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Wykaz skrotow

2D: hodowle dwuwymiarowe

2DH: hodowle dwuwymiarowe w hipoksji

2DN: hodowle dwuwymiarowe w normoksji

3D: hodowle trojwymiarowe

ALDH: dehydrogenaza aldehydowa (ang. Aldehyde Dehydrogenase)

CAFs: fibroblasty zwiazane z nowotworem (ang. Cancer Associated Fibroblasts)
CSC: komorki macierzyste nowotworu

CYP: cytochrom (ang. Cytochrome)

ECM: macierz zewnatrzkomérkowa (ang. Extracellular Matrix)

EGF: naskorkowy czynnik wzrostu (ang. Epidermal Growth Factor),

EMT: przejscie epitelialno mezenchymalne (ang. Epithelial Mesenchymal Transition)
FGF: czynnik wzrostu fibroblastow (ang. Fibroblast Growth Factor

GST: transferazy glutationu-S (ang. Glutathione-S transferase)

HIF1a: czynnikik indukojacy hipoxie 1 alfa (ang. Hypoxia Inducible Factor 1a)
MDR: odpornos¢ wielolekowa (ang. Multi Drug Resistance)

Mmp: metaloproteinazy macierzy (ang. Matrix Metalloproteinase)

mTor: szlak ssaczego celu rapamycyny (ang. mammalian Target of Rapamycin Kinase)
PDGF: ptytkopochodny czynnik wzrost (ang. Platelet-derived Growth Factor)

pO2: ci$nienie parcjalne tlenu (ang. partial pressure of oxygen)

RCC: nowotwor nerki (ang. Renal cell carcinoma)

TGF: czynnik wzrostu nowotwordéw (ang. Tumor Growth Factor)

TKI: inhibitory kinaz tyrozynowych (ang. Tyrosine Kinase Inhibitors

TME: mikrosrodowisko nowotowru (ang. Tumor Microenvironment)

TNF: czynnik nekrotyczny nowotworu (ang. Tumor Necrosis Growth Factor
VEGF-A: naczyniowy czynnik wzrostu A (ang. Vascular endothelial growth factor A)

VHL.: tumor suppressor von Hippel-Lindau



Streszczenie

Syngeniczne modele zwierzgce sg jednym z najlepszych modeli do badan nad terapiami
nowotworowymi. Jednak nie zawsze mogg one zosta¢ wykorzystane, czgsto przez ich
wysoki  koszt, czy tez z powodow etycznych. Z tych wzgledow wybierane sa
dwuwymiarowe modele komorkowe. Metoda ta posiada wiele zalet, jednak nie uwzglednia
szeregu waznych aspektow tworzacych naturalne sSrodowisko guza. Alternatywa tych modeli
sg hodowle trojwymiarowe. Do tej pory opracowano ich wiele, ale ze wzgledu na rézne
czynniki, np. wysoki kosz, czy trudnos¢ w powtorzeniu skomplikowanych technik, szerokie
zastosowanie 3D w badaniach komoérkowych jest ograniczone. Celem niniejszej pracy byto
opracowanie uniwersalnego, prostego, trojwymiarowego modelu, ktory bedzie nasladowat
zjawiska zachodzgce W mikro$rodowisku guza. Postawiono nacisk na: trojwymiarowy
ksztalt guza, gradient cisnienia tlenu oraz indukcje mechanizméw zwigkszajacych
agresywnos¢ nowotworu (takie jak: CSC, EMT). Ponad to opracowany model miat by¢
tatwg alternatywa do badan z zastosowaniem lekow oraz mial umozliwi¢ zbadanie
mechanizméow  powodujacych indukcje lekoopornosci. W  celu  zweryfikowania
uniwersalnosci oraz uzytecznosci proponowanego modelu, wykorzystano dwa roznigce si¢
od siebie mechanizmem dziatania zwierzece modele nowotworow — czerniak (B16F10) oraz
rak nerki (RenCa). Opracowane modele porownano z odpowiadajagcymi im syngenicznymi
modelami mysimi oraz modelami dwuwymiarowymi. Wykonano szereg testow
z wykorzystaniem terapeutykow cechujgcych si¢ roznym mechanizmem dziatania
(ewerolimus, cisplatyna, doksorubicyna). Wykazano, ze model czerniaka oraz raka nerki
hodowlach trojwymiarowych, cechuja rézne mechanizmy zwigzane z progresjg raka —
w raku nerki wzrosta populacja komorek o fenotypie CSC, natomiast w modelu czerniaka
doszto do indukcji zjawiska EMT. Udowodniono, ze zaproponowane modele odwzorowuja
mikrosrodowisko guza pod wzgledem zatozonych cech. Wykazano, ze sferoidy nowotworu
skory, wykazuja mniejsza wrazliwo$¢ na wszystkie zastosowane leki, natomiast dla
nowotworu nerki obserwowano niska wrazliwos¢ tylko na doksorubicyna. Stwierdzono,
roznica W wrazliwosciach na leki miedzy hodowlami dwu- i trojwymiarowymi nie wynika
z ksztattu sfery, ani ekspresji MDR1 i mTor. W analizie NGS oraz w po6zniejszych
badaniach w sferoidach zweryfikowano wzrost ekspresji genow nalezacych do cytochromu
p450. Mimo to nie udato si¢ zidentyfikowa¢ zmian powodujacych lekoopornosé
w sferoidach, wykazano, ze hodowla 3D moze by¢ istotna w badaniach nad fizjologia raka
i moze zosta¢ wykorzystana do testow, z zastosowaniem komorek pochodzacych od

pacjentow, jako Kklinicznie istotny i fatwo dostepny instrument.



Abstract

Syngeneic animal models are highly valuable tools in cancer therapy research. However,
they cannot always be used, due to their high cost or for ethical reasons. Therefore two-
dimensional cell culture models are often chosen. This method has many advantages, but
does not take into account many important aspects of natural tumor microenvironment.
Three-dimensional cultures can be an alternative to these methods. So far, many of them
have been developed, but due to various factors, e.g. high cost or the difficulty of recreating,
complicated techniques, the wide application of 3D in cell research is limited. The aim of
this study was to develop a universal and simple three-dimensional model that will mimic
the phenomena occurring in the tumor microenvironment. Emphasis was placed on: three-
dimensional tumor shape, proper oxygen pressure and induction of mechanisms increasing
tumor aggressiveness (such as: CSC, EMT). In addition, the developed model should be an
easy alternative to drug research. In order to verify the universality and usefulness of the
proposed model, two animal tumor models with different mechanisms of action were used -
melanoma (B16F10) and kidney cancer (RenCa). The developed models were compared
with the corresponding syngeneic mouse models and two-dimensional models. A number of
tests were performed with the use of therapeutics with different mechanisms of action
(everolimus, cisplatin, doxorubicin). It was shown that the melanoma model and kidney
cancer in three-dimensional cultures are characterized by different mechanisms related to
cancer progression - in renal cancer, the population of CSC cells increased, while in the
melanoma model, the EMT phenomenon was induced. It has been proven that the proposed
models reflect the tumor microenvironment in terms of the assumed features. It was shown
that skin tumor spheroids showed a lower sensitivity to all applied drugs, while renal tumor
displayed only a lowered sensitivity to doxorubicin. It was found that the difference in drug
sensitivities between 2D and 3D cultures, does not result from the three-dimensional shape
of the spheres or by the expression of MDR1 and mTor. The increase in the expression of
genes belonging to the cytochrome p450 related pathways was verified by the NGS analysis
and gPCR in both spheroids models. Although no changes causing drug resistance in
spheroids have been identified, it has been shown that the 3D method of culture can be
important for cancer physiology studies. It can be used for patient cell testing as a clinically

relevant and easily available mean.



1. Wstep
Nowotwory to druga najczestsza przyczyna zgondéw na $wiecie [1]. Z roku na rok

wystepowanie choréb nowotworowych wzrasta, szacuje si¢, ze do roku 2040 zapadalno$¢ na
raka wzros$nie do okoto 61,7% [1-3]. Przypuszcza si¢, ze wynika to z wptywu czynnikow
demograficznych takich jak: przyrost oraz starzenie si¢ populacji, czy tez po przez czynniki
srodowiskowe i spoteczne [1, 2].

Rak nerkowokomoérkowy (ang.: RCC- Renal Cell Carcinoma) jest klasyfikowany na
czternastej pozycji najczesciej diagnozowanych nowotwordw [4, 5]. Najczesciej przypadki
raka nerki sa nowotworami sporadycznymi. Do czynnikow ryzyka rozwoju raka nerki
naleza: palenie tytoniu, otylo$¢, cukrzyca oraz nadci$nienie tetnicze [6]. Rowniez niektore
dziedziczone choroby czy tez mutacje drastycznie zwigkszajg ryzyko rozwoju RCC.
Obejmuja one zespot von Hippel-Lindau, dziedziczny brodawkowaty nowotwor nerki,
dziedziczng leiomiomatozg oraz zesp6t Birt-Hogg-Dubém [7]. Choroba von Hippel-Lindau
(ang.: VHL — von Hippel-Lindau) jest dziedzicznym zespotem nowotworowym
charakteryzujacym si¢ rozwojem wielu guzow naczyniowych, miedzy innymi wiasnie raka
nerki. Zespo6t jest spowodowany inaktywacjag biatka VHL (pVHL), co prowadzi do
powstania sztucznego zjawiska hipoksji wynikajgcego z zahamowania procesu degradacji
czynnika indukowanego niedotlenieniem 1 - alfa (ang.: HIF 1o — Hypoxia Inducible Factor
1a) [8]. W konsekwencji dochodzi do zwigkszenia produkcji czynnika wzrostu srodbtonka
naczyniowego (ang.: VEGF — Vascular Endothelial Growth Factor), ptytkopochodnego
czynnika wzrostu (ang.: PDGF — Platelet-derived Growth Factor) i transformujgcego
czynnika wzrostu alfa (ang.: TGF-a — Transcription Growth Factor alpha). Czynniki te
indukujg proces angiogenezy (zjawisko omowione w kolejnym podrozdziale)
[9]. Wyrdzniamy trzy typy RCC: jasnokomoérkowy, brodawkowaty oraz chromofobowy.
Najczescie] rozpoznawanym typem jest rak jasnokomoérkowy, wystepuje u okoto 70-75%
diagnozowanych przypadkéw [10]. Mutacja lub utrata genu VHL jest uwazana za jedng
Z najczestszych przyczyn inicjujacych rozwoj jasnokomoérkowego raka nerki (ang.: cCRCC —
clear-cell Renal Carcinoma). Somatyczng utrate¢ VHL obserwuje si¢ u wigkszosci pacjentow
ze zdiagnozowanym rakiem ccRCC nie wywotanym przez czynniki genetyczne [11]. Rak
nerki jest choroba, ktéra mozna wykry¢ wezesnie i skutecznie leczy¢ za pomoca strategii
chirurgicznych lub ablacyjnych, mimo to u jednej trzeciej przypadkow wystapia lub
rozwijajg si¢ przerzuty [11]. Pacjenci u ktoérych wystapity, sa leczeni lekami biologicznymi
i/lub chemioterapig. W leczeniu czgsto stosuje si¢ inhibitory kinazy tyrozynowej (ang.: TKI
— Tyrosine Kinase Inhibitors) hamujace proces angiogenezy i szlaki ssaczego celu
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rapamycyny (ang,: mTOR — mammalian Target of Rapamycin Kinase), takie jak:
kabozantynib, lenwatynib, pazopanib, temsirolimus, ewerolimus i zwigzki terapeutyczne
oparte na przeciwciatach, takie jak bewacyzumab [12].

Innym bardzo groznym typem nowotworu, o zupetnie innym przebiegu choroby jest
czerniak. Powstaje on z przeksztatconych melanocytow i jest klasyfikowany na szesnastej
pozycji najczesciej diagnozowanych nowotworow wsrod obu pici [13]. Kobiety wykazuja
znacznie wyzszg przezywalno$¢ w stosunku do megzczyzn, prawdopodobnie z powodu
interakcji hormonow piciowych z komoérkami czerniaka. Rownocze$nie wykazano, ze
kobiety cechuje silniejsza odpowiedZ uktadu odpornosciowego [13, 14]. Do czynnikow
ryzyka rozwoju czerniaka naleza: posiadanie jasnej skory, duza liczba znamion, silna
i czesta ekspozycja na promieniowanie UV, wiek oraz wystgpowanie raka skory u cztonkow
rodziny [14-16]. Czerniaka mozemy podzieli¢ na dwa rodzaje ze wzgledu na lokalizacje
tkanki guza pierwotnego: czerniaka skornego i nieskornego. Czerniak skorny (eksponowany
na stonce) jest znacznie czestszy — wystepuje u okoto 91,2% pacjentow, natomiast czerniak
nieskorny (ostonigty przed stoncem) stanowi mniej niz 10% wszystkich przypadkow oraz
cechuje si¢ znacznymi zmianami genetycznymi [16]. Czerniaka we wczesnych stadiach
mozna skutecznie leczy¢ poprzez chirurgiczne usunigcie zmiany, jednak po wystgpieniu
przerzutow kolejng linig obrony stajg si¢ terapie lekowe. Do niedawna jedyng opcja leczenia
chorych na czerniaka z przerzutami byla chemioterapia, coraz czgsciej stosuje si¢ rowniez
terapie celowane (np.: inhibitory biatkka BRAF) czy tez terapie immunologiczne (np.:
inhibitory immunologicznego punktu kontrolnego) [17].

Pomimo ciaglego rozwoju medycyny oraz nowych metod terapii, leczenie oraz
badanie chor6b nowotworowych nadal s3 wyzwaniem. Coraz czeéciej po pewnym czasie od
zastosowania terapeutykow, u pacjentow rozwija si¢ silna lekooporno$¢, ktora czgsto
wynika z kompleksowos$ci budowy §rodowiska guza i r6znych mechanizmow, ktére w nim

zachodzg [18].

1.1. Mikrosrodowisko guza

Mikrosrodowisko guza (ang.: TME - Tumor Microenvironment) sktada si¢ z wielu
elementow komorkowych i komponentow zewnatrzkomorkowych. TME nie tylko odgrywa
kluczowa rol¢ podczas inicjacji, progresji i metastazy nowotworoéw, ale takze ma szczegolny
wplyw na skuteczno$é leczenia (Fig. 1) [19, 20].

Gtéwnymi elementami komorkowymi mikrosrodowiska guza sa komorki podscieliska:

komorki srodbtonka, fibroblasty oraz komorki uktadu odpornosciowego (Fig. 1) [20-22].
10



Natomiast do macierzy zewnatrzkomérkowej (ang.: ECM- Extracellular Matrix) zaliczamy:
kolagen, fibronektyny, lamininy, witronektyny, tenascyny-C, cytokiny, hormony, czynniki
wzrostu oraz wiele innych [23]. W zdrowym organizmie elementy te dziatajg jako struktura
wspierajaca narzady (Fig. 1) [23]. W chorobie nowotworowej staja si¢ one niezbedne do
utrzymania TME, poprzez wspieranie komoérek rakowych oraz dostarczanie im sktadnikow
odzywczych [20, 23-25].

HIPOKSJA

Komorki nowotworowe

Supresorowe komorki
uktadu immunologicznego

Limfocy
Makrofagi (TAM’s)

Macierz zewnatrzkomorkowa
Naczynia krwionosne
Lek

Rysunek 1. Schemat Budowy mikrosrodowiska guza. Zrodto: Elizabeth L. Siegler et al..

2016, Journal of Cellular Immunotherapy — modyfikowany [26] .

1.1.1. Elementy niekomoérkowe

Niekomorkowe elementy TME takie jak ECM moga by¢ produkowane przez wszystkie
typy komoérek budujace TME. Tworza skomplikowang sie¢ wiokien, ktéra nie tylko
odgrywa wazng role w zdolnosci komoérek nowotworowych do inwazji i przerzutowania, ale
takze wplywa na wrazliwos¢ na leczenie farmakologiczne [27]. Macierz
zewnatrzkomorkowa uczestniczy w wielu procesach, takich jak proliferacja, czy migracja
komorek [19]. ECM stanowi wsparcie odzywcze dla wszystkich komorek. Decyduje
0 wytrzymatosci mechanicznej zapewniajac wsparcie strukturalne, w celu utrzymania
charakterystycznej trojwymiarowej architektury TME [24, 28-30]. ECM sprzyja rowniez
komunikacji miedzykomorkowej poprzez transportowanie/przepuszczanie czynnikow
wzrostu i cytokin. Ponadto odpowiada za tworzenie btony podstawnej wraz z komoérkami
nabtonka, $rodbtonka i zrebu [19].

11



1.1.2. Elementy komoérkowe

Fibroblasty (ang.: CAFs — Cancer Associated Fibroblasts) to najliczniejsza grupa
komorek  zaliczanych do TME, sa one rekrutowane z krwi oraz zdrowych tkanek
otaczajacych nowotwor. Ulegaja aktywacji przez czynniki wydzielane w TME takie jak:
TGEFp, FGF2, czy PDGF. Aktywowane fibroblasty wplywaja na przebudowe ECM, po przez
produkcje cytokin oraz uwalnianie enzymow proteolitycznych, takich jak metaloproteinazy
(ang.: MMP - matrix metalloproteinases) i heparanazy. Enzymy te przeksztatcajg utworzong
macierz zewnatrzkomorkowa [23]. CAFs maja szczegdlne znaczenie W progresji
nowotworu, a obecnos¢ ich duzej liczby czesto wiagze si¢ ze ztym rokowaniem klinicznym w
wielu typach nowotworow [23, 31]. CAFs gtownie odpowiadajg za rekrutacje makrofagow
typu M2, regulatorowych limfocytow T 1 komoérek surpresorowych pochodzenia
szpikowego. Ich obecnos¢ w TME sprzyja rozwojowi immunosupresji. Dodatkowo niektore
cytokiny wydzielanie po przez uprzednio aktywowanie komorki odpornosciowe (np. IL-1p),
indukujg transformacje prawidlowych fibroblastow w prozapalne, a to z kolei przyczynia si¢
to utatwienia rekrutacji wcze$niej wymienionych komorek [25].

Komorki nieswoistego (makrofagi, komorki tuczne, neutrofile, komorki dendrytyczne,
komorki supresorowe pochodzenia szpikowego i komoérki NK) oraz swoistego uktadu
immunologicznego (limfocyty T 1 B) to kolejny element podscieliska TME [23].
Komunikujg si¢ one zaréwno z komoérkami nowotworowymi jaki i z CAFS bezposrednio lub
posrednio poprzez cytokiny oraz chemokiny [28]. Modulujg zachowanie komorek
nowotworowych oraz wplywajag na przebieg leczenia. Wazng role wsrod komorek
immunologicznych mikrosrodowiska guza ogrywaja makrofagi zwigzane z nowotworem
(ang.: TAMs - Tumor-Associated Macrophages) [28, 32]. Wyr6zniamy dwa typy TAMs,
ktore roznig si¢ od siebie rodzajem cytokin, ktore je aktywuja: M1 (aktywowane LPS lub
cytokinami wydzielanymi przez limfocyty Thl), M2 (aktywowane cytokinami
wydzielanymi  przez  limfocyty = Th2). Makrofagi M1 maja  wlasciwosci
przeciwnowotworowe; posrednicza w cytotoksyczno$ci komorkowej zaleznej od
przeciwcial, wytwarzaja reaktywne formy tlenu (ang. Reactive oxygen species — ROS) oraz
czynnik martwicy nowotworu (ang. Tumor Necrosis Factor - TNF) [32, 33]. Natomiast
Makrofagi M2 wykazuja dziatanie promujace rozwoj nowotworu; aktywuja proces
angiogenezy, immunosupresji, przerzutowania oraz przebudowy ECM [32, 33]. TAMs s3
takze zaangazowane w rozwoj lekoopornosci [23]. Komorki supresorowe pochodzenia

szpikowego (MDSC), to kolejna populacja komorek uktadu odpornosciowego, ktore
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odgrywaja duza role w progresji nowotworu. Jest to niejednorodna populacja, ktora
obejmuje komorki progenitorowe Szpiku i niedojrzate: makrofagi, granulocyty, komorki
dendrytyczne, majace niezwykla zdolno$¢ immunosupresyjng (np.: hamuja odpowiedz
komorek T) [34].

Komorki $rodblonka zwigzane z nowotworem (ang.. TEC — Tumor- associated
Endothelial Cells) réznig si¢ od swoich odpowiednikow w zdrowej tkance, wykazuja
odmienne wlasciwosci proliferacyjne, migracyjne, inaczej reaguja na czynniki wzrostu
i chemioterapeutyki [23]. Komorki te, budujac naczynia w rosngcym guzie, s3
zaangazowane W dostarczanie sktadnikéw odzywczych komorkom nowotworowym, jak
i rowniez jako komorki niszy nowotworowej, tworza srodowisko sprzyjajace rozwojowi
choroby [35]. Komorki srédbtonka wyscielajace powierzchnie $wiatta naczyn krwiono$nych
sg zwykle w spoczynku, ale podczas organogenezy, gojenia si¢ ran, jak i wlasnie choroby
nowotworowej mogg zosta¢ aktywowane, aby wejS¢ w proces angiogenezy [27].
W rozrastajgcym si¢ nowotworze zaczyna brakowac sktadnikow odzywczych oraz tlenu,
zjawisko to prowadzi do rozwoju stanu zwanego hipoksja, ktory w szczegolnosci przyczynia

si¢ do aktywacji angiogenezy [36].
1.1.3. Hipoksja

Hipoksje definiuje si¢ jako nizsze ci$nienie tlenu niz w stanach niepatologicznych [37].
Warto$¢ biologicznego cisnienia parcjalnego tlenu (pO2) w zdrowych tkankach nazywana
jest fizjoksja 1 rozni si¢ W zaleznosci od tkanki. Wartos¢ pO2 w guzach jest przewaznie
mniejsza niz odpowiadajacej zdrowej tkance, nawet ponizej 1%, co charakteryzuje stan
hipoksji [38, 39]. W wyniku tego zjawiska dochodzi do uruchomienia procesow inicjujacych
anigiogeneze, czyli stanu, w ktorym w wyniku ,kietkowania” (ang. Sprouting) powstaja
nowe naczynia, gtdéwnie juz z istniejacych naczyn. Proces ekspansji nowych naczyn jest
aktywowany w odpowiedzi na hipoksje, przez Sciezke zwigzang HIF 1o [8]. W konsekwencji
dochodzi do aktywacji produkcji VEGF zarowno przez komorki nowotworowe, jak
i podscieliska [20, 27, 39-41]. Komorki $rodbtonka aktywowane przez nowotwor wykazuja
zmienione profile ekspresji genow oraz receptorow komorkowych, co przyczynia si¢ do
powstawania nieprawidtowego unaczynienia nowotworu. Naczynia te sg czgsto nieszczelne,
przez co wzrasta niedotlenienie. W rezultacie komorki nowotworowe przechodzag przez
okresy niedotlenienia-reoksygenacji, a to przyczynia si¢ do powstawania bardziej
agresywnego fenotypu [27]. Ja wspomniano w poprzednim rozdziale waznym modulatorem
aktywnosci HIF-1a jest VHL [38]. VHL dziata w kompleksie, w ktérego sktad wchodza
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liczne biatka, posiada on funkcje ligazy E3 ubikwityny. W warunkach fizjoksji dochodzi do
hydroksylacji okreslonych reszt proliny w dwoch funkcjonalnie niezaleznych regionach
domeny degradacji zaleznej od tlenu (ODDD) czynnika HIF-1a. VHL rozpoznaje
hydroksylowane reszty, rekrutuje HIF-1a do kompleksu ligazy ubikwityny E3, a nast¢pnie
przeprowadza poliubikwitynacje, ktorej celem jest degradacja tego czynnika w proteasomie
[42, 43]. W warunkach hipoksji nie dochodzi do hydroksylacji — HIF-1a ulega stabilizacji
[10]. W nowotworach czgsto obserwuje si¢ mutacje VHL, ktore inaktywujg funkcjonalno$é
tego biatka. W konsekwencji rozwija si¢ stan zwany pseudohipoksja- nagromadzenie HIF1
niezaleznie od poziomu pO2 w otoczeniu komorki [44].

Wszystkie komponenty mikrosrodowiska guza tworzg skomplikowang sie¢, w ktorej
wszystkie elementy komunikuja si¢ ze sobg przez rézne czynniki, co prowadzi do ekspansji
choroby nowotworowej. Rozrastajagcy si¢ nowotwor oraz wzrastajace niedotlenienie
prowadzi do powstania srodowiska sprzyjajacego selekcji bardziej agresywnych komorek
nowotworowych, indukcji procesow prowadzacych do progresji nowotworu oraz zjawiska

przerzutowania.

1.2.  Progresja nowotworu i rozwéj lekoopornosci

1.2.1. Inicjacja, promocja i progresja choroby nowotworowej

Rozw¢j choroby nowotworowej] mozemy podzieli¢ na trzy etapy: inicjacje, promocje
oraz progresje. Podczas inicjacji nastepuje zmiana informacji genetycznej komorek, czyli
mutacja; zdrowa komorka staje si¢ komorkg nowotworowg. Do tego stanu moze dosé
spontanicznie lub pod wplywem czynnika zewnetrznego (kancerogenu) [45]. Nastepnym
etapem jest promocja, w wyniku ktorej dochodzi do niekontrolowanego wzrostu komorek
nowotworowych, ktére zaczynaja nacieka¢ zdrowa tkanke tworzac guz pierwotny. Komorki
nowotworowe komunikujg si¢ z otaczajagcym je Srodowiskiem indukujac liczne zmiany
promujace ich wzrost. Ostatnim etapem rozwoju choroby nowotworowej jest progresja,
ktora nastepuje, gdy dochodzi do ekspansji komorek nowotworowych do innych tkanek —
przerzutowania [46]. W wyniku kolejnych mutacji powstaje nowy klon komorek
nowotworowych, ktory wyewoluowat dzigki zwigkszonemu tempu wzrostu lub innych
czynnikow (takich jak przezycie, komunikacja z innymi komorkami); proces ten nazywa si¢
selekcja klonalng. Selekcja klonalna trwa przez caty rozwdj nowotworu, a w konsekwencji
nowotwory stale rosng szybciej i stajg si¢ coraz bardziej ztosliwe [45-48].

Progresja nowotworowa obejmuje: indukcje immunosupresji, modulowanie

mikrosrodowiska tkankowego, indukcje mechanizméw promujacych lekoopornos¢ oraz
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inwazje komorek poprzez podscielisko [49]. Powstawanie przerzutow jest silnie zalezne od
interakcji komorek rakowych, z otaczajacymi je fibroblastami, komoérkami §rodbtonka oraz
komorkami immunologicznymi. Silny wptyw na przerzutowanie przede wszystkim wywiera
nasilajgce si¢ niedotlenienie oraz niedozywienie komorek nowotworowych, czyli stan
hipoksji.

Komorki agresywne, o zdolnosci tworzenia przerzutow posiadajg zdolnos¢ do ominigcia
szeregu przeszkdd molekularnych i biofizycznych, co nie jest mozliwe przez ich
nieinwazyjnych odpowiednikéw [49]. Proces przerzutowania mozemy podzieli¢ na rdzne
stadia, takie jak: transformacja komoérek w bardziej inwazyjne, przedostanie si¢ komorek do
uktadu krwiono$nego (intrawazacja), transport komoérek naczyniami krwiono$nymi oraz
przejscie tych komorek to innych tkanek (ekstrawazacja), kolonizacja nowych tkanek —
powstanie nowotworu wtornego [50].

W procesie przerzutowania kluczows role odgrywa przejécie epitelialno-mezenchymalne
(ang.: EMT — Epithelial to Mesenchymal Transition), wyniku ktérego komorki traca
fenotyp nabtonkowy i przeksztalcaja si¢ w komorki o fenotypie mezenchymalnym [51].
W trakcie tych przemian tracg zdolno$¢ adhezj do sgsiednich komorek, polaryzacje
wierzchotkowo-podstawng oraz staja si¢ bardziej wydtuzone i ruchliwe [52]. Do tych zmian
dochodzi stopniowo, komorki zaczynajg wykazywaé posrednie cechy morfologiczne,
transkrypcyjne i epigenetyczne, =zaré6wno o charakterze nabtonkowymi jak
i mezenchymalnym, w r6znych stanach inwazyjnych [51]. Co wiecej, w zaleznosci od etapu
EMT pozostajg w kontakcie z réznymi elementami budujgcymi TME, wptywajac na nie
w niejednolity sposéb. Na przyktad, komorki 0 najbardziej wyraznym fenotypie
mezenchymalnym, rozrastajg si¢ w poblizu komorek $rodblonka oraz komoérek zapalnych
[53]. W trakcie wzrostu zaczynaja one uwalnia¢ znaczne ilosci chemokin i biatek, ktore
,»przyciagaja” komorki immunologiczne oraz stymuluja proces angiogenezy. To z kolei
indukuje rozwdj charakterystycznej wysoce unaczynionej, prozapalnej niszy komorkowe;,
ktora promuje inwazje komorek nowotworowych [49, 53]. W kolejnym etapie dochodzi do
przebudowy ECM, za ktorg odpowiadaja miedzy innymi MMP. Wydzielanie MMP jest
indukowane przez obnizajace si¢ pH, w wyniku zwickszonej produkcji kwasu mlekowego
w procesie glikolizy - wywotywanej niedotlenieniem (hipoksja) [54]. MMP odpowiadajg za
degradacj¢ skladnikoéw ECM, co utatwia komoérkom nowotworowym przedostanie si¢ do

takich jak interleukiny (IL), czynnik martwicy nowotworu a (ang.: TNF-o - tumor necrosis
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factor o), VEGF-A oraz naskérkowy czynnik wzrostu (ang.: EGF — Epidermal Growth
Factor), ktore dodatkowo promuja wzrost i przezycie komorek nowotworowych [55].

Wyroézniamy wiele czynnikoéw transkrypceyjnych wptywajacych na przejscie epitelialno-
mezenchymalne, a ich lista ciggle si¢ powicksza [56]. Do kluczowych naleza czynniki
z rodziny SNAI takie jak SNAI1 oraz SNAI2, ktérych produkcja jest modulowana przez
wzrost aktywnos$ci czynnika HIF-lo [54]. Odpowiadaja one za zahamowanie produkcji
E-kadheryny oraz transkrypcji kilku elementéw odpowiedzialnych za potaczenia
miedzykomodrkowe, w tym klaudyn i desmosomoéw [51, 52]. Jednoczesnie w trakcie spadku
ekspresii E-kadheryny dochodzi do wzrostu ekspresji, N-cadheryny i wimentyny. Analiza
ewolucji ekspresji tych biatek jest stosowana do oceny przebiegu EMT [56].

Z procesem przerzutowania oraz z sama inicjacja choroby nowotworowej czgsto wigze
si¢ obecnos¢ nowotworowych komorek macierzystych (ang.. CSC — Cancer Stem Cells)
[57]. CSC to niezréznicowane komorki o powolnym cyklu komérkowym (zwykle uspione
w fazie G0), ktore sg zdolne do odtworzenia tkanki nowotworowej nawet z pojedynczej
komorki. Nowotwory charakteryzuje heterogeniczna i hierarchiczna organizacja komorek,
ktorej powstawanie ma ttumaczy¢ obecno$¢ niezroznicowanych CSC [58]. Wedtug tej teorii
komorki CSCs stojg na szczycie tej hierarchii i roznicujg odpowiednio dostosowujac si¢ do
zmieniajgcego sie srodowiska nowotworowego promujac ich przezycie, a co za tym idzie
zwigkszajac inwazyjnos¢ [59]. CSC zazwyczaj wystepuja jako niewielka subpopulacja
komorek w calej masie guza (ok. 0,001-0,1%). Populacja takich komoérek zostata pierwszy
raz zidentyfikowana w 1994 roku w grupie komorek biataczki [60]. W pdzniejszych latach
CSC zostaty zidentyfikowane w pozostalych nowotworach, np.: raku piersi, prostaty, nerki
czy czerniaku [58]. Nowotworowe komorki macierzyste charakteryzuje wiele cech
normalnych komorek macierzystych takich jak: zdolnos¢ do samoodnowy, réznicowanie
czy aktywacja poszczegolnych szlakow sygnatowych, takich jak Wnt, Hedgehog lub Notch.
CSC wykazujag ekspresje¢ markeréw powierzchniowych, takich jak, np.: CD44, CD133,
CD105, oraz cechuje wzrost aktywnosci dehydrogenazy aldehydowej (ang.: ALDH —
Aldehyde dehydrogenase). Wiele badan sugeruje, ze podobnie jak pozostate komorki
nowotworowe, CSC réwniez przechodzg liczne zmiany metaboliczne takie jak: zmiana
sposobu oddychania komorkowego, wzrost aktywnosci glikolitycznej oraz zmiana sposobu
metabolizowania lipidow [58]. Pochodzenie komodrek macierzystych ciagle jest niejasne,
jednak dosy¢ czesto ich obecno$¢ wiaze si¢ z narastajaca hipoksja oraz zmieniajacym si¢
pH. Wykazano, ze obnizajace si¢ cisnienie tlenu przyczynia si¢ do utrzymania

niezréznicowanego stanu komorek oraz wptywa na ich proliferacj¢ [20, 58]. Obecnos¢
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nowotworowych komorek macierzystych czesto jest przyczyna ztego rokowania klinicznego
oraz nawrotéw choroby nowotworowe;j.

Czestym skutkiem progresji nowotworowej jest rozwoj opornosci wielolekowej.
Narastajace niesprzyjajace warunki, ktoére indukuja procesy zwigzane z wzrostem
inwazyjnos$ci, rozbudowujace si¢ mikrosrodowisko guza oraz zachodzace w nim zmiany,

znaczaco wptywaja na odpowiedz terapeutyczng i rokowanie pacjenta.

1.2.2. Lekoopornos¢ — przyczyna niepowodzen w terapiach antynowotworowych

Odpornos¢ wielolekowa (ang.: MDR — Multi Drug Resistance) jest definiowana jako
odpornos¢ nowotworéw na okreslony lek chemioterapeutyczny, ktéremu réwnoczesnie
towarzyszy oporno$¢ na inne leki, ktére mogg mie¢ inne lub podobne wiasciwosci. Zdarza
si¢ tez tak, ze komorki nabywaja odporno$¢ na leki, ktore znacznie rdznig si¢ pod wzgledem
strukturalnym 1 funkcjonalnym z wcze$niej stosowanymi lekami, lub posiadaja odpornos¢
juz od poczatku (bez stosowanego leczenia) [61]. W zwigzku z tym zjawisko lekoopornoSci
mozemy podzieli¢ na dwie kategorie: odporno$¢ wewngtrzna (pierwotna), zewngtrza
(nabyta po leczeniu) [62]. Rozw6j MDR zalezy od niestabilnosci genetycznej, czestych
mutacji  komorek nowotworowych, W tym wzrastajagcej heterogenicznosci guza [62].
Istnieje wiele opisanych mechanizmow odpowiadajgcych za rozwdj MDR, naleza do nich
miedzy innymi: wzrost aktywnosci pomp odpowiedzialnych za wyrzut substancji z komorki
oraz procesow indukujgcych inaktywacje lekow, modyfikacje procesow zwigzanych
z apoptoza, autofagia czy naprawa DNA, wzrastajace zjawisko hipoksji a co za tym idzie,
selekcja komorek o wigkszej inwazyjnosci (CSC, EMT) [61, 63-65].

Najczesciej] z MDR wigze si¢ wzrost aktywnos$ci transporterow powodujacych wyrzut
lekoéw z komorki. W tym procesie wazng rolg odgrywaja pompy glikoproteinowe (ang.:
P-gp — p -glycoprotein pumps), nalezace do rodziny transporterow ABC. Transportery te to
strukturalnie  spokrewnione  biatka  btonowe, posiadajace  wspolne  motywy
wewnatrzkomorkowe znane jako domeny wigzace nukleotydy (ang. ATP binding cassetes).
Glowna ich funkcja jest przeniesienie/wyrzut czasteczek z komorki wbrew gradientowi
stezen, dzigki transportowi aktywnemu — poprzez wigzanie i hydroliz¢ czasteczki ATP [62].
Do tej pory zidentyfikowano okoto 48 typow transporterow ABC u ludzi, a 12 z nich
odpowiada za transport lekéw. Najlepiej opisanym transporterem ABC jest biatko ABCBI
inaczej zwane MDR1 [61]. Nadekspresje P-gp zaobserwowano u ok. 50% wszystkich
ludzkich nowotworow. W niektorych, takich jak rak phluca, watroby, nerki, odbytnicy

i okreznicy, nadekspresja pojawiata si¢ przed zastosowaniem leczenia. Natomiast w innych
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typach, np.: w nowotworach hematologicznych, jak ostra biataczka limfoblastyczna i ostra
biataczka szpikowa, nadekspresj¢ wykazywano juz po ekspozycji na chemioterapeutyki
[66]. Wykazano, ze nowotworowe komorki macierzyste charakteryzuje obecno$é tych
transporterow. W szczegolnosci u tych komorek zaobserwowano wzrost ekspresji: ABCB1,
ABCC1 i ABCG2 [65]. Dane te sugeruja, ze w terapii antynowotworowej kluczowa role
moze odgrywaé opracowywanie strategii ukierunkowanych wiasnie na transportery ABC.
Do tej pory opracowano trzy podejscia: regulowanie funkcji transporterow ABC za pomoca
inhibitor6w kompetycyjnych lub allosterycznych lub przeciwcial nakierowanych na
transportery ABC [67].

Innym waznym mechanizmem przyczyniajacym si¢ do powstania MDR jest wzrost
aktywnosci enzymoéw indukujacych inaktywacje lekow. Do najbardziej znanych nalezy
cytochrom p450 (ang.: CYP P450 — Cytochrome P450), a takze transferazy glutationu-S
(ang.: GST - Glutathione-S transferase), czyli enzymy detoksykacyjne odpowiednio
I i Il fazy. Enzymy te sg zdolne do katalizowania biotransformacji oksydacyjnej wigkszosci
lekow, w szczegdlnosci lipofilowych ksenobiotykéw [68]. Enzymy CYP najliczniej
zlokalizowane sg3 w komdrkach watroby, jednak ich nadekspresje czgsto obserwuje sie w
komorkach nowotworowych [69]. Szlaki cytochromu P450 sg klasyfikowane pod wzgledem
podobnych sekwencji genow; przypisuje si¢ im numer okreslajacy rodzine (np. CYP1,
CYP2) i litere, klasyfikujaca do konkretnej podrodzin (np. CYP1A, CYP2D). Cytochromy
wystepujg rowniez w kilku izoformach (np. CYP1Al, CYP2D6) [70]. Badania wykazaty,
ze szczegoOlng role w aktywacji i degradacji lekow odgrywaja enzymy z rodzin CYP2
i CYP3. Przyktadem jest docetaksel, ktory posiada szerokie spektrum dziatania
przeciwnowotworowego — sprzyja stabilizacji tubuliny, umozliwiajagc hamowanie podzialow
szybko rosngcych komorek. Za posrednictwem CYP3A4 i CYP3AS ulega on utlenianiu do
nieaktywnego metabolitu t-butylohydroksydocetakselu [71]. Co ciekawe istniejg istotne
korelacje mi¢dzy aktywacja transporterow ABC a enzyméow CYP. Wiele lekow, jak na
przyktad imatynib, paklitaksel, docetaksel, doksorubicyna, winkrystyna, etopozyd,
tenipozyd i winblastyna, wykazuja powinowactwo zarowno cytochromow jak i pomp P-gp
[71]. Ekspresja enzymow 11 fazy — GTS, zalezy od typu czasteczki, np.: GSTA1 ulega
ekspresji w watrobie, nerkach 1 jadrach, GSTP1 w ptucach i mézgu, a GSTM2 w mozgu.
Jednak wykazano ich ekspresj¢ rowniez w komoérkach nowotworowych [72]. Gtowng
funkcja tych czasteczek jako enzymow jest kataliza reakcji, w ktorej glutation (GSH) jest
sprzezany z szeroka gama egzogennych i endogennych ksenobiotykow. Ten proces jest

pierwszym etapem szlaku kwasu merkapturowego, ktory pomaga w eliminacji toksycznych
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zwigzkow z komorki. Wyrézniamy dwie nadrodziny enzymoéw GST: cytozolowe
i mikrosomalne zwigzane z btong. Cytozolowe z kolei sa podzielone na 6 klas pod
wzgledem poliformizméw w materiale genetycznym, ponad to wszystkie wykazujg
odmienne powinowactwo substratowe [73]. GST przyczyniaja si¢ do rozwoju lekoopornosci
poprzez dwa mechanizmy: bezposrednig detoksykacje i/lub hamowanie szlaku kinazy
bialkowej aktywowanej mitogenami (ang.. MAPK — Mitogen-activated protein kinase).
Jednym z najlepiej poznanych enzymow Il fazy jest GSTP1. Obserwowano wzrost jego
ekspresji w szczegolnosci w raku jajnika. Co wiecej wykazano, ze jego obecno$¢ wptywa na
wrazliwo$¢ na leki, takie jak: cisplatyna i karboplatyna. Podobnie, nadekspresj¢ GSTP
odnotowano réwniez w chtoniakach wywotujac rozwoj opornosci na chlorambucyl 1 inne
leki alkilujace [74].

Inng mozliwoscig, aby komoérki nowotworowe staly si¢ oporne na rozne leki
przeciwnowotworowe jest modyfikacja procesow zwigzanych z apoptoza, autofagia czy
naprawag DNA. ,Normalne” komorki podlegajg S$cistej kontroli podczas podziatu
komorkowego w punktach kontrolnych faz G1/S, intra S i G2/m. W momencie pojawienia
si¢ uszkodzen DNA, ,normalne” komoérki daza do ich naprawy, badz apoptozy.
W komoérkach nowotworowych system kontroli jest zaburzony; naprawa DNA,
i wchodzenie w proces apoptozy nie =zachodzg prawidlowo. Wicle lekow
przeciwnowotworowych, np.: irinotekan, docetaksel itd. uszkadzaja DNA komorek
rakowych, ale czesto dzieki dobrze rozwinigtemu systemowi odpowiedzi na uszkodzenia,
dochodzi do jego naprawy. Wykazano, ze stopien wrazliwosci na chemioterapie zalezy od
tego, jak bardzo jest rozwiniety ten mechanizm. [62]

Kluczowg role w odpowiedzi nowotworu na leczenie odgrywa rowniez sama organizacja
sktadowych TME, macierzy zewnatrzkomoérkowej, interakcji miedzykomorkowych oraz
architektura guza. Elementy te stanowig fizyczng barier¢ dla dostarczania lekow. Wykazano,
ze guzy charakteryzujace si¢ zorganizowang, wzajemnie potaczong Siecig kolagenowa
i zmniejszong objetoscia macierzy zewnatrzkomorkowej, charakteryzuje mniejsza penetracja
leku. Z drugiej strony wigzanie lekow ze sktadnikami macierzy zewnatrzkomorkowej
hamuje przenikanie leku do glebszych obszarow guza [29]. Rownoczesnie wydzielanie
wielu czynnikow wzrostu przez sktadowe TME przyczynia si¢ do rozwoju MDR, np.:
wzrost sekrecji VEGF czgsto koreluje z wzrastajgca opornoscig na leki antyangiogenne.
Takze obnizajace si¢ pH wplywa na skuteczno$¢ chemioterapii, wykazano, ze kwasne pH

obniza aktywno$¢ doksorubicyny [62].
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1.3.  Modele badan nad nowotworami stosowane w biologii

1.3.1. Standardowe modele badan nowotworow

Do opracowywania terapii antynowotworowych, czy tez badania mechanizméw
zwigzanych z promocja, progresja oraz lekooporno$cia nowotwordw czgsto wykorzystuje
si¢ r6zne modele in vivo oraz in vitro. Zwierzgce syngeniczne modele in vivo sa bardzo
cenne z punktu widzenia odtworzenia petnego spektrum mikrosrodowiska guza [75], miedzy
innymi trojwymiarowego ksztattu nowotworu, gradientu stezenia tlenu czy tez interakcji
miedzykomorkowych [20, 76]. Najczgséciej wykorzystuje si¢ modele mysie oraz szczurze.
Okazaty si¢ one przydatne w walidacji réznych funkcji, identyfikowaniu nowych markerow
nowotworowych, pozwolity zrozumie¢ wiele mechanizmow molekularnych i komorkowych
lezacych u podstaw inicjacji i progresji nowotworu [76]. Modele te nie sg jednak idealne;
wiele lekéw, ktore okazaly si¢ bardzo obiecujgce w testach na zwierzgtach, nie przeszio
oceny bezpieczenstwa w badaniach klinicznych, m.in. emicizumab, zydelig [77]. Modele
zwierzece, czesto nie mogg by¢ wykorzystywane na kazdym etapie badan przedklinicznych,
takze ze wzgledu na ich wysokie koszty [20]. Dodatkowo wykorzystywanie zwierzat do
celow naukowych moze nie by¢ brane pod uwage ze wzgledow etycznych. Dlatego
wickszos$¢ wstepnych badan opiera si¢ na eksperymentach z wykorzystaniem ludzkich
komorek w hodowlach dwuwymiarowych — metody in vitro, ktére pomimo faktu, ze
eliminujg réznice specyficzne dla gatunku, posiadajg wiele wad.

Najczesciej komorki w monowarstwie, hodowane sg na sztywnych materiatach, takich
jak  polistyren, czy  szklo. Taki sposéb  hodowli ~w  uproszczonych
i nierealistycznych warunkach, nie odzwierciedla w pelni podstawowej fizjologii
prawdziwych tkanek [75, 78]. Komorki hodowane w ten sposob wykazujg zmodyfikowang
architekture w stosunku do tkanki, z ktorej pochodza. Obserwuje si¢ wymuszong
polaryzacje, sptaszczony ksztatt komorki, modyfikacje komoérkowych —sygnatow
mechanicznych/biochemicznych oraz komunikacji komorka-komorka. Kolejnym waznym
aspektem jest rowniez nie zachowanie cis$nienia/gradientu tlenu wilasciwego dla
nasladowanej tkanki. Hodowle sg przeprowadzane w warunkach normoksji, czyli
w mieszance powietrza lub gazu (w inkubatorach do hodowli komérkowych), gdzie pO2
wynosi ok. 18,75% [79]. Komorki te ulegaja hiperoksji w poréownaniu do komorek
w $rodowisku in vivo. Co wigcej Wzrost komorek w monowarstwach, pozwala na rowny
dostep komorek do sktadnikow odzywczych, czynnikow wzrostu obecnych w pozywce. To
skutkuje jednorodnym wzrostem i proliferacja komorek, co nie jest obserwowane

w naturalnych warunkach. Roéwniez podczas testow lekow przeciwnowotworowych
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dochodzi do rownomiernego rozktadu lekow, Co pdzniej przektada si¢ na nieprawidtowa
interpretacje ich aktywnosci. W wielu przypadkach obserwowane wyniki z zastosowaniem
tych modeli nie przektadaty si¢ w pozniejszych badaniach klinicznych [80]. Pomimo tych
wad, hodowle 2D nadal pozostajg bardzo atrakcyjne dla celéw laboratoryjnych ze wzgledu
na ich prostotg, dzigki stosunkowo krotkim okresom testowania oraz mozliwos¢ badania
mechanizmow toksycznosci, kinetyki enzyméw 1 zaleznosci odpowiedzi od stezenia.
Zachecajacy jest rowniez ich niski koszt, np. ze wzgledu na stosowanie tylko niewielkich
ilosci substancji [75, 78].

Alternatywa tego typu modeli sg coraz czg$ciej stosowane hodowle w $rodowisku
tlenowym zblizonym do naturalnego lub hodowle trojwymiarowe, ktore w poréwnaniu do
wczesnie] wymienionych, czesciowo nasladujg naturalne $rodowisko nowotworu oraz

niwelujg niepotrzebne cierpienie zwierzat.

1.3.2. Alternatywne modele badan nowotworow

Roznica cisnienia tlenu w naturalnym $rodowisku nowotworu, moze zostaé
zniwelowana dzigki zastosowaniu komor utrzymujacych okreslony poziom tlenu. Pozwalaja
one na hodowle w cisnieniu Oz zblizonym do fizjologicznego lub patologicznego — hipoksji
[80, 81]. Istnieje wicle badan nad nowotworami wykorzystujacych tego typu komory, np. do
oceny wrazliwosci na leki komorek w stanie hipoksji [39]. Jednak modele te nadal nie
niwelujg pozostalych wad standardowych hodowli komérkowych jakimi sg nieograniczony
wzrost komorek czy rownomierny rozktad substancji i sktadnikéw odzywczych. Problem
ten moze zostaé rozwigzany przez zastosowanie hodowli trojwymiarowych [20]. Dzigki
utrzymaniu komoérek w tym ksztalcie umozliwiamy zachowanie gradientu tlenu oraz
penetracje leku obserwowang w guzie in vivo [82]. Ponadto komorki hodowane w formacie
3D utrzymujg wysoce dynamiczng strukturg, w ktorej produkowane sktadniki sg osadzane,
degradowane lub modyfikowane. Przez co stanowig platforme sprzyjajaca wykonywaniu
specyficznych funkcji komorkowych, takich jak adhezja, proliferacja, apoptoza, a przede
wszystkim dostarczaja informacje o interakcjach komorka-komorka i komorka-macierz [83].
Dzigki tym wszystkim zaletom, tego typu hodowle moga lepiej sprawdzi¢ si¢ w badaniach

nad nowotworami w szczegolnosci nad analiza mechanizméw zwigzanych z lekoopornoscia.

Zalozenia i cel pracy

Istnieje wiele propozycji modeli trojwymiarowych z wykorzystaniem ré6znych metod
takich jak: hodowle z wykorzystaniem podtozy/’rusztowan” (agaroza, kolagen,
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fibronektyna, zelatyna, Matrigel i wiele innych), czy specjalnych urzadzen (mikroczipow,
drukarek trojwymiarowych itd.) [82, 83]. Jednak ze wzgledu na rézne czynniki, np. wysoki
kosz, czy trudnos¢ w powtdrzeniu wysoce skomplikowanych metod, szerokie zastosowanie
3D w badaniach komorkowych jest ograniczone [79]. Istniejg na rynku produkty do
hodowli komorek 3D (np. ptytki do wiszacej kropli lub ptytki ze specjalnym podtozem),
jednak nie zawsze sa one dobrze zoptymalizowane i nie posiadaja zwalidowanych
protokotow. To uniemozliwia poprawng interpretacj¢ danych lub poréwnywanie wynikow
z roznych grup [79, 83].

Celem niniejszej pracy jest opracowanie uniwersalnego i prostego modelu 3D, ktory
bedzie nasladowal zjawiska zachodzace w mikrosrodowisku guza, z naciskiem na:
trojwymiarowy ksztalt, gradient cisnienia tlenu oraz indukcje mechanizmoéw zwigkszajacych
agresywnos¢ nowotworu (takie jak: CSC, EMT). Opracowany model ma by¢ uniwersalny
dla roéznego typu nowotwordw, umozliwiajac W prosty sposob otrzymywac sferoidy
o0 regularnym ksztatcie. W tym celu zastosowano réznigce si¢ od siebie modele komoérkowe
dwoch typow nowotworow — czerniaka (B16F10) oraz raka nerki (RenCa). O ile nie
opracowano sferoidéw z uzyciem komorek RenCa, istniejg hodowle 3D z zastosowaniem
komorek B16F10, co umozliwi poréwnanie i zweryfikowanie proponowanego modelu.
Kolejnym celem niniejszej pracy jest sprawdzenie przydatnosci opracowanego modelu, do
badan nad podatnoscig komorek nowotworowych na terapie z zastosowaniem lekéw oraz

zbadanie mechanizmow powodujacych indukcje lekoopornosci.
Hipoteza pracy:

Modele 3D odpowiednio nasladujg zjawiska zachodzace w guzie in vivo i mogg stanowic
lepsze narzgdzie do identyfikacji mechanizméw indukujacych lekoopornosé, niz hodowle

2D.
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Kopie opublikowanych prac

Ponizej przedstawiono dwa powigzane ze sobg artykuty, ktore przedstawiajg weryfikacje
gtownych zalozen niniejszej pracy doktorskiej:

1. Spheroid culture models adequately imitate distinctive features of the renal cancer
or melanoma microenvironment; Filipiak-Duliban A, Brodaczewska K, Majewska A,
Kieda C., In Vitro Cell Dev Biol Anim. 2022 May 10. doi: 10.1007/s11626-022-00685-8.
PMID: 35536385. — artykut ten przedstawia porownanie opracowanych modeli z guzami

otrzymanymi w hodowlach in vivo — weryfikacja pierwszego zatozenia pracy.
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Abstract

Tumor development studies should adapt to cancer cells’” specific mechanisms in connection with their microenviron-
ment. Standard two-dimensional cultures and gas composition are not relevant to the real cancer environment. Existing
three-dimensional models are often requiring sophisticated conditions. Here, we propose and characterize, in two cancer
models, melanoma (B16F10) and kidney cancer (RenCa), a three-dimensional culture method. reporting the presence of
hypoxia-related genes/proteins and aggressiveness mechanisms (epithelial mesenchymal transition and cancer stem cells).
We validate the designed three-dimensional method by comparing it with in vivo growing tumors. The developed method
brings simplicity and data reproducibility. Melanoma spheroid-growing cells reached a cell cycle arrest at the GO/G1 phase
and showed induction of hypoxia. Spheroid-recovered RenCa cells were enriched in proliferating cells and displayed delayed
hypoxia. Moreover, the responses to hypoxia observed in spheroids were validated by in vivo tumor studies for both lines.
Three-dimensional shapes induced cancer stem cells in renal cancer, whereas epithelial to mesenchymal transition occurred
in the melanoma model. Such distinction in the use of different aggressiveness-leading pathways was observed in in vivo
melanoma vs kidney tumors. Thus, this 3D culture model approach is adequate to uncover crucial molecular pathways
using distinct mechanisms to reach aggressiveness; i.e., B16F10 cells perform epithelial to mesenchymal transition while
RenCa cells dedifferentiate into cancer stem cells. Such three-dimensional models help mimic the in vivo tumor features,
i.e., hypoxia and aggressiveness mechanisms as validated here by next-generation sequencing analysis, and are proposed for
further alternative methods to in vivo studies.

Keywords 3D - CSC - EMT - Melanoma - RCC

Introduction the functioning of the tumor (Ribeiro Franco et al. 2020).

In tumor microenvironment, hypoxia has an enormous

Despite progress in cancer treatments, this disease is
still the leading cause of death worldwide (Elder er al.
2020). Treatment and studies on all cancers are chal-
lenging due to the complexity of the tumor site (But-
turini ef al. 2019). This complex system, called the can-
cer microenvironment, is composed of cancer and many
other non-cancer cells, which all have specific roles in
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impact, which occurs during growing of tumor mass
(Carreau et al. 2011). Hypoxia is defined as an oxygen
tension lower than observed in non-pathologic conditions
(pO, 1%) (Sakashita et al. 2019). Hy poxia-inducible fac-
tor la (HIF-1a) is the master transcriptional regulator
(Rathmell and Chen 2008; Schidel et al. 2016; J. Zhang
and Zhang 2018) itself controlled by the suppressor von
Hippel-Lindau (VHL) molecule (Rathmell and Chen
2008:; Cowey and Rathmell 2009). When hypoxia occurs,
the upregulated HIF-1, in turn, induces angiogenic fac-
tors such as the vascular endothelial growth factor A
(VEGF-A) (Casanovas et al. 2005; Collet er al. 2012;
Abou Khouzam er al. 2020). Hypoxia represents a poor
prognosis factor in many cancers; it is linked with cancer
aggressiveness, invasion, and metastasis (Carreau ef al.
2011; Joseph er al. 2018; Abou Khouzam e al. 2020).
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High aggressiveness of cancer cells is often linked with
epithelial to mesenchymal transition (EMT) (Tanabe et al.
2020) and cancer stem cells (CSC) (Melissaridou et al.
2019). The EMT process and CSC selection occur with
hypoxia, low pH, and niches deprived by nutrients (Najafi
et al. 2019): this leads to cancer progression and escape of
cancer cells to other tissues, and results in cancer treatment
failure (Pastushenko and Blanpain 2019). EMT is defined
by the loss of epithelial markers (e.g.. E-cadherin) in favor
of mesenchymal ones (e.g., N-cadherin, B-catenin, Vimen-
tin) (Quail and Joyce 2013). During this process, endothelial
cells lose their junctions and polarity: they become aggres-
sive, migratory, and mesenchymal-type cells (Joseph ef al.
2018), whereas CSCs are defined as cells with stem-like
features such as self-renewal, multipotency, and the revers-
ibility from their quiescence (Pan et al. 2018) (Najafi ef al.
2019). CSC could be found among cells expressing surface
markers, such as CD105 (Dolinsek e al. 2015; Shi er al.
2019), CD133 (Simbulan-Rosenthal ef al. 2019; Bradley ef
al. 2020), and aldehyde dehydrogenase 1 (ALDH1) (Abour-
bih et al. 2013; Taylor et al. 2017:).

Mimicking real cancer microenvironment is crucial in
cancer research (Hinshaw and Shevde 2019). This is why
syngeneic in vivo murine models are highly valuable tools
in terms of recreating the full spectrum of a tumor (Cheon
and Orsulic 2011). However, animal models cannot always
be used in each phase of pre-clinical studies. Therefore,
most initial research is performed with the use of monolayer
cell culture (Duval et al. 2017). Standard two-dimensional
(2D) cell culture methods are unfortunately limited; they
are lacking the three-dimensional shape of the tumor which
largely modulates the intercellular interactions and limits
oxygen availability thus lowering intra-tumor oxygen ten-
sion (Duval et al. 2017). Along with the spheroid develop-
ment, its 3D structure allows such natural establishment
of hypoxia (Klimkiewicz et al. 2017). There are, already
developed, various types of 3D culture methods involving
the use of both scattold and non-scaftfold methods (Ravi er
al. 2015). However, by various factors, e.g., cost, special
equipment, and reproducibility of highly complicated meth-
ods, widespread implementation of 3D's into cell-based
studies has been limited (Ravi et al. 2015; Hoarau-Véchot
et al. 2018; Verjans ef al. 2018; Singh et al. 2020). Com-
mercially available products for the 3D cell culture (e.g..
hanging drop or scaffold plates) are also not always well
optimized, and due to the lack of standardized protocols,
interpretation of the data can be challenging (Verjans ef
al.2018).

The aim of the present studies was to optimize and vali-
date simple in vitro models of cancer which will correspond
to the characteristics observed in the in vivo tumor, such as
three-dimensional shape, proper oxygen tension, and cel-
lular responses with a special emphasis on aggressiveness

@ @ Springer

mechanisms (Quail and Joyce 2013; Hoarau-Véchot et al.
2018). To check for the universality vs versatility of the pro-
posed protocol for 3D cultures, we used two known and dis-
tinct cancer cell models: renal cancer (RenCa cells) and the
melanoma (B 16F10). While there are no well-established
models with RenCa cells, the melanoma 3D models for
B16F10 cells exist and could be easily compared with our
model (Klimkiewicz et al. 2017; Bhatt et al. 2020; Baciu et
al. 2022). Assuming that spheroids produce better condi-
tions for the cell cultures with respect to the natural ones,
we here developed 3D culture methods that are not only
valid enough to uncover distinct molecular mechanisms
used by tumor cells to reach aggressiveness, but also show
that such separate mechanisms occur, despite the similar
establishment of hypoxia and, importantly, identically to
the in vivo observed mechanisms. Such well-characterized
models may permit the easy obtention of more reliable
data, which will bring the translation closer to the clinical
practice.

Material and methods

In vivo tumor implantation and development The experi-
ments were carried out with 12 female mice: two biological
repetitions, 6 (2 x 3) of the C57/B16 strain, syngeneic model
of melanoma, and two biological repetitions, 6 (2x 3) of
BALB/c, syngeneic model of kidney tumor. The mice had an
acclimatization time before starting the experiments. During
the experiment, the mice were housed in Military Institute
of Hygiene and Epidemiology animal facility (listed as an
experimental unit authorized to carry out animal experi-
ments by the Polish Ministry of Science and Higher Educa-
tion, user number 0074), in IVC rack system in single-use,
ventilated, plastic cages (Allentown Inc, Allentown, NY).
Animals were maintained in a 12-h/12-h light-dark cycle
(dawn: 6:30-7:00) at 21 +2 °C temperature and a relative
humidity of 60+ 20%. Food and water were provided ad libi-
tum. As enrichment, the wooden tool and nesting material
were supplied. Cancer cell suspensions (RenCa, 100,000
cells; B16F10, 200,000 cells in 100 pL of PBS mixed with
Matrigel™ (50%, vol/vol) (Corning, Glendale, AZ) and
maintained at 4 °C) were subcutaneously administered to
the animals’ thigh after anesthesia with isoflurane. Experi-
mental groups consisted of 3 mice kept in one cage for each
experimental group. The renal cancer model experiment was
terminated after 22 d, while the melanoma cancer model
experiment was completed 18 d after the injection of the
tumor cells, when the tumors exceeded 1-cm diameter. All
experiments were conducted after obtaining approval for
procedures from Second Warsaw Local Ethics Committee
for Animal Experimentation (no. WAW2/76/2017) and fol-
lowing Directive 2010/63/EU regulations.
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Cell culture The tests were carried out with murine renal
carcinoma RenCa (CRL-2947™_ ATCC, Manassas, VA)
and melanoma B16-F10 (given by Prof. J. Dulak, Depart-
ment of Medical Biotechnology, Faculty of Biochemistry,
Biophysics and Biotechnology, Jagiellonian University,
Cracow, Poland; authenticated in 2021, ATCC) cell lines.
Cells were maintained at 37 °C in a humidified atmos-
phere containing 5% CO, in appropriate media: RPMI-
1640 GlutaMaxTM medium (Thermo Fisher Scientific,
Waltham, MA), with 10% FBS (vol/vol) (Thermo Fisher
Scientific, Waltham, MA). After the confluence reached
70-80%, all the cell lines were passaged by detaching with
Accutase solution (Biolegend, San Diego, CA). Melanoma
cell line was authenticated by ATCC Cell Authentication
Service. The cells were analyzed by checking eighteen
mouse short tandem repeat (STR) loci and two additional
markers (human D8 and D4) to screen for the presence of
human or African green monkey species. The profile of
submitted cell samples matched to the 97% to the refer-
ence profile ATCC MUSAO0830. The RenCa cell line was
obtained from ATCC (CRL-2947™), and the cells were
cultured and frozen. The early stock solutions of cells were
used in the experiments of these studies. Cells used in the
experiments were Mycoplasma free as assayed with PCR
Mycoplasma Test (Biomedica, Piaseczno, Poland) and did
not exceed the 15th passage.

Two-dimensional cell culture Two-dimensional cultures
were carried out under two oxygen partial pressures “nor-
moxia” (18.75% O,, 2DN) and hypoxia (1% O,. 2DH). Cells
were seeded at distinct densities: RenCa, 6600 cells/cm?,
B16F10 3300 cells/fcm”. Twenty-four hours after plating,
hypoxia-intended cell cultures were transferred to hypoxia
chambers (BioSpherix, Xvivo System Model X3, Parish,
NY), while changing the cell medium to a fresh hypoxia-
balanced medium. Normoxic cell cultures were kept under
standard aerobic conditions, after switching to a fresh, nor-
moxic medium. The cultures were pursued for 72 h.

Three-dimensional cell cultures by spheroid formation The
3D cultures were conducted as previously described (Filip-
iak-Duliban er al. 2022). Five hundred cells resuspended in
20-pL medium supplemented with 0.25% methylcellulose
(vol/vol in medium, R&D Systems, Minneapolis, MN) were
seeded as a single hanging drop, on the cover of a culture
plate in standard culture conditions (5% CO,, 21% pO,).
After 72 h, drops were individually transferred to a 96-well
plate previously covered with 1% agarose dissolved in dou-
ble-distilled water (w/vol, VWR, Warsaw, Poland), and 50
pL of fresh medium (supplemented with 0.25% methylcel-
lulose, vol/vol) was added concomitantly. Cells were allowed
to expand for another 4-d period.

Western blot The two-dimensional cell cultures were
washed twice with ice-cold PBS and collected by scraping.
Harvested and PBS-washed spheroids were dispersed, and
cell suspensions were centrifuged before lysing by RIPA
lysis buffer (containing NP-40 50 mM, NaCl 150 mM, Noni-
det P-40 1%, DOC 0.5%, SDS 0.1%,. Tris (pH 7.4); from
Thermo Fisher Scientific, Waltham, MA) complemented
with protease and phosphatase inhibitors (both from Thermo
Fisher Scientific, Waltham, MA). Fragments of neoplastic
tissues were homogenized using TissueLyser II (Qiagen,
Hilden, Germany) in RIPA lysis buffer with protease/phos-
phatase inhibitors. Insoluble material was removed by lysate
centrifugation (14,000 g for 10 min at 4 °C). An equal
amount of total protein was separated on 12% SDS poly-
acrylamide gels for 40 min at a constant 200 V using a Bio-
Rad Minigel System, followed by transfer to nitrocellulose
membranes (GE Healthcare Life Science, Munich, Ger-
many). Membranes, after blocking with 5% non-fat dry milk
resuspended in 1% Tris-Buffered Saline (Cayman Chemical,
Ann Arbor, MI) supplemented with 0.1% Tween (Thermo
Fisher Scientific, Waltham, MA), were probed with primary
antibodies to detect ALDH1A1 (1:250 Polyclonal; LSBio,
Seattle, WA ), VHL (1:200 anti-mo; Clone: FL-181; Santa
Cruz Biotechnology, Dallas, TX), HIF1a (1:100; Clone:
28b; Santa Cruz Biotechnology, Dallas, TX), Vimentin
(1:1000 anti-rb, clone: D21H3; Cell Signaling Technol-
ogy, Poland), and Vinculin (1:1000 anti-mo, clone: V284;
Santa Cruz Biotechnology), which served as loading con-
trol. Membranes were further treated with secondary anti-
bodies conjugated with horseradish peroxidase-HRP (goat
anti-mouse/anti-rabbit, 1:10,000; Vector Laboratories, Burl-
ingame, CA). Bands were detected using Luminol as HRP
substrate (Santa-Cruz, Dallas, TX) with X-ray films. Bands
were analyzed using ImagelJ Fiji. All data were normalized
to 2DN condition.

Flow cytometry detection of intracellular enzyme activity
and cell surface antigens Cell suspensions from 2D cultured
cells were obtained using Accutase solution (Biolegend, San
Diego, CA). Individually cultured spheroids were treated
with 0.1 mg/mL collagenase type II (Gibco by Thermo
Fisher Scientific) and incubated at 37 °C with simultaneous
stirring until the spheres disintegrated into single cells.

Cell cycle analyses One milliliter of 70% cold ethanol
(113964200; Chempur, Piekary Slaskie Poland) was slowly
added to the cells; then, they were incubated at— 20 °C for
24 h. The cells were washed with PBS and then 100 pL of
Muse® Cell Cycle Reagent (The Muse® Cell Cycle Kit;
Merck KGaA, Darmstadt, Germany) was added for 30 min.
For acquisition, an additional 150 pL of PBS was added. All
samples were analyzed by assessing the percentage of cells
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in GO/G1, S, and G2 phases, based on DNA content, using a
Calibur flow cytometer (Becton Dickinson, Sunnyvale, CA).

Aldehyde dehydrogenase-1 activity assessment The
ALDHI enzyme activity was measured intracellularly
with the help of Aldefluor fluorescent reagent. It is a
BODIPY-amino acetaldehyde fluorescent ALDH substrate
able to diffuse into intact and viable cells. Converted into
BODIPY-amino-acetate by ALDH in cells, the negatively
charged product is retained inside the cells increasing fluo-
rescence for flow cytometry analysis (Aex max =493 nm,
Aem max = 588 nm). Protocol was followed according to
the manufacturer’s recommendations (STEMCELL Tech-
nologies, Vancouver, Canada). Briefly, 0.5x 10° cells were
suspended in 500 pL of Aldefluor assay buffer. Assay sam-
ples received 2.5 pL of the Aldefluor reagent and mixed,
and immediately 250 pL of the suspension was taken out
and put in the control tube with the DEAB (N, N'-dimeth-
ylaminobenzaldehyde) inhibitor 2.5 pL. Cells were further
incubated for 45 min at 37 °C in the dark. After washing
cells, viability was determined by staining with 7-amino-
actinomycin D (BD Biosciences, Franklin Lakes, NJ), a
membrane-permeant dye which is excluded from viable
cells; it binds to double-stranded DNA of dead cells (Aex
max =546 nm, hem max =647 nm). All samples were ana-
lyzed using a Calibur flow cytometer (Becton Dickinson,
Sunnyvale, CA). Cells treated with inhibitor were used to
set the gate for ALDHneg population and positive cells were
analyzed.

Surface antigens detection by fluorescent antibodies The
evaluation of the expression of CD105 and CD133 was
determined using commercially available antibodies: PerCP-
eFluor710 conjugate rat-anti-mo (IgG1) CD133 (Clone:
13A4; Thermo Fisher Scientific, Waltham, MA) and PE con-
jugate rat-anti-mo (IgG2a) CD105 (Clone: MJ7/18; Thermo
Fisher Scientific, Waltham, MA). In total, 500,000 cells were
resuspended in PBS (200 pL) and first stained for viability
determination by LIVE/DEAD™ Fixable Dead Cell Stain
Sampler Kit, 488-nm excitation (Thermo Fisher Scientific)
for fluorescence spectrum compatibility (for 15 min). The
dye reacts with free amines both inside and on the surface
of dead cells, yielding to an intense fluorescent staining. The
cells were washed and resuspended in Stain Buffer — BSA
(BD Pharmingen, Franklin Lakes, NJI), then the labelling
for antigens was performed by incubation of the cells in the
presence of fluorescent antibodies for 2 h at 4 °C in the dark.
Cell analysis was performed using Calibur flow cytometer
(Becton and Dickinson, Franklin Lakes, NI).

Reverse transcriptase-polymerase chain reaction RNA
samples from in vitro and in vivo cultures were isolated
using the commercially available RNeasy Mini Kit (Qiagen,
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Hilden, Germany), according to the manufacturer’s protocol.
The obtained cell lysates were either stored at— 80 °C or
RNA isolation was started. The isolated RNA was then puri-
fied using the TURBOTM DNA-free Kit (Thermo Fisher
Scientific, Vilnius, Lithuania) according to the manufac-
turer’s protocol. The concentration and purity of RNA were
determined by measuring the absorbance in the wavelength
range: 230, 260, and 280 nm. RNA integrity was assessed
using a fluorometer based on the RIN (RNA integrity num-
ber) coefficient (acceptable values 7-9). After obtaining
high-purity mRNA, a reverse transcription process, using a
commercially available High-Capacity cDNA Reverse Tran-
scription Kit (Thermo Fisher Scientific, Waltham, MA), was
performed according to the manufacturer’s instructions. The
resulting single-stranded cDNA was used as real-time poly-
merase chain reaction templates.

RT-PCR were performed using TagMan Gene Expres-
sion Master Mix (Thermo Fisher Scientific, Waltham,
MA) together with commercially available probes all from
Thermo Fisher Scientific: Vhl: Mm00494137, Vegf-a:
Mm00437306, Hif-1a Mm00468869, Actinfi Mm02619580.
The samples run on Bio-Rad CFX384 qPCR System or CFX
Connect qPCR System (Bio-Rad, Warsaw, Poland). Ampli-
fication conditions were as follows: 50 °C (2 min), 95 °C
(10 min), and 40 cycles of 95 °C (15 s) and 60 °C (1 min).
The quantity of mRNA was calculated using the 2(-Delta
C(T)) method and normalized to f-actin. All reactions were
performed as triplicates.

Next-generation sequencing (NGS) NGS was performed
outsourced service by Lexogen GmbH (Vienna, Austria)
with NextSeq 500 system (Illumina, Ipswich, MA). Briefly,
RNA was extracted and purified using methods described
in the “Reverse transcriptase-polymerase chain reaction™
section. RNA BR Assay Kit (Thermo Fisher Scientific,
Singapore) was used to measure total RNA concentra-
tion and Qubit RNA IQ Assay Kit (Thermo Fisher Scien-
tific, Singapore) to measure RNA integrity and quality. To
obtain cDNA libraries, 1 pg of total RNA with 1Q > 8.5
was used. Preparation of libraries was performed accord-
ing to manufacturer’s instructions: The NEBNext® Poly(A)
mRNA Magnetic Isolation Module—mRNA isolation and
fragmentation (New England Biolabs, Ipswich, MA) Ultra
RNA Library Prep Kit for Illumina—cDNA Library syn-
thesis, New England Biolabs, Ipswich, MA); NEBNext
Multiplex Oligos for [lumina—adding Adaptors (New Eng-
land Biolabs, Ipswich, MA). All the steps were performed
along with the purification of the reaction products using
NEBNext Sample purification Beads (New England Bio-
labs, Ipswich, MA). Libraries were qualified on Bioanalyzer
(Agilent, Santa Clara, CA), with High Sensitivity DNA Kit
(Agilent, Santa Clara, CA). Differentially expressed genes
(DEGs) were classified according to— 1.5 <1logFC > 1.5 and
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p-value <0.5. Gene symbols were translated into UniProt
accession numbers using the UniProt Knowledgebase (Uni-
ProtKB). Protein networks were retrieved from the STRING
(Search Tool for the Retrieval of Interacting Genes) database
using the list of protein accession numbers as a query and
then analyzed using the Cytoscape software.

Microscopy imaging 3D cultures were performed according
to the abovementioned procedure. Imaging to assess live and
dead cells in the spheres was performed after labelling by
calcein acetox ymethyl ester (Calcein AM, Biolegend, San
Diego, CA) which is hydrolyzed by cellular esterases to give
fluorescent calcein in the cytoplasm of live cells and pro-
pidium iodide (Exbio, Vestec, Czech Republic) DNA inter-
calating agent which is highly fluorescent after intercalation.
Briefly, after adding the dyes, spheroids and cells grown
in two dimensions were incubated for 15 min in the dark
at room temperature. Images were acquired using a Zeiss
AxioObserver.7, fluorescence, and inverted microscope (X 5
magnification), and analysis performed with the Zen 2.6 blue
edition software (Zeiss. Jena, Germany).

A =

Statistical analysis The results are shown as mean + SEM.
All data were normalized to 2DN condition. All experiments
were performed at least in 3 biological replicates. All sta-
tistical analyses were performed using GraphPad Prism 9.0
software (RRID:SCR_002798). Depending on the Gauss-
ian distribution, we performed one-way analysis of variance
(ANOVA) with Tukey post hoc test or Kruskal-Wallis with
post hoc Dunn’s test.

Results

Optimization, characterization, and comparison of 3D model
with 2D culture models; Establishment of 3D cultures Irreg-
ular cell aggregates were observed especially for RCC model
after using standard culture methods, e.g.. hanging drop in
regular culture medium (Supplementary Fig. 14). Consistent
spheroids were obtained from renal and melanoma murine
cancer cells, in normoxic conditions, by combining the
hanging drop method with culture in a semi-solid matrix
(Fig. 1B). Five hundred cells in a 20-pL drop were seeded
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Figure 1 Schematic model of spheroid formation (A). (B) Spheroids
after 7 d of culture. (C) Comparison of spheroid diameter, N=3.
Effect of culture conditions on cell viability in different culture con-
ditions measured by flow cytometry (D) and fluorescence staining of
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spheroids (E) by propidium iodide (orange, dead cells) and calcein
(green, live cells), which shows the positions of live and dead cells in
the spheres. Statistical analysis was performed by one-way ANOVA/
Tukey test, *p<0.05, N=3.

@ Springer }

28



ALEKSANDRAET AL.

for both cell lines to compare the proliferative capacity of the
cells during the sphere formation. As previously described
(Filipiak-Duliban et al. 2022), spheroids were cultured for
7 d in total: 3 d in hanging drops and then 4 d in agarose-
coated bottom plate in standard culture medium supple-
mented with methylcellulose (Fig. 14). After 3 d of culture
in hanging drops, irregular cell aggregates were observed for
both cell lines: RenCa and B 16F10 (Supplementary Fig. 1B).
Round and regular spheroids were obtained after 7 d of cul-
ture were completed (Fig. 1B). As measured in diameters,
the RCC cells at the end of culture formed smaller spheroids
(~ 400 pm) as compared to spheres {~600 um) (Fig. 1C) from
B16F10 despite the initial number of seeded cells being the
same. Using flow cytometry, we determined the cell viability
in 2D and 3D cultures conducted in normoxic and hypoxic
conditions. A higher proportion of viable cells for both cell
lines was recovered from two-dimensional cultures, than
from spheroids in both oxygen tension conditions (Fig. 1D).
Microscopic observation of spheres stained by calcein and
propidium iodide showed a necrotic core in the 3D structures
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Figure 2 Cell cycle analyses by quantitative flow cytometry, in vari-
ous culture conditions: (A, C) DNA content frequency histograms of
B16F10 and RenCa cells. (B, D) Quantitative measurements of cell
cycle stages. (E) Effect of culture conditions on the expression of
proliferation capacity regulation genes. The expression of mdm2 and
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in normoxia (Fig. 1E). The cells from spheroids cultured
in hypoxia showed a very low viability (Fig. 1D: Supple-
mentary Fig. 1C) and were smaller than spheres cultured
in normoxia. It suggests that hypoxia, which often occurs
during tumor growth and lack of nutrients, might develop
in the center of the sphere. This phenomenon might explain
the reduced viability of cells recovered from 3D structures
(Klimkiewicz et al. 2017). Consequently, spheroid culture
in additional/external hypoxic conditions may cause intense
cellular stress, drastically reducing cell survival. As very few
cells were recovered from hypoxia-cultured spheres which
impaired the conduct of any further experiments, we decided
to perform research on 3D cultures maintained in normoxia
which seems to more appropriately reconstitute the natural
development of a tumor.

3D culture condition induces melanoma cancer cell cycle
arrest at the GO/G1 phase Spheroid culture affected the cell
cycle distribution in both cell lines with no direct effect of
hypoxia only (Fig. 2A—D). In the case of B16F10 cells, 3D
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p53 for BI6F10 and RenCa cell lines was determined by quantitative
RT-PCR (gRT-PCR.). fi-actin served as a quantitative internal control.

Statistical analysis was performed by one-way ANOVA/Tukey test,
*p <0.05, N=3 (2DN-control).
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culture caused accumulation of cells in G0O/1 phase with con-
current reduction of S phase mostly (Fig. 2A, C). On the
contrary, spheroid-recovered RenCa cells were enriched in
proliferating, G2/M cells with a non-significant drop of cells
in both GO/1 and S phases (Fig. 2B, D). As activation of p53
tumor suppressor can lead to cell cycle arrest (Schafer 1998),
we checked the expression of p53 and its inhibitor mdm?2.
For both cancer models, we observed a similar downregula-
tion of p53 expression by both hypoxia and 3D formation, as
compared with 2D normoxic culture (Fig. 2F). Expression of
mdm?2 in melanoma cancer for 2D hypoxia and 3D was down-
regulated as compared with 2D normoxia, with a significantly
stronger effect due to the spheroid type of culture (Fig. 2E).
For RCC cultures, no statistically significant change of mdm?2
expression was observed (Fig. 2E). B16F10 cells maintain

functional wild-type p53 (Besztercei ef al. 2019). RenCa
cells were shown to have partly mutated whose impact on
p53 expression has not been proven (Kiweler ez al. 2020).

3D melanoma cancer model induces hypoxia The pres-
ence of necrotic core in 3D structures of RCC and mela-
noma models after staining with calcein and propidium
iodide suggested the induction of hypoxia in the middle
of the spheres (Klimkiewicz et al. 2017). We checked
several hypoxia-related genes/proteins such as HIF-1a,
vegf-a, and VHL (Fig. 3A, B). In a 3D melanoma model,
we observed the upregulation of hif-1a expression and
a tendency for higher protein level as compared to both
2D normoxia and hypoxia (Fig. 3A, B). Vhl expression
was not affected by any of the tested culture conditions.

A B16F10 RenCa B ———
hif1 )
) hifta HIF1a VHL
kK 15 s
’ " $ § 2DN 2DH 3D
] i 3 F P et
Vi Eg 5 3 g10 H
1 53 22 2210
13 f.: : : : 3 i Vinculin
o8 3% 2% s 3t
K H Se 0.5 & 5 5o
0- 2DN 2DH 3D 0.0- 2DN 20H 3D 2DN 2DH 3DN 20N 2DH 3DN
17 kDa Vinculin
RenCa
vegf-a vegf-a
HIF1a VHL
% 4 4 20 2DN 2DH 3D
4+ * % 5 §
. &34 3% - E
o5 2 522 210 124 kDa — o
- H 2- £ = H
S ik 23 : -
7 23 g
s § €24 t41 § 117 kDa - SRl
S z :
& : 20 0.0
g 20N 20H 3D 2DN 2DH 3D
B 0~ 20N 20H 3D
o 20N 204 3D
C 3D vs 2DN S5 va S
vhi il
2.0 e
1.5+ - ]
F 8
~ 52157 ,
wig e
o § 1.0+ 83
£y 22 1.0
i : : Epas1
: E’ E : Mmp10
8 2057 £ 05- 7
5 2DN 20H 3D E - I~ -
: Mmp13
: 0.04 2DN 2DH 3D =0
0.0-

Figure 3 Effect of the culture conditions on the expression of
hypoxia-regulating genes (A, B) and proteins (C). The gene expres-
sion of hif-la. vhl. and vegf-a was determined by quantitative RT-
PCR (gRT-PCR): f-actin served as a quantitative internal con-
trol (A). The protein expression of HIF-1a, VHL, and VEGF assessed
by western blot; Vinculin served as a quantitative loading control (B).
Statistical analysis was performed by one-way ANOVA/Tukey test

or Kruskal-Wallis/Dunn’s test, *p<0.05, N> 3 (2DN, control). Pro-
tein—protein interaction scaffold networks of EPASI determined by
next-generation sequencing (g-value <0.05 and llog, FCI> 1.5) identi-
fied in RenCa cells. Blue nodes represent proteins encoded by down-
regulated genes and red nodes represent proteins encoded by upregu-
lated genes (C).
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4Figure 4 Effect of the culture conditions on regulation of CSC.
ALDHI activity determined using flow cytometry method (A); pro-
tein expression of ALDHI1 assessed by western blot method (B); pro-
tein—protein interaction scaffold networks of ALDH2 determined by
next-generation sequencing (g-value <0.05 and llog; FCI> 1.3) identi-
fied in RenCa cells. Blue nodes represent proteins encoded by down-
regulated genes and red nodes represent proteins encoded by upreg-
ulated genes (C). Evaluation of CD133-positive cells using flow
cytometry method (D). Evaluation of CD105-positive cells using flow
cytometry method (E). Statistical analysis was performed by one-way
ANOVA/Tukey test or Kruskal-Wallis test/Dunn’s test, *p<0.03,
N=3.

Vegf expression increased both in 3D and 2D cultures
in hypoxia, although in the latter condition, no HIF-1a
upregulation occurred (Fig. 3A, B). In the RCC model,
we observed an opposite tendency; 3D culture downreg-
ulated hifla, vhl, and vegf-a genes: however, hypoxia
alone tended to increase HIF-1a protein and vh/ and
vegf gene expression (Fig. 34, B). Global gene expres-
sion analysis with NGS was performed for RCC model
to identify hypoxia gene signatures in 3D as compared
with 2D cultures (Fig. 3C). String protein networks
indicated upregulation of Endothelial PAS Domain Pro-
tein 1 (Epasl) for 3D culture as compared with both 2D
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Figure 5 Relative expression of EMT markers (A, B). Relative pro-
tein expression of B-catenin, N-cadherin, and Vimentin assessed by
western blot; Vinculin served as a quantitative loading control (A).
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Figure 6 Comparison of proliferation capacity regulation genes.
Relative expression of mdm2 and p33 for BI6F10 and RenCa cells.
All data normalized to 2DN expression. f-Actin served as a quantita-

RenCa

normoxia and hypoxia culture conditions. Also, upregu-
lation of matrix metalloproteinase-10 (Mmp10), matrix
metallopeptidase 13 (Mmp13), and Lysyl oxidase (Lox)
was observed as compared to 2DN culture (Fig. 3C).

Renal cancer spheroids induce the upregulation of a stem-like
cancer cell—CSC—population Upregulation of cells arrested
in GO/G1 phase may suggest the presence of CSC (Caglar and
Biray Avci 2020), and hypoxia was shown to induce selection
of CSC in cancer foci (Klimkiewicz et al. 2017). Therefore,
the levels of several potential CSC markers such as ALDHI,
CD133, and CD105 were evaluated (Fig. 4). In the case of
B16F10 cells with GO/G1 arrest, we could not observe CSC
induction; CD105 positive cells dropped in 3D culture while
CD133-positive cells remained unchanged (Fig. 4D, E). Sim-
ilarly, ALDH1 was not significantly altered in those cells
(Fig. 4A, B). Surprisingly, in spheroid-growing RCC cells
that were characterized by increased G2/M accumulation,
strong increases of ALDHI1 protein level and activity were
observed (Fig. 44, B). Analysis of String protein networks
also indicated the upregulation of aldehyde dehydrogenase 2
(ALDH2) expression in 3D (Fig. 4C). Additionally, in RenCa
cell line, an increased number of CD133-positive cells in
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«Figure 7 Comparison of the expression of hypoxia-regulating genes
(A, D) and proteins (B, C, E, F). The gene expression of hifl a, vhi,
and vegffa was determined by quantitative RT-PCR (gRT-PCR);
factin served as a quantitative internal control (A, D). The protein
expression of HIFla, VHL, and VEGF assessed by western blot; Vin-
culin served as a quantitative loading control (B, E). HIFla and VHL
detection by Western blots (C, F). Statistical analysis was performed
by one-way ANOVA/Tukey test or Kruskal-Wallis/Dunn's test,
#*p<005,N=3; 3D, N=3 (2 biol.), tumors (2DN, control).

2D cell cultures in hypoxia and in 3D cultures was shown,
whereas no statistically significant changes for CD105 levels
were observed (Fig. 4D, E). Remarkably, an opposite ten-
dency was displayed by B16F10 cells.

EMT is induced in melanoma 3D model Another mecha-
nism of cancer aggressiveness is EMT (Pastushenko and
Blanpain 2019). We tested whether this process is induced
by spheroid culture by assessing the main EMT markers:
Vimentin, N-cadherin, and B-catenin (Fig. 5). In the B16
F10 melanoma model, the upregulation of N-cadherin,
Vimentin, and B-catenin was observed in spheroids. In
the RenCa model, B-catenin in spheroids was downregu-
lated and N-cadherin could not be detected in any tested
culture conditions (Fig. 5). Changes for vimentin expres-
sion in RCC models were not significant; however, tenden-
cies were opposite to those observed in melanoma model
(Fig. 5), confirming the distinct reactions uncovered by the
3D mode of culturing the two cancer cell types.

3D spheroid formation as an alternative model to in vivo
murine tumors To assess for the significance of spheroid
formation to mimic some tumor characteristics, we com-
pared the levels of above tested markers in 3D models to
in vivo tumors (transplantation of the same cells in synge-
neic models), comparatively to standard monolayers type of
culture in normoxia (2DN).

3D cell culture models induce similar pattern of expression
of cancer suppressor genes as in vivo growing tumors Mela-
noma and RCC spheroids and their corresponding tumors
showed similar levels of downregulation of p353 expression
as compared to monolayer cultured cells (Fig. 6). While, in
the melanoma model, a similar downregulation pattern was
observed for mdm?2 expression, this was not the case in the
RCC model as mdm2 expression was not significantly altered
(although it tended to increase) (Fig. 6).

3D cultures and in vivo tumors show a similar expression
pattern of proteins/genes associated with hypoxia Mela-
noma spheroids and tumors displayed a similar upregula-
tion of hifla and vegf-a gene expression but the HIF-1a

protein increase in spheroids was not as strong as in tumors
(Fig. 7A-C). A statistically significant downregulation of vil
was observed only for its transcripts in the tumor (Fig. 74).
On the other hand, there was no effect on the corresponding
protein level in both the spheroid and tumor (Fig. 7B, C). For
RCC, we observed that 3D and tumors show similar changes
in expression as opposed to monolayers, but tendencies were
opposite in the melanoma model: in both tumor and 3D,
a downregulation of hifla, vhl, and vegf-a was observed
(Fig. 7D—F). On the protein level, VHL increased in tumors
only; in spheroid cultures, this upregulation did not reach
statistical significance (Fig. 7E, F).

RCC spheroids and tumors show a similar expression pat-
tern of ALDH1- marker associated with stemness Previously
observed ALDH1 induction in renal cancer spheroids was
also seen in tumors; ALDHI1 protein level was increased
similarly in 3D culture as compared to monolayer (Fig. 8).
Also, melanoma tumors were characterized by a very high
expression of this protein, although in this model, spheroid
culture could not upregulate ALDHI1 significantly (Fig. 8).

Melanoma and RCC spheroids and tumors show a similar
expression pattern of markers associated with EMT Previ-
ously observed B-catenin induction in melanoma and down-
regulation in renal cancer spheroids were also observed in
tumors (Fig. 9). The same tendencies for vimentin expres-
sion in 3D and the tumor were also observed for both mod-
els, where we observed upregulation of this protein in mela-
noma and its downregulation in the RCC model (Fig. 9).

Discussion

To increase data validity and success rate of cancer research,
it is necessary to handle parameters that mimic the most
important features of the disease. Monolayer cell cultures
provide useful and homogenous models; however, many
studies showed that 3D culture models display features
that are closer to in vivo tumor characteristics (Ravi et al.
2015; Klimkiewicz et al. 2017; Jensen and Teng 2020). The
present work performed 3D cultures allowing comparative
models to syngeneic in vivo tumors for renal cancer and
melanoma cancer. This may result in reducing using animal
models in future studies. We performed characterization of
the proposed model in terms of response to hypoxia, CSC
selection, and EMT induction. Importantly. we demonstrated
the validity of the spheroid type of culture to reflect the
mechanisms observed in tumors in vivo. By using mela-
noma and renal cancer models which are characterized with
different mechanisms of carcinogenesis, we are confirming
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Figure 8 Comparison of B16F10
ALDHI1 expression in 3D A

and tumor (A, B). Expression 8= * Ak
of ALDH1 protein relatively *

to 2DN cultures; Vinculin
served as a quantitative loading
control (A). Western blots of
ALDH1 detection (B). Statisti-
cal analysis was performed by
one-way ANOVA/Tukey test
p<005,N=3;3D,N=3(2
biol.), tumors (2DN, control).
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that proposed 3D culture might be universal for other can-
cer types. The designed method does not require any spe-
cial equipment nor expensive laboratory consumables and
pipetting was reduced to minimum. For spheroid formation
of RCC (Matak er al. 2017) and pancreatic [48] models,
methylcellulose and hanging drop methods were previously
used: however, in both models, there was no evidence that
their models provide sufficient material for further studies or
drug screening. Moreover, RCC spheroids in the proposed
model by Matak ef al. (2017) were irregular. We exploited
a 96-well format that can be easily used for cost- and time-
effective drug screening which we previously reported (Fili-
piak-Duliban er al. 2022). Our model also provides sufficient
cellular material for molecular experiments (western blot,
qPCR, or flow cytometry can be performed using 96 sphe-
roids for each technique).

It was shown that the size of the sphere influences the
cellular processes induced within. The dimensions of sphe-
roids are usually correlated with seeding density (Singh ez
al. 2020); however, in our study, we point out also intrinsic
features of used cells for the outcome of 3D culture. The
study, although restricted to two murine cancer cell types to
reduce the variability of spheroid formation, confirms the
universality of the method. Indeed, the present modifica-
tion of hanging drop method was efficiently inducing 3D
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formation by both cell lines, despite the poor RenCa ability
for sphere formation (Supplementary Fig. 1A, B) (Fig. 1C).
RCC spheroids were significantly smaller than melanomas,
although the initial cell number was the same for both cell
lines. Such differences may result from different prolifera-
tion capacity or by intrinsic features of the cell lines, ECM
production, or cell—cell adhesion molecule expression which
can also impact sphere formation. Ability to form spheroids
correlates with cancer stem-like cells characteristics of cell
lines (Debeb et al. 2010; Y. Zhang et al. 2013). We showed
that the melanoma cell line is initially characterized by
higher levels of ALDHI (protein/ALDH1 activity) and pro-
portions of CD133-positive cells than RenCa cells (Fig. 3)
which relate with the higher capacity of B16F10 cells to
form spheroids.

Cells recovered from spheroids were less viable which
is probably due to a necrotic core which is formed by size
incrementation and nutrient deficiency. as observed by
microscopy (Fig. 1E). This suggests that hypoxia develops
in the center of the sphere (Riffle and Hegde 2017). Indeed,
in the melanoma spheres, we observed upregulation of
HIF-1a (Semenza 2001), inducer of the main proangiogenic
factor VEGF-A (Fig. 3A). For both cell lines, we observed
differences between protein and gene expression patterns,
especially for VHL. These differences may result from
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Figure 9 Comparisons of EMT marker expression in 3D and tumor

(A, B). Expression of B-catenin and Vimentin proteins relative to
2DN cultures; Vinculin served as a quantitative loading control (A).
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Vimentin and B-catenin detection by western blots (B). Statistical
analysis was performed by one-way ANOVA/Tukey test or Kruskal—
Wallis/Dunn's test p<0.05, N >3 (2DN, control).
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translational regulation or some differences between protein
and mRNA half-lives (Nie er al. 2006). Despite that, these
observations do not affect the main conclusion of these parts
because difference values did not reach significance in both
experiments. In the RCC 3D model, we observed downregu-
lation of hifla, vhl, and vegf-a expression (not statistically
significant), which suggests that hypoxic processes were not
effectively induced probably because spheres were smaller
(Fig. 34, B). However, the same pattern of gene expression
was observed in the subcutaneous tumor obtained in vivo
(Fig. 7). This shows that 3D culture induces cell-specific
mechanism, in addition to the physical parameters, which
are occurring during the formation of spheroid architecture.
This supports the conclusion that, in many aspects, sphe-
roids are sufficient to model tumor physiology and present a
valuable alternative model to in vivo syngeneic experiments.

Further characterization of RenCa spheroid model
by NGS showed that among all DEGs (598 for 3D vs
2DN and 1899 for 3D vs 2DH) (Supplementary Fig. 2),
Epasl (Hif2a) transcript was upregulated (Fig. 3C).
Studies using in vivo and in vitro models indicated that
HIF-1a acts as a tumor suppressor, whereas HIF-2a has
oncogenic potential (Schodel er al. 2016). Together with
increased expression of HIF-2a, the increase of Mmp10,
Mmp13, and Lox expression was observed (Fig. 3C).
These proteins are associated with cancer progression
and metastasis in various types of tumors (Yamada er
al. 2010; G. Zhang et al. 2014; Leo et al. 2018). Taken
together, it may suggest that RCC spheroids contain
aggressive, highly proliferative cell population(s).
Indeed, RenCa spheroids were enriched in proliferating,
G2/M cells (Fig. 2) and cancer stem-like cells (Fig. 4).
However induction of EMT processes which are also
linked with the metastasis process (Pastushenko and
Blanpain 2019) was not observed in the RCC model.
What is more, it has been shown that upregulation of
Hif2a downregulates the expression of p53 oncogene
(Bertout et al. 2009; Cho et al. 2016) which we also
observed in both models.

In contrast, melanoma spheroids were characterized
by a reduced percentage of proliferating cells (G2/M)
with a simultaneous GO/G1 phase shift in the cell cycle,
despite p53 downregulation together with its regula-
tor mdm2 (Fig. 2). GO/G1 phase arrest also suggests
the presence of quiescent cancer stem cells (Das ef al.
2020); however, markers of the CSC phenotype, such as
ALDHI1 and CD133, were not induced in B16F10 sphe-
roids (Fig. 44, B, D) or were downregulated as CD105
(Saeednejad Zanjani et al. 2018) (Fig. 4E). CD105 down-
regulation in these cells was shown to cause reduction
of their proliferative capacity, and to promote spheroid
compaction (Dolinsek et al. 2015). This may explain the
cell cycle arrest in GO/G1 phase of cells in melanoma

spheres (Fig. 2A—-D), and also sphere shape differences
between both cell models (Fig. 1B, E). Although we
do not observe any change in CSC marker expression
in melanoma spheres, EMT markers were upregulated
(Fig. 5). Consequently, the use of the 3D type of culture
uncovered distinct molecular mechanisms set by the mel-
anoma and the RCC cells to reach a higher aggressive-
ness. EMT process is induced by hypoxia in several types
of cancer (Joseph et al. 2018); this may explain such dif-
ferences—RenCa spheres in contrast to B16F10 were not
hypoxic. Although RenCa spheroids are smaller and less
hypoxic, their structure allowed a positive CSC selection
and cell proliferation. Presence of CSCs is confirmed by
upregulation of ALDH1 protein and ALDH?2 in the NGS
interaction network. Both these proteins belong to the
nicotinamide adenine dinucleotide—phosphate (NAD(P))-
dependent enzymes (Shortall er al. 2021). They are
responsible for oxidation of aldehydes and differ from
each other by the tissue distribution, cellular location,
structure, and preferred substrates (Morgan and Hurley
2015). ALDHI1 oxidizes retinaldehyde to retinoic acid,
whereas ALDH2 is involved in the oxidation of acetal-
dehyde during ethanol metabolism (Morgan and Hurley
2015). Both enzymes were shown to be overexpressed in
highly aggressive CSCs (Rao et al. 2020; H. Zhang and
Fu 2021). B16F10, which already had higher levels of
CSC (Fig. 4A), forms bigger and hypoxic spheres which
possess EMT features. Our results correspond to what
was shown previously, i.e., melanoma intratumor hetero-
geneity, do not rely on the CSC hypothesis, but rather on
EMT features (Goding and Arnheiter 2019).

To validate the developed models for mimicking the most
important features of cancer, we compared the levels of the
above tested markers in 3D models with in vivo tumors.
Melanoma and RCC spheroids showed a similar pattern
of regulation of p353 oncogene and its regulator—mdm?2
(Fig. 6), which may indicate similar proliferative capacities
of tumors and spheres-derived cells (Tazawa et al. 2016).
Hypoxia markers found in the melanoma spheroids were
expressed at similar levels but for the HIF1 protein, for
which the increase in spheroids was lower than that in the
tumor (Fig. 7). This indicates that melanoma 3D culture is
indeed able to mimic the features of tumor hypoxia. RCC
spheres also show similar changes to those observed in the
corresponding tumor, although these two cancer types were
often oppositely modulating molecular pathways (Fig. 7).
The 3D type of cultures clearly brings conditions that are
much closer to syngeneic in vivo ones. Indeed, the induc-
tion of CSC in the RCC model was as efficient as in the
tumor confirming the similarities between 3D and the tumor,
in contrast to the melanoma where the CSC induction was
lower than that in the tumor but in both cases the EMT pro-

cesses were largely mimicked.
@ Springer @
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Conclusion

We observed that 3D models can mimic features of the
tumor such as hypoxia and CSC induction, adequately to the
characteristics of corresponding in vivo tumor mass. Sphe-
roid models of renal and melanoma cancers induce different
mechanisms, related to the progression of cancer. The RCC
model displayed induction of CSC characteristics, whereas
melanoma spheres contributed to EMT-related mechanisms.
Changes in cellular processes in these two cell lines in sphe-
roids compared to those in the standard monolayer were not
universal; however, they were reproduced in the in vivo sub-
cutaneous model, proving the validity of spheroid cultures to
model cancer physiology as an alternative to animal experi-
ments, at least in the initial steps of research.
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Supplementary Figure 1 Optimization of spheroid culture model. A- cell aggregates after 3
days of culture using standard hanging drop method without methylcellulose. B- cell aggregates
after 3 days culture using standard hanging drop method with methylcellulose C- spheroids
cultured in hypoxic condition stained by propidium iodide (orange - dead cells) and calcein

(green - live cells). which show the positions of live and dead cells in the spheres.
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The Tiranscriptome Analysis of RCC spheroid cultures compared with monolaver cultures.
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Supplementary Figure 2. Differences in the transcriptome profiles of RCC 3D culture
compared with two-dimensional cultures in normoxia and hypoxia. A, C- Volcano plot of
differentially expressed genes of 3D cultures compared with monolayers cultures determined
by Next Generation Sequencing. B, D — Protein-protein interaction scaffold networks

determined by Next Generation Sequencing (g-value < 0.05 and |logz FC| > 1.5)

To evidence differences between spheroid and monolayer cultures and point to the importance
of the environmental conditions during the cell culture (such as hypoxia. CSCs selection and
EMT). transcriptome analyzes of RCC in 3D and 2D cultures was performed. Indeed.
analyzes revealed significantly up-regulated and down-regulated genes as shown in the Fig. 2
A. C. In comparison of 3D vs 2DN. 1929 genes were up-regulated and 924 were down-
regulated (Fig. 2 A). In comparison of 3D vs 2DH, 4794 genes were upregulated and 3958
were down-regulated (Fig. 2 C). Among all of them we chose 598 deregulated genes (DEGs)
for 3D vs 2DN comparison and 1899 DEGs were chosen for 3D vs 2DH comparison with
logFC > or < £1.5 and q FDR < 0.001. NGS results were previously validated (Filipiak-
Duliban et al.. 2022)
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Abstract: 2D culture as a model for drug testing often turns to be clinically futile. Therefore, 3D
cultures (3Ds) show potential to better model responses to drugs observed in vivo. In preliminary
studies, using melanoma (B16F10) and renal (RenCa) cancer, we confirmed that 3Ds better mimics
the tumor microenvironment. Here, we evaluated how the proposed 3D mode of culture affects
tumor cell susceptibility to anti-cancer drugs, which have distinct mechanisms of action (everolimus,
doxorubicin, cisplatin). Melanoma spheroids showed higher resistance to all used drugs, as compared
to 2D. In an RCC model, such modulation was only observed for doxorubicin treatment. As drug
distribution was not affected by the 3D shape, we assessed the expression of MDR1 and mTor.
Upregulation of MDR1 in RCC spheroids was observed, in contrast to melanoma. In both models,
mTor expression was not affected by the 3D cultures. By NGS, 10 genes related with metabolism of
xenobiotics by cytochrome p450 were deregulated in renal cancer spheroids; 9 of them were later
confirmed in the melanoma model. The differences between 3D models and classical 2D cultures
point to the potential to uncover new non-canonical mechanisms to explain drug resistance set by the
tumor in its microenvironment.

Keywords: RCC; glutathione-s-transferases; 3D; spheroids; melanoma; drug-resistance; doxorubicin;

cisplatin; everolimus; cytochrome

1. Introduction

One of the limiting factors to achieve cures for cancer and other diseases is drug
resistance. This phenomenon is well known, universal, and its development is almost
inevitable [1,2]. Some of the tumors are characterized by primary drug resistance, while
others become unresponsive to treatment during chemotherapy [3]. There are multiple
mechanisms underlying cancer unresponsiveness and/ or resistance to treatment, reviewed
elsewhere [4]. Briefly, they include changes in the drug target (receptor or pathway ex-
pression or mutation) [5], induction of metabolism or efflux of drugs [6], interruption
of cell death and activation of survival mechanisms [7], and reprogramming the tumor
microenvironment to promote tumor growth [8]. One of the most frequent causes of cancer
cell resistance is mediated by multi drug resistance (MDR). It occurs when cancer cells gain
resistance to drugs that are functionally and structurally unassociated to those to which they
were previously exposed [3]. A key role played by MDR is the increased activity of drug
efflux pumps. This is typically the effect of the ATP-binding cassette (ABCB1/MDR1) [3,9].
This plasma membrane glycoprotein is often overexpressed in cancers which do not re-
spond to chemotherapy [3,10]. Other important mechanisms involve the modulation of
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apoptosis/autophagy, miRNA regulation, and DNA damage and repair among epigenetic
regulations [3]. In the development of MDR are the non-cellular components of tumor
microenvironment (TME), among which are the extracellular matrix, pH, oxygenation,
soluble factors (cytokines), and vascular-endothelial growth factor (VEGF) [6]. The esti-
mation of MDRs activity during the course of treatment as well as for the prevision of
the treatment efficacy are often based on the potential a drug has to avoid the induction
of resistance. A classic example is provided by daunorubicin which is often excluded
of the highly aggressive cancer stem cells (CSC) [3,9-11]. Induction of those and other
mechanisms reduces the efficacy of both chemotherapeutics and targeted therapy and
inevitably leads to cancer resistance and progression.

In this line, the activity of a chemotherapeutic molecule is traditionally evaluated using
the common two-dimensional cell cultures, which are far from reproducing the conditions
of the original tumor microenvironment. For this reason, many drugs evaluated using such
models proved to be clinically ineffective [12]. In our preliminary studies, we proposed
3D model conditions for the culture of renal (RenCa) and melanoma (B16F10) cancer cells.
By comparing the 3D cultures with in vivo obtained tumors, we showed that spheroids
better mimic the in vivo tumor characteristics than 2D cultures (“Spheroid culture models
imitating the tumor microenvironment of renal and melanoma cancer”, submitted).

Application of 3D culture model, as a way to reconstitute in vitro some aspects of TME,
is now widely discussed as a proper model for preliminary research in tumor biology [13].
As an increasing number of therapeutic strategies focus on non-cancer components of TME
(such as immune cells, stromal cells, hypoxia), which shape the progression of the disease,
new tools are being developed to enable modeling more accurately the responses of tumor
and the host [14,15]. They include the incorporation into spheroid culture non-cellular
components, such as ECM proteins [16], but also the creation of much more complicated
models containing stromal cells, such as fibroblasts [17], endothelial cells [18], or even
immune cells [19,20]. All these elements highly influence spheroid, hence potentially
a tumor, response to treatment [21]. 3D/spheroid culture is a well developing area of
oncology and various techniques are being developed [22]. Yet, this abundance of 3D
culture methods and protocols causes a lot of confusion as to which to choose in a particular
study, taking into consideration not only the modeled tumor, but also technical resources
of a particular research group. Nonetheless, the superiority of organoid cultures over
standard monolayers [23], encourages to test numerous variants of 3D cultures as tools to
study molecular and cellular mechanisms that determine the progression of cancer. This
might account for a higher accuracy of selection of drugs that pass into clinical trials and
the more rapid development of personalized medicine [24].

The aim of the current study was to evaluate how the proposed, simple, 3D culture
conditions affect the tumor cell susceptibility to anti-cancer drugs. We used several com-
monly applied chemotherapeutics which are differing in their mechanism of action, such
as everolimus which binds to intracellular, FKBP-12 forming an inhibitory complex with
mTOR complex 1 (mTORCT1), thus inhibiting mTOR kinase activity and consequently works
ultimately as an inhibitor of the PI3K/AKT/mTOR pathway [25]; cisplatin—platinum-
based drug which affects proliferation and apoptosis by cross-linking the DNA bases [26];
doxorubicin—which increases death of cells by intercalation into the DNA and inhibition
of topoisomerase Il modifying the chromatin structure, as well as by generation of free
radicals and oxidative damage to biomolecules [27]. We observed that despite the induction
of a similar set of drug resistance-related genes in two distinct cancer models upon culture
conditioning, the susceptibility to cytotoxic agents was not directly correlated, showing the
engagement of new pathways that could be uncovered using the proposed 3D models.

2. Results
2.1. Spheroid Formation

As in B16F10, seeding density does not have a high influence on spheroid shape (data
not shown), in the RenCa model, low or to high number of cells affected cell viability
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or shape, respectively (Supplementary Figure S1). In order to obtain regular spheroids
with a diameter higher or equal to 400 uM, the seeding density was optimized to 500 of
cells/drop and a cultivation time of up to 7 days for both cell lines. After three days of
culture, irregular aggregates were observed, and regular spheroids were observed after
seven days of cultures in both cell lines (Figure 1).

1 day 3 days 5 days

HANGING DROP ""“"5"5". 96 well plates — singular cultures
Figure 1. Spheroid formation for 7 days. B16F10 and RenCa cell lines were seeded 500 of cells per
drop in RPMI medium supplemented with methylcellulose; 3 days after cultivation in hanging drops,

7 days

B16F10

RenCa

cell aggregates were transferred in agarose coated 96-well plates, and cultivated for another 4 days.

2.2. 3D Cultures Show Different Sensitivity to Chemotherapy

To asses if 3D cultures will affect drug sensitivity, we evaluated cell viability (using
alamarBlue assay) after exposure to commonly used drugs, such as everolimus, doxoru-
bicin, and cisplatin. In the melanoma cancer model, spheroids showed higher resistance
to everolimus; in 2D cultures, the ICsp value was 9.39 uM and in 3D cultures, it reached
22.96 uM (Figure 2A). In the renal cancer model, no significant differences between mono-
layer (ICsp 21.62) and 3D culture (ICsy 19.57) were observed for these drugs (Figure 2B).
These results were confirmed by staining drug treated cells with propidium iodide showing
that incorporation into the DNA concerned a higher proportion of B16F10 cells when
cultured in 2D than in spheroids (Supplementary Figure 52). B16F10 spheroid cultures
were also less sensitive to cisplatin and doxorubicin as IC5p levels were higher than in 2D
cultures for Cisplatin: 3D, 20.82 uM; 2D 3.316 uM, and to lesser extent for Doxorubicin: 3D,
1.778 uM; 2D, 0.0011 uM (Figure 2A). In the renal cancer model, an altered sensitivity was
observed to doxorubicin only; ICsj levels for that model were higher for spheroids: 3D,
0.206 uM; 2D, 0.015 uM (Figure 2B).

2.3. Distribution of the Drug Is Not Affected by Sphere Shape

As a higher resistance to all tested drugs was observed in 3D melanoma cultures
than in 2D, we assessed whether these differences result from the conditions applied by its
spheroidic architecture altering the drug distribution. Doxorubicin is a fluorescent molecule
(0.001 uM), its distribution was thus estimated (Figure 3A,B), by assessing fluorescence
intensity at different points in the spheres after incubation of the spheres with drug for
48 h. In the renal model, no significant change was observed as the fluorescent signal
was homogenous throughout the sphere. In the melanoma model, several peaks were
distinguishable along the fluorescence signal histogram, indicating drug accumulation.
The drug penetrated the whole mass of the 3D structure, including its core (Figure 3A,B).
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Figure 2. Sensitivity of cells in 2D and 3D culture. (A)}—sensitivity to everolimus, doxorubicin, and
cisplatin of B16F10 cell line in 2D and 3D culture conditions as assessed by the use of the alamarBlue
method. (B)—sensitivity to everolimus, doxorubicin, and cisplatin of RenCa cell lines in 2D and
3D cultures assessed using alamarBlue method. Statistical analysis was performed by One-Way
ANOVA / Tukey test or Kruskal-Wallis/Dunn'’s test—* p < 0.05, ** p < 0.0021, **** p < 0.0001, N > 3
(2D—control).

A B

B16F10

RenCa

Figure 3. Drug distribution in the spheres. Immunofluorescent picture of doxorubicin (0.001 uM)
treated melanoma and renal cancer spheres after 48 h treatment—(A). Histograms representing drug
distribution in the cross-section of the sphere of melanoma and renal cancer model—(B).

2.4. 3D Culture Conditions Can Affect MDR1 Expression Differently in RCC and Melanoma, but
Have No Effect on mTor Expression

Drug resistance is often due to MDR1, a glycoprotein which is widely expressed
in cancer cells, ensuring exportation of the drugs out of the cells [28]. We assessed if
differences in the sensitivity to drugs might be related to MDR1 expression. In the B16F10
model, the MDR1 protein bands were visible only for 2D cultures, while no expression
of MDR1 was detected in 3D culture lysates. Oppositely, in the RenCa model, no MDR1
protein was detected in 2D, but it was induced by spheroid culture (Figure 4A,C). To assess
for the role of MDRI for cell viability, we assessed the cell sensitivity to Tariquidar which
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is an MDR1 inhibitor [29]. Viability of B16F10 cells in both culture conditions was not
affected; both in MDR1-expressing 2D and MDR1-negative 3D cells (Figure 4E). In the
case of the renal cancer cells model, the 3D cultures were more sensitive to Tariquidar
than 2D cultures (Figure 4E)—the ICs levels for 3D was 25 uM, while for 2D, the IC5y was
150 puM. These results were confirmed by staining drug treated cells with propidium iodide.
More dead RenCa cells were observed after exposure to Tariquidar in 3D culture models
(Supplementary Figure S2). The mammalian target of rapamycin (mTor) is an important
regulator of proliferation, differentiation, apoptosis, and tumorigenesis [30]. mTor is
very strongly associated with tumor malignancy in melanoma and renal cancer [31,32].
Consequently, we assessed if the modulation of mTor protein and its gene expression in
2D and 3D cultures for both cancer models might explain the differences in the response
to everolimus. In the melanoma model, no significant change for both protein and gene
expression was observed between the culture conditions (Figure 4B-D). In the renal cancer
model, a downregulation of gene expression was observed in 3D cultures, but this effect
was not maintained at the level of protein (Figure 4B-D).
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Figure 4. Regulation of MDR1 and mTor expression. (A)—Relative to 2D protein expression of
MDR1 of melanoma and renal cancer cells, Vinculin served as loading control. (B)—Relative to
2D protein expression of mTor of melanoma and renal cancer cells, Vinculin served as loading
control. (C)—Detection of MDR1 and mTor by western blot. (D)—The gene expression of mtor was
determined by quantitative RT-PCR (qRT-PCR); -actin served as an internal control. (E}—Sensitivity
to tariquidar in various concentrations estimated by Alamar blue assay—(D). Statistical analyses were
performed by One-Way NOVA /Tukey test or Kruskal-Wallis/ Dunn’s test—* p < 0.05, ** p < 0.0021,
**** p < 0.0001, N > 3 (2D—control).
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2.5. 3D Cultures Modulate Drug Resistance Genes

Next-generation sequencing (NGS) of 2D and 3D cultures from renal cancer model
was performed to screen for other potential drug resistance modulators (Figure 5). Among
all 263 (data not shown) deregulated genes in the 3D model, 10 genes related with
metabolism of xenobiotics by cytochrome p450 were changed: downregulated—Cyp2s1 and
upregulated—Cyp2f2, Gstmé, Gsto2, Gstad, Hpgds, Gstal, Gsta2, Gstm7, Aldh31a. 10 related
with drug metabolism were also found (Figure 5): upregulated—Aox3, Fmo5, the remaining
genes modulated in this pathway were included in the above “metabolism of xenobiotics
by cytochrome p450 pathway” (Figure 5B—E). We validated those results and assessed if
similar responses will be observed in melanoma model using qRT-PCR method (Figure 5).
In both models, similar tendencies as observed in NG5 data, were for: Cyp2f2, Gstmeé, Gsto2,
Gsta4, Hpgds, Gstal, Gsta2, Gstm7, Aldh31a genes (Figure 5). In contrast to renal cancer
model, no expression of Cyp2s1 could be detected in the melanoma cells, in both culture
conditions (Figure 5).

A Gene Set

Description Size  Expect Ratio P Value + FDR
mmul0480  Glutathione metabolism 64 20341 54179 00000045235 0.0014521
mmu00d980  Metabolism of 66 20976 4.7573 0.000038879  0.0054212
= xenobiotics by
cytachrome P450
mmul0982  Drug metabolism 68 21612 4.6270  0.000050665 0.0054212
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Figure 5. Modulation of drug related genes by 3D cultures. (A}—Enrichment analysis based on Gene
Ontology pathway shows the top 4 activated processes in both cell types (web-based gene set analysis
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toolkit enrichment method: ORA; organism: mus musculus). (B}—screening of genes related
with metabolism of xenobiotics. (D)}—screening of genes related with metabolism of drugs.
(C,E)—Functional enrichment protein network performed in Cytoscape software (v.3.8.0). (F)—The
gene expression of Cyp2sl, Cyp2f2, Gstmé, Gsto2, Gstad, Hpgds, Gstal, Gsta2, Gstm7, Aldh31a for RenCa
cells was determined by quantitative RT-PCR (qRT-PCR); p-actin served as a quantitative internal
control. (G)—The gene expression of Cyp2s1, Cyp2f2, Gstme, Gsto2, Gstad, Hpgds, Gstal, Gsta2, Gstm?,
Aldh31a for B16F10 cells was determined by quantitative RT-PCR (qRT-PCR); B-actin served as a
quant‘itative internal control. Statistical analysis was performed by One-Way ANOVA /Tukey test or
Kruskal-Wallis/ Dunn's test—* p < 0.05, ** p < 0.0021, *** p < 0.0002, N = 3 (2D—control).

3. Discussion

In separate studies, we showed that our proposed 3D cultures better mimic the in vivo
tumor characteristic (“Spheroid culture models imitating the tumor microenvironment of
renal and melanoma cancer”, submitted). This suggested that the model could be used as a
tool in pre-clinical studies instead of mouse models for drug screening. Here, we assessed
how 3D cultures will respond to chemotherapy treatment compared to standard monolayer
cultures, as higher drug resistance to drugs were already observed for spheroid cultures in
other cancer models [11].

Using drugs commonly used in cancer treatment such as everolimus, cisplatin, and
doxorubicin [32-34], we assessed various cell responses by calculating ICsq values for
3D and 2D cultures. ICs values obtained in vitro are different depending on a cell line
(e.g., Cisplatin IC5; for human cell lines can range from 3.3 to 58 uM [35] and similar
values were calculated in our study) and are often clinically relevant (eg. Cisplatin blood
concentrations vary from 0.6-12 uM) [36,37]. Comparison of IC5; values showed that 3D
cultures from melanoma model show higher resistance to some of used drugs (Figure 2A).
3D increased the ICsp value for everolimus 2.5 times, while for cisplatin, the change was
over 6 fold, reaching 20 uM, which is similar to induced resistance by long term in vitro
exposure to cisplatin in other models [38]. For doxorubicin, we did not observed such
a strong effect (Figure 2A). However, in the renal cancer 3D model, tendencies were
opposite; higher resistance only for doxorubicin was observed (Figure 2B). In monolayers,
the cells seemed to be very sensitive to this drug with low ICs; compared to other cell
lines [39]. Nonetheless, we used doxorubicin only as molecule to model drug responses,
as it is not an established treatment in RCC [40]; therefore, we do not conclude about its
therapeutic potential. However, we could evidence that 3D culture evidently modulated
cell response to doxorubicin. For everolimus and cisplatin, no significant differences were
shown in the RCC model. Studies have shown that spheroid three-dimensional shape
may affect drug penetration and these phenomena may explain the higher resistance to
chemotherapy treatment [41]. However, after staining the cells using doxorubicin at low,
poorly toxic concentration, we measured the drug distribution and in both models, it was
quite even. In the 3D melanoma model, several peaks were observed which may actually
suggest accumulation of the drug, although it did not affect cell susceptibility to this drug.
These results suggest that higher resistance to doxorubicin in the RCC model results from
activation of particular cellular mechanisms rather than limited drug distribution and cell
exposure. This might be the case also for altered sensitivity to cisplatin and everolimus in
melanoma, although, due to differences in chemical structure, doxorubicin cannot equally
model penetration of those drugs with certainty. Therefore, we screened for typical drug
resistance mechanisms that could be variably induced in the two models.

ABC transporters such as P-glycoprotein (P-gp/MDR1/ ABCB1) have an important
role in the drugs” extrusion from the cells [29]. Over expression is often observed in
cancer cells, and this phenomenon can be a cause of failure of anticancer drug therapy [42].
Expression of MDR1 is often upregulated in 3D cultures in cancer cells [42—44]. We observed
such a phenomenon in renal cancer model in contrast to melanoma, where MDR1 was
expressed only in 2D cultures and was not detected in cells from 3Ds (Figure 4A,C).
Upregulation of MDR1 in renal cancer spheroids suggests that they should be more resistant
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to chemotherapy; however, we observed higher resistance to doxorubicin only (Figure 2B).
Absence of MDR1 in melanoma 3Ds might partly explain the drug accumulation observed
microscopically after doxorubicin treatment (Figure 3A,B). We assessed using tariquidar
if the inhibition of MDR1 affects cell viability (Figure 4E). Spheroids from renal cancer,
in which upregulation of MDR1 was observed, were more sensitive to tariquidar, while
2D cultures seemed not to be affected (Figure 4E). These results suggest that, in the 3D
structures, MDRI1 protein is important for cell survival, although it does not universally
predict resistance to chemotherapeutics, as cisplatin sensitivity was not altered and it can
be reduced by MDR activation in other models [45,46]. In our preliminary studies, we
showed that 3D cultures of RenCa cells show a larger population of Cancer stem cells CSC
(“Spheroid culture models imitating the tumor microenvironment of renal and melanoma
cancer”, in review). As C5Cs are an important mediators of cancer resistance [47], a tool
allowing to model their activity in vitro is of big importance CSCs were characterized by
upregulation of ABCB transporters such as MDR1 [11,48] and the presence of cancer stem
cells correlates with ability of forming spheroids [49,50]. Despite the presence of MDR1
protein in 2D cultures in melanoma, cancer cells in both culture conditions were not affected
by tariquidar treatment (Figure 4C).

To wverify if everolimus sensitivity is modulated by the alteration the drug target
expression in 3D culture, we examined mTOR levels in monolayer and spheroid cultured
cells. The mammalian target of rapamycin (mTOR) plays important roles in controlling cell
behavior, as it takes part in cell proliferation, survival, invasion, and angiogenesis [32,51].
mTor is often mutated in cancer cells, among which melanoma and renal cancer [32,51].
Everolimus is commonly used drug which targets mTor [32]. As increased resistance of
B16F10 3D to everolimus could not be explained by induction of MDR1 nor potentially
altered drug distribution, we assessed the level of drug target, mTor, in both culture
conditions. In both models, the protein expression of mTor was not affected by 3D culture.
In renal cancer, we observed the down regulation of mTor gene expression. Therefore, the
level of mTor could not predict the susceptibility to everolimus. However, it was not proved
that mTOR level correlates with cell sensitivity to its inhibitors; therefore, experimental
confirmation of cancer cell response to drugs might be needed to predict patient outcome
in case of mTor inhibitors.

As none of the standard drug resistance mechanisms could explain distinct suscep-
tibility of 3D models, NGS was performed to screen for other potential drug resistance
modulators (Figure 5). In renal cancer spheroids, 10 genes related with metabolism of
xenobiotics by cytochrome p450 were identified, and similar regulation of 9 of those genes
were later confirmed in melanoma model (Figure 5). Cytochromes P450 (CYPs) and the
glutathione-5 transferases (GST) are important regulators of drug resistance. CYPs as
well as GST known as phase I and phase II detoxification enzymes, respectively, and are
capable of catalyzing the oxidative biotransformation of most drugs and other lipophilic
xenobiotics [52-54]. Glutathione-5 transferases can cooperate with ABCB transporters such
as MDR1 to confer resistance to the cyto- and genotoxicities of some anticancer drugs and
carcinogens [55]. In the renal cancer model, we observed an upregulation of MDR1 in 3D
cultures, but they were equally sensitive to the doxorubicin treatment in monolayer. The
mechanisms of xenobiotic detoxification are crucial elements for cell exclusion processes of
several drugs, carcinogens, and other toxins [52,56]. It was shown that antioxidants such as
Piper betel leaves inhibit GST isoforms, which in turn enhances the sensitivity of cancer
cells to cisplatin [57]. These findings suggest that targeting cytochrome p450 component’s
during cancer therapy may increase drug efficacy. However, as cytochrome p450 pathway
was equally induced in both models, we could not explain which mechanism mediates the
differential resistance of 3D models to doxorubicin or cisplatin and everolimus.

Other authors [58] reported that seemingly similar 3D spheroids show differential
susceptibility to drugs that cannot be explained by molecular or metabolically variables.
Rather, particular features of cells (or later, patients) determine treatment outcome. This
points to the fact that when no molecular predictive factors for chemotherapeutics choice
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are available, experimental drug screening on patient-derived cells should be used as a
personalized medicine approach [59]. Our model constitutes an accessible, economical
tool that could be used for such purpose. It does not require sophisticated techniques nor
equipment, making it feasible in many, non-specialized healthcare institutions.

4. Materials and Methods
4.1. Cell Lines

The tests were carried out with murine melanoma B16-F10 (given by Prof. J. Dulak,
Department of Medical Biotechnology, Faculty of Biochemistry, Biophysics and Biotech-
nology, Jagiellonian University, Cracow, Poland; authenticated in 2021, ATCC) and renal
carcinoma RenCa (CRL-2947™ ATCC, Manassas, VA, USA) cell lines. Cells were main-
tained in standard culture conditions: humidified atmosphere containing 5% CO, at 37 °C,
using RPMI medium—RPMI-1640 GlutaMaxTM (ThermoFisher Scientific, Waltham, MA,
USA), with 10% FBS (v/v) (ThermoFisher Scientific). Cells were passaged using Accutase
solution (Biolegend, San Diego, CA, USA) after confluence reached 70-80%. Cells used
were Mycoplasma free as assayed with PCR Mycoplasma Test (Biomedica, Piaseczno,
Mazowieckie, Poland) and did not exceed 15th passage.

4.2. Two-Dimensional Cell Culture and Spheroid Formation

Two-dimensional cultures were maintained under standard culture conditions (5% CO,,
21% pOy). RenCa 6600 cells/ em?, B16F10 3300 cells/cm?, were seeded and cultivated for
5days. For obtaining spheroids 500 cells were resuspended in 20 uL medium supplemented
with 0.25% methylcellulose (/7 in medium), (Minneapolis, MA, USA) and seeded as a
single hanging drop, on the cover of culture plate. Drops were kept in standard culture
conditions (5% CO;, 21% pO») for 72 h. After that time, the drops were individually trans-
ferred to a 96-well plate. The plates were previously covered with 1% agarose dissolved
in double distilled water (w/v, VWR, Warsaw, Belgium). Cells aggregates expanded for
another four-day period.

4.3. Western Blot

After harvesting the two-dimensional cell cultures and spheroids, the cells were PBS-
washed. The cell suspensions were lysed by RIPA lysis buffer including proteases and
phosphatases inhibitors (both from ThermoFisher Scientific, Rockford, IL, USA). Lysates
were centrifugated to remove insoluble material (14,000 g for 10 min at 4 °C). Separa-
tion of equal amount of total proteins was performed using SDS polyacrylamide gels for
45 min at a constant 200 V using a Bio-Rad Minigel System. Separated proteins were
transferred to nitrocellulose membranes (GGE Healthcare life science, Munich, Germany).
Membranes, after blocking, were incubated with primary antibodies: mTor (1:1000, Poly-
clonal; Cell Signaling, Warsaw, Poland), MDR1 (1:1000 anti-mo; Clone: D3H1Q, Cell
Signaling, Warsaw, Poland), Vinculin (1:1000 anti-mo, clone: V284; Santa Cruz Biotechnol-
ogy, CA, USA)—loading control. Bands were detected using Luminol as HRP substrate
(Santa-Cruz, CA, USA) with X-ray films affer treating with secondary antibodies conjugated
with horseradish peroxidase-HRP (goat anti—mouse/anti-rabbit, 1:10,000; Vector Labora-
tories, Janki, Poland). Bands were analyzed using Image]JFiji. All data were normalized to
2DN condition.

4.4. Next Generation Sequencing (NGS)

For Next Generation Sequencing, total RNA was isolated using RNeasy Mini Kit
(Qiagen, Hilden, Germany), according to the manufacturer’s instructions with subsequent
DNA cleanup with TURBO DNA-free Kit (Thermo Fisher Scientific, Vilnius, Lithuania).
Concentration of obtained RNA was measured with RNA BR Assay Kit (Thermo Fisher
Scientific, Singapore), while its quality and integrity- with Qubit RNA IQ Assay Kit (Thermo
Fisher Scientific, Singapore). Samples with IQ > 8.5 only were used for sequencing. cDNA
libraries were obtained from mRNA, by purifying 1ug of total RNA with NEBNext®
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Poly(A) mRNA Magnetic Isolation Module (New England Biolabs), using Ultra RNA
Library Prep Kit for Illumina (Biolabs, Ipswich, MA, USA) and NEBNext Multiplex Oligos
for llumina (Biolabs, Ipswich, MA, USA), per producers protocols. Libraries were purified
with NEBNext Sample purification Beads (Biolabs, Ipswich, MA, USA) and their quality was
confirmed by High Sensitivity DNA Kit (Agilent, Santa Clara, CA, USA) and Bioanalyzer
(Agilent, Santa Clara, CA, USA). The sequencing was performed as outsourced service—by
Lexogen GmbH (Vienna, Austria), using NextSeq 500 system (Illumina, San Diego, CA,
USA). Single-end reads were aligned to Ensembl GRCm38 mouse genome with STAR
(v2.7). Counts were obtained using featureCounts (v1.6.3). Differently expressed genes
were identified with edgaR package (v3.3) in R (v4). Differentially expressed genes (DEGs)
were identified by —1.5 <logFC> 1.5 and p-value < 0.5. Gene symbols were translated
into UniProt accession numbers using the UniProt Knowledgebase (UniProtKB). Protein
networks were constructed in the STRING (Search Tool for the Retrieval of Interacting
Genes) database using the list of protein accession numbers as a query and then analyzed
using the Cytoscape software.

4.5. Real Time -Polymerase Chain Reaction

RNA isolation, measuring, and purification were performed as described above. To
obtain ¢cDNA which was used in RT-PCR reaction, reverse transcription process was
performed, using a commercially available High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific, Vilnius, Lithuania ) according to the manufacturer’s instructions.
RT-PCR reactions were performed using TagMan Gene Expression Master Mix (Thermo
Fisher Scientific, Vilnius, Lithuania ) together with commercially available probes all from
Thermo Fisher Scientific: mTor: Mm00444968_m1., Actinp: Mm02619580. The samples run
on Bio-Rad CFX384 qPCR System or CFX Connect gPCR System (Bio-Rad, Hercules, CA,
USA). Amplification conditions were as follows: 50 °C (2 min), 95 °C (10 min) and 40 cycles
of 95 °C (15s) and 60 “C (1 min). The quantity of mENA was calculated using the 2(-Delta
C(T)) method and normalized to f-actin. All reactions were performed as triplicates. All
data were normalized to 2DN condition.

4.6. Drug Sensitivity Assay

Anticancer drug sensitivity of BI6F10 and RenCa cells dependence of microenviron-
ment was analyzed using distinct culture conditions. Four types of drugs were tested:
the mTOR inhibitor Everolimus (Lclabolatories, Woburn, MA, USA), the p-Glycoprotein
inhibitor of MDR Tariquidar (APExBio, Houston, USA), the DNA intercalator Doxorubicin
(Sigmaaldrich, Darmstadt, Germany), and the Cisplatin as DNA Guanine binder and repli-
cation blocker (Sigmaaldrich, Darmstadt, Germany). The cells were grown in 96-well plates
according to the procedure mentioned above. At last day of cell growth, the drugs mixed
with culture medium were added at final testing concentrations: Everolimus (2, 5, 10, 15,
17,19, 25 uM), Tariquidar (10, 25, 50, 60, 80, 100, 150 uM), Doxorubicin (0.001, 0.025, 0.05,
0.1, 2 uM), and Cisplatin (1, 3, 10, 15, 20). Cell viability was monitored after 48 h of culture
with the drugs using alamarBlue reduction activity of living cells (DAL1025, Invitrogen Co.,
Paisley, UK). A volume of 12.2 uL of alamarBlue was added. The cells cultured in 2D were
incubated with the reagent for 4 h, while incubation was maintained during 12 h for cells
cultured in three dimensions at 37 °C, 5% CO,. Reaction was measured spectrophotomet-
rically using a Microspectrophotometer-Multiskan™ GO Microplate Spectrophotometer
(570 nm and 600 nm).

4.7. Statistical Analysis

The results are shown as a mean +/ — SEM. All data were normalized to 2DN condition.
All experiments were performed at least in 3 biological replicates. All statistical analyses
were performed using the GraphPad Prism 9.0 software (RRID:SCR_002798). Depending
on the Gaussian distribution, we performed One-Way Analysis of variance (ANOVA) with
Tukey post-hoc test or Kruskal-Wallis with post-hoc Dunn’s test.
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5. Conclusions

We here observed a distinct susceptibility to doxorubicin or everolimus and cisplatin
in spheroid models of two cancer types. They differed in the expression of MDR1 and
Cyp2s1, but other drug resistance mechanisms were similarly induced in both models. We
excluded the limited drug penetration related to 3D architecture as a cause of lower cell
responsiveness to drugs. Other features linked to cancer type/cell line intrinsic character-
istics might be responsible for the outcome of the MDR phenotype. Although we would
not identify the molecular changes that could predict drug resistance, our model serves as
an interesting tool for experimental testing of anti-cancer candidates. Such 3D culture can
be potentially used for in vitro testing using patient-derived cells, as a clinically relevant
and easily accessible instrument for personalized medicine, in the face of lack of molecular
prediction markers.
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Supplementary Material
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Supplementary Figure S1. Optimalization of spheroid cultures of RenCa cells. Cell

aggregates after 3 days of cultures in hanging drops in different seeding densities.
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Supplementary Figure S2. Cell sensitivity in 2D and 3D culture conditions to everolimus
and tariquidar. A—Sensitivity to everolimus and tariquidar of BI6F10 and RenCa cells in
2D and 3D models assessed by quantification of propidium iodide incorporation by
fluorescence microscopy. B—Fluorescence staining of spheroids by propidium iodide
(orange, dead cells) and calcein (green - live cells). Statistical analysis was performed by

One-Way ANOVA/Tukey test—*p<0.05, N=3 (2D-control).
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Drug sensitivity assay—Methodology

AlamarBlue assay results for viability were further compared to fluorescence microscopy
assessment data. The cells were grown in 96-well plates according to the procedure
mentioned in the text. On the last day of cell growth. the drugs mixed with culture medium
were added to reach final testing concentrations of: Everolimus SuM. Tariquidar 25uM. After
48h. microscopy imaging was performed using calcein acetoxymethyl ester (Calcein AM
Biolegend) which is hydrolyzed by cellular esterases to free fluorescent calcein in the
cytoplasm and propidium iodide DNA intercalating agent, highly fluorescent after
mtercalation between the DNA bases (Exbio. Czech Republic). Biiefly. after adding the dyes.
spheroids and cells grown in 2D were incubated for 15 minutes in the dark. at room
temperature. linages were acquired using a Zeiss AxioObserver.7. fluorescence. and inverted
microscope (5X magnification) and analysis performed with the Zen 2.6 blue edition software
(Zeiss. Germany). The sensitivity to drugs was assessed by comparing the propidium iodide

fluorescence intensity of treated cells to untreated control (Imagel Fiji).
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Podsumowanie i wnioskKi
Badania przedstawione w niniejszej pracy pozwalaja wysuna¢ nastepujace Wnioski:

otrzymane sferoidy réznig si¢ ksztaltem oraz wielkoScig, w zaleznosci od typu
nowotworu/ wykorzystanej linii komoérkowej,

sferoidy hodowane w warunkach hipoksji obumierajg, prawdopodobnie ze wzglgdu na
zbyt niskie stezenie tlenu w $rodku sfery,

w modelu czerniaka obserwowano wzrost markeréw zjawiska hipoksji
w przeciwienstwie do modelu nowotworu nerki,

zastosowane modele nowotworéw, w hodowlach 3D wykazuja rézne mechanizmy
zwigzane z progresja raka: w modelu RCC obserwowano wzrost komorek o fenotypie
CSC, podczas gdy w modelu czerniaka indukcje zjawiska EMT,

hodowle 3D odpowiednio dla typu nowotworu odwzorowujg mikrosrodowisko guza
pod wzgledem takich funkcji jak: aktywacja mechanizméw zwigzanych z odpowiedzia
na hipoksje, trojwymiarowy ksztatt oraz indukcja mechanizméow zwigkszajacych
agresywnos¢ komorkowa (EMT, CSC),

sferoidy nowotworu skéry wykazuja mniejszg wrazliwo$¢ na ewerolimus, cisplatyng
i doksorubicyne, dla nowotworu nerki obserwowano niskg wrazliwos¢ tylko na
doksorubicyne,

dystrybucja leku nie jest zaburzona w przypadku sfer,

hodowla 3D w r6zny sposdb, W zaleznosci od typu nowotworu, wplywa na ekspresje
MDR1, ale nie ma wptywu na ekspresje mTor,

Kultury  trojwymiarowe powoduja  wzrost  ekspresji  genow  zwigzanych
Z metabolizmem ksenobiotykow przez cytochrom p450,

okreslenie mechanizmow posredniczacych w odmiennej wrazliwosci modeli 3D na

doksorubicyne lub cisplatyne i ewerolimus wymaga dalszych badan.

Powyzsze dane sugeruja, ze pomimo rdéznicy w obserwowanych procesach miedzy

zastosowanym modelami 3D, sg one odtworzone w odpowiadajacych im modelach in vivo.

Ponadto, chociaz nie udato si¢ zidentyfikowa¢ zmian powodujacych odmienng wrazliwo$¢

na

przetestowane terapeutyki o odmiennym charakterze dziatania, udowodniono

przydatno$¢ opracowanego modelu w niniejszych badaniach. Wykazano, ze hodowla 3D

moze by¢ istotna w badaniach nad fizjologia raka jako alternatywa dla standardowych

metod, przez co moze ona potencjalnie zosta¢ wykorzystane do testow z zastosowaniem

komorek pochodzacych od pacjentow, jako klinicznie istotny i tatwo dostgpny instrument.
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Oéwiadczenia wszystkich wspolautorow publikacji okreslajace indywidualny wklad
(udzial merytoryczny i procentowy) kazdego z nich w ich powstanie

WOUrSUUID.4. M0 LD O 2
(migjscowosé, data)

(1t

Alek sandsa.. Maienskon

(imig | nazwisko) /

OSWIADCZENIE

Jako wspblautor pracy pt. Spheroid culture models adequately imitate distinctive
features of the renal cancer or melanoma microenvironment.

Oéwiadczam, iz moj wiasny wklad merytoryczny w przygotowanie, przeprowadzenie i
opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:
Udzial w czesci eksperymentalne) (badania z udzialem zwierzat) oraz w analizie 1
interpretacji danych.
M6j udzial procentowy W przygotowaniu publikacji okreslam jako 12 %.
Wkiad ...Alcksandry Filipiak-Duliban ...w powstawanie publikacji okreslam jako 58 %,

(i | nazwisko kandydata do stopria)
obejmowal on: opracowanie zalozen pracy, opracowanie modelu do badan, optymalizacja i
przeprowadzenie eksperymentow, analiza i interpretacja danych, napisanie pierwowzoru

manuskryptu.

(merytorycrny opis whbadu kandydata do stopriie w powstame publikaciiy®

Jednocze$nie wyrazam zgodg na wykorzystanie w/w pracy jako czgS¢ rozprawy doktorskiej
mgr Aleksandry Filipiak-Duliban.

(imic § narwisho kandydats do stopnia)

darareressndmateaedsnnire

(podpis o$wiadczajacego)

*w szezegOlnosei udzialu w przygotowaniu koneepeji, metodyki, wykonaniu badan, interpretacii wynikow
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(miejscowos¢, data)

eemﬁw— ....... Kf@bﬁ’

(imie i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. Spheroid culture models adequately imitate distinctive
Sfeatures of the renal cancer or melanoma microenvironment.

Oswiadczam, iz mdj wlasny wklad merytoryczny w przygotowanie, przeprowadzenie i
opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:
opracowanie glownych zatozen i celu pracy, krytyczna ocena pierwowzoru manuskryptu.
Moj udzial procentowy w przygotowaniu publikacji okreslam jako 10 %.

Wktad ...Aleksandry Filipiak-Duliban ...w powstawanie publikacji okreslam jako 58 %,
(imig | nazwiska kandydata do stopnia)

obejmowal on: opracowanie zatozen pracy, opracowanie modelu do badan, optymalizacja i
przeprowadzenie eksperymentow, analiza 1 interpretacja danych, napisanie pierwowzoru

manuskryptu.

{merytoryezny opis whladu kandydata do stopnia w powstanie publikacji)*

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czg$c¢ rozprawy doktorskiej

mgr Aleksandry Filipiak-Duliban.

(imie | nazwisko Kandvdata do stopnia)

(podpis o$wiadczajgcego)

¥E
15

*w szczegdlnosci udziatu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow
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(miejscowos¢, data)

Y(CAunIA B RorPALeE WA

(imig i nazwisko)

OSWIADCZENIE

Jako wspélautor pracy pt. Spheroid culture models adequately imitate distinctive
features of the renal cancer or melanoma microenvironment.

Oswiadczam, iz m6j wlasny wkiad merytoryczny w przygotowanie, przeprowadzenie i
opracowanie badar oraz przedstawienie pracy w formie publikacji stanowi:
opracowanie zalozen pracy, pomoc w analizie i interpretacja danych; pomoc i nadzorowanie
przeprowadzanych eksperymentow, krytyczna ocena pierwowzoru manuskryptu.
Moéj udziat procentowy w przygotowaniu publikacji okreslam jako 20 %.
Wkiad ...Aleksandry Filipiak-Duliban ...w powstawanie publikacji okreslam jako 58 %,

(imi¢ i nazwisko kandydata do stopnia)
obejmowal on: opracowanie zalozen pracy, opracowanie modelu do badan, optymalizacja i
przeprowadzenie eksperymentow, analiza i interpretacja danych, napisanie pierwowzoru

\

manuskryptu.

(merytoryczny opis wkladu kandydata do stopnia w powstanie publikacy)®

Jednoczesnie wyrazam zgod¢ na wykorzystanie w/w pracy jako czg$¢ rozprawy doktorskiej
mgr Aleksandry Filipiak-Duliban.

(1mig 1 nazwisho kandydata do stopma)

(podpip oswiadczajacego)

*w szczegolnosci udzialu w przygotowaniu koncepeji, metodyki, wykonaniu badan, interpretacyi wynikow
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Poznan, 19.05.2022r.
(miejscowosé, data)

Arkadiusz Kajdasz
(1mue 1 nazwisko)

OSWIADCZENIE

Jako wspolautor pracy pt. Spheroid culture differentially affects cancer cell
sensitivity fo drugs in melanoma and RCC models.

Oswiadczam. iz méj wlasny wklad merytoryczny w przygotowanie. przeprowadzenie i
opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:
analiza danych.
MGdj udzial procentowy w przygotowaniu publikacji okreslam jako 5 %.
Wklad ... Aleksandry Filipiak-Duliban ...w powstawanie publikacji okreslam jako 60 %,

(imie i nazwisko kandydata do stopnia)

obejmowal on: opracowanie medalu do badan. optymalizacja 1 przeprowadzenie

eksperymentow, analiza danych, napisanie pierwowzoru manuskryptu.
(merytoryczny opis wkladu kandydata do stopnia w powstanie publikacji)*®

Jednoczednie wyrazam zgode na wykorzystanie w/w pracy jako czesé rozprawy doktorskie;

mgr Aleksandry Filipiak-Duliban.

(imie 1 nazwisko kandydata do stopnia)

(podijéwiadcz ajacego)

*w szczegolnoscl udzialn w przygotowaniu koncepeji, metodyki, wykonaniu badan, interpretacji wynikow
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OSWIADCZENIE

Jako wspolautor pracy pt. Spheroid culture differentially affects cancer cell
sensitivity to drugs in melanoma and RCC models..

Oswiadczam, iz mdj wlasny wklad merytoryczny w przygotowanie, przeprowadzenie i
opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:
opracowanie gldwnych zatozen i celu pracy, krytyczna ocena pierwowzoru manuskryptu.
Moj udzial procentowy w przygotowaniu publikacji okreslam jako 15 %.
Wkiad ...Aleksandry Filipiak-Duliban ...w powstawanie publikacji okreslam jako 60 %,

(imig 1 nazwiska kandydata do siopnia)

obejmowal on: opracowanie zatozen pracy, opracowanie modelu do badan, optymalizacja i
przeprowadzenie eksperymentow, analiza i interpretacja danych, napisanie pierwowzoru

manuskryptu.

(mervioryezny opis whladu kandydata do stopnia w powstanie publikacjiy*

Jednocze$nie wyrazam zgode na wykorzystanie w/w pracy jako czegs¢ rozprawy doktorskiej

A AT

(podpis oéwiadczaja,éego)

mgr Aleksandry Filipiak-Duliban.

(imi¢ 1 nazwisko kandydata do stopnia)

A

F
~n

*w szezeg6Inosci udziatu w przygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikow
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{imie i nazwisko)

OSWIADCZENIE

Jako wspolautor pracy pt. Spheroid culture differentially affects cancer cell
sensitivity to drugs in melanoma and RCC models..

Oéwiadczam, iz méj wlasny wklad merytoryczny w przygotowanie, przeprowadzenie i
opracowanie badan oraz przedstawienie pracy w formie publikacji stanown:
opracowanie zalozen pracy, pomoc w analizie i interpretacja danych; pomoc i nadzorowanie
przeprowadzanych eksperymentow, krytyczna ocena pierwowzoru manuskryptu.
Méj udziat procentowy w przygotowaniu publikacji okre$lam jako 20 %.
Wkiad ...Aleksandry Filipiak-Duliban ...w powstawanie publikacji ckreslam jako 60 %,

(imig | nazwisko kandydata do stopnia)

obejmowal on: opracowanie zaloZefi pracy, opracowanie modelu do badan, optymalizacja i
przeprowadzenie eksperymentéw, analiza i interpretacja danych, napisanie pierwowzoru
manuskryptu.

{merytoryczny npié wkiadu kandydata do stopnia w powstanie publikasji)®

Jednoczesnie wyrazam zgodg na wykorzystanie w/w pracy jako czesé rozprawy doktorskie)
mgr Aleksandry Filipiak-Duliban.

{imig § nazwisko kandydata do stopnia)

*w szczegllnosci udzialu w przygotowaniu koncepeji, metodyki, wykonaniu badan, interpretacji wynikow
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