dla genu kodujgcego podjednostke RPB1 polimerazy RNA II zaleznej od
DNA (POLR2A), wimentyne (VIM), klatryne (CLTC), i biatko SMAD2 (SMADZ2). W grupach pacjentek
z podwyzszonym poziomem ekspresji dwéch z tych genéw (POLR2A i VIM) stwierdzono istotnie
skrécony czas OS i PFI (Rys. 8). Ponadto ekspresja POLR2A byla obnizona u pacjentek w stadium
zaawansowania III i IV w poréwnaniu ze stadium II oraz u pacjentek z rakiem jajnika w poréwnaniu
z prawidlowg tkankg.

Podsumowujgc, zaburzona ekspresja miRNA w komoérkach PEO1-OR wskazuje na znaczne zmiany
zachodzace w komérkach raka jajnika w trakcie nabywania oporno$ci na olaparib. Deregulowane
miRNA mogg odgrywac szczegoélng role w tych procesach poprzez posredni wptyw na deregulacje
ekspresji czynnikow wzrostu i ich receptoréw. Scharakteryzowane profile ekspresji miRNA w linii
PEO1-OR wykazujgcej opornos¢ na olaparib oraz w tych komérkach po przetamaniu opornosci,
moga w przyszlosci by¢ wartosciowym punktem wyjsciowy do opracowania markeréw zwigzanych
z odpowiedzig raka jajnika na olaparib oraz jego kombinacji z inhibitorami szlaku ATR/CHKI.
Okreslone zaleznoSci pomiedzy poziomem ekspresji wybranych miRNA i ich docelowymi genami,
a przezyciem pacjentek wskazujg na wysoki potencjat dalszych badann prowadzonych w tym
kierunku.

ETAP 4

Ocena potencjalu terapeutycznego polaczenia olaparibu z inhibitorami szlaku ATR/CHK1
w kontekscie uwrazliwiania komoérek raka jajnika na olaparib w warunkach in vivo.

Ostatni etap badan podsumowuje manuskrypt pracy doswiadczalna pt.: ,,Olaparib rechallenge
combined with the ATR/CHK1 pathway inhibitors in olaparib-resistant PDX models of
ovarian cancer: Mechanisms behind synergistic tumor growth inhibition”

W badaniach przedklinicznych czesto wykorzystywanymi zwierzecymi modelami nowotworéw sg
mysie modele oparte o heteroprzeszczepy guzéw pobranych bezposrednio od pacjentéw (PDX,
ang. patient-derived xenograft). Umozliwiajg one m. in. ocene skutecznosci terapii przeciwnowotwo-
rowych oraz badanie mechanizméw lezgcych u podstaw dzialania potencjalnych lekéw, jak
i opornosci na stosowane terapie. Modele PDX raka jajnika, tak jak i wielu innych nowotworéw, sg
cennym narzedziem do badan przedklinicznych, gdyz stosunkowo wiarygodnie odzwierciedlajg
wzrost, charakterystyke genetyczng i molekularng oraz odpowiedZ terapeutyczng guza pacjentki
[50-52].

Glownym celem tego etapu badan bylo okre$lenie wptywu potgczenia olaparibu z inhibitorami
szlaku ATR/CHK1 na zahamowanie wzrostu HGSOC w modelu PDX z wyindukowang opornoscig na
olaparib w warunkach in vivo. Dodatkowo zbadano zmiany zwigzane z rozwojem opornosci na
olaparib i jej przetamywanie zachodzgce w uzyskanych modelach heteroprzeszczepéw.

Aby zrealizowa¢ zatozone cele, najpierw rozmrozono i rozpropagowano w myszach z immuno-
defektem szczepu NSG/] opracowane wcze$niej heterotropowe heteroprzeszczepy raka jajnika
z mutacjami w genach BRCA1/2 pochodzace od trzech pacjentek z HGSOC (etap I). Nastepnie po
przeszczepieniu do nowych myszy rozpropagowanych guzéw wyprowadzono heterotropowy model
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PDX raka jajnika z nabytg opornoscig na olaparib (etap II) (Rys. 9). Na koniec zbadano jak oporne
na olaparib heteroprzeszczepy reagujg na terapie skojarzong tgczgcg olaparib z inhibitorem kinazy
ATR lub CHKI1 (etap III). Eksperymenty na zwierzetach zostaly przeprowadzone we wspotpracy
z Narodowym Instytutem Onkologii im. Marii Sklodowskiej-Curie — Pannistwowym Instytutem
Badawczym w Warszawie w oparciu o zgode Lokalnej Komisji Etycznej ds. Doswiadczen na
Zwierzetach oraz zgode Komisji Bioetycznej przy Centrum Onkologii w Warszawie.

Probe uzyskania opornosci na olaparib in vivo podjeto w trzech modelach PDX (X127, X160 oraz
X179) z mutacjami BRCA1/2 uprzednio nietraktowanych inhibitorami PARP. Po rozpropagowaniu
u myszy heteroprzeszczepow, zwierzeta zostaly poddane randomizacji do grupy kontrolnej
otrzymujgcej no$nik sktadajgcy sie z roztworu 10% (v/v) DMSO, 40% (v/v) PEG300i 5% (v/v) Tween
80 w wodzie podwojnie destylowanej (5 dni w tygodniu, dootrzewnowo) oraz grupy otrzymujgcej
olaparib (50 mg/kg, 5 dni w tygodniu, dootrzewnowo). Za guzy z nabytg opornoscig na olaparib
uznano takie, ktérych objetos¢ ulegta co najmniej 2-krotnemu zwiekszeniu po otrzymywaniu leku
przez co najmniej 4 tygodnie wzgledem pierwszego dnia podawania leku (RTV > 2). W modelach
PDX-X127 oraz PDX-X160 stwierdzono nietypowo wysokie tempo wzrostu guzéw uniemozliwiajgce
podawanie myszom olaparibu przez zalozony okres co najmniej 4 tygodni. W celu unikniecia
pogorszenia dobrostanu zwierzat, eksperymenty z zastosowaniem tych dwéch modeli
heteroprzeszczepéw zostaly przerwane. Istotnie, oporno$¢ na olaparib uzyskano po 6 tygodniach
w dwoch (#11 oraz #14) z o$miu wszczepionych do myszy guzéw z modelu PDX-X179 (Rys. 9).
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Rysunek 9. Schematyczne przedstawienie poszczegdlnych etapéw wyprowadzania mysiego modelu
PDX raka jajnika z wyindukowang opornoscia na olaparib. Myszy z rozpropagowanymi hetero-
przeszczepami z modelu PDX-X179 z pasazu pigtego (etap I) podzielono na grupe kontrolng otrzymujgcg
no$nik poprzez iniekcje dootrzewnowe (i.p.) 5 dni w tygodniu oraz docelowg grupe eksperymentalng
traktowang olaparibem (50 mg/kg, 5 dni w tygodniu, i.p.) (etap II). Po 6 tygodniach leczenia olaparibem
u myszy zaobserwowano zahamowanie wzrostu guza lub jego regresje (wrazliwe na olaparib) lub wzrost guza
prowadzgcy do ostatecznie podwojenia jego rozmiaréw (oporne na olaparib). Model PDX z nabytg opornoscig
na olaparib wykorzystano do oceny skutecznosci badanych terapii skojarzonych (etap III).

Co wazne, model oporny zostal wyprowadzony z PDX-X179 posiadajgcego patogenne mutacje
w genie BRCA1 (c.181T>G; p.Cys61Gly) oraz BRCA2 (c.4677delT; p.Phe1559*), ktore odzwierciedlajg
kliniczny status HDR tzn. zaburzenia w procesie HR [53, 54]. Analiza kinetyki zmian wielkos$ci
uniewrazliwionych na olaparib guzéw w trakcie indukowania opornosci pokazata, Ze po

48



4 | WYNIKI I DYSKUSJA

poczgtkowym wzrosScie heteroprzeszczepéw w pierwszym okresie podawania inhibitora doszto do
chwilowej redukcji objetosci guzéw. Nastepnie w 28 dniu od pierwszego dnia podania olaparibu
zaobserwowano nawrotowy wzrost guzéw uzyskujacych ostatecznie 2,7-krotnie (#11) oraz
2,0-krotnie (#14) zwiekszong objeto$¢ wzgledem pierwszego dnia iniekcji leku. Jednoczes$nie, nie
zaobserwowano istotnych zmian masy zwierzat w trakcie podawania leku. Ponadto, u trzech z oSmiu
wszczepionych do myszy heteroprzeszczepéw poddanych indukowaniu opornosci stwierdzono
czesciowg wrazliwos¢ na olaparib bez zmian objetosci guza (#12: RTV =1,0) lub zwiekszong
wrazliwo$¢ na olaparib prowadzgcg do redukcji objeto$ci guzdéw (#5: RTV=0,16 oraz #9:
RTV =0,59). Heteroprzeszczepy pochodzgce od trzech pozostatych myszy wykluczono z analizy ze
wzgledu na cystowatos¢ guza, nietypowe zachowanie zwierzecia lub zbyt krotki okres podawania
olaparibu.

Poréwnanie ekspresji panelu bialek pomiedzy guzami z nabytg opornoscig tuz po zakonczeniu
podawania olaparibu, a kontrolnymi guzami traktowanymi nosnikiem pozwolito ujawni¢ zmiany
molekularne zwigzane z uniewrazliwieniem HGSOC na PARPi in vivo. W ramach scharakteryzowania
fenotypu opornego zbadano ekspresje biatek zaangazowanych w sygnalizacje PARP, szlak
ATR/CHKI1, naprawe DNA oraz przejscie epitelialno-mezenchymalne (EMT, ang. epithelial-to-
mesenchymal transition). Na podstawie uzyskanych wynikéw stwierdzono, ze heteroprzeszczepy
raka jajnika z nabytg opornoscig na olaparib charakteryzowaty sie istotnie obnizonym poziomem
ekspresji PARP1, PARG, a takze zmniejszong post-translacyjng PARylacjg biatek, wskazujgcg na
indukowang przez olaparib inhibicje PARP1 bez wywolywania jednocze$nie istotnej inhibicji
wzrostu guza. Wyniki te wskazujg na zaburzenie sygnalizacji komérkowej regulowanej przez
polimerazy PARP, ktdre kontrolujg naprawe DNA, utrzymanie stabilnosci genomu i wiele innych
procesO6w komoérkowych. Jednoczesnie stwierdzi¢ mozna, ze w obecnosci olaparibu faworyzowane
byto przezycie komoérek opornych, ktére obnizyly ekspresje celu molekularnego leku — PARPI.
Dodatkowo, zaobserwowano istotne obnizenie ekspresji zaréwno kinazy ATR, jak i CHK1 oraz ich
aktywnych, fosforylowanych form, co ujawnilo zmiany w aktywnosci szlaku ATR/CHK1
regulujgcego odpowiedz na uszkodzenia DNA oraz przebieg cyklu komérkowego. Ponadto, guzy
oporne na olaparib charakteryzowaly sie istotnie obnizong ekspresja YH2AX, BRCA2 i RAD51,
sugerujgcg obnizong akumulacje DSB oraz zmniejszenie zaleznosci od szlaku naprawy DNA poprzez
HR. Z drugiej strony, w guzach tych zaobserwowano takze obnizenie poziomu ekspresji biatka
53BP1 promujgcego NHE], co w przypadku komdérek HGSOC z mutacjg w genie BRCAI moze
Swiadczy¢ o reaktywacji szlaku HR [55]. Znaczgce réznice na poziomie biatka stwierdzono takze
w przypadku ekspresji E-kadheryny i metaloproteinazy MMP2 pomiedzy guzami opornymi
a kontrolnymi, jednak ze wzgledu na przeciwne kierunki zmian ekspresji tych biatek nie udato sie
stwierdzi¢ czy nabywanie opornosci zwigzane jest ze zjawiskiem EMT. Jednocze$nie, w guzach
z nabytg oporno$cig nie stwierdzono zmian w ekspresji MDR1, co wskazuje na brak roli tej
glikoproteiny, odpowiedzialnej za usuwanie lekow z komorki, w obnizeniu wrazliwos$ci na olaparib.

W nastepnej czesci badan in vivo poréwnano skuteczno$¢ terapeutyczng inhibitoréw stosowanych
osobno i ich kombinacji w heteroprzeszczepach z nabytg opornoscig na olaparib. W tym celu, po
przeszczepieniu i rozpropagowaniu opornych guzéw (#11 i #14) w nowych myszach, zwierzeta
poddano randomizacji do grupy kontrolnej otrzymujgcej wczes$niej opisany no$nik (5 dni
w tygodniu, dootrzewnowo) oraz do grup badanych traktowanych olaparibem (50 mg/kg, 5 dni
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w tygodniu, dootrzewnowo), ATRi (25 mg/kg, 5 dni w tygodniu, doustnie), CHK1i (50 mg/kg, 2 dni
w tygodniu, dootrzewnowo) lub kombinacjami olaparibu z ATRi lub CHKI1i stosujgc ten sam
schemat dawkowania co przy uzyciu kazdego ze zwigzkéw osobno. Myszy otrzymywaly badane
inhibitory i ich kombinacje przez maksymalnie 37 dni (mediana 5 tygodni), po czym oceniono
skuteczno$¢ terapeutyczng inhibitoréw. Jednoczes$nie, nie stwierdzono znaczgcego spadku masy
myszy w trakcie podawania badanych inhibitoréw i ich kombinacji.

W pierwszej cze$ci badan poswieconych ocenie skutecznosci terapeutycznej inhibitoréw w guzach
opornych skupiono sie na odpowiedzi komérek HGSOC uniewrazliwionych na olaparib po
ponownym leczeniu PARPi. Co wazne, ponowne traktowanie olaparibem heteroprzeszczepéw
wszczepionych do nowych myszy potwierdzilo oporny fenotyp guzéw, ktére od momentu
otrzymania pierwszej dawki leku przez myszy zwiekszyly swojg objetos¢ az 4,2-krotnie. Guzy
kontrolne w wiekszym stopniu zwiekszyly swoje rozmiary (RTV = 7,0), jednak nie zaobserwowano
istotnych rézni¢ we wzroscie heteroprzeszczepéw w punktach koricowych eksperymentu pomiedzy
grupg otrzymujgca olaparib a nos$nik (p = 0,358). Na poziomie molekularnym, oporne guzy poddane
ponownemu dziataniu olaparibu wykazywaly obnizong PARylacje bialek wzgledem grupy
kontrolnej, Swiadczgcg o indukowanym przez olaparib cze$ciowym zahamowaniu aktywnosci
PARP1 bez wystgpienia istotnego efektu cytotoksycznego. Dodatkowo w tych guzach stwierdzono
obnizenie poziomu YH2AX oraz fosforylacji kinaz ATR i CHK1, sugerujgce brak akumulacji DSB oraz
aktywacji szlaku ATR/CHK1 w odpowiedzi na olaparib. Analiza ekspresji biatek zaangazowanych
w naprawe DNA wykazala obnizenie poziomu BRCA1, przy jednoczesnym podwyzszeniu poziomu
BRCAZ2 oraz 53BP1, wskazujgc na role tych dwdch ostatnich biatek w odpowiedzi komérek opornych
przy ponownym traktowaniu olaparibem. Biorgc pod uwage zmiany poziomu badanych markeréw
EMT, olaparib nieoczekiwanie zwiekszyt ekspresje wimentyny, sugerujgc nabywanie przez komorki
oporne cech komérek mezenchymalnych potencjalnie umozliwiajgcych ich migracje oraz inwazje
podczas ponownej terapii PARPi.

W drugiej czesci badan przeprowadzonych na rzecz oceny skutecznos$ci terapeutycznej inhibitoréw
w guzach opornych skupiono sie na odpowiedzi opornych guzéw po uwrazliwieniu na olaparib
poprzez inhibicje szlaku ATR/CHKI1. Uzyskane efekty terapeutyczne zwigzane z réwnoczesnym
podawaniem dwoch inhibitoréw oceniono na podstawie warto$ci wspoétczynnika kombinacji
(CI, ang. combination index), ktérego warto$¢ ponizej 1 wskazuje na synergizm [56]. Co najwa-
zniejsze, wykazano synergistyczne zwiekszenie zahamowania wzrostu guzéw (TGI, ang. tumor
growth inhibition) opornych na PARPi w grupie myszy otrzymujacych jednoczesnie olaparib oraz
ATRi (TGI =96%, CI=0,84) lub CHK1i (TGI =85%, CI =0,75). Analiza zmian objetosci guzéw od
pierwszego do ostatniego dnia podawania inhibitoréw pokazala, ze wielko$¢ heteroprzeszczepoéw
zwiekszylta sie w czasie terapii $rednio 1,4-krotnie w grupie otrzymujgcej jednoczesnie olaparib
i ATRi oraz 2,6-krotnie w grupie otrzymujgcej réwnoczesnie olaparib i CHK1i. Jak wspomniano
wczesniej, heteroprzeszczepy w grupie kontrolnej oraz traktowanej olaparibem zwiekszyly swojg
objetos¢ $rednio 7,0-krotnie oraz 4,2-krotnie. Uzyskane wyniki wskazujg zatem na synergistyczne
dziatanie przeciwnowotworowe kombinacji inhibitoréw w komérkach HGSOC opornych na olaparib.

Ocena efektow terapeutycznych kombinacji z uzyciem wskaznika T/C po zakonczeniu leczenia, czyli
stosunku wzrostu guzéw traktowanych inhibitorami wzgledem guzéw kontrolnych [57], pokazala,
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ze grupy otrzymujgcg olaparib w polaczeniu z ATRi (T/C =0,21) lub CHK1i (T/C = 0,38) uzyskaty
korzystng odpowiedz przeciwnowotworowg (uwzgledniajgc przyjete kryterium T/C < 0,42 méwigce
o korzystnym efekcie terapeutycznym). Poréwnujgc przeciwnowotworowe dziatanie dwdch
badanych kombinacji inhibitoréw, dodanie ATRi do olaparibu przyczynito sie do uzyskania lepszych
efektéw terapeutycznych niz zastosowanie potgczenia olaparibu z CHKI1i, co stwierdzono na
podstawie analizy przebiegu krzywych wzrostu guzéw oraz wartos$ci wskaznikéw RTV, TGI i T/C.
Szczegobtowa ocena odpowiedzi na kombinacje olaparibu i ATRi u kazdej myszy z osobna pokazata,
ze u dwoch z pieciu myszy (#22 oraz #47) uzyskano odpowiedZ zaklasyfikowang jako stabilng
chorobe (0,70 < RTV < 1,20) w postaci prawie catkowitego zahamowania wzrostu guza i stabilizacji
choroby az do korica skojarzonego podawania zwigzkéw. Dodatkowo, u trzeciej z pieciu myszy
otrzymujgcej olaparib i ATRi stwierdzono odpowiedZ bliskg stabilnej chorobie (RTV =1,25).
W grupie otrzymujgcej olaparib w polgczeniu z CHK1 najsilniejszg aktywnos$¢ przeciwnowotworowg
zaobserwowano u myszy #25, u ktorej inhibicja wzrostu heteroprzeszczepu wzgledem kontroli
wyniosta 96%, prowadzgc do 1,4-krotnego zwiekszenia rozmiaru guza od poczgtku do korca
leczenia. Przyczyny silniejszej aktywnosSci przeciwnowotworowej kombinacji olaparibu z ATRi niz
z CHKI1i przypuszczalnie zwigzane byly z réznym schematem podawania oraz dawkami obu
inhibitoréw kinaz i ich farmakokinetykg. Przypuszcza¢ réwniez mozna, ze zahamowanie szlaku
ATR/CHKI1 na poziomie kinazy ATR, a zatem i zmian w aktywnosci bialek kontrolowanych przez
nig, moze wywotywac bardziej korzystny efekt terapeutyczny w postaci uwrazliwiania HGSOC na
olaparib niz inhibicja kinazy CHK1. Niewgtpliwie stanowi to ciekawy obszar dalszych badan.
Zwigzana z oceng efektow terapeutycznych analiza zmian mas myszy w trakcie leczenie pokazala,
ze olaparib, ATRi i CHK1i oraz ich kombinacje nie wplywajg znaczgco na wzrost zwierzat przy
zastosowanym schemacie i dawkach leczenia. Istotnie, analiza uszkodzen mie$nia sercowego
ujawnita, ze CHK1i oraz jego kombinacja z olaparibem powodowata u niektérych myszy zwltdknienie
szkliste miesnia sercowego oraz zmiany zwyrodnieniowe w kardiomiocytach, jednak stopien
nasilenia obu zmian patologicznych byl minimalny (< 10%). Niemniej, prawdopodobnie wyklucza
to mozliwos$¢ stosowania wiekszych dawek lub czestosci podawania CHK1i osobno i w kombinacji,
przy uzyciu ktérych mozna byloby potencjalnie uzyskac wiekszy efekt terapeutyczny.

Dalsze badania byly poswiecone scharakteryzowaniu odpowiedzi opornych guzéw po ich
uwrazliwieniu na olaparib za pomocg inhibitoréw szlaku ATR/CHK1, skupiajgc sie szczeg6lnie na
kombinacji z ATRi. Badania histologiczne pokazaly, obnizony indeks mitotyczny oraz poziom
markera Ki-67 w tkankach guzéw traktowanych olaparibem w potgczeniu z ATRi, co Swiadczyto
o obnizonej proliferacji uwrazliwionych komoérek. Jednocze$nie zaobserwowano umiarkowane
oznaki nekrozy oraz zwiekszony pleomorfizm jgdrowy i wakuolizacje komorek, co powigzano
z przeciwnowotworowym mechanizmem dzialania badanych kombinacji olaparibu. Wyniki badan
poziomu aktywnej postaci kaspazy-3 wskazujg na brak udzialu apoptozy zaleznej od kaspazy-3
w zahamowaniu wzrostu uwrazliwionych guzéw. Ponadto kombinacja olaparibu z ATRi przyczynita
sie do synergistycznego obnizenia PARylacji biatek oraz ekspresji PARP1 i PARG. Efekt ten byt
silniejszy niz przy uzyciu kazdego z inhibitoréw osobno, co uwidacznia role zahamowywania
aktywnosci PARP1 i PARylacji bialek w uwrazliwianiu HGSOC na olaparib, przypuszczalnie
powodujgc zaburzenia w rekrutacji bialek zaangazowanych w naprawe DNA. Jednoczes$nie
stwierdzono obnizenie poziomu yH2AX w odpowiedzi na olaparib w polgczeniu z inhibitorami
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szlaku ATR/CHK1, co dodatkowo sugeruje wystgpienie nieprawidtowosci w szlakach naprawy DNA.
Z racji tego, ze histon H2AX fosforylowany jest przez kinaze ATR, przypuszcza¢ mozna, ze spadek
poziomu yH2AX moégt by¢ zwigzany z obnizonym poziomem ekspresji ATR oraz inhibicjg
aktywnosci tej kinazy przez ATRi. Ocena poziomu ekspresji biatek zaangazowanych w HR i NHE]
pokazata, ze kombinacja olaparibu z ATRi doprowadzita do zmniejszenia poziomu ekspresji BRCA1,
BRCA2 i 53BP1, wskazujgc na zaburzenia w szlakach naprawy DNA, ktére mogty przyczyni¢ sie do
zahamowania wzrostu guzow. Dodatkowo, nie stwierdzono rézni¢ w ekspresji analizowanych biatek
zwigzanych z EMT (E-kadheryna, wimentyna, MMP2 oraz TIMP2), zatem uwrazliwienie komérek
prawdopodobnie nie bylo zwigzane ze zmiang ich zdolno$ci do migracji i inwazji, w przeciwienistwie
do terapii samym olaparibem.

Podsumowujgc, inhibicja szlaku ATR/CHK1 uwrazliwia komérki BRCA1/2M°T HGSOC oporne na
olaparib, prowadzac do synergistycznego zahamowania ich wzrostu w mysim modelu PDX in vivo.
Udokumentowanie potencjatu przeciwnowotworowego badanych kombinacji w kontekscie komorek
HGSOC posiadajgcych mutacje w genach BRCA1/2 przyczynito sie do poszerzenia wiedzy dotyczacej
przetamywania opornosci na olaparib dla okre$lonej grupy pacjentek. Szczegétowa charakterystyka
histologiczna i molekularna pozwolita opisa¢ zmiany zachodzgce w komoérkach HGSOC podczas
nabywania opornosci na olaparib, jak i jej przelamywania z uzyciem inhibitoréw kinazy ATR oraz
CHKI1.
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harakterystyka genetyczna i molekularna raka jajnika jest jednym z gléwnych czynnikéw
wptywajgcych na skutecznos¢ leczenia przeciwnowotworowego, co wydaje sie mie¢ kluczowe

znaczenie przy stosowaniu lekéw ukierunkowanych molekularnie. Badania przeprowadzone

w ramach rozprawy doktorskiej pozwolity wykaza¢ potencjal stosowania inhibitoréw szlaku
ATR/CHK1 w przelamywaniu opornosci na olaparib w niskozréznicowanym surowiczym raku
jajnika. Dodatkowo, wykorzystanie wielu metod badawczych przyczynito sie do poszerzenia wiedzy

na temat zlozono$ci odpowiedzi na badane inhibitory w komorkach raka jajnika o réznej

wrazliwosci na olaparib. W przysztosci uzyskane wyniki mogg pomadc w opracowaniu biomarkeréw

stuzacych do przewidywania ryzyka nabywania opornosci na olaparib oraz skutecznosci terapii

Yaczgcych olaparib z inhibitorami szlaku ATR/CHK1 u pacjentek z rakiem jajnika.

Podsumowujgc, wyniki uzyskane w ramach pracy doktorskiej pozwalajg stwierdzic, ze:

+

Komorki raka jajnika linii PEO1-OR z wyindukowang opornoscig na olaparib in vitro wykazujg
wiele wspolistniejgcych mechanizméw zwigzanych z obnizong wrazliwoscig na inhibitor PARP,
w tym rewersje mutacji w genie BRCAZ czy nadekspresje biatek odpowiedzialnych za sprawnos¢
naprawy uszkodzen DNA poprzez rekombinacje homologiczna.

Komorki oporne na olaparib linii PEO1-OR wykazujg mniejszg niz komoérki wrazliwe podatno$é
na indukowane przez olaparib uszkodzenia DNA i nie sg zatrzymywane w punkcie kontrolnym
G2/M cyklu komérkowego kontrolowanym przez szlak kinaz ATR/CHK1.

W warunkach in vitro olaparib w polgczeniu z inhibitorami szlaku ATR/CHK1 wykazuje
synergistyczne dziatanie cytotoksyczne w komorkach raka jajnika zaréwno wrazliwych, jak
i opornych na inhibitor PARP. Stosowanie olaparibu z jednoczesng inhibicjg kinaz ATR i CHK1
przetamuje oporno$¢ na olaparib w komérkach z rewersjg mutacji BRCAZ2.

Synergistyczne zwiekszenie cytotoksycznosci olaparibu przez inhibitory szlaku ATR/CHK1
w komoérkach opornych PEO1-OR jest indukowane na drodze apoptozy zaleznej od kaspaz-3/7.

Zmiany ekspresji biatek zaangazowanych w szlak odpowiedzi na uszkodzenia DNA mogg mie¢
istotng role w procesie nabywania i przelamywania opornosci na olaparib poprzez
ukierunkowang inhibicje szlaku ATR/CHK1 w komérkach PEO1-OR.
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+

Zmieniony profil ekspresji miRNA w linii PEO1-OR opornej na olaparib oraz komérkach
PEO1-OR uwrazliwionych z uzyciem inhibitoréw szlaku ATR/CHK1 wskazuje na istotne zmiany
zachodzgce podczas nabywania i przelamywania opornosci na inhibitor PARP na poziomie
molekularnym. Nieprawidlowg ekspresje miRNA, charakterystyczng dla komorek opornych
oraz uwrazliwionych, powigzano istotnie z przezyciem pacjentek z rakiem jajnika.
W przysztosci odpowiednio dobrany panel miRNA moze sta¢ sie waznym wskaznikiem
prognostycznymi i/lub predykcyjnym do przewidywania odpowiedzi na olaparib oraz
skutecznosci terapii skojarzonej z inhibitorami szlaku ATR/CHK1.

Zaburzong ekspresje miRNA w komérkach PEO1-OR opornych oraz uwrazliwionych na olaparib
powigzano ze szlakami czynnikéw wzrostu na podstawie analiz bioinformatycznych. Zmiany
w ekspresji panelu czynnikéw wzrostu i ich receptoréw potwierdzono eksperymentalnie na
poziomie biatka, co Swiadczy o uch potencjalnym udziale w tych procesach.

Komorki HGSOC z mutacjami w genach BRCA1/2 pozyskane z guza pacjentki mogg nabywaé
oporno$¢ na olaparib w mysim modelu in vivo. Uniewrazliwienie komoérek raka jajnika na
olaparib powigzano ze zmianami w ekspresji panelu biatek, swiadczgcymi o zaburzeniach
w sygnalizacji PARP, zmianach w aktywnosci szlaku ATR/CHK1 oraz szlakach naprawy DNA
i procesie EMT.

Polagczenie olaparibu z inhibitorami szlaku ATR/CHK1 skutecznie hamuje wzrost
heteroprzeszczepéw HGSOC opornych na olaparib w mysim modelu in vivo, przy czym dodanie
do olaparibu inhibitora ATR wywotuje lepszy efekt terapeutyczny niz dodanie inhibitora CHK1.

Indukowane przez badane kombinacje synergistyczne hamowanie wzrostu heteroprzeszczepow
raka jajnika opornych na olaparib zwigzane jest obnizeniem proliferacji komoérek, niewielkim
poziomem nekrozy, zwiekszonym pleomorfizmem jgdrowym i wakuolizacja komorek.
Przeprowadzone badania nie potwierdzity udziatu apoptozy zaleznej od kaspasy-3 w $mierci
komoérek nowotworowych.

Oporne komérki HGSOC po uwrazliwieniu na olaparib poprzez inhibicje szlaku ATR/CHK1
w warunkach in vivo wykazywaly obnizony poziom PARylacji biatek, ekspresji PARP1, PARG,
ATR, BRCA1l, BRCA2 i 53BP1 oraz fosforylacji H2AX i ATR. Zmiany te wskazujg na
nieprawidlowosci w sygnalizacji PARP, aktywnosci szlaku ATR/CHK1 oraz dysfunkcje szlakow
naprawy DNA w trakcie przetamywania opornos$ci na olaparib.
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Kluczowe wnioski ptyngce z przeprowadzonych badan prezentujg sie nastepujgco:

1.

Opornosé¢ komérek raka jajnika linii PEO1-OR na olaparib zwigzana jest z wieloma
wspotistniejgcymi mechanizmami zachodzgcymi na poziomie molekularnym, w tym
rewersjg mutacji w genie BRCAZ2, nadekspresjag PARP1 i bialek promujgcych
rekombinacje homologiczng, oraz zmianami w przebiegu cyklu komoérkowego.

Kombinacja olaparibu z inhibitorami szlaku ATR/CHK1 wykazuje synergistyczne
dziatanie przeciwnowotworowe w komorkach linii PEO1-OR z nabytg opornoscig na
olaparib, swiadczgce o przetamaniu opornosci na PARPi w komodrkach HGSOC
w warunkach in vitro.

Nabywanie opornosci na olaparib przez komérki raka jajnika linii PEO1-OR oraz ich
uwrazliwianie poprzez inhibicje szlaku ATR/CHK1 wigze sie ze zmianami w regulacji
ekspresji miRNA.

Potgczenie olaparibu z inhibitorami szlaku ATR/CHK1 prowadzi do synergistycznego
zahamowania wzrostu opornego na olaparib raka jajnika w mysim modelu PDX
z mutacjami w genach BRCA1/2, potwierdzajgc korzysci terapeutyczne wynikajgce
ze stosowania kombinacji wobec komérek HGSOC w warunkach in vivo.

. Nabywanie opornosci na olaparib oraz jej przelamywanie poprzez inhibicje szlaku

ATR/CHK1 w komorkach raka jajnika w modelu in vivo wigze sie ze zmianami ekspres;ji
biatek zaangazowanych w sygnalizacje PARP, szlak ATR/CHK1, naprawe uszkodzen
DNA oraz proces EMT.

Zidentyfikowane zmiany w ekspresji biatek, wskazujgce na potencjalne mechanizmy
nabywania i przelamywania opornosci na olaparib w komoérkach HGSOC, mogg
w przysztosci pomdc w okresleniu, ktére pacjentki z rakiem jajnika majg szanse na
uzyskanie korzysci terapeutycznych podczas leczenia olaparibem w polgczeniu
z inhibitorami szlaku ATR/CHKI1.
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ARTICLE INFO ABSTRACT
Keywords: Ovarian cancer (OC) constitutes the most common cause of gynecologic cancer-related death in women
Ovarian cancer worldwide. Despite consistent developments in treatment strategies for OC, the management of advanced-stage

PARP inhibitor disease remains a significant challenge. Recent improvements in targeted treatments based on poly(ADP-ribose)

Resistance polymerase (PARP) inhibitors (PARPi) have provided invaluable benefits to patients with OC. Unfortunately,
Targeted therapy . . e . e .
ATR numerous patients do not respond to PARPi due to intrinsic resistance or acquisition of resistance. Here, we

CHK1 discuss mechanisms of resistance to PARPi that have specifically emerged in OC including increased drug efflux,
restoration of HR repair, re-establishment of replication fork stability, reduced PARP1 trapping, abnormalities in
PARP signaling, and less common pathways associated with alternative DNA sensing and repair pathways.
Elucidation of the precise mechanisms is essential for the development of novel strategies to re-sensitize OC cells
to PARPi agents. Additionally, novel potential concepts for preventing and combating resistance to PARPi under
development and relevant clinical reports on treatment strategies have been reviewed, with emphasis on the
exploitation of the ATR/CHK1 kinase pathway in sensitization to PARPi to overcome resistance-induced
vulnerability in ovarian cancer.

1. Introduction “patient-friendly” therapeutic options. Despite considerable research
and financial outlays, modern medicine is yet to achieve fully effective

In view of the progressive increase in the incidence of neoplastic management strategies. Relatively satisfactory results have been ob-
diseases, especially in industrialized countries, the scientific and medi- tained for only a few neoplasm types with currently available drugs.
cal community has prioritized the development of more effective and Common cancers responsible for millions of deaths each year are

Abbreviations: 17-AAG, 17-allylamino-17-demethoxygeldanamycin; 53BP1, p53 binding protein 1; ABC, ATP-binding cassette; ABCB1, ATP binding cassette
subfamily B member 1; ALDH1L1, aldehyde dehydrogenase 1 family member L1; ATR, ataxia telangiectasia and RAD3-related protein; ATRIP, ATR-interacting
protein; BARD1, BRCA1 associated RING domain 1; BRCA1, breast cancer type 1 susceptibility protein; BRCA2, breast cancer type 2 susceptibility protein; BRD4,
bromodomain-containing protein 4; C/EBPJ, CCAAT-enhancer-binding protein ; CARM1, coactivator associated arginine methyltransferase 1; cGAMP, cyclic GMP-
AMP; cGAS, cyclic GMP-AMP synthetase; CHK1, checkpoint kinase 1; ctDNA, circulating tumor DNA; CTLA-4, cytotoxic T lymphocyte-associated protein 4; dsDNA,
double-stranded DNA; DYNLL1, dynein light chain LC8-type 1; DCR, disease control rate; EMA, European Medicines Agency; ESC, embryonic stem cell; EZH2,
enhancer of zeste homolog 2; FDA, Food and Drug Administration; HDR, homology-directed repair; HGSOC, high-grade serous ovarian cancer; HLTF, helicase-like
transcription factor; HR, homologous recombination; HSP, heat shock protein; ICI, immune checkpoint inhibitor; INF, interferons; IRF3, interferon regulatory factor
3; MAPK, mitogen-activated protein kinase; MDR, multidrug resistance; MDR1, multidrug resistance protein 1; MEK, mitogen-activated protein kinase kinase; MMEJ,
microhomology-mediated end joining; NAD, nicotinamide adenine dinucleotide; NAD™, oxidized form of nicotinamide adenine dinucleotide; NAMPT, nicotinamide
phosphoribosyltransferase; NF-kB, nuclear factor kappa B; OC, ovarian cancer; ORF, open reading frame; ORR, overall response rate; OS, overall survival; PALB2,
partner and localizer of BRCA2; PAR, poly(ADP-ribose); PARG, poly(ADP-ribose) glycohydrolase; PARP, poly(ADP-ribose) polymerase; PARPi, poly(ADP-ribose)
polymerase inhibitor; PDX, patient-derived xenograft; PD-1, programmed cell death 1; PD-L1, programmed death-ligand 1; PFS, progression-free survival; P-gp, P-
glycoprotein; PI3K, phosphoinositide 3-kinase; PID, PALB2-interacting domain; PTIP, pax transactivation domain-interacting protein; RIF1, Rapl-interacting factor 1;
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relatively resistant to treatment and only a modest proportion of pa-
tients respond reasonably well to conventional therapy [1].

Ovarian cancer (OC) is one of the greatest diagnostic and therapeutic
challenges in modern oncological gynecology. According to the Amer-
ican Cancer Society, over 21,000 new cases of OC are estimated in 2021
in the United States alone [1]. About 75% of all ovarian tumors and 95%
ovarian malignancies constitute epithelial ovarian cancer (EOC), pre-
senting mainly as the high-grade serous ovarian cancer (HGSOC) his-
tologic subtype [2]. EOC contributes to female mortality to a greater
extent than any other gynecological malignancies combined and it is
reported as the fifth most common cause of cancer-associated death
among women. This considerably high fatality rate is linked to the
complexity of making an accurate diagnosis, with most cases being
identified at the third or fourth stage of disease [3]. For new diagnoses
with advanced-stage EOC, cytoreductive surgery followed by chemo-
therapy with paclitaxel or platinum derivatives combined with the anti-
angiogenic drug, bevacizumab, remains the standard first-line treatment
in patients with high risk of progression [4-6]. Although systemic
treatment can significantly prolong patient survival, overall prognosis
remains unfavorable. About 70-80% patients show relapse after first-
line therapy [6]. The greatest obstacles in the efficacy of widely avail-
able chemotherapeutic agents are multidrug resistance (MDR) devel-
opment, low selectivity and high systemic toxicity, leading to the
general consensus that traditional methods of OC treatment have
reached a therapeutic limit. Further progress in oncological outcome,
evaluated mainly as extended overall survival time of patients, requires
other solutions [7,8].

Currently, high hopes are associated with novel rational-based
therapies targeting DNA repair mechanisms. One of the most exten-
sively studied strategies in recent years is blockage of the activity of poly
(ADP-ribose) polymerases (PARP) by specific small-molecule inhibitors.
PARP inhibitors (PARPi) present a long-awaited step forward in the
treatment of OC [9-11]. So far, three PARPi agents, olaparib, rucaparib,
and niraparib, have been approved by the European Medicines Agency
(EMA) and Food and Drug Administration (FDA) to treat OC.
Throughout recent years, indications of these PARPi have been
expanding. At present, PARPi are used as first-line, second-line, or
maintenance therapy following response to platinum-based therapy
[12,13].

The mechanism of action of PARPi relies on the accumulation of
unrepaired single-strand breaks (SSB) in DNA, which, in turn, causes
errors during DNA replication and, as a consequence, double-stranded
breaks (DSB). In normal cells, DSBs are mainly repaired by the homol-
ogous recombination (HR) repair pathway. Proteins encoded by BRCA1
and BRCA2 genes are involved in this mechanism, contributing to
preservation of genetic stability. Loss of BRCA1/2 function triggers
alternative repair mechanisms, including non-homologous end joining
(NHEJ), that potentially result in emergence of chromosomal aberra-
tions and consequently, cell death. BRCA1 and BRCA2 mutations un-
derlie ~50% of HGSOC cases. The use of PARPi in patients with loss of
BRCA1/2 activity promotes the occurrence of so-called synthetic
lethality, a concept that concurrent defects in two or more genes or
related cellular components result in cell death whereas individual
perturbations have minor or no effects [14-16]. The selectivity of PARPi
action against cells with a defective HR system, in particular, homozy-
gous mutations in BRCA1/2, supports their utility as effective anti-
cancer agents. Interestingly, recent trials focusing on niraparib have
revealed that the clinical efficacy of PARPi is not limited to patients with
mutations in BRCA1/2 or HR deficiencies, arguably broadening the
utility of some of these inhibitors in treatment of all HGSOC as recom-
mended in the latest guidelines [12,17].

Elucidation of the molecular mechanisms underlying acquired and
intrinsic resistance to PARPi should facilitate improvement of PARPi
efficacy. The current review has focused on these mechanisms in OC as
well as strategies to overcome PARPI resistance.
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2. Mechanisms of resistance to PARP inhibitors in ovarian
cancer

PARPi resistance is mediated through diverse pathways. Accumu-
lating reports and clinical examinations have addressed the issue of
PARPi resistance in OC, leading to better understanding of the molecular
basis of this unfavorable phenomenon (Table 1).

2.1. Enhanced drug efflux

Several ATP-dependent efflux pumps belong to the superfamily of
proteins conferring multi-drug resistance (MDR) to numerous chemo-
therapeutics [18] as well as PARPi (Fig. 1) [19-21]. General upregula-
tion of ATP-binding cassette (ABC) transporters in cancer cells is one of
the mechanisms of MDR and leads to reduced intracellular drug con-
centrations [22,23]. P-glycoprotein (P-gp, also known as ABCB1 or
MDR1) is one of the most extensively studied ABC multidrug trans-
porters. P-gp has very broad substrate specificity, facilitating in-
teractions with multiple chemical agents, and is highly expressed in
many solid tumors, including OC [18]. Initial suggestions on the asso-
ciation between olaparib resistance and drug efflux were presented by
Rottenberg et al. (2008). The group reported that resistance to olaparib
was correlated with overexpression of P-gp, which was reversed in the
presence of the MDRI1 inhibitor, tariquidar [19]. More recently, the
involvement of ABC transporters in PARPI resistance was investigated in
OC cell lines. For instance, IGROV-1 cells were shown to be significantly
more sensitive to olaparib than IGROVCDDP P-gp-overexpressing cells.
In the presence of P-gp inhibitors, such as elacridar, zosuquidar, and
valspodar, resistance to olaparib was partially reversed. However, no
differences in P-gp protein expression were detected between
IGROVCDDP cells treated with olaparib for three days and those left
untreated. The authors proposed that an increase in P-gp levels is usually
only induced following long-term exposure to the drug [20].

Subsequent studies showed decreased sensitivity of A2780-derived
OC cells to olaparib compared to parental cells, which was associated
with elevated ABCB1 expression. Interestingly, cells were cross-resistant
to rucaparib but not veliparib. Additionally, no changes in mRNA level
of MRPI, another member of the ABC transporter family encoded by
ABCC1, were observed. A2780 cells resistant to olaparib exhibited
decreased levels of a number of MDR efflux pumps (ABCB6, ABCB9,
ABCC4, ABCD3, ABCE1, ABCF2, and ABCG4), as confirmed via micro-
array analysis [21]. Data from this report highlight that development of
P-gp-mediated drug resistance to specific PARPi in OC does not exclude
sensitivity to alternative ones owing to multiple mechanisms of acquired
resistance [21]. Accordingly, it was suggested that clinical application of
PARPi as second-line or maintenance therapy after exposure to

Table 1
Mechanisms of resistance to PARP inhibitors in ovarian cancer.

Mode of resistance Mechanism of resistance

Increased PARPi efflux
Restoration of homologous
recombination

Overexpression of P-gp efflux pumps
Reactivation of BRCA1 and BRCA2 by secondary
mutations

Reactivation of BRCA1 by promoter
demethylation

BRCA1 hypomorphic isoforms activity

Increased RAD51 foci formation

Restoration of RAD51 paralogs

Transcriptional upregulation of HR genes
Reacquisition of DNA end resection through loss of
53BP1 or MRE11 facilitators

Inhibition of MRE11-mediated replication fork
degradation

Loss or mutations of PARP1

Loss of PARG

Downregulation of essential factors for NHEJ
Enhanced MMEJ activity

Upregulation of the Wnt/p-catenin pathway

Reestablishment of replication
fork stability

Decreased PARP1 trapping

Restoration of PARP signaling

Mechanisms beyond
mainstream
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Fig. 1. Increased drug efflux mediated by overexpression of P-glycoprotein confers resistance to PARPi in ovarian cancer.

doxorubicin or paclitaxel may not be beneficial for patients showing
relapse after first-line therapy due to shared drug transporter-related
resistance mechanisms for standard chemotherapy drugs [21]. Signifi-
cant P-gp overexpression was also detected by Kim and co-workers in
olaparib-resistant PEO1 cells. In contrast, no increase in the efflux pump
level was observed in JHOS4 cells, which are also resistant to olaparib
[24]. Recent studies on clinical breast cancer and HGSOC suggest that
upregulation of P-gp is attributable to transcriptional fusion involving
ABCBI. The emergence of these genetic alterations is a consequence of
placing the undisturbed open reading frame (ORF) of ABCBI under
control of the strong promoter of SLC25A40 encoding a membrane
transporter, identified as the most common gene fusion partner [25].
Several studies have addressed the contribution of ABC transporters to
PARPi resistance, little is currently known on the role of the efflux
pumps in resistance to rucaparib. One of the first studies reporting that
rucaparib is a substrate for both ABCB1 and ABCG2 in vitro showed that
the drug is transported efficiently by mouse Abcg2 and moderately by
both human ABCB1 and ABCG2 [26].

From the clinical viewpoint, important findings associated ABCB1
overexpression with gene amplification in every seventh biopsy sample
in a study conducted in patients with HGSOC that have progressed on
PARPi therapy. Moreover, upregulation of ABCBI is correlated with
poorer progression-free survival (PFS) and overall survival [27]. Clinical
resistance is significantly associated with increased drug efflux, which
results in decreased effective intracellular drug concentration. Hence,
comprehensive analysis of ABCB1 expression and effects is strongly
recommended in ongoing and future clinical trials.

As specified above, P-gp-mediated enhanced drug efflux is mainly
driven by protein overexpression. However, an extensive literature re-
view highlighted that resistance to PARPi may occur without a con-
current increase in levels of P-gp. A number of research groups have
demonstrated no differences in expression of P-gp in olaparib-resistant
HGSOC cell lines compared with parental sensitive cells, with further
evidence obtained for both HR-deficient and HR-proficient cells [28].

2.2. Restoration of homologous recombination repair
HR repair restoration in HR-deficient tumors is one of the pivotal

mechanisms of PARPi resistance (Fig. 2) [29,30]. HR repair can be
reintroduced by both BRCA-dependent and BRCA-independent

mechanisms [31-33] and mainly promoted by re-establishment of
expression of functional proteins involved in HR via secondary muta-
tions (Table 2) or epigenetic modifications as well as loss of proteins
regulating non-homologous end-joining (NHEJ) in OC tumors. In EOC,
HR deficiency (HRD) underlies the concept of synthetic lethality
exploited by PARPi. HR response is the main mechanism for DSB repair
during S and G2 phases. However, in HR-deficient cells, these lesions are
repaired by error-prone NHEJ, eventually leading to genomic instability.
The occurrence of aberrations in the HR pathway is generally exploited
by PARPi, which induces accumulation of unrepaired SSB leading to
conversion to DSB. Consequently, PARPi induces death of tumor cells
defective in HR [34,35]. Reacquisition of HR capacity has been linked to
increased PARPI tolerance [29,30].

2.2.1. Restoration of BRCA1 and BRCA2 functionality

BRCA1 and BRCA2 play key roles in HR-dependent DSB repair and
loss of their functions results in a defective HR repair pathway [36].
BRCA1 promotes BRCA2 and RAD51 recombinase loading onto single-
stranded DNA (ssDNA) via interactions with partner and localizer of
BRCA2 (PALB2), resulting in RAD51 nucleoprotein filament formation
during HR [37]. The protective role of BRCA1/2 in the field of HR and
fork stabilization may account for sensitivity to PARPi of cells lacking
functional BRCA1/2 [38]. Molecular aberrations documented in HR
repair mechanisms in HGSOC are mainly associated with germline or
somatic mutations in BRCA1 and BRCA2, which account for up to 25%
of all cases [39]. Genetic testing of BRCAI/2 in advanced-stage OC
revealed that numerous abnormalities in tumor samples, predominantly
point mutations, indels and copy-number variations, can lead to loss of
BRCA1/2 function [40].

One of the most well-characterized mechanisms underlying PARPi
resistance is somatic reversion mutations in either BRCAI or BRCA2
(Fig. 2A-1) that restore ORFs of genes [33,41]. Preliminary studies
concerning reversion mutations in OC with acquired resistance to PARPi
focused on BRCA2. While treatment of OC with PARPi may be effective
for BRCA1/2™" tumors, development of resistance is also common
[30,35].

Several reversion events have been identified as molecular charac-
teristics of acquired resistance using whole-genome sequencing in
samples of OC [43]. Acquisition of secondary BRCA1 and BRCA2 mu-
tations has also been detected in circulating tumor DNA (ctDNA) from

62



L. Biegata et al.

RESTORATION OF HOMOLOGOUS RECOMBINATION REPAIR

BBA - Reviews on Cancer 1876 (2021) 188633

A | BRCA-dependant mechanisms

B | BRCA-independant mechanisms

(1) BRCA1/2reversion ——
3 )
mutations : }}m
e
ORF restoration -
R -, BRCA1/2
expression
Secondary reversion
BRCA1/2 BRCA1/2
@ BRCA1 promoter
demethylation / (
(i Po -
D BRCA1
expression

W' Promoter W /A\N/

@ BRCA1 hypomorphic isoform

— SCUREM  exons 12-24

alternative
exon 11 splicing

mutation
*
5 3 —> [ exons110 ] exons1224 |

PrEmRNA BRCA1-A11q isoform
with residual activity

5 3
pre-mRNA

BRCA1

full-length

RADS51 filament

|
overhang
umum%) RADS1
BRCA2

assembly
RADS1C  RADS1D

— @ @

Increased RADS1
foci formation

RADS51

0O
O

@ Reversion mutations
of RAD51 paralogs

@ Transcriptional upregulation of HR genes

@D — OEFD

Loss Of Increased RAD51 Increased Upregulation of
HUWE1 in BRCA2-deficient cells C/EBPB RAD51 and BRCA1
<
@ Reaquisition of DNA

end resection

I T

DSB repair pathway choice
|
Wild-t BRCAT'- BRCAT™"
TS TP53BP1-'-

e -

#

I[ y

End End End
resection resection resection
Error-free HR Error-prone NHEJ Error-free HR

Fig. 2. Restoration of homologous recombination (HR) as a molecular mechanism conferring resistance to PARPI in ovarian cancer. HR restoration can be induced by
both BRCA-dependent and -independent mechanisms. A | BRCA-dependent resistance is directly correlated with BRCA1/2 and associated with (1) reversion sec-
ondary mutations in BRCA1/2 genes, (2) BRCA1 promoter demethylation, and (3) expression of BRCA1 hypomorphic isoforms with residual activity. B | BRCA-
independent resistance does not directly depend on BRCA1/2 and is associated with (1) increased RAD51 foci formation, (2) reversion mutations in RAD51C and
RAD51D paralogs, (3) transcriptional upregulation of HR genes through loss of HUWE1 ubiquitin ligase and increased transcriptional factor, C/EBPf, and (4)

reacquisition of DNA end resection via loss of 53BP1 in BRCAI-depleted cells.

Table 2
Secondary mutations in key genes resulting in restoration of transcript ORFs in PARPi-resistant ovarian cancer. Sequence variants are described according to HGVS
nomenclature.
Gene Primary mutation Origin Secondary mutations Sample source
BRCA1 p.L3920Qfs*5, ¢.1175_1214del Germline p-S377_N417del, ¢.1129_1251del Solid tumor biopsy [31]
p.L631Qfs*4, ¢.1892_1893del Somatic p.E427_5713del, ¢.1279_2139del Solid tumor biopsy [31]
p-N682%, ¢.2043dup Germline p-R612_S681delins27 c.[1835_1964del;2043dup] Solid tumor biopsy [31]
¢.4096 + 1G > A
p.Q855%, ¢.2563C > T Somatic p-E846_N859, ¢.2535_2576del ctDNA from plasma [36]
p-E849 K862, c.2546_2587del
BRCA2 p-E1493Vfs*9, ¢.4705_4708del Germline p-11490_E1493del, c.4698_4709del Solid tumor sample [42]
RAD51C p.R193% ¢.577C > T Germline p-R193W, ¢.577_579delinsTGG Solid tumor biopsy [31]
p.(=), ¢.577C > A,
p-H192_R193delinsGG, ¢.574_577delinsGGCG
p-R193L, ¢.577_578delinsTT
RAD51D p-G258Sfs*50 ¢.770_776del Germline p-S257_R259delinskK, ¢.770_776delinsA Solid tumor biopsy

blood plasma samples of HGSOC patients and associated with disease
progression in patients on rucaparib [44]. Reversion mutations in
BRCA1 were documented in ctDNA from another patient resistant to
PARPi in a separate study [36]. Interestingly, different types of BRCA1
reversion mutations were identified with various therapies, including
olaparib and rucaparib [36]. Comprehensive analysis of secondary
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reversion mutations of BRCA1/2 genes in an OC patient cohort during
progression on PARPI treatment led to the identification of several types
of genetic abnormalities, predominantly including multiple base de-
letions and, to a lesser extent, one base-pair deletion, insertion, indel
mutation, and single-nucleotide variations, in both BRCA1 and BRCA2.
The majority of BRCA mutations could correct the primary mutation and
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restore functional activity of proteins [41]. A recently published report
analyzing data from the ARIEL2 clinical trial demonstrated association
of BRCA1/2 reversion mutations in HGSOC patients with lack of
responsiveness to rucaparib [45].

In addition to the well-studied common secondary BRCA1/2 muta-
tions resulting in restoration of in-frame gene transcripts, other mech-
anisms underlying restoration of BRCAl function have gained
significant attention. Changes in methylation of BRCA1 promoter
constitute the second most commonly encountered defect associated
with abrogation of HR underlying BRCA1 mutations (Fig. 2A-2). Defects
in promoter methylation of BRCA1 have been detected in 7-12% sam-
ples of OC [39,46]. One of the first reports concerning methylation of
BRCA1 promoter in OC was documented over 20 years ago. Since then
hypermethylation of promoter CpG islands has been associated with
BRCAL1 silencing in ovarian and breast cancer [47,48]. BRCA1 promoter
methylation status is therefore considered a useful predictor of respon-
siveness to PARPi. However, the association between BRCA1 methyl-
ation and response to treatment has not been fully elucidated [49,50].
Genomic characterization of BRCA1 methylation status revealed that
treatment with olaparib results in a long-term complete response in OC
patients with highly methylated promoters. On the other hand, attenu-
ated response to olaparib was associated with hypomethylation or
complete lack of methylation of BRCA1 promoter in most but not all
cases [50]. Considering PARPi resistance, lack of responsiveness to
rucaparib was associated with BRCA1 restoration via demethylation of
the BRCA1 promoter. Additionally, the authors addressed the unre-
solved correlation between zygosity status of BRCAI methylation and
responsiveness to rucaparib. Research conducted using OC cells and
HGSOC patient-derived xenografts (PDX) provides evidence that het-
erozygous methylation is related to partial loss of promoter methylation
and impaired responsiveness to PARPi, contributing to resistance to
rucaparib [49].

Variations in BRCA1 mutations are further correlated with distinct
responsiveness to PARPi. The BRCA1-A11q isoform harboring a muta-
tion in exon 11 partially retained its function, but to a lower extent than
wild-type protein (Fig. 2A-3). UWB1.289 OC cells containing BRCA1
mutations within exon 11 demonstrated partial resistance to rucaparib
and olaparib compared with BRCA1 cells harboring mutations outside
exon 11, which were highly sensitive to PARPi. Specific mutations in
exon 11 could lead to a shift of ORF in BRCA1, resulting in generation of
a hypomorphic isoform lacking the end of exon 11, specifically, a BRCA1
protein with partial loss of function or reduced expression. Truncated,
hypomorphic BRCA1 is associated with residual function in response to
HR and development of incomplete resistance [51]. Further analysis of
5-year overall survival of OC patients showed that exon 11 mutation
carriers respond partially to platinum-based chemotherapy. However,
the potential correlation of the mutation status of BRCA1 exon 11 with
the therapeutic efficacy of PARPI requires investigation [51].

2.2.2. Increased formation of RAD51 foci and restoration of RAD51
paralogs

Recent findings suggest that changes in RAD51 are involved in
restoration of HR (Fig. 2B). RAD51 recombinase protein plays a key role
in the first phases of DSB repair by HR. RAD51 promotes HR repair,
replication fork reversal, and protection of stalled fork [52]. One of the
initial steps of HR, homology search and strand exchange, involves
encounter of two homologous sequences and is based on bringing
together to the physical vicinity a single strand of a damaged sequence
with complementary DNA of an undamaged template. RAD51 possesses
two DNA-binding sites that allow this pairing, the first for the resected
end of ssDNA at the break site of a damaged strand and the second
interacting with the target strand of double-stranded DNA (dsDNA).
Recognition and binding of homologous DNA sequences are mediated by
RADS], initially leading to formation of nucleoprotein filaments on the
3’ ssDNA overhang, known as RAD51 assembly, followed by comple-
mentary pairing with a dsDNA strand [53]. Formation of RAD51
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filaments in human cells is mediated by BRCA2 function as a RAD51
loader with the assistance of RAD51C and RAD51D [52].

In the literature, several examples of association of RAD51 with
PARPi resistance in OC (Fig. 2B) are documented, including reports from
OC patient-derived organoids [29]. Recent studies have demonstrated
restoration of HR during S and G2 phases in PARPi-resistant HGSOC
cells harboring original BRCA2 mutations following treatment with
olaparib compared with sensitive cells with no RAD51 accumulation.
Notably, both PEO1 cells resistant to olaparib (PEO1-PR) and parental
sensitive cells did not express functional BRCA2 protein, which was
confirmed by whole-genome sequencing (BRCA2: c.6620C > G, p.
T1655X). HR restoration in PARPi-resistant BRCA2™" cells was corre-
lated with formation of RAD51 foci. Resistance to PARPi may therefore
be conferred by HR restoration through increased RADS51 formation
irrespective of reversion mutation in BRCA2. At the same time, no
RADS51 foci were detected in BRCAI™" cells resistant to PARPi (JHOS4-
PR) in the presence of olaparib. The results obtained by Kim et al. [24]
suggest that PARPI resistance is based on another mechanism in this cell
line and not restricted to HR restoration via formation of RAD51
nucleoprotein filaments in OC cells.

Abnormalities in HR genes other than BRCA1/2 favor effective
response to PARPi. Consequently, somatic reversion mutations restoring
the HR repair pathway and decreasing sensitivity to PARPi are not
restricted to BRCAI and BRCA2. The recovery of functions of other key
proteins involved in HR by secondary mutations has also been docu-
mented. Germline mutations in RAD51 genes were widely investigated
in a study involving almost 3500 patients with invasive epithelial OC.
The results showed that mutations in RAD51C and RAD51D encoding
RAD51 paralogs contributed to susceptibility to OC [54]. Thus, the
occurrence of mutations in core HR genes other than BRCA1/2 in OC
cells, such as RAD51, may confer responsiveness to PARPi [31]. Clinical
effectiveness of rucaparib in HR-defective OC (either in BRCAI™ or
RAD51™" cells) has been demonstrated [31]. Recent findings support a
role of secondary reversion mutations in RAD51 genes in acquired
resistance to PARPi including rucaparib in clinical settings (Fig. 2B).
Preliminary NGS studies conducted by Kondrashova et al. [31] on
samples from HGSOC patients showing relapse following rucaparib
treatment focused on core HR genes. A number of deleterious mutations
resulting in C-terminal truncated RAD51C and RAD51D paralogs were
found in pretreatment tumor samples, which could have conferred
sensitivity to PARPi treatment. However, secondary mutations were
detected in the majority of paired biopsy samples obtained from patients
with initial deleterious mutations after relapse on rucaparib. The ORFs
of RAD51 genes may be restored via secondary genetic alterations
leading to restoration of the HR pathway and eventually rucaparib
resistance. Further assays confirmed the restoration of repair by HR.
Overall, reversion mutations in RAD51C and RAD51D genes have been
identified as one of the mechanisms of acquired PARPi resistance irre-
spective of BRCA1/2 status under PARPi selection pressure [31]. How-
ever, recent observations indicate that not all germline mutations in
RADS51C are associated with restoration of HR repair. Based on results
obtained from HGSOC-derived 3D organoid cultures, Hill et al. [29]
proposed that the model was sensitive to olaparib, possibly due to de-
fects in HR.

Additionally, genome-wide CRISPR-based screening by Clements
et al. [55] revealed that increased RADS51 expression induced by
ubiquitin-ligase HUWE1 depletion promotes olaparib resistance due to
partial restoration of HR repair in BRCA2-deficient cells (Fig. 2B).
Interestingly, their results support an association between HUWE1 and
RAD51 transcriptional regulators. However, screening was performed in
HeLa cells representing a model of gynecological cancer without
considering OC cells [55]. Moreover, HR restoration was induced by
transcriptional upregulation of RAD51 and BRCA1 mediated by a tran-
scription factor, CCAAT-enhancer-binding protein § (C/EBPp), directly
regulating genes encoding key HR machinery. Recent findings have
demonstrated that increased levels of C/EBPf are common in HGSOC.
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Moreover, C/EBPf expression is inducible by olaparib in OC and pro-
motes PARPi resistance through HR gene targeting [56].

2.2.3. Reacquisition of DNA end resection

Abrogation of protein components of the NHEJ pathway can re-
establish HR. For instance, reactivation of HR induced by re-
acquisition of DNA end resection through loss of p53 binding protein
1 (53BP1) as well as end resection-associated proteins represents
another novel mechanism of PARPi resistance (Fig. 2B). NHEJ functions
as an alternative prevalent pathway to HR for repair of DSB in
mammalian cells. DSB repair by NHEJ is mediated predominantly in a
53BP1-dependent manner and can be exploited as an alternative
mechanism of DNA damage repair. Importantly, antagonistic actions of
53BP1 and BRCA1 determine the pathway choices between erroneous
HNEJ and high-fidelity HR, respectively [57]. 53BP1 is an NHEJ-
promoting protein that protects DNA ends from resection at the break
site, resulting in inhibition of HR repair [57].

HR reactivation by concurrent loss of 53BP1 and BRCA1, and in some
cases, correlation of this phenomenon with PARPi resistance, have been
widely documented in breast tumor models [58-60]. Importantly,
abrogation of 53BP1 recruitment to DSB could lead to loss of end
resection inhibition and restore attenuated HR in cells deficient in
BRCA1 [58]. Recent efforts have considerably focused on the role of
TP53BP1 status in OC cells in relation to HR reactivation and PARPi
resistance. In vitro results showed that HR- and BRCAI-deficient
COV362 HGSOC cells display acquisition of HR proficiency as a result of
53BP1 deletion, with concurrent enhanced resistance to PARPi. Inter-
estingly, no impact on PARPi sensitivity was evident in 53BP1 knockout
COV362 cells harboring BRCAI™" with increased HR [32]. Separate
preclinical studies demonstrated upregulation of BRCA1 protein levels
in OVCARS olaparib-resistant clones compared with the HR-deficient
parental cell line (BRCAl-depleted) as a result of gene promoter
hypermethylation. Interestingly, two out of four resistant clones
exhibited simultaneously reduced levels of 53BP1, indicating promotion
of HR over NHEJ [28]. PARPI resistance was also attributed to loss of
53BP1 in HR-deficient OC in an earlier clinical examination [32].
Analysis of tumor cells via whole-exome sequencing from a BRCAI-
mutant HGSOC PDX model resistant to olaparib revealed decreased
expression of 53BP1, which was further associated with mutation of
TP53BP1 leading to HR restoration [61]. Reactivation of HR in BRCA1-
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deficient and TP53BP1-deficient cells is dependent on the ubiquitin E3
ligase, RNF168, which mediates RAD51 loading (Fig. 3A). PALB2 joins
damaged chromatin via the WD40 domain and the PALB2-interacting
domain (PID) of RNF168. Data from this study suggest that HR reac-
tivation in BRCA1- and TP53BP1-deficient cells is promoted by combi-
nation of the BRCAl-independent recruitment mode of PALB2 and
increased resection due to loss of the 53BP1-RIF1-shieldin axis. More-
over, the downstream role of BRCA1 in RAD51 loading is suggested to be
unnecessary in the absence of 53BP1 [62,63].

Moreover, 53BP1 constitutes the scaffold for numerous signaling and
repair proteins at the DSB site during HR repair (Fig. 3B) [64]. Rapl-
interacting factor 1 (RIF1) and shieldin consisting of REV7, SHLDI,
SHLD2, and SHLD3 are recruited to DSB and block HR by limiting DNA
end resection. Therefore, nuclease activity is blocked at the DSB site
inhibiting end resection in a BRCA-independent manner. Association of
SHLD3 with REV7 is a signal for attachment of other proteins, such as
SHLD1 and SHLD2 [65,66]. The trimeric CST complex (composed of
Ctcl, Stnl, and Tenl subunits) and DNA polymerase alpha (Pola) may
participate in refill of resected DSB ends, which allows shieldin to pre-
vent resection in BRCA1-deficient cells [67,68]. Binding of ssDNA to
SHLD?2 is crucial for shieldin protection of DNA ends to mediate 53BP1-
dependent DNA repair. The first step is recruitment of ubiquitin E3
ligase followed by another E3 ligase, RNF168 [69]. RNF168 directly
ubiquitylates duplex-resolving helicase DHX9 to facilitate its recruit-
ment to R-loop loci in PEO-1 BRCA™" OC cells. Thus, loss of RNF168 in
BRCA1/2-deficient cells impairs recruitment of the R-loops to duplex-
resolving DHX9, leading to accumulation and genomic instability
[70]. Upon localization to the DSB region, RNF168 ubiquitylates histone
H2AX, facilitating attachment of other DNA repair factors, such as
53BP1, and downstream effectors, including RIF1, pax transactivation
domain-interacting protein (PTIP), and the shieldin complex. Phos-
phorylated yH2AX recruits the chromatin associated adaptor protein,
MDC1, which interacts with multiple partners, such as MRN (MRE11-
RAD50-NBS1) and RNF168. Upon loss of resection, HR can be re-
activated in a BRCA-independent manner via recruitment of PALB2
[69].

Recent CRISPR knockout screening has led to the identification of
DYNLL1 as an organizer of multimeric 53BP1 complexes and critical
regulator of PARPi resistance in BRCAI™" HGSOC cell lines. In general,
DYNLL1 stimulates NHEJ through interactions with MRE11 and
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53BP11, resulting in downregulation of DNA end resection. Loss of
DYNLLI is correlated with cross-resistance to olaparib and niraparib in
BRCAI1-deficient but not BRCA2-deficient cells. Further studies consid-
ering the PARPi resistance phenotype have demonstrated that DYNLL1-
deficient cells exhibit increased DNA end resection after olaparib
treatment. In a previous clinical study, cohorts of patients with HGSOC
and low DYNLL1 expression were associated with poor PFS, reduced
genomic alterations, and increased homology at lesions [71].

Recent studies have additionally revealed a role of enhancer of zeste
homolog 2 (EZH2), a histone N-methyltransferase, in regulating NHEJ
activity in coactivator associated arginine methyltransferase 1
(CARM1)-high OC cells. CARML1 is a protein methyltransferase that re-
cruits chromatin remodeler, EZH2, responsible for silencing MAD2L2
that encodes a component of the shieldin complex that preserves DNA
end resection. The group demonstrated that EZH2-mediated down-
regulation of MAD2L2 contributes to increased resistance to PARPi in
CARM1-high HR-proficient OC and loss of end resection inhibition
compared with EZH2-inhibited cells. These findings were associated
with reduced activity of NHEJ without effects on HR. Further experi-
ments confirmed that the CARM1-high EOC mouse model is not sensi-
tive to olaparib treatment, as evident from the lack of effect on tumor
growth [72,73].

2.3. Restoration of replication fork stabilization

Restoration of HR is one of the most extensively characterized
mechanisms underlying lack of responsiveness to PARPi. However,
elucidation of other contributory mechanisms to resistance to thera-
peutic agents is pivotal for improving overall therapeutic outcomes of
OC. Another PARPi resistance mechanism independent of HR restora-
tion is the restoration of stalled fork stabilization (Fig. 4A). Replication
stress involves slowing or stalling of the replication fork during DNA
synthesis resulting in genome instability [65]. Numerous obstacles
encountered during DNA replication, including DNA lesions or collision
with transcription machinery, contribute to replication fork stalling.
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Stalled replication forks can be rescued by subsequent stabilization and
restarting [66]. Replication fork dynamics has gained significant
attention in research focused on deciphering PARPi resistance, since
PARPi influences replication for stability. With respect to synthetic
lethality, the mechanism of action of PARPi considerably relies on
PARPi-induced suppression of fork protection and perturbation of
replication fork reversal [74]. During DNA synthesis, inactivation of
replication caused by the inability of the fork to resume replication is
generally defined as ‘fork collapse’. Collapse of stalled replication forks
is associated with uncoupling of DNA replication machinery and failure
to stabilize the stalled fork, eventually leading to formation of DSBs. In
addition to the significant roles of PARP1, BRCA1, BRCA2, and RAD51
in promotion of DNA DSB repair, these proteins function in replication
fork maintenance [75-77]. BRCA1, accompanied by a BRCA1 binding
partner (designated BRCA1-associated RING domain 1 (BARD1)) as well
as BRCA2, play key roles in replication fork protection although the
functions are variable [76]. For instance, BRCA2 protects against
replication fork stalling by recruiting and stabilizing RAD51 into ssDNA,
which prevents exposed DNA strands from degradation by MRE11l
nuclease [76]. However, only RAD51 is reported to drive reversion of
stalled replication fork independently prior to fork protection [76].

In the absence of BRCA1/2, nuclease MRE11 and crossover junction
endonuclease MUS81 attack stalled replication forks, leading to fork
collapse and chromosomal instability (Fig. 4A). The methyltransferase,
EZH2, which participates in histone methylation and transcriptional
repression, and PTIP are responsible for recruiting MUS81 and MRE11
to the stalled replication fork, respectively [78]. However, in BRCA1/
2™ cells, EZH2 and PTIP activities are downregulated at the fork,
reducing recruitment of nucleases and resulting in fork protection. Low
EZH2 expression is proposed to lead to reduced H3K27 methylation,
prevent MUS81 recruitment at stalled forks, and trigger fork stabiliza-
tion. Moreover, in a panel of BRCA2-deficient but not BRCA1-deficient
ovarian and breast cancer cell lines, the EZH2/MUSS81 axis has been
shown to act independently of the recently characterized MLL3-4/PTIP/
MRE11 pathway of chemoresistance [79]. PTIP deficiency inhibited the
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recruitment of MRE11 nuclease to stalled replication forks, in turn,
protecting nascent DNA strands from extensive degradation. Experi-
ments were conducted on BRCA2-null embryonic stem cells (ESC), pa-
tients with BRCA1/2™" ovarian serous adenocarcinoma treated with
platinum chemotherapy, ESC, and OC cell lines. Moreover, loss of PTIP
conferred resistance to multiple DNA-damaging agents in BRCA-
deficient cells [38].

Fork reversal by the chromatin remodelers SWI/SNF-related matrix-
associated actin-dependent regulator of chromatin subfamily A-like
protein 1 (SMARCAL1), DNA annealing helicase, endonuclease
ZRANB3, and helicase-like transcription factor (HLTF) is required for
MRE11-dependent degradation of replication forks (Fig. 4A) [80].
Ataxia-telangiectasia and RAD3-related protein (ATR)-mediated phos-
phorylation of SMARCALL1 serine at S652 regulates SMARCAL1 and
constitutes one pathway by which ATR maintains genome integrity
during DNA replication [81]. Loss of the factors mediating nuclease-
dependent fork degradation in BRCA1/2-deficient cells is pivotal in
fork protection and PARPi resistance [38,66].

The activity of replication protein A (RPA)-like ssDNA binding pro-
tein, RADX, is another contributory factor to fork protection (Fig. 4A). A
newly discovered protein, RADX has been shown to antagonize RAD51
activity. In cancer cells lacking BRCA2, RADX deletion led to re-
establishment of fork protection without restoring homology-directed
repair (HDR). Upon inactivation of RADX, excessive RAD51 activity
slows replication elongation and causes DSBs. Thus, RADX acts as a
regulator of RAD51 that functions at replication forks to maintain
genome stability and is potentially an important determinant of che-
mosensitivity in cancer [82].

Interestingly, a recent study showed that restoration of replication
fork protection in BRCA2-deficient HGSOC cells without recovery of HR
conveys PARPi resistance. The researchers suggested that restoration of
replication fork stability is associated with depletion of nucleosome
remodeling factor, CHD4, in PEO1 cells (Fig. 4A) that results in inhibi-
tion of MRE11-mediated replication fork degradation [38]. Consider-
able efforts have been devoted to establishing the role of fork protection
in OC cells. However, functional assays of DNA repair activity in orga-
noids developed from HGSOC revealed no association of PARPi resis-
tance with impaired replication fork protection. Results regarding the
functionality of fork protection may be useful in predicting clinical
response of cancer patients to PARPi, however studies were performed
on organoids from only 20 patients displaying PARPi resistance [29].
Subsequently, Sanij and co-workers demonstrated that resistance to
PARPi in HGSOC PDX models is a result of replication fork stabilization.
In their study, CX-5461 exhibited significant therapeutic efficacy by
overcoming fork protection via induction of MRE11 nuclease activity in
OC cells with reduced responsiveness to olaparib [83].

2.4. Reduced PARP] trapping

The presence of functional PARP1 is essential for the PARPi mode of
action that relies on PARP1 trapping at damaged DNA for induction of
inhibitor cytotoxicity. A positive correlation between PARP1 expression
and efficiency of a set of PARPi agents was confirmed in OC cell lines
[84]. Consequently, acquired resistance to PARPi was correlated with
decreased poly(ADP-ribose) (PAR) formation and PARP1 expression in
OC cell lines (Fig. 4B) [85]. Moreover, knockdown of PARP1 with siRNA
induced significant reduction of PARPi cytotoxicity in OVCARS cells
[85]. CRISPR-Cas9-mediated induction of mutations in genes encoding
PARP1 in BRCAI™" OC cells has been linked to emergence of a resistant
phenotype, indicating that PARP1 activity is critical for sensitivity to
talazoparib [86]. PARPI resistance has been established in clones of
BRCA1™" COV362 OC cells with residual BRCA1 activity after induction
of PARP1 mutations, including deletions involving residues neighboring
K119 and Y848. A mutation of PARPI1 resulting in nonsynonymous
substitution (p.R591C) has been also detected in clinical settings in OC
patients exhibiting intrinsic resistance to olaparib. Further investigation
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revealed that the R591C mutation enhanced PARP1 dissociation from
DNA and potentially decreased trapping in the presence of talazoparib
relative to wild-type protein [86]. Resistance to numerous PARPi agents
has been also identified in BRCAI™" and BRCA1 promoter-methylated
OC cell lines with reduced expression of PARP1 as a result of directed
gene deletion [87]. Our collective findings suggest that PARPI resistance
is induced by inhibition of PARP1 trapping as a consequence of loss of
drug-target expression.

2.5. Restoration of PARP signaling and loss of PARG

PARP signaling is a component of the PARylation system regulated
by synthesizers and erasers of PAR. PARylation is a post-translational
protein modification that controls key cellular mechanisms, such as
DNA damage response, as PAR chains loosen chromatin and facilitate
recruitment of repair proteins. Covalent formation of PAR on target
proteins is regulated by PARP and simultaneously, removal of PAR from
PARylated proteins is catalyzed by hydrolases, such as PARG [88].
Recent findings suggest that successful PARPi therapy at least partially
depends on cellular PARG activity, and its loss reestablishes PARP1
signaling upon PARPi treatment (Fig. 4C). In general, PARP1 catalyzes
self-PARylation as well as that of other target proteins, which is a
transient modification attributable to PARG glycohydrolase activity,
resulting in PAR removal from target proteins [89]. PARPi agents induce
a significant reduction in PARP1 enzymatic activity. However, the re-
sidual PARylation ability of PARP1 remains intact. PARP signaling is
further decreased by the action of PARG, which hydrolyzes PAR chains.
Indeed, loss of PARG activity underlies partial maintenance of PARP1
signaling via inhibition of PAR degradation and PARPi resistance
mechanisms. Lack of PARG has been shown to suppress PARP1 trapping
on DNA through partial restoration of PARylation. While the majority of
earlier studies have been conducted in mammary tumor models, a cor-
relation between decreased PARG expression and PARPi resistance is
also reported in serous OC [90]. Reduced levels of PARG have been
documented in HR-deficient HGSOC clones after selection with olaparib
compared with sensitive parental cell lines [28]. Overall, PARG deple-
tion serves as one of the HR-independent mechanisms of resistance to
PARPi via re-introduction of PARP signaling [90]. On the other hand, in
a recent study, loss of PARG activity induced by treatment with PARG
inhibitor restored the formation of PAR chains and re-sensitized ola-
parib-resistant UWB1.289 (SYr12) OC cells [91].

2.6. Role of the ATR/CHK1 pathway in PARP inhibitor resistance

In eukaryotic cells, errors and damage emerging during DNA repli-
cation contribute to replication stress, characterized by increased risk of
DNA stress resulting in slowing or stalling of replication origins (known
as replication forks). Therefore, the replicative stress response is acti-
vated by cells to maintain genome integrity. The emergence of physical
structures typical of replication stress, such as ssDNA and stalled forks,
initiates activation of DNA damage sensors including ATR protein ki-
nases and effector proteins (Fig. 5) [65]. Generally, during replication
stress in cancer cells, the presence of ssDNA initiates a response system
based on ATR/CHK1 (checkpoint kinase 1) signaling [92]. The extensive
role of ATR/CHKI1 in DNA damage sensing and response is relatively
well established. The ATR-mediated replication stress response involves
initial recruitment of ATR and its partner co-factor ATR-interacting
protein (ATRIP) to the damage site characterized by stretches of ssDNA,
and subsequent activation of ATR major downstream effector kinase
CHK1 via phosphorylation (Ser345) [93]. Activation of the ATR/CHK1
signaling pathway leads to global inhibition of cell cycle progression and
local restoration of stalled replication forks, one of the previously
described mechanisms responsible for PARPi resistance in OC [83,94].
Clarification of the role of the ATR/CHKI1 axis in cancer response to
replicative stress has led to the development of novel compounds tar-
geting this pathway. Thus, one of the goals of effective therapeutic
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strategies is to further enhance replication stress, fork stalling and
collapse, and ultimately cell death [92].

2.7. Mechanisms under further exploration

In addition to the primary role of 53BP1 and BRCA1 in pathway
choice between HR- and NHEJ-mediated DSB repair, recent reports have
associated PARPI resistance with other factors contributing to regulation
of this balance. The Ku complex (comprising Ku70 and Ku80 proteins),
the main component of the NHEJ pathway, has been shown to play an
important role in this phenomenon. Interestingly, in BRCA1-deficient
OC cells, the Ku complex is downregulated by miRNA-622 during the S
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phase, resulting in promotion of DSB repair by HR and olaparib resis-
tance [95]. Defects in NHEJ have been linked to resistance to rucaparib
in primary OC cultures of HR-deficient cells. Non-functional NHEJ is
associated with reduced protein expression of Ku70, Ku80, and the
catalytic subunit of DNA protein kinase, which are key factors recruited
during NHEJ-mediated DSB repair [96]. More recent evidence suggests
that upregulation of Wnt/f-catenin signaling confers PARPi resistance in
HGSOC cell lines as well as the intraperitoneal PDX model. Furthermore,
OC cells were re-sensitized to olaparib by co-administration of olaparib
with pyrvinium pamoate which downregulated B-catenin [97]. Intensi-
fied microhomology-mediated end joining (MMEJ) has also been shown
to mediate PARPi resistance in BRCA2-deficient EOC. More specifically,
it is suggested that upregulation of ALDH1A1, a member of the aldehyde
dehydrogenase family, is driven by olaparib-induced overexpression of
bromodomain-containing protein 4 (BRD4) and mediates resistance to
PARPi through enhanced MMEJ activity. Interestingly, blockage of
ALDH1AL1 via specific inhibitors in the presence of olaparib is reported
as an effective therapeutic approach in resistant cells in vitro as well as
the olaparib-resistant PEO1 xenograft model. However, enhanced effi-
cacy of olaparib in ALDH1A1-inhibited PARPi-resistant cells has been
demonstrated only in cells possessing BRCA2 mutations, a hallmark of
HR deficiency, indicating dependence on MMEJ [98].

3. Overcoming resistance to PARP inhibitors

Regardless of intrinsic or acquired resistance, all patients considered
PARPi resistant require appropriate treatment (Fig. 6). Knowledge of the
mechanisms underlying PARPi resistance provide a starting point to
overcome this phenomenon in OC. Various combinations of PARPi and
other inhibitors are under investigation in clinical trials at present
(Tables 3 and 4). The collective results should provide essential guid-
ance for treatment of OC, including PARPi-resistant cases. In general,
combination of PARPi with inhibitors targeting proteins involved in the
DNA damage response is considered a promising approach to induce
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Table 3
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Overview of clinical trials assessing treatments for ovarian cancer patients resistant to PARP inhibitors.

Study name or Phase  Treatment Participant’s disease relevant to PARP inhibitor therapy Key outcome measures Study status
identifier
ComPAKT I Olaparib + Capivasertib Specific malignant advanced solid tumors including — Safety and tolerability of the Completed
NCT02338622 (AZD5363, AKT inhibitor) BRCA1/2 mutation HGSOC which progressed on PARP combination (2017)
[109] inhibitor monotherapy or HGSOC which may harbor HR — MTD and recommended phase
defects 1I dose of the combination
— ORR
— Pharmacokinetics
— Exploratory biomarkers,
including BRCA and PARP
expression
NCT04149145 I Niraparib + M4344 (ATR PARP inhibitor resistant recurrent OC — Emergence of adverse events Not yet
inhibitor) — MTD of M4344 and niraparib recruiting
— ORR
— PFS (6 months)
NCT04586335 Ib Olaparib + CYH33 (PI3Ka Advanced OC with acquired PARP inhibitor, or recurrent — Dose limiting toxicities Recruiting
inhibitor) HGSOC, fallopian tube, and primary peritoneal cancer that — ORR
are platinum-resistant or refractory — Emergence of adverse events
— DCR
— Pharmacokinetics of CHY33
and olaparib
NCT04267939 Ib Niraparib + BAY1895344 Advanced solid tumors, including OC after progression on — Emergence of adverse events Recruiting
(ATR inhibitor) PARP inhibitor — MTD of BAY1895344
— ORR
— DCR
— Pharmacokinetics of
BAY1895344
NCT03586661 Ib Niraparib and Copanlisib Endometrial, primary peritoneal, or fallopian tube cancer, — MTD and recommended phase Recruiting
(PI3K inhibitor) or OC with a BRCA mutation that may have progressed on 1I dose of the combination
prior PARP inhibitor — ORR
— PFS (6 months)
— Pharmacokinetics of the
combination
NCT03057145 I Olaparib + Prexasertib Advanced solid tumors, including HGSOC with BRCA1/2 — MTD Completed
[108] (CHK1i) mutation in the expansion cohort — Dose limiting toxicities (2021)
— Pharmacokinetics
— Anti-tumor activity
NCT03162627 /11 Olaparib + Selumetinib Solid tumors that are advanced or recurrent, including — MTD for combination Recruiting
(MEK1/2 inhibitor) ovarian tumors with PARPi resistance — Dose expansion
— Drug levels
— Anti-tumor activity
CAPRI I Olaparib + AZD6738 Recurrent OC (platinum-sensitive or platinum-resistant, — Emergence of adverse events Recruiting
NCT03462342 (ATRi) prior treatment with PARPi allowed if followed by disease — PFS (2 years)
progression)
NCT03579316 II Olaparib + Adavosertib PARP inhibitor resistance (disease progression on PARP — ORR Recruiting

(WEE1 inhibitor) or

Adavosertib alone inhibitor therapy

inhibitor therapy) or recurrent OC after completion of PARP

Disease control rate

CR - complete response, DCR - disease control rate, MTD — maximally tolerated dose, ORR — overall response rate,

survival, PR — partial response, SD - stable disease.

synthetic lethality. One of the strategies to avoid diminished respon-
siveness to PARPi relies on preventing resistance before its occurrence
via development of therapies that maintain PARPi effectiveness [99].
Alternative therapies may be developed as management options
following PARPi progression. Currently, several clinical trials are un-
derway to improve PARPi efficiency in combination with other small-
molecule inhibitors that mainly target checkpoint kinases (Table 3).
Notably, basic strategies can also be applied to combat PARPi
resistance. Resistance induced by risk of increased drug efflux can be
counteracted using inhibitors with low affinity to PARP. A number of
reports have shown that not all PARPi are P-gp substrates and neither
does P-gp contribute to resistance to all known agents inhibiting PARP.
Lawlor and co-workers proposed that veliparib is not a potential P-gp
substrate [20]. One of the next-generation PARPi molecules, AZD2461,
was developed as a poor substrate for the P-gp transporter to generate an
efficacious inhibitor. The agent was shown to be potent against a
BRCAZ2-deficient mouse breast cancer cell line with olaparib resistance
overexpressing P-gp [100]. Interestingly, olaparib-resistant OC A2780
cells overexpressing P-gp were also sensitive to AZD2461 [21]. Further
in vivo studies demonstrated efficacy of AZD2461 against tumors with
ABCB1-induced resistance to olaparib [100]. However, the majority of
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PD - progressive disease, PFS — progression-free

strategies developed to overcome PARPi resistance in the literature
focused on reintroduction of HR dysfunction or dysregulation of cell
cycle control.

3.1. Combination therapy targeting PARP1 and ATR/CHK1 pathways

Epithelial OC is characterized by loss of wild-type p53 activity,
manifested by the occurrence of TP53 mutations in 94-96% cases of
HGSOC [101]. Around 50% HGSOC cases are considered HR-deficient
due to numerous genetic abnormalities in the HR pathway [102]. The
PARPi damaging mode of action in combination with targeting intrinsic
perturbations in DNA repair or cell cycle regulation in OC cells is of
significant research interest for development of combination therapies
in view of their potential synergistic activity. These novel strategies
target not only acquired resistance to PARPi but also aim to elicit
responsiveness to PARPi in HR-proficient OC cells. Induction of DNA
damage accumulation in cells with unbalanced repair mechanisms could
potentially improve efficiency of PARPi and induce cell death.

Another approach to abolish PARPi resistance relies on exploiting OC
vulnerabilities that develop concurrently with resistance. In cancer cells
with restored HR and fork protection, acquired vulnerabilities comprise
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Clinical trials testing selected combinations of immune checkpoint inhibitor-based immunotherapies with PARP inhibitors for ovarian cancer patients.

Study name or
identifier

Phase

Treatment

Features of participant’s disease
concerning ovarian cancer

Key outcome measures

Study status

NCT02571725

TOPACIO/ Keynote-
162
NCT02657889

/1

I/

Olaparib + Tremelimumab (anti-CTLA-
4 antibody)

Niraparib + Pembrolizumab (anti-PD-1
antibody)

Recurrent EOC with germline BRCA1/2
mutation

Any type of platinum-resistant, recurrent
EOC (phase I) and platinum-resistant,
recurrent HGSOC or endometroid OC
(phase II)

— Safety and efficacy of the
combination

— Recommended phase II dose of the
combination

— ORR, PFS

— Safety and efficacy of the
combination

— Dose limiting toxicities

— ORR, DCR, PFS, OS

Active, not
recruiting

Active, not
recruiting

NCT02953457 /1 Olaparib + Durvalumab (anti-PD-L1

antibody) or Olaparib + Tremelimumab

NCT02484404 /1 Durvalumab + Olaparib and/or

Cediranib

MEDIOLA
NCT02734004

/1 Durvalumab + Olaparib or Olaparib

and Bevacizumab

NCT03740165 1II Chemotherapy + Pembrolizumab and

maintenance Olaparib

ANITA 111
NCT03598270

Chemotherapy + Atezolizumab (anti-
PD-L1 antibody) and maintenance
Niraparib with or without Atezolizumab

NCT03522246 111 Rucaparib + Nivolumab (anti-PD-1

antibody) as maintenance or IV)

Recurrent platinum-sensitive, resistant or ~ —
refractory EOC with BRCA1/2 mutation

Advanced or recurrent OC —

Advanced OC

Advanced EOC with non-mutated =
BRCA1/2 (stage III or IV)

Platinum-sensitive, relapsed EOC (stage -
III or IV)

Newly diagnosed advanced EOC (stage III -

— Duration of response

— Pharmacokinetics of niraparib

during combination

Safety and efficacy of the

combination

— Dose limiting toxicities

— PFS, OS

— Changes in expression level of PD-L1

and tumor-infiltrating lymphocytes

in tumor biopsies

Safety and efficacy of the

combination

— Recommended phase II dose of the
combination

— ORR, PFS

— Pharmacokinetics of combinations

— Safety and efficacy of the
combination

— ORR, DCR, PFS, 0S

— Duration of response

— Time treatment discontinuation, or
death

— Pharmacokinetics of combinations

Safety and efficacy of the

combination

— PFS, OS

— Emergence of adverse events

— Time to first or second subsequent

treatment, discontinuation of the

study, or death

ORR, PFS, OS

— Duration of response

— Emergence of adverse events

— Time to first or second subsequent
treatment, or death

— PD-L1 and BRCA status

Safety and efficacy of the

combination

— ORR, PFS, 0S

— Duration of response

— Emergence of adverse events

Active, not
recruiting

Recruiting

Active, not
recruiting

Active, not
recruiting

Recruiting

Active, not
recruiting

DCR - disease control rate, ORR - overall response rate, OS — overall survival, PFS — progression-free survival.

reliance on RAD51 foci formation at the fork and BRCA2 recruitment at
DNA damage sites [103]. Taking into consideration the ATR/CHK1
pathway that regulates HR, cell cycle control, and replication fork dy-
namics, inhibition of the axis in combination with PARPi presents an
interesting approach to combat PARPI resistance. In general, inhibition
of the ATR/CHK]1 axis should bypass intra-S phase and G2/M cell cycle
checkpoints. Eventually, in the presence of DNA strand breaks or stalled
replication forks, cells enter mitosis under stress conditions with unre-
paired damage, potentially leading to death [104,105]. Currently,
numerous inhibitors of ATR and CHK1 are under investigation as
potentially effective therapeutic agents in various cancer types. How-
ever, combinatorial therapies appear necessary in some regimens due to
moderate efficiency of monotherapies and, in some cases, resistance to
inhibition of CHK1 alone [105].

Studies attempting to overcome PARPI resistance in BRCA cells
showed that ATR plays a critical role in RAD51 foci formation in DSB
sites, leading to cell survival. Inhibition of ATR with VE-821 has been
shown to be effective in re-sensitizing BRCAI-deficient olaparib-

1 mut
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resistant OC cell lines and primary tumor cells from OC patients.
Interestingly, VE-821 circumvented de novo resistance and acquired
resistance to PARPi in vitro [103]. Additional experiments have
confirmed that ATRi agents suppress PARPi resistance in OC [24,99].
Olaparib increased reliance of OC cells on the ATR/CHK1 pathway, as
confirmed by increased phosphorylation of ATR and CHK1 in resistant
cell lines [24]. Burgess et al. [106] showed that combination of olaparib
with ATRi (VE-821) exerts synergistic effects in BRCAI™" OC cell lines
both sensitive and resistant to olaparib. The preclinical efficacy of
simultaneous administration of the ATRIi ceralasertib (AZD6738) and
olaparib has been demonstrated in the orthotopic HGSOC PDX model.
Kim and co-workers reported that addition of ceralasertib to olaparib
enhanced cytotoxicity and apoptosis relative to monotherapy in
BRCA™" and BRCA"" OC cells. ATRi and olaparib exhibited a synergistic
effect on tumor growth suppression in the BRCA2™ HGSOC PDX model
[99]. Subsequently, combination of ATRi with olaparib showed efficacy
in inducing complete regression of tumors in BRCA2™"* PDX models of
acquired resistance to PARPi relative to individual monotherapy
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regimens [24].

CHK1, an ATR-dependent downstream effector protein, has been
highlighted as a potential therapeutic target, since OC cells strongly rely
on G2/M cell-cycle arrest regulated by CHK1 in TP53™" cells with
disabled G1/S checkpoints. Earlier research efforts have focused on
evaluating a combination of prexasertib, a CHK1 inhibitor, and olaparib
in OC models. Co-treatment with prexasertib and olaparib induced
synergistic cytotoxicity in the HGSOC cell line with BRCA2 reversion
mutation, a hallmark of PARPi resistance [107]. Combination of a CHK1
inhibitor with olaparib in further preclinical studies led to re-
sensitization to PARPi in a BRCAI™' HGSOC PDX model [61]. In
compliance with previous reports, combination of olaparib with another
CHK1 inhibitor, MK-8776, increased sensitivity to olaparib in the
PARPi-resistant BRCAI™" UWB1 OC cell line [106]. Results of phase 1
clinical trials evaluating simultaneous treatment with olaparib and
prexasertib showed that BRCAI™"* HGSOC patients with progression on
prior PARPi treatment benefited from the combination regimen [108].

The collective findings suggest that PARPi-resistant cells depend
more strongly on the ATR/CHK1 axis than sensitive cells and support the
efficacy of combination strategies to overcome resistance [24,106]. DNA
damage sensors, such as ATR and its downstream protein, CHK1, pro-
vide novel therapeutic targets for resistant OC.

Neoantigen
presentation
to T cell

Neoam.gen%—’/ /‘\(

Cytosollc

ATR/CHK1 \
pathway )

PARP —
inhibitor
§ PARP1
YOGS NG
Damaged DNA
cGAMP
STING

Type | interferon

,———p. Upregulation
of gD-L1

DNA
O ATP
) GTP

BBA - Reviews on Cancer 1876 (2021) 188633
3.2. Combined PARP inhibition and immune checkpoint therapy

Immunotherapy targeting immune checkpoint pathways has signif-
icantly contributed to the progress in treatment of several types of tu-
mors. Immune checkpoint therapy is based on novel agents enhancing
antitumor immunity, and attenuating the immunosuppressive micro-
environment through checkpoint molecules, which are immune-cell
surface receptors regulating the immune response. Currently, immuno-
therapy approaches employing single-agent blockage of immune
checkpoints have shown modest efficacy in clinical trials for patients
with OC, and are not yet approved for human use. However, this strategy
is being under intensive development for OC, and has provided
encouraging results as combination therapy with chemotherapy, radia-
tion therapy, and PARP inhibitors [110,111]. One of the most promising
immune checkpoint inhibitors (ICI) in OC target negative modulators of
T cell activation involved in the attenuation of immune response against
host’s tumor, including cytotoxic T lymphocyte-associated protein 4
(CTLA-4) and programmed cell death 1 (PD-1) [112,113]. Immune
checkpoint therapy has been extensively explored in OC since the dis-
covery and development of monoclonal antibody-based ICI directed
against inhibitory checkpoint molecules [114].

The rationale behind combining ICI with PARPi for treatment of OC
arises from the findings that have demonstrated association between
mutations in BRCA1/2 and TP53 with elevated expression of PD-1 and

Active
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Fig. 7. Rationale for combining PARPi with immune checkpoint inhibitors highlighting association between DNA damage and the response of immune system in
ovarian cancer. PARPi-mediated antitumor activity leads to release of tumor-derived dsDNA to cytoplasm, which can be detected by cytosolic cyclic GMP-AMP
(cGAMP) synthase (cGAS). Once activated, cGAS synthesizes cGAMP triggering activation of stimulator of interferon (INF) genes (STING) pathway. Subse-
quently, genes encoding type I INF and inflammatory cytokines are induced by transcription factors — interferon regulatory factor 3 (IRF3) and nuclear factor kappa B
(NF-kB). In turn, antitumor immune response may be initiated. Moreover, inhibition of PARP can stimulate immune response by increasing release of tumor neo-
antigens, subsequently presented to T cells. PARPi also induce upregulation of PD-L1, either by promoting STING signaling or ATR/CHK1 pathway. Importantly,
antibody-mediated immune checkpoint blockage targeting negative modulators of T cell activation, PD-1/PD-L1 axis and CTLA-4 negative co-stimulatory molecule,

may be utilized to prolong PARPi activity [116-118,120].

12

71



L. Biegata et al.

programmed death-ligand 1 (PD-L1) in the cohort of patients with
HGSOC [115]. Interestingly, recent studies have revealed that treatment
with PARPi upregulate PD-L1 expression by activation of CHK1 in OC
cells, leading to increased tumor susceptibility to co-administered
agents targeting checkpoint molecules [116]. Moreover, PARPi-
induced DNA damage promote tumor cell death and release of tumor-
specific neoantigens, which may synergize in antitumor activity with
ICI [117]. Promising synergism between PARPi and anti-PD-1 antibody
has been reported in preclinical trials in Brcal-deficient murine OC
model. It has also been presented that blockage of PD-1 may potentially
prevent emergence of acquired resistance to PARPi after prolonged
treatment [118]. In addition, synergistic antitumor effect was observed
when niraparib was combined with anti-PD-1 therapy in various cancer
cell models, including OC regardless of BRCA status [119]. Mechanism
underlying correlation between DNA damage induced by PARPi and
antitumor immune response in OC, which lays the foundation for com-
bination of PARPi with ICI, was associated with activation of stimulator
of interferon genes (STING) pathway (Fig. 7) [118,120]. Release of
tumor dsDNA in response to treatment with PARPi is sensed by cyclic
GMP-AMP (cGAMP) cGAMP synthetase (cGAS), which catalyzes pro-
duction of second messenger cGAMP. In turn, expression of STING-
regulated genes encoding type I interferons and proinflammatory cyto-
kine can be induced, mediating antitumor immune response following
treatment with PARPi [118]. Moreover, inhibition of PARP can upre-
gulate expression of PD-L1 in OC cells potentially limiting PARPi effi-
cacy, however, blockage of PD-1 was shown to prolong PARPi activity
[118].

Currently, many ongoing trials are assessing usage of ICI in combi-
nation with various therapies in treatment of OC, including PARPi
(Table 4). As an example, in a phase I/II TOPACIO/Keynote-162 trial
safety and efficacy of combination therapy with niraparib and pem-
brolizumab, an anti-PD-1 antibody, has been evaluated in women with
recurrent OC. Integrated response assessment has revealed promising
results with ORR of about 18% in all platinum-resistance patients and
subgroups regardless of BRCA1/2 mutation or HRD status [121]. Data
from a phase I/II MEDIOLA trial (NCT02734004), recruiting germline
BRCA1/2™" participants with recurrent OC, showed that patients
receiving combination of olaparib with durvalumab, anti-PD-L1 anti-
body, exhibited ORR of 72% and median PFS duration of 11.1 months
[122]. Interestingly, the OC cohort from another study (NCT02484404)
of mainly BRCA"' patients, accounting for 77% of enrolled women,
showed to be less responsive to treatment with olaparib and durvalu-
mab. In this single-center phase I/1I trial co-administration of the drugs
resulted in clinical benefit lasting over half a year for 30% of patients
with recurrent OC. Moreover, participants had ORR of only 14% and a
median PFS duration of 3.9 months [111]. Still, concurrent inhibition of
PARP and blockage of immune-checkpoints is a promising approach for
treatment of OC due to the suggestions that PARPi may improve
response to ICI and upregulate antitumor immune activity [112,123].
Further results of ICI efficacy in OC are awaited with interest. Little is
known about efficacy of various combination therapies with ICI in
PARPi-resistant OC patients. However, few reports described above shed
light on potential of combination of PARPi with ICI for avoiding resis-
tance to PARPi [118,119].

3.3. Alternative combination strategies for overcoming resistance to PARP
inhibitors

The phosphoinositide 3-kinase/AKT (PI3K/AKT) signaling pathway
regulates key cellular processes in OC and contributes to cell survival.
Inhibition of this pathway is correlated with reduced expression of
BRCA1/2 and HDR [124,125]. Suppression of PI3K/AKT signaling in
combination with PARPi is a current focus of investigation as a strategy
for control of PARPi resistance in a clinical setting. For instance, a
completed phase I trial assessed disease response to a combination of
olaparib and the AKT inhibitor, capivasertib, in a diverse cohort
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including HGSOC patients. Their results showed that among eleven
patients with advanced OC who achieved clinical benefits from the
combination, four were PARPi-resistant. All patients with PARPi resis-
tance that benefited from the treatment possessed BRCA1 or BRCA2
somatic mutations [109]. Several ongoing trials using PARPi in combi-
nation with inhibitors of PI3K (CYH33, copanlisib) are underway
(NCT04586335, NCT03586661; Table 3).

Other groups have reported upregulation of the RAS/MAPK
(mitogen-activated protein kinase) pathway in PARPi-resistant cell
lines, as confirmed by the observation that PARPi and mitogen-activated
protein kinase kinase (MEK) inhibitor (AZD6624) act synergistically to
reverse acquired PARPi resistance. In view of this finding, combination
of PARPi with MEK inhibitors has been highlighted as a potentially
effective strategy for re-sensitization of PARPi-resistant cells [85].
Active phase I/1I clinical trials (NCT03162627) on a combination of
MEK1/2 inhibitor (selumetinib) and olaparib are currently underway in
patients diagnosed with various solid tumors, including OC resistant to
PARP;.

High expression of heat shock proteins (HSP), stress responsive
molecules, has been observed in numerous types of cancers, including
OC [126]. Overexpression of HSP27, HSP60, HSP70 and especially
HSP90, has been linked to tumor aggressiveness metastasis, resistance to
chemotherapeutics, and was correlated with poor prognosis in OC. For
that reason, many studies consider HSP as ideal therapeutic targets for
effective cancer therapy [127]. In the context of combined therapy with
PARPi and HSP inhibitors, particular attention is paid to inhibitors of
HSP90. Potential use of HSP90 inhibition has been based on the dis-
covery of HSP90 role in stabilization of proteins involved in DNA
damage repair and cell cycle checkpoint, including CHK1, BRCAIL,
BRCA2, RAD51, and MRE11. Therefore, blockage of HSP90 was sug-
gested to abrogate HR-mediated resistance to PARPi. For instance, re-
searchers have demonstrated that 17-AAG (17-allylamino-17-
demethoxygeldanamycin) sensitized HR-proficient OC cell lines to ola-
parib via suppression of HR. Importantly, 17-AAG downregulated
BRCA1 and RAD51 protein levels and reduced RAD51 foci formation in
OC cells with functional HR [128]. Moreover, treatment with HSP90
inhibitor ganetespib and PARPi talazoparib exerted synergistic anti-
tumor activity in HR-proficient HGSOC cell lines [129]. Preclinical data
demonstrated that inhibition of HSP90 with onalespib (AT13387)
restrained tumor growth in 57% of PDX models of HGSOC. Interestingly,
the efficacy of combination has been also confirmed in one PARPi-
resistant model with mutation in BRCAI [130]. HSP90 has been also
targetable by onalespib in combination with olaparib in an ongoing
phase I trial (NCT02898207) designed to evaluate side effects and best
dose in various solid tumors, including recurrent EOC.

Targeting nicotinamide adenine dinucleotide (NAD) metabolism has
been proposed as another promising combination approach for treat-
ment of OC with PARPi, since PARP signaling affects cellular energy
homeostasis by consumption of oxidized form of NAD (NAD™) for
PARylation of target proteins, and other intracellular events. Notably,
DNA damage-induced hyperactivation of PARP1 was suggested to drive
deprivation of NAD" and ATP, requiring replenishment through meta-
bolic shift to oxidative phosphorylation over glycolysis sustaining cell
survival [131]. On the other hand, the study by Lahiguera et al. indi-
cated that shift to a more glycolytic metabolism was associated with
olaparib resistance in OC cells. Furthermore, blockage of pyruvate de-
hydrogenase (PDH) kinase with dichloroacetate resulted in restoration
of PDH activity, increased oxidative phosphorylation and enhanced
sensitivity to olaparib. Thus, metabolic profile of tumor cells can be
associated with sensitivity to olaparib [132]. The co-administration of
PARPi with agents limiting production of NAD™ may have implications
in cancer treatment. For instance, inhibition of nicotinamide phos-
phoribosyltransferase (NAMPT), an enzyme catalyzing the rate-
determining step for biosynthesis of NAD", with concurrent olaparib
treatment additively suppressed the growth of breast tumor [133]. To
date, modulation of NAD" metabolism in combination with PARP
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inhibition has been poorly assessed in OC. However, recent studies have
indicated that blockage of NAD" metabolism with NAMPT inhibitor
FK866 can inhibit growth of OC cells both in vitro and in vivo [134,135].

4. Conclusions

The emerging success of PARPi has led to significant alterations in
treatment settings for EOC patients, with rapid expansion of the use of
these agents in the clinic. Despite the effectiveness of PARPI, resistance
to applied treatments is relatively common and remains a considerable
clinical challenge. Resistance may develop rapidly, even from the
starting point of the initial regimen, since PARPi agents have been rec-
ommended earlier in recent years during the treatment course as front-
line maintenance therapy [136]. With the increasing usage of these
novel drugs, the number of PARPi-resistant cases is also expected to
increase, highlighting the importance of developing efficient strategies
to overcome resistance. Successful treatment of resistant OC may be
effectively based on characterization of molecular biomarkers assessed
via non-invasive tumor liquid biopsy using ctDNA. This method of
detection of mutations and promoter methylation in HR repair genes
driving resistance should benefit patients in clinical practice as it allows
deployment of evidence-based monitoring of disease progression and
implementation of putative treatment options [27].

In conclusion, combination treatment of PARPi with novel inhibitors
presents a promising approach to improve the efficacy of single-agent
therapy, especially in patients with OC showing therapeutic resis-
tance, and warrants more comprehensive investigation.
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Abstract: The PARP inhibitor (PARPi) olaparib is currently the drug of choice for serous ovarian
cancer (OC), especially in patients with homologous recombination (HR) repair deficiency associated
with deleterious BRCA1/2 mutations. Unfortunately, OC patients who fail to respond to PARPi or
relapse after treatment have limited therapeutic options. To elucidate olaparib resistance and enhance
the efficacy of olaparib, intracellular factors exploited by OC cells to achieve decreased sensitivity to
PARPi were examined. An olaparib-resistant OC cell line, PEO1-OR, was established from BRCA2MUT
PEOIL cells. The anticancer activity and action of olaparib combined with inhibitors of the ATR/CHK1
pathway (ceralasertib as ATRi, MK-8776 as CHKIi) in olaparib-sensitive and -resistant OC cell lines
were evaluated. Whole-exome sequencing revealed that PEO1-OR cells acquire resistance through
subclonal enrichment of BRCA2 secondary mutations that restore functional full-length protein.
Moreover, PEO1-OR cells upregulate HR repair-promoting factors (BRCA1, BRCA2, RAD51) and
PARP1. Olaparib-inducible activation of the ATR/CHK1 pathway and G2/M arrest is abrogated
in olaparib-resistant cells. Drug sensitivity assays revealed that PEO1-OR cells are less sensitive to
ATRi and CHK1i agents. Combined treatment is less effective in olaparib-resistant cells considering
inhibition of metabolic activity, colony formation, survival, accumulation of DNA double-strand
breaks, and chromosomal aberrations. However, synergistic antitumor activity between compounds
is achievable in PEO1-OR cells. Collectively, olaparib-resistant cells display co-existing HR repair-
related mechanisms that confer resistance to olaparib, which may be effectively utilized to resensitize
them to PARPi via combination therapy. Importantly, the addition of ATR/CHKI1 pathway inhibitors
to olaparib has the potential to overcome acquired resistance to PARPi.

Keywords: ovarian cancer; targeted therapy; olaparib; PARP1; ATR/CHK1 pathway

1. Introduction

Olaparib is the first-in-class approved poly(ADP-ribose) polymerase (PARP) inhibitor
(PARPi) which is currently indicated as a monotherapy for the maintenance treatment
of recurrent platinum-sensitive ovarian cancer (OC), regardless of BRCA1/2 status [1].
However, treatment for relapsed epithelial OC (EOC) after PARPi is mainly limited to
platinum-based chemotherapy, which achieves modest clinical efficacy [2]. Preliminary data
from the OReO trial (NCT03106987) evaluating the clinical benefits of olaparib maintenance
retreatment for EOC patients who relapse after initial PARPi indicate that secondary
therapy with olaparib could improve progression-free survival irrespective of BRCA1/2
status. However, overall survival has not been significantly improved in olaparib groups
compared to placebo groups. The modest efficacy of re-challenge olaparib therapy has also
been documented in a single-institution study [3].

About ~50% of high-grade serous OC (HGSOC) cases have defective homologous
recombination (HR) repair, mainly due to BRCA1 or BRCA2 deleterious mutations. The
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remaining HR deficiency (HRD)-positive patients are defined as non-BRCA1/2MUT due
to harboring other biomarkers of HRD [4,5]. A recent ARIEL4 study demonstrated that
intrinsic resistance to PARPiI is associated with BRCA1/2 reversion mutations in PARPi-
naive relapsed HGSOC patients previously treated with chemotherapy [6]. Indeed, an
effective response to PARPi is typically dependent on defects emerging in the HR repair
pathway due to the phenomenon of PARPi-induced synthetic lethality in tumors [7]. Inter-
estingly, a proportion of HR-deficient OC patients are not responsive to olaparib therapy,
indicating that current HRD assays are inadequate for the effective prediction of response
to olaparib [8,9].

In addition to the suppression of PARP signaling, olaparib exerts so-called “PARP
poisoning” cytotoxicity by trapping the PARP1 enzyme at DNA single-strand breaks, which
eventually leads to the accumulation of double-strand breaks (DSBs) and contributes to its
anticancer activity [10]. However, the therapeutic efficacy of olaparib is abolished in some
cases because of intrinsic or acquired resistance of OC cells resulting from the restoration of
HR proficiency (BRCA1/2 reversion mutation, BRCA1 promoter demethylation), increased
RAD51 foci formation, reduced PARP1 trapping, restoration of replication fork stabilization,
and PARP signaling [11,12].

Numerous novel combination strategies with PARPi have been proposed to overcome
resistance to olaparib [11,13,14], including small-molecule agents targeting the ATR (ataxia
telangiectasia-mutated and Rad3-related) and CHK1 (checkpoint kinase 1) kinases impli-
cated in the DNA damage response (DDR) and cell cycle regulation [15-19]. Concurrent
treatments with PARPi and ATR or CHK1 kinase inhibitors have achieved promising
results in patients who progress following initial therapy with PARPi, and these strate-
gies are under further investigation [20-22]. However, approved combined therapy for
the treatment of OC resistant to olaparib is lacking at present. The main rationale for
combining PARPi with inhibitors of the ATR/CHK1 kinase axis is based on the observa-
tion that olaparib increases the reliance of olaparib-sensitive OC cells on the ATR/CHK1
pathway for survival [17,23]. DDR, which is regulated by the ATR/CHK1 axis, is a com-
plex network of pathways integrating DNA replication and repair, cell cycle progression,
and apoptosis to maintain genomic stability following replication stress and DNA dam-
age [24,25]. However, the majority of HGSOC patients display loss of p53 and TP53MUT
tumor cells predominantly relying on S and G2/M cell cycle checkpoints strictly regulated
by the ATR/CHKI1 pathway. ATR, one of the most upstream DDR kinases that induce
the signal transduction cascade following exposure to various DNA damage stimuli, is
auto-phosphorylated at Thr1989. Following activation, ATR phosphorylates downstream
effector proteins, including CHK1 kinase at Ser345 and histone H2AX at Ser139, eventually
triggering DSB-induced checkpoint arrest and DNA repair mainly via error-free HR [26-28].
Indeed, the HR pathway is activated during the late S and G2 phases of the cell cycle and
coordinated via ATR/CHK1-dependent control of S and G2/M checkpoints. In response,
RAD51-dependent repair is promoted by BRCA1 and BRCAZ2 [28,29], the latter serving as
the main mediator of RAD51 loading onto resected DSBs [28]. Alternatively, error-prone
non-homologous end joining (NHE]) regulated by 53BP1 may be utilized for DNA dam-
age repair. However, this pathway is less accurate and potentially leads to chromosomal
instability [4].

Resensitization of OC cells to PARP;] is a key measure in expanding the therapeutic
utility of olaparib. In the current study, we successfully generated an olaparib-resistant
cell line (PEO1-OR) from the parent HGSOC cell line, PEO1, and investigated the complex
mechanisms mediating the phenotype of resistance to olaparib in OC in vitro. Subsequently,
the differences in the involvement of the ATR/CHK1 pathway in response to PARPi in
olaparib-sensitive and -resistant HGSOC cell lines were determined, and the effects of
concurrent treatment with olaparib and ATR/CHK1 blockage on DDR and cell cycle
progression were examined.
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2. Materials and Methods
2.1. Chemicals

PARPi (O, olaparib, AZD2281), ATRi (A, ceralasertib, AZD6738), and CHK1i (C,
MK-8776) were purchased from Selleck Chemicals (Houston, TX, USA). The stock solu-
tions of studied inhibitors were separately prepared from powders dissolved in 100%
dimethyl sulfoxide (DMSQO), aliquoted, and stored at —80 °C for up to a maximum of six
months. RPMI 1640 and DMEM culture media, heat-inactivated fetal bovine serum (HI-
FBS), and trypsin-EDTA were obtained from Gibco (Thermo Fisher Scientific, Waltham,
MA, USA). Details concerning other key reagents used in the studies are included in
Section 2 and Supplementary Tables (Tables S1-S3). Chemicals and solvents were ob-
tained from Sigma-Aldrich (Saint Louis, MO, USA) or Avantor Performance Materials
Poland S.A. (Gliwice, Poland).

2.2. Cell Lines

Human HGSOC PEO1 and PEO4 cell lines were purchased from ECACC and upon
receipt prepared for cryopreservation following recovery of frozen stocks and culture
expansion. HGSOC cell lines were cultured as monolayers in RPMI 1640 culture medium
containing GlutaMAX supplement and HEPES and supplemented with 10% HI-FBS. Hu-
man hepatocellular carcinoma HepG2 cell line was purchased from ATCC and cultured as
monolayers in high-glucose DMEM culture medium containing GlutaMAX supplement
and HEPES without sodium pyruvate and supplemented with 10% HI-FBS. All cell lines
were cultured at 37 °C in a humidified atmosphere containing 5% CO,.

2.3. Development of Olaparib Resistance in HGSOC Cell Line In Vitro

The human HGSOC cell line resistant to olaparib (PEO1-OR) was derived from a
parental PEO1 cell line in our laboratory by constant exposure to gradually increasing
concentrations of olaparib by 2-fold (10-80 uM) during culture of cells growing in log
phase in RPMI 1640 culture medium containing 10% HI-FBS over the period of 20 days.
Primarily used doses of olaparib were based on an ICsg value of olaparib determined from
a dose-response curve over 5 days in the parental cell line. The preliminarily acquired
cell line was cultured in the medium deprived of olaparib for additional 72 days to adapt
cells to PARPi-free conditions and maintain and ensure its increased stable resistance to the
drug. The sensitivity of PEO1-OR cells to olaparib was re-assessed periodically by MTT
cell viability assay throughout the entire process of development to estimate a fold-change
of resistance with respect to the PEO1 cell line. Briefly, the cells were exposed to a range
of doses of olaparib (0-120 uM or 0-240 uM), and calculated 1Cs( values were compared
between the established and the parental cell line to define the increase in drug resistance.
Immediately after the establishment of the cell line, PEO1-OR cells were expanded from the
homogeneous cell suspension for 10 days, banked in RPMI 1640 medium (supplemented
with 10% DMSO and 20% HI-FBS), and stored in the vapor phase of liquid nitrogen for
future use to ensure genetic stability. Fresh cultures were initiated every 2-3 months and
cultivated in RPMI 1640 culture medium containing 10% HI-FBS in the absence of olaparib
to conduct biological assays.

2.4. Cell Proliferation Rate and Population Doubling Time

Population doubling times (PDTs) of in vitro cultured PEO1, PEO1-OR, and PEO4
cells were determined based on the cell growth curves. Briefly, cells were seeded in 6-well
plates (4 x 10° PEO1 and PEO1-OR cells or 3 x 10° PEO4 cells) containing 2 mL of RPMI
1640 culture medium with 10% HI-FBS and cultured over a period of 9 days (37 °C, 5% CO,)
until they reached confluency and started to overgrow which finally resulted in growth
inhibition. The medium was changed on the fourth and seventh days to ensure suitable
nutritional conditions for growth. The number of viable and non-viable cells was examined
using the trypan blue exclusion method and a Thoma chamber under a light microscope.
Each cell line was seeded in three technical replicates on each plate, and the number of
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cells was counted twice for each sample. The experiment was repeated three times (1 = 3).
Cellular growth curves were generated by plotting viable cell counts against the time of
culture and using a four-parameter logistic nonlinear regression model that best fitted a
set of experimental data. The following formula was used to calculate PDT for the cells
exhibiting a logarithmic phase of growth based on the growth curves:

PDT = (t2 — t1)/loga(N2/Ny)

where N; and Np—number of viable cells at earlier and later timepoints of the logarithmic
phase of growth, t; and t,—timepoints for N and Ny, respectively.

2.5. MTT Cell Viability Assay

Drug cytotoxic activity and its impact on cell viability, linked with cellular metabolic
activity, was measured by MTT assay. Cells were seeded in 96-well plates (0.8 x 10* PEO1
or PEO1-OR cells and 1.6 x 10* PEO4 cells per well) in 100 pL of culture medium and
incubated for 24 h (37 °C, 5% CQO,). On the following day, 50 pL of fresh culture medium
and 50 pL of 4 x concentrated working dilutions of drugs prepared in culture medium
were added to each well. Then the cells were further incubated for two or five days (37 °C,
5% CO;). Following the treatment, the medium was aspirated, 50 uL of MTT solution
(0.5 mg/mL in DPBS) was added to each well, and the plates were incubated for 4 h (37 °C,
5% CO,). Afterward, 100 uL of DMSO was added to each well, plates were incubated at
room temperature (RT) or at 37 °C protected from light until complete solubilization of the
formazan crystals, and the samples were mixed for about 30 s using a plate shaker. The
absorbance was determined spectrophotometrically on a microplate reader (Synergy HTX,
BioTek, Shoreline, WA, USA) at an experimental wavelength of 580 nm, using 720 nm as a
reference wavelength. To determine cell survival, the absorbance at 720 nm was subtracted
from the absorbance at 570 nm (Asgy — Aypp) for individual wells. Relative cell viability was
calculated as the percentage of untreated control cells using corrected absorbance values. A
minimum of three independent experiments (1 > 3) with a minimum of three intraplate
technical replicates were performed and the results were presented as mean =+ standard
deviation (SD). MTT assay was preliminarily used to plot dose-response curves for 5 days
of olaparib (0.1-240 uM), ATRi, and CHK1i (0.1-120 uM) based on a four-parameter logistic
model (generated by GraphPad Prism software) from which half-maximal (cytotoxic)
inhibitory values (ICsg) were calculated.

The total cytotoxic effect exhibited by concurrent administration of two inhibitors for
five days was determined by the assessment of the coefficient of drug interaction (CDI) to
select the lowest and most effective in olaparib-sensitive cell lines doses of olaparib (0.5, 2.5,
5,10 uM) with either ATRi (0.5 uM) or CHK1i (2.5 uM) used in further experiments. The CDI
was calculated according to the formula CDI = AB/(A x B) [30]. Based on the absorbance
of each group, AB is the ratio of the two-agent combination group to the untreated control
group, and A or B is the ratio of the single-agent group to the control group. CDI values
allowed the characterization of whether the interaction effects were significantly synergistic
(CDI < 0.7), synergistic (CDI < 1.0), additive (CDI = 1.0), or antagonistic (CDI > 1.0).

To examine the role of multidrug resistance (MDR) transporters in drug cytotoxicity
and their influence on drug distribution, PEO1, PEO1-OR, and PEO4 cells were preincu-
bated for 1 h in a culture medium containing the potent, non-competitive P-glycoprotein
inhibitor tariquidar (0.1 pM; Sigma-Aldrich) followed by a co-incubation with pre-selected
doses of tested compounds (5 uM olaparib, 0.5 uM ATRi, 2.5 uM CHK1i, or their com-
binations) for two days in the presence of tariquidar (0.1 pM). P-glycoprotein inhibitor
verapamil was used as a positive control of inhibition of MDR1 in HepG2 cells. Briefly,
HepG2 cells were preincubated for 1 h in culture medium containing verapamil (50 uM;
Sigma-Aldrich) and subsequently co-incubated for 2 days with the MDR1 substrate dox-
orubicin (0.10, 0.25 and 0.50 uM; Sequoia Research Products Limited, Compton, UK) or
tested compounds in the presence of verapamil (50 uM). Cell viability in the presence of
MDR inhibitors (MDRi) was determined using MTT assay as described above.
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2.6. Clonogenic Assay

The cytotoxic activity of drugs and its influence on cell survival, proliferation, and
ability to form colonies were examined using the colony formation assay. Cells were seeded
in 6-well plates in 1.5 mL of culture medium (2 X 103 cells per well) and incubated for
24 h (37 °C, 5% CO,). The following day, cells were treated with pre-selected doses of
tested compounds (5 uM olaparib, 0.5 uM ATRi, 2.5 pM CHKTIi, or their combinations) by
adding 100 pL of 16 x concentrated drugs prepared in culture medium and allowed to
grow for five days in the presence of drugs. After five days, the medium was changed,
and cells were allowed to grow and proliferate in drug-free medium for 10-14 days until
single clones in control wells formed non-overlapping colonies. Then colonies were fixed
with the mixture of methanol and glacial acetic acid (7:1 (v/v)) for 10 min, stained with
0.5% (w/v) crystal violet in 20% (v/v) ethanol for 20 min, thoroughly rinsed with deionized
water to remove residual dye, and air-dried at RT. Each well was photographed, and fixed
colonies consisting of at least 50 cells were counted manually. Surviving fractions (SFs)
were calculated according to the following formula:

SFs = (number of colonies formed after treatment)/(number of colonies formed in a control well) x 100%

2.7. Cellular Morphology Changes

The morphology changes induced by tested compounds in PEO1, PEO1-OR, and
PEO4 cells were evaluated by brightfield microscopy technique. Cells were seeded in
12-well plates (5 x 10* cells) containing 1 mL of culture medium and incubated for 24 h
(37 °C, 5% COy). The following day 0.5 mL of fresh culture medium was added to each well
and cells were treated for five days (37 °C, 5% CO,) with olaparib (5 uM), ATRi (0.5 uM),
CHKT1i (2.5 uM), or their combinations by adding 0.5 mL of 4 x concentrated working
dilutions of drugs prepared in culture medium. Afterward, cellular morphology changes
were imaged at 10 x magnification using an inverted optical microscope (Olympus IX70,
Tokyo, Japan).

2.8. Whole-Exome Sequencing and Variant Calling

Whole-exome sequencing (WES) was performed with the Agilent SureSelect Human
All Exon V8 Kit (Agilent Technologies, Santa Clara, CA, USA) on PEO1 and PEO1-OR cell
line tumor samples. Paired-end (2 x 150 bp) next-generation sequencing was performed
on a NovaSeq 6000 Sequencing System (Illumina, San Diego, CA, USA) to obtain a mean
coverage of more than 100x. Briefly, freshly thawed and recovered cells from passage 1
were seeded in 100 mm dishes (5 x 10° cells in 8 mL of culture medium) and cultured
for four days (37 °C, 5% CO;) until reaching 80% confluency. Afterward, cells were
harvested by trypsinization, and genomic DNA was isolated and purified using GenElute
Mammalian Genomic DNA Miniprep Kits (Sigma-Aldrich) according to the manufacturer’s
instructions. The quality, integrity, and purity of isolated DNA were evaluated using
agarose gel electrophoresis and a spectrophotometer. Genomic DNA was stored in an
ultrapure, molecular biology grade Tris-HCl solution (10 mM, pH 8.0) at 80 °C for a week
until downstream analysis.

Raw sequence data were aligned and annotated for individual samples to a refer-
ence sequence of the human genome (GRCh38). Duplicate reads were excluded from
downstream analysis. Next, variants were called utilizing GATK’s Haplotype Caller and
interpreted using Qiagen Clinical Insight Interpret Translational (QCI-IT) software. Briefly,
SnpEff 4.3 prediction toolbox was used to annotate called variants and predict their effects
on protein structure and function (gain of function, loss of function, normal function,
or change of function). False-positive variants were filtered out using GATK's Variant
Filtration module.

Thereafter, we restricted our analysis to the interpretation of single-nucleotide variants
(SNVs) and short insertions and deletions (indels) in genes encoding studied proteins, i.e., p53
(TP53, NM_000546.6), ATR (ATR, NM_001184.4), CHK1 (CHEK1, NM_001114121.2), PARP1
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(PARP1, NM_001618.4), PARG (PARG, NM_003631.5), BRCA1 (BRCA1, NM_007294.4), BRCA2
(BRCA2, NM_000059.4), MDR1 (ABCB1, NM_001348945.2), 53BP1 (TP53BP1, NM_005657.4),
H2AX (H2AX, NM_002105.3), and RAD51 (RAD51, NM_002875.5), using the somatic work-
flow of QCI-IT software. To improve the high confidence of detected variants, we kept
high-quality calls that passed upstream pipeline filtering and all of the confidence filters (call
quality > 30, genotype quality > 30, and read depth > 10). To keep only rare variants, any
variant with a maximum population frequency > 5% in the gnomAD database was classi-
fied as benign and excluded from further interpretation (unless previously established as a
pathogenic common variant), according to recommendations [31].

High-quality variants were classified based on an automatically computed evidence-
based categorization considering their pathogenicity (pathogenic, likely pathogenic, uncer-
tain significance, likely benign, benign) and actionability in terms of therapeutic, diagnostic,
and prognostic clinical significance (tier [—strong, tier [I—potential, tier IIl—unknown,
tier IV—benign or likely benign) according to the guidelines [32,33].

2.9. Western Blotting

For analyses of protein expression levels, cells were seeded in 60 mm dishes (0.8 x 10° cells)
or 100 mm dishes (2.0 x 10° cells) and incubated for 24 h (37 °C, 5% CO,) followed by treatment
with pre-selected doses of tested compounds or their combinations for two days (5 M olaparib,
0.5 uM ATRi, 2.5 uM CHKTIi). Whole-cell lysates were prepared on ice by washing with ice-
cold DPBS and scraping the cells in ice-cold RIPA buffer (25 mM Tris-HCI, 150 mM NaCl,
1% NP —40, 1% sodium deoxycholate, 0.1% SDS) supplemented with phenylmethylsulfonyl
fluoride (1 mM PMSF), Halt Protease Inhibitor Cocktail (1 mM AEBSE, 800 nm aprotinin,
50 uM bestatin, 15 pM E64, 20 uM leupeptin, 10 uM pepstatin A, 5 mM EDTA), and Halt
Phosphatase Inhibitor Cocktail (NaF, NazVOy, NagP,O; and -glycerophosphate). Lysates
were gathered in microcentrifuge tubes, sonicated with a probe sonicator (1 pulse, 10 s, 15%
amplitude), centrifuged (14,000 x g, 10 min, 4 °C), and transferred to new tubes. Samples were
prepared in mPAGE 4X LDS Sample Buffer supplemented with 50 mM (3-mercaptoethanol
and heated for 10 min at 70 °C, and equal amounts of proteins (30 ng) were loaded into each
lane. Then, proteins were separated by SDS-PAGE at 180-200 V for 30-45 min in mPAGE
Bis-Tris gels in an electrophoresis tank (Mini-PROTEAN Tetra Cell, Bio-Rad, Hercules, CA,
USA) using MOPS SDS running buffer and transferred using a semi-dry transfer system
(Trans-Blot Turbo Blotting System, Bio-Rad) in mPAGE Transfer Buffer onto 0.45 uM PVDF
membranes according to the manufacturer’s optimized instruction for mPAGE Bis-Tris gels.
Membranes were blocked either with 5% non-fat milk in TBST for 1 h or with SuperBlock
(TBS) Blocking Buffer for 15 min and washed with TBST (3 x 5 min). Analyzed proteins
were immunoblotted with primary antibodies overnight at 4 °C followed by incubation
with suitable secondary antibodies conjugated with horseradish peroxidase (HRP) for
1 h at RT. The chemiluminescence signal of immunoreactive proteins was obtained using
enhanced chemiluminescent (ECL) substrates (SuperSignal West Pico PLUS or SuperSignal
West Atto Ultimate for low-abundance proteins). Images were visualized and captured
with Azure 300 Imaging System (Azure Biosystems, Dublin, CA, USA). Densitometric
quantification of the bands was performed with Image] software (NIH, Bethesda, MD,
USA). Each experiment for a quantitative analysis of protein expression was independently
repeated at least three times (1 > 3).

The following antibodies were used for immunoblotting: anti-53BP1 (Merck, #MAB3802),
anti-ATR (Thermo Fisher Scientific, #MA1-23158), anti-phospho-ATR (Thr1989) (CST, #30632),
anti-BRCA1 (Cell Signaling Technology, #9010), anti-BRCA2 C-terminal (Thermo Fisher Scien-
tific, #A300-005A), anti-BRCA2 N-terminal #1 (Thermo Fisher Scientific, #A303-434A), anti-
BRCA2 N-terminal #2 (Thermo Fisher Scientific, # MA5-23942), anti-CHK1 (Thermo Fisher
Scientific, #MA5-32180), anti-phospho-CHK1 (Ser345) (CST, #2348), anti-MDR1 (Thermo
Fisher Scientific, #MA5-32282), anti-PARG (Thermo Fisher Scientific, MA5-27034), anti-PARP1
(CST, #9532), anti-RAD51 (Merck, #ABE257), anti-f3-actin (Merck, #A1978), anti-yH2AX
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(Merck, #05-636). Antibody dilution factors and utilized dilution buffers are indicated in the
Supplementary Information (Tables S2 and S3).

2.10. Immunofluorescence Analysis of YH2AX and RAD51 Foci Formation

Immunofluorescence microscopy was used to assess the co-localization of the surrogate
DNA DSB biomarker YH2AX (a form of H2AX histone phosphorylated at Ser139) and DNA
repair factor RAD51 in response to exposure to tested compounds or their combinations
(5 uM olaparib, 0.5 uM ATRi, 2.5 uM CHKT1i).

Cells were seeded in CELLview glass-bottom slides (1.2 x 10* in 200 puL of culture
medium per well) and incubated for 24 h (37 °C, 5% CO,). The following day, the medium
was changed, and cells were exposed to pre-selected doses of tested compounds or their
combinations for two days (5 uM olaparib, 0.5 uM ATRi, 2.5 pM CHK1i). Then cells were
fixed with formaldehyde (4% (w/v) in DPBS 1X) for 15 min at RT, rinsed with DPBS 1X
(3 x 5 min), blocked and permeabilized with 5% normal goat serum and 0.3% Triton X-100
in DPBS 1X for 1 h at RT, and co-stained for 2 h at RT with mouse anti-yH2AX (Sigma-
Aldrich, #05-636) and rabbit anti-RAD51 (Sigma-Aldrich, #ABE257) monoclonal antibodies
diluted with 1% BSA and 0.3% Triton X-100 in DPBS 1X. Next, the specimens were rinsed
with DPBS 1X (3 x 5 min) and incubated for 1 h at RT with a mixture of two fluorochrome-
conjugated secondary antibodies raised against primary antibodies from mouse (Goat
Anti-mouse IgG (H + L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus
488, Thermo Fisher Scientific, #A32723) and rabbit (Goat Anti-rabbit IgG (H + L), F(ab’),
Fragment, Alexa Fluor 555 Conjugate, CST, #4413) prepared in 1% BSA and 0.3% Triton
X-100 in DPBS 1X. After rinsing with DPBS 1X, nuclei were stained by incubation with
300 nm DAPI for 3 min at RT, rinsed once with DPBS 1X, and mounted with DPBS 1X for
imaging. Immunofluorescence images were acquired using an inverted confocal scanning
microscope (SP-8, Leica Microsystems, Wetzlar, Germany) under 63 x oil magnification.

2.11. Preparation of Metaphase Chromosomes for Structural Aberration Analysis

For analysis of chromosome instability identified as structural chromosomal aberra-
tions induced by examined drugs, cells were seeded in 60 mm dishes (0.8 x 106 cells),
incubated for 24 h (37 °C, 5% COy,), and treated with tested compounds or their combi-
nations for two days (5 pM olaparib, 0.5 pM ATRi, 2.5 uM CHKIi). Then the cells were
incubated with colcemid (0.1 ug/mL) for 1 h (37 °C, 5% CO;) to arrest the cells at metaphase
for chromosome analysis. Metaphase chromosomes were prepared for visualization based
on the in-house modification of the procedure from Howe et al. [34]. Briefly, cells were
washed with DPBS 1X, detached from the dishes by trypsinization, collected in tubes, and
centrifuged (200 x g, 10 min). The pellets were resuspended, and cells were incubated in
a prewarmed to 37 °C hypotonic solution of 0.075 M KCl for 10 min at 37 °C in a water
bath. Following centrifugation (200x g, 5 min), cells were fixed with a fixative solution
(3:1 (v/v)), methanol and glacial acetic acid). After three cycles of subsequent centrifuga-
tion (200x g, 5 min), removal of supernatant, and addition of fresh fixative, fixed cells
were resuspended in a fixative solution and added drop by drop onto microscope slides
tilted at a 45° angle. Then the slides were dried out at RT for about 10 min and placed
for 10 min in a Giemsa staining solution. Excessive amounts of dyes were rinsed off with
distilled water. Metaphase chromosome spreads were visualized with a light microscope
(Nikon Eclipse 50i) equipped with a DS-Fi3 camera (Nikon). Images were acquired at
100x magnification. From each biological replicate (n = 3), thirty-five metaphases were
analyzed in terms of the presence of any structural chromosomal aberrations (chromosome
and chromatid breaks, gaps, exchanges, ring chromosomes, pulverized chromosomes,
dicentric chromosomes, or centromeric disruption) for a total of 105 metaphases scored for
every sample.
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2.12. Neutral Comet Assay

DNA damage in the form of DSBs was detected and measured at the level of individual
cells using the neutral comet assay in response to exposure to studied inhibitors. Cells
were seeded in 6-well plates (4 x 10° cells) in 1.5 mL of culture medium, incubated for
24 h (37 °C, 5% COy), and exposed to pre-selected doses of tested compounds or their
combinations (5 uM olaparib, 0.5 uM ATRi, 2.5 uM CHK1i) for two days in fresh culture
medium. Then cells were harvested by trypsinization, washed, resuspended in DPBS 1X
to obtain single-cell suspensions, and counted. Duplicate samples containing 4000 cells
in 0.75% low-melting-point agarose dissolved in DPBS 1X (pH 7.4) were spread on glass
slides precoated with 0.5% normal-melting-point agarose and immersed in cooled lysis
buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1% Triton X-100, pH 9.0) for 18-24 h at
4 °C. Subsequently, slides were equilibrated for 20 min in a running buffer (100 mM Tris,
300 mM sodium acetate, pH 9.0 adjusted with glacial acetic acid) and electrophoresed in a
fresh running buffer for 60 min (0.41 V/cm, 50 mA). After DNA unwinding and separation,
samples were rinsed in distilled water, stained with DAPI (2 pg/mL), and stored in a
humidified chamber at 4 °C in darkness before further analysis. For each sample, at least
fifty randomly selected comets were visualized at 200 x magnification with an Eclipse
fluorescence microscope (Nikon, Tokyo, Japan) attached to a COHU 4910 video camera
(Cohu Inc., San Diego, CA, USA) equipped with a UV-1 filter block (359 nm excitation filter,
and 461 nm barrier filter). Comet tails containing fragments of DSB-induced damaged
DNA (% DNA in a tail relative to total DNA in a comet) were quantitatively measured
using the Lucia-Comet v. 4.51 image analysis system (Laboratory Imaging, Prague, Czech
Republic). Each comet assay was independently repeated three times (n = 3) with each
sample repeated in two technical replicates during experiments to calculate the mean
percentage of tail DNA positively correlating with DNA DSBs.

2.13. Cell Cycle Analysis with Quantification of YH2AX by Flow Cytometry

Cells were characterized in terms of their cell cycle position (G0/G1, S, and G2 + M
phases) using the bromodeoxyuridine (BrdU) incorporation assay with BD Pharmingen
FITC BrdU Flow Kit (BD Biosciences, San Jose, CA, USA) according to the manufacturer’s
protocol. Simultaneously, phosphorylation of H2AX at Ser139 (yYH2AX) was measured
to detect signs of DNA DSB damage within specific cell cycle phases by multicolor flow
cytometric analysis.

Briefly, cells were seeded in 60 mm dishes (0.8 x 10° cells) in 3 mL of culture medium
per well and allowed to attach for 24 h (37 °C, 5% CO,). The following day, the medium
was changed, and cells were exposed to pre-selected doses of tested compounds or their
combinations for two days (5 uM olaparib, 0.5 pM ATRi, 2.5 uM CHK1i). During the final
3 h of treatment, cells were pulsed with 10 pM BrdU. Cells were harvested by trypsinization,
fixed, permeabilized, and co-stained for 30 min at RT with FITC-conjugated anti-BrdU
antibody and PE-conjugated anti-y-H2AX antibody (Thermo Fisher Scientific, #12-9865-42)
following staining with 7-amino-actinomycin D (7-AAD) for total DNA content. Stained
cells were immediately acquired by collecting 10,000 events using flow cytometry (LSR I,
Becton Dickinson, San Jose, CA, USA).

Flow cytometric data were analyzed using Flow]o v.7.6.1 analyzing software (Ashland,
OR, USA). Briefly, cell populations of interest were gated based on forward scatter (FSC)
and side scatter (SSC) to exclude cellular debris. Then doublets were excluded from the
analysis of single cells using FSC height vs. FSC area and SSC height vs. SSC area density
plots. Finally, cellular events corresponding to suitable cell cycle phases were gated based
on two-parameter density plots presenting the cellular content of BrdU (y axis) and 7-AAD
(x axis). Gated cells were used for the quantitative analysis of the phosphorylation level of
YH2AX using geometric mean fluorescence intensity (MFI) in arbitrary units in the entire
gated population of interest (total YH2AX) and in populations from respective cell cycle
phases (G0O/G1, S, and G2/M).

84



Cells 2023, 12,1038

9 of 38

PEO1
parental
cells

2.14. Statistical Analysis

Statistical analysis was performed with GraphPad Prism version 9.4.0 for Windows
(GraphPad Software, San Diego, CA, USA) using the tests specified in the description of
the figures. One-way ANOVA followed by Tukey’s multiple comparison test was used to
assess the statistical significance of differences in experiments where three independent
groups defined by one factor (cell line) passed the assumption of normal distribution
(Shapiro-Wilk or D’ Agostino-Pearson test), and homogeneity of variance (Brown-Forsythe
test). Welch’'s ANOVA followed by Dunnett T3 multiple comparison test was applied to
compare measurements from three independent groups defined by one factor (cell line)
where applicable (data sampled from a Gaussian distribution, but with unequal variances
across groups). Two-way ANOVA followed by Tukey’s multiple comparison test was
used to assess the statistical significance of differences in experiments where three or
more independent groups defined by two factors (cell line and drug treatment) passed the
assumption of normal distribution (Shapiro-Wilk or D’ Agostino—Pearson test).

3. Results
3.1. The PEO1-OR Cell Line with an Acquired Resistant Phenotype Displays Reduced Sensitivity
to Olaparib and Increased Proliferation

PEO1-OR cells with acquired resistance to olaparib were established from the parental
BRCA2MUT PEOL cell line to uncover the mechanisms underlying PARPi cytotoxicity
and resistance in OC cells in vitro. A multiple-dose selection strategy was employed to
gradually increase resistance in the presence of the drug (Figure 1). To ensure consistency
in rationale-based repeated oral dosing of olaparib in clinical practice, OC cells were
constantly exposed to olaparib for 20 days.

PEO1-OR

SELECTION STABILIZATION EXPANSION »  cells with

acquired
80 uyM resistance

Continuous retreatment
with increased doses

40 pM »
20 uM Banking | * ] Thaw
10pM Freeze 3 ¢ / [a
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St 18 days 54 days 10d
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Subculture in drug-free medium with an assessment Cell banks Final determination
of ICys, values by MTT assay throughout the entire process preparation for future of ICs; value
biclogical studies for olaparib
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Figure 1. Timeline of a continuous selection strategy and stabilization for generating PEO1-OR cells
with a phenotype of acquired resistance to olaparib. In the first round of selection, PEO1 parental
cells were seeded at moderate confluence and exposed to 10 uM olaparib, and additional doses of
drug were administered every 2-5 days during medium change or cell passage. Next, cells were
sequentially cultured in the presence of stepwise increasing doses of olaparib (20, 40, and 80 uM)
at each round of selection. After 20 days of treatment, cells were cultured in the absence of drug
for a total of 72 days to stabilize changes in sensitivity to the drug and subjected to a single cycle of
freeze-thaw to ensure the presence of the resistant phenotype. Eventually, the culture of selected cells
was expanded and cryopreserved for future use. Untreated parental cells were cultured alongside
those used for olaparib selection throughout the procedure.

Firstly, based on a dose-response curve of olaparib (0.1-240 uM) assessed over a 5-day
treatment period in the parental PEO1 cell line, we determined the maximum suitable
dose at the first stage of induction of resistance (10 M) that led to significant inhibition of
cell viability as assessed with the MTT assay (Figure 2A). Surviving cells were allowed to
recover and re-populate during the passage, followed by retreatment with the selected dose,
and further incrementally exposed to 2-fold higher doses of olaparib, up to a concentration
of 80 uM. The entire population of remaining cells was subsequently cultured in the
absence of the drug for a total of 72 days. Continuous treatment with increasing doses
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of olaparib resulted in a significant (3.3-fold) increase in drug resistance in PEO1-OR
cells (ICsp = 82.1 uM) relative to sensitive PEO1 cells (IC5p = 25.0 uM) (Figure 2B), which
may be considered clinically relevant [35]. Although we found a much higher ICs value
for olaparib in PEO1 cells with respect to those reported previously by our team [17],
earlier findings collectively show various ICsy values ranging from at least 0.4 uM to
25 uM [19,36,37]. This apparent discrepancy can be attributed mainly to the reported
subclonal evolution of PEO1 cells during passages resulting in the existence of two different
subclones [38], the experimental design for the assay, the manufacturer of the drug, and the
drug’s chemical purity.
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Figure 2. Olaparib combined with ATRi and CHKIi induces lower cytotoxicity in PEO1-OR cells
compared to olaparib-sensitive cell lines. Cell viability in response to treatment for 5 days with olaparib
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(O, 0.1-240 uM), ATRi (A, 0.1-120 uM), and CHKT1i (C, 0.1-120 uM) was determined using the MTT
assay. (A) A four-parameter logistic regression model was fitted to dose-response data to estimate
(B) absolute ICs( values. Data are expressed as mean & SD (n > 3). (C) Synergistic cytotoxic effects of
drugs determined with the MTT assay in response to 5-day treatment with olaparib (0.5, 2.5, 5, or
10 uM) combined with ATRi (0.5 uM) or CHK1i (2.5 pM). Data are expressed as mean =+ SD (n = 3-6).
(D) The clonogenic assay was performed after incubation with olaparib (5 uM), ATRi (0.5 uM), CHK1i
(2.5 uM), or their combinations for 5 days. After treatment, cells were allowed to grow and proliferate
in the absence of drugs for 10-14 days. Representative images of colonies and (E) quantification
of colony formation ability compared with control cells. Data are expressed as mean + SD (n = 4).
(F) Morphological changes of OC cell lines in response to olaparib (5 uM), ATRi (0.5 pM), CHK1i
(2.5 uM), or their combinations for 5 days. Images were captured at 10 x magnification. Coefficient
of drug interaction (CDI) values indicating whether interaction effects are significantly synergistic
(CDI < 0.7), synergistic (CDI < 1.0), additive (CDI = 1.0), or antagonistic (CDI > 1.0). Statistical
significance was assessed using two-way ANOVA followed by Tukey’s test (ICsg values, viability,
and colony formation efficiency). " p < 0.05, " p < 0.01: significant differences between cell lines;
**p <0.01: treatment vs. control; + p < 0.05, ++ p < 0.01: olaparib vs. combination with ATRi or
CHK1i; #p < 0.05, ## p < 0.01: ATRi or CHK1i vs. respective combinations with olaparib.

In further biological studies, we used PEO1 and PEO4 cell lines as olaparib-sensitive
cells and the PEO1-OR cell line as olaparib-resistant cells. PEO1 and PEO4 cell lines were
originally derived at subsequent stages of treatment from ascites of serous OC patients [36]
who carried the germline truncating BRCA2 mutation. PEO4 was developed after disease
progression following platinum-based chemotherapy [39] and displays a platinum-resistant
phenotype [40]. Although sensitivity to platinum-based chemotherapy is predictive of
the efficacy of response to olaparib in vitro and in vivo, suggesting similar mechanisms of
resistance [41], the sensitivity of PEO4 cells to olaparib in comparison with OC cell lines
with PARPi-induced resistance is ambiguous [19,36,42].

Further preliminary studies were conducted to estimate the proliferation rate and
population doubling time (PDT) of PEO1, PEO1-OR, and PEO4 cell lines (Figure S1). All
cells demonstrated a sigmoidal-like growth curve pattern typical for immortalized cell lines
with a lag phase of about one day, followed by logarithmic growth and a stationary phase
(Figure S1A). Notably, PEO1-OR cells began to recover and entered exponential growth
as early as one day after plating. PDT estimates revealed the highest rate of proliferation
in PEO1-OR cells (PDT = 31.9 h) and slower rates of division of PEO1 (PDT = 37.1 h)
and PEO4 cells (PDT = 46.3 h) (Figure S1B) which were in line with original findings for
olaparib-sensitive cells [39].

3.2. The PEO1-OR Cell Line Displays Increased Resistance to Olaparib and Inhibitors of the
ATR/CHK1 Pathway

To evaluate the potential antitumor activities of olaparib, ATRi, CHK1i, and their
combinations, the cytotoxic effects of the inhibitors in all OC cell lines were investigated
using the MTT assay. Dose-response curves were generated to estimate the absolute ICsg
values using a four-parameter logistic regression model following 5-day treatment of cells
with increasing concentrations of olaparib (0.1-240 uM) and ATRi or CHK1i (0.1-120 uM)
(Figure 2A). While a notable decrease in the survival of PEO1 cells was observed in response
to olaparib at a broad range of drug concentrations (0.5-240 uM), the inhibitory influence
of olaparib in PEO1-OR cells was markedly lower. Based on ICs5( values for olaparib, PEO4
cells were more sensitive to PARPi than PEO1 and PEO1-OR cells (Figure 2B). However,
at lower concentrations (0.1-2.5 uM), olaparib suppressed cell viability to a greater extent
in PEOL cells. PEO1-OR cells also displayed significantly reduced sensitivity to ATRi and
CHK1i (ICsp = 3.3 uM and 17.8 uM, respectively) compared to the parental PEO1 cell line
(IC50 = 0.89 uM and 3.9 uM, respectively) (Figure 2B).

We further examined the hypothesis that olaparib cytotoxicity could be potentiated
in both sensitive and resistant OC cell lines by the concurrent addition of either ATRi or
CHK1i promoting blockage of the ATR/CHK1 pathway [17,20,43]. Specific concentrations
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of olaparib (0.5, 2.5, 5, and 10 uM), ATRi (0.5 uM), and CHK1i (2.5 pM) were selected to
determine the lowest doses conferring synergistic cytotoxicity across the olaparib-sensitive
cell lines without significant reduction in viability of PEO1-OR cells (Figure 2C). The lowest
dose of olaparib that exerted synergistic effects with ATRi or CHK1i in PEO1 and PEO4
was 5 pM. The addition of 0.5 uM ATRi markedly augmented the decrease in cell viability
induced by 5 uM olaparib in PEO1 (CDI = 0.98) and PEO4 cells (CDI = 0.40), compared
to PARPi alone. Synergistic effects were additionally observed upon co-administration
of CHK1i with PARPi (0.5-10 uM) in olaparib-sensitive cell lines, where 2.5 pM CHK1i
and 5 pM olaparib resulted in a marked decrease in cell viability (CDI = 0.80 for PEO1 and
CDI = 0.71 for PEO4).

Simultaneously, monotherapy and other drug combinations had no significant effects
on PEO1-OR metabolic activity, indicating that resistance to olaparib may also be correlated
with decreased sensitivity to the inhibition of either ATR or CHK1 kinase. Based on data
from the MTT assay, we selected 5 uM olaparib, 0.5 pM ATRi, and 2.5 uM CHKIi as the
lowest doses that induced a synergistic decrease in viability of olaparib-sensitive cells for
further experiments to compare OC cell responses to combined treatments regarding their
distinct sensitivities to PARPi alone.

Next, we performed the clonogenic assay, a commonly used test to establish the
long-term effects of cytotoxic agents on cell survival and proliferation [44]. Increased
resistance of PEO1-OR cells to olaparib, ATRi, and CHK1i was observed relative to the
olaparib-sensitive cell lines after 5 days of treatment (Figure 2D,E). Inhibition of PARP1
with concurrent blockage of ATR or CHK1 significantly decreased the ability of PEO1-OR
cells to form colonies compared to untreated cells. Consistent with the results of the
MTT assay (Figure 2C), olaparib-sensitive cells exhibited notably decreased survival in the
presence of inhibitors, both alone and with their combinations (Figure 2D,E). The addition
of ATRi or CHKIi to olaparib significantly reduced the colony formation efficiency in
PEOL1 cells (CDI = 0.44 and 0.49), PEO4 cells (CDI = 0.20 and 0.25), and PEO1-OR cells
(CDI = 0.50 and 0.63).

Moreover, the morphology of PEO1 and PEO4 cells was altered in response to all
the inhibitory agents tested after a 5-day incubation period as indicated by spherical cell
shape, loose adherence, or detachment from the surface, frequently with cell fragmentation
(indicated by red arrows) or cell elongation conferring a spindle-like shape (indicated by
blue arrows) (Figure 2F). Additionally, monolayer confluency was affected after treatments
in PEO1 and PEO4 cells. In contrast, no significant evidence of PEO1-OR cell deterioration
was observed in the presence of olaparib or ATRi. The combination treatment affected the
population of PEO1-OR cells less notably compared with PEO1 and PEO4 cells.

Taken together, the results indicate that PEO1-OR cells display decreased sensitivity
to olaparib, along with cross-resistance to ATRi and CHK1j, relative to the parental cell line.
Inhibition of the ATR/CHKI1 pathway synergistically promotes the cytotoxicity of olaparib
more notably in sensitive PEO1 and PEO4 cells. However, we confirmed the rationale for
combined treatment in all OC cells.

3.3. Relationship between Olaparib Resistance and Exonic Variants in Genes Involved in DNA
Damage Repair, Cell Cycle Regulation, and Drug Efflux in OC Cells

Whole-exome sequencing (WES) via NGS has been employed to identify functional
mutations in OC to date [45,46]. Here, we investigated variants of genes encoding proteins
involved in DNA damage repair, cell cycle regulation, and drug efflux (ABCB1, ATR,
BRCA1, BRCA2, CHEK1, H2AX, PARP1, PARG, RAD51, TP53, TP53BP1) in PEO1 olaparib-
sensitive and -resistant cell lines to identify putative genetic drivers of resistance to PARPi
(Tables 1 and S4). The average target coverage was 132x and 156 x for PEO1 and PEO1-OR
cells, respectively, providing a standard mean depth of coverage for clinical WES [47]. We
achieved 96.3% and 96.7% breadth of coverage of the reference genome at a depth of 30 x
for PEO1 and PEO1-OR cells, respectively.

88



Cells 2023, 12, 1038 13 of 38

Table 1. Whole-exome sequencing-based detection of high-quality exonic variants detected in ABCB1, ATR, BRCA1, BRCA2, CHEK1, H2AX, PARP1, and TP53 genes
in PEO1 and PEO1-OR cell lines.

G M . Gene Amino Acid Type of Functional Computed CADD Allele Fraction [% of Total Reads] Maximal Population
ene utation Region Change Mutation Impact Pathogenicity Score PEO1 PEO1-OR Allele Frequency
TP53 c731G> A CDS p-G244D M loss pathogenic 27 100% 100% 0%
. 49%
! 00 00 .
c4837A > G CDS p-S1613G M normal benign (!) <10 100% 100% (South Asian)
. N . 49%
c.2082C>T CDS p-S694S S normal benign <10 100% 100% (South Asian)
. o o 49%
BRCA1 c.2311T>C CDS p-L771L S normal benign <10 100% 100% (South Asian)
. 81%
! 00 00
c2612C>T CDS p-P871L M normal benign (!) 18 100% 100% (African)
. 49%
! 00 00 .
c3113A>G CDs p-E1038G M normal benign (!) 14 100% 100% (South Asian)
. 49%
! 00 OO .
c.3548A > G CDS p-K1183R M normal benign (!) <10 100% 100% (South Asian)
) N N 49%
¢.4308T > C CDS p-S1436S S normal benign <10 100% 100% (South Asian)
c.-1074C > G 5 UTR - - normal benign <10 100% 100% 82. o
(African)
, . N . 49%
c.-134T >C 5" UTR - - normal benign <10 100% 100% (South Asian)
4965C > G cDs p.Y1655 * STOP loss pathogenic 33 100% 100% 0.008%
(European)
c4964A > T CDS p-Y1655F M normal uncertain <10 34% 94% 0%
BRCA2 38077 > C CDs p.V1269V S normal benign <10 100% 100% 19%
(African)
C4563A > G cps pL152IL s normal benign <10 100% 100% 100%
(Jewish)
C6513G > C cDs p.V2171V S normal benign <10 100% 100% 100%
(Jewish)
7397T > C cps p.V2466A M normal benign <10 100% 100% 100%
(Jewish)
. 23%
* / — - % %
c*105A >C 3" UTR normal benign <10 100% 100% (South Asian)
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Table 1. Cont.

G M . Gene Amino Acid Type of Functional Computed CADD Allele Fraction [% of Total Reads] Maximal Population
ene utation Region Change Mutation Impact Pathogenicity Score PEO1 PEO1-OR Allele Frequency
. 43%
! OD 00
¢.2285T > C CDs p-V762A M loss benign (!) 27 100% 100% (East Asian)
PARP1 . o o 43%
ast Asian
c243C>T CDS p-D81D S normal benign 12 100% 100% (East Asian)
. o o 81%
ast Asian
c.852T > C CDS p-A284A S normal benign <10 100% 100% (East Asian)
) , _ _ . o o 43%
c-17G>C 5" UTR normal benign 12 100% 100% (East Asian)
. . 73%
! OO 00 .
c.632T > C CDs p-M211T M gain benign (!) 14 32% 34% (African)
ATR c1776T > A CDS p-G592G S normal benign <10 31% 31% 79. o
(African)
. 44%
! 00 00 .
c.1815T > C CDS p-D605D S normal benign (!) <10 32% 31% (Jewish)
. 45%
! OO c.O .
¢.5208T > C CDS p-Y1736Y S normal benign (!) <10 29% 30% (Jewish)
. o o 97%
c.7875G > A CDSs p-Q2625Q S normal benign <10 32% 30% (African)
C1411A>G cps 171V M ain benign 14 100% 100% 99-:98%
CHEK1 ’ b & & ? ? (East Asian)
c.*28-3033C > ’ . o o 42%
G 3 UTR - - normal benign <10 53% 59% (LQ) (South Asian)
ABCB1 c210A>G CDSs p-G70G S normal benign <10 100% 100% 100 /(f
(East Asian)
) . . o o 64%
H2AX c.-1420G > A 5 UTR - - normal benign <10 53% 35% (LQ) (East Asian)

l—contflicting pathogenic criteria were computationally applied to a single variant (at least one pathogenic and one benign, as described in Section 3); 3’ UTR—3' untranslated region;
5 UTR—5' untranslated region; CDS—protein-coding sequence; CADD score ranges from 1 to 99 (higher value responds to more deleterious cases, i.e., 10 indicates top 1% pathogenic
variants, 20 indicates top 0.1% pathogenic variants); M—missense mutation; LQ—low-quality score for the variant allele call in one sample; S—synonymous mutation; STOP—stop-gain
mutation; *—termiantion codon.
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WES revealed 81 and 84 high-quality variants in PEO1 cells (exonic = 30, intronic = 51)
and PEO1-OR cells (exonic = 30, intronic = 54), respectively, after filtering out low-quality
variants as described in Section 2. Differences in intronic variants detected in PEO1 and
PEO1-OR cells within intronic regions are presented in Table S4. We focused on the
mutations detected in the exon regions crucial in maintaining the normal functions of
encoded proteins. Sequencing data revealed that PEO1 and PEO1-OR cells harbored the
same 30 exonic mutations in ABCB1, ATR, BRCA1, BRCA2, CHEK1, H2AX, PARP1, and
TP53 genes. Both cell lines displayed similar allele frequencies for most of these variants,
indicating that the alterations had mostly no impact on the acquisition of resistance to
olaparib. All variants involved a single nucleotide change, and 80% of these variants
were located within the protein-coding sequences whereas alterations in untranslated
regions (UTR) were less common. The highest numbers of alterations within protein-
coding sequences were detected in BRCA1 (four missense and three synonymous) and
BRCA2 (three synonymous, two missense, and one nonsense). Mutations resulting in a
premature termination codon were found only in BRCA2, whereas synonymous (54%) and
missense (42%) mutations accounted for most alterations detected. Among all 30 exonic
variants, 27 were common in the general populations and 19 were classified as benign
due to a lack of evidence for pathogenicity. Three alterations (two in BRCA2 and one in
TP53) located in a mutational hot spot and/or connected with previously reported data
on pathogenicity (functional studies supportive of a damaging effect) were classified as
pathogenic or of unknown significance (Table S1).

Regarding the impact of the variants on protein function, we identified three mutations
predicted to cause loss of function (in TP53, BRCA2, and PARPI) and two causing gain
of function (ATR and CHEK1). A pathogenic homozygous G244D (c.731G > A) mutation
in TP53 was present with 100% allele frequency in both OC cell lines, which is typical in
94-96% of HGSOC clinical cases [48,49]. Notably, TP53-mutated tumors are associated
with abrogated G1/S cell cycle checkpoint and increased reliance on the G2/M checkpoint
upon DNA damage [49]. While the identified BRCA1 S1613G missense variant is localized
in a mutational hot spot, functional assays have revealed no damaging effect on protein
function [50,51]. Other BRCA1 nonsynonymous variants (P871L, E1038G, K1183R) were
classified as benign by the ClinVar variant database based on functional studies. Addi-
tionally, consistent with previous reports [52], BRCA1 proteins with each missense variant
(P871L, E1038G, K1183R, 51613G) identified by our group possessed HR activity similar to
that of the respective wild-type counterparts, as determined using the HR reporter assay.
We additionally identified five SNVs in the ATR gene in both OC cell lines; however, they
were classified as of benign pathogenicity due to high frequencies in general populations.
Sequencing results showed that PEO1 and PEO1-OR possess two exonic SNVs of CHEK1,
one located in a protein-coding sequence (c.1411A > G, p.I471V) and the other in the 3’ UTR
(c.*28-3033C > G). Both cell lines were homozygous for the missense variant CHEK1 1471V,
which was computationally predicted to cause gain-of-function activity. A comparison
of the frequencies of alterations detected in PEO1 and PEO1-OR cell lines revealed signif-
icantly different allele frequencies of one mutation in BRCA2 (34% vs. 94%) and one in
H2AX (53% vs. 35%).

3.4. Upregulation of BRCA2 Is Correlated with a Secondary Reversion Mutation Accounting for
Acquired Resistance to Olaparib in OC Cells

Intrinsic and acquired resistance to PARPi are associated with secondary reversion
mutations in BRCA1/2 genes that restore the open reading frame (ORF) in OC [40,53].
We confirmed that the PEO1 olaparib-sensitive cell line is a carrier of the BRCA2 Y1655 *
(c.4965C > G) variant (Table 1), consistent with previous reports as PEO1 cells were origi-
nally established from a female OC patient carrying the same mutation [40]. This pathogenic
variant was predicted to result in a termination signal at position 1655 resulting in a trun-
cated protein product in case of successful translation of mRNA (Figure 3A). The same
SNV was detected in the PEO1-OR cell line, with 100% allele frequency in both cases.
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Within the same nucleotide triplet (TAC) at position 1655 in wild-type BRCA2, we identi-
fied a secondary single-nucleotide substitution (c.4964A > T, p.Y1655F) in both PEO1 and
PEO1-OR cells. Notably, PEO1-OR cells were enriched (allele frequency of 94%) in the
c.4964A > T variant compared to parental PEO1 cells (allele frequency of 34%). Interestingly,
the c.4964A > T variant could be considered a reversion mutation, as the co-occurrence of
both adjacent SNVs (c.4964A > T and ¢.4965C > G) may reestablish the ORF of BRCA2 by
altering a stop codon (TAG) to a nucleotide triplet encoding Leu (TTG).

A monomeric RAD51 DNA binding Variant allele frequency
. BCR
repeats binding domain dosain Truncating mutation Secondary mutation
BRCA2 f 1 r 1 . 4965CC, p.Y1655% . 4964A5T, p.Y1655F
protein
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/ l\ PEO1-OR 100% 94%
4964 4965
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Figure 3. Restoration of wild-type BRCA2 open reading frame by secondary reversion mutation
promotes upregulation of BRCA2, potentially accounting for olaparib resistance in PEO1-OR cells.
(A) Schematic representation of the biochemical consequences of key BRCA2 variants detected using
WES. PEO1-OR and PEOI1 cells are homozygous for a truncating mutation (c.4965C > G, p.Y1655 *).
Co-occurrence of a secondary mutation (c.[4964A > T; 4965C > G], p.Y1655L) removes the premature stop
codon introduced by the truncation mutation originating from the PEO1 cell line, restoring the wild-type
OREF of BRCA2. (B) Qualitative Western blot analysis of full-length and truncated BRCA2 in OC cells. The
HepG2 cell line was used as a negative control of truncated BRCA?2 expression to exclude non-specific
bands. An anti-BRCA2 antibody against the C-terminus and two antibodies against the N-terminus
(targeting different epitopes) were used to differentiate between the two protein forms. (C) Quantitative
Western blot analysis of basal expression of full-length BRCA2 in OC using a monoclonal antibody
against the N-terminus #2. The results are expressed as mean & SD (n = 4). Statistical significance was
assessed using ordinary one-way ANOVA followed by Tukey’s test. ** p < 0.01: differences between cell
lines. CDS—coding sequence, UTR—untranslated region.

92



Cells 2023, 12,1038

17 of 38

Next, we biochemically confirmed via Western blot that PEO1 and PEO1-OR cells
restored the ORF of BRCA2 expressing full-length protein (Figure 3B). PEO4 cells with a
known BRCA2 reversion mutation (c.4965C > T, p.Y1655Y) and HepG2 cells were used
as negative controls of truncated BRCA2 expression [40]. BRCA2 protein was detected in
PEO1, PEO1-OR, and PEO4 cells using antibodies recognizing C-terminal and N-terminal
regions, indicating that all the OC cell lines express full-length BRCA2 (Figure 3B). Sur-
prisingly, the truncated BRCA2 variant (Y1655 *) was not detected in PEO1 cells using
two different anti-BRCA2 (N-term) antibodies (Figure 3B), suggesting that expression of
the variant possessing a single truncation mutation is abrogated in PEO1 cells, which
was further confirmed using SKOV-3 and OV-90 cells as negative controls (Figure S2).
Interestingly, quantitative analysis of basal intact BRCA2 expression revealed significant
upregulation of BRCA2 levels in PEO1-OR cells compared to PEO1 cells (Figure 3C). Hence,
we hypothesize that subclonal selection of the BRCA2 reversion variant contributes to the
overexpression of the protein in olaparib-resistant PEO1-OR cells.

3.5. Inhibition of MDR1 Drug Efflux Pump Does Not Restore Sensitivity to Olaparib, ATRi, or
CHK1i in Olaparib-Resistant Cells

The MDR1 efflux pump is associated with resistance to olaparib in OC cells [54]. Hence,
we examined the potential involvement of MDRI in the cytotoxic activity of olaparib, ATRi,
CHK1i, and combination treatments in HGSOC cell lines.

We observed no significant differences in the basal expression of MDR1 between PEO1
and PEO1-OR cell lines (Figure 4A). Interestingly, a 2.3-fold increase in MDR1 expression
was evident in untreated PEO4 compared to PEO1 cells. Olaparib had no significant effect
on MDRI1 expression in OC cells after 48 h of treatment (Figure 4B). However, PEO1-OR cells
with decreased sensitivity to tested inhibitors showed a significant upregulation of MDR1
after incubation with ATRi, CHK1i, or their combinations with PARPi. Next, we assessed
the viability of OC cells in response to the drugs after 48 h in the presence of a non-toxic
concentration (0.1 uM) of a specific inhibitor of MDR1, tariquidar [55], using the MTT assay
(Figure 4D). Simultaneous incubation with tariquidar and the above inhibitor compounds
did not significantly affect the viability of OC cell lines after 48 h relative to treatment with
the drugs in the absence of the MDR1 inhibitor. Blockage of MDR1 in PEO1-OR cells did
not significantly restore the augmented sensitivity of parental PEO1 cells to olaparib, ATRi,
and CHKT1i (Figure 4D). To further clarify the role of MDR1, we employed doxorubicin (an
MDR1 substrate) and P-glycoprotein inhibitors (tariquidar and verapamil) in an MDR1-
expressing HepG2 cell model of drug transport (Figure S3). The addition of verapamil
(50 uM) or tariquidar (0.1 M) to doxorubicin led to significantly enhanced cytotoxicity in
HepG2 cells in a dose-dependent manner, compared to doxorubicin alone, indicating that
verapamil and tariquidar inhibit MDR1 activity. Notably, however, inhibition of MDR1
with either verapamil or tariquidar alone did not enhance the response of HepG2 cells to
olaparib, ATRi, CHK1j, or their combinations (Figure S3).

3.6. Olaparib Synergistically Increases Cleavage of PARP1 in Olaparib-Sensitive OC Cells in
Combination with ATRi or CHK1i

Next, we evaluated the mechanisms underlying the synergistic cytotoxicity of olaparib
combined with ATRi or CHKI1i. Basal levels of PARP1 were similar in all OC cell lines
(Figure S4). The expression of PARP1 was significantly increased in all OC cells treated for
48 h with olaparib alone compared to control cells (Figure 5A); however, PEO1-OR cells
exhibited the highest elevation of PARP1 expression in response to olaparib (by 2.1-fold).
Compared to control cells, the addition of either ATRi or CHK1i to olaparib led to significant
upregulation of PARP1, but to the same level as that observed with PARPi monotherapy.
Olaparib, ATRi, and CHK1i alone induced marked elevation of the cleaved PARP]1 fraction,
a biomarker of caspase-dependent apoptosis [53,54], compared with the control group in
PEO1 cells only (by 3.2-fold and 4.2-fold, respectively). PARPi also induced a significant
synergistic increase in cleaved PARP1 compared to the control group in the presence of
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ATRi or CHK1 only in olaparib-sensitive cells, in line with the results of the MTT assay

(Figure 2C).
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Figure 4. MDR1 efflux pump makes a negligible contribution to the sensitivity of HGSOC cell lines
to olaparib, ATRi, and CHKIi. (A) Quantitative Western blot analysis of basal MDR1 expression
in untreated OC cell lines cultured for 72 h and (B) changes in MDR1 after incubation with the
inhibitor compounds for 48 h. Protein levels were quantified following normalization to (3-actin
and calculated as fold-change relative to untreated controls. Basal levels of protein were calculated
relative to PEOLI cells. Results are expressed as mean + SD (1 = 3). Statistical significance was assessed
using ordinary one-way ANOVA (basal protein expression) and two-way ANOVA (responses to
tested compounds), both followed by Tukey’s test. " p < 0.05, ** p < 0.01: differences between cell
lines; * p < 0.05, ** p < 0.01: treatment vs. control; + p < 0.05, ++ p < 0.01: olaparib vs. combinations
with ATRi or CHK1i. (C) Representative Western blot images. (D) Cell viability, defined as cellular
metabolic activity, was assessed using the MTT assay in response to treatment for 2 days with
olaparib (O, 5 uM), ATRi (A, 0.5 uM), CHK1i (C, 2.5 M), or their combinations for 48 h in the absence
and presence of the MDR1 inhibitor tariquidar (Tar, 0.1 uM). Data are expressed as mean + SD
(n = 3). Ordinary one-way ANOVA followed by Tukey’s test or Brown-Forsythe version of one-way
ANOVA followed by Dunnett’s T3 test was used to compare the sensitivity of the cell lines to the
test compounds.
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Figure 5. Monotherapy with olaparib, ATRi, and CHKIi or their combinations alter the expression
and phosphorylation levels of targeted proteins and PARP1 cleavage in a cell-dependent manner.
Quantitative Western blot analysis of (A) full-length and cleaved PARP1, (B) total and phosphorylated
ATR (Thr1989), and (C) total and phosphorylated CHK1 (Ser345) in OC cell lines. Cells were incubated
with olaparib (O, 5 uM), ATRi (A, 0.5 pM), CHK1i (C, 2.5 uM), or their combinations for 48 h, and
whole-cell lysates were prepared immediately afterward. Protein levels were quantified following
normalization to 3-actin and calculated as fold-change relative to untreated controls. The results are
presented as mean + SD (1 = 3). Statistical significance was assessed using two-way ANOVA followed
by Tukey’s test. “ p < 0.05, " p < 0.01: differences between cell lines; * p < 0.05, ** p < 0.01: treatment
vs. control; ++ p < 0.01: olaparib vs. combinations with ATRi or CHK1i; # p < 0.05, ## p < 0.01: ATRi
or CHK1i vs. respective combinations with olaparib. (D) Representative Western blot images.

3.7. PEO1-OR Cells Bypass Olaparib-Induced Activation of the ATR/CHK1 Pathway

We speculated that increased G2/M checkpoint arrest in OC cell lines is primarily
activated through ATR/CHKI signaling based on the finding that olaparib-sensitive cells
display increased reliance on the ATR/CHK1 axis [17,23]. To examine this hypothesis, we
investigated the phosphorylation of ATR at Thr1989 and CHK1 at Ser345, events responsible
for the activation of ATR/CHK1 signaling in response to DNA damage [26,27].
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As shown in Figure 5, olaparib treatment had a significant impact on the ATR/CHK1
pathway. Auto-phosphorylation of ATR was significantly induced in PEO4 cells by 2.1-fold
(Figure 5B), and notably increased phosphorylation of pCHK1 was observed in PEO1
and PEO4 cells by 2.7- and 5.5-fold, respectively (Figure 5C), suggesting activation of
ATR/CHK1 signaling for survival. The addition of ATRi decreased PARPi-induced phos-
phorylation of pCHK1 in PEO1 and PEO4 cells, indicating inhibition of ATR activation.
As expected [56,57], the inhibition of CHK1 caused the accumulation of CHK1 phospho-
rylated at Ser345 in all OC cell lines. On the contrary, olaparib alone or combined with
ATRi only non-significantly increased levels of pCHK1 (by 2.8-fold) irrespective of ATR
phosphorylation in PEO1-OR cells, indicating decreased reliance on ATR/CHK]1 signaling
for survival in olaparib-resistant cells.

3.8. Olaparib Combined with Blockage of ATR/CHK1 Enhances DNA Double-Strand Breaks
Irrespective of RAD51-Mediated HR Activity in BRCA2MUT Ovarian Cancer Cells

PARPi agents promote the accumulation of DSBs in OC cells [17,23], resulting in
phosphorylation of H2AX at serine 139, whereas RAD51 recombinase is a critical factor
involved in the repair of deleterious DSBs by HR, serving as a useful marker for HR
proficiency and recruitment of HR repair factors [9,58]. We hypothesized that inhibition of
PARP1 and blockage of the ATR/CHK1 pathway could trigger elevated phosphorylation
of H2AX, with the significant formation of YH2AX only in olaparib-sensitive cells.

The basal phosphorylation level of YH2AX was significantly higher in untreated PEO1
cells compared to PEO1-OR and PEO4 cells (Figure 6A). Only PEOL1 cells exhibited sig-
nificant changes in YH2AX expression in response to all the inhibitor compounds after
48 h (Figure 6B). Upon treatment with olaparib or ATRi, similar increases in phosphoryla-
tion of H2AX were observed (by 2.0-fold), whereas CHK1i induced a 4.1-fold change in
YH2AX. Combined treatment with olaparib and ATRi synergistically augmented yYH2AX
levels in olaparib-sensitive cells, indicating that olaparib-sensitive cells were the most
susceptible to DNA damage. Interestingly, yH2AX was increased to similar levels in the
presence of CHK1i alone or combined with olaparib in all OC cells. Similar to data obtained
with olaparib and ATRi, PEO1-OR cells exhibited the lowest elevation of YH2AX upon
co-incubation with olaparib and CHK1i (1.8-fold) relative to PEO1 (4.2-fold) and PEO4
(2.9-fold) cells. Basal RAD51 expression was comparable in untreated PEO1 and PEO1-OR
cells but significantly downregulated in PEO4 cells (Figure 6B). No significant changes in
RAD?51 protein levels were detected in all OC cell lines exposed to the inhibitor compounds
compared to untreated cells. Following olaparib treatment, PEO1-OR cells exhibited mod-
erately increased expression of RAD51 compared to parental PEO1 cells (Figure 6B), which
may be associated with resistance to PARPi.

Recruitment of RAD51 to DNA lesion sites has been proposed as a biomarker of HR
proficiency in ovarian cancer cells [59]. Furthermore, we confirmed that the BRCA2 variant
(c.[4964A > T; 4965C > G], p.Y1655L) harboring a missense mutation in a BRC5 repeat
responsible for RAD51 binding was functional and RAD51 recruitment to DNA damage
sites was not disrupted in BRCA2MUT OC cells by monitoring formation and co-localization
of RAD51 and YH2AX foci in OC cells (Figure 6D). RAD51 formed foci at the sites of
DSBs, represented by YH2AX foci, in all OC cell lines, suggesting that BRCA2MUT OC
cells are HR-proficient. We observed the most apparent YH2AX foci formation in PEO1
and PEO4 cells in response to olaparib combined with CHK1i (Figure 6D). In PEO4 and
PEO1-OR cells, a major fraction of YH2AX foci co-localized with RAD51 foci with each
treatment. Lower levels of phosphorylated H2AX and reduced YH2AX foci formation in
PEO1-OR cells compared to PEO1 and PEO4 cells in response to studied inhibitors confirm
the phenotype of decreased drug sensitivity in olaparib-resistant cells.
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Figure 6. Olaparib-resistant cells exhibit decreased phosphorylation of the DSB marker H2AX in
response to inhibitor treatment compared to sensitive OC cell lines. Quantitative Western blot of
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(A) RAD51 and (B) phosphorylation of H2AX at Ser139 to YH2AX in OC cell lines. Basal protein
expression calculated from densitometric data relative to PEO1 cells. Cells were incubated for 48 h
with olaparib (O, 5 uM), ATRi (A, 0.5 uM), CHK1i (C, 2.5 uM), or their combinations, and whole-cell
lysates prepared immediately afterward. Protein levels following treatment were quantified, with
normalization to 3-actin as a loading control, and calculated as fold-change relative to untreated
controls. The results are presented as mean =+ SD (1 = 3). Statistical significance was assessed using
ordinary one-way ANOVA (basal protein expression) and two-way ANOVA (responses to tested
compounds), both followed by Tukey’s test. ~ p < 0.05, " p < 0.01: differences between cell lines;
*p <0.05,** p <0.01: treatment vs. control; + p < 0.05, ++ p < 0.01: olaparib vs. combinations with
ATRi or CHKIi; # p < 0.05, ## p < 0.01: ATRi or CHK1i vs. respective combinations with olaparib.
(C) Representative Western blot images of RAD51 and YH2AX. (D) Representative immunofluores-
cence images at 63 x oil magnification of co-localized RADS51 foci (red) with YH2AX foci (green) and
nuclei stained with DAPI (blue) in OC cells exposed to the combined inhibitor compounds.

3.9. Olaparib-Resistant Cells Exhibit Decreased Accumulation of Chromosomal Aberrations and
DNA Double-Strand Breaks Compared to Sensitive OC Cell Lines

DNA DSBs are pivotal lesions leading to the formation of structural chromosomal
aberrations and HRD-associated genomic instability in OC cells [60-62]. The DNA lesion
levels evaluated in studied HGSOC cell lines after 48 h of incubation (Figure 7) were
correlated with the cytotoxic activity of inhibitors after 5 days, as determined with the MTT
assay (Figure 2), and mostly with YH2AX expression (Figure 6B).

Control o A Cc O+A Oo+C

O Structurally aberrant metaphases
[% of total] '

O+A Cc A o

Oo+C

Figure 7. Resistance to olaparib is correlated with reduced accumulation of DSBs, generating fewer
structural chromosomal aberrations in PEO1-OR cells. (A) DNA double-strand breaks examined with
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the neutral comet assay in OC cells exposed to olaparib (5 uM), ATRi (0.5 uM), CHK1i (2.5 uM), or their
combinations for 48 h. The DNA strand-breaking agent doxorubicin (2.5 uM) was used as a positive
control in the comet assay. Results are expressed as mean =+ SD (n = 4). (B) Representative images of
DNA comets with tails. (C) Structural metaphase chromosomal aberrations induced by inhibitors
in OC cells. Cells were incubated with olaparib (O, 5 uM), ATRi (A, 0.5 uM), CHK1i (C, 2.5 uM), or
their combinations for 48 h and arrested at the mitosis stage in the presence of colcemid (0.1 pug/mL)
for 1 h. Metaphase chromosomes were stained with Giemsa and visualized at 100x magnification.
Chromosomal structural aberrations were analyzed in 105 metaphase spreads scored for abnormalities
for each group. Results are expressed as mean + SD (n = 3). Statistical significance was assessed
using two-way ANOVA followed by Tukey’s test. " p < 0.05, *" p < 0.01: differences between cell lines;
*p <0.05, ** p < 0.01: treatment vs. control; + p < 0.05, ++ p < 0.01: olaparib vs. combinations with
ATRi or CHK1j; # p < 0.05, ## p < 0.01: ATRi or CHK1i vs. respective combinations with olaparib.
(D) Representative images of metaphase spreads with aberrant chromosomes indicated by red arrows
(chromatid gaps and breaks).

The results of the neutral comet assay showed significantly increased comet tail
formation after treatment with all the inhibitors in PEO1 compared to PEO1-OR cells
(Figure 7A,B), indicating decreased DNA damage in olaparib-resistant cells. Treatment of
PEO1-OR and PEO4 with PARPi did not induce elevation of DSBs, which were significantly
higher in PEO1 cells by 5.4-fold and 3.3-fold, respectively. Olaparib, ATRi, and CHK1i
exerted no significant effects on DSB levels in PEO1-OR cells, while a synergistic genotoxic
effect of combined treatments was observed in PEO1 and PEO4 cells. In PEO1 cells, the
addition of ATRi or CHKIi to olaparib significantly augmented PARPi-induced comet tail
formation from 14.0% to 19.0% and 20.2%, respectively. Moreover, combined treatment
sensitized PEO4 cells to olaparib, causing a marked increase in DSB formation to levels
comparable to those of PEO1 cells (Figure 7A).

We further analyzed structural chromosomal abnormalities induced by the inhibitors
after 48 h in OC cell lines (Figure 7C,D). Olaparib exerted more significant structural
abnormalities in PEOL1 cells than in PEO1-OR and PEO4 cells (Figure 7C), in line with
marked olaparib-induced accumulation of DSBs (Figure 7A). Blockage of the ATR/CHK1
pathway did not cause a significant increase in tail DNA in PEO1-OR cells (Figure 7A),
suggesting that ATRi- and CHK1-induced chromosomal instability in olaparib-resistant
cells is attributable to other types of DNA lesions (Figure 7C). Combination of olaparib
with ATRi or CHK1i synergistically elevated olaparib-induced chromosomal alterations
in PEO4 cells only, as evident from the marked increase in the aberrant metaphase (up to
97% and 96%, respectively). Notably, the addition of ATRi or CHK1i to olaparib caused
a less prominent elevation in aberrant metaphase in PEO1-OR (by 32% and 8% for O + A
and O + C, respectively) and PEO4 cells (by 40% for O + A and 41% O + C, respectively)
relative to PEO1 cells (Figure 7C).

Our results collectively showed significantly lower levels of DSBs and chromoso-
mal aberrations in olaparib-resistant cells compared to PEO1 and PEO4 cells. Enhanced
generation of DSBs in response to the combination of olaparib with ATRi or CHK1i in
olaparib-sensitive cells was correlated with increased accumulation of aberrant metaphases,
indicating genotoxic instability in OC cells.

3.10. PEO1-OR Cells Progress Normally through the Cell Cycle upon Inhibition of PARP1 and the
ATR/CHK1 Axis

Treatment with olaparib is associated with extended arrest at either the G0/G1 [63] or
G2/M phase [64] of the cell cycle in OC cell lines. Therefore, we concurrently evaluated the
effects of inhibitors tested on cell cycle distribution and DSB accumulation (Figure 8).
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Figure 8. Effects of olaparib, ATRi, CHK1i, and their combinations on cell cycle distribution and
accumulation of YH2AX depend on the sensitivity of OC cell lines to olaparib. (A) Cell cycle analysis
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with concurrent (B) quantitative assessment of YH2AX levels was performed via flow cytometry.
Briefly, cells were incubated for 48 h with olaparib (O, 5 uM), ATRi (A, 0.5 uM), CHK1i (C, 2.5 uM),
or their combinations, pulsed with BrdU during the final 3 h of the treatment, and harvested for
co-staining of incorporated BrdU and intracellular YH2AX. Levels of YH2AX were assessed based on
geometric mean fluorescence intensity (MFI). Results are expressed as mean =+ SD (n = 3). Statistical
significance was assessed using two-way ANOVA followed by Tukey’s test. “ p < 0.05, " p < 0.01:
differences between cell lines; * p < 0.05, ** p < 0.01: treatment vs. control; + p < 0.05, ++ p < 0.01:
olaparib vs. combinations with ATRi or CHK1i; # p < 0.05, ## p < 0.01: ATRi or CHK1i vs. respective
combinations with olaparib. (C) Dot plots of BrdU/FITC and 7-AAD stained cells and histograms
with overlay signals of PE-conjugated anti-yH2AX antibody from untreated (gray) and treated
(color) cells.

As expected, following 48 h incubation, olaparib induced a G2/M block in PEOL1 cells
compared to untreated cells where the G2/M phase subpopulation increased from 10%
to 32%, accompanied by a 23% decrease in the G0/G1 phase subpopulation (Figure 8A).
However, the addition of ATRi or CHK1i had an effect similar to that of PARPi alone on
G2/M arrest in PEO1 cells. Analogous to PEO1 cells, olaparib alone and combined with
ATRi or CHKI1i induced notable G2/M arrest in PEO4 cells. Interestingly, olaparib-resistant
cells progressed normally through all phases of the cell cycle following treatment with the
inhibitors, both alone and in combination (Figure 8A).

Simultaneously, we did not observe significant changes in phosphorylation of H2AX
in PEO1-OR cells treated with either single or combined inhibitors in contrast to parent
PEOL1 cells (Figure 8), which correlated with analysis of YH2AX by Western blot (Figure 6B).
Phosphorylation of H2AX increased substantially in all subpopulations of PEOL1 cells in
response to olaparib (by 3.6-fold), CHK1i (by 4.5-fold), and the combination of olaparib
with either ATRi (by 3.7-fold) or CHK1i (by 7.8-fold) relative to untreated cells, indicating
that H2AX phosphorylation occurs throughout the entire cell cycle. Interestingly, co-
treatment of PEOL1 cells with olaparib and CHK1i synergistically promoted the YH2AX
level compared to monotherapies. In all subpopulations of PEO4 cells, significant changes
in yH2AX levels were detected only upon co-treatment with olaparib and CHK1i compared
to untreated cells, where S and G2/M phases predominantly contributed to the increase in
YH2AX levels (Figure 8).

Overall, the distribution of PEO1-OR cells in the cell cycle was relatively unchanged
in response to the inhibitor treatments. Moreover, combined treatment with olaparib and
blockers of the ATR/CHKTI1 axis led to G2/M phase arrest in olaparib-sensitive cells.

3.11. Crosstalk between BRCA1 and 53BP1 as an Indicator of Sensitivity to Olaparib and
ATR/CHK1 Pathway Blockers

HR repair may be reactivated and potentially drive resistance to PARPi by reacquisition
of DNA end resection via loss of 53BP1 in BRCAI-depleted cells [5]. Therefore, we examined
the expression levels of BRCA1 (mediating RAD51 loading and HR-dependent DSB repair)
and 53BP1 (promoting NHE]-dependent repair) via Western blotting after 48 h of incubation
with studied inhibitors (Figure 9).

Our data showed that basal levels of 53BP1 protein were similar across all HGSOC
cell lines (Figure 9A). Moreover, basal BRCA1 expression was significantly upregulated in
untreated PEO1-OR and PEO4 cells by 2.4-fold and 1.9-fold, respectively, compared to PEO1
cells (Figure 9B). In PEO1-OR cells, single treatment with olaparib and CHK1i induced a
significant increase in BRCA1 expression by about 1.4-fold compared to untreated cells,
with no concomitant changes in 53BP1 levels. Interestingly, a combination of both drugs
induced the opposite response in PEO1-OR cells. Indeed, the addition of CHK1i to olaparib
reduced BRCAL1 expression to control levels and synergistically reduced expression of
53BP1 by 38% to a level similar to that in PEO4 cells. However, ATRi had no influence on
53BP1 and BRCA1 expression in PEO1-OR cells, and combined treatment with olaparib and
ATRI exerted an effect similar to that of olaparib and CHKI1i. In PEO4 cells, incubation with
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single inhibitors and their combinations caused a significant decrease in BRCA1 expression
to similar levels (by ~34—43%), along with 53BP1 (by ~41-48%), compared to untreated cells.
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Figure 9. Changes in 53BP1, BRCA1, and PARG expression in OC cell lines treated with olaparib or
inhibitors of the ATR/CHK1 pathway. Quantitative Western blot analysis was performed to assess
basal expression of (A) 53BP1, (B) BRCAI, and (C) PARG. Protein levels upon treatment were quanti-
fied following normalization to 3-actin as a loading control and calculated as fold-change relative
to untreated controls. Cells were treated for 48 h with olaparib (O, 5 uM), ATRi (A, 0.5 pM), CHK1i
(C, 2.5 uM), or their combinations, and whole-cell lysates were prepared immediately afterward. Data
are expressed as mean =+ SD (n = 3—4). Statistical significance was assessed using ordinary one-way
ANOVA (basal protein expression) and two-way ANOVA (responses to tested compounds), both
followed by Tukey’s test. " p < 0.05, *" p < 0.01: differences between cell lines; * p < 0.05, ** p < 0.01:
treatment vs. control; ++ p < 0.01: olaparib vs. combinations with ATRi or CHK1i; # p < 0.05,
## p < 0.01: ATRi or CHK1i vs. respective combinations with olaparib. (D) Representative Western
blot images.
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3.12. Olaparib Alone and Combined with Blockage of the ATR/CHK1 Pathway Suppresses PARG
Expression in PEO1 Olaparib-Sensitive OC Cells

Next, we examined protein levels of poly(ADP-ribose) glycohydrolase (PARG) in re-
sponse to inhibitor treatment (Figure 9C), as its loss is associated with PARP resistance through
suppression of olaparib-induced abrogation of PARP signaling and DNA damage [65].

Basal levels of PARG were unchanged among PEO1-OR and parental PEOL1 cells. Notably,
a significant reduction in basal PARG expression (by ~45%) was observed in PEO4 cells relative
to the other two cell lines. The inhibitors had no significant effects on PARG levels in PEO1-OR
cells; however, olaparib induced a decrease in PARG levels by 27% and 29% compared to
untreated PEO1 and PEO4 cell lines, respectively. In PEOL1 cells, the combination of olaparib
with ATRi or CHKIi resulted in a similar decline in PARG levels to that observed upon PARPi
treatment alone. PARG was restored to the basal level observed in untreated PEO4 cells upon
the addition of ATRi or CHKIi. Interestingly, partial loss of PARG in PEO1 olaparib-sensitive
cells accompanied upregulation of PARP1 in response to olaparib alone and in combination
with ATRi and CHK1i (Figure 5A). Combined treatment with olaparib and ATRi and CHK1i
also upregulated PARP1 in PEO1-OR and PEO4 cells, as shown previously (Figure 5A), but
induced no significant changes in PARG levels (Figure 9C).

4. Discussion

Increasingly frequent clinical usage of PARPi inevitably leads to the emergence of
resistance, constituting a growing problem for OC patients who relapse after treatment.
Interestingly, prior exposure to PARPi is reported to decrease response to subsequent
platinum-based chemotherapy in OC patients [2], which limits further therapeutic options.
Over the past decade, numerous intracellular events that confer resistance to PARPi have
been uncovered, including HR-dependent and HR-independent mechanisms, which are
not mutually exclusive [11,16]. However, findings to date are insufficient to establish the
mechanisms underlying the resensitization of OC cells to PARPi. Here we investigated
how BRCA2MUT HGSOC cells confer resistance to olaparib and the therapeutic benefits of
combined treatment with PARPi and inhibitors of the ATR/CHK1 pathway in olaparib-
sensitive and -resistant cells in vitro. Furthermore, we compared cellular and molecular
responses to studied treatments, with the aim of developing a promising strategy to
sensitize OC to olaparib [16,17,22,23,66].

Firstly, we successfully developed a PEO1-OR olaparib-resistant cell line from PEO1
HGSOC cells harboring deleterious BRCA2 mutations as novel OC models displaying the
PARPi-resistant phenotype are indispensable for the elucidation of cellular events that
contribute to a compromised response to olaparib [40]. The PEO1-OR cell model was
established in vitro using moderate, stepwise increasing doses of olaparib to select stable
cells with decreased sensitivity to PARPi. Considering the selection strategy and 3.3-fold
decrease in olaparib cytotoxicity (according to ICsq values), the newly developed cell line
was classified as a clinically relevant model [35]. Data from the clonogenic assay confirmed
significantly increased resistance of PEO1-OR cells to olaparib.

Following the confirmation of olaparib resistance, we showed that PEO1-OR cells ac-
quire resistance following prolonged treatment with olaparib through multiple co-existing
mechanisms (Figure 10). Data from WES analysis showed that PEO1-OR cells are enriched
for a double mutation (c.[4964A > T; 4965C > G], p.Y1655L) restoring functional full-length
BRCAZ2 protein, suggesting that PARPi promoted subclonal selection for the variant present
in a small subpopulation of parental PEOL1 cells. This observation is in line with the find-
ing of BRCA2 reversion mutations after treatment of OC patients with PARPi [41,53,67].
However, previous works have demonstrated that PEO1 cells may acquire resistance to
olaparib with or without restoration of BRCA2 [68,69], which indicates that conferring
resistant phenotype in BRCA2MUT HGSOC cells can occur in various ways. Moreover,
Sakai et al. [40] showed that the selection of PEO1 cells with cisplatin may also induce the
secondary mutation (4964A > T) restoring the BRCA2 ORF, which is crucial for acquired
resistance to chemotherapy. Unexpectedly, we did not detect expression of the truncated
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BRCA2 protein in PEO1 cells, which could be attributed to nonsense-mediated mRNA
decay of BRCA2 gene transcripts with a premature stop codon, a cellular mechanism that
prevents expression of truncated proteins [70]. Our findings are consistent with previous
studies reporting the occurrence of a secondary BRCA2 mutation and the presence of
full-length BRCA?2 in PEO1 cells [71,72]. Interestingly, various variants of BRCA2 have
been detected in different stocks of PEO1 cells, which has been already extensively dis-
cussed [38,72]. We speculate that divergent genetic alterations of BRCA2 may affect the
expression of the full-length protein. As reported by Ciucci et al. [73], cells with BRCA2
deficiency display decreased survival in vitro, which encourages selective pressure for re-
version of the deleterious mutation. Similar restoration of functional BRCA2 was identified
in PEOL1 cells following treatment with AG14361, a precursor of the PARPi talazoparib [40].
Accordingly, we propose that sub-dominant populations of OC cells harboring secondary
reversion mutations undergo selection pressure against nonsense BRCA2MUT in response
to long-term treatment with olaparib. Post-treatment analysis of tumor biopsies revealed
that most patients with platinum-resistant recurrent OC harboring secondary mutations
restoring BRCA2 activity exhibited progressive disease following olaparib therapy [41].
Hence, awareness of the potential risk of developing resistance to olaparib in BRCA2MUT
tumors should be implemented in customized regimes involving combination treatment
with ATR/CHK1 inhibitors to bypass PARPi limitations. Moreover, we demonstrated
significant upregulation of full-length BRCA2 in PEO1-OR cells compared to sensitive
parental cells, which could contribute to decreased sensitivity to olaparib. BRCA2 is one of
the key factors promoting HR repair and is directly associated with diminished antitumor
activity of olaparib [4,7]. We also confirmed the functionality of mutant BRCA2 in PEO1-OR
cells in terms of RAD51 foci formation indicating proficiency in HR repair activity [15].
Recent studies have shown abrogated HR repair in a BRCA2 missense variant harboring the
R3052W mutation within the DNA binding domain due to disruption of translocation of
BRCAZ2 to the nucleus and sequestering of RAD51 in the cytoplasm [74]. Using the RAD51
functional assay, we showed that PEO1-OR cells carrying the missense BRCA2 variant
Y1655L recruit RADS51 recombinase at DNA damage sites, whereby RAD51 co-localizes
with a surrogate marker of DSBs, YH2AX. Similarly, PEO1 and PEO4 cells were able to
induce RAD51 foci formation upon DNA damage. However, further work might be needed
to comprehensively relate HRR functionality and activity with PARPi resistance in this
model by HR reporter assay and/or by monitoring RAD51 foci formation in cells at the
5/G2 phase where HR is most predominant.

While PARPi agents show the greatest efficacy in HRD tumors, efficacy has also been
reported in a percentage of OC patients with HR proficiency [1,67]. Hence, we analyzed
BRCAL1 protein based on the finding that in HR-proficient tumors, RAD51 is recruited
not only by BRCA2 but also by BRCA1 to promote HR repair [29,75]. BRCAL1 is also an
upstream regulator of BRCA2 that directly recruits BRCA2 at DSB sites via interactions
with PALB2 [76]. Downregulation of BRCA1 in OC cell lines has been shown to increase
sensitivity to olaparib and decrease cell survival. Here, we demonstrated in PEO1-OR cells
upregulation of basal levels of BRCA1, as well as in response to olaparib. Our findings
support the hypothesis that decreased sensitivity to olaparib in OC cells is conferred
through the induction of HR repair-promoting factors [77]. On the other hand, 53BP1
normally inhibits BRCA1 to favor NHE] repair [16]. Notably, loss of TP53BP1 in BRCAIMUT
OC cells was previously associated with increased HR activity as a mechanism of resistance
to PARPi veliparib [5]. In our study, 53BP1 expression remained unchanged in BRCA1-
proficient PEO1-OR cells, suggesting that accurate HR repair is favored over error-prone
NHE] through upregulation of BRCAL.
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Figure 10. Co-existing mechanisms conferring resistance to olaparib in PEO1-OR BRCA2MUT HGSOC
cells. PEO1-OR cells underwent selection for BRCA2 restoration following prolonged treatment with
olaparib, which led to enrichment in sub-dominant clones present in parental cells harboring the
BRCA2 double mutation (c.[4964A > T; 4965C > G], p.Y1655L) removing the premature termination
codon. Upregulation of BRCA2, BRCA1, RAD51, and PARP1, along with a concurrent decrease in
YH2AX levels, contributed to decreased sensitivity to olaparib.

Notably, ATR/CHK1 signaling is associated with the regulation of HR repair. CHK1
kinase phosphorylates RAD51 and BRCA2 to facilitate RAD51-BRCA2 complex recruitment
to DNA damage sites [78,79]. More recent studies have shown that BRCA1 phosphorylation
at Thr1394 by ATR also plays an important role in promoting HR repair [80]. Our findings
regarding BRCA1 and RAD51 upregulation in PEO1-OR in response to olaparib support
the rationale for combining ATR/CHK1 pathway inhibitors with olaparib to disrupt HR
repair and overcome resistance to PARPi. Accordingly, we addressed ATR/CHKI1 axis
activity, which orchestrates HR repair in the DDR pathway and may thus constitute a
biomarker of PARPi response and a promising therapeutic target. The ATR/CHKI1 path-
way is also implicated in controlling G2/M checkpoint transition in TP53MUYT OC cells with
abrogated S phase arrest to prevent entry into mitosis with damaged DNA [17,19,64,81].
However, the role of olaparib in the regulation of ATR/CHK1 is poorly understood in
olaparib-resistant OC cells. Here, the ATR/CHKI1 pathway was not activated in response
to non-toxic doses of olaparib in PEO1-OR cells. Previous studies have also shown that
treatment with PARPi alone has no impact on CHK1 phosphorylation in HGSOC cell lines
with acquired and de novo resistance to olaparib [19]. Furthermore, contrary to PEO1-OR
olaparib-resistant cells, PARPi-sensitive PEO1 HGSOC cells were arrested in the G2/M
phase in response to olaparib, consistent with previous findings [19]. Cell cycle progression
profiling with concurrent YH2AX monitoring highlighted that olaparib-resistant cells pro-
gressed normally through checkpoints with reduced DNA damage, indicative of genomic
stability in the presence of PARPi. This observation confirms previous results showing
that olaparib does not induce YH2AX accumulation in OC cells with intrinsic or acquired
resistance to PARPi [19,82]. We propose that PEO1-OR cells limit their dependence on
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the ATR/CHK1 checkpoint pathway following treatment with olaparib at doses exerting
significant cytotoxicity in sensitive OC cell lines.

Next, we addressed HR-independent modes of olaparib resistance as the absence of
functional PARP1 itself, either due to loss of expression or inactivating mutations, may abro-
gate the cytotoxic mechanism of action of PARPi [83]. A PARP1 missense variant (p.V762A)
was identified by us in PEO1 and PEO1-OR cells, which has been previously associated
with decreased PARylation activity due to localization in the catalytic domain of PARP1 [84].
Our data are in keeping with previous findings showing that PARP1 expression remains
unchanged in HGSOC cells with acquired resistance to olaparib [12] and no correlation
between PARP1 levels and resistance to olaparib in clinical samples [5]. Noteworthily,
in this study, treatment with DNA-damaging olaparib led to upregulation of PARP1 in
olaparib-resistant cells, which may be correlated with PARP1’s ability to detect SSBs and
DSBs mainly in late S and G2 cells [85]. Indeed, our cytogenetic and YH2AX analyses
showed a significantly lower accumulation of structural chromosomal abnormalities and
DSBs in PEO1-OR compared to olaparib-sensitive cells. These observations are in line with
previous works showing that olaparib has minimal effect on DNA damage in BRCA2MUT
olaparib-resistant cells [68,82]. Regarding PARP signaling, loss of PARG is reported to
contribute to decreased PARPi trapping and resistance. Moreover, loss or inhibition of
PARG may increase cellular PARylation and decrease PARPi cytotoxicity [86], suggesting
that endogenous PARG is needed for PARPi cytotoxicity. Further studies demonstrated that
loss of PARG in HR-proficient HGSOC cells contributes to resistance to PARPi [12]. How-
ever, the same study also revealed that the generation of acquired resistance to olaparib
from an HR-deficient OC cell line resulted in clones with unchanged or decreased levels
of PARG [12]. Our results showed that basal expression of PARG in PEO1-OR remained
unchanged compared to parental olaparib-sensitive cells downregulating PARG, suggest-
ing that BRCA2MUT OC cells do not acquire resistance to olaparib through loss of PARG.
Overall, the observation of no changes in basal levels of PARP1 and PARG in PEO1-OR
cell lines supports the theory that OC cells with restored BRCA2 protein activity confer
resistance independently of the PARP signaling pathway.

Previous studies demonstrated that olaparib-resistant OC cell lines display upreg-
ulation of MDR1 and inhibition of this efflux pump, with non-specific MDR1 inhibitor
veliparib [87,88] partially restoring sensitivity to PARPi [19]. However, verapamil is an
L-type calcium channel blocker rather than a specific MDR1 inhibitor [89,90]. The MDR1
efflux pump was not upregulated in PEO1-OR cells in our study, indicating no contribution
of increased drug efflux to olaparib resistance. In our biological model, MDR1 made no or
minor contributions to acquired resistance to olaparib, based on results obtained with the
specific third-generation inhibitor of MDR1 tariquidar [90], which is consistent with earlier
reports that resistance to PARPi is acquired independently of the MDR1 efflux pump [91].

Furthermore, we explored the differences in response to olaparib treatment with
concurrent blockage of the ATR/CHKI1 pathway in HGSOC cells. The rationale for com-
bination therapy is based on the concept that treatment with two or more agents with
different molecular targets should induce a synergistic antitumor effect. Combinations of
PARPi with inhibitors of the ATR/CHK1 pathway are under investigation for OC in vitro
and in clinical trials for PARPi-naive HGSOC patients and those who previously received
PARPi [17,20,22,23,43,66,92]. However, further molecular studies are crucial to characterize
the cellular response to this combination treatment in OC cells with distinct HR activities
and resistance mechanisms. In OC cells, the majority of which are TP53MUT, the G1/S
cell cycle checkpoint is lost, and tumor cells are dependent on the remaining checkpoints
regulated by the ATR/CHK1 pathway. Hence, inhibitors of ATR or CHK1 can hinder
cell cycle-dependent DNA repair and promote progression through the cell cycle with
unrepaired DNA damage induced by olaparib. Moreover, our work has revealed genetic
premises underlying the use of an inhibitor of ATR and CHK1 kinases in OC. One of the
missense variants detected by WES in ATR (c.632T > C, p.M211T) in PEO1 and PEO1-OR
cells is predicted to induce gain-of-function activity, supporting the idea behind the inhibi-
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tion of ATR kinase. Interestingly, this uncharacterized alteration has been documented in
numerous tumor and control samples from breast and/or ovarian cancer families [87]. We
also showed that studied BRCA2MUT HGSOC cell lines carry a nonsynonymous mutation
in CHEK1 (c.1411A > G, p.I1471V) and we speculate that it has no impact on the binding
of MK-8776 to CHK]1, as it occurs outside the binding pocket [88]. Recent studies suggest
that this CHEK1 variant is extremely common in primary and recurrent HGSOC, but unde-
tectable in a clear-cell carcinoma subtype of EOC [93]. Accordingly, we believe that ATR
and CHK1 present favorable molecular targets for combination treatment of HGSOC.

In studies aimed at assessing the effectiveness of combined treatment, we selected the
minimal doses of drugs that inhibited cell growth and proliferation more significantly in
olaparib-sensitive (PEO1, PEO4) than in olaparib-resistant cells (PEO1-OR) in response
to a relatively long 5-day treatment period, as effective PARP inhibition in vitro requires
several rounds of cell division. Interestingly, PEO4 cells seemed to be more sensitive
to olaparib after 5 days of incubation than PEO1 cells based on the results of the MTT
assay, which was further confirmed by the colony formation capacity of olaparib-sensitive
cells. However, previous reports showed that PEO1 and PEO4 cells may exert distinct
sensitivity to PARPi [40,42], suggesting it depends on the type of inhibitor used. We
believe that changes induced by olaparib are more dynamic in PEO1 than PEO4 cells
(reduced metabolic activity, greater accumulation of DNA damage) and are revealed as
soon as after two days due to the higher proliferation rate of PEO1 than PEO4 cells and
olaparib’s cytotoxic mode of action. Here, we showed that olaparib combined with ATRi or
CHKTIi exerted early cellular changes occurring after 48 h including synergistic antitumor
activity in terms of inhibiting cellular metabolic activity and colony formation capacity
in olaparib-sensitive OC cell lines. Combinations of ATRi or CHK1i with PARPi were
also effective in olaparib-resistant cells, most notably as a long-term effect of the strategy,
confirmed based on synergistic reduction in colony formation capacity. Our results are
in keeping with published data showing that olaparib combined with inhibitors of the
ATR/CHK]1 pathway act synergistically in BRCA1/2-proficient and BRCA1/2-deficient OC
cells in vitro and in vivo [18,19,23]. Previous studies have shown that ATRi compounds
can sensitize BRCA1-deficient OC cells with acquired resistance to olaparib. Given that
PEO1-OR cells contain higher levels of BRCA1 compared to olaparib-sensitive cells, we
speculate that the BRCA1 protein may partially contribute to desensitization to ATRi [91]. In
agreement with data from cytotoxic assays, blockage of the ATR/CHK1 pathway enhanced
the accumulation of olaparib-induced DSBs and chromosomal aberrations in olaparib-
sensitive cells, whereas PEO1-OR cells were less susceptible. We propose that olaparib-
induced mechanisms involved in upregulating HR repair-promoting factors contribute to
the PEO1-OR response. Notably, truncated PARP1 was not detected in olaparib-resistant
cells, in contrast to the significant increase in the parental cell line in response to the
inhibitors and their combinations. As cleavage of PARP1 is a surrogate marker of apoptosis
and truncated PARP1 directly induces this type of cell death [94], it is inferred that PEO1-OR
cells are less susceptible to programmed cell death induced by drug combinations.

Levels of YH2AX, a surrogate marker of DSBs, were elevated following combination
treatment, relative to each monotherapy in the olaparib-sensitive OC cell lines. Upon
combination treatments, phosphorylation of H2AX was less significant in PEO1-OR than in
olaparib-sensitive cells, in agreement with results from the comet assay and evaluation of
chromosome aberrations. Our findings were confirmed by the assessment of YH2AX phos-
phorylation throughout the cell cycle. Modest genotoxic activity resulting from concurrent
blockage of PARP1 and the ATR/CHK1 pathway had no impact on RAD51 expression
in all OC cell lines. However, data from functional assays confirmed that the inhibitor
compounds induced co-localization of RAD51 foci with YH2AX at DNA damage sites to
promote the assembly of HR pathway repair machinery in OC cell lines. Moreover, olaparib
and inhibitors of ATR/CHKI1 synergistically suppressed NHE]-mediating 53BP1 levels
in PEO1-OR cells. Furthermore, blockage of the ATR/CHK1 pathway had no impact on
olaparib-induced G2/M arrest in sensitive OC cell lines, which is in line with previous
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studies [25]. In contrast, a previous study by Brill et al. [81] showed that the addition
of ATRi or CHKIi to PARPi released G2/M arrest to a limited extent in PEO1 and PEO4
cells. We speculate that following combination treatments, which induce modest DNA
damage, PEO1-OR cells progress through the cell cycle with unrepaired DNA, which could
contribute to partial resensitization to olaparib in the presence of inhibitors of the ATR or
CHK1 pathway. Indeed, the ATR/CHKI1 pathway was not activated in PEO1-OR cells in
response to co-treatment with olaparib with ATRi, suggesting that cells were not arrested
in the G2/M phase to repair DNA lesions. CHK1 and ATR are reported to promote HR
repair via phosphorylation of repair factors, such as RAD51, BRCA1, and BRCA2 [78-80].
In PEO1-OR cells, combination treatment exerted modest but promising cytotoxic activ-
ity via upregulation of RAD51, BRCA1, and BRCA2 due to the inhibition of ATR and
CHK1 kinases.

In this paper, we successfully identified mechanisms of resistance to PARPi in one
BRCA2MUT HGSOC cell line with decreased sensitivity to olaparib, which surely does
not fully reflect the complexity of this phenomenon in heterogeneous OC cells. However,
some olaparib-resistant OC cell lines have already been developed from OC cells harboring
BRCA1 or BRCA2 mutations showing a 2.1-fold to 13-fold increase in resistance [18,19].
Nevertheless, our findings provide a valuable addition to the understanding of PARPi
resistance, especially in terms of the resensitization of HGSOC cells to olaparib.

5. Conclusions

In this study, we showed that PARPi-resistant PEO1-OR cells exhibit decreased sen-
sitivity to olaparib due to reduced susceptibility to PARPi-induced DNA damage and
G2/M arrest. Mechanistically, PEO1-OR cells are homozygous for a BRCA2 double mu-
tation (c.[4964A > T; 4965C > GJ, p.Y1655L) and show upregulation of functional intact
BRCA2, increased expression of HR-promoting BRCA1 with unchanged RAD51 and 53BP1
levels, partially restored PARP signaling, and decreased phosphorylation of H2AX. Re-
sistance to PARPi was acquired irrespective of MDR1 efflux pump activity. Integration
of diverse mechanisms of resistance resulted in reduced accumulation of DNA DSBs and
structural chromosomal aberrations and allowed cells to progress normally through the
ATR/CHK1-regulated cell cycle. At sublethal doses of inhibitors for olaparib-sensitive cells,
combination treatments exerted promising synergistic antitumor effects on PEO1-OR cells.
Moreover, co-treatment with ATR/CHKT1 inhibitors and olaparib induced a synergistic
decrease in cell viability and survival and increase in DNA damage in the cell models
examined, most notably in olaparib-sensitive cells. These findings support the potential
utility of combinations of inhibitors of the ATR/CHK1 pathway together with olaparib in
avoiding or overcoming drug resistance of OC.
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Abbreviations

A ATR inhibitor (ceralasertib)

ABC ATP-binding cassette

ATCC American Type Culture Collection

ATR ataxia telangiectasia and RAD3-related protein
ATRi ATR inhibitor(s)

BRCA1 breast cancer type 1 susceptibility protein
BRCA2 breast cancer type 2 susceptibility protein

BrdU bromodeoxyuridine

C CHKI1 inhibitor (MK-8776)

CDI coefficient of drug interaction

CHK1 checkpoint kinase 1

CHK1i CHKT1 inhibitor(s)

DDR DNA damage response

DSB double-strand break

ECACC The European Collection of Authenticated Cell Cultures
HGSOC high-grade serous ovarian cancer
HI-FBS heat-inactivated fetal bovine serum
1Csp concentration of drug required to reduce cell viability to 50%
MDR multidrug resistance

MDR1 multidrug resistance protein 1

MDRi multidrug resistance inhibitor(s)

MFI geometric mean fluorescence intensity
NGS next-generation sequencing

NHE] non-homologous end joining

@) olaparib

OC ovarian cancer

ORF open reading frame

PARG poly(ADP-ribose) glycohydrolase

PARP1 poly(ADP-ribose) polymerase 1

PARPi PARP inhibitor(s)

PDT population doubling time

PEO1-OR  PEOI1 olaparib-resistant cell line

QCI-IT Qiagen Clinical Insight Interpret Translational

SF surviving fraction
Tar tariquidar
WES whole-exome sequencing
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Supplementary Information

Olaparib-Resistant BRCA2MUT Ovarian Cancer Cells with Restored
BRCAZ2 Abrogate Olaparib-Induced DNA Damage and G2/M Arrest
Controlled by the ATR/CHK1 Pathway for Survival
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Figure S1. Growth curves and population doubling times for ovarian cancer (OC) cell lines. Cells
seeded in 6-well plates were cultured up to 9 days and periodically subjected to endpoint counting from
individual wells to determine the number of viable cells using trypan blue exclusion assay. (A) Growth
curves of OC cell lines cultured under optimal conditions for 9 days. The results are shown as mean +
SD (n=3). (B) Population doubling times of OC cell lines estimated in populations exhibiting
exponential growth (days 2 — 5). Ordinary one-way ANOVA followed by Tukey’s multiple comparison

test was used to compare population doubling times between cell line: “p < 0.05 statistically significant.
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Supplementary Figure S2 (Figure S2)

N-term Ab #1
I 1
x
Q ~ ?
g. B - - b o (0] e =
22 8 5 % o9
228 a o o T ) n
BRCA2
fulldength | . Koo B B A& oy
220 kDa -| w—

Bactin | (G W w—y S — —

N-term Ab #2

PEO1
PEO1-OR
PEO4
HepG2
QOV-a0
SKOV-3
Protein
Standard

BRCA2
fultlength 7| T e—— — p—

——

220kDa - M — 4‘2; " P

——

p-actin -| TS0 SN v Y sy Y

Figure S2. Qualitative western blot analysis of full-length and truncated BRCA2 in PEO1, PEO1-OR,
and PEO4 ovarian cancer (OC) cell lines. HepG2, OV-90, and SKOV-3 cell lines were used as negative
controls of truncated BRCA2 expression. Whole-cell lysates (30 pug of protein) were loaded into each
lane and separated using 8% Bis-Tris gels by SDS-PAGE. Two various antibodies targeting different
epitopes within N-terminus of the protein were used for immunodetection to confirm obtained results
(N-term Ab #1 and #2). Sharp band from a western protein standard (MagicMark™ XP Western Protein
Standard, Thermo Fisher Scientific) corresponds to the protein molecular weight of 220 kDa. Truncated
form of BRCA2 (calculated molecular weigh of 186 kDa) was undetectable.
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Supplementary Figure S3 (Figure S3)
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Figure S3. Effect of MDR1 inhibition with tariquidar (Tar) or verapamil (Ver) on cytotoxicity of a
MDR1 substrate doxorubicin and olaparib, ATRi, CHK1i, or their combinations after 48 h of

treatment in HepG2 cell line and qualitative western blot analysis of MDR1 expression in untreated

HepG2 cells. Cell viability was assessed by MTT assay after treatment with (A) doxorubicin or (B)
olaparib, ATRi, CHK1j, or their combinations, and expressed as the percentage of relevant control cells
(untreated control for cells treated with tested drugs only; control with tariquidar or verapamil for cells
treated with tested drugs and a relevant MDR1 inhibitor). Briefly, HepG2 cells were pre-treated with
MDR inhibitors for 1 h (0.1 uM Tar or 50 uM Ver) following incubation with olaparib (O, 5 uM), ATRi
(A, 0.5 pM), CHKT1i (C, 2.5 pM) or their combinations in the absence and presence of MDR1 inhibitors.
Co-treatment of tariquidar (0.1 puM, striped bars) or verapamil (50 uM, checked bars) with doxorubicin
(0.10 pM and 0.25 uM) was used as a positive control of enhanced cytotoxicity of a known MDR1
substrate due to MDR1 inhibition. Data was expressed as mean + SD (n = 3 -4). Welch’'s ANOVA
followed by Dunnett T3 multiple comparison test was used to compare viability of each group (with
unequal variances) in response to the treatments: *p <0.05, **p <0.01 treatment vs. control without
MDR1 inhibitor; &p <0.05, #p <0.01 treatment vs. treatment with MDR1 inhibitor (tariquidar or
verapamil). (C) Qualitative western blot analysis of MDR1 expression in untreated HepG2 cells

confirming protein expression in the cells.

117



Supplementary Figure S4 (Figure S4)
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Figure S4. Quantitative western blot analysis of PARP1 basal expression in untreated PEO1, PEO1-
OR, and PEO4 ovarian cancer (OC) cell lines with a representative blot. Whole-cell lysates (30 ug of
protein) were loaded into each lane and separated in 8% Bis-Tris gels by SDS-PAGE following protein
transfer and immunodetection. The results are shown as mean + SD (n = 3). Individual data points are
shown in bar charts presenting basal expression levels. Ordinary one-way ANOVA followed by Tukey’s
multiple comparison test was used to compare basal protein expression between cell lines: *p <0.05, *p
< 0.01 differences between cell lines.
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Supplementary Table S1 (Table S1)

Key materials and reagents used in the study.

Reagent

Catalogue Number

Manufacturer

(*)-Verapamil HCI

V4629

Sigma-Aldrich (Merk)

BD Pharmingen™ FITC BrdU Flow Kit | 557891 BD Biosciences
Colcemid 10295892001 Roche (Merck)
Crystal violet 911517ZA VWR
DMEM, high glucose (4.5 g/L), ) ) o
32430-027 Gibco (Thermo Fisher Scientific)
GlutaMAX™ Supplement, HEPES
. Sequoia Research Products
Doxorubicin HCI1 SRP04600d o
Limited
FBS, heat-inactivated, qualified 10270106 Gibco (Thermo Fisher Scientific)
GenElute™ Mammalian Genomic DNA . )
. . GIN10 Sigma-Aldrich (Merk)
Miniprep Kits
Giemsa Dilution Buffer (20X) 1062.3 AQUA-MED
Giemsa Stain (10X) 1020.1 AQUA-MED
Halt™ Phosphatase Inhibitor Cocktail . o
78420 Thermo Fisher Scientific
(100X)
Halt™ Protease Inhibitor Cocktail ) o
87786 Thermo Fisher Scientific
(100X)
. ) . Invitrogen (Thermo Fisher
HiMark™ Pre-stained Protein Standard | LC5699 o
Scientific)
MagicMark™ XP Western Protein Invitrogen (Thermo Fisher
Standard Scientific)
MOPS Running Buffer MPMOPS Millipore (Merck)
mPAGE® 4X LDS Sample Buffer MPSB Millipore (Merck)
mPAGE® Bis-Tris Precast Gels 10% MP10W10 Millipore (Merck)
mPAGE® Bis-Tris Precast Gels 12% MP12W10 Millipore (Merck)
mPAGE® Bis-Tris Precast Gels 8% MP8W10 Millipore (Merck)
mPAGE® Transfer Buffer MPTRB Millipore (Merck)
MTT 20395.03 SERVA Electrophoresis
Pierce™ Detergent Compatible Bradford | 23246 Thermo Fisher Scientific
PVDF Membrane IPVHS85R Millipore (Merck)
RIPA Lysis and Extraction Buffer 89900 Thermo Fisher Scientific
RPMI 1640, GlutaMAX™ Supplement, ) ) o
72400-021 Gibco (Thermo Fisher Scientific)
HEPES
Spectra™ Multicolor Broad Range . o
26634 Thermo Fisher Scientific
Protein Ladder
Spectra™ Multicolor High Range ) o
26625 Thermo Fisher Scientific
Protein Ladder
SuperBlock™ (TBS) Blocking Buffer 37581 Thermo Fisher Scientific
SuperSignal™ West Atto Ultimate ) o
L A38555 Thermo Fisher Scientific
Sensitivity Substrate
5
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SuperSignal™ West Pico PLUS

) ) 34577 Thermo Fisher Scientific
Chemiluminescent Substrate
Tariquidar SML1790 Sigma-Aldrich (Merk)
Trypsin-EDTA 25200072 Gibco (Thermo Fisher Scientific)
[-mercaptoethanol M6250 Sigma-Aldrich (Merck)
6
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Supplementary Table S2 (Table S2)

Primary antibodies used in the study.

121

Host and . Catalogue . o . L.
Target ) Supplier Dilution Dilution buffer | Blocking agent Application
Clonality Number
Mouse . . 5% BSA SuperBlock™ (TBS)
53BP1 Sigma-Aldrich (Merck) MAB3802 1:1000 . . WB
monoclonal in TBST Blocking Buffer
Invitrogen .
Mouse . 5% BSA 5% non-fat milk
ATR (Thermo Fisher MA1-23158 1:1000 . ] WB
monoclonal o in TBST in TBST
Scientific)
Rabbit Cell Signaling 5% BSA SuperBlock™ (TBS)
BRCA1 9010 1:1000 . . WB
polyclonal Technology in TBST Blocking Buffer
BRCA2 Rabbit . o 5% non-fat milk | SuperBlock™ (TBS)
Thermo Fisher Scientific | A303-434A 1:10 000 ) ) WB
(N-term) #1 polyclonal in TBST Blocking Buffer
Invitrogen .
BRCA2 Mouse . 5% non-fat milk | SuperBlock™ (TBS)
(Thermo Fisher MAb523942 1:1000 . ) WB
(N-term) #2 monoclonal o in TBST Blocking Buffer
Scientific)
BRCA2 Rabbit . L 5% BSA SuperBlock™ (TBS)
Thermo Fisher Scientific | A300-005A 1:1000 . . WB
(C-term) polyclonal in TBST Blocking Buffer
Rabbit ) o 5% BSA 5% non-fat milk
CHK1 Thermo Fisher Scientific | MA5-32180 1:1000 ) ) WB
monoclonal in TBST in TBST
. Invitrogen
Rabbit ) 5% BSA SuperBlock™ (TBS)
MDR1 (Thermo Fisher MA5-32282 1:1000 . . WB
monoclonal o in TBST Blocking Buffer
Scientific)
Invitrogen
Mouse ) 5% BSA SuperBlock™ (TBS)
PARG (Thermo Fisher MA5-27034 1:1000 . . WB
monoclonal o in TBST Blocking Buffer
Scientific)
7




Target Hostand | o pli Catalogue | Lot Dilution buffer | Blocki ¢ Applicati
arge upplier ilution ilutio 0 o
g Clonality pplie Number n buffer cking agen pplication
Rabbit Cell Signaling 5% BSA 5% non-fat milk
PARP1 9532 1:1000 . ] WB
monoclonal | Technology in TBST in TBST
pATR Rabbit Cell Signaling 5% BSA 5% non-fat milk
30632 1:1000 ) ] WB
(Thr1989) monoclonal | Technology in TBST in TBST
pCHK1 Rabbit Cell Signaling 5% BSA 5% non-fat milk
2348 1:1000 . . WB
(Ser345) monoclonal | Technology in TBST in TBST
Rabbit . . 1:1000 (WB) 5% BSA SuperBlock™ (TBS)
RADS51 Sigma-Aldrich (Merck) ABE257 . . WB, IF
polyclonal 1:500 (IF) in TBST Blocking Buffer
5% non-fat milk
. Mouse i ) 5% BSA in TBST or
[-actin Sigma-Aldrich (Merck) | A1978 1:10 000 . WB
monoclonal in TBST SuperBlock™ (TBS)
Blocking Buffer
YH2AX Mouse . . 1:1000 (WB) 5% BSA SuperBlock™ (TBS)
Sigma-Aldrich (Merck) 05-636 . ) WB, IF
(Ser139) monoclonal 1:500 (IF) in TBST Blocking Buffer
Invitrogen
YH2AX Mouse ) 1X BD Perm/Wash
(Thermo Fisher 12-9865-42 1:20 N/A FC
(Ser139) monoclonal o Buffer
Scientific)
8
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Supplementary Table S3 (Table S3)

Secondary antibodies used in the study.

123

Species . Catalogue . L L.
. . Conjugate Host Manufacturer Dilution | Dilution buffer Application
Reactivity Number
Invitrogen .
Mouse HRP Goat ) o A28177 1:10 000 5% non-fat milk WB
(Thermo Fisher Scientific) o TBST
in
Rabbit HRP Goat Cell Signaling Technology | 7074 1:10 000 WB
Alexa Fluor™ Invitrogen
Mouse Goat . o A32723 1:1000 ) IF
Plus 488 (Thermo Fisher Scientific) DPBS 1X with 1% BSA
i Alexa Fluor® ) . and 0.3% Triton X-100
Rabbit 555 Goat Cell Signaling Technology | 4413 1:1000 IF
9




Supplementary Table S4 (Table S4)

High-quality exonic and intronic variants detected in ABCB1, ATR, BRCA1, BRCA2, CHEK1, H2AX, PARP1, PARG, RAD51, TP53, and TP53BP1 genes in PEO1
and PEO1-OR cell lines by whole-exome sequencing.

Amino Allele fraction Maximal
. Gene Variant . Type of Functional Computed CADD [% of total reads] population
Gene Mutation . acid . . ..
region type chanee mutation impact pathogenicity score allele
8 PEO1 PEO1-OR frequency
c.731G>A CDSs SNV p-G244D missense loss pathogenic 27 100% 100% 0%
TP53 (of 83 reads) (of 90 reads)
0, 0,
¢.993+409delT intron deletion - - normal benign <10 53% absent ll. %o
(of 19 reads) (African)
. . 100% 100% 49%
1
c.4837A>G CDS SNV p-S1613G missense normal benign (1) <10 (of 140 reads) (of 180 reads) (South Asian)
. 100% 100% 49%
c.2082C>T CDs SNV p-5694S synonymous normal benign <10 (of 183 reads) (of 242 reads) (South Asian)
0, 0, [
c.2311T>C CDSs SNV p.L771L synonymous normal benign <10 100% 100% 49% )
(of 197 reads) (of 262 reads) (South Asian)
. . 100% 100% 81%
1
c.2612C>T CDS SNV p-P871L missense normal benign (!) 18 (of 135 reads) (of 159 reads) (African)
. . 100% 100% 49%
1
c.3113A>G CDs SNV p-E1038G missense normal benign (1) 14 (of 189 reads) (of 240 reads) (South Asian)
0, 0, [
c.3548A>G CDSs SNV p-K1183R missense normal benign (!) <10 100% 100% 49% )
(of 190 reads) (of 198 reads) (South Asian)
. 100% 100% 49%
c.4308T>C CDS SNV p-S51436S synonymous normal benign <10 (of 120 reads) (of 160 reads) (South Asian)
pRedt c-1074C>G 5UTR SNV - - normal benign <10 100% 100% 82%
’ & (of 70 reads) (of 109 reads) (African)
0, 0, [
c-134T>C 5UTR SNV - - normal benign <10 100% 100% 49%
(of 32 reads) (of 32 reads) (South Asian)
tai 0, %
c.5468-121del A intron deletion - - normal .unc.e.r am <10 50% absent 0.40 /
significance (of 20 reads) (East Asian)
c.4987-144_4987- . . . . . 100% 4%
142dupAAA intron insertion - - normal likely benign <10 absent (0f 23 reads) (African)
. . . 94% 95% 52%
c.134+224delT intron deletion - - normal benign <10 (of 16 reads) (0f 20 reads) (South Asian)
. . 100% 100% 82%
c.213-161A>G intron SNV - - normal benign <10 (of 37 reads) (of 40 reads) (African)
C441+36_441+49 intron deletion - - normal benign <10 100% 97% 49%
delCTTTTCTTTTTITTT & (of 68 reads) (of 131 reads) (South Asian)

10
124



Amino Allele fraction Maximal
Gene Mutation Gene Variant acid Type of Functional Computed CADD [% of total reads] population
region type change mutation impact pathogenicity score allele
8 PEO1 PEO1-OR frequency
. . . 100% 94% 75%
c.441+64delT intron deletion - - normal benign <10 (of 65 reads) (of 126 reads) (African)
. . 100% 100% 49%
c.547+146 A>T intron SNV - - normal benign <17 (of 25 reads) (of 25 reads) (South Asian)
. . . 100% 100% 49%
¢.548-58del T intron deletion - - normal benign <12 (0£ 93 reads) (of 89 reads) (South Asian)
. . 100% 100% 49%
¢.593+167T>C intron SNV - - normal benign <10 (of 34 reads) (of 49 reads) (South Asian)
. . 100% 100% 67%
c.4097-141A>C intron SNV - - normal benign <10 (of 41 reads) (of 67 reads) (African)
. . 100% 100% 12%
c.4357+117G>A intron SNV - - normal benign <10 (of 19 reads) (of 45 reads) (South Asian)
. . 100% 100% 49%
¢.4358-2885G>A intron SNV - - normal benign <10 (of 109 reads) (of 150 reads) (South Asian)
. . 100% 100% (LQ) 49%
€.4358-2590T>G intron SNV normal benign <10 (of 18 reads) (of 24 reads) (South Asian)
€.4485-203_4485-199 int deleti _ B 1 beni <10 100% 100% 49%
delAACCC ttron elehon norma engn (of 12 reads) (of 7 reads) (South Asian)
0, 0, 0,
c.4485-137T>A intron SNV - - normal benign <10 100% 100% 6? o
(of 29 reads) (of 23 reads) (African)
. . 100% 100% 49%
€.4485-63C>G intron SNV - - normal benign <10 (of 62 reads) (of 63 reads) (South Asian)
. . 100% 100% 49%
€.4987-92A>G intron SNV - - normal benign <10 (of 47 reads) (of 68 reads) (South Asian)
0, 0, 0,
€.4987-68A>G intron SNV - - normal benign (!) <10 100% 100% 49% .
(of 67 reads) (of 104 reads) (South Asian)
. . 100% 100% 46%
¢.5074+65G>A intron SNV - - normal benign <10 (0f 85 reads) (of 138 reads) (South Asian)
. . 100% 100% 49%
¢.5152+66G>A intron SNV - - normal benign 11 (of 74 reads) (of 85 reads) (South Asian)
0, 0, O,
c.4965C>G CDSs SNV p-Y1655* stop gain loss pathogenic 33 100% 100% 0-008%
(of 64 reads) (of 78 reads) (European)
1 0, 0,
C4964A>T CDS SNV p.Y1655F  missense normal uncertain <10 34% 94% 0%
BRCA2 significance (of 64 reads) (of 79 reads)
. 100% 100% 19%
¢.3807T>C CDS SNV p-V1269V synonymous normal benign <10 (0f 56 reads) (of 81 reads) (African)
. 100% 100% 100%
c.4563A>G CDSs SNV p-L1521L synonymous normal benign <10 (of 77 reads) (of 105 reads) (Jewish)
11
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Amino Allele fraction Maximal
. Gene Variant . Type of Functional Computed CADD [% of total reads] population
Gene Mutation . acid . . ..
region type chanee mutation impact pathogenicity score allele
8 PEO1 PEO1-OR frequency
. 100% 100% 100%
c.6513G>C CDS SNV p-V2171V synonymous normal benign <10 (of 88 reads) (of 84 reads) (Jewish)
. . 100% 100% 100%
¢.7397T>C CDS SNV p-V2466A missense normal benign <10 (of 67 reads) (of 83 reads) (Jewish)
. , . 100% 100% 23%
c105A>C 3 UIR SNV a - normal benign <10 (of 30 reads) (of 37 reads) (South Asian)
. . 100% 100% 100%
c.793+98G>A intron SNV - - normal benign <10 (of 49 reads) (of 48 reads) (Jewish)
. . 100% (LQ) 100% 100%
€.6938-120T>C intron SNV normal benign <10 (of 16 reads) (of 21 reads) (Jewish)
. . 100% 100% 43%
1
€.2285T>C CDS SNV p-V762A missense loss benign () 27 (0 49 reads) (of 36 reads) (East Asian)
. 100% 100% 43%
€.243C>T CDS SNV p-D81D synonymous normal benign 12 (of 106 reads) (of 127 reads) (East Asian)
. 100% 100% 81%
¢.852T>C CDSs SNV p-A284A synonymous normal benign <10 (of 56 reads) (of 52 reads) (East Asian)
0, 0, (o)
-17G>C 5UTR SNV - - normal benign 12 100% 100% 43%
PARP1 (of 32 reads) (of 71 reads) (East Asian)
. . 100% 100% 81%
€.286+206G>A intron SNV - - normal benign <10 (of 45 reads) (of 83 reads) (East Asian)
. . 100% 100% 43%
c.617+64C>A intron SNV - - normal benign <10 (of 60 reads) (of 114 reads) (East Asian)
. . 100% 100% 94%
c.617+12A>G intron SNV - - normal benign <10 (of 83 reads) (of 43 reads) (East Asian)
. . 100% 100% 47%
c.717+87T>C intron SNV - - normal benign <10 (of 47 reads) (of 106 reads) (Fast Asian)
. . . 32% 34% 73%
1
c.632T>C CDS SNV p-M211T missense gain benign (1) 14 (of 285 reads) (of 359 reads) (African)
. 31% 31% 79%
c.1776T>A CDSs SNV p-G592G synonymous normal benign <10 (of 1002 reads) (of 1133 (African)
reads)
31%
ATR . 32% 44%
1
c.1815T>C CDS SNV p-D605D synonymous normal benign () <10 (of 1108 reads) (of 1274 (Jewish)
reads)
. 29% 30% 45%
1
¢.5208T>C CDS SNV p-Y1736Y synonymous normal benign (!) <10 (of 172 reads) (of 185 reads) (Jewish)
. 32% 30% 97%
c.7875G>A CDSs SNV p-Q2625Q synonymous normal benign <10 (of 335 reads) (of 345 reads) (African)
12
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Amino Allele fraction Maximal
. Gene Variant . Type of Functional Computed CADD [% of total reads] population
Gene Mutation . acid . . . .
region type chanee mutation impact pathogenicity score allele
8 PEO1 PEO1-OR frequency
¢.1885+97_1885+100 . . . 32% 32% 44%
delATTT intron deletion a - normal benign <10 (of 462 reads) (of 532 reads) (Jewish)
. . 43% 39% 48%
€.2341+185G>A intron SNV - - normal benign <10 (of 444 reads) (of 322 reads) (African)
0, 0, (o)
¢.3357+128G>A intron SNV - - normal benign <10 38% 34% 24 ,/0
(of 48 reads) (of 53 reads) (Jewish)
. . uncertain 41% 0.3%
€.4852+39delT intron deletion - - normal significance <10 (of 87 reads) absent (South Asian)
. . 31% 29% 45%
¢.5288+130G>A intron SNV - - normal benign <10 (of 62 reads) (of 75 reads) (Jewish)
. . 75% 85% 79%
¢.5898+25T>G intron SNV - - normal benign <10 (of 32 reads) (of 34 reads) (African)
. . . 100% 100% 71%
¢.5898+82del A intron deletion - - normal benign <10 (of 19 reads) (of 22 reads) (African)
€:5898+67_5898+79 intron deletion - - normal benign <10 100% 59% 39%
deITATATATATATAT ~ "° eleto ° g (0f 19 reads) (of 17 reads) (East Asian)
¢.5898+65_5898+79 41% 59
delTATATATATATATA intron deletion - - normal benign <10 absent ° ©
T (of 17 reads) (Jewish)
. . 100% 62% (LQ) 30%
€:5898+54A>G intron SNV normal benign <10 (of 18 reads) (of 21 reads) (African)
0, (o)
¢.5898+52A>G intron SNV - - normal likely benign <10 absent 24% 3 A)
(of 21 reads) (Jewish)
. . 64% 67% 6%
c.1171-58 A>C intron SNV - - normal benign 10 (of 70 reads) (of 101 reads) (European)
. . 33% 28% (LQ) 44%
¢.2342-175A>G intron SNV normal benign <10 (of 18 reads) (0f 29 reads) (Jewish)
0, 0, 0,
€.2634-37_2634-36dupGT  intron insertion - - normal benign <10 89% 86% 42%
(of 142 reads) (of 170 reads) (European)
. . 34% 34% 79%
€.2634-74C>T intron SNV - - normal benign <10 (of 156 reads) (of 217 reads) (African)
. . . 100% 100% 99.98%
c.1411A>G CDS SNV p1471V missense gain benign 14 (of 105 reads) (of 105 reads) (East Asian)
0, 0, 0,
CHEK1 *28-3033C>G 3UTR SNV - - normal benign <10 53% 59% (LQ) 42%
(of 17 reads) (of 22 reads) (South Asian)
. . 52% 57% 42%
€.66-36G>T intron SNV - - normal benign <10 (of 79 reads) (of 94 reads) (East Asian)
13
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Amino Allele fraction Maximal
. Gene Variant . Type of Functional Computed CADD [% of total reads] population
Gene Mutation . acid . . .
region type chanee mutation impact pathogenicity score allele
8 PEO1 PEO1-OR frequency
. . 45% 51% 42%
c.1101+111T>A intron SNV - - normal benign <10 (of 91 reads) (of 92 reads) (East Asian)
. . 52% 42% 57%
c.1233+35G>A intron SNV - - normal benign <10 (of 126 reads) (of 132 reads) (Latino)
. 100% 100% 100%
ABCBI ¢.210A>G CDS SNV p-G70G synonymous normal benign <10 (of 109 reads) (of 100 reads) (East Asian)
. . 100% 100% 64%
¢.530+139C>T intron SNV - - normal benign <10 (of 24 reads) (0f 39 reads) (Fast Asian)
tai Y
RAD51 c.645-108del A intron deletion - - normal uncertam - absent 87% 0%
significance (of 57 reads)
€.645-110_645- . . . . 54% 2.8%
108delAAA intron deletion - - normal likely benign <10 absent (of 57 reads) (African)
. . . 86% 100% 64%
€.225+190delT intron deletion - - normal benign <10 (of 69 reads) (of 400 reads) (East Asian)
. . 68% 55% 36%
c.226-70T>A intron SNV - - normal benign <10 (0f 79 reads) (of 89 reads) (European)
. . 26% 38% 67%
€.226-33T>G intron SNV - - normal benign 11 (of 109 reads) (of 118 reads) (East Asian)
' ~ ~ . 53% 35% (LQ) 64%
H2AX c.-1420G>A 5'UTR SNV normal benign <10 (of 19 reads) (of 34 reads) (East Asian)
¢.3813+58delT . . uncertain 28% 26% 0.48%
TP53BP1 intron deletion - - normal significance <10 (of 347 reads) (of 415 reads) (Latino)
c.1165+217delT . . . . 64% 1.6%
intron deletion - - normal likely benign <10 absent (of 11 reads) (South Asian)
c.272-49G>A . . 100% 100% 100%
intron SNV B - normal benign <10 (of 165 reads) (of 185 reads) (Jewish)
0, 0, 0,
PARG ¢.1456-88_1456-87dupTA  intron insertion - - normal benign <10 100% 100% > /0_
(of 45 reads) (of 70 reads) (East Asian)
. . 100% 100% 59%
¢.1663-116A>C intron SNV - - normal benign <10 (of 58 reads) (of 84 reads) (East Asian)
c.1830+132_1830+133 . . . 20% 17% 32%
delAG intron deletion a - normal benign <10 (of 35 reads) (of 23 reads) (European)
Color scale visualizes allele frequency of each variants (red — absent or low, yellow — moderate, green — high); ! — conflicting pathogenic criteria has been

computationally-applied to a single variant (at least one pathogenic and one benign criterion described in Results section); 3' UTR - 3’ untranslated region; 5 UTR

- 5" untranslated region; CDS - protein coding sequence; CADD score ranges from 1 to 99 (the higher the value the more deleterious case i.e., 10 indicates top 1%
pathogenic variants, 20 indicates top 0.1% pathogenic variants); LQ — low quality score for the variant allele call in one sample. Maximal population allele

frequency was obtained from The Genome Aggregation Database (gnomAD).
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OPEN Targeted inhibition of the ATR/
CHK1 pathway overcomes
resistance to olaparib
and dysregulates DNA damage
response protein expression
in BRCA2MYT ovarian cancer cells

tukasz Biegatal?, Arkadiusz Gajek?, 1zabela Szymczak-Pajor?, Agnieszka Marczak?,
Agnieszka Sliwiriska3 & Aneta Rogalska®1*

Olaparib is a PARP inhibitor (PARPi) approved for targeted treatment of ovarian cancer (OC). However,
its efficacy is impeded by the inevitable occurrence of resistance. Here, we investigated whether the
cytotoxic activity of olaparib could be synergistically enhanced in olaparib-resistant OC cells with
BRCA2 reversion mutation by the addition of inhibitors of the ATR/CHK1 pathway. Moreover, we
provide insights into alterations in the DNA damage response (DDR) pathway induced by combination
treatments. Antitumor activity of olaparib alone or combined with an ATR inhibitor (ATRi, ceralasertib)
or CHK1 inhibitor (CHK1i, MK-8776) was evaluated in OC cell lines sensitive (PEO1, PEO4) and
resistant (PEO1-OR) to olaparib. Antibody microarrays were used to explore changes in expression of
27 DDR-related proteins. Olaparib in combination with ATR/CHK1 inhibitors synergistically induced

a decrease in viability and clonogenic survival and an increase in apoptosis mediated by caspase-3/7

in all OC cells. Combination treatments induced cumulative alterations in expression of DDR-related
proteins mediating distinct DNA repair pathways and cell cycle control. In the presence of ATRi and
CHK1i, olaparib-induced upregulation of proteins determining cell fate after DNA damage (PARP1,
CHK1, c-Abl, Ku70, Ku80, MDM2, and p21) was abrogated in PEO1-OR cells. Overall, the addition of
ATRi or CHK1i to olaparib effectively overcomes resistance to PARPi exerting anti-proliferative effect
in BRCA2VVT olaparib-resistant OC cells and alters expression of DDR-related proteins. These new
molecular insights into cellular response to olaparib combined with ATR/CHK1 inhibitors might help
improve targeted therapies for olaparib-resistant OC.

Abbreviations

A ATR inhibitor (ceralasertib)

ATR Ataxia telangiectasia and RAD3-related protein
ATRi ATR inhibitor(s)

BER Base excision repair

BRCA1 Breast cancer type 1 susceptibility protein
BRCA2 Breast cancer type 2 susceptibility protein

C CHK1 inhibitor (MK-8776)
CDI Coefficient of drug interaction
CHK1 Checkpoint kinase 1

!Department of Medical Biophysics, Institute of Biophysics, Faculty of Biology and Environmental Protection,
University of Lodz, 141/143 Pomorska Street, 90-236 Lodz, Poland. 2Doctoral School of Exact and Natural
Sciences, University of Lodz, 21/23 Jana Matejki Street, 90-237 Lodz, Poland. 3Department of Nucleic Acid
Biochemistry, Medical University of Lodz, 251 Pomorska Street, 92-213 Lodz, Poland. *email: aneta.rogalska@
biol.uni.lodz.pl
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CHK1i CHKI1 inhibitor(s)

CHK2 Checkpoint kinase 2

CPT Camptothecin

DDR DNA damage response

DR Direct repair

DSB Double-strand break

ECACC European Collection of Authenticated Cell Cultures
ERCC1 Excision repair cross-complementation group 1
FBS Fetal bovine serum

HGSOC High-grade serous ovarian cancer

HR Homologous recombination

MDM2 Mouse double minute 2
MGMT O°f-methylguanine-DNA methyltransferase

MMR Mismatch repair

NBS1 Nijmegen breakage syndrome protein 1
NER Nucleotide excision repair

NHE] Non-homologous end joining

(¢} Olaparib

oC Ovarian cancer

OPTN Optineurin
PARP1 Poly(ADP-ribose) polymerase 1

PARPi PARP inhibitor(s)

PEO1-OR PEOI olaparib-resistant cell line
PLK1 Polo-like kinase 1

SD Standard deviation

SSB Single-strand break

Ovarian cancer (OC) is the most lethal gynecologic malignancy, characterized by genomic instability and aber-
rations in the DNA damage response (DDR)!~*. Epithelial OC accounts for about 90% of ovarian tumors and is
represented by the most lethal subtype, high-grade serous OC (HGSOC)*. Currently, poly(ADP-ribose) poly-
merase (PARP) inhibition is part of the standard treatment regimen for HGSOC, mainly as maintenance therapy
for platinum-sensitive patients with BRCA 1/2 mutations. PARP inhibitors (PARPi) have also shown efficacy in
OC patients with other defects in the homologous recombination (HR) repair pathway irrespective of BRCA1/2
status, supporting their extended clinical use®. Olaparib is an approved first-in-class small-molecule inhibitor
of PARP1. Blockage of the activity of PARP1 induces accumulating DNA damage and, ultimately, death of OC
cancer cells. However, with increasing use of olaparib, many OC patients ultimately develop acquired resist-
ance to the drug and other PARPi treatments, which limits the effectiveness of this therapy®-8. Resistance of OC
cells to olaparib can arise through a variety of mechanisms, including restoration of DNA repair by HR as the
predominant pathway associated with secondary reversion mutations in BRCA1/2 genes, restoration of replica-
tion fork stability, increased PARP1 expression, and other mechanisms®!°. Elucidation of alterations in DNA
repair pathways beyond HR repair is of major interest in terms of understanding the development of resistance
to olaparib in ovarian cancer''.

The DDR constitutes a complex network of pathways that coordinate DNA damage sensing and repair, which
overlap with cell cycle control and signaling for initiation of apoptosis upon detection of severe lesions. The core
DNA repair pathways include direct repair (DR), mismatch repair (MMR), nucleotide excision repair (NER), base
excision repair (BER), homologous recombination (HR) repair, and non-homologous end joining (NHE]), and
involve orchestrated cooperation of numerous proteins. The choice of pathway relies on the type of DNA damage,
which is repaired by specific individual or coordinated mechanisms'. In response to DNA double-strand breaks
(DSB), high-fidelity HR or error-prone NHE] repair is mainly activated. Proteins involved in DDR signaling
possess distinct functions as DNA damage sensors, transducers, or effectors. Importantly, defects in one of the
pathways can be compensated by the activities of others. However, when the functions of DDR-related proteins
are altered, DNA damage cannot be effectively repaired, triggering cell death?.

HGSOC is hallmarked by alterations in DDR and genomic instability that are significantly associated with
mutations in tumor suppressor p53 and BRCA1/2 proteins'*™'%. Over recent years, knowledge of the DDR pro-
cess in OC has significantly expanded to inform novel therapeutic strategies'. The well-characterized PARPi,
olaparib, inhibits the activity of PARP1 involved in sensing DNA single-strand breaks (SSB) as part of a DDR,
which eventually leads to repair of accumulating DSBs by HR'®. Hence, PARP inhibition shows optimal efficacy
in the treatment of HR repair-deficient OC cells as an example of a strategy of synthetic lethality between HR
deficiency and PARPi!”'8,

Targeting DDR pathways has been validated as an attractive strategy for enhancing the antitumor activity of
PARPi"". Concurrent inhibition of the ATR/CHK1 pathway is a promising means to restore olaparib activity
in some OC types, including cell lines with BRCA1 proficiency and deficiency, as well as HGSOC patients with
germline BRCA 1/2 mutations who show progression prior to PARPi therapy'®~?'. The ATR/CHKI1 pathway is a
critical component of the DDR and involved in regulating cell cycle checkpoints and DNA repair processes in
OC cells®. Ataxia telangiectasia-mutated and Rad3-related (ATR) kinase functions as a sensor of the presence
of SSBs arising from DSBs, stalled replication forks, and NER intermediates. Upon DNA damage and replica-
tion stress, ATR transduces the signal through effector proteins including its main target, checkpoint kinase
1 (CHK1), to exert cell cycle control at the G2/M checkpoint in OC'. Novel therapeutic opportunities for OC
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have effectively exploited the ATR/CHK1 pathway. ATR or CHKI1 inhibitors can enhance the cytotoxic effects of
agents targeting PARP in OC cells by inhibiting HR-mediated DNA repair and promoting the accumulation of
DNA damage®*. Preclinical and clinical evidence collectively support the rationale for combining olaparib with
inhibitors of the ATR/CHK1 pathway as a therapeutic option. A recent trial exploring a combination of olaparib
with the ATR inhibitor (ATRi) ceralasertib in advanced cancers harboring DDR alterations showed high clinical
benefit rates in a cohort of BRCA1/2-mutated HGSOC patients showing progression with prior PARPi-based
regimens?!. However, further studies are essential to clarify the potential antitumor activity of olaparib combined
with inhibitors of the ATR/CHK1 pathway in OC cells harboring various DDR alterations.

Here, we aimed to provide mechanistic insights into the rationale for combining olaparib with inhibitors
of the ATR/CHKI1 pathway to overcome resistance to PARPi in OC cells with restored BRCA2. Furthermore,
we explored the molecular mechanisms underlying the response of OC cells to combination treatments associ-
ated with alterations in DDR pathways. Changes in expression of proteins that sense and trigger responses to
DNA damage and the pathways by which the response cascade affects effector proteins involved in DDR were
comprehensively examined.

Results

Inhibitors of the ATR/CHKa pathway synergistically increase the cytotoxicity of olaparib in
resistant OC cells in vitro

We initially examined the hypothesis that addition of ATR/CHK1 pathway inhibitors could enhance olaparib
cytotoxicity in olaparib-resistant OC cells. The cytotoxic effect of olaparib in combination with ATR/CHK1
inhibitors (ATRi/CHK1i) was evaluated in HGSOC cells treated for 2 and 5 days with 10 uM olaparib, 5 uM ATRi,
and 1 uM CHKI1j, in addition to PEO1-OR (olaparib-resistant) cells treated with 15 uM olaparib, 7.5 uM ATR,
and 2.5 uM CHKIi via the MTT assay (Fig. 1). Coefficient of drug interaction (CDI) values were calculated to
determine whether the effect of combined treatment with olaparib and inhibitors was synergistic, as described
in the “Materials and methods” (“MTT cell viability assay” section).

Both combination treatments exhibited nearly additive to slightly synergistic cytotoxic effects
(CDI=0.94-1.01) after 2 days of incubation in olaparib-sensitive OC cells (Fig. 1A). PEO1 cell viability was
significantly reduced to ~ 64% in response to both combinations compared to each agent alone after 2 days.
After 5 days of incubation, both ATRi and CHK1i combinations with olaparib induced a favorable synergistic
reduction in PEO1 and PEO4 cell viability (CDI=0.48-0.66) (Fig. 1A). Clearly, the addition of ATRi or CHK1i
to olaparib markedly increased the cytotoxic effects of the individual agents, leading to a significant decrease in
the metabolic activity of PEO1 (15.8% and 14.1%) and PEO4 (18.4% and 27.7%).

The effects of treatment of PEO1-OR cells with inhibitors at the above concentrations ranged from slightly
antagonistic and nearly additive (CDI=1.02 and 1.09) after 2 days to slightly synergistic (CDI=0.90 and 0.93)
after 5 days (Fig. S1). A satisfactory synergistic effect of olaparib with ATRi or CHK1i (CDI=0.79 and 0.85,
respectively) was achieved at higher concentrations of tested inhibitors after 5 days of incubation (Fig. 1A).
Irrespective of the time of incubation, 15 uM olaparib alone exerted only a slight cytotoxic activity in PEO1-
OR cells, as evident from no significant differences in cell viability between 2 and 5 days of treatment (87.9%
and 83.8%, p=0.72). Compared to each agent alone, combination of ATRi and CHK1i with olaparib induced
a significant decrease in metabolic activity of PEO1-OR cells to about 56% and 63%, respectively. The results
collectively demonstrated that after 5 days of treatment, ATR and CHKI1 inhibitors synergistically enhanced the
slightly cytotoxic effect of olaparib on the olaparib-resistant cell line.

Olaparib exerts synergistic suppressive effects with inhibitors of the ATR/CHK1 pathway on
clonogenic survival in olaparib-resistant OC cells

Survival of OC cell lines in response to treatments with the inhibitors alone or in combination with olaparib
was investigated via the clonogenic assay (Fig. 1B-D). Colony formation of seeded OC cells treated for 5 days
was examined. The results showed that untreated PEO1-OR cells exhibited two times higher plating efficiency
than olaparib-sensitive cells (Fig. 1B). Importantly, both combination treatments synergistically decreased the
clonogenic survival of olaparib-sensitive and -resistant OC cell lines compared to either agent alone (Fig. 1C).
Interestingly, although PEO1-OR cells were significantly less sensitive to olaparib alone than PEO1 (6.5 times)
and PEO4 cells (18.5 times), the addition of ATRi markedly decreased clonogenic survival, resulting in almost
complete inhibition of the ability to form colonies in both olaparib-sensitive and olaparib-resistant cell lines. The
colony-forming ability of all OC cell lines was also synergistically reduced in response to the combined treatment
with olaparib and CHK1i. However, in the presence of olaparib, PEO1-OR cells displayed a more significant
response to ATRi than CHK1i, as indicated by the higher synergistic interactions between olaparib and ATRi
(CDI=0.04) than CHK1i (CDI=0.34) (Fig. 1C). The observed inhibitory effects of the drug combinations on
clonogenic survival are in line with synergistically decreased viability of PEO1-OR cells after 5 days of incubation,
as determined with the MTT assay (Fig. LA). Our collective data indicate that addition of ATR/CHKI kinase
inhibitors to olaparib exerts a synergistic increase in cytotoxicity compared to each agent alone in PEO1-OR
olaparib-resistant cells, leading to significantly decreased cell viability and clonogenic survival.

Olaparib acts synergistically with inhibitors of the ATR/CHK1 pathway to enhance activity of
caspase-3 and -7 in mediating apoptosis in olaparib-resistant cells

We examined the hypothesis that combined treatment with inhibitors of the ATR/CHK1 pathway and olaparib
could enhance apoptosis in OC cells with acquired resistance to olaparib. Firstly, annexin V-FITC/PI dual stain-
ing was performed to examine the effects of combination treatments on phosphatidylserine externalization as a
marker of apoptosis in OC cells after 2 days (Fig. 2A,B).
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Figure 1. Synergistically reduced viability and clonogenic survival of PEO1-OR ovarian cancer (OC) cells
resistant to olaparib in response to treatment with olaparib (O) combined with ATRi (A) or CHK1i (C)

relative to each agent alone. (A) Cell viability was assessed using the MTT assay. OC cells were treated with the
inhibitors (O, A, C) or their combinations (O+ A, O +C) at the specified concentrations for 2 and 5 days. Data
are presented as mean = SD (n=4). Coefficient of drug interaction (CDI) values were calculated to evaluate

the effects of combination treatments. (B) Determination of plating efficiency of untreated OC cells following
plating and incubation of 2000 control cells to form colonies in drug-free medium. Data are presented as
mean+ SD (n=4). (C) Clonogenic survival of OC cells was evaluated using a clonogenic assay. OC cells were
plated and treated with the inhibitors (O, A, C) or their combinations (O + A, O +C) for 5 days, followed

by incubation in drug-free medium for colony formation (7-10 days). Data are presented as mean +SD

(n=4). Coefficient of drug interaction (CDI) values were calculated to evaluate the interaction effects of the
combination treatments. (D) Representative images of colonies produced by OC cells in response to treatments.
Statistical significance was assessed using ordinary one-way (plating efficiency) or two-way ANOVA (viability,
colony formation efficiency) followed by the appropriate multiple comparison tests: "p <0.05, "*"p <0.001,

"9 <0.0001 (comparison between cell lines); **p <0.01, **p <0.001, ***p <0.0001 (treatment vs. control);
*p<0.05, ***p<0.0001 (olaparib vs. combination with ATRi or CHK1i); “**p <0.0001 (ATRi or CHK1i vs.
respective combinations with olaparib).

Treatment of PEO1 cells with olaparib alone caused a significant (2.4-fold) increase in annexin V-positive
cells compared with untreated cells (from 4.1% to 9.7% apoptotic cells), which was further synergistically aug-
mented with the addition of ATRi (13.1% apoptotic cells) (Fig. 2A). In contrast, in PEO1-OR cells, olaparib or
ATRIi alone induced a non-significant change in the percentage of apoptotic cells (from 3.8 to 6.5% and 5.7%,
respectively). Importantly, concurrent incubation with olaparib and ATRi induced a significant increase (2.2-
fold) in the apoptotic cell content relative to untreated PEO1-OR cells. CHK1i alone and in combination with
olaparib significantly elevated phosphatidyl externalization in PEO1-OR cells. However, the observed effect was
not synergistic, with similar levels of increase in annexin V-positive cells of 8.6% and 9.6%, respectively (Fig. 2A).
PEO4 cells exhibited similar minor changes in phosphatidylserine externalization as PEO1-OR cells after incuba-
tion with olaparib or ATRi alone. The most significant (almost 2.0-fold) increase in annexin V-positive cells was
observed in response to a combination of olaparib and CHK1i relative to the control group (from 5.1 to 9.9%).
However, this effect was similar to that of CHK1i alone (Fig. 2A).

To confirm the apoptosis-inducing effect of the combination treatment, we further investigated activation of
caspase-3 and -7 in OC cells as an early event during apoptotic death and further explored whether the interac-
tion effect between inhibitors is synergistic at the early stages at the 2-day stage (Fig. 2C,D). Olaparib alone caused
significant (3.1-fold) elevation in the percentage of caspase-3 and -7-positive cells in the PEO1 cell line only
(7.6% to 23.8%). Combination treatments led to a significant synergistic increase in caspase-3 and -7 activities in
both PEO1 and PEO1-OR cells, although PEOI cells were considerably more sensitive. In the olaparib-resistant
cell line, olaparib and ATRi alone did not affect the activities of caspase-3 and -7. Notably, the percentage of
caspase-3- and -7-positive cells increased from 13.1% in olaparib-treated cells by 1.5-fold and 2.3-fold in the
presence of ATRi and CHKI1i, respectively (Fig. 2C), indicating a synergistic effect. Interestingly, combination
of olaparib with ATRi had a non-significant effect on phosphatidylserine externalization and caspase-3 and -7
activities in olaparib-sensitive PEO4 cells (Fig. 2A-C), which correlated with a negligible decrease in viability of
this cell line in response to combination treatments after 2 days of incubation (Fig. 1A).

Caspase-3 mRNA was significantly increased in olaparib-sensitive PEO1 cells in the presence of olaparib
(Fig. 2E). Moreover, the effect exerted by olaparib was synergistically augmented by ATRi and CHK1i in PEO1
cells (1.2-fold and 1.9-fold compared with olaparib alone), in line with increased activity of caspase-3 and -7, as
determined with flow cytometry (Fig. 2E). In contrast, olaparib-resistant PEO1-OR cells showed no significant
changes in CASP3 levels in response to either individual inhibitors or their combinations after 2 days of incuba-
tion (Fig. 2E).

Altogether, olaparib combined with inhibitors of the ATR/CHKI pathway exerted a slight synergistic proap-
optotic effect in olaparib-resistant PEO1-OR cells after 2 days of incubation, accompanied by increased caspase-3
and -7 activities and phosphatidylserine externalization. The synergistic proapoptotic activity of the combined
inhibitors in PEO1-OR cells was significantly increased with prolonged exposure up to 5 days.

Combination of olaparib with ATR/CHK1 inhibitors dysregulates protein expression in the
DNA damage response pathway in the olaparib-resistant OC cell line

The DNA-damaging activity of olaparib plays a critical role in OC cell cytotoxicity. To establish whether res-
toration of olaparib cytotoxicity by inhibitors of the ATR/CHK1 pathway in resistant cells is associated with
DDR-related proteins, we compared the expression profiles of 27 proteins involved in DDR in both PEO1 and
PEO1-OR cells using antibody arrays (Figs. 3, 4).

Firstly, we focused on response to olaparib alone in PEO1-OR cells with markedly diminished sensitivity to
this PARPi compared with PEOL1 cells. A total of 7 and 9 proteins displayed significant differences in response
to olaparib in PEO1 and PEO1-OR cells, respectively (Figs. 3, 4). Moreover, among all the DDR-related proteins
examined, expression levels of BRCA1, BRCA2, c-Abl, CHK1, CHK2, cyclin B1, Ku80, MDM2, MGMT, and
PARP1 were markedly different between the two cell lines incubated with olaparib (Figs. 3, 4).

Comparative semi-quantitative analysis of protein expression revealed that treatment with olaparib caused
significant downregulation of proteins involved in promoting HR repair (BRCA1 by 2.3-fold, BRCA2 by 3.5-fold)
and cell cycle control (cyclin Bl by 2.1-fold) in PEO1 cells (Fig. 4A). In contrast, treatment with olaparib had
no significant effects on expression of these proteins in PEO1-OR cells (Fig. 4B). However, olaparib induced a
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marked increase in expression of c-Abl (by 2.2-fold), CHK1 (by 1.8-fold), MDM2 (by 1.7-fold), Ku80 (by 1.5-
fold), p21 (by 1.3-fold) and PARP1 (by 1.5-fold) in PEO1-OR cells, which was not observed in PEO1 cells (Fig. 4).

Comparison of protein levels after treatment with each agent alone and their combinations revealed signifi-
cant changes in expression of seven proteins in both PEO1 (CHK2, ERCC1, MGMT, NBS1, OPTN, p21, PLK1)
and PEO1-OR (c-Abl, ERCC1, MGMT, OPTN, p21, PARP1, PLK1) cell lines (Fig. 4). Expression of proteins
directly targeted by the inhibitors, i.e., PARP1, ATR, and CHK1, was not significantly changed in PEO1 cells in
response to treatments (Fig. 4A). These findings were confirmed at mRNA level for PARPI and CHEK1 (Fig. 5).
In contrast to PEOI cells, co-treatment with ATRi and olaparib caused a 2.5-fold decrease in PARP1 expression
in PEO1-OR compared to untreated cells (Fig. 4B). However, no changes in PARPI mRNA levels were observed
in response to the combination treatment in PEO1-OR cells (Fig. 5). Moreover, combination of olaparib with
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Figure 2. Induction of apoptosis and synergistic activation of caspase-3 and -7 in PEO1-OR ovarian cancer (OC) cells in response

to olaparib (O) combined with ATRi (A) or CHK1i (C) compared to each agent alone. OC cells were treated with the inhibitors (O,

A, C) or their combinations (O + A, O +C) for 2 days. (A) Apoptosis was examined via dual staining with annexin V-FITC and PI,
quantified with flow cytometry, and presented as a percentage of annexin V-positive (apoptotic) relative to untreated control cells.
Data are presented as mean +SD (n=3). (B) Representative dot plots of annexin V-FITC- and PI-stained OC cells with the indicated
percentages of non-viable cells (Q1), necrotic cells (Q2), apoptotic cells (Q3), and viable cells (Q4). (C) Activation of caspase-3 and
caspase-7 in apoptotic cells examined via dual staining and flow cytometry using a CellEvent™ Caspase-3/7 Green Flow Cytometry
Assay Kit, expressed as a percentage of caspase-3/7-positive relative to untreated control cells. Data are presented as mean+SD (n=3).
(D) Representative dot plots of a two-parameter apoptosis assay for detection of activated caspase-3/7 (CellEvent™ Caspase-3/7 Green
Detection Reagent) and discrimination between live and dead cells (SYTOX™ AADvanced™ Dead Cell Stain) with the indicated
percentages of necrotic cells (Q2), viable cells (Q3), and apoptotic cells with activated caspase-3/7 (Q4). (E) qRT-PCR analysis

of caspase-3 mRNA. Relative mRNA expression was calculated using the 2724 method and p-actin (ACTB) as a reference gene.

Data are presented as mean +SD (n=4). Statistical significance was assessed using two-way ANOVA, followed by Tukey’s multiple
comparison test: "p<0.05, *"p<0.01, *""p<0.001 (comparison between cell lines); *p<0.01, **p<0.001, ***p<0.0001 (treatment vs.
control); 'p<0.05, *p<0.001 (olaparib vs. combination with ATRi or CHK1i); #p <0.01, **p<0.001 (ATRi or CHKIi vs. respective
combinations with olaparib).

135

Scientific Reports |

(2023) 13:2

2659 | https://doi.org/10.1038/s41598-023-50151-y nature portfolio



www.nature.com/scientificreports/

A

Cyclin B1
DNA-PKcs

GADD153

CDC25A

PEO1 PEO1-OR B

©
s
c
o
o

PEO1 PEO1-OR

APE1
ATR
BRCA1
BRCA2
c-Abl

CDK1
CDK7
CHK1
CHK2

o) | Control

A

ERCC1

Ku70
Ku80
MDM2
MGMT
MSH2
NBS1
OPTN
p21

Relative protein expression (fold-change)

O+A

CDK1 CDK7

0+C

[ IR T T R P

Figure 3. Expression profiles of DNA damage response (DDR)-related proteins in olaparib-sensitive and
-resistant OC cell lines in response to olaparib (O) combined with ATRi (A) or CHK1i (C). OC cells were
treated with the inhibitors (O, A, C) or their combinations (O + A, O + C) for 2 days and whole-cell lysates used
for analysis of 27 DDR-related proteins via antibody arrays. (A) Heat map representing relative expression

of DDR-associated proteins in OC cell lines treated with inhibitors (n=4). The gradient scale represents
normalized expression values. (B) Original representative images of antibody arrays. (C) Array map showing the
locations of individual antigen-specific antibody spots printed in duplicate. POS positive control spots used for
data normalization between arrays, NEG negative control spots used to measure the baseline signal.

either ATRi or CHK1i abolished olaparib-induced upregulation of CHK1 in PEO1-OR cells (Fig. 4B). Distinct
from DDR antibody array data, a significant decrease in CHEKI mRNA was observed in PEO1-OR cells in
response to concurrent treatment with olaparib and CHK1i (Fig. 5).

Regarding effects of the combination treatments on proteins involved in HR repair, no significant changes
were observed in BRCA1 and BRCA2 representing key mediators of this pathway in PEO1-OR cells (Fig. 4B).
However, inhibition of the ATR/CHKI1 pathway abolished olaparib-induced upregulation of c-Abl kinase that
acts as a positive regulator of HR repair. Analysis of NHE] pathway components in PEO1-OR cells showed that
protein expression of Ku70 and Ku80, but not DNA-PKcs, was significantly increased by 1.7-fold and 1.5-fold
after treatment with olaparib alone. This effect was abolished with concurrent inhibition of the ATR/CHK1
pathway (Fig. 4B). In contrast, PEO1 cells showed no changes in expression of NHE]J-promoting proteins treated
with either agent alone or in combination (Fig. 4A). In the case of proteins involved in other DDR pathways, the
addition of either ATRi or CHK1i to olaparib restored basal levels of the NER-promoting endonuclease ERCC1
in both PEOI and PEO1-OR cell lines (Fig. 4). Moreover, downregulation of methyltransferase MGMT, a key
enzyme in the DR pathway, observed in PEOL1 cells in response to olaparib combined with inhibitors of the ATR/
CHK1 pathway, was abrogated in PEO1-OR cells.

Antibody array data also revealed changes in expression patterns of proteins involved in the G2/M phase
transition downstream of the ATR/CHK1 pathway. We observed significant downregulation of cyclin B1 in PEO1
cells treated with both olaparib alone and combined with ATRi or CHK1i, which induced a similar decrease in
cyclin B1 levels by about 2.1 times compared to untreated cells (Fig. 4A). In contrast to olaparib-sensitive cells,
in PEO1-OR cells, expression of cyclin Bl remained unchanged irrespective of the treatment. However, both
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Figure 4. Olaparib (O) combined with ATRi (A) or CHK1i (C) dysregulates expression of DNA damage
response (DDR)-related proteins in OC cells. Semi-quantitative analysis of DDR-associated proteins expression
using antibody microarray in PEO1 (A) and PEO1-OR (B) cells treated with the inhibitors (O, A, C) or their
combinations (O + A, O +C) for 2 days. Data are expressed as mean = SD (n=4) relative to untreated control
cells. Statistical significance was assessed using two-way ANOVA, followed by Tukey’s multiple comparison
test: "p<0.05, ""p<0.01 (comparison between cell lines); *p <0.05, *p<0.01 (treatment vs. control); *p <0.05,
**p<0.01 (olaparib vs. combination with ATRi or CHK1i); *p <0.05, #p <0.01 (ATRi or CHK1i vs. respective
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Figure 5. Olaparib combined with the CHK1 inhibitor decreases mRNA levels of PARPI and CHEKI in
olaparib-resistant PEO1-OR cells. OC cells were treated with the inhibitors (O, A, C) or their combinations
(O+A, O+C) for 2 days and mRNA levels determined via real-time gPCR. Data were normalized to B-actin
and expressed relative to untreated cells as mean + SD (n=4). Statistical significance was assessed using two-way
ANOVA, followed by Tukey’s multiple comparison test: "p<0.05, *"p<0.01, "*"p<0.001 (comparison between
cell lines); *p <0.05, **p <0.01, **p<0.001 (treatment vs. control); ***p <0.001 (olaparib vs. combination with

ATRi or CHK1i).

combinations restored basal levels of p21 and markedly decreased PLK1 expression in PEO1-OR cells by about
1.8-fold (with ATRi) and 3.6-fold (with CHK1i) (Fig. 4B).

Discussion

Olaparib exhibits clinical efficacy in OC patients, but PARPI resistance remains a major challenge in long-term
treatment. Targeting of the ATR/CHKI1 pathway with small-molecule inhibitors sensitizes OC to olaparib with
distinct genetic alterations related to DDR pathways'®-2"**. Importantly, ATR* or CKH1* kinase inhibitors com-
bined with olaparib show favorable preliminary clinical activity in PARPi-resistant HGSOC patients. However,
some of them progress after combination treatments® or do not achieve effective response®, supposedly due to
unknown factors that are yet to be established. In the present study, we explored combining olaparib with ATR/
CHK]1 pathway inhibitors in the previously developed PEO1-OR cell line with acquired resistance to olaparib
and restored BRCA2°. Although BRCA2 reversion mutations occur in the minority of OC patients treated with
PARPi**?, they tend to accumulate upon progression®” and represent a well-established mechanism of olaparib
resistance. Importantly, our cell line serves as a valuable model of olaparib resistance, mirroring reversion muta-
tions in BRCA2 in PARPi-treated HGSOC patients?. Here, we addressed mechanisms associated with overcom-
ing resistance to olaparib concerning changes in the expression of DDR-related proteins in PEO1-OR cells.

Previously we revealed differences in the responses of olaparib-sensitive and -resistant cell lines to ATR/CHK1
pathway inhibitors in the presence of PARPi at non-toxic concentrations for 2 days for PEO1-OR cells®. Here, we
focused on combating resistance to olaparib via combined treatment with olaparib, ATRi, and CHK1i exerting
synergistic antitumor effects. Firstly, we confirmed that inhibition of the ATR/CHK1 pathway synergistically
enhanced olaparib cytotoxicity in PEO1-OR cells. Olaparib alone modestly affected the viability of PEO1-OR cells
after 2 and 5 days, but combination treatment for 5 days decreased the colony-forming ability of PEO1-OR cells
to similar levels as olaparib-sensitive cells, confirming durable responses. Supposedly, more than a single round
of replication is required to induce significant antitumor actions in olaparib-resistant cells, affirming olaparib’s
need for multiple rounds of cell division to exert its cytotoxic activity®®. The observations are in line with earlier
reports'®? and endorse overcoming resistance to olaparib by adding ATRi or CHK1i to PARPi.

Apoptotic changes in OC cells were additionally examined. In PEOL1 cells, PS externalization, caspase-3/7
activity, and CASP3 mRNA levels synergistically increased with combination treatments compared to single-
agent inhibitors within 2 days. Adding ATRi or CHK i synergistically elevated caspase activity in PEO1-OR cells
irrespective of CASP3 transcriptional level. PS externalization tended to increase in PEO1-OR cells after 2 days
in response to olaparib when combined with ATRi or CHK1i. These early membrane asymmetry changes aligned
with a synergistic decrease in cell survival and growth after 5 days of treatment. Our results suggest differential
control of PS exposure associated with apoptosis in olaparib-sensitive and -resistant cells. Variability in surface
PS exposure within cancer types, correlating with treatment susceptibility®"*, further supports our observations.
A study by Kim et al.”® revealed increased PS externalization in OC olaparib-resistant cell lines after 3 days of
olaparib combined with ATRi. Olaparib reportedly synergizes with arsenic trioxide in platinum-resistant OC cells
to increase cleavage of caspase-3 and promote PS externalization within 2 days*. Significantly, all examined OC
cells showed synergistic elevation of caspase-3/7 activity with combination treatments, indicating reduced cell
growth primarily through caspase-mediated apoptosis. Our data provide evidence that relatively short incuba-
tion with combined inhibitors holds promising proapoptotic activity in PEO1-OR cells.

OC cells exhibit various changes in DDR pathways, particularly HR deficiency, which are exploited by PARPi
treatments'"!”*%, PARP1 inhibits DNA DSB end resection antagonizing HR and promoting NHE]**, and regu-
lates SSB repair through NER and BER®®. Inhibition with olaparib may affect DDR pathways and drive response
to PARPi beyond HR effectiveness in OC cells*’. Evidence from OC indicates that concurrent downregulation
of HR and either NER or MMR pathways positively correlates with sensitivity to olaparib®. Over recent years,
targeting the DDR pathway has become a key strategy to overcome resistance to PARPi"**. ATR/CHK1 inhibition
shows promise in the resensitization to olaparib, especially in BRCA IMUT OC, but challenges exist in BRCA2MYT
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tumors. Further investigation of the utility of ATR/CHKI1 pathway inhibitors in the resensitization of OC to
olaparib is necessary.

In this study, we provide evidence that a combination of olaparib with the ATR/CHK1 pathway inhibitors
induces cumulative alterations in the expression of DDR-related proteins in the olaparib-resistant OC cells
(Fig. 6). Olaparib-induced downregulation of BRCA1 and BRCA2 in olaparib-sensitive PEO1 cells was abrogated
in PEO1-OR cells. Olaparib combined with CHK1i suppressed expression of BRCA1 and BRCA2 in PEOL cells
similarly to olaparib alone. However, despite the effective treatment of PEO1-OR cells with olaparib and ATR/
CHKI1 pathway inhibitors, no significant impact on BRCA1 and BRCA2 levels was observed (Fig. 6), indicating
different HR-related DDR responses to combinations.

NHE] repairs DNA DSBs throughout the cell cycle, with Ku70, Ku80, and DNA-PKcs regulating the canoni-
cal pathway?. Alternatively, DSBs are recognized by PARP1, which removes Ku70/80 complexes from damage
sites exclusively during the S/G2 phase and promotes the alternative NHE] pathway®® (Fig. 6). The study by
McCormick et al.** provided evidence that NHE] is defective in 40% of ex vivo primary cultures of epithelial
OC. Downregulation of Ku70, Ku80, and DNA-PKcs may promote resistance to the PARPi rucaparib, irrespec-
tive of HR repair status®. Olaparib-induced Ku70 and Ku80 overexpression in PEO1-OR cells was reversed by
ATRi or CHKI1i co-treatment. Simultaneously, combination treatments downregulated PARPI in PEO1-OR.
Interestingly, previous studies by our group have shown that the combination of olaparib with inhibitors of the
ATR/CHKI1 pathway decreases the expression of NHE]-promoting 53BP1%.

In response to DNA damage, c-Abl tyrosine kinase mediates phosphorylation of DDR-related substrates,
including proteins involved in repair mechanisms (ATR, BRCA1, PARP1, DNA-PKcs), cell cycle regulation,
and apoptosis (p53, MDM2). c-Abl has been implicated in promoting DNA repair or proapoptotic signaling
under unrepairable DNA damage®’. For instance, phosphorylation of MDM2 by c-Abl negatively regulates the
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Figure 6. Overview of alterations in expression of proteins involved in DDR induced by inhibitors of the ATR/
CHK1 pathway that potentially contribute to overcoming resistance to olaparib in PEO1-OR cells. aNHE]
alternative non-homologous end joining, cNHE] canonical non-homologous end joining, DSB double-strand
break, HR homologous recombination, NER nucleotide excision repair.
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MDM2-dependent inhibitory effect on the tumor suppressor p53 (Fig. 6)*°. Importantly, c-Abl overexpression
was identified in OC specimens*"*?, but studies on c-Abl’s role in the DDR of olaparib-resistant OC cells are
lacking. Our work revealed olaparib-induced upregulation of c-Abl and MDM2 in PEO1-OR cells, neutralized
upon the addition of ATRi or CHK1i. c-Abl upregulation may contribute to decreased sensitivity to olaparib by
activating alternative DNA repair pathways that compensate for loss of PARP activity. Indeed, overexpression of
MDM2 is linked to increased survival, therapeutic resistance, and metastasis in OC**4, Recent findings indicate
that MDM2 inhibition enhances cisplatin’s antitumor activity in platinum-resistant OC cells**. We propose that
c-Abl-dependent effects on MDM2 and PARP1 may be abolished after combination treatments, and associated
with overcoming resistance to olaparib. Moreover, upon DNA damage ATR-mediated phosphorylation inhibits
c-Abl substrate MDM2%. In our study, olaparib-induced upregulation of c-Abl, MDM2, and CHK1 in PEO1-OR
cells was abolished upon co-treatment with ATRi or CHK1i. This suggests that the reliance of olaparib-resistant
OC cells on c-Abl-dependent DDR machinery plays an important role in ATR/CHKI1 inhibitor-mediated sup-
pression of resistance. Indeed, the analysis of c-Abl-mediated downstream events confirmed that combinations
induced apoptosis in PEO1-OR cells.

Olaparib triggers DNA damage-induced G2/M checkpoint arrest and promotes apoptosis in sensitive OC
cells**”. We previously demonstrated that PEO1-OR cells bypass G2/M arrest induced by PARPi in olaparib-
sensitive cells?”. Here, we focused on changes in expression of the proteins involved in the G2/M transition
(CDC25A, CDK1, CHK1, CHK2, cyclin B, p21, PLK1). Olaparib downregulated cyclin B1 only in PEO1 cells,
indicating decreased G2/M transition, consistent with previous results?. This decrease in cyclin B1 levels was
abrogated in PEO1-OR cells, while simultaneous upregulation of p21 and CHK1 was observed, which could
promote G2/M arrest and reflect an effective response to olaparib®. Activation of PLK1 via CHK1 upon DNA
damage promotes HR-mediated DSB repair*®. Moreover, in the absence of PARP1, recruitment of PLK1 to DSBs
may be abolished*. In our study, combination treatment decreased the levels of PLK1 and PARP1 with concur-
rent normalization of CHK1 expression to basal levels in PEO1-OR cells, suggesting aberrations in HR repair.

Analysis of the DNA damage sensors provided further insights into variations in DDR among OC cells. Recent
studies suggest that the DR-associated DNA damage sensor MGMT promotes chemoresistance, and its inhibi-
tion can sensitize OC to histone deacetylase inhibitors*. Large-scale screening has revealed that alterations in
MSH2, a DNA damage recognizer, are extremely rare in OC patients*. Data from the current study showed that
expression of MSH2 and MGMT is suppressed in PEO1 cells in response to olaparib alone or combined with
ATR/CHKI1 inhibitors, suggesting deficiencies in DR and MMR pathways in olaparib-sensitive cells. However,
PEOI-OR cells appear less susceptible to changes in DNA damage sensors involved in DR and MMR, indicating
that alternative DDR pathways play a minor role in the resensitization of OC to olaparib.

DDR inhibitor-based combination therapies hold promise for OC treatment due to tumor susceptibility to
DNA damage and reliance on response mechanisms to proliferate™!. Recent studies link DDR signatures with
response to chemotherapy in OC patients-derived tumor cells'?. Dysregulation of DDR-related proteins in OC
cells may be critical in selecting predictive biomarkers of treatment response and unraveling the connection
between DDR and olaparib resistance. Overall, alterations in DDR-related proteins induced by the concurrent
use of olaparib and ATR/CHKI1 inhibitors in PEO1-OR cells show promise in postponing or preventing drug
resistance in OC cells. Yet, further research is required to establish whether long-term resensitization of OC cells
to olaparib combined with ATR/CHKI pathway inhibitors is achievable.

Notably, our confirmation of overcoming olaparib resistance has been verified in one OC cell line with
acquired resistance to olaparib, which limits the finding of our study to the model with BRCA2 reversion muta-
tion. Nonetheless, the strength of this model lies in the thorough characterization of the PEO1-OR cell line and
the investigation of its response to non-toxic concentrations of PARPI in the presence of ATR/CHK1 pathway
inhibitors’. Despite the potential weaknesses, we clearly showed that resistance to olaparib can be overcome with
ATR/CHKI inhibitors in OC cells.

In conclusion, ATR/CHKI1 inhibitors effectively resensitize OC cells with restored BRCA2 to olaparib in vitro,
inducing apoptosis through synergistic activation of caspase-3/7. Concurrent treatment with olaparib and ATR/
CHKI1 pathway inhibitors induces dysregulation of proteins involved in the DDR pathway as well as the G2/M
checkpoint during cell cycle control. The collective findings provide novel insights into the molecular mecha-
nisms by which inhibitors of the ATR/CHKI1 pathway act synergistically with olaparib to enhance cytotoxicity,
supporting the utility of this strategy as a promising treatment for OC with restored BRCA2.

Materials and methods

Materials

PARPiI (O, olaparib, AZD2281) was purchased from Selleck Chemicals (Houston, TX, USA). ATRi (A, cerala-
sertib, AZD6738) and CHK1i (C, MK-8776) were purchased from Wuhan ChemNorm Biotech (Wuhan, China).
The stock solutions of the inhibitors were prepared in 100% dimethyl sulfoxide (DMSO) and stored at — 80 °C
for up to six months. RPMI 1640 culture medium, heat-inactivated fetal bovine serum (FBS), and trypsin-EDTA
were obtained from Gibco (Thermo Fisher Scientific, Waltham, MA, USA). Chemicals and solvents were obtained
from Sigma-Aldrich or Avantor Performance Materials Poland S.A. Other key reagents used in the studies are
included in the “Materials and methods” section and Supplementary Table SI.

Cell lines and treatment

Human HGSOC cell lines PEO1 with BRCA2 truncating mutation (BRCA2MYT, ¢. 4965C>G, p.Y1655*) and PEO4
with BRCA2 reversion mutation (BRCA2REY, 4965C>T, p.Y1655Y) were purchased from the European Collection
of Authenticated Cell Cultures (ECACC, Salisbury, UK). A human HGSOC cell line with acquired resistance
to olaparib and secondary BRCA2 mutation PEO1-OR (BRCA2MVT, ¢.[4964A>T; 4965C>G], p.Y1655L) was
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developed by continuous exposure to incrementally increasing doses of olaparib as described previously®. Cells
were cultured as monolayers in RPMI 1640 medium containing GlutaMAX"™ supplement, HEPES, supplemented
with 10% FBS and maintained in the cell culture incubator (37 °C, 5% CO,). Cells were subcultured using 0.1%
trypsin solution with 0.4 mM EDTA.

Unless otherwise stated, during all experiments olaparib-sensitive cells (PEO1 and PEO4) were treated with
the final concentration of 10 uM olaparib, 2.5 uM ATRi, and 1 uM CHKI1i, whereas olaparib-resistant cells
(PEO1-OR) were incubated with 15 uM olaparib, 7.5 uM ATRi and 2.5 uM CHK1i.

MTT cell viability assay

Cell viability in response to tested inhibitors was evaluated with MTT assay. Cells were seeded in 96-well plates
(1.0x10* PEO1 or PEO1-OR cells and 2.0 x 10* PEO4 cells per well for 2-day treatment, and 0.4 x 10* PEO1
or PEO1-OR cells and 0.8 x 10* PEO4 cells per well for five-day treatment) and incubated for 24 h (37 °C, 5%
CO,). The next day culture medium was changed and 4 x concentrated working solutions of inhibitors or their
combinations were added to wells for 2 or 5 days of incubation (37 °C, 5% CO,). Following the treatment, the
medium was aspirated, 50 uL of MTT solution (0.5 mg/mL in DPBS) was added to each well, and the plates were
incubated for 4 h (37 °C, 5% CO,). Afterward, 100 uL of DMSO was added to each well, plates were incubated
at room temperature or 37 °C protected from light until complete solubilization of the formazan crystals, and
the samples were mixed for about 30 s using a plate shaker.

The absorbance was determined spectrophotometrically on a microplate reader (Synergy HTX, BioTek, Shore-
line, WA, USA) at an experimental wavelength of 580 nm, using 720 nm as a reference wavelength. To determine
cell viability, the absorbance at 720 nm was subtracted from the absorbance at 580 nm (Asg — A;,) for individual
wells. Then, the mean absorbance value of background wells (DMSO with MTT) was subtracted from the absorb-
ance readings of tested samples. Relative cell viability was calculated as the percentage of untreated control cells
using corrected absorbance values. Each experiment was independently repeated four times (n=4) with a mini-
mum of three intraplate technical replicates and the results were presented as mean + standard deviation (SD).

Coefficient of drug interaction (CDI) values were calculated using corrected absorbance values to determine
the total cytotoxic effect of concurrent incubation with two inhibitors according to the formula:

x 100%

AB
CDI =
AxB

Based on the corrected absorbance of each group, AB is the cell viability of the two-agent combination group,
and each A or B is the cell viability of the single-agent group. CDI values indicated whether the effect exerted by
the combination of drugs was strongly synergistic (CDI < 0.30), synergistic (0.3 <CDI<0.7), moderately syner-
gistic (0.7 <CDI<0.85), slightly synergistic (0.85 < CDI< 1.0), additive (CDI=1.00) or antagonistic (CDI>1.00).

Clonogenic assay

A clonogenic assay was performed to evaluate the ability of cells to proliferate and form colonies in the presence
of studied inhibitors. Cells were seeded in 6-well plates (2 x 10° cells/well) and allowed to attach for 24 h (37 °C,
5% CO,). The next day culture medium was changed and 100 x concentrated working solutions of inhibitors or
their combinations were added to wells for 5 days of incubation (37 °C, 5% CO,). After the incubation period,
the medium was refreshed (3 mL/well), and cells were incubated (37 °C, 5% CO,) in the absence of inhibitors
for 7 days (PEO1-OR) or 10 days (PEO1, PEO4) until forming single, non-overlapping colonies. Finally, the
colonies were fixed with the mixture of methanol and glacial acetic acid (7:1 (v/v)) for 10 min, stained with 1%
(w/v) crystal violet in 20% (v/v) ethanol for 20 min, thoroughly rinsed with deionized water, and air-dried at
room temperature. Stained colonies were photographed and counted manually. Colony formation efficiency
(clonogenic survival) relative to control cells was calculated according to the formula:

number of colonies in a treatment group

Colony formation efficiency = x 100%

number of colonies in a control group

Each experiment was independently repeated four times (n=4) and the results were presented as mean + SD.
CDI values were calculated as mentioned above in “Materials and methods” (“MTT cell viability assay” section)
based on clonogenic survival values for combination and single-agent groups.

RNA isolation, cDNA synthesis, and quantitative real-time PCR

Gene expression profiling (ATR, CASP3, CHEK1, PARPI) was conducted using quantitative real-time PCR
(qRT-PCR). Cells were seeded in 100 mm dishes (2 x 10° cells) and incubated for 24 h (37 °C, 5% CO,). The
next day culture medium was changed and 100 x concentrated working solutions of inhibitors or their combina-
tions were added to each dish for 2 days (37 °C, 5% CO,). After the incubation period, cells were harvested by
trypsinization, centrifuged (300xg, 5 min, 4 °C) and pellets were stored at — 80 °C. Total RNA was isolated and
purified using mirVana™ miRNA Isolation Kit with phenol (Invitrogen™, Thermo Fisher Scientific) according to
the manufacturer’s protocol and stored at — 80 °C. The quality and quantity of isolated RNA were analyzed by
absorbance measurements at 230, 260, and 280 nm using a BioTek Eon™ microplate spectrophotometer.

For cDNA synthesis, 1000 ng of total RNA was reverse transcribed in 0.2 mL thin-walled tubes using High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems™, Thermo Fisher Scientific) with RNase inhibitor
and PTC-200 DNA Engine’ Cycler (M] Research Inc., Canada) according to the manufacturer’s instruction and
cDNA was stored undiluted at — 80 °C.

141

Scientific Reports |

(2023) 13:22659 | https://doi.org/10.1038/s41598-023-50151-y nature portfolio



www.nature.com/scientificreports/

qRT-PCR was performed using 10 ng of obtained cDNA, TagMan™ Universal Master Mix II with no UNG, and
predesigned TagMan™ Gene Expression Assays listed in Table S2 (Applied Biosystems™, Thermo Fisher Scientific)
in the final volume of 10 pL and run in the Rotor-Gene Q 5plex HRM (QIAGEN Inc., Germany) according to
the manufacturer’s protocols. Raw data was analyzed using Q-Rex Software (QIAGEN Inc., Germany).

Three widely used potential endogenous control genes (ACTB, GAPDH, and HPRT1) were analyzed in all OC
cell lines to assess the stability of their expression across different treatment conditions and to choose a reference
gene for normalization in gene expression studies. RNA for each treatment condition from two independent
experiments was reversely transcribed and obtained cDNA was subjected to qRT-PCR analysis in duplicate using
the abovementioned experimental conditions. Averaged threshold cycle values were compared and used to rank
the genes with RefFinder web-based tool*.

Relative mRNA expression was calculated according to the comparative 2724 method using ACTB as a refer-
ence gene and presented as a fold-change relative to untreated control cells. Each experiment was independently
repeated three to four times (n=3-4) with each sample run in duplicate or triplicate (SD between technical
replicates <0.3 cycles) and the results were presented as mean + SD.

Caspase 3/7 activity assay
The effect of studied inhibitors and their combinations on the activity of caspase 3 and caspase 7 (markers of
apoptosis) was determined using the CellEvent™ Caspase-3/7 Green Flow Cytometry Assay Kit (Invitrogen™,
Thermo Fisher Scientific) according to the manufacturer’s protocols. Cells were seeded in 100 mm dishes (2 x 10°
cells) and incubated for 24 h (37 °C, 5% CO,). The next day culture medium was changed and 100 x concentrated
working solutions of inhibitors or their combinations were added to each dish for 2 days (37 °C, 5% CO,). Cells
were also incubated with 2.5 uM camptothecin (CPT), which was used as a positive control for the induction of
caspase 3 and 7 activity. After the incubation period, cells were harvested by trypsinization, centrifuged (300xg,
5 min, room temperature), resuspended in DBPS with 5% FBS, and incubated with CellEvent™ Caspase-3/7 Green
Detection Reagent for 1 h at room temperature. SYTOX™ AADvanced™ Dead Cell Stain was added during the
final 5 min of staining. Labeled cells were immediately acquired by collecting at least 10,000 events with BD™
LSRII flow cytometer (Becton Dickinson, San Jose, CA, USA).

Flow cytometric data were analyzed using FlowJo v.7.6.1 analyzing software (Ashland, OR, USA). Each experi-
ment was independently repeated three to four times (n=3-4) and the results were presented as mean + SD.

Apoptosis assay using annexin V-FITC/PI staining
Annexin V-FITC/propidium iodide (PI) staining was performed with Dead Cell Apoptosis Kits with Alexa Fluor™
488 annexin V/PI for flow cytometry (Invitrogen™, Thermo Fisher Scientific) according to the manufacturer’s
instruction to detect apoptosis in OC cells. Cells were seeded in 100 mm dishes (2 x 10° cells) and incubated for
24 h (37 °C, 5% CO,). The next day culture medium was changed and 100 x concentrated working solutions of
inhibitors or their combinations were added to each dish for 2 days (37 °C, 5% CO,). Cells were also incubated
with 2.5 uM CPT, which was used as a positive control for the induction of apoptosis. After the incubation period,
cells were harvested by trypsinization, centrifuged (300xg, 5 min, 4 °C), washed in ice-cold DPBS, resuspended
in annexin-biding buffer containing Alexa Fluor™ 488 annexin V and PI provided with the kit, and incubated
for 30 min at 4 °C. Labeled cells were immediately acquired by collecting at least 10,000 events with BD™ LSR I
flow cytometer (Becton Dickinson, San Jose, CA, USA).

Flow cytometric data were analyzed using Flow]Jo v.7.6.1 analyzing software (Ashland, OR, USA). Each experi-
ment was independently repeated three times (n=3) and the results were presented as mean + SD.

DNA damage response antibody array

The expression of 27 DNA damage response-associated proteins was semi-quantitatively determined using a
commercially available antibody array system RayBio  C-Series Human DNA Damage Response Antibody Array
1 (RayBiotech Life, Inc., Peachtree Corners, USA) according to the manufacturer’s instructions.

PEO1 and PEO1-OR cells were seeded in 100 mm dishes (2 x 10° cells) and incubated for 24 h (37 °C, 5%
CO,). The next day culture medium was changed and 100 x concentrated working solutions of inhibitors or their
combinations were added to each dish for 2 days (37 °C, 5% CO,). After the incubation period, cells were washed
twice with ice-cold DPBS and lysed directly on plates afterward using ice-cold cell lysis buffer with a protease
inhibitor cocktail provided with the kit. Cell lysates were centrifuged (14,000xg, 5 min, 4 °C), supernatants were
transferred to fresh microcentrifuge tubes, and clear lysates were stored at — 80 °C. The total protein concentra-
tion in each lysate was determined spectrophotometrically using Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific) and a Synergy HTX microplate reader (BioTek, Shoreline, WA, USA) according to the manufacturer’s
microplate procedure.

The antibody arrays were incubated with blocking buffer (30 min, room temperature) followed by the incu-
bation with 1 mL of diluted samples containing 200 pg of total protein each (overnight, 4 °C). Thereafter, after
repeated washings with the Wash Buffer I and II, membranes were subsequently incubated with a biotinylated
antibody cocktail (overnight, 4 °C) and HRP-streptavidin (2 h, room temperature). Next, all membranes from
each biological replicate were placed next to each other, and incubated with the detection buffer (2 min, room
temperature), and the chemiluminescence signal was measured for 2 min with Azure 300 Imaging System (Azure
Biosystems, Dublin, CA, USA) yielding non-overlapping signals.

Densitometric data were analyzed according to the manufacturer’s instructions. Briefly, the integrated density
of each antigen-specific antibody spot was measured using the same circle (area and shape) on every array with
Image]J software (NIH, Bethesda, MD, USA). After correcting the raw numerical densitometry data by subtracting
background (negative control spots), densitometric data were further normalized to the positive control signals
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from reference arrays with control cells. The changes in protein expression were calculated as a fold-change rela-
tive to untreated control cells. Each experiment was independently repeated two times (n =4) with two technical
replicates on each membrane and the results were presented as mean + SD.

Statistical analysis

Statistical analysis was performed with GraphPad Prism version 9.5.1 for Windows (GraphPad Software,
San Diego, CA, USA) using the tests specified in the Results section for each experiment. Shapiro-Wilk or
D’Agostino—Pearson tests were used to assess whether data come from a normal distribution. Homogeneity of
variance within groups was evaluated with Brown-Forsythe or Bartlett’s tests. Ordinary one-way ANOVA fol-
lowed by Tukey’s multiple comparison tests was used to assess the statistical significance of differences where
three independent groups were defined by one factor (cell line). Two-way ANOVA followed by Tukey’s or Sidak
multiple comparison tests was used to assess the statistical significance of differences where three independent
groups were defined by two factors (drug treatment and cell line or drug treatment and time of incubation). Dif-
ferences among groups were considered statistically significant at: "p <0.05, *"p<0.01, **"p<0.001, ***"p < 0.0001
(comparison between cell lines); *p <0.05, **p <0.01, **p <0.001, ***p <0.0001 (treatment vs. control); *p <0.05,
p<0.01, **p<0.001, ****p<0.0001 (olaparib vs. combination with ATRi or CHK1i); *p <0.05, *p <0.01,
9 <0.001, ***p <0.0001 (ATRi or CHK1i vs. respective combinations with olaparib).

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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Figure S1. Viability of PEO1-OR cells after incubation with studied inhibitors (O, A, C) or their combinations
(O+A,O+C)at designated concentrations optimal for olaparib-sensitive cells (PEO1 and PEO4) for 2 days
and 5 days assessed by MTT assay. Coefficient of drug interaction (CDI) values were calculated to evaluate the
interaction effect of combination treatments. Data were expressed as mean + SD (n = 4). Statistical significance
was assessed using two-way ANOVA followed by Tukey’s multiple comparison test: "p <0.05, “p <0.01,
"p < 0.0001 (treatment vs. control); **p < 0.01, ****p < 0.0001 (olaparib vs. combination with ATRi or CHKL1i);

####p < 0.0001 (ATRIi or CHK1i vs. respective combinations with olaparib).
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Supplementary Figure 2 (Figure S2)
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Figure S2.

(A) Apoptosis in OC cells was examined by dual staining with annexin V-FITC and Pl in response to incubation with
2.5 yM camptothecin (CPT) for 2 days as a positive control. Apoptosis rate was presented as a percentage of
annexin V positive (apoptotic) cells relative to untreated control cells. Data are presented as mean + SD (n = 3).
(B) Representative dot plots of annexin V-FITC and Pl-stained OC cells with the indicated percentage of non-viable
cells (Q1), necrotic cells (Q2), apoptotic cells (Q3), and viable cells (Q4).

(C) Activation of caspase 3 and caspase 7 in apoptotic OC cells examined by dual staining using CellEvent™
Caspase-3/7 Green Flow Cytometry Assay Kit in response to incubation with 2.5 yM CPT for 2 days as a positive
control. Caspase-3/7 activity was presented as a percentage of caspase-3/7 positive cells relative to untreated
control cells. Data are presented as mean + SD (n = 3).

(D) Representative dot plots of a two-parameter apoptosis assay for detection of activated caspase-3/7 (CellEvent™
Caspase-3/7 Green Detection Reagent) and the distinction between live and dead cell (SYTOX™ AADvanced™
Dead Cell Stain) with the indicated percentage of necrotic cells (Q2), viable cells (Q3), apoptotic cells with activated
caspase-3/7 (Q4). Statistical significance was assessed using two-way ANOVA followed by Sidak multiple
comparison test: "p < 0.05, “p < 0.01 (comparison between cell lines); ™p < 0.001 (treatment vs. control).
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Supplementary Figure 3 (Figure S3)

Figure S3. Evaluation of three candidate reference genes (ACTB, GAPDH, HPRT1) in OC cell line for the
normalization of RT-gPCR gene expression. Graphs represent variations in threshold cycle values (Cr) of tested
genes across different treatment conditions as mean + SD (n = 2). Dashed lines indicate mean Crt values for
untreated control cells. The expression stability of candidate genes was evaluated based on differences in Ct values
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Supplementary Figure 4 (Figure S4)
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Figure S4. Quantitative analysis of the mRNA expression of PARP1, ATR, and CHEK1 in PEO4 cells. OC
cells were treated with studied inhibitors (O, A, C) or their combinations (O + A, O + C) for 2 days and mRNA levels
were determined by real-time gPCR. Data were normalized to -actin and expressed relative to untreated cells as
mean + SD (n = 4). Statistical significance was assessed using two-way ANOVA followed by Tukey’s multiple
comparison test: “p < 0.01 (treatment vs. control); ##p < 0.001 (ATRi or CHK1i vs. respective combinations with
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Supplementary Table 1 (Table S1)

List of key reagents used in the study.

Catalog
Reagent Number Manufacturer
(S)-(+)-Camptothecin C9911 Sigma-Aldrich
™ -
CellEvent Caspa_se 3/7 Green Flow c1o0427 Invitrogen™ (Thermo Fisher Scientific)
Cytometry Assay Kit
Ceralasertib TBWO02661 Wuhan ChemNorm Biotech
Crystal violet 911517ZA VWR
FBS, heat-inactivated, qualified 10270106 Gibco (Thermo Fisher Scientific)
High-Capacity cDNA Reverse Transcription Applied Biosystems™ (Thermo Fisher
: 4368814 L
Kit Scientific)
mirVana™ miRNA Isolation Kit, with phenol AM1560 Invitrogen™ (Thermo Fisher Scientific)
MK-8776 TBWO02666 Wuhan ChemNorm Biotech
MTT 20395.03 SERVA Electrophoresis
Olaparib S1060 Selleck Chemicals
Pierce™ BCA Protein Assay Kit 23225 Thermo Fisher Scientific
RayBio® C-Series Human DNA Damage .
Response Antibody Array 1 AAH-DDR-1-8 RayBiotech
. . ™ .

RNase Inhibitor N8080119 Applied Biosystems™ (Thermo Fisher

Scientific)

™
Ezmlzémo’ GlutaMAX™ Supplement, 72400-021 Gibco (Thermo Fisher Scientific)
. . - .

TagMan™ Gene Expression Assay (FAM) 4331182 ggipel:]etgiglosystems (Thermo Fisher
TagMan™ Universal Master Mix I, no UNG 4440049 Applied Biosystems™ (Thermo Fisher

Scientific)
Trypsin-EDTA 25200072 Gibco (Thermo Fisher Scientific)

Supplementary Table 2 (Table S2)

List of TagMan™ Gene Expression Assay used for gene expression studies (RT-qPCR).

Gene Assay ID

ACTB Hs01060665_g1

ATR Hs00992123 m1l
CASP3 Hs00234387_m1
CHEK1 Hs00967506_m1
PARP1 Hs00242302_m1
HPRT1 Hs02800695_m1
GAPDH Hs02758991 g1
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Abstract: Resistance to olaparib is the major obstacle in targeted therapy for ovarian cancer (OC)
with poly(ADP-ribose) polymerase inhibitors (PARPis), prompting studies on novel combination
therapies to enhance olaparib efficacy. Despite identifying various mechanisms, understanding how
OC cells acquire PARPi resistance remains incomplete. This study investigated microRNA (miRNA)
expression in olaparib-sensitive (PEO1, PEO4) and previously established olaparib-resistant OC cell
lines (PEO1-OR) using high-throughput RT-qPCR and bioinformatic analyses. The role of miRNAs
was explored regarding acquired resistance and resensitization with the ATR/CHK1 pathway in-
hibitors. Differentially expressed miRNAs were used to construct miRNA-mRNA regulatory net-
works and perform functional enrichment analyses for target genes with miRNet 2.0. TCGA-OV
dataset was analyzed to explore the prognostic value of selected miRNAs and target genes in clinical
samples. We identified potential processes associated with olaparib resistance, including cell prolif-
eration, migration, cell cycle, and growth factor signaling. Resensitized PEO1-OR cells were en-
riched in growth factor signaling via PDGF, EGFR, FGFR1, VEGFR2, and TGEFpR, regulation of the
cell cycle via the G2/M checkpoint, and caspase-mediated apoptosis. Antibody microarray analysis
confirmed dysregulated growth factor expression. The addition of the ATR/CHKI pathway inhibi-
tors to olaparib downregulated FGF4, FGF6, NT-4, PLGF, and TGF{1 exclusively in PEO1-OR cells.
Survival and differential expression analyses for serous OC patients revealed prognostic miRNAs
likely associated with olaparib resistance (miR-99b-5p, miR-424-3p, and miR-505-5p) and resensiti-
zation to olaparib (miR-324-5p and miR-424-3p). Essential miRNA-mRNA interactions were recon-
structed based on prognostic miRNAs and target genes. In conclusion, our data highlight distinct
miRNA profiles in olaparib-sensitive and olaparib-resistant cells, offering molecular insights into
overcoming resistance with the ATR/CHKI inhibitors in OC. Moreover, some miRNAs might serve
as potential predictive signature molecules of resistance and therapeutic response.

Keywords: ovarian cancer; miRNA profiling; olaparib; resistance; ATR/CHKI1 pathway;
combination therapy; growth factors; bioinformatics; TCGA data
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1. Introduction

Olaparib, a widely-used oral poly(ADP-ribose) polymerase inhibitor (PARPi), has
demonstrated efficacy in the therapy for ovarian cancer (OC), especially high-grade serous
ovarian cancer (HGSOC) with germline BRCA1/2 mutations [1]. HGSOC is a grade 3 sub-
type of epithelial OC accounting for 70-80% of deaths and is often diagnosed at advanced
stages [2]. Despite olaparib’s efficacy in recurrent platinum-sensitive OC [3], acquired re-
sistance to PARPi poses a significant challenge [4]. Indeed, there is a need for a precise
characterization of olaparib sensitivity since some OC patients without BRCA1/2 mutation
or associated homologous recombination deficiency (HRD) may respond to PARPi. There-
fore, an understanding of the molecular mechanisms underlying resistance and sensitivity
to olaparib is urgently needed. Over recent years novel olaparib combinations have been
evaluated to combat associated resistance and improve outcomes in OC patients. For in-
stance, the addition of some agents, including antiangiogenic molecules or the ATR/CHK1
pathway inhibitors, has shown beneficial antitumor effects clinically in OC [5,6]. The
ATR/CHKT1 pathway is involved in multiple aspects of the DNA damage response, includ-
ing the activation of cell cycle checkpoints, the stabilization of stalled replication forks,
and the regulation of DNA repair pathways [7,8]. Given the role of the ATR and CHK1
kinases in protecting genomic integrity, targeted inhibition of the ATR/CHK1 axis consti-
tutes a promising strategy to enhance olaparib efficacy in HGSOC. Recently, it was re-
ported that olaparib combined with the ATR/CHK1 pathway inhibitors exerts synergistic
antitumor activity in olaparib-resistant HGSOC cell lines with BRCA1/2 mutations [7,9].
In the most recent findings from the CAPRI trial, six partial responses were observed in
homologous-recombination-deficient platinum-sensitive recurrent HGSOC when
olaparib was combined with the ATRi ceralasertib. This response was seen among 12 pa-
tients who were eligible for efficacy evaluation and had progressed after prior PARPi
treatment [10]. However, there is still a need to unravel molecular basics explaining ac-
quired resistance to olaparib and mechanisms associated with the resensitization of OC
cells to PARP;.

MicroRNAs (miRNAs) are short non-coding RNAs that act as major post-transcrip-
tional regulators of gene expression. Mature miRNAs can serve as oncogenes or tumor
suppressors based on their modulating effect on target genes [11]. Mechanistically, a sin-
gle miRNA can concurrently regulate multiple genes, and each gene can be affected by
many miRNAs forming complex regulatory networks involved in diverse biological pro-
cesses [12]. Aberrant miRNA expression has been linked to processes such as genomic
instability, tumor progression, metastasis, and chemosensitivity in OC [11]. Numerous
studies demonstrated the role of specific circulating miRNAs as diagnostic biomarkers in
OC screening [13]. A model established by Yokoi et al. showed extremely high sensitivity
and specificity for the detection of OC based on the expression of ten serum miRNAs [14].
Recently, a growing number of studies have demonstrated regulatory networks linking
miRNAs and genes associated with resistance to cisplatin in OC [15,16]. However, the
miRNA-mRNA regulations in BRCA2MUT olaparib-resistant HGSOC cells resensitized
with the ATR/CHKT1 pathway inhibitors have not been reported till now.

Our in vitro study unveils potential post-transcriptional mechanisms involved in ac-
quiring resistance to olaparib in OC cells and their resensitization through combination
treatments. In this work, differentially expressed (DE) miRNAs were linked to olaparib
resistance and to response to olaparib combined with ATR/CHKI1 pathway inhibitors in
the PEO1-OR olaparib-resistant BRCA2MUT HGSOC cell line in vitro using RT-qPCR pro-
filing. The network-based approach revealed target genes and their potential biological
roles through functional enrichment analyses. Importantly, dysregulation of growth fac-
tors and their receptor expression was confirmed in olaparib-resistant PEO1-OR cells. The
clinical relevance of selected miRNAs and their target genes was studied in TCGA-OV
dataset by Kaplan—Meier survival analysis, stage-wise differential expression analysis, co-
expression analysis, and comparison of gene expression in normal ovarian tissue and OC
tumors.
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2. Materials and Methods
2.1. Materials

Olaparib (O) was purchased from Selleck Chemicals (Houston, TX, USA). ATRi (A,
ceralasertib) and CHK1i (C, MK-8776) were purchased from Wuhan ChemNorm Biotech
(Wuhan, China). The inhibitors were dissolved in 100% dimethyl sulfoxide (DMSO) to
create stock solutions, which were then stored at —80 °C for a maximum of 6 months. Cell
culture reagents were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
Chemicals and solvents were purchased from Merck Life Science (Poznan, Poland) or
Avantor Performance Materials Poland (Gliwice, Poland). The remaining reagents utilized
in the study are detailed in the following sections of the Materials and Methods (Section
2), as well as in Table S1.

2.2. Cell Lines and Treatment

The human HGSOC cell lines, PEO1 (BRCA2MUT) and PEO4 (BRCA2REY), which are
sensitive to olaparib [7,17], were purchased from the ECACC (Salisbury, UK). Both cell
lines were developed from the same patient before (PEO1) and after (PEO4) development
of clinical platinum resistance representing disease progression [18,19]. Acquired re-
sistance to olaparib in the PEO1-OR (BRCA2MUT) human HGSOC cell line, with a double
mutation in BRCA2, was previously established through continuous exposure of PEO1
cells to gradually escalating doses of olaparib, as detailed in a prior report [17]. Cells were
grown as monolayers in RPMI 1640 medium containing GlutaMAX™ supplement,
HEPES, and 10% FBS (37 °C, 5% CO2) and were routinely subcultured using 0.1% trypsin
solution with 0.4 mM EDTA.

Before treatment, cells were seeded in 100 mm dishes (2 x 10¢ cells) and incubated for
24 h (37 °C, 5% CO2). The next day culture medium was changed, and cells were incubated
with tested inhibitors or their combinations for 2 days (37 °C, 5% COz) at concentrations
previously established to exert synergistic antitumor activity [7]. PEO1 and PEO4
olaparib-sensitive cells were incubated with 10 uM olaparib, 5 uM ATRi, and 1 pM CHK1j,
whereas PEO1-OR olaparib-resistant cells were incubated with 15 uM olaparib, 7.5 uM
ATRi, and 2.5 uM CHKTIi. Following the incubation, cells were harvested by trypsiniza-
tion, centrifuged (300x g, 5 min, 4 °C), washed in ice-cold PBS, and stored as pellets at =80
°C before total protein extraction and RNA isolation. Cell culture experiments were inde-
pendently repeated four times (1 = 4).

2.3. RNA Isolation

Isolation of small-RNA-containing total RNA from four independent sets of samples
(n = 4) was performed using a mirVana™ miRNA Isolation Kit (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s instructions. At the end of the pro-
cedure, RNA was eluted from the glass-fiber filters using 50 uL of nuclease-free water pre-
heated to 95 °C and stored in aliquots at —80 °C. The quality and quantity of isolated RNA
were analyzed by absorbance measurements at 230, 260, and 280 nm using a BioTek Eon™
microplate spectrophotometer (BioTek Instruments, Winoosk, VT, USA).

2.4. RT-gPCR Global miRNA Expression Profiling with Predesigned TaqMan™ Array Human
MicroRNA Cards in HGSOC Cell Lines

To preliminarily identify differentially expressed (DE) miRNAs, quantitative real-
time PCR (qRT-PCR) global expression profiling of 754 unique human miRNAs was per-
formed using pre-designed TagMan™ Array Human MicroRNA A+B Cards Set v3.0
(Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instruc-
tions (Part Number 4399721 Revision C from 07/2010 and Part Number 4399813 Revision
D from 11/2018). The screening analysis of miRNA profiles in PEO1 and PEO1-OR cell
lines was performed using equivalent amounts of total RNA pooled from four biological
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replicates for each condition-specific sample to obtain one cDNA sample for each treat-
ment condition.

Firstly, miRNAs were reverse transcribed using 1000 ng of total RNA with the Tag-
Man™ MicroRNA Reverse Transcription Kit and Megaplex™ RT Primers Human Pool
Set v3.0 (Thermo Fisher Scientific, Waltham, MA, USA) in the final reaction volume of 7.5
pL in a PTC-200 DNA Engine® Cycler (MJ Research Inc., St. Bruno, QC, Canada). Nucle-
ase-free water was used instead of RNA to prepare no template control (NTC) reactions.
The thermal-cycling conditions were as follows: 40 cycles of 16 °C for 2 min, 42 °C for 1
min, and 50 °C for 1 min, followed by 85 °C for 5 min and cooling at 4 °C. The ramping
speed was set to 3 °C/s and the lid temperature was set to 105 °C. The obtained cDNA
(133.3 ng/uL) was stored undiluted at -80 °C.

Sample-specific PCR reaction mixes were prepared to perform qRT-PCR reactions by
mixing 450 uL of 2# TagMan™ Universal Master Mix II with no UNG, 444 uL of nuclease-
free water, and 6 pL of the reverse transcription product (separate for Megaplex RT pools
A and B) in the final reaction volume of 900 pL. Each of the eight TagMan® Low-density
Array (TLDA) ports for both A and B cards was filled with 100 uL of a PCR reaction mix.
The qPCR reactions were run in a 7900HT Fast Real-Time PCR System (Thermo Fisher
Scientific, Waltham, MA, USA) using the default thermal-cycling conditions (94.5 °C for
10 min followed by 40 cycles of 97 °C for 30 s and 59.7 °C for 1 min). Raw cycle-threshold
(Cr) values were collected using automatic baseline settings and a threshold of 0.2. In-
formative target miRNAs were defined based on expression in untreated cells as having
Cr value < 35.

Relative qPCR analysis was performed in DataAssist™ v3.01 software. The relative
expression of 754 miRNAs was calculated using the comparative 2-42¢t method [20] and
global mean normalization (median Cr values of all miRNAs with Cr < 35 in each sample
as the normalization factor) recommended for large-scale expression profiling [21,22].
Outliers within technical replicates were excluded from data analysis calculations by the
software. Relative miRNA levels are expressed as fold changes (FCs) relative to untreated
control cells. Preliminary selection of the most relevantly dysregulated miRNAs for fur-
ther validation and studies assumed that miRNA was differentially expressed (up- or
downregulated) with an absolute FC of at least 1.5. This FC cut-off enables the detection
of subtle changes that cumulatively might have an impact on cell biology [23-25].

Next, bioinformatics selection of dysregulated miRNAs was performed to select key
miRNAs for validation on the Custom TagMan® Array MicroRNA Cards fitting 44 target
miRNAs and 3 endogenous controls. Briefly, all dysregulated miRNAs were used for net-
work-based analyses with the web tool MIENTURNET (http://userver.bio.uni-
romal.it/apps/mienturnet/; accessed on 11 January 2023) [26]. The network was filtered
with the default settings (thresholds for the minimum number of miRNA-target interac-
tions of two and false-discovery rate of one). Dysregulated miRNAs were prioritized
based on strong experimental evidence of miRNA-target interactions from miRTarBase
(Release 7.0, September 2017) [27] and calculated miRNA node degree in the network.

2.5. RT-gPCR Validation of Dysregulated miRNA Expression with Custom TagMan™ Array
MicroRNA Cards in HGSOC Cell Lines

The expression of 44 selected miRNAs was validated using Custom TagMan™ Array
MicroRNA Cards (Thermo Fisher Scientific, Waltham, MA, USA) according to the manu-
facturer’s instructions (Publication Part no. 4478705 Revision A from 01/2013). Custom-
ized cards were designed for 44 miRNAs of interest and 3 candidate endogenous control
assays (U6 snRNA in duplicate, RNU48 snoRNA, and miR-30e-3p). The stability of en-
dogenous control genes’” expression was confirmed in all OC cell lines, and all three were
used as normalizers since it is a preferred approach for miRNA normalization [24,25].
Details are included in the Supplementary Methods. The expression levels of selected
miRNA were calculated in all individual samples (control, O, A, C,O+ A, and O + C) and
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all HGSOC cell lines (PEO1, PEO1-OR, and PEO4) using total RNA from 4 independent
biological replicates (n = 4).

Firstly, miRNAs were reverse transcribed for each sample separately (biological rep-
licate) using 1000 ng of total RNA with the TagMan™ MicroRNA Reverse Transcription
Kit and Custom RT Primer Pool composed of individual RT primers for each target pro-
vided with the Custom TagMan™ Array MicroRNA Cards (Thermo Fisher Scientific, Wal-
tham, MA, USA). RT reactions were run in the final reaction volume of 15 pL according to
the manufacturer’s instructions in a PTC-200 DNA Engine® Cycler (M] Research Inc., St.
Bruno, QC, Canada). NTC samples used nuclease-free water in place of RNA in the RT
reaction. The thermal-cycling conditions were as follows: 16 °C for 30 min, 30 °C for 30
min, 85 °C for 5 min, followed by cooling at 4 °C. The ramping speed was set to 2.5 °C/s
and the lid temperature was set to 105 °C to prevent condensation. The obtained cDNA
(66.7 ng/uL) was stored undiluted at -80 °C.

Following the RT step, 3 puL of the RT reaction product (200 ng cDNA) was combined
with 52 pL of nuclease-free water and 55 pL of 2# TagMan™ Universal Master Mix II with
no UNG. TLDA ports were filled with 100 uL of sample-specific PCR reaction mixes. Un-
treated control samples were run in duplicate, whereas treated samples and NTC samples
were run in one technical replicate on one card. The qPCR reactions were run in a 7900HT
Fast Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA) using the de-
fault thermal-cycling conditions (94.5#C for 10 min followed by 40 cycles of 97#C for 30 s
and 59.7#C for 1 min). Raw Cr values were collected using automatic baseline settings and
a threshold of 0.2 and exported using DataAssist™ v3.01 software. Informative target
miRNAs were defined based on expression in untreated control samples as having Cr
value < 32 in 275% of samples (at least 3 out of 4 biological replicates). Cr values > 35 for
miRNAs in treated samples were included in calculations if miRNA was defined as de-
tected in untreated control cells as these values contain important biological information.
Individual Cr values were averaged for control samples run in duplicate.

Relative miRNA expression was calculated as FC compared to untreated cells using
the comparative 2-24Ct method. Log-transformed relative quantity data (log of FC) were
used for statistical analysis. Expression of all miRNAs was visualized with a heatmap
generated with GraphPad Prism. Clustering of samples with similar informative miRNA
expression was performed with the ClustVis web tool using correlation distance and av-
erage linkage [28]. Significantly dysregulated miRNAs were defined as differentially ex-
pressed (up- or downregulated) with an absolute FC > 1.5 (log2 of FC > 0.585) and p < 0.05.

2.6. Construction and Analysis of miRNA-mRNA Regulatory Networks

A regulatory network between significantly dysregulated miRNAs and their target
mRNAs was constructed and analyzed using the miRNet 2.0 web-based platform [29] (ac-
cessed on 7 December 2023) and two miRNA databases with experimentally validated
interactions (miRTarBase v8.0 and TarBase v8.0). The miRNA-mRNA network was inte-
grated with protein—protein interaction (PPI) network of genes to provide deeper insight
into regulatory mechanisms. The original network was simplified by reducing less im-
portant nodes and edges using a minimum network algorithm to focus on key connectiv-
ity according to the recommendations for the exploration of complex networks [29].

2.7. Functional Enrichment Analysis

To interpret the interactions and predict functional pathways for target genes, enrich-
ment analyses were performed with a hypergeometric test algorithm using the Reactome
database and Gene Ontology (GO) terms of the biological processes (GO:BP). Adjusted p
value < 0.05 was set as the cut-off to select fifteen significantly enriched terms and path-
ways with the most hits. Cytoscape software (version 3.10.1) was employed to further cus-
tomize, visualize, and analyze regulatory networks. The cytoHubba plug-in was used to
identify hub nodes from the miRNA-mRNA network based on the maximal clique cen-
trality (MCC) algorithm which ranks genes within the network. Out of all nodes, the top
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10 genes with the highest connectivity were assigned as potential hub genes. Subnetworks
of the miRNA-hub genes were constructed to visualize core interactions.

2.8. Growth Factor Expression Profiling with Antibody Array

The expression of 41 human growth factors (GFs) and their receptors was semi-quan-
titatively determined in PEO1 and PEO1-OR cells incubated with tested inhibitors or their
combinations for 48 h using commercially available RayBio® C-Series Human Growth Fac-
tor Antibody Array 1 (RayBiotech Life, Inc., Peachtree Corners, GA, USA) as described
previously [7]. Each array was loaded with a sample containing 150 ug of total protein
and processed in accordance with the manufacturer’s instructions.

The changes in protein expression were calculated as a fold change compared to un-
treated control cells. Each experiment was conducted independently twice, with two tech-
nical replicates on each membrane, and the results were presented as mean + SD (1 = 4).

2.9. Differential Expression Analysis in Ovarian Cancer Patients

Stage-wise differential expression analysis was performed using The Cancer Genome
Atlas (TCGA) repository to search and download a filtered dataset of OC patients with
available clinical data as well as mRNA and miRNA expression quantification data gen-
erated using the STAR workflow [30]. The analysis was performed for serous OC samples
from patients with stages II (n = 14), III (n = 125), and IV (n = 17) who underwent only
pharmaceutical therapy since radiation therapy is currently rarely used [31,32]. Read
counts were pre-processed via calcNormFactors and subjected to differential expression
analysis using the limma-voom method [33]. Genes and miRNAs with counts per million
(CPM) <10 in 250% of samples were filtered out as the minimal cut-off for biological rele-
vance. Outliers were identified according to the ROUT method with 1% FDR using
GraphPad Prism. The results were visualized by medians with box-and-whisker plots ex-
tending from the 25th to 75th percentiles. Statistical significance was evaluated with one-
way ANOVA followed by the Tukey multiple comparison test (normally distributed data),
or Kruskal-Wallis test followed by Dunn’s multiple comparison test (non-normally dis-
tributed data). Pairwise co-expression analysis between miRNAs and genes was per-
formed using Spearman’s rank correlation coefficient (0). Correlation with p < 0.05 was
considered statistically significant. Correlation matrixes were generated with GraphPad
Prism.

Differential gene expression analysis between normal ovaries and tumor tissues from
serous OC patients was performed using the TNMplot web tool (www.tnmplot.com; ac-
cessed on 20 January 2024) integrating RNA-Seq data for normal and cancerous tissue
from the Genotype-Tissue Expression (GTEx) and TCGA repositories, respectively [34].
Outliers were identified in each group according to the ROUT method with a 1% FDR
using GraphPad Prism. The results were visualized by medians with box-and-whisker
plots extending from the 25th to 75th percentiles. Statistical significance was assessed with
an unpaired two-tailed Mann-Whitney test (non-normally distributed data).

2.10. Kaplan—Meier Survival Analysis for Ovarian Cancer Patients

Kaplan-Meier (KM) survival analysis was performed to assess prognostic values of
mature miRNAs and their target genes in OC patients using a tumor online prognostic
analysis platform (ToPP) (http://biostatistics.online/topp; accessed on 27 January 2024)
with integrated data from TCGA project [35]. The analyses were restricted to HGSOC pa-
tients (grade III). For each gene, patients were split into two groups (low- and high-ex-
pression cohorts) according to the best cut-off value. A univariate module was employed
to determine differences between groups regarding overall survival (OS), and progres-
sion-free interval (PFI). The difference between cohorts was characterized by the hazard
ratio (HR) with 95% confidence intervals and log-rank p value.
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2.11. Verification of Hub Genes’ Expression at Protein Level in Ovarian Cancer Patients

At the protein level, normal ovarian tissues and serous OC samples were compared
for selected miRNA targets by immunohistochemistry (IHC) using the Human Protein
Atlas database version 23.0 (HPA, www.proteinatlas.org; accessed on 30 January 2024)
[36]. All antibodies fulfilled the enhanced validation principles. Protein expression was
compared according to antibody staining intensity and fraction of stained cells based on
HPA annotations: not detected, low, medium, or high.

2.12. Statistical Analysis

Statistical analysis was performed with GraphPad Prism version 10.1.2 for Windows
(GraphPad Software, San Diego, CA, USA). Fold change of RT-qPCR expression data, cal-
culated using the 2-24¢t method, was log-transformed to reduce skewness. The normality
of data distribution was evaluated using either the Shapiro-Wilk or D’ Agostino—Pearson
test. Homogeneity of variance within groups was assessed using the Brown-Forsythe or
Bartlett’s test. Statistical significance of differences among multiple groups was deter-
mined using ordinary one-way ANOVA followed by Tukey’s multiple comparison tests.
Differences among groups were considered statistically significant at: *p < 0.05, **p < 0.01,
*** p <0.001, ***p < 0.0001 (treatment vs. control); *p < 0.05, *p <0.01, +p <0.001, ++p <
0.0001 (olaparib vs. combination with ATRi or CHKIi); #p <0.05, #p <0.01, #*p <0.001, #*
p < 0.0001 (ATRi or CHKI1i vs. respective combinations with olaparib). Statistical signifi-
cance for clinical data was assessed as described in the figure captions.

3. Results

3.1. Screening of Differentially Expressed miRNAs in Ovarian Cancer Cell Lines with Distinct
Sensitivities to Olaparib

To establish the miRNA expression profile associated with acquired resistance to
olaparib and understand the effects of combined treatments on miRNAs in HGSOC cell
lines, we performed a large-scale miRNA differential expression analysis using a two-step
approach (Figure 1la). A screening of 754 miRNAs was performed in PEO1 olaparib-sen-
sitive and previously established PEO1-OR olaparib-resistant cells [17] using pre-de-
signed TagMan™ Array MicroRNA Cards. Based on the screening results, custom Taq-
Man™ Array MicroRNA Cards were designed and used for further validation of selected
miRNAs in all OC cell lines.

The screening analysis revealed that 26% and 29% of all analyzed miRNAs were in-
formative (Cr < 35) in untreated PEO1 and PEO1-OR cells, respectively (Figure 1b). Most
of the informative miRNAs were shared between both cell lines (73%), whereas PEO1 and
PEO1-OR cells expressed 8% and 18% unique miRNAs, respectively (Figure 1c). Numer-
ous miRNAs were differentially expressed in OC cell lines treated with tested inhibitors
indicating significant changes in miRNA profiles (Figure 1d,e). Specifically, a combination
of olaparib with ATRi or CHKIi upregulated the expression of 38 and 29 miRNAs,
whereas it downregulated 85 and 82 miRNAs in PEO1-OR cells, respectively (Figure 1d,e).

To select the most likely biologically relevant miRNAs, we focused on miRNAs that
fulfilled any of the following criteria: miRNAs with the highest changes in expression lev-
els, miRNAs present in PEO1-OR but undetected in PEO1 cells or vice versa, miRNAs
induced or reduced by combinations of inhibitors compared with either inhibitor alone.
Based on these assumptions, 69 dysregulated miRNAs were chosen (Figure 1f) for the
bioinformatics selection of miRNAs for further expression validation.

Initial bioinformatic analysis was performed to prioritize and select the most critical
dysregulated miRNAs (Table S2). One miRNA (hsa-miRNA-1201) is not currently anno-
tated as a miRNA according to the latest miRBase database (v22) and it was rejected from
further analyses. A preliminary miRNA-mRNA network was created with the web tool
MIENTURNET [26] only for miRNAs with strong experimental evidence of interactions
(Figure S1). Among all analyzed miRNAs, 11 miRNAs had no strong experimental
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evidence and were excluded from the analysis. The resulting miRNA-target interaction
network topology for 57 miRNAs revealed that most miRNAs had a degree above or equal
to three. However, 10 of the miRNAs were not connected with the working network and
were assumed to be less biologically relevant (Figure S1).
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Figure 1. Two-step miRNA profiling strategy to screen and validate differentially expressed (DE)
miRNAs in OC cell lines and miRNA screening results. (a) Workflow of the identification of DE
miRNAs with pre-designed (I step) and custom (II step) TagMan™ Array MicroRNA Cards cover-
ing 754 and 44 target miRNAs, respectively. (b) The number of informative miRNAs (Cr value < 35)
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detected in untreated PEO1 and PEO1-OR cells with pre-designed TagMan™ Array MicroRNA
Cards used for relative quantification of miRNA expression. (¢) Venn diagram representing informa-
tive miRNAs (Cr value < 35) overlapping or unique for PEO1 and PEO1-OR cell lines detected with
pre-designed TagMan™ MicroRNA Array Cards. (d) The number of upregulated and downregu-
lated miRNAs in PEO1 and PEO1-OR cells in response to olaparib (O) alone or combined with ATRi
(A) or CHKI1i (C) based on screening analysis. (e) Scatter dot plots representing a distribution of
miRNA expression (logarithmized fold changes relative to untreated cells) in response to tested in-
hibitors in PEO1 and PEO1-OR cells. Dots above the red line and below the blue line indicate up-
regulated and downregulated miRNAs (absolute logz of fold change > 0.585), respectively. (f)
Heatmap showing expression levels of 69 dysregulated miRNAs in PEO1 and PEO1-OR cells incu-
bated with tested inhibitors. Red and blue triangles indicate upregulated and downregulated
miRNA, respectively. Black rectangles indicate non-informative miRNAs in specific samples (Cr >
35).

Finally, the results of bioinformatic analyses and a literature review allowed us to
select 44 dysregulated miRNAs (Table S3) from screening experiments for further valida-
tion in olaparib-sensitive (PEO1, PEO4) and olaparib-resistant (PEO1-OR) cell lines.

3.2. Comparison of miRNA Expression Patterns in Olaparib-Sensitive and Olaparib-Resistant
HGSOC Cell Lines

We first compared the miRNA expression in olaparib-resistant PEO1-OR cells rela-
tive to PEOL1 olaparib-sensitive cells to differentiate miRNA profiles associated with dif-
ferent sensitivities to olaparib (Figure 2). Additionally, we evaluated the miRNA expres-
sion in another olaparib-sensitive cell line, PEO4 (Figure 2) [7,17]. Selection and validation
of stable expression of endogenous control genes for RT-qPCR data normalization are de-
scribed in the Supplementary Data and presented in Figures S2 and S3.

Most of the miRNAs among the 44 analyzed (86%) were reliably detected and quan-
tified in untreated HGSOC cell lines (Figure S4). Significantly differentially expressed
(DE) miRNAs were identified based on statistical significance (p < 0.05) and absolute fold
change > 1.5 (i.e., logz of fold change > 0.585) (Figure 2a). Average fold change values for
significantly dysregulated miRNA are presented in Table S4. The number of DE miRNAs
in PEO1-OR cells and PEO4 cells compared to PEO1 cells amounted to 11 and 16 miRNAs,
respectively. Differential miRNA expression was unbalanced, with 91% and 94% of all DE
miRNAs being downregulated in PEO1-OR and PEO4 cell lines, respectively (Figure
2a,b). Comparison of miRNA profiles for all analyzed miRNAs showed substantial
changes between PEO1 and PEO1-OR cells (Figure 2c). In PEO1-OR cells, miR-486-5p was
the most downregulated (by 10.1-fold), whereas miR-9-5p was the most upregulated (by
1.6-fold) relative to PEO1 cells. The remaining DE miRNAs in PEO1-OR cells are as fol-
lows: miR-95-3p, miR-99b-5p, miR-100-3p, miR-100-5p, miR-125a-3p, miR-193a-3p, miR-
424-3p, miR-505-5p, and miR-1290. Three of these miRN As were uniquely downregulated
in PEO1-OR cells only: miR-125a-3p, miR-193a-3p, and miR-1290 (Figure 2c).

On the whole, dysregulated expression of numerous miRNAs in the PEO1-OR cell
line indicates highly likely altered post-translational regulation of gene expression associ-
ated with acquired resistance to olaparib in OC cells.
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Figure 2. Overview of the miRNA basal expression in the absence of inhibitors and changes in
miRNA levels in response to tested inhibitors in OC cell lines. (a,d) Volcano plots for miRNA ex-
pression: (a) basal expression in OC cells relative to PEO1 cells; (d) changes in expression in response
to tested inhibitors or their combinations relative to untreated controls. DE miRNAs were identified
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according to the following criteria: absolute fold changes of expression >1.5 and p < 0.05 based on
ordinary one-way ANOVA followed by multiple comparison tests. Significantly down- and upreg-
ulated miRNAs are highlighted with blue and red dots, respectively. Non-informative miRNAs
with raw Cr values > 32 in control cells are marked as black rectangles. (b,e) Bar charts representing
the amount of significantly differentially expressed miRNAs: (b) basal expression relative to PEO1
cells; (e) changes in expression in response to tested inhibitors or their combinations relative to un-
treated controls. (c,f) Heatmaps for miRNA expression: (c) basal expression in OC cells relative to
PEOL1 cells; (f) expression changes in response to tested inhibitors or their combinations relative to
untreated controls. Heatmaps were generated by a log transformation of the fold change data. Sig-
nificantly (p < 0.05) down- and upregulated miRNAs (absolute fold change > 1.5) are highlighted
with blue and red triangles, respectively. Hierarchical clustering via heatmap was generated to vis-
ualize the clustering based on miRNA expression profiles associated with tested inhibitors.

3.3. Differentially Expressed miRNAs Associated with Resensitization of PEO1-OR Cells to
Olaparib with ATR/CHK1 Inhibitors

Previously we showed that ATR/CHK1 pathway inhibitors synergistically increase
the cytotoxicity of olaparib in the olaparib-resistant HGSOC cell line by augmenting
caspase-mediated apoptosis [7]. To identify miRNAs associated with resensitization of
PEO1-OR to olaparib, we compared miRNA profiles in HGSOC cells treated for 48 h with
olaparib alone or combined with ATRi or CHK1i. Most of the miRNAs were reliably de-
tected and quantified in treated HGSOC cell lines (86% in PEO1, 75% in PEO1-OR, and
77% in PEOA4 cells) (Figure 2). Expression of most miRNAs was unchanged (absolute fold
change < 1.5 or p > 0.05) (Figure 2d). More DE miRNAs were identified as downregulated
than upregulated in all HGSOC cells (Figure 2e). Average fold change values for signifi-
cantly DE miRNAs are presented in Table S4. All results of RT-qPCR-based miRNA ex-
pression analysis in treated OC cell lines are presented in Figures S5-57.

Cluster analysis between treatment groups revealed relatively distinct miRNA pro-
files between cells treated with single-agent inhibitors (O and A or C) and combined in-
hibitors (O + A, O + C) in PEO1 and PEO1-OR cell lines (Figure 2f). Co-clustering of
olaparib combination groups indicates notable similarities at the miRNA level in PEO1-
OR cells when olaparib cytotoxicity was augmented with the use of ATR/CHKI1 pathway
inhibitors.

In PEO1-OR cells incubated with olaparib alone, two miRNAs were downregulated
(miR-96-5p, miR-486-5p), and one miRNA was upregulated (miR-766-3p) (Figure 2f).
Combination treatments induced significant changes in the expression of seven miRNAs
(four upregulated and three downregulated), some of which were overlapping in combi-
nation groups with either ATRi or CHK1i (Figure 2f). Four of these miRNAs (miR-33a-3p,
miR-95-3p, miR-424-3p, miR-1275) were exclusively dysregulated in response to either
combination in the PEO1-OR cell line, whereas they were unchanged in cells treated with
single-agent inhibitors (Figure 2f). In PEO1-OR cells, four out of seven miRNAs dysregu-
lated after olaparib combinations with ATRi or CHK1i were also changed at basal levels
in the absence of inhibitors (miR-95-3p, miR-424-3p, miR-486-5p, and miR-1290) (Figure
2¢,f). Interestingly, basal levels of miR-95-3p and miR-1290 were decreased in PEO1-OR
cells in comparison with PEO1 cells (Figure 3a). However, the addition of ATRi or CHK1i
to olaparib increased the expression of miR-95-3p and miR-1290 in PEO1-OR and ap-
peared to partially restore miR-95-3p to the basal level in the absence of inhibitors ob-
served in olaparib-sensitive cells (Figure 3a,b).

On the other hand, miR-424-3p and miR-486-5p were also negatively regulated in
untreated PEO1-OR cells compared with PEOL1 cells, but the inhibitor combinations fur-
ther augmented the observed decrease in their expression levels. Interestingly, the addi-
tion of CHKIi to olaparib induced the decrease in miR-486-5p levels in both PEO1 and
PEO1-OR cells (Figures 2f and 3b).

Altogether, olaparib combined with the inhibition of the ATR/CHK1 pathway
seemed to re-establish the expression of miR-95-3p and miR-1290 in PEO1-OR to the level
observed in parental PEO1 cells. Moreover, PEO1 and PEO1-OR cells responded in the
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same manner to specific combination treatments concerning changes in miR-324-5p (O +
C) and miR-486-5p (O + A and O + C) levels. Both types of alterations might be related to
the resensitization of olaparib-resistant cells to olaparib.
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Figure 3. Differential expression analysis for miRNAs dysregulated in PEO1-OR cell line at basal
levels (in the absence of inhibitors) and after treatments with tested combinations. (a) Basal miRNA
expression in untreated PEO1-OR cells compared to PEO1 cells. (b) miRNA expression in PEO1-OR
cells treated with olaparib (O), ATRi (A), CHKIi (C), or their combinations for 2 days. Levels of
miRNA were determined via real-time qPCR and expressed as means of logarithmic fold change *+
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SD (n = 3-4). Statistical significance was assessed with ordinary one-way ANOVA followed by mul-
tiple comparison tests: *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001 (treatment vs. control); *p <
0.05, *p < 0.01, **p <0.001, *p < 0.0001 (O vs. combination with A or C); #p <0.05, ##p <0.001 (A
or C vs. respective combinations with O). The red and blue areas indicate FC values for upregulated
and downregulated miRNAs (absolute log: of fold change > 0.585), respectively.

3.4. Identification of miRNA-mRNA Regulatory Network, Enriched Pathways, and Biological
Processes Related to Acquired Resistance to Olaparib in PEO1-OR Cells

To further evaluate miRNAs likely connected with resistance to olaparib in HGSOC
cells, we performed bioinformatics analyses of miRNA and target genes to explore the
predicted biological functions of 11 DE miRNAs. The constructed minimal regulatory net-
work (subnetwork) for dysregulated miRNAs illustrates 205 experimentally confirmed
interactions between 11 miRNAs and 38 target genes (Figure 4a). Each miRNA was pre-
dicted to regulate between 7 and 21 target genes. Among all miRNAs, the highest degree
centrality (DC) in the network was confirmed for miR-9-5p (DC = 21), miR-100-5p (DC =
12), and miR-125a-3p (DC = 12), representing their high importance in the interacting sub-
network.

Functional enrichment analyses indicated the top significantly enriched Reactome
pathways in untreated PEO1-OR cells, including “signaling by fibroblast growth factor
receptor (FGFR)”, “signaling by epidermal growth factor receptor (EGFR)”, and other Re-
ceptor tyrosine kinase (RTK) signaling pathways associated with growth factors (Figure
4b). Pathways involved in carcinogenesis, cell proliferation, cell migration, and cell cycle
were also significantly enriched (Figure 4b). Importantly, the results provided by GO anal-
ysis were similar to enriched pathways detected with Reactome, suggesting the involve-
ment of growth factor signaling (EGFR and TGF-f receptor) in decreased sensitivity of
PEO1-OR cells to olaparib. Moreover, GO revealed significant biological processes associ-
ated with cell proliferation, cell cycle, DNA damage response, Notch signaling, and others
(Figure 4b), partially in line with our previous studies [7,17]. Detailed results and target
molecules involved in enriched terms for PEO1-OR cells are listed in Table S5.

Altogether, functional enrichment analysis identified pathways and processes that
were likely regulated by DE miRNAs in PEO1-OR cells with acquired resistance to
olaparib. Interestingly, a considerable number of their target genes were associated with
the growth factor signaling pathways.
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Figure 4. Network-based functional enrichment analyses of significantly differentially expressed
(DE) miRNAs and their target genes in the PEO1-OR cell line. (a,c) The minimal miRNA-mRNA
interaction networks in (a) untreated PEO1-OR cells and (c) PEO1-OR cells incubated with olaparib
combinations. The blue square nodes represent miRNAs, and the yellow circular nodes represent
target genes. (b,d) Enrichment terms visualized with bubble plots based on overrepresentation anal-
ysis for DE miRNA target genes in untreated PEO1-OR cells (b) and PEO1-OR cells incubated with
olaparib combinations (d). The most significantly enriched functional annotations were selected fol-
lowing analysis with Reactome pathways and GO:BP databases. Terms were ranked by adjusted p
value and number of target genes (hit). (e) Venn diagrams illustrating DE miRNAs in treated PEO1
and PEO1-OR cells. Significantly up- and downregulated miRNAs are highlighted with red and
blue, respectively. Dysregulated miRNAs after combination treatments unique for PEO1-OR cells
compared to PEO1 cells are underlined.

3.5. miRNA-mRNA Regulatory Network and Pathways Linked to Resensitization of PEO1-OR
Cells to Olaparib with ATR/CHK1 Inhibitors

To unravel the potential role of dysregulated miRNAs and their target genes in

PEO1-OR cells resensitized to olaparib in the presence of ATR/CHKI1 pathway inhibitors,
we constructed the miRNA-mRNA regulatory subnetwork and searched for enriched
pathways and biological processes with overrepresentation analysis (Figure 4c,d). In
PEO1-OR cells, five out of seven significantly DE miRNAs in response to olaparib com-
bined with ATRi or CHK1i (miR-33a-3p, miR-95-3p, miR-424-3p, miR-1275, and miR-1290)
were uniquely altered in olaparib-resistant cells but not in PEO1 cells (Figure 4e). The
minimal miRNA-mRNA network was established with 23 nodes and 41 edges (experi-
mentally confirmed interactions) for all seven dysregulated miRNAs in PEO1-OR (Figure
4c). Each miRNA was predicted to regulate between four and six target genes. Upregu-
lated miR-95-3p was identified as a regulator of POLR2A, CALM1, SRRM2, VIM, SCAF4,
and ZNF131 in the subnetwork.

Then, we looked for pathways and biological processes that were enriched in target

genes to elucidate functional insights into miRNAs’ regulatory properties in PEO1-OR
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cells treated with olaparib combinations (Figure 4d). The Reactome results revealed that
[-catenin-independent WNT signaling was the most significantly enriched pathway asso-
ciated with TNRC6A, CALM1, and CLTC target genes. We also found a few pathways as-
sociated with growth factor signaling by TGF-3, EGFR, FGFR1, NGF, VEGFR2, and PDGF
to be significantly enriched in resensitized PEO1-OR cells (Figure 4d). Furthermore, path-
ways linked to apoptosis and cell cycle were found to be of significant enrichment in
PEO1-OR cells. In agreement, our previous analysis indicated the role of caspase-medi-
ated apoptosis [7] and abrogation of olaparib-induced G2/M arrest [17] in PEO1-OR cells
in response to olaparib alone and combined with ATRi or CHK1i.

The GO:BP analysis showed no significantly enriched biological processes, likely due
to the relatively small number of nodes in the network. Detailed results of analysis and
target molecules involved in enriched terms for PEO1-OR cells are listed in Table Sé6.
Overrepresentation analyses revealed some similarities and differences between PEO1
and PEO1-OR cells. Importantly, the most significantly enriched terms in PEOL1 cells
treated with either olaparib combination were also associated with various pathways and
biological processes related to growth factors (Figure S8).

Overall, functional enrichment allowed us to determine pathways likely involved in
the resensitization of PEO1-OR cells to olaparib in the presence of the ATR/CHK1 pathway
inhibitors and focused our attention on growth factor signaling.

3.6. Hub Genes Associated with Olaparib Resistance and Resensitization of PEOI1-OR Cells to
Olaparib

To further screen out the core hub genes, we selected the top 10 genes with the high-
est connectivity in previously established subnetworks using the MCC algorithm in Cy-
toscape. Ranked hub genes and their connections with dysregulated miRNAs in PEO1
and PEO1-OR cells are illustrated in Figure 5.

From the analysis of hub genes, each was expected to be modulated by two to five
DE miRNAs. Four genes seemed to be shared in untreated and combination-treated
PEO1-OR cells (SRRM2, DDX21, VIM, CALM1) (Figure 5). As shown before in PEO1-OR
cells, CALM1 was associated with the top significantly enriched pathways including
growth factor signaling by FGFR, EGFR, PDGF, and {3-catenin-independent WNT signal-
ing (Table S5). Another four genes were found to be uniquely associated with DE miRNAs
in untreated PEO1-OR cells (ESR1, VCP, CDKN1A, and HUWET) (Figure 5). CDKN1A was
associated with most of the enriched pathways and processes in PEO1-OR cells including
growth factor signaling (Table S5). Both ESR1 and CDKN1A were linked with positive
regulation of cell proliferation and cellular response to stress. Moreover, VCP and
CDKN1A were found to be involved in response to DNA damage stimulus (Table S5). Six
genes were uniquely linked with DE miRNAs in PEO1-OR cells resensitized to olaparib
with ATRi or CHK1i (YWHAQ, SMAD2, TNRC6A, CLTC, SCAF4, and POLR2A) (Figure
5). These genes likely involved in resensitization to olaparib were associated with the fol-
lowing biological processes: beta-catenin-independent WNT signaling (TNRC6A and
CLTC), G2/M DNA damage checkpoint (YWHAQ), loss of function of TGFpR1 in cancer
(SMAD?2), and transcriptional regulation by small RNAs (TNRC6A and POLR2A) (Table
S5). Interestingly, no genes were shared between treated PEO1 and PEO1-OR cells (Figure
5). Experimentally validated targets of DE miRNAs from minimal networks are listed in
Table S7.

Considering miRNAs, the MCC algorithm captured miR-9-5p, miR-125a-3p, and
miR-100-5p as the top three miRNAs with the highest importance in untreated PEO1-OR
cells (Table S8). Moreover, miR-95-3p, miR-486-5p, and miR-1290 were suggested as the
three most essential miRNAs in PEO1-OR cells in response to olaparib combinations. Both
miR-95-3p and miR-1290 were uniquely dysregulated after O+ A or O + C treatments only
in PEO1-OR cells (Figure 2b) and targeted five and two hub genes, respectively. Finally,
key hub genes with the highest importance were obtained as signatures in the PEO1-OR
cell line.
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Figure 5. Hub genes associated with olaparib resistance and resensitization to olaparib with combi-
nation treatments in the PEO1-OR cell line. The top 10 hub genes were ranked (x-axis) based on the
score (y-axis) calculated with the MCC algorithm using the cytoHubba plug-in in Cytoscape. Unique
and shared genes are colored as described. Targeting miRNAs from the subnetwork are listed above
bars for each hub gene from the PEO1-OR cell line and are highlighted with red (upregulated) or
blue (downregulated) according to the results of relative quantity analysis.

3.7. Olaparib Combined with ATR/CHK1 Inhibitors Dysregulates Proteins Involved in Growth
Factor Signaling in PEO1-OR Cells

Functional enrichment analyses indicated the involvement of growth factor (GF) sig-
naling in olaparib resistance and restoration of OC cell sensitivity to olaparib with ATRi
or CHKI1i linked to dysregulated miRNAs. To test the biological relevance of bioinfor-
matic analyses, we assessed the expression levels of 41 GFs and their receptors in PEO1
and PEO1-OR cells in the presence of tested inhibitors for 2 days using commercially avail-
able antibody microarrays (Figures 6 and S9).

Heatmaps displayed relative quantities of 38 detected GFs in PEO1 and PEO1-OR
cells shared between both cell lines (Figure 6a). Three GFs were not detected in neither
PEOL1 nor PEO1-OR cells (GM-CSF, TGFa and TGFf32) (Figure S10). Single-agent inhibi-
tors had an impact on the expression of GFs, significantly altering the levels by more than
1.5-fold (p < 0.05) of only three and six proteins in treated PEO1-OR and PEO1 cells, re-
spectively (Figure 6a). In PEO1-OR cells, incubation with olaparib alone caused a signifi-
cant downregulation of fibroblast growth factor (FGF6) by 1.6-fold.

Comparison of protein levels after incubation with olaparib combinations with ATRi
or CHK1i revealed significant changes in the expression of 7 proteins in PEO1-OR cells
and 15 proteins in PEO1 cells (Figure 6a). Dysregulated GFs, shared or unique for
olaparib-sensitive and -resistant cell lines, are presented on Venn diagrams (Figure 6b). In
response to combination treatments, most differentially expressed GFs were downregu-
lated in PEO1-OR cells and upregulated in PEO1 cells. FGF4, FGF7, NT-4, PLGF, and
TGEFB1 were exclusively downregulated in PEO1-OR cells in the presence of olaparib com-
bined with either ATRi or CHK1i (Figure 6a,b).
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Figure 6. Olaparib combined with ATRi or CHK1i dysregulates the expression of growth factors
(GFs) in OC cell lines. (a) Heatmaps for the expression of 41 GFs and their receptors in PEO1 and
PEO1-OR cell lines. (b) Venn diagram for dysregulated GFs in PEO1 and PEO1-OR cell lines. (c)
Results of semi-quantitative analysis with antibody microarrays for significantly dysregulated GFs
in PEO1-OR cells (absolute fold change > 1.5 and p < 0.05). Cells were incubated with inhibitors (O,
A, C) or their combinations (O + A, O + C) for 2 days. Data are expressed as mean fold change + SD
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(n = 4) on a logarithmized scale relative to untreated control cells. Statistical significance was as-
sessed using ordinary one-way ANOVA followed by multiple comparison tests: *p < 0.05, **p <0.01,
% p <0.001, ****p < 0.0001 (treatment vs. control); *p <0.05, = p < 0.01 (O vs. combination with A or
C); fp <0.05, #p <0.01, # p <0.001, *#p < 0.0001 (A or C vs. respective combinations with O).

The highest significant decrease in PEO1-OR cells was observed for NT-4 and FGF7,
which were downregulated by 2.9-fold and 2.7-fold after olaparib treatment combined
with ATRi and CHKT1i, respectively (Figure 6c). VEGF-A was the only significantly upreg-
ulated GF in PEO1-OR cells (by 1.7-fold) after co-treatment with olaparib and the
ATR/CHK1 pathway inhibitors, however, to a similar level as in PEO1 cells. Moreover,
PEO1-OR cells abrogated combination-induced upregulation of numerous proteins asso-
ciated with GFs and their receptors (amphiregulin, HB-EGF, HGF, IGFBP-1, IGFBP-3,
IGFBP-4, IGFBP-6, PDGFRa, PDGFRp, PDGF-AA, VEGEF-A, and VEGFR2) which was ob-
served in PEOL1 cells (Figure 6a,b). Statistical analysis for significantly dysregulated GFs
in PEOL1 cells (Figure S9) and original representative images of antibody arrays are pre-
sented in the Supplementary Information (Figure S10).

Altogether, alterations in the expression of GFs were in line with the bioinformatic
analyses indicating the association between GF signaling and miRNA dysregulation in
PEO1-OR cells. Therefore, we speculated that different expression profiles could be the
result of intrinsic characteristics of OC cell lines with distinct sensitivities to olaparib.

3.8. Differentially Expressed miRNAs and Target Genes Linked to Olaparib Resistance Predict
Survival of Ovarian Cancer Patients

After overlapping miRNAs dysregulated in untreated PEO1-OR cells and in re-
sponse to olaparib combinations (O + A or O + C), 14 DE miRNAs were selected for further
analysis using clinical data from TCGA for stage II-IV serous OC patients (Table 1). Four
miRNAs were common (miR-95-3p, miR-424-3p, miR-486-5p, and miR-1290), seven were
unique in untreated PEO1-OR cells (miR-9-5p, miR-99b-5p, miR-100-3p, miR-100-5p, miR-
125a-3p, miR-193a-3p, and miR-505-5p), and three were unique for treated PEO1-OR cells
(miR-33a-3p, miR-324-5p, and miR-1275). Examining these miRNAs in clinical samples
involved assessing their association with patient survival and expression in serous OC
patient samples regarding olaparib resistance (Figure 7) and resensitization to olaparib
(Figure 8).

Firstly, to highlight miRNAs that likely possess biological functions in vivo, miRNA
abundance was assessed in OC samples using counts per million (CPM) values. We fo-
cused on relatively abundant miRNAs determined with a pre-defined cut-off (CPM > 10
in 250% samples) resulting in eight miRNAs for further analysis (miR-9-5p, miR-99b-5p,
miR-100-5p, miR-125a-3p, miR-324-5p, miR-424-3p, miR-486-5p, and miR-505-5p) (Table
1).

We initially focused on miRNAs associated with resistance to olaparib due to their
dysregulation in untreated PEO1-OR cells relative to PEO1 cells. For clinical relevance, we
used the ToPP web tool for Kaplan-Meier (KM) survival analysis on filtered HGSOC data
from TCGA-OV. Notably, three of seven highly abundant miRNAs (miR-99b-5p, miR-424-
3p, and miR-505-5p) showed significant prognostic value for both overall survival (OS)
and progression-free intervals (PFIs) (Table 1). Low levels of miR-99b-5p, miR-424-3p, and
miR-505-5p were linked to significantly worse OS times (Figure 7a). Notably, decreased
expression of these miRNAs was observed in PEO1-OR cells compared to PEO1 cells (Fig-
ure 2c). KM plots for all analyzed miRNAs are presented in Figure S11. Stage-wise differ-
ential expression analysis showed no significant differences in the expression of three se-
lected miRNAs across stages II, III, and IV of serous OC (Figure 7b). Stable expression of
mature miRNAs over higher stages suggested their potential role in disease progression.

Subsequently, we created an interaction subnetwork for miR-99b-5p, miR-424-3p,
and miR-505-5p and 13 target genes with two or more connections within the network
(Figure 7c), reducing the previous network for untreated PEO1-OR cells (Figure 4a).
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Figure 7. Differentially expressed miRNAs and target genes linked to olaparib resistance associated
with survival in OC patients. (a) Interaction subnetwork between miRNAs associated with poor
survival in serous OC cancer patients and target genes. The subnetwork originates from the minimal
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network for PEO1-OR cells under normal conditions linked to olaparib resistance. Nodes with two
or more connections (colored arrows) were analyzed to highlight critical relationships. Expression
levels of miRNAs and genes in OC patients significantly associated with survival are highlighted
with blue (low expression) and red (high expression). (b) Stage-wise differential expression of miR-
NAs and genes associated with decreased survival in serous OC patients (TCGA-OV). Box plots
show normalized CPM values extending from the 25th to 75th percentiles, lines dividing boxes rep-
resent medians, and the whiskers show the highest and lowest values after outlier removal within
groups (FDR = 1%). Statistical significance was calculated using the Kruskal-Wallis test followed by
Dunn’s multiple comparison test: *p < 0.05. (c) Kaplan-Meier (KM) plots display the relationship
between miRNAs or genes and clinical endpoints in HGSOC patients (OS—overall survival, PFI—
progression-free interval). Plots were generated with the ToPP web-based tool for HGSOC patients
split into low- and high-expression groups using the best-performing threshold as a cut-off. Statis-
tical significance between these two groups was calculated using the log-rank test: * p < 0.05. (d)
Correlation matrix of miRNA and gene expression in serous OC patients (TCGA-OV). Correlations
were computed using a two-tailed Spearman’s correlation test. Spearman’s rank correlation coeffi-
cient (0): 0-0.19 (no correlation), 0.20-0.39 (weak correlation), 0.40-0.59 (moderate correlation).
Moderate correlations are highlighted with bold and underlined. Statistical significance: * p < 0.05,
*p <0.01, **p <0.001, ***p <0.0001. (e) Differential expression of genes associated with decreased
survival in serous OC patients (TCGA-OV) between normal ovaries (GTEx) and OC (TCGA-OV).
The analysis was performed using the RNA-seq data from the TNMplot web-based tool. Box plots
show CPM values extending from the 25th to 75th percentiles, lines dividing boxes represent medi-
ans, and whiskers show the highest and lowest values after outlier removal within groups (FDR =
1%). Statistical significance was calculated using a two-tailed Mann-Whitney test: ****p < 0.0001. (f)
Verification of protein expression for selected genes in normal ovaries and serous OC using the HPA
database. Images show representative immunohistochemical staining for ITGA5 (HPA002642), VIM
(CAB000080), and CDK6 (CAB004363).

Table 1. Overview of differentially expressed miRNAs in PEOI-OR cell line selected for analysis
based on their expression abundancy and prognostic value in OC patient samples from TCGA da-
tabase. Significant clinical endpoints are marked with bold (log-rank p < 0.05).

OS in Serous PFl in Serous
Expression Percentage of Ovarian Cancer Patients Ovarian Cancer Patients
. in PEO1-OR Cells Samples with  (High vs. Low Expres-  (High vs. Low Expres-
miRNAs . .
CPM =10 sion) sion)
Standard Combination in TCGA-OV *
Conditions  Treatments HR Log-Rank p HR Log-Rank p

miR-9-5p A 89% 0.84 0.31 1.22 0.11
miR-99b-5p v 100% 0.58 0.011 0.539 0.0025
miR-100-3p v 0% n/a n/a n/a n/a
miR-100-5p v 100% 1.18 0.19 1.36 0.0088
miR-125a-3p v 99% 1.37 0.039 1.17 0.22
miR-193a-3p v 1% n/a n/a n/a n/a
miR-505-5p v 95% 0.61 0.0009 0.793 0.065

miR-95-3p v A 4% n/a n/a n/a n/a
miR-424-3p v v 63% 0.74 0.021 0.787 0.044
miR-486-5p v v 100% 1.13 0.36 1.24 0.068

miR-1290 v A 0% n/a n/a n/a n/a
miR-33a-3p v 0% n/a n/a n/a n/a
miR-324-5p v 99% 0.68 0.0048 0.821 0.094

miR-1275 v 11% n/a n/a n/a n/a

* miRNAs with CPM 2> 10 in 250% samples from TCGA-OV were subjected to further analyses,
whereas miRNAs with CPM < 10 in 250% samples were rejected and designated as not applicable
(n/a). CPM —counts per million, HR —hazard ratio, OS —overall survival, PFI—progression-free in-
terval, A —upregulated in PEO1-OR cells, ¥ —downregulated in PEO1-OR cells.
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Figure 8. Differentially expressed miRNAs and target genes linked to resensitization to olaparib
associated with survival in OC patients. (a) Interaction subnetwork between miRNAs associated
with poor survival in serous OC cancer patients and target genes. The subnetwork originates from
the minimal network for PEO1-OR cells treated with olaparib combined with ATR/CHK1 inhibitors
linked to resensitization to olaparib. Expression levels of miRNAs and genes in OC patients signifi-
cantly associated with survival are highlighted with blue (low expression) and red (high expres-
sion). (b) Stage-wise differential expression of miRNAs and genes associated with decreased sur-
vival in serous OC patients (TCGA-OV). Box plots show normalized CPM values extending from
the 25th to 75th percentiles, lines dividing boxes represent medians, and the whiskers show the
highest and lowest values after outlier removal within groups (FDR = 1%). Statistical significance
was calculated using the Kruskal-Wallis test followed by Dunn’s multiple comparison test: * p <
0.05. (¢) Kaplan-Meier (KM) plots showing the relationship between miRNAs or genes and clinical
endpoints in HGSOC patients (OS—overall survival, PFI—progression-free interval). Plots were
generated with the ToPP web-based tool for HGSOC patients split into low- and high-expression
groups using the best-performing threshold as a cut-off. Statistical significance between these two
groups was calculated using the log-rank test: * p <0.05. (d) Correlation matrix of miRNA and gene
expression in serous OC patients (TCGA-OV). Correlations were computed for every pair of da-
tasets using a two-tailed Spearman’s correlation test. Spearman’s rank correlation coefficient (0): 0—
0.19 (no correlation), 0.20-0.39 (weak correlation), 0.40-0.59 (moderate correlation). Moderate cor-
relations are highlighted with bold and underlined. Statistical significance: * p < 0.05, ** p <0.01, ****
p <0.0001. (e) Differential expression of genes associated with decreased survival in serous OC pa-
tients (TCGA-OV) between normal ovaries (GTEx) and OC (TCGA-OV). The analysis was per-
formed using the RNA-seq data from the TNMplot web-based tool integrating the data for normal
and cancerous tissues. Box plots show CPM values extending from the 25th to 75th percentiles, the
line dividing the box represents the median, and the whiskers show the highest and lowest values
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after outlier removal within groups (FDR = 1%). Statistical significance was calculated using a two-
tailed Mann-Whitney test: **** p < 0.0001.

Genes targeted by prognostic miRNAs from the network are listed in Table 2. Nota-
bly, target genes regulated by prognostic miRNAs were associated with 80% of the previ-
ously established pathways and biological processes enriched in PEO1-OR cells, such as
signaling by GF, signaling by Wnt, and cell cycle regulation (Table S5).

Table 2. Overview of genes targeted by DE miRNAs associated with survival selected for analysis
based on their expression abundancy and prognostic value in OC patient samples from TCGA da-
tabase. Significant clinical endpoints are marked with bold (log-rank p < 0.05).

Percentage of Samples OS in Serous OC Patients PFI in Serous OC Patients
Gene with CPM 210 (High vs. Low Expression Cohort) (High vs. Low Expression Cohort)
in TCGA-OV * HR Log-Rank p HR Log-Rank p
HUWEI1 100% 1.87 0.013 0.63 0.043
TNRC6B 100% 1.73 0.0025 1.31 0.11
EEF1D 100% 0.70 0.026 0.73 0.039
CDK6 74% 1.71 0.013 1.39 0.053
CSNK1A1 100% 141 0.11 1.71 0.034
EGR1 100% 1.36 0.055 1.52 0.016
CDKN1A 100% 0.63 0.038 1.49 0.076
ITGA5 100% 1.51 0.031 1.35 0.045
SRRM2 100% 1.51 0.039 1.20 0.27
PTEN 100% 1.9 0.017 1.34 0.12
SMARCC1 100% 0.84 0.43 0.70 0.018
MGA 99% 1.44 0.023 1.31 0.12
VIM 100% 1.88 0.0055 1.46 0.056
TNRC6A 100% 1.39 0.22 0.73 0.043
YWHAQ 100% 0.62 0.0096 1.39 0.046
CLTC 100% 0.40 0.0039 0.59 0.021
UBE2Z 100% 0.77 0.28 0.72 0.17
SMAD?2 100% 0.62 0.0077 0.60 0.0022
POLR2A 100% 1.49 0.04 1.67 0.0053

* All genes fulfilled a cut-off of CPM 2 10 in 250% of samples from TCGA-OV and were subjected to
further analyses. CPM —counts per million, HR—hazard ratio, OS —overall survival, PFI—progres-
sion-free interval. VIM was considered a prognostic gene due to the highest significant HR for OS
(p =0.0055) correlating with HR for PFI, which almost reached statistical significance (p = 0.056).

Based on survival data, four genes (EEF1D, ITGA5, VIM, and CDK6) were associated
with both OS and PFI (Figures 7a, S12 and S13). Considering that low expression of se-
lected miRNAs was linked to worse survival, we looked for target genes with high ex-
pression showing unfavorable OS and PFI. HGSOC patients with high ITGA5, VIM, and
CDK6 showed significantly decreased survival represented by HR of 1.51 (p = 0.031), 1.88
(p =0.0055), and 1.71 (p = 0.013) (Figure 7a). Interestingly, the CDK6 gene was associated
with enriched pathways regulating the cell cycle, previously linked to olaparib resistance
in PEO1-OR cells (Table S5). Stage-wise differential expression revealed upregulation of
the VIM gene in stage IIl compared to stage Il and upregulation of the CDK6 gene in stage
IV compared to stage III in serous OC patients (Figure 7b). These data indicate that VIM
and CDK6 expression may be potentially linked to tumor progression.

Next, correlation analysis revealed a positive moderate correlation between mRNA
expression of ITGA5 and VIM genes (0 = 0.49, p < 0.0001) in serous OC patients (Figure
7d). A comparison of gene expression in normal ovaries and tumor tissue revealed de-
creased mRNA levels of ITGA5 and VIM in OC patients (Figure 7e). Verification of gene
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expression at the protein level using the HPA database showed that VIM is downregu-
lated in most OC samples relative to normal tissue (Figure 7f) which is in line with the
differential mRNA expression. Immunohistochemical images of ITGA5 showed weak
staining in both normal and tumor tissue (Figure 7f), however, ITGA5 levels were anno-
tated as “not detected” in the HPA database and rejected from interpretation.

Our analysis revealed key miRNAs associated with olaparib resistance in vitro that
are also dysregulated in serous OC patients. Given that downregulated miRNAs (miR-
99b-5p, miR-424-3p, and miR-505-5p) and upregulated target genes (VIM, ITGA5, CDK6)
are also linked to worse survival of women with OC, our findings provide a theoretical
foundation for exploring the link between miRNAs and resistance to olaparib in vivo.

3.9. Prognostic Roles of Differentially Expressed miRNAs and Target Genes Associated with
Resensitization to Olaparib for Ovarian Cancer Patients

Additionally, we assessed the relevance of three miRNAs (miR-324-5p, miR-424-3p,
and miR-486-5p) linked to olaparib resensitization in PEO1-OR cells based on clinical data
for serous OC patients, focusing on only highly abundant miRNAs in clinical samples
(Table 2). KM survival analysis indicated that low expression of miR-324-5p and miR-424-
3p predicted unfavorable OS and PFI (Table 2). KM plots for OS are presented in Figure
8a. Downregulation of miR-324-5p and miR-424-3p occurred in PEO1-OR cells in response
to olaparib combinations with ATRi or CHK1i (Figure 2c). Interestingly, both miRNAs
exhibited unchanged expression across stages II, III, and IV in serous OC patients, indi-
cating their potential role throughout tumor development (Figure 8b).

Using miRNAs with significant prognostic value, we created an interaction subnet-
work for miR-324-5p and miR-424-3p and seven target genes (Figure 8c), reducing the
previous network established for PEO1-OR cells treated with olaparib combinations (Fig-
ure 4c). Clinical prognostic significance was found for POLR2A, VIM, CLTC, and SMAD2
genes (Table 2). These genes were previously established in pathways involved in the re-
sensitization of PEO1-OR cells to olaparib (Table S6). Connecting unfavorable survival
prognosis with low miRNA expression, we identified genes associated with worse sur-
vival in high-expression compared to low-expression OC cohorts. Serous OC patients
with increased VIM and POLR2A had worse OS and PFI compared to low-expression
groups (Figure 8a). Overexpression of the VIM gene was linked to the worst OS time (HR
=1.88, p = 0.0055). Both VIM and POLR2A genes were associated with pathways enriched
in resensitized PEO1-OR cells through regulation of caspase-mediated apoptosis and
miRNA biogenesis (Table S6).

Considering genes associated with unfavorable survival, stage-wise differential ex-
pression analysis indicated downregulation of POLR2A in stages III and IV compared to
stage IIin OC patients and dysregulation of VIM (Figure 8b). Correlation analysis revealed
a significant relationship between a few genes, but none were found for selected prognos-
tic genes (Figure 8d). However, POLR2A showed a positive association with TNRC6A at
the transcriptional level (o = 0.42, p <0.0001). POLR2A and VIM were significantly down-
regulated in OC tissue in comparison with normal ovaries (Figure 8e). The HPA provided
no data for POLR2A at the protein level which impeded validation of the expression.

Overall, miR-324-5p and miR-424-3p were significantly related to the survival of OC
patients and antitumor response in resensitized PEO1-OR cells. Therefore, the abovemen-
tioned miRNAs and potentially their target genes provide promising predictive infor-
mation to understand the reversal of olaparib resistance with the ATR/CHK1 pathway
inhibitors in the context of serous OC.

4. Discussion

Olaparib exhibits significant clinical benefits in newly diagnosed and recurrent
HGSOC patients, especially as maintenance therapy that prolongs overall survival in plat-
inum-sensitive OC patients with BRCA1/2 mutations [37]. Interestingly, responsiveness to
PARPi is usually closely associated with platinum sensitivity [37,38]. However, resistance
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to olaparib can develop over time in some patients, necessitating a critical understanding
of associated mechanisms. Indeed, multifactorial mechanisms of resistance to PARPi and
platinum analogs were demonstrated to be at least partially interrelated in OC cells [8,39].
Recent studies have demonstrated that modulators of DNA damage response, including
the ATR/CHK1 pathway inhibitors, can resensitize OC cells both in vitro and in vivo
[10,39,40]. Despite extensive research on resistance mechanisms, including epigenetic si-
lencing of gene expression [41], there is still a need to better understand OC desensitiza-
tion to olaparib, particularly at the post-transcriptional level. The novelty of the study is
the use of the BRCA2MUT HGSOC cell line PEO1-OR with acquired resistance to olaparib
to understand mechanisms linked to miRNA regulatory properties responsible for dis-
tinct sensitivities to olaparib alone or combined with the ATR/CHK1 pathway inhibitors.
As olaparib-sensitive HGSOC models [7,17], we employed PEO1 and PEO4 cells, which
were established from the same patient at the first and the second relapse following chem-
otherapy and represent a clinical progression of OC [18,19]. Moreover, the role of DE miR-
NAs and their target genes was examined in the context of serous OC patient survival to
select essential signature molecules.

Considering olaparib resistance, miRNA profiling of PEO1-OR cells compared to pa-
rental PEO1 cells in the absence of inhibitors revealed 11 DE miRNAs with absolute fold
change > 1.5 and p < 0.05 (miR-9-5p, miR-95-3p, miR-99b-5p, miR-100-3p, miR-100-5p,
miR-125a-3p, miR-193a-3p, miR-424-3p, miR-486-5p, miR-505-5p, miR-1290). Most of
them were significantly downregulated, except for upregulated miR-9-5p. The expression
profile of miRNAs was also established in PEO4 cells. These cells exhibit a sensitivity to
olaparib that is more similar to PEO1-OR cells after short-term incubation with olaparib
(2 days), whereas after long-term incubation (5 days), their sensitivity becomes evident,
similar to that of PEO1 cells [7,17]. While PEO4 cells are indeed olaparib-sensitive, it takes
more time for olaparib to manifest its cytotoxic activity in these cells compared to PEO1
cells [7,17]. Therefore, we consider the drug-induced changes observed in PEO4 cells after
48 h, such as the deregulation of miRNAs, as early cellular events associated with the
antitumor activity. Consequently, we hypothesize that PEO4 cells would share some DE
miRNAs with both PEO1 and PEO1-OR cells. Interestingly, eight DE miRNAs were com-
mon in PEO1-OR cells and PEO4 cells, and we presumed that these miRNAs were likely
associated with short-term desensitization to olaparib when both cell lines possess a phe-
notype of decreased sensitivity. Moreover, three DE miRNAs (miR-125a-3p, miR-193a-3p,
miR-1290) were unique for PEO1-OR cells, which distinguished their characteristics of ac-
quired long-term resistance.

Some downregulated miRNAs identified in our work were also reported in studies
deciphering miRNA profiles in solid tumor samples, serum, and exosomes from serous
OC cells, including miR-99b (GSE76449), miR-100-5p (GSE83693), miR-125a-3p
(GSE106817), miR-193a-3p (GSE83693), miR-424-3p (GSE47841), miR-486-5p (GSE47841),
and miR-505-5p (GSE76449). The study by Nam et al. demonstrated the downregulation
of miR-100-5p in paired primary and recurrent HGSOC samples obtained from patients
after cytoreductive surgeries compared to normal ovarian tissue [42]. Overall, we indicate
that all revealed DE miRNAs contribute to the olaparib-resistant phenotype of PEO1-OR
HGSOC cells in vitro.

The created minimal subnetwork with protein—protein interactions maximally con-
nected 11 DE miRNAs in PEO1-OR cells with 38 target genes revealing essential interac-
tions. Functional enrichment analyses indicated the potential involvement of a few inter-
connected biological processes and pathways in acquired resistance to olaparib. We
showed that genes targeted with DE miRNAs were significantly associated with growth
factor (GF) signaling, particularly signaling by fibroblast GF receptor (FGFR), epidermal
GF receptor (EGFR), platelet-derived GF (PDGF), and stem cell factor (SCF)-KIT. Recently,
Nicholson et al. revealed a link between FGFR signaling, DNA damage response, and re-
sistance to cisplatin in human OC cell lines [43]. Increased activation of EGFR induced by
FGFR3 overexpression was associated with decreased sensitivity to cisplatin in serous OC
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cells [44]. Here, the downregulation of transforming GF beta receptor (TGF(R) signaling
was predicted as a significant change in signal transduction in PEO1-OR cells. The tumor-
igenic role of TGF[3 has been extensively studied in OC cells regarding its association with
epithelial-to-mesenchymal transition (EMT) [45]. Resistance to olaparib promoted by the
TGEFp pathway has been described in various tumors [46,47], however, findings from OC
are lacking. From enriched pathways linked to GF signaling, we identified a set of eleven
key genes (UBC, TNRC6A, TNRC6B, MTOR, CREB1, CDKN1A, CALM1, PTEN, XPO1,
PPPICB, SKI). In the context of resistance, silencing of cyclin-dependent kinase inhibitor
1A (CDKN1A) with miRNAs was previously suggested to promote cisplatin resistance in
OC cells in vivo [48]. Additionally, we identified phosphatidylinositol 3-kinase
(PI3K)/AKT signaling to be significantly enriched in PEO1-OR cells. Experiments employ-
ing cisplatin-resistant OC cell lines showed that activation of the PI3K/AKT pathway de-
sensitized cells to chemotherapy [49]. More recently, Xu et al. proposed that a combination
of AKT inhibitor with olaparib slowed down tumor growth in a patient-derived xenograft
(PDX) model of recurrent platinum-resistant OC with prior PARPi therapy [50].

The functional enrichment analysis also indicated GF signaling’s role in decreased
sensitivity of the PEO1-OR cell line to olaparib. Moreover, we found that PEO1-OR cells
were enriched in biological processes related to cell cycle regulation and DNA integrity
checkpoints, aligning with our previous findings of abrogated olaparib-induced G2/M ar-
rest [17]. Here, we revealed that genes implicated in progression through the cell cycle
(MCM4, CDK6, CDKN1A, FEM1B, NDRG1, PTEN, and UBC) may be targeted by DE miR-
NAs in PEO1-OR cells. Phosphatase and tensin homolog (PTEN) is a protein involved in
regulating the PI3K/AKT pathway. The study by Selvendiran et al. demonstrated that up-
regulation of PTEN prompted G2/M arrest and apoptosis in cisplatin-resistant OC cells,
however, the association with resistance to olaparib requires further investigation [51].
Altogether, we identified target genes of particular interest in the context of resistance to
olaparib in our cell line model of HGSOC for potential further investigation to gain more
insights into their role in vitro and in vivo.

To assess the biological relevance of our in vitro cell line data, we performed survival
analysis for selected DE miRNAs and target genes in HGSOC patients using data from
TCGA-OV. Based on recommendations of TCGA Research Network, clinical survival out-
come for OC patients was evaluated using overall survival (OS) and progression-free in-
tervals (PFIs) [52]. Next, we reconstructed a minimal miRNA-mRNA network associated
with olaparib resistance, prioritizing prognostic miRNAs and their target genes. Kaplan—
Meier analyses revealed that three miRNAs (miR-99b-5p, miR-424-3p, and miR-505-5p),
downregulated in untreated PEO1-OR cells, were significantly associated with shorter OS
and PFI in low-expression cohorts of HGSOC patients. A previous study demonstrated
miR-99b-5p downregulation in the plasma exosomes of treatment-naive OC patients com-
pared to healthy individuals [53]. Additionally, we revealed that OC patients with high
levels of integrin a5 (ITGA5), a target for miR-99b-5p, showed poorer survival compared
to a low-expression cohort. ITGAS is a transmembrane protein reported to promote me-
tastasis in HGSOC cells [54], which is in line with unfavorable survival. In vivo experi-
ments revealed that loss of ITGAS inhibits the growth of OC xenografts [54]. A few studies
examined the effect of miR-424-3p on proliferation, migration, and apoptosis in OC. A
recent study suggested that miR-424-3p increases the sensitivity of OC cell lines to cispla-
tin by downregulating the antiapoptotic protein galectin-3 in vitro [55]. This indicates that
the downregulation of miR-424-3p in PEO1-OR cells may be partially responsible for the
olaparib-resistant phenotype. Moreover, we showed that high levels of genes encoding
vimentin (VIM) and cyclin-dependent kinase 6 (CDK6), both targeted by miR-424-3p, were
linked to shorter OS and PFI. Indeed, the upregulation of vimentin was demonstrated to
induce EMT, cell growth, invasion, and chemoresistance in both OC cell lines and xeno-
graft models of OC [56,57]. Moreover, in vitro and in vivo experiments highlighted that
increased levels of CDK6 were linked to upregulation of ATR kinase and decreased cell
death in OC treated with cisplatin [58]. Altogether, we revealed important miRNA-

175



Cells 2024, 13, 867

26 of 32

mRNA interactions and processes associated with decreased sensitivity to olaparib in
BRCA2MUT OC cells in vitro.

Despite initial effectiveness, the widespread use of olaparib involves an increasing
number of patients with acquired resistance and a lack of further approved therapy op-
tions [39]. Over recent years, combinations of olaparib with the ATR/CHK1 pathway in-
hibitors showed promising antitumor activity in OC cells [9,10,40]. The results of the CA-
PRI study revealed that patients with recurrent platinum-sensitive BRCA1/2MUT HGSOC,
who had progressed upon prior PARPi, obtained promising partial responses to olaparib
combined with the ATRi ceralasertib [10]. Our previous work demonstrated that inhibi-
tors of ATR and CHK1 kinases exerted synergistic cytotoxic activity with olaparib in
PEO1-OR cells [7]. Hence, the second main goal of our study was to investigate the
miRNA profile of HGSOC cells resensitized to olaparib with the ATR/CHK1 pathway in-
hibitors.

A few previous studies analyzed the roles of specific miRNAs in the cytotoxicity of
olaparib in OC cells, however, many of them utilized cell lines that do not possess features
of HGSOC. The recent study suggested that overexpression of miR-200c sensitized the
BRCA1IWT SKOV-3 cells to olaparib by increasing apoptosis [59]. In another work, it was
demonstrated that targeted inhibition of cyclin D1 by miR-20b increased the cytotoxicity
of olaparib in SKOV-3 cells and cell-line-derived xenograft models of OC [60].

Here, we identified six dysregulated mature miRNAs that have so far not been men-
tioned in the context of overcoming resistance to olaparib in HGSOC cells using the
ATR/CHK1 pathway inhibitors. Resensitization of PEO1-OR cells was associated with up-
regulation of miR-95b-3p and miR-1290 along with downregulation of miR-33a-3p, miR-
324-5p, miR-424-3p, and miR-486-5p. Most of these DE miRNAs were unique for PEO1-
OR cells compared to olaparib-sensitive cells. Interestingly, the addition of ATRi or CHK1i
to olaparib further augmented a decrease in miR-424-3p and miR-486-5p observed in un-
treated PEO1-OR cells. Through analysis of miRNA-gene interactions, we found that
these six miRNAs could build highly connected linkage with 17 experimentally validated
target genes. Network-based approaches revealed that several pathways might be dysreg-
ulated by target genes involved in overcoming resistance to olaparib. Overrepresentation
analysis found that resensitized PEO1-OR cells were mainly enriched in four groups of
processes: GF signaling, apoptosis, cell cycle checkpoints, and gene silencing by RNA.

In this study, GF signaling represented a new process of particular interest associated
with TGFPR1, EGFR, PDGF, and nerve growth factor (NGF). SMAD?2 gene, targeted by
three DE miRNAs, was found to be enriched in the pathways controlled by TGFf recep-
tors. Findings by Roberts et al. revealed that treatment with TGFp induced EMT and
downregulated homologous recombination repair protein, resulting in resensitization of
HGSOC cells to olaparib in vitro [61]. Here, we showed that enriched signaling by FGFR1,
EGEFR, PDGF as well as VEGFR2 mediated cell proliferation was associated with genes
encoding trinucleotide repeat-containing gene 6A protein (TNRC6A) and calmodulin 1
(CALM]1), targeted by three and two DE miRNAs, respectively. Calmodulin is a calcium-
dependent protein that binds and regulates the activity of EGFR [62]. EGFR and VEGFR2
are two membrane RTK proteins frequently upregulated in OC [63]. Interestingly, thera-
pies combining platinum with VEGF/VEGEFR inhibitors showed higher efficacy than mon-
otherapies in platinum-resistant OC patients [64]. Moreover, our bioinformatic analysis
confirmed that the G2/M DNA damage checkpoint may be involved in the resensitization
of PEO1-OR cells, which agrees with our previous studies [17]. Here, we predicted that
the YWHAQ gene, targeted by dysregulated miR-324-5p and miR-1290, may play a critical
role in this process. YWHAQ, also known as 14-3-30, is a protein involved in the inhibition
of G2/M progression [65] and contributes to the pathogenesis of epithelial OC [66]. Taken
together, we predicted that a few biological processes might be implicated in the resensi-
tization of PEO1-OR cells to olaparib using ATRi or CHK1i.

Subsequently, we validated the biological possibility of the findings concerning GF
signaling through downstream expression analyses for 41 human GFs and their receptors.
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PEO1-OR cells abrogated upregulation of 13 GFs observed in PEO1 cells treated with
olaparib combined with the ATR/CHKI1 pathway inhibitors. This suggested different re-
sponses of olaparib-sensitive and olaparib-resistant cells to combination treatments in the
context of GF signaling. We uncovered altered expression of five GFs uniquely in PEO1-
OR cells after combination treatments (FGF4, FGF6, NT-4, PLGF, and TGF{31). FGF4, neu-
rotrophin-4 (NT-4), and TGFp1 were significantly downregulated and VEGF-A upregu-
lated only in the presence of combined inhibitors. Previous research has shown that over-
expression of FGF4 in fibroblast mixed cancer stem-like cells isolated from OC increases
their sphere-forming capacity, however, knockdown of FGF4 can abrogate it [67]. In epi-
thelial OC cells, the upregulation of VEGF-A via PARP1 can promote angiogenesis [68].
Moreover, OC cells overexpressing TGF{31 exhibited decreased sensitivity to cisplatin [69].
Overall, dysregulation of GF expression in desensitized PEO1-OR cells confirmed our pre-
dictions from bioinformatic analyses. Accordingly, we pointed out that downregulation
of FGF4, VEGF-A, TGF{31, and possibly NT-4 could play an important role in the resensi-
tization of PEO1-OR cells to olaparib.

Finally, we investigated the role of DE miRNAs in combination-treated PEO1-OR
cells and their target genes in the survival of HGSOC patients. Our study revealed a sig-
nificant association between low levels of miR-324-5p and miR-424-3p, both downregu-
lated in PEO1-OR cells, and poor OS and PFI times in OC patients. We investigated a set
of experimentally validated targets of miR-324-5p and miR-424-3p. Importantly, low lev-
els of two targets, vimentin and POLR2A, displayed an inverse association with OC sur-
vival compared to both miRNAs. Vimentin has been shown to promote metastatic pro-
gression by EMT in solid tumors [70]. The recent study showed that OC cells resistant to
olaparib upregulate vimentin expression at the mRNA level irrespective of BRCAT status.
Moreover, the downregulation of vimentin was associated with the inhibition of PARP1,
resulting in decreased viability of OC cells in vitro [71]. Interestingly, our previous study
highlighted that PEO1-OR cells incubated with olaparib and ATR/CHK1 pathway inhibi-
tors also downregulate PARP1 [7]. POLR2A is a DNA-dependent RNA polymerase essen-
tial for cell survival. In vivo studies demonstrated that POLR2A expression level was
higher in PDX models of cisplatin-resistant OC compared to sensitive cells [72].

We acknowledge that our study has several limitations. Here we experimentally con-
firmed dysregulation of miRNA expression in olaparib-resistant cells, however, a complex
interplay among miRNAs, mRNAs, and other unexplored functional elements including
long non-coding RNA requires further investigation. Furthermore, functional assays with
miRNA mimics and inhibitors might support our findings concerning the role of signifi-
cantly dysregulated miRNAs in acquired resistance and resensitization to olaparib. None-
theless, this study highlights a new molecular basis associated with miRNAs for revealing
mechanisms of olaparib resistance and overcoming it with the ATR/CHK1 pathway inhib-
itors.

5. Conclusions

In conclusion, we described dysregulated miRNAs and their interactions with essen-
tial target genes associated with the survival of serous OC patients. Placing these results
in the context of prior studies, our findings highlight the altered miRNA profile of PARPi-
resistant HGSOC cells with restored BRCA2 in vitro. This may be especially important in
the context of predicting response to olaparib in OC patients. Our data indicate that GF
signaling may play an important role in acquired resistance and resensitization to
olaparib. Further examination of the linkage between miRNAs and response to olaparib
alone or combined with the ATR/CHK1 inhibitors in vivo may shed light on the rationale
for combination therapy in HGSOC patients. Importantly, this cell-line-based miRNA
profiling study could serve as a platform for further research on olaparib resistance and
resensitization in ovarian cancer.
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Abbreviations

A ATR inhibitor (ceralasertib)

ATR ataxia telangiectasia and RAD3-related protein

ATRi ATR inhibitor(s)

BRCA2 breast cancer type 2 susceptibility protein

C CHK1 inhibitor (MK-8776)

CHK1 checkpoint kinase 1

CHK1i CHKI1 inhibitor(s)

Cr cycle threshold

DE differentially expressed

DSB double-strand break

ECACC European Collection of Authenticated Cell Cultures

FBS fetal bovine serum

FC fold change

GF growth factor

GO Gene Ontology

HGSOC high-grade serous ovarian cancer

HR hazard ratio

HRD homologous recombination deficiency

MCC maximal clique centrality

miRNA microRNA

O olaparib

OoC ovarian cancer

(O] overall survival

PARP1 poly(ADP-ribose) polymerase 1

PARPi PARP inhibitor(s)

PEO1-OR  PEOI1 olaparib-resistant cell line

PFI progression-free interval

PPI protein—protein interaction

SD standard deviation

TCGA The Cancer Genome Atlas

TLDA TagMan® Low-density Array
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SUPPLEMENTARY METHODS

Screening and validation of endogenous control genes for qPCR studies with Custom TagMan™
Array MicroRNA Cards

The global mean normalization method, used to normalize data from RT-gPCR miRNA profiling studies with
Pre-designed TagMan™ Array MicroRNA Cards, is accurate in studies where many miRNAs are tested per
sample. Custom TagMan™ Array MicroRNA Cards contain one assay for U6 snRNA as a common candidate
endogenous control gene by default. To identify additional stably expressed genes for data normalization
before the design of Custom TagMan™ Array MicroRNA Cards for 44 target miRNAs, we screened for two
more reference genes based on the results from global miRNA profiling studies for 754 miRNAs. Firstly, raw
Cr data from screening experiments was filtered to consider miRNAs which were reliably detected in all
untreated and treated samples in PEO1 and PEO1-OR cells (Cr value < 35) and were abundantly expressed
in both cell lines (average Cr value < 28). Briefly, suitable reference genes were identified based on gene
stability rankings calculated with the RefFinder web-based tool. This algorithm allows the computation of the
overall final ranking based on weights calculated with four different programs (geNorm, NormFinder,
BestKeeper, and the comparative ACt method). Genes were prioritized according to the highest geometric
mean of weights for the final rankings (stability), lowest C+ value (expression level), and lowest standard
deviations of Cy (variability among groups). One gene for small RNA (RNU48 snoRNA) and one for miRNA
(miRNA-30e-3p) with the highest expression stability, lowest standard deviation among groups, and highest
expression level (lowest Ct) were selected as additional candidates for reference genes in further quantitative
RT-gPCR analyses.
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SUPPLEMENTARY DATA

Identification of endogenous controls for use with custom TagMan™ Array MicroRNA Cards

Small-scale miRNA gene expression studies should be preceded by a selection of the most stable
small RNA controls for accurate normalization of miRNA expression data. Traditional use of a single gene
for normalization might lead to relatively substantial errors. Hence, we used prior RT-qPCR data from large-
scale miRNA profiling with predesigned TagMan™ Array MicroRNA Cards to identify three reliable
endogenous controls for use in normalization by multiple housekeeping genes with Custom Cards. We initially
confirmed the stability of candidate endogenous control introduced on cards by default (U6 snRNA) and
recommended by the manufacturer (RNU48) in both PEO1 and PEO1-OR cells. Comparison of a geometric
mean of ranking values from RefFinder, average Cr values, and standard deviation of C+ for genes included
in the analysis are presented in Figure S2. Out of all included miRNAs, we have evaluated 11 miRNAs
meeting the inclusion criteria. miR-30e-3p was selected as the most stably and relatively abundantly
expressed miRNA upon tested treatment conditions based on summed gene stability ranking evaluated with
RefFinder tool, calculated average Cr values and its average standard deviation (Ct = 26.7 £ 0.17) in both
PEO1 and PEO1-OR cells (Figure S2).

Three pre-selected endogenous control genes (U6 snRNA, RNU48 snoRNA, and miR-30e-3p) were
evaluated for stable expression across treatment conditions in PEO1, PEO4, and PEO1-OR cell lines to
confirm their stability in the final gPCR-based miRNA quantification experiments with Custom TagMan™
Array MicroRNA Cards. The average Cr values and standard deviation of Ct and average Cr range across
treatments in all HGSOC cell lines (Table S10) for all three endogenous control genes were used as a direct
measure of the stability of these genes.

The low variation of expression values (Ct range of 0.19 — 0.67 and SD of average Cr of 0.08 — 0.22)
indicated a very small dispersion among samples under studied treatment conditions (Table 2). Cr values for
each group were presented on graphs in Figure S3. Comparison of Cr means among untreated and treated
groups in all HGSOC cell lines showed no statistically significant difference for endogenous control gene
expression (Table S10 and Figure S3). Hence, a multiple reference gene normalization strategy was applied

to normalize RT-qPCR miRNA expression data for 44 target miRNAs.
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SUPPLEMENTARY FIGURES

Supplementary Figure 1 (Figure S1)
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Figure S1. Network of miRNA-target interactions created with the MIENTURNET tool for dysregulated miRNAs identified
from screening analysis with pre-designed TagMan™ Array MicroRNA Cards and pre-selected for further validation. (a)
Visualization of miRNA-target interaction network. Blue squares refer to miRNAs, while yellow circles refer to their target genes.
miRNA not connected with the network were highlighted by their names. (b) Bar plot representing network degree for miRNAs.
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Supplementary Figure 2 (Figure S2)
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Figure S2. Selection of candidate endogenous control genes with the RefFinder tool based on results from Pre-designed
TagMan™ Array MicroRNA Cards for further RT-qPCR studies with Custom TagMan ™ Array MicroRNA Cards. Raw Cr values
for each MicroRNA or gene were used to identify the most stable reference genes among groups in untreated and treated PEO1 and
PEO1-OR cells. One small RNA from each class (SnRNA, snoRNA, and miRNA) was selected as a reference gene. U6 snRNA is a
fixed endogenous control introduced on TLDA Cards by the manufacturer. (a) Evaluation of candidate gene expression stability based
on their geometric mean of ranking values calculated with RefFinder (x-axis) and average Cr values (expression level on y-axis).
Undetected miRNAs in any group (Ct = 35) and detected miRNAs with low expression among groups (Ct = 28) were excluded from
the analysis. The remaining miRNAs were used to evaluate their stability using the RefFinder web-based tool. Reference genes were
prioritized according to their stability rankings derived from the four programs (geNorm, NormFinder, BestKeeper, and the
comparative ACt method). Geomean of ranking values is a sum of values calculated separately for PEO1 and PEO1-OR cells.
Averaged Cr is a mean value calculated separately for PEO1 and PEO1-OR cells. RNU48 exhibited the highest stability among the
two analyzed snRNAs and was selected as the second reference gene. Among all analyzed miRNAs, three showed the highest gene
stability and similarly modern expression levels (Cr from 26.7 — 27.2): miR-30e-3p, miR93-3p, and miR-378a-3p (marked with a blue
oval). (b) The average standard deviation of Ct values for miRNAs among groups was used to select miRNA with the lowest
expression variability. Out of three miRNAs pre-selected with RefFinder (miR-30e-3p, miR93-3p, and miR-378a-3p), miR-30e-3p
expression was the most consistent among groups (SD = 0.17). Moreover, it showed the lowest average Ct and it was selected as
the third reference gene.
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Supplementary Figure 3 (Figure S3)
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Figure S3. Validation of endogenous control genes stable expression in HGSOC cell lines for RT-gPCR data normalization
from Custom TagMan™ MicroRNA Cards. Symbols on graphs represent average Cr values (+ SD) from four independent biological
replicates (n = 4). Significant differences in average Cr values between treatments for each gene and cell line were evaluated with
ordinary one-way ANOVA followed by Tukey’s post-hoc test. The abbreviation "ns" indicates a nonsignificant difference. O — olaparib,

A — ATRi, C — CHK1i.
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Supplementary Figure 4 (Figure S4)
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Figure S4. Results of RT-gPCR-based differential miRNA basal expression analysis in untreated PEO1, PEO1-OR, and PEO4
cell lines after 2 days of cell culture (Custom TagMan™ MicroRNA Cards). Relative levels of miRNAs were expressed as
means of logarithmic fold change +SD (n=3 — 4). Statistical significance was assessed compared to PEO1 cells with one-way
ANOVA followed by multiple comparison tests: *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.
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Supplementary Figure 5 (Figure Sb)
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Figure S5. Results of RT-qPCR-based differential miRNA expression analysis in PEO1 cell line incubated with olaparib (O),
ATRi (A), CHK1i (C), or their combinations for 2 days (Custom TagMan™ MicroRNA Cards). Relative levels of miRNAs were
expressed as means of logarithmic fold change + SD (n = 3 — 4). Statistical significance was assessed with one-way ANOVA followed
by multiple comparison tests: p < 0.05, "p <0.01, ™p <0.001, *"p < 0.0001 (treatment vs. control); *p <0.05, **p <0.01, ***p <0.001,
**++*p < 0.0001 (O vs. combination with A or C); #p <0.05, #p < 0.01, #¥p <0.001, ##p <0.0001 (A or C vs. respective combinations
with O).
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Supplementary Figure 6 (Figure S6)
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Figure S6. Results of RT-gPCR-based differential miRNA expression analysis in PEO1-OR cell line incubated with olaparib
(0), ATRi (A), CHK1i (C), or their combinations for 2 days (Custom TagMan™ MicroRNA Cards). Relative levels of miRNAs
were expressed as means of logarithmic fold change + SD (n=3 — 4). Statistical significance was assessed with one-way ANOVA
followed by multiple comparison tests: 'p <0.05, "p<0.01, ™p<0.001, *p<0.0001 (treatment vs. control); *p <0.05, **p <0.01,
***p <0.001, ****p < 0.0001 (O vs. combination with A or C); #p <0.05, #p <0.01, #¥p <0.001, #*p <0.0001 (A or C vs. respective
combinations with O).
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Supplementary Figure 7 (Figure S7)
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Figure S7. Results of RT-qPCR-based differential miRNA expression analysis in PEO4 cell line incubated with olaparib (O),
ATRI (A), CHK1i (C), or their combinations for 2 days (Custom TagMan™ MicroRNA Cards). Relative levels of miRNAs were
expressed as means of logarithmic fold change + SD (n =3 — 4). Statistical significance was assessed with one-way ANOVA followed
by multiple comparison tests: p < 0.05, "p <0.01, ™p <0.001, ""p < 0.0001 (treatment vs. control); *p <0.05, **p<0.01, ***p <0.001,
**+p < 0.0001 (O vs. combination with A or C); #p < 0.05, #p < 0.01, ##p <0.001, ##p < 0.0001 (A or C vs. respective combinations
with O).
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Supplementary Figure 8 (Figure S8)
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Figure S8. Network-based functional enrichment analyses of significantly differentially expressed miRNAs and their target
genes in PEO1 cell line incubated with olaparib combinations for 2 days. (a) The minimal miRNA-mRNA interaction network.
The blue square nodes represent miRNAs, and the yellow circular nodes represent target genes. (b) Enrichment terms visualized
with bubble plots based on over-representation analysis for differentially expressed miRNA target genes in PEO1 cells. The most
significantly enriched functional annotations were selected following analysis with Reactome pathways and Gene Ontology biological
process (GO:BP) databases. Terms were ranked by adjusted p value and number of target genes (hit).
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Supplementary Figure 9 (Figure S9)
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Figure S9. Results of semi-quantitative analysis with antibody microarrays for growth factors with significantly
dysregulated expression in PEO1 cells (absolute fold change 2 1.5, p < 0.05). Cells were incubated with inhibitors (O, A, C) or
their combinations (O + A, O + C) for 2 days. Data was expressed as mean fold change + SD (n = 4) on a logarithmized scale relative
to untreated control cells. Statistical significance was assessed using one-way ANOVA followed by multiple comparison tests: "p <
0.05, "p < 0.01, ™p < 0.001, ™ p < 0.0001 (treatment vs. control); *p < 0.05, **p < 0.01 (O vs. combination with A or C); #p < 0.05, #p
< 0.01, #p < 0.001, ##p < 0.0001 (A or C vs. respective combinations with O). O — olaparib, A — ATRi, C — CHK1..
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Supplementary Figure 10 (Figure S10)
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Figure S10. Raw results of semi-quantitative analysis of 41 growth factors expression in PEO1 and PEO1-OR cells incubated
with tested inhibitors or their combinations for 2 days. (a) Representative enhanced chemiluminescence images of growth factor
antibody arrays for PEO1 and PEO1-OR cell lines. (b) Array map with the locations of individual antigen-specific antibodies spotted
in duplicate vertically. POS — positive control spots used for data normalization between arrays, NEG — negative control spots used
to measure the baseline signal.
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Supplementary Figure 11 (Figure S11)
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Figure S11. Kaplan-Meier plots showing the relationship between miRNAs and clinical endpoints (OS — overall survival, PFI
— progression-free intervals) in serous OC patients. Prognostic univariate analyses were performed with the ToPP web-based
tool with integrated data from TCGA-OV for HGSOC patients. Low and high expression OC cohorts were defined using the best
cutoff and log-rank test. HR — hazard ratio (high vs low expression cohort).
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Supplementary Figure 12 (Figure S12)
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Figure S12. Kaplan-Meier plots showing the relationship between target genes and clinical endpoints (OS — overall survival,
PFIl—progression-free intervals) in serous OC patients. Prognostic univariate analyses were performed with the ToPP web-based
tool with integrated data from TCGA-OV for HGSOC patients. Low and high expression OC cohorts were defined using the best
cutoff and log-rank test. HR — hazard ratio (high vs low expression cohort).
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Supplementary Figure 13 (Figure S13)
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Figure S13. Kaplan-Meier plots showing the relationship between target genes and clinical endpoints (OS - overall survival,

PFI - progression-free intervals) in serous OC patients (continued).
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SUPPLEMENTARY TABLES

Supplementary Table 1 (Table S1)
List of key reagents used in the study.

Reagent

Catalog Number

Manufacturer

Megaplex™ RT Primers, Human Pool Set v3.0
Custom TagMan™ Array MicroRNA Card
mirVana™ miRNA Isolation Kit, with phenol

TagMan™ MicroRNA Reverse
Transcription Kit

TagMan™ Universal Master Mix I, no UNG

Water, Nuclease-free, Molecular Biology Grade, Ultrapure,
Thermo Scientific Chemicals

TagMan™ Array Human MicroRNA A+B Cards Set v3.0

High-Capacity cDNA Reverse
Transcription Kit

RNase Inhibitor

Ceralasertib (ATRi)

MK-8776 (CHK1i)

Olaparib

RayBio® C-Series Human Growth Factor Antibody Array 1

4444745
4449139
AM1560

4366596

4440049

J71786.XCR

4444913

4368814

N8080119
TBWO02661
TBWO02666
S1060
AAH-GF-1-8

Applied Biosystems™ (Thermo Fisher Scientific)
Applied Biosystems™ (Thermo Fisher Scientific)

Applied Biosystems™ (Thermo Fisher Scientific)
Applied Biosystems™ (Thermo Fisher Scientific)
Applied Biosystems™ (Thermo Fisher Scientific)
Applied Biosystems™ (Thermo Fisher Scientific)
Applied Biosystems™ (Thermo Fisher Scientific)
Applied Biosystems™ (Thermo Fisher Scientific)

Applied Biosystems™ (Thermo Fisher Scientific)
Wuhan ChemNorm Biotech

Wuhan ChemNorm Biotech

Selleck Chemicals

RayBiotech Life
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Supplementary Table 2 (Table S2)

Selection of 44 out of 69 dysregulated miRNAs for validation on Custom TagMan ™ MicroRNA Cards based on bioinformatic
analyses and literature review.

4 MiRNA miRBase Strong experimental evidence Interaction Node degree in Selected for
accession of mMiRNA-mRNA interactions *  with the network **  the network 2 3 validation

1 let-7f-5p + + + + YES
2 let-7i-3p + NO n/a n/a NO
3 miR-7-5p + + + + NO
4 miR-9-5p + + + + YES
5 miR-18a-3p + + + + YES
6 miR-23a-3p + + + + YES
7 miR-25-5p + + + NO YES™
8 miR-26a-5p + + + + YES
9 miR-26b-5p + + + + YES
10 miR-27b-5p 1 + NO NO NO
11 miR-32-5p + + + + NO
12 miR-33a-3p i + T + YES
13 miR-34b-3p + + + + YES
14 miR-92a-1-5p + + NO NO NO
15 miR-95-3p + + + + YES
16 miR-96-5p + + + + YES
17 miR-99b-5p + + + + YES
18 miR-100-3p + + + NO YES™
19 miR-100-5p + + + + YES
20 miR-101-3p i + T + YES
21 miR-106b-3p + + + NO YES™
22 miR-125a-3p i + T + YES
23 miR-129-2-3p + + + + NO
24 miR-130b-5p 1 NO n/a n/a NO
25 miR-135b-3p + + + + NO
26 miR-139-5p i + i + YES
27 miR-141-5p + + + + YES
28 miR-183-5p + + + + YES
29 miR-185-5p + + + + YES
30 miR-192-5p + + + + NO
31 miR-193a-3p + + + + NO
32 miR-193a-5p + + + + YES
33 miR-193b-5p + + + NO NO
34 miR-194-5p i + i + YES
35 miR-210-3p + + + + NO
36 miR-218-2-3p o + NO NO YES™
37 miR-320b + + + NO YES™
38 miR-324-5p i + i + YES
39 miR-328-3p + + + + NO
40 miR-331-5p + NO n/a n/a NO
41 miR-339-5p + + + + YES
42 miR-340-5p + + + + YES
43 miR-362-5p + + NO NO NO
44 miR-378a-5p + + NO NO NO
45 miR-424-3p + + NO NO NO
46 miR-454-5p + NO n/a n/a NO
47 miR-486-3p + + + + YES
48 miR-486-5p + + + + YES
49 miR-488-3p + + + + YES
50 miR-491-5p + + + + YES
51 miR-494-3p + + + + NO
52 miR-501-5p + + + + YES
53 miR-505-5p + NO n/a n/a YES™
54 miR-550a-3p + + NO NO NO
55 miR-571 + NO n/a n/a NO
56 miR-573 + + NO NO NO
57 miR-577 + NO n/a n/a NO
58 miR-589-3p + NO n/a n/a YES™
59 miR-596 + + NO NO NO
60 miR-598-3p + NO n/a n/a NO
61 miR-605-5p + + + + YES
62 miR-628-5p + + + NO YES
63 miR-629-3p + NO n/a n/a NO
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miRBase  Strong experimental evidence Interaction Node degree in Selected for

# mMiRNA accession of mMiRNA-mRNA interactions *  with the network **  the network = 3 validation
64 miR-661 + + + + YES
65 miR-766-3p + + + NO YES
66 miR-941 + + NO NO NO
67 miR-1201 NO n/a n/a n/a NO
68 miR-1275 + NO n/a n/a YES™
69 miR-1290 + + + NO YES
Total number 69 68 57 47 39 44

of miRNAs:
* Experimentally validated miRNA-target interactions from the MIENTURNET web tool (using miRTarBase website release 7.0 from September 2017).

™ Working network created with MIENTURNET web tool.

" miRNAs selected based on literature review (irrespective of bioinformatic analysis).
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Supplementary Table 3 (Table S3)
List of analyzed miRNAs and small RNAs for miRNA validation with Custom TagMan™ MicroRNA Cards.

# Assay name Assay Type TagMan™ MicroRNA Assay ID
1 let-7f-5p target 000382
2 miR-9-5p target 000583
3 miR-18a-3p target 002423
4 miR-23a-3p target 000399
5 miR-25-5p target 002442
6 miR-26a-5p target 000405
7 miR-26b-5p target 000407
8 miR-33a-3p target 002136
9 miR-34b-3p target 002102
10 miR-95-3p target 000433
11 miR-96-5p target 000186
12 miR-99b-5p target 000436
13 miR-100-3p target 002142
14 miR-100-5p target 000437
15 miR-101-3p target 002253
16 miR-106b-3p target 002380
17 miR-125a-3p target 002199
18 miR-135b-3p target 002159
19 miR-139-5p target 002289
20 miR-141-5p target 002145
21 miR-183-5p target 002269
22 miR-185-5p target 002271
23 miR-193a-3p target 002250
24 miR-193a-5p target 002366
25 miR-194-5p target 000493
26 miR-218-2-3p target 002294
27 miR-320b target 002844
28 miR-324-5p target 000539
29 miR-339-5p target 002257
30 miR-340-5p target 002258
31 miR-424-3p target 002309
32 miR-486-3p target 002093
33 miR-486-5p target 001278
34 miR-488-3p target 002357
35 miR-491-5p target 001630
36 miR-501-5p target 001047
37 miR-505-5p target 002087
38 miR-589-3p target 001543
39 miR-605-5p target 001568
40 miR-628-5p target 002433
41 miR-661 target 001606
42 miR-766-3p target 001986
43 miR-1275 target 002840
44 miR-1290 target 002863
45 miR-30e-3p endogenous control 000422
46 RNU48 endogenous control 001006
47 U6 snRNA endogenous control 001973
48 U6 snRNA endogenous control 001973
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Supplementary Table 4 (Table S4)

Average fold change values of significantly differentially expressed miRNAs in HGSOC cell lines with (Custom TagMan™
MicroRNA Cards). Basal expression in the absence of inhibitors was calculated in untreated PEO1-OR and PEO4 cells relative to
untreated PEOL1 cells. Expression in response to treatment was calculated in all HGSOC cell lines relative to respective untreated
controls. Significantly down- and upregulated miRNAs (absolute fold change = 1.5 and p < 0.05) were highlighted with blue and red,
respectively. n/d — not detected (Cr = 32 in untreated control cells)

BASAL RESPONSE TO TREATMENT
LEVELS PEO1 PEO1-OR PEO4
miRNA x
8‘ 3 0 A C O+A O+ O A C O+A O+C O A C O+A O+C
o f
|et-7f-5p -1.31 -1.28 1.40 1.29 1.92 2.04 1.21 -1.42 -1.86 -1.63 -1.41 -1.22 -1.08 -1.17 -1.07 -1.53 -1.05
miR-9—5p 1.59 1.62 1.75 1.10 1.63 1.14 1.09 -1.06 1.03 -1.07 -1.06 -1.20 -1.00 -1.32 -1.34 -1.13 -1.09

miR-23a-3p 1.02 -1.25 1.05 -1.23 1.19 111 121 -1.24  -1.00 111 1.01 1.24 -1.17  -1.31 -1.19 -1.25 -1.24

miR-25-5p -1.37  -2.16 1.22 1.01 2.36 2.08 291 n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d

miR-33a-3p -1.14 1.52 -1.03  -1.05 1.15 -1.43  -118 -1.24 -121 -1.01 -1.06 -1.84 1.07 -2.07 1.00 -1.43 -1.48
miR-34b-3p -1.04  -1.70 161 144 -111 101 1.04 -1.04 -1.07 -1.02 -131 -121 -1.01 1.39 -1.07 1.02 -1.07
miR-95-3p -6.37 -6.14 1.26 -1.14  -165 -1.21 -1.16 114 -1.14 1.47 1.99 2.28 -1.04 -1.36 -1.03 1.14 1.39
miR-96-5p -1.39  -165 -1.06 -1.33 -1.12 1.05 1.00 -220 -124 -131 -1.25 1.10 n/d n/d n/d n/d n/d

miR-99b-5p -1.86 -212 -105 -122 -151 -1.06 -1.09 1.01 -1.11 -1.20 -1.19 -1.05 1.16 -1.22  -127 -111  -151
miR-100-3p -7.58 -3.85 115 -1.13  -1.95 -1.83 -2.44 1.10 1.18 -1.88 -1.04 -1.84 -1.02 -177 -131 -1.09 -1.04
miR-100-5p -2.41  -2.55 1.24 -1.04  -1.11 1.06 1.08 1.05 -1.20 -121 -1.11  -1.14 1.03 -1.13  -1.18 -1.11  -1.18
miR-101-3p -1.22 1.28 1.00 -1.38  -1.52 -197 -2.26 -1.03 1.09 -211 -111 1.08 -1.20 -1.51 -1.39 -1.08 -1.25

miR-106b-3p -1.20 -154 -141 -154 -143 -101 -145 -117 -1.05 -1.42 1.05 -1.29  -122 -126 -164 -1.10 -1.79

miR-125a-3p -252  -1.98 -1.39 1.03 -1.01  -156 -2.53 n/d n/d n/d n/d n/d -1.72  -201 -168 -1.05 -1.63

miR-135b-3p -1.29 -180 -147 -106 -176 -174 -322 -125 -100 -130 -146 -160 -1.02 -1.01 1.03 -1.24 1.08

miR-139-5p -237 -383 116 -1.09 119 2.05 1.52 n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d

miR-183-5p -1.58  -2.02 1.54 1.48 1.54 1.89 2.25 -1.05 -111  -1.21 1.40 1.07 -1.34  -1.60 -1.55 1.05 -1.10

miR-185-5p 1.25 1.08 1.23 1.00 1.05 1.61 -1.00 -114 -154 -110 -1.05 -1.22 117 111 1.19 1.13 -1.13

miR-193a-3p -2.31  -1.35 1.34 1.53 -1.23 241 1.14 1.19 1.06 -1.10  -1.03 -1.04 1.31 -1.10 141 2.29 1.61

miR-324-5p -1.02 -115 -202 -166 -208 -1.79 -265 -111 -158 -1.34 -141 -159 -114 -150 -144 -1.33 -1.31
miR-339-5p -1.59  -1.77 111 -1.16  -1.20 -1.29 -2.17 1.14 1.04 1.08 -1.04 -1.38 -1.09 -1.22 1.09 -1.33 -1.62
miR-340-5p -1.17  -130 -18 -1.71 -1.89 -1.72 -3.35 1.03 -1.34 -108 -106 -130 -107 -123 -158 -1.15 -1.30
miR-424-3p -199 -272 -110 -111 -1.04 -130 -1.68 -1.89 1.11 1.12 1.33 -1.54  -1.23 -1.04 -137 -1.16 -1.42
miR-486-3p -1.26  -7.27 -298 -3.68 -2.31 -1.83 -2.13 n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d

miR-486-5p -101 -883 -151 -1v0 -163 -2.78 -7.39 -284 -141 -257 -322 -109 -144 -157 -1.25 547 -7.34
miR-491-5p -1.54 -3.19 1.28 1.33 1.83 1.11 1.22 -1.57 1.01 -1.10  -1.15 1.04 1.89 1.13 1.46 1.99 1.43
miR-505-5p -1.74 171 112 -1.90 -242 -160 -1.57 n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d

miR-605-5p -1.84 -139 -169 -241 -1.23 -1.57 -1.03 1.38 -1.03 1.34 1.15 -1.13  -1.76 -158 -148 -1.32 -1.84

miR-628-5p 157 1.22 -2.15  -244 248 -1.79 -155 151 -1.08  -1.29 1.02 -1.09 1.01 -1.11 -1.29 1.08 -1.16

miR-766-3p -1.05 -1.34 173 1.16 -1.10 1.25 -1.16 1.58 1.30 111 1.12 -1.23 1.55 -1.08 1.22 1.34 -2.13
miR-1275 -1.56 -1.83 1.65 -1.03 121 1.80 1.46 1.43 131 1.22 1.84 1.56 1.39 1.05 1.16 1.43 1.09
miR-1290 -3.06  -1.42 1.08 -1.04 1.18 1.17 1.21 1.30 1.57 2.48 2.20 3.37 -1.26 -1.20 1.42 -1.14  -1.03
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Supplementary Table 5 (Table S5)

Top significantly enriched pathways (Reactome) and biological processes (GO:BP) associated with target genes of

dysregulated miRNAs in untreated PEO1-OR cells.

Cell Line: PEO1-OR
Treatment: Basal expression (in the absence of inhibitors)
#  Reactome pathway Adj. pvalue Hitnumber Target genes
1 Signaling by FGFR 121 x 10 8 UBC, TNRC6A, TNRC6B, MTOR, CREB1, CDKN1A, CALM1,
PTEN
5 Signaling by EGFR 216 x 10 8 UBC, TNRC6A, TNRC6B, MTOR, CREB1, CDKN1A, CALM1,
PTEN
3 PIP3 activates AKT signaling 6.77 x 106 6 TNRC6A, TNRC6B, MTOR, CREB1, CDKN1A, PTEN,
4 PI3K/AKT activation 7.29 x 10°® 6 TNRC6A, TNRC6B, MTOR, CREB1, CDKN1A, PTEN
5 Signaling by PDGF 1.49 x 105 7 TNRC6A, TNRC6B, MTOR, CREB1, CDKN1A, CALM1,
PTEN,
6 Signaling by SCF-KIT 3.24 x 10° 6 TNRC6A, TNRC6B, MTOR, CREB1, CDKN1A, PTEN
7 Signaling by Wnt 9.81 x 10° 7 UBC, TNRC6A, TNRC6B, CSNK1A1, CALM1, XPO1, CLTC
g  Deta-cateninindependent WNT 1.91 x 10 5 UBC, TNRC6A, TNRC6B, CALML, CLTC
signaling
9 Dpwnregulaﬂon of TGF-beta receptor 350 x 104 3 UBC, XPOL, PPP1CB
signaling
10 Signaling by TGF-beta Receptor 4.24 x 104 4 UBC, XPO1, PPP1CB, SKI
Complex
11  Cyclin D associated events in G1 5.02 x 10 3 UBC, CDKN1A, CDK6
12 TGF-beta receptor signaling activates 568 x 104 3 UBC, XPOL1, PPP1CB
SMADs
13  Mitotic G1-G1/S phases 2.61 x 10 4 UBC, MCM4, CDKN1A, CDK6
14  Cell Cycle, Mitotic 6.51 x 103 6 UBC, MCM4, CDKN1A, XPO1, PPP1CB, CDK6
15 DNA Replication 8.59 x 103 3 UBC, MCM4, CDKN1A
#  GO: Biological process Adj. p value  Hitnumber Target genes
1 EGFR signaling pathway 1.32x 103 5 UBC, MTOR, CREB1, PTEN, CLTC
,  regulation of TGF-beta receptor 2.02 x 10° 4 UBC, XPO1, PPP1CB, SKI
signaling pathway
3 Gl/S transition of mitotic cell cycle 2.11 x 103 5 UBC, MCM4, CDKN1A, PTEN, CDK6
UBC, TERF2, TNRC6A, MTOR, CREB1, VCP, NDRG1
-3 ’ 1 1 H ’ ’ ’
4 cellular response to stress 3.75%x 10 12 EGR1, CDKN1A, FEM1B, CDK6, HUWEL,
5 cell cycle checkpoint 4.35 x 103 5 UBC, NDRG1, MCM4, CDKN1A, FEM1B
6 Notch signaling pathway 5.74 x 103 4 UBC, TNRC6A, TNRC6B, CDK6
7 negative regulation of cellular metabolic 8.31 x 103 11 UBC, TERF2, TNRC6A, MTOR, CREB1, ATXN1, EGR1,
process ' CDKN1A, XPO1, PTEN, SKI
g  DNAdamage response, signal 8.48 x 103 3 UBC, NDRG1, CDKNIA
transduction by p53 class mediator
9 signal transduction in response to DNA 9.14 x 103 3 UBC, NDRG1, CDKN1A
damage
10 DNA damage checkpoint 9.55 x 103 3 UBC, CDKN1A, FEM1B
11 response to DNA damage stimulus 9.55 x 103 7 UBC, TERF2, VCP, NDRG1, CDKN1A, FEM1B, HUWE1
12 S phase of mitotic cell cycle 9.55 x 103 3 UBC, MCM4, CDKN1A,
13  DNA integrity checkpoint 9.92 x 103 3 UBC, CDKN1A, FEM1B
14  negative regulation of cell cycle 1.24 x 102 5 UBC, MCM4, CDKN1A, PTEN, CDK6
15 positive regulation of cell proliferation 1.49 x 102 6 ESR1, MTOR, EGR1, CDKN1A, PTEN, CDK6
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Supplementary Table 6 (Table S6)

Top significantly enriched pathways (Reactome) associated with target genes of dysregulated miRNAs in PEO1-OR cells in
response to combinations of olaparib with the ATR/CHK1 pathway inhibitors.

Cell Line: PEO1-OR
Treatment:  Olaparib combination with ATRi or CHK1i (O + A and O + C)

#  Reactome pathway Adj. p value Hitnumber Target genes
1  beta-catenin independent WNT signaling 0.0252 3 TNRC6A, CALM1, CLTC
2 Loss of Function of TGFBR1 in Cancer 0.0406 1 SMAD2
3 Post-transcriptional silencing by small RNAs 0.0406 1 TNRC6A
4 Signaling by TGF-beta Receptor Complex in 0.0406 1 SMAD2
Cancer
5 Caspgse-medlated cleavage of cytoskeletal 0.0406 1 VIM
proteins
6 Chk1/Chk2(Cds1) mediated inactivation of Cyclin 0.0406 1 YWHAQ
B:Cdkl1 complex
7  G2/M DNA damage checkpoint 0.0406 1 YWHAQ
8  MicroRNA (miRNA) biogenesis 0.0406 1 POLR2A
9  Downregulation of TGF-beta receptor signaling 0.0406 1 SMAD2
10 VEGFR2 mediated cell proliferation 0.0406 1 CALM1
11 Transcriptional regulation 0.0406 2 TNRC6A, POLR2A
by small RNAs
Downstream signaling
.04 2 TNRC6A, CALM1
12 of activated FGFR1 0.0406 CeA, C
13  Signaling by EGFR 0.0406 2 TNRC6A, CALM1
14  Signaling by PDGF 0.0406 2 TNRC6A, CALM1
15 NGF signaling via TRKA from the plasma 0.0406 2 TNRC6A, CALM1

membrane
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Supplementary Table 7 (Table S7)

Experimentally validated targets of differentially expressed miRNAs from minimal subnetworks that maximally connect
seeds in the PEO1-OR cell line (established with miRNet 2.0).

Basal expression Olaparib combinations with ATRi or CHK1i
(in the absence of inhibitors) (O+Aand O +C)
miRNA  Target genes miRNA  Target genes
miR-9-5p UBC, TNRC6A, CSNK1A1, ESR1, CREB1, miR-33a-3p  TNRC6A, DDX21, CAB39, CALM1, IRF4
NDRG1, DDX21, ITGA5, EGR1, MCM4,
CDKN1A, NRC1, CALM1, XPO1, SRRM2,
PPP1CB, VIM, CLTC, VPS4A, HUWEL1,
HECTD1
miR-95-3p MTOR, CREB1, MCM4, CDKN1A, CALM1, miR-95-3p POLR2A, CALM1, SRRM2, VIM, SCAF4,
SRRM2, VIM, SKI, ZNF131 ZNF131
miR-99b-5p TNRC6B, MTOR, ITGA5, MCM4, XPO1, miR-324-5p TNRC6A, SMAD2, POLR2A, YWHAQ
MGA, PPP1CB, VPS4A
miR-100-3p  FN1, PNRC1, SMARCC1, PPP1CB, miR-424-3p  TNRCG6A, VIM, UBE2Z, CLTC
HNRNPH1, SKI, HECTD1
miR-100-5p CDKN1A, EEF1D, PNRC1, MGA, PPP1CB, miR-486-5p DDX21, SMAD2, SRRM2, VIM, PUM2
FEM1B, CDK6
miR-125a-3p UBC, TERF2, FN1, EGR1, MCM4, EEF1D, miR-1275 SMAD2, IRF4, UBE2Z, SCAF4, RPP25
SRRM2, PPP1CB, CDK6, ARPC2, HUWEL,
SKI
miR-193a-3p  FN1, TNRC6B, ESR1, ATXN1, ARF6, miR-1290 CAB39, YWHAQ, PUM2, CLTC, RPP25,
CALM1, PTEN, CLTC, CDK6, HECTD1 ZNF131
miR-424-3p  TNRC6A, CSNK1A1, MGA, SMARCCL, VIM,
PTEN, CLTC, CDK6, ARPC2, HUWE1
miR-486-5p TERF2, DDX21, ARF6, XPO1, SRRM2, VIM,
PTEN, FEM1B, HNRNPH1
miR-505-5p TNRC6B, CSNK1A1, EGR1, CDKN1A,
EEF1D, SRRM2, HUWEL1, SKI
miR-1290 VCP, NDRG1, ATXN1, FEM1B, CLTC,

VPS4A, ARPC2, HUWEL1, ZNF131, HECTD1
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Supplementary Table 8 (Table S8)

Identification of hub nodes using CytoHubba plug-in based on the minimal miRNA-mRNA networks using maximal clique
centrality (MCC) algorithm. The top 10 hub miRNA targets with the highest connectivity were assigned as potential hub genes
(underlined). O — olaparib, A — ATRi, C — CHK1.i.

PEO1-OR PEO1-OR PEO1
(untreated) (O+Aand O+C) (O+Aand O+C)

Rank Node name Score Rank Node name Score Rank Node name Score
1 UBC 274 1 miR-486-5p 6 1 UBC 229
2  miR-9-5p 138 1 SRRM2 6 2 EN1 222
3 ESR1 126 1 miR-1290 6 3 ELAVL1 204
4 SRRM2 94 1 VviM 6 4  YWHAG 144
5 VCP 80 1 miR-95-3p 6 5 SRSF1 129
6 DDX21 64 6 miR-33a-3p 5 6 CAND1 96
7 VIM 63 6 YWHAQ 5 7 hsa-let-7f-5p 80
8 CALM1 51 6 miR-1275 5 8 HNRNPH1 51
9 EN1 46 9 miR-324-5p 4 9 miR-125a-3p 50

10 CDKNI1A 42 9 CALM1 4 10 MYC 36
11 HUWE1 36 9 miR-424-3p 4 11 CDKNi1B 26
12 miR-125a-3p 32 9 DDX21 4 12 ACTN4 22
13 EEF1D 27 13 SMAD2 3 13 SMAD2 21
14 TERF2 24 13 TNRC6A 3 14 ADNP 18
15 CLTC 21 13 CLTC 3 14 miR-101-3p 18
16 miR-100-5p 18 16 SCAF4 2 14 miR-324-5p 18
17 EGR1 17 16 POLR2A 2 17 miR-139-5p 16
18 CREB1 16 16 RPP25 2 17 miR-183-5p 16
18 NDRG1 16 16 CAB39 2 17 CRK 16
20 CDK®6 15 16 ZNF131 2 20 SEC24C 15
20 ARF6 15 16 IRF4 2 21 RHOA 13
22 SMARCC1 14 16 PUM2 2 22 miR-340-5p 10
22 miR-193a-3p 14 16 UBE2z 2 23 PIK3R1 9
22  miR-486-5p 14 6 23 VIM 9
25 miR-1290 13 6 23 TERF2 9
26 miR-95-3p 11 23 TNRC6B 9
27 XPO1 10 23 NOTCH1 9
27 HNRNPH1 10 23 PLCG1 9
27 miR-424-3p 10 29 miR-193a-3p 8
30 miR-99b-5p 8 30 miR-135b-3p 7
30 miR-505-5p 8 30 miR-486-5p 7
32 PPPI1CB 7 32 RBM28 6
32 PTEN 7 32 TNRC6A 6
32 ARPC2 7 32 miR-25-5p 6
32 SKI 7 32 miR-100-3p 6
32 miR-100-3p 7 32 NF2 6
32 ITGA5S 7 37 FBXwW7 5
38 MTOR 6 37 ZNF652 5
38 MCM4 6 37 ATXNIL 5
40 HECTD1 5 40 UBE2Z 4
40 TNRC6B 5 40 NHLRC2 4
40 ATXN1 5 40 ITSN2 4
43 MGA 4 43 VPS37A 3
43 FEMI1B 4

43 VPS4A 4

43 CSNK1A1 4

43 PNRC1 4

48 ZNF131 3

48 TNRC6A 3

Page 26 of 28
208



Supplementary Table 9 (Table S9)

Results of stage-wise differential mMiRNA and gene expression analysis in serous OC patients using filtered data from TCGA-
OV dataset (serous OC patients with stage Il, lll, or IV after pharmaceutical therapy). Gene and miRNA levels were expressed
as counts per million (CPM). Statistical significance for non-normally distributed data was evaluated with the Kruskal-Wallis test
comparing the medians of three groups followed by Dunn's multiple comparison test (if applicable).

) Average expression (CPM) Median expression (CPM) Kruskal-Wallis test
I Stage Il Stage Il Stage IV Stage Il Stage Il Stage IV p value
miR-9-5p 41.6 38.7 27.5 57.2 59.1 33.8 0.2384
miR-99b-5p 226675 262851 242556 240102 265850 231672 0.4013
miR-100-5p 1848 2982 2238 1932 2395 2141 0.2324
miR-125a-3p 39.8 43.2 49.1 36.3 37.7 41.4 0.4617
miR-324-5p 47.4 43.6 45.6 44.4 38.9 39.6 0.9585
miR-424-3p 11.9 14.6 14.2 9.8 12.2 12.1 0.5566
miR-486-5p 492.9 512.6 346.2 328.1 372.9 231.1 0.3533
miR-505-5p 35.4 23.2 23.1 34.5 21.3 20.6 0.2263
- Average expression (CPM) Median expression (CPM) Kruskal-Wallis test

Stage Il Stage IlI Stage IV Stage Il Stage Il Stage IV p value
HUWE1 385.5 379.6 371.3 358.1 352.8 397.5 0.9030
TNRC6B 74.7 56.2 54.2 70.6 55.6 50.2 0.0647
EEF1D 129.7 112.8 126.6 121.3 109.7 113.7 0.6075
CDK6 28.0 24.2 40.9 16.0 19.6 33.6 0.0255
CSNK1A1l 86.0 79.1 84.4 89.4 75.7 83.9 0.3994
EGR1 297.0 276.4 177.9 272.0 211.0 148.9 0.2884
CDKN1A 54.6 51.8 41.7 44.9 45.17 39.8 0.4951
ITGAS 47.02 61.1 49.24 35.5 475 41.8 0.4789
SRRM2 973.8 754.7 756.4 933.1 745.0 754.6 0.0975
PTEN 89.1 101.2 94.6 88.0 96.7 103.0 0.6343
SMARCC1 220.0 177.5 175.5 208.6 170.9 185.3 0.1008
MGA 54.5 48.1 49.3 52.0 47.0 51.1 0.3749
VIM 239.8 418.0 390.1 250.2 360.9 361.8 0.0271
TNRC6A 76.7 58.8 58.93 67.2 55.9 53.1 0.0373
YWHAQ 400.7 438.7 421.2 395.2 407.4 352.2 0.6053
CLTC 298.1 285.6 299.9 295.3 271.2 260.3 0.8709
UBE2Z 158.6 157.4 150.3 156.9 150.3 137.7 0.7519
SMAD2 158.6 157.4 150.3 156.9 150.3 137.7 0.7519
POLR2A 271.0 220.4 195.1 270.2 207.3 186.0 0.0074
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Supplementary Table 10 (Table S10)

Validation of endogenous control genes stable expression in HGSOC cell lines for RT-gPCR data normalization from
Custom TagMan™ MicroRNA Cards. Average Cr values are means for all tested treatments (control, O, A, C, O+A, and O+C)
among cell lines. Significant differences in average Cr values between treatments for each gene and cell line were evaluated with
ordinary one-way ANOVA. O — olaparib, A — ATRI, C — CHK1.i.

Egﬂ?rgotlenous Cell Line A"%rfge SD of Cr nggfgr}trgfrﬁ;ﬂge Cr MIN Cr MAX Cr Range
PEO1 20.10 0.14 NO (p = 0.6844) 19.91 20.29 0.38
U6 sSnRNA PEO4 20.00 0.22 NO (p = 0.6553) 19.52 20.16 0.64
PEO1-OR 20.18 0.07 NO (p = 0.9734) 20.06 20.26 0.20
PEO1 20.34 0.08 NO (p = 0.9480) 20.24 20.47 0.24
RNU48 PEO4 20.09 0.10 NO (p = 0.8417) 20.00 20.29 0.29
PEO1-OR 20.08 0.08 NO (p = 0.6809) 19.98 20.17 0.19
PEO1 27.73 0.22 NO (p = 0.2772) 27.34 28.01 0.67
miR-30e-3p PEO4 27.46 0.17 NO (p = 0.6857) 27.18 27.67 0.50
PEO1-OR 27.34 0.12 NO (p = 0.9296) 27.12 27.51 0.39
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Olaparib Rechallenge Combined with the ATR/CHK1 Pathway Inhibitors
in Olaparib-Resistant PDX Models of Ovarian Cancer: Mechanisms
Behind Synergistic Tumor Growth Inhibition
tukasz Biegata'?, Matgorzata Statkiewicz3, Arkadiusz Gajek’, Izabela Szymczak-Pajor?,

Natalia Rusetska®, Agnieszka Sliwinska?, Agnieszka Marczak!, Michat Mikula?,
Aneta Rogalska'"

Abstract

The clinical utility of olaparib, a poly(ADP-ribose) polymerase (PARP) inhibitor (PARPI), has been substantial
for ovarian cancer (OC) patients with homologous recombination deficiencies related to BRCA1/2 mutations.
However, resistance to olaparib inevitably develops, prompting the need for combination strategies
to enhance its efficacy in vivo.

Thus, we established the olaparib-resistant patient-derived xenograft (PDX) models of high-grade serous OC
with BRCA1/2 mutations in NSG/J mice and characterized their molecular features associated with resistant
phenotype in vivo. Next, olaparib-resistant PDX tumors were treated with olaparib, ATR inhibitor (ATRi,
ceralasertib), and CHK1 inhibitor (CHK1i, MK-8776) or their combinations to investigate treatment responses
based on tumor growth and histopathological analysis on hematoxylin and eosin-stained tissues. Evaluation
of molecular downstream effects included proliferation, apoptosis, the ATR/CHK1 pathway activity, PARP
signaling, DNA damage response (DDR), epithelial-to-mesenchymal transition (EMT), and MDR1 efflux pump
were examined by RT-gqPCR, Western Blotting, and immunohistochemistry.

Tumors resistant to olaparib exhibited defects in PARP and ATR/CHK1 signaling, accompanied by the altered
expression of proteins involved in the DDR and EMT process. The studies demonstrated that olaparib and
ATRi alone or combined were generally well-tolerated in mice. Olaparib combinations with the ATR/CHK1
pathway inhibitors showed promising antitumor activity indicated by a synergistic tumor growth inhibition
in responding mice. The addition of ATRi to olaparib provided the best response classified as stable disease
reflected by tumor growth attenuation. Mechanistically, this combination decreased tumor proliferation
without increasing apoptosis or necrosis, while inducing tumor cell vacuolization indicative of cell death.
Molecularly, ATRi combined with olaparib-induced or augmented downregulation of ATR, CHK1, PARP1,
PARG, BRCA1, yH2AX, and PARylated protein content, while reversing olaparib-induced upregulation
of vimentin, BRCA2, and 53BP1.

Collectively, potential mechanisms underlying acquired resistance and resensitization to olaparib were
identified. Our data provide evidence that targeted inhibition of the ATR/CHK1 pathway increases the efficacy
of olaparib in olaparib-resistant HGSOC tumors in vivo.

Keywords

Ovarian cancer, olaparib resistance, resensitization, ATR/CHK1 pathway, patient-derived xenograft (PDX),
combination therapy.
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Introduction

High-grade serous ovarian cancer (HGSOC), the most
frequent histological subtype of epithelial ovarian cancer (OC), is
a heterogeneous disease usually diagnosed at advanced stages
(Il and 1V). Despite initial responses to standard therapy, it
exhibits a high relapse rate of approximately 70% within three
years [1]. Around 50% of HGSOC cases harbor defects in the
homologous recombination (HR) DNA repair pathway, primarily
due to mutations in BRCA1/2 genes, that render sensitivity to
poly(ADP-ribose) polymerase (PARP) inhibitors (PARPi) through
synthetic lethality. Olaparib, the first approved PARPi, is clinically
utilized in various clinical settings based on the patient's
response to first-line chemotherapy, including maintenance
therapy for newly diagnosed BRCA1/2-mutated (BRCA1/2MUT)
and platinum-sensitive recurrent HGSOC [2].

PARP enzymes play a pivotal role in catalyzing a post-
translational mono- and poly-ADP-ribosylation (PAR) of proteins
involved in various cellular processes including DNA repair.
PARP1 functions as a molecular sensor in DNA damage response
(DDR) pathways. It is crucial in regulating the expression and
recruitment of proteins mediating various DNA repair pathways,
such as HR repair, single-strand break repair, and base excision
repair [3].

The antitumor activity of PARPi relies primarily on two
proposed mechanisms: inhibiting PARP enzymatic activity, which
impairs DNA damage repair of single-strand DNA breaks, leading
to their conversion into double-strand breaks (DSB) and
subsequent tumor cell death in those with defective DNA
damage repair mechanism; and competitively binding of PARPi
to the NAD* binding domain on PARP1, resulting in PARP1
trapping at the DNA damage site and accumulation of cytotoxic
PARP1-DNA complexes [4]. However, while both mechanisms
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likely contribute to anticancer activity, there is a lack of
comprehensive clinical evidence to fully support either theory.

Despite the evident clinical benefits of PARPi therapy in OC,
acquired resistance to olaparib may develop in patients with
advanced HGSOC who experience disease progression while on
treatment, thereby limiting its clinical utility [5]. Recent findings
from the OReO/ENGOT trial indicate that approximately half of
BRCA1/2MYT recurrent epithelial OC patients progress during
retreatment with olaparib and derive no meaningful clinical
benefit [6]. Moreover, a post-hoc analysis of data from the
SOLO2 trial revealed that BRCAT1/2MUT platinum-sensitive
relapsed OC patients who progressed on maintenance olaparib
lack promising treatment options following disease progression
[71.

Multiple complex resistance mechanisms to olaparib have
been proposed in OC cells based on in vitro and in vivo models
[8]. Among them, restoration of HR repair pathway activity
through secondary reversion mutations in BRCA1/2 and other
genes is the well-established mechanism of acquired resistance
[9, 10]. Additionally, olaparib resistance may also arise form to
restoration of HR functions through the loss of TP53 binding
protein 1 (53BP1) in BRCAT-deficient tumors, restoration of
replication fork stability, reduction in PARP trapping by mutation
or loss of PARP1, and enhanced drug efflux [8, 11].

To enhance the clinical potential of olaparib, investigators are
exploring promising combination strategies employing immune
checkpoint inhibitors, anti-angiogenic drugs, and so on [2].
Significantly, targeting DDR pathways holds promise in restoring
the synthetic lethality of olaparib in HR-proficient tumors and
overcoming acquired PARPi resistance [11]. Recent focus has
centered on inhibiting the ATR/CHK1 pathways, given the pivotal
roles of ATR kinase (ataxia telangiectasia and Rad3-related) and
CHKT1 (checkpoint kinase 1) in DDR and cell cycle regulation [12].
Emerging evidence suggests that inhibiting the ATR/CHK1
pathway increases olaparib efficacy in epithelial OC tumors.
Indeed, both ATR inhibitors (ATRi) and CHK1 inhibitors (CHK1i)
demonstrated promising antitumor activity in combination with
olaparib across olaparib-sensitive and olaparib-resistant OC cell
lines and patient-derived xenograft (PDX) models of HGSOC [13-
16]. We previously demonstrated that targeted inhibition of the
ATR/CHK1 pathway can resensitize the olaparib-resistant HGSOC
cell line with BRCAZ2 reversion mutation to olaparib in vitro
through caspase-mediated apoptosis and affects the expression
of DDR-related proteins [13].

Currently, the combination of olaparib with ATRi ceralasertib
is under investigation in women with recurrent platinum-
sensitive and platinum-resistant HGSOC in the ongoing CAPRI
clinical trial (NCT03462342). Initial results from a PARPi-naive
platinum-resistant cohort showed no objective responses to
combination therapy, however, 75% of patients obtained stable
disease as the best response [17]. Furthermore, promising
antitumor activity of the above-mentioned combination has
been demonstrated in HR-deficient platinum-sensitive recurrent
HGSOC with acquired resistance to olaparib [18]. However, the
relatively small number of patients evaluable for efficacy testing
and the absence of comparator arms necessitate further
investigation of the clinical utility of olaparib in combination with
ceralasertib. Additionally, given the genetic and molecular
heterogeneity of HGSOC cells, the rationale for combining
olaparib with ATR/CHK1 pathway inhibitors requires further in
vivo validation. Importantly, PDX models serve as indispensable
tools in preclinical drug efficacy testing since they reliably
resemble cellular and molecular features of original tumors [19].
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In this study, olaparib-resistant BRCAT1/2MYT PDX models of
HGSOC have been established from a patient's tumor to
extensively investigate the role of the ATR/CHK1 pathways
inhibitors in potentiating therapeutic response to olaparib.

Materials and Methods
Materials

PARPi (O, olaparib, AZD2281) was purchased from
MedChemExpress (Monmouth Junction, New Jersey, USA). ATRi
(A, ceralasertib, AZD6738) and CHK1i (C, MK-8776) were
purchased from Wuhan ChemNorm Biotech (Wuhan, China).
Master liquids of each drug were prepared in 100% dimethyl
sulfoxide (DMSO) and stored at —80°C for the future preparations
of in vivo formulations. Working solutions for in vivo injections
were prepared by diluting master liquids in a vehicle composed
of 10% (v/v) DMSO, 40% (v/v) PEG300, and 5% (v/v) Tween 80 in
double-distilled water. Other key reagents used in this study are
described in the Material and Methods section and Table S1.

Generation of PDX models of HGSOC

All animal procedures were conducted according to the
protocol approved by the Local Ethics Committee of The Warsaw
University of Life Sciences in Warsaw (protocol number:
WAW?2/024/2021) and the consent of the Bioethics Committee at
The Maria Sklodowska-Curie National Research Institute of
Oncology in Warsaw (55/2017). Immunodeficient NSG/J female
mice were obtained from the Jackson Laboratory and maintained
in a specific pathogen-free facility. All animals were housed
according to the local regulations at 22 + 2°C with 12-hour
light/dark cycles. Mice were euthanized as soon as they appeared
to be in distress or discomfort during any procedure.

Ovarian cancer tissues were collected between June 20, 2017,
and September 5, 2017, from three HGSOC patients X127 (stage
IV), X160 (stage llIB), and X179 (stage lIC) with BRCAT1/2
mutations who underwent primary debulking surgery at The
Maria Sklodowska-Curie National Research Institute of Oncology
before further adjuvant therapies.

To establish PDX models of HGSOC, pieces of fresh ovarian
carcinoma samples (10-20 mm?3), obtained after surgical
resection, were transplanted subcutaneously into both flanks of
NSG/J mice (passage 0, PO i.e. patient's tumor first growth in
vivo). The mice were monitored bi-weekly for tumor
development. Tumor growth was evaluated by caliper
measurements of tumor length (L) and width (W). Approximate
tumor volume (V) was calculated using the formula V = 2 x (L x
W?2). To expand the initial tissue for further experiments and
preservation, successfully engrafted tumors reaching a volume of
~500 mm? were serially excised and subcutaneously
retransplanted (10-20 mm? pieces) into new recipient mice to
establish further stabilized generations (P1, P2, P3, and so on).
Progressively growing PDX tumors were dissected into
fragments, cryopreserved, and stored in a vapor phase of liquid
nitrogen for future use.

Establishment of olaparib-resistant PDX models

A single cryopreserved tumor fragment from each treatment
naive PDX (X127, X160, and X179) was thawed, dissected into
~20 mm? pieces, and engrafted subcutaneously into both flanks
of two mice to grow and generate enough tissue for further
transplantations. Tumor growth was monitored daily until
reaching ~500 mm?3. Then mice were euthanized with 5%
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isoflurane followed by cervical dislocation and tumors were
excised. Subsequently, ~20 mm?3 tumor fragments from each PDX
were retransplanted subcutaneously into the left flank of each of
the 12-20 new recipient mice. Mice were randomized when
tumor size reached ~150 mm?3 into two groups: vehicle control
(n = 6-10), and olaparib (n = 6-10). Animals were treated 5 days
a week by intra-peritoneal injections (i.p.) with olaparib
(50 mg/kg) or vehicle (10% (v/v) DMSO, 40% (v/v) PEG300, and
5% (v/v) Tween 80 in double-distilled water). Tumor growth
along with mice's body weight were measured two times a week.
The transplanted xenografts that showed no growth in mice were
rejected. Mice were sacrificed once they showed symptoms of
impaired well-being or tumor size exceeded ~1200 mm?3. Then
tumors were dissected, cut into multiple fragments, and
cryopreserved for further molecular analyses and retrans-
plantations. Tumor sizes at treatment completion day were
compared with tumor sizes at day zero of the treatment to
calculate relative tumor volumes and assess sensitivity to
olaparib. Tumors that expanded their final size by at least 2-fold
compared to their size at the start of treatment in the presence
of olaparib for more than 4 weeks were considered resistant to
olaparib.

Treatment with tested inhibitors

Cryopreserved fragments of olaparib-resistant tumors
(~20 mm3) generated from PDX-X179 were thawed and
expanded through subcutaneous retransplantations into new
recipient mice. Finally, obtained tumors were dissected and
~20 mm?3 fragments were engrafted subcutaneously into the left
flank of 48 mice. Subsequently, after an increase in tumor volume
to more than ~50 mm?3, animals were randomized into six
treatment arms with 8 individuals each: vehicle control (10% (v/v)
DMSO, 40% (v/v) PEG300, and 5% (v/v) Tween 80 in double-
distilled water), olaparib (50 mg/kg), ATRi (25 mg/kg), CHK1i
(50 mg/kg), olaparib + ATRi (50 mg/kg + 25 mg/kg), and olaparib
+ CHK1i (50 mg/kg + 50 mg/kg). Mice received a vehicle by i.p.
injections 5 days a week, olaparib by i.p. injections 5 days a week,
ATRi administered orally 5 days a week, CHK1i by i.p. injections
twice a week, or combinations of tested inhibitors i.e. olaparib
with ATRi or olaparib with CHK1i (each single agent administered
as described above). Tumor volume and mice body weight were
measured two times a week to assess the response to inhibitors.
Animals were euthanized after 23 to 37 days of treatment
(median 35 days) to evaluate treatment efficacy. Then, tumors
were excised, dissected into pieces, and freshly prepared for
pathological assessment or snap-frozen for molecular analysis.
From a subset of mice from each group, hearts were harvested
and cryopreserved for evaluation of potential systemic cardio-
toxicity.

Evaluation of drug efficacy and safety assessment

Growth curves were established based on tumor volumes for
individual animals and mean tumor volumes in each group and
at different time points. To assess the efficacy of tested inhibitors
and their combinations, we evaluated several endpoint outcomes
given the lack of consensus regarding the assessment of drug
efficacy in PDX models [20, 21]. These include parameters that
were adjusted for variation of initial tumor volumes between
mice and captured the longitudinal tumor volume
measurements.

Firstly, relative tumor volumes (RTV) were calculated for
inhibitor-treated (T, treatment) and vehicle-treated control
(C, control) animals based on the final tumor volumes on the
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treatment completion day (VT or VC) divided by the initial tumor
volume at the treatment initiation day (VTo or VCo) [22, 23]
according to the formulas below. Responses were classified as
stable disease (SD; RTV of 0.70 to 1.20) or progressive disease
(PD; RTV greater than 1.20) [24, 25].

VT 49
RTVT = V_To and RTVC = V_Co

Next, the relative treatment-to-control (T/C) ratio on the last
day of treatment was calculated by dividing RTVr values for each
tumor from treatment groups by the average RTVc value for a
vehicle control group to assess the treatment effect. In general,
low relative T/C ratio values indicate a strong antitumor effect.
Tumors were assigned according to T/C ratios as highly
responsive (T/C ratio less than 0.1), responsive (T/C ratio between
0.1 and 0.42), and non-responsive (T/C ratio greater than 0.42)
[26-28].

Moreover, antitumor activity was estimated using tumor
growth inhibition (TGI) parameter calculated at the end of the
treatment relative to initial tumor size for each animal and
compared to a vehicle control group according to the formula:

VT .
~ VTg Ve~ .
TGI = 1—E X(l—W) X 100%
VC,

VCand VG indicate average tumor volume from a vehicle control
group at the completion and the initiation of the treatment,
respectively, whereas VT and VTo represent volumes of tumors
treated with inhibitors at the completion and the start of the
treatment, respectively [23]. Based on TG, the inhibitory effects
were compared between a combination of two inhibitors (E1+2)
and single-agent inhibitors (E; and E;) using the Response
Additivity approach [29] to assess synergy in each PDX tumor
treated with combinations. Combination index (Cl) values were
calculated using average TGl values for treatment groups as
effects (Es, Ez, and Eq.2) according to the formula below. Cl values
> 1, =1, and < 1 represent antagonistic, additive, and synergistic
effects, respectively.

E| +E
cl= 1-=2
Eiiz

Preparation of FFPE sections

Formalin-fixed paraffin-embedded (FFPE) tissue sections
were prepared from harvested tumors and hearts. Tissue
fragments were fixed in 4% buffered formalin for a few hours at
room temperature and subsequently dehydrated in increasing
concentrations of ethanol solutions (70% for 40 min, 80% for 2 h,
90% for 1 h, and 96% overnight). Next, the tissue was incubated
in the mixture of ethanol and xylene (1:1) for 1 h, followed by
incubation in xylene for 2 h. Then, tissue was infiltrated by
transferring to a mixture of paraffin and xylene (1:1) for 2 h at
50°C, followed by incubation in liquid paraffin for 3 h at 50°C.
Afterward, tissue was embedded in a paraffin block, and 3.5-pum-
thick paraffin-embedded histopathological sections were
obtained by cutting paraffin blocks with a Leica RM2245
microtome (Leica Biosystems, Germany). FFPE sections were
dried on glass slides at 56°C for 1 h and used for further
molecular analyses.
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Hematoxylin and eosin (H&E) staining

Hematoxylin and eosin (H&E) staining was performed in
tumor and heart samples. Firstly, FFPE sections were
deparaffinized by incubation in xylene (2 x 10 min) and
rehydrated in ethanol by the following incubations: 99% for
5 min, 96% for 5 min, 90% for 3 min, 80% for 3 min. Next, FFPE
sections were incubated in distilled water for 1 min, stained with
Mayer's hematoxylin solution (Dako, Agilent) for 5 min, and
excess dye was removed by rinsing with distilled water and
incubation in distilled water for 10 min. Then, FFPE sections were
incubated with eosin solution (Dako, Agilent) for 30 sec and
rinsed with distilled water. Stained tissue samples were incubated
with 96% and 99% ethanol for 2 min, followed by incubation with
xylene for 10 min. Finally, samples were mounted with DPX
Mounting Medium (Dako, Agilent) and subjected to histological
analysis.

Histopathological analysis

Histological assessment of FFPE tissue samples stained with
H&E was performed by experienced histopathologists following
the 1ISO9001 standard using ZEISS Axiolab 5 microscopes (Zeiss,
Germany). Histopathological assessment criteria were based on
scientific literature and recommendations included in the
International Harmonization of Nomenclature and Diagnostic
Criteria developed and published by The Global Editorial and
Steering Committee. Tissues were evaluated at 5%, 10x, 40x, and
100x objective magnification based on the location, nature, and
severity of pathological changes. Detailed scoring rules for each
type of parameter are presented in Table S2. Tumor tissues were
assessed for vacuolization of tumor cells, pleomorphism of the
nuclei, and necrosis in 3-6 individuals from each treatment arm.
The mitotic index (MI) was also examined to evaluate the
proliferative activity. Heart tissues were assessed in 2-4
individuals from each treatment group for degeneration of

myofibers (hyaline lesions) and cardiomyocytes (vacuolar
degeneration).
Immunohistochemistry

Immunohistochemical staining (IHC) was performed on FFPE
tissue sections, which were deparaffinized with xylene and
rehydrated in a series of ethanol solutions of decreasing
concentration. Heat-induced epitope retrieval was carried out in
a Target Retrieval Solution pH 6 (Dako, Agilent) in a 100°C water
bath for 30 min. After cooling the retrieval solutions for 30 min
at room temperature, the slides were incubated for 5 min with
a Blocker of Endogenous Peroxidase (Dako, Agilent).
Subsequently, slides were incubated for 1 h at room temperature
with the following primary antibodies: anti-pCHK1 (Ser345)
diluted 1:1000 or anti-Ki-67 diluted 1:200. Then, slides were
rinsed and incubated with an appropriate Signal Stain® Boost IHC
Detection Reagent (HRP) for 30 min at room temperature.
Staining was visualized by a peroxidase substrate 3,3'-diamino-
benzidine tetrahydrochloride (Dako, Agilent). Nuclear contrast
was achieved with hematoxylin counterstaining. The images were
captured at 20x and 40x magpnifications.

Ki-67 proliferation index was defined as the percentage of
tumor cells with positive nuclear Ki-67 staining to evaluate the
growth fraction of tumor cells. Moreover, a semi-quantitative
analysis of immunohistochemical nuclear reactivity for Ki-67 and
pCHK1 was performed by calculating histoscore (H-score) which
combines both reaction intensity (graded as O - none,
1 —weak, 2 - moderate, and 3 — strong staining) and percentage

Page |4

of the cells with a given intensity according to the previously
reported formula: H-score = [(0 x % none) + (1 x % weak) +
(2 x % moderate) + (3 x % strong) [30]. A minimum of 3 slides
per group and 3 high power fields per slide at 400x
magnification were used to evaluate the staining intensity of 300
cells for each sample. Protein expression was classified according
to nuclear immunoreactivity as low (0-100), medium (100-200),
or high (200-300) based on the average value of the H-score.

Analysis of BRCA1/2 variants with NGS

BRCA1/2 genes were screened for the presence of single-
nucleotide variants (SNV) and indel mutations in olaparib-
resistant tumors by targeted next-generation sequencing (NGS).
Briefly, genomic DNA was isolated from tumor tissue samples
using DNeasy Blood & Tissue Kit (Qiagen) following the
manufacturer's protocol. DNA concentration and purity were
measured fluorescently using a Qubit instrument (Thermo Fisher
Scientific). Isolated DNA was stored at —-20°C until further
analysis. Next, targeted DNA libraries were prepared using the
Oncomine™ Comprehensive Assay v3 (Thermo Fisher Scientific)
according to the manufacturer's protocol. DNA libraries were
sequenced using lon Proton™ Sequencer (Thermo Fisher
Scientific). Variant calling and annotation were performed using
lon Reporter Software according to the Oncomine™ BRCA
Research Somatic-530-w3.6-DNA-Single Sample Workflow
(v5.18). Variants were classified as pathogenic according to the
NCBI ClinVar database.

RNA isolation, cDNA synthesis, and RT-qPCR

Frozen tumor fragments were ground in a mortar and pestle
with liquid nitrogen. Obtained tissue powder from each sample
was split into two pre-chilled microcentrifuge tubes and used
immediately for protein extraction and RNA isolation separately.
Total RNA was isolated using mirVana™ miRNA Isolation Kit with
phenol (Thermo Fisher Scientific) according to the
manufacturer’'s protocol. The quality and quantity of isolated
RNA were analyzed by absorbance measurements at 230, 260,
and 280 nm using a BioTek Eon™ microplate spectrophotometer.
Total RNA was aliquoted and stored at —80°C.

cDNA synthesis and RT-qPCR gene expression analysis were
performed as described previously [13] using High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific) and
TagMan™ Universal Master Mix Il (no UNG) with predesigned
TagMan™ Gene Expression Assays (Thermo Fisher Scientific).
Details concerning TagMan® probes can be found in Table S3.

For gPCR gene expression analysis, a maximization set-up
was employed to analyze all genes (ACTB, ABCB1, ATR, CHEK1,
CASP3, H2AFX, and PARPT) in the same run and spread samples
across runs. An identical pooled vehicle control cDNA sample was
used as an inter-run calibrator and analyzed for all assays during
each run to compare relative quantities of genes in all samples.
Each sample was run in triplicate, extracted C; values were
averaged, and checked for technical variability (STD between
technical replicates < 0.3 cycles). Cy values obtained for the
ABCB1 gene encoding MDR1 were greater than a selected cut-
off for reliable quantification (Cr < 35 cycles) and rejected from
the quantitative analysis. Relative mRNA expression was
calculated according to the comparative 2724t method using
ACTB as a reference gene for normalization. Normalized fold
change data relative to vehicle-treated group were log-
transformed before statistical analysis to reduce data skewness
and the results were presented as mean + STD. Outliers were
identified according to the ROUT method with 5% FDR using
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GraphPad Prism. To identify highly relevant differentially
expressed target genes, a cut-off of > 2.0 absolute expression
fold change with p < 0.05 was selected.

Protein extraction and Western Blotting

Whole-cell tissue lysates were prepared from tumor powder
immediately after cryogenic grinding. Briefly, tumor powders
were transferred to microcentrifuge tubes prefilled with 3.0 mm
TriplePure™ Zirconium beads (Benchmark Scientific, UK) and ice-
cold RIPA buffer (Thermo Fisher Scientific) supplemented with
1 mM with PMSF, Halt™ Protease Inhibitor Cocktail (Thermo
Fisher Scientific) and Halt™ Phosphatase Inhibitor Cocktail
(Thermo  Fisher Scientific). Subsequently, samples were
homogenized in BeadBug™ 6 microtube homogenizer
(Benchmark Scientific, UK) for 30 sec at 4000 rpm, centrifuged (14
000xg, 1 min, 4°C) to reduce foaming, and incubated on ice for
15 min. Next, samples were centrifuged (14 000xg, 15 min, 4°C)
and sonicated with a probe sonicator (2 pulses, 10 sec, 15%
amplitude). Total protein concentration was quantified in clear
tissue lysates with Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific) according to the manufacturer's instructions.
Subsequently, protein samples were prepared in LDS Buffer,
separated by SDS-PAGE, and transferred by semi-dry transfer,
followed by immunodetection as described previously [13].
Primary antibodies used in the study are listed in Table S4.

Enhanced chemiluminescence images were captured with
Azure 300 Imaging System (Azure Biosystems, Dublin, CA, USA).
Densitometric quantification of the bands was performed with
ImageJ software (NIH, Bethesda, MD, USA). Protein expression
was normalized using B-actin, expressed as fold change values
relative to vehicle-treated cells and presented on graphs with a
logarithmic scale. Fold change data were log-transformed before
statistical analysis to reduce skewness. Outliers were identified
according to the ROUT method with 5% FDR using GraphPad
Prism. To identify highly relevant differentially expressed
proteins, a cut-off of > 2.0 absolute expression fold change with
p < 0.05 was selected.

Statistical Analysis

Statistical analysis was performed with GraphPad Prism
version 10.2.1 for Windows (GraphPad Software, San Diego, CA,
USA) using the appropriate tests specified in Figure captions.
Shapiro-Wilk test was used to assess the normality of data
distribution. Homogeneity of variance was evaluated with
Brown-Forsythe and Bartlett's tests. Student t-test was used to
compare means between two groups drawn from normally
distributed data. Ordinary one-way ANOVA followed by Tukey's
or Sidak multiple comparison tests and Brown-Forsythe ANOVA
followed by Dunnett's T3 multiple comparison test were used to
assess the statistical significance of differences where more than
two groups were defined by one factor (treatment) with normally
and non-normally distributed data, respectively. Two-way
ANOVA followed by Dunnett's multiple comparison tests was
used to assess the statistical significance of differences where
more than two groups were defined by two factors (treatment
and timepoint). Unless otherwise stated, differences between
groups were considered statistically significant at: “p < 0.05,
“p <0.01, "p < 0.001, "p < 0.0001 (vehicle vs. inhibitor(s));
*p < 0.05 **p < 0.01, ***p < 0.001, ****p < 0.0001 (olaparib vs.
combination with ATRi or CHK1i); *p <0.05 *p <0.01,
##p < 0,001, **p <0.0001 (ATRi or CHK1i vs. respective
combinations with olaparib).
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Results

Characterization of the olaparib-resistant PDX model of
HGSOC

Ovarian tumors with BRCA1/2 mutations generally respond
well to olaparib, but may eventually acquire decreased sensitivity
to the treatment, thereby reducing its clinical utility [31, 32]. In
this study, we established the olaparib-resistant PDX models of
HGSOC to investigate mechanisms driving resistance to PARPi
and evaluated the efficacy of combinations of olaparib with the
ATR/CHK1 pathway inhibitors.

Initially, three olaparib-naive PDX models of HGSOC (X127,
X160, and X179), developed from tumor samples obtained from
patients diagnosed with HGSOC, were used to induce resistance
to olaparib in vivo. NGS-based analysis of BRCAT/2 genes
revealed pathogenic exonic variants with loss-of-function
mutations in PDX-X179 (BRCA1/2MYT)y and PDX-X127
(BRCA1/2MUT) tumors (Table 1). Treatment-naive PDX-X179
HGSOC model exhibited a total of 9 exonic variants in both
BRCAT1 and BRCAZ genes (Table 1) identified by targeted NGS.
Importantly, PDX-X179 carried a heterozygous BRCAT missense
mutation (c.181T7>G; p.Cys61Gly) located in a mutational hot spot
and BRCA2 truncating mutation (c.4677delT; p.Phe1559Leu
fsTer9), both classified as pathogenic (Table 1). These genetic
alterations mirrored the HRD status commonly found in
approximately 50% of HGSOC patients [33], which is crucial for
recommending olaparib maintenance therapy in clinical practice
[34].

Importantly, PDX-X179 with clinically-relevant BRCAT1/2
mutations fulfilled a genetic prerequisite for further studies. To
induce resistance to olaparib in vivo, PDX-X179 tumors were
transplanted into 16 female mice, allowed to reach a volume of
~150 mm?3, and animals with successful engraftments were
randomized into vehicle control (n = 6), and olaparib (n = 8)
groups. Mice with stable well-being and tumor growth during
treatment with a vehicle (n = 4) or 50 mg/kg olaparib (n =5) 5
days a week for over 4 weeks were selected for sensitivity
comparison to PARPi (Figure 1a). Four-week treatment duration
was chosen based on the typical cycle length of olaparib therapy
in clinical practice, usually lasting 28 days, each followed by a
treatment response assessment [17, 35, 36]. Importantly, two
tumors (#11 and #14) from the PDX-X179 model successfully
acquired resistance to PARPi throughout 42 days of continuous
olaparib treatment (Figure 1b).

As presented, vehicle-treated tumors (n = 4) exhibited stable
dynamic growth (Figure 1b-c) and increased relative volume by
about 8.0 times within 31 days of treatment initiation day. In the
presence of olaparib, the treatment response was heterogeneous
among mice. The comparison of tumor sizes at the completion
and the initiation of treatments showed that two xenografts
(#5 and #9) were sensitive displaying relative tumor volumes of
0.16 (decrease by 6.2-fold) and 0.59 (decrease by 1.7-fold),
respectively (Figure 1b-c). One tumor (#12) was partially
sensitive to PARPi with no meaningful changes in relative tumor
volume. Two xenografts (#11 and #14) remained on olaparib
treatment for 42 days and gradually acquired resistance to PARPi
exhibiting relative tumor volumes of 2.7 and 2.0, respectively
(Figure 1b-c). In PDX tumors #11 and #14, there was an initial
period of tumor growth reaching a peak at days 21-24 before
short-term tumor regression, followed by recurrence and growth
stabilization indicating desensitization to PARPi. (Figure 1b).
Notably, no significant body-weight loss was observed in any
group during (Figure 1d), and at the end of treatment
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(Figure 1e), indicating no apparent toxicity of the vehicle or
olaparib in mice.

Despite successful engraftments, PDX-X127 and PDX-X160
models were excluded from further experiments due to atypical
growth kinetics characterized by unexpectedly rapid growth rates
and variability among animals. The growth curves for the
abovementioned PDX tumors and mice body weights
throughout the treatment with olaparib or vehicle were
presented in Figure S1.

To preliminarily assess changes associated with varied
responses to olaparib in PDX-X179 xenografts, we examined the
expression of proteins involved in PARP signaling (PARP1, PARG),
HR repair pathway (RAD51), and MDR1 efflux pump. Protein
expression was evaluated in untreated PDX-X179 at P5 and PDX-
X179 treated with the vehicle (#6, #7, #8) or olaparib (#5, #9, #11,
#12, #14) (Figure 1f). Changes in protein levels of at least 2-fold
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relative to primary PDX-X179 at P5 were considered biologically
meaningful. Additionally, both xenografts that acquired resis-
tance to olaparib (#11 and #14) exhibited similar expression
patterns of PARP1, PARG, and RAD51, which distinguished them
from primary PDX-X179 at P5, vehicle-treated xenografts (#6, #7,
#8), and most olaparib- sensitive xenografts (#9 and #12).
Tumors with acquired resistance to olaparib notably
downregulated PARP1, PARG, and RADS51, whereas vehicle-
treated tumors upregulated PARG and RAD51. In all xenografts,
there were no significant changes in MDR1 expression
(Figure 1f).

Overall, novel olaparib-resistant PDX models of HGSOC were
developed in two tumors, allowing further investigation into the
mechanism underlying the resistant phenotype and the
evaluation of the effective combinations of inhibitors to restore
olaparib efficacy in vivo.

Table 1. Treatment-naive PDX-X127 and PDX-179 models established from HGSOC patients tumors carry BRCA1/2 variants with loss-of-

function mutations classified as pathogenic.

Variant . Gene . Allele ClinVar
PDX Gene Exon Function Protein Change o e .
Type Change Frequency [%] Classification
BRCAT 10 INDEL frameshift c.1728delT p.Glu577AsnfsTer11 343 Pathogenic (1)
deletion
10 SNV missense c.1114A>C p.Asn372His 90.8 Benign
11 SNV synonymous c4563A>G p.Leu1521= 100.0 Benign
frameshift .
X127 1 INDEL deletion c.5946delT p.Ser1982ArgfsTer22 89.1 Pathogenic (!)
BRCA2
11 SNV synonymous ¢.6513G>C p.Val2171= 99.9 Benign
14 SNV missense c.7397T>C p.Val2466Ala 100.0 Benign
frameshift .
23 INDEL . c.9097delA p.Thr3033LeufsTer29 153 Pathogenic (!)
deletion
4 SNV missense c.181T>G p.Cys61Gly 58.9 Pathogenic (¢)
10 SNV missense c.1067A>G p.GIn356Arg 51.9 Benign
10 SNV synonymous c.2082C>T p.Ser694= 434 Benign
10 SNV synonymous c.2311T>C p.Leu771= 437 Benign
BRCAT1 10 SNV missense c.2612C>T p.Pro871Leu 442 Benign
10 SNV missense c3113A>G p.Glu1038Gly 41.7 Benign
10 SNV missense c.3548A>G p.Lys1183Arg 439 Benign
12 SNV synonymous c4308T>C p.Ser1436= 432 Benign
15 SNV missense c4956G>A p.Met1652lle 41.6 Benign
X179
10 SNV missense c.978C>A p.Ser326Arg 338 Benign
10 SNV missense c.1114A>C p.Asn372His 99.3 Benign
10 SNV missense c.1151C>T p.Ser384Phe 54.8 Benign
11 SNV synonymous c.3396A>G p.Lys1132= 55.8 Benign
11 SNV synonymous c4563A>G p.Leu1521= 99.9 Benign
BRcaz frameshift
1 INDEL . c.4677delT p.Phe1559LeufsTer9 48.3 Pathogenic (!)
deletion
11 SNV synonymous €.6513G>C p.Val2171= 100.0 Benign
14 SNV synonymous C.7242A>G p.Ser2414= 58.6 Benign
14 SNV missense c.7397T>C p.Val2466Ala 99.9 Benign

(#) Mutation located in a mutational hot spot, (1) Truncating mutation, SNV — single-nucleotide variant, INDEL - insertion-deletion mutation.
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Figure 1. Development of acquired resistance to olaparib in the PDX-X179 model of HGSOC in vivo. (a) Overview of the establishment process of olaparib-resistant
PDX models of HGSOC. (b) Tumor growth curves for mice treated 5 days a week with olaparib (50 mg/kg, n = 8) or vehicle control (n = 6). Results for mice with successful
engraftment that were treated for over 4 weeks with olaparib (n = 5) or vehicle (n = 4) were presented. Tumor volumes for a vehicle control group are presented as mean
+ STD. (c) A bar graph with a logarithmic scale showing relative tumor volumes at harvest compared to initiation of the treatment. The results for a vehicle control group
are presented as mean + STD (n = 4). (d) Mice body weights during treatment with olaparib (50 mg/kg, n = 5) or vehicle (n = 4). Statistical significance was assessed for
each timepoint between groups using multiple t-tests followed by the Holm-Sidak post-hoc test: *p < 0.05. () Comparison of changes in mice masses (fold change)
between groups at harvest day relative to day zero of treatment using unpaired t-test: *p < 0.05. (f) Bar graphs with a logarithmic scale showing results of quantitative
Western Blotting analysis of PARP1, PARG, RAD51, and MDR1 in PDX-X179 tumors (olaparib-resistant, -sensitive, and -naive). Primary, early-generation PDX-X179 at passage
5 (P5) was used for transplantation to mice, which were randomized to vehicle-treated (#6, #7, #8) and olaparib-treated (#5, #9, #11, #12, #14) groups. Protein expression
in treated tumors was calculated as a fold change relative to primary PDX-X179 at P5 and presented for vehicle control as mean + STD (n = 3). Dashed lines indicate at
least 2-fold changes in the protein levels. Representative Western Blotting images were presented. Symbol § indicates the protein sample from PDX-X179 tumor #2, which
was randomized to the olaparib-treated cohort and rejected from the study due to insufficient tumor growth after transplantation.

Conferring resistance to olaparib impairs PARP signaling PARG glycohydrolase, and total PARylation level in PDX tumors
in the PDX models of HGSOC collected after resistance induction (Figure 2a).

Relative protein levels in vehicle-treated (#6, #7, #8, and #10)
and olaparib-resistant tumors (#11 and #14) were compared to
untreated PDX from P5 to investigate changes associated with
tumor progression (vehicle group) and induction of resistance
(olaparib group). Tumors with acquired resistance to olaparib
showed significantly decreased levels of PARP1 by 13.8-fold,
accompanied by a significant reduction in total PARylation levels
by 5.6-fold (Figure 2a), consistent with the olaparib pharmaco-
dynamics in OC cells [37]. Additionally, PARG expression was

Olaparib exerts dual cytotoxic activity by catalytic inhibition
of PARP1, blocking PARylation and affecting DDR, and PARP1
trapping at DNA damage sites leading to its inactivation and
accumulation of cytotoxic DNA lesions [4]. Depletion of PARP1
has been linked to olaparib resistance, as PARP1 is essential for
the cytotoxicity of PARPi [4]. To investigate the relationship
between mechanisms of resistance to olaparib and PARP
signaling, we evaluated the expression of PARP1 polymerase,
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significantly decreased by 5.3-fold in tumors with acquired
resistance to olaparib. Conversely, vehicle-treated tumors with
progressive disease significant increases in PARP1 expression
(by 2.1-fold) and PARG expression (by 3.2-fold), and PARylation
level (by 10.6-fold) (Figure 2a). Importantly, there was a strong
positive correlation (r = 0.89-0.98) between the expression of
PARP1 and PARG and PARylated protein content among vehicle-
treated and olaparib-resistant tumors (Figure 2b).
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Altogether, vehicle-treated PDX tumors in the absence of
olaparib exerted increased PARP1 activity compared to olaparib-
naive tumors. Conversely, induction of resistance to olaparib was
associated with deregulated PARP signaling in PDX models of
HGSOC, leading to a decrease in PARylation of target proteins
along with downregulation of PARP1 and upregulation of PARG.
The findings indicate that partial loss of PARP1 may contribute to
acquired resistance to olaparib through reduced PARylation and
diminished PARP trapping.
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Figure 2. Induction of resistance to olaparib in PDX models of HGSOC inhibits PARP1-mediated PARylation and downregulates the expression and
phosphorylation of both ATR and CHK1 kinase with preserved relative pathway activation. Upon the completion of the development of olaparib-resistant (R) PDX
models, vehicle-treated xenografts (#6, 7, 8, and 10), and tumors with acquired resistance in the presence of 50 mg/kg olaparib (#11 and 14) were harvested, and whole
tissue lysates were prepared for Western Blotting analysis. Protein expression was normalized to B-actin and presented on graphs with a logarithmic scale as a fold-change
(mean * STD) relative to untreated primary PDX-X179 at P5 used for the development of tumors for both treatment arms. Dashed lines indicate expression cut-off
of + 2-fold to indicate relevant changes (a) Quantitative Western Blotting analysis of PARP1 and PARG expression and PARylation level of target proteins (~50-220 kDa).
(b) Pearson correlation analysis between PARP1 and PARG expression and PARylated protein content. (c) Quantitative Western Blotting analysis of total expression of ATR
and CHK1, and phosphorylation of ATR (Thr1989) and (C) and CHK1 (Ser345). Phosphorylation levels of kinase were also expressed compared to the total levels of each
protein (pATR/ATR and pCHK1/CHK1) to assess the relative activation of the ATR/CHK1 pathway. (d) Representative Western Blotting images. For quantitative Western
Blotting, statistical significance between groups was assessed using ordinary one-way ANOVA followed by Tukey's post-hoc test: *p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001. For correlation analysis, statistical significance was assessed based on computed two-tailed p values: *p < 0.05, **p < 0.01, ***p < 0.001 (every pair of data set).
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Acquired resistance to olaparib affects the expression of ATR
and CHK1 kinases in HGSOC tumors

Previous reports have suggested that olaparib-resistant OC
cells exhibit decreased dependence on the ATR/CHK1 pathway
for survival in the presence of olaparib compared to OC cell lines
in vitro [14, 38]. Here, we investigated the role of the ATR/CHK1
pathway activity in acquiring resistance to olaparib in HGSOC
cells in vivo (Figure 2c). In olaparib-resistant tumors, both ATR
expression and ATR phosphorylation levels were significantly
decreased by 11.8-fold and 17.7-fold respectively relative to
vehicle-treated tumors. Similarly, CHK1 expression and its phos-
phorylation were notably decreased in resistant tumors.
However, when considering the total expression of ATR and
CHK1, relative phosphorylation levels of pATR (pATR/ATR) and
pCHK1 (pCHK1/CHK1) did not significantly change in both
olaparib-resistant and vehicle-treated xenografts (Figure 2c).

These observations indicate that the induction of resistance
to olaparib downregulated both ATR and CHK1 expression and
their phosphorylation, suggesting reduced dependence on the
ATR/CHK1 axis activity of resistant tumor during progression.
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Protein biomarkers associated with DNA damage repair and
epithelial-to-mesenchymal transition distinguish olaparib-
naive from olaparib-resistant HGSOC tumors

The sensitivity of OC cell lines to olaparib has previously been
linked to EMT-induced deregulation of HR repair [39]. In this
study, we investigated the association between acquired
resistance to olaparib in PDX tumors and the expression of
proteins involved in DDR pathways (BRCA1, BRCA2, 53BP1,
RADS51, yH2AX), EMT (E-cadherin, vimentin, MMP2) (Figure 3),
caspase-mediated apoptosis (caspase-3) and multidrug
resistance MDR1 efflux pump (Figure S2). Relative protein levels
in vehicle-treated (#6, #7, #8, and #10) and olaparib-resistant
(#11, and #14) tumors were compared to untreated PDX from P5
to investigate changes associated with tumor progression and
induction of resistance.

Regarding alterations in the HR repair pathway, olaparib-
resistant xenografts abrogated a significant upregulation of
BRCA1 observed upon tumor progression in vehicle-treated mice
and remained unchanged levels of BRCA1 relative to untreated
primary PDX (Figure 3a).
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Figure 3. Induction of resistance to olaparib in PDX models of HGSOC is associated with the downregulation of HR repair-promoting factors and the deregulation
of proteins involved in EMT. Upon the completion of the development of olaparib-resistant (R) PDX models, vehicle-treated xenografts (#6, 7, 8, and 10), and tumors with
acquired resistance in the presence of 50 mg/kg olaparib (#11 and 14) were harvested, and whole tissue lysates were prepared for Western Blotting analysis. Protein
expression was normalized to B-actin and presented on graphs with a logarithmic scale as a fold-change (mean + STD) relative to untreated primary PDX-X179 at P5 used
for the development of tumors for both treatment arms. Dashed lines indicate expression cut-off of + 2-fold to indicate relevant changes (a) Quantitative Western Blotting
analysis of expression of proteins associated with DNA damage response (BRCA1, BRCA2, 53BP1, RAD51, and yH2AX (Ser139). (b) Quantitative Western Blotting analysis
of expression of proteins associated with epithelial-to-mesenchymal transition (E-cadherin, vimentin, and MMP2). (c) Representative Western Blotting images. Statistical
significance between groups was assessed using ordinary one-way ANOVA followed by Tukey’s post-hoc test: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Moreover, BRCA2 expression was strikingly downregulated
by 12.2-fold in tumors with acquired resistance, whereas vehicle-
treated xenografts increased BRCA2 levels by 3.9-fold. Similarly,
RAD51 and DSB biomarker yH2AX levels were significantly
decreased in olaparib-resistant tumors relative to vehicle-treated
PDX by 5.6-fold and 18.8-fold, respectively (Figure 3a). BRCA1
and BRCA2 expression, along with phosphorylation of H2AX,
were nearly abolished in tumors with acquired resistance to
olaparib. The expression of the NHEJ-mediating 53BP1 protein
was notably downregulated in resistant PDX relative to vehicle-
treated tumors, however, the decrease was not significant
(p = 0.106) (Figure 3a).

Considering the EMT process, we evaluated the association
between epithelial (E-cadherin) or mesenchymal (vimentin,
MMP2) markers expression and acquiring resistance to olaparib
(Figure 3b). Both olaparib-resistant and vehicle-treated tumors
showed no changes in vimentin expression. Compared to
vehicle-treated tumors, xenografts with acquired resistance
notably downregulated E-cadherin and MMP2 by 4.8-fold and
5.4-fold, respectively. However, the magnitude of these changes
was noteworthy, and the statistical significance was relatively
weak (p=0.064 and p =0.063, respectively) (Figure 3b).
Assessment of the role of MDR1 and caspase-3 expression in the
induction of resistance to olaparib revealed no significant
changes in protein expression between cohorts (Figure S2).

Overall, olaparib-resistant PDX tumors exhibited decreased
levels of yH2AX and downregulation of HR repair-promoting
factors, indicating increased repair capacity, reduced
accumulation of DSB, and diminished dependence on the HR
repair pathway. Furthermore, induction of resistance was linked
to the deregulation of protein mediating EMT. The resistant
phenotype was associated with the expression pattern of
proteins involved in HR repair and EMT, potentially
distinguishing olaparib-resistant from olaparib-naive tumors.

The addition of ATRi or CHK1i to olaparib induces antitumor
activity towards olaparib-resistant PDX tumors

To investigate the antitumor effect of olaparib combined with
ATR/CHK1 pathway inhibitors, we utilized olaparib-resistant
PDX-X179 models and determined the efficacy of tested
inhibitors in vivo. Mice received olaparib (O, 50 mg/kg), ATRi (A,
25 mg/kg), CHK1i (C, 50 mg/kg), or their combinations (O + A or
O + C). Treatment duration lasted up to 37 days (median 35 days)
according to the described schedule in the Methods section. The
efficacy of inhibitors and tumor responses were evaluated based
on tumor growth curves, relative tumor volumes (RTV), relative
tumor-to-control (T/C) ratios, tumor growth inhibition (TGI)
compared to vehicle-treated animals, and combination indices
(CI) (Figure 4). Endpoint measurements were calculated as ratios
of the post- to pre-treatment tumor volumes.

Response to olaparib was heterogeneous concerning growth
curve patterns among five olaparib-treated mice (Figure 4a).
However, the growth of olaparib-resistant tumors was not
significantly affected by olaparib alone, with an average RTV
increase of 4.2-fold, compared to the average 7.0-fold elevation
in the vehicle-treated cohort (Figure 4b). This observation
confirmed that tumors with acquired resistance maintained their
phenotype in vivo after retransplantations. None of the single-
agent inhibitors had a significant effect on the growth of
olaparib-resistant tumors, according to RTV values and T/C ratios
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(Figure 4a-b). In contrast, combination treatments demon-
strated significant antitumor activity. As shown on tumor growth
curves, the addition of ATRi or CHK1i to olaparib significantly
reduced tumor volumes in the last days of treatments
(Figure 4a). Importantly, combining olaparib with either ATRi or
CHK1i significantly reduced the average RTV increase in vehicle-
treated mice from 7.0-fold to about 1.4-fold and 2.6-fold in each
combination cohort, respectively (Figure 4b). When we looked
at individual tumor responses, the criterion for stable disease
(RTV was between 0.70 and 1.20) was met in two of five mice
treated with the combination of olaparib and ATRi (#47 and #22)
with RTV values of 1.00 and 1.06, respectively. Additionally,
mouse #30 from the olaparib + ATRi cohort nearly reached the
cut-off value for stable disease with a 1.25-fold RTV increase.

Considering relative T/C ratio endpoint measurements, both
combination groups were generally classified as responsive
(0.10 < relative T/C ratio < 0.42) (Figure 4c). Consistent with the
antitumor effect evaluated with RTV, the addition of ATRi to
olaparib exhibited a higher antitumor effect than co-treatment
with CHK1i, resulting in a relative T/C ratio of 0.21. Examination
of individual tumor responses revealed that all five mice receiving
olaparib combined with ATRi, three of five animals receiving
olaparib combined with CHK1i (#25, #35, and #10), and one
individual in ATRi (#46) and olaparib (#27) cohorts were classified
as positive responders (Figure 4c).

Evaluation of TGl values for animals treated with either
combination indicated a significant inhibition of tumor
enlargement (Figure 4d). The addition of ATRi or CHK1 to
olaparib exerted synergistic inhibitory effects, resulting in TGl of
96% (Cl = 0.84) and 85% (Cl = 0.75), respect-tively, suggesting
that combinations of inhibitors were more effective than single
agents (Figure 4d). Consistent with previous efficacy measures,
the best response was achieved in three PDX treated with
olaparib combined with ATRi (#47, #22, and #30) resulting in a
102 + 2% of TGl (slight RTV increase by 1.10 + 0.10) and growth
stabilization compared to vehicle-treated mice (Figure 4d). In
the group receiving olaparib with CHK1i, the best antitumor
response was obtained for tumor #25 characterized by 96% TGl
accompanied by a moderate RTV increase of 1.40. Importantly,
all tested treatments were well-tolerated in mice, with no
significant effect of the change on the body weight of animals
assessed at each time point relative to the vehicle control cohort
(Figure 4f). Mice receiving single-agent inhibitors or olaparib
combined with CHK1i showed no significant drug-induced
weight loss after treatments compared to vehicle-treated animals
(Figure 4g). A minor, but statistically significant reduction of
body weight by 4% from the initiation until the end of the
treatment was observed in mice treated with a combination of
olaparib and ATRi. However, this slight reduction of mice masses
is not generally considered biologically relevant [40].

Overall, tumor responses revealed synergistic inhibition of
xenograft growth during treatment with combinations of
olaparib with ATRi or CHKTi, yet no tumor shrinkage was
achieved. Nevertheless, olaparib-resistant PDX tumors generally
exhibited sustained resensitization to olaparib in the presence of
ATR/CHK1 inhibitors compared to single-agent inhibitors.
Although responses among xenografts in combination cohorts
were heterogeneous, all mice receiving olaparib combined with
ATRi were classified as responders. Significant antitumor effects
leading to stable disease were observed in two of five xenografts
receiving the combination of olaparib and ATRi.
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Figure 4. Olaparib in combination with inhibitors of the ATR/CHK1 pathway exerts antitumor activity in olaparib-resistant PDX models of HGSOC. Mice bearing
olaparib-resistant tumors were treated with vehicle (n = 5), olaparib (O, 50 mg/kg, n = 5), ATRi (A, 25 mg/kg, n = 5), CHK1i (C, 50 mg/kg, n = 6) or olaparib combinations
with either ATRi (O + A, n = 5) or CHK1i (O + C, n = 5). (a) Tumor growth inhibition curves for mice treated with vehicle (mean + STD) and tested inhibitors (mean). Error
bars for mean tumor volumes in inhibitor-treated groups at each time point were excluded for clarity. The following curves show the growth of tumors in each mouse in
the group. The area under the curve for a vehicle-treated group was tinted in grey. Statistical significance between vehicle- and inhibitor-treated groups at each timepoint
was determined using ordinary two-way ANOVA followed by Dunnett's post-hoc test. (b) Relative tumor volume (RTV) was calculated by dividing final tumor volumes
(the treatment completion day) by the initial tumor volume (the treatment initiation day). Responses were categorized as stable disease (RTV of 0.70 to 1.20) or progressive
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disease (RTV greater than 1.20). Data was presented as mean + STD for each group and all individual PDX tumors. Statistical significance between groups was determined
using ordinary one-way ANOVA followed by Sidak post-hoc test. (c) The relative treatment-to-control (T/C) ratio was calculated by dividing the RTV for PDX tumors treated
with inhibitor(s) by the average RTV for the vehicle-treated group on the treatment completion day. Data was presented as mean + STD for each group and all individual
PDX tumors. Statistical significance between groups was determined using ordinary one-way ANOVA followed by Sidak post-hoc test. (d) Tumor growth inhibition (TGl)
values for each group (mean + STD) and each PDX tumor. The synergy between each agent alone in mice treated with combinations of inhibitor groups was assessed based
on combination indices (Cl) values, where Cl < 1 indicates a synergistic effect. Statistical significance between groups was determined using ordinary one-way ANOVA
followed by Sidak post-hoc test. (e) Overview of mice bodyweights (mean + STD) among groups during treatment. (f) Changes in mice mass (mean + STD) among groups
throughout treatment at each timepoint relative to the previous measurement. Statistical significance between vehicle- and inhibitor-treated groups at each timepoint was
determined using ordinary two-way ANOVA followed by Dunnett’s post-hoc test. (g) Fold change (ratio) of mice mass (mean + STD) at completion of the treatment (end)
relative to initiation of the treatment (start). Statistical significance between groups was determined using Brown-Forsythe ANOVA followed by Dunnett’s T3 post-hoc test.

*p < 0.05, **p < 0.01 (vehicle vs. inhibitor(s)).

Antitumor efficacy of olaparib and ATRi affects histology
and proliferation of resensitized tumors but does not induce
changes in apoptosis or MDR1 expression

To further examine the antitumor response of olaparib-
resistant PDX tumors to olaparib alone or combined with
ATR/CHK1 pathway inhibitors, we conducted a comprehensive
histopathological analysis and evaluated the expression of
proliferative marker Ki-67, apoptotic marker cleaved caspase-3,
and the activation of CHK1 kinase through phosphorylation on
Ser345 (Figure 5). One tumor with stable disease obtained in
response to olaparib combined with ATRi (#47) was excluded
from the histopathological and IHC analyses due to insufficient
tumor tissue for the preparation of FFPE sections.

The detailed results of tumor morphology analysis, including
the location, nature, and severity of pathological changes in PDX
tissues stained with H&E, are presented in Table 2. Histological
criteria for evaluating measured parameters are outlined in Table
S2. Representative H&E-stained images of tumor tissues and
identified changes are provided in Figure 5a. Given the efficacy
of the treatments tested, our focus was on the histopathological
assessment of responding tumors from combination cohorts.
Generally, H&E-based evaluation of tissue from vehicle-treated
tumors revealed densely distributed cell populations. In contrast,
the best-responding tumors from combination groups mainly
displayed bland fibrous-looking tissue with scattered tumor cells
(Figure 5a). Additionally, evaluation of mitoses revealed no
mitotic cells in the three best-responding tumors available for the
analysis according to RTV values (#22, #30, #25) or minimal
mitotic indices in other responders, contrasting with most
vehicle-treated xenografts with minimal to slight mitotic indices
(Table 2). Regarding necrosis, the necrotic area was undetectable
in tumors #22 and #30 from the olaparib + ATRi cohort and
minimal (< 1%) or slight (1-5%) in the remaining responders.
Single-cell necrosis scoring ranged from undetected to moderate
in all responsive xenografts from combination cohorts. On the
contrary, most vehicle-treated tumors exhibited greater signs of
necrosis likely associated with the increased growth rate. Relative
to the vehicle-treated cohort, the majority of responding tumors
showed increased nuclear pleomorphism with evident nucleoli
and increased tumor cell vacuolization (Table 2) indicating
histological changes accompanied by antitumor activity.

The histopathological analysis of heart tissues from a panel
of twenty randomly selected mice after treatments (Figure S3)
revealed no degeneration of myofibers (hyaline lesions) or
cardiomyocytes (vacuolar degeneration) in most samples
following treatment with the vehicle, olaparib, and ATRi alone or
combined. Minimal hyaline degeneration in heart muscle fibers
was observed in one mouse from olaparib (#54), CHK1i (#43), and
olaparib + CHK1i (#10) arms. Minimal vacuolar degenerative
changes in cardiomyocytes were found after administration of
CHK1i (#5, #38, #43), olaparib + CHK1i (#9, #10, #16), and in one
individual from the olaparib + ATRi cohort (#30) (Figure S3).

The evaluation of protein biomarkers by IHC staining
revealed a significant decrease in the Ki-67 index from 82.4% in
a vehicle arm to 56.8% for the cohort treated with the
combination of olaparib and ATRi (Figure 5b). However, no
significant differences in the immunoreactivity (H-scores) of
proliferative marker Ki-67 and phosphorylation of CHK1 between
groups were observed (Figure 5b-c). Generally, the analyses
confirmed medium expression Ki-67 (average H-score range
from 133 to 186) and pCHK1 (average H-score range from 159 to
208) in tumor cells across groups (Figure 5b). Although H-scores
for Ki-67 were lower in the two best-responding tumors treated
with the combination of olaparib and ATRi (H-score of 145 for
#22 and 105 for #30) compared to a vehicle control group
(H-score of 162 + 28), the differences between cohorts were not
significant. Administration of olaparib with ATRi significantly
decreased caspase-3 expression at the mRNA level compared to
mice treated with vehicle, olaparib, or ATRi alone (Figure S4),
although the expression of full-length and cleaved caspase-3
remained unchanged at protein level relative to vehicle-control
cohort (Figure 5d-e), indicating no signs of increased apoptosis.

Because the sensitivity of OC cells to olaparib has been
previously associated in some reports with MDR1 efflux pump in
vitro [15, 42, 43], we investigated whether treatment efficacy
could be associated with the expression of glycoprotein P in vivo.
In line with our previous reports on the role of MDR1 in BRCA2MUT
olaparib-resistant HGSOC cells in vitro [38], we showed that the
response to olaparib alone or combined with the ATR/CHK1
pathway inhibitors was not associated with the expression of
MDRT1 in olaparib-resistant PDX tumors (Figure S4).

Mice that achieved stable disease after treatment with the
combination of olaparib and ATRi showed minor signs of
necrosis in tumor tissue. However moderate indications of
increased nuclear pleomorphism with visible nucleoli were
observed in some specimens, a class of nuclear atypia generally
typical for HGSOC [41]. Increased vacuolization of tumor cells in
response to olaparib combinations could be associated with
antitumor effects resulting in vacuolization-induced cell death.
Importantly, no cardiac toxicity was observed in response to
olaparib alone or in combination with the ATRi indicating
adequate safety and tolerability.

Altogether, given the heterogeneous responses observed in
combination groups, no significant differences in the apoptosis
and activation of CHK1 kinase were detected between vehicle-
and inhibitor-treated PDX tumors. Moreover, there were no
differences in the phosphorylation of CHK1 in a responsive
cohort receiving ATRi and olaparib, suggesting that the activity
of ATRi was independent of disrupting CHK1 activation.
Therefore, the expression of total CHK1 and its activation was
further examined. Nonetheless, administration of olaparib and
ATRi notably reduced the Ki-67 index, suggesting decreased
proliferation of tumor cells in the best-responding cohort.
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Figure 5. Detailed characterization of the response of olaparib-resistant PDX tumors to tested inhibitors based on histopathological assessment of tumor tissue
and evaluation of the Ki-67 proliferative marker and pCHK1 levels by IHC and cleavage of caspase-3 by Western Blotting. (a) Representative images of H&E-stained
tumor tissue and IHC staining of Ki-67 and pCHK1 (Ser345). (b) Evaluation of Ki-67 index, and Ki-67 expression (H-score) determined by IHC. (c) Evaluation of pCHK1
(Ser345) levels (H-score) determined by IHC. Results of IHC analyses are presented as mean + STD relative to a vehicle-treated group. Dashed lines indicate average values
for vehicle-treated groups. (d) Evaluation of full-length caspase-3 expression and caspase-3 cleavage based on semi-quantitative Western Blotting analysis. Protein
expression was normalized to B-actin and presented on graphs with a logarithmic scale as a fold-change (mean + STD) relative to a vehicle-treated group. Dashed lines
indicate an expression cut-off of + 2-fold to indicate relevant changes. For IHC and Western Blotting analyses, statistical significance between groups was assessed using
ordinary one-way ANOVA followed by Tukey's post-hoc test (normally distributed data) or Kruskal-Wallis test followed by Dunn’s post-hoc test (non-normally distributed
data): *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001 (vehicle vs. inhibitor(s)); **p < 0.01, ***p < 0.001, ****p < 0.0001 (olaparib vs. combination with ATRi or CHKT1i);
#p < 0.01, **¥p < 0.0001 (ATRi or CHK1i vs. respective combinations with olaparib). (e) Representative Western Blotting images with indicated migration pattern of bands
corresponding to proteins from MagicMark™ XP Western Protein Standard (black) and Spectra™ Multicolor Broad Range Protein Ladder (violet).

224



Page |14

Table 2. Results of histopathological assessments of H&E-stained in olaparib-resistant tumors after completion of the treatment. Mice bearing olaparib-resistant
tumors were treated with vehicle (n = 5), olaparib (O, 50 mg/kg, n = 5), ATRi (A, 25 mg/kg, n = 5), CHK1i (C, 50 mg/kg, n = 6) or olaparib combinations with either ATRi
(O + A n =5)or CHK1i (O + C, n = 5). Upon the completion, tumors were harvested and the FFPE sections were stained with H&E for the analysis of histopathological
changes. In total, twenty-seven tumor samples were available for the histopathological assessment, at least three from each group. Each parameter was assessed on the
scale: none/undetected (-); minimal (+); slight (++) ; moderate (+++) and high/severe (++++) according to the histological criteria presented in Table S2.

Tumor # e . Area of Single cell Nuclear Vacuolization of
Group . Mitotic index . . q
(efficacy) necrosis necrosis pleomorphism tumor cells
3 + ++ ++ + -
4 ++ +++ +++ + -
Vehicle 7 + +H++ + + -
32 - ++++ ++ ++ -
41 + ++ ++ + -
8 - - ++ ++++ ++
. 17 + ++++ +++ ++ -
Olaparib 27R) N B N o .
54 +++ +++ ++ ++++
11 ++ ++++ ++ ++ +
. 12 +++ - +++ + ++
ATRi 46 (R) - - ++++ +++ +++
51 = = + +++ +
5 - - + ++ ++
20 +++ ++++ +++ ++ -
. 38 + - + ++++ +
CHK1i 3 _ N N . _
49 + + +++ + -
56 + ++++ ++ +4+ +
13 (R) + ++ +++ + 4+ ++
Olaparib + ATRi 22 (R + SD) - - ++ ++++ 4+
30 (R) = = - ++ —
9 + + ++++ -
10 (R) + - ++ +4+ +
. . 16 + - ++++ +4+ +
Olaparib + CHK1i 25 (R) N . . et .
35 (R) - + + ++ -
3 ++ ++ + -

Antitumor efficacy: SD — stable disease (0.70 < RTV < 1.20), R — responders (0.10 < relative T/C ratio < 0.42). The remaining tumors were classified as non-responders (T/C

ratio > 0.42) and/or exhibiting progressive disease (RTV > 1.20).

Olaparib combined with ATRi impairs the ATR/CHK1
pathway in resensitized PDX tumors

Upon DNA damage, ATR kinase is activated through
autophosphorylation at Thr1989 [44], initiating the ATR/CHK1
pathway, which regulates DDR and cell cycle control [45]. The
ATR/CHK1 pathway activation among the olaparib-resistant
xenografts after the completion of the treatment with tested
inhibitors was further assessed based on the phosphorylation of
ATR (Thr1989) and CHK1 (Ser345) relative to vehicle-treated mice
by Western Blotting analysis of tumor lysates from all xenografts
(Figure 6a).

Olaparib alone affected only CHK1 phosphorylation, which
was manifested by a 3.5-fold decrease in pCHK1. As expected,
CHK1i administration paradoxically increased the level of pCHK1
by 4.1-fold [46, 47], although the relative increase in pCHK1 level
by 4.2-fold (pCHK1/CHK1) was non-significant (p 0.12).
Considering combination treatments, olaparib with ATRi blocked
the phosphorylation of ATR and CHK1 kinase, leading to
a significant decline in pATR and pCHK1 levels by 4.7-fold and
2.5-fold, respectively (Figure 6a). Given that total levels of ATR
and CHK1 were downregulated in the presence of olaparib
combined with ATRI, the activity of ATR and CHK1 relative to total
levels of kinases remained unchanged. In accordance with
protein expression, RT-qPCR analysis confirmed that the addition
of ATRi to olaparib significantly induced a decrease in ATR and
CHK1 at the mRNA level (Figure S4).

Overall, the combination of olaparib with ATRi decreased the
expression of ATR and CHK1 kinases simultaneously with their
phosphorylation levels. A significant decrease in the auto-
phosphorylation of ATR indicated that ATR activity was notably
impaired. Based on these observations, we hypothesized that the

antitumor response to olaparib combinations could be
associated with alterations in downstream DDR induced by
a compromised ATR/CHK1 pathway activity.

The addition of ATRi to olaparib impedes PARylation in
resensitized PDX tumors through downregulation and
inhibition of PARP1

Given that olaparib inhibits PARP1, we hypothesized that
restoring olaparib’s inhibitory activity with ATR/CHK1 inhibitors
in olaparib-resistant PDX tumors might affect PARP signaling and
PARylation-dependent DNA repair. As expected, olaparib as
a single agent efficiently, but only partially, inhibited PARP1
activity, leading to a 2.4-fold decrease in PARylation without
affecting PARP1 or PARG expression relative to vehicle-treated
tumors (Figure 6b). Neither ATRi nor CHK1i alone affected
PARP1 expression or the content of PARylated proteins. On the
contrary, ATRi or CHK1i combined with olaparib decreased PAR
levels, however, only the addition of ATRi to olaparib augmented
the PARPi-induced decline in PAR levels by 4.7-fold, leading to
dramatic disruption of PARP signaling. Moreover, the
combination of olaparib with ATRi significantly downregulated
PARP1 expression by 6.5-fold, indicating that inhibition of
PARylation was mediated by combination-induced downregu-
lation and inhibition of PARP1.

RT-gPCR analysis confirmed that the addition of ATRi to olaparib
significantly induced a decrease in PARP1 expression at the
mMRNA level (Figure S4). Interestingly, olaparib combined with
ATRi also decreased PARG expression without restoring PAR
levels compared with the vehicle-treated and single-agent-
treated groups. Conversely, we did not observe significant
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differences between olaparib alone or combined with CHK1i
regarding the expression of PARP1 and PARG.

Therefore, in olaparib-resistant tumors resensitized to
olaparib with ATRi, PARP1 downregulation was triggered, along
with inhibition of its enzymatic activity, leading to a substantial
blockage of PAR-mediated post-translational modification of
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target proteins. This could represent another way through which
ATRI restores the antitumor efficacy of olaparib. Given that the
combination of ATRi with olaparib markedly decreased PARP1
expression, it is unlikely that antitumor activity was attributed to
the induction of cytotoxic PARP1-DNA complexes and trapping.
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Figure 6. The addition of ATRi to olaparib impairs ATR/CHK1 pathways and PARP signaling in olaparib-resistant PDX of HGSOC. Mice bearing olaparib-resistant
tumors were treated with vehicle (n = 5), olaparib (O, 5- mg/kg, n = 5), ATRi (A, 25 mg/kg, n = 5), CHK1i (C, 5- mg/kg, n = 6) or olaparib combinations with either ATRi
(O + A, n =5)or CHK1i (O + C, n = 5). Upon treatment completion, tumors were harvested and whole tissue lysates were prepared for Western Blotting analysis. Protein
expression was normalized to B-actin and presented on graphs with a logarithmic scale as a fold-change (mean + STD) relative to a vehicle-treated group. Dashed lines
indicate an expression cut-off of + 2-fold to indicate relevant changes. Statistical significance between groups was assessed using ordinary one-way ANOVA followed by
Tukey's post-hoc test (normally distributed data): *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (vehicle vs. inhibitor(s)); *p < 0.05, **p < 0.01, ****p < 0.0001 (olaparib
vs. combination with ATRi or CHK1i); *p < 0.05, **p < 0.01, **p < 0.001, *#*p < 0.0001 (ATRi or CHK1i vs. respective combinations with olaparib). (a) Quantitative Western
Blotting analysis of expression of total ATR and CHK1 kinases and their phosphorylation levels (pATR (Thr1989) and pCHK1 (Ser345)). (b) Quantitative Western Blotting
analysis of PARP signaling proteins (PARP1, PARG) and PARylated proteins content. (c) Representative Western Blotting images.
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Olaparib treatment with targeted inhibition of ATR affects
the expression of DNA damage response-mediating proteins
in olaparib-resistant PDX tumors

Upon DNA damage, H2AX becomes phosphorylated by the
ATR or ATM kinase to induce a response cascade that mediates
DNA repair pathways, including HR repair and NHEJ [48, 49].
Olaparib, by inhibiting PARP, induces DNA damage accompanied
by an increase in DSB marker yH2AX in olaparib-sensitive tumors
[38, 50]. To assess combinations-induced changes in DDR
pathways in olaparib-resistant xenografts, we subjected tumor
lysates to analysis of expression of HR-mediating BRCA1, BRCA2,
and RAD51, and HNEJ-promoting 53BP1.

Inhibition of PARP1 with olaparib in olaparib-resistant PDX
caused a non-significant decrease by 2.0-fold in yH2AX levels
relative to vehicle-treated tumors, indicating no detectable
accumulation of unrepaired DSB. The addition of ATRi or CHK1
slightly augmented the downregulation of yH2AX resulting in a
significant decrease by 2.8 and 2.3 times, respectively
(Figure 7a). Additionally, RT-gPCR confirmed a significant
decrease in H2AX at mRNA in both olaparib combination cohorts
(Figure S4). These observations suggest that durable
combination-induced  antitumor activity either caused
degradation of yH2AX or abrogated ATR-dependent H2AX
phosphorylation affecting DSB repair signaling.

W

Page |16

Phosphorylation of H2AX facilitates the recruitment of repair
factors after DNA damage [49]. Therefore, we assessed whether
components involved in HR repair and NHEJ were affected. The
expression of RAD51 recombinase, which is co-recruited with
yH2AX to DSBs to promote HR repair, was not affected by tested
inhibitors, including olaparib combinations with either ATRi or
CHK1i (Figure S5). This further supports the absence of DSB
accumulation or defects in their detection by cellular systems.
Treatment of non-responsive tumors with olaparib alone
increased the expression of BRCA2 and 53BP1 while down-
regulating BRCA1 (Figure 7a). On the contrary, the addition of
ATRi to olaparib decreased BRCA2 and 53BP1 expression and
augmented the decrease of BRCA1 in responding PDX.
Administration of olaparib with CHK1 also reversed olaparib-
induced upregulation of BRCA2 and 53BP1 (Figure 7a).

Altogether, the accumulation of DSB and the promotion of
HR repair, as measured by the level of yH2AX and RADS51,
appeared unrelated to the long-term antitumor response to
a combination of olaparib with ATR/CHK1 pathway inhibitors.
Conversely, we confirmed decreased yH2AX, suggesting
potential DNA repair defects. Moreover, we showed that olaparib
combined with ATRi or CHK1 modulated HR repair- and NHEJ-
promoting factors. Specifically, the best-responding tumors
treated with the addition of ATRi to olaparib downregulated
yH2AX, BRCA1, BRCA2, and 53BP1, indicating impaired DNA
damage repair response in xenografts resensitized to olaparib.
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Figure 7. The addition of ATRi to olaparib affects the expression of HR repair and NHEJ-associated DNA damage response irrespective of EMT in olaparib-
resistant PDX of HGSOC. Mice bearing olaparib-resistant tumors were treated with vehicle (n = 5), olaparib (O, 50 mg/kg, n = 5), ATRi (A, 25 mg/kg, n = 5), CHK1i (C, 50
mg/kg, n = 6) or olaparib combinations with either ATRi (O + A, n = 5) or CHK1i (O + C, n = 5). Upon treatment completion, tumors were harvested and whole tissue lysates
were prepared for Western Blotting analysis. (a) Quantitative Western Blotting analysis of expression of proteins associated with DNA damage response (BRCA1, BRCA2,
53BP1, yH2AX (Ser139)). (b) Quantitative Western Blotting analysis of expression of proteins associated with epithelial-to-mesenchymal transition (E-cadherin, vimentin,
MMP2, TIMP2). Protein expression was normalized to B-actin and presented on graphs with a logarithmic scale as a fold-change (mean + STD) relative to a vehicle-treated
group. Dashed lines indicate an expression cut-off of + 2-fold to indicate relevant changes. Statistical significance between groups was assessed using ordinary one-way
ANOVA followed by Tukey's post-hoc test (normally distributed data) or Kruskal-Wallis test followed by Dunn’s post-hoc test (non-normally distributed data): *p < 0.05,
**p < 0.01, **p < 0.001, ***p < 0.001 (vehicle vs. inhibitor(s)); **p < 0.01, ***p < 0.001, ****p < 0.0001 (olaparib vs. combination with ATRi or CHK1i); *p < 0.01,

s

The addition of the ATR/CHK1 pathway inhibitors to olapa-
rib abrogates olaparib-induced upregulation of vimentin
related to EMT in resensitized PDX tumors

EMT has previously been implicated in OC progression, and
resistance to cisplatin therapy [51]. Recently, transforming
growth factor beta-induced EMT has been associated with
sensitization of BRCAZ2 wild-type OC cell lines to olaparib through
the downregulation of HR repair genes [39]. Based on the
observed DDR deregulation, we investigate whether the addition
of ATRi or CHK1i to olaparib also affects the EMT of BRCA1/2MUT
olaparib-resistant tumors in vivo. We evaluated the expression of
epithelial marker E-cadherin, mesenchymal markers (vimentin
and MMP2), and MMP2 irreversible inhibitor TIMP2 (Figure 7b).
The analyses revealed that the administration of olaparib alone
induced a significant upregulation of mesenchymal marker
vimentin in non-responding tumors, suggesting increased
migration capacity. Notably, responsive tumors treated with
combinations of olaparib and the ATR/CHK1 inhibitors showed
no significant changes in the expression of both epithelial and
mesenchymal markers relative to vehicle-treated xenografts.
Importantly, in the presence of ATRi or CHK1i, olaparib-induced
upregulation of vimentin was abolished (Figure 7b). Thus, we
propose that restoration of olaparib antitumor activity through
inhibition of the ATR/CHK1 pathway may prevent mesenchymal
properties of olaparib-resistant PDX tumors and abolish their
migration and invasion in vivo.

Discussion

In the current report, we evaluated the in vivo antitumor
efficacy and systemic tolerability of the olaparib combinations
with the ATR/CHK1 pathway inhibitors in PDX models of HGSOC
with acquired olaparib resistance established from the
BRCA1/2MYUT tumor. Previously, we demonstrated how the
HGSOC cell line PEO1-OR with BRCAZ reversion mutation confers
resistance to olaparib, and how targeting the ATR/CHK1 pathway
overcomes PARPI resistance in vitro [13, 38]. Prior in vivo studies
have provided the rationale for combining olaparib with ATRi in
olaparib-resistant HGSOC harboring mutations in BRCAT or
BRCA2, reversion mutation in BRCAT, or tumors with wild-type
BRCAT1/2 genes [14]. Our findings here further support the idea
of combining olaparib with the ATR/CHK1 pathway inhibitors,
ceralasertib or MK-8776, in the context of olaparib-resistant
HGSOC PDX models established from the treatment-naive
patient’s tumor carrying pathogenic mutations in both BRCA1/2
genes, filling in a gap in the existing literature. Importantly, we
demonstrated novel mechanistic evidence for conferring and
overcoming resistance to olaparib in HGSOC.

As the clinical use of PARPI increases, acquired resistance to
olaparib becomes common in HGSOC patients. About 50% of
platinum-sensitive relapsed BRCA1/2MUT OC patients, previously
treated with olaparib, fail to derive clinical benefits with PARPi
rechallenge [6], prompting the development of new strategies to

'p < 0.0001 (ATRi or CHK1i vs. respective combinations with olaparib). (c) Representative Western Blotting images.

increase olaparib efficacy. So far, several resistance mechanisms
to olaparib have been identified [6]. More recently, resistance to
olaparib has been associated with the generation of desensitized
HGSOC daughter cells from polyploid giant cancer cells following
PARPi exposure [52]. Despite these insights, further under-
standing of resistance events in OC is crucial, especially in the
context of combination therapies targeting cancer vulnerabilities
associated with a resistant phenotype.

In the first part of the study, we developed olaparib-resistant
PDX models of HGSOC and provided molecular aspects
associated with acquisition of resistant phenotype (part I) and
linked to a subsequent response to olaparib rechallenge in
resistant tumors with non-significant tumor growth inhibition
(part I1). Lastly, we revealed molecular insights into resensitization
of olaparib-resistant tumors to olaparib using the ATR/CHK1
pathway inhibitors (part Ill).

Firstly, we employed the commonly used subcutaneous
implantation method to establish heterotopic PDX models of
HGSOC in vivo. Notably, subcutaneous PDX models maintain the
molecular and genetic characteristics of original tumors [53].
Among the three established PDX models of HGSOC, acquired
resistance to olaparib was successfully developed in BRCA1/2MUT
PDX-X179 xenograft, which was subsequently used in further
inhibitor efficacy studies. Initially, the PDX was established from
an individual HGSOC patient who had not undergone any
systemic antitumor therapy before debulking surgery, providing
a treatment-naive context for this in vivo study. Importantly, the
PDX-X179 model used to successfully induce resistance carried
both a missense mutation in the BRCAT gene and a truncating
mutation in the BRCAZ2 gene, reflecting clinically relevant HRD
status [54, 55]. The recent screening revealed that concurrent
occurrence of two or more BRCAT1/2 pathogenic mutations is
present in some HGSOC patients [56]. Interestingly, BRCAT
p.Cys61Gly substitution detected in our PDX model is a well-
known Polish founder mutation associated with Hereditary
Breast and Ovarian Cancer syndrome [57].

Acquired resistance to olaparib was induced in PDX-X179
xenografts through continuous intraperitoneal injections of
olaparib (50 mg/kg) over 6 weeks, resulting in doubled tumor
sizes. Significantly, decreased sensitivity to olaparib was further
verified by olaparib rechallenge and continuation of the
treatment during inhibitor efficacy studies in olaparib-resistant
xenografts that were retransplanted and expanded in different
mice, warranting a stable resistant phenotype. With olaparib-
resistant models established, we aimed to provide detailed
molecular characterization of PDX tumors with acquired
resistance.

PARP1-mediated PARylation initiates signaling upon DNA
damage, setting off a series of protein recruitment processes
aimed at DNA repair. However, PAR chains must be removed by
dePARylating enzymes, including PARG glycohydrolase, to
release DDR factors so that they can act on the damaged DNA
[58]. We found that acquired olaparib resistance correlated with
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decreased PARylation of target proteins, alongside PARP1
and PARG downregulation. Despite PARG downregulation,
PARylation rescue was unlikely due to concurrent PARP1
downregulation. This affirmed olaparib's inhibition of PARP1
activity, aligning with its mode of action but exerting minimal
effects on resistant cell growth. Concurrent PARP1 downre-
gulation suggests that olaparib favored the survival of cells with
reduced PARP1 expression, further decreasing PARylation.
However, PARylation was not completely inhibited in resistant
tumors, indicating retained PARylation ability to some extent. As
PARG acts akin to PARPi in the context of decreasing PARylation,
we suggest that the downregulation of PARG allowed sufficient
PAR formation in the presence of PARPI. Indeed, previous reports
linked PARG loss to PARPi resistance in BRCA2MYT ovarian and
breast cancer tumors [59]. Moreover, we propose that partial loss
of PARP1, the drug target, likely enabled olaparib-resistant cells
to limit PARPi-induced trapping of PARP1, leading to HGSOC
desensitization. To  better understand the olaparib’s
pharmacodynamic effect in resistant tumors, we examined PARP
signaling in retransplanted xenografts with acquired resistance in
response to olaparib rechallenge. Retreatment with PARPi
decreased PARylation, yet PARP1 and PARG expression remained
unaffected compared to vehicle-treated tumors. This finding
confirmed that olaparib-induced inhibition of PARP1 enzymatic
activity, and supposedly PARP1 trapping, was insufficient to exert
antitumor activity in olaparib-resistant tumors in vivo.

To assess the impact of reduced PARylation and PARP1
expression on DNA damage repair factors in HGSOC cells that
acquired resistance to olaparib, we examined the expression of
the DSB biomarker yH2AX and proteins involved in HR repair
(RAD51, BRCA1, and BRCA2). We found that resistance to
olaparib was accompanied by a decrease in yH2AX expression,
indicating reduced accumulation of DSB. In contrast to other
studies using PDX models of HGSOC, we observed that re-
treatment with olaparib alone decreased H2AX phosphorylation
in retransplanted olaparib-resistant tumors. The observed
decrease of yH2AX aligns with pharmacodynamic results from
a clinical trial, where platinum-resistant OC patients receiving
olaparib showed decreased yH2AX in response to PARPi, in
contrast to the platinum-sensitive cohort [35].

As tumors downregulated RAD51, BRCA1, and BRCA2 after
conferring resistance to olaparib compared to olaparib-naive
xenografts, we speculate that conferring PARPi resistance
decreased the tumor’'s dependence on the HR repair pathway for
survival. Thus, we assessed the expression of the NHEJ-
promoting factor 53BP1 in olaparib-resistant PDX tumors.
Previous studies have shown that 53BP1 loss reactivates HR
repair activity in BRCATMYT ovarian and breast cancer cell lines,
reducing sensitivity to PARPI [60, 61]. We found that BRCA1/2MUT
olaparib-resistant tumors downregulated 53BP1 upon resistance
induction, partially aligning with other in vivo reports indicating
decreased 53BP1 expression in some BRCATMUT HGSOC tumors
with intrinsic resistance to olaparib [16]. Similarly, loss of 53BP1
in BRCAT-deficient mammary tumors was associated with
reduced PARPI sensitivity through partial restoration of HR repair
function [62]. However, the potential restoration of HR repair due
to concurrent downregulation of 53BP1 and BRCAT in our
BRCA1/2MYT model of HGSOC warrants further investigation.
Moreover, olaparib retreatment in retransplanted xenografts
with acquired resistance upregulated BRCA2 and 53BP1, while
further downregulating BRCA1. Our findings suggest that
conferring resistance to olaparib was associated with
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downregulation of HR- and NHEJ-promoting factors, while
rechallenge with olaparib stimulated restoration of DDR-
promoting BRCA2 and 53BP1 expression associated with
desensitization to PARPi alone.

The ATR/CHK1 pathway regulates the response to DNA
damage, orchestrating subsequent cellular processes for DNA
repair, including replication fork stabilization and cell cycle
checkpoint regulation. Given that the H2AX phosphorylation is
mediated by ATR, we evaluated whether yH2AX decrease in
olaparib-resistant xenografts upon desensitization to PARPi was
dependent on ATR. Notably, PDX models with acquired
resistance downregulated ATR expression and ATR auto-
phosphorylation, the latter suggesting a decrease in ATR activity.
This reduction was further evidenced by decreased CHK1
phosphorylation. Therefore, we propose that the acquisition of
olaparib-resistant phenotype was associated with decreased
reliance on the ATR/CHK1 pathway for survival in the presence of
olaparib. Furthermore, rechallenge with olaparib in retrans-
planted olaparib-resistant xenografts failed to increase phospho-
rylation of H2AX, ATR, and CHK1, suggesting no olaparib-
induced accumulation of DSB or ATR/CHK1 activation for DNA
repair and maintenance of olaparib resistant phenotype.

EMT is a crucial process associated with metastasis in OC
increasing cell motility, migration, and conferring invasive
phenotype [51]. Investigation of molecular hallmarks of EMT
upon conferring resistance to olaparib revealed that PDX tumors
with acquired resistance to olaparib downregulated E-cadherin
and MMP2 after obtaining resistant phenotype, while no changes
in vimentin expression were observed relative to olaparib-naive
xenografts. For this reason, an increase in migration potential was
unlikely associated with the acquisition of olaparib resistance in
the established PDX models. Surprisingly, olaparib retreatment
upregulated vimentin expression in olaparib-resistant tumors,
highlighting that repeated administration of olaparib could
potentiate migratory capacities of non-responsive HGSOC cells
with acquired resistance. This result sheds light on a potential
unfavorable effect of retreatment with olaparib alone and further
supports the rationale for employing ATR/CHK1 inhibitors in
HGSOC previously treated with olaparib.

Lastly, we investigated the response of olaparib-resistant
HGSOC resensitized to olaparib rechallenge using the ATR/CHK1
pathway inhibitors, focusing on associated molecular changes.
Previous reports showed that olaparib antitumor activity can be
potentiated in olaparib-sensitive and olaparib-resistant HGSOC
cells in vivo with small-molecule inhibitors including VEGFR
inhibitor cediranib [63], DDR, and cell cycle checkpoint inhibitors
[15, 16, 64]. In this study, we have supported the concept that
targeting the ATR/CHK1 pathway with the concurrent re-
administration of olaparib is an effective approach to suppress
tumor growth in olaparib-resistant HGSOC. Although combining
olaparib with either ATRi or CHK1 synergistically inhibited tumor
growth of PDX, mice receiving olaparib combined with ATR;,
rather than CHK1i, obtained better response reflected by more
prominent tumor suppression. Treatment response classification
based on the tumor-to-control method confirmed that some
mice bearing olaparib-resistant PDX tumors were responsive to
olaparib in the presence of the ATR/CHK1 pathway inhibitors. In
general, the addition of ATRi to olaparib resulted in a prolonged
inhibition and stabilization of tumor growth, however, tumor
regression was not observed. Importantly, the combination of
olaparib with ATRi was well tolerated with a minor body weight
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loss of mice over the course of the experiment and no notable
cardiac toxicity.

Our results support previous reports showing that targeted
inhibition of ATR or CHK1 kinase enhances olaparib antitumor in
olaparib-resistant HGSOC tumors in vivo [14, 16]. The efficacy of
olaparib with ATRi was previously demonstrated in genetically
distinct orthotropic olaparib-resistant PDX models carrying
either a truncating BRCA2 mutation, missense mutation in
BRCA1, or a reversion mutation in BRCAT [14]. These models
were established from drug-resistant patients who progressed
on olaparib, rucaparib, or carboplatin-based chemotherapy. In
contrast, our olaparib-resistant model was established from the
tumor harboring pathogenic mutations in both BRCAT and
BRCA2 genes, obtained from a treatment-naive patient.
Importantly, both mutations have been previously reported in
breast and ovarian cancer patients [65]. Considering CHK1i, the
rationale for combining olaparib with prexasertib was
demonstrated in the HR-proficient PDX model established from
patient's ascites-derived HGSOC cells harboring BRCAT missense
mutation, however, in the context of intrinsic resistance to
olaparib [16]. These models showed increased tumor growth
inhibition in response to the combination treatment, however, in
the presence of higher doses of olaparib (up to 100 mg/kg, daily)
[16].

Next, extensive histopathological and molecular analyses
were performed to uncover several molecules and pathways that
could play a significant role in the restoration of olaparib efficacy
using ATR/CHK1 pathway inhibitors. Based on our drug efficacy
studies, we propose a model to elucidate the mechanism of
overcoming resistance to olaparib in HGSOC cells in vivo with
targeted inhibition of the ATR/CHK1 pathway, with a focus on the
use of ATRi ceralasertib.

Histopathologically, tumors resensitized with the ATR/CHK1
pathway inhibitors seemed to have less sites of growth within
a tissue mirrored by minimal mitotic indices and reduced Ki-67
levels in response to olaparib combined with ATRi, while
moderate signs of necrosis were observed. Notably, olaparib
combinations increased nuclear pleomorphism with evident
nucleoli and augmented tumor cell vacuolization, which might be
regarded as indicative of antitumor activity in resensitized
HGSOC xenografts. Simultaneously, HGSOC cell death was
independent of caspase 3 activity mediating apoptosis. These
data indicate that an alternative cell death pathway characterized
by vacuolization of multinucleated cells might be associated with
synergistic tumor growth suppression of olaparib-resistant
HGSOC tumors in vivo. Recent studies demonstrated that in OC
cells in vivo, olaparib efficacy can be enhanced by employing
different combination treatments through augmentation of
apoptosis [66, 67]. Our study indicates that the induction of cell
death pathways independent of the classical apoptosis is also of
interest for the resensitization of olaparib-resistant HGSOC cells
to PARPi in the context of targeting the ATR/CHK1 pathway.

In tumors that have acquired resistance to olaparib, re-
exposure to olaparib combined with ATRi induced synergistic
downregulation of PARP1 and PARG expression along with
augmentation of olaparib-induced decrease in PARylation,
potentially affecting recruitment of the DNA repair proteins.
Given that PARylation plays a major role in various cellular
processes other than DDR [67, 68], the downstream effects need
further investigation. Nonetheless, our analysis suggests that
downregulation of PARP1-mediated PARylation might be an
important effect underpinning the combination’s benefit.
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Recent data indicate that ATR inhibition may be more
beneficial for increasing the antitumor activity of olaparib than
CHK1 inhibition, given that ATR regulates some cellular functions
independently of CHK1. For instance, ATR has been implicated in
the CHK1-independent regulation of replication fork protection,
so that only ATR inhibition impairs replication fork stability
leading to resensitization to olaparib [69]. In line with our data,
different outcomes resulting from combining PARPi with either
ATR or CHK1 inhibition were also observed in olaparib-sensitive
PDX models of HGSOC. Specifically, ATRi ceralasertib in
combination with olaparib resulted in tumor regression, whereas
treatment with CHK1i MK-8776 caused only tumor suppression
in the same xenograft models [64]. Moreover, an effective
combination of olaparib with ATRi leads to decreased activity of
the ATR/CHK1 pathway, suggesting disturbed regulation of
downstream processes critical for cell survival. Notably, ATRi
alone did not affect the autophosphorylation of ATR or its
downstream target CHK1 in non-responsive tumors. Thus, the
concurrent use of olaparib and ATRi seems to be essential for
pharmacological inhibition of the ATR/CHK1 pathway leading to
tumor growth suppression. Although olaparib combined with
CHK1i also inhibited tumor growth, no significant changes in the
CHK1 activity were observed. Thus, we provide data suggesting
that ATR kinase targets beyond CHK1 play a major role in
obtaining significant antitumor response in HGSOC tumors with
acquired resistance to olaparib.

Since phosphorylation of H2AX serves as a biomarker of DSB
and a platform for DNA damage repair proteins [49], a decrease
of yH2AX level in HGSOC xenografts resensitized to olaparib with
ATR/CHK1 pathways inhibitors indicated disturbed recruitment
of DNA repair factors. Notably, decreased yH2AX levels were
accompanied by the downregulation of ATR, which is one of the
main kinases responsible for H2AX phosphorylation. Considering
the role of yH2AX as a DSB biomarker, in this study levels of
YH2AX were assessed in response to long-term treatments
lasting on average 5 weeks. Phosphorylation of H2AX in response
to DNA damage is a dynamic process, thus, we cannot exclude
the usefulness of yH2AX as a marker of DNA-damaging
antitumor activity in earlier time points. Thus, yH2AX may not
mirror any DNA damage in resensitized olaparib-resistant tumors
once treatments exert significant tumor inhibitory activity.

Investigation of HR repair-promoting factors expression in
resensitized tumors revealed more changes in tumors treated
with olaparib combined with ATRi, than with CHK1i. Combining
olaparib with ATRi resulted in notable downregulation of BRCA1
and BRCA2, indicating impairment of key HR repair components
in tumors resensitized to olaparib. These observations highlight
the significance of HR repair disruption mediated by the
combination of olaparib and ATRi as a therapeutic strategy for
overcoming resistance to PARPi. Demonstrated changes indicate
augmentation of HRD phenotype in olaparib-resensitized PDX
tumors in the presence of ATRi, which is in line with increased
sensitivity to olaparib in HGSOC cells with defects in HR repair
[70]. Moreover, targeted inhibition of the ATR/CHK1 pathways in
resensitized tumors decreased 53BP1 expression. Overall,
inhibition of olaparib-resistant tumor growth in response to
olaparib combined with ATRi was associated with multifactorial
defects in DDR-promoting factors. Lastly, given no changes in the
expression of epithelial (E-cadherin, TIMP2) and mesenchymal
(vimentin, MMP2) markers in response to olaparib combinations
with either ATRi or CHK1i, migratory capabilities of resensitized
tumors seemed unaffected in responding PDX tumors. However,
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the long-term metastatic potential of tumors resensitized to
olaparib using ATR/CHK1 pathway inhibitors in vivo needs
further investigation.

We recognize that the presented data rely on olaparib-
resistant PDX models established from one HGSOC patient,
necessitating caution when interpreting and generalizing these
findings. Nevertheless, we have shown here that the addition of
ATR/CHK1 pathway inhibitors synergistically enhances tumor
growth inhibition in olaparib-resistant BRCA1/2MUT xenografts
rechallenged with olaparib. Importantly, this study provides the
molecular rationale for studied combinations in a comprehen-
sively characterized in vivo model of HGSOC. Moreover, PDX
models of HGSOC generally recapitulate key features of the
original tumors [71], they might not fully account for tumor
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heterogeneity in patients. Given that, additional studies
employing HGSOC tumors with different characteristics are
essential to increase the applicability of our report.

Overall, the above results provide a proof of concept that the
addition of ATR/CHK1 pathway inhibitors to olaparib can exert
a tumor growth inhibition effect in BRCA1/2MYT patients who
have acquired resistance to olaparib. Importantly, our findings
indicate that combining olaparib with ATRi, rather than CHKTi,
demonstrated enhanced efficacy in the novel olaparib-resistant
PDX models of HGSOC established from olaparib-naive
BRCAT/2MYT tumors. Additionally, we provide comprehensive
molecular insights into the development of acquired olaparib
resistance and resensitization of HGSOC cells to olaparib in vivo
using the ATR/CHK1 pathway inhibitors.

NHEJ non-homologous end joining
NGS next-generation sequencing
(o} olaparib

ocC ovarian cancer

PAR poly(ADP-ribosylation)

PARP1 poly(ADP-ribose) polymerase 1
PARPi PARP inhibitors
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Supplementary Figure 1 (Figure S1)
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Figure S1. The growth curves of PDX-X127 and PDX-X160 tumors and mice body weights following treatment with olaparib
(50 mg/kg) or vehicle during the attempt to induce olaparib resistance in vivo. Both models were not suitable for the induction
of resistance to olaparib and were rejected. (a) Vehicle-treated xenografts from PDX-X127 increased their volume about 19.2 times
during the first 9 days of treatment, reaching on average as much as 3174 + 1077 mm?3 (n = 10). Tumors among vehicle control groups
from PDX-X127 showed growth speed differences and exhibited unexpectedly elevated growth rates. (b) Vehicle-treated xenografts
from PDX-X160 exhibited major intragroup differences in tumor growth. (c, d) Mice body weights harboring PDX-X127 and -X160
during treatment with olaparib (50 mg/kg) or vehicle and comparison of changes in mice masses
(fold change) between groups at harvest day relative to day zero of treatment using unpaired t-test: *p < 0.05.
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Supplementary Figure 2 (Figure S2)
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Figure S2. The expression of MDR1 and caspase-3 after the induction of resistance to olaparib in PDX-X179 models of HGSOC.
Upon the completion of the development of olaparib-resistant (R) PDX models, vehicle-treated xenografts (#6, 7, 8, and 10), and
tumors with acquired resistance in the presence of 50 mg/kg olaparib (#11 and 14) were harvested, and whole tissue lysates were
prepared for Western Blotting analysis of MDR1 (a) and caspase-3 (b). Protein expression was normalized to B-actin and presented
on graphs with a logarithmic scale as a fold-change (mean + STD) relative to untreated primary PDX-X179 at P5 used for the
development of tumors for both treatment arms. Dashed lines indicate an expression cut-off of + 2-fold to indicate relevant changes.
Statistical significance between groups was assessed using ordinary one-way ANOVA followed by Tukey's post-hoc test:

*p < 0.05. (c) Representative Western Blot images.
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Supplementary Figure 3 (Figure S3)
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Figure S3. Histopathological assessment of heart tissue from selected olaparib-resistant PDX tumors treated with tested
inhibitors or their combinations. Mice bearing olaparib-resistant tumors were treated with vehicle
(n = 5), olaparib (O, 50 mg/kg, n = 5), ATRi (A, 25 mg/kg, n = 5), CHK1i (C, 50 mg/kg, n = 6) or olaparib combinations with either ATRIi
(O + A n=5)orCHK1i (O + C, n = 5). Upon treatment completion, hearts were harvested and FFPE tissue sections were stained with
H&E for the evaluation of the presence of hyaline myofiber degeneration and cardiomyocyte vacuolization. The abundance and
severity of each lesion were scored on the scale: none (0%); minimal (<10%); slight (10-39%); moderate (40-79%) and high/severe
(80-100%). All detected degenerative changes in heart tissue in marked individuals were assigned as minimal.
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Supplementary Figure 4 (Figure S4)
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Figure S4. Results of RT-qPCR gene expression analysis for CASP3, PARP1, ATR, CHEK1, and H2AFX in olaparib-resistant PDX-
X179 tumors treated with tested inhibitors or their combinations. Mice bearing olaparib-resistant tumors were treated with
vehicle (n = 5), olaparib (O, 50 mg/kg, n = 5), ATRi (A, 25 mg/kg, n = 5), CHK1i (C, 50 mg/kg, n = 6) or olaparib combinations with
either ATRi (O + A, n = 5) or CHK1i (O + C, n = 5). Upon treatment completion, tumors were harvested, and RNA was isolated for
cDNA synthesis and determination of mRNA levels via RT-qPCR. Data were normalized to the ACTB gene and expressed relative to
vehicle-treated tumors as mean + STD. Statistical significance between groups was assessed using ordinary one-way ANOVA followed
by Tukey's post-hoc test: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (vehicle vs. inhibitor(s)); *p < 0.05, **p < 0.01,
**++p < 0.0001 (olaparib vs. combination with ATRi or CHK1i); *p < 0.05, #p < 0.01, **#p < 0.001, *#*p < 0.0001 (ATRi or CHK1i vs.
respective combinations with olaparib).

237



Page |6

Supplementary Figure 5 (Figure S5)
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Figure S5. Quantitative Western Blotting analysis of RAD51 and MDR1 in olaparib-resistant PDX-X179 tumors treated with
tested inhibitors or their combinations. Mice bearing olaparib-resistant tumors were treated with vehicle (n = 5), olaparib (O, 50
mg/kg, n =5), ATRi (A, 25 mg/kg, n=75), CHK1i (C, 50 mg/kg, n=6)
or olaparib combinations with either ATRi (O + A, n = 5) or CHK1i (O + C, n = 5). Upon treatment completion, tumors were harvested
and whole tissue lysates were prepared for Western Blotting analysis. Protein expression was normalized to -actin and presented on
graphs with a logarithmic scale as a fold-change (mean + STD) relative to a vehicle-treated group. Dashed lines indicate an expression
cut-off of + 2-fold to indicate relevant changes. Statistical significance between groups was assessed using ordinary one-way ANOVA
followed by Tukey's post-hoc test (normally distributed data) or Kruskal-Wallis test followed by Dunn'’s post-hoc test (non-normally
distributed data).
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Supplementary Table 1 (Table S1)

List of key reagents used in the study.

Reagent

Catalog Number

Manufacturer

Anti-Ki-67 antibody

Anti-phospho-CHK1 (Ser345) antibody
Ceralasertib (ATR inhibitor)

DMSO, Anhydrous

Halt™ Phosphatase Inhibitor Cocktail (100X)
Halt™ Protease Inhibitor Cocktail (100X)
High-Capacity cDNA Reverse Transcription Kit
HiMark™ Pre-stained Protein Standard
MagicMark™ XP Western Protein Standard
mirVana™ miRNA Isolation Kit, with phenol
MK-8776 (CHK1 inhibitor)

MOPS Running Buffer

mPAGE® 4X LDS Sample Buffer

mPAGE® Bis-Tris Precast Gels 10%

mPAGE® Bis-Tris Precast Gels 12%

mPAGE® Bis-Tris Precast Gels 8%

mPAGE® Transfer Buffer

Olaparib

Pierce™ BCA Protein Assay Kits

Poly(ethylene glycol), average M.W. 300 (PEG300)
PVDF Membrane

RIPA Lysis and Extraction Buffer

RNase Inhibitor

SignalStain® Boost IHC Detection Reagent (HRP,
Mouse)

SignalStain® Boost IHC Detection Reagent (HRP,
Rabbit)

Spectra™ Multicolor Broad Range Protein Ladder
Spectra™ Multicolor High Range Protein Ladder
SuperBlock™ (TBS) Blocking Buffer

SuperSignal™ West Atto Ultimate Sensitivity
Substrate

SuperSignal™ West Pico PLUS Chemiluminescent
Substrate

TagMan™ Gene Expression Assay (FAM)
TagMan™ Universal Master Mix Il, no UNG
Target Retrieval Solution, pH 6

TWEEN® 80

Water, Nuclease-free, Molecular Biology Grade,
Ultrapure, Thermo Scientific Chemicals

B-mercaptoethanol

MAS5-14520
PA5-34625
TBWO02661
D12345
78420
87786
4368814
LC5699
LC5602
AM1560
TBW02666
MPMOPS
MPSB
MP10W10
MP12W10
MP8W10
MPTRB
HY-10162
23227
192220010
IPVH85R
89900
N8080119
8125

8114

26634
26625
37581
A38555

34577

4331182
4440049
S2369
P4780
J71786.XCR

M6250

Invitrogen™ (Thermo Fisher Scientific)
Invitrogen™ (Thermo Fisher Scientific)
Wuhan ChemNorm Biotech

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Applied Biosystems™ (Thermo Fisher Scientific)
Invitrogen™ (Thermo Fisher Scientific)
Invitrogen™ (Thermo Fisher Scientific)
Invitrogen™ (Thermo Fisher Scientific)
Wuhan ChemNorm Biotech

Millipore (Merck)

Millipore (Merck)

Millipore (Merck)

Millipore (Merck)

Millipore (Merck)

Millipore (Merck)

MedChemExpress

Thermo Fisher Scientific

Thermo Fisher Scientific

Millipore (Merck)

Thermo Fisher Scientific

Applied Biosystems™ (Thermo Fisher Scientific)
Cell Signaling Technology

Cell Signaling Technology

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Applied Biosystems™ (Thermo Fisher Scientific)
Applied Biosystems™ (Thermo Fisher Scientific)
Dako (Agilent)

Sigma-Aldrich (Merck)

Applied Biosystems™ (Thermo Fisher Scientific)

Sigma-Aldrich (Merck)
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Supplementary Table 2 (Table S2)

Page |8

Histopathological assessment criteria assessing the severity of pathological changes in H&E-stained tumor tissues based on

scientific literature and recommendations included in the INHAND criteria developed and published by GESC.

Mitotic index Single-cell necrosis
Scoring scale (assessed Area of (assessed Nuclear Vacuolization
9 in 10 fields from necrosis  in 10 fields from pleomorphism of tumor cells
magnification x40) magnification x40)
thological
o Mone < 1 mitosis 0% < 2 single cell necrosis no pathologica 0-5%
-) changes
the cell nuclei nearly
1 minimal 2-5 mitoses <1% 2-7 single cell necrosis normal, the nucleoli 5-25%
(+) hardly
visible/evident
. . mild pleomorphism,
2 Slight 6-10 mitoses 1-5% §-12 single cell visible/ evident 26-50%
(++) necrosis .
nucleoli
moderate
3 moderate 11215 mitoses 6-10% 13-17 §|ng|e cell pIeon_worphlsr_n,‘ 51-75%
(+++) necrosis prominent, distinct
nucleoli
marked
4 severe > 15 mitoses S 10% > 17 5|4ngle cell pIeomorphlsm, 76-100%
(++++) necrosis prominent/

numerous nucleoli

Supplementary Table 3 (Table S3)

List of TagMan™ Gene Expression Assay used for gene expression studies (RT-qPCR).

Gene Assay ID
ABCB1 Hs00184500_m1
ACTB Hs01060665_g1
ATR Hs00992123_m1
CASP3 Hs00234387_m1
CHEK1 Hs00967506_m1
GAPDH Hs02758991_g1
H2AXF Hs00266783_s1
HPRT1 Hs02800695_m1
PARP1 Hs00242302_m1
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Supplementary Table 4 (Table S4)

List of primary antibodies used for Western Blotting.

Target Supplier Catalog Number Dilution Factor Antibody Dilution Buffer

53BP1 Sigma-Aldrich (Merck) MAB3802 1:1250 5% BSA in TBST

ATR Invitrogen™ MA1-23158 1:1000 5% non-fat milk in TBST
(Thermo Fisher Scientific)

BRCA1 Cell Signaling Technology 9010 1:1000 5% BSA in TBST

BRCA2 (C-term) Thermo Fisher Scientific A300-005A 1:1000 5% BSA in TBST

Caspase-3 Cell Signaling Technology 14220 1:1000 5% BSA in TBST

CHK1 Invitrogen™ MA5-32180 1:1000 5% BSA in TBST
(Thermo Fisher Scientific)

E-Cadherin Cell Signaling Technology 3195 1:1000 5% BSA in TBST

MDR1 Invitrogen™ MA5-32282 1:1000 5% BSA in TBST
(Thermo Fisher Scientific)

MMP2 Cell Signaling Technology 40994 1:1000 5% BSA in TBST

PAR Cell Signaling Technology 83732 1:1000 5% BSA in TBST

PARG Invitrogen™ MA5-27034 1:1500 5% BSA in TBST
(Thermo Fisher Scientific)

PARP1 Cell Signaling Technology 9532 1:1000 5% non-fat milk in TBST

pATR (Thr1989) Cell Signaling Technology 30632 1:1000 5% BSA in TBST

pCHK1 (Ser345) Cell Signaling Technology 2348 1:1250 5% BSA in TBST

RAD51 Sigma-Aldrich (Merck) ABE257 1:1250 5% BSA in TBST

TIMP2 Cell Signaling Technology 5738 1:1000 5% BSA in TBST

Vimentin Cell Signaling Technology 5741 1:1000 5% BSA in TBST

B-actin Sigma-Aldrich (Merck) A1978 1:10 000 5% BSA in TBST

yH2AX (Ser139) Sigma-Aldrich (Merck) 05-636 1:1000 5% BSA in TBST
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Oswiadczam, ze w opublikowanej pracy:

Biegala L., Gajek A., Marczak A., Rogalska A. PARP inhibitor res;stance in ovarian cancer:
Underlying mechanisms and therapeutic approaches targeting the ATR/CHKI pathway. Biochim
Biophys Acta Rev Cancer. 2021. 1876(2):188633. https://doi.org/10.1016/j.bbcan.2021.188633,
méj udzial wynosit 75% i polegal na: opracowaniu koncepcji pracy przegladowej; zebraniu
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wzrostu klonalnego, proliferacja komorek, izolacja DNA z linii komérkowych, przygotowanie
lizatow biatkowych z linii komérkowych, oznaczenie stezenia biatka w lizatach komodrkowych,
badanie poziomu ekspresiji biatek metodg Western Blot, analiza wariantéw genow na podsawie
wynikéw sekwencjonowania nastepnej generacji, barwienie immunofluorescencyjne
z wykorzystaniem mikroskopii konfokalnej, preparatyka i analiza mikroskopowa chromosomoéw
metafazowych, analiza dystrybucji komérek w fazach cyklu komérkowego z wykorzystaniem
barwienia immunofluorescencyjnego i cytometrii przeptywowej); analizie, opracowaniu
i interpretacji wynikéw; wizualizacji wynikéw; przygotowaniu wstepnej wersji manuskryptu;
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Underlying mechanisms and therapeutic approaches targeting the ATR/CHKI1 pathway. Biochim
Biophys Acta Rev Cancer. 2021. 1876(2):188633. https://doi.org/10.1016/j.bbcan.2021.188633,
mdj udzial wynosit 10% i polegal na: opracowaniu koncepcji pracy przeglagdowej; zebraniu
danych literaturowych i przygotowaniu wstepnej wersji artykutu; redagowaniu roboczej wersiji
manuskryptu, przygotowaniu i zatwierdzeniu ostatecznej wersji artykutu; pozyskaniu $rodkéw
finansowych na prowadzony projekt oraz sprawowaniu nadzoru nad przygotowaniem artykutu.

Oséwiadczam, Ze w opublikowanej pracy:

Biegata L., Gajek A., Marczak A., Rogalska A. Olaparib-Resistant BRCA2M'" Ovarian Cancer Cells
with Restored BRCA2 Abrogate Olaparib-Induced DNA Damage and G2/M Arrest Controlled by the
ATR/CHK]1 Pathway for Survival. Cells. 2023. 12(7):1038. https://doi.org/10.3390/cells12071038,
moj udziat wynosit 15% i polegat na: opracowaniu koncepcji badan; zaplanowaniu i wdrozeniu
czesci metodologicznej; interpretacji wynikéw; zapewnianiu dostepu do materialéw
badawczych; wizualizacji wynikéw; redagowaniu roboczej wersji manuskryptu, uczestniczeniu w
odpowiedziach na recenzje i zatwierdzeniu ostatecznej wersji artykulu; pozyskaniu srodkéw
finansowych na prowadzony projekt oraz sprawowaniu nadzoru nad przygotowaniem artykutu.

Os$wiadczam, ze w opublikowanej pracy:

Biegata L., Gajek A., Szymczak-Pajor I., Marczak A., Sliwifiska A., Rogalska A. Targeted inhibition
of the ATR/CHK1 pathway overcomes resistance to olaparib and dysregulates DNA damage response
protein expression in BRCA2™WT ovarian cancer cells. Sci Rep. 2023. 13(1):22659.
https://doi.org/10.1038/s41598-023-50151-y,

moj udziat wynosit 10% i polegat na: opracowaniu koncepcji badari; zaplanowaniu czesci
metodologicznej; wizualizacji wynikéw; zapewnianiu dostepu do materialtéw badawczych;
redagowaniu roboczej wersji manuskryptu, uczestniczeniu w odpowiedziach na recenzje i
zatwierdzeniu ostatecznej wersji artykutu; pozyskaniu $rodkéw finansowych na prowadzony
projekt oraz sprawowaniu nadzoru nad przygotowaniem artykutu.

Oséwiadczam, ze w opublikowanej pracy:

Biegala L., Kotat D., Gajek A., Pluciennik E., Marczak A., Sliwiriska A., Mikula M., Rogalska A.
Uncovering miRNA-mRNA Regulatory Networks Related to Olaparib Resistance and Resensitization
of BRCA2YT Ovarian Cancer PEO1-OR Cells with the ATR/CHK1 Pathway Inhibitors. Cells. 2024.
13(10):864. https://doi.org/10.3390/cells13100867,

Pmito %M lea



moj udzial wynosil 5% i polegat na: opracowaniu koncepcji badan; zaplanowaniu czesci
metodologicznej; redagowaniu roboczej wersji manuskryptu i odpowiedzi na recenzje,
przygotowaniu i zatwierdzeniu ostatecznej wersji artykutu; pozyskaniu srodkow finansowych na
prowadzony projekt oraz sprawowaniu nadzoru nad przygotowaniem artykutu.

Oswiadczam, ze w manuskrypcie artykutu:

Biegata L., Statkiewicz M., Gajek A., Szymczak-Pajor 1., Rusetska N., Sliwiriska A., Marczak A.,
Mikula M., Rogalska A. pt.: ,,Olaparib rechallenge combined with the ATR/CHK1 pathway inhibitors
in olaparib-resistant PDX models of ovarian cancer: Mechanisms behind synergistic tumor growth
inhibition”,

moj udzial wynosit 4% i polegal na: opracowaniu koncepcji badan; zaplanowaniu czesci
metodologicznej; zapewnianiu dostepu do materialéw badawczych; redagowaniu roboczej wersji
i zatwierdzeniu ostatecznej wersji manuskryptu; pozyskaniu $rodkéw finansowych na
prowadzony projekt oraz sprawowaniu nadzoru nad przygotowaniem artykutu.

b, Hoaotl sk
dr hab. Aneta Rogaléf(a, prof. UL
(podpis)



£6dz, 20.05.2024
Dr Arkadiusz Gajek

Katedra Biofizyki Medycznej
Uniwersytet Eodzki

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w opublikowanej pracy:

Biegala L., Gajek A., Marczak A., Rogalska A. PARP inhibitor resistance in ovarian cancer:
Underlying mechanisms and therapeutic approaches targeting the ATR/CHK1 pathway. Biochim
Biophys Acta Rev Cancer. 2021. 1876(2):188633. https://doi.org/10.1016/j.bbcan.2021.188633,
moj udzial wynosit 5% i polegal na: opracowaniu koncepcji pracy przeglagdowej; zebraniu danych
literaturowych, przygotowaniu czesci rycin i wstepnej wersji artykutu; redagowaniu roboczej
wersji manuskryptu, przygotowaniu i zatwierdzeniu ostatecznej wersji artykutu.

Oswiadczam, ze w opublikowanej pracy:

Biegata L., Gajek A., Marczak A., Rogalska A. Olaparib-Resistant BRCA2Y“T Ovarian Cancer Cells
with Restored BRCAZ2 Abrogate Olaparib-Induced DNA Damage and G2/M Arrest Controlled by the
ATR/CHK1 Pathway for Survival. Cells. 2023. 12(7):1038. https://doi.org/10.3390/cells 12071038,
moj udziat wynosit 10% i polegal na: opracowaniu koncepcji badan; zaplanowaniu i wdrozeniu
czesci metodologicznej; wykonaniu czesci eksperymentéw (barwienie immunofluorescencyjne z
wykorzystaniem mikroskopii konfokalnej, analiza mikroskopowa chromosomdéw metafazowych,
analiza dystrybucji komdrek w fazach cyklu komdérkowego z wykorzystaniem barwienia
immunofluorescencyjnego i cytometrii przeptywowej); analizie, opracowaniu i interpretacji
wynikow; wizualizacji wynikow; redagowaniu roboczej wersji manuskryptu, uczestniczeniu w
odpowiedziach na recenzje i zatwierdzeniu ostatecznej wersji artykutu.

Os$wiadczam, Zze w opublikowanej pracy:

Biegatla L., Gajek A., Szymczak-Pajor I., Marczak A., Sliwiriska A., Rogalska A. Targeted inhibition
of the ATR/CHK1 pathway overcomes resistance to olaparib and dysregulates DNA dam'age response
protein expression in BRCA2'T ovarian cancer cells. Sci Rep. 2023. 13(1):22659.
https://doi.org/10.1038/s41598-023-50151-y, o
moj udzial wynosit 5% i polegat na: opracowaniu koncepcji badan; zaplanowaniu i wdrozeniu
czesci metodologicznej; wykonaniu czesci eksperymentéw (oznaczenie aktywnosci
enzymatycznej kasazy-3/7 oraz oznaczenie poziomu apoptozy poprzez pomiar eksternalizacji
fosfatydyloseryny za pomocg cytometrii przeptywowej); wizualizacji wynikéw; redagowaniu
roboczej wersji manuskryptu, uczestniczeniu w odpowiedziach na recenzje i zatwierdzeniu
ostatecznej wersji artykutu.
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Oswiadczam, ze w opublikowanej pracy:

Biegata L., Kotat D., Gajek A., Pluciennik E., Marczak A., Sliwiriska A., Mikula M., Rogalska A.
Uncovering miRNA-mRNA Regulatory Networks Related to Olaparib Resistance and Resensitization
of BRCA2MUT Ovarian Cancer PEO1-OR Cells with the ATR/CHKI Pathway Inhibitors. Cells. 2024.
13(10):864. https://doi.org/10.3390/cells 13100867,

méj udzial wynosit 5% i polegat na: opracowaniu koncepcji badar; zaplanowaniu i wdrozeniu
czeéci metodologicznej; wykonaniu czesci eksperymentow (izolacja catkowitego RNA wraz z
mikroRNA z linii komérkowych); redagowaniu roboczej wersji manuskryptu i odpowiedzi na
recenzje, przygotowaniu i zatwierdzeniu ostatecznej wersji artykutu.

Oswiadczam, ze w manuskrypcie artykutu:

Biegata L., Statkiewicz M., Gajek A., Szymczak-Pajor 1., Rusetska N., Sliwiniska A., Marczak A.,
Mikula M., Rogalska A. pt.: ,Olaparib rechallenge combined with the ATR/CHK1 pathway inhibitors
in olaparib-resistant PDX models of ovarian cancer: Mechanisms behind synergistic tumor growth
inhibition”,

mdj udziat wynosit 5% i polegal na: opracowaniu koncepcji badan; zaplanowaniu i wdrozeniu
czesci metodologicznej; wykonaniu czesci eksperymentéw (izolacja catkowitego RNA z tkanek
nowotworowych, przygotowanie lizatéw biatkowych z tkanek nowotworowych); redagowaniu
roboczej wersji i zatwierdzeniu ostatecznej wersji manuskryptu.

F n . \ r
@i":"&fukﬂ\%‘i (mw\c\
dr Arkadius‘zl ééjek
(podpis)




Lodz, 19.05.2024
Prof. dr hab. Agnieszka Marczak

Katedra Biofizyki Medycznej
Uniwersytet £.6dzki

OSWIADCZENIE WSPOLAUTORA

Oséwiadczam, ze w opublikowanej pracy:

Biegata L., Gajek A., Marczak A., Rogalska A. PARP inhibitor resistance in ovarian cancer:
Underlying mechanisms and therapeutic approaches targeting the ATR/CHK1 pathway. Biochim
Biophys Acta Rev Cancer. 2021. 1876(2):188633. https://doi.org/10.1016/j.bbcan.2021.188633,
méj udziat wynosit 10% i polegat na: pracowaniu koncepcji pracy przegladowej; przygotowaniu
wstepnej wersji artykutu; redagowaniu roboczej wersji manuskryptu i zatwierdzeniu ostatecznej
wersji artykutu; sprawowaniu nadzoru nad przygotowaniem artykutu.

Oswiadczam, ze w opublikowanej pracy:

Biegata t., Gajek A., Marczak A., Rogalska A. Olaparib-Resistant BRCA2Y'T Ovarian Cancer
Cells with Restored BRCA2 Abrogate Olaparib-Induced DNA Damage and G2/M Arrest
Controlled by the ATR/CHK1 Pathway for Survival. Cells. 2023. 12(7):1038.
https://doi.org/10.3390/cells12071038,

méj udziat wynosit 5% i polegat na: opracowaniu koncepcji badan; zapewnianiu dostgpu do
materiatéw badawczych; redagowaniu roboczej wersji manuskryptu i zatwierdzeniu ostatecznej
wersji artykutu.

Oswiadczam, ze w opublikowanej pracy:

Biegata L., Gajek A., Szymczak-Pajor |., Marczak A., Sliwinska A., Rogalska A. Targeted
inhibition of the ATR/CHK1 pathway overcomes resistance to olaparib and dysregulates DNA
damage response protein expression in BRCA2YUT ovarian cancer cells. Sci Rep. 2023.
13(1):22659. https://doi.org/10.1038/s41598-023-50151-y,

méj udziat wynosit 5% i polegat na: opracowaniu koncepcji badan; zaplanowaniu czesci
metodologicznej; zapewnianiu dostepu do materiatéw badawczych; redagowaniu roboczej wersji
manuskryptu i zatwierdzeniu ostatecznej wersji artykutu.

Oswiadczam, ze w opublikowanej pracy:

Biegata L., Kotat D., Gajek A., Pluciennik E., Marczak A., Sliwinska A., Mikula M., Rogalska A.
Uncovering miRNA-mRNA Regulatory Networks Related to Olaparib Resistance and
Resensitization of BRCA2"YT Ovarian Cancer PEO1-OR Cells with the ATR/CHK1 Pathway
Inhibitors. Cells. 2024. 13(10):864. https://doi.org/10.3390/cells13100867,

moj udziat wynosit 2% i polegat na: opracowaniu koncepcji badan; redagowaniu roboczej wersji
manuskryptu i zatwierdzeniu ostatecznej wersji artykutu.

Oswiadczam, ze w manuskrypcie artykutu:

Biegata L., Statkiewicz M., Gajek A., Szymczak-Pajor |., Rusetska N., Sliwinska A., Marczak A.,
Mikula M., Rogalska A. pt.: ,Olaparib rechallenge combined with the ATR/CHK1 pathway
inhibitors in olaparib-resistant PDX models of ovarian cancer: Mechanisms behind synergistic
tumor growth inhibition”,

moj udziat wynosit 3% i polegat na: zaplanowaniu czesci metodologicznej; zapewnianiu dostepu
do materiatéw badawczych; zatwierdzeniu ostatecznej wersji manuskryptu.

Podpis jest prawidtowy
Dokument podpi przez
SPECJALISTA Agnieszka
w Dzie! nig Data: 2024, 11:41:47
¥ .
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7a aodnoét 2 oryginaferm prof. dr hab. Agnieszka Marczak



L6dZ, 20.05.2024
Dr hab. n. med. Agnieszka Sliwiriska, prof. Uczelni

7aklad Biochemii Kwaséw Nukleinowych
Uniwersytet Medyczny w Lodzi

OSWIADCZENIE WSPOLAUTORA

O$wiadczam, Ze w opublikowanej pracy:

Biegalak., Gajek A., Szymczak-Pajor L., Marczak A., Sliwiniska A., Rogalska A. Targeted inhibition
of the ATR/CHK 1 pathway overcomes resistance to olaparib and dysregulates DNA damage response
protein expression in BRCA2M’ ovarian cancer cells. Sci Rep. 2023. 13(1):22659.
https://doi.org/10.1038/s41 598-023-50151-y,

méj udzial wynosit 5% i polegal na: opracowaniu koncepcji badan; zaplanowaniu czesc
metodologicznej; zapewnianiu dostgpu domate riatéw badawczych; redagowaniuroboczej wersji
manuskryptu i zatwierdzeniu ostatecznej wersji artykutu.

O$wiadczam, ze w opublikowanej pracy:

Biegata L., Kotat D., Gajek A., Phuciennik E., Marczak A., Sliwiriska A., Mikula M., Rogalska A.
Uncovering miRNA-mRNA Regulatory Networks Related to Olaparib Resistance and Resensitization
of BRCA2MUT OQvarian Cancer PEO1-OR Cells with the ATR/CHK1 Pathway Inhibitors. Cells. 2024
13(10):864. https://doi.org/10.3390/cells 13100867,

méj udziat wynosit 4% i polegal na: opracowaniu koncepcji badarn; zaplanowaniu czesci
metodologicznej; redagowaniu roboczej wersji manuskryptu i odpowiedzi na recenzje,
przygotowaniu i zatwierdzeniu ostatecznej wersji artykutu.

Oéwiadczam, ze w manuskrypcie artykutu:

Biegata L., Statkiewicz M., Gajek A., Szymczak-Pajor L., Rusetska N., Sliwinska A., Marczak A.,
Mikula M., Rogalska A. pt.: ,,Olaparib rechallenge combined with the ATR/CHK1 pathway inhibitors
in olaparib-resistant PDX models of ovarian cancer: Mechanisms behind synergistic tumor growth
inhibition”,

méj udziat wynosit 3% i polegat na: zaplanowaniu czg $ci metodologicznej; zapewnianiu dostepu
do materialéw badawczych; redagowaniu roboczej wersji i zatwierdzeniu ostatecznej wersji
manuskryptu.

dr hab. n. med. Agnieszka Sliwiriska, prof. Uczelni
(podpis)



£6dz, 20.05.2024
Dr n. med. Izabela Szymczak-Pajor

Zaktad Biochemii Kwasow Nukleinowych
Uniwersytet Medyczny w Lodzi

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w opubhkowane] pracy:

Biegala L., Gajek A., Szymczak Pajor ., MarczakA , Sliwiniska A. RogalskaA Targeted mhrbmon
of the ATR/CHKI pathway overcomes resistance to olaparib and a'ysregu!ates DNA damage response
protein expression in BRCA2"'T ovarian cancer cells. Sci Rep. 2023. 13(1):22659.
https://doi.org/10.1038/s41598-023-50151-y,

moj udzial wynosil 10% i polegal na: zaplanowaniu i wdrozeniu chs’ci metodologicznej;
wykonaniu czesci eksperymentéw (walidacja ekspresji genéw referencyjnych oraz badanie
poziomu ekspresji genéw za pomocg iloSciowej reakcji taricuchowej polimerazy w czasie
rzeczywistym (RT-qPCR)); redagowaniu roboczej wersji manuskryptu i zatwierdzeniu
ostatecznej wersji artykulu.

Oswiadczam, ze w manuskrypcie artykutu:

Biegala L., Statkiewicz M., Gajek A., Szymczak-Pajor 1., Rusetska N., Sliwiriska A., Marczak A.,
Mikula M., Rogalska A. pt.: ,Olaparib rechaHenge combined with ATR/CHK1 pathway mhzbitors in
olaparib- res:stant PDX models of ovanan cancer: Mechamsms behmd synergisnc tumor growth
inhibition”, o :

moj udzial wynosit 5% i polegat na: wykonaniu czeéci eksperymentéw (walidacja ekspresji genéw
referencyjnych oraz badanie poziomu ekspresji genéw za pomoca ilo§ciowej reakcji taricuchowej
polimerazy w czasie rzeczywistym (RT-qPCR)); zatwierdzeniu ostatecznej wersji manuskryptu.

\j %\umdidt’ PU(J!‘

drh m.tald Izabela Szqu;éak -Pajor
(podpis)




Warszawa, 19.05.2024
Prof. dr hab. n. med. Michat Mikula
Zaktad Genetyki

Narodowy Instytut Onkologii im. Marii Sktodowskiej-Curie
— Panstwowy Instytut Badawczy

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w opublikowanej pracy:

Biegata t., Kotat D., Gajek A., Pluciennik E., Marczak A., Sliwiniska A., Mikula M., Rogalska A.
Uncovering miRNA-mRNA Regulatory Networks Related to Olaparib Resistance and Resensitization
of BRCA2MUT Ovarian Cancer PEO1-OR Cells with the ATR/CHK1 Pathway Inhibitors. Cells. 2024.
13(10):864. https://doi.org/10.3390/cells 13100867,

moj udziat wynosit 2% i polegat na: opracowaniu koncepcji badan; redagowaniu roboczej wersji
manuskryptu i zatwierdzeniu ostatecznej wersji artykutu.

Os$wiadczam, ze w manuskrypcie artykutu:

Biegata L., Statkiewicz M., Gajek A., Szymczak-Pajor 1., Rusetska N., Sliwiniska A., Marczak A.,
Mikula M., Rogalska A. pt.: ,,Olaparib rechallenge combined with the ATR/CHK 1 pathway inhibitors
in olaparib-resistant PDX models of ovarian cancer: Mechanisms behind synergistic tumor growth
inhibition”,

méj udziat wynosit 5% i polegal na: opracowaniu koncepcji badan; zapewnianiu dostepu do
materiatéw badawczych; redagowaniu roboczej wersji i zatwierdzeniu ostatecznej wersji
manuskryptu. g:}f.!dnp?ga?])é !przez:

Michat Marek
Mikula

Date / Data:
2024-05-19 10:46

prof. dr hab. n. med. Michal Mikula
(podpis)

SPECJALISTA
w Dziekanacie

Wydzialu Biofogil i Ochrony,  Srodowiska Lk
\\_/’f\_—-——-'

nar Jarostaw Mrowczynsk

7 nnvdnod¢ 7 oryginafem



Mgr Damian Kolat

! Zaklad Genomiki Funkcjonalnej
Uniwersytet Medyczny w Lodzi

1.6dz, 18.05.2024

* Zakltad Biomedycyny i Chirurgii Doswiadczalnej

Uniwersytet Medyczny w Lodzi

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, Ze w opublikowanej pracy:

Biegata L., Kolat D., Gajek A., Pluciennik E., Marczak A., Sliwiriska A., Mikula M., Rogalska A.
Uncovering miRNA-mRNA Regulatory Networks Related to Olaparib Resistance and Resensitization
of BRCA2MUT Ovarian Cancer PEO1-OR Cells with the ATR/CHK1 Pathway Inhibitors. Cells. 2024.
13(10):864. https://doi.org/10.3390/cells 13100867,

moj udzial wynosit 10% i polegat na: opracowaniu koncepcji badan; zaplanowaniu i wdroZeniu
czeSci metodologicznej; gromadzeniu, analizie i opracowaniu danych z repozytoriow;
redagowaniu roboczej wersji manuskryptu, uczestniczeniu w odpowiedziach na recenzje i

zatwierdzeniu ostatecznej wersji artykutu.

70 2g0dnost  oryginafem

Signed by /
Podpisano przez:

Damian Kotat
Uniwersytet
Medyczny w todzi

Date / Data:
2024-05-18 12:11

mgr Damian Kotat
(podpis)

SPECJALISTA
w Dziekanacie
Wydzialu Biofogii i Ochrony Sradowisks
||"\-._/A\____..-/“\__‘__

magr Jarostaw Mrowczyriski



£6dz, 20.05.2024
dr hab. n. med. Elzbieta Pluciennik, prof. Uczelni

Zaktad Genomiki Funkcjonalnej
Uniwersytet Medyczny w Lodzi

OSWIADCZENIE WSPOLAUTORA

Os$wiadczam, Ze w opublikowanej pracy:

Biegata L., Kotat D., Gajek A., Pluciennik E., Marczak A., Sliwiriska A., Mikula M., Rogalska A.
Uncovering miRNA-mRNA Regulatory Networks Related to Olaparib Resistance and Resensitization
of BRCA2YT Ovarian Cancer PEO1-OR Cells with the ATR/CHK1 Pathway Inhibitors. Cells. 2024.
13(10):864. https://doi.org/10.3390/cells 13100867,

méj udziat wynosit 2% i polegat na: gromadzeniu, analizie i opracowaniu danych z repozytoriow;
redagowaniu roboczej wersji manuskryptu i zatwierdzeniu ostatecznej wersji artykutu.

Signed by /
Podpisano przez:

Elzbieta
Pluciennik

Date / Data:
2024-05-20 09:18

dr hab. n. med. Elzbieta Pluciennik, prof. Uczelni
(podpis)

SPECJALISTA
w Dziekanacie
Wydziatu Biologii i Ochrony &acowiska U

7 z00dn08¢ 7 orysinatem -

mgr Jarostaw Mrowczyiisk



PODRIS ZAUEANY:

MAEGORZATA
STATKIEWICZ

16052084 110748 [GMT+2]
Dokument padpisany etekironicznie
podpizem zaufanym

Warsza.. ., __.__.____

Dr n. med. Malgorzata Statkiewicz
Zaktad Genetyki

Narodowy Instytut Onkologii im. Marii Sktodowskiej-Curie
— Panistwowy Instytut Badawczy

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w manuskrypcie artykutu:

Biegata L., Statkiewicz M., Gajek A., Szymczak-Pajor 1., Rusetska N., Sliwiriska A., Marczak A.,
Mikula M., Rogalska A. pt.: ,,Olaparib rechallenge combined with the ATR/CHK1I pathway inhibitors
in olaparib-resistant PDX models of ovarian cancer: Mechanisms behind synergistic tumor growth
inhibition”,

méj udzial wynosit 10% i polegat na: opracowaniu koncepcji badani; zaplanowaniu i wdrozeniu
czesci metodologicznej; wykonaniu czesci eksperymentéw (propagacja heteroprzeszczepow u
myszy, wyprowadzenie modeli heteroprzeszczepow raka jajnika z tkanek nowotworowych
pochodzacych bezposrednio od pacjentek, podawanie badanych inhibitoréw myszom z
heteroprzeszczepem); przygotowaniu i redagowaniu roboczej wersji oraz zatwierdzeniu
ostatecznej wersji manuskryptu.

dr n .med. Malgorzata Statkiewicz
(podpis)

SPECJALISTA

w Dziekanacie
70 z0dnost 2 oryg:'nafem Wydzialu Biologii | Ochrony Srodawisha L
’ here——o0
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OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w manuskrypcie artykutu:

Biegata L., Statkiewicz M., Gajek A., Szymczak-Pajor 1., Rusetska N., Sliwiriska A., Marczak A.,
Mikula M., Rogalska A. pt.: ,,Olaparib rechallenge combined with the ATR/CHK1 pathway inhibitors
in olaparib-resistant PDX models of ovarian cancer: Mechanisms behind synergistic tumor growth
inhibition”,

méj udzial wynosit 5% i polegal na: zaplanowaniu i wdrozeniu czesci metodologicznej;
wykonaniu czeéci eksperymentéw (przygotowanie i badanie wycinkéw pobranych z guzéw
nowotworowych — barwienie hematoksykling i eozyng oraz immunohistochemia, ocena
mikroskopowa preparatébw po barwieniu immunohistochemicznym, przygotowanie zdjec
preparatow); przygotowaniu i redagowaniu roboczej wersji oraz zatwierdzeniu ostatecznej wersji
manuskryptu.

dr n. biol. Natalia Rusetska
(podpis)

SPECJALISTA
ekanacie
rony Srodowiska UL

70 200noét 7 oryginatem | e

mar Jarostaw Mrowcz y riski

o




