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Dorobek naukowy

Niniejsza rozprawa doktorska oparta jest na trzech artykutach oryginalnych i jednej pracy
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IF2010 = 6,126, MNISW = 140 pkt
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Staze zagraniczne

Staz zagraniczny finansowany w ramach Projektu InterDOC-STARt — Interdyscyplinarne
Studia Doktoranckie na Wydziale BiOS UL w German Cancer Research Center (DKFZ),
Heidelberg, Niemcy (1.05.2021 - 31.07.2021).

W ramach stazu wykonywalem metody takie jak izolacja frakcji cytoplazmatycznej
biatek, izolacja frakcji jadrowej bialek, immunoprecypitacja bialek, Western Blot,
immunoprecypitacja chromatyny, Real-time PCR, barwienie immunoflorescencyjne
preparatow biologicznych, przygotowywanie prob do sekwencjonowania ATAC-seq.
Ponadto obrabiatem surowe dane ATAC-seq oraz analizowalem i wizualizowatem

otrzymane wyniki ATAC-seq z wykorzystaniem programowania w srodowisku R.

Wstep

Mimo wielu dekad badan, choroby nowotworowe wciaz pozostaja jedna
z najczestszych przyczyn zgondéw. Wedle danych Swiatowej Organizacja Zdrowia
(WHO), w 2020 roku na choroby nowotworowe zmarto 10 milionéw pacjentow, a jako
najczesciej wystepujace nowotwory podaje si¢ nowotwory piersi, pluc i jelita grubego
[1]. Choroby nowotworowe definiuje si¢ jako choroby powstajace wskutek
niekontrolowanego podziatu komorek, ktore posiadaja szereg zmian genetycznych w
odniesieniu do ich prawidlowych odpowiednikow. W dalszych etapach rozwoju guza
nowotwor moze przedostac si¢ do weztéw chtonnych, nacieka¢ tkanki otaczajace guz, lub
rozsiewac si¢ do daleko potozonych tkanek. Inwazyjny fenotyp komorki nowotworowe;j
spowodowany jest szeregiem mutacji w obrebie jej genomu, co przeklada sie
bezposrednio na zmiany w jej transkryptomie. Z kolei zmiany na poziomie transkrypcji
uwarunkowane sg zmianami w funkcjonowaniu enzymow epigenetycznych
warunkujacych dostgpnos¢ chromatyny dla maszynerii transkrypcyjnej. Do takich
enzymow nalezg m.in. acetylotransferaza histonowa EP300 (biatko wigzace E1A P300)
i BRG1 (gen zwigzany z Brahma 1), bedacy sktadnikiem kompleksu SWI/SNF (SWI,
ang. Switch; SNF, ang. Sucrose Non-Fermenting). Z danych literaturowych wiadomo,
ze migdzy tymi enzymami dochodzi do $cistej wspotpracy na przyktad w regulowaniu
ekspresji gendow zwigzanych z naprawg uszkodzen DNA, ktorych regiony promotorowe
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charakteryzuja si¢ obecno$cig motywoéw dla czynnikéw transkrypcyjnych E2F oraz
wyspami CpG [2]. BRG1 rozpoznaje acetylowane przez acetylotransferazy histonowe
reszty lizyny, a nastgpnie usuwa biatka histonowe. W wyniku tego chromatyna ulega
rozluznieniu i nabiera transkrypcyjnie aktywnego charakteru, a to z kolei umozliwia
interakcje maszynerii transkrypcyjnej z regionami promotorowymi poszczegolnych
gendow [2]. Co wiecej, dobrze udokumentowana jest rola tych enzymoéw w procesie
onkogenezy w przypadku wielu typéow nowotworéw. BRG1 wpltywa na proliferacje
komoérek bezposrednio regulujac przebieg cyklu komorkowego oraz reguluje ekspresje
genow zaleznych od czynnikow E2 (E2F) m.in. cykliny A czy cykliny E. Co wiecej,
BRG1 wraz z biatkami z rodziny retinablastoma (RB) i deacetylazg histonowg (HDAC)
reguluje aktywnos$¢ wyzej wspomnianych cyklin, nadzorujac w ten sposéb przejscie z
fazy cyklu komérkowego G1 do fazy S [3]. Ponadto, aktywnos¢ BRG1 zostala powigzana
z wieloma procesami komorkowymi takimi jak szlaki WNT i PI3K/AKT, a takze
z ekspresja transporterow z rodziny ABC (ang. ATP-binding cassette) [4]. Wykazano, ze
pod wpltywem traktowania m.in. doksorubicyng oraz paklitakselem dochodzito do
wzmozonego oddzialywania miedzy BRG1 i niektérymi promotorami gendéw kodujacych
transportery ABC, a jego inhibicja prowadzita do uwrazliwienia badanych komoérek na
chemioterapeutyki [5]. Poza regulacja proliferacji, warto roéwniez podkresli¢ rolg BRG1
w procesie naprawy uszkodzen DNA. BRGI moze wplywaé¢ dwojako na ten proces:
posrednio poprzez regulacje ekspresji genow, ktorych produkty zaangazowane sg w
szlaki naprawy DNA; lub bezposrednio poprzez interakcj¢ z miejscami pegknigé, gdzie
BRG] rozluznia chromatyng, co umozliwia oddziatywanie z uszkodzonym DNA bialek
katalizujacych jego naprawe [6-8]. Podobnie jak BRGI, drugi z enzymow -
acetylotransferaza EP300 jest zaangazowana w liczne procesy komodrkowe. Jest ona
regulatorem procesu proliferacji, przebiegu cyklu komorkowego, naprawy DNA oraz
Smierci komodrkowej. W przypadku nowotworu piersi, EP300 jest bezposrednio
zaangazowane w proces wzrostu guza 1 powstawania przerzutow [9]. Ponadto,
doniesienia literaturowe ukazujg role EP300 w powstawaniu opornosci wielolekowej
(MDR) w odpowiedzi na leczenie chemioterapeutykami. Zjawisko nabywania przez
komodrke nowotworowg opornosci wielolekowej jest procesem bardzo zlozonym, ktory
przebiega na wielu ptaszczyznach. Komorka nowotworowa moze jej nabra¢ miedzy
innymi poprzez aberracje w transporcie lekow do komorki jak i nadmiernym ich
usuwaniu, zmiany w obregbie metabolizmu lekow, czy deregulacje procesow naprawy
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uszkodzen DNA oraz $mierci komoérkowej [10]. W nowotworze opornym na cisplatyne
zaobserwowano nadekspresj¢ S-transferazy glutationowej (GST), ktora do czgsteczki
leku przylacza glutation (GSH). Utworzony w ten sposoéb mniej toksyczny kompleks
cisplatyna-GSH opuszcza komorke za posrednictwem biatek-transporteréw z rodziny
ABC. Transportery te, ulegaja nadekspresji w wielu rodzajach nowotwordéw, a ich
wysoka ekspresja jest jednym z czynnikbw warunkujacych oporno$¢ na
chemioterapeutyki [11]. Zgodnie z danymi literaturowymi, induktorem ekspresji
transporterow ABC moze by¢ stres komoérkowy uwarunkowany np. stresem
oksydacyjnym czy toksycznoscig zastosowanych lekéow [12]. Jednym z lekow, z
zastosowaniu ktorego w terapii wigze si¢ duze ryzyko rozwoju opornosci nowotworu jest
cisplatyna. Mimo, ze w leczeniu nowotwordéw jest stosowana od roku 1978, wcigz jest
ona przepisywana w leczeniu wielu typow nowotwordw np. niedrobnokomoérkowego raka
pluca [13]. Jest ona czynnikiem alkilujacym, ktoérego dziatanie polega na tworzeniu
adduktow z DNA co blokuje jego replikacj¢ [14]. W odpowiedzi na indukowane
cisplatyng uszkodzenia DNA, dochodzi do aktywacji kinaz ATM (ang. ataxia
telangiectasia mutated) i ATR (ang. Ataxia telangiectasia and Rad3 related), ktore
fosforyluja liczne biatka efektorowe w tym p53, ktore pod wptywem uszkodzen DNA
indukowanych  przez  czasteczki  leku  zatrzymuja  podzialy =~ komorek
i zapoczatkowujg procesy jej $mierci [15]. Co ciekawe, p53 zostalo powigzane ze
stymulacja ekspresji niektorych transporterow ABC, razem z acetylotranferazg EP300
[16].

W niniejszej pracy opisano dwa, nowe i wczes$niej nieopisywane mechanizmy
epigenetyczne zachodzace w komorkach nowotworowych. Pierwszy z nich dotyczy roli
BRGI1, EP300 oraz PARP1 w regulacji ekspresji genow zwigzanych z proliferacjg 1
naprawg uszkodzen DNA w komorkach nowotworu piersi; podczas gdy drugi mechanizm
opisuje zalezno$¢ migdzy aktywacja p53 i obecnoscig kompleksu COREST w obrgbie
sekwencji promotorowych genéw z rodziny ABC a ich ekspresja w dwoch typach
nowotworoOw  ludzkich —  potrjnie  ujemnym nowotworze  piersi, oraz
niedrobnokomoérkowym raku phuc. Biorac pod uwage liczne badania kliniczne, gdzie
stosuje si¢ terapie skojarzone chemioterapeutykéw 1 inhibitorow enzymow
epigenetycznych, prezentowane w niniejszej pracy mechanizmy stanowig potencjalne

punkty wyjscia dla nowych terapii przeciwnowotworowej.



Cel pracy

Celem powyzszej pracy bylo wytonienie enzymu lub enzyméw epigenetycznych,
ktore reguluja ekspresje¢ kluczowych dla inwazji i ochrony przed chemioterapig komorki
nowotworowej proceséw komorkowych takich jak proliferacja i naprawa uszkodzen
DNA, oraz zweryfikowanie ich roli w nabywaniu przez nowotwor opornosci
wielolekowej.

W ramach niniejszej pracy zrealizowano nastepujace cele szczegdtowe:

1. Woylonienie zestawoéw genow ktorych odmienna ekspresja moze stymulowaé
proliferacje 1 naprawe uszkodzen DNA w komorce nowotworowej w oparciu o analize
transkryptomu (analiza danych RNA-seq) wybranych nowotworowych linii
komorkowych w odniesieniu do komorek prawidtowych.

2. Wylonienie modyfikacji reszt histonowych oraz motywéw DNA charakterystycznych
dla czynnikéw transkrypcyjnych wystepujacych w obrebie regiondw promotorowych
genow wybranych w etapie pierwszym w oparciu 0 analiz¢ danych ChIP-Seq.

3. W oparciu o wyniki analizy przeprowadzonej na etapie drugim, wyjasnienie
mechanizmu regulacji ekspresji genow zaangazowanych w proliferacje 1 naprawe
DNA w komoérkach nowotworowych przez BRGI 1 acetylotransferaze EP300 w
komoérkach MCF7 1 MDA-MB-231.

4. Weryfikacja hipotezy o udziale biatka PARP1 w regulacji aktywnosci kompleksu
BRG1-EP300 oraz transkrypcji BRG1-EP300-zaleznych genow w komoérkach linii
MCF7 i MDA-MB-231.

5. Wylonienie czynnikéw transkrypcyjnych i innych biatek zaangazowanych w
regulowanie transkrypcji wiazacych si¢ w obrebie regionéw promotorowych gendow
kodujacych wybrane transportery z rodziny ABC w komorkach linii A549 w oparciu o
analize in silico.

6. Wyjasnienie roli kompleksu CoREST oraz biatka p53 w determinowaniu odpowiedzi
sekwencji promotorowych wybranych genéw ABC na dzialanie cisplatyny w

komorkach linii A549 i MDA-MB-231.
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Materialy i metody

Hodowla komérkowa oraz traktowanie inhibitorami

Podczas badan wykorzystano komercyjne nowotworowe linie komérkowe: dwie
linie nowotworu piersi MCF7, MDA-MB-231, oraz lini¢ nowotworu ptuca A549. Linie
MCF7 i A549 zakupione zostaly z ATCC; natomiast MDA-MB-231 z Sigma-Aldrich.
Komorki A549 i MCF7 hodowane byty w pozywce DMEM z dodatkiem 10% FBS
(surowica bydleca), z dodatkiem antybiotykéw penicylina-streptomycyna (kolejno 50
U/mL oraz 50 pg/mL) w atmosferze 5% CO.. Komoérki MDA-MB-231, zgodnie z
zaleceniami producenta, na poczatkowym etapie komorki hodowano w medium L15 z
dodatkiem 15% FBS, z dodatkiem antybiotykéw penicylina-streptomycyna (kolejno 50
U/mL oraz 50 ug/mL) bez CO. Po pigciu pasazach, komoérki przyzwyczajono do
pozywki DMEM z dodatkiem 10% FBS, z dodatkiem antybiotykéw penicylina-
streptomycyna (kolejno 50 U/mL oraz 50 pg/mL) z 5% CO..

Przed traktowaniem inhibitorami komoérki wysiewano na plytce i utrzymywano
w fazie logarytmicznego wzrostu. Inhibitory podawano w nastepujacych stezeniach:
C646 5 uM oraz 10 uM (iEp300), PFI-3 10 uM (iSWI/SNF), PD0332991 1 uM
(iCDK4/6), olaparib 1 uM (iPARP1), butyran sodu 250 uM (iHDACT1), SP2509 (iLSD1
0,1 uM), cisplatyna 10 uM.

Indukowanie opornosci na cisplatyne

Komoérki linii A549 i MDA-MB-231 hodowano w pozywce DMEM z dodatkiem
10%, z dodatkiem antybiotykow penicylina-streptomycyna (kolejno 50 U/mL oraz 50
ng/mL) z 5% CO2 w butelkach hodowlanych o powierzchni 25 cm?®. Przez pig¢ miesiecy,
Srednio co trzy tygodnie (w zaleznosci od stanu komorek 1 ich zdolnosci proliferacyjnych)
komorki byly traktowane 10 uM cisplatyng. Dawka zostata dobrana w taki sposéb by
odpowiada¢ stezeniu, ktore utrzymuje si¢ we krwi pacjenta podczas kuracji [17].
Nastepnie komorki inkubowano z lekiem przez 48 godzin. Po uptywie czasu inkubacji,
komorki przemywano PBS i zmieniano pozywke hodowlang na pozywke bez dodatku
cisplatyny.
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Analizy in silico

Do analizy transkryptoméw majgcej na celu poréwnanie ekspresji pomiedzy
komoérkami nowotworowymi i prawidlowymi wybrano ogdlnodostepne dane RNA-seq
dla linii MCF7, MDA-MB-231, guza pierwotnego piersi oraz prawidtowych komorek
piersi, ktore nastgpnie pobrano z bazy NCBI GEO. Analiz¢ przeprowadzono przy uzyciu
darmowego oprogramowania dost¢pnego na stronie internetowej The Galaxy Project.
Pierwszym krokiem byto wykorzystanie narzedzia FASTQ Groomer w celu ujednolicenia
formatu warto$ci przypisywanym poszczegolnym zsekwencjonowanym nukleotydom
podczas sekwencjonowania. Nastepnie, dane zostatly zmapowane do ludzkiego genomu
referencyjnego hgl9 przy uzyciu programu TopHat. Sktadania transkryptoéw dokonano
przy pomocy narz¢dzia Cufflinks ze wskazaniem referencji pobranej z UCSC Table
Browser — UCSC Known Gene. Transkrypty zostaly potaczone w kompletny
transkryptom z wykorzystaniem narzedzia Cuffmerge, a rdéznicowa ekspresja zostata
obliczona przy pomocy programu Cuffdiff. Na potrzebe dalszej analizy, geny ktore
ulegaly nadekspresji w komorkach nowotworowych w poréwnaniu z komoérkami
prawidtowymi zostaty pogrupowane wzgledem biologicznych proceséw, w ktore sg one
zaangazowane przy uzyciu programu GOrilla.

Do analizy modyfikacji histonowych w obrgbie regionéw promotorowych
wytypowanych w pierwszym etapie badan wykorzystano dane ChIP-seq dla linii
komorkowej MDA-MB-231 zdeponowane w NCBI GEO, a do samej analizy ponownie
uzyto oprogramowania dostepnego na stronie internetowej The Galaxy Project. Po
ujednoliceniu formatu danych przez program FASTQ Groomer, przeprowadzono
mapowanie do genomu referencyjnego hgl9 programem Bowtie. Peak-calling wykonano
programem MACS. Otrzymane piki wizualizowano przy pomocy UCSC Genome
Browser. Regiony promotorowe i wyspy CpG zlokalizowano przy pomocy tabel
pobranych z UCSC Table Browse: regiony promotorowe -
wgEncodeRegTfbsClusteredV3; wyspy CpG - cpglslandExt. Do analizy motywow
rozpoznawanych przez czynniki transkrypcyjne w obrebie regiondw promotorowych
wykorzystano oprogramowanie TomTom dost¢pne na stronie meme-suite.org. Program
ten, porownuje sekwencje wprowadzong jako ,zapytanie”, z sekwencjami
rozpoznawanymi przez znane czynniki transkrypcyjne zdeponowane np. w bazie
JASPAR. TomTom zestawia analizowang sekwencj¢ z sekwencjami wzorcowymi w
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postaci macierzy a nastepnie oblicza ich stopien dopasowania w postaci wartosci P
motywu. W celu obliczenia stopnia dopasowania sekwencji, algorytm wykorzystuje
szereg funkcji i testow statystycznych takich jak: wspotczynnik korelacji Pearsona, test
ilorazu wiarygodnosci, test %> Pearsona, dokladny test Fishera, dywergencje Kullbacka-
Leiblera, odlegtos¢ euklidesowg oraz funkcje podobienstwa Sandelina-Wassermana.
Nastepnie program z wykorzystaniem poprawki Bonferroniego przelicza wartosci P, na
wspotczynnik okreslajacy oczekiwang ilo$¢ dopasowan sekwencji badanej do sekwencji
referencyjnej o podobnej lub wickszej wartosci dopasowania, czyli wartos¢ E [18].
Wyniki analizy prezentowane sg w formie graficznej, ktéra pozwala oceni¢ czestosé
wystepowania poszczegdlnych zasad azotowych w obrebie danego motywu, podczas gdy

dotaczona do grafiki warto$¢ E $swiadczy o istotnosci statystycznej dopasowania.

W celu zweryfikowania czynnikdéw transkrypcyjnych oddziatujacych z regionami
+ 2 kpz od miejsca startu transkrypcji (TSS) wybranych genéw kodujacych transportery
ABC (ABCC2, ABCC3, ABCCS5, ABCCI10, ABCG2) w komorkach linii A549
wykorzystano dane zdeponowane w UCSC Table Browser w ramach projektu ENCODE
3 TFBS. Przeanalizowano wszystkie czynniki transkrypcyjne zdeponowane w wyzej
wspomnianym projekcie. Wyniki wyszukiwania przestano na stron¢ The Galaxy Project,

gdzie mozliwa byta wizualizacja wynikow.

Analizy in vitro

Pelna lista odczynnikdéw oraz doktadny opis wykonywanych procedur znajdujg si¢

w publikacjach wtaczonych do niniejszej rozprawy doktorskie;.

Pierwszg seri¢ eksperymentow poswiecono wyjasnieniu mechanizmu regulacji
ekspresji genow zwigzanych z procesami proliferacji i naprawy uszkodzen DNA
w komorkach linii MCF7 i MDA-MB-231 przez BRG1 i EP300. Linie komorkowe
dobrano tak by odpowiadaty liniom, na ktérych uzyskano dane analizowane w badaniach
in silico. Badania rozpoczeto od potwierdzenia czy zachodzi fizyczna interakcja miedzy
wyze] wspomnianymi enzymami. W tym celu przeprowadzono immunoprecypitacje

biatka BRG1 potaczona z detekcja przy pomocy techniki Western blot. Nastepnie
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analizowano wplyw badanych enzymow na ekspresje gendéw, na promotorach ktérych
obecna byla acetylacja i miejsce wigzagce BRG1: CDK2/4, PCNA, CCNB, CHEK?2,
BRCAL1/2, XRCC1/2, LIG1, EXQO1, NEIL3. Ekspresje genéw na poziomiec mRNA i biatka
badano po zastosowaniu inhibitorow kompleksu SWI/SNF (PFI-3 10 uM) i EP300 (C646
10 uM), oraz specyficznego dla BRG1 siRNA. Po potraktowaniu komorek inhibitorami
oraz siRNA komorki zebrano i wyizolowano mRNA, ktoére nastepnie poddano reakcji
odwrotnej transkrypcji 1 analizie ilosciowej Real-time PCR; oraz lizaty biatkowe
analizowane przy pomocy Western blot. W celu poréwnania efektu inhibicji wybranych
enzymow z efektem spowodowanym inhibicja CDK4/6 na ekspresje gendéw, ktore
podlegaja transkrypcyjnej regulacji przez BRG1-EP300. W tym celu potraktowano
komorki MCF7 1 MDA-MB-231 inhibitorem CDK4/6 (PD0332991 1 uM), a nastgpnie
badano ekspresj¢ gendw na poziomie mRNA przy uzyciu Real-time PCR; poziomy
badanych biatek przy uzyciu techniki Western blot. Do zweryfikowania mechanizmu
represji wybranych gendow przy dtuzszej ekspozycji na inhibitory komorki linii MCF7
potraktowano iCDK4/6, iSWI/SNF, iIEP300 i inkubowano przez 48 godzin, a nastepnie
przeprowadzono immunoprecypitacj¢ chromatyny z detekcja przy pomocy Real-time
PCR. W celu zweryfikowania krotkoterminowej odpowiedzi kompleksu represora na
inhibicje SWI/SNF i EP300, przeprowadzono 6-godzinng inkubacje z inhibitorami, a
nastepnie przeprowadzono immunoprecypitacj¢ chromatyny z oceng iloSciowg Real-time

PCR [19].

Celem drugiego etapu prac eksperymentalnych bylo zweryfikowanie hipotezy o
roli biatka PARP1, jako regulatora aktywnosci kompleksu BRG1-EP300. W etapie tym
zastosowano te same modele komorkowe co w etapie pierwszym dla zachowania
spojnosci badan i wynikéw. Etap ten rozpoczeto od przeprowadzenia immunoprecypitacji
biatka PARP1 1 wizualizacji jego fizycznych interakcji z podjednostkami kompleksu
SWI/SNF przy pomocy Western blot. Nastepnie przy zastosowaniu inhibitora PARP
(olaparib 1 uM) i siRNA anty-PARP1 sprawdzono wptyw inhibicji PARP1 na ekspresje
gendw, ktorych ekspresja zalezna jest od aktywno$ci BRG1-EP300. Po zakonczonej
inkubacji wyizolowano mRNA, przeprowadzono reakcj¢ odwrotnej transkrypcji i
analizowano iloSciowo przy pomocy Real-time PCR; oraz przygotowano lizaty biatkowe,
ktore analizowano przy pomocy techniki Western blot. Efekt inhibicji PARP na
acetylacje reszt histonowych i obecnos¢ histonu H3 w poblizu regionéw promotorowych
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genéow CDK4, NEIL3, LIG1 badano z wykorzystaniem ChIP/Real-time PCR. By
wykluczy¢, ze obserwowana zalezno$¢ jest wynikiem interakcji PARP1 1 HDACI,
potraktowano komorki MCF7 i MDA-MB-231 iPARP, iIHDAC (butyran sodu 250uM),
IPARP/IHDAC (jednoczesne podanie inhibitorow), a ekspresje genow CDK4, NEIL3,
LIG1 badano przy pomocy Real-time PCR. Nast¢pnie wykorzystano immunoprecypitacje
biatek by potwierdzi¢ fizyczng interakcje EP300 i PARP oraz obecno$¢ reszt ADP-
rybozy na biatka BRG1 i EP300. By potwierdzi¢ czy ADP-rybozylacja warunkuje
aktywno$¢ BRG1, EP300 czy moze obydwu enzymow, przeprowadzono eksperyment, po
zastosowaniu iISWI/SNF, siBRG1 i iPARP mierzono poziom ekspresji genow, w obrebie
promotoréw ktorych wykryto obecno$¢ PARPI 1 BRGI, lecz nie EP300. W tym celu
wykonano analiz¢ Real-time PCR [20].

Celem trzeciego etapu badan bylo zademonstrowanie mechanizmu regulacji
ekspresji genow kodujacych transportery z rodziny ABC, ktérych nadekspresja
przyczynia si¢ do rozwoju opornosci nowotworu na leczenie chemioterapeutykami. W
tym etapie zastosowano dwie linie komorkowe — MDA-MB-231, oraz A549. Kazda z
uzytych linii wystgpowata w dwoch wariantach: 1. Typu dzikiego; 2. Komorki z
wyindukowang opornoscig na cisplatyng. Modele komorkowe zostaly dobrane tak by
zademonstrowaé stato$¢ mechanizmu w roéznych typach nowotworow. MDA-MB-231
zastosowano celem utrzymania spojnosci badan z poprzednich etapéw, podczas gdy linia
niedrobnokomoérkowego raka pluc - AS549 zostala wytypowana ze wzgledu na
powszechno$¢ stosowania cisplatyny w terapii tego typu nowotworu. W pierwszym
etapie porownano zywotnos¢ komorek nowotworowych linii A549 typu dzikiego oraz
A549 opornych na cisplatyne, pod wptywem traktowania szeregiem stezen cisplatyny (0;
0,01; 0,1; 0,5; 1; 5; 10; 25; 50; 100 (uM)), doksorubicyny (0; 0,01; 0,025; 0,05; 0,1; 0,2;
0,3; 0,4; 0,5; 1 (uM)) i paklitakselu (0; 0,0005; 0,001; 0,005; 0,01; 0,1; 0,5; 1; 5; 10
(uM)) przy pomocy testu zywotnosci komorek z wykorzystaniem metabolizacji
resazuryny. Analiza wykazata, ze w przypadku komoérek nowotworowych, u ktérych
indukowano oporno$¢ na cisplatyne, zaobserwowano mniejszg $§miertelno$¢ a co za tym
idzie wigkszg tolerancj¢ na podane leki w calym testowanym zakresie st¢zen. Nastepnie,
poréwnano poziomy ekspresji wybranych transporterow ABC w A549 typu dzikiego
i w A549 opornych na cisplatyng. Interakcje CoREST oraz jego sktadowych — LSD1
i HDAC1 z regionami promotorowymi genow kodujacych ABCC3 i ABCCI10
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sprawdzono przy pomocy ChlIP/Real-time PCR. Wptyw inhibitorow biatek wchodzacych
w sktad kompleksu CoREST - HDAC1 (butyran sodu 250 uM), i LSD1 (SP2509 0,1
uM) na ekspresj¢ genéw kodujacych biatka ABCC3 i ABCC10 w komodrkach A549
opornych na cisplatyng zbadano przy pomocy Real-time PCR, natomiast poziom biatek
bedacych produktami tych gendow przy pomocy techniki Western blot. W celu
zweryfikowania funkcji EP300 jako regulatora ekspresji genow kodujacych ABCC3 oraz
ABCCI10, zastosowano inhibicje EP300 (C646 5 uM) w komodrkach A549 typu dzikiego i
opornego na cistplatyng. Nastepnie zbadano efekt inhibicji acetylotransferazy na
poziomie mRNA i biatka przy pomocy kolejno Real-time PCR i Western blot.
Poréwnanie ilosciowego oddzialywania EP300 z regionami promotorowymi ABCC3 i
ABCC10 miedzy A549 typu dzikiego i A549 opornych na cisplatyne przeprowadzono
przy pomocy ChlP/Real-time PCR oraz mikroskopii konfokalnej. Odpowiedz genow
ABCC3 i ABCC10 na pojedyncza dawke cisplatyny (10 uM) w komoérkach A549 typu
dzikiego zmierzono przy pomocy Real-time PCR i Western blot. By sprawdzi¢ czy
pojedyncza dawka cisplatyny przy jednoczesnej inhibicji skladnikow kompleksu
CoREST bedzie w stanie stymulowac ekspresje genu ABCC3, potraktowano komorki
A549 typu dzikiego cisplatyna, cisplatyna/iHDAC, iIEP300/iHDAC,
cisplatyna/iEP300/iHDAC, a nastgpnie wykonano analizy Real-time PCR i Western blot.
Do oceny oddziatywania EP300 z regionem promotorowym ABCC10 po dostarczeniu
jednorazowej dawki cisplatyny postuzyta technika ChIP/Real-time PCR. By poréwnaé
poziom interakcji biatka p53 z regionem promotorowym genu ABCC10 migdzy
komorkami A549 typu dzikiego 1 A549 opornych na cisplatyng wykorzystano ChIP/Real-
time PCR. Role p53 w stymulacji ekspresji genu ABCC10 w obydwu wariantach
komorek AS549 oceniano przy pomocy Real-time PCR i Western blot po uprzednim
wyciszeniu ekspresji p53 przy pomocy siRNA anty-p53. Poziom interakcji p53 z
promotorem ABCC10 po podaniu pojedynczej dawki cisplatyny mierzono metoda
ChiP/Real-time PCR. Rolg p53 w procesie oddziatywania EP300 z chromatyng komodrek
AS549 typu dzikiego 1 A549 opornych na cisplatyne pod wptywem pojedynczej ekspozycji
na cisplatyn¢ obrazowano przy pomocy mikroskopii konfokalnej. Wplyw p53 na
ekspresje genow ABCC3 i ABCC10 badano poprzez wyciszenie ekspresji p53 przy
pomocy SiRNA anty-p53 a nastepnie mierzono na poziomie mRNA i biatka przy pomocy
kolejno Real-time PCR i Western blot. W celu sprawdzenia uniwersalno$ci
zaprezentowanego W komorkach A549 mechanizmu, czg$¢ powyzszych eksperymentow
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przeprowadzono na linii komérkowej MDA-MB-231. Na poczatku zbadano interakcje
CoREST z regionami promotorowymi genéw kodujacych transportery ABCC4 i
ABCC10 w MDA-MB-231 typu dzikiego. Nastepnie, celem potwierdzenia, ze COREST
jest odpowiedzialny za hamowanie ekspresji transportera ABCC4 w opornych na
cisplatyng MDA-MB-231 potraktowano je iHDAC, iLSD. Ilosciowa analiz¢ poziomu
ekspresji ABCC4 na poziomie mRNA i biatka zbadano kolejno przy pomocy Real-time
PCR i Western blot. Efekt stymulacji MDA-MB-231 typu dzikiego przy pomocy
jednorazowej dawki cisplatyny na ekspresjc ABCC4 i ABCC10 mierzono metodami
Real-time PCR (mRNA) i Western blot (biatko). W nastepnym kroku potwierdzono role
enzymu EP300 na ekspresj¢ transportera ABCC10 w wariancie MDA-MB-231 opornym
na cisplatyng. W tym celu potraktowano komorki iEP300, cisplatyna, iEP300/cisplatyna.
Wyniki mierzono przy pomocy Real-time PCR i Western blot. W ostatniej analizie,
potwierdzono rolg p53, jako regulatora ekspresji ABCC4 i ABCC10 w obydwu badanych
wariantach komorek MDA-MB-231. Ekspresj¢ mierzono na poziomie mRNA (Real-time
PCR), oraz biatka (Western blot) [21].

Analizy statystyczne

Wszystkie wyniki zaprezentowane s3a jako warto$ci S$rednich + SEM
(Standardowy btad sredniej). Do policzenia r6znic w $rednich miedzy dwiema grupami
wykorzystywano test t-Studenta, lub test Manna-Whitneya, natomiast test analizy
wariancji (ANOVA) lub test Kruskala-Wallisa, obydwa 2z odpowiednimi testami post-
hoc postuzyly do poréwnywania réznic migdzy kilkoma grupami. Do analizy
normalno$ci rozktadu badanych prob wykorzystano test Shappiro-Wilka. Za prog
istotnosci statystycznej przyjeto p<0,05.

Omowienie wynikow

W pierwszym etapie prac zastosowano narzedzia bioinformatyczne w celu analizy
poréwnawczej transkryptomu ludzkiej komorki nowotworu piersi w odniesieniu do

ludzkiej komorki prawidlowej piersi. Po zakonczonej analizie danych RNA-seq,
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wytypowano szereg genoéw, ktore ulegaja nadekspresji w dwodch wybranych
nowotworowych liniach koméorkowych — MCF7 i MDA-MB-231, lecz nie ulegajg jej w
prawidtowych komorkach. Nastepnie geny te zostaly pogrupowane wzgledem procesoéw
biologicznych, w ktére sg one zaangazowane. Z uwagi na to, ze celem niniejszej pracy
byto skupienie si¢ na mechanizmach nadzorujacych proliferacj¢ i naprawg¢ DNA w
komorkach nowotworowych, geny zwigzane wlasnie z tymi procesami  zostaly
wytypowane do dalszych analiz. W drugim etapie badan bioinformatycznych,
przeanalizowano regiony promotorowe genéw zaangazowanych w powyzsze procesy pod
katem modyfikacji reszt histonowych. Zdecydowana wigkszos¢ badanych promotoréw
charakteryzowata si¢ obecno$cig acetylacji histonowych reszt lizyny: H3K9ac czy
H3K27ac, ale takze metylacji  takich  jak  H3K3me3. Modyfikacje
te sg charakterystyczne dla aktywnych transkrypcyjnie obszarow chromatyny, cO
pokrywa si¢ z wynikiem analizy RNA-seq, ktora pokazala, ze wystepuje nadekspresja
badanych gendéw, a zatem musza one ulegac ciagtej transkrypcji. W poszukiwaniu innych
przyczyn anomalii w ekspresji wytypowanych gendéw zwigzanych z naprawa uszkodzen
DNA i proliferacji w komodrkach nowotworu piersi, sprawdzono ich regiony
promotorowe pod katem obecnosci motywow nukleotydowych rozpoznawanych przez
czynniki transkrypcyjne. W tym celu wykonano analize motywoéw z wykorzystaniem
programu TomTom. Przyktady zidentyfikowanych motywow, oraz ich wartosci E
demonstruje Figura 1.

Zidentyfikowane motywy Wartos¢ E
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Figura 1. Motywy zidentyfikowane w obrebie badanych regionéw promotorowych.

18



Wielko$¢ poszczegélnych liter reprezentujacych zasady azotowe w pokazuje prawdopodobienstwo
wystepowania w danej zasady azotowej w prezentowanym motywie. Warto$¢ E obrazuje statystyczng

istotno$¢ dopasowania sekwencji badanej z sekwencjami zdeponowanymi w referencyjnej bazie danych.

Analiza pokazata, ze badane sekwencje w duzej mierze skladaja si¢ z wysp CpG, co
swiadczy o tym, ze faktycznie sg to elementy potencjalnie regulujgce ekspresj¢ badanych
genow. Niestety, z uwagi na duzy odsetek powtorzen par G-C wskazanie konkretnych
czynnikow oddzialywujacych z tymi sekwencjami bylo niemozliwe. W zwigzku z tym
skupiono si¢ na modyfikacjach reszt histonowych, a doktadnie na samych acetylacjach
histonowych reszt lizyny. Enzymem, ktory znany jest z wprowadzania tego typu
modyfikacji jest acetylotransferaza EP300. Z danych literaturowych wynika, ze EP300
wraz z innymi biatkami takimi jak BRGI reguluja ekspresje genéw zwigzanych z
naprawg DNA, ktérych promotory posiadaja motywy dla czynnikow E2F i charakteryzuja
si¢ obecnoscig wysp CpG [2]. W celu sprawdzenia wyzej wspomnianej zalezno$ci w
komorkach nowotworu piersi, analizowano regiony promotorowe badanych genow pod
katem wystepowania wysp CpG, acetylacji H3K27ac, sekwencji rozpoznawanych przez
czynniki E2F, oraz sekwencji rozpoznawanych przez BRG1. Zestawienie to pokazato, ze
znaczna wickszo$¢ genow zwigzanych z naprawag DNA 1 proliferacja komorki
nowotworowej posiada w obrgbie swojej sekwencji promotorowej wszystkie cztery wyzej
wymienione elementy. Powyzsze przyktady sugeruja, ze za nadekspresje gendéw
odpowiedzialnych za podziaty mitotyczne, oraz odporno$é
na uszkodzenia DNA komorek nowotworu piersi, moga regulowaé acetylotransferaza
EP300 i podjednostka kompleksu SWI/SNF — BRGL.

Nastepnie, postanowiono zweryfikowa¢ hipotezg o potencjalnej interakcji miedzy
BRGL1 i EP300, oraz zbada¢ mechanizm ich oddziatywania na ekspresj¢ wytypowanych
genow. By potwierdzi¢ zachodzenie w komorkach MCF7 i MDA-MB-231 interakcji
miedzy BRG1 i EP300, ale takze HDAC1 opisywanych przez Pietrzak et al., wykonano
immunoprecypitacjc BRG1 [2]. W badanym precypitacie wykryto obecno$¢ EP300,
HDAC1, co jednoznacznie potwierdza hipoteze o ich fizycznej interakcji. Z kolei analiza
ekspresji gendow w obydwu badanych liniach komorkowych — MCF7 i MDA-MB-231,
wykazata, ze zastosowanie inhibitorow - C646 (EP300) oraz PFI-3 (SWI/SNF) obnizyto
ekspresje: CDK2/4, PCNA, CCNB, CHEK2, BRCA1/2, XRCC1/2, LIG1, EXO1, NEIL3.

W celu wykluczenia nieswoistosci dziatania inhibitora BRGI1, zastosowano takze
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wyciszenie BRG1 przy pomocy siRNA, co wptyneto na ekspresje wyzej wspomnianych
genow doktadnie w taki sam sposob jak inhibicja enzymu. Biorgc pod uwage funkcje
petnione przez powyzsze geny, gdzie CDK2/4, PCNA, CCNB, CHEK2 zaangazowane sg
w kontrole przebiegu cyklu komoérkowego, natomiast produkty genéow BRCA1/2,
XRCC1/2, LIG1, EXO1, NEIL3 sg sktadowymi szlakow naprawy uszkodzen DNA takich
jak BER, NER, SSBR, MMR, i HR [22,23], to zahamowanie ekspresji tych genéw pod
wplywem obnizenia aktywnos$ci enzymatycznej badanych bialek bezposrednio wskazuje
na zaangazowanic BRGI1-EP300 w stymulacje wzrostu guza, oraz odpowiedzi
nowotworu na potencjalne czynniki uszkadzajagce DNA. Z drugiej strony, obnizenie
ekspresji na poziomie mRNA jak i biatka, enzymdéw zaangazowanych w progresj¢ cyklu
komorkowego takich jak CDK2 i CDK4 moze prowadzi¢ do jego zatrzymania. Jak
opisywano w pracy doktorskiej dr Julity Pietrzak, zastosowanie inhibitoréw zaréwno
EP300 jak i SWI/SNF doprowadzito do blokady cyklu komorkowego i zatrzymania
podziatéw komorek MCF7 i MDA-MB-231 w fazie G1 [24]. Zainicjowalo to powstanie
hipotezy zakladajacej, ze inhibicja BRG1-EP300 moze zmniejsza¢ ekspresj¢ genow
posrednio poprzez zmniejszenie aktywnosci CDK4. By to sprawdzi¢ przeprowadzono
seri¢ eksperymentow z wykorzystaniem inhibitora CDK4/6 - PD0332991. Co ciekawe,
efekt inhibicji CDK4/6 na ekspresj¢ genow zaleznych od BRG1-EP300 oraz przebieg
cyklu komorkowego, doktadnie odwzorowywal efekt, ktory niosta ze soba inhibicja
BRG1-EP300. Swiadczy to, ze wszystkie obserwowane pod wplywem zahamowania
aktywnosci EP300 lub BRGI sg efektem zmniejszenia aktywnosci CDK4. Kolejne
pytanie, ktore pojawito si¢ w zwigzku z mechanizmem dziatania BRG1-EP300, jest
zwigzane z przyczyna oslabienia transkrypcji gendéw zaleznych od BRGI-EP300. Po
zainhibowaniu BRG1, EP300 oraz CDK4/6, na promotorach CDK4, NEIL3, LIG1
zaobserwowano zwickszong obecno$¢ biatek RB1, HDACL, oraz metylotransferazy
EZH2, przy jednoczesnym oddysocjowaniu od promotora EP300 i redukcji poziomu
acetylacji. Sugeruje to, ze pod nicobecno$¢ na chromatynie BRG1 oraz EP300, na
promotorach badanych genow dochodzi do wigzania kompleksu represora zawierajacego
RB1, HDACL i EZH2, ktory zapobiega ekspresji genow BRG1-EP300-zaleznych.
Zademonstrowane powyzej zalezno$ci rysuja podstawy mechanizmu, ktory
wyjasnia role odgrywang przez BRGI-EP300 w rozwoju komoérki nowotworowe;.
Istotnym jest, ze prezentowany model zaktada dwojako$¢ dziatania BRG1: po pierwsze
BRG1 rozpoznaje acetylowane w komodrce nowotworowej histony i katalizuje ich

20



wysunigcie rozluzniajgc w ten sposob chromatyng, co umozliwia interakcje z danym
promotorem aparatury transkrypcyjnej; po drugie zapobiega wigzaniu kompleksu
represora zawierajacego biatko RB1, HDAC1 oraz metylotransferazg EZH2, bedaca
sktadnikiem kompleksu polikomb 2 (PRC2), poprzez podtrzymanie podzialow
mitotycznych komorek.

W drugim etapie prac zajeto si¢ zagadnieniem zwigzanym Z regulacjg aktywnosci
kompleksu BRG1-EP300, a mianowicie jego interakcji z polimeraza poli(ADP-rybozy) 1
(PARP1). Podczas analizy danych ChlP-seq, odkryto, ze w regionach promotorowych
BRG1-EP300-zaleznych gendéw takich jak: NEIL3, LIG1l, CDK4, oprocz acetylacji
histonowych
i zwigzanego BRGI, mozna odnalez¢ takze biatkko PARP1. To doprowadzito do
powstania hipotezy o interakcji kompleksu BRG1-EP300 z biatkiem PARPI. By
zweryfikowac¢ te hipoteze, przeprowadzono immunoprecypitacje biatka PARP1. W
immunoprecypitatach biatka PARP1 wykryto obecno$¢ sktadowych kompleksu SWI/SNF
takich jak: ARIDALl, SMARCC1, SMARCC2, BRG1 oraz acetylotransferazy EP300, co
potwierdzito hipoteze o ich fizycznej interakcji. Z kolei wyciszenie biatka PARP1 przy
pomocy PARP1-specyficznego siRNA, oraz inhibicja przy pomocy inhibitora PARP —
olaparibu, spowodowaty spadek ekspresji genow BRG1-EP300-zaleznych (z wyjatkiem
genu XRCC2, w ktorego przypadku po zastosowaniu olaparibu i SIRNA ekspresja genu
wzrosta), ktory obserwowano wczes$niej w nastepstwie inhibicji BRG1, EP300 lub CDK4
we wczesniejszym etapie badan. Zastosowanie w powyzszym eksperymencie siRNA i
olaparibu miato dwojaki charakter. Po pierwsze, z uwagi na to, ze olaparib nie jest
inhibitorem specyficznym tylko dla biatka PARPI, a inhibuje takze inne bialka z tej
rodziny, zastosowanie siRNA, potwierdzito, ze obrazowany spadek ekspresji badanych
gendw zalezy faktycznie od PARPI1. Po drugie, zastosowanie olaparibu pokazato, ze do
regulacji ekspresji badanych genow nie jest jedynie wymagana obecnos¢ PARPI, ale
takze jego enzymatyczna aktywnos¢ ADP-rybozylazy. Zar6wno w immunoprecypitatach
BRGI jak i immunoprecypitatach EP300, wykryto obecnos$¢ reszt ADP-rybozy, co
Swiadczy o tym, ze obydwa enzymy nie tylko oddziatujg fizycznie z PARP1, ale sg przez
niego ADP-rybozylowane. Funkcjonalny wptyw ADP-rybozylacji na zaprezentowany we
wcezesniejsze] czesSci pracy model, w ktorym BRGI1 usuwa acetylowane przez EP300
histony w celu stymulacji ekspresji gendw, potwierdzono poprzez zmierzenie poziomu
acetylacji i obecnosci histonu 3 (H3) przy promotorach CDK4, NEIL3, LIG1
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poprzedzone zahamowaniem aktywnosci biatka PARPI. Po zatrzymaniu aktywnosci
enzymatycznej PARP1 za pomocg olaparibu, zaobserwowano spadek poziomu acetylacji
oraz akumulacj¢ H3 w stosunku do promotora XRCC1, ktéry nie oddzialuje z PARPI1.
Swiadczy to, ze brak aktywnoéci enzymatycznej PARP1 spowodowal obnizenie
aktywnosci EP300 — co ttumaczy spadek acetylacji promotoréw CDK4, NEIL3, LIG1. Z
kolei, zmniejszenie poziomu acetylacji reszt histonowych uniemozliwito kompleksowi
SWI/SNF rozpoznanie histondw i usunigcie ich, przez co chromatyna pozostata w
nawini¢te] na histony, mniej dostepnej transkrypcyjnie formie. Biorgc pod uwage, ze
spadek acetylacji analizowanych promotorow mogt takze wynika¢ z aktywnosci
deacetylaz histonowych, np. HDACI, ktorej rola w represji gené6w pod nieobecnos¢
BRGI1 i EP300 zostala opisana wczesniej, przeanalizowano wptyw inhibicji PARPI,
HDAC, oraz jednoczesnej inhibicji obydwu tych enzyméw na ekspresje genow CDKA4,
NEIL3 oraz LIG1. Zastosowanie inhibitora deacetylazy histonowej nie zahamowato ich
ekspresji, podczas gdy dodatek iPARP spowodowat obnizenie ekspresji badanych genow
(nie byt widoczny takze efekt kumulacyjny spowodowany jednoczesnym hamowaniem
PARP1 i HDAC). Sugeruje to, ze prezentowana zalezno$¢ miedzy regulacja ekspresji
badanych genow a aktywnosci PARPI nie dotyczy deacetylaz histonowych. Ostatnim
pytaniem, ktore pozostawalo bez odpowiedzi byto, czy ADP-rybozylacja wptywa
bezposrednio na aktywnos¢ BRG1, EP300 czy moze obydwu enzymédw. By to sprawdzi¢
wytypowano szereg genow, ktore na swoich promotorach majag motywy wigzace BRGI,
PARP1, lecz nie EP300. Sposrod testowanych genow, ekspresja CDC8, RADS51AP,
RPA1, RAD1, IL21R wzrosla pod wptywem inhibicji BRGI oraz wyciszenia BRGI,
natomiast inhibicja PARP, nie wywotlata zadnego efektu. Oznacza to, ze w przypadku tej
puli gendw, ADP-rybozylacja nie wptywa na aktywnos$¢ enzymatyczng BRG1. Podazajac
za ta3 mys$la mozna przypuszczaé, iz zmiany w aktywnosci BRG1-EP300 s3 podyktowane
ADP-rybozylacja EP300, a nie BRG1.

Podsumowujac ten etap badan, mozna bez watpienia powiedzie¢, ze PARPI
wchodzi w fizyczng interakcje z BRG1-EP300. Co wiecej, w przypadku genow CDKA4,
NEIL3, LIG1 (zaleznych od BRG1-EP300), PARP1 i jego aktywno$¢ enzymatyczna sg
niezbedne by EP300 acetylowalo wystgpujace w poblizu ich promotoréw reszty
histonowe, co skutkuje rozpoznaniem acetylowanych histonéw oraz ich usunigciem przez
kompleks SWI/SNF.
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Biorgc pod uwage obecno$¢ BRGI na promotorach gendéw takich jak ABCC2,
ABCC5 i ABCC10, ktorej w przypadku dwoch ostatnich gendow towarzyszyt wysoki
stopien acetylacji, dalsza cze$¢ pracy poswiecona zostata regulowaniu transkrypcji genow
z rodziny ABC przez wzglad na udokumentowany udzial przynajmniej czesci z nich w
lekooporno$ci komorek nowotworowych. Do analizy czynnikdéw transkrypcyjnych i
biatek wigzgcych si¢ w obrgbie sekwencji promotorowych rozciggajacych sie od miejsca
startu transkrypcji (TSS) do + 2 kpz wybrano geny z rodziny ABCC takie jak ABCC1,
ABCC2, ABCC3, ABCC5, ABCC10 oraz ABCG2 oraz lini¢ niedrobnokomoérkowego raka
ptuca, do leczenia ktorego stosowana jest powszechnie cisplatyna. W uzyskanej linii
A549 opornej na cisplatyne nadekspresji ulegaty geny ABCC1 oraz ABCC10, natomiast
bez zmian pozostawaly geny ABCC2, ABCC3, ABCC5 i ABCG2. W sekwencji
promotorowej genu ABCC3, ktory nie ulegal nadekspresji w naszym modelu opornej na
cisplatyne linii A549, wykryto obecnos¢ biatek takich jak czynnik wyciszajacy RE 1
(REST), sparowane amfipatyczne biatko helikarne Sin3A (Sin3A) i swoista dla lizyny
demetylaza histonowa 1A (KMD1A/LSD1), bgdacymi skladowymi represorowego
kompleksu CoREST. Dla kontrastu, w przypadku ABCC10, ktéry ulega nadekspresji, W
analizowanym  regionie chromatyny zaobserwowano jedynie oddziatywanie
z podjednostka A polimerazy RNA II (POLR2A), lecz nie kompleksem CoREST. Biorac
pod uwage powyzsze zaleznosci, postawiono pytanie, czy kompleks CoREST jest
przyczyng braku nadekspresji ABCC3 w zastosowanym modelu opornych na cisplatyne
komorek linii A549. Jako, iz obecnos¢ CoREST, LSD1 oraz HDAC1 na promotorze
ABCC3 przy jej jednoczesnym braku na promotorze ABCC10, zostata potwierdzona na
naszym modelu komorkowym, przeprowadzono analize funkcjonalng majaca na celu
ocene wptywu LSD1 i HDACI na ekspresje badanych transporterow ABC. W opornych
na cisplatyne komorkach A549 zastosowanie SP2509 (iLSD1) oraz butyranu sodu
(IHDAC), spowodowato wzrost ekspresji ABCC3, lecz nie wplyneto na juz wysoki
poziom ekspresji ABCC10. Pokazuje to, ze zastosowanie inhibitorow kompleksu
CoREST pozwolito na aktywacje promotora ABCC3, co z kolei powodowato wzrost
jego transcypcji. Brak odpowiedzi ABCC10 na inhibicje CoREST jest w pelni
uzasadniony tym, ze obecnosci CoREST nie stwierdzono
na promotorze ABCC10, dzigki czemu jego ekspresja w komorkach opornych na
cisplatyne byta na statym i stosunkowo wysokim poziomie. Powyzsze przyktady obrazuja
role CoOREST w hamowaniu ekspresji niektorych gendow ABC, podczas gdy ekspresja
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innych ABC w miar¢ nabywania oporno$ci na cisplatyn¢ przez komoérke nowotworowa
wzrasta, czego przykladem jest analizowany transporter ABCC10. W zwiazku z tym
postawiono pytanie, jakie czynniki moga by¢ odpowiedzialne za wzrost ekspresji wyzej
wymienionego biatka. W $wietle doniesien literaturowych jednym z bialtek
aktywowanych przez uszkodzenia DNA indukowane cisplatyng jest p53, ktore zostato
powigzane z regulacjag aktywnos$ci promotora genu kodujacego ABCBI1 [25].
Postanowiono zatem zweryfikowa¢ wpltyw p53 na ekspresje genu ABCC10, ktorego
sekwencja promotorowa jest wolna od CoRESTu. . W linii opornej
na cisplatyne nie zaobserwowano akumulacji p53 na promotorze genu ABCCI0, a
wyciszenie p53 nie wptyneto na jego ekspresje. Z kolei po podaniu komoérkom A549 typu
dzikiego jednej dawki cisplatyny mozna bylo zaobserwowaé akumulacj¢ p53 na
promotorze ABCC10. Wyniki te sugeruja, ze pS3 bezposrednio nie odpowiada za wysoki
poziom ekspresji ABCC10 w linii opornej, to pod wptywem uszkodzeh DNA
indukowanych cisplatyng akumuluje si¢ na jego promotorze. Dlatego postanowiono
zweryfikowa¢ hipoteze o potencjalnym udziale p53 w oddziatywaniu aktywatorow
transkrypcji z sekwencja promotorowa genu ABCC10. W literaturze mozna znalez¢é
informacje o wspotpracy p53 1 EP300. Ito et al. zaproponowat mechanizm, wedle ktoérego
w odpowiedzi na stres komérkowy EP300 acetyluje p53, co prowadzi do jego stabilizacji
i akumulacji [26]. Dodatkowo, za wspolpracg tych enzymoéw przemawia takze fakt, ze
p53 rekrutuje EP300 do promotoréw p53-zaleznych [27]. Postanowiono zatem sprawdzi¢
czy ekspresja genu ABCC10 jest zalezna od EP300. Zastosowanie iEP300 - C646,
zmniejszyto ekspresj¢ ABCC10 w obydwu wariantach komorek A549 — typu dzikiego i
opornych na cisplatyne, podczas gdy ekspresja ABCC3 pozostata bez zmian (ze wzgledu
na przebywajacy na jego promotorze CoREST). Istotnym jest, ze efekt inhibicji EP300
byt znacznie wyrazniejszy w wariancie opornym na cisplatyng, co wiaze si¢ bezposrednio
z wysoka bazowa ekspresja tego genu. Z kolei, nadekspresja ABCC10 w komorkach
opornych na cisplatyne jest zwigzana z duzo wicksza, stalg interakcja EP300 z
promotorem ABCC10, jak i generalnie z chromatyng (w odniesieniu do komérek typu
dzikiego), co zostalo zbadane przy pomocy immunoprecypitacji chromatyny, oraz
wybarwienia frakcji EP300 zwigzanej z chromatyng i obrazowania z wykorzystaniem
mikroskopii konfokalnej. Nastepnym krokiem byto zatem potwierdzenie, czy wzmozona
ekspresja ABCC10 oraz ABCC3 ( przy zahamowaniu aktywnosci enzymoéw wchodzgcych
w sklad kompleksu CoREST), jest efektem dzialania cisplatyny. Pojedyncza dawka
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cisplatyny (10 uM) byla w stanie pobudzi¢ ekspresje¢ ABCC10 w komorkach typu
dzikiego oraz spowodowa¢ akumulacje EP300 na jego promotorze. Co wiece]j,
pobudzajacy ekspresje ABCC10 efekt cisplatyny byl znoszony przez zatrzymanie
aktywnosci enzymatycznej EP300 inhibitorem C646. Natomiast w przypadku ABCC3,
pojedyncza dawka cisplatyny nie wplynela na jego ekspresj¢. Dopiero zahamowanie
aktywnosci HDAC spowodowato wzrost poziomu ABCC3 wywotany cisplatyng.
Wiedzac, ze pod wptywem uszkodzen indukowanych cisplatyng, na promotorze ABCC10
dochodzi do rekrutacji zarowno p53 jak i1 EP300, postanowiono sprawdzi¢ czy
akumulacja EP300 jest zalezna od p53. Zdjecia wykonane przy uzyciu mikroskopu
konfokalnego obrazowaty proces zmian interakcji EP300 z chromatyng pod wplywem
traktowania cisplatyng W zalezno$ci od poziomu p53. W komoérkach typu dzikiego
zaobserwowano znaczny wzrost interakcji EP300-DNA, co dalej potwierdza fakt,
ze cisplatyna jest induktorem relokacji EP300 na chromatyng. Co istotne, nowotwor
oporny na cisplatyne, posiada stala pule EP300 konstytutywnie zwigzanego z
chromatyng, a akumulacja EP300 na chromatynie indukowana cisplatyng nie jest tak
wyrazna jak w przypadku komoérek typu dzikiego. Co istotne, wyciszenie p53,
hamowato wigzanie EP300 z chromatyna, co jednoznacznie wskazuje, ze p53 odgrywa
gtownag rolg w opisywany procesie. Kluczowym jest, ze wyciszenie p53 hamowato wzrost
ekspresji ABCC10 indukowany pojedyncza dawka cisplatyny. Wskazuje to, ze p53 nie
reguluje bezposrednio ekspresji ABCC10, ale jest on czynnikiem niezbednym do
rekrutacji EP300 do regionu promotorowego genu kodujacego transporter ABCC10.

W celu sprawdzenia prawdziwos$ci opisywanego mechanizmu takze w innych
typach nowotwordéw zastosowano drugi model komdrkowy - lini¢ potrojnie ujemnego
nowotworu piersi MDA-MB-231. Do analizy wykorzystano gen ABCC4 o analogicznym
do ABCC3 w komoérkach A549 poziomie ekspresji - niskim zaréwno w komorkach typu
dzikiego jak i komoérkach z indukowang lekoopornoscig. W linii MDA-MB-231 promotor
ABCC4 charakteryzowal si¢ obecnosciag kompleksu CoREST, podczas gdy promotor
ABCC10 nie oddziatywat z tym kompleksem. Testy z wykorzystaniem inhibitorow
HDAC i1 LSD1, wykazaty, ze w opornym na cisplatyn¢ wariancie komoérek MDA-MB-
231 inhibicja LSD1 wzmocnila ekspresj¢ ABCC4, podczas gdy zaden z inhibitoréw nie
wplynat na wysoka w tym wariancie komorek, bazowa ekspresje ABCC10. Podobnie jak
w przypadku A549, pojedyncza dawka cisplatyny powodowata rekrutacje EP300 do
promotora ABCC10 co odzwierciedla znaczny wzrost jego ekspresji w komoérkach typu
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dzikiego. W MDA-MB-231 opornych na cisplatyne obserwowano brak zmian w ekspresji
ABCC10 w odpowiedzi na pojedyncza dawke cisplatyny, podczas gdy zastosowanie
inhibitora EP300 znacznie ja obnizalo, a jednoczesne dodanie iEP300 acznie z cisplatyng
znosito jej dodatni efekt, co odzwierciedla w pelni mechanizm obserwowany poprzednio
w komoérkach A549. Dalsze analizy potwierdzily zaangazowanie p53 w proces rekrutacji
EP300 na chromatyne, gdyz komorki typu dzikiego z wyciszonym p53 nie odpowiadaty
wzrostem ekspresji ABCC10 na traktowanie cisplatyna. Z kolei w komoérkach opornych
na cisplatyng ekspresja ABCC10 nie zmieniata si¢ niezaleznie od wyciszenia p53.

W obydwu liniach komérkowych zaprezentowano nowy 1 wczesniej nieopisywany
mechanizm powstawania lekooporno$ci, bazujac na regulacji ekspresji transporterow
z rodziny ABC. W powyzszym mechanizmie, po ekspozycji komorki nowotworowe;j
na cisplatyne za posrednictwem p53 dochodzi do rekrutacji acetylotransferazy EP300
do regionow promotorowych genu ABCC10, co wzmacnia jego ekspresje i stymuluje
do powstania opornego na cisplatyne fenotypu komorki nowotworowej. Z drugiej strony,
w przypadku transporterow nieulegajacych nadekspresji w komorkach opornych na
cisplatyng (ABCC3 w komoérkach A549 i ABCC4 w komoérkach MDA-MB-231), ich
promotory charakteryzuja si¢ obecnoscig kompleksu CoREST, ktory zapobiega
przytaczeniu si¢ EP300 i tym samym zapobiega wzrostowi ekspresji danego genu.

W niniejsze] pracy, zaprezentowano dwa nowe, wczesniej nieopisywane W
literaturze mechanizmy regulacji ekspresji genow w komodrkach nowotworowych.
Zwracaja one uwage na wazng role wybranych enzymow epigenetycznych w regulacji
kluczowych dla komoérki nowotworowej procesow biologicznych takich jak proliferacja,
naprawa uszkodzeh DNA oraz rozwdj opornosci na chemioterapie. Wykazano, ze
acetylotransferaza EP300 wraz z BRGI1 sg zaangazowane w proces wzrostu guza oraz
jego odpornosci na uszkodzenia DNA, a bialkko PARP1 poprzez ADP-rybozylacje
reguluje aktywnos$¢ pierwszego z enzymoOw. W kontekscie regulacji aktywnosci BRGI-
EP300 przez biatko PARP1, warto takze rozwazy¢ potencjalne zastosowanie inhibitorow
PARP w terapii przeciwnowotworowej wycelowanej w szlaki sygnalizacyjne
odpowiedzialne za proliferacje, a takze naprawe uszkodzen DNA w nowotworze piersi.
Co wigcej, zademonstrowano, ze kompleks CoOREST jest kluczowym elementem
regulacji ekspresji wybranych transporteréw ABCC, ktorych to ekspresje hamuje wigzac
si¢ do ich sekwencji promotorowych. Z drugiej strony, w odpowiedzi na cisplatyne,
wykazano istotng role szlakow prowadzacych do aktywacji p53, ktory okazat sig
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niezbedny W procesie wigzania EP300 do sekwencji promotorowych genéw
nieulegajacych represji przez kompleks CoOREST. Prezentowane zaleznosci posiadajg nie
tylko warto$¢ naukowa, ale potencjalnie mogg by¢ takze wykorzystane w badaniach nad

nowymi terapiami przeciwnowotworowymi.

WhniosKi

Opierajac si¢ na wynikach otrzymanych w ramach niniejszej pracy doktorskiej mozna

wyciggnac¢ nastepujace wnioski:

1. Zalezna od BRGI1-EP300 regulacja ekspresji genéw zwigzanych z procesami
proliferacji
i naprawy DNA w badanych liniach nowotworu piersi przebiega bezposrednio i
posrednio. Po pierwsze, BRG1-EP300 moga bezposrednio wigza¢ si¢ do sekwencji
promotorowych gendéw, gdzie EP300 acetyluje histonowe reszty lizyny, ktore
nastgpnie sg rozpoznawane przez BRGI1. Kompleks SWI/SNF usuwa acetylowane
histony, a chromatyna nabiera dostgpnej dla maszynerii transkrypcyjnej konformacji.
Mechanizm posredni polega na regulacji ekspresji genow E2F-zaleznych, poprzez
oddziatywanie ~ na tempo proliferacji komorek. Interakcja BRG1-EP300 jest
odpowiedzialna za wysoki poziom transkrypcji gendw zaangazowanych w podzialty
mitotyczne, ktore z kolei aktywuja transkrypcje genéw kontrolowanych przez czynniki

z rodziny E2F.

2. Dodatkowym komponentem kompleksu BRG1-EP300 moze by¢ biatko PARP1. ADP-
rybozyluje ono BRG1 i EP300, przy czym w niniejszej pracy wykazano, ze wyzej
wspomniana modyfikacja potranslacyjna wplywa na zdolnos¢ EP300 do acetylowania

reszt histonowych w sekwencjach promotorowych genéw LIG1, NEIL3, CDK4.

3. Kompleks CoREST jest odpowiedzialny za hamowanie ekspresji transporterow z
rodziny ABC w odpowiedzi na dziatanie cisplatyny w komorkach linii A549 i MDA-
MB-231. Zatem zastosowanie w terapii przeciwnowotworowej inhibitorow biatek
sktadowych tego kompleksu — HDAC/LSD1, moze wigzac¢ si¢ ze stymulacja ekspresji
transporterow z rodziny ABC.
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Streszczenie pracy doktorskiej w jezyku polskim

Tytul pracy doktorskiej: Epigenetyczne mechanizmy regulujace proliferacje i
oporno$¢ komérek nowotworowych na leczenie cytostatykami w badaniach in vitro
oraz in silico

Mimo wielu lat badan nad biologia komorki nowotworowej, choroby
nowotworowe Wwcigz pozostajg naglacym problemem dla wspotczesnej medycyny.
Swiatowa Organizacja Zdrowia podaje, ze w 2020 roku na nowotwory zmarto okoto 10
miliondw pacjentow, co podkresla jak wazne jest opracowanie skutecznej terapii
przeciwnowotworowej. Inwazyjno$¢ komorek nowotworowych determinowana jest
zmianami na poziomie transkrypcji, ktore z kolei zaleza od aktywnos$ci epigenetycznych
enzymow regulujacych dostgpnos$¢ chromatyny dla maszynerii transkrypcyjnej. Do takich
enzymow zalicza si¢ migdzy innymi BRG1 i EP300. Pierwszy z nich jako podjednostka
kompleksu SWI/SNF, odpowiedzialny jest za rozpoznawanie modyfikacji reszt
histonowych takich jak acetylacje. Modyfikacje te z kolei wprowadzane sg przez enzymy
z grupy acetylotransferaz, ktoérych przedstawicielem jest acetylotransferaza EP300. BRG1
reguluje proliferacje komorek poprzez determinowanie ekspresji genow zaleznych od
czynnikow E2F m.in. cyklina A oraz cyklina E. Ponadto wraz z biatkami z rodziny
retinoblastoma 1 deacetylaza histonowa warunkuje aktywno$¢ cykliny A i cykliny E przez
co determinuje przejscie z fazy cyklu komoérkowego G1 do fazy S. Waznym aspektem
jest takze wptyw BRGI1 na proces naprawy DNA. Wchodzi on w interakcj¢ miejscami
peknie¢ DNA, gdzie rozluZznia chromatyn¢ co umozliwia przylaczenie si¢ biatek
zwigzanych z naprawa uszkodzen DNA. Ponadto pod wptywem niektorych cytostatykow
odnotowano wzmozone oddziatywanie BRG1 z sekwencjami promotorowymi niektorych
genow kodujacych transportery z rodziny ABC, a jego inhibicja prowadzita do
uwrazliwienia komérek nowotworowych na chemioterapig.

Proces nabywania opornosci wielolekowej jest procesem ztozonym. W procesie
tym moze dochodzi¢ do hamowania transportu dokomorkowego leku, jego detoksykacji,
stymulowania procesOw naprawy uszkodzen DNA, ktore indukowane s3 przez
chemioterapeutyki, a takze promowanie usuwania cytostatykow z komorki. Ostatni

mechanizm jest w znacznym stopniu powigzany z aktywnos$cig transporterow z rodziny
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ABC, ktore ulegaja nadekspresji w komorkach lekoopornych. Jednym z powszechnie
stosowanych w trakcie chemioterapii cytostatykow jest cisplatyna, ktora indukuje
uszkodzenia DNA prowadzace do aktywacji biatka p53 1 tym samym wprowadza
komorki nowotworowe na $ciezke apoptozy. Jednakze w literaturze mozna odnalezé
informacje, ze p53 moze by¢ zaangazowane w regulowanie ekspresji niektorych
transporterow ABC.

Celem niniejszej pracy bylo wylonienie enzymu Ilub grupy enzymow
epigenetycznych regulujacych ekspresj¢ kluczowych dla promowania inwazyjnego
charakteru 1 ochrony przed uszkodzeniami DNA indukowanymi chemioterapig procesow
komorkowych takich jak proliferacja, naprawa uszkodzen, a takze okreslenie ich roli w
nabywaniu przez nowotwor opornosci wielolekowe;.

W  pierwszym etapie badan poréwnywano transkryptom = komorek
nowotworowych linii przedinwazyjnego nowotworu piersi, MCF7 i MDA-MB-231 z
transkryptomem prawidtlowych komorek piersi. Analiza danych RNA-seq pozwolita
wyloni¢ szereg gendw zwigzanych z procesami proliferacji i naprawy uszkodzen DNA,
ktore ulegaja nadekspresji w komodrkach nowotworowych w odniesieniu do komorki
prawidtowej. Nastepnie analizowano dane ChIP-seq, pod katem modyfikacji reszt
histonowych wystepujacych w poblizu regionéw promotorowych gendw wytonionych w
analizie danych RNA-seq. Analizy wykazaly, ze w poblizu promotora badanych genow
obecna jest acetylacja histonowych reszt lizyny, a same promotory zawierajg wyspy CpG,
jak 1 sekwencje rozpoznawane przez czynniki transkrypcyjne E2F. Poniewaz
acetylotransferaza EP300 i czlonek kompleksu SWI/SNF — BRG1 zostaly opisane w
literaturze jako enzymy oddziatujace z promotorami gendéw zwigzanych z naprawg DNA,
ktore charakteryzowaty si¢ obecno$cig acetylacji, wysp CpG 1 miejscami wigzania
czynnikow E2F w makrofagach ludzkich, postanowiono sprawdzi¢ czy tozsama
zalezno$¢ ma miejsce takze w komorkach nowotworu piersi. W serii eksperymentéw
wykazano, ze BRG1 1 EP300 wchodzg w fizyczng interakcje oraz reguluja ekspresje
genoéw zwigzanych z proliferacja 1 naprawg uszkodzen DNA w komoérkach nowotworu
piersi. Ponadto wykazano, Ze enzymy nasilaja transkrypcj¢ gendéw E2F-zaleznych za
posrednictwem CDK4, a brak ich aktywnos$ci byt zwigzany z zatrzymaniem komoérki w
fazie G1 cyklu komorkowego i1 formacja kompleksu represora na promotorach trzech

zaleznych od BRG1-EP300 gendéw zwigzanych funkcjonalnie z naprawa DNA.
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W drugiej czesci pracy weryfikowano hipoteze o udziale biatka PARP1 w
regulacji aktywnosci BRG1-EP300 w komoérkach nowotworu piersi. Analizy wykazaty,
ze PARP1 wystepuje w czesci promotordw charakteryzujacych si¢ obecno$cia BRGI,
wchodzi w fizyczng interakcje z BRG1-EP300, a inhibicja enzymatycznej aktywnosci
PARP1 prowadzi do zahamowania ekspresji gendéw BRGI1-EP300-zaleznych. Ponadto
wykazano, ze ADP-rybozylacja katalizowana przez biatko PARPI determinuje
aktywno$¢ enzymatyczng EP300 i transkrypcje czgsci genow, dla ktorych EP300 dziata
jako aktywator.

Stwierdzona obecno$¢ BRGI i acetylacji w regionach genoéw takich jak ABCC5 i
ABCC10 zwrdcita uwage na role modulowalnie ekspresji transporterow ABC przez
komoérki nowotworowe w odpowiedzi na chemioterapeutyki, stad ostatnia czg¢$¢ pracy
poswigcona zostala okresleniu transkrypcyjnej kontroli genow z rodziny ABCC, ktére
predysponujg komorke nowotworowa do przezycia w obecnosci lekéw. Jako model do
badan wybrano lini¢ niedrobnokomoérkowego raka pluca oporng na cisplatyne, ktora jest
czesto stosowanym lekiem w przypadku tego rodzaju nowotworu. Wedle prezentowanego
mechanizmu, pod wpltywem uszkodzeh DNA indukowanych cisplatyng wzmaga si¢
interakcja p53 z DNA, ktora posredniczy w rekrutacji EP300 do regionow
promotorowych genu kodujacego migdzy innymi transporter ABCC10, co powoduje
wzrost jego ekspresji. Promotory transporterow ABCC3 1 ABCC4, ktérych nadekspresji
nie obserwowano w linii opornej na cisplatyng, charakteryzuja si¢ obecnosciag kompleksu
CoREST co zapobiega wzrostowi transkrypcji genow ABCC3 i ABCC4 w odpowiedzi na
ciasplatyng¢ a jego represyjny wplyw moze by¢ zahamowany przy pomocy inhibitorow
LSD1 i HDAC.

W pracy opisano dwa nowe mechanizmy epigenetyczne, ktore regulujg procesy
proliferacji, naprawy uszkodzef DNA i rozwoju opornosci wielolekowej na cisplatyne w
komorkach nowotworowych. Pierwszy mechanizm zaktada kluczowos$¢ kompleksu
sktadajacego si¢ z BRG1, EP300 oraz biatka PARP1 dla kontrolowania transkrypcji
genow zaangazowanych w proliferacje 1 napraw¢ uszkodzen DNA w komdrkach
nowotworu piersi. Wykazano funkcjonalng zalezno$¢ pomigdzy wymienionymi trzema
enzymami, gdzie zahamowanie aktywnosci ktoregokolwiek z nich prowadzilo do
znacznego spadku ekspresji kontrolowanych przez ten kompleks gendéw. Z kolei drugi
mechanizm zaktada, ze p53 oraz CoREST sg bezposrednio zaangazowane w regulacje
transkrypcji genéw zwigzanych z procesem usuwania z komorek nowotworowych
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chemioterapeutykow. Na powyzszych przykladach zaprezentowano, ze opisywane
mechanizmy stanowig nie tylko cenne odkrycie naukowe, ale takze moga znalez¢

zastosowanie w projektowaniu przysztych terapii przeciwnowotworowych.

Streszczenie pracy doktorskiej w jezyku angielskim

Title of the thesis: Epigenetic mechanisms regulating the proliferation and
resistance of cancer cells to treatment with cytostatic drugs in in vitro and in silico

studies

In spite of many years of intensive research on malignancy, the treatment of
cancer remains a challenge for modern medicine. According to the World Health
Organization approximately 10 million of patients died for cancer in 2020. It highlights
the urgent need of implementation of efficient anti-cancer therapy. Invasive character of
cancer cells is conferred by inter alia alteration in their transcriptom, which in turn,
depends on the activity of epigenetic enzymes that are involved regulation of chromatin
accessibility. Such enzymes include, for example, BRG1 and EP300. The first enzyme, as
an active component of SWI/SNF complex, is responsible for recognition of histone
lysine residue modifications. These include acetylation, which is inserted by enzymes
belonging to the acetylatransferase family that is represented by EP300. BRG1 has been
shown to determine cell proliferation by regulating expression of E2F-dependent genes
such as cyclin A or cyclin E, as well their activity in cooperation with RB-family
proteins and histone deacetylase. Furthermore, BRGL1 is involved in DNA damage repair
process since it interacts with DNA damage sites and unwinds the chromatin, thereby
allowing for DNA damage repair machinery to bind. Notably, BRG1 was found to
accumulate on the promoters of genes encoding ABC-family transporters, and its

inhibition led to chemosensitization of cancer cells. The active drug efflux underlies, at
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least to certain extent, the phenomenon of cisplatin-resistance during anticancer therapies.
acquisition is a complex matter. This platinum-containing drug is one of the most
commonly prescribed compound for the treatment of various malignancies, which acts as
a DNA-damage inducer. The damage leads to activation of the p53 protein, that in turn is
expected to predispose cancer cells to the apoptotic pathway. However, available
bibliographic data indicates the involvement of p53 in transcriptional upregulation of
some ABC genes, including ABCBL.

The aim of this thesis was to identify an enzyme or group of epigenetic enzymes
capable of determining expression of genes that promote cancer cell phenotype and
protection from chemotherapy-induced DNA damage processes. These include cancer
cell proliferation, DNA damage repair and acquisition of multidrug-resistance.

In the first stage of studies, the transcriptomes of ductal carcinoma in situ, MCF?7,
MDA-MB-231 were compared to the transcriptome of non-cancerogenic breast cells.
RNA-seq data analysis resulted in identification of subset of genes that are overexpressed
in cancer as well as related to proliferation and DNA damage repair. Next, ChIP-Seg-
based analysis of acetylation status, CpG status and E2F motif occurrence at the
promoters of genes selected at previous step, disclosed the considerable overlap among
all considered features. Bearing in mind that the EP300 and a member of SWI/SNF
complex — BRG1 were previously described as enzymes interacting with promoters of
genes involved in DNA damage repair that were characterized by histone acetylation,
presence of E2F binding motives and CpG islands in human macrophages, we decided to
check whether similar dependence occurs in breast cancer cells. In the series of in vitro
experiments the physical interaction between BRG1 and EP300, as well as their
involvement in regulation of genes related to cell proliferation and DNA damage repair
pathways in breast cancer had been confirmed. Moreover, it was proposed that both
enzymes enhance transcription of E2F-dependent genes via facilitation expression of
CDKa4. On the other hand, the lack of their activity resulted in G1 arrest and formation of
repressor complex at the promoters of genes functionally involved in DNA damage repair
and enriched in BRG1-EP300 complexes.

In the second stage, the hypothesis of PARP1 contribution to BRG1-EP300
regulation of gene transcription in breast cancer was tested. Analyses showed that PARP1
interacts with a subset of promoters recognized by BRG1. Importantly, as it engages in
physical interaction with BRG1-EP300, PARP1 inhibition led to repression of BRG1-
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EP300-dependent genes. Moreover, PARP1-mediated ADP-rybosylation determined
enzymatic activity of EP300 as well as transcription activated by EP300.

Considering the occurrence of BRG1 and histone acetylation at the ABCC5 and
ABCC10 gene promoters, the last part of the thesis have been dedicated to search for
transcriptional control of genes encoding ABC transporters, that predispose cancer cell to
survive under genotoxic stress such as chemotherapy. The cisplatin-resistant phenotype of
non-small cell lung cancer cell line was chosen for experiments, as cisplatin is commonly
prescribed for the treatment of aforementioned cancer type. According to the described
mechanism, cisplatin-induced DNA damage allow p53 to enrich on the DNA. Moreover,
p53 mediates EP300 recruitment to the promoter of ABCC10, which is transcriptionally
controlled in EP300 in cisplatin-resistant cells. Promoters of ABCC3 and ABCC4
transporters are characterized by presence of CoREST complex, which restricts
expression of ABCC3 and ABCC4 genes in response to cisplatin. The transcriptional
repression may be reversed by HDAC and LSD1 inhibitors.

The submitted thesis describes two new epigenetic mechanisms, which oversee
cellular processes such as proliferation, DNA damage repair, and cisplatin resistance
acquisition in cancer cells have been described. The first mechanism describes
importance of a complex composed of BRG1, EP300 and PARP1 for transcriptional
control of genes involved in cell proliferation and DNA damage response in breast
cancer cells. The functional interdependence between all-three abovementioned enzymes
was shown, while inhibition of either of them considerably repressed expression of genes
controlled by BRG1-EP300-PARP1. The latter mechanism presents the contribution of
p53 and CoREST in transcriptional control of genes functionally linked to the efflux of
chemotherapeutics. The above-described molecular circuits present a valuable scientific

discovery, but might have also potential to improve future anti-cancer therapies.
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Abstract: BRG1, an active subunit of the SWI/SNF chromatin-remodeling complex, enables the
EP300-dependent transcription of proliferation and DNA repair genes from their E2F/CpG-driven
promoters in breast cancer cells. In the current study, we show that BRG1-EP300 complexes are
accompanied by poly-ADP-ribose polymerase 1 (PARP1), which emerges as the functional component
of the promoter-bound multiprotein units that are capable of controlling gene expression. This enzyme
is co-distributed with BRG] at highly acetylated promoters of genes such as CDK4, LIG1, or NEIL3,
which are responsible for cancer cell growth and the removal of DNA damage. ADP-ribosylation
is necessary to maintain active transcription, since it ensures an open chromatin structure that
allows high acetylation and low histone density. PARP1-mediated modification of BRG1 and EP300
does not affect the association of enzymes with gene promoters; however, it does activate EP300,
which acetylates nucleosomes, leading to their eviction by BRG], thus allowing mRNA synthesis.
Although PARP1 was found at BRG1 positive/H3K27ac negative promoters of highly expressed genes
in a transformed breast cancer cell line, its transcriptional activity was limited to genes simultaneously
controlled by BRG1 and EP300, indicating that the ADP-ribosylation of EP300 plays a dominant role
in the regulation of BRG1-EP300-driven transcription. In conclusion, PARP1 directs the transcription
of some proliferation and DNA repair genes in breast cancer cells by the ADP-ribosylation of EP300,
thereby causing its activation and marking nucleosomes for displacement by BRG1. PARP1 in rapidly
dividing cells facilitates the expression of genes that confer a cancer cell phenotype. Our study shows
a new mechanism that links PARP1 with the removal of DNA damage in breast cancer cells via the
regulation of BRG1-EP300-dependent transcription of genes involved in DNA repair pathways.

Keywords: poly-ADP-ribose polymerase 1 (PARP1); brahma-related gene 1 (BRG1); histone
acetyltransferase p300 (EP300); gene transcription; cancer cell

1. Introduction

The pharmacological effects of inhibitors of poly-ADP-ribose polymerases (PARPs) in anticancer
therapies are attributed to impairing DNA damage removal, since PARP1 plays a crucial role in the
recruitment of repair machinery, mainly in an ADP-ribosylation-dependent manner [1,2]. Lesion
recognition followed by the recruitment of poly-ADP-ribose polymerase 1 (PARP1) to sites of DNA
damage and ADP-ribosylation of its automodification domain are prerequisites for the binding of
XRCC1, POLB, LIG3, or ALC1, which are involved in base excision repair (BER), single-strand
break repair (SSBR), and nucleotide excision repair (NER) [3,4]. However, PARP1 also facilitates
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alternative and conventional non-homologous end-joining (NHE]) as well as homologous recombination
(HR), therefore helping to protect genome integrity and preventing destabilization of the genome
resulting from double-strand breaks [5-7]. According to the “access—repair-restore” model, nucleic acid
repair is preceded by chromatin reorganization, since DNA lesions are curtained by DNA-associated
proteins [8]. Thus, local chromatin rearrangements are required to allow the assembly of the multiprotein
machinery that removes lesions. Recent findings identified a link between PARP1 activity, nucleosome
density, and the efficiency of some repair pathways, including HR [9]. In the study referred to,
auto-ADP-ribosylated PARP1 serves as an indispensable anchor that provides a platform at the
damage site for the functional interaction between the nucleosome-evicting brahma-related gene 1
(BRG1; the SWI/SNF chromatin-remodeling enzyme) and the NAD-dependent deacetylase sirtuin-1
(SIRT1), which activates BRG1 by erasing lysine acetylation, thus promoting DNA end-joining.
BRG1 interacts with the poly-ADP-ribose polymer through its ATPase domain rather than the N- or
C-terminal tails, and is recruited to genomic regions enriched in PARP1. A previous paper reported the
interaction of BRG1 with PARP1 and other histone-remodeling enzymes at the genomic level, where
nucleosome-evicting ATPase cooperated with PARP1 and histone deacetylases (HDACs: HDAC2
and HDAC9) at the promoters of a-MHC and $-MHC, thereby preventing cardiac differentiation and
maintaining the proliferation potential of the precursors [10]. However, the molecular mechanism that
drives PARP1/BRG1-dependent up- or down-regulation of gene transcription has not yet been identified.
The suggestion that PARP1 enables the binding of EP300 to the promoters of cell cycle-dependent
genes in proliferating cells in an ADP-ribosylation-independent manner focused our attention on
the possible role of PAR-synthesizing enzymes in the transcriptional regulation of genes controlled
by BRG-EP300-HDAC1 complexes [11]. Our recent discoveries regarding the above-mentioned
chromatin-remodeling units showed that these enzymes control the transcription of proliferation and
DNA repair genes in two considerably different breast cancer cell lines, MCF7 and MDA-MB-231,
which differ in terms of their expressed hormone and HER?2 receptors [12]. The nucleosomes of
E2F/CpG-driven promoters in the two studied gene groups were acetylated by histone acetyltransferase
p300 (EP300), causing them to be marked for BRG1-mediated eviction, and enabling paused RNA
polymerase II to become active, leading to active gene transcription. This mechanism operates only in
proliferating cells, which are also characterized by a high abundance of PARP1. This is because the
PARP1 promoter is controlled by BRG1-EP300-HDAC1 complexes and is repressed with respect to the
growth arrest seen in the great majority of normal primary cells [11].

Based on these premises, we aimed to discover whether PARP1 co-regulates
BRG1-EP300-dependent transcription, and if PARP1 can be considered an active component of
such multiprotein complexes in the studied breast cancer cell lines. We also aimed to uncover the
molecular mechanism that links PARP1 with BRG1-dependent transcription and verify possible PARP1
selectivity toward functionally related genes.

2. Results

2.1. PARP1 Physically Interacts with SWI/SNF in Breast Cancer Cells

Data from three biological replicates run in duplicate for the PARP immunoprecipitates (IP)
and two biological replicates in duplicate for the control IP were analyzed. A total of 76 interacting
proteins were identified that fulfilled the selection criteria (confidence scores >50, fold change >2 and
p-values < 0.05; the full list of PARP1-interacting proteins and associated data are shown in Table
S1). Since PARP1 has been previously identified as a cofactor of the transcriptional machinery that
cooperates with histone-remodeling enzymes and transcription factors [13-16], we focused on the
identification of proteins that physically interacted with PARP1 within the cell nucleus, and initially
assessed the interaction data for new, previously unidentified chromatin-associated proteins that could
be involved in the regulation of gene expression in a PARP1-dependent fashion. The analysis of
PARP1 co-immunoprecipitated proteins by mass spectrometry identified DNA-bound subunits of RNA
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polymerase and mediator complexes, as well as subunits of chromatin-remodeling complexes, such as
Tip60, p400 (EP400), and SWI/SNF (ARID1A, SMARCC1, BRG1; Table S1), which were significantly
overrepresented in PARP1 versus IgG pull-downs. Interestingly, brahma (BRM), the other ATPase
subunit in SWI/SNF, was not detected among the significant number of interacting proteins identified
in PARP1 immunoprecipitates in any of three biological replicates from peptide identification in Mascot.
This finding may suggest that PARP1 cooperates only with BRG1-based SWI/SNF complexes. However,
to conclude on PARP1-BRM physical and functional interaction, further examination is needed.

Among other histone writers, erasers, and readers, we also found HDAC1, which was recently
reported by us to be a constitutive component the BRG1-EP300-HDAC1 complex and assembles at the
cell cycle-driven gene promoters of, for example, DNA repair genes in human macrophages and breast
cancer cells [11,12]. To verify that formaldehyde fixation of the nuclei did not lead to false positive
readouts with mass spectrometry and whether PARP1 is a bona fide member of the SWI/SNF complexes,
PARP1 was immunoprecipitated from intact cells, and pull-downs were tested using Western blotting
for the presence of SWI/SNF components previously detected by mass spectrometry in fixed nuclei.
Western blotting of PARP1 co-immunoprecipitated proteins confirmed the direct interaction of PARP1
with ARID1A and BRG1, but also with other subunits of SWI/SNF, such as SMARCC1 and SMARCC?2,
in the studied breast cancer cell lines (Figure 1B). Similarly, PARP1 was detected in BRG1 pull-downs
(Figure 1C).
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Figure 1. Poly-ADP-ribose polymerase 1 (PARP1) physically interacts with the brahma-related
gene 1 (BRG1)-based SWI/SNF chromatin-remodeling complex. (A) Exemplar mass spectrometry
(MSMS; representative peptides from three biological replicates visualized in Mascot) data for the
identification of ARID1 and SMARCA4 as PARP1 interactors using PARP1 immunoenrichment.
(B) PARP1 interaction with ARID1A, SMARCC1, SMARCC?2, and SMARCA4/BRG1 was confirmed by
PARP1 pull-down and protein detection by Western blotting in cell lysates of two breast cancer cell
lines, MCF7 and MDA-MB-231. IgG served as an isotypic control. (C) PARP1 was also identified in
BRG1 immunoprecipitates. Western blotting images show representative images of three biological,
fully reproducible replicates.
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2.2. PARP1 Is Co-Distributed with BRG1 at the Actively Transcribed Gene Promoters

To confirm the possible role of PARP1 in the regulation of SWI/SNF-dependent transcription, we
first tested whether PARP1 occurrence in the genome of breast cancer cells was accompanied by BRG1.
The residual signal from PARP1 and BRGI1 is randomly distributed across genomes, and may reflect
the antibody specificity (or lack thereof) or experimental challenges rather than (or in addition to) true
protein occurrence. However, the local enrichment of these proteins can be observed, and PARP1 and
BRGI1-rich regions can be identified by Model-based Analysis of ChIP-Seq data (MACS). As described
in the Methods section, for these proteins, we set a p-value cutoff for peak detection at 10-3 with three
levels of regions around the peak region (1, 5, and 10 kbp) assessed.

BRG1 was distributed and perfectly centered on genomic regions enriched in PARP1 (Figure 2A).
BRG1/PARP1 peaks appeared predominantly at the gene regulatory regions, i.e., at the promoters and
enhancers (Figure 2B; definitions of terms are given in Section 4.9), where BRG1 showed a relatively
strong correlation with histone modifications, which marked open chromatin and transcriptionally
active regions (Figure 2C). Focusing only at the E2F/CpG-driven gene promoters (Table S2), most of the
PARP1 peaks (80.2%) were localized at the BRG1/H3K27ac-featured regions adjacent (+2 kbp) to the
transcription start site (Figure 2D). This agrees with our and others’ reports, where BRG1 has been
documented to be associated with promoters of actively transcribed genes, characterized by histone
marks, which are permissive for transcription, and the presence of CpG and E2F binding motifs. Our
previous findings ascribed BRG1 as a master regulator of some H3K27ac positive promoters, which is
essential for the initiation of mRNA synthesis [11,12].

PARP1/BRG1/H3K27ac-positive promoters represent genes that are functionally assigned to
numerous processes that are crucial for the maintenance of intracellular homeostasis (Figure 2E; Table
S3). To further investigate the molecular mechanisms that underlie the possible functional cross-talk
between PARP1 and the BRG1-based SWI/SNF complex, we chose genes attributed to two groups,
namely, DNA repair and positive regulation of the cell cycle. These groups were chosen because we
recently selected them for an in-depth examination and explained a mutual interdependence between
gene expression, BRG1 activity, promoter features, and cell proliferation status [12]. Most genes in
the considered groups were over-expressed in at least one of the two fast-proliferating breast cancer
cell lines when compared to normal cells derived from primary breast tissue (Figure 2F and Table S4).
Particular attention was paid to three of our previously studied genes, cyclin dependent kinase 4 (CDK4),
DNA ligase 1 (LIG1), and nei like DNA glycosylase 3 (NEIL3). The transcription of these genes was driven
by E2F/CpG/H3K27ac-positive promoters, which were found to be enriched in PARP1 in addition to
BRGI1 (Figure 2G). The molecular mechanism driving the transcription in MCF7 and MDA-MB-231
cells involved cooperation between EP300, which acetylated histones at the studied gene promoters,
and BRG1, which evicted marked nucleosomes in proliferating cells [11,12].
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Figure 2. PARP1 co-occurs with BRG1 at the promoters of transcriptionally active genes in MDA-MB-231
cells. (A) An example computeMatrix/plotProfile plot of ChIP-Seq data for BRG1. BRG1 peaks are
centered at PARP1-enriched regions in the genome of the MDA-MB-231 cell. (B) Association of
PARP1/BRG1 peaks with gene regulatory regions shows a prevailing occurrence at the active gene
promoters. Enhancers emerged based on H3K27ac/H3K4mel status, whereas promoters were assumed
as TSS + 2 kbp. PARP1/BRGl1-enriched regions were assigned to particular groups and quantified
by bedtools Intersect intervals. (C) BRG1 distribution at the PARP1 peaks reveals a relatively strong
correlation with histone markers and with POLR2A, which is typical for actively transcribed genes
(multiBamSummary/plotCorrelation; PARP1 peaks in bed for scoring). (D) Venn diagram showing that
a high proportion of PARP1 positive gene promoters are characterized by the presence of BRG1 and
strong acetylation of H3K27. (E) Triple-positive gene promoters identified in (D) represent a functional
association with numerous intracellular processes. GO-enriched terms were identified in AmiGO2.
(F) Differential expression of genes from two selected GOs, i.e., DNA repair and positive regulation
of the cell cycle (marked in red in (E)) in cancer cells (DCIS - ductal carcinoma in situ, pre-invasive
malignancy of the breast and two breast cancer cell lines: MCF7 and MDA-MB-231) versus normal
cells, as quantified by Cuffdiff. The heatmap shows Log2 of the calculated fold change (Log2FC;
cancer versus normal cells). (G) UCSC Genome browser visualization of PARP1, BRG1, and H3K27ac
enrichment using Model-based Analysis of ChIP-Seq data (MACS) (bigwig) at the NEIL3 promoter.
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2.3. PARP1 Conditions Transcriptionally Permissive Chromatin Structure at BRG1/EP300-Dependent Genes

To verify the PARP1 contribution to the transcription of genes that are concomitantly controlled
by BRG1-EP300 complexes (described by Sobczak et al. [12]), we targeted PARP1 with siRNA in both
studied breast cancer cell lines and measured the mRNA levels of the selected genes representing
two gene ontologies (Figure 3A). PARP1 silencing resulted in considerable suppression of most genes,
with XRCC2 being the only exception that responded to PARP1 deficiency, but not to inhibition with
olaparib (iPARP, pan-PARP inhibitor) with increased transcription in MCEF?7 cells. Furthermore, to
check whether the observed PARP1 impact on gene transcription required enzymatic activity, cells
were treated with olaparib, a PARP inhibitor. Loss of this enzymatic activity phenocopied PARP1
protein deficiency for CDK4, BRCA1, LIG1, and NEIL3, indicating that poly-ADP-ribosylation plays
a key role in maintaining a high transcription rate of the considered genes (Figure 3A,B, Table S5).
Enzyme inhibition led to a dramatic decline in the cellular abundance of CDK4, LIG1, and NEIL3
proteins (Figure 3C). PARP1 deficiency repressed the transcription of the three studied genes: CDK4,
LIG1, and NEIL3 comparably to iSWI/SNF and iEP300 (no synergistic effect was observed according to
Supplementary Figure S1 and Table S5; only LIGI in MDA-MB-231 cells responded with enhanced gene
repression after the treatment of siPARP1 transfected cells with iEP300 and iSWI/SNF), suggesting that
this enzyme operates with the same, previously studied regulatory mechanism that utilizes the activity
of BRG1 and EP300 at the three gene promoters considered [11,12], and that PARP1 may positively
affect at least one of the chromatin-remodeling enzymes. This set of data suggests that PARP1 may
also operate independently of EP300 and BRGI (e.g., as a repressor of XRCC2 in MCEF7 cells).

Since EP300 and BRG1 drive gene transcription by respectively acetylating and displacing histones,
to allow assembly of the transcriptional machinery, we focused on nucleosome acetylation status and
density as possible readouts of PARP1 activity to identify the molecular basis of the observed effect of
poly-ADP-ribosylation on BRG1-EP300-dependent gene expression. PARP inhibition with olaparib
led to a substantial loss of histone acetylation and was associated with an increase in histone density
(Figure 3D; H3 enrichment and status of H3K27ac for each of the studied promoters can be found in
Table S5: sheet: LIG1, NEIL3, CDK4 ChIP)); the XRCC1 promoter was used as a negative control since
it lacks PARP1 (Figure S2; Table S5: sheet: XRCC1 ChIP). This finding confirmed that ADP-ribosylation
impacts BRG1-EP300 complexes in rapidly proliferating cells and defines the output of the considered
chromatin-remodeling functional unit.

Knowing that BRG1 and EP300 co-occur at the studied gene promoters with HDACI, the observed
PARP1 effect on histone acetylation and gene transcription may result from PARP1 interaction with either
of the two enzymes, since the subtle balance between acetylase and deacetylase activity determines
the BRG1-dependent chromatin structure [11,12]. Thus, we tested whether poly-ADP-ribosylation
inhibited HDACT activity at the gene promoters by comparing gene expression in the presence of
HDAC and PARP inhibitors (Figure 3E). First, HDAC1 did not reduce the transcription of any of the
three genes, and second, cell treatment with a mixture of both inhibitors suppressed CDK4, LIG1, and
NEIL3 in a similar way to iPARP only (PARP and HDAC activities had no synergistic impact on the
gene expression; Table S5). This indicates that olaparib does not inhibit HDAC1 (or any other histone
deacetylase, since we used a pan-HDAC inhibitor) activity from poly-ADP-ribosylation-dependent
inhibition at the studied gene promoters.
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Figure 3. ADP-ribosylation confers open chromatin structure at the gene promoters. (A) PARP1
silencing leads to the suppression of most genes in MCF7 and MDA-MB-231 cells that feature
PARP1/BRG1/H3K27ac-positive promoters. mRNA was compared 48 h after cell transfection with
siCTRL and siPARP1. Log2 of the calculated fold change (Log2FC) shows gene expression in cells
treated with inhibitors and normalized to untreated cells. The silencing of PARP1 was confirmed
by Western blotting (below heatmap), and H3 was used as a loading control. A similar effect was
observed upon PARP1 inhibition with olaparib (iPARP; 48 h) at both the mRNA (B) and protein level.
(C) Representative pictures of protein detection by Western blotting. (D) Analysis of structure of
selected PARP1-dependent gene promoters revealed a considerable loss of histone acetylation, but
increased nucleosome density upon PARP1 inhibition for 24 h. Quantification was carried out by
ChIP-qPCR, and data for specific antibodies were normalized first to 10% of the corresponding input
and then to untreated control cells. (E) The iPARP effect on gene transcription with HDAC activity
deficiency (cells were treated with both inhibitors for 48 h) was studied by real-time PCR. Results are
presented as Log?2 of the calculated fold change (inhibitor versus untreated; Log2FC).

2.4. Poly-ADP-Ribosylation of EP300 Drives BRG1-EP300-Dependent Gene Transcription

Identified PARP1 interaction with BRG1 frequently occurred at highly acetylated gene promoters
(Figure 2B). The fact that at least some of them were previously confirmed to be enriched in BRG1-EP300
functional complexes [12] prompted us to check if EP300 interacted with PARP1 and if any of
BRG1-EP300 components could undergo ADP-ribosylation in proliferating breast cancer cells.
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Analysis of PARP1 pull-downs by Western blotting confirmed the physical interaction between
PARP1 and EP300 (Figure 4A). Poly-ADP-ribose chains were detected in both immunoprecipitated
enzymes, i.e.,, BRG1 and histone acetyltransferase, in the studied cancer lines (Figure 4B,C), thereby
providing further evidence for a possible PARP1 role in the regulation of transcriptional activity
of BRG1-EP300 complexes. Bearing in mind that the dependence of gene transcription on BRG1
and EP300 is conditioned by the association of enzymes with their gene promoters and then by the
catalytic activity of chromatin-bound enzymes, we tested whether poly-ADP-ribosylation affected
BRG1 and EP300 levels at the investigated promoters (Figure 4D). None of the studied genomic regions
responded to PARP1 inhibition with substantial displacement or recruitment of chromatin remodeling
enzymes, suggesting that poly-ADP-ribosylation determines the activity of enzymes rather than their
occurrence at the gene promoters (Figure 4D, Table S5). The poly-ADP-ribosylation of EP300 enabled
acetyltransferase activity that led to intensive nucleosome acetylation and eviction by BRG1, since
cell treatment with a PARP inhibitor resulted in a dramatic loss of EP300-dependent acetylation of the
studied gene promoters (Figure 3D, Table S5), without an apparent effect on the association of EP300
with the gene promoters and the HDAC1 role in gene transcription (Figures 4D and 3E).

To check if poly-ADP-ribosylation of BRGI1 directly conditioned BRGI1 activity and
BRG1-dependent transcription, we tested the impact of the PARP1 inhibitor on the transcription of
genes that are over-expressed in cancer cells and characterized by the occurrence of PARP1 and BRG1
at their promoters, but without considerable nucleosome acetylation (Figure 4D and Table S2). IL1RLI
served as an example of repressed genes in MCEF?7 cells. Surprisingly, all of the genes found to be
over-expressed that were considered in this experiment responded to SWI/SNF inhibition and silencing
with increased transcription (Figure 4E, Table S5), suggesting that EP300 co-distribution with BRG1
might be a hallmark of gene promoters characterized by the pro-transcriptional activity of BRG1-based
SWI/SNF complexes. However, this hypothesis requires further examination of a wider range of genes,
especially because the considerable inhibitory role of BRG1 on gene transcription was observed in only
one cell line. This finding also stresses the differences in gene transcription control in the two chosen
cell lines. In any case, PARP1 was not involved in the transcriptional regulation of genes suppressed by
the SWI/SNF complex; only one repressive effect was found for RADI in MDA-MB-231 cells. Together,
these data indicate that PARP1 co-regulates activity of promoter-bound BRG1-EP300 complexes, and
that poly-ADP-ribosylation of EP300 is required to enable the BRG1-dependent eviction of acetylated
nucleosome, and therefore the transcription of genes involved in key intracellular processes, such
as cell division and the removal of DNA damage in breast cancer cells. This molecular mechanism
of PARP1 action in BRG1-EP300 complexes is further supported by our previous findings, in which
BRG1 emerged as a reader of nucleosome acetylation [11,12]. Thus, a low histone acetylation caused
by PARP inhibition prevents histone eviction by BRG1.



Cancers 2019, 11, 1539

A B IP: BRG1 C IP: EP300
IP: PARP1
kDa MCF7 MDA-MB-231 kDa MCF7 MDA-MB-231
kDa MCF7 MDA-MB-231
ZSO-I_EJ I_'lpADPr 250-| ’ | | | | PADPr
| | [ w] EP3co
290 25°'| ﬁ-l | ‘| BRG1 - BIEpsoo
Input 250 -
250 I_.._.| l.—.—l EP300 Input Input
o N 250'|--| I-—| BRG1 |q~| lb —|Ep300
& & 8 vQS N 250 - o o -
A o 2 o N O
& & AT I NI
¥ v & & & &
© ¥ © ¥
MCF7
E Diff expr
iSWI/SNF siBRG1 iPARP (Log2FC)
cpcs
RADS1AP
RPA1
D RAD1
IL1RAPL2
CDK4 IL1RL1
kDa kDa
NEIL3 «Qy Qg’\ «Qy q-e\
£ P £ L
CDK4 B
MDA-MB-231 | LIG1 MDA-MB-231 -
iSWI/SNF  siBRG1  iPARP (L;g;’,‘:'g)
NEIL3 .
-12 -08 -04 00 04 08 12 RADST1AP
RPA1
Log2FC of enrichment (iPARP vs NT) RAD7
IL21R
ILTRAPL2
ILIRLT

kDa

90f18

Figure 4. ADP-ribosylation of EP300 drives BRG1-dependent gene transcription. (A) The PARP1
interaction with EP300 was confirmed by visualization of EP300 by Western blot in PARP1
immunoprecipitates. (B) ADP-ribosylation of BRG1 was detected in BRG1 pull-downs by Western
blot. (C) ADP-ribosylation of EP300 was detected as in (B) in EP300 pull-downs. (D) The effect of
ADP-ribosylation on EP300 and BRG1 association with gene promoters in breast cancer cells was studied
by ChIP-qPCR. Cells were supplemented with iPARP for 24 h prior to cell fixation. Data for anti-EP300
and anti-BRG1 were normalized to 10% input and then to untreated cells (Log2 enrichment vs. control

cells). (E) The lack of contribution of ADP-ribosylation to the transcription of genes characterized
by BRG1/PARP1 (no EP300) positive promoters was verified by comparing mRNA (real-time PCR)
between the studied groups. For inhibitors, Log2FC was normalized to untreated cells, while data

for BRG1 silencing were normalized to cells transfected with control siRNA. The efficiency of BRG1

silencing is confirmed by Western blot (below heatmaps). The column with differential expression

shows gene transcription in MCF7 and MDA-MB-231 cell lines normalized to normal cells (data from

RNA-Seq).

3. Discussion

Malignant transformation directs cellular changes and adaptive responses toward new
requirements that cancer cells face during growth and metastasis. Aslong as the activation of oncogenes,
loss of cell cycle checkpoint control, and impaired DNA repair capacity favor carcinogenesis, genome
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integrity and cell cycle re-entrance will eventually become threatened due to increased energy demand,
mild but persistent oxidative stress, and the modulation of signaling cascades necessary for tumor
growth and the invasion of other tissues [17,18]. The altered expression of many gene products in
response to cell transformation is affected by reprogramming the epigenome, resulting in changes in
the transcription and reconstruction of the cellular proteome to meet emerging needs [19]. According
to our findings, the activation of PARP1 transcription as a consequence of the transition of a cell from
quiescence to proliferation may help the cancer cell gain the necessary adaptive physiology by acting at
the genomic level in two ways: directly, by contributing to DNA repair machineries, and indirectly, by
affecting the transcription of BRG1-EP300 targets, among others, which enable the cancer cell to rapidly
divide and resist DNA damaging agents [12,20-22]. Although the first aspects of this mechanism have
been relatively deeply explored and the regulatory roles of PARP1 regarding the removal of DNA
lesions and the transition between consecutive cell cycle phases in various modes—for example, the
modulation of SP1 activity, H1 displacement at proliferation-relevant genes, and nuclear retention of
PKM2—have been documented, the detailed molecular mechanism in regard to functionally linked
genes has not been identified until now [23-25]. In this study, PARP1 was shown to be an active
component of the transcription machinery that drives BRG1-EP300-dependent gene expression by the
poly-ADP-ribosylation of EP300 in breast cancer cells. PARP1 was highly enriched at gene promoters
characterized by the occurrence of not only BRG1 and EP300, but also E2F binding motif(s) and CpG
islands. Since these features apply to many functionally linked genes, the role of PARP1 in defining the
breast cancer phenotype at the transcription level is likely to go far beyond cell cycle progression and
the removal of DNA damage. As shown in Figure 2E, triple-positive PARP1/BRG1/H3K27ac promoters
represent the genes responsible for signal transduction and autophagy. Once poly-ADP-ribosylation
is proved to be a co-activator of these genes, PARP inhibitors may be important to consider for
pharmacological interventions that target and suppress mediators of pro-survival cascades at the
genomic level. The role of poly-ADP-ribosylation in the fine-tuning of numerous intracellular processes
simultaneously allows the maximization of the effectiveness of PARP1 inhibitors in rendering cancer
cells vulnerable to anticancer drugs, which challenge PARP1-dependent or concurrent intracellular
routes. Bearing in mind that the BRG1/EP300 complex was shown to operate at gene promoters in
proliferating breast cancer cells and human macrophages due to an association with E2F transcription
factors [12,26], the same PARP1-dependent mechanism of transcription control likely applies to other
tumors, since the cell cycle status conditions both PARP1 expression and the activity of BRG1-EP300
complexes. Similarly, the energy status of proliferating cells demands a high ATP concentration; thus,
the NAD*/NADH redox ratio determines, for example, that PARP1 activity is five times higher in
cancer cells than in normal, non-transformed cells [27]. Therefore, it might be possible to adapt PARP1
inhibitors for the modulation of intracellular processes in a wider range of cancers.

This study revealed a new mechanism that defines cancer cell responses to DNA lesions in a
poly-ADP-ribosylation-dependent manner. Although the direct contribution of PARP1 to pathway
repair at sites of damage is well acknowledged [28,29], we showed for the first time an impact on the
repair mechanisms that is distant, gene promoter-related, and independent of lesion location. In this
context, PARP inhibitors could be used to suppress the transcription of genes characterized by promoters
enriched in PARP1, BRG1, and EP300, which represent executors that are crucial for BER, SSBR, NER,
MMR, HR, and alt-NHE], since products of only the considered genes, i.e., BRCA1/2, LIG1, and
NEIL3, contribute to more than one repair pathway [30,31]. Another benefit of using PARP inhibitors
as DNA repair modulators acting at the level of the epigenome comes from the observation that
poly-ADP-ribosylation is a co-activator of cell cycle-dependent genes that are simultaneously controlled
by BRG1 and EP300, and are mostly over-expressed in the studied breast cancer cells, thus providing
some selectivity toward this group. PARP1 was also found at gene promoters occupied by BRG1 alone,
but cell treatment with olaparib did not reveal a considerable impact on the expression of these genes.
Notably, the PARP1/BRG1 promoter response to an SWI/SNF inhibitor that is capable of impeding the
activity of both ATPases (Figure 4D) suggested that (a) EP300 has a co-activating role with BRG1 at the
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BRG1/EP300 promoters, and/or (b) the role of particular ATPases may be determined by EP300, and the
lack of acetyltransferase may switch BRG1 to BRM activity. Although the scope of iSWI/SNFs is broader
than that of iPARPs, the unexpected reaction of the chromatin to the loss of BRG1 and BRM activity may
result in a coinciding repression and up-regulation of genes assigned to one regulatory circuit. Discrete
inhibitors of the two ATPases mentioned, as well as further study on the mutual interdependence
between these two enzymes, are needed for future clinical applications. Similarly, inhibitors of EP300
modulate the transcription of a significant number of genes at different levels; at the genome level by
preventing acetylation of transcription co-factors and nucleosomes, and at the signaling cascade level
by modifying signal transducers [32,33]. This all results in even less specificity toward the desired
gene pool, and underlines the importance of the possible applications of PARP1 inhibitors. Some
PARP-1 and PARP-2 inhibitors, such as olaparib, niraparib, rucaparib, veliparib, and talazoparib,
which are small-molecule NAD* mimetics, are currently being studied in later-stage clinical trials or
are already approved for breast and ovarian cancer treatment with deleterious germline BRCA1 and
BRCA?2 mutations, which predispose women to develop triple-negative and hormone-receptor-positive,
human epidermal growth factor receptor 2-negative breast cancers, respectively [34,35]. Since PARP
inhibitor monotherapy strategies are effective in cancers with homologous recombination repair defects
and are relatively well-tolerated by patients, they can be considered for the treatment of a wider range
of cancers, both in combined therapies, due to the well-established fact that these drugs sensitize cells to
DNA-damaging chemotherapy and radiation therapy, or as an alternative to taxanes and a supplement
to anthracyclines [36-38]. However, numerous phase I clinical trials utilizing a combination of cytotoxic
chemotherapy with PARP inhibitors failed to confirm any beneficial effects of such combinations.
Therefore, the use of these drugs in adjuvant or neoadjuvant settings may need substantial revision,
while also taking into consideration the myelosuppressive effects of PARP inhibitors and the careful
selection of anticancer agents in combination with DNA repair inhibitor(s). Nevertheless, the long list
of promoters of functionally related genes that are enriched in PARP1 presented in this manuscript
suggest the likely involvement of this enzyme regarding the modulation of other intracellular processes
at the transcription level. These findings open the gate for new ideas and concepts regarding anticancer
approaches, which require verification first in cell and animal models.

The described contribution of PARP1 to the regulation of BRG1-EP300 activity emphasizes the role
of PARP1 in chromatin remodeling. Although a number of papers have documented this enzyme as a
direct or indirect regulator of chromatin structure in a context-dependent fashion, none have provided
an overall mechanism for functionally linked gene sets in particular. Transcription in cells is shaped
by the poly-ADP-ribosylation of nucleosomes, histone writers and erasers (KDM5B), transcription
factors (e.g., C/EBPf3), or POL2 regulating co-factors (NELF), as well as physical, activity-independent
interactions with gene promoters that define chromatin composition (LSD1, EP300) [13-16,39,40].
However, DNA motifs or chromatin signatures, which determine PARP1 distribution in the genome,
remain unidentified. According to Gibbson, PARP1 and ADP-ribosylation correlated with histone
markers (H3K4me3 and H3K27ac) featuring actively transcribed genes and with POL2 pausing
machinery in embryonic fibroblasts of mice [40]. These findings agree with our own, in which PARP1
was enriched at highly acetylated CpG islands, allowing immediate POL2 pausing or release in
response to received signals [11,12]. The association of PARP1 with GC-rich regions impedes the
identification of the PARP1-specific motif in promoter sequences. Since only 19% of PARP1 peaks
in the genome of MDA-MB-231 cells occurred at BRG1 and H3K27ac negative promoters, and less
than 3% outside of BRG1 peaks, these two features of promoters, together with E2F-binding motifs
and CpG islands, seem to direct the enzyme to its destination regarding chromatin, whereby the
poly-ADP-ribosylation of BRG1 and EP300 enables gene expression.
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4. Materials and Methods

4.1. Materials

Two epithelial, breast cancer cell lines, derived from metastatic sites, MCF7 (estrogen and
progesterone receptors-positive, HER2-negative) and MDA-MB-231 (triple negative) were purchased
from ATCC and Sigma Aldrich (Poznan, Poland), respectively. DMEM high glucose with L-glutamine
with sodium pyruvate for MCF?7, fetal bovine serum, and antibiotics (penicillin and streptomycin) were
from Biowest (CytoGen, Zgierz, Poland), L15 Medium for MDA-MB-231, iSWI/SNF (PFI-3), iHDAC
(sodium butyrate), anti-rabbit IgG (A0545) and anti-mouse IgG (A4416) (whole molecule)—peroxidase
antibody produced in goat, BLUeye prestained protein ladder (#94964), oligonucleotides for real-time
PCR, SIGMAFAST™ Protease Inhibitor Tablets (PIC) were from Sigma Aldrich (Poznan, Poland). iPARP
(olaparib, AZD-2281) was from Cayman Chemical (Biokom, Janki/Warsaw, Poland). Lipofectamine
RNAiIMAX, OptiMem, Dynabeads™ Protein G, glycogen, High-Capacity cDNA Reverse Transcription
Kit, SuperSignal™ West Pico Chemiluminescent Substrate, TRI Reagent™, and RNase A were from
Thermofisher Scientific (Thermofisher Scientific, Warsaw, Poland). KAPA HiFi™ HotStart ReadyMix
(2x) from KapaBiosystems and Takyon™No ROX SYBR Core Kit blue dTTP from Eurogentec were
purchased from Polgen (Lodz, Poland). EvaGreen® Dye, 20X in water was purchased from Biotium
(Corporate Place Hayward, Fremont, CA, USA). WB antibodies: anti-DNA Ligase I (sc-271678),
anti-CDK4 (sc-23896), anti-NEIL3 (sc-393703), anti-pADPr (sc-56198), siPARP1 (sc-29437), and
gallotannin were purchased from Santa Cruz Biotechnology (AMX, Lodz, Poland). ChIP grade
antibodies: normal rabbit IgG (#2729), anti-ARID1A (#12354), anti-SMARCC2 (#12760), anti-BRG1
(#49360), anti-H3K27ac (#4353), anti-histone H3 (#4620), and anti-PARP1 (#9532) were purchased from
Cell Signaling Technology (LabJOT, Warsaw, Poland). Human Cytokine and Chemokine Receptor
Primer Library (HCCR-I) were from RealTime Primers (Prospecta, Warsaw, Poland). For the mass
spectrometric analysis, all materials were from Thermo Fisher Scientific (Loughborough, UK) unless
otherwise indicated. Porcine Trypsin (Trypsin Gold Mass Spectrometry Grade) was from Promega
(Southampton, UK), and general use Protease Inhibitor Cocktail (P2174) was from Sigma-Aldrich
(Poole, UK).

4.2. Cell Culture and Treatment with Inhibitors

MCF7 were cultured in DMEM supplemented with 10% FBS, penicillin/streptomycin (50 U/mL and
50 pg/mL, respectively) in 5% CO,, whereas MDA-MB-231 was cultured in F15 medium supplemented
with 15% FBS and penicillin/streptomycin (50 U/mL and 50 pg/mL, respectively) without CO,
equilibration. After freezing and thawing, cells were cultured in DMEM as described for MCF7 cells.
iSWI/SNF (10 uM; PFI-3), iPARP1 (olaparib, 1 uM), and iHDAC1 (sodium butyrate, 250 uM) were
added to cells 48 h prior to analysis.

4.3. Quantification of Gene Expression

mRNA quantification was conducted as described in Pietrzak et al. [11] using Takyon™ No Rox
SYBR® MasterMix dTTP blue (Eurogentec—from local distributor—Polgen, Lodz, Poland) and CFX96
C1000 Touch (BioRad, Warsaw, Poland) for real-time PCR. The median average of ACTB, GAPDH,
and B2M were used for normalization. Data in figures are shown as Log2FC with respect to untreated
control or to siCTRL (indicated in figures or figure legends).

For protein detection, cell lysates were processed as previously described and visualized using
SuperSignal™ West Pico Chemiluminescent Substrate. Pictures were acquired with ChemiDoc-IT2
(UVP, Meranco, Poznan, Poland).

The following primer sets were used for the quantification of gene expression: CDK2,
5-CAGGATGTGACCAAGCCAGT-3 (forward) and 5 -TGAGTCCAAATAGCCCAAGG-3
(reverse); CDK4, 5 -CTGGTGTTTGAGCATGTAGACC-3’ (forward) and
5-AAACTGGCGCATCAGATCCTT-3 (reverse), XRCC2, 5'-TCGCCTGGTTCTTTTTGCA-3’ (forward)
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and 5’ -TCTGATGAGCTCGAGGCTTTC-3’ (reverse), BRCA2, 5'-CTTGCCCCTTTCGTCTATTTG-3’
(forward) and 5-TACGGCCCTGAAGTACAGTCT-3’ (reverse), LIGI,
5-CAGAGGGCGAGTTTGTCTTC-3’ (forward) and 5’-AGCCAGTTGTGCGATCTCTT-3’ (reverse),
EXO1, 5-AAACCTGAATGTGGCCGTGT-3' (forward) and 5CCTCATTCCCAAACAGGGACT-3

(reverse), NEIL3, 5-GGTCTCCACCCAGCTGTTAAAG-3’ (forward) and
5-CACGTATCATTTTCATGAGGTGATG-3’ (reverse), PCNA, 5-TCTGAGGGCTTCGACACCTA-3’
(forward) and 5- TTCTCCTGGTTTGGTGCTTCA-3’ (reverse); BRGI1,

5-AAGAAGACTGAGCCCCGACATTC-3’ (forward) and 5'-CCGTTACTGCTAAGGCCTATGC-3’
(reverse), BRCAI, 5-TGCCCACAGATCAACTGGAA-3 (forward) and 5-
CACAGGTGCCTCACACATCT-3' (reverse); ACTB, 5- TGGCACCCAGCACAATGAA-3’
(forward) and 5-CTAAGTCATAGTCCGCCTAGAAGCA-3’ (reverse); PARP1, 5-
AAGCCCTAAAGGCTCAGAACG-3’ and 5-ACCATGCCATCAGCTACTCGGT-3'. GAPDH
and B2M were from the Human Toll-like Receptor Signaling Primer Library (HTLR-I, RealTime
Primers — from local distributor - Prospecta, Warsaw, Poland)).

4.4. PARP1 Co-Immunoprecipitation for Mass Spectrometry

2 x 107 MCF?7 cells were trypsinized, washed 3x with cold PBS, and lysed on ice in hypotonic buffer
(50 mM HEPES-KOH, 10 mM NaCl, 1 mM EDTA, 10% glycerol, and 0.5% NP-40, 0.25% TritonX-100).
Nuclei were washed twice in PBS supplemented with protease inhibitor cocktail (10x stock added
at 10% of volume, Sigma P2714 General Purpose) and fixed in 1% formaldehyde in PBS on stirrer
for 10 min at room temperature. Formaldehyde was quenched by the addition of 125 mM oglycine,
and after 20 min of incubation, nuclei were washed twice in 10 mM Tri-HCI (pH = 8.0), 100 mM
NaCl, and 1 mM EDTA, and finally resuspended in 10 mM Tri-HCl (pH = 8.0), 150 mM NaCl, 1 mM
EDTA, 0.05 Na-deoxycholate, and 0.25% N-laurosarcosine. Nuclei were sonicated until the solution
was transparent, TritonX-100 was added to 1% and then centrifuged (10,000x g, 4 °C, 10 min) to
remove insoluble material. The supernatant was split into two samples, to which were added either
control IgG-Dynabead or anti-PARP1-Dynabead conjugates (prepared by the incubation of 5 pg
of antibody and 10 pL of magnetic beads in 10 mM Tri-HCI pH 8.0, 150 mM NaCl, 1 mM EDTA,
0.05 Na-deoxycholate, and 0.25% N-laurosarcosine for at least 15 min). After overnight incubation
on a roller shaker at 4 °C, the supernatant was removed, and the beads were washed 5x with 50 mM
HEPES-KOH (pH = 7.5), 500 mM LiCl, 1 mM EDTA, 1% NP-40, and 0.7% Na-deoxycholate; twice with
50 mM NaCl in TE buffer (10 mM Tris pH = 8.0, 1 mM EDTA); and twice with 50 mM ammonium
bicarbonate using a magnetic stand. Then, the beads were incubated with trypsin (Promega Gold,
1 ug/uL) in 50 mM ammonium bicarbonate for 6 h at 36 °C, after which the supernatant was transferred
to new tubes and dried in a SpeedVac vacuum concentrator (Eppendorf, Stevenage, UK).

4.5. Mass Spectrometry Analysis of PARP1 Co-Immunoprecipitates

Tryptic digest samples were resuspended in 25 pL of 2% acetonitrile in water and 0.5% formic
acid. Peptides were separated and analyzed using a U3000 nanoflow LC system (Thermo) connected
to a 5600 Triple ToF mass spectrometer (Sciex, Warrington, UK). Then, 10 uL of sample was loaded
onto a 0.5 x 5 mm PepMap C18 trap, washed with buffer A (2% acetonitrile 98% water containing
0.5% formic acid) for 4 min, and then separated by a 90-minute gradient from 2% to 40% buffer B (98%
acetonitrile, 2% water containing 0.5% formic acid) on a 0.075 X 150 mm PepMap C18 column (Thermo
Fisher Scientific, Loughborough, UK)). MSMS data were collected for precursors of 2* to 5 charge
state in the range m/z 350-1250 Th using a top 10 data dependent acquisition method, collecting MS
data for 200 ms and MSMS data for 100 ms, with dynamic exclusion for 15 s and a standard rolling
collision energy settings. MSMS data was collected in the range of m/z 50-2000 Th. All other settings
were optimized for peptides using a standard mixture. Samples were run as biological replicates.
MSMS data was analyzed using Progenesis QIP (Waters, Manchester, UK) for label-free quantitative
analysis and Mascot (Matrix Science, London) for protein identification. Data was loaded as .wiff
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files into Progenesis QIP, automatically aligned, and peak picked using the default settings; then, the
alignment was manually improved where necessary. Default settings were used for peak picking,
and Hi-N was used for quantification. Data was exported to Mascot using the default settings. For
the Mascot analysis, the SwissProt Mammalian database (2018_09) was searched, allowing 50 ppm
error for MS and 100 ppm for MSMS data, two missed cleaves, methionine oxidation as a variable
modification, and an overall FDR of <1%. Data was re-imported into Progenesis QIP for further
quantitative analysis. Protein identifications were deemed significant if more than two peptides were
identified with an overall confidence score greater than 50, but more stringent criteria were applied
for proteins to be further investigated. Quantification data was considered significant where the
ANOVA p-value was less than 0.05, the fold change was greater than 2, and the highest mean was in
the PARP immunoprecipitation.

4.6. Co-Immunoprecipitation and Western Blot

MCF7 and MDA-MB-2331 cells were lysed in 20 mM Tris-HCI (pH = 7.5), 75 mM KCl, 5 mM
MgCl,, 0.2 mM EDTA, 10% glycerol, 0.1% Tween20, and PIC (IP buffer); sonicated with the ultrasonic
homogenizer Bandelin Sonopuls (HD 2070; 10 impulses, 60%); and centrifuged (10,000x g, 4 °C,
10 min). Supernatant was incubated with anti-PARP1, anti-BRG1, anty-EP300, and corresponding
IgG at 4 °C for 2 h. For another 1 h, lysates were added with Dynabeads (5 uL); then, they were
washed 5x with the IP buffer and once in 50 mM NaCl in TE buffer (10 mM Tris pH = 8.0, 1 mM
EDTA). Beads were suspended in gel loading buffer supplemented with 5% (-mercaptoethanol, and
heated at 70 °C for 10 min. Beads were collected on a magnetic stand and supernatant was separated
by PAGE. BRG1, ARID1A, SMARCC1, SMARCC2, PARP1, EP300, H3, and poly-ADP-ribose were
detected on nitrocellulose membranes after overnight staining with corresponding antibodies. For the
detection of poly-ADP-ribosylation, cells were lysed and processed in the presence of a PARG inhibitor:
0.5 mM gallotannin.

Each immunoprecipitation followed by Western blot was repeated in three biological replicates.
Each time, the striking difference in protein level being detected was observed between IgG (weak or
lack of signal) versus anti-PARP1 (or anti-BRG1; strong and clear bands). Representative images were
taken for figures.

4.7. Chromatin Immunoprecipitation

The immunoprecipitation of chromatin-bound proteins and histones was carried out according to
the protocol previously described [11]. For the quantification of H3K27 acetylation, cells were lysed
and processed in the presence of iHDAC (0.5 mM). Fragments spanning PARP1/BRG1/H3K27ac sites
in selected gene promoters were amplified using KAPA HiFi™ HotStart ReadyMix supplemented with
EvaGreen® Dye and 4% DMSO. Primers for CDK4, LIG1, NEIL3, and XRCCI promoters were as follows:
CDK4 prom, 5'-ATAACCAGCTCGCGAAACGA-3" and 5'-AGAGCAATGTCAAGCGGTCA-%, LIG1
prom, 5'-AACACACTCAGATCCGCCAG-3’ and 5'-GCTTCCACCGATTCCTCCTC-3’, NEIL3 prom,
5’-GTAGGGAGCGACCTCAACAG-3" and 5'-AGTACAGCCTGGTCCTTCCA-3’, XRCC1 prom, 5'-
TGGCCAGAAGGATGAGGTAG-3’ (forward) and 5'-AGGAAACGCTCGTTGCTAAG-3’ (reverse).

4.8. Transient Gene Silencing

For PARP1 and BRG1 silencing, MCF7 and MCD-MB-23 were seeded at the density of 100,000 cells
per well, transfected on the following day with RNAiIMAX-siRNA complexes (3 uL of transfection
reagent and 20 nmol siRNA incubated in OptiMem for 20 min). The silencing was confirmed by
real-time PCR and Western blot 48 h after cell transfection.

4.9. ChIP-Seq Analysis in Galaxy Version 19.05.dev [41]

The following, publically available, generated by other groups and deposited in the
PubMed Central Database data from MDA-MB-231 cells were taken for ChIP-Seq analysis:
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PARP1—GSM1517306 (SRR1593959), BRG1—GSM1856026 (SRR2171350), GSM1856027 (SRR2171351),
and GSM1856028 (SRR2171352), H3K27ac—GSM1855991 (SRR2171311) and GSM1855992 (SRR2171312);
H3K4me3—GSM1700392 (SRR2044734), H3K4mel—GSM2036932 (SRR3096750 and SRR3096751),
H3K27me3—GSM949581 (SRR513994), H3K9ac—GSM1619765 (SRR1820123 and SRR1820124),
H3—GSM2531568 (SRR5332805), POLR2A—GSM2309434 (SRR4240635), and Input—GSM1964894
(SRR2976843). FASTQ quality formats were unified to Sanger formatted with a FASTQ Groomer [26].
Reads were aligned to Human Genome version 19 using a Map with Bowtie for Illumina, and unmapped
reads were filtered out. ChIP-seq peaks were called in MACS with a p-value cutoff for peak detection set
at 1073. BRG1 co-occurrence at the PARP1 peaks was monitored by computeMatrix/plotProfile (PARP1
peaks in bed were used as regions to plot, while mapped BRG1 reads were used for scoring) [42].
The co-distribution of BRG1, POLR2A, and histone modifications at the PARP1-enriched regions
was studied by MulitBamSummary/plotCorrelation (regions of the genome were limited to PARP1
peaks in bed, mapped reads for scoring) [42]. Regions simultaneously enriched in BRG1, PARP1,
H3K4mel, and H3K27ac were identified by returning intersects of the peaks in bed using bedtools
Intersect intervals [43]. Regions localized outside of gene promoters and double positive for H3K4mel
and H3K27ac were assigned as active enhancers high in H3K4mel and low in H3K27ac as inactive
enhancers, while gene promoters were recognized by returning intersects of BRG1/PARP1 peaks
and genomic regions +2000 bp centered on TSS (overlapping intervals of both datasets). Promoters
defined by high H3K27ac and associated with the presence of gene transcripts (RNA-Seq results for
MDA-MB-231) downstream of corresponding TSS were assumed as active, while the lack of promoter
acetylation marked inactive gene promoters. Genomic intervals for E2F (overlaps of E2F1 and E2F4) and
CpG islands were taken from the UCSC main tables wgEncodeRegTtbsClusteredV3 and cpglslandExt,
respectively. Intersects of TSS +2 kbp and CpG or E2F intervals were compared using bedtools
Intersect intervals. The characteristics of gene promoters (occurrence of particular proteins and CpGs,
histone modifications, E2F binding sites) were studied using Venn diagrams, which were created in
http://www.interactivenn.net/ from gene lists. The annotation of PARP1/BRG1/H3K27ac promoters to
biological processes was carried out in AmiGO2 (test type—binominal, correction—FDR) [44]. PARP1,
BRG1, and H3K27ac peaks were visualized in the UCSC Genome Browser.

The following, publically available datasets for various breast cells, which have been generated
by other groups, were downloaded from the PubMed Central Database data and used for ChIP-Seq
analysis: data from normal breast, ductal carcinoma in situ (DCIS; pre-invasive malignancy of the
breast), MCF7 and MDA-MB-231 cells were taken for RNA-Seq analysis: normal breast—GSM1695870
(SRR2040339), GSM1695872 (SRR2040341), GSM1695873 (SRR2040342), GSM1695874 (SRR2040343),
GSM1695877 (SRR2040346), and GSM1695878 (SRR2040347); DCIS—GSM1695891 (SRR2040360),
GSM1695898 (SRR2040367), GSM1695899 (SRR2040368), GSM1695882 (SRR2040351), GSM1695890
(SRR2040359), and GSM1695894 (SRR2040363); MCF7—GSM2422725 (SRR5094305), GSM2422726
(SRR5094306), GSM2422727 (SRR5094307), GSM2422728 (SRR5094308), GSM2422729 (SRR5094309), and
GSM2422730 (SRR5094310); MDA-MB-231—GSM2422731 (SRR5094311), GSM2422732 (SRR5094312),
GSM2422733 (SRR5094313), GSM2422734 (SRR5094314), GSM2422735 (SRR5094315), and GSM2422736
(SRR5094316). All samples were processed as described in Sobczak et al. [12]. Differential gene
expression in cancer versus normal breast cells was calculated with Cuffdiff and shown as a heatmap
for two selected GOs (positive regulation of cell cycle and DNA repair) [45].

5. Conclusions

In conclusion, our study describes a new mechanism regarding the regulation of the transcription
of functionally linked genes that are significant for cancer cell physiology. Poly-ADP-ribosylation
emerges as a chromatin remodeler that is capable of defining the activity of BRG1-EP300 complexes
at the promoters of genes encoding cell cycle and DNA repair-promoting proteins. Although the
PARP1 inhibitor olaparib emerges as a promising tool to modulate PARP1/BRG1/EP300-dependent
gene expression due to its safety and well-established in vivo effects in cancer treatment, the functional
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impact of DNA repair gene repression in anticancer therapies requires further investigation. In any
case, our study provides a basis for the search for new combinations of iPARPs with other compounds
to increase the beneficial effects of anticancer approaches.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/10/1539/s1,
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PARP1/BRG1/H3K27ac/E2F/CpG positive promoters. Table S4. Differential expression of proliferation and DNA
repair genes in DCIS, MCF7 and MDA-MB-231 cells versus normal breast tissue. Table S5. Statistical analysis of
data. Figure S1. Effect of PARP1 silencing, SWI/SNF inhibition, and EP300 inhibition on gene expression. Figure
S2. Chip-qPCR data for effect of iPARP on the XRCC1 promoter.
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Abstract: Cancer malignancy is usually characterized by unlimited self-renewal. In some types
of advanced tumors that are rapidly dividing, gene expression profiles depict elevations in
pro-proliferative genes accompanied by coordinately elevated transcription of factors responsible for
removal of DNA lesions. In our studies, fast proliferating breast cancer cell lines (MDA-MB-231 and
MCEF?7), BRG1, a component of the SWI/SNF complex, emerges as an activator of functionally-linked
genes responsible for activities such as mitotic cell divisions and DNA repair. Products of at least
some of them are considerably overrepresented in breast cancer cells and BRG1 facilitates growth
of MCF7 and MDA-MB-231 cell lines. BRG1 occurs at the promoters of genes such as CDK4, LIG1,
and NEIL3, which are transcriptionally controlled by cell cycle progression and highly acetylated by
EP300 in proliferating cells. As previously documented, in dividing cells BRG1 directly activates gene
transcription by evicting EP300 modified nucleosomes from the promoters and, thereby, relaxing
chromatin. However, the deficiency of BRG1 or EP300 activity for 48 h leads to cell growth arrest and
to chromatin compaction, but also to the assembly of RB1/HDAC1/EZH2 complexes at the studied cell
cycle-dependent gene promoters. Epigenetic changes include histone deacetylation and accumulation
of H3K27me trimethylation, both known to repress transcription. Cell cycle arrest in G1 by inhibition
of CDK4/6 phenocopies the effect of the long-term BRG1 inhibition on the chromatin structure. These
results suggest that BRG1 may control gene transcription also by promoting expression of genes
responsible for cell cycle progression in the studied breast cancer cells. In the current study, we show
that BRG1 binding occurs at the promoters of functionally linked genes in proliferating breast cancer
cells, revealing a new mechanism by which BRG1 defines gene transcription.

Keywords: BRG1 (Brahma-Related Gene 1); EP300 (E1A Binding Protein P300); gene transcription;
breast cancer epigenetics

1. Introduction

Genomic instability and deactivation of DNA repair genes are often associated with tumor-prone
phenotypes and necessary for acquisition of tumor initiating mutations. However, from a certain
moment of malignancy, the genetic stabilization and maintenance of genome integrity might be
required in order to invade tissues and give rise to distant metastases, but the increased ability to repair
DNA damage seems to depend on tumor type [1]. Transcription control and the epigenetic landscape
that confers high expression of DNA repair genes in some types of malignant cells remain poorly
explored. Relatively recent findings indicate that uncontrolled growth and cell division dominate
tumor transcriptional programs, and that genes relevant to the removal of DNA damage correlate
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with the proliferative status of the tumors [2]. Once again, direct molecular and mechanistical mutual
interdependence has not been forthcoming.

Our recently published results provide evidence that transcription of some of DNA repair genes,
such as PARP1, BRCA1, and XRCCl1, is controlled by SWI/SNF in a cell cycle-dependent manner [3]. In
our model of monocyte-to-macrophage differentiation promoters of DNA repair genes, characterized
by the presence of CpG island and E2F motifs, were enriched in SWI/SNF-EP300-HDAC1 complexes.
Macrophage differentiation that re-entered cell proliferation switched between BRM to BRG1 and
HDACT to EP300 activity, thus it turned on gene transcription. In brief, in growth arrested monocytes
EP300 remained inactive, while HDAC1 deacetylated gene promoters thereby preventing nucleosome
eviction by BRM and leading to gene silencing. In proliferating macrophages, EP300 modified
nucleosomes, while BRG1 served as acetylation reader and extruded acetylated histones. However,
the interdependence of cell proliferation status, EP300 vs. HDAC1 and BRM vs. BRG1 activity
remained unexplored.

With respect to other genes and cell types, the role of BRG1 remains ambiguous and a molecular
mechanism that turns this enzyme into a gene activator or repressor has not been found. It might
be linked with co-operating factors, nucleosome modifications or histone variants, which appear at
a given place and time at chromatin [4-6]. Data collected for human monocytes and macrophages
provided the first mechanistic insight into proliferation control of gene expression that was mediated
by SWI/SNF-EP300-HDAC1 complexes assembled at E2F binding sites. E2F motifs emerged as genetic
signatures of the occurrence of BRG1 in the genome. These findings prompted us to test if similar
interdependence between BRGI distribution in genome and gene overexpression occurs in cancer cells,
since, in terms of cell cycle status, development of malignancies resembles differentiation of human
proliferating macrophages from growth arrested monocytes.

E2F motifs mark proliferation-sensitive gene promoters, which respond to growth arrest by
recruiting retinoblastoma-based repressive complexes comprising (depending on the biological
circumstances) RB1, RBL1, and RBL2 as its basic components. These proteins co-occur with numerous
chromatin writers and erasers, including HDACs, PRC2, DNMT1, SUV39H1, or HP1, all capable of
suppressing gene transcription [7-9]. Since in the current study we observed that BRG1 promotes cell
cycle progression in the breast cancer cells and that some of DNA repair genes are controlled by the cell
proliferation status, we took into consideration a possible functional cross-talk between BRG1 activity,
cell divisions and formation of RB1-based repressive complexes. A relatively older report noted BRG1
and RB1 co-operating physically and functionally in the human carcinoma cell line SW13 [10]; however,
both proteins contributed to growth arrest. In the other study, BRG1-containing complexes were shown
to control cellular proliferation by upregulation of p21 and, thereby, hypophosphorylation of pRB and
repression of E2F target genes such as CDK2, CCNE, and CCND [11].

In the current study, we reveal additional complexity to how BRG1 can modulate E2F-dependent
transcription. In our model, BRG1 occurs at E2F/CpG-positive, highly acetylated promoters of genes
that are overexpressed in breast primary tumor, and two selected highly invasive breast cancer cell
lines: MCF7 and MDA-MB-231. Among BRG1-enriched promoters we found genes encoding factors
responsible for cancer cell proliferation and resistance to DNA damage. BRGI dually activates
their transcription: (a) directly by acting at the chromatin level and evicting acetylated nucleosomes
from their promoters, and (b) indirectly by potentiating cell proliferation and preventing assembly
of RB1-HDAC1-PRC2 repressive complexes at the gene promoters. The E2F binding motif at the
promoters of some genes, which are functionally linked to cell proliferation and DNA repair in the
studied breast cancer cells, allow BRG1-EP300 complexes to provide a common mechanism of gene
transcription control.
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2. Results

2.1. E2F/CpG Motifs at the Acetylated Gene Promoters Mark BRG1 Distribution in Genome of Breast
Cancer Cells

To test if BRG1 may contribute to transcription regulation of genes in fast proliferating breast
cancer cells, we investigated whether this enzyme co-occurs genome-wide with any particular histone
mark that is known for its involvement in transcription control. For this analysis, we took publicly
available data from ChIP-Seq experiments for BRG1 and selected histone modifications, and calculated
Pearson correlation coefficient between their co-distribution in the genome of MDA-MB-231 cells.
Genomic occurrence of BRG1 showed it was most strongly correlated with histone acetylation and
H3K4me3, which are usually associated with gene promoters and active transcription (Figure 1A). Lack
of reciprocity between enzyme and H3, as well as weak negative co-occurrence with H3K27me3, seem to
further confirm a previously postulated mechanism, where BRG1 evicted histones from transcriptionally
permissive promoters and enabled gene expression. In human macrophages, BRG1/H3K27ac-positive
promoters are characterized by binding motif for E2F (indicative of likely gene dependence on cell
cycle status) and/or the CpG island [3]. To test whether distribution of BRGI1 is associated with
similar chromatin and DNA features in proliferating breast cancer cells, MDA-MB-231, we looked for
overlapping regions adjacent to TSS (+2 kbp), which are characterized by the occurrence of BRG1,
H3K27ac, E2F motifs, and CpG islands. As shown in Figure 1B and Table S1, the great majority of
BRG1-rich promoters was simultaneously acetylated and featured by CpG island, while to a lower
extent by E2F motif. This analysis also supported the previously postulated mutual interdependence
between occurrence of BRG1 and H3K27ac at the gene promoters.

Promoters characterized by all four considered features—BRG1/H3K27ac/E2F/CpG—were
associated with genes involved in key cellular processes, among them DNA repair and mitotic
divisions (Figure 1C, Table S2). Analysis of differential expression of genes belonging to the two
mentioned GO groups showed that substantial part of these genes was overexpressed in primary tumor
and 2 cancer cell lines compared to normal cells (Figure 1D). Genes that were suppressed in cancer cells
were not further repressed by SWI/SNF inhibition, suggesting that BRG1 association with acetylated
promoters is insufficient under certain chromatin circumstances to ensure a high transcription rate.
Among the top 50 transcription factors and chromatin remodelers that appear at the promoters of
genes overexpressed in cancer cells (Log2FC > 0.4), we identified enzymes EP300 and HDAC1, which
we previously showed to create a functional unit with BRG1 at gene promoters in human macrophages
(Figure 1E). The presence of TBP and POLR2A suggests that BRG1-based complexes may also contribute
to polymerase release or pausing. POLR2A pre-initiation complexes are documented to often feature
CpG-driven promoters. Since the overall majority of BRG1/H3K27ac promoters (>85%) carry CpG
signature and only approximately half of them the motif for E2F, CpG islands might be considered
a predictive hallmark of BRG1-dependent gene transcription. Nevertheless, chromatin-bound or
signaling factors that suppress transcription from BRG1/H2K27ac promoters have yet to be identified.

To check if BRG1 creates a multi-enzyme complex with EP300 and HDACT in proliferating
cancer cells, we searched for the latter two enzymes in BRG1 co-immunoprecipitates. As shown
in Figure 1F, immunoprecipitation of BRG1 confirmed the physical interaction between the studied
SWI/SNF component, acetylase and deacetylase. Furthermore, EP300 and BRG1 were also recently
documented by us to create a functional and transcription regulating unit with PARP1 in MCF7 and
MDA-MB-231 cells, where PARP1 poly-ADP-ribosylated and, thereby, activated EP300 [11].
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Figure 1. BRGI occurs at the acetylated promoters of some highly transcribed genes, which control

proliferation and DNA repair in breast cancer cells. (A) BRG1 co-distribution with histone H3 density

and histone modifications in the genome of MDA-MB-231 is shown as Pearson’s correlation coefficient.

(B) Occurrence of BRGI1 at the acetylated gene promoters characterized by E2F binding site and CpG

island has been quantified on a Venn diagram and BRG1/H3K27ac/E2F/CpG promoters are marked in red

circle. Green and blue circles represent gene promoters enriched in BRG1 and H3K27ac peaks according

to MACS, while grey and red represent promoters featured by the presence of CpG islands according

to cpglslandExt and E2F binding motifs according to cpglslandExt and wgEncodeRegTtbsClusteredV3,

respectively. (C) Functional association of BRG1/H3K27ac/E2F/CpG gene promoters (marked in red

circle in (B) leads to enrichment of intracellular processes that can define cancer physiology. Red bars

represent biological processes, which are taken for further analysis in (D,E). (D) Analysis of differential

gene expression from data derived from RNA-Seq confirms overexpression of genes functionally

assigned to the mitotic cell cycle and to responses to stimuli of DNA damage in cancer cell lines

versus normal breast cells. Genes marked in bold were taken as examples for further analysis in
Figure 2A-D. (E) BRG1/H3K27ac/E2F/CpG promoters of genes overexpressed in cancer cells (D):
Log2FC > 0.5 for at least 2 of the cell types used are characterized by common transcription factors and

chromatin remodelers. Green columns correspond to the number of ChIP-Seq peak occurrences at the

gene promoters according to UCSC wgEncodeRegTfbsClusteredV3, whereas red columns represent

the occurrence of transcription factor binding motifs according to tfbsConsSites. Only every other
transcription factor is labeled. (F) Immunoprecipitation of BRG1 allows to detect EP300 and HDAC1
by western blot and indicates the physical interaction between SWI/SNF component and the latter two

enzymes. Pictures show cropped areas of western blots. Whole images are included in Figure S3.
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Figure 2. Proliferation and DNA repair-relevant gene promoters are controlled by BRG1 and EP300
activity in breast cancer cells. (A,C) Long-term (48 h) deficiency of BRG1 and EP300 activity limits
transcription of genes encoding components of cell division and DNA repair mechanisms. The data
present Log2FC of mRNA level measured by real-time PCR normalized to untreated control (iEP300
and iSWI/SNF) and non-template control (siBRG1). (B,D) Gene repression results in substantial loss
of proliferation markers as seen from western blot, and by cell growth arrest in G1 phase (E). (F)
Inhibition of BRG1 and EP300 similarly decreases the amount of proteins involved in removal of
DNA damage. Heatmaps with long-term BRG1 and Ep300 deficiency (A,C) were prepared from four
independent replicates for iEp300, and iSWI/SNF; from 3 for siBRG1. Detailed statistical analysis is
presented in supplementary Table S3. Western blots in B, D, and F show representative images from
three independent experiments. Pictures show cropped areas of western blots. Whole images are
included in Figure S3. Analysis of the cell cycle was carried out twice in two technical replicates for
each condition.

2.2. BRG1-EP300 Complexes Drive Transcription of Some Proliferation and DNA Repair Genes

To verify the possible contribution of BRG1-EP300 to transcription regulation of selected genes
functionally linked to proliferation and removal of DNA damage, we treated MCF7 and MDA-MB-231
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cells with inhibitors of EP300 (iEP300-C646-blocks acetylatransferase activity of EP300 and CBP), BRG1
(iISWI/SNF-PFI3 is a bromodomain inhibitor of BRG1 and BRM) and calculated Log2FC of mRNA
level quantified by real-time PCR between inhibitor treated and control cells. A high transcription
rate of at least some genes, which were found overexpressed in all cancer cell types according to
Figure 1D, crucial for cell divisions (CDK2, CDK4, PCNA, CHEK2, CCNB) and removal of DNA damage
(BRCA1 and BRCA2, XRCC1 and XRCC2, LIG1, EXO1, NEIL3—contribute to BER, NER, SSBR, MMR,
and HR) [12,13], was simultaneously maintained by BRG1 and EP300 (Figure 2A,C). Inhibition of
both enzymes led to substantial suppression of most genes studied in Figure 2A,C. Since the only
commercially available inhibitor of SWI/SNF (PFI-3) also blocks the activity of BRM and BRG1, we
targeted the latter enzyme with siRNA (Figure S1A-D). XRCC2 was the only exception and was
upregulated in BRG1 deficiency. Although iEP300 causes simultaneous inhibition of EP300 and CBP,
the data for siEP300 (Silencer™ Select Pre-Designed siRNA 1D:s534247) is missing due to the fact, that
substantial EP300 silencing with siRNA induced dramatic cell death.

Repression of proliferation-relevant genes by the deficiency of BRG1 and EP300 activity led to a
substantial reduction in protein proliferation markers (also others than BRG1 targets—Ki67) and to cell
cycle arrest in G1 (Figure 2B,D,E). Similarly, DNA repair gene repression was followed by loss of LIG1
and NEIL3 protein upon EP300 and SWI/SNF inhibition (Figure 2F).

2.3. Cell Cycle-Dependent Chromatin Composition Controls Transcription of Proliferation and DNA
Repair Genes

To study in detail the molecular mechanism of BRG1 contribution to regulation of transcription
and possible functional interdependence with the cell cycle progression, we focused on three promoters
of genes, which are crucial for cell proliferation—CDK4 and effective removal of DNA lesions—LIG1
and NEIL3. As shown in Figures 1B and 2A-F), all three genes are transcriptionally controlled
by BRG1 and EP300. Their promoters are featured by the presence of BRG1, EP300, CpG island,
and E2F motif. Especially, due to the last feature, they are likely to respond to alterations in cell
proliferation status and to assemble RB1-based repressive complexes. Therefore, these promoters
were chosen to study the considered cross-talk between BRG1 activity, chromatin remodeling, and
cell cycle status. Furthermore, CDK4 deficiency caused by BRG1-dependent gene repression, that in
cell cultures results in cell growth arrest, can be easily phenocopied by the use of CDK4/6 inhibitors,
which equally arrest cells in G1. Thus, from this point the following hypotheses were tested: (a)
BRG1/H3K27ac/CpG/E2F promoters of proliferation and DNA repair genes respond to G1 arrest
with decreased gene transcription and formation of RB1-based repressive complexes; (b) long-term
inhibition of BRG1-EP300 complexes that results in G1 arrest also leads to RBl-based chromatin
remodeling at the studied, cell cycle-dependent promoters.

First, to test hypothesis quoted in (a) we checked whether the arrest of cell cycle progression
triggered by the inhibition of cyclin-dependent kinases 4 and 6 (CDK4 and CDK®6) that blocks cells in
G1 (Figure 3A; the same as iSWI/SNF and iEP300—Figure 2E) suppresses gene expression (Figure 3B),
thereby also reducing the protein level (Figure 3C). This led to recruitment of RB1-based repressive
complexes to promoters of representative genes: CDK4, LIG1, and NEIL3 (the DNA fragment analyzed
overlapped the E2F motif within the CpG island) (Figure 3D). All three regulatory regions shared two
common features, an increase in H3 density and a decrease in histone acetylation that likely resulted from
the switch between EP300 and HDAC]1 activity. These phenocopy previously described mechanism
that drives proliferation-dependent and BRG1-EP300-HDAC1-mediated chromatin transition from
permissive to a compacted structure, where gain of HDAC1 activity in growth arrested cells prevents
nucleosome extrusion by BRG1 due to loss of histone acetylation. Unexpectedly, G1 arrest enhances
BRGI1 association with 2 out of 3 studied gene promoters. However, also inhibition of THP-1
proliferation with mimosine resulted in the massive recruitment of both SWI/SNF ATPases to the
promoter of PARPI as described in our previous study [14]. As currently we observed such an effect
only for two genes, it seems to be promoter or transcription co-factor dependent, but may represent
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still unknown mechanism of SWI/SNF contribution to repression of cell cycle responsive promoters
under certain conditions as documented in Dunaief et al [10]. BRG1 seems to occur and act as activator
of transcription by displacing acetylated histones in proliferating cells, but at some gene promoters
gets further and strongly enriched upon the growth inhibition.
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Figure 3. DNA repair genes are transcriptionally controlled by the cell cycle progression. (A) Deficiency
of CDK4/6 activity results in complete cell cycle blockade in G1. (B,C) Inhibition of CDK4/6 for 48 h
leads to repression of genes that drive cell cycle progression and genome resistance to damage. mRNA
((B) shows Log2FC versus untreated) and protein (C) was monitored by real-time PCR and western blot
in breast cancer cells exposed to iCDK4/6 for 48 h. Pictures in (C) show cropped areas of western blots.
Whole images are included in Figure S3. (D) G1 arrest induces considerable chromatin remodeling and
adjustment of protein composition to gene repressive conditions at the promoters of CDK4, NEIL3, and
LIG1 (ChIP/real-time PCR) 48 h after administration of iCDK4/6 in culture of MCF?7 cells. Analysis
of the cell cycle progression (A) was monitored twice in two technical replicates for each condition,
quantification of gene expression in response to iCDK4/6 (B) and ChIP/real-time PCR analysis of CDK4,
NEIL3 and LIG1 promoters (D) were carried out 4 times, while western blots were repeated 3 times and
representative images are shown in (C). Detailed statistical data can be found in Table S3.

Increase in BRG1 association with gene promoters induced by G1 arrest was followed by
displacement of EP300, which may (in addition to recruitment and activation of HDAC1) further
explain reduced nucleosome acetylation. The assembled repressive complex was supported by
polycomb repressive complex 2 (PRC2) at the promoters of CDK4 and LIG1. The enzymatically active
subunit of PRC2-EZH2 catalyzed methylation of lysine 27 of histone H3, that is known to cause gene
suppression. Of note, PRC2 was found only at two of these gene promoters, and did not correlate with
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enrichment or extrusion of other possible components of the repressive complex. This may indicate
that PRC2 targets chromatin in a promoter rather than in a RBl-dependent manner, and that the
presence of RB1 is a prerequisite, but not essential, for PRC2 contribution to gene silencing.

2.4. BRG1 Couples Cell Divisions with Transcription of DNA Repair Genes

To search for a molecular mechanism that links BRG1/EP300 activity with cell cycle-dependent
gene transcription, we analyzed the impact of BRG1 and EP300 on chromatin structure at the chosen
gene promoters (Figure 4A). Long-term inhibition of both EP300 and SWI/SNF shown to arrest
proliferating cells in G1 (Figure 2E) results in substantial chromatin remodeling, with recruitment of
RB1, HDAC1, and an increase in nucleosome density. This phenomenon phenocopied the effect of
iCDK4/6 inhibition on promoter composition (Figure 3D) and provides evidence that repression of
genes, which potentiate cell division, leads to growth arrest-dependent modification of chromatin
architecture. As expected, iEP300 reduced acetylation of histones, whereas iSWI/SNF prevented
displacement of acetylated nucleosomes, thereby confirming a direct action of BRG1 associated to gene
promoters. As for EP300 and BRGI, their occurrence seemed to be controlled by the type of enzyme
inhibited (cell treatment with iBRG1 or iEP300) and in a promoter-dependent fashion, but the tendency
for EP300 to be displaced from chromatin regardless of the inducer of cell growth arrest was also noted.
Consistently to the effect of iCDK4/6, however, EZH2 was not enriched at the LIGI promoter, whereas
it faintly methylated lysine residues at the promoters of CDK4 and NEIL3.

To confirm that long-term effect of deficiency of BRG1 activity on gene transcription is mediated
by BRGI1 gene targets which drive cancer cell proliferation (e.g., CDK4, PCNA, CCNB), we checked
their transcription rate and chromatin features which are representative of BRG1/EP300 proximate
effects (H3 density and nucleosome acetylation), and also looked for cell cycle-related chromatin
remodeling (RB1) after short-term MCF?7 cell treatment with inhibitors (Figure 4B,C). Loss of BRG1 and
EP300 activity immediately reduced gene transcription (Figure 4B) and induced chromatin compaction
without a considerable recruitment of RB1 (Figure 4C). In a similar way to long-term deficiency
in enzyme activity, decreased acetylation was only found with EP300 inhibition clearly indicates
that BRG1 defines chromatin composition dually—by evicting acetylated histones (which ensures
transcriptionally permissive and an open chromatin state), and by favoring cell proliferation (precludes
assembly of RB1-based repressive complexes).

To check which of the two described BRG1-dependent modes of chromatin rearrangements
is crucial in growth arrested cells, we restored promoter acetylation by treating growth inhibited
cells with iHDAC (Figure 52). Reinstatement of nucleosome acetylation (represented by H3K27ac)
was insufficient to open chromatin and re-initiate gene transcription in the presence of RB1 that
remains associated with gene promoters (Figure 4D). This suggests that cell cycle status overrides
the BRG1 activating effect on gene transcription during growth arrest. BRG1-driven expression of
proliferation-relevant genes, which potentiates cell divisions, impacts chromatin structure in addition
to direct, nucleosome eviction-relevant chromatin opening. Thus, the final chromatin composition
at the studied BRG1-driven promoters is defined by cell cycle-dependent and independent aspects,
where first corresponds to synthesis of drivers of mitotic divisions, while the latter to acting as a
transcriptional co-factor (Figure 4E).
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Figure 4. BRG1-dependent cell cycle progression defines chromatin composition at the promoters of
DNA repair genes. (A) Long-term (48 h) deficiency of BRG1 and EP300 activity induces substantial
changes in the chromatin structure, and recruitment of cell cycle-dependent repressors to the promoters
of genes involved in cell proliferation and response to DNA damage (ChIP/real-time PCR). (B) Short-term
(8 h) inhibition of BRG1, EP300, but not CDK4/6, results in transcription restraint (nascent RNA
quantification by Click-iT chemistry), and (C) immediate chromatin closure without RB1 association
with the studied gene promoters (ChIP/real-time PCR) of MCF7 cells. (D) Gene transcription (mRNA
level; real-time PCR) was measured 48 h after MCF?7 cell treatment with iCDK4/6. iHDAC was added
24 h prior to RNA isolation to restore chromatin acetylation. (E) Graphic representation of immediate
and late chromatin response to cell growth arrest, BRG1 and EP300 inhibition. In the presented model,
BRGI1 and EP300 stimulate cell proliferation and, therefore, activate transcription of genes, which are
transcriptionally driven by cell cycle progression. Data presented in figures (A-D) are presented as
mean of four independent replicates (1 = 4). Detailed statistical data can be found in Table S3.
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3. Discussion

The SWI/SNF chromatin remodeling complex has attracted increasing attention, particularly
in cancer biology due to mutations, deletions and insertions in BRG1, and in some of the SWI/SNF
core subunits (e.g., SNF5, ARID1A) in ~20% of human tumors. Mutations associated with gain and
loss of function, as well as fluctuation in the expression of SWI/SNF components, are linked to the
occurrence of cancer and its progression in several ways [15,16]. BRG1 was initially considered as
a tumor suppressor, based on, for example, premises from mouse model of primary cells, where
inactivation of Brgl and Snf5 leads to an overall decrease in nucleosome occupancy at a large number
of promoters, products of which potentiate cell proliferation [17]. However, more recent data provides
evidence that overexpression of some SWI/SNF subunits apparently lacking mutations can be seen
as an alternative mechanism by which cellular transformation occurs [18]. As for breast cancer,
analysis of the genomic data from TCGA database showed <2% mutation frequency in invasive breast
carcinomas [19], whereas elevated expression of BRG1 occurred in 35% to nearly 100% of analyzed
primary tumors and is responsible for the high proliferation rate; it also served as a predictive marker
for patients at high risk of developing metastases [20,21]. A BRG1-dependent increase in cancer cell
division was assigned to (a) upregulated expression of enzymes responsible for fatty acid and lipid
biosynthesis by BRG1, which binds at the loci encoding these genes; (b) induction of ABC transporter
expression, particularly in response to drug treatment; and (c) association with ER and ER-mediated
transcriptional activation [18,22]. Our study also shows the genomic aspect that explains BRG1’s role
in breast cancer progression, where the activity of this enzyme maintains a high transcription rate of
genes encoding direct drivers of cell proliferation that can act at different cellular levels—signaling
cascades (CDK2, CDK4, CCNB—cell cycle phase progression), checkpoints (CHEK2 responses to genome
integrity assessment), DNA replication (PCNA—DNA clamp and scaffold for DNA polymerase) and
many others listed in Table S2. BRG1 was enriched at >2500 acetylated promoters in MDA-MB-231
cells (Figure 1B); thus their functional association goes beyond proliferation and DNA repair, and
comprises inter alia cellular metabolism, response to stress, and regulation of transcription from
POLR2A (Figure 1C), i.e., all three mentioned aspects related to BRG1’s role in defining the potential of
cancer cells to proliferate. Another crucial feature in cancer biology that renders these cells resistant to
anticancer treatment includes the abovementioned presence of ABC transporters in the membrane
and DNA repair enzymes in the cytoplasm/nucleoplasm. The latter genes have been documented
by us in the current paper to be transcriptionally controlled by BRG1/EP300 complexes in the breast
tumors. Thus, a deficiency in BRG1 activity may make cancer cells vulnerable to drugs in two ways,
by inhibiting drug efflux, and impairing the removal of DNA damage. An attempt based on BRG1
inhibition might be of particular importance in the treatment of double- or triple-negative breast
cancer characterized by the absence of the estrogen receptor (ER), the progesterone receptor (PR)
and low to normal levels of HER2, notably where therapeutic approaches targeting these proteins
is impossible and patients can benefit only from less specifically targeted cytotoxic drugs. BRG1
functional co-operation with some nuclear receptors were already documented in relatively old reports.
Human BRM/hSNEF?2 alpha and BRG-1/hSNF2 beta, counterparts of yeast SWI2/SNF2 and the Drosophila
brahma, were identified as activators of estrogen and the retinoic acid receptors at the gene promoters
which respond to nuclear receptors [23]. A later mechanistic study revealed that ER targets BRG-1
to the promoters of estrogen-responsive genes in a manner that occurs simultaneously to histone
acetylation [24]. BRG1-mediated structural remodeling of chromatin that led to hormone-dependent
transcriptional activation by nuclear receptors, was shown to operate in a collaborative manner with
histone acetyltransferases such as CREB-binding protein (CBP), p300, and PCAF; this result agrees
with our model of co-operation between BRG1 and EP300. These findings also pay attention to the
possible use of BRG1 inhibitors or antagonists (once discovered) in the treatment of ER positive cancers
in future. In another study, BRG1 suppressed prostate specific antigen (PSA) that is transcriptionally
controlled by androgen receptor [25]. However, in that model, BRG1-dependent gene repression
occurred under the androgen antagonists’-induced growth arrest, where prohibitin recruited BRG1 to
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PSA promoter and caused eviction of EP300. Also, our study shows that enrichment of BRG1 at some
gene promoters was associated with displacement of EP300 from chromatin in response to inhibition
of cell proliferation with iCDK4/6, iEP300 and iBRG1. Thus, BRG1 impact on PSA expression should
be also checked in dividing cells. BRG1 may act as gene activator or suppressor at the target gene
promoter depending on the cell cycle status, which can possibly switch the BRG1 role from extrusion
of acetylated nucleosome to insertion of their deacetylated form. Again, the molecular trigger (e.g.,
co-factor, mutual interdependence with BRM, posttranslational modification, element upstream of
specific proximal promoter [26]) that can change the influence of the SWI/SNF complex on target gene
activation remains unknown.

In the context of possible use of BRG1 inhibitors in anticancer therapies, of particular importance
is our finding regarding BRG1’s co-operation with EP300, since only one non-specific inhibitor of
BRG1 is commercially available for scientific purposes. Due to a similar degree of repression of
BRG1-dependent genes by EP300 inhibition (Figure 2A-D), such an option extends the possibility of
gene targeting by a wider range of compounds. Notably, BRG1 (and perhaps EP300) inhibition might
be considered as a therapeutic strategy in other cancer types because BRG1 is overexpressed in other
tumor types, although limited insights into how different SWI/SNF subunits drive the development of
tumors and complex nature of contribution to defining specific oncogenic pathways clearly requires
further investigation [15].

Even at the genomic level, chromatin features or DNA sequence that guide BRG1 distribution
and association with particular gene promoters or regulatory regions remain poorly defined. It is well
acknowledged that this enzyme marks actively transcribed genes and correlates with nucleosome
acetylation and trimethylation of H3K4me3, but spatiotemporal mutual interdependence between
BRG1'’s occurrence and covalent modifications of nucleosomes are also unknown. Since in our study’s
SWI/SNF complexes turned out to be readers of nucleosome acetylation governed by EP300-HDAC1
balance intwo distinct cell types (human macrophages and two breast cancer cell lines), one might think
that BRG1 confers active gene transcription in other cancer types characterized by BRG1 overexpression.

Apart from the documented BRGI role at gene promoters, cancer cell divisions that are
transcriptionally controlled by this enzyme regulate expression of numerous functionally-related
genes, which may set the phenotype of breast cancer cells. Their link with proliferation is primarily
through the presence of the E2F motif, which responds to cell cycle status by recruiting or releasing
retinoblastoma-based complexes. However, only ~60% of BRG1/H3K27ac/CpG/E2F-positive genes are
overexpressed in fast dividing cells (Figure 1E), suggesting that promoter acetylation in proliferating
cells is insufficient to activate transcription, and that unidentified co-factors of BRG1 must operate
on or upstream of chromatin. In addition to promoting transcription of genes that potentiate mitotic
division, BRG1 has been documented to regulate cell proliferation by co-operating with p53. This
tumor suppressor, which displays growth and transformation inhibition functions, adds another
link to controlling some of E2F promoters by BRG1. hSNF5 or BRG1 inhibit p53-mediated cell
growth arrest and apoptosis by enhancing p53 binding to the promoter of p21—cyclin-dependent
kinase inhibitor [27,28]. Such a mode of BRG1 contribution to p53-mediated cell cycle control was
observed in MCF7 cells treated with doxorubicin. Recently, BRG1 was found as an activator of
P53 transcription in mice embryo-derived P19 cells [29]. These findings make the entire picture of
BRG1-proliferation-transcription of cell cycle-controlled genes even more complex, since it depicts
BRG1 as a pathway-dependent player. In mitotic dividing cells it promotes proliferation and expression
of proliferation-dependent genes, whereas upon cellular stress and p53 activation it contributes to cell
growth arrest, where it was shown to repress i.a. nuclear receptor-induced gene transcription [25].

As long as the abundance of DNA repair enzymes might not be of particular importance or
even antagonize cancer development, the described functional dependence of cancer cell growth on
transcription of enzymes capable of removing DNA lesion might be of key importance, not only for cell
protection from anticancer therapeutics, but for the maintenance of cancer cell viability and metastases
since production of proliferation-associated reactive oxygen species challenges genome integrity and
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might limit tumor progression. Therefore, BRG1 turns out to be considerable regulator of breast cancer
cell physiology. Malignancy-relevant cell cycle re-entrance from a differentiated cell state may globally
activate the desired gene expression in a unified mode due to the placement of BRG1-EP300-HDAC1
complexes at promoters that have CpG islands (>85% of BRG1/H3K27ac peaks are associated with
CGls; Figure 1B). However, such a hypothesis requires further experimental confirmation. CpG
islands were thought to indicate SWI/SNF independence attributed to the assembly of CpG islands into
unstable nucleosomes, but occurrence of BRG1 at the such promoters strongly suggests the possible
function of this enzyme in transcription regulation of genes driven by CpG promoters. However, the
molecular mechanisms that regulate transcription initiation and elongation from the paused POLR2A
pre-initiation complex has not been disclosed [30].

Our study shows that BRG1 makes use of BRG1-activated proliferation promoting gene products
and shifts chromatin composition towards a transcriptionally permissive state by allowing nucleosome
acetylation. Modified nucleosomes can be further displaced by promoter-bound BRG1. Although
BRG1 was found at repressed gene promoters together with RB1, HDAC1, and PRC2, its presence may
allow immediate activation of gene transcription upon cell cycle re-entrance [7,31]. Such an idea has
been postulated in the past, where BRG1's association with the promoter of osteocalcin was considered
to be a mechanism that ensures re-activation of gene transcription after removal of the proliferation
inhibiting factor(s) [32]. However, that paper and others lack information on any mechanistic link
between particular chromatin-bound components. Our study explains at least some BRG1-relevant
controversies regarding its occurrence, especially at proliferation-driven gene promoters. In dividing
cells, BRG1 occurs at the E2F motifs of some cell cycle-dependent genes and, by potentiating expression
of genes that promote mitotic cell divisions, BRG1 prevents silencing of their transcription.

4. Materials and Methods

4.1. Materials

MCEF7 and MDA-MB-231 cell lines were purchased from ATCC and Sigma Aldrich, respectively.
DMEM High Glucose w/L-Glutamine w/Sodium Pyruvate, fetal bovine serum and antibiotics (penicillin
and streptomycin) were from Biowest (CytoGen, Zgierz, Poland), L15 Medium, iEP300 (C646),
iSWI/SNF (PFI-3), iCDK4/6 (PD0332991, palbociclib, Imbrance); anti-rabbit IgG (A0545) and anti-mouse
IgG (A4416) (whole molecule)-peroxidase antibody produced in goat, BLUeye prestained protein
ladder (#94964), oligonucleotides for real-time PCR were from Sigma Aldrich (Poznan, Poland).
Anti-HDAC1 (PA1-860), anti-EP300 (PA1848), Lipofectamine RNAIMAX, OptiMem, Dynabeads™
Protein G, High-Capacity cDNA Reverse Transcription Kit, Click-iT™ Nascent RNA Capture Kit
for gene expression analysis, SuperSignal™ West Pico Chemiluminescent Substrate, TRI Reagent™,
Silencer™ Select Pre-Designed siRNA ID:s13141 (BRG1), RNase A were from Thermofisher Scientific
(Thermofisher Scientific, Warsaw, Poland), while iCDK4/6 (PD0332991) was from Cayman Chemical
(Biokom, Janki/Warsaw, Poland).

KAPA HiFi™ HotStart ReadyMix (2X) from KapaBiosystems and Takyon™No ROX SYBR Core
Kit blue dTTP from Eurogentec were purchased from Polgen (E6dz, Poland). EvaGreen® Dye, 20X in
water was purchased from Biotium (Corporate Place, Hayward, CA, USA). WB antibodies: anti-BRG1
(sc-17796), anti-DNA Ligase I (sc-271678), anti-CDK4 (sc-23896), anti-NEIL3 (sc-393703), anti-PCNA
(sc-56), anti-Ki-67 (sc-23900), and anti-cyclin B (CCNB; sc-166210) were purchased from were Santa Cruz
Biotechnology (AMX, Lodz, Poland). ChIP grade antibodies: normal rabbit IgG (#2729), BRG1 (#49360),
H3K27ac (#4353), anti-histone H3 (#4620), anti-RB1 (#9313), anti-H3K27me3 (#9733), anti-EZH?2 (#5246)
were purchased from Cell Signaling Technology (LabJOT, Warsaw, Poland).

4.2. Cell Culture and Treatment with Inhibitors

MCF7 were cultured in DMEM supplemented with 10% FBS, penicillin/streptomycin (50 U/mL
and 50 pg/mL, respectively) in 5% CO,, whereas MDA-MB-231 in F15 medium supplemented with
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15% FBS, penicillin/streptomycin (50 U/mL and 50 pg/mL, respectively) without CO, equilibration.
Both cell lines were maintained in a logarithmic growth phase in a culture and prior to the treatment
with any compound. iEP300 (10 uM; C646), iSWI/SNF (10 uM; PFI-3) and iCDK4/6 (1 uM; PD0332991)
were added to cells 48 h prior to analysis. Concentration of the studied inhibitors and the time required
to induce enzyme inhibition were chosen based on our and other reports. iEP300 and iCDK4/6 at the
doses higher than tested induced dramatic cell death in response to longer incubation periods.

4.3. Quantification of Gene Expression

For mRNA quantification the total RNA was extracted with TRI Reagent™, reverse transcribed
with High-Capacity cDNA Reverse Transcription Kit and selected cDNA fragments were
amplified in real-time PCR (Takyon, Eurogentec; CFX96 C1000 Touch, BioRad Warsaw, Poland)
using the following primer pairs: CDK2, 5-CAGGATGTGACCAAGCCAGT-3' (forward) and
5-TGAGTCCAAATAGCCCAAGG-3 (reverse); CDK4, 5'-CTGGTGTTTGAGCATGTAGACC-3’
(forward) and 5'-AAACTGGCGCATCAGATCCTT-3’ (reverse), XRCC2, 5'-TCGCCTGGTTCTTTTTGC
A-3’ (forward) and 5-TCTGATGAGCTCGAGGCTTTC-3’ (reverse), BRCA2, 5-CTTGCCCCTTTCG
TCTATTTG-3’ (forward) and 5’-TACGGCCCTGAAGTACAGTCT-3’ (reverse), LIG1, 5'-CAGAGGG
CGAGTTTGTCTTC-3’ (forward) and 5'-AGCCAGTTGTGCGATCTCTT-3’ (reverse), EXO1, 5’-AAAC
CTGAATGTGGCCGTGT-3’ (forward) and 5’-CCTCA TTCCCAAACAGGGACT-3’ (reverse), NEIL3,
5-GGTCTCCACCCAGCTGTTAAAG-3 (forward) and 5'-CACGTATCATTTTCATGAGGTGATG-3’
(reverse), PCNA, 5'-TCTGAGGGCTTCGACACCTA-3 (forward) and 5-TTCTCCTGGTTTGGTGCTT
CA-3’ (reverse); CHEK2, 5-CAGGTTCTAGCCCAGCCTTC-3’ (forward) and 5-ACGGAGTTC
ACAACACAGCA-3 (reverse); CCNB1, 5'-TGGAGAGGTTGATGTCGAGC-3’ (forward) and 5'-AAGC
AAAAAGCTCCTGCTGC-3 (reverse); BRG1, 5’-AAGAAGACTGAGCCCCGACATTC-3’ (forward)
and 5’-CCGTTACTGCTAAGGCCTATGC-3’ (reverse), BRCA1, 5-TGCCCACAGATCAACTGGAA-3’
(forward) and 5'-CACAGGTGCCTCACACATCT-3’ (reverse); XRCC1, 5'-CGGCGGAAACTCATCC
GATA-3’ (forward) and 5-CCATCAGGGCCTCCTCAAAG-3’ (reverse); ACTB, 5-TGGCACCCAGCA
CAATGAA-3 (forward) and 5'-CTAAGTCATAGTCCGCCTAGAAGCA-3’ (reverse). GAPDH and
B2M were from Human Toll-like Receptor Signaling Primer Library (HTLR-I). ACTB, GAPDH, and
B2M (HSKG) were used for normalization. Data in figures are shown as Log2FC with respect to
untreated control.

Nascent CDK4, NEIL3, and LIGI mRINA were measured 8 h after cell treatment with iEP300 and
iSWI/SNF using Click-iT® Nascent RNA Capture Kit as described previously and was normalized to
ACTB [33].

For protein detection cell lysates were separated with SDS-PAGE, transferred to nitrocellulose
membranes and stained overnight with primary antibodies (1.5:10,000) at 4 °C. After staining with
HRP-conjugated secondary antibodies (1:10,000; room temperature; 2 h), the signal was developed
using SuperSignal™ West Pico Chemiluminescent Substrate and acquired with ChemiDoc-IT2 (UVP,
Meranco, Poznan, Poland).

4.4. Evaluation of Cell Proliferation

Cell cycle progression in MCF7 and MDA-MB-231 cells treated with iCDK4/6, iEP300 and iSWI/SNF
for 48 h was analyzed by flow cytometry as described previously [3]. Additionally, protein level of
Ki67, PCNA and CCNB was monitored in cell lysates by western blot.

4.5. Chromatin Immunoprecipitation

Chromatin immunoprecipitation was carried out according to the protocol previously
described [12,19]. Fragments spanning BRG1/H3K27ac/E2F/CpG sites in selected gene promoters
were amplified using KAPA HiFi™ HotStart ReadyMix supplemented with EvaGreen® Dye
and 4% DMSO and the following primers: CDK4 prom, 5-ATAACCAGCTCGCGAAACGA-3’
and 5-AGAGCAATGTCAAGCGGTCA-3’, LIG1 prom, 5-AACACACTCAGATCCGCCAG-3
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and 5-GCTTCCACCGATTCCTCCTC-3’, NEIL3 prom, 5'-GTAGGGAGCGACCTCAACAG-3’ and
5-AGTACAGCCTGGTCCTTCCA-3’.

4.6. Transient Gene Silencing

For BRGI1 silencing MCF7 and MCD-MB-23 were seeded at the density of 100,000 cells per
well and transfected on the following day with RNAIMAX-siRNA complexes prepared in OptiMem
according to the following ratio: 20 nmol siRNA and 3 pL of transfection reagent. BRG1 silencing
versus non-template control siRNA was confirmed by real-time PCR and western blot 48 h after
cell transfection.

4.7. ChIP-Seq Analysis in Galaxy Version 19.05.dev

Publically available, generated by other groups and deposited in the PubMed Central Database
data from MDA-MB-231 cells were taken for ChIP-Seq analysis in Galaxy Version 19.05.dev [34]:
BRG1—GSM1856026 (SRR2171350), GSM1856027 (SRR2171351) and GSM1856028 (SRR2171352),
H3K27ac—GSM1855991 (SRR2171311) and GSM1855992 (SRR2171312); H3K4me3—GSM1700392
(SRR2044734), H3K4mel1l—GSM2036932 (SRR3096750 and SRR3096751), H3K27me3—GSM949581
(SRR513994), H3K9ac—GSM1619765 (SRR1820123 and SRR1820124), H3—GSM2531568 (SRR5332805),
Input—GSM1964894 (SRR2976843). FASTQ quality formats were unified to sanger formatted with
FASTQ Groomer [35]. Reads were aligned to Human Genome version 19 using Map with Bowtie for
INlumina and unmapped reads were filtered out [36]. ChIP-seq peaks were called in MACS with P
value cutoff for peak detection set at 1073 [14].

Co-distribution of BRG1 and selected histone modifications in the whole genome was studied
by MulitBamSummary/plotCorrelation [37]. In brief, bam files with mapped reads for BRG1 and all
studied histone modifications were taken as samples and the genome coverage was computed for
equally sized bins (bin size in bp = 1000). For the heatmap in Figure 1A matrix file was generated from
the multiBamSummary tool and Pearson correlation was calculated.

Gene promoters enriched in BRG1, H3K27ac, CpG islands, and E2F were identified by returning
intersects of recalled peaks and genomic regions +2000 bp centered on TSS (overlapping intervals of
both datasets) [38]. Genomic intervals for E2F1, E2F4, and CpG Islands were taken from UCSC Main
tables wgEncodeRegTfbsClusteredV3 and cpglslandExt, respectively. Venn diagrams were created in
http://www.interactivenn.net/ from gene lists. Annotation of differentially expressed genes to gene
ontology terms was carried out in GOrilla (using two unranked lists of genes and complete list of
genes expressed in MDA-MB-231 as a background).

The following data from normal breast, primary tumor, MCF7 and MDA-MB-231 cells
were taken for RNA-Seq analysis: normal breast—GSM1695870 (SRR2040339), GSM1695872
(SRR2040341), GSM1695873 (SRR2040342), GSM 1695874 (SRR2040343), GSM1695877 (SRR2040346),
GSM1695878 (SRR2040347); primary tumor—GSM1695891 (SRR2040360), GSM1695898 (SRR2040367),
GSM1695899 (SRR2040368), GSM1695882 (SRR2040351), GSM1695890 (SRR2040359), GSM1695894
(SRR2040363); MCF7—GSM2422725 (SRR5094305), GSM2422726 (SRR5094306), GSM2422727
(SRR5094307), GSM2422728 (SRR5094308), GSM2422729 (SRR5094309), GSM2422730 (SRR5094310);
MDA-MB-231 - GSM2422731 (SRR5094311), GSM2422732 (SRR5094312), GSM2422733 (SRR5094313),
GSM2422734 (SRR5094314), GSM2422735 (SRR5094315), GSM2422736 (SRR5094316).

Having FASTQ quality formats unified to sanger formatted with FASTQ Groomer reads were
mapped to Human Genome version 19 using TopHat [39]. Transcripts were assembled with Cufflinks
(using UCSC Known Gene as a reference annotation) and merged with Cuffmerge [40]. Differential
gene expression in cancer versus normal breast cells was calculated with Cuffdiff and shown as
heatmap for two selected GOs (mitotic cell cycle process and DNA repair). Frequencies of transcription
factors and chromatin remodelers occurrence at the promoters of genes that were overexpressed in
all three cancer cell types (Log2FC > 0.5) were scored based on results of bedtools Intersect intervals
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(gene promoters spanning 2 kbp from TSS and UCSC Main tables wgEncodeRegTfbsClusteredV3 and
tfbsConsSites) [38].

4.8. Statistical Analysis

Data in Table S3 are shown as mean + standard deviation of the mean (SEM). Student’s t-test was
used to determine statistically significant differences between two means (marked with * when p <
0.05, * when p < 0.01, *** when p < 0.001), while one-way analysis of variance (ANOVA) was carried
out in GraphPad Prism 5 to compare means in several groups (marked with * when p <0.05, ** when p
< 0.01, *** when p < 0.001).

5. Conclusions

Summarizing, activity of one chromatin-associated enzyme defines the expression profile of
numerous genes in breast cancer cells by acting directly on chromatin, and by promoting cell cycle
progression. BRG1 removes acetylated nucleosomes, thereby facilitating transcription and preventing
recruitment of retinoblastoma-based repressive complexes to E2F-driven promoters. Thus, BRG1
defines key breast cancer features in the cell lines we have investigated. Inhibitors of BRG1 and EP300
can be considered as future anticancer drugs that can arrest cell growth and/or render them sensitive
to DNA damaging agents.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/2/349/s1,
Figure S1: Efficiency of BRG1 silencing; Figure S2: Effect of HDAC inhibitor on gene promoters in G1 arrested
cells; Figure S3: Whole western blot images; Table S1: BRG1 and H3K27ac distribution at the E2F/CpG positive
gene promoters; Table S2: Gene ontology; Table S3: Statistical analysis.
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STRESZCZENIE

TP-zalezne kompleksy remodelujace chromatyne stanowia wazny element epigenetycz-

nego mechanizmu regulujacego transkrypcje. Posiadaja one zdolnos¢ do wstawiania,
usuwania i przesuwania nukleosoméw w obrebie elementéw regulatorowych genéw kon-
trolujac w ten sposéb dostepnosé DNA dla maszynerii transkrypcyjnej. Jednym z czterech
zidentyfikowanych i opisanych dotychczas komplekséw jest SWI/SNF, w ktérym enzyma-
tycznymi ,motorami” sa bialka BRM i BRG1. Rosnaca liczba opublikowanych prac wska-
zuje na udzial BRG1 w patofizjologii niektérych typé6w nowotworéw, poniewaz aktywnosé
tego enzymu odpowiada za ekspresje genow, ktérych produkty kontroluja proliferacje, na-
prawe DNA, transport przezblonowy czy metabolizm. Inhibitory BRG1 i enzyméw, ktore
determinuja aktywno$é BRG1 lub znakuja histony majace ulec przemieszczeniu moga staé
sie w przyszlosci alternatywa dla obecnie stosowanych w terapiach zwiazkéw hamujacych
wzrost guzéw lub suplementem zwiekszajacym wrazliwo$é nowotworéw na dzialanie le-
kéw przeciwnowotworowych.

WPROWADZENIE

Kompleksy remodelujace chromatyne odgrywaja istotna role w determino-
waniu fenotypu i funkcji komérek, poniewaz decyduja o profilu ekspresji genéw
a w konsekwencji i o skladzie proteomu. Obok enzyméw wprowadzajacych i
usuwajacych potranslacyjne modyfikacje histonéw uczestnicza one w definio-
waniu kodu epigenetycznego i intensywnosci transkrypcji, gdyz warunkuja
gestos¢ nukleosomé6w w obrebie regionéw regulatorowych genéw. Wykorzy-
stujac aktywnosé¢ ATPazowa gtéwnej enzymatycznej podjednostki kompleksy
te wstawiaja, usuwaja lub przesuwajq nukleosomy tym samym zacie$niajac lub
rozluzniajac chromatyne, ktorej struktura decyduje o przylaczaniu kolejnych
podjednostek maszynerii transkrypcyjnej do regionéw regulatorowych genéw.
Dotychczas zidentyfikowano i opisano 4 gltéwne, zalezne od ATPaz rodziny
komplekséw remodelujacych chromatyne [1]: nasladujacy SWI (ISWL; ang. Imi-
tation Switch), helikaza wiazaca DNA o charakterze chromodomeny (CHD; ang.
Chromodomain Helicase DNA-binding), INO80 oraz SWI/SNF (SWI, ang. Switch,
SNF, ang. Sucrose Non-Fermenting). W sklad wielopodjednostkowych komplek-
sow SWI/SNF wchodza produkty rodziny genéw SMARC, ale kluczowa role
dla zmian struktury chromatyny odgrywaja dwa enzymy o wysokim stopniu
homologii: Brahma - BRM (SMARCA?2) i zwigzany z Brahma gen 1 - BRG1
(SMARCA4; ang. Brahma-Related Gene 1). Sktad bialkowy kompleksow SWI/
SNF nie jest staly. Rdzert kompleksu oprécz jednej lub obydwu ATPaz tworza:
biatko typu SNF5 (SMARCB1) oraz dwa biatka typu SWI3 (SMARCC1) wyste-
pujace w formie dimeru. R6znorodnosé kompozycji pozostatych podjednostek
umozliwia wysoce swoista interakcje komplekséw z aktywatorami i represo-
rami transkrypcji oraz rozpoznawanie poszczegdlnych modyfikacji histonéw,
co z kolei determinuje miejsce wystepowania komplekséw w obrebie genomu
oraz kierunek lokalnej przebudowy chromatyny - jej zaciesnianie lub rozluz-
nianie. Kompleksom SWI/SNF przypisuje sie role zaréwno w wyciszaniu jak i
aktywowaniu transkrypgji, jednak uniwersalny, decydujacy o tym mechanizm
pozostaje nieznany. Wynik ich dzialania uzalezniony jest od rodzaju ATPazy,
wzajemnych funkcjonalnych zaleznosci pomiedzy nimi, skladu podjednostek
regulatorowych, rodzaju sekwencji promotorowej, typu komorek, ich aktualne-
go stanu: stopnia zréznicowania, statusu proliferacji i aktywacji poszczegdlnych
Sciezek sygnatowych.

Doniesienia literaturowe z ostatniej dekady jednoznacznie sugeruja zwiazek
pomiedzy aktywnoscia BRGI1 a transformacja i progresja przynajmniej niekto-
rych typéw nowotworéw. Cho¢ poczatkowo enzym ten uznawany byl za su-
presora wzrostu guzéw, wyniki najnowszych prac wykazaly, ze nasila on trans-
krypcje genéw, ktérych produkty odpowiedzialne sa kilka waznych cech fizjolo-
gicznych nowotworéw decydujacych o ich fenotypie i patofizjologii.
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Rycina 1. Struktura BRG1. Fragment N-koricowy odpowiada za interakcje z innymi biatkami (domeny QLQ, HSA, BRK), w tym z helikazami (HSA i BRK) i czynnikami
transkrypcyjnymi (BRK). Fragment srodkowy bialka pelni funkcje enzymatyczng. Obecne w nim motywy DEXHc i HELICc s elementami charakterystycznymi dla heli-
kaz, ktére wykorzystuja hydrolize ATP do rozplatania DNA. Ostatni fragment - C-koricowy odpowiada za oddzialywanie enzymu z DNA (motyw AT-hook - rozpoznaje
rowek mniejszy w helisie DNA) oraz z nukleosomami (Bromo - bromodomena - oddziatuje z acetylowanymi i metylowanymi nukleosomami).

BRG1 - BUDOWA I FUNKCJE

Ludzkie, jadrowe biatko BRG1 (Ryc. 1) sklada sie z trzech
regionéw: N-koricowego pelniacego role regulatorowa, re-
gionu srodkowego o aktywnosci ATPazy oraz regionu C-
-konicowego, odpowiadajacego za oddziatywania z chroma-
tyna i DNA [2]. W rejonie N-koricowym wyrézni¢ mozna
domeny QLQ, HSA i BRK. Bogata w reszty proliny domena
QLQ prawdopodobnie umozliwia fizyczny kontakt pomie-
dzy BRGI i innymi biatkami, podobnie jak domena HSA,
ktéra odpowiada za interakcje ATP-azy z innym czlonkiem
kompleksu SWI/SNF - ARID1A. Doniesienia literaturowe
sugeruja, ze domena BRK uczestniczy w oddziatywaniu z
m.in. helikazami chromodomenowymi oraz w regulowaniu
transkrypgji [3]. Poniewaz BRG1 wykorzystuje hydrolize
ATP do zmiany konformacji chromatyny - przesuniecia
DNA wzgledem nukleosoméw, w literaturze enzym ten
wystepuje rowniez pod nazwa ATPaza-translokaza [1,4]. W
obrebie regionu srodkowego tego enzymu mozna wyréznic
dwie domeny: DEXHc i HELICc. Pierwsza z nich zawiera
region wigzacy ATP i ATP-zalezng domene o aktywnosci
helikazy zdolnej do rozluzniania DNA. Druga - domena
HELICc, podobnie jak DEXHc, jest obecna w wielu bial-
kach o aktywnosci helikazy i stuzy rozluznianiu struktury
kwaséw nukleinowych [2]. Dla interakcji kompleksu SWI/
SNF z genomem najistotniejszy jest region znajdujacy sie
na C-koricu, zawierajacy motyw wiazacy DNA o struktu-
rze haczyka (ang. AT-hook) i wykazujacy wysoka swoistoéé
wzgledem regionéw bogatych w adenine oraz tymine.
Obecna w C-koricowym fragmencie bromodomena umoz-
liwia oddzialywanie enzymu z acetylowanymi i metylowa-
nymi (H3K4me3) resztami lizyny biatek histonowych, ale
réowniez z DNA. Literatura wskazuje jednak, Ze domena ta
nie odpowiada jedynie za wigzanie kompleksu SWI/SNF
z chromatyna, lecz pelni takze funkcje regulatorowa [5-7].
Aktywnos¢ enzymatyczna bialka BRG1 zmienia sie w toku
cyklu komérkowego. Wykazano, ze biatko Brahma u musz-
ki owocowej, majace 74% podobieristwa do BRGI1, ulega
fosforylacji przez kompleksy Cyklina A/Cdk2 oraz Cy-
klina E/Cdk2. Identyczny mechanizm zaobserwowano w
ludzkich komérkach, gdzie BRG1 fosforylowane jest przez
Cykline E/Cdk2 [8]. Istnieja doniesienia o N-koricowej ace-
tylacji ATPazy oraz jej oddzialywaniu z biatkami SUMO
(ang. Small Ubiquitin-like Modifier) [9], jednak rola acetylacji
i sumoilacji w detereminowaniu aktywnosci enzymatycznej
omawianego biatka nie zostata dotychczas potwierdzona. O
aktywnoéci transkrypcyjnej BRG1 decyduja posrednio inne
enzymy zwigzane z chromatyng, ktére modyfikuja histony
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znakujac w ten spos6b nukleosomy, majace ulec usunieciu
z danego fragmentu chromatyny.

Przez wzglad na pelniona funkcje istotny jest mecha-
nizm, ktéry umiejscawia kompleks SWI/SNF w obrebie
genomu i chromatyny. Wedlug najnowszych doniesieni li-
teraturowych BRG1 wystepuje w przewazajacej wiekszosci
sekwencji promotorowych charakteryzujacych sie obecno-
Scia wysp CpG. W potowie tych regionéw zidentyfikowano
ponadto motyw dla wigzania czynnikéw transkrypcyjnych
z rodziny E2F, ktore tacza aktywnos¢ transkrypcyjna genu
ze statusem proliferacji komoérek. W ludzkich makrofagach
oraz komorkach nowotworu piersi dla CpG/E2F-dodat-
nich promotoréw funkcjonalnie powiazanych genéw opi-
sano nowa jednostke regulatorowa, w skfad ktérej wcho-
dzi kompleks SWI/SNF oparty na aktywnosci BRG1 oraz
enzymy - acetylotransferaza EP300 i deacetylaza HDAC1
kontrolujace stopieni acetylacji histonéw [10,11]. Pierwszy z
nich acetyluje reszty histonowe, ktére w formie zmienionej
zostaja rozpoznane przez BRGI1. Prowadzi to do usuniecia
nukleosomu, rozluznienia chromatyny i w rezultacie do
zainicjowania transkrypcji. HDAC1 usuwa reszty acetylo-
we z reszt lizyny uniemozliwiajac usuniecie nukleosomoéw
i tym samym faworyzuje zamknieta - nieaktywna trans-
krypcyjnie chromatyne [10]. W czesci CpG/E2F-dodatnich
promotoréw kontrolowanych przez uktad EP300-HDACI-
-BRG1 obecne jest réowniez biatko PARP1 - powszechnie
znane m.in. dzieki roli jaka odgrywa w procesie naprawy
uszkodzern DNA. Przeprowadzana przez PARP1 ADP-ry-
bozylacja EP300 warunkuje aktywnos¢ acetylazy przez co
wplywa na stopien acetylacji histonéw i w konsekwencji na
transkrypcje genu. BRG1 réwniez ulega ADP-rybozylacii,
jednak brak tej modyfikacji nie wptywa na ekspresje genéw,
ktérych aktywnosé jest niezalezna od EP300 [12]. Kolejnym
typem promotoréw sa te, w ktérych BRG1 wchodzi w funk-
cjonalna i fizyczna interakcje z ASH2 i WDR6 - podjednost-
kami kompleksu bialek zwigzanych z metylotransferaza
Setl (COMPASS; ang. Complex Proteins Associated with Set1),
ktory jest odpowiedzialny m.in. za wprowadzanie mody-
fikacji H3K4me3 [13,14]. Chociaz BRGI jest powszechnie
uwazana za ,czytnik” acetylowanych histonéw, badania
przeprowadzone dla genu GATA4 w kardiomiocytach linii
HO9c2 dowodzg, ze enzym ten rozpoznaje takze wspomnia-
na wyzej tréjmetylacje histonu H3, ktéra podobnie jak ace-
tylacja zwiazana jest z aktywnymi transkrypcyjnie promo-
torami [7]. Komplex SWI/SNF mozna znalezé réwniez w
obrebie genéw, poniewaz jest elementem niezbednym dla
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umozliwienia przemieszczania si¢ kompleksu polimerazy 2
DNA w trakcie elongacji [15].

Pomimo licznych doniesien literaturowych w dalszym
ciggu nie udalo sie ustali¢ jednego mechanizmu, ktéry de-
finiowalby rozmieszczenie komplekséw SWI/SNF w geno-
mie oraz kierunek ich dziatania w kontekscie aktywowania
i wyciszania ekspresji genéw. W opisanych wyzej przykla-
dach BRG1 wykazuje dzialanie pro-transkrypcyjne. W pew-
nych warunkach dzialanie tego enzymu jest jednak odwrot-
ne, a zwiekszenie jego iloéci w promotorach zwigzane jest z
wyciszeniem gendéw. Jako przyktad postuzy¢ moga geny ta-
kie jak PARP1, CDK4 czy LIG1, ktérych promotory réwniez
posiadaja wyspe CpG oraz motyw dla E2F, a w odpowiedzi
na zatrzymanie cyklu komérkowego w fazie G1 sg miej-
scem tworzenia komplekséw represoréw, w skiad ktérych
wchodza czynniki transkrypcyjne E2F1, bialko RB1, deace-
tylaza HDAC1, kompleks polikomb 2 (PCR2; ang. Polycomb
Repressive Complex 2) z metylotransferaza EZH?2 i dodatko-
we podjednostki kompleksu SWI/SNF, w tym takze BRG1
[11,16]. Wydaje sie, ze przynajmniej w przypadku omawia-
nych genéw kontrolowanych przez promotory CpG/E2F-
-zalezne aktywnos¢ transkrypcyjna BRG1 determinowana
jest przez status proliferacji komoérek i stopien fosforylacji
bialek z rodziny retinoblastoma. Stad w szybko dzielacych
sie komoérkach BRG1 moze przyczynia¢ sie do nasilenia
transkrypcji genéw istotnych dla patofizjologii nowotwo-
réw, a w komorkach prawidlowych/zréznicowanych/nie-
dzielacych sie wyciszac je.

MUTACJE I ZMIANY POZIOMU BRG1 W
TRANSFORMAC]I NOWOTWOROWE]

Z uwagi na opisane wyzej funkcje BRG1 jako regulatora
transkrypcji, enzym ten jest stosunkowo doktadnie przeba-
dany pod katem potencjalnego zwiazku jego mutacji z roz-
wojem nowotworéw. Mutacje punktowe, insercje i delecje
w obrebie genéw kodujacych BRG1 oraz kluczowe podjed-
nostki kompleksu SWI/SNF - ARID1A czy SNF5 wystepu-
ja érednio w 20% nowotworéw ludzkich. Zidentyfikowano
je w nowotworach: pluc, jajnikéw, uktadu pokarmowego,
prostaty, a takze w chloniakach, glejakach oraz czerniakach
[17]. Moga one powodowa¢ nabywanie lub utrate funkcji
biatek, wptywacé na poziom ich ekspresji czy aktywnos¢ en-
zymatyczng ATPaz [15].

Mutacje wywolujgce inaktywacje BRG1 obecne sa w 25%
linii niedrobnokomérkowego raka ptuc (NSCLC), a gen ko-
dujacy BRG1 zajmuje czwarte miejsce wérod gendéw najcze-
Sciej ulegajacych mutacjom w tym typie nowotworu [18].
Brak ekspresji BRG1/BRM u pacjentéw z NSCLC skutkuje
krétszym przezyciem w poréwnaniu do guzéw, w ktérych
ekspresja BRG1/BRM jest zachowana [19]. W wielu typach
nowotworéw zaobserwowano, ze mutacje skutkujace utrata
ekspresji BRG1 oraz BRM moga znaczaco wplywac na pro-
liferacje komoérek poprzez inaktywacje $ciezki sygnatowej
zwigzanej z biatkami retinoblastoma - RB: RB1, RBL1 oraz
RBL2, bedacymi kluczowymi czynnikami kontrolujacymi
przebieg cyklu komoérkowego. Co istotne przywrocenie
ekspresji BRG1 jak i BRM skutkowalo zatrzymaniem wzro-
stu komorek przez bialka z rodziny RB [20]. Mutacje zwiek-
szajace aktywnos¢ czy prowadzace do nadekspresji BRG1
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moga réwniez sprzyja¢ wzrostowi guzéw, poniewaz en-
zym ten kontroluje transkrypcje genéw odpowiedzialnych
za proliferacje i naprawe uszkodzent DNA [11]. Analiza da-
nych zdeponowanych w bazie amerykanskiego instytutu
do badan nad nowotworami (TCGA; ang. The Cancer Geno-
me Atlas) wykazala, ze mutacje ATPazy w inwazyjnych ra-
kach piersi dotyczyly tylko mniej niz 2% wszystkich bada-
nych przypadkéw, ale nadekspresje enzymu stwierdzono
juz w nowotworach pierwotnych i dotyczyly one od 35% do
az 100% przypadkéw w zaleznosci od badanego typu no-
wotworu. Wyzszy poziom BRGI zidentyfikowano w raku
jajnika, piersi, pluc i bardzo czesto wigzat sie on z gorszym
rokowaniem dla chorego [21]. Fakt, Ze nadekspresja BRG1
prowadzi do pogorszenia prognozy potwierdzaja badania
przeprowadzone na pacjentach z przewodowym rakiem
piersi, u ktérych zaobserwowano mniejsza przezywalnos¢
i krotszy czas wolny od nawrotéw. Dodatkowo, nadekspre-
sja BRG1 predysponowata do przerzutowania [22].

Réwniez druga z ATPaz kompleksu SWI/SNF - BRM
ulega mutacjom chodz w odréznieniu od BRG1 pojawiajg
sie¢ one znacznie rzadziej. Zmiana polega przewaznie na
obnizeniu poziomu BRM. Wystepuje ona zwykle w nowo-
tworach fagodnych i charakteryzujacych sie dobrym roko-
waniem [21,23].

Kolejna podjednostka SWI/SNF, ktorej aberracje predys-
ponuja do rozwoju nowotworéw, jest ARID1A. Podobnie
jak w przypadku BRG1, mutacje tego genu obserwowane sa
w wielu typach nowotworéw, ale najczesciej (bo az w 50%
przypadkéw) dotycza jasnokomoérkowego raka jajnika, a
utrata ARID1A moze by¢ jednym z pierwszych etapéw jego
rozwoju [23,24]. Wykazano takze, Ze spadek poziomu ARI-
D1A pogarsza rokowanie pacjentéw z nowotworami piersi

[25].

Mutacje w obrebie SNF5 sg obecne w 95% guzéw rab-
doidalnych - typowych dla wieku dzieciecego, ktére poja-
wiajq sie najczesciej w obrebie nerek i osrodkowego ukladu
nerwowego. W tych nowotworach mutacje genu kodujace-
go SNF5 powoduja najczesciej jego zanik w komorce [23].
Mutacje genu PBRM1 obnizaja lub calkowicie wyciszaja
jego ekspresje. Najczesciej spotykane sa w jasnokomorko-
wym raku nerek, gdzie predysponuja komérki do prolifera-
qji i przerzutowania, a takze wplywaja na poziom cytokin:
zwiekszajac produkgje 1I-65T i hamujac wydzielanie I1-8, 11-6
i CXCL2 [26]. W niektérych guzach PBRM ulega nadekspre-
sji 1 nasila transkrypcje genéw takich jak EpCAM, TGF-,
CDH2 warunkujacych agresywnos¢ nowotworu [27].

ARID2, ulega mutacjom inaktywujacym w nowotwo-
rach watroby (spowodowanych przez HPV) oraz w czer-
niakach [28]. W pierwszym typie utrata ARID2 powoduje
zmniejszong ekspresje interferonéw kontrolowanych przez
ARID2, co moze prowadzi¢ do niekontrolowanej prolifera-
qji zarazonych wirusem komorek watroby predysponujac z
kolei do rozwoju nowotworu [29].

Opisane mutacje w genach SNF5, ARID1A, PBRM oraz
BRM moga okaza¢ si¢ istotne dla biologicznej roli BRG1, po-
niewaz biatka z nich powstajace wystepuja w bezposrednim
sasiedztwie opisywanej ATPazy jako elementy komplek-
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sow SWI/SNF i reguluja ich aktywnoé¢ transkrypcyjng. W
szczego6Inosci istotne dla funkcjonowania SWI/SNF wyda-
ja sie by¢ mutacje SNF5, biatka ktére stanowi obok ATPaz
rdzeri kompleksu. W odniesieniu do interakcji z BRM, ale
takze obecnosci waznych jednostek regulatorowych m.in.
ARID1A/B i PBRM kompleksy SWI/SNF podzieli¢ mozna
na 2 grupy: BAF i PBAF. W pierwszej z nich BRG1 dziata
samodzielnie, w drugiej towarzyszy mu BRM i kontekscie
transkrypcji ATPazy te zaréwno wspotdziataja jak i wyka-
zujq dzialanie antagonistyczne [30]. Molekularne podstawy
ich wzajemnego oddzialywanie nie zostaty dotychczas wyja-
$nione. Towarzyszg im biatka ARID1A lub ARID1B pelniace
w komoérkach nowotworowych role supresora transkrypcji
zaleznej od BRG1/BRM [31]. Dla przykladu, pozbawienie
komorek jasnokomoérkowego raka jajnika aktywnosci ARI-
D1A uwalniato spauzowana w obrebie proksymalnych pro-
motoréw polimeraze 2 RNA indukujac masywna ekspresje
genéw. Dziatanie komplekséw PBAF opiera si¢ wylacznie
na aktywnoéci BRGI, ktéremu zawsze towarzyszy biatko
PBRM uznawane za supresora transkrypcji i ARID2 Iaczacy
aktywnosé¢ SWI/SNF z receptorami jadrowymi.

ROLA BRG1 W REGULOWANIU TRANSKRYPCJI
W KOMORKACH NOWOTWOROWYCH

Biatko BRG1 uczestniczy w regulowaniu transkrypcji
genoéw kluczowych dla przetrwania i wzrostu nowotworu
(Ryc. 2). Zjawiska aberracji w systemach kontroli cyklu ko-
morkowego, skutkujace omijaniem punktéw kontrolnych i
prowadzace do niekontrolowanych podziatéw, leza u pod-
staw kancerogenezy. Kluczowymi dla regulacji przebiegu
cyklu komoérkowego sa wspomniane wczesniej biatka z
rodziny retinoblastoma, ktére oddziatuja z BRG1 i moga
odpowiada¢ za zatrzymanie cyklu komoérkowego w ko-
morkach, nowotworu jelita grubego [32]. Ostatnio opubli-
kowana praca opisuje udzial BRG1 w pozytywnej regula-
qji progresji nowotworu piersi, gdzie enzym ten stymuluje
ekspresje genéw, ktérych produkty odpowiedzialne sa za
proliferacje komorek. Wsréd nich wymieni¢ mozna miedzy
innymi kinazy zalezne od cyklin i cykliny umozliwiajace
przechodzenie komoérek przez kolejne fazy cyklu (CDK2,
CDK4, CCNB), biatka punktéw kontrolnych reagujace na
zaburzenia integralnosci genomu (CHEK2) oraz biatka
uczestniczace w replikacji DNA, tworzace rusztowanie dla
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Rycina 2. Udzial BRG1 w determinowaniu wewnatrzkomérkowych proceséw. Bialkowe produkty genéw aktywowanych przez BRG1 uczestniczg w usuwaniu cytostaty-
kow (transportery ABC), wielu systemach naprawy DNA (NEIL3, LIG1), proliferacji (CDK4) i syntezie kwasow tluszczowych (ACC, FASN). Fosforylacja biatek retinobla-
stomy przez kompleksy CDK4/Cyklina D w fazie G1 uniemozliwia tworzenie RB-zaleznych kompleksow represorowych w promotorach m.in. cykliny E, ktéra niezbedna
jest do przejscia z poznej fazy G1 do S. Skuteczne dziatanie systemow zapewniajacych integralnos¢ genomu gwarantuje przejscie komorki przez punkty kontrolne na
granicy kolejnych faz. Synteza kwasu palmitynowego zapewnia szybko dzielacej sie komoérce zrédlo energii i podtrzymuje status proliferacji. Obecnos¢ transporteréw
ABC w blonie chroni komérke przed niekorzystnym dzialaniem toksycznych zwigzkéw.
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polimerazy DNA (PCNA). Na opublikowanej licie genéw
zwiazanych z proliferacja, ktére ulegaja nadekspresji w ko-
moérkach nowotworu piersi i charakteryzuja sie obecnoscia
BRGI1 w ich acetyloywanych promotorach znajduja sie réw-
niez bialka tworzace kinetochor, polimerazy DNA i czynniki
replikagji takie jak GINS1-4 i RFC3-4. W opisanym modelu
BRGI1 dziata dwojako: (a) bezposrednio reguluje ekspresje
genéw zwiazanych z proliferacja usuwajac z ich sekwencji
promotorowych acetylowane nukleosomy; (b) stymulujac
podzialy mitotyczne zapobiega tworzeniu si¢ represyjnych
komplekséw RB1-HDAC1-EZH2 w obrebie motywéw E2F
na ich promotorach, uniemozliwiajac tym samym zatrzy-
manie cyklu komérkowego w fazie G1 [11].

Geny, ktoérych produkty sa elementem systeméw napra-
wy DNA ulegaja czesto mutacjom w nowotworach. Abbera-
cje powodujace zaburzenia w mechanizmach odpowiedzial-
nych za usuwanie uszkodzeri materialu genetycznego w
polaczeniu z utrata kontroli na granicy kolejnych faz cyklu
komoérkowego sa Scisle zwigzane ze zlodliwa transformacja.
Chociaz niestabilno$¢ genomu jest konieczna dla zmiany
komoérek prawidlowych w nowotworowe to od pewnego
momentu réwniez komoérki nowotworowe moga potrzebo-
wac skutecznych systeméw naprawy DNA, ktére zapewnia
im przetrwanie w warunkach zwiekszonej produkcji reak-
tywnych form tlenu i umozliwig inwazje odlegtych tkanek.
Rola systeméw naprawy DNA w progresji nowotworéw
pozostaje kwestig sporng i wydaje sie by¢ uzalezniona od
rodzaju nowotworu [33]. W nowotworze piersi, zaréwno w
komoérkach pierwotnych jak i liniach pozyskanych z prze-
rzutéw, wyrazna jest tendencja do wzrostu poziomu eks-
presji genéw zwiazanych z wieloma systemami naprawy
DNA wraz ze wzrostem stopnia agresywnosci i tempem
proliferacji komorek [11]. Transkrypcyjna kontrola i zmiany
epigenetyczne zachodzace w obrebie regionéw regulatoro-
wych genéw zwiazanych z usuwaniem uszkodzern DNA
byly do niedawna stosunkowo slabo opisane w literaturze.
W najnowszych doniesieniach wykazano, ze niekontrolo-
wany wzrost oraz podzialy mitotyczne sa czynnikami de-
terminujacymi programy transkrypcyjne w nowotworach
[34]. Dalsze badania przeprowadzone na komoérkach no-
wotworu piersi powiazaly transkrypcje przynajmniej czesci
genéw odpowiedzialnych za naprawe uszkodzenn DNA,
ktérych promotory charakteryzowaly sie obecnoscia wysp
CpG i motywoéw dla czynnikéw E2F, z tempem proliferacji
komorek oraz z aktywnoscia BRG1. Wséréd genéw regulo-
wanych przez opisane wczeéniej funkcjonalne kompleksy
skladajace si¢ z EP300, HDACI i BRG]l wymieni¢ mozna
m.in. BRCA1, BRCA2, XRCC1, XRCC2, LIG1, EXO1, NEIL3,
ktérych produkty sa waznymi elementami szlakéw napra-
wy przez wycinanie zasady (BER, ang. Base Excision Repair),
naprawy poprzez wycinanie nukleotydu (NER, ang. Nuc-
letide Excision Repair), naprawy peknie¢ jednoniciowych
(ssBR, ang. Single-Strand Break Repair) i rekombinacji homo-
logicznej (HR, ang. Homologous Recombination [11,35]. I po-
dobnie jak w przypadku genéw odpowiedzialnych za proli-
feracje, nasilenie ekspresji genéw zwigzanych z usuwaniem
uszkodzenn DNA jest wypadkowa dziatania BRGI jako inhi-
bitora zatrzymania cyklu komérkowego oraz jego zdolnosci
do usuwania acetylowanych przez EP300 histonéw [10-12].
Na dlugiej liscie genéw ulegajacych nadekspresji w no-
wotworach piersi i zwigzanych z ochrong materialu gene-
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tycznego, ktérych promotory wykazywaly wysoki stopieri
acetylacji i obecnos¢ BRG1, znalezé mozna réwniez enzymy
modyfikujace chromatyne i DNA, ktérych aktywno$é ma na
celu ulatwienie maszynerii naprawczej dostepu do uszko-
dzonych fragmentéw genomu.

Zjawisko opornosci wielolekowej (MDR, ang. Multi-
drug Resistance) stanowi problem w leczeniu pacjentéw
zakwalifikowanych do chemioterapii i zmusza lekarzy do
podnoszenia dawek stosowanych cytostatykow. Zwieksza
to ryzyko uszkodzenia zdrowych tkanek i narzadéw oraz
wystapienia skutkéw ubocznych. Opornoéé wieloleko-
wa dotyczy okoto 45% nowotworéw pierwotnych i roénie
wraz z liczba przeprowadzonych cykli chemioterapii [36].
Za opornos¢ wielolekowa odpowiedzialne sa transportery
ABC (ang. ATP-Binding Cassette), ktére w komoérkach pra-
widlowych pelnig funkcje fizjologiczna transportujac przez
blony substancje odzywcze, produkty metabolizmu i leki
[37]. Rodzina transporteréw ABC obejmuje az 48 bialek [38].
Komérki nowotworowe m.in. jelita grubego, trzustki, jajni-
ka, piersi, glejaki czy biataczki wykorzystuja niektére z nich
m.in. ABCB1 (glikoproteina P), ABCC1 (MRP1; ang. Mul-
tidrug Resistance-associated Protein 1) i ABCG2 (BCRP; ang.
Breast Cancer Resistance Protein) do usuwania wielu grup
cytostatykow [39]. Wéréd lekéw przeciwnowotworowych
bedacych substratami biatek ABC wymienia sie cisplatyne,
5-fluorouracyl i wiekszoé¢ antracyklin, w tym najczesciej
stosowana doksorubicyne [37,39]. Wedlug danych litera-
turowych wysoka ekspresja receptoréw z rodziny ABC
koreluje dodatnio ze stopniem zlosliwosci i opornosci na
chemioterapeutyki a tym samym ze znacznie gorsza pro-
gnoza w grupie pacjentéw ze zdiagnozowana ostra biatacz-
ka limfoblastyczng, nowotworem prostaty, nerek, czy ptuc
[40]. Stosunkowo nowe badania wykazaly, Ze w mechanizm
powstawania opornosci wielolekowej moze by¢ zaangazo-
wane biatko BRG1. W komérkach nowotworu piersi BRG1
wystepuje w poblizu miejsca inicjacji transkrypcji genéw
kodujacych transportery takie jak: ABCB1, ABCC1, ABCC2,
ABCC3, ABCC4, ABCC5, ABCC11, ABCGI1, determinuje
poziom transkrypcji genéw, a wyciszenie ATPazy powo-
duje akumulacje lekéw wewnatrz komorek. Sugeruje to,
ze przynajmniej czes¢ BRG1-zaleznych genéw kodujacych
transportery ABC odpowiada za ochrone komoérek nowo-
tworowych przed dzialaniem lekéw.

Omawiajac role BRG1 w determinowaniu (pato)fizjologii
komorek nowotworowych nalezy wspomnie¢ o udziale tego
enzymu w regulowaniu transkrypcji genéw aktywowanych
przez jadrowe receptory hormonozalezne. Pierwsze donie-
sienia dotyczace tego zagadnienia pochodza z polowy lat
dziewieédziesiatych ubieglego wieku, kiedy to wykazano,
ze ludzkie homologi drozdzowych biatlek SWI2 i Brahma
- BRG1 i BRM, stymulowaly ekspresje genéw podczas ko-
ekspresji z receptorem estrogenowym czy retinoidowym w
komorkach linii HepG2 [41]. Pézniejsze doniesienia wyka-
zaly, ze w estrogenozaleznych komorkach raka piersi geny
kodujace katepsyne D czy TFF1 (pS2) ulegaty aktywacji w
nastepstwie zwigzania receptora estrogenowego wytacznie
w obecnosci BRG1. ATP-aza wigzata sie z promotorami ge-
néw posiadajacych w sekwencjach promotorowych motyw
wrazliwy na estrogeny (ERE; ang. Estrogen Responsive Ele-
ment) za posrednictwem receptora estrogenowego, gdzie
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usuwala nukleosomy umozliwiajac transkrypcje. Za wysoki
stopieri acetylacji sekwencji promotorowych badanych ge-
néw odpowiadaty acetylotransferazy SRC1 oraz CBP, ktore
podobnie jak BRGI trafialy w miejsce docelowe w formie
zwigzanej z receptorem estrogenowym tworzac wielopo-
djednostkowa funkcjonalna jednostke regulatorowa. Nale-
zy zwrdci¢ uwage na role BRG1-SRC1/CBP-ER-zaleznych
genéw w progresji opisywanego typu nowotworu [42].
Wspomniana wczeéniej katepsyna D jest proteaza lizoso-
malng, ktérej zadaniem jest aktywowanie prekursoréw bia-
tek przez odcinanie ich fragmentéw. Jej pro-nowotworowa
rola polega na stymulowaniu proliferacji oraz angiogenezy.
Warto nadmieni¢, zZe jej nadekspresje zaobserwowano w
wielu przypadkach raka piersi i byta ona zwiazana z gor-
szym rokowaniem - sklonnoscia do przerzutowania oraz
kroétszym przezyciem pacjenta [43]. Drugie z wymienio-
nych bialek - TFF1 ulega ekspresji we wszystkich tkankach
zdolnych do wydzielania §luzu obecnych m.in. w uktadzie
pokarmowym. W jelicie stymuluje naprawe uszkodzen bto-
ny $luzowej i angiogeneze, a zwiekszony poziom tego czyn-
nika we krwi pacjentéw cierpigcych na raka piersi koreluje
ze sktonnoscia do przerzutowania [44].

Kompleksy SWI/SNF umozliwiaja réwniez dziatanie re-
ceptora androgenowego (AR, z ang. Androgen Receptor).
Wykazano, ze kompleks ten jest niezbedny do aktywowa-
nia transkrypcji genu PSA (ang. Prostate-Specific Antigen).
Badania pokazuja, ze wiekszy wpltyw na dzialanie recepto-
ra androgenowego wykazuje BRM niz BRG1, podczas gdy
transkrypcja genéw kontrolowanych przez receptor estro-
genowy jest z podobna wydajnoscia aktywowana przez
obydwie ATPazy [45].

W wielu nowotworach dochodzi do zwigkszonej synte-
zy de novo kwaséw ttuszczowych, a aktywnosc¢ i ekspresja
lipogennych enzymoéw charakteryzuje bardziej zaawanso-
wane i zlosliwe guzy. Zaklada sig, Ze stymulacja syntezy li-
pidéw ma pomoéc nowotworom przetrwac i zachowacé zdol-
nos¢ do proliferacji w czesto stabo unaczynionych guzach,
w ktérych ekspansywnej komoérce nowotworowej brakuje
sktadnikéw odzywczych. Gtéwnym regulatorem ekspresji
wiekszosci enzyméw zwigzanych z lipogeneza jest czynnik
transkrypcyjny SREBP (ang. Sterol Regulatory Element Bind-
ing Protein) [46]. W prawidlowych hepatocytach BRG1 od-
grywa role epigenetycznego kofaktora czynnika SREBP1c
i umozliwia transkrypcje genéw, ktérych produkty sa za-
angazowane w estryfikacje kwasow ttuszczowych. ATPaza
wchodzi w fizyczng interakcje z czynnikiem transkrypcyij-
nym, ktéry transportuje ja do docelowych sekwencji promo-
torowych, gdzie enzym ten zmienia konformacje chroma-
tyny ulatwiajac interakcje SREBP z wiasciwym motywem
w genomie [47]. Przypomina to mechanizm opisany wyzej
dla receptora estrogenowego. BRG1 reguluje ekspresje ge-
néw kodujacych karboksylaze acetylo-CoA (ACC), syntaze
kwasow ttuszczowych (FASN), liaze ATP-cytrynianowa
(ACLY), ligaze dlugotaricuchowych kwaséw ttuszczowych-
-CoA 1 (ACSL1) i lipine 1 (LPIN1). Kluczowymi dla utrzy-
mania prawidlowej gospodarki lipidowej w nowotworach
sq gtownie ACC i FASN. ACC odpowiada za synteze ma-
lonylo-CoA z acetylo-CoA, natomiast FASN katalizuje syn-
teze kwasu palmitynowego z uzyskanego malonylo-CoA.
Badania przeprowadzone na komoérkach raka piersi po-
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twierdzily udzial BRG1 w regulowaniu ekspresji wymie-
nionych wyzej genéw, a obecnoé¢ BRG1 zaobserwowano w
ich sekwencjach promotorowych [48]. Ponadto, to poziom
kwasu palimitynowego okazat si¢ kluczowy dla proliferacji
komérek nowotworowych. Dane te jednoznacznie potwier-
dzaja zaangazowanie BRG1 w regulowanie metabolizmu
komérek raka piersi poprzez wplyw na lipogeneze.

BRG1 JAKO POTENCJALNY CEL TERAPII
PRZECIWNOWOTWOROWYCH -
PERSPEKTYWY I OGRANICZENIA

Jak opisano wyzej, kompleksy SWI/SNF dzialajace w
oparciu o aktywnos¢ BRG1 warunkuja pewne cechy ko-
morek nowotworowych, ktére sa istotne dla ich szybkiego
wzrostu i zapewniaja opornos¢ na dzialanie przynajmniej
czesci lekéw stosowanych obecnie w terapiach przeciwno-
wotworowych. Niedawno opublikowane prace wykazaty,
ze komorki dwdch linii nowotworu piersi pozbawione ak-
tywnoéci BRG1 tracily zdolnoéé do podziatéw i wzrostu,
poniewaz w proliferujacych komoérkach enzym ten akty-
wowal transkrypcje genéw kodujacych czynniki odpowie-
dzialne na podzialy mitotyczne. Biorac pod uwage specy-
fike promotoréw tych genéw, ktéra w znacznym stopniu
uzaleznia ekspresje od statusu proliferacji, a w mniejszym
od specyfiki tkankowej, prawdopodobne wydaje sig, ze
BRG1 moze przyczyniaé sie¢ do wzrostu takze innych ty-
péw nowotworéw. Enzym ten moze zatem postuzy¢ jako
cel interwencji terapeutycznej pod warunkiem, ze ulega on
ekspresji i wystepuje w formie niezmienionej przez ewen-
tualne mutacje, ktére moglyby wptywac na jego aktywnosc
lub oddzialywanie z chromatyna. Swoiste inhibitory BRG1
moga w przyszlosci postuzy¢ jako narzedzia do hamowania
wzrostu guzéw nowotworowych, co wydaje sie szczeg6l-
nie istotne w perspektywie ograniczania rozwoju nowo-
tworéw hormononiezaleznych, gdzie zaséb mozliwych do
zastosowania zwigzkoéw o niskiej toksycznosci w stosunku
do komoérek prawidlowych jest dos¢ mocno ograniczony.
Umozliwianie ekspresji genéw znajdujacych sie pod kon-
trola receptora estrogenowego przez BRGI sugeruje, ze
ograniczenie jego aktywnosci moze stanowic¢ alternatywe
dla selektywnych modulatoréw receptora estrogenowego
(SERMs), ktére obecnie sa stosowane w leczeniu nowo-
tworéw hormonozaleznych. Stanowig one az 74% wszyst-
kich zdiagnozowanych przypadkéw rocznie. Wydaje sie to
wazne w kontekscie nabywania przez komérki opornosci
na SERMs, co dotyczy az jednej trzeciej przypadkéw nowo-
tworéw estrogenozaleznych [49]. Ponadto, zahamowanie
aktywnosdci BRG1 moze zwieksza¢ wrazliwos¢ komoérek
proliferujacych na dziatanie pewnych grup lekéw przeciw-
nowotworowych, poniewaz wywoluje ono represje genéw
kodujacych transportery blonowe usuwajace substancje
toksyczne oraz geny kodujace czynniki biorgce udziat w
naprawie DNA. Stad wytania sie¢ mozliwoé¢ wykorzystania
inhibitoréw BRG1 w terapiach skojarzonych, a najbardziej
obiecujaca w tym kontekscie grupa chemioterapeutykéw
wydaja sie by¢ antracykliny. Terapie skojarzone oparte na
antracyklinach moga wykorzystywaé obydwie wymienio-
ne ,stabosci” komoérek pozbawionych aktywnosci BRGI,
poniewaz sg jednoczesnie substratami bialek ABC oraz po-
woduja uszkodzenia DNA. Leki te sa obecnie szeroko sto-
sowane w terapiach nowotworéw piersi (32%), chtoniakéw
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(57-70%) oraz nowotworéw u dzieci (50-60%). W grupie
lekéw przeciwnowotworowych doksorubicyna uplasowata
si¢ na miejscu pigtym zaréwno pod wzgledem czestosci sto-
sowania jak réwniez kosztéw leczenia ponoszonych przez
Narodowy Fundusz Zdrowia. Pomimo faktu, ze antracy-
kliny sa udokumentowanymi substratami biatek ABC i sa
aktywnie usuwane z komoérek nowotworowych, w dalszym
ciggu ich zastosowanie w chemioterapii nie maleje. Wyci-
szenie BRG1 wywoluje réwniez wzrost cytotoksycznosci
antymetabolitéw (gemcytabiny, 5-fluorouracylu), inhibito-
réw mitozy (paklitakselu) i lekéw alkilujgcych (cisplatyny
i cyklofosfamidu).

Pomimo wymienionych przestanek w podjeciu préb
klinicznego zastosowania ograniczenia aktywnosci BRG1
czynnikiem limitujacym jest obecnos¢ tylko jednego, komer-
cyjnie dostepnego inhibitora tego enzymu - PFI3. Wedtug
bazy ClinicalTrials.gov nie jest on przedmiotem zadnego
prowadzonego obecnie badania, brakuje zatem informacji o
zaréwno pozytywnych jak i ubocznych efektach jego dzia-
tania. Sytuacje dodatkowo komplikuje fakt, ze hamuje on
aktywnosé obydwu ATPaz wystepujacych w kompleksach
SWI/SNF - BRGL1 i BRM, co wynika z wysokiej homologii
obydwu enzymoéw. Biorac pod uwage zlozone wzajemne
relacje funkcjonalne pomiedzy dwiema ATPazami, ktérych
podloze dotychczas nie zostalo poznane, trudno przewi-
dzie¢ jaki wplyw na zywotnos¢ i proliferacje réznych ty-
poéw nowotworéw bedzie mie¢ jednoczesna inhibicja BRG1
i BRM. Nawet swoiste hamowanie aktywnosci BRG1 moze
potencjalnie przynieé¢ odwrotne do zamierzonych efekty,
poniewaz enzym ten pelni w komoérkach zaréwno funk-
gje aktywatora transkrypgji jak i represora. Trudno zatem
przewidzie¢ skutki przywrécenia ekspresji pewnej puli
genow, ktéra wyciszona jest przez BRG1. Nalezy zwrécié
takze uwage na fakt, ze kompleksy SWI/SNF kontroluja
transkrypcje w komérkach prawidlowych, stad ich inhibicja
moze nie pozosta¢ bez wplywu na funkcjonowanie tkanek
czy nawet catych narzadow.

Pewnym ulatwieniem w prébach swoistej inhibicji BRG1
moze okaza¢ sie fakt wspotpracy BRG1 z innymi enzyma-
mi remodelujacymi chromatyne. Enzym ten pelni funkcje
,dekodera” informacji zapisanej w kodzie epigenetycznym,
wiec o usunieciu nukleosoméw z danej sekwencji promo-
torowej, a tym samym aktywowaniu lub hamowaniu eks-
presji genu zaleznego od aktywnosci BRG1, decyduja inne
enzymy modyfikujace histony takie jak acetylotransferazy i
deacetylazy, metylotransferazy czy demetylazy oraz wiele
innych. Sugeruje to, Ze inhibitory enzyméw modyfikuja-
cych histony, charakteryzujace sie zwykle stosunkowo duza
swoistodcig, moga posrednio hamowacé aktywnos¢ BRGI i
petni¢ w pewnych przypadkach role swoistych inhibitoréw
transkrypcji genéw BRG1-zaleznych. W omawianym kon-
tekscie zastosowanie moga znalez¢ takze inhibitory bromo-
domen [6,50]. Motywy te obecne sa w obydwu ATP-azach
SWI/SNF, ale takze w wielu enzymach wystepujacych na
chromatynie, réwniez w tych, ktére wspoétpracuja z BRGI.
Chociaz jednoczesne zahamowanie aktywnosci dwéch bia-
tek odpowiedzialnych za ekspresje genu wywola prawdo-
podobnie silniejszy efekt, to stosunkowo liczna grupa en-
zymow posiadajacych w swojej strukturze bromodomene
zmniejszy¢ moze swoistoé¢ dziatania inhibitora.
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Co istotne szczegdlnie w kontekscie klinicznym, aktyw-
noé¢ transkrypcyjna komplekséw EP300-BRG1 jest regulo-
wana przez PARP1. Dotyczy to przynajmniej czeéci genow
E2F-zaleznych, zawiazanych z proliferacja i naprawa DNA.
Inhibitor PARP1 - olaparib w badanych liniach nowotworu
piersi okazal sie represorem obydwu grup genéw. Mozna
zatem przypuszczad, ze zakres stosowania inhibitoréw tego
enzymu, ktére zostaly dopuszczone przez amerykarnska
Administracje Zywnoéci i Lekéw (FDA; ang. Food and Drug
Administration) do leczenia wybranych typéw nowotworéw,
ulegnie rozszerzeniu gdyz nadrzedna role w regulowaniu
ekspresji przynajmniej czesci genéw zwigzanych z prolife-
racja i naprawa DNA odgrywa status proliferacji komorek.
Jest zatem prawdopodobne, ze PARP1, ktérego poziom jest
wysoki w wiekszosci komoérek nowotworowych, okaze sie
aktywatorem ekspresji genéw kontrolowanych przez kom-
pleksy EP300-BRG1 wystepujace na promotorach CpG/
E2F-dodatnich w szerokim spektrum nowotworéw. Oprécz
opisanych wyzej i funkcjonalnie powigzanych genéw, na
dtugiej liscie promotoréw cechujacych sie obecnoscig kom-
plekséw PARP1-EP300- BRG1 w liniach nowotworu piersi,
znajduja sie rowniez te, ktére reguluja metabolizm, sygna-
lizacje wewnatrzkomoérkowa, organizacje wewnatrzko-
morkowych organelli, organizacje DNA czy potranslacyj-
ne modyfikacje histonéw. Inhibitory PARP1 moga znalez¢
zastosowanie w wyciszaniu wielu wewnatrzkomérkowych
procesé6w zaleznych od interakcji EP300 z BRG1, ktore sa
podstawa patofizjologii nowotworéw lub odpowiadaja za
brak wrazliwosci tych komorek na dzialanie lekow.

PODSUMOWANIE

Odkrycie molekularnego mechanizmu lezacego u pod-
staw udziatu komplekséw SWI/SNF opartych na aktyw-
nosci BRG1 w determinowaniu patofizjologii nowotworéw
umozliwia podjecie préb wykorzystania w przysztosci inhi-
bitoréw BRG1 i/lub wspélpracujacych z nim enzymoéw w
monoterapiach lub terapiach skojarzonych do hamowania
wzrostu guzéw i zwiekszania ich wrazliwosci na dzialanie
niektérych lekéw. Niskie prawdopodobiefistwo uzyskania
swoistego inhibitora BRG1, wynikajace z jego duzego po-
dobieristwa do BRM, pociaga za soba uzasadniong koniecz-
nos¢ prowadzenia dalszych badari nad funkcjonalnymi za-
leznosciami pomiedzy BRGI i enzymami zaangazowanymi
w definiowanie kodu epigenetycznego w celu wylonienia
zwigzkéw posiadajacych potencjal do intencjonalnego re-
gulowania ekspresji wybranej puli gené6w BRG1-zaleznych.
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Contribution of BRG1-dependent SWI/SNF complexes
to determining the phenotype of cancer cell
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SUMMARY

ATP-dependent chromatin remodeling complexes are documented as indispensible element of epigenetic mechanisms, which control trans-
cription. These multiprotein functional units are capable of insertion, deletion and sliding of nucleosomes at the gene regulatory elements
thereby defining DNA accessibility to transcription machinery. SWI/SNF is one out of four identified and described complexes. The enzy-
matic role in SWI/SNF molecular “motors” is assigned to two ATP-ases: BRM and BRG1. Accumulating evidence suggests the link between
BRG1 and pathophysiology of some types of cancer. BRG1 has been documented as an activator of genes encoding factors responsible for
i.a. proliferation, DNA repair, transmembrane transport and metabolism. Therefore, inhibitors of BRG1 and co-operating enzymes, which
modulate activity of this ATP-ase or mark histones for shuttling to/from the chromatin, may turn out as an alternative to the compounds that
are currently used to suppress the growth of tumors or as supplements that increase cell vulnerability to anticancer drugs.
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Simple Summary: Cisplatin resistance is a common issue that affects patients with a variety of
cancers who are treated with this drug. In this research, we present a novel epigenetic mechanism
that controls the expression of ABC-family transporters, which are involved in multidrug resistance.
We report that the CoREST complex may be a key factor that determines the transcription of ABC
transporters in non-small cell lung and triple-negative breast cancer cells (A549 and MDA-MB-231,
respectively) treated with cisplatin. By occupying gene promoters, this multi-subunit repressor
prevents both an EP300-dependent increase in ABCC transcription induced by the alkylating drug
and gene overexpression in cisplatin-resistant phenotypes. Moreover, the CoREST-free promoter
of ABCC10 responds to cisplatin with EP300-mediated gene activation, which is only possible in
p53-proficient cells.

Abstract: Although cisplatin-based therapies are common among anticancer approaches, they are
often associated with the development of cancer drug resistance. This phenomenon is, among others,
caused by the overexpression of ATP-binding cassette, membrane-anchored transporters (ABC
proteins), which utilize ATP to remove, e.g., chemotherapeutics from intracellular compartments. To
test the possible molecular basis of increased expression of ABCC subfamily members in a cisplatin
therapy mimicking model, we generated two cisplatin-resistant cell lines derived from non-small cell
lung cancer cells (A549) and triple-negative breast cancer cells (MDA-MB-231). Analysis of data for
A549 cells deposited in UCSC Genome Browser provided evidence on the negative interdependence
between the occurrence of the CoREST complex at the gene promoters and the overexpression of
ABCC genes in cisplatin-resistant lung cancer cells. Pharmacological inhibition of COREST enzymatic
subunits—LSD1 and HDACs—restored gene responsiveness to cisplatin. Overexpression of COREST-
free ABCC10 in cisplatin-resistant phenotypes was caused by the activity of EP300 that was enriched at
the ABCC10 promoter in drug-treated cells. Cisplatin-induced and EP300-dependent transcriptional
activation of ABCC10 was only possible in the presence of p53. In summary, the CoREST complex
prevents the overexpression of some multidrug resistance proteins from the ABCC subfamily in
cancer cells exposed to cisplatin. p53-mediated activation of some ABCC genes by EP300 occurs once
their promoters are devoid of the COREST complex.

Keywords: CoREST; ABC-family transporters; multidrug-resistance; EP300; p53

1. Introduction

Cisplatin was approved as an anti-cancer drug in 1987; however, cisplatin-based
therapies are still commonly used against a variety of malignancies such as lymphoma,
lung, bladder, ovarian, cervical as well as head and neck cancers [1]. For non-small cell lung

Cancers 2022, 14, 894. https:/ /doi.org/10.3390/ cancers14040894 https://www.mdpi.com/journal/cancers


https://doi.org/10.3390/cancers14040894
https://doi.org/10.3390/cancers14040894
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0002-3100-1183
https://orcid.org/0000-0002-6265-5585
https://doi.org/10.3390/cancers14040894
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers14040894?type=check_update&version=1

Cancers 2022, 14, 894

2 of 20

cancer (NSCLC), cisplatin-based treatment is often the only effective approach, as 85-90%
of NSCLC patients lack mutations that allow for specific attack cancer cells in targeted
therapy [2]. Similarly, the lack of a molecule-specific cure for triple-negative breast cancer
(TNBC) patients imposes the need to apply conventional chemotherapy. Although cisplatin
is not considered a first-line treatment against TNBC, growing attention has been paid to
cisplatin combinations with other agents. This drug prevents DNA replication and gene
transcription by forming cross-links between alkylated DNA bases [3]. In response to DNA
adducts, ATM (ataxia telangiectasia mutated) and ATR (ATM and Rad3-related) kinases
undergo activation, phosphorylate CHK1/CHK2 and p53, thereby triggering death and
growth inhibition of cancer cells [4]. Although this alkylating agent emerged to be effective
against solid tumors, its use is often associated with the occurrence of severe side effects,
including nausea, vomiting, and nephro- and ototoxicity. Moreover, the phenomenon of
cisplatin resistance is a serious issue. While some cancers may be naturally resistant to this
drug, others might decline their responsiveness over the course of anti-cancer treatment [5].
Loss of cell vulnerability to drugs is quite complex and involves changes in cancer cell
biology at many levels. The mechanism of cisplatin resistance is frequently associated with
alterations in drug transport through the cellular membrane, drug detoxication, enhanced
or lowered effectiveness of DNA damage repair, inhibition of apoptosis, and overexpression
of anti-apoptotic proteins [6]. In particular, efflux of cisplatin was reported to be mediated
by increased glutathione concentration (GSH), overexpressed glutathione-S-transferase
(GST), and ABC-family (ATP-binding cassette) transporters in cisplatin-resistant NSCLC.
GST catalyzes conjugation of cytotoxic drug and GSH, and then the less toxic complex is
transported outside the cancer cell by ABC family members [7].

ABC transporters utilize energy from ATP hydrolysis to shuttle a variety of small
biological compounds such as ions, nutrients, and drugs through the cellular membrane [8].
Some of these proteins are overexpressed in a variety of drug-resistant cancers. These
include ABCBI1 (glycoprotein P, MDR1), ABCC1 (MRP1—multidrug resistance protein
1), ABCC2 (MRP2), ABCC4 (MRP4), ABCC5 (MRP5), and ABCG2 (BCRP—breast cancer
resistance protein) in cisplatin-resistant cells [9-15]. Only three of these—ABCC2, ABCC5,
and ABCC6—were reported to actively transport cisplatin out of the cell [16]. This suggests
that cisplatin-induced overexpression of ABC genes may provide cancer cell resistance to
other drugs. Moreover, ABC transporters reveal low substrate specificity.

Transcription efficiency of ABC genes is elevated in response to stressors such as oxida-
tive stress or drug-related toxicity, transcription factors, e.g., NF-kB, Nrf2, p53, chromatin
remodeling enzymes as well as tyrosine kinase effectors (Akt or ERKs), which transduce
signals to chromatin [17,18]. Increased activity of p53, caused by gain-of-function mu-
tations, was documented to enhance the activity of the ABCB1 promoter in a variety of
cancer cell types [19]. In response to UV radiation or different compounds, including
chemotherapeutics, the MDR1 enhancesome, which comprises two histone acetylases—
P/CAF and EP300 (E1A binding protein P300)—as well as transcription factors Sp1, Sp3,
NF-Y—was found at the promoter of the ABCBI gene. Recruitment of the above-mentioned
enhancesome to chromatin results in increased chromatin accessibility to transcriptional
apparatus due to the histone acetylation by the above-mentioned acetylases [20]. Enzy-
matic activity of EP300 controls cellular processes such as cell proliferation and DNA repair;
hence, it plays an important role in tumorigenesis [21,22]. Some reports indicate that EP300
acetylates, stabilizes, and activates p53 overexpression of which inhibits caspase 9 in the
human lung cancer cell line H1299, thereby allowing these cells to avoid cisplatin-induced
apoptosis [23,24]. More recent papers also indicate another functional link between these
two proteins, where p53 overexpression in H1299 promotes self-acetylation and, hence,
increased activity of EP300 and elevated acetylation of H3K18 [25]. Moreover, identification
of chromatin regions enriched in EP300 indicated the recruitment of acetylase to p53-driven
promoters in a p53-dependent manner in human lung cancer cells [26]. These findings
suggest the possible implication of p53-EP300 mutual interdependence in the development
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of multi-drug resistance. Particularly, EP300 bromodomain inhibitor, I-CBP112, recently
emerged as an ABC gene repressor in p53 wild-type cell lines [27].

In contrast to EP300, histone deacetylases (HDACs) that oppose acetylase activity
may inhibit some ABC genes, as treatment with HDAC inhibitors increased ABCB1 expres-
sion [28]. Similar to HDACs, LSD1 (lysine-specific demethylase—also known as KDM1A)
is capable of suppressing ABC-family gene expression upon deficiency of EP300 activity.
Inhibition of LSD1 counteracts suppression of ABCCI and ABCC10 expression caused by
EP300 bromodomain inhibitor [27].

Although LSD1 removes transcription-promoting chromatin signatures by erasing
methyl groups from di- and monomethylated lysine 4 of histone 3, it requires the CoOREST
(REST corepressor 1 or RCOR) to function on a nucleosome and not only histones [29]. The
latter protein links LSD1 with HDAC1/2 activity since the two histone deacetylases associ-
ated with REST (RE1-silencing transcription factor) and Sin3 form a core of a chromatin
remodeling complex, which is responsible for the repression of numerous genes [30,31].
Considering the above-mentioned examples of HDAC and LSD1 contribution to down-
regulation of some ABC gene promoter activity, the involvement of the CoREST complex
in the regulation of multi-drug resistance seems possible. Moreover, the referred papers
highlight the role of EP300 and p53 in controlling the cellular level of protein transporters
functionally associated with an active drug efflux, thus their potential involvement in the
development of cisplatin resistance in cancer cells.

These premises prompted us to test the possible molecular link between CoREST
complex occurrence at the promoters of the ABCC gene subfamily of ABC transporters
and their overexpression in cisplatin-resistant cancer cells. For this purpose, we generated
two cisplatin-resistant cell lines derived from non-small cell lung cancer cells (A549) and
triple-negative breast cancer cells (MDA-MB-231), where cisplatin is considered in mono-
or combined neo- or adjuvant chemotherapy. Furthermore, we compared the interac-
tion of EP300 and p53 with CoREST-bound and -free ABCC gene promoters with their
responsiveness to cisplatin.

2. Materials and Methods
2.1. Materials

The A549 cell line was purchased from ATCC. The MDA-MB-231 cell line was pur-
chased from Sigma-Aldrich. DMEM High Glucose w/L-Glutamine w/Sodium Pyruvate,
fetal bovine serum, and antibiotics (penicillin and streptomycin) were purchased from
Biowest (CytoGen, Zgierz, Poland). Lipofectamine RNAiMAX, OptiMem, Dynabeads™
Protein G, High-Capacity cDNA Reverse Transcription Kit, PageRuler™ Prestained Pro-
tein Ladder (10 to 180 kDa), SuperSignal™ West Pico Chemiluminescent Substrate, TRI
Reagent™, Pierce™ Protease Inhibitor Tablets (EDTA-free; PIC), Goat anti-Mouse IgG
(H+L) Secondary Antibody, HRP (#32430), SlowFade™ Glass Soft-set Antifade Mountant
(with DAPI), anti-MRP10 (ABCC10) Polyclonal Antibody (#PA5101678), UltraPure™ Phe-
nol:Chloroform:Isoamyl Alcohol (25:24:1, v/v) (#15593031), TagMan™ universal master mix
II), TagMan™ gene expression assays: ABCC3 (Hs00978452_m1), ABCC4 (Hs00988721_m1),
ABCC10 (Hs01056200_m1), ACTB (Hs01064292_g1), GAPDH (Hs02786624_g1), and TBP
(Hs99999910_m1) were purchased from Thermo Fisher Scientific (Thermo Fisher Scientific,
Warsaw, Poland). ChIP-grade antibodies: anti-ABCC3 (#D8VS8]), anti-ABCC4 (#D2Q20),
anti-LSD1 (#2139) normal rabbit IgG (#2729), p53 (#7F5) anti-histone H3 (#1B1B2), anti-
H3K27ac (#D5E4), and anti-EP300 (#D2X6N) were purchased from Cell Signaling Tech-
nology (LabJOT, Warsaw, Poland). iEP300 (C646, #10549) and cisplatin (#13119) were
purchased from Cayman Chemical (Biokom, Janki/Warsaw, Poland). Nunc™ Lab-Tek™
Chamber Slide was ordered from Biokom, Janki/Warsaw, Poland. L15 Medium, oligonu-
cleotides for real-time PCR, Sodium butyrate (303410-5G), KAPA SYBR® FAST Universal
2x, Anti-CoREST Antibody (#07-455), resazurin sodium salt were ordered from Sigma-
Aldrich (Poznan, Poland). For transient gene silencing, siRNA Control (sc-37007) and
siRNA P53 (sc-29435) were purchased from Santa Cruz Biotechnology (AMX, Lodz, Poland).
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2.2. Cell Culture and Treatment with Inhibitors

A549 cells were cultured in DMEM supplemented with 10% FBS, penicillin—streptomycin
(50 U/mL and 50 pg/mL, respectively) in 5% CO,. MDA-MB-231 cells were initially
cultured in L15 medium supplemented with 15% FBS, penicillin-streptomycin (50 U/mL
and 50 pg/mL, respectively) without CO, equilibration. After five passages, cells were
adapted to grow in DMEM supplemented with 10% FBS, penicillin—streptomycin (50 U/mL
and 50 pg/mL, respectively) in 5% CO;. For both cell lines, culture medium was replaced
twice a week.

Before treatment cells were seeded on culture plates and maintained at the logarithmic
growth phase, the compounds: C646 (5 pM; iEP300), cisplatin (10 uM), and sodium butyrate
(0.1 mM, iHDAC) were added to cells in a single dose for 24 h prior to analysis. All the
concentrations, as well as incubation times, were assessed based on our own results.

2.3. Cisplatin Resistance Induction

A549 and MDA-MB-231 cells were cultured in DMEM supplemented with 10% FBS,
penicillin-streptomycin (50 U/mL and 50 pg/mL, respectively) in 5% CO;. Both cell lines
were seeded into 25 cm? culture bottles. In the period of 5 months, depending on the
cell proliferation status (approximately every 3 weeks), the cells were treated with 10 uM
cisplatin, since it is within the cisplatin therapeutic range of 1000-5000 pg/L [32]. Cells were
incubated with the compound for 48 h. After incubation, the medium containing cisplatin
was removed, and cells were washed with PBS and replaced with fresh cisplatin-free
medium twice a week.

2.4. Resazurin Toxicity Assay

Non-resistant and cisplatin-resistant cells were seeded in 96-well plates and treated
with varying concentrations of cisplatin (0; 0.01; 0.1; 0.5; 1; 5; 10; 25; 50; 100 (uM)), doxoru-
bicin (0; 0.01; 0.025; 0.05; 0.1; 0.2; 0.3; 0.4; 0.5; 1 (uM)) and paclitaxel 0; 0.0005; 0.001; 0.005;
0.01;0.1; 0.5; 1; 5; 10 (uM)). After 48 h incubation with the drugs, resazurin solution (5 M)
was added to the plates and incubated for 4 h in 37 °C. Next, fluorescence indicating the
number of living cells was measured with a fluorescence microplate reader (BioTek Synergy
HTX, Biokom, Poland) at 530ex/590em nm. The fluorescence value of untreated cells was
assumed as 100%.

2.5. Quantification of Gene Expression

For the sake of gene expression evaluation, mRNA was extracted from cells using
TRI Reagent™. Afterward, mRNA was reverse transcribed with the High-Capacity cDNA
Reverse Transcription Kit. ¢cDNA fragments were amplified in real-time PCR (KAPA
SYBR® FAST Universal 2x or TagMan™ universal master mix II); CFX96 C1000 Touch,
BioRad Warsaw, Poland) using the following primer pairs: ABCC10 Forward: 5’ CGGGT-
TAAGCTTGTGACAGAGC 3/, Reverse: 5’ AACACCTTGGTGGCAGTGAGCT 3'; ABCC2
Forward: 5 AATCAGAGTCAAAGCCAAGATGCC 3/, Reverse: 5 TAGCTTCAGTAG-
GAATGATTTCAGGAGCAC 3'; ABCC3 Forward: TCCTTTGCCAACCTTTCTCTGCAAC-
TAT, Reverse: 5 CTGGATCATGTCTGTCAGATCCGT 3'; ABCC4 Forward: 5 TGATGAGC-
CGTATGTTTTGC 3/, Reverse: 5’ CTTCGGAACGGACTTGACAT 3’; ABCC5 Forward: 5/
AGAGGTGACCTTTGAGAACGCA 3/, Reverse: 5 CTCCAGATAACTCCACCAGACGG 3/;
ABCG2 Forward: 5 CCGCGACAGCTTCCAATGACCT 3/, Reverse: 5 GCCGAAGAGCT-
GCTGAGAACTGTA 3'. The following housekeeping genes were used for normalization:
GAPDH Forward: 5 TTCTTTTGCGTCGCCAGCCGA 3/, Reverse 5 GTGACCAGGCGC-
CCAATACGA 3’; HPRT1 Forward: 5 TGACACTGGCAAAACAATGCA 3'. Reverse: 5
GGTCCTTTTCACCAGCAAGCT 3'; TBP Forward: 5 CACGAACCACGGCACTGATT 3/,
Reverse: 5 TTTTCTTGCTGCCAGTCTGGAC 3 or TagMan™ gene expression assays.
mRNA level of particular genes was first normalized to three housekeeping genes. Next,
the fold-change of values of each of the housekeeping genes over untreated control was
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calculated. Finally, the mean of all three-fold change values was calculated and used for
statistical analysis.

For evaluating protein expression, cells were lysed in cell lysis buffer (15 mM NaCl/
50 mM Tris-HC1/0.5% sodium deoxycholate/0.5% SDS) and sonicated (Bandelin Sonopuls
HD2070). Afterward, cell lysates were separated with SDS-PAGE, transferred to nitrocel-
lulose membranes, and stained overnight with primary antibodies (1:5000) at 4 °C. After
staining, using HRP-conjugated secondary antibodies (1:5000; room temperature; 1 h), the
signal was developed using SuperSignal™ West Pico Chemiluminescent Substrate and
acquired with ChemiDoc-IT2 (UVP, Meranco, Poznan, Poland).

2.6. Transient Gene Silencing

The day prior to transfection, cells were seeded at a density of 100,000 cells per
well. The next day, siRNA-RNAIMAX complexes (prepared in a ratio of 20 nmol siRNA
and 3 uL of transfection reagent), suspended in OptiMem medium, were added. After
4 h of incubation with the complexes, DMEM supplemented with 10% FBS, penicillin—
streptomycin (50 U/mL and 50 pg/mL, respectively) was added to a total volume of 1
mL.

2.7. Chromatin Immunoprecipitation

Cells were fixed by adding formaldehyde to the culture medium. Cells were lysed,
and then chromatin was sheared using a sonicator (Bandelin Sonopuls HD2070). Anti-
bodies and Dynabeads™ Protein G, which were pre-blocked with 0.5% BSA /PBS, were
added to the obtained supernatant. Samples were incubated overnight on a rotator at
4 °C. The next day, chromatin—antibody-magnetic bead complexes were washed, and
chromatin was decrosslinked in 2% SDS/TE buffer at 65 °C overnight. DNA was ex-
tracted using phenol:chloroform:isoamyl alcohol (25:24:1). Fragments spanning sites of
interest at the selected gene promoters were amplified using KAPA SYBR® FAST Uni-
versal 2x and 0.1% DMSO. The following primer pairs surrounding potential p53 bind-
ing sites were used: ABCC2 Forward: 5" AGGTCAAGGCTGCAATGAAT3', Reverse:
5'CTGTCATCGACCCAACCTTT 3'; ABCC10 Forward: 5 CTTGTCCAAGGTCATGCAGC
3/, Reverse: 5’ GCCCCACGGACAAATAATGC 3’; ABCC3 Forward: 5 ACTCAATGACT-
CATCGGCCC 3/, Reverse: 5 GGCTAACAGTCCAGGAGTCG 3'; ABCC4 Forward 5
GACCTCAAGCAGGGATGTG 3/, Reverse: 5 GGCTCCCTTTGGCGTCG 3'.

2.8. Confocal Microscopy

For confocal imaging, cells were seeded on a Nunc™ Lab-Tek™ Chamber Slide. In
order to stain chromatin-bound fraction of EP300, cells were washed with 1% BSA /PBS
and then pre-permeabilized for 5 min in 1% BSA/PBS/0.1% Triton X-100. Afterward,
cells were fixed in 4% formaldehyde in PBS for 15 min. After blocking in 5% FBS/1x
PBS/0.5% Triton X-100 for 1 h, cells were incubated overnight with primary anti-EP300
antibody (1:400) 1% BSA/PBS/0.5% Triton X-100. After washing with 1% BSA in PBS,
cells were incubated with secondary antibody (1:400) 1% BSA /PBS/0,5% Triton X-100 for
2 h in the dark. After washing with PBS, slides were mounted with SlowFade™ Glass
Soft-set Antifade Mountant (with DAPI). TCS SP8 (Leica Microsystems, Wetzlar, Germany)
with objective 63 x /1.40 (HC PL APO CS2, Leica Microsystems, Germany) was used for
slide imaging. The following wavelength values of excitation and emission were used for
specimen visualization: 485 and 500-550 nm for Alexa Fluor® 488 and 405 and 430-480 nm
for DAPI. The average fluorescence was calculated using at least 100 single cells for each
sample. Fluorescence intensity was determined as the arbitrary units (a.u.) with Leica
Application Suite X (LAS X, Leica Microsystems, Germany).

2.9. Transcription Factor Binding Sites Assessment

For the analysis of chromatin interacting proteins, specifically at the promoters (TSS
-2kbp) of ABCC2, ABCC3, ABCC5, ABCC10, ABCG2 in A549 cells, track ENCODE 3 TEBS
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in the UCSC table browser was used. The search was conducted for every transcription
factor listed in the aforementioned track for A549 cells. Queries were then submitted to
usegalaxy.org.

2.10. Statistical Analysis

Data are presented as the mean 4 SEM (standard error of the mean), Student’s ¢ test or
the Mann—-Whitney test was used to calculate statistically significant differences between
two samples (marked with * when p < 0.05), while one-way analysis of variance (ANOVA)
or the Kruskal-Wallis test followed by corresponding post hoc test was carried out to
compare multiple samples (marked with * when p <0.05). Statistics were calculated using
GraphPad Prism 8.01 software. The decision on using the parametric versus non-parametric
test was conducted after testing Gaussian distributions of data with the Shapiro-Wilk test.

3. Results
3.1. Non-Small Cell Lung Cancer Cells Exposed to Multiple Doses of Cisplatin Gain Resistance to
Drugs of Various Chemical Structures and Activity

In order to assess whether A549 cells developed multidrug resistance, the resazurin
assay was conducted. We evaluated varying concentrations of cisplatin, doxorubicin, and
paclitaxel to assess if cisplatin-treated cells tolerate higher concentrations of chemothera-
peutics than their wild-type counterparts. Cisplatin-resistant A549 cells exhibited better
survival rates than the original cell line in the entire concentration range of three tested
compounds (Figure 1A). This indicates that multiple treatments of A549 cells with cisplatin
allow these cells to gain resistance to chemotherapeutics, which vary in chemical struc-
ture and biological activity. Furthermore, to test which ABC-family transporters undergo
overexpression in response to cancer cell treatment with an alkylating agent, we compared
their mRNA level in cisplatin-resistant versus basal cell lines. As shown in Figure 1B,
loss of cell vulnerability to anticancer drugs was associated with strong overexpression
of ABCC1 and ABCC10 and a slight but statistically significant increase in ABCC2 and
ABCG2 transcription, whereas mRNA levels of ABCC3 and ABCC5 remained unchanged.
Importantly, an immense fold increase in ABCC1 may result from a low basal mRNA level
of this gene in A549 cells. Visualization of three proteins—ABCC1, ABCC3 and ABCC10—
by Western blot confirmed the results obtained by real-time PCR (Figure 1C) and protein
abundance of ABCC10 was considerably higher in cisplatin-resistant cells, whereas ABCC3
was comparable between two cell phenotypes.

3.2. CoREST Complex Subunits Occupy Promoter of ABCC3 That Remains Transcriptionally
Irresponsive to Cisplatin in A549

In search of the rationale behind some of the transporters being overexpressed in
cisplatin-resistant A549 cells, we investigated regions of TSS =+ 2 kbp for the presence of
transcription-regulating factors that may interact with regulatory elements of ABC genes
and affect their expression. For this purpose, we used ChIP-seq data of transcription factors
deposited in the Genome Browser in an ENCODE 3 TFBS track. As shown in Figure 1D,
promoters of ABCC1, ABCC2, and ABCC5 were enriched in individual components of
the CoREST complex; however, REST, Sin3, and two enzymatic subunits—HDACI and
LSD1—were detected only at the promoter of ABCC3 that remained unchanged upon
gaining resistance to cisplatin. In contrast, the promoter of ABCC10, which underwent
considerable activation by repeated administration of an alkylating drug, was only enriched
in POLR2A. This observation led us to hypothesize that the Co-REST repressive complex
may interfere with the intensification of some ABCC gene transcription in response to
cisplatin. Using ChIP-qPCR, we confirmed that REST complex members—Co-REST as well
as LSD1 and HDAC1—are enriched at the ABCC3 promoter region, but not at the ABCC10
promoter (Figure 1E,F). Furthermore, to assess the functional impact of COREST members
on ABC gene expression in cisplatin-resistant A549 cells, we treated them with iLSD1
(0.1 pM SP2509) and pan-HDAC inhibitor (250 uM sodium butyrate) for 24 h and measured
mRNA levels of ABCC3 and ABCC10 (Figure 1G). Inhibition of CoREST enzymatically
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active units did not affect the expression of ABCC10. This supports data in Figure 1E and
1F and confirms the lack of CoREST’s direct impact on transcription activation of ABCC10
by cisplatin. As expected, transcription of ABCC3 was substantially enhanced by both
inhibitors in cisplatin-resistant A549 cells. This led to the conclusion that CoREST prevents
ABCC3 induction by cisplatin.
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Figure 1. CoREST complex represses genes that are not overexpressed in cisplatin-resistant lung
cancer cells. (A) Vulnerability to wide concentration range of cisplatin, doxorubicin, and paclitaxel
was compared between non-resistant (non-res) and cisplatin-resistant (cispl-res) A549 cells. Viability
was evaluated with resazurin-based assay. Metabolic activity of untreated cells was assumed as
100%. (B) Fold-change in mRNA level of some ABCC and ABCG2 genes was measured by real-time
PCR using TagMan assays. Transcription of transporter genes was normalized first to housekeeping
genes (ACTB, GAPDH, and TBP), and then, mRNA levels of ABCC and ABCG2 were assumed as
1. (C) Protein level of ABCC1, ABCC3 and ABCC10 was compared in lysates of non-resistant and
cispl-resistant A549 cells by Western blot. Histone H3 was used as a loading control. Original WB
can be found at Figure S1. (D) The indicated promoter regions (TSS + 2 kbp) were searched for
transcription factors, chromatin remodeling enzymes, and POLR2A in Genome Browser database
(assembly: GRCh37/hg19, group: Regulation, track: ENCODE 3 TFBS, table: A549 ATF3—ZBTB33).
(E,D) Occurrence of REST (E) as well as LSD1 and HDAC1 (F) at the promoters of ABCC3 and
ABCCI10 was tested by ChIP-qPCR. Amplified promoter regions spanned p53 binding site. Ten
percent input was used as an internal control. (G) Functional impact of LSD1 and HDAC1 occurrence
at the ABCC3 gene promoter was evaluated by treating cispl-resistant A549 cells with LSD1 and pan-
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-HDAC inhibitors (0.1 pM SP2509 and 250 uM sodium butyrate, respectively) for 24 h and measuring
gene mRNA level by real-time PCR. Results were normalized to housekeeping genes, and then,
mRNA level of non-resistant untreated cells was assumed as 1. (H) Effect of HDAC and LSD1
inhibition on ABCC3 and ABCC10 protein level was monitored by Western blot in cisplatin-resistant
A549 cells. Histone H3 was used as a loading control. Protein bands were measured by densitometry
using Image], and numerical data are available in Table S2. (A,B,E-G) All of the bars represent
the mean of replicates &= SEM. (A,B) Difference between survivability of cisplatin-resistant and
non-resistant cells and in expression of particular ABC transporters were analyzed with the ¢ test or
Mann-Whitney test, depending on their Gaussian distribution. (E) Differences in RCOR enrichment
at the promoters of interest were analyzed with the t test. (F) The effect of iHDAC and iLSD1 on
ABCC3 and ABCC10 expression in non-resistant A549 was analyzed with ANOVA and the Dunnett’s
post hoc test. (G) The impact of HDAC and LSD1 inhibition on cisplatin-resistant A549 cells was
analyzed with ANOVA and Tukey’s test. (A,B,E-G) Statistically significant differences between
analyzed groups are marked with * when p < 0.05. Detailed statistical analysis can be found in
Table S1.

3.3. EP300 Drives ABCC10 Ouverexpression in Cisplatin-Resistant A549 Cells

Knowing that EP300 forms transcription modulating complexes with HDACT1 at the
E2F-driven promoters, which include the ABCC gene subfamily, and bearing in mind
previous reports, which indicated the role of PCAF and EP300 in transcription activation of
ABCBI, we took into consideration a potential involvement of the latter acetyltransferase
in the regulation of ABCC10 gene expression in cisplatin-resistant A549 cells [20,22,33]. To
test this hypothesis, we treated both A549 phenotypes with EP300 inhibitor C646 (5 pM)
for 24 h (Figure 2A,B). The deficiency of EP300 activity led to a substantial decrease in
ABCC10 expression in cisplatin-resistant A549 cells; however, a statistically significant
decline in ABCC10 mRNA was also found in the wild type. As expected, ABCC3 was
unaffected by EP300 inhibition, as the CoREST complex seemingly blocked its promoter
region (Figure 2A,B). Analysis of the two gene promoters by ChIP-qPCR confirmed weak
but statistically significant enrichment of EP300 at the ABCC10 promoter, but not ABCC3,
in cisplatin-resistant cells (Figure 2C). Of note, ABCC10 responded to EP300 inhibition also
in basal A549 cells, thereby suggesting that acetyltransferase may be abundant at the gene
promoter also in non-resistant cells. To further validate EP300 occurrence on the chromatin
of cisplatin-resistant A549, the chromatin-bound fraction of the enzyme was stained and
further imaged under a confocal microscope (Figure 2D). EP300 interaction with chromatin
was enhanced in cisplatin-resistant A549 cells.

Since we found that EP300 is more abundant on chromatin in NSCLC cells after
long-term exposure to cisplatin, and, particularly, at the ABCC10 promoter that allows for
relatively strong overexpression of this gene in cisplatin-resistant phenotype, we decided
to test the direct ABCC10 response to a single dose of cisplatin (10 uM). As shown in
Figure 2E,F, the expression of ABCC10 was significantly elevated at the mRNA and protein
level in cisplatin-treated cells, whereas the expression of ABCC3 remained unchanged. To
test whether histone deacetylases, which contribute to COREST-mediated ABCC3 repres-
sion in cisplatin-resistant cells, prevent ABCC3 activation by a single dose of cisplatin, we
added a pan-HDAC inhibitor—sodium butyrate—for 1 h prior to cisplatin (Figure 2G,H).
Deficiency of HDAC activity led to the cisplatin-induced elevation of ABCC3 transcrip-
tion. Similar profiles of change were observed for two other ABCC genes: ABCC2 and
ABCC5, where HDAC inhibition was necessary to observe cisplatin-induced increase in
the gene transcription (Figure S2). Inhibition of EP300 countered the effect of iHDAC
and maintained a low level of mRNA. Similarly, EP300 emerged responsible for increased
ABCCI10 transcription in response to a single dose of cisplatin, since C646 considerably
reduced the drug-induced activation of this gene. Accordingly, EP300 was recruited to the
ABCC10 promoter in response to the treatment of non-resistant cells with the alkylating
drug (Figure 2K).
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Figure 2. EP300 is responsible for ABCC10 overexpression in cisplatin-resistant A549 cells. (A,B) Con-
tribution of EP300 in transcription of ABCC3 and ABCC10 was evaluated by treating non- and
cispl-resistant A549 cells with EP300 inhibitor—C646 (5 uM, 24 h)—and quantifying gene mRNA
level by real-time PCR (A) and protein by Western blot (B). (C) Recruitment of EP300 to the promoter
of ABCC10 in two A549 phenotypes was monitored by ChIP-qPCR. (D) Chromatin-bound EP300 was
visualized in non- and cispl-resistant cells by immunocytostaining, followed by confocal microscopy.
Green fluorescence derived from Alexafluor488-conjugated secondary antibody corresponds to EP300
appearance in cells. (E,F) ABCC3 and ABCC10 response to a single dose of cisplatin was measured
by non-resistant A549 cell treatment with 10 uM drug for 24 h. (E) The treatment was followed
by mRNA quantification with TagMan-based real-time PCR. After initial mRNA normalization
to housekeeping genes, expression of ABCC3 and ABCC10 was assumed as 1 in untreated cells.
(F) Changes in ABCC3 protein levels were measured by Western blot. (G,H) HDAC-repressive role
on the ABCC3 promoter during non-resistant cell single induction with cisplatin was tested by adding
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pan-HDAC inhibitor (250 M sodium butyrate) for 1 h prior to anticancer drug. The same approach
was utilized to confirm the contribution of EP300 to the observed release of ABCC3 from silencing
upon combination of iHDAC with cisplatin. iEP300—5 uM C646—was added for 1 h prior to cisplatin
(together with iHDAC). (G) mRNA was extracted from cells 24 h after cell stimulation with the
drug, and gene transcription was quantified by TagMan-based real-time PCR. After normalization to
mRNA level of ACTB, GAPDH, and TBP, transcription of ABCC3 was compared to untreated cells,
where the gene transcription was set as 1. (H) Impact of HDAC inhibition with subsequent cisplatin
administration on ABCC3 protein expression was visualized by Western blot. (I) Similarly, the impact
of EP300 on ABCC10 transcription activated by single dose of cisplatin was analyzed by adding
non-resistant cells with iEP300 for 1 h prior to chemotherapeutic. The following steps were the same
as in (E). (J) Inhibition of ABCC10 activation by iEP300 was also visualized at the protein level by
Western blot. (K) Cisplatin-induced interaction of EP300 with ABCC10 promoter was monitored
by ChIP-qPCR in non-resistant A549 cells exposed to 10 uM cisplatin for 24 h. (A,CE,G LK) All
bars represent the mean of replicates + SEM. (A) The effect of iEP300 on expression of ABCC3 and
ABCCI10 in non-resistant and cisplatin-resistant A549 were analyzed with t test. (C) The change
in enrichment of EP300 at promoters of ABCC3 and ABCC10 between non-resistant and cisplatin-
resistant A549 was analyzed with the Mann-Whitney test. (E) The effect of cisplatin on ABCC3 and
ABCC10 expression was analyzed with t test and Mann-Whitney test, respectively. (G) The influence
of cisplatin, iIHDAC, and iEP300 on expression of ABCC3 gene was analyzed with the Kruskal-Wallis
test and Dunn’s multiple comparison test. (I) The effect of cisplatin and C646 on ABCC10 expression
was evaluated with ANOVA and Tukey’s post hoc test. (K) The enrichment of EP300 at ABCC10
gene promoter after exposure to cisplatin was analyzed with the Mann-Whitney test. (A,C,E,G,IK)
Statistically significant differences between analyzed groups were marked with * when p < 0.05.
Detailed statistical analysis can be found in Table S1. Densitometry results of Western blot images are
included in Table S2. Original WB can be found at Figure S1.

3.4. P53 Allows for EP300-Mediated Increase in ABCC10 Transcription after Single Dose of
Cisplatin in Non-Resistant A549 Cells

Bearing in mind that cisplatin triggers the ATM/ATR signaling pathway, which
activates inter alia p53, and that p53 is involved in EP300 recruitment to chromatin under
certain conditions, we tested the possible involvement of the tumor suppressor in ABCC10
overexpression during the development of A549 cell resistance to cisplatin. Neither basal
nor drug-resistant cells were characterized by p53 enrichment at the ABCC10 promoter
(Figure 3A). Moreover, transient silencing of the genome guardian did not considerably
affect the gene and protein expression (Figure 3B,C). This led to the conclusion that p53
does not control ABCC10 overexpression under resting conditions in the cisplatin-resistant
phenotype.

This prompted us to test the possible contribution of p53 to direct cell response to
cisplatin. Cell treatment with an alkylating drug for 24 h caused p53 recruitment to ABCC10
promoter in non-resistant cells (Figure 3D). To test the functional impact of p53 to EP300
occurrence on the chromatin, we visualized chromatin-bound EP300 by immunostaining
in p53-deficient and proficient A549 cells exposed to a single dose of cisplatin for 24 h
(Figure 3E). Similar to Figure 2D, confocal images confirmed the higher abundance of
acetyltransferase in cisplatin-resistant cells under resting conditions regardless of p53
status. A single dose of cisplatin induced a significant increase in EP300 occurrence on
the chromatin only in non-resistant, p53 proficient cells; however, the silencing of p53
entirely precluded acetyltransferase enrichment in the nuclei of basal A549 cells. Notably,
cisplatin-resistant cells did not respond to another cisplatin dose with a further increase in
enzyme abundance in the nuclei.
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Figure 3. p53 recruits EP300 to chromatin upon exposure of non-resistant A549 cell to cisplatin and
controls ABCC10 direct response to the alkylating agent. (A) Enrichment of p53 at the promoter of
ABCC10 in unstimulated non- and cisplatin-resistant lung cancer cells was analyzed with ChIP-qPCR.
(B,C) Transient silencing of p53 was utilized to assess the possible impact of this protein on ABCC10
expression in two phenotypes of unstimulated A549 cells. (B) mRNA was quantified 48 h after cell
transfection with siRNA by TagMan-based real-time PCR, normalized to ACTB, GAPDH, and TBP
and is shown as fold-change versus siCTRL transfected cells. (C) Protein level was compared between
siCTRL and sip53 by Western blot 72 h after cell transfection. Histone H3 was used as an internal
control. (D) Recruitment of p53 to the promoter of ABCC10 in cells treated with cisplatin (10 uM)
for 24 h was analyzed by ChIP-qPCR. (E) The role of p53 in EP300 enrichment at chromatin was
visualized by immunocytostaining followed by confocal microscopy. Cells were exposed to cisplatin
(10 uM) 48 h after cell transfection with siRNA, and EP300 was stained with rabbit antibody 24 h
after cell treatment with anticancer drugs. Green fluorescence of Alexaflor488-conjugated secondary
antibody marks chromatin-bound acetyltransferase. (F-I) Impact of p53 on expression of ABCC3
(F,G) and ABCC10 (H,I) was evaluated by comparing gene expression in cisplatin-induced non-
resistant A549 cells transfected with siCTRL and sip53. mRNA (F,H) was isolated and quantified by
TagMan-based real-time PCR and protein (G,I) by Western blot 24 h after administration of the
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chemotherapeutic (10 uM). After normalization to housekeeping controls, mRNA level in siC-
TRL untreated cells was assumed as 1. In Western blot, histone H3 was used as loading control.
(A,B,D,F H) All bars represent the mean of replicates == SEM. (A,F,H) The enrichment of p53 at the
ABCC10 promoter and the effect of cisplatin and iEP300 on ABCC3 and ABCC10 gene expression in
cells that differ in p53 level were analyzed with ¢ test. (B) The effect of sip53 silencing on ABCC10
expression in non-resistant and cisplatin resistant A549 was evaluated with Kruskal-Wallis test and
Dunn’s multiple comparison test. (D) The enrichment of p53 at ABCC10 promoter upon cisplatin
treatment was analyzed with the Mann-Whitney test. Statistically significant differences between
analyzed groups were marked with * when p < 0.05. Detailed statistical analysis can be found in
Table S1. Densitometry result of Western blot images is available in Table S2. Original WB can be
found at Figure S1.

To test the functional impact of p53 on the cisplatin-induced expression of ABCC3
and ABCC10 in non-resistant A549 cells, we compared their mRNA and protein level
in cisplatin-treated cells deficient and proficient in tumor suppressors. We made use of
iEP300 to simultaneously monitor the possible cross-talk between p53 and acetyltransferase
(Figure 3F-I). As expected, p53 silencing and inhibition of EP300 did not affect the mRNA
and protein level of ABCC3 in cisplatin-treated cells (Figure 3F,G, respectively). While
checking the response of ABCC2 and ABCC5 to cisplatin in the presence of pan-HDAC
inhibitor, we observed p53 dependence (Supplement S2). The silencing of p53 abrogated
cisplatin-induced activation of ABCC2 and ABCC5 upon deficiency of HDAC activity.
Similarly, p53 silencing prevented the cisplatin-induced increase in ABCC10 transcription,
which was only possible in the presence of the active EP300 (Figure 3H,I). These results
suggest that p53 is required for EP300-dependent ABCC10 gene response to the alkylating
agent.

3.5. CoREST-Free Promoter of ABCC10 Responds to Cisplatin in EP300 and p53-Dependent
Fashion in TNBC Cell Line—MDA-MB-231

To confirm that the above-described mechanism controls ABCC gene expression in
other cancer types, which are also eligible for cisplatin-based chemotherapy, we tested the
triple-negative (progesterone, estrogen, and HER? deficient; TNBC) breast cancer cell line
MDA-MB-231 in a similar experimental model. We generated a corresponding cisplatin-
resistant phenotype and measured ABCC gene responsiveness to alkylating drug treatment.
Following another paper on this cell line by Strachowska et al., we chose ABCC4 for further
experiments, which was comparably transcribed in cisplatin-resistant and non-resistant
phenotypes and in ABCC10, which was substantially overexpressed in cells characterized
by decreased vulnerability to anticancer drugs.

Similar to our observations carried out for ABCC3 in wild-type A549 cells, the promoter
of ABCC4, but not ABCC10, was also enriched in the Co-REST protein (Figure 4A). To verify
if Co-REST enzymatic subunits functionally affect the expression of the two considered
genes, cisplatin-resistant MDA-MB-231 cells were treated with inhibitors of HDACs and
LSD1 (Figure 4B,C). Similar to A549 cells, the expression of ABCC10 was not altered by any
of the two inhibitors in the resistant MDA-MD-231 cell line, whereas ABCC4 mRNA and
protein levels increased after LSD1 inhibition (Figure 4B,C, respectively). This supports the
hypothesis on the crucial role of CoREST in ABCC gene response to cisplatin in the studied
TNBC cells (Figure 4B,C).
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Figure 4. Overexpression of ABCC10 in cisplatin-resistant MDA-MB-231 cells is controlled by EP300

that activates ABCC10 transcription in p53-dependent fashion during the direct response of non-
resistant breast cancer cells to cisplatin. (A) Enrichment of CoREST protein at the promoters of

ABCC4 and ABCC10 was studied by ChIP-qPCR. Ten percent input was used as an internal control.
(B) Response of ABCC4 and ABCC10 to HDAC and LSD1 inhibition was tested by measurement of
mRNA level in cisplatin-resistant cells exposed to the action of iLSD1 (0.1 uM SP2509) and iHDAC

(250 uM sodium butyrate) for 24 h. mRNA of ABCC genes was quantified by TagMan-based real-time

PCR and normalized to ACTB, GAPDH and TBP, and the gene expression of non-resistant untreated

cells was set as 1. (C) A similar approach was employed to assess iLSD1 and iHDAC effect on ABCC4

and ABCC10 protein level, which was visualized by Western blot. Histone H3 was taken as a loading
control. (D) Activation of ABCC4 and ABCC10 by short treatment of non-resistant cells with cisplatin
(10 uM) for 24 h was studied by quantifying their mRNA level by TagMan-based real-time PCR.
After normalization to housekeeping genes (ACTB, GAPDH, TBP), gene expression was referred to
untreated control that was assumed as 1. (E) Response of ABCC10 to 24 h exposure of non-resistant
cell to cisplatin (10 uM) was confirmed by visualizing ABCC10 protein by Western blot. Histone
H3 was used as a control. (F) TagMan-based real-time PCR was utilized to confirm the contribution
of EP300 to overexpression of ABCC10 in cisplatin-resistant MDA-MB-231 cell line. Breast cancer
cells were added with iEP300 (5 uM C646) for 24 h. Simultaneously, the impact of 10 uM cisplatin on
ABCCI10 transcription alone and in combination with iEP300 was tested. In this experiment, iEP300
was added to cells for 1 h prior to cisplatin. Gene transcription was normalized to ACTB, GAPDH,
and TBP and the value for untreated cisplatin-resistant cells was assumed as 1. (G) The impact of
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EP300 inhibitor—5 uM C646—added to cisplatin-resistant cells on expression of ABCC10 was con-
firmed at the protein level by Western blot. ABCC4 served and non-responding genes and histone
H3 were used as a loading control. (H-K) Impact of p53 on induction of ABCC#4 and, particularly,
ABCC10 by 10 uM cisplatin added to non-resistant and cisplatin-resistant MDA-MB-231 cells was
tested by applying p53 targeted siRNA. Cells were transfected in parallel with siCTRL and sip53, and
after 48 h, cisplatin was administrated to cells for another 24 h. Gene transcription was measured by
TagMan-based real-time PCR (non-resistant cells—H, cisplatin resistant—]J) as described in previous
experiments and protein was visualized by Western blot (non-resistant—I, cisplatin resistant—K).
(A,B,D,FH,J) All bars represent the mean of replicates £ SEM. (A) The difference in RCOR en-
richment at ABCC4 and ABCC10 was analyzed with the Mann-Whitney and ¢ test, respectively.
(B,H) The impact of HDAC and LSD1 inhibition on ABCC4 and ABCC10 expression and cisplatin
on non-resistant MDA-MB-231 with different p53 levels was evaluated with Kruskal-Wallis test
and Dunn’s multiple comparison test. (D) The change in expression of ABCC4 and ABCC10 was
analyzed with ¢ test. (F) The expression of ABCC10 in cisplatin-resistant MDA-MB-231 was compared
the ANOVA with Tukey’s post hoc test. (J) Difference between p53-deficient and non-deficient
cisplatin-resistant MDA-MB-231 was evaluated with the ANOVA and Tukey’s multiple comparison
test. (A,B,D,F,H,J) Statistically significant differences between analyzed groups were marked with *
when p < 0.05. Detailed statistical analysis can be found in Table S1. Protein bands in Western blot
images were quantified by densitometry with ImageJ, and data are included in Table S2. Original WB
can be found at Figure S1.

Non-resistant breast cancer cells augmented the expression of ABCC10, but not ABCC4,
after their incubation with a single dose of cisplatin (Figure 4D,E). Furthermore, EP300 was
responsible for ABCC10 overexpression in the drug-resistant phenotype since the EP300
inhibitor—C646—substantially reduced mRNA and protein levels of ABCC10 (Figure 4EG,
respectively). Similarly, transcription of this gene was not considerably increased by a single
dose of cisplatin. Expression of ABCC4 expression remained at the same level regardless of
acetyltransferase inhibition.

Having confirmed EP300 as an activator of ABCC10 transcription under cisplatin-
induced stress, in the next step, we tested the mutual interdependence between p53 and
EP300-mediated expression of this gene in both phenotypes of MDA-MB-231 cells. Similar
to lung cancer, p53 was necessary for EP300-mediated induction of ABCC10 expression by
cisplatin (Figure 4H,I). Transient silencing of p53 did not allow for the increase in EP300-
dependent gene transcription in MDA-MB-231 non-resistant cells. Moreover, none of the
tested conditions had a significant impact on ABCC4 expression. Furthermore, deficiency
of p53 did not alter ABCC10 transcription in cisplatin-resistant cells, thereby suggesting
that this protein is crucial for the direct gene response to cisplatin (Figure 4J,K).

Overall, these data suggest that EP300 acts as a key activator of ABCC10 in cisplatin-
treated MDA-MB-231 cells but requires p53 to trigger direct ABCC10 transcription in
response to the drug.

4. Discussion

Our study demonstrates a novel mechanism that involves cooperation between EP300
and p53 and explains differences in expression of ABC family transporters between non-
resistant and cisplatin-resistant NSCLC and TNBC cells. We provide experimental evidence
that exposure of non-small cell lung and triple-negative breast cancer cells to cisplatin
is associated with the recruitment of acetyltransferase and p53-dependent activation of
the ABCC10 promoter. The product of this gene was shown to confer resistance to a
variety of drugs, including taxanes, nucleoside analogs, epothilone B, Vinca alkaloids,
anthracyclines, but also to gefitinib, which acts as an epidermal growth factor receptor
tyrosine kinase inhibitor (EGFR-TKI) that is often considered clinically as first-line therapy
in patients with advanced non-small cell lung cancer (NSCLC) with EGFR-activating
mutations [34,35]. Although ABCC10 was shown to be highly expressed in non-small
cell lung cancer cells and serves as a predictive marker for multi-drug resistance, our
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results show that it can be further elevated by cancer cell exposure to an alkylating drug—
cisplatin [34,36]. Despite over two decades of comprehensive research on the topic of
multidrug resistance, or in particular, gained during cisplatin-based chemotherapy, this
cancer cell feature remains elusive and is assigned to various pathways, machineries, and
biological molecules. According to the current state of knowledge, abnormal patterns
of epigenetic changes, such as methylation and acetylation, can be responsible for the
development of multidrug resistance in cancer. An altered methylation pattern was detected
in the promoters of ABCB1, ABCC1, and ABCG2 in breast and lung cancer, whereas the
defective activity of histone acetylases including EP300, CBP, and PCAF was reported to be
implicated in ABCB1 overexpression [37,38]. These findings underline the necessity of a
deep understanding of epigenetic landscapes, which drives the formation of multi-drug-
resistant phenotypes in human tumors, to successfully target drug-resistant phenotypes. In
a relatively recent report, EP300 bromodomain inhibitor, I-CBP112, was shown to decrease
the expression of ABCC1, ABCC3, ABCC4, ABCC5, and ABCC10 transporters in MDA-
MB-231 cells [27]. Similarly, knockdown of EP300 decreased the expression of ABCC1
and ABCG2 in TNBC cells, thereby suggesting the crucial role of the acetyltransferase
interaction with chromatin on the high transcription efficacy of some ABC gene family
members associated with neoplastic transformation. Considering our current study, EP300
emerges as a key, chromatin-bound enzyme responsible for ABCC10 overexpression in
cisplatin-resistant cancer cells of different tissue origin, e.g., lung and breast [39]. Hence,
the above-mentioned enzyme may be considered in the future as a target for breaking
multi-drug resistance in some types of cisplatin-resistant cancers. To date, C646 has
been documented to transcriptionally repress tumor formation in breast and pancreatic
cancer growth by suppressing cyclin Bl and CDK1 [40,41]. Depending on its target and
tissue, EP300 plays different roles in tumorigenesis and multi-drug resistance. Zhou
et al. proposed a mechanism of EP300 downregulation by miR-106b~25, which increased
tolerance to doxorubicin and helped to avoid doxorubicin-induced senescence in breast
cancer cells [42]. In turn, increased activity of EP300 correlated with enhanced resistance
to a variety of compounds in prostate cancer [43—45]. In breast cancer cells, inhibition of
acetyltransferase sensitized cancer cells to a variety of chemotherapeutics, by impeding
drug efflux and increasing drug accumulation [27].

Our current study provides evidence on the role of EP300 in cancer cell response to
cisplatin and the possible involvement of this enzyme in gaining a multidrug-resistant
phenotype of A549 and MDA-MB-231 cell lines. Such a hypothesis is supported by the fact
that EP300 inhibitor prevents the cisplatin-induced direct increase in ABCC10 transcription
and reduces higher ABCC10 expression in the cisplatin-resistant phenotype. In the initial
phase of development of cell resistance to cisplatin and other chemotherapeutics, which in
our model, was triggered by cancer cell exposure to the alkylating drug, acetyltransferase
is recruited to the gene promoter of ABCCI10, where it facilitates gene expression and
maintains it at a higher level in drug-resistant cells, which are generally characterized by
EP300-enriched chromatin. The observed higher abundance of the enzyme in nuclei of
cisplatin-resistant phenotypes may further suggest that EP300 supports the loss of cancer
cell vulnerability to chemotherapeutics by controlling the transcription of numerous genes
other than ABCC10, which allows cells to overcome anticancer drug toxicity or influx. Such
an option may be supported by the study that was focused on the antiapoptotic BCL2 gene,
which emerged transcriptionally to be controlled by EP300 in cardiac myocytes, whereas the
CtBP1-p300-FOXO3a complex acts as a transcriptional repressor of the apoptotic regulators
Bax and Bim in human osteosarcoma cells [46,47].

EP300 activity was insufficient to increase ABCC10 transcription in response to the
alkylating agent upon p53 deficiency; however, the latter protein was dispensable for the
maintenance of high gene transcription in cisplatin-resistant cells. This suggests that p53
might be necessary for the recruitment of EP300 to the gene promoter but does not assist the
interaction of the enzyme with chromatin after binding to DNA. Such a possibility seems
to be supported by confocal imaging of immunostained acetyltransferase in non-resistant
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Ab549 cells exposed to cisplatin, where strong enrichment of chromatin-bound EP300 was
only observed in a p53 proficient background; however, p53 deficiency did not affect higher
acetyltransferase abundance in the nuclei of the cisplatin-resistant phenotype. In line
with our findings, numerous other papers describe p53 as a driver of cell adaptation to
the alkylating agent. Cisplatin-resistant squamous head and neck carcinoma that bears
cytoplasm-accumulated mutant p53—but not with mutant p53—accumulated in the nu-
cleus and overexpressed glutathione, ABCC2, and ABCG2 [48]. p53 was also reported to
increase drug efflux independently from ABC-transcription regulation. Together with the
Rab-coupling protein, this tumor suppressor was reported to facilitate ABCB1 reconstitution
to the plasma membrane, thereby increasing cisplatin efflux [49]. The role of p53 in the de-
velopment of cell resistance to cisplatin goes beyond alteration in drug efflux. This protein
was reported to contribute to apoptosis evasion of NSCLC cells H1299 by interacting with
caspase 9, hence preventing its cleavage and activation [24]. In RAS-mutant ovarian cancer,
p53 induces HDAC4 phosphorylation and cytoplasmic translocation, therefore increasing
the expression of Atg3, Atgl2, and LC3B, in turn promoting cisplatin-induced apoptosis
escape via autophagy [50].

In our model, p53 emerged indispensable for EP300-dependent increase in ABCC10 in
non-resistant NSCLC and TNBC cells treated with a single dose of cisplatin. This might be
mechanistically explained by the documented involvement of p53 in the acetylase inter-
action with DNA. Both mutant and wild-type tumor suppressors were shown to activate
the acetyltransferase activity of p300 through the enhancement of p300 autoacetylation,
which resulted in the accumulation of the enzyme near the transcription start sites and the
enrichment of transcription-activating histone marks [26]. Furthermore, cisplatin-induced
recruitment of EP300 by p53 has already been reported; Liu et al. observed EP300/CITED2
enrichment at the promoter of ERCC1 that was mediated by p53 after cell exposure to an
alkylating drug [51]. Of note, ERCC1 acts as an endonuclease responsible for the 5'-incision
during DNA repair. These findings suggest that the protein, which is known as a tumor
suppressor, may help cancer cells gain a drug-resistant phenotype. Interdependence be-
tween EP300 and p53 occurs in both tested cell lines, regardless of their p53 status. A549
cells express wild-type p53, whereas MDA-MB-231 cells possess single R280K mutants [52].
This natively occurring gain of function mutation in MDA-MB-231 cells correlates with
the number of cancer cell processes, including proliferation, metastasis and apoptosis
evasion [53,54]. The missense mutation limits interactions between the protein and DNA
by removing two hydrogen bonds that are formed between R280 and the DNA in wild-type
P53, potentially decreasing its activity [55,56]. According to the study by Vrba et al., due to
limited DNA binding ability, R280K p53 mutant selectively recognizes transcriptionally
active promoters with high levels of acetylation [57]. Assuming that in our ABCC genes,
which are actively transcribed upon cisplatin treatment or in cisplatin-resistant phenotype,
one may expect that promoters of target ABCC genes are transcriptionally permissive and
possess high levels of acetylation. Therefore, even the R280K mutant may interact with
these regions. Increased affinity of p53 toward transcriptionally permissive genomic re-
gions, which is caused by the gain of function mutation, may additionally stimulate ABCC
gene expression and, hence, enhance chemoresistant phenotype of cancer cells. Conversely,
considering the relevance of promoter acetylation that is vital for the R280K p53 mutant to
bind the DNA, inhibition of Ep300 may be considered as an alternative treatment against
cancers possessing the p53 mutation, by hampering promoter acetylation and thus mutant
p53 binding to the target promoters.

Another aspect that deserves attention is the chromatin architecture at the gene promot-
ers that allows for or interferes with p53-dependent gene activation by EP300 in response to
cisplatin. In both considered cell lines, non-small cell lung cancer and triple-negative breast
cancer, the promoters of genes, which were not overexpressed in the cisplatin-resistant
phenotype, were enriched in components of the CoREST repressive complex such as CoR-
EST (RCOR1—REST corepressor 1) and enzymatically active subunits: HDAC1 and LSD1.
The last two enzymes were successfully targeted with their inhibitors, which unlocked
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suppressed transcription of ABCC3 and ABCC4 in A549 and MDA-MB-231 cell lines, respec-
tively. Although CoREST protein was detected at the above-mentioned gene promoters,
the dominant role of HDAC1 and LSD1 in gene repression varied between the two cell
lines. LSD1 inhibitor increased transcription of ABCC4, whereas the effect of pan-HDAC
inhibitor was observed for ABCC3. This may be explained by the presence of various
transcription coactivators or histone marks (particularly K4meK9ac, K4meK9, and K4K9%ac)
at the gene promoters since the cross-talk between LSD1 and HDAC1 is shaped by the
substrate availability [31]. The role of HDAC and LSD1-dependent gene repression in the
regulation of drug resistance in cancer has already been documented. Wang et al. observed
increased expression of the ABCC10 transporter, while the expression of ABCC3 was low-
ered in A549 and HCT116 cells after iIHDACs (SAHA and TSA) treatment [58]. In a study
by Shi et al., sodium butyrate sensitized HCT116 and A549 cells to chlorambucil; however,
simultaneously, resistance to 5-fluorouracil was enhanced [59]. This suggests that the effect
of HDAC inhibitors may depend on the drug that the inhibitor is combined with or on
the specificity of the HDAC inhibitor since the referred sodium butyrate lacks specificity
toward any particular HDAC. Moreover, the effect of simultaneous deficiency of two or
more HDACSs activity may vary from inhibition of a single enzyme. The other CoREST
complex member, LSD1, was reported to repress ABCCI and ABCC10 gene expression
upon inhibition of EP300 in the triple-negative breast cancer cell line MDA-MB-231 [27].
Bearing in mind that the promoter of ABCC10 is not repressed by LSD1 and HDACs in
MDA-MB-231 and A549 cells, nor enriched in CoREST protein, the deficiency of EP300
activity seems to recruit histone demethylase or the entire CoREST complex to the ABCC10
gene regulatory element. Moreover, inversely, the lack of the CoREST repressive complex
at the ABCC10 promoter allows for EP300 binding and transcription enhancement in cancer
cells treated with cisplatin. Therefore, the CoREST complex seems to mark promoters of
ABCC genes, which remain irresponsive to stimulation with cisplatin. Considering our
findings, CoREST distribution in the genome may be considered as a predictive marker
of ABCC gene response to cisplatin-based chemotherapy. Specific inhibitors of inducible
membrane transporters may be combined with alkylating drugs in future work to over-
come multi-drug resistance caused by increasing the expression of the COREST-free ABCC
transporter during chemotherapy. Furthermore, other areas are worth considering with
possible clinical perspectives. These include CoREST involvement in the development of
cancer cell resistance to other chemotherapeutics, particularly anthracyclines, the contri-
bution of this repressive complex to modulate other cancer-promoting gene expressions
during chemotherapy, and the applicability of the above-described CoREST-p53-EP300
interdependence to p53-mutated tumors.

5. Conclusions

In summary, our study reveals a novel interdependence between CoREST occurrence at
the ABCC gene promoters and their responsiveness to cisplatin. We provide an insight into
p53-dependent transcriptional activation of COREST-free ABCC10 by EP300 in cells exposed
to an alkylating drug. Acetyltransferase is responsible for higher ABCC10 expression in
cisplatin-resistant non-small cell lung and triple-negative breast cancer cell lines. The
described regulatory mechanism may be of particular importance for future anti-cancer
treatment approaches involving cisplatin.
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Oswiadczenie

Oswiadczam, ze w pracy pod tytutem:

Sobczak, M.; Pitt, A.R.; Spickett, C.M.; Robaszkiewicz, A. PARP1 Co-Regulates EP300-BRG1-
Dependent Transcription of Genes Involved in Breast Cancer Cell Proliferation and DNA Repair.
Cancers 2019, 11, 1539. https://doi.org/10.3390/cancers11101539 mdj wktad w niniejsza prace
polegat na przeprowadzeniu eksperymentow, ktérych wyniki zilustrowano na figurach: 1B, 1C, 2E, 2F,
2G, 3A, 3B, 3C, 3E, 4A, 4B, 4C, 4E; obrdbce statystycznej i interpretacji wynikéw dotyczgcych
wymienionych figur, przygotowaniu manuskryptu, edytowanie finalnej wersji manuskryptu. Swoj
wktad procentowy szacuje na 60%.

Sobczak, M.; Pietrzak, J.; Ploszaj, T.; Robaszkiewicz, A. BRG1 Activates Proliferation and Transcription
of Cell Cycle-Dependent Genes in Breast Cancer Cells. Cancers 2020, 12, 349.
https://doi.org/10.3390/cancers12020349 moj wkiad w niniejszg prace polegat na przeprowadzeniu
eksperymentdw, ktdrych wyniki zilustrowano na figurach 1C, 1D, 1F, 2C, 2D, 2F, 3B, 4A; obrdbce
statystycznej (z wyjatkiem 2C) i interpretacji wynikow dotyczacych wymienionych figur, przygotowaniu
manuskryptu, edytowanie finalnej wersji manuskryptu. Swéj wktad procentowy szacuje na 40%.

Sobczak, M.; Strachowska, M.; Robaszkiewicz, A. Udziat komplekséw SWI/SNF opartych na
aktywnosci BRG1 w determinowaniu fenotypu komérek nowotworowych. Postepy Biochem. 2020,
10-18. https://doi.org/10.18388/pb.2020 312 mdoj wktad polegat na przygotowaniu manuskryptu,
edytowaniu finalnej wersji manuskryptu. Swéj wktad szacuje na 85%.




Sobczak, M.; Strachowska, M.; Gronkowska, K.; Robaszkiewicz, A. Activation of ABCC Genes by
Cisplatin Depends on the CoREST Occurrence at Their Promoters in A549 and MDA-MB-231 Cell
Lines. Cancers 2022, 14, 894. https://doi.org/10.3390/cancers14040894 mdj wktad w niniejszg prace
polegat na przeprowadzeniu eksperymentdw, ktérych wyniki zilustrowano na figurach; 1A-1H, 2A, 2B
(western blot dla ABCC3 i ABCC10), 2C, 2D, 2E, 2G, 2H (Western blot dla ABCC3), 21, 2J (Western blot
dla ABCC3), 3A, 3B, 3C (Western blot dla ABCC10), 3E, 3F, 3G (Western blot dla ABCC3), 3H, 31 (Western
blot dla ABCC10), 4A, 4C (Western blot dla ABCC4), 4G (Western blot dla ABCC4 i ABCC10), 4K (Western
blot dla ABCC10) obrdbce statystycznej i interpretacji wynikdw, przygotowaniu manuskryptu,
edytowanie finalnej wersji manuskryptu. Swéj wktad procentowy szacuje na 70%.
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Oswiadczenie

Oswiadczam, ze w pracy pod tytutem:

Sobczak, M.; Pitt, A.R.; Spickett, C.M.; Robaszkiewicz, A. PARP1 Co-Regulates EP300-BRG1-
Dependent Transcription of Genes Involved in Breast Cancer Cell Proliferation and DNA Repair.
Cancers 2019, 11, 1539, https://doi.org/10.3390/cancers11101539 mdj wkiad w niniejsza prace
polegat na zdefiniowaniu hipotezy badawczej, przeprowadzeniu eksperymentu, ktdrego wyniki
zilustrowano na figurach: 1A, 2A, 2B, 2C, 2D, 3D, 4D i Suplementary Table 1; obrdbce statystyczneji
interpretacji wynikéw dotyczgcych wymienionych figur, opracowaniu graficznym wynikéw do
manuskryptu, przygotowaniu i edycji manuskryptu, procedowaniu procedur w czasopi$mie
naukowym, przygotowaniu odpowiedzi dla recenzentdw, zapewnieniu finasowaniu dla
prowadzonych badan, sprawowaniu nadzoru merytorycznego i naukowego nad prowadzonymi
badaniami.

Maj wktad procentowy szacuje na 25%.

Sobczak, M.; Pietrzak, J.; Ptoszaj, T.; Robaszkiewicz, A. BRG1 Activates Proliferation and
Transcription of Cell Cycle-Dependent Genes in Breast Cancer Cells. Cancers 2020, 12, 349.
https://doi.org/10.3390/cancers12020349 moj wkiad w niniejsza prace polegat na zdefiniowaniu
hipotezy badawczej, przeprowadzeniu eksperymentdéw, ktdrych wyniki zilustrowano na figurach: 1A,
1B, 3D, 4B, 4C, 4D, przygotowaniu schematu na wykresie 4E; opracowaniu graficznym wynikéw do
manuskryptu, przygotowaniu i edycji manuskryptu, procedowaniu procedur w czasopismie
naukowym, przygotowaniu odpowiedzi dla recenzentdw, zapewnieniu finasowaniu dla
prowadzonych badan, sprawowaniu nadzoru merytorycznego i naukowego nad prowadzonymi
badaniami.

Ma&j wktad procentowy szacuje na 29%.

Sobczak, M.; Strachowska, M.; Robaszkiewicz, A. Udziat komplekséw SWI/SNF opartych na
aktywnosci BRG1 w determinowaniu fenotypu komadrek nowotworowych. Postepy Biochem. 2020,
10-18. https://doi.org/10.18388/pb.2020 312 mdj wkiad polegat przygotowaniu koncepcji pracy
przegladowej, wyborze jej zakresu oraz zrodet informacji, edycji manuskryptu, procedowaniu
procedur w czasopismie naukowym, przygotowaniu odpowiedzi dla recenzentéw.

Swoj wktad szacuje na 10%.



Sobczak, M.; Strachowska, M.; Gronkowska, K.; Robaszkiewicz, A. Activation of ABCC Genes by
Cisplatin Depends on the CoREST Occurrence at Their Promoters in A549 and MDA-MB-231 Cell
Lines. Cancers 2022, 14, 894. https://doi.org/10.3390/cancers14040834 maj wktad w niniejszg
prace polegat na sformutowaniu hipotezy badawczej, przeprowadzeniu eksperymentdw, ktérych
wyniki zilustrowano w wykresie 4B, 4D, 4E (Western blot dla ABCC4 i ABCC10), 4F, 4H, 41 (Western
blot dla ABCC10), 4J, opracowaniu graficznym wynikéw, edycji manuskryptu, procedowaniu
procedur w czasopi$mie naukowym, przygotowaniu odpowiedzi dla recenzentdéw, zapewnieniu
finasowaniu dla prowadzonych badan, sprawowaniu nadzoru merytorycznego i naukowego nad
prowadzonymi badaniami.

Mdj wktad procentowy szacuje na 20%.
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Oswiadczam, ze w pracy pod tytutem:

Sobczak, M.; Pietrzak, J.; Ploszaj, T.; Robaszkiewicz, A. BRG1 Activates Proliferation and
Transcription of Cell Cycle-Dependent Genes in Breast Cancer Cells. Cancers 2020, 12, 349.
https://doi.org/10.3390/cancers12020349 moj wktad w niniejszg prace polegat na sprawowaniu
nadzoru merytorycznego nad eksperymentami wykorzystujacymi analiza bioinformatyczng i pomocy
w wizualizacji wynikdw tej analizy, przeprowadzeniu analizy do wykresu 1E, opracowaniu
statystycznym wynikéw prezentowanych na wykresie 2C.

Méj wkiad procentowy szacuje na 1%.
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Oswiadczenie

Oswiadczam, ze w pracy pod tytutem:

Sobczak, M.; Strachowska, M.; Robaszkiewicz, A. Udziat komplekséw SWI/SNF opartych na
aktywnosci BRG1 w determinowaniu fenotypu komérek nowotworowych. Postepy Biochem. 2020,
10-18. https://doi.org/10.18388/pb.2020 312 mdj wkiad polegat na wykonaniu figur i edytowaniu
finalnej wersji manuskryptu. Swéj udziat procentowy szacuje na 5%.

Sobczak, M.; Strachowska, M.; Gronkowska, K.; Robaszkiewicz, A. Activation of ABCC Genes by
Cisplatin Depends on the COREST Occurrence at Their Promoters in A549 and MDA-MB-231 Cell
Lines. Cancers 2022, 14, 894. https://doi.org/10.3390/cancers14040894 moj wkiad polegat na
wykonaniu czesci eksperymentéw pokazanych na figurach 2B (Western blot dla H3), 2F (Western blot
dla H3), 2H (Western blot dla H3), 2J (Western blot dla H3), 3C (Western blot dla H3), 3G (Western
blot dla H3 i p53), 31 (Western blot dla H3 i p53), 4C (Western blot dla H3), 4E (Western blot dla H3),
4G (Western blot dla H3), 41 (Western blot dla H3 i p53), 4K (Western blot dla H3 i p53) oraz
edytowaniu finalnej wersji manuskryptu. Swéj udziat procentowy oceniam na 5%.
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Oswiadczam, ze w pracy pod tytutem:

Sobczak, M.; Strachowska, M.; Gronkowska, K.; Robaszkiewicz, A. Activation of ABCC Genes by
Cisplatin Depends on the CoREST Occurrence at Their Promoters in A549 and MDA-MB-231 Cell
Lines. Cancers 2022, 14, 894. https://doi.org/10.3390/cancers14040894 mdj udziat polegat na
wykonaniu eksperymentdw pokazanych na figurach 2F (Western blot dla ABCC3 i ABCC10), 2K, 3D, 4E
(Western blot dla ABCC3 i ABCC10) oraz edytowaniu finalnej wersji manuskryptu. Swoj udziat
oceniam na 5%.
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Oswiadczam, ze w pracy pod tytutem:

Sobczak, M.; Pietrzak, J.; Ploszaj, T.; Robaszkiewicz, A. BRG1 Activates Proliferation and Transcription
of Cell Cycle-Dependent Genes in Breast Cancer Cells. Cancers 2020, 12, 349.
https://doi.org/10.3390/cancers12020349 moj wktad polegat na wykonaniu czesci do$wiadczen
ukazanych na figurach 2A, 2B, 2E, 3A, 3C, analizie i interpretacji wynikoéw zwigzanych z wyzej
wymienionymi figurami oraz przygotowaniu manuskryptu. Swéj udziat procentowy szacuje na 30%.
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