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1. Zrédta finansowania pracy doktorskiej

Grant Narodowego Centrum Nauki w ramach konkursu Preludium 21 -
2022/45/N/NZ5/01371 pt. "Rola kompleksu PARP1/HPF1 w warunkowaniu opornosci na
doksorubicyne w potrdjnie ujemnym raku piersi", kierownik: Mgr Magdalena Strachowska.
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NARODOWE CENTRUM NAUKI PRELUDIUM 21

Grant Narodowego Centrum Badan i Rozwoju w ramach konkursu LIDER/22/0122/L-
10/18/NCBR/2019 pt. ,Przetamywanie opornosci wielolekowej nowotworéw na poziomie
genomu: opracowanie metody zapobiegajgcej nadekspresji transporterow ABC w komdrkach
nowotworowych opartej na inhibitorach enzymdéw remodelujgcych chromatyne”, kierownik dr
hab. Agnieszka Robaszkiewicz, prof. Ut

NCBR» LIDER

Marodowe Centrum Badan | Rozwaoju



2. Dorobek naukowy

Niniejsza rozprawa doktorska oparta jest na 2 artykutach oryginalnych i dwdéch pracach

przegladowych publikowanych w recenzowanych czasopismach.

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

IF=6,575, MNiSW = 140 pkt

Méj wktad w niniejszg prace polegat na wykonaniu eksperymentdw okreslajgcych wptyw I-CBP112
na uwrazliwienie komérek na dziatanie cytostatykow (w tym test wykorzystujgcy resazuryne oraz
ApoTox-Glo Triplex Assay), poréwnaniu dziatania |-CBP112 oraz powszechnie stosowanych
inhibitorow ABC, okresleniu zmian w ekspresji trasnporterow ABC po zastosowaniu badanego
inhibitora (w tym wykonanie Real-Time PCR, Western Blot oraz mikroskopii konfokalnej) oraz jego
wplywie na akumulowanie lekéw, pordwnaniu dziatania I-CBP112 w linii MDA-MB-231 z linig
HepG2, analizie statystycznej oraz interpretacji otrzymanych wynikdw, przygotowaniu figur,
tekstu manuskryptu oraz edytowaniu finalnej wersji manuskryptu.

Swdj udziat procentowy oceniam na 45%.

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

IF=7.419, MNiSW = 140 pkt

Méj wktad w niniejszg prace polegat na wykonaniu eksperymentdw dotyczacych potwierdzenia
opornosci uzyskanych linii MDA-MB-231 (w tym ocena wrazliwosci na cytostatyki oraz analiza
ekspresji transporteréw ABC z wykorzystaniem techniki Real-Time PCR, Western Blot oraz
mikroskopii konfokalnej), okresleniu wptywu 1-CBP112 na ekspresje trasnporteréw ABC oraz
akumulacje lekéow (Real-Time PCR, Western Blot oraz mikroskopia konfokalna, ponadto dla
akumulacji lekéw wykonana zostata cytometria przeptywowa), wygenerowaniu sferoidéw oraz
weryfikacji wptywu I-CBP112 na akumulowanie lekéw wewnatrz kultur 3D, poréwnaniu nasilenia

dziatania wybranych cytostatykdw po zastosowaniu |-CBP112 oraz powszechnie uzywanych



inhibitorow ABC, okresleniu stopnia apoptozy oraz obkurczania sie sferoidéw po inkubacji z I-
CBP112 oraz wybranymi cytostatykami, ocena profilu bezpieczernstwa badanego inhibitora
wzgledem komodrek prawidtowych, jego wptyw na polaryzacje makrofagéw, a takze wykonanie
testu in silico w celu charakterystyki wtasciwosci ADMET, wykonaniu immunofenotypowania
wyizolowanych monocytdw oraz limfocytdw, analizie statystycznej oraz interpretacji otrzymanych
wynikéw, przygotowaniu figur, tekstu manuskryptu oraz edytowaniu finalnej wersji manuskryptu.

Swaj udziat procentowy oceniam na 35%.

Strachowska, M.; Robaszkiewicz, A. (2024). Characteristics of anticancer activity of CBP/p300
inhibitors - Features of their classes, intracellular targets and future perspectives of their
application in cancer treatment. Pharmacology & therapeutics, 257, 108636.

IF=13.5, MNiSW = 200 pkt

Méj wktad w niniejszg prace polegat na wykonaniu czesci analiz in silico off-targetow,
farmakokinetyki, wtasciwosci ADMET oraz dokowania molekularnego badanych inhibitoréw
CBP/p300, przygotowaniu pierwotnej oraz edytowaniu finalnej wersji manuskryptu, a takze
wspotuczestniczeniu w odpowiedzi na recenzje.

Swdj udziat procentowy oceniam na 50%.

Kofacz, K.; Gronkowska, K.; Strachowska, M.; Robaszkiewicz, A. Poliploidia jako rezultat terapii
przeciwnowotworowych i przyczyna braku ich skutecznosci. Postepy biochemii, 325 — 335.

MNiSW = 70 pkt
Méj wktad w niniejszg prace polegat na przygotowaniu pierwotnej oraz edytowaniu finalnej wersji
manuskryptu, wykonaniu ryciny 2, a takze wspdtuczestniczeniu w odpowiedzi na recenzje.

Swdj udziat procentowy oceniam na 25%.

Suma: 550 pkt MNiSW, IF = 27,494



Pozostaty dorobek naukowy:

Sobczak, M.; Strachowska, M.; Robaszkiewicz, A. (2020). Udziat komplekséw SWI/SNF opartych
na aktywnosci BRG1 w determinowaniu fenotypu komérek nowotworowych. Postepy Biochemii,
10-18.

MNiSW = 20 pkt

Sobczak, M., Strachowska, M., Gronkowska, K., Karwaciak, ., Putaski, ., Robaszkiewicz, A. (2021).
LSD1 Facilitates Pro-Inflammatory Polarization of Macrophages by Repressing Catalase. Cells,
10(9), 2465.

IF=7.666, MNiSW = 140 pkt

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

IF=5.2, MNiSW = 140 pkt

Gronkowska, K., Michlewska, S., Ptoszaj, T., Strachowska, M., Stepien, A., Maciej Borowiec, M.,
Bednarek, A., Robaszkiewicz, A. Pharmacological inhibition of SWI/SNF with PFI3 or SMARCA2/4
PROTAC degrader ACBI1 ameliorates paclitaxel-induced cancer drug resistance by repressing
ABCC membrane transporters —w recenzji

Suma: 300 pkt MNiSW, IF = 12,866

Komunikaty zjazdowe

Miedzynarodowe

Strachowska, M.; Sobczak, M.; Gronkowska, K.; Robaszkiewicz, A. “LSD1 contributes to defining
pro-inflammatory phenotype of human macrophages by repressing catalase”. 20th Biennial

Meeting of SFRR International - konferencja online (15.03 -18.03.2021r.)

Strachowska, M.; Sobczak, M.; Robaszkiewicz, A. ,, The impact of PARP inhibitors on transcription
of multidrug resistance-relevant ABC transporters in the triple negative breast cancer cells”. EMBL

Conference: Chromatin and Epigenetics - konferencja online (17.05 - 20.05.2021r.)
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Strachowska, M.; Sobczak, M.; Gronkowska, K.; Robaszkiewicz, A.” Effects of LSD1 inhibition on
macrophage specialization into a proinflammatory phenotype”. SciForum: 1st International
Electronic Conference on Molecular Sciences: Druggable Targets of Emerging Infectious Diseases

- konferencja online (1.09 -14.09.2021r.)

Strachowska, M.; Robaszkiewicz, A. ,Effect of PARP inhibitors on the regulation of ABC
transporters expression in breast cancer cells”. FEBS Lecture Course - "FEBS Advances Lectures

Course PARP2021" - Barcelona, Hiszpania (7.09 - 10.09.2021r.)

Strachowska, M.; Robaszkiewicz, A. “Bromodomain inhibitor I-CBP112 breaks multidrug resistance
conferred by overexpression of ABC transporters in cisplatin-resistant triple negative breast
cancer”. The Biochemistry Global Summit - the 25th IUBMB, 46th FEBS and 15th PABMB
Congresses - Lizbona, Portugalia (9.07 - 14.07.2022r.)

Strachowska, M.; Robaszkiewicz, A. ,HPF1-dependent ADP-ribosylation of serine residues confers
doxorubicin resistance in a model of triple negative breast cancer”. EMBO | FEBS Lecture Course -

Molecular mechanisms in signal transduction and cancer — Spetses, Grecja (16.08 - 24.08.2022r.)

Sobczak, M.; Strachowska, M.; Gronkowska, K.; Robaszkiewicz, A.” p53 as a direct inducer of
ABCC10 expression in A549 and MDA-MB-231 cells in response to cisplatin”. 4th ISFMS-
Biochemistry, Molecular Biology and Druggability of Proteins — Florencja, Wtochy (6.09 -
9.09.2022r.)

Strachowska, M.; Robaszkiewicz, A. “Multidrug resistance beware! CBP/p300 bromodomain
inhibitor is coming!”. Clinical Epigenetics International Conference 2023 - Szczecin (24.06-

26.06.2023r.)

Strachowska, M.; Robaszkiewicz, A. “HPF1-dependent ADP-ribosylation of serine residues and its
impact on the phenomenon of multidrug resistance”. 8th Warsaw Conference on Perspectives of

Molecular Oncology, Warszawa (7 - 8.09.2023r.)



Gronkowska, K.; Michlewska, S.; Ptoszaj, T.; Kotacz, K.; Strachowska, M.; Borowiec, M.;
Robaszkiewicz, A. ,,HIF1A-EP300-BRG1 functional crosstalk on the chromatin defines transcription
of ABC transporters in paclitaxel resistant breast and lung cancers”. 23rd FEBS Young Scientists’

Forum (YSF), Pawia, Wtiochy (26-29.06.2024r.)

Gronkowska, K.; Michlewska, S.; Pfoszaj, T.; Kotacz, K.; Strachowska, M.; Borowiec, M.;
Robaszkiewicz, A. ,HIF1A-EP300-BRG1 functional crosstalk on the chromatin defines transcription
of ABC transporters in paclitaxel resistant breast and lung cancers”. FEBS Congress, Mediolan,

Wtochy (29.06-03.07.2024r.)

Krajowe

Strachowska, M.; Robaszkiewicz, A. ,Kompleks PARP1/HPF1 w walce z opornosciq wielolekowgq
komdrek nowotworowych - molekularny klucz do sukcesu?”. IX Ogdélnopolska Konferencja Biologii

Molekularnej, £t6dz (14 - 15.03.2024r.)

Strachowska, M.; Robaszkiewicz, A. ,Identification of a transcription factor involved in the
regulation of PARP-dependent ABC gene expression”. VI Zjazd Naukowy Polskiego Towarzystwa

Biologii Medycznej, Warszawa (19-21.09.2024 r.)

Gronkowska, K.; Michlewska, S.; Ptoszaj, T.; Strachowska, M.; Borowiec, M.; Robaszkiewicz.
»SWI/SNF inhibitor PFI3 and SMARCA2/4 PROTAC degrader ACBI1 as potential chemosensitizers in
paclitaxel-resistant breast and lung cancers”. VI Zjazd Naukowy Polskiego Towarzystwa Biologii

Medycznej, Warszawa (19-21.09.2024 r.) — Il miejsce w sesji posterowej Mfodych Naukowcéw

3. Patenty

Wspdtautor patentu zatytutowanego ,Inhibitor acetylotransferazy do zastosowania do

leczenia niedrobnokomdrkowego raka ptuc”. Numer prawa wytgcznego: Pat.245595.

4. Stazie zagraniczne

Staz zagraniczny finansowany w ramach programu PROM 2023 w Laboratorium Léranta
Székvolgyi na Uniwersytecie w Debreczynie, Wegry. Podczas stazu zdobytam wiedze niezbedng do

wykonania metody ChlIP-Seq zaplanowanej w ramach projektu Preludium 21.



5. Wstep

Niezaleznie od nieustannych staran naukowcéw w poszukiwaniu innowacyjnych terapii w
walce z nowotworami, nie udato sie do tej pory znalez¢ idealnego rozwigzania. European Cancer
Information donosi, ze na przestrzeni kilkunastu lat liczba przypadkéw smiertelnych z powodu
raka moze by¢ nawet 0 27,6% wyzsza w poréwnaniu z rokiem 2022 —i wzrosng¢ z 1,33 min do 1,68
mlin przypadkéw. Wedtug WHO 1 na 5 oséb zachoruje na nowotwar, przy czym u 1 na 9 mezczyzn
i ulna 12 kobiet walka z nowotworem zakonczy sie niepowodzeniem (1). Pomimo wysitku
naukowcéw w opracowywaniu nowych terapii przeciwnowotworowych, postepu wiedzy oraz
mozliwosci, jakie dajg nam nowe podejscia terapeutyczne, nowotwory stanowig drugg
najczestszg przyczyne zgondow w Polsce. Chociaz ogromny nacisk ktadziony jest na badania
obejmujace terapie spersonalizowane, celowane, czy immunoterapie, chemioterapia nadal
pozostaje jednym z najczestszych wyborédw podczas leczenia raka. W wielu przypadkach po
poczatkowej poprawie wskaznikéw przezywalnosci w odpowiedzi na kilka cykli chemioterapii
nastepuje nawrot choroby.

Jako przyktad postuzy¢ moze wysoki, siegajgcy az 42% nawrdt choroby u pacjentek z
potrdjnie ujemnym rakiem piersi (TNBC), wyrdzniajgcym sie brakiem receptora estrogenowego
(ER), receptora progesteronowego (PR) i HER2, ktdre leczone sg chemioterapig oraz terapia
miejscowg. Spowodowane jest to wyksztatceniem przez komoérki nowotworowe mechanizmow
adaptujgcych je do warunkéw stresowych wywotanych przez czynniki o charakterze
cytostatycznym, hipoksje oraz autofagie (2), co nazywane jest powszechnie opornoscig
wielolekowg nowotworéw (z ang. multidrug resistance - MDR). Istnieje wiele mechanizméw
predysponujgcych komorki rakowe do przezycia w warunkach stresu, a w niniejszej pracy uwage
poswiecono zagadnieniu nadekspresji transbtonowych biatek ABC. W komédrkach prawidtowych
reguluja one wewnatrzkomérkowy poziom hormondw, jondéw, produktéw przemiany materii,
sktadnikdw odzywczych, steroli, lipiddw oraz ksenobiotykdw trasnportujac je przez btony
wewnatrz- i zewnatrzkomorkowe (3). W komérkach nowotworowych odgrywajg kluczowg role w
usuwaniu szerokiej gamy lekéw cytostatycznych poza komodrke lub ich zamkniecie wewnatrz
organelli wewngtrzkomdrkowych takich jak lizosomy, autofagosomy i endosomy. Do aktywnosci
enzymatycznej wykorzystujg energie uzyskang z hydrolizy ATP. Biatka ABC podzielone s3 na
siedem rodzin, ale tylko piec¢ z nich (A-D, G) posiada domene transmembranowg (TMD). 44 biatka
z rodzin A-D oraz G kodowane sg u ludzi przez 48 gendéw (4). Biatka z dwdch dodatkowych
podrodzin (E-F) odgrywajg kluczowg role w biogenezie rybosomdéw, translacji i transporcie RNA —
ABCE, a takze sg czescig kompleksu rybosomowego — ABCF (3,5). Biatka ABCE i ABCF posiadajg

tozsame do innych ABC domeny wigzace ATP, jednakze nie posiadajg domeny trasnbtonowej. Na
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rdzen struktury biatek z podrodziny A-D oraz G sktadajg sie dwie domeny wigzgce nukleotydy
(NBD) oraz dwie domeny transbtonowe. W transporterach ABC domena NBD wigze oraz

hydrolizuje ATP, zas domena TMD jest odpowiedzialna za translokacje (eksport i import) substratu

(4).

Ogony histondw mogg byé modyfikowane przez acetylacje, metylacje, fosforylacje,
ubikwitylacje, GIcNAcylacje, cytrulinacje, krotonilacje i izomeryzacje. Towarzyszg one zmianom w
strukturze chromatyny i ekspozycji miejsc wigzania biatek do DNA w celu aktywacji lub
zahamowania transkrypcji genéw. Jedng z najlepiej scharakteryzowanych modyfikacji jest
acetylacja lizyny, ktéra dziata najczesciej jako aktywator transkrypcji; towarzyszy ona réwniez
replikacji, naprawie DNA i upakowaniu DNA w nukleosomy. Acetylotransferazy histonowe (HAT)
sg odpowiedzialne za przeprowadzanie acetylacji reszt lizyny histonéw, czynnikéw
transkrypcyjnych i innych biatek zaangazowanych w proces transkrypji, podczas gdy proces
odwrotny jest katalizowany przez deacetylazy histonowe (HDAC). Acetylowane histony s3
rozpoznawane przez biatka posiadajgce bromodomene i wskazujg miejsca wigzania do
chromatyny. Bromodomeny nalezg do silnie konserwatywnych struktur, ktérych sekwencja
zawiera ~110 aminokwasow. Na ich budowe sktadajg sie cztery leowskretne helisy (aA, aB, aC i
aZ), a hydrofobowa kieszen utworzona jest z dwdch petli pomiedzy helisami aB i ac, a takze
helisami aZ i aA. Struktura hydrofobowej kieszeni bromodomeny moze jednocze$nie oddziatywaé
z kilkoma acetylowanymi resztami lizyny. Ten charakterystyczny element budowy bromodomen
definiuje ich role w mechanizmach epigenetycznej kontroli transkrypcji genéw. Biatka zawierajace
bromodmeny mozna podzieli¢ na trzy nastepujace grupy: elementy komplekséw remodelujgcych
chromatyne, skfadniki acetylotransferaz histonowych oraz biatka bromodomenowo-zewnetrzne
(BET). Opisana interakcja pomiedzy nukleosomami i bromodomenami moze by¢ hamowana, a
mechanizm ten znalazt zastosowanie w terapiach przeciwnowotworowych oraz badaniach
klinicznych. Dla przyktadu, inhibitor JQ1 wigze sie z kieszenig bromodomeny BET imitujac
acetylowang lizyne. W wyniku tego procesu zahamowana zostaje interakcja biatek BET z
histonami, co prowadzi do ich usuniecia z chromatyny oraz wprowadzenia komorki na droge
apoptozy. Wtasciwosci inhibitora JQ1 hamujgce proliferacje oraz indukujgce réznicowanie
komdrek nowotworowych zostaty wykazane wzgledem modelu raka srodkowej linii NUT oraz
ostrej biataczki szpikowej. Poza obnizeniem proliferacji komérek JQ1 obnizat ekspresje c-Myc w
raku endometrium oraz raku jajnika (6—9). Do | fazy badan klinicznych wybrany zostat analog JQ1
— TEN-010, ktérego dziatanie zweryfikowane zostato u pacjentéw z zaawansowanymi guzami

litymi, nowotworami ztosliwymi (NCT01987362) oraz ostrg biataczka szpikowg (NCT02308761).
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W jednej z poprzednich prac zespotu opisany zostat mechanizm, w ktérym wyidukowanie
opornosci na cisplatyne w linii niedrobnokomdrkowego raka ptuc A549 oraz potrdjnie
negatywnego raka piersi MDA-MB-231, uwarunkowane byto pojawieniem sie acetylotransferazy
histonowej p300 na promotorze genu kodujgcego transporter ABCC10. Biorgc pod uwage fakt, iz
p300 posiada aktywnosci acetylotransferazy oraz krotonylotransferazy, a takze jest zlokalizowane
na promotorach gendw w liniach z wyindukowang opornoscig wielolekowg, w niniejszej pracy
doktorskiej sprawdzono, czy zahamowanie dziatania p300 poprzez zastosowanie inhibitora
bromodomeny CBP/p300 moze wptyngé na uwrazliwienie komdrek nowotworowych na
powszechnie stosowane chemioterapeutyki poprzez obnizenie transkrypcji czesci gendéw z rodziny
ABC. Wybrany do tego celu zwigzek - I-CBP112 nalezy do grupy inhibitorow, ktére specyficznie i
kompetycyjne hamujg interakcje pomiedzy bromodomeng CBP/p300 odpowiedzialng za wigzanie
acetylo-lizyny a chromatyng. Chociaz niejednokrotnie wskazywano w literaturze potencjalnie
przeciwnowotworowe dziatanie wybranych inhibitoréow p300 i jego homologu CBP to nie
przedstawiono wczesniej wtasciwosci fizykochemicznych tych zwigzkéw, ktdre predysponowatyby
je lub wykluczaty z wiaczenia przynajmniej do badan na zwierzetach czy testow klinicznych (10—
13). Brakowato istotnych informacji o parametrach ADMET (z ang. Absorption—Distribution—
Metabolism—Excretion—Toxicity) oraz wptywie inhibitoréw p300 na komarki prawidtowe. Jednym
z istotnych  aspektéw  bezpiecznego  stosowania  zwigzkow o  wiasciwosciach
przeciwnowotworowych jest ich zdolno$¢ do indukowania poli(aneu)ploidii, ktéra obok opisanych
wczesniej transporteréow ABC, jest jednym z mechanizméw odpowiedzialnych za opornosc¢
wielolekowa nowotwordéw. Cho¢ informacje o tworzeniu komdrek polianeuploidalnych w
odpowiedzi na pojawienie sie czynnikdw stresowych w srodowisku mozna znalez¢ w literaturze,
to doktadna rola poszczegdlnych sciezek sygnatowych czy czynnikéw transkrypcyjnych
indukujacych tego typu forme tolerancji na stres jest stosunkowo stabo poznana. Komorki
poli(aneu)ploidalne charakteryzujg sie zwiekszong iloScig materiatu  genetycznego
izwielokrotniong liczbg chromosoméw. Przez wzglad na posiadanie jednego olbrzymiego lub kilku
mniejszych jgder nazywane sg one poliploidalnymi olbrzymymi komérkami nowotworowymi (z
ang. polyploid giant cancer cells - PGCC). Ten typ komérek odpowiedzialny jest za odtworzenie
populacji po ustgpieniu szkodliwych czynnikow. Stad okreslenie zdolnosci zwigzkéw o charakterze
przeciwnowotworowym do indukowania poli(aneu)ploidii jest aspektem réwnie istotnym dla
wyleczenia choroby jak wtasciwosci farmakokinetyczne i ADMET.

Czesto opisywana rola PARP1 w nowotworach dotyczy udziatu tego biatka w naprawie
DNA, regulowaniu transkrypcji czy procesach metabolicznych, natomiast mojg uwage przyciggneta

ADP-rybozylacja kompleksu aktywujgcego transkrypcje BRG1-EP300, ktérego obecnosc
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stwierdzono na promotorach niektérych transporteréw ABC. PARP1 katalizuje przytgczanie poli-
ADP-rybozy do asparaginianu lub glutaminianu, jednak gdy C4orf27/HPF1 jest rekrutowany do
miejsca uszkodzenia DNA, ADP-rybozylacja zachodzi na resztach seryny. Biorgc pod uwage istotng
role I-CBP1112 w hamowaniu dziatania bromodomeny CBP/p300 i jednoczesnym obnizeniu
ekspresji transporterow ABC, postanowitam sprawdzi¢ wptyw inibitoréw biatka PARP1 na represje
genow, ktdre sg regulowane przez biatko p300. W ramach tego badania wykorzystane zostaty dwa
inhibitory biatka PARP1, ktdre rdznig sie mechanizmem dziatania. Veliparib nie indukuje
powstawania putapkowego kompleksu PARP-DNA, co jest niezwyktym atutem w porédwnaniu z
innymi iPARP, poniewaz nie inicjuje on mielosupresji, ktdrej cechg charakterystyczng jest obnizony
poziom komérek szpiku kostnego. Drugi z analizowanych inhibitoréw — Olaparib wigze PARP1 z
DNA. W 2018 roku zostat zatwierdzony przez Amerykanskg Agencje ds. Zywnosci i Lekéw (FDA) do
leczenia zaawansowanego raka jajnika, jajowodu, a takze pierwotnego raka otrzewnej, ktore
posiadajg germinalng lub somatyczng mutacje w genie BRCA1 lub BRCA2 ze wzgledu na ich
wrodzony defekt naprawy rekombinacji homologicznej (HRR). Inhibitory PARPu w uktadzie z
lekami przecinowotworowymi obnizajg zdolnosé komérki nowotworowej do naprawy uszkodzen
spowodowanych dziataniem cytostatykow, co prowadzi do akumulowania abberacji, a nastepnie
Smierci komaérki. W ramach projektu Preludium 21 zidentyfikowano czynniki transkrypcyjne, ktore
moga by¢ odpowiedzialne za obserwowang PARP1-zalezng nadekspresje transporteréw ABC w
komérkach MDA-MB-231 opornych na doksorubicyne. Badania wykonane w ramach tego projektu
moga by¢ istotnym kamieniem milowym w walce z opornoscig wielolekowg nowotwordéw piersi

opornych na standardowa chemioterapie.

W niniejszej pracy przedstawione zostato poréwnanie wrazliwosci linii bazowych oraz
uzyskanych z nich linii opornych na chemioterapeutyki oraz ekspresje transporteréw ABC. Do
przeprowadzenia badan stanowigcych temat niniejszej rozprawy doktorskiej wykorzystano linie
bazowe i wygenerowane linie oporne na wybrane chemioterapeutyki, charakteryzujgce sie
zwiekszong ekspresjg biatek ABC, ktérych role w opornosci potwierdzono eksperymentalnie. Dla
uzyskania modelu istotnego z punktu widzenia klinicznego wyprowadzono linie oporne
odpowiednio na doksorubicyne z potréjnie negatywnego raka piersi (MDA-MB-231) i cisplatyne z
niedrobnokomorkowego raka ptuc (A549) oraz z obydwu linii uzyskano komérki oporne na
paklitaksel. Szczegétowo opisany zostat mechanizm dziatania inhibitora bromodomeny CBP/p300
— |-CBP112 w komérkach bazowych (Praca eksperymentalna nr 1) oraz opornych (Praca
eksperymentalna nr 2) w kontekscie zaleznej od p300 transkrypcji genéw odpowiedzialnych za

transport przezbtonowy lekdw. Omdéwione zostato znaczenie inhibitora w ekspresji biatek ABC
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warunkujgcych opornos¢ na chemioterapeutyki w wybranych fenotypach opornych, na
akumulowanie lekdw wewnatrz komdrek, a takze nasilenie toksycznosci w hodowlach 2D i 3D.
Ponadto wykonane zostaty badania in vitro oraz in silico majgce na celu okreslenie profilu
bezpieczenstwa inhibitora I-CBP112. Praca przeglgdowa nr 1 podsumowata witasciwosci obecnie
stosowanych w badaniach inhibitoréw CBP/p300, ktére oddziatuja z domeng katalityczng
acetylotransferazy histonowej (A-485, C646, L002) lub bromodomeng CBP/p300 oddziatujaca z
chromatyng (SGC-CBP30, I-CBP112, CPI-637, PF-CBP1, GNE-781, CCS1477, UMB298), a takze
podwadjnych inhibitoréw BET CBP/p300 (NEO2734, XP-524). W opisanej pracy przegladowej
szczegblny nacisk zostat potozony na omoéwienie potencjalnych, klinicznie istotnych celéw
pobocznych wybranych inhibitoréw. Opisano wtasciwosci farmakokinetyczne oraz parametry
Absorbcja - Dystrybucja - Metabolizm - Eliminacja - Toksyczno$¢ (ADMET). W pracy przeglgdowe;j
nr 2 podsumowane zostaty mechanizmy powstawania komérek poli(aneu)ploidalnych, okreslona
zostata réwniez rola tego typu komdrek w nowotworach, a takze omdéwione zostaty perspektywy
przetamywania zjawiska poliploidii bedgcego jednym z mechanizmdéw przyczyniajgcych sie do

opornosci wielolekowej.

6. Cel pracy

Celem badan realizowanych w ramach prezentowanej pracy doktorskiej byto okreslenie
roli p300 w wytwarzaniu opornosci wielolekowej na wybrane chemioterapeutyki poprzez
nasilanie transkrypcji gendw z rodziny ABC. Gtéwnym narzedziem badawczym byt inhibitor
bromodomeny CBP/p300 — I-CBP112, za$ narzedziem uzupetniajgcym byly inhibitory polimerazy
poli (ADP-rybozy) -1 (PARP-1), ktéra jest dowiedzionym ko-regulatorem p300 i BRG1. Badania nad
biatkiem PARP1 zainspirowaty mnie do rozpoczecia projektu, ktéry miat na celu zbadanie roli
kompleksu PARP1/HPF1 w warunkowaniu opornosci wielolekowej w potréjnie ujemnym raku
piersi opornym na doxorubicyne. Biorgc pod uwage mozliwe zastosowanie przeciwnowotworowe
inhibitorow p300, przewidziane zostato bezpieczerstwo ich stosowania oraz zidentyfikowane
zostaty inne enzymatyczne cele dla inhibitorow p300, hamowanie aktywnosci ktorych moze

przynies¢ potencjalng korzys¢ chorym na nowotwory.

7. Hipotezy badawcze

Wiodgca hipoteza badawcza zaktadata mozliwosé uzupetnienia standardowej
chemioterapii o komercyjnie dostepny inhibitor acetylotransferazy p300 — I-CBP112, w celu

obnizenia lub petnego wyeliminowania nabytej opornosci wielolekowej komdrek
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nowotworowych przy kolejnej dawce chemioterapeutyku. Wymieniony zwigzek miat hamowadé
transkrypcje genéw kodujacych biatka z rodziny ABC biorgce aktywny udziat w usuwaniu lekéw
poza komérke lub ich akumulowanie w wewngatrzkomérkowych organellach. Uzupetniajaca
hipoteza zaktadata udziat kompleksu PARP1/HPF1 w regulowaniu transkrypcji genéw kodujgcych
biatka ABC, co w konsekwencji warunkowato opornos$é¢ komérek linii MDA-MB-231 na

doksorubicyne.

W ramach niniejszej pracy zrealizowano nastepujce cele szczegétowe:

—  Wytoniono kluczowe biatka ABC ulegajgce nadekspresji po uzyskaniu opornosci
w poszczegdlnych liniach nowotworowych.

— Zidentyfikowano wewngatrzkomdérkowa lokalizacje biatek ABC w komérkach
wybranych linii bazowych oraz opornych.

— Okreslono wptyw inhibitora bromodomeny CBP/p300 oraz inhibitoréw PARP-1
na ekspresji biatek ABC.

— Okreslono potencjalne cele poboczne inhibitoréw CBP/p300.

— Sprawdzono potencjalng role ADP-rybozylacji w zaleznej od p300 nadekspresji
biatek ABC.

— Zidentyfikowano czynnik transkrypcyjny towarzyszacy PARP1 w miejsach
regulatorowych wybranych PARP1/p300-zaleznych gendéw ABC ulegajacych
nadekspresji w liniach opornych.

— Zidentyfikowano modyfikacje potranslacyjne, ktére mogg wptywac na
funkcjonowanie biatka PARP-1.
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8. Materiaty i metody

Materiat badawczy

— Linia potrdjnie ujemnego raka piersi MDA-MB-231 — bazowa (Sigma-Aldrich), oporna na
cisplatyne, oporna na doksorubicyne i oporna na paklitaksel

— Linia niedrobnokomérkowego raka ptuc A549 — bazowa (ATCC), oporna na cisplatyne oraz
oporna na paklitaksel

— Linia nowotworowa watrobowokomaorkowa HepG2 (ATCC)

\2

Linie pierwotne (ATCC)
— Monocyty oraz limfocyty wyizolowane 2z kozuszka leukocytarnego (Centrum

Krwiodawstwa w todzi)

Hodowla komdrkowa oraz traktowanie inhibitorami

Linia MDA-MB-231 przez pierwszych pie¢ pasazy hodowana byta w medium L15 z
suplementacjg 15% FBS, antybiotykdw penicylina-streptomycyna (kolejno 50 U/mL oraz 50
pug/mL) bez CO2 (zgodnie z zaleceniami producenta). Nastepnie w ciggu dwéch tygodni komérki
zostaty zaadaptowane do pozywki DMEM z 10% surowicg bydlecg FBS, z uwzglednieniem
antybiotykéw penicylina-streptomycyna (kolejno 50 U/mL oraz 50 pg/mL) i hodowli w atmosferze
5% CO,. Komorki A549 hodowane byly w pozywce DMEM z 10% FBS oraz antybiotykami
penicylina-streptomycyna (kolejno 50 U/mL oraz 50 pg/mL) w atmosferze 5% CO2.

Komaorki wysiewane byty na ptytke co najmniej 24h przed planowanym traktowaniem
inhibitorami. Nastepnie inkubacja z inhibitorami w stezeniu 2,5 uM i 10 uM - [-CBP112
(iCBP/p300), 1 uM — Olaparib (iPARP1) oraz 1 uM Veliparib (iPARP1) trwata 72h. Wyjatkiem byt
eksperyment, w ktérym sprawdzano bezprosredni wptyw I-CBP112 na aktywnos¢ transporteréow

ABC obecnych w btonie komdérek, i w tym przypadku inkubacja trwata 2h.

Indukowanie opornosci na wybrane cytostatyki

Komorki linii MDA-MB-231 traktowane byty lekami przeciwnowotworowymi w stezeniach
1 uM dla doksorubicyny oraz 0,05 uM dla paklitakselu, a linia A549 inkubowana byta z 10 uM
cisplatyng oraz 0,05 uM paklitakselem. Traktowanie istotnie klinicznymi cytostatykami
powtarzane byto co okoto 4 tygodnie w jednorazowych dawkach w zaleznosci od zdolnosci
proliferacyjnych komarek. Nastepnie po 48 godzinach leki byty usuwane z hodowli, a komarki byty

hodowane w pozywce DMEM bez dodatku lekéw do nastepnego traktowania.
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Badane inhibitory

— Inhibitor bromodomeny CBP/p300 — I-CBP112
— Inhibitory PARP — Olaparib i Veliparib

Narzedzia badawcze — analizy in vitro

Lista odczynnikdéw oraz doktadna metodyka, ktdre zostaty wykorzystane w niniejszej

pracy doktorskiej figurujg w zatgczonych publikacjach.

1) Praca eksperymentalna nr 1 pt.: “CBP/p300 bromodomain inhibitor — I-CBP112 declines
transcription of the key ABC transporters and sensitizes cancer cells to chemotherapy drugs” oraz
praca eksperymentalna nr 2 pt.: ,/-CBP112 declines overexpression of ATP-binding cassette
transporters and sensitized drug-resistant MDA-MB-231 and A549 cell lines to chemotherapy

drugs”.

Metodyka wykorzystana w obydwu pracach zostata juz opublikowana z tego wzgledu w niniejszej

pracy zostanie oméwiona w formie skrdéconej.

— Testy na zywotno$¢ komodrek - resazuryna, barwienie Aneksyng V (mikroskopia
konfokalna), ApoTox-Glo™ Triplex Assay

— Testy na poziom apoptozy — mikroskop konfokalny, ApoTox-Glo™ Triplex Assay, Western
Blot

— Oznaczanie poziomu mRNA — Real-Time PCR

A

Oznaczanie poziomu biatek — Western Blot

— Oznaczanie akumulowania lekéw — cytometr, czytnik fluorescencyjny, mikroskop
konfokalny

— Okreslenie poziomu transporteréw ABC oraz ich lokalizacja w komdrce — mikroskopia
konfokalna

— Pomiar wielkosci sferoidéw — mikroskopia konfokalna

— W pracy eksperymentalnej uwzgledniajacej dziatanie inhibitora I-CBP112 w liniach

opornych MDA-MB-231 oraz A549 wykonane zostato dokowanie molekularne majace na

celu okreslenie oraz poréwnanie miejsc wigzania oraz powinowactwo I-CBP112,

doksorubicyny, jak réwniez inhibitorow ABC — Tariquidaru, Reversanu i MK-571 do biatek

ABCB1, ABCC1 i ABCG2. Analiza ta wykonana zostata w celu weryfikacji, czy I-CBP112

poza hamowaniem transkrypcji, moze bezposrednio hamowac¢ aktywnosc

transporterow. Do tego celu wykorzystano narzedzie CB-Dock?2.
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— Woykonany zostat rowniez test ADMET (absorpcja—dystrybucja—metabolizm—wydalanie—
toksycznosc), ktory pozwolit na okreslenie wtasciwosci farmakokinetycznych I-CBP112

Do tego celu wykorzystano narzedzia takie jak Swiss ADME oraz pkCSM.

Okreslenie wptywu I-CBP112 na funkcjonalng interakcje pomiedzy p300, LSD1, strukturg
chromatyny i transkrypcji genéw kodujgcych transportery ABC wykonane zostato przez innych

cztonkéw zespotu badawczego dr hab. Agnieszki Robaszkiewicz.

Technika ChIP-qPCR obejmujgcg ocene wptywu inhibitora CBP/p300 na H3K4me3, a takze
poréwnanie dziatania I-CBP112 na transkrypcje ABC w kombinacji z inhibitorem LSD1 (SP2509)

wykonana zostata przez innych cztonkdw zespotu badawczego dr hab. Agnieszki Robaszkiewicz.

Okreslenie % hemolizy w erytrocytach po traktowaniu I-CBP112 wykonane zostato przez Panig

Magister Marike Grodzicka.

2) Oznaczenie wtasciwosci ADMET i potencjalnych celéw nieswoistych dla inhibitoréw CBP/p300
(Praca przegladowa nr 1 pt.: “Characteristics of anticancer activity of CBP/p300 inhibitors —
Features of their classes, intracellular targets and future perspectives of their application in cancer

treatment”)

W trakcie przygotowania pracy przeglagdowej wykonane zostaty analizy in silico, ktére
uwzgledniaty takie narzedzia jak SwissTargetPrediction, w celu zidentyfikowania celéw
pobocznych dla opisywanych inhibitoréw CBP/p300, SwissADME do okre$lenia parametrow
ADME oraz wtasciwosci farmakokinetycznych, ktérych wartosci dodatkowo potwierdzone zostaty
za pomocy narzedzia pkCSM. Do przeprowadzenia wyzej wymienionych analiz wykorzystano
struktury SMILES. Ponadto, wykonano dokowanie molekularne dla wybranych uktadéw
zwigzek/powszechnie znany inhibitor — ligand, ktére umozliwito przewidzenie powinowactwa oraz
zidentyfikowanie doktadnego motywu miejsca wigzania potencjalnego ligandu w kieszeni
badanego biatka. Powszechnie znane, silnie wigzace inhibitory CBP/p300 obejmowaty zwigzki,
ktére sg obecnie w badaniach klinicznych lub zostaty juz zaakceptowane przez FDA. W celu
przeprowadzenia dokowania molekularnego wykorzystane zostaty krystaliczne struktury 3D biatek

z Protein Data Bank lub AlphaFold oraz struktury wybranych inhibitoréow ze strony PubChem .

3) Kolejny etap badan obejmowat analize bezpieczenstwa inhibitora I-CBP112 w kontekscie jego
potencjalnej zdolnosci do bezposredniego indukowania lub nasilania zjawiska polinukleacji
wywotanej cytostatykami. Zagadnienie to zostato szczegdétowo omdwione w opublikowanej pracy

przeglagdowej pt.: ,,Poliploidia jako rezultat terapii przeciwnowotworowych i przyczyna braku ich
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skutecznosci”. Wyniki, ktére nie zostaty jeszcze opublikowane majg wysokg wartos¢ naukows,
poniewaz uzupetniajg zagadnienia dotyczgce przeciwnowotworowych witasciwosci omawianego

inhibitora.

— Cytometria przeptywowa — okreslenie zmian cyklu komérkowego z wyrdznieniem

komoérek polianeuploidalnych w oparciu o zawartosé DNA

Eksperyment ten rozpoczetam od wysiania 500 ty$. komoérek na ptytke 6-dotkowa linii
MDA-MB-231 opornej na doksorubicyne oraz paklitaksel i A549 opornej na cisplatyne oraz
paklitaksel. Nastepnie przeprowadzona zostata 72-godzinna inkubacja z I-CBP112, po ktdrej
dodano doksorubicyne w stezeniu 0,1 uM na kolejne 48-godzin. Po tym czasie komérki zostaty
dwukrotnie przeptukane PBS, a nastepnie utrwalone w roztworze 0,5% formaldehydu w PBSie. Do
permabilizacji wykorzystano Triton X-100 w stezeniu 0,1% dla A549 oraz 0,05% dla MDA-MB-231,
a po 15-minutowej inkubacji dodana zostata RNAza na okoto 4 godziny. W ostatnim etapie do
zawiesiny komérek dodano DAPI (1 pg/mL, 15 minut), a nastepnie przeprowadzony zostat
cytometryczny pomiar fluorescencji wzbudzeniu 350 nm i emisji 470 nm. Do analizy uzyskanych
wynikéw wybrano oprogramowanie FlowlJo™ v10.8 Software. Populacja komodrek zostata
zidentyfikowana w oparciu o parametry FSC-A i SSC-A, a nastepnie w formie histogramu
zwizualizowany zostat cykl komérkowy z dodatkowym uwzglednieniem komadrek polijgdrzastych,
dla ktérych zawartos¢ DNA przekraczata ilos¢ DNA w komdrkach znajdujgcych sie w fazie G2. Dla

kazdego uktadu eksperymentalnego wykonane zostaty trzy powtdrzenia biologiczne.

4) W ostatnim etapie badan nad rozprawg doktorskg skupitam sie na biatku PARP1 oraz jego
wplywie na regulowanie transkrypcji transporteréw ABC w linii bazowej MDA-MB-231 oraz
opornej na doksorubicyne. Protokoty dla ponizszych metod, z wyjgtkiem wyciszenia biatek PARP1
i HPF1, Co-IP oraz ChIP-Seq, znajdujg sie w opublikowanych pracach eksperymentalnych, ktdre sg

podstawg mojej pracy doktorskiej.

— Real-Time PCR
e  wptyw inhibitoréw PARP1 na ekspresje transporteréw ABC
e wptyw wyciszenia sktadowych kompleksu PARP1/HPF1 na ekspresje ABC
e okreslenie wptywu wyciszenia czynnika SMARCA1 na ekspresje genéw ABCC3,
ABCC4 i ABCC5 w linii opornej na doksorubicyne
— Western Blot

e wplyw iPARP na poziom biatek ABC
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e ko-immunopercypitacji biatka PARP1 z analizg skfadnikdéw potencjalnego
kompleksu/koregulatoréow
e okreslenie poziomu ADP-rybozylacji
— Mikroskopia konfokalna
e wplyw iPARP na ekspresje biatek ABC oraz akumulacje lekéw
e wptyw siPARP1 oraz siHPF1 na akumulacje lekdw w kulturach 2D oraz
sferoidach
e okreslenie kolokalizacji biatek kompleksu oraz ich lokalizacja
e wptyw siSMARCA1 na akumulowanie lekédw (metoda uzupetniajgca do
pomiaréw na czytniku fluorescencyjnym)
— Ko-immunoprecypitacjia (Co-IP)
e okredlenie zaleznosci powstawania kompleksu PARP1/HPF1 od czynnikéw
uszkadzajacych takich jak etopozyd i H202
e okreslenie modyfikacji potranslacyjnych biatka PARP1
e zweryfikowanie fizycznej interakcji SMARCA1 z p300, PARP1 oraz HPF1
— Immunoprecypitacja chromatyny z analizg fragmentéw za pomocay
senwencjonownia nowej generacji (ChIP-Seq) dla biatka PARP1
e zidentyfikowanie czynnikéw transkrypcyjnych odpowiedzialnych za PARP1-
zalezng ekspresje transporteréw ABC
e okreslenie stopnia modyfikacji histonéw, takich jak H3K4me3 i H2K27ac, w

miejscu wystepowania PARP1 na chromatynie wybranych genéw ABC

Odczynniki wykorzystane na tym etapie:

v

przeciwciato anty-SMARCA1 (numer katalogowy: #MA5-31912, ID przeciwciata:
2H7B9, Thermo Fisher)

przeciwciato anty-PARP1 (numer katalogowy: #9532, ID przeciwciata: 46D11, Cell
Signaling Technology)

przeciwciato anty-HPF1 (numer katalogowy: HPA043467, Sigma Aldrich)

przeciwciato anty-p300 (numer katalogowy: #54062, ID przeciwciata: D2X6N, Cell
Signaling Technology)

siRNA dla SMARCA1 (numer katalogowy: #AM16708, ID siRNA: 142645, Thermo
Fisher)

siRNA dla PARP1 (numer katalogowy: sc-29437, Santa Cruz Biotechnology)

siRNA dla HPF1 (numer katalogowy: AM16709, ID siRNA: 215741, Ambion)
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v’ startery

Forward Reverse

5'- AAGCCCTAAAGGCTCAGAACG-3' 5'-ACCATGCCATCAGCTACTCGGT-3’

PARP1

5’- TCGCTTGAACAGAGAACCGTGA-3"  5’-TGGAACAACCAAGCCTGCAC-3’
HPF1

5’-GCTTGGCATGGTGGAATGGA-3’ 5-TTTGGCTGTTTTGGAGGCCG-3’
SMARCA1

Wyciszenie biatek PARP1 oraz HPF1

Komorki linii bazowej oraz opornej na doksorubicyne MDA-MB-231 dzieh przed
transfekcjg zostaty wysiane na 24-dotkowg ptytke w gestosci 100 tysiecy komodrek na dotek. Po 24
godzinach przygotowany zostat kompleks lipofektaminy RNAIMAX : siRNA w medium OptiMEM, a
nastepnie dodany do komédrek. Po 4-godzinnej inkubacji uzupetnione zostato medium DMEM z
10% FBS i antybiotykami do objetosci 1 ml. Po 72-godzinach do stranfekowaych komérek dodany
zostat TRIzol, a nastepnie przeprowadzona zostata izolacja RNA oraz odwrotna transkrypcja. W
ostatnim etapie zmiany w ekspresji genéw ABC po wyciszeniu sktadowych kompleksu okreslone
zostaty metodg Real-Time PCR z wykorzystaniem starterdow, ktérych sekwencje znajdujg sie w

opublikowanych pracach eksperymentalnych bedacych czescig rozprawy doktorskiej.

Ko-immunoprecypitacja oraz immunoprecypitacja

Ogdlny opis metody:

Komorki linii bazowej MDA-MB-231 wysiane zostaty w gestosci 5 miliondw komodrek na
szalke o srednicy 90 mm. Nastepnego dnia, po trzykrotnym przeptukaniu PBSem, komérki zostaty
zawieszone w buforze do IP (20 mM HEPES — KOH; 50 mM KCl; 5 mM MgClI2; 0,2 mM EDTA; 20%
glycerol; 0,1% NP-40) z inhibitorami PIC, PMSF i DTT oraz zebrane do probdwki typu eppendorf.
Zawiesina komodrek zostata zsonikowana na aparacie Diagenode Bioruptor 300 przez 35 cykli /
high. Po odwirowaniu zawiesiny 10 % supernatantu zebrane zostato na kontrole catkowitej
zawartosci analizowanych biatek w probie (input), a pozostata czes$é prébki rozdzielona zostata na
probe z przeciwciatem (wtasciwe IP) oraz na kontrole IgG. Po 2-godzinnej inkubacji lizatu z
przeciwciatem dodane zostaty kulki magnetyczne na dodatkowe 2 godziny. Nastepnie kulki zostaty

przeptukane buforem do IP, zawieszone w buforze lizujgcym do elektroforezy z B-
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merkaptoetanolem oraz buforem obcigzajagcym. Tak przygotowana mieszanina byfa inkubowana
w 70°C przez 10 minut. Po oddzieleniu kulek od lizatu biatka rozdzielono za pomoca techniki

Western Blot.

Eksperyment obejmujacy ko-immunoprecypitacje dotyczacy weryfikacji powstawania kompleksu
PARP1/HPF1 w odpowiedzi na czynniki uszkadzajgce w linii bazowej MDA-MB-231 rozpoczat sie
od wysiania komodrek, a nastepnie po 24-godzinach, komérki zostaty potraktowane etopozydem
(25 uM) oraz H202 (25 uM) oraz inkubowane odpowiednio przez dwie i cztery godziny. W
kolejnym kroku wykonana zostata ko-immunoprecypitacja potgczona z detekcjg biatek technika
Western Blot podczas ktérej wykorzystane zostaty przeciwciata anty-PARP1 oraz anty-HPF1. W
ramach ko-immunoprecypitacji wykonane zostato réwniez badanie okreslajgce pojawienie sie
fizycznej interakcji biatka SMRACA1 z PARP1, p300 oraz HPF1 w linii MDA-MB-231 opornej na
doksorubicyne w poréwnaniu z linig bazowa. Analiza obejmujaca immunoprecypitacje oraz
identyfikacje modyfikacji potranslacyjnych biatka PARP1 w linii bazowej, opornej na
doksorubicyne i opornej na paklitaksel MDA-MB-231 opierata sie na przeciwciatach swoistych dla
metylacji, acetylacji oraz fosforylacji. W przypadku eksperymentéw obejmujgcych tworzenie sie
kompleksu PARP1 i HPF1 oraz weryfikacje modyfikacji potranslacyjnych do immunoprecypitacji

wybrane zostato przeciwciato anty-PARP1.

ChiP-Seq

Immunoprecypitacje chromatyny wykonatam zgodnie z wczesniej opublikowanym
protokotem znajdujgcym sie w publikacji Wisnik i innych (14). Komérki linii MDA-MB-231 bazowej
oraz opornej na doksorubicyne wysiano na szalke w ilosci 10 milionéw komérek na szalke o
$rednicy 150 mm. Nastepnego dnia komérki utrwalono 1 % formaldehydem, a po 10- minutowej
inkubacji proces zostat zatrzymany 125 mM glicyna. Po inkubacji z odpowiednimi buforami
komoérki zawieszono w buforze do lizy, a nastepnie wyizolowang chromatyne zsonikowano za
pomocg sonikatora Diagenode Bioruptor 300. Po 24-godzinnej inkubacji z przeciwciatami
skoningowanymi z kulkami magnetycznymi immunoprecypitowana chromatyna zostata
przeptukana w buforach do oczyszczania, a nastepnie przeprowadzony zostat catonocny proces
odsieciowywania w 65°C. DNA wyizolowano za pomocy ekstrakcji fenol:chloroform:alkohol
izoamylowy. Biblioteka do sekwencjonowania zostata przygotowana z wykorzystaniem zestawu
NEBNext® Ultra™ DNA Library Prep Kit with Sample Purification Beads for Illumina® zgodnie z
protokolem dostarczonym przez producenta, a nastepnie zsekwencjonowana zestawem NextSeq
500/550 High Output Kit v2.5 (75 Cycles) w Zakfadzie Genetyki Klinicznej Uniwersytetu

Medycznego w todzi.
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PARP1 zostat immunoprecypitowany przeciwciatem anty-PARP1 w linii bazowej oraz opornej na
doksorubicyne MDA-MB-231. Ponadto dla linii opornej wybrane zostaty dwie modyfikacje
H3K4me3 i H3K27ac. Dane obejmujgce wybrane modyfikacje w linii bazowej MDA-MB-231
uzyskane zostaty z bazy Short Reads Achieve z NCBI o numerach SRR22007612 (H3K4me3) oraz
SRR15130683 (H3K27ac).

Analiza bioinformatyczna

Etap badan in silico bedacych czescig projektu Preludium 21, ktéry miat na celu
zidentyfikowanie czynnika transkrypcyjnego odgrywajgcego kluczowa role w PARP1-zaleinej
ekspresji transporteréw ABC rozpoczety zostat od analizy wynikdw uzyskanych metoda ChlIP-Seq
z wykorzytaniem platformy UseGalaxy. W pierwszej kolejnosci, po usunieciu adapterdw,
sprawdzona zostata jakos¢ uzyskanych odczytéw. Nastepnie odczyty zostaty zmapowane do
genomu ludzkiego hgl9 przy pomocy narzedzia Bowtie 2. W kolejnym etapie za posrednictwem
narzedzia MACS2 peak calling wytoniono regiony bogate w PARP1 przy p-value = 0,001. Nastepnie
narzedzie bedtools intersect intervals pozwolito na znalezienie wspdlnych regionéw dla sekwencji
waskich pikdéw wzbogaconych w PARP1 oraz regiondéw zdajdujgcych sie w odlegtosci do + 170 000
od miesjca inicjacji transkrypcji (TSS) PARP1-zaleznych gendéw gendéw kodujgcych transportery
ABCC3, ABCC4 i ABCC5. Narzedzie XSTREME z pakietu MEME-Suite pozwolito na wygenerowanie
listy czynnikdéw transkrypcyjnych dla zidentyfikowanych motywdw. Na liscie czynnikdw znalazty
sie p53, p73 oraz SMARCA1L. Biorgc pod uwage fakt, ze SMARCA1 nalezy do rodziny biatek
SWI/SNF, ktdra jest odpowiedzialna za ATP-zalezne zmiany struktury chromatyny, do dalszej

analizy wybrany zostat ostatni z wymienionych trzech czynnikéw.

Analizy statystyczne

Wyniki zostaty przedstawione jako s$rednie + SEM. Normalnos$¢ rozktadu zostata
sprawdzona za pomocg testu Shapiro-Wilka dla eksperymentéw z mniejszg liczbg préb lub
Kotmogorowa-Smirnowa dla eksperymentéw z wiekszg liczbg préb. Rdznica pomiedzy dwiema
Srednimi sprawdzona zostata za pomocg nieparametrycznego testu Manna-Whitneya w zestawie
danych o rozktadzie innym niz normalny. Test t-Studenta wybrany zostat dla poréwnania dwdch
Srednich w prdébach spetniajgcych wymoég rozktadu Gaussa. Dla porédwnan wielokrotnych
przeprowadzona zostata jednokierunkowa analiza wariancji ANOVA1, a nastepnie wybrany zostat
test Tukeya lub Poprawka Bonferroniego dla okreslenia potencjalnych réznic miedzy prébami.

Dane istotne statystycznie oznaczono "*", gdy p < 0,05, w przeciwnym razie oznaczono "ns".
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W pierwszym etapie za pomocy techniki Real-Time PCR okreslone zostaty zmiany w
poziomie ekspresji gendw ABC po zastosowaniu inhibitoréw biatka PARP1 — Olaparibu i Veliparibu,
dodanych w stezeniu 1 uM, w linii bazowej MDA-MB-231 oraz w liniach opornych na cisplatyne i
doksorubicyne. Spadek poziomu biatka wybranych biatek ABC potwierdzony zostat metoda
Western Blot, a dla linii bazowej MDA-MB-231 réwniez technikg mikroskopii konfokalnej. W celu
weryfikacji hipotezy o wptywie obnizenia poziomu transporteréw ABC na akumulowanie
antracyklin posiadajgcych wtasciwosci autofluorescencji — doksorubicyny i daunorubicyny oraz
znakowanego fluorescencyjnie paklitakselu Oregon-Green, zastosowano technike mikroskopii
konfokalnej, gdzie oprdécz fluorescencji lekéw zobrazowano rdéwniez jgdro komodrkowe
(wybarwione DAPI) i cytoszkielet (wybarwiony falloidyng). Majgc na uwadze ostatnie doniesienia
dotyczgce wptywu biatka C4orf27/HPF1 na dziatanie PARP1 wyciszono zaréwno PARP1 jak i HPF1,
a nastepnie zweryfikowano wptyw wyciszenia wymienionych wyzej biatek na ekspresje ABCB1,
grupe ABCC oraz ABCG2 w linii MDA-MB-231 bazowej oraz opornej na doksorubicyne.
Kolokalizacja biatek oraz wptyw wyciszenia sktadowych kompleksu PARP1/HPF1 na akumulowanie
lekéw oceniony zostat za pomocg mikroskopii konfokalnej jak opisano wyzej. Ponadto, w celu
odwzorowania warunkéw panujgcych w guzie, wygenerowane zostaty kultury 3D w formie
sferoidéw. Immunoprecypitacja biatka PARP1 dla linii bazowej TNBC w obecnosci etopozydu oraz
H202 pozwolita na zweryfikowanie zaleznosci tworzenia sie kompleksu PARP1/HPF1 od czynnikow
uszkadzajacych DNA. Aktywnos¢ PARP1 okreslono na podstawie zmian poziomu ADP-rybozylacji
po traktowaniu komérek doksorubicyng oraz po 2-godzinnym czasie na naprawe. Aby okresli¢
mozliwy udziat innych czynnikéw w determinowaniu aktywnosci PARP1 poréwnano poziom
modyfikacji potranslacyjnych tego biatka takich jak acetylacja, fosforylacja oraz metylacja

pomiedzy linig bazowa i liniami opornymi na doksorubicyne oraz paklitaksel.

Ostatni etap badan w ramach rozprawy doktorskiej obejmowat wykonanie metody
immunoprecypitacji chromatyny potaczonej z sekwencjonowaniem nowej generacji dla biatek
PARP1iHPF1. Ze wzgledu na brak mozliwosci zidentyfikowania miejsc wystepowania biatka HPF1,
co prawdopodobnie spowodowane byto brakiem komercyjnie dostepnego przeciwciata
dedykowanego dla tej metody, do dalszej analizy wybrany zostat wynik sekwencjonowania
regionow bogatych w PARP1 w linii bazowej oraz opornej na doksorubicyne MDA-MB-231. Wyniki
w formacie fastq zostaty poddane analizie bioinformatycznej, ktdra pozwolita na wytonienie miejsc
wigzania PARP1 w odlegtosci do + 170 000 od miesjca inicjacji transkrypcji (TSS) PARP1-zaleznych
gendéw gendéw kodujgcych transportery ABC. Analiza motywdéw bogatych w PARP1 umozliwita
wygenerowanie potencjalnej listy czynnikdw transkrypcyjnych mogacych regulowac ekspresje

gendéw ABC. Aby zweryfikowa¢ udziat wytonionego biatka SMARCA1 na ekspresje wybranych
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gendéw ABC oraz zywotnos$¢ komérek w warunkach stresu cyto- i genotoksycznego poréwnano
wymienione parametry w komoédrkach z normalnych i wyciszonym poziomem SMARCAL.
Wykonano réwniez pomiar akumulowania doksorubicyny oraz paklitakselu znakowanego sonda
Oregon Green z wykorzystaniem czytnika fluorescencyjnego oraz mikroskopii konfokalnej w
komérkach réznigcych sie poziomem SMARCAL. Przejsciowe wyciszenie SMARCA1 potwierdzono

za pomocg techniki real-time PCR i western blot.
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9. Omodwienie wynikéw

Pierwsza publikacja pt.: ,CBP/p300 bromodomain inhibitor — I-CBP112 declines
transcription of the key ABC transporters and sensitizes cancer cells to chemotherapy drugs”
wchodzgca w sktad rozprawy doktorskiej miata na celu zbadanie dziatania inhibitora I-CBP112
wzgledem bazowych linii nowotworowych MDA-MB-231, A549 oraz HepG2, ktére rdznia sie
profilem ekspresji transporteréw ABC. Uwzglednione w pracy badania rozpoczety sie od okreslenia
IC50 wybranych cytostatykéw, a takze poréwnania zmian w IC50 w odpowiedzi na dziatanie
inhibitora bromodomeny CBP/p300 — I-CBP112 (Figura 1). Poniewaz badany inhibitor istotnie
zmniejszyt IC50 wszystkich badanych lekéw przeciwnowotworowych we wszystkich trzech
rozpatrywanych liniach komdrkowych, a jednoczesnie sam obnizyt liczbe zywych komdrek w
populacji do 60%, zweryfikowana zostata hipoteza o zaleznym od inhibicji p300/CBP zaburzeniu
cyklu komérkowego. Obnizenie poziomu markerédw podziatdw mitotycznych przy jednoczesnych
braku aktywacji kaspaz 3/7 oraz proteazy charakterystycznej dla martwych komdrek (Figura 1)

sugerowalo, ze I-CBP112 nie wykazuje bezposredniej cytotoksycznosci, ale hamuje przebieg cyklu

komdrkowego.
A
NT [1C50 pM] 1-CBP112[IC50 uM]
Doksorubicyna 0,178085 0,000275
Daunorubicyna 0,212055 0,00033
Paklitaksel 2,444649 0,0114774
Cisplatyna 12,80723 0,1513262
Bleomycyna 32,48275 0,8136982
Etopozyd 37,37057 2,6808907
Metotreksat 119,1627 10,620595
B Doksorubicyna c I-CBP I-CBP + doksorubicyna
500
400 X

Fluorescencja kaspazy 3/7 / zywe
komarki [%]
)
[w]
[w]

100
0 e SFM
0 0001 001 02
Stezenie [UM]
Aneksyna V-FITC/DAPI
H- OI-CBP112

26



Figura 1. 1-CBP112 istotnie obniza wartosci IC50 wszystkich badanych cytostatykow, a takze nasila procesy
zaprogramowanej Smierci komérki w kombinacji z doksorubicyna. (A) Nasilona toksycznos¢ wybranych
lekdw po zastosowaniu I-CBP112 zostata okreslona testem na zywotnosc z wykorzystaniem resazuryny. (B)
Stosunek pomiedzy fluorescencjg kaspazy 3/7, a cytoplazmatycznej aktywnosci proteazy zostat okreslony
poprzez zastosowanie testu ApoTox-Glo™. (C) Nasilona eksternalizacja fosfatydyloseryny, ktéra jest

znacznikiem apoptozy, zobrazowana zostata za pomocg mikroskopii konfokalne;j.

Majac na uwadze nasilenie toksycznosci lekéw w odpowiedzi na dziatanie inhibitora I-CBP112 oraz
zwiekszenie frakcji komdrek apoptotycznych przez kombinacje I-CBP112-lek, sprawdzony zostat
wptyw inhibitora na poziom biatek mogacych odpowiadac za opornos$¢ wielolekowg nowotworéw
— transporteréw ABC, akumulowanie oraz wewngtrzkomdrkowa lokalizacje lekéw. Uzyskane
wyniki potwierdzity dziatanie I-CBP112 wyciszajace transkrypcje wiekszosci genéw ABC oraz

nasilong akumulacje lekéw (Figura 2).
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Figura 2. I-CBP112 obniza ekspresje genéw ABC, nasila akumulowanie lekéw, a jego dziatanie jest zalezne
od LSD1. (A)(B) Real-Time PCR oraz mikroskopia konfokalna wskazaty na obnizony poziom transorteréw ABC
po zastosowaniu badanego inhibitora bromodomeny. (C) Nasilone akumulowanie daunorubicyny zostato
okreslone przy pomocy mikroskopii konfokalnej. DNA zostato wybarwione DAPI. (D) Wptyw inhibitoréw
LSD1 oraz KDM5B w potaczeniu z I-CBP112 oraz indywidualnie na zmiany w ekspresji ABCC10 zostat
okreslony przy pomocy metody Real-Time PCR. Uzyskane wyniki ujawnity, ze badany inhibitor dziata w

sposob LSD1-zalezny.

W ramach badan porédwnatam dziatanie inhibitora 1-CBP112 oraz powszechnie stosowanego
inhibitora obecnych w btonie biatek z grupy ABCC — probenecidu. Uzyskane wyniki podkreslity
poréwnywalng skutecznos¢ dziatania probenecidu i I-CBP112 wzgledem nasilenia toksycznosci
lekéw oraz zwiekszenia akumulowania lekéw. Ostatni etap badann omdwionej publikacji dotyczyt
zbadania mechanizmu dziatania |-CBP112 wzgledem transkrypcji transporterow ABC.
Wygenerowane wyniki jednoznacznie wskazywaty na zalezne od biatka LSD1 hamowanie ekspres;ji

gendw ABC przez badany inhibitor bromodomeny CBP/p300 (Figura 2) (15).

W drugiej pracy eksperymentalnej pt.: ,,/-CBP112 declines overexpression of ATP-binding
cassette transporters and sensitized drug-resistant MDA-MB-231 and A549 cell lines to
chemotherapy drugs” wykazano przeciwnowotworowe witasciwosci inhibitora I-CBP112 wzgledem
wygenerowanych, klinicznie istotnych linii nowotworowych MDA-MB-231 oraz A549. Oceniono
takze bezpieczeristwo badanego zwigzku. Jako pierwszy okreslony zostat profil opornosci
uzyskanych linii. Etap ten obejmowat poréwnanie wrazliwosci komadrek na dziatanie wybranych
cytostatykow oraz okreslenie zmian w poziomie transporteréw ABC miedzy liniami opornymi i
bazowymi. Wyindukowane linie oporne wykazywaty obnizong wrazliwo$¢ na wiekszosé
chemioterapeutykow, z wyjatkiem 5-fluorouracylu. Obnizony poziom aktywnosci kaspazy 3/7 w
liniach opornych w odpowiedzi na traktowanie cytostatykami potwierdzit istotny spadek
wrazliwosci wyindukowanych linii. Nabyciu opornosci towarzyszyt wzrost ekspresji biatek ABC

(Figura 3).
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Figura 3. Linie oporne wykazuja zmniejszong wrazliwos$¢ na leki oraz zwiekszony poziom transporterow
ABC. (A) Test zywotnosci z wykorzystaniem resazuryny wykazat, ze wyindukowanie klinicznie istotne linie
oporne wykazaty mniejszg wrazliwo$¢é na wybrane cytostatyki w poréwnaniu z liniami bazowymi MDA-MB-
231 oraz A549. Ponadto nadekspresja transporteréw ABCB1, grupy ABCC oraz ABCG2 zostata potwierdzona
z wykorzystaniem (B) metody Real-Time PCR na poziomie mRNA, (C) mikroksopii konfokalnej oraz (D)

metody Western Blot.

W kolejnym etapie badan oceniono wptyw inhibitora I-CBP112 na transkrypcje gendéw
ABC w liniach opornych A549 i MDA-MB-231. Zwigzek ten w stezeniu 2,5 uM istotnie obnizat
ekspresje wiekszosci badanych genéw z wykluczeniem ABCC4 we wszystkich liniach poza A549
opornymi na paklitaksel, ABCC10 w A549 opornych na cisplatyne i ABCB1 w linii A549 opornej na
paklitaksel (Figura 4). Pomiar fluorescencji doksorubicyny, daunorubicyny i paklitakselu Oregon-
Green potwierdzit hamowanie akumulowania lekéw przez [-CBP112. Ponadto cytometria
przeptywowa pozwolita na poréwnanie dziatania badanego inhibitora CBP/p300 z dziataniem

znanych inhibitoréw iABC takich jak probenecid, tariquidar i MK-571 na akumulowanie lekéw .
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Figura 4. I-CBP112 hamuje ekspresje genow kodujacych transportery ABC, ktére ulegajg nadekspresji
podczas uzyskiwania opornosci na leki, a takze nasila akumulowanie lekéw przeciwnowotworowych.
Obnizona ekspresja transporterow ABC zostata potwierdzona za pomocy metody Real-Time PCR (A),
mikroskopii konfokalnej (B) oraz metody Western Blot (C). (D) Ponadto poréwnanie autofluorescencji
daunorubicyny oraz znakowanego paklitakselu Oregon-Green z wykorzystaniem mikroskopii konfokalnej

potwierdzit nasilong akumulacje wybranych cytostatykow wewngatrz komérek opornych.

Nawigzujagc do mechanizmu dziatania 1-CBP112 powodujgcego wigzanie LSD1 do
promotorow gendéw ABC opisanego w pierwszej pracy eksperymentalnej, sprawdzitam wptyw
inhibitora LSD1 na zalezne od inhibitora CBP/p300 hamowanie transkrypcji wybranych genéw ABC
oraz zmiany w poziomie trzymetylacji lizyny 4 histonu H3. W komdrkach linii opornych na
doksorubicyne MDA-MB-231 i opornych na paklitaksel A549 - |I-CBP112 istotnie obnizyt badang
metylacje na promotorach gendw ulegajgcych nadekspresji w liniach opornych. Ponadto
traktowanie komoérek inhibitorem LSD1 zahamowato dziatanie I-CBP112 obnizajgce ekspresje
gendéw kodujacych transportery ABC (Figura 5). Wynik ten potwierdzit niezalezny od linii

komadrkowej mechanizm dziatania [-CBP112.
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Figura 5. I-CBP112 dziata w sposéb LSD1-zalezny oraz obniza trzymetylacje H3K4. (A) Wptyw inhibitora
LSD1 na dziatanie represyjne I-CBP112 wgledem ABCB1 i ABCC10 zostat okreslony z wykorzystaniem Real-
Time PCR. (B) Zmiana w metylacji H3K4 spowodowane dziataniem I-CBP112 na promotorze genu ABCC10
zostata potwierdzona za pomocg techniki ChIP-qPCR. (C) Schemat prawdopodobnego mechanizmu dziatania

I-CBP112 w obecnosci oraz przy braku demetylazy LSD1.
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Analiza dokowania ABCB1 wykazata, ze inhibitor |-CBP112 faczy sie z resztami
aminokwasowymi w kieszeni C1, ktére oddziatujg z doksorubicyna, jednakze nie prezentowat
miejsc wspoélnych z Tariquidarem. Oddziatywat z resztami aminokwasowymi obecnymi w
kieszeniach C1 i C2 biatka ABCG2, ktére sg rowniez odpowiedzialne za wigzanie Tariquidaru oraz
doksorubicyny. W przypadku biatka ABCC1, I-CBP112 wigzato sie do kieszeni C2, ktéra bierze udziat
w wigzaniu doksorubicyny, Reversanu oraz MK-571 (Figura 6). Pomimo wyniku sugerujgcego, ze I-
CBP112 moze hamowaé transport doksorubicyny przez transporter ABCC1, analiza
krétkookresowego wptywu inhibitora na akumulowanie lekéw nie wykazata istotnych zmian w
poziomie wewngatrzkomdrkowej fluorescencji doksorubicyny, daunorubicyny oraz paklitakselu.
Sugeruje to, ze zwigzek ten nie hamuje bezposrednio aktywnos$ci ABCC1. Co wazniejsze, I-CBP112
uwrazliwia oraz zwieksza cytotoksycznosé¢ opornych linii nowotworowych na dziatanie
cytostatykdw, a jednoczesnie, poza obnizeniem ekspresji transporterow ABC, uaktywnia
dodatkowe szlaki Smierci komdrkowej na co wskazuje spadek zywotnosci komadrek po traktowaniu
samym inhibitorem. Ponadto, w przypadku niektdrych cytostatykow |I-CBP112 dziatat skuteczniej

na nasilenie dziatania lekdw niz powszechnie znane inhibitory ABC.
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Figura 6. I-CBP112 taczy sie z ABCC1 w miejscu wigzania doksorubicyny oraz wptywa na zwiekszong
akumulacje antracyklin. (A) Dokowanie molekularne I-CBP112 oraz doksorubicyny z biatkiem ABCC1 zostato
wykonane w programie CB-Dock2. (B) Cytometria przeptywowa pozwolita na zaobserwowanie wyzszej

akumulacji daunorubicyny po inkubacji z I-CBP112 oraz iABC.

Kolejny etap obejmowat eksperymenty na sferoidach, ktdre lepiej niz hodowle 2D
odzwierciedlajg warunki w guzach rakowych. Badany inhibitor istotnie nasilit indukcje apoptozy

oraz obkurczanie sie guza w kombinacji z lekami (Figura 7).

A549 oporne na paklitaksel

1-CBP112 doksorubicyna doksorubicyna +1-CBP112

Anty-AneksynaV

Scalone

Figura 7. I-CBP112 nasila indukcje apoptozy w nastepstwie traktowania doksorubicyng

Majgc na uwdze fakt, iz inhibitor 1-CBP112 w potgczeniu z chemioterapeutykami moze by¢
potencjalnym kandydatem do badan in vivo, postanowitam okresli¢ profil bezpieczenstwa
badanego zwigzku wzgledem komadrek pierwotnych i prawidtowych. Wyniki uzyskane w ramach
tego etapu zwrdcity uwage na kilka istotnych witasciwosci I-CBP112. Po pierwsze badany inhibitor
polaryzuje makrofagi MO w kierunku prozapalnym — M1, po drugie nie nasila toksycznosci lekow
przeciwnowotworowych w hodowlach limfocytéw oraz monocytéw in vitro, a takze nie wptywa
bezprosrednio na zywotnos¢ badanych w tym etapie komdrek prawidtowych. Posiada takze
preferowane witasciwosci ADME, wykazuje wysoka biodostepnosé, a takze nie wykazuje profilu

toksycznosci wzgledem komérek prawidtowych (Figura 8) (16).
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Figura 8. I-CBP112 nie jest toksyczny wzgledem komoérek prawidtowych oraz polaryzuje makrofagi w
kierunku przecinowotorowym M1. (A) Pomiar zywych komoérek (monocytéw) z wykorzystaniem testu z
resazuryng wskazat na brak nasilenia toksycznosci wybranych cytostatykéw po zastosowaniu [-CBP112, (B)
a ponadto nie wptynat bezposrednio ich zywotnos¢ komarek prawidtowych HBEC. (C) Wptyw I-CBP112 na
polaryzacje makrofagdbw w kierunku prozapalnym zostat okreslony przez pomiar ekspresji gendéw

charakterystycznych dla profilu M1 oraz M2.

Majac na uwadze, ze zjawisko poli(aneu)ploidii pojawia sie w nastepstwie dziatania takich
cytostatykow jak cisplatyna, doksorubicyna, czy paklitaksel (17), postanowitam sprawdzié, czy
badany wczesniej inhibitor I-CBP112 wptywa na generowanie komérek PGCC, a takze czy bedzie
nasilat proces polinukleacji indukowany cytostatykami. Eksperyment ten zostat przeprowadzony

w celu uzupetnienia profilu bezpieczenstwa inhibitora bromodomeny CBP/p300.
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Figura 9. I-CBP112 nie indukuje poli(aneu)ploidii oraz nie nasila polinukleacji w potaczeniu z
doksorubicyng. Poziom polinukleacji w linii MDA-MB-231 opornej na doksorubicyne okredlony zostat za
pomoca cytometrii przeptywowej. Nastepnie wykonana zostata analiza uzyskanych wynikow z
wykorzystaniem programu Flowlo w oparciu o zalezno$¢ fluorescencji znacznika DAPI od
wewnatrzkomorkowej zawartosci DNA odpowiadajgcej konkretnym fazom cyklu mitotycznego. Wyniki w
trzech powtdrzeniach biologicznych dla wybranej linii przedstawione zostaty w formie histogramu z
zaznaczeniem podziatu na poszczegdlne fazy cyklu komorkowego. Wyniki usrednione z trzech powtérzen

zostaty przedstawione w tabeli.

Ewaluacja wptywu [-CBP112 na generowanie procesu poli(aneu)plodii jednoznacznie wskazata na
brak indukcji polinukleacji po indywidualnym zastosowaniu |-CBP112 oraz w potgczeniu z
doksorubicyng (Figura 9). Majgc na uwadze zaprezentowany w drugiej pracy eksperymentalnej
profil bezpieczenstwa oraz powyzsze wyniki, moge jednoznacznie stwierdzi¢, ze 1-CBP112 jest

idealnym kandydatem do dalszych badan przedklinicznych i klinicznych.

W kolejnym etapie postanowitam scharakteryzowaé oraz porownaé¢ wiasciwosci
farmakokinetyczne i potencjalne cele poboczne I-CBP112 z innymi opisanymi inhibitorami
CBP/p300. W pracy przegladowej, w ktérej umieszczono takze wyniki rozlegtych analiz in silico,
uwzglednione zostaty inhibitory trzech grup: inhibitory domeny katalitycznej, inhibitory
bromodomeny oraz najnowsze, podwdjne inhibitory, ktére jednoczesnie celujg w centrum

katalityczne CBP/p300 oraz BET (bromodomene i domene zewnatrzkoricows).
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Podobieristwo leku

Zasada Ocena

Lipinskiego biodostepnosci

I-CBP112 Tak 0,55
Oczekiwane
wyniki * Tak *0,55-0,85

Absorpcja Dystrybucja

Przepuszczalno$é
Rozpuszczalnosé Wochtanianie

przez bariere Boiled egg model

W wodzie jelitowe
krew-mozg
-4,985 94,911 0,371 Tak
*log Kp>-2,5 * Powyzej 30% *0,3do-1

Wydalanie

Catkowite Substrat OCT2
oczyszczanie dla nerek
0,649 Nie

* Im wyzej tym

lepiej

Tabela 1. Podsumowanie przyktadowych wtasciwosci ADMET oraz celéw pobocznych inhibitora I-CBP112.

Narzedzie
Narzedzie Swiss Target Prediction
pkCsmM
. Kinaza tyrozynowo-
biatkowa SRC = Kinaza
*  Kinaza biatkowo-
tyrozynowa ABL 9 Kinaza
. Receptor czynnika wzrostu
P ¥ Substrat

$rodbtonka naczyniowego 1 glikoproteiny P
- Kinaza

. Receptor naskorkowego
czynnika wzrostu erbB1 ->

Kinaza

Inhibitor I-CBP112 nalezy do grupy benzoksazepin i hamuje dziatanie p300 przy IC50 — 625 nM, natomiast CBP juz przy 170 nM. Do najczestszych celéw pobocznych

opisywanego inhibitora nalezg kinazy, a wsrdd nich kinazy ABL, SRC oraz receptory czynnikdw wzrostu (Tabela 1). Hamowanie p300/CBP i innych biatek sprzyjajgcych

wzrostowi i przerzutowaniu raka, ktdre opisane zostaty w niniejszej pracy, moze nasilaé efekt dziatania obserwowany przy hamowaniu aktywnosci wytgcznie p300/CBP.
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Proces ADP-rybozylacji p300 odgrywa istotng role w regulowaniu transkrypcji genéw (18).
Majgc na uwadze fakt, iz I-CBP112 obniza ekspresje transporteréw ABC poprzez inhibicje
bromodomeny CBP/p300, postanowitam sprawdzié, czy zastosowanie inhibitorow biatka PARP1,
bedacego kofaktorem p300, réwniez spowoduje represje gendéw zaleznych od wspomnianej wyzej
acetylotransferazy. Weryfikacji poddana zostata hipoteza o udziale PARP1 w p300-zalezinej
nadekspresji transporterow ABC w komodrkach linii MDA-MB-231 opornej na cisplatyne i
doksorubicyne. Istotnym dla sformutowania tej hipotezy byto rowniez zaobserwowanie wyzszego

stopnia ADP-rybozylacji biatek i uszkodzenn DNA w komérkach opornych.

W tym celu zastosowatam dwa inhibitory biatka PARP1 — Olapairib i Veliparib, réznigce sie
mechanizmem dziatania. Olaparib indukuje powstawanie , putapkowych” komplekséw PARP-DNA
w miejscu uszkodzenia DNA, a takze zatrzymuje aktywnos$¢ enzymatyczng biatka PARP, co
prowadzi do $mierci komorki nowotworowej. Veliparib jest silnym inhibitorem PARP1 oraz PARP2,

ktérego mechanizm dziatania polega gtéwnie na hamowaniu aktywnosci PARPu.
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Figura 10. Inhibitory PARP wyciszajg transkrypcje p300-zaleznych genéw ABC i przyczyniajg sie do
zwiekszonej akumulacji lekdw w linii MDA-MB-231 bazowej, opornej na doksorubicyne oraz paklitaksel.
(A)(E)(H) Zmiany w transkrypcji gendw ABC okreslone zostaty z wykorzystaniem techniki Real-Time PCR.
(B)(F)((1) Represja wybranych genéw potwierdzona zostata technikag Western Blot, a histon H3 postuzyt jako
kontrola wewnetrzna. (C) Mikroskopia konfokalna pozwolita na potwierdzenie zmian w ekspresji
transporteréw ABC na poziomie biatka (D)(G)(J) oraz wptywu inhibitoréw na akumulowanie wybranych

cytostatykow.

Badania nad inhibitorami PARP oraz ich wptywem na ekspresje gendw kodujacych transportery
ABC rozpoczetam od weryfikacji zmian w poziomie mRNA i biatka wybranych transporteréw. W
linii bazowej MDA-MB-231 istotny spadek ekspresji gendw kodujacych transportery ABC widoczny
byt dla ABCC1, ABCC2, ABCC3 i ABCC4 po zastosowaniu obydwu inhibitoréw, podczas gdy Olaparib
obnizat réwniez poziom mRNA genéw ABCC5 i ABCC10. Dziatanie inhibitoréw potwierdzono dla
gendéw ABCC1 i ABCC4 potwierdzony zostat technikg Western Blot. Dodatkowo mikroskopia
konfokalna potwierdzita obnizong ekspresje ABCC1 w obecnosci Veliparibu oraz ABCC5 w
obecnosci Olaparibu. Zastosowanie inhibitorow iPARP podwyzszyto akumulowanie
daunorubicyny i metotreksatu. Taki sam uktad eksperymentalny wykonany zostat dla linii MDA-
MB-231 opornych na cisplatyne i doksorubicyne. W przypadku komérek opornych obnizona
zostata ekspresja wszystkich badanych gendéw z grupy ABCC, a takze ABCG2. Wzrost
akumulowania po inkubacji z Olaparibem i Veliparibem widoczny byt dla doksorubicyny,
daunorubicyny oraz paklitakselu Oregon-Green w komédrkach opornych na cisplatyne, zas dla
metotreksatu, paklitakselu oraz daunorubicyny w przypadku komodrek opornych na
doksorubicyne. Ze wzgledu na brak istotnosci kliniczej linii MDA-MB-231 opornej na cisplatyne
oraz jej charakter czysto kontrolny, dalsze eksperymenty przeprowadzone zostaty tylko na linii

bazowej oraz opornej na doksorubicyne (Figura 10).

Biorac pod uwage coraz liczniejsze doniesienia dotyczace wptywu biatka HPF1 na PARP1-zalezng
ADP-rybozylacje w obecnosci uszkodzen DNA oraz wptyw inhibitordw PARPu na obnizenie
poziomu transporteréw ABC, przetestowany zostat wptyw wyciszenia sktadowych kompleksu
PARP1/HPF1 na ekspresje tych transmembranowych biatek. Wykorzystanie techniki Real-Time
PCR dowiodto, ze wyciszenie PARP1 i HPF1 odgrywa wazing role w regulacji ekspresji
transporterow ABC w linii opornej na doksorubicyne, poniewaz obniza poziom wszystkich

badanych biatek ABC.
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Figura 11. Wyciszenie sktadowych kompleksu PARP1/HPF1 obniza ekspresje transporteréw ABC,
podwyisza akumulacje lekéw w kulturach 2D i 3D, a ponadto formowanie sie kompleksu jest zalezne od
czynnikéw uszkadzajacych DNA. (A) Zmiany w ekspresji transporterow ABC okreslone zostaty za pomoca
real-time PCR. (B)(C)(E) Mikorskopia konfokalna pozwolita na okreslenie wptywu wyciszenia na
akumulowanie lekéw w kulturach 2D oraz 3D, a takze na oznaczenie poziomu kolokalizacji biatek kompleksu.
(D) W celu zweryfikowania zaleznosci tworzenia sie kompleksu od czynikdw uszkadzajgcych DNA wykonana
zostata ko-immunoprecypitacja PARP1 z detekcjg HPF1. (F) Poziom ADP-rybozylacji okreslony zostat
technika Western Blot w komérkach linii MDA-MB-231 bazowej oraz opornej na doksorubicyne

traktowanych i nietraktowanych doksorubicyna.

W przypadku linii bazowej wyciszenie PARP1 dziatato hamujgco na transkrypcje genéw ABCCI,
ABCC3, ABCC4 i ABCC5, a wyciszenie HPF1 zahamowato ekspresje wytgcznie genu ABCC1. W linii
opornej na doksorubicyne, w ktdrej obecne byly uszkodzenia DNA nawet bez traktowania jej
lekami, jednosktadnikowe wyciszenie PARP1 lub HPF1 obnizyto ekspresje wszystkich badanych
gendw ABC sugerujac zalezno$¢ dziatania kompleksu wzgledem ABC od uzyskanej opornosci
wielolekowej (Figura 11). W kolejnym kroku zmierzony zostat poziom akumulowania cytostatykéw
w kulturach 2D oraz 3D — sferoidach po wyciszeniu PARP1 i HPF1. W linii opornej na doksorubicyne
wyciszenie sktadnikdéw kompleksu podwyzszyto akumulowanie lekéw przeciwnowotworowych,
jednak efekt ten nie byt widoczny dla linii bazowej. Zobrazowanie obydwu biatek za pomocg
immunodetekcji pofaczonej z mikroskopig konfokalng potwierdzito ich kolokalizacje w jadrze
komadrkowym. W celu zweryfikowania hipotezy o tworzeniu sie kompleksu PARP1/HPF1 w wyniku
wyzszego poziomu uszkodzen w liniach opornych, potraktowano linie bazowg MDA-MB-231
induktorami uszkodzern DNA takimi jak H202 i etopozyd. Ko-immunoprecypitacja PARP1 z
detekcjg komponentu kompleksu za pomocg Western Blot potwierdzita fizyczng interakcje biatek
w odpowiedzi komdrek linii bazowej na dziatanie czynnikdw stresowych. Jak wspomniano
wczesniej, poziom ADP-rybozylacji w linii opornej na doksorubicyne byt wyzszy niz w linii bazowej
MDA-MB-231, co wskazuje na wyzszg aktywnos$¢ PARP1 w fenotypie opornym i mozliwy wyzszy
poziom uszkodzern DNA, ktéry jest czynnikiem predysponujgcym do formowania kompleksu
PARP1/HPF1. Inkubacja komérek bazowych z doksorubicyng w niewielkim stopniu nasilata stopien
ADP-rybozylacji PARP1 w przeciwienstwie do linii opornej, gdzie zaobserwowano istotny wzrost
aktywnosci tego enzymu. Zwazywszy na rdznice w poziomie ADP-rybozylacji PARP1 pomiedzy
badanymi liniami postanowitam sprawdzi¢ czy poza czynnikami uszkadzajagcymi DNA inne
wewngtrzkomérkowe mechanizmy mogg wptywac na aktywno$é PARP1 (Figura 11). Wczesniejsze
prace eksperymentalne wskazywaty na role potranslacyjnych modyfikacji PARP1 w

determinowaniu jego aktywnosci enzymatycznej. W tym celu porownany zostat poziom
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modyfikacji potranslacyjnych takich jak metylacja, acetylacja oraz fosforylacja PARP1 pomiedzy

liniag MDA-MB-231 bazowg, oporng na doksorubicyne oraz oporng na paklitaksel (Figura 12).

metylacja acetylacja fosforylacja
ptx|doxo|wt  ptx|doxo|wt ptx|doxo|wt ptx|doxo|wt ptx|doxo|wt ptx|doxo|wt ptx|doxo|wt
[T =
IgG IP 1gG IP IgG IP input

Figura 12. Modyfikacje potranslacyjne biatka PARP1. Technika Western Blot pozwolita na zwizualizowanie
oraz poréwnanie zmian w modyfikacjach potranslacyjncyh biatka PARP1 takich jak acetylacja, metylacja i

fosforylacji pomiedzy liniami MDA-MB-231 o réznej opornosci na leki.

Najwyzszy poziom wszystkich badanych modyfikacji widoczny byt w linii MDA-MB-231 opornej na
doksorubicyne. Obnizenie stopnia acetylacji, metylacji i fosforylacji wzgledem linii bazowej
widoczny byt dla linii opornej na paklitaksel (Figura 12). Wedtug doniesien literaturowych
metylacja i acetylacja niektérych aminokwaséw nasila aktywnos¢ biatka PARP1. Fosforylacja na
poczatku domeny BRCT prowadzi do aktywacji biatka PARP1, jednakze gdy fosforylacja nastepuje
na reszcie Ser177 aktywynosc¢ biatka zostaje zahamowana. Ze wzgledu na fakt, ze przeciwciato
wykorzystane do oceny fosforylacji miato szeroki zakres detekcji (pan-fosforylacja), nie mozemy
jednoznacznie stwierdzié, czy aktywnos¢ biatka w badanych liniach jest nasilana, czy hamowana

przez nasilong fosforylacje w linii opornej na doksorubicyne.

W dalszej kolejnosci podjeto prébe zidentyfokowania miejsc wystepowania PARP1 i HPF1 w
genomie komérek bazowych i opornych na doksorubicyne za pomoca techniki ChIP-Seq. Ze
wzgledu na brak mozliwosci zidentyfikowania HPF1 na chromatynie, do dalszej analizy wziety
zostat wynik sekwencjonowania regionéw bogatych tylko w PARP1. Przeprowadzona analiza
bioinformatyczna pozwolita na wytonienie regionédw bogatych w PARP1 w odlegtosci do + 170 000

od miejsca inicjacji transkrycpji (TSS) wybranych transporteréw ABC (Figura 13).
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Figura 13. Podsumowanie zaleznosci transkrypcji genéw ABCC3, ABCC4 oraz ABCC5 od biatek PARP1 i
HPF1, wystepowanie PARP1 na chromatynie w okreslonych odlegtosciach od miejsca inicjacji transkrypcji

genow ABC oraz zmiany ich poziomu po wyindukowaniu opornosci

Ze wzgledu na niski wzrost ekspresji ABCC2 i ABCG2 w linii opornej wzgledem linii bazowej do
dalszej analizy motywéw wybrane zostaty regiony bogate w PARP1 genéw: ABCC3, ABCC4, ABCC5
i ABCC10. Ekspresja tych wtasnie gendw spadata po wyciszeniu PARP1 i jest istotna przy
nabieraniu opornosci na doksorubicyne. Narzedzie XSTREME z pakietu MEME-Suite pozwolito na
wygenerowanie listy czynnikéw transkrypcyjnych wspdlnych dla branych pod uwage gendw w linii
opornej. Ze wzgledu na brak mozliwosci uzyskania motywoéw dla regionu bogatego w PARP1
znajdujacego sie w odlegtosci + 10 000 od ABCC10 postanowitam sprawdzié, czy biatko ma istotny
wplyw na nabytg opornosé komérek na doksorubicyne. Wyciszenie ABCC10 za pomocg siABCC10
nie wyptyneto w istotny sposéb na wrazliwos¢ komérek na dziatanie wybranych lekéw. Poniewaz
ABCC10 nie wykazat znaczenia dla nabytej przez komoérki opornosci, region bogaty w PARP1 dla

tego genu zostat pominiety na kolejnych etapach analiz i wnioskowania.

1.5 nietraktowane
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-

o 7Y ®  doksorubicyna 1 uM

) ” A

siCTRL siABCC10
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w stosunku do komérek nietraktowanych

Figura 14. Wptyw wyciszenia ABCC10 na zywotnos¢ komorek.
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Woyciszenie ABCC10 nie wptyneto znaczaco na zywotnos¢ komodrek traktowanych badanymi
lekami, z tego wzgledu identyfikacje istotnego czynnika transkrypcyjnego dla PARP1-zaleznej
ekspresji genéw wykonatam tylko dla motywéw wygenerowanych do regionéw wspélnych dla

PARP1 oraz ABCC3, ABCC4 i ABCC5 (Figura 14).

Z trzech wytonionych czynnikéw najbardziej prawdopodobnym wydawat sie SMARCA1, ktéry
nalezy do rodziny biatek SWI/SNF odpowiedzialnych za remodeling chromatyny. Moze on by¢
koregulatorem transkrypcji ABCC3, ABCC4 i ABCC5 wytacznie w linii opornej na doksorubicyne,
poniewaz nie pojawit sie na liscie motywdw wytonionych na regionach wzbogaconych w PARP1 w

linii bazowej (Figura 15).
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Figura 15. Analiza regionéw wybranych do wygenerowania listy czynnikdw odpowiedzialnych za PARP1-

zalezng ekspresje transporteréw ABCC3, ABCC4 i ABCC5.

W kolejnym kroku zweryfikowatam wptyw wyciszenia SMARCA1 na ekspresje transporteréw ABC,
aby potwierdzié¢ jego role jako koregulatora transkrypcji wybranych genéw PARP1-zaleznych.
Woyciszenie SMARCAL1 istotnie obnizyto ekspresje genéw kodujgcych ABCC3 i ABCC4, pozostajac
jednoczesnie bez wptywu na ekspresje tych transporteréw w linii bazowej MDA-MB-231. Ponadto
siSMARCA1 nie obnizyto transkrypcji ABCC5, co wskazuje na prawdopodobny udziat innych
koregulatoréw kontrolujacych transkrypcje tego genu w linii opornej na doksorubicyne. Test
zywotnosci oparty na metabolizmie resazuryny wykonany na komérkach z normalnym i
zredukowanym poziomem SMARCA1 wykazat, ze wyciszenie tego czynnika oraz zastosowanie

inhibitora pan-ABCC w podobnym stopniu obnizato odsetek zywych komérek traktowanych
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doksorubicyng (1 uM) i paklitakselem (0,01

doksorubicyne (Figura 16).
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Figura 16. Wptyw wyciszenia SMARCA1 na ekspresje genow ABCC3, ABCC4 oraz ABCC5 oraz wrazliwos¢
komorek na dziatanie wybranych lekow. (A) Technika Real-Time PCR pozwolita na okreslenie zmian w
ekspresji wybranych genow ABCC po wyciszeniu SMARCA1 w linii MDA-MB-231 bazowej oraz opornej na
doksorubicyne. (B) Test z resazuryng wykonany zostat w celu poréwnania zywotnosci komdrek po
wyciszeniu SMARCAL oraz zastosowaniu powszechnie znanego inhibitora pan-ABCC - probenecidu w
uktadzie z doksorubicyng (1 uM) oraz paklitakselem (0,01 uM). Akumulowanie cytostatykow po wyciszeniu
SMARCA1 zmierzone zostato przy pomocy czytnika fluorescencyjnego (C) oraz miksorkopii konfokalnej (D).
(E) Ko-immunoprecypitacja biatka SMARCA1l pozwolita na weryfikacje fizycznej interakcji

immunoprecypitowanego biatka z PARP1, HPF1 oraz p300.

Na ostatnim etapie badan zweryfikowatam wptyw wyciszenia zidentyfikowanego czynnika
SMARCA1 na akumulowanie doksorubicyny oraz paklitakselu. Miato to na celu okreslenie
funkcjonalnej korelacji pomiedzy wyciszeniem wybranych transporteréw ABC, oczekiwanym
wzrostem poziomu lekdw wewnatrz komérek i zaobserwowanym wzrostem wrazliwosci komorek
na dziatanie lekdéw, poniewaz wyciszenie SMARCA1 mogto wptywaé na inne mechanizmy
powigzane z aktywnoscig kompleksu SWI/SNF na chromatynie i transkrypcje szeregu innych
genow. Dwie metody pomiaru akumulacji doksorubicyny: na czytniku fluorescencyjnym oraz za
pomocg mikroskopia konfokalnej, jednoznacznie wskazaty na wyzszy poziom lekéw wewnatrz
komoérek po wyciszeniu SMARCAL. Stato sie to podstawg do sformutowania wniosku o zwigzku
pomiedzy aktywnos$cia SMARCA1 i obecnoscig tego biatka w miejscach regulatorowych ABCC3 i
ABCC4, a p300/PARP1-zalezng transkrypcjg tych gendw i nabytg opornoscig na wybrane leki.
Biorgc pod uwage fakt, ze wyciszenie HPF1 powodowato spadek ekspresji genow

p300/PARP1/SMARCA1-zaleznych mozna zatozy¢, ze HPF1 jest czescig wymienionego kompleksu.
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Figura 17. Proponowany schemat interakcji p300/PARP1/SMARCA1 na ekspresje transporteréw ABC i

opornos¢ wielolekowa komérek
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10. Whnioski

Biorac pod uwage uzyskane w niniejszej pracy wyniki mozna wyciggna¢ nastepujgce wnioski:

1. Transportery ABC odgrywajg istotng role w opornosci komdrek nowotworowych na
chemioterapeutyki

2. |-CBP112, ktéry hamuje dziatanie CBP/p300, jest atrakcyjnym kandydatem do stworzenia
terapii skojarzonej z niektdrymi standardowo stosowanymi chemioterapeutykami,
poniewaz nasila ich dziatanie obnizajgc ekspresje m.in. biatek ABC takze w liniach z juz
nabytg opornoscia wielolekowy, jednoczesnie nie wykazujac bezposredniej
cytotoksycznosci wzgledem komarek prawidtowych i majac pozadany profil ADMET.

3. SMARCA1 odgrywa role w PARP-1/p300-zaleznej ekspresji transporteréw ABCC3 i ABCC4,
ktére okazaty sie istotne dla opornosci uzyskanej po traktowaniu doksorubicyng linii

potréjnie negatywnego raka piersi.

11. Literatura

1. Global cancer burden growing, amidst mounting need for services [Internet]. [cytowane
13 grudzien 2024]. Dostepne na: https://www.who.int/news/item/01-02-2024-global-cancer-
burden-growing--amidst-mounting-need-for-services

2. Emran TB, Shahriar A, Mahmud AR, Rahman T, Abir MH, Siddiquee MohdFR, i in.
Multidrug Resistance in Cancer: Understanding Molecular Mechanisms, Immunoprevention and
Therapeutic Approaches. Front Oncol. 23 czerwiec 2022;12:891652.

3. Dean M, Rzhetsky A, Allikmets R. The Human ATP-Binding Cassette (ABC) Transporter
Superfamily. Genome Res. 1 lipiec 2001;11(7):1156-66.

4. Alam A, Locher KP. Structure and Mechanism of Human ABC Transporters. Annu Rev
Biophys. 9 maj 2023;52(1):275-300.

5. Yu J, Ma H, He J, Wang M, Yu B, Ge S, i in. A pan-cancer analysis of the oncogenic role of
ATP binding cassette subfamily E member 1 (ABCE1) in human tumors: An observational study.
Medicine. 18 listopad 2022;101(46):e31849.

6. Jiang G, Deng W, Liu Y, Wang C. General mechanism of JQ1 in inhibiting various types of
cancer. Mol Med Report [Internet]. 10 styczen 2020 [cytowane 14 grudzier 2024]; Dostepne na:
http://www.spandidos-publications.com/10.3892/mmr.2020.10927

7. Shorstova T, Foulkes WD, Witcher M. Achieving clinical success with BET inhibitors as
anti-cancer agents. Br J Cancer. 27 kwiecier 2021;124(9):1478-90.

47



8. PangY, Bai G, Zhao J, Wei X, Li R, Li J, i in. The BRD4 inhibitor JQ1 suppresses tumor
growth by reducing c-Myc expression in endometrial cancer. J Transl Med. grudzien
2022;20(1):336.

9. Bagratuni T, Mavrianou N, Gavalas NG, Tzannis K, Arapinis C, Liontos M, i in. JQ1 inhibits
tumour growth in combination with cisplatin and suppresses JAK/STAT signalling pathway in
ovarian cancer. European Journal of Cancer. luty 2020;126:125-35.

10. Wang YM, Gu ML, Meng FS, Jiao WR, Zhou XX, Yao HP, i in. Histone acetyltransferase
p300/CBP inhibitor C646 blocks the survival and invasion pathways of gastric cancer cell lines.
International Journal of Oncology. grudzien 2017;51(6):1860-8.

11. Conery AR, Centore RC, Neiss A, Keller PJ, Joshi S, Spillane KL, i in. Bromodomain
inhibition of the transcriptional coactivators CBP/EP300 as a therapeutic strategy to target the
IRF4 network in multiple myeloma. eLife. 5 styczen 2016;5:10483.

12. Morrison-Smith CD, Knox TM, Filic I, Soroko KM, Eschle BK, Wilkens MK, i in. Combined
Targeting of the BRD4—-NUT—p300 Axis in NUT Midline Carcinoma by Dual Selective
Bromodomain Inhibitor, NEO2734. Molecular Cancer Therapeutics. 1 lipiec 2020;19(7):1406-14.

13. Principe DR, Xiong R, Li Y, Pham TND, Kamath SD, Dubrovskyi O, i in. XP-524 is a dual-
BET/EP300 inhibitor that represses oncogenic KRAS and potentiates immune checkpoint
inhibition in pancreatic cancer. Proc Natl Acad Sci USA. 25 styczen 2022;119(4):e2116764119.

14. Wisnik E, Ptoszaj T, Robaszkiewicz A. Downregulation of PARP1 transcription by
promoter-associated E2F4-RBL2-HDAC1-BRM complex contributes to repression of pluripotency
stem cell factors in human monocytes. Sci Rep. 25 sierpien 2017;7(1):9483.

15. Strachowska M, Gronkowska K, Michlewska S, Robaszkiewicz A. CBP/p300 Bromodomain
Inhibitor—I-CBP112 Declines Transcription of the Key ABC Transporters and Sensitizes Cancer
Cells to Chemotherapy Drugs. Cancers. 14 wrzesien 2021;13(18):4614.

16. Strachowska M, Gronkowska K, Sobczak M, Grodzicka M, Michlewska S, Kotacz K, i in. I-
CBP112 declines overexpression of ATP-binding cassette transporters and sensitized drug-
resistant MDA-MB-231 and A549 cell lines to chemotherapy drugs. Biomedicine &
Pharmacotherapy. grudzien 2023;168:115798.

17. Zhang S, Mercado-Uribe I, Liu J. Tumor stroma and differentiated cancer cells can be
originated directly from polyploid giant cancer cells induced by paclitaxel. Intl Journal of Cancer.
luty 2014;134(3):508-18.

18. Ling F, Tang Y, Li M, Li QS, Li X, Yang L, i in. Mono-ADP-ribosylation of histone 3 at
arginine-117 promotes proliferation through its interaction with P300. Oncotarget. 22 wrzesien
2017;8(42):72773-87.

48



12. Streszczenie pracy doktorskiej w jezyku polskim

Tytut pracy doktorskiej: ,,Przetamywanie opornosci wielolekowej nowotwordw na
poziomie genomu: opracowanie metody zapobiegajgcej nadekspresji transporterow ABC w

komdrkach nowotworowych opartej na inhibitorach enzymdw remodelujgcych chromatyne”

Pomimo wieloletnich badan oraz wysitkdw naukowcéw, majacych na celu rozwdj
nowatorskich terapii, nowotwory stanowig nadal drugg najczestszg przyczne zgonéw w Polsce, a
chemioterapia jest najczesciej stosowang metodg leczenia. U niemal potowy pacjentek z potréjnie
ujemnym rakiem piersi nastepuje nawrét choroby po leczeniu tego typu terapig. Zjawisko to
spowodowane jest nabyciem opornosci wielolekowej (z ang. multidrug resistance — MDR) w
efekcie dziatania czynnikdw stresowych, takich jak hipoksja, radio- oraz chemioterapia. Komarki z
MDR charakteryzujg sie spadkiem wrazliwosci na dziatanie cytostatykdw poprzez, miedzy innymi,
nadekspresje transporteréw ABC oraz polinukleacje. W jednej z poprzednich prac naszego zespotu
zostato wykazane, ze wyindukowanie opornosci na cisplatyne w linii komérkowej A549 oraz MDA-
MB-231 prowadzito do pojawienia sie acetylotransferazy p300 na promotorze genu ABCC10. Z
tego wzgledu w pierwszej czesci pracy opisany zostat wptyw inhibitora bromodomeny CBP/p300
—|-CBP112 na obnizenie ekspresji transporteréw ABC w liniach bazowych oraz istotnych z punktu
widzenia klinicznego, wyindukowanych liniach opornych MDA-MB-231 oraz A549. Ponadto
zweryfkowany zostat profil bezpieczenstwa badanego zwigzku wzgledem linii prawidtowych oraz
zdolnos¢ I-CBP112 do indukowania oraz nasilania poli(aneu)ploidii, ktéra nalezy do mechanizméw
opornosci komoérek nowotworowych. Uzupetnieniem do niniejszych eksperymentéw byto
przygotowanie dwdch prac przeglagdowych dotyczacych zjawiska polinukleacji w nowotworach, a
takze poréwnania wtasciwosci farmakokinetycznych, parametréw ADMET oraz celéw pobocznych
komercyjnie dostepnych inhibitoréw CBP/p300 rdznigcych sie mechanizmem dziatania. Majgc na
uwadze fakt, ze biatko PARP1 jest koregulatorem dziatania CBP/p300 w drugiej czesci pracy
skupitam swojg uwage na wptywie kompleksu PARP1/HPF1 na regulacje ekspresji transporteréw
ABC, a takze identyfikacji czynnika transkrypcyjnego odpowiedzialnego za PARP1-zaleing
transkrypcje gendw ABCC3, ABCC4 i ABCC5.

W niniejszej pracy przedstawione zostaty wyniki z dwdch opublikowanych prac
eksperymentalnych, ktére jednoznacznie wskazujg na istotny wptyw inhibitora bromodomeny I-
CBP112 na przetamywanie opornosci wielolekowej linii bazowych oraz opornych MDA-MB-231 i
A549. |-CBP112 uwrazliwia komérki poprzez obnizenie ekspresji transporteréw ABC, zwiekszenie
akumulacji lekéw przeciwnowotworowych, co w konsekwencji prowadzi do obnizenia IC50

wybranych cytostatykéw. Co wiecej, badany inhibitor bromodomeny CBP/p300 posiada pozgdane
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wiasciwosci ADMET, nie wykazuje toksycznosci wzgledem linii prawidtowych, a takze nie indukuje
procesu polinukleacji. Udato mi sie rdwniez wykazaé¢, ze |-CBP112 dziata na tej samej Sciezce
regulacyjnej co powszechnie stosowany inhibitor pan-ABCC, a jego dziatanie jest zalezne od

demetylazy LSD1.

W drugiej czesci pracy wykazatam istotng role biatka PARP1 w regulowaniu transkrypcji
gendw ABC. Zastosowania inhibitorow PARP oraz wyciszeniu sktadowych kompleksu PARP1/HPF1
powodowato obnizenie ekspresji istotnych dla opornosci gendw i nasilito akumulowanie
wybranych cytostatykéw w kulturach 2D oraz w sferoidach. Co istotne, sama aktywnos¢ PARP1
byta wieksza w linii opornej na doksorubicyne, co mogto wynika¢ z wiekszej tolerancji komdrek
opornych na dziatanie czynnikéw uszkadzajgcych DNA, a takze zwiekszonego poziomu modyfikacji
potranslacyjnych tego biatka takich jak metylacja, acetylacja oraz fosforylacja. Etap identyfikacji
czynnika transkrypcyjnego odpowiedzialnego za PARP1-zalezng ekspresje transporteréw ABCC3 i
ABCC4 wytonit SMARCA1 jako potencjalnego kandydata do dalszych badan. Jego istotny wptyw na
wyindukowang doksorubicyng opornos¢ komadrek zostat potwierdzony poprzez spadek ekspres;ji
wybranych ABCC w komérkach z deficytem SMARCA1, ktéremu towarzyszyt wzrost akumulowania

wybranych lekéw przeciwnowotworowych i nasilenie ich cytotoksycznosci.

Majgc na uwadze uzyskane w pierwszej czesci pracy wyniki moge stwierdzi¢, ze inhibitor
p300/CBP - I-CBP112 jest atrakcyjnym kandydatem uzupetniajgcym standardowg chemioterapie,
poniewaz wptywa na zwiekszenie jej skutecznosci w liniach z wygenerowang opornoscia
wielolekowg. Co wiecej, nie jest toksyczny wzgledem komadrek prawidtowych, posiada pozadany
profil ADMET, a takze nie indukuje powstawania komérek poli(aneu)ploidalnych. PARP1 jest
kofaktorem p300, dziatajgcym w regionach regulatorowych niektérych genéw ABC, a mediatorem

aktywnosci tego enzymu jest SMARCAL1, ktory wchodzi w fizyczng interakcje z PARP1, HPF1 i p300.
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13. Streszczenie pracy doktorskiej w jezyku angielskim

Title of the thesis: “Overcoming multidrug resistance in cancer at the genome level:
development of a method to prevent overexpression of ABC transporters in cancer cells based on

inhibitors of chromatin remodeling enzymes”

Despite years of research and scientists' efforts to develop novel therapies, cancer is still
the second most common cause of death in Poland, and chemotherapy is the most widely used
treatment. Nearly half of patients with triple-negative breast cancer experience a relapse after
treatment with this type of therapy. This phenomenon is due to the acquisition of multidrug
resistance (MDR) as a result of stress factors such as hypoxia, radio- and chemotherapy. Cells with
MDR are characterized by decreased sensitivity to cytostatics through, among other things,
overexpression of ABC transporters and polynucleation. In a previous work by our team, it was
shown that induction of cisplatin resistance in the A549 and MDA-MB-231 cell lines led to the
appearance of p300 acetyltransferase on the promoter of the ABCC10 gene. Therefore, in the first
part of the study, the effect of the CBP/p300 bromodomain inhibitor I-CBP112 on the down-
regulation of ABC transporter expression in baseline and clinically relevant, induced resistance
lines MDA-MB-231 and A549 was described. In addition, the safety profile of the test compound
against normal lines was verified, as well as the ability of I-CBP112 to induce and enhance
poly(aneu)ploidy, which is among the mechanisms of cancer cell resistance. Complementary to
the present experiments, we prepared two review papers on the phenomenon of polynucleation
in cancer, as well as a comparison of pharmacokinetic properties, ADMET parameters and
collateral targets of commercially available CBP/p300 inhibitors differing in their mechanism of
action. Considering that PARP1 protein is a correlator of CBP/p300 action, in the second part of
the thesis | focused my attention on the effect of PARP1/HPF1 complex on the regulation of ABC
transporter expression, as well as identification of the transcription factor responsible for PARP1-
dependent transcription of ABCC3, ABCC4 and ABCC5 genes.

This paper presents results from two published experimental papers, which clearly
demonstrate the significant effect of the bromodomain inhibitor I-CBP112 on breaking multidrug
resistance of baselines and resistant MDA-MB-231 and A549. |I-CBP112 sensitizes cells by down-
regulating the expression of ABC transporters, increasing the accumulation of anticancer drugs,
resulting in a lower IC50 of selected cytostatics. Moreover, the tested CBP/p300 bromodomain
inhibitor has desirable ADMET properties, does not show toxicity to healthy cell lines, and does

not induce the process of polynucleation. | was also able to show that I-CBP112 acts on the same
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regulatory pathway as the commonly used pan-ABCC inhibitor, and its action is dependent on
LSD1 demethylase.

In the second part of the work, | demonstrated the essential role of PARP1 protein in
regulating ABC gene transcription. Applications of PARP inhibitors and silencing of components of
the PARP1/HPF1 complex resulted in decreased expression of resistance-relevant genes and
enhanced accumulation of selected cytostatic agents in 2D cultures and in spheroids. Importantly,
PARP1 activity itself was higher in the doxorubicin-resistant lineage, which could be due to the
higher tolerance of resistant cells to DNA-damaging agents, as well as increased levels of post-
translational modifications of this protein such as methylation, acetylation and phosphorylation.
The stage of identifying the transcription factor responsible for PARP1-dependent expression of
ABCC3 and ABCC4 transporters has identified SMARCA1 as a potential candidate for further study.
Its significant effect on doxorubicin-induced cell resistance was confirmed by a decrease in the
expression of selected ABCCs in SMARCA1-deficient cells, accompanied by an increase in the
accumulation of selected anticancer drugs and enhanced cytotoxicity.

Considering the findings obtained in the initial section of the paper, | can conclude that
the p300/CBP inhibitor I[-CBP112 is an attractive candidate to complement standard
chemotherapy, as it enhances its efficacy in lines with generated multidrug resistance. Moreover,
it is not toxic to healthy cells, has a desirable ADMET profile, and does not induce the formation
of poly(aneu)ploidy cells. PARP1 is a cofactor of p300, acting in regulatory regions of certain ABC
genes, and the mediator of this enzyme's activity is SMARCA1, which physically interacts with
PARP1, HPF1 and p300.

52



Kopie publikacji wigczonych do rozprawy doktorskiej

53



cancers

Article

CBP/p300 Bromodomain Inhibitor-I-CBP112 Declines
Transcription of the Key ABC Transporters and Sensitizes
Cancer Cells to Chemotherapy Drugs

Magdalena Strachowska !

check for

updates
Citation: Strachowska, M.;
Gronkowska, K.; Michlewska, S.;
Robaszkiewicz, A. CBP/p300
Bromodomain Inhibitor-I-CBP112
Declines Transcription of the Key
ABC Transporters and Sensitizes
Cancer Cells to Chemotherapy Drugs.
Cancers 2021, 13, 4614. https://
doi.org/10.3390/ cancers13184614

Academic Editors:
Alexandre Escargueil and

Enrico Garattini

Received: 8 August 2021
Accepted: 12 September 2021
Published: 14 September 2021

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

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Karolina Gronkowska 1, Sylwia Michlewska ?(* and Agnieszka Robaszkiewicz 1-*

Department of General Biophysics, Faculty of Biology and Environmental Protection, University of Lodz,
Pomorska 141/143, 90-236 Lodz, Poland; magdalena.strachowska@edu.uni.lodz.pl (M.S.);
karolina.gronkowska@edu.uni.lodz.pl (K.G.)

Laboratory of Microscopic Imaging and Specialized Biological Techniques, Faculty of Biology and
Environmental Protection, University of Lodz, Banacha 12/16, 90-237 Lodz, Poland;
sylwia.michlewska@biol.uni.lodz.pl

Correspondence: agnieszka.robaszkiewicz@biol.uni.lodz.pl; Tel.: +4-84-2635-4144

Simple Summary: Despite tremendous advances in cancer treatment, chemotherapy remains the
first-line choice in many tumor types. The action of numerous chemotherapy drugs is limited
by the occurrence of ABC proteins in cancer cell membranes, which remove medicines from cell
compartments. In this paper, we show that one of bromodomain inhibitors, namely I-CBP112, was
capable of repressing genes that are responsible for multidrug resistance in all three studied cancer
cell lines. CBP/p300 bromodomain inhibitor allows for the higher drug accumulation inside cells
and considerably potentiated drug effects. At the molecular level, I-CBP112 caused rearrangement of
chromatin at the ABC gene promoters by inducing recruitment of LSD1, which removes transcription-
promoting histone marks. I-CBP112 emerges as a promising compound to overcome ABC-dependent
cancer drug resistance.

Abstract: The high expression of some ATP-binding cassette (ABC) transporters is linked to multidrug
resistance in cancer cells. We aimed to determine if I-CBP112, which is a CBP/p300 bromodomain
inhibitor, altered the vulnerability of the MDA-MB-231 cell line to chemotherapy drugs, which are
used in neoadjuvant therapy in patients with triple negative breast cancer (TNBC). MDA-MB-231
cells represent TNBC, which is negative for the expression of estrogen and progesterone receptors
and HER2 protein. An I-CBP112-induced decrease in the expression of all the studied ABCs in
the breast, but also in the lung (A549), and hepatic (HepG2) cancer cell lines was associated with
increased accumulation of doxorubicin, daunorubicin, and methotrexate inside the cells as well
as with considerable cell sensitization to a wide range of chemotherapeutics. Gene promoters
repressed by I-CBP112 in MDA-MB-231 cells, such as ABCC1 and ABCC10, were characterized by
enhanced nucleosome acetylation and, simultaneously, by considerably lower trimethylation in the
transcription-promoting form of H3K4me3. The CBP/p300 bromodomain inhibitor induced the
recruitment of LSD1 to the gene promoters. The inhibition of this demethylase in the presence of
I-CBP112 prevented the repression of ABCC1 and ABCC10 and, to a considerable extent, cancer
cells” sensitization to drugs. In conclusion, the CBP/p300 bromodomain inhibitor I-CBP112 can be
considered as a potent anti-multidrug-resistance agent, capable of repressing key ABC transporters
responsible for drug efflux in various cancer types.

Keywords: I-CBP112; CBP/p300 bromodomain inhibitor; ATP-binding cassette transporters (ABC);
lysine-specific demethylase 1A (LSD1); histone modifications; anticancer drugs

1. Introduction

Bromodomain inhibitors, having emerged as a promising class of anticancer drugs
over the last decade, are now being tested in clinical trials for the treatment of various
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types of cancers. These small-molecule inhibitors target bromodomains (BRDs), which
are evolutionarily conserved protein—protein interaction modules characterized by a bun-
dle of four o-helices linked to each other by loop segments of variable length [1]. This
deep, largely hydrophobic pocket recognizes acetylated lysine residues on histone and,
to a lesser extent, non-histone proteins. BRD-containing proteins represent a group of
chromatin readers that are capable of histone recognition, further modifications, and the
regulation of transcriptional machinery by the recruitment of molecular partners such as
components of the transcriptional complex and positive elongation factor (P-TEFb) [2,3].
Some of these proteins act as transcription factors, such as the bromodomain and extrater-
minal domain (BET) family members BRD2-4 and BRDT, whereas many others serve as
transcription activators, including histone acetyltransferases (EP300, GCN5, and CREBBP),
methyltransferases (MLL and ASH1L), and SWI/SNF components (BRG1/SMARCA4).

In our previous reports, we showed that BRG1 and nucleosome acetylation were
enriched at the promoters of some ATP-binding cassette transporters (ABC transporters),
such as ABCC4, ABCC5, ABCC10, and ABCG2, in the triple-negative breast cancer cell
line MDA-MB-231. Membrane-bound ABC proteins are involved in ATP-dependent cel-
lular transport across biological barriers. In addition to protecting cells from drugs and
environmental toxins, these proteins play a role in the efflux of cholesterol and steroid hor-
mones, vitamins, cytokines, and chemokines, as well as prostaglandins, thereby regulating
intracellular processes [4]. The ABCC subgroup of this family, called multidrug-resistance
proteins (MDRs), is particularly known for its involvement in cancer cell resistance to a
wide range of anticancer drugs due to its low substrate specificity. However, proteins from
other subfamilies, such as ABCB (ABCB1, glycoprotein-P or multidrug protein (MRP))
and ABCG (ABCG?2, breast cancer resistance protein (BRCP)), also contribute to cancer
irresponsiveness to chemotherapy. According to Chelamalla, 45% of cancers are resistant to
standard anticancer drugs, and even initially responsive tumors develop resistance during
the following cycles of chemotherapy [5], which is still leading among other anticancer
approaches. For example, chemotherapy before surgery, known as neoadjuvant chemother-
apy, is a frequent choice for treatment in women diagnosed with triple-negative breast
cancer, since it leads to a pathologic complete response and improves disease-free survival
and overall survival [6,7]. This tumor type accounts for about 10-15% of all breast tumors
and does not respond to hormonal or HER2-targeted therapy, and the lack of estrogen,
progesterone, and HER2 receptors limits the treatment options to a combination of surgery,
radiation therapy, and chemotherapy. This has triggered intense interest in finding new
medications that can treat this kind of breast cancer or improve current approaches.

Knowing that BRG1 forms a functional regulatory unit with EP300 and that acetyl-
transferase is responsible for the BRG1-driven transcriptional activity of some cell-cycle-
dependent genes, we aimed to determine whether the specific acetyl-lysine competitive
protein—protein interaction inhibitor I-CBP112, which targets the bromodomain of the two
closely related and highly homologous acetyltransferases CBP /EP300, could decrease the
expression of multidrug-resistance proteins in the triple-negative MDA-MD-231 breast
cancer cell line and thereby enhance the toxicity of anticancer drugs. I-CBP112 was also
shown to enhance nucleosome acetylation, probably by allosterically activating CBP /EP300,
through bromodomain interactions [8]. The combination of I-CBP112 and A-485, targeting
distinct parts of CBP/EP300—the bromodomain and histone acetyltransferase domain,
respectively—arrested the proliferation of the prostate cancer cells as well as suppressed
androgen-dependent and pro-oncogenic prostate genes, such as KLK3 (PSA) and c-Myc,
which was followed by a strong reduction in p300 chromatin occupancy at their gene
promoters [9]. In cultures of human and mouse leukemic cell lines, [-CBP112 impaired
aberrant self-renewal and, interestingly, increased the sensitization of cells to the activity of
the BET bromodomain inhibitor JQ1 and doxorubicin [10].

These examples indicate that I-CBP112 is capable of regulating the transcription of
cancer genes and increasing cancer cells” vulnerability to, at least some, anticancer drugs.
Given the above-mentioned findings, we studied the impact of the CBP/EP300 bromod-
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omain inhibitor on the expression of ABC transporters, which are highly transcribed in the
breast cancer cell line MDA-MB-231 and functionally linked to cancer multidrug resistance.
We also assayed the possible impact of ABC-transporter modulation on the accumula-
tion and toxicity of anticancer drugs. We tested a relatively large panel of therapeutics,
which represents various mechanisms of anticancer activity, to find the most efficient
combinations with I-CBP112.

2. Materials and Methods
2.1. Materials

A549 and HepG2 cell lines were purchased from ATCC, whereas MDA-MB-231
from Sigma Aldrich. DMEM high glucose w/L-glutamine w/sodium pyruvate, fetal
bovine serum and antibiotics (penicillin and streptomycin) were from Biowest (CytoGen,
Zgierz, Poland). L15 Medium, oligonucleotides for ChIP-real-time PCR, KAPA SYBR®
FAST Universal 2x, resazurin sodium salt, probenecid, daunorubucun hydrochloride,
methotrexate, bleomycin sulfate (Streptomyces verticillus), Nunc® MicroWell™ 384 well
optical bottom plates were from Sigma Aldrich (Poznan, Poland). Etoposide, doxoru-
bicin hydrochloride, cisplatin, paclitaxel, SP2509 (iLSD1), and PBIT (iKDM5B) were from
Cayman Chemical (Biokom, Janki/Warsaw, Poland), Nunc™ Lab-Tek™ chamber slides
were ordered also in Biokom, Janki/Warsaw, Poland. Anti-CDK4 (sc-23896), anti-PCNA
(sc-56) and anti-CCNE (sc-247) antibodies were purchased from Santa Cruz Biotechnol-
ogy (AMX, Lodz, Poland). The high-capacity cDNA reverse transcription kit, SuperSig-
nal™ West Pico chemiluminescent substrate, TRI Reagent™, PageRuler™ pre-stained
protein ladder (10 to 180 kDa), Pierce™ protease inhibitor tablets (EDTA-free; PIC), goat
anti-mouse IgG (H + L) secondary antibody, HRP (32430), Texas red-X phalloidin, Pro-
Long™ diamond antifade mountant, SlowFade™ glass soft-set antifade mountant (with
DAPI), anti-MRP5 (ABCC5) polyclonal antibody (PA5102678), anti-MRP10 (ABCC10) poly-
clonal antibody (PA5101678), TagMan™ Universal Master Mix II, TagMan™ gene expres-
sion assays (FAM-MGB/20X) for ABCG2 (Hs01053790_m1), ABCC10 (Hs01056200_m1),
ABCC5 (Hs00981089_m1), ABCB1 (Hs00184500_m1), ABCC1 (Hs01561483_m1), ABCC2
(Hs00960489_m1), ABCC3 (Hs00978452_m1), ABCC4 (Hs00988721_m1), GAPDH (Hs027866
24_g1), ACTB (Hs01064292_g1) were from Thermofisher Scientific (Thermofisher Scientific,
Warsaw, Poland). Anti-ABCB1 (E1Y7B) rabbit mAb (#13342), anti-ABCC1 (D7O8N) rabbit
mADb (#14685), ABCG2 (D5V2K) XP® rabbit mAb (#42078), anti-p300 (D2 x 6N) rabbit mAb
(#54062), anti-ABCC4 (D2Q20) rabbit mAb (#12705), anti-ABCC3 (D8VS]) rabbit mAb
(#39909), anti-LSD1 (#2139), anti-histone H3 (#4620; ChIP grade), anti-H3K27ac (#4353),
anti-H3K4me3 (#9751), normal rabbit IgG (#2729), anti-histone H3 (1B1B2; for Western blot)
mouse mAD (#14269), anti-mouse IgG (H + L), F (ab’)2 fragment (PE conjugate) (#59997),
anti-rabbit IgG (H + L), F (ab')2 fragment (Alexa Fluor® 488 Conjugate) (#4412), anti-rabbit
IgG, HRP-linked antibody (#7074) were from Cell Signaling Technologies (LabJOT, Warsaw,
Poland). The FITC annexin V apoptosis detection kit with propidium iodide was purchased
from BioLegend (BioCourse.pl, Katowice, Poland), ApoTox-Glo™ triplex assay was from
Promega (Promega, Warsaw, Poland).

2.2. Cell Culture and Treatment with Inhibitors

A549 and HepG2 were cultured in DMEM supplemented with 10% FBS and peni-
cillin/streptomycin (50 U/mL and 50 pg/mL, respectively) in 5% CO;. Initially, MDA-MB-
231 cells were cultured in F15 medium supplemented with 15% FBS and penicillin/streptom
ycin (50 U/mK and 50 pg/mL, respectively) without CO, equilibration. After 5 pas-
sages, the cells were adapted to grow in DMEM supplemented with 10% FBS and peni-
cillin/streptomycin (50 U/mL and 50 pg/mL, respectively) in 5% CO,.

I-CBP112 was added to cells 72 h prior to analysis or treatment with anticancer drugs,
which were administrated to cells for another 4-48 h (depending on the tested parameters).
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2.3. Real-Time PCR

For mRNA quantification, the total RNA was extracted with TRI Reagent™ and
reverse-transcribed with a high-capacity cDNA reverse transcription kit (Thermofisher
Scientific), and the expression of selected genes was measured with TagMan™ gene expres-
sion sssays and the TagMan™ universal master mix II (Thermofisher Scientific), according
to the protocol provided by the manufacturer (polymerase activation: 95 °C, 10 min; PCR
cycles: denaturation at 95 °C, 15 s; annealing and extension at 60 °C, 1 min). ACTB and
GAPDH (HSKG) were used for normalization, and the ratio between the studied gene and
HSKG was assumed to be 1 for control (untreated) cells.

2.4. Western Blot

For protein visualization, cell lysates collected in RIPA buffer (supplemented with
1 mM PMSF, 1x protease inhibitor) were separated by SDS-PAGE, transferred to a ni-
trocellulose membrane, and stained with primary antibodies (1:5000) at 4 °C overnight.
After subsequent staining with HRP-conjugated secondary antibodies (1:10,000 for anti-
rabbit and 1:500 for anti-mouse antibodies; room temperature; 2 h), the signal was devel-
oped using the SuperSignal™ west pico chemiluminescent substrate and acquired with
a ChemiDoc-IT2 (UVP, Meranco, Poznan, Poland). Histone H3 was used as the loading
control. All the whole western blot figures can be found in the supplementary materials.

2.5. Confocal Microscopy

For the confocal imaging of ABC proteins, cells were seeded and treated with I-CBP112
on a Nunc™ Lab-Tek™ chamber slide, fixed with a 1% formaldehyde solution in PBS at
room temperature for 15 min, washed 3 x with PBS, and permeabilized and blocked with
1% FBS solution in PBS with 0.1% TritonX-100 at room temperature for at least 1 h. Primary
antibodies (1:400) were added in 1% BSA solution in PBS with 0.1% TritonX-100 and
incubated at 4 °C overnight. Secondary antibody (1:400) was added in 1% BSA solution
in PBS with 0.1% TritonX-100 at room temperature for 2 h. After washing, the slides were
mounted with SlowFade™ glass soft-set antifade mountant (with DAPI). TCS SP8 (Leica
Microsystems, Germany) with a 63 /1.40 objective (HC PL APO CS2, Leica Microsystems,
Germany) was used for sample visualization. The samples were imaged with the following
wavelength values for excitation and emission: 485 and 500-550 nm for Alexa Fluor® 488
and 405 and 430-480 nm for DAPI. The average fluorescence was calculated using at least
100 single cells for each sample. The fluorescence intensity was determined in arbitrary
units (a.u.) with Leica Application Suite X (LAS X, Leica Microsystems, Germany). The
level of baseline fluorescence was established individually for each experiment. For the
visualization of drug accumulation, cells seeded on Nunc™ Lab-Tek™ chamber slides were
treated with doxorubicin (0.5 uM), daunorubicin (0.5 uM), and methotrexate (5 uM) for
24 h. After washing the slides, anthracycline-treated cells were mounted with SlowFade™
glass soft-set antifade mountant (with DAPI), whereas cells incubated with methotrexate
were fixed with 1% formaldehyde solution in PBS at room temperature for 15 min, and
actin filaments were stained with Texas red-X phalloidin (1:1000) in 1% BSA in PBS with
0.1% TritonX-100 at room temperature for 1 h. After washing with PBS, the slides were
mounted with ProLong™ diamond antifade mountant.

The induction of phosphatidylserine externalization by the anticancer drugs (24 h) in I-
CBP112-pretreated cells was detected by their staining with AnnexinV-FITC. After washing
with PBS, AnnexinV-FITC was added to the cells in annexin binding buffer according to
the manufacturer’s instructions (room temperature, 30 min). After removing the residual
unbound AnnexinV-FITC, the slides were mounted with SlowFade™ glass soft-set antifade
mountant (with DAPI). Subsequently, for the imaging of the samples, the confocal laser
scanning microscopy platform TCS SP8 (Leica Microsystems, Germany) with a 63 x /1.40
objective (HC PL APO CS2, Leica Microsystems, Germany) was used. The samples were
imaged with wavelengths of 405 and 485 nm for emission and 430480 and 500-550 nm
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for excitation for DAPI and AnnexinV-FITC, respectively, using Leica Application Suite X
(LAS X, Leica Microsystems). Autofluorescence-based quantification of drug accumulation

[-CBP112-treated and control cells were incubated with doxorubicin (0.5 uM), daunoru-
bicin (0.5 uM), and methotrexate (5 uM) at 37 °C for 4 h and washed 4 x with PBS, and the
drug fluorescence was measured with a fluorescence microplate reader (BioTek Synergy
HTX, Biokom, Poland) at the following wavelengths: 485ex/590em nm for anthracyclines
and 360ex/530em nm for methotrexate. Next, the cells were lysed by freezing, and the
DNA was stained with 0.1 uM DAPI at room temperature for 15 min. Fluorescence that
corresponded to the DNA content was read at 360ex/460em nm. After subtracting the
corresponding blanks, the autofluorescence of the drugs was normalized to the fluorescence
of the DNA, and the ratio for control cells (not treated with I-CBP112) was assumed to be 1.

2.6. Resazurin Toxicity Assay

After incubation with I-CBP112 and drugs on Nunc® MicroWell™ 384-well optical
bottom plates, cells were incubated with resazurin solution (5 pM) in the growth medium at
37 °C for 4 h. The fluorescence that corresponded to the metabolic activity of living cells was
measured with a fluorescence microplate reader (BioTek Synergy HTX, Biokom, Poland) at
530ex/590em nm. The fluorescence value for control cells was assumed to be 100%. The
half-maximal inhibitory concentration (IC50) was calculated from the correlation binominal
equation that describes the interdependence between log?2 of the drug concentration and
the cell viability.

2.7. ApoTox-Glo™ Triplex Assay

Cells were seeded and then incubated with I-CBP112 and drugs on Nunc® MicroWell™
384-well optical bottom plates. The live-cell and dead-cell protease, as well as caspase
3/7 activities, were measured with the ApoTox-Glo™ triplex assay from Promega according
to the manufacturer’s instructions as described by Ling [11] with a fluorescence microplate
reader (BioTek Synergy HTX, Biokom, Poland). The ratio between the chemiluminescence
of caspase3/7 to fluorescent viable cells was assumed to be 1 for the control (I-CBP112- and
drug-untreated) cells. Similarly, dead-cell fluorescence, which corresponds to extracellular
protease activity, was normalized to the fluorescence of viable cells, which corresponds to
cytoplasmic protease activity.

2.8. Chromatin Immunoprecipitation

Chromatin immunoprecipitation was conducted according to a previously described
protocol [12]. Fragments spanning EP300 binding sites, which were detected using TFbind,
at the promoters of ABCC1 and ABCC10 were amplified using KAPA SYBR® FAST Univer-
sal 2x and the following primers: ABCC1 prom, 5 -ACTCAGCTTTGGAGTCAGC-3" and
5-CCAGGTGCAGAGAGGTTGA-3'; ABCC10 prom, 5 -CTTGTCCAAGGTCATGCAG-3,
and 5 -GCCCCACGGACAAATAATG-3". A 10% input (sheered chromatin) was used as
the internal control.

2.9. RNA-Seq Analysis in Galaxy Version 19.05.dev

The following data from MDA-MB-231 cells were used for the RNA-Seq analysis:
siCTRL, GSM2736169 (SRR5919378), and GSM2736170 (SRR5919379); siBRDa, GEM2736175
(SRR5919384), and GSM2736176 (SRR5919385); siBRDb, GSM2736177 (SRR5919386), and
GSM2736178 (SRR5919387); DMSO, GSM2736179 (SRR5919388) and GSM2736180 (SRR5919
389); and JQ1, GSM2736181 (SRR5919390), and GSM2736182 (SRR5919391) [13].

The data in FASTQ format were unified to Sanger formatting with FASTQ Groomer
and then mapped to Human Genome version 19 using TopHat [14,15]. Transcripts were
assembled with Cufflinks (using UCSC Known Gene as a reference annotation) and merged
using Cuffmerge [16]. Differential gene expression was determined with CuffDiff using
UCSC on Human:gtexGene (hg19_gtexGene) as a template. The numbers of cDNA frag-
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ments for the chosen genes are reported as fragments per kilobase of transcript per million
mapped reads (FPKM).

2.10. Statistical Analysis

The data in Table S1 are reported as the mean =+ standard deviation of the mean (SEM).
The Student’s t-test was used to determine statistically significant differences between two
means (marked with * when p < 0.05, ** when p < 0.01, and *** when p < 0.001), whereas one-
way or two-way analysis of variance (ANOVA1 or ANOVA2, respectively) was conducted
in GraphPad Prism 5 to compare means across several groups. ANOVA1 was followed
by the Tukey post hoc test, and ANOVA2, by Bonferroni tests. Statistically significant
differences are marked with * when p < 0.05, ** when p < 0.01, and *** when p < 0.001.

3. Results
3.1. I-CBP112 Augmented the Toxicity of Anticancer Drugs

First, to test the possible influence of I-CBP112 on the breast cancer cells’ response
to drugs, we pretreated MDA-MB-231 cells with 10 uM bromodomain inhibitor for 48 h
and tested the toxicity of selected anticancer chemotherapeutics across wide ranges of
concentrations using the resazurin assay. As shown in Figure 1A and Table S1, doxorubicin
and daunorubicin showed the highest and similar (IC50—0.178 and 0.212, respectively)
cytotoxicity in the culture of breast cancer cells. Antimicrotubule agent paclitaxel was
approximately 100 less effective than the alkylating agent cisplatin 600 x when compared
to anthracyclines. Glycopeptide antibiotic (bleomacin) and topoisomerase 2 inhibitor
(etoposide) and similarly reduced the number of living MDA-MB-231 cells to 50% at
the concentration of 32.5 and 37.4 uM, respectively. Among all the considered drugs,
methotrexate turned out as the least cytotoxic with IC50 ~119 uM.

I-CBP112 considerably decreased the IC50 of all of the studied drugs from 10 (methotrex-
ate and etoposide) to over 600-fold (anthracyclines). The concentration of bleomycin, which
was required to reduce by half the number of metabolically active breast cancer cells in
the presence of I-CBP112, decreased ~40-fold, concentration of cisplatin declined ~85-fold,
whereas paclitaxel ~222-fold. I-CBP112 alone reduced the number of viable cells in the cul-
ture to approximately 60%. This effect seemed to be caused by the disturbance of cell cycle
progression, since the analysis of mitotic division markers (Figures 1B and S1) indicated
reduced levels of PCNA and CDK4 but not cyclin E. This conclusion is further supported
by the data in (Figures 1C and S3A) and Table S1, showing that I-CBP112 alone did not
trigger the activation of caspase 3/7 activity, neither increased the activity of dead-cell
protease in the cell culture media.

All of the studied drugs caused a relatively strong increase in caspase 3/7 activity at
the highest concentrations (Figure 1C, Table S1) and only slight, but statistically significant,
enhancement in extracellular protease activity (Figure S3A, Table S1; ANOVA2—drug con-
centration affected variance of the group means). CBP/EP300 inhibitor intensified caspase
3/7 activity mostly when combined with the highest tested doses of all the anticancer drugs
(Figure 1C), but increased cell membrane permeability only when added prior to 0.2 uM
daunorubicin. Notably, when mixed with etoposide, methotrexate, and a low concentration
of cisplatin, I-CBP112 decreased the ratio between dead-cell and live-cell fluorescence.
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Figure 1. I-CBP inhibited proliferation and sensitized MDA-MB-231 breast cancer cells to anticancer
drugs. (A) The half-maximal inhibitory concentrations (IC50s) for the seven studied drugs were
calculated from the results of the resazurin-based viability assay. I-CBP112 (10 uM) was added
to cells for 72 h prior to treatment with chemotherapeutics, which were added for 48 h. The
IC50 was determined using the binominal equation. (B) The effect of 72 h cell incubation with
I-CBP112 on proliferation was studied by visualizing the protein levels of PCNA, CDK4, and CCNE
in the compound-treated and untreated cells by Western blotting. H3 was used as the loading
control. (C) The ratio between caspase-3/7 cleaved substrate and live-cell protease activity was
quantified to estimate the modulatory potential of I-CBP112 (10 uM; 72 h) on drug-induced apoptosis.
Features of apoptosis, necrosis, and living cells were monitored 24 h after their treatment with
drugs. (D) Externalization of phosphatidylserine, which marks apoptotic cells, was monitored by
confocal microscopy after cell staining with FITC-conjugated annexinV (green). DNA was stained
with DAPI (blue). The scheme of cell treatment was the same as in (C). All data in bars are reported as
mean £ SEM. (A) The difference between two means was tested with Student’s t-test, and statistically
significant differences are marked with * when p < 0.05. (C) The impact of drug-induced apoptosis
was tested with two-way ANOVA and the Bonferroni test. Statistically significant effects of I-CBP112
are marked with * when p < 0.05.
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Cells treated with the combination of [-CBP112 and drugs were also stained with
annexinV-FITC (Figures 1D and S2). The addition of doxorubicin (0.2 uM), cisplatin
(50 uM), and etoposide (50 uM) to I-CBP112-pretreated cells caused visible externalization
of phosphatidylserine without visible changes in the nucleus structure (a lack of chromatin
condensation or fragmentation). Importantly, the bromodomain inhibitor alone did not
induce the exposure of phosphatidylserine on the outer plasma membrane, providing
further evidence for a lack of direct I-CBP112 toxicity for MDA-MB-231 cancer cells.

This all may suggest that the considered epigenetic inhibitor primes MDA-MB-231
cells for apoptotic cell death in response to anticancer drugs. The selected time point
(48 h after drug administration in I-CBP112) for the cell death readout captures cells in the
early apoptosis.

3.2. CBP/EP300 Inhibitor Enhanced Drug Accumulation and Phenocopied the Effect of Pan-ABC
Inhibitor on Drug Toxicity

As I-CBP112 increased anticancer drugs’ toxicity and might have controlled the tran-
scription of some multidrug-resistance-relevant genes that belong to the family of ABC
transporters, we tested if the bromodomain inhibitor affected the intracellular levels of
some drugs. We used the autofluorescence of two anthracyclines, which also showed the
most striking decreases in IC50 when combined with I-CBP112, and methotrexate for their
visualization by confocal microscopy. As shown in Figures 2A and S2, cell incubation with
I-CBP112 for 48 h substantially increased the distribution of drugs in the nuclei (doxoru-
bicin) and cytoplasm (daunorubicin and methotrexate). The quantification of the drug
levels inside cells confirmed higher levels of chemotherapeutics in the cells pretreated
with I-CBP112 (Figure 2B, Table S1). Importantly, the CBP/EP300 inhibitor did not act
synergistically with the pan-ABC inhibitor probenecid, whereas the individual impact of
each of the two compounds on the drug accumulation was comparable. The Bonferroni
post hoc test indicates a statistically significant effect of [-CBP112 on the drug accumulation
only in iABC-untreated cells.

Since I-CBP112 and iABC allowed for an increased drug level inside the cells but did
not strengthen the action of each other, we examined if similar interdependence could be
observed in the degree of cell sensitization to anticancer drugs. Based on the resazurin
toxicity assay, we estimated the IC50s for particular drugs in cells pretreated with iABC
alone and in combination with I-CBP112, and compared the calculated values for the
control and I-CBP112-pretreated cells. As shown in Figure 2C and Table S1, probenecid
augmented the drug toxicity similarly to the CBP/EP300 inhibitor. Statistical analysis with
two-way ANOVA and the Bonferroni test again indicated that the effect of I-CBP112 on
cell viability was only observed in the absence of iABC. These results suggest that both
compounds act in the same regulatory circuit and, in this particular case, modulate cell
vulnerability to chemotherapeutics by inhibiting drug efflux.
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Figure 2. [-CBP increased the accumulation of some anticancer drugs and phenocopied the effect
of ABC inhibitor in MDA-MB-231 breast cancer cells. (A) A confocal microscope was used to track
doxorubicin, daunorubicin, and methotrexate autofluorescence in MDA-MB-231. The nuclei in
anthracycline (red)-treated cells were additionally stained with DAPI (blue), whereas actin filaments
were stained with phalloidin-TexasRed (red) conjugate in cells incubated with methotrexate (green).
To cells, we added anthracyclines (0.5 uM) and methotrexate (5 uM) for 24 h. (B) The autofluorescence
of cells incubated with the drugs for 4 h was measured using a fluorescence reader. iABC (probenecid;
200 uM) was added 2 h prior to cell treatment with anticancer drugs. (C) IC50 for anticancer drug
toxicity was estimated using the resazurin viability assay. iABC (probenecid; 200 uM) was added 2 h,
whereas I-CBP112 (10 uM) was added 72 h, prior to cell treatment with anticancer drugs. Bars in
the figures represent the mean =+ standard error of the mean (SEM). (B) Variability among groups
was tested with two-way ANOVA and the Bonferroni test. Statistically significant effects of I-CBP112
are marked with * when p < 0.05. (C) Two-way ANOVA and the Bonferroni test were used to test
variance among the IC50 values of control, I-CBP112-, iABC-, and iABC/I-CBP112-pretreated cells.
The effect of I-CBP112 is marked with * when p < 0.05.

3.3. Expression of ABC Transporters Is Downregulated by I-CBP112 in MDA-MB-231

Knowing that I-CBP112 allowed for a higher drug concentration in the breast cancer
cell line and phenocopied iABC in terms of drug accumulation and cell sensitization to
anticancer therapeutics, and that I-CBP112 altered nucleosome acetylation, we verified
if the CBP/EP300 inhibitor affected the transcription and protein levels of ABC proteins,
which, according to the literature, contribute to multidrug resistance. From the list of
MDR1-7, we chose those that were the most abundant in MDA-MB-231. As shown in
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Figure 3A, cell incubation with I-CBP112 for 72 h led to considerable repression of ABCC1,
ABCC3, ABCC4, ABCC5, and ABCC10.
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Figure 3. I-CBP 112 decreased the expression of ABCC1, ABCC3, ABCC4, ABCC5, and ABCC10
in the MDA-MB-231 cell line. (A—C) Cells were incubated with 10 uM I-CBP112 for 72 h. (A) The
mRNA levels of selected ABC transporters compared between the control and I-CBP112-treated cells
by real-time PCR. ABC gene expression was normalized to the mRNA levels of ACTB and GAPDH.
(B) The same transporters were visualized in cell lysates by Western blotting, and H3 was used as a
loading control. (C) ABC protein level and localization were compared through confocal microscopy
using AlexaFluor488-conjugated secondary antibody (green). DNA was stained with DAPI (blue).
(A) Bars represent mean =+ standard error of the mean (SEM). The differences between 2 means were
tested with Student’s t-test and are marked with * when p < 0.05.

The decrease in mRNA levels was followed by a reduction in ABCC1/3/4/5/10 pro-
teins (Figure 2B,C, Table 51). ABCC3 and ABCC4 were mostly observed in the cytoplasm,
and ABCC10, in the nucleoplasm, whereas ABCC1 and ABCC5 were equally distributed
across the cell (Figures 3C and S2). I-CBP112 did not considerably affect the cellular lo-
calization of ABC proteins but caused a visible decrease in the green fluorescence that
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corresponded to the transporter protein level. The quantification of the green fluorescence
intensity in the control and I-CBP112-treated cells is provided in Figure S3B and Table S1.

3.4. The Drug Resistance was also Decreased by I-CBP112 in Other Cell Lines

To test the cancer-cell-type specificity of I-CBP112’s effects on the toxicity of drugs
and their accumulation inside cells, we repeated the evaluation of certain drug-resistance
parameters in two other cell lines: the non-small cell lung epithelial cancer cell line A549
and hepatocyte carcinoma line HepG2. These two cell lines differ in their profiles of
MDR and glycoprotein-P transcription according to The Human Protein Atlas. The two
cancer cell lines substantially differed from MDA-MB-231 and from each other in the
vulnerability to anticancer drugs (Figure 4A, Table S1). Invariably, anthracyclines emerged
most toxic among the considered chemotherapeutics (IC50 < 0.28 uM) in A549 and HepG2
cells. Doxorubicin, daunorubicin, etoposide, and bleomycin showed similar cytotoxicity
in the two cell lines, but their response to methotrexate, paclitaxel and, particularly, to
cisplatin varied.

The preincubation of both cell lines with I-CBP112 for 48 h considerably affected IC50
values for all the tested chemotherapeutics from 8.6-fold to 78.2-fold in the culture of A549,
but only from 2.3-fold to 23.1-fold in HepG2. CBP/EP300 inhibitor potentiated most the
action of cisplatin (78.2-fold decline in IC50), then doxorubicin (62.7-fold), daunorubicin
(53.2-fold), etoposide (28.9-fold), bleomycin (14-fold), paclitaxel (11.3-fold) and methotrexat
in lung cancer cells. In hepatocytes the impact of I-CBP112 on the drug toxicity declined
as follows: etoposide (23.1-fold decrease in the IC50 value), daunorubicin (21.4-fold),
doxorubicin (11-fold), methotrexate (8.4-fold), cisplatin (6.7-fold), bleomycin (6.1-fold), and
paclitaxel (2.3-fold).

In these cancer cell lines, higher concentrations of doxorubicin and methotrexate were
observed in cells preincubated with I-CBP112 (Figures 4B,C and S2). In A549, the drugs
were mostly localized in the cytoplasm, whereas in HepG2, doxorubicin, and methotrexate
they were mostly enriched in the nuclei. A549 cells responded to the CBP/EP300 inhibitor,
with the repression of ABCC1, ABCC3, ABCC5, ABCC10, and ABCG2, but not ABCC2,
whereas all the considered ABCC and ABCG2 transporters were found to be decreased in
HepG2 (Figure 4D,E, Table S1). The latter cell line was also characterized by a decline in
ABCBI1 transcription. The I-CBP112-induced transcriptional inhibition of ABC transporters
was followed by a visible decline in their protein levels (exemplary confocal images of se-
lected transporters are shown in Figures 4F,G and 52). In summary, I-CBP112 considerably
inhibits the expression of genes functionally linked to drug efflux regardless of the cancer
cell origin, and decreases the IC50s of all the considered anticancer therapeutics, which
vary in their mechanisms of cancer killing.
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Figure 4. I-CBP112 sensitized other cancer cell types to chemotherapeutics, increased drug accumu-
lation in cells, and reduced expression of ABC transporters. (A) IC50s were evaluated in another
two cell lines—Ab549 lung cells and HepG2 hepatocytes—with the resazurin toxicity assay. Cells
were incubated with 10 uM I-CBP112 for 72 h prior to the administration of drugs for another 48 h.
IC50 was determined from the binominal equation (Supplementary Statistics: resazurin A549 and
resazurin HepG2). The autofluorescence of doxorubicin and methotrexate was imaged in control
and I-CBP112 (10 uM; 72 h)-pretreated A549 (B) and HepG2 (C) cells using a confocal microscope.
Doxorubicin-treated cells (0.5 uM; 24 h) were additionally stained with DAPI (blue, nucleus), whereas
methotrexate-treated (5 uM; 24 h) cells were additionally stained with phalloidin-Texas Red (red,
actin filaments). (D,E) The impact of I-CBP112 (10 uM; 72 h) on ABC gene expression was measured
by real-time PCR in A549 (D) and HepG2 (E) cell lines. The mRNA levels of particular genes were
normalized to ACTB and GAPDH and assumed to be 1 for control cells. (F,G) Example of confo-
cal images of ABC proteins that are highly abundant in A549 (F) and HepG2 (G) cells. I-CBP112
(10 uM) was added for 72 h. Transporters were stained in green (secondary anti-rabbit AlexaFluor488-
conjugated antibody), and nuclei, in blue (DAPI). (A,D,E) bars represent the mean =+ standard error
of the mean (SEM). (A) IC50 values for the control and I-CBP112-treated cells were compared using
Student’s t-test, and statistically significant differences between means are marked with * when
p < 0.05. The same analysis was used to compare relative mRNA levels in (D,E).
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3.5. CBP/EP300 Inhibitor Induced Recruitment of LSD1 to the Promoters of ABCC1 and ABCC10
and Erased Trimethylation of H3K4 in MDA-MB-231

In search for the molecular mechanism responsible for the observed repression of
multidrug-resistance proteins and glycoprotein-P, we first considered the possible impact
of I-CBP112 bromodomain inhibitor on the function of bromodomain and extraterminal
domain (BET; BRD2, BRD3, BRD4, and BRDT) family of bromodomain proteins in transcrip-
tion control of the key multidrug resistance genes. BET proteins, as other bromodomain-
containing proteins, interact with acetylated histones and transcription factors, hence are
involved in transcriptional regulation. Therefore, we assumed that BET proteins may act
as activators of some ABCs’ transcription and I-CBP112 may interfere with their functional
interaction with the gene promoters. We used publicly available RNA-Seq data to test the
impact of the known BET inhibitor JQ1 and transient silencing of bromodomains (2-3-4)
on the mRNA levels of ABC transporters in MDA-MB-231. As shown in Figure 5A, JQ1
significantly enhanced the transcription of ABCC10 but only slightly altered the mRNAs
of other genes. A similar profile of changes was observed in breast cancer cells trans-
fected with siBRD, where only the highly transcribed ABCC10 responded to BRD (2-3-4)
deficiency, with further transcription enhancement (Figure 5B). BRCA1 is shown as an
example of gene inhibited upon deficiency of some BET members (Figure 5B) and their
activity (Figure 5A). Since the inhibition and silencing of some BET proteins resulted in
the upregulation of one ABC gene, the observed repression of most of the considered ABC
transporters by I-CBP112 in three different cell lines seemed to be rather mediated by a
BET-independent mechanism.

As I-CBP112 was documented as capable of inhibiting CBP/EP300 interaction with
chromatin and of simultaneously increasing nucleosome acetylation, we compared the
extent of H3K9/14 acetylation between the control and I-CBP112-treated MDA-MB-231
cells. In addition, we also examined some other histone modifications that contribute to
transcriptional regulation. The Western blot images in Figures 5C and S1. indicate the
strong enrichment in H3K9/14ac that was simultaneously associated with a decline in
histone methylation status. If the losses of H3K9me3 and H3K27me3 occurred along with
increased H3K9/14 acetylation, which suggested that I-CBP112 favored a transcription-
permissive epigenetic status, the decline in H3K4me3 was generally linked to the gene’s
repression. In the next step, we tested the acetylation and H3K4me3 statuses at the pro-
moters of the highly transcribed ABCC10 and the key MDR gene—ABCC1. The alteration
of the considered transcription-promoting epigenetic markers at the gene promoters phe-
nocopied the I-CBP112-induced modifications observed with Western blotting; increased
histone acetylation was followed by a decline in H3K4me3 (Figures 5D,E and S3C, Table 51).
Despite enhanced nucleosome acetylation, some extrusion of EP300 and BRG1/SMARCA4
from the gene promoter was also noted, which may indicate the impact of I-CBP112 on
the interaction between bromodomain-containing EP300 and DNA (Figure 5F, Table S1).
The decrease in the trimethylation of H3K4 at the promoters of ABCC10 and ABCC1
prompted us to check for the occurrence of lysine-specific demethylase 1A (LSD1), which
demethylates mono- and di-methylated lysines, specifically histone 3, and lysines 4 and 9
(Figures 3B and 5G, Table S1). The incubation of breast cancer cells with I-CBP112 triggered
a statistically significant enrichment in LSD1 at the two gene promoters.

To verify the possible contribution of LSD1 and/or KDM5B, which removes methyl
groups from trimethylated, demethylated, and monomethylated H3K4, we treated MDA-
MB-231 cells with the combination of I-CBP112 and iLSD1 (0.1 uM SP2901) or I-CBP112
and iKDMS5B (5 uM PBIT). As shown in Figure 5H,I, and Table S1, iLSD1 prevented the
I-CBP112-induced repression of ABCC1 and ABCC10, whereas iKDM5B did not inter-
fere with the studied genes’ responses to the CBP/EP300 inhibitor. LSD1 silencing with
siRNA resulted in the massive death of MDA-MB-231 (data not shown); therefore, further
validation of the possible impact of I-CBP112-LSD1 crosstalk on gene transcription in
an LSD1-deficient background was impossible. Regardless, the observed recruitment of
demethylase to the gene promoters and the antagonizing effect of iLSD1 with I-CBP112
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on the gene transcription suggest that I-CBP112 may repress ABC genes’ transcription by
triggering the enrichment of LSD1 at their promoters.
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Figure 5. I-CBP112 reduced trimethylation of H3K4 and induced LSD1-mediated gene repression
in MDA-MB-231 breast cancer cells. (A,B) The impact of BRD silencing and JQ1 (bromodomain
inhibitor) on the mRNA levels of selected ABC transporters was determined by quantifying differ-
ential gene expression (using TopHat for mapping, CuffLinks for transcript assembly, and CuffDiff
for quantitative transcript comparison) based on publicly available data sets. Gene expression
is presented as fragments per kilobase of transcript per million mapped reads (FPKM). (C) The
effect of I-CBP112 (10 uM; 72 h) on some histone modifications was evaluated in cell lysates by
Western blotting. Transcription-promoting markers are highlighted using red dashed rectang]les.
(D-G) Alterations in two histone modifications and in the occurrence of EP300 and LSD1 caused by
I-CBP112 (10 uM; 72 h) at the promoter of ABCC10 were assayed by ChIP-qPCR. (H,I) The impact
of iLSD1 (SP2509; 0.1 uM) and iKDMB5B (PBIT; 2.5 uM) on I-CBP112-induced ABCC1 and ABCC10
gene repression was estimated using real-time PCR. iLSD1 and iKDM5B were added alone or in
combination with I-CBP112 (10 uM) for 72 h. (J) The resazurin viability assay was used to test the
effect of iLSD1 on the I-CBP112-induced increase in cell vulnerability to anticancer drugs. iLSD1
(0.1 uM) was added to cells in combination with I-CBP112 (10 uM) for 72 h, and the cells were then
treated with two selected doses of chemotherapeutics for another 48 h. Bars in the graph show the
relevant cell viability normalized to the untreated control, which was assumed to be 100%. Bars in
the figures represent the mean =+ standard error of the mean (SEM). (D-G) Means were compared
using Student’s ¢-test, and statistically significant differences are marked with * when p < 0.05. (H,I)
The influence of particular factors on gene transcription was analyzed by two-way ANOVA and
the Bonferroni test, and statistically significant differences in the variance are marked with * when
p <0.05. (J) Data were tested with one-way ANOVA and Tukey’s post hoc test. The significant impact
of iLSD1 on I-CBP112-induced increase in drug toxicity is marked with * when p < 0.05.
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As the CBP/EP300 inhibitor reduced the viability of drug-treated cells and this effect
might have occurred due to the repression of multidrug-resistance proteins, we expected
that iLSD1 might, at least partially, counteract I-CBP112-enhanced drug toxicity. To verify
this hypothesis, we compared the viability of MDA-MB-231 cells exposed to two con-
centrations of anticancer drugs, which were pretreated with a combination of I-CBP112
(10 uM) and iLSD1 (0.1 uM), to that of those treated with I-CBP112 (10 uM) alone. iLSD1
considerably suppressed I-CBP112’s potential to enhance the toxicity of all the studied
compounds, except for paclitaxel, at the highest tested concentrations and rescued the
I-CBP112-induced decline in cell viability (Figure 5], Table S1). These findings all suggest
that I-CBP112 may considerably weaken cancer cells’ resistance to chemotherapeutics by
repressing the transcription of key ABC transporters in an LSD1-dependent manner.

4. Discussion

Inhibitors of bromodomain extra-terminal (BET) and non-BET families appear to
be promising anticancer drugs due to their cellular function and deregulation of their
target proteins in different tumor types. Although several BRD inhibitors have entered
clinical trials over the last decade, they have experienced significant obstacles such as a
lack of partial or complete response and high efficacy in only a few specific tumor types
(hematological malignancies and rare diseases such as NUT) [17]. These features have
precluded their regulatory approval. For triple-negative breast cancer, the study registered
under NCT02698176 aimed to target advanced solid tumors with birabresib (MK-8628)
in monotherapy, but one recruited participant with TNBC did not finish the treatment
because of progressive disease, and the entire trial was terminated due to the limited
efficacy in other tumor types (not due to safety reasons) [18]. Therefore, no conclusion
can be drawn regarding the anticancer activity of bromodomain inhibitors in patients
diagnosed with TNBC. In the in vitro and in vivo MDA-MB-231 murine xenograft models,
the above-mentioned birabresib showed antiproliferative activity, repressed the c-MYC
protein, and synergized with the mTOR inhibitor everolimus [19]. We observed a similar
effect of I-CBP112, which targets the CBP/EP300 bromodomain, on the mitotic division in
a culture of MDA-MB-231, whereas a substantial reduction in ¢-MYC, which is considered
a TNBC driver, was observed in prostate cancer [9]. Nothing is known about the in vivo
activity of I-CBP112. Since the clinical trial with birabresib (MK-8628) did not report
relatively high toxicity, -CBP112 may be similarly or better tolerated, particularly when the
toxicity profiles of BET inhibitors, which include thrombocytopenia, fatigue, and diarrhea,
emerge as class effects [17].

I-CBP112, similar to birabresib and other bromodomain inhibitors, synergistically
reduces the numbers of viable cells in culture when added to cultures with other anticancer
drugs. This approach, administering a bromodomain inhibitor in combination with various
oncology therapeutics, was also tested in clinical trials. In an active, non-recruiting phase 2
study on patients with TNBC without germline mutations of BRCA1 or BRCA2, ZEN003694
was mixed with the PARP inhibitor talazoparib, and the primary completion of the study
is estimated to occur in September 2021 (NCT03901469). The safety and tolerability study
of the treatment scheme comprising INCB057643 and gemcitabine, paclitaxel, rucaparib,
abiraterone, ruxolitinib, or azacitidine in subjects with advanced malignancies, including
breast cancers, was terminated due to safety issues (NCT02711137). When considering the
joint treatment of tumors with bromodomain inhibitors and other anticancer drugs, the
possible impact of the first group of compounds must be taken into account. As shown
in Figure 4A,B, the deficiency in bromodomain activity may lead to the overexpression
of ABC proteins, some of which are responsible for the active removal of anticancer
therapeutics. In the studied MDA-MB-231 breast cancer cells, the transient silencing of
BRD2/3/4 and bromodomain inhibition caused a significant increase in the mRNA of
ABCC10, which is the most abundant MDR protein in this cell line. Importantly, JQ1 binds
to all the bromodomains of the BET family but not to bromodomains outside the BET
family. This suggests that BET family members act as anti-MDR factors, at least in the
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studied triple-negative breast cancer cell line. The possible issues with the transcriptional
upregulation of ABC transporters may be precluded by replacing BET inhibitors with
I-CBP112. The latter compound phenocopies the anticancer activity of BET inhibitors
in in vitro models and considerably augments the accumulation of anticancer drugs by
repressing genes responsible for multidrug resistance. I-CBP112 seems to be specific for
CBP/EP300, because no activity of this compound was observed for BRG1/SMARCA4
occurrence on the promoter of ABCC1 (Supplementary Table S1). Our results suggest that
I-CBP112 may increase the toxicity of these therapeutics, which are actively removed from
cells by ABC transporters. The anti-MDR activity of I-CBP112 seems to be cancer-type
independent because the expression of ABC genes was repressed in the breast, lung, and
hepatic cell lines. Moreover, this bromodomain inhibitor was potent in reducing the mRNA
levels of most of the examined transporters. The aspects that must be further evaluated
concern I-CBP112’s toxicity and the optimal treatment scheme, which includes the time
between I-CBP112 and anticancer drug administration. Since the CBP/EP300 inhibitor
represses gene transcription, the expected impact on drug accumulation is delayed. The
pretreatment of our three cell lines grown in a monolayer with I-CBP112 for 72 h was
sufficient to substantially reduce the ABC protein levels in the cell membranes, but the
variability in the exposure of the tumor cells to the drugs may alter their expected responses
to I-CBP112.

The described approach to decreasing multidrug resistance and ABC transporter
expression by targeting chromatin-interacting enzyme(s) is new and paves the way for the
repression of drug-efflux-associated membrane proteins at the genomic level. Previous
and current attempts to overcome native and acquired drug resistance have focused on
the development of inhibitors of ABC proteins, mainly P-glycoprotein (ABCB1), BCRP
(ABCG2), and MRP1 (ABCC1); some of these compounds show weak specificity and
show the potential to inhibit more than one ABC transporter [20,21]. Some papers also
describe the possible involvement of flavonoid and terpenoid derivatives as ABC trans-
porter modulators [22]. However, none of the proposed ABC inhibitors were approved for
anticancer therapy. A total of 98 small molecules that possess P-glycoprotein-inhibiting
properties were approved by the FDA, with indications for non-cancer diseases [23]. Novel
strategies to limit or reverse multidrug resistance include miRNA, DNA methyltransferase
inhibitors (DNMTis), hypomethylating agents (HMAs), and histone deacetylase inhibitors
(HDAC:is) [24], but HDAC inhibitors elicit divergent responses in drug-sensitive and re-
sistant cancer cells [25]. HDAC inhibitors are usually associated with the activation of
gene transcription because they prevent histone deacetylation, but numerous other HDAC
non-histone HDAC targets have different impacts on gene transcription depending on
their acetylation statuses. As for histones, their hyperacetylation induced by I-CBP112
was associated with decreased H3K4me3 and the recruitment of LSD1 at the promoters of
ABCC1 and ABCC10 (Figure 5D,E,G and Supplementary Table S1). Since the mechanism
responsible for LSD1 enrichment at the hyperacetylated promoters and the superior role
of H3K4me3 declines with increased acetylation in transcription, the efficacy remains un-
known, so further experiments are needed to test the possible impact of HDAC inhibitors
on the transcription of genes functionally involved in multidrug resistance. There have
been considerable advances in the study of cancer cells that acquire resistance as a conse-
quence of the repeated administration of anticancer drugs because such cells are frequently
characterized by the overexpression of ABC proteins, which are crucial for drug efflux.
Further questions to be answered include the impact of I-CBP112 on ABC transcription and
promoter acetylation, and whether I-CBP112 causes the hyperacetylation of the promoters
of overexpressed genes and LSD1 recruitment. Such a model may help in finding links
or discrepancies between simultaneous adverse shifts in transcription-promoting histone
markers and in verifying the role of LSD1.

The recruitment of LSD1 to the promoters of highly transcribed genes such as ABCC10
is unexpected, particularly when the acetylation of the ABCC10 promoter is further en-
hanced by I-CBP112. LSD1 lacks a bromodomain, and the known crystal structure of the
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enzyme does not indicate any protein fragment with an acetylated-histone-reader function.
Conversely, LSD1 is most frequently associated with the CoREST repressor complex, which
comprises HDAC1 and HDAC?2; hence, LSD1 activity and the demethylation of H3K4me3
are associated with histone deacetylation. LSD1 binds DNA and anchors associated pro-
teins or protein complexes to nucleosomal substrates via the evolutionarily conserved
SWIRM domain [26,27], which closely interacts with the amine oxidase domain, forming a
highly conserved cleft, and may, therefore, serve as an additional histone-tail-binding site.
The SWIRM domain of human ADA2alpha was shown to colocalize with lysine-acetylated
histone H3 in the cell nucleus [28]. Moreover, SWIRM-containing ADA?2b is required
for the efficient acetylation of histone tails by GCN5 [29]. However, nothing is known
about the interaction between LSD1 and acetylated nucleosomes. A relatively recent paper
describes the interdependence between the acetylation of particular amino acids in histone
H3 and the deacetylase and demethylase activities of the epigenetic silencing complex
CoREST [30]. The demethylase activity of methyl-Lys4 in histone H3 was strongly inhibited
by H3 Lys14 acetylation, but the presence of this modification at H3 Lys18 considerably
increased the Km for LSD1-catalyzed histone demethylation. We know nothing about
the selectivity of CBP/EP300 histone acetylation at particular histone residues or about
its possible impact on LSD1 and CoREST’s repressive activity. Another aspect that needs
to be mentioned is the contribution of another demethylase in I-CBP112-induced gene
repression: LSD1 can only demethylate mono- or di-methylated lysine residues on histone
H3 because the trimethyl-lysine residue is not protonated [31]. This suggests that the
activity of LSD1 is preceded by that of another enzyme that removes the first methyl group
from trimethylated H3K4. None of the bromodomain-containing proteins are capable of
the above-mentioned function [32]. However, LSD1 is as a key repressor of multidrug-
resistant proteins in I-CBP112-treated MDA-MB-231 cells, since LSD1 inhibition prevents
the I-CBP112-induced decline in ABCC1 and ABCC10 transcription. Since some of LSD1
inhibitors are tested in clinical trials and emerge as promising agents for anticancer ap-
proaches, the attention should be paid to their possible pro-multidrug resistance action
under certain circumstances.

5. Conclusions

In summary, I-CBP112 has emerged as a promising compound for reducing the innate
drug resistance in the studied cancer cells. The studied compound represses expression
of ABCC1, ABCC3, ABCC4, ABCC5, and ABCC10, and increases the accumulation of
some anticancer drugs. At the gene promoters of ABCC1 and ABCC10, I-CBP112 causes
chromatin compaction and the removal of transcription promoting trimethylation of H3K4
by LSD1, but simultaneously intensifies nucleosome acetylation. The molecular interde-
pendence between these two chromatin features, as well as the mechanism that allows for
LSD1 recruitment to hyperacetylated promoters, remains unknown.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ cancers13184614/s1; Figure S1 Full Western blot images; Figure S2: Full confocal images;
Figure S3: Additional experimental data; Table S1: Raw experimental data and full statistical analysis.
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ARTICLE INFO ABSTRACT
Keywords: Despite extensive efforts and ongoing progress in personalized anticancer approaches, chemotherapy remains the
CREB-binding protein/Histone first line or the only treatment for some tumors that may develop resistance to chemotherapeutics in time due to

acetyltransferase p300 (CBP/EP300)
bromodomain inhibitor
Multi-drug resistance (MDR)

inter alia overexpression of ATP-binding cassette transporters. Using clinically-relevant resistant models of triple
negative breast cancer (MDA-MB-231; TNBC) as well as non-small cell lung cancer (A549; NSCLC), we tested the
ATP-binding cassette transporters (ABC) efficacy of I-CBP112 — CBP/EP300 bromodomain inhibitor to overcome drug resistance by declining ABC gene
Triple-negative breast cancer transcription. I-CBP112 significantly reduced ABCB1, ABCC1, ABCC2, ABCC3, ABCC5 and ABCG2 in all resistant
Non-small cell lung cancer lines, as well as ABCC10 in TNBC and ABCC4 in paclitaxel-resistant NSCLC, thereby increasing intracellular drug
accumulation and cytotoxicity in 2D and 3D cultures. This was phenocopied only by the joint effect of ABC
inhibitors such as tariquidar (ABCB1 — P-glycoprotein and ABCG2) and MK-571 (ABCC), whereas single inhi-
bition of ABCB1/ABCG2 or ABCC proteins did not affect drug accumulation, thereby implying the need of
simultaneous deficiency in activity of majority of drug pumps for enhanced drug retention. I-CBP112 failed to
directly inhibit activity of ABCB1, ABCG2 and ABCC subfamily members at the same time. Importantly, I-CBP112
treated cancer cells polarized human macrophages into proinflammatory phenotypes. Moreover, I-CBP112
remained non-toxic to primary cell lines, nor did it enhance anticancer drug toxicity to blood-immune cells. In

List of abbreviations: ABC, ATP-binding; ADMET, Absorption, Distribution, Metabolism, Excretion, and Toxicity; AhR, aryl hydrocarbon receptor; AMES, test
Salmonella typhimurium reverse mutation assay; BBB, blood-brain barrier; BCRP, breast cancer resistance protein; BET, Bromodomain and extraterminal domain;
BJ, human foreskin fibroblasts; BRD, bromodomain; CAT, Catalase; CBP/EP300, CREB-binding protein/Histone acetyltransferase p300; CD, cluster of differenti-
ation; CYP, Cytochrome P450 family; DMSO, Dimethyl sulfoxide; EZH2, Enhancer of zeste homolog 2; GF-AFC, Cell permeable glycylphenylalanyl-amino-
fluoroumarin; HBEC, human bronchial epithelial cells; HDAC, Histone deacetylase; HepG2, human hepatocarcinoma; HER2, human epidermal growth factor
receptor 2; hERG, the human Ether-a-go-go-Related Gene; IL, Interleukin; iNOS, inducible nitric oxide synthase; LSD1, Lysine specific histone demethylase 1; MCP1,
Monocyte Chemoattractant Protein-1; MDR, multidrug resistance; miRNAs, microRNA; MRP1, multidrug resistance protein 1; NFkB, Nuclear factor kappa B;
NSCLC, non-small cell lung cancer; OCT2, Organic Cation Transporter 2; PCR, Polymerase chain reaction; PD-L, programmed-death-ligand; PRMTS5, Protein arginine
methyltransfease 5; PXR, pregnane X receptor; SEM, standard error of the mean; TAMs, tumor-associated macrophages; TGF, Transforming growth factor; TME,
tumor microenvironment; TNBC, triple negative breast cancer; TNFa, Tumor necrosis factor alpha.
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silico assay of ADMET properties confirmed the desired pharmacokinetic features of I-CBP112. The results sug-
gest that the CBP/p300 inhibitor is a promising co-adjuvant to chemotherapy in drug-resistant cancer pheno-
types, capable of decreasing ABC transporter expression.

1. Introduction

Despite the remarkable increase in cancer patient recovery since the
first chemotherapy success of Hertz and Li in 1956, the 5-year relative
survival was estimated at 66% according to 2022 statistics [1,2]. Due to
limited access to precision medicine and personalized treatment ap-
proaches, as well as late diagnosis, chemotherapy often remains the only
alternative for anticancer intervention. For example, patients diagnosed
with triple-negative breast cancer (TNBC) that lacks progesterone, es-
trogen and human epidermal growth factor receptor 2 (HER2) repre-
sents up to 20% of all breast tumors, and are treated with doxorubicin,
paclitaxel, 5-fluorouracil or carboplatin as adjuvant and neoadjuvant
chemotherapy, as also for metastatic cancers. The American Cancer
Society recommends cisplatin, paclitaxel, gemcitabine, etoposide or
docetaxel in combination (or not) with radiotherapy and immuno-
therapy for non-small cell lung cancer (stage I-IV) (NSCLC) that accounts
for up to 85% of all lung tumors, being the second most common cancer
in human beings [3]. However, successive cycles of chemotherapy lead
to development of multidrug resistance (MDR), which is responsible for
the therapy failing in 90% of cases [4]. The acquired defense mecha-
nisms include changes in the tumor microenvironment (TME), which
involves exosomes transporting specific miRNAs for intercellular
communication and tumor-associated macrophages (TAMs), enhanced
DNA repair ability, upgraded metabolism processes of xenobiotics, and
overexpression of ABC proteins [4,5]. This group of membrane trans-
porters, which comprises ABCA-ABCG subfamilies, regulates cellular
levels of hormones, vitamins, ions and nutrients, as well as the release of
cyclins and chemokines in normal cells; however, their high abundance
is linked to poor chemotherapeutic efficacy since they make use of ATP
to remove xenobiotics, such as wide range of anticancer drugs outside
cells or sequester them in intracellular organelles, thereby limiting their
cytotoxicity. The most frequently referred ABC transporters associated
with MDR include ABCB1 (P-gp, MDR1), ABCC1 (MRP1) and ABCG2
(breast cancer resistance protein; BCRP); however, to date, ~12 ABC
transporters that share substrate specificity have been linked to the lack
of cancer sensitivity to drugs. For example, anthracyclines such as
doxorubicin are transported across membranes by P-glycoprotein
(ABCB1), MRP1 (ABCC1) and BCRP (ABCGZ2), paclitaxel by P-glyco-
protein (ABCB1), MRP7 (ABCC10) and BCRP (ABCG2), platinum com-
pounds such as cisplatin by MRP2 (ABCC2) and MRP4 (ABCC4),
whereas nucleobase analog 5-fluorouracil by MRP5 (ABCC5) [6-15].

The induction of particular ABC genes varies among cancers and
chemotherapeutics, and the common pathway or transcription regu-
lating mechanisms has not been disclosed. For example, overexpression
of P-glycoprotein and BCRP confers resistance of breast cancer cell lines
to docetaxel, doxorubicin and paclitaxel, whereas cisplatin or paclitaxel
induced transcription of ABCC2 and ABCC10, respectively, in non-small
cell lung cancer [16-18]. In Melguizo et al. [19] paclitaxel increased
expression of P-glycoprotein, whereas carboplatin increased ABCC3.
Importantly, an elevated level of ABCB1 in etoposide-treated small cell
lung cancer was functionally reversed by its inhibitors - tariquidar and
elacridar - which also restored cell sensitivity to the anticancer agent.
Therefore, 3 generations of P-glycoprotein inhibitors were developed
aimed at improving the efficacy of standard chemotherapy. Due to
toxicity following the required high doses of 1st generation inhibitors
(Cyclosporin A, Quinine, Verapamil), pharmacokinetic interactions of
second-generation inhibitors (Bricoridar, Valspodar, R-enantiomer of
Verapamil) that reduced the metabolism of anticancer drugs, and
increased toxicity of anticancer drugs by representatives of
third-generation inhibitors (Tariquidar, Elacridar, Laniquidar,

Zosuquidar), none of the ABC inhibitors has been approved for cancer
treatment [20-22].

In our previous study by Sobczak et al. [23], we provided mecha-
nistical evidence of the role of acetytransferase EP300 in acquiring
cisplatin resistance by NSCLC and triple negative breast cancer cell lines.
Upon cisplatin induction, EP300 was recruited in a p53-dependent
manner to gene promoter such as ABCC10 - which were deprived of
CoREST complex, thereby acetylated nucleosomes and enhanced their
transcription. Since EP300 also remains bound to the gene promoters in
resistant phenotypes, we raised the hypothesis that inhibition of this
acetylatransferase with CPB/EP300 bromodomain inhibitor — I-CBP112
may overcome the gained ABCC-driven cancer resistance to cisplatin
and other drugs and sensitize cells to therapeutics. I-CBP112 inhibitor
belongs to potent and selective CBP/p300 bromodomain inhibitors, with
IC50 values of 170 nM for CBP and 625 nM for EP300. I-CBP112 in-
teracts with conserved asparagine N1168 in CBP and forms hydrogen
bond with this residue and a carbonyl group that branches off from the
oxazepine ring of I-CBP112 mimics an acetyl-lysine structure [24]. This
compound enhances acetylation of H4K5 mediated by CBP as well as
H3K18 and H3K23 by CBP- and p300 [25]. In our other paper, we
successfully applied I-CBP112 to repress ABCC genes by triggering LSD1
recruitment to their promoters and the subsequent reduction of tran-
scription promoting H3K4 trimethylation in breast, lung and hepatic
cancer cell lines [26]. This was followed by considerable decline in the
IC50 values of anthracyclines, bleomycin, cisplatin and paclitaxel.
Similarly, this compound increased the cytotoxicity of the BET bromo-
domain inhibitor, JQ1, and doxorubicin in myeloid leukemia cells,
hence providing opportunities for possible new combinatorial treatment
of leukemia [24]. CBP/EP300 inhibitors targeting the acetyltransferase
activity and the acetyl-lysine-binding bromodomain of CBP/EP300 were
also shown to inhibit androgen receptor signaling and tumor growth in
prostate cancer, but may also be applicable for treating breast and other
hormone-dependent cancers [26].

Using clinically-relevant models of doxorubicin- and paclitaxel-
resistant triple negative breast cancer (MDA-MB-231), as well as
cisplatin- and paclitaxel-resistant NSCLC (A549), which are character-
ized by induced overexpression of ABC transporters, we tested whether
I-CBP112 could overcome acquired drug resistance and produce syner-
gism with standard chemotherapy agents. We hypothesized that over-
expression of ABC transporters is linked to recruitment of EP300 to their
promoters and, therefore, I-CBP112 may act as a potent repressor of ABC
genes that prevents an active drug efflux or internalization in cellular
organelles. We took into consideration also possible direct impact of I-
CBP112 on ABC protein activity, therefore we compared the efficacy of
I-CBP112 and ABC inhibitors, tariquidar - ABCB1/ABCG2 and MK-571 —
ABCC, in the increasing accumulation of anthracyclines and paclitaxel
Oregon-Green within cells, as well as their impact on the cytotoxicity of
the tested drugs. Finally, we tested some aspects of I-CBP112 safety on
primary blood and other cells, as well as pharmacokinetic features in the
in silico study.

2. Material and methods
2.1. Material

MDA-MB-231 cell line was obtained from Sigma Aldrich, HepG2 and
primary cell lines were purchased from ATCC, monocytes and lympho-
cytes were isolated from buffy coats of healthy donors, which were ac-
quired from the Blood Donor Center in Lodz, Poland.

DMEM High Glucose w/ L-Glutamine w/ Sodium Pyruvate, fetal
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bovine serum (FBS) and antibiotics (penicillin and streptomycin),
Lymphosep were purchased from BioWest (CytoGen, Zgierz, Poland).

Leibovitz’s L-15 Medium, albumin from human serum, Triton X-100,
DAPI, resazurin sodium salt, propidium iodide, daunorubicin hydro-
chloride, methotrexate, bleomycin sulfate (Streptomyces verticillus), I-
CBP112, Nunc® MicroWell™ 384 well optical bottom plates were from
Sigma Aldrich (Poznan, Poland).

Etoposide, doxorubicin hydrochloride, cisplatin, paclitaxel, 5-fluoro-
uracil, I-CBP112, SP2509 (iLSD1), Nunc™ Lab-Tek™ Chamber Slide
were obtained from Cayman Chemical (Biokom, Janki/Warsaw,
Poland).

High-Capacity cDNA Reverse Transcription Kit, SuperSignal™ West
Pico Chemiluminescent Substrate, TRI Reagent™, PageRuler™ Pre-
stained Protein Ladder (10-180 kDa), Pierce™ Protease Inhibitor Tab-
lets (EDTA-free; PIC), PMSF Protease Inhibitor, RNAse, ProLong™
Diamond Antifade Mountant, SlowFade™ Glass Soft-set Antifade
Mountant (with DAPI), Paclitaxel, Oregon Green™ 488 Conjugate
(Oregon Green™ 488 Taxol, Flutax-2 — P22310), anti-MRP5 (ABCC5)
Polyclonal Antibody (Thermo Fisher Scientific Cat# PA5-102678,
RRID:AB_2852074), anti-MRP10 (ABCC10) Polyclonal Antibody
(Thermo Fisher Scientific Cat# PA5-23652, RRID:AB_2541152), Taq-
Man™ Universal Master Mix II, TagMan™ Gene Expression Assays
(FAM-MGB/20X) for ABCB1, ABCC1, ABCC2, ABCC3, ABCC4, ABCCS5,
ABCC10, ABCG2, GAPDH, HPRT, CD14 antibody Alexa Fluor™ 488
(Thermo Fisher Scientific Cat# 53-0149-42, RRID:AB_2744748), CD4
antibody Alexa Fluor™ 488 (Thermo Fisher Scientific Cat#
53-0041-82, RRID:AB_469893), CD8 antibody Alexa Fluor™ 647
(Thermo Fisher Scientific Cat# MHCDO0821, RRID:AB_10372065),
Thermo Scientific™ Nunc™ Polycarbonate Cell Culture Inserts in Multi-
Well Plates, Dynabeads™ Protein G, UltraPure™ Phenol:Chloroform:
Isoamyl Alcohol (25:24:1, v/v), PowerUp™ SYBR™ Green Master Mix
for qPCR were from Thermo Fisher Scientific (Thermo Fisher Scientific,
Warsaw, Poland). Anti-ABCB1 (E1Y7B) Rabbit mAb (CST Cat# 13342,
RRID:AB_2631176), anti-ABCC1 (D708N) Rabbit mAb (CST Cat#
14685, RRID:AB_2798572), ABCG2 (D5V2K) XP® Rabbit mAb (CST
Cat# 42078, RRID:AB_2799211), anti-ABCC4 (D2Q20) Rabbit mAb
(CST Cat# 12705, RRID:AB_2797999), anti-ABCC3 (D8V8J) Rabbit
mAD (CST Cat# 39909, RRID:AB_2799164), anti-Histone H3 (1B1B2; for
Western Blot) Mouse mAb (CST Cat# 14269, RRID:AB_2756816), anti-
EP300 (CST D2X6N - Rabbit mAb #54062, RRID:AB_2799450), anti-
H3K4me3 (CST C42D8 - Rabbit mAb #9751, RRID:AB_2616028), anti-
rabbit IgG HRP-linked Antibody (CST Cat# 7074, RRID:AB_2099233),
Dynabeads Protein G were from Cell Signaling Technologies (LabJOT,
Warsaw, Poland). ApoTox-Glo™ Triplex Assay from Promega (Promega,
Warsaw, Poland). Granulocyte-macrophage colony-stimulating factor
(GM-CSF) from PeproTech (London, UK). RosetteSep™ Human Mono-
cyte Enrichment Cocktail or RosetteSep™ Human Total Lymphocyte
Enrichment Cocktail were purchased from StemCell Technologies.
BIOFLOAT™ 96-well U-bottom Plate from faCellitate (Mannheim, Ger-
many). FITC Annexin V Apoptosis Detection Kit from BioLegend (Bio-
course, Katowice, Poland).

2.2. Methods

2.2.1. Cell culture and induction of cisplatin, doxorubicin and paclitaxel
resistance

After thawing MDA-MB-231 cell line was cultured in F15 medium
supplemented with 15% FBS, penicillin/streptomycin (50 U/ml and 50
ug/ml, respectively) without CO2 equilibration. The adaptation of cells
to proliferation in DMEM with 10% FBS, penicillin/streptomycin (50 U/
ml and 50 pg/ml, respectively) in 5% CO2 was started after 5 passages
and accomplished within 2 weeks.

A549 cells were treated with 10 pM cisplatin or 0.05 uM paclitaxel,
whereas MDA-MB-231 were treated with 1 uM doxorubicin and 0.05 uM
paclitaxel for 48 h every 4 weeks for a total number of 6 cycles. The
treatment scheme and drug concentrations were chosen to fit the
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therapeutic range and approaches, which give the following drug con-
centration in blood (doxorubicin 2-4 uM, paclitaxel 0.05 uM — 1 pM,
cisplatin 2.5 — 10 uM) [27-29]. The drugs were washed out after 48 h
and cells were cultured in the growth medium till another drug dose.

Drug-resistant and non-resistant cell lines were cultured under the
same conditions.

Cells were incubated with I-CBP112 at a concentration of 2.5 pM for
72 h in all experiments, except flow cytometry estimation of I-CBP112
direct impact on ABC activity, where cell preincubation with CBP/p300
inhibitor was shortened to 2 h and followed by the treatment with
anticancer drugs.

2.2.2. Isolation of monocytes and lymphocytes

50 ml of blood buffy coats obtained from the Regional Centre for
Blood Donation and Haemotherapy in Lodz was mixed with 50 ul of
antibodies for monocyte or lymphocyte isolation (RosetteSep™ Human
Monocyte Enrichment Cocktail or RosetteSep™ Human Total Lympho-
cyte Enrichment Cocktail). After 20 min of incubation, the blood was
diluted 1:1 with dilution buffer (PBS + 2% FBS + 1 mM EDTA) and
loaded onto a density gradient medium Lymphoseep in the ratio of 2:1.
After centrifugation (1200 g/ 20 min/ RT/ no deceleration), cell pellet
was washed with dilution buffer (300 g/ 10 min/ RT/ slow decelera-
tion). If necessary due to contamination with erythrocytes, cells were
separated again on Lymphosep. The pellet was suspended in warm RPMI
1640 medium and cells were seeded into 12-well plates at 2 ml/well.

2.2.3. Characterization of human monocytes and lymphocytes

Monocytes and lymphocytes were washed twice with PBS solution
with 1% albumin, then added with 5 pl of fluorescently labeled antibody
(CD14 antibody Alexa Fluor™ 488; CD4 antibody Alexa Fluor™ 488 and
CD8 antibody Alexa Fluor™ 647 - respectively) and incubated at room
temperature for 30 min. IgG conjugated with Alexa Fluor 488 served as a
control for monocytes, whereas two IgG control with Alexa Fluor 488
and PE was prepared for lymphocytes. After incubation, the cells were
washed twice with PBS solution supplemented with 1% albumin, then
fixed in 0.5% formaldehyde in PBS and washed again twice with PBS.
Measurement was performed by flow cytometry (LSR® II Becton Dick-
inson — University of Lodz), and the results were analyzed using
FlowJo™ v10.8 Software (BD Life Sciences; RRID:SCR_008520) (Sup-
plementary fig. S30, S3P).

2.2.4. Haemolysis assay

After centrifugation of whole blood (3500 rpm/ 10 min/ 4 °C) and
removal of plasma, erythrocytes were washed 3 times with cold PBS. I-
CBP112 at the final concentration of 2.5 uM (or corresponding volume of
DMSO) was added to cells at a haematocrit of 50% and cells were
incubated at 37 °C for 24 h. After dilution 1:1 with PBS and centrifu-
gation (3 000 rpm/ 10 min/ 4 °C), the supernatant was read on 96-well
plate on Jasco V-650 spectrophotometer at A = 535 nm. Erythrocytes
treated for 30 min with 10% triton served as a positive control (100%
haemolysis), whereas with DMSO as a negative control.

Haemolysis was calculated according the formula given below:

Haemolysis [%] = A sample x 100 / A control positive

2.2.5. Reverse transcription and real-time PCR

Total RNA was extracted using TRI Reagent™. The concentration of
RNA was then quantified using Quantus™ Fluorometer. The reverse
transcription was performed using the High-Capacity cDNA Reverse
Transcription Kit (25 °C -> 10 min, 36 °C -> 120 min, 95 °C -> 5 min,
4 °C -> o) according to the manufacturer’s protocol (Thermo Fisher
Scientific). The level of expression of selected ABC genes was measured
using TagMan™ Gene Expression Assays and TagMan™ Universal
Master Mix II (Thermofisher Scientific) according to the protocol
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provided by the manufacturer (polymerase activation: 95 °C, 10 min;
PCR cycles: denaturation - 95 °C, 15 s; annealing - 60 °C, 1 min).

Housekeeping genes (HSKG; TBP and GAPDH) were used to
normalize the obtained mRNA level. The fold change between the
examined gene and particular HSKG was assumed as 1 for control cells
and the average was calculated.

2.2.6. Chromatin Immunoprecipitation

Cells were seeded at a density of 5 million cells per culture dish and
fixed with a 1% formaldehyde solution after an experiment-appropriate
incubation time. Chromatin was isolated and sheared using a Bandelin
Sonopuls homogenizer (HD 2070). Cell lysates together with magnetic
beads (Dynabeads™ Protein G) and antibodies were incubated on a
rotator at 4 °C; 10% of the cell lysate was taken as Input before adding
the antibody-conjugated beads. After overnight incubation, the immu-
noprecipitated chromatin was washed and decrosslinked overnight at
65 °C. DNA was isolated using UltraPure™Phenol/Chloroform/Isoamyl
Alcohol (25:24:1, v/v) and then analyzed using qPCR. The following
primer pairs were used: ABCB1 promoter Forward: 5'CCAATCAG
CCTCACCACAGA 3/, Reverse: 5GATTCAGCTGATGCGCGTTT 3'; ABCC2
promoter Forward: 5° AGGTCAAGGCTGCAATGAAT 3", Reverse: 5'CTG
TCATCGACCCAACCTTT 3'; ABCC10 promoter Forward: 5’ CTTGTCCAA
GGTCATGCAGC 3, Reverse: 5GCCCCACGGACAAATAATGC 3; CAT
exon 10 Forward: 5TGCTCCAAATTACTACCCCAAC 3/, Reverse: 5'
TGTTGAATCTCCGCACTTCTC 3.

In the wild-type and resistant cell lines immunoprecipitated frag-
ment encompassing the EP300 binding site in the ABCB1, ABCC2,
ABCC10 promoters was immunoprecipitated using PowerUp™ SYBR™
Green Master Mix for qPCR, according to the protocol provided by the
manufacturer (polymerase activation: 95 °C, 2 min; PCR cycles: dena-
turation - 95 °C, 15 s; annealing - 58 °C, 15 s; extension - 72 °C, 45 s).
Master Mix was supplemented with 0.1% DMSO. The internal control
was Input (10% of the initial lysate). Catalase (CAT) exon 10 was used to
confirm EP300 enrichment.

For H3K4me3 quantification, resistant lines were incubated for 72 h
with 2.5 uM I-CBP112 or without. Immunoprecipitated fragments
encompassing H3K4me3 in the ABCB1, ABCC2, ABCC10 promoters
were analyzed by real-time PCR meotda using PowerUp™ Master Mix
(conditions were described above). Input was the internal control, and
exon 10 CAT was used to validate enrichment of H3K4me3.

2.2.7. Western blot

The protein expression of selected ABC transporters was compared
between samples by western blot. Cells were lysed with RIPA buffer
containing 1 mM Phenylmethysulfonyl Fluoride (PMSF) and 1x Protease
Inhibitor Cocktail (PIC), and sample equalization was carried out based
on dsDNA content, which was measured using Quantus™ Fluorometer.
Lysates were separated by SDS-PAGE electrophoresis and transferred to
a nitrocellulose membrane. The blocking step was carried out in a 5%
albumin solution in PBS with 0.1% Tween 20. After an overnight incu-
bation at 4°C with the primary antibody, secondary antibody conjugated
to horseradish peroxidase (HRP) was added for 2 h incubation at room
temperature. SuperSignal™ West Pico PLUS chemiluminescent sub-
strate was used to visualize the proteins of interest.

Histone H3 served as a control for equal protein concentrations in
each sample.

2.2.8. Resazurin toxicity assay

Cells were seeded at a density of 5 000 cells per well into 384-well
Nunc® MicroWell™ optical-bottom plates and, on the next day,
treated with I-CBP112 (2.5 uM) for 72 h. Anticancer drugs were added to
cells preincubated with I-CBP112 for another 48 h. Resazurin at the final
concentration of 5 pM was incubated with cells at 37 °C for 4 h. The
fluorescence intensity (excitation — 530 nm, emission 590 nm) that
corresponds to cell metabolic activity was measured with BioTek Syn-
ergy HTX fluorescence microplate reader.
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2.2.9. ApoTox-Glo Assay

The toxicity and viability markers of blood-derived monocytes and
lymphocytes were examined using ApoTox-Glo™ Triplex Assay from
Promega, and cell treatment scheme followed the protocol for resazurin
assay. For viability and cell death, cells were incubated with GF-AFC and
bis-AAF-R110, respectively for 30 min and cell absorbance/fluorescence
was measured at 400 nm ex/505 nm em (Cell viability) and 485 nm ex/
520 nm (Cell cytotoxicity). Membrane permeability (bis-AAF-R110
fluorescence) was normalized to relative number of viable cells (GF-AFC
fluorescence).

Caspase 3/7 activity in I-CBP112-treated cells was measured in pri-
mary fibroblasts. Apoptosis was quantified after incubation with lumi-
nogenic caspase-3/7 substrate, which was added to cells for 30 min and
luminescence was read [30].

2.2.10. Confocal microscopy

Cells were seeded onto Nunc™ Lab-Tek™ chamber slide at a density
of 10,000 cells per well for visualization of ABC proteins and monitoring
of fluorescent drug accumulation inside cells.

To visualize ABC proteins, cells were washed with PBS and then fixed
in 1% formaldehyde in PBS during a 15-minute incubation at room
temperature, permeabilized and blocked in 1% FBS solution in PBS with
0.1% Triton X-100 at room temperature for 1 h. Primary antibody was
incubated with the cells at a ratio of 1:400 in a 1% BSA in PBS with 0.1%
Triton X-100 overnight at 4 °C. After washing with PBS, a secondary
antibody conjugated to fluorescent probe (Alexa Fluor) was added, also
in a ratio of 1:400, in 1% BSA solution in PBS with 0.1% TritonX-100 at
room temperature for 2 hr. After washing with PBS slides were sealed
with SlowFade™ Glass Soft-set Antifade Mountant (with DAPI).

Drug accumulation was measured after 72 h incubation with I-
CBP112 and additional 24 h cell incubation with autofluorescent
anthracyclines (doxorubicin and daunorubicin), and paclitaxel labeled
with Oregon Green 488. Cells were washed three times with PBS, then
slide was sealed with SlowFade™ Glass Soft-set Antifade Mountant
(with DAPI).

Paclitaxel Oregon Green 488 is poorly cytotoxic and has low trans-
membrane permeability, suggesting that it is an faultless candidate for
studies which involve cellular transport, including ABC transporter
confocal microscopy studies [31].

2.2.11. Drug accumulation analysis by flow cytometry

Cells were seeded into a 6-well plate at a density of 1 million cells per
well. After 72 h incubation of cells with 2.5 yM I-CBP112, two anthra-
cyclines (doxorubicin and daunorubicin) and paclitaxel-Oregon Green
488 at a concentration of 0.1 uM were added to the culture for another 4
h. Cells were trypsynized and washed with PBS were fixed in 0.5%
formaldehyde in PBS at room temperature for 15 min, transferred to
fresh PBS and fluorescence intensity was measured by flow cytometer
(LSR® II Becton Dickinson) at excitation 470 nm and emission 595 nm
for anthracyclines, and excitation 496 nm and emission 524 nm for
paclitaxel. Distribution of cell intensity was analyzed using FlowJo™
v10.8 Software (BD Life Sciences; RRID:SCR_008520). The analyzed cell
population was discriminated based on FSC-A and SSC-A parameters.
Intensity of cell fluorescence was visualized on a histogram and the shift
in fluorescence distribution indicated the alteration in drug distribution.
For quantification the average of fluorescence intensity in every sample
was used. In addition, the possible joint impact of I-CBP112 on ABCBI,
ABCG2 and ABCC protein activity was tested by exposing cells to I-
CBP112 for 2 h, and after removal of CBP/EP300 inhibitor cells was
treated with anticancer drugs as described above.

In parallel, the efficacy of direct ABC inhibitors (MK-571-25 pM and
tariquidar - 1 pM) added separately or as mixture to cells for 2 h prior to
anticancer drugs on drug accumulation were tested.

2.2.12. Protein-ligand docking
The prediction on the binding sites and affinity of I-CBP112,
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Tariquidar, MK-571, Reversan (another ABCC1/MRP1 inhibitor),
doxorubicin, ATP and ABCB1, ABCC1, ABCG2 and CYSLTRI1 (cysteinyl
leukotriene receptor 1) were computed in CB-Dock2 [32,33]. For ABCB1
(7a65.pdb), ABCG2 (7neq.pdb) and CYSLTR1 (6rz4.pdb) protein struc-
ture was downloaded from Protein Data Bank (RCSB PDB), first two
proteins were spited into corresponding chains with PDB Tools:
SplitChain and chain A was taken for further analysis. ABCC1 was
downloaded from AlphaFold Protein Structure Database [34,35].
Hydrogen was added to all proteins with PDB Tools: AddHydrogen. Drug
structure for docking was downloaded from PubChem: Tariquidar —
PubChem CID: 148201, MK-571 — PubChem CID: 5281888, I-CBP112 -
PubChem CID: 90488984, Doxorubicin — PubChem CID: 31703, ATP —
PubChem CID: 5957.

2.2.13. Spheroid formation, treatment, drug accumulation and analysis of
apoptosis

Paclitaxel-resistant A549 and doxorubicin-resistant MDA-MB-231
cell lines were seeded at a density of 20,000 cells per well into BIO-
FLOAT™ 96-well U-bottom Plate. After 2 weeks of spheroid formation
3D cultures were treated with I-CBP112 (2.5 uM) for 72 h and with
doxorubicin (0.1 uM) for another 48 h. The entire treatment was
repeated after one week with the same conditions.

The 3D cultures were washed 3 times with PBS, suspended in
Annexin V binding buffer and added with FITC -labeled Annexin V (ratio
of 100:5) according to manufacturer instruction (FITC Annexin V
Apoptosis Detection Kit; BioLegend). After a 30-minute incubation at
room temperature in the dark, cells were washed three times with PBS.
Subsequently, spheroids were fixed with 4% formaldehyde solution in
PBS at room temperature in the dark for 30 min. DNA was stained with 1
uM DAPL

The confocal laser scanning microscopy platform TCS SP8 (Leica
Microsystems, Germany) with the objective 10x/0.40 DRY (Leica
Microsystems, Germany) and TCS LSI confocal macroscope with the
objective 5x/0.17 (Leica Microsystems, Germany) were applied for im-
aging. Samples were imaged with the following wavelength values of
excitation and emission: 405 and 430 — 480 nm for DAPI, 495 and
530-595 nm for Annexin V-FITC, and 480 and 590-650 nm for doxo-
rubicin. Leica Application Suite X (LAS X, Leica Microsystems, Germany)
was used to determine the fluorescence mean and the average spheroid
volume.

2.2.14. Macrophages polarization

Human blood-derived monocytes were differentiated with 10 ng/ml
GM-CSF for 7 days as described in Pietrzak et al. [36], then incubated
with 2.5 pM I-CBP112 for 72 h, collected and lysed in Trizol, and RNA
was isolated for gene expression analysis of pro- (M1) and
anti-inflammatory (M2) markers.

3. Results

3.1. I-CBP112 decreases overexpression of key multidrug resistance-
associated ABC transporters in MDA-MB-231 and A549 cell lines exposed
to anticancer agents

The resistant cell lines were generated based on treatment regimens
for specific cancers using actual chemotherapy recommendations. Tak-
ing into account these chemotherapy strategies and the pairs of clini-
cally relevant cancer drugs, we generated doxorubicin- and paclitaxel-
resistant MDA-MB-231 triple-negative breast cancer cells, as well as
cisplatin- and paclitaxel-resistant A549 non-small cell lung cancer cell
lines. All resistant MDA-MB-231 phenotypes were characterized by
reduced sensitivity to paclitaxel, doxorubicin, daunorubicin and eto-
poside (Fig. 1A, Supplementary fig. S3D) and resistant A549 to pacli-
taxel, daunorubicin, cisplatin and etoposide (Fig. 1A, Supplementary fig.
S3E). Resistant phenotypes showed sensitivity only to 5-fluorouracil
(Supplementary fig. S3D, S3E). As an example, we also compared
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apoptosis induction between paclitaxel-resistant and non-resistant A549
cells. The activity of caspase 3/7 that plays a key role in programmed
cell death was lower in the resistant phenotype treated with drugs
having different mechanisms of action (Fig. 1B). This was further
confirmed by confocal microscopy and staining of cleaved caspase 3/7.
The bright green fluorescence that corresponded to the level of the
assayed antigen was only seen in the culture of non-resistant cells
exposed to paclitaxel (Fig. 1C; Supplementary fig. S1A, S1B).

All the resistant cell lines developed featured overexpression of at
least 3 ABC transporters (Fig. 1D). Transcription of all the studied genes,
except ABCCI1, was enhanced in doxorubicin-resistant MDA-MB-231,
whereas resistance to paclitaxel was associated with an increase in the
mRNA level of ABCB1, ABCC5, ABCC10 and ABCG2 (Fig. 1D, Supple-
mentary table). The repeated administration of the microtubule stabi-
lizer led to overexpression of ABCB1, ABCC2, ABCC5 and ABCG2 in the
A549 cell line, but cisplatin caused strong activation of ABCBI1, ABCC1
and moderate ABCC10. The greater abundance of exemplary ABCB1 and
ABCC proteins in particular cell line pairs was confirmed by Western
blot (Fig. 1E; Supplementary fig. 2) and confocal microscopy (Fig. 1F;
Supplementary fig. S1C, S1D). Notably, overexpression of ABC trans-
porters in paclitaxel-resistant cell lines was associated with the
recruitment of EP300 to their promoters thereby suggesting the possible
contribution of EP300 in transcription control of these genes (Supple-
mentary fig. S3A).

Bearing in mind the previously reported involvement of EP300 in
ABC gene transcription in cancer cells, and that I-CBP112 considerably
represses transcription of ABC transporters, thereby sensitizing basal
MDA-MB-231 and A549 cell lines to various chemotherapeutics, we
measured whether the selected CBP/p300 bromodomain inhibitor
similarly impacts transcription of ABC genes in both cell types that had
acquired multidrug resistance. Fig. 1G shows that cell incubation with I-
CBP112 for 72 h considerably repressed all genes examined in doxoru-
bicin- and paclitaxel-resistant MDA-MB-231. Similarly, in cisplatin-
resistant A549, all examined genes were decreased, except ABCCI10
(Fig. 1G; Supplementary table). Treatment with I-CBP112 decreased
transcription of ABCC1, ABCC2, ABCC3, ABCC4, ABCC5, ABCC10 and
ABCG2, but ABCBI in A549 paclitaxel-resistant cell line. The I-CBP112-
induced decrease in the level of ABC proteins was also confirmed by
Western blot (Fig. 1H; Supplementary fig. 2) and confocal microscopy
(Fig. 1I; Supplementary fig. S1E). To test if I-CBP112 represses some
ABC genes in drug-resistant cell lines in LSD1-dependent fashion, which
we previously described in non-resistant cells [26], we carried out
ChIP-qPCR on trimethylated histone H3K4 and measured the impact of
LSD1 inhibitor (SP2509) on I-CBP112-induced transcriptional suppres-
sion. First, we took into consideration promoters of exemplary genes,
which are overexpressed in doxorubicin-resistant MDA-MB-231 and
paclitaxel-resistant A549. As shown in Supplementary fig. S3B
CBP/EP300 inhibitor substantially declined the level of H4K3me3 at the
considered promoters. It indicates that the possible functional impact of
I-CBP112 on chromatin remodeling by LSD1. This was confirmed by
results shown in Supplementary fig. S3C, where LSD1 inhibition prior to
cell treatment with I-CBP112 considerably decreased repressive impact
of CBP/EP300 inhibitor on the gene transcription.

For analysis of normality, the Kolmogorov-Smirnov test was chosen.
The difference between two samples was checked with the Mann-
Whitney test in datasets with non-Gaussian distribution (Fig. 1B;
Fig. 1D; Fig. 1G), whereas the unpaired t-test was chosen for data that
passed normality test (Fig. 1B; Fig. 1G). Ona-way ANOVA followed by
Tukey’s test (Fig. 1A) and two-way ANOVA (Fig. 1A) were performed for
multiple comparison of samples with normal distribution. Samples are
marked with “* ” when P < 0.05, otherwise are marked “ns”.

3.2. I-CBP112 increases drug concentration in drug-resistant cancer cells

Since we found substantial I-CBP112-induced repression of some
ABC transporters that are overexpressed in drug-resistant phenotypes,
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Fig. 1. I-CBP112 suppresses ABC genes, which are overexpressed in drug-resistant MDA-MB-231 and A549 cell lines. (A) The acquisition of drug resistance in MDA-
MB-231 and A549 cell lines was determined by comparing their viability in response to two concentrations of selected drugs, which were added to cell culture for
48 h. Drug toxicity was quantified by resazurin assay, and the fluorescence of untreated cells was assumed as 100%. (B) Caspase 3/7 activity was measured using
Apo-Tox Glo assay in non-resistant and paclitaxel-resistant A549 cells. Data on bar-graph indicate caspase activity normalized to cell viability measured in (A). (C)
The cleavage of caspase 3/7 was visualized by immunostaining followed by confocal microscopy. DNA was stained with DAPI, whereas the protein was stained with
anti-cleaved caspase 3/7 primary and then, AlexaFluor 488-conjugated secondary antibodies. (D) The transcription of selected ABCB, ABCC and ABCG genes in MDA-
MB-231 and A549 cell lines was quantified by real-time PCR using TagMan probes. The average mRNA level of each gene was normalized to housekeeping genes
(GAPDH, HPRT), and the gene transcription in basal cell lines was assumed as 1. Overexpression of some ABC transporters was confirmed by western blot (E) and
confocal microscopy (F). In (E) histone H3 served as a loading control. In (F) cellular levels of ABCB1 and ABCC10 were compared by immunostaining combined with
confocal microscopy. Proteins were stained in green (AlexaFluor 488-conjugated secondary antibody), whereas nucleus in blue (DAPI). The impact of 72 h cell
incubation with I-CBP112 (2.5 pM) on mRNA (G) and protein (H) level of selected ABC transporters was quantified by real-time PCR and visualized by western blot,
respectively. Gene transcripts were normalized to housekeeping genes (GAPDH, HPRT), and untreated control was assumed as 1. In (H) histone H3 served as a
loading control. The example in (I) shows I-CBP112-induced decline in green fluorescence (AlexaFluor 488-conjugated secondary antibody) that corresponds to

ABCC10 abundance in doxorubicin resistant MDA-MB-231. 2.5 uM bromodomain inhibitor was added for 72 h. DNA was counterstained with DAPI.

we hypothesized that this compound might affect drug accumulation by
cells. To test this, we considered 2 anthracyclines — doxorubicin and
daunorubicin - due to their autofluorescent capacity, as well as Oregon
Green 488-conjugated paclitaxel, and monitored the fluorescence of
cells exposed to the drug alone or in combination with I-CBP112. Pre-
incubation of cells with CBP/EP300 bromodomain inhibitor for 72 h
considerably increased the drug level within resistant phenotypes, as
evidenced by confocal microscopy (Fig. 2A and Supplementary fig. S1F,
S1G, S1H, S1I). As long as paclitaxel-oregon green was retained only in
the cytoplasm, I-CBP112 considerably enhanced the abundance of both
anthracyclines, as also in the nuclei.

To quantify the level of drugs inside cells as well as to compare the
impact of I-CBP112 and combination of potent ABC inhibitors (tar-
iquidar - ABCB1/ABCG2 and MK-571 - iABC) on the intracellular drug
level in the MDA-MB-231 cells non-resistant and resistant to doxorubicin
as well as A549 non-resistant and resistant to cisplatin and paclitaxel, we
made use of flow cytometry to read the fluorescence of each cell sepa-
rately. Fig. 2B shows that iABC and, even more so, I-CBP112, raised the
distribution of cell fluorescence to higher levels, thereby indicating a
higher concentration of the influxed daunorubicin in the population of
doxorubicin-resistant MDA-MB-231. This indicates a similarity between
iABC and I-CBP112 in their potency to increase the mean fluorescence
value of these cells exposed to daunorubicin (Fig. 2C) and hence drug
concentration inside cells. Consistently, I-CBP112 caused higher reten-
tion of all three tested drugs in resistant phenotypes, which are char-
acterized by overexpression of some ABC transporters, when compared
with their non-resistant counterparts (Supplementary fig. S3F, S3G,
S3H). With only one exception, combination of two ABC inhibitors that
simultaneously decrease activity of ABCB1, ABCG2 and some ABCC
subfamily members, emerged more potent in drug retention that I-
CBP112 added to cells for 72 h. However, when added to cell separately
Tariquidar and MK-571 failed to prevent drug efflux from drug-resistant
cells (Supplementary fig. S3I). MK-571 alone increased fluorescence of
only doxorubicin-resistant MDA-MB-231 cells exposed to Daunorubicin
up to 120%. This suggests that simultaneous inhibition of numerous ABC
transporters can be necessary to improve accumulation of chemother-
apeutics in drug-resistant cancer cells, which overexpress several ABC
transporters. Furthermore, upon Tariquidar- or MK-571-induced defi-
ciency in activity of some transporters their role is taken over by other
ABC family members without considerable impairment in the drug
efflux efficacy.

While considering the possible direct impact of I-CBP112 on ABC
protein activity, we first compared the docking sites and affinity of
doxorubicin, I-CBP112 and the known inhibitors of ABC proteins such as
Tariquidar, MK-571 or Reversan to ABCB1, ABCG2 and ABCCIl. As
shown in Supplementary fig. S4 A-H and Supplementary table 1 I-
CBP112 matched almost perfectly to amino acid residues in the pocket
C1 and C2 of ABCG2, which interact with anthracycline and Tariquidar.
In the pocket C2 it bound opposing phenyl rings of F439 as same as
Tariquidar, but also topotecan and mitoxantron that are reported as
ABCG2 substrates [37]. In ABCB1, CBP/EP300 inhibitor shared 9 amino

acid residues in common with doxorubicin in pocket C1, but the inter-
action profile with Tariquidar varied. In the pocket C2, interacted with
12 amino acid residues, which were shared jointly by doxorubicin and
tariquidar. Analysis of pharmacokinetic properties (ADME) of I-CBP112
indicated that this compound may act as a substrate and inhibitor of
P-glycoprotein. I-CBP112 similarly to MK-571, Reversan and doxoru-
bicin bound with the highest affinity to C2 pocket of ABCC1 and inter-
acted with prevailing number of amino acids that were in common with
MK-571 and anthracycline. None of the considered ABCC inhibitors
neither I-CBP112 matched ATP binding sites in C1 pocket. Knowing that
ABCC1 transports leucotriene C(4) (LTC(4)) across membrane and that
MK-571 acts as antagonist of leukotriene LTD4 receptor - CysLT1R, we
also compared the interaction of I-CBP112 and MK-571 with C1 pocket
of CysLT1R. Surprisingly, the two chemical compounds bound to
different parts of C1 pocket and only MK-571 interacted with the key
ligand binding amino acids described previously by Luginina et al. for
other two CysLT1R antagonists [38]. This all suggest the possible
inhibitory effect of I-CBP112 on drug active afflux by ABCC1. Since the
above-described predictions have never been confirmed experimentally,
we tested the drug accumulation in cells exposed relatively short to
CBP/EP300 inhibitor (2 h) prior to drug administration, so we followed
the treatment scheme for iABC inhibitors (Supplementary fig. S3J). We
assumed that I-CBP112-induced decline in drug accumulation will
corroborate its direct inhibitory activity to at least subset of ABC pro-
teins overexpressed in drug-resistant phenotypes. However, no impact
of I-CBP112 was found in any of the tested cell lines and any of anti-
cancer drugs. The lack of fluorescence increase of MDA-MB-231 cells
resistant to paclitaxel, where ABCB1, ABCG2, ABCC5 and ABCC10 is
only slightly increased and inhibition of ABCB1 and ABCG2 may not be
efficiently compensated by ABCC5 and ABCC10, and of A549 cell
resistant to cisplatin, which overexpress primarily ABCB1 and ABCCl,
suggest that -CBP112 may not act as an effective ABCB1, ABCG2 and
ABCCI inhibitor in vitro, or it inhibits only some of ABC transporters,
hence its impact on drug efflux cannot be observed. If the latter hy-
pothesis is correct this would further confirm the need of simultaneous
deficiency of numerous ABC transporters to achieve the desired drug
retention inside cells.

Considering that the tested bromodomain inhibitor increases the
accumulation of selected drugs in adherent 2D cultures, we tested its
influence on drug penetration into 3D spheroid cultures, which, in some
aspects, resemble the conditions in solid tumors. Advantage was taken of
the autofluorescent properties of redlight emitting doxorubicin, which
can be monitored simultaneously with green light emitting probes such
as Annexin V-FITC, used to compare pro-apoptotic activity of doxoru-
bicin alone and in combination with CBP/EP300 bromodomain inhibi-
tor. Anthracycline at 0.1 uM penetrated spheroids and accumulated
strongly in single cells or cell clusters (Fig. 2E), leaving some drug-free
areas, or at least with reduced anthracycline concentration. In contrast,
I-CBP112 caused a nearly equal distribution of doxorubicin inside
spheroids regardless of their depth, but the brightest spots were never-
theless seen in the external parts of the 3D culture. This suggests that I-
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Fig. 2. CBP/EP300 bromodomain inhibitor increases drug accumulation in drug-resistant breast and non-small cell lung cancer cell lines. (A) Exemplary confocal
microscopy images show intracellular localization of anthracyclines (red) and green-conjugated paclitaxel (green) in basal and drug resistant MDA-MB-231 and A549
cells treated and untreated with 2.5 uM I-CBP112 for 72 h. DNA was stained with DAPI. (B) Histogram shows distribution of daunorubicin fluorescence intensity
quantified by flow cytometry. Each sample was tested in three biological replicates. Cells were exposed to 0.1 uM anthracycline for 24 h, as well as to 2.5 uM I-
CBP112 for 72 h and combination of Tariquidar — 1 uM; Probenecid — 100 uM; MK-571 — 25 uM for 2 h prior to drug administration to cell culture. (C) Mean value of
cell fluorescence and fold change with respect to cells exposed to drug alone is indicated in table for each biological replicate separately and listed in the table. (D)
The mean fluorescence of I-CBP112 and iABC pretreated cells, which was read with flow cytometry and corresponds to daunorubicin concentration inside cells, was
normalized to mean fluorescence of cell exposed to drug alone (-) that was assumed as 100%. The following ABC inhibitors were compared with 2.5 uM I-CBP112:
Tariquidar — 1 uM; Probenecid — 100 uM; MK-571 — 25 uM. (E) Exemplary images of 3D culture of paclitaxel-resistant A549 cells exposed to two series of I-CBP112
(2.5 uM, 72 h prior to drug) and doxorubicin (48 h) treatment with a weekly interval. Doxorubicin is marked in red, DNA with blue (DAPI). (F and G) Bars present
mean intensity of red fluorescence that was quantified in acquired pictures of spheroid sections using Leica Application Suite X (LAS X, Leica Microsystems, Ger-
many). (F) shows data for paclitaxel resistant A549 cells, whereas (G) for doxorubicin-resistant MDA-MB-231. Results are shown as mean + SEM. Normal data
distribution was checked with e Shapiro-Wilk, and for multiple sample comparison one-way ANOVA followed by Tukey’s test were performed. Samples are marked

with “*” when P < 0.05.

CBP112 allows doxorubicin to permeate the inner layers, where it then
spreads across cells. Quantification of red fluorescence intensity
confirmed that I-CBP112 increased the concentration of doxorubicin
inside spheroids of both drug-resistant cancer cell lines (Fig. 2F and G).

3.3. Combination of drugs with I-CBP112 increases their cytotoxicity in
cultures of drug-resistant cell lines

Knowing that pretreatment of cells with I-CBP112 increases drug
accumulation in resistant phenotypes, attributed, at least in part to
repression of ABC gene expression, we determined whether this com-
pound can reverse or reduce acquired multidrug resistance to resistance-
inducing compounds. As examples, we used doxorubicin-resistant MDA-
MB-231 cells and paclitaxel-resistant A549 cells, comparing viability
and the level of the cleaved caspase 3/7 between cells exposed to
doxorubicin or paclitaxel alone and in their combination with I-CBP112
(Fig. 3A-D). Doxorubicin reduced cell metabolic activity in a dose-
dependent manner, leading to survival of only ~22% at 5pM
(Fig. 3A). At 0.05 pM, anthracycline induced considerable apoptosis, as
visualized by the raised caspase 3/7 levels (Fig. 4B). Cell viability
decreased only with a paclitaxel concentration up to 0.2 uM, which
caused ~52% reduction in metabolically active cells (Fig. 3C). The
survival curve flattened above this dose, and no further increase in
paclitaxel toxicity was seen. Similarly, 0.1 uM paclitaxel triggered cas-
pase 3/7 cleavage, suggesting enrichment of apoptotic cells in taxan-
treated culture (Fig. 3D).

I-CBP112 increased drug-induced decrease in cell viability over a
wide range of anthracycline concentration (from 0.001 to 1 uM) and in a
narrower range of taxan concentration (from 0.001 to 0.05 uM).
Importantly, this increase in drug concentration was associated with the
gradual decrease in I-CBP112's efficacy to potentiate drug cytotoxicity
and was dissipated at lower doses of paclitaxel. This suggests that I-
CBP112 may reduce drug doses that would be necessary to achieve the
expected or desired anticancer efficacy.

I-CBP112 alone at 2.5 pM reduced the number of metabolically
active cells in 3 out of the 4 of the cell lines. This suggests that CBP/
EP300 inhibitor interferes with prosurvival pathways in some cancer
phenotypes and that I-CBP112-potentiated drug toxicity likely involves
other aspects than ABC repression alone. The lack of any I-CBP112
impact on resazurin metabolism was only observed in cisplatin-resistant
A549 cells (Fig. 3E), which proved sensitive to both ABC inhibitors:
Tariquidar reduced cell viability to ~67%, whereas MK-571 to ~61%. A
slight, but statistically significant, decline was also found in paclitaxel-
resistant A549 cells exposed to iABCC. CBP/EP300 bromodomain in-
hibitor potentiated cytotoxicity of both anthracyclines over the whole
concentration range (0.001 — 0.25 pM) in all resistant phenotypes, with
one exception, which was the highest dose of daunorubicin in MDA-MB-
231 cells resistant to doxorubicin (57.7 & 3 vs 21.9 + 4.2; a Bonferroni
post-test gave p > 0.05). Pretreatment of both paclitaxel-resistant cell
lines with ABCC inhibitor (MK-571) phenocopied the effect of I-CBP112
on anthracycline toxicity, whereas considerable discrepancies occurred

in comparing ABCB1/ABCG2 inhibitor — Tariquidar and I-CBP112 in
NSCLC. Only at the lowest anthracycline concentration iABCB1/ABCG2
proved less potent than CBP/EP300 inhibitor in doxorubicin-resistant
MDA-M-231.

Substantial intensification of the paclitaxel effect by I-CBP112 varied
among the cell types; in terms of drug doses it was widest in paclitaxel-
resistant A549 cells (p < 0.05 for all concentrations), moderate in MDA-
MB-231 resistant to doxorubicin (Bonferroni post-test p < 0.05 for
0.001 and 0.01 uM), and narrowest in paclitaxel-resistant MDA-MB-231
and cisplatin-resistant A549 cells, which showed higher sensitivity only
to the lowest concentration of the taxan combination with I-CBP112
compared with taxan alone. The beneficial influence of ABC inhibitors
on paclitaxel toxicity was seen in both paclitaxel and A549 cisplatin-
resistant cell lines. I-CBP112 was more potent than iABC only in A549
cells resistant to paclitaxel, and only at a moderate concentration of this
drug. Neither iABCB1/ABCG2 nor iABCC affected paclitaxel-induced
death of MDA-MB-231 resistant to doxorubicin.

In summary, I-CBP112 can be considered as a drug-synthesizing
agent since it potentiated the cytotoxicity of all examined compounds,
although in strictly defined settings, which included drug-resistant
phenotype and concentration of chemotherapeutics. Under certain
conditions, it also surpassed the anti-multidrug resistance efficacy of
ABC inhibitors.

Considering that the tested CBP/p300 bromodomain inhibitor en-
hances the cytotoxicity of chemotherapeutics in monolayer culture of
paclitaxel- and doxorubicin-resistant cell lines, thereby indicating its
potential to overcome or limit the gained resistance, as well as having
confirmed its positive impact on spheroid penetration by doxorubicin,
we determined whether this compound might also potentiate consid-
erably the induction of apoptosis in 3D cultures. The combination of
doxorubicin with I-CBP112 was followed by the higher number of
Annexin V-positive cells inside spheroids compared to doxorubicin
alone (Fig. 3F). The combinatorial cell treatment led to a similar dis-
tribution of the green fluorescence across the internal part of spheroids,
with some brighter spots in the outer regions, hence imitating the dis-
tribution of doxorubicin (Fig. 2E). This may also suggest that the con-
centration of anthracycline, which permeates deeper spheroid regions
due to I-CBP112-induced deficiency of ABC expression, is sufficient to
initiate programmed cell death. This was also confirmed by quantifica-
tion of Annexin V signal, which indicated that I-CBP112 potentiates
cytotoxicity of doxorubicin in paclitaxel-resistant A549 (Fig. 3G, Sup-
plementary table) and doxorubicin-resistant MDA-MB-231 (Supple-
mentary fig. S3N, Supplementary table). Moreover, comparison of
spheroid size (Fig. 3H, Supplementary table) by confocal laser scanning
microscopy showed considerable potentiation of doxorubicin-induced
spheroid shrinkage by I-CBP112, thereby further confirming the effi-
cacy of this drug-inhibitor combination.
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Fig. 3. Drug combination with I-CBP112 enhances its cytotoxicity in drug resistant MDA-MB-231 and A549 cell lines. In (A) and (C) toxicity of resistance-inducing
drug was compared with toxicity of drug combination with I-CBP112 by resazurin assay. As previously, 2.5 pM I-CBP112 was added for 72 h prior to drug. Data show
mean + SEM. Two-way ANOVA was used to test the impact of I-CBP112 on drug cytotoxicity, whereas the difference between the effect of drug alone vs combination
of drug and I-CBP112 was analyzed with Bonferroni posttests. In (B) and (D) the impact of I-CBP112 on caspase 3/7 cleavage caused by doxorubicin or paclitaxel,
respectively, was visualized by western blot. Histone H3 served as the loading control. Heat-maps in (E) present cell viability measured by resazurin assay, where the
intensification of drug cytotoxicity was compared between 2.5 pM I-CBP112, 1 pM ABCB1/ABCG2 inhibitor - Tariquidar and 25 pM ABCC inhibitor - MK-571. Cells
were incubated with drugs for 48 h, whereas CBP/EP300 bromodomain inhibitor was added for 72 h and iABC for 2 h prior to chemotherapeutics. Viability of
untreated cells was assumed as 100%. (F) Differences in Annexin V fluorescence, which corresponds to the number of apoptotic cells, were visualized in 3D cultures
of paclitaxel-resistant A549 cells exposed to I-CBP112, doxorubicin and doxorubicin combination with I-CBP112. Spheroids were exposed to two cycles of CBP/
EP300 bromodomain inhibitor (2.5 uM, 72 h prior to drug) and anthracycline (0.1 uM, 48 h) in one week interval. Green fluorescence indicates Annexin V-positive
cells (apoptotic), whereas DNA was stained in blue (DAPI). (G) Bars present mean intensity of green fluorescence that was quantified in acquired pictures of spheroid
sections using Leica Application Suite X (LAS X, Leica Microsystems, Germany). (H) The size of spheroids was measured with Leica Application Suite X. Data are
presented as mean + SEM. Results are shown as mean + SEM. Normal data distribution was checked with The Shapiro-Wilk test. For multiple sample comparison
one-way ANOVA followed by Tukey’s test were performed. Samples are marked with “* ” when P < 0.05, otherwise are marked “ns”.

3.4. Lack of toxicity to normal cells and in silico estimation of I-CBP112 hERG potassium channel inhibition and skin sensitization (Table 1). The
pharmacokinetics indicates promising features of I-CBP112 as a future predicted Oral Rat Chronic Toxicity (LOAEL) indicates relatively high
drug candidate dose of 76.74 mg/kg bw/day, whereas maximum tolerated dose in
humans is assumes as 6.31 mg/kg/day. Administration intraperitone-
Bearing in mind that I-CBP112 potentiates cytotoxicity of chemo- ally in mice at the dose of 3 mg/kg yielded moderate systemic exposure
therapeutics to drug resistant and non-resistant cancer cell lines, we of the compound with a mean Cmax of 590 ng/ml [1.26 + 0.74 pmol/L
tested the direct impact of I-CBP112 on primary and normal cells, as well (n = 3)], whereas intravenous administration at the dose of 1.2 mg/kg
as estimating its ADMET properties in silico. First, we checked the po- revealed high blood clearance and moderate volume distribution [24].
larization mode of human monocyte-derived macrophages (MO), since This compound emerged as a good candidate for clinical trials due to
these phagocytes play a crucial role during progression of cancer. the chemical and physical properties being orally bioavailable, as well as
Fig. 4A shows that I-CBP112 markedly elevated transcription of some lack of substantial toxicity towards primary and non-malignant cells.
pro-inflammatory mediators, such as IL12A and iNOS, while simulta-
neously dramatically repressing anti-inflammatory cytokines, including 4. Discussion
TGFp1, TGFp2 and IL10. This suggests that CBP/EP300 bromodomain
inhibitor favors anti-, rather than pro-tumoral polarization of macro- Cancer drug resistance induced by chemotherapy has been assigned
phages. In cultures of blood CD14 + monocytes and CD4 + lymphocytes to numerous intracellular mechanisms and microenvironmental factors.
[-CBP112 showed no direct toxicity (Fig. 4B; Supplementary fig. S3K, For over 50 years one line of research on the acquisition of cell resistance
Supplementary table), neither did it enhance drug toxicity towards these to structurally unrelated drugs focuses on membrane ABC transporters
cells (with single exceptions) (Supplementary fig. S3L). The relative since their overexpression in response to chemotherapeutics has been
number of viable and dead cells was mostly comparable between cells documented in in vitro and in vivo studies. Currently explanations for
incubated with drug-I-CBP112 combination and drug alone. Erythrocyte the increased ABC abundance include 2 opposing routes: nuclear re-
membrane integrity also remained unchanged after 24 h incubation ceptors sensing by the respective compound, which leads to transcrip-
with CBP/EP300 bromodomain inhibitor (Fig. 4C). Analysis of the tion activation, or Darwinian selection of sub-clones intrinsically
viability of the human liver carcinoma cell line, HepG2, suggested the overexpressing drug transporters [39]. The contribution of the first or
safety of I-CBP112 at concentrations of 2.5 uM towards hepatocytes second, or the mixture of both scenarios, may depend on the dose of the
(Fig. 4D). Similarly, in cultures of human bronchial epithelial cells chemotherapeutics. In our model of acquired drug resistance to doxo-
(HBEC), the tested compound did not reduce cell viability (Fig. 4E), rubicin, cisplatin and paclitaxel, we used the dose equivalent of IC50,
whereas the slight decrease in metabolic activity of human foreskin fi- hence transcriptional induction is very probable. Paclitaxel or cisplatin
broblasts (BJ) was not associated with increased caspase 3/7 activity increased ABCB1 expression and PXR-mediated transcription through
(Fig. 4F; Supplementary fig. S3M; Supplementary table), thereby indi- the ABCBI promoter in ovarian cancer cells [40], whereas doxorubicin
cating its safety regarding the functioning of non-malignant cells. did not significantly affect PXR-mediated induction of P-gp in breast
In the in silico ADMET assay, which measures the pharmacokinetic cancer cells (MCF-7), and the resistance seen was assigned to transient
properties of the compound before further implementation to clinical activation of the NFkB pathway [41]. Our approach to generate drug
trials, we tested absorption, distribution, metabolism, excretion and resistant phenotypes led to considerable overexpression of ABCB1 and
toxicity of I-CBP112 according to Lipinski’s rule of five as well as its ABCC10 in all cell lines, whereas ABCC1 was markedly increased only in
bioavailability (Table 1; Fig. 4G and H). CBP/EP300 bromodomain in- response to cisplatin in the A549 cell line. This suggests a certain
hibitor had good water solubility, intake capacity (skin and Caco2 selectivity in ABCC1 transcriptional activation. Expression of other
permeability) and relatively high intestinal absorption (Table 1). This ABCC subfamily members varied among cell lines and
compound fulfills the desired physicochemical space in the red colored resistance-inducing drugs. Interestingly, expression of our previously
zone of the bioavailability radar, which indicates good oral bioavail- described ABCC3 gene, characterized by the occurrence of
ability and drug-likeness properties (Fig. 4G). These features include promoter-bound CoREST repressive complex in A549 cells and lack of

lipophilicity: XLOGP3 between — 0.7 and + 5.0, size: MW between 150 response to cisplatin, also did not change after cell exposure to pacli-
and 500 g/mol, polarity: TPSA between 20 and 130 A2, solubility: log S taxel, but increased in response to doxorubicin in MDA-MB-231 cells.

< 6, saturation: fraction of carbons in the sp3 hybridization not < 0.25 Anthracyclin resistant phenotype was featured by overexpression of the
and flexibility: no more than 9 rotatable bonds. The BOILED-Egg model widest range of ABCC transporters, thereby indicating the induction of
(Brain or Intestinal Estimated permeation method) predicts the gastro- numerous chemopreventing signaling pathways, which lead to chro-
intestinal (GI) absorption and bloodbrain barrier (BBB) permeation of matin remodeling. A recent study on doxorubicin-resistant MCF7
the compound (Fig. 4H). Estimation of I-CBP112 metabolism indicates (MCF7-DR) cells indicated 11,686 increased chromatin-accessible re-
CYP3A4-dependent conversion and possible elimination by hepatic and gions associated with regulation of cell cycle, regulation of the actin
renal organic cation transporter 2 (OCT2) (Table 1). The toxicity profile cytoskeleton, signaling pathways of MAPK, PI3K/Akt and Hippo, as well
indicated the lack of toxicity in the AMES test, lack of hepatotoxicity, as strong downregulation of factors, such as HDAC2, EZH2, PRMTS5 that

11



M. Strachowska et al.

Biomedicine & Pharmacotherapy 168 (2023) 115798

A
macrophage polarization
M1 type M2 type
1500000 1.2
1400000 - 1
- —————————————
< 1300000 J, <
2 6 % 08
S 5 * 2
[=% (=%
3 4 5 06
(] [
2 3 2 04
3 2 3
& ; ns . 02
o MR m . N
- TNFa MCP1 IL12A iNOS - IL10 TGFB1 TGFB2
B Lymphocytes - cell viability Moncytes - cell viability
m- oOl-CBP
120 120
ns = p>0.05
—. 100 100
S <
o 8 % 80
@ =
S 60 8 60
[}
o) K]
g 40 | 40
>
20 20
0 0
AN D O PN DD
(.}\Q'Q Q@C‘?\\ -‘QQ‘Q.@Q{}QOQ'QQOQW O{:’Q\ . \é}\ @0‘6@@.\0 Q}()Q\ Q}oQb
P ST S S O
Q7
c Erythrocytes D HepG2 E HBEC F Fibroblasts
140 u 120 ns 120 ns 120 .
W;T
100 100 100
2 105 =
3 Z 80 £ 80 Z 80
2 E : £
9 70 s 60 s 60 = 60
k< & 40 8 40 © 40
2 35 © ©
ns 20 20 20
| —
0 0 0 0
& 0‘2’? <\\‘o\ NT I-CBP112 NT |-CBP112 NT |-CBP112
3 . [$
@ @
\AQ,Q O
G H -
LPO
BBB
FLEX size HIA
'i 2 P
‘ 2
‘ "
J o
INSATU POLAR .
INSOLU [ 20 ) 0 80 100 20 4

(caption on next page)

12



M. Strachowska et al. Biomedicine & Pharmacotherapy 168 (2023) 115798

Fig. 4. The evaluation safety and in silico pharmacokinetics suggests beneficial features of I-CBP112 for further implementation in clinical settings. (A) The mRNA
level of macrophage polarization markers MCP1, TNFa, IL12A, iNOS, TGF$1, TGFf2 and IL10 was quantified by real-time PCR. Data in bars represent mean value of
gene transcription normalized to housekeeping genes (GAPDH, HPRT) + SEM, and the gene transcription in untreated cells was assumed as 1. (B) The impact of 72 h
preincubation of human blood-derived monocytes and lymphocytes with 2.5 uM I-CBP112 on cytotoxicity of chemotherapeutics added for 24 h was measured with
the ApoTox-Glo GF-AFC substrate. (C) The impact of 24 h incubation of freshly isolated human red blood cells with 2.5 uM I-CBP112 on their hemolysis was
quantified by spectrophotometric measurement of relative hemoglobin release. DMSO was used as a negative control, whereas erythrocytes lysed with 10% Tri-
tonX100 served as positive control. (D, E, F) For hepatotoxicity study and estimation of direct toxicity to primary cells, 2.5 pM I-CBP112 was added to the culture of
HepG2 (human hepatocarcinoma; D), human bronchial epithelial cells (HBEC; E) and normal foreskin fibroblasts (BJ; F) for 72 h and cell viability was measured with
resazurin assay. Metabolic activity of I-CBP112 untreated cells was assumed as 100%. (G) The localization of I-CBP112 in the red zone of bioavailability radar of six
desired features confirms its drug-likeness. The pink area represents the optimal range for six considered properties. (H) The BOILED-Egg model (Brain or Intestinal
Estimated permeation method) predicts the passive gastrointestinal absorption (HIA; white region) and blood-brain barrier (BBB) permeation (yellow region) of the
studied compound. Bars in (A) — (F) present mean + SEM. For analysis of normality, the Kolmogorov-Smirnov test was chosen. The difference between two samples
was checked with the Mann-Whitney test in datasets with non-Gaussian distribution (Fig. 4A), whereas the unpaired t-test was chosen for data that passed normality
test (Fig. 4A; Fig. 4C-4 F). D'Agostino & Pearson normality test followed by Bonferroni posttests were performed for multiple comparisons (Fig. 4B).

MDA-MB-231 and HepG2 cells [26]. Moreover, I-CBP112 proved potent

Table 1 in enhancing chemotherapeutic drug toxicity in cultures of drug resis-

ADMET (absorption, distribution, metabolism, excretion and toxicity) properties .
of I-CBP112. ADMET properties were tested in silico using SwissADME and tant A549 and MDA-MB-231 cells. As expected, it decreased

pkCSM online tools. Expected versus observed features of I-CBP112 are shown in EP300-dependent overexpression of ABCC10 in. c.isplatin-res.istant
table. NSCLGC, but also other ABC genes that were transcriptionally activated

in response to multiple doses of chemotherapeutics. Importantly,
CBP/EP300 repressed ABC genes regardless of the drug, which was used

ADMET Properties of I-CBP112

Expected Observed for the induction of multidrug resistance, but was most efficient in
Results Results cultures of paclitaxel-resistant triple-negative breast cancer. This also
Drug likeness Violation of Lipinski No No p P . 8 ;
Bioavailability score 0.55-0.85 0.55 suggests that EP300 may be responsible for the overexpression of ABC
Absorption Water solubility log Kp > —2.5 -4.914 genes and, at least partially, for multidrug resistance in some drug
Caco2 permeability log Papp > 0.90  1.241 resistant phenotypes. This hypothesis is further supported by the fact
?l’ltesnm)‘l absorption Above 30% 94.626 that this enzyme has been documented as a transcriptional cofactor of
uman PSR
Skin permeability LogKp > —2.5  -2.827 ?XR, AhR and NFKkB, as well a.s numerous other transcription factors
Metabolism CYP2D6 substrate No No involved in response to cytotoxic agents [48-51].
CYP3A4 substrate No Yes The enzymatic activity of ABC transporters prompted an intense
CYP1A2 inhibitor No No search for toxicity-free and effective ABC protein inhibitors that could be
CYP2C19 inhibitor No No used in combination with standard chemotherapeutic anticancer drugs
CYP2C9 inhibitor No No 3 | iy P . 8
Excretion Total Clearance Higher is good 0.671 to augment their therapeutic efficacy. Three generations of ABCBI,
Renal OCT2 substrate Yes Yes ABCG2 and ABCC subfamily inhibitors has been developed, the most
Toxicity AMES toxicity No No frequently referred examples being: Verapamil - a first-generation
EEC}QZHI”P’;F;F{ EO g" ABCB1 and ABCC1 inhibitor, Cyclosporin A — ABCB1, ABCC1 and
mnibitors o o e . . ) pe
Skin Sensitisation No No ABCG2 also ﬁrst—generatlor} 1nh1b1t.or,.K0143 -a n0{1—spec1ﬁc A.BCG2
Additional 1C50 CBP - 170 nM inhibitor of second generation, Tariquidar and Elacridar belonging to
infromations EP300-625 nM the third generation of ABCB1 and ABCG2 inhibitors [22]. However, the
Max. tolerated dose 0.8 mg/kg adverse events of potentially life-threatening severity, high toxicity to
E?:gm;;kg Jday) healthy cells, drug-drug interactions and the lack of prolongation of the
Oral Rat Chronic 76.736 overall survival of patients has led to termination of many clinical trials.
Toxicity (LOAEL) The high mutation rate of ABC transporters and possible alteration in
(mg/kg bw/day) their inhibitor selectivity further limit the possible clinical application of

ABC inhibitors. Furthermore, our study provided evidence on the need
of simultaneous inhibition of several ABC transporters simultaneously to
achieve considerable increase in drug accumulation in drug-resistant
cancer phenotypes, which in our cells were characterized by over-
expression of more than one ABC gene functionally involved to multi-
drug resistance. Hence, inhibition of ABC transcription seems to
overcome at least some of the aforementioned problems. The potency of
CBP/EP300 bromodomain inhibitor in repression of ABC gene tran-
scription has been experimentally confirmed in all the cell lines with the
gained multidrug resistance. Moreover, I-CBP112 may have a potency to
directly inhibit, at least some, of ABC proteins even further potentiating
its impact on ABC-dependent drug efflux from cells, but such an activity
must be first confirmed experimentally. Furthermore, the efficacy of
I-CBP112 to potentiate cytotoxicity of a wide range of structurally un-
related chemotherapeutics reached, even surpassed, the activity of ABC
inhibitors under certain conditions. Importantly, this compound
remained non-toxic to primary cell lines or blood-derived cells that were
tested, neither did it considerably impact the viability of monocytes and
lymphocytes exposed to chemotherapeutics. The promising ADMET
profile and confirmed lack of direct hepatotoxicity in HepG2 cells sug-
gests [-CBP112 might be a candidate for further testing in animal and

contribute to gene silencing [42].

Our previous study described EP300 as transcription co-activator of
ABCC genes, which are overexpressed in cisplatin-resistant A549 and
MDA-MB-231 cells [23]. This protein belongs to a group of histone
acetyltransferases characterized by the presence of a bromodomain,
which recognizes acetylated histones and recruit components of the
machinery needed to regulate gene transcription. A bit different types of
compounds - Bromodomain and Extra-Terminal motif (BET) inhibitors -
are promising targets for anti-cancer therapies due to repression of
numerous oncogenes [43,44]. For example, JQ1 decreases the tran-
scription of c-Myc, which is responsible for the development of many
cancer types, including myeloma and ovarian cancer [45,46]. A study by
Bagratuni et al. [47] proved evidence on the beneficial effects of JQ1 in
combination with cisplatin, which sensitized cells to alkylating drug and
significantly suppressed the proliferation of platinum-resistant ovarian
cancer cells. We observed a similar effect when combining CBP/EP300
bromodomain inhibitor with a wide range of anticancer drugs. I-CBP112
substantially declined the IC50 values of chemotherapeutics, as well as
transcription of ABC genes, such as ABCC1, ABCC3, ABCC4, ABCC5 and
ABCC10, thereby increasing drug concentration inside A549,
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preclinical models. In particular, this is when other bromodomain (BRD)
and extra-terminal domain (BET) inhibitors have been tested in clinical
trials. Some examples include the following BRD inhibitors: Birabresib
(NCT01713582), PLX51107 (NCT04022785) and BET inhibitors:
FT-1101 (NCT02543879), ZEN003694 (NCT02711956, NCT02705469),
CPI-0610 (NCT01949883, NCT02157636). Future clinical trials
including the use of dual BET and CBP/p300 Inhibitor - NEO2734
(NCT05488548) have also been planned [52].

One more possible beneficial feature of I-CBP112 is direct pro-
inflammatory polarization of macrophages and strong repression of
anti-inflammatory factors, since the subset of M2-polarized macro-
phages (commonly named tumor-associated macrophages, TAMs),
contributes to many pro-tumorigenic outcomes. These include regula-
tion of angiogenesis and lymphangiogenesis, further immune suppres-
sion, induction of hypoxia, favoring tumor cell proliferation and
metastases [53], as well as resistance to anti-cancer therapies, such as
immune checkpoint blockade (ICB) by inducing expression of high levels
of PD-L2, but not PD-L1, in cancer cells to escape anti-PD-1 targeted
therapies [54]. Targeting TAM repolarization to the M1
pro-inflammatory phenotype has been considered as a new strategy for
cancer therapy. Therefore, simultaneous polarization of infiltrating
macrophages to the pro-inflammatory phenotype, or ideally repolari-
zation M2 phagocytes already residing in tumor microenvironment,
followed by cancer cell sensitization to chemotherapeutics, appears an
advantageous scenario in anticancer strategies. Further study is needed
to provide rational evidence on the possible impact of I-CBP112 on
macrophage polarization profiles in the presence of a tumor and,
particularly, chemotherapy-treated cancer cells.

In summary, I-CBP112 may provide some advantage over ABC in-
hibitors in combination with standard chemotherapeutics for at least 3
reasons: (a) it represses ABC expression at the (epi)genomic level and
decreases the occurrence of transporters in cellular membranes, (b) it
remains non-toxic to a wide range of primary and blood-derived cells,
and has a favorable pharmacokinetic profile, and (c) it directly polarizes
MO macrophages into anti-tumor pro-inflammatory phenotype while
simultaneously strongly repressing M2 markers.

Conclusions

The proposed therapeutic approach, which includes the combination
of doxorubicin, daunorubicin or paclitaxel with I-CBP112, provides
potential for overcoming multidrug resistance in tumors. Further studies
are needed to test any possible beneficial impact of CBP/EP300 inhibitor
on cytotoxicity of other drugs and on other cancer types.
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ARTICLE INFO ABSTRACT

Available online 22 March 2024 Due to the contribution of highly homologous acetyltransferases CBP and p300 to transcription elevation of on-
cogenes and other cancer promoting factors, these enzymes emerge as possible epigenetic targets of anticancer
therapy. Extensive efforts in search for small molecule inhibitors led to development of compounds targeting his-
tone acetyltransferase catalytic domain or chromatin-interacting bromodomain of CBP/p300, as well as dual BET
Associate editor: Beverly Teicher and CBP/p300 inhibitors. The promising anticancer efficacy in in vitro and mice models led CCS1477 and
NEO2734 to clinical trials. However, none of the described inhibitors is perfectly specific to CBP/p300 since
they share similarity of a key functional domains with other enzymes, which are critically associated with cancer
progression and their antagonists demonstrate remarkable clinical efficacy in cancer therapy. Therefore, we re-

Keywords:
CREB-binding protein/histone acetyltransferase
p300 (CBP/p300) bromodomain inhibitors

CREB-binding protein/p300 histone acetyl- vise the possible and clinically relevant off-targets of CBP/p300 inhibitors that can be blocked simultaneously
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Dual inhibitors of CREB-binding protein/his- predicting data such as absorption, distribution, metabolism, excretion (ADME) and toxicity.
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1. Introduction

Reversible addition of acetyl groups to lysine residues of non-histone
and histone proteins plays an important role in intracellular signaling
cascades and gene transcription regulation. It affects a myriad of physi-
ological processes including phase separation, autophagy, mitosis, dif-
ferentiation and cellular memory (Shvedunova & Akhtar, 2022). The
insertion of this post-translational modification is catalyzed by histone
double-substrate acetyltransferases, such as paralogous CBP (CREB
(cAMP responsive element binding protein) binding protein (CREBBP/
KAT3A)) and p300 (adenovirus E1A-associated 300 kDa protein/
KAT3B), which have overlapping regulatory roles in untransformed
cells and mediate the transfer of acetyl group from acetyl CoA (Coen-
zyme A) to a substrate protein (Shvedunova & Akhtar, 2022). Activity
of these enzymes has been linked with numerous diseases, ranging
from inflammatory and neurological disorders, to cancer where CBP/
p300-dependent acetylation of H3K27 at the enhancers is required for
growth of hematological cancers and neuroblastoma cells (Chen et al.,
2022; Durbin et al., 2022; Raisner et al., 2018). Interestingly, the study
of somatic cell reprogramming and induction of pluripotent stem cells
(iPSCs) showed distinct functions for different CBP/p300 coactivator do-
mains in reprogramming (Ebrahimi et al., 2019). Rapid progress in the
search for small molecular weight inhibitors of CBP/p300 with the po-
tency for clinical application, categorized, identified and developed
compounds into three groups, dependent on the functional domain
being targeted. Similarity of CBP/p300 targeted domains to other pro-
teins leads to documented interaction with distinct acetyltransferases
and bromodomains. Furthermore, the available target prediction tools
for bioactive small molecules and protein-ligand binding profilers
suggest even broader interactome of these compounds, which includes
enzymes involved in cancer progression. Despite accumulating
evidence on their anticancer activity provided by in vitro and in vivo
studies, an information on their pharmacokinetic and pharmacological
characteristics, as well as the toxicity profile remains scarce. Therefore,
in this review we summarize the three groups of the inventoried acetyl-
transferase inhibitors and their direct CBP/p300-mediated anticancer
properties reported in the literature. We collate their features with
known and predicted toxicities and crucial pharmacokinetic parame-
ters. Moreover, we list their most probable off-targets based on 2/3D
similarity and protein-ligand probabilistic estimation as well as possible
non-CBP/p300-dependent beneficial effect in anticancer approaches
in light of the FDA-approved drugs or compounds testes in ongoing
clinical trials.

2. Structure of CBP/p300 and its biological role
2.1. Structure of CBP/p300

CREBBP (CBP) and E1A binding protein (EP300/p300) act as tran-
scription co-activators, by creating multiple signal transduction and

recruiting gene-specific transcription factors (Hay et al., 2014). Their in-
trinsic histone acetyltransferase and transcription promoting activities
were initially linked with the formation of complexes with the TATA
binding protein (TBP) and activators such as p53, nuclear hormone re-
ceptors and the SWI/SNF (SWItch/Sucrose Non-Fermentable) chroma-
tin remodeling complex (Dallas et al., 1998). In addition to regulation
of gene transcription by recognizing and acetylating lysine residues on
histone proteins, these two enzymes modify >75 other non-histone
proteins, modulating their activity and function (Fauquier et al., 2018;
Maksimoska et al., 2014). Despite their different chromosomal localiza-
tions (16p13.3 (Gene Symbol Report | HUGO Gene Nomenclature Commit-
tee - a) vs 22q13.2 (Gene Symbol Report | HUGO Gene Nomenclature
Committee - b) for CBP and p300, respectively), both enzymes have
very high structural homology (Fig. 1), comprising of 2 trans-
activation domains at opposite protein ends and a lysine acetyltransfer-
ase domain crucial for their activity. The crystal structure of the catalytic
core of human p300 revealed the functional interaction between the
bromodomain, HAT domain and CH2 region, which spans the discontin-
uous Plant Homeodomain (PHD) domain interrupted by a Really Inter-
esting New Gene (RING) domain (Delvecchio et al.,, 2013), adopting an
assembled configuration with the RING domain positioned over the
HAT substrate-binding pocket. The latter's negatively charged groove
composed of Ser1396, Tyr1397, Thr1357, and Asp1625 is comprised of
a central B-sheet and a-helices, allowing for the transfer of an acetyl
group from acetyl-CoA to protein lysine residues. The key amino acid
residues found within the active site of the HAT p300 domain and in-
volved in direct interaction with acetyl-CoA, Lysyl-CoA32 and some
CBP/p300 inhibitors include Phe1374, Leu1398, Ser1400, Arg1410,
Thr1411, Tyr1414, His1415, Leu1418, Trp1436, Pro1440, GIn1455,
Phe1458, Leu1463, Trp1466 and Tyr1467 (Patel et al., 2020).

Acetylated protein lysines are recognized and bound by an acetyl-
lysine-specific CBP/p300 bromodomain (Ong et al., 2020). Structurally,
the CBP/p300 bromodomain forms the so-called “BRD fold” of the left-
hand bundle of 4 helices (aZ, aA, aB and aC). The hydrophobic pocket,
which consists of aZ-aA and aB-aC loops and Tyr1125, Tyr1167 and
Asn1168 amino acids recognizes acetylated lysine (Sanchez & Zhou,
2010). The Acetyl-lysine binding acts as a pivotal mechanism for regu-
lating protein—protein interactions in histone-directed chromatin re-
modeling and gene transcription. Both the HAT catalytic domain and
bromodomain of CBP/P300 emerged as targets for small molecule inhib-
itors.

2.2. CBP/p300 in diseases

Due to the CBP/p300-mediated acetylation of proteins involved in
different cellular processes, alteration of activity is associated with cer-
tain pathological conditions. For example, p300-dependent acetylation
of H3K27 acts on enhancers of genes responsible for the development
of chronic inflammation and affects the onset of inflammatory bowel
disease (Yu et al,, 2021). Hemi-deficiency of p300 leads to impaired
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Fig. 1. Structure and homology of CBP and p300.

Functional regions of lysine acetyltransferases comprise receptor interaction domain (RID), three cysteine and histidine rich regions (CH1-3), binding site of CREB (KIX), bromodomain
(BD), histone acetyltransferase domain (HAT), steroid receptor co-activator-1 interaction domain (SID) and glutamine- and proline-rich domain (QP) (Freedman et al., 2002; Karamouzis

et al,, 2007).

blood vessel formation, resulting in the development of Rubinstein-
Taybi syndrome (Dutto et al., 2020; Lopez et al., 2018; Park et al.,
2021). Overexpression of p300 increases acetylation of the transcription
factor GATA Binding Protein 4 (GATA-4), resulting in myocardial cell hy-
pertrophy, contractile dysfunction and consequently the development
of cardiovascular disease (Chelladurai et al., 2021; Yanazume et al.,
2003). Additionally, changes in the function of the p300 protein can
lead to the development of Menke-Hennekam syndrome (Sima et al.,
2022), diabetic nephropathy (Gong et al., 2022; Tziastoudi et al.,
2022) and pulmonary fibrosis (J. Tao et al., 2018).

In cancer, p300 is involved in proliferation, cell differentiation, DNA
damage repair and regulation of oncogene pathways such as MYC and
interferon regulatory factor 4 (IRF4) (Garcia-Carpizo et al., 2018). Alter-
ations and inactivating mutations in the p300 are associated with malig-
nancies and with the development of lymphoma, leukemia, bladder,
lung, breast and stomach cancers. R1627W mutation, which limits the
binding capacity of the enzyme, downregulates transactivating activity
of p300 at the promoters of p21 and p16, thereby promoting malignant
transformation, development and further cancer progression in bladder
cells T24 and TCC-SUP (Luo et al., 2023). Ring et al. (Ring et al., 2020)
documented inhibition of growth and suppressed metastatic nature of
TNBC tumors in mice bearing p300 knock-out cell xenografts when
compared to wild types (MDA-MB-231EP300KD). Furthermore, p300
is often altered in triple-negative breast cancer and the most frequent
missense mutation include Glycine211Serine (37.2% of patients) and
Glutamine2223Proline (34.5% of patients) (Bemanian et al.,, 2018). Im-
portantly, upon DNA damage p300 acts as co-factor of the nuclear tran-
scription factor p53, which controls transcription of many genes
associated with inter alia induction of cell cycle arrest and apoptosis,
and which is frequently mutated in cancers (Mujtaba et al., 2004;
0Ozaki & Nakagawara, 2011). The involvement of CBP/p300 to numerous
intracellular processes and pathways, which facilitate malignant trans-
formation and cancer cell proliferation, made these two acetyltransfer-
ases the promising targets for anticancer therapies and led to
development of three classed of their inhibitors.

3. Classification of CBP/p300 inhibitors

CBP/p300 inhibitors are divided into three groups with regard to
their mechanism of action and target site in enzyme structures
(Fig. 2). The first group is represented by catalytic inhibitors, which
compete for the Lys-CoA binding pocket with a target peptide and acetyl
coenzyme A. These include the bi-substrate inhibitors, that mimic the
two histone acetyltransferase substrates: the cofactor and a peptide re-
sembling the lysine substrate, which are connected by a linker
(Wapenaar & Dekker, 2016). Due to their peptidic nature and size,
these compounds are characterized by weak metabolic stability and
lack of cell permeability, limiting their applications in cellular systems.
Natural compounds such as garcinol, curcumin and anacardic acid,

were also shown to reduce histone acetyltransferase activity, but they
lack specificity and redox modulating potential, thus their anticancer
properties cannot be assigned only to the targeting of CBP/p300. Virtual
and high-throughput screening followed by biochemical and cellular
tests has led to the identification of cell permeable and synthetic inhib-
itors of p300 - A-485, C646 and LO02.

The well predicted druggability of most bromodomains led to the
development of the second group of CBP/p300 inhibitors that interact
with acetyl-lysine binding sites, thereby preventing or limiting interac-
tions between enzyme and chromatin. Biochemically, acetyl-lysine
mimetic moiety and small molecules that interacting with the “LPF
shelf” (Leu1109, Pro1110, Phe1111) and Arg1173, a highly conserved
asparagine residue (Asn1168 in CBP), or a phenolic hydroxyl group of
a conserved tyrosine (Tyr1125 in CBP), that interferes with the forma-
tion of hydrogen bonds between the acetyl carbonyl of the peptide
and the “reader” domain, have been developed. Mainly these include
derivatives of 3,5-dimethylisoxazole (SGC-CBP30), benzoxazepine
(I-CBP112), benzodiazepinone (CPI-637), benzodiazole (PF-CBP1), pyr-
idine (UMB298) and pyrazolopiperidine (GNE-272 and GNE-781)
(Xiang et al., 2022). The key amino acid residues found within the active
site of the HAT p300 domain are Arg1410, GIn1455, His1415, Leu1398,
Leu1418, Leu1463, Phe1374, Phe1458, Pro1440, Ser1400, Thr1411,
Trp1436, Trp1466, Tyr141414 and Tyr1467.

Limited activity of the Bromodomain and Extra-Terminal motif
(BET) protein inhibitors as a single therapeutic agent, identified multi-
ple mechanisms of resistance, severe hematological adverse events
and lack approval of any specific CBP/p300 inhibitor for clinical use,
the synergistic effect of a combination of BETi and CBP/p300 inhibitors
in acute myeloid leukemia AML cell lines provided a rationale for
targeting both epigenetic readers and prompted the synthesis of dual
and selective inhibitors of CBP/p300 and the BET bromodomain (van
Gils et al,, 2021). This third group of CBP/p300 inhibitors is represented
by the synthetic and chemically distinct molecules: NEO1132, NEO2734
and XP-524.

4. CBP/p300-mediated anticancer properties and possible off-targets

In addition to pharmacokinetics and drug-likeness, the current atti-
tude to initial evaluation of new compound assumes the interaction
with off-targets during drug development. It makes use of in silico
tests such as SwissTargetPrediction, 2023, followed by molecular
docking and in vitro assays as starting point for safe and effective thera-
peutic management of drugs in animal preclinical models and in clinics.

The beneficial effects of CBP/p300 inhibitors in antitumor mono- and
in particular, combined chemotherapy, can be determined by their effi-
cacy in interfering with CBP/p300-mediated pathways that promote
tumor growth and metastases. Some of these compounds have experi-
mentally proven affinity to other bromodomain family members and
histone acetyltransferases, as well as predicted affinity to kinases,
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Proposed models of action of bromodomain, HAT domain, and dual inhibitors. CBP/p300 inhibitors suppress oncogene expression by inhibiting the acetylation level of H3K27, as well as by

the recruitment of transcription factors.

methyltransferases, membrane and nuclear receptors that control a
wide range of cellular processes (Tables 1-3). Interaction of CBP/p300
inhibitors with off-targets may additionally modulate cancer progres-
sion, particularly during combined therapies, since some of these en-
zymes are functionally linked to multidrug resistance, with
cytochromes which contribute to drug metabolism, components of
DNA repair machineries, signal receptors and transducers.

4.1. CBP/p300 catalytic domain inhibitors

4.1.1. A-485

A-485 was reported as the selective and potent inhibitor targeting
the HAT domain of the CBP and p300 with the IC50 value at 9.8 nM
for p300 and 2.6 nM for CBP (Lasko et al., 2017). It competes with
acetyl-CoA for the CBP/p300 active site. The selectivity of A-485 towards
CBP/p300 is likely due to the presence of the L1 loop, which other HATs
do not possess. Moreover, each of the superposition domains of the
other types of HATs that were examined were unable to form strong
structural bonds because of their interference with A-485. In addition,
Lasko et al. (Lasko et al., 2017) performed an activity assay for inhibition
and an AlphaLISA-based peptide substrate binding assay, which concor-
dantly suggested that A-485 is a competitive catalytic inhibitor of
acetyl-CoA CBP/p300. The lipophilic pocket formed by Trp1466,
Thr1411 and Pro1458, and a large hydrophobic pocket formed by
Val1401, His1451 and Pro1440 were identified near the 1,1,1-
trifluoroisopropyl moiety and indenyl group, respectively. A-485 served
as a foundation for molecular design of new spirocyclic chromane deriv-
atives exemplified by B16-P2, which was characterized by improved an-
tiproliferative efficacy in the culture of human prostate carcinoma and

in 22Rv1 xenograft model, likely due to additional hydrogen bond
formed between the chromane oxygen of B16 and Arg1462 of p300.

According to a study of Zhang et al. (B. Zhang et al., 2020), the com-
bination of TRAIL with A-485 increased the efficacy of TRAIL-induced
proliferation arrest and apoptosis in two NSCLC cell lines, particularly
with induced resistance to EGFR-TKIs, hence reduced cell viability.
Also in a 3D model, administration of A-484 and TRAIL intensified apo-
ptotic cells death and caused more spheroid disassembly when com-
pared to single treatment with either A-485 or TRAIL. A-485 showed
antiproliferative activity in castration-resistant androgen receptor-
positive tumor lines in prostate cancer (Feng et al., 2021), hematologic
malignancies (Lasko et al., 2017), anaplastic large cell lymphoma
(ALCL) and classical Hodgkin lymphoma (HL) (Wei et al., 2022). In ad-
dition, recent studies reported potential application of this compound
in the treatment of psoriasis, a chronic inflammatory skin disease, by
augmenting production of inflammatory cytokines and stimulating im-
mune response (J. Kim et al., 2023).

The experimentally documented proteins, which interacted with A-
485 include dopamine and serotonin transporters, which were bound
by the compounds at 10 pM, and Polo-like kinase 3 (IC50 = 2.7 uM)
(Lasko et al., 2017). According to SwissTargetPrediction, 2023 kinases
emerge as primary off-targets and are represented by, for example,
Macrophage colony stimulating factor receptor (M-CSF), Nerve growth
factor receptor Trk-A (NGF — TrkA), Neurotrophic receptor tyrosine ki-
nase 2 (NTRK2), Kinesin-1 heavy chain/ Tyrosine-protein kinase recep-
tor RET (KIF5B/RET), which receive signals from the extracellular
environment and transmit it down to intracellular mediators
(Table 1). CSF-1R and KIF5B-RET were reported to play a role in cancer
initiation and progression.
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Name Molecule structure,

SMILES and ICsq

Possible cancer-relevant off
targets

In vitro and in vivo concentration tested, clinical trial doses, predicted
maximum tolerated dose in human

A-485

C646

L002

ey

0=C(N1CC(N([C@@H](C)C(F)(F)F)CC2 = CC=C
(F)C=C2) = 0)[C@]3(0C1 = 0)C4 = CC=C(NC
(NC) = 0)C=C4CC3

p300 - 9.8 nM
(B. Zhang et al., 2020)

CBP = 2.6 nM
(B. Zhang et al., 2020)

s
ay;

0=C(0)C1 = CC=C(N2N=C(C)/C(C2 = 0) = C
\C3 = CC=C(C4 = CC(C) = C(C)C=C4[N+]
([0-]) = 0)03)C=C1

p300 - 1.6 M
(Farria et al., 2015)

0=C1C(C) = C/C(C=C1C) = N\0S(=0)

(C2 = CC=C(0C)C=C2) = O

p300 - 1.98 UM
(Rai et al., 2017)

Macrophage colony stimulating
factor receptor = Kinase
Nerve growth factor receptor
Trk-A - Kinase

Neurotrophic tyrosine kinase
receptor type 2 - Kinase
Hematopoietic prostaglandin D
synthase - Transferase

« Kinesin-1 heavy chain/
Tyrosine-protein kinase recep-
tor RET - Kinase

Glycine transporter 1 = Elec-
trochemical transporter
Sodium/glucose cotransporter
1 - Electrochemical trans-
porter

P-glycoprotein: substrate, |
and Il inhibitor

Coagulation factor V =
Secreted protein
Dihydroorotate dehydrogenase
- Oxidoreductase
SUMO-activating enzyme =
Enzyme

Acyl coenzyme A:cholesterol
acyltransferase-> Enzyme
Autotaxin - Enzyme
Serine/threonine-protein
kinase mTOR - Kinase
Cyclin-dependent kinase 2-
/cyclin A - Other cytosolic
protein

P-glycoprotein: substrate

.

ATP-binding cassette sub--
family G member 2 - Primary
active transporter
P-glycoprotein 1 = Primary
active transporter
Bromodomain-containing pro-
tein 2/3/4 - Reader

Putative hydrolase RBBP9 -
Enzyme

Coagulation factor VII/tissue
factor - Surface antigen

Poly [ADP-ribose] polymerase
1/2/10 > Enzyme

In vitro and in vivo studies:

v 0.5 puM -1 pM (in vitro GH3 cells) (Ji et al., 2022)

v 0.1 pM - 50 puM (in vitro primary bone marrow macrophages (BMMs),
preosteoblast cells MC-3 T3 and rat bone marrow mesenchymal stem
cells (rBMSCs)) (Huo et al., 2021)

v 3uM (in vitro primary mouse hepatocytes were isolated from C57BL/6
mice) (Zhou et al., 2020)

v 20mg-kg — 1-day—1 (in vivo Male C57BL/6 mice) (Zhou et al., 2020)

Max. tolerated dose (mg/kg/day)

v 0.56 mg/kg/day

In vitro and in vivo studies:

v 4 uM - 50 pM (in vitro Human neural progenitor cell lines (15,167,
16,157, NHNP, and NSC194), HepG2 and Huh7) (W. Tao et al., 2020;
Yuan et al., 2021)

v 30 nmol/g (in vivo mice) (Fan et al., 2020; Zhuo et al., 2022)

Max. tolerated dose (mg/kg/day)

v 1.4 mg/kg/day

In vitro and in vivo studies:

v 10 pM (in vitro podocytes, mesangial cells and cardiac fibroblasts cell
lines) (Rai et al., 2017)

v ~20 pg/g (in vivo C57BL/6 mice with induced cardiac fibrosis model) (Rai
etal,, 2017)

Max. tolerated dose (mg/kg/day)
v 8.5 mg/kg/day

Molecule structure was generated using the pkCSM tool. IC50 and SMILES notations values were obtained from literature, while off-targets with possible positive effects in anti-cancer
therapy were derived from SwissTargetPrediction, which is founded on an algorithm that compares combination of 2D and 3D similarity with a reference library of compounds with
known biological activity (Daina et al., 2019). Proteins highlighted in green indicate a significant probability that a molecule is bioactive against the designated protein. The pkCSM tool
defined the possible interaction of CBP/p300 inhibitors with P-glycoprotein. Inhibitors of P-glycoprotein I and II correspond to the two enzyme family members encoded by the MDR1
and MDR2, respectively. Human maximum recommended tolerated dose (MRTD; mg/kg/day) estimates the toxic dose threshold of chemical compounds for humans based on analysis
of human experimental data collected from clinical trials.

4.1.2. C646

C646 is selective, reversible and competitive with Ac-CoA and
non-competitive with the histone substrate inhibitor with Ki ~400 nM
(Bowers et al., 2010). Chemically, it belongs to the pyrazolones and
reduces p300 activity at 1.6 pM. It works by competing with acetyl-
CoA and forms intermolecular interactions with W1861 and
Tyr1436, located in the active site of p300. This interaction affects
the inhibition of catalytic activity, whereas stability of the complex
is affected by the hydrophobic bond between Tyr1467 and furan,
methyl-pyrosol and benzoic acid rings (Dancy & Cole, 2015;
Sivanandam et al., 2018). Numerous reports suggest that this com-
pound has an anticancer activity. Ya-Mei Wang et al. showed the an-
tineoplastic effect of C646 in 5 gastric cancer (GC) cell lines (SGC-
7901, MKN45, MGC-803, BGC-823 and KATO III), where cell viability
reduced and triggered apoptosis followed by cell cycle arrest,

suppressed migration and invasion capability of the GC cells and re-
pression of oncogenic signaling molecules, such as c-Met, Akt, Bcl-2,
Bax, cyclin D1, MMP7 and MMP9 (Y.-M. Wang et al., 2017). Further-
more, it reduced the proliferation rate of human breast cancer cell
lines by repressing the p300-BRG1-dependent genes involved in mi-
totic division (Sobczak et al., 2019), inhibiting CDK2 and significantly
reducing the proliferation rate of CXCL1 overexpressing colorectal
cancer cells as well as breast cancer cell lines (Zhuo et al., 2022).
The major cellular off-targets are comprised of proteins that promote
tumor aggressiveness and overall survival (coagulation factor V), re-
sistance and metastasis (SUMO-activating enzyme), proliferation
(autotaxin - initially known as tumor cell-motility-stimulating fac-
tor, human dihydro-orotate dehydrogenase), autophagy and energy
supply (serine/threonine-protein kinase mTOR) and cholesterol me-
tabolism (acyl-coenzyme A:cholesterol acyltransferase) (Table 1).
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Name Molecule structure, Possible cancer-relevant off targets In vitro and in vivo concentration tested, clinical trial
SMILES and ICsq doses, predicted maximum tolerated dose in human
SGC-CBP30  P-glycoprotein 1 - Primary active transporter, In vitro and in vivo studies:

() substrate, I and Il inhibitor

BN » Tumor suppressor p53/oncoprotein Mdm2 - Tran-
1 [ N scription factor
7/ VA ’*\ « Serine/threonine-protein kinase mTOR - Kinase
N\ \{/\\ y ; * PI3-kinase p110-alpha subunit > Enzyme
\K \ .

MAP kinase p38 alpha = Kinase
Casein kinase I delta = Kinase
Tyrosine-protein kinase ABL = Kinase

C[C@H](N1CCOCCT)CN2C(CCC3 = CC=C
(0C)C(Cl) = C3) = NC4 = CC(C5 = C
(C)ON=C5C) = CC=C42

CBP = 21 nM (Hay et al., 2014)
p300 - 38 nM (Hay et al., 2014)

I-CBP112 gﬁ

o
O
G

~

Tyrosine-protein kinase SRC = Kinase
Tyrosine-protein kinase ABL = Kinase

Epidermal growth factor receptor erbB1 - Kinase
Phosphodiesterase 5 A - Phosphodiesterase
Fibroblast growth factor receptor 3 = Kinase
P-glycoprotein: substrate, I and Il inhibitor

€OC1 = C(0C)C=C(C2 = CC(OC[C@H]
3CCCN(C)C3) = C(OCCN(C(CC) = 0)C4)
c4 = C2)c=C1

CBP - 170 nM (Gallenkamp et al., 2014)

p300 = 625 nM (Gallenkamp et al., 2014)

CPI-637 * P-glycoprotein 1 - Primary active transporter,
substrate, [ and II inhibitor
* Bromodomain-containing protein 9 = Reader
- » Bromodomain-containing protein 4 - Reader
* PI3-kinase p110-gamma subunit = Enzyme
« Serine/threonine-protein kinase RAF = Kinase
0=CINC2 = CC=CC(C3 = CC4 = C(N
(C)N=C4C5 = CN(C)N=C5)C=C(3)
= C2N[C@H](C)C1
CBP - 30 nM
(Taylor et al., 2016)
p300 - 51 nM
(Taylor et al., 2016)
BRD4 BD-1-> 11.0 uM
(Taylor et al., 2016)
PF-CBP1 * ATP-binding cassette sub-family G member 2 - Pri-

mary active transporter
) Tumor suppressor p53/oncoprotein Mdm2 - Tran-
scription factor

J
)
|

= 3 - Enzyme

C—C chemokine receptor type 2 - Family A G
protein-coupled receptor

Nerve growth factor receptor Trk-A - Kinase
Tyrosine-protein kinase ABL = Kinase
PI3-kinase p110-beta subunit - Enzyme
Neuropeptide Y receptor type 5 - Family A G
protein-coupled receptor

CBP - 0.13 pM (Chekler et al., 2015) « P-glycoprotein: substrate, I and Il inhibitor

CCCOCT = CC=C(CCC2 = NC3 = CC
(C4 = C(C)ON=CAC)
= CC=C3N2CCN5CCOCC5)C=C1

BRD4 - 18.1 uM (Chekler et al., 2015)

Vascular endothelial growth factor receptor 1 - Kinase

VW 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase

v 1 uM —10 pM (in vitro) (Conery et al., 2016;
Hammitzsch et al., 2015; Hlushchuk et al., 2021;
Picaud et al., 2015; Principe et al., 2022)

v 7.7 mg/kg, 15.4 mg/kg and 19.3 mg/kg (in vivo
BALB/c mouse model) (Bi et al., 2021)

Max. tolerated dose (mg/kg/day)
v 0.9 mg/kg/day

In vitro and in vivo studies:

v 1M - 20 pM (in vitro) (Conery et al., 2016; Picaud
et al., 2015; Strachowska et al., 2021; Zucconi et al.,
2016)

v 0.1 uM (in vivo B6D2F-1 mouse model and embryos
obtained from B6D2F-1) (Yuan et al., 2020)

v 1.2 mg/kg (Intravenous (IV) administration) -

3 mg/kg (Intraperitoneal (IP) administration)
(in vivo leukemic blasts expressing MLL-AF9 model)
(Picaud et al., 2015)

Max. tolerated dose (mg/kg/day)
v 0.8 mg/kg/day

In vitro and in vivo studies:

v 2 pM (in vitro) (Yan et al., 2019)
v 10mg per kg SCID mice (He et al., 2021)
Max. tolerated dose (mg/kg/day)

v 1.9 mg/kg/day

In vitro and in vivo studies:

v 100 nm - 1000 nm (in vitro) (Chekler et al., 2015)

v 0.1 pM.- 30 pM (in vivo mouse J774 macrophage--
like cell line / primary macrophages) (Chekler et al.,
2015)

Max. tolerated dose (mg/kg/day)
v 0.7 mg/kg/day
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Name Molecule structure, Possible cancer-relevant off targets In vitro and in vivo concentration tested, clinical trial

SMILES and ICsq doses, predicted maximum tolerated dose in human
GNE-781

X ) ) In vitro and in vivo studies:
/ ) » P-glycoprotein 1 - Primary active transporter
~ Nl N\ » Neuropeptide Y receptor type 1 = Family A G v 1 pM (in vitro) (Morrison-Smith et al., 2020)
‘&'\F{ \:Z:<" ' protein-coupled receptor v 3 mg/kg - 30 mg/kg (in vivo SCID mice with
- » Metabotropic glutamate receptor 5 - Family C G MOLM-16 AML xenografts) (Romero et al., 2017)
( N protein-coupled receptor Max. tolerated dose (mg/kg/day)
o » Metabotropic glutamate receptor 1 - Family C G
protein-coupled receptor v 03 mg/kg/day
* Orexin receptor 2 - Family A G protein-coupled

0=C(N1CCC(N(C2CCOCC2) receptor

N=C3N4CCCC5 = C4C=C(C(FF)C « Dual specificity mitogen-activated protein kinase 1

(C6 = CN(C)N=C6) = C5) = C3C1)NC (MAP2K1) - Kinase

* PI3-kinase p110-alpha subunit = Enzyme

CBP (TR-FRET)-> 0.94 nM « Heat shock protein HSP 90-alpha - Other cytosolic

(Morrison-Smith et al., 2020; Romero protein

etal,2017) « Heat shock protein HSP 90-beta - Other cytosolic pro-

tein

CBP (BRET) - 6.2 nM (Romero et al., « P-glycoprotein: substrate, I and Il inhibitor

2017)

p300 - 1.2 nM (Romero et al,, 2017)

BRD4 - 5100 nM (Morrison-Smith et al.,

2020; Romero et al., 2017)
CCS1477 + ALK tyrosine kinase receptor = Kinase

0=CIN(C2 = CC=C(F)C(F) = C2)[C@H]
(€3 = NC4 = CC(C5 = C(C)ON=C5C)
= CC=C4N3[C@H]6CC[C@H](OC)CCB)
cccl

CBP and p300 = 19 nM (Rasool et al.,
2021)

BRD4 - 1.06 nM (Rasool et al., 2021)

UMB298 ] <
W
Mo

CC1 = C(C2 = CC3 = NC
(CCC4 = CC=C(0C)C(Cl) = C4) = C
(NC5CCCCC5)N3C=C2)C(C) = NO1

CBP = 72 nM (Muthengi et al., 2021)

BRD4 = 5193 nM (Muthengi et al., 2021)

Glycine transporter 1 - Electrochemical transporter
Cathepsin S = Protease

Hexokinase type IV - Enzyme

Fatty acid synthase - Transferase

Epoxide hydratase - Protease

Mitogen-activated protein kinase 12 - Enzyme

* Poly [ADP-ribose] polymerase 1 - Enzyme

» P-glycoprotein: substrate, I and Il inhibitor

» 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase
3 - Enzyme

 Tyrosine-protein kinase JAK2 - Kinase

* Cyclin-dependent kinase 2 = Kinase

« Serotonin 6 (5-HT6) receptor = Family A G protein--
coupled receptor

» MAP kinase ERK2 - Kinase

+ ALK tyrosine kinase receptor - Kinase

« Signal transducer and activator of transcription 6 =
Transcription factor

+ P-glycoprotein: substrate, I and II inhibitor

In vitro and in vivo studies:

v 300nM - 1 pM (in vitro) (J. Liu et al.; Tontsch-Grunt
etal., 2022)

v 5 mg/kg - 10 mg/kg (in vivo mice) (Tontsch-Grunt
etal,, 2022)

v 3 mg/kg and 30 mg/kg oral administration (in vivo
male CD1 mice) (Welti et al., 2021)

Clinical trials:

v 25 mg - 50 mg (on a 3-days-on- and-4 days-off--
schedule) population of men with metastatic castra-
tion resistant prostate cancer (mCRPC) (Welti et al.,
2021)

Max. tolerated dose (mg/kg/day)

v 0.8 mg/kg/day (Study to Evaluate CCS1477 in
Advanced Tumors - Full Text View - ClinicalTrials.Gov)

In vitro and in vivo studies:

v 1M - 10 pM (in vitro MOLM13 and MM cells)
(Muthengi et al., 2021)

Max. tolerated dose (mg/kg/day)
v 1.5 mg/kg/day

Molecule structure was generated using the pkCSM tool. IC50 and SMILES notations values were obtained from literature, while off-targets with possible positive effects in anti-cancer
therapy were derived from SwissTargetPrediction, which is founded on an algorithm that compares combination of 2D and 3D similarity with a reference library of compounds with
known biological activity (Daina et al., 2019). Proteins highlighted in green indicate a significant probability that a molecule is bioactive against the designated protein. The pkCSM tool
defined the possible interaction of CBP/p300 inhibitors with P-glycoprotein. Inhibitors of P-glycoprotein I and II correspond to the two enzyme family members encoded by the MDR1
and MDR2, respectively. Human maximum recommended tolerated dose (MRTD; mg/kg/day) estimates the toxic dose threshold of chemical compounds for humans based on analysis
of human experimental data collected from clinical trials.
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Table 3
Summary of dual inhibitors of CBP/p300 and BET.
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Name Molecule structure, Possible cancer-relevant off targets  In vitro and in vivo concentration tested, clinical trial doses, predicted maximum
SMILES and ICsq tolerated dose in human
NEO2734 © « MAP kinase ERK2 - Kinase In-vitro and in-vivo studies:
‘ « Epoxide hydratase - Protease L . X i .
2 B - Proteinase-activated receptor 1 - v 1OQ nm-10 uM (m. vitro) (Kluang et al,, 2022; Morrison-Smith et al., 2020;
N2 ‘ P Family A G protein-coupled Spriano et al., 2020; Yan et a - 2919) ) o
. receptor v 5 mg/kg - 30 mg/kg oral administration (in vivo CRPC and colon cancer xenograft
- Complement factor D - Protease %gg.modlelf SClll) r;(l)cze) (He et al., 2021; Kuang et al., 2022; Morrison-Smith et al.,
* N-lysine methyltransferase i Welti etal, 1)
p300/CBP and BET bromodomains SMYD2 - Writer . i
= <30 nM (Morrison-Smith etal,  + Serine/threonine-protein kinase ~ Climical trials:
2020) B-r §f9 Kinase v 5 mg orally once a day castration-resistant prostate cancer, NUT midline carci-
* Sodium/ glucose.cotransporter 1 noma and other targeted advanced solid tumors (Dual BET and CBP/P300 Inhibitor
- Electrochemical transporter in Patients With Targeted Advanced Solid Tumors - Full Text View - ClinicalTrials.Gov)
 P-glycoprotein: substrate, I and II
inhibitor Max. tolerated dose (mg/kg/day)
v 2.2 mg/kg/day
XP-524 /[ 04 « Cyclin-dependent kinase 2 = In vitro and in vivo studies:
7\ ! A . Kinase o Princi L 2022
AN « Cyclin-dependent kinase 1 = v 1M (in V]tro') (Principe et al., 20 ,) i
E,. :) ) KM Kinase v 5 mg/kg (in vivo mouse model) (Principe et al., 2022)
ANF « Bradykinin B2 receptor - Family

=N A G protein-coupled receptor
Beta secretase 2 - Protease
Beta secretase 1 - Protease
P-glycoprotein 1 - Primary

=
S
.« .

p300 - 28 nM (Principe et al., 2022) active transporter
< P-glycoprotein: substrate, [ and II
CBP - 116 nM (Principe et al., 2022) inhibitor

BRD4-BD1 - 5.8 nM (Principe et al.,
2022)

BRD4-BD2 - 1.5 nM (Principe et al.,
2022)

Max. tolerated dose (mg/kg/day)
* 3.5 mg/kg/day

Molecule structure was generated using the pkCSM tool. IC50 and SMILES notations values were obtained from literature, while off-targets with possible positive effects in anti-cancer
therapy were derived from SwissTargetPrediction, which is founded on an algorithm that compares combination of 2D and 3D similarity with a reference library of compounds with
known biological activity (Daina et al., 2019). Proteins highlighted in green indicate a significant probability that a molecule is bioactive against the designated protein. The pkCSM tool
defined the possible interaction of CBP/p300 inhibitors with P-glycoprotein. Inhibitors of P-glycoprotein I and II correspond to the two enzyme family members encoded by the MDR1
and MDR2, respectively. Human maximum recommended tolerated dose (MRTD; mg/kg/day) estimates the toxic dose threshold of chemical compounds for humans based on analysis

of human experimental data collected from clinical trials.

4.1.3. L002

L002 is a specific and reversible inhibitor of p300, with an IC50 sim-
ilar to C646, at 1.98 UM (Table 1). This compound may play a key role in
cardio-renal fibrosis, because it quietens hypertension in the aforemen-
tioned pathology and inhibits pro-fibrogenic processes (Rai et al., 2017).
Both catalytic domain inhibitors are also implicated in reversing pathol-
ogies such as cardiac fibrosis, diastolic dysfunction and hypertension-
induced left ventricular hypertrophy in mice without notable side
effects (Rai et al,, 2019). As for cancer, Heng Yang et al. (H. Yang et al,,
2013) demonstrated high sensitivity of leukemia, lymphoma, and
triple-negative breast cancer cell lines MDA-MB-468 and MDA-MB-
231 to L002, as evidenced by their suppressed proliferation (H. Yang
et al., 2013). Alignment of the p300 catalytic domain with the crystal
structure of the L002 inhibitor indicated that the HAT domain inhibitor
can match residues in the 3 helix, a4 helix and L1 loop, which forms an
acetyl-CoA binding pocket. The L002 oxygen atom forms 2 hydrogen
bonds with the R1410 side chain in the a3 helix of the p300 catalytic do-
main. In addition, the Q1455 side chain of the L1 loop of the catalytic do-
main of the p300 protein can form a hydrogen bond with the oxygen
bound to the nitrogen of the L002 molecule (H. Yang et al., 2013).

At higher concentrations it inhibits another 2 acetyltransferases
PCAF (35 uM) and GCN5 (34 uM) (X.-J. Sun et al., 2015). According to
SwissTargetPrediction, 2023 (Table 1) LO02 may interact with BET
Bromodomain proteins BRD2/3/4, which were considered promising
targets for cancer treatments and an important step towards suppress-
ing oncogenic networks within tumors, since these proteins regulate

cell cycle progression by activating oncogenes such as MYC, JUNB,
CCND1 and CCNA1 (Shorstova et al., 2021). However, these agents
failed in single therapies so their combinations with other chemother-
apy drugs can be rather taken into consideration and further anticancer
evaluation. L002 may increase the toxicity of chemotherapy drugs by
inhibiting the ATP-binding cassette sub-family G member 2 (ABCG2,
BCRP) and P-glycoprotein 1 (ABCB1), which are removed from cells or
sequestered in the intracellular compartments by these transporters,
thereby enhancing drug concentration and availability inside cells.
This is particularly important in cells, where gained multidrug resis-
tance is conferred by overexpression of ABC transporters. Furthermore,
inhibition of PARP1 and PARP2, which are essential for maintaining ge-
nome integrity particularly upon BRCA1/2-deficiency, impairs the DNA
repair efficacy of cells.

4.2. CBP/p300 bromodomain inhibitors

4.2.1. SGC-CBP30

Hay et al. (Popp et al., 2016) described SGC-CBP30 as a potent inhib-
itor of the bromodomain-containing protein CBP (IC50 = 21 nM) and
p300 (IC50 = 38 nM), which has a 40-fold selectivity over BRD4
(Table 2). It represents the 3,5-dimethylisoxazole-type of acetyl-lysine
mimetics. SGC-CBP30 forms a hydrogen bond with conserved aspara-
gine N1132 (CBP), and in water-mediated condition a hydrogen bond
with the hydroxyl group of Y1089 of p300 bromodomain
(Hammitzsch et al, 2015). Systemically delivered SGC-CBP30
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suppresses or modulates the aggregation of a-synuclein which is a
component of Lewy bodies in Parkinson's disease (Hlushchuk et al.,
2021), and also alleviates idiopathic pulmonary fibrosis (J. Tao et al.,
2018) in combination with DDR1, rescuing mice from lethal sepsis by
inhibiting inflammatory responses (Bi et al., 2021). Although it exhibits
low direct cytotoxicity against U20S osteosarcoma cells (Chekler et al.,
2015), Conery et al. (Conery et al., 2016) reported reduced viability,
cell cycle arrest and initiation of programmed cell death in multiple my-
eloma cancer cells exposed to SGC-CBP30, repressing the expression of
Interferon regulatory factor 4. Duncan et al. (Hay et al., 2014) suggested
application of SGC-CBP30 as a clinical approach in the treatment of dis-
orders related to hyperactive p53 diseases, as it prevents CBP interaction
with the acetylated lysine 382 (K382) of p53, crucial for p53-induced
p21-mediated G1 cell cycle arrest.

The Biotarget prediction tool (Table 2) indicated kinases as major
off-targets of the SGC-CBP30, which represent 66.7% of the entire pre-
dicted interactome (SwissTargetPrediction). These include mTOR, as a
serine/threonine kinase, PI3 kinase p110-alpha subunit, MAP kinase
p38 alpha, Casein kinase I delta and Tyrosine-protein kinase ABL, in-
volved in cancer cell survival, angiogenesis, migration and metastasis
and expression of stemness factors, and in chemoresistance. Like all
other inhibitors of CBP/p300 bromodomain listed below, SGC-CBP30 is
a P-glycoprotein substrate. Therefore, its concentration inside cells and
particularly in the nucleus may be limited by its ATP-dependent trans-
port across membranes, and its efficacy in CBP/p300 inhibition could
be reduced. On the other hand, saturation or inhibition of P-
glycoprotein with SGC-CBP30 may help to accumulate higher doses of
anticancer drugs inside cancer cells.

4.2.2.1-CBP112

The I-CBP112 inhibitor selectively and potently inhibits the CBP/
p300 bromodomain, but the IC50 is lower for CBP (170 nM) than for
p300 (625 nM) (Table 2). [-CBP112 also forms a hydrogen bond with
the N1168 residue of the conserved asparagine in the CBP molecule,
whereas in the water-mediated state the hydrogen bond involves the
Y1125 residue (Picaud et al., 2015). Analysis of p300 distribution at
the promoters of p300-dependent genes confirmed a considerable ex-
trusion of p300 from the chromatin in response to I-CBP112, followed
by markedly increased acetylation of histones H3K18 and H3K23 and
recruitment of LSD1 that possibly reduced trimethylation of H3K4
(Strachowska et al., 2021). These alterations were observed at the pro-
moters of some ABC transporters and caused repression that was asso-
ciated with higher accumulation of anthracyclines and methotrexate
inside triple-negative breast cancer and non-small-cell lung cancer cell
lines as well as with cell sensitization to wide range of anticancer
drugs. Furthermore, SwissTargetPrediction and pkCSM tool (Table 2) in-
dicate a possible interaction between I-CBP112 and P-glycoprotein,
which might also condition anticancer drug distribution and availability
inside cells. Picaud et al. (Picaud et al., 2015) illustrated the possible ap-
plication of [-CBP112 for the treatment of leukemia. It impairs the
growth of leukemic cells by enhancing cytotoxicity of doxorubicin and
BET inhibitor - JQ1. The predicted main off-targets for I-CBP112 com-
prise mainly of kinases, such as tyrosine-protein kinase SRC and ABL,
vascular endothelial (VEGFR-1) and epidermal growth factors (EGFR)
which are involved in malignant transformation, angiogenesis in tu-
mors, proliferation, invasion and metastases.

4.2.3. CPI-637

CPI-637 belongs to the benzodiazepines and inhibits CBP (IC50 =
30 nM), p300 (IC50 = 51 nM) and BRD4 BD-1 (IC50 = 11.0 pM)
(Table 2). The functional impact of this compound on BRD4 interaction
with acetylated histones was shown by Tengyi Zheng et al. (T. Zheng
et al., 2021), where CPI-637 prevented the “cytokine storm” in a
model of acute HIV-1 infection and emerged as latency-reversing agents
of HIV-1 by the TIP60-mediated signaling pathway. Wei et al. (Wei et al.,
2022) demonstrated an important anticancer function of the CPI-637
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inhibitor in in-vitro and in xenograft models of anaplastic large cell
lymphoma (ALCL) and classical Hodgkin lymphoma. The predicted
off-targets (Table 2) represent chromatin readers (BRD 4 and BRD9), ki-
nases (PI3K-kinase p110 and serine/threonine kinase RAF), membrane
proteins (P-glycoprotein) and nuclear receptors (LXRa and LXRDb).

4.2.4. PF-CBP1

Like CPI-637, this bromodomain inhibitor targets CBP (IC50 =
0.13 M) and BRD4 (IC50 = 18.1 uM) (Table 2). Structurally, PF-CBP1
lacks hydrogen bond donors, however, it has 6 hydrogen bond accep-
tors as well as 10 rotatable bonds. This compound has no cytotoxicity
against M1-polarized macrophages at drug-applicable doses, whereas
the drug-induced damage effect on liver cell lines was only found at
very high concentrations of PF-CBP1 in the culture of immortalized
human liver epithelial cells (THLE) (IC50 = 23.7 uM) and carcinoma
HepG2 cells (IC50 = 35.9 pM) (Chekler et al.,, 2015). It can be
transported across membranes by P-glycoprotein but may also interact
with ABCG2. Due to the structural similarity to SGC-CBP30, the pre-
dicted list of possible off-targets (Table 2) includes p53 signaling, as
well as PI3K and ABL kinases, but also the nerve growth factor receptor
Trk-A and neuropeptide Y receptor type 5, since both have been shown
to be overexpressed in the overwhelming majority of human solid can-
cers and has emerged as promising targets for cancer diagnosis and
therapy. PF-CBP1 may interact with 6-phosphofructo 2-kinase/
fructose 2,6-bisphosphatases (PFKFB) that controls the level of fructose
2,6-bisphosphate, an essential activator of the glycolytic flux. This en-
zyme acts as an important regulator of prostate cancer cell survival
and reduces paclitaxel sensitivity in ovarian and breast cancer cell
lines with wild-type TP53 (H. Yang et al., 2019). C—C chemokine recep-
tor type 2 (CCR2), listed as an off-target of PF-CBP1, is predominantly
expressed by monocytes/macrophages infiltrating tumor microenvi-
ronments and is strongly immunosuppressive.

4.2.5. GNE-781

GNE-781 is a selective and a highly potent inhibitor of CBP (TR-FRET
IC50 = 0.94 nM; BRET IC50 = 6.2 nM) with the ability to suppress p300
(IC50 of 1.2 nM) as well as BRD4 (IC50 = 5100 nM) (Table 2). In vitro
experiments confirmed the marked selectivity for CBP (5425-fold) and
p300 (4250-fold) over a subset of bromodomains. GNE-781 contains
one hydrogen bond donor, 7 hydrogen bond acceptors and 4 rotable
bonds. GNE-781 is characterized by oral bioavailability and antitumor
activity (Romero et al., 2017). It interferes with the differentiation of
human CD4+ T cells into FOXP3-expressing regulatory T (Treg) cells,
which are involved in inhibiting the anti-tumor immune response
(Castillo et al., 2019; Tanaka & Sakaguchi, 2017) and such alterations
in the tumor microenvironment may have a strong potential for cancer
immunotherapy. Moreover, it regulates the proto-oncogene MYC ex-
pression, which encodes a protein that is a key in regulating cell prolif-
eration, as well as programmed cell death in the AML tumor model. In
addition to P-glycoprotein is inhibited by GNE-781, the list of possible
off-targets includes G protein-coupled receptors, which together with
their ligand glutamate, promote the growth of tumors of neuronal and
non-neuronal origins (Table 2). The Orexin receptor 2 could trigger mi-
tochondrial apoptosis in cancer cells and reduce the tumor volume by
80% in response to binding of its ligand - orexin. Another possible target
of GNE-781 is mitogen-activated protein kinase 1 with dual specificity
(MAPK1), which mediates signaling from extracellular ligands such as
growth factors, cytokines and hormones to the MEK / ERK cascade and
activates BRAF in a KSR1 or KSR2-dependent manner. Alterations in
genes encoding elements of the MAPK pathway leads to oncogenesis,
invasion and drug resistance of cancer cells, which explains the reason
why MAPK inhibitors are such a desirable tool for numerous studies
(Braicu et al., 2019; Burotto et al., 2014). For example, mutation in the
MAP2K1 gene encoding MEK1 kinase is present in melanoma, colon
cancer and lung cancer (Bardwell, 2020). Further target of GNE-781 is
the cytoplasmic heat shock protein HSP 90-alpha and HSP 90-beta
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with known effects on tumorigenesis and induction of adaptive immu-
nity (Birbo et al., 2021).

4.2.6. CCS1477 (Inobrodib)

CCS1477 (Inobrodib) is a highly selective and orally bioavailable in-
hibitor of CBP and p300 with strong affinity for both acetyltransferases
(IC50 = 19 nM) and BRD4 (IC50 = 1.06 nM) (Table 2). It represents
the group of benzimidazole derivatives with 7 hydrogen bond accep-
tors, 5 rotatable bonds, and no hydrogen bond donors. Its mechanism
of action includes suppression of transcription factors, such as Myc
proto-oncogene (c-Myc) that are responsible for tumor development
(Brooks et al., 2021). Accordingly, in models of acute myeloid leukemia
and multiple myeloma, monotherapy with CCS1477 suppressed cancer
cell proliferation (Brooks et al., 2019). The same effect was also seen in
the stromal co-culture of primary patient AML blast cells from a range of
patients with a range of molecular subtypes and was assigned to a com-
bination of cell cycle arrest in G1/GO and induction of differentiation,
confirmed by the up regulation of selected differentiation markers
CD11b and CD86. A strong pre-clinical rationale for the use of Inobrodib
as monotherapy, or in combination with standard of care agents led this
compound to phase 1b and 2a clinical trials (NCT04068597,
NCT03568656), where its efficacy as monotherapy was tested in Metas-
tatic Castration-Resistant Prostate Cancer, Metastatic Breast Cancer,
Non-small Cell Lung Cancer, Advanced Solid Tumors, Hematological
Malignancy, Acute Myeloid Leukemia, Non-Hodgkin Lymphoma, Multi-
ple Myeloma and Higher-risk Myelodysplastic Syndrome (Study to Eval-
uate CCS1477 in Advanced Tumors - Full Text View - ClinicalTrials.Gov;
Study to Evaluate CCS1477 in Hematological Malignancies - Full Text
View - ClinicalTrials.Gov). Inobrodib emerges as a substrate of P-
glycoprotein and as a possible modulator of cell metabolism, since its
predicted off-targets (Table 2) include hexokinase, which is responsible
for the initiation and maintenance of glycolysis at a high level of effi-
ciency for the growth and proliferation of cancer cells (Stachyra-
Strawa et al., 2020). Fatty acid synthase, which acts as central regulator
of lipid metabolism; the activity of this enzyme is crucial in the growth
and survival of tumors with lipogenic phenotypes (Fhu & Ali, 2020).

4.2.7. UMB298

First presented by Alex Muthengi et al. (Muthengi et al,, 2021) in 2021,
the inhibitor UMB298 that selectively binds to CBP/p300 bromodomain
and the hydrogen bond formed involves conserved asparagine N1168.
The IC50 of this compound against BRD4 is >70-fold higher than for CBP
(5193 nM versus 72 nM) due methyl (in the OMe group) and cyclohexyl
groups. UMB298 dose-proportionally inhibited the growth of human leu-
kemia cell lines and multiple myeloma, and also suppressed Myc gene ex-
pression. The predicted activity of this compound includes the inhibition
of P-glycoprotein and cytochrome P450 (Table 2, SwissADME and
pkCSM tools), which may affect drug accumulation inside cancer cells
and considerably alter drug metabolism. Other off-targets control mitotic
divisions (CDK2), oncogenic pathway transducers known to promote
tumor growth and survival (ERK2, ALK, JAK-STAT, 5-HT6R), (Ballou
etal,, 2018) and an essential activator of the glycolytic flux that energeti-
cally fuels cancer cells (PFK-2/FBPase-2).(Kocemba et al., 2016)
Sphingosine-1-phosphate receptor 3 (S1PR3 or EDG-3), a member of the
family G protein-coupled receptors, is a key factor in the sphingosine-1-
phosphate (S1P) signaling pathway. EDG3 is a functional receptor for
S1P, which as a second messenger affects cell growth and differentiation
(Okamoto et al., 1999; Windh et al., 1999). Inhibition of EDG3 inhibits
S1P signaling, which is associated with the process of enhanced prolifera-
tion and metastasis of cancer cells (]. Watters et al,, 2011).

4.3. Dual inhibitors of CBP/p300 and BET
4.3.1. NEO2734

NEO2734 belongs to the selective dual CBP/p300 and BET
bromodomain inhibitor with IC50 against simultaneous CBP/p300 and
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BET bromodomains at <30 nM (Table 3), therefore, it is considered as
promising compound for anticancer clinical studies. This orally active
compound is in phase I clinical trials and will be administrated to pa-
tients with castration-resistant prostate cancer, NUT midline carcinoma
and other targeted advanced solid tumors (NCT05488548). Prostate
cancer (PC) cells having mutations in CULLIN3-based E3 ubiquitin ligase
substrate-binding adaptor gene (SPOP), which drive cancer resistance
to BET inhibitors due to aberrant elevation of BET proteins, were sensi-
tive to NEO2734 monotherapy in vitro and in vivo. Moreover, NEO2734
arrested cell proliferation more strongly than a combination of BET
(JQ1) and CBP/p300 bromodomain inhibitor (CPI-637) (Yan et al.,
2019). NEO2734 potently inhibited the growth and induced differentia-
tion of NUT midline carcinoma (NMC) that is an aggressive subtype of
squamous carcinoma, driven by the BRD4-NUT fusion oncoprotein
(Morrison-Smith et al., 2020), where BRD4, binds to nucleosomes via
its bromodomains, whereas NUT recruits p300. According to
SwissTargetPrediction, off-targets (Table 3) are quantitatively overrep-
resented by proteases (46.7%). PAR-1 might be a prognostic factor for
colorectal cancer since it stimulates macrophages to produce thrombin
and growth factors, resulting in enhanced cell proliferation, tumor
growth and metastasis (Han et al., 2011; X. Liu et al., 2017). Immune
modulatory activity was assigned to SGLT1, responsible for the highly
glycolytic phenotype of tamoxifen-resistant breast cancer cells, lactate
release and M2-like TAM polarization, which in turn promotes cancer
proliferation by activating the EGFR/PI3K/Akt signaling pathway (Niu
et al.,, 2021). BRAF with serine/threonine-protein kinase activity is a
well-known proto-oncogene, transducing signals from RAS via inter
alia ERK to the nucleus, hence controlling cell proliferation, differentia-
tion and survival.

4.32. XP-524

XP-524 is a potent, dual inhibitor of the BET protein BRD4 and his-
tone acetyltransferase p300/CBP with the IC50s against p300 ~ 28 nM,
CBP ~ 116 nM, BRD4-BD1 ~ 5.8 nM and BRD4-BD2 ~ 1.5 nM (Table 3)
(Principe et al., 2022). Principe et al. (Principe et al., 2022) described a
tumoricidal activity of XP-524 that inhibited pancreatic ductal adeno-
carcinoma (PDAC) by repressing KRAS, with extended survival in
2 transgenic mouse models with aggressive PDAC in combination
with an antibody-PD-1 potentiated cytotoxic immune response.
The tumor growth inhibitory effect of XP-524 on PDAC cells was compa-
rable to a combination of JQ-1 and SGC-CBP30. Importantly,
SwissTargetPrediction does not compute any off-target (Table 3) with
considerable bioactivity, but its 2D and 3D structure similarity profile
is similar to compounds that interact with CDK2 and CDK1 that control
cell cycle progression and then with BACE1 and BACE2 expression of
which is associated with poor prognosis (Farris et al., 2021), as well as
bradykinin B2 receptor agonists that increase lateral drug delivery
across the vascular wall in malignant brain tumors by enhancing the
half-life of the drug (Sarin et al., 2009).

5. Tolerated doses and pharmacokinetic features

Although the activity of most of above described CBP/p300 inhibitors
was tested in animal model (Tables 1-3) and no acute or severe adverse
effects were reported, only two of these compounds entered clinical tri-
als. These clinical studies have been actively recruiting patients and the
final data collection date for the primary outcome measurement is ex-
pected by summer 2024. The administrated doses of NEO2734 and
CCS1477 are considerably lower than their maximum recommended
tolerated dose (MRTD), which estimates the toxic dose threshold of
chemical compounds for humans and helps to guide the starting dose
for pharmaceuticals in phase I clinical trials and corresponds more di-
rectly to drug amounts tested in mice (Dual BET and CBP/P300 Inhibitor
in Patients With Targeted Advanced Solid Tumors - Full Text View -
ClinicalTrials.Gov; He et al., 2021; Kuang et al., 2022; Morrison-Smith
et al., 2020; Pires et al., 2015; Principe et al., 2022; Welti et al., 2021).
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Anyway, according to very brief assumptions the doses tested in clinical
trials as well as in animal models allow to achieve maximum blood con-
centration higher than reported IC50 for particular compounds.

The experimentally proven pharmacokinetic features of CBP/p300
inhibitors remain missing and their estimation can only be made by in
silico tests such as SwissADME, SwissTargetPrediction, 2023 and
pkCSM, which serve as starting point for safe and effective therapeutic
management of drugs in animal preclinical models and in clinics.
These tools compare similarity of new compound chemical structure
with a library of other compounds and their impact on proteins and tis-
sues, hence compute and predict biological activity of the drug candi-
dates. Their collation with experimental data outlines the possible
anticancer properties of the tested compounds and weak points that re-
quire particular monitoring while planning mono- and combined ther-
apies. According to SwissADME, all CBP/p300 inhibitors meet the
Lipinski's Rule of 5 and are characterized by required water solubility,
whereas their expected intestinal absorption is relatively high, thereby
licensing their oral administration as attempted in mice and clinical tri-
als. The higher volume of distribution at steady state (VDss) for XP-524,
NEO2734, I-CBP112 and UMP298 indicates that these compounds can
reach significant concentrations in tissues and relatively weakly bind
to blood components, whereas more of CCS1477 remains in the plasma.
Blood-brain distribution emerges important when a given compound is
considered as potential drugs for brain diseases that are driven or medi-
ated by CBP/p300. Most of CBP/p300 inhibitors moderately cross the
barrier, whereas A-485, GNE-781 and C646 are poorly distributed to
brain, therefore their use for the treatment of gliomas can be limited.
The two clinically tested inhibitors are likely substrates of organic cation
transporter (OCT2), hence disposed from the body by renal tract, fea-
tured by similar and moderate total clearance indicator (CLtot). How-
ever, low value of this parameter for A-485 and GNE-781 was not
associated with their toxicities in animal studies. The interaction of
CBP/p300 inhibitors with cytochrome P450 is key crucial for their me-
tabolism and detoxification, but also for the activity of other drugs in
combinatorial treatment schemes. Predicted inhibition of CYP2C19,
CYP2C9, CYP2D6 and CYP3A4 by acetyltransferase inhibitors may dis-
turb activation of anticancer prodrugs such as cyclophosphamide,
ifosfamide, decarbasine, procarbazine and tegafur, whereas metabolism
and blood concentration of numerous other anticancer compounds, in-
cluding tamoxifen, etoposide, idarubicin, topotecan can be substantially
altered. In this case, in silico absorption, distribution, metabolism, excre-
tion and toxicity (ADMET) tests may be considered as indicators of pos-
sible weak points of therapy that target CBP/P300. In the light of these
concerns, however, CBP/P300 inhibitors remain promising drugs for
the treatment of cancer and other pathological conditions where these
two acetyltransferases play an essential role due to confirmed, desired
in vivo activity and the lack of reported severe side effects in animal
models.

6. Perspectives of chemotherapeutic potential of CBP/p300 inhibitor
off-targets

Since the predicted off-targets of CBP/p300 inhibitors play an impor-
tant role in cancer initiation, progression or resistance, the anticancer
potential of these compounds can be considered broader and go beyond
previously reported anticancer potential resulting from inhibition of
only CBP/p300. Particularly, the possible simultaneous interaction
with CBP/p300 and currently known targets that have been used in an-
ticancer therapies emerges likely beneficial. Therefore, in this paragraph
we describe some of CBP/p300 off-targets that are clinically relevant in
oncology and immune-oncology, as well as compare CBP/p300 inhibi-
tors with clinically tested or FDA approved drugs in light of their inter-
action with specific protein cavities, particularly with catalytic domains.
We made use of molecular docking to predict the binding affinity of
both ligands and targets, and to identify the binding sites of the consid-
ered compounds.
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6.1. Regulation of the cell cycle

The concerted action of cyclins and cyclin-dependent kinases
(CDKs) enable cell-cycle transitions, hence cell proliferation and
tumor growth. Cyclin D-CDK4/6 complexes induce Rb inactivation in
early G1, expression of E2F-dependent genes and gradual increase in
CDK?2 activity (S. Kim et al., 2022), which promotes DNA replication
and drives cell cycle entry to M phase. As long as cyclin-dependent ki-
nase 2 emerged dispensable for mitotic division in normal cells, overex-
pression of cyclin E, one of the two major protein binding partners of
CDK2, occurs in many tumor cells and causes the cells to become depen-
dent on CDK2 and cyclin E (Wood et al., 2019). Furthermore, aberrant
activation of CDK2 leads to uncontrolled cell proliferation during onco-
genesis in many cancers. Therefore, CDK2 appeared an attractive target
for cancer therapy. Most inhibitors against CDK2 are ATP competitors,
but very resent study identified novel, protein-protein interaction inter-
face (PPI) between CDK2 and Cyclin A as potential druggable pocket.
The first group is represented by PF-07104091 that is being tested as
single agent and in combination therapy for solid tumors such as ovar-
ian and lung cancer, also for CDK4/6 inhibitor resistant HR+/HER2-
breast cancer (Table 4) (Yap et al., 2023). This compound preferably
binds catalytic domain. Very similar profile of interaction with the ATP
pocket can be predicted for C646 and UMB298 using CB-Dock?2. Bearing
in mind that CBP/p300 catalytic domain inhibitor - C646 repressed
genes encoding proteins involved in mitotic division such as CDK4,
PCNA and cyclin B (Sobczak et al., 2020), then decline in cell cycle pro-
moting factors and simultaneous inhibition of CDK2 in patients with ac-
tive CDK2 cascades may increase antiproliferative efficacy of CBP/p300
inhibitors.

None of the considered CBP/p300 inhibitors preferably bound to PPI
of CDK2, which was successfully targeted with Homoharringtonine
(omacetaxine mepesuccinate). This FDA approved drug for the treat-
ment of chronic myeloid leukemia disrupts the interaction between
CDK2 and cyclins leading to an autophagic degradation mechanism of
CDK?2 protein (Zhang, Gan, et al., 2022).

6.2. Signaling cascades

Aberrations in cell signaling pathways and their misbehaviour often
cause and sustain cancer. External and internal signals are transmitted
via a series of proteins, in an extremely complex and carefully regulated
process. In cancer, activity of some signal receivers or transmitters are
frequently altered by, for example, up- and downregulation of receptor
and signaling mediators, posttranslational modifications or mutations.
The precise targeting of hyper- or hypoactive cascades is expected to
potentiate the efficacy of killing cancer cells and alleviate detrimental
side effects of non-personalized chemotherapy or radiotherapy to the
patients.

The majority of solid tumors are explicitly characterized by their
mutations in the RAS/RAF/MEK/ERK genes due to genetic and epige-
netic alterations, rendering them attractive therapeutic targets and
well-established. The role of ERK MAPK signaling in promoting cell pro-
liferation, survival, and tumorigenesis is well-established, but the other
arm of evidence suggests contribution of RAF/MEK/ERK signaling to
pro-apoptotic signaling in vitro and in vivo (Sugiura et al.,, 2021). Any-
way, several ERK1/2 inhibitor LY3214996 (Temuterkib) entered clinical
trials for the treatment of solid tumors and acute myeloid leukemia
(Table 4) (LY3214996 in Patients With AML Who Are Not Candidates for
Standard Therapy - Full Text View - ClinicalTrials.Gov). Activated ERK1/2
kinases phosphorylate numerous substrates including cytosolic signal-
ing proteins such as p90 ribosomal S6 kinase (RSK), MAPK-interacting
serine/threonine kinase (MNK), kinesin family member 5B (KIF5B) as
well as transcription factors, such as ETS domain-containing protein
Elk-1, proto-oncogenes c-FOS, c-Jun and c-Myc, and cyclic AMP-
dependent transcription factor ATF2, located in the nucleus to foster
cancer growth and drug resistance. LY3214996 is a competitive and
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Table 4
CBP/p300 inhibitors off targets and their current inhibitors.
Off target Current inhibitors used in anti-cancer Name of
therapies inhibitors
Macrophage colony stimulating * Turalio - Pexidartinib (FDA approved) = tenosynovial giant cell tumor (TGCT) (Cannarile et al., 2017) A-485
factor receptor
Kinesin-1 heavy chain/ » Retevmo - Selpercatinib (FDA approved) = non-small cell lung cancer (NSCLC), thyroid cancer, A-485
Tyrosine-protein kinase receptor advanced or metastatic solid tumors
RET » Gavreto - Pralsetinib (FDA approved) (Regua et al., 2022) = non-small cell lung cancer (NSCLC),
thyroid cancer
Dihydroorotate dehydrogenase + JNJ-74856665 monotherapy and/or in combination (Phase 1 of Clinical Trials - NCT04609826) (X. Yang (646
et al., 2022) = acute myeloid leukemia (AML) or myelodysplastic syndrome (MDS)
Serine/threonine-protein kinase * Afinitor - Everolimus (FDA approved) - HR+, HER2- breast cancer, neuroendocrine tumors (NET), €646, SGC-CBP30
mTOR renal cell carcinoma, subependymal giant cell astrocytoma (SEGA)

Rapamycin (Fourth FDA approval in 2021) (Mohamed et al., 2022) - advanced metastatic or unre-

sectable malignant perivascular epithelioid tumors

Torisel - Temsirolimus (FDA approved) (Zou et al., 2020) = renal cell carcinoma

Cyclin-dependent kinase 2/cyclin A + Homoharringtonine/omacetaxine mepesuccinate (FDA approved) (Kantarjian et al., 2013) = chronic €646

myeloid leukemia (CML)

PF-07104091 (Phase 1B/2 of Clinical Trials - NCT05262400 and Phase 1 of Clinical trials -

NCT04553133) (Thoma et al., 2021) = small cell lung cancer (SCLC), ovarian cancer, breast cancer, solid

tumors

ATP-binding cassette sub-family G Uloric - Febuxostat (FDA approved) (Xiao et al., 2021) = chronic management of hyperuricemia in L002, PF-CBP1
member 2 patients with gout

Tariquidar (Phase 1/2 of Clinical Trials - NCT04603066) = neuropathic pain, additionally Tariquidar is

still being tested against multidrug resistance in many types of cancer (Lai et al., 2020)

Tariquidar (Phase 1/2 of Clinical Trials - NCT04603066) = neuropathic pain, additionally Tariquidar is L002, SGC-CBP30, CPI-637,
still being tested against multidrug resistance in many types of cancer (Lai et al., 2020) PF-CBP1, GNE-781
Mitotane (Phase 3 of Clinical Trials - NCT03583710, Phase 2 of Clinical Trials - NCT05634577, Evalua-

tion of Adverse Events - NCT05839886, Evaluation of Side Effects - NCT00568139) (Karthika et al.,

2022) = adrenocortical carcinoma (ACC)

Tumor suppressor p53/oncoprotein * Idasanutlin (Phase 2 of Clinical Trials - NCT04589845, Phase I/II of Clinical Trials - NCT04029688) = SGC-CBP30, PF-CBP1
Mdm2 acute leukemias, solid tumors

Navtemadlin (Phase 1/2 of Clinical Trials - NCT02825836 and NCT03787602, Phase 1B/2 of Clinical

Trials - NCT05705466, Phase 2/3 of Clinical Trials - NCT05797831) (Haronikova et al., 2021) =

relapsed/refractory B cell malignancies, mantle cell lymphoma and diffuse large B cell lymphoma,

chronic lymphocytic leukemia, small lymphocytic lymphoma, treatment-naive B cell malignancies,

Merkel cell carcinoma, non-small cell lung cancer, endometrial cancer

Zydelig - Idelalisib (FDA approved) = non-Hodgkin's lymphoma, chronic lymphocytic leukemia, follic- SGC-CBP30, GNE-781
ular lymphoma (FL)

Aliqopa - Copanlisib (FDA approved) = follicular lymphoma

Copiktra - Duvelisib (FDA approved) = chronic lymphocytic leukemia (CLL), small lymphocytic lym-

phoma (SLL)

Pigray - Alpelisib (FDA approved) (Bheemanaboina, 2020) - HR positive, HER2-negative, PIK3CA--

mutated breast cancer

Gleevec - Imatinib (FDA approved) = gastrointestinal stromal tumors, acute myeloid leukemia (AML), SGC-CBP30, I-CBP112,
chronic myeloid leukemia (CML), acute lymphoblastic leukemia (ALL) PF-CBP1

Tasigna - Nilotinib (FDA approved) = chronic myelogenous leukemia (CML)

Sprycel - Dasatinib (FDA approved) = acute lymphoblastic leukemia (ALL), chronic myelogenous

leukemia (CML)

Iclusig - Ponatinib (FDA approved) = acute lymphoblastic leukemia (ALL), chronic myeloid leukemia

(CML)

Bosulif - Bosutinib (FDA approved) (Negi et al., 2021) = chronic myelogenous leukemia (CML)

Inlyta - Axitinib (Luttman et al., 2021) (FDA approved) - renal cell carcinoma

Sprycel - Dasatinib (FDA approved) = acute lymphoblastic leukemia (ALL), chronic myelogenous I-CBP112
leukemia (CML)

Jakafi - Ruxolitinib (FDA approved) (Negi et al., 2021) = myelofibrosis, polycythemia vera, and graft--

versus-host disease

Serine/threonine-protein kinase  Zelboraf - Vemurafenib (FDA approved) = metastatic melanoma with BRAF V60OE mutation CPI-637

RAF Tafinlar - Dabrafenib (FDA approved) = non-small cell lung cancer, melanoma, thyroid cancer, solid

tumors, and low-grade glioma with BRAF V600 mutations

Braftovi - Encorafenib in combination (FDA approved) - metastatic melanoma with a BRAF V600E or

V600K mutation, metastatic colorectal cancer (CRC) with a BRAF V60OE mutation

BMS-813160 in combination with Nivolumab (Phase 1/2 of Clinical Trials - NCT03767582, Phase 2 of ~ PF-CBP1

Clinical Trials - NCT04123379) = locally advanced pancreatic ductal adenocarcinoma (PDAC), pancre-

atic ductal adenocarcinoma, non-small cell lung cancer, hepatocellular carcinoma

ALK tyrosine kinase receptor * Alecensa - Alectinib (FDA approved) = non-small cell lung cancer (NSCLC) CCS1477, UMB298
Xalkori - Crizotinib (FDA approved) = non-small cell lung cancer (NSCLC), inflammatory

myofibroblastic tumor (IMT), lymphoma

Rozlytrek - Entrectinib (FDA approved) = non-small cell lung cancer (NSCLC), solid tumors

Lorbrena - Lorlatinib (FDA approved) = non-small cell lung cancer (NSCLC)

Alunbrig - Brigatinib (FDA approved) (Della Corte et al., 2018) = non-small cell lung cancer (NSCLC)

LY3214996 (Phase 1 of Clinical Trials - NCT04916236, NCT04081259, Phase 1/2 of Clinical Trials - UMB298, NEO2734
NCT04616183, Phase 2 of Clinical Trials - NCT04534283, NCT04386057) = pancreatic cancer, colorectal

cancer, non-small cell lung cancer, KRAS mutation-related tumors, acute myeloid leukemia, metastatic

colon adenocarcinoma, metastatic colorectal carcinoma, metastatic rectal adenocarcinoma and other

Poly [ADP-ribose] polymerase-1 « Talzenna - Talazoparib (First approved by FDA - October 16, 2018) = breast cancer, prostate cancer CCS1477,L002
Lynparza - Olaparib (First approved by FDA - December 19, 2014) = ovarian cancer, breast cancer,

P-glycoprotein 1

PI3-kinase p110-alpha subunit

Tyrosine-protein kinase ABL

Tyrosine-protein kinase SRC

C-C chemokine receptor type 2

MAP kinase ERK2
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Table 4 (continued)
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Current inhibitors used in anti-cancer
therapies

Off target

Name of
inhibitors

pancreatic cancer, prostate cancer, fallopian tube cancer, peritoneal cancer
* Zejula - Niraparib (First approved by FDA - March 27, 2017) = ovarian cancer, fallopian tube cancer,

primary peritoneal cancer

» Rubraca - Rucaparib (First approved by FDA December 19, 2016) = ovarian cancer, prostate cancer

* Veliparib - ABT-888 (Phase 1-3 of Clinical Trials - monotherapy or combined therapy (for example
with Carboplatin or Paclitaxel - NCT02163694, NCT02470585, NCT01386385, Cisplatin - NCT02595905,
Temozolomide - NCT02152982; Status: 22/106 - active, not recruiting; 2/106 - recruiting) = triple
negative breast cancer, malignant solid neoplasm, breast carcinoma, anaplastic astrocytoma,
glioblastoma, malignant glioma, breast cancer, ovarian cancer, ovarian neoplasm, acute lymphoblastic
leukemia, acute myeloid leukemia, non-small cell lung cancer

Poly [ADP-ribose] polymerase-10

* Veliparib - ABT-888 (Phase 1-3 of Clinical Trials - monotherapy or combined therapy (for example

L002

with Carboplatin or Paclitaxel - NCT02163694, NCT02470585, NCT01386385, Cisplatin - NCT02595905,
Temozolomide - NCT02152982; Status: 22/106 - active, not recruiting; 2/106 - recruiting) = triple
negative breast cancer, malignant solid neoplasm, breast carcinoma, anaplastic astrocytoma,
glioblastoma, malignant glioma, breast cancer, ovarian cancer, ovarian neoplasm, acute lymphoblastic
leukemia, acute myeloid leukemia, non-small cell lung cancer

relatively specific inhibitor of two similar kinases ERK1 and ERK2 that
targets ATP binding cavity and the following amino acid motif: Ile31-
Gly32-Glu33-Gly34-Val39-Ala52-Lys54 (Hong et al., 2022). These
residues are likely interacting with two CBP/p300 inhibitors -
UMB298 and NEO2734 as predicted by in silico molecular docking
using CB-Dock?2.

Pp53-MDM2 hub is suggested to play a critical role of in consolidating
diverse stress signaling pathways to determine cell fates such as cell
cycle arrest, senescence and programmed cell death, immune response,
and regulation of tumor microenvironment to name only a few, in re-
sponse to oncogenic stresses or damaging agents during anticancer
therapy. The tumor-suppressor and transcription factor p53 (encoded
by TP53) it is the most frequently altered in cancers and p53 deregula-
tion drives malignancy, cancer cell proliferation and metastases via nu-
merous mechanisms including p53-p21-RB-E2F1 pathway that controls
transcription of genes involved in cell cycle progression (Engeland,
2022). E3 ubiquitin ligase MDM2 promotes ubiquitination and
proteasome-mediated degradation of p53 and p21. MDM2 overexpres-
sion and MDM2 amplification were detected in many human malignan-
cies, including lung, colon and other cancers, and are associated with
chemotherapeutic resistance via p53-MDM2 loop-dependent and
p53-MDM2 loop-independent pathways (Hou et al., 2019). Therefore,
targeting p53-MDM2 protein-protein interaction is a promising thera-
peutic strategy to restore the physiological function of the wild-type
p53 in cancer cells. The ongoing clinical trials test Idasanutlin and
Navtemadlin, majorly for the treatment of leukemias and some solid
tumors (Table 4). These two compounds preferably interact with
p53-MDM2 protein-protein binding surface that spans the crucial
LEU33-GLY37-MET41 motif located in cavity between 33 and 80
amino acid residues of MDM2. This binding profile with MDM2 is char-
acteristic for Nutlin 3 A and RG7112 (Al-Ghabkari & Narendran, 2019;
Andreeff et al., 2016) that are referred as a control in this paper due to
previously published reports, which disclosed amino acids of both
MDM2 and p53 interacting with Nutlin 3A and RG7112. Although this
characteristic motif was also found among MDM?2 residues that bound
PF-CBP1 and SGC-CBP30 during molecular docking using CB-Dock2,
the spatial arrangement of these two compounds differed from the
above described and known p53-MDM2 inhibitors. Therefore, further
analyses and experimental studies are needed to verify whether their
occurrence at the p53-MDM2 binding surface forms a spatial hindrance
that is potent to prevent the formation of p53-MDM2 complex.

KIF5B-RET is a fusion oncoprotein that was recognized as a primary
driver in a relatively small subset of lung adenocarcinomas (Das &
Cagan, 2017), which comprises approximately 1-2%. The kinesin and ki-
nase domains of KIF5B-RET act together and mediate signals through a
multi-kinase signaling hub comprising RET, SRC, EGFR and FGFR,
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hence drug targeting RET alone work poorly in KIF5B-RET-transformed
cells. In the Chinese LAD patients this fusion protein was associated with
multilevel activation of STAT3, which promoted proliferation and tu-
morigenicity (Qian et al,, 2014). The predicted profile of A-485 interac-
tion with KIF5B-RET matches ATP binding domain (Shang et al., 2014),
similarly to Pralsetinib and Selpercatinib - two KIF5B-RET inhibitors ap-
proved by FDA for the treatment of RET fusion-positive non-small cell
lung cancer and locally advanced or metastatic RET fusion-positive
solid tumors, respectively (Table 4).

Three CBP/p300 bromodomain inhibitors may possibly interact with
ABL1, which acts and proto-oncogene and tumor suppressor depending
on the context. For example, in AML1-ETO and NUP98-PMX1 leukemias
ABL1 is often deleted to enhance PI3K, DNA-PKcs and ATR signaling
thereby ensuring growth factor independence and improves DNA dam-
age response (Golovine et al., 2023), but also promotes epithelial-to-
mesenchymal transition, metastases and solid tumor progression
(Luttman et al., 2021). Mutations and deletions in SH3 domain, which
negatively regulates ABL1 activity, results in an oncogene, whereas
ABL1 fusion to a variety of translocation partner genes, for example
BCR, are frequently reported in leukemias (ABL1 ABL Proto-Oncogene 1,
Non-Receptor Tyrosine Kinase [Homo Sapiens (Human)] - Gene - NCBI).
And BCR-ABL1-driven leukemias are treated with several ABL1 inhibi-
tors, and two of them, namely Imatinib and Axitinib, are administrated
for the therapy of gastrointestinal stromal tumors and renal carcinoma,
respectively, due to targeting multiple tyrosine kinase receptors
(Table 4). As for ABL1, Imatinib and Dasatinib were shown to interact
with enzyme catalytic domain and ATP binding pocket. Also
PD173955, a non-clinical, is a potent inhibitor of BCR-ABL1 and SRC ty-
rosine kinase family, as well as SGC-CBP30, I-CBP112 and PF-CBP1
showed similar profile of interaction with amino acid residues of ABL1
according to CB-Dock2, thereby suggesting that CBP/p300
bromodomain inhibitors can be taken into further, experimental studies
aiming at their validation as potent ABL1 inhibitors.

6.3. Metabolic pathways

Oncogenic transformation rewires cellular metabolism to sustain el-
evated rates of growth and divisions, since such abnormal cancer cell
proliferation requires energy, amino acids, acetyl-CoA and nucleotides
(Keibler et al., 2016). The high pyrimidine flux is indispensable to
meet additional requirements of cancer cell for nucleic acids and other
cellular components synthesis. The fourth out of six steps of pyrimidine
de novo biosynthesis is catalyzed by dihydroorotate dehydrogenase -
DHODH, flavin-dependent mitochondrial enzyme. Therefore, limitation
in pyrimidine supply is being considered as a promising strategy for
cancer treatment. Up to date, ten inhibitors of DHODH entered clinical
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trials, two of which were approved by FDA (Zhang, Zhang, et al., 2022).
JNJ-74856665, a novel DHODH inhibitor, is still under Phase I clinical
trial evaluation for the treatment of acute myeloid leukemia (AML) or
myelodysplastic syndrome (MDS) (Table 4). This compound interacts
with the enzyme binding site for flavin mononucleotide, thereby
inhibiting oxidation of dihydroorotate. That oxidizes dihydroorotate to
orotate, which is converted to cytosine triphosphate (CTP) and deoxy-
uridine monophosphate (dAUMP) by another enzymes. According to mo-
lecular docking, catalytic activity inhibitor of CBP/p300 - C646 may
interact with 27 amino acid residues of DHODH, and shares 23 in com-
mon with JNJ-74856665 according to in silico modeling using CB-Dock2.
Such a similarity makes C646 attractive for further experimental evalu-
ation in terms of DHODH inhibition and relevant dosing, particularly,
when some of previously developed inhibitors were withdrawn from
clinical trials or trials were terminated due to the lack of sufficient clin-
ical benefits (Abdullah, 2021; Bayer, 2021).

6.4. DNA repair by PARPs

By inter alia repressing CDK4/6, PCNA and CCNB (Sobczak et al.,
2020; Waddell et al., 2021; Wasner et al., 2003) some of CBP/p300 in-
hibitors were reported to arrest mitotic divisions, which define tran-
scription of PARP1 - NAD-dependent enzyme involved in numerous
intracellular processes, while being mostly known from its role in
DNA repair. ADP-ribosylation of chromatin-associated proteins and
physical protein-protein interaction with DNA repair machinery com-
ponents such as MARVELD1, XRCC1, HPF1, CARM1 and many other fa-
cilitate removal of DNA lesions (Pandey & Black, 2021; Ray Chaudhuri
& Nussenzweig, 2017; Reber et al., 2023; H. Sun et al., 2023). This led
some of PARP inhibitors to clinical trials and in BRCA1/2-mutated tu-
mors, where dual BRCA and PARP deficiency results in synthetic lethal-
ity and cancer cell death. Conceivably, some of CBP/p300 inhibitors may
act in a triple, disadvantageous for cancer way: specifically targeting
acetyltransferase activity, arresting mitotic divisions, impairing DNA re-
pair by repressing PARP1 and declining enzymatic activity of PARP1 and
PARP10. The latter enzyme, which is overexpressed in numerous
human tumors, promotes cancer cell proliferation by alleviating replica-
tion stress and lesion bypass by recruiting specialized, non-replicative
DNA polymerases (Schleicher et al., 2018). Inhibitors of both enzymes
interact with NAD-binding domain and accordingly Gly863-Ser904-
Tyr907 motif in PARP1, and Gly888-Ala921-Ser927-Tyr932 in PARP10
as predicted with CB-Dock2. FDA approved indications for PARP inhibi-
tors (Olaparib, Rucaparib, Niraparib) in the management of ovarian can-
cer include maintenance following response to platinum-based
chemotherapy, Talazoparib is recommended for the treatment of
BRCA-mutated HER2-negative breast cancer and HRR gene-mutated
metastatic castration-resistant prostate cancer, whereas Veliparib is
still under investigation, but received FDA Orphan Drug Designation
for the treatment of advanced squamous non-small cell lung cancer
(Table 4). Molecular docking suggest that catalytic inhibitor of CBP/
p300 - LO02 may interact with catalytic domain of PARP1 and
PARP10, similarly to above described PARP inhibitors. If confirmed, the
reduction of PARP activity complementary to CBP/p300 inhibition of
acetyltransferase may potentiate anticancer activity of L002, particu-
larly in BRCA-mutated background. PARP1 appeared in the list of
CCS1477 off-targets according to SwissTargetPrediction. As same as
L002, it may interact with NAD-binding pocket, hence possibly compete
with substrate and decline PARP1 activity or trap the enzyme at the
DNA damage site. However, none of our predicting tools allows to antic-
ipate on the mechanism of L002 and CCS1477 action with regard to
their possible catalytic inhibition of PARPs or potency in triggering for-
mation of PARP-DNA complexes, which are more cytotoxic than
unrepaired single-strand breaks caused by PARP inactivation (Murai
etal, 2012).
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6.5. Multidrug resistance mediated by membrane proteins

Another aspect relevant to cancer treatment is chemotherapy failure
due to inter alia limitation of various anti-cancer drugs from entering
tumor tissues. Three CBP/p300 inhibitors, namely L002, PF-CBP1 and I-
CBP112, emerged possibly interacting with two key multidrug resis-
tance proteins such as P-glycoprotein (ABCB1) and BRCP (ABCG2),
which export xeno- and endobiotics from the interior of the tumor
cells or sequester them inside some organelles, but also strongly alter
the pharmacokinetic (PK) properties of various chemotherapy drugs
(Pilotto Heming et al., 2022). Although these two proteins is linked to
drug resistance and four generations of primarily P-glycoprotein or P-
glycoprotein/BRCP dual inhibitors were developed, none of these com-
pounds provides benefits that outweigh its known and potential risks
cancer therapies. Current anticancer approaches target majorly drug
binding pocket rather than nucleotide (ATP) binding domain of P-
glycoprotein and BRCP (Kowal et al., 2021; J.-Q. Wang et al., 2019).
Dual P-gp/BCRP inhibitor - Tariquidar shares similarity in the binding
profile to 5-cyano-6-phenylpyrimidin derivative, an another dual inhib-
itor with the documented amino acid residues of both enzymes in-
volved in protein-ligand interaction. This compound entered clinical
trials, which have already been completed or terminated, but has not
been approved by FDA yet for combined chemotherapy (Table 4). The
three anticancer drugs and BRCP substrates, namely topotecan,
mitoxantrone and doxorubicin, CBP/p300 inhibitors - LO02 and PF-
CBP1, and another clinically-relevant BRCP inhibitor - Uloric
(Febuxostat) as same as Tariquidar appeared to possibly interact with
at least five amino acid residues that create the following motif -
Thr435-Asn436-Phe439-Thr542-Met549 according to modeling in
CB-Dock2. The above mentioned Uloric was approved by FDA for the
treatment of non-cancer disease, but his repurposing to cancer
treatment is feasible since resent studies documented decline in BCRP-
mediated efflux of BRCP substrates in the intestine (Lehtisalo et al.,
2020) and anticancer drugs in chronic myeloid leukemia (CML) cells
(Ito et al., 2021).

Although predicting tools such as SwissTargetPrediction and pkSCM
indicated that L002 as well as all bromodomain and dual CBP/p300 in-
hibitors may inhibit activity of P-glycoprotein, only members of the
last group and CCS1477 phenocopied the binding profile of Tariquidar
and Mitotane, which is still under clinical evaluation in terms of safety
profile and increasing chemotherapy efficacy in adrenocortical cancer
(NCT00568139, NCT05634577, NCT03583710) (Table 4) (A Phase II
Study to Evaluate the Efficacy and Safety of Pembrolizumab in Combination
With Mitotane in Patients With Advanced Adrenocortical Carcinoma - Full
Text View - ClinicalTrials.Gov; Evaluation of Side Effects of Mitotane - Full
Text View - ClinicalTrials.Gov; Mitotane With or Without Cisplatin and Eto-
poside After Surgery in Treating Patients With Stage I-1II Adrenocortical
Cancer With High Risk of Recurrence - Full Text View - ClinicalTrials.Gov).
The last two confirmed P-glycoprotein inhibitors and three CBP/p300
inhibitors, namely CCS1477, NEO2734 and XP-524, agreeably interacted
with C3 cavity within extracellular, drug binding domains of the en-
zyme. Once the interaction with cavity 3 can be considered as inhibitory
mechanism, the three CBP/p300 inhibitors appear as attractive candi-
dates for an anti-efflux and, hopefully, anti-multidrug resistant agents
in cancers surviving the standard chemotherapy due to overexpression
or overactivity of P-glycoproteins. Bearing in mind their attractive pro-
file of single anticancer properties in the in vitro and in vivo tests, further
studies on their impact on combined anticancer therapies with standard
chemotherapy drugs, which more than once are substrates of P-
glycoprotein and other ABC proteins, might emerge attractive to im-
prove anticancer drug retention inside cancer cells.

Molecular docking indicated that other CBP/p300 inhibitors
interacted preferably with somehow overlapping cavities 1 and 2 of
P-glycoprotein, among which cavity 1 is primarily bound by



M. Strachowska and A. Robaszkiewicz

chemotherapy drug - doxorubicin previously reported as a substrate,
but also inducer of P-glycoprotein overexpression. This suggests that
the compound binding to cavity 3 may be associated with its inhibitory
impact on P-glycoprotein activity, whereas the interaction with cavity 1
and 2 rather suggests P-glycoprotein mediated transport across mem-
branes than inhibition of the enzyme. Anyway, this highly speculative
and far-going concept requires experimental validation. Particularly,
when at least four pharmacologically distinct drug binding sites within
the transmembrane domain of P-glycoprotein were identified and
assigned to poly-specificity of this ABC transporter (Mittra et al., 2017).

On the other hand, the interaction of CBP/p300 inhibitors with sub-
strate binding domains of multidrug resistance proteins may cause their
efflux thereby limiting their availability inside cells and inhibition of in-
tracellular target and off-target enzymes.

6.6. Immuno-oncology

Some of CBP/p300 inhibitors may interact with receptors for the two
key immunology ligands such as M-CSF (CFS1) and CCL2 (MCP1), which
promote cancer well-being by directly activating cancer cells and by af-
fecting monocyte/macrophage responses. Interaction of macrophage
colony-stimulating factor (M-CSF or CSF1) with its receptor (CSF1)
drives differentiation of macrophages, some of which infiltrate solid tu-
mors and can represent up to 50% of the tumor mass, where they con-
tribute to each stage of cancer development and progression by
releasing cytokines, growth factors, extracellular matrix-degrading en-
zymes, angiogenic factors and by inhibiting cytotoxic T-cell activity
(M2-like phenotype). Higher expression levels of M-CSF correlate
with higher histological tumor grading, more frequent metastases and
poor prognosis in various cancer types, including breast cancer, serous
and mucinous ovarian epithelial tumors, endometrioid carcinomas,
and papillary renal cell carcinoma (Laoui et al., 2014). Overstimulation
of CSF1-R promotes development of rare proliferative tenosynovial
giant cell tumor (Lamb, 2019) that that arises from the synovium, bur-
sae, or tendon sheaths. Pexidartinib (TURALIO™, Daiichi Sankyo), an
oral tyrosine kinase inhibitor with selective inhibition of CSF1-R, was
proved by FDA in 2019 as the systemic therapy for adult patients with
symptomatic tenosynovial giant cell tumor associated with severe mor-
bidity or functional limitations that were not amenable to improvement
with surgery (Table 4) (Monestime & Lazaridis, 2020). According to mo-
lecular docking with CB-Dock2, A-485 may bind the same domain in
CSF1R as Pexidartinib and other potent CSF1R inhibitor - Vimseltinib.
The two latter compounds interact with ATP binding site, and A-485
similarly to Vimseltinib is predicted to contact Lys616, Glu633,
Met637, His776, Gly795, Asp796, Phe797 motif and deeply penetrates
ATP binding cavity. Whether this interaction may compete with ATP re-
quires experimental verification. If confirmed patients diagnosed with
CBP/p300 and CSFR1 positive tumors could benefit from dual anticancer
activity of A-485 that includes CBP/p300 specific antiproliferative and
antimetastatic activity in cancer cells and immunomodulatory role in
macrophages.

CCL2-CCR2 axis were taken into focus as target in immune-oncology
since it acts as a monocyte chemoattractant and increases the recruit-
ment of tumor-associated macrophages into the tumor microenviron-
ment (Iwamoto et al.,, 2020) . However, recent study reported direct
impact of this cascade on cancer cell proliferation and migration via ac-
tivation of the phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(Akt) signaling pathway, Rac GTPase, activation of matrix metallopro-
teinase (MMP) 2, MMP9, Vimentin, Snail, and E-cadherin expression
in cancer cells as well as on induction of epithelial-mesenchymal transi-
tion (EMT) via Transducers and Activator of Transcription 3 (STAT3) ac-
tivation and IL6 overproduction. Ongoing clinical trials test efficacy of
CCR2/5 dual antagonist - BMS-813160 in combination with immuno-
modulatory drugs such as Nivolumab and BMS-986253 (Table 4), and
with standard chemotherapy based on Paclitaxel-derivatives,

15

Pharmacology & Therapeutics 257 (2024) 108636

Gemcitabine, Irinotecan, GVAX, Leucovorin, 5-Fluorouracil and other
in pancreatic, renal, colorectal, lung and hepatocellular cancer. The pre-
dicted binding sites for BMS-813160 and PF-CBP1 span orthosteric
pocket of the receptor that is localized on the extracellular side and
was reported to be a key binding site for orthosteric BMS-681 antago-
nist that was capable of interfering with the chemokine binding (Y.
Zheng et al., 2016). This suggests that PF-CBP1 may be considered as
possible antagonist of CCR2. The anticancer properties of this compound
resulting from specific targeting CBP/p300 could be potentiated in CCR2
expressing cells.

7. Conclusions / summary

Although all above-described interactions between CBP/P300 inhib-
itors and off-targets require experimental evidence in both in vitro and
in vivo models, the possible benefits of simultaneous targeting of CBP/
p300 and non-CBP/p300 cancer relevant proteins should be taken into
consideration. Particularly, when some of these compounds likely inter-
act with two or more therapeutically important off-targets or inhibit
and repress several mediators within the same signaling cascade. Devel-
opment of personalized medicine, which is based on profiling of ge-
nomes, transcriptomes and proteomes, allows to disclose cancer
weakness in the individual patients. Therefore, the possible interaction
of CBP/p300 inhibitors with identified fusion proteins, mutated or
non-mutated gene products, overexpressed signal mediators or cancer
distinctive drivers, may result in a more promising and desired out-
come. Ideally, once the off-target activity of CBP/p300 inhibitors is con-
firmed in non-toxic doses, some of FDA approved or clinically tested
drug candidates such as these listed above can be replaced or
complemented by acetyltransferase inhibitors that will additionally re-
press CBP/P300-dependent gene transcription. If they have failed in
monotherapy like single BET inhibitors, a combination with small mol-
ecule inhibitors of Abl, VEGFR, or mTOR kinases, CDK4/6, PARPs, which
have been approved by the FDA, or standard chemotherapeutics may
increase the efficacy of the therapy.
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Poliploidia jako rezultat terapii przeciwnowotworowych

i przyczyna braku ich skutecznosci

STRESZCZENIE

Poliploidia komorek nowotworowych obok ich wrodzonej i nabytej opornosci jest opi-
sywana jako mechanizm odpowiedzialny za nieskutecznos¢ terapii przeciwnowotworo-
wych opartych gléwnie na zwiazkach cyto- i genotoksycznych. Jest ona odpowiedzia czesci
komorek na dzialanie lekéw, ktore indukuja w nich endoreduplikacje, nieprawidlowa cy-
tokineze, fuzje lub kanibalizm, co w konsekwencji prowadzi do zwielokrotnienia poziomu
DNA, zatrzymania podzialéw i unikniecia $mierci. Odtworzenie raka nastepuje w wyniku
depoliploidyzacji komorek poliploidalnych na drodze neozy, podzialow amitotycznych i
podobnych do mejozy. W pracy przegladowej prezentujemy poznane dotychczas mechani-
zmy odpowiedzialne za powstawanie komorek poliploidalnych, ich gtéwne cechy i role w
nawrotach raka. Przedstawiamy rowniez obecnie brane pod uwage podejscia, celujace w me-
tabolizm i Sciezki sygnalowe, ktére sa niezbedne do funkcjonowania komérek poliploidal-
nych. Dane literaturowe wskazuja, ze zastosowanie chemioterapii lub radioterapii w skoja-
rzeniu ze zwigzkami hamujacymi powstawanie lub eliminujacymi komérki poliploidalne
moze w istotny sposéb zwiekszy¢ skutecznosé leczenia.

WPROWADZENIE

Wspdlczesne terapie przeciwnowotworowe obejmuja wiele sposobéw lecze-
nia, jednak calkowite wyleczenie nowotworéw ztosliwych, do ktérych naleza
takze raki wywodzace sie z tkanki nabtonkowej, pozostaje bardzo trudnym za-
daniem. Wynika to z mechanizméw przetrwania wyksztalcanych przez te ko-
morki, czesto w odpowiedzi na zastosowane leczenie. Dostepne sa liczne podej-
Scia terapeutyczne majace na celu zwalczenie nowotworéw ztosliwych. Zalicza
sie do nich chemioterapie, radioterapie, immunoterapie, terapie celowang oraz
spersonalizowang. Pomimo tego w wielu przypadkach stosuje sie chemioterapie
przez wzglad na miedzy innymi wysoka dostepnosé¢ lekéw o ré6znym mecha-
nizmie dziatania. Warunkuje to mozliwos¢ dostosowania leku do danego typu
nowotworu zlosliwego, zmiane leczenia w przypadku nabycia opornosci przez
nowotwor i taczenie lekéw w terapie skojarzone. Chemioterapia stosowana jest
czesto w przypadku nowotworéw ztosliwych zdiagnozowanych w péznych
stadiach choroby, charakteryzujacych sie obecnoscia komoérek aktywnie proli-
ferujacych, tworzacych przerzuty i pozbawionych charakterystycznych marke-
réow dla terapii celowanej, co ogranicza mozliwos¢ zastosowania innych form
leczenia [1].

Komoérki nowotworowe namnazajace sie w wyniku podzialéw mitotycznych
przechodza przez kilka nastepujacych po sobie etapéw cyklu komoérkowego,
ktéry ma na celu zwielokrotnienie, a nastepnie rozdzielenie materiatu gene-
tycznego i cytoplazmy pomiedzy dwie komoérki potomne. Obejmuje on podziat
komorki (kariokineze i cytokineze) oraz okres miedzypodzialowy - interfaze,
na ktora skladaja sie fazy G1, S i G2. Zaburzenia w przebiegu cyklu komorko-
wego i zaburzenia funkcjonowania punktéw kontrolnych na granicy kolejnych
jego faz moga prowadzi¢ do niekontrolowanego podziatu komérek, co sprzyja
transformacji nowotworowej i postepowi choroby. Leki przeciwnowotworowe
stosowane w chemioterapii maja na celu blokowanie podzialéw mitotycznych
i indukowanie réznych typéw $mierci komoérki, czesto poprzez powodowanie
uszkodzeri DNA, wywolywanie zaburzenn w procesie replikacji czy cytokine-
zy. Jednak w trakcie terapii nowotwory zlosliwe wytwarzaja lub utrwalaja juz
istniejgce mechanizmy umozliwiajace im adaptacje do warunkéw stresowych
wywolywanych przez chemioterapeutyki. Do najczeéciej wymienianych naleza
nadekspresja transporteréw ABC i biatek naprawy uszkodzeri DNA oraz two-
rzenie komoérek poli-aneuploidalnych [2,3]. Komérki poliploidalne charaktery-
zujq sie zwiekszona liczba calych chromosoméw w komorce i stanowia wazny
obszar badan w dziedzinie biologii nowotworéw, poniewaz procentowy udziat
komoérek poliploidalnych Iub majacych zdolnoé¢ do przechodzenia w stan po-
liploidii rosnie w odpowiedzi na terapie przeciwnowotworowe oraz w wyniku
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niedotlenienia lub braku sktadnikéw odzywczych [4]. W
wielu typach nowotworéw ztosliwych obserwuje sie olbrzy-
mie komorki z jednym ogromnym lub wieloma mniejszymi
jadrami i sa one okreslane jako poliploidalne olbrzymie ko-
moérki nowotworowe (ang. polyploid giant cancer cells, PGCC)
lub olbrzymie nowotworowe komorki wielojadrzaste (ang.
multinucleated giant cancer cells). Pierwszy termin jest aktual-
nie powszechnie akceptowany i stosowany przez wiekszosé
badaczy zajmujacych sie poliploidalnoscia komérek nowo-
tworowych. Chociaz PGCC stanowia stosunkowo niewiel-
ka czes¢ populacji komoérek w guzie wahajaca sie od 5% do
20% to zaklada sie obecnie, ze te ogromne komorki sa od-
powiedzialne za nawroty nowotworu po leczeniu i niesku-
tecznos¢ terapii [5-7].

Komoérki poliploidalne definiuje si¢ jako subpopulacje
komoérek nowotworowych zawierajacych jedno jadro ko-
moérkowe o zwielokrotnionej iloéci materialu genetyczne-
go lub wiele widocznie oddzielonych jader komérkowych
[8,9]. Powstawanie PGCC przyczynia sie do wytworzenia
heterogennosci genetycznej zwiekszajac prawdopodobien-
stwo przezycia przynajmniej cze$ci komoérek nowotworo-
wych w warunkach niekorzystnych. Niezaleznie od liczby
jader komérkowych PGCC charakteryzuja sie duzym roz-
miarem zaréwno samego jadra o nieregularnej strukturze
jak i calej komorki, jednak morfologia tych komérek rézni
sie¢ w zaleznosci od linii komérkowej [10]. Zhang i wsp. zde-
finiowali $redni rozmiar olbrzymiej komérki poliploidalnej
jako ponad trzykrotnie wiekszy od diploidalnej komorki
nowotworowej (od 3 do 10 razy) [11]. Dane literaturowe
wskazuja na mozliwos¢ wykorzystywania liczby PGCC
jako markera do oceny stopnia zlosliwosci i zréznicowania
guzow litych [9]. Pomimo znaczenia klinicznego, doktadne
mechanizmy lezace u podstaw indukowania polianeuplo-
idii i rozmieszczenia olbrzymich komérek w guzach pier-
wotnych i przerzutach po terapii przeciwnowotworowej
pozostaja stabo poznane.

PGCC moga pojawi¢ sie m.in. w odpowiedzi na promie-
niowanie jonizujace oraz leki przeciwnowotworowe stoso-
wane w chemioterapii [4,7], co najprawdopodobniej skutku-
je odnowieniem populacji komérek nowotworowych tym
samym przyczyniajac si¢ do wzrostu guza, przerzutowania
oraz wznowy [6]. Dlatego zrozumienie proceséw zwigza-
nych z tworzeniem sie poliploidii, znalezienie sposobu eli-
minacji PGCC i zapobiegania ich powstawaniu w trakcie
terapii moze przyczyni¢ sie do zwiekszenia skutecznosci
leczenia pacjentéw z nowotworami ztosliwymi, dla ktérych
leczeniem pierwszego wyboru jest chemio- i radioterapia
[6]. W niniejszej pracy wymieniamy i charakteryzujemy
obecnie znane mechanizmy powstawania polianeuploidii
indukowanej przez terapie przeciwnowotworowe, rzucajac
$wiatlo na implikacje tego procesu w obnizeniu skuteczno-
§ci chemioterapii i odtwarzaniu sie populacji komérek no-
wotworowych.

MECHANIZMY POWSTAWANIA KOMOREK

WIELOJADRZASTYCH A TERAPIE
PRZECIWNOWOTWOROWE

Diploidalne komorki nowotworowe moga by¢ prze-
ksztalcane w poliploidalne olbrzymie komoérki nowotwo-
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rowe na drodze proceséw takich jak: endoreduplikacja, po-
slizg mitotyczny, nieprawidtowa cytokineza, fuzja komoérek
lub kanibalizm mitotyczny (Ryc. 1) [6,9,12].

ENDOREDUPLIKACJA

Ten mechanizm powstawania PGCC obejmuje zabu-
rzenia przebiegu mitozy takie jak: endomitoza, endocykl,
poslizg mitotyczny i nieprawidlowa lub niewydolna cy-
tokineza. Endoreduplikacja to proces, w ktérym komorka
przechodzi przez cykl replikacji DNA bez podziatu komor-
ki i wigze sie z pominieciem mitozy (endocykl), ponownym
rozpoczeciem replikacji DNA w trakcie fazy S cyklu komor-
kowego (re-replikacja) lub przerwaniem mitozy (endomito-
za) [13,14]. Jednym z wymienionych wariantéw endoredu-
plikacji jest proces endomitozy, w ktérym komoérki rozpo-
czynaja mitoze, ale jej nie koniczg, co skutkuje powstaniem
komoérek o zwielokrotnionej ploidalnosci genomu [9]. Na
endocykl skladaja sie powtarzajace sie fazy Si G, w wyniku
ktérych powstaja komérki z pojedynczym poliploidalnym
jadrem [13,15]. Charakterystyczne dla endocyklu jest wy-
razne podwojenie iloéci DNA, co odréznia ten mechanizm
od nieprawidlowego procesu re-replikacji, ktéry charakte-
ryzuje sie niekontrolowana, ciagla reinicjacja syntezy DNA
w fazie S, w wyniku ktérej dochodzi do wzrostu zawartosci
DNA bez wyraznie rozpoznawalnych podwojeri genomu
[13,16]. Komorki endomitotyczne osiggaja metafaze lub
anafaze, ale nie przechodza cytokinezy, co skutkuje poli-
ploidalnymi jadrami, natomiast komérki endocykliczne nie
wykazuja cech mitozy, takich jak rozpad otoczki jadrowej
lub kondensacja chromosoméw [13].

Endoreduplikacja moze by¢ wywolywana przez rézne
czynniki, takie jak promieniowanie UV, hipoksja [17] czy
terapie przeciwnowotworowe, w tym radioterapie i che-
mioterapie obejmujaca rézne grupy lekéw przeciwnowo-
tworowych m.in.: czynniki alkilujgce (mitomycyna C) [18],
taksany (winkrystyna) [19,20], zwiazki zawierajace platyne
(cisplatyna) [21,22] czy inhibitory topoizomerazy II (dokso-
rubicyna, etopozyd) [23-25].

Proces endoreduplikacji utatwia progresje nowotworu
zwigkszajac tolerancje na bledy replikacji DNA. W prawi-
dtowych komoérkach po wystapieniu kilku rund re-replika-
qji aktywacji ulega szlak odpowiedzi na uszkodzenia DNA
(DDR) - ATM-CHEK2-p53 uruchamiany po wystapieniu
dwuniciowych peknie¢ DNA w komérkach dzielacych sie
na drodze mitozy [26]. W dalszej kolejnosci prowadzi to
do zatrzymania cyklu komoérkowego i naprawy uszkodzer
na drodze rekombinacji homologicznej (HR) lub niehomo-
logicznego taczenia koricow (NHE]) [27], badZz do $mierci
komérki na drodze apoptozy. Natomiast komoérki endo-
cykliczne unikajg apoptozy poprzez hamowanie ekspresji
gendéw proapoptotycznych [26]. Wyniki Mehrotra i wsp.
sugeruja, ze komorki endocykliczne nie ulegaja apoptozie,
poniewaz réwnowaga ekspresji pomiedzy genami pro- i an-
ty-apoptotycznymi jest przechylona w kierunku przetrwa-
nia komérek w endocyklu [26]. W komorkach tych czesto
obserwuje sie mutacje w genie TP53.

Zahamowanie procesu mitozy warunkuje zajécie endore-
duplikacji lub endocyklu. Zmiany w aktywnosci gtéwnych
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Rycina 1. Schematyczne przedstawienie mechanizméw prowadzacych do powstania poliploidii: endoreduplikacji, proces ten moze zachodzi¢ poprzez powtarzanie faz G
iS cyklu komérkowego (endocykl), wielokrotne powtarzanie fazy S cyklu komérkowego (re-replikacja) lub pomijanie etapéw mitozy w trakcie cyklu komérkowego (en-
domitoza); poslizgu mitotycznego, nieprawidlowej cytokinezy, fuzji komérek i kanibalizmu komérkowego (entozy). W wyniku tych proceséw moga powstawac komorki

poliploidalne z jednym lub wieloma jadrami komérkowymi.

regulatoréow cyklu komérkowego - komplekséw cyklin i
kinaz zaleznych od cyklin (cdks) prowadza do inaktywa-
qji kinazy mitotycznej cdkl [28]. U ssakéw i Drosophila w
trakcie endoreduplikacji poziom mitotycznych cyklin A i B
lub tylko cykliny B ulega obnizeniu, podczas gdy poziom
cykliny E utrzymuje sie. Naprzemienne fazy S i G endocy-
klu sa czesciowo regulowane przez kompleks cyklina E-
-Cdk2, ktérego akumulacja jest kluczowa dla syntezy DNA
[28]. Wysoki poziom aktywnosci CycE-Cdk2 wyzwala
faze S, podczas gdy obnizenie aktywnosci CycE-Cdk2 jest
kluczowe dla rozpoczecia replikacji [29]. W konsekwencji
komoérki przechodza rundy replikacji DNA i wzrostu bez
podziatu. Réwniez regulatory fazy G2, mitozy i cytokinezy
odgrywaja role w endoreduplikacji [26]. Czasteczki kontro-
lujace cytoszkielet, bruzde podzialu komérkowego lub cy-
tokinetyczny pierécien aktyno-miozynowy, takie jak RhoA,
odgrywaja role w endomitozie. Na przyklad, zr6znicowane
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hamowanie RhoA napedza endomitoze i p6Zniejsza poli-
ploidyzacje w megakariocytach [30]. Kinazy Aurora i po-
lo-podobne (PLKSs) sa zaangazowane w punkt kontrolny
montazu wrzeciona (SAC), a ich deregulacja moze prowa-
dzi¢ do niewydolnosci cytokinezy poprzez nieprawidlowsq
segregacje chromosoméw [31]. Kolejnym czynnikiem istot-
nym w procesie endoreduplikacji jest Anaphase-Promoting
Complex/Cyclosome (APC/C), ktéry degraduje miedzy in-
nymi mitotyczne cykliny, aby zapobiec wejsciu komoérki w
mitoze. Obnizenie aktywnosci APC/C skutkuje stabilizacja
biatka Gemininy, ktéra zapobiega ponownej replikacji DNA
w fazie S i blokuje progresje endocyklu [29]. Wahania po-
ziomu APC/C podczas endoreduplikacji sprzyjaja progresji
endocyklu [28].

Opisane przyklady interakcji pomiedzy kluczowymi dla
podziatéw mitotycznych biatkami umozliwiaja zachodze-
nie wspomnianych wariantéw endoreplikacji.
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POSLIZG MITOTYCZNY I
NIEPRAWIDELOWA CYTOKINEZA

Podlizg mitotyczny, czyli niekompletna mitoza, moze
skutkowaé podwojeniem genomu w interfazie [32]. Komor-
ki nie przechodza cytokinezy, czyli podziatu cytoplazmy i
organelli, ktéra jest ostatnim etapem podziatu komérkowe-
go. Proces cytokinezy zachodzi tuz po mitozie. W srodkowej
czesci komorki powstaje kurczliwy pieréciers zbudowany z
aktyny, miozyny i innych biatek. Skurcz pierscienia prowa-
dzi do powstania bruzdy podziatowej, ktéra wraz z poste-
pem cytokinezy tworzy bariere blonowa miedzy zawarto-
Scia cytoplazmatyczng kazdej komorki potomnej. Kurcza-
ca sie bruzda zweza skladniki strefy srodkowej wrzeciona
podzialowego w strukture zwang ciatem Srodkowym. W
koricowym etapie cytokinezy bruzda ,zamyka sie”, tworzac
dwie oddzielne komoérki Do przerwania cytokinezy moze
prowadzié¢ rozregulowanie punktéw kontrolnych cyklu ko-
morkowego, a to z kolei moze skutkowac¢ powstawaniem
komoérek tetraploidalnych i poliploidalnych [33]. Za jeden z
mechanizméw mogacych mie¢ istotny zwiazek z aneuplo-
idia i poliploidia w komérkach nowotworowych uwazana
jest nadmierna aktywacja punktu kontrolnego skladania
wrzeciona kariokinetycznego SAC (ang. spindle assembly
checkpoint), ktéry zapewnia dwubiegunowe mocowanie
wrzeciona podzialowego przed rozpoczeciem anafazy [34].
Kluczowym biatkiem zaangazowanym w SAC jest ligaza
ubikwityny E3, CDC20, ktéra wiaze si¢ z bialkami mito-
tycznego punktu kontrolnego: Mad2 (ang. mitotic arrest-de-
ficient 2) i BubR1 (ang. budding uninhibited by benzimidazoles
related 1), a nastepnie hamuje mediowana przez APC/C
ubikwitynacje cykliny B i sekuryny [35], co w normalnych
komérkach prowadzi do anafazy. Uwaza sig, ze nadmierna
aktywacja Mad? jest odpowiedzialna za indukcje aneuplo-
idii i poliploidii w nowotworach [34], a nadekspresja Mad2
powoduje poliploidie w wyniku niepowodzenia cytokinezy
[36].

Zwielokrotniona liczba chromosoméw bedaca nastep-
stwem poslizgu mitotycznego pozostaje w obrebie jednej
poliploidalnej komoérki. Czynnikiem prowadzacym do tego
zjawiska jest chemioterapia indukujaca uszkodzenia DNA
oraz zatrzymanie syntezy lub depolimeryzacji mikrotubul
[37]. Pierwszy przypadek moga reprezentowaé komorki po-
tréjnie ujemnego raka piersi (ang. triple negative breast can-
cer - TNBC) - linia MDA-MB-231 z mutacja w genie TP53,
ktére odpowiadaty na dziatanie antracykliny - doksorubi-
cyny poliploidia zachodzaca na drodze poslizgu mitotycz-
nego. Réwniez antymetabolity takie jak 5-fluorouracyl w
polaczeniu z sulforafanem moga prowadzi¢ do poliploidii
w komorkach TNBC [38]. Innym lekiem powodujacym nie-
prawidtowa cytokineze i w konsekwencji powstawanie po-
liploidii w komérkach niedrobnokomérkowego raka ptuc z
niedoborem ERCC1 (ang. excision repair cross-complementa-
tion group 1) byla cisplatyna [39]. Z kolei taksany hamuja
funkcje wrzeciona podzialowego a tym samym podziat ko-
morki, co moze prowadzi¢ do zajscia niepetnego cyklu ko-
moérkowego - bez cytokinezy i indukgji tetraploidii [40]. Ba-
dania prowadzone na komoérkach jajnika (komoérki chomika
CHO i czlowieka A2780) wykazaly, ze taksol prowadzit do
zablokowania mitozy, jednak komorki przetamywaly blok
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mitotyczny i kontynuowaly cykl komérkowy bez cytokine-
zy tworzac wielojadrzaste komoérki poliploidalne [41].

FUZJA KOMOREK

Innym sposobem powstawania poliploidii jest fuzja
dwoch komorek, ktéra moze zachodzi¢ miedzy komorka-
mi tego samego lub innego typu. Fuzja komoérek nowo-
tworowych jest zjawiskiem wystepujacym m.in. w guzach
litych i prowadzi do wytworzenia subpopulacji komérek
nowotworowych o wiekszej zawartoéci DNA [42]. Ponad-
to, fuzja komoérek zréznicowanych z komérkami macierzy-
stymi moze odpowiadac za powstawanie nowotworowych
komorek macierzystych, ktére stanowia niewielki odsetek
komorek masy guza, ale sa kluczowe dla wczesnych etapow
jego wzrostu. Fuzja miedzy komérkami nowotworowymi a
komoérkami $rédbtonka czy limfatycznymi moze ulatwiac
angiogeneze (proces tworzenia si¢ naczyn krwionoénych)
i limfangiogeneze (powstawanie naczyn limfatycznych) w
obrebie guza, a tym samym przyspieszac jego wzrost [43].
Niedotlenienie jest opisywane jako jeden z czynnikéw wy-
zwalajacych fuzje komorek i tworzenie PGCC [6,10], ale
inne warunki, takie jak radioterapia [44] i chemioterapia
[45], réwniez moga sprzyjac temu procesowi. W komérkach
glejaka $miertelna dawka promieniowania selekcjonuje
oporng subpopulacje (7-10% komorek), ktéra przejsciowo
zatrzymuje sie w fazie G2/M i przezywa terapie. Ocenia sie,
ze komorki te powstaja w wyniku fuzji. Badania przepro-
wadzone na mieszanych kulturach zawierajacych komorki
znakowane zielonymi i czerwonymi reporterami fluore-
scencyjnymi eksponowanymi na promieniowanie wykaza-
ty, ze wigkszos¢ komorek, ktére przezyly eksperyment emi-
towala zotty sygnal [44]. Wydaje sie jednak, ze mechanizm
ten nie jest jednym z czestszych sposobdéw powstawania
poliploidii. W komérkach raka piersi i jajnika tylko 10-20%
PGCC powstato w wyniku fuzji, a w komérkach sluzakow-
t6kniakomiesaka (ang. myxofibrosarcoma) tylko jedna z wielu
PGCC powstata w wyniku tego mechanizmu [46].

KANIBALIZM KOMORKOWY

Kanibalizm komérkowy (entoza) jest definiowany jako
proces wchlaniania jednej komorki przez drugg, co skutku-
je pojawieniem sie calych komoérek w duzych wakuolach i
moze prowadzi¢ do poliploidii w nowotworach [47]. Podob-
nie jak fuzja proces ten moze zachodzi¢ miedzy komérkami
réznych typéw lub miedzy komoérkami tego samego rodza-
ju, jednak najczesciej obserwowany jest miedzy komoérkami
nowotworowymi i jest wskaznikiem zlego rokowania [48-
50]. Kanibalizm komérkowy mozna uzna¢ za mechanizm
przetrwania w niekorzystnych warunkach, takich jak nie-
dobér sktadnikéw odzywczych, niedotlenienie lub kwasne
pH [6]. Entoza obejmuje tworzenie potaczen adhezyjnych
miedzy komérkami nablonkowymi, w ktérych posredniczy
E-kadheryna, a nastepnie pochlanianie w sposéb zalezny od
Rho-GTPazy i kinazy Rho [6,51]. Wykazano, ze kanibalizm
komoérkowy moze prowadzi¢ do progresji nowotworu po-
przez indukowanie poliploidii w komérkach. Do tworzenia
poliploidii dochodzi na skutek zakt6cenia podzialu komor-
kowego, poniewaz wchlonieta komoérka stanowi fizyczna
przeszkode w cytoplazmie gospodarza, co uniemozliwia
prawidlowe zakonczenie cytokinezy i podzialu komor-
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ki[50]. W rezultacie komoérka zewnetrzna moze ulec poli-
ploidyzaciji.

ZNACZENIE KOMOREK WIELOJADRZASTYCH
W OPORNOSCI NA LEKI, PROGRES]I
NOWOTWOROW ORAZ GENEZA KOMOREK
POTOMNYCH O FENOTYPIE OPORNYM

Zjawisko poliploidii pojawia sie przede wszystkim jako
skutek dziatania lekéw cytotoksycznych, ktére pozostaja
podstawowa i najczestsza metoda leczenia nowotwordéw.
Cisplatyna, doksorubicyna (Adriamycyna), docetaksel
(Taksotere), irynotekan (CPT-11, Camptosar®), czy peme-
treksed (Alimta) to cytostatyki powszechnie wykorzysty-
wane w leczeniu, miedzy innymi raka szyjki macicy, raka
pluc czy raka piersi. Was i wsp. w swojej pracy okreslili
istotng role wymienonych lekéw w formowaniu si¢ poli-
ploidalnych komoérek olbrzymich [6]. Cecha komérek poli-
ploidalnych jest ich mozliwo$¢ przetrwania terapii poprzez
przejscie w stan ,spoczynku”, pozwalajacy na ochrone
DNA przed uszkodzeniami dzieki zatrzymaniu podziatéw
mitotycznych. PGCC charakteryzuja sie takze zwiekszona
zdolnoscia do inwazji i wyzszym potencjalem przerzuto-
wym [52]. Poza opornoscia na cytostatyki wykazuja one
zwiekszona ekspresje genéw opornosci na stres wywolany
takimi czynnikami jak niedotlenienie (hipoksja), ciénienie
mechaniczne, czy stan zakwaszenia érodowiska, ktére sa
typowe dla srodowiska wewnatrz guza [53].

Bukkuri i wspétautorzy stworzyli matematyczne mo-
dele do badania zjawiska opornosci w populacjach komo-
rek poddanych chemioterapii. Wedlug nich aneuploidalne
komoérki nowotworowe, charakteryzujace sie anormalna
liczba chromosoméw 2N+, ich zmianami strukturalnymi,
delecjami i amplifikacjami, moga przejs¢ do stanu niepro-
liferacyjnego (PACC - odpowiednik PGCC) poprzez polia-
neuploidalng tranzycje [54]. Stan spoczynku PACC pojawia
si¢ jako nastepstwo endocyklu, ktéry prowadzi do podwo-
jenia materialu genomowego, w wyniku czego komorka
posiada wiecej materialu genetycznego niz w klasycznej
fazie G2. Komérki wprowadzone w stan PACC wyzwalaja

proces ewolucyjnosci, ktory polega na zdolnosci do gene-
rowania dziedzicznej oraz adaptacyjnej zmiennosci fenoty-
powej [55]. Proces depoliploidyzacji umozliwia komérkom
powr6t do stanu 2N+, a tym samym kontynuacje cyklu ko-
moérkowego i ponowny podzial [54]. W nastepstwie tego
zjawiska powstaja komorki o fenotypie chemioopornym
(Ryc. 2).

Obecnie wyréznia sie dwa procesy, ktére prowadza
do redukcji poliploidalnosci. Zespét z Shanghaiu w bada-
niach in vitro i in vivo zaobserwowal unikalny mechanizm
podziatu komérkowego PGCC zwany neoza [7]. Ten typ
podziatu charakteryzuje si¢ kariokineza, ktéra zachodzi w
wyniku paczkowania jadrowego. W kolejnym etapie ko-
morka przechodzi proces asymetrycznej cytokinezy, ktéra
prowadzi do powstania jednojadrzastych, diploidalnych i
aneuploidalnych komérek , Raju” [56]. W procesie tym eks-
presji ulegaja geny typowe dla mejozy. Powstate w proce-
sie depoliploidyzacji poliploidalne komoérki nowotworowe
2N+ maja mozliwoé¢ powrotu do stanu diploidalnego [7].
Drugi typ redukgji poliploidalnosci polega na rozdzieleniu
chromatyd siostrzanych na dwie komérki potomne w tak
zwanym , péZnym okresie mitozy”. W rezultacie nastepuje
proces redukcji ze stanu tetraploidalnego do diploidalnego.
Po tym etapie w ramach mejozy nastepuja dwie dodatkowe
transformacje eliminujace ploidalnosé komorki tetraploidal-
nej do haploidalnej [7].

Jedna z dwéch hipotez ttumaczacych powstawanie opor-
nosci krzyzowej nowotworéw na chemioterapeutyki o r6z-
nej strukturze chemicznej i niezaleznym sposobie dziatania,
jest wpltyw pamieci PGCC i skrécony czas ponownej tran-
zycji polianeuploidalnej po kolejnej dawce lekéw. Druga z
badanych hipotez uwzglednia wyzszy poziom wrodzonej
opornosci na chemioterapeutyki. Zespot badawczy do zwe-
ryfikowania hipotez wykorzystal stochastyczna symulacje
eko-ewolucyjnej dynamiki badanych populacji komoérek
nowotworowych, jednakze zadna z dwéch hipotez nie zo-
stala dotychczas zweryfikowana eksperymentalnie.
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Rycina 2. Schemat przedstawiajacy procesy prowadzace do powstania komérek w stanie spoczynku PACC, a nastepnie komérek potomnych o fenotypie opornym.

Postepy Biochemii 70 (3) 2024

329



Coraz czesciej méwi sie o zwigzku oraz podobieristwach
komorek w stanie PACC/PGCC do komorek, w ktérych
starzenie zostalo wyindukowane w nastepstwie terapii. Si-
kora i wspélautorzy wyréznili starzenie (ang. therapy-indu-
ced senescence - TIS) i poliploidie (ang. therapy-induced poli-
ploidy - TIP) jako dwa typy odpowiedzi na dzialanie terapii
przeciwnowotworowych. W przypadku obydwu typéw ko-
morek obserwuje sie zatrzymanie podziatéw komoérkowych
w nastepstwie aktywacji szlakéw p53 i Rb, czesta autofagie,
wyzszy poziom uszkodzeri DNA, podobny profil ekspresji
wielu genéw i przywroécenie ekspresji genéw charaktery-
stycznych dla komoérek macierzystych. W przeciwienstwie
do PACC/PGCC, ktére na drodze depoliploidyzacji moga
odzyska¢ zdolnos¢ do proliferacji, zatrzymanie komoérek
starzejacych sie w fazie GO lub G1 cyklu uniemozliwia ich
powrd6t do mitozy i unikniecie $mierci. Zasugerowano jed-
nak, ze starzejace sie komoérki nowotworowe moga zmie-
nia¢ si¢ w komérki poliploidalne, aby unikngé $mierci wy-
wolywanej leczeniem przeciwnowotworowym [57, 58].

Macierzyste wtasciwosci PACC/PGCC przejawiajg sie
glownie poprzez profil ekspresji genéw takich jak CD44 i
CD133, co sklonito do poréwnania ich do nowotworowych
komorek macierzystych. Wzglednie wysoki poziom biatek
SOX2, Nanog i OCT4 zapewnia im zdolnos¢ do ponownej
proliferacji i réznicowania w wiele typéw komorek. Ponad-
to, pierwsza generacja komoérek potomnych posiada marke-
ry typowe dla macierzystych komérek nowotworowych [7].
Niu i inni wykazali, ze PGCC formujace si¢ w raku jajnika
posiadaja podwyzszona ekspresje markeréw embrional-
nych komérek macierzystych, takich jak OCT4, NANOG,
SOX2 i SOX4 [45]. Komorki potomne pochodzace z PGCC
wykazywaty co prawda obnizong zdolnos¢ do inwazji, ale
zwigkszona opornoé¢ na paklitaksel. Wyzsza czestos¢ ko-
morek poliploidalnych zaobserwowano u pacjentéw z no-
wotworami terminalnymi, u ktérych nowotwoér nie reagu-

je na leczenie, a powstawanie komorek anaplastycznych
PGCC nasilalo sie po kolejnych cyklach chemioterapii [45].
Ponadto, PGCC spotykane sg czesciej w przerzutach niz w
nowotworach pierwotnych. Zaleznosé¢ ta zaobserwowano
podczas hodowli poréwnawczej pierwotnego guza trzust-
ki i przerzutow do otrzewnej [59]. W badaniach przepro-
wadzonych przez Pienta i innych pokazano, Zze w wyniku
6-dniowego traktowania komoérek raka prostaty PC3 doce-
taxelem w hodowli pozostajg niemal wylgcznie komérki o
fenotypie poliploidalnym, co jednoznacznie wskazuje na ich
charakter oporny wzgledem tego chemioterapeutyku [52].

W dwéch liniach raka jajnika A2789 i SCOV-3 zaobser-
wowano powstawanie znacznej liczby komoérek poliplo-
idalnych o wielkosci do 100 pm po 7 dniach od zakoriczenia
72-godzinnej inkubacji hodowli z cisplatyng. Pomiar zawar-
tosci materiatu genetycznego w komoérkach PGCC wskazal
na 2,0- i 4,7-krotny wzrost zawartosci DNA wzgledem ko-
morek diploidalnych. W przytoczonym przykladzie polinu-
kleacja okazata si¢ by¢ réwniez mechanizmem opornosci na
cisplatyne [53]. Ponadto, warunki nasladujace niedotlenie-
nie wywolane inkubacja komoérek raka jajnika z chlorkiem
kobaltu (CoCl,)) takze prowadzily do indukcji komorek
PGCC opornych na pochodna platyny. Traktowanie linii
MCEF7 (rak piersi), T29H (rak jajnika) oraz HEY (rak jajnika)
paklitakselem w stezeniu 1 pM indukowalto tranzycje polia-
neuploidalng oraz przejscie komorek do stanu statycznego
PGCC trwajacego od 4 do 6 miesiecy, po ktérym rozpoczeta
sie neoza i generowanie komoérek potomnych [60].

PERSPEKTYWY HAMOWANIA POLIPLOIDII
INDUKOWANE] CHEMIO- I RADIOTERAPIA ORAZ
ELIMINOWANIA KOMOREK POLIPLOIDALNYCH

Poniewaz powstawanie poliploidalnych komérek nowo-
tworowych w znaczacym stopniu ogranicza powodzenie
terapii, badacze staraja sie opracowac nowe podejécia tera-
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Rycina 3. Schematyczne przedstawienie gléwnych proponowanych rozwigzan terapeutycznych w celu zwalczania poliploidalnych olbrzymich komérek nowotworo-

wych.
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peutyczne celujace w PGCC, a takze hamujace ich powsta-
wanie (Ryc. 3). Pod tym katem wyloniono kilka istotnych
réznic pomiedzy komérkami poliploidalnymi i diploidalny-
mi. Pierwszg z nich jest duzy rozmiar genomu i zwiekszona
objetos¢ komorek poliploidalnych, ktére w konsekwencji
zwigkszaja zapotrzebowanie energetyczne. Ponadto, zwigk-
szona ekspresja mRNA i biatek spowodowana zwiekszong
zawartoscia DNA wymaga wiekszych nakladéw metabo-
licznych. Wykazano, Zze komérki poliploidalne ostrej bia-
taczki szpikowej byly wrazliwe na dzialanie analogu glu-
kozy 2-DG. Sugeruje to, ze hamowanie istotnych szlakéw
metabolizmu komérkowego moze preferencyjnie zabijaé
poliploidalne komérki nowotworowe [5]. PGCC indukowa-
ne terapiq cisplastynowa charakteryzowaly sie zwiekszona
zawartoscig lipidow w poréwnaniu z nieleczonymi komor-
kami nowotworowymi. Terapia kwasem zoledronowym
(ZA), redukujaca poziom tltuszczowcow (lipidow) miala
silny wplyw hamujacy na PGCC, prowadzac do znacznej
zmiany w ich aktywnosci metabolicznej [61]. Podobnie,
zaburzenie syntezy cholesterolu za pomoca LCL521 lub
symwastatyny zapobiegato tworzeniu kolonii potomnych
PGCC [62]. Réwniez specyficzne inhibitory kinazy seryno-
wo-treoninowej mTOR, ktéra Iaczy przekazywanie sygnatu
komérkowego z metabolizmem i proliferacja komorek, pro-
muja apoptoze i autofagie w komérkach nowotworowych
ostrej biataczki szpikowej z poliploidia. Dodatkowo zwigk-
szaja skuteczno$¢ inhibitoréw kinazy Aurora, potwierdza-
jac tym samym, ze metabolizm nowotworu moze stanowic
realny punkt interwencji terapeutycznej przeciwko komor-
kom nowotworowym z poliploidia. Hamowanie sygnaliza-
¢ji mTOR zapobiegalo powstawaniu poliploidii wywolanej
terapig i utrzymywalo wrazliwos¢ komorek raka piersi i
trzustki na dziatanie chemioterapii [5]. System kinaz biatko-
wych aktywowanych AMP (AMPK), bedacy konserwatyw-
nym ewolucyjnie punktem kontrolnym niskiego poziomu
energii i dzialajacym jako kanoniczny supresor proliferacji
komorek, moze by¢ réwniez celem molekularnym prze-
ciwko poliploidii. Aktywacja AMPK przy uzyciu inhibito-
ra PDE-4, resweratrolu, salicylanu acetylu (aspiryny) oraz
nadekspresja AMPK selektywnie zwalczaja komorki tetra-
ploidalne. Wymienione przyklady sugeruja, ze aktywacja
AMPK przy uzyciu naturalnych produktéw, resweratrolu
i aspiryny, moze by¢ wykorzystana do specyficznego celo-
wania w tetraploidalne komérki nowotworowe w warun-
kach in vitro i in vivo [5].

Kolejng cecha wyrdzniajaca komorki poliploidalne jest
profil ekspresji i wydzielania przez nie cytokin. Mediatory
pro-zapalne takie jak interleukiny: IL-6, IL-8, IL-1p i Gro-1,
ulegaja nasilonej ekspresji w PGCC w odpowiedzi na szok
genotoksyczny wywolany lekiem, a ich sekrecja prowadzi
do przeprogramowania mikrosrodowiska nowotworu,
promujac w ten sposéb jego rozwoj. Zablokowanie funkcji
IL-6 przy uzyciu specyficznego przeciwciala (tocilizumab)
zmniejszyto wzrost guza u myszy z przeszczepionymi ko-
moérkami pochodzacymi od pacjentéw [63]. W innym bada-
niu wykazano, Zze hamowanie IL-1p wzmacniato proapop-
totyczne dzialanie docetakselu w PGCC [64]. Identyfikacja
biatek, ktére sa niezbedne do przezycia czy pézniejszych
podzialow komoérek o zwiekszonej ploidalnosci oraz do
proliferacji komorek potomnych stanowi obiecujaca strate-
gie do walki z PGCC. Wykazano, ze komoérki z duplikacja
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calego genomu sa bardziej zalezne od KIF18A w poréwna-
niu do ich normalnych odpowiednikéw [65]. Biatko KIF18A
nalezace do nadrodziny kinezyn wykorzystuje hydrolize
ATP do depolimeryzacji mikrotubul w czasie podziatéw
mitotycznych, bedac tym samym istotnym elementem sys-
temu umozliwiajacego proliferacje komorek. Biatkiem za-
angazowanym w powstawanie PGCC jest PRL3, ulegajace
specyficznej nadekspresji w 80,6% nowotworéw. Badania
na modelu mysim wskazaly skuteczno$¢ immunoterapii
opartej na humanizowanym przeciwciele PRL3-zumab, kto-
ra ograniczala nawrét nowotworu [66]. W pierwszej fazie
badan klinicznych nad nowotworami opornymi na leczenie
i hematologicznymi przeciwciato to okazalo sie by¢ skutecz-
ne u czesci pacjentéw z guzami litymi [67].

Kolejnym podejsciem do problemu poliploidalnosci sa
proby indukowania senescencji i $mierci komérkowej [63].
Flawopirydol, inhibitor kinaz zaleznych od cyklin (CDK) o
szerokim spektrum dziatania wykazat potencjat do zmniej-
szenia indukcji PGCC przez leki oddziatujace na wrzeciono
podziatowe. Leczenie flawopirydolem zatrzymato komorki
nowotworowe w fazie G1 i zapobiegalo tworzeniu komoé-
rek poliploidalnych poprzez endoreduplikacje [68]. Z kolei
zablokowanie biatka mitotycznego PLK1 zmniejszalo prze-
zycie tetraploidalnych komoérek nowotworu jelita grubego
[69]. Inhibitory HDAC (deacetylazy histonéw) hamuja pro-
liferacje komoérek nowotworowych i nowotworowych ko-
morek macierzystych, tranzycje epitelialno-mezenchymal-
na i samoodnowe guzéw, ograniczajgc tym samym inwazje
raka i przerzuty. Badania wykazaly, ze inhibitory HDAC
znaczaco zmniejszaja pule PGCC indukowanych lekami
przeciwnowotworowymi [70,71]. Hamowanie aktywnosci
bialek antyapoptotycznych moze by¢ strategia eliminacji
komoérek wielojadrzastych. Zahamowanie aktywnosci Bcl-
-xL przez drobnoczasteczkowy inhibitor ABT-263 lub siR-
NA powoduje szybki zanik komorek poliploidalnych w
populacji komorek ostrej biataczki szpikowej [72]. W przy-
padku chtoniakéw z komérek B zastosowanie Venetoclaxu,
ktory jest inhibitorem BCL-2, umozliwilo eliminacje komo-
rek PGCC [73]. PGCC wykazuja niedostateczng ekspresje
regulatoréw ferroptozy (FTL, FTH1 i SLC3A2) i zwiekszony
poziom RFT, co charakteryzuje komérki wrazliwe na za-
lezng od zelaza nieapoptotyczna $mier¢ komoérek. Potwier-
dzono to w badaniach z uzyciem 5 induktoréw ferroptozy,
ktérych mechanizm dziatania opieral sie na hamowaniu pe-
roksydazy glutationowej 4 (RSL3, ML162, FINO2 i ML210)
lub systemie Xc- (IKE). Wszystkie analizowane zwiazki ob-
nizaly przezywalnos¢ PGCC nowotworu piersi [70].

Wykazano, ze autofagia odgrywa kluczowa role w in-
dukcji PGCC. Modulatory autofagii takie jak hydroksy-
chlorochina, nelfinawir i rapamycyna zastosowane po che-
mioterapii redukowaly liczbe powstajacych PGCC w raku
jajnika i moga w przysztosci staé sie istotnym elementem
skojarzonych terapii przeciwnowotworowych [74].

Hipoksja sprzyja powstawaniu PGCC, dlatego celowanie
w niedotlenione mikrosrodowisko guza lub w odpowiedz
komorek na ograniczony dostep do tlenu moze hamowac
poliploidie [10]. W komérkach poliploidalnych indukowa-
nych CoCl, ekspresja HIFla, gtéwnego czynnika transkryp-
cyjnego aktywowanego niedoborem tlenu, istotnie wzra-
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stala. Zmianie ulegala takze subkomoérkowa lokalizacja
tego biatka, co przekladato si¢ na zwiekszona proliferacje,
migracje i inwazje komérek potomnych wywodzacych sie z
komoérek poliploidalnych poddanych hipoksji. Wykazano,
ze czynnik transkrypcyjny zwigzany z mikroftalmig (MITF)
reguluje ekspresje HIF1a oraz SUMOilacje tego bialka [75].
Terapie celujace w MITF oraz HIFla moga zapobiega¢ po-
wstawaniu PGCC.

Zaproponowano réwniez inne rozwiazania ukierunko-
wane na PGCC, jednakze ich mechanizm nie zostal do korica
poznany. Dla przykladu, srodek antykoncepcyjny mifepri-
ston blokuje tworzenie komoérek poliploidalnych podczas
terapii olaparibem oraz redukuje wzrost guzéw opornych
na terapie inhibitorem PARP. Wéréd potencjalnych mecha-
nizméw wyrdznia sie promowanie réznicowania PGCC i
komoérek potomnych w kierunku linii fagodnych oraz blo-
kowanie dziatania receptora glukokortykoidowego przez
mifepriston [76]. Zwigzek antyestrogenowy tamoksyfen
moze przynosi¢ korzysci kliniczne w leczeniu raka prosta-
ty, glejaka i czerniaka, niezaleznie od sygnalizacji estroge-
nowej. Moze to wynika¢ z hamowania kwasnej ceramidazy
ASAH1, co zapobiega podzialom amitotycznym PGCC z
nieréwna dystrybucja materiatu genetycznego do komorek
potomnych [77].

Dokladne poznanie specyfiki komorek poliploidalnych,
ich cech charakterystycznych, swoistych markeréw i we-
wnatrzkomoérkowych proceséw inicjujacych ponowne po-
dzialy po etapie ich tymczasowego zahamowania moze
ujawnié nowe cele terapeutyczne do kontrolowania progre-
sji raka oraz niesie ze sobg wizje poprawy skutecznosci le-
czenia nowotwordéw za pomocg radio- i chemioterapii.

PODSUMOWANIE

Z punktu widzenia skutecznosci terapii przeciwno-
wotworowych zasadne jest réwnolegle zapobieganie po-
wstawaniu komoérek poliploidalnych oraz ich efektywna
eliminacja w trakcie radioterapii i chemioterapii. Obecnie
proponowane i testowane podejécia opieraja sie glownie
na wykorzystaniu zwigzkéw ingerujacych w sygnaliza-
cje komoérkowa i metabolizm komérek PGCC. W dalszym
ciaggu nie wiemy czym charakteryzuja sie komorki, ktére
moga wchodzi¢ w cykle endoreduplikacji, unika¢ mitozy,
ulegad fuzji czy wchiania¢ komoérki sasiadujace. Wydaje sie,
Ze obecnie stosowane techniki takie jak sekwencjonowanie
pojedynczych komérek mogloby pomoéc zidentyfikowad
frakcje komoérek w populacji i wyloni¢ potencjalne prekur-
sory PGCC. Brakuje réwniez danych dotyczacych profilu
ekspresji genéw i prawdopodobnych zmian w genomach
komoérek potomnych PGCC. Czy neoza, asymetryczna mi-
toza i podzial podobny do mejozy odtwarzaja doktadnie
genomy komorek diploidalnych lub polianeuploidalnych
sprzed fazy PGCC? Czy tez przekazuja tylko , pamie¢” w
formie modyfikacji potranslacyjnych chromatyny i DNA
prowadzace do innej ekspresji genéw, a przez to adapta-
¢ji komérek potomnych do srodowiska, w ktérym dziataja
czynniki geno- i cytotoksyczne? Postep w zakresie nowych
technologii niewatpliwie ulatwi uzyskanie odpowiedzi na
te i wiele innych nasuwajacych sie pytan, ktére moga przy-
czyni¢ sie do opracowania terapii skojarzonych, gdzie jeden
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z lekéw wykorzysta stabe punkty komérek poliploidalnych,
ich prekursoréw lub komérek potomnych.
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ABSTRACT

In addition to innate and gained resistance, poliploidy of cancer cells is described as a mechanism responsible for lack of response or cancer
relapses after initial patient recovery. Formation of these cells is induced by cyto- and genotoxic agents, which trigger endoreduplication,
cytokinesis failure, cell fusion or canibalism. These processes lead to amplification of DNA, cell cycle arrest and escape from death. Cancer
reinitiation results from depolyploidization by neosis, amitotic and meiotic-like divisions. In this paper we review the known mechanisms,
which drive cancer cell transition to poliploidy, major features of these cells and their role in cancer progression. We also depict the current
approaches, which target metabolic and signaling pathways that are crucial for survival and functioning of polyploid cells. Literature data
indicate that the combination of chemotherapy and radiotherapy with agents capable of inhibiting or eliminating polyploid cells could sub-

stantially improve the success rate and efficacy of anticancer therapies.
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nad prowadzonymi badaniami.

Swoj udziat procentowy oceniam na 30%.

3) Strachowska, M.; Robaszkiewicz, A. (2024). Characteristics of anticancer activity of CBP/p300
inhibitors - Features of their classes, intracellular targets and future perspectives of their application

in cancer treatment. Pharmacology & therapeutics, 257, 108636.
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Méj wktad w niniejsza prace polegat na przygotowaniu koncepcji pracy, wyborze narzedzi do analizy in
silico, wykonaniu dokowania molekularnego dla wybranych zwiazkéw, a takze czesci analiz off-
targetéw, farmakokinetyki oraz wtasciwoéci ADMET badanych inhibitoréw CBP/p300, przygotowaniu
pierwotnej oraz edytowaniu finalnej wersji manuskryptu, a takze wspétuczestniczeniu w odpowiedzi

na recenzje.

Swaj udziat procentowy oceniam na 50%.

4) Kotacz, K.; Gronkowska, K.; Strachowska, M.; Robaszkiewicz, A. Poliploidia jako rezultat terapii
przeciwnowotworowych i przyczyna braku ich skutecznosci. Postepy biochemii, 325 — 335.

Méj wktad w niniejszg prace polegat na przygotowaniu koncepcji pracy przeglagdowej, okresleniu
zakresu wymaganych informacji oraz edytowaniu finalnej wersji manuskryptu.

Swdj udziat procentowy oceniam na 10%.
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1) Strachowska, M.; Gronkowska, K.; Michlewska, S.; Robaszkiewicz, A. (2021). CBP/p300
Bromodomain Inhibitor-1-CBP112 Declines Transcription of the Key ABC Transporters and Sensitizes
Cancer Cells to Chemotherapy Drugs. Cancers, 13(18), 4614.

MG4j wktad w niniejszg prace polegat na wykonaniu techniki Real-Time PCR w celu oceny zmian w
ekspresji transporteréw ABC po zastosowaniu I-CBP112 w linii A549 oraz edytowaniu finalnej wersji
manuskryptu. Swéj udziat procentowy oceniam na 5%.

2) Strachowska, M.; Gronkowska, K.; Sobczak, M.; Grodzicka, M.; Michlewska, S.; Kotacz, K.; Sarkar,
T.; Korszun, J.; lonov, M.; Robaszkiewicz, A. (2023). I-CBP112 declines overexpression of ATP-binding
cassette transporters and sensitized drug-resistant MDA-MB-231 and A549 cell lines to

chemotherapy drugs. Biomedicine & pharmacotherapy = Biomedecine & pharmacotherapie, 168,
115798.

MGj wktad w niniejsza prace polegat na scharakteryzowaniu profilu ekspresji transporteréw ABC oraz

ocenie wrazliwosci na cytostatyki komérek opornych na paklitaksel. Swoj udziat procentowy oceniam
na 17%.

3) Kotacz, K.; Gronkowska, K.; Strachowska, M.; Robaszkiewicz, A. Poliploidia jako rezultat terapii
przeciwnowotworowych i przyczyna braku ich skutecznoéci. Postepy biochemii, 325 - 335.

Moj wktad w niniejsza prace polegaf na przygotowaniu pierwotnej oraz edytowaniu finalnej wersiji
manuskryptu, wykonaniu ryciny 3, a takze wspétuczestniczeniu w odpowiedzi na recenzje. Swoj
udziat procentowy oceniam na 25%.
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J, lonov M, Robaszkiewicz A. |I-CBP112 declines overexpression of ATP-binding cassette transporters
and sensitized drug-resistant MDA-MB-231 and A549 cell lines to chemotherapy drugs. Biomed
Pharmacother. 2023 Dec;168:115798. doi: 10.1016/j.biopha.2023.115798. Epub 2023 Oct 31. PMID:
37913733.

Moj wkiad w niniejszg prace polegatl na wyprowadzeniu linii AS49 opornej na cisplatyne, wykonaniu
techniki ChIP-gPCR obejmujacej ocene wplywu inhibitora CBP/p300 na H3K4me3, a takze poréwnaniu
dziatania I-CBP112 na transkrypcje ABC w kombinacji z inhibitorem LSD1 (SP2509).

Swoj udzial procentowy oceniam na 5%.
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Méj wktad w niniejsza prace polegat na wykonaniu i opracowaniu zdje¢ z mikroskopii konfokalnej
obejmujacych okreélenie poziomu ekspresji transporteréow ABC oraz akumulowaniu lekéw, a takze
przygotowaniu czgéci metodycznej dotyczacej mikroskopii oraz edytowaniu finalnej wersji
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T.; Korszun, J.; lonov, M.; Robaszkiewicz, A. (2023). |-CBP112 declines overexpression of ATP-binding
cassette transporters and sensitized drug-resistant MDA-MB-231 and A549 cell lines to
chemotherapy drugs. Biomedicine & pharmacotherapy = Biomedecine & pharmacotherapie, 168,

115798.

Mdj wkiad w niniejsza prace polegat na wykonaniu i opracowaniu zdjgc¢ z mikroskopii konfokalnej
obejmujacych okreélenie poziomu ekspresji transporterow ABC, akumulowanie lekow w kulturach 2D
oraz 3D, a takze pomiary wielkosci sferoidéw. Ponadto pomogtam w przygotowaniu czesci
metodycznej dotyczacej mikroskopii oraz edytowaniu finalnej wersji manuskryptu. Swoj udziat
procentowy oceniam na 5%.
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eksperymentu obejmujgcego pomiar hemolizy, przygotowaniu czesci metodycznej manuskryptu
obejmujacej izolowanie komorek z kozuszka leukocytarnego oraz badaniu poziomu hemolizy po
zastosowaniu I-CBP112, a takze edytowaniu finalnej wersji manuskryptu. Swéj udziat procentowy

oceniam na 4%.
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chemotherapy drugs. Biomedicine & pharmacotherapy = Biomedecine & pharmacotherapie, 168,
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Méj wktad w niniejsza prace polegat na wykonaniu pomiaru akumulowania doksorubicyny po
traktowaniu komérek I-CBP112 oraz iABC z wykorzystaniem cytometrii przeptywowej oraz
edytowaniu finalnej wersji manuskryptu. Swdj udziat procentowy oceniam na 1%.
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przeciwnowotworowych i przyczyna braku ich skutecznosci. Postgpy biochemii, 325 - 335.

Mo6j wktad w niniejszg prace polegat na przygotowaniu pierwotnej oraz edytowaniu finalnej wersji
manuskryptu, wykonaniu ryciny 1 oraz streszczenia graficznego, a takze przygotowaniu odpowiedzi
na recenzje. Swoj udziat procentowy oceniam na 40%.
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