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Dorobek naukowy

Niniejsza rozprawa doktorska oparta jest na trzech artykutach oryginalnych i jednej pracy
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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.
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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
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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.
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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



Cancers 2019, 11, 1539 11 of 18

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 asPARP1, BRCAL and XRCC1, is controlled by SWI/SNF in a cell cycle-dependent manner [3]. In
our model of monocyte-to-macrophage di erentiation promoters of DNA repair genes, characterized
by the presence of CpG island and E2F motifs, were enriched in SWI/SNF-EP300-HDAC1 complexes.
Macrophage di erentiation that re-entered cell proliferation switched between BRM to BRG1 and
HDAC1 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 modi ed
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 modi cations or histone variants, which appear at
a given place and time at chromatin [ 4-6]. Data collected for human monocytes and macrophages
provided the rst 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 ndings prompted us to test if similar
interdependence between BRGL distribution in genome and gene overexpression occurs in cancer cells,
since, in terms of cell cycle status, development of malignancies resembles di erentiation 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. BRG1 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. E2HCpG 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 modi cations, and calculated
Pearson correlation coe cient 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 con rm a previously postulated mechanism, where BRG1 evicted histones from transcriptionally
permissive promoters and enabled gene expression. In human macrophages, BRGIH3K27ac-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 BRG1 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/H3K27adE2HCpG—were
associated with genes involved in key cellular processes, among them DNA repair and mitotic
divisions (Figure 1C, Table S2). Analysis of di erential 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 insu cient 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 identi ed 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 identi ed.

To check if BRG1 creates a multi-enzyme complex with EP300 and HDACL in proliferating
cancer cells, we searched for the latter two enzymes in BRG1 co-immunoprecipitates. As shown
in Figure 1F, immunoprecipitation of BRG1 con rmed 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. BRG1 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 modi cations in the genome of MDA-MB-231 is shown as Pearson's correlation coe  cient.
(B) Occurrence of BRG1 at the acetylated gene promoters characterized by E2F binding site and CpG
island has been quanti ed on a Venn diagram and BRG1 /H3K27adE2HCpG 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 wgEncodeRegTfbsClusteredV3,
respectively. (C) Functional association of BRGY/H3K27ad/E2FHCpG gene promoters (marked in red
circle in (B) leads to enrichment of intracellular processes that can de ne cancer physiology. Red bars
represent biological processes, which are taken for further analysis in (D ,E). (D) Analysis of di erential
gene expression from data derived from RNA-Seq con rms 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) BRGYH3K27adE2HCpG 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 ChlP-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) de ciency of BRG1 and EP300 activity limits
transcription of genes encoding components of cell division and DNA repair mechanisms. The data
present Log2FC of mMRNA level measured by real-time PCR normalized to untreated control (IEP300
and iISWI/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 de ciency ( A,C) were prepared from four
independent replicates for iEp300, and iISWI/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 (iIEP300-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 quanti ed 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
(BRCAland BRCA2 XRCC1land 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). XRCC2was the only exception and was
upregulated in BRG1 de ciency. 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 de ciency 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 e ective 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 de ciency 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)
BRGYH3K27adCpG/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 RB1-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 iISWISNF 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 HDACL1 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 HDACL1 activity in growth arrested cells prevents
nucleosome extrusion by BRG1 due to loss of histone acetylation. Unexpectedly, G1 arrest enhances
BRG1 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 PARP1as described in our previous study [ 14]. As currently we observed such ane ect
only for two genes, it seems to be promoter or transcription co-factor dependent, but may represent



Cancer202Q 12, 349 7 of 17

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.

Figure 3. DNA repair genes are transcriptionally controlled by the cell cycle progression. ( A) De ciency
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 iCDK46 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 (ChlP/real-time PCR) 48 h after administration of iCDK4 /6 in culture of MCF7 cells. Analysis
of the cell cycle progression (A) was monitored twice in two technical replicates for each condition,
quanti cation of gene expression in response to iCDK4 /6 (B) and ChlP/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 HDACZ1) 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 RB1-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 e ect of
iICDK4/6 inhibition on promoter composition (Figure 3D) and provides evidence that repression of
genes, which potentiate cell division, leads to growth arrest-dependent modi cation of chromatin
architecture. As expected, iEP300 reduced acetylation of histones, whereas iISWISNF prevented
displacement of acetylated nucleosomes, thereby con rming a direct action of BRG1 associated to gene
promoters. As for EP300 and BRG1, their occurrence seemed to be controlled by the type of enzyme
inhibited (cell treatment with iBRG1 or iIEP300) 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 e ect of iCDK4/6, however, EZH2 was not enriched at the LIG1 promoter, whereas
it faintly methylated lysine residues at the promoters of CDK4 and NEIL3.

To con rm that long-term e ect of de ciency of BRG1 activity on gene transcription is mediated
by BRG1 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
e ects (H3 density and nucleosome acetylation), and also looked for cell cycle-related chromatin
remodeling (RB1) after short-term MCF7 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 de ciency
in enzyme activity, decreased acetylation was only found with EP300 inhibition clearly indicates
that BRG1 de nes 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 S2). Reinstatement of nucleosome acetylation (represented by H3K27ac)
was insu cient 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 e ect 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 nal chromatin composition
at the studied BRG1-driven promoters is de ned by cell cycle-dependent and independent aspects,
where rst 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 de nes chromatin composition at the promoters of
DNA repair genes. (A) Long-term (48 h) de ciency 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
quanti cation 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 MCF7 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,
BRG1 and EP300 stimulate cell proliferation and, therefore, activate transcription of genes, which are
transcriptionally driven by cell cycle progression. Data presented in gures ( A-D) are presented as
mean of four independent replicates ( n = 4). Detailed statistical data can be found in Table S3.
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