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STRESZCZENIE

Sposrdod wszystkich nowotwordw ginekologicznych, rak jajnika charakteryzuje sie najwyzsza
Smiertelnosciag, okoto 40%. Zwigzane jest to z trudnosciami w prawidtowym rozpoznaniu, gdyz
w poczatkowych stadiach daje on niespecyficzne objawy. Standardowa procedura leczenia obejmuje
usuniecie masy guza i tkanek mogacych zawieraé przerzuty. Jednak gdy, nowotwér jest wysoce
zaawansowany, interwencja chirurgiczna nie zawsze jest mozliwa. W takiej sytuacji leczenie jest
gtéwnie oparte na chemioterapii — karboplatynie i taksanach. Leki zwiekszajg przezywalnosé pacjentek
w IV, najwyzszym stadium, jednakze 5-letni wskaznik przezycia ciggle pozostaje na bardzo niskim

poziomie. Tak wysoka $miertelnos¢ wymusza potrzebe poszukiwania nowych strategii leczenia.

Olaparib, PARPi, stanowi dtugo oczekiwany krok naprzédd w leczeniu raka jajnika z mutacjg
BRCA1/2. Inhibitor polimerazy poli (ADP-rybozy) (PARPi) prowadzi do akumulacji pekniec
jednoniciowych. Sprzyja to powstawaniu peknie¢ dwuniciowych, a w przypadku nowotworéw
z mutacjag BRCA1/2 niemoznoscig ich efektywnej naprawy, skutkujgc $miercig komoérki na drodze
tzw. syntetycznej letalnosci. Jest to zjawisko, w ktérym wytgczenie dwdch lub wiecej szlakéw naprawy
DNA silniej indukuje $mier¢ komérkowg niz wytgczenie kazdego ze szlakéw pojedynczo.
Aktywacja szlaku odpowiedzi na uszkodzenia DNA prowadzi takze do uruchomienia punktéw kontroli
cyklu komdrkowego i zatrzymania podziatéw, co uniemozliwia przekazanie uszkodzonego DNA do
komdrek potomnych. Pomimo to opornosc na inhibitory PARP jest zjawiskiem czesto wystepujacym.
Z tego powodu m.in. bada sie efektywnosé potgczenia olaparibu z lekami przeciwnowotworowymi,
ktére zaktécajg szlak naprawy DNA poprzez rekombinacje homologiczng (HR), wykorzystujac inhibitory
blokujace kinaze ATR (ataxia telangiectasia and Rad3-related protein) lub CHK1 (checkpoint kinase 1).
Oczekuje sie, ze takie podejscie moze prowadzi¢ do zwiekszenia skutecznosci terapii opartej o inhibicje

PARP.

Celem niniejszej rozprawy doktorskiej byta ocena cytotoksycznego dziatania inhibitorow kinazy
ATR (AZD6738, ATRI, ceralasertib) i CHK1 (MK8776, CHK1i) w skojarzeniu z inhibitorem PARPi
(AZD2281, PARPI, olaparib) w trzech liniach komdrkowych raka jajnika o zréznicowanym profilu
genetycznym — SKOV-3 — model BRCA"" oporny na cisplatyne — konwencjonalng terapie stosowang
w leczeniu raka jajnika, OV-90 — model raka jajnika niskozréznicowanego BRCA"', z mutacja TP53 oraz
PEO-1 — model raka jajnika niskozréznicowanego z mutacjg w genie BRCA2, predysponowany

do leczenia PARPI.
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Wykazano, ze po dtuzszym czasie inkubacji (5 dni) obie testowane kombinacje — PARPi+ATRI,
jak i PARRPi+CHK1i, dziatajg synergistycznie w komodrkach raka jajnika, a najbardziej optymalnym
stezeniem zwigzkéw jest to, w ktérym stosunek obu stosowanych inhibitoréw wynosi 1:1
(0,5 uM: 0,5 uM). Zastosowanie kombinacji PARPi+ATRi oraz PARPi+CHK1i, po 5 dniowej inkubacji,
prowadzito do nasilonej Smierci komérek raka jajnika, na drodze syntetycznej letalnosci. Wyniki te
uzyskano stosujgc subletalne dawki zwigzkdéw, co sugeruje, ze koncepcja stosowania terapii
skojarzonej PARPi+ATRi oraz PARPi+CHK1i moze przynosi¢ potencjalne korzysci terapeutyczne
w zastosowaniu klinicznym. Stwierdzono, ze PARPi zwiekszyt zaleznos¢ komoérek raka jajnika od szlaku
ATR/CHK1, w celu utrzymania stabilnosci genomu w linii BRCAMYT. Test kometowy potwierdzit
genotoksyczne dziatanie monoterapii, jak i skojarzonego podania zwigzkdw. Wykazano, ze ilo$¢
uszkodzert DNA indukowana przez PARPi, ATRi czy CHK1i oraz ich kombinacje jest zalezna od czasu
inkubacji. Proapoptotyczne witasciwosci badanych inhibitoréw oszacowano na podstawie analizy
aktywnosci kaspaz wykonawczych — 3 oraz 7. Kombinacje lekdw po 48 godzinach inkubacji
spowodowaty ich wzrost, sugerujac, ze jednym z mechanizmdéw odpowiedzialnych za $mier¢ komérek

raka jajnika poddanych dziataniu badanych zwigzkéw moze by¢ apoptoza.

Celem drugiej czesci badan byto poznanie mechanizmu $mierci komérkowej indukowanej
przez badane zwigzki, w poczatkowe] fazie odpowiedzi komérek na olaparib oraz inhibitory szlaku
ATR/CHK (24 i 48 godzin). Stezenie zwigzkéw zostato zwiekszone do 4 uM, przy jednoczesnym
zachowaniu stosunku stezen 1:1 w skojarzeniu. Kombinacje PARPi z ATRi/CHK1i nie byty bardziej
cytotoksyczne w poréwnaniu do odpowiednich monoterapii w badaniach prowadzonych do 48 godzin.
Olaparib w krétkich czasach wykazywat dziatanie cytostatyczne w komadrkach raka jajnika. Zdolnos¢
badanych inhibitoréw do indukowania uszkodzern DNA zostata potwierdzona, okreslajgc ekspresje
markera uszkodzern DNA, yH2AX. W czasie 48 godzin i przy stezeniu 4 uM olaparib okazat sie
niewystarczajgcy do zwiekszenia ekspresji tego biatka, kombinacje lekéw natomiast prowadzity do
wiekszych zmian niz monoterapia PARPi. Ocene wiasciwosci proapoptotycznych przeprowadzono
z wykorzystaniem nastepujgcych metod: szacujac odsetek komdrek apoptotycznych i nekrotycznych
metodg podwdjnego barwienia (Hoechst 33258/jodek propidyny), badajgc eksternalizacje
fosfatydyloseryny (wczesnego markera zwigzanego z procesem apoptozy), mierzac kondensacje
chromatyny oraz ekspresje aktywnej formy efektorowej kaspazy-3. Wykazano, ze po krétkim czasie
dziatania, olaparib nie indukuje apoptozy w komdrkach badanych linii. Nie wykazano zmian istotnych
statystycznie pomiedzy kombinacjami lekéw PARPi+ATRi/PARPi+CHK1i a monoterapig ATRi/CHK1i.
Na podstawie rdznic w inkorporacji BrdU w linii PEO-1 stwierdzono zwiekszenie liczby komadrek
we wczesnej fazie S, co moze by¢ oznaka stresu replikacyjnego. Terapia skojarzona nie wykazywata

silniejszego wptywu na proliferacje komérek niz monoterapia ATRi czy CHK1i. Uzyskane wyniki
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sugeruja, ze uszkodzenia DNA, w tym DSB, nie prowadzg do natychmiastowej Smierci komédrek raka
jajnika traktowanych olaparibem, ATRi czy CHK1i. Komérki te, pomimo obecnych uszkodzern DNA,
mogg wejs¢ przedwczesnie w mitoze, w wyniku czego dochodzi do powstania aberracji
chromosomowych, co zostato potwierdzone podczas analizy mikrojgder czy ptytki metafazowe;.
Niestabilnos¢ chromosomdéw moze wywotaé katastrofe mitotyczng, bedaca jednym z etapdéw

posrednich, prowadzacych do $mierci komérek raka jajnika.

Dodatkowym etapem badan byta ocena wptywu PARPi, ATRi, CHK1i oraz ich skojarzonego
dziatania na potencjalny wzrost ekspresji glikoproteiny P, biatka zwigzanego z wystepowaniem zjawiska
opornosci wielolekowej. Badane inhibitory, zaréwno w monoterapii, jak i w kombinacjach nie
zwiekszyty ekspresji biatka MDR1 po 24 i 48 godzinach inkubacji. Dokonano réwniez oceny ekspresji
cytochromu c w celu rozszerzenia badan nad programowang $miercig komoérki, indukowang przez
badane zwigzki. Kombinacje PARPi+ATRi/CHK1i prowadzity do istotnego statystycznie wzrostu

ekspresji cytochromu c jedynie w linii SKOV-3 po 48 godzinach inkubacji.

Przeprowadzone eksperymenty, stanowigce podstawe tej rozprawy doktorskiej potwierdzity,
ze skojarzone dziatanie PARPi+ATRi lub PARPi+CHK1i prowadzi do nasilonej smierci komorek raka
jajnika na drodze syntetycznej letalnosci, a takze, ze badane kombinacje hamujg, zaleznie od czasu,
proliferacje komérek raka jajnika i dziatajg niezaleznie od obecnosci mutacji BRCA. Wyniki te sugeruja,
ze koncepcja stosowania terapii skojarzonej PARPi+ATRi oraz PARP+CHK1i moze przynosi¢ potencjalne

korzysci terapeutyczne w leczeniu raka jajnika.
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ABSTRACT

Ovarian cancer has the highest mortality rate among gynaecological malignancies, which is
approximately 40%. This fact is partly attributed to the difficulties in diagnosis, because of the non-
specific symptoms it may give in the initial stages. The standard treatment procedure involves the
removal of the tumour and tissues that may have metastasized, but when the cancer is highly
advanced, the surgical procedure is not always possible. In such a situation, the treatment is mainly
based on chemotherapy, which involves carboplatin and taxanes. These drugs increase the survival
rate of patients suffering from the stage IV of ovarian cancer, but the 5-year survival rate still remains

very low. Such high mortality rates necessitate the search for new treatment strategies.

Olaparib, PARPi, represents a long-awaited step forward in the treatment of BRCA1/2 mutated
ovarian cancer. Poly(ADP-ribose) polymerase inhibitor (PARPi) leads to the accumulation of single-
strand breaks. This may cause double-strand breaks, which in BRCA1/2-mutated tumours cannot be
repaired effectively, leading to tumour cell death by synthetic lethality. It is a concept in which
a concurrent defects in two or more DNA repair pathways induce the cell death more strongly than
each of the pathways separately. The activation of the DNA damage response pathway also triggers
the activation of the cell cycle checkpoints and stops division and thus prevents the transmission
of damaged DNA into daughter cells. Despite this fact the resistance to PARP inhibitors is a common
phenomenon and because of that, the combination of olaparib with anticancer drugs that interfere
with the homologous recombination (HR) DNA repair pathway through inhibitors that block ATR kinase
(ataxia telangiectasia and Rad3-related protein) or CHK1 (checkpoint kinase 1) is being studied.
It is expected that such an approach may lead to an increase in the effectiveness of the therapy based

on the PARP inhibition.

This doctoral dissertation aimed to evaluate the cytotoxic effect of ATR kinase (AZD6738, ATRi,
ceralasertib) and CHK1 (MK8776, CHK1i) inhibitors in combination with a PARPi inhibitor (AZD2281,
PARPi, olaparib) in three ovarian cancer cell lines with a diverse genetic profile - SKOV-3 — BRCA""
cisplatin-resistant — the conventional therapy used in the treatment of ovarian cancer, OV-90 — high-
grade serous ovarian carcinoma BRCA"" with TP53 mutation and PEO-1 — high-grade serous ovarian

carcinoma with a BRCA2 mutation, predisposed to PARPi treatment.

It has been demonstrated that after a longer incubation time (5 days), both tested
combinations - PARPi+ATRi and PARRPi+CHK1i act synergistically in ovarian cancer cells, and the most

effective concentration of compounds is the one in which the ratio of both inhibitors used is 1:1
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(0.5uM: 0.5uM). PARPi+ATRi and PARPi+CHK1i combinations, after 5 days of incubation, led to the
increased ovarian cancer cell death on the path of synthetic lethality. These results were obtained
using sublethal doses of the compounds, which suggests that the concept of PARPi+ATRi
and PARPi+CHK1i combined therapy may provide potential therapeutic benefits in a clinical use. PARPi
was found to increase the reliance of ovarian cancer cells on the ATR/CHK1 pathway to maintain
genome stability in the BRCAMYT cell line. What is more, the comet assay confirmed the genotoxic
effect of the monotherapy as well as the combined therapy of the compounds. It has been shown that
the amount of DNA damage induced by PARPi, ATRi or CHK1i and their combinations is time-
dependent. The proapoptotic properties of the tested inhibitors were estimated by the analysis of the
activity of executive caspases - 3 and 7. The drug combinations after 48 hours of incubation caused an
increase in caspase 3/7 ratio, suggesting that apoptosis may be one of the mechanisms responsible for

the ovarian cancer cell death exposed to the tested compounds.

The second part of the study aimed to understand the mechanism of cell death induced
by the tested compounds in the initial phase of the cell response to olaparib and ATR/CHK pathway
inhibitors (24 and 48 hours). The concentration of compounds was increased to 4 puM, while
maintaining a 1:1 ratio of compound concentrations in the combination. The combinations of PARPi
with ATRi/CHK1i were not more cytotoxic compared to the respective monotherapies, up to 48 hours.
Olaparib showed a cytostatic activity in the ovarian cancer cells after a shorter incubation time. The
ability of the tested inhibitors to induce DNA damage was confirmed by determining the expression
of the DNA damage marker, yH2AX. Within 48 hours and at a concentration of 4 uM, olaparib
was insufficient to increase the expression of this protein, while drug combinations led to greater
changes than PARPi monotherapy. The assessment of the proapoptotic properties was carried out
using the following methods: by estimating the percentage of the apoptotic and necrotic cells
by double staining (Hoechst 33258/propidium iodide), by examining the externalization
of phosphatidylserine (an early marker associated with the process of apoptosis), by measuring
chromatin condensation and the expression of the active effector form of caspase-3. It has been shown
that after a short incubation time, olaparib does not induce apoptosis in the tested cell lines. There
were no statistically significant differences between PARPi+ATRi/PARPi+CHK1i drug combinations and
ATRi/CHK1i monotherapy. An increase in the number of cells in the early S phase was found based on
differences in BrdU incorporation in the PEO-1 line, which may be a sign of replication stress.
The combination therapy showed no greater effect on cell proliferation than ATRi or CHK1i
monotherapy. The obtained results suggest that DNA damage, including DSB, does not immediately
lead to the death of ovarian cancer cells treated with olaparib, ATRi or CHK1i. These cells may progress

into mitosis, despite the presence of DNA damage, resulting in chromosomal aberrations, which has
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been confirmed by the analysis of the micronuclei or metaphase spread. Chromosomal instability may
lead to mitotic catastrophe, which is one of the intermediate steps, leading to the death of ovarian

cancer cells.

An additional stage of the research was to assess the effect of PARPi, ATRi, CHK1i and their
combination on the potential increase in the expression of the P-glycoprotein, a protein associated
with the occurrence of multidrug resistance. The tested inhibitors, both in monotherapy
and in combination, did not increase MDR1 protein expression after 24 and 48 hours of incubation
both in monotherapy and in combination. The cytochrome ¢ expression was also assessed to extend
the research into programmed cell death induced by the tested compounds. It has been observed that
the PARPi+ATRi/CHK1i combinations led to a statistically significant increase in the cytochrome c

expression only in the SKOV-3 cell line after 48 hours of incubation.

The experiments conducted in this doctoral dissertation have confirmed that the combined
action of PARPi+ATRi or PARPi+CHK1i leads to the increased death of the ovarian cancer cells
by synthetic lethality. The tested combinations inhibit the proliferation of ovarian cancer cells
in a time-dependent manner and act independently of the presence of a BRCA mutation. These results
suggest that the concept of PARPi+ATRi and PARP+CHK1i combination therapy may have potential

therapeutic benefits in the treatment of ovarian cancer.
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WYKAZ STOSOWANYCH SKROTOW
ABC (ang. ATP-binding cassette)
alt-NHE)

APOBEC (ang. apolipoprotein B mRNA editing
catalytic polypeptide-like)

ARid1A (ang. AT-rich interaction domain 1A)

ATM (ang. ataxia-telangiectasia mutated)

ATR (ang. ataxia-telangiectasia and Rad3-
related)

ATRi (ang. ATR inhibitor)

ATRIP (ang. ATR-interacting protein)

BASC (ang. BRCA1-associated genome
surveillance complex)

BER (ang. base excision repair)

BLM (ang. RecQ-like DNA helicase)

BRCAM'T (ang. BRCA mutated)
BRCA"T (ang. BRCA wild-type)

CCNE1 (ang. G1/S-specific cyclin E1)

CDC25 (ang. cell division control protein 25)
CDI (ang. coefficient of drug interaction)

CDK (ang. cyclin-dependent kinase)

CHK1 (ang. checkpoint kinase 1)
CHK1i (ang. CHK1 inhibitor)
CHK2 (ang. checkpoint kinase 2)

CHKs (ang. checkpoint kinases)

DDR (ang. DNA damage response)
DSB (ang. double-strand break)

EMA (ang. European Medicines Agency)

FDA (ang. Food and Drug Administration)

Kaseta wigzaca ATP
Alternatywna naprawa DNA przez
niehomologiczne faczenie koncow

Apolipoproteina B, polipeptyd edytujgcy mRNA

Bogate w AT biatko zawierajgce domene
interaktywna 1A

Kinaza biatkowa serynowo-treoninowa;
zmutowane biatko w zespole ataksja
teleangiektazja

Kinaza biatkowa serynowo-treoninowa; ataksja
teleangiektazja zwigzana z biatkiem Rad3

Inhibitor ATR
Biatko oddziatujgce z ATR

Kompleks nadzorujgcy genom zwigzany z BRCA1

Naprawa DNA przez wycinanie zasad

Helikaza DNA podobna do RecQ

Mutacja genu BRCA
Gen BRCA typu dzikiego

Cyklina E1 G1/S specyficzna

Biatko kontrolujgce cykl komérkowy
Wspotczynnik oddziatywania lekéw

Kinaza zalezna od cykliny

Kinaza punktu kontrolnego 1
Inhibitor CHK1

Kinaza punktu kontrolnego 2

Kinazy punktu kontrolnego

Szlak odpowiedzi na uszkodzenia DNA
Dwuniciowe pekniecie DNA

Europejska Agencja Lekow

Agencja Zywnosci i Lekéw
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HGSOC (ang. high-grade serous ovarian
cancer)

HR (ang. homologous recombination)
MC (ang. mitotic catastrophe)

MCM2 (ang. minichromosome maintenance
protein 2 homolog)

MDR1 (ang. multidrug resistance protein 1)
MMEJ (ang. microhomology-mediated end
joining)
MRE11 (ang. double-strand break repair
protein MRE11)

NBS1 (ang. nibrin)

NHEJ (ang. non-homologous end joining)

PALB2 (ang. partner and localizer of BRCA2)

PARP (ang. poly(ADP-ribose)polymerase)

PARPi (ang. PARP inhibitor)
PCC (ang. premature condensation of
chromosomes)
P-gp (ang. P-glycoprotein)
PIKK (ang. phosphatidylinositol 3-kinase-
related kinase)

RAD51 (ang. DNA repair protein RAD51
homolog 1)

RPA (ang. replication protein A)

RS (ang. replication stress)
RSR (ang. replication stress response)

SSB (ang. single-strand break)

VEGF (ang. vascular endothelial growth factor)

Niskozrdznicowany surowiczy rak jajnika

Rekombinacja homologiczna

Katastrofa mitotyczna

Biatko utrzymujace minichromosomy,
zaangazowane Ww inicjacje replikacji genomu,
sktadnik kompleksu przedreplikacyjnego
(pre_RC)

Biatko opornosci wielolekowej 1
Mikrohomologiczne taczenie zasad

Biatko naprawiajgce podwdjne pekniecia DNA
MRE11

Nibryna

Naprawa DNA przez niehomologiczne faczenie
korcow

Biatko partnerujgce dla biatka BRCA2 w procesie
naprawy DNA

Polimeraza poli(ADP-rybozy)

Inhibitor PARP

Przedwczesna kondensacja chromosomoéw

Glikoproteina P

Kinaza biatkowa 3-fosfatydyloinozytolu

Biatko odpowiedzialne za naprawe DNA RAD51
homolog 1

Biatko replikacyjne A

Stres replikacyjny
Odpowiedz na stres replikacyjny

Pekniecie pojedynczej nici DNA

Czynnik wzrostu srédbtonka naczyn
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WPROWADZENIE

Rak jajnika jest najczestszg przyczyng smierci sposréd nowotwordw ginekologicznych [1],
czesciowo dlatego, ze okoto 80% pacjentek diagnozowanych jest w zaawansowanym stadium choroby
(1 lub 1v), ze wzgledu na brak badan przesiewowych oraz metod wczesnej detekcji tego typu
nowotworu [2]. Najczesciej wystepujacym i wykazujgcym najgorsze rokowanie typem nowotworu jest
niskozréznicowany surowiczy rak jajnika o wysokim stopniu ztosliwosci (HGSOC, ang. high-grade serous
ovarian carcinoma). Pomimo nieustannego rozwoju ginekologii onkologicznej, 5-letni wskaznik

przezycia pacjentek z HGSOC ciagle pozostaje na poziomie 35-40% [3].

Zwiekszone ryzyko rozwoju raka jajnika zwigzane jest z wystepowaniem spontanicznych badz
dziedzicznych mutacji w genach BRCA1/2 (ang. breast cancer gene). Prawdopodobienstwo rozwoju
tego typu nowotworu u kobiet, u ktérych wykryto mutacje w genie BRCA2 wynosi 16-27%, natomiast
u kobiet z mutacjg BRCA1 wynosi ono od 36 do az 60% [4]. Ponadto, wiekszos$¢ (96%) rakéw jajnika
typu Il , obejmujgcych gtéwnie niskozréznicowane guzy surowicze i charakteryzujacych sie ztosliwym
przebiegiem [5], posiada mutacje w genie TP53. Dodatkowo, okoto potowa HGSOC wigze sie
z mutacjami gendéw kodujgcych biatka uczestniczagce w naprawie dwuniciowych peknie¢ DNA poprzez

rekombinacje homologiczng (HR, ang. homologous recombination). Najczesciej jest to BRCA1/2 [6, 7).

Standardowa procedura leczenia, zgodnie z rekomendacjami Polskiego Towarzystwa
Ginekologii Onkologicznej, obejmuje zabiegi chirurgiczne i chemioterapie. Operacje majg na celu
usuniecie masy guza itkanek mogacych zawierac¢ przerzuty. Jednak gdy, nowotwér jest wysoce
zaawansowany, standardowe postepowanie chirurgiczne nie zawsze jest mozliwe. Chemioterapia
natomiast obejmuje pochodne platyny — karboplatyne i cisplatyne oraz taksany, przede wszystkim
paklitaksel oraz docetaksel. Pochodne platyny powodujg gtdéwnie powstawanie wigzan krzyzowych
w DNA, a ich akumulacja prowadzi do powstawania dwuniciowych peknie¢ DNA (DSB, ang. double-
strand breaks) [8]. Coraz czes$ciej wdraza sie takze chemioterapie neoadjuwantowa, ktéra dodatkowo,
oprocz lekéw wymienionych wczesniej, uzupetniana jest o bewacyzumab, humanizowane przeciwciato
monoklonalne, wigzgce czynnik wzrostu srédbtonka naczyn (VEGF, ang. vascular endothelial growth
factor) [9]. Chemioterapia zwieksza przezywalnos¢, jednak u 70% pacjentek dochodzi do nawrotéw
choroby. Jesli progresje obserwuje sie w czasie krotszym niz 6 miesiecy po leczeniu pochodnymi
platyny, nowotwodr uznaje sie za oporny [10]. Z tego powodu poszukiwanie nowych strategii
terapeutycznych ciggle pozostaje wyzwaniem dla naukowcéw. Biatka zwigzane z naprawg DNA mogg

stac sie obiecujgcym celem molekularnym w ukierunkowanej terapii nowotworéw jajnika.
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Pekniecia pojedynczych nici DNA (SSB, ang. single-strand breaks) mogg zosta¢ doktadnie
naprawione przy uzyciu drugiej nici jako matrycy, a w procesie tym bierze udziat polimeraza poli(ADP-
rybozy 1) (PARP1) [11]. Inhibitory PARP (PARPi) zaburzaja mozliwosé naprawy SSB bezposrednio lub
posrednio, poprzez uposledzenie funkcjonowania systemu naprawy zwigzanego z wycinaniem zasad
(BER, ang. base-excision repair) [12], powodujgc powstawanie dwuniciowych peknie¢ DNA, ktérych nie
mozna efektywnie naprawi¢ w nowotworach z mutacjg BRCA1/2 (BRCAMYT ang. BRCA mutated).
Prowadzi to do $mierci komérek nowotworowych na drodze syntetycznej letalnosci - zjawiska,
w ktérym wytgczenie jednoczesnie dwdch lub wiecej biatek lub gendw, silniej indukuje $mieré
komodrkowa niz zahamowanie kazdego z nich pojedynczo [13]. DSB sg gtéwnie naprawiane dwoma
szlakami: HR i poprzez niehomologiczne tgczenie koncéw (NHEJ, ang. non-homologous end joining)
[14]. Istotna role w naprawie DNA odgrywaja biatka BRCA1 i BRCA2. Oba zaangazowane sa W naprawe
DSB poprzez HR w fazie S cyklu komdrkowego. Biatko BRCA1 uczestniczy w detekcji uszkodzerh DNA
i regulacji cyklu komdrkowego. W reakcji na uszkodzenie DNA biatko BRCA1 jest fosforylowane przez
kinazy ATM (ang. ataxia telangiectasia mutated) czy ATR (ang. ataxia telangiectasia and Rad3-related
protein). Biatko BRCA1 w miejscu uszkodzenia DNA tworzy kompleksy biatkowe, odpowiedzialne
za dalsze przekazanie informacji o uszkodzeniu DNA, w tym kompleks BASC (ang. BRCA1-associated
genome surveillance complex), ktéry wptywa na wybdr drogi naprawy materiatu genetycznego.
Kompleks BASC to, poza BRCA1, biatka uczestniczace w szlaku naprawy DNA btednie sparowanych
zasad (MSH2, MSH6, MLH1), kompleks MRN (MRE11 (ang. double-strand break repair protein MRE11)-
RADS51 (ang. DNA repair protein RAD51 homolog 1)-NBS1 (ang. nibrin)), czynnik replikacyjny C, helikaza
BLM (ang. RecQ-like DNA helicase), biorgca udziat w rekombinacji [15]. Biatko BRCA2 natomiast ufatwia
utworzenie i przytgczenie filamentéw RAD51 do uszkodzonej nici. Biatko RAD51 z kolei odpowiada

za reakcje wymiany nici DNA miedzy homologicznymi sekwencjami [16].

DSB moga takze by¢ usuwane poprzez mikrohomologiczne tgczenie zasad (MMEJ,
ang. microhomology end-joining), znane réwniez jako alternatywny NHEJ (alt-NHEJ). W mechanizmie
tym istotng role petni polimeraza DNA 6 (POLQ), ktérej aktywacja rowniez zalezna jest od PARP1 [17,
18]. W komoérkach nowotworowych z niesprawnym systemem HR i z mutacjami w genach BRCA1/2,
proba naprawy DSB odbywa sie z wykorzystaniem podatnych na btedy mechanizmoéw naprawy (m.in.
NHEJ, MMEJ), co moze skutkowaé akumulacjg mutacji i Smiercig komérki [19]. Linie komodrkowe raka
jajnika ze zmutowanym BRCA1/2 i w konsekwencji niefunkcjonalnym systemem HR, charakteryzuje
zatem wyzsza wrazliwo$¢ na PARPi, w poréwnaniu z liniami BRCA typu dzikiego (BRCA"',
ang. BRCA wild-type) [20]. Pacjenci z BRCAV'" takze sy bardziej podatni na chemioterapie oparta
o inhibicje PARP [4]. Z tego wzgledu analiza mutacji BRCA ma kluczowe znaczenie dla wyboru rodzaju

terapii [21]. Kolejny mechanizm dziatania PARPi opiera sie na zablokowaniu PARP na chromatynie (ang.
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PARP trapping). Talazoparib, jeden z PARPi, zwieksza wychwytywanie PARP1 przytgczonego do DSB,
prowadzgc do zmniejszenia aktywnosci systemu NHEJ, co w konsekwencji prowadzi do $mierci komérki

[22, 23].

PARPi stanowig dtugo oczekiwany krok naprzéd w leczeniu raka jajnika [24-26]. Pierwszym
inhibitorem PARP zatwierdzonym przez Agencje Zywnosci i Lekdw (FDA, ang. Food and Drug
Administration) do leczenia pacjentek z rakiem jajnika z BRCAMYT byt olaparib [27]. Jak dotad cztery
PARPi zostaty zatwierdzone przez Europejskg Agencje Lekow (EMA, ang European Medicines Agency)
oraz FDA do leczenia raka jajnika - olaparib, rucaparib, niraparib oraz talazoparib. Réznica pomiedzy
stosowanymi klinicznie PARPi polega na odmiennej zdolnosci do wychwytywania PARP1. Talazoparib,
ma zdolno$é wychwytywania PARP1 okoto 100 razy skuteczniej niz niraparib, ktory jest z kolei silniejszy
niz olaparib i rucaparib [28]. Obecnie sg one stosowane jako leczenie pierwszego lub drugiego rzutu
oraz leczenie podtrzymujgce po odpowiedzi na terapie opartg na platynie [29, 30]. W Polsce
monoterapia olaparibem stosowana jest w przypadku pacjentek z BRCAVY" HGSOC w zaawansowanym
stadium, ktére na pierwszg linie chemioterapii opartej na pochodnych platyny wykazaty catkowitg lub
czesciowq odpowiedz [9]. Od 1 stycznia 2022 roku refundowana jest takze monoterapia niraparibem,

w leczeniu podtrzymujacym pacjentek z rakiem jajnika, niezaleznie od statusu mutacji BRCA [31].

Badania kliniczne wykazaty, ze odsetek odpowiedzi na leczenie PARPi u kobiet chorujgcych
naraka jajnika, ktore sg nosicielkami mutacji genu BRCA1/2 wynosi okoto 40% (ICEBERG2,
NCT00494442). Udowodniono takze, ze PARPi prowadzg do supresji nowotwordw, jednak nie do ich
catkowitej regresji [32]. Rzadka jest réwniez kompletna odpowiedZ na leczenie przy stosowaniu
wytacznie monoterapii PARPi [33]. Dodatkowo, niestety, czesto wystepujgcym zjawiskiem jest
oporno$é na inhibitory PARP. W odpowiedzi na leczenie PARPi komérki nowotworowe BRCAM'"moga
przywrdcié¢ naprawe HR i/lub stabilizacje widetek replikacyjnych, np. poprzez zwiekszenie ekspres;ji
RAD51, promowanie alt-NHEJ, mutacje wtdrng BRCA (przywracajacg funkcjonalnosé tego biatka) [34-
36]. W komdrce nowotworowej moze réwniez nastgpié¢ zwiekszenie ekspresji glikoproteiny P (P-gp,
ang. P-Glycoprotein), nazywanej takze biatkiem opornosci wielolekowej (MDR1, ang. multidrug

resistance protein 1) [37].

W odpowiedzi na zaburzenia biosyntezy DNA, komdrki uruchamiajg szereg reakcji
biochemicznych okreslanych mianem stresu replikacyjnego (RS, ang. replication stress). Jednym
ze zrédet RS sg czynniki genotoksyczne. Mogg one prowadzi¢ do zaburzenia procesu replikacji,
zablokowania mozliwosci wejscia komodrki w mitoze do czasu aktywacji gendw naprawczych.

RS aktywuje zatem szlaki odpowiedzi na uszkodzenia DNA (DDR, ang. DNA damage response).
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Konsekwencjg zablokowania biatek uczestniczagcych w DDR mogg by¢ uszkodzenia DNA, niestabilno$é

genomowa i $mier¢ komoérki [38].

Kinazy ATM i ATR uczestniczg w aktywacji szlaku odpowiedzi na uszkodzenia DNA. ATR, kinaza
serynowo-treoninowa nalezgca do rodziny kinaz biatkowych 3-fosfatydyloinozytolu (PIKK, ang.
phosphatidylinositol 3-kinase-related kinase) jest gtownym biatkiem odpowiedzialnym za regulacje
odpowiedzi na stres replikacyjny (RSR, ang. replication stress response). Zaburzenia funkcjonowania
widetek replikacyjnych aktywujg szlaki podlegte kinazie ATR. Aktywowana jest ona m.in poprzez
uszkodzenia DNA takie jak SSB, DSB, addukty DNA. Kinaza ta zatrzymuje dziatanie polimerazy DNA.
Kinaza ATM natomiast jest gtdwnie aktywowana na skutek wykrycia DSB. Ponadto, do bezposrednich
substratéw kinazy ATR zalicza sie m. in. biatko replikacyjne A (RPA, ang. replication protein A), MCM?2
(ang. minichromosome maintenance protein 2 homolog) czy p53, ktére odpowiedzialne sg za postep
widetek replikacyjnych, kontrole cyklu komérkowego oraz naprawe DNA [39, 40]. Rola ATR polega na
zatrzymaniu cyklu komodrkowego od fazy S do G2, atakie na utrzymaniu prawidtowego

funkcjonowania punktu kontrolnego G2/M [41].

W warunkach stresu replikacyjnego BRCA1/2 wigze sie z zatrzymanymi widetkami
replikacyjnymi, chronigc komodrke przed niestabilnoscia genomowa. Proces ten kontrolowany jest
przez szlak ATR/CHK1, ktory stabilizujgc widetki replikacyjne zapobiega powstawaniu DSB. Poczgtkowo
kompleks ATR i biatka oddziatujgcego z ATR (ATRIP, ang. ATR-interacting protein) przytgcza sie do SSB.
Nastepnie ATR aktywuje CHK1 przez fosforylacje biatka w pozycji Ser345 [42, 43]. Fosforylowane CHK1
stabilizuje widetki replikacyjne, uczestniczy w naprawie DNA poprzez fosforylacje biatek BRCA2
i RAD51, zaangazowanych w szlak naprawy HR [44]. W komdrkach z mutacjg BRCA1 jego aktywnosé
jest niezbedna do prawidtowej naprawy uszkodzern DNA. CHK1 poprzez inaktywacje fosfataz CDC25A
oraz CDC25C (ang. cell division control protein 25), ktére w dalszej kolejnosci odpowiedzialne s3
za aktywacje kinaz CDK (ang. cyclin-dependent kinase), moze prowadzi¢ do zatrzymania cyklu
komérkowego w fazie G2/M [45]. Z tego powodu potgczenie olaparibu ze zwigzkami
przeciwnowotworowymi, ktore zaktdcajg szlak naprawy HR, poprzez np. blokowanie kinazy ATR lub
CHK1, moze uwrazliwi¢ komarki raka jajnika na olaparib. Inhibicja ATR/CHK1 przeciwdziata zatrzymaniu
cyklu komdrkowego wywotanego uszkodzeniem DNA, skutkujgc nieprawidtowym wejsciem komorki
nowotworowej w mitoze, aberracjami chromosomowymi i apoptozg [46]. Zahamowanie ATR
w komorkach z mutacjami w genach RAS, MYC, CCNE1 (ang. G1/S-specific cyclin E1), TP53, a takze
w genach zwigzanych z naprawg DNA (BRCA1/2, PALB2 (ang. partner and localizer of BRCA2), ATM)
moze prowadzi¢ do smierci komdrkowej [47-49]. Kinaza CHK1 natomiast moze ulegaé autofosforylacji

i przez to by¢ aktywowana niezaleznie od ATR [50].
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Obecnie, szereg badan klinicznych sprawdza efektywnosc¢ terapii inhibitorami ATR (ATRi) czy
CHK1 (CHK1i) w potaczeniu z olaparibem. Cztery ATRi sg aktualnie testowane w badaniach klinicznych
| i Il fazy - AZD6738 (ceralasertib), M6620 (berzosertib), M4344 (VX-803) i BAY1895344, jednak
AZD6738 jest z nich najbardziej selektywny w stosunku do kinazy ATR [51].

Pierwszym poznanym inhibitorem CHK1 byt UCN-01, jednakie wykazywat on niska
specyficznosé substratowg. Kolejnym badanym CHKi byt LY2606368 (preksasertib), ktéry zapobiegat
autofosforylacji zaréwno CHK1 jak i CHK2 (ang. checkpoint kinase 2). Za wysoce selektywny inhibitor

CHK1 uznano natomiast MK8776 [52].

CAPRI (NCT03462342), badanie kliniczne drugiej fazy skupia sie na okresleniu skutecznosci
terapii skojarzonej olaparibu i ATRi (AZD6738) w nawracajgcym raku jajnika opornym na pochodne
platyny i PARPI, a takze w raku jajnika z mutacjg BRCA1/2 lub innymi mutacjami w genach szlaku HR.
Inne badanie kliniczne wykorzystujgce takie samo potaczenie j. w. — ATARI (NCT04065269) — zostato
rozszerzone o inne nowotwory ginekologiczne z mutacjg lub jej brakiem w genie ARid1A (ang. AT-rich
interaction domain 1A), kodujacym biatko rodziny SWI/SNF, ktére reguluje transkrypcje gendw poprzez
zmiane struktury chromatyny. Badanie OLAPCO (NCT02576444) zostato z kolei rozszerzone na
wszystkie typy nowotwordw z mutacjami w genach szlaku HR — ATM, CHK2, APOBEC (ang.
Apolipoprotein B mRNA Editing Catalytic Polypeptide-like) oraz MRE11. Badanie NCT04267939
wykorzystuje natomiast inny ATRi niz badany w niniejszej rozprawie (BAY1895344) oraz niraparib
(PARPi) w guzach litych i raku jajnika. Efektywnos$¢ terapii niraparibem razem z M4344 (ATRi) w raku
jajnika opornym na PARPi jest takze sprawdzana w badaniu klinicznym nr NCT04149145. Badanie
NCT03057145 okresla efektywnos¢ terapii preksasertibu (CHK1i) w potaczeniu z olaparibem
w zaawansowanych guzach litych, wiaczajgc raka jajnika BRCAMUT HGSOC. Badania te rozszerzajg

nieznacznie docelowg grupe pacjentek dedykowang do leczenia PARPi.

Inhibitory szlaku ATR/CHK1, w kombinacji z juz stosowanym klinicznie lekiem
przeciwnowotworowym (olaparibem), mogga poprawic jego skuteczno$¢ w terapii raka jajnika. Pomimo
trwajgcych badan klinicznych, molekularne mechanizmy dziatania monoterapii PARPi, ATRi czy CHK1i
jak i terapii skojarzonej ATRi/CHK1i z olaparibem pozostajg niejasne. W rozprawie doktorskiej
stosowano linie komérkowe o zréznicowanym profilu genetycznym — model HGSOC z mutacjg w genie
BRCA2, predysponowany do leczenia PARPi, model HGSOC BRCA"’, z mutacjg TP53 oraz model BRCA"
oporny na cisplatyne — konwencjonalng terapie stosowang w leczeniu raka jajnika. Podjeta tematyka
rozprawy doktorskiej znajduje sie w gtéwnym nurcie badan podstawowych. Wyniki uzyskane przy
zastosowaniu zrdznicowanych modeli badawczych raka jajnika pozwolg na ocene mozliwosci
stosowania terapii skojarzonej PARPi+ATRi lub PARPi+CHK1i w nowych grupach docelowych pacjentek,
w tym BRCAM',
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CEL PRACY

Celem niniejszej rozprawy doktorskiej byta ocena cytotoksycznego efektu dziatania
inhibitorow kinazy ATR (AZD6738, ATRi, ceralasertib) i CHK1 (MK8776, CHK1i) w skojarzeniu
z inhibitorem polimerazy poli(ADP-rybozy) (AZD2281, PARPI, olaparib) w trzech liniach komdrkowych
raka jajnika — SKOV-3, OV-90 oraz PEO-1 — ze sprawnym jak i uszkodzonym systemem rekombinacji

homologiczne;.

Cele szczegdtowe obejmowaty analize wptywu badanych zwigzkéw na aktywacje szlaku
ATR/CHK1 oraz ocene ich dziatania genotoksycznego i w konsekwencji okreslenie czy terapia
PARPi+ATRi i PARPi+CHK1i doprowadzi do smierci komédrek raka jajnika, na drodze syntetycznej

letalnosci.
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MATERIALY | METODY BADAWCZE

Materiat badawczy:

Materiat badawczy stanowity trzy linie komdrkowe raka jajnika:

SKOV-3 (human ovarian adenocarcinoma), ATCC HTB-77, oporne na cisplatyne
i doksorubicyne, P53Vt BRCAWT

0V-90 (human ovarian papillary serous adenocarcinoma), ATCC CRL-11732, HGSOC, p53M"7,
BRCAWT

PEO-1 (human ovarian cancer; oestrogen receptor positive), ECACC cat. 10032308, HGSOC,
p53MUT BRCA2MUT

Badane zwiqzki:

4
4
4

Inhibitor polimerazy poli (ADP-rybozy), PARPi, AZD2281, olaparib
Inhibitor biatka ATR, ATRi, AZD6738, ceralasertib

Inhibitor biatka CHK1, CHK1i, MK8776

Metody badawcze:

>

\ 4

v ¥ Vv

Ocena cytotoksycznosci badanych zwigzkéw oraz rodzaju oddziatywan miedzy zwigzkami za
pomoca testu metabolicznego z MTT.

Okreslenie przezywalnosci komodrek za pomocg testu wzrostu klonalnego.

Okreslenie poziomu ekspresji biatek — PARP, ATR, pATR, CHK1, pCHK1, kaspazy-3, yH2AX,
cytochromu c oraz MDR1 za pomocg techniki western blot.

Ocena poziomu uszkodzen jedno- i dwuniciowych DNA za pomocg metody kometowej w wersji
alkalicznej.

Okreslenie poziomu uszkodzen dwuniciowych DNA za pomocg metody kometowej w wersji

neutralnej.

Analiza cytofluorymetryczna aktywnosci kaspazy 3/7.
Ilosciowa analiza aberracji chromosomowych za pomocg testu ptytki metafazowe;j.
Ocena aberracji chromosomowych za pomocg testu mikrojgdrowego.

Okreslenie tempa proliferacji komérek.
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Analiza rozkfadu faz cyklu komérkowego za pomocg cytometrii przeptywowej
z wykorzystaniem inkorporacji BrdU.
Immunofluorescencyjna detekcja kaspazy-3 i yH2AX.

llosciowa analiza zmian apoptotycznych poprzez cytofluorymetryczne oznaczenie kondensacji
chromatyny.

Detekcja progresji fazy S cyklu komdérkowego za pomoca testu wbudowywania 5-etynylo-2’-
deoksyurydyny (EdU).

Pomiar eksternalizacji fosfatydyloseryny.

Ocena zmian morfologicznych — apoptozy i nekrozy poprzez zastosowanie podwdjnego
barwienia metodg Hoechst 33342/jodek propidyny przy zastosowaniu mikroskopii

fluorescencyjne;j.

Analiza statystyczna wynikow.
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OMOWIENIE WYNIKOW

Cykl artykutéw wchodzacych w sktad niniejszej rozprawy doktorskiej otwiera publikacja
przegladowa pt.: ,Participation of the ATR/CHK1 pathway in replicative stress targeted therapy of
high-grade ovarian cancer” [53], stanowigca podsumowanie najnowszych doniesien literaturowych

zwigzanych z tematyka pracy doktorskiej.

Publikacja ta skupia sie na wyjasnieniu roli mechanizméw naprawy DNA w leczeniu raka
jajnika. Szlaki odpowiedzi na uszkodzenia DNA uczestnicza w rozpoznaniu i naprawie wszystkich typow
zaburzen struktury DNA. Regulacja tych odpowiedzi komérkowych poprzez liczne inhibitory kinaz moze
prowadzi¢ do zwiekszenia niestabilnosci genomowej i w konsekwencji Smierci komérkowe;j. Z tego
powodu stres replikacyjny i zaburzenia cyklu komérkowego moga by¢ potencjalnym celem w terapii
raka jajnika. W pracy przeglagdowej omdéwiono role biatka PARP w naprawie DNA oraz uzasadniono
stosowanie jego inhibitoréw w nowotworach BRCAMU". Wymieniono takze aktualne badania kliniczne,
w ktorych stosowane sg wymienione w pracy inhibitory. Nastepnie przedstawiono dziatanie kinaz ATR,
CHK1 oraz ich znaczenie jako celdw terapeutycznych w terapii raka jajnika. Badania kliniczne
sprawdzajgce skutecznos¢ ATRi, CHK1i oraz PARPi zostaty zebrane w Tabeli 1 [53]. W kolejnym
rozdziale skupiono sie na potencjalnym synergizmie skojarzonego dziatania PARPi+ATRi
oraz PARPi+CHK1i. Ostatni rozdziat pracy przegladowej opisuje nowe modele badawcze
wykorzystywane do optymalizacji terapii raka jajnika w warunkach przedklinicznych. Praca ta ponadto
podkresla role szlakdw naprawy DNA w poszukiwaniu nowatorskich celi terapeutycznych. W pracy
wyraznie podkreslono koncepcje umozliwiajgcg zwiekszenie efektywnosci terapeutycznej olaparibu
poprzez pofaczenie go z ATRi lub CHK1i, co moze stanowi¢ nowy schemat leczenia raka jajnika.
Proponowany model odpowiedzi komdrki nowotworowej na opisane inhibitory przedstawiony zostat

na rysunku nr 1.
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Rys. 1. Proponowany model odpowiedzi komédrek raka jajnika na inhibitory stresu replikacyjnego oraz ich
skojarzone dziatanie z PARPi. Szlak ATR/CHK1 stabilizuje widetki replikacyjne i zapobiega powstawaniu DSB. SSB
moga by¢ doktadnie naprawiane, przy uzyciu nieuszkodzonej nici DNA jako matrycy, a proces ten wymaga
enzymu PARP. Biatka BRCA1/2 zaangazowane sg w bezbtedng naprawe DSB poprzez system naprawy HR. ATRi
lub CHK1i w monoterapii jak i w leczeniu skojarzonym z PARPi prowadzg do niestabilnosci genomowej komdrek
raka jajnika, na drodze syntetycznej letalnosci [54].

)
\J/

/A Praca oryginalna pt. ,,PARP inhibition increases the reliance on ATR/CHK1 checkpoint signaling
leading to synthetic lethality- an alternative treatment strategy for epithelial ovarian cancer cells

independent from HR effectiveness” [54] obejmuje pierwszy etap badan.

Celem badan byto wykazanie, ze cytotoksyczne dziatanie inhibitora PARP mozna zwiekszy¢

poprzez rownoczesng inhibicje biatek zaangazowanych w regulacje punktéw kontrolnych cyklu

komoérkowego.

W pracy oceniono potencjat cyto- i genotoksyczny inhibitorow PARP, ATR
i CHK1 w trzech liniach komdrkowych raka jajnika — SKOV-3, OV-90 i PEO-1. Ocena przezywalnosci
komoérek po 5-dniowej inkubacji ze zwigzkami pozwolita wyznaczy¢ efektywne stezenia zwigzkéw pod
katem ich cytotoksycznego dziatania w kombinacjach (PARPi+ATRi i PARPi+CHK1i) oraz okresli¢ rodzaj
oddziatywan miedzy zwigzkami. Na podstawie krzywych zaleznosci dawka-efekt dla badanych linii
komérkowych raka jajnika po pieciu dniach inkubacji z rosngcymi stezeniami olaparibu, ATRi
oraz CHK1i (0,1-30 uM) wyznaczono wartosci parametrow IC50, ktére pozwolity okresli¢ wrazliwosc¢

badanych linii komdérkowych wobec zastosowanych inhibitorow. Najbardziej wrazliwg na dziatanie
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zwigzkéw linig okazata sie linia BRCAMYT, PEO-1. Monoterapia PARPi zmniejszyta przezywalno$é
komorek linii PEO-1 do 29%, linii OV-90 do 60% i linii SKOV-3 do 48%. Inhibitor CHK1 byt bardziej
cytotoksyczny dla linii komdrkowych BRCAY, niz dla linii BRCAMYT, natomiast efekt cytotoksyczny ATRi,
podobnie jak PARPi byt najsilniejszy w linii PEO-1. Nastepnie wybrane stezenia zwigzkow (0,5; 1; 5 uM)
przebadano pod katem ich cytotoksycznego dziatania zaréwno w monoterapii, jak i w kombinacjach
wobec komoérek linii SKOV-3, OV-90 i PEO-1. Umozliwito to oszacowanie wartosci wspétczynnika
interakcji lekow (CDI, ang. coefficient of drug interaction) i pozwolito nastepnie okresli¢ jaki rodzaj
oddziatywan wystepuje miedzy badanymi zwigzkami stosowanymi w podaniu skojarzonym (synergizm,
dziatanie addytywne lub antagonizm). Na podstawie obliczonego CDI wybrano stosunek 1:1
(0,5:0,5 uM — PARPi+ATRi; PARPi+CHK1i) jako najnizsze, biologicznie aktywne stezenie majgce
jednoczesnie oddziatywanie synergistyczne. Skojarzone dziatanie PARPi+CHK1i jak i PARPi+ATRi miato
znacznie silniejsze dziatanie cytotoksyczne niz monoterapia, Fig. 2A-B [54]. ATRi w skojarzeniu z PARPi
byt réwnie cytotoksyczny zaréwno w komarkach raka jajnika z niedoborem BRCA2, jak i w komdrkach
BRCAY'. Kombinacja PARPi+ATRi wykazata synergizm we wszystkich badanych liniach komdrkowych,

natomiast kombinacja PARPi+CHK1i wykazywata dziatanie synergistyczne tylko w komérkach BRCAMT,

Nastepnie, aby sprawdzi¢ dtugoterminowy efekt dziatania lekow wykonano test wzrostu
klonalnego, ktéry pozwala okresli¢ przezywalno$¢ komodrek na podstawie zdolnosci do tworzenia
kolonii. Skutecznos$¢ przeciwnowotworowego dziatania zwigzkéw w kombinacji w pordéwnaniu
z monoterapig oceniono réwniez na podstawie wspétczynnika CDI. Monoterapia olaparibem okazata
sie mniej skuteczna niz kombinacje zwigzkéw w redukowaniu zdolnosci komodrek do tworzenia kolonii.
ATRi zahamowat zdolnos¢ komérek do tworzenia kolonii w dwéch liniach komérkowych — PEO-1
oraz OV-90 i znaczgco, do 28%, zmniejszyt liczbe kolonii w linii SKOV-3. CHK1i natomiast zmniejszyt
liczbe kolonii do okoto 98% w linii SKOV-3, do 4% w linii OV-90 i do >1% w linii PEO-1. Kombinacja
PARPi+ATRi okazata sie bardziej cytotoksyczna niz kombinacja PARPi+CHK1i we wszystkich badanych
liniach komdrkowych. Dodatkowo, po uptywie pierwszej doby inkubacji z kombinacjami zwigzkéw
zaobserwowano wyrazne zmiany w morfologii komodrek, ktére obkurczyty sie, przyjmujac
wrzecionowaty badz owalny ksztatt. Zaobserwowano réwniez znaczny udziat frakcji komérek

martwych (opalizujgcych), ktdre oddzielity sie od dna naczynia hodowlanego.

W dalszej kolejnosci zbadano poziom biatka PARP1 po dziataniu badanych zwigzkdéw
oraz wptyw olaparibu na aktywacje szlaku ATR/CHK1. Po zablokowaniu PARP, najwyiszy poziom
aktywnych form biatek ATR/CHK1 obserwowany byt w linii komdérkowej BRCAMY", Monoterapia
olaparibem prowadzita do wzrostu ekspresji ufosforylowanej formy biatka ATR w linii PEO1, w celu
utrzymania stabilnosci genomu. We wszystkich badanych liniach komérkowych kombinacja
PARPi+ATRi wywotata spadek indukowanej przez olaparib, zwiekszonej ekspresji pATR.
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Uszkodzenia DNA sg kluczowymi zmianami prowadzgcymi do powstawania strukturalnych
aberracji chromosomalnych i niestabilnosci genomowej zwigzanej z zaburzong naprawa HR w raku
jajnika. Stad poziom uszkodzern DNA w odniesieniu do SSB i DSB analizowano testem kometowym
w wersji alkalicznej (wykrywajacej zaréwno SSB jak i DSB) i neutralnej (wykrywajacej bezposrednio
DSB). Wykazano, ze ilos¢ uszkodzern DNA indukowana przez PARPi, ATRi oraz CHK1i jest zalezna
od czasu inkubacji z tymi zwigzkami. Najwieksze zmiany obserwowano po 48 godzinach inkubacji
i po dziataniu kombinacji zwigzkdw, ktére wywotywaty wieksze zmiany w poziomie uszkodzerh DNA niz
monoterapie, a najwyzsza liczbe DSB obserwowano w linii komérkowej BRCAMYT, Zwazywszy na to,
ze uszkodzenia DNA moga wywotywaé apoptoze komodrek, okreslono zatem poziom aktywnych form
kaspaz wykonawczych (3 oraz 7) po dziataniu badanych inhibitoréw. Kombinacje lekéw po 48
godzinach inkubacji spowodowaty nieznaczny wzrost aktywnosci kaspazy 3/7, sugerujac, ze jednym
z mechanizmoéw odpowiedzialnych za smieré komérek raka jajnika poddanych dziataniu inhibitoréw

stresu replikacyjnego moze byc¢ apoptoza.

Podsumowanie pierwszej cze$ci badan:

1. Monoterapia PARPi zwiekszyta ekspresje biatek szlaku ATR/CHK1 w linii BRCAYY", co moze
sugerowac zaleznos¢ skutecznosci terapii olaparibem od sprawnosci tego szlaku.

2. Terapia skojarzona PARP+ATRi lub PARPi+CHK1i jest bardziej cytotoksyczna niz monoterapia
w komérkach raka jajnika w dawkach subletalnych po dtuzszym czasie inkubacji (5 dni).

3. Terapia skojarzona dziata synergistycznie w komdrkach raka jajnika, a najefektywniejszym
pofaczeniem jest to, w ktérym stosunek molowy stezer zwigzkdw wynosi 1:1.

4. Terapia skojarzona indukuje wzrost poziomu uszkodzert DNA.

5. Kombinacja PARP+ATRi oraz PARPi+CHK1i jest cytotoksyczna i genotoksyczna dla komdrek

raka jajnika niezaleznie od obecno$ci mutacji genu BRCA.

W drugiej pracy doswiadczalnej, pt.: ,,The Influence of PARP, ATR, CHK1 Inhibitors on Premature
Mitotic Entry and Genomic Instability in High-Grade Serous BRCAMT and BRCA"™ Ovarian Cancer
Cells” [55] celem badan byto poznanie mechanizmu $Smierci komérkowej indukowanej przez badane
zwigzki, w poczatkowej fazie odpowiedzi komérek na olaparib oraz inhibitory szlaku ATR/CHK. W pracy
skupiono sie na wczesnym etapie dziatania zwigzkdéw (24 i 48 godzin) oraz zwiekszono ich stezenie do
4 uM, zachowujac stosunek stezen zwigzkow 1:1. W badanym stezeniu po 24 godzinach zwigzki nie
wplynety znaczgco na zywotnos¢ komérek. Po 48 godzinach ATRi byt najbardziej cytotoksyczny dla linii
BRCAMUT, natomiast inhibitor CHK1 byt nieznacznie bardziej cytotoksyczny dla linii BRCAY,

co pozostaje w zgodzie z wynikami osiggnietymi po 5 dniach inkubacji dla nizszych stezen zwigzkdw.

29



Potgczenie ATRi/CHK1i z PARPi nie wykazywato wiekszej cytotoksycznosci niz monoterapia ATRi
i CHK1i.

Zdolnos$¢ badanych zwigzkéw do wywotywania uszkodzen DNA zostata potwierdzona
ponownie, dodatkowymi badaniami okreslajgcymi ekspresje markera uszkodzern DNA, yH2AX. W czasie
48 godzin i przy stezeniu 4 uM olaparib okazat sie niewystarczajgcy do zwiekszenia ekspresji
fosforylowanego histonu H2AX. Kombinacje lekéw natomiast prowadzity do wiekszych zmian niz
monoterapia PARPi. Najwieksze zmiany ekspresji histonu yH2AX obserwowano w linii komérkowej
SKOV-3, pomimo tego, ze linia ta wykazywata najnizszy poziom ekspresji histonu yH2AX w komdrkach

kontrolnych w poréwnaniu do kontroli w liniach OV-90 i PEO-1 [Supplementary Fig. S5], [55].

Ocene wiasciwosci proapoptotycznych przeprowadzono szacujagc odsetek komdrek
apoptotycznych i nekrotycznych metoda podwdjnego barwienia (Hoechst 33258/jodek propidyny),
badajgc eksternalizacje fosfatydyloseryny (wczesnego markera zwigzanego z procesem apoptozy),
mierzac kondensacje chromatyny oraz ekspresje aktywnej formy efektorowej kaspazy-3. Wszystkie
wymienione metody wykazaty, ze po krétkim czasie dziatania olaparib nie indukuje apoptozy
w komoédrkach badanych linii. Natomiast badane kombinacje zwigzkéw okazaty sie skuteczne
w indukowaniu apoptozy (kondensacja, fragmentacja i marginalizacja chromatyny powstawanie ciatek
apoptotycznych), jednakze, pomimo tendencji wzrostowych, nie wykazano zmian istotnych

statystycznie pomiedzy kombinacjami lekéw PARPi+ATRi/PARPi+CHK1i a monoterapig ATRi/CHK1i.

Biorac pod uwage fakt, iz szlak ATR/CHK1 uczestniczy w regulacji cyklu komdrkowego, zbadano
rozkfad faz cyklu komérkowego, ze szczegdlnym uwzglednieniem odsetka komdrek znajdujgcych sie
w fazie G2/M. Aberracje chromosomowe w komadrkach traktowanych PARPi+ATRi lub PARPi+CHK1i
prawdopodobnie wynikaty z niewtasciwej naprawy DSB przed wejsciem w mitoze, zwiekszonego
zapadania sie widetek replikacyjnych i zniesienia punktéow kontrolnych fazy G2/M w komérkach PEO-1
i SKOV-3. Tylko w komérkach OV-90 stwierdzono, ze ATRi i CHK1i wzmacniajg efekt olaparibu i promujg
niewielki wzrost liczby komoérek w fazie G2/M. Linia OV-90 byta takze najbardziej wrazliwa na dziatanie

skojarzone PARPi+ATRi i PARPi+CHK1i.

W warunkach stresu replikacyjnego, wejscie w mitoze jest zablokowane do czasu aktywacji
odpowiedzi na uszkodzenia DNA - DDR. Uszkodzenia DNA aktywujg punkt kontrolny fazy S cyklu
i jednoczesnie spowalniajg ruch widetek replikacyjnych [56]. Aby zbadaé¢ wptyw ATRi oraz CHK1i
w potgczeniu z olaparibem na proliferacje komérek i monitorowanie fazy S, zastosowano inkorporacje
5’-bromo-2’-deoksyurydyny (BrdU) oraz 5-etynylo-2’-deoksyurydyny (EdU) do DNA. Na podstawie
réznic w inkorporacji BrdU w linii PEO-1 stwierdzono zwiekszenie liczby komérek we wczesnej fazie S,
co moze by¢ oznaka stresu replikacyjnego. Terapia skojarzona nie wykazywata silniejszego wptywu na
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proliferacje komérek niz monoterapia ATRi czy CHK1i. Z kolei inkorporacje EdU zastosowano
do zilustrowania wptywu inhibitoréw na trzy etapy fazy S (wczesna, pdzna i srodkowa). W komarkach
obserwowano charakterystyczne znakowanie prawidiowej fazy S: znakowanie jednorodne, typowe
dla wczesnej fazy S (jednolita fluorescencja w jadrze); silne znakowanie jednorodne, specyficzne dla
$rodkowej fazy S oraz znakowanie heterogenne w pdzniej fazie S (ryc. 7C). Aktywacja szlaku ATR/CHK1
wydaje sie konieczna we wczesnej fazie S, aby ograniczyc¢ replikacje w obecnosci uszkodzonego DNA.
Obserwowano ponadto niewielki spadek indeksu mitotycznego (procentowy udziat komérek
dzielgcych sie w stosunku do catej populacji) w komarkach linii OV-90 po traktowaniu ATRi, CHK1i oraz
ich kombinacjami z olaparibem, a takze w komdrkach linii SKOV-3 po PARPi+CHK1i. Dodatkowo
w komorkach linii SKOV-3 i PEO-1 po leczeniu skojarzonym doszto do wzrostu indeksu aberracji
chromosomowych (procentowy stosunek liczby komérek wykazujgcych aberracje chromosomowe
do wszystkich komadrek mitotycznych). W linii OV-90 wzrost indeksu aberracji obserwowano tylko

po dziataniu kombinacji PARPi+CHK1i.

Kombinacja PARPi+ATRi znaczaco zwiekszyta ilos¢ mikrojader w linii PEO-1, w poréwnaniu do
lekéw stosowanych pojedynczo. Katastrofa mitotyczna (MC, ang. mitotic catastrophe) nie jest
oddzielnym trybem smierci komorki, ale raczej procesem poprzedzajgcym $mier¢ komorki, ktéra moze
nastgpic¢ poprzez martwice lub apoptoze [57]. Uzyskane wyniki sugerujg, ze uszkodzenia DNA, w tym
DSB, nie prowadzg do natychmiastowej Smierci komaorek raka jajnika traktowanych olaparibem, ATRi
czy CHK1i. Komorki te mogg wejs¢ przedwczesnie w mitoze, mimo obecnych uszkodzerhn DNA, w wyniku
czego dochodzi do powstania aberracji chromosomowych, co zostato potwierdzono podczas analizy
mikrojgder czy ptytki metafazowej. Niestabilnos¢ chromosomoéw moze spowodowaé $mier¢ komaérki

przez MC. Graficzna ilustracja wynikdw zostata przedstawiona na Rys. 2.
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5 Przejécie komorek
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Rys. 2. Po zablokowaniu szlaku ATR/CHK1 komorki przechodzg do fazy M cyklu komdrkowego bez zatrzymania
w punkcie kontrolnym G2/M. ATRi/CHK1i indukujg przedwczesng kondensacje chromosoméw (PCC, ang.
premature condensation of chromosomes) omijajgc wewnetrzny mechanizm punktu kontrolnego fazy S.
Nienaprawione podwdjne pekniecia DNA w konsekwencji powodujg powstawanie mikrojader i MC [55].

Podsumowanie drugiej czesci badan:

1. Terapie skojarzone PARPi z ATRi/CHK1i nie s3 bardziej cytotoksyczne w pordéwnaniu do
odpowiednich monoterapii w badaniach prowadzonych do 48 godzin. Olaparib w krétkich
czasach wykazuje dziatanie cytostatyczne w komdérkach raka jajnika.

2. Zardowno ATRi jak i CHK1i oraz ich kombinacje z olaparibem powodujg wejscie komadrek raka
jajnika w mitoze z uszkodzonym DNA, niezaleznie od statusu BRCAMYT, prowadzac do

akumulacji aberracji chromosomowych, niestabilnosci genomu i apoptozy.
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X Ostatnim etapem badan, dotychczas nie opublikowanych, byta ocena wptywu PARPi, ATRIi,
CHK1i oraz ich skojarzonego dziatania na potencjalny wzrost ekspresji glikoproteiny P, biatka
zwigzanego z wystepowaniem opornosci wielolekowej. Dokonano rdéwniez oceny ekspresji
cytochromu ¢ w celu rozszerzenia badan nad programowang $miercia komérki, indukowang przez
badane zwigzki. Oznaczenia w badanych liniach komdrkowych raka jajnika wykonano metodg western
blot po 24 i 48 godzinach inkubacji ze zwigzkami w stosunku 1:1, w stezeniu 4 uM. Doswiadczenia te
zostaty przeprowadzone tak jak opisano poprzednio [58], uzywajac kréliczego przeciwciata |-
rzedowego monoklonalnego przeciw glikoproteinie P (P-Glycoprotein Recombinant Rabbit
Monoclonal Antibody (SN06-4) cat. # MA5-32282, Thermo Fisher Scientific (Waltham, MA, USA)) oraz
kréliczego przeciwciafa I-rzedowego monoklonalnego przeciw cytochromowi ¢
(Cytochrome ¢ (D18C7) Rabbit mAb cat. #11940 Cell Signaling Technology, Inc. (Danvers, MA, USA)).

Wyniki zostaty przedstawione na rysunku nr 3.
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Rys. 3. Wzgledna ekspresja cytochromu c (A) oraz MDR1 (B) w komdrkach raka jajnika po dziataniu badanych
zwigzkow. * réznice istotne statystycznie miedzy komorkami traktowanymi zwigzkiem a komdrkami kontrolnymi
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(p<0,05); + rdznice istotne statycznie pomiedzy komdrkami inkubowanymi z PARPi w stosunku do kombinacji
(PARPi+ATRi, PARPi+CHK1i) (p<0,05); (B) Reprezentatywne zdjecia western blot.

MDR1 jest jednym z najbardziej znanych transporteréw btonowych, nalezgcych do rodziny
biatek ABC (ang. ATP-binding cassette). P-gp ma bardzo szerokg specyficznos$¢ substratows,
co umozliwia interakcje z wieloma zwigzkami. Nadekspresja tego biatka ma miejsce w przypadku wielu
nowotwordw w tym raka jajnika [59]. Niektdére badania wykazaty takze zaleznos¢ pomiedzy opornoscia
na olaparib, a zwiekszong ekspresjg MDR1 [37, 60, 61]. Analiza wynikéw western blot wykazata,
ze stosowane inhibitory nie zwiekszajg ekspresji biatka MDR1 po 24, jak i 48 godzinach inkubacji
w zastosowanych warunkach badawczych, a potencjalna opornosé na te inhibitory, na wczesnym
etapie ich dziatania, nie jest zwigzana ze wzrostem ekspresji P-gp w komérkach raka jajnika o

zréznicowanym profilu genetycznym.

Zaburzenie integralnosci btony mitochondrialnej, a posrednio uwolnienie cytochromu c, jest
kluczowe w procesie apoptozy. Po 24 godzinach inkubacji nie zaobserwowano znaczgcych zmian
w poziomie ekspresji cytochromu ¢ w liniach SKOV-3 oraz PEO-1. Po 48 godzinach inkubacji obie
kombinacje zastosowanych zwigzkdéw zwiekszyty ekspresje biatka okoto 2,5-krotnie w linii SKOV-3,
w poréwnaniu do okoto 1,5-krotnego wzrostu po PARPi i CHK1i oraz okofo 2-krotnego po inkubacji
z ATRi. W linii PEO-1 po 48 godzinach obserwowano 1,3-krotny wzrost poziomu biatka po dziataniu
kombinacji PARPi+ATRi. Podobnie jak w linii OV-90 po 24 godzinach inkubacji obserwowano okoto 1,5-
krotny wzrost ekspresji badanego biatka po dziataniu kombinacji PARPi+ATRi. Natomiast zmiany
obserwowane po 48-godzinnej inkubacji w tej linii komdrkowej byty nieznaczne. Wykazano, ze badane
zwigzki indukujg uszkodzenia DNA, co moze dodatkowo powodowac stres mitochondrialny i apoptoze
poprzez fosforylacje biatek mitochondrialnych zaangazowanych w uwalnianie cytochromu c [62]. ATR
natomiast w odpowiedzi na uszkodzenia DNA spowodowane promieniowaniem UV wykazuje
aktywnos¢ antyapoptotyczng, hamujgc uwalnianie cytochromu c¢ [63]. W poprzedniej pracy [64]
obserwowano 1,2-krotny wzrost poziomu ekspresji cytochromu c w linii SKOV-3 i 3,8-krotny wzrost w
linii OV-90, po 24 godzinnej inkubacji z olaparibem, w dawce 5-krotnie wyzszej, niz zastosowana w
opisywanych badaniach (20 pM). Monoterapia olaparibem w stezeniu 4 puM nie byta zatem
wystarczajgca do znaczgcego zwiekszenia ekspresji cytochromu c. Po 48 godzinach natomiast obie
kombinacje zwiekszyty istotnie statystycznie uwalnianie cytochromu c jedynie w linii SKOV-3. Zmiany
ekspresji cytochromu ¢ wydajg sie by¢ wystarczajgce do zainicjowania apoptozy, o czym Swiadczy
wzrost eksternalizacji fosfatydyloseryny, obserwowane zmiany w morfologii komérek po barwieniu

H/PI oraz wzrost ekspresji cietej kazspazy-3.
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Podsumowanie:

1. Kombinacje PARPi+ATRi/CHK1i prowadzg do wzrostu ekspresji cytochromu c w linii SKOV-3 po
48 godzinach.
2. Inhibitory nie zwiekszajg ekspresji biatka MDR1 zaréwno w monoterapii, jak i w terapii

skojarzonej.
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PODSUMOWANIE UZYSKANYCH WYNIKOW ORAZ WNIOSKI

Pierwsza opisywana praca oryginalna [54] potwierdzita, ze PARPi zwiekszyt zalezno$é¢ komodrek
raka jajnika od szlaku ATR/CHK1, w celu utrzymania stabilnosci genomu. Kombinacja PARPi+ATRi
catkowicie zahamowata zdolnos¢ komérek do tworzenia kolonii, niezaleznie od statusu HR linii
komédrkowej. Obie testowane kombinacje natomiast zwiekszyty ilos¢ DSB, w efekcie indukujac
apoptoze komoérek linii raka jajnika. Badania te potwierdzity wrazliwos¢ stosowanych linii
komoérkowych na inhibitory ATR oraz CHK1. Zastosowanie kombinacji PARPi+ATRi oraz PARPi+CHK1i
uwrazliwito komérki na olaparib, poprzez zablokowanie mozliwosci naprawy DNA, na drodze
syntetycznej letalnosci. Wyniki te uzyskano stosujgc subletalne dawki zwigzkéw, co sugeruje,
ze koncepcja stosowania terapii skojarzonej PARPi+ATRi oraz PARP+CHK1i moze przynosié potencjalne

korzysci terapeutyczne.

W drugiej pracy doswiadczalnej [55] uzyskane wyniki pozwolity stwierdzi¢, ze monoterapia
olaparibem w krétkich czasach inkubacji wykazuje aktywnos¢ cytostatyczng. Stosowane kombinacje
nie byty z kolei bardziej cytotoksyczne niz monoterapie inhibitorami ATRi oraz CHK1i. Efekt
cytotoksyczny badanych zwigzkéw zalezny byt od czasu inkubacji. Ponadto w publikacji wykazano,
ze ATRi i CHK1i prowadzity do nieprawidtowego przebiegu podziatdw mitotycznych, aberracji

chromosomowych, niestabilnosci genomowej i w konsekwencji Smierci komaérki.
Whioski:

Terapia olaparibem spowodowata aktywacje szlaku ATR/CHK1 w linii BRCAV'T,

Skojarzone dziatanie PARPi+ATRi lub PARPi+CHK1i prowadzi do nasilonej smierci komodrek

raka jajnika na drodze syntetycznej letalnosci.

Kombinacje PARPi+ATRi/PARPi+CHK1i hamujg, zaleznie od czasu, proliferacje komérek raka

jajnika i dziatajg niezaleznie od obecnosci mutacji BRCA.
Monoterapia ATRi oraz CHK1i dziata genotoksycznie w badanych liniach komérkowych,

indukujac DSB, ktore prowadza do powstania aberracji chromosomowych, niestabilnosci

genomowej i w konsekwencji Smierci komorki.
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Abstract

Ovarian cancer is one of the most lethal gynecologic malignancies reported throughout the world. The initial,
standard-of-care, adjuvant chemotherapy in epithelial ovarian cancer is usually a platinum drug, such as cisplatin or
carboplatin, combined with a taxane. However, despite surgical removal of the tumor and initial high response
rates to first-line chemotherapy, around 80% of women will develop cancer recurrence. Effective strategies,
including chemotherapy and new research models, are necessary to improve the prognosis. The replication stress
response (RSR) is characteristic of the development of tumors, including ovarian cancer. Hence, RSR pathway and
DNA repair proteins have emerged as a new area for anticancer drug development. Although clinical trials have
shown poly (ADP-ribose) polymerase inhibitors (PARPi) response rates of around 40% in women who carry a
mutation in the BRCA1/2 genes, PARPI is responsible for tumor suppression, but not for complete tumor regression.
Recent reports suggest that cells with impaired homologous recombination (HR) activities due to mutations in TP53
gene or specific DNA repair proteins are specifically sensitive to ataxia telangiectasia and Rad3-related protein (ATR)

platforms used for optimizing ovarian cancer therapy.

inhibitors. Replication stress activates DNA repair checkpoint proteins (ATR, CHKT1), which prevent further DNA
damage. This review describes the use of DNA repair checkpoint inhibitors as single agents and strategies
combining these inhibitors with DNA-damaging compounds for ovarian cancer therapy, as well as the new

Keywords: ATR kinase, CHK1, ovarian cancer, PARP, replication stress, targeted therapy

Introduction

Ovarian cancer is considered to be one of the most le-
thal gynaecologic malignancies worldwide. It is the sev-
enth most common cancer and the fifth leading cause of
cancer-related deaths [1]. As a result of the absence of
formal screening and the continued lack of early detec-
tion methods, the majority (around 80%) of patients are
diagnosed at an advanced stage (III/IV) [2]. The 5-year
survival rate of patients with high-grade serous ovarian
carcinomas (HGSOC:s) still ranges between 35 and 40%
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[3]. In 2019 in the USA, an estimated 22,530 women
were diagnosed with ovarian cancer and 13,980 died
from the disease [4].

Ovarian tumors can be divided into two types: type I
ovarian cancers are composed of mucinous, endome-
trioid and low-grade serous carcinomas, while type II
tend to grow more aggressively and include carcinosar-
comas, undifferentiated carcinomas and high-grade ser-
ous carcinomas [5]. Moreover, almost all of the type II
carcinomas, i.e. 96%, have TP53 mutation [6] and
around half of HGSOCs carry an alteration in homolo-
gous recombination (HR) pathway genes, most com-
monly in breast cancer gene (BRCA) 1/2 [7]. Women
carrying mutations in these genes have a lifetime risk of
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developing ovarian cancer of 36 to 60% for BRCA1 and
16 to 27% for BRCA?2 [8].

The initial, standard-of-care, adjuvant chemotherapy
in epithelial ovarian cancer (EOC) is usually a platinum
drug, such as cisplatin or carboplatin, combined with a
taxane, usually paclitaxel [9]. Cisplatin interferes with
the DNA repair mechanism by crosslinking the purine
bases of the DNA, and thus inducing apoptosis of cancer
cells [10]. The standard regimen for advanced ovarian
cancer has been expanded with bevacizumab, a recom-
binant humanized monoclonal antibody directed against
vascular endothelial growth factor (VEGF) [11]. Other
promising angiogenesis inhibitors are sorafenib and su-
nitinib [12, 13]. Since the addition of bevacizumab to the
combination of standard chemotherapeutics, many other
targeted anticancer agents have been studied in the hope
of increasing the effectiveness of ovarian cancer treat-
ment. Ovarian cancer cells often acquire resistance to
common chemotherapy drugs such as cisplatin. If a
tumor recurs within 6 months of cisplatin treatment, it
is considered to be platinum-resistant [14, 15].

The aim of this article is to review the current know-
ledge of the targeting of DNA repair pathways in ovarian
cancer. This review describes the use of DNA repair
checkpoint inhibitors, especially poly (ADP-ribose) poly-
merase inhibitors (PARPi), ataxia telangiectasia and
Rad3-related protein inhibitors (ATRi) and checkpoint
kinase 1 inhibitors (CHKIi), as monotherapy/single
agents, and their role in the treatment of patients with
BRCA™" ovarian cancer. It also briefly characterizes the
rationale of therapies combining these inhibitors, as well
as recent updates/advances in those therapies in vitro
and in clinical trials.

Replication stress and cell cycle disturbances in
ovarian cancer

Increased understanding of the tumor repair pathways has
revealed their significance in the sensitivity of cells to che-
motherapeutic agents. DNA damage signalling pathways
have a central role in detecting DNA damage and regulat-
ing its repair. Regulation of cellular responses to interfer-
ence in these pathways by numerous extrinsic and
intrinsic genotoxic agents leads to genomic instability and
thus to cell death [16]. Replication stress is defined as per-
turbations in cell replication. In defence against disorders
in the course of DNA biosynthesis, cells have developed a
network of biochemical reactions that can be described as
a response to replicative stress. Under conditions of repli-
cative stress, the rate of DNA biosynthesis is decreased
and the possibility of entering into mitosis is blocked until
the expression of specific genes and activation of repair
factors occurs. Ataxia telangiectasia mutated (ATM) and
ataxia telangiectasia and RAD3-related (ATR) proteins
share some phosphorylation targets, but their precise role
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in the intra-S phase checkpoint pathway may differ de-
pending on the nature of stress involved [17]. The action
of ATR/ATM kinases induces cascade signal transmission
to effector proteins (e.g. checkpoint kinase 1/2 (CHK1/
CHK2)). Both biochemical pathways function according
to the following event patterns: DNA breaks—ATM—
CHK2 and DNA breaks—ATR-replication block—CHKI.

In each of these pathways, the target substrate is
CDC25 phosphatase. ATR also activates Dbf4-dependent
kinases (DDK). The other checkpoint protein, WEE1
kinase, also keeps cyclin-dependent kinases (CDK)
muted. Inactivation of CDK/DDK is pivotal for the in-
hibition of origin firings under replication stress [18].
WEEL, which belongs to the large Ser/Thr family of pro-
tein kinases, is known as one of the most essential mole-
cules in executing cell cycle arrest at the G2/M
checkpoint, which is pivotal for premitotic DNA repair
[19]. WEEL1 kinase coordinates the initiation of mitosis
by antagonistic regulation of Cdk1/Cdk2. In a compar-
able manner to ATR and CHK], it operates during regu-
lar undisturbed cell division and is involved in the
preservation of genome integrity [20].

Cyclin A-Cdkl and cyclin B-Cdkl complexes play a
major role in the regulation of mitosis. They are inactive
until the late G2 phase, due to two separate processes:
inactivation of Cdk1 kinase and inhibition of its activa-
tors—Cdc25A, Cdc25B and Cdc25C phosphatases. The
WEE1 kinase family—nuclear (WEE1) and membrane
(Mytl)—are responsible for inhibiting Cdkl activity.
WEEL and Mytl start to work when the cell goes from
mitosis to the G1 phase of the new cycle. At this time,
reduction of the new cyclin B-Cdkl complex is required
for cyclin B degradation [21]. In addition, their activity
may be increased in the case of DNA damage and ex-
pression of CHK1 and CHK2 kinases, which phosphoryl-
ate a specific WEE1 serine (Ser642) and induce
attachment of 14-3-3 protein [22]. Autophosphorylation
of WEEL proteins is also possible, which contributes to
their positive regulation (Fig. 1). To allow mitosis to
occur, WEE1 is phosphorylated by Polo-like Kinase 1
(PLK1), which triggers WEE1 degradation [23].

Cancer cells, due to mutations in the p53/pRb path-
way, frequently exhibit a deficient G1l-arrest and mostly
depend on G2-arrest [24]. WEE1 inhibitors appear to
have potential high efficiency in p53-deficient ovarian
cancers, generating a condition of synthetic lethality
among p53 mutant tumors. Inhibition of WEE1 has
demonstrated its effectiveness in DNA damage as a con-
sequence of unregulated replication and strengthened
the effectiveness of DNA-damaging agents [25]. Until
now, only one (the most potent and selective) WEE1 in-
hibitor (Adavosertib, also under the names AZD1775
and MK1775) was found to be useful in clinical trials (in
both phases I and II). WEELi is able to stimulate origin
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resulting in cancer cell death

Fig. 1 Participation of WEET kinases (Cdk1 inhibitors) and CDC25 phosphatases (Cdk1 activators) in the regulation of the activity of Cdk1 kinase
during G2 and M phases. The binding of WEET kinases to 14-3-3 protein, which activates WEE1 kinases, may be carried out in two different
ways—via the phosphorylation of ser642 (with participation of CHK1) or autophosphorylation. WEE1 inhibitor abrogates the G2/M checkpoint,

firing, with dynamics of action comparable to ATR and
CHK1 inhibitors. However, the mechanism of its action
is not fully understood and requires a more detailed in-
vestigation [26]. MK1775 increased the cytotoxicity of
numerous DNA-damaging drugs (such as antimetabo-
lites, topoisomerase inhibitors and DNA crosslinking
agents) towards various cancer cells. WEE1i was highly
effective in p53-deficient cells and cells with defects in
DNA damage repair pathways [27]. MK1775 was also
combined with carboplatin treatment and paclitaxel in
platinum-sensitive recurrent ovarian cancer [25]. The
first report to present clinical evidence of MK1775 en-
hancing the efficacy of carboplatin in TP53-mutated tu-
mors was published by Leijen et al. in 2016,
NCT01164995 [28]. It was shown that it was active in a
wide variety of human tumor xenografts, including
models of ovarian cancer, with limited single-agent clin-
ical activity [29].

ATR participates in the response to single-stranded
(ssDNA) and double-stranded DNA breaks (DSBs)
and to a variety of DNA lesions that interfere with
replication [30]. ATR promotes cell cycle arrest and
repair of DNA or induces apoptosis if the repair sys-
tems are overwhelmed. As a consequence, CHK1 is

activated. Proteins that are part of the DNA damage
response (DDR) pathway are phosphorylated, includ-
ing histone H2AX, breast cancer type 1/2 susceptibil-
ity protein (BRCA1/2), RAD51 and p53. In addition,
inactivation of p53 leads to loss of activity of the G1
checkpoint, which favours G1-S transition [31]. Previ-
ous studies have shown that chemotherapeutics such
as cladribine induce ATR-dependent phosphorylation
of H2AX, a biomarker for DNA double-strand breaks,
and the p53 suppressor protein [32, 33]. In response
to DNA damage, ATR phosphorylates CHK1 protein,
which in turn mediates CDC25A-C phosphorylation,
leading to the blocking of CDK1 and CDK2 (thus
preventing cell cycle progression). CHKI1 can stabilize
the replisome, possibly by targeting replication pro-
teins (e.g. CDC6, minichromosome maintenance pro-
teins 2-7 (MCM2-7)), and after resolving the
replication problems can restart stalled replication
forks. Functional changeability of the ATM/ATR-
CHK2/CHK1-CDC25/CDK axis underlies the molecu-
lar foundation of the intra-S-phase checkpoint [34].
In response to replication stress, replication protein A
(RPA) is the first to be loaded onto the unstable single
stranded DNA (ssDNA), and the long stretches of RPA-
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coated ssDNA adjacent to the double-stranded DNA
(dsDNA) act as a platform to trigger the ATR/CHK1
[35]. ATR combines with ATR-interacting protein
(ATRIP), and their complexes are located in the cell
nucleus at the sites of DNA damage [36]. The RAD9-
RADI1-husl (9-1-1 complex) is required for the recruit-
ment of DNA topoisomerase 2-binding protein 1
(TopBP1) [37]. The activators of ATR-ATRIP com-
plexes are the TopBP1 and two other factors: replication
factor C (RFC) and proliferating cell nuclear antigen
(PCNA). During replication, RFC recognizes the sites of
primer junctions of RNA with template DNA and as-
sembles around them a toroidal protein homotrimer,
PCNA, commonly named as sliding clamp, which deter-
mines the movement of DNA polymerases associated
with it [38]. The first stage of the signaling pathway is
the placement of cell cycle checkpoint protein Radl7
and ATR-ATRIP complexes in the damaged sections;
the second is Rad17-dependent assembly of PCNA-type
complexes around the DNA. The PCNA-type complexes
support the activation of ATR molecules and, conse-
quently, the phosphorylation of its substrates located
within the chromatin, such as Radl7 and Rad9 [39].
When DNA errors and damage which are caused during
the genetic material replication are not removed in time,
the stalled replication forks are susceptible to fork col-
lapse, leading to highly lethal DSBs (Fig. 2).

The disappearance of the function of the internal
phase S control point, caused for example by the muta-
tion of ATR, means that cells with damaged genetic ma-
terial are blocked and are unable to enter mitosis despite
the occurrence of non-replicated sections. Induction of
DNA damage and activation of cellular responses, i.e.
cascades of DNA damage signalling pathways, by a num-
ber of anticancer drugs result in cell cycle arrest at the
G1/S and G2/M phases. When the amount of DNA
damage is too high to allow the cell to survive, it is most
often redirected to apoptosis [40]. Hence, DNA repair
has emerged as a new area for anticancer drug develop-
ment [41]. Numerous drugs are currently being tested in
clinical trials; some of them are presented in Table 1.
Most HGSOCs have mutations in TP53 and other gen-
etic alterations associated with increased replication
stress. Inhibitors of ATR and CHKI1 are therefore prom-
ising drugs for ovarian cancer treatment.

DNA repair checkpoint inhibitors

PARP

Inhibition of a DNA repair pathway sensitizes tumor
cells with the BRCA 1/2 mutation to the DNA-
damaging results of other chemotherapeutics. Given this,
patients with BRCA™" can respond more effectively to
chemotherapy [8]. Therefore, the analysis of BRCA mu-
tational status is crucial for therapeutic decisions [9]. An
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enhanced risk of ovarian cancer is related to DNA dam-
age. Poly (ADP-ribose) polymerase (PARP) repairs
ssDNA breaks. When these breaks are not repaired effi-
ciently, which is the situation when PARP is blocked by
the inhibitor, DSBs occur. DSBs are mainly repaired
through two pathways: the HR pathway and the non-
homologous end joining (NHE]) pathway, although
other mechanisms also exist. BRCA1 and BRCA2 par-
ticipate in the DNA damage response, the network of
interacting pathways that is essential for repair of genetic
material. Both proteins are involved in the error-free re-
pair of DSBs by HR in the S phase. BRCA1 signals DNA
damage and ensures cell cycle regulation, while BRCA2
interacts and facilitates the loading and formation of
RADS51 filaments on the damaged DNA strand. Tumors
with impaired HR pathways lack an alternative DNA re-
pair pathway [42, 43]. Mutation in BRCA1 or BRCA2 in
HR-deficient cancer cells will lead to the repair of DSBs
via error-prone repair pathways, accumulation of muta-
tions and eventually cell death [44].

Ovarian cancer cell lines with BRCA1 mutated and
impaired HR (UWB1.289, SNU-251, OVCARS) exhibit
higher sensitivity towards PARPi, when compared with
cells with wild-type or restored BRCA1l (SKOV3,
A2780PAR and A2780CR) [45]. One group of com-
pounds that have drawn intense research interest are
PARPi inhibitors. In BRCA mutated cancer cells, PARP
inhibition leads to tumor cell death, as a result of syn-
thetic lethality. According to this assumption, PARPi
blocks the base excision repair (BER) through F-Box
DNA helicase 1 (Fbhl)-dependent Rad51 regulation
[46]. Combination of olaparib with anticancer agents
that disrupt HR repair represents an effective strategy to
sensitize ovarian cancer cells. Synthetic lethality was de-
fined classically in 1946 to describe a functional gene—
gene relationship in Drosophila, in which two genes are
nonlethal (viable) when inactivated alone but become le-
thal when inactivated together. Synthetic lethality is a
consequence of the tendency of organisms to maintain
buffering schemes that allow phenotypic stability despite
genetic variation [47, 48]. Another mechanism of PARPi
action involves PARPi binding to and trapping the
PARP1 enzyme on chromatin (Fig. 3). Talazoparib, a
PARPi, enhances trapping of PARPI1 in DSBs, leading to
decreased NHE] and leukemia cell death [49, 50]. This
agent is currently under clinical evaluation in patients
with deleterious BRCA 1/2 mutation-associated ovarian
cancer who have had prior PARP inhibitor treatment
(NCT02326844). Moreover, DSBs can be resected by the
microhomology-mediated end joining (MME]) pathway
(also known as alternative non-homologous end-joining,
Alt-NHEJ]). MME]J is independent from classical NHE]
and does not rely on NHE] core factors such as Ku pro-
tein, DNA-dependent protein kinase (DNA-PK), or
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Fig. 2 DNA damage and replication checkpoints. Anticancer drugs induce replication disorders. Replication stress is the effect of the slowing or
stalling of replication fork progression. DNA synthesis inhibition or damage induces checkpoint responses controlled by the ATR-CHK1 pathway.
DNA lesions delay entry to S-phase (G1 checkpoint), slow the replication of damaged DNA or prevent entry to mitosis (G2 checkpoint). Given that
both PARP and checkpoint proteins prevent fork collapse, their corresponding inhibitors may increase the level of replication stress, genome

ligase IV. DNA polymerase 6 (POLQ) plays an important
role in this pathway. Efficient recruitment of POLQ de-
pends on PARP1 [51, 52].

The first Food and Drug Administration (FDA)-ap-
proved PARP inhibitor was olaparib (Lynparza). In 2005,
the first two publications demonstrating the substantial
sensitivity of BRCA-deficient cell lines to inhibition of
PARP led to an unprecedented and swift implementation
of PARP inhibitors in clinical practice [53]. Several
PARP inhibitors, including olaparib, niraparib, veliparib,
rucaparib and talazoparib, are being tested in clinical

trials, and olaparib, niraparib and rucaparib
(NCT03522246) have been registered for use in a clinical
setting. In 2014, olaparib gained European Medicines
Agency (EMA) approval to treat advanced EOC in
monotherapy of patients with germline BRCA™" who
had received and did not respond to at least three lines
of chemotherapy [54]. A phase II clinical trial revealed
that olaparib significantly increased the effectiveness of
standard treatment with a combination of carboplatin
and paclitaxel. Progression-free survival was longer by
around 3 months in the olaparib with chemotherapy
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group compared with chemotherapy alone. In the USA
in 2018, the FDA-approved olaparib for the maintenance
treatment of patients with BRCA™"* advanced EOC who
are in complete or partial response to first-line
platinum-based chemotherapy [55]. Two more PARP in-
hibitors, rucaparib (Rubraca) and niraparib (Zejula), ap-
proved by the FDA, are a promising class of agents for
targeted EOC therapy [56]. Research is ongoing into the
use of iniparib in combination with carboplatin and
gemcitabine in the treatment of patients with platinum-
resistant recurrent ovarian cancer (NCT01033292).
PARP inhibitors are usually combined with other drugs
to increase the therapeutic effect. A combination of two
investigational drugs, cediranib and olaparib, was evalu-
ated in patients with ovarian cancer whose cancer wors-
ened despite previously receiving a PARP inhibitor such
as olaparib (NCT02681237).

Clinical trials have shown PARPi response rates of
around 40% in women who carry a mutation in the
BRCA1/2 genes (NCT00494442). However, PARPI is re-
sponsible for tumor suppression, but not for complete
tumor regression [57]. Although olaparib is a step

forward in the treatment of BRCA1/2-deficient tumors,
resistance to PARP inhibitors is unfortunately a common
phenomenon. Rare complete responses are seen with
PARPi monotherapy in clinical practice [58]. BRCA1/2-
deficient tumor cells can become resistant to PARP
inhibitors by restoring HR repair and/or by stabilizing
replication forks. PARPi-induced drug resistance mecha-
nisms have focused also on heat shock protein 90
(HSP90)-mediated stabilization of BRCAI™*, RAD51
upregulation, loss of REV7 or promotion of alternative
error-prone NHE] DNA repair [59, 60]. Furthermore, a
BRCA2-mutated ovarian cancer cell line, with sensitivity
to both platinum and PARPi, regained the BRCA2 func-
tion by secondary mutation after treatment with cis-
platin and PARPi [61]. In addition, an acquired low level
of expression of PARP1 may be a cause of resistance to
PARPi in patient-derived tumor xenograft models [62].
Moreover, as a result of PARP1 inhibition, cancer cells
may upregulate the HR repair pathway and increase
RAD51 expression to maintain cell viability [63]. The
formation of RAD51 foci was observed together with
PARP; resistance in patient-derived xenograft models, as
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well as patient-derived samples carrying the BRCA™"
[64]. On the other hand, increased expression of the
ATP-binding cassette sub-family B member 1 (ABCB1)
(also known as multidrug resistance protein 1 [MDR1]),
which encodes the membrane drug transporter P-
glycoprotein, is a well-described mechanism of resist-
ance to doxorubicin, paclitaxel and related taxane drugs.
ABCB1-mediated resistance to PARPI is a novel finding
in ovarian cancer [65]. Nonetheless, loss of BRCA1/2
factors determines PARPi sensitivity. MiR-493-5p may
induce platinum and PARPI resistance, specifically in the
cells with BRCA2 mutation [66]. Hence, there is an ur-
gent need to develop new, more effective strategies.

All drugs, including olaparib, have potential side ef-
fects. Most side effects of olaparib were of low grade,
with anaemia and neutropenia being the most common,
in the SOLOL1 trail [67]. On the other hand, cardiac ad-
verse effects are the leading cause of discontinuation of
clinical trials and withdrawal of drugs from the market.
There are reports suggesting that olaparib is a cardio-
protective agent against doxorubicin-induced cardiomy-
opathy [68] and that it protects cardiomyocytes against
oxidative stress [69].

ATR

ATM and ATR kinases are two master regulators of
DNA damage responses. ATR, a serine/threonine-pro-
tein kinase belonging to the phosphatidylinositol 3-
kinase-related kinase (PIKK) family of proteins, is a
key regulator of the DNA replication stress response
(RSR) and DNA-damage activated checkpoints [70].
As ATR is a master regulator of the DDR, this find-
ing underscores the relevance of DDR as a new thera-
peutic target in ovarian cancer therapy. ATR is
activated in response to a broad spectrum of DNA
damage, such as single- and double-stranded DNA,
and also adducts, cross-links and inhibits DNA poly-
merase, while ATM is primarily activated in response
to DNA double-strand breaks [71-73]. Moreover,
ATM is responsible for the phosphorylation of check-
point kinase 2 (CHK2) and ATR phosphorylates
checkpoint kinase 1 (CHK1) [74]. CHK1 activation is
mediated by Claspin (CLSPN), Timeless and Tipin
[75]. The ATR lies upstream of CHK1 and phosphor-
ylates numerous factors including Werner syndrome
ATP-dependent helicase (WRN), SWI/SNF-related
matrix-associated actin-dependent regulator of chro-
matin sub-family A-like protein 1 (SMARCALI1), and
Fanconi anaemia complementation group I (FANCI),
which may help preserve replication fork stability and
control cell-cycle progression [76—78]. The direct sub-
strates of ATR include RPA, MCM2, p53 and many
other factors that play roles in replication fork pro-
gression, DNA repair and control of the cell cycle
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[79, 80]. Additionally, ATR substrates control protein
modification, transcriptional regulation and develop-
mental processes [81]. ATR has a crucial role in sta-
bilizing genomic integrity throughout the cell cycle
and is therefore essential for cell survival [82] (Fig. 4).
ATR controls cell cycle arrest from S to G2 phases
[83]. Furthermore, ATR plays a role in the G2/M
phase checkpoint [84]. In cells with TP53 mutation, it
leads to checkpoint-defective cells, and the inhibition
of ATR is lethal [85, 86]. Dysregulation of ATR dis-
rupts a broad range of cellular processes [16]. Recent
reports suggest that cells with impaired HR activities
due to mutations in TP53 gene or specific DNA re-
pair proteins are specifically sensitive to ATR inhibi-
tors [86—89]. However, the underlying mechanisms of
ATR inhibition monotherapy on ATM status remain
unclear [84].

ATR inhibitors have the potential to show preferential
cell killing of tumor cells where ATM is defective or
where replicative stress is high. In recent years, ATR in-
hibitors with far greater potency and selectivity have
been developed as drug-like agents. Many ATR inhibi-
tors, such as NU6027, ETP-46464 and VX-970, also in-
hibit CDK2, mTOR, ATM and PIK3 kinases [90, 91].
VX-970/M6620 is an analogue of VE-821 from the ami-
nopyrazine series with a marked increase in ATR en-
zyme cytotoxicity (IC5o = 0.019 pM) in HCT116 cells.
VX-970 is selective versus DNA-PK, mTOR, PI3Ky and
50 unrelated protein kinases [92]. One of the most
promising is AZD6738, which is a potent and selective
sulfoximine morpholinopyrimidine ATR inhibitor.

AZD6738 is currently used as a monotherapy and in
combination with gemcitabine (NCT02595892), gemici-
tabine and carboplatin (NCT02627443), avelumab and
nedisertib (NCT04266912), paclitaxel (NCT02630199)
and radiotherapy (NCT02223923). VE-821, another
identified ATR inhibitor, sensitized OVCAR-8, SKOV-3
and PEOI1 ovarian cancer cell lines to cisplatin, topote-
can and veliparib [93, 94]. Additionally, cisplatin or
topotecan, combined with MK-877 (CHK1i) or VE-821,
reduced the G2/M phase accumulations [94]. Currently,
clinical trials are ongoing on M6620 in combination with
gemcitabine, avelumab (NCT03704467), topotecan
(NCT02487095) and carboplatin (NCT02627443) in
ovarian cancer. On the other hand, VX-970 is the most
effective in combination with platinum agents or mel-
phalan [95]. BAY 1895344 is a new potent ATR inhibitor
developed by Bayer. BAY 1895344 is being studied in
cancers with DNA repair deficiency. The in vivo antitu-
mor efficacy of BAY 1895344 in combination with car-
boplatin was investigated in the IGROV-1 ovarian
cancer model [96]. BAY 1895344 is currently under clin-
ical investigation in patients with advanced solid tumors
and lymphomas (NCT03188965). VX-803 (M4344), on
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the other hand, is now in clinical trials as a monotherapy
or in combination with carboplatin for advanced solid
tumors (NCT02278250), and in combination with nira-
parib against ovarian cancer (NCT04149145).

CHK1
CHK1 is a serine/threonine kinase, which responds to
DNA damage and replication stress and therefore reg-
ulates mitotic progression. ATR and CHKI share the
same pathway; it is possible that the antitumor prop-
erties of ATR inhibitors may not differ significantly
from those of CHK1 inhibitors currently tested in
clinical trials. Moreover, ATR controls many other
proteins, not only CHK1, as described in the previous
section, suggesting that it is responsible for control-
ling additional cell responses. Nonetheless, CHK1 can
be autophosphorylated and thus activated, independ-
ently of ATR [97].

Activation of CHKI1 and its downstream effectors leads
to an array of coordinated activities that include reduced

new origin firing, delay of cell cycle progression and res-
toration of the stalled replication forks. The phosphoryl-
ation of CHK1 at Ser317 and Ser345 after checkpoint
signaling is regulated by ATR, and thus, phosphorylation
at Ser345 fosters relocalization or retention of the pro-
tein in the nucleus [98]. Translocation of the protein
from the cytoplasm to the nucleus causes the activation
of the G2/M checkpoint and regulates cell cycle progres-
sion [99] by inactivating CDC25 phosphatases (CDC25A
and CDC25C), which would otherwise activate the
CDKSs, responsible for the G2/M transition [100]. Cancer
cells with p53 mutation cannot activate the G1/S check-
point and relies only on the S and G2/M checkpoints,
both controlled by CHK1 [101]. This suggests that pa-
tients with p53-mutated tumors could benefit from the
treatment based on CHKI inhibition [102]. CHKI also
phosphorylates BRCA2 and RAD51 proteins [103].
Therefore, CHK1 inhibition renders the cells to be more
sensitive to DNA damage [93]. As previously mentioned,
CHKI1 may also be autophosphorylated at Ser296 [104];
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thus, once activated, it may restrain replication catastro-
phe in S-phase, even in the presence of an ATRi [97].

Several CHKI1 inhibitors are known, including com-
pounds in research phase I (AZD7762, PF-477736,
GDC-0425 and GDC-0575) or in phase II (LY2603618
and LY2606368) of trials in combination with gemcita-
bine, irinotecan, pemetrexed and cytarabine [105, 106].
V158411 inhibited CHK1 and CHK2 and abolished
DNA damage-induced S- and G2-phase checkpoints.
The in vitro cytotoxicity of gemcitabine, cisplatin, SN38
and camptothecin was potentiated by V158411 in TP53-
deficient, but not in TP53-proficient, human tumor cell
lines [107]. Research has also been conducted on Prexa-
sertib (LY2606368), which is a small ATP-competitive
selective inhibitor of CHK1 and CHK2. Prexasertib
blocks the autophosphorylation of and subsequently ac-
tivates the CHK proteins, which regulate the activity of
phase-M inducer cyclin-dependent kinases and phospha-
tases [108]. Prexasertib is currently in phase 1 and 2
clinical trials and was tested either as a single agent
(NCT02203513, NCT03414047) or in combination with
olaparib in 14 clinically annotated and molecularly char-
acterized luciferized HGSOC patient-derived xenograft
(PDX) models, and in a panel of ovarian cancer cell
lines. The ability of prexasertib to impair HR repair and
replication fork stability was assessed. Thirteen models
were resistant to olaparib monotherapy, including four
carrying a BRCA1 mutation [102]. Another example is
MK-8776 (formerly, SCH900776, a pyrazolopyrimidine
derivative), a highly selective CHK1 inhibitor [79]. MK-
8776 is approximately 500 times more selective for
CHK1 than for CHK2. MK-8776 and LY 2603618 sensi-
tized cells only to gemcitabine [93, 94]. UCN-01, another
CHK1 inhibitor, also exhibits a radiosensitivity effect;
however, MK-8776 demonstrated more pronounced ef-
fects with lower cytotoxicity [80]. Even in the absence of
DNA damage caused by external agents, CHK1/2 inhib-
ition yielded DNA damage and mitotic catastrophe pre-
clinically in tumors with DNA repair dysfunction [109].
Moreover, in cells lacking BRCA1, CHK1 is necessary
for the repair of endogenous DNA damage; therefore, in-
hibition of this protein had an anti-proliferative effect on
the cells [102]. Several potential mechanisms for
sensitization by CHK1 inhibition have been proposed,
including inhibition of repair systems for DSBs, spindle
assembly checkpoint (SAC) activation, promotion of pre-
mature mitosis, and mitotic catastrophe (MC). However,
it remains unclear how CHKI1 inhibition triggers
sensitization in ovarian cancer cells.

Synergy in cell killing based on ATR/CHK1 and
PARP inhibitors

BRCA1/2 proteins play an important role in the pro-
tection of stalled replication forks. This is controlled
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by the ATR/CHKI1 checkpoint kinase pathway. Im-
paired ATM kinase function activates ATR. This sys-
tem of mutual taking of functions in the cell has
been used to fight cancer. By binding to reversed
forks, the BRCA1/2 proteins play a critical role in
protecting the cell from genomic instability. On the
other hand, ATR/CHK1 blockade prevents DNA
damage-induced cell-cycle arrest, resulting in in-
appropriate entry into mitosis, chromosome aberra-
tions, unequal partitioning of the genome, and
apoptosis [93]. The ATR/CHK1 pathway stabilizes
replication forks and prevents their collapse into
DNA double-strand breaks. Thus, inhibition of ATR/
CHK1 is expected to increase reliance on HR to re-
organize the replication fork structure and complete
replication. ATR inhibition is lethal with numerous
cancer-associated changes, including oncogenic stress
(oncogenic RAS mutations, MYC and G1/S-specific
cyclin-E1 (CCNE1) overexpression), deficiencies in
DNA repair (TTP53, BRCA1/2, partner and localizer
of BRCA2 (PALB2) and ATM loss) and other defects
[110]. Several studies have shown that some tumors
are even more sensitive to combinations of ATR in-
hibitors with inhibitors of other repair proteins such
as PARP and CHKI1. Inhibiting these proteins alone
may be insufficient to cause cell death, so it may be
necessary to apply PARPi and cell cycle checkpoint
inhibitors as combination therapies [57].

Clinical trials are currently underway using the com-
bination of AZD6738 and olaparib in recurrent ovarian
cancer (NCT03462342) and in gynaecological cancers
with ARId1A loss or no loss (NCT04065269). An exten-
sive signal-searching study is being conducted. HR-
deficient patients with/without additional mutations in
ATM, CHK-2, MRN (MRE11/NBS1/RAD50), CDKN2A/
B and APOBEC will be treated with olaparib or olaparib
and AZD6738 (NCT02576444). Moreover, patients with
advanced solid tumors and ovarian cancer will be treated
with BAY1895344 in combination with niraparib
(NCT04267939). The investigators are combining
LY2606368 (CHK1i) with olaparib (NCT03057145) in
patients with solid tumors. Moreover, NU6027 (CHK1i)
in combination with a PARP inhibitor was shown to at-
tenuate G2/M arrest and was synthetically lethal in the
MCEF7 cell line [87].

New platforms for optimizing ovarian cancer
therapy under replication stress

New models for preclinical ovarian cancer have been
sought for a long time. The resolve to achieve this was
strengthened with the decision by the National Cancer
Institute (NCI) to retire the NCI-60, a panel of 60 hu-
man cancer cell lines grown in culture, from its drug
screening programme [111]. Cell lines and cell-line-
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derived xenografts (CDXs) are still the most commonly
used basic research models in ovarian cancer. Recently,
scientific interest has increasingly focused on the cancer
microenvironment. Given this, preclinical modelling of
individual cancers should be included in the framework
of personalized medicine. Currently, attention is focused
on promising new research models including patient-
derived xenografts (PDX) and organoids.

PDX maintain the characteristics of the patient’s ori-
ginal tumor, including histology, mutational status and
gene expression, through multiple passages in mice.
PDX also exhibit a similar response to standard chemo-
therapy to that demonstrated in the patient. They are a
copy of the xenograft model in which fresh tumor tissue
is obtained directly from patients and implanted into an
immunodeficient mice lacking a human immune system
[57]. Different types of mice (e.g. NCG, NOD-
Prkdc®™26C452  12rg®™26C22)Gp t; NSG, NOD-SCID
IL2Ry ") have been used in PDX models of ovarian can-
cer. Olaparib, MK8776 or AZD6738 were used to treat
ovarian tumors with BRCA2™* obtained with PDX
[112]. Moreover, PDX has been applied to study the ola-
parib response predicted on the basis of HR gene ana-
lysis. The homogenate was injected subcutaneously into
the lower dorsal flank or axilla of the NCG mice and
DDR mutation analysis of PDX cases was carried out
[113]. A PDX model (NSG mice) was also derived from
BRCA-mutant HGSOCs exhibiting solid, pseudoendo-
metrioid and transitional cell carcinomas. It exhibited
higher levels of phosphorylated CHK1 than BRCA-intact
HGSOC. Using PET imaging, studies have shown that
PARP inhibitor treatment results in tumor suppression
but not complete tumor regression, similar to the re-
sponse observed in clinical settings [57]. The response of
12 HGSOCs (PDX; NSG mice) to the PARPi rucaparib
was measured, with dose-dependent responses observed
in chemo-naive BRCA1/2-mutated PDX and no re-
sponses in PDX lacking DNA repair pathway defects.
Among BRCA1-methylated PDX, silencing of all BRCA1
copies predicted the rucaparib response, whereas hetero-
zygous methylation was correlated with resistance
(ARIEL2 part 1 trial) [114].

Until now, PDX models could only be established in
immunocompromised mouse strains. Currently, to as-
sess immunotherapy, research is being carried out on
PDX to which autologous transfer of patient-specific
tumor infiltrating lymphocytes (TILs) has been per-
formed [115].

Another approach in personalized medicine involves
organoid cultures of patient-derived tumors. These are
three-dimensional (3D) constructs that represent an excel-
lent preclinical model for human tumors that has cancer
homology and has been gradually applied to gene analysis,
drug screening and other types of research; they facilitate
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the translation from basic cancer research to clinical prac-
tice [116]. Researchers have also begun to apply organoids
in studies of ovarian cancer. Several teams have confirmed
that patient-derived organoids closely resemble the ori-
ginal gynecologic tumors, and thereby may serve as a
promising resource for preclinical studies [117, 118]. Hans
Clevers’ team collected 56 organoids from 32 patients,
representing all the main subtypes of OC, and confirmed
that homologous recombinant (HR) defective cells are
sensitive to PARP inhibitors, which are also present in the
ovarian cancer organoid [117]. Another team developed a
HGSOC organoid and used it for functional analysis of
DNA repair and prediction of patients’ clinical response
to DNA repair inhibitors [118]. By studying the HR and
cross-protection defects of 33 HGS-like organoids in 22
patients, it was confirmed that the functional defects of
HR in the organoid are related to the sensitivity of PARP
inhibitors regardless of the mutation status of DNA repair
genes. In addition, the functional defects in cross-
protection of replication are related to the sensitivity to
carboplatin, CHK1, and ATR inhibitors. These findings in-
dicate that genome analysis and organ-like function test-
ing can identify targeted DNA damage and repair defects.
The OC organoid can be used for DNA repair analysis
and therapeutic sensitivity testing, which can immediately
evaluate target defects in maternal tumors and provide ap-
propriate treatment options [118].

Western blot analysis of 33 organoid cultures showed
that prexasertib increases DNA damage, indicated by in-
creased expression of YH2AX, and increased replication
stress, as indicated by increased phosphorylated RPA
(pRPA). Prexasertib activates the ATR pathway in both
fork-unstable and fork-stable lines, as shown by the in-
creased phosphorylation of the ATR targets KAP1
(pKAP1) and CHK1 (pCHK1) [119]. The elevated pCHK1
level is a pharmacodynamic marker of CHK1 inhibition by
prexasertib. Prexasertib stimulates a tumor in terms of
sensitivity to other DNA repair agents, blocking the ATR/
CHK1 pathway, thereby increasing replication stress
[120]. In addition, other factors that increase replication
stress may interact with prexasertib and promote fork in-
stability and cancer cell death. For example, regardless of
the genetic status, a stalled fork protection defect was
present in 61% of the organoid lines tested, and this defect
was associated with carboplatin, prexasertib, and VE-822
sensitivity. In contrast, only 6% of organoid lines tested
had a functional HR defect and PARPi sensitivity. Overall,
this suggests that stalled fork protection defects are more
common than HR defects and have a larger array of spe-
cific therapies [118].

Conclusions
The first generation of ATR and CHK1 inhibitors has
been shown to sensitize ovarian tumors to DNA-



Gralewska et al. Journal of Hematology & Oncology (2020) 13:39

damaging agents that primarily induce replicative stress
as their mechanism of action. The analysis of BRCA mu-
tational status is still the first step in designing individu-
alized strategies for the management of patients with
ovarian cancer. Inhibition of ATR or CHK1 as a mono-
therapy or in combination with DNA-damaging chemo-
therapy drugs or PARP inhibitors is being tested in
early-phase clinical trials in gynaecological cancers. ATR
inhibitors, such as M6620 and AZD6738, give a very
good prognosis. Phase 2 combination trials are ongoing.
In turn, two of the best studied CHK1 inhibitors are
MK-8776 and prexasertib. Preclinical observations indi-
cate that the synthetic lethality of ATR or CHK1 inhibi-
tors in ATM-deficient cancers may be a new
opportunity for effective ovarian cancer therapy.

We also need to understand the long-term tolerability
of the various PARP inhibitors and the mechanisms
leading to the development of multidrug resistance.
Moreover, mutations and damage in ATM or p53 genes
are therapeutic opportunities for inhibitors involved in
replication stress. Despite learning about a dozen or so
genes that lead to synthetic lethality with PARP, new
ones are still being sought. The development of new
in vivo model systems such as PDX and organoids will
facilitate the optimization of ovarian cancer therapy.
Clustered regularly interspaced short palindromic re-
peats (CRISPR)-directed Cas9-mediated endonuclease
activity disrupts specific genetic sequences in the gen-
ome and is a new tool for finding therapeutic goals. In
this way, the sequence of C120fr5 was identified, which
is a gene that encodes a metabolic regulator, TP53-
induced glycolysis and apoptosis regulator (TIGAR).
Downregulation of TIGAR results in enhanced cytotoxic
effects of olaparib [121]. Only further deepening of the
knowledge about genes involved in DNA repair and
blocking all restoration options in the pathway can lead
to definitive ovarian cancer cell death.
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Abstract: Poly (ADP-ribose) polymerase inhibitor (PARPi, olaparib) impairs the repair of DNA
single-strand breaks (SSBs), resulting in double-strand breaks (DSBs) that cannot be repaired
efficiently in homologous recombination repair (HRR)-deficient cancers such as BRCA1/2-mutant
cancers, leading to synthetic lethality. Despite the efficacy of olaparib in the treatment of BRCA1/2
deficient tumors, PARP] resistance is common. We hypothesized that the combination of olaparib
with anticancer agents that disrupt HRR by targeting ataxia telangiectasia and Rad3-related protein
(ATR) or checkpoint kinase 1 (CHK1) may be an effective strategy to reverse ovarian cancer resistance
to olaparib. Here, we evaluated the effect of olaparib, the ATR inhibitor AZD6738, and the CHK1
inhibitor MK8776 alone and in combination on cell survival, colony formation, replication stress
response (RSR) protein expression, DNA damage, and apoptotic changes in BRCA2 mutated (PEO-1)
and HRR-proficient BRCA wild-type (SKOV-3 and OV-90) cells. Combined treatment caused the
accumulation of DNA DSBs. PARP expression was associated with sensitivity to olaparib or inhibitors
of RSR. Synergistic effects were weaker when olaparib was combined with CHK1i and occurred
regardless of the BRCA2 status of tumor cells. Because PARPi increases the reliance on ATR/CHK1
for genome stability, the combination of PARPi with ATR inhibition suppressed ovarian cancer cell
growth independently of the efficacy of HRR. The present results were obtained at sub-lethal doses,
suggesting the potential of these inhibitors as monotherapy as well as in combination with olaparib.

Keywords: ATR inhibitor; CHK1 inhibitor; ovarian cancer; PARP inhibitor; targeted therapy

1. Introduction

Ovarian cancer is the most common cause of death among gynecological cancers, which is partly
attributed to the fact that epithelial ovarian cancer (EOC) is often diagnosed at an advanced stage.
The risk of ovarian cancer is associated with DNA damage [1]. Most type II ovarian carcinomas (96%)
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have TP53 mutation [2,3] and approximately 50% of germline high-grade serous ovarian cancers
(HGSOC:s) carry an alteration in homologous recombination (HR) pathway genes, most commonly
in breast cancer (BRCA) gene 1/2 [4]. Moreover, DNA damage repair genes are mutated in 40.3% of
patients with HGSOC, and the rate of somatic BRCA mutations in the absence of germline mutation is
8.5% [5]. Therefore, targeting DNA repair-associated proteins is increasingly becoming an applicable
approach to cancer treatment. Single-strand breaks (SSBs) can be accurately repaired using the
other strand as a template, and this process involves the poly (ADP-ribose) polymerase (PARP)
enzyme [6]. DNA double-strand breaks (DSBs) are repaired through two pathways: the HR pathway
and non-homologous end joining, although other mechanisms also exist [7]. BRCA1 and BRCA2 are
involved in the DNA damage response; they are important members of the network of interacting
DNA repair pathways responsible for the maintenance of genome stability. Both proteins are related to
the error-free repair of DSBs by HR [8]. BRCA1 signals DNA damage and ensures cell cycle regulation,
whereas BRCA?2 interacts with RAD51 and facilitates the loading and formation of RAD51 filaments
on the damaged DNA strand [9]. HR-deficient cancer cells with mutations in BRCA1 or BRCA?2 are
associated with DSB repair via error-prone repair pathways, the accumulation of mutations, and cell
death [10]. PARP inhibitors (PARPi) impair SSB repair, thereby causing DSBs that cannot be repaired
efficiently in BRCA1/2-mutant cancers, leading to synthetic lethality [11]. The first FDA-approved
PARPi was olaparib (Lynparza). In 2014, olaparib gained European Medicines Agency approval for
the treatment of advanced EOC in patients with germline BRCAMUYT who did not respond to at least
three lines of chemotherapy [12]. Olaparib is currently the only FDA-approved PARP; for first-line
maintenance therapy in BRCAMUT patients [13]. Despite the efficacy of olaparib in the treatment of
BRCA1/2 deficient tumors, the development of resistance to PARPi is common. It is known that PARP1
is altered in 1.12% of high-grade ovarian serous adenocarcinoma patients and in 1.05% of ovarian
carcinoma patients [14]. Mutations of the PARP1 DNA-binding zinc-finger (ZnF) domains cause PARPi
resistance and can alter PARP1 trapping [15]. Although olaparib treatment increases the survival
rate of patients with stage IV disease, the 5-year survival rate of patients with advanced stage cancer
remains below 30% [16].

ATR/CHKT1 blockade prevents DNA damage-induced cell cycle arrest, resulting in inappropriate
entry into mitosis, chromosome aberrations, unequal partitioning of the genome, and cell apoptosis [17].
The ATR/CHK1 pathway stabilizes replication forks and prevents their collapse into DNA DBSs.
Phosphorylation of ATR at Thr1989 occurs in response to DNA damage and is important for the
activation of the ATR/CHKI1 pathway. Replication protein A (RPA), ATR-interacting protein (ATRIP),
and ATR kinase are involved in Thr1989 phosphorylation [18]. Replication blocks and genotoxic
stress induce CHK1 phosphorylation at Ser317 and Ser345. Combination treatment with olaparib
and anticancer agents that disrupt HR repair such as ATR inhibitors (ATRi) or CHK1 inhibitors
(CHK1i) may therefore represent an effective strategy to sensitize ovarian cancer cells to olaparib.
Thus, the inhibition of ATR/CHKI1 is expected to increase reliance on HR to reorganize the replication
fork structure and complete the replication. ATR is a key regulator of DNA replication stress response
(RSR) and DNA damage-activated checkpoints. Together with CHK1, ATR plays a role in M-phase
inducer phosphatase (CDC25) phosphorylation and inactivation [19]. The ATR kinase lies upstream of
its effector protein, CHK1 [20], and phosphorylates numerous factors, including Werner syndrome
ATP-dependent helicase (WRN), SWI/SNF-related matrix-associated actin-dependent regulator of
chromatin subfamily A-like protein 1 (SMARCAL1), and Fanconi anemia complementation group I
(FANCI), which may help preserve replication fork stability and control cell cycle progression [21-23].
Additionally, replication protein A (RPA), DNA replication licensing factor (MCM2), and p53 are
the direct substrates of ATR [24]. Thus, ATR is essential for cell survival, as it has a crucial role in
stabilizing genomic integrity [25].

ATR inhibition is lethal in numerous ovarian cancer cell lines associated with changes in TP53
(OV-90) or BRCA1/2 (PEO-1, BRCA2MUT) [26,27]. Oncogene expression (oncogenic RAS protein
mutations and MYC proto-oncogene protein and G1/S-specific cyclin-E1 overexpression) and other
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defects such as deficiencies in DNA repair (PALB2 and the ataxia telangiectasia mutated (ATM) loss)
can cause DNA replication stress and increased reliance on the ATR [28]. The activation of CHK1 and
its downstream effectors leads to coordinated activities, including reduced new origin firing, delay of
cell cycle progression, and restoration of the stalled replication forks [29]. CHK1 is an important
molecular target for sensitizing cancer cells to DNA-damaging agents. In response to DNA damage,
CHK1 inhibits the Cdc25 phosphatase, resulting in cyclin-dependent kinase (Cdk) inhibition and cell
cycle arrest in the G2 phase mainly in p53 mutant tumor cells. Therefore, CHK1 inhibition renders
cells more sensitive to DNA damage and programmed cell death [17].

Herein, we showed that PARPi treatment increased ATR and CHK1 phosphorylation, a molecular
step crucial for the activation of the ATR/CHK]1 fork protection pathway. We also investigated the
efficacy of the combination of PARPi with ATRi or CHK1i in BRCAMUT ovarian cancer cells, as well as
in serous ovarian cancers without BRCA1/2 mutation.

2. Results

2.1. PARP Inhibition Is Not Sufficient to Kill Ovarian Cancer Cells, but Acts Synergistically with CHK1 or
ATR Inhibition

The antiproliferative activity of the compounds was assessed using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Olaparib (AZD2281) had a dose-dependent effect
and was more cytotoxic in BRCAMUT cells (PEO-1) than in HR-proficient cells (OV-90 and SKOV-3
cells, BRCAWT), as indicated by the IC50 values (Figure 1A). PARPi did not cause complete cell death
in SKOV-3 cells (48% of viable cells) or in OV-90 cells (60% of viable cells), which was also observed in
BRCAMUT cells (29% of the cells still viable) after 5 days of incubation. We therefore examined the effect
of PARPi on the ATR/CHK-1 pathway. The CHK1i MK8776 was added in increasing concentrations
and was more cytotoxic in HR-proficient cells (OV-90, SKOV-3) than in BRCAMUT cells (PEO-1) after
5 days of treatment. The ATRi AZD6738 caused a dose-dependent decrease in cell viability in all cell
lines, although its effect was stronger in BRCAMYT (PEO-1) than in BRCAWT (OV-90, SKOV-3) cell lines.
The IC50 values for ATRi in SKOV-3, OV-90, and PEO-1 were 3.59, 2.77, and 0.21 uM, respectively
(Figure 1A).
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Figure 1. PARPi in combination with CHKI1i or ATRi decreased viability more effectively than PARPi
monotherapy. (A) Cell viability after treatment with PARPi (AZD2281), CHK1i (MK8776), and ATRi
(AZD6738) in HR-deficient (PEO-1, BRCA2MUT) and HR-proficient (OV-90, SKOV-3, BRCAWT) cells at
increasing concentrations for 5 days was assessed by the MTT assay. (B) Structural formulas of PARPj,
ATRi, CHKIi. (C,D) Colony formation assay. Colony formation was evaluated after treatment with
PARPi at 0.5 uM in SKOV-3, OV-90, and PEO-1 cells. Cells (200 cells/well) were seeded into six-well
plates and incubated with the indicated drug concentrations for 14 days. Colony numbers were counted
manually (* p < 0.05). For each sample, the results from three replicates were averaged. PARPi and
CHK1i decreased viability to 80.17% and 97.28%, respectively, compared with the control SKOV-3
cells; to 78.33% and 3.63%, respectively, in OV-90; and to 75.35% and 0.25%, respectively, in PEO-1
cells. Combination therapy with PARPi and CHK1i decreased colony formation to 68% in SKOV-3,
2.5% in OV-90, and 22.82% in PEO-1 cells. In all cell lines, drugs used in combination had a synergistic
effect compared with single drug administration (SKOV-3, CDI = 0.07; OV-90, CDI = 0.07; PEO-1,
CDI = 0.06). Combined PARPi and ATRi treatment decreased colony formation to <1% compared
with PARPi alone and ATRi alone. In all cell lines, the combination of PARPi/ATRi had a synergistic
effect compared with single compounds (SKOV-3, CDI = 0.004; OV-90, CDI = 0.03; PEO-1, CDI = 0.01).
All data correspond to three biological assays and were graphed as means + SD. (E) The morphology of
SKOV-3, OV-90, and PEO-1 cells treated for 24 h with ATRi, CHK1i, and their combination with olaparib
(0.5 uM concentration of each single drug) was examined under an inverted microscope (Olympus IX70,
Japan) (scale bar = 100 um). The cells were elongated and thin (blue arrows) or enlarged (red arrows).
* Statistically significant changes between samples incubated with the compound compared with
control cells (p < 0.05). + Statistically significant changes between samples incubated with PARPi and
combination treatments (PARPi/ATRi; PARPi/CHK1i) (p < 0.05). # Statistically significant differences
between samples incubated with ATRi or CHKi and their combination (PARPi/ATRi; PARPi/CHK1i)
(p < 0.05).
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The in vitro effect of single drug or combined treatment with PARPi and ATRi or CHK1i on
ovarian cancer cell lines was evaluated by colony formation assay, a reliable test for measuring cell
survival based on the ability of a cell to grow into a colony. Treatment with 0.5 pM PARPi decreased the
colony-forming ability to a greater extent in BRCAMUT cells than in HR-proficient cells (Figure 1B,C).
ATRi completely suppressed colony formation in HGSOCs (PEO-1 and OV-90) and significantly
decreased colony numbers in SKOV-3 cells (up to 28%) (Figure 2B,C). An extended incubation period
of 14 days with the tested compounds showed that cell lines with mutated BRCA2 (PEO-1) and those
with mutated p53 (OV-90) were CHK1i-sensitive. Combined therapy with PARPi and CHKI1i decreased
colony formation to 74.55% in SKOV-3 (coefficient of drug interaction (CDI) = 0.79), to 46.06% in
OV-90 (CDI = 0.67), and to 45.41% in PEO-1 cells (CDI = 0.74). Combined PARPi and ATRi treatment
decreased cell viability to 66.22% in SKOV-3, 56.29% in OV-90, and 11.06% in PEO-1 cells compared
with the effect of PARPi alone and ATRi alone (p < 0.05) (Figure 2B).
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Figure 2. PARPi in combination with CHK1i or ATRi has a synergistic effect in ovarian cancer cells.
(A) The effect of combination treatment with ATRi or CHK1i and PARPi at different ratios was evaluated
by the MTT assay. In all cell lines, the combination of ATRi/PARPi had a synergistic effect compared with
either drug alone (SKOV-3, CDI = 0.69; OV-90, CDI = 0.82; and PEO-1, CDI = 0.34). Similar effects were
obtained with the combination of CHK1i/PARPi compared with either drug alone (SKOV-3, CDI = 0.79;
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OV-90, CDI = 0.66; and PEO-1, CDI = 0.74). (B) The combination effect of PARPi/ATRi and PARPi/CHK1i
at 0.5 uM was evaluated by the MTT assay. * Statistically significant differences between samples
incubated with the compound compared with control cells (p < 0.05). + Statistically significant changes
between samples incubated with PARPi and combination treatment (PARPi/ATRi; PARPi/CHK1i)
(p < 0.05). # Statistically significant differences between the samples incubated with ATRi or CHKi
and combination treatment (PARPi/ATRi; PARPi/CHK1i) (p < 0.05). (C) BRCA2MUT (PEO-1) and
HR-proficient (SKOV-3 and OV-90) cells were treated with PARPi, ATRi, CHK1i, and the combination
of PARPi/ATRi or PARPi/CHK1i at 0.5 uM, and lysates were collected at 24 h. Western blot analysis of
phosphorylated and total proteins was performed. PARP increased with PARPi by 4.9-fold in PEO-1
cells, 2.52-fold in OV-90 cells, and 2.3-fold in SKOV-3 cells. PARPi with ATRi decreased PARP by
1.43-fold in PEO-1 cells, 1.3-fold in OV-90 cells, and 1.1-fold in SKOV-3 cells. PARPi with CHK1i
decreased PARP by 1.7-fold in PEO-1 cells, 1.6-fold in OV-90 cells, and 1.1-fold in SKOV-3 cells.
ATRi treatment decreased pATR 1.4-fold in PEO-1 cells, 1.34-fold in OV-90 cells, and 2.36-fold in SKOV-3
cells. PARPi increased pATR, whereas the combination of PARPi/ATRi decreased pATR by 2-fold in
PEO-1 and OV-90 cells and 1.8-fold in SKOV-3 cells. With CHK1i, pCHK]1 increased by 1.36-fold in
PEO-1 cells, 1.34-fold in OV-90 cells, and 1.17-fold in SKOV-3 cells. PARPi with ATRi decreased pCHK1
by 1.8-fold in PEO-1 cells and 1.18-fold in SKOV-3 cells compared with PARPi alone. PARPi with
CHK1i decreased pCHK1 by 2.95-fold in PEO-1 cells, 1.5-fold in OV-90 cells, and 1.25-fold in SKOV-3
cells compared with PARPi alone.

Among ovarian cancer cells treated with PARPi, ATRi, or CHK1i for 24 h (Figure 1D), a small
percentage of cells exhibited morphological changes such as elongation and thinning. Exposure of
HR-deficient and HR-proficient cells to the combined action of PARPi/ATRi or PARPi/CHKIi significantly
increased the number of deteriorated, elongated cells. PARPi/ATRi- and PARPi/CHK1i-treated cells
showed an increase in volume, which is characteristic of a defective cell division arrest [30]. In addition,
exposure to combinations of compounds led to cell disintegration and detachment of cells from the culture
well surface.

To determine the most effective ratio of PARPi to ATRi or CHK1i, the effect of multiple-dose
combinations was examined as displayed in Figure 2A,B. The 1:1 (0.5 uM: 0.5 pM) combination was
the most effective among those tested. Subtoxic concentrations of PARPi had a smaller effect on cell
viability in SKOV-3 and OV-90 cells than in PEO-1 cells (71.15 % of control). CHK1i caused a significant
loss of viability (68%) in OV-90 cells and resulted in 86% of viable PEO-1 cells.

The effect of PARP inhibition on activating the ATR/CHK1 pathway was demonstrated by Western
blotting as shown in Figure 2C. PARPi treatment at 0.5 pM upregulated phospho-ATR (pATR) and
phospho-CHK1 (pCHK1) in both BRCAMUT (PEO-1) and HR-proficient cells (OV-90) within 24 h,
although it was more effective in BRCAMUT cells, suggesting the activation of ATR/CHKI1 for survival.
PARPi did not significantly affect the level of pATR and pCHK1 in the SKOV-3 line (HR-proficient cells),
whereas it caused a 2.36-fold increase of pATR in PEO-1 and 1.3-fold increase in OV-90. In PEO-1 and
OV-90 cells, pCHK1 increased 1.5- and 1.21-fold, respectively, compared with the controls after 24 h
(Figure 2C). In all cell lines, PARPi in combination with ATRi or CHK1i decreased the PARPi-induced
upregulation of pATR and pCHK1. CHKIi treatment upregulated pCHK1 in PEO-1 and OV-90 cells.

Despite the dose-dependent cytotoxic effects of olaparib on all ovarian cancer cell lines tested,
its activity was not sufficient to significantly reduce cancer cell populations at the concentration range
used. Combination treatment with two compounds, PARPi and CHK1i, had a significantly greater
cytotoxic effect, decreasing colony formation ability to a greater extent than either drug alone in
BRCA2MUYT cells compared with BRCAWT. ATRi in combination with PARPi was equally cytotoxic in
both BRCA2-deficient and wild-type cells. The PARPi/ATRi combination demonstrated synergy in all
the tested cell lines, whereas the PARPi/CHK1i combination showed synergism only in BRCAMUT cells.
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2.2. PARPi in Combination with CHK1i or ATRi Increases DNA Damage in BRCAMUT and BRCAWT
Owarian Cells

We hypothesized that treatment with the ATRi/CHK1i and PARPi combination may result in
DNA damage. Alkali-labile sites, SSBs, and DSBs were analyzed by the comet assay, and the data
are presented in Figure 3. The alkaline comet assay was performed after exposure to 0.5 uM of each
drug for 2, 24, and 48 h. DNA damage in comet tails was detected as early as 2 h after treatment.
The results of the comet assay showed that PARPi, ATRi, or CHK1i alone induced DNA damage in a
time-dependent manner. The level of DNA damage was associated with cytotoxicity, measured by
the MTT assay. DNA damage increased after PARPi treatment in BRCAMUT and HR-proficient lines,
and it increased markedly in HR-deficient cells (by approximately 1.8-fold). After 48 h of treatment,
the level of DNA damage differed among the cell lines in response to ATRi (SKOV-3: 0.5%, OV-90: 33%,
and PEO-1: 54.4%) or CHK1i (SKOV-3: 21%, OV-90: 30%, and PEO-1: 51%). Combination treatment
with PARPi and ATRi increased the level of DNA damage in all cell lines after 24 h of incubation
and the effect was not dependent on HR proficiency. Treatment with the combination of PARPi and
ATRi caused a steady increase in DNA damage in comet tails that reached 38.9% in SKOV-3 cells,
48.2% in OV-90 cells, and 70.13% in PEO-1 cells after 48 h. In the OV-90 and PEO-1 cell lines, the effect
of combination treatment on the level of DNA damage differed from that of PARPi alone by >15%.
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Figure 3. CHK1i and ATRi have a synergistic effect with PARPi on inducing DNA damage. The level
of DNA damage in EOC cell lines treated with PARPi, ATRi, and CHK1i alone and in combination,
measured as a percentage of the DNA in the comet tail. (A) The alkaline version, (B) the neutral version
of the comet assay. Samples were treated for 2, 24, and 48 h. Error bars denote SD, * indicates statistically
significant differences between the samples incubated with the drugs compared with control cells
(p < 0.05). + Statistically significant differences between samples incubated with PARPi and combination
treatment (PARPi/ATRi; PARPi/CHK1i) (p < 0.05). # Statistically significant differences between the
samples incubated with ATRi or CHKi and combination treatment (PARPi/ATRi; PARPi/CHKIi)
(p < 0.05). Statistical analysis was performed using the ANOVA test with the Tukey’s post-hoc test for
multiple comparisons.
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We also tested the level of DNA damage using the neutral comet assay, which directly measures
DNA DBSs. PARPi/ATRi and PARPi/CHKIi significantly increased DNA damage compared with each
drug alone in a time-dependent manner (Figure 3B). Taken together, these results are consistent with
the synergy observed in the antiproliferative studies. The representative images of comets are shown
in Supplementary Figure S1.

2.3. Combined Treatment Induces Higher Levels of Apoptosis than Monotherapy in EOC Cells

We showed that PARPi combined with ATRi and CHK1i increased DNA damage in EOC cell
lines to a greater extent than PARPi, ATRi, and CHK1i alone. Because DNA damage induces apoptosis,
we investigated the effect of the compounds on the caspase 3/7 ratio, a marker of apoptosis. The results are
presented in Figure 4. Changes in the level of caspase 3/7 were time-dependent. Combination treatment
induced apoptosis even in HR-proficient cells (SKOV-3 and OV-90 cells). PARPi, ATRi, or CHK1i alone
at sub-lethal doses increased apoptosis only slightly. In all cell lines, the most significant changes in
caspase activation were observed after 48 h of treatment. The PEO-1 cell line showed the highest levels of
caspase 3/7 and was also the most sensitive cell line. After 48 h of treatment, ATRi combined with PARPi
caused the highest increase in caspase 3/7 activity in all cell lines. For the CHK1i and PARPi combination,
prolonged treatment time also caused a significant increase in caspase 3/7 activity. These results indicate
that the major mechanism by which olaparib and ATRi/CHKi induced death of EOC cells may be apoptosis
since we observed significant elevation of the caspase 3/7 activity. However, further studies are required
to finally determine which processes are responsible for cell death.
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Figure 4. ATRi/CHK1i combined with PARPi increases apoptosis. Caspase 3/7 expression was used as an
indicator of apoptosis in EOC cell lines exposed to 0.5 umol/L PARPi, 0.5 umol/L CHK1i, and 0.5 umol/L
ATRI for 24 and 48 h. Untreated cells were used as controls and considered 100%. In SKOV-3 cells,
apoptosis was increased by both ATRi in combination with PARPi (30%) and CHK1 combination with
PARPi (22%) after 48 h of treatment. In OV-90 (p53MUT) cells, apoptosis was increased after 24 and 48 h of
incubation with ATRi in combination with PARPi (16% and 17%, respectively) and CHK1 in combination
with PARPi (13% and 9% respectively). In PEO-1 (BRCA2MUT) cells, apoptosis was increased by ATRi
in combination with PARPi (35%) and CHK1 in combination with PARPi (24%) after 48 h of treatment.
Error bars denote standard deviation, * indicates statistically significant differences between the samples
incubated with the drugs compared with control cells (p < 0.05). + Statistically significant differences
between the samples incubated with PARPi and combination treatment (PARPi/ATRi; PARPi/CHK1i)
(p < 0.05). # Statistically significant differences between samples incubated with ATRi or CHKi and
combination treatment (PARPi/ATRi; PARPi/CHK1i). Statistical analysis was performed using the
ANOVA test with the Tukey’s post-hoc test for multiple comparisons.

3. Discussion

First-line chemotherapy for ovarian cancer, which is usually based on a platinum drug, has little
impact on the overall survival of patients. Combination treatment with carboplatin and a taxane
leads to a better overall clinical response than anthracyclines in patients with ovarian cancer [31,32].
However, the slight improvement in survival is associated with a significant increase in adverse effects,
underscoring the need to identify and design novel therapeutic strategies.

The discovery of drugs that induce replication stress has emerged as a new research area to
identify therapies against resistant tumors or tumors with poor prognosis. Olaparib, which is the
most extensively studied PARPI, constitutes a significant step forward in ovarian cancer treatment.
Phase 1II clinical trials revealed that it increases efficacy of the standard treatment when combined
with carboplatin and paclitaxel. Progression-free survival was approximately 3 months longer in the
olaparib with additional chemotherapy group than in the monotherapy group. Two additional PARP
inhibitors have been approved by the FDA: rucaparib (Rubraca) and niraparib (Zejula), which are a
promising class of agents for targeted EOC therapy [33]. The SOLO-1 Phase III trial demonstrated
that olaparib therapy reduces the risk of disease progression or death by 70% in patients with newly
diagnosed advanced BRCA-mutated ovarian cancer [13]. As a result, olaparib was approved as first-line
maintenance therapy for BRCAMUT advanced ovarian cancer. However, a small percentage (~15%)
of EOC cases are BRCA-mutated. Most patients with high-grade serous EOC exhibit a phenotype
of defective HR without BRCA mutations known as BRCAness [33]. One approach to overcome
the limitations of olaparib is the use of cediranib, a vascular endothelial growth factor inhibitor.
Cediranib suppresses pro-survival and anti-apoptotic signaling, thereby enhancing the efficacy of
olaparib against BRCAWT EOC cells [34]. Despite the contribution of olaparib to modern ovarian cancer
therapy, the response rate in women is not satisfactory [35]. Identifying novel and effective treatments
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is extremely important. Therefore, the purpose of this study was to show that the efficacy of PARP
inhibition can be increased by targeting critical cell cycle checkpoints, which may cause a significant
reduction in the survival of EOC lines. Because the ATR/CHK1 pathway stabilizes replication forks and
prevents DSBs [36], inhibition of ATR/CHKI1 is expected to increase dependence on HR to complete
replication. The combination of olaparib with anticancer agents that disrupt HR repair, namely, ATRi or
CHKT1i, represents a novel strategy to effectively sensitize ovarian cancer cells to olaparib.

We started our research by establishing cytotoxicity of drugs in a wide range of concentrations
(0.1-30 uM) after 120 h of continuous incubation in order to make preliminary findings on their
potential efficacy in cancer therapy. We showed that PARPi, ATRi, and CHK1i are cytotoxic in all the
investigated ovarian cancer cell lines (SKOV-3, resistant, among others, to doxorubicin and cisplatin,
grade 1/2, serous type (S); OV-90, human ovarian papillary serous adenocarcinoma, grade 3, high-grade
serous (HGS); PEO-1, (BRCA2MUT; ¢ C4965G) grade 3). The results obtained by George et al. [37] are
similar to our observations. They demonstrated that olaparib at 1 uM was significantly more cytotoxic
to BRCAMUT cell lines (PEO-1, JHOS4) than to the BRCAREY (BRCA reverse) platinum-resistant PEO-4
cell line. Similar to PARPi, CHK1i was significantly more cytotoxic in BRCA2MUT cells than in BRCAWT
ovarian cancer cells. On the other hand, ATRi (AZD6738) was cytotoxic to both BRCAMUT 31nd BRCAWT
cells [37]. In another study, it was shown that olaparib, after 5 days of treatment in the 0.1-1 uM range
of concentration, was more cytotoxic in BRCAMUT cells (PEO-1, JHOS4) compared with HR-proficient
cells (PEO4REV, WO-20 ATR/CHK1 primary tumor cultures, BRCAWT). The authors also demonstrated
that CHK1i (0.1-10 pM) was more effective in BRCAMUT cells than in BRCAWT cells as compared to
ATRi (0.1-5 uM), which was equally active in all the tested cell lines [38].

We showed that ATRi and CHKI1i increased the effect of olaparib in all the investigated ovarian
cancer cell lines. To confirm the toxicity of the tested compounds and their combination, we performed
a long-term survival assay (colony formation assay). The results were particularly significant in
HR-deficient PEO-1 cells, in which combination therapy with ATRi decreased cell viability most
effectively compared with olaparib alone. In HR-proficient lines (OV-90, SKOV-3), both combinations
of inhibitors were also highly effective. Our results are in accordance with the study by Kim et al. [38]
who revealed that the colony-forming ability after treatment with ATRi in combination with PARPi
had been decreased. This observation confirmed a significantly higher cytotoxicity of the combination
of ATRi and PARPi than the cytotoxicity of either drug alone in both BRCA2-deficient and wild-type
cells [38]. The same group of authors extended cytotoxicity determination with multiple cell lines.
Using Kuramochi (BRCA2MUT), FUOV1 (CCNE1-amplified; CCNE1AMP, Cyclin E gene amplification),
OVKATE (BRCAWT and CCNE1 copy normal), COV318 (CCNE14MP), and OVCAR3 (CCNE1AMP),
they reported findings similar to their previous study [39]. Moreover, ATR/CHK1 and DNA repair
pathways were confirmed to be significantly altered in PARPi-resistant cells (PEO1-PR). ATRi alone
was insufficient to overcome PARP] resistance in comparison to ATRi combined with PARPi [39].
Another study showed that the combination of PARPi with ATRi or CHKIi is as cytotoxic as the standard
chemotherapy (carboplatin/paclitaxel) in BRCAMUT cells (PEO-1, JHOS4) [37]. The combination of olaparib
with both ATRi and CHK1i drastically decreases the viability of UWB-BRCAIMUT ovarian cancer cells
and UWB1-resistant cells compared with single agent administration [40]. Moreover, olaparib acts
synergistically with ATRi (AZD6738) in ATM deficient cancer cells [41]. Combined treatment with ATRi
and PARPi caused 84% cell death of ATM deficient cancer cells in contrast to only 37% growth inhibition
in ATM-proficient wild-type cells [42]. The ATRi VE-821 sensitizes OVCAR-8, SKOV-3, and PEO-1 ovarian
cancer cells to common chemotherapeutics, such as cisplatin, topotecan, and veliparib [26]. Furthermore,
prexasertib (CHKI1i) and olaparib monotherapy decrease cell viability in a dose-dependent manner in
both BRCAWT and BRCAMUT ovarian cancer cells (OVCAR-3, OV-90, PEO-1, and PEO-4). Synergism was
assessed at the lowest doses of prexasertib/olaparib (5 nM/5 uM) [43].

PARP1 coordinates and increases the speed of DNA repair, probably by detecting DNA lesions.
The enzyme is essential not only for SSB repair binding, but also for DSBs, and is involved in the
restart of stalled forks after release from replication blocks [44]. Small molecule inhibitors of PARP
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inhibit PARP activity, thereby preventing the dissociation of PARP from DNA damage sites on
chromatin [45]. We detected a significant increase in PARP1 expression in all cell lines after exposure
to olaparib. The combined action of the inhibitors led to a decrease in PARP expression in all cell
lines. Osoegawa et al. showed that the basal level of PARP activity is positively correlated with PARP
abundance in solid tumor cells [46], which is consistent with results of the present study. Other studies
showed that PARP expression increases after exposure to 1.5 uM olaparib for 24 or 48 h. Studies on
cervical cancer found a direct correlation between the abundance of PARP, its activity, and sensitivity
to olaparib treatment. Cell lines with higher PARP expression are more sensitive to olaparib [47].

This study confirmed the link between PARP expression and the sensitivity to PARPi or inhibitors
of replication stress proteins. DSBs and SSBs may result from the inactivation of tumor suppressor
genes, activation of oncogenes, and alterations in the structure of mutator genes [48]. Aberrant products
of ATR/CHK1 pathway genes may contribute to the induction, promotion, and progression of cancer
transformation. DNA repair is the main cellular response to DNA damage. If cellular repair systems
are ineffective against DNA damage, the repair time may be prolonged to allow for checkpoint
activation [49]. PARPi increases ATR/CHKI1 signaling and causes replication fork collapse into DSBs
through different mechanisms. Thus, the combination of ATRi or CHK1i with PARPi would be
more effective to diminish cancer cell survival. In the present study, we assessed the overall level
of DNA damage, including SSBs and DSBs, using the alkaline and neutral variants of the comet
assay. The results showed that ATRi and CHK1i had a marked effect on DNA strand breaks, inducing
damage in all cell lines. Recently, the presence of DSBs was monitored by measuring the DSB marker
YH2AX in BRCA2MYT cells. The level of YH2AX increases in BRCA2MYT cells relative to wild-type
cells in the S-phase. The study suggests that fork destabilization or defects during the S-phase might
be a source of DNA damage and leads to elevated sensitivity to combined action of PARPi and
ATRIi [38]. Prexasertib (CHKI1i) predisposes cells to DSBs and allows cells to die [50]. ATR and CHK1
are pro-survival proteins playing a critical role in maintaining genome integrity against DNA damage.
Synthetic lethality is a cellular phenomenon, indicating that simultaneous inactivation of two or more
genes, which are nonlethal when inactivated alone, become lethal when inactivated together. Moreover,
it is a consequence of the tendency to maintain genome stability despite various alterations occurring
in the cell. Although BRCAMUT tumors are selectively sensitive to PARPi [51], even a small number of
persistent DSBs may be dangerous for the cancer cell. Simultaneous administration of ATRi/CHK1i and
PARPi induced a higher level of DSBs than both compounds administered as single agents. Previously,
it was described that PARPi/ATRi treatment exerts its dominant effects on replication by slowing fork
progression and increasing fork asymmetry that leads to DSBs [39].

The highest level of DNA damage occurred in the BRCAMUT cell line (PEO-1), although DNA
damage was also observed in HR-proficient lines, such as SKOV-3 and OV-90 (HGSOCs) cells with
pS3MUT. The synergistic effect observed in our study was the result of high accumulation of DSBs after
combination treatment with ATRi or CHK1i and olaparib in HR-deficient and HR-proficient cell lines.
The increased genotoxic effect of the combined action of inhibitors may be related to a mutation in the
p53 gene in the OV-90 line. The tumor suppressor p53 plays a crucial role in the DNA damage response.
Mutation or loss of p53 occurs in approximately 50% of cancers [52]. However, whether p53 is a useful
biomarker of the effect of RSR inhibitor treatment remains unclear. In this study, the OV-90 line was
more sensitive to inhibitor treatment than the SKOV-3 line. Previous studies showed that checkpoint
inhibitors synergize with genotoxins more effectively in cells with defects in the p53 pathway than
in p53-proficient cells, which may be related to the increased replication stress caused by a relaxed
S-phase entry [27,53]. Olaparib therapy combined with CHK1i selectively radiosensitizes p53 mutant
pancreatic cancer cells, suggesting that inhibition of HR by CHKIi is a useful strategy for selective
induction of a BRCA1 “deficient-like” phenotype in p53 mutant tumor cells sparing normal tissue [54].

The present results showing the effectiveness of the synergistic action of olaparib with the standard
drug therapy or RSR modulators are consistent with previous studies. CDK4/6 inhibition by palbociclib
has a synthetic lethal effect in combination with PARP inhibition by olaparib by inducing HR deficiency
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ina MYC-dependent manner in HGSOCs [55]. Combination treatment with BKM120 (phosphoinositide
3-kinase, PI3K, inhibitor) and olaparib is more effective than single agent treatment for inducing
DNA damage in OVCAR-433, OVCAR-5, and OVCAR-8 cells, as indicated by the production of
large numbers of DNA DSBs as a result of dual inhibition of PI3K and PARP. The combination of
BKM120 and olaparib is effective in ovarian cancers with a broader spectrum of cancer-associated
genetic alterations, but not limited to those with mutant PI3BKCA or BRCA genes [56]. Exposure of
cells to PARPi PJ34 blocks CHK1i-induced PARP1 activation and PARP1 adenosine diphosphate (ADP)
ribosylation [57]. Suppression of ATR by VE-821 (ATRi) can affect HR repair in ovarian cancer cells,
leading to accumulation of DNA DSBs in cell nuclei, thereby increasing the sensitivity of ovarian
cancer SKOV-3 cells to cisplatin [58]. Therefore, inhibition of ATR/CHK1 and PARP together increases
DSB generation from fork collapse and diminished alternative DNA repair mechanisms.

Cells treated with replication stress inhibitors die through two major pathways: apoptosis
(the predominant type of programmed cell death) or necrosis. Both processes differ biochemically and
morphologically. Cell destruction through the apoptotic pathway is the most effective way to eradicate
cancer cells because it does not cause inflammation in adjacent healthy tissues. Programmed cell death
ensures removal of mutated, infected, or damaged cells and maintains normal tissue homeostasis,
regulating the balance between cell division and a “silent disappearance” of cells. The proliferation and
colony formation assays used in this study did not clarify whether the toxic effects of the investigated
drugs resulted from the activation of the apoptotic cell death machinery. PARP, as well as ATRi and
CHK1j, also cause necrotic cell death. Therefore, we examined the type of cell death induced by the
drugs and the role of apoptosis in their cytotoxic and antiproliferative activities. Members of the
caspase family are crucial mediators of the complex biochemical events associated with apoptosis.
Caspase 3, a key effector in the apoptotic pathway, amplifies the signal from initiator caspases leading to
full commitment to cellular disassembly. It was demonstrated that PARPi/ATRi combination treatment
significantly increased apoptosis compared with monotherapy in HR-deficient and HR-proficient
ovarian cancer cells. Our results are in agreement with the study performed on BRCAMUYT PEO-1 and
BRCAREY PEO-4 cell lines. Cleaved caspase 3 after 48 h of treatment with 1 uM CHK1i and 1 uM
ATRi was significantly increased as compared with untreated control cells. However, contrary to our
results, the combination of PARPi/ATRi and PARPi/CHK1i did not substantially increase caspase 3
in relation to each agent alone [38]. Interestingly, the combination of drugs led to worse apoptosis
than monotherapy in the olaparib and carboplatin-resistant cell lines (PEO1-PR, JHOS4-PR, PEO1-CR,
OVCAR-3) [39]. Additional studies are necessary to confirm whether apoptosis is a leading process
responsible for cytotoxicity of tested inhibitors” combinations.

The presented results indicate that ovarian cells harboring loss-of-function mutations other
than BRCA may also benefit from novel treatments. In addition, most EOC patients are BRCAWT,
underscoring the importance of these results. We also showed that the combination of ATRi and
PARPi is more cytotoxic than that of CHK1i and PARPi. Thus, ATR may stabilize replication forks
independently from CHK1 [59]. Our observation can also be explained by the action of MRE11
that mediates PARPi sensitivity of BRCA1-deficient cells. ATRi disrupts BRCAl-independent RAD51
leading to DSBs and stalled forks in PARPi-resistant BRCA1-deficient cells. Thus, ATRi enables
MRE11-mediated fork degradation [60]. Another study also confirmed that ATR plays the main role
in avoiding replication catastrophe. Two- to ten-fold reduction in fork speed led to global chromatin
recruitment of sensors and mediators of the ATR pathway without substantial activation of CHK1, ATM,
or p53. Analysis of the cell phenotypes depleted of ATR or CHK1 and their exposure to moderate levels
of stress shows that ATR, but not CHK]1, is crucial for common fragile site (CFS) integrity. Moreover,
in ATR-deficient cells, single stranded DNA (ssDNA) foci result from the MRE11-dependent resection
of collapsed forks, suggesting that long stretches of ssDNA are a consequence rather than a cause of
CFS instability [61]. It is also known that RPA protein (replication protein A) binds to single-stranded
DNA generated in the replication forks. The study by Toledo et al. confirmed that if replication is
blocked, ssDNA is formed, linked to RPA, and led to the recruitment of the ATR kinase. Although ATR
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requires the RPA-coated ssDNA for its own activation, the endpoint of ATR signaling to protect forks
against fatal breakage also feeds back on the level of RPA. Partial reduction in RPA enhanced fork
breakage and forced elevation of RPA was sufficient to delay such replication catastrophe even in the
absence of ATR activity. ATR inhibition increases ssDNA break generation up to the point where it
would deplete all available RPA [62]. The research by Mengwasser et al. also points to the extremely
important role of ATR kinases. They found that BRCA2MUT cells (colonic DLD-1 BRCA2MUT cell line
and PEO-1 BRCA2MUT) are dependent on ATR activation; that was confirmed by using VE-821 as ATRi.
Ape2 (Apurinic/apyrimidinic endonuclease) depletion led to a more prominent phosphorylation of
CHK1 and RPA32 in the BRCA2MUT cell line than in the BRCA2WT cell line (C4-2 clone that contains
BRCAREV selected for cisplatin resistance), suggesting increased ATR activation [63].

Although the efficacy of the PARPi/ATRi and PARPi/CHK1i combinations differed, each of these
combinations was significantly more effective than single agent treatment in ovarian cancer cells.

4. Materials and Methods

4.1. Reagents

Culture media (RPMI 1640, DMEM) were obtained from Gibco (Thermo Fisher Scientific, Waltham,
MA, USA), and fetal bovine serum (FBS) was from Capicorn Scientific GmbH (Ebsdorfergrund, Germany);
trypsin-EDTA, penicillin, and streptomycin were acquired from Sigma-Aldrich (St. Louis, MO, USA).
CellEvent™ Caspase-3/7 Green Detection Reagent was from Thermo Fisher Scientific, Waltham, MA,
USA (cat # C10423). PARPi (AZD2281), ATRi (AZD6738), and CHK1i (MK8776) were purchased from
Selleckchem (Munich, Germany). Other chemicals and solvents were of high analytical grade and were
obtained from Sigma-Aldrich or Avantor Performance Materials Poland S.A. (Gliwice, Poland).

4.2. Cell Culture and Drug Administration

The human OV-90 (human malignant papillary serous carcinoma, American Type Culture
Collection (ATCC) CRL-11732™) and SKOV-3 (human ovarian adenocarcinoma, ATCC HTB-77) cell
lines were bought from ATCC (Rockville, MD, USA), and PEO-1 cells (human ovarian cancer; estrogen
rec, 10032308) for preliminary research were donated by Dr. Gallo (Fondazione Policlinico Universitario
A. Gemelli, IRCCS, Rome, Italy), and then bought from the European Collection of Authenticated
Cell Cultures. The newly received cells were expanded and aliquots of less than 10 passages were
stored in liquid nitrogen. All cell lines were kept at low passage, returning to original frozen stocks
every 6 months. During the course of the study, cells were thawed and passaged within 2 months in
each experiment. The cells were cultured in DMEM and RPMI with 10% FBS, penicillin (10 U/mL),
and streptomycin (50 pg/mL) and regularly checked for mycoplasma contamination. The cells were
cultured in an atmosphere of 5% CO2 and 95% air at 37 °C.

4.3. MTT Assay

To select the most effective PARPi/ATRi and PARPi/CHKI1i ratios, several concentration ratios
of the compounds (1:1; 2:1; 10:1; 1:2; 1:10) were tested at the lowest effective concentration based on
the survival curve (0.5 pM). To analyze the drug interaction between ATRi and CHK1i and PARPi
combined with either agent, the coefficient of drug interaction (CDI) was calculated [64]. The CDI is
defined by the following formula: CDI = AB/(A X B). According to the absorbance of each group, AB is
the ratio of the two-drug combination group to the untreated control group, and A or B is the ratio of
the single drug group to the control group. A CDI < 1 indicates synergism, CDI < 0.7—significant
synergism, CDI = 1—additivity, and CDI > 1—antagonism.

4.4. Clonogenic Assay

The effect of PARPi, CHK1i, and ATRi on cell growth was assessed using a clonogenic assay.
For this analysis, 200 cells were plated onto six-well plates in a growth medium, and after overnight
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attachment, cells were exposed to the test compounds for 5 days. The cells were washed with a fresh
medium and allowed to grow for 10-14 days under drug-free conditions. Then, the cell colonies
were fixed with methanol mixed with acetic acid (7:1) for 10 min and stained with 0.5% crystal violet
for 20 min. The plates were rinsed with water, air-dried, photographed, and evaluated for colony
estimation. Colonies containing more than 50 cells were counted. For each sample, the results from
three replicates were averaged.

4.5. Morphological Assessment

SKOV-3, OV-90, and PEO-1 cells were treated with olaparib, ATRi, CHK1i, and a combination of
PARPi with ATRi or PARPi with CHK1i, each at a concentration of 0.5 uM, for 24 h and then examined
under an inverted optical microscope (Olympus IX70, Tokyo, Japan).

4.6. Western Blot Analysis

The cells were lysed in a cell extraction buffer (Invitrogen™, Waltham, MA, USA) containing a
protease inhibitor cocktail and phenylmethylsulfonyl fluoride (PMSF) (Roche, Mannheim, Germany)
in accordance with the manufacturer’s protocol. The protein concentration was determined using
the Bradford method. SDS polyacrylamide gel electrophoresis and the wet transfer of proteins
(35 ug per lane) onto 0.45 pm polyvinylidene difluoride (PVDF) membranes were performed using
standard procedures. To confirm equal loading and transfer, Precision Plus Protein™ WesternC™
Blotting Standards were used. After blocking nonspecific sites using 5% bovine serum albumin (BSA)
(Sigma-Aldrich) or 5% non-fat dry milk, membranes were incubated with the rabbit monoclonal
antibody against PARP at a dilution of 1/1000 (cat. # 9532), phospho-ATR (Thr1989) (cat. # 30632),
total ATR (cat. # 13934), phospho-CHK1 (Ser345) (cat. # 2348), and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (cat. #2118), all from Cell Signaling Technology, Inc. (Danvers, MA, USA),
and the rabbit anti-CHK1 polyclonal antibody (cat. # S1]92269, St John’s Laboratory). The membranes
were then exposed to the anti-rabbit IgG horseradish peroxidase-conjugated secondary antibody
(cat. # 7074, Cell Signaling Technology), followed by detection using a chemiluminescent substrate
(Thermo Fisher Scientific, Waltham, MA, USA). Immunoreactive bands were visualized using a DNR
MicroChemi system. Band intensities were quantified using the Image] software (NIH, Bethesda, MD,
USA). The integrated optical density of the bands was measured in a digitized image. Relative expression
was expressed as the ratio of the densitometric volume of the test band to that of the respective
GAPDH band.

4.7. Comet Assay

The alkaline version of single cell gel electrophoresis (comet assay) was used to detect
alkali-labile sites, single-strand breaks (SSBs), and DSBs caused by exposure to the tested compounds.
Each experiment was repeated three times. In the neutral versions, the tail DNA percentage is positively
correlated with DSBs. The cells were plated on 12-well plates (105 cells/well) and treated with PARP;,
ATRi, CHKI|, and their combination at the 0.5 uM dose for 2, 24, and 48 h at 37 °C. Next, the cells
were collected into Eppendorf tubes and rinsed with PBS. The cells were then suspended in 0.75% low
melting point agarose dissolved in PBS (pH 7.4) and placed on microscope slides precoated with 0.5%
normal melting point agarose. Subsequently, the slides were treated with a cooled lysis buffer (2.5 M
NaCl, 100 mM EDTA, 10 mM Tris, 1% Triton X-100, pH 9.0) for 1-24 h at 4 °C. Then, slides were placed
in the developing buffer (300 mM NaOH, 1 mM EDTA) for 20 min. Electrophoresis was performed in a
buffer composed of 30 mM NaOH and 1 mM EDTA at 0.73 V/cm and 290 mA for 20 min. In the neutral
version of the comet assay, electrophoresis was run in a buffer consisting of 100 mM Tris and 300 mM
sodium acetate, with the pH adjusted to 9.0 using glacial acetic acid. Electrophoresis was performed
for 60 min after a 20 min equilibrium period at an electric field strength of 0.41 V/cm and 50 mA at 4 °C.

The samples were stained with 4,6-diamidino-2-phenylindole (DAPI) (1 g/mL). The slides were
stored in a wet chamber at 4 °C and analyzed under a fluorescence microscope. Fifty randomly selected
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cells from each slide were measured using an image analysis system (Nikon, Japan) attached to a
COHU 4910 video camera, which was equipped with a UV-1 filter block consisting of an excitation
filter (359 nm) and a barrier filter (461 nm) connected to the image analysis system Lucia-Comet v. 4.51
(Laboratory Imaging, Prague, Czech Republic) [30].

4.8. Caspase 3/7 Assay

The activities of caspases 3 and 7 were estimated with CellEvent™ Caspse-3/7 Green Detection
Reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol.
The cells were seeded on 96-well plates (15 x 103/well) and after 24 h they were incubated with
the appropriate drugs for 24 h or 48 h. The cells were fixed by adding a final concentration of
4% paraformaldehyde solution (10 min, room temperature). Cells were labeled with CellEvent™
Caspase-3/7 Green Detection Reagent (5 pM) diluted in PBS with 5% FBS to avoid fluorescence
background. After activation of caspase 3/7 in apoptotic cells, the four amino acid (Asp-Glu-Val-Asp,
DEVD) peptide was cleaved, enabling the dye to bind to DNA, which produced a bright fluorogenic
response with absorption/emission maxima of 502/530 nm according to the manufacturer’s protocol.
Fluorescence intensity was measured using a Fluoroskan Ascent FL plate reader (Labsystem, Stockholm,
Sweden). Cysteine protease activity was expressed as a ratio of the fluorescence of drug-treated samples
to that of the corresponding untreated controls (taken as 100%).

4.9. Statistical Analysis

The data are presented as means + SD of at least three independent experiments. Statistical analyses
were performed with the Student’s t-test and ANOVA with the Tukey’s post-hoc test for multiple
comparisons as appropriate (StatSoft, Tulsa, OK, USA) [30]. p-values < 0.05 were considered
statistically significant.

5. Conclusions

ATR and CHKI1 suppressed DNA break formation and induced DSB repair to remove DNA
damage (Figure 5). PARPI increased the dependence on ATR/CHK1 for maintaining genome stability.
Combination treatment with PARPi and ATRi completely suppressed ovarian cell growth independently
from HR effectiveness. Inhibition of ATR or CHK1 concomitant with PARP inhibition increased DSB
generation, resulting in apoptosis induction. The present results were obtained at sub-lethal doses,
underscoring the high potential of the inhibitors tested. The effect of PARPi/ATRi and PARPi/CHK1i
was dependent on the genetics of the tumor. The present results confirmed the sensitivity of ovarian
cancer cells to CHKI1i and especially to ATRi. The simultaneous use of olaparib with inhibitors of RSR
proteins leads to synthetic lethality and sensitizes cells to olaparib therapy by blocking DNA repair.
Thus, the present data may provide new prospects for the treatment of ovarian cancer patients and
establish a basis for further research.



Int. J. Mol. Sci. 2020, 21, 9715 16 of 20

Oncogenic stress
V4 | | A
FED-1 SKDV-3 ov-g90
e ’ ) e
. ¢ (@ ¢ @ ¢ (@
T4 &5l 5 BT s w &
Ovarian cancer cells . ° e
¥ Lty - § BRCAMut HR proficient p53mut
e =45 | HRdeficient HR proficient
L )L@ B ﬂ
«w P P

Cell survival ™

1i
I
I

3
5

AL

Ovarian cancer cells ‘_-]
BRCA™*

DNA damage

o
*
18jep uH

]

ol o

o@ VE_ Genomic instability
Cell death i §

Cell death

Figure 5. Proposed model of the molecular and cellular responses to new replication stress inhibitors.
ATR/CHKI stabilizes replication forks and prevents their collapse into DSBs. SSBs can be accurately
repaired using the undamaged strand as a template, a process involving the PARP enzyme. SSBs are
mainly repaired through the homologous recombination (HR) pathway. BRCA is related to the error-free
repair of DSBs by HR. ATRi or CHKI1i in monotherapy and in combined treatment with PARPi cause
genome instability and leads to the synthetic lethality of ovarian cancer cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/24/9715/s1.

Author Contributions: Conceptualization, P.G., A.G.,, AM., and AR, data curation, PG., A.G, and AR,
formal analysis, P.G., A.G., and A.R,; funding acquisition, A.M. and A.R.; methodology, P.G., A.G., and AR;
writing—original draft, P.G., A.G., and A.R.; writing—review and editing, P.G., A.G.,, AM., MM, ].O., AS,, and
A.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Polish National Science Centre (project grant number Sonata Bis
2019/34/E/NZ7/00056; grant approval date: 18.02.2020) and supported by a statutory research grant for the
Department of Medical Biophysics of the University of Lodz No. B1811000000190.01.

Acknowledgments: The authors would like to thank Daniela Gallo (Fondazione Policlinico Universitario A.
Gemelli, IRCCS, 00168, Rome, Italy), Marta De Donato (Fondazione Policlinico Universitario A. Gemelli, IRCCS,
00168, Rome, Italy), and Maria Cristina De Rosa (Institute of Chemical Sciences and Technologies “Giulio Natta”
(SCITEC)-CNR, 00168, Rome, Italy) for donating the PEO-1 cell line for preliminary research.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ADP Adenosine diphosphate

ATM Ataxia telangiectasia mutated protein

ATR Ataxia telangiectasia and Rad3-related protein
ATRi Ataxia telangiectasia and Rad3-related protein inhibitor
BSA Bovine serum albumin

CDI Coefficient of drug interaction

CHK1 Checkpoint kinase 1

CHK1i Checkpoint kinase 1 inhibitor

DAPI 4,6-diamidino-2-phenylindole

DSB Double-strand break

FANCI Fanconi anemia complementation group I
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
HRR Homologous recombination repair

MCM2 DNA replication licensing factor

MIT 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide
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PARP Poly (ADP-ribose) polymerase

PARPi Poly (ADP-ribose) polymerase inhibitor
PMSF Phenylmethylsulfonyl fluoride

PVDF Polyvinylidene difluoride

RPA Replication protein A

SMARCAL1  SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A-like protein 1

SSB Single-strand break

ssDNA single stranded DNA

WRN Werner syndrome ATP-dependent helicase
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Figure S1. Representative images of the DNA damage in EOC cell lines treated with PARPj,
ATRi and CHK1i alone and in combination, measured as a percentage of the DNA in the comet
tail. Comets were visualized under a fluorescence microscope after staining with DAPI. The
letter A indicates the alkaline version and N the neutral version of the comet assay. Comet
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assay: exponentially growing cells were treated the same as in Figure 3 for 48 h and processed
for comet assay as described under Materials and Methods. Comet image were obtained by
analysis system Lucia-Comet v. 4.51.



Article

The Influence of PARP, ATR, CHK1 Inhibitors on Premature

Mitotic Entry

and Genomic Instability in High-Grade Serous

BRCAMUT 3nd BRCAWT QOvarian Cancer Cells

Patrycja Gralewska (%, Arkadiusz Gajek 17, Dorota Rybaczek 2(7, Agnieszka Marczak !

and Aneta Rogalska 1*

check for
updates

Citation: Gralewska, P; Gajek, A.;
Rybaczek, D.; Marczak, A.; Rogalska,
A. The Influence of PARP, ATR,
CHK1 Inhibitors on Premature
Mitotic Entry and Genomic
Instability in High-Grade Serous
BRCAMUT and BRCAWT Ovarian
Cancer Cells. Cells 2022, 11, 1889.
https:/ /doi.org/10.3390/
cells11121889

Academic Editors: Valentina De
Falco and Zhixiang Wang

Received: 21 April 2022
Accepted: 8 June 2022
Published: 10 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Medical Biophysics, Institute of Biophysics, Faculty of Biology and Environmental Protection,
University of Lodz, Pomorska 141/143, 90-236 Lodz, Poland; patrycja.gralewska@edu.uni.lodz.pl (P.G.);
arkadiusz.gajek@biol.uni.lodz.pl (A.G.); agnieszka.marczak@biol.uni.lodz.pl (A.M.)

Department of Cytophysiology, Faculty of Biology and Environmental Protection, University of Lodz,
Pomorska 141/143, 90-236 Lodz, Poland; dorota.rybaczek@biol.uni.lodz.pl

*  Correspondence: aneta.rogalska@biol.uni.lodz.pl; Tel.: +48-42-635-44-77

Abstract: Olaparib is a poly (ADP-ribose) polymerase inhibitor (PARPi) that inhibits PARP1/2, lead-
ing to replication-induced DNA damage that requires homologous recombination repair. Olaparib
is often insufficient to treat BRCA-mutated (BRCAMUT) and BRCA wild-type (BRCAWT) high-grade
serous ovarian carcinomas (HGSOCs). We examined the short-term (up to 48 h) efficacy of PARPi
treatment on a DNA damage response pathway mediated by ATR and CHK1 kinases in BRCAMUT
(PEO-1) and BRCA™T (SKOV-3 and OV-90) cells. The combination of ATRi/CHK1i with PARPi was
not more cytotoxic than ATR and CHK1 monotherapy. The combination of olaparib with inhibitors of
the ATR/CHK1 pathway generated chromosomal abnormalities, independent on BRCAMUT status of
cells and formed of micronuclei (MN). However, the beneficial effect of the PARPi:ATRi combination
on MN was seen only in the PEO1 BRCAMUT line. Monotherapy with ATR/CHK1 inhibitors reduced
BrdU incorporation due to a slower rate of DNA synthesis, which resulted from elevated levels of
replication stress, while simultaneous blockade of PARP and ATR caused beneficial effects only in
OV-90 cells. Inhibition of ATR/CHK1 increased the formation of double-strand breaks as measured
by increased YH2AX expression at collapsed replication forks, resulting in increased levels of apopto-
sis. Our findings indicate that ATR and CHK1 inhibitors provoke premature mitotic entry, leading to
genomic instability and ultimately cell death.

Keywords: ATR inhibitor; CHK1 inhibitor; ovarian cancer; PARP inhibitor; replication stress; targeted
therapy

1. Introduction

Ovarian cancer is the leading cause of death from gynecological malignancies [1].
High-grade serous ovarian carcinoma (HGSOC) accounts for approximately 50% of ovarian
cancers and is characterized by TP53 mutations (96%), homologous recombination (HR)
DNA repair defects (50%), cyclin E1 (CCNE1) amplification and genomic instability [2].
The cells often carry BRCA1 or BRCA2 (BRCA1/2) mutations, germline or somatic mutations
in ataxia telangiectasia and Rad3-related protein (ATR) or checkpoint kinase 1 (CHK1), as
well as mutations in genes associated with the HR pathway [3]. Due to TP53 mutations,
HGSOCs lose their G1 checkpoint control, resulting in increased dependence on S and G2
checkpoints [4].

It is estimated that about 10,000 single-strand breaks (SSBs) of DNA occur daily
in a mammalian cell. DNA damage induced by olaparib treatment has been shown to
significantly increase genetic instability [5]. Olaparib and veliparib, poly (ADP-ribose)
polymerase inhibitors (PARPi), induce genomic instability, resulting in a marked increase

Cells 2022, 11, 1889. https:/ /doi.org/10.3390/ cells11121889

https:/ /www.mdpi.com/journal/cells


https://doi.org/10.3390/cells11121889
https://doi.org/10.3390/cells11121889
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0002-2363-7827
https://orcid.org/0000-0003-3475-441X
https://orcid.org/0000-0002-9020-3391
https://orcid.org/0000-0003-3439-9032
https://orcid.org/0000-0002-4170-1693
https://doi.org/10.3390/cells11121889
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells11121889?type=check_update&version=1

Cells 2022, 11, 1889

2 of 24

in sister chromatid exchange (SCE) frequencies and chromatid-type aberrations. Olaparib
induces chromatid-type aberrations, including gaps, breaks, radial chromosomes and
telomere associations [6]. Genomic instability in olaparib-treated cells manifests as the
extensive accumulation of gaps, breaks, radial chromosomes, and micronuclei (MN) in
response to aberrant double strand break (DSB) repair [7]. In addition, PARP1 inhibition
in cancer cells may lead to the upregulation of the HR repair pathway to maintain cell
viability [8]. Although PARPi can delay cancer progression, they do not improve overall
survival [9]; thus, there is an urgent need to develop new, more successful therapies. One
effective strategy to potentiate PARP cytotoxicity in ovarian cancer cells would be to target
cell cycle checkpoints and force mitotic entry with DSBs, thereby inducing cell death.

Our previous study confirmed that the inactivation of cell cycle checkpoint kinases
such as ATR or CHK1 may increase the cytotoxicity of PARPi after 5 days of treatment [10].
In response to DNA damage, ATR phosphorylates CHK1 protein, which in turn mediates
CDC25A-C phosphorylation, leading to the inhibition of CDK1 and CDK2 (thus prevent-
ing cell cycle progression) [11,12]. DSB lesions lead to the activation of the G2/M cell
cycle checkpoint, which blocks entry into mitosis [13]. Progression through mitosis has
previously been shown to promote PARPi cytotoxicity in HR-deficient cells [14].

The effect of ATR and CHK1 kinases in response to PARPi treatment on cell cycle dis-
orders and its consequences in ovarian cancer cells remain unclear. Genetic predisposition
(BRCA1/2 mutations) or phenotypic characteristics (platinum resistance) are not sufficient to
predict patient response to olaparib treatment [15]. Whether DNA damage from replication
stress (RS) produces an efficient G2/M checkpoint response in ovarian cancer is not known.
Thus, in this study, we investigated the role of ATR and CHK1 inhibition at the early stage
of olaparib response in BRCA2MUT (PEO-1) and BRCA™T (OV-90 and SKOV-3) ovarian
cancer cells and sought to further elucidate the mechanisms leading to ovarian cancer cell
death. Here, we report that PARPi has a cytostatic effect, while its cytotoxic effects and
diminished DNA repair are caused by ATRi and CHK1i monotherapy. The combination of
olaparib with inhibitors of the ATR/CHK1 pathway generated chromosomal abnormalities,
independent on BRCAMUT status of cells and formed of micronuclei. ATR and CHK1
inhibitors provoke premature mitotic entry and provide genomic instability to ovarian
cancer cells.

2. Materials and Methods
2.1. Reagents

Culture media (RPMI 1640, DMEM) and fetal bovine serum (FBS) were obtained
from Gibco (Thermo Fisher Scientific, Waltham, MA, USA). Trypsin-EDTA was acquired
from Sigma-Aldrich (St. Louis, MO, USA). Violet Chromatin Condensation/Dead Cell
Apoptosis Kit (Cat no: A35135) and CLICK EDU (Cat no: C10337) were from Thermo Fisher
Scientific. The FITC BrdU Flow Kit was purchased from BD Biosciences (Franklin Lakes,
NJ, USA). PARPi (AZD2281), ATRi (AZD6738), and CHK1i (MK8776) were purchased from
Selleckchem (Houston, TX, USA). Other chemicals and solvents were of high analytical
grade and were obtained from Sigma-Aldrich or Avantor Performance Materials Poland
S.A. (Gliwice, Poland).

2.2. Cell Culture and Drug Administration

The human OV-90 cell line with mutated TP53 gene (human malignant papillary
serous carcinoma, American Type Culture Collection (ATCC) CRL-11732™) and SKOV-3
cell line with loss of TP53 function (TP53 null) (human ovarian adenocarcinoma, ATCC
HTB-77) were purchased from ATCC (Rockville, MD, USA). BRCAMUT PEO-1 cells (human
ovarian cancer; estrogen rec, 10032308) were obtained from the European Collection of
Authenticated Cell Cultures. The newly acquired cells were expanded, and aliquots of less
than 10 passages were stored in liquid nitrogen. All cell lines were kept at a low passage,
returning to original frozen stocks every 6 months. During the course of the study, cells
were thawed and passaged within 2 months of each experiment. Cells were cultured in
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DMEM and RPMI with 10% FBS and regularly checked for mycoplasma contamination.
Cells were cultured in an atmosphere of 5% CO, and 95% air at 37 °C.

2.3. MTT Assay

Logarithmically growing cells (1 x 10%) were seeded into 96-well plates and treated
with the indicated doses of PARPi (AZD2281), CHK1i (MK8776), and ATRi (AZD6738) for
24 and 48 h. After treatment, cells were washed twice with PBS, and incubated with 50 uL.
MTT (at a final concentration of 0.5 mg/mL) (Sigma Aldrich, St. Louis, MO, USA) for 4 h.
The medium in each well was aspirated and violet formazan crystals that formed as a result
of MTT reduction within metabolically viable cells were dissolved in 100 uL DMSO per
well. Absorbance was measured at 570 nm with a microplate reader (Awareness Technology
Inc., Palm City, FL, USA) [16]. To analyze the drug interactions between olaparib combined
with ATRi and CHKIj, the coefficient of drug interaction (CDI) was calculated as described
previously [17].

2.4. Metaphase Spread

Cells were treated with the inhibitors for 24 h, then harvested for chromosome prepa-
rations using colcemid (50 ng/mL) for 90 min, followed by incubation with 0.075 mol/L
potassium chloride (KCl) for 18 min at 37 °C. Following drop wise addition of Carnoy
fixative (3:1 methanol:acetic acid), samples were incubated in the fixative for one hour,
pelleted at 1000 g, and incubated in fresh fixative at 4 °C overnight. After replenishing the
fixative again, the fixed cells were placed onto uncoated microscope slides and dried for at
least 24 h at room temperature. Slides were stained in Giemsa staining solution (Aqua-med,
Lodz, Poland) for 4 min, then analyzed for total gaps and breaks using a 100x objective
and a Nikon ECLIPSE E600W (Nikon, Warsaw, Poland) fluorescent microscope. Fifty
metaphases were scored for each sample in two independent experiments. An index of
aberrations (M-phase aberrant cells) was calculated as the percent ratio between the num-
ber of cells showing chromosomal aberrations and all mitotic cells. Quantification of the
number of aberrant M-phase cells (Al: aberration index) and nuclear phenotypes in cells
was determined by counterstaining with Giemsa and DAPI (0.1 mg/mL; 4/,6-diamidino-2-
phenylindole; Sigma Aldrich, Saint Quentin, France) for 5 min at room temperature. PEO-1,
OV-90 and SKOV-3 cells were observed using an AxiolmagerA1 fluorescence microscope
(ZEISS, Jena, Germany) equipped with an UV-2A filter (UV-light; A = 518 nm). All images
were recorded at exactly the same time of integration with an AxioCam MRc5 CCD camera
(ZEISS, Jena, Germany).

2.5. Micronucleus Assay

Cells (2 x 106) were seeded onto 100 mm Petri dishes and cultured for 24 h before
treatment with olaparib, ATRi, CHK1i, and a combination of PARPi with ATRi or PARPi
with CHK1j, each at a concentration of 4 uM. After 48 h of exposure, cells were washed
twice with PBS, collected and incubated in a chilled hypotonic solution of KCI (75 mM) for
30 min. Samples were then centrifuged at 200 x g for 5 min at 25 °C and fixed with Carnoy’s
fixative (3:1 ratio of methanol:glacial acetic acid) for 5 min. After centrifugation at 200x g
for 5 min, cells were resuspended in fresh Carnoy’s fixative. This step was repeated twice.
Finally, cells were placed on microscopic slides, fixed with methanol for 15 min, air dried
and stained with acridine orange for 2 min (10 ug/mL in PBS). Micronuclei (MN) were
examined under an Optiphot-2 fluorescence microscope (Nikon) equipped with a B-2A
filter (blue light; A = 495 nm). The MN images presented were visualized by fluorescence
microscopy (Olympus IX70, Tokyo, Japan; magnification 400 x).

2.6. Determination of Proliferation Rate

To determine the OV-90, SKOV-3 and PEO-1 cell proliferation rates, we employed
the trypan blue exclusion method [18]. Cells, seeded at a density of 2 x 105, were treated
with the drugs and counted 24-168 h after treatment. Briefly, 4% trypan blue solution
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was mixed with the cell suspension in a ratio of 1:1, transferred to a Thoma chamber
and viable/nonviable cells were counted under an optical microscope. Based on the
number of cells at the beginning and at each studied time point, we calculated the doubling
time using the following formula td = t/log2 (Nt/NO), where td is the time required for
duplication of cell number, t is the time interval between the initial and final calculation
of cell number, and NO and Nt are the number of cells at the beginning and end of the
experiment, respectively [19,20].

2.7. Cell-Cycle Analysis

Cell cycle distribution was quantified using a FITC-BrdU Flow Kit (BD Biosciences,
San Jose, CA, USA) according to the manufacturer’s protocol. Briefly, cells (1 x 106) were
plated onto 100 mm Petri dishes and once attached were treated with drugs for 24 h.
Ten uM of bromodeoxyuridine (BrdU) was added to the culture medium and incubated
for 2 h. Cells were harvested, fixed and incubated with FITC-conjugated anti-BrdU and
7-AAD solution for 15 min at room temperature, then analyzed immediately in a flow
cytometer (LSR II, Becton Dickinson, San Jose, CA, USA). The mitotic index was calculated
as the percent ratio between the number of dividing cells and the entire cell population
by labeling cells with FITC-conjugated anti-BrdU and 7-AAD. The population of cells at
specific phases of the cell cycle were quantified from a standard count of 10,000 cells using
FlowJo software v7.6 (Ashland, OR, USA).

2.8. Immunofluorescence and Immunocytochemistry Staining

Cells (1.5 x 104 cells/well) were cultured for 24 h on ten-chambered glass slides
(Greiner Bio-One, Frickenhausen, Germany), then treated with the compounds for 48 h.
Next, the cells were fixed with paraformaldehyde (4% w/v in PBS), incubated with blocking
buffer for 60 min (PBS/5% normal goat serum/0.3% Triton X-100), followed by incubation
with primary antibodies against caspase-3 (cat.: 9664, at 1:400) and phospho-histone H2AX
(Ser139) (cat.: 9718, at 1:400) prepared in Antibody Dilution Buffer (PB/1% BSA/0.3%
Triton X-100). The secondary antibodies used were anti-rabbit IgG (H+L), F(ab”)2 fragment
(Alexa Fluor 555 conjugate, at 1:1000) to detect caspase-3, and anti-rabbit IgG (H+L),
F(ab’)2 fragment (Alexa Fluor 488 conjugate, at 1:2000) to detect phospho-histone H2AX.
Nuclei were stained with DAPI (Vectashield mounting medium, cat no.: H-1200, Vector
Laboratories, Newark, CA, USA) and 3,3'-dihexyloxacarbocyanine iodide (DiOC6, cat no:
318426, Sigma Aldrich, Steinheim am Albuch, Germany; 1 uM) was used to visualize cells
with caspase-3. For visualization of membranes stained with DiOC6, a supercontinuum
laser with 485 nm excitation and emission at 538-595 nm was applied. For nuclei stained
with DAPI, the excitation and emission parameters used were 405 nm and 460—480 nm,
respectively. Immunofluorescence images were acquired using a confocal laser scanning
microscope (SP8, Leica Microsystems AG, Wetzlar, Germany) equipped with a 63 x oil
immersion objective [21].

2.9. Measurement of Chromatin Condensation

The Violet Chromatin Condensation/Dead Cell Apoptosis Kit with Vybrant® Dye-
Cycle™ Violet and SYTOX® AADvanced™ was used to examine chromatin condensation
during apoptosis (cat. no. A35135; Molecular probes®, Invitrogen™, Waltham, MA, USA).
Briefly, 1 x 106 control and drug-treated cells were washed and resuspended in 1mL
Hank’s Balanced Salt Solution buffer (HBSS) containing Vybrant® DyeCycle™ Violet and
SYTOX® AADvanced™ dyes, according to the manufacturer’s protocol. After 30 min of in-
cubation (protected from light), stained cells were analyzed immediately without washing
by flow cytometry (LSR II, Becton Dickinson, Franklin Lakes, NJ, USA) using ~405/488 nm
dual excitation, while measuring the fluorescence emission at ~440/660 nm [22].
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2.10. Detection of S-Phase Progression Using 5-Ethynyl-2'-deoxyuridine(EAU) Incorporation with
Click-iT Chemistry

Cells were labeled for 30 min with 100 uM EdU (Life Technologies, Invitrogen, Paisley,
Renfrewshire, UK), then fixed in 4% (w/v) paraformaldehyde (Merc, St. Louis, MO, USA)
for 45 min and permeabilized with 1% Triton X-100 (Merc, St. Louis, MO, USA) for 20 min.
For EdU staining, the Click-iT Alexa Fluor 488 Imaging Kit was used according to the
manufacturer’s instructions, with some minor modifications. Briefly, cells were rinsed
twice with 1% bovine serum albumin (BSA; Merc, St. Louis, MO, USA) and incubated for
30 min at 20 °C with 250 pL. EAU Click-iT reaction cocktail per well. After removing the
reaction cocktail, each well was washed once with 1% BSA. Cells were visualized using
a fluorescence microscope (Zeiss, Jena, Germany) equipped with GFP and DAPI filters.
Analysis was performed with AxioVision software (Zeiss, Jena, Germany). All images were
recorded at exactly the same exposure time on an AxioCam MRc5 CCD camera (Zeiss,
Jena, Germany).

2.11. Measurement of Phosphatidylserine Externalization

Double staining of cells with annexin V and propidium iodide was used to assess
the first stage of apoptosis. This method is a useful tool for distinguishing viable cells
(unstained with either fluorochrome) from apoptotic cells (stained with annexin V) and
necrotic (dead) cells (stained with PI). Visualization of cells stained with annexin V- Alexa
Fluor™ 488 and PI was applied according to the protocol of the manufacturer (cat: V13245,
Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). Briefly, 4 x 10° control and
drug treated cells after 24 and 48 h were washed with cold PBS and resuspended in 140 pL
binding buffer (delivered from producer) that contained 3 pL of annexin V-Alexa Fluor™
488, 1 uL 100 pg/mL of PI and stained for 15 min on ice. Finally, at least 10* cells were
analyzed for Alexa Fluor™ 488 and PI fluorescence (Ex ~488 nm; Em ~530 nm) using a flow
cytometer (LSR II, Becton Dickinson, Franklin Lakes, NJ, USA). With the use of the annexin
V- Alexa Fluor™ 488 and propidium iodide (PI) double staining regime, three populations
of cells were distinguishable in a two color flow cytometry: normal cells: annexin V- Alexa
Fluor™ 488 negative, PI negative; apoptotic cells: annexin V-Alexa Fluor™ 488 positive,
PI negative; dead cells: annexin V-Alexa Fluor™ 488 positive and PI positive; annexin
V-Alexa Fluor™ 488 negative and PI positive. The populations of cells were quantified
from a standard count of 10* cells using Flow]Jo software v7.6 (Ashland, OR, USA).

2.12. Morphological Assessment of Apoptosis and Necrosis: Double Staining with Hoechst 33258
and Propidium lodide (PI)

To determine the ratio between live, apoptotic, and necrotic cellular fractions, simulta-
neous cell staining with Hoechst 33258 and PI was performed as described previously [23].
These fluorescent dyes vary in their spectral characteristics and ability to penetrate cells.
Analysis was performed with the Olympus IX70 fluorescence microscope. Cells were
cultured with the drugs for 48 h, trypsinized, centrifuged, and resuspended in PBS to a
final concentration of 1 x 10° cells/mL. One pL of Hoechst 33258 (0.13 mM) and 1 puL of
PI (0.23 mM) were added to 100 puL of the cell suspension. At least 100 cells were counted
under a microscope on each slide and each experiment was performed in triplicate. Cells
were classified as live, apoptotic or necrotic on the basis of their morphological and staining
characteristics, and the percentage of specific cellular fractions was determined from the
total number of cells. Cells were classified as live (bright blue fluorescence), early apoptotic
cells (cells showing intensive blue fluorescence), late apoptotic cells (blue—violet stained
cells with concomitant apoptotic morphology), and necrotic cells (red fluorescence) [24].

2.13. Western Blot Analysis

Drug-treated cells were lysed in cell extraction buffer (Invitrogen™) containing a
protease inhibitor cocktail and PMSF (Sigma-Aldrich) in accordance with the manufac-
turer’s protocol. The protein concentration was determined using the Bradford method.
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Proteins (70 pg per lane) were separated by SDS polyacrylamide gel electrophoresis and
transferred onto 0.45 pm PVDF membranes using semi-dry transfer with the Trans-Blot
Turbo Transfer System (Bio-Rad). After blocking nonspecific sites with 5% non-fat dry
milk, membranes were incubated with rabbit monoclonal antibodies (1/1000) against
caspase-3 (cat no.: #9664) and phospho-histone H2AX (Ser139) (cat.no.: #9718) from Cell
Signaling Technology, Inc. (Danvers, MA, USA), and mouse monoclonal anti-3-actin anti-
bodies (cat. A1878, Sigma-Aldrich). Membranes were then incubated with anti-rabbit IgG
horseradish peroxidase-conjugated (cat.: 7074, Cell Signaling Technology) or anti-mouse
IgG HRP-conjugated (cat: A28177, Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA) secondary antibodies, followed by incubation with a chemiluminescent substrate
(SuperSignal™ West Pico PLUS Chemiluminescent Substrate or SuperSignal™ West Atto
Ultimate Sensitivity Substrate, Thermo Fisher Scientific, Waltham, MA, USA). Immunore-
active bands were visualized using a ¢300 imaging system (Azure Biosystems, Dublin,
CA, USA). Band intensities were quantified using Image] software v1.5 (NIH, Bethesda,
MD, USA). The integrated optical density of the bands was measured in a digitized image.
Relative protein levels were expressed as the ratio of the densitometric volume of the tested
band to that of the respective 3-actin band [10].

2.14. Statistical Analysis

Data are presented as the mean + SD of at least three independent experiments.
Statistical analyses were performed with the Student’s t-test and one-way ANOVA, with
the Tukey post hoc test for multiple comparisons, as appropriate (StatSoft, Tulsa, OK, USA).
p-values of <0.05 were considered statistically significant.

3. Results
3.1. CHK1 or ATR Inhibition Is Cytotoxic to Ovarian Cancer Cells

In our previous study, we demonstrated that using PARPi:ATRi and PARPi:CHKI1i at
a concentration ratio of 1:1 was the most effective combination [10]. Thus, in the present
study, cells were incubated with the test compounds at a ratio of 1:1 for 24 and 48 h ata
concentration of 4 uM.

The tested combinations, as well as olaparib or CHK1i monotherapy, did not signif-
icantly affect the cell survival rate after 24 h (Figure 1A). After 48 h of incubation, ATRi
was more cytotoxic in the BRCAMUT cell line (PEO-1), reducing the cell viability to 44%
compared to approximately 60% in the BRCAWT cell lines (SKOV-3 and OV-90). In contrast,
CHK1i monotherapy was slightly more cytotoxic in the BRCA"T cell lines (72%) compared
to the BRCAMUT cells (PEO-1, 77% viable cells). PARPi:ATRi combination treatment was
the most cytotoxic in PEO-1 cells, decreasing cell viability to 45% compared to 61% in OV-90
and SKOV-3 cells. The combinations treatment did not significantly affect the cytotoxicity
compared to ATRi or CHK1i monotherapy, although it was more cytotoxic than PARP;i treat-
ment. Treatment with the PARPi:CHK1i combination was less cytotoxic than PARPi:ATRi,
reducing the cell viability to 68% in ovarian cancer cells; however, the beneficial effect of
PARPi:CHKI1i combination at the selected concentrations after 48 h was more visible, as
calculated by the coefficient of drug interaction (CDI) (PARPi:CHK1i: SKOV-3, CDI = 0.97;
OV-90, CDI = 0.97; PEO-1, CDI = 0.87). As shown in the growth curves in Figure 1B, the
average doubling time of the untreated cells was 54.3 h in OV-90 cells, 57.6 h in SKOV-3
cells and 59.9 h in PEO-1 cells.
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Figure 1. CHK1i or ATRi decreased cell (A) Cell viability after treatment with PARPi, CHK1i, and
ATRi in BRCAMUT (PEO-1) and BRCAWT (OV-90, SKOV-3) cells at a concentration of 4 uM for 24
and 48 h was assessed by the MTT assay; (B) Cell doubling time was calculated from the cell growth
curve during the exponential growth phase using the formula, Td = t/log2 (Nt/NO0). * indicates
statistically significant differences between samples incubated with the compound compared with
control cells (p < 0.05); + indicates statistically significant differences between samples incubated with
PARP;i alone and the combination treatments (PARPi:ATRi; PARPi:CHK1i) (p < 0.05).

3.2. ATRi and CHK1imonotherapy Increases Apoptosis and DNA Damage

Morphological changes induced by the inhibitors were assessed by Hoechst 33258 /P1
double staining (Figure 2 and Supplementary Figure S1). The greatest apoptotic changes
were observed in the BRCAMUT cell line (PEO-1). Olaparib monotherapy did not sig-
nificantly increase the frequency of apoptotic cells, whereas ATRi monotherapy was the
most potent in terms of apoptosis induction, leading to increases in the frequency of early
apoptotic cells of 40% in PEO-1 cells and 36% in OV-90 cells, but only 19% in SKOV-3
cells. Combination treatment of PARPi with ATRi caused an almost 2-fold increase in
early and late apoptotic cellular fractions compared to treatment with PARPi alone in all
tested cell lines (PARPi:ATRi: SKOV-3, 40%; OV-90, 45%; PEO-1, 48% compared to PARPi
alone: SKOV-3, 22%,; OV-90, 22%; PEO-1, 27%) (Figure 2). PARPi:CHKI1i combination
treatment also led to significant changes in the apoptotic cellular fractions compared to
PARPI treatment in OV-90 and PEO-1 cell lines. Nevertheless, no differences were observed
between the performance of the combination treatment compared with ATRi or CHK1i.

The exposure of phospholipid phosphatidylserine (PS) on the cell membrane repre-
sents a major characteristic of the caspase-dependent apoptosis process. Thus, annexin V,
which is a PS-binding protein, is used to detect PS externalization. In order to distinguish
between apoptotic and nonapoptotic cells, annexin V was combined with cell impermeable
dye, propidium iodide (PI). Olaparib monotherapy was not sufficient to induce apoptosis
within the tested time range and concentration (Figure 3 and Supplementary Figure S2).
ATRi monotherapy effect was the most prominent in PEO-1 cells, where after 48 h of drug
treatment the apoptotic cell fraction equaled 25%. CHK1i monotherapy was the most
effective in OV-90 cell line, where the apoptotic cell fraction reached 20%. PARPi:ATRi
combination increased apoptosis in OV-90 and PEO-1; however, PARPi:ATRi mediated
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apoptotic changes were the most visible in PEO-1 cells compared to olaparib monotherapy.
PARPi:CHK1i combination effect was more pronounced in SKOV-3 and OV-90 cell lines.
Despite the upward trends, no statistically significant differences were noted between the
effect of the combination of PARPi:ATRi and PARPi:CHK1i compared to monotherapy with
ATRi or CHKI1i in the studied time range.

SKOV-3 ®=Necrosis mEarly apoptosis @ Late apoptosis

ATRi

Control PARPi CHK1i PARPi PARPi

+ATRi +CHK1i

OV-90 ®Necrosis mEarly apoptosis © Late apoptosis
| B B

1 * * 4 2
P
. _ : ' . ‘
Control PARPi ATRi CHK1li PARPi PARPi
+ATRi +CHK1i

1 2 2

PEO-1 ®Necrosis BEarly apoptosis @lLate apoptosis

Control PARPi ATRi CHK1li PARPi PARPi
+ATRi +CHK1i

Figure 2. ATRi/CHKI1i monotherapy and combination treatment caused cell death. Representative
fluorescence images of the apoptotic and necrotic changes caused by the compounds in PEO-1
cells. Representative images in SKOV-3 and OV-90 cells are shown in Supplementary Figure S1.
Apoptotic and necrotic changes were visualized after double staining with Hoechst 33258 /PI under a
fluorescence microscope (Olympus IX70; scale bar 50 um, magnification 400x). Representative cells
are marked with a dashed line and enlarged. The cells were divided into four categories as follows:
live cells (dark blue fluorescence), early apoptotic (bright blue fluorescence), late-apoptotic (pink—
violet fluorescence), and necrotic cells (red fluorescence). Data are from three independent assays
and are presented as the mean =+ SD. * indicates statistically significant differences between treated
samples and control cells (p < 0.05); + indicates statistically significant differences between samples
incubated with PARPi alone and the combination treatments (PARPi:ATRi; PARPi:CHKIi) (p < 0.05).
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Figure 3. ATRi/CHKI1i monotherapy and combination treatment caused phosphatidylserine ex-
ternalization. (A) Percentage of apoptotic and dead SKOV-3, PEO-1 and OV-90 cells after 24 and
48 h treatment with PARPi (4 uM), ATRi (4 uM) or CHK1i (4 uM) alone or in combination. Data
are presented as mean £ SD of 3 independent experiments. * indicates statistically significant dif-
ferences between samples incubated with the compound compared with control cells (p < 0.05);
+ indicates statistically significant differences between samples incubated with PARPi alone and the
combination treatments (PARPi:ATRi; PARPi:CHKT1i) (p < 0.05). (B) Representative dot plots showing
induction of apoptosis and fraction of dead PEO-1 cells after 48 h treatment with PARPi (4 uM), ATRi
(4 uM) or CHK1i (4 uM) alone and in combination. Data for SKOV-3 and OV-90 cells are shown
in Supplementary Figure S2. Individual samples are presented as data points. The population of
apoptotic cells was calculated according to the presented gating strategy.

Caspases are key mediators of DNA fragmentation. Caspase-3, a protein activated
in both extrinsic and intrinsic apoptosis pathways, was used as a marker of apoptosis.
We found that cleaved caspase-3 expression, as well as the accumulation of the DNA
damage marker YH2AX, was not significantly increased following PARPi monotherapy
in BRCAMUT and HR-proficient cells. Treatment with ATRi or CHK1i increased cleaved
caspase-3 levels (SKOV-3, 5.2-fold (ATRi) and 6.12-fold (CHK1i); OV-90, 2.6-fold (ATRi)
and 2.9-fold (CHKi); PEO-1, 4.2-fold (ATRi) and 3.2-fold (CHKIi)) compared to control cells
(Figure 4B). Each combination treatment was found to be more effective than treatment
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with PARPi alone. Although cleaved caspase-3 expression levels were not significantly
increased in combination treatments compared to ATRi or CHK1i monotherapy, we did find
that compared to PARPi treatment alone, cleaved caspase-3 levels were increased 6-fold,
3.5-fold and 4.2-fold in SKOV-3, OV-90 and PEO-1 cells, respectively, after PARPi:ATRi and
PARPi:CHK1i combination treatments.

A Control PARPi i CHK1i PARPi+ATRi PARPi+CHK1i

B
c 75
s ’]48h
g [l SKov-3
gg s {@ov-90
£ & +« {HPEO-1
29
-
Q o
g =24
¥
L)
] 14
-3
C - Control PARPi ATRi CHK1i PARPi+ATRi PARPi+CHK1i
SKOV-3 OV-90 PEO-1
[e—e—ew—r) il ] | |B-actin
| —as -.-.I I : ‘i‘- =3 i I I ‘=__=_.]Cleaved
e = = — === lcaspase 3
BEEZELY BLEZEYZ BEECZEGE
t < < E < < c < <
e "85 Ff0 S8 8 ET*B IS
o a * o a * (¥] a *
x o € o € o
g g £ g £ 2
g & g

Figure 4. ATRi/CHKIi treatment increases caspase-3 expression. (A) For immunofluorescence stain-
ing, PEO-1 cells were incubated with PARPi, ATRi or CHK1i alone, or the combination of PARPi:ATRi
or PARPi:CHKIi at 4 uM for 48 h and labeled with antibodies against caspase-3 (red colour). Rep-
resentative images for SKOV-3 and OV-90 cell lines are shown in Supplementary Figure S3. Images
were acquired using a confocal laser scanning microscope (scale bar 20 um, magnification 63 x);
(B) Relative expression of cleaved caspase-3 in the cells. * indicates statistically significant differences
between samples incubated with the compound compared with control cells (p < 0.05); + indicates
statistically significant differences between samples incubated with PARPi alone and the combination
treatments (PARPi:ATRi; PARPi:CHKIi) (p < 0.05); (C) Representative Western blot images.

An increase in YH2AX expression was observed after treatment with ATRi or CHK1i
(SKOV-3, 28.8-fold (ATRi) and 44.1-fold (CHKi); OV-90, 4.9-fold (ATRi) and 5.5-fold (CHKi);
PEO-1, 2.1-fold (ATRi) and 1.8-fold (CHKi)). PARPi in combination with CHK1i increased
YH2AX phosphorylation compared with PARPi alone by 32.2-fold in SKOV-3 cells, 6.3-fold
in OV-90 cells and 2.1-fold in PEO-1 cells. Similarly, PARPi treatment in combination with
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ATRIi increased YH2AX expression compared with PARPi alone by 28.4-fold in SKOV-3
cells, 5.6-fold in OV-90 cells and 2.2-fold in PEO-1 cells. The combination treatment did
not significantly increase YH2AX expression compared to ATRi or CHK1i monotherapy.
Although the largest changes in protein expression levels were found in BRCA"T SKOV-3
cells, this cell line was found to have the lowest protein expression levels in the control
cells (Supplementary Figure S5).

In situ confocal laser scanning immunofluorescence (Figures 4A and 5A and Supple-
mentary Figures S3 and S54) were consistent with the Western blot data for cleaved caspase-3
and YH2AX expression.
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Figure 5. ATRi/CHKI1i increases YH2AX expression. (A) For immunofluorescence staining, PEO-1
cells were treated with PARPi, ATRi or CHK1i, or a combination of PARPi:ATRi or PARPi:CHK1i
at 4 uM for 48 h and labeled with antibodies against YH2AX (green colour). Representative images
in SKOV-3 and OV-90 cells are shown in Supplementary Figure S4. Images were acquired using a
confocal laser scanning microscope (scale bar 20 um, magnification 63 x); (B) Relative expression of
YH2AX. * indicates statistically significant differences between samples incubated with the compound
compared with control cells (p < 0.05); + indicates statistically significant differences between samples
incubated with PARPi alone and the combination treatments (PARPi:ATRi; PARPi:CHK1i) (p < 0.05);
(C) Representative Western blot images.
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3.3. Monotherapy with ATRi/CHK1i and Combination Treatment with PARPi Activates DNA
Damage Response Signaling through Chromatin Condensation and Progression through the
G2/M Checkpoint

In contrast to SKOV-3 and PEO-1 cells, OV-90 cells were slightly more susceptible
to chromatin condensation after exposure to the drugs. In SKOV-3 cells, changes in the
apoptotic cellular fraction did not exceed 7%, regardless of whether the cells were exposed
to monotherapy or co-treatment. Similarly, in the BRCAMUT cell line (PEO-1), the increase
in the apoptotic cellular fraction after PARPi:CHKI1i co-treatment was negligible (~13%)
compared to olaparib monotherapy (~10%) (Figure 6A,C and Supplementary Figure S6).
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Figure 6. Treatment with PARPi in combination with ATR/CHK1 pathway inhibitors bypasses the
cell cycle checkpoint due to an early signal of cell death. (A) Percentage of apoptotic and necrotic
SKOV-3, PEO-1 and OV-90 cells after 24 and 48 h treatment with PARPi (4 uM), ATRi (4 uM) or
CHKT1i (4 uM) alone or in combination; (B) G2/M phase distribution of PEO-1 treated for 24 h. Data
are presented as mean £ SD of 3 independent experiments. * p < 0.05 vs. control cells. * indicates
statistically significant differences between samples incubated with the compound compared with
control cells (p < 0.05); + indicates statistically significant differences between samples incubated
with PARPi alone and the combination treatments (PARPi:ATRi; PARPi:CHK1i) (p < 0.05); # denotes
statistically significant differences between samples incubated with ATRi or CHKi alone and their
corresponding combination treatments (PARPi:ATRi; PARPi:CHK1i) (p < 0.05); (C) Representative
dot plots showing induction of apoptosis and necrosis in PEO-1 cells after 48 h treatment with PARPi
(4 uM), ATRi (4 uM) or CHK1i (4 uM) alone and in combination. Data for SKOV-3 and OV-90 cells are
shown in Supplementary Figure S6. Individual samples are presented as data points. The population
of apoptotic cells was calculated according to the presented gating strategy; (D) Representative dot
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plots demonstrating the distribution of cell cycle phases in PEO-1 cells after 24 h treatment alone and
in combination. Representative dot plots for SKOV-3 and OV-90 cells are shown in Supplementary
Figure S7. Individual samples are presented as data points. The population of cells in each phase of
the cell cycle was calculated according to the presented gating strategy.

The largest changes were observed in OV-90 cells, where simultaneous treatment with
ATRi enhanced the effect of olaparib on the apoptotic cellular fraction from ~16% to ~23%.
Similar results were found after co-treatment with CHK1i and PARPi, where an increase
in the frequency of apoptosis to ~21% was observed. It should also be noted that after
48 h of treatment, only OV-90 cells were found to have significantly increased apoptosis
compared to the 24 h time point. In summary, our data suggest that biochemical changes
were associated with apoptotic cell death and not necrosis.

We previously confirmed that PARPi treatment activated the ATR/CHKI1 pathway [10],
which in turn affected cell cycle progression in the context of PARPi-induced DNA damage
(Figure 6B,D and Supplementary Figure S7). Thus, we evaluated the effect of PARPi, ATRji,
and CHKI1i alone or in combination on cell cycle phase distribution, paying particular
attention to G2/M, since cells with damaged DNA are arrested at the G2/M checkpoint
prior to mitosis. We did not observe a significant change in the distribution of the G2/M
phase of the cell cycle after treatment with PARPi in combination with ATRi or CHK1i in
both SKOV-3 and PEO-1 cells. Furthermore, we found that PARPi treatment alone increased
the frequency of G2/M cells to only 7% in SKOV-3 cells and 15% in PEO-1 cells. In both
cell lines, ATRi and CHK1i alone did not increase the frequency of cells in G2/M compared
to PARPi alone, with levels similar to those observed in untreated cells.

Interestingly, only OV-90 cells were more sensitive to treatment with a combination of
drugs compared to monotherapy. ATRi and CHK1i administered with olaparib significantly
induced G2/M arrest. Simultaneous treatment with ATRi enhanced the effect of olaparib
alone (~10%) and significantly increased the frequency of G2/M cells (~16%). A similar
effect, resulting in an ~15% increase in G2/M arrest, was observed when olaparib was
co-administered with the CHK1 inhibitor. Cells treated with PARPi in combination with
ATRi/CHKI1i-induced DNA damage. Inhibition of the ATR-CHK1 pathway resulted
in some cells passing through the G2/M checkpoint, leading to chromosomal damage,
genomic instability, and cell death.

3.4. Treatment with ATRi/CHK1i Induces Aberrant Cell Cycle Progression and Increases RS Levels

To investigate the effects of kinase inhibitors in combination with olaparib on cell
proliferation, we used BrdU and EdU incorporation to monitor S-phase progression. BrdU-
positive cells were gated into early mid or mid-late S-phase populations. An increase in
the abundance of early S-phase cells was observed in PEO-1 cells (Figure 7A), indicating
the slower progression of cells through the S-phase, a sign of RS. S-phase extension was
also observed in OV-90 cells after PARPi:ATRi treatment, although these changes were
not statistically significant. Interestingly, treatment with ATRi and CHKIi alone or in
combination with olaparib decreased BrdU intensity in S-phase, consistent with slower
DNA synthesis and higher RS in OV-90 and PEO-1 cells (Figure 7B). BrdU incorporation
into S-phase PEO-1 cells was more diminished after combination treatment than after
treatment with olaparib alone. The combination treatment did not significantly change cell
proliferation compared to ATRi or CHK1i monotherapy.

Next, we used EdU incorporation to examine the effects of the inhibitors on the three
distinct S-phase stages [25-27]. In control cells, we observed characteristic labeling of
normal S-phase: low homogeneous labeling, typical of the early S-phase (with uniform
fluorescence throughout the nucleus); strong homogeneous labeling, specific to middle
S-phase, and heterogeneous labeling (Figure 7C) [28]. Thus, ATR and CHK1 are critical in
the early S-phase to limit replication origin firing and to suppress the formation of ssDNA.
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Figure 7. The effects of PARPi, ATRi or CHKIi alone and in combination on the S-phase of the
cell cycle. (A) BrdU-positive heterochromatin labelling (labelling index) was used to examine the
S-phase of the cell cycle after 24 h treatment with PARPi (4 pM), ATRi (4 uM) or CHK1i (4 uM) alone
and in combination. The cells were gated into early mid or mid-late S-phase populations based
on DNA content; (B) Incorporation of BrdU. Data are presented as mean + SD of 3 independent
experiments. * indicates statistically significant differences between samples incubated with the com-

pound compared with control cells (p < 0.05), + indicates statistically significant differences between
samples incubated with PARPi alone and the combination treatments (PARPi:ATRi; PARPi:CHK11)
(p < 0.05); (C) Fluorescence images of EdU incorporation. Based on differences in the pattern of
DNA replication (EdU), cells were identified as progressing through early, mid, and late stages of
the S-phase (magnification 40 x, scale bar 20 um). Enlarged fragments of photos are presented in the
columns on the right side of each individual cell line panel.

3.5. Treatment with ATRi/CHK1i in Combination with PARPi Increases
Chromosomal Abnormalities

Combination treatment using olaparib with ATRi or CHKI1i can lead to a temporary
latency in DNA damage, since inhibition of these kinases allows cells to pass through the



Cells 2022, 11, 1889

15 of 24

G2/M checkpoint. Flow cytometry analysis of the cell cycle showed a slight decrease in
the mitotic index after PARPi:CHK1i treatment in SKOV-3 cells (Figure 8A). A decrease in
mitotic levels was also observed in OV-90 cells following treatment with ATRi or CHK1j,
either alone or in combination with olaparib. Treatment with these inhibitors did not
significantly affect the mitotic index of the PEO-1 cell line.
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Figure 8. PARPi treatment in combination with CHKi and ATRi causes chromosome aberrations.
DNA damage effects were measured by metaphase chromosome spread. (A) The mitotic index was
calculated as the percent ratio between the number of dividing cells and the entire cell population.
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The quantification was determined by BrdU incorporation; (B) Aberration index (M-phase aberrant
cells) was calculated as the percent ratio between the number of cells showing chromosome aberra-
tions and all mitotic cells; (C) Nuclear phenotypes in PEO-1/0V-90/SKOV-3 cells were determined
by Giemsa and by counterstaining with DAPI (0.1 mg/mL). Types of chromosomal aberrations were
counted under the microscope (Zeiss, Jena, Germany). * indicates statistically significant differences
between samples incubated with the compound compared with control cells (p < 0.05); + indicates
statistically significant differences between samples incubated with PARPi and the corresponding
combination treatments (PARPi:ATRi; PARPi:CHK1i) (p < 0.05); # denotes statistically significant
differences between samples incubated with ATRi or CHKi and their corresponding combination
treatments (PARPi:ATRi; PARPi:CHK1i) (p < 0.05); (D) Replication stress inhibitors synergize with
PARPi and cause chromosomal aberrations in PEO-1 cells. Representative images of OV-90 and
SKOV-3 cells are shown in Supplementary Figure S8. Red arrows show damaged chromosomes.
Stained slides were analyzed using a 100 objective (scale bar 20 um) and a Nikon ECLIPSE E600W
microscope (Nikon, Warsaw, Poland).

Despite slight changes in the mitotic index, premature initiation of mitosis follows
an aberration course, because the nonreplicated regions of the genome are expressed in
the form of losses or breaks in the chromosomes. Aberrant M-phase cells (included in
the aberration index) showed chromosomal abnormalities. In the SKOV-3 and PEO-1 cell
lines, a combination of PARPi:CHK1i and PARPi:ATRi treatment led to an increase in
chromosomal aberrations compared to monotherapy (Figure 8B). However, the level of
damage was 2-fold higher in the PEO-1 BRCAMUT cell line than in the SKOV-3 BRCAT
cell line.

Next, we distinguished between the specific types of chromosomal aberrations (Figure 8C).
The frequency of normal cells decreased significantly after treatment with PARPi to 11.1% in
PEO-1 (BRCAMUT) cells and 8.7% in OV-90 (pSSMUT) cells compared to controls. Similarly,
after ATRi treatment, the frequency of normal cells was in 14.4% in the PEO-1 cell line
and 14.2% in the OV-90 cell line compared to the controls. Less significant changes were
observed after treatment with CHK1i alone (~30%). Virtually no normal cells were observed
after treatment with the PARPi:ATRi combination (Figure 8D). Although the PARPi:CHK1i
combination had a weaker effect than PARPi:ATRi (PEO-1, 19.4% normal cells; OV-90, 12.1%
normal cells), this effect was still larger than that observed after treatment with CHK1i
alone. The drugs had virtually no effect on the SKOV-3 line at each dose tested. In contrast,
in the OV-90 cell line, both combinations led to an increase in chromosomal aberrations
(chromatid gaps and breaks, nuclear bridge formation) compared to monotherapy. Further-
more, although an increased number of aberrations was observed in the PEO-1 cell line,
no differences between the combination treatment and monotherapy were found. With
respect to the subcategory comprising multilobulated nuclei and mitotic spindle alterations,
the greatest changes occurred in the PEO-1 cell line (26%), followed by the OV-90 (16%)
and SKOV-3 (8-10%) cell lines. Noted gaps and breaks or abnormal morphology means
that unrepaired DSBs enter the M-phase. Thus, blocking checkpoints with ATR or CHK1
inhibitors results in genomic instability and may lead to mitotic catastrophe (MC). Here,
we found that PARPi:ATRi-treated cells that progressed into mitosis after a transient cell
cycle arrest failed to separate, resulting in MC.

3.6. ATR Inhibition Intensifies PARPi-Induced Formation of MN in BRCAMUT Cells

MN are pieces of chromosomes or entire chromosomes that are formed during cell
division. MN are not incorporated into one of the two main daughter nuclei [29]. After
the telophase, they form a rounded body inside the cytoplasm, which is separate from
the main nuclei [30]. Here, we found that a mitosis-dependent type of MN formation,
identified as a typical consequence of lost or lagging chromosomal fragments during
the anaphase-telophase transition (Figure 9). Following 24 h treatment, ATRi induced a
statistically significant increase in the frequency of cells with MN (44.7% vs. control) in
OV-90 cells. Combination treatment with PARPi and ATRi, as well as PARPi and CHK1i,
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induced similar frequencies of MN (43.3% and 37.4%, respectively). In the SKOV-3 and
OV-90 lines, no beneficial effect of the combination was observed. Monotherapy with either
PARPi or CHK1i did not significantly affect the number of cells with MN. However, in
SKOV-2 cells, elevated levels of MN were only detected after treatment with a combination
of PARPi and ATRIi (38%) or PARPi and CHK1i (32.7%). In PEO-1 cells, ATRi synergized
with PARPi to increase the frequency of MN to 48% in contrast to treatment with PARPi or

ATRIi alone.
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Figure 9. PARPi treatment in combination with ATRi/CHK]1i elevates the number of cells with
MN. (A) Number of cells with MN in OV-90, SKOV-3 and PEO-1 cell lines after 24 h treatment with
PARPi (4 uM), ATRi (4 pM) or CHKIi (4 uM) alone and in combination. * indicates statistically
significant differences between samples incubated with the compound compared with control cells
(p < 0.05); + indicates statistically significant differences between samples incubated with PARPi
alone and the combination treatments (PARPi:ATRi; PARPi:CHK1i) (p < 0.05); # denotes statistically
significant differences between samples incubated with ATRi or CHKi and their corresponding
combination treatments (PARPi:ATRi; PARPi:CHK1i) (p < 0.05); (B) Morphological changes after 24 h
treatment with compounds related to the formation of MN. Extranuclear bodies of the damaged
part of chromosome are marked by green arrows. Enlarged fragments of photos are presented
in the columns on the right side of each individual cell line panel. The cells were stained with
acridine orange and visualized by fluorescence microscopy (Olympus IX70, Japan; scale bar 50 um,
magnification 400 x); (C) Ovarian cancer cells with ATR/CHK]1 deficiencies progress to M phase
without G2/M checkpoint arrest. ATRi/CHKI1i induces premature chromosome condensation (PCC)
by bypassing the internal S-phase checkpoint mechanism. The failure of G2/M checkpoint arrest
causes severe DNA fragmentation such as unrepaired double-strand breaks (DSBs) during M phase,
which result in multiple MN. Cells with multiple nuclear fragmentations undergoing MC.
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4. Discussion

Ovarian cancer remains a highly lethal disease [31]. PARP inhibitors are now used
as a maintenance therapy for patients with BRCAMUT epithelial ovarian cancer and as a
treatment of relapsed BRCAMUT ovarian cancer in patients who have been treated with
two or more chemotherapies before [32,33]. Despite their effectiveness, resistance to
PARP inhibitors has been clinically reported [34-36]. Thus, it is critical to determine the
mechanism of action of PARP], as well as other inhibitors that compromise genomic stability
linked to cell cycle disruption. There is a strong connection between genomic instability
acquired during the S-phase and chromosomal instability following mitotic progression.
The purpose of our study was to examine the short-term (up to 48 h) efficacy of PARPi
together with DDR-targeting agents. We investigated whether premature mitotic entry
induced by ATR/CHK1 inhibition increases genomic instability in BRCAMYT and BRCAWT
HGSOC. We demonstrated that a combination of inhibitors was not more cytotoxic than
monotherapy. However, despite the weak cytostatic activity of PARP, treatment with CHK1i
or ATRi in combination with PARPi results in an increase in replication disorders due to
a lack of checkpoint control by CHK1/ATR and PARP. ATR and CHK1 kinase inhibitors
disrupt the cell cycle and as a result, cells with high levels of DSBs enter mitosis prematurely
in the presence of unrepaired DNA. The combination of olaparib with inhibitors of the
ATR/CHKI1 pathway generated chromosomal abnormalities, independent of the BRCAMUT
status of the cells, and formed micronuclei. Our data suggest that DNA DSB lesions do
not immediately lead to cell death, but can progress into mitosis, resulting in chromatin
aberrations. Chromosome instability might cause cell death by MC. Abrogation of the
ATR-initiated checkpoint cascade mediated through CHK1 has previously been shown to
direct cells into MC [37].

DDR is controlled not only by the concentration and persistence of DNA lesions,
but also by the proliferative status of the damaged cell. Previously, we examined the
effect of prolonged PARPi, ATRi and CHKIi treatment and confirmed a differential drug
response profile, which was dependent on BRCA status [10]. In this study, abnormalities
in the proliferation process were initially observed 24 h after combined treatment with
PARPi and ATRi, with a significantly stronger effect seen after 48 h. Changes in the
proliferation machinery were manifested as a decrease in the mitotic index and an increase
in heterochromatin formation. Our studies showed that the combination of ATRi/CHK1i
with PARPi is no more cytotoxic than monotherapy with ATRi and CHK1. This may
indicate that at the selected time and dose, olaparib in the tested lines has a cytostatic
effect. Combining olaparib with ATRi was cytotoxic in ATM-deficient cells and cytostatic
in ATMWT cells [38]. Cytotoxic and cytostatic effects of olaparib and IR were induced in a
PTEN (phosphatase and tensin homolog) independent manner in the endometrial HEC-6
cells [39]. Cell survival variance of triple-negative breast cancers were impacted at 40% by
the time of olaparib exposure, at 39% by radiotherapy, at 14% by the olaparib concentration,
and at 9% by the type of cell line [40]. In our study, the cytostatic effect of olaparib may
require prolonged dosing for therapeutic effect [41]. Although the PEO-1 BRCAMUT cell
line was the most sensitive to treatment with RS kinase inhibitors, we found that the ATRi
and CHK1i were cytotoxic and genotoxic to BRCA"T cells. Loss of the integral HR pathway
components in cancers with non-BRCA HR defects due to germline or somatic mutations in
PALB2, RAD51B, RAD51C, or RAD51D, or their inactivation through promoter methylation,
might be the cause of olaparib susceptibility [42].

Next, we examined chromatin condensation as an early marker of repaired DNA
damage after treatment with the tested inhibitors. Our data showed slight changes in
chromatin condensation in all cell lines. Significant differences were observed in the SKOV-3
line after treatment with both drug combinations. Previous studies have demonstrated that
chromatin needs to be dynamically reorganized to properly orchestrate DDR [43]. Moreover,
chromatin compaction may provide the structural and molecular environment to mimic
the DDR amplification step, and therefore trigger ATM and ATR signaling independent of
the DNA lesions [43,44]. PARP1 selectively binds to transcriptionally active chromatin and
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controls the fidelity of gene transcription [45,46]. Inactive forms of PARP1 may contribute
to the formation of condensed chromatin structures [47]. On the other hand, histone
eviction and local chromatin decondensation have been observed in the presence of DSBs,
which is then followed by chromatin compaction [48] and acceleration of DDR downstream
pathways, including signaling through the CHK1 and CHK2 kinases [43,49].

ATR and CHKI1 inhibitors result in the accumulation of DNA damage in mitosis,
including MN formation and thus cell death. The beneficial effect of the PARPi:ATRi
combination on MN was seen only in the PEO-1 BRCAMUT cell line. Lagging chromosomes
and MN are elevated upon PARP1/2 depletion or inhibition, following the accumulation of
unrepaired or inappropriately repaired DNA lesions during the S-phase that progress into
mitosis [14]. Olaparib was shown to induce MN formation and anaphase chromatin bridges,
which are hallmarks of chromosome missegregation [50]. ATRi was found to promote
the generation of acentric dysfunctional MN and abrogate radiation-induced G2 cell-cycle
checkpoint arrest due to aberrant mitosis and MC [51]. ATRi extended mitotic duration,
associated with lagging chromosomes, anaphase bridges and MN formation upon comple-
tion of mitosis. Combined PARPi and ATRi treatment resulted in severely extended mitotic
duration, eventually leading to genome disintegration and catastrophic damage [52]. Treat-
ment with PARPi and ATRi in combination were also found to be effective in ATM-deficient
tumors, elevating the number of MN to a greater extent than olaparib monotherapy [38].
Our findings are partly consistent with a study by Schoonen et al., where increased mitotic
defects and elevated numbers of MN in BRCA2-defective cells were observed after PARP
inhibition, while the number of MN increased upon ATR inhibition [53].

One of the consequences associated with the presence of MN is cell death. In DDR,
MC is induced when chromatin condensation and spindle assembly occur on incompletely
replicated DNA to cause chromosome fragmentation [54]. PARP plays a crucial role in
the maintenance of chromosomal stability to avoid an increase in cells with structural
chromosomal aberrations. A higher frequency of chromatid breaks, anaphase bridges and
MN have been found following PARP1 inhibition, particularly in response to genotoxic
stress [55]. Another study confirmed that olaparib-treated cells might die by MC [14].
In the unperturbed S-phase, ATR is activated at a low level during the early S-phase,
and its activity declines at the end of the S-phase. ATR inhibition leads to the premature
accumulation of cyclin B through the expression of forkhead box protein M1 (FOXM1)
in S-phase cells [56]. We demonstrate that ATRi and CHK1i alone impact replication
throughout the S-phase as a result of raising the RS. Previously, we reported that the
activation of the S-phase checkpoint in response to DNA damage might be associated with
CHK1 phosphorylation in PARPi-treated cells [10]. It is known that the basal levels of
CHK1 protein during the S-phase inhibit mitotic entry. Inhibiting CHK1 has the opposite
effect and has been found to increase the initiation of DNA synthesis, as well as DNA
damage [57]. However, despite olaparib-induced checkpoint activation, cancer cells still
progress into mitosis. Extensive DNA damage in mitosis causes metaphase arrest due
to defective kinetochore attachment and activation of the spindle-assembly checkpoint
(SAC) [58].

Metaphase arrest due to DNA damage leads to MC, whereby cells die by apoptosis or
by avoiding mitotic arrest [59]. Here, apoptosis was found to be significantly increased with
the ATRi/CHK1i monotherapy in both BRCAMUT and HR-proficient cell models. ATRi
and CHKI1i-treated cells that underwent apoptosis had DNA content consistent with the
early S-phase, suggesting that cells carrying DNA lesions into the S-phase, in the absence
of functional ATR, are predisposed to higher levels of RS and intensified cell death [60].
Treatment with olaparib alone was unable to increase the expression of cleaved caspase-3, an
apoptosis marker, in the SKOV-3 cell line [61]. Here, the apoptotic cellular fractions assessed
by double staining with Hoechst 33258 /PI and by the externalization of phosphatidylserine
did not significantly increase after olaparib monotherapy, similar to changes in caspase-3
levels, suggesting that olaparib alone was insufficient to induce cell death by apoptosis in
the tested time range. ATRi and CHK1i monotherapies were more efficient in apoptosis
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induction, elevating cleaved caspase-3 levels and the frequency of apoptotic cells in the
OV-90 and BRCAMUT PEO-1 cell lines. Previously, we assessed the overall level of DNA
damage, including SSBs and DSBs, using the alkaline and neutral variants of the comet
assay, and found that ATRi and CHK1i had a marked effect on DNA strand breaks [10]. In
the current study, DSBs were monitored using the DSB marker, YH2AX. PIKK-mediated
phosphorylation of histone H2AX generates YH2AX, which functions as a chromatin marker
for the assembly of repair and signaling complexes [54]. Chromatin regulatory mechanisms
are engaged during DDR to promote lesion recognition, repair, and signal transduction [54].
Unresolved replication lesions do not necessarily block mitotic entry, but progress into
mitosis, leading to chromosome instability. In our study, weak expression of YH2AX
was observed after PARPi treatment in all cell lines tested. Our findings are similar to a
study by Fleury et al., which demonstrated that olaparib treatment alone was not effective
enough to increase the number of YH2AX foci and even MN in HGSOC cell lines [62].
Here, we confirmed the presence of YH2AX after the ATRi monotherapy, PARPi:ATRi and
PARPi:CHK1i combined therapy in PEO-1 cells. Our findings are consistent with previous
studies [53,63]. Furthermore, consistent with a study by Huntoon et al., we found that
vYH2AX levels were increased after ATRi and CHKI1i treatment alone or in combination
with PARPi in BRCAMUYT and BRCAWT cells [64]. Interestingly, we observed high YH2AX
levels in the SKOV-3 (BRCA"T) line. However, when comparing the control values of the
tested cell lines, it is worth noting that the SKOV-3 cells had lower levels of YH2AX than
PEO-1 cells. Our data are consistent with other studies. Phosphorylated histone H2AX was
observed following PARPi treatment to the same extent in wild-type and BRCA1/2-deficient
cell lines, suggesting that DSBs occur independent of BRCA function [65].

Inhibition of PARP1/2 during mitosis does not lead to the same mitotic phenotypes
that arise in response to PARP1/2 inhibition during DNA replication in the S-phase. Fur-
thermore, premature loss of cohesion occurred when olaparib was added during the
S-phase (S-phase stalling), suggesting that replication fork blockage due to PARP entrap-
ment leads to a loss of cohesion and subsequent defects in mitosis. Olaparib causes loss
of sister chromatid cohesion. Loss of cohesion in interphase cells causes chromatid scat-
tering in metaphase cells, metaphase arrest and cell death [66]. It has been shown that
PARP trapping during the S-phase is required for the induction of mitotic chromosomal
bridges [14]. Chromosomal aberrations in either PARPi:ATRi- or PARPi:CHK1i-treated
cells imply inappropriate repair of DSBs before entry into mitosis, increased replication
fork collapse and abrogation of the G2/M-phase checkpoints in PEO-1 and SKOV-3 cells.
Only in OV-90 cells were ATRi or CHK1i found to enhance the olaparib effect and promote
a small increase in G2/M cells (~16%). Inhibition of ATR or CHK1 led to an increase in
olaparib-induced markers of RS [67]. Other studies have confirmed that a lack of G2/M
activation and/or spindle checkpoints in cells suffering from DNA damage occurs due to
inhibition of the ATR/CHK1 pathway [54,68].

5. Conclusions

MC is not a separate mode of cell death, but rather a process preceding cell death,
which can occur through necrosis or apoptosis in ovarian cancer cells [37]. Importantly,
PARPiI in short incubation times show cytostatic effect rather than cytotoxic activity. There-
fore, the combination of ATRi/CHK1i with PARPi is not more cytotoxic than monotherapy.
Our research indicates that the cytotoxic effect of the combination is time dependent. The
final outcome of cell death depends on the molecular profile of the cell and, in our study,
is independent on BRCA status. There is undoubtedly a connection between ATR/CHK1
inhibition and DNA damage-induced cell-cycle disruption [69]. Both ATRi and CHK1i
tested in this study were found to cause inappropriate entry into mitosis, leading to chro-
mosomal aberrations, genome instability, and apoptosis. We confirmed that ATRi and
CHKTIi cytotoxicity was due to mitotic dysfunction. Additional research in vivo is required
to further explore the effect of PARPi:ATRi and PARPi:CHK1i on genome stability and
cancer cell survival, which may also depend on the genetics of the tumor.
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Individual samples are presented as data points; Figure S8: Replication stress inhibitors synergize
with PARPi to induce chromosomal aberrations in (A) OV-90 and (B) SKOV-3 cells. Red arrows show
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analyzed using a 100 x objective and a Nikon ECLIPSE E600W microscope (Nikon, Warsaw, Poland).
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Figure S1. ATRi/CHK1i monotherapy and combination treatment caused cell death. Fluorescence
images of the apoptotic and necrotic changes caused by treatment with the compounds in SKOV-3 and
OV-90 cells. Representative cells are marked with a dashed line and enlarged. The cells were divided
into four categories as follows: live cells (dark blue fluorescence), early-apoptotic (bright blue
fluorescence), late-apoptotic (pink—violet fluorescence), and necrotic cells (red fluorescence).
Apoptotic and necrotic changes were visualized after double staining with Hoechst 33258/PI under a
fluorescence microscope (Olympus IX70; scale bar 50 um; magnification 400x).
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Figure S2. ATRi/CHK1i monotherapy and combination treatment caused
phosphatidylserine externalization. Representative dot plots showing induction of apoptosis and dead
SKOV-3 and OV-90 cells after 48h treatment with PARPi (4 uM), ATRi (4 pM) or CHK1i (4 pM) alone
and in combination. Individual samples are presented as data points. The population of apoptotic
cells was calculated according to the presented gating strategy.
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Figure S3. ATRi/CHKIi increases caspase-3 expression. For immunofluorescence staining, SKOV-3
and OV-90 cells were stimulated with PARPi, ATRi or CHKI1i alone, or the combination of
PARPi:ATRi or PARPi:CHKIi at 4 uM and labeled with antibodies against caspase-3 (red colour).
Images were acquired using a confocal laser scanning microscope (scale bar 20 um, magnification 63x).
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Figure S4. ATRi/CHKIi increases YH2AX expression. For immunofluorescence staining, SKOV-3 and
OV-90 cells were stimulated with PARPi, ATRi or CHK1i alone, or the combination of PARPi:ATRi or
PARPi:CHKIi at 4 uM and labeled with antibodies against YH2AX (green colour). Images were acquired
using a confocal laser scanning microscope (scale bar 20 pum, magnification 63x).
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Figure S5. YH2AX expression in SKOV-3, OV-90 and PEO-1 control cells presented as arbitrary area value.
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Figure S6. Representative dot plots showing induction of apoptosis and necrosis in SKOV-3 and
OV-90 cells after treatment with PARPi (4 uM), ATRi (4 uM) or CHKIi (4 pM) alone and in
combination. Individual samples are presented as data points. Population of apoptotic [Q2
(Vybrant-positive and Sytox-positive) + Q4 (Vybrant-positive and Sytox-negative)] and necrotic cells
[Q1 (Vybrant-negative and Sytox-positive)] was calculated according to the presented gating strategy.
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Figure S7. Representative dot plots showing the distribution of cell cycle phases in SKOV-3 and OV-90
cells after 24 h treatment with PARPi (4 uM), ATRi (4 uM) or CHKI1i (4 uM) alone and in
combination. Individual samples are presented as data points.
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Figure S8. Replication stress inhibitors synergize with PARPi to induce chromosomal aberrations in
(A) OV-90 and (B) SKOV-3 cells. Red arrows show damaged chromosomes, (50 metaphase spreads in
each group were counted). Stained slides were analyzed using a 100x objective and a Nikon ECLIPSE
E600W microscope (Nikon, Warsaw, Poland).
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statystycznej. Uczestniczylam takze w wykonaniu metody ptytki metafazowej, cyklu komdrkowego,
zmierzeniu kondensacji chromatyny. Wspoéttworzytam manuskrypt i bratam udziat w odpowiedzi
na recenzje. Mdj udziat procentowy oceniam na 50%.
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https://doi.org/10.1186/5s13045-020-00874-6

Os$wiadczam, ze méj wkiad w powstanie powyziszej pracy polegat na wspétudziale w
stworzeniu koncepcji, wspoftworzeniu manuskryptu i nadaniu ostatecznego ksztattu pracy oraz udziale
w przygotowaniu korekty. Autor korespondencyjny. Mdj udziat procentowy oceniam na 15 %.
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increases the reliance on ATR/CHK1 checkpoint signaling leading to synthetic lethality-an alternative
treatment strategy for epithelial ovarian cancer cells independent from HR effectiveness. Int. J. Mol.
Sci. 2020, 21(24), 9715; https://doi.org/10.3390/ijms21249715

Oswiadczam, ze méj wkiad w powstanie powyzszej pracy polegat na kierowaniu projektem
obejmujgcym badania, wspoétudziale w stworzeniu koncepcji, wykonaniu czesci doswiadczen,
wspottworzeniu manuskryptu i nadaniu ostatecznego ksztattu pracy oraz udziale w przygotowaniu
korekty. Autor korespondencyjny. Mdj udziat procentowy oceniam na 10 %.
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BRCAYT Ovarian Cancer Cells. Cells. 2022, 11, 1889; https://doi.org/10.3390/cells11121889

Oswiadczam, ze mo6j wktad w powstanie powyziszej pracy polegat na kierowaniu projektem
obejmujagcym badania, wspdtudziale w stworzeniu koncepcji, wykonaniu czesci doswiadczen,
opracowaniu wynikow, wspéttworzeniu manuskryptu oraz udziat w przygotowaniu korekty. Autor
korespondencyjny. Mdéj udziat procentowy oceniam na 10 %.
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10.1186/513045-020-00874-6. PMID: 32316968; PMCID: PMC7175546.

Oswiadczam, ie moj wkiad w powstanie powyiszej pracy polegat na wspdtudziale
w stworzeniu koncepcji artykutu, wspéttworzeniu manuskryptu i nadaniu ostatecznego ksztattu pracy
oraz udziale w przygotowaniu korekty. Méj udziat procentowy oceniam na 25%.
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Increases the Reliance on ATR/CHK1 Checkpoint Signaling Leading to Synthetic Lethality-An Alternative
Treatment Strategy for Epithelial Ovarian Cancer Cells Independent from HR Effectiveness. Int J Mol Sci.
2020 Dec 19;21(24):9715. doi: 10.3390/ijms21249715. PMID: 33352723; PMCID: PMC7766831.
Oéwiadczam, ze mdj wkitad w powstanie powyiszej pracy polegat na wspdtudziale
w stworzeniu koncepcji artykutu, wykonaniu czesci doswiadczenn zwigzanych z oznaczeniem
cytotoksycznoéci badanych zwigzkdw, okresleniem wspétczynnika oddziatywania lekéw, stopnia
aktywacji kaspaz wykonawczych, wspéttworzeniu manuskryptu i nadaniu ostatecznego ksztattu pracy
oraz udziale w przygotowaniu korekty. Méj udziat procentowy oceniam na 20%.
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on Premature Mitotic Entry and Genomic Instability in High-Grade Serous BRCAMUT and BRCAWT
Ovarian Cancer Cells. Cells. 2022 Jun 10;11(12):1889. doi: 10.3390/cells11121889. PMID: 35741017;
PMCID: PM(C9221516.

Oéwiadczam, ze mdj wkiad w powstanie powyzszej pracy polegat na wspétudziale
w stworzeniu koncepcji pracy, wykonaniu czesci doswiadczen zwigzanych z oznaczeniem stopnia
eksternalizacji fosfatydyloseryny, kondensacji chromatyny, analizg rozktadu faz cyklu komérkowego z
rébwnoczesng ocena stopnia inkorporacji BrdU, immunofluorescencyjng wizualizacjg ekspresji
kaspazy 3 oraz fosforylowanego histou H2AX, wizualizacjg ptytki metafazowej oraz mikrojader,
wspottworzeniu manuskryptu i nadaniu ostatecznego ksztattu pracy oraz udziale w przygotowaniu
korekty. Mdj udziat procentowy oceniam na 25%.
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https://doi.org/10.1186/s13045-020-00874-6

Oswiadczam, ze mdj wkiad w powstanie te] pracy polegat na wspétudziale w tworzeniu
koncepcji pracy oraz przygotowaniu ostatecznej jej formy, a takze uczestniczeniu w odpowiedziach na

recenzje. Moj udziat procentowy oceniam na 10 %.
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increases the reliance on ATR/CHK1 checkpoint signaling leading to synthetic lethality-an alternative
treatment strategy for epithelial ovarian cancer cells independent from HR effectiveness. Int. J. Mol.

Sci. 2020, 21(24), 9715; https://doi.org/10.3390/ijms21249715

Oswiadczam, ze mdj wktad w powstanie tej pracy polegat na wspdtudziale w tworzeniu
koncepcji pracy oraz przygotowaniu ostatecznej jej formy, a takze uczestniczeniu w odpowiedziach na

recenzje. Moéj udziat procentowy oceniam na 5 %.
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Oswiadczam, ze modj wktad w powstanie powyisze] pracy polegat na wspdtudziale
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