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1. Zrédla finansowania pracy doktorskiej
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Grant Narodowego Centrum Badan i Rozwoju w ramach konkursu LIDER X
(LIDER/22/0122/L 10/18/NCBR/2019) pt. ,,Przetamywanie opornosci wielolekowe;j
nowotworow na poziomie genomu: opracowanie metody zapobiegajacej nadekspresji
transporterow ABC w komorkach nowotworowych opartej na inhibitorach enzymoéow

remodelujacych chromatyne¢”, kierownik: dr hab. Agnieszka Robaszkiewicz, prof. UL

2) Grant UL Inicjatywa Doskonato$ci — Uczelnia Badawcza (IDUB) (IDUB60/2021) pt.
,Potranslacyjne modyfikacje E2F wywolane aktywacja $ciezki ATM/ATR jako
mechanizm warunkujacy nadekspresje genéw odpowiedzialnych za naprawe DNA w
terapiach przeciwnowotworowych”, kierownik: dr hab. Agnieszka Robaszkiewicz,
prof. UL

3) Dofinansowania w ramach dzialalno$ci naukowej doktorantow Szkoly Doktorskiej
BioMedChem

2.Dorobek Naukowy

Niniejsza rozprawa doktorska oparta jest na artykule przegladowym i artykule

oryginalnym opublikowanych w recenzowanych czasopismach, artykule oryginalnym

zaakceptowanym do publikacji oraz dwoch manuskryptach oryginalnych wystanych do

czasopism.

1)

2)

3)

Gronkowska, K.; Robaszkiewicz, A. p300 dysregulation in cancers and its cross-talk
with other epigenetic factors — a comprehensive review, Mol Ther Oncol. 2024 Sep

2;32(4):200871; doi: 10.1016/j.omton.2024.200871; IF:5,3, MNiSW:100

Gronkowska, K.; Michlewska, S.; Robaszkiewicz, A. Activity of lysosomal ABCC3,
ABCCS5 and ABCCI10 is responsible for lysosomal sequestration of doxorubicin and
paclitaxel-OregonGreen488 in paclitaxel-resistant cancer cell lines, Cell Physiol

Biochem 2023; 57(5):360-378; doi: 10.33594/000000663.; IF:2,5, MNiSW:140

Gronkowska, K.; Michlewska, S.; Ploszaj, T.; Strachowska, M.; Stegpien, A.;
Borowiec, M.; Bednarek, A.; Robaszkiewicz, A. BRG] targeting overcomes ABCC-

7



4)

5)

based multidrug resistance induced by paclitaxel, bioRxiv 2025.05.01.651609; doi:
10.1101/2025.05.01.651609 — w recenzji w The Journal of Pharmacology and

Experimental Therapeutics

Gronkowska, K.; Kotacz-Milewska, K.; Michlewska, S.; Ploszaj, T.; Borowiec, M.;
Robaszkiewicz, A. HIF1A, BRGI, and p300 interaction confers paclitaxel-induced
drug resistance by enabling the overexpression of ABCC genes, Mol Ther Oncol.

doi:1016/j.omton.2025.201049; IF:5,3, MNiSW:100

Gronkowska, K.; Kotacz-Milewska, K.; Michlewska, S.; Robaszkiewicz, A. P53
supresses transcription of the p300-E2F1-dependent gene subset by maintaining
KDM5B associated with gene promoters,
bioRxiv 2025.08.25.672089; doi: 10.1101/2025.08.25.672089 — w recenzji w

Nucleic Acids Research

Suma: IF = 13,1; 340 pkt MNiSW

Pozostaly dorobek naukowy:

1)

2)

3)

Strachowska, M.; Gronkowska, K.; Michlewska, S.; Robaszkiewicz, A. (2021).
CBP/p300 Bromodomain Inhibitor-I-CBP112 Declines Transcription of the Key ABC
Transporters and Sensitizes Cancer Cells to Chemotherapy Drugs. Cancers, 13(18),
4614 1F:6,575/ MNiSW:140

Sobczak, M., Strachowska, M., Gronkowska, K., Karwaciak, 1., Pufaski, L.,
Robaszkiewicz, A. (2021). LSD1 Facilitates Pro-Inflammatory Polarization of
Macrophages by Repressing Catalase. Cells, 10(9), 2465. 1F:7.666, MNiSW:140

Gronkowska, K.; Robaszkiewicz, A. Bioinformatyczna analiza miejsc wigzania
enzymu LSD1 w roéznych typach nowotworu piersi pozwala wytoni¢ jego mozliwe

transkrypcyjne kofaktory, rozdz.4 w: ,,Badania i Rozwdj Mtodych Naukowcow w



4)

5)

6)

7)

8)

9)

Polsce Nauki medyczne i nauki o zdrowiu — Czg$¢ 1, Redakcja naukowa dr Jedrzej

Nyc¢kowiak, dr hab. Jacek Lesny, prof. UPWR, 2022, s. 28-34; MNiSW:5

Gronkowska,K.; Robaszkiewicz, A. Role of E2F family transcription factors and RB
protein family in malignant transformation and cancer progression rozdz.5 w :
»Badania i Rozw6j Mtodych Naukowcow w Polsce Nauki medyczne i nauki o
zdrowiu — Cz¢$¢ 17, Redakcja naukowa dr Jedrzej Nyckowiak, dr hab. Jacek Lesny,
prof. UPWR, 2022, s. 35-40; MNiSW:5

Sobczak, M., Strachowska, M., Gronkowska, K., Robaszkiewicz, A. (2022).
Activation of ABCC Genes by Cisplatin Depends on the COREST Occurrence at Their
Promoters in A549 and MDA-MB 231 Cell Lines. Cancers, 14(4), 894. IF: 5.2,
MNiSW:140

Strachowska, M.; Gronkowska, K.; Sobczak, M.; Grodzicka, M.; Michlewska, S.;
Kotacz, K.; Sarkar, T.; Korszun, J.; lonov, M.; Robaszkiewicz, A. (2023). I-CBP112
declines overexpression of ATP binding cassette transporters and sensitized drug-
resistant MDA-MB-231 and A549 cell lines to chemotherapy drugs. Biomedicine &
pharmacotherapy, 168, 115798. IF:7.419, MNiSW: 140 pkt

Kotacz, K.; Gronkowska, K.; Robaszkiewicz, A. Post-translational protein
modifications under cellular stress: Implications for DNA repair, Badania 1 RozwJj
Mtodych Naukowcow w Polsce Przeglad badan Czes$¢ 1/ Nyckowiak Jedrzej, Le$ny
Jacek, Ktosinski Karol (red.), 2024, Poznan, Mlodzi Naukowcy, s.86-91, MNiSW:5

Kotacz, K.; Gronkowska, K.; Robaszkiewicz, A. Post-translational modifications of
the PARP1 protein in enzyme activation and function, Badania i Rozwdj Mtodych
NaukowcoOw w Polsce Przeglad badan Czegs¢ I / Nyckowiak Jedrzej, Lesny Jacek,
Klosinski Karol (red.), 2024, Poznan, Mtodzi Naukowcy, s.79-85; MNiSW:5

Kotacz, K.; Gronkowska, K.; Strachowska, M.; Robaszkiewicz, A. (2024)
Poliploidia jako rezultat terapii przeciwnowotworowych i przyczyna braku ich

skutecznosci. Postepy biochemii, 325 — 335. MNiSW:70 pkt



10) Gronkowska, K.; Kotacz-Milewska, K; Skoczylas, S; Nagy, E.; Jacenik, D.;
Székvolgyi, L; Robaszkiewicz, A.; Strachowska M. SMARCAT1 Regulates PARP1-
Dependent ABC Transporters Expression and Mediates Doxorubicin Resistance in

Triple-Negative Breast Cancer. — w recenzji w Biomedicine & Pharmacotherapy

Suma: IF = 26,86; 650 pkt MNiSW

Komunikaty zjazdowe:

Migdzynarodowe:

1) Gronkowska, K.; Robaszkiewicz, A. BRG1-dependent chromatin remodeling at the
promoters of lysosome-localized ABC transporters confers multidrug insensitivity in
paclitaxel-resistant non-small cell lung cancer cells, 11-14.06.2022 European Human

Genetics Conference, Wieden, Austria

2) Gronkowska, K.; Ploszaj, T.; Robaszkiewicz, A. ATM/ATR-CHK1/CHK2-p53
signaling axis primes breast cancer cell for survival upon genotoxic stress caused by
alkylating agent — cisplatin, 9-14.07.2022 The Biochemistry Global Summit, 25th
IUBMB Congress, 46th FEBS Congress, 15th PABMB Congress, Lizbona, Portugalia

3) Gronkowska, K.; Robaszkiewicz, A. p53-EP300 interaction obviates the impact of
drug-induced ATM/ATR-CHK1/CHK2-p53-p21 activation on the E2F-driven promoters
of DNA repair genes 16-24.08.2022 FEBS/EMBO Lecture Course: Molecular

Mechanisms of Signal Transduction and Cancer, Spetses, Grecja

4) Gronkowska, K.; Robaszkiewicz, A. Paclitaxel treatment induces BRG1-dependent
chromatin remodelling at the promoters of lysosome-localized ABC transporters and
confers multidrug resistance,18-21.10.2022 FEBS Advanced Lecture Course: Danube

Conference on Epigenetics, Budapeszt, Wegry

5) Gronkowska, K.; Michlewska, S.; Ptoszaj, T.; Borowiec, M.; Robaszkiewicz, A. The
influence of BRGI-dependent chromatin remodelling on the expression of lysosome
localised ABC transporters in paclitaxel-resistant cancer cells, 27.08-01.09.2023 FEBS

Advanced Lecture Course: Epigenomics, Nuclear Receptors and Disease, Spetses, Grecja

6) Gronkowska, K.; Ploszaj, T.; Michlewska, S.; Borowiec, M.; Robaszkiewicz, A.
Enhanced lysosomal function in paclitaxel-resistant cancer cells is associated with BRM-
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and HIF1A functional crosstalk defines transcription of ABC transporters in paclitaxel
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8) Gronkowska, K.; Michlewska, S.; Ploszaj, T.; Kotacz, K.; Strachowska, S.;
Borowiec, M.; Robaszkiewicz, A. HIF1A-EP300-BRG1 functional crosstalk on the

chromatin defines transcription of ABC transporters in paclitaxel resistant breast and lung

cancers, 26-29.06.2024 FEBS Young Scientist Forum, Pawia, Wlochy

9) Gronkowska, K.; Michlewska, S.; Ploszaj, T.; Kotacz, K.; Strachowska, M.;
Borowiec, M.; Robaszkiewicz, A. HIF1A-EP300-BRG1 functional crosstalk on the
chromatin defines transcription of ABC transporters in paclitaxel resistant breast and lung

cancers, 29.06-03.07.2024, 48th FEBS Congress, Mediolan, Wlochy

10) Gronkowska, K.; Michlewska, S.; Ptoszaj, T.; Strachowska, M.; Borowiec, M.;
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11) Gronkowska, K.; Kotacz-Milewska, K.; Robaszkiewicz, A. Cisplatin-induced
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Ogolnokrajowa Konferencja Naukowa MEODZI NAUKOWCY W POLSCE -
BADANIA I ROZWOYJ, online

2) Gronkowska, K.; Michlewska, S.; Robaszkiewicz, A. Nadekspresja transporteréw z
podrodziny ABCC jest zwigzana z lizosomalng sekwestracjg lekow w komorkach
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3. Wstep

3.1 Epidemiologia nowotworow

Zgodnie z najnowszymi danymi Migdzynarodowej Agencji Badan nad Rakiem
(projekt GLOBOSCAN), zachorowalno$¢ na raka wyniosta okoto 20 milionow w 2022r.,
a $miertelno$¢ z powodu raka 9,7 miliona [1]. Nowotwory zostaty zakwalifikowane jako
druga najczestsza przyczyna zgonow na Swiecie [2]. Rak phluc byl najczesciej
diagnozowanym nowotworem w 2022 r. Odpowiadat on za prawie 2,5 miliona nowych
przypadkow (12,4% wszystkich nowotworéw na §wiecie). Nastepnymi w kolejnosci byty
nowotwory piersi u kobiet (11,6%), jelita grubego (9,6%) 1 prostaty (7,3%). Rak pluc
charakteryzowat si¢ rowniez najwyzsza $miertelnoscia, z szacowang liczbg 1,8 miliona
zgonow (18,7%), a za nim wyr6zni¢ mozna raka jelita grubego (9,3%), watroby (7,8%) i
piersi u kobiet (6,9%). Ponadto, statystyki przewiduja wzrost zachorowalno$ci na raka w
nadchodzacych dziesigcioleciach. Szacuje sie, ze w 2045 r. zdiagnozowanych zostanie

32,6 miliona nowych przypadkow [1].

Znaczna czg$¢ nowotwordw charakteryzuje si¢ wysoka $miertelnoscia pomimo
dostepnosci réznorodnych metod leczenia. Wysoka S$miertelnos¢ zwigzana jest z
ograniczeniami  diagnostycznymi 1 zbyt poznym rozpoznawaniem chordb
nowotworowych, brakiem dostgpnosci do zaawansowanych metod leczenia dla osob o
niskim statusie ekonomicznym oraz niskg efektywnoscig terapii, ktora zwigzana jest z

powstawaniem opornos$ci na leczenie [2,3].

3.2 Terapie onkologiczne

Chirurgia jest podstawg metoda leczenia pacjentdw z guzami litymi. Pomimo resekcji
chirurgicznej, wznowy oraz przerzuty pozostaja powszechne i wiaza si¢ z wysokim
ryzykiem $miertelno$ci. Czynniki neuroendokrynne, immunologiczne i metaboliczne
aktywowane w odpowiedzi na operacj¢ i/lub znieczulenie moga promowac przezycie i
proliferacje komodrek nowotworowych utrzymujacych si¢ po operacji, zard6wno
miejscowo, jak 1 w niezdiagnozowanych odlegtych lokalizacjach [4]. U pacjentéw z
pierwotnym nowotworem rutynowo wystepuja krazace komorki nowotworowe, jednakze
wigkszo$¢ z nich docierajac do uktadu krazenia jest szybko degradowana przez uktad
odpornosciowy. Chirurgia indukuje zwigkszone wydalanie komorek nowotworowych do
krazenia, ttumi odporno$¢ przeciwnowotworowa, umozliwiajac przezycie krazacym

komorkom, i1 rekrutuje komoérki odpornosciowe zdolne do putapkowania komorek
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nowotworowych (pozakomodrkowe putapki neutrofilowe), indukuje zmiany w tkance
docelowej, zwickszajac ekspresje czasteczek adhezyjnych, i w samych komdrkach
nowotworowych zwigkszajac ich migracje 1 inwazj¢. Wiele badan potwierdza hipoteze,
ze ostra odpowiedz zapalna na zabieg chirurgiczny sprzyja wychwytywaniu komoérek
nowotworowych w nowych lokalizacjach. Na przyktad cytokiny prozapalne, takie jak IL-
1 i TNF-0, moga stymulowa¢ adhezj¢ krazacych komorek nowotworowych. Ponadto
uwalniane katecholaminy, glikokortykosteroidy i prostaglandyny powstate w odpowiedzi
na uraz chirurgiczny moga promowac potencjat przerzutowy krazacych komorek
nowotworowych poprzez obnizenie odpowiedzi immunologicznej [5,6]. Katecholaminy
1 prostaglandyny dodatkowo zwigkszajg uwalnianie VEGF, MMP2, MMP9, IL-6 i IL-8,
czynnikow, ktére nasilaja neoangiogenezg, niezb¢dng do wzrostu guza [7]. Mitogeny,
takie jak naskorkowy czynnik wzrostu wigzacy heparyne, ptytkowy czynnik wzrostu,
TGF-B, podstawowy czynnik wzrostu fibroblastow obecne w ptynie z rany wspomagaja

proliferacj¢ przetrwalych komoérek nowotworowych [8].

Dane eksperymentalne wykazaly rowniez, ze s$rodki znieczulajace moga
bezposrednio wptywaé na mikrosrodowisko guza i1 jego wzrost. Wziewne $rodki
znieczulajace, w szczegolnosci propofol, hamuja funkcje komoérek NK, rekrutacje i1
polaryzacj¢ makrofagdw oraz aktywacje komoérek dendrytycznych. Dodatkowo, niektore
zwiazki znieczulajace takie jak izofluran podnosza poziom czynnika indukowanego
hipoksja — HIF w komorkach nowotworowych, przyczyniajac si¢ do ich cytoprotekcji
oraz promujac angiogeneze poprzez sygnalizacj¢ VEGF [9,10]. Podobnie, wykazano, ze
stosowanie opioidow w celu kontrolowania bolu aktywuje reakcje na stres, thumi
odporno$¢ komodrkowa 1 humoralng, promuje angiogeneze¢ przyczyniajac si¢ do
powstania choroby przerzutowej [5,9]. Ponadto, czgsto towarzyszaca operacji transfuzja
produktow krwiopochodnych moze powodowaé¢ immunosupresj¢ poprzez wzrost

produkcji prostaglandyn i ttumienie aktywnosci komoérek NK [5].

Radioterapia jest metoda, w ktorej wysokie dawki promieniowania
elektromagnetycznego sg stosowane w celu zniszczenia komorek nowotworowych [11].
Uszkodzenia komorek moga powsta¢ w wyniku bezposredniej jonizacji DNA,
powodujacej peknigcia pojedynczych lub podwojnych nici. Peknigcia te moga
powodowa¢ mutacje, niestabilno$¢ genomowg lub $mieré¢ komorek, jesli nie zostang
odpowiednio naprawione. Chociaz DNA jest gléwnym celem, inne biomolekuty, w tym

bialka i lipidy, s3 rowniez bezposrednio jonizowane, co prowadzi do szeregu uszkodzen
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molekularnych i komérkowych. Z kolei skutki posrednie powstaja, gdy promieniowanie
wchodzi w interakcj¢ z czasteczkami wody w komoérkach, wytwarzajac reaktywne formy
tlenu (ROS). ROS mogg uszkadza¢ sktadniki komorkowe, w tym lipidy, biatka i kwasy
nukleinowe, dodatkowo nasilajac szkodliwe skutki ekspozycji na promieniowanie [12].
Ograniczeniem zastosowania radioterapii jest toksyczno$s¢ wobec pobliskich zdrowych
tkanek, ktora znaczaco utrudnia mozliwos$¢ zastosowania dawek terapeutycznych.
Ponadto obserwuje si¢ problem opornosci na radioterapie, ktorej kluczowym elementem
jest obecnos¢ nowotworowych komorek macierzystych, charakteryzujacych si¢ wysoka
zdolnoscig do naprawy uszkodzen DNA, niskim poziomem reaktywnych form tlenu i
wolnym tempem proliferacji [13]. Dodatkowo zmiany metaboliczne w komorkach
nowotworowych prowadza do opornosci. Zmiany metaboliczne w kierunku glikolizy
tlenowej przyczyniaja si¢ do produkcji antyoksydantu NADPH oraz aktywuja szlaki
naprawy DNA, chronigc w ten sposodb komoérki nowotworowe przed uszkodzeniami

wywotanymi promieniowaniem jonizujacym [11,14].

Chemioterapia, metoda leczenia nowotworéw za pomoca okreslonych zwigzkow
chemicznych wykazujacych dziatanie toksyczne w stosunku do komorek
nowotworowych, jest jedng z najczesciej stosowanych metod leczenia nowotworow.
Wsrod powszechnie wykorzystywanych lekow przeciwnowotworowych wyrdznié
mozna: inhibitory mitotyczne (zatrzymujace podziaty komorek poprzez wpltyw na
wrzeciono kariokinetyczne), zwigzki alkilujace (uszkadzajace DNA), antymetabolity
(zastgpujace lub hamujace okreslone metabolity wewnatrz komorek, a tym samym
zakldcajace metabolizm komorkowy np. antagonisci pirymidyny zastepujacy typowe
struktury obecne w RNA 1 DNA blokujac syntez¢ kwasow nukleinowych) oraz inhibitory
topoizomerazy I 1 II (blokujace aktywnos$¢ topoizomeraz, zaburzajac replikacje DNA)
[15,16]. Substancje chemiczne wykorzystywane w chemioterapii wykazuja tendencje do
dziatania na komoérki nowotworowe charakteryzujace si¢ szybkim tempem podziatow, ale
wplywaja réwniez na prawidlowe szybko proliferujace komorki, takie jak komorki krwi,
przewodu pokarmowego 1 mieszki wlosowe [17]. Wybdr lekdéw stosowanych w terapii
opiera si¢ na wielu aspektach, takich jak typ i1 stadium nowotworu, ogélny stan zdrowia 1
wiek pacjenta oraz historia wczesniej stosowanych terapii. Opracowanie odpowiedniego
schematu leczenia ma na uzyskanie maksymalnej skuteczno$ci leczenia oraz

minimalizacji dziatan niepozadanych [15]. Jednakze, wystepujace znaczace skutki
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uboczne zwigzane z chemioterapig oraz rozw6j opornosci stanowig gtdwne wyzwania w

leczeniu nowotworow.

Opornos¢ komorek na chemioterapie dzieli si¢ na wewnetrzng, wystepujaca przed
rozpoczeciem leczenia, oraz nabyta, rozwijajaca si¢ w trakcie terapii [18]. Wérod
kluczowych mechanizméw odpowiedzialnych za rozwo6j oporno$ci mozna wyrdznic:
zwiekszong zdolno$¢ do naprawy uszkodzen DNA wywotywanych przez leki, obnizong
biodostepnos¢ leku (np. inaktywacja leku lub jego aktywne usuwanie z komorki) oraz
aktywacje szlakéw przeciwdziatajacych apoptozie [18,19]. Dane pochodzace z badan in
vitro, in vivo oraz badan klinicznych wskazuja, ze nabyta oporno$¢ na chemioterapi¢ ma
charakter progresywny, wieloczynnikowy i wigze si¢ z zaburzeniami genetycznymi i

epigenetycznymi [20].

Rewolucyjne badania w dziedzinie biotechnologii umozliwily identyfikacje
charakterystycznych cech komorek nowotworowych 1 przejscie od badan klinicznych
skoncentrowanych na dany typ nowotworu do badan ukierunkowanych na poszczeg6lne
cele molekularne [21]. Wéréd gldwnych nurtow terapii celowanych wyr6zni¢ mozna
inhibitory lub przeciwciata, ktére specyficznie hamujg szlaki przekazywania sygnatow
zaangazowane we wzrost, proliferacj¢ 1 przezycie komdrek nowotworowych. Terapie
hormonalne, takie jak antagonisci receptora estrogenowego (ER) 1 inhibitory aromatazy
sg stosowane w leczeniu hormonozaleznych nowotworow. Inhibitory punktéw
kontrolnych ukltadu odpornosciowego (np. przeciwciala przeciwko biatku
programowanej $§mierci komorkowej 1 (PD-1), ligandowi programowanej $mierci 1 (PD-
L1) Iub biatku 4 zwigzanemu z cytotoksycznymi limfocytami T (CTLA-4) aktywuja
odpornos¢ przeciwnowotworowg gospodarza w sposob bezposredni lub posredni.
Popularne stajg si¢ rowniez terapie genowe (np. zastepowanie genow, wyciszanie genow,
wirusy onkolityczne) i komorkowe (CAR-T, TCR-T, TIL, CAR-NK, TCR-T i CAR-M)
[22-25]. Jednakze terapie celowane maja istotne ograniczenia. Pacjenci z ograniczonymi
zasobami finansowymi majg utrudniony dostep nie tylko do zaawansowanej diagnostyki,
ale takze do nowoczesnego leczenia. Dodatkowo, z powodu znacznej réznorodnosci
migdzy guzem pierwotnym a miejscami przerzutéw, molekularne profilowanie tkanki
nowotworowej pobranej z jednej zmiany nie zawsze odzwierciedla chorobg systemowa
[21]. Ponadto, podobnie jak w przypadku klasycznej chemioterapii, powstawanie
opornos$ci poprzez zmiany genetyczne (jak mutacje w czasteczkach docelowych) oraz

czynniki epigenetyczne (np. aktywacja kompensacyjnych szlakow sygnatowych czy
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przeprogramowanie metaboliczne poprzez zmiane¢ ekspresji genéw) stanowig wyzwanie

na drodze do skutecznego wyleczenia nowotworoéw [23].

Terapie kombinowane (lub multimodalne) stanowig standard obecnych terapii
przeciwnowotworowych i dotycza wszystkich schematéw leczenia, w tym terapii
celowanej, chemioterapii, radioterapii oraz  chirurgii. Polaczenie terapii
przeciwnowotworowych jest atrakcyjne z klinicznego punktu widzenia z kilku powodow:
terapia skojarzona poprawia wyniki leczenia i zapewnia lepsze efekty terapeutyczne,
zwlaszcza gdy osigga si¢ synergiczne dziatanie przeciwnowotworowe; podejscie
skojarzone pozwala przezwycigzy¢ heterogenno$¢ klonalna, co dodatkowo wiaze si¢ z
poprawa wskaznikow odpowiedzi; skojarzone schematy leczenia zmniejszaja
toksyczno$¢ terapii, poniewaz umozliwiaja stosowanie poszczegdlnych lekow w
zmniejszonych dawkach przy zachowaniu skuteczno$ci terapeutycznej; terapie
skojarzone ograniczaja wystepowanie opornosci na leki poprzez eliminacje
mechanizmoéw komorkowych zwigzanych z opornos$cia adaptacyjng [26]. Kombinacje
synergiczne mogg opiera¢ si¢ na kilku zasadach, w tym na wielokrotnym celowaniu w
szlak sygnatowy, hamowaniu kompensacyjnej regulacji sprzezenia zwrotnego,
syntetycznej letalnosci, blokowaniu procesoOw komplementarnych oraz blokowaniu

mechanizmow opornosci [27].

Poniewaz opornosci na terapie towarzysza genetyczne 1 epigenetyczne zmiany w
komorkach rakowych, zastosowanie klasycznych podejs¢ czy nowoczesnych terapii
celowanych w polaczeniu z terapiami epigenetycznymi wydaje si¢ obiecujacym
rozwigzaniem. Modyfikacje epigenetyczne s3 elastyczne i dynamiczne, co czyni je
atrakcyjnymi celami terapeutycznymi, ktore moga pomodc uzyskaé preferowany profil

transkryptomu w komorkach rakowych.

3.3 Epigenetyka nowotwordw i terapie epigenetyczne

Nowotwory uwazane s3 za zlozong grupe chordb, bedacych procesem
wieloetapowym zwigzanym z akumulacja zmian genetycznych. Powszechnie przyjeto, ze
mechanizmy epigenetyczne, ktore zmieniaja wzorce ekspresji gendw, nie zmieniajac
sekwencji DNA, roéwniez przyczyniaja si¢ do rozwoju i postgpu nowotworow [28].
Podstawowg jednostke chromatyny tworza nukleosomy, zbudowane z oktameru biatek
histonowych otoczonego 146 parami zasad DNA, ktore nastepnie ulegaja dalszemu

zwinigciu, tworzac struktury chromatyny wyzszego rzedu. Dynamiczna organizacja
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przestrzenna chromatyny ma kluczowe znaczenie dla regulacji ekspresji genow. Zwarty
uktad przestrzenny nukleosoméw wywiera uniwersalny efekt hamujacy na transkrypcje,
podczas gdy otwarta struktura umozliwia kofaktorom i polimerazie RNA II dostep do

DNA i aktywacje lub wzmocnienie transkrypcji genow [29].

Zmiany epigenetyczne mozna podzieli¢ na trzy gldéwne kategorie: modyfikacje
kwasow nukleinowych (takich jak metylacja DNA), modyfikacje potranslacyjne (PTMs)
ogondéw histondw oraz modyfikacje ekspresji gendéw przez niekodujace RNA (np.
miRNA 1 IncRNA). Pierwsze dwie grupy reprezentuja kowalencyjne modyfikacje
odpowiednio nukleotydow i reszt aminokwasowych, ktore zwykle wspdlpracuja, aby
zintegrowac regulacyjne sygnaly i prowadzi¢ do skoordynowanej zmiany struktury i

funkcji chromatyny [30].

Modytikacje ogondéw histonowych obejmuja acetylacje, metylacje, fosforylacje,
ADP-rybozylacj¢, ubikwitynacje, cytrulinacj¢ 1 sumoylacje, ktére reguluja strukture i
dynamik¢ nukleosomu poprzez bezposrednia zmiane oddzialywan histon-histon lub
DNA-histon oraz poprzez rekrutacje enzymoéw remodelujacych chromatyne [31-33].
Acetylacja jest najczescie] zwigzana z aktywng transkrypcja, poniewaz neutralizuje
dodatni tadunek reszt lizyny histondéw, rozluzniajac struktur¢ chromatyny i zwigkszajac
jej dostgpnos¢ dla polimerazy RNA i czynnikéw transkrypcyjnych, inicjujac lub
wzmacniajac trwajaca transkrypcje [32,34]. Poziom acetylacji ogonéw histonowych jest
regulowany przez dzialanie dwoch rodzin enzymow: acetylotransferaz histonowych
(HAT) i deacetylaz histonowych (HDAC). HAT katalizuja przeniesienie grupy acetylowe;j
z czasteczek acetylo-CoA do grup e-aminowych lizyny w N-koncowych ogonach
histonow. HDAC usuwajg grupy acetylowe, dziatajac w wiekszosci przypadkow jako
represory ekspresji genow [35]. Metylacja ogondéw histonowych, ktéra polega na dodaniu
jednej, dwoch lub trzech grup metylowych przez histonowe metylotransferazy lizyny
(KMT) lub metylotransferazy argininy (PRMT), moze zardwno promowac, jak i
hamowa¢ transkrypcje. KMT wykorzystujag S-5'-adenozylo-L-metioning (SAM) jako
donor reszty metylowej do przeniesienia grup metylowych na reszty lizyny na ogonach
histonéw H3 i H4, podczas gdy demetylazy lizyny histonow (KDM) usuwaja znaki
metylacji [36,37]. H3K4mel, H3K4me2, H3K4me3, H3K36me2 i H3K36me3 sa
zwigzane z aktywacjg transkrypcyjna, podczas gdy H3K9me3, H3K27me3 1 H4K20me3
sa uwazane za markery represyjne [38]. Metylacja DNA zapobiega aktywacji

transkrypcyjnej regionow genowych, ktore majg zosta¢ wyciszone w sposob specyficzny
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dla danego typu komorki. Reakcja ta jest katalizowana przez rodzing metylotransferaz
DNA (DNMT), ktéore wykorzystuja SAM jako donor metylu do tworzenia 5-
metylocytozyny (5mC). Z kolei enzymy z rodziny translokacji 10-11 (TET) uczestniczg
w demetylacji DNA w sposob posredni, poprzez utlenianie S-metylocytozyny [39].

Oprocz bezposredniego wplywu na strukture nukleosomow, acetylacja dziata jako
marker epigenetyczny, specyficznie rozpoznawany przez biatka zawierajace
bromodomeny (m. in. BET). Identyfikuja one acetylowane reszty histonow H3 1 H4 1
wykazuja silniejsze do nich powinowactwo, gdy w peptydzie wystepuja liczne
acetylowane fragmenty o dhugosci 1-5 aminokwasoéw. Sposrod bialek BET najlepiej
zbadanym biatkiem jest BRD4, ktore specyficznie wigzac si¢ z acetylowanymi ogonami
histonéw rekrutuje kompleksy SWI/SNF 1 CHD zaangazowane w zalezny od ATP
remodeling chromatyny [40]. Kompleksy remodelujagce chromatyng, w tym rodziny
SWI/SNF, CHD, ISWI i INOS8O, reguluja dostgpnos¢ DNA poprzez przesuwanie,
wstawianie 1 usuwanie nukleosoméw oraz zmian¢ wariantdw histonow. Kompleks
SWI/SNF reguluje usuwanie nukleosomow w celu aktywacji transkrypcyjnej, kompleks
ISWI utrzymuje upakowanie chromosomoéw i reguluje wiernosc¢ replikacji DNA, rodzina
CHD kontroluje dostepnos¢ chromatyny w sekwencjach promotorowych oraz
wzmacniaczy, z kolei kompleks INO80 reguluje naprawg¢ DNA 1 zapewnia stabilno$¢
genomu [41]. Mechanizmy regulujace strukture chromatyny zostaty podsumowane na
Rycinie 1 (Ryc.1).

Kompleksy remodelujgce chromatyne

\ INO SWI/SNE  |sw
(leee € € €0 v L
H3K9me3 H3K4me1-3 H3K27ac 5mC
H3K27me3 H3K36me2-3 jioKaac 7\
H4K20me3 H3K16ac
N\ 'Y DNMT  TET
KDM
KTM KDM KIM HAT HDAC
Represja transkrypcyjna Aktywacja transkrypcyjna Represja transkrypcyjna

Ryc.1 Skoordynowane wprowadzanie i usuwanie modyfikacji potranslacyjnych ksztaltuje strukture
chromatyny, umozliwiajac regulacje ekspresji genéw. Na podstawie pracy przegladowej:
Gronkowska K. Robaszkiewicz A. Genetic dysregulation of EP300 in cancers in light of cancer
epigenome control — targeting of p300-proficient and -deficient cancers. Molecular Therapy
Oncology, Volume 32, Issue 4, 200871 [42].
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Badania transkryptomiczne i genetyczne jednoznacznie wskazuja na zmiany
poziomu ekspresji epigenetycznych regulatoréw oraz mutacje wystepujace w genach tych
enzymow w wielu typach nowotworow. Co ciekawe, aktywno$¢ niektorych
modyfikatorow chromatyny byta podwyzszona w niektérych typach nowotworow, a
obnizona w innych, co sugeruje ich dwojaka role w nowotworach [43]. Zaburzenie
rownowagi pomiedzy enzymami wprowadzajacymi modyfikacje DNA 1 biatek
histonowych oraz enzymami usuwajgcymi te zmiany moze przyczyniac si¢ do aktywacji
onkogenow, wyciszenia gendow  supresorowych nowotworéw, promowania
nieograniczonej proliferacji komoérek, opornosci na apoptozg, zmiany metabolizmu
komorkowego oraz unikania rozpoznawania komorek nowotworowych przez komorki
uktadu odpornosciowego [44,45]. Ponadto, moze aktywowac czynniki oporno$ci na
chemioterapig, takie jak nadekspresje genéw odpowiedzi na uszkodzenia DNA lub

kodujacych biatka opornosci wielolekowej [45].

Kilka inhibitoréw enzymoéw epigenetycznych zostalo zatwierdzonych przez
Amerykanska Agencje ds. Zywnosci i Lekéw (FDA) do leczenia rakow. Wéréd nich
wyrdzni¢ mozna inhibitory DNMT: azacytydyne i decytabine; inhibitory HDAC:
worinostat, romidepsyne, belinostat 1 panobinostat 1 inhibitor EZH2 — tazemetostat
[29,46]. Dodatkowo, na etapie badan klinicznych znajduja si¢ liczne inhibitory biatek
regulujacych metylacje reszt histonowych: EZH2, DOTIL, PRMTS5 1 LSDI;
regulujacych poziom acetylacji: p300/CBP, KAT6A, HDAC; oraz biatek uczestniczacych
w regulowaniu dostepnosci chromatyny: BET, BRG1, BRM[46,47].

Jednakze, regulacja epigenetyczna nie dotyczy wylacznie komodrek rakowych.
Jest ona niezbedna do utrzymania prawidlowego funkcjonowania komorek
niezmienionych. Terapia ukierunkowana na regulatory ekspresji rodzi zatem istotne
pytania dotyczace selektywnos$ci i skutkow ubocznych niezamierzonego wyciszania
gendOw oraz toksyczno$ci ogolnoustrojowej w zdrowych tkankach. Chociaz te same
mechanizmy epigenetyczne wystepuja zarowno w komoérkach prawidlowych jak i1
nowotworowych, niektére typy raka sa wuzaleznione od okre§lonych zmian
epigenetycznych i sg wrazliwe na ich regulacje. W tych komorkach niewielkie odchylenia
w rownowadze epigenetycznej prowadza do katastrofy komodrkowe;j, ktéra nie wystgpuje
w komoérkach prawidtowych wyposazonych w alternatywne szlaki kompensacyjne.
Dlatego tez identyfikacja najbardziej krytycznych zmian epigenetycznych w roznych

nowotworach jest waznym aspektem przy wyborze terapii [46]. Chociaz monoterapia
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lekami epigenetycznymi wykazata wysoka skuteczno$¢ w leczeniu réznych rodzajow
raka, zwigzana byta tez z wystgpowaniem skutkoéw ubocznych. Coraz wigcej badan
wskazuje na potencjalne korzysci plynace z terapii skojarzonych, ktére obejmowac
mialyby leki epigenetyczne z innymi metodami terapeutycznymi, w tym z chemioterapia,
radioterapig, terapig celowang i immunoterapiag [46]. Wykazano, zZe terapia skojarzona
obejmujaca inhibitory DNMT i HDAC jednoczes$nie indukuje ekspresje gtdéwnych genow
supresorowych nowotwordéw i1 hamuje ekspresje kluczowych onkogendw, takich jak
MYC i IRF4, wykazujac wickszg skuteczno$¢ przeciwnowotworowg niz zastosowanie
monotrapii [29]. Niskie dawki inhibitorow DNMT oraz HDAC przeprogramowuja
komorki nowotworowe, aby reagowaly na $rodki cytotoksyczne i przezwycigzyty
oporno$¢ na chemioterapi¢ [46,48]. Badania przedkliniczne wykazatly, ze celowanie w
DNMT, HDAC, EZH2 lub BET moze zwigkszy¢ skuteczno$¢ radioterapii w hamowaniu
wzrostu guza poprzez zakldcanie odpowiedzi na uszkodzenia DNA i cyklu
komorkowego, a takze poprzez zwigkszenie stresu oksydacyjnego [46]. Inhibitory HDAC
zwigkszajg skuteczno$¢ terapii inhibitorami kinaz w terapiach anty-EGFR 1 anty-mTOR
[48]. Z kolei, inhibitory EZH2 oraz KAT6A sa obiecujacymi czynnikami
uwrazliwiajagcymi w terapiach hormonozaleznych rakéw [47]. Ponadto, hamowanie
regulatorow epigenetycznych, takich jak DNMT, HDAC, LSD1, EZH2, SETDB1 1 BET,
moze wywolywa¢ rézne efekty immunomodulacyjne, w tym zwigkszong ekspresje
czasteczek MHC klasy I, antygendw nowotworowych i ligandow PD-1 w komarkach
nowotworowych oraz aktywacje komoérek odpornosciowych, w tym komorek

dendrytycznych 1 NK, poprawiajac skuteczno$¢ immunoterapii [46,47].

Zmiany epigenetyczne zmieniaja w wielu przypadkach wrazliwos¢ komorek
rakowych na terapie celowane, chemioterapi¢ 1 radioterapi¢. Podkresla to znaczenie
terapii ukierunkowanej na epigenetyke jako skutecznej terapii uzupelniajacej. Terapia
skojarzona wykorzystujaca r6zne mechanizmy epigenetyczne uwrazliwiajace komorki
rakowe jest bardziej atrakcyjna w poréwnaniu ze standardowa monoterapia, poniewaz
moze zwigkszy¢ skuteczno$¢ leczenia, zmniejszy¢ dawki czynnikow uszkadzajacych
stosowanych w standardowych terapiach, co przetozy¢ si¢ moze na ograniczenie skutkow

ubocznych i minimalizowaé ryzyko nabywania opornosci przez komorki rakowe [46].
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3.4 Rola p300 w nowotworach

Biatko wiazace acetylotransferaze E1A P300 (znane rowniez jako p300 Ilub
KAT2B) jest jednym z najczesciej zaburzonych HAT w nowotworach, a kodowane jest
przez gen EP300. Aktywno$¢ tego biatka jest $cisle zwigzana z acetylacja H3K27 w
miejscach wzmacniaczy. Mimo ze p300 nalezy do rodziny acetylotransferaz
histonowych, jego aktywnos$¢ enzymatyczna nie ogranicza si¢ wytagcznie do histonow.
Reguluje réwniez transkrypcje poprzez interakcje i acetylacje innych bialek zwigzanych
z chromatyng oraz elementdéw szlakow przekaznictwa sygnalow, odgrywajac tym samym
wazng role w proliferacji i roznicowaniu komorek. p300 oddziatuje z szerokim zakresem
czynnikow transkrypcyjnych, w tym protoonkogenami (np. MYC [49], MYB [50] i
GATA-3 [51]), supresorami nowotworow (takimi jak p53 [52,53], HIPK2 [54], 1 FOXO3
[55,56]) 1 innymi czynnikami transkrypcyjnymi, ktére moga wptywac na kancerogenezg
1 progresj¢ raka (migdzy innymi E2F1 [57,58], PARP1 [59] oraz HIF1A [60]). Ponadto,
p300 dziata jako koaktywator receptoréw jadrowych, takich jak receptor androgenowy i

receptor estrogenowy, promujac wzrost nowotworow zaleznych od hormonow [61,62]

Wykonana przeze mnie analiza 32 zbiorow danych TGCA Pan-Cancer Atlas (10
967 probek) z wykorzystaniem platformy cBioPortal for Cancer Genomics ujawnita
mutacje EP300 wystepujace z czestoscig okoto 10% w przebadanych probkach rakowych
(1083 probki). Mutacje punktowe (37% probek) oraz zmiany w ekspresji genéw bez
zmian genetycznych (wysoka ekspresja 31% 1 niska ekspresja 22%) stanowily najczesciej

wystepujace przypadki (Ryc. 2).
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Zaburzenia EP300 w nowotworach

Mutacje ikaci ) . ) |
punktowe B Amplifikacje B Delecje B Warianty strukturalne
Nadekspresja B Niska ekspresja ™ \yijele zaburzen

Ryc.2 Podsumowanie ilo§ciowe zaburzen EP300 na podstawie zbioru danych TCGA Pan-Cancer
dostepnego na platformie cBioPortal. Na podstawie pracy przegladowej: Gronkowska K.
Robaszkiewicz A. Genetic dysregulation of EP300 in cancers in light of cancer epigenome control —
targeting of p300-proficient and -deficient cancers. Molecular Therapy Oncology, Volume 32, Issue
4,200871 [42].

Analiza potencjalnej zalezno$ci pomiedzy ekspresja EP300 a stopniem
ztosliwosci histologicznej pokazuje, ze poziom mRNA genu jest wyzszy w komorkach
guza, ktore nie sg w pelni zréznicowane, ale maleje w guzach niezréznicowanych (Ryc.
3A). Poniewaz p300 reguluje rdzne kluczowe funkcje fizjologiczne, w tym proliferacje
komorek, roéznicowanie 1 przeprogramowanie komorek somatycznych, wyzsza
transkrypcja EP300 1 og6lna aktywnos$¢ wewnatrzkomoérkowa mogg utatwiac inicjacje i
progresj¢ guza na wczesnym etapie. P300 acetyluje czynniki transkrypcyjne zwigzane z
pluripotencja i1 zwigksza ich aktywno$¢ transkrypcyjna, promujac w ten sposéb
nabywanie cech macierzystych. Poziom mRNA EP300 nie koreluje z wielkoscig guza
(Ryc. 3B), ale dodatnio koreluje z liczba przerzutow do weztow chionnych (Ryc. 3C).
Chociaz wysoka ekspresja EP300 wydaje si¢ sprzyja¢ zmianie fenotypu guza i zwigkszad

inwazyjno$¢ guza w weztach chlonnych, odwrotng zalezno$¢ zaobserwowano w
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przypadku  tworzenia przerzutow odleglych, poniewaz guzy przerzutowe

charakteryzowaly si¢ nizszg ekspresja tego genu (Ryc. 3D).
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Ryec. 3 Zwiazek miedzy ekspresja EP300 a wybranymi parametrami klinicznymi. Na podstawie pracy
przegladowej: Gronkowska K. Robaszkiewicz A. Genetic dysregulation of EP300 in cancers in light
of cancer epigenome control — targeting of p300-proficient and -deficient cancers. Molecular Therapy
Oncology, Volume 32, Issue 4, 200871 [42].

Ekspresj¢ EP300 porownano w guzach pacjentow réznigcych si¢ stopniem ztosliwosci histologicznej (A),
wielkos$cia guza (B), wystgpowaniem przerzutow do weztow chlonnych (C), przerzutami odlegtymi (D) na
podstawie zestawow danych TCGA-Pan Cancer dostgpnych w cBioPortal. Przezycie wolne od wznowy (E)
i catkowite przezycie (F) pacjentdow w zalezno$ci od ekspresji EP300 wygenerowano za pomoca
oprogramowania GEPIA 2.

Jednakze przerzuty do weztow chtonnych i przerzuty odlegte moga powstawac z
niezaleznych subklonéw guza pierwotnego i wykazywac¢ odmienne profile genetyczne w
poroéwnaniu z pierwotnym rakiem. Sugeruje to, ze subklony guza charakteryzujace si¢

niskim poziomem p300, sg bardziej podatne na tworzenie przerzutow odlegtych, podczas
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gdy komorki nowotworowe o wysokim statusie p300 atakuja lokalne wezly chlonne.
Zgadza si¢ to roOwniez z obserwowang wspotzalezno$cig migdzy ekspresja EP300 a
stopniem zaawansowania nowotworu, poniewaz komorki o wysokim stopniu
zaawansowania, niezroznicowane i 0 nizszym poziomie p300, prawdopodobnie beda
rozprzestrzenia¢ si¢ dalej do odleglych cze¢$ci ciata. Pomimo faktu, Ze niska ekspresja
acetylotransferazy wydaje si¢ sprzyja¢ powstawaniu przerzutow odleglych, to wyzsza
ekspresja tego bialka prowadzita do powstawania wznéw (Ryc. 3E) 1 pogorszenia

ogolnego wskaznika przezycia u pacjentow z chorobg nowotworowa (Ryc. 3F).

Pogorszenia ogo6lnego wskaznika przezycia u pacjentdow z wysoka ekspresja
EP300 moze mie¢ zwiazek z obnizeniem skuteczno$ci terapii u tych pacjentow. Coraz
wiecej dowodow eksperymentalnych wskazuje, ze lekoopornos¢ nowotworéw moze by¢
warunkowana aktywnos$cig p300. Sekwencje promotorowe transporterow ABC, ktore
ulegaja nadekspresji w liniach komoérkowych raka piersi i ptuc opornych na cisplatyng i
odpowiadajg za usuwanie lekéw z tych komorek, charakteryzuja si¢ wyzszym poziomem
acetylacji nukleosomow, co katalizowane jest przez p300. Uszkodzenie DNA wywotane
przez cisplatyng aktywuje rekrutacje p300 za posrednictwem p53 do promotorow genu
ABC, ktore nie sg wyciszane przez kompleks CoREST [63]. p300 odgrywa tez wazng
role w naprawie DNA, poniewaz jest rekrutowane do miejsc peknie¢ DNA, gdzie utatwia
naprawe¢ uszkodzen. Chociaz p300 nie przyczynia si¢ bezposrednio do naprawy
uszkodzen DNA, to dziata jako kofaktor 1 modut wigzacy dla wielu biatek biorgcych
udzial w szlakach naprawy DNA, takich jak PCNA, KU70 1 KUS80 [64].

3.5 Rola kompleksu SWI/SNF jako koregulatora p300 w nowotworach

Acetylacja ogondw histonu H3 regulowana migdzy innymi przez p300 zwigksza
powinowactwo kompleksu SWI/SNF do nukleosomdéw, zmieniajac jednocze$nie
podjednostki SWI/SNF, ktére oddzialuja z ogonem H3 [65]. Kompleks SWI/SNF
wykorzystuje energi¢ generowang przez hydrolize ATP do mobilizacji nukleosomow
uczestniczagc w modyfikacji struktury chromatyny, przez co promuje lub hamuje
ekspresje okreslonych gendéw. Bierze on migedzy innymi udzial w replikacji, utrzymaniu
pluripotencji komorek macierzystych, odgrywa réwniez kluczowa role w szlakach

naprawy DNA poprzez nasilenie rozluznienie chromatyny w miejscach uszkodzen [66].

27



CBAF ncBAF PBAF

SMARCA 2/4
SMARCA 2/4

(o (=

Ryec. 4 Schematyczne przedstawienie r6Zznych komplekséw SWI/SNF. Kolorem r6zowym zaznaczone
elementy wspolne kompleksow.

Rodzina SWI/SNF dzieli si¢ u ssakow na trzy podrodziny: kanoniczng BAF
(cBAF), niekanoniczng BAF (ncBAF) i polibromo-zwigzang BAF (PBAF) (Ryc.4).
Mimo, ze SMARCC1, SMARCC2, SMARCD1/2/3 oraz ATPazy BRG1 (kodowana przez
SMARCA4) lub BRM (kodowana przez SMARCA2) sa wspolnymi podjednostkami
rdzeniowymi, kazdy kompleks posiada dodatkowe podjednostki, ktére nadaja mu
specyficzng tozsamos$¢ funkcjonalng [67]. cBAF obejmuje ARID1A lub ARID1B oraz
DPF1, DPF2 lub DPF3, ktére s3a kluczowe dla sekwencji wzmacniaczy i
superwzmacniaczy. ncBAF nie obejmuje bialck SMARCBI1 ani ARID, zamiast tego
BRD9 stuzy jako jego specyficzny czynnik tego kompleksu. PBAF jest zlokalizowany w
aktywnych promotorach i charakteryzuje si¢ obecno$cig: PHF10, PBRMI1, ARID2 i
BRD7 [66].

Jako gtowne sktadniki kompleksu mozna wyrézni¢ ATPazy, BRG1 i BRM.
Domeny ATPazy BRG1 i BRM posrednicza w wigzaniu nukleosomow i umozliwiajg ich
przesuwanie, usuwanie i wstawianie poprzez hydroliz¢ ATP. Strukturalnie BRG1 i BRM
sa bardzo podobne, ale moga wykazywa¢ funkcje tkankowo-specyficzne. Biatko
kodowane przez SMARCA4 ma kluczowe znaczenie dla rozwoju organizmu i jest
powszechnie spotykane w wigkszo$ci wariantow kompleksow SWI/SNF, szczegdlnie w
kompleksach BAF 1 PBAF. Biatko kodowane przez SMARCA?2 ulega ekspresji gtdéwnie
w sposob tkankowo-specyficzny, na przyktad w mdzgu i1 watrobie, gdzie wystepuje w

kompleksach odmiennych od tych zawierajacych BRG1[66].

Sekwencjonowanie rakowych genomow wykazato niezwykle wysoka czestosé
wystepowania mutacji w genach kodujacych podjednostki kompleksow remodelujacych
chromatyne SWI/SNF, przy czym prawie 25% wszystkich nowotworéw wykazuje
aberracje w jednym lub wiekszej liczbie tych gendéw [67]. Liczne badania pokazuja, ze
mutacje powodujace utrate funkcji SWI/SNF sg czynnikami wywolujacymi wiele
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nowotwordow u ludzi. Dodatkowo, utrata podjednostek SWI/SNF czgsto koreluje z
bardziej agresywnymi nowotworami [68]. Wykazano, ze inaktywujace mutacje w genach
ARIDIA, ARIDIB, PBRMI promujg postep nowotworu gldwnie poprzez deregulacje
kontroli cyklu komoérkowego. Mutacje w ARID2, SMARCBI 1 SMARCA4 nasilajg
proliferacje komorek nowotworowych i sprzyjaja ich inwazyjnosci [66,69]. Co ciekawe,
biatka powstajace z ARIDIA i ARIDIB tworza par¢ syntetycznie letalng, w ktorej utrata
ARIDIA sprawia, ze komorki nowotworowe sg zalezne od ARID1B. Celowanie w
ARIDI1B w rakach z mutacja w ARID 14 indukuje $§mier¢ komorek 1 hamuje wzrost guza.
Podobnie, zablokowanie BRM w komodrkach nowotworowych z niedoborem BRGI
powoduje zatrzymanie cyklu komoérkowego i $§mier¢ komodrek nowotworowych [66].
Ponadto, wykazano, ze p300 moze tworzy¢ pary syntetycznie letalne z ARIDIA,
ARIDI1B, ARID2, PB1, BRG1 i SNF5 [70].

Nie tylko mutacje, ale takze zmiany w ekspresji okreslonych podjednostek
SWI/SNF moga by¢ uznawane za markery prognostyczne przezycia. Na przyktad u
pacjentow z rakiem watrobowokomorkowym lub rakiem szyjki macicy obnizenie
ekspresji SMARCA2 i ARID1A4 wiaze si¢ z niekorzystnym calkowitym przezyciem [71].
Obnizenie ekspresji SMARCA2 hamuje jego funkcje supresora nowotworu, uposledza
napraw¢ DNA 1 wplywa na réznicowanie i adhezj¢ komorek [69]. Utrata funkcji ARID 1A
przyczynia si¢ do charakterystycznych cech raka, takich jak niestabilno$¢ genomowa,
przejscie epitelialno-mezenchymalne, unikanie odpowiedzi immunologicznej 1 unikanie
mechanizmow $mierci komorkowej [72]. Jednak zwigzek migdzy obnizong ekspresja
oraz inaktywacja poprzez mutacje a ztym rokowaniem nie jest uniwersalny. Ostatnie
doniesienia wskazuja, ze nadmierna ekspresja podjednostek kompleksu SWI/SNF, moze
sprzyja¢ rozwojowi guza, tj. moga one rowniez dziata¢ jako onkogeny [68]. Zwigkszony
poziom SMARCCI1 [69], SNF5 [73], ARIDIA [74] BRM [75] i BRG1[76] promuja

progresj¢ niektorych typéw nowotworow.

Ponadto, kompleks SWI/SNF uczestniczy w warunkowaniu opornosci rakéw na
terapi¢. Aktywno$¢ ATPaz BRM 1 BRG1 odgrywa kluczowa role w opornosci na inhibitor
EGFR osimertynib [77]. SMARCC2 i BRGI sag zaangazowane w regulowanie genow
zwigzanych z opornos$cig na lek przeciwandrogenowy enzalutamid [78]. BRG1 i BRM
regulujg odpowiedz na powszechnie wykorzystywane chemioterapeutyki. Aktywnos$¢
BRM zostata powigzana z opornoscig na cisplatyne [79] 1 gemcytabine [75]. Natomiast
BRGI — z opornoscig na doksorubicyne [80].
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3.6 Zwiazek miedzy ekspresja EP300 a innymi regulatorami epigenetycznymi w

nowotworach

W celu poréwnania ekspresji EP300 oraz innych regulatoréw epigenetycznych
przygotowalam mapy cieplne wykorzystujac dane TGCA Pan-Cancer Atlas
(ICGC/TCGA, Nature 2020), zdeponowane w cBioPortal. Dane wskazuja, ze wysokiemu
poziomowi mRNA EP300 towarzyszy wysoki poziom ekspresji innych acetylotransferaz
histonowych, metylotransferaz  lizyny histonowej, demetylaz  histonowych,
metylotransferaz RNA 1 podjednostek SWI/SNF, a takze represja HDAC-ow,
metylotransferaz argininowych histonéw i metylotransferaz DNA (Ryc.5). Wysokiemu
poziomowi mRNA FEP300 towarzyszy wysoka ekspresja innych acetylotransferaz
histonowych, takich jak KAT2B, KATS5, KAT6A, KAT6B i KAT7, a takze represja
antagonistycznych HDAC-6w: HDAC2, HDAC4, HDACS8 1 HDACI1I (Ryc. 5A). Sugeruje
to, ze komorki nowotworowe z duza iloscig p300 moga by¢ podatne na podwyzszony
poziom acetylacji histonéw, jednoczesnie wykazujac oslabione mechanizmy
zapobiegania nadmiernej ekspresji gendéw wywotanej acetylacja. Co ciekawe, zarowno
metylazy histonowe, takie jak KMT24, KMT2D i KMT2E, jak i demetylazy, takie jak
KDM2A4, KDM3B, KDM5A 1 KDM6A, wykazuja dodatnig korelacj¢ z wysoka ekspresja
EP300 w badaniu TGCA Pan-Cancer Atlas (Ryc. 5B). Enzymy te, odpowiednio
wprowadzaja znaczniki promujace transkrypcje 1 usuwaja modyfikacje represyjne. Cho¢
to enzymy o przeciwstawnych funkcjach, tworza petle regulacyjng, ktora kontroluje
ekspresje genow. Acetylacja histonow H3 1 H4 czesto wspdtwystepuje z aktywujacymi
znacznikami metylacji. Odmienng zalezno$¢ zaobserwowano w przypadku
metylotransferaz arginiowych PRMT1 1 PRMTH4, ktore s3 uwazane za enzymy promujace
transkrypcje, ale ich aktywno$¢ wobec substratow niehistonowych musi by¢ réwniez
brana pod uwage przy przewidywaniu ich funkcjonalnej interakcji z p300. Nowotwory z
wysoka ekspresja EP300 charakteryzujg si¢ profilem promujacym ekspresje genow, ktory
zaczyna si¢ od obnizonego poziomu DNMT3B i zwigkszonego poziomu 7ET2, co moze
powodowa¢ hipometylacje podzbioru promotoréw gendéw, promujagc w ten sposob
srodowisko sprzyjajace transkrypcji. Ponadto, receptory mo6A, takie jak METTL3,
METTLI14 i WTAP, wptywaja na wydajno$¢ sktadania mRNA i dojrzewania RNA
(Ryc.5C). Ekspresja EP300 dodatnio koreluje z podjednostkami kompleksu
remodelujacego chromatyne SWI/SNF, takimi jak ARID1A, ARID2, PBRM1 1 SMARCBI

1 potencjalnie utatwia transkrypcj¢ genow zalezng od p300. Remodelowanie chromatyny
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przeprowadzane przez SWI/SNF najprawdopodobniej wiaze si¢ z BRM w nowotworach

z nadmierng ekspresja EP300, poniewaz ekspresja innej ATPazy tego kompleksu —
BRG1 jest stosunkowo niska (Ryc. 5D).
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Ryc. 5 Ekspresja EP300 koreluje z innymi regulatorami epigenetycznymi. Na podstawie pracy
przegladowej Gronkowska K. Robaszkiewicz A. Genetic dysregulation of EP300 in cancers in light
of cancer epigenome control — targeting of p300-proficient and -deficient cancers. Molecular Therapy

Oncology, Volume 32, Issue 4, 200871 [42].

Mapa cieplna przedstawiajaca wspotekspresje KAT3B (EP300) z (A) innymi acetylotransferazami (KAT)
i deacetylazami (HDAC), (B) metylotransferazami histonowymi (KMT, PRMT) i demetylazami (KDM),
(C) metylotransferazami i demetylazami DNA i RNA oraz (D) niektorymi podjednostkami SWI/SNF w
roznych nowotworach zdeponowanych w zbiorze TGCA Pan-Cancer Atlas (Pan-cancer analysis of whole-
genome (ICGC/TCGA, Nature 2020) w cBioPortal.
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4. Cel pracy i hipotezy badawcze

Celem badan realizowanych w ramach pracy doktorskiej jest poznanie roli
kompleksu SWI/SNF- p300 w powstawaniu zjawiska opornosci nowotworow
zwigzanego:

1) z nadekspresja frakcji transporterow ABC, ktora wzrasta w lizosomach, powodujac
zwiekszong akumulacje lekow w tych organellach (cz¢$¢ 1 pracy)
2) ze wzrostem ekspresji genow funkcjonalnie powigzanych z odpowiedzig na

uszkodzenia DNA, wywolanym aktywacja $ciezki ATM/ATR-Chk1/Chk2-p53 (czg$¢ 2
pracy)

Pracy przyswiecaly nastepujace hipotezy badawcze:

1) Oporno$¢ komoérek nowotworowych na paklitaksel jest warunkowana
aktywno$cia kompleksu SWI/SNF-p300, ktory odpowiada za nadekspresje
transporterow ABC, w szczegélno$ci ich frakcji ulegajacej wzrostowi w
lizosomach

2) Kompleks SWI/SNF-EP300 uczestniczy w transkrypcyjnej aktywacji niektérych
genow zwigzanych z naprawg DNA w odpowiedzi na indukowang cisplatyng
aktywacje szlaku ATM/ATR-CHK1/2-p53

3) Aktywacja ATM/ATR-CHK1/2-p53 przez cisplatyne powoduje zmiany w profilu
modyfikacji potranslacyjnych E2F1

Niniejsza praca ma na celu odpowiedZ na niektore otwarte pytania, jakie
wystepowaty we wspotczesnych badaniach nad epigenetycznymi mechanizmami
opornos$ci komoérek nowotworowych na terapie, w szczegdlnosci pod katem mozliwego,

pozniejszego wykorzystania wynikow w nowych strategiach terapeutycznych.
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5. Rola kompleksu SWI/SNF-EP300 w nadekspresji frakcji lizosomalnej

transporterow ABC i zwi¢kszonej akumulacji lekow w lizosomach (czes¢ 1)

Paklitaksel (PTX) jest waznym lekiem pierwszego rzutu w leczeniu
zaawansowanego niedrobnokomorkowego raka ptuca (NSCLC) i1 niektorych postaci raka
piersi takich jak przerzutujacego raka piersi i potrojnie ujemnego raka piersi (TNBC) ze
wzgledu na brak specyficznych markeréw dla terapii celowanej. W przypadku TNBC
predysponujacy do terapii paklitakselem jest brak receptorow estrogenowych,
progesteronowych i HER2. U ponad 85% pacjentow z rakiem ptuca rozpoznaje si¢
niedrobnokomoérkowego raka pluca (NSCLC), a u 60% z nich stosuje si¢ standardowy
schemat chemioterapii oparty czg¢sto na wykorzystaniu paklitakselu ze wzgledu na

zaawansowane stadium choroby [81-84].

PTX nalezy do grupy inhibitoréw mitotycznych. Zwigzek ten, wigzac tubuling,
promuje akumulacje dimeréw tubuliny i stabilizuje wtdkna mikrotubul, co zapobiega
prawidlowemu tworzeniu wrzeciona kariokinetycznego, zatrzymujac cykl koméorkowy w
mitozie i indukujgac apoptoze [85]. Jednakze oporno$¢ indukowana paklitakselem
prowadzi do niepowodzenia leczenia 1 nawrotu nowotworéw. Do najczescie]
wymienianych mechanizmow opornosci na paklitaksel nalezg: zmienione szlaki
apoptozy, zwicgkszony metabolizm lekéw, mutacje i zmiany w sktadzie tubuliny,
zmniejszone wchtanianie leku oraz nadmierna ekspresja transporterow ABC, mogacych
usuwacé lek poza komorke [85,86]. Nowe badania wykazaly takze, ze wzmozona
aktywnos$¢ lizosoméw ma kluczowe znaczenie dla opornosci komoérek nowotworowych
na paklitaksel [87]. Mechanizmy prowadzace do zwigkszonej aktywnosci lizosomalne;j
wzgledem lekow przeciwnowotworowych nie zostaly w pelni poznane. W przypadku
lekow stabo zasadowych przyjeto, ze za ich akumulacje w lizosomach odpowiada pH ich
wnetrza, ktore jest znaczgco nizsze w komorkach charakteryzujacych si¢ opornoscia, co
skutkuje zwigkszong réznica pH miedzy lizosomem a cytoplazma. Do lekko zasadowych
lekéw przeciwnowotworowych mogacych akumulowac si¢ wewnatrz lizosoméw naleza
migdzy innymi doksorubicyna, daunorubicyna lub mitoksantron [88]. Wykazano, ze w
odpowiedzi na powtarzajaca si¢ ekspozycje komodrek na paklitaksel, komérki nowotworu
ptuca gromadzity wigcej paklitakselu Oregon Green® 488 w lizosomach i cytoplazmie
w poréwnaniu z komoérkami wrazliwymi [89]. Jednakze tadunek i struktura tego zwigzku
wskazuje, ze nie moze on wnikac do lizosoméw w wyniku biernej dyfuzji. Wezesniejsze

doniesienia literaturowe wskazywaty na obecnos¢ ABCBI1 w lizosomach, co
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odpowiadato za opornos¢ komorek na Brentuksymab vedotin. Ponadto, inne transportery
takie jak ABCC2, ABCC3 i ABCC4, zaobserwowano w lizosomach niektorych linii
komorkowych, jednakze ich rola w opornosci wynikajacej z akumulowania lekow w

lizosomach nie zostata poparta dowodami eksperymentalnymi [90].

Wiele z mechanizm6w opornosci na leki zachodzi na poziomie epigenetycznym i
wigze si¢ z modyfikacja szlakow sygnalowych, ktére nastepnie moduluja aktywnos¢
czynnikoéw transkrypcyjnych i enzymow remodelujacych chromatyne. Nabyta opornos¢
na paklitaksel poprzez modyfikacj¢ transkryptomu komoérkowego moze obejmowaé
nadmierng ekspresje¢ transporterow kasety wiazacej ATP (ABC), ktore wykorzystuja
energi¢ z hydrolizy ATP do translokacji substancji przez btony komoérkowe. Transportery
ABC mogg by¢ zlokalizowane w btonie plazmatycznej 1 eksportowac leki z cytoplazmy,
jak rowniez wystgpowacé w wyspecjalizowanych podstrukturach, w tym peroksysomach,
lizosomach czy mitochondriach [91]. Nabycie opornosci na paklitaksel powigzano z
nadmierng ekspresja genu ABCBI/ w komorkach raka ptuc [92-94], komodrkach raka
piersi [95,96] 1 komoérkach raka jajnika [97], ABCCI w komorkach czerniaka [98],
ABCC3 w komorkach nowotworu piersi [96], ABCC5 w komorkach raka nosogardta [99]
1 genu ABCCI0 w komorkach raka ptuc [93]. Wczesniejsze badania nad regulacja
transkrypcji gendéw ABC opisujg role czynnikow transkrypcyjnych FOXM1, HOXB4
oraz SOX2 [98-103]) 1 acetylotransferazy GCNS5 [104] w adaptacji komorek do
paklitakselu.

Nasze wczesniejsze badania na komorkach potrojnie negatywnego nowotworu
piersi (MDA-MB-231), niedrobnokomorkowego raka ptuc (A549) 1 raka watroby
(HepG2), nie wykazujacych nabytej opornosci na chemioterapeutyki wykazaty, ze
acetylotransferaza p300 reguluje ekspresje czgsci transporterdéw ABC w tych komoérkach
[105]. Aktywacja transkrypcyjna p300 jest wspierana przez kompleks BRG1-SWI/SNF
na promotorach gendéw zaleznych od E2F w komorkach proliferujacych [106,107].
Wykazano, ze ekspresja kilku transporterow ABC, takich jak ABCB1, ABCC2, ABCC11,
ABCGI 1 ABCG2 w komorkach raka piersi MDA-MB-231 zalezy od aktywno$ci BRG1
[108].

Majac na uwadze nasze wczesniejsze wyniki wskazujace na udziat p300 w
ekspresji transporterow ABC oraz doniesienia literowe wskazujace na udziat BRGI1,

celem tej czeSci badan bylo okreslenie zwigzku kompleksu SWI/SNF-p300 z
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nadekspresja lizosomalnej frakcji transporterow ABC i1 zwigkszong akumulacja lekéw w

lizosomach w komoérkach opornych na paklitaksel.
5.1 Materiaty 1 metody
Materiat badawczy:

Material badawczy stanowity linie komoérkowe reprezentujace dwa odmienne typy

nowotworow, w terapii ktorych wykorzystywany jest paklitaksel:

e Linia niedrobnokomorkowego raka ptuc (A549) (ATCC) oraz wyindukowane
komorki oporne na paklitaksel (A549-PTX)
e Linia potrojnie ujemnego raka piersi (MDA-MB-231) (Sigma-Aldrich) oraz
wyindukowane komorki oporne na paklitaksel (MDA-MB-231-PTX)
Komorki A549 hodowano w podlozu DMEM uzupetnionym 10% FBS i
penicylina/streptomycyna (odpowiednio 50 U/ml i 50 pg/ml) w 5% CO-. Poczatkowo
komoérki MDA-MB-231 hodowano w podiozu F15 uzupetnionym 15% FBS i
penicyling/streptomycyng (odpowiednio 50 U/mK 1 50 pg/ml) bez réwnowazenia COs.
Po 5 pasazach komorki zaadaptowano do wzrostu w podtozu DMEM uzupeilnionym 10%

FBS 1 penicyling/streptomycyng (odpowiednio 50 U/ml 1 50 pg/ml) w 5% CO-.

Paklitaksel w stezeniu 0,05 uM dodawano do komorek na 48 godzin co 3 tygodnie,
facznie przez 6 cykli. Schemat leczenia dobrano tak, aby odpowiadat aktualnym
schematom terapeutycznym, a stezenie leku odpowiadalo minimalnemu stezeniu
paklitakselu we krwi pacjentow [109]. Po 6 cyklach leczenia komorki zamrozono i
przechowywano w cieklym azocie. Po rozmrozeniu do komoérek dodano jedng dawke
paklitakselu 1 przeprowadzono wszystkie eksperymenty w okresie do szesciu kolejnych
pasazy komorek. Linie komorkowe oporne 1 nieoporne na leki hodowano w tych samych

warunkach.
Metody:

1) Western Blot — analiza poziomu biatek w lizatach komoérkowych lub wyizolowanych

lizosomach
2) Real-time PCR — analiza poziomu mRNA okreslonych genow

3) Mikroskopia konfokalna:
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- w preparatach 2D — analiza poziomu bialek, akumulacji lekéw, kolokalizacja biatek,

kolokalizacja lekéw 1 biatek z lizosomami

- w strukturach 3D — poziom akumulacji lekéw wewnatrz sferoidow, analiza
mechanizméw $mierci komérkowej za pomoca pomiaru intensywnosci fluorescencji

aneksyny V 1 jodku propidyny

4) Cytometria przeptywowa — analiza akumulacji lekow

5) Sekwencjonowanie RNA — analiza transkryptomu komorki
6) Sekwencjonowanie Sangera — detekcja mutacji

7) Immunoprecypitacja chromatyny — analiza oddzialywania biatek z sekwencjami

regulatorowymi DNA okre$lonych genow (ChIP-gPCR) lub genomowo (ChIP-seq)
8) Analiza bioinformatyczna danych ChIP-seq i RNA-seq

9) Koimmunoprecypitacja biatek — analiza bezposredniego oddziatywania pomiedzy

biatkami

10) Testy cytotoksycznosci - analiza aktywno$ci metabolicznej komodrek z
wykorzystaniem resazuryny oraz analiza aktywacji kaspaz z wykorzystaniem Caspase

Glo, celem pordéwnania cytotoksycznosci badanych zwigzkow

11) Analiza danych klinicznych — poroéwnanie wynikow badan in vitro z danymi

klinicznymi pacjentow onkologicznych zdeponowanymi w bazach danych

Lista odczynnikow, doktadna metodyka oraz opis analizy statystycznej zostaty opisane w

zatgczonych manuskryptach:

1) Karolina Gronkowska, Sylwia Michlewska, Agnieszka Robaszkiewicz: ,,Activity of
lysosomal ABCC3, ABCCS5 and ABCC10 is responsible for lysosomal sequestration of

doxorubicin and paclitaxel-OregonGreen488 in paclitaxel-resistant cancer cell lines”

2) Karolina Gronkowska, Sylwia Michlewska, Tomasz Ploszaj, Magdalena
Strachowska, Adrianna Stgpien, Maciej Borowiec, Andrzej Bednarek, Agnieszka
Robaszkiewicz, ,,BRG1 targeting overcomes ABCC-based multidrug resistance induced

by paclitaxel”

3) Karolina Gronkowska, Kinga Kolacz-Milewska, Sylwia Michlewska, Tomasz

Ploszaj, Maciej Borowiec, Agnieszka Robaszkiewicz, ,,HIF1A, BRGI, and p300
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interaction confers paclitaxel-induced drug resistance by enabling the overexpression

of ABCC genes”

W pracy doktorskiej umiescitam dodatkowo wyniki z pordwnania
transkryptomow komorek MDA-MB-231-PTX oraz A549-PTX bez i z wyciszonym
BRM za pomoca sekwencjonowania nowej generacji RNA-Seq. Probki te
przygotowywalam wraz z probkami z wyciszonym BRGI 1 byly przygotowywane i
analizowane w ten sam sposob, ktory zostal omowiony w manuskrypcie ,,BRGI1 targeting
overcomes ABCC-based multidrug resistance induced by paclitaxel”. Ponadto
zastosowatam inhibitor p300 (C646; 2.5uM) do oceny roli p300 w wyindukowanej
opornosci na paklitaksel. Jednakze sposob zastosowania inhibitora, nie roznit si¢ od
sposobu zastosowania inhibitorow ACBI 1 PFI-3 opisanych w manuskrypcie ,,BRG1

targeting overcomes ABCC-based multidrug resistance induced by paclitaxel”.
5.2 Omowienie najwazniejszych wynikoéw

Wiedzac, ze silnie kwasne srodowisko lizosoméw determinuje bierng akumulacje
zwigzkow zalezng od ich kwasowos$ci, wykorzystalam neutralny paklitaksel
skoniugowany z Oregon Green 488 (o negatywnym tadunku [110]), ktory moze wnikaé
do lizosomow wylacznie za posrednictwem aktywnych transporterow blonowych.
Przesledzitam jego wewnatrzkomorkowa lokalizacje za pomoca mikroskopii
konfokalnej. Rownolegle zbadatam wewnatrzkomorkowa dystrybucje doksorubicyny,
ktéra moze wnikac biernie do lizosomoéw. Jak pokazano na ryc. 6 uzyskanie opornosci na
paklitaksel znaczaco zmienilo wewnatrzkomorkowa lokalizacje¢ obu lekow. W
komorkach nieopornych Paclitaxel Oregon Green 488 gromadzit si¢ w cytoplazmie
(wigzanie z cytoszkieletem), natomiast w liniach opornych silnie kolokalizowat z
lizosomami (Ryc.6A-B). Doksorubicyna byta wykrywana w cytoplazmie, lizosomach 1
w mniejszym stopniu takze w jadrze komoérek wrazliwych, ale jej kolokalizacja z

lizosomami ulegta znaczagcemu zwickszeniu w wariantach opornych (Ryc.6C-D).
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Ryc. 6. Rozwojowi opornosci komérek nowotworowych na paklitaksel towarzyszy
wewngtrzkomérkowa redystrybucja lekéow do lizosoméw. Na podstawie K. Gronkowska, S.
Michlewska, A. Robaszkiewicz, Activity of Lysosomal ABCC3, ABCC5 and ABCC10 is Responsible
for Lysosomal Sequestration of Doxorubicin and Paclitaxel-Oregongreen488 in Paclitaxel-Resistant
Cancer Cell Lines., Cell Physiol Biochem 57 (2023) 360-378. [111]

(A) Poréwnanie wewnatrzkomorkowej lokalizacji paklitakselu migdzy liniami komoérek nowotworowych
nieopornych i opornych na paklitaksel (A549 i MDA-MB-231) po 24-godzinnej ekspozycji na paklitaksel
za pomocg obrazowania konfokalnego (TCS SP8, Leica Microsystems, Niemcy). Paklitaksel Oregon
GreenTM 488 jest wybarwiony na zielono (0,1 uM), DNA (DAPI) na niebiesko, a lizosomy
(LysoTrackerTM Deep Red) na czerwono. (C) Pordéwnanie lokalizacji wewnatrzkomoérkowej
doksorubicyny w liniach komdrek nowotworowych nieopornych i opornych na paklitaksel (A549 i MDA-
MB-231) po ekspozycji na doksorubicyne (0,05 uM; 24 h; kolor czerwony). Lizosomy barwiono
LysoTrackerTM Deep Red (kolor zielony). DNA barwiono DAPI. Komorki obserwowano pod
mikroskopem konfokalnym TCS SP8 (Leica Microsystems, Niemcy). (B, D) Kolokalizacj¢ pomiedzy
fluorescencja Paklitakselu Oregon GreenTM 488 (B), autofluorescencja doksorubicyny (D) i
LysoTrackerTM Deep Red okreslono w jednostkach arbitralnych (a.u.) za pomoca oprogramowania Leica
Application Suite X. Réznice pomigdzy dwoma $rednimi sprawdzono za pomoca testu t-Studenta lub testu
Manna-Whitneya, a statystycznie istotne réznice oznaczono *, gdy p < 0,05 *, **, gdy p < 0,01, *** gdy
p <0,001.
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W poszukiwaniu mechanizméw mogacych promowaé transport lekow do
lizosomow, zbadatam poziom ekspresji i wewnatrzkomoérkowa lokalizacje transporterow
ABC, ktore zostaty wczesniej opisane w literaturze, jako wykazujace nadekspresje w
liniach opornych na paklitaksel (Ryc 7-8). Sposrdd testowanych transporteréw, poziom
tylko ABCB1 i ABCCS5 zwigkszal si¢ w obu badanych liniach komodrkowych po
ekspozycji na paklitaksel, co zostato zwizualizowane za pomocg mikroskopii konfokalnej
1 analizag Western Blot lizatow catlych komoérek (ryc. 7A-B,D, ryc. 8A-B, D).
Podwyzszony poziom ABCCI1 stwierdzono w komorkach A549 opornych na paklitaksel
(ryc. 7 A-B, D), a ABCC10 w MDA-PTX (ryc. 8A-B,D). Jednakze rozwojowi
lekoopornosci towarzyszyt przyrost ABCB1, ABCC3, ABCC5 i ABCC10 w lizosomach
(ryc. 7C, ryc. 8C), nawet jesli nie wykazywaty one zwigkszonej ekspresji w liniach

opornych.
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Ryc. 7 Wplyw opornosci na paklitaksel na ekspresje i dystrybucje ABCB1, ABCC1, ABCC3, ABCC5
i ABCC10 w komorkach A549 Na podstawie K. Gronkowska, S. Michlewska, A. Robaszkiewicz,
Activity of Lysosomal ABCC3, ABCCS and ABCC10 is Responsible for Lysosomal Sequestration of
Doxorubicin and Paclitaxel-Oregongreen488 in Paclitaxel-Resistant Cancer Cell Lines., Cell Physiol
Biochem 57 (2023) 360-378. [111]

(A)Transportery ABC uwidoczniono w komorkach A549 nieopornych i opornych na paklitaksel metoda
immunocytobarwienia, a nastepnie mikroskopii konfokalnej. Zielona fluorescencja transporterow ABC
pochodzi z przeciwciata drugorzegdowego sprzezonego z Alexafluorem 488, niebieskie DNA barwiono
DAPI, natomiast lizosomy wybarwiono na czerwono wykorzystujac LysoTrackerTM Deep Red. (B i C)
Intensywnos¢ fluorescencji, ktora odpowiada poziomowi biatka ABC w komorkach (B) oraz kolokalizacje
miedzy rozpatrywanymi biatkami a lizosomami (C), okreslono w jednostkach arbitralnych (a.u.) za pomoca
oprogramowania Leica Application Suite X. Réznic¢ migdzy dwiema $rednimi sprawdzono za pomoca
testu t-Studenta lub testu Manna-Whitneya, a rdznice istotne statystycznie oznaczono * dla p < 0,05 *, **
dlap <0,01, *** dlap <0,001. (D) Obrazy Western blot biatek rozdzielonych SDS-PAGE z lizatéw catych
komorek uzyskano za pomocg ChemiDoc-IT2 (UVP, Meranco, Poznan, Polska). ACTB (aktyna) posluzyto
jako wewngtrzna kontrola.
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Ryc. 8 Wplyw opornosci na paklitaksel na ekspresje i dystrybucje ABCB1, ABCC1, ABCC3, ABCC5
i ABCC10 w komorkach MDA-MB-231. Na podstawie K. Gronkowska, S. Michlewska, A.
Robaszkiewicz, Activity of Lysosomal ABCC3, ABCC5 and ABCC10 is Responsible for
Lysosomal Sequestration of Doxorubicin and Paclitaxel-Oregongreen488 in Paclitaxel-Resistant
Cancer Cell Lines., Cell Physiol Biochem 57 (2023) 360-378. [111]

(A)Transportery ABC uwidoczniono w komérkach MDA-MB-231 nieopornych i opornych na paklitaksel
metodg immunocytobarwienia, a nastgpnie mikroskopii konfokalnej. Zielona fluorescencja transporteréw
ABC pochodzi z przeciwciata drugorzedowego sprzezonego z Alexafluorem 488, niebieskie DNA
barwiono DAPI, natomiast lizosomy wybarwiono na czerwono wykorzystujac LysoTrackerTM Deep Red.
(B i C) Intensywnos$¢ fluorescencji, ktéra odpowiada poziomowi biatka ABC w komdrkach (B) oraz
kolokalizacji migedzy rozpatrywanymi biatkami a lizosomami (C), okre§lono w jednostkach arbitralnych
(a.u.) za pomoca oprogramowania Leica Application Suite X. Roéznice migdzy dwiema S$rednimi
sprawdzono za pomocg testu t-Studenta lub testu Manna-Whitneya, a rdznice istotne statystycznie
oznaczono * dlap <0,05 *, ** dlap <0,01, *** dlap <0,001. (D) Obrazy Western blot biatek rozdzielonych
SDS-PAGE z lizatow catych komorek uzyskano za pomoca ChemiDoc-IT2 (UVP, Meranco, Poznan,
Polska). ACTB wykorzystano jako wewnetrzng kontrolg.
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Aby potwierdzi¢ zwigkszong akumulacj¢ badanych lekow w lizosomach,
poréwnano intensywnos$¢ fluorescencji w lizosomach izolowanych z komodrek A549
nieopornych i opornych na paklitaksel, inkubowanych z paklitakselem OregonGreen 488
(Ryc. 9A) 1 doksorubicyng (Ryc. 9 B). Mediana wartosci rozktadu fluorescencji wskazuje
na wzrost akumulacji lekéw w lizosomach. Dodatkowo, potwierdzono wzrost poziomu
bialek ABCB1, ABCC3, ABCC5 i ABCC10 w lizosomach wyizolowanych z komorek i
opornych na paklitaksel wzglegdem komorek wrazliwych (Ryc. 9C).
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Ryc.9 Poréwnanie akumulacji lekéw oraz obecnos$ci transporterow ABC w lizosomach
wyizolowanych z linii A549 wrazliwych i opornych na paklitaksel Na podstawie K. Gronkowska, S.
Michlewska, A. Robaszkiewicz, Activity of Lysosomal ABCC3, ABCC5 and ABCC10 is Responsible
for Lysosomal Sequestration of Doxorubicin and Paclitaxel-Oregongreen488 in Paclitaxel-Resistant
Cancer Cell Lines., Cell Physiol Biochem 57 (2023) 360-378. [111]

(A-B) Poréwnanie wychwytu lizosomalnego paklitakselu (A) i doksorubicyny (B) pomigdzy nieoporng i
oporng na paklitaksel linig komorkowa A549 po 24-godzinnej ekspozycji na leki, w oparciu o cytometri¢
przeptywowa. Intensywnos¢ fluorescencji mierzono cytometrem przeptywowym LSR® II (Becton
Dickinson) przy dlugosci fali em: 595 nm/ex: 470 nm dla antracykliny i em: 524 nm/ex: 496 nm dla
paklitakselu-Oregon Green. Intensywnos$¢ fluorescencji komoérek wizualizowano na histogramie w
progranie Flowing Stofware 2, a przesuniecie w dystrybucji fluorescencji wskazywalo na zmiang
dystrybucji leku. (C) Poroéwnanie profilu transporteréw ABC w blonach lizosomoéw wyizolowanych z
komorek linii A549 oraz MDA-MB-231 i ich odpowiednikach opornych na paklitaksel metoda Western
Blot. LAMP zastosowano jako kontrole pozytywna; ACTB stanowit kontrolg zanieczyszczenia lizosomow
frakcjami cytoplazmatycznymi i blonowymi; SOD2 stanowil kontrole zanieczyszczenia mitochondriami; a
histon H3 stanowit kontrolg zanieczyszczenia lizatu frakcja jadrowa.
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Biorac pod uwage brak informacji o potencjalnej roli biatek z rodziny ABCC w
lizosomach i zaobserwowany wzrost ich poziomu w komérkach opornych na paklitaksel,
postawili$my hipoteze o ich mozliwym udziale w sekwestracji lekéw, co nie zostato
dotychczas zbadane mechanistycznie. Aby zweryfikowa¢ mozliwg role transporterow
ABCC3, ABCC5 1 ABCC10 w lizosomalnym akumulowaniu lekow, przeanalizowali$my
lizosomalny wychwyt chemioterapeutykow w obecnosci dwoch inhibitoréw: MK-571 i
chlorku amonu (AC). MK-571 jest inhibitorem kilku transporteréw ABCC, w tym
ABCCI1, ABCC2, ABCC3, ABCC5 i ABCCI10, ale nie ABCBI1. Ze wzgledu na
nieselektywne dziatanie na kilka transporterow, MK-571 stanowi potencjalny inhibitor
pan-ABCC [112]. AC to alkalizator lizosoméw, ktory poprzez zwigkszenie pH
lizosomow zapobiega pulapkowaniu stabych zasad w tych organellach. Chlorek amonu
zmniejszal akumulacj¢ doksorubicyny (Ryc.10 B-C) wewnatrz lizosoméw w linii
komorkowej opornego raka pluca hodowanej w monowarstwie, ale nie miat wptywu na
lokalizacj¢ wewnatrzkomorkowa paklitakselu (Ryc.10 A,C). Co ciekawe, iABCC
skuteczniej zmniejszal kolokalizacj¢ lizosomoéw 1 obydwu lekéw, prawie catkowicie
zapobiegajac sekwestracji doksorubicyny wewnatrz lizosomow. Wskazuje to, ze
podrodzina bialek ABCC bierze udziat w sekwestracji lizosomalne; nie tylko
paklitakselu, ale rowniez doksorubicyny. Rola transporterow ABCCC w akumulacji leku
zostata réwniez potwierdzona w hodowli 3D, gdzie komorki nowotworowe poddano
dziataniu MK-571 (Ryc. 10D) i AC (Ryc. 10E). Spowodowatlo to glgbsza penetracje
lekow. W sferoidach opornych na paklitaksel, leki zostawaty uwigzione w obwodowych
warstwach struktury. Zastosowanie inhibitorow umozliwito dotarcie lekow do komorek

zlokalizowanych w wewnetrznych warstwach sferoidow.
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Ryc.10 Rozwéj opornosci komorek nowotworowych na paklitaksel powoduje zalezna od
transporterow ABCC redystrybucje lekow do lizosoméw. Na podstawie K. Gronkowska, S.
Michlewska, A. Robaszkiewicz, Activity of Lysosomal ABCC3, ABCC5 and ABCC10 is Responsible
for Lysosomal Sequestration of Doxorubicin and Paclitaxel-Oregongreen488 in Paclitaxel-Resistant
Cancer Cell Lines., Cell Physiol Biochem 57 (2023) 360-378. [111]

(A-B) Porownanie kolokalizacji lizosomow z paklitakselem (A) i doksorubicyna (B) w linii komorkowe;j
A549-PTX po leczeniu komorek lekiem w monoterapii lub w skojarzeniu z neutralizatorem
lizosomotropowym (chlorek amonu — AC; 25 mM) i inhibitorem ABCC (MK-571 — iABCC; 100 uM),
ktére dodano na 2 godziny przed podaniem Paclitaxel Oregon Green™ 488 (0,1 pM) lub autofluorescentne;j
doksorubicyny ( 0.05 pM). Zdjecia wykonano za pomoca mikroskopu konfokalnego (TCS SPS, Leica
Microsystems, Niemcy). DNA barwiono barwnikiem DAPI, a lizosomy zostaly wybarwione znacznikiem
LysoTracker™ Deep Red (C) Wplyw AC 1 MK-571 na kolokalizacj¢ doksorubicyny i paklitakselu z
lizosomami okreslono w jednostkach arbitralnych (a.u.) za pomoca pakietu Leica Application Suite X.
Roéznice migdzy dwiema srednimi sprawdzono za pomoca testu t-Studenta lub testu Manna-Whitneya, a
statystycznie istotne réznice oznaczono *, gdy p < 0,05 *, **, gdy p < 0,01, ***, gdy p < 0,001. (D) 4-
tygodniowe 3D PTX-oporne komorki A549 traktowano Paklitakselem Oregon Green™ 488 (zielony) w
monoterapii przez 48 godzin lub w skojarzeniu z MK-571 (100 uM; 2 godziny przed paklitakselem) i
wybarwiono DAPI (niebieski). (E) 4-tygodniowe 3D PTX-oporne komodrki AS549 traktowano
autofluorescentng doksorubicyng (czerwony) w monoterapii przez 48 godzin lub w skojarzeniu z chlorkiem
amonu (25 mM; 2 godziny przed lekiem), nastepnie wybarwiono LysoTracker™ Deep Red (zielony) i
DAPI (niebieski). (D-E) Fluorescencje lekow zarejestrowano za pomocg mikroskopu konfokalnego (TCS
SP8, Leica Microsystems, Niemcy). Wykres intensywnosci fluorescencji na przekroju sferoidow
wyznaczono w jednostkach arbitralnych (a.u.) za pomoca oprogramowania Leica Application Suite X.
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Nastgpnie sprawdzitam, czy wyciszenie nowo zidentyfikowanych w lizosomach
transporterow ABCC3, ABCC5 1 ABCCI10, moze zapobiec sekwestracji lekow i
uwrazliwia¢ komorki nowotworowe na dziatanie chemioterapeutykéw. Celowanie z
wykorzystaniem siRNA w mRNA trzech transporterow ABCC obnizyto sekwestracje
lizosomalng znakowanego fluorescencyjnie paklitakselu (ryc. 11A). Co istotne, obnizenie
ekspresji  ABCC3/ABCCS5/ABCC10  zwigkszylo cytotoksyczno$¢  paklitakselu,
doksorubicyny, cisplatyny i etopozydu, ktore r6znig si¢ kwasowoscig. Podobny efekt
zaobserwowano rowniez w przypadku inhibitora pan-ABCC (ryc. 11B). W hodowli 3D
tych komorek, wyciszenie wszystkich trzech transporterow ABCC znaczaco zwigkszyto
penetracje sferoidéw przez paclitaxel Oregon Green 488, ktory byt rozlozony wzglednie
rownomiernie w calym sferoidzie, niezaleznie od analizowanej gtgbokosci. W komadrkach
kontrolnych natomiast zielona fluorescencja leku byla obserwowana gléwnie w
zewnetrznych warstwach sferoidu (ryc. 11C). Aby sprawdzié, czy retencja leku w
obwodowej czesci sferoidow przez ABCC3, ABCCS5 i ABCCI10 zmniejsza
cytotoksyczno$¢ doksorubicyny 1 paklitakselu, porownaliSmy frakcje¢ komorek
apoptotycznych i nekrotycznych miedzy grupa kontrolg a komérkami z wyciszonymi
biatkami ABCC3/5/10. Analiza markera apoptozy — intensywnos$ci aneksyny V w
hodowli 3D sferoidow A549-PTX 1 MDA-MB-231 — potwierdzila silniejsza indukcje
apoptozy przez lek w komorkach z wyciszonymi genami ABCC niz transfekcja
kontrolnym siRNA. Wigkszy zakres martwicy obserwowano w komodrkach po
wyciszeniu ABCC 1 leczeniu doksorubicyng, ale nie obserwowano jej po wyciszeniu

ABCC 1 ekspozycji na paklitaksel, w porownaniu z kontrolnym siRNA (Fig 11 D-E).
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Ryc.11  Przejsciowe  wyciszanie @ ABCC  zwi¢ksza  cytotoksyczne  dzialanie lekéw

przeciwnowotworowych. Na podstawie K. Gronkowska, S. Michlewska, A. Robaszkiewicz, Activity
of Lysosomal ABCC3, ABCC5 and ABCCI10 is Responsible for Lysosomal Sequestration of
Doxorubicin and Paclitaxel-Oregongreen488 in Paclitaxel-Resistant Cancer Cell Lines., Cell Physiol
Biochem 57 (2023) 360-378. [111]

(A)Wplyw jednoczesnego wyciszania siABCC3, siABCC5 i siABCC10 na wewnatrzkomoérkowa
dystrybucje paklitakselu Oregon Green 488 zbadano w komorkach A549 opornych na paklitaksel.
Znakowany fluorescencyjnie paklitaksel (zielony) dodano do komoérek 72 godziny po ich transfekcji
mieszaning siRNA (Mix siABCC) lub siRNA kontrolnym, na kolejne 24 godziny. Lizosomy barwiono
LysoTrackerTM Deep Red (kolor czerwony) i DAPI (kolor niebieski). (B) Aktywno$¢ metaboliczng
komorek, stuzaca jako miara zywotnos$ci, badano za pomocg resazuryny. iABCC (MK-571; 25 uM)
podawano do hodowli na 2 godziny przed podaniem lekdw, natomiast transfekcje komoérek mieszaning
siABCC3, siABCC5 i siABCC10 przeprowadzono 72 godziny przed traktowaniem lekami. Dla kazdego
testowanego chemioterapeutyku zywotno$¢ komoérek nieleczonych siCTRL lub iABCC przyjeto jako
100%. (C) 4-tygodniowa hodowle 3D komorek A549 opornych na PTX transfekowano mieszaning
siABCC3, siABCCS i siABCC10 lub kontrolnym siRNA 78 godzin przed leczeniem paklitakselem (0,1
uM). DNA barwiono DAPI (na niebiesko). Fluorescencje¢ paklitakselu Oregon Green 488 zarejestrowano
za pomocg mikroskopu konfokalnego (TCS SPS8, Leica Microsystems, Niemcy). Wykres intensywnosci
fluorescencji w przekroju sferoidu wyznaczono w jednostkach arbitralnych (j.u.) za pomoca
oprogramowania Leica Application Suite X. (D, E). Role ABCC3, ABCC5 i ABCC10 w ochronie komorek
przed cytotoksyczno$cig indukowang doksorubicyng (0,05 uM; 48 h) i paklitakselem (0,1 uM; 48 h) w
hodowli 3D 4-tygodniowych sferoidow A549-PTX (D) i MDA-MB-231-PTX (E) badano poprzez pomiar
zwigzanej aneksyny V i jodku propidyny. Leki dodano do komoérek 72 godziny po ich transfekcji
mieszaning siRNA (mix siABCC) Iub siRNA niespecyficznym. Intensywno$¢ fluorescencji okreslono
iloSciowo przy uzyciu oprogramowania Leica Application Suite X. Roznice migdzy wariantami
weryfikowano za pomoca jednokierunkowej analizy wariancji lub testu Kruskala-Wallisa, a roznice
statystycznie istotne oznaczono *, gdy p < 0,05.
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W kolejnym etapie przystapilismy do poszukiwania biatek remodelujacych
chromatyne, ktore moga warunkowac zwigkszong ekspresje transporterow ABC, ktorych
poziom w lizosomach jest wyzszy po wielokrotnej ekspozycji komodrek na dziatanie
paklitakselu. W tym celu wyciszyliSmy dwie kluczowe ATPazy kompleksu SWI/SNF —
BRG1 i BRM przy uzyciu specyficznego siRNA (Ryc.12 A, C) oraz wylonilismy geny,
ktore ulegaja represji po wyciszeniu ATPaz w obu liniach opornych na paklitaksel, a
zatem sg regulowane przez te biatka. Po wyciszeniu BRG1 zaobserwowalismy spadek
ekspresij genow, ktorych produkty mogg mie¢ znaczacy udziat w powstawaniu opornosci

na paklitaksel (Ryc. 12A).
A B
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Ryc.12. BRG1 i BRM reguluja ekspresje genow mogacych sprzyja¢ powstawaniu opornosci na
paklitaksel, przy czym to BRG1 reguluje ekspresje transporterow ABC, w tym ABCC3, ABCCS i
ABCC10 uczestniczacych w sekwestracji lekow w liniach opornych na paklitaksel. Na podstawie K.
Gronkowska, S. Michlewska, T. Ploszaj, M. Strachowska, A. Stepien, M. Borowiec, A. Bednarek, A.
Robaszkiewicz, BRG1 targeting overcomes ABCC-based multidrug resistance induced by paclitaxel,
BioRxiv (2025) [113]+ dane dodatkowe.

(A, C) Przejsciowe wyciszenie BRG1 (A) i BRM (C) obniza transkrypcje wspdlnego podzbioru gendw w
MDA-PTX i A549-PTX. List¢ gendw charakteryzujacych si¢ spadkiem transkrypcji w odpowiedzi na
wyciszenie ATPaz (Log2FC < -0,5) wygenerowano poprzez réznicowa ekspresj¢ w programie CuftDiff
przy uzyciu zestawow danych RNA-Seq z linii komoérkowych transfekowanych siRNA kontrolnym oraz
specyficznym  dla  badanych  ATPaz.  Diagram  Venna  wygenerowano  przy  uzyciu
https://bioinformatics.psb.ugent.be/webtools/Venn/. Ontologi¢ gendw przypisano wspolnym zestawom
genow dla MDA-PTX i A549-PTX w Panther przy uzyciu statystycznego testu nadreprezentacji. (B)
Wyciszenie genu BRG1 zmienia transkrypcje gendéw ABC, co moze przyczynia¢ si¢ do opornosci
wielolekowej w komorkach poddanych kilku cyklom leczenia paklitakselem. Mapa cieplna rdéznicowej
ekspresji gendw przedstawia Log2FC wygenerowany w CuffDiff na podstawie danych RNA-Seq z
komoérek kontrolnych i z wyciszonym BRG1 przy uzyciu specyficznego siRNA. Pogrubione geny
charakteryzuja si¢ stosunkowo wysoka, niezmieniong ekspresja lub znacznym wzrostem transkrypcji
spowodowanym paklitakselem.

Do tej grupy zakwalifikowano biatka wigzacych czynniki wzrostu, mogace

promowac nadmierng proliferacje komorek, biatka wigzac filamenty aktynowe, mogace
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mie¢ wptyw na dynamike mikrotubul, kinazy biatkowe zaangazowane w przekaznictwo
sygnatéw oraz transportery transmembranowe mogace uczestniczy¢é w usuwaniu i
sekwestracji lekow. WyloniliSmy transportery ABC, ktore naleza do tej grupy i
zaobserwowalismy spadek ekspres;ji licznych transporterow ABC po wyciszeniu BRG1,
w tym ABCC3, ABCCS5 i ABCC10 (Ryc. 12B). Wyciszeniu BRM towarzyszyta represja
gendw zwigzanych z otoczonymi btong organellami komoérkowymi, w tym kodujacych

biatka strukturalne lizosoméw (Ryc. 12C).

Wynik ten, byt zaskakujacy, gdyz w poszukiwaniu potencjalnego udziatu BRG1 1
BRM w transkrypcji gendéw ABC w komodrkach opornych na paklitaksel wykorzystano
MDA-MB-231 z dzikim typem SMARCA4 oraz A549 z mutacja SMARCA4 powodujaca
brak funkcjonalnego biatka BRGI1. Adaptacja MDA-MB-231 do paklitakselu nie
zmienita ekspresji BRG] na poziomie mRNA i biatka. Co zaskakujace, stwierdzono
obecno$¢ mRNA genu SMARCA4 1 biatkka BRG1 w komodrkach A549 opornych na
paklitaksel (Ryc.13A). W celu potwierdzenia, ze w komorkach A549 opornych na
paklitaksel wystepuje funkcjonalny BRGI, posiadajacy zdolno$¢ do wigzania
chromatyny przeprowadziliSmy eksperyment ChIP-qPCR (Ryc. 13B), w ktorym
zaobserwowalismy wigzanie enzymu w regionach promotorowych ABCBI, ABCC3 1
ABCCI10 w fenotypie lekoopornym linii komorkowej A549. Sekwencjonowanie metoda
Sangera fragmentu SMARCA4 obejmujacego delecje c.2184 2206del23 (Ryc.13C),
powodujaca zmiang ramki odczytu i1 przedwczesne pojawienie si¢ kodonu STOP,
wskazalo na dodatkowa delecje¢ 7 nukleotydow 1 insercje 2 nukleotydéw w sekwencji
SMARCA4 przed miejscem delecji. Zmiany sekwencji nukleotydowej wywolane
paklitakselem doprowadzity do mutacji odwracajacej kodon STOP, przywracajac
ekspresje BRG1 w komodrkach A549 opornych na paklitaksel. Co wazne, rozwazana
mutacja nie wystgpita w zadnej z funkcjonalnych domen BRG1 (Ryc.13D) umozliwiajac
zachowanie pierwotnej funkcji BRG1

Po rozwianiu watpliwosci dotyczacych linii A549-PTX, potwierdziliSmy na
poziomie mRNA (Ryc.13 E,G) oraz biatka (Ryc.13 F,H) zalezno$¢ ekspresji ABCC3,
ABCCS5 1 ABCCI0 od poziomu BRGI, stosujac wyciszenie BRG1 przy uzyciu
specyficznego siRNA.
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Ryc 13. Zmiany w sekwencji nukleotydowej SMARCA4 wywolane paklitakselem doprowadzily do
mutacji odwracajacej kodon STOP, ktéra przywrocila ekspresje funkcjonalnego BRG1 w
komérkach A549 opornych na paklitaksel. BRG1 nasila transkrypcje ABCC3, ABCC5 i ABCC10),
ktore sa istotne dla opornosci wielolekowej w liniach komérek opornych na paklitaksel. Na podstawie
K. Gronkowska, S. Michlewska, T. Ploszaj, M. Strachowska, A. Stepien, M. Borowiec, A. Bednarek,
A. Robaszkiewicz, BRG1 targeting overcomes ABCC-based multidrug resistance induced by
paclitaxel, BioRxiv (2025) [113]

(A). Poziom mRNA SMARCA4 poréwnano w liniach komorkowych MDA-MB-231 i A549 nieopornych i
opornych na PTX metodg PCR w czasie rzeczywistym. Poziom transkrypcji znormalizowano najpierw do
gendéw metabolizmu podstawowego (ACTB, GAPDH 1 HPRTI), a nastgpnie poziom mRNA w liniach
komorek wrazliwych przyjeto jako 1. Réznice migdzy dwiema srednimi sprawdzono za pomoca testu t-
Studenta, a rdznice statystycznie istotne oznaczono * dla p < 0,05 *, ** dla p < 0,01, *** dla p < 0,001.
Poziom biatka BRG1 poréwnano w lizatach komérek MDA-MB-231 i A549 oraz ich PTX-opornych
odpowiednikow metoda Western Blot. Histon H3 uzyto jako kontrolg. (B) Rekrutacja BRGI1 do
promotoréw ABCBI, ABCC2, ABCC5 i ABCC10 w dwoch fenotypach A549 monitorowano metoda ChIP-
qPCR. Surowe wartosci ChIP znormalizowano do odpowiadajacych im kontroli IgG. Roznice migdzy
dwiema $rednimi sprawdzono testem t-Studenta, a roznice statystycznie istotne oznaczono * dla p < 0,05
* ** dlap <0,01, *** dla p < 0,001 (C) Wyniki sekwencjonowania Sangera przedstawione w Finch TV
(D) Zestawienie sekwencji SMARCA4 w oprogramowaniu MEGAL11. (E,G) Poziom mRNA transporteréw
ABC poréwnano migdzy probkami kontrolnymi i z wyciszonym BRG1 w A549-PTX (E) oraz MDA-MB-
231-PTX (G) metoda PCR w czasie rzeczywistym. Poziom transkrypcji znormalizowano najpierw do
gendéw metabolizmu podstawowego (ACTB, GAPDH i HPRTI), a nastgpnie poziom mRNA kontroli
przyjeto jako 1. R6znicg migdzy dwiema srednimi sprawdzono za pomoca testu t-Studenta, a rdznice istotne
statystycznie oznaczono *, gdy p < 0,05 * 1 **, edy p <0,01. (F,H) Wptyw przejsciowego wyciszenia BRG1
w komorkach A549-PTX (F) oraz MDA-MB-231-PTX (H) na poziom biatek ABCC3, ABCC5 i ABCC10
badano metoda Western Blot. BRG] zastosowano jako kontrole skutecznosci wyciszania. Histon H3
zastosowano jako kontrole tadowania.
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Majac na uwadze, ze BRGI1 kontroluje transkrypcje genow ABC, ktorych
obecno$¢ wykazaliSmy w znacznym stezeniu w lizosomach komodrek opornych na
paklitaksel, sprawdzili§my czy niedobor BRGI1 przyczyni si¢ do spadku poziomu
ABCC3, ABCC5 i ABCC10 w tych organellach. Wyciszenie BRG1 spowodowato
widoczng i istotng redukcje pozioméw ABCC3 1 ABCC10 wewnatrz komorek (Ryc. 14A,
14B) oraz zmniejszenie ich lokalizacji lizosomalnej, co okreslono iloSciowo poprzez
pomiar kolokalizacji biatek i1 lizosoméw (Ryc. 14C). Mikroskopia konfokalna z
algorytmem dekonwolucji umozliwita wizualizacje spadku poziomu ABCCS5 w btonie
lizosomu, ktory byt spowodowany wyciszeniem BRG1 w obu liniach komérkowych

opornych na paklitaksel (Ryc. 14D).
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Ryc.14 BRG] nasila ekspresje transporteré6w ABC zlokalizowanych w lizosomach linii komérkowych
opornych na PTX. Na podstawie K. Gronkowska, S. Michlewska, T. Ploszaj, M. Strachowska, A.
Stepien, M. Borowiec, A. Bednarek, A. Robaszkiewicz, BRG1 targeting overcomes ABCC-based
multidrug resistance induced by paclitaxel, BioRxiv (2025) [113]

(A) Ekspresje i lokalizacjg¢ transporterow ABC po 72 godzinach od transfekcji komoérek siCTRL i siBRG1
uwidoczniono za pomoca nastepnie mikroskopii konfokalnej. Zielona fluorescencja pochodzaca z
przeciwciala drugorzgdowego sprzgzonego z Alexafluorem 488 odpowiada transporterom ABC. DNA
barwiono DAPI (kolor niebieski). Lizosomy barwiono LysoTrackerem (kolor czerwony). Intensywnos¢
fluorescencji (B) i kolokalizacja (C) zostaty okreslone w jednostkach arbitralnych (a.u.) za pomoca
oprogramowania Leica Application Suite X. Roznice migdzy dwiema §rednimi sprawdzono za pomoca
testu t-Studenta, a statystycznie istotne réznice oznaczono *, gdy p < 0,05 *, ** edy p < 0,01, *** gdy p
< 0,001 (D) Czerwona fluorescencja ABCCS5 pochodzi z drugorzgdowego przeciwciala znakowanego R-
fikoerytryng, a zielona fluorescencija LAMP1 z przeciwciata sprzgzonego z Alexafluor488. Skany
lizosomow zostaty zdekonwoluowane za pomoca 3D-Deconwolution dostepnego w oprogramowaniu Leica
Application Suite X (LAS X, Leica Microsystems, Niemcy).

Aby sprawdzi¢ funkcjonalny wptyw zaleznej od BRGI ekspresji transporteréw
ABC, ktorych produkty sa obecne w lizosomach komorek opornych na paklitaksel, na
wewnatrzkomorkowg dystrybucje leku, porownatam kolokalizacje paklitakselu Oregon

Green z lizosomami w komorkach z prawidlowa i wyciszong ekspresja BRG1 za pomoca
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mikroskopii konfokalnej (Ryc. 15A). Wyciszenie enzymu widocznie zmniejszyto
akumulacje leku w lizosomach, co okreslitam ilo$ciowo jako kolokalizacje fluorescencji

leku i lizosomu (Ryc. 15B).
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Ryc.15 BRGI1 jest zaangazowany w proces sekwestracji lekow i zmniejszenia ich cytotoksycznosci.
Na podstawie K. Gronkowska, S. Michlewska, T. Ploszaj, M. Strachowska, A. Stepien, M. Borowiec,
A. Bednarek, A. Robaszkiewicz, BRG1 targeting overcomes ABCC-based multidrug resistance
induced by paclitaxel, BioRxiv (2025) [113]

(A)Kolokalizacj¢ znakowanego fluorescencyjnie paklitakselu i lizosoméw porownano mi¢dzy komorkami
traktowanymi siRNA kontrolnym i siBRG1. Paklitaksel oznaczono na zielono (Oregon Green 488),
lizosomy na czerwono (LysoTracker Deep Red), a DNA na niebiesko (DAPI). Kolokalizacje (B) okreslono
w jednostkach arbitralnych (a.u.) za pomoca oprogramowania Leica Application Suite X. R6znice miedzy
dwiema $rednimi sprawdzono testem t-Studenta, a rdznice statystycznie istotne oznaczono *, gdy p < 0,05
* %% gdy p < 0,01, *** gdy p < 0,001 (C). Wrazliwos¢ na doksorubicyne, daunorubicyng, paklitaksel,
cisplatyne i etopozyd poréwnano miedzy liniami komoérkowymi kontrolnymi i z wyciszona ekspresja
BRGI1. Zywotno$¢ mierzono za pomocg resazuryny. Aktywnoéé metaboliczng komorek kontrolnych
przyjeto jako 100%. (D) Akumulacja paklitakselu Oregon Green w lizosomach komorek opornych na
paklitaksel hodowanych w hodowlach tréjwymiarowych wymaga obecnosci biatka BRG1. Sferoidy linii
komorkowej A549 kontrolnej i opornej na paklitaksel z wyciszonym biatkiem BRG1 przeskanowano pod
katem wewnatrzkomorkowej dystrybucji bialka Oregon Green w komorkach kontrolnych. Lek oznaczono
na zielono, DNA na niebiesko, a lizosomy na czerwono (barwienie zgodnie z opisem w punkcie A). Wykres
intensywnosci fluorescencji na przekroju sferoidu wyznaczono w jednostkach arbitralnych (a.u.) za pomoca
oprogramowania Leica Application Suite X.

Nastepnie sprawdzitam czy BRG1 moze wptywac¢ na odpowiedz komorkowa na

chemioterapeutyki i powodowac¢ chemiooporno$¢ na zwigzki inne niz paklitaksel. Zostato
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to sprawdzone poprzez poroOwnanie zywotnosci komoérek réznigcych si¢ poziomem
BRGI i eksponowanych na chemioterapeutyki o réznej kwasowosci. Ta cecha badanych
lekow definiuje sposéb ich biernego lub zaleznego od ABC napltywu do lizosomow.
Wyciszenie BRG1 w obu liniach uwrazliwilo komorki na wszystkie testowane
chemioterapeutyki (ryc. 15C), przy czym cytotoksycznos$¢ znacznie wzrosta w przypadku
kwasnych lekow (cisplatyna, etopozyd), ktére nie wnikaja do lizosomoéw na drodze

dyfuzji bierne;j.

Wptyw BRGI na penetracj¢ lekow zbadatam rowniez w sferoidach. Kultury 3D
komoérek MDA-PTX i1 A549-PTX charakteryzuja si¢ akumulacjg leku w warstwie
obwodowej, podczas gdy wyciszenie BRG1 powodowalo dotarcie leku do wewngtrznych
warstw sferoidow (ryc. 15D). Sugeruje to, ze zalezne od BRGI uwigzienie lekow w
lizosomach chroni glgbsze czesci sferoidow przed cytotoksycznos$cig lekow.

Poniewaz BRG1 odpowiada za ekspresj¢ transporterow ABC 1 zwigkszong
chemiooporno$¢ komorek opornych na paklitaksel, inhibitor BRG1/BRM — PFI3 i
degrader SMARCA2/4 PROTAC — ACBII1 zostaly przetestowane pod katem ich
potencjalnego zastosowania do uwrazliwiania komoérek opornych na leki stosowane w
chemiotrapii. Wykazatam, ze inhibitor SWI/SNF skutecznie obniza zaréwno poziom
mRNA, jak i1 bialka trzech rozwazanych transporterow (Ryc. 16A-D). Degradacja
BRG1/BRM przez ACBI1 zmniejszyla ekspresje wszystkich trzech transporteréw w linii
MDA-MB-231-PTX oraz ABCC3 1 ABCCS5, nie majac znaczgcego wptywu na ekspresje
ABCCI10 w linii A549-PTX (Ryc.16 H-K). Zmniejszona ekspresja transporterow ABCC3
1ABCCI10 oraz ich zmniejszone wspotwystepowanie z markerem lizosomalnym (Ryc. 16
E-G, 16 L-N) po PFI3 i ABII, zostalo uwidocznione i skwantyfikowane za pomoca

mikroskopii konfokalnej w liniach komoérkowych opornych na paklitaksel.

PFI3 1 ABCI1 zmieniaty wewnatrzkomorkowsa dystrybucje lekow, utrzymujac
znaczne stezenie leku poza lizosomami. Potwierdzono to mierzac akumulacje i
kolokalizacje leku w lizosomach (ryc. 17A-F). Ponadto, wykazatam na przyktadzie PFI-
3, ze zablokowanie kompleksu umozliwia rowniez glebsza penetracje leku w sferoidach,
podczas gdy nienaruszone hodowle 3D charakteryzowatly si¢ akumulacjg leku wylacznie

w zewnetrznych warstwach komorek (ryc.17G).
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Ryc.16 Celowanie w kompleks SWI/SNF z wykorzystaniem PFI-3 i ACBI1 zmniejsza ekspresje
transporter6w ABCC wystepujacych w lizosomach komérek opornych na paklitaksel. Na podstawie
K. Gronkowska, S. Michlewska, T. Ploszaj, M. Strachowska, A. Stepien, M. Borowiec, A. Bednarek,
A. Robaszkiewicz, BRG1 targeting overcomes ABCC-based multidrug resistance induced by
paclitaxel, BioRxiv (2025) [113]

(A, C, H, J) Poziom mRNA ABCC3, ABCC5 i ABCC10 poréwnano metoda PCR w czasie rzeczywistym w
komorkach MDA-MB-231 (A) i A549 (C) opornych na paklitaksel, eksponowanych na PFI3 (2,5 uM, 72
godz.) oraz komdorkach MDA-MB-231 (H) i A549 (J) opornych na paklitaksel, eksponowanych na ACBI1
(0,5 uM, 72 godz.). Poziom transkrypcji znormalizowano do ACTB, GAPDH i HPRTI, a dla probki
kontrolnej przyjeto warto$¢ 1. Roznice migdzy dwiema $rednimi sprawdzono za pomoca testu t-Studenta,
a réznice statystycznie istotne oznaczono *, gdy p < 0,05 *, **, gdy p < 0,01, ***, gdy p < 0,001. (B, D)
Wplyw PFI3 na poziom biatka ABCC10 w lizatach komérek MDA-MB-231 (B) i A549 (D) opornych na
paklitaksel zbadano metoda Western Blot. (I,LK) Wplyw degradacji podjednostek SWI/SNF
ukierunkowanych na ACBI1 na poziom biatka ABCC3 w lizatach komorek MDA-MB-231 (I) i A549 (K)
opornych na paklitaksel zbadano metoda Western Blot. Histon H3 zastosowano jako kontrole tadowania.
(E, L) Ekspresje i lokalizacje transporterow ABC uwidoczniono za pomocg mikroskopii konfokalnej w
komorkach nieleczonych w poréwnaniu z komoérkami traktowanymi PFI3 (E) i ACBIl (L). Zielona
fluorescencja transporteréw ABC pochodzi od drugorzedowego przeciwciala sprzgzonego z Alexafluor488,
niebieska fluorescencja DNA z DAPI, natomiast lizosomalna czerwona fluorescencja z LysoTracker Deep
Red. Intensywnos¢ fluorescencji (F, M) i kolokalizacj¢ (G, N) okreslono w jednostkach arbitralnych (a.u.)
za pomocg oprogramowania Leica Application Suite X. Roznice¢ migdzy dwiema srednimi sprawdzono za
pomoca testu t-Studenta, a statystycznie istotne réznice oznaczono *, gdy p < 0,05 *, ** ody p < 0,01, ***,
gdy p <0,001.
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Ryc.17 Celowanie w SWI/SNF za pomoca PFI-3 i ACBI1 zmniejsza akumulacje¢ leku w lizosomach
komérek nowotworowych opornych na paklitaksel. Na podstawie K. Gronkowska, S. Michlewska, T.
Ploszaj, M. Strachowska, A. Stepien, M. Borowiec, A. Bednarek, A. Robaszkiewicz, BRG1 targeting
overcomes ABCC-based multidrug resistance induced by paclitaxel, BioRxiv (2025) [113]

(A, D) Celowanie w SWI/SNF powoduje istotny spadek akumulacji paklitakselu w Oregon Green w
lizosomach komorek opornych na paklitaksel. Do zbadania wptywu inhibitora SWI/SNF — PFI3 (2,5 uM,
24 h) (A) i ABCI1 (D) na lokalizacje¢ wewnatrzkomdrkowa znakowanego fluorescencyjnie paklitakselu
wykorzystano obrazowanie konfokalne. Lek oznaczono na zielono (Oregon Green 488), DNA na niebiesko
(DAPI), a lizosomy na czerwono (LysoTracker Deep Red). Intensywnos¢ fluorescencji paklitakselu Oregon
Green (B, E) i kolokalizacj¢ migdzy lekiem a lizosomami (C, F) okre$lono w jednostkach arbitralnych (a.u.)
za pomoca pakietu Leica Application Suite X. Roznic¢ migdzy dwiema $rednimi sprawdzono za pomoca
testu t-Studenta, a statystycznie istotne roéznice oznaczono *, gdy p < 0,05 *, **, gdy p < 0,01, ***, gdy p
< 0,001 (G) Sferoidy linii komorkowej MDA-MB-231-PTX kontrolnej i leczonej inhibitorem PFI3 (2,5
UM, 48 h) zostaly zobrazowane pod katem wewnatrzkomoérkowej dystrybucji doksorubicyny. Lek
autofluorescencyjny oznaczono na czerwono, DNA na niebiesko, a lizosomy na zielono. Wykres
intensywnosci fluorescencji na przekroju sferoidu wyznaczono w dowolnych jednostkach (a.u.) przy uzyciu
oprogramowania Leica Application Suite X.

54



W kolejnym kroku sprawdzitam czy celowanie w kompleks SWI/SNF moze
uwrazliwia¢ komoérki na dzialanie chemioterapeutykow. W sferoidach potaczenie
doksorubicyny lub paklitakselu z PFI3 lub ABCII okazato si¢ skuteczniejsze w indukcji
apoptozy w poréwnaniu z samymi lekami, co pokazano na obrazach konfokalnych z
ilosciowego oznaczenia zielonej fluorescencji aneksyny V (Ryc. 18A-C). Co istotne,
komorki wyznakowane aneksyng V byly rownomiernie rozmieszczone na wszystkich
glebokosciach sferoidow poddanych dziataniu PFI3 lub ABI1 i1 lekéw, w przeciwienstwie
do komorek traktowanych samym lekiem, gdzie komorki apoptotyczne byty
zlokalizowane w warstwach zewnetrznych sferoidow. Istotng indukcje nekrozy
obserwowano jedynie w sferoidach eksponowanych na doksorubicyne, a dalsze nasilenie
obumierania komoérek na drodze nekrozy i apoptozy byto spowodowane przez ABII. Z
kolei PFI3 znaczaco nasilit apoptoze w sferoidach, jak rowniez w hodowli 2D komodrek
traktowanych paklitakselem (ryc. 18D). Degrader PROTAC uwrazliwit komorki
nowotworowe oporne na paklitaksel w modelu 2D, w szczeg6lno$ci na doksorubicyng,
ale réwniez na nizsze dawki cisplatyny i1 etopozydu (Rycl8E). Inhibitor SWI/SNF
umiarkowanie zwigkszal toksyczno$¢ wszystkich badanych lekow, szczegdlnie przy ich

nizszych dawkach (ryc. 18F).
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Jadro komérkowe

Ryc.18 PFI3 i ACBI1 zwi¢kszajg toksycznosé lekéw przeciwnowotworowych w liniach komoérek
nowotworowych opornych na PTX. Na podstawie K. Gronkowska, S. Michlewska, T. Ploszaj, M.
Strachowska, A. Stepien, M. Borowiec, A. Bednarek, A. Robaszkiewicz, BRG1 targeting overcomes
ABCC-based multidrug resistance induced by paclitaxel, BioRxiv (2025) [113]

(A) Celowanie w SWI/SNF zwigksza $miertelnos¢ komodrek opornych na paklitaksel w sferoidalnym
modelu leczenia przeciwnowotworowego. 3-tygodniowe sferoidy inkubowano najpierw z PFI3 lub ABCI1
przez 72 godziny, a nastgpnie dodawano paklitaksel i doksorubicyn¢ przez 48 godzin. Eksternalizacje
fosfatydyloseryny, ktora jest markerem komorek apoptotycznych, monitorowano za pomocg mikroskopii
konfokalnej po barwieniu komorek aneksyna V sprzezong z FITC (kolor zielony). DNA komorek
martwiczych (z zaburzona integralnoscia btony komorkowej) barwiono jodkiem propidyny (kolor
czerwony). DNA barwiono DAPI (kolor niebieski). (B, C) Intensywnos¢ fluorescencji okreslono w
jednostkach arbitralnych (a.u.) za pomoca oprogramowania Leica Application Suite X. Roznice migdzy
dwiema $rednimi sprawdzono za pomoca testu t-Studenta, a statystycznie istotne réznice oznaczono *, gdy
p<0,05*, ** gdy p<0,01, *** edy p <0,001. (D) PFI3 (2,5 uM, 72 godz.) wzmacnia indukcj¢ apoptozy
przez doksorubicyng i paklitaksel w komorkach A549-PTX. Do poréwnania intensywnosci fluorescencji
kaspazy 3 miedzy komodrkami leczonymi i nieleczonymi PFI3 zastosowano obrazowanie konfokalne z
uzyciem Leica TCS SP8 (Leica Microsystems, Niemcy). Wplyw ACBI1 (0,5 uM, 48 godz.) (E) i PFI3 (2,5
1M, 48 godz.) na toksycznosé nicktorych lekéw przeciwnowotworowych. Zywotno$¢ komorek okreslono
ilo$ciowo za pomoca testu opartego na resazurynie 24 po podaniu lekéw. Zywotno$é komorek z samym
lekiem przyjeto jako 100%.
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Majac na uwadze funkcjonalng zalezno$¢ migdzy BRG1 i p300, sprawdzitam czy
p300 rowniez uczestniczy w ekspresji ABCC3, ABCC5 i ABCC10. Wykazatam, ze
inhibitor p300 (C646) skutecznie obniza zarowno poziom mRNA, jak i biatka trzech
rozwazanych transporteréw (Ryc. 19A-B). Zmniejszona ekspresja transportera ABCC3
po zastosowaniu C646 zostata zwizualizowana za pomoca mikroskopii konfokalnej (Ryc.
19C) oraz skwantyfikowana (Ryc. 19D). Podobnie jak inhibicja SWI/SNF, inhibicja p300

znaczgco zmniejszyta kolokalizacje¢ transportera z lizosomami (Ryc.19E).
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Ryc.19 p300 uczestniczy w aktywacji transkrypeji ABCC3, ABCC5 i ABCCI0, istotnych dla
sekwestracji lizosomalnej lekéw w komoérkach opornych na paklitaksel. p300 podobnie jak SWI/SNF
zmniejsza wrazliwos¢ komorek na dzialanie chemioterapii w modelu komoérek opornych na
paklitaksel. Dane dodatkowe

(A)Poziom mRNA transporterow ABC poréwnano miedzy probkami kontrolnymi oraz inhibicja p300
(C646; 2,5 uM) metodg PCR w czasie rzeczywistym. Poziom transkrypcji znormalizowano najpierw do
gendéw metabolizmu podstawowego (ACTB, GAPDH i HPRTI), a nast¢gpnie poziom mRNA kontroli
przyjeto jako 1. Roznicg migdzy dwiema §rednimi sprawdzono za pomoca testu t-Studenta, a réznice istotne
statystycznie oznaczono *, gdy p < 0,05 * 1 ** gdy p <0,01. (B) Wptyw inhibicji EP300 (C646; 2,5 uM)
na poziomy biatka ABCC3, ABCC5 i ABCCI10. Lizaty komdrek analizowano metodg Western Blot. Histon
H3 zastosowano jako kontrole na réwna ilo$¢ naktadanego lizatu. (C) Ekspresje i lokalizacj¢ transportera
ABCC3 uwidoczniono za pomoca mikroskopii konfokalnej w komorkach nieleczonych w poréwnaniu z
komorkami traktowanymi C646. Zielona fluorescencja transporterow ABCC3 pochodzi z drugorzgdowego
przeciwciala sprz¢zonego z Alexafluor488, niebieska fluorescencja DNA z DAPI, natomiast lizosomalna
czerwona fluorescencja z LysoTracker Deep Red. Intensywno$¢ fluorescencji zielonego sygnatu (D) i
kolokalizacje sygnatow (E) okreslono w jednostkach arbitralnych (a.u.) za pomocg oprogramowania Leica
Application Suite X. Réznice migdzy dwiema $rednimi sprawdzono za pomoca testu t-Studenta, a
statystycznie istotne roznice oznaczono *, gdy p < 0,05 *, ** ody p < 0,01, *** gdy p <0,001.

Biorac pod uwage znaczaca redukceje transporterow ABC poprzez inhibicje p300,

sprawdzitam czy inhibicja acetylotransferazy bedzie uwrazliwiala komorki

57



nowotworowe na dziatanie chemioterapii. Zastosowanie C646 uwrazliwito komoérki na
dziatanie wszystkich testowanych chemioterapeutykéw, przy czym najsilniejsze dziatanie

zaobserwowano przy potaczeniu inhibitora z doksorubicyng i paklitakselem (Ryc.19F).

Wiedzac juz, ze p300 oraz BRG1 uczestnicza w aktywacji ekspresji transporterow
zaangazowanych w oporno$¢ na paklitaksel oraz majac na uwadze opisywane w
literaturze wspotwystepowanie BRG1 z p300 w promotorach niektorych genow
transkrypcyjnie aktywnych, charakteryzujacych si¢ trojmetylacja H3K4, zbadatam
wspotwystepowanie p300, BRG1 i H3K4me3 na promotorach genéw 4ABC. Co cickawe,
promotor ABCCS, ktory jest kontrolowany transkrypcyjnie przez BRGI1 tylko w
fenotypie opornym na leki, byt podobnie wzbogacony w BRG1 1 p300 i charakteryzowat
si¢ podobnym profilem trojmetylacji H3K4 w obu fenotypach komorek (Ryc. 20A).
Sugeruje to, ze zaleznos$¢ transkrypcji od BRG1 moze by¢ determinowana przez inny,
wcigz nieznany czynnik. Moze by¢ to powigzane z reorganizacja proksymalnych
promotoréw podczas aktywacji genu i uwzgledniania dodatkowych czynnikow inicjacji
transkrypcji. Wspotczynnik korelacji Spearmana dla wspdtdystrybucji BRG1 z
H3K4me3 spadt z 0,7 do 0,61 podczas nabywania lekoopornosci, co sugeruje ekstruzje
BRG1 z chromatyny, translokacje do bardziej odlegtych regionow genomu lub spadek
liczby regionow aktywnych transkrypcyjnie. Jednakze wspotwystepowanie p300 z BRG1
wzrosto z 0,59 do 0,64. Moze to wskazywac na wystgpowanie mechanizmu majacego na
celu ufatwienie transkrypcji gendw nasilanej przez p300 w komodrkach opornych (Ryc.
20B).

Biorac pod uwage powyzsze ustalenia, zdecydowatam si¢ zidentyfikowac
potencjalne koregulatory p300-BRG1. W tym celu wykorzystalam analiz¢ rdéznicowej
ekspresji genow na podstawie danych z RNA-Seq, w ktorej porownano profile mRNA
komorek traktowanych siRNA kontrolnym oraz komorek z wyciszonym BRGI1. Geny
ulegajace zmianie zestawione zostaly z promotorami, na ktorych wystgpowal BRGI1,
ktore wylonione zostaly w oparciu o analize danych z eksperymentu ChIP-seq. Z tych
dwoch zestawow danych wybraliSmy sekwencje, na ktorych zidentyfikowano BRG1 w
promotorach genow ulegajacych istotnej represji po wyciszeniu BRG1. Stanowity one
matryce do wyszukiwania motywoOw, natomiast sekwencje pikow BRG1 w promotorach
gendw, ktorych ekspresja zostala zwigkszona po wyciszeniu enzymu, postuzyly jako

kontrola (Ryc. 20C).
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Ryc.20 MAF, ZNF76, HIF1A i ISL1 okazuja si¢ mozliwymi koaktywatorami transkrypcji genéw ABC
zaleznej od BRGI1. Na podstawie: Karolina Gronkowska, Kinga Kolacz-Milewska, Sylwia
Michlewska, Tomasz Ploszaj, Maciej Borowiec, Agnieszka Robaszkiewicz, ,,HIF1A, BRG1, and p300
interaction confers paclitaxel-induced drug resistance by enabling the overexpression of ABCC
genes” [114]

(A)BRGI, p300 i H3K4me3 sa wzbogacone w promotorze genu ABCCS5, niezaleznie od oporno$ci komorek
MDA-MB-231 na paklitaksel. Pokrycie genomu (w bamCoverage) dwoma biatkami i modyfikacja
histonéw wokot TSS genu ABCCS5 zostalo zwizualizowane w przegladarce genomu USCS. (B)
Wspotwystepowanie BRG1 i p300 jest stabsze w promotorach komoérek opornych na paklitaksel.
Kodystrybucje tych dwoéch enzymoéw i H3K4me3 w komoérkach MDA-MB-231 nieopornych i opornych
obliczono za pomoca (computeMatrix) i zwizualizowano (plotHeatmap) dla regionéw promotorowych
przyjetych jako TSS + 2,5 kbp. (C) Schemat uzasadniajacy wybor konkretnej grupy promotoréw brane pod
uwage w poszukiwaniu motywow specyficznych dla BRG1. Wzbogacone w BRG1 promotory genu (TSS
+ 2 kbp) zostaly naniesione na wykres wzgledem genow znaczaco aktywowanych i represjonowanych
przez BRGI (1<Log2FC<1; CuftDiff na danych RNA-Seq). Piki BRG1 w promotorach genow
transkrypcyjnie aktywowanych przez ten enzym postuzyty jako dane wejsciowe, podczas gdy piki BRG1
w promotorach genéw ttumionych przez BRG1 postuzyly jako kontrola negatywna. (B) Dwa motywy dla
BRG1 wystepuja w promotorach transkrypcyjnie aktywnych genow ABC w komoérkach MDA-MB-231
opornych na paklitaksel. Wzbogacone motywy BRGI1 przeszukano z wykorzystaniem XSTREME.
Wystepowanie zidentyfikowanych motywéw STREME w promotorach rozwazanych genéw ABC
sprawdzono w FIMO, ale wymieniono tylko promotory genéw z q < 0,01. Liste drugorzednych znanych
motywow HOCOMOCO Human (rdzen v11) dla czynnikow transkrypcyjnych ze znaczaco wzbogaconymi
odstgpami (Significant Secondaries), ktore moga wskazywac na tworzenie kompleksow biatkowych z
BRG1, wygenerowano w SpaMo.
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Analiza wzbogacenia motywow za pomocg narz¢dzia XSTREME dostarczyta 3
motywy o dlugosci od 10 do 15 nukleotydow. Pierwszy motyw, 1-
AGGCGTGAGCCACC, pojawial si¢ w 11 promotorach, a drugi motyw, 2-
CCTCAGGTGATCCGC w 7 promotorach genow ABC, ulegajacych ekspresji w
nieopornych i opornych na paklitaksel komorkach MDA-MB-231 oraz znacznie
nadekspresjonowanych w wyniku adaptacji komoérek do paklitakselu. Te 2 motywy
znaleziono rowniez w promotorach ABCC3, ABCCS5 1 ABCCI10, ktorych produkty byty
funkcjonalnie powigzane z lizosomalng sekwestracjg lekoéw. Trzeciego motywu, 3-
CADCCTGAMA, w zadnym z promotoréw genéw ABC z FDR (q) <0,01. W zwigzku z
tym pierwsze 2 motywy okazaty si¢ odpowiednimi kandydatami do wykorzystania w
dalszych poszukiwaniach kofaktoréw BRGI1. Poszukiwanie podobienstw w2
rozwazanych motywach 1 znanych motywach wigzacych czynniki transkrypcyjne
doprowadzito do identyfikacji specyficznych dla motywu i wspolnych dla 3 genéw ABCC
czynnikow transkrypcyjnych. Nalezaty do nich HIF1A, ISL1, MAF i ZNF76 (Ryc.20D).

Nastepnie przeanalizowaliSmy potencjalne koregulatory BRG1 pod katem
regulacji ekspresji ABCC3, ABCCS5 i ABCC10 z wykorzystaniem siRNA.
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Ryc 21. HIF1A definiuje transkrypcje transporteréw ABCC w komérkach raka piersi i phluc
opornych na paklitaksel. Na podstawie: Karolina Gronkowska, Kinga Kolacz-Milewska, Sylwia
Michlewska, Tomasz Ploszaj, Maciej Borowiec, Agnieszka Robaszkiewicz, ,,HIF1A, BRG1, and p300
interaction confers paclitaxel-induced drug resistance by enabling the overexpression of ABCC
genes”[114]

(A-B) Poziom mRNA ABCC3, ABCC5 1 ABCC10 poréwnano w komorkach 72 godziny po ich transfekcji
siCTRL lub siHIF1A, siMAF, siISL1 metoda PCR w czasie rzeczywistym w komorkach MDA-MB-231
(A) 1 A549 (B) opornych na paklitaksel. Wartosci surowe znormalizowano najpierw do ACTB, GAPDH i
HPRTI, a nastgpnie przyj¢to stosunek 1 w probee kontrolnej. Roéznice migdzy dwiema S$rednimi
sprawdzono za pomocg testu t-Studenta. (C-D) Wplyw przejsciowego wyciszenia HIF1A, MAF i ISL1 na
poziom biatka ABCC3 i ABCC10 badano metodg Western Blot w komoérkach MDA-MB-231 (C) i A549
(D) opornych na paklitaksel. Histon H3 zastosowano jako kontrolg tadowania.
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Sposréd wytonionych koregulatorow, jedynie HIF1A regulowal ekspresje
wszystkich trzech biatek ABC, co potwierdzili$my na poziomie mRNA za pomoca Real-
time PCR (Ryc. 21A, B) oraz na poziomie biatka wykorzystujac technike Western Blot
(Ryc.21 C, D).

Nastgpnie za pomoca mikroskopii konfokalnej (Ryc. 22 A) wykazatam, ze
wyciszenie tego czynnika obniza poziom bialek (Ryc. 22B) ABCC5 i ABCC10 oraz
obniza ich kolokalizacj¢ z lizosomami (Ryc.22 C). Aby sprawdzi¢ funkcjonalny wplyw
zaleznej od HIF1A ekspresji transporteréw ABC, ktore sa wzbogacone w lizosomach
komorek opornych na paklitaksel, porownatam kolokalizacje paklitakselu OregonGreen
(Rys. 21C) z lizosomami w komorkach z prawidtowa 1 obnizong ekspresja HIF1A przy
uzyciu mikroskopii konfokalnej. Niedobor HIF1A uzyskany za pomoca siHIF1A
znaczaco zmniejszyt akumulacje leku w lizosomach w poréwnaniu z komoérkami
transfekowanymi siCTRL, co wykazano za pomoca ilosciowego okreslenia kolokalizacji
lekow (Ryc 22E). Doprowadzito nas to do hipotezy, ze HIF1IA moze wptywaé¢ na
odpowiedz komoérek na chemioterapeutyki i powodowa¢ chemioopornos¢ zwigzang z
lizosomalnym wychwytem lekow. Aby przetestowac taka opcje, porownatam zywotnos¢
komorek roznigcych sie¢ poziomem HIF1A 1 poddanych dziataniu chemioterapeutykow.
Wyciszenie HIF1A uwrazliwito komorki obu linii opornych na doksorubicyne,
paklitaksel 1 etopozyd (Ryc. 22F). Odkrycie to sugeruje, ze celowanie w HIF1A

uwrazliwia komorki nowotworowe oporne na paklitaksel na niektore chemioterapeutyki.

Aby potwierdzi¢, ze zwigkszona toksycznos$¢ paklitakselu w komorkach z
wyciszonym HIF1A jest spowodowana glownie obnizeniem ekspresji transporterow
ABC, porownatam aktywno$¢ kaspazy 3/7 w nastgpujacych probkach: sictrl, sictrl +
1ABC, siHIF1A, siHIFIA + iABC leczonych i nieleczonych lekiem (Ryc. 22G). W
komorkach MDA-MB-231-PTX opornych na paklitaksel, wyciszenie HIF1A,
traktowanie komoérek iABC oraz potaczenie siHIF1A/iABC przed podaniem paklitakselu
spowodowato podobny stopien uwrazliwienia komorek na lek. Sugeruje to, ze HIF1A 1
cele zastosowanego inhibitora, ktorymi byly biatka ABCC, dziatajg w tym samym szlaku

regulatorowym.
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Ryc 22. Wyciszenie HIF1A uwrazliwia komérki raka pluc i piersi na dzialanie chemioterapii poprzez
obnizenie ekspresji lizosomalnie zlokalizowanych transporterow ABCC. Na podstawie: Karolina
Gronkowska, Kinga Kolacz-Milewska, Sylwia Michlewska, Tomasz Ploszaj, Maciej Borowiec,
Agnieszka Robaszkiewicz, ,,HIF1A, BRG1, and p300 interaction confers paclitaxel-induced drug
resistance by enabling the overexpression of ABCC genes”[114]
(A)Ekspresje i wewnatrzkomdrkowa lokalizacjg ABCCS i ABCC10 w komorkach MDA-MB-231-PTX z
prawidtowa 1 wyciszong ekspresja HIF1A analizowano metoda mikroskopii konfokalnej. Zielona
fluorescencja odpowiada ABCC5 i ABCC10, DNA barwiono za pomoca DAPI (niebieski), natomiast
lizosomy za pomoca LysoTracker (czerwony). Intensywnos$¢ zielonej fluorescencji, ktora odpowiada ilosci
bialek (B), oraz kolokalizacj¢ migdzy biatkami a lizosomami (C) okreslono w arbitralnych jednostkach
(a.u.) za pomoca oprogramowania Leica Application Suite X. (D) HIF1A powoduje lizosomalna
sekwestracj¢ paklitakselu Oregon Green w lizosomach linii komdrek nowotworowych opornych na
paklitaksel. Porownano kolokalizacje znakowanego fluorescencyjnie paklitakselu i lizosomow migdzy
komorkami z prawidtowa i wyciszong ekspresjg HIF1 A. Paklitaksel oznaczono na zielono (Oregon Green
488), lizosomy na czerwono (LysoTracker Deep Red), a DNA na niebiesko (DAPI). Kolokalizacje (E)
okreslono w jednostkach arbitralnych (a.u.) za pomocg pakietu Leica Application Suite X. (F) Toksycznos$¢
lekow przeciwnowotworowych poréwnano w komoérkach z prawidlowym (siCTRL) i z niedoborem
(siHIF1A) HIF1. Komorki transfekowano 24 godziny przed podaniem lekow przez kolejne 48 godzin.
Zywotno$é komorek okreslono ilociowo za pomocg testu opartego na resazurynie. Zywotnoéé komorek z
lekiem samym/w kontroli, komorki nieleczone lekiem przyj¢to jako 100%. (G) Wptyw wyciszania HIF1A
(siHIF1A), iABC (MK571, 25uM) i ich kombinacji na apoptozg indukowana paklitakselem (0,1 puM)
poroéwnano, mierzac aktywno$¢ kaspazy 3/7 za pomoca odczynnika Caspase-Glo® 3/7. Aktywnos$¢
kaspazy 3/7 znormalizowano do wzglednej frakcji zywych komorek, ktdrg oznaczono ilo§ciowo za pomoca
testu z resazuryna.
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W przypadku A549-PTX, wyciszanie HIF1A okazato si¢ silniejsze niz iABC w
uwrazliwianiu komorek na lek, stad mozliwy jest dodatkowy mechanizm
antyapoptotyczny warunkowany przez HIF1IA w tych komodrkach, jednak nie
zaobserwowano synergistycznego efektu potaczenia siHIF1A z iABC w porownaniu z
samym siHIF1A. Pozwala to wnioskowaé, ze w obserwowanej opornosci zaleznej od

HIF1A w znacznym stopniu posredniczg biatka ABCC.

Co ciekawe, linie oporne na paklitaksel charakteryzowaty si¢ zwigkszong
ekspresja HIF 14 na poziomie mRNA (Ryc. 23A). Majac na uwadze, ze poziom HIF1A
jest rowniez kontrolowany przez proteasom, wykorzystatam jego inhibitor - zwigzek
MG132, aby sprawdzi¢, czy powtarzajaca si¢ ekspozycja komorek na paklitaksel zmienia
zalezng od proteasomu degradacje rozwazanego czynnika transkrypcyjnego (Ryc. 23 B).
W liniach komoérek wrazliwych na leki potwierdzitam udziat proteasomu w degradacji
HIF1A, podczas gdy komorki oporne wykazywaty porownywalny poziom HIFIA
niezaleznie od ekspozycji na MG132. Sugeruje to, ze podwyzszony poziom HIFIA w
komorkach opornych jest spowodowany wzmozong transkrypcja genu HIFIA i
ograniczong degradacjg proteasomalng biatka HIF1A (Ryc. 23B).

A HIF1A HIF1A B
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Ryec. 23 HIF1A ulega zwiekszonej ekspresji i zmniejszonej degradacji proteasomalnej w komoérkach
opornych na paklitaksel. Na podstawie: Karolina Gronkowska, Kinga Kolacz-Milewska, Sylwia
Michlewska, Tomasz Ploszaj, Maciej Borowiec, Agnieszka Robaszkiewicz, ,,HIF1A, BRG1, and p300
interaction confers paclitaxel-induced drug resistance by enabling the overexpression of ABCC
genes”[114]

(A) Poréwnanie poziomu mRNA HIFIA w nieopornych i opornych na paklitaksel komoérkach A549 i
MDA-MB-231 metoda PCR w czasie rzeczywistym. Surowe warto$ci znormalizowano najpierw do genéw
metabolizmu komérkowego (ACTB, GAPDH i HPRT1), a nastgpnie w probcee kontrolnej przyjeto stosunek
1. Réznice migdzy dwiema §rednimi sprawdzono za pomocg testu t-Studenta, a roznice statystycznie istotne
oznaczono *, gdy p < 0,05 *, ** ody p < 0,01, ***, edy p <0,001. (B) Poréwnanie poziomu biatka HIF1A
i p300 w nieopornych i opornych na paklitaksel komorkach A549 i MDA-MB-231 badano metoda Western
Blot. Histon H3 zastosowano jako kontrol¢ tadowania. (H) Porownano stabilno§¢ HIF1A w komorkach
kontrolnych bazowych i opornych na paklitaksel oraz w komoérkach traktowanych inhibitorem proteasomu
(MG132; 1 uM). Poziom biatka HIFla badano metoda Western Blot. Histon H3 uzyto jako kontroli
fadowania.
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Poréwnalismy rozktad p300, BRG1 oraz modyfikacji H3K4me3 na motywach
HIF1A w komoérkach MDA-MB-231 nieopornych i opornych na paklitaksel. W tym celu
najpierw zidentyfikowaliémy potencjalne motywy dla wigzania HIF1A wedlug danych z
bazy JASPAR dla catego genomu. Nastepnie zbior uzyskanych wspotrzednych zostat
zawezony do promotoréow gendw, ktore przyjeto jako TSS + 2 kbp. BRGI1, p300 i
H3K4me3 byly znacznie wzbogacone w regionach genomowych obejmujacych
sekwencje wigzace HIF1A £ 2,5 kbp w fenotypie opornym (Ryc.24A). Sposrod trzech
testowanych bialek to BRG1 byto najbardziej skupione na miejscach wigzania HIF1A,
podczas gdy p300 i H3K4me3 byly rozproszone wokot motywow dla HIFIA.

Aby okresli¢, czy nabyciu lekoopornosci towarzyszy wzrost liczby motywow
HIF1A charakteryzujacych si¢ wystegpowaniem BRGI, p300 i1 H3K4me3, okreslilisSmy
liczbe nakladajacych si¢ interwatéw dla: motywow HIF1A + 1 kbp w promotorach
genow, pikow BRG1, p300 i H3K4me3 wylonionych za pomoca narzedzia MACS2 (Ryc.
24B). Sposrod 4617 promotoréw z motywem HIFIA, okoto 800 pokrywato si¢ z
miejscami  wystepowania H3K4me3, co potwierdza aktywno$¢ transkrypcyjna
promotoréw z motywami dla HIF1A. Ich liczba wzrosta do ~1200 po wielokrotnym
wystawieniu komorek na dziatanie paklitakselu. Podobne zmiany zaobserwowano dla
BRG1 1 p300, ale odsetek promotoréw z BRG1 1 p300 pozostat stosunkowo niski nawet
w komorkach opornych (<5%). Taka ocena motywow HIF1A opierata si¢ na metodzie
binarne;j i silnie zalezata od statystyki zwigzanej z MACS2, czyli od statystycznej analizy
wystepowania bialek w genomie w oparciu o ich immunoprecypitacj¢. Dlatego
wygenerowano stopien pokrycia miejsc wigzania HIF1A + 1 kbp przez mapowane
odczyty dla 3 zestawow danych pochodzacych z ChIP-Seq, czyli dla p300, BRG] i
H3K4me3. Zostalo to poréwnane ze S$rednim pokryciem wszystkich pikow
wygenerowanych dla danego biatka za pomocg MACS2 (rys. 24C). Rowniez za pomoca
tej metody wykazano istotne wzbogacenie H3K4me3, BRG1 1 p300 na motywach HIF1A
w komorkach opornych na paklitaksel. Sugeruje to, ze lekoopornos¢ indukowana
paklitakselem jest zwigzana z bardziej transkrypcyjnie permisywna struktura chromatyny
w podzbiorze promotorow gendéw charakteryzujacych si¢ wystgpowaniem motywu
HIF1A, czemu towarzysz istotne wzbogacenie p300 i BRGI.

Koimmunoprecypitacja dostarczyta dowodow na fizyczng interakcje migdzy
HIF1A, BRGI i p300 w liniach komoérkowych opornych na paklitaksel A549 1 MDA-
MB-231 (Ryc. 24D). W komorkach nieopornych ze stosunkowo niskim poziomem
HIF1A, precypitacja tego biatka wykazata niewielkg interakcje z p300 w obu liniach
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komoérkowych oraz BRG1 w komoérkach MDA-MB-231, co sugeruje, ze niektore
kompleksy HIF1A-p300-BRG1 mogly istnie¢ réwniez w komodrkach wrazliwych, a
interakcja migdzy tymi 3 biatkami byla znacznie wzmocniona w odpowiedzi na stres
wywotany paklitakselem. Mogto to wynika¢ ze wzrostu poziomu mi¢dzy innymi HIF1A
w wyniku ekspozycji komodrek obu linii na dziatanie paklitakselu oraz jego silniejszej
interakcji z DNA i elementami chromatyny.

Majac na uwadze zalezno$¢ transkrypcyjng ABCC3, ABCCS5 1 ABCCI0 od
poziomu HIF1A w fenotypach opornych na paklitaksel, zidentyfikowali§my motyw
wiazacy ,,KACGTGS” dla tego czynnika transkrypcyjnego w promotorach 3 genow
ABCC 1 wykonali$my dla nich podobng analize (Ryc. 24E). Trimetylacja H3K4 oraz
poziom biatek p300 1 BRG1 byl wyzszy w promotorach ABCC3, ABCC5 1 ABCCI10 w
komorkach opornych na paklitaksel w poréwnaniu z nieopornymi (Ryc. 24F). Aby
potwierdzi¢ mozliwo$¢ tworzenia kompleksu HIF1A-p300-BRG1 w promotorach
ABCC3, ABCC5 1 ABCCI10, wykonatam immunoprecypitacj¢ HIF1A zwigzanego z
chromatyna, a nastgpnie kwantyfikacje DNA metodg PCR w czasie rzeczywistym (ChIP-
gPCR) (Ryc. 24G). Technika to pokazata wyzszy poziom HIF1A na promotorach genoéw
ABCC3, ABCCS5 1 ABCC10 w komoérkach opornych na paklitaksel. Sugeruje to, ze
HIF1A, BRGI1 1 p300 tworza jednostke regulatorowa, ktora umozliwia silniejsza
ekspresje genéw ABCC3, ABCCS5 1 ABCCI0, warunkujacych oporno$¢ komorek

leczonych paklitakselem.
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HiKdme3 p300 BRGT
Ryc. 24 BRG1 i p300 wigza si¢ z motywami dla HIF1A na promotorach transkrypcyjnie aktywnych
genow ABCC. Na podstawie: Karolina Gronkowska, Kinga Kolacz-Milewska, Sylwia Michlewska,
Tomasz Ploszaj, Maciej Borowiec, Agnieszka Robaszkiewicz, ,,HIF1A, BRG1, and p300 interaction
confers paclitaxel-induced drug resistance by enabling the overexpression of ABCC genes”[114]
(A)Porownanie rozktadu H3K4me3, p300 i BRGl wokét motywu dla HIF1IA (HRE+2,5 kbp) na
promotorach genéw w fenotypie wrazliwym i opornym komoérek MDA-MB-231. (B) Liczba promotorow
z motywami dla HIF1A, na ktérych zaobserwowano statystycznie istotne wystgpowanie H3K4me3, p300
i BRG1. Kwantyfikacj¢ przeprowadzono obliczajac naktadajace si¢ interwaty regionow wzbogaconych w
H3K4me3, p300 i BRGI i promotorow HRE-pozytywnych. (C) Pokrycie zmapowanych odczytow
H3K4me3, p300 i BRG1 woko6t motywu wigzacego HIF 1A (£1 kbp) w komorkach nieopornych i opornych
na paklitaksel. (D) HIF1A fizycznie oddziatuje z p300 i BRG1 w komoérkach A549 i MDA-MB-231
opornych na paklitaksel. HIF1A, p300 i BRG] wykryto metoda Western blot w immunoprecypitatach
HIF1A. IgG stanowilo kontrole. (E) Diagramy przedstawiajace motyw wiazacy dla HIF1A (,KACGTGS”)
w promotorach ABCC10, ABCC5 i ABCC3 w odniesieniu do miejsca inicjacji transkrypcji (TSS) tych
genow. (F) Wykres kolumnowy przedstawia zmapowane odczyty H3K4me3, p300 i BRG1 zliczone na
motywie HRE (+1 kbp) w promotorach wybranych ABCC (G) HIF1A jest wzbogacony w promotorach
ABCC3, ABCC5 1 ABCCI10 w fenotypach opornych na paklitaksel linii A549 i MDA-MB-231. Poziom
HIF1A zwigzanego z promotorami genéw zostal porownany i okreslona ilosciowo metodg ChIP-qPCR w
liniach komoérkowych wrazliwych i opornych na paklitaksel. Warto$ci znormalizowano do IgG. Rdznice
mig¢dzy dwiema $rednimi sprawdzono za pomoca testu t-Studenta.

PTX - FTX
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Aby dodatkowo potwierdzi¢ i zobrazowaé zakres interakcji HIFIA-BRG1 1 HIF1A-
p300 w calym genomie, zbadatam wspotwystepowanie tych biatek w chromatynie za
pomoca mikroskopii konfokalnej. HIF1A kolokalizuje z BRG1 (Ryc. 25A-C) i z p300
(Ryc. 25D-F) w fenotypach opornych na paklitaksel. Wizualne wspotwystepowanie
wymienionych par biatek zostalo potwierdzone kwantyfikacja naktadania si¢
fluorescencji migdzy dwoma rozwazanymi barwnikami fluorescencyjnymi w obszarze
jadra komorkowego i poréwnane z wynikiem dla komoérek nieopornych (Ryc. 25B-C,
25E-F). W komorkach A549 opornych HIF1A silnie kolokalizowat z p300 i BRGI,
natomiast w modelu raka piersi fenotyp lekoopornosci wykazywal zwigkszong
kolokalizacje HIFIA tylko z BRGI. Brak istotnie nasilonej interakcji HIF1-p300,
ilosciowo okres§lanej na podstawie kolokalizacji tych dwoch biatek w komorkach
opornych na paklitaksel w porownaniu z komoérkami nieopornymi, moze wynika¢ z
redystrybucji jadrowej p300 i HIF1A. Podobnie, stosunkowo silng ko-dystrybucje BRG1
i HIF1IA zaobserwowano w skrawkach tkanek pobranych z guzéw opornych na
paklitaksel, ktore wyhodowano z komérek MDA-MB-231-PTX wstrzyknietych pod
skore myszy bezgrasiczych (Ryc. 25G).

Biorac pod uwage wyzsza ekspresje HIF1A w liniach komérkowych opornych na
paklitaksel, a takze zwigkszone wspotwystgpowanie BRG1 1 p300 z HIFIA na
chromatynie, postawiliSmy hipotez¢, ze HIF1A moze mie¢ kluczowe znaczenie dla
rekrutacji kompleksu BRG1/p300. Aby zweryfikowaé te¢ hipotezg, przetestowatam
wpltyw wyciszenia HIF1A na wystepowanie p300 i BRG1 zwigzanych z chromatyng
(Ryc. 25H). Niski poziom HIF1A znaczaco zmniejszyt kolokalizacje pozostatych dwoch
bialek (Ryc. 25I-J). Ponadto, zmniejszeniu ulegly frakcje p300 i BRG1 w obszarze jadra
komorkowego (Ryc. 25K-L). Wyniki te potwierdzaja role HIF1A w rekrutacji p300 i
BRG1 do chromatyny w komorkach opornych na paklitaksel.
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Ryc. 25 Wspotwystepowanie HIF1A-p300-BRG1 na chromatynie w raku piersi i pluc opornych na
paklitaksel oraz ich wplyw na wnikanie leku do wnetrza sferoidu. Na podstawie: Karolina
Gronkowska, Kinga Kolacz-Milewska, Sylwia Michlewska, Tomasz Ploszaj, Maciej Borowiec,
Agnieszka Robaszkiewicz, ,,HIF1A, BRG1, and p300 interaction confers paclitaxel-induced drug
resistance by enabling the overexpression of ABCC genes”[114]
(A, D) BRG1-HIF1A i p300-HIF1A kolokalizuja na chromatynie w liniach komérkowych A549 i MDA -
MB-231 opornych na paklitaksel, co potwierdza immunobarwienie i mikroskopia konfokalna. (A) HIF1A
znakowany Alexa Fluor® 488 jest oznaczony na zielono, BRG1 znakowany Alexa Fluor® 594 jest
oznaczony na czerwono, natomiast DNA barwione DAPI jest oznaczone na niebiesko. (D) p300 znakowany
Alexa Fluor® 488 jest oznaczony na zielono, BRG1 znakowany Alexa Fluor® 594 jest oznaczony na
czerwono, natomiast DNA barwione DAPI jest oznaczone na niebiesko. (B-C, E-F) Kolokalizacj¢ HIF1A
i BRG1 (B-C) oraz HIFIA i p300 (E-F) okre§lono w jednostkach arbitralnych (a.u.) za pomoca
oprogramowania Leica Application Suite X. Roznice migdzy dwiema §rednimi sprawdzono za pomoca
testu t-Studenta, a statystycznie istotne roéznice oznaczono *, gdy p < 0,05 *, **, gdy p < 0,01, ***, gdy p
<0,001. (G) Kolokalizacj¢ HIF1A i BRG] w przeszczepie ksenogenicznym guza myszy (MDA-MB-231-
PTX) potwierdzono za pomoca immunobarwienia i mikroskopii konfokalnej. HIF1A znakowany Alexa
Fluor® 488 oznaczono na zielono, a BRG1 znakowany Alexa Fluor® 594 oznaczono na czerwono. (H)
Wyciszenie HIF1A zmniejsza interakcje pomigdzy p300 i BRGI, co zostalo przedstawione za pomoca
immunobarwienia i mikroskopii konfokalnej w adherentnej hodowli komorkowej. P300 znakowane Alexa
Fluor® 488 oznaczono na zielono, BRG1 znakowane Alexa Fluor® 594 oznaczono na czerwono, natomiast
DNA barwione DAPI oznaczono na niebiesko. Kolokalizacje¢ (I-J) migdzy BRG1 a p300 oraz ilos¢ p300
(K-L) okreslono w jednostkach arbitralnych (a.u.) za pomocg oprogramowania Leica Application Suite X.
Réznice migdzy dwiema srednimi sprawdzono testem t-Studenta, a roznice statystycznie istotne oznaczono
*dlap<0,05*, ** dlap <0,01, *** dlap <0,001.
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Wiedzac, ze HIF1A, p300 i BRGI reguluja ekspresje¢ transporteréw ABCC, ktore
sg3 wzbogacone w lizosomach linii komérek nowotworowych opornych na paklitaksel,
sprawdzitam, czy biatka te dziatajg w ramach jednej jednostki regulatorowej, czy tez ich
dziatanie jest niezalezne od siebie 1 synergistyczne. Podwojne wyciszanie par HIF1A i
BRGI lub HIF1A 1 p300 zmniejsza transkrypcje ABCC3 podobnie jak wyciszanie samego
HIF1A (Ryc. 26A).
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Ryc. 26 Wplyw HIF1A-p300-BRG1 na wnikanie leku do wnetrza sferoidu. Na podstawie: Karolina
Gronkowska, Kinga Kolacz-Milewska, Sylwia Michlewska, Tomasz Ploszaj, Maciej Borowiec,
Agnieszka Robaszkiewicz, ,,HIF1A, BRG1, and p300 interaction confers paclitaxel-induced drug
resistance by enabling the overexpression of ABCC genes”[114]

(A)Wyciszenie HIF1A i BRG] oraz HIF1A i p300 nie wykazuje efektu synergistycznego i nie zmienia
stopnia wyciszenia transkrypcji 4ABCC3 wywolanego wyciszeniem samego HIF1A. Eksperyment
przeprowadzono w komérkach MDA-MB-231 i A549 opornych na paklitaksel. Poziom mRNA poréwnano
w komorkach 72 godziny po ich transfekcji siCTRL, siHIF1A samodzielnie lub w potaczeniu z
siSMARACA4 i siEP300 metoda PCR w czasie rzeczywistym w komorkach MDA-MB-231 i A549
opornych na paklitaksel. Surowe wartosci znormalizowano najpierw do gendw metabolizmu
podstawowego (ACTB, GAPDH i HPRTI), a nastgpnie przyjeto stosunek jako 1 w probce kontrolne;.
Réznice miedzy $rednimi sprawdzono za pomoca jednokierunkowej analizy wariancji. (B-D) HIF1A
zapobiega akumulacji paklitakselu w glebszych warstwach sferoidow MDA-MB-231 opornych na
paklitaksel. 21-dniowe sferoidy transfekowano siHIF1A (C) lub siCTRL (B) albo kombinacja siHIF1A i
siBRG1 (D), a 72 godziny pdzniej poddano dziataniu paklitakselu Oregon Green na 48 godzin. Zdjgcia
wykonano za pomoca mikroskopu konfokalnego Leica TCS SP8 (Leica Microsystems, Niemcy). Zielona
fluorescencja odpowiada paklitakselowi, niebieska DNA barwionemu DAPI. Wykres intensywnosci
fluorescencji w przekroju sferoidu wyznaczono w jednostkach arbitralnych (a.u) za pomoca
oprogramowania Leica Application Suite X.

Ponadto, przenalizowatam funkcjonalny wptyw pojedynczego wyciszania HIF1A
1 podwojnego wyciszania HIFIA/BRGI na penetracj¢ leku w hodowlach 3D komorek
MDA-PTX traktowanych paklitakselem OregonGreen. W komoérkach z wysoka ekspresja
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HIF1A lek gromadzit si¢ w warstwie zewngtrznej sferoidu (Ryc. 26B), podczas gdy
wyciszanie HIF1A pozwalato paklitakselowi dotrze¢ do wewnetrznych warstw kultury
3D (Ryc. 26C). Co istotne, efekt podwdjnego wyciszenia HIF1A 1 BRG1 nie roznit si¢
od efektu pojedynczego wyciszenia HIF1A (Ryc.26C). Nie zaobserwowatam takze efektu
synergistycznego, co potwierdza, ze HIF1A/BRG1/p300 dziataja w tym samym szlaku,
ktoéry warunkuje oporno$¢ komoérek nowotworowych poprzez lizosomalng sekwestracje
lekow.

Korzystajac z dostepnych danych klinicznych zdeponowanych w cBioportal (Pan-
Cancer Atlas TGCA) wykazatam korelacje w poziomie mRNA HIFIA i SMARCA4, a
takze HIF14 1 EP300 w nowotworach (Ryc. 27A-B), sugerujac tym samym ich mozliwa
wspolna role w progresji nowotworu i odpowiedzi na leczenie.

Aby poprze¢ t¢ hipoteze, pordéwnatam ekspresje SMARCA4 1 HIF1A z kilkoma
cechami kliniczno-patologicznymi, w tym wielko$cig nowotworu oraz powstawaniem
przerzutéw do weztow chtonnych i przerzutéw odleglych (Ryc. 27 C-E). Wedtug danych,
wyzszy poziom transkrypcji HIF1A jest zwigzany z wyzszym stadium zaawansowania
nowotworu, ktore opisuje wielkos¢ guza pierwotnego (Ryc. 27 C). Ponadto,
podwyzszonej ekspresji HIFIA towarzyszy wyzszy poziom przerzutow do weziow
chlonnych 1 przerzutow odleglych oraz znacznie krotsze caltkowite przezycie pacjentow
(Ryc. 27 D-E). W przypadku SMARCA4 wykazano zwiazek pomigdzy wyzsza ekspresja
genu, a wigkszym stopniem zaawansowania guza (Ryc. 27 C), oraz powstawaniem
przerzutdow do lokalnych oraz nieco oddalonych weztéw chtonnych (Ryc. 27 E-F).
Obecnosci przerzutow w licznych weztach chtonnych, ktore dodatkowo moga naciekac
sasiednie struktury nie towarzyszyl wzrost ekspresji SMARCA4. Podobnie, przerzuty
odlegte, charakteryzuja si¢ nizsza ekspresja BRG1, co moze wynika¢ z faktu, ze subklony
guza charakteryzujace si¢ odmienng ekspresja BRG1 moga mie¢ wigksza tendencje do
przerzutowania do lokalnych weztéw chlonnych (wysoki BRG1) lub innych tkanek i
narzadow (niski BRGI).
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Ryec. 27 Zwiazek miedzy ekspresja EP300 a wybranymi parametrami klinicznymi. Na podstawie:
Karolina Gronkowska, Kinga Kolacz-Milewska, Sylwia Michlewska, Tomasz Ploszaj, Maciej
Borowiec, Agnieszka Robaszkiewicz, ,,HIF1A, BRG1, and p300 interaction confers paclitaxel-
induced drug resistance by enabling the overexpression of ABCC genes”[114]

(A,B) Wykres korelacji transkrypcji HIFIA i SMARCA4 (A) oraz HIFIA i EP300 (B). Dane bazowe
uzyskano ze wszystkich probek TGCA Pan-Cancer Atlas (Pan-cancer analysis of whole-genome
(ICGC/TCGA, Nature 2020)) przy uzyciu cBioPortal. (C-E) Korelacja poziomu ekspresji HIFI1A oraz
SMARCA4 z parametrami klinicznymi: wielkoscig guza (C), przerzutami w weztach chtonnych (D) i
przerzutami odlegtymi (E). Analizg statystyczng przeprowadzono w programie GraphPad Prism 8, a istotne
roznice oznaczono * dla p < 0,05%, ** dlap < 0,01, *** dla p <0,001. (F) Calkowite przezycie pacjentow
w zalezno$ci od ekspresji HIF14 i SMARCA4 wygenerowano w programie GEPIA 2.

Biorac pod uwage wielogenowa analizg catkowitego przezycia, jednoczesna
niska ekspresja SMARCA4 1 HIF1A (Ryc. 28A) lub HIF 14 1 EP300 (Ryc. 28B) wiaze si¢
ze stosunkowo lepszym rokowaniem, podczas gdy wyzszy poziom ktoregokolwiek z
dwoch sprzezonych czynnikoOw negatywnie wpltywa na catkowite przezycie pacjentow.
Wskazuje to na mozliwe pronowotworowe i promujace chorobe dziatanie HIF1A, p300 i
BRGI1. Korzystajac z dostgpnego online narzgdzia ROCplot.org, przeanalizowatam
zwiazek migdzy poziomem mRNA HIF1A, EP300 i SMARCA4 a 5-letnim przezyciem
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bez nawrotu u pacjentek z rakiem piersi leczonych taksanami (Ryc. 28C). Pozytywna
odpowiedz na terapi¢ i diluzsze przezycie bez nawrotu zaobserwowano w kohorcie
charakteryzujacej si¢ nizszg ekspresja 3 analizowanych genow. Ponadto analiza ROC u
pacjentow leczonych taksanami sugeruje, ze wspotekspresj¢ tych genow mozna uznaé za

biomarker odpowiedzi na chemioterapi¢ opartg na taksanach (Ryc. 28D).
A ,
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Ryec. 28. Zwiazek pomiedzy wspotekspresja HIFIA, EP300 i SMARCA4 a odpowiedzig na terapie i
rokowaniem pacjentéw. Na podstawie: Karolina Gronkowska, Kinga Kolacz-Milewska, Sylwia
Michlewska, Tomasz Ploszaj, Maciej Borowiec, Agnieszka Robaszkiewicz, ,,HIF1A, BRG1, and p300
interaction confers paclitaxel-induced drug resistance by enabling the overexpression of ABCC
genes”[114]

(A-B) Catkowite przezycie pacjentow w odniesieniu do niskiej ekspresji HIF14 1 SMARCA4 (A), a takze
HIFIA 1 EP300 (B) wygenerowano przy uzyciu Xena Functional Genomics Explorer. (C) Zaleznos¢
odpowiedzi pacjentdw klinicznych na terapi¢ taksanami od transkrypcji HIFIA, EP300 i SMARCA4
oszacowano przy uzyciu ROC Plotter. (D) Krzywa ROC opisujaca odpowiedz na chemioterapie taksanami
w grupie pacjentdow charakteryzujacych si¢ jednoczes$nie wysoka transkrypcja HIF1A, EP300 1 SMARCA4
(E) Analiza zwiazku ekspresji HIF 1A, EP300 i SMARCA4, a cechami charakterystycznymi nowotworow
warunkujacymi progresj¢ nowotworéw. Kolorami oznaczono cechy charakterystyczne nowotworow
charakteryzujacych si¢ wysoka ekspresja EP300 1 HIFIA.

Zatem jednoczesna podwyzszona transkrypcja SMARCA4, HIFI 1 EP300 moze
mie¢ niekorzystny wptyw na wynik leczenia pacjentéw paklitakselem i innymi lekami z
grupy taksanow. Analizy cech charakterystycznych raka identyfikuja wspotekspresje
HIFI1A 1 EP300 jako markery komoérek nowotworowych mogace sprzyjac¢ sygnalizacji
pro-mitotycznej, opierajacych si¢ mechanizmom $mierci komorkowej, podtrzymujacym
angiogeneze i unikajacym destrukcji immunologicznej (Ryc. 28E). Odkrycie to wskazuje

72



réwniez na mozliwo$¢ wystepowania innych mechanizméw opornosci i progresji
napg¢dzanych przez HIF1A, ktére prawdopodobnie ograniczaja przezycie pacjentow i

odpowiedz na chemioterapig.

5.3 Podsumowanie i wnioski:
Podsumowanie:

1) Rozwo6j opornosci komorek nowotworowych na paklitaksel powoduje
wewnatrzkomorkowa, zalezng od transporteréw ABCC redystrybucje lekéw do

lizosomow

2) Inhibicja transporteréw z grupy ABCC oraz wyciszenie ABCC3, ABCC5 1 ABCC10
zapobiega lizosomalnej sekwestracji lekow 1 uwrazliwia komorki oporne na paklitaksel

na dziatanie chemioterapeutykow

3) BRG1 i EP300 uczestnicza w aktywacji transkrypcji niektorych transporterow ABC

istotnych dla opornosci wielolekowej w liniach komodrek opornych na paklitaksel

4) Celowanie w SWI/SNF wykorzystujac PFI-3 1 ACBII1 oraz w p300 wykorzystujac
C646 zmniejsza ekspresje transporteréw ABCC wystepujacych w lizosomach komoérek

opornych na paklitaksel 1 uwrazliwia komorki nowotworowe na dziatanie chemioterapii

5) Funkcjonalna interakcja HIF1A-p300-BRG1 definiuje transkrypcj¢ transporteréw
ABCC3, ABCCS5 1 ABCC10 w komorkach raka piersi 1 ptuc opornych na paklitaksel

Whioski:

Przy wykorzystaniu chemioterapii warto zwroci¢ uwage na ekspresje
transporterow ABC, ktore jak opisano w literaturze moga usuwac leki z komorki lub jak
wykazalam w pracy sekwestrowaé leki w lizosomach. Ponadto, poziom ekspres;ji
SMARCA4, EP300 1 HIFI1A, zarowno przed terapig jak 1 w trakcie leczenia, moze by¢
istotnym markerem wskazujagcym rokowania chemioterapii. Jak wykazatam w pracy
zwigkszona ekspresja juz jednego z tych biatek, wigzala si¢ z gorszym rokowaniem u
pacjentow onkologicznych, a wysoka ekspresja wszystkich trzech genéw wykazywata
zwigzek z chemioopornos$ciag pacjentow. Wysoki poziom biatek BRG1, p300 1 HIF1A
moze regulowac ekspresje transporteréw ABC u pacjentow, co w efekcie moze prowadzié
do powstania lekoopornosci. Ze wzgledu, ze biatka te wspotdziataja na jednym szlaku

zahamowanie aktywnos$ci jednego z nich mogloby uwrazliwi¢ pacjentéw na dziatanie
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chemioterapii i przywroci¢ dziatanie lekow u pacjentow, u ktorych wystepuje opornosé
zwigzana z transporterami ABC. Jednakze, aby moc zastosowaé takie podejscie
terapeutyczne wymagane sg dalsze badania nad inhibitorami tych biatek, gdyz do chwili
obecnej zaden inhibitor p300, HIF1A i BRG1 nie zostal zatwierdzony do zastosowania u

ludzi.

6. Rola kompleksu SWI/SNF-p300 w zdolnosci komérek nowotworowych do
regulowania odpowiedzi transkrypcyjnej w wyniku aktywacji $ciezki ATM/ATR-
Chk1/Chk2-p53 przez cisplatyne

Cisplatyna jest czgsto stosowanym lekiem chemioterapeutycznym nalezagcym do
grupy zwiazkoéw alkilujacych, ktore zaburzaja procesy replikacji oraz powoduja
uszkodzenia DNA. Dziatanie cytotoksyczne cisplatyny powstaje poprzez tworzenie
wigzan poprzecznych wewnatrz- 1 miedzyniciowych DNA oraz wigzanh DNA-biatko.
Interakcja cisplatyny z DNA blokuje postep replikacyjnych polimeraz DNA w fazie S, co
moze prowadzi¢ do powstawania peknie¢ dwuniciowych (DSB), ktore sa wysoce
toksyczng forma uszkodzenia DNA ze wzgledu na ich sklonno$¢ do powodowania

insercji, delecji, a nawet translokacji [115,116].

Kinaza biatkowa z mutacja ataksji-teleangiektazji (ATM) 1 kinaza biatkowa
zwigzana z ATM (ATR) sa aktywowane w komorkach we wczesnej odpowiedzi na
uszkodzenie DNA. Podczas gdy ATM jest aktywowana przez DSB, ATR jest aktywowana
przez zablokowane widelki replikacyjne DNA mi¢dzy innymi po leczeniu cisplatyna. Te
kinazy bialkowe prowadza do zatrzymania cyklu w fazie G1 za posrednictwem
fosforylacji p53 [117]. ATM 1 ATR fosforylujg p53 na Serl5 1 stabilizujg go, ponadto
aktywuja dodatkowo kinazy punktéw kontrolnych Chk1 i Chk2, ktore fosforyluja p53 na
Ser20 [118]. Fosforylacja Serl5 i Ser20 promuje wigzanie acetylotransferaz lizyny:
PCAF, p300 /lub biatka wiazacego CREB (CBP) oraz acetylacje karboksylowego konca
pS3 [119], co zwigksza specyficzne wigzanie p53 do DNA i moze aktywowacl
transkrypcje poprzez rekrutacje koaktywatorow lub utatwianie acetylacji histonow [118].
Aktywowany p53 prowadzi do transaktywacji p21, kodowanego przez CDKNIA. Biatko
tohamuje kinazy zalezne od cyklin (CDK) 1 zatrzymuje podzialy mitotyczne poprzez
rekrutacje represora transkrypcyjnego Rb do promotoréw kontrolowanych przez czynnik
transkrypcyjny E2F1. Umozliwia to naprawe uszkodzenh DNA [120,121]. Fosforylowanie
H2AX w miejscach uszkodzen DNA powoduje rekrutacje biatek naprawczych DNA
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[117]. Biatka MGMT i ALKBH uczestnicza w bezposrednim odwroceniu alkilacji zasad
[122]. Wewnatrzniciowe wigzania poprzeczne sg zwykle naprawiane przez naprawe
przez wycinanie nukleotydéw (NER), podczas gdy $ciezka naprawy niedopasowan
(MMR) moze rozpoznawa¢ addukty, ale ich nie naprawia. Peknigcia dwuniciowe sg
naprawiane poprzez rekombinacj¢ homologiczng (HR), taczenie koncow
niechomologicznych (NHEJ), syntez¢ ponad miejscem uszkodzenia (TLS) i1 przez szlak
niedokrwisto$ci Fanconiego (FA) [116,123]. W przypadku uposledzonej naprawy lub
nadmiernych uszkodzen komorki ulegaja apoptozie. Chociaz cisplatyna jest wysoce
skuteczna, opornos¢ wewnetrzna i nabyta podczas cykli leczenia sg stosunkowo
powszechne 1 pozostajg gldownym wyzwaniem dla terapii przeciwnowotworowej opartej
na cisplatynie. W$réd mechanizméw opornosci na cisplatyng wyrdzni¢ mozna
zmniejszone wchianianie leku do komorek, jego usuwanie i1 detoksykacja oraz
zwigkszenie zdolnosci do naprawy uszkodzen DNA powodowanych cisplatyng [117].
Oporno$¢ na leki uszkadzajace DNA powigzano z nadekspresja gendw zaangazowanych
w naprawe uszkodzen DNA takich jak: FENI, FANCG, RAD23B, ERCCI1[124], FANCI
[125], XRCC2 [126] XRCCI [127] RADS5I [128] oraz biatek zapobiegajacych
indukowanej uszkodzeniami apoptozie np. DUSP12 [129], RECQL4 [130] czy HSP70
[131].

p53 jest kluczowym elementem szlaku ATM/ATR aktywowanego przez
uszkodzenia DNA. Jest to czynnik transkrypcyjny wigzacy si¢ z DNA za pomocg motywu
rozpoznajacego DNA - elementu odpowiedzi p53 (pS3RE). Sprzyja to lub zapobiega
tworzeniu aktywnych kompleksow transkrypcyjnych [120,132]. Pomimo dtugotrwatych
badan nad tym biatkiem, nie ma udokumentowanego, uniwersalnego modelu aktywacji
lub supresji gendéw zaleznych od p53. Warto podkresli¢, ze te dwa przeciwstawne
oddzialywania wydajg si¢ by¢ specyficzne dla konkretnych $ciezek sygnatowych.
Przypuszczano, ze réznice w sekwencjach regiondw wigzacych p53 (p53 responsive
element; pS3RE) determinuja indukcje lub represj¢ gendw przez to biatko, ale pézniejsze
badania obejmujace caly genom sugerowaty, ze p53 jest funkcjonalnie zwigzany
wytacznie z aktywacja transkrypcyjng w miejscach wigzania [132]. Oprocz CDKNIA,
p53 bezposrednio transaktywuje rowniez E2F7, ktory koduje represyjnego czlonka
rodziny E2F. p53 aktywuje ponadto ekspresj¢ miRNA i dtugich niekodujacych RNA, co
rowniez moze posrednio wplywaé na transkrypcje gendéw [120,121]. Analiza

bezposredniego programu transkrypcyjnego zaleznego od p53 z wykorzystaniem

75



sekwencjonowania Global Run-On (GRO-seq) wykazata jednak, ze p53 represjonuje
podzbidr gendw (np. PTP4A1, HES2, GJB5) w proliferujacych komorkach przed jego
aktywacja [133]. Jednakze mechanizm, ktory odpowiada na wystgpowanie p53 w
represjonowanych promotorach, a takze sposob, ktory przetacza transkrypcyjny kierunek
zmian w zaleznos$ci od miejsca zwigzania p53 lub warunkéw nie zostat dotychczas
opisany. Dane literaturowe wskazuja, ze p53 moze aktywowaé ekspresje genow
zaangazowanych w naprawe DNA takich jak: DDB2 [134], XPC, XRCC5 i TP5313 [135],
ale takze represjonowac niektore z nich np. RADS51 [128] czy BRCA2 [136].

Wedtug doniesien to BRG1, a nie BRM, jest niezb¢dne do aktywacji ekspresji
CDKN1A4 przez p53 w komorkach MCF7. Jednak w komoérkach H1299 z niedoborem
BRG1, BRM réwniez indukuje ekspresj¢ CDKN1A4. Podobnie, BRM uaktywnia ekspresje
p21 w komoérkach MCF7, w ktorych BRG1 jest trwale wyciszony. [137]. Z kolei w inngj
pracy eksperymentalnej BRG1 mial hamujacy wplyw na aktywnos$¢ p53 w kilku liniach
komoérkowych.  Wyciszenie BRGI1 ale nie BRM za pomoca RNAi, powodowato
aktywacje p53 1 wzrost poziomu p21. Wykazano, ze region bogaty w proling (PRR),
unikalny dla BRG1, byl niezb¢dny do wigzania si¢ BRG1 z acetylotransferaza CBP, jak
rowniez z p53. Delecja PRR prowadzaca do powstania BRG1 defektywnego w wigzaniu
CBP hamowala destabilizacj¢ p53. Co wazne, obnizenie ekspresji BRG1 i CBP za
pomoca RNAi zmniejszylo poliubikwitynacje p53 in vivo. Sugerowano wigc, ze sygnaty
mitogenne promujg destabilizacj¢ pS3 w proliferujacych komorkach za posrednictwem
CBP-BRGI1. Natomiast w odpowiedzi na uszkodzenia genotoksyczne, CBP i p300
zmieniaja si¢ w aktywatory, indukujac acetylacj¢ p53 i aktywujac jego funkcje pro-
transkrypcyjne. W odpowiedzi na uszkodzenie DNA, zdecydowanie mniejsza frakcja
CBP tworzyta kompleks z BRGI, co korelowato ze stabilizacja p53. Co wigcej,
zaobserwowano zmniejszenie poziomu BRGI i CBP w miejscu wigzania p53 do
promotora CDKNIA, podczas gdy dla pordwnania, poziomy p53 i p300 na promotorach
byty podwyzszone. Zaproponowano model, w ktérym p53 jest stale rekrutowane do
promotorow docelowych, gdzie jest inaktywowane przez kompleks BRG1 zawierajacy
CBP, a proliferujagce komorki nowotworowe z ekspresja dzikiego typu p53 zachowuja
funkcje BRG1-CBP, aby unikng¢ zahamowania wzrostu [138]. Ponadto, w komdrkach
poddanych dzialaniu cisplatyny zaobserwowano funkcjonalne interakcje p53 z p300. p53
rekrutowat CITED2/p300 do promotora genu ERCC promujgc naprawg DNA [116] oraz
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p300 do promotora ABCC10, ktérego biatko przyczynia si¢ do usuwania leku z komorek

lub zamyka go w wewnatrzkomoérkowych organellach [63].

Majac na uwadze sprzeczne doniesienia dotyczace roli kompleksu SWI/SNF w
transaktywacji CDKNIA przez p53 oraz dane wskazujace na wspoétudziat p300 i p53 w
kontrolowaniu transkrypcji CDKNI1A, ERCC1 1 ABCCI0 celem ostatniej czesci rozprawy
doktorskiej stato si¢ okreslenie roli kompleksu SWI/SNF-p300 w zaleznej od p53

ekspresji genow aktywowanych przez cisplatyne.
6.1 Materiaty i metody
Materiat badawczy:

Materiat badawczy stanowita linia komorkowa MCF7 (ATCC), ktérg wybraliSmy
ze wzgledu na dziki typ p53 oraz fakt, ze komorki te charakteryzujg si¢ zalezng od p53
oporno$cig na cisplatyne, co zostato potwierdzone uwrazliwieniem komorek na leki po
zaburzeniu p53 [139]. Komorki hodowano w podtozu DMEM uzupetionym 10% FBS i
penicyling/streptomycyng (odpowiednio 50 U/ml i 50 pg/ml) w 5% CO-..

Metody:

1)Western Blot — analiza poziomu biatek w lizatach komoérkowych

2) Real-time PCR — analiza poziomu mRNA okreslonych genow

3) Mikroskopia konfokalna — analiza poziomu biatek, kolokalizacja biatek
4) Cytometria przeptywowa — analiza cyklu komorkowego

5) Sekwencjonowanie RNA — analiza transkryptomu komorki

7) Immunoprecypitacja chromatyny — analiza oddziatywania bialek z sekwencjami

regulatorowymi DNA okreslonych genéw (ChIP-qPCR) lub genomowo (ChIP-seq)
8) Analiza bioinformatyczna danych ChIP-seq i RNA-seq

9) Koimmunoprecypitacja biatek — analiza bezposredniego oddzialtywania pomiedzy

biatkami

10) Testy cytotoksycznosci - analiza aktywno$ci metabolicznej komoérek z

wykorzystaniem resazuryny celem porownania cytotoksycznos$ci badanych zwigzkow
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Lista odczynnikéw, dokladna metodyka oraz opis statystyki figuruja w zataczonym

manuskrypcie:

1) Karolina Gronkowska, Kinga Kotacz-Milewska, Sylwia Michlewska, Agnieszka
Robaszkiewicz ,,P53 supresses transcription of the p300-E2F 1-dependent gene subset by

maintaining KDM5B associated with gene promoters”

Ponadto, w niniejszej pracy umieszczono wyniki z rdéznicowej ekspresji za
pomoca metody RNA-Seq komoérek MCF po zastosowaniu cisplatyny (5 uM),
1ATM/ATR (KU-60019, 5 uM) + cisplatyny oraz ip300 (C646, 5 uM) + cisplatyny.
Sposob przygotowania probek oraz ich analizy byt analogiczny do tego opisanego w
manuskrypcie ,,BRG1 targeting overcomes ABCC-based multidrug resistance induced by
paclitaxel”. Dotaczono rowniez eksperymenty koimmunoprecypitacji E2F1 w
komorkach nietraktowanych oraz poddanych dziataniu cisplatyny z detekcja p300, BRM
1 BRG], oraz koimmunoprecypitacj¢ E2F1 w komorkach traktowanych cisplatyna oraz
kombinacja iIATM/ATR (KU-60019, 5 uM) 1 cisplatyny z detekcja acetylacji. Ponadto,
scharakteryzowano wptyw wyciszenia BRG1, BRM oraz HIF1A na ekspresje genow
metoda qPCR oraz zbadano wystgpowanie BRM na promotorach gendéw za pomocg
ChIP-gPCR. Eksperymenty te przeprowadzono w sposob analogiczny jak opisano w
manuskrypcie ,,P53 supresses transcription of the p300-E2F1-dependent gene subset by
maintaining KDMS5B associated with gene promoters”. Zbadano takze mozliwos¢
wykorzystania inhibitora p300 (C646; 5 uM) 1 SWI/SNF (PFI3; 5 uM) jako zwigzkow
uwrazliwiajacych komoérki na cisplatyne. Zwiazki podano 2 godziny przed
zastosowaniem cisplatyny, a st¢Zenia cisplatyny oraz opis metody sg zostaly szczegdétowo
opisane w mauskrypcie ,,P53 supresses transcription of the p300-E2F1-dependent gene
subset by maintaining KDMS5B associated with gene promoters”. Dodatkowo,
przeprowadzilam analiz¢ ROC u pacjentow leczonych zwigzkami platyny, w sposob
opisany w manuskrypcie ,,Interaction of HIF1A with BRG1 and p300 confers paclitaxel-

induced drug resistance by enabling the overexpression of ABCC genes”
6.2 Omowienie najwazniejszych wynikow

W pierwszej kolejnosci szukatam odpowiedniego stezenia cisplatyny, ktore
aktywuje szlak ATM/ATR-Chek1/2-p53 nie wywotujac istotnych zmian w przebiegu

cyklu komorkowego.
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Rye 29. 5 uM cisplatyna aktywuje szlak ATM/ATR i powoduje uszkodzenia DNA nie majac wplywu
na przebieg cyklu komoérkowego. Na podstawie: Karolina Gronkowska, Kinga Kolacz-Milewska,
Sylwia Michlewska, Agnieszka Robaszkiewicz ,,P53 supresses transcription of the p300-E2F1-
dependent gene subset by maintaining KDMS5B associated with gene promoters” [140] + dane
dodatkowe

(A)Wplyw 24-godzinnej inkubacji z cisplatyna na cykl komorkowy okreslono za pomoca cytometrii
przeptywowej. Uzyskane wyniki przeanalizowano za pomoca oprogramowania Flowing Software, bazujac
na zalezno$ci fluorescencji markera DAPI od zawarto$ci wewnatrzkomérkowego DNA, ktory ulega
zmianie w kolejnych fazach cyklu mitotycznego. (B) Aktywno$¢é metaboliczng komoérek, stuzaca do
okreslenia zywotnosci komoérek, oznaczono testem z resazuryng. Stosunkowo szeroki zakres stezen
cisplatyny dodano do hodowli na 24 godziny. Fluorescencje dla komdrek nieleczone przyjeto jako 100%
zywotnosci. (C) Aktywacja p-H2ax po leczeniu cisplatyna (5 M cisplatyny; 6h) uwidoczniona za pomoca
mikroskopii konfokalnej. pH2aX barwiono za pomoca swoistego przeciwciata pierwotnego i przeciwciata
drugorzedowego znakowanego Alexafluor 488, jadro wybarwiono DAPI. (D) Cisplatyna (5 uM; 6h)
powoduje uszkodzenia DNA i aktywuje kaskade odpowiedzi na uszkodzenia DNA, co potwierdzono
metoda Western Blot z detekcja fosforylowanego p-H2AX i sktadnikow szlaku ATM/ATR-Chk1/2-p53.
Histon H3 stuzyt jako kontrola. (E) Zastosowanie inhibitorow iEP300 (C646,5 uM) oraz iATM/ATR (KU-
60019, 5 uM) na 2 godziny przed traktowaniem komorek cisplatyng zapobiega zwickszonej ekspres;ji
genow zaangazowanych w odpowiedz na uszkodzenia DNA, naprawe DNA czy przebieg mitozy. Liste
genow charakteryzujacych si¢ zroéznicowana ekspresje wykonano w Cuffdiff . Za wzrost ekspresji po
zastosowaniu cisplatyny uznano wartosci Log2FC > 0,5, a za spadek transkrypcji w odpowiedzi na
zastosowanie inhibitorow wartoséci Log2FC < -0,5. Diagram Venna wygenerowano przy uzyciu
https://bioinformatics.psb.ugent.be/webtools/Venn/. Ontologi¢ gendw przypisano wspolnym zestawom
genow w Panther przy uzyciu statystycznego testu nadreprezentacji.
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Nie stwierdzono zatrzymania cyklu komérkowego przy stezeniach cisplatyny do
5 uM, co wykazata analiza cyklu komérkowego (Ryc.29A) i test zywotnosci (Ryc. 29B).
Przy stezeniu 5 uM rozwazany lek wywotywat tagodny stres genotoksyczny, co
potwierdzit wyzszy poziom pgknie¢ dwuniciowych DNA (pH2Ax) (Ryc.29C) i
fosforylacja sktadnikow kaskady ATM/ATR-Chek1/2-p53, podczas gdy poziom p53
pozostal niezmieniony (Ryc. 29D). Aktywacja szlaku ATM/ATR przez cisplatyne
powoduje aktywacj¢ gendw m.in. uczestniczacych w odpowiedzi na uszkodzenia DNA,
naprawie DNA, regulacji podziatéw mitotycznych czy replikacji DNA przy udziale p300
(Ryc.29E).

Biorac pod uwagg, ze p53 jest kluczowym biatkiem regulujagcym ekspresje genow
po aktywacji szlaku ATM/ATR w pierwszym etapie wykorzystatam technik¢ ChIP-Seq w
celu zidentyfikowania miejsc wigzania p53 w genomie komorek proliferujacych jak i
poddanych dziataniu cisplatyny przez 6 godzin. Miejsca wystepowania p53 zostaly
podzielone na 3 gtowne grupy: wystepujace wylacznie w komorkach nietraktowanych,
pojawiajace si¢ wylacznie po cisplatynie i wspdlne dla obydwu warunkéw hodowli
(pozostajace w genomie po cisplatynie) (ryc. 30A). Dla kazdej z tych grup wyznaczono
listg 20 najczesciej pojawiajacych sig¢ czynnikow transkrypcyjnych, ktorych motywy
pokrywaly si¢ z pikami p53. Pordwnano je za pomoca diagamu Venn. Piki p53 usuwane
w wyniku dziatania cisplatyny czgsto pokrywaty si¢ z miejscami wigzania E2F4 1 EGR1,
podczas gdy niezmienione 1 de novo zdeponowane piki znajdowaty si¢ w motywach p300
1 RCORI1. Poparta wcze$niejszymi badaniami obserwacja ta moze sugerowac, ze
rekrutacja p53 do chromatyny w odpowiedzi na cisplatyng moze aktywowac transkrypcje
poprzez interakcje z p300. Chociaz motywy dla p300 nie wystgpowaty w TOP20
najczesciej pokrywajacych si¢ z pikami p53 w komorkach nietraktowanych, to ilosciowa
ocena liczby takich miejsc pokazata, ze piki p53 wystepujace wylacznie w komorkach
nietraktowanych pojawiajg si¢ czg¢éciej na motywach dla p300, niz w pozostatych dwoch
grupach (ryc. 30B). W komorkach nieleczonych, piki p53 na motywach p300
charakteryzowaly si¢ rOwniez czestszym wystepowaniem miejsc wigzania dla cztonkoéw
rodziny E2F, a konkretnie E2F1, E2F4 1 E2F7, a takze dla enzymdéw remodelujacych
chromatyne, takich jak KDM5B i HDACI (Ryc.30C). Obrazowanie p53 i p300 w jadrach
komorkowych za pomocg mikroskopii konfokalnej potwierdzito kolokalizacje p53 1 p300
na chromatynie komorek nieleczonych, a ich kodystrybucja zmniejszyta si¢ po podaniu

cisplatyny (ryc. 30D-E). Chociaz poziom p53 malal w jadrach komoérek poddanych
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dziataniu leku przeciwnowotworowego, wystepowanie p300 na chromatynie znacznie

wzrosto (ryc. 30E).
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Rye 30. Interakcja p300 z pS3 jest znacznie nizsza w komorkach leczonych cisplatyna. Na podstawie:
Karolina Gronkowska, Kinga Kotacz-Milewska, Sylwia Michlewska, Agnieszka Robaszkiewicz ,,P53
supresses transcription of the p300-E2F1-dependent gene subset by maintaining KDM5B associated
with gene promoters”[140]

(A) 3 typy pikow p53: usunigte z chromatyny (wystgpujace wyltacznie w komodrkach nietraktowanych),
pozostajace bez wzglgdu na dzialanie leku i p53 wigzane de novo po cisplatynie. Dla tych 3 grup
wyznaczono liste motywow dla potencjalnych czynnikéw transkrypeyjnych (wedhug tabeli UCSC
wgEncodeRegTtbsClusteredV3), ktoére nastepnie zliczono i TOP20 najczes$ciej pojawiajacych sie
czynnikow transkrypcyjnych poréwnano dla 3 typow pikéw pS53 za pomocg diagramu Venna. (B) Frakcja
p53 usuwana z chromatyny pod wplywem cisplatyny wystepuje czes$ciej na motywach dla p300. (C)
Analiza miejsc wigzania TF wskazuje, ze motywy p300 czesciej wspotwystepuja z E2F i enzymami
modyfikujacymi, takimi jak HDAC1 i KDMS5B, na pikach p53, ktore sg usuwane po cisplatynie. Roznice
W czestosci wystgpowania motywow na motywach p300 poréwnano migdzy pikami p53, ktore sa: usunigte
z chromatyny, pozostaja na chromatynie i sa de novo zwigzane z chromatyng po cisplatynie. (D-E)
Kolokalizacja jadrowa bialek oraz intensywnos$¢ fluorescencji zostata p300 i p53 spada po leczeniu
komorek cisplatyng. (D) Obrazy konfokalne pokazuja rozktad jadrowy p300 (zielony — AlexaFluor488) i
p53 (czerwony — PE). DNA (niebieski) jest barwione DAPI. (E) Intensywno$¢ fluorescencji oraz
kolokalizacja migdzy rozpatrywanymi biatkami, zostala zmierzona w jednostkach arbitralnych (a.u.) za
pomoca oprogramowania Leica Application Suite X. Réznicg¢ migdzy dwiema $rednimi sprawdzono za
pomoca testu t-Studenta lub testu Manna-Whitneya, a réznice istotne statystycznie oznaczono * dla p <
0,05 *, ** dlap < 0,01, *** dla p <0,001.

Biorac pod uwage opisang wczesniej interakcje p300 z p53 oraz czesto$¢
wystepowania p53 na motywach dla E2F w komorkach proliferujacych, analiza wigzania
p300 przed 1 po cisplatynie zostala wykonana wtasnie dla regionéw rozciggajacych si¢
wokot motywow dla czynnika E2F1 (ryc. 31A). Stwierdzono wyzszy poziom p300
zwigzanego z chromatyng juz po 6 godzinach dziatania cisplatyny. Aczkolwiek dtuzsza

inkubacja z komorek z cisplatyng powodowata usunigcie znacznej czgsci p300 z
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chromatyny. Bezpos$rednig interakcj¢ biatek E2F1 i p300 potwierdzitam nast¢pnie za
pomocg mikroskopii konfokalnej (Ryc 31B-C), oraz koimmunoprecypitacji biatek (ryc.
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Ryc 31. Cisplatyna powoduje tymczasowa rekrutacje p300 do chromatyny, gdzie p300 wchodzi w
interakcje z E2F1. Na podstawie: Karolina Gronkowska, Kinga Kolacz-Milewska, Sylwia
Michlewska, Agnieszka Robaszkiewicz ,,P53 supresses transcription of the p300-E2F1-dependent
gene subset by maintaining KDMSB associated with gene promoters”[140] + dane dodatkowe

(A) Ilos¢ p300 zwigzanego z chromatyng wokot motywow dla E2F1 rosénie 6 h po zastosowaniu cisplatyny,
ale ulega znacznemu zmniejszeniu po kolejnych 18 h. Mapeg cieplna rozktadu p300 sporzadzono z macierzy
motywow E2F1 (odfiltrowanej z tabeli UCSC wgEncodeRegTfbsClusteredV3 + 2,5 kbp) i wartosci bigwig
pikoéw p300 po analizie w MACS2. ChIP-Seq dla p300 wykonano po 0, 6 i 24 godzinach leczenia komérek
cisplatyng. (B-C) Asocjacja p300 i E2F1 z chromatyng po leczeniu cisplatyng (5 uM). Immunobarwienie
biatek zwigzanych z chromatyng uwidoczniono za pomocg mikroskopii konfokalnej (B). (C) Kolokalizacje
i intensywnos$¢ fluorescencji okre$lono ilosciowo w jednostkach arbitralnych (a.u.) za pomoca
oprogramowania Leica Application Suite X. (D) Analiza interakcji E2F1 z p300, BRM i BRGI bez i po
traktowaniu komorek cisplatyng za pomocg immuoprecypitacji E2F1 i detekcji metoda Western Blot. (E)
Wykrywanie modyfikacji E2F1 metoda immunoprecypitacji z detekcja za pomoca Western Blot. (F)
Wplyw inhibicji szlaku ATM/ATR na poziom acetylacji E2F1 pod wplywem cisplatyny. Wptyw wstepnego
leczenia iIATM/ATR (KU-60019, 5 uM, 2 godz. przed cisplatyna) na stopien acetylacji E2F1 analizowano
za pomoca koimmunoprecypitacji bialek z detekcja Western Blot. (G) Wptyw p300 na stopien acetylacji
E2F1. Wplyw wstepnego leczenia iEP300 (C646, 5 uM, 2 godz. przed cisplatyna) na stopien acetylacji
E2F1 pod wplywem cisplatyny analizowano za pomocg koimmunoprecypitacji biatek z detekcja Western
Blot.
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Cisplatyna zwigkszata interakcje E2F1 z p300, ale zmniejszala z ATPazami
kompleksu SWI/SNF — BRG1 i BRM. Nastepnie, za pomoca koimmunoprecypitacji
biatek wykazatam, ze aktywowanie cisplatyng sciezki ATM/ATR-Chek1/2-p53 powoduje
acetylacje E2F1 przez p300 (ryc. 31 E-G).

Jednakze, cisplatyna spowodowata znaczny spadek odsetka motywow dla p300-
E2F1, na ktorych wystegpowato biatko p53 w komorkach proliferujacych (Ryc.32 A). Jest
to zgodnie w wynikami kolokalizacji p53 1 p300 (Ryc. 30 D-E) oraz rozktadu p53 na
motywach p300 (Ryc. 30 B) i sugeruje, ze badany lek powoduje usuwanie znaczniej
frakcji pS3 z promotoréw charakteryzujacych si¢ jednoczesnie motywami dla p300 i
E2F1. Co wigcej, rekrutacja p53 de novo do chromatyny w odpowiedzi na cisplatyne
moze nie by¢ zwigzana z korekrutacja p300 lub zachodzi¢ na innych miejscach w
genomie, ktoére nie charakteryzuja sie¢ motywami dla p300 i E2F1. Wspdlczynnik
korelacji Pearsona migdzy p53 i p300 w promotorach genéw w genomie byt podobny,
niezaleznie od leczenia cisplatyng (ryc. 32 B). Co istotne, wspdiczynnik ten spadat
istotnie dla promotorow z motywami dla E2F. Koimmunoprecypitacja p53 wskazywatla
na obecno$¢ kompleksu p53, p300 i E2F1 w komorkach nietraktowanych cisplatyna,
ktory ulegat rozpadowi pod wptywem leku. Potwierdza to zaobserwowany wczesniej
spadek wspotwystepowania p53-p300 w promotorach genéw z motywami E2F1 po
cisplatynie. Hamowanie ATM/ATR nasilito interakcje p53-p300-E2F1 i zapobiegto
rozpadowi kompleksu sugerujac, ze to odpowiedZz na uszkodzenia DNA powoduje
usuwanie p53 z chromatyny 1 spadek jego interakcji z p300 1 E2F1 (Ryc. 32 C). Liczba
promotoréw charakteryzujacych si¢ jednocze$nie motywami dla E2F1 i obecno$cig p53-
p300 byta zdecydowanie wyzsza w komodrkach nietraktowanych (Ryc. 32 D), a de novo
powstale miejsca formowania p53-p300 na motywach E2F1 stanowily <50% liczby
kompleksow w komorkach nietraktowanych. Co istotne, po odlaczeniu p53 od
promotoréw p53-p300-E2F1, p300 pozostalo zwigzane z DNA. Kwantyfikacja p300 w
promotorach z usuni¢tym i de novo przytaczonym p53 wykazata wzrost ilosci p300 na
chromatynie po 6 godzinach inkubacji komorek z cisplatyng. Ponadto, wzrost ten byt
istotnie wyzszy na promotorach, z ktérych usuniete zostato biatko p53 (Ryc. 32 E). Zatem
usunigciu p53 z wecezesniej istniejagcych kompleksow p53-p300-E2F1 towarzyszy

rekrutacja p300 do przynajmniej czg§ci promotorow.
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Ryc 32. Cisplatyna powoduje oddzielenie p53 z wczesniej istniejacych kompleksow p53-p300-E2F1
oraz promuje wi¢ksza asocjacje p300 z chromatyna w obrebie badanych promotoréw. Na podstawie:
Karolina Gronkowska, Kinga Kotacz-Milewska, Sylwia Michlewska, Agnieszka Robaszkiewicz ,,P53
supresses transcription of the p300-E2F1-dependent gene subset by maintaining KDM5B associated
with gene promoters”[140]

(A) Biatko p53 jest usuwane z motywow p300/E2F1 po 6 godzinach traktowania komorek cisplatyna. (B)
Wykres korelacji przedstawia spadek jednoczesnego wystepowania p53 i p300 na promotorach z motywami
E2F1 po cisplatynie. Metodycznie, motywy E2F1 i promotory genoéw (= 2 kbp wokot TSS z tabeli
gtexGene) postuzyly jako regiony genomowe, natomiast pliki bigwig p53 i p300 zostaty uzyte do oceny
poziomu tych bialek w badanych miejscach genomu. (C) P53 tworzy kompleksy z p300 i E2F1, ktore
rozpadajg si¢ po cisplatynie. Inhibitor ATM/ATR (KU-60019,5 uM) zapobiega indukowanemu cisplatyng
rozktadowi p53-p300-E2F1. P53 poddano koimmunoprecypitacji z przeciwcialem pierwotnym i kulkami
magnetycznymi, natomiast biatka wykryto metodg Western Blot. (D) p300 pozostaje zwiazane z
promotorami p53-p300-E2F1 po indukowanym cisplatyng odiagczeniu p53. Dystrybucje genomowg p53-
p300 w motywach E2F1 porownano na diagramie Venna mig¢dzy komodrkami nieleczonymi a komorkami
leczonymi cisplatyng. Tabela przedstawia liczbg pikow p300 naktadajacych si¢ na miejsca p53-E2F1 w 3
typach promotoréw (z usuwanym, niezmiennym i de nowo rekrutowanym p53). (E) Poziom p300 ro$nie
na promotorach p53-p300-E2F1 juz po 6 godzinach leczenia komorek cisplatyna. Profil zmian poziomu
p300 w czasie obserwowano dla dwoch typow promotorow: z usuwanym i recrutowanym de novo p53.

Analiza funkcjonalna gendéw charakteryzujacych si¢ promotorami z p53-p300-
E2F1 i odlaczeniem p53 w odpowiedzi na cisplatyn¢ wykazata ich udziat w kluczowych
procesach wewnatrzkomorkowych, zwigzanych z odpowiedziag komorkowa na czynniki
genotoksyczne (Ryc. 33A). Co wigcej, byly one zblizone do procesow regulowanych
przez p300 i1 zwigzane z aktywacja szlaku ATM/ATR przez cisplatyne (Ryc.29 E).

Obejmowaty one migdzy innymi odpowiedz na uszkodzenia DNA, napraw¢ DNA oraz
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regulacj¢ mitotycznego podzialu komoérek. Sugeruje to, ze ekstruzja p5S3 moze
przyczynia¢ si¢ do ochrony komorek przed stresem genotoksycznym. Probujac okresli¢
podstawowy poziom transkrypcji i transkrypcyjng odpowiedz genu na ekstruzje p53,
porownano transkryptomy (RNA-Seq) komorek nieleczonych i leczonych cisplatyng
(Ryc. 33 B-D). Znormalizowany poziom mRNA genow charakteryzujacych si¢
usuwaniem i rekrutacjg p53 nie réznit si¢ istotnie (Ryc. 33 B), ale transkrypcja genow
tracgcych p53 znacznie wzrosta po leczeniu komorek cisplatyng (Ryc. 33C). Co istotne,
roznicowa ekspresja genow wskazywata na niemal catkowite naktadanie si¢, zar6wno
pod wzgledem kierunku, jak 1 intensywnosci, obserwowanych zmian w profilu
transkrypcji gendw po cisplatynie i po wyciszeniu p53 (Ryc. 33D). Poréwnywalna liczba
genOw ulegala wzmocnieniu lub wyciszeniu w probach uzyskanych z komoérek
traktowanych cisplatyng lub z wyciszonym p53 (sip53) (Log2FC>2, skorygowane p <
0,05). Po poréwnaniu danych z réznicowej ekspresji genow i danych z ChIP-Seq
dotyczacych redystrybucji p53 na promorotorach p53-p300-E2F1, zidentyfikowano
podzbidor gendéw odpowiadajacych na cisplatyng utrata p53 =z promotora i
charakteryzujacych si¢ zwiekszong (146) i zmniejszong (45) transkrypcja (Ryc. 33 E). Do
dalszych badan mechanistycznych z puli genow ulegajacych istotnemu wzmocnieniu po
indukowanym cisplatyng odlaczeniu p53 wybratam 2 geny jako przyktadowe: DUSPI2 1
FANCI. Geny te sg funkcjonalnie powigzane odpowiednio z sygnalizacja i naprawa DNA,
a ich udzial w opornosci na chemioterapi¢ zostal wczesniej opisany w literaturze
[129,141]. Majac na uwadze, ze po usunigciu p53 nastgpito wzbogacenie p300,
przetestowatam wplyw farmakologicznego hamowania p300/CBP na transkrypcj¢ genow
aktywowanych przez cisplatyn¢ 1 przejsciowe wyciszanie p53. W obu przypadkach
ip300/CBP (5 uM C464) catkowicie zahamowalo wzrost transkrypcji genu, wskazujac
tym samym na rol¢ p300/CBP w obserwowanej aktywacji genu (Ryc. 33F). Sugeruje to,
ze wzbogacenie p300 w promotorach p53-p300-E2F1 po ekstruzji p5S3 odwrdcito supresje
genu powodowang obecnoscig p53. Chociaz p300 wystepowato na promotorach przed
odiaczeniem p53 to jego obecno$¢ byla niewystarczajagca do uzyskania wysokiej

wydajnosci transkrypcji.
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Ryc 33. Odlaczenie p53 z podzbioru promotorow zwigzanych z p300 zwieksza zalezng od p300
transkrypcje genéw. Na podstawie: Karolina Gronkowska, Kinga Kolacz-Milewska, Sylwia
Michlewska, Agnieszka Robaszkiewicz ,,P53 supresses transcription of the p300-E2F1-dependent
gene subset by maintaining KDMS5B associated with gene promoters”[140]

(A) P53 jest pod wplywem cisplatyny usuwany z promotoréw pS53-p300-E2F1, ktére kontrolujg
transkrypcje genow funkcjonalnie powigzanych z odpowiedzig na uszkodzenia DNA i naprawg, podziatami
mitotycznymi i transkrypcja gendow. (B) Transkrypcja gendw podlegltych promotorom z usuwanym lub
rekrutowanym p53 jest porownywalna w komorkach proliferujacych. Do wykreslenia i analizy
statystycznej wykorzystano znormalizowane warto$ci loglO (liczba zliczen na milion) (test t, ns dla
p>0,05). (C) Srednia warto$¢ transkrypcji genow kontrolowanych przez promotory p300-E2F 1, z ktorych
p53 jest usuwany, wzrasta w odpowiedzi na cisplatyne. Roznicowa ekspresje genow miedzy komorkami
nieleczonymi i leczonymi cisplatyna (24 h) analizowano za pomoca Limma-Voom. Geny podzielono na 3
grupy wedtug schematu odpowiedzi p53 w ich promotorach na dzialanie cisplatyny. Analize statystyczng
wykonano testem Kruskala-Wallisa (D) Cisplatyna i przejSciowe wyciszanie p53 w podobny sposéb
wplywaja na ekspresje gendw. Réznicowa ekspresje gendow przeprowadzono za pomocg Limma-Voom.
Poréwnano komorki transfekowane siCTRL, siCTRL leczone cisplatyna przez 24 h oraz komorki
transfekowane sip53 przez 48 h. Mapa cieplna przedstawia geny, dla ktorych Log2FC >1 i wartos¢ p <
0,05. (E) 146 genow o podwyzszonej ekspresji i 45 genow wyciszonych charakteryzuje si¢ usuwaniem p53
z promotoroéw p53-p300-E2F1 po cisplatynie. Promotory p53-p300-E2F1, ktore reaguja na cisplatyng utrata
p53, porownano z genami regulowanymi w gore i w dot na diagramie Venna. (F) p300 odpowiada za wzrost
transkrypcji DUSP i FANCI wywotany przez cisplatyng i sip53. Inhibitor p300 (C646, 5 pM) dodano na 2
godziny przed cisplatyng lub 24 godziny po transfekcji komodrek sip53, natomiast transkrypcje genu
okreslono ilosciowo za pomocg PCR w czasie rzeczywistym. Poziom transkrypcji znormalizowano do
genoéw referencyjnych, a dla probki kontrolnej przyjeto warto$¢ 1. Réznice migdzy grupami sprawdzono
za pomocg testu ANOVA, a rdznice statystycznie istotne oznaczono *, gdy p < 0,05.
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Aby zidentyfikowac¢ specyficzne cechy promotorow, w ktérych p53 jest
represorem transkrypcji, wykorzystaliSmy publicznie dostgpne zbiory danych z
wynikami ChIP-Seq dla r6znych modyfikacji potranslacyjnych histonow lub biatek. W
pierwszym etapie porownalis§my liczbe naktadajacych si¢ pikow wybranych modyfikacji
histonowych 1 biatek z promotorami genéw, w ktorych p53 petni funkcje represora lub
aktywatora (ryc. 34A). Najwicksza roznice zaobserwowaliSmy we wzorze metylacji
H3K4, szczegdlnie w stosunku H3K4me2 do H3K4me3. Okoto 90% promotordéw, w
ktorych p53 petito funkcje represora, charakteryzowato si¢ jednoczesnie obecnoscig
H3K4me?2 i nieznacznie wyzszym poziomem POL2R, co sugerowato zatrzymanie tego
enzymu na promotorach, szczegdlnie gdy marker elongacji transkrypcji reprezentowany
przez fosforylowana seryne 2 POLR2A pozostawal stosunkowo niski i porownywalny
migdzy dwoma podzbiorami promotordw. Natomiast promotory, na ktérych p53 peknit
role aktywatora transkrypcji, charakteryzowaly si¢ wyzsza czesto$ciag wystepowania
H3K4me3. Ponadto, enzymy remodelujace chromatyne takie jak KDMS5B i HDACI1
wystepowaty nieznacznie czg¢sciej w promotorach ulegajacych aktywacji po odtaczeniu
si¢ od nich p53. Chociaz acetylacj¢ H3K27 zaobserwowano we wszystkich
rozpatrywanych typach promotordéw, jej stopien byt znaczaco nizszy w promotorach
wyciszanych przez p53 (Ryc.34 B). Podobng sytuacj¢ zaobserwowano w przypadku di- 1
trojmetylowanego H3K4. Co ciekawe, stopien H3K4me2 byl stosunkowo wysoki na
promotorach, dla ktérych p53 petnit rolg aktywatora lub wzmacniacza transkrypcji,
sugerujac, ze ten typ modyfikacji moze peli¢ funkcj¢ markera dla promotoréw
aktywowanych przez p53. Ta hipoteza wymaga jednak dalszej weryfikacji 1 nie byta
przedmiotem moich dotychczasowych badan.

Potranslacyjne modyfikacje histonow, takie jak H3K27ac i H3K4me3, ktore
charakteryzuja promotory aktywne transkrypcyjnie znaczaco wzrosty w promotorach
DUSPI12 i FANCI po traktowaniu komorek cisplatyng (Ryc. 34 C-D). Wyniki te sugeruja,
ze odtaczeniu p53 w wyniku dziatania cisplatyny towarzyszy wzbogacenie nukleosomow

w znaczniki histonowe promujace transkrypcje.
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A B Pokrycie promotoréw w niektraktowanych komaérkach
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Ryec. 34 Podzbior promotorow, w ktérych pS3 pelni funkcje represora charakteryzuje si¢ stosunkowo
niskim poziomem acetylacji H3K27 i trimetylacji H3K4. Na podstawie: Karolina Gronkowska,
Kinga Kolacz-Milewska, Sylwia Michlewska, Agnieszka Robaszkiewicz ,,P53 supresses transcription
of the p300-E2F1-dependent gene subset by maintaining KDMSB associated with gene
promoters”[140]

(A)Geny kontrolowane przez promotory p53-p300-E2F1, ktore ulegajg aktywacji lub represjonowane po
odtaczeniu p53, charakteryzuja si¢ wyraznie odmiennym profilem znacznikéw histonowych i1 biatek
zwigzanych z promotorami. Na wykresie wyniki z interwalow uzyskanych z MACS2 dla rozwazanych
znacznikow histonowych i biatek (dane ChIP-Seq pobrane z SRA), nalozone na promotory p53-p300-E2F1
z p53 usuwanym w odpowiedzi na cisplatyne. Czerwone ramki wskazujg znaczniki metylacji réznicujace
promotory aktywowane i wyciszane przez p53 w komorkach proliferujacych. (B) Promotory genoéw
represjonowanych przez p53 w nietraktowanych komorkach wykazuja stosunkowo niski poziom
znacznikéw histonowych promujacych transkrypcje. Pokrycie podzbiorow pikow p53 przez zmapowane
odczyty H3K27ac, H3K4me?2 i H3K4me3 zostalo obliczone za pomocg narzedzia Bedtools MultiCovBed
i porownane ze $rednim pokryciem wszystkich pikow znacznikdéw histonowych. * oznacza rdznice
statystyczng dla p < 0,05 (Kruskal-Wallis). (C-D) Cisplatyna powoduje zwigkszong acetylacje H3K27 (C)
i trimetylacje H3K4 (D) w miejscach wigzania p53 w promotorach DUSP i FANCI, co zostato zmierzone
metodg ChIP-qPCR. Surowe warto$ci ChIP znormalizowano do odpowiadajacych im kontroli IgG oraz
histonu H3. Roznice migdzy dwiema $rednimi sprawdzono testem t-Studenta, a roznice statystycznie
istotne oznaczono * dla p < 0,05.

Majac na uwadze, ze status metylacji i acetylacji H3 promotoréw zmienia si¢ po
usunigciu p53, a enzymy remodelujace chromatyne, takie jak HDAC1, LSD1 1 KDMS5B,
wystepuja czesciej na promotorach, w ktorych p53 pelni funkcje represora, zbadatam
wplyw tych biatek na transkrypcje DUSPI2 i FANCI. Wykorzystalam do tego celu
specyficzne inhibitory wymienionych wyzej enzymoéw (Ryc. 35A-B). Sposrod
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testowanych inhibitorow jedynie iKDM5B wywotywat efekt identyczny do cisplatyny i
wyciszenia p53, powodujac wzrost transkrypcji dwoch badanych genéw. Dodanie
cisplatyny nie powodowato dalszego wzrostu transkrypcji co sugerowato, ze KDMS5B
moze by¢ mediatorem dziatania p53. W nietraktowanych komorkach, obecnos¢ KDMSB
naktadata si¢ na obecnos$¢ p53 w promotorach DUSP12 i FANCI (Ryc. 35C). Cisplatyna
powodowata usuniecie znacznej puli KDMS5B z promotoréw dwoch badanych genow, co
potwierdzitam za pomocg ChIP-qPCR (Ryc. 35 D). Podobny wptyw mialo wyciszenie
p53, ktore spowodowalo silny spadek poziomu KDMSB na promotorach DUSPI2 i
FANCI (Ryc. 35 E).
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Ryec. 35 Cisplatyna indukuje odlaczenie KDMS5B od promotoréw charakteryzujacych sie
represyjnym dzialaniem p53, co umozliwia nadekspresje DUSP i FANCI. Na podstawie: Karolina
Gronkowska, Kinga Kolacz-Milewska, Sylwia Michlewska, Agnieszka Robaszkiewicz ,,P53 supresses
transcription of the p300-E2F1-dependent gene subset by maintaining KDMS5B associated with gene
promoters”[140]

(A-B) Hamowanie KDM5B odpowiada ilosciowo zwickszeniu ekspresji DUSP i FANCI wywotanej przez
cisplatyne (A) i sip53 (B). iLSD1 (GSK-LSDI, 0,1 uM), iKDM5B (PBIT, 5 uM), iHDAC (maslan sodu,
100 pM) dodano na 2 godziny przed cisplatyna i 24 godziny po transfeccji komoérek za pomoca siCTRL.
Transkrypcj¢ genu mierzono metoda PCR w czasie rzeczywistym. Poziom transkrypcji znormalizowano
do genow referencyjnych, a dla probki kontrolnej przyjeto warto$é 1. Réznice migdzy grupami sprawdzono
za pomocg testu ANOVA, a roznice statystycznie istotne oznaczono *, gdy p < 0,05. (C) Wystgpowanie
pikow KDMS5B i p53 (bigwig) uwidoczniono na promotorach DUSPI12 i FANCI. (D) Cisplatyna istotnie
zmniejsza poziom KDMS5B w miejscu wigzania p53 w promotorach DUSP i FANCI. Obecnos¢ KDM5B
badano metodg ChIP-qPCR. * oznacza istotne zmiany dla p < 0,05 (test t). (E) Wyciszenie p53 powoduje
oddysocjowanie KDM5B z promotoréw badanych genéw. Poziom KDM5B w miejscach wigzania p53 w
promotorach DUSP i FANCI zostat porownany metodg ChIP-qPCR po 48h transfekcji komoérek siCTRL i
sip53. * oznacza istotne zmiany dla p < 0,05 (test t).
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Aby potwierdzi¢ molekularny zwigzek migdzy wywolanym cisplatyng spadkiem
poziomu p53 i KDM5B na promotorach badanych genéw, rekrutacja p300 i transkrypcja
genu, wykonatam koimmunoprecypitacj¢ p300. Potwierdzita ona istnienie kompleksu

p53-p300-KDM5SB w komoérkach nietraktowanych, ktory rozpadatl si¢ po podaniu

cisplatyny.
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Ryc. 36 Indukowane cisplatyna odlaczenie KDMS5B z promotoréw charakteryzujacych sie
represyjnym dzialaniem p53 umozliwia nadekspresje DUSP i FANCI poprzez zwi¢kszanie poziomu
p300. Na podstawie: Karolina Gronkowska, Kinga Kolacz-Milewska, Sylwia Michlewska, Agnieszka
Robaszkiewicz ,,P53 supresses transcription of the p300-E2F1-dependent gene subset by maintaining
KDMS5B associated with gene promoters”[140]

(A) Cisplatyna powoduje rozpad kompleksu p300-KDMS5B i zwicksza wystepowanie p300 w towarzystwie
modyfikacji H3K27ac oraz H3K4me3, co wykazano metodg immunoprecypitacji p300 z detekcja KDMSB,
H3K4mel, H3K4me2 i H3K4me3 technika Western Blot. (B-C) Hamowanie KDMS5B znaczaco zwigksza
poziom markeréw histonowych promujacych transkrypcje w promotorach DUSP i FANCI. Acetylacja
H3K27 (B) i trimetylacja H3K4 (C) zostaty porownane metodg ChIP-qPCR w komoérkach nietraktowanych
i traktowanych iKDMS5B (PBIT, 5 uM) przez 6 godzin. * oznacza istotne zmiany dla p < 0,05 (test t). (D)
Pokrycie H3K4me3 na promotorach p53-p300-E2F1, w ktérych p53 ma charakter represora, zostato
skwantyfikowane przy uzyciu narz¢dzia Bedtools MultiCovBed dla MCF7 z dzikim typem (SRR7686907)
i wyciszonym KDMS5B (KO; SRR7686919). (E) Hamowanie p300 zapobiega wzrostowi transkrypcji
DUSP i FANCI wywotanym przez iKDMS5B. Kombinacjg¢ inhibitorow p300 i KDM5B (odpowiednio C646,
5 uM; PBIT, 5 uM) dodano do komorek na 24 godziny, a transkrypcje genu okreslono ilosciowo metoda
PCR w czasie rzeczywistym. Poziom transkrypcji znormalizowano do gen6éw referencyjnych, a dla probki
kontrolnej przyjeto warto§¢ 1. Réznice migdzy grupami sprawdzono za pomoca testu t, a roznice
statystycznie istotne oznaczono * dlap <0,05 *, ** dlap <0,01, *** dlap <0,001. (F) Hamowanie KDM5B
nasila wigzanie p300 z promotorami DUSP i FANCI. Poziom p300 zwigzanego z chromatyng poréwnano
miedzy komorkami nietraktowanymi i traktowanymi iKDMS5B (PBIT 5 uM; 6-godzinna inkubacja) metoda
ChIP-qPCR. * oznacza istotne zmiany dla p < 0,05 (test t).

Co istotne, cisplatyna spowodowata widoczny spadek poziomu H3K4mel i

H3K4me2 przy jednoczesnym wzroscie ekspresji H3K4me3 w immunoprecypitatach
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p300 (Ryc. 36A). Hamowanie KDM5B zwickszato poziom H3K4me3 i H3K27ac na
promotorach DUSP12 1 FANCI podobnie jak cisplatyna (Ryc. 36 B-C). Sugeruje to, ze
dziatanie demetylazy jest nadrzgdne w stosunku do p300. Analiza danych
zdeponowanych w Sequence Read Archive (SRA) zyskanych przez Hinohare K. i in.
[142], wykazata, ze wyciszenie KDMS5B prowadzi do zwigkszenia znacznika aktywne;j
transkrypcji H3K4me3 w promotorach gendw wyciszanych przez p53 w badanych przez
nas komoérkach (Ryc. 36D). Hamowanie p300 odwrdécito indukowany przez iKDMSB
wzrost transkrypcji genéw (Ryc. 36 E), co wskazato na funkcjonalne potgczenie migdzy
tymi dwoma enzymami. Co wigcej, inhibicja KDM5B znaczaco zwigkszyta poziom p300
na promotorach genéw DUSP12 i1 FANCI (Ryc. 36 F).

Opierajac si¢ na uzyskanych wynikach mozna przedstawi¢ badane zaleznosci jako
nastgpujacy ciag funkcjonalny: cisplatyna — uszkodzenie DNA — ATM/ATR — Chk1/2 —
p53 — KDMS5B — p300 — DUSP12/FANCIL

Ostatni etap miat na celu sprawdzenie czy ATPazy kompleksu SWI/SNF oraz
koregulator p300 i BRG] — HIF1A s3 zaangazowane w regulowanie ekspresji genow
represjonowanych przez p53 (Ryc. 37 A). Jedynie BRM okazat si¢ zaangazowany w
regulacje¢ transkrypcji obu rozwazanych genoéw. Wyciszenie BRM odwracato
nadekspresje DUSP12 i FANCI indukowang cisplatyna. Aczkolwiek, w przypadku genu
FANCI zaobserwowaliS§my rowniez spadek transkrypcji genu po wyciszeniu BRGI.
Niedobor HIF1A z kolei nasilat transkrypcje wytacznie FANCI. Nastepnie za pomoca
koimmunoprecypitacji chromatyny potwierdzitam, ze BRM reguluje ekspresje wyzej
wymienionych genow (Ryc. 37 B). Korzystajac z dostgpnego online narzedzia
ROCplot.org, przeanalizowalam zwigzek miedzy poziomem mRNA EP300 1 SMARCA2
a 6-miesigcznym przezyciem bez nawrotu u pacjentek z rakiem jajnika leczonych
zwigzkami platyny (Ryc. 37C). Pozytywng odpowiedzZ na terapi¢ 1 dtuzsze przezycie bez
nawrotu zaobserwowano w kohorcie charakteryzujacej si¢ nizsza ekspresja EP300 i
SMARCA2. Przeprowadzona analiza ROC sugeruje, ze wspotekspresje tych genow
mozna uzna¢ za biomarker odpowiedzi na chemioterapi¢ oparta na zwigzkach platyny
(Ryc. 37D). Wiedzac juz, ze kompleks SWI/SNF 1 EP300 reguluje ekspresje genow
aktywowanych cisplatyna, zbadatam czy zastosowanie inhibitora ATPaz SWI/SNF —
PFI3 oraz inhibitora p300 - C646 bedzie uwrazliwia¢ komorki nowotworowe na dzialanie
cisplatyny. Oba inhibitory uwrazliwiaty komorki na niskie stezenia cisplatyny do 5 uM,

ktore to st¢zenie nie wplywalo na zywotnos$¢ i przebieg cyklu komorkowego, ale
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wzmocnieniu ulegata transkrypcja gendéw represjonowane przez p53 jak DUSPI2 i

FANCI (Ryc. 37 E).
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Ryc. 37 SWI/SNF aktywuje eskpresje DUSP12 i FANCI w odpowiedzi na cisplatyne, co moze
przyczynia¢ si¢ do powstawania opornoSci na cisplatyne. Celowanie w SWI/SNF oraz p300
uwrazliwia komorki nowotworowe na dzialanie niskich stezen cisplatyny. Dane dodatkowe

(A) Wyciszenie BRM zapobiega wzrostowi transkrypcji DUSP i FANCI wywolanemu przez cisplatyne.
Cisplatyne dodano do komoérek na 24 godziny po 48 godzinach transfekcji komodrek siRNA kontrolnym,
siBRG1, siBRM i siHIFIA. Poziom mRNA gendéw okreslono iloSciowo metoda PCR w czasie
rzeczywistym. Poziom transkrypcji znormalizowano do genéw referencyjnych, a dla probki kontrolnej
przyjeto warto§¢ 1. Réznice migedzy grupami sprawdzono za pomoca testu t, a réznice statystycznie istotne
oznaczono * dla p < 0,05 *, ** dla p < 0,01, *** dla p < 0,001. (B) Cisplatyna powoduje zwigkszona
rekrutacje BRM w miejscach wigzania pS3 w promotorach DUSP i FANCI, co zostato zmierzone metoda
ChIP-qPCR. Surowe warto$ci ChIP znormalizowano do odpowiadajacych im kontroli IgG. R6znicg migdzy
dwiema $rednimi sprawdzono testem t-Studenta, a réznice statystycznie istotne oznaczono * dla p < 0,05.
(C) Zaleznos¢ odpowiedzi pacjentow klinicznych na terapi¢ zwigzkami platyny od transkrypcji £P300 i
SMARCA2 oszacowano przy uzyciu ROC Plotter. (D) Krzywa ROC opisujaca odpowiedz na chemioterapi¢
zwiagzkami platyny w grupie pacjentow charakteryzujacych si¢ jednoczesnie wysoka transkrypcja EP300 i
SMARCA2 (E) Aktywnos¢ metaboliczng komorek, stuzaca do okreslenia zywotnosci komorek, mierzono
za pomoca testu z resazuryna. Inhibitor p300 (C646; 5 uM) i SWI/SNF (PFI3; 5 pM) podano 2 godziny
przed zastosowaniem cisplatyny, a cisplatyne podano do hodowli na 24 godziny. Zywotnoé¢ komorek
nietraktowanych cisplatyna przyjeto jako 100%.
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6.3 Podsumowanie i wnioski
Podsumowanie:

1) Cisplatyna powoduje oddzielenie p53 z komplekséw p53-p300-E2F1 obecnych w
komorkach proliferujacych.
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2) Odtaczenie pS3 z czesci promotorow charakteryzujacych si¢ obecnoscig p53-p300-
E2F1 indukuje rekrutacj¢ p300 i zwicksza zalezng od p300 transkrypcje gendw

3) Odtaczeniu p53 towarzyszy spadek KDMS5B na promotorach dwdch badanych genéw,
ktéry umozliwia rekrutacj¢ p300, uzyskanie struktury chromatyny umozliwiajacej

inicjacje transkrypcji oraz podwyzszenie transkrypcji gendw wyciszanych przez p53

4) Inhibicja p300 oraz ATPaz kompleksu SWI/SNF obniza ekspresje badanych genow
p53-zaleznych aktywowanych cisplatyng oraz uwrazliwia komorki nowotworowe na

dziatanie niskich stezen cisplatyny

Wnhioski:

Przy wykorzystaniu chemioterapii bazujacej na lekach uszkadzajacych DNA
takich jak cisplatyna warto zwroci¢ uwage na ekspresje gendw zaangazowanych w
napraw¢ DNA oraz odpowiedz na uszkodzenia DNA. Aktywacja ekspresji tych genow
nastgpowata poprzez traktowanie komorek cisplatyng jak réwniez po wyciszeniu p53 i
inhibicji KDM5B. Warto rozwazy¢ réwniez obnizenie ekspresji oraz inaktywujace
mutacje TP53 oraz KDM5B jako biomarkery zwigkszonej ekspresji tych genow, ktore
moga predysponowa¢ do wystepowania opornosci na leki wywotujace uszkodzenia
DNA. Jednakze wymaga to dalszych badan. Co ciekawe, zahamowanie szlaku ATM/ATR
zapobiegato indukowanemu cisplatyng odtagczeniu p53. Moze to sugerowac, ze inhibitory
ATM/ATR moglyby postuzy¢ jako zwigzki zapobiegajace zwigkszonej ekspresji genow
w odpowiedzi na cisplatyne, o czym moga zadecydowac kolejne eksperymenty majace
na celu potwierdzenie opisywane] interakcji ATM/ATR-p53/KDMS5B/p300-
DUSPI12/FANCI. Wykazatam, ze p300 oraz BRM uczestniczag w regulacji DUSPI2 i
FANCI pod wptywem cisplatyny. Wysoka ekspresja tych biatek zwigzana jest z gorsza
odpowiedzig na terapi¢ zwigzkami platyny u pacjentek, oraz moze stanowi¢ biomarker
oporno$ci na zwigzki platyny. Zahamowanie aktywnos$ci jednego z nich mogloby
uwrazliwi¢ pacjentéw na dziatanie chemioterapii powodujacej uszkodzenia DNA.
Jednakze, aby moéc zastosowaé takie podej$cie terapeutyczne konieczne sa badania
funkcjonalne, majace na celu dokladne sprawdzenie, w ktorych mechanizmach
uszkodzen DNA oraz w odpowiedzi na ktore leki komorki rakowe moga wykorzystywac

aktywnos$¢ DUSP12 i FANCI.
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7. Dyskusja

W niniejszej pracy przedstawitam dwa mechanizmy uruchamiane w odpowiedzi
komorek rakowych na dziatanie lekow przeciwnowotworowych. Pierwszy z nich
promuje oporno$¢ komorek rakowych na chemioterapi¢ oparta na wykorzystaniu
paklitakselu: SWI/SNF-p300-HIF1A, a celujac w kompleks SWI/SNF mozna uwrazliwic¢
komorki nowotworowe na dziatanie chemioterapii. Zastosowatam w tym celu,
komercyjnie dostepny inhibitor ATPaz kompleksu SWI/SNF BRG1 i BRM — PFI3, oraz
PROTAC degrader wymienionych ATPaz. Celowanie w SWI/SNF obnizato proliferacje¢
i promowato $mieré¢ rakow hematologicznych [143,144], piersi [108,145], pluca
[143,145,146], jajnika [147], prostaty [145,148,149] czerniaka [150] oraz watroby i
szyjki macicy [145]. Jednakze do tej pory zaden z inhibitoréw nie zostat dopuszczony do
leczenia. Drugi mechanizm aktywowany przez subletalne dawki cisplatyny wykorzystuje
sciezke ATM/ATR-p53/p300/KDM5B do nasilenia transkrypcji genéw funkcjonalnie
powiazanych z odpowiedzig na uszkodzenia DNA. W tej czesci wykazatam, ze zarowno
celowanie w aktywnos¢ katalityczng p300 (C646) i kompleks SWI/SNF (PFI3) zapobiega
indukowanej cisplatyng transkrypcji DUSPI2 1 FANCI. Wedlhug wcze$niejszych
doniesien literaturowych inhibitory p300, w tym C646, hamuja proliferacje komorek
nowotworowych w tym raka ptuc [151], trzustki [152], Zotadka [153], prostaty [154],
przysadki mozgowej [155] 1 nowotworow hematologicznych [154,156-160]. Dwa
inhibitory p300/CBP znajduja si¢ na etapie badan klinicznych [161-164].

W pierwszej czesci pracy skupilam si¢ na problemie zwigkszonej ekspresji
transporterow ABC, ktore usuwajac lub sekwestrujac leki w organellach przyczyniajg si¢
do niepowodzenia terapii. Przedstawitam dowody eksperymentalne na udziat BRGI 1
p300 w kontroli transkrypcyjnej gendéw ABCC, ktore ulegaja nadekspresji w liniach
komorkowych opornych na paklitaksel. W szczegdlnosci skupitam si¢ na wpltywie
enzymoOw remodelujacych chromatyne na transkrypcje genow ABCC3, ABCCS i1
ABCCI10, gdyz ich produkty sa wzbogacane w lizosomach komodrek opornych na
paklitaksel. Analiza funkcjonalna tych trzech biatek wystgpujacych w lizosomach
ujawnita ich role w sekwestracji doksorubicyny i paklitakselu (OregonGreen), a zatem te
transportery blonowe sg zdolne do ograniczania cytotoksyczno$ci przynajmniej
niektorych lekow stosowanych w chemioterapii. Aktywne promotory tych genow
charakteryzuja si¢ trimetylacja H3K4 i wystgpowaniem BRG1, p300 i ich koregulatora
HIF1A. Wykazatam rowniez, ze hamowanie SWI/SNF za pomoca PFI3 lub degradacja
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ATPaz SWI/SNF za pomoca PROTAC oraz inhibicja p300 za pomoca C646 istotnie
zwigksza toksyczno$¢ lekow poprzez jednoczesng redukcje kilku transporterow ABC w
fenotypach opornych na paklitaksel. Transportery te w badanych, opornych komorkach
raka ptuc 1 piersi, przyczynialy si¢ do sekwestracji lekow w lizosomach i1 niewrazliwosci
na chemioterapi¢. Wcze$niejsze badania wykazaty, ze zahamowanie aktywno$ci BRG1
przy uzyciu ADAADI (inhibitora domeny ATPazy A zaleznej od DNA) zwigksza
chemiowrazliwo$¢  komorek MDA-MB-231 na  5-fluorouracyl, cisplatyne,
cyklofosfamid, doksorubicyne, gemtabicyne i paklitaksel poprzez zmniejszenie ekspresji
transporterow ABC i zapobieganie ich nadmiernej ekspresji indukowanej pojedyncza
dawka lekow przeciwnowotworowych [108]. Podobnie w naszych wcze$niejszych
badaniach wykazaliSmy, Zze zahamowanie aktywnosci p300 przy wykorzystaniu
inhibitora [I-CBP112, zmniejszato ekspresj¢ transporteréw ABC w komoérkach MDA-
MB-231 oraz A549 i uwrazliwialo komoérki nowotworowe na dziatanie doksorubicyny,
daunorubicyny, bleomycyny, cisplatyny, metotreksatu i paklitakselu [105]. Co wigcej, w
mojej pracy wykorzystatam linie wykazujace oporno$¢ na paklitaksel, a zastosowanie

wyzej wymienionych inhibitoréw przywracato komorkom fenotyp wrazliwy.

W celu zwigkszenia skutecznosci chemioterapii podjeto dotychczas proby
faczenia lekow przeciwnowotworowych w terapie skojarzone z inhibitorami
transporterow ABC. Opracowano 3 generacje inhibitorow: inhibitory pierwszej generacji
reprezentowane przez werapamil, cyklosporyne 1 chining; leki drugiej generacji-
valspodar, biricodar 1 pochodng werapamilu; zwiazki trzeciej generacji o wysokim
powinowactwie do specyficznych transporterdw obejmujace inhibitory ABCBI, takie jak
tariquidar, zosuquidar i elacridar, 2 wzglednie specyficzne inhibitory ABCC1: fumaran
dofequidaru 1 sulindak oraz 2 inhibitory ABCG2: fumitremorgin C i K0143. Na etapie
badan klinicznych wigkszo$¢ wymienionych zwigzkow nie wykazywata skutecznosci,
wystgpowaty natomiast dziatania niepozadane takie jak wysoka toksyczno$¢ wynikajaca
w konieczno$ci stosowania tych zwigzkdw w wysokich st¢zeniach i/lub z niekorzystnych
interakcji z lekami przeciwnowotworowymi [ 165]. Alternatywa dla obnizania aktywnosci
enzymatycznej transporterow jest hamowanie ich ekspresji za pomocg interferujagcego
RNA wyciszajacego bezposrednio mRNA gendw kodujacych biatka ABC lub inne biatka
odpowiedzialne za wysoki poziom transporterow w komorkach nowotworowych (m.in.

B-katenina, FZD1, DVL1) [166]. Nowym podejsciem moze by¢ takze unieczynnienie
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genow dla transporterow ABC przy wykorzystaniu techniki CRISPR [167]. Rozwigzania
te jak dotad nie wyszty poza fazy badan przedklinicznych.

Wiekszo$s¢ z obecnie proponowanych rozwigzan ukierunkowanych na
transportery ABC wykazywata niska skuteczno$¢ i wysoka toksyczno§¢ w badaniach
klinicznych. Brak klinicznego sukcesu zahamowania aktywno$ci pojedynczego
transportera moze by¢ spowodowany nadmierng ekspresja wielu réznych transporteréw
ABC w komorkach nowotworowych [168]. Ponadto, celowanie w poszczegdlne
transportery utrudnia heterogennos$¢ guza oraz zmiany w profilu ekspresji biatek ABC
zwigzane z progresja choroby i pod presja leczenia. Opracowanie terapii wykazujacej
szerokie spektrum dziatania hamujacego transportery ABC moze stanowi¢ potencjalny
srodek odwracajacy lub obnizajacy oporno$¢ na chemioterapi¢. Rozwigzanie polegajace

na celowaniu w SWI/SNF moze by¢ przyktadem takiego rozwigzania.

Moje badania wskazuja ponadto na wystgpowanie dodatkowego czynnika
transkrypcyjnego — HIF1 A, ktory wraz z p300 i BRG1 tworzy kompleks na chromatynie
1 uczestniczy w ekspresji transporteréw ABC powodujac wystepowanie opornosci na
paklitaksel w komdrkach niedrobnokomorkowego raka ptuc i1 raka piersi. Wezesniejsze
dane literaturowe wskazywaty rowniez na udzial HIF1a w ekspresji ABCB6 [169] oraz
ABCBI1[170-173]. HIF1 jest kluczowym czynnikiem w regulacji transkrypcji réznych
genow docelowych w odpowiedzi na niedotlenienie (hipoksje). Hipoksja jest wazng
cechg ludzkich guzow litych ze wzgledu na polaczenie niekontrolowanego, szybkiego
wzrostu komoérek nowotworowych 1 niezdolno$ci lokalnego uktadu naczyniowego do
zasilania szybko proliferujacych guzoéw. Takie warunki prowadza do akumulacji HIF1,
ktoremu w komorkach nowotworowych przypisuje si¢ role promujaca proliferacje,
przezycie, angiogeneze 1 metastaze [174]. Nadekspresja 1 zwigkszong aktywnos$¢ HIF1
wystepuje rowniez w komorkach reagujacych na ekspozycje na leki. W naszych
badaniach terapia paklitakselem aktywowata HIF-zalezng ekspresj¢ transporterow z
grupy ABC 1 zwigkszong akumulacje lekow w lizosomach komorek opornych. W
opornych na doksorubicyn¢ komodrkach kostniakomigsaka, ten czynnik transkrypcyjny
promowatl transport leku na zewnatrz komorekpoprzez aktywacje¢ transkrypcji ABCBI.
Jednak komorki oporne na doksorubicyng, ktore byly utrzymywane przez 2 miesigce w
ciggtej hodowli w pozywce wolnej od leku, utracity swojg lekoopornos¢, a efekt ten byt
zwigzany ze zmniejszeniem ekspresji HIF'1A [175]. Poniewaz HIF 1A jest klasyfikowany
jako czynnik transkrypcyjny, logiczny ciag zdarzen obejmowatby jego wigzanie do DNA,
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a nastepnie rekrutacje p300 i BRG1. Jednakze, jak pokazuja dane z eksperymentu ChIP-
Seq dla p300 i BRGI w linii MDA-MB-231 te dwa enzymy wyst¢puja w promotorach
genow ABCC3 1 ABCC) przez traktowaniem komorek paklitakselem, natomiast poziom
HIF1A jest znacznie zwigkszony w komdrkach opornych na paklitaksel w poblizu pikow
BRG1 na promotorach rozwazanych gendow. Przetestowatam wptyw wyciszenia HIF1A
na wystepowanie p300 i BRG1 zwigzanych z chromatyng. Niski poziom HIF1A znaczaco
zmniejszyt kolokalizacje pozostaltych dwoch biatek. Ponadto, zmniejszeniu ulegly frakcje
p300 i BRG1 w obszarze jadra komorkowego, co wskazuje, ze HIF1A zwigksza
rekrutacje p300 i BRG1 do chromatyny w komoérkach opornych na paklitaksel. Ponadto,
wspotwystepowanie HIF1A i BRG1 na chromatynie w guzach utworzonych z opornych
na paklitaksel komérek MDA-MB-231 jest znacznie wyzsze w glebszych warstwach
guza. Wskazuje to, ze obecnos¢ 1 prawdopodobnie roéwniez aktywno$¢ p300 i BRG1 staje
si¢ zalezna od HIF1 A w trakcie nabywania przez komorki opornosci na paklitaksel.
Ponadto, stan niedotlenienia wewnatrz guza moze sprzyjac stabilizowaniu HIFI1A,
jego wigzaniu DNA 1 nadekspresji transporterow ABC wspieranej przez BRG1. W
zwigzku z tym liczba genow aktywowanych lub wzmacnianych transkrypcyjnie przez
interakcje HIFIA-BRGI1 moze by¢ rézna w rdéznych czesciach guza, a transkryptomy
zalezne od HIF1A moga r6zni¢ si¢ migdzy wewne¢trznymi 1 zewnetrznymi regionami
guza. Nie zmienia to jednak faktu, ze w komodrkach poddanych leczeniu
chemioterapeutykami w modlu naszym i innych modelach komérkowych HIF1A ulega
nadekspresji, co zostato powigzane z opornoscig na chemioterapi¢ u pacjentow [176].
Wskazuje to, ze kompleks BRG1-p300-HIF1 A moze uczestniczy¢ takze w opornosci na
inne powszechnie stosowane chemioterapeutyki. Ponadto przeprowadzitam eksperyment
z inhibitorem proteasomu MG132, aby sprawdzi¢, czy podwyzszony poziom HIF1A w
komorkach opornych na paklitaksel moze wynika¢ z zahamowania degradacji HIF1A
przez proteasom. Zaobserwowatam, ze inhibitor znaczaco zwigkszyt poziom biatka
HIF1A tylko w liniach bazowych, ale nie w komodrkach opornych na paklitaksel co
wskazuje na zwigkszong ochrong przed degradacja HIF1A przez proteasom w fenotypie

lekoopornym.

Od poczatku lat 90-tych XX wieku HIF jest wykorzystywany jako cel do
tworzenia nowych terapii przeciwnowotworowych. Niektore rodzaje inhibitorow
bezposrednio wptywaja na poziom mRNA lub biatka HIF-1 lub HIF-2, dimeryzacj¢

podjednostek a 1 B lub interakcje HIF 1 koaktywatorow. Jednak zaden z nich nie zostat
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wprowadzony na rynek ze wzgledu na obawy dotyczace bezpieczenstwa lub slabg
skuteczno$¢ terapeutyczng [177]. Przykladowo, Ganetespib, zostal poddany licznym
badaniom klinicznym w kombinacji z r6znymi chemioterapeutykami pod katem leczenia
roznych typow nowotworow, a w przypadku kombinacji z docetakselem w leczeniu
niedrobnokomoérkowego raka pluca osiagnat az III faz¢ badan klinicznych, ktora zostata
przerwana ze wzgledu na brak skutecznosci [178]. Niska skuteczno$¢ terapeutyczna
inhibitorow HIF moze by¢ zwigzana z nieodpowiednim schematem leczenia. W
przypadku badan klinicznych nad terapiami kombinowanymi z inhibitorami HIF, zwigzki
te stosowane byty od 0.5 do 1 godziny przed podaniem leku. Bioragc pod uwagg, ze HIF1A
jest czynnikiem transkrypcyjnym uczestniczacym w ekspresji transporterow ABC, ten
czas mogt by¢ zbyt krotki by wywola¢ zmiany na poziomie biatka uwrazliwiajace
komorki na dzialanie chemioterapii. Warto przeprowadzi¢ badania in vivo nad
zastosowaniem inhibitora HIF1A, w ktérych inhibitor ten podawany bytby 48 i 72

godziny przed zastosowaniem chemioterapii.

Na podstawie danych zdeponowanych w bazach TCGA/GTEx dostarczytam
dowodow na to, ze wysoka ekspresja EP300, SMARCA4 i HIF1A moze stuzy¢ jako
marker prognostyczny odpowiedzi pacjentek z rakiem piersi na chemioterapi¢ z udziatem
taksanow. Jednocze$nie wysoka transkrypcja HIFIA, EP300 1 SMARCA4 moze miec
znaczenie kliniczne 1 wplywa¢ na wyniki leczenia. Dlatego ilo§ciowa ocena profilu ich
ekspresji moze pomoc w podjeciu decyzji o schemacie leczenia, zastgpieniu
chemioterapii lub skojarzeniu lekéw chemioterapeutycznych z inhibitorami ABCC lub

inhibitorami BRG1, p300 czy HIF1A.

W kolejnej czg$ci pracy, skupitam si¢ na mechanizmie zwigzanym z opornoscig
na lek wywotujacy uszkodzenia DNA - cisplatyne. Wykazatam, ze aktywacja szlaku
ATM/ATR-Chk1/Chk2-p53 przez cisplatyn¢ nie wpltywa znaczaco na poziom p300
wewnatrz komorki, ale nasila interakcje p300 z chromatyna, szczeg6lnie z promotorami
genow kontrolowanych przez E2F1, w ktorych p53 pelni funkcje represora transkrypcji.
Promotory wyciszane przez pS3 w komorkach proliferujacych charakteryzowaty sie
stosunkowo wysoka gesto$cig nukleosomow, niskg acetylacja H3K27 i trimetylacja
H3K4. Indukcja szlaku ATM/ATR-Chek1/2-p53 przez subletalne dawki cisplatyny
powodowata uwolnienie p53 z promotoréw opisywanych genow, ktéremu towarzyszyty
rowniez uwolnienie KDMS5B, 1 wzrost acetylacji reszt histonowych umozliwiajacy

transkrypcje zalezng od aktywnos$ci p300 i SWI/SNF. Do tych gendéw zaliczy¢ mozna
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geny zwigzane z odpowiedzig na uszkodzenia i naprawag DNA. Wczedniejsze dane
wykazywaty niezgodnos$¢ odnos$nie tego czy ATPazy SWI/SNF pehnig funkcje aktywatora
[137] czy represora [138] p53-zaleznych genéw. W naszym eksperymencie ATPaza
kompleksu SWI/SNF -BRM aktywowala ekspresje genow indukowanych cisplatynag.
Wezedniejsze dane wykazuja zwigzek migdzy ekspresja BRM, a opornoscia na cisplatyne
w komorkach raka jajnika [179]. W naszych eksperymentach zardwno, inhibicja p300 za
pomocg C646 oraz ATPaz kompleksu SWI/SNF za pomoca PFI3 obnizata ekspresj¢
genow aktywowanych cisplatyng oraz uwrazliwiata komoérki nowotworowe na dziatanie
niskich stgzen cisplatyny. Dane literaturowe potwierdzaja role tych enzymow w
uwrazliwianiu komoérek nowotworowych na chemioterapi¢ lekami powodujacymi
uszkodzenia DNA. Wykazano, ze zastosowanie C646 w komodrkach raka trzustki
zwigkszalo poziom uszkodzen indukowanych gemcytabing i tym samym wzmacniato
toksyczno$¢ tego leku [180]. Co ciekawe, w innym badaniu C646 uwrazliwiat komorki
nowotworowe raka jelita grubego na dziatanie doksorubicyny przy czym chronit komorki
nienowotworowe przed zalezng od p53- apoptoza [181]. Zastosowanie PFI3 oraz jego
pochodnej uwrazliwiato komorki glejaka na uszkadzajacy DNA temozolomid [182], a
pochodna PFI3 uwrazliwiata komorki glejaka na temozolomid i1 bleomycyne [183].
Inhibitor ten, uwrazliwiat rowniez komorki raka ptuc i jelita grubego na doksorubicyng i
etopozyd [184]. Jednakze dane te wskazywaly wylacznie na zwigkszony poziom
uszkodzen DNA oraz proapoptotyczne dziatanie kombinacji inhibitor-lek, ktore
przypisywano aktywnosci p300 i BRG1 w rozluznianiu struktury chromatyny w miejscu
uszkodzen. W niniejszej pracy wykazano po raz pierwszy mechanizm regulacji ekspresji
gendéw zaangazowanych w odpowiedzZ na cisplatyng zalezny od kompleksu SWI/SNF-

p300.

W pracy doktorskiej przedstawitam dowody molekularne i mechanistyczne na
obecno$¢ kompleksu p300-pS3 w podzbiorze promotoréw genéw w komodrkach
niepoddanych stresowi oraz na to, ze wystgpowanie p300 w obecnosci p53 byto
niewystarczajace do aktywnej transkrypcji genow. Jednym z wyjasnien mogtoby by¢
wspotwystepowanie p300 i deacetylaz histonowych w tych regionach. Wykazano, ze
HDAC1 i p300 konkuruja o wigzanie histonéw, poniewaz te dwa przeciwstawnie
dziatajace enzymy mogg bezposrednio oddziatywac z naktadajacymi si¢ regionami ogona
histonu H3. Co wigcej, wykazano, ze p300 moze acetylowa¢ HDACI 1 ostabia¢ jego

aktywnos$¢ deacetylazy [185]. Aczkolwiek nasz eksperyment majacy na celu sprawdzenie

99



wyplywu inhibitorow wybranych enzyméw remodelujacych chromatyng nie potwierdzit
udzialu HDAC1 w zaleznej od p53 represji FANCI, podczas gdy efekt ten zaobserwowano
po zastosowaniu inhibitora KDMS5B, zwracajagc uwage na mozliwg funkcjonalng
interakcje pomiedzy p300 i KDMS5B. Wczesniejsze doniesienia pokazaly zaleznos$c
pomigdzy aceytylacja H3K27 w regionie promotorowym genéow ILIRN i GRM2 a
H3K4me3 w okolicach TSS i aktywacja transkrypcji. Zablokowanie odczytu H3K27ac
przez biatka BRD zniosto indukowang przez H3K27ac aktywacje H3K4me3 1 ekspresje
genow. Z drugiej strony wykazano rowniez, ze H3K4me3 moze wystgpowaé w
promotorze przed rozpoczeciem transkrypcji i rekrutowaé p300/CBP w celu acetylacji
histonow [33]. Wykazalam, ze promotory wyciszane przez p53 w komodrkach
proliferujacych charakteryzowaty si¢ stosunkowo wysoka gesto$cig nukleosomow, niska
acetylacja H3K27 1 trimetylacja H3K4. Indukcja szlaku ATM/ATR-Chek1/2-p53 przez
subletalne dawki cisplatyny powodowata uwolnienie p53 z promotoréw opisywanych
genow, ktoremu towarzyszyly rowniez uwolnienie KDMS5B 1 wzrost H3K4me3. Zatem
odiaczenie KDMS5B moze skutkowa¢ akumulacja znacznika H3K4me3, ktéra moze
zwigkszac rekrutacje p300 do promotora i nasila¢ acetylacj¢ nukleosomow. Podczas gdy
niskie dawki cisplatyny aktywowaly transkrypcje gendw poprzez odiaczenie KDMSB 1
p53, wyzsze dawki moglyby hamowac te geny poprzez transaktywacj¢ p21 przez p53, a
nastgpnie rekrutacje represora transkrypcyjnego Rb do promotoréw kontrolowanych
przez E2F1. Hipoteza ta wymaga dalszej weryfikacji eksperymentalnej, jednak
przestanka moga by¢ tutaj wyniki moich badan ktore wykazaty, ze wyzsze dawki
cisplatyny prowadza do zahamowania podzialow mitotycznych gtownie w fazie GI.
Jednakze biorac pod uwage, ze Srednie st¢zenie cisplatyny we krwi pacjentdow wynosi
5,37 pg/ml [186], czyli ok. 18 pM, oraz fakt, ze komodrki nowotworowe moga usuwac
lub deaktywowa¢ cisplatyng przez mechanizmy oporno$ci wewnetrznej wysoce
prawdopodobna jest aktywacja DUSPI2 1 FANCI u pacjentow onkologicznych 1 role
opisanej przeze mnie interkacji ATM/ATR-p53/p300/KDMS5B.

Indukcja szlaku ATM/ATR-Chekl1/2-p53 przez subletalne dawki cisplatyny
powodowata uwolnienie p53 z promotorow DUSPI2 i FANCI. Ciekawym byt fakt, ze
inhibicja szlaku ATM/ATR zapobiegata rozpadowi kompleksu E2F1-p300-p53 po
zastosowaniu cisplatyny. Sugeruje to, ze inhibicja szlaku ATM/ATR moze zapobiegaé
ekspresji gendw zaangazowanych w odpowiedz na cisplatyng 1 uwrazliwia¢ komorki na

leki powodujace uszkodzenia DNA. Jednakze wymaga to weryfikacji eksperymentalne;.
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Odtaczeniu p53 pod wptywem cisplatyny towarzyszyto réwniez uwolnienie KDMS5B i
aktywacja ekspresji genow. KDM5B 1 p53 pehity zatem funkcje represorow tych genow.
KDMS5B wykazuje nadekspresje w wielu typach nowotworow i jest rozwazany jako
onkogen, gdyz odgrywa kluczowg rolg w rozwoju raka poprzez promowanie proliferacji,
naprawy DNA, przejs$cia nablonkowo-mezenchymalnego i nabywania fenotypu komorek
macierzystych raka, a podwyzszony poziom tego biatka wigze si¢ ze skroconym
przezyciem [187,188]. Jednakze utrata KDMS5B takze prowadzi do zwickszonej
proliferacji 1 podwyzszonej ekspresji markeréw komorek macierzystych raka [188].
KDM35B czgsto ulega amplifikacji oraz zwigkszonej ekspresji w komorkach raka piersi
ER+, co wigze si¢ ze ztym rokowaniem u pacjentdw z tym typem raka piersi i zwigksza
ryzyko wystgpienia opornosci na terapi¢. W przeciwienstwie do hormonozaleznego
nowotworu piersi, ekspresja KDMS5B jest stosunkowo niska w TNBC. Co wazne,
zwickszenie ekspresji KDMS5B zmniejsza aktywno$¢ migracyjng i inwazyjng linii
komoérkowych TNBC, podczas gdy wyciszenie KDM5B zwigksza te aktywnosci [187].
Supresyjne dziatanie KDMS5B zaobserwowano réwniez w przypadku czerniaka i ostrej
biataczki szpikowej [187]. p53 jest jednym =z najwazniejszych supresorow
nowotworowych zaangazowanych w roznorodne nowotwory u ludzi. 7P53, ulega mutacji
lub zostaje utracony w ponad 50% nowotwordéw przyczyniajac si¢ do rozwoju
nowotworow [189]. W mojej pracy doktorskiej wykazalam, ze wyciszenie p53 zwigksza
ekspresje genoéw zaangazowanych w odpowiedZ na chemioterapie. Nowe badania
wykazaty, ze komorki nowotworowe z niedoborem p53 hiperaktywuja szlaki naprawy
peknie¢ dwuniciowych DNA, aby przezwyciezy¢ uszkodzenia chemioterapeutyczne
[189]. Zatem, warto rozwazy¢ rowniez obnizenie ekspresji 1 inaktywujace mutacje 7P53
oraz KDMS5B jako biomarkery zwigkszonej ekspresji tych genow, ktore moga
predysponowa¢ do wystepowania opornosci na leki wywotujace uszkodzenia DNA.
Inaktywacja lub niska ekspresja tych biatek moze by¢ przestankg sugerujaca
wykorzystanie innego podejscia terapeutycznego niz zastosowanie terapii wywotujacej
uszkodzenia DNA lub wykorzystanie inhibitorow SWI/SNF lub p300 jako uwrazliwiaczy

na chemioterapig.

Wyniki zaprezentowane w niniejszej pracy sugeruja, ze zastosowanie inhibitorow
SWI/SNF moze uwrazliwia¢ komorki na dziatanie chemioterapii jak rowniez odwracaé
istniejgcy juz fenotyp oporny poprzez regulowanie transkrypcji niektéorych genow z

rodziny ABC i1 genow zwigzanych z odpowiedzig na uszkodzenia DNA. Stosowanie
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kombinacji inhibitor + lek zwigksza cytotoksyczno$¢ leku umozliwiajac stosowanie

nizszych dawek co potencjalnie moze si¢ wigza¢ ze zwigkszeniem efektywnosci terapii i

zmniejszeniem skutkow ubocznych. Wymagane sg jednak dalsze badania, ktore

zwerytikuja mozliwosci zastosowania takich terapii kombinowanych in vivo.
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Streszczenie pracy doktorskiej w jezyku polskim

Tytut pracy: ,Rola kompleksu SWI/SNF-EP300 w powstawaniu oporno$ci komorek

nowotworowych na chemioterapi¢”

Nowotwory stanowig powazny problem zdrowia publicznego na caltym $wiecie.
Zgodnie z najnowszymi danymi projektu GLOBOCAN, zachorowalno$¢ na raka
wyniosta okoto 20 milionéw w 2022 r., a $miertelno$§¢ z powodu raka 9,7 miliona,
klasyfikujac nowotwory jako druga najczestsza przyczyng zgondéw na §wiecie. Ponadto,
statystyki  przewiduja wzrost zachorowalnosci na raka w nadchodzacych
dziesigcioleciach. Szacuje si¢, ze w 2045 r. zdiagnozowanych zostanie 32,6 miliona
nowych przypadkow.

Znaczna cze$¢ nowotwordéw charakteryzuje si¢ wysoka $miertelnoscig pomimo
dostepnosci réznorodnych metod leczenia, takich jak chirurgia, radioterapia,
chemioterapia i terapie celowane. Terapie kombinowane stanowig standard obecnych
terapii przeciwnowotworowych i dotycza wszystkich schematéw leczenia. Polaczenie
terapii jest atrakcyjne z klinicznego punktu widzenia z kilku powoddéw: terapia
skojarzona poprawia wyniki leczenia i zapewnia lepsze efekty terapeutyczne, zwlaszcza
gdy osigga si¢ synergiczne dziatanie przeciwnowotworowe; podejscie skojarzone
pozwala przezwyci¢zy¢ heterogennos$¢ klonalng, co dodatkowo wiaze si¢ z poprawa
wskaznikow odpowiedzi; skojarzone schematy leczenia zmniejszaja toksyczno$¢ terapii,
poniewaz umozliwiajg stosowanie poszczegélnych lekow w zmniejszonych dawkach
przy zachowaniu skutecznos$ci terapeutycznej; terapie skojarzone ograniczajg
wystepowanie opornosci na leki poprzez eliminacj¢ mechanizméw komorkowych
zwigzanych z oporno$cig adaptacyjng. Poniewaz opornosci na terapie towarzysza
genetyczne 1 epigenetyczne zmiany w komodrkach rakowych, zastosowanie terapii
kombinowanych z udzialem regulatoréw epigenetycznych wydaje si¢ obiecujacym
rozwigzaniem. Modyfikacje epigenetyczne sa elastyczne i1 dynamiczne, co czyni je
atrakcyjnymi celami terapeutycznymi, ktore moga pomoéc uzyskaé preferowany profil
transkryptomu w komorkach rakowych.

Acetylotransferaza histonowa p300 (kodowana przez gen EP300) jest jedng z
najczesciej zaburzonych acetylotransferaz w nowotworach. Aktywno$¢ tego bialka jest
Scisle zwigzana z acetylacja H3K27 w miejscach wzmacniaczy. Wykazano zwigzek
pogorszenia ogolnego wskaznika przezycia u pacjentow z wysoka ekspresja EP300, co
moze mie¢ zwigzek z obnizeniem skuteczno$ci terapii u tych pacjentow. Coraz wigcej
dowodow eksperymentalnych wskazuje, ze lekooporno$¢ nowotworéw moze bycé
warunkowana aktywnoscig p300. Sekwencje promotorowe transporterow ABC, ktore
ulegaja nadekspresji w liniach komorkowych raka piersi 1 pluc opornych na cisplatyng i
odpowiadajg za usuwanie lekow z tych komorek, charakteryzujg si¢ wyzszym poziomem
acetylacji nukleosomow, katalizowanej przez p300. p300 odgrywa tez wazng rolg w
naprawie DNA, poniewaz jest rekrutowane do miejsc pgknig¢ DNA, gdzie ulatwia
naprawe uszkodzen poprzez dzialanie jako kofaktor i modut wigzacy dla wielu biatek
biorgcych udzial w szlakach naprawy DNA.
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Acetylacja ogonow histonu H3, regulowana miedzy innymi przez p300 zwigksza
powinowactwo kompleksu SWI/SNF do nukleosoméw. Kompleks SWI/SNF uczestniczy
w mobilizacji nukleosomoéw, przez co promuje lub hamuje ekspresje okreslonych genow.
Jako gtowne sktadniki kompleksu mozna wyrézni¢ ATPazy, BRG1 i BRM. Domeny
ATPazy BRGI1 i BRM posrednicza w wigzaniu nukleosoméw 1 umozliwiajg ich
przesuwanie, usuwanie 1 wstawianie poprzez hydrolize ATP. Strukturalnie BRG1 1 BRM
sg bardzo podobne, ale mogg wykazywac¢ funkcje tkankowo-specyficzne. Zmiany w
ekspresji okreslonych podjednostek SWI/SNF moga by¢ uznawane za markery
prognostyczne przezycia. Ponadto, zwigzek niektorych elementow kompleksu SWI/SNF
z opornos$cig na chemioterapi¢ i terapie celowane zostat wykazany.

Celem badan realizowanych w ramach pracy doktorskiej bylo poznanie roli
kompleksu SWI/SNF- p300 w powstawaniu zjawiska opornosci nowotworow
zZwigzanego:

1) z nadekspresjg frakcji transporteréw ABC, ktora wzrasta w lizosomach, powodujac
zwigkszong akumulacj¢ lekow w tych organellach

2) ze wzrostem ekspresji genow funkcjonalnie powigzanych z odpowiedzia na
uszkodzenia DNA, wywotanym aktywacja §ciezki ATM/ATR-Chk1/Chk2-p53

W pierwszej czesci pracy skupilam si¢ na problemie zwigkszonej ekspresji
transporterow ABC, ktore usuwajac lub sekwestrujac leki w organellach przyczyniajg si¢
do niepowodzenia terapii. Przedstawitam dowody eksperymentalne na udziat BRGI 1
p300 w kontroli transkrypcyjnej genow ABCC, ktére ulegaja nadekspresji w liniach
komorkowych opornych na paklitaksel. W szczegdlno$ci skupitam si¢ na wpltywie
enzymoOw remodelujacych chromatyne na transkrypcje genow ABCC3, ABCCS 1
ABCCI0, gdyz ich produkty sa wzbogacane w lizosomach komoérek opornych na
paklitaksel. Analiza funkcjonalna tych trzech biatek wystgpujacych w lizosomach
ujawnita ich role w sekwestracji doksorubicyny i paklitakselu (OregonGreen), a zatem te
transportery btonowe sa zdolne do ograniczania cytotoksyczno$ci przynajmniej
niektorych lekow stosowanych w chemioterapii. Aktywne promotory tych genow
charakteryzujg si¢ trimetylacja H3K4 1 wystepowaniem BRG1, p300 1 ich koregulatora
HIF1A. Wykazatam réwniez, ze hamowanie SWI/SNF za pomocg PFI3 lub degradacja
ATPaz SWI/SNF za pomocg PROTAC, inhibicja p300 za pomocg C646 oraz wyciszenie
HIFIA istotnie zwigksza toksyczno$¢ lekow poprzez jednoczesng redukcje kilku
transporterow ABC w fenotypach opornych na paklitaksel. Na podstawie danych
zdeponowanych w bazach TCGA/GTEx dostarczylam dowodoéw na to, ze wysoka
ekspresja  EP300, SMARCA4 1 HIFIA moze shuizy¢ jako marker prognostyczny
odpowiedzi pacjentek z rakiem piersi na chemioterapi¢ z udzialem taksanow.
Jednoczesnie wysoka transkrypcja HIFIA, EP300 1 SMARCA4 moze mie¢ znaczenie
kliniczne 1 wptywa¢ na wyniki leczenia. Dlatego ilosciowa ocena profilu ich ekspresji
moze pomoc w podjeciu decyzji o schemacie leczenia, zastgpieniu chemioterapii lub
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skojarzeniu lekéw chemioterapeutycznych z inhibitorami ABCC lub inhibitorami BRG1,
p300 czy HIF1A.

W kolejnej czgsci pracy, skupitam si¢ na mechanizmie zwigzanym z opornoscia
na lek wywotujacy uszkodzenia DNA - cisplatyne. Wykazatam, ze aktywacja szlaku
ATM/ATR-Chk1/Chk2-p53 przez cisplatyne nie wptywa znaczaco na poziom p300
wewnatrz komorki, ale nasila interakcje p300 z chromatyna, szczeg6lnie z promotorami
gendw kontrolowanych przez E2F1, w ktérych p53 pehi funkcje represora transkrypcji.
Promotory wyciszane przez p53 w komorkach proliferujacych charakteryzowaly sie
stosunkowo wysoka gestoscig nukleosomow, niska acetylacja H3K27 i trimetylacja
H3K4. Indukcja szlaku ATM/ATR-Chek1/2-p53 przez subletalne dawki cisplatyny
powodowata uwolnienie p53 z promotordw opisywanych gendéw, ktoremu towarzyszyty
rowniez uwolnienie KDMS5B, 1 wzrost acetylacji reszt histonowych umozliwiajacy
transkrypcje zalezng od aktywno$ci p300 i SWI/SNF. W naszych eksperymentach
zardwno, inhibicja p300 za pomoca C646 oraz ATPaz kompleksu SWI/SNF za pomoca
PFI3 obnizata ekspresje genéw aktywowanych cisplatyng oraz uwrazliwiata komorki
nowotworowe na dzialanie niskich stezen cisplatyny. Odtaczeniu p53 pod wpltywem
cisplatyny towarzyszyto réwniez uwolnienie KDMS5B i aktywacja ekspresji genow.
KDMS5B i p53 petnily zatem funkcj¢ represoréw tych gendw. Warto rozwazy¢ réwniez
obnizenie ekspresji 1 inaktywujace mutacje 7P53 oraz KDMS5B jako biomarkery
zwigkszonej ekspresji tych gendéw, ktore moga predysponowaé¢ do wystepowania
opornosci na leki wywolujace uszkodzenia DNA. Inaktywacja lub niska ekspresja tych
biatek moze by¢ przestanka sugerujaca wykorzystanie innego podejscia terapeutycznego
niz zastosowanie terapii wywotujacej uszkodzenia DNA lub wykorzystanie inhibitorow
SWI/SNF lub p300 jako uwrazliwiaczy na chemioterapie.

Wyniki zaprezentowane w niniejszej pracy sugeruja, ze zastosowanie inhibitorow
SWI/SNF moze uwrazliwia¢ komorki na dziatanie chemioterapii jak rowniez odwracaé
istniejacy juz fenotyp oporny poprzez regulowanie transkrypcji niektorych genow z
rodziny ABC 1 gendw zwigzanych z odpowiedzig na uszkodzenia DNA. Stosowanie
kombinacji inhibitor + lek zwigksza cytotoksyczno$¢ leku umozliwiajac stosowanie
nizszych dawek co potencjalnie moze si¢ wigzac ze zwigkszeniem efektywnosci terapii 1
zmniejszeniem skutkow ubocznych. Wymagane s3a jednak dalsze badania, ktore
zweryfikuja mozliwosci zastosowania takich terapii kombinowanych in vivo.
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Streszczenie pracy doktorskiej w jezyku angielskim

Title of the thesis: The role of SWI/SNF-EP300 complex in the development of cancer
cell resistance to chemotherapy

Cancer is a significant public health issue worldwide. According to the most recent
data from the GLOBOCAN project, cancer incidence was approximately 20 million in
2022, with cancer mortality at 9.7 million, ranking cancer as the second leading cause of
death globally. Furthermore, statistics predict an increase in cancer incidence in the
coming decades. It is estimated that 32.6 million new cases will be diagnosed in 2045.

A significant proportion of cancers are characterised by high mortality rates
despite the availability of various treatment methods, such as surgery, radiotherapy,
chemotherapy and targeted therapies. Combination therapies are the standard of current
cancer treatments and apply to all treatment regimens. The combination of therapies is
attractive from a clinical point of view for several reasons: combination therapy improves
treatment outcomes and provides better therapeutic effects, especially when synergistic
anticancer effects are achieved; the combination approach overcomes clonal
heterogeneity, which is further associated with improved response rates; combination
treatment regimens reduce the toxicity of therapy, as they allow individual drugs to be
used in reduced doses while maintaining therapeutic efficacy; combination therapies
reduce the incidence of drug resistance by eliminating cellular mechanisms associated
with adaptive resistance. Since resistance to therapies is accompanied by genetic and
epigenetic changes in cancer cells, the use of combination therapies involving epigenetic
regulators appears to be a promising solution. Epigenetic modifications are flexible and
dynamic, making them attractive therapeutic targets that can help achieve the desired
transcriptome profile in cancer cells.

Histone acetyltransferase p300 (encoded by the EP300 gene) is one of the most
frequently dysregulated acetyltransferases in cancer. The activity of this protein is closely
related to H3K27 acetylation at enhancer sites. A correlation has been demonstrated
between a decreased overall survival rate in patients with high EP300 expression, which
may be related to reduced treatment efficacy in these patients. Increasing experimental
evidence indicates that drug resistance in tumours may be determined by p300 activity.
The promoter sequences of ABC transporters, which are overexpressed in cisplatin-
resistant breast and lung cancer cell lines and are responsible for the removal of drugs
from these cells, are characterised by higher levels of nucleosome acetylation catalysed
by p300. p300 also plays an important role in DNA repair, as it is recruited to DNA break
sites, where it facilitates damage repair by acting as a cofactor and binding module for
many proteins involved in DNA repair pathways.

Acetylation of histone H3 tails, regulated among others by p300, increases the
affinity of the SWI/SNF complex to nucleosomes. The SWI/SNF complex participates in
the mobilisation of nucleosomes, thereby promoting or inhibiting the expression of
specific genes. The main components of the complex include ATPases, BRG1 and BRM.
The ATPase domains of BRG1 and BRM mediate the binding of nucleosomes and enable
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their movement, removal and insertion through ATP hydrolysis. Structurally, BRG1 and
BRM are very similar, but may exhibit tissue-specific functions. Changes in the
expression of specific SWI/SNF subunits may be considered prognostic markers of
survival. In addition, a link between certain components of the SWI/SNF complex and
resistance to chemotherapy and targeted therapies has been demonstrated.

The aim of the research carried out as thesis project was to investigate the role of
the SWI/SNF-p300 complex in the development of cancer resistance associated with:

1) overexpression of ABC transporter fractions, which increases in lysosomes, causing
increased accumulation of drugs in these organelles

2) an increase in the expression of genes functionally related to the response to DNA
damage, caused by the activation of the ATM/ATR-Chk1/Chk2-p53 pathway

In the first part of my thesis, I focused on the problem of increased expression of
ABC transporters, which contribute to treatment failure by removing or sequestering
drugs in organelles. I presented experimental evidence for the involvement of BRG1 and
p300 in the transcriptional control of ABCC genes, which are overexpressed in paclitaxel-
resistant cell lines. In particular, I focused on the influence of chromatin remodelling
enzymes on the transcription of ABCC3, ABCC5 and ABCC10 genes, as their products
are enriched in the lysosomes of paclitaxel-resistant cells. Functional analysis of these
three lysosomal proteins revealed their role in the sequestration of doxorubicin and
paclitaxel (OregonGreen), and thus these membrane transporters are capable of reducing
the cytotoxicity of at least some drugs used in chemotherapy. The active promoters of
these genes are characterised by H3K4 trimethylation and the presence of BRG1, p300
and their co-regulator HIF1A. I also demonstrated that inhibition of SWI/SNF using PFI3
or degradation of SWI/SNF ATPases using PROTAC, inhibition of p300 using C646, and
silencing of HIF1A significantly increase drug toxicity through the simultaneous
reduction of several ABC transporters in paclitaxel-resistant phenotypes. Based on data
deposited in the TCGA/GTEx databases, I provided evidence that high expression of
EP300, SMARCAA4, and HIF1 A may serve as a prognostic marker of response to taxane-
based chemotherapy in breast cancer patients. At the same time, high transcription of
HIF1A, EP300 and SMARCA4 may be clinically relevant and affect treatment outcomes.
Therefore, quantitative assessment of their expression profile may help in deciding on a
treatment regimen, replacing chemotherapy or combining chemotherapeutic drugs with
ABCC inhibitors or BRG1, p300 or HIF1A inhibitors.

In the second part of my work, I focused on the mechanism related to resistance
to cisplatin, a drug that causes DNA damage. I demonstrated that the activation of the
ATM/ATR-Chk1/Chk2-p53 pathway by cisplatin does not significantly affect the level of
p300 inside the cell, but intensifies the interaction of p300 with chromatin, especially with
the promoters of genes controlled by E2F 1, in which p53 acts as a transcription repressor.
Promoters silenced by p53 in proliferating cells were characterised by relatively high
nucleosome density, low H3K27 acetylation and H3K4 trimethylation. Induction of the
ATM/ATR-Chek1/2-p53 pathway by sublethal doses of cisplatin caused the release of
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pS3 from the promoters of the described genes, which was also accompanied by the
release of KDM5B and an increase in histone acetylation, enabling p300- and SWI/SNF-
dependent transcription. In our experiments, both inhibition of p300 with C646 and
inhibition of SWI/SNF complex ATPase with PFI3 reduced the expression of cisplatin-
activated genes and sensitised cancer cells to low concentrations of cisplatin. The
disassociation of p53 under the influence of cisplatin was also accompanied by the release
of KDM5B and the activation of gene expression. KDMS5B and p53 therefore acted as
repressors of these genes. It is worth considering the reduction in expression and
inactivating mutations of TP53 and KDMS5B as biomarkers of increased expression of
these genes, which may predispose to resistance to DNA-damaging drugs. Inactivation or
low expression of these proteins may be an indication for a therapeutic approach other
than DNA-damaging therapy or the use of SWI/SNF or p300 inhibitors as
chemotherapeutic sensitizers.

The results presented in this study suggest that the use of SWI/SNF inhibitors may
sensitise cells to chemotherapy and reverse an existing resistant phenotype by regulating
the transcription of certain ABC family genes and genes associated with the response to
DNA damage. The use of an inhibitor + drug combination increases the cytotoxicity of
the drug, allowing lower doses to be used, which could potentially increase the
effectiveness of the therapy and reduce side effects. However, further studies are needed
to verify the potential of such combination therapies in vivo.
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Some cancer types including bladder, cervical, and uterine can-
cers are characterized by frequent mutations in EP300 that
encode histone acetyltransferase p300. This enzyme can act
both as a tumor suppressor and oncogene. In this review, we
describe the role of p300 in cancer initiation and progression
regarding EP300 aberrations that have been identified in
TGCA Pan-Cancer Atlas studies and we also discuss possible
anticancer strategies that target EP300 mutated cancers.
Copy number alterations, truncating mutations, and abnormal
EP300 transcriptions that affect p300 abundance and activity
are associated with several pathological features such as tumor
grading, metastases, and patient survival. Elevated EP300 cor-
relates with a higher mRNA level of other epigenetic factors
and chromatin remodeling enzymes that co-operate with
P300 in creating permissive conditions for malignant transfor-
mation, tumor growth and metastases. The status of EP300
expression can be considered as a prognostic marker for anti-
cancer immunotherapy efficacy, as EP300 mutations are fol-
lowed by an increased expression of PDL-1.HAT activators
such as CTB or YF2 can be applied for p300-deficient patients,
whereas the natural and synthetic inhibitors of p300 activity, as
well as dual HAT/bromodomain inhibitors and the PROTAC
degradation of p300, may serve as strategies in the fight against
Pp300-fueled cancers.

INTRODUCTION

Cancer is considered a complex disease, being a multistep process
associated with the accumulation of genetic alterations. However, it
is now widely accepted that non-genetic factors also contribute to
cancer development and progression,' represented by inter alia epige-
netic mechanisms that alter gene expression patterns without
changing the DNA sequence. Epigenetic changes can be divided
into three main categories: the modification of nucleic acids (such
as DNA methylation), post-translational modifications (PTMs) of
histone tails, and the alteration of gene expression by non-coding
RNAs (e.g., microRNAs [miRNAs] and long non-coding RNAs
[IncRNAs]).” The first two groups represent the covalent modifica-
tions of nucleotides and amino acid residues, usually working
together to integrate regulatory inputs and leading to coordinated
alteration in chromatin structure and function. This defines the cell

transcriptomes at the earliest step of RNA synthesis. The existence
of many combinations of modifications that are either more likely
to occur together, or mutually exclusive, suggest a functional crosstalk
between some epigenetic marks. This can occur between modified
DNA and histones, distinct modifications on the same histone tail,
on neighboring histones within the same nucleosome, or on neigh-
boring nucleosomes in a chromatin domain. Well-described modifi-
cations include acetylation, methylation, phosphorylation, ADP ribo-
sylation, ubiquitination, citrullination, and SUMOylation,3 which
regulate the nucleosome structure and dynamics by directly altering
histone-histone or DNA-histone interactions and by recruiting chro-
matin remodeling enzymes resulting in positive and negative feed-
back loops.” Various histone modifications that are altered by aber-
rantly expressed modifier enzymes contribute to tumor development,
progression, and metastasis. Among them, altered histone acetylation
is most frequently referred to.” This modification usually marks active
transcription, as it neutralizes the positive charge on the histone lysine
residues, thereby facilitating nucleosome disassembly and increases
the chromatin accessibility for RNA polymerase and transcription
factors, initiating or enhancing ongoing transcription.”” Histone
tail acetylation level is dynamically adjusted in different physiological
conditions, with the required balance being controlled by the action of
two enzyme families: histone acetyl transferases (HATs) and histone
deacetylases (HDACs). HATs catalyze the transfer of an acetyl group
from acetyl-CoA molecules to the lysine e-amino groups in the N-ter-
minal tails of histones, whereas the HDACs remove the acetyl groups,
thus working as repressors of gene expression.® H3/H4 acetylation is
mediated by other PTMs, such as active chromatin methylation
marks—H3K4me3 and H3K4mel—which do not alter the histone
charge but recruit HATs and other chromatin modifiers to specific
chromatin sites™”'’; and, vice versa, H3K27ac in the promoter region
may lead to H3K4me3 enrichment and transcriptional activation.''
Active and repressive chromatin marks are summarized in Figure 1.
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genes or to repress tumor suppressors

Histone acetylation by histone acetyltransferases (p300/CBP, GNAT, MYST) and deacetylation by the HDAC family of deacetylases cooperates with other histone and DNA-
modifying enzymes. Histone methylation, which refers to the addition of either one, two, or three methyl groups by histone lysine methyltransferases (KMTs) or protein arginine
N-methyltransferases (PRMTs), can both facilitate and repress transcription.'* ' KMT make use of S-5'-adenosyl-L-methionine (SAM) as a methyl donor to transfer of methyl
groups to lysine’s residues on histone H3 and H4 tails, whereas histone lysine demethylases (KDMs) remove the methylation marks.'® H3K4me1, H3K4me2, H3K4me3,
H3K86me2, and H3K36me3 are associated with a transcription-permissive environment, whereas H3K9me3, H3K27me3, and H4K20me3 are considered as repressive
marks.'* As well as histone tail deacetylation, DNA methylation, which is strictly connected with HDAG activity, is mostly referred as a repressive mark present predominantly
on CpG dinucleotides that prevents transcriptional activation of genic regions, which are meant to be silenced in a cell-type specific manner.'> DNA methylation is catalyzed
by the DNA methyltransferase (DNMT) family, including DNMT1, DNMT3A, and DNMT3B, which utilize SAM as a methyl donor to form 5-methycytosine (6mC). Conversely,
the 10-11 translocation (TET) family enzymes mediate DNA demethylation in an indirect manner through the oxidization of 5-methylcytosine. '® Histone lysine acetylation has
been reported to recruit SWI/SNF chromatin remodelers that change the nucleosome structure.”'” Several chromatin remodelers belonging to CHD and ISWI are known to
read methylation marks and participate in the regulation of gene expression via PHD fingers.‘&19

Mammalian HATSs, which are also named lysine acetyltransferases
(KATs) because of their capacity to acetylate non-histone proteins,
are grouped into three main families based on their structural homol-
ogy and substrate binding: Gen5-related N-acetyltransferases
(GNAT), p300 and CREB-binding proteins (p300/CBP), and the
MYST-family histone acetyltransferases.””*' These families share a
conserved central core region that contributes to the acetyl-CoA
binding (KAT) domain but differ in the N- and C-terminal region
flanking the core, which is responsible for substrate specificity.
HDAC:s are often components of large protein complexes and are re-
cruited to DNA methylation by methyl DNA-binding proteins.®

In addition to the direct effects on nucleosome structures, lysine acet-
ylation has been reported to act as an epigenetic mark specifically
recognized by bromodomain-containing transcription factors. These
proteins recruit chromatin remodelers that change the nucleosome

2 Molecular Therapy: Oncology Vol. 32 December 2024

structure.” These essential epigenetic regulators utilize ATP hydroly-
sis to mobilize nucleosomes, thereby linking the chromatin structure
with gene transcription. According to the homology in the catalytic
ATPases and associated subunits, ATP-dependent chromatin-re-
modeling complexes can be divided into four subfamilies: switch/
sucrose non-fermentable (SWI/SNF), imitation switch (ISWT), chro-
modomain helicase DNA-binding (CHD), and inositol 80 (INO80)."”

Genomic studies have clearly implicated the dysregulation of
chromatin modifiers for numerous cancer types and the recurrent
mutations that occur in these enzyme genes. Intriguingly, the func-
tionality of certain chromatin modifiers was elevated in some and
declined in other cancers, therefore suggesting a dual role in malig-
nancies.”> HATs may function as tumor suppressors, helping cells
to control cellular proliferation and cell cycles, or act as oncogenes,
activating malignant proteins via an abnormal acetylation.”> The
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acetyltransferase E1A-binding protein P300 (EP300; also known as
P300 or KAT2B) is one of the most frequently altered HATS in can-
cers, with altered expression in some tumors,”* >’ but somatic muta-
tions in EP300 have been also identified in multiple cancers,”>*’ This
enzyme modifies histones within proximal and distal gene regulatory
elements and its activity is closely linked to excessive H3K27 acetyla-
tion at the enhancer loci, which is massively deregulated in various
cancer types.”” P300 is closely related to CREB-binding protein
(CREBBP, also known as CBP or KATZA),30 and increased acetyla-
tion levels caused specifically by CBP/p300 promotes cancer metas-
tasis, immune evasion, and drug resistance.”’

In this review, we present a comprehensive analysis of p300 dysregu-
lation in cancer but focus in detail on the expression changes of this
gene. Publicly available datasets allowed us to describe an abundance
of EP300 alterations (mutations, copy number alterations, and
expression changes) in various types of cancer and correlate the
expression of EP300 with survival rate and clinicopathological fea-
tures such as histological subtypes, tumor stages, and metastases.
The relationship between p300 and the expression of other genes
involved in gene expression regulation is reviewed and the expression
status of p300 as prognostic mark and therapeutic target for anti-
cancer approaches is discussed.

p300 structure and function

Transcriptional co-activator protein p300 is ubiquitously expressed in
all mammals and other multicellular organisms. In humans, the
EP300 gene is located in chromosome 22 at the 22q13 locus. The
gene is comprised of 31 coding exons, which span approximately
90 kb giving the product of the 300 kDa protein.”” Several protein-in-
teracting domains of this large multidomain protein flank the central
chromatin association and modification region. These consist of the
KAT acetyltransferase activity domain and the bromodomain, as
well as the RING and PHD, which regulate KAT domain activity in
an acetylation-dependent manner. Due to the presence of both the
KAT and bromodomain, this protein can act as both a "writer" and
a "reader" of lysine acetylation.”> Additional fragments, include the
cysteine-histidine-rich region 1 (CHI1), encompassing the transcrip-
tional adapter zinc finger 1 (TAZ1) domain, the KIX domain, another
cysteine-histidine-rich region (CH3) containing the transcriptional
adapter zinc finger 2 (TAZ2) domain, a ZZ-type zinc finger domain,
and the nuclear receptor co-activator binding domain, also known as

the interferon-binding domain (Figure 2). These TADs mediate the
interactions with other DNA-binding transcription factors including
other coactivators.’* A new line of evidence suggests that TAZ2 in-
hibits the HAT activity by modulating p300 autoacetylation and
that this autoinhibition is alleviated when TAZ2 binds to transcrip-
tion factors, leading to an active acetylation of p300 substrates.”

P300 and its homolog CBP share high sequence identity in several
structured regions. Sequence alignments of these two enzymes re-
vealed an ~90% homology in the KAT domain, and an ~93% homol-
ogy in the bromodomain. However, the homology is substantially
lower outside of these highly conserved domains. Accumulating evi-
dence suggests that the two acetyltransferases have unique roles in
cells. CBP and p300 acetylate multiple lysines on histone H3 and his-
tone H4, but the functional difference between the two enzymes lies in
their specificity and selectivity for the acetylated residues, and is
dependent on whether histone or acetyl-CoA is limiting.*® In mice,
heterozygous inactivation of p300 leads to more severe abnormalities
in heart, lung, and small intestine formation than inactivation of CBP.

Although P300/CBP belongs to the family of histone acetyltrans-
ferases, its enzymatic activity is not just limited to histones, but also
regulates transcription through remodeling other chromatin-associ-
ated proteins and upstream signaling mediators, thereby playing an
important role in cell proliferation and differentiation. P300 has
been shown to acetylate all the acetylation sites of histones H2A and
H2B, and K14, K18, K27, and K56 from H3, and K5 and K8 from
H4 in vitro.>* In addition, this KAT interacts with a wide spectrum
of transcription factors including protooncogenes (MYC,”” MYB,*®
and GATA-339), tumor suppressors (p53,40’41 HBP1,*” HIPK2,*
and FOX03***” and other transcription factors, which may affect can-
cerogenesis and cancer progression (EZFI,%’47 PARPI,48 HIFl,49
STAT-3,"" and HSPA5).”" p300 acts as a coactivator for nuclear recep-
tors such as the androgen receptor (AR)’* and estrogen receptor, facil-
itating the growth of hormone-dependent cancers.™

EP300 mutations in cancers

Analysis of 32 TGCA Pan-Cancer Atlas studies (10,967 samples) us-
ing the cBioPortal for Cancer Genomics > revealed EP300 muta-
tions with the approximate ratio of 10% in all cancer samples tested
(1,083 samples). It increased to 23.2% in melanomas and genitouri-
nary cancers (Figure 3A). Point mutations (37% of altered samples)
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(A) EP300 changes across cancer types and (B) quantitative summary of EP300 changes in cancers was generated in cBioPortal based on the TCGA Pan-Cancer dataset.

and changes in gene expression without genetic alterations (high
expression 31% and low expression 22%) represented the most
frequently occurring cases (Figure 3B).

Missense and truncating mutations occur most often among the so-
matic mutations and account for approximately 93% of all detected

4 Molecular Therapy: Oncology Vol. 32 December 2024

changes (Figure 4A). The majority of observed missense alterations
that are spread along EP300 gene are assigned to passenger-type mu-
tations (Figure 4B). These changes in cancer genomes are not consid-
ered significant in the initiation or progression of cancer since the se-
lective growth advantage has not been observed.”® On the contrary,
the driver mutations that provide a cancer cell with beneficial
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Figure 4. EP300 somatic mutations in cancers

(A) Frequency of EP300 somatic mutations in cancers, (B) localization of all somatic mutations in EP300 gene, and (C) localization of driver mutations in EP300 structure;

(B) and (C) were generated in cBioPortal based on the TCGA Pan-Cancer dataset.

adaptative features, were mainly identified in the catalytic domain
and bromodomain/PHD region (Figure 4C). Among them, the
most frequent substitution D1399N/Y changed the conformation of
histone acetyltransferase KAT domain in the p300 protein, thereby
abolishing its autoacetylation activity that is essential for proper pro-
tein functioning.S 7 Other mutations in the KAT domain (Y1414C/D,
H1451L, and P1502L) similarly disrupted the acetyltransferase func-

tion.”*”” Deletions within the PHD finger that regulates p300 cata-

Iytic activity, reduced the p300 efficacy in acetylating histones, but
surprisingly retained the capability of the enzyme to acetylate non-
histone proteins such as p53.>> Protein-truncating variants led to a
shortening or complete protein loss of p300.°” However, truncated
variants with an intact catalytic domain can still maintain their func-
tion. It has been shown that the TAZ2 domain cooperates with other
HAT neighboring domains to maintain the HAT active site in a
closed state. Truncating TAZ2 induces a conformational change
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Figure 5. EP300 expression in cancers

(A) Comparison of EP300 expression in cancers and normal tissues. ACC, adrenocortical cancer; BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma;
CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, lymphoid neoplasm
diffuse large B cell ymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe;
KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute myeloid leukemia; LGG, brain lower-grade glioma; LIHC, liver hepatocellular
carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic
adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin
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that opens the active site for substrate acetylation and confers an over-
activation of p300.”> Interestingly, EP300 mutations may co-exist
with mutations in CBP. In the 32 studies analyzed, 329 cancer patients
were characterized by simultaneous alteration in these two genes.
Similarly to EP300, the mutations in CBP occurred most frequently
in the KAT domain.

COPY NUMBER ALTERATION AND EXPRESSION
CHANGES OF EP300 IN CANCERS CLINICAL
OUTCOMES, PROGNOSES, AND FEATURES

To compare the transcription status of EP300 and to identify the
possible expression changes of EP300 in cancer, we compared selected
features between the tumor and normal samples from the TCGA and
GTEx databases using GEPIA 2.°' As shown in Figure 5A, the mRNA
level of EP300 varied in numerous normal and cancerous tissues.
Among all the cancers that were considered, thymoma, stomach
adenocarcinoma, and acute myeloid leukemia were characterized by
a substantial increase in expression of EP300, whereas a decline was
found in uterine carcinosarcoma and adenoid cystic carcinoma.
The yield of the EP300 transcript can be determined by the rate of
RNA synthesis, but also by the alteration of gene copy numbers
that were shown to affect the expression level of some specific genes
in cancers, hence promoting the development and progression of the
disease. The results of pan-cancer studies provided evidence for
strong correlation and a positive linear influence of the copy number
on the expression of the majority of genes considered.” However, it
was also noted that, due to transcriptional adaptive mechanisms,
changes in the gene copy number at the genome level did not always
translate proportionally into altered gene expression levels.”” The
causative interdependence between mRNA (mRNA expression Z
scores relative to normal samples) and the copy number of EP300
was also found in TGCA Pan-Cancer Atlas studies (10,967 samples)
(Figures 5B and 5C), and suggest that genetic variation generated a
direct effect on the gene transcriptional level.

The increase in the expression and copy number of EP300 is associ-
ated with several clinicopathological features that specify tumor
stages and prognosis such as grading, metastases, and patient survival
in some cancer types. Cancer grading is used to predict the clinical
behavior of malignancies and establish appropriate therapies.”* The
grade score (numerical: G1-G4) increases with decreasing cellular
differentiation: G1, well differentiated; G2, moderately differentiated;
G3, poorly differentiated; and G4, undifferentiated/anaplasti(:f’5 The
degree of resemblance between the tumor and its tissue of origin is
assessed based on morphological criteria. A high degree of differenti-
ation meaning that the neoplasia is morphologically similar to the
native organ and forms neoplastic organoid structures, whereas tu-
mors in low stages of differentiation gradually lose the capacity for
structural organization and start to display reduced cohesiveness.

The term anaplasia signifies tumor morphology where all similarity
with the origin has been lost.”® Malignant neoplasms range from
well differentiated to undifferentiated. In general, increasingly undif-
ferentiated tumors are usually more aggressive.” Evaluation of the
EP300 expression at different stages of tumor dedifferentiation shows
that expression increases in the tumor cells that are not fully differen-
tiated but decreases in undifferentiated tumors (Figure 6A). Since
EP300 regulates various key physiological functions, including cell
proliferation, differentiation, and somatic cell reprogramming, higher
EP300 abundance and intracellular overall activity may facilitate tu-
mor initiation and progression at an early stage.”® P300 acetylates plu-
ripotency-related transcription factors and enhances their transcrip-
tion activity, thus promoting stemness acquisition. In cancer, EP300
was considered as an oncogene capable of supporting tumor growth
and metastatic potential and facilitating cancer stemness.”® Defi-
ciency of EP300 abolished the cancer stem cell phenotype by reducing
tumor sphere formation in vitro and in a xenograft mouse model
in vivo,” meaning a higher activity of p300 may promote the initial
malignant transformation. However, in line with the observed rein-
statement of p300 levels in high-grade tumors, the decline of EP300
directly suppresses GATA6 expression, which interferes with the
GATAG6-regulated differentiation program and leads to a phenotypic
transition from the classical subtype to the dedifferentiated basal-like/
squamous subtype of pancreatic cancer.”® Although a late decrease in
p300 expression may look surprising, accumulating mutations and
chromosome aberrations are likely to lead to the inactivation of
numerous genes, including EP300 and p300-fueled epigenetic reprog-
ramming and the adaptation of cancer cells may be dispensable in
advanced, high-grade tumors. One line of evidence suggests that
strongly elevated miRNA targets mRNA of EP300 in advanced
cancers.”'

Another internationally accepted criterion for cancer staging, the tu-
mor-node-metastasis (TNM) system, includes tumor size and local
growth (T), the extent of lymph node metastases (N), and the occur-
rence of distant metastases (M).** T is used to describe the size of the
primary tumor and invasion into adjacent tissues. The higher the num-
ber after the T, the larger the tumor or the more it has grown into nearby
tissues. N describes the regional lymph node involvement of the tumor.
Lymph nodes function as biological filters with fluid from body tissues
being absorbed into lymphatic capillaries and flowing to the lymph no-
des. NO indicates zero regional nodal spread, while N1-N3 indicates
some degree of nodal spread, with a progressively distal spread from
N1 to N3. M identifies the presence of distant metastases of the primary
tumor. Metastasis is when the tumor spreads beyond the regional
lymph nodes. A tumor is classified as MO if there are no distant metas-
tases present, whereas M1 is assigned to distant metastases.”” The in-
crease in tumor size did not result in any considerable change in
EP300 expression (Figure 6B). This is in line with previously published

cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumors; THYM, thymoma; THCA, thyroid carcinoma; UCS, uterine carcinosarcoma;
UCEG, uterine corpus endometrial carcinoma; UVM, uveal melanoma. (B) Association of EP300 expression with copy number alterations in cancers. (C) Expression of EP300
across cancer types, generated in cBioPortal based on TCGA Pan-Cancer datasets. The comparison in (A) was generated using GEPIA 2. (B) TCGA-Pan Cancer datasets

available in cBioPortal was analyzed using GraphPad Prism 8.
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Figure 6. Association of EP300 expression with clinical
parameters and outcomes
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dence for the elevated expression of miRNA target-
ing mRNA of EP300 in a highly metastatic group
that was also associated with substantial decline of
p300.”"

Despite the fact that low expression of acetyltrans-
ferase appears to promote the formation of distant
metastases, higher expression of this protein also

o 100 200

Months

300 0

observations where no significant correlation was detected between
p300 expression and age, sex, tumor location, or depth of invasion.””
However, the mRNA level of EP300 does correlate with the number
of lymph node metastases (Figure 6C). In colorectal cancer, the
p300 abundance in tumors was significantly associated with histological
grade and lymph node involvement.” The enhanced migration
potential was previously reported in the breast cancer cell line
HS578T-overexpressing EP300, where extensive protein acetylation
led to upregulation of mesenchymal markers and increased invasion,
anchorage-independent growth, and drug resistance.”’ In an esopha-
geal cancer study, increased p300 expression correlated to a higher his-
tologic grade, T category, and N category.*® Although a high expression
of EP300 appears to promote a change in tumor phenotype and increase
tumor invasiveness into lymph nodes, the opposite relationship has
been observed for the formation of distant metastases, as metastatic tu-
mors were characterized by lower p300 expression (Figure 6D). Lymph
nodes and distant metastases can arise from independent subclones of
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T led to a poorer disease-free survival (Figure 6E)
and overall survival rate of cancer patients (Fig-
ure 6F). Some studies documented the beneficial ef-
fect of high p300 expression, and were limited to

non-small cell lung cancer, melanoma,”® and glioblastoma.”” More
literature data showed that high expression of p300 is associated
with poor overall survival in hepatocellular carcinoma, esophageal
squamous cell carcinoma, nasopharyngeal cancer, breast cancer, cuta-
neous squamous cell carcinoma, and small cell lung cancer,”® as well as
non-small cell lung cancer.”® A similar result was observed in disease-
free survival. High expression of the considered gene correlates with
poor prognosis in breast cancer, cutaneous squamous cell carcinoma,”®
esophageal squamous cell carcinoma,”® and non-small cell lung can-
cer.”® The missing piece of information in the diagnosis stage, treat-
ment scheme, or its lack in each of the above studies can be crucial
when linking EP300 expression with patient outcomes and survival.

EP300 IRREGULARITIES IN CANCER

Pro-oncogenic role of EP300 overexpression

Despite the well-described examples of the tumor-suppressive role of
p300, the histone acetyltransferase can also foster cancer progression,
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as suggested by the enhanced EP300 expression in early, low-differen-
tiated tumors and in lymph node metastases.

p300 may function as a coactivator of the Myc oncogene and facilitate
the initiation of cancerogenesis. Myc-dependent transcription is stim-
ulated in a HAT domain-dependent manner at the Myc target gene
promoters.”” p300 was shown to be an essential coactivator and
context-dependent corepressor in the intrinsic transforming ability
of c-Myb. The interaction between c-Myb and p300 is essential
for the transforming and leukemogenic capabilities of AML1-ETO
and MLL fusion oncoproteins, which are products of two of the
most frequently occurring chromosomal translocations in human
acute myeloid leukemia.”® Furthermore, p300 binds and acetylates
GATA-3, a master regulator of the growth and proliferation of
T cells, with possibly GATA-3 acetylation being required for optimal
transcriptional regulation of the target genes in T cell neoplasms.™

In addition to oncogenes, p300 regulates the activity of nuclear recep-
tors that are involved in cancer cell proliferation. P300 acts as a
component of the estrogen receptor (ER) transcriptional complex
with its acetyltransferase activity being crucial for ER signaling.
Within the complex, HAT directly acetylates ER to enhance the re-
ceptor binding to DNA and its transactivation, thereby stimulating
mitotic divisions of ER+ breast cancer cells.”® Interestingly, the his-
tone acetyltransferase activity of p300 supports the expansion of
ER-independent triple-negative breast cancer via a functional interac-
tion with the AR. Treatment of triple-negative breast cancer cells””*’
as well as prostate cancer cells®”®! with CBP/EP300 inhibitors, down-
regulates the expression of an AR-dependent genes so these com-
pounds can be considered as drugs to treat ER-/AR+ cancers.

The overexpression of EP300 leads to upregulation of mesenchymal
markers and increases the migration, invasion, anchorage-indepen-
dent growth, and drug resistance in breast cancer cells.”" Cell prolif-
eration, colony formation, migration, and invasion depend on p300
activity in esophageal squamous carcinoma and the transcription of
genes associated with angiogenesis, hypoxia, and epithelial-to-mesen-
chymal transition substantially decreases upon EP300 knockdown in
these cells.”” In addition, p300 promotes the acetylation of pluripo-
tency-related transcription factors such as OCT4, SOX2, and KLF4
and changes their transcription activity, thus regulating the acquisi-
tion of stemness markers and features in induced pluripotent stem
cells.®®

A growing body of experimental evidence indicates that cancer drug
resistance can be conditioned by p300 activity. For example, the clo-
nogenic potential of docetaxel-resistant prostate cancer cells, their
migration, and invasion are fueled by p300, the abundance of which
is substantially elevated in the drug-resistant phenotype.*” The pro-
moter sequences of ATP binding cassette (ABC) transporters, which
are overexpressed in cisplatin-resistant breast and lung cancer cell
lines, are characterized by a considerable enrichment of p300-cata-
lyzed acetylation of nucleosomes conferring an augmented efflux of
anticancer drugs.*’ Cisplatin-induced DNA damage activates the

p53-mediated recruitment of p300 to ABC gene promoters that are
not repressed by the COREST complex.®* p300 plays an important
role in DNA repair since it is recruited to the sites of DNA breaks,
where it facilitates DNA repair and enhances transcription of some
DNA repair proteins. Although p300 does not contribute to DNA
repair itself, it serves as a cofactor and binding module for multiple
proteins that are involved in DNA repair pathways such as PCNA,
KU70, and KU80.>> In triple-negative breast cancer cells, it serves
as transcription cofactor of NEIL3 and LIG1, which play an indispens-
able role in base excision repair.* In pancreatic cancer cells it was re-
ported as an anti-apoptotic agent upon gemcitabine-induced DNA
damage. p300 targeting by either siRNA or a small-molecule p300 in-
hibitor enhanced the cytotoxicity of gemcitabine.*

Low expression and inactivating mutations in cancer initiation
and progression

Deficiency of p300 activity has been weakly linked to genomic insta-
bility, the fundamental basis for the initiation and progression of
almost all human cancers. Instability usually arises when DNA repair
genes and mitotic checkpoint genes, as well as non-classic-caretaker
genes such as TP53 and ATM, which are crucial in the DNA damage
response, undergo inactivation. Some oncogenes can induce DNA
replication fork collapse with an accompanying catastrophe for
DNA replication, DNA double-strand breaks, accelerated mutations,
and chromosome aberration.®” Inactivating the mutations in EP300
causes chronic DNA replication stress, resulting in persistent
genomic instability. Aberrant DNA replication in EP300-mutated
cells is characterized by increased replisome pausing and nucleolytic
degradation of nascently synthesized DNA at stalled forks due to a
prominent defect in fork stabilization and protection. This in turn
results in the accumulation of single-stranded DNA gaps at the
collapsed replication forks.”® EP300-mutated cancers had signifi-
cantly higher microsatellite instability and tumor mutational burden
(TMB), representing the number of mutations per megabase
harbored by tumor cells in each neoplasm. High TMB values in
EP300-mutant-type cancers indicate a potential response to immuno-
therapy caused by significantly higher programmed death-ligand 1
(PD-L1) expression.28’89 Moreover, EP300 was co-mutated with
DNA mismatch repair genes.*®

p300 is considered as a tumor-suppressive gene that acts through the
promotion of the functions of tumor suppressors such as p53, HBP1,
FOXO, and HIPK2. The first of these proteins, transcription factor
P53, becomes phosphorylated, released from Mdm?2 inhibitory pro-
tein, and interacts with p300 in response to DNA damage.*' p300 is
required for full p53 transactivation as well as the downstream p53
effects of growth arrest and/or apoptosis.”’ As with other transcrip-
tion factors involved in controlling pro-apoptotic genes, p53 is phos-
phorylated by nuclear serine/threonine kinase HIPK2 upon DNA
damage. p300-mediated acetylation of HIPK2 increases the enzyme
stability and enhances its tumor-suppressor function.*> HBP1 acti-
vates or represses the expression of some specific genes during cell
growth and differentiation. p300-mediated acetylation of HBP1lis
essential for its transactivation on the pl6 promoter and activation
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of the cyclin-dependent kinase inhibitor.*> Decreased acetylation of
tumor-suppressor FOXO upon p300 deficiency promotes cell growth
and increases the cancer cell resistance to cisplatin.** In addition,
p300 deletion activates prooncogenic signals such as mitogen-acti-
vated protein (MAP) kinase, Janus kinase/signal transducer, and
the activator of transcription (STAT) pathways. In chimeric mice,
loss of p300 leads to upregulation of NOTCH1, BMI1, MYC,
CCNE, and SKP2 oncogenes, as well as the development of thymic
lymphoma and histiocytic sarcomas.”’

p300-depleted cells have aggressive cancer phenotypes that are char-
acterized by loss of cell-cell adhesion, defects in cell-matrix adhesion
and increased migration.”’ The deficiency of p300 upregulates the
expression of genes associated with adhesion, cytoskeletal remodel-
ing, stemness, apoptosis, and metastasis.”> The cell responds to
EP300 downregulation by acquiring a phenotype that is characteristic
of it undergoing epithelial-to-mesenchymal transition (EMT),
including enhanced cell motility and invasion, ability to proliferate af-
ter anticancer treatment as a consequence of drug resistance, and acti-
vation of the EMT regulatory pathway.”

Some cancer types lacking p300 became more resistant to anticancer
drugs such as paclitaxel,”” doxorubicin’** and cisplatin.** One study
documented the development of multidrug resistance (MDR) as a
consequence of p300 downregulation.”> Overexpression of some
ABC proteins contributes to MDR considerably, since these mem-
brane transporters are responsible for the efflux of diverse drugs
from cancer cells and therefore decreasing intracellular drug concen-
tration and drug toxicity.”® However, the abovementioned p300-
deficient MDR phenotype was drug-transporter independent as
P-glycoprotein remained low and cells ineffectively effused a fluores-
cent derivative of paclitaxel. In this case, lesser activation of apoptosis,
caspase-9, and caspase-3/-7 activities were observed, leading to
apoptosis evasion.”

Relationship of EP300 and other epigenetic regulators in cancer
The expression of EP300 crosstalk with other epigenetics factors
has been studied according to data deposited in TGCA Pan-
Cancer Atlas (pan-cancer analysis of whole genomes (ICGC/
TCGA, Nature 2020). As shown in Figure 7, a high mRNA level
of EP300 is accompanied by high transcript level of other histone
acetyltransferases, histone lysine methyltransferases, histone deme-
thylases, RNA methyltransferases, and SWI/SNF subunits, and by
repression of HDACs, histone arginine methyltransferases, and
DNA methyltransferases.

Interplay between expression of EP300, histone acetylases, and
deacetylases

High mRNA level of EP300 is accompanied by a high expression of
other histone acetyltransferases such as KAT2B, KAT5, KAT6A,
KAT6B, and KAT7, and by the repression of opposing acting HDACs:
HDAC2, HDAC4, HDACS, and HDACI11 (Figure 7A). This suggests
that cancer cells with a high abundance of p300, CBP, and other ace-
tyltransferases are generally susceptible to an elevated status of his-
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tone acetylation, while simultaneously having reduced mechanisms
to prevent acetylation-driven gene overexpression.

The studies documented co-operation between various acetyltrans-
ferases that may act together. For example, NuA4 synergizes locally
with the SAGA complex, and is capable of histone acetylation due to
the occurrence of a GCN5 subunit with acetyltransferase activity during
DSB repair.”” In contrast, HDACI and p300 compete for histone bind-
ing since these two opposing acting enzymes can directly interact with
the overlapping regions of the histone H3 tail. Moreover, p300 can acet-
ylate HDACI and attenuate its deacetylase activity.”® Therefore, a hy-
peractive EP300 likely reduces nuclear HDAC activity in cancer cells.”

In human gastric cancer cell lines, crosstalk of 4 epigenetic modifica-
tion types including H3K4mel, H3K4me3, H3K27ac, and m6A were
observed, with co-regulation of about 360 protein-coding genes.
Nearly 50% of dysregulated genes in tested cancer cell lines were
simultaneously regulated by more than one modification type and
characterized by a high expression of multiple histone modification
writers (SETD1B, KMT2A, and CREBBP) and the low expression
of histone modification erasers (KDM1A, KDM1B, HDACI, and
HDAC2). This epigenetic-modification-dysregulated cluster had
poor survival, stromal activation, and immune suppression.'’

Importantly, the low expression of EP300 is followed by low expres-
sion of its homolog: CBP. Therefore, the compensation mechanism by
CBP seems unlikely in the majority of the considered p300-deficient
cancers.

In summary, the positive correlation between transcription of EP300
and other acetyltransferases with simultaneous opposite interconnec-
tion with some HDACs indicates the existence of two cancer types in
terms of their favored protein acetylation status.

Relationship between expression of EP300 and histone
methylation status

Interestingly, both histone methylases, such as KMT2A, KMT2D, and
KMT2E, and demethylases, such as KDM2A, KDM3B, KDM5A, and
KDMG6A, show a positive correlation with a high EP300 expression in
TGCA Pan-Cancer Atlas study (Figure 7B). These enzymes of opposite
functions form a regulatory loop that controls gene expression. Acety-
lation of histones H3 and H4 coexists frequently with trimethylation of
H3K4 at the promoter and TSS of transcriptionally active genes, as
H3K4me3 promotes downstream H3/H4 acetylation by the recruit-
ment of HATs. H3K4me3 readers have been identified in many HAT
complexes. For example, SGF29, a component of the SAGA HAT com-
plex, contains a Tudor domain that binds H3K4me3. SGF29 deletion
causes the loss of H3K9ac and disassembly of the SAGA complex at
target sites.” In contrast, acetylation of H3K27 at the promoter region
of ILIRN and GRM?2 genes leads to H3K4me3 enrichment around
TSS and transcriptional activation. Blocking the reading of
H3K27ac by BRD proteins abolished H3K27ac-induced H3K4me3
and downstream gene activation.'' H3K4mel, another mark of active
transcription, also demonstrated the relationship with acetylation
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Figure 7. Co-expression of EP300 with other epigenetic factors

Heatmap presents overexpressed and downregulated KAT3B (EP300) samples and co-expression of EP300 with (A) other acetyltransferases (KATs) and (B) deacetylases
(HDACs), histone methyltransferases (KMTs, PRMTs) (C), and demethylases (KDMs) (D), DNA and RNA methyltransferases and demethylases (E), and some SWI/SNF
subunits in various tumor samples. (B) Exemplary dot-plot correlation graph with expression of EP300 and KAT6A, and between EP300 and HDACS. The underlying
data were derived from all TGCA Pan-Cancer Atlas (Pan-cancer analysis of whole-genome (ICGC/TCGA, Nature 2020) samples.
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marks. However, the relationship between these two modifications is
unequal. The loss of H3K4mel reduced H3K27ac, but H3K27ac reduc-
tion did not affect H3K4mel.'"” UTX (KDM6A) and MLL4 (KMT2B)
form a feedforward regulatory loop that drives simultaneous H3K4
mono-methylation and H3K27ac on enhancers and super-enhancers
to generate an active enhancer landscape. p300 forms an epigenetic pro-
tein complex with the H3K27 demethylase UTX and the H3K4 meth-
yltransferase MLL4. MLL4-dependent H3K4 mono-methylation
further augments the CBP/p300-dependent H3K27ac and transcrip-
tional activation.’ Like H3K4me3 and H3K4mel, H3K36me3 is linked
to regulation of histone acetylation. H3K36me3 recruits HDACs to the
sites of active transcription. Moreover, H3K4me3 has been found to be
promoter associated before transcription initiation and H3K4me3-
dependent co-targeting of p300/CBP and HDACs may facilitate the dy-
namic turnover of histone acetylation. It is suggested that H3K4me3
and histone hyperacetylation at gene promoters may regulate transcrip-
tional initiation from the TSS, whereas H3K36me2/3-mediated deace-
tylation is required to prevent initiation from aberrant sites within the
gene body.” Histone lysine acetylation and arginine methylation can
also act cooperatively to localize and activate other methyltransferases.
Pre-acetylation of H3K18 and H3K23 by CBP/EP300 triggers recruit-
ment of arginine methyltransferase PRMT4 (CARM1), which methyl-
ates H3R17, thereby activating estrogen-responsive genes.””'%!

The cooperation between modifications may increase the effective-
ness of the recruitment of specific factors. For example, PHF8 specif-
ically binds to H3K4me3 via its PHD finger, and this interaction is
stronger when H3K9 and H3K14 are also acetylated on the same
tail of H3.'%% Several reports have demonstrated that H3K9me3 and
H3K27me3 modifications are mutually exclusive. H3K27me3 in-
serted by the KMT6A-containing PRC2 complex is associated with
gene repression, while H3K27ac is associated with gene activation
and active enhancers. The removal of H3K27ac by the HDAC1/
2-containing NURD complex, facilitates the recruitment of the
PRC2 complex and accumulation of H3K27me3 at promoters leading
to gene repression. Methylation of H3K27me3 by KMT6A causes
extrusion of p300 and CBP from chromatin, thereby preventing the
accumulation of H3K27ac at enhancers and gene activation.’

Histone acetyltransferase EP300 and the histone demethylases
KDM5A, KDM6A, and KDM6B, which can be jointly elevated in
some cancer types, cooperate with KLF4 in transcriptional activation
of POUS5F1.'” POUSF1 has been identified as one of the most impor-
tant cancer stem cells markers and participates in stemness mainte-
nance in cancer cells as well as correlating with clinicopathological
features and poor prognosis for various tumors.'**

Concluding, the high EP300 transcription in the subset of cancer pa-
tients is mostly associated with high transcription of methyltrans-
ferases (KMTs) and demethylases (KDMs) listed in Figure 7C, which
insert transcription promoting marks and remove repressive modifi-
cations, respectively. The discrepancy in this very general statement is
evident for PRMT1 and PRMT4, which are considered as transcrip-
tion-promoting enzymes, but their activity toward non-histone sub-
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strates must be also taken into account while predicting their func-
tional interaction with p300.

The relationship between expression of EP300 and enzymes,
which covalently modify DNA and RNA

The alteration in the mRNA level of EP300 in cancers are associated
with up- and downregulation of enzymes that are involved in covalent
modifications of DNA and RNA (Figure 7D). Cancers that overex-
press EP300 are characterized by a low level of DNA (cytosine-5)-
methyltransferase 3 (DNMT3), which is considered as de novo
methyltransferase, as well as by overexpression of TET2, which cata-
lyzes the conversion of the modified DNA base methylcytosine to
5-hydroxymethylcytosine, methyltransferase-like 3 and 14 (MTTLS3,
MTTL14), and pre-MRNA-splicing regulator WTAP. Although inac-
tivating CREBBP/EP300 mutations were associated with hypermethy-
lation in the literature,'®” transcription of DNMT1 DNMT3A/B re-
mains mostly low in the studied group. It has been documented that
overexpression of DNMTs in cancers, which cause hypermethylation
of numerous genes such as hMLH1, p16, p53, CDH1, CEACAMS,
CST6, ESR1, LCN2, and SCNN1A, also cause the activation of onco-
gene OCT4 through the IL-6/STAT3 pathway.'*° However, DNMT3B
can act as a tumor suppressor in lymphomas, so a relatively low
expression of DNMT3B and other DNA methyl transferases can sup-
port p300-dependent gene transcription in EP300-overexpressing tu-
mors since many gene promoters are potential targets for DNMT3B
activity. CpG methylation prevents the transcription-promoting
methylations of H3K4, usually followed by nucleosome acetylation,
because of the physical interference between DNMT3L, DNMT3A/
B, and KDM1A/B, which compete for the N-terminal tail of histone
H3."”” Furthermore, methyl CpG binding protein 2 (MECP2)
binds methylated DNA, recruits the H3K9me3 methyltransferase
SUV3-9,” and interacts with Sin3A, which brings HDAC to the histone
of methylated DNA, thereby repressing gene transcription and antag-
onizing the transcription activating role of p300.'%*

DNA demethylases TET1 and TET2 have different functions and are
characterized by a distinct expression pattern in relation to EP300.
TET1 regulates the 5mC levels at the promoters and transcription
start sites, whereas TET2 demethylates CpG islands, gene bodies
and cell-type-specific enhancers, particularly for highly expressed
genes.'” The similar expression pattern of TET2 and EP300 can be
related to their functional relationship. p300 is involved in recruiting
TET2 to chromatin through direct protein-protein interactions.''’ In
breast cancer cells, TET?2 facilitated the proper recruitment of ERa to
active enhancers,''" which are then dynamically activated through a
p300/CBP-catalyzed acetylation that promotes the recruitment of
TFIID and RNAPII at enhancers and enhancer-regulated genes.''”

The observed positive correlation between the mRNA level of RNA
methyltransferases and EP300 can be explained by the fact that the
H3K27 acetylation of METTL3 promoter regulates transcription of
this methyltransferase.''® Such an interdependence in transcription
control by p300 may also apply to other N°-adenosine-methyltrans-
ferases. However, in normal cells m6A destabilizes the EP300/CBP
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transcript, thereby suggesting that METLL activity may protect cells
from p300/CBP overexpression.''* The loss of the m6A reader
protein YTHDEF2 leads to the stabilization of the histone demethylase
KDMB6B transcript, increasing KDM6B abundance and declining the
transcription repressive mark H3K27me3. Similarly, the methyltrans-
ferases METTL3 and METTL14 reduce the repressive histone mark
H3K9me2 by a recruitment of KDM3B, which is mediated by the
mé6a reader protein YTHDCI. In various normal and cancer cell lines,
the mRNA expression of SETD2, the histone methyltransferase of
H3K36, positively correlated with the expression of the m6A writers
METTL3, METTL14, and WTAP. Knockdown of SETD2 or overex-
pression of the histone demethylase KDM4A drastically decreased
global m6A levels, as well as genes such as MYC. METTL14 acts as a
key player that recognizes and binds H3K36me3, linking m6A deposi-
tion with H3K36me3, which marks transcriptionally active regions.""*
METTL3 was remarkably elevated in gastric cancer tissues, where it pro-
moted cell proliferation via the SNHG3/miR-186-5p/cyclinD2 axis.""”
Similarly, p300- and WDR5-dependent transcription of MLL3 facili-
tated the malignant progression of cervical cancer by the regulation of
TXNDCS5 expression.''°

In summary, EP300-overexpressing cancers are characterized by
gene expression-promoting profile, which starts with lowered level
of DNMT3B and increased TET2, which likely cause hypomethyla-
tion of the subset of gene promoters, thereby promoting transcription
permissive environment. Furthermore, m6A writers such as
METTL3, METTLI14, and WTAP play a role in the efficiency of
mRNA splicing and RNA processing.

Co-expression of EP300 and genes encoding subunits of SWI/
SNF complex

Histone acetylation by p300 and its consequent impact on the gene
transcription is mediated by the above-described histone, DNA modi-
fying enzymes, and transcription factors, and by the bromodomain
proteins, which adapt the chromatin structure to make DNA more
or less accessible to transcription machinery. H3K27ac depletion by
p300/cbp inhibition at both enhancers and promoters causes a
clear reciprocal loss of multiple bromodomain-containing proteins
including BRD2, BRD4, BRG1, and BRM from chromatin and tran-
scriptional suppression of dependent genes.''” The expression of
EP300 positively correlates with SWI/SNF chromatin remodeling
complex subunits such as ARIDIA, ARID2, PBRM1, SMARCA2
(BRM), and SMARCBI, but is associated with a low SMARCA4 tran-
scription (Figure 7D). The SWI/SNF complex subunits recruits p300
to distal enhancers, rather than promoters, inducing H3K27 acetyla-
tion and enhancer-associated gene transcription.”’ In co-operation
with BRD4 and BRG1, CBP/p300 plays an important role in inducing
H3K27ac and the transcription of pluripotency genes, such as OCT4
and NANOG.! In addition, BRG1-dependent SWI/SNF was shown
to enable the EP300-dependent transcription of proliferation and
DNA repair genes from their E2F/CpG-driven promoters in breast
cancer cells. BRG1/SWI/SNF-EP300 complexes, accompanied by
poly-ADP-ribose polymerase 1 (PARP1), was present at highly acet-
ylated promoters of genes such as CDK4, LIG1, or NEIL3, which are

responsible for cancer cell growth and the removal of DNA damage.*
Therefore, the lack of direct correlation between the transcription of
EP300 and SMARCA4 in EP300-overexpressing cells may look sur-
prising, but the high degree of overlap between BRG1 and BRM,
which are mostly associated with active regulatory regions of the
genome, may suggest that the two siblings replace each other at
certain conditions.''® However, there is no direct evidence to support
this hypothesis. SMARCA4 is frequently mutated, truncated, and
epigenetically silenced in various cancers, which become transcrip-
tionally dependent on BRM, and BRGI1 loss or decline is associated
with a poor prognosis.''” Hence, the advantage of BRGI silencing,
which can act as tumor suppressor in EP300-overexpressing cells,
can surpass the benefits of BRG1-p300 cooperation on chromatin
that can be compensated by BRM.*>'* Suppression of SWI/SNF sub-
units in EP300 repressed cancers may further limit unwanted gene
transcription when the role of p300 is taken over by other acetyltrans-
ferases.'”' The suppression of SMARCA4 in EP300-overexpressing
cancers is even more surprising in light of the weak but positive cor-
relation between EP300 and PBRM1 expression. Product of the latter
gene contains six tandem bromodomains, which are specialized in
recognizing acetyl-lysine residues, thereby making PBRMI product
an important reader of H3K14ac and a universal epigenetic marker
of actively transcribing genes.'”” Importantly, PBRM1 marks only
BRG1-dependent PBAF sub-complexes of SWI/SNF, so the func-
tional impact of simultaneous p300 and PBRM1 elevation with the
likely deficiency of crucial PBAF subunit—BRGI1 remains unknown.

The colorectal cancer study suggests that inhibition of histone deace-
tylation leads to increased ARIDIA expression in LS180, HT29, and
SW742 cells,'* thereby linking elevated co-occurrence of ARIDIA
and EP300. ARID1A may function as a tumor suppressor through
transcriptional downregulation of cancer stemness gene ALDHIAI,
which is associated with reduced histone H3K27 acetylation in chol-
angiocarcinoma cells.'”* Another SWI/SNF gene—ARID2—that is
co-expressed with EP300 is known to inhibit metastasis of hepatocel-
lular carcinoma cells by recruiting DNMT1 to the promoter of genes,
which belong to the Snail family. Elevated DNA methylation leads to
suppression of Snail transcription.'*> Therefore, low ARID2 mRNA
level may link p300 declined cancers with their predisposition to
metastasis as demonstrated in Figure 6D.

Concluding, expression of ARID domain-containing proteins such as
ARIDIA/B and ARID2 positively correlates with expression of EP300
in the subset of analyzed cancer samples, and to possibly facilitate
P300-dependent gene transcription. SWI/SNF-driven chromatin re-
modeling most likely involves BRM in EP300-overexpressing cancers
since expression of another ATPase of this complex—BRGI is rela-
tively low.

EP300 changes as a prognostic mark and therapeutic target

Pan-cancer studies demonstrate the link between the expression of
EP300 and improved cancer patient survival. However, the data indi-
cate that both high and low expression of EP300 may be associated
with poor prognosis. High expression of p300 was followed by poor
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overall survival in hepatocellular carcinoma, esophageal squamous
cell carcinoma, nasopharyngeal cancer, breast cancer, cutaneous
squamous cell carcinoma, and small cell lung cancer,”
non-small cell lung cancer.” Overexpression of EP300 was associated
with improved survival in non-small cell lung cancer, melanoma,”®
and glioblastoma.”” In addition, it is indicated that both low and
high expressions contribute to tumor invasiveness and resistance to
chemotherapy. Therefore, personalized therapy seems to be a reason-
able therapeutic approach in patients with dysregulated EP300. P300
status can be considered as an indicator for the use of EP300 inhibi-
tors, HAT activators, or immunotherapy in anticancer therapy.

as well as

p300 declined cancers

The development of immune checkpoint inhibitor (ICI) therapy has
opened a new era of anticancer therapy, with durable responses and
significant survival benefits observed in many cancers.'*® The FDA
has successfully approved three different categories of ICIs: PD-1 in-
hibitors (Nivolumab, Pembrolizumab, and Cemiplimab), PDL-1
inhibitors (Atezolimumab, Durvalumab, and Avelumab), and a
CTLA-4 inhibitor (Ipilimumab)."*” However, a big group of patients
do benefit from this approach to combat cancer. Consequently,
increasing attention is being paid to the identification and develop-
ment of predictive biomarkers of response to immune therapy. Tu-
mor mutational burden, variations in DNA damage response path-
ways, neoantigen load (the number of mutations actually targeted
by T cells), and PD-L1 expression126 are listed among the most char-
acteristic and promising features to discriminate patients for immune
therapies. The ability of cytotoxic T cells and natural killer cells in the
elimination of tumor cells and the tumor mutation burden as well as
PD-L1 expression, was significantly higher in EP300-mutated than in
EP300-wild-type cancers. These features indicated a favorable
response to ICIs. Thus, the lack of EP300 could be a predictive
biomarker for a patient’s response to immunotherapy.”® Recent
studies suggest that inactivating mutations in SWI/SNF, particularly
subunits of in PBAF complex (PBRM1, ARID2, and BRD?) increase
patient sensitivity to ICIs. Loss of function of SWI/SNF increased
chromatin accessibility to transcription activators in IFN-y-inducible
genes in tumor cells, and subsequently increased production of che-
mokines, thereby leading to more effective recruitment of effector

T cells to tumors.'*®

In cancers characterized by the low expression of EP300, where activ-
ity of the enzyme is detrimental for cancer cell survival or prolifera-
tion, HAT activators and immunotherapy can be applied as a mono-
therapy or in combination with other drugs to improve the treatment
outcome. To date, several p300 activators have been developed. These
can be represented by CTB (cholera toxin B subunit) that induces
acetylation of p53 by increasing the expression of p300 and conse-
quently triggers cell death in a culture of breast cancer MCF-7 cells,
while being well tolerated by normal lung MRC-5 fibroblasts.'*®
YF2, a P300 and CBP HAT activator, has selective cytotoxicity in
the EP300-mutated, diffuse large B cell lymphoma cell lines and in-
duces acetylation of H3K14 and H3K27 as well as p53 in vitro and
in vivo."”” Moreover, YF2 upregulated the expression of several
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MHOC class I-II genes resulting in the activation of numerous immune
regulatory signaling pathways, allowing for the synergic effect of YF2
and PD-L1 inhibitors.'** The question whether p300 activators can be
more potent in cancers characterized by the loss or decline of two and
more acetyltransferases remains open, but the simultaneously low
expression of p300 and other KAT family members provides a solid
ground for such a hypothesis. Alike HAT activators, HDAC inhibi-
tors are documented to attenuate tumor progression and improve
immunotherapy. Inhibition of HDAC:s increases the immunogenicity
of cancer cells by upregulating the expression of numerous com-
pounds including components of the antigen-processing and presen-
tation machinery, co-stimulatory molecules, stress-induced ligands,
and death-inducing receptors, while simultaneously downregulating
the expression of checkpoint ligands by tumor cells. The immune
response is further enhanced by activation of the adaptive and innate
host immune cells, which recognize and eliminate cancer cells.!?!
Some treatment schemes involving HDAC inhibitors combined
with immune therapy have already demonstrated promising efficacy
in various phases of pre-clinical and clinical trials.

EP300 overexpressed cancers

Patients diagnosed with cancers fueled by elevated p300 activity can
possibly benefit from p300/CBP inhibitors. Several natural com-
pounds block acetyltransferase activity of p300. These include garci-
nol, anacardic acidcurcumin,'*? curcumin,** and carnosol.’** Garci-
nol and anacardic acidcurcumin significantly reduce the invasive
phenotype of rhabdomyosarcoma cells by inhibiting their growth
rate, viability, and clonogenic ability. These compounds cause cell-cy-
cle arrest in the G2/M phase and induce apoptosis.'** Garcinol pre-
vents esophageal cancer metastasis in vitro and in vivo, suggesting
its therapeutic potential for metastatic tumors.">> Carnosol sup-
pressed tumor growth and metastasis of breast cancer xenografts as
well as strongly induced apoptosis in melanoma cells."**>"*” A-485,
C646, B026, 1002, DCH36_06, CPI-1612, and PU141 represent
small-molecule, synthetic inhibitors of CBP/p300 catalytic activity.
These agents reduce the growth of cancers, including hormonal-
responsive cancers, by inducing cell death, disturbing metabolic re-
programming of cancer cells and sensitizing cells to chemotherapy
and immunotherapy.”>*>'***® P300 inhibitor A-485 was suggested
as possible effective anticancer treatment in ARID1A-mutated endo-
metrial epithelium, where p300-dependent acetylation of super-en-
hancers promoted endometrial invasion in the absence of functional
ARIDI1A. However, in ARID1A-proficient cancers inhibition of p300
may support ARID1A-based repression of genes responsible for
migration such as SERPINEL'*' Identification of the bromodomain
in the structure of p300 and CBP led to development of another group
of inhibitors that interfere with acetyltransferase interaction
with chromatin. Cell membrane-permeable compounds such as
I-CBP112, SGC-CBP30, CPI-637, PF-CBPI, Y08197, GNE-781, and
CCS1477 induce apoptosis, reduce growth and metastatic potential
of cancers,'*>1*° growth of hormone-responsive cancers, > 147151
sensitize cancer cells to immunotherapy,'>
and reverse drug-resistant phenotypes.*> From the last synthetic
group of CBP/p300 inhibitors, which simultaneously target the

149,150,153
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bromodomain and the catalytic activity of acetyltransferases,
NEO2734, NEO1132, and XP-524, there emerges promising anti-
cancer approaches. NEO2734 substantially limits the proliferation
of multiple cell lines. Although the cellular response and transcrip-
tional changes in various lymphomas treated with NEO2734 were
similar to either bromodomain and extra-terminal domain (BET)
or CBP/EP300 inhibitors, the magnitude of NEO2734 was substan-
tially higher.'”* NEO2734 and NEO1132 eliminated leukemic stem/
progenitor cells in patient samples."”” The dual BET/EP300 inhibitor
XP-524 has a pronounced single-agent efficacy in vitro, ex vivo,
in vivo, and in human pancreatic cancers. XP-524 in vivo led to exten-
sive reprogramming of the pancreatic tumor microenvironment,
sensitized murine carcinoma to ICIs and further extended survival,
and in so doing provided evidence that the combined therapy
XP-524 and immune checkpoint can be beneficial for at least some
cancer patients.'*®

Although the lack of specificity of p300 inhibitors is often considered
as weak point, the simultaneous targeting of two or more acetyl-
transferases, which are overexpressed together with p300, may
potentiate the effect of single p300 inhibition. The pan-inhibitor
PU139, which blocks acetyltransferase activity of Gcen5, p300/
CBP-associated factor (PCAF), CREB (cAMP response element-
binding) protein (CBP), and p300, triggers caspase-independent
cell death in cell culture, blocks growth of SK-N-SH neuroblastoma
xenografts in mice and synergizes the cytotoxic effects with doxoru-
bicin in vivo."*® L002 reduces activity of p300, GCN5 (KAT2A), and
PCAF (KAT2B), but their ICs, varies from 1.98 to 34 uM and 35 uM,
respectively.'”” Similarly, CBP/p300 bromodomain inhibitors inter-
fere with the functioning of some BET family members, particularly
with BRD4, which often associates with p300-containg and tran-
scription-promoting complexes at the gene promoters and en-
hancers.'*® Therefore, an attempt to make use of p300 inhibitors
for multi-KAT targeting likely requires far higher doses of these
compounds, hence their adverse effects or toxicity may act as
limiting factors.

Another approach with the target of declining p300 activity in cancer
cells is the degradation of p300. The proteolysis-targeting chimera
(PROTAC) compound termed “JQAD1” selectively targets EP300
for degradation. Cell treatment with JQADI1 causes loss of H3K27
acetylation and rapid neuroblastoma apoptosis, while showing
a very limited toxicity to untransformed cells."”” Another p300
degrader—dCBP-1—is exceptionally potent in killing multiple
myeloma cells and can abolish the activity of the enhancer that drives
MYC oncogene expression.'®’ The genetic background as well as co-
existed alteration in the expression and activity of other chromatin re-
modeling enzymes were not taken into consideration while testing
anticancer efficacy of p300 degraders.

The new mode of synthetic lethality, which involves targeting p300
activity, can be taken into consideration in cancers that are fueled
by p300 in the SMARCA4-mutated genotypes. The beneficial impact
of BRG1 deficiency, widely described in primary tumors, for malig-

nant transition, cancer growth, and metastases may result from
BRGI1-mediated silencing of genes by the REST complex, which inter-
acts with acetylated chromatin at the BRG1 binding sites in a fashion
dependent on BRGl bromodomain.'”" If BRG1-REST-repressed
genes emerge crucial for cancer well-being, then inhibition of histone
acetylation by p300 or pan-acetyltransferase inhibitors may mirror
the activity of mutated SMARCA4. Furthermore, simultaneous inhi-
bition of p300/CBP and KDMG6A was proposed as effective anticancer
strategy since these two enzymes co-operate in activating oncogenic
transcription.''” KDM6A, which is frequently overexpressed in par-
allel to p300, prevents suppression of oncogenes by antagonizing
PRC2-mediated methylation of H3K27mel/2/3 in the absence of
p300 activity. Interestingly, overexpression of p300 and KDM6A cor-
relates negatively with the mRNA level of various HDAC family
members, and this observation seems to be of crucial importance
for the success of the suggested anticancer strategy involving pro-
longed inhibition of p300 and KDM6A. The loss of NCoR/SMRT
complexes, which comprise HDACS3 as a catalytically active subunit,
overcomes p300/CBP inhibition, and can possibly substantially limit
beneficial effects of ip300- or ip300/iKDM6A-based anticancer

. 117
therapies.

SUMMARY

EP300 is frequently dysregulated in cancers. Some cancers are char-
acterized by high expression and activity of EP300, which can serve
as an indicator for the implementation of antagonizing or activating
drugs in anticancer therapies. Despite extensive efforts and the
development of many structurally different compounds capable of
modulating p300 activity and expression, none have been accepted
by the FDA for the treatment of malignancies. Immunotherapy
and HAT activators seem promising for the treatment of cancers
with EP300 deleterious mutation and downregulation, but also
require further investigation and testing in clinical trials. The
observed interdependence between the expression of EP300 and
other chromatin remodeling enzymes and their documented func-
tional crosstalk should be a prompt for considering the use of
pan-acetyltransferase inhibitors and pan-bromodomain inhibitors
in EP300-overexpressing cancers. Some of the above referred exam-
ples indicate likely limitation in the beneficial outcomes of p300 tar-
geting in anticancer strategies, which result from mutations in other
epigenetic factors. Although numerous options for up- and downre-
gulation of p300 activity is currently available, the proper choice
must be imposed by careful analysis of patient-specific genotype
and co-existed mutations, which define the repertoire of chromatin
and DNA remodeling enzymes capable of fine-tuning p300 role in
cancer progression.
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Abstract

Background/Aims: Cancer cell multidrug resistance induced by paclitaxel contributes to
the high failure rates of chemotherapy and relapse of the disease. Several mechanisms have
been described that underlie the observed resistance, including the overexpression of ABCB1
(P-glycoprotein), which represents an ATP-binding cassette (ABC) transmembrane protein,
and its functional occurrence in lysosomal membranes is linked to drug accumulation in
these organelles. Methods: Using clinically-relevant models of paclitaxel-resistant triple-
negative breast cancer and non-small cell lung cancer cell lines, we provide evidence for
the role of ABCC subfamily members in the lysosomal sequestration of drugs in multidrug
resistant phenotypes. Proteins expression level and its cellular localisation was measured
using Western Blot and confocal microscopy. Drug accumulation was analysed by confocal
microscopy and flow cytometry. Drug cytotoxicity was tested using resasurin assay and anexin
V propidium iodide staining. Results: Regardless of the alteration in gene expression, paclitaxel
induced the intracellular redistribution of ABCC3, ABCC5 and ABCC10 and their enrichment
in lysosomes. The use of ABCC inhibitors and transient silencing of these three genes limited
the accumulation of doxorubicin and paclitaxel-OregonGreen488 in lysosomes, while having
little impact on the total drug level inside cells. The cancer cells were also sensitized to various
structurally unrelated chemotherapeutics of differing acidity. Conclusion: The results suggest
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that lysosome membranes anchored ABCC proteins which remained functionally active and
were capable to load chemotherapeutics into lysosomes in paclitaxel-resistant cancer cells.
Therefore, targeting of lysosomal ABCC transporters may help to overcome paclitaxel-induced

resistance by reducing the accumulation of drugs in lysosomes.
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Introduction

Paclitaxel (PTX) is an important first-line drug for the treatment of certain breast
and advanced non-small cell lung cancers (NSCLC) due to the lack of specific markers for
targeted or personalized medicine. Over 85% of lung cancer patients are diagnosed with
non-small cell lung cancer (NSCLC), 60% of whom a standard chemotherapy regime is
administered due to the advanced stage of disease [1-3]. Similarly, adjuvant and neoadjuvant
chemo drugs are given particularly for metastatic breast cancer and triple-negative breast
cancer patients (TNBC), where the cells lack estrogen, progesterone and HER2 receptors
[4]. Paclitaxel is a tubulin-binding compound promoting accumulation of tubulin dimers and
stabilizing microtubule fibers, which prevent proper spindle formation, arresting the cell
cycle in mitosis and inducing apoptosis [5]. However, paclitaxel-induced resistance leads
to treatment failure and tumor recurrence. The most frequently referred mechanisms of
resistance include altered apoptotic pathways, increased drug metabolism, mutations and
changes in tubulin composition, reduced drug uptake and overexpression of the pumps that
actively transport the drug out of the cells [5, 6]. The latter group is represented by the ATP-
binding cassette (ABC) proteins, using energy from ATP hydrolysis to translocate substances
across the cell membrane. They are characterized by relatively low substrate specificity
and remove a wide range of structurally unrelated compounds from cells, contributing
to increased multidrug resistance (MDR) [7]. These transporters are classified into seven
subfamilies (ABCA-ABCG) by the Human Genome Organization. MDR in paclitaxel-resistant
human breast, lung and ovary cancers was associated with the overexpression of ABCB1
(P-glycoprotein), whereas ABCG2 (BCRP, Breast Cancer Resistance Protein) was reported
in the last two tumor types [8]. Clinical trials that combined paclitaxel with P-glycoprotein
inhibitors such as CBT-1 to treat solid tumors and with PSC 833 in breast, renal, lymphoma
and ovarian cancer therapy were completed but not continued [9, 10]. Other ABCC subfamily
members, such as ABCC1/MRP1, ABCC2/MRP2, ABCC3/MRP3, ABCB4/MDR3 were found
up-regulated to various extents in paclitaxel-resistant breast cancer sublines [11], whereas
the FOXM1-ABCC5 axis was shown to contribute to paclitaxel resistance in nasopharyngeal
carcinoma cells [12]. Inhibitors of ABCC1 (PAK-104P), ABCB1 (LY329146) and Biricodar,
which inhibits ABCC1, ABCB1 and other transporters of ABC group, have been shown to
reverse paclitaxel resistance [13].

In the case of weakly basic drugs, their accumulation in sequestering organelles can
be explained by changes in the intracellular pH gradient. The pH of the lumen of lysosomes
is significantly lower in MDR cells, resulting in an increased pH difference between the
lysosome and the cytosol. This may be a driving force for the accumulation of slightly basic
anticancer agents such as doxorubicin, daunorubicin or mitoxantron (pKa = 8.3) into acidic
organelles [14]. In response to repeated exposure to paclitaxel, lung cancer RERF-LC-K]
accumulated more of Oregon Green® 488 conjugated paclitaxel in the lysosomal and extra-
lysosomal compartments of cytoplasm than in other cell lines [15]. This study suggested
that the changes in the subcellular localization of drugs may contribute to the development
of multidrug resistance. A new line of research confirms the role of lysosomes in subcellular
drug sequestration and hence, limitation of the anticancer agents in reaching intracellular
targets [16, 17]. It has been demonstrated that certain ABC transporters, including ABCA2-
3, ABCB1, ABCC1-2, or ABCGZ2, sequester anti-cancer drugs into (early/late) endo- or
lysosomes [16]. In the multidrug resistant human leukemic cell line HL-60 the interplay
between passive daunorubicin influx into lysosomes, as well as active ABCC1-dependent
sequestration of a zwitterionic molecule, sulforhodamine 101, in the Golgi apparatus was
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reported [18]. Furthermore, lysosomotropic weak bases such as ammonium chloride or
chloroquine, as well as P-glycoprotein inhibitors (valspodar or elacridar) and silencing,
markedly increased the toxicity of P-glycoprotein substrates in cervical and ovary cancers,
that were characterized by overexpression of LAMP2-colocalized ABC transporters [19].
In addition to the plasma membrane, ABCC1 was seen in endocytic vesicles, perinuclearly
located lysosomes and trans-Golgi vesicles [20], where its activity on intracellular vesicles
was sufficient to confer a drug resistance phenotype of HeLa cells, however ABCG2 was also
found in lysosomal membranes of these cells [21]. Other ABCC proteins such as ABCC2,
ABCC3 and ABCC4 were also detected in crude lysosomes of some non-resistant cell lines
[22], but their role in lysosome-based multidrug resistance has not been supported by
experimental evidence. Although recent proteomic datasets have classified some ABC
proteins as lysosomal proteins, some controversy remains as to whether their endolysosomal
localization is regular or only intermediate along the trafficking pathway (with synthesis in
ER/Golgi, trafficking/recycling in endosomes and degradation in lysosomes) [23].

In this study we aimed to identify the ABCC subfamily members present in the lysosomal
membrane and test their possible contribution to the sequestration of chemotherapy drugs
in organelles. Use was made of clinically-relevant models of paclitaxel resistant phenotypes
of non-small lung cancer (A549) and triple-negative breast cancer (MDA-MB-231), searching
for subcellular localization of particular ABCC proteins. To give a readout of their activity
in the lysosomal membrane we traced their impact on paclitaxel accumulation conjugated
with OregonGreen488, which exists as a highly polar dianion at physiological pH. The probe
increases paclitaxel polarity by almost 1000-fold, thereby substantially limiting its passive
diffusion across membranes and making the lysosome loading entirely dependent on
membrane transporters such as ABC proteins [24]. We also used the weak base doxorubicin,
which is a known substrate of ABC membrane transporters and whose passive diffusion into
lysosomes raises concerns about ABCB1-dependent lysosomal sequestration [21].

Materials and Methods

Materials

Non-small-cell lung cancer cell line A549 was purchased from ATCC. Breast cancer cell line MDA-
MB-231 was purchased from Sigma Aldrich. DMEM High Glucose w/ L-Glutamine w/ Sodium Pyruvate, fetal
bovine serum and antibiotics (penicillin and streptomycin) were from Biowest (CytoGen, Zgierz, Poland).
Resazurin sodium salt, doxorubicin hydrochloride, cisplatin, paclitaxel, etoposide, ammonium chloride
(A4514), MK-571 (M7571), Lysosome Isolation Kit (LYSISO1), Anti-LAMP1 antibody (SAB3500285) were
from Sigma Aldrich (Poznan, Poland). Nunc™ Lab-Tek™ Chamber Slide were ordered in Biokom (Janki/
Warsaw, Poland). Anti-ABCC5 antibody (sc-376965) and siRNA Control (sc-37007) were purchased from
Santa Cruz Biotechnology (AMX, Lodz, Poland). Silencer Select Pre-designated siRNA: siABCC3 (#16602),
siABCC5 (#19553) and siABCC10 (#40144), Lipofectamine RNAIMAX, OptiMem, SuperSignal™ West Pico
Chemiluminescent Substrate, PageRuler™ Prestained Protein Ladder (#01154870), Pierce™ Protease
Inhibitor Tablets (EDTA-free; PIC), Paclitaxel Oregon Green™ 488 conjugate (Flutax-2), Lysotracker™ Deep
Red, BODIPY™ TR Ceramide, MitoTracker™ Red FM, SlowFade™ Glass Soft-set Antifade Mountant (with
DAPI), anti-MRP3 (ABCC3) Polyclonal Antibody (PA5101482), anti-MRP5 (ABCC5) Polyclonal Antibody
(PA5102678), anti-MRP10 (ABCC10) Polyclonal Antibody (PA5101678), SOD2 Antibody (1H6) (#MA1-106)
were from Thermofisher Scientific (Thermofisher Scientific, Warsaw, Poland). Anti-ABCB1 (E1Y7B) Rabbit
mAb (#13342), anti-ABCC1 (D708N) rabbit mAb (#14685), anti-ABCC3 (D8V8]) Rabbit mAb (#39909),
ABCG2 (D5V2K) XP® Rabbit mAb (#42078), anti-ACTB (E4D9Z) Mouse mAb (#58169), Histone H3 Rabbit
Ab (#9715), anti-rabbit IgG, HRP-linked Antibody (#7074), Anti-mouse IgG, HRP-linked Antibody (#7076),
Anti-rabbit IgG (H+L), F(ab)2 Fragment (Alexa Fluor® 488 Conjugate) (#4412), Anti-rabbit IgG Fab2 (Alexa
Fluor® 594 Conjugate) (#8889), Anti-mouse IgG (H+L), F(ab’)2 fragment (PE Conjugate) (#59997) were
from Cell Signaling Technologies (LabJOT, Warsaw, Poland). An Annexin V Apoptosis Detection Kit with
Propidium iodide was purchased from BioLegend (BioCourse.pl, Katowice, Poland).
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Cell culture and treatment with inhibitors

A549 cells were cultured in DMEM supplemented with 10% FBS and penicillin/streptomycin (50
U/ml and 50 pg/ml, respectively) in 5% COZ2. Initially, MDA-MB-231 cells were cultured in F15 medium
supplemented with 15% FBS and penicillin/streptomycin (50 U/mK and 50 pg/ml, respectively) without
CO2 equilibration. After 5 passages, the cells were adapted to grow in DMEM supplemented with 10% FBS
and penicillin/streptomycin (50 U/ml and 50 pg/ml, respectively) in 5% CO2.

Paclitaxel at the concentration of 0.05 uM was added to cells for 48 h every 3 weeks for a total
number of 6 cycles. The treatment scheme was chosen to fit the current therapeutic approaches, and drug
concentration to fit the minimal paclitaxel concentration in the blood of patients [25]. The drug was washed
out after 48 h and cells were cultured in the full growth medium till another dose of paclitaxel. After 6 cycles
of treatment cells were froze and kept in liquid nitrogen. After thawing, one dose of paclitaxel was added
to cells and all experiments were performed up to six consecutive cell passages. Drug-resistant and non-
resistant cell lines were cultured under the same condition.

Ammonium chloride (25 mM) and ABCC transporter inhibitor MK-571 (25 puM) were added to cells for
2 h prior to analysis or treatment with anticancer drugs. Depending on the tested parameters, anticancer
drugs were added to cells for 24 or 48 h.

Lysosome isolation

For the isolation of lysosomes destined for cytometer analysis, 2 million cells per sample were used;
for Western Blot samples, 200 million cells per sample were used. The lysosome isolation was prepared
according to the Lysosome Isolation Kit manufacturers protocol. Cells were trypsinized and washed two
times with PBS. The cells were then resuspended in Extraction Buffer and sonicated (Bandelin Sonopuls
HD2070). After every five strokes, cells were checked under a microscope to ascertain the degree of the
breakage. The sonication was stopped at 80-85% of breakage. The samples were then centrifuged at 1000
x g for 10 min. The supernatant containing cells content was transferred to the new tubes and centrifuged
at 20000 x g for 20 min. The pellet containing the Crude Lysosomal Fraction (mixture of mitochondria,
lysosomes, peroxisomes and endoplasmic reticulum) was suspended in Extraction Buffer. Next, the samples
were diluted to a solution containing 19% Optiprep Density Gradient Medium (0.505 ml Optiprep, 0.65ml
Optiprep Dilution Buffer, 0.03 ml 2, 3 M Sucrose to 0.4 ml of Crude Lysosomal Fraction). To the diluted
Optiprep fraction 250mM Calcium chloride was added to a final concentration of 8 mM. Next the samples
were incubated on ice for 15 min and centrifuged for 5000 x g for 15 min to allow the precipitation of
mitochondria, endoplasmic reticulum and peroxisomes. Finally, the supernatant containing lysosomes
was transferred into fresh tubes. Lysosome purity and lysosomal membrane integrity were tested by
flow cytometry after lysosome staining with Neutral Red dye, provided in the Lysosome isolation Kit.
Fluorescence was read at 606 nm, the fluorescence of the lysosomotropic dye in the hydrated and acidic
interior of lysosomes [26].

Formation of cell spheroids

Nunc™Lab-Tek™chamber slides were coated with faCellitate BIOFLOAT FLEX coating solution according
to the manufacturer protocol. After 30 min of air-drying of the chambers within the laminar flow hood, the
cells were seeded per well at a density of 20, 000 cells. Cells were grown in DMEM supplemented with
10% FBS and penicillin/streptomycin (50 U/ml and 50 pg/ml, respectively) in 5% CO2 to allow spheroids
formation for 21 days.

Transient gene silencing

The cells were seeded per well at a density of 100, 000 cells on the 24-well plate, 10, 000 cells on Nunc™
Lab-Tek™ Chamber Slide or 3-week spheroids were transfected using siRNA-RNAiMAX complexes according
to the previously described protocol [27]. After 6 h incubation with the complexes, DMEM supplemented
with 10% FBS and antibiotics was added to the desired volume and cells were grown for another 48 h to
obtain transient gene silencing.

Flow cytometry
Cells were seeded into a 6-well plate at a density of 1 million cells per well. After 48 h of cell transfection,
doxorubicin and paclitaxel-Oregon Green were added to the culture for another 24 h. Then lysosomes
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were isolated or cells were trypsynized and washed with PBS, fixed in 0.5% formaldehyde in PBS at room
temperature for 15 min and transferred to fresh PBS. The lysosomes were taken directly after isolation to
analysis. The fluorescence intensity was measured by a flow cytometer LSR® II (Becton Dickinson) at ex:
470/em: 595 nm/nm for anthracyclines and ex: 496 nm/em: 524 nm for paclitaxel. The cell or lysosome
population was discriminated based on FSC-A and SSC-A parameters in Flowing Software 2. Intensity of
the cell fluorescence was visualized on a histogram and the shift in fluorescence distribution indicated the
alteration in drug distribution.

Whole-cell protein expression evaluation

For protein expression evaluation cells were lysed in RIPA buffer (supplemented with 1 mM PMSF and
PIC) and sonicated (Bandelin Sonopuls HD2070); Proteins were then separated by SDS-PAGE, transferred
into a nitrocellulose membrane and stained with primary antibodies (1:5000) at 4°C overnight. After
subsequent staining with HRP-conjugated secondary antibodies (1:5000 for antirabbit and 1:2500 for
anti-mouse antibodies; room temperature; 2 h), the signal was developed with the SuperSignal™ West Pico
Chemiluminescent Substrate and pictures were acquired using ProXima 2750 (Isogen Life Science). ACTB
was used as the control.

Lysosomal protein expression evaluation

Lysosomes were suspended in 5x RIPA buffer (supplemented with 1 mM PMSF and PIC) and
sonicated (Bandelin Sonopuls HD2070). Lysosome lysates were then separated by SDS-PAGE, transferred
into a nitrocellulose membrane and stained with primary antibodies (1:5000) at 4°C overnight. After
subsequent staining with HRP-conjugated secondary antibodies (1:10, 000 for antirabbit and 1:5000 for
anti-mouse antibodies; room temperature; 2 h), the signal was analyzed using the SuperSignal™ West Pico
Chemiluminescent Substrate in ChemiDoc-IT2 (UVP, Meranco, Poznan, Poland). ACTB, H3 and SOD2 was
used as the control.

Confocal microscopy evaluation of ABC proteins

For the confocal imaging of ABC proteins, cells were seeded on a Nunc™ Lab-Tek™ chamber slide.
2 h before cell fixation, Lysotracker™ Deep Red was added to the final volume of 75 nM and cells were
incubated 1 h at 37°C. Cells were fixed with a 1% formaldehyde solution in PBS at room temperature for 15
min, permeabilized and blocked with 1% FBS solution in PBS with 0.1% TritonX-100 at room temperature
for 1 h. Primary antibodies (1:400) were added in 1% BSA solution in PBS with 0.1% TritonX-100 and
incubated at 4 °C overnight. A secondary antibody (1:400) was then added in 1% BSA solution in PBS with
0.1% TritonX-100 at room temperature for 2 h. After washing, the slides were mounted with SlowFade™
glass soft-set antifade mountant (with DAPI). The TCS SP8 (Leica Microsystems, Germany) with a 63x/1.40
objective (HC PL APO CS2, Leica Microsystems, Germany) was used for sample visualization. The samples
were imaged with the following wavelength values for excitation and emission: 485 and 500-550 nm for
Alexa Fluor® 488, 647 and 660-670 for Lysotracker Deep Red and 405 and 430-480 nm for DAPI. The
fluorescence intensity and colocalization was determined in arbitrary units (a.u.) with Leica Application
Suite X (LAS X, Leica Microsystems, Germany).

Confocal microscopy imaging of lysosomal proteins

For the confocal imaging of ABC proteins, cells were seeded on a Nunc™ Lab-Tek™ chamber slide.
Cells were fixed with a 1% formaldehyde solution in PBS at room temperature for 15 min, permeabilized
and blocked with 1% FBS solution in PBS with 0.1% TritonX-100 at room temperature for 1 h. Anti-LAMP
primary antibody (1:400) was added in 1% BSA solution in PBS with 0.1% TritonX-100 and incubated at
4 °C overnight. A secondary antibody labelled with Alexa Fluor® 488 (1:400) was then added in 1% BSA
solution in PBS with 0.1% TritonX-100 at room temperature for 2 h. Next anti-ABC primary antibodies
(1:400) were added in 1% BSA solution in PBS with 0.1% TritonX-100 and incubated at 4 °C overnight. A
secondary antibody labelled with Alexa Fluor® 546 or R-phycoerythrin (PE) (1:400) was then added in
1% BSA solution in PBS with 0.1% TritonX-100 at room temperature for 2 h. After washing, the slides were
mounted with SlowFade™ glass soft-set antifade mountant (with DAPI). The TCS SP8 (Leica Microsystems,
Germany) with a 100x/1.40 objective (HC PL APO CS2, Leica Microsystems, Germany) was used for sample
visualization. The samples were imaged with the following wavelength values for excitation and emission:
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485 and 500-550 nm for Alexa Fluor® 488, 550 and 570-580 nm for Alexa Fluor® 546, 480 and 570-580
nm for R-phycoerythrin (PE). The scans of cells were deconvolved using 3D-Deconwolution accessible in
Leica Application Suite X software (LAS X, Leica Microsystems, Germany).

Confocal microscopy analysis of drug accumulation in cells

Cells seeded on Nunc™Lab-Tek™chamber slides were treated with anticancer drugs and inhibitors. Next,
Lysotracker™ Deep Red (75 nM for 2 h), BODIPY™ TR Ceramide (5 pM for 30 min), or MitoTracker™ Red FM
(100 nM for 30 min), was added to the culture media. After incubation and cell washing with PBS, cells were
mounted with SlowFade™ glass soft-set antifade mountant (with DAPI). The TCS SP8 (Leica Microsystems,
Germany) with a 63x/1.40 and 10x 0.40 DRY objectives (HC PL APO CS2, Leica Microsystems, Germany) was
used for sample visualization. The samples were imaged with the following wavelength values for excitation
and emission: 485 and 500-550 nm for Alexa Fluor® 488 conjugated Paclitaxel, 470 and 580-600 nm for
Doxorubicin and 405 and 430-480 nm for DAPIL The fluorescence intensity was determined in arbitrary
units (a.u.) with Leica Application Suite X (LAS X, Leica Microsystems, Germany).

Confocal microscopy evaluation of drug accumulation in spheroids

3-week-old 3D cell cultures were stained with Lysotracker™ Deep Red (75 nM) for 2 h. Next, spheroids
were fixed with a 4% formaldehyde solution in PBS, at room temperature for 30 min. After fixation the
spheroids were washed with PBS and incubated with 1 pg/ml DAPI for 30 min at room temperature.
Spheroids were analyzed immediately. The TCS SP8 (Leica Microsystems, Germany) with a 63x/1.40 and
10x 0.40 DRY objectives (HC PL APO CS2, Leica Microsystems, Germany) was used for sample visualization.
The samples were imaged with the following wavelength values for excitation and emission: 485 and 500-
550 nm for Alexa Fluor® 488 conjugated Paclitaxel, 470 and 580-600 for Doxorubicin and 405 and 430-480
nm for DAPIL The fluorescence intensity was determined in arbitrary units (a.u.) with Leica Application
Suite X (LAS X, Leica Microsystems, Germany).

Resazurin toxicity assay

The day prior to transfection/treatment, cells were seeded at a density of 2, 500 cells per well on Nunc®
MicroWell™ 384-well optical bottom plates. After transfection/incubation with drugs and inhibitors, cells
were incubated with the resazurin solution (5 puM) in the growth medium at 37 °C for 3 h. The fluorescence
that corresponds to the metabolic activity of living cells was measured with a fluorescence microplate
reader (BioTek Synergy HTX, Biokom, Poland) at excitation 530 and emission 590 nm. The fluorescence
value for control cells was assumed to be 100%.

Annexin V and propidium iodide staining

For the visualization of apoptosis/necrosis induction by the combination of drugs and inhibitors,
Nunc™Lab-Tek™chamber slides were coated with faCellitate BIOFLOAT FLEX coating solution according
to manufacturer protocol. Cells seeded on coated chamber slides were harvested for 3-weeks to obtain
spheroid formation. Cells were treated with inhibitor/ siRNA-RNAiMAx complexes and anticancer
drugs. After washing with PBS, according to the manufacturer protocols, Annexin V-FITC and Propidium
iodide were added to the cells in a binding buffer [28] and incubated for 30 min at room temperature.
After incubation, spheroids were washed with PBS and incubated with 1pg/ml DAPI for 30 min at room
temperature. Spheroids were stored in PBS. The confocal laser scanning microscopy platform TCS SP8 (Leica
Microsystems, Germany) with a 10x objective (HC PL APO CS2, Leica Microsystems, Germany) was used
for the imaging of samples at the following wavelength values for excitation and emission: 485 and 500-
550 nm for AnnexinV-FITC, 450 and 610-620 for Propidium iodide, 405 and 430-480 nm for DAPI, using
Leica Application Suite X (LAS X, Leica Microsystems). The level of baseline fluorescence was established
individually for each experiment. Fluorescence intensity was determined as arbitrary units (a.u.) with the
Leica Application Suite X (LAS X, Leica Microsystems, Germany).

Statistical analysis

Data are shown as mean * standard deviation (SD). Parametric or non-parametric tests were conducted
after testing the Gaussian distribution of data with the Shapiro-Wilk test. Student’s t-test or the Mann-
Whitney test was used to calculate statistically significant differences between two samples, while one-
way analysis of variance (ANOVA) or the Kruskal-Wallis test followed by corresponding post hoc test was
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carried out to compare multiple samples. Statistics were calculated using GraphPad Prism 8.01 software.
Statistically significant differences were marked with * when p < 0.05, ** when p < 0.01, *** when p < 0.001.

Results

Paclitaxel resistance is associated with enrichment of some ABCC transporters in lysosomal

membranes

Knowing that paclitaxel-resistant cancer cells are characterized by overexpression of
the three most frequently referred ABC proteins such as ABCB1, ABCC1 and ABCG2 and
that ABCB1 is localized in some intracellular organelles [7, 8,15, 16, 29-31], we tested for
expression and particularly searched for intracellular redistribution of ABCC subfamily
members caused by a high cell exposure to paclitaxel. Among the tested and multidrug
resistance-relevant transporters, only ABCB1 and ABCC5 increased in both studied cell lines
as imaged by confocal microscopy and Western Blot analysis of whole cell lysates (Fig. 1A-B,
1F-G, S1A-B, S1D, S2A-B, S2D). An elevated level of ABCC1 was found in A549 cells resistant
to paclitaxel (Fig. S1A, S1D), ABCC10 in MDA-PTX (Fig. S2A, S2D), whereas ABCC3 declined
in both paclitaxel-resistant cell lines (Fig. S1A, S1D, Fig. S2A, S2D). The development of
drug resistance was associated with the enrichment of ABCB1, ABCC3, ABCC5 and ABCC10
in lysosomes, stained with Lysotracker™ Deep Red, as shown in confocal images and by
colocalization of these proteins with lysosomes (Fig. 1A, 1C, 1D, 1F, 1H, 11, S1A, S1C, S24, S2C,
S3), regardless of their paclitaxel-induced alteration in cellular abundance. ABCB1, ABCC3,
ABCC5 and ABCC10 were further confirmed by observing the increased level of all these four
proteins in the membranes of lysosomes isolated from paclitaxel-resistant phenotypes (Fig.
1E, 1]). ABCC1, which reportedly occurred in the Golgi apparatus and an intracellular vehicle
in multidrug resistant cells, remained anchored in the plasma membrane.
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Fig. 1. Paclitaxel resistance is associated with enrichment of ABC transporters in lysosomes. A, F) Comparison
of selected ABC transporter abundance and intracellular localization in non- and paclitaxel-resistant cancer
cell lines A549 (A) and MDA-MB-231 (F). ABC transporters were visualized by immunocytostaining followed
by confocal microscopy. Green fluorescence of ABC transporters is derived from Alexafluor488-conjugated
secondary antibody, blue DNA was stained with DAPI, whereas red lysosomes with LysoTracker™ Deep
Red. (B-C, F-G) The fluorescence intensity, which corresponds to ABC protein level inside cells (B; G) and
colocalization between considered proteins and lysosomes (C, H) were determined in arbitrary units (a.u.)
with Leica Application Suite X. The difference between two means was tested with Student’s t-test or Mann
Whitney test, and statistically significant differences are marked with * when p<0.05 *, ** when p<0.01, ***
when p<0.001. (D,I) Confocal microscopy imaging of lysosomal proteins in non- and paclitaxel-resistant
cancer cell lines A549 (D) and MDA-MB-231 (I). ABC transporters were visualized by immunocytostaining
followed by confocal microscopy. Red fluorescence of ABC transporters is derived from R-phycoerythrin-
labelled secondary antibody and LAMP1- green fluorescence is derived from Alexafluor488-conjugated
secondary antibody. The scans of lysosomes were deconvolved using 3D-Deconwolution accessible in
Leica Application Suite X software (LAS X, Leica Microsystems, Germany). (E, ]) ABC transporters were
detected and compared in isolated lysosomes of cancer cell lines and their paclitaxel-resistant counterparts
by western blot. LAMP was used as an internal and positive control, whereas ACTB served as a control
for lysosome contamination with cytoplasmic and plasma membrane fractions; SOD2 was a control for
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Paclitaxel resistance enhances the sequestration of acidity-different compounds in

lysosomes

Knowing that a highly acidic environment of lysosomes determines the passive
accumulation of compounds depending on their acidity, we made use of neutral Paclitaxel
Oregon Green 488 that can only enter lysosomes by active membrane transporters, and
we traced its intracellular localization by confocal microscopy and co-staining of selected
organelles. In parallel, intracellular distribution of doxorubicin was tested. Doxorubicin
enters acidic organelles due to weak base chemical features, but it is also transported across
cellular membranes by the ABC proteins, making it possible to estimate the contribution
of ABC proteins in doxorubicin loading to lysosomes. As shown in Fig. 2A-D and Fig. S4A-B,
gaining resistance to paclitaxel considerably changed intracellular localization of both drugs.
In non-resistant cells, neutral Paclitaxel Oregon Green 488 accumulated in the cytoplasm
(cytoskeleton binding), whereas doxorubicin was found in cytoplasm and to a lower extent
also in the nucleus. Repeated exposure to paclitaxel enhanced the drug sequestration in
lysosomes, as indicated by substantial increase in the drug-lysosome co-localization rate
(Fig. 2C, 2D).

To confirm enhanced accumulation of the considered drugs in lysosomes enriched
in ABCB1, ABCC3, ABCC5 and ABCC10, the fluorescence intensity in lysosomes isolated
from non-resistant and paclitaxel-resistant cells exposed to Paclitaxel OregonGreen 488
and doxorubicin was compared. The median value of fluorescence distribution indicates
3- and 7-fold increase in lysosomal trapping of paclitaxel and anthracycline respectively in
paclitaxel-resistant phenotypes (Fig. 2E-F).
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Fig. 2. Development of cancer cell resistance to paclitaxel is followed by intracellular drug redistribution to
lysosomes. (A-B) Comparison of paclitaxel intracellular localization between non-resistant and paclitaxel-
resistant cancer cell lines (A549 - A and MDA-MB-231 - B) after their exposure to paclitaxel for 24 h based
on confocal imaging (TCS SP8, Leica Microsystems, Germany). Paclitaxel Oregon Green™ 488 is visualized
in green (0,1 pM), DNA (DAPI) in blue and lysosomes (LysoTrackerTM Deep Red) in red. (C,D) The
colocalization between fluorescence of Paclitaxel Oregon GreenTM 488 (C),autofluorescence of doxorubicin
(D) and LysoTrackerTM Deep Red was determined in arbitrary units (a.u.) with Leica Application Suite X.
The difference between two means was tested with Student’s t-test or Mann Whitney test, and statistically
significant differences are marked with * when p<0.05*,** when p<0.01, *** when p<0.001 (G-H) Comparison
of doxorubicin (G) and paclitaxel (H) lysosomal uptake between non-resistant and paclitaxel-resistant A549
cancer cell line after their exposure to drugs for 24 h based on Flow Cytometry. The fluorescence intensity
was measured by flow cytometer LSR® II (Becton Dickinson) at em: 595 nm/ex: 470 nm for anthracyclines
and em: 524 nm/ex: 496 nm for paclitaxel. Distribution of cell/lysosomes intensity was analysed in Flowing
Software 2. The analyzed cell population was discriminated based on FSC-A and SSC-A parameters. Intensity
of cell fluorescence was visualized on a histogram and the shift in fluorescence distribution indicated the
alteration in drug distribution.
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Taking into account literature reports on the possible non-specific binding of Oregon
Green 488-labeled paclitaxel to the Golgi apparatus [32] and enrichment of ABCB1 in the
mitochondria membrane [29], the impact of development of paclitaxel resistance on the
possible accumulation of fluorescently labeled paclitaxel in these two cellular compartments
was checked (Fig. S4C-F). As shown in Fig. S4C-D, colocalization of the drug, endoplasmic
reticulum and Golgi apparatus was substantially lower in the resistant phenotype of A549
cells. Based on the confocal images in Fig. S4E-F, mitochondria of resistant cells accumulated
a lower amount of Paclitaxel Oregon Green 488 indicating that intracellular redistribution
of ABCB1, ABCC3, ABCC5 and ABCC10 to lysosomes co-occurs with considerably enhanced
Paclitaxel Oregon Green 488 and doxorubicin accumulation in these organelles.

Development of cancer cell resistance to paclitaxel is followed by ABCC transporter-

dependent drug redistribution to lysosomes

Taking into account previous reports on the lysosomal function of ABCB1 [19, 33], we
focused mostly on ABCC3, ABCC5 and ABCC10. Their lysosomal localization and possible
impact on drug sequestration in these organelles has not been mechanistically described.

To confirm the role of lysosomal ABC transporters in lysosomal drug sequestration, the
uptake of chemotherapeutics was analyzed in the presence of two inhibitors MK-571 and
ammonium chloride (AC). MK-571 is a non-selective inhibitor of several ABCC-transporters,
including ABCC1, ABCC2, ABCC3, ABCC5 and ABCC10 [34-40]. Due to its non-selective
action against several transporters, it serves as a potential pan-ABCC inhibitor [41]. ACis a
lysosomal lumen alkalizer, which increases the acidic pH of the lysosomes, thereby leading
to the passage of neutral cytotoxic drugs across the lysosomal membrane and considerable
release of weak bases entrapped in these organelles [33]. Ammonium chloride declined
accumulation of the doxorubicin inside lysosomes in a resistant lung cancer cell line grown in
amonolayer, but had weaker impact on Paclitaxel Oregon Green 488 intracellular localization
(Fig. 3A-B, Fig. S5A). Interestingly, iABCC was more potent in reducing colocalization between
lysosomes and both drugs, and almost completely prevented doxorubicin sequestration
inside lysosomes. This indicates that the ABCC subfamily of proteins is involved in lysosomal
sequestration of the studied drugs.

Therole oflysosomes in drug accumulation was also confirmed in a 3D cancer cell culture
treated with ammonium chloride, causing deeper penetration of Paclitaxel Oregon Green
488 and doxorubicin (Fig. 3C, Fig. S5B-D). In paclitaxel-resistant spheroids fluorescently
labeled paclitaxel was entrapped in peripheral cell layers and visualized on fluorescence
plots across the 3D culture. Ammonium chloride also increased the signal of both drugs in
the central part of the culture, thereby allowing them to target the cells located in the inner
spheroid layers. The ABCC pan-inhibitor MK-571 phenocopied the effect of ammonium
chloride, thereby suggesting that ABCC subfamily of proteins entrap these two drugs in the
outer layer of spheroid and likely in the lysosomes.

The functional impact of drug sequestration in the lysosomes by ABCC transporters
and drug toxicity was studied by evaluating apoptotic and necrotic markers (Fig. 3D, 3E).
Analysis of Annexin V intensity in 3D culture of A549-PTX spheroids confirmed a stronger
apoptotic induction with the combination of drug and iABCC than with drugs alone, whereas
not observing a substantial extent of necrosis. Accordingly, confocal imaging of Annexin V
and propidium iodide-stained spheroids showed a similar distribution of apoptotic cells in
all spheroid layers after spheroid exposure to the combination of drug and iABCC (Fig. 3F,
Fig. S5E). A strong Annexin V signal in 3D cultures treated with the drug alone was observed
in the outer parts of spheroid. All these results suggest that drug entrapment by lysosomal
ABCC transporters prevents the drug reaching a pharmacological target and hence, reduces
drug cytotoxicity.
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Fig. 3. Lysosomotrophic neutralizing agent prevents ABCC-dependent drug sequestration in lysosomes of
paclitaxel-resistant cancer phenotypes. A) Comparison of lysosome and paclitaxel colocalization in paclitaxel-
resistant A549 cell line after cell treatment with drug alone or in combination with lysosomotrophic
neutralizing agent (ammonium chloride - AC; 25 mM) and ABCC inhibitor (MK-571 - iABCC; 100 uM), which
were added for 2 h prior to Paclitaxel Oregon Green™ 488 treatment (0.1 uM). Pictures were acquired with
confocal microscope (TCS SP8, Leica Microsystems, Germany). Paclitaxel Oregon Green™ 488 is marked
red, DNA was stained with DAPI (blue) and lysosomes with LysoTracker™ Deep Red (green). (B) The
impact of ammonium chloride (AC) and MK571 (iABCC) on doxorubicin (0,05 uM) and paclitaxel (0.1 pM)
colocalization with lysosomes was determined in arbitrary units (a.u.) with Leica Application Suite X. The
difference between two means was tested with Student’s t-test or Mann Whitney test, and statistically
significant differences are marked with * when p<0.05 *, ** when p<0.01, *** when p<0.001. (C) 4 week-
old 3D PTX-resistant A549 were treated with Paclitaxel Oregon Green™ 488 (green) alone for 48 h or
in combination with ammonium chloride (25 mM; 2 h prior to paclitaxel), stained with LysoTrackerTM
Deep Red (red) and DAPI (blue). Spheroid fluorescence was captured with confocal microscope (TCS SP8,
Leica Microsystems, Germany). The fluorescence intensity plot at spheroid cross section was determined
in arbitrary units (a.u.) with Leica Application Suite X. (D,E) The role of ABCC in cell protection against
doxorubicin (0.05 uM; 48 h) and paclitaxel (0.1 uM; 48 h) -induced cytotoxicity in 3D culture of 3 week old
A549-PTX spheroids was assayed by measurement the Annexin V (D) and propidium iodide. (E) iABCC was
added as in (A). The fluorescence intensity was determined in arbitrary units (a.u.) with Leica Application
Suite X. The difference between the variants was tested with one-way ANOVA and Tukey post-hoc test, and
statistically significant differences are marked with * when p<0.05 *, ** when p<0.01, *** when p<0.001. (F)
The role of ABCC in cell protection against paclitaxel-induced cytotoxicity (0.01 uM; 48 h) in 3D culture of 3
week old A549-PTX spheroids was assayed by spheroid triple staining with Annexin V (green), propidium
iodide (red) and DAPI (blue) for 1 h. iABCC was added as in A. Images were acquired as in C. The green
fluorescence intensity of entire spheroid corresponds to the extent of apoptosis in the culture, whereas
intensity of red fluorescence to necrosis.

Deficiency of ABCC3, ABCC5 and ABCC10 prevents drug sequestration in lysosomes of

paclitaxel-resistant cancer cells

To identify the possible role of particular ABCC family members in lysosomal drug
sequestration, we made use of transient gene silencing and targeted mRNA of ABCC3, ABCC5
and ABCC10 with siRNA to substantially reduce their abundance in paclitaxel-resistant
cells (Fig. S6). We considered whether these proteins contributed to regulation of the drug
level inside cells. Either flow cytometry measurement of Paclitaxel Oregon Green 488 and
doxorubicin fluorescence intensity inside whole cells (Fig. 4A) or confocal microcopy-based
quantification of cell fluorescence (Fig. 4B, 4C) indicated that there was no sign of substantial
alteration in cell fluorescence, with only one exception. The deficiency of ABCC3 in A549-
PTX was followed by a statistically significant increase of the doxorubicin level inside cells
when analyzed by flow cytometry. However, the silencing of ABCC3, ABCC5 or ABCC10
increased the drug level outside lysosomes (Fig. 4B), hence reducing drug colocalization
with lysosomes (Fig. 4D). The most prominent reduction in doxorubicin-lysosome and
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Paclitaxel Oregon Green 488-lysosome co-occurrence was observed in ABCC3-deficient cells.
This protein therefore seems to be largely responsible for the accumulation of fluorescently-
labeled paclitaxel and anthracycline inside lysosomes.

To confirm the role of particular ABCC transporters in lysosomal drug sequestration,
these organelles were isolated from paclitaxel-resistant ABCC3-, ABCC5- and ABCC10-
deficient and proficient cells treated with Paclitaxel Oregon Green 488 and compared using
lysosome fluorescence by flow cytometry. As shown in Fig. 4E and Fig. S7 and according to
data from confocal imaging (Fig. 4B, 4C, Fig S8), the most striking reduction of fluorescently
labeled paclitaxel accumulation was observed in ABCC3-deficient cells, where it dropped
below 50%. The knock down of the other two proteins caused slight, mostly statistically
insignificant changes with the exception of ABCC10 knock down in paclitaxel-resistant A549
cells, where the accumulation of Paclitaxel Oregon Green 488 was considerably reduced.

These results suggests that all three studied proteins may be important for lysosome-
based drug accumulation and resistance, with ABCC3 emerging as a key protein involved in
the active trapping of chemotherapeutics inside acidic organelles.

A Flow cytometry (whole cells) B A549-PTX MDA-MB-231-PTX E Paclitaxel-OregonGreen 488 in lysosomes (A549-Ptx)
Paclitaxel Doxorubicin
DOA549-PTX BA549-PTX 0 beigr = 147 SICTRL=55.3
2 SICTRL=553 0 siABCC3=27.3
=
o
K
N ¥l 5 Q N D o S
O&Q‘ QOO 000 00\ 68‘ &L 00\ - SICTRL=553 SICTRL =553
S R S . @ siaBcc5=418 O siaBcc10=37.3
C% F XL TFF g e s
Confocal microscopy (whole cells) 3

3

Qs

0
siABCC5

.
)

Y

Flow cytometry (Lysosomes)

OA549-PTX

D Colocalization <::|

ige

I

)
0.8
e ®
S <
Gl
g g 204 Ei
= @ o
S [
<0
I 0.0 L LI
0. Nucleus Lysosomes O«Q_V oo’b Q} 00
& é\‘?‘ P\ 9\\?‘37

Fig. 4. Transient ABCC silencing prevents drug sequestration in lysosomes of paclitaxel-resistant cancer
phenotypes. (A)Comparison of cell lysosomal uptake in paclitaxel-resistant A549 cell line and MDA-MB-231
after transfection with control siRNA and siRNA for ABCC3, ABCC5 and ABCC10. Paclitaxel (0.1 uM) and
Doxorubicin (0.05 pM) was added 48h after transfection for 24h. The fluorescence intensity was measured
by a flow cytometer LSR® II (Becton Dickinson) at ex: 470/em: 595 nm/nm for anthracyclines and ex:
496 nm/em: 524 nm for paclitaxel. Distribution of cells intensity was analysed in Flowing Software 2.
(B,C,D) Comparison of paclitaxel distribution in paclitaxel-resistant A549 cell line (A) and MDA-MB-231
after transfection with control siRNA and siRNA for ABCC3, ABCC5 and ABCC10. Paclitaxel (0,1 pM) was
added 48h after transfection for 24h. (B) Pictures were acquired with confocal microscope (TCS SP8, Leica
Microsystems, Germany). Paclitaxel Oregon Green™ 488 is marked green, DNA was stained with DAPI (blue)
and lysosomes with LysoTracker™ Deep Red (red). The fluorescence intensity, which corresponds to drug
level inside cells (C) and colocalization between considered proteins and lysosomes (D) were determined
in arbitrary units (a.u.) with Leica Application Suite X. The difference between the variants was tested with
one-way ANOVA or Kruskal Wallis Test, and statistically significant differences are marked with * when
p<0.05 *, ** when p<0.01, *** when p<0.001. (E,F) Comparison of paclitaxel lysosomal uptake in paclitaxel-
resistant A549 cell line and MDA-MB-231 after transfection with control siRNA and siRNA for ABCC3, ABCC5
and ABCC10. Paclitaxel (0,01 uM) was added 48h after transfection for 24h. The fluorescence intensity
was measured by flow cytometer LSR® II (Becton Dickinson) at em: 524 nm/ex: 496 nm. Distribution of
lysosomes intensity was analysed in Flowing Software 2.
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Lysosome-enriched ABCC transporters protect paclitaxel-resistant cancer cells from

anticancer drugs

Since the impact of single ABCC silencing on doxorubicin and Paclitaxel Oregon Green
488 accumulation in lysosomes was incomplete, all three proteins were knocked down
simultaneously and the drug accumulation and toxicity was compared for ABCC3/5/10-
deficient and proficient cells. As expected, targeting mRNA of three ABCC transporters with
siRNA lowered lysosomal sequestration of doxorubicin and fluorescently-labeled paclitaxel
(Fig. 5A, 5B, Fig. S9A), and led to dramatic decrease in drug-lysosome colocalization, up to
~49% for doxorubicin in the paclitaxel-resistant A549 cells (Fig. 5C, Fig. S9B). Importantly, the
knock down of ABCC3/ABCC5/ABCC10 increased the cytotoxicity of paclitaxel, doxorubicin,
cisplatin and etoposide that vary in their acidity. A similar effect was also observed for the
pan-ABCC inhibitor (Fig. 5D).

In a 3D culture of these cells, the knock down of all three ABCC transporters substantially
enhanced the spheroid penetration by Paclitaxel Oregon Green 488, which was distributed
approximately equally across the entire spheroid regardless of its depth, whereas in control
cells the green fluorescence of the drug was prevalently observed in the outer spheroid
layers (Fig. 5E). A similar profile of the difference between siCTRL and siABCC was also found
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Fig. 5. Transient ABCC silencing increase cytotoxic effect of anticancer drugs. (A-C) The impact of
simultaneous silencing with siABCC3, siABCC5 and siABCC10 on Paclitaxel Oregon Green 488 intracellular
distribution was tested in paclitaxel-resistant A549 (A) and MDA-MB-231 (B) cells. Fluorescently labeled
paclitaxel (green) was added to cells 72 h after their transfection with siRNA mixture (Mix siABCC) or with
non-template control for another 24 h. Lysosomes were stained with LysoTrackerTM Deep Red (red) and
DAPI (blue). (C) Colocalization of Paclitaxel Oregon Green 488-derived green and LysoTrackerTM-derived
red fluorescence was quantified with Leica Application Suite X. Bars in Fig. show mean * SD. The difference
between two means was tested with Student’s t-test (Gaussian distribution values) or Mann Whitney test
(non-Gaussian distribution values), and statistically significant differences are marked with * when p<0.05
*, ** when p<0.01, *** when p<0.001. (D) Cell metabolic activity that serves as a readout of cell viability
was assayed with resazurin red. iABCC (MK-571; 25 uM) was administrated to the culture for 2 h prior
to drugs, whereas cell transfection with the mixture of siABCC3, siABCC5 and siABCC10 was carried out
72 h prior to induction of cytotoxicity. For each tested chemotherapeutic, the viability of siCTRL or iABCC
untreated cells was assumed as 100%. (E) 4 week-old 3D PTX-resistant A549 were transfected with mix of
ABCC3, ABCC5 and ABCC10 or siRNA control 78h prior to treatment with paclitaxel (0.1 uM), stained with
DAPI (blue). Paclitaxel Oregon Green 488 fluorescence was captured with confocal microscope (TCS SP8,
Leica Microsystems, Germany). The fluorescence intensity plot at spheroid cross section was determined
in arbitrary units (a.u.) with Leica Application Suite X. (EG) The role of ABCC3, ABCC5 and ABCC10 in
cell protection against doxorubicin (0.05 uM; 48 h) and paclitaxel (0.1 uM; 48 h) -induced cytotoxicity in
3D culture of 3 week old A549-PTX and MDA-MB-231-PTX spheroids was assayed by measurement the
Annexin V (D) and propidium iodide (E). The drugs was added to cells 72 h after their transfection with
siRNA mixture (Mix siABCC) or with non-template control. The fluorescence intensity was quantified with
Leica Application Suite X. The difference between the variants was tested with one-way ANOVA or Kruskal
Wallis Test, and statistically significant differences are marked with * when p<0.05 *, ** when p<0.01, ***
when p<0.001.
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in doxorubicin-treated 3D cell cultures (Fig. S9C). Furthermore, silencing of ABCC3/5/10
phenocopied the impact of iABCC and ammonium chloride regarding drug distribution to
spheroids. This suggests that ABCC, enriched in lysosomes of paclitaxel-resistant cancer
cells, is involved in the doxorubicin and Paclitaxel Oregon Green 488 trapping in the outer
cell layers of the 3D culture and protects deeper spheroid layers from drug penetration.
To test if drug retention in the peripheral part of spheroids by ABCC3, ABCC5 and ABCC10
reduces the cytotoxicity of doxorubicin and paclitaxel similarly to the pan-ABCC inhibitor, we
compared the extent of apoptotic and necrotic cells between the control and ABCC3/5/10
knockdowns (Fig. 5F, 5G). Analysis of apoptotic marker - Annexin V intensity in a 3D culture
of A549-PTX and MDA-MB-231 spheroids confirmed a more potent apoptotic induction by
the drug in ABCC knockdown cells than transfection with control siRNA. A greater extent of
necrosis was observed in cells after ABCC silencing and doxorubicin treatment (Fig. S10C-D),
but it was not observed after ABCC silencing and paclitaxel exposure, in comparison with
control siRNA (Fig. S10A-B). Interestingly, Annexin V and propidium iodide-stained
spheroids showed a similar distribution of apoptotic cells in all spheroid layers after ABCC
silencing in comparison with control siRNA in which apoptotic marker was located mainly
in the outer parts of the spheroid (Fig. S10 A-D). These results suggest that drug entrapment
by lysosomal ABCC3, ABCC5 and ABCC10 reduces drug cytotoxicity.

In summary, our results suggest that the lysosomal fractions of ABCC3, ABCC5 and
ABCC10 may protect cells growing in 3D structures from doxorubicin and paclitaxel. Their
impact on the anticancer efficacy of other chemotherapeutics that are actively transported
across membranes by ABCC3, ABCC5 and ABCC10, is also likely, but requires further
verification.

Discussion

One of the most frequently referred mechanism of multidrug resistance is conferred by
the overexpression of ABC transporters that actively transport chemotherapeutic drugs
across intracellular and plasma membranes, thereby removing them out of the cells or
sequestering them inside some cellular organelles and limiting their toxicity. A substantial
body of evidence links declined cancer cell responsiveness to chemotherapeutics being
accumulated in lysosomes, which increase in number due to the G2 arrest-dependent
activation of TFEB transcription factor following the exposure of cancer cells to hydrophobic
weak-base drugs such as doxorubicin, daunorubicin, mitoxantrone and symadex [42]. Some
data including our results, also indicated enhanced lysosomal biogenesis in paclitaxel-
treated cancer cells [15], which may be assigned to at least two mechanisms. Similarly, to the
drugs listed above, paclitaxel triggered G2/M arrest regardless of the p53 mutation status in
glioma cells [43]. Furthermore, lysosomal drug sequestration induced lysosomal stress and
TFEB-mediated lysosomal biogenesis [44]. Additionally, it has been shown that stress factors
in the tumor microenvironment induced drug resistance via ABCB1. This occurred through
two mechanisms: rapid P-glycoprotein internalization via endocytosis of plasma membrane
and redistribution via intracellular trafficking and hypoxia-inducible factor-1la expression
which up-regulated ABCB1 expression and was accompanied by lysosomal biogenesis. As
part of endocytosis, the ABCB1-containing plasma membrane buds inward to form an early
endosome, which next forms a lysosome. During endocytosis, the catalytic active-site and
ATP-binding domain of P-glycoprotein are still exposed to the cytosol and are enabled to
pump substrates from the cytosol into lysosomes [45]. Lysosomal drug accumulation results
in the translocation of lysosomes from the perinuclear zone towards the plasma membrane
via movement on microtubule tracks. Following translocation to the plasma membrane,
drug-loaded lysosomes fuse with the plasma membrane and release the drugs from the cell,
evidenced by the increasing levels of the lysosomal enzyme cathepsin D in the extracellular
environment [46]. Other transporters, such as ABCA2-3, ABCC1-2 and ABCG2 were shown to
be recruited from the cell membrane surface via internalization into (early/late) endo- or
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lysosomes, which was demonstrated in colocalization studies with these ABC transporters
and endo- or lysosomal markers. However, some ABC transporters (e.g., ABCA4, ABCAS,
ABCB1, ABCB6, ABCB9, ABCC4-5, ABCD4, ABCG1 and ABCG4) have, in addition to their
cellular membrane localization, a real subcellular destination rather than an intermediate
[16]. Nothing is known at present about the molecular mechanism that sorts the ABCC family
members such as ABCC1, ABCC2, ABCC3, ABCC5 and ABCC10 to lysosomes and the lysosomal
membrane [22]. Although some differences in amino acid sequence and protein structure
between ABCB1 and these ABCC transporters exist, they share similarity in functional
domains allowing them to bind to ATP and substrates, and so be shuttled across membranes
[23]. Liu-Kreyche and co-authors provided evidence for the presence of ABCC2, ABCC3 and
ABCC4 in similar or even higher levels than ABCB1 in lysosomes of non-resistant HepG2,
Hep3B2, H226, OVCAR3 and N87 cell lines, and ABCC3 was detected in all of them [22]. In
our model of A549 and MDA-MB-231 cells the development of drug resistance was followed
by the enrichment of ABCC3, ABCC5 and ABCC10 in lysosomes, but only ABCC5 transcription
was considerably enhanced. This suggests that the redistribution of ABC transporters from
plasma or from other intracellular compartment membranes to lysosomes rather than
protein overexpression, plays a key role in lysosomal sequestration of at least doxorubicin
and Paclitaxel Oregon Green 488. This conclusion can be possibly extended to other
anticancer therapeutics, which are listed as substrates of ABC transporters, however the
trapping of these therapeutics inside acidic organelles in multidrug resistant cells must be
first experimentally confirmed. The origin of ABCC proteins that are enriched in lysosomal
membrane of paclitaxel-resistant cell lines remains unknown. None of the three proteins
were visibly present in the plasma membrane of resistant cells, in contrast to ABCC1. Hence,
the indirect pathway of their lysosomal targeting seems unlikely, where after synthesis in the
endoplasmic reticulum and passing through the Golgi apparatus, they are first sorted to the
cell surface and from there, enter the endocytic pathway in response to cell treatment with
doxorubicin or Paclitaxel Oregon Green 488. The plasma membrane localized ABCC1 did not
move to the lysosomes during development of paclitaxel resistance, thereby further
supporting the hypothesis based on the alternative route of subcellular trafficking of
lysosomal transmembrane ABCC proteins. The variety of options include: classical and direct
sorting of endoplasmic reticulum-derived proteins from the trans-Golgi network (TGN) to
the endosomes and lysosomes that are mediated by adaptor protein complexes (AP1, AP2,
AP3), or Golgi-localized, gamma-ear containing ADP-ribosylation factor binding (GGA)
proteins, or non-classical pathways such as post-translational modifications (N-glycosylation
and covalentlipid attachment), several amino acid motifs that do not conform to the canonical
tyrosine and dileucine signals and association with other proteins [47]. Other ABCA, ABCB
and ABCD subfamily members are considered to be lysosomal proteins. ABCB6 and ABCB9
are internalized to endolysosomes in clathrin-dependent fashion by an extended N-terminal
domain (TMDO), which does not contain classical sorting determinants. ABCD4 traffics to
the lysosomes only in association with LMBD1 (LMBR1 domain-containing protein 1), a
lysosomal protein with nine putative transmembrane domains and classical tyrosine-based
motif located in a cytosolic loop. ABCAZ, ABCA3 and ABCA4 possess the trafficking signal
motive xLxxKN (proximal post-Golgi compartment) that drives them to lysosomes [23]. This
suggests that cell exposure to paclitaxel and other drugs which induce lysosome-mediated
multidrug resistance [15, 17, 21], may alter the ABCC intracellular trafficking pathways
without apparent increase in their expression. This aspect requires further investigation
since the ability to retain multidrug resistance-associated ABC transporters outside
lysosomes could improve the efficacy of chemotherapy. Another important issue refers to
the functional impact of ABC transporters on drug sequestration in lysosomes and limiting
their toxicity. Previous reports have focused mostly on P-glycoprotein with its involvement
in multidrug resistance and colocalization with lysosomal LAMP2 protein in vinblastine- and
paclitaxel-resistant (but not in non-resistant) cervical and ovary cancer cells, respectively
[33]. Despite experimental evidence indicating P-glycoprotein incorporation into the
membrane of cytoplasmic vesicles, the contribution of this enzyme in drug sequestration
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remains controversial. The enzyme remains active in intracellular compartments but its ER
and Golgi localization is transient and lysosomal localization is less common, even while the
lysosomal pathway plays a major role in the degradation of P-gp in cancer cells [23]. The
silencing of ABCB1, with pharmacological inhibition of the enzyme with valspodar or
elacridar and treatment with lysosomotropic weak bases (NH4Cl, chloroquine, or
methylamine), caused relocalization of DOX from the lysosomes to DNA in the nucleus and
sensitized only the Pgp-expressing cell to cytotoxic drugs. Accordingly, the paclitaxel-
resistant breast and lung cancer cell lines were characterized by a striking enrichment of
ABCC3, ABCC5 and ABCC10 in lysosomes, which was followed by the enhanced accumulation
of doxorubicin and paclitaxel-OregonGreen in lysosomes of paclitaxel-resistant phenotypes.
Though direct evidence is lacking regarding the functional expression of P-glycoprotein in
the membrane of lysosomes. Regardless whether P-glycoprotein activity in lysosomes has
been corroborated or not, there was no correlation shown between the patterns of the
expression level of ABCB1 and the resistance to paclitaxel in human lung cancer cell lines.
The colocalization between Oregon Green® 488 conjugated paclitaxel with LysoTracker®
Red was more frequent in the RERF-LC-K] cells, characterized by relatively low expression of
ABCB1 when compared to other cell lines [15]. This leaves a gap and suggests the likely
contribution of other anticancer drug transporters such as ABCC accumulating Oregon
Green® 488 conjugated paclitaxel in the lysosomes of cells that are low in ABCB1. In our
study ABCC3 emerged the most potent for trapping Paclitaxel Oregon Green 488 and
doxorubicin in lysosomes, although confocal microscopy images and quantification of ABCC5
and ABCC10 colocalization with lysosomes confirmed their role in the lysosomal trapping of
both studied compounds. The advantage of one transporter over the other in the sequestration
of particular chemotherapeutics may be determined by their abundance in the lysosomal
membrane as well as their substrate specificity. ABCC3 transports a variety of antineoplastic
drugs such as etoposide, vincristine, methotrexate and sorafenib, whereas its overexpression
has correlated to the sensitivity reduction of drugs, namely paclitaxel, docetaxel, gemcitabine,
vinorelbine, cisplatin, doxorubicin and VP-16 [48]. The substrates of ABCC5 comprise
nucleoside analogs, cyclic nucleosides, 6-mercaptopurine and thioguanine, 5-fluorouracil,
cisplatin, methotrexate, PMEA, AZT, but also a wide range of fluorochromes [49]. Therefore,
limited activity of ABCC5 in Paclitaxel Oregon Green 488 and the doxorubicin loading to
lysosomes may result from a limited specificity towards the studied compounds. However,
the impact of ABCC10 on sequestration of our drugs was lower than that of ABCC3 even
though paclitaxel and doxorubicin are listed among ABCC10 substrates [50]. Our unpublished
RNA-Seq data confirms the highest mRNA level of ABCC3 in paclitaxel-resistant A549 cells,
and a 10-fold lower level of ABCC5 and ABCC10. Interestingly, the enrichment of ABCB1 in
the lysosomes of paclitaxel-resistant cells did not have any substantial impact on ABCC3,
ABCC5 and ABCC10-dependent drug trapping in lysosomes. As mentioned above, the
abundance of particular proteins in the lysosomal membrane ensures their bona fide
contribution to drug transport into the lysosome lumen. From our unpublished data, the
mRNA level of ABCB1 was more than 10-fold lower than that of ABCC5 and ABCC10, and
more than 50-fold lower than ABCC3 in both paclitaxel-resistant cell lines. Therefore, the
role of ABCB1 in our cellular model may be of minor importance.

Cancer cells are characterized by a large heterogeneity in the expression of ABC
transporters. mRNA profiling of all known human ABC genes and subsequent Western Blot
analysis of their protein expression showed an overlap in the overexpression of ABCB1 and
ABCC3 proteins only in the tested paclitaxel-resistant breast cancer sublines. Up-regulation
of ABCG2 and ABCC4 proteins was observed only in paclitaxel-resistant SK-BR-3 cells
and ABCB4 and ABCC2 in paclitaxel- resistant MCF-7 cells [11]. Due to the variability in
transporter overexpression among tumors escalating during therapy, specific inhibition of
particular transporters or their silencing, leads to the expected benefit in an unlikely way. In
our study, pan-ABCC inhibitor - MK-571 with documented activity against ABCC1, ABCCZ,
ABCC3, ABCC5 and ABCC10 prevented doxorubicin and Paclitaxel Oregon Green 488 loading
to lysosomes and enabled the toxicity of at least some chemotherapeutic drugs. Therefore,
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Pan-ABCC inhibitors emerge as encouraging candidates for pharmacological strategies to
overcome multidrug resistance by exploiting lysosomes as subcellular targets in reversing
drug sequestration resistance [44]. Many efforts have been made to interfere with the activity
of ABC transporters and to reverse multidrug resistance. For example, P-glycoprotein,
ABCC1 and BRCP inhibitors have been tested as chemo-sensitizers in clinical trials such as
cyclosporine A and tariquidar. However, no useful therapeutic effects were shown due to high
toxicity, drug-drug interaction and clinical trial design problems of this method [51]. New
and safe ABCC transporter inhibitors capable of blocking multiple ABCC proteins for single
or combinatorial patient treatment must be developed. Regardless of the overexpression
profile or subcellular localization of particular ABCC proteins in a given tumor, pan-ABCC
inhibitors could reduce drug efflux outside cells and limit drug sequestration in lysosomes.
As mentioned previously, the relative level of ABCB1 expression and lysosome abundance,
which is often elevated in drug-resistant cells, could predict the possible therapeutic success
of pan-ABCC inhibitors. In particular, identification of lysosomes as essential players in drug
resistance can lead to innovation of therapeutic approaches where targeting lysosomal
function might improve response to chemotherapy [17].

In summary, the members of the ABCC subfamily of transmembrane transporters play
a crucial role in lysosomal sequestration and hence the reduced toxicity of some anticancer
drugs. The lysosomal trafficking of ABC proteins does not require their gene overexpression
nor plasma membrane localization, typical for indirect protein sorting to the cell surface, to
the endocytic pathway and hence, the lysosomal membrane. We provided further evidence
that a passive influx of doxorubicin to lysosomes is facilitated by ABCC proteins, particularly
ABCC3. Still, numerous questions remain open, including: why are these three proteins
enriched in lysosomes? Why does ABCC1 remain in the plasma membrane upon ABC protein
mobilization to lysosomes? Is the profile of the ABCC proteins sorted to lysosomes similar in
other multidrug resistant cells?

Conclusion

In conclusion, our study shows that the lysosomal membrane of paclitaxel-resistant
non-small cell lung cancer and triple-negative breast cancer is enriched in ABCC3, ABCC5
and ABCC1, contributing to doxorubicin and Paclitaxel Oregon Green 488 sequestration in
lysosomes. Further studies are needed to confirm the role of the ABCC subfamily members
in lysosome-mediated multidrug resistance, and their functional impact on other anticancer
drug trapping. The identification of the mechanisms that cause a higher abundance of these
particular ABCC proteins in lysosomes, other organelles and the plasma membrane, may
provide new molecular targets for anticancer interventions.
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Supplementary figure legends:

Fig S1. The impact of paclitaxel resistance on ABCB1, ABCC1 and ABCC3 expression and distribution
inside A549 cells

(A) ABCB1, ABCC1, ABCC3 and ABCC10 were visualized in non-resistant and paclitaxel-resistant A549
cells by immunocytostaining followed by confocal microscopy. Green fluorescence of ABC
transporters is derived from Alexafluord88-conjugated secondary antibody, blue DNA was stained
with DAPI, whereas lysosomes in red were stained with LysoTracker™ Deep Red. (B and C) The
fluorescence intensity, which corresponds to ABC protein level inside cells (B) and colocalization
between considered proteins and lysosomes (C) were determined in arbitrary units (a.u.) with Leica
Application Suite X. The difference between two means was tested with Student’s t-test or Mann
Whitney test, and statistically significant differences are marked with * when p < 0.05 *, ** when p <
0.01, *** when p < 0.001.

(D) Western blot images of SDS-PAGE separated proteins from whole cell lysates were acquired with
ChemiDoc-IT2 (UVP, Meranco, Poznan, Poland). ACTB served as a loading control.

Fig S2. The impact of paclitaxel resistance on ABCB1, ABCC1 and ABCC3 expression and distribution
inside MDA-MB-231 cells

(A) ABCB1, ABCC1, ABCC3 and ABCC10 were visualized in non-resistant and paclitaxel-resistant A549
cells by immunocytostaining followed by confocal microscopy. Green fluorescence of ABC
transporters is derived from Alexafluor488-conjugated secondary antibody, blue DNA was stained
with DAPI, whereas lysosomes in red were stained with LysoTrackerTM Deep Red. (B and C) The
fluorescence intensity, which corresponds to ABC protein level inside cells (B) and colocalization
between considered proteins and lysosomes (C) were determined in arbitrary units (a.u.) with Leica
Application Suite X. The difference between two means was tested with Student’s t-test or Mann
Whitney test, and statistically significant differences are marked with * when p < 0.05 *, ** when p <
0.01, *** when p < 0.001.

(D) Western blot images of SDS-PAGE separated proteins from whole cell lysates were acquired with
ChemiDoc-IT2 (UVP, Meranco, Poznan, Poland). ACTB served as a loading control.

Fig S3. Confocal microscopy imaging of lysosomal proteins

Confocal microscopy imaging of lysosomal proteins in non- and paclitaxel-resistant cancer cell lines
A549 (A) and MDA-MB-231 (B). ABC transporters were visualized by immunocytostaining followed by
confocal microscopy. Red fluorescence of ABC transporters is derived from Alexa Fluor®546 R-
labelled secondary antibody and LAMP1- green fluorescence is derived from Alexafluor488-
conjugated secondary antibody. The scans of lysosomes were deconvolved using 3D-Deconwolution
accessible in Leica Application Suite X software (LAS X, Leica Microsystems, Germany)

Fig S4. The development of paclitaxel resistance is followed by the intracellular redistribution of
Paclitaxel Oregon Green 488 and doxorubicin

(A-B) Comparison of doxorubicin intracellular localization between non-resistant and paclitaxel-
resistant cancer cell lines (A549 — A and MDA-MB-231 — B) after their exposure to doxorubicin (0.05
KUM; 24 h; red). The lysosomes was stained with LysoTrackerTM Deep Red (green). DNA was stained
with DAPI. Cells was observed using TCS SP8 (Leica Microsystems, Germany) confocal microscope (C)
The colocalization of Paclitaxel Oregon Green 488 (0.1 uM), endoplasmic reticulum and Golgi
apparatus in non-resistant and paclitaxel-resistant A549 cells was monitored by staining of the latter
organelles with BODIPY™ TR Ceramide (red) and pictures were acquired using TCS SP8 (Leica
Microsystems, Germany) confocal microscope. DNA was counterstained with DAPI. (E) The
colocalization of Paclitaxel Oregon Green 488 (0.1 uM), and mitochondria in non-resistant and
paclitaxel-resistant A549 cells was monitored by staining of the mitochondria with MitoTracker™ Red
FM (red) and pictures were acquired using TCS SP8 (Leica Microsystems, Germany) confocal
microscope. DNA was counterstained with DAPI. Correlation of Paclitaxel Oregon Green 488 and



endoplasmic reticulum/ Golgi apparatus (D) and Lysotracker (F) occurrence was quantified with Leica
Application Suite X. The difference between two means was tested with Student’s t-test and
statistically significant differences are marked with * when p < 0.05 *, ** when p < 0.01, *** when p
< 0.001.

Fig S5. Lysosomotrophic neutralizing agent prevents ABCC-dependent drug sequestration in
lysosomes of paclitaxel-resistant cancer phenotypes

A) The impact of lysosomotrophic neutralizing agent (ammonium chloride - AC; 25 mM, 2 h prior to
anthracyclin) and pan-ABCC inhibitor (MK-571; 25 uM; 2 h prior to anthracyclin) on the intracellular
codistrubition of doxorubicin (red) and lysosomes (LysoTrackerTM Deep Red - green) in cells cultured
in monolayer was observed using TCS SP8 (Leica Microsystems, Germany) confocal microscope. DNA
was stained with DAPI (blue). (B) The depth of penetration of 3 week old A549-PTX spheroid culture
by doxorubicin (0.05 uM; 24 h; red), co-stained with LysoTrackerTM Deep Red (75 nM; 2 h; green)
and DAPI (1 ug/ml; 30 min; blue), with and without Ammonium chloride — AC (25 mM; 2 h prior to
doxorubicin). The spheroids was analyzed with Leica Application Suite X on pictures captured with
confocal microscope (TCS SP8, Leica Microsystems, Germany). Red fluorescence intensity (ex: 470
and em: 580-600 nm) that corresponds to drug concentration was monitored across spheroid
section. (C,D) The depth of penetration of 3 week old A549-PTX spheroid culture by doxorubicin (C)
(0.05 uM; 24 h; red) and (D) Paclitaxel Oregon Green™ 488 (0,1 uM), co-stained with DAPI (1 ug/ml;
30 min; blue), with and without MK-571 —iABCC (25 uM). The spheroids was analyzed with Leica
Application Suite X on pictures captured with confocal microscope (TCS SP8, Leica Microsystems,
Germany). Paclitaxel Oregon Green™ fluorescence that corresponds to drug concentration was
monitored across spheroid section. (E) The role of ABCC in cell protection against doxorubicin-
induced cytotoxicity (0.05 uM; 48 h) in 3D culture of 3 week old A549-PTX spheroids was assayed by
spheroid triple staining with Annexin V (green), propidium iodide (red) and DAPI (blue) for 1 h. iABCC
was added as in (C,D). Images were acquired as in B, C and D. The green fluorescence intensity of
entire spheroid corresponds to the extent of apoptosis in the culture, whereas intensity of red
fluorescence to necrosis.

Fig S6. The efficacy of ABCC3, ABCC5 and ABCC10 targeting with siRNA and lack of siRNA cross-
reactivity

(A) Whole cell lysates derived from 2D cell cultures transfected with siRNA against mRNA of ABCC3,
ABCC5, ABCC10 and equal molar mixture of all for 72 h were separated using SDS-PAGE. Membranes
were stained with anty-ABCC3, anty-ABCC5 and anty-ABCC10 antibodies to confirm selectivity and
efficacy of particular siRNAs. Cells transfected with non-template siRNA (siCTRL) served as a control
for normal protein level. ACTB was used as a loading control.

Fig S7. The deficiency of ABCC3, ABCC5 and ABCC10 favors extra-lysosomal localization of
doxorubicin

(A) Intracellular localization of doxorubicin (0.05 uM; 24 h; red) was monitored in cells proficient and
deficient in particular ABCC transporters, which were treated with anthracyclin 72 h after
transfection with corresponding siRNA. Lysosomes were stained with LysoTrackerTM Deep Red
(green) and DNA with DAPI.

Fig S8. The silencing of ABCC3, ABCC5 and ABCC10 declines accumulation of Paclitaxel Oregon
Green 488 in lysosomes

(A) Accumulation of Paclitaxel Oregon Green 488 in lysosomes of paclitaxel-resistant A549 cells
proficient and deficient in ABCC3, ABCC5 and ABCC10 was evaluated by measuring fluorescence
intensity of isolated lysosomes by LSR® Il (Becton Dickinson) flow cytometer at ex: 496 nm/em: 524
nm. First, cells were transfected with siRNA for 72 h and then exposed to the fluorescently-labeled
paclitaxel (0.1 uM) for another 24 h. Lysosomes were isolated and fluorescence was read
immediately. Lysosomes of siCTRL untreated cells served as background control for lysosome
autofluorescence. Numerical values for each cell phenotype in legend (blue and pink boxes)



represent median value of fluorescence distribution.

Fig S9. Simultaneous deficiency of ABCC3, ABCC5 and ABCC10 sensitizes paclitaxel-resistant cells to
doxorubicin

(A and B) Intracellular distribution of doxorubicin (0.05 uM; 24 h; red) was tested 72 h after
paclitaxel-resistant transfection of A549 (A) and MDA-MB-231 (B) with the equal molar mixture of
SiABCC3, siABCC5 and siABCC10 or non-template control. Lysosomes were stained with
LysoTrackerTM Deep Red (green), whereas DNA with DAPI (blue). (C) Colocalization of green and red
fluorescence was analyzed and quantified in Leica Application Suite X. (D) 4 week-old 3D PTX-
resistant A549 were transfected with mix of ABCC3, ABCC5 and ABCC10 or siRNA control 72 h prior
to treatment with doxorubicin (0,05 uM; 24 h; red), stained with LysoTrackerTM Deep Red (green)
and DAPI (blue). Spheroid fluorescence was captured with confocal microscope (TCS SP8, Leica
Microsystems, Germany). The fluorescence intensity plot at spheroid cross section was determined
in arbitrary units (a.u.) with Leica Application Suite X.

Fig S10. ABCC3, ABCC5 and ABCC10 silencing increase proapoptotic effect of doxorubicin and
paclitaxel in 3D cancer cell models

(A,B) The role of ABCC3, ABCC5 and ABCC10 in cell protection against paclitaxel-induced cytotoxicity
(0.1 uM; 48 h) in 3D culture of 4 week old A549-PTX (A) and MDA-MB-231 (B) spheroids was assayed
by spheroid triple staining with Annexin V (green), propidium iodide (red) and DAPI (blue) for 1 h. The
spheroids was transfected with siRNA against mRNA of ABCC3, ABCC5, ABCC10 and equal molar
mixture of all for 72 h. (C,D) The role of ABCC3, ABCC5 and ABCC10 in cell protection against
doxorubicin -induced cytotoxicity (0.05 uM; 48 h) in 3D culture of 4 week old A549-PTX (C) and MDA-
MB-231 (D) spheroids was assayed by spheroid triple staining with Annexin V (green), propidium
iodide (red) and DAPI (blue) for 1 h. The spheroids was transfected with siRNA against mRNA of
ABCC3, ABCC5, ABCC10 and equal molar mixture of all for 72 h.
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Abstract:

Multidrug resistance of cancer cells is attributed to drug-induced alteration of numerous
intracellular processes. Using clinically relevant models of triple-negative breast and non-small
lung cancer cells we previously showed that these cells respond to repeated paclitaxel
exposure by inter alia lysosome enrichment in ABCC3, ABCC5 and ABCC10, which contribute
to drug sequestration in these organelles and reduced drug cytotoxicity. In this study we
provide experimental evidence that transcription of above mentioned ABCC genes is enabled
by BRG1-based SWI/SNF chromatin remodeling complex. Pharmacological inhibition of
SWI/SNF with PFI3 or ACBI1, the PROTAC degrader of SMARCAZ2/4, substantially decline
transcription of ABCC3, ABCC5 and ABCC10. Similar effect is caused by transient silencing
of SMARCA4 (BRG1), but not SMARCA2 (BRM). The deficiency of BRG1 led to
extralysosomal distribution of anticancer drugs, their deeper penetration of spheroids and
substantial increase in drug cytotoxicity. Interestingly, in BRG1 deficient cell line paclitaxel
triggered mutations, which reverted BRG1 truncating deletion in SMARCAA4, thereby restoring
SWI/SNF ATPase expression in paclitaxel-resistant cells and increasing transcription of
ABCC. Acquisition of drug resistance was associated with BRG1 redistribution in the genome,
de novo occurrence at the promoters of genes functionally linked to endo-lysosomal system
and stronger co-occurrence with EP300. Our study indicates possible target - SWI/SNF
complex for anticancer combinatorial interventions in paclitaxel-induced multidrug resistant

phenotypes.

Significance Statement:

We provide evidence that BRG1 inhibition with PFI3 and degradation of SMARCA4 mRNA
substantially declines lysosomal drug sequestration and potentiate drug toxicity. Therefore,
BRG1 targeting can be considered as candidate for combinatorial anticancer therapy with

some standard chemotherapy drugs.

Keywords: BRG1, multidrug resistance, ATP-binding cassette (ABC) transporters, lysosomal

trapping, paclitaxel
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1. Introduction:

Taxanes are successful in treating a variety of cancers due to a combination of
peculiarities, in particular their unique ability to modulate various cellular processes associated
with tumor growth and metabolism (apoptosis, angiogenesis, oxidative stress, etc.). This
efficacy has been confirmed in the treatment of both solid and disseminated tumors. Three
different taxanes are available on the market: paclitaxel (PTX), marketed under the
tradenames Taxol®, Anzatax® or Paxene®, the synthetic derivative of PTX - docetaxel (DTX)
(Taxotere®) and a recently synthesized cabazitaxel (CTX) (Jevtana®) [1]. PTX is a major first-
line drug for the treatment of advanced non-small cell lung, breast and ovarian cancers [2-4].
At high concentrations, PTX prevents cell division by promoting an assembly of stable
microtubules especially from B-tubulin heterodimers, and inhibits their depolymerization. The
exposed cells are arrested in the G2/M-phase of the cell cycle and undergo apoptosis. At low
concentrations, apoptosis is induced at GO and G1/S phase either via Raf-1 kinase activation
or p53/p21 depending on the administered dose [2]. However, the development of resistance
to paclitaxel leads to treatment failure, tumor recurrence and limits the use of this drug. Major
mechanisms of resistance include altered apoptotic pathways, overexpression of pumps that
actively transport the drug out of the cells, reduced drug uptake, increased drug metabolism,
alteration in the tubulin dynamic, mutations in the B-tubulin gene or expression of B-tubulin
isotypes [2,5,6]. Many of these mechanisms occur at the genomic level and involve
modification in the signaling routes, which then modulate activity of the subset of transcription
factors and the epigenetic transformation of chromatin. Several reports have suggested that
DNA methylation and epigenetic silencing of inter alia pro-apoptotic genes and tumor

suppressors result in resistance acquisition [7].

Acquired paclitaxel resistance via the alteration of the cell transcriptome can involve
the overexpression of ATP-binding cassette (ABC) transporters that use energy from ATP
hydrolysis to translocate substances across the cell membranes. Acquisition of paclitaxel
resistance has been linked to the overexpression of ABCBL1 in lung cancer cells [8-10], triple
negative breast cancer cells [11], ovarian cancer cells [12], ABCC5 in nasopharyngeal
carcinoma cells [13] and ABCC10 in lung cancer cells [9]. In our previous study, it was shown
that regardless of the alteration in gene expression, paclitaxel induced intracellular
redistribution of ABCC3, ABCC5 and ABCC10 and their enrichment in lysosomes. The use of
ABCC inhibitors and the transient silencing of these 3 genes considerably limited the
accumulation of doxorubicin and Paclitaxel OregonGreen488 in lysosomes and sensitized
cancer cells to various structurally unrelated chemotherapeutics [14]. Since these 3
transporters are mostly located in lysosomes in the tested paclitaxel-resistant cell lines, their

transcriptional repression could overcome lysosome-mediated drug resistance.
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Previous studies on the regulation of ABC gene transcription describe the role of
transcription factors, epigenetic enzymes and chromatin remodeling in cell adaptations to
paclitaxel [13,15-19]. GCN5 acetylatransferase increased the transcription of ABCB1 and
ABCG2 PTX-resistant ovarian cancer cells [20], whereas EP300 was responsible for the
overexpression of several ABC transporters in PTX- doxorubicin- and cisplatin-resistant breast
and lung cancers [21]. The transcription activating role of the latter enzyme was found to be
supported by the BRG1-SWI/SNF complex at the subset of E2F-dependent gene promoters in
proliferating cells [22,23]. Expression of several ABC transporters such as ABCB1, ABCC2,
ABCC11, ABCG1 and ABCG2 in breast cancer cells has been attributed to the activity of BRG1
that was also found at gene promoters of some ABC genes in MDA-MB-231 cells [24]. BRG1
and BRM are the crucial ATP-dependent and enzymatically active components of the
chromatin remodeling complex SWI/SNF, they are mutually exclusive with additional subunits
combinatorically incorporated to the complex in a context-dependent manner. The diversity of
the composition of the remaining subunits enables highly specific interactions of the complexes
with activators and repressors of transcription and the recognition of histone modifications,
which in turn determine the location of the complexes within the genome and the direction of
local chromatin remodeling -i.e. its tightening or loosening. Recent reports indicate that
approximately 20% of human cancers contain mutations in the subunits of the SWI/SNF
complex [25]. BRG1, encoded by the SMARCA4 gene, is one of the most frequently altered
elements of the complex in cancer cells. Elevated expression of BRG1 occurred in 35% -
almost 100% of analyzed primary tumors and was linked with a high proliferation rate. ABRG1-
dependent increase in cancer cell division was assigned to the upregulation of the expression
of enzymes responsible for fatty acid and lipid biosynthesis, induction of ABC transporter
expression and high transcription rate of genes encoding direct drivers of cell proliferation

(signaling cascades, checkpoints and DNA replication genes) [23].

Knowing that BRG1 augments transcription of some ABC proteins in response to single doses
of various drugs and that this transcription co-regulator occurs at the gene promoters of some
ABC genes in non-resistant cancer cells, we tested the possible contribution of this ATPase to
ABC-driven paclitaxel resistance in clinically-relevant models of paclitaxel-resistant triple-
negative breast cancer (MDA-MB-231) and non-small cell lung cancer (A549). Particular
attention was paid to the role of BRG1 in the regulation of ABCC3, ABCC5 and ABCC10 gene
transcription due to the involvement in lysosomal drug sequestration and hence, cell protection
from some anticancer drugs as was previously described in Gronkowska et al [14]. Finally, we
tested the selective BRG1/BRM inhibitor PFI3 as well as novel SMARCA2/4 PROTAC
degrader - ACBI1 as a potential sensitizer of multidrug resistant cells to standard

chemotherapy drugs.
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2.Materials and Methods
2.1 Materials:

Non-small-cell lung cancer cell line A549 and breast cancer cell line MCF7 were purchased
from ATCC. Breast cancer cell line MDA-MB-231 was purchased from Sigma Aldrich. DMEM
High Glucose w/ L-Glutamine w/ Sodium Pyruvate, fetal bovine serum and antibiotics (penicillin
and streptomycin) were from Biowest (CytoGen, Zgierz, Poland). KAPA SYBR® FAST
Universal (2x), KAPA HiFi HotStart ReadyMix (2x), oligonucleotides for Real-time PCR,
resazurin sodium salt, doxorubicin hydrochloride, daunorubicin hydrochloride, cisplatin,
paclitaxel, etoposide, were from Sigma Aldrich (Poznan, Poland). PFI-3 (Cayman Chemical),
ACBI1 (Cayman Chemical) and Nunc™ Lab-Tek™ Chamber Slide were ordered in Biokom
(Janki/Warsaw, Poland). siRNA Control (sc-37007) and anti-MRP5 (E-10) (sc-376965)
antibodies was purchased from Santa Cruz Biotechnology (AMX, Lodz, Poland). SMARCA4
Silencer Select siRNA (s13141), SMARCAZ2 Silencer Select siRNA (s536647), Lipofectamine
RNAIMAX, OptiMem, Dynabeads™ Protein G, UltraPure™ Phenol:Chloroform:lsoamyl
Alcohol (25:24:1, v/v) (#15593031), TRl Reagent™, High-Capacity cDNA Reverse
Transcription Kit, BigDye® Terminator v3.1 Cycle Sequencing Kit, Hi-Di formamide,
SuperSignal™ West Pico Chemiluminescent Substrate, PageRuler™ Prestained Protein
Ladder (#01154870), Pierce™ Protease Inhibitor Tablets (EDTA-free; PIC), Paclitaxel Oregon
Green™ 488 conjugate (Flutax-2), Lysotracker™ Deep Red, SlowFade™ Glass Soft-set
Antifade Mountant (with DAPI), anti-MRP3 (ABCC3) Polyclonal Antibody (PA5101482), anti-
MRP10 (ABCC10) Polyclonal Antibody (PA5101678), Goat anti-Rabbit IgG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa Fluor™ 546 (#A-11010), PowerUp™ SYBR® Green
Master Mix, TagMan™ Universal Master Mix Il, TagMan™ Gene Expression Assays (FAM-
MGB/20X) for ACTB (Hs01064292 g1), GAPDH (Hs02786624 gl1), HPRT1
(Hs03929096 _g1), ABCB1 (Hs00184500_m1l1), ABCC1 (Hs01561483 ml), ABCC2
(Hs00960489 _m1), ABCC3 (Hs00978452_m1l1), ABCC4 (Hs00988721_m1l), ABCC5
(Hs00981089_m1), ABCC10 (Hs01056200 _m1l), ABCG2 (Hs01053790_m1) were from
Thermofisher Scientific (Thermofisher Scientific, Warsaw, Poland). Anti - Cleaved Caspase-3
(Aspl75) (5A1E) Rabbit mAb (# 9664), anti-BRG1 (D1Q7F) Rabbit mAb (#49360), anti-
Histone H3 (1B1B2) Mouse mAbD (#14269), anti-rabbit IgG, HRP-linked Antibody (#7074), Anti-
mouse 1gG, HRP-linked Antibody (#7076), Anti-rabbit IgG (H+L), F(ab)2 Fragment (Alexa
Fluor® 488 Conjugate) (#4412), Anti-mouse IgG (H+L), F(ab’)2 Fragment (PE Conjugate)
(#59997S), Anti-rabbit IgG Fab2 Fragment Alexa Fluor® 594 Probes (#8889S) were from Cell
Signaling Technologies (LabJOT, Warsaw, Poland). NEBNext® Ultra™ || DNA Library Prep
with Sample Purification Beads (#E7104), NEBNext® Poly(A) mRNA Magnetic Isolation
Module (#E7490), NEBNext® Ultra™ Il RNA Library Prep Kit for lllumina® (#E7770),
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NEBNext® Ultra™ Il DNA Library Prep with Sample Purification Beads (#¥E7103) and
NEBNext® Multiplex Oligos for Illumina® (Index Primers Set 3) (#E7710) were from New
England Biolabs (LabJOT, Warsaw, Poland). BIOFLOAT FLEX coating solution was
purchased from FaCellitate (faCellitate.com). Annexin V Apoptosis Detection Kit with
Propidium iodide was purchased from BioLegend (BioCourse.pl, Katowice, Poland). MGIEasy
PCR-Free DNA Library Prep Set and DNBSEQ-G400RS High-throughput Sequencing Kit
(FCL SE100) were from Perlan Technologies (Perlan Technologies Poland, Warsaw, Poland)

2.2 Cell Culture and Treatment

A549 cells were cultured in DMEM supplemented with 10% FBS and penicillin/streptomycin
(50 U/ml and 50 pg/ml, respectively) in 5% CO2. Initially, MDA-MB-231 cells were cultured in
F15 medium supplemented with 15% FBS and penicillin/streptomycin (50 U/mK and 50 pg/ml,
respectively) without CO2 equilibration. After 5 passages, the cells were adapted to grow in
DMEM supplemented with 10% FBS and penicillin/streptomycin (50 U/ml and 50 pg/ml,
respectively) in 5% CO2. Paclitaxel resistance induction and characteristics of resistant cell

lines was described previously [14,21].

PFI-3 (2.5 uM) and ACBI1 (0.5 uM) were added to cells 72 h before analysis or treatment with
anticancer drugs. Depending on the tested parameters anticancer drugs were administrated
to cells for 24 or 48h.

2.3 Formation of cell spheroids

Nunc™Lab-Tek™chamber slides were coated with faCellitate BIOFLOAT FLEX coating
solution according to the manufacturer protocol. After 30 minutes of air-drying of the chambers,
within the laminar flow hood, the cells were seeded per well at a density of 20,000 cells. Cells
grow in DMEM supplemented with 10% FBS and penicillin/streptomycin (50 U/ml and 50 pg/ml,
respectively) in 5% CO2 to allow spheroids formation for 21 days.

2.4 Transient Gene Silencing

Cells seeded per well at a density of 100,000 cells on the 24-well plate, 10,000 cells on Nunc™
Lab-Tek™ Chamber Slide or three-week spheroids were transfected using SIRNA-RNAIMAX
complexes according to the previously described protocol [26]. After 6 h incubation with the
complexes, DMEM supplemented with 10% FBS and antibiotics was added to the desired

volume and cells were grown for another 48 h to obtain transient gene silencing.
2.5 Real-Time PCR

For mRNA expression evaluation, total RNA was extracted from cells using TRI Reagent™.

Afterwards, mRNA was reverse transcribed with the High-Capacity cDNA Reverse
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Transcription Kit. The expression of selected genes was measured in Bio-Rad CFX96 C1000

Touch Real-Time system, using:

1) TagMan™gene expression assays and the TagMan™ universal master mix II,

according to the protocol provided by the manufacturer;

2) PowerTrack™ SYBR™ Green Master Mix and the manually designed primer pairs:
(GAPDH Forward: 5 TTCTTTTGCGTCGCCAGCCGA 3, Reverse 5
GTGACCAGGCGCCCAATACGA 3’, ACTB Forward: 5 TGGCACCCAGCACAATGAA 3,
Reverse 5  CTAAGTCATAGTCCGCCTAGAAGCA 3, HPRT1 Forward: 5
TGACACTGGCAAAACAATGCA 3, Reverse: 5: GGTCCTTTTCACCAGCAAGCT 3’ BRG1

Forward: 5 AAGAAGACTGAGCCCCGACATTC 3, Reverse 5
CCGTTACTGCTAAGGCCTATGC 3, ABCC3 Forward: 5
TCCTTTGCCAACTTTCTCTGCAACTAT 3, Reverse: 5"
CTGGATCATTGTCTGTCAGATCCGT 3, ABCC5 Forward: 5

AGAGGTGACCTTTGAGAACGCA 3, Reverse: 5: CTCCAGATAACTCCACCAGACGG 3,
ABCC10 Forward: 5 CGGGTTAAGCTTGTGACAGAGC 3, Reverse: 5"
AACACCTTGGTGGCAGTGAGCT 3’) according to the protocol provided by the manufacturer.

MRNA level of particular genes was first normalized to housekeeping genes. The ratio between

the studied and housekeeping genes was assumed to be 1 for control cells.
2.6 Sanger Sequencing

Total RNA was extracted from cells using TRI Reagent™. Afterwards, mRNA was reverse
transcribed with the High-Capacity cDNA Reverse Transcription Kit. The fragment of BRG1
exon 15 was amplified in gradient thermocycler LifeECO (BIOER) using KAPA HiFi HotStart
ReadyMix (2x) and the manually designed primer pair (Forward: 5
CCGGGGTATGAAGTAGCTCC 3, Reverse 5 GTCCACCTCAGAGACGTCAT 3).
Subsequently, cDNA sequencing was performed using the BigDye® Terminator v3.1 Cycle
Sequencing Kit according to the previously described procedure [27]. Sequences were

analyzed using FinchTV and MEGAL11 software.
2.7 RNA sequencing and analysis

Total RNA was isolated using TRl Reagent™. Next, 10 ng of DNA-free total RNA was used to
isolate mMRNA using NEBNext® Poly(A) mRNA Magnetic Isolation Module. The purified mRNA
was used for RNAseq library preparation using NEBNext® Ultra™ || RNA Library Prep Kit for
lllumina® (#E7770). Sample indexing was prepared using NEBNext® Multiplex Oligos for
lllumina® (Index Primers Set 3) (#E7710). All of the steps were prepared according to the

protocols provided by New England Biolabs. Sequencing was performed using the lllumina
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NextSeq 550 System. Bioinformatical analysis of the obtained data was conducted using
UseGalaxy.org (Galaxy version 24.0.rcl), an open platform as previously described [28,29].
Venn diagram was created in https://bioinformatics.psb.ugent.be/webtools/Venn/ from gene
lists. Annotation of downregulated genes to gene ontology was carried out in PANTHER

version 17.0.
2.8 Chromatin immunoprecipitation, library preparation and sequencing

Chromatin immunoprecipitation was carried out according to the protocol previously described
[27]. DNA was extracted using phenol:chloroform:isoamyl alcohol (25:24:1). BRG1 was
immunoprecipitated with anti-BRG1 (D1Q7F) Rabbit mAb (#49360) and EP300 with p300
(D2X6N) Rabbit mAb in non-resistant and paclitaxel-resistant MDA-MB-231 cells, whereas
H3K4me3 with Tri-Methyl-Histone H3 (Lys4) (C42D8) Rabbit mAb in paclitaxel-resistant MDA-
MB-231 cells only. Data for tri-methylation of H3 in MDA-MB-231 were taken from Short Reads
Achieve (SRA, NCBI) and the following datasets were taken for analysis: SRR4346773 and
SRR4346774 (GSM2337951) [30].

BRG1 binding motifs at the selected gene promoters were amplified using KAPA SYBR®
FAST Universal Master Mix, 0.1% DMSO and the following primer pairs: ABCB1 Forward 5’
CCAATCAGCCTCACCACAGA 3, Reverse 5 GATTCAGCTGATGCGCGTTT 3’; ABCC5
Forward: 5 CTTCCGGGTTCAAGCAGTTC 3, Reverse: 5 AAAATACGGCGGGGTGAGG 3,
ABCC10 Forward: 5 TACCCTTGGTACCGCGAGA 3, Reverse: 5
GTAACAGGCACTGAGCACGG 3'. As a control manually designed fragments of promoters
do not containing BRG1 binding motifs was used: ABCC2 Forward 5
AGGTCAAGGCTGCAATGAAT 3’, Reverse: 5 CTGTCATCGACCCAACCTTT 3. Data were

normalized to samples containing non-specific IgG.

1ug of immunoprecipitated DNA fragments was converted into library for sequencing using
NEBNext® Ultra™ DNA Library Prep Kit with Sample Purification Beads for lllumina® and
NEBNext® Multiplex Oligos for lllumina® (Index Primers Set 3) for BRG1 and MGIEasy PCR-
Free DNA Library Prep Set for EP300 and H3K4me3 according to instruction provided by
manufacturers. DNA library was sequenced on NextSeq 550 or DNBSEQ-G400 in the
Department of Clinical Genetics, Medical University of Lodz, and data were released as fastq

files.
2.9 Bioinformatic analysis of ChlP-Seq data

Adapters were trimmed during FASTQ generation as an option of lllumina pipeline in
BaseSpace. All other analyses were performed in Galaxy.org (Galaxy version 24.0.rc1) [29].
The read quality was checked with FastQC and reads with Qphred <30 were removed with

Trimmomatic (AVGQUAL:30). Reads were mapped with BWA against human genome (hg19).
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Mapped reads were normalized to counts per million (-bamCoverage). Peaks were called with
MACS2 at p < 0.001. BRG1 and EP300 distribution at H3K4me3 positive TSS (bedtools
Intersect intervals; entry: H3K4me3 peaks and TSS 1 bp; required overlap: 1 bp) were
generated by -computeMatrix (Score files: -bigwigfiles; output options: reference point, center
of regions, --sortUsing mean, --averageTypeBins mean, --missingDataAsZero, --skipZeros),
then plotHeatmap with hierarchical clustering. The same method was used for analyzing
distribution of EP300 at the BRG1 peak summits. Spearman correlation plot was called —
multiBamSummary (by default) and —plotCorrelation (--removeOuitliers).

Blacklist regions for hg19 were downloaded from ENCODE (ENCSR636HFF) [31].
2.10 Western Blot

For protein expression evaluation cells were lysed in RIPA buffer (supplemented with 1 mM
PMSF and PIC) and sonicated (Bandelin Sonopuls HD2070); Next, proteins were separated
by SDS-PAGE, transferred into a nitrocellulose membrane, and stained with primary
antibodies (1:5000) at 4°C overnight. After subsequent staining with HRP-conjugated
secondary antibodies (1:5000 for antirabbit and 1:2500 for anti-mouse antibodies; room
temperature; 2 h), the signal was developed with the SuperSignal™ West Pico
Chemiluminescent Substrate and pictures were acquired using ChemiDoc-IT2 (UVP, Meranco,

Poznan, Poland). H3 was used as the control.
2.11 Confocal Microscopy

For the confocal imaging of proteins, cells were seeded on a Nunc™ Lab-Tek™ chamber slide.
2 h before cells fixation Lysotracker™ Deep Red was added to the final volume of 75 nM, and
cells were incubated 1 h at 37°C. Cells were fixed with a 1% formaldehyde solution in PBS at
room temperature for 15 min, permeabilized and blocked with 1% FBS solution in PBS with
0.1% TritonX-100 at room temperature for 1h. Primary antibodies (1:400) were added in 1%
BSA solution in PBS with 0.1% TritonX-100 and incubated at 4 °C overnight. Next, a secondary
antibody (1:400) was added in 1% BSA solution in PBS with 0.1% TritonX-100 at room
temperature for 2h. After washing, the slides were mounted with SlowFade™ glass soft-set
antifade mountant (with DAPI). TCS SP8 (Leica Microsystems, Germany) with a 63x/1.40
objective (HC PL APO CS2, Leica Microsystems, Germany) was used for sample visualization.
The samples were imaged with the following wavelength values for excitation and emission:
485 and 500-550 nm for Alexa Fluor® 488, 550 and 570-580 nm for Alexa Fluor® 546, 480
and 570-580 nm for R-phycoerythrin (PE), 660-670 for Lysotracker Deep Red and 405 and
430-480 nm for DAPI. The fluorescence intensity and colocalization was determined in

arbitrary units (a.u.) with Leica Application Suite X (LAS X, Leica Microsystems, Germany).
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The scans of cells were deconvolved using 3D-Deconwolution accessible in Leica Application

Suite X software (LAS X, Leica Microsystems, Germany).
For the visualization of drug accumulation:

1. cells seeded on Nunc™Lab-Tek™chamber slides were treated with anticancer drugs
and inhibitors. Next, Lysotracker™ Deep Red (75 nM for 2h), was added to the culture media.
After incubation and cell washing with PBS, cells were mounted with SlowFade™ glass soft-

set antifade mountant (with DAPI);

2. 3-week old 3D cell cultures were stained with Lysotracker™ Deep Red (75 nM) for 2 h.
Next, spheroids was fixed with a 4% formaldehyde solution in PBS, at room temperature for
30 min. After fixation the spheroids were washed with PBS and incubated with 1 pug/ml DAPI

for 30 min, at room temperature. Spheroids were analysed immediately.

TCS SP8 (Leica Microsystems, Germany) with a 63x/1.40 and 10x 0.40 DRY objectives (HC
PL APO CS2, Leica Microsystems, Germany) was used for sample visualization. The samples
were imaged with the following wavelength values for excitation and emission: 485 and 500-
550 nm for Alexa Fluor® 488 conjugated Paclitaxel, 470 and 580-600 for Doxorubicin and 405
and 430-480 nm for DAPI. The fluorescence intensity was determined in arbitrary units (a.u.)

with Leica Application Suite X (LAS X, Leica Microsystems, Germany).
2.12 Resazurin Toxicity Assay

The day prior to transfection/treatment, cells were seeded at a density of 2,500 cells per well
on Nunc® MicroWell™ 384-well optical bottom plates or 5,000 cells per well on 96-well plates.
After transfection/incubation with drugs and inhibitors, cells were incubated with resazurin
solution (5 uM) in the growth medium at 37 °C for 3h. The fluorescence that corresponds to
the metabolic activity of living cells was measured with a fluorescence microplate reader
(BioTek Synergy HTX, Biokom, Poland) at excitation 530 and emission 590 nm. The

fluorescence value for control cells was assumed to be 100%.
2.13 Annexin V and propidium iodide staining

For the visualization of apoptosis/necrosis induction by the combination of drugs and inhibitors,
Nunc™Lab-Tek™chamber slides were coated with faCellitate BIOFLOAT FLEX coating
solution according to the manufacturer protocol. Cells seeded on coated chamber slides were
harvested for a 3-weeks to obtain spheroids formation. Next, cells were treated with anticancer
drugs and inhibitor. After washing with PBS, according to the manufacturer protocol Annexin
V-FITC and Propidium iodide were added to the cells in binding buffer and incubated for 30
min at room temperature. After incubation, spheroids were washed with PBS and incubated

with 1pg/ml DAPI for 30 min at room temperature. Spheroids were stored in PBS.
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Subsequently, for the imaging of the samples, the confocal laser scanning microscopy platform
TCS SP8 (Leica Microsystems, Germany) with a 10x objective (HC PL APO CS2, Leica
Microsystems, Germany) was used. The samples were imaged with the following wavelength
values for excitation and emission 485 and 500-550 nm for AnnexinV-FITC, 450 and 610-620
for Propidium iodide and 405 and 430-480 nm for DAPI, using Leica Application Suite X (LAS
X, Leica Microsystems). The level of baseline fluorescence was established individually for
each experiment. Fluorescence intensity was determined as the arbitrary units (a.u.) with Leica
Application Suite X (LAS X, Leica Microsystems, Germany).

2.14 Clinical data analysis

The correlations between SMARCA4 and some ABC gene expression in TCGA Pan-Cancer
(PANCAN) dataset of 12 839 samples was explored in UCSC Xena Functional Genomics
Explorer. Samples with nulls were removed and data for SMARCA4 expression, which
comprised log2(norm_value+1) between 9.6 and 14, were sub-grupped into SMARCA4 low
(log2(norm_value+1) < 10.7) and SMARCA4 medium and high (log2(norm_value+1) > 10.7).
The threshold was set to include most of deleterious somatic mutation (SNP and INDEL; MC3

public version) in SMARCA4 low subgroup.
2.15 Statistical Analysis

Data are shown as mean + standard deviation (SD). Parametric or non-parametric test was
conducted after testing Gaussian distribution of data with the Shapiro—Wilk test. Student’s t
test or the Mann—Whitney test was used to calculate statistically significant differences
between two samples, while one-way analysis of variance (ANOVA) or Kruskal-Wallis test
followed by corresponding post hoc test was carried out to compare multiple samples.
Statistics were calculated using GraphPad Prism 8.01 software. Statistically significant
differences were marked with * when p < 0.05, ** when p < 0.01, *** when p < 0.001.

3. Results

3.1 BRGL1 is enriched at the promoters of genes functionally linked to endo-lysosomal

system and some ABC transporters

Bearing in mind the documented involvement of BRG1 in the transcription of some ABC
proteins in 3 triple-negative breast cancer cell lines and ADAADIN prevention of single dose,
drug-induced ABC overexpression [24], use was made of the TCGA Pan-Cancer (PANCAN)
dataset of RNA and was compared to the mRNA level of SMARCA4 with several ABC genes
associated with drug resistance (Fig. 1A). We divided data according to SMARCAA4 expression
into 2 subgroups, which corresponded to low and moderate/high expression. As expected, the

low mRNA level of SMARCA4 was associated with deleterious mutations in some cancer
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samples. Additionally, it also correlated with low mRNA levels of ABCC1, ABCC5 and
ABCC10, but inversely with ABCB1, ABCC2, ABCC3 and ABCG2. This suggests that BRG1
contributes to the transcriptional regulation of some ABC genes in various cancers.

To confirm the role of BRGL1 in the transcription control of the ABC gene subset, the impact of
BRG1 transient silencing on the mRNA level in 3 cell lines was tested, this differed in the status
of SMARCA4 (Fig.1B). According to the TCGA database of cancer cell lines, MDA-MB-231
cells carry the wild-type and hence, the fully functional SMARCAA4 transcript. In contrast, the
A549 cell line harbors homozygous truncating nonsense mutations leading to BRG1 protein
loss [32]. The breast cancer MCF7 line is characterized by the fusion of the SMARCA4 gene
with CARM1, making this transcript non-functional [33]. siBRG1 significantly decreased the
expression of ABCC3 in cells with the wild-type SMARCA4 but did not cause any substantial
difference in cells with SMARCA4 mutations.

In search for the molecular and functional link between BRG1 and the ABC gene transcription
in MDA-MB-231, BRG1 ChlIP-Seq was performed (Fig. 1C). The MACS2 peak calling revealed
BRG1 enrichment at the promoter of ABCC3 and ABCC5, but not ABCC2, which remained
unchanged in the cells transiently transfected with siBRG1. The occurrence of BRG1 at the
promoter of ABCC5 did not render gene transcription dependency on BRG1-SWI/SNF activity
as shown in Fig. 1B. BRG1 was found at the promoters of genes annotated to key cellular
processes such as replication, transcription, mitotic division, DNA repair, signal transduction,
regulation of apoptosis, histone modifications and many others (Fig. 1D) but also for intra-Golgi
vesicle mediated transport and protein targeting to lysosomes, which could impact ABC

distribution and partitioning within the endolysosomal system and plasma membrane.

3.2 BRG1 defines the profile of ABC gene expression in paclitaxel-resistant A549 and
MDA-MB-231 cell lines

To identify the ABC genes that can be bona fide players in the multidrug resistance of
paclitaxel-resistant phenotypes, gene transcription was measured in non-resistant and drug-
resistant phenotypes by RNA-Seq, initially assuming A549-PTX as BRGL1 deficient and as a
control for BRG1-independent gene transcription. For this purpose, normalized (FPKM) counts
were juxtaposed for particular mRNAs. To have considerable gene numbers and BRG1-
enriched sequences, the list of ABC genes taken into account was extended, all of which have
been linked to drug resistance in the literature. As shown in Fig. 1E, both cell lines were
characterized by relatively high abundance of ABCA2, ABCA7, ABCB6, ABCB9, ABCC3
MRNA, which responded to cell treatment with paclitaxel with their levels remaining unchanged

even when comparing with non- versus paclitaxel-resistant cell lines.
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In search for the possible BRG1 contribution to the transcription of ABC genes in paclitaxel-
resistant cells, MDA-MB-231 with the wild-type SMARCA4 and A549 with SMARCA4
deleterious mutation were used. The induction of cell resistance to paclitaxel and the
characteristics of the acquired phenotype was described in Strachowska et al [21] and
Gronkowska et al [14]. Adaptation of the MDA-MB-231 to paclitaxel did not change the
expression of BRG1 (Figure S1A-B). Surprisingly, BRG1 mRNA and protein in paclitaxel-
resistant A549 cells was found (Figure S1C-D). Sanger sequencing of the SMARCA4 fragment
that spans the c.2184_2206del23 deletion, causing a change in the reading frame, the
premature appearance of the STOP codon and lack of protein, indicated the additional deletion
of 7 nucleotides and the insertion of 2 nucleotides in the SMARCA4 sequence before the
deletion site (Fig. S1F). The changes of the nucleotide sequence induced by paclitaxel led to
reversal mutation that restored the BRG1 expression in paclitaxel-resistant A549 cells. Since
the considered mutation did not occur in any of the BRG1 functional domains, the shortened
protein bound to chromatin as confirmed by ChIP-qPCR (Fig. S1E). The enzyme was
considerably enriched at the promoters of ABCB1, ABCC3 and ABCC10 in the drug-resistant
phenotype of A549 cell line.

To select genes controlled by BRG1, the transcriptomes of BRG1 proficient (siCTRL) and
deficient (siBRG1) paclitaxel-resistant phenotypes by RNA-Seq were compared. Differential
gene expression showed that ATP-ase regulated the expression of 7,945 genes in A549-PTX,
19,858 genes in MDA-MB-231-PTX, and shared 4,109 genes of BRG1-dependent genes (Fig.
1F). The annotated ontology of the BRG1-controlled genes, common for both resistant cell
lines, also indicated a significant portion of genes that encoded proteins involved in active
transmembrane transport (Fig. 1G). This group included several ABC family transporters with
known roles in resistance to chemotherapeutics such as doxorubicin, paclitaxel, cisplatin,
etoposide and methotrexate (Fig. 1H). The number of ABC genes that were highly transcribed
in MDA-MB-231-PTX declined in response to BRG1 silencing, whereas the opposite effect
was observed for weakly expressed genes. The impact of ATP-ase on ABC expression in
A549-PTX was more diverse, but the deficiency of BRG1 was followed by declining
transcription of ABCB1, ABCC5, ABCC1 and ABCC10 which are important for drug efflux or
sequestration in intracellular organelles. Significantly, BRG1 emerged as transcription co-
activator of the 3 genes involved in lysosomal drug trapping, ABCC3, ABCC5 and ABCC10, in
both paclitaxel-resistant cell lines. This was further confirmed by real-time PCR and western
blot (Fig. 1I-J). In addition, the transcription of ABCB1 that contributed to lysosomal drug
sequestration and increased in response to paclitaxel was also controlled by BRG1 in A549-

PTX. Interestingly, silencing of BRM does not reduce the expression of ABC5 and ABCC10
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transporters (Fig. S1G). This is all evidence that BRG1 may be crucial for the expression of

the ABC genes which protect cells against some anticancer drugs.

3.3 BRG1 redistribution in the genome and de novo recruitment to gene promoters in
the paclitaxel-resistant cell links this enzyme with endolysosomal organization and
transport

Cellular adaptation to paclitaxel was followed by BRG1 redistribution in the genome (Fig. 2A-
C). Analysis of ChIP-Seq data from non-resistant and resistant MDA-MB-231 cells indicated
the recruitment of BRG1 to chromatin since the number of MACS2 computed peaks increased
from 15202 to 47231 respectively, with a minimum FDR cutoff for peak detection < 0.001 (Sup.
Table 2). However, the proportion of BRG1 enriched gene promoters declined from ~21% to
~11%, whereas its binding to enhancers listed in the Vista database increased to ~0.7%. The
observed changes in gene regulatory regions were associated with the shift of 7% ATPase
peaks from intergenic to intragenic genome fragments (Fig. 2A and 2B). Gene promoters of
paclitaxel-resistant MDA-MB-231 cells were characterized by the altered profile of BRG1
distribution (Fig. 2C and 2D). The considerable extrusion of the enzyme from TSS was followed
by peak enrichment in regions between 5 — 20 kbp from the nearest TSS. It may suggest BRG1
enhanced interaction with distal regulatory elements, whereas the depression in BRG1
occurrence at TSS may be linked to the formation of a transcription initiation complex as a

consequence of paclitaxel-triggered transcription activation of numerous genes.

BRG1 co-occurred with EP300 at the promoters of some transcriptionally active genes, as
described in previous papers [22,23] (Fig. 2D-4E). These were assigned as genomic fragments
spanning TSS * 2 kbp and were hallmarked by the trimethylation of H3K4. Interestingly, the
promoter of ABCCS5, which is transcriptionally controlled by BRGL1 only in the drug-resistant
phenotype, was similarly enriched in BRG1 and EP300 and characterized by a similar profile
of H3K4 trimethylation in both cell conditions (Fig. 2D). This suggests that transcription
dependence on BRG1 may be determined by another, still unknown factor. As mentioned
previously, this can be linked to the reorganization of proximal promoters during gene
activation and loading of transcription initiation factors. The Spearman correlation coefficient
for BRG1 co-distribution with H3K4me3 declined from 0.7 to 0.61 during the acquisition of drug
resistance, suggesting chromatin extrusion or translocation to more distal genomic regions as
shown in Fig. 2C. However, the co-occurrence with EP300 increased from 0.59 to 0.64,

possibly to facilitate EP300-driven gene transcription (Fig. 2F).

Although the relative BRG1 occurrence declined at the gene promoters that were normalized
to total peak number, the number of BRG1-enriched promoters was higher in the paclitaxel-

resistant phenotype (Fig. 2G). Annotation of ontology to the genes controlled by promoters
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(that were characterized by de novo BRG1 enrichment after numerous cell exposures to
paclitaxel), disclosed processes that were involved in cell response to genotoxic stress,
endosome to lysosome transport, lysosome organization and ER to Golgi vesicle-mediated
transport (Fig. 2H-2I). The latter processes can contribute to the observed trafficking of
ABCC3, ABCC5 and ABCC10 to lysosomes in paclitaxel-resistant phenotypes. Differential
expression of genes transcribed in BRG1 proficient and deficient paclitaxel-resistant MDA-MB-
231 cells confirmed the role of ATP-ase in the transcription enhancement of numerous genes
assigned to endolysosomal GO terms (Fig. 2I).

3.4 BRG1 guides drug distribution to lysosomes and declines paclitaxel-resistant cell

sensitivity to drugs

Bearing in mind that BRG1 controls the transcription of ABC genes which were found to be
substantially enriched in the lysosomes of paclitaxel-resistant cells, BRG1 deficiency in the
decline of ABCC3, ABCC5 and ABCC10 abundance in these organelles was tested by using
the immune staining of ABCCs and their confocal imaging against lysosomes and DNA in cells
with normal (siCTRL) and knockdown BRG1 (siBRG1). The silencing of BRG1 caused visible
and significant reduction of ABCC3 and ABCC10 levels inside cells (Fig. 3A, 3B), and reduced
their lysosomal localization, quantified by measuring protein colocalization with lysosomes
(Fig. 3C). No changes in the expression or intracellular localization of these proteins were
observed after BRM silencing (Fig S2A). It was significant that the BRG1 level had no impact
on lysosome content in the paclitaxel-resistant cells (Fig. S2B). Confocal microscopy with a
deconvolution algorithm allowed the visualization of the decline in ABCCS5 level in the lysosome
membrane that was caused by BRG1 silencing in both paclitaxel-resistant cell lines (Fig. 3D).

To check the functional impact of BRG1-dependent expression of the ABC transporters which
are enriched in lysosomes of paclitaxel-resistant cells on intracellular drug distribution, we
compared the colocalization of doxorubicin and paclitaxel OregonGreen with lysosomes in
BRG1 proficient and deficient cells using confocal microscopy (Fig. 3E, Fig. S2C). Silencing of
the enzyme visibly declined the drug accumulation in lysosomes, quantified as colocalization
of drug and lysosome fluorescence (Fig. 3F, Fig. S2D). Previously documented roles of
ABCC3, ABCC5 and ABCC10 in lysosome drug accumulation [14] led to the conclusion that
the BRG1-dependent transcription of ABCC3, ABCC5 and ABCC10 was responsible for the
distribution of their substrates into lysosomes in both paclitaxel resistant breast and lung
cancer cells. This also led to the hypothesis that BRG1 may affect the cell response to
chemotherapeutics and cause lysosome associated chemoresistance. This was tested by
comparing the viability of cells which differed in BRG1 abundance and were exposed to

chemotherapeutics of various acidity. This feature of the tested drugs defined the mode of their
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passive or ABC-dependent influx to lysosomes. The silencing of BRG1 sensitized cells of both
lines to all chemotherapeutics tested (Fig. 3G), increased considerably with these acidic drugs
that do not enter lysosomes by passive diffusion.

The impact of BRG1 on drug penetration was also tested in cell spheroids. 3D cultures of MDA-
PTX and A549-PTX cells were characterized by the accumulation of doxorubicin and paclitaxel
OregonGreen in the peripheral layer, whereas BRGL1 silencing resulted in drugs reaching the
inner spheroid layers (Fig. 3H, S2E). This suggests that BRG1-dependent drug trapping in
lysosomes protects the deeper parts of the spheroids from drug cytotoxicity. This conclusion
is supported by a previous finding, where lysosome neutralization or inhibition of ABCC
reduced spheroid penetration by doxorubicin and paclitaxel OregonGreen as well as
increasing the overall number of apoptotic cells inside these spheroids [14].

3.5 SWI/SNF targeting with PFI3 and ACBI1 decreases lysosome-associated ABCC in
PTX-resistant cancer cell lines

Since BRGL1 is responsible for the overexpression of lysosomal pool of ABC transporters and
increased chemoresistance of paclitaxel-resistant cells, the BRG1/BRM inhibitor - PFI3 and
SMARCAZ2/4 PROTAC degrader - ACBI1 were tested for their likely potential to sensitize
paclitaxel-resistant cell to chemotherapy. The ability of ACBI1 to induce degradation of BRG1
was confirmed by Western Blot (Fig S3A). SWI/SNF inhibitor was found potent to decline both
the mRNA and protein level of the three considered multidrug resistance (MDR) transporters
(Fig. 4A-D). However, BRG1/BRM degradation with ACBI1 reduced expression of ABCC3 and
ABCCS5 (Fig. 4H-K), but increased ABCC10. The reduced co-occurrence of ABCC10 and
ABCC3 with lysosomal marker (Fig 4 E-G, 4L-N, Fig. S4 A-B Fig. S4 D-E) after PFI3 and ABI1,
as well as ABCC5 with LAMP1 (Fig 40) after PFI3 was visualized and quantified by confocal
microscopy in paclitaxel-resistant lines (Fig. 4E-F).

In non-resistant MDA-MB-231 and A549 only highly expressed ABCC3 was declined after cell
treatment with PFI3 and ABI1, respectively (Fig. S3 B-E).

PFI3 and ABCI1 altered the intracellular distribution of doxorubicin and paclitaxel
OregonGreen by retaining a substantial drug concentration outside lysosomes. This was
confirmed by measuring the drug accumulation and drug-lysosome colocalization (Fig. 5A-F,
S5A-C). The SWI/SNF targeting molecules also slightly elevated the total drug accumulation
inside paclitaxel-resistant cells. Particularly, PFI3 phenocopied the effect of BRG1 silencing on
lysosomal delocalization of paclitaxel OregonGreen and doxorubicin (Fig. 3E-F Fig. S2B-C).
PFI3 and ABI1 allowed also deeper drug penetration in spheroids, whereas intact 3D cultures

were characterized by drug accumulation inside outer cell layers (Fig 5G).
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3.6 PFI3 and ACBI1 augments the toxicity of anticancer drugs in PTX-resistant cancer

cell lines

The observed increase in the drug concentration inside cells and the impairment of drug
sequestration in lysosomes could be responsible for the altered cytotoxicity of anticancer drugs
in SWI/SNF-treated cancer cells in 3D (Fig.6A) and 2D cultures (Fig 6D). In spheroids, the
combination of doxorubicin or paclitaxel with PFI3 and ABCI1 was more potent in apoptosis
induction than drugs alone as shown in the confocal images and quantification of Annexin V
green fluorescence (Fig. 6A-C). Importantly, Annexin V-positive cells were equally distributed
across all depths of the spheroids that were exposed to the combination of PFI3 or ABI1 and
drugs, whereas apoptotic cells were localized in the peripheral layers similarly to drugs in cells
proficient in SWI/SNF activity. The significant induction of cell necrosis was only observed in
spheroids exposed to doxorubicin, and further intensification of necrotic cell death as well as
apoptotic commitment was caused by ABI1. On the contrary, PFI3 substantially enhanced
apoptosis in spheroids as well as in 2D culture treated with paclitaxel (Fig. 6D). PROTAC
degrader sensitized 2D model of paclitaxel-resistant cancer cells especially to doxorubicin but
also to lower doses of cisplatin and etoposide when added 48 h prior to chemotherapeutics
(Fig.6E). SWI/SNF inhibitor moderately increased drug toxicity in the culture of adherent cells
(Fig.6F).

All these results indicate that SWI/SNF targeting is effective for sensitizing paclitaxel-resistant
cancer cells to chemotherapeutic agents for the 2 studied cells lines. This may be attributed to
the reduced expression of ABC transporters and prevention of the lysosomal trapping of the
drugs. From clinical perspective the combination of ABI1 with doxorubicin seems worth of

further investigation for the treatment of paclitaxel-resistant triple-negative breast cancers.
4. Discussion

The expression profile of resistance proteins, which are responsible for the failure of
chemotherapy in cancer treatment, can change with disease progression [34]. The epithelial-
mesenchymal transition associated with tumor progression has been shown to increase the
expression of ABC transporters [35]. Due to the important role of ABC transporters in the
occurrence of this phenomenon, they are a target for the development of combined therapies
aimed at sensitizing cancer cells to standard chemotherapeutics. Overcoming multidrug
resistance, which is associated with the expression of ABC transporter family proteins, is a
challenge and none of the 3 generations of ABC inhibitors, (particularly in the case of ABCB1),
have provided satisfying results in clinical trials and all have failed to become FDA approved
drugs. Our current study indicates that inhibition of SWI/SNF with PFI3 or degradation of
SWI/SNF ATPases with PROTAC allows to substantially increase drug toxicity due to
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simultaneous reduction of several ABC transporters in paclitaxel-resistant phenotypes of the
chosen lung and breast cancers. SWI/SNF targeting increased overall drug accumulation may
be due to reduced drug uptake by lysosomes associated with a decrease in lysosomal ABC
transporters and thus reduced exocytosis of chemotherapeutic drug-loaded lysosomes [36].
Another explanation is the inhibition of the expression or activity of drug transporters located
in the plasma membrane of paclitaxel-resistant phenotypes, such as ABCC1 in A549-PTX.
Since these compounds target both ATPases, some genes related to drug transport may be
upregulated by BRM and thus downregulated in response to SWI/SNF targeting. These finding
are particularly important in light of studies, which document the scarce sensitizing impact of
single inhibition of ABCB1, ABCG2 or some of the ABCC subfamily to chemotherapeutics and
poor drug accumulation inside drug-resistant cells [21].

The identification of an upstream mechanism responsible for transcription of several ABC
genes under chemotoxic stress could provide new targets to limit the drug efflux from resistant
cancer cells and, hence, a new approach for combined and improved chemotherapy.
Experimental evidence is provided here that considers the role of BRG1 in transcriptional
control of ABC genes that are overexpressed in paclitaxel-resistant cell lines. Specifically, the
focus was on the impact of BRG1 on ABCC3, ABCC5 and ABCC10, which are enriched to
lysosomes in paclitaxel-resistant cells, and the last 2 genes that are overexpressed once the
cell is exposed to several doses of paclitaxel. The functional analysis of these 3 proteins that
occur in lysosomes, disclosed their role in the sequestration of doxorubicin and paclitaxel
OregonGreen, hence these membrane transporters are capable of limiting drug cytotoxicity.
The active promoters of these genes are characterized by H3K4 trimethylation and occurrence
of BRG1 and EP300. Such a complex previously described by us and others is capable of
chromatin decondensation and defines transcription permissive environment because of
extrusion of acetylated nucleosomes [22]. The functional interaction between BRG1 and
EP300 can be also confirmed by the fact that EP300 bromodomain inhibitor |-CBP112
substantially decline transcription of ABC genes in drug-resistant cell lines. Furthermore,
development of resistance to paclitaxel increased the number of BRG1-bound promoters of
genes linked to endolysosomal and ER-Golgi protein transport, which may also define the
profile of ABC proteins in lysosomes and their enrichment in these organelles. Although BRG1
was de novo recruited to the promoter of TFEB gene, which encodes the master regulator of
lysosome biogenesis during MDA-MB-231 cell adaptation to paclitaxel and the BRG1 silencing
in resistant cells that caused substantial decline in TFEB gene transcription, the number of
lysosomes estimated in confocal images remained unchanged [37]. This can be explained by
the fact that regulation of TFEB occurs predominantly by post-translational modifications such

as phosphorylation, acetylation, SUMOylating, PARylation, and glycosylation, which allowed
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the cell to respond quickly to nutrient fluctuations but also to stress [38]. And the adaptation-
induced increase in TFEB abundance may not determine further enhance in lysosome
biogenesis. Moreover, other BRG1-dependent genes that regulate endolysosomal pathways
need to be taken into consideration while explaining this drug trapping in lysosomes. In
particular, the mechanism that drives ABCC5 and ABCC10 trafficking to lysosomes and
ABCCS3 redistribution to these organelles in paclitaxel-resistant cells remains unknown. This
was discussed in a previous paper [14], where the topological inversion of the plasma
membrane ABCBL1 via endocytosis resulting in the transporter actively pumping agents into
lysosomes was proposed. This may also be true for ABCC3, but neither ABCC5 nor ABCC10
was detected in the plasma membrane of the non-resistant or paclitaxel-resistant cells. Hence,
the protein sorting from Golgi to the endolysosomal system could be taken into consideration.
Although N-acetylglucosamine-1-phosphodiester a-N-acetyl-glucosaminidase declined in
response to BRGL1 silencing, the other 2 crucial elements of the mannose-6-phosphate (M6P)
pathway that is responsible for the transport of hydrolytic enzymes to lysosomes: the Mannose-
6 phosphate receptor and GIcNAc-1-phosphotransferase (GNPTAB and GNPTG), were
differently regulated by BRG1 in paclitaxel-resistant cell lines. Furthermore, all 3 GGAs (Golgi-
localized, y-ear-containing, Arf (ADP-ribosylation factor)-binding proteins), which are a family
of ubiquitously expressed, Arf-dependent, clathrin adaptors responsible for the sorting of
mannose-6-phosphate receptors (MPRs) between the trans-Golgi network (TGN) and
endosomes, declined considerably in BRG1-deficient cells. The mechanism of lysosome
enrichment in ABCC3, ABCC5 and ABCC10 remains unsolved and needs further experimental

verification.

In line with our study, some attempts have already been made to use BRG1-targeted therapies
to sensitize cancer cells to chemotherapy. PFI-3 exerted a DNA damage—sensitizing effect by
directly blocking SWI/SNF's chromatin binding, leading to defects in DSB repair and
aberrations in the damage checkpoints in A549 and HT29 cells. This resulted in the increase
of cell death primarily via necrosis and senescence after doxorubicin treatment [39].
Furthermore, PFI-3 and Structurally Related Analogs of PFI-3 (SRAPs) sensitized LN229
glioblastoma cells and patient- derived glioblastoma cells: GBM6, GBMX10, and GBMX16, to
chemotherapeutic drugs such as temozolomide and carmustine via changes in the expression
of genes implicated in the glucose metabolism [40,41]. It was also showed that the reduction
of BRG1 activity by using ADAADi (Active DNA-dependent ATPase A Domain inhibitor)
increased the chemosensitivity of MDA-MB-231 cells to 5-fluorouracil, cisplatin,
cyclophosphamide, doxorubicin, gemtabicine and paclitaxel by reducing the expression of
ABC transporters and preventing their overexpression induced by a single dose of anticancer

drugs [24]. Not much is known about the pharmacokinetics of PFI-3 and ADAADI in vivo, so
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their possible application in anticancer therapies will require further investigation. Importantly,
these 2 compounds are not selective for BRG1, hence their use should be considered in a
context-specific manner. PFI-3 targets the bromodomains of BRG1 and BRM, whereas
ADAADI interacts with ATP-dependent chromatin remodeling proteins through a motif that is
present in the conserved helicase domain. However variable responses were observed in
different cell lines [42]. BRG1-specific effects of PFI-3 on lysosomal drug sequestration and
ABCC enrichment in these organelles in paclitaxel-resistant cells was confirmed by BRG1
silencing, as well as by very low or no-impact of these compounds on the studied parameters
in non-resistant cells. Hence, PFI-3 and other possible BRG1/BRM inhibitors emerged as
candidates for anticancer approaches combined with chemotherapy drugs in the subset of
BRG1-proficient cancers that developed multidrug resistance by BRG1-dependent drug
trapping in lysosomes. Even less is known about pharmacokinetics and possible side effects
of SMARCA2, SMARCA4 and PBRM1 degrader — ACBI1, which emerged here as potent
interrupter of multidrug resistance in the studied cell lines. Former papers described anti-
proliferative and pro-apoptotic activity of this compound in the culture of SK-MEL-5 melanoma
cells [43]. In light of our findings this compound can be considered for an anticancer treatment
modality that combines two or more therapeutic agents. Lysosome targeted drug combinations
have been tested recently in vitro due to the role that these organelles have shown in passive
and active trapping of chemotherapeutics [44]. Numerous chemical agents and natural
compounds increase lysosomal enzyme activity (including cathepsins) and lysosomal
membrane permeability (LMP) thereby leading to lysosome damage, release of lysosomal

proteases and the so-called “lysosomal pathway of apoptosis” [45,46].

The importance of SMARCAA4 loss or overexpression during cancer initiation and progression
has been debated, and the meaning for both modalities can be found in the literature [25,47].
The truncating mutations, fusions and homozygous deletion of SMARCA4 co-occurred more
frequently with KRAS, STK11, and KEAP1 mutations and are associated with shortest survival
times of patients with non-small lung cancers (P < 0.001) [48]. On the contrary, analysis of the
genomic data from the TCGA database of breast cancer patients showed <2% mutation
frequency in invasive breast carcinomas, whereas the elevated expression of BRG1 occurred
in 35-100% of analyzed primary tumors and was responsible for the high proliferation rate and
was also a predictive biomarker for metastases risk [23]. However, the reversal of missense or
truncating mutations has not been documented in the literature. The repeated exposure of a
non-small lung cancer cell line with the SMARCA4 truncating mutation caused a gain of
missense mutation, which resulted in the inversion of the stop codon, restoration of mMRNA
translation and re-occurrence of BRG1. Since the initially truncating mutation occurred

outside/beyond the enzyme functional domains, the short deletion in protein structure did not
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affect BRGL1 activity or structure and the enzyme emerged functional, capable of controlling
some ABC gene transcription and facilitating cell adaptation to paclitaxel in the environment.
The transient deficiency of BRGL1 in paclitaxel-resistant A549 cells sensitized these cells to a
wide range of anticancer drugs. This implies the need to carefully testing SMARCA4 status,
particularly when considering synthetic lethal therapy in SMARCA4 mutated cancers.
Alteration in the BRGL1 levels in cancer cells may drive their adaptation to particular conditions
and promote transformation and progression of specific cancer types [49]. Furthermore,
development of drug resistance is associated with considerable BRG1 redistribution in the
genome of MDA-MB-231, which may support the gain of preferable transcriptome profile and
desired phenotype. Although BRG1 was found at some ABCC promoters in non-resistant and
resistant phenotypes, the activity of this enzyme varied. This implies the need for better
understanding of the molecular mechanisms that determine gene transcription-dependence
on BRG1, already difficult due to the multivalent DNA and chromatin-defined binding of BRG1
to histones as well as a relatively long list of SWI/SNF subunits and transcription co-factors

that define BRG1 activity and interaction with particular gene promoters or enhancers [50].

In summary, pharmacological inhibition or degradation of SWI/SNF as well as BRG1 silencing
leads to extralysosomal distribution of anticancer drugs, their deeper penetration of spheroids
and substantial increase in drug cytotoxicity. Our study provides new target - SWI/SNF
complex, and particularly SMARCA4 that encodes BRG1, for anticancer combinatorial

interventions in paclitaxel-induced multidrug resistant phenotypes.

Glossary: ABC - ATP-binding cassette, ADAADI - Active DNA-dependent ATPase A Domain
inhibitor, CTX - cabazitaxel, DTX - docetaxel, LMP - lysosomal membrane permeability, MDR

- multidrug resistance, PTX - paclitaxel. SRAP - Structurally Related Analog of PFI-3
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Figure captions

Figure 1 BRG1 co-activates transcription of some multidrug resistance-relevant ABC
transporters in paclitaxel-resistant cell lines

(A) mRNA level of SMARCA4 and its truncating deletions correlate with transcription yield of
some transmembrane drug carriers in cancer cells according to clinical data. Visual
Spreadsheet of UCSC Xena Functional Genomics Explorer compares co-expression of
SMARCA4 and some multidrug resistance-relevant ABC genes based on TCGA Pan-Cancer
(PANCAN). Samples with log2(norm_value+1) < 10.7 were assigned as SMARCA4 low. (B)
Deficiency of BRG1 declines transcription of some ABC genes only in SMARCA4 wild-type cell
lines. The impact of sSiBRG1 72 h after cell transfection on the studied ABC gene transcription
in various SMARCAA4 genotypes was analysed by real-time PCR. Normalized mRNA level of
each gene was assumed as 1 in siCTRL. MDA-MB-231 served as SMARCAA4 proficient (BRG1
functional), A549 as SMARCA4 deficient (BRG1 truncated, non-functional) and MCF7 as
SMARCAA4 fusion (BRG1-CARM1 fusion, non-functional). The difference between siCTRL and
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siBRG1 was analyzed by Student’s t-test with Welsch correction, and “*” when p<0.05,
whereas “ns” when p>0.05. (C) BRG1 is enriched at the promoters of ABCC genes, regardless
of their transcriptional dependence on BRG1. BRG1 occurrence at the genomic locations
spanning TSS of ABCC3, ABCC5 and ABCC2 in MDA-MB-231 cells was visualized in USCS
Genome Browser and BigWig file was derived from MACS2 peak calling. P indicates cutoff for
peak detection, when BRG1 was statistically overrepresented at the considered gene
promoters. ABCC2 served as a negative control. (D) BRG1-enriched promoters (+ 2 kbp from
TSS) represent genes functionally linked to various intracellular processes including protein
trafficking to endomembrane system. Ontology of genes characterized by BRG1 occurrence
at their promoters (minimum FDR (g-value) cutoff for peak detection set at 0.05) in MDA-MB-
231 cells was annotated to biological processes in Panther using statistical overrepresentation
test. Genes listed in boxes represent two GO terms (GO:0006891 and GO: 0006622)
associated with intracellular vesicle-mediated exchange system of membrane components
comprising Golgi apparatus and endolysosomal system. (E) Acquired resistance to paclitaxel
changes transcription profile of ABC genes that are functionally linked to multidrug resistance.
Normalized gene expression between mapped reads of RNA-Seq datasets from basal (non-

resistant; marked as “-“) and paclitaxel-resistant (“Ptx”) cells was generated in CuffLinks using
GTEX Gene as a template. Results are shown as a heatmap of normalized gene transcription
(FPKM). (F-G) Transient silencing of BRG1 downregulates transcription of a common gene
subset, which represent molecular function of transmembrane transporter activity
(G0O:0022857) in paclitaxel-resistant MDA-MB-251 (MDA-PTX) and A549 (A549-PTX) cell
lines. (F) Venn diagram of genes characterized by transcription decline in response to BRG1
silencing (Log2FC < -0.5 ; differential gene expression was generated in CuffDiff using RNA-
Seq datasets from BRG1 proficient — siCTRL and deficient — siBRG1 paclitaxel-resistant cell
lines) were created using https://bioinformatics.psb.ugent.be/webtools/Venn/ (G) GO terms
(molecular function) were assigned to the common gene sets of MDA-PTX and A549-PTX in
Panther using statistical overrepresentation test. (H) BRG1 silencing alters transcription of
ABC genes, which can contribute to multidrug resistance in cells exposed to several cycles of
paclitaxel treatment. Heatmap of differential gene expression presents Log2FC generated in
CuffDiff based on RNA-Seq data from BRG1 proficient — siCTRL and deficient — siBRG1
paclitaxel-resistant cells. Bolded genes are characterized by relatively high, unchanged
expression or substantial transcription increase caused by paclitaxel. (I) mMRNA level of ABC
transporters was compared between control and BRG1-deficient samples by real-time PCR.
Transcription level was normalized first to housekeeping genes (ACTB, GAPDH and HPRT1)
and, then, mRNA level of control was assumed as 1. The difference between two means was
tested with Student’s t-test, and statistically significant differences are marked with * when p <
0.05 * and ** when p < 0.01. (J) Effect of transient BRG1 silencing on ABCC3, ABCC5 and



©CO~NOOOTA~AWNPE

ABCC10 protein levels. The lysates of paclitaxel-resistant cells transiently silenced siCTRL
and siBRG1 were analyzed by Western Blot. BRG1 was used as a control for silencing efficacy.
Histone H3 was used as a loading control.

Figure 2 BRGL1 redistribution in the genome and de novo recruitment to gene promoters
in the paclitaxel-resistant cell links this enzyme with endolysosomal organization and

transport

(A-B) Resistance to paclitaxel changes proportion of BRG1 occurrence at the gene promoters.
BRG1 peaks were quantified in the following genomic regions: (A) promoters — regions * 2 kbp
from transcription start site (TSS) and enhancers — derived from UCSC table vistaEnhancers,
(B) genes (intergenic regions) — derived from UCSC table gtexGene V8. (C) BRG1 shifts from
TSS proximal to distal regions in response to repeated MDA-MB-231 cell exposure to
paclitaxel. BRG1 peaks were quantified with respect to the TSS by bedtools ClosestBed, while
taking MACS2 peak summits of BRG1 and TSS derived from UCSC table gtexGene V8.
Counts were normalized to peak number at — 1 kbp. (D) Gained resistance to paclitaxel is
associated with BRG1 spreading at the gene transcription start site. BRG1 occurrence in the
region spanning TSS (x 0.5 kbp) was monitored by plotting a profile and heatmap of BRG1
peaks against TSS as a reference point (computeMatrix: plotHeatmap; regions sorted in
descending order by mean without clustering). (E) BRG1, EP300 and H3K4me3 are enriched
at the promoter of ABCC5 gene regardless of MDA-MB-231 cell resistance to paclitaxel.
Genome coverage (as BigWig derived from -bamCoverage) with the two proteins and histone
modification around TSS of ABCC5 was visualized in USCS Genome Browser. (F) BRG1 and
EP300 are less centered at the transcriptionally active TSS in paclitaxel-resistant cells. The
distribution of these two enzymes at H3K4m3 positive TSS in MDA-MB-231 non- versus
paclitaxel-resistant was counted (-computeMatrix) and visualized (-plotHeatmap) in the region
spanning TSS + 2.5 kbp. Regions were clustered with respect to H3K4me3 intensity. (G)
resistance to paclitaxel declines BRG1 corelation with H3K4me3, but enhances co-occurrence
with EP300. BRG1, EP300 and H3K4me3 genomic co-distribution was calculated as
Spearman correlation coefficient (-multiBigWigSummary and -plotCorrelation; genomic
regions were taken as H3K4me3 peaks that overlap TSS). (H) Paclitaxel resistance of MDA-
MB-231 is associated with substantial recruitment of BRG1 to new subset of gene promoters.
Gene promoters (TSS + 2 kbp) characterized by BRG1 peaks in non-resistant and paclitaxel-
resistant phenotypes were plotted in venn diagram. Extruded, de novo and remained
promoters refer to promoters enriched BRG1 in non-resistant cells only, in paclitaxel-resistant
cells, and in both cell phenotypes, respectively. The possible enzyme shift in the considered
regions were not taken into consideration. (I) BRG1 is recruited de novo to promoters of genes,

which are functionally linked to numerous processes including ER-Golgi-endosome-lysome
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transport. Gene ontology (GO: biological process complete) of BRG1 de novo enriched
promoters in paclitaxel-resistant MDA-MB-231 cells was assigned in Panther using statistical

overrepresentation test

Figure 3BRG1 drives overexpression of lysosomaly localized ABC-transporters in PTX-
resistant cell lines, which are crucial for drug sequestration and reduced drug

cytotoxicity

(A-D) BRG1 confers overrepresentation of some ABCC proteins in lysosomes of paclitaxel-
resistant cancer cells. (A) ABC transporter expression and localization 72 h after cell
transfection with siCTRL and siBRG1 were visualized by immunocytostaining followed by
confocal microscopy. Green fluorescence derived from Alexafluor488-conjugated secondary
antibody corresponds to ABC transporters appearance in cells. DNA was stained with DAPI
(blue). Lysosomes was stained with LysoTracker (red). The fluorescence intensity (B) and
colocalization (C) was determined in arbitrary units (a.u.) with Leica Application Suite X. The
difference between two means was tested with Student’s t-test, and statistically significant
differences are marked with * when p < 0.05 *, ** when p < 0.01, *** when p < 0.001 (D) Red
fluorescence of ABC transporters is derived from R-phycoerythrin- labelled secondary antibody
and LAMP1- green fluorescence is derived from Alexafluor488-conjugated secondary
antibody. The scans of lysosomes were deconvolved using 3D-Deconwolution accessible in
Leica Application Suite X software (LAS X, Leica Microsystems, Germany). (E) BRG1 causes
lysosomal sequestration of paclitaxel Oregon Green in lysosomes of paclitaxel-resistant
cancer cell lines. Colocalization of fluorescently labelled paclitaxel and lysosomes was
compared between BRGL1 proficient and deficient cells. Paclitaxel is marked in green (Oregon
Green 488), lysosomes in red (LysoTracker Deep Red), DNA in blue (DAPI). The colocalization
(F) was determined in arbitrary units (a.u.) with Leica Application Suite X. The difference
between two means was tested with Student’s t-test, and statistically significant differences
are marked with * when p < 0.05 *, ** when p < 0.01, ** when p < 0.001 (G) BRG1 confers
multidrug resistance in cells exposed to several doses of paclitaxel. Sensitivity to doxorubicin,
daunorubicin, paclitaxel, cisplatin and etoposide was compared between control and BRG1
silenced ptx-resistant cell lines. Viability was measured with resazurin-based assay. Metabolic
activity of control cells was assumed as 100%. (H) Paclitaxel Oregon Green accumulation in
lysosomes of paclitaxel-resistant cells grown in 3D cultures requires BRG1. Control and BRG1
silenced paclitaxel-resistant A549 cell line spheroids were scanned for intracellular paclitaxel
Oregon Green distribution. The drug is marked in green, DNA in blue, lysosomes in red
(staining as described in E). The fluorescence intensity plot at spheroid cross section was

determined in arbitrary units (a.u.) with Leica Application Suite X.
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Figure 4 SWI/SNF targeting with PFI-3 and ACBI1 reduces expression on ABCC

transporters overrepresented in lysosomes of paclitaxel-resistant cells

(A-D, H-K) The lack of SWI/SNF activity declines transcription and intracellular abundance of
ABCC3, ABCC5 and ABCCI10 in paclitaxel-resistant phenotypes. mRNA level of ABCC3,
ABCC5 and ABCC10 was compared by real-time PCR in paclitaxel-resistant MDA-MB-231 (A)
and A549 (C) cells exposed and not to PFI3 (2.5 uM, 72h) and paclitaxel-resistant MDA-MB-
231 (H) and A549 (J) cells exposed and not to ACBI1 (0.5 uM, 72h). Transcription level was
normalized first to housekeeping genes (ACTB, GAPDH and HPRT1) and for control sample
was assumed as 1. The difference between two means was tested with Student’s t-test, and
statistically significant differences are marked with * when p < 0.05 *, ** when p < 0.01, ***
when p < 0.001. (B,D) Impact of PFI3 on ABCC10 protein level in paclitaxel-resistant MDA-
MB-231 (B) and A549 (D) cell lysates was tested by Western Blot. (I,K) Effect on ACBI1-
targeted SWI/SNF subunits degradation on ABCC3 protein level in paclitaxel-resistant MDA-
MB-231 (I) and A549 (K) cell lysates was tested by Western Blot. Histone H3 was used as a
loading control. (E, L) Expression and localization of ABC transporters was visualized by
immunocytostaining followed by confocal microscopy in non-treated vs PFI3 (E) and ACBI1
(L) -targeted cells. Green fluorescence of ABC transporters derived from Alexafluor488-
conjugated secondary antibody, blue fluorescence of DNA from DAPI, whereas lysosomal red
fluorescence from LysoTracker Deep Red. The fluorescence intensity (F,M) and colocalization
(G,N) was determined in arbitrary units (a.u.) with Leica Application Suite X. The difference
between two means was tested with Student’s t-test, and statistically significant differences
are marked with * when p < 0.05 *, ** when p < 0.01, *** when p < 0.001. (O) Confocal
microscopy imaging of lysosomal membrane proteins in control and PFI3-treated MDA-MB-
231-PTX cells. ABC transporters were visualized by immunocytostaining followed by confocal
microscopy. Red fluorescence of ABC transporters is derived from R-phycoerythrin- labelled
secondary antibody and green fluorescence of LAMP1 is derived from Alexafluor488-
conjugated secondary antibody. The scans of lysosomes were deconvolved using 3D-
Deconwolution accessible in Leica Application Suite X software (LAS X, Leica Microsystems,

Germany).

Figure 5 SWI/SNF targeting with PFI-3 and ACBIlldecreases drug accumulation in

lysosomes of paclitaxel-resistant cancer cells

(A,D) SWI/SNF-targeting uncouples paclitaxel Oregon Green accumulation in lysosomes of
paclitaxel-resistant cells. Confocal imaging was used to study the impact of SWI/SNF inhibitor
— PFI3 (2.5 uM, 24h) (A) and ABCI1 (D) on intracellular localization of fluorescently labelled
paclitaxel. The drug is marked green (Oregon Green 488), DNA in blue (DAPI) and lysosomes

in red (LysoTracker Deep Red). The fluorescence intensity of paclitaxel Oregon Green (B, E)
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and colocalization between the drug and lysosomes (C,F) was determined in arbitrary units
(a.u.) with Leica Application Suite X. The difference between two means was tested with
Student’s t-test, and statistically significant differences are marked with * when p < 0.05 *, **
when p < 0.01, *** when p < 0.001 (G) Doxorubicin accumulation in lysosomes of paclitaxel-
resistant cells grown in 3D cultures after PFI3-treatment. Control and inhibitor-treated
paclitaxel-resistant MDA-MB-231 cell line spheroids were scanned for intracellular Doxorubicin
distribution. The autofluorescent drug is marked in red, DNA in blue, lysosomes in green. The
fluorescence intensity plot at spheroid cross section was determined in arbitrary units (a.u.)
with Leica Application Suite X.

Figure 6 PFI3 and ACBI1 augments the toxicity of anticancer drugs in PTX-resistant

cancer cell lines

(A) SWI/SNF-targeting increases paclitaxel-resistant cell death in a spheroid model of
anticancer treatment. 3-week spheroids were firstly incubated with PFI3 or ABCI1 for 72 h and
then paclitaxel and doxorubicin were added for 48 h. Externalization of phosphatidylserine,
which marks apoptotic cells, was monitored by confocal microscopy after cell staining with
FITC-conjugated annexin V (green). DNA of necrotic cells (with disrupted membrane integrity)
was stained with Propidium lodide (red). DNA was stained with DAPI (blue). (B, C) The
fluorescence intensity was determined in arbitrary units (a.u.) with Leica Application Suite X.
The difference between two means was tested with Student’s t-test, and statistically significant
differences are marked with * when p < 0.05 *, ** when p < 0.01, *** when p < 0.001. (D) PFI3
(2.5 uM, 72h) enhances apoptosis induced doxorubicin and paclitaxel in A549-PTX cells.
Confocal imaging using Leica TCS SP8 (Leica Microsystems, Germany) was used to compare
the intensity of caspase 3 fluorescence between PFI3-treated and non-treated cells. The
impact of ACBI1 (0.5 uM, 48 h) (E) and PFI3 (2.5 uM, 48 h) on the toxicity of some anticancer
therapeutics. Cell viability was quantified with resazurin-based assay 24 after cell treatment

with drugs. Cell viability with drug alone was assumed as 100%.
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Figure S1 Paclitaxel-induced changes in the nucleotide sequence of SMARCAA4 led to reversal mutation that restored expression of functional BRG1 in paclitaxel-resistant A549
cells (A, C) mRNA level of BRG1 was compared in non-resistant and ptx-resistant MDA-MB-231 (A) and A549 (C) cell lines by real-time PCR. Transcription level was normalized first to
housekeeping genes (ACTB, GAPDH and HPRT1) and, then, mRNA level in basal cell lines was assumed as 1. The difference between two means was tested with Student's t-test, and
statistically significant differences are marked with * when p < 0.05 *, ** when p < 0.01, ** when p < 0.001. (B, D) Protein level of BRG1 was compared in lysates of non-resistant and ptx-
resistant MDA-MB-231 (B) and A549 (D) cells by western blot. Histone H3 was used as a loading control. (E) Recruitment of BRG1 to the promoters of ABCB1, ABCC2, ABCC5 and
ABCC10 in two A549 phenotypes was monitored by ChIP-gPCR. Raw IP values were normalized first to input, then to the corresponding IgG controls. The difference between two means
was tested with Student’s t-test, and statistically significant differences are marked with * when p < 0.05 *, ** when p < 0.01, *** when p < 0.001 (F) Sanger sequencing results presented in
Finch TV and aligned in MEGA11. (G) mRNA level of ABC transporters was compared between control and BRM-deficient samples by real-time PCR. Transcription level was normalized first
to housekeeping genes (ACTB, GAPDH and HPRT1) and, then, mRNA level of control was assumed as 1. The difference between two means was tested with Student’s t-test, and

statistically significant differences are marked with * when p < 0.05 * and ** when p < 0.01.



B Lysosome count

15 ad
oy |
§|o
2
S
3
Sos
00

SICTRL siBRG1

C siCTRL siBRG1 D

Colocalization rate

;,-_( 1.5
0.. -
(=2} rm
b < g,o
E o
b
Z| 3os
<
0.0
SICTRL sIBRG1
s
-
& 1.5 r 1
<] x
A =
Q.
= - 1.0
3 5|8
(=) g s
b
= 2| 2os
L4
a
E 00
N1 oUusS Dox[,rubicjn SICTRL siBRGY
E SICTRL SiBRG1
Drug accumulation Drug accumulation
yursy | —
3 =188 % :
2 §%=1 88.93 uM 5 |X =219.88 M
S =2.77 * i
> ! S | Y=T48
= [ b :
8 i ‘@ |
. i 5 |
1
F | £ !
1
] { 2 I
2 . 3 '
P ¢ 8 e
b4 [ © -
S il s !
|
2 1L RARAL AR R s R A L
0 200 400 600 o 0 200 400 60!
Nucleus Doxorubicin Spheroid section [uM] Nucleus Doxorubicin Spheroid section [uM]

Figure S2 BRGL1 drives overexpression of ABC-transporters, which are enriched in lysosomes of PTX-resistant cell lines and crucial for reduced drug cytotoxicity due to drug
sequestration in these organelles (A) ABC transporter expression and localization 72 h after cell transfection with siCTRL and siBRG1 were visualized by immunocytostaining followed by
confocal microscopy. Green fluorescence derived from Alexafluor488-conjugated secondary antibody corresponds to ABC transporters appearance in cells. DNA was stained with DAPI
(blue). Lysosomes was stained with LysoTracker (red). (B) Lysosome count was compared between control cells and transiently silenced BRG1. The fluorescence intensity of lysosomal
marker LysoTracker Deep Red was determined in arbitrary units (a.u.) with Leica Application Suite X. The difference between two means was tested with Student'’s t-test, and statistically
significant differences are marked with * when p < 0.05 *, ** when p < 0.01, *** when p < 0.001 (C) BRG1 causes lysosomal sequestration of doxorubicin in paclitaxel-resistant cancer cell
lines. Colocalization of doxorubicin and lysosomes was compared between BRGL1 proficient and deficient cells. Autofluorescent doxorubicin is marked in red, lysosomes in green (LysoTracker
Deep Red), DNA in blue (DAPI). The fluorescence intensity and colocalization of doxorubicin (D) and Paclitaxel Oregon Green (D) was determined in arbitrary units (a.u.) with Leica
Application Suite X. The difference between two means was tested with Student's t-test, and statistically significant differences are marked with * when p < 0.05 *, ** when p < 0.01, *** when p
< 0.001. (E) Doxorubicin accumulation in lysosomes of paclitaxel-resistant cells requires BRG1. Cells were grown for 3-weeks in 3D cultures. Control and BRGL1 silenced paclitaxel-resistant
A549 cell line spheroids were scanned for intracellular doxorubicin distribution. The autofluorescent drug is marked in red, DNA stained DAPI is blue, LysoTracker Deep Red stained

lysosomes are green. The fluorescence intensity plot at spheroid cross section was created in arbitrary units (a.u.) with Leica Application Suite X.
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Figure S3 SWI/SNF-targeting with PFI-3 and ACBI1 does not substantially reduces expression of ABCC5 and ABCC10 in A549 and MDA-MB-231 cells (A)Western Blot representation
of BRG1 degradation after ACBI1 treatment. H3 was used as a loading control. (B-E) The impact of SWI/SNF inhibitor — PFI3 (B,C) and SWI/SNF subunits degrader-ACBI1(D,E) on mRNA level
of ABCC3, ABCC5 and ABCC10 was studied by real-time PCR. Cells were exposed to PFI3 at the concentration of 2.5 uM for 72h. Transcription level was normalized first to housekeeping

genes (ACTB, GAPDH and HPRT1) and for control sample was assumed as 1. The difference between two means was tested with Student’s t-test, and statistically significant differences are

marked with * when p < 0.05 *, ** when p < 0.01, *** when p < 0.001.
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Figure S4 SWI/SNF-targeting with PFI-3 and ACBI1 reduces expression of ABCC transporters overrepresented in lysosomes of paclitaxel-resistant cells (A, D) ABC transporters

expression and localization was visualized by immunocytostaining followed by confocal microscopy in non-treated vs PFI3 (A) and ACBI1 (D)-treated cells. Green fluorescence of

Alexafluor488-conjugated secondary antibody represents ABCC transporters, blue fluorescence of DAPI - DNA, whereas lysosomal red fluorescence is from LysoTracker Deep Red. The

fluorescence intensity (B, E) and colocalization (C,F) was determined in arbitrary units (a.u.) with Leica Application Suite X. The difference between two means was tested with Student’s t-test,

and statistically significant differences are marked with * when p < 0.05 *, ** when p < 0.01, *** when p < 0.001.
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The development of resistance to paclitaxel (PTX), which is a
vital anticancer drug treating breast and lung cancers, can
cause treatment failure and limit further use of taxanes and
similar drugs. As previously documented, PTX-induced irre-
sponsiveness to chemotherapy involves the overexpression of
ABCC3, ABCC5, and ABCC10 members of the ATP-binding
cassette (ABC) transmembrane proteins, which are enriched
in the lysosomes of drug-resistant cells where anticancer
drugs are actively trapped. In this paper, the role of HIF1A
in a BRG1-p300-dependent overexpression of 3 ABCC genes
in drug resistant cells was examined. Although motive
spacing analysis of BRG1 enriched regions indicated that
HIF1A, ISL1, MAF, and ZNF76 could be possible BRG1 co-
regulators, bona fide co-operation with BRG1 and the contri-
bution to drug resistance was only confirmed for HIF1A.
HIF1A deficiency abolished the transcription promoting ef-
fect of BRG1 and p300, thereby suggesting that this protein
acts as the master regulator of ABCC transcription. Analysis
of The Cancer Genome Atlas (TCGA) and The Genotype-Tis-
sue Expression (GTEx) databases confirmed a likely role of
HIF1A-BRG1-p300 overexpression in the taxanes resistance
of cancer patients and the possible biomarker function of
this protein in cancer responses to chemotherapy. Therefore,
the complex comprising BRG1-EP300-HIF1A can be consid-
ered for further clinical investigation and planning for pa-
tient therapy.

INTRODUCTION

Paclitaxel (PTX) is a vital anticancer medication to treat breast and
lung cancers, which are of high incidence, with as many as 2.48
million and 2.29 million new cases, respectively. It is also used for
treatment of ovarian and pancreatic cancers." The mechanisms of
the anticancer action of PTX include the stabilization of microtu-
bules and subsequent cell arrest, inhibition of the TLR4 signaling
pathway followed by an upregulation of pro-apoptotic BAX/BAK
and the downregulation of anti-apoptotic Bcl-2 proteins and activa-

tion of endoplasmic reticulum stress leading to apoptotic cell death.”
Even though PTX is one of the most effective and frequently used
drugs for the treatment of different tumors, its efficiency is limited
due to the development of cancer cell resistance. The major mecha-
nisms that mediate PTX resistance include altered apoptotic path-
ways, changes in drug transporter expression, increased drug meta-
bolism, alteration in the tubulin dynamics, mutations in the
B-tubulin gene, as well as cell cycle changes (particularly in the late
G2/M phase).”

PTX-induced alteration in the profile of drug transporter expression
comprises inter alia the overexpression and intracellular redistribu-
tion of the ATP-binding cassette (ABC) proteins that use energy
from the hydrolysis of ATP to actively translocate substances across
cell membranes. The surface of resistant cancer cells is characterized
by a high abundance of ABC transporters pumping PTX out of
the cell to develop chemotherapeutic resistance® which is linked
to the overexpression of ABCB1,” "2 ABCC3,'*"® ABCC5,'* and
ABCC10.? In our recent paper, we documented the enrichment of
ABCC3, ABCC5, and ABCC10 in the lysosomes of PTX-resistant
cells, complementing the overexpression of these proteins and facil-
itating drug sequestration inside the organelles, thereby limiting can-
cer cell vulnerability to chemotherapeutics.'” Increased transcription
of these 3 transporters results from the BRGI redistribution in the
genome (a de novo occurrence at the promoters of genes functionally
linked to the endo-lysosomal system and ABCC transporters) and its
stronger co-occurrence with p300'® acetyltransferase. This enzyme
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promotes transcriptional activity by acting as a “bridge” linking the
DNA-bound transcription factors to basal transcription machinery
through direct interactions with the general transcription factors
TFIID, TFIIB, and RNA polymerase II, thus promoting pre-initia-
tion complex (PIC) assembly. This enzyme also acetylates histones
through the histone acetyltransferase domain leading to chromatin
remodeling and the relaxation of the chromatin structure to enable
'[ranscription.17 BRG], an active subunit of the SWI/SNF chro-
matin-remodeling complex, enables the p300-dependent transcrip-
tion of genes from their E2F/CpG-driven promoters. In dividing
cells, BRGI directly activates gene transcription by evicting p300-
modified nucleosomes from the promoters.'® The direct role of
BRGI in the transcriptional co-activation of some ABC transporters
in breast cancer cells,” hepatocellular carcinoma,”’ as well as in
PTX-resistant breast and lung cancer cells'® were reported. Pharma-
cological inhibition or the transient silencing of this enzyme
increased the cytoplasmic and nuclear concentrations of drugs,
thereby restoring the chemosensitivity of drug-resistant cells. Simi-
larly, p300 targeting with small molecular inhibitors phenocopied
BRG1 deficiency and repressed the ABCC genes that confer multi-
drug resistance in breast, lung, and liver cancer cells*' and also in
PTX-resistant phenotypes. However, the mechanistic aspects of
BRG1 and p300-driven overexpression of ABCC genes have not
been explained and there has been no identification of the molecular
factor responsible for their recruitment to the gene promoters in the
PTX-resistant cell. Although co-activators mediate transcription fac-
tor function, they lack the DNA-binding capacity to a specific motif.
How they engage target loci remains a question.”” Both enzymes are
characterized by the bromodomain in their structure that allows to
read nucleosome acetylation, thereby enabling their interaction
with transcriptionally permissive chromatin regions. However,
recent reports document that p300-chromatin binding requires mul-
tiple transcription factor (TF)-interaction domains that would need
cooperation with specific transcription factors to target gene pro-
moters. These transcription factors remain unknown for the 3
ABCC genes. A recent study utilizing systematic evolution of ligands
by exponential enrichment sequencing (SELEX-seq), nuclear mag-
netic resonance (NMR) spectroscopy, and molecular modeling, dis-
closed the role of the AT-hook, linker, and bromodomain of BRG1 in
selective binding to DNA. The arginines (Arg1443 and Argl1445) of
the AT-hook interacted with an AT-rich minor groove, whereas the
tyrosines (Thr1459, Tyr1498, and Tyr1519) of the bromodomain
bound to a major groove of the SELEX-DNA consensus sequence:
5'-CCTCAATTAAATCTC-3'.>> However, in cells, BRG1 was found
at the GC-rich motifs for E2F transcription factors together with
p300; therefore, as previously postulated, context-dependent associ-
ation of BRG1 with gene promoters override the preference of the
enzyme to AT-rich DNA fragments.

Previous studies on the regulation of ABC gene transcription
described some transcription factors and linked their role in
ABC transcription control to PTX-induced drug resistance. For
example, FOXMI1 was shown to regulate transcription of
ABCC5 in PTX-resistant nasopharyngeal carcinoma cells'* and
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PTX-resistant cervical cancer cells®* as well as ABCA2 in PTX-
treated pancreatic cancer cell lines.”” Homeobox B4 (HOXB4)
was involved in the regulation of ABCBI, ABCCI, and ABCG2
expression in PTX- and cisplatin-resistant ovarian cancer cells*’;
SOX2 in the activation of ABCCI transcription in melanoma
cells’’; and ABCG2 in breast cancer stem cells (CSCs),”® with
none of these transcription factors mechanistically associated
with BRG1- or p300-dependent chromatin remodeling at the pro-

moters of key ABC genes.

To gain more complete insight to the transcription control of
ABCC3, ABCC5, and ABCCI10, which share their overexpression
dependence on BRGI and p300, previously published NGS data
from BRG1 chromatin immunoprecipitation sequencing (ChIP-
seq) experiments and bioinformatic analysis was used to identify
the possible co-regulators of BRG1 and p300 at the well-defined
gene promoters described in Gronkowska et al."” Emerging candi-
dates were validated firstly for their co-activatory role in BRGI-
p300-dependent transcription of the 3 ABCC genes, then by the
confirmed contribution of the identified transcription co-activator
in lysosomal drug sequestration and cell resistance to standard
chemotherapy drugs in PTX-resistant phenotypes. Moreover, based
on the data deposited in TCGA and GTEx databases, the predictive
aspects of the identified regulatory unit for cancer patient survival
and treatment outcomes were concluded.

RESULTS

Two motifs emerge at the promoters of genes transcriptionally
co-activated by BRG1

Motifs were identified in the search for the possible co-factors of BRG1
that direct the enzyme to certain promoters and enabled or enhanced
the BRG1-dependent gene transcription in PTX-resistant MDA-MB-
231. These were enriched among BRG1 peaks occurring at the gene
promoters that were positively controlled by this enzyme. For this pur-
pose, the use of the differential gene expression analysis of RNA
sequencing (RNA-seq) data was made, where mRNA profiles of cells
proficient (siCTRL) and deficient (siBRG1) in BRG1 were compared
and the ChIP-seq data indicated the BRG1 enrichment at the gene
promoters (Figure 1A). From these 2 datasets we chose sequences of
BRGI peaks at the promoters of genes that were downregulated after
silencing of the enzyme as templates for motif search, whereas the se-
quences of BRG1 peaks at the promoters of genes upregulated after
silencing of the enzyme served as a control. Analysis of motif enrich-
ment in XSTREME provided 3 motifs, sequenced between 10 and 15
nucleotides in length (Figure 1B). The first motif 5-AGGCGTGAGC
CACC-3' matched 11 promoters and the second motif 5-AGGCG
TGAGCCACC-3/, matched 7 promoters of ABC genes, highly ex-
pressed in non-resistant and PTX-resistant MDA-MB-231 or consid-
erably overexpressed as a consequence of cell adaptation to PTX.
These 2 motifs were also found at the promoters of ABCC3, ABCC5,
and ABCCI0, and were functionally linked to lysosomal drug seques-
tration. The third motif 5-CADCCTGAMA-3' did not match any of
ABC promoters with false discovery rate(q) < 0.01. Therefore, the first
2 motifs emerged as adequate candidates for use for a further search
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for BRGI co-factors or proteins forming gene regulatory complexes
with BRGI. The search of similarities in the 2 considered motifs and
the known transcription factor binding motifs, resulted in a relatively
short list of transcription factors without any proteins in common, but
included inter alia T-cell transcription factor EB (TFEB) acting as
master regulator of lysosome biogenesis. A more comprehensive list
of possible BRG1 co-regulators was generated during motif spacing
analysis. Some of the emerged transcription factors have been reported
as physically and functionally interacting partners of BRG1 at the gene
promoters. To tighten the list of significant secondaries, motif spacing
analysis was limited to promoters of ABC genes which were upregu-
lated in PTX-resistant MDA-MB-231 (Figure 1C). This approach
led to the identification of motif specific and shared transcription fac-
tors that were represented by HIF1A, ISL1, MAF, and ZNF76. Accord-
ing to recent literature,” >’ these proteins play a role in the drug resis-
tance of various cancer types. In the search for any preliminary
evidence on the functional impact of these 4 factors on ABC gene tran-
scription we made use of TCGA Pan-Cancer (PANCAN) dataset and
searched for correlation between the mRNA level of HIFIA, ISLI,
MAF or ZNF76, and ABC genes (Figures 1D, SIA, and S1B). A low
level of MAF transcription correlated strongly with the low transcrip-
tion of ABCBI, ABCC2, and ABCG2 but with high levels of ABCCI
and ACCI0 mRNA (Figure SIA). A similar profile of interdependence
was observed for ZNF76, the low transcription of which was associated
with low mRNA levels of ABCBI, ABCC4, ABCG2, and ABCCI0, but
increased transcription of ABCC1 and ABCCS5 (Figure S1A). These 2
transcription factors correlated with ABC transcription inversely to
BRGI. In contrast, low HIF1A or ISL1 alone, was followed by high
expression of ABCBI, ABCC2, ABCC4, and ABCG2 and low expres-
sion of ABCC1, ABCC5, and ABCCI0 (Figures 1D and S2).

To determine the mutual interdependence between the transcription
of the 4 transcription factors and SMARC4 and ABC genes, the
mRNA level was further subdivided into 4 groups according to the
transcription factor and BRG1 expression (Figures 1E, 1F, S3, and
S4). As a readout, downregulated genes in the SMARCA4 low sam-
ples (ABCC1, ABCC5, and ABCC10) and upregulated (ABCC2) in
the SMARCA4 low samples were taken. A possible impact of
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BRGI1 on their expression was named as transcription co-activation
and transcription co-repression respectively, while it was assumed
that BRG1 directly controlled their transcription, based on results
from the cell lines (Figures 1E, 1F, S3, and S4). In most cases,
SMARCA4 low/TF low samples were characterized by a low
mRNA level of genes where BRG1 likely acted as co-activator of their
transcription. A higher abundance of BRG1 or transcription factor
was usually followed by a higher mRNA level of ABCC1, ABCC5,
and ABCCIO0 (with single exceptions) and their joint impact on
gene transcription was additive (Figure 1E). However, at the
BRG1-repressed genes the transcription of HIF1A, MAF, and ISL1,
(but not ZNF96), was associated with strongly enhanced ABCC2
expression in the absence of BRG1 (Figure 1F). Based on a very nar-
row window of SMARCA4 low versus moderate and high transcrip-
tion, it can be concluded that all 4 considered transcription factors
could contribute to the regulation of BRG1-dependent gene tran-
scription, but the molecular mechanism requires further investiga-
tion. Since the mRNA level similarly correlates with the mRNA of
the exemplary ABC genes depending on SMARCA4 expression, it
seems unlikely that these 4 proteins simultaneously and directly
bound promoters and regulated ABC gene transcription, so another
factor that links all 4 proteins should be considered as the BRG1 part-
ner. The expression of HIF1A, MAF, ISL1, and ZNF96 is linked to
the expression of ABC transporters; therefore, these transcription
factors should be taken into consideration as possible modulators
of multidrug resistance.

In summary, motif spacing analysis of the 2 identified BRG1-en-
riched sequences provided us with 4 transcription factors, which
may serve as a starting point for the molecular explanation of
BRG1-dependent overexpression of ABC genes in PTX-resistant
cells. The subgrouping transcription factor expression (with respect
to the SMARCA4 level), had an apparent possible interconnection
that emerged in the transcription co-activation of ABCC5 and
ABCCI0. This was even more evident for genes that were likely
co-repressed by BRGI1 and transcription factors where the low
expression of SMARCA4 and TFs was associated with an elevated
expression of the exemplary ABCC2.

Figure 1. MAF, ZNF76, HIF1A, and ISL1 emerge as possible transcription co-activators of BRG1-dependent ABC genes in human cancers

(A) Venn diagram schematic representation of BRG1 peaks at the gene promoters, which were taken for the search of BRG1-specific motifs. BRG1-enriched gene promoters
(TSS +2 kbp) were plotted against genes considerably activated and downregulated by BRG1 (1<log2FC < 1; CuffDiff on RNA-seq data derived from BRG1 proficient —
siCTRL and deficient — siBRG1 MDA-MB-231-PTX; as in Figure 2F and Table S2). BRG1 peaks at the promoters of genes transcriptionally co-activated by this enzyme served
as input, whereas BRG1 peaks at the promoters of genes suppressed by BRG1 served as negative control. (B) Two BRG1-bound motifs occur at the promoters of tran-
scriptionally active ABC genes in PTX-resistant MDA-MB-231 cells. BRG1-enriched motifs were searched in XSTREME for the subset of BRG1 peaks described in (A) as
input and control sequences, which were extracted from hg19 using bedtools getfasta. HOCOMOCO Human (v11 core) was selected as input motifs. The three STREME
motifs (1-3) were taken for further analysis. The occurrence of identified STREME motifs at the promoters of considered ABC genes was checked in FIMO, but only gene
promoters with g < 0.01 are listed. Third STREME motif did not match to any ABC gene promoter at g < 0.01. The list of secondary known HOCOMOCO Human (v11 core)
motifs for transcription factors with significantly enriched spacings (Significant Secondaries), which may indicate formation of protein complexes with BRG1, were generated
in SpaMo. (C) Motif spacing analysis described in (B) limited to promoters of ABC genes, which respond to BRG1 silencing. Bolded gene IDs indicate transcription factors that
are common for both STREME motifs. (D) Exemplary correlation between mRNA level of HIF1A and some ABC genes in human cancers. Pan-Cancer (PANCAN) dataset was
used to compute the mRNA level of selected ABC genes with respect to HIF1A transcription yield in Xena Functional Genomics Explorer. (E and F) ISL1, MAF, ZNF76, and
HIF1 may co-regulate transcription of exemplary ABCC genes with BRG1. (E) Low mRNA levels of SMARCA4 and considered transcription factors (X) correlate with low
transcription of ABCC5 and ABCC10 genes, thereby suggesting the co-activating role of BRG1 and Xs. On the contrary, in (F), low mRNA levels of SMARCA4 and Xs
correlate with high transcription of ABCC2, thereby indicating co-repressing mode of functional interdependence between BRG1 and Xs.
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HIF1A co-regulates BRG1-dependent overexpression of ABC
genes, which contribute to lysosomal drug sequestration in
PTX-resistant cell lines

To identify a bona fide BRG1 co-regulator responsible for the over-
expression of the BRG1-dependent ABCC transporters that were
associated with the occurrence of PTX resistance, shared transcrip-
tion factors from Figure 1C were transiently silenced. The measure-
ment of mRNA and protein levels were set by real-time PCR and
western blot, respectively, as an initial readout of the transcriptional
activity of the transcription factors. Only the silencing of HIF1A sub-
stantially downregulated the transcription of ABCC3, ABCC5, and
ABCCI10 (Figures 2A and 2B) in PTX-resistant cells, while showing
a lack of action on basal cells (Figures S5A and S5B). These data
are consistent with the TCGA PANCAN dataset analysis where
low HIF1 transcription was accompanied by low expression of inter
alia ABCC5 and ABCCI0 (Figure 1D). The impact of HIF1A on the
protein level was also confirmed by western blot, where the decline in
ABCC3 and ABCCI0 proteins were observed in HIF1A-deficient
cells to the highest extent (Figures 2C and 2D). The immune staining
of ABCC5 and ABCC10 and their confocal imaging allowed the visu-
alization of their substantial loss in HIF1A-silenced cells and their
withdrawal from lysosomes where their co-localization with lyso-
some markers significantly decreased (Figures 2E-2G and S6A-
S6C). To check the functional impact of HIF1A-dependent expres-
sion of the ABC transporters that are enriched in lysosomes of
PTX-resistant cells, we compared the colocalization of PTX Oregon
Green (Figure 2H) and doxorubicin (Figure S6D) with lysosomes in
HIF1A-proficient and -deficient cells using confocal microscopy.
HIF1A deficiency substantially declined the drug’s accumulation in
lysosomes, as shown by quantification of drug colocalization with
lysosomal probe, Lysotracker (Figures 2I and S6E). This led us to
the hypothesis that HIF1A may affect the cell response to chemother-
apeutics and cause chemoresistance mediated by lysosomes. To test
such an option, we compared the viability of cells that differed in
HIF1A level and were exposed to chemotherapeutics. HIF1A deple-
tion sensitized cells of both lines to doxorubicin, PTX, and etoposide
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(Figure 2J). This finding suggests that targeting of HIF1A sensitizes
PTX-resistant cancer cells to some chemotherapeutics. Bearing in
mind that lysosomes protected resistant phenotypes from doxoru-
bicin and PTX as shown in our previous study15 and that ABCC3,
ABCC5, and ABCC10 contributed to their sequestration inside lyso-
somes, we can conclude that HIF1A-dependent overexpression of
the three transporters are crucial for lysosome-mediated resistance
of cells to drugs, which are actively transported to these organelles
by ABCC proteins.

To confirm that increased toxicity of PTX in HIF1A-silenced cells is
caused mostly by downregulation of ABC transporter expression,
we compared caspase 3/7 activity among the following samples: sictrl,
sictrl + 1ABC, siHIF1A, and siHIF1A + iABC treated and untreated
with the drug (Figure 2K). In A549 cells resistant to PTX, the silencing
of HIF1A, their pretreatment with iABC, and combination of si-
HIF1A/iABC before PTX resulted in similar cell sensitization to the
drug. This suggests that HIF1A and targets of applied ABCC inhibitor
act in the same regulatory circuit. In MDA-MB-231, HIF1A silencing
emerged more potent than iABC in cell sensitization to the drug;
hence, some additional, anti-apoptotic mechanism driven by HIF1A
in these cells is possible, but the synergistic effect of siHIF1A combi-
nation with iABC was not observed when compared to siHIF1A alone.
This allows to conclude that considerable extent of the observed,
HIF1A-dependent resistance is mediated by ABCC proteins.

Interestingly, PTX-resistant lines were characterized by increased
HIF1A expression at the mRNA level (Figure S6F) as well as
increased HIF1A protein levels (Figure S6G). Bearing in mind that
HIF1A abundance is also controlled by proteasome, we made use
of MG132, a proteasome inhibitor, to test if repeated cell exposure
to PTX alters the proteasome-dependent degradation of the consid-
ered transcription factor (Figure S6H). In basal cell line, we
confirmed the contribution of proteasome to HIF1A degradation,
whereas resistant cells showed comparable HIF1A level regardless
of their exposure to MG132. This suggests that elevated HIF1A in

Figure 2. HIF1A-EP300-BRG1 functional crosstalk on the chromatin defines transcription of ABCC transporters in PTX-resistant breast and lung cancer
cells

(A-D) HIF1A is responsible for overexpression of ABCC3, ABCC5 and ABCC10 in PTX-resistant MDA-MB-231 and A549 cells. (A and B) mRNA level of ABCC3, ABCC5, and
ABCC10 was compared in cells 72 h after their transfection with siCTRL or siHIF1A, siMAF, and silSL1 by real-time PCR in PTX-resistant MDA-MB-231 (A) and A549 (B) cells.
Raw values were normalized first to housekeeping genes (ACTB, GAPDH, and HPRT1), and then the ratio was assumed as 1 in control sample. The difference between two
means was tested with Student’s t test, and statistically significant differences are marked as follows: “p < 0.05, **p < 0.01, and ***p < 0.001. (C and D) Effect of HIF1A, MAF,
and ISL1 transient silencing on ABCC3 and ABCC10 protein level was studied by western blot in PTX-resistant MDA-MB-231 (C) and A549 (D) cells. Histone H3 was used as
a loading control. (E) The expression and intracellular localization of ABCC5 and ABCC10 in HIF1A proficient and deficient MDA-MB-231-PTX cells were analyzed by im-
munocytostaining followed by confocal microscopy. Green fluorescence corresponds to ABCC5 and ABCC10, DNA was stained with DAPI (blue), whereas lysosomes with
LysoTracker (red). (F and G) The green fluorescence intensity, which corresponds to intracellular ABCC5 and ABCC10 protein abundance (F), and colocalization between
ABCC5 or ABCC10 and lysosomes (G) were determined in arbitrary units (a.u.) with Leica Application Suite X. The difference between two means was tested with Student’s t
test, and statistically significant differences are marked as follow: “p < 0.05, **p < 0.01, and ***p < 0.001. (H) HIF1A causes lysosomal sequestration of PTX Oregon Green in
lysosomes of PTX-resistant cancer cell lines. Colocalization of fluorescently labeled PTX and lysosomes was compared between HIF1A proficient and deficient cells. PTX is
marked in green (Oregon Green 488), lysosomes in red (LysoTracker Deep Red), DNA in blue (DAPI). (I) The colocalization was determined in a.u. with Leica Application Suite
X. The difference between two means was tested with Student’s t test, and statistically significant differences are marked as follows: *p < 0.05, **p < 0.01, and ***p < 0.001. (J)
The toxicity of anticancer therapeutics was compared in HIF1 proficient (sSiCTRL) and deficient (siHIF1A) cells. Cells were transfected 24 h before administration of drugs for
the following 48 h. Cell viability was quantified with resazurin-based assay. Cell viability with drug alone/in control, drug untreated cells was assumed as 100%. (K) The impact
of HIF1A silencing (siHIF1A), iIABC (MK571, 25 pM) and their combination on PTX- or doxorubicin-induced apoptosis (0.25 uM for each drug) was compared by measuring
caspase 3/7 activity with Caspase-Glo 3/7 Reagent. Caspase 3/7 activity was normalized to the relative fraction of living cells, which were quantified with resazurin assay.
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resistant cells is caused by enhanced gene transcription and restricted
proteasomal degradation. In the case of the PTX-resistant A549 line,
an additional increase in the expression of EP300, which is a known
coregulator of HIF1A that is required for its trans-activation, was
observed™®(Figure S6G).

BRG1 and p300 associate with HIF1A and are enriched at HRE
motifs in promoters of transcriptionally active ABCC genes,
crucial for PTX-induced cancer drug resistance

The distribution of the 2 epigenetic enzymes at the HIF1A motifs
in non-resistant and PTX-resistant MDA-MB-231 cells were
compared. For this purpose, we first identified the HIF1A binding
profile across all the genome based on the TF-binding matrix depos-
ited in JASPAR database and then limited the set of derived coordi-
nates to gene promoters assumed to be TSS +2 kbp. As shown in
Figure 3A, BRGI, p300, and H3K4me3 were considerably enriched
in the genomic regions spanning HIF1A binding sequences
+2.5 kbp in the resistant phenotype. Among them, BRG1 emerged
the most sharply centered on the sites for HIF1A, whereas another
2 chromatin components were diffused in the proximity of HIF1A
motifs.

To determine whether the acquisition of drug resistance is accom-
panied by an increased number of HIF1A motifs characterized by
the occurrence of BRG1, p300, and H3K4me3, we counted overlap-
ping intervals of HIF1A + 1 kbp at the gene promoters and MACS2-
derived peaks of the 3 considered chromatin proteins'® (Figure 3B).
Among 4,617 promoters featured with the motif for HIFIA,
approximately 800 were found positive for H3K4me3 that marks
promoters of transcriptionally active genes and their number
increased up to ~1,200 after repeated cell challenging with PTX.
Similar changes were observed for BRG1 and p300, but the percent-
age of BRG1- and p300-promoters remained relatively low in resis-
tant cells (<5%). Because such an evaluation of HIF1A motifs was
based on the binary method and strongly depended on MACS2-
associated statistics during peak calling, coverage of HIF1A binding
sites +1 kbp with the mapped reads of 3 ChIP-seq-derived datasets
of considered chromatin features were generated. It was aligned
with the coverage of MACS2 peaks in corresponding samples
(Figure 3C). H3K4me3, BRGI, and p300 were significantly en-
riched at the HIF1A motifs in PTX-resistant cells when compared
to the non-resistant phenotype. The latter 2 proteins were even
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more abundant around HIF1A binding sites than at identified
peaks in PTX-resistant cells. This suggests that PTX-induced
drug resistance is associated with a more transcriptionally permis-
sive chromatin structure at the subset of gene promoters character-
ized by the occurrence of the HIF1A motif, which is followed by sig-
nificant enrichment of p300 and BRGI.

By co-immunoprecipitation, evidence was provided for the physical
interaction between HIF1A, BRG1, and p300 in A549 and MDA-
MB-231 PTX-resistant cell lines (Figure 3D). In non-resistant cells
with relatively low HIF1A, precipitation of this protein detected
small amounts of p300 in both cell lines and BRG1 in MDA-MB-
231 cells, thereby suggesting that some HIF1A-p300-BRG1 com-
plexes might pre-exist with the interaction between these 3 proteins
substantially enhanced in response to taxane-induced stress and
likely due to increase in the complex components. HIF1A is substan-
tially elevated in resistant phenotypes of both cell lines, with p300 in
MDA-MB-231 and BRGI in A549 cells.

Bearing in mind the transcriptional dependence of ABCC3, ABCCS5,
and ABCC10 on HIF1A presence in PTX-resistant phenotypes, the
binding motif “KACGTGS” for transcription factors at the pro-
moters of these genes was identified (Figure 3E). Although the pro-
moter of ABCC2 is characterized by the occurrence of the considered
motif, this gene remains HIF1A-independent and its transcription
declines during the development of drug resistance. Therefore,
ABCC?2 served as a control (Figure S7A). In contrast to ABCC2, tri-
methylation of H3K4 increased at the promoters of the 3 exemplary
HIF1A-dependent genes: ABCC3, ABCCS5, and ABCCI0 (Figures 3F
and S7B), and was followed by a considerable higher abundance of
p300 and BRGI in PTX-resistant MDA-MB-231 cells. To verify
the possible formation of the HIF1A-p300-BRG1 complex at the
HIF1A-dependent promoters of ABCC3, ABCC5, and ABCCIO0,
chromatin immunoprecipitation (ChIP) followed by a DNA
quantification with real-time PCR (ChIP-qPCR) was performed
(Figures 3G and S7C). It was confirmed that the development of
cell resistance to PTX is associated with recruitment of HIFIA to
binding motifs in the proximity to transcription start site (TSS) of
ABCC3, ABCC5, and ABCC10, but not of ABCC2. This indicates
that HIF1A, BRGI, and p300 create a regulatory entity to facilitate
overexpression of some of the ABCC genes which are responsible
for the resistance of PTX-treated cells.

Figure 3. BRG1 and p300 associate with HIF1A and are enriched at HRE motifs in promoters of transcriptionally active ABCC genes

(A) The heatmap distribution of H3K4me3, p300, and BRG1 in the window of 2.5 kbp around HIF1A binding motif (HRE) at the gene promoters in non-resistant and PTX-
resistant MDA-MB-231. (B) The occurrence of H3K4me3, p300, and BRG1 at the promoters characterized by HIF 1A bingeing motif with respect to PTX resistance. Histone
maodification and proteins were counted by computing overlapping intervals of their enriched regions in the genome and HRE-positive promoters. (C) The abundance of the
mapped reads of the three considered chromatin features around HIF1A binding motif (+1 kbp) and at the MACS2-derived peaks of H3K4me3, p300, and BRG1 in non-
resistant and PTX-resistant cells. (D) HIF1A physically interacts with EP300 and BRG1 in PTX-resistant A549 and MDA-MB-231 cells. HIF1A, EP300 and BRG1 were
detected by western blot in HIF1A co-immunoprecipitates. IgG served as an isotypic control. (E) Diagrams presenting HIF 1A binding motif (“KACGTGS”) at the promoters of
ABCC10, ABCC5, and ABCC3 with respect to their transcription start site (TSS). (F) Column chart presents mapped reads of H3K4me3, p300, and BRG1 counted on HRE
motif (+1 kbp) the promoters of ABCC10, ABCC5, and ABCC3 in resistant and non-resistant cells. (G) HIF 1A is enriched at the promoters of ABCC3, ABCC5, and ABCC10in
PTX-resistant A549 and MDA-MB-231 phenotypes. The abundance of HIF1A at the gene promoters was compared and quantified by ChIP-gPCR in basal and PTX-resistant
cell lines. Raw values were normalized to IgG. The difference between two means was tested with Student’s t test, and statistically significant differences are marked as

follows: *p < 0.05, **p < 0.01, and ***p < 0.001.
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HIF1A-p300-BRG1 co-occur on the chromatin genome-wide in
PTX-resistant breast and lung cancers

To further confirm and visualize the extent of the HIF1A-BRG1 and
HIF1A-p300 interaction genome-wide, the co-distribution of these
proteins on the chromatin by confocal microscopy was tested. As
shown in Figures 4A-4E, HIF1A co-localized with BRGI1
(Figures 4A-4C) and with p300 (Figures 4D-4F) in PTX-resistant
phenotypes of both considered cell lines in 2D cell cultures. The vi-
sual co-occurrence of the protein couples was underpinned by the
quantification of the fluorescence overlap between the 2 considered
fluorescent dyes in the area of the nucleus and compared to the result
for non-resistant cells (Figures 4B, 4C, 4E, and 4F). In PTX-resistant
A549 cells, HIF1A strongly colocalized with p300 and BRG1, but in
breast cancer model, the drug-resistant phenotype showed enhanced
colocalization of HIF1A with only BRG1. However, the increased
recruitment of HIF1A to DNA (HIF1A-DAPI colocalization) was
followed by also higher abundance of p300 on the chromatin
(p300-DAPI colocalization) (Figure S7D). The lack of substantially
intensified HIF1-p300 interaction quantified by colocalization of
these two proteins in PTX-resistant versus non-resistant cells may
result from nuclear redistribution of p300 and HIF1A between nuclei
and nuclear chromatin. A considerable amount of these two proteins
was found in the nuclei in basal cells, but translocated to nuclear
DNA during acquiring the drug resistance.

Similarly, the relatively strong co-distribution of BRG1 and HIF1A
was observed in tissue sections prepared from the PTX-resistant tu-
mors that were grown from the MDA-MB-231-PTX cells injected
under the skin of athymic mice (Figure 4G).

Given the occurrence of increased HIF1A expression in PTX-
resistant lines as well as the increased co-occurence of BRG1
and EP300 with HIFIA on chromatin, we hypothesized that
HIFIA may be crucial for recruiting BRG1/EP300 complex. To
verify this idea, we tested the impact of HIF1A silencing on the
occurrence of chromatin-bound EP300 and BRG1 (Figure 4H).

Molecular Therapy: Oncology

Indeed, the deficiency of HIF1A significantly decreased co-locali-
zation of these two proteins (Figures 4I and 4]) as well as consid-
erably declined the fraction of EP300 and BRG1 in the nuclear
area (Figures 4K, 4L, and S7E). These results confirm the role
of HIF1A in the recruitment of EP300 and BRG1 to chromatin
in PTX-resistant cells.

HIF1A co-operates with BRG1 and p300 to drive drug
sequestration in lysosomes and multidrug resistance in PTX-
treated cells

Knowing that HIF1A, EP300, and BRGI1 regulate expression of the
ABCC transporters that are enriched in lysosomes of PTX-resistant
cancer cell lines, we checked if these proteins work cooperatively or
if their effect is independent of each other and synergistic. The double
silencing of HIF1A and BRGI1 or EP300 decline transcription of the
three genes similarly to single silencing of HIF1A. (Figures 4M and
S7E). Moreover, we analyze the functional impact of single HIF1A
and double HIF1A/BRGI1 silencing on drug penetration was also tested
in 3D cultures of MDA-PTX cells exposed to PTX Oregon Green. In
HIF1A proficient cells, the drug accumulated in the peripheral layer,
whereas HIF1A silencing allowed the drugs to reach the inner spheroid
layers (Figure 4N). As described in the previous paper by Gronkowska
et al,, the inhibition of ABCC or neutralization of lysosome activity, as
well as the deficiency of BRG1 activity, enables drug accumulation in-
side spheroids.'>'® In line with these findings, HIF1A limits drug pene-
tration by upregulating the expression of factors that are responsible for
drug transport across membranes. Importantly, the effect of double
silencing of HIF1A and BRGI does not differ from single HIF1A
silencing, and a synergistic effect was not observed, thereby confirming
that HIF1A/BRG1/p300 act in the same pathway that drives cancer cell
resistance via lysosomal drug sequestration (Figure 40).

Elevated expression of HIF1A, p300, and BRG1 in cancers define
clinical outcomes and prognosis

To test the possible expression interdependence between HIFIA,
SMARCA4, and EP300 as well as their link with cancer

Figure 4. HIF1A-p300-BRG1 co-occur on the chromatin in PTX-resistant breast and lung cancers

(A and D) BRG1-HIF1A and EP300-HIF1A colocalize on the chromatin in PTX-resistant A549 and MDA-MB-231 cell lines as evidenced by immunostaining and confocal
microscopy. (A) Alexa Fluor 488-labeled HIF1A is marked in green, Alexa Fluor 594-labeled BRG1 is marked in red, whereas DAPI-stained DNA is marked in blue. (D) Alexa
Fluor 488-labeled p300 is marked green, Alexa Fluor 594-labeled BRG1 is marked in red, whereas DAPI-stained DNA is marked in blue. (B, C, E, and F) The colocalization
between HIF1A and BRG1 (B and C) as well as HIF1A and p300 (E and F) were determined in arbitrary units (a.u.) with Leica Application Suite X. The difference between two
means was tested with Student’s t test, and statistically significant differences are marked as follows: *p < 0.05, **p < 0.01, and ***p < 0.001. (G) HIF1A and BRG1 co-
localization in tumor xenograft (MDA-MB-231-PTX) slides was evidenced by immunostaining and confocal microscopy. Alexa Fluor 488-labeled HIF1A is marked in green
and Alexa Fluor 594-labeled BRG1 is marked in red. (H) HIF1A silencing uncouples chromatin co-distribution of p300 and BRG1, which was analyzed using immunostaining
and confocal microscopy in 2D cell culture. Alexa Fluor 488-labeled p300 is marked in green, Alexa Fluor 594-labeled BRG1 is marked in red, whereas DAPI-stained DNA is
marked in blue. (I-L) The colocalization (I and J) between BRG1 and p300 and p300 abundance (K and L) were determined in a.u. with Leica Application Suite X. The
difference between two means was tested with Student’s t test, and statistically significant differences are marked as follows: * p < 0.05, **p < 0.01, and ***p < 0.001. (M)
HIF1A and BRG1 as well as HIF1A and p300 co-silencing do not act synergistically and phenocopy the effect of single HIF1A silencing on transcription of ABCC3 in PTX-
resistant MDA-MB-231 and A549 cells. mRNA level was compared in cells 72 h after their transfection with siCTRL, siHIF1A alone, or in combination with sSiSMARACA4 and
SIEP300 by real-time PCR in PTX-resistant MDA-MB-231 and A549 cells. Raw values were normalized first to housekeeping genes (ACTB, GAPDH, and HPRT1), and then
the ratio was assumed as 1 in control sample. The difference between means was tested using one-way ANOVA or Kruskal-Wallis test, and statistically significant differences
are marked as follows: *p < 0.05, **p < 0.01, **p < 0.001 (N and O) HIF1A prevents PTX accumulation in deeper layers of PTX-resistant MDA-MB-231 spheroids. Spheroids
(21 days old) were transfected with siHIF1A or siCTRL or a combination with siHIF1A and siBRG1, and 72 h later, treated with PTX Oregon Green for 48 h. Pictures were taken
with confocal microscope Leica TCS SP8 (Leica Microsystems, Germany). Green fluorescence corresponds to PTX, blue to DNA stained with DAPI, whereas red to ly-
sosomes stained with LysoTracker Deep Red. The fluorescence intensity plot at spheroid cross section was determined in a.u. with Leica Application Suite X.
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progression, transcription of these 3 proteins versus some cancer
features was compared between the tumor and normal samples
based on TCGA and GTEx databases using GEPIA 2.>” The cor-
relation between EP300 overexpression and several pathological
signatures such as tumor grading, metastases and patient survival
has been described in Gronkowska K. and Robaszkiewicz A.*
Our research suggested that the elevated activity of p300 may
drive carcinogenesis and contribute to the progressive cancer of
some cancer types, thereby emerging as a therapeutic target in
p300 proficient or overexpressing cancers. As shown in
Figure 5A, both SMARCA4 and HIFIA are also frequently overex-
pressed in cancerous tissues. Lymphoma, liver cancer, thymoma,
and uterine cancer are characterized by a substantially increased
transcription of SMARCA4, whereas HIF1A overexpression was
found in esophageal carcinomas, glioblastomas, head and neck
squamous cell carcinomas, acute myeloid leukemias, brain
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— High hifla Group

(D-F) The level of HIFTA in 4 tumor stages (D), lymph
node stages (E), and metastasis stages (F). Statistical
analysis was performed in GraphPad Prism 8, and
significant differences are marked as follows: *o < 0.05,
**p < 0.01, and **p < 0.001. (G) Overall patient survival
in relation to HIF1A expression was generated in GEPIA 2.
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lower-grade gliomas, and stomach adenocarcinomas. Pancreatic
adenocarcinomas are associated with the overexpression of both
SMARCA4 and HIFIA. Relatively high transcription of EP300
and HIF1A was observed in acute myeloid leukemias and stomach
adenocarcinomas, whereas mRNA of EP300 and SMARCA4 was
elevated in thymoma.”” TGCA PANCAN Atlas samples indicated
a correlation in the expression between HIFIA and SMARCA4 as
well as HIFIA and EP300 in cancers (Figures 5B and 5C), thereby
suggesting their possible joint role in cancer progression and
response to treatment.

To support this hypothesis, it was found that the expression of
SMARCA4 and HIFIA is associated with several clinicopathological
features that specify tumor stages and metastases, as well as patient
survival in some cancer types (Figures 5D-5G). According to
PANCAN data, higher HIFIA transcription is associated with the
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Figure 6. The impact of HIF1A, EP300, and BRG1 co-expression on the therapy response and prognosis

(A and B) Overall patient survival in relation to HIF 1A and SMARCA4 (A) as well as HIF 1A and EP300 (B) low transcription yield was generated using Xena Functional Genomics
Explorer. (C) The dependence of clinical patients’ response to taxen therapy on HIF1A, EP300, and SMARCA4 transcription was estimated using ROC Plotter. (D) ROC curve
describing the response to chemotherapy with taxane in the group of patience characterized by simultaneously high transcription of HIF1A, EP300, and SMARCAA4. (E)
Cancer hallmark enrichment analysis of tumors high in HIF1A, EP300, and SMARCA4 shows unfavorable prognosis for this group in pan-cancer datasets. The red line
corresponds to adjusted p < 0.05. Only the cancer hallmarks that are significantly enriched are colored.

higher tumor stage, which describes the size of the primary tumor
and invasion into adjacent tissues (Figure 5D). Furthermore,
elevated HIFIA expression is followed by higher lymph node and
distant metastases and by considerably shorter overall patient sur-
vival (Figures 5E-5G). Taking into consideration the multi-gene
overall survival analysis, simultaneous low expression of
SMARCA4 and HIFIA (Figure 6A) or HIFIA and EP300
(Figure 6B) is linked to a relatively better prognosis, whereas a
higher level of any of the 2 coupled factors negatively impacts over-
all patient survival. This points at the pro-cancerogenous and dis-
ease-promoting features of HIF1A, p300, and BRG1. Using the on-
line available tool ROCplot.org*" we analyzed the link between
mRNA level of HIFIA, EP300, and SMARCA4, and a 5-year
relapse-free survival of breast cancer patients treated with taxanes
(Figure 6C). Positive responses to therapy and higher relapse-free
survival were observed in the cohort characterized by the lower
expression of the 3 analyzed genes. Additionally, the receiver oper-
ating characteristics (ROC) analysis of taxane-treated patients sug-
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gests that co-expression of these genes can be considered as a tax-
ane-based chemotherapy response biomarker (Figure 6D).
Therefore, simultaneously elevated transcription of SMARCA4,
HIF1, and EP300 may have an unfavorable impact on patients un-
der treatment with PTX and other taxen drugs. This can be partially
explained at least by HIF1A-BRG1-p300-dependent and PTX-
induced overexpression of ABCC transporters. Cancer hallmark
analyses identify HIF1A and EP300 co-expression as markers of
cancer cells sustaining proliferative signaling, resisting cell death
mechanisms, sustaining angiogenesis, and evading immune
destruction (Figure 6E). This finding also points to other mecha-
nisms driven by HIF1A, which likely limit patient survival and
response to chemotherapy.

DISCUSSION

The development of multidrug resistance is a major factor respon-
sible for the failure of chemotherapy in cancer treatment. Many
drug resistance mechanisms occur at the genomic level and start


http://ROCplot.org
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with modification of the signaling routes, which then modulate the
activity of the subset of transcription factors and the epigenetic trans-
formation of chromatin. Research has shown that some transcription
factors and chromatin remodeling enzymes play a significant role in
PTX resistance. Interestingly, some redox sensitive transcription fac-
tors have been shown to play a role in cancer drug resistance. In an
example of this, nuclear factor erythroid 2-related factor 2-mediated
antioxidant signaling molecules contributed to PTX resistance in
breast cancer-derived CSCs.** The transcription factors HIF-1 and
AP-1 take part in the hypoxia-induced anti-apoptotic pathway asso-
ciated with PTX resistance. Suppression of these 2 transcription fac-
tors increased the apoptosis induced by PTX in MDA-MB-231 breast
cancer cells,”® enhanced anticancer activity of the PTX on ovarian
cancer cells A2780,”" hepatocellular carcinoma cells HepG2, and tu-
mor-bearing mouse models.*’ Therefore, this shows that the activity
of HIF1A goes beyond cell adaptation to hypoxia. In doxorubicin-
resistant osteosarcoma cells, maintained in normoxic conditions,
the transcription factor promoted the outward transport of intracel-
lular doxorubicin by activating ABCBI expression. However, the
doxorubicin-resistant cells, which were maintained for 2 months
of continuous culture in a drug-free medium, lost their drug-resis-
tance, this effect being associated with the absence of HIF1A expres-
sion.”* Similarly, repeated cell exposure to stress triggered by PTX in
normoxic conditions led to a substantial increase in HIF1A abun-
dance in cells and recruitment of the transcription factor to chro-
matin. In this study, we provided mechanical evidence on the phys-
ical interaction of HIF1A with BRG1 and p300 in PTX-resistant cells.
The latter 2 enzymes regulate expression of ABC transporters in
PTX-resistant breast and lung cancer cells where inhibition/silencing
of the enzymes increased the intracellular concentrations of the
drugs. This is a likely mechanism for increased chemosensitivity.'®
According to our results, HIF1A is crucial for the transcription
dependence of ABCC3, ABCC5, and ABCC10 on BRG1 and p300 ac-
tivity; hence, HIF1A plays a primary role over the 2 chromatin re-
modeling enzymes. Since HIF1A is classified as a transcription fac-
tor, logically, events would follow the pathway of its binding and
then its recruitment of EP300 and BRG1. However, as shown by
p300 and BRG1 ChIP-seq data, these 2 enzymes pre-exist at the
ABCC3 and ABCC5 gene promoters in basal, non-resistant cell lines,
but the level of HIF1A is substantially enriched in PTX-resistant cells
in the proximity of BRG1 peaks at the 3 considered gene promoters.
The route by which HIF1A becomes an ABCC5 and ABCCI0 co-acti-
vator of BRG1-p300-dependent transcription remains unknown.
Interestingly, ABCC3 that is strongly transcribed in BRG1 deficient
A549 cells becomes BRG1 and HIF1A-dependent in the PTX-resis-
tant phenotype, where BRG1 is restored by a reversal mutation in
the stop codon, despite no considerable alteration in the gene tran-
scription. This again suggests that HIF1A occurrence or enrichment
in the regions adjacent to BRG1-bound chromatin may trigger chro-
matin rearrangement producing transcription machinery dependent
on BRG1 and HIF1A. The increased abundance of this transcription
factor in response to chemotherapy drugs may serve as a switch for
drug-induced overexpression of ABCC genes. Some concerns on the
mechanism underlying HIF1A-p300-BRG1 function remain, how-

ever, since the inhibition of p300 considerably reduces the transcrip-
tion of ABCC3 in BRG1-deficient A549 cells and BRGI1-proficient
MDA-MB-231 non-resistant cell lines where the initial HIF1A level
is relatively low. Molecular interdependence between BRGI, p300,
and HIF1A needs further experimental studies for disclosure of their
mutual intertwining and drug-induced overexpression of MDR
genes.

The co-occurrence of HIF1A with BRG1 on the chromatin in tumors
formed from PTX-resistant MDA-MB-231 is considerably higher in
the deeper tumor layers. This observation suggests that a hypoxic
condition inside the tumor favors DNA binding by HIF1A and the
transcription-regulating role of this factor is supported by BRGI.
Therefore, the number of transcriptionally activated or enhanced
genes by HIF1A-BRG1 interaction may differ across tumor, with
the HIF1A-dependent transcriptomes differing between inner and
outer tumor regions. As documented previously, the role of HIFI,
a helix-loop-helix transcription factor, was essential in regulating
the transcription of various target genes in response to a limited ox-
ygen supply.** This was a significant characteristic of human solid
tumors due to the combination of uncontrolled, rapid growth of tu-
mor cells and the inability of the local vasculature to fuel fast prolif-
erating cells. Studies with laryngeal cancer cells, human colon cancer
cells, and breast cancer cells cultured as 3D spheroids linked HIF1A
occurrence at the promoter of ABCBI with its expression and resis-
tance to numerous drugs.**"*" However, the aforementioned hy-
pothesis on the HIF1A-BRG1-dependent transcriptome variability
under normoxic and hypoxic condition of PTX-resistant cells re-
quires verification. Although the specific sequence for BRG1 binding
has been reported, it differed from the 3 motifs identified for the
BRGI enriched regions in PTX-resistant cells. The 2 sequences,
which occurred at the promoters of these ABCC genes, were localized
in the proximity of 4 transcription factors such as ISL1, HIF1A,
MAF, and ZNF96. The functional study led to the conclusion about
the co-regulatory role of HIF1A in BRG1-dependent transcription of
ABC genes that was responsible for drug sequestration in lysosomes
in PTX-resistant cancer phenotypes. BRG1 activity and its transcrip-
tion-activating role was only observed in HIF1A-proficient, PTX-
resistant cells.

These studies have described the functional association or at least a
correlation between the expression of BRG1 (SMARCA4) and p300
(P300) with some tumor features,'’ patient survival and treatment
response; however, nothing is known about the disease prognosis
for HIF1A-BRG1-p300 highly expressed cancers. Based on the data
deposited in TCGA and GTEX databases, we provided evidence
that high expression of these 3 proteins could serve as a prognostic
marker of breast cancer patients response to chemotherapy involving
taxens. Simultaneously, the high transcription of HIFIA, EP300, and
SMARCA4 can be clinically important and affect treatment out-
comes. Therefore, quantification of their expression profile may
help to decide on treatment schemes, replacement of chemotherapy,
or combination of chemotherapy drugs with ABCC inhibitors or
BRG1 and p300 inhibitors.
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In summary, PTX-induced drug resistance involves 3 key players,
namely BRG1, p300, and HIF1A, which define the strong expression
of ABCC3, ABCC5, and ABCCI0 in the 2 studied cell lines. The
silencing of HIF1A substantially reduced the expression of the
ABC transporter subset and augmented the cytotoxicity of numerous
anticancer drugs. This study provides a new target—namely
HIF1A—for anticancer combinatorial interventions with chemo-
therapy drugs in PTX-induced multidrug-resistant cancer pheno-
types. Moreover, simultaneous overexpression of HIF1A, BRGI,
and p300 may serve as clinical response predictor.

MATERIALS AND METHODS

Materials

Non-small-cell lung cancer cell line A549 was purchased from ATCC.
Breast cancer cell line MDA-MB-231 was purchased from Sigma-
Aldrich (Poznan, Poland). DMEM high glucose w/l-glutamine w/ so-
dium pyruvate, fetal bovine serum, and antibiotics (penicillin and
streptomycin) were from Biowest (CytoGen, Zgierz, Poland). Oligo-
nucleotides for real-time PCR, resazurin sodium salt, Immobilon
Signal Enhancer, doxorubicin hydrochloride, cisplatin, PTX, etopo-
side, MK-571 (M7571), and MG132 were from Sigma-Aldrich. siRNA
control (sc-37007), anti-MRP5 (E-10) (sc-376965), anti-p300 (F-4)
(sc-48343), and anti-HIF-1a (28b) (sc-13515) antibodies was pur-
chased from Santa Cruz Biotechnology (AMX, Lodz, Poland).
SMARCA4 Silencer Select siRNA (s13141), HIF1A Silencer Select
siRNA (n336611), MAF Silencer Select siRNA (s194604), ISL Silencer
Select siRNA (s7526), EP300 Silencer Select siRNA (s534247), Lipo-
fectamine RNAIMAX, OptiMem, Dynabeads Protein G, UltraPure
Phenol:Chloroform:Isoamyl Alcohol (25:24:1, v/v) (no. 15593031),
TRI Reagent, High-Capacity cDNA Reverse Transcription Kit,
SuperSignal West Pico Chemiluminescent Substrate, PageRuler Pre-
stained Protein Ladder (no. 01154870), Pierce Protease Inhibitor
Tablets (EDTA-free; PIC), Paclitaxel Oregon Green 488 conjugate
(Flutax-2), Lysotracker Deep Red, SlowFade Glass Soft-set Antifade
Mountant (with DAPI), anti-MRP3 (ABCC3) Polyclonal Anti-
body (PA5101482), anti-MRP10 (ABCC10) Polyclonal Antibody
(PA5101678), PowerUp SYBR Green Master Mix, and Geltrex
LDEV-Free Reduced Growth Factor Basement Membrane Matrix
were from Thermo Fisher Scientific (Warsaw, Poland). Anti-BRG1
(D1Q7F) Rabbit mAb (no. 49360), anti-p300 (E8S2V) Rabbit mAb
(no. 57625), anti-HIF-1 alpha (D1S7W) Rabbit mAb (no. 36169),
anti-Histone H3 (1B1B2) Mouse mAb (no. 14269), anti-rabbit IgG,
HRP-linked Antibody (no. 7074), Anti-mouse IgG, HRP-linked Anti-
body (no. 7076), Anti-rabbit IgG (H + L), F(ab’)2 Fragment (Alexa
Fluor 488 Conjugate) (no. 4412), Anti-mouse IgG (H + L), F(ab’)2
Fragment (PE Conjugate) (no. 59997S), and Anti-rabbit IgG Fab2
Fragment Alexa Fluor 594 Probes (no. 8889S) were from Cell
Signaling Technologies (LabJOT, Warsaw, Poland). BIOFLOAT
FLEX coating solution was purchased from FaCellitate (faCellitate.
com). Caspase-Glo 3/7 Assay System was purchased from Promega.

Cell culture

A549 cells were cultured in DMEM supplemented with 10% fetal
bovine serum (FBS) and penicillin/streptomycin (50 U/mL and
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50 pg/mL, respectively) in 5% CO,. Initially, MDA-MB-231 cells
were cultured in F15 medium supplemented with 15% FBS and peni-
cillin/streptomycin (50 U/mK and 50 pg/mL, respectively) without
CO, equilibration. After 5 passages, the cells were adapted to grow
in DMEM supplemented with 10% FBS and penicillin/streptomycin
(50 U/mL and 50 pg/mL, respectively) in 5% CO,. PTX resistance
induction and characteristics of resistant cell lines was described
previously.'>*®

Bioinformatic analysis of ChlP-seq and RNA-seq data

Original raw NGS data files containing sequence reads and quality
scores, submitted to the NCBI Sequence Read Archive (SRA) data-
base under the SRA: PRJNA1095909 and SRA: PRJNA1096152 and
describe in Gronkowska et al,'® were analyzed. Adapters were
trimmed during FASTQ generation as an option of Illumina pipeline
in BaseSpace. All other analyses were performed in Galaxy.org
(Galaxy version 24.0.rc1).”” The read quality was checked with
FastQC and reads with Qphred <30 were removed with Trimmo-
matic (AVGQUAL:30). Reads were mapped with BWA against
human genome (hgl9). Mapped reads were normalized to counts
per million (-bamCoverage). Peaks were called with MACS2 at
p < 0.001. Blacklist regions for hgl9 were downloaded from
ENCODE: ENCSR636HFF).”® Motif-spacing analysis was per-
formed using MEME Suite Programs.”’ BRG1-enriched gene pro-
moters (TSS +2 kbp) were plotted against genes considerably
activated and downregulated by BRG1 (1<log2FC < —1; CuffDiff
on RNA-seq data derived from BRGI proficient-siCTRL and
deficient-siBRG1 MDA-MB-231-PTX). BRG1 peaks at the pro-
moters of genes transcriptionally co-activated by this enzyme served
as input, whereas BRG1 peaks at the promoters of genes suppressed
by BRGI served as negative control. BRGl-enriched motifs
were searched in XSTREME for the subset of BRGI1 peaks.
HOCOMOCO Human (v11 core) was selected as input motifs.
The occurrence of identified STREME motifs at the promoters of
considered ABC genes was checked in FIMO, but only gene pro-
moters with g < 0.01 are listed. The list of secondary known
HOCOMOCO Human (v11 core) motifs for transcription factors
with significantly enriched spacings (Significant Secondaries), which
may indicate formation of protein complexes with BRG1, were
generated in SpaMo.

The motif matrix for HIF1A was downloaded from JASPAR:
MA0259.1 and converted into memexml file. HIF1IA consensus
binding sites were searched through human hgl9 genome with
FIMO. The output chromosome coordinates were narrowed down
to these overlapping gene promoters, which were assumed as
TSS +2 kbp. Heatmaps for H3K4me3, p300, and BRG1 distribution
around HIF1A motifs were plotted from score matrix for HIF1A +
2.5 kbp and H3K4me3, p300, and BRGI score files in BAM. The
number of HIFIA + 1 kbp genomic regions characterized by
H3K4me3, p300 and BRG1 in MDA-MB-231 non-resistant and
PTX-resistant were compared by generating intersects of HIF1A
and other datasets as intervals. The coverage of HIFI1A + 1 kbp (as
BED) with H3K4me3, p300, and BRG1 (as BAM) was computed
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using bedtools MultiCovBed. The coverage of MACS2 called peaks
for H3K4me3, p300, and BRG1 were used to compare their enrich-
ment with regions adjacent to HIF1A motif.

HIF1A motif at the promoters of some ABCC genes (TSS +5 kbp as
BED) were searched with nucleotide subsequence search using
“KACGTGS” nucleotide ambiguity code. The coverage of the identi-
fied HIF1A sites for individual gene promoters was computed with
bedtools MultiCovBed as described previously.

Clinical data analysis

The correlations between SMARCA4 and some ABC gene expression
in TCGA PANCAN dataset of 12,839 samples was explored in
UCSC Xena Functional Genomics Explorer.”> Samples with nulls
were removed and data for SMARCA4 expression, which comprised
log2(norm_value + 1) between 9.6 and 14, were sub-grouped into
SMARCA4low (log2(norm_value + 1) < 10.7) and SMARCA4 medium
and high (log2(norm_value + 1) > 10.7). The threshold was set to
include most of the deleterious somatic mutation (SNP and INDEL;
MC3 public version) in SMARCA4 low subgroup. Similarly, data for
HIF1A, MAF, ISL1 and ZNF76 were divided into groups characterized
by low versus medium and high mRNA level and the threshold was set
as follows: HIFIA - <10, MAF - <7.7, ZNF76 < 8.5,and ISL1 < 0.5. The
groups were further sub-grouped with regard to SMARCA4 expres-
sion. For multigene overall survival analysis, the threshold was set as
follows: HIF1A - < 11.5, SMARCAA4 - < 12, and EP300 - < 11.

To compare the transcription status of SMARCA4 and HIF1A and to
identify the possible expression changes of these genes in cancer, tu-
mor and normal samples from the TCGA and GTEx databases was
analyzed using GEPIA 2. Dot-plot correlation graph with expres-
sion of HIF1A and SMARCA4, and between HIF1A and EP300
was generated using PANCAN analysis of whole-genome (ICGC/
TCGA, Nature 2020) samples in cBioPortal.”> The link between
HIFI1A and SMARCA4 expression and tumor stage, lymph node
stage, and metastasis stage were analyzed using TCGA-PANCAN
datasets available in cBioPortalusing GraphPad Prism 8. The dis-
ease-free survival and overall patient survival in relation to HIF1A
and SMARCA4 were generated using GEPIA2. Validation of the pre-
dictive capability of HIF1A, EP300, and SMARCA4 expression on
taxane-based chemotherapy was prepared using transcriptomic
data of 3,104 breast cancer patients using ROCplot tool.*' A gene
set enrichment analysis for the cancer hallmarks of HIF1A EP300
and SMARCA4 was prepared using Hallmark Enrichment Plot avail-
able at CancerHallmarks.com and described in Menyhart et al.>*

Transient gene silencing

Cells seeded per well at a density of 100,000 cells on the 24-well plate,
10,000 cells on Nunc Lab-Tek Chamber Slide and 96-well plate, or
three-week spheroids were transfected using siRNA-RNAIMAX
complexes according to the previously described protocol.” After
6 h incubation with the complexes, DMEM supplemented with
10% FBS and antibiotics was added to the desired volume and cells
were grown for another 48 h to obtain transient gene silencing.

Real-time PCR

For mRNA expression evaluation, total RNA was extracted from
cells using TRI Reagent. Afterward, mRNA was reverse transcribed
with the High-Capacity cDNA Reverse Transcription Kit. The
expression of selected genes was measured in Bio-Rad CFX96
C1000 Touch Real-Time system, using PowerUp SYBR Green Mas-
ter Mix and the manually designed primer pairs (GAPDH forward:
5-TTCTTTTGCGTCGCCAGCCGA-3, reverse: 5'-GTGACCAGG
CGCCCAATACGA-3'; ACTB forward: 5'-TGGCACCCAGCACA
ATGAA-3, reverse: 5-CTAAGTCATAGTCCGCCTAGAAGCA-
3'; HPRT1 forward: 5'-TGACACTGGCAAAACAATGCA-3', reverse:
5'-GGTCCTTTTCACCAGCAAGCT-3'; ABCC3 forward: 5'-TCC
TTTGCCAACTTTCTCTGCAACTAT-3, reverse: 5'-CTGGATCA
TTGTCTGTCAGATCCGT-3’; ABCC5 forward: 5-AGAGGTGA
CCTTTGAGAACGCA-3/, reverse: 5-CTCCAGATAACTCCACCA
GACGG-3'; ABCC10 forward: 5-CGGGTTAAGCTTGTGACAG
AGC-3, reverse: 5'-AACACCTTGGTGGCAGTGAGCT-3'; HIF1A
forward: 5'-GATCACCCTCTTCGTCGCTT-3, reverse: 5'-AAAGG
CAAGTCCAGAGGTGG-3') according to the protocol provided by
the manufacturer.

mRNA level of particular genes was first normalized to housekeeping
genes. The ratio between the studied and housekeeping genes was
assumed to be 1 for control cells.

Western blot

For protein expression evaluation cells were lysed in RIPA buffer
(supplemented with 1 mM PMSF and PIC) and sonicated (Bandelin
Sonopuls HD2070). Next, proteins were separated by SDS-PAGE,
transferred into a nitrocellulose membrane, and stained with pri-
mary antibodies (1:5,000) at 4°C overnight. After subsequent stain-
ing with HRP-conjugated secondary antibodies (1:5,000 for anti-rab-
bit and 1:2,500 for anti-mouse antibodies; room temperature; 2 h),
the signal was developed with the SuperSignal West Pico Chemilu-
minescent Substrate and pictures were acquired using ChemiDoc-
IT2 (UVP, Meranco, Poznan, Poland). H3 was used as the control.

Formation of cell spheroids

Nunc Lab-Tek Chamber slides were coated with faCellitate
BIOFLOAT FLEX coating solution according to the manufacturer
protocol. After 30 min of air-drying of the chambers, within the
laminar flow hood, the cells were seeded per well at a density of
20,000 cells. Cells grow in DMEM supplemented with 10% FBS
and penicillin/streptomycin (50 U/mL and 50 pg/mL, respectively)
in 5% CO, to allow spheroids formation for 21 days.

Confocal microscopy

For the confocal imaging of proteins, cells were seeded on a Nunc
Lab-Tek Chamber slide. 2 h before cells fixation Lysotracker Deep
Red was added to the final volume of 75 nM, and cells were incubated
1 hat 37°C. Cells were fixed with a 1% formaldehyde solution in PBS
at room temperature for 15 min, permeabilized and blocked with 1%
FBS solution in PBS with 0.1% Triton X-100 at room temperature for
1 h. Primary antibodies (1:400) were added in 1% BSA solution in
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PBS with 0.1% Triton X-100 and incubated at 4°C overnight. Next, a
secondary antibody (1:400) was added in 1% BSA solution in PBS
with 0.1% Triton X-100 at room temperature for 2 h. After washing,
the slides were mounted with SlowFade glass soft-set antifade
mountant (with DAPI). TCS SP8 (Leica Microsystems, Germany)
with a 63x/1.40 objective (HC PL APO CS2, Leica Microsystems,
Germany) was used for sample visualization. The samples were
imaged with the following wavelength values for excitation and emis-
sion: 485 and 500-550 nm for Alexa Fluor 488, 550 and 570-580 nm
for Alexa Fluor 546, 480 and 570-580 nm for R-phycoerythrin (PE),
660-670 for Lysotracker Deep Red, and 405 and 430-480 nm for
DAPI. The fluorescence intensity and colocalization was determined
in arbitrary units (a.u.) with Leica Application Suite X (LAS X, Leica
Microsystems, Germany). The scans of cells were deconvolved using
3D-Deconvolution accessible in Leica Application Suite X software
(LAS X, Leica Microsystems).

For the visualization of drug accumulation cells seeded on Nunc Lab-
Tek Chamber slides were treated with anticancer drugs. Next, Lyso-
tracker Deep Red (75 nM for 2 h), was added to the culture media.
After incubation and cell washing with PBS, cells were mounted
with SlowFade glass soft-set antifade mountant (with DAPI). PTX
Oregon Green-treated 3-week-old 3D cell cultures were fixed with
a 4% formaldehyde solution in PBS, at room temperature for
30 min. After fixation, the spheroids were washed with PBS and incu-
bated with 1 pg/mL DAPI for 30 min, at room temperature. Spher-
oids were analyzed immediately.

TCS SP8 (Leica Microsystems) with a 63x/1.40 and 10x0.40 DRY
objectives (HC PL APO CS2, Leica Microsystems) was used for sam-
ple visualization. The samples were imaged with the following wave-
length values for excitation and emission: 485 and 500-550 nm for
Alexa Fluor 488 conjugated PTX and 405 and 430-480 nm for
DAPI. The fluorescence intensity was determined in a.u. with Leica
Application Suite X (LAS X, Leica Microsystems).

Human xenografts and tumor sampling

PTX-resistant MDA-MB-231 and A549 cells (100,000 cells) sus-
pended in Geltrex LDEV-Free Reduced Growth Factor Basement
Membrane Matrix were injected subcutaneously into 6-week-old fe-
male athymic, immunodeficient mice (Crl:NU(NCr)-Foxnlnu; Ani-
malab, Poland). Six weeks after inoculation, the tumors that arose
were isolated, transferred, and stored in PBS with 10% paraformalde-
hyde. The entire experiment with animals was performed in the An-
imal Facility of Faculty of Biochemistry, Biophysics and Biotech-
nology, Jagiellonian University, Poland, under permission no. 72/
2023 issued on 06.04.2023 by the 2nd Local Ethical Committee in
Krakow.

Tumors were placed in water-soluble embedding medium (Frozen
Section Media 22; Leica Biosystems Inc., Buffalo Grove, IL, USA),
frozen in —20°C, and then sectioned on a cryostat (Leica CM1950,
Leica Biosystems Inc.) in —10°C to 10-pm-thick slides. The slides
were washed with distilled water to remove the sectioning media
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and the heat-induced epitope retrieval method was used. The slides
were incubated with EDTA buffer (1 mM EDTA, 0.05% Tween 20
[pH 8.0]) and heated 20 min in 96°C. Next, samples were permeabi-
lized and blocked with 1% FBS solution in PBS with 0.4% Triton
X-100 at room temperature for 1 h. Primary antibodies (1:400)
were added in 1% FBS solution in PBS with 0.1% Triton X-100
and incubated at 4°C overnight. Next, a secondary antibody
(1:400) was added in 1% FBS solution in PBS with 0.1% Triton
X-100 at room temperature for 2 h. After washing, the slides were
mounted with SlowFade glass soft-set antifade mountant (with
DAPI). TCS SP8 (Leica Microsystems,) with a 63x/1.40 objective
(HC PL APO CS2, Leica Microsystems) was used for sample visual-
ization. The samples were imaged with the following wavelength
values for excitation and emission: 485 and 500-550 nm for Alexa
Fluor 488 and 550 and 570-580 nm for Alexa Fluor 546.

Chromatin immunoprecipitation

ChIP was carried out according to the protocol previously
described.”® DNA was extracted using phenol:chloroform:isoamyl
alcohol (25:24:1). HIF1A was immunoprecipitated with anti-HIF-1
alpha (D1S7W) Rabbit mAb in PTX-resistant MDA-MB-231 cells.

BRG1 binding motifs at the selected gene promoters were amplified
using KAPA SYBR FAST Universal Master Mix, 0.1% DMSO and the
following primer pairs: ABCC3 forward: 5-GATTTGAGACTGAT
CAGAACGGC-3, reverse: 5'-ATAATATTCCAGAGGTAACTGC
CA-3; ABCC5 forward: 5'-CTTCCGGGTTCAAGCAGTTC-3,
reverse: 5-AAAATACGGCGGGGTGAGG-3'; ABCCI10 forward:
5- TACCCTTGGTACCGCGAGA-3/, reverse: 5'-GTAACAGGCA
CTGAGCACGG-3'. As a control, manually designed fragments of
promoters not containing BRG1 binding motifs was used: ABCC2
forward 5'-AGGTCAAGGCTGCAATGAAT-3, reverse: 5'-CTGTC
ATCGACCCAACCTTT-3'.

Protein co-immunoprecipitation

A549 and MDA-MB-231 PTX-resistant cells were washed three
times with PBS and lysed on ice in IP buffer composed of 20 mM
HEPES—KOH, 50 mM KCl, 5 mM MgCl2, 0.2 mM EDTA, 20% glyc-
erol, 0.1% NP-40 and protease inhibitors; sonicated with the ultra-
sonic homogenizer Bandelin Sonopuls (HD 2070; 10 impulses,
60%); and centrifuged (3,000 rpm, 4°C, 10 min). Supernatant was
incubated with anti-HIFla antibody and control IgG at 4°C for
2 h. For another 1 h, lysates were added with Dynabeads (10 pL);
then, they were washed 5x with the IP buffer and suspended in
RIPA buffer in RIPA buffer (supplemented with 1 mM PMSF and
PIC) with 5% B-mercaptoethanol and gel loading buffer and heated
at 70°C for 10 min. Beads were collected on a magnetic stand and su-
pernatant was separated by SDS-PAGE electrophoresis followed by
transfer of proteins on nitrocellulose membranes. BRG1, EP300,
and HIFla were detected on nitrocellulose membranes after over-
night staining with corresponding primary antibodies (1:5,000) in
Immobilon Signal Enhancer buffer. After subsequent staining with
HRP-conjugated secondary antibodies (1:5,000 for antirabbit and
1:2,500 for anti-mouse antibodies; room temperature; 2 h) in
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Immobilon Signal Enhancer, the signal was developed with the
SuperSignal West Pico Chemiluminescent Substrate and pictures
were acquired using ProXima 2750 (Isogen Life Science).

Resazurin toxicity assay

The day prior to transfection, cells were seeded at a density of 10,000
cells per well on 96-well black plates. After transfection and incuba-
tion with drugs, cells were incubated with resazurin solution (5 pM)
in the growth medium at 37°C for 2 h. The fluorescence that corre-
sponds to the metabolic activity of living cells was measured with a
fluorescence microplate reader (BioTek Synergy HTX, Biokom,
Poland) at excitation 530 and emission 590 nm. The fluorescence
value for control cells was assumed to be 100%.

Caspase 3/7 activity assay

The day prior to transfection, cells were seeded at a density of
2,000 cells per well on 384-well white plates. After transfection
and incubation with inhibitor and PTX, cells were incubated
with Caspase-Glo 3/7 Reagent (according to manufacturer proto-
col) or resazurin solution (5 pM) in the growth medium at 37°C
for 1 h. The luminescence that corresponds to caspase 3/7 activity
and fluorescence (excitation 530 and emission 590 nm) that cor-
responds to the metabolic activity of living cells was measured
with microplate reader (BioTek Synergy HTX, Biokom). The
luminescence values were normalized to cell fluorescence in order
to estimate the ratio between caspase activity and relative number
of viable cells.

Statistical analysis

Data are shown as mean + standard deviation (SD). Parametric or
non-parametric test was conducted after testing Gaussian distribu-
tion of data with the Shapiro-Wilk test. Student’s t test or the
Mann-Whitney test was used to calculate statistically significant dif-
ferences between two samples, while one-way analysis of variance
(ANOVA) or Kruskal-Wallis test followed by corresponding post
hoc test was carried out to compare multiple samples. Statistics
were calculated using GraphPad Prism 8.01 software. Statistically
significant differences were marked with * when p < 0.05, ** when
p <0.01, and *** when p < 0.001.
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Figure S1 Impact of MAF and ZNF76 on expression of some ABC genes in human cancers.

Pan-Cancer (PANCAN) dataset was used to compute the mRNA level of selected ABC genes with respect to MAF (A) and ZNF7 (B) transcription
yield in Xena Functional Genomics Explorer.
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Figure S2 Impact of ISL on expression of some ABC genes in human cancers.

Pan-Cancer (PANCAN) dataset was used to compute the mRNA level of selected ABC genes with respect to ISL transcription yield in Xena Functional

Genomics Explorer.
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Figure S3 Correlation between mRNA level of MAF, ZNF76, SMARCA4 and some ABC genes in human cancers.

Pan-Cancer (PANCAN) dataset was used to compute the mRNA level of SMARCA4 and selected ABC genes with respect to MAF (A) or ZNF76 (B)
transcription yield in Xena Functional Genomics Explorer.
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Figure S4 Correlation between mRNA level of HIF1, ISL, SMARCA4 and some ABC genes in human cancers.

Pan-Cancer (PANCAN) dataset was used to compute the mRNA level of SMARCA4 and selected ABC genes with respect to HIF1 (A) or ISL (B)
transcription yield in Xena Functional Genomics Explorer.
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Figure S5. Impact of HIF1A on ABCC transporter expression in A549 and MDA-MB-231 paclitaxel sensitive cells

mRNA level of some ABC genes was compared in cells following their transfection with siCTRL or siHIF1A, siMAF, silSL1 (72 h) by real-time PCR in
MDA-MB-231 (A) and A549 (B) cells. Raw values were normalized first to housekeeping genes (ACTB, GAPDH and HPRT1), and then the ratio was
assumed as 1 in control sample. The difference between two means was tested with Student’s t-test, and statistically significant differences are

marked with * when p < 0.05 *, ** when p < 0.01, *** when p < 0.001.
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Figure S6. Transient silencing of HIF1A reduces expression on ABCC transporters overrepresented in lysosomes of paclitaxel-
resistant cells and decreases drug lysosomal uptake

(A)The expression and intracellular localization of ABCC5 and ABCC10 in HIF1A proficient and deficient A549-PTX cells were analyzed by
immunocytostaining followed by confocal microscopy. Green fluorescence corresponds to ABCC5 and ABCC10, DNA was stained with DAPI (blue), whereas
lysosomes with LysoTracker (red). The green fluorescence intensity, which corresponds to intracellular ABCC5 and ABCC10 protein abundance (B), and
colocalization between ABCC5 or ABCC10 and lysosomes (C) were determined in arbitrary units (a.u.) with Leica Application Suite X. The difference between
two means was tested with Student’s t-test, and statistically significant differences are marked with * when p < 0.05 *, ** when p < 0.01, *** when p < 0.001.
(D) HIF1A causes lysosomal sequestration of doxorubicin in lysosomes of paclitaxel-resistant cancer cell lines. Colocalization of autofluorescent doxorubicin
and lysosomes was compared between HIF1A proficient and deficient cells. Doxorubicin is marked red, lysosomes in green (LysoTracker Deep Red), DNA in
blue (DAPI). The colocalization (E) was determined in arbitrary units (a.u.) with Leica Application Suite X. The difference between two means was tested with
Student’s t-test, and statistically significant differences are marked with * when p < 0.05 *, ** when p < 0.01, *** when p < 0.001. (F) Comparison of HIF1A
mRNA level in non-resistant and paclitaxel- resistant A549 and MDA-MB-231 cells by real-time PCR. Raw values were normalized first to housekeeping
genes (ACTB, GAPDH and HPRT1), and then the ratio was assumed as 1 in control sample. The difference between two means was tested with Student’s t-
test, and statistically significant differences are marked with * when p < 0.05 *, ** when p < 0.01, *** when p < 0.001. (G) Comparison of HIF1A and EP300
protein level in non-resistant and paclitaxel- resistant A549 and MDA-MB-231 cells was studied by Western Blot. Histone H3 was used as a loading control.
(H) The HIF1A stability was compared in basal and paclitaxel resistant cells control and cells pre-treated with proteasome inhibitor (MG132; 1 uM). HIF1a
protein level was studied by Western Blot. Histone H3 was used as a loading control.
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Figure S7. BRG1 and p300 associate with HIF1A in promoters of transcriptionally active ABCC genes

(A) Diagram presenting HIF1A binding motif (‘KACGTGS”) at the promoter of ABCC2 with respect to transcription start site (TSS). (B) Column chart
presents mapped reads of H3K4me3, p300 and BRG1 counted on HRE motif (+1 kbp) the promoter of ABCC2 in resistant and non-resistant cells. (C)
HIF1A is not enriched at the promoter of ABCC2 in paclitaxel-resistant A549 and MDA-MB-231 phenotypes. The abundance of HIF1A at the gene
promoters was compared and quantified by ChIP-gPCR in basal and paclitaxel resistant cell lines. Raw values were normalized to IgG. The difference
between two means was tested with Student’s t-test, and statistically significant differences are marked with * when p < 0.05 *, ** when p < 0.01, ***
when p < 0.001. (D) The colocalization between HIF1A and p300 and DAPI representing proteins abundance in chromatin was determined in arbitrary
units (a.u.) with Leica Application Suite X. The difference between two means was tested with Student’s t-test, and statistically significant differences are
marked with * when p < 0.05 *, ** when p < 0.01, *** when p < 0.001. (E) The BRG1 abundance on chromatin in HIF1A silencing MDA-PTX and A549-
PTX cells. The fluorescence intensity of labelled-antibodies was determined in arbitrary units (a.u.) with Leica Application Suite X. The difference
between two means was tested with Student’s t-test, and statistically significant differences are marked with * when p < 0.05 *, ** when p < 0.01, ***
when p < 0.001. (F) HIF1A and BRG1 as well as HIF1A and p300 co-silencing do not act synergistically and phenocopy the effect of single HIF1A
silencing on transcription of ABCC5 and ABCC10 in paclitaxel-resistant MDA-MB-231 and A549 cells. mRNA level was compared in cells 72h after their
transfection with siCTRL, siHIF1A alone or in combination with siSMARACA4 and siEP300 by real-time PCR in paclitaxel resistant MDA-MB-231 and
A549 cells. Raw values were normalized first to housekeeping genes (ACTB, GAPDH and HPRT1), and then the ratio was assumed as 1 in control
sample. The difference between means was tested using one-way ANOVA Kruskal-Wallis test, and statistically significant differences are marked with *
when p <0.05 *, ** when p < 0.01, ***
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Abstract:

p53 is a transcription activator or repressor that acts mainly by having direct control over the
expression of CDK inhibitor — p21 in response to DNA damage. In this study, molecular
evidence was provided for the occurrence of p53 at the subset of E2F1-driven promoters and
their suppression, despite the co-occurrence of p53 with p300. P53 repressed promoters were
characterized by relatively high nucleosome density and demethylation of H3K4, followed by
low H3K27 acetylation and trimethylation of H3K4. Induction of the ATM/ATR-Chek1/2-p53
pathway by sub-lethal doses of cisplatin caused the release of p53 from gene promoters,
chromatin relaxation and the gain of transcription permissive histone marks. Mechanistically,
p53 maintained the KDM5B that is associated with gene promoters, thereby conditioning the
demethylation of H3K4me3. P53 formed an immunoprecipitable complex with KDM5B, E2F1,
p300 and H3K4me2 in intact cells, which decomposed with cisplatin and substantially
increased the level of H3K4me3 in the p300 interactome. The extrusion of KDM5B from the
chromatin was triggered by cisplatin, transient p53 silencing or KDM5B inhibition, also enabled
p300 enrichment and increased gene transcription. In summary, p53 directly suppressed the
subset of E2F1-driven genes in proliferating cells by maintaining KDM5B associated with gene

promoters and inhibiting p300-mediated transcription.

Keywords: DNA damage response, cisplatin, p53, p300, KDM5B
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Introduction:

Tumor suppressor p53 is best known as a transcription factor that controls cell fate after
multiple stress signals, including DNA damage, oncogenic stress, replication stress, oxidative
stress, hypoxia and ribosomal stress. The core set of the p53 known target genes have diverse
biological functions such as apoptosis, cell cycle arrest, differentiation, metabolism, autophagy
and DNA repair (1). p53 is a transcription factor that binds to the genome by its DNA recognition
motif, the p53 response element (p53 RE), and facilitating or preventing the formation of active
transcription complexes thereby activating or repressing genes (1,2). Despite protracted
studies on this protein, there has not been a proven universal model of p53-dependent gene
activation or suppression, with these 2 opposed impacts seeming to be conditional and signal-
specific. The sequence differences in p53REs were thought to determine gene induction or
repression, but later genome-wide data has demonstrated that p53 is actually associated with
transcriptional activation at the binding sites (2). The repression of genes transcriptionally
controlled by the E2F family of TFs is frequently assigned to indirect p53-dependent
transactivation of p21 (CDKN1A), which inhibits CDK and stops mitotic divisions by recruiting
the transcriptional repressor Rb to E2F1-driven promoters. p53 also directly
transactivates E2F7 that encodes a repressive member of the E2F family. p53 also activates
the expression of various miRNAs and long non-coding RNAs, which in turn impacts
transcription yield (1,3). The analysis of the p53 direct transcriptional program using Global
Run-On sequencing (GRO-seq) showed that p53 represses a subset of its activation targets
(e.g. PTP4A1, HES2, GJB5) before its activation in the steady state of proliferating cells (4).
However, many concerns have been raised regarding the mechanism by which p53 is localized
to the repressed promoters and how it switches from activation to repression. The co-repressor
interaction with chromatin remains controversial, despite good experimental evidence. The
tight link between the p53 mode of action and enhancer activation may explain the lack of
perfect overlap between p53-dependent genes among various cell types and conditions, often

referred to as proof of misinterpreted p53 targets.

Since p53 peaks are usually smaller on repressed genes when compared to activated ones,
Peuget and Selivanova suggested that the low occupancy of p53, probably at the repressed
promoter, reflected a more transient binding mode that was necessary to establish the
repressive chromatin landscape but not to maintain it (1). Furthermore, p53-repressed genes
frequently displayed lower affinity p53 RE in their promoters, whereas most cell types which
are independent of the type of activating stimuli largely comprise of high affinity p53 RE.
Regarding the p53 repressive role and its interaction with DNA in a steady state, we identified
and characterized some of the p53 repressed gene promoters in proliferating cells. MCF7

breast cancer cells were used as they express wild-type p53. These cells were characterized
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by a p53-dependent resistance to cisplatin, proved by the sensitization of the cells to drugs
after the disruption of p53 by human papilloma virus (HPV) infections (5). To avoid the
complexity caused by cell cycle inhibition and likely impact of E2F-Rb at gene transcription,
the cells were exposed to cisplatin at a dose which induced the arrest of mitotic divisions or
cell death, but at the same time was high enough to activate ATM/ATR-Chek1/2-p53 pathway

and trigger the redistribution of p53 in the genome.

The cytotoxic effect of the anticancer drug cisplatin arises through the formation of intra- and
inter-strand DNA and DNA-protein crosslinks blocking the progression of DNA replication
during the S-phase and thereby causing double-strand breaks (DSBs) that gave rise to
insertions, deletions or even translocations (6,7). While ataxia telangiectasia mutated (ATM)
was activated by DSBs, ATM-related (ATR) was activated by stalled DNA replication forks after
cisplatin treatment (7). Phosphorylation of downstream targets, including Chek1/2 kinases and
p53, lead to p21-mediated arrest in G1, whereas the phosphorylation of H2Ax at sites of DNA
lesions enabled the recruitment of DNA repair proteins (8). Although treatment conditions were
chosen to avoid cell cycle inhibition, the chromatin rearrangement at the site of p53 binding in
a steady state was observed. Previous reports linked p53-dependent gene suppression with
the recruitment of corepressors such as histone deacetylases (HDACs), to inverted (head-to-
tail) or imperfect p53REs that imparted repressive activities on p53 and enhanced competition
with transcriptional activators by p53 (1,3). Several factors were suggested that cooperated
with p53 mediated repression, including NF-Y, mSin3a and HDAC1. The competition of p53
with SP1 for the repression of genes encoding telomerase and nestin was also reported (1).
In this paper we provided experimental, mechanical evidence on the role of p53 in KDM5B-
mediated chromatin remodelling and repression of genes that were activated by p300 and
characterized by motifs for the E2F family of transcription factors in their promoters. Attention
was paid to any functional p53-p300 crosstalk, as p53-p300 interaction triggered by cisplatin
has previously been described where p53 emerged as being required to recruit p300 to the
promoter of ABCC10 and hence, served as a gene activator (9). CITED2/p300 recruitment by
p53 to the promoter of the DNA repair gene ERCC1 in response to cisplatin facilitated DNA
repair is another example (7). In this current model, the cisplatin-induced extrusion of p53 from
the promoters of some E2F-dependent genes, which were characterized by the presence of
p53 binding motifs, upregulated gene transcription in a way similar to p53 silencing. In the
subset of p53 repressed genes, we observed previously undescribed relationships between
p53 interaction with DNA, lysine acetylation and methylation of histone H3, resulting from the

physical and functional interaction between p53, p300 and KDM5B.
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2. Methods:
2.1 Materials

Breast cancer cell line MCF7 was purchased from ATCC. DMEM High Glucose w/ L-Glutamine
w/ Sodium Pyruvate, fetal bovine serum and antibiotics (penicillin and streptomycin) were from
Biowest (CytoGen, Zgierz, Poland). Resazurin sodium salt (#R7017), DAPI (#10236276001)
cisplatin (#232120), KU-60019 (SML1416) and sodium butyrate (#303410) were from Sigma
Aldrich (Poznan, Poland). C646 (#10549), PBIT (#16272), GSK-LSD1 (#16439) from Cayman
Chemical, were ordered in Biokom (Janki/Warsaw, Poland). siRNA Control (sc-37007) was
purchased from Santa Cruz Biotechnology (AMX, Lodz, Poland). Nunc™ Lab-Tek™ Chamber
Slide, oligonucleotides for Real-time PCR, TP53 Silencer Select siRNA (#106140),
Lipofectamine RNAIMAX, OptiMem, Dynabeads™ Protein G, UltraPure™
Phenol:Chloroform:Isoamyl Alcohol (25:24:1, v/v), TRl Reagent™, High-Capacity cDNA
Reverse Transcription Kit, SuperSignal™ West Pico Chemiluminescent Substrate,
PageRuler™ Prestained Protein Ladder (#01154870), Pierce™ Protease Inhibitor Tablets
(EDTA-free; PIC), Pierce™ Phosphatase Inhibitor Mini Tables, SlowFade™ Glass Soft-set
Antifade Mountant (with DAPI), Phosphoserine/threonine/tyrosine polyclonal antibody
(#XF342757), Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™
546 (#A-11010), PowerUp™ SYBR® Green Master Mix, were from Thermofisher Scientific
(Thermofisher Scientific, Warsaw, Poland). DNA Damage Antibody Sampler Kit (#9947), p300
(D2X6N) Rabbit mAb (#54062), p53 (7F5) Rabbit mAb (#2527), p53 (1C12) Mouse mAb
(#2524), E2F1 Rabbit Ab (#3742), JARID1B (E2X6N) Rabbit mAB (#15327), PCNA (D3H8P)
XP ® Rabbit mAB (#13110), Acetylated-Lysine Rabbit Ab (#9441), Mono-Methyl Histone H3
(K4) (D1A9) XP ® Rabbit mAb (#5326), Di-Methyl-Histone H3 (K4) (C64G9) Rabbit mAb
(#9725), Tri-Methyl-Histone H3 (Lys4) (C42D8) Rabbit mAb (#9751), Acetyl-Histone H3
(Lys27) (D5E4) XP® Rabbit mAb (#8173), Histone H3 Rabbit Ab (#9715), Histone H3 (D2B12)
XP® Rabbit mAb (ChIP Formulated) (#4620), anti-rabbit IgG, HRP-linked Antibody (#7074),
Anti-mouse IgG, HRP-linked Antibody (#7076), Anti-rabbit IgG (H+L), F(ab')2 Fragment (Alexa
Fluor® 488 Conjugate) (#4412), Anti-mouse IgG (H+L), F(ab')2 Fragment (PE Conjugate)
(#59997), were from Cell Signaling Technologies (LabJOT, Warsaw, Poland). NEBNext®
Ultra™ 1l DNA Library Prep with Sample Purification Beads (#E7104), NEBNext® Poly(A)
mMmRNA Magnetic Isolation Module (#E7490), NEBNext Ultra Il RNA First Strand Synthesis
Module (#E7771), NEBNext Ultra Il Non-Directional RNA Second Strand Module (#E6111),
NEBNext® Ultra™ Il DNA Library Prep with Sample Purification Beads (#E7103) and
NEBNext® Multiplex Oligos for lllumina® (Index Primers Set 3) (#E7710) were from New
England Biolabs (LabJOT, Warsaw, Poland). MGIEasy PCR-Free DNA Library Prep Set and

For Peer Review



oNOYTULT D WN =

Nucleic Acids Research

DNBSEQ-G400RS High-throughput Sequencing Kit (FCL SE100) were from Perlan

Technologies (Perlan Technologies Poland, Warsaw, Poland).
2.2 Cells and treatment

MCF7 breast cancer cells were cultured in DMEM supplemented with 10% FBS and
penicillin/streptomycin (50 U/ml and 50 ug/ml, respectively) in 5% CO2. iEP300 (C646, 5 uM),
IATM/ATR (KU-60019, 5 uM), iLSD1 (GSK-LSD1, 0,1uM), iKkDM5B (PBIT, 5 uM) and iHDAC
(Sodium butyrate, 100 uM) were added to cells 6h or 24h before analysis (depending on the

tested parameters) or 2h before treatment with cisplatin.
2.3 Gene transcription with real-time PCR

For mRNA expression evaluation, total RNA was extracted from cells using TRI Reagent™.
Afterwards, mRNA was reverse transcribed with the High-Capacity cDNA Reverse
Transcription Kit. The expression of selected genes was measured in Bio-Rad CFX96 C1000
Touch Real-Time system, using: PowerUp™ SYBR® Green Master Mix and the manually
designed primer pairs: (ACTB Forward: 5 TGGCACCCAGCACAATGAA 3’, Reverse 5
CTAAGTCATAGTCCGCCTAGAAGCA 3’, TBP1 Forward: 5° CACGAACCACGGCACTGATT
3, Reverse: 5" TTTTCTTGCTGCCAGTCTGGAC’ DUSP12 Forward: 5
TCCATGCTTACCACAGGGAG 3, Reverse: 5: AACCCAACTTGGCACTGCAT’, FANCI
Forward: 5 CCACCTTTGGTCTATCAGCTTC 3, Reverse: 5"
CAACATCCAATAGCTCGTCACC’) according to the protocol provided by the manufacturer.

mMRNA level of particular genes was first normalized to housekeeping genes (ACTB, TBP1).

The ratio between the studied and housekeeping genes was assumed to be 1 for control cells.
2.4 Protein detection with western blot

For protein expression evaluation cells were lysed in RIPA buffer (supplemented with 1 mM
PMSF, Phosphatase Inhibitor and PIC) and sonicated (Bandelin Sonopuls HD2070); Next,
proteins were separated by SDS—-PAGE, transferred into a nitrocellulose membrane, and
stained with primary antibodies (1:5000) at 4°C overnight. After subsequent staining with HRP-
conjugated secondary antibodies (1:5000 for antirabbit and 1:2500 for anti-mouse antibodies;
room temperature; 2 h), the signal was developed with the SuperSignal™ West Pico
Chemiluminescent Substrate and pictures were acquired using ChemiDoc-IT2 (UVP, Meranco,

Poznan, Poland). H3 was used as the control.
2.5 Confocal imaging

For the confocal imaging of chromatin associated proteins, cells were seeded and treated with

inhibitors and cisplatin on a Nunc™ Lab-Tek™ chamber slide. Cells were fixed with a 1%
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formaldehyde solution in PBS at room temperature for 15 min, permeabilized and blocked with
1% FBS solution in PBS with 0.1% TritonX-100 at room temperature for 1h. Primary antibodies
(1:400) were added in 1% BSA solution in PBS with 0.1% TritonX-100 and incubated at 4 °C
overnight. Next, a secondary antibody (1:400) was added in 1% BSA solution in PBS with 0.1%
TritonX-100 at room temperature for 2h. After washing, the slides were mounted with
SlowFade™ glass soft-set antifade mountant (with DAPI). TCS SP8 (Leica Microsystems,
Germany) with a 63x/1.40 objective (HC PL APO CS2, Leica Microsystems, Germany) was
used for sample visualization. The samples were imaged with the following wavelength values
for excitation and emission: 485 and 500-550 nm for Alexa Fluor® 488, 550 and 570-580 nm
for Alexa Fluor® 546, 480 and 570-580 nm for R-phycoerythrin (PE), 405 and 430-480 nm for
DAPI. The fluorescence intensity and colocalization was determined in arbitrary units (a.u.)

with Leica Application Suite X (LAS X, Leica Microsystems, Germany).
2.6 Co-immunoporecipitation

After treatment with inhibitors and cisplatin cells were washed three times with PBS and lysed
on ice in IP buffer composed of 20 mM HEPES — KOH, 50 mM KCI, 5 mM MgCI2, 0.2 mM
EDTA, 20% glycerol, 0.1% NP-40 and protease inhibitors; sonicated with the ultrasonic
homogenizer Bandelin Sonopuls (HD 2070; 10 impulses, 60%); and centrifuged (3 000 rpm, 4
°C, 10 min). Supernatant was incubated with anti-p53, anti-E2F1 or anti-EP300 antibodies and
control IgG at 4 °C for 2 h. For another 1 h, lysates were added with Dynabeads (10 uL); then,
they were washed 5x with the IP buffer and suspended in RIPA buffer (supplemented with 1
mM PMSF and PIC) with 5% B-mercaptoethanol and gel loading buffer and heated at 70 °C
for 10 min. Beads were collected on a magnetic stand and supernatant was separated by SDS-
PAGE electrophoresis followed by transfer of proteins on nitrocellulose membranes.
Interacting partners were detected on nitrocellulose membranes after overnight staining with
corresponding primary antibodies (1:5000; 4°C; overnight) and subsequent staining with HRP-
conjugated secondary antibodies (1:5000; room temperature; 2h). The signal was developed
with the SuperSignal™ West Pico Chemiluminescent Substrate and pictures were acquired

using ChemiDoc-IT2 (UVP, Meranco, Poznan, Poland).
2.7 Chromatin immunoporecipitation (ChIP)

Chromatin immunoprecipitation was carried out according to the protocol previously described
(10). DNA was extracted using phenol:chloroform:isoamyl alcohol (25:24:1). P53 was
immunoprecipitated with p53 (7F5) Rabbit mAb, EP300 with p300 (D2X6N) Rabbit mAb,
KDM5B with JARID1B (E2X6N) Rabbit mAB, H3K4me3 with Tri-Methyl-Histone H3 (Lys4)
(C42D8) Rabbit mAb and H3K27ac with Acetyl-Histone H3 (Lys27) (DSE4) XP® Rabbit mAb
in non-treated MCF7 cells and treated with cisplatin/inhibitors/siRNA MCF7 cells.
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1ug of immunoprecipitated DNA fragments was converted into library for sequencing using
NEBNext® Ultra™ DNA Library Prep Kit with Sample Purification Beads for lllumina® and
NEBNext® Multiplex Oligos for Illlumina® (Index Primers Set 3) according to instruction
provided by manufacturer. DNA library was sequenced on NextSeq 550 in the Department of

Clinical Genetics, Medical University of Lodz, and data were released as fastq files.

Histone modifications and transcriptional regulators on DUSP12 and FANCI promoters was
analyzed using ChIP-gPCR using PowerUp™ SYBR® Green Master Mix, 0.1% DMSO and
manually designed primer pairs. Primers were designed based on p53 binding motifs from
ChiP-seq data : FANC/ Forward 5 CAGGAGGGAAGCTGAACCTG 3’, Reverse 5
ATGAAGACTGAAGGGGTGCC 3'; DUSP12 Forward: 5 CCAAGAGAGGAGGAGGGTTG 3,
Reverse: 5 CAATAATCGGGGTGGGTGTCT 3’, Data were normalized to samples containing
non-specific 1IgG or histone H3 (for H3K4me3 and H3K27ac).

2.8 Library preparation for RNA-seq

Total RNA was isolated using TRI Reagent™. Next, 10 ng of DNA-free total RNA was used
to isolate MRNA using NEBNext® Poly(A) mMRNA Magnetic Isolation Module.Next mRNA
was converted do cDNA using NEBNext Ultra Il RNA First Strand Synthesis Module and
NEBNext Ultra 1l Non-Directional RNA Second Strand Module according to manufacturer
instructions. The purified cDNA was used for RNAseq library preparation using MGIEasy
PCR-Free DNA Library Prep Set according to manufacturer’s protocol. Sequencing was
performed using DNBSEQ-G400 in the Department of Clinical Genetics, Medical University

of Lodz, and data were released as fastq files.
2.9 Bioinformatic analysis in usegalaxy.org (server version 25.0.2.dev0)

After the quality control in FastQC the raw reads (as fastq.gz) derived from ChIP- and RNA-

Seq were trimmed to reads with Qppres™>30.

ChIP-Seq-derived reads were mapped to human genome (hg19) with Bowtie2. For peak
calling we use MACS2 callpeak with peak detection based on p<0.001. The genome coverage
was normalized to counts per million (CPM) with bamCoverage and saved in bigwig for further
visualization in UCSC Human Genome Browser. Gene promoters were assumed as regions *
5kbp from transcription start sites (TSS), which were derived from UCSC GTEx Gene V8
(Table: gtexGeneV8). Heatmap and plot distribution of proteins were generated by
computeMatrix with bigwig as score files, regions to plot in bed from MACS2 peaks or USCS
tables, a reference-point (center of region) and selected distance upstream and downstream.
Pearson correlation coefficient and correlation heatmap for E2F1 motifs in the genome (filtered

out from UCSC table wgEncodeRegTfbsClusteredV3) and gene promoters (from Table:
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gtexGeneV8). Overlapping region in genome were searched with Intersect tool for data saved
in intervals or bedtools Intersect intervals for data saved in bed. The coverage with mapped
reads (as BAM) for specific genomic regions or promoter subsets (as BED) and considered
features (proteins or H3 modifications) was counted with bedtools MultiCovBed. The FASTA
sequences for p53 peaks in activated and repressed promoters (as BED) were derived from
server indexed file (fasta id: Human (Homo sapiens): hg19) using bedtools getfasta. P53
binding motif was taken from JASPAR (MA0106.3) and aligned to FASTA sequences in MEME
Suite 5.5.8 tool: Find Individual Motif Occurences (FIMO). Top20 transcription factors and co-
factors for the promoter subsets and, then, for p300-p53 promoters were identified and counted
by comparing promoter regions with wgEncodeRegTfbsClusteredV3 table (as BED), and

transcription factors were sorted by frequency of their occurrence.

RNA-Seg-derived data were mapped to hg19 reference genome with HISAT2 with default
parameters, and gene expression was measured by featureCounts using built-in hg19
genome. Differential gene expression analysis and normalization (filtered and normalized
counts tables) were carried out with limma-voom using the following parameters: normalization
method — TMM; filtering on count-per-million (CPM) with CPM below 1 in minimum 3 samples;
minimum Log2 fold change — 1; p value adjusted threshold — 0.05; p value adjustment method
— Benjamini and Hochberg (1995). Normalized counts were then plotted using Heatmap2 and
the following parameters: compute z score on columns; clustering rows and not columns;

distance method — Euclidean; clustering method — average (UPGMA).

Datasets from SRA for MCF7 cell line:

H3K27ac SRR12349339 and SRR10887027

H3K4me3 SRR12349279 and 10886967

H3K4me2 SRR7686906

H3K4me1 SRR7952790, SRR7952791, SRR7952792 and
SRR7952793

H3K9me3 SRR14678506 and SRR14678507

H3K27me3 SRR3159919 and SRR3159920

ER SRR23071683 and SRR23071681

POLR2A SRR10320030

POLR2A Ser2P SRR10320034

LSD1 SRR14213437

EZH2 SRR15724297

KDM5B SRR827515

For Peer Review



oNOYTULT D WN =

Nucleic Acids Research

HDACA1 SRR14777638
MLL1 SRR4011725
MLL2 SRR4011726
MLL3 SRR3561357
MLL4 SRR19782007
H3K4m3e in WT SRR7686907
H3K4m3e in KDM5B KO SRR7686919

2.10 Cell cycle analysis

Cells treated with different cisplatin concentrations was trypsinized and washed with PBS. Next
cells were fixed with 0,5% formaldehyde solution in PBS,15 min at room temperature. In the
next step cells was incubated with 0,1% Triton X-100 solution. After subsequent washing cells
were treated with RNAse A solution in 1% BSA solution and incubated 2h in 37°C. After
incubation cell suspension was staining with DAPI (1 ug/mL).The fluorescence intensity was
measured by a flow cytometer LSR® Il (Becton Dickinson) at ex: 405nm / em: 480 nm/nm. The
cell population was discriminated based on FSC-A and SSC-A parameters in Flowing Software
2.

2.11 Resasurin toxicity assay

The day prior to treatment, cells were seeded at a density of 2000 cells per well on Nunc®
MicroWell™ 384-well optical bottom plates. After incubation with cisplatin cells were incubated
with the resazurin solution (5 yM) in the growth medium at 37 °C for 2 h. The fluorescence that
corresponds to the metabolic activity of living cells was measured with a fluorescence
microplate reader (BioTek Synergy HTX, Biokom, Poland) at excitation 530 and emission 590

nm. The fluorescence value for control cells was assumed to be 100%.

2.12 Statistical analysis

Data are shown as mean + standard deviation (SD). Parametric or non-parametric test was
conducted after testing Gaussian distribution of data with the Shapiro—Wilk test. Student’s t
test or the Mann—Whitney test was used to calculate statistically significant differences
between two samples, while one-way analysis of variance (ANOVA) or Kruskal-Wallis test
followed by corresponding post hoc test was carried out to compare multiple samples.
Statistics were calculated using GraphPad Prism 8.01 software. Statistically significant

differences were marked with * when p < 0.05, ** when p < 0.01, *** when p < 0.001.
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3.Results:

3.1 Activation of ATM/ATR-Chek1/2-p53 pathway by cisplatin causes redistribution of

p53 in the genome

In the search for genes repressed by p53 in MCF7 cells, a range of cisplatin concentrations
(0.5-80 pM) were first tested to find the correct dose of the drug which activated the ATM/ATR-
Chek1/2-p53 pathway without any considerable impact on cell cycle progression. There was
no cell cycle arrest for up to cisplatin concentrations of 5 pM, as shown by the expression of
mitotic markers, cell cycle analysis and viability test (Fig.1A, Supplem. Fig. 1A -B). At a
concentration of 5 uM the considered drug induced mild genotoxic stress was confirmed by
increased DNA double strand breaks (pH2Ax) and the phosphorylation of ATM/ATR-Chek1/2-
p53 cascade components, while the level of p53 remained unchanged (Fig.1A, Supplem. Fig
1C). Surprisingly, the fluorescence of p53 in the nucleus substantially declined after cisplatin,
quantified by confocal imaging (Fig. 1B). This suggested that p53 is bound to DNA in a steady
state and that activation of ATM/ATR-Chek1/2-p53 triggered redistribution of p53 from the
chromatin, which was followed by the extrusion of a considerable portion of p53.
Pharmacological inhibition of ATM/ATR prevented the p53 eviction and maintained any p53
that was bound to DNA (Fig. 1C). This indicated that p53 activation induced a decrease in p53
interaction with DNA. This was also observed in the ChIP-Seq experiment, where the total
number of p53 peaks in the genome and at the gene promoters declined after cisplatin (Fig.
1D). P53 enriched regions were shifted in the genome and detected upstream closer to TSS
and downstream further from TSS (Fig. 1E). p53 enriched regions were created one peak right
before TSS in untreated cells, whereas after cisplatin, p53 split into 2 peaks adjacent to TSS,
which may point to the formation of transcription initiation complex in the proximity to the first
exon (Fig. 1F). This observation suggested that p53 is associated with repressed promoters
in proliferating, untreated cells, whereas its activation with the drug moves the protein
transcriptionally permissive promoters. As a control, the p53 occurrence at the promoter of
CDKN1A was monitored, as a known direct target of p53 (Fig. 1G). In the steady state, p53
was found at 3 regions upstream of CDKN1A, with the peak localized directly at TSS
considerably erased and split after cisplatin (cropped, red box). This corresponded to the p53
redistribution around TSS shown in Fig. 1F. In a Venn diagram the peak enriched regions
between untreated and cisplatin treated cells in the genome were compared, specifically at the
gene promoters assumed to be TSS + 5 kbp (Fig. 1H-I). Only 26% of p53 peaks detected in
untreated cells remained unchanged after cisplatin, which caused both p53 extrusion and de
novo recruitment to chromatin. The prevailing number of mobile peaks were detected in the

intergenic regions.
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These results suggest that p53 is bound to the subset of genomic regions in proliferating,

untreated cells and is mostly redistributed to other locations after cisplatin.
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Fig. 1 Activation of ATM/ATR-Chk1/2-p53 pathway by cisplatin induces substantial p53 extrusion from the
chromatin

(A) Cisplatin causes DNA lesions and activates DNA damage response cascade as evidenced by western blot
detection of phosphorylated p-H2AX and components of ATM/ATR-Chk1/2-p53 pathway. Histone H3 served as
loading control. Treatment condition: 5 uM cisplatin for 6 h. (B-C) Association of p53 with chromatin declines after
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cisplatin but (D-E) it is prevented by iIATM/ATR (KU-60019, 5 uM added 2 h prior to cisplatin). Immunostaining of
p53 bound to chromatin was visualized by confocal microscopy (B), and (C) fluorescence intensity was quantified
in arbitrary units (a.u.) with Leica Application Suite X. (D) Extrusion of p53 from the chromatin in response to cisplatin
is confirmed by decreased p53 peak number. p53-enriched regions were scored after MACS2 peak calling at
p<0.001. Gene promoters were assumed as regions + 2 kbp from TSS. (E-F) Cisplatin triggers p53 redistribution in
the genome. (E) The most significant shift in localization of p53 peaks is observed for regions furthest from TSS.
(F) Cisplatin causes also considerable change in the profile of p53 occurrence around TSS. (G) In untreated cells
p53 is bound to chromatin at the regulatory regions of CDKN1A, which are marked by massive H3K27 acetylation.
The level of p53 at TSS declines after cisplatin. p53 ChIP-Seq data as bigwig are visualized in UCSC Human
Genome Browser (hg19) and align to H3K27ac from ENCODE. (H) Genome-wide response of chromatin to cisplatin
is followed by substantial p53 extrusion and considerably smaller number of de novo enriched regions. Localization
of p53 peaks (p<0.001) is compared on venn diagram between untreated and cisplatin treated cells. (I) Division of
peaks into specific locations in the genome (intragenic vs intergenic) and gene promoters show the strongest p53
redistribution in the intergenic regions.

3.2 p53 extrusion from p53-p300-E2F1 assembled complexes in steady state is followed

by p300 enrichment at the gene promoters

In the search for possible interacting transcription co-factors , the Top 20 motifs were identified
that overlap with the 3 p53 peak types: extruded, remaining and de novo (Fig. 2A). All 3 peak
types shared 18 transcription factor motifs. p53 extruded peaks were frequently found at E2F4
and EGR1 binding sites, whereas unchanged and de novo deposited peaks were at p300 and
RCOR1 motifs. When supported by previous studies, this observation may suggest that p53
recruitment to chromatin in response to cisplatin could activate transcription by interacting with
p300. However, when p53 peaks at the gene promoters featured by p300 motifs were counted,
we surprisingly found their prevailing number in untreated cells (Fig. 2B). In untreated cells,
p53 peaks on p300 motifs were also featured by more frequent occurrences of the binding
sites for E2F family members, specifically E2F1, E2F4 and E2F7 (Fig. 2C), as well as for
chromatin remodelling enzymes such as KDM5B and HDAC1. The confocal imaging of p53
and p300 in cell nuclei confirmed the co-localization on the chromatin of untreated cells, and
declined in co-distribution after cisplatin (Fig. 2D-E). Although the total level of p53
considerably decreased in cells challenged with the anticancer drug, the p300 occurrence on
chromatin substantially increased (Fig. 2F). This finding was also confirmed by a ChlIP-Seq
experiment for p300, where the enzyme was enriched at considered E2F1 motifs after 6 h cell
treatment with cisplatin, but was erased strikingly after longer incubation (Fig. 2G). This was
confirmed by confocal microscopy (Supplem. Fig 1D-F) and protein co-immunoprecipitation
(Supplem.Fig 1G-H) and showed an increase in the interaction between p300 and E2F1 after
treatment of the cells with cisplatin. However, as suggested by the p53 distribution on the p300
motifs (in Fig. 2B) and p53-p300 colocalization in the genome, cisplatin caused a substantial
decline in the number of p53-p300 overlapping peaks at the E2F1 motifs (Fig. 2H). This
indicated that p53 could interact with p300 at the promoters with E2F motifs in intact cells and
that p53 de novo recruitment to chromatin in response to cisplatin may not be linked with co-

recruitment of p300. The Pearson correlation coefficient between p53 and p300 at the gene
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promoters (genome wide) were similar, regardless of the cisplatin treatment (Fig. 2I), but
dropped substantially at the promoters with E2F motifs from 0.6 to 0.48. Co-
immunoprecipitation of p53 indicated the assembly of p53, p300 and E2F1, but cisplatin
caused the decomposition of the complex and a confirmed decline in p53-p300 co-occurrence
at the gene promoters with E2F1 motifs (Fig. 2J). Inhibition of ATM/ATR enhanced p53-p300-
E2F1 interaction and prevented the disassembly of the complex in response to cisplatin. A
prevailing number of pre-existing p53-p300 complexes enriched at E2F1 promoters were lost
after cisplatin and lower numbers occurred de novo (Fig. 2K). Despite the extrusion of p53
from p53-p300-E2F1 promoters, p300 remained bound to the DNA after exposure of the cell
to cisplatin. The quantification of p300 at the p53 extruded and de novo enriched promoters
indicated an increase in p300 after 6 h, which was considerably higher at p53 extruded than
de novo recruited p53 (Fig. 2L). Therefore, p53 extrusion from pre-existed p53-p300-E2F1

complexes is associated with a substantial enrichment of p300.
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E) Nuclear colocalization of p300 and p53 declines after cell treatment with cisplatin. (D) Confocal images show
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nuclear distribution of p300 (green — AlexaFluor488) and p53 (red — PE). DNA (blue) is stained with DAPI. (E)
Quantification of fluorescence of p300 bound to DNA indicates its recruitment to chromatin in response to cisplatin.
(F) Decline of red to green fluorescence ratio after cisplatin suggests spacial separation of p53 and p300. (G) p300
binds to chromatin at E2F1 motifs 6 h after cisplatin, but is substantially extruded after another 18 h. Heatmap of
p300 distribution was plotted from matrix of E2F1 motifs (filtered out from UCSC table
wgEncodeRegTfbsClusteredV3 table + 2.5 kbp) as bed and p300 scores as bigwig after p300 peak calling in
MACS2. ChIP-Seq for p300 was carried out after 0, 6 and 24 h cell treatment with cisplatin. (H) p53 is extruded
from p300 peaks at E2F1 motifs 6 h after cell treatment with cisplatin. (I) Correlation plot shows the decline in p53
and p300 co-distribution at E2F1 motifs after cisplatin. For multiBigwigSummary, E2F1 motifs and gene promoters
(x 2 kbp around TSS of gtexGene table) served as genomic regions, whereas p53 and p300 bigwig files were used
for scoring. (J) p53 forms immunoprecipitable complexes with p300 and E2F1, which dissociate after cisplatin.
ATM/ATR inhibitor (KU-60019,5 pM) prevents cisplatin-induced decomposition of p53-p300-E2F1. P53 was co-
immunoprecipitated with primary antibody and magnetic beads, whereas proteins were detected by western blot.
(K) p300 remains bound to promoters characterized E2F1 motifs enriched in p53 and p300 after cisplatin-induced
extrusion of p53. Genomic distribution of p53-p300 at E2F1 motifs was compared on venn diagram between
untreated and cisplatin-treated cells. Table shows the number of p300 peaks overlapping p53-E2F1 sites before
and after p53 extrusion. (L) DNA bound p300 is considerably enriched at p53-p300-E2F 1 gene promoters after 6 h
cell treatment with cisplatin. Individual p300 peak high (MACS2 score file) was normalized to median p300 peak
high and plotted. p53-p300-E2F1 promoters were divided into p53 extruded and de novo recruited, further
subdivided into 3 time points after administration of cisplatin.

3.3 p53 extrusion from p53-p300-E2F2 promoters in response to cisplatin is associated

with increased gene transcription in a p300-dependent fashion

Functional analysis of the genes characterized by the occurrence of p53-p300-E2F1 at their
promoters in a steady state showed a contribution to crucial intracellular processes associated
with cell response to genotoxic agents (Fig. 3A). These included an inter alia DNA damage
response, DNA repair or regulation of mitotic nuclear division. This suggested that p53
extrusion functionally contributed to cell protection from genotoxic stress. While trying to check
the basic transcription level and transcriptional gene response to p53 extrusion RNA-Seq, data
from untreated and cisplatin treated cells was used (Fig. 3B-D). The normalized mRNA level
of genes characterized by p53 erasing and recruitment did not significantly differ (Fig. 3B), but
their transcription increased substantially after the cell treatment with cisplatin (Fig. 3C).
Differential gene expression indicated an almost complete overlap in both direction and
intensity of the observed alteration in gene transcription after cisplatin and upon p53 deficiency
(Fig. 3D). A comparable number of genes were up- and downregulated under the tested
conditions (Log2FC>2, adj p < 0.05). When aligned with ChIP-Seq data on the p53 extrusion
from p53-p300-E2F1 promoters, the gene subset responding to cisplatin with increased (146)
and declined (45) transcription was identified (Fig. 3E). For further mechanistical study we took
2 genes from a list of 146 as the examples: DUSP12 and FANCI , which are functionally linked
to signaling and DNA repair, respectively. Bearing in mind that p53 erasing was followed by
p300 enrichment, we tested the impact of pharmacological inhibition of p300/CBP on the
transcription of genes activated by cisplatin and p53 transient silencing. In both cases,
ip300/CBP completely prevented the increase in gene transcription, thereby indicating the role

of p300/CBP in the observed gene activation (Fig 3F). This suggested the enrichment of p300
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at the p53-p300-E2F1 promoters after p53 extrusion reversed p53-mediated gene
suppression. Although p300 pre-existed with p53 at the subset of gene promoters its

occurrence was insufficient for a high transcription yield.
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Fig. 3 p53 extrusion from the subset of p300-bound promoters augments p300-dependent gene
transcription

(A) p53 is extruded from p53-p300-E2F1 promoters, which control transcription of genes functionally linked to DNA
damage response and repair, mitotic divisions and gene transcription. (B) Transcription of genes characterized by
promoters extruded or de novo recruited p53 after cisplatin is comparable in untreated cells. Log10 normalized
counts (counts per million) was taken for plotting and statistical analysis (t-test, ns when p>0.05). (C) Transcription
of genes controlled by p300-E2F 1 promoters extruded with p53 increases in response to cisplatin. Differential gene
expression between cisplatin treated (24 h) and untreated cells was analyzed for promoters with p53 extruded,
maintained and de novo recruited using limma-voom. Statistical analysis with Kruskal-Wallis test indicates
significant differences in gene response to cisplatin among the three groups. (D) Cisplatin and transient silencing
of p53 similarly affects the gene subset. Differential gene expression was carried out using limma-voom, and
compared cells transfected with siCTRL, siCTRL treated with cisplatin for 24 h, cells transfected with sip53 for 48
h. Heatmap shows differentially expressed genes, when Log2FC=1 and adj p value < 0.05. (E) 146 upregulated
genes and 45 repressed genes are characterized by p53 extrusion from their p53-p300-E2F1 promoters after
cisplatin. p53-p300-E2F1 promoters, which respond to cisplatin with p53 extrusion, were compared with genes up
and down regulated on venn diagram. (F) p300 prevents cisplatin- and sip53-induced overexpression of DUSP and
FANCI. P300 inhibitor (C646, 5 uM) was added for 2 h prior to cisplatin or 24 h after cell transfection with sip53,
whereas gene transcription was quantified with real-time PCR.
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3.4 P53 extruded promoters carrying p53-p300-E2F1 assembly are characterized by a
higher frequency of H3K4me2 occurrence with simultaneously low transcription

promoting other histone marks

In order to identify specific features of the p53 repressed promoters, publicly available datasets
were used and compared with the number of overlapped peaks of selected histone
modifications and proteins with p53 repressed and activated promoters (Fig. 4A). The most
striking difference was observed in the H3K4 methylation pattern, particularly in the H3K4me2
to H3K4me3 ratio. Approximately 90% of repressed promoters were hallmarked with H3K4me2
and slightly higher POL2R, which suggested the pausing of this enzyme, particularly when the
marker of transcription elongation represented by phosphorylated serin 2 of POLR2A,
remained relatively low and comparable between the 2 promoter subsets. In contrast, p53
activated promoters were more often featured with H3K4me3. Chromatin remodelling enzymes
KDM5B and HDAC1 occurred more frequently at the repressed gene promoters. Although
acetylation of H3K27 was observed in all the considered promoter types, its intensity
considerably varied and was lowest in p53 promoters (Fig. 4B). A similar situation was
observed for di- and three-methylated H3K4. Surprisingly, the coverage of p53 activated
promoters with H3K4me2 was highest in the p53 activated promoters. The transcription
promoting histone marks substantially increased at the promoters of DUSP12 and FANCI after
cell treatment with cisplatin (Fig. 4C-D). These results suggested that p53 repressed promoters
were weakly primed for transcription, with p53 extrusion by cisplatin being associated with

nucleosome enrichment in transcription promoting histone marks.
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Fig. 4 The subset of p53 repressed promoters is characterized by relatively low level of H3K27 acetylation
and H3K4 trimethylation

(A) Genes activated and repressed by p53, which are controlled by p53-p300-E2F1 promoters extruded with p53
after cisplatin, are characterized by considerably distinct profile of histone marks and promoter-associated proteins
in intact cells. MACS2 called peaks of considered histone marks and proteins (ChIP-Seq data downloaded from
SRA) were overlapped with p53-p300-E2F1 promoters extruded with p53 after cisplatin, which were assumed as
100%. Red, cropped boxes indicate the highly variable marks. (B) Promoters of genes repressed by p53 in intact
cells reveal relatively low level of transcription-promoting histone marks. The coverage of p53 peak subsets with
the mapped reads of H3K27ac, H3K4me2 and H3K4me3 was calculated by bedtools MultiCovBed and compared
to mean coverage of all histone mark peaks. * indicates statistical difference when p<0.05 (Kruskal-Wallis). (C-D)
Cisplatin causes increased acetylation of H3K27 (C) and trimethylation of H3K4 (D) at the p53 binding sites in
promoters of DUSP and FANCI.

3.5 p53 maintains KDM5B bound to p53 repressed promoters, thereby preventing p300

recruitment and conditioning low transcription yield in the steady state

Bearing in mind that the status of H3 methylation and acetylation changes after p53 extrusion,
and that chromatin remodelling enzymes such as HDAC1 and KDM5B occur more frequently
at the p53 repressed rather than for activated promoters, the impact of these pharmacological
inhibitors on transcription of DUSP12 and FANC/ were compared (Fig. 5A-B). The inhibitor of
LSD1 was also considered, since this enzyme erases methyl groups from mono- and
dimethylated H3K4. Among the tested inhibitors, only iIKDMS5B phenocopied cisplatin and p53
silencing in upregulation of DUSP12 and FANCI transcription with its combination with cisplatin
did not further augment gene transcription. In intact cells where KDM5B overlapped p53 peaks
at the promoters of DUSP12 and FANCI (Fig. 5C), cisplatin caused substantial extrusion of
KDM5B (Fig. 5D). To confirm the molecular link between the cisplatin-induced loss of p53 and
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KDMS5B, enrichment of p300 and gene transcription, it was firstly confirmed that p53 deficiency
at the promoters of DUSP12 and FANCI caused a massive decline in the KDM5B association
with chromatin, similar to cisplatin (Fig. S5E). Co-immunoprecipitation of p300 confirmed the
existence of p53-p300-KDM5B complexes in a steady state, decomposing after cisplatin.
Importantly, cisplatin caused a visible decline in H3K4me1 and H3K4me2 with simultaneous
enrichment in H3K4me3 in p300 immunoprecipitates (Fig. 5F). KDM5B inhibition phenocopied
cisplatin by increasing the level of H3K4me3 and H3K27ac (Fig. 5G-H), thereby suggesting
that demethylase acts upstream of p300. This agreed with data described by Hinohara K. et
al.(11), where the knockout of KDM5B was followed by the enrichment of H3K4me3 at p53
repressed promoters (Suppl. Figure 11). Inhibition of p300 reverted iIKDM5B-induced
upregulation of the gene transcription (Fig. 51) and provided a functional link between these 2
enzymes. Furthermore, pharmacological inhibition of KDM5B significantly increased the level

of p300 at the gene promoters (Fig. 5J).
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51 5. Cisplatin induces extrusion of KDM5B from the subset of p53 repressed promoters, which allows for
52 p300-mediated overexpression of DUSP and FANCI
53
54 (A-B) Inhibition of KDM5B phenocopies increased transcription of DUSP and FANCI caused by cisplatin (A) and
55 sip53 (B). iLSD1 (GSK-LSD1, 0,1uM), iKkDM5B (PBIT, 5 uM), iHDAC (Sodium butyrate, 100 uM) were added for 2
56 h prior to cisplatin and 24 h after cell transfection with siCTRL. Gene transcription was measured with real-time
57 PCR. (C) The occurrence of KDM5B and p53 (as bigwig) was visualized in steady state at the promoters of DUSP12
58 and FANCI. P53 track after cisplatin was aligned. (D) Cisplatin indices extrusion of KDM5B from p53 binding sites
59 at the promoters of DUSP and FANCI. KDM5B association with selected genomic regions was quantified by ChIP-
60 gPCR. * marks significant changes when p<0.05 (t-test). (E) p53 knockdown induces KDM5B extrusion from
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chromatin. KDM5B level at the p53 binding sites in promoters of DUSP and FANCI was compared by ChIP-gPCR
between cells transfected with siCTRL and sip53 for 48 h. (F) Cisplatin causes decomposition of immunoprecipitable
p300-KDM5B complex, but association of p300 with chromatin regions characterized by trimethylation of H3K4.
Immunoprecipitation of p300 was followed by western blot detection of KDM5B, H3K4me1, H3K4me2 and
H3K4me3. (G-H) Inhibition of KDM5B substantially increases the level of transcription-promoting histone marks at
the promoters of DUSP and FANCI. Acetylation of H3K27 (G) and trimethylation of H3K4 (H) were compared by
ChIP-gPCR in cells treated and not with iKDM5B (PBIT, 5 uM) for 6 h. (I) Inhibition of p300 prevents an increase in
transcription of DUSP and FANCI caused by KDM5B. Combination of p300 and KDM5B inhibitors (C646, 5 uM;
PBIT, 5 uM, respectively) was added to cells for 24 h and gene transcription was quantified by real-time PCR. (J)
Inhibition of KDM5B allows for recruitment of p300 to the promoters of DUSP and FANCI. The level of chromatin-
bound p300 was compared between cells untreated and treated with iKDM5B (PBIT 5 uM; 6h incubation) by ChIP-
gPCR.

To summarise, cisplatin-induced p53 extrusion from the subset of gene promoters was
associated with a decline in KDM5B occurrence allowing for recruitment of p300, the gaining
of the transcription permissive chromatin structure and elevated gene transcription as shown
by the examples of DUSP12 and FANCI.

4.Discussion:

P300 is one of the most frequently altered histone acetyltransferases in cancers with increased
expression in some tumors and has been shown to co-activate gene transcription, together
with p53. This enzyme modifies histones within proximal and distal gene regulatory elements
and its activity is closely linked to H3K27 acetylation at the enhancer loci, which promotes gene
expression (12). Substantial evidence points to a critical role for p300 interaction with p53,
particularly during responses to DNA damage, where p300 binds to and acetylates p53 leading
to full p53 transactivation (13). p300 binding by p53 results in the acetylation of histones and
facilitated gene transcription (14). Several factors that are activated in response to DNA
damage, including CHK1 (15), SOX4 (16), MAP9 (17), PI3K (18) and RSF1 (19), were shown
to act as cofactors of the p53-p300-dependent gene transcription. In this paper we provided
molecular and mechanistical evidence for a p300-p53 pre-existence at the subset of gene
promoters in unstressed cells and that co-occurrence of p300 with p53 was insufficient for
active gene transcription. It was also reported that recruitment of p300 did not always correlate
with gene activation and was occasionally associated with repression. A large number of
chromatin regions enriched in p300 were not featured by canonical H3K27ac modification,
indicating that histone acetyltransferase (HAT) activity at such sites was blocked, however any
substantial functional explanation for this is missing (20). In our model of proliferating cells,
p300-mediated transcription activation was opposed by KDM5B, which co-occured with p53
and p300. However, the collected results did not show that the sole KDM5B extrusion from
these promoters triggered catalytic activity of p300, and that under such conditions the pre-
existing p300 was sufficient to enhance gene transcription. This is particularly the case when

cisplatin-induced KDM5B and p53 erasure, as well as KDM5B inhibition, are followed by further
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p300 enrichment. Undoubtedly, the observed histone acetylation in response to the drug was

catalyzed by p300.

The direct, enzymatic interaction between KDM5B and p300 has not been reported before,
with these 2 epigenetic proteins being described in a negative feedback loop in the context of
gene transcription rather than in regulating the activity of each other. KDM5B specifically
demethylates lysine 4 of histone 3 (H3K4), often targeting trimethylated K4, which marks
transcriptionally active promoters. The deregulated expression of this enzyme has been
implicated in numerous cancer types, including breast, lung, liver, prostate and skin cancer
(21,22). Therefore, a direct, inhibitory impact of KDM5B on p300 activity seems unlikely, since
lysine methylation of this acetyltransferase has not yet been described. The only reported
arginine methylation by CARM1 in the N-terminal region of p300 inhibited the binding of the
transcription factor CREB and in the C-terminal region of p300 inhibited the bimolecular
interactions between p300 and the p160. Removal of this mark by PAD4 enhanced bimolecular
association (23) and acted in opposition to the hypothesized p300 demethylation by KDM5B,
erasing lysine methylation. However, it has been shown that lysine demethylases also have
arginine demethylase activity, from studies both on histone fragment peptides, histone H4 from
calf thymus (with KDM4E) and non-histone substrates (G3BP1 with KDM5C and KDM5D).
Catalytic domains of all the identified human KDM5 members (A-D) have dual lysine and
arginine demethylase activities in their isolated forms (24). This suggests that further studies
on p300 methylation sites and their impact on p300 activity are needed, particularly as
methyltransferases are an important part of the complexes that regulate p300-dependent
expression. The analyses revealed significant doxorubicin-induced enrichments of p53,
H3K18ac, H3K27ac, and H3K4me1 at the enhancers, as well as Pol Il, the SET1C and
H3K4me3 at the gene promoters. However, p300 and SET1C seemed to act synergistically on
gene transcription by the deposition of transcription promoting histone marks rather than by
SET1C depositing methyl groups on p300 (25).

During DNA damage response, the ATM-mediated phosphorylation of S106 in p300 allowed
interaction of p300 with NBS1, thereby enhancing DNA damage repair (26). Much evidence
has been provided on p300 phosphorylation under certain specific conditions, which opposes
the impact on p300-dependent gene transcription (27—29) and stability (30,31). In our study,
activation of ATM/ATR-Chk1/Chk2-p53 did not affect p300 abundance to much degree inside
the cell, but it did enhance p300 interaction with chromatin, particularly with the gene promoters
characterized by motifs for E2F transcription factors. Interestingly, this was followed by a
massive p300 extrusion from chromatin at a later time point after cisplatin, which suggested
chromatin compaction and gene repression after the initial chromatin relaxation and gene
activation. In the subset of E2F-driven promoters the existence of SWI/SNF-p300-HDAC1
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complexes have been documented where the balance between p300 and HDAC1 activity was
tightly controlled by cell cycle progression (32,33). In this study one of our exemplary genes,
DUSP12, was activated comparably by cisplatin, iIKDM5B and iHDAC. This suggested that
some HDAC family members may directly or indirectly co-repress some of the p53-p300-
KDM5B controlled genes. KDM5B has been shown to physically recruit class | and class lla of
HDACs (34). Approximately 50% of ~140,000 KDM5B enriched regions overlap with the
HDAC1 peaks. The cooperative action of the KDM5B and HDAC1 linked H3K4 demethylation
and lysine deacetylation to provide a powerful mechanism for a rapid shutoff of actively
transcribed genes (35). Some of the HDAC family members also deacetylated p300, thereby
causing its enzymatic inactivation (36). If the gene was simultaneously repressed by HDAC,
KDMS5B, p53, which co-occurred with p300, the whole picture became more complex and the

writing/erasing/reading processes comprised of more possible substrates.

In this study, p53 acted more as co-repressor together with KDM5B, since it supported the
KDMS5B binding to chromatin, but the basics of p53-KDM5B-p300 interaction remains
unknown. The p53 and KDM5B did not coincide randomly, but formed an immunoprecipitable
complex at a steady state with p53 occurrence being causative for KDM5B maintenance on
chromatin. Previous data has shown that KDM5B represses E2F-target genes during
senescence. Increased binding of KDM5B to E2F-target genes during senescence was
correlated with a strong reduction of the H3K4me3 of these E2F-target genes. The suppressed
transcription in senescent cells was restored and was comparable between Rb1, KDM5B and
p53-knockdowns (37). However, in that model the functional interaction between the listed
proteins was observed in cell cycle arrested cells. This varied from our experimental settings,
where we intentionally applied a low concentration of cisplatin to avoid the Rb-E2F-co-
repressor complex formation in response to mitotic arrests. In contrast to previous reports,
which focused on p53 recruitment to chromatin in response to genotoxic stress, we also
showed a considerable p53 extrusion from the genome. This supported some former
observations and hypotheses on the role of p53 in maintaining the transcription repressive
chromatin structure (1,4), further evidenced by molecular and functional analysis. Even though
p53 was thought to bind to the CDKN1A promoter and upstream regulatory regions, thereby
activating its transcription and inhibition of mitotic divisions by the CDKN71A product — p21
protein, we found p53 enriched in 3 regions upstream of the CDKN1A transcription start site.
Cisplatin caused a redistribution of p53 from location proximal to more upstream of TSS, which
was associated with the decline in CDKN1A transcription. Of note, KDM5B has been
documented as being the promoter of cancer cell proliferation by acting as a corepressor of
CDKN1A (38). Therefore, the dose of the drug aimed to cause DNA damage might be crucial
in the transcription response of the p53-p300-KDM5B promoters characterized by E2F motifs.
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While low doses likely activated transcription by extrusion of KDM5B and p53, the higher doses
likely repressed these genes by recruiting retinoblastoma-based chromatin remodelling

complexes. However, this hypothesis requires further experimental verification.

The dose-dependent role of p53 in regulating gene transcription is particularly important when
considering the functional association of p53-regulated genes. Although only a small subset of
p53-KDM5B repressed promoters was focused on, the 866 promoters which responded to
cisplatin with p53 extrusion were linked to intracellular processes that are crucial for inter alia
DNA damage response and DNA repair. This protein has already been considered as a
double-edged sword depending on the severity of damage. Early in the DNA damage
response, p53 relays a wide range of pro-survival signals including cell cycle arrest, allowing
the cells to repair the damage at various, also non-transcriptional levels. But if damage
continues to accumulate, p53 promotes apoptosis or senescence. It contributes to several
repair mechanisms including nucleotide excision repair, base excision repair, mismatch repair,
homologous recombination repair and non-homologous end joining (39). p53 also interacts
with repair proteins like BRCA1 and DNA polymerase [, thereby enhancing the repair
efficiency. As a transcription co-factor, p53 promotes the transcription of DDB2, TP53/3,
XRCC5 and XPC, facilitating DNA repair (40,41). Previous reports also showed the p53-
mediated repression of RECQ4 during DNA damage resulting from the modulation of the
promoter occupancy of transcription activators and repressors, specifically from recruitment of
HDAC1 and the loss of SP1 and p53 binding to the promoter (42). p53 also inhibits DNA repair
by transactivating the base excision DNA repair inhibitory phosphatase PPM1D and by
negatively regulating expression of DNA repair proteins BRCA2, RAD51, MSH2 and XRCC4
after genotoxic stress induced by anticancer drugs (43—45). The activation and repression of
the gene subset functionally linked to the DNA damage response by p53, allows the cell to
have quick and precise activation of the most desired response pathway, that may differ in

normal and cancer cells as well as strongly depend on the stimuli intensity.

In summary, p53 may pre-exist on the chromatin in proliferating, undamaged cells together
with p300 and KDM5B and repress transcription of some E2F-driven genes. Mild genotoxic
stress, which activates the ATM/ATR-Chk1/Chk2-p53 cascade, triggers extrusion of KDM5B
in a p53-dependent fashion for p300 enrichment and activation of the gene transcription. P53
interaction with chromatin in a steady state may determine the cell response to damaging

agents.
5.Glossary:

DSBs- double strand breaks; HAT — histone acetyltransferase; HDAC — histone deacetylase;

p53 RE — p53 response element
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(miejsce, data)

Mgr. Karolina Gronkowska

Katedra Biofizyki Ogolnej,

Instytut Biofizyki, Uniwersytet L.odzki,
Pomorska 141/143, 90-236 LodzZ

OSWIADCZENIE
Oswiadczam, ze w pracy:

1)Gronkowska, K.; Robaszkiewicz, A. p300 dysregulation in cancers and its cross-talk with other
epigenetic factors — a comprehensive review, Mol Ther Oncol. 2024 Sep 2;32(4):200871; doi:
10.1016/j.omton.2024.200871

moj wklad w powstanie tej pracy polegal na analizie danych klinicznych oraz
wspétuczestniczeniu - w  przygotowaniu pierwotnej oraz edytowaniu finalnej wersji

manuskryptu. Moj udziat procentowy szacuje na 70%.

2) Gronkowska, K.; Michlewska, S.; Robaszkiewicz, A. Activity of lysosomal ABCC3, ABCC5 and
ABCCI0 is responsible for lysosomal sequestration of doxorubicin and paclitaxel-OregonGreen488 in
paclitaxel-resistant cancer cell lines, Cell Physiol Biochem 2023; 57(5):360-378; doi:
10.33594/000000663

moj wkiad w powstanie tej pracy polegal na wykonywaniu czesci do§wiadczalnej badan w
tym prowadzeniu hodowli komoérkowych i traktowaniu komoérek lekami i wyciszaniu
eksp';esji‘ genow, izoiacji lizosomow, przygotowywaniu probek do cytometrii przepltywowej,
oznaczaniu poziomu bialek metoda Western Blot, formowaniu sferoidow i ich barwienia,
przygotowywaniu preparatéw mikroskopowych, analizach cytotoksycznosci, wykonaniu
analiz statystycznych i interpretacji wynikow oraz wspotuczestniczeniu w przygotowaniu
pierwotnej oraz edytowaniu finalnej wersji manuskryptu. Mdj udzial procentowy szacuje na

48%.



3) Gronkowska, K.; Michlewska, S.; Ploszaj, T.; Strachowska, M.; Stepien, A.; Borowiec, M.;
Bednarek, A.; Robaszkiewicz, A. BRGI targeting overcomes ABCC-based multidrug resistance
induced by paclitaxel, bioRxiv 2025.05.01.651609;

moéj wklad w powstanie tej pracy polegal na wykonywaniu czesci do§wiadczalnej badan w
tym prowadzeniu hodowli komoérkowych i traktowaniu komorek lekami i wyciszaniu
ekspresji genow, oznaczaniu poziomu mRNA za pomocg Real-time PCR oraz poziomu biatek
metoda Western Blot, formowaniu sferoidéw i ich barwienia, przygotowywaniu preparatow
mikroskopowych, analizach cytotoksycznosci, przygotowaniu bibliotek do
sekwencjonowania, przeprowadzeniu immunoprecypitacji chromatyny, analizie danych RNA-
seq, wykonaniu analiz statystycznych i interpretacji wynikéw oraz wspotuczestniczeniu w
przygotowaniu pierwotnej oraz edytowaniu finalnej wersji manuskryptu. Moj udziat

procentowy szacuje na 41%.

4) Gronkowska, K., Kofacz-Milewska, K.; Michlewska, S.; Ploszaj, T.; Borowiec, M,
Robaszkiewicz, A. Interaction of HIFIA with BRG1 and p300 confers paclitaxel-induced drug

resistance by  enabling the  overexpression of ABCC genes, Mol Ther  Oncol.
doi:1016/j.omton.2025.201049

moj wklad w powstanie tej pracy polegal na wykonywaniu czesci do$wiadczalnej badan w
tym prowadzeniu hodowli komoérkowych i traktowaniu komoérek lekami i wyciszaniu
ekspresji genow, oznaczaniu poziomu mRNA za pomocg Real-time PCR oraz poziomu biatek
metodg Western Blot, formowaniu sferoidow i ich barwienia, przygotowywaniu preparatow
mikroskopowych, analizach cytotoksycznosci, analizie koimmunoprecypitacji biatek i
immunoprecypitacji  chromatyny, analizie danych klinicznych, wykonaniu analiz
statystycznych 1 interpretacji wynikdéw oraz wspoétuczestniczeniu w przygotowaniu pierwotnej

oraz edytowaniu finalnej wersji manuskryptu. Mdj udzial procentowy szacuje na 42%.

5) Gronkowska, K.; Kofacz-Milewska, K.; Michlewska, S.; Robaszkiewicz, A. P53 supresses
transcripti\on of the p300-E2F1-dependent gene subset by maintaining KDMS5B associated with gene
promoters, bioRxiv 2025.08.25.672089; doi: 10.1101/2025.08.25.672089

moj wklad w powstanie tej pracy polegal na wykonywaniu czgsci doswiadczalnej badan w
tym prowadzeniu hodowli komorkowych i traktowaniu komorek lekami i wyciszaniu
ekspresji genow, oznaczaniu poziomu mRNA za pomocg Real-time PCR oraz poziomu biatek
metodg Western Blot, analizie cyklu za pomocg cytometrii przeptywowej, przygotowywaniu

preparatow mikroskopowych, pomiarach intensywnosci i kolokalizacji biatek, analizach



cytotoksycznosci, analizie koimmunoprecypitacji biatek i immunoprecypitacji chromatyny,
wykonaniu analiz statystycznych i interpretacji wynikéw oraz wspdtuczestniczeniu w

przygotowaniu pierwotnej oraz edytowaniu finalnej wersji manuskryptu. Moj udziat

procentowy szacuj¢ na 41%.

(podpis)
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(miejsce, data)

Dr hab. Agnieszka Robaszkiewicz, prof. UL
Katedra Biofizyki Ogolnej,

Instytut Biofizyki, Uniwersytet L.odzki,
Pomorska 141/143, 90-236 1.6dzZ

OSWIADCZENIE
Os$wiadczam, ze w pracy:

1)Gronkowska, K.; Robaszkiewicz, A. p300 dysregulation in cancers and its cross-talk with other
epigenetic factors — a comprehensive review, Mol Ther Oncol. 2024 Sep 2;32(4):200871; doi:
10.1016/j.omton.2024.200871

moj wklad w powstanie tej pracy polegal na okresleniu zakresu wymaganych informacji oraz
wspoluczestniczeniu  w  przygotowaniu pierwotnej oraz edytowaniu finalnej wersji

manuskryptu. Méj udziat procentowy szacuje na 30%.

2) Gronkowska, K.; Michlewska, S.; Robaszkiewicz, A. Activity of lysosomal ABCC3, ABCC5 and
ABCCI0 is responsible for lysosomal sequestration of doxorubicin and paclitaxel-OregonGreen488 in
paclitaxel-resistant cancer cell lines, Cell Physiol Biochem 2023; 57(5):360-378; doi:
10.33594/000000663

moj wklad w powstanie tej pracy polegal na zapewnieniu finansowania badan, sprawowaniu
nadzoru merytorycznego, wykonaniu analiz statystycznych 1 interpretacji wynikdw,
opracowaniu ukfadu figur oraz wspoluczestniczeniu w przygotowaniu pierwotnej oraz

edytowaniu finalnej wersji manuskryptu. Méj udziat procentowy szacuje na 48%.

3) Gronkowska, K.; Michlewska, S.; Ploszaj, T.; Strachowska, M.; Stepien, A.; Borowiec, M.;
Bednarek, A.; Robaszkiewicz, A. BRGI targeting overcomes ABCC-based multidrug resistance
induced by paclitaxel, bioRxiv 2025.05.01.651609;

moj wkiad w powstanie tej pracy polegal na zapewnieniu finansowania badan, sprawowaniu

nadzoru merytorycznego, wykonaniu analiz bioinformatycznych, wykonaniu analiz



statystycznych i interpretacji wynikéw, opracowaniu uktadu figur oraz wspohuczestniczeniu w
przygotowaniu pierwotnej oraz edytowaniu finalnej wersji manuskryptu. Moj udziat

procentowy szacuj¢ na 41%.

4) Gronkowska, K.; Kofacz-Milewska, K.; Michlewska, S.; Ploszaj, T., Borowiec, M.,
Robaszkiewicz, A. Interaction of HIFIA with BRGI and p300 confers paclitaxel-induced drug

resistance by  enabling the  overexpression  of ABCC genes, Mol Ther  Oncol.

doi:1016/j.omton.2025.201049

moj wkiad w powstanie tej pracy polegal na zapewnieniu finansowania badan, sprawowaniu
nadzoru merytorycznego, wykonaniu analiz bioinformatycznych, wykonaniu analiz
statystycznych 1 interpretacji wynikow, opracowaniu uktadu figur oraz wspotuczestniczeniu w
przygotowaniu pierwotnej oraz edytowaniu finalnej wersji manuskryptu. Moj udziat

procentowy szacuj¢ na 42%.

5) Gronkowska, K.; Kofacz-Milewska, K.; Michlewska, S.; Robaszkiewicz, A. P53 supresses

transcription of the p300-E2F1-dependent gene subset by maintaining KDM5B associated with gene
promoters, bioRxiv 2025.08.25.672089; doi: 10.1101/2025.08.25.672089

moj wklad w powstanie tej pracy polegal na zapewnieniu finansowania badan, sprawowaniu
nadzoru merytorycznego, wykonaniu analiz bioinformatycznych, wykonaniu analiz
statystycznych i interpretacji wynikow, opracowaniu uktadu figur oraz wspdtuczestniczeniu w
przygotowaniu pierwotnej oraz edytowaniu finalnej wersji manuskryptu. Moj udziat

procentowy szacuje na 50%.
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(miejsce, data)

Dr hab. Sylwia Michlewska

Pracownia Obrazowania Mikroskopowego i Specjalistycznych Technik Biologicznych ,
Wydziat Biologii i Ochrony Srodowiska, Uniwersytet £.odzki,

ul. Banacha 12/16, 90-237 L.6dzZ

OSWIADCZENIE
Oswiadczam, ze w pracy:

1) Gronkowska, K.; Michlewska, S.; Robaszkiewicz, A. Activity of lysosomal ABCC3, ABCCS5 and
ABCCI10 is responsible for lysosomal sequestration of doxorubicin and paclitaxel-OregonGreen488 in
paclitaxel-resistant cancer cell lines, Cell Physiol Biochem 2023; 57(5):360-378; doi:
10.33594/000000663

mdj wkiad w powstanie tej pracy polegal na obrazowaniu mikroskopowym, pomiarach
akumulacji zwigzkéw 1 kolokalizacji bialek z lizosomami oraz edytowaniu finalnej wersji

manuskryptu. M6j udziat procentowy szacuje na 4%.

2) Gronkowska, K.; Michlewska, S.; Ploszaj, T.; Strachowska, M.; Stepiefi, A.; Borowiec, M.;

Bednarek, A.; Robaszkiewicz, A. BRGI1 targeting overcomes ABCC-based multidrug resistance
induced by paclitaxel, bioRxiv 2025.05.01.651609;

moj wkilad w powstanie tej pracy polegal na obrazowaniu mikroskopowym, pomiarach
akumulacji zwiazkéw i kolokalizacji bialek z lizosomami oraz edytowaniu finalnej wersji

manuskryptu. M6j udzial procentowy szacuje na 5%.

3) Gronkowska, K.; Kotacz-Milewska, K.; Michlewska, S.; Ploszaj, T.; Borowiec, M.;
Robaszkiewicz, A. Interaction of HIFIA with BRGI and p300 confers paclitaxel-induced drug

resistance by  enabling the  overexpression of ABCC genes, Mol Ther  Oncol.
doi:1016/j.omton.2025.201049



mo6j wkiad w powstanie tej pracy polegal na na obrazowaniu mikroskopowym, pomiarach
akumulacji zwiagzkow i kolokalizacji bialek z lizosomami oraz edytowaniu finalnej wersji

manuskryptu. M6j udzial procentowy szacuj¢ na 5%.

4) Gronkowska, K.; Kotacz-Milewska, K.; Michlewska, S.; Robaszkiewicz, A. P53 supresses

transcription of the p300-E2F1-dependent gene subset by maintaining KDMSB associated with gene
promoters, bioRxiv 2025.08.25.672089; doi: 10.1101/2025.08.25.672089

mdj wklad w powstanie tej pracy polegal na obrazowaniu mikroskopowym oraz edytowaniu

finalnej wersji manuskryptu. Moj udziat procentowy szacuje na 3%.

(podpis)
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(miejsce, data)

Dr. Magdalena Strachowska

Katedra Cytobiochemii,

Wydziat Biologii i Ochrony Srodowiska, Uniwersytet Lodzki,
Pomorska 141/143, 90-236 £.6dZ

OSWIADCZENIE
Os$wiadczam, ze w pracy:

Gronkowska, K.; Michlewska, S.; Ploszaj, T.; Strachowska, M.; Stepien, A.; Borowiec, M,
Bednarek, A.; Robaszkiewicz, A. BRGI targeting overcomes ABCC-based multidrug resistance
induced by paclitaxel, bioRxiv 2025.05.01.651609;

moj wklad w powstanie tej pracy polegat na oznaczeniu poziomu mRNA transporteréw ABC
za pomocg Real-time PCR w komoérkach MDA-MB-231 po wyciszeniu BRGI i po
zastosowaniu inhibitora SWI/SNF - PFI3 oraz edytowaniu finalnej wersji manuskryptu. Méj

udziat procentowy szacuje na 4%.
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Aode, 45.08.02ar.....

(miejsce, data)

Mgr. Adrianna Stepien
OSWIADCZENIE
Oswiadczam, Zze w pracy:

Gronkowska, K.; Michlewska, S.; Ploszaj, T.; Strachowska, M.; Stepien, A.; Borowiec, M.; Bednarek,
A.; Robaszkiewicz, A. BRGI targeting overcomes ABCC-based multidrug resistance induced by
paclitaxel, bioRxiv 2025.05.01.651609;

moéj wklad w powstanie tej pracy polegal na wykonaniu cze$ci powtdrzen oznaczenia
poziomu mRNA transporteréw ABC za pomocg Real-time PCR w komdrkach opornych na
paklitaksel po wyciszeniu BRGI1 oraz czesci powtérzen testu cytotoksycznosei po

zastosowaniu inhibitora SWI/SNF — PFI3. M¢j udzial procentowy szacuje na 3%.

(podpis)
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(miejsce, data)

Mgr. Kinga Kotacz-Milewska

Katedra Biofizyki Ogdlnej,

Instytut Biofizyki, Uniwersytet £.6dzki,
Pomorska 141/143, 90-236 L6dz

OSWIADCZENIE
Oswiadczam, ze w pracy:

1) Gronkowska, K.; Kolacz-Milewska, K.; Michlewska, S.; Ploszaj, T.; Borowiec, M.
Robaszkiewicz, A. Interaction of HIFIA with BRG] and p300 confers paclitaxel-induced drug
resistance by  enabling the  overexpression of ABCC genes, Mol Ther  Oncol.
doi:1016/j.omton.2025.201049

mdj wkiad w powstanie tej pracy polegal na wspotudziale w wykonywaniu czesci
doswiadczalnej badan w tym analiz poziomu mRNA i poziomu biatek (ryc.2 A-D) oraz

edytowaniu finalnej wersji manuskryptu. M6j udzial procentowy szacuje na 6%.

5) Gronkowska, K.; Kolacz-Milewska, K.; Michlewska, S.; Robaszkiewicz, A. P53 supresses
transcription of the p300-E2F1-dependent gene subset by maintaining KDMS5B associated with gene
promoters, bioRxiv 2025.08.25.672089; doi: 10.1101/2025.08.25.672089

mdj wklad w powstanie tej pracy polegal na pomocy przy wykonywaniu czesci
doswiadczalnej badan w tym oznaczeniu koimmunoprecypitacji biatek (Ryc. 2J) oraz

edytbwahiu finalnej wersji manuskryptu. Mdj udzial procentowy szacuj¢ na 6%.
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(podpis)



(miejsce, data)
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