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Nowotwory okreslane sg czesto zabdjcami XXI wieku. Ogolnoswiatowa zapadalnos¢
I Smiertelno$¢ na choroby tego typu stale ro$nie. Do problematycznych, bioragc pod uwage
skuteczno$¢ leczenia, naleza ztosliwe nowotwory moézgu i piersi. Glejak IV stopnia (GBM)
oraz potrojnie ujemny rak piersi (TNBC) sa guzami dajacymi czgste wznowy. Trudnosci
zwigzane z chirurgicznym usuni¢ciem cato$ci zmienionej chorobowo tkanki GBM, a takze brak
mozliwosci zastosowania terapii hormonalnej w przypadku TNBC sprawiaja, ze wcigz
poszukiwane sg dla nich nowe podejscia terapeutyczne.

Jedng z najszybciej rozwijanych form terapii jest ta oparta o interferencje RNA (RNA1),
umozliwiajaca manipulowanie poziomem ekspresji genéw. Jej mechanizm zostal poznany na
tyle dobrze, ze na rynku dostepne sa juz leki ktorych substancja czynng jest SIRNA.
Wyzwaniem na chwil¢ obecng jest wigc wybranie odpowiednich celéw terapeutycznych,
odrozniajacych tkanki nowotworowe od wiasciwych, zarazem kluczowych dla progresji
nowotworu, jak réwniez optymalne sposoby dostarczania terapeutykéw do miejsca chorobowo
zmienionego. Biorac pod uwagge to, jak niekorzystne dla pacjenta jest rozprzestrzenienie si¢
tkanki nowotworowej, zarowno na przylegle jej tkanki jak i1 inne organy, obiecujacym
podejsciem wydaje si¢ by¢ celowanie w czynniki zwigzane z migracja komorek
nowotworowych.

Glownym celem mojego podejécia badawczego bylo okreslenie udziatu macierzy
zewnatrzkomoérkowej (ECM) w  procesie nowotworzenia. W pracy przedstawitam wptyw
nickodujacych RNA na poziom kluczowych dla ECM biatek: tenascyny-C i syndekanu-2.
Przeanalizowatam rowniez zwigzane z tym podej$ciem zmiany zachodzace w komorkach
nowotworowych glejaka i raka piersi, ze szczegdélnym uwzglgdnieniem procesow migracji,
adhezji 1 tworzenia przerzutdéw. Zaproponowatam ponadto zastosowanie nowych narzg¢dzi
nanotechnologicznych dajacych mozliwos$¢ dostarczania regulatorowych RNA do komorek, jak

réwniez wstepnie zweryfikowatam wykorzystanie ECM w potencjalnej terapii nowotworow.



ABSTRACT

3 ABSTRACT

Cancers are often referred to as the fatal diseases of the 21st century. The global
incidence and mortality from this type of disorders are continuously increasing. The highly
problematic ones, taking into account the effectiveness of the treatment, are malignant tumors
of the brain and breast. Grade 1V glioma (GBM) and triple negative breast cancer (TNBC) are
tumors exhibiting frequent recurrences. Difficulties related to the surgical extraction of the
entire affected GBM mass, as well as the inability to use hormone therapy in the case of TNBC,
indicate that new therapeutic approaches are still being sought.

One of the most extensively developed therapeutic approach is based on RNA
interference (RNAI), which enables the manipulation of gene expression levels. Its mechanism
has been studied so broadly that there are already available drugs on the market, containing
SiRNA as an active ingredient. Therefore, the biggest challenge up to date, is to select the
appropriate therapeutic targets that allow for distinguishing neoplastic tissues from the healthy
ones, which are also crucial for tumor progression, followed by establishment of optimal
methods of therapeutics delivery to the affected area. Taking into account, how disadvantageous
for the patient the spreading of tumor mass is, targeting the factors that are related to tumor cell
migration appears to be highly auspicious treatment approach.

The main goal of my research approach was to determine the involvement of the
extracellular matrix (ECM) in the neoplastic process. In the doctoral dissertation, | presented
the impact of non-coding RNAs on the level of key proteins for ECM: tenascin-C and
syndecan-2. | also studied the changes associated with application of this approach
in glioblastoma and breast cancer cells, with particular emphasis on the processes of migration,
adhesion and metastasis. Moreover, | proposed the use of modern nanotechnology tools that
enable the delivery of regulatory RNA to cells, as well as | preliminarily characterized and

verified the use of ECM in potential cancer therapy.
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ATN-RNA — dsRNA o jednej z nici komplementarnej do fragmentu mRNA TNC (ang. anti-
tenascin RNA)

CAF — fibroblasty zwigzane z rakiem (ang. cancer associated fibroblast)

CDH1 - kadheryna epitelialna (ang. cadherin 1)

circRNA — kolisty RNA (ang. circular RNA)

CSC — macierzyste komorki nowotworu (ang. cancer stem cells)

CT - tomografia komputerowa (ang. computed tomography)

czynnikOw inicjujacych translacje 4A (ang. eukaryotic translation initiation factor 4A, elF4A
dsRNA — dwuniciowy RNA (ang. double-stranded RNA)

ECM — macierz zewnatrzkomorkowa (ang. extracellular matrix)

EMT — przejscie nabtonkowo-mezenchymalne (ang. epithelial-mesenchymal transition)

ER — receptor estrogenowy (ang. estrogen receptor)

ETso— potowa maksymalnego efektywnego czasu (ang. half maximal effective time)

FDA — Agencja Zywnosci i Lekow (ang. Food and Drug Administration)

FN — fibronektyna

GBM - glejak IV stopnia ztosliwosci, glejak wielopostaciowy (tac. glioblastoma multiforme)
HA — kwas hialuronowy (ang. hyaluronic acid)

HER2 — receptor ludzkiego nabtonkowego czynnika wzrostu (ang. human epidermal growth
factor receptor 2)

ICso — polowa maksymalnego stezenia hamujgcego (ang. half maximal inhibitory
concentration)

INF-B — interferon 3

INFy — interferon gamma

IncRNA — dtugi niekodujacy RNA (ang. long noncoding RNA)

MIiRNA - mikroRNA

MMP — metaloproteinaza macierzowa (ang. matrix metalloproteinase)

MNP — nanoczgstka magnetyczna (ang. magnetic nanoparticle)

MRE — elementy oddziatujace z miRNA (ang. miRNA response elements)

MRI — rezonans magnetycznego (ang. magnetic resonance imaging)

NCRNA — niekodujace RNA (ang. non-coding RNA)

NGS - sekwencjonowanie nowej generacji (ang. next generation sequencing)

OS — wskaznik ogolnego przezycia (ang. overall survival)
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OUN - os$rodkowy uktad nerwowy

PDGF — ptytkopochodny czynnik wzrostu (ang. platelet-derived growth factor)

PEI — polietyleonoiming

PR — receptor progesteronowy (ang. progesteron receptor)

PTT — terapia fototermiczna (ang. photothermal therapy)

real-time PCR — reakcja tancuchowej polimerazy w czasie rzeczywistym (ang. real-time
polymerase chain reaction)

RIG1 — gen indukowany kwasem retinowym 1 (ang. retinoic acid-inducible gene 1)
RISC - kompleks wyciszajacy indukowany przez RNA (ang. RNA-induced silencing complex)
RNAI — interferencja RNA (ang. RNA interference)

SDC2 - syndekan-2 (ang. syndecan-2)

SDC4 — syndekan-4 (ang. syndecan-4)

SIRNA — krotki interferujacy RNA (ang. short interfering RNA)

TGF-p — transformujgcy czynnik wzrostu beta (ang. transforming growth factor beta)
TLR — receptor toll-podobnych (ang. toll-like receptor)

TMZ — temozolomid

TNBC — potrdjnie ujemny rak piersi (ang, triple-negative breast cancer)

TNC — tenascyna-C

TNR — tenascyna-R

TTField — pole elektryczne leczenia nowotworow (ang. tumor treatment field)

UTR - region niepodlegajacy translacji (ang. untranslated region)

VIM — wimentyna (ang. vimentin)

WHO — Swiatowa Organizacja Zdrowia (ang. World Health Organization)
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Glownym celem przedstawionego cyklu prac naukowych bylo okreslenie udziatu
macierzy zewnatrzkomorkowej (ECM) w procesie nowotworzenia, a w szczegolnosci:

e badanie wplywu niekodujacych RNA na poziom kluczowych dla ECM bialek:
tenascyny-C i syndekanu-2 oraz zwigzana z tym podejSciem analiza zmian
zachodzacych w komorkach nowotworowych glejaka i raka piersi, ze szczegdlnym
uwzglednieniem procesow migracji, adhezji 1 tworzenia przerzutow;

e poszukiwanie 1 badanie mozliwosci  wykorzystania nowych  narzedzi
nanotechnologicznych dajacych mozliwo$¢ dostarczania regulatorowych RNA do
komorek;

e weryfikacja wykorzystania sktadnikow ECM w potencjalnej terapii nowotworow.

Cele szczegotowe moich badan pokrywaja si¢ z tematyka publikacji eksperymentalnych
wchodzacych w sktad cyklu:
1. Za cel pracy Grabowska M, Kuczynski K i wsp. ,,MiR-218 affects the ECM
composition and cell biomechanical properties of glioblastoma cells” przyjetam okreslenie
wplywu hsa-miR-218-5p na sklad macierzy zewnatrzkomorkowej 1 wlasciwosci
biomechaniczne komorek glejaka. Ocenitam poziom ekspresji miR-218 oraz tenascyny-C
i syndekanu-2 w tkankach pochodzacych od pacjentéw z guzami moézgu. Przeprowadzitam
nastepnie analize wlasciwosci biomechanicznych komorek, takich jak adhezja, sztywnosé
I migracja w wyniku regulacji poziomu ekspresji bialek ECM poprzez miR-218.
2. Praca Grabowska M i wsp. ,,Nano-mediated delivery of double-stranded RNA
for gene therapy of glioblastoma multiforme” przedstawia zastosowanie nanoczastek
magnetycznych w potencjalnym podejsciu terapeutycznym glejaka opartym na interferencji
RNA skierowanej przeciw tenascynie-C. Celem projektu byto wyselekcjonowanie nanoczastek
majacych potencjat do spelnienia roli no$nika dwuniciowego RNA. Stosowane narzgdzie
interferencji RNA, zawierajace w sobie ni¢ komplementarng do mRNA TNC, tzw. ATN-RNA,
wykorzystatam do wyciszenia ekspresji tego kluczowego dla budowy i funkcjonowania ECM
biatka. Badania wzbogacitam o obserwacje zmian w proliferacji 1 migracji komorek
nowotworowych. Praca ta realizowana byta w ramach grantu Narodowego Centrum Nauki
Opus 11 ,Nowe, wielozadaniowe nanoczastki w skojarzonej geno- 1 fototerapii”

(2016/21/B/ST8/00477)
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3. Praca Wawrzyniak D i wsp. ,,Down-regulation of tenascin-C inhibits breast cancer
cells development by cell growth, migration, and adhesion impairment” przedstawia
wykorzystanie technologii RNAi oraz czasteczke ATN-RNA do hamowania procesu
nowotworzenia w raku piersi. Podejécie to pozwolito mi na analize¢ mozliwosci zastosowania
tego narzedzia w innym typie nowotworu niz glejak, wskazujgc jednoczesnie na uniwersalnos¢
uzytego podejscia terapeutycznego. Zastosowanie ATN-RNA zostalo scharakteryzowane pod
katem jego wplywu na nastgpujace procesy: proliferacja, migracja, cykl komorkowy, tworzenie
,,miniguzow” oraz przebieg przejScia nablonkowo-mezenchymalnego.

4, Poniewaz niekodujace RNA stanowig klas¢ czasteczek o kluczowym znaczeniu dla
rozwoju i progresji nowotworéw i jednocze$nie jeden z moich gtéwnych obszarow
zainteresowan, opracowatam przeglad literaturowy ,, Applications of noncoding RNAs in brain
cancer patients” podsumowujacy potencjal prognostyczny, diagnostyczny i terapeutyczy
MIiRNA, IncRNA i circRNA.

5. W pracy ,,Nano-mediated delivery of double-stranded RNA for gene therapy
of glioblastoma  multiforme”  opracowalam protokét umozliwiajagcy powtarzalne
przeprowadzenie czeSci z opublikowanych wcze$niej eksperymentéw dotyczacych
zastosowania nanoczastek MNP@PEI jako no$nikdow RNA, mogacych stanowi¢ ulepszenie

potencjalnej terapii glejaka.
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6.1 Nowotwory

Nowotworami nazywamy calg grupe chorob sygnowanych kodem 02
W Miedzynarodowej Statystycznej Klasyfikacji Choréb 1 Probleméw Zdrowotnych.
W schorzeniach tego typu komorki organizmu dzielg si¢ w sposob niekontrolowany, zazwyczaj
tworzac tzw. guz nowotworowy. Za niewtasciwe podzialy komorkowe odpowiedzialne sg
kumulujace si¢ mutacje gendw kodujacych biatka zwigzane z przebiegiem cyklu komérkowego,
a takze onkogenow i genow supresorowych innego typu [1].

W celu usystematyzowania zgromadzonej wiedzy o nowotworach u ludzi Swiatowa
Organizacja Zdrowia (ang. World Health Organization, WHO) podjeta uchwate, na podstawie
ktérej miaty one zostac¢ sklasyfikowane. W efekcie powstala tzw. Niebieska Ksiega, publikacja
opisujaca znane formy choréb nowotworowych. Jej obecna wersja bazuje nie tylko na
badaniach histopatologicznych, ale uwzglednia réwniez parametry molekularne. Nowotwory
klasyfikowane przy uzyciu systemu WHO, ktéry koncentruje si¢ przede wszystkim na cechach
patologicznych, dzielimy na przypadki stopnia I i 1l - zmiany tagodne, oraz stopni 11 1V —
zto$liwe [2]. Wedtug danych Mi¢dzynarodowej Agencji Badan nad Rakiem (ang. International
Agency for Research on Cancer, IARC) w 2020 roku na catym $wiecie pojawito si¢ 19,3 min
nowych przypadkéw nowotworow, jednoczesnie odnotowano 10 min zgonow z ich powodu
[3]. Widoczna jest obecnie wyrazna tendencja wzrostowa zapadalnosci i $miertelnosci
spowodowanej przez choroby nowotworowe (Rycina 1).

W Polsce od wielu lat nowotwory stanowig druga, zaraz po chorobach uktadu krazenia,
przyczyng $mierci. Spowodowane jest to starzeniem si¢ polskiego spoteczenstwa i ekspozycja
na czynniki rakotworcze zwiazane ze stylem zycia [4]. Przewiduje si¢ ze do 2025 roku w Polsce
zachorowalno$¢ na nowotwory zto§liwe u me¢zczyzn begdzie charakteryzowata si¢ niewielkim
spadkiem wzgledem danych obecnych na ten moment. Wspolczynnik ten bedzie natomiast
W dalszym ciggu rost dla Polek. Réznice w prognozach wynikajg z zaleznego od pici stopnia
zapadalno$ci na nowotwory piersi [5].

Pod wzglegdem molekularnym tkanki nowotworowe wyrdzniaja si¢ na tle ich
wiasciwych, zdrowych odpowiednikéw. W 2000 roku Hanahan i Weinberg stworzyli liste
charakterystycznych cech komoérek nowotworowych [1]. Wraz z rozwojem nauki kolejno
w 2011 [6] i w 2022 roku [7] zestawienie to ulegalo rozszerzeniu i obecnie sktada sie
Z nastgpujacych wlasciwosci:

- samodzielne wytwarzanie i reagowanie na czynniki wzrostowe,
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- niewrazliwo$¢ na sygnaly hamujace wzrost,

- unikanie szlakow $§mierci komoérkowe;,

- nieograniczony potencjat replikacyjny,

- tworzenie wlasnej sieci naczyn krwiono$nych,

- inwazyjno$¢ 1 zwigzane z nig tworzenie przerzutow,
- niestabilno$¢ genetyczna,

- wystgpowanie standw zapalnych wokot guza,

- preferencja wobec metabolizmu beztlenowego,

- unikanie odpowiedzi immunologicznej,

- plastycznos¢ fenotypowa zwigzana z r6znicowaniem komorek,
- przeprogramowanie epigenetyczne,

- polimorfizm towarzyszacego tkance mikrobiomu,

- wptyw komorek starzejacych sig [1, 6, 7].
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Rycina 1. Tlosci nowych przypadkéw chordob nowotworowych i zgondéw nimi wywotanymi w poszczegolnych
latach. Na podstawie danych z Globalnego Obserwatorium Onkologicznego (ang. Global Cancer Observatory,
GLOBOCAN) [3, 8-10].

6.1.1 Glejak

Obecnie na $wiecie guzy mozgu i osrodkowego uktadu nerwowego (OUN) stanowig
1,6% wszystkich nowych przypadkow nowotwordéw 1 odpowiadaja za 2,5% zgondw z nimi
zwigzanych [3]. Jako Ze druga z podanych wartoSci przewyzsza pierwsza, ta dysproporcja
informuje 0 wysokiej umieralnosci. Rozpoznanie choroby nastepuje w oparciu o obrazy
uzyskane z rezonansu magnetycznego (ang. magnetic resonance imaging, MRI) i tomografii
komputerowej (ang. computed tomography, CT). Objawy z ktorymi zglaszaja si¢ pacjenci

zaleza w duzej mierze od umiejscowienia guza, do najczescie] wystepujacych zaliczamy
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napady padaczkowe, bole glowy i zaburzenia osobowosci [11]. Guzy mozgu mogg rozwijac si¢
de novo lub powstawac z przerzutdw, wynikajacych z rozprzestrzenienia si¢ komorek guza
pierwotnego w inne miejsca poprzez uktad krwionosny [12]. Zaktada si¢, ze 20% zmian
pierwotnych zlokalizowanych w innych tkankach da przerzuty do mozgu. Chociaz komorki
kazdego rodzaju nowotworu moga przenosi¢ si¢ w te rejony, najczesciej przerzuty do tego
organu powoduja: rak ptuc, rak piersi, czerniak i rak jelita grubego [13]. Najczgsciej
wystepujacym nowotworem fagodnym moézgu jest oponiak - 37,6% wszystkich nowotwordéw
OUN, podczas gdy najczestszym nowotworem ztosliwym jest glejak IV stopnia zto§liwosci -

14,6% (Rycina 2) [14].

37.60% oponiak

16.80% guzy przysadki mézgowe]
14.60% GBM

11.00% inne

8.60% nowotwor ostonek nerwow obwodowych
5.10% inne gwiazdziaki

1.90% chtoniak

1.70% wysciotczak

1.30% skgpodrzewiak

0.90% guzy embrionalne

0.50% skgpodrzewiakogwiazdziak

Rycina 2. Czgstotliwos¢ wystepowania pierwotnych guzéw mozgu i OUN. Na podstawie danych CBTRUS [14].

Glejak stopnia IV, wczesniej znany jako glejak wielopostaciowy (fac. glioblastoma
multiforme, GBM) jest najbardziej $miertelnym z grupy guzéow pierwotnych wywodzacych si¢
z OUN. Roczna zapadalno$¢ na GBM to 5,26 na 100000 os6b [15]. Prawdopodobienstwo
rozwinigcia guza wzrasta wraz z wiekiem i osigga maksimum miedzy 75 a 84 rokiem zycia.
GBM daja zte rokowania, wskaznik 5-letniego przezycia wynosi bowiem mniej niz 5%. Srednia
dlugo$¢ zycia waha si¢ od 12 do 15 miesiecy w zaleznos$ci od przeprowadzonej terapii,
a w przypadku jej braku osigga jedyne 3 miesigce od momentu diagnozy [16]. Glowna cechg
GBM, warunkujacg staba odpowiedz na radioterapi¢ i resekcje, jest jej zdolnos¢ naciekania do
sasiednich tkanek [17]. W wigkszosci przypadkow nawet szybko wykryty i leczony guz
powraca w ciggu kilku centymetrow od zmiany pierwotnej [18]. Najgorsze prognozy
wystawiane sg u okoto 3% pacjentow, u ktorych nowotwor przechodzi przez ciato modzelowate
i obejmuje obie potkule mozgu, tworzac charakterystyczny wzor motyla [19].

Od 2005 roku standardem postepowania u pacjentdéw z nowo rozpoznanym glejakiem

jest chirurgiczna resekcja guza, po ktorej nastepuje radioterapia (60 Gy w 30 dawkach)
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W skojarzeniu z trwajacg 6 tygodni chemioterapia temozolomidem (TMZ). Z powodu
naciekajacego w gltab mézgu charakteru GBM, sama interwencja chirurgiczna nie pozwala na
usunigcie z organizmu pacjenta calosci masy nowotworu. TMZ to prolek, w warunkach
fizjologicznego pH ulegajacy przemianie do zwigzku aktywnego o wiasciwosciach alkilujacych.
Wykazuje silne dziatanie genotoksyczne i teratogenne, ponadto uszkadza szpik kostny [20].
Niestety pomimo podjetej terapii wyniszczajacej organizm, przyjeta procedura gwarantuje
jedynie 6 miesiecy wolnych od progresji, wszystkie glejaki bowiem ostatecznie postepuja [21].
Pacjenci ze wznowg miejscowg poddawani sg drugiej operacji lub powtérnemu
napromieniowaniu, jednakowoz nie wykazano, aby ktora§ z tych interwencji w sposéb
znaczacy przedhuzata przezycie [22]. W przypadku nawrotu choroby stosuje si¢ inny cykl
chemioterapii alkilujacej, gtownie lomustyng [23]. Nalezy jednak pamigta¢, ze korzysci
Z chemioterapii srodkami alkilujagcymi sg w duzej mierze ograniczone do pacjentow, ktoérych
nowotwory wykazuja hipermetylacj¢ regionu promotora genu metylotransferazy
O-metyloguaniny-DNA (ang. O-methylguanine-DNA methyltransferase, MGMT) [24].

W przypadku leczenia nowotworow, w tym GBM, rozpatrywane sg mozliwosci
ponownego zastosowania lekow, ktore zostaty juz zatwierdzone do innych wskazan, w oparciu
o zalozenia dotyczace cech biochemicznych lub metabolicznych. Pomimo rozpoczetych badan
klinicznych nie wuzyskano rozstrzygajacych dowoddéw popierajacych dziatanie leku
przeciwpadaczkowego, czy kwasu walproinowego na zwigkszenie przezywalno$ci pacjentow
z guzem mozgu [25]. Brakiem sukcesu zakonczyly si¢ roéwniez proby zastosowania
talampanelu, antagonisty  receptora  kwasu  glutaminowego [26] oraz leku
przeciwcukrzycowego — metforminy [27].

Na stan z 2021 roku Agencja Zywnosci i Lekoéw (ang. Food and Drug Administration,
FDA) zatwierdzita do leczenia nawracajacych przypadkow GBM sze$¢ terapii. Sa to
wspomniane juz temozolomid i lomustyna a takze kormustyna podawana dozylnie i w formie
implantoéw waflowych, bewacyzumab i pole elektryczne leczenia nowotworow (ang. tumor
treatment field, TTField). Jedynie TMZ, TTField i implanty waflowe kormustyny moga by¢
stosowane w przypadku guzow pierwotnych [28]. Sposréd wymienionych najlepsze skutki
wywotuje TTField, wydtuzajgc wskaznik ogdlnego przezycia (ang. overall survival, OS) do 21
miesiecy [29]. Zadna z wymienionych terapii nie gwarantuje remisji nowotworu dhuzszej niz
dwa lata. Z tego powodu wcigz prowadzone sg badania poszukujace alternatywnych metod
leczenia, w tym nowych czasteczek mogacych by¢ celem terapii oraz nowoczesnych metod

umozliwiajacych dostarczenie terapeutykow.
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6.1.2 Rak piersi

Szacuje si¢, ze rak piersi jest drugim najczg$cie] wystepujacy nowotworem w ogoéle
spoleczenstwa, a pierwszym posroéd kobiet, ze srednig 46,3 przypadkéw na 100000 ludzi
rocznie. Dzieki wprowadzeniu mammografii przesiewowej, zwiekszeniu $wiadomosci
spoleczenstwa oraz ustaleniu procedur terapeutycznych widoczny jest wyrazny spadek
$miertelnosci tej choroby [30]. Jednakze pomimo stosunkowo korzystnych rokowan zajmuje
ona czwarte miejsce jako przyczyna zgonu posrod wszystkich nowotworow [31]. Do
czynnikow ryzyka raka piersi zaliczamy zarowno wczesne miesigczkowanie jak i1 pdzng
menopauze. Zachorowalno$¢ wsrod kobiet rodzacych pierwsze dziecko po 30. roku zycia jest
dwukrotnie wyzsza niz U tych decydujacych si¢ na wczesne macierzynstwo. Okolo 10%
przypadkéw raka piersi w krajach zachodnich wynika z predyspozycji genetycznych,
a podatnos$¢ jest na ogdt dziedziczona jako autosomalna dominujgca [32]. U 52% rodzin
z licznymi przypadkami opisywanego nowotworu wykryto wystepowanie mutacji w genie
kodujacym biatko podatnos$ci na raka piersi (ang. breast cancer susceptibility gene 1, BRCA1),
u 32% BRCA2 [33].

Jak wigkszo$¢ nowotwordw, rak piersi jest chorobg niejednorodna, sposrod ktérej mozna
wyrozni¢ podtypy molekularne. Gtowne podklasy zidentyfikowano na podstawie profilowania
genetycznego receptoréw estrogenowych (ang. estrogen receptor, ER), progesteronowych (ang.
progesteron receptor, PR) i ludzkiego nablonkowego czynnika wzrostu 2 (ang. human
epidermal growth factor receptor 2, HER2). Wyrézniamy typ podstawnokomorkowy,
luminalny A, luminalny B oraz typ HER2-dodatni, nazywany réwniez nieluminalnym. Podtypy
luminalne, wykazuja ekspresje ER 1/lub PR bez HER2. Podtyp HER2 charakteryzuje obecnos¢
HER?2, bez ekspresji ER ani PR. W nowotworze podtypu podstawnokomorkowego brakuje
ekspresji wszystkich trzech wspomnianych receptorow, nazywany jest wigc potrdjnie ujemnym
rakiem piersi (ang, triple-negative breast cancer, TNBC) [34]. TNBC stanowi okoto 15%
przypadkéw nowotwordw piersi, zazwyczaj wystepuje u miodszych kobiet i wigze si¢ z
gorszymi prognozami [35]. Charakteryzuje si¢ wczesnym nawrotem choroby i wystepowaniem
przerzutow do watroby, pluc i mézgu [36], a jego 5-letnia przezywalno$¢ wynosi 77% [37].

Jak wspomniano, guzy TNBC wykazuja brak ekspresji ER, PR i HER2. Do ich leczenia nie
mozna wigc zastosowaé, tak jak w przypadku innych podtypéw, terapii hormonalnej czy
celowanej. Glowna formg walki z TNBC jest wigc chemioterapia. Miedzynarodowe wytyczne
onkologiczne zalecajg stosowanie terapii skojarzonych opartych na: inhibitorach depolaryzacji
mikrotubul podczas podziatow komorkowych — taksoidach [38]; wykazujacych dziatanie
alkilujace — cyklofosfamidzie i cisplatynie [39, 40]; antybiotyku - antracyklinie [41]; proleku
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hamujacego synteze DNA- fluorouracylu [42]. Obecnie trwaja poszukiwania nowych celow

molekularnych TNBC pozwalajacych na poszerzenie mozliwosci terapeutycznych.

6.2 Macierz zewnatrzkomorkowa

Wszystkie tkanki 1 narzady zbudowane sg z mieszaniny komorek 1 otaczajacych je
sktadnikéw niekomodrkowych, zwanych macierzag zewnatrzkomorkowa (ang. extracellular
matrix, ECM). ECM nie spehia jedynie roli wypekienia czy fizycznego rusztowania dla
komorek, ale takze inicjuje oraz posredniczy w przekazywaniu sygnalow biochemicznych
I biomechanicznych, potrzebnych do zachowania homeostazy. Odpowiada za integralno$¢
komorek, transport czynnikow wzrostu oraz cytokin, co wiecej utrzymuje optymalne pH
I nawilzenie mikrosrodowiska. Jako ze mechanobiologia odnosi si¢ zaro6wno do tego, jak
systemy biologiczne wyczuwaja i reaguja na sygnaly mechaniczne, a takze jak kontroluja
mechaniczne wlasciwosci swojego otoczenia, ECM wplywa na zakres aktywno$ci komorek,
w tym ich migracj¢, adhezje, sztywnos¢ [43]. Zasadniczo ECM sktada sie z wody, biatek
i polisacharydéw, jednakze jej szczegdtowy sklad, wiasciwosci fizyczne i rozmieszczenie
komponentow sg nie tylko specyficzne tkankowo, ale jest roOwniez ulegaja przemianom
W czasie i roéznych stanach fizjologicznych. Poprzez ciaggle reorganizacje ECM generuje
biochemiczne i mechaniczne wlasciwosci kazdego narzadu, takie jak jego wytrzymatos¢ na
rozcigganie 1 $ciskanie oraz elastycznos¢, a takze posredniczy w adhezji komorek do siebie 1 do
podtoza [44].

Przy uzyciu skaningowej mikroskopii elektronowej wyrdzniono dwie gtowne formy
strukturalne ECM: macierz sroédmigzszows, ktora tworzy sie¢ otaczajacg komorki oraz btong
podstawna, czyli cienkg warstwe wystepujacg mi¢dzy nabtonkiem a $rodbtonkiem [45].
Macierz $§rodmiazszowa sktada si¢ gtéwnie z kolagenu I 1 fibronektyny (FN), ktore zapewniaja
strukturalne rusztowanie dla tkanek. Natomiast blona podstawna jest bardziej zwarta i sktada
si¢ gldwnie z kolagenu IV i laminin [46].

W sktadzie ECM mozemy wyr6zni¢ ponad 30 proteoglikandow, 200 glikoprotein i 300
biatek, sposrod ktorych dominujg te tworzace wtokna, takie jak kolageny, lamininy, elastyna
i FN [47]. Kolagen jest najobficiej wystepujacym biatkiem ECM, stanowigcym do 30%
calkowitej masy biatka u zwierzat [44]. U cztowieka scharakteryzowano 28 typoéw kolagenu,
jednakze w 90% przypadkoéw gtownym sktadnikiem ECM jest ten typu I [48, 49]. Kolageny
zapewniajg tkance wytrzymatos$¢ na rozciaganie, reguluja adhezje komorek, wspomagaja ich
chemotaksje 1 migracj¢. W zaleznosci od gestosci 1 kolejnosci upakowania widkien kolagenu I

moga konstruowaé¢ ECM o sztywnos$ci siegajacej setek MPa. Jako punkt odniesienia warto
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poda¢ FN, osiagajaca sztywnos¢ do 2 MPa [50]. Proteoglikany, takie jak agrekan, wersykan,
czy perlekan, s3 biatkami z przylaczonymi lancuchami bocznymi glikozaminoglikanu,
rozproszonymi miedzy widknami kolagenu. Wypelniaja przestrzen $rodmigzszowa
I nawadniajg tkanke poprzez sekwestracj¢ wody. Glikoproteiny, do ktorych zaliczamy lamininy,
fibronektyny 1 tenascyny, sg zaangazowane w interakcje pomi¢dzy ECM a komorka, dziatajac
jako ligandy dla receptoréw powierzchniowych komorek np. integryn. Cigcie glikoprotein
moze generowaé fragmenty o innych funkcjach niz biatka o pelnej dtugosci [46].

Hydroliza sktadnikow ECM jest gtdwnym procesem jej przebudowy, wptywajacym nie
tylko strukture, ale rowniez uwalnianjagcym czasteczki biologicznie aktywne, migdzy innymi
czynniki wzrostu. Sktadniki ECM moga by¢ degradowane przez rozne rodziny proteaz.
Gléwnymi enzymami biorgcymi udziat w jej degradacji sg zalezne od cynku metaloproteinazy
macierzowe (ang. matrix metalloproteinases, MMP). Zmiany w aktywno$ci MMP zachodza
podczas normalnych procesow biologicznych, m.in. podczas cigzy i gojenia si¢ ran, jak rowniez
w chorobach sercowo-naczyniowych, zaburzeniach uktadu mie$niowo-szkieletowego oraz
W réznego typu nowotworach [51]. Innym rodzajem proteaz sg rodziny: dezintegryny
I metaloproteinazy (ang. disintegrins and metalloproteinases, ADAM) oraz ADAM
z motywem trombospondyny (ang. ADAM with a thrombospondin motif, ADAMTS). ADAM
moga rozszczepia¢ ektodomeny biatek transbtonowych, uwalniajgc w ten sposéb cytokiny,
czynniki wzrostu, receptory i czgsteczki adhezyjne [52]. Przyktadowo katalizowany przez
ADAMTS1 rozszczep syndekanu-4 skutkuje zmianami w utozeniu wiokien aktynowych,
wplywajac na zmniejszenie zdolno$ci adhezyjnych komorki [53].

W poréwnaniu do innych tkanek, ECM mdzgu jest objetosciowo mniejsza, ponadto
rozni si¢ udziatem poszczegdlnych komponentow. Widkna kolagenu I wystepuja w niej jedynie
w poblizu naczyn krwiono$nych i powierzchni kory moézgowej. Gléwnymi sktadnikami,
syntetyzowanymi przez neurony oraz komorki glejowe sg lektykany (agrekan, wersykan,
brewikan i neurokan), tenascyna-R (TNR) i kwas hialuronowy (ang. hyaluronic acid, HA) [54]
(Rycina 4).

6.2.1 Udzial ECM w kancerogenezie

Macierz zewnatrzkomorkowa jest elementem mikrosrodowiska nowotworowego,
stanowigc rusztowanie dla rozwijajacego si¢ guza i odpowiadajgc za promowanie zlosliwego
fenotypu. ECM w tkankach nowotworowych produkowana jest przede wszystkim przez
fibroblasty zwigzane z rakiem (ang. cancer associated fibroblast, CAF). Sa to komorki

mezenchymalne pochodzace z lokalnych fibroblastow, pericytoéw, makrofagdéw, komoérek
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srodbtonka, mezenchymalych komorek macierzystych lub samych komoérek nowotworowych
[55]. W nowotworze glowy i szyi zaobserwowano istotne roznice w 560 transkryptach CAF,
miedzy innymi w mRNA kodujacych czynniki wzrostu, cytokiny i chemokiny [56]. Nie istnieje
jednak zaden wszechobecny marker CAF, badania RNA-seq prezentujag bowiem ich duza
heterogeniczno$¢ pomiedzy réoznymi rodzajami nowotworow [57]. Wskazuje to na wysokie
zréznicowanie pod wzgledem ilosciowym jak i1 jako$ciowym produkowanych przez CAF
sktadnikéw ECM.

Zmiany zachodzace w ECM w czasie kancerogenezy dotycza glownie gestosci jej
usieciowania. Zwigkszenie sieciowania miedzy biatkami zwigksza sztywno$¢ macierzy,
z drugiej strony przerwanie tego usieciowania skutkuje jej degradacja. Sztywnos¢ ECM jest
jedyna mechaniczng wlasciwos$cia nowotworu wykorzystywana do wstepnych badan
przesiewowych w diagnostyce np. raka piersi [58]. Ponadto zwigzana jest ze wzrostem
czestosci przerzutdw i stabg odpowiedzig na leczenie, poniewaz gesty ECM stanowi przeszkode
mechaniczng przy dostarczaniu lekow [59]. Rozpatrywane sg metody terapeutyczne opierajgce
si¢ na poluznieniu ECM celem zwigkszenia jej przepuszczalnosci. Podejscie enzymatyczne
polega na degradacji poszczegdlnych komponentow ECM. Dostarczenie kolagenazy w
liposomach do gruczolakoraka trzustki u myszy zmniejszyto zawarto§¢ pozakomorkowego
kolagenu z 12,8% do 5,6%, zwigkszajac tym samym wnikanie chemioterapeutyku o 17%.
Innym sposobem na dotarcie do guza nowotworowego poprzez degradacje ECM jest
zastosowanie skoncentrowanych ultradzwiekdéw o wysokiej intensywnosci [60].

Specyficzne dla guzéw nowotworowych zjawisko desmoplazji, czyli wzrostu
zwloknien tkanki lacznej, rowniez zwigzane jest z usztywnieniem ECM. Wzrost gestosci
macierzy spowodowany jest odktadanymi w guzie kolagenami, FN i tenascyng-C (TNC) [55].
Zwiazane jest to ze zwigkszong produkcja 1 wydzielaniem zapalnych 1 rakotwodrczych
czynnikow wzrostu takich jak transformujacy czynnik wzrostu beta (ang. transforming growth
factor beta, TGF-B). Guzy desmoplastyczne sg uwazane za bardziej agresywne i wigzg si¢
z gorszym rokowaniem w kilku typach nowotworéw [61, 62].

Nowotwory poprzez sile nacisku usztywnionej ECM na zdrowe tkanki moga je
rozpycha¢, zwiekszajac adhezje komorka-ECM i przerywajac potaczenia miedzykomorkowe,
co prowadzi do wzrostu objetosci guza. Aby byto to mozliwe, ECM w guzach musi by¢ co
najmniej 1,5 razy sztywniejsza niz w otaczajacej normalnej tkance [55]. Poprzez wywotywanie
nacisku na naczynia krwionosne, sztywny ECM odpowiada za indukcje¢ niedotlenienia.
Ograniczenia w dostarczaniu O oraz sktadnikow odzywczych do komorek rakowych

stymuluje w nich zaleznos¢ od glikolizy beztlenowej [63]. Analizy enzymatyczne
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pojedynczych komorek dowodzg, ze to ten szlak metaboliczny dominuje w CAF [64].
Preferencyjne oddychanie beztlenowe w komorkach nowotworowych, znane jako efekt
Warburga [65], cze$ciowo spowodowane jest aktywacja onkogenow, ktore zmniejszaja
wykorzystanie fosforylacji oksydacyjnej na korzy$¢ zwigkszenia aktywnos$ci glikolitycznej
I wytwarzania mleczanu. Taki sposob pozyskiwania energii charakteryzuje macierzyste
komorki nowotworu (ang. cancer stem cells, CSC), preferujace srodowisko niszy hipoksyjnej
guza [66]. Ze wzgledu na efektywny system naprawczy DNA, CSC sg jedng z przyczyn
odpornosci nowotworu na chemio- i radioterapig [67].

Przejscie nabtonkowo-mezenchymalne (ang. epithelial-mesenchymal transition, EMT)
to proces, w ktorym komorki adherentne nabywaja zdolnosci do migracji. W stanach
niepatologicznych odgrywa kluczowa rol¢ podczas embriogenezy. Mozliwa jest rOwniez jego
aktywacja przez komorki nowotworowe, nastgpujaca m.in. wskutek odpowiedzi na TGF-§,
uwalniany przez komoérki CAF [68]. EMT prowadzi do utraty polarnosci komorek, przerwania
potaczen migdzy nimi, uszkodzenia btony podstawnej i reorganizacji macierzy srodmigzszowe;.
Obnizeniu ulega ckspresja kadheryny epitelialnej (ang. cadherin 1, CDH1), B-kateniny,
okludyny i kaludyny. Natomiast aktywowana jest ekspresja markeréw zwigzanych z fenotypem
mezenchymalnym, wsrdd ktorych wyrdznia si¢ kadheryne neuralng (ang, cadherin 2, CDH2),
wimentyng¢ (ang. vimentin, VIM) oraz FN [69] (Rycina 3). Degradacja ECM utatwia rozsiew

komorek rakowych do odlegtych tkanek i tworzenie przerzutow [70].

N\
| EMT D
Markery epitelialne: Markery mezenchymalne:
+ E-kadheryna * N-kadheryna
» B-katenina * wimentyna
* okludyna « fibronektyna
* klaudyna

Rycina 3. Schemat przejscia epitelialno-mezenchymalnego wraz z charakterystycznymi dla danego fenotypu

markerami. Rysunek wykonano przy pomocy BioRender.com.
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Wplyw ECM na przemieszczanie si¢ komoérek nie ogranicza si¢ jedynie do
posredniczenia w przebiegu procesu EMT. Kluczowymi atrybutami ECM, regulujacymi
migracj¢ komérkowa s3: topologia dwuwymiarowa blony podstawnej a takze trojwymiarowa
macierzy $rodmigzszowej; usieciowanie poszczegdlnych komponentdéw; sztywnos$¢ oraz
elastycznos$¢; obecno$¢ porow, w tym tych powstatych wskutek proteolizy; gradienty
sztywnosci (durotaksja) lub stgzenia ligandow (haptotaksja); sktad zaro6wno jakos$ciowy jak
I ilosciowy [71]. W odniesieniu do ostatniej z wymienionych cech wysoko inwazyjny GBM
charakteryzuje si¢ nadekspresja: kolagenu 1V, brewikanu, HA, FN, i TNC, spada w nim
natomiast poziom agrekanu i TNR [72, 73] (Rycina 4).

zdrowy mozg y. ; s GBM

L/-\, agrekan neurokan tenascyna-R s Kolagen [V
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oaks e’ """ hialuronowy
s brewikan wersykan * tenascyna-C < fibronektyna

Rycina 4. Macierz zewnatrzkomorkowa zdrowego mozgu i glejaka. Schematyczne przedstawienie wzgledne;j

ilosci poszczegdlnych komponentow ECM w tkance. Na podstawie [72]. Rysunek wykonano przy pomocy
BioRender.com.

6.2.2 Tenascyna-C

Tenascyny to multimeryczne glikoproteiny ECM o masie czasteczkowej podjednostek
pomiedzy 150 a 380 kDa. Jest to rodzina pigciu biatek, oznaczonych jako tenascyna-C, -R, -W,
-Xi-Y (TNC, TNR, TNW, TNX, TNY) [74]. Ich nazwa pochodzi od tacinskich stow tenere —
trzymac oraz nasci - urodzi¢ si¢, odnoszacych si¢ do obecnosci TNC w $ciegnach i zarodkach
[75]. Tenascyny sktadaja si¢ z identycznych podjednostek zbudowanych ze zmiennej liczby

powtorzonych domen, w tym powtdrzen heptadowych, powtorzen podobnych do EGF, domen
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fibronektyny typu Il (FNII) i C-koncowej domeny kulistej, podobnej do tej obserwowanej
w fibrynogenach (Rycina 5A). Podczas gdy TNR obecna jest gtdéwnie podczas rozwoju OUN,
a TNX 1 TNY w tkance facznej migsni szkieletowych, TNC i TNW obserwowane sg w réznych
rozwijajacych si¢ tkankach [74].

A

1 T
B \ /
(@mmm w1 PSR MM S M M m m m m )

4 N-koniec onwtérzenieheptadowe ﬂpowtérzenieEGF-podobne O kulista domena fibrynogenu

|:| stata domena FNIII I:I zmienna domena FNIII

Rycina 5. Budowa tenascyny-C. (A) Pojedynczy monomer zdudowany z domen: N-koncowej, kulistej, FNIII

statych i zmiennych oraz powtdrzen: heptadowych i podobnych do EGF. (B) Polaczone N-konicami monomery

tworzg heksabrachion.

Ludzki gen TNC znajdujacy si¢ na 9 chromosomie jest stosunkowo dluga sekwencja,
w sktad ktorej wchodzi 29 eksonow [76]. Istnieje wiele réznych izoform TNC powstatych na
poziomie transkrypcyjnymi i potranslacyjnymi. W ludzkiej TNC zawsze obecne jest osiem
powtorzen FNIII, a kolejne dziewig¢ podlega alternatywnemu splicingowi, potencjalnie dajac
511 réznych wersji mRNA. Ta teoretyczna warto$¢ przeklada si¢ na nie wigcej niz sto
rzeczywiscie odkrytych wersji splicingowych TNC, jako ze poszczegdlne powtdrzenia FNIII
sg od siebie zalezne [77]. Ztozonos¢ transkryptu TNC ma znaczacy wpltyw na jej funkcje,

poniewaz powtdrzenia FNIII roznig si¢ migdzy sobg miejscami rozszczepienia
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proteolitycznego oraz lokalizacja modyfikacji potranslacyjnych, do ktorych zaliczamy
glikozylacje 1 cytrulinacje. Gotowe biatko, zwane rowniez heksabrachionem (z greki
sze$cioramienny) jest kompleksem szes$ciu identycznych monomeréw polaczonych ze soba
mostkami dwusiarczkowymi na N-koncu [77] (Rycina 5B). TNC degradowana jest przez MMP
oraz proteazy cysteinowe. Wigkszo$¢ miejsc cigcia znajduje si¢ w miejscach alternatywnego
splicingu [78].

Jak juz wspomniano, TNC obecna jest w zarodkach, konkretniej wokot komorek
ruchliwych, w miejscach interakcji nablonkowo-mezenchymalnych, w gestej tkance tacznej,
takiej jak kosci, chrzastki i §ciggna, a takze w OUN. U dorostych poziom ekspresji tego biatka
jest nieporéwnywalnie nizszy. W rozwinietym organizmie TNC widoczna jest bowiem w
jedynie $ciggnach i niszach komoérek macierzystych - w mieszkach wlosowych, kryptach
jelitowych i w szpiku kostnym. Patologicznie pojawia si¢ w okolicach stanow zapalnych
i urazOw mechanicznych, a takze w guzach litych [79]. W stanach nienowotworowych
glownym jej zrodtem sg mezenchymalne komoérki macierzyste oraz leukocyty [78].

Jako ze obecno$¢ TNC jest ograniczona w czasie 1 przestrzeni, jej ekspresja podlega
licznym regulacjom. Region promotorowy TNC zawiera kasete TATA, ktorej aktywno$¢
transkrypcyjna zalezy od biatek regulatorowych [80]. Przyktadowo czynnik transkrypcyjny
kontrolujacy rozwodj moézgu i narzadow zmystu (ang. orthodenticle homeobox 2, OTX2)
wycisza ekspresj¢ genu [76]. Poziom TNC moze byé ponadto regulowany przez stres
mechaniczny. Zauwazono, ze w fibroblastach poddanych naprezeniom rozciggajacym
dochodzi do translokacji czynnika transkrypcyjnego zwiazanego z miokardia (ang. myocardin-
like protein 1, MKL1), aktywujacego ekspresjc TNC [81]. Produkcje TNC w przypadku
uszkodzen mechanicznych tkanki napedzajag TGF-B, ptytkopochodny czynnik wzrostu (ang.
platelet-derived growth factor, PDGF) i glikokortykosteroidy [76].

TNC oddziatuje bezposrednio z wieloma komponentami ECM. Do najlepiej poznanych
interakcji zaliczamy t¢ z FN powstala poprzez rozproszone w powtdrzeniach FNIII miejsca
wigzania dla tego biatka. TNC wigze ponadto kolagen, periostyne, fibryline typu drugiego,
kontaktyne a takze poprzez domen¢ kulistg lektykany i integryny [78]. Z czasteczek
sygnatowych warto wspomnie¢ TGF-B, VEGF, PDGF i czynnik wzrostu fibroblastéw (ang.
fibroblast growth factor, FGF), ktorych sekwestracja przez FNIII TNC przedtuza ich okres
péttrwania a takze przyczynia si¢ do ich lokalnego zat¢zenia [82].

Za najwazniejszy mechanizm dziatania TNC nalezy uzna¢ jej wplyw na adhezj¢
komorkowg. Przy braku TNC w ECM, fibroblasty przylegaja do podioza wskutek
oddzialywania z FN. Odbywa si¢ to za posrednictwem integryny a5B1 i syndekanu-4 (ang.
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syndecan-4, SDC4), dochodzi do aktywacji biatka Rho, co stymuluje tworzenie stresowych
wiokien aktynowych 1 skutkuje rozpostarciem si¢ komorki. Obecnos¢ TNC blokuje
oddziatywania miedzy FN a SDC4, poniewaz obecne w niej domeny FNIII maja silne
powinowactwo do obu tych biatek. Skutkuje to przerwaniem szlaku sygnalowego
i destabilizacjg struktur aktynowych, co zmniejsza adhezj¢ komodrki do podioza [83].
Dodatkowo TNC poprzez blokowanie aktywacji kinazy ogniskowo-adhezyjnej (ang. focal
adhesion kinase, FAK) indukuje fenotyp komoérek ruchliwych na obrzezach mechanicznego
uszkodzenia tkanki, dzieki czemu ograniczeniu ulegaja granice tworzenia zrostow [84].
Procesy ten promujg migracje fibroblastow podczas gojenia ran [85].

Wptyw TNC na mechanizmy zwigkszajace ruchliwo$¢ 1 zwigzang z nig inwazyjnos¢
obserwowane sg réwniez w przypadku komorek nowotworowych [86]. TNC ulega silnegj
nadekspresji takze w CAF, komorkach zrebowych guza oraz komérkach CSC [87, 88]. Na
podstawie metaanalizy wskazano, ze wysoki poziom tego biatka koreluje ze stopniem
zaawansowania nowotworu i ztym rokowaniem dla pacjentow w przypadku 14 typow
nowotworu. Wsrdd nich znalazty si¢ migdzy innymi rak: prostaty, piersi, jelita grubego, trzustki
i pluc [89]. Nalezy jednak pamigtaé, ze wspomniana metaanaliza nie obejmowata wszystkich
typow nowotworow. Na przestrzeni ostatnich dwoch lat opublikowano prace wskazujace na
udziat TNC w kancerogenezie GBM [90, 91], raka piersi [92, 93], prostaty [94, 95], trzustki
[96, 97], okr¢znicy [98], zotadka [99], pecherza [100], jelita grubego [101] i jajnika [102].

6.3 Niekodujace RNA

Podczas gdy wszystkie somatyczne komorki w ludzkim ciele zawierajg ten sam materiat
DNA, wlasciwosci ich poszczegdlnych typow roznig sie, tak ze neuron wyglada i zachowuje
si¢ inaczej od leukocytu. Spowodowane jest to wystgpowaniem odmiennych wzorcow ekspresji
genow, zaleznych od stanu i funkcji petnionej przez komorke. Regulacja poziomem tejze
ekspresji zachodzi zaré6wno na poziomie tranksrypcyjnym jak I potranskrypcyjnym, zaleznym
mi¢dzy innymi od interakcji mRNA z biatkami lub niekodujacymi RNA (ang. non-coding RNA,
ncRNA) [103]. Roznice wystepujace w poziomach produkcji okreslonych produktow
genowych sg odpowiedzialne rowniez za niektore stany patologiczne, w tym za kancerogeneze.
Badanie tych roznic oraz mechanizméw kryjacych si¢ za ich powstawaniem przybliza nas do
poznania biologii komdrki nowotworowej [104, 105].

Czasteczki RNA ze wzgledu na ich potencjat translacyjny mozna podzieli¢ na dwie
grupy: kodujace 1 niekodujace. Poniewaz catkowita dtugos¢ kodujacych eksonow stanowi 1,2%

genomu euchromatycznego [106] najwyrazniej ncRNA stanowig wigkszos$¢ transkryptow
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w komorce. NcRNA moga by¢ syntetyzowane w sposob ciagly, gdy sg zwigzane ze splicingiem
- maly jadrowy RNA (ang. small nuclear RNA, snRNA), modyfikacjami na etapie transkrypcji
- maty jaderkowy RNA (ang. small nucleolar RNA, snoRNA) lub translacjg - rybosomalny
RNA (ang. ribosomal RNA, rRNA) i transferowy RNA (ang. transfer RNA, tRNA) [106].
Niemniej jednak ekspresja ncCRNA moze zaleze¢ od stadium poszczegdlnych komorek,
aktywacji szlakow, by¢ odpowiedzig na bodZce z otoczenia lub pojawial si¢ w stanach
patologicznych, peliac funkcj¢ regulacyjng. Wérdd regulatorowych RNA wyrdzniamy: dlugie
niekodujace RNA (ang. long noncoding RNA, IncRNA), koliste RNA (ang. circular RNA,
circRNA) i mate niekodujagce RNA, takie jak oddziatujace z biatkami Piwi (ang. Piwi-
intaracting RNA, piRNA), microRNA (miRNA) i krotkie interferujace (ang. short interfering
RNA, siRNA) [106, 107].

Prace z ostatnich dwudziestu lat zmienity nasze postrzeganie regulatorowych ncRNA
od ,$mieciowych” produktow transkrypcyjnych do funkcjonalnych czasteczek,
posredniczacych w licznych procesach komérkowych. Pierwszymi odkrytymi krétkimi ncRNA
byty dwa fragmenty transkryptu lin-4 pochodzace z Caenorhabditis elegans, komplementarne
do 3’ regionu niepodlegajacego translacji (ang. untranslated region, UTR) mRNA genu lin-14
i obnizajgce poziom ekspresji biatka LIN-14 [108]. Opublikowane kilka lat pdzniej badania
Fire’a i Mello nad nicieniem C. elegans daly poczatek interferencji RNA (ang. RNA
interference, RNAI). W publikacji z 1998 roku przedstawili wprowadzenie do komorek
dwuniciowego RNA (ang. double-stranded RNA, dsRNA), wyciszajace ekspresje genu, ktorego
transkrypt zawiera komplementarng do niego sekwencje [109].

Badania pojedynczych interakcji nNCRNA-mRNA nie pozwalajg w petni dostrzec ich
istotnosci w komorce. Niektore z ncRNA regulujg bowiem ekspresje wielu gendw, tworzac
ztozone sieci regulatorowe. Co wigcej, poszczegdlne ncRNA moga oddziatywa¢ same ze soba,
wplywajac wzajemnie na swoja stabilno$¢ 1 funkcjonalno$¢. Istnienie osi wzajemnych
oddzialywan stanowi rdzen badan nad konkurujacymi endogennymi RNA (ang. competing
endogenous RNA, ceRNA). Wysoce zlozona natura niektorych relacji pomigedzy ncRNA
wskazuje ich role jako kluczowych regulatoréw w waznych szlakach komorkowych.
Zaburzenia tych interakcji majg szerokie konsekwencje i s3 powszechne w przypadku rozwoju

tkanki nowotworowej [110].
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6.3.1 Powstawanie i mechanizm dzialania miRNA

MiRNA to krotkie, liczace pomiedzy 19 a 25 nukleotydow, fragmenty kwasu
rybonukleinowego. Funkcja miRNA jest potranskrypcyjna regulacja poziomu ekspresji genow.
Szacuje sig, ze kontroli tego typu ulega ponad 30% biatek kodujacych geny ssakow [111].
MiRNA jest obecne we wszystkich wielokomérkowych eukariontach, przy czym warto
wspomnie¢, iz istnieja niewielkie rdéznice w szlakach biogenezy i modelach dzialania miedzy
miRNA u ro$lin i zwierzat [112]. Analiza z 2019 r., taczaca strategi¢ walidacji in silico
I podejscia eksperymentalnego, wskazuje na istnienie 2300 ludzkich dojrzatych miRNA [113].

Kanoniczny szlak biogenezy miRNA, (Rycina 6), rozpoczyna si¢ od transkrypcji
kilkusetnukleotydowego pierwotnego miRNA (ang. primary miRNA, pri-miRNA) o strukturze
spinki do wlosow. Kompleks mikroprocesorowy, sktadajacy si¢ z biatka DGCR8 wiazacego
RNA i rybonukleazy 111 Drosha, przetwarza pri-miRNA w prekursorowy RNA (pre-miRNA)
0 dlugosci 60-70 nt. Ma on nadal struktur¢ spinki do wlosow, tym razem z dwoma
niesparowanymi nukleotydami na koncu 3°, co jest sygnaturg cigcia za posrednictwem RNazy
111 [114, 115]. Pre-miRNA jest eksportowane do cytoplazmy przez mechanizm eksportyny 5
I GTPazy Ran. RNaza III Dicer wraz z biatkiem wigzacym RNA (ang. trans-activation
responsive RNA-binding protein, TRBP) przytaczajg si¢ do 3'-konca pre-miRNA, katalizujac
utworzenie 19-25 nt dwuniciowego mMiRNA [115]. Dupleks jest nastepnie wigczany do
kompleksu z biatkiem AGO2, ktérego domena PAZ wigze koniec 3' nici wiodacej [116].

Jedna z nici dupleksu jest odrzucana w procesie zwanym selekcjg nici. Najczesciej nicig
funkcjonalng, wiodaca, zostaje ta o nizszej stabilno$ci termodynamicznej lub zawierajaca
urydyne na 5’ koncu. Ni¢ pasazerska, o wyzszej stabilno$ci na swoim 5-koncu, ulega na ogot
degradacji [117, 118]. Dojrzate miRNA z ramion 5' i 3' pre-miRNA sg oznaczone sufiksami
odpowiednio -5p i -3p [119]. MiRNA wraz z AGO2 tworzg efektorowy kompleks wyciszajacy
indukowany przez RNA (ang. RNA-induced silencing complex, RISC) [120].

W wicgkszosci przypadkéw mechanizm dziatania miRNA polega na interakcji z 3'UTR
docelowych mRNA co skutkuje stlumieniem ich ekspresji. Niemniej jednak jest rowniez
mozliwe aby miRNA oddziatywaty z 5'UTR i sekwencjg kodujgcg [121, 122]. Jezeli miRNA
przylaczy si¢ do 3> UTR mRNA, jego obecnos¢ zaindukuje dysocjacje eukariotycznych
czynnikow inicjujacych translacj¢ 4A (ang. eukaryotic translation initiation factor 4A, elF4A),
co uniemozliwia rozpoczecie translacji zaleznej od czapeczki na 5 koncu [123].

Jedno miRNA moze celowaé¢ w wiele réznych mRNA, jednocze$nie ekspresja jednego
transkryptu moze by¢ regulowana przez wicle miRNA [124]. Odpowiedni transkrypt

rozpoznawany jest w zaleznosci od komplementarnosci sekwencji elementow odpowiedzi
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miRNA (ang. miRNA response elements, MRE) z regionem seed miRNA zlokalizowanym
w pozycji 2-8 nt na koncu 5' miRNA [125, 126]. Idealne parowanie zasad migdzy miRNA
I MRE, ktore jest powszechne u roslin, ale rzadkie u zwierzat, skutkuje endonukleolityczna
degradacja docelowego RNA poprzez AGO2. Cigcie nastepuje w punkcie pomigdzy
parowaniem nukleotydow 10 i 11 miRNA. W przypadku braku peilnej komplementarnosci
pomiedzy miRNA a mRNA, powstaje dupleks tychze dwodch czasteczek. Struktury te tworza
konglomeraty na polisomach lub s3 przyciggane do komoérkowych ciatek P, gdzie nastgpuja ich

degradacja [127].
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je do pre-miRNA, ktore poprzez eksportyne 5 wydostaje si¢ do cytoplazmy. Dicer przecina pre-miRNA tworzac
dupleks miRNA. Dicer wraz z TRBP taczy si¢ z AGO2 formujac kompleks zatadunkowy. Nastepuje wybor nici
wiodacej, ktora wraz z AGO2 tworzy kompleks RISC. Ni¢ pasazerska ulega degradacji. Rysunek wykonano przy

pomocy BioRender.com.
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6.3.2 Mechanizm dzialania siRNA

SIRNA to krotkie RNA powstajace na drodze mechanizmu RNAI. To proces
wystepujacy naturalnie zarowno w roslinach, nizszych zwierzetach, jak i u ssakoéw jako
mechanizm obronny np. przed infekcja wirusowg [128]. Czasteczki te sg dupleksami RNA,
sktadajgcymi si¢ z dwoch 21 nukleotydowych nici, powstajacymi z dtuzszego dsSRNA, ktorego
zrodtem mogg by¢ np. fragmenty genomoéw wirusow RNA. dsRNA dhugosci zwykle 30-100 pz
hydrolizowane jest przez biatko Dicer. W SiRNA 19 nukleotydow z 21 tworzy pomigdzy soba
pary zasad, a 2 znajduja si¢ na niesparowanych koncach 3°. Podobnie jak w przypadku miRNA,
dupleks zostaje wiaczony do kompleksu RISC, gdzie dochodzi do selekcji nici wiodacej opartej
o stabilno$¢ 5” konca [129]. siRNA ma przede wszystkim zapewni¢ obrong przeciwwirusowg
I stabilno$¢ genomu, podczas gdy miRNA dziata jako regulator ekspresji genow endogennych
[130]. Roznice pomiedzy tymi dwoma krotkimi NcCRNA przedstawiono w Tabeli 1. Mechanizm
dziatania siRNA zaklada pelng komplementarno$§¢ do docelowego mRNA. Dzigki swojej
dhugosci, mozliwe jest parowanie siRNA z tylko jednym transkryptem, co czyni tg czasteczke
bardziej specyficzng niz miRNA. Komplementarne wigzanie aktywuje nukleaze AGO?2, ktéra
nastepnie przecina mRNA mi¢dzy zasadami 101 11 w stosunku do konca 5' nici wiodacej [131].
Wygenerowane fragmenty mRNA s3 nastepnie degradowane przez r6znego typu egzonukleazy

zawarte w cytoplazmie [130].

Tabela 1. Roznice pomigdzy miRNA a siRNA.

wlasciwosé miRNA SiRNA
pochodzenie endogenne egzogenne: transpozony, wirusy
prekursor RNA o strukturze spinki do wlosow dlugie dsRNA
dlugosé 19-25 nt 21nt
mechanizm degradacja mMRNA Iup_zahamowanle degradacja MRNA
translacji
funkcja regulacja ekspresji genéw obrona przeciwwirusowa, odpowiedz
na stres
komplementarnos$é zawezona do regionu seed peina
wiazanie mRNA 3’UTR region kodujacy
ilo$¢ celowanych wiele iedna
sekwencji )
6.3.3 Terapia RNAI

W poréwnaniu z chemioterapeutycznymi lekami przeciwnowotworowymi, terapie
oparte 0 RNAI1 majg szereg zalet. Po pierwsze, przy odpowiednim ukierunkowaniu, sg

bezpieczne dla komorek nienowotworowych. Po drugie, RNAi dziala na potranslacyjnym
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etapie ekspresji genow, wiec nie oddziatuje z DNA, dzieki czemu unika si¢ ryzyka mutacji
I teratogennosci typowych dla terapii genowe;j. Po trzecie, RNAI jest wysoce skuteczna, moze
spowodowac radykalne zahamowanie ekspresji gendw w pojedynczej komorce przy zaledwie
Kilku kopiach krotkiego RNA. Po czwarte, w poroéwnaniu z innymi lekami
matoczgsteczkowymi lub lekami opartymi na przeciwciatach, w przypadku RNAi mamy
nieograniczony wybor celow i specyficznos¢ wynikajaca z komplementarnego parowania zasad
[132].

W przypadku terapii opartej 0 RNAI nalezy zidentyfikowa¢ transkrypt zaangazowany
w rozwo0j choroby, nastepnie uzy¢ wybranej sekwencji mRNA do =zaprojektowania
komplementarnego oligonukleotydu, wprowadzi¢ go do komorek. Leki oparte o RNAi moga
wywolywac niepozadane efekty poprzez kilka mechanizmoéow [133]. Kwasy nukleinowe moga
m.in. wigza¢ si¢ z biatkami na powierzchni lub wewnatrz komorek, prowadzac do zaktocen
w przekaznictwie sygnatow, w tym indukcji odpowiedzi interferonowej [134]. RNA moze
rowniez wykazywacé czesciowg komplementarnos¢ z wieloma innymi transkryptami, nawet
jesli sg zaprojektowane tak, aby byly w pelni komplementarne tylko do jednego.

Istnieje kilka rodzajow czasteczek, na ktoérych mozna oprze¢ terapi¢ RNAi: krotkie
RNA tworzace strukture spinki do wtoséw (ang. short hairpin RNA, sShRNA), miRNA i siRNA.
shRNA ma bardziej skomplikowang struktur¢ niz inne czgsteczki, ponadto wymaga ekspresji
z plazmidu lub wektoréw wirusowych [135]. miRNA poprzez niekomplementarne wigzanie si¢
z mRNA moze wycisza¢ wiele r6znych transkryptéw, powodujac niespecyficzne efekty (ang.
off-target) [136]. siRNA dzieki swojej prostocie i efektywnosci wydaje si¢ by¢ najlepszym
narzedziem do terapii RNAi [137].

Jednakze o ile podejscie terapeutyczne oparte na siRNA obejmuje jedynie obnizenie
ekspresji  konkretnego transkryptu, tak w przypadku miRNA mozemy wyrdzni¢ dwa
mechanizmy. Pierwszy z nich przypomina terapi¢ antysensowna, w Kktorej syntetyczne
jednoniciowe RNA, komplementarne do nici wiodacej miRNA, dziata jako jego antagonista
miRNA (antagomiry). Zwigzana w kompleks czasteczka miRNA jest niefunkcjonalna, poziom
ekspresji docelowego mRNA ulega podwyzszaniu. W podejsciu zastepczym, syntetyczne
miRNA (znane roéwniez jako miRNA nasladujace, ang. mimic miRNA) jest wykorzystywane do
imitowania funkcji endogennych miRNA, obnizajgc tym samym ekspresj¢ docelowego
transkryptu [130].

Na chwile obecng FDA dopuscita do komercyjnej sprzedazy dwie terapie
wykorzystujace siRNA: patisiran (Onpattro®, Alnylam Pharms Inc) w leczeniu dziedzicznej

amyloidozy transtyretynowej oraz givosiran (Givlaari™, Alnylam Pharms Inc) w leczeniu ostrej
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porfirii watrobowej. Dla dwoch kolejnych lekéw siRNA zostaly ztozone wnioski o rejestracje
nowego leku: w 2020 roku lumasiran (Oxlumo, Alnylam Pharms Inc) dla pierwotnej
hiperoksalurii typu 1 a w 2021 roku inclisiran (Legvio, Novartis) dla pierwotnej
hipercholesterolemii [138]. W trzeciej fazie badan klinicznych znajdujg si¢ rowniez trzy inne:
nedosiran, bevasiranib i tivanisiran (https://clinicaltrials.gov). Patrzac na ilo§¢ nowopowstatych
zatwierdzonych terapii, zdajac sobie sprawg z ilosci badan bedacych jeszcze na etapach
przedklinicznych a takze majac w pamigci, Zze mechanizm RNAi odkryty zostat ledwie 24 lata
temu [109], nie sposob pozostaé obojetnym wobec potencjalu kryjacego si¢ za terapiami

wykorzystujacymi interferencje RNA.

6.4 Nanonotechnologia

Stowo ,,nano” wywodzace si¢ z greki, gdzie oznacza ,karzel”, sugeruje co$ bardzo
malego. Jako przedrostek, wprowadzony oficjalnie w 1960 roku na Generalnej Konferencji
Miar, przedstawia jedna miliardowa cze$é danej jednostki (107°). Nanonauka to badanie struktur
i czasteczek w skali od 1 do 100 nm, a technologia, ktora wykorzystuje ja w praktycznych
zastosowaniach, nazywana jest nanotechnologiag [139]. Jedno z najwazniejszych zastosowan
nanotechnologii w biologii molekularnej dotyczy kwaséw nukleinowych. W 2006 r.
Rothemund opracowat ,,DNA origami”, w ktorym wytwarzat struktury o dowolnym ksztalcie,
zwiekszajac ztozono$¢ i wielko$¢ samoorganizujacych si¢ nanostruktur DNA [140].

W ostatnim czasie zwrdcono uwage na ogromny potencjal, jaki nanotechnologie
odgrywaja w biomedycynie, zwlaszcza w diagnostyce [141], obrazowaniu na poziomie
molekularnym [142] i klinicznym [143], terapiach przeciwnowotworowych [144] oraz
w dostarczaniu lekéw [145]. Obecnie diagnostyka nowotwordéw opiera si¢ na technikach
obrazowania i analizy morfologicznej tkanek (histopatologia) lub komorek (cytologia).
Najczesciej stosowane techniki obrazowania, takie MRI, CT, endoskopia i ultrasonografia,
umozliwiajag wykrycie guza tylko w przypadku widocznej zmiany w tkance. Ponadto nie
pozwalaja na odroznienie zmian tagodnych od ztosliwych [146].

Nanoczastki pokryte przeciwciatami, peptydami lub aptamerami mogg rozpoznawac
krazace we krwi obwodowej komoérki uwolnione z guza pierwotnego. W badaniu pacjentek
zZ rakiem piersi w 70% przypadkow mozliwe byto oczyszczenie komorek zwiazanych wczesniej
z magnetycznymi nanoczastkami [147]. Wykorzystujac zlote nanoczastki oplaszczone
przeciwcialem anty-CD3 opracowano test immunologiczny do specyficznego wykrywania
komorek ostrej biataczki limfoblastycznej T [148]. Do detekcji guza in vivo zaprojektowano

kropki kwantowe oplaszczone peptydem bedacym substratem dla MMP2, fluoroforem oraz
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wygaszaczem sygnatu. Poniewaz nowotwory takie jak glejak stopnia IV skorelowane sg
z wysokim poziomem ekspresji MMP2 [149], opisywane nanoczgstki zakumulowane wokot
GBM uwalniaty fluorofor umozliwiajac detekcje guza [150]. Skupienie czastek wokot guza
spowodowane byto efektem zwigkszonej przepuszczalnos$ci i retencji nanoczastek wokot tkanki
nowotworowej [151].

Ciekawym aspektem nanotechnologii jest zastosowanie jej w terapii fototermicznej (ang.
photothermal therapy, PTT), bedacej alternatywng metoda leczenia nowotwordéw. PTT polega
na aktywacji srodkow fotouczulajacych przez pulsacyjne napromienianie laserem w zakresie
bliskiej podczerwieni, w celu wytworzenia ciepta niszczacego tkanke, w tym przypadku
nowotworowg. Podwyzszenie temperatury powyzej 42°C niesie ze sobg skutki letalne takie jak
zatrzymanie procesOw translacji i transkrypcji, degradacje¢ bialek i zmiany w przepuszczalnos$ci
btony komodrkowej [152]. W pordwnaniu z konwencjonalng radioterapig lub chemioterapig,
kluczowe zalety PTT obejmuja zdolno$¢ do glgbokiej penetracji tkanek i minimalny wptyw na
otaczajgcg zdrowg tkanke, przy zatozeniu stosowania terapii celowanej lub podania lokalnego
[153]. Ztote nanoczgstki sg najczesciej wykorzystywane jako fotosensybilizatory ze wzgledu
na ich znakomity potencjat konwersji fototermicznej, efekt powierzchniowego rezonansu
plazmonowego [154]. Nanoczastki zbudowane z magnetytu i zlota zostalty wykorzystane do
wywotania PTT w tréjwymiarowych modelach GBM in vitro. Po 430 sekundach naswietlania
laserem zaobserwowano $mier¢ 90% komorek wewnatrz modelu i jedynie 1% poza nim [155].
Do PTT uzywane sa rowniez inne materialty takie jak wegiel, pallad czy polidopamina [156].

Produkty nanotechnologii pomagaja w dostarczaniu lekéw stabo rozpuszczalnych w
wodzie do ich docelowych lokalizacji a takze wykazuja wyzsza biodostepnos¢ wykazujac
typowe mechanizmy endocytozy [157]. Ze wzgledu na swoj maty rozmiar, mogg przechodzi¢
przez $rodblonek w miejscach zapalnych, nabtonek przewodu pokarmowego i watroby lub
przenika¢ do mikrokapilar. Jako Ze najmniejsze naczynia wlosowate w ciele maja Srednice
okoto 5 pm, wielkos¢ czastek wprowadzanych do krwiobiegu musi by¢ znacznie mniejsza,

minimalizujac ryzyko zatoru [158].

6.4.1 Nanono$niki

Nanonos$niki, czyli nanotechnologiczne moduty transportowe, dzielimy na pieé
podtypoéw: liposomy (struktury dwuwarstwowe lipidow), micele polimerowe (monowarstwy
lipidowe), dendrymery (struktury silnie rozgal¢zione) oraz nanoczastki (organiczne lub
nieorganiczne) [159]. Do nanoczastek organicznych zaliczamy czgstki polimerowe oraz

polimerosomy, czyli sztuczne pecherzyki. W puli nanoczastek nieorganicznych odnajdziemy
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przyktadowo kropki kwantowe, mezoporowate czastki krzemowe, ztote nanoczastki i nanorurki
a takze nanoczastki tlenku zelaza [160] (Rycina 7). Ze wzgledu na petniong funkcj¢ i wpltyw
zatadunku biologicznego, za nanonos$niki uwaza si¢ czastki o §rednicy do az 1 pm, jednak
czastki powyzej 200 nm czesto nie znajdujg zastosowania w nanomedycynie, wykorzystujacej

urzadzenia takie jak mikrokapilary o wspomnianej $rednicy [158].

liposom micela polimerowa dendrymer

nanoczastki
organiczne nieorganiczne
nanoczastka polimerosom kropka mezoporowata
polimerowa - kwantowa czgstka krzemowa
nanoczastka nanorurka nanoczastka
Zfota Ztota tlenku zelaza

Rycina 7. Rodzaje nano$nikéw. W puli nanoczgstek nieorganicznych uwzgledniono jedynie najpopularniejsze

typy czastek. Rysunek wykonano przy pomocy BioRender.com.

Nanono$niki mozna scharakteryzowa¢ przy pomocy czterech gléwnych atrybutow:
rdzenia, otoczki, ukierunkowania i zatadunku. Rdzen moze by¢ hydrofobowy, anionowy,
kationowy lub usieciowujacy czasteczke, ktorg nalezy przenies¢ we wnetrzu. Otoczka
zrdéznicowana jest pod wzgledem typu budulca, jego dtugosci, gestosci i ponownie wlasciwosci
usieciowujacych. Na powierzchni nanonosnika znajdowaé si¢ moga réwniez czasteczki
ukierunkowujgce, ktorymi moga by¢ przeciwciata, biatka, witaminy, peptydy lub aptamery.
Poniewaz zadaniem nanono$nika jest dostarczanie, wyrdézniamy rowniez roézne typy
zatadunkow, takie jak chemioterapeutyki, kwasy nukleinowe, biatka czy fluorofory [159].

Rozmiar 1 rozktad wielkosci to jedne z najwazniejszych cechy nanono$nikéw.

Wplywaja one bowiem na ich stabilnos¢, toksycznos¢, efektywnos$¢ dostarczania 1 uwalniania
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leku [161]. Rozne typy komoérek sg w stanie przyjaé rézne wielkosci czastek. I tak komorki
ptaskonablonkowego raka glowy i szyi oraz raka pgcherza wykazaly zdolno$¢ wchtonigcia
czastek 1010 nm, podczas gdy komorki raka watroby nie przyjmowaty czastek wigkszych niz
93 nm [162]. Dla komoérek gruczolakoraka jelita grubego wykazano 2,5-krotnie wicksza
absorpcje czgstek 100 nm w porownaniu do czastek Ipum [163]. Natomiast badania na
komorkach raka szyjki macicy wskazaty na wyzszy wychwyt czastek powyzej 375 nm,
thumaczac to niewystarczajaca stymulacja fagocytozy przez czastki mniejsze [164].
Przytoczone przyktady wskazuja, ze rozktad czastek mozna przynajmniej czgsciowo dostroic,
kontrolujac ich rozmiar. Warto wspomnie¢, iz na wychwyt nanoczastek wplywa réwniez ich
ksztatt, udowodniono bowiem, ze czastki sferyczne wnikaja do komorek 5-krotnie efektywniej
niz te podtuzne, co thumaczy si¢ dtuzszg enkapsulacja tych drugich w procesie endocytozy [165].
Powierzchnia nanono$nikow jest kolejnym kluczowym elementem decydujacym o ich
skuteczno$ci. Nosniki moga by¢ rozpoznawane przez uktad odpornosciowy gospodarza po
podaniu dozylnym i usuwane przez fagocyty [166]. To na pozdér negatywne zjawisko
wykorzystano niczym konia trojanskiego w terapii na modelu mysim, podczas ktorej za "4
dostarczonych do guza nanoczgstek odpowiadaty transportujace je monocyty [167]. Zazwyczaj
jednak intencja projektowania nanono$nikow jest zminimalizowanie opsonizacji i przedtuzenie
ich obiegu in vivo. Mozna to osiggna¢ przez powlekanie ich hydrofilowymi polimerami lub
srodkami powierzchniowo czynnymi badz formutowanie ich z biodegradowalnymi polimerami
np. glikolem polietylenowym [168]. Inng kwestig zwigzang z powierzchnig nanono$nikow jest
ich potencjat elektrokinetyczny (zeta potencjat), powszechnie stosowany do charakteryzowania
wlasciwosci tadunku powierzchniowego, odnoszacy si¢ do potencjalu pomiedzy dyspergantem
a warstwg ptynu przyczepiong do powierzchni czastki. Wykazano, ze nanoczastki o potencjale
zeta powyzej 30 mV sg stabilne w zawiesinie, gdyz ich tadunek powierzchniowy zapobiega
tworzeniu skupisk [158]. Wartosci potencjatu zeta -14 mV stanowi granice¢ ponizej ktorej
rozpoczyna si¢ agregacja czastek [169]. Dodatni zeta potencjal umozliwia przylaczenie do
nanoczastek negatywnie naladowanych terapeutykow takich jak czasteczki RNA [170].
Efektywne nanonosniki powinny odznacza¢ si¢ przede wszystkim wysoka zdolnoscig
wigzania leku. Nasycenie terapeutykiem mozna osiggngé dwoma sposobami. Metoda
inkorporacji wymaga, aby byt on wprowadzany w czasie formutowania nanono$nika. Metody
adsorpcji i absorpcji polegaja na inkubacji gotowego nanono$nika ze st¢zonym roztworem leku.
Makroczasteczki takie jak biatka wykazuja najwieksza wydajno$¢ upakowania do nanoczastek,

gdy sg zatadowywane w poblizu ich punktu izoelektrycznego [171]. W przypadku
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mikroczgsteczek skuteczno$¢ wigzania zwickszajg wigzania jonowe miedzy lekiem
a nosnikiem [172].

Podczas opracowywania systemu dostarczania leku nalezy wzia¢ pod uwage rowniez
jego pozniejsze uwalnianie jak i biodegradacje no$nika. W przypadku nanosfer, gdzie lek jest
rownomiernie rozprowadzony, uwalnianie leku nastepuje poprzez dyfuzje lub degradacje
nanoczastki. Jezeli lek jest tadowany metoda inkorporacji, wowczas uklad ma stosunkowo
niewielki efekt poczatkowego wyrzutu i1 charakterystyke przedtuzonego uwalniania. Ponadto
na szybko$¢ uwalniania mogg roéwniez wplywac interakcje jonowe migdzy lekiem
a sktadnikami pomocniczymi [158]. Uwalnianie zatadowanych lekow moze by¢ regulowane
w odpowiedzi na stymulanty wewnetrzne, takie jak czynniki fizjologiczne i patologiczne: pH,
potencjat redoks, obecnos¢ konkretnych enzymow. Uwalnianie leku moze odbywac si¢ rowniez
W sposob kontrolowany zewnetrznie, poprzez stymulanty takie jak: pole magnetyczne, §wiatto,
ultradzwieki [173]. Aby wykorzysta¢ zewngtrzne pole magnetyczne do celowania
W nowotwory, nanono$niki muszg by¢ namagnesowane albo przez wprowadzenie magnetytu
(Fe304) Iub maghemitu (y- Fe203), lub przez bezposredniag modyfikacje namagnesowanych
czastek metalu biokompatybilnymi polimerami. Nanoczastki tlenkow zelaza sg szeroko badane
w wielu réznych zastosowaniach biomedycznych, w tym w dostarczaniu lekow [174],

obrazowaniu MRI [175], hipertermii [176] i transfekcji magnetycznej [177].

6.4.2 Dostarczanie RNA przy pomocy nanonosnikow

Istnieje kilka przeszkod wptywajacych na dostarczanie terapii opartych o czasteczki
RNA do komorek docelowych. Trudnosci zaleza od umiejscowienia organu, ktéry ma zostac
poddany leczeniu oraz powigzanej z tym aspektem drogi administracji leku. Do wyboru jest
bowiem podanie leku lokalne, bezposrednio na tkanke lub do organu, albo podejscie systemowe,
poprzez naczynia krwionosne. Podanie lokalne mozna tatwo zaimplementowa¢ w przypadku
organdOw typu oczy czy skory, ale jest to mozliwe rowniez w kwestii zbitych guzow
nowotworowych, odstonietych podczas operacji chirurgicznej [178].

W podaniu systemowym problemem jest mi¢dzy innymi brak stabilno$ci krotkich RNA
w warunkach fizjologicznych. Ze wzgledu na mate rozmiary i niskg mase¢ (~7 nm, ~13 kDa)
moga one zostac¢ usunigte z organizmu przez nerki podczas filtracji klebuszkowej. Zwigkszanie
masy czasteczkowe] RNA poprzez dolaczanie do nich réznego rodzaju ligandow moze
zakonczy¢ si¢ niepozadang agregacja czasteczek lub opsonizacjg zakonczong rozpoznaniem
przez fagocyty [132]. Ponadto zawarte w surowicy nukleazy, gléwnie 3’egzonukleazy,

efektywnie degraduja krotkie RNA w przeciagu 5-10 min [179]. Ustalono, ze RNA moze by¢
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pobierane tylko przez kilka typow komorek w organach o niskiej zawarto$ci nukleaz, np.
komorki zwojowe siatkowki w oku [138]. Rozwigzanie stanowig mi¢dzy innymi modyfikacje
kwasow nukleinowych, co niestety prowadzi¢ moze jednak do spadku ich efektywnosci [180].
W podaniu lokalnym pierwsza barierg, napotykang przez czasteczki RNA w drodze do
komorki, jest btona cytoplazmatyczna, ograniczajaca przechodzenie hydrofilowych,
naladowanych negatywnie czasteczek [181]. Po ewentualnym przekroczeniu btony,
rozpoczyna si¢ wewnatrzkomorkowy transport RNA, zazwyczaj na drodze endocytozy.
Wczesne endosomy ulegaja fuzji 1 dojrzewaja do poznych endosomdw, ktore nastepnie
przenoszg ich zawartos$¢ do lizosoméw. Zawarte w nich kwasne hydrolazy degraduja kwasy
nukleinowe [132, 182]. Aby unikna¢ takiej sytuacji musi doj$¢ do ucieczki endosomalnej
podczas ktorej] RNA zostaje uwolnione do cytozolu gdzie spelnia swoja molekularna funkcje
[183]. W plynie wewngtrzkomorkowym RNA moga zosta¢ rozpoznane jako obce, zakazne,
potencjalnie patogenne czasteczki, co aktywuje odpowiedz immunologiczng i produkcje
interferonéw [184]. W komorkach ssakow odpowiedz tego typu moze zosta¢ wywotana przez
szlaki zalezne lub niczalezne od receptoréw toll-podobnych (ang. toll-like receptor, TLR).
Krotkie RNA aktywuja trzy z trzynastu receptoréw: TLR3, TLR7 i TLRS8. Pierwszy z nich
rozpoznaje dwuniciowe RNA, pozostale dwa aktywowane zostaja pod wptywem specyficznych
sekwencji. RNA w szlaku niezaleznym od TLR zostaje rozpoznane przez kinaze biatkowa
aktywowang RNA (ang. protein kinase RNA-activated, PKR) oraz produkt genu:
indukowanego kwasem retinowym 1 (ang. retinoic acid-inducible gene 1, RIG1) [185].
Podsumowujac, idealny system dostarczania RNA powinien: ochroni¢ RNA przed
nukleazami zawartymi w osoczu; zapobiega¢ fagocytozie i szybkiemu wydalaniu przez nerki;
umozliwia¢ wniknigcie czasteczki do wnetrza komorki; unika¢ degradacji lizosomalnej
podczas szlaku przemieszczania wewnatrzkomorkowego; nie zmniejsza¢ efektywnosci

terapeutyku RNA; nie indukowa¢ dodatkowej odpowiedzi immunologicznej [186].

6.4.3 Nanonos$niki w terapii glejaka

Stosowane w onkologii leki cytotoksyczne uszkadzaja komorki szybko dzielace sie,
jakimi niewatpliwie sg komodrki nowotworowe, ale réwniez zdrowe komorki naszego
organizmu znajdujgce si¢ migdzy innymi w szpiku kostnym, przewodzie pokarmowym czy
mieszkach wlosowych [187]. Dzigki postgpowi w genomice i proteomice odkrywane sa
markery molekularne réznych typow nowotworéw, co otwiera nowe S$ciezki dla terapii
specyficznie zabijajacych komorki nowotworowe. Projektowanie lekow w nanoskali jest

zdecydowanie najbardziej zaawansowang technologia w obszarze zastosowan nanoczastek. Jej
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potencjalne zalety to mozliwo$¢ modyfikowania rozpuszczalnos$ci i sposobu uwalniania lekow,
ich biodostgpnosci czy immunogennosci. W konsekwencji rozwijane sa dogodne drogi
podawania lekdw, zmniejszajace ich toksycznos$¢, co powoduje spadek liczby skutkéw
ubocznych [157].

Interferon B (INF-B) to cytokina naturalnie wytwarzana przez uklad odpornosciowy
W odpowiedzi na bodzce biologiczne i chemiczne. Wywoluje dziatanie przeciwwirusowe,
antyproliferacyjne i immunomodulujace w wielu typach komorek [188]. Zaproponowano
terapi¢ GBM polegajaca na wprowadzeniu do lozy pooperacyjnej plazmidu z wklonowanym
genem INF-f w kationowym nanonos$niku liposomowym. Badania pilotazowe na grupie 5
pacjentow wskazaty na ekspresj¢ transgenu u czterech z nich i1 redukcj¢ masy guza u dwoéch
osob [189]. W trakcie pierwszej fazy klinicznej wykonano analizy mikromacierzowe
skorelowane z ontologia genowa na pacjentach pilotazowych. Wskaznik OS w grupie badane;j
wynidst 17 miesiecy. Po zastosowanej terapii zaobserwowano zmiany w ekspresji 29 genow,
Zczego wickszo$§¢ powigzano z procesami apoptozy, odpowiedzi immunologiczne;j,
angiogenezy i migracji komorkowej. W badaniach histologicznych probek z autopsji wiele
komorek nowotworowych wykazywato zmiany martwicze, a immunohistochemia
zidentyfikowata obecno$¢ limfocytow CD8 i makrofagdéw infiltrujacych guz [190].

Liposomy kationowe zastosowano rowniez do dostarczania zmodyfikowanego,
niezdolnego do replikacji, wirusa goraczki lasu Semliki niosacego ludzka interleuking 12
(IL-12). IL-12 inicjuje roznicowanie limfocytéw oraz indukuje produkcje interferonu-y przez
co zahamowane zostaja rozrost nowotworu i tworzenie przerzutow [191]. Badania
przedkliniczne wykazaty brak neurotoksycznosci opakowanej w liposom IL-12 u szczurow.
W badaniach klinicznych fazy 1 i Il zaplanowano ocen¢ bezpieczenstwa, maksymalnej
tolerowanej dawki i skuteczno$ci przeciwnowotworowej [192].

Na etapie drugiej fazy klinicznej przebadano termoterapi¢ wykorzystujaca nanoczastki
magnetyczne na puli 59 osob ze wznowa GBM. Pacjentom wstrzyknieto biokompatybilne
nanoczastki tlenku zelaza bezposrednio do guza, a nastepnie ogrzano je w zmiennym polu
magnetycznym [144]. Leczenie polgczono z radioterapig. Wykonalno$¢ i skuteczno$é tego
podejscia wykazano wczesniej w badaniach klinicznych [193, 194] i post mortem [195].
Pacjenci z II fazy klinicznej zyli $rednio 23,2 miesigca liczagc od momentu wystawienia
diagnozy, w poréwnaniu do 14,6 miesigca w grupie referencyjnej. W czasie termoterapii okoto
polowa pacjentéw odczuwala ciepto w leczonym obszarze, 14% z nich zglosita bole gltowy,

U 9% temperatura ciata przekroczyta 38°C. Dodatkowo u co piatej osoby zaobserwowano
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drgawki i zaburzenia motoryczne. Skutki uboczne nowego podejscia terapeutycznego oceniono
jako umiarkowane, ponadto nie odnotowano powaznych powiktan [144].

W 2021 roku zerowa faze kliniczng przeszty nanoczastki ztota sprzgzone z siRNA
celujgcymi w transkrypt onkogenu GBM Bcl2L12 [196]. BcI2L 12 to biatko cytoplazmatyczne,
ulegajace wysokiej ekspresji w ztosliwych glejakach, hamujace zalezne od p53 szlaki apoptozy
zainicjonowanej uszkodzeniami DNA [197]. Wykorzystujac wyniki badan na szczurach
I malpach oznaczono bezpieczng dla ludzi dawke terapeutyku, ktora nastepnie zaaplikowano
pacjentom z GBM. Wykazano akumulacje¢ ztota w tkance nowotworowej, obnizenie w niej
poziomu ekspresji BclL12 a takze zwigkszenie ilosci biatka p55 [196]. Prowadzone badania

kliniczne nad nano$nikami wskazuja na trwajacy post¢p nanotechnologii medycznej.
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7 OMOWIENIE PRAC NAUKOWYCH WCHODZACYCH W SKLAD
ROZPRAWY DOKTORSKIEJ

7.1 Applications of noncoding RNAs in brain cancer patients
Grabowska M, Misiorek JO, Zargbska Z, Rolle K.

Clinical applications of noncoding RNAs in cancer. Elsevier. 2022. 2:17-64.

Niekodujace RNA stanowig klase¢ czasteczek o kluczowym znaczeniu dla rozwoju
I progresji nowotworéw. W powyzszym przegladowym rozdziale podsumowatam dostgpng
W pisSmiennictwie naukowym wiedze dotyczaca niekodujacych RNA w nowotworach mozgu.
Zaprezentowane omowienie dotyczy glownie wysokoztosliwego glejaka oraz rdzeniaka
zarodkowego, opisujac powigzane z nimi miRNA, IncRNA i circRNA.

Poczatek pracy stanowi opis wymienionych wczesniej jednostek chorobowych pod
katem ich profilu genetycznego i klasyfikacji. Nastepnie scharakteryzowatam ncRNA
zwracajgc szczegolng uwage na ich biogenezg oraz mechanizm dziatania. W podrozdziale
drugim zestawitam w formie tabeli dostgpne bazy danych i algorytmy umozliwiajace
deponowanie i przegladanie informacji dotyczacych miRNA, IncRNa i circRNA. Opisane
platformy pozwalaja miedzy innymi na poznanie profilu ncRNA pochodzacego
z sekwencjonowania transkryptomu, wskazuja ich lokalizacje komoérkowa i powigzania
Z chorobami ludzkimi, zezwalaja na dokonywanie analiz wzajemnych oddziatywan pomig¢dzy
ncRNA a mRNA i biatkami.

Najobszerniejsza cze¢$¢ pracy stanowi, zawarty w podrozdziale trzecim, opis poziomu
ekspresji ncRNA w nowotworach moézgu. Przedstawitam w nim zestawienie modeli
badawczych wykorzystywanych do okreslania profili transkryptomicznych. Uwzglednitam
w nim zaréwno standardowo wykorzystywane materiaty biologiczne takie jak adherentne linie
komorkowe czy fragmenty tkanek pochodzacych od pacjenta, jak i stanowigce novum
przestrzenne hodowle komodrkowe. Opisywane przeze mnie kultury organoidéw pozwalaja na
propagowanie i analiz¢ komorek macierzystych nowotworu. W pracy zebratam informacje
dotyczace profilu ncRNA w CSC zaznaczajac jaki wplyw na procesy nowotworzenia majg
poszczegdlne czasteczki.

W  czwartym podrozdziale dokonatam przegladu metod eksperymentalnych
wykorzystywanych do badania ncRNA, ich identyfikacji, wzajemnych oddziatywan
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i manipulacji ich poziomem ekspresji. Informacje zebralam w formie tabeli, eksponujgcej
zaro6wno wady jak 1 zalety poszczegolnych technik.

Istotng czg$cig pracy jest zawarte w podrozdziale pigtym przedstawienie ncRNA
0 potencjale prognostycznym jak i diagnostycznym w odniesieniu do nowotworéw moézgu.
Wyselekcjonowanie najistotniejszych dla rozpoznania choroby czasteczek, znalazioby
zastosowanie we wcigz rozwijajacej si¢ medycynie spersonalizowanej, opartej o indywidualne
podejscie do konkretnego pacjenta. Rowniez wyznaczenie korelacji pomiedzy poziomem
ekspresji ncRNA a czynnikami przezywalnoS$ci pacjenta, takimi jak OS lub czas przezycia bez
objawow choroby (ang, disease-free survival, DFS), moze przyczyni¢ si¢ do dobrania
odpowiedniej formy terapii lub do stworzenia calkowicie nowego podejScia terapeutycznego
opartego o mechanizm RNAIi skierowany przeciw konkretnemu ncRNA. Ponownie,
wymienione czgsteczki RNA zostaly uporzadkowane w formie tabeli.

Rozwinigciem tematyki prognostycznych miRNA, InCRNA i circRNA jest osobny
podrozdziat, w ktorym opisatam zaleznoSci pomigdzy profilem ncRNA a chemio- oraz
radioopornoscig komorek nowotworowych. W sekcji tej umiescitam liste opisywanych
czasteczek, przedstawiajacag sie¢ zalezno$ci IncRNA/circRNA — miRNA - biatko — szlak
komorkowy. Prace przegladowa zakonczytam podsumowaniem dostepnych informacji
0 zastosowaniu ncRNA jako potencjalnych celow terapeutycznych i prowadzonych w tym

kierunku badaniach klinicznych.
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7.2 MiR-218 affects the ECM composition and cell biomechanical properties of
glioblastoma cells.
Grabowska M*, Kuczynski K*, Piwecka M, Rabiasz A, Zemta J, Glodowicz P,
Wawrzyniak D, Lekka M, Rolle K.
Journal of Cellular and Molecular Medicine. przyjete do publikacji.

Punktem wyjscia dla projektu dotyczacego wptywu hsa-miR-218-5p na komorki GBM
byty wyniki badan wykonanych w Instytucie Chemii Bioorganicznej Polskiej Akademii Nauk,
opublikowane w 2015 roku [198]. Piwecka, Rolle i wspodtautorzy na podstawie analiz
mikromacierzowych oraz sekwencjonowania nowej generacji (ang. next generation sequencing,
NGS), wskazali na zmieniony poziom ekspresji miRNA w glajaku w porownaniu ze zdrowa
tkanka moézgowa. Wykazano m.in. ze 26 miRNA zidentyfikowanych w glejaku wykazuje
znaczaco obnizony poziom ekspresji w tkankach GBM pochodzacych od pacjentow.
Skonfrontowanie tego wyniku z metaanalizg zidentyfikowato miR-218 jako czasteczke o silnej,
powtarzajacej si¢ w wynikach innych zespotéw badawczych, deregulacji w tkankach GBM
[199-201].

7.2.1 Analiza poziomu ekspresjii  miR-218 oraz wybranych bialek macierzy

zewnatrzkomorkowej w tkankach oraz liniach komérkowych GBM

W celu potwierdzenia wynikéw mikromacierzy i NGS [198] zbadatam poziom ekspres;ji
hsa-miR-218-5p w glejaku WHO IV. Wykorzystujac reakcje tancuchowej polimerazy w czasie
rzeczywistym (ang. real-time polymerase chain reaction, real-time PCR) przeanalizowatam
material RNA wyizolowany z tkanek pochodzacych od pacjentéw cierpigcych zaréwno na
GBM jak i jego wznowe¢. Do badan wykorzystatam ponadto RNA ze zdrowych mozgow,
stanowigce odniesienie do zmian zachodzacych w guzach nowotworowych. Poziomy ekspresji
miR-218 w tkance GBM i wznowie sg odpowiednio 0 56% i 69% nizsze niz w zdrowym mozgu
(Fig. 1A [202]).

Biorac pod uwage wyrazny spadek poziomu ekspresji miR-218 w GBM, postanowitam
wytypowac transkrypty, z ktérymi moze on oddziatywa¢. W celu zidentyfikowania miejsc
wigzania w 3'UTR mRNA, przeprowadzitam analize in silico, w ktorej zastosowatam dostgpne
publicznie oprogramowania ENCORI, miRDB, PicTar i TargetScan. Otrzymane listy

transkryptow  zawezitam do  sekwencji  bialek macierzy = zewnatrzkomorkowej
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(Suplement 1 [202]). Sposrod wyselekcjonowanych biatek ECM, z ktorych transkryptami moze
oddziatywa¢ potencjalniec miR-218, do dalszych badan wytypowatam syndekan-2
I tenascyne-C, ktorych interakcje z badanym miRNA przewidzialy co najmniej trzy z czterech
zastosowanych narzedzi.

Wykonane analizy metodg real-time PCR z wykorzystaniem RNA pochodzacego ze
zdrowego mozgu oraz materialu wyizolowanego z guzow pierwotnych i wznéw nowotworu
wskazuja na 4-krotny wzrost poziomu ekspresji SDC2 w nowotworze. Poziom TNC byt
znaczaco podwyzszony we wszystkich badanych probkach guza, jest 8-krotnie wyzszy
w tkance GBM i 21-krotnie wyzszy we wznowach. W przypadku TNC widoczny jest wzrost
poziomu ekspresji TNC wraz ze stadium rozwoju nowotworu (Fig. 1B [202]). Przeprowadzone
przez wspotautordw pracy analizy wskazaly na zgodno$¢ otrzymanych przez nas wynikéw
Z danymi pochodzacymi z szeregu eksperymentéw opartych o sekwencjonowanie RNA,
zawartymi w bazach danych TCGA i Rembrandt (Fig. 1C,D [202]).

Dalsze etapy projektu przeprowadzatam wykorzystujac hodowle komorkowe in vitro.
W celu doboru odpowiedniego modelu badawczego ocenitam poziom ekspresji miR-218, TNC
i SDC2 w czterech liniach komoérkowych glejaka: T98-G, U-118 MG, U-138 MG i U-251 MG
(Fig. 2D,E,F,G [202]). Do dalszych badan wybratam U-118 MG, ktora charakteryzuje si¢
niskim poziomem ekspresji miR-218 przy jednoczesnym wysokim poziomie SDC2 i TNC,
odpowiadajac profilom ekspresji tkanek GBM, zgodnie z wczesniej omawianymi wynikami

badan.

7.2.2 Okreslenie sposobu oddzialywania miR-218 na tenascyne-C oraz syndekan-2

Biorac pod uwagg poprzednia analiz¢ wykazujaca odwrotna korelacje miedzy ekspresja
miR-218 a SDC2 i TNC, zespot badawczy prowadzacy projekt zweryfikowat eksperymentalnie
przewidywane bioinformatycznie interakcje mMIRNA-mRNA. Wszystkie algorytmy
zastosowane do przewidywania oddziatywan miR-218 wykazaly jedno miejsce wigzania
w obrebie 3'UTR zarowno dla SDC2, jaki i TNC. Przygotowano zestaw konstruktow do
reporterowego testu lucyferazy, aby eksperymentalnie zweryfikowaé przewidywane wigzanie
miR-218 z jego miejscami docelowymi (Fig. 2A [202]). Eksperyment potwierdzit, iz miR-218
oddziatuje bezposrednio z analizowanymi transkryptami, obnizajac aktywno$¢ lucyferazy
W probach z niezmienionym fragmentem 3’UTR analizowanych mRNA (Fig. 2B [202]).
Badaniem tym zesp6t dostarczyt dowodow na bezposrednie wigzanie miR-218 do 3'UTR SDC2

oraz TNC, co wskazuje na funkcjonalnos¢ miR-218 jako negatywnego regulatora transkrypcji.
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W dalszych etapach pracy staratam sie okresli¢ role miR-218 w regulacji TNC i SDC2
w komodrkach GBM. Wykorzystatam tutaj podejscie polegajace na wprowadzeniu do komorek
dodatkowych kopii miRNA (ang. mimic miRNA) w podejsciu typu ,,nabycie funkcji” (ang. gain
of function). Komorki linii U-118 MG transfekowatam syntetycznym miR-218. Analizy
wykazaty skuteczno$¢ transfekcji syntetycznym miRNA, czego efektem bylo znaczace
podniesienie poziomu miRNA linii komorkowej (Fig. 2C [202]).

W celu dalszej weryfikacji funkcji miR-218 przeprowadzili$my analiz¢ jego wptywu na
SDC2 i TNC zaréwno na poziomie mRNA, jak i biatka za pomoca metod real-time PCR
i Western blot. Na poziomie transkryptow suplementacja syntetycznym miR-218 skutkowata
obnizeniem poziomu ekspresji zarowno SDC2 jak i TNC (Fig. 2H [202]). Na poziomie biatka
uzyskalam obnizenie poziomu SDC2 proporcjonalnie do stosowanych stezen MIRNA.
W przypadku TNC efekt wyciszenia o uzyskatam jedynie dla wyzszego z zastosowanych stezen
(Fig 21,J [202]).

7.2.3 Ocena wplywu miR-218 na sktadniki ECM

Biorgc pod uwage istnienie wzajemnych oddzialywan pomiedzy komponentami
macierzy, oceniliSmy takze wplyw miR-218 na poziom innych biatek ECM oraz tych
zwigzanych z migracja komoérek. Wykorzystujac komercyjne dostepne systemy badania profilu
ekspresji genow, przeanalizowano zestawy transkryptow zwigzanych z ruchliwos$cia i adhezja
ludzkich komérek, w tym takze geny zaangazowane w budowe cytoszkieletu komorkowego.
Zidentyfikowano 47 gendéw wykazujacych znaczaco rdézng ekspresje w wyniku podania do
komorek syntetycznego miR-218 w stezeniu 50 nM (Fig. 3 w omawianej publikacji). Na liscie
zidentyfikowanych w ten sposob czasteczek ulegajacych zmienionej ekspresji pod wplywem
miR-218 znajduje si¢ TNC z ok. 2-krotnym zmniejszeniem ekspresji. Wynik ten jest zgodny
Z przestawionymi wcze$niej badaniami ekspresji metodg real-time PCR, w ktorych rowniez

uzyskatam dwukrotng redukcje poziomu ekspresji TNC po transfekcji miR-218.

7.2.4 Analiza wplywu nadekspresji miR-218 na wlasciwos$ci biomechaniczne komoérek GBM

Na podstawie przedstawionych w poprzednich podrozdziatach wynikéw postawilismy
hipoteze badawcza, zaktadajaca, ze zmiany w sktadzie ECM spowodowane regulacjg miR-218
wplywajg rowniez na wlasciwosci biomechaniczne komorek nowotworowych. Przebadatam
wiec nastepnie takie atrybuty komorkowe, jak zdolno$¢ do migracji i adhezji oraz ich sztywnos¢.

Do przeanalizowania wptywu miR-218 na migracje komorek, wykorzystatam dwa
funkcjonalne testy komoérkowe. W pierwszym z nich, stosujgc system xCELLigence do
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monitorowania potozenia komorek, rejestrowatam przebieg migracji komorkowe] w czasie
rzeczywistym. W eksperymencie trwajagcym 48 godzin porownatam tempo migracji komorek
U-118 MG transfekowanych miR-218 z kontrolnymi, traktowanymi niespecyficznym siRNA
(Fig. 4A [202]). Wykazatam, iz miR-218 wptywa na wydtuzenie czasu migracji komorek (ang.
half maximal effective time, ETso) o srednio 4 godziny w odniesieniu do kontroli (Fig. 4B [202]).
Jako drugi niezalezny eksperyment, przeprowadzitam test gojenia si¢ rany (Fig. 4C [202]). Oba
wykonane testy in vitro wskazuja na opdznienie w szybkosci migracji komorek GBM , a co za
tym idzie na regulacyjng rol¢ miR-218.

Zgodnie z hipotezg ,, go-0r-grow ”’, migracja i proliferacja komoérek nowotworowych nie
zachodzg jednocze$nie w tym samym miejscu i czasie [203]. Majac na uwadze wyniki tempa
migracji w komorkach GBM, zadatam sobie pytanie, czy uda mi si¢ takze zaobserwowac
zmiany w tempie podzialdow komoérkowych. W tym celu wykonatam dwa testy in vitro.
Trwajaca 48 godzin obserwacja proliferacji komoérek w czasie rzeczywistym systemem
xCELLigence wskazata na jej wzrost w komorkach traktowanych miR-218 (Fig. 4E [202]).
Roéwniez test inkorporacji znakowanej tymidyny, pozwalajacy na $ledzenie przyrostu ilosci
DNA, potwierdzit, ze miR-218 pozytywnie wplywa na proliferacj¢ komorkowa (Fig. 4F [202]).

Kolejng ze zbadanych w pracy biomechanicznych cech komorek jest ich adhezja do
podloza. W analizach ponownie wykorzystatam system XCELLigence. Pomiary adhezji
W czasie rzeczywistym wykazaly na statystycznie istotne zmiany przyczepno$ci komorek do
powierzchni ptytki w czasie trwania eksperymentu tj. 4 godziny. Doszto do okoto 2-krotnego
wzrostu analizowanej wartosci (Fig. 5E [202]).

Do szeregu omowionych powyzej testow biologicznych, wdrozyliSmy wraz z zespotem,
badania biofizyczne, takie jak: pomiar adhezji i sztywno$ci komorkowej przy pomocy
mikroskopii sit atomowych (ang. atomic force microscopy, AFM) w trybie spektroskopii sit
pojedynczej komorki (ang. single cell force spectroscopy, SCFS). W tym podejsciu
eksperymentalnym kazda pojedyncza komorka zostata uzyta jako sonda sitowa. Dane
pomiarowe wskazujg na 1,6-krotny dla stezenia 50 nM i 1,8-krotny dla stezenie 10 nM
statystycznie istotny wzrost pracy adhezji komorek traktowanych syntetycznym miR-218
(Fig. 5D [202]). Podsumowujac, niezaleznie od techniki zastosowanej do badania adhezji,
wykazalismy wzrost adhezji komérek GBM z nadekspresja miR-218. Zawarte w publikacji
wyniki pomiaréw sztywnosci komorki wskazaty na jej statystycznie istotny wzrost o okoto 30%
(Fig. 6D [202]). Poniewaz sztywno$¢ powiazana jest z organizacja cytoszkieletu, dokonalismy
takze wizualizacji wtokien aktynowych, ktore wyraznie wskazuja na udziat miR-218 w jego

przebudowie (Fig. 6E [202]).
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7.2.5 Podsumowanie

W opisanej pracy eksperymentalnej przedstawitam miR-218 jako potencjalny supresor
nowotworzenia w komorkach glejaka. Zaprezentowalam bezposredni wplyw miR-218 na
poziom ekspresji dwoch biatek ECM: SDC2 i TNC. Przedstawitam dane $§wiadczace
0 obnizonym poziomie ekspresji miR-218 w tkankach GBM przy jednoczesnej nadekspresji
transkryptow tychze bialek. Ponadto w publikacji przedstawiono panel genow ulegajacych
W sposob posredni deregulacji pod wptywem badanego miRNA. Projekt poszerzony zostat
0 szereg testow funkcjonalnych, wskazujacych iz zmiany wywolane nadekspresja miR-218
w komoérkach GBM wplynely na ich wihasciwosci biomechaniczne, tj.: adhezje, migracje
I sztywnos$¢. Zwigkszenie przyczepnosci do podloza a zarazem zmniejszenie ruchliwosci
nadaje komorkom fenotyp nienowotworowy, co wptywa negatywnie na potencjat inwazyjny
nowotworu. Przebieg zmian na poziomie komoérki wywotanych miR-218 przedstawitam

schematycznie na Rycinie 8.
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Rycina 8. Schemat regulacji poziomu docelowych transkryptow przez miR-218 oraz jej wptyw na wlasciwosci

biologiczne i biomechaniczne komorek nowotworowych.
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7.3 Nano-mediated delivery of double-stranded RNA for gene therapy of glioblastoma
multiforme.
Grabowska M, Grzeskowiak BF, Szutkowski K, Wawrzyniak D, Glodowicz P,
Barciszewski J, Jurga S, Rolle K, Mréwczynski R.
PLoS One. 2019. 14(3):0213852.

Projekt, w ktérym przeanalizowatam nanoczastki magnetyczne pod katem zastosowania
ich jako nosniki kwasow nukleinowych, jest kontynuacja badan nad terapia GBM oparta
o interferencj¢ RNA skierowana przeciw biatku TNC [204, 205]. Prace badawcze wykonane
W Instytucie Chemii Bioorganicznej PAN w Poznaniu w kooperacji z Katedrg i Klinikg
Neurochirurgii 1 Neurotraumatologii Uniwersytetu Medycznego w Poznaniu, przedstawiaja
wplyw obnizenia poziomu ekspresji TNC na przezywalno$¢ pacjentdéw. Wykorzystano
unikalne podejscie terapeutyczne, nazwane interwencja z RNAi (iRNAi), oparte na
zaaplikowaniu narzgdzia molekularnego interferencji RNA bezposrednio do niszy
pooperacyjnej powstatej w wyniku resekcji guza. Terapi¢ skierowano na nieoperacyjne
nowotworowe nacieki w glgb mozgu. Wykorzystang czasteczkg bylo dwuniciowe RNA
dhugosci 163 bp komplementarne do fragmentu mRNA TNC (ang. anti-tenascin RNA, ATN-
RNA). Zukiel i wsp. [204] oraz Rolle i wsp. [205] wykazali znaczne obnizenie poziomu TNC
w wyniku zastosowania ATN-RNA oraz wydtuzenie wskaznika przezywalnoSci pacjentow.
Celem nizej opisywanego projektu bylo znalezienie nowego bezpiecznego, efektywnego
no$nika, wprowadzajacego ATN-RNA do komorek przy ewentualnej mozliwos$ci zastosowania

jednoczesnej terapii uzupetniajacej - fototermii.

7.3.1 Charakterystyka nanoczastek

Przedstawiona praca eksperymentalna powstata w ramach projektu Narodowego
Centrum Nauki, Opus 11 ,,Nowe, wielozadaniowe nanoczastki w skojarzonej geno- i fototerapii”
(2016/21/B/ST8/00477), w konsorcjum z Centrum NanoBioMedycznym (CNBM)
Uniwersytetu im. Adama Mickiewicza w Poznaniu.

W wyniku realizacji projektu zespot CNBM przeprowadzit synteze, funkcjonalizacje
oraz wstepng charakterystyke nanoczastek magnetycznych (ang. magnetic nanoparticle, MNP)
sktadaja si¢ z FesOs funkcjonalizowanego polietyleonoiming (PEI) (MNP@PEI). Rdzen
magnetyczny moze zosta¢ wykorzystany do dystrybucji czastek [206] oraz dodatkowo, jako

czynnik kontrastujgcy w obrazowaniu rezonansem magnetycznym [207]. PEI odpowiada
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natomiast za nadanie czastkom tadunku pozwalajagcego na przylgczenie si¢ ujemnie
natadowanego kwasu nukleinowego [208, 209].

Morfologi¢ otrzymanych nanokompozytow o0ceniano za pomoca transmisyjnego
mikroskopu elektronowego (ang. transmission electron microscope, TEM). Wykazano ze
MNP@PEI maja kulisty ksztatt, o $rednicy 3-12 nm, zaobserwowano réwniez czeSciowa
agregacje czastek (Fig. 2A [210]). Z wykorzystaniem spektroskopii fourierowskiej
w podczerwieni (ang. Fourier-transform infrared spectroscopy, FTIR) potwierdzono obecnosé¢
PEI na powierzchni nanoczastek magnetycznych (Fig. 2B [210]).

W celu zbadania wielkos$ci zsyntetyzowanych nanoczastek, a takze ich tadunku
powierzchniowego, przeprowadzono pomiary dynamicznego rozpraszania $wiatla (ang.
dynamic light scattering, DLS). MNP@PEI charakteryzowaly si¢ $rednicg hydrodynamiczng
~ 150 nm (Fig. 3D [210]), ich potencjat zeta wynosit + 40,6 mV (Fig. 2C [210]). Potencjat zeta
0 wartosci powyzej 30 mV wskazuje na stabilno$¢ czastek w zawiesinie [158] a takze
umozliwia przytaczenie do nich negatywnie naladowanego dsRNA. Pomiary interferometrem
kwantowym nadprzewodnikowym (ang. superconducting quantum interference device,
SQUID) wykazaty, iz MNP@PEI zachowuja si¢ jak czgstki superparamagnetyczne (Fig. 2C
[210]). Wyniki obrazowania metodg echa spinowego wskazuja na wysokg wartos$¢
relaksacyjnosci nanokompozytu (225 mM7Zs?) (Fig. 3 [210]) przewyzszajaca wartosci
komercyjnych $rodkéw kontrastowych opartych na nanoczastkach magnetycznych [211], co
wskazuje na mozliwo$¢ zastosowania MNP@PEI w obrazowaniu MRI.

Pod wzgledem biologicznym wykazano, ze MNP@PEI efektywnie wigze dsRNA
w stosunku wagowym 3:1 (Fig. 4A,B [210]). W dalszych badaniach zawartych w pracy to
wlasnie ten stosunek wigzania obowiazywat podczas tworzenia kompleksoOw nanoczastek
z ATN-RNA. Obrazy mikroskopowe wykonane komoérkom traktowanym wybarwionymi
kompleksami wskazuja, ze zaréwno nanoczastki jak i dsRNA wnikaja do cytoplazmy
(Fig. 5 [210]).

7.3.2 Cytotoksyczno$¢ nanoczastek i ich kompleksow z dsRNA, immunogennosé¢ ATN-RNA

Wspoétautorzy projektu przebadali rowniez cytotoksyczno$sé samych nanoczastek
MNP@PEI, jak i komplekséw niosgcych ATN-RNA. Pomiary wykonano z wykorzystaniem
linii komorkowej glejaka U-118 MG. Dla MNP@PEI przeprowadzono test oparty
0 wybarwianie biatek sulforodaming B (SRB). Nie wykazano znaczacego efektu
cytotoksycznego w przedziale stezen 0-1300 ng/ml MNP@PEI (Fig. C, Suplement [210]).

Toksycznos¢ kompleksow oceniano dwoma niezaleznymi pomiarami przezywalnosci, tj.
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testem kolorymetryczny oparty o WST-1 oraz barwieniem typu ,live/dead”. Badania
prowadzono w zakresie stezen 0-100 nM ATN-RNA w kompleksie, czyli ilosci dsRNA
uzywanych w dalszych eksperymentach transfekcyjnych. Oba testy cytotoksycznosci wykazaty
wysokg zywotnos¢ komorek (Fig. 7 [210]), wskazujaca na brak efektow cytotoksycznych ze
strony nanoczgstek.

Biorac pod uwage mozliwos¢ wykorzystania komplekséw MNP@PEI wraz z ATN-
RNA jako narzedzia terapeutycznego w leczeniu GBM, zespot badawczy, przeprowadzit
analiz¢ poziomu ekspresji genéw zaangazowanych w nieswoista odpowiedZ immunologiczna.
Wprowadzenie dsRNA do komorki moze wywota¢ odpowiedz interferonowa poprzez
interakcje z RIG1 [212], czy TLR3 [213]. W komorkach U-118 MG poddanych transfekcji
kompleksem MNP@PEI z ATN-RNA zmierzono wigc poziom ekspresji genow odpowiedzi
immunologicznej: syntetazy 2’5’-oligoadenylowej 1 i 3 (ang. 2'5'-oligoadenylate synthetase
1/3, OAS 1/3), RIG1, TLR3 i interferonu gamma (INFy). Wyniki real-time PCR wskazujg brak
aktywacji OAS1, OAS3 i RIG1. ATN-RNA w st¢zeniu 50 i 100 nM powodowalo stabg, mniej
niz poéttorakrotng, aktywacj¢ TLR3 i INFy. Wyzszy poziom ekspresji wspomnianych genow
zaobserwowano w przypadku wprowadzania ATN-RNA do komorek na drodze transfekcji

komercyjnym czynnikiem Lipofectamine™ 2000 (Fig. 8 [210]).

7.3.3 Pordwnanie skuteczno$ci terapii RNAi w komdrkach GBM po zastosowaniu dsRNA na

réznych nosnikach

Znane jest zastosowanie ATN-RNA w obnizaniu poziomu ekspresji TNC [205]. Do tej
pory do dostarczania czasteczki ATN-RNA in vitro wykorzystywano Lipofectamine™ 2000.
Dane literaturowe wskazuja na znamienng a zarazem zmienng cytotoksyczno$¢
Lipofectamine™ 2000. W linii komorek nienowotworowych, HEK-293, zaobserwowano
spadek przezywalnosci o 50% przy stgzeniu 20 pg/ml tego czynnika transfekcyjnego [214].
W przypadku linii nowotworowej plucnej A549, w zaleznosci od zrodla, wartosci
potowicznego maksymalnego stezenia hamujgcego (ang. half maximal inhibitory concentration,
ICs0) dla Lipofectamine™ 2000 wyniosta w przyblizeniu 6 pg/ml [215] lub 30 pg/ml [216].
Jest to przyczyng dla ktérej w moich badaniach poszukiwatam innego, bezpiecznego a zarazem
efektywnego nosnika dla ATN-RNA.

Jako model badawczy zastosowatam lini¢ komorkowa U-118 MG, charakteryzujacag si¢
wysokim poziomem ekspresji TNC, co wykazatam w pracy ,,MiR-218 affects the ECM
composition and cell biomechanical properties of glioblastoma cells”. Przeprowadzajac
transfekcje ATN-RNA przy uzyciu testowanych w projekcie nanoczastek, jednoczes$nie
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wykonywatam analogiczny eksperyment z wykorzystaniem Lipofectamine™ 2000. Poniewaz
profil ekspresji gendw moze ulec zmianie wraz z rosngcg liczbg wykonanych pasazy
komorkowych [217, 218], lipofekcja w moich badaniach stanowi punkt odniesienia, do ktérego
przyréwnywatam wyniki uzyskane w dalszej czgsci pracy. W tym i kolejnych etapach projektu
jako kontrole transfekcji przyjetam komorki traktowane nosnikami w ilosci potrzebnej do
wprowadzenia ATN-RNA w stezeniu 25 nM, osobno dla Lipofectamine™ 2000 i MNP@PEI.

24 godziny po transfekcji ocenitam poziom ekspresji TNC za pomocg metody real-time
PCR. W przypadku wykorzystania nanoczastetk MNP@PEI jako nos$nika dsRNA
zaobserwowatam statystycznie istotne réznice w poziomie ekspresji transkryptu, w odniesieniu
do prob traktowanych tym samym ste¢zeniem ATN-RNA wprowadzanych przy uzyciu
Lipofectamine™ 2000. MNP@PEI wykazaty wicksza efektywno$é¢ w dostarczaniu ATN-RNA
niz nosnik lipidowy (Fig. 9A [210]). Analizg poziomu biatka TNC metodg Western blot
dostarczylam informacji, ze do uzyskania tego samego, 40% wyciszenia nalezalo uzy¢
kompleksu MNP@PEI z 10 nM ATN-RNA i az 50 nM dsRNA dostarczanego za
posrednictwem Lipofectamine™ 2000 (Fig. 9B [210]). Uzyskane wyniki wskazuja na wyzsza
wydajnos¢ dostarczania dsSRNA na no$niku nanoczastkowym w porownaniu do komercyjnego
nos$nika lipidowego. Ponadto potwierdzitam skutecznos¢ ATN-RNA w wyciszaniu TNC
w komoérkach GBM.

7.3.4 Analiza proliferacji i migracji komorek GBM po obnizeniu poziomu ekspresji TNC

réznymi czynnikami transfekcyjnymi

Rezultatem terapii opartej na obnizeniu poziomu TNC poprzez zastosowanie ATN-
RNA byto wydtuzenie zycia i poprawa jego jakosci u pacjentow z GBM poprzez ograniczenie
i spowolnienie wznowy miejscowej guza nowotworowego [205]. Nie dowiedziono jednakze na
jakie konkretne cechy komodrek nowotworowych wplynela terapia. Jako ze rozrost masy
nowotworowej zwigzany jest z nadmiernymi podziatami komorek oraz ich przemieszczaniem
si¢, a literatura dostarcza dowodow na zaangazowanie TNC w te dwa mechanizmy [219, 220],
jak wskazano takze w przypadku poprzedniej omawianej pracy, w dalszej czgsci projektu
zbadalam efekt wywotany przez ATN-RNA na proliferacj¢ i migracje komorek GBM.

Czasteczk¢ ATN-RNA wprowadzatam do linii komorkowej U-118 MG ponownie przy
pomocy MNP@PEI i Lipofectamine™ 2000. Nastepnie, wykorzystujac system xCELLigence,
przez 72 godziny obserwowalam proliferacje komoérek w czasie rzeczywistym. Préoby
traktowane ATN-RNA wprowadzanym przez Lipofectamine™ 2000 w kazdym punkcie
pomiarowym 1 dla wszystkich stosowanych stezen charakteryzowat nizszy przyrost ilosci
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komorek niz w kontroli. Badana warto$¢ spadata wraz ze wzrostem stezenia ATN-RNA
(Fig 10 B [210]). Wprowadzajac dSRNA na nosniku MNP@PEI po 24 godzinach
zaobserwowalam przyrost ilosci komoérek. W punkach czasowych 48 i1 72 godziny
odnotowatam spadek proliferacji traktowanych komorek (Fig 10 A [210]). Uznatam, ze wyniki
dla obu testowanych czynnikow transfekcyjnych, wskazujace na spadek przezywalnosci
komorkowej po 48 1 72 godzinach tego eksperymentu, wynikajg z samoistnego obumarcia
komorek spowodowanego zbyt dtugim trwaniem pomiardw.

Wplyw obnizenia poziomu TNC przez ATN-RNA na migracj¢ komorek GBM
zbadatam wykorzystujac dwa testy funkcjonalne. Pierwszy z nich opierat si¢ o rejestrowanie
polozenia komorek w czasie rzeczywistym poprzez system XCELLigence. Do danych
uzyskanych z eksperymentu dopasowatam czteroparametrowe rownania sigmoidalne
i wyznaczytam w ten sposob ETso. Zaprezentowane w publikacji w formie Figury 11 dane
odnosza si¢ jedynie do komorek traktowanych MNP@PEI (Fig. 11A [210]). Prezentowane
przeze mnie w niniejszym opracowaniu na Rycinie 9 analizy wskazuja na statystycznie istotne
roznice w opoznieniu migracji pomiedzy komoérkami transfekowanymi tym samym stezeniem
dsRNA w kompleksie z Lipofectamine™ 2000 a MNP@PEIL Dla komoérek poddanych
dziataniu czynnika lipidowego op6znienie migracji spadato wraz ze wzrostem stezenia ATN-
RNA o wartosci z zakresu 18,3-0,4 godziny. Dla komdrek traktowanych MNP@PEI migracja
spowolnita o 5,8-31,5 godzin przy stosowanych stezeniach ATN-RNA.

Wptyw wprowadzenia ATN-RNA réznymi czynnikami transfekcyjnymi na migracje
komorek zbadatam réwniez testem zablizniania ran. Po zastosowaniu Lipofectamine™ 2000
nie zaobserwowatam oczekiwanego w eksperymencie tego typu zmniejszenia powierzchni
szramy (Fig. D Suplement [210]). Wraz ze wzrostem stosowanego stezenia ATN-RNA rana
ulegata poszerzeniu. Do catkowitego zaro$nigcia szramy nie doszto nawet w probie kontrolnej,
traktowanej samym no$nikiem, skad wniosek iz to efekt toksycznosci Lipofectamine™ 2000.
Wyniki uzyskane w tym eksperymencie dla komorek traktowanych kompleksami MNP@PEI
z ATN-RNA wskazuja na spowolnienie migracji komérkowej w odniesieniu do kontroli. Po 48
godzinach transfekcja ATN-RNA o st¢zeniu 10-100 nM zwigkszyla stopien otwarcia rany
W statystycznie istotny sposob o 53-95% (Fig 11B [210]).

47



OMOWIENIE PRAC NAUKOWYCH WCHODZACYCH W SKEAD ROZPRAWY
DOKTORSKIEJ

40 | —

30

dedede ke

o Je ke ke

e Bl &l !

| | o
25 50 100

AETsq [h]
)
=)
1

— LipofectamineTM 2000

=3 MNP@PEI

ATN-RNA [nM]

Rycina 9. Aktywno$¢ migracyjna komoérek po dostarczeniu ATN-RNA za posrednictwem Lipofectamine ™ 2000
i nanoczastek MNP@PEI. Eksperyment przeprowadzono na linii komérkowej U-118 MG. Migracje w czasie
rzeczywistym rejestrowano za pomoca systemu xCELLigence. Na podstawie uzyskanych wartosci impedancji
wykreslano wykres funkcji czasu, dopasowano go do czteroparametrowej rownania sigmoidalnego i wyznaczano
polowe maksymalnego czasu efektywnego, ETso. Od wartosci ETsg dla komorek traktowanych ATN-RNA
odejmowano warto$¢ ETsg dla komorek traktowanych samym nosnikiem otrzymujac AETso. Wynik przedstawiono
jako warto$ci $rednie + SEM. Istotno$¢ statystyczng okreslono analizg two-way ANOVA, rozszerzong testem

Bonferroniego; **** dla p < 0,0001.

7.3.5 Podsumowanie

W ramach prezentowanego podejscia przedstawilam nowy system dostarczania
ATN-RNA do komorek glejaka. Opracowane przez zespot nanoczastki MNP@PEI okazaty si¢
efektywnie wigza¢ dsRNA 1 wprowadza¢ go do wnetrza komorki. Ponadto w pracy wskazano
na mozliwos¢ wykorzystanie MNP@PEI w obrazowaniu MRI. Zaréwno same nanoczastki, jak
i ich kompleksy z dsRNA nie wykazatly toksycznosci i nie wywotaly niepozadanej odpowiedzi
immunologicznych w linii komorkowej U-118 MG. Analizujac poziom ekspresji TNC
wykazatam, ze MNP@PETI jest efektywniejszym i bezpieczniejszym czynnikiem transfekcyjny
niz standardowo stosowany czynnik transfekcyjny. Wykazatam takze znaczacy spadek tempa
migracji komorek pod wptywem MNP@PEI z ATN-RNA, co sugeruje potencjat terapeutyczny

zastosowanego nanokompozytu (Rycina 10).
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Rycina 10. Schemat dziatania nanoczastek MNP@PEI potaczonych z dsRNA w linii komorkowej glejaka.
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7.4 Magnetic Nanoparticles as a Carrier of dsSRNA for Gene Therapy.
Grabowska M, Grzeskowiak BF, Rolle K, Mrowczynski R.
Methods in Molecular Biology. Springer. 2021. 2211:69-81.

Przedstawiony rozdziat cyklu wydawniczego Methods in Molecular Biology stanowi
opis metodyki badan bedacych podstawg opisywanej wyzej publikacji ,,/Nano-mediated
delivery of double-stranded RNA for gene therapy of glioblastoma multiforme”. We wstepie
przedstawitam krotki opis glejaka, jak rowniez zastosowang uprzednio terapi¢ eksperymentalng
opartg na interferencji RNA, skierowanej przeciw tenascynie-C [205]. Wskazalam rowniez na
mozliwo$¢ wykorzystania nanoczastek MNP@PEI jako no$nikow RNA, mogacych stanowié
ulepszenie wspomnianej terapii.

Praca jest protokotem umozliwiajacym powtarzalne przeprowadzenie czgsci
Z opublikowanych wczesniej eksperymentow. Catos¢ podzielona zostata na sekcje: materiaty,
metody oraz ulatwiajace prace laboratoryjng notatki. W rozdziale opisatam metodologie¢
dotyczacy: syntezy i funkcjonalizacji nanoczgstek magnetycznych; transkrypcji in vitro oraz
hybrydyzacji czasteczki ATN-RNA; przygotowania kompleksow MNP@PEI+ATN-RNA
w uwzglednieniem oceny efektywno$ci wigzania dsRNA przez nanoczastki magnetyczne;
sposobu hodowli komorkowej 1 przeprowadzania na niej transfekcji otrzymanymi
kompleksami; mikroskopowego obrazowania wnikania kompleksow do komorki jak
i kolokalizacji w niej ich komponentow; oceny ich cytotoksyczno$ci komplekséw testami
opartymi 0 WST-1 oraz barwienie zywe/martwe; wszystkich etapéw analizy poziomu ekspres;ji
transkryptu  TNC  oraz  migracji komorkowej po  transfekcji  kompleksami
MNP@PEI+ATN-RNA.
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7.5 Down-regulation of tenascin-C inhibits breast cancer cells development by cell
growth, migration, and adhesion impairment.
Wawrzyniak D, Grabowska M, Glodowicz P, Kuczynski K, Kuczynska B, Fedoruk-
Wyszomirska A, Rolle K.
PLoS One. 2020. 15(8):e0237889.

Na bazie zaprezentowanych wczesniej i opublikowanych badan in vitro [210], a takze
terapii eksperymentalnej przeprowadzonej na grupie pacjentow cierpiagcych na GBM [204, 205]
potwierdzono skutecznos¢ czasteczki ATN-RNA w wyciszaniu poziomu ekspresji tenascyny-
C w komorkach nowotworu mozgu. Celem niniejszego projektu byto sprawdzenie czy TNC
moze by¢ rozpatrywana roéwniez jako cel terapeutyczny nowotwordw innych niz guzy mozgu,
a takze czy czasteczka ATN-RNA wplynie na poziom ekspresji wspomnianego biatka oraz

cechy nowotworowe komorek innego typu niz GBM.

7.5.1 Pordwnanie poziomu ekspresji TNC w roznych typach nowotwordw

Wykorzystujac analizy sekwencjonowania RNA dostgpnych w publicznej bazie danych
TCGA okreslitam profile ekspresji TNC w réznych rodzajach nowotworéw. Wykorzystane w
tym celu oprogramowanie z serweru GEPIA pozwolito na ocen¢ poziomu transkryptow dla 33
typow nowotworow. Wyselekcjonowatam sposrod nich te, w ktorych TNC ulega podniesionej
ekspresji w odniesieniu do whasciwych, niepatologicznych tkanek (Rycina 11). Sposréd nich
najwyrazniejsza réznica pomiedzy tkanka nowotworowa a wlasciwa wystepuje w przypadku
GBM. Pomimo rozwoju terapii przeciwnowotworowych, potrojnie negatywny rak piersi
pozostaje w dalszym ciggu w kategorii nowotworow trudno poddajgcym si¢ leczeniu [35].

Dlatego tez to wtasnie na nim skupitam si¢ w prezentowanym projekcie.
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Rycina 11. Poziom ekspresji tenascyny-C w réznych typach nowotworéw. Analize wykonano z wykorzystaniem
danych zdeponowanych w TCGA, wykorzystujac oprogramowanie serweru GEPIA. TPM — metoda normalizacji,
ang. transcripts per milion. Czerwone wykresy dotycza tkanek nowotworowych, szare tkanek nienowotworowych.
W podpisach podano liczbe zsekwencjonowanych tkanek: T — nowotwor, N — tkanka nienowotworowa. Wynik
przedstawiono w formie wykresow pudetkowych uwzgledniajacych medianeg, pierwszy i trzeci kwartyl oraz

ekstrema, a takze wartosci dla pojedynczych prob. Wartosé statystyczna wynikow * dla p <0,05.
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7.5.2 Woyznaczenie korelacji in silico pomiedzy TNC a progresja raka piersi

W ramach realizacji projektu przeanalizowalismy dane dotyczgce catego genomu raka
piersi za pomocg dostgpnych portali onkogenomicznych takich jak: GEPIA, Human Protein
Atlas, cBioPortal i PPISURV. Porownanie poziomu ekspresji TNC w czterech podtypach raka
piersi wskazato, ze jest on wyzszy w tym potrdjnie ujemnym (Suplement [221]). Dlatego tez
do dalszych badan in vitro wybrano, reprezentujace ten typ nowotworu, komorki linii
MDA-MB-231. Interpretujac poziomy ekspresji bialek rodziny tenascyn wykazano, ze zarowno
na poziomie transkryptu jak i biatka, TNC ulega nadekspresji w tkankach TNBC w poréwnaniu
do materialu nienowotworowego (Fig. 1 [221]). Analiza oparta na statystyce Kaplana-Meiera
wykazala bardzo wyraznie silng korelacje pomiedzy ekspresja TNC a przezywalno$cia
pacjentow (Fig. 2B [221]). Wysoki poziom TNC wptywa na krotsze przezycie pacjentdow, co

sugeruje, ze TNC mozna rdwniez uznaé za czynnik prognostyczny dla raka piersi.

7.5.3 Zastosowanie ATN-RNA do obnizenia poziomu ekspresji TNC w komorkach raka

piersi

W celu weryfikacji skuteczno$ci narzedzia interferencji RNA na modelu innym niz

dotychczas pokazano, lipofekcji ATN-RNA w zakresie stezen 10-100 nM poddatam komorki
linii raka piersi, MDA-MB-231. W przypadku tego projektu prezentowane wyniki pochodza z
materiatu zebranego 48 godzin po dodaniu ATN-RNA, a kontrole stanowia komorki
traktowane niespecyficznym siRNA. Stopien zmian ekspresji TNC zbadano na zar6wno na
poziomie transkryptu jak i biatka. Dla mRNA spadek ekspresji TNC jest tym wigkszy im
wyzsze zastosowane st¢zenie ATN-RNA. Przy 100 nM ilo$¢ transkryptu spadta do 46%
wzgledem kontroli (Fig. 3A [221]). W przypadku poziomu bialka statystycznie istotne réznice
wzgledem kontroli uzyskatam dla prob traktowanych ATN-RNA w stezeniu 50 nM i 100 nM.
Ilos¢ TNC spadla w nich kolejno do 55% 1 10%. W przypadku nizszych stezen nie
zaobserwowatam znaczacych zmian (Fig. 3B,C [221]).

Chcgc ustali¢ stopien aktywacji odpowiedzi immunologicznej komorek po
wprowadzeniu do nich ATN-RNA, przeanalizowatam poziom ekspresji genow z nig zwianych,
t].. OAS1, OAS3, RIG1 i biatka indukowanego interferonem gamma (ang. interferon gamma
inducible protein 16, IFI16). Rownolegle jako kontrolg pozytywna eksperymentu
zastosowatam syntetyczng posta¢ dsRNA, kwas poliinozynowy-policytydylowy (poli I:C),

ktory stosowany jest do indukowania odpowiedzi przeciwwirusowej [222]. Wykazatam brak
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zmiany poziomu ekspresji badanych gendéw po transfekcji ATN-RNA w zakresie stezen 10—
100 nM (Fig 3A [221]).

7.5.4 Wplyw obnizenia poziomu TNC na biologie komoérek raka piersi

Po ustaleniu, Ze ATN-RNA obniza poziom ekspresji TNC w komorkach raka piersi,
postanowitam odpowiedzie¢ na pytanie, W jaki sposob ta zmiana na nie wpltywa. W tym celu
wykorzystujac pomiary potozenia komorek w czasie rzeczywistym, przeanalizowatam
proliferacj¢, migracje i1 adhezj¢ komorek. Zaobserwowatam spadek tempa podziatow
komorkowych zalezny od czasu i stezenia. Traktujac jako kontrole komorki traktowanymi
niespecyficznym siRNA, ATN-RNA 100 nM spowodowat obnizenie proliferacji o 45% po 72
godzinach (Fig. 4A [221]). Wykorzystujac zebrane dane wyznaczytam ICso dla ATN-RNA.
Traktujac jako kontrole komorki nietransfekowane po 24, 72 i 96 godzinach trwania testu
uzyskatam wartosci kolejno 97,6, 92,1 1 88,4 nM (Fig. 4B [221]).

Kontynuujac temat podziatéw komoérkowych, zbadalismy takze wplyw ATN-RNA na
przebieg cyklu komérkowego. Analizy wykorzystujace cytometri¢ przeptywowa wskazaly, ze
w populacji transfekowanej ATN-RNA spada liczba komorek w fazie GO0/G1, natomiast
zwigksza si¢ ilo$¢ tych w fazie S (Fig. 5 [221]). Analiza cyklu komorkowego wykazata, ze
ATN-RNA zmniejsza proliferacj¢ komorek gldwnie poprzez zatrzymanie cyklu komérkowego
w fazie S.

Nastepnie eksperymentalnie wykazatam, ze obnizenie ekspresji TNC przez ATN-RNA
znaczaco ostabilo migracje komorek raka piersi (Fig. 4C [221]). Wyniki z trwajacego 72
godziny pomiaru pokazuja, ze ATN-RNA opo6znia migracje komérek MDA-MB-231
0 22,45-12,40 godziny. Opodznienie zmniejsza si¢ wraz ze wzrostem stosowanego stgzenia
ATN-RNA. Poniewaz TNC bierze udzial rowniez w adhezji komorkowej [83], przyjrzatam sie¢
jej przebiegowi w komoérkach traktowanych ATN-RNA. Obnizenie poziomu TNC
w niewielkim, jednakze istotnie statystycznie stopniu wplyneto na zwiekszenie adhezji
komorek $rednio o 15% (Fig. 4D [221]).

Z progresja nowotworu zwigzane jest zjawisko przejscia nabtonkowo-
mezenchymalnego [223]. W celu sprawdzenia, czy zmiany poziomu TNC mogg odwrocié¢ jego
przebieg i zmieni¢ fenotyp z komorki nowotworowej do prawidtowej, przeanalizowatam
poziom ekspresji biatek zaangazowanych w EMT. Wzigtam pod uwage dwa gtowne markery
tego procesu: charakteryzujaca fenotyp epitelialny E-kadheryn¢ i podwyzszong w fenotypie

mezenchymalnym wimentyne. Analizag Western blot wykazatam znaczny wzrost poziomu
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ekspresji CDH1, przy jednoczesnym spadku dla VIM. Wskazuje to na odwrocenie zjawiska
EMT (Fig. 8 [221]).

7.5.5 Obserwacija formaciji komérkowych struktur 3D po zastosowaniu ATN-RNA

Poniewaz TNC jest sktadnikiem ECM, czyli tréjwymiarowego rusztowania spajajacego
komorki, w dalszej czesci pracy zaprezentowano wptyw ATN-RNA na proces formowania si¢
przestrzennej struktury guza. Wykorzystano do tego celu model hodowli 3D, sferoidy linii
MDA-MB-231. Zaobserwowano, ze zwickszajace si¢ stezenia dsSRNA mialo negatywny wplyw
na formowanie struktur komorkowych (Fig 7A [221]). Obrazy mikroskopowe komorek
poddanych barwieniu wskazaly na koncentracje martwych komorek wewnatrz sferoidow
powstatych z komorek transfekowanych ATN-RNA. ATN-RNA 100 nM deformowat sferoid
do stopnia uniemozliwiajagcego zobrazowanie struktury 3D w mikroskopie konfokalnym
(Fig 7B [221]).

7.5.6 Podsumowanie

Na podstawie zaprezentowanych wynikow wskazuje TNC jako obiecujacy cel
terapeutyczny dla raka piersi. Decyduja o tym nie tylko dane onkogenomiczne, korelujace
poziom ekspresji tego biatka z przezywalno$cia pacjentow, ale rowniez badania
przeprowadzone w wykorzystaniem linii komoérkowej TNBC traktowanej ATN-RNA.
Obnizenie poziomu TNC wptyneto na zmniejszenie ruchliwosci komoérek nowotworowych, co
wykazatam na badajac ich migracje, adhezje 1 a takze poziom markeréw EMT. Co
najistotniejsze wykazalismy uzytecznos¢ narzgdzia RNAi stosowanego do tej pory wylacznie
na komoérkach GBM w innym typie nowotworu (Rycina 12), wskazujac na mozliwosé
zastosowania opracowanego wczesniej narzedzia terapeutycznego w przypadku innych

nowotworow wykazujacych podniesiony poziom TNC.
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Rycina 12. Schemat wplywu ATN- RNA na wiasciwoséci komorek nowotworowych potrdjnie negatywnego raka

piersi.
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Celem niniejszej pracy doktorskiej byto wykorzystanie niekodujacych RNA oraz
nanonosnikow  do  regulacji poziomu ekspresji  wybranych bialek  macierzy
zewnatrzkomorkowej. Zastosowanym przeze mnie modelem badawczym byly linie
komorkowe nowotworow mozgu i piersi. Przedstawiam ponadto wyniki analiz ekspresji RNA
W oparciu 0 materiat biologiczny pochodzacego z tkanek pacjentéw cierpigcych na GBM. W
pracy skoncentrowatam si¢ na analizie funkcji dwoch rodzajach czasteczek regulatorowych:
wystepujacego naturalnie w komorce ludzkiej miRNA-218 oraz syntetycznego dsRNA
zawierajacego sekwencj¢ komplementarng do mRNA TNC, tzw. ATN-RNA, o potencjale
regulacji ekspresji genu docelowego.

Najwazniejsze wnioski wynikajace z realizacji pracy doktorskiej to:

e mMIiR-218 jest bezposrednio zaangazowany w regulacj¢ ekspresji biatek macierzy
zewnatrzkomorkowej TNC i1 SDC2, wplywajac tym samym na proliferacje, migracje,
adhezje¢ oraz wtasciwosci biomechaniczne komorek linii komorkowej glejaka;

e nanoczastki MNP@PEI sa efektywnym i bezpiecznym nos$nikiem wigzacym
I wprowadzajagcym dsRNA do wnetrza komorek glejaka, skutecznie obnizajgc poziom
ekspresji docelowego biatka TNC i wplywajac na obnizenie potencjatu migracyjnego
komorek;

e dsRNA — ATN-RNA skutecznie obniza poziom ekspresji TNC w komorkach raka piersi,
wplywajac na ekspresje markerow przejscia nablonkowo-mezenchymalnego, obnizajac
proliferacje 1 migracje komorek raka piersi oraz tworzenie ,,miniguzoéw” w warunkach
in vitro. Wskazuje na potencjalng uniwersalno$¢ zastosowanego podejscia
W odniesieniu do nowotworow, w ktorych obserwuje si¢ znaczaco podniesiony poziom
ekspresji TNC.

Podsumowujac, wyniki wskazuja, ze TNC jest istotnym biatkiem macierzy
zewnatrzkomoérkowej GBM 1 raka piersi. Obnizenie poziomu jej ekspresji wptywa na
ruchliwos¢ komoérek, co ma istotny potencjalny wplyw na inwazyjnos¢ komorek
nowotworowych. Obserwacja ta, a takze zaprezentowane efekty zastosowania RNAi oraz
wskazanie efektywnej metody dostarczania czasteczki efektorowej do komorek dajg podwaliny

pod rozwo6j nowych terapii przeciwnowotworowych.
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Abstract

Glioblastoma (GBM) is the most common malignant brain tumour. GBM cells have the
ability to infiltrate into the surrounding brain tissue, which results in a significant de-
crease in the patient’s survival rate. Infiltration is a consequence of the low adhesion
and high migration of the tumour cells, two features being associated with the highly
remodelled extracellular matrix (ECM). In this study, we report that ECM composition
is partially regulated at the post-transcriptional level by miRNA. Particularly, we show
that miR-218, a well-known miRNA suppressor, is involved in the direct regulation
of ECM components, tenascin-C (TN-C) and syndecan-2 (SDC-2). We demonstrated
that the overexpression of miR-218 reduces the mRNA and protein expression levels
of TN-C and SDC-2, and subsequently influences biomechanical properties of GBM
cells. Atomic force microscopy (AFM) and real-time migration analysis revealed that
miR-218 overexpression impairs the migration potential and enhances the adhesive
properties of cells. AFM analysis followed by F-actin staining demonstrated that the
expression level of miR-218 has an impact on cell stiffness and cytoskeletal reorgani-
zation. Global gene expression analysis showed deregulation of a number of genes
involved in tumour cell motility and adhesion or ECM remodelling upon miR-218
treatment, suggesting further indirect interactions between the cells and ECM. The
results demonstrated a direct impact of miR-218 reduction in GBM tumours on the
qualitative ECM content, leading to changes in the rigidity of the ECM and GBM cells

being conducive to increased invasiveness of GBM.

KEYWORDS
AFM, ECM, GBM, glioblastoma, miR-218, tenascin-C

Matgorzata Grabowska and Konrad Kuczynski contributed equally to this work and share the first authorship.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2022 The Authors. Journal of Cellular and Molecular Medicine published by Foundation for Cellular and Molecular Medicine and John Wiley & Sons Ltd.

J Cell Mol Med. 2022;00:1-18.

wileyonlinelibrary.com/journal/jcmmm


www.wileyonlinelibrary.com/journal/jcmm
https://orcid.org/0000-0002-7664-1045
mailto:﻿
https://orcid.org/0000-0002-4175-2490
http://creativecommons.org/licenses/by/4.0/
mailto:kbug@ibch.poznan.pl
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjcmm.17428&domain=pdf&date_stamp=2022-06-15

GRABOWSKA ET AL.

2
J—WILEY
1 | INTRODUCTION

Glioblastoma (GBM) is the most malignant astrocytic brain tumour.
Despite treatment with advanced therapies, including aggressive
surgical intervention, radiotherapy, and systemic chemotherapy,
as well as significant advances in the field of oncology, the average
survival time for GBM patients is approximately 15months, with a
5-year survival rate of only 5%.%2 The main factor contributing to
this poor prognosis is the ability of GBM cells to infiltrate adjacent
tissues, resulting in a high rate of tumour recurrence.’ These nota-
ble migration and invasion abilities could be explained by alterations
occurring in the structure of cancer cells and their surroundings, de-
fined by mechanobiology.*

To promote the invasiveness, cancer cells modify not only them-
selves but also their environment, namely the extracellular matrix
(ECM). It consists of over 300 different proteins, including proteo-
glycans and glycoproteins.5 Neoplastic tissues are characterized by
the phenomenon of desmoplasia, manifested by the intense forma-
tion of a dense ECM consisting of increased levels of total fibrillar
collagen, fibronectin, proteoglycans and tenascin-C (TN-C).® The ca-
pability to synthesize specific and cancer-related ECM components
has been shown to be relevant for the high invasiveness of tumour
cells. The changed protein profile within ECM increases the stiff-
ness of cancerous tissue,”® which may lead to enhanced cell-ECM
adhesion through the involvement of local adhesion proteins. The
general trend observed for many types of cells indicates that cell
spread and adhesion are improved on harder matrices.”'° The effect
of the environment on the cells is explained by the mechanotrans-
duction mechanism, in which mechanical and cell-specific signals are
actively detected by cells and converted into intracellular biochemi-
cal signals. In this manner, the ECM can affect cancer cell behaviour,
including invasion and metastasis.'>'? Therefore, cancer should be
considered as a disease with alterations in both cells and their micro-
environment, including also the biochemical and biophysical prop-
erties of the ECM. Not only proteins suspended in the ECM have an
impact on the invasiveness of the tumour, but also transmembrane
proteins. The syndecans are a four-member family of evolutionarily
conserved small type | transmembrane proteoglycans implicated in
the formation of specialized membrane domains, cell adhesion, cyto-
skeletal organization, migration and wound healing. They have been
also related to the pathological conditions, including inflammation
and cancer.®*> For instance, elevated expression of syndecan-2
(SDC-2) has been correlated with increased invasiveness in various

16 1

types of cancers, including fibrosarcoma,® melanoma, 7 colon,'®

pancreatic19 and colorectal®

cancers, while TN-C is overexpressed
in brain tumours,?* breast,?? Iung23 and colorectal®® cancers.

In the recent 20years, microRNAs (miRNAs) have emerged as
key regulators of gene expression at the post-transcriptional level.
miRNAs are a large family of endogenous, evolutionarily conserved,
non-coding RNAs that are ~22 nucleotides long, and they have been
implicated in the regulation of nearly every biological process.25

Deregulated miRNA expression has been shown to play a role in

the pathogenesis of a growing list of human diseases, including can-
cer and cardiovascular, neurodegenerative and autoimmune disor-
ders.?¢?? For example, in GBM, it has been already demonstrated
that the downregulation of miR-218 affects cell proliferation,
epithelial-to-mesenchymal transition,3® metabolism of cancer cells®!
and cancer stem cell properties.>> How miRNAs are involved in the
regulation of ECM composition and the mechanobiology of cancer
cells in GBM tumours is largely unknown. In principle, miRNAs can
exert their control over the ECM either directly by targeting mRNAs
encoding ECM proteins or indirectly by modulating the expression
of genes involved in the synthesis or degradation of ECM molecules.
Here, we have evidenced that miR-218, one of the highly down-
regulated miRNAs in GBM cells, is involved in the direct regulation
of TN-C and SDC-2, two highly overrepresented proteins in GBM
and ECM components. Both SDC-2 and TN-C have been previously
demonstrated to increase tumour cell migration and invasiveness.
In the course of the study, we attempted to validate how miR-218
interaction with its ECM targets affects globally a microenviron-
ment and biomechanical properties of GBM cells; we introduced
miR-218 mimic into GBM cells and measured the consequences on
the migration, adhesion and stiffness properties of individual cancer
cells. As demonstrated by real-time migration analysis and single-
cell force spectroscopy (SCFS) measurements using contact-mode
atomic force microscopy (AFM), overexpression of miR-218 had a
pronounced effect on the mechanical properties of GBM cells, in-
fluencing their migration potential, adhesion and overall stiffness.
Collectively, our results indicate that miR-218 is a potent tumour
suppressor in glioma with a substantial impact on the ECM composi-
tion and biomechanical properties of GBM.

2 | MATERIALS AND METHODS

2.1 | Patient sample collection
The GBM samples (n = 19) were obtained from the Clinic of

Neurosurgery and Neurotraumatology, Karol Marcinkowski
University of Medical Sciences in Poznan, Poland, during 2016-2017
based on the approval from the Ethical Committee (Nr. 46/13), and

individuals signed an informed consent form.

2.2 | Cellculture

Human glioblastoma cell lines U-118 MG, U-138 MG, U-251 MG and
T98-G purchased from American Type Culture Collection (ATCC)
were used in the study. Cells were maintained in recommended
medium, Eagle’s Minimal Essential Medium (EMEM, Corning)
or Dulbecco’'s modified Eagle’s medium (DMEM, ATCC) supple-
mented with 10% foetal bovine serum (FBS, Sigma-Aldrich) and 1%
penicillin-streptomycin antibiotic (Sigma-Aldrich) and incubated at

37°Cand 5% CO, in a humidified atmosphere in an incubator.
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2.3 | Transfection

The cells were transfected with mirVana™ hsa-miR-218-5p mimic
(Invitrogen) in a final concentration of 10 nM and 50nM at 70%-
80% confluency. Lipofectamine™ 2000 (Invitrogen) was used as a
transfection agent according to the manufacturer’s protocols. A
non-specific scrambled siRNA (Sigma-Aldrich) was used as a control
in all transfection experiments. The cells were processed after 24 h
for the quantification of transcript levels using gPCR, Western blot,

cellular assays or AFM analysis.

2.4 | Luciferase reporter assay

The TargetScan (www.targetscan.org) analysis predicted the 3'UTR
segments of TN-C and SDC-2 interacting with hsa-miR-218-5p.
Based on them, 22-nucleotides-long fragments were designed,
along with corresponding mutants, characterized by one point mu-
tation and one codon change. As a control was used a perfect match
sequence, fully complementary to the miR-218. Oligonucleotides
were synthesized by Sigma-Aldrich. Fragments were then ligated
with the pmirGLO Dual-Luciferase miRNA Target Expression Vector
(Promega), transformed by heat shock into TOP10 Escherichia coli
cells and multiplied. Verified by sequencing, plasmids were trans-
fected together with mirVana™ hsa-miR-218-5p mimic to the U-118
glioblastoma cell line. Luciferase activity was analysed with Dual-
Glo® Luciferase Assay System (Promega) by the manufacturer’s in-
structions using the Synergy™ HTX Multi-Mode Microplate Reader
(BioTek).

2.5 | Western blots

U-118 MG cells were lysed by sonication for protein isolation in
10 nM Tris-HCI, pH = 7.5 with protease inhibitor cocktail (Sigma-
Aldrich). Protein expression glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) level was used as an endogenous control. For
TN-C, SDC-2 and GAPDH detection, 25ug of isolated material
was used. Protein was denatured, separated by SDS-PAGE (SDS-
polyacrylamide gel electrophoresis) on 7,5% for TN-C and 15% gels
for SDC-2 and GAPDH detection, with electric current 30mA and
wet transferred to the polyvinylidene fluoride membrane using
electric current 130mA, and blocked with 5% skimmed milk. After
incubation with primary and secondary antibodies, proteins of in-
terest were detected with Western Bright Sirius Chemiluminescent
Detection Kit (Advansta). The following antibodies were used: poly-
clonal TN-C H-300 (dilution 1:500; Santa Cruz Biotechnology), mon-
oclonal SDC-267088-1-Ig (dilution 1:500; Proteintech), monoclonal
GAPDH 0411 (dilution 1:500; Santa Cruz Biotechnology) and anti-
mouse A9044/rabbit A6154 peroxidase (dilution 1:10,000; Sigma-
Aldrich). TN-C and GAPDH antibodies were diluted in 3% bovine
serum albumin (BSA, Sigma-Aldrich), and others, in skimmed milk.

The intensity of individual bands was analysed quantitively by Multi
Gauge ver. 2.0 (Fujifilm). The relative ratio of protein-level expres-
sion was determined based on the densitometric measurements of

band intensities in relation to the control sample.

2.6 | gRT-PCR

Total RNA was isolated using the TRIzol reagent (Invitrogen) ac-
cording to the manufacturer’'s protocol. Afterwards, RNA was
purified with the DNA-free™ DNA Removal Kit (Ambion). The re-
verse transcription reaction was carried out with the Transcriptor
High Fidelity cDNA Synthesis Kit (Roche) according to the manu-
facturer’s protocol, using in each case 500ng of RNA material.
The reverse transcription for miRNA was performed by two-step
miRNA 1st-Strand cDNA Synthesis Kit (Agilent Technologies). cDNA
was used in real-time quantitative reverse transcription PCR (qRT-
PCR), with the use of LightCycler®480 (Roche), in three techni-
cal replicates. Primers with corresponding probes were designed
in the Universal Probe Library Assay Design Center (https://gpcr.
probefinder.com/organism.jsp). Relative expression was analysed
in the LightCycler®480 Software release 1.5.1.62 (Roche). The
level of hypoxanthine phosphoribosyltransferase (HPRT) was used
as an endogenous control for analysis of extracellular matrix pro-
teins. In case of miR-218, the level of 18S ribosomal RNA was used
for normalization. Sequences of primers 5-3’ and list of probes
were as follows: TN-C forward: GGGATTAATGTCGGAAATGGT;

TN-C reverse: CCGGACCAAAACCATCAGT; TN-C probe:
76; SDC-2 forward: TTATCAGATGTCAGCTCTGCTCTC;
SDC-2 reverse: GTGGATCCTGCTCACCTTG; SDC-2 probe:

49; HPRT forward: CGAGCAAGACGTTCAGTCCT; HPRT re-

verse: TGACCTTGATTTATTTTGCATACC; HPRT probe:
73; miR-218: TTGTGCTTGATCTAACCATGT; R18 for-
ward: CATTCTTGGCAAATGCTTTCG; and R18 reverse:

CGCCGCTAGAGGTGAAATTC. As a control, RNA from normal,
healthy brains (Ambion, First Choice® Human Brain Reference
RNA, Cat # 6050, whole brain pooled from 10 females and 13 men,

Caucasian, age: 23-86) was used.

2.7 | PCR array of human cell motility, extracellular
matrix and adhesion molecules

U-118 MG cells treated with miR218 mimic were collected for total
RNA isolation with ExtractME Total RNA Kit (Blirt) according to the
manufacturer’s protocol. 200 ng of RNA was used in the reverse tran-
scription procedure with RT? Easy First Strand Kit (Qiagen). cDNA
mixed with the RT? SYBR Green was then evenly aliquoted onto the
RT? profiler plates: Human Cell Motility, and Human Extracellular
Matrix and Adhesion Molecules (Qiagen). gRT-PCRs were conducted
in LightCycler®480 (Roche), and subsequently analysed by software
provided online by Qiagen.
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2.8 | Real-time migration

Real-time cell migration monitoring was performed in the xCELLi-
gence® system using the RTCA DP apparatus (ACEA Biosciences).
The experiment was carried out on 16-well CIM-Plates, in which
culture medium enriched with FBS, served as a chemoattractant,
was applied into lower part of the CIM-Plate. To the upper cham-
ber was applied an unsupplemented medium. The first stage of the
experiment served to measure the background of electrical imped-
ance. Then, 10,000 U-118 MG cells treated with miR-218 mimic were
seeded on the upper chamber of the plate. The CIM-Plate was in-
stalled in the RTCA apparatus; from that moment, for further 48h,
the system registered the level of electrical impedance every 15 min.
The results of the experiment were presented in the cell index unit of
the xCELLigence® system, which corresponded to the measured im-
pedance minus the impedance of the background. The experimental
curves were adjusted to the sigmoidal equation and the half-time ef-
fcective migration values (effective time 50, ET 50) were calculated.

2.9 | Wound healing assay

U-118 MG cells were grown to achieve 90% of confluency on 12-well
plates and then transfected with miR-218 mimic. After the medium
is changed, scratches were created by scraping cells in a straight line
using a 200-pl tip. From that moment on, for 72h at 12-h intervals,
pictures of the culture were taken by a Leica DMI4000 B inverted
microscope with 5x magnification objective. The analysis of the de-
gree of the individual scratch area was carried out by the Tscratch
software version 1.0 (CSElab). That software is based on novel algo-
rithm for measuring the open image area that utilizes discrete cur-
velet transform for separating the low-intensity open area and the
high-intensity cell-covered area. Then, a grey visible mask is created
for cell-free areas. The wound surface area and its change in time are
calculated automatically by software.

2.10 | Real-time proliferation

The use of the xCELLigence® system enabled the observation of
real-time cell proliferation. In that experiment were used the E-
Plates (ACEA Biosciences), whose well bottoms are covered with
gold microelectrodes. The test was started by measuring the back-
ground impedance of supplemented medium by placing them in the
RTCA DP apparatus (ACEA Biosciences) and making the first meas-
urement. Then, 10000U-118 MG cells were seeded on the same
plate and incubated for 24 h under optimal growth conditions. From
that moment on, until the end of the experiment, the system per-
formed impedance measurements at 15-min intervals. After 24h,
the cells were transfected with miR-218 mimic, and measurements
were continued for the next 48 h. The results are presented by the
cell index unit. The normalization time point corresponds to the mo-
ment of transfection.

2.11 | Thymidine incorporation assay

The cell culture was transfected and resumed for 20 h. Subsequently,
a tritiated thymidine ([methyl-3 H]-thymidine)-labelled solution with
final radioactivity of 1 pCi per well was added for another four
hours. To detach the cells, they were placed for 30min at -80°C
and then thawed at 37°C. The plate was placed in the MicroBeta
FilterMate-96 harvester, where the cells were transferred to the
fibreglass filter paper Filtermat A (PerkinElmer) by three washes.
Dried Filtermat A was placed in the plastic sample bags, and flooded
with Betaplate Scint for Betaplete (PerkinElmer), then moved into
the MicroBeta? radiometric detector (PerkinElmer), which recorded
the number of radioactive pulses per minute (counts per minute,
cpm). As a positive control, cells treated with camptothecin (CPT) at

a final concentration of 3 uM were used.

2.12 | Real-time adhesion

The xCELLigence® system together with the E-Plates PET (ACEA
Biosciences) was used. In each well of them, four rows of microelec-
trode sensors are removed, creating a window for cell visualization.
Plates were covered with poly-L-lysine (Sigma-Aldrich), incubated
for one hour in 37°C and rinsed with phosphate-buffered saline
(PBS, VWR Life Science). Additionally, some wells were overlaid with
1% BSA for 20min and acted as a negative control. An unsupple-
mented medium was analysed as a background. Then, 24h earlier
transfected cells were seeded 10,000 cells per well in serum-free
medium. Measurements took place every three minutes for four
hours.

2.13 | Single-cell force spectroscopy (SCFS)

Cell deformability and adhesiveness were determined from the AFM
measurements carried out in single-cell force spectroscopy (SCFS)
mode using CellHesion head (JPK Instruments). In SCFS, adhesion
was quantified as a work of adhesion determined as an area under
the part of the force curve corresponded to force/work needed to
detach a single cell from surface. To prepare a cell force probe, the
standard tipless cantilevers (Arrow-TL, NanoWorld) characterized by
nominal spring constant of 0.06 N/m were used. The average spring
constant was 0.067 +0.016 N/m, as verified by the Sader method.*3
First, bare cantilevers were cleaned and activated with an oxygen
plasma for 2 min at the maximum power of 100W (Diener Electronic
GmbH, Zepto 1 device). Afterwards, cantilevers were immersed
in 2 mg/ml concanavalin A (Con A, Sigma-Aldrich) solution in PBS
buffer (Sigma-Aldrich) for 1 h and washed three times in PBS buffer.
To use an individual cell as a force probe, the trypsinized solution of
transfected cells was added to Petri dish (diameter 3.5 cm, Sarstedt)
filled with DMEM with FBS, in which SCFS measurements were per-
formed. Then, Con A-functionalized cantilever was placed above a
single cell and moved closer to its surface, followed by pressing it for
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about 5 s with the force of 5 nN. Afterwards, a slow cantilever with-
drawing was applied until the cell fully detached from the surface.
After 15-20min of a pause time, the cell was usually attached to the
cantilever surface. From this moment, the cell was used as a probe
to collect force curves. For a single force probe, on average 5 force
maps (scan size of 20pumx20pum, on which a grid 6 pixels x 6 pixels
was set) were recorded in randomly chosen locations on Petri dish
surface. For a given sample type, 8-9 living cell force probes were
used. For each sample type, on average 1800 individual force curves
were recorded and analysed. The approach and retract speeds were
kept at 8 pm/s. The measurement depth was 200 nm. As tipless can-
tilevers were used and the cell diameter was lower than the width
of the cantilever, we treated our system like a single cell in between
two fixed and compressive plates. Thus, from the approach part of
the force curve, cell stiffness (N/m) was determined from a slope of
the approach curve after contact with a cell surface (a linear regres-
sion was applied). Cell stiffness is calculated as a slope taking into
account the range from the contact point to the maximum load force
(maximum cantilever deflection). In parallel, from the retract part of
the force curve, work of adhesion was calculated as an area under
this part of force curves corresponding to adhesion using the meth-

odology described elsewhere.343°

2.14 | Cytoskeleton imaging

For structural cytoskeleton analysis, U-118 MG cells were cultured
on microscope coverslips and transfected under standard conditions
as described previously. 24 h post-transfection, cells were fixed with
the use of Image-iT™ Fixation/Permeabilization Kit (Invitrogen) ac-
cording to the manufacturer’s protocol. F-actin fibres were visual-
ized by phalloidin conjugated to tetramethylrhodamine (Invitrogen)
with simultaneous use of DAPI (Sigma-Aldrich) to visualize cell nu-
clei. Staining was performed according to the manufacturer’s proto-
col. Pictures were obtained with the use of Leica TCS SP5 confocal
microscope and software LAS X SP8 (Leica).

2.15 | Gene expression analysis based on the
Gliovis database

TN-C and SDC-2 gene expression analysis for large groups of pa-
tients was performed using the Gliovis online tool (gliovis.bioin
fo.cnio.es). In order to comprehensively present the expression of
these genes in large group of tissues, databases from two independ-
ent projects (TCGA and Rembrandt) were used. Data set HG-U133A
contained information from 10 non-tumour samples and 528 sam-
ples described as GBM. The Agilent-4502A data set contained the
same number of healthy samples and 489 samples of glioblastoma.
The Rembrandt database, on the contrary, has a set of 28 healthy
samples, 225 described as non-tumour glioma and 219 GBM sam-
ples. Only the “non-tumour” and “GBM” data sets were used from
the Rembrandt database.

2.16 | Statistical analysis

The results are presented as a mean value + standard deviation (SD).
They were averaged depending on the applied methods. For AFM
measurements, averaging was performed for 8-9 cell force probes.
For other experiments, 3 biological replicates were applied. The sta-
tistical significance of the obtained results was evaluated using the
Open Office Calc ver. 4.1.1 (Apache) and GraphPad Prism ver. 5.1
(GraphPad Software). Differences between the mean values of the
test and the control samples were evaluated using aNova variance
extended by the Tukey or the Bonferroni post hoc tests. Statistically
significant results were assigned as: * for p<.05; ** for p<.01; and

*** for p<.001; no statistical significance was found for p 2.05.

3 | RESULTS

3.1 | Inglioblastoma, the expression level of miR-
218 correlates inversely with the expression levels of
the ECM components TN-C and SDC-2

Our previous study revealed that there were 97 miRNAs differen-
tially expressed in glioblastoma compared with those in the healthy
brain.3® Forty-one of these miRNAs showed a reduced expression
level in malignant gliomas. Among these miRNAs, we found miR-218
to be significantly downregulated in brain tumour tissues. We fur-
ther confirmed the expression level of miR-218 in primary and recur-
rent GBM via qRT-PCR analysis (Figure 1A). The levels of miR-218
expression in primary tumour tissue and recurrent GBM tissue were
56% and 69% lower, respectively, than those in healthy brain tissue.

Given the profound downregulation of miR-218 in GBM, we
sought to investigate its putative targets. To identify the binding
sites in the 3'UTRs of genes that can be potentially regulated by
selected miRNAs, we used prediction software such as ENCORI,
miRDB, PicTar and TargetScan. Interestingly, among the predicted
targets, we found several genes encoding ECM proteins, such as
tenascin-C (TN-C), syndecan-2 (SDC-2), attractin (ATRN), cadher-
in-2 (CDH-2), cadherin-8 (CDH-8), extracellular leucine-rich repeat
and fibronectin type Il domain containing 2 (ELFN2), fibronectin
leucine-rich transmembrane protein 2 (FLRT2), hyaluronan and pro-
teoglycan link protein 1 (HAPLN1), 5-hydroxytryptamine receptor 7
(HTR7), neurocan (NCAN), proteoglycan (PRG4), reelin (RELN) and

sarcoglycan zeta (SGCZ) (Supplementary information 1).

3.2 | TN-Cand SDC-2 are direct targets of miR-218
Highly ranked binding targets of miR-218 were subjected to
further analysis. We focused specifically on TN-C and SDC-2
and investigated their gene expression levels via qRT-PCR. The
tenascin-C level was significantly increased in all examined tu-
mour samples—that is eightfold higher in primary tumour tissue
and 21-fold higher in recurrent tumour tissue than in healthy
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brain tissue. In the case of SDC-2, our analysis indicated an in-
crease of approximately fourfold in GBM (Figure 1B). Our gPCR
analysis is additionally supported by the data from large data sets
coming from the sequencing of glioblastoma multiforme depos-
ited in TCGA and Rembrandt databases. The expression profile of
TN-C and SDC-2 in our experiment is comparable to the expres-
sion profile of aforementioned genes in databases (Figure 1C,D).
There is a definite difference in TN-C expression levels between
normal and tumorous tissue based on the database analysis, what
is fully in line with our research and databases. Analogously, the
results of our research and the values obtained from databases
indicate a statistically significant distinction in the level of TN-C
expression between normal tissue and GBM. In the case of SDC-
2, differences with a statistical value were observed only in the
Rembrandt database.

All algorithms used for miR-218 target prediction showed one
binding site within the 3'UTR of both the TN-C and SDC-2 mRNAs.
We employed a set of reporter constructs in a luciferase assay to
experimentally verify the predicted binding of miR-218 to its tar-
get sites within the 3'"UTRs of TN-C and SDC-2. The following con-
structs were tested in parallel: wild-type reporters (WT) containing
a single native binding site for either miR-218, constructs with muta-
tions (MUT) disrupting the 5' seed site (negative controls) and con-
structs with perfect complementarity (PM) to the miR-218 binding
site (positive controls) (Figure 2A). Considering our previous analysis
revealing the inverse correlation between miR-218, TN-C and SDC-2

expression, we validated the predicted miRNA-mRNA interactions
using a miRNA overexpression system. Specifically, U-118 MG cells
were co-transfected with reporter constructs and miRNA-encoding
plasmids. Co-transfection experiments showed that cells trans-
fected with miR-218 had significantly inhibited luciferase activity
compared to cells transfected with negative control (MUT) miRNA
(Figure 2B). The reduction in luciferase activity was reproducible and
statistically significant for both WT constructs, with suppression of
33% and 74% for TN-C and SDC-2, respectively. miR-218 did not in-
hibit the luciferase activity of reporter vectors containing the TN-C
and SDC-2 3'UTRs with mutations in the putative miR-218 binding
site. This study provides evidence of the direct binding of miR-218
to the TN-C and SDC-2 3'UTRs and positively validates this miRNA
as a negative regulator of these ECM molecules.

3.3 | miR-218 regulates TN-C and SDC-2
protein levels

We sought to determine the role of miR-218 in the regulation of
TN-C and SDC-2 at the protein level in GBM cells by a gain-of-
function approach. We transfected U-118 MG cells with synthetic
miRNA (miRNA mimic) at concentrations of 10 and 50nM. The final
miR-218 mimic concentration of 10 nM boosted the expression of
miR-218 by almost 500-fold compared with the control level, while
50nM increased the expression by more than 5000-fold (Figure 2C).
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ANovA and the post hoc Bonferroni test, *p <.05 and ***p<.001

In order to select an appropriate research model, we evaluated
expression levels of miR-218, TN-C and SDC-2 in four glioblastoma
cell lines: T98-G, U-118 MG, U-138 MG and U-251 MG. The U-118
MG and U-138 MG lines represented the lowest miR-218 expression
level, with no statistical differences between them (Figure 2D). TN-C
was the most expressed on both mRNA and protein levels in U-118
MG cell line, while in T98-G, it was undetectable (Figure 2E). SDC-2
in Western blot analysis was under detection level for U-138 MG
and U-251 MG cell lines. gRT-PCR revealed the highest expression
of SDC-2 in U-118 MG in relation to other cell lines. We found con-
tradictory results between the levels of SDC-2 mRNA and protein

in T98-G (Figure 2F,G). Summarizing our analyses, we selected the
U-118 MG line for further research, taking into account its low ex-
pression level of miR-218, high level of TN-C and possible detection
of SDC-2.

To further verify the function of miR-218 and its impact on TN-C
and SDC-2 expression levels, we performed analyses at both the
mRNA and protein levels by gRT-PCR and Western blot, respec-
tively. At the mRNA level, transfection with the miR-218 mimic in
two concentrations, 10 nM and 50nM, resulted in a reduction in
the tenascin-C expression level of 45%-52% in comparison with the
control level. In the case of syndecan-2, we observed a decrease of



GRABOWSKA ET AL.

ﬂ—Wl LEY

34% for 10 nM and 43% for 50nM of mimic miR-218 (Figure 2H).
Western blot analysis revealed downregulation of SDC2-2 expres-
sion by 34-55%. For TN-C, protein level after miR-218 mimic 10 nM
supplementation increased by 5% and decreased by 45% after miR-
218 mimic 50nM transfection (Figure 21,J).

3.4 | miR-218 affects the ECM composition

Given the above results, we have evaluated the miR-218 overexpres-
sion on the ECM composition. To test this hypothesis, we used a
Human Cell Motility and Extracellular Matrix & Adhesion Molecules
RT? Profiler PCR Array and profiled the expression of n = 160 genes
related to the motility and adhesion pathways (Figure 3). More than
95% of the transcripts were detected, but the expression of CDH1,
ANOS1, CNTN1 and MMP8 was not detected by this technique in
our analysis (data not shown). Quality control parameters (positive
PCR controls and reverse transcription controls) showed good re-
producibility and efficiency with the web-based RT? profiler PCR
Array Data Analysis program. In this paper, we include results where
p-value is lower than .05 and fold change value is in the range («,-1)
U (1,0). A full set of data obtained from RT? profiler plates is included
in supplementary materials (Supplementary information 2). Thus, we
identified 47 genes displaying significantly different expression as a
result of miR-218 overexpression (Supplementary information 3). It
became evident that miR-218 overexpression led mostly to decrease
in the expression of genes, among which were tenascin-C, as its di-
rect ECM target, as well as the other genes involved in cytoskeletal
reorganization. We observed the 1,96-fold reduction in the TN-C
expression level. This result is in line with our real-time PCR analyses
described above, in which we obtain also almost twofold reduction
in TN-C expression level after miR-218 mimic 50nM transfection.
We further hypothesized that changes in the ECM composition due
to miR-218 overexpression also affect the mechanobiological prop-
erties of cancer cells.

3.5 | Impaired cell migration after miR-
218 treatment

To explore the impact of miR-218 on cell migration, we compared
the migration rate of miR-218-transfected U-118 MG cells with that
of non-treated (negative control) cells (Figure 4A). The mathemati-
cal interpretation of the impedance (Cl value) for each experimen-
tal condition was recorded over time and fitted to a four-parameter
logistic non-linear regression model (Figure 4B). Transfection of 10
and 50nM miR-218 increased the ET,, by an average of 4 and 4.7 h,
respectively.

As the second independent experiment, we carried out a wound
healing assay. 48 h after transfection, the largest unhealed area was
observed in the miR-218 50nM sample and accounted for 25.2% of
the original wound area, while in the control sample, it was 0.8%
(Figure 4C,D). At a concentration of 10 nM, the unhealed area was
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FIGURE 3 Cluster analysis of mMRNAs encoding ECM
components that were differentially regulated in the GBM cell line
after miR-218 transfection. The quantified effects of transfection
of U-118 MG cells with the miR-218 mimic at a 50nM concentration
on the expression levels of genes, as determined by gRT-PCR of a
Human Cell Motility and Extracellular Matrix & Adhesion Molecules
RT2 Profiler PCR Array. Cells transfected with scrambled siRNA
were used as the control

2% of the original wound area. The most pronounced difference in
the function of miR-218 was revealed at the 24-h time point, when
the wound areas in the control and mimic 10 nM and mimic 50nM
samples were 4.4%, 45.3% and 56.2%, respectively. Both experi-
ments indicated a delay in GBM cell migration rate upon miR-218
treatment.

We analysed further the real-time cell proliferation with the xCEL-
Ligence system. The graph shows the raw experimental data presented
as the dependence of the cell index unit used in the xCELLigence
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(C)—cells treated with scrambled siRNA. Data are shown as the mean +SD values. One-way aNova and the post hoc Bonferroni test,

***p <.001. (B) The half-maximal effective time (ET50) was calculated for each miR-218 concentration to generate dose-response curves.
The ET50 values were normalized to control (C) cells treated with scrambled siRNA and plotted as the normalized ET50 of cell migration
against the miR-218 concentration. (C) The wound healing assay after miR-218 mimic transfection. The dark grey areas indicate the surface
area of the wound. (D) The calculation of the wound area (%) 24 and 48 h post-transfection. Control U-118 MG cells (C) were treated with
scrambled siRNA. Data are shown as the mean+SD values. One-way aNova and the post hoc Bonferroni test, **p <.01 and ***p <.001.

(E) Proliferation of U-118 MG cancer cells analysed with the xCELLigence system. Cells were transfected with the miR-218 mimic (10

and 50nM). Control (C)—cells treated with scrambled siRNA. Data are shown as the mean +SD values. One-way anova and the post hoc
Bonferroni test, *p<.05 and **p<.01. (F) The thymidine incorporation assay on miR-218 mimic-transfected cells. As the positive control, cells
treated with camptothecin were used. One-way anova and post hoc Bonferroni test, *p<.05, **p<.01 and ***p<.001

system on the time (Figure 4E). In this way, the time course of pro- indicates the time of transfection. The stimulating effects on prolifer-
liferation changes with overexpression of miR-218 is illustrated. At ation are seen at the final points of the curves, 48 h post-transfection.
the point on the timeline corresponding to 24 h, the curve inflection We observed an increase in the cell index by 14% at a miR-218 mimic



GRABOWSKA ET AL.

HWI LEY

concentration of 10 nM and by as much as 19% at 50nM. This demon-
strates the directly proportional relationship between the increase in
the proliferation rate and the expression of miR-218.

A [methyl-3H]-thymidine incorporation assay was performed to
complement the proliferation analysis with the xCELLigence system.
In this study, the degree of incorporation of radioactively labelled
thymidine was evaluated and translated into the replication poten-
tial of cells. In addition to the standard trials used, we analysed the
effect of 3 uM camptothecin, which has a confirmed pro-apoptotic
effect,®” as a positive control in the experiment. The incorporation
rate in CPT-treated cells was 69% compared with that in control
cells. miR-218 mimic transfection increased the incorporation of tri-
tiated thymidine by 57% at 10 nM and 49% at 50nM compared with
that in control cells (Figure 4F).

3.6 | miR-218 enhances glioma cell adhesion
To explore the impact of miR-218 on U118-MG cells, the cell surface
properties were quantified using AFM in SCFS mode (Figure 5D).
These properties are quantified by calculating the work of adhesion,
which is defined as the work required to detach a single cell from the
surface. In this scenario, each single cell was used as a force probe.
For control cells, the work of adhesion ranged from 0.00064 pJ to
0.00315 pJ, with a mean=+standard deviation of 0.00186+0.00081
pJ (Figure 5A). The analogous variability in cell adhesion after miR-218
treatment ranged from 0.00191 pJ to 0.00512 pJ (mean<+standard
deviation = 0.0033+0.00113 pJ) and from 0.00194 pJ to 0.00406
pJ (mean=+standard deviation = 0.00297+0.0007 pJ) for concentra-
tions of 10 nM and 50nM, respectively (Figure 5B,C). Real-time adhe-
sion measurements performed with the xCELLigence system showed
changes in the attachment of cells to the plate surface during the
observation period (Figure 5E). The cell index of adhesion for cells
treated with 10 nM miR-218 mimic was 2.5-fold greater than that of
control cells. In the case of 50nM miR-218 treatment, the observed
index was 3 times higher than that measured in the control cells. From
the beginning of the experiment to its end, the trends in the particular
samples did not change. We assumed that the observed changes were
miR-218-dependent, since the negative control cells did not bind to the
plate covered with BSA. The untreated cells also showed low adher-
ence compared with the miR-218-treated cells.

Thus, regardless of the technique used for the adhesion study,
these two independent experiments demonstrated an increase in
the adhesion of GBM cells treated with the miR-218 mimic.

3.7 | Overexpression of miR-218 impacts
cell stiffness

Most surface receptors are linked not only to ECM proteins but
also to actin filaments forming the actin cortex.%® Thus, in our next
step, we verified whether changes in GBM cell adhesive properties
contribute to the overall mechanical properties of these cells. Cell

stiffness was measured for cells compressed between the surface
and a tipless cantilever; therefore, it was calculated as the slope of
the approach part of the recorded force curves and expressed in
N/m (Figure 6D).

For all sample types, that is control cells or cells treated either
with 10 nM or with 50nM miR-218, the stiffness of compressed cells
remained mildly changed. Here, a smaller variability in mechanical
force was observed for a given cellular force probe, as indicated by
the standard deviation values. For control cells, the stiffness varied
from 0.00425N/m to 0.00763N/m with a mean+standard devia-
tion of 0.00568-+0.00106 N/m (Figure 6A). Cells treated with miR-
218 were characterized by a stiffness ranging from 0.00451N/m to
0.00927 N/m (mean +standard deviation = 0.00741 +0.00155N/m)
and from 0.00535N/m to 0.00938N/m (mean=+standard devia-
tion = 0.00746 +0.00130N/m) for concentrations of 10 nM and
50nM, respectively (Figure 6B,C). Regardless of the final values of
cell stiffness, an increasing trend was seen. For cells treated with
10 nM miR-218 mimic, the stiffness was increased by 30%, and
for cells treated with 50nM miR-218 mimic, the increase was 31%
(Figure 6D). As the cell stiffness measured using AFM is related to
the organization of the actin cytoskeleton, it was further visualized
using fluorescently labelled F-actin to verify the effect (Figure 6E).
Fluorescence images of the actin cortex show differences between
control and miR-218-treated cells. Cells treated with miR-218
showed a higher level of actin filament organization. In these cells,
the actin filaments became organized more horizontally along the
long axis of the cell compared with those in control cells, where they
were more dispersed. After treatment with 50nM miR-218, also
small changes in actin structures appeared at the cell surface. The
F-actin dynamics and changes in filament organization directly sup-
port the increased stiffness of cells treated with the miR-218 mimic.
The observed changes confirm then the hypothesis that cell stiff-

ness is related to the cytoskeleton.

4 | DISCUSSION

The malignancy of glioblastoma depends on its ability to infiltrate
adjacent tissues and to create secondary lesions.%? The aggressive
growth of glioma tumours and difficulties in developing an effec-
tive treatment scheme have led to intense integration of medical and
molecular biological research. Remodelling of the ECM and miRNA
deregulation are known processes contributing to GBM cell invasion
and brain infiltration.*>*2 In this study, we show that miR-218 can
play a role in regulation of ECM remodelling in glioblastoma cell line
and could be investigated further as a possible important regulator of
GBM. We found that TN-C and SDC-2 are directly regulated by miR-
218, resulting in alterations in the ECM composition and changes in
the mechanical properties of the cells. Although our previous finding
identified miR-218 as a potential tumour suppressor in GBM,% the
mechanism of miR-218 action in GBM is still poorly understood. The
sequence of miR-218 is located within intron 15 of the SLIT2 gene, in

which promoter region CpG island is hypermethylated in GBM.*344
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FIGURE 5 Adhesion of GBM cells increases after miR-218 treatment. The adhesive properties of U-118 MG cells were quantified by
SCFS using single cells as force probes. Data for control, treated with scrambled siRNA cells (A), cells transfected with the miR-218 mimic
at concentrations of 10 nM (B) and 50nM (C), and the average result over all measurements (D). (E) Real-time adhesion measured with the
xCELLigence system. The graph shows the final impedance values minus the initial values for the corresponding samples. Control (C)—cells
treated with scrambled siRNA. Cells suspended in bovine serum albumin (BSA) were used as the positive control. Data are shown as the
mean +SD values. One-way aNova and the post hoc Bonferroni test, *p <.05, **p<.01 and ***p <.001

The positive correlation between SLIT2 and miR-218 expression
has been shown, what indicates that these two molecules are
transcribed together.*®> The SLIT2 downregulation in GBM in con-
sequence leads to the further decreased expression of miR-218.4¢
Moreover, the expression level of miR-218 in GBM might be invoked
by the feedback mechanism. The decreased expression of miR-218

can directly increase the expression of effector molecules such as
RSK2, 6SK1 and PDGFRa, maintaining then the activity of the RTK
pathway at a high level. RTK-conducted signals stimulate the expres-
sion of the STAT3 gene, whose product together with BCLAF1 binds
directly to the miR-218 locus, thereby suppressing its expression.*’
Our previous finding confirmed then the decreased expression



12 GRABOWSKA €T AL.
J‘Wl LEY

(A

(@]

0.0100+4

0.0075+

0.0050+
0.0025+ ‘ \
0.0000 T T T T T T

6 7

stiffness [N/m]

(E)

3 4 5
no of force probes

phalloidin DAPI merge

(8)

miR-218 10 nM

0.0100-

0.00751 },

0.0050

stiffness [N/m]

0.0025

0.0000-

1 2 3 4 5 6 7 8 9
no of force probes

(C

~

miR-218 50 nM
0.0100

miR-218 10nM

0.00754

0.0050+

stiffness [N/m]

0.0025

7

0.0000-

-
N
»
I

v,
o
~
®
©

(D

miR-218 50nM

0.008

0.006

0.004

stiffness [N/m]

0.002+

0.000-

miR-218 [nM]

FIGURE 6 Mechanical properties of GBM cells after miR-218 treatment. Stiffness of U-118 MG cells quantified based on AFM elasticity
measurements and expressed in N/m. Data for control, treated with scrambled siRNA cells (A), cells transfected with the miR-218 mimic at a
10 nM concentration (B) and a 50nM concentration (C), and the average result over all measurements (D). (E) Confocal imaging of the actin
cortex. Phalloidin (red) staining and DAPI (blue) staining were performed to visualize actin fibres and cell nuclei, respectively. Z-stack images
were acquired. White arrows point to visible changes in actin structures. Data are shown as the mean+SD values. One-way ANovA and the
post hoc Bonferroni test, *p <.05



GRABOWSKA ET AL.

Wi LEYH

of miR-218 both in primary and in recurrent tumours by 50% and
70%, respectively. Decreased miR-218-5p expression levels have
also been reported in other types of human cancer, such as medul-
loblastoma, thyroid cancer and cervical cancer.*8°% We confirmed
that the predicted miR-218 targets, the ECM components TN-C and
SDC-2, are directly regulated by miR-218. We used a dual-luciferase
assay and miR-218 mimic to verify these functional interactions. The
effects were detectable at both the mRNA and protein levels for
both TN-C and SDC-2. Proteins derived from these transcripts are
potentially key factors in the ECM of cancer cells.'>?! The presence
of TN-C in cancer tissues was initially considered as a characteristic
feature of only gliomas,51 with its expression increasing in propor-
tion to the degree of brain tumour malignancy.’? Its presence was
found to increase the proliferation and invasiveness of cancer cells
and to take part in the process of angiogenesis.53 The role of TN-C
in the neoplastic process is to reduce the adherence of cells, leading
to the spread of the tumour. On the surface of healthy fibroblasts,
fibronectin (FN) interacts with transmembrane proteins—integrins
and syndecan-4 (SDC-4). The Rho protein is activated, and the prop-
erties of actin filaments are changed, resulting in cell adhesion. In
pathological conditions, tenascin-C blocks the interaction between
FN and SDC-4. The Rho protein is not activated, resulting in a lack
of cell adhesion signals.>* Considering the impact of TN-C on cancer
cells and its apparent overexpression in glioblastoma tissues, it could
be considered as a promising therapeutic target. We have already
shown that the treatment with a double-stranded RNA targeting
TN-C increased the average survival rate of patients.55

An increased level of syndecan-2 is a characteristic of actively
migrating cells.>® Overexpression of this protein in melanoma cells
indirectly contributes to an increase in the level of FAK kinase phos-
phorylation, which has a positive impact on the migration capability
of these cells.}” In lung cancer, SDC-2 deficiency prevents cells from
adhering to FN, which blocks their migration.57

ECM has become one of the most important focuses of cancer
research, as it was shown to play a major role in the development of
metastasis.”® Pronounced ECM remodelling affects the invasion and
migration of cancer cells.’”®? The mechanical properties of the ECM
have an impact on fibronectin fibril assembly, cytoskeletal stiff-
ness and the strength of integrin—cytoskeleton linkages, the factors
found to be important for cell motility, and thus also on adhesive
properties.®! As demonstrated in previous reports, a more rigid ECM
promotes glioma cell migration.®? On highly rigid ECMs, tumour cells
spread extensively, form prominent stress fibres and mature focal
adhesions, and migrate rapidly.®? Our results are in line with these
observations, as we showed a decreased cell migration rate after
mir-218 overexpression, with subsequent downregulation of TN-C
expression. These direct effects were enhanced by the indirect ef-
fect of miR-218 on a number of proteins, for example fibronectin,
collagens or laminins. Thus, with miR-218 overexpression, we ob-
served changes in the ECM leading to slowed cell migration, most
likely induced by changes in overall ECM rigidity.

The obtained data revealed the decrease in the rate of cell mi-
gration upon the overexpression of miR-218, but at the same time

also an increase in their proliferation potential (Figure 4). Our obser-
vations seem to be consistent with the “go-or-grow” hypothesis, ac-
cording to which the division of neoplastic cells and their movement
are two temporally exclusive events.®® The “go-or-grow” decision is
strictly regulated and modulated by changes in the tumour microen-
vironment, which allows cells to “go” towards more favourable con-
ditions to proliferate at the distant site or to “grow” and to stay at the
site of origin, if their current environment provides the proper con-
ditions for tumour growth. Changes in miRNA expression, followed
by the ECM remodelling, can modulate the “go-or-grow” decision. As
it has already been shown previously, the considerable overexpres-
sion of miR-9 in glioma cells inhibits proliferation but concurrently
promotes migration.®* Evidence indicates that mechanical proper-
ties and deformability can also be used as biomarkers to distinguish
between healthy and cancer cells. The deformability of a whole cell,
which depends on the properties of the cytoplasm, the cytoskeleton
and the nucleus, can be defined in terms of the response of the cell
to an applied stress. One of the techniques that enables the mea-
surement of biophysical properties of cells, such as adhesion and
stiffness, is AFM.%> We evaluated the mechanobiological properties
of GBM cells, including adhesion and stiffness, upon miR-218 mimic
treatment. We obtained real-time measurements in cell culture
(xCELLigence system) and measured physical forces and the work
of adhesion®® by application of AFM in SCFS mode. This approach
allowed us to quantify the adhesion of single cells. SCFS analysis re-
vealed strengthened adhesion of GBM cells upon miR-218 overex-
pression, hence indicating the direct connection between miR-218
and ECM component regulation.

GBM cells, similar to other solid cancers, can remodel the sur-
rounding microenvironment from a normal brain to a stiffer tumour
microenvironment through the combination of proteolytic degrada-
tion of some ECM components and secretion of other novel ECM
t:omponents.67 In our analysis, the stiffness of miR-218-transfected
cells as measured by AFM was 30% higher than that of the control
cells. Despite the variability observed in the experiment, a clear dif-
ference was observed, as the overall stiffness was measured to in-
crease in cells treated with miR-218. The differences observed in the
experimental cell group might have stemmed from the distributed
contribution of surface receptors on an individual single cell, which
can thus impact the adhesion of that cell.?®®’ It has already been
shown that tumours can become stiffer than normal tissues due to
increased Rho-dependent cytoskeletal pressure, generating exces-
sive growth, focal adhesions, adjacent joint division and tissue dis-
ruption.”® Stiffness also directly depends on the malignancy of the
tumour. It is known that invasive GBM tumours produce stiffness-
promoting factors such as collagen, fibronectin and laminins, which
may suggest that the production of these proteins is disrupted after
miR-218 overexpression.”?

An increase in stiffness has also been observed in many differ-
ent types of cancer cells, such as breast cancer, melanoma, prostate
cancer and cervical cancer cells. An important aspect of cell stiffness
is the ratio of cancer to normal cells. While cancer cells are less stiff
than normal cells,”? the same pattern of stiffness is also observed in
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malignant versus non-malignant tissues in breast cancer,”® bladder
cancer’® and prostate cancer.”” In our research, glioblastoma cells
with miR-218 overexpression were approximately 30% stiffer than
non-treated cells. Increased stiffness in brain tissues can be cor-
related with diseases such as brain abscess or with cytoskeletal mat-
uration in brain cells.” The correlation of cytoskeletal maturation
with an increase in cell stiffness has been observed for astrocytes,
in which the AFM-measured stiffness may increase sevenfold in a 5-
week observation period during development.77 In miR-218-treated
GBM cells, the actin cytoskeleton was slightly rearranged, which
could explain the increase in cell stiffness.

The minor discrepancy in the relation between cell surface ad-
hesive properties and cell stiffness measured in our study can be
explained by the different scales of measurements. For cell adhe-
sion, SCFS measurements are limited to local changes occurring on
the cell surface, while the stiffness reflects the overall mechanical
properties of cells. Thus, we analysed stiffness assuming an indenta-
tion depth of 200 nm. This value assures the sensing of a superficial
layer of actin filaments. Additionally, brain tissue is much softer than
other tissues. The value of Young’s modulus ranges from 1 to 1.9 kPa
for white matter and from 0.8 to 1.4 kPa for grey matter, depend-
ing on the measurement technique.78’79 Independent methods, that
is SCFS and the xCELLigence system, showed similar increases in
the adhesive properties of U-118 MG cells upon miR-218 treatment.
Collectively, these results demonstrated that miRNA-218 strongly
affects the expression of genes encoding cell surface receptors re-
sponsible for the adhesive properties of cells.

We also found that miR-218-treated cells are more rigid than
non-treated cells, which presumably might prevent them from un-
dergoing extravasation and intravasation during migration and inva-
sion events. We thus hypothesized that miR-218 overexpression can
support the maintenance of the non-invasive cell phenotype, which
is correlated with differences in mechanical properties. The obser-
vation is more important when one realizes the importance of ECM
rigidity in the perivascular space. It has already been shown that this
part of the brain tissue is more rigid in GBM, thus promoting glioma
cell migration.®?

As we have shown, miR-218-5p deregulation is involved in GBM
growth and migration potential. In addition to the direct influence
that miR-218 has on transcripts such as TN-C or SDC-2, as shown
in this study, it can influence the ECM composition by targeting
other molecules, for example the Wnt/p-catenin pathway transcrip-
tion factors LEF1 or MMP-9.8° There are data showing that miR-218
suppresses cell invasion and spheroid formation,®! arrests GBM
cells in G1 phase31 and can reduce the expression of cancer stem
cell markers such as CD133, SOX2 and Nestin.?? The complex influ-
ence that miR-218 has on GBM cells cannot be underestimated and
studied only by evaluating direct targets of this miRNA; therefore in
search of indirect targets of miR-218 in glioblastoma, we performed
an extended-expression analysis and found 47 genes connected to
focal adhesion and cell motility. After miR-218 overexpression in
glioblastoma cells, we observed a decrease in the expression lev-
els of GBM oncogenes such as PIK3CA, ROCK1, LAMC1 and ICAM1.

The expression of these genes is increased in GBM compared with
healthy tissues.®38 Enhanced miR-218 levels also reduced the ex-
pression levels of the CRK, RHOA and PTPN1 genes involved in GBM
progression.87’89 Our results are supported by data in the literature
indicating a decrease in the expression levels of PIK3CA,’° RHOA®!
and STAT3°%72 as a consequence of miR-218 overexpression.

Due to the nature of our research, the changes in the expres-
sion levels of CDC42, STAT3, EGF and CTTN might be particularly
important. Previous reports have indicated that CDC42 is a critical
determinant of the migratory and invasive phenotype of malignant
gliomas.”®’* The STAT3 level is correlated with GBM malignancy,
indicating its participation in increasing the migration potential of
cancer cells.”® Additionally, regarding EGF, its impact on the migra-
tory nature of GBM cells is known.”® CTNN and the Arp2/3 complex
are known for regulating lamellipodia formation, and a decrease in
CTNN expression can suppress GBM migration mechanisms.”””®
Because we showed a decrease in the migration capacity of glioblas-
toma cells under treatment with miR-218 in our studies, we could
conclude then that these changes might be the result of the impact
of miR-218 on CDC42, STAT3, EGF and CTTN.

The observed increase in GBM cell adhesion may also be asso-
ciated with a decrease in ACTN1 expression. It has been shown that
after downregulation of ACTN1, GBM cells show poor spread but
increased focal adhesion.”” The changes in the cytoskeleton that we
observed may be the result of a reduced HGF level, which has been
demonstrated to affect the distribution of the actin cytoskeleton in
glioblastoma cell lines.’°° Both the cancer migration pathway and
deregulation of the actin cytoskeleton can be related to downreg-
ulation of SH3PXD2A after miR-218 overexpression. SH3PXD2A
is a crucial element in the formation of actin-based invadopodia—
protrusions of the plasma membrane that are associated with mech-

anisms of invasiveness.!0%102

5 | CONCLUSIONS

In this study, we showed that miRNA, as post-transcriptional gene
regulator, has a direct impact on the ECM composition and, as a
consequence, the mechanobiological properties of glioma cells. We
demonstrated that miR-218 can be considered as a potent tumour
suppressor that directly participates in post-transcriptional regula-
tion of the expression of the extracellular matrix proteins tenascin-
C and syndecan-2. The most intriguing observations in this study
are the impact of miR-218 on the mechanical properties of the cells,
that is migration and adhesion, followed by the direct changes of cell
stiffness as measured with AFM technology. Additionally, our global
gene expression analysis revealed changes in a number of genes
directly or indirectly involved in cell motility and thus adhesion or
cytoskeletal rearrangement. Taken together, our results showed the
direct impact of miR-218 on the qualitative ECM content, leading
to changes in the rigidity of the ECM and GBM cells. These fea-
tures impacted by miR-218 overexpression collectively reduce the
motility of cancer cells and increase their adhesiveness, thus most
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probably conferring a phenotype more closely related to that of nor-
mal cells. Collectively, our results indicate that miR-218 is a potent
tumour suppressor in glioma with a large impact on the ECM and
biomechanical properties of the cells. Additionally, we believe that
cell mechanical properties can constitute a broad drug target space,
allowing possible corrective modulation of tumour cell behaviour.
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SUPPLEMENTARY INFORMATION

gen adnotacja RefSeq | ENCORI | miRDB | PicTar | TargetScan
ATRN NM_139321 + + - +
CDH2 NM_001792 + + + -
CDH8 NM_001796 - + - -
ELFN2 NM_052906 - + - +
FLRT2 NM_001346144 + - + +
HAPLN1 NM_001884 - + + +
HTR7 NM_000872 - + + -
NCAN NM_004386 - + - +
PRG4 NM_001127708 - + - -
RELN NM_005045 - + + +
SDC2 NM_002998 + + + +
SGCZ NM_001322879 - + + +
TNC NM_002160 + + - +




SUPPLEMENTARY INFORMATION

gene fold change p-value RefSeq record
ITGAV 14,0419 0,049032 NM_002210
COL12A1 13,2538 0,043311 NM_004370
ITGA3 9,3718 0,03991 NM_002204
ACTN3 2,32668 0,037733 NM_001104
ITGB3 1,1824 0,045621 NM_000212
ICAM1 -1,0527 0,049994 NM_000201
VIM -1,16366 0,04722 NM_003380
FN1 -1,1849 0,046053 NM_002026
RND3 -1,2241 0,044132 NM_005168
TIMP3 -1,26043 0,042594 NM_000362
LAMC1 -1,34694 0,048150 NM_002293
WASF2 -1,3645 0,045001 NM_006990
MET -1,3771 0,013717 NM_000245
WIPF1 -1,3835 0,020224 NM_003387
EGF -1,3867 0,025987 NM_001963
FAP -1,4093 0,016415 NM_004460
ITGA4 -1,4093 0,025599 NM_000885
ROCK1 -1,4126 0,006 NM_005406
FGF2 -1,4126 0,014704 NM_002006
ARHGEF7 -1,4224 0,00922 NM_003899
MYLK -1,4257 0,017474 NM_053025
STAT3 -1,4828 0,042723 NM_003150
MYH9 -1,5245 0,021593 NM_002473
CFL1 -1,5637 0,035133 NM_005507
ACTR3 -1,5674 0,027278 NM_005721
MSN -1,571 0,001185 NM_002444
ITGB1 -1,6339 0,040562 NM_002211
TLN1 -1,6876 0,000969 NM_006289
RASA1 -1,7231 0,011208 NM_002890
HGF -1,7634 0,031988 NM_000601
CDC42 -1,7715 0,032539 NM_001791
RHO -1,7839 0,044098 NM_000539
ACTR2 -1,8553 0,004925 NM_005722
PTPN1 -1,8682 0,000465 NM_002827
ACTN1 -1,8682 0,01462 NM_001102
IGF1 -1,9341 0,020683 NM_000618
TNC -1,9852 0,031457 NM_002160
RHOA -2,0162 0,048735 NM_001664
MYHI10 -2,035 0,021525 NM_005964
BAIAP2 -2,1019 0,000482 NM_006340
PTK2B -2,5111 0,018089 NM_004103
WASL -2,5344 0,00463 NM_003941
CTTIN -2,7226 0,000898 NM_005231
CRK -2,9383 0,00659 NM_016823
SH3PXD2A -3,0209 0,000972 NM_014631
PTEN -3.056 0,044654 NM_000314
PIK3CA -3,6765 0,042649 NM_006218
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2.1 Introduction

The number of patients suffering from cancer is constantly growing and, according to
the data from the International Agency for Research on Cancer, it reached 18 million new
cases worldwide in 2018. Cancer is also a leading cause of death in the world. Over 9 mil-
lion of cancer patients were reported to die in the year 2018, although the incidence of
brain and central nervous system cancers accounted only for 1.6% of all aforementioned
cancer cases; high tumor aggressiveness, poor prognosis, and high mortality rate prompt
researches to focus especially on this type of cancer (Ferlay et al., 2019). Brain tumors are
either developed de novo or less commonly as a result of metastasis. The primary cancers
that most frequently metastasize to brain are lung cancer (43.2%), breast cancer (15.7%),
melanoma (16.4%), colorectal cancer (9.3%), and renal cell carcinoma (9.1%) (Berghoff
et al., 2016).

2.1.1 Types of brain cancer

Brain tumors are generally classified based on the World Health Organization (WHO)
system which is primarily focused on tumors’ pathological features. Grade I and II tumors
are considered benign ones, while grade III and IV tumors belong to malignant ones.
Here, we aim to focus on glioblastoma multiforme (GBM) and medulloblastoma (MB), the
most malignant brain tumors of grade IV. They are further subclassified based on the
tumor location, the predominating type of the neoplastic cells which are either
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oligodendrocytes or astrocytes, and the major molecular events which contribute to the
tumor formation (Louis et al., 2016).

2.1.1.1 Medulloblastoma

MB is defined as an embryonal tumor of the posterior fossa (space located in the bottom
of the skull, close to the brainstem and cerebellum) which mainly affects children (Millard
& De Braganca, 2016; Udaka & Packer, 2018). MB is classified, according to the WHO
guidelines, into five histological subtypes: (1) classic, (2) desmoplastic, (3) anaplastic, (4)
large cell, and (5) MB with extensive nodularity (MBEN) (Kijima & Kanemura, 2016; Louis
et al., 2016). When considering the molecular events responsible for tumorigenesis, MB is
classified into (1) wingless (WNT)-activated, (2) sonic hedgehog (SHH)-activated TP53-
mutant, (3) SHH-activated /TP53-wildtype, and (4) non-WNT/non-SHH with further sub-
classification into group 3 (G3) and group 4 (G4) of poorly defined pathogenesis and
undetermined signaling pathways (Louis et al., 2016).

The most common WNT-MBs display the most promising prognosis among MBs, with
the survival rate of 95% (Northcott et al., 2012). WNT-MBs harbor activating somatic muta-
tions in gene-encoding (3-catenin (CTNNBI) which leads to constitutively active WNT sig-
naling through the stabilization of 3-catenin (Northcott et al., 2019). Approximately 30% of
all MB cases are SHH-MBs with survival rate of 75% (Northcott et al., 2012). SHH-active
tumors are characterized with the dysregulation of SHH signaling. Germline mutations
occur in the genes of negative pathway regulators such as PTCHI and SUFU. Moreover,
aberrations in the copy number of target genes such as MYCN and GLI2 are present
(Cavalli et al.,, 2017). Additional mutations of TP53 in SHH-MBs are associated with
extremely poor outcomes (Northcott et al., 2012). The most aggressive MBs, with 5-year
overall survival (OS) of <60%, are within G3 subtype (Northcott et al., 2019). To this
group belong 25% of all MBs, nearly half metastatic at the time of diagnosis (Northcott
et al., 2012). These tumors are characterized with aberrant expression of MYC (myelocyto-
matosis) proto-oncogene (Northcott et al., 2019). G4, the most common and least defined
subtype, accounts for 35% of all MB tumors and almost 50% of adolescent patients
(Northcott et al., 2019). Interestingly, this subtype effects three times more frequently men
than women (Northcott et al., 2012).

2.1.1.2 Glioblastoma multiforme

GBM is the most lethal among infiltrating gliomas. The WHO classification of brain
tumors from 2016 assigns glioblastoma into a group of diffuse astrocytic and oligoden-
droglial tumors (Louis et al., 2016). GBM is characterized by genetic instability and altera-
tions in chromosome structure and copy number. To the most significant, somatically
mutated genes in GBM belong IDH (isocitrate dehydrogenase), TP53, PTEN (phosphatase and
tensin homolog), NF1, EGFR, RB1, and PIK3R1. Based on mutations in IDH1 and IDH2
genes encoding isocitrate dehydrogenase, GBM is classified into IDH-mutant and IDH
wild-type subtypes. The most common GBM is of IDH wild-type since it occurs in 90% of
all cases (Louis et al., 2016). On the other hand, tumors with mutations in IDHI are less
aggressive and have better prognosis (Waitkus et al., 2018). IDH mutations together with
methylation status of the O-methylguanine-DNA methyltransferase (MGMT) gene pro-
moter are the main biomarkers used by clinicians for treatment selection so far.
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2.1.2 Types of ncRNAs and mechanism of action

One of the most novel, promising biomarkers of brain cancers can be noncoding
RNAs (ncRNAs) (International Human Genome Sequencing Consortium, 2004),
expression of which is generally dependent on the status of cell development, various
pathway activation, response to environmental stimuli, as well as pathological condi-
tions (Hombach & Kretz, 2016; Latowska et al., 2020). What is more important in that
context is their cell- and tissue-specific expression pattern. In herein chapter, we
focus on three types of ncRNAs: microRNA (miRNA), long noncoding RNA
(IncRNA), and circular RNA (circRNA), and describe their applications in MB and
GBM patients.

2.1.2.1 MicroRNA

MiRNAs are short [19—25 nucleotide (nt)] ncRNAs. They regulate gene expression of
more than 30% mammalian genes at the posttranscriptional level (Lewis et al., 2005).
Recent analysis based on combined in silico high- and experimental low-throughput vali-
dations indicated the existence of 2300 mature miRNAs (Alles et al., 2019).

The canonical pathway of miRNA biogenesis in mammals begins with the transcrip-
tion of pri-miRNA, which is then cleaved by a ribonuclease III Drosha to the 60—70 nt
long pre-miRNA and exported then to the cytoplasm. RNase III Dicer catalyzes the for-
mation of 19—35 nt double-stranded miRNA duplex, which is subsequently loaded into
AGO (Argonaute) protein and proceed in a process named strand selection, when gener-
ally a strand with the lower thermodynamic stability at the 5 end becomes degraded
(Denli et al., 2004; Han et al., 2004; Meijer et al., 2014; Schwarz et al., 2003). MiRNAs pro-
cessing can be also through noncanonical pathways, for example, Dicer-independent
ones (Stavast & Erkeland, 2019).

In most cases, miRNA interact with the 3’ UTR (untranslated region) of target messen-
ger RNAs (mRNAs) and suppress gene expression. Nonetheless, it is also possible for
miRNAs to interact with the 5 UTR and the coding sequence (Spengler et al., 2016;
Wongfieng et al.,, 2017). Interaction between miRNA and mRNA occurs based on
sequence complementarity. The mRNA response elements (MRE) present on transcript
pair with a seed region located at position 2—8nt on the 5 end of the miRNA
(Kiriakidou et al., 2004; Wang et al., 2006). Many sites that match the seed region, partic-
ularly those in the 3" UTR, are preferentially conserved (Friedman et al., 2009). One
miRNA can target many different mRNAs and one transcript can be regulated by multi-
ple miRNAs (Balachandran et al., 2020). Interestingly, almost half of the miRNA target
genes are located near genomic regions which are associated with the processes respon-
sible for neoplasm formation (Kozomara & Griffiths-Jones, 2011). Therefore the expres-
sion of miRNAs in tumors differs from healthy cells and is usually associated with the
characteristics of malignancy. Suppressor miRNAs inhibit cancer cells proliferation
(Godlewski et al., 2008; Lee et al., 2014; Ruan et al., 2015) and invasion (Lee et al., 2014;
Lv et al,, 2017; Que et al., 2015; Ruan et al., 2015) and also make chemotherapy more
effective (Shi et al., 2014; Tian et al., 2016; Xiao et al., 2016), while oncomiRs promote
metastasis (Esquela-Kerscher & Slack, 2006; Huang et al., 2017; Kaid et al., 2015).
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2.1.2.2 Long noncoding RNA

LncRNAs are linear transcripts generally longer than 200 nt. They are mostly transcribed by
RNA polymerase II, have cap at their 5" end, and undergo splicing similar to mRNAs. Some of
IncRNAs also have 3’ polyadenylated ends, include promoter regions, and display a coding
potential for short peptides. Based on their genomic location, IncRNAs are classified as inter-
genic (located between protein-coding genes), bidirectional (transcribed form the same promoter
in the opposite directions), antisense (transcribed form noncoding strand), and sense-
overlapping (located on one or more introns/exons in the coding strand direction) IncRNAs
(Balas & Johnson, 2018). The fundamental role of IncRNAs is the regulation of transcription;
thus their presence may serve as an indicator of transcription activity of many genes (Quinn &
Chang, 2016). Moreover, IncRNAs can also interact, and thus, remodel chromatin structure and
be involved in posttranslational regulation. The regulatory role of IncRNA is performed through
various mechanisms which still need to be uncovered. LncRNNAs have the ability to form sec-
ondary structures and are assigned as guides, decoys, precursors of small ncRNAs or miRNA
sponges, which all strongly affect gene expression in cells (Jarroux et al, 2017). Not only
IncRNA products can be regulative but also the process of IncRNA transcription itself may have
a regulatory character. This emphasizes the importance of studies on the regulation of IncRNAs
transcription. LncRNAs can be localized and, thus, act in either nucleus or cytoplasm or both
localizations (Carlevaro-Fita & Johnson, 2019).

A strong tissue-specific expression pattern of IncRNAs has been observed, especially in testis
and brain (Derrien et al., 2012). The importance of IncRNAs in different biological processes has
also been demonstrated like development, stress, and tumorigenesis (Carlevaro-Fita et al., 2020;
Perry & Ulitsky, 2016; Valadkhan & Valencia-Hipolito, 2016). The pathogenic role of IncRNAs
has been reported in diseases often affecting nervous system like Alzheimer’s disease or
heritable Huntington’s disease (Johnson, 2012; Zhou & Xu, 2015). Some data also point to the
role of IncRNAs in the pathogenesis and progression of brain tumors, including GBM (Han
et al., 2012; Li et al.,, 2016), in which a strong IncRNA deregulation is observed. LncRNAs are
found to act either as promoters or suppressors of GBM by serving as miRNA sponges, modify-
ing chromatin or methylating DNA (Mazor et al., 2019).

2.1.3 Circular RNA

CircRNAs are a class of noncoding, single-stranded RNAs with a characteristic struc-
ture of covalently closed loop. Compared to mRNA, they lack typical modifications: a cap
at 5’ end and a poly(A) tail at 3’ end (Chen & Yang, 2015). CircRNAs are evolutionary con-
served among the species, abundantly expressed in human brain, as well as exhibit cell-
and tissue-specific expression pattern (Jeck et al., 2013; Memczak et al., 2013; Rybak-Wolf
et al., 2015; Salzman et al., 2013). The basic functions of circRNA include the regulation of
gene expression through miRNA sponging, interactions with RNA-binding proteins
(RBPs) and their sponging. Moreover, circRNAs act as scaffolds for protein complex
assembly, participate in transcription regulation, or serve as templates for protein transla-
tion (Bose & Ain, 2018; Huang et al., 2020; Mo et al., 2019; Pamudurti et al., 2017; Panda,
2018; Schneider & Bindereif, 2017; Zang et al., 2020; Zlotorynski, 2015). However, the
knowledge regarding their basic mechanisms of action and comprehensive interaction net-
work is still missing. CircRNAs can arise from both exons and introns and, thus, are
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FIGURE 2.1 Competitive endogenous RNA hypothesis. In general, miRNA can inhibit the translation of mul-
tiple proteins, circRNAs together with IncRNAs by binding to miRNAs, prevent them from influencing the trans-
lation processes. circRNA, circular RNA; IncRNA, long noncoding RNA; miRNA, microRNA.

classified as exonic circRNAs, intronic circRNAs, and exon—intron circRNAs. The biogene-
sis of exon—intron circRNAs is similar to exon circRNA, except that the intron sequence is
preserved and the fusion of circRNA occurs via chromosomal translocations (Greene et al.,
2017; Guarnerio et al., 2016; Liu et al., 2019). Most circRNAs are of exonic type, derived
from protein-coding genes (Guo et al., 2014). Majority of circRNAs are generated via back-
splicing process (Barrett et al., 2015).

CircRNAs are involved in cancer initiation and progression by acting either as tumor
suppressors or tumor promoters (also known as oncogenic circRNAs) (Bach et al., 2019).
Comprehensive studies on circRNA implicated their role in processes like proliferation,
angiogenesis, invasion, metastasis, and senescence (Kristensen et al., 2018). Recent investi-
gations provide evidence for circRNA involvement in human diseases by disrupting
circRNA—miRNA—-mRNA axis and deregulating signaling of various pathways. NcRNAs
like IncRNA or circRNA have a common functionality in their ability to modify gene
expression by miRNA titration in a phenomenon known as the competitive endogenous
RNA (ceRNA) (Salmena et al., 2011) (Fig. 2.1).

2.2 Data sets for noncoding RNAs analysis

Progressive advancement in the field of bioinformatics enables to deposit and analyze
huge amounts of genomic data. Moreover, novel integration methods and developed algo-
rithms facilitate the translation of obtained data into research findings of potential clinical
application. In herein section, we aim to present some of commonly used RNA-seq deposit
platforms as well as databases that are useful in the analysis of ncRNAs in the studies on
brain cancer. Some of commonly used tools for miRNA, IncRNA, and circRNA analyses
are listed in Table 2.1.
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TABLE 2.1

2. Applications of noncoding RNAs in brain cancer patients

RNAs (circRNASs) used in brain cancer research.

Deposits and databases for microRNA (miRNA), long noncoding RNA (IncRNA), and circular

Databases and
tools

Description

Web source

Reference

miRDB

DIANA

PITA

TargetScan

RNA22

RNAhybrid

LncLocator

RNAInter

SFPEL-LPI

CPPred

CNIT

circBase

CIRCpedia v2

Circbank

CircAtlas 2.0

TSCD

miRNA targets prediction with gene
ontology enrichment analysis

miRNA target prediction, databases of
experimentally validated targets and
identifying of altered molecular
pathways

miRNA targets prediction

Searching for minimal free energy
needed for hybridization between long
and short RNA

IncRNA subcellular localization
prediction

Gathers experimentally and
computationally predicted RNA
interactor from over 30 databases

Prediction of IncRNA-protein
interactions

Determining IncRNA probability to
encode proteins

Unified data sets of circRNAs and
scripts to identify known and novel
circRNAs

Comprehensive circRNA annotation
across six different species

Predicting of miRNA binding, coding
potential, conservation, circRNA
mutation, and methylation

Contains circRNAs expression pattern,
conservation, and functional annotation

Tissue-specific circRNAs in human and
mouse

http:/ /www.mirdb.org

http://diana.imis.athena-
innovation.gr/DianaTools

https:/ /genie.weizmann.ac.il/
pubs/mir07/mir07_prediction.
html

http:/ /www.targetscan.org/
vert 72

https:/ /cm jefferson.edu/rna22

https:/ /bibiserv.cebitec.uni-
bielefeld.de/rnahybrid

http:/ /www.csbio.sjtu.edu.cn/
bioinf/IncLocator

https:/ /www.rna-society.org/
rnainter

http:/ /www .bioinfotech.cn/
SFPEL-LPI

http:/ /www.rnabinding.com/
CPPred

http:/ /cnit.noncode.org/CNIT

http:/ /www .circbase.org

http:/ /www.picb.ac.cn/
rnomics/circpedia

http:/ /www.circbank.cn

http:/ /circatlas.biols.ac.cn

http:/ /gb.whu.edu.cn/TSCD

Chen and Wang
(2020)

Paraskevopoulou
et al. (2013)

Kertesz et al.
(2007)

Agarwal et al.
(2015)

Miranda et al.
(2006)

Rehmsmeier et al.
(2004)

Cao et al. (2018)

Lin et al. (2020)

Zhang et al.
(2018)

Tong and Liu
(2019)

Guo et al. (2019)
Glazar et al.
(2014)

Dong et al. (2018)

Liu et al. (2019)

Wu et al. (2020)

Xia et al. (2017)
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Databases and
tools

Description

Web source

Reference

exoRBase

CircFunBase

deepBase v2.0

TRCirc

CSCD
MiOncoCirc
circ2GO
CircRiC

Circ2Traits
Circad
Circ2Disease
CircR2Disease
circRNA disease
LncRNADisease

2.0

CircInteractome

circRNAprofiler

Cerina

CircCode

circRNA, IncRNA, and mRNA in

human blood exosomes

Experimentally validated circRNAs and
predicted functions and interactions

The decoding evolution, expression
patterns, and functions of ncRNAs

Transcriptional regulation of circRNAs,
expression, and methylation levels

Cancer-related circRNAs

Disease-related circRNAs

RBP- and miRNA-binding sites

mapping, primers design, and siRNAs,
with potential IRES identification

circRNAs detected by multiple

annotation-based detection tools

combining

Inferring the circRNA function based on
the competing endogenous RNA model

Investigation of the coding ability of

circRNAs

http:/ /www.exoRBase.org

http:/ /bis.zju.edu.cn/
CircFunBase

http:/ /biocenter.sysu.edu.cn/
deepBase

http:/ /www licpathway.net/
TRCirc

http:/ /gb.whu.edu.cn/CSCD
https:/ /mioncocirc.github.io
https:/ /circ2go.dkfz.de
https:/ /hanlab.uth.edu/cRic

http:/ / gyanxet-beta.com/circdb

http:/ /clingen.igib.res.in/ circad

http:/ /bioinformatics.zju.edu.
cn/Circ2Disease/index.html

http:/ /bioinfo.snnu.edu.cn/
CircR2Disease

http://cgga.org.cn:9091/
circRNADisease

http:/ /www.rnanut.net/
Incrnadisease

http:/ /circinteractome.nia.nih.

gov

https:/ / github.com/Aufiero/
circRNAprofiler

https:/ /github.com/
jcardenas14/CERINA

https:/ /github.com/PSSUN/
CircCode

Li et al. (2018)

Meng et al. (2019)

Zheng et al.
(2016)

Tang et al. (2019)

Xia et al. (2018)
Vo et al. (2019)
Lyu et al. (2020)
Ruan et al. (2019)

Ghosal et al.
(2013)

Rophina et al.
(2020)

Yao et al. (2018)
Fan et al. (2018)
Zhao et al. (2018)

Bao et al. (2019)

Dudekula et al.
(2016)

Aufiero et al.
(2020)

Cardenas et al.
(2020)

Sun and Li (2019)

mRNA, Messenger RNA; RBP, RNA-binding protein; siRNA, short interfering RNA.
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2.2.1 RNA-seq deposits and data sets

Up-to-date next-generation sequencing (NGS) technologies enable to sequence a non-
coding transcriptome, including miRNAs, IncRNAs, and circRNAs, even at a single-cell
resolution. The raw data obtained from RNA-seq can be deposited in numerous data
repositories and easily accessed by other users. For example, The Cancer Genome Atlas
(TCGA), supervised by the National Cancer Institute’s (NCI), Center for Cancer Genomics,
and the National Human Genome Research Institute, has gathered over 2.5 petabytes of
genomic, epigenomic, transcriptomic, and proteomic data using processed sequencing
data of 33 cancer types with matched samples from healthy individuals so far. Since pro-
cessing such a large amount of data remains challenging, a platform to search and down-
load cancer data for analysis has been established. Genomic Data Commons is a research
program of the NCI, which serves as a unified data repository and enables sharing cancer
genomic data. It provides an access to high-quality data sets from NCI programs, like
among others TCGA and Therapeutically Applicable Research to Generate Effective
Therapies (Grossman et al., 2016).

2.3 Expression of noncoding RNAs in brain cancer patients

In the last few years, new technologies, such as next generation sequencing (NGS), have
collected a significant amount of data, making it easier to compare different specimens.
Here, we describe the sample types collected from brain cancer patients which are used to
determine ncRNA expression for diagnostic and prognostic purposes. We also present dif-
ferent models to evaluate ncRNA expression for research purposes, with a special empha-
sis on cancer stem cells (CSCs).

2.3.1 Sample types used for analyzing noncoding RNAs in brain

The samples used to determine the ncRNA expression profile in brain cancer patients
may come from dissected tumor tissue (both ante- and postmortem) or biopsy, including
liquid biopsy, such as cerebrospinal fluid (CSF) and blood (Fontanilles et al., 2018).

The components of blood-derived biomarkers have been described in brain tumor
patients and include circulating tumor cells, nucleic acids, and exosomes. CSF, collected
during lumbar puncture or surgical operation, contains circulating tumor DNA, exosomes,
and proteins derived from the brain tumor (Fontanilles et al., 2018). MiRNA, IncRNA, and
circRNA can be detected in both blood plasma (Chen et al., 2020; Li et al., 2019; Liao et al,,
2019; Roth et al., 2011; Wang et al., 2019) and in CSF (Akers et al., 2015; He et al., 2019;
Kopkova et al., 2019; Wang et al., 2018).

2.3.2 Models to study ncRNA expression

Basic research in a cancer field is mainly focused on studying the involvement of individual
molecules, as a part of complex pathways, which are involved in tumorigenesis and cancer pro-
gression. In vitro studies are usually conducted on primarily established or commercially
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available cell lines and organoids. These in vitro models are relatively cheap and easy to culti-
vate and conducted in a wide range of experiments. Currently, there are 46 human GBM and 4
human MB cell lines banked and available from the American Type Culture Collection
(https:/ /www lgcstandards-atcc.org/). The disadvantage of using GBM established lines, which
needs to be considered, is their astrocytic differentiation appearing upon medium supplementa-
tion with serum (Robertson et al.,, 2019). Another drawback is that DNA profile of long-term
grown cells may differ from that of the newly purchased cells, which can lead to misidentifica-
tion of widely used cell lines (Allen et al., 2016). Also, global gene expression revealed that
established cell lines display many genomic changes and gene expression fluctuations not pres-
ent in primary tissues (Li et al., 2008).

To maintain the physiological microenvironment, patient-derived tumor cells can be
implanted into immunodeficient mice—an orthotopic patient-derived xenograft model
that can arise either by direct inoculation of cell suspension right after surgery, or by inoc-
ulation of patient-derived cell cultures with enhanced tumor-initiating potential (Xu et al.,
2018).

Another research model possible to be applied in brain cancer studies is genetically engi-
neered mouse model (GEMM) in which tumor is developed de novo via the introduction of
gene alterations previously identified in human cancer (Simeonova & Huillard, 2014). This
model is obtained by genetic engineering techniques, via utero electroporation and viral
gene transfer (Roussel & Stripay, 2020). Unfortunately most of GEMMs possess a TP53 nega-
tive background, whereas TP53 mutations are observed only in 10% of MB patients
(Zhukova et al., 2013). Moreover GBM mouse models lack the intratumor heterogeneity
observed in human tumors (Lenting et al.,, 2017), which indicates the need to adjust the
model to the type of cancer under study.

As cell cultures grown in a two-dimensional monolayer do not fully reflect the com-
plexity of tumor mass plus they lack tumor microenvironment which stimuli substantially
contribute to tumor initiation and progression, thus there is strong need to introduce the
models better reflecting the native tumor (Ivanov et al., 2016). Stem-cell biology has been
extensively explored in the past decade, with a special emphasis on CSCs. Along the stud-
ies dedicated to CSCs, it has been discovered that these cells display a high proliferation
rate (Hamburger & Salmon, 1977) and, thus, can self-renew, as well as are able to differen-
tiate into neurons, astrocytes, and oligodendrocytes (Singh et al., 2004).

GBM stem cells (GSCs) and MB stem cells (MBSCs) could be isolated from primary
brain tumor cells using a surface marker of neural stem cells—CD133 (prominin 1) (Ding
et al., 2013). Additionally, the pool of stem-cell markers, which gene expression is also
increased in CSCs, including NANOG, OCT4, SOX2, BMI1, NESTIN (neuroepithelial stem
cell protein), OLIG2, MYC, IDI1, and surface markers CD44, CD15, L1CAM, A2B5 may be
used to verify the presence of CSCs (Guo et al., 2011; Ruiz-Garcia et al., 2020). Under neu-
ral stem-cell culture conditions, GSC and MBSC grow as 3D culture models—floating mul-
ticellular spheroids, neurospheres (Ahmad et al, 2015; Jayakrishnan et al, 2019).
Currently, neurospheres are the most commonly used 3D culture model for GBM
(Andreatta et al., 2020; Azari et al., 2011; Badodi & Marino, 2019).

GSC have been already shown to be capable of differentiating into endothelial cells
allowing for tumor blood vessel formation and may also be involved in the infiltration of
GBM into surrounding tissue (Ricci-Vitiani et al., 2010). Furthermore, hypoxia niche for
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GSC is hypostatized to promote quiescence, a GSC phenotype that could highly contribute
to the enrichment of chemo- and radioresistant subpopulations (Seidel et al., 2010). These
features of CSCs have been shown to induce tumor recurrence and progression (Singh
et al., 2004). Treatment resistance is widely known phenomenon of glioma patients, as it
significantly narrows the possibilities of choosing therapeutic strategy. CSC-mediated
resistance response is the subject of wide and comprehensive studies, while this particular
fraction of cells is considered to be responsible for glioma aggressive phenotype.

Organoids are 3D structures, commonly derived from patient stem cells, embedded in
a matrix. They grow in medium supplemented with a cocktail of growth factors and
begin to proliferate and differentiate, self-organizing into an organotypic structure
(Andreatta et al., 2020). The first protocol for establishing a culture of cerebral organoids
was generated by Lancaster et al. (2013). In a similar way, it is also possible to generate a
tumor model directly from patients” biopsies. This method enables to capture the hetero-
geneity within patients” tumors (Jacob et al., 2020), what makes them a valuable tool for
drug screening and precision medicine (Andreatta et al., 2020). Ogawa et al. developed a
cancer model of gliomas in human cerebral organoids allowing the observation of tumor
initiation. Cells with integrated oncogenic RAS (rat sarcoma) expression cassette in the
suppressor TP53 locus rapidly become invasive overwhelming the entire organoid
(Ogawa et al., 2018). Another newly proposed model is a neoplastic cerebral organoid,
where via transposon- and CRISPR/Cas9-mediated mutagenesis authors introduced into
the organoids 18 single gene mutations or amplifications as well as 15 of the most com-
mon clinically relevant combinations observed in brain tumors (Bian et al.,, 2018).
Recently, cerebral organoid glioma assembly (GLICO) model has been presented, in
which hESC- or iPSC-derived cerebral organoids are cocultured with patient-derived gli-
oma stem cells (Linkous et al., 2019).

2.3.3 NcRNA expression profiles in cancer stem cells and their consequences
on tumor development

The presence of CSCs in brain tumors stimulates tumor aggressiveness; thus it is of spe-
cial interest to identify factors, including ncRNAs, which could shape the specific proper-
ties of CSCs and at the same time have potential in therapies. MiRNA expression profile
in human neural stem cells and glioma stem cells from patient revealed 116 upregulated
and 62 downregulated miRNAs in GSCs. The upregulation of miR-198, miR-146b-5p,
miR-152, and miR125a-3p, and downregulation of miR-137 were further confirmed by
quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis (Liu
et al., 2014). Studies applying combined microarray and deep sequencing analyses pointed
out a set of 10 miRNAs with different expression between GSC and neural stem cells
(NSC). Among them, 5 miRNAs were upregulated in GSC including: miR-10a, miR-10b, and
miR-140-5p, while downregulated: miR-124 and miR-874 (Lang et al., 2012). Another miRNA
microarray research notices 69 differentially expressed miRNAs between the CD133 + and
CD133— GBM cells. Lower expression of miR-125b, let-7a, and let-7c, and higher expression
of miR-638 and miR-149 were subsequently verified in GSCs. Overexpression of miR-125b
inhibited the self-renewal ability of CD133 + cells (Wu et al., 2012).
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Global miRNA expression analysis of 10 paired GSC and nonstem GBM cultures concluded
with the presentation of 51 most deregulated miRNAs. Total 14 of them correlated to both
SOX2 and NESTIN expression: miR-3195, miR-3141, miR-4656, miR-100-5p, miR-4739,
miR-3180, miR-1260b, miR-1233-5p, miR4674, miR-328-5p, miR-378h, miR-4505, miR-5787, and
miR-1207-5p (Sana et al., 2018). Using the established neurosphere cell lines with and without
SOX2-knockdown, the influence of SOX2 on the miRNA profile of GSC was investigated.
Forced expression of SOX2 increased levels of miR-128b and miR-425-5p. Additionally an
increase in miR-425-5p expression in GBM tumors was proved. Further investigations indicated
that miR-425-5p inhibition repressed neurosphere formation, activates apoptosis, and suppress
survival pathways in GSCs (de la Rocha et al., 2020).

Studies on the influence of miRNAs on the ability of GSCs to create neurospheres are
also a valuable source of information, as they indicate the association of short ncRNAs
with the malignant nature of cancer. Overexpression of miR-128 (Godlewski et al., 2008),
miR-218 (Tu et al., 2013), and miR-181c (Ruan et al., 2015) decreases the number and vol-
ume of neurospheres affecting self-renewal capacity of GSCs.

Expression profiling of MB primary specimens pointed out 21 upregulated and 12
downregulated miRNAs in relative to CD133 + neural stem cells. The most upregulated,
with fold change >6, were miR-127-3p, miR-495, miR-409-3p, miR-376c, miR-144*, miR-
143, miR-146a, miR-126, miR-126*, and miR-223, while the most downregulated, with the
fold change <5, were miR-10a, miR-935, miR-219—-2-3p, and miR-504 (Genovesi et al,
2011). Another small RNA sequencing study was performed on SHH MBSCs, and its
results were compared to neural stem cells miRNome. In SHH MBSCs, 35 upregulated
and 133 downregulated miRNAs were identified. After validation by real-time PCR, high-
er expression of miR-20a-5p and miR-193a-5p and lower expression of miR-222-5p, miR-
34a-5p, miR-345-5p, miR-210-5p, and miR-200a-3p were confirmed (Po et al., 2018). An
miRNA profile analysis of the MBSC before and after retinoic acid—induced differentiation
revealed 22 miRNAs differentially expressed after 48 h of treatment. It has been confirmed
that after differentiation, the levels of miR-195 and miR-145 decrease, while the level of
miR-135b increases (Catanzaro et al., 2016).

Total 61 MB patients” analysis indicated higher expression of miR-199b-5p in nonme-
tastatic cases. Overexpression of that miRNA decreased the MBSC subpopulation in
DAOQOY, medulloblastoma cell line (Garzia et al., 2009). Decrease of CD133 + in DAOY
cells, and a reduction in NESTIN staining, was observed also upon miR-34a overexpres-
sion (de Antonellis et al., 2011). Studies carried out on various MB cell lines indicated
that cells overexpressing miR-367 are more capable of generating expressing CD133 neu-
rospheres than control cells (Kaid et al., 2015). Instead increasing the level of miR-584-5p
reduces neurospheres formation together with the reduction of CD133 and MYC markers
(Abdelfattah et al., 2018).

An atypical teratoid rhabdoid tumor (ATRT) is a rare, extremally malignant pediatric
brain tumor. In CSC subset population isolated from ATRT, miR142-3p downregulation
was observed. Overexpression of that miRNA inhibited migration, invasion, and self-
renewal of ATRT CD133 + cells (Lee et al., 2014).

IncRNAs have been shown to play essential, regulatory roles in GSCs. Recent studies
have revealed differences in splicing and expression profiles of IncRNA present between
mesenchymal and proneural subtypes of GSCs, which renders these molecules as
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GSC-type specific biomarkers. Moreover, these IncRNAs from differentially expressed
pool were found to be associated with GBM prognosis and survival and included
CTD-2589M5.5, MYOSLID, CRNDE (Colorectal Neoplasia Differentially Expressed),
AC005264.2, SOX21-AS1, RP11-575F12.1 as well as SOX21-AS1 IncRNAs (Guardia et al.,
2020). The aberrant IncRNA expression levels have also been identified earlier and showed
to affect GSC self-renewal and proliferation processes which, in turn, influence tumor
development and progression. Initial microarray studies indicated that uc.283-plus
IncRNA was highly expressed in glioma tumors and could affect cell pluripotency
(Galasso et al., 2014). Another example is a high expression of IncRNA-ROR (regulator of
reprogramming) which has been found in GSCs to negatively correlate to an expression of
stemness marker KlIf4 and lead to the inhibition of self-renewal and proliferation of these
cells (Feng et al., 2015). The expression of other stemness markers SOX2 and nestin was
found to be regulated by highly conserved IncRNA MALAT. Its downregulation has been
shown to suppress the expression of these two factors and, thus, GSC proliferation (Han
et al., 2016). Short interfering RNA (siRNA) downregulation of MALATT has also lead to
the increased susceptibility of GSC to temozolomide (TMZ) treatment (Kim et al., 2018).
Fang et al. (2016) revealed that the downregulation of IncRNA HOTAIR (HOX antisense
intergenic RNA) leads to the inhibition of GSC proliferation and a loss of tumor ability to
invade adjacent tissues. LncRNAs may also facilitate the interactions between nascent
transcripts, like IncRNA FOXM1-AS promoting ALKBH5 and FOXM1 interactions which
maintain the pool of GSCs (Zhang et al., 2017). A recent study has indicated TP73-AS1
IncRNA to be clinically significant in GBM. Its high expression levels have been identified
specifically in GSCs and linked with poor prognosis as well as resistance to TMZ (Mazor
et al., 2019). Current studies related to GSCs biology also explore the function of IncRNAs
as “miRNA sponges” since differential expression of IncRNAs has been shown to strongly
affect miRNA expression levels. For example, the IncRNA CRNDE has been found highly
expressed in GBM tissues, specifically in GSCs, in parallel to downregulated levels of
miRNA-186 (Zheng et al., 2015). Further mechanistic studies have revealed that CRNDE
binds to and negatively regulates miRNA-186 which, in turn, cannot inhibit the transcrip-
tion of its target genes XIAP and PAK7. Thus the overexpression of CRNDE in both
in vitro cell culture and in vivo xenograft models promotes GSC proliferation as well as
increases cell invasion and migration properties. Described herein studies indicate a strong
regulatory role of IncRNA in GSC maintenance and potential to serve as prognostic bio-
markers and future targets in therapies against brain cancer.

The expression of circRNA is characterized by dynamic changes during oncogenesis. In
cancers and other diseases characterized by increased cell proliferation, decreased
circRNA levels are often observed. Presumably, this effect was noticed due to a specific
“dilution” caused by high division rate (Bachmayr-Heyda et al., 2015, Moldovan et al.,
2019). A growing number of evidence revealed that dysregulated expression of circRNAs
is implicated in the onset and development of glioma. A breakthrough event in study of
the variability of circRNAs expression was the development of computational pipeline
named UROBORUS that allowed for the detection of thousands of circRNAs in RNA-seq
data obtained from glioma tissue in comparison with normal tissue samples (Song et al.,
2016). The 1411 circRNAs differentially expressed in GBM patients were identified,
whereas 1205 were shown to be downregulated and much fewer—206 upregulated
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(Zhu et al., 2017). Furthermore, Yuan et al. (2018) took a step further and identified altered
expression of 501 IncRNAs, 1999 mRNAs, 2038 circRNAs, and 143 miRNAs between glio-
blastoma tissue and matched normal brain tissue, revealing their downstream targets in
the ceRNA network suggesting that glutamate metabolism might be involved in glioma
genesis, development, and infiltration.

circRNAs have been reported to have a role in glioma chemoresistance; however, the
detailed underlying mechanisms still needs to be unraveled (Hua et al., 2020; Yin & Cui,
2020; Zhao et al., 2020). The role of exosomes as a new way of circRNAs transfer has been
highlighted for cancer diagnosis, therapy, prognosis, and chemoresistance. CircNFIX has
been described as upregulated in glioma patient tissues, which is associated with
increased glioma cell proliferation and migration by sponging miR-34a-5p. It has been
shown that exosomal circNFIX is upregulated in the serum of temozolomide resistant gli-
oma patients and is associated with poor prognosis. Furthermore, the downregulation of
circNFIX led to the increase of the TMZ sensitivity in resistant glioma cells in vivo and
in vitro. The authors assumed that the regulation of the TMZ resistance in glioma by
circNFIX/miR-132 axis might be achieved by the modulation of ABCG2 expression, which
have been reported to be a functional target of miR-132 in clear cell renal cell carcinoma
(Reustle et al., 2018). Moreover, ABCG2 protein expression is regulated by the circNFIX/
miR-132 axis in glioma cells under TMZ exposure and was shown to play a role in the
chemoresistance of glioblastoma stem cells (Ding et al., 2020).

The potential role of circASAP1 in glioma chemoresistance has been recently investi-
gated, as the circASAP1 expression was highly upregulated in recurrent GBM patient tis-
sues and TMZ-resistant cell lines. The authors reported increased GBM cell proliferation
and the TMZ resistance reduction after circASAP1 knockdown. Moreover, the study
showed restored sensitivity to TMZ treatment of TMZ-resistant xenografts obtained by the
reduction of circASAP1. The significant regulatory network of circASAP1/miR-502-5p/
neuroblastoma Ras (NRAS) has been identified, which shows that the circASAP1 might
increase the expression of NRAS via sponging miR-502-5p (Wei et al., 2021).

Blood—brain barrier (BBB) states one of the major challenges of efficient drug delivery
in brain tumors. Therefore surgical resection to the extent feasible following by adjuvant
radiation therapy is widely used in the clinics for gliomas treatment (Stupp et al., 2005).
Since the use of radiotherapy in glioblastoma treatment is constantly evolving and often
used as adjuvant temozolomide therapy, there is a way for personalized treatment imple-
mentation taking into account patients” performance status (Barani & Larson, 2015). Since
circRNAs are known as regulatory and competing endogenous RNAs, the activation of
several pathways might have an impact on the chemo- and radioresistance (Jeyaraman
et al.,, 2019). Su et al. revealed 57 upregulated and 17 downregulated circRNAs in human
radioresistant esophageal cancer cell line KYSE-150R in comparison with parental cell line
KYSE-150, which clearly shows the association of circRNAs with radioresistance in this
type of cancer and might be associated with other types of cancer (Jin et al., 2020; Su et al,,
2016).

Up to date much remains to be discovered in the field of circRNAs impact on glioblas-
toma patients’ radioresistance. Zhao et al. identified the upregulation of 63 and downregu-
lation of 48 circRNAs in extracellular vesicles (EVs) of radioresistant U251 cell line in
comparison to nontreated U251 cells. CircATP8B4 have been discovered to be significantly
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FIGURE 2.2 Aberrant expression profiles of ncRNAs in brain CSCs. The levels of indicated ncRNAs have
been found either downregulated (left to the blue arrow) or upregulated (right to the red arrow) in CSCs isolated
from patients’ tissues and tissue-derived cell lines. These ncRNAs have been found to influence the biology of
CSC, including their ability to self-renew and proliferate. Moreover, modulation in the expression of ncRNA indi-
cated a strong impact of selected ncRNA on tumor resistance to radio- and chemotherapy. CSC, cancer stem cell;
ncRNA, noncoding RNA.

elevated in radioresistant cells and acting as a sponge of miR-766-promoting cell radiore-
sistance. However, future study of the circATP8B4/miR-766/mRNA axis mechanism of
action is still needed; hence it is has been discovered that miR-766 acts as a tumor pro-
moter or suppressor in multiple cancer types (Li et al.,, 2015; Zhao et al., 2019). Fig. 2.2
summarizes the level of different ncRNA expressions in CSC.

2.4 Experimental methods and tools for analyzing noncoding RNAs in brain
cancer patients

2.4.1 Studying ncRNA interactions with targets by luciferase assays and
ncRNA —protein interactions by immunoprecipitation

Firefly luciferase is commonly used as a reporter to evaluate in vitro transcriptional activity
and it is considered the gold standard for the gene regulation studies (Chen et al., 2019;
Clément et al., 2015; Jin et al., 2013; Sun et al., 2020; Tomasello et al., 2019; Zhang et al., 2019).
The best characterized trait determining miRNA target recognition is pairing within the seed
region. However, even 60% of seed interactions could be noncanonical, containing bulged or
mismatched nucleotides (Helwak et al., 2013). Therefore target prediction methods based on
finding complementarity between the MRE and the seed region may miss a large part of the
miRNA—-mRNA interaction. Later we present a description of a completely different approach,
based on the detection of actually existing miRNA—mRNA interactions, in which the identifica-
tion of individual elements is the final result, not the initial assumption of the experiment. The
use of immunoprecipitation in glioma allowed for the recognition of interactions between
IncRNA and miRNA (Fu et al., 2018), as well as circRNA and miRNA (Xu et al., 2018).
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Cross-linking immunoprecipitation (CLIP) associated to high-throughput sequencing
(CLIP-seq) is a technique used to identify RNA directly bound to RBPs. The application of
CLIP-seq to AGO (AGO-CLIP) has been used to identify the miRNA-binding sites (Mato
Prado et al.,, 2016). CLIP protocol begins with ultraviolet (UV) light irradiation of cells,
during which covalent bonds between RNA—protein complexes are generated. This reac-
tion only takes place between closely adjacent molecules so that only direct protein—RNA
contacts can be cross-linked. Afterword RBPs are purified, mainly by the usage of antibo-
dies. Simultaneously, to facilitate identification of binding sites, cross-linked RNA is par-
tially RNase digested to ~50 nt. Next proteins are removed with proteinase K leaving
pure RNA, which could be used to complementary DNA (cDNA) synthesis and reverse
transcription generating templates for sequencing (Jensen & Darnell, 2008). Main disad-
vantages of CLIP are mutations caused by UV light (Mato Prado et al., 2016). The effi-
ciency of the protein—RNA cross-linking reaction is in the range of 1%—5% (Darnell,
2010). The CLIP technique is undergoing development and currently its new variants are
available: the high-throughput sequencing of RNA isolated by CLIP (HITS-CLIP)
(Licatalosi et al., 2008), the high-throughput sequencing of RNA isolated from photoactiva-
ble—ribonucleoside-enhanced-CLIP (PAR-CLIP) (Hafner et al., 2010), and the individual-
nucleotide resolution CLIP (iCLIP) (Konig et al., 2010).

HITS-CLIP, supplementing the basic technique with bioinformatics approaches, reduces
costs and increases the scope of received data by using NGS (Darnell, 2010). In PAR-CLIP a
highly photoreactive ribonucleosides, such as 4-thiouridine (4SU) or 6-thioguanosine (65G),
is added into cell culture. As a result during reverse transcription, a characteristic mutation
at the position of the cross-linked nucleotide, T—C for 4SU, G—A for 65SG, are introduced,
allowing for the separation of cross-linked from noncross-linked input RNAs (Garzia et al.,
2018; Spitzer et al., 2014). With HITS-CLIP and PAR-CLIP identification of only the cDNAs
that have read through the cross-link site is possible. iCLIP overcoming that limitation by
using a primer complementary to the 3’ adaptor, which also contains a 5 adaptor sequence
reducing a mispriming artifacts. Moreover, iCLIP protocol needs relatively low amount of
starting material (Gillen et al., 2016; Huppertz et al., 2014).

2.4.2 Validations of RNA-seq results by qRT-PCR and fluorescence in situ
hybridization methods

The disease-specific circRNAs have to be not only identified through RNA-seq technique, but
they need to be also properly validated. Despite the variety of bioinformatic pipelines using differ-
ent approaches to identify circular transcripts, there is still a lack of gold standard method for the
validation of predicted circRNAs, and the combination of complementary methods is still advised
(Holdt et al., 2018). The most widely used methods of circRNAs validation is combination of
RNase R treatment and reverse transcription followed by qPCR (gRT-PCR) followed by Sanger
sequencing or Northern blotting (Panda & Gorospe, 2018; Xiao & Wilusz, 2019). However, micro-
scopic imaging such as in situ hybridization has become more and more popular method for
establishing the abundance and localization of circular transcripts recently (Zaghlool et al., 2018;
Hansen et al.,, 2013). Taking into account the specific closed structure of circRNAs, the basic meth-
ods of molecular biology have to be adjusted to differentiate between linear and circular gene
transcripts. The presence of both linear and circular transcripts requires precision in experimental
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design so that the validation process includes only circular transcripts, excluding linear isoforms.
The RNA quality plays key role in validation procedure, as well as RNA-seq library preparation
since the characteristic head-to-tail junction might get partially degraded during those steps lead-
ing to misinterpreted results (Gallego Romero et al., 2014; Sarantopoulou et al., 2019).

qRT-PCR is considered one of the most powerful tools for a circRNAs validation. The funda-
mental step is divergent primer design, which spans the characteristic head-to-tail junction
sequence characteristic only for circRNAs, allowing to differentiate them from linear counter-
parts. In some cases, low-abundant circRNAs have to be enriched using RNase R treatment
prior to qRT-PCR analysis. RNase R exoribonuclease treatment allows for the hydrolysis of lin-
ear transcripts, while circular ones are almost fully resistant for the digestion due to its closed
structure. Digital droplet PCR (ddPCR) is particularly useful, as it is based on determining the
absolute concentration of circRNA by using the quantitative ratio of positive droplets, in which
the gPCR product is present to negative ones, allowing for the elimination of errors related to
the formation of exon concatamers (Chen, Zhang, Tan, & Jing, 2017). Therefore ddPCR allows
to quantitatively analyze genome-wide data sets, providing highly accurate results, what is
valuable in low-abundant RNAs research (Pandey et al., 2020). Despite the fact that this method
is widely used and relatively simple, it offers some limitations as most of the reverse transcrip-
tase are known to introduce mutations such as template-switching artifacts occurring while join-
ing two distinct RNA molecules or concatamers generation, what might lead to the
misinterpretation of the results (Barrett & Salzman, 2016; Szabo & Salzman, 2016). Additionally,
it has been reported by many groups that RNase R might deplete also some circRNA or decay
the noncircular RNAs not efficiently due to its complex secondary structure or length (Holdt
et al., 2018; Vincent & Deutscher, 2006).

Detection and subcellular localization of circRNAs by microscopy is challenging due to
the fact that the only way to distinguish circular transcripts from the linear ones is the
presence of a head-to-tail junction. The circRNA molecules can be visualized and quanti-
fied using fluorescence in situ hybridization (FISH) coupled with high-resolution micros-
copy, applying highly sensitive junction-specific probes to avoid simultaneous detection of
their linear counterparts (Zirkel & Papantonis, 2018). Variety of available protocols enable
high specificity and sensitivity of circRNAs detection, allowing for single RNA molecule
visualization. Short transcripts detection might be weak due to the insufficient fluores-
cence signal from a single bound probe; therefore it can be enhanced by the hybridization
of multiple amplifier probes (Itzkovitz & Van Oudenaarden, 2011). However, this
approach has been reported to produce less quantitative results (Kocks et al., 2018). FISH,
combined with immunohistochemistry, may be applied to examine the colocalization of
circRNAs with proteins (Bejugam et al., 2020; Huang et al., 2020).

Northern blotting can be applied to validate circRNAs presence, but it requires probes
spanning the head-to-tail junction site. However, Northern blotting is still limited by the
circRNAs length, to molecules ranging 0.2—1 kb (Pandey et al., 2020). Circular and linear
transcripts vary in the case of migratory potential in polyacrylamide gels, where circRNAs
tend to migrate slowly in comparison to the linear one what makes 2D gel methods useful
in circRNAs validation process. CircRNAs can be either trapped in agarose gel by sulfide
bridges (Gel trap) or reported to migrate slower in polyacrylamide gels. The methods pre-
sented in this section contain a number of advantages and disadvantages, which are sum-
marized in Table 2.2.
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TABLE 2.2 The advantages and disadvantages of the noncoding RNA (ncRNA) analysis and manipulation

methods.

Methods

Advantages

Disadvantages

Approaches used to study and validate the ncRNAs

NGS

qRT-PCR

ddPCR

FISH

Northern blotting

RNase R treatment

Luciferase assay

CLIP

Pull-down

High-throughput method, high
sensitivity, and discovery power

Low costs, simultaneous
amplification, and detection during
amplification

Absolute quantification of a target
with no standard curve requirements
provides highly accurate results even
in low-abundant RNA sample, lower
sensitivity to PCR inhibitors,
elimination of errors related to the
formation of concatamers in circRNA
study

High sensitivity and specificity in
recognizing targeted sequences,
visualization of hybridization signals
at the single-cell level and ability to
detect cell-to-cell variations

Detection of RNA size and
alternative splice products, the
membranes can be reprobed long
time after blotting

Low costs, easy circRNAs
enrichment method

Low cost, quickness, and precision of
the experiment

Determine the binding site with high
accuracy, avoid protein—protein
cross-links

Relatively low input, detection of
weak interactions, higher
experimental flexibility

High costs and complexity, RNA
quality, and RNA-seq library
preparation play key role to prevent
misleading results

Usage of error-prone reverse
transcriptases, limited primer
designing in circRNA and miRNA,
problems of specificity due to
miRNA families similarity, circRNA
concatemers formation, low-
abundant circRNAs have to be
enriched

High costs and complexity, limited
primer design in circRNA and
miRNA

Background noises, limitation to
cover abundant ncRNAs in cell, off-
target hybridization, limited probe
design in circRNA and miRNA

High complexity, requires a large
amounts of total RNA, limited probe
design in circRNA and miRNA,
length limited to molecules ranging
0.2—1kb

Possibility to deplete some circRNA
or decay the noncircular RNAs not
efficiently

Requirement for exogenous
substrates, the delay from stimulus to
response

Mutations caused by UV light

Background noises due to
nonspecifically binding proteins may
occur

(Continued)
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2. Applications of noncoding RNAs in brain cancer patients

Methods

Advantages

Disadvantages

Approaches used to manipulate the expression level of ncRNAs

miRNA mimics

Antisense
oligonucleotides

Antagomirs

2'-O-methyl
group—modified
AMOs

LNAs

PMOs

PNAs

miRNA sponges

CRISPR/Cas9

siRNAs

No or easy available carrier system
needed, no vector-based toxicity,
easy to use

Nuclease resistant, can be delivered
into cells directly without any
delivery vehicles

Less sensitive to degradation in
serum or by endogenous cellular
exonucleases and endonucleases

High efficiency of miRNA activity
blocking, high stabilization of the
LNA/RNA duplex, strongly resistant
to nuclease degradation, applied in
detection methods

Characterized by stronger steric
blocking of nucleases and preventing
degradation, highly efficient
penetration in multiple tissues

in vivo

High target affinity, specificity,
nucleases resistance, and cell

penetration, applied in detection
methods

Transient and stable miRNA sponges
depending on the needs, binding
sequences for a family of miRNAs
can be constructed together in one
vector

Low costs, high simplicity and
efficiency, new CRISPR-Cas13
approach represents a promising
method for targeting a specific
circRNA

Low costs, easily introduced to the
cells, predesigned reagents available,
many chemical modifications
available

Relatively high costs, susceptible to
ceRNAs and competitive endogenous
RNA-binding protein interactions,
off-target effects, risk of interferon
response

High usage dose, possible off-target
effects

2'-O-methyl modification decreases
the binding of the AMO to its target
miRNA

Design requires careful examination,
sequences without extensive self-
complementary segments

Requires careful optimization
regarding the PMOs length, lower
binding affinity than equivalent
PNAs

Limitation of solubility and the
structural flexibility of nucleic acid
recognition

Number of binding sequences affects
sponge activity, different degrees of
inhibition in different contexts,
challenging optimization and
validation

Off-target effects, challenging and
time-consuming optimization, single
site of gene editing may not be
sufficient to manipulate microRNA
stem-loop structure and function,
depleting the circRNAs without
affecting the existing genes remains
challenging

Temporary gene silencing,
incomplete silencing, off-target
effects, transfection difficulties,
stimulation of immune response

(Continued)
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TABLE 2.2 (Continued)

Methods Advantages Disadvantages

shRNAs Permanent gene silencing, high Virus-mediated toxic effects,
efficiency, reduced off-target effects, technologically challenging and time-
predesigned reagents available consuming, BSL2 requirement

Small molecule chemical Typically low costs, easily Off-target effects, adverse reactions

compounds introduced to the cells, various half-  possible, various half-live, and
live, and bioavailability bioavailability

AMOs, anti-miRNA oligonucleotides; ceRNA, competitive endogenous RNA; circRNA, circular RNA; CLIP, cross-linking
immunoprecipitation; ddPCR, digital droplet PCR; FISH, fluorescence in situ hybridization; LNA, locked nucleic acid; miRNA,
microRNA; ncRNA, noncoding RNA; NGS, next-generation sequencing; PMO, phosphorodiamidate morpholino oligonucleotide;
PNA, peptide nucleic acid; gRT-PCR, quantitative reverse transcription polymerase chain reaction; shRNA, short hairpin RNA;
siRNA, short interfering RNA; UV, ultra violet.

2.5 Noncoding RNAs as predictive marker for brain cancer patients

2.5.1 Diagnostic potential of noncoding RNAs in brain cancer patients

Diagnosis of brain cancer is based on neurological examination and confirmed by stan-
dard imaging technique—computed tomography and magnetic resonance imaging scans.
Other techniques that are used to diagnose brain cancer include diffusion tensor imaging,
single photon emission—computerized tomography, positron emission tomography, cere-
bral angiography, magnetic resonance spectroscopy, and biopsy (Shah & Kochar, 2018;
Shahpar et al.,, 2016). Nowadays, molecular analysis detecting ncRNAs of diagnostic
potential in tissue biopsies and body fluids collected from the patients is also possible. By
reason of the extensive identification of disease-related ncRNAs and their cell- and tissue
specificity, it is believed that they might serve as promising biomarkers and provide new
targets for the treatment. Traditional biomarkers currently used in the clinics allow to
establish more accurate diagnosis but have disadvantages in the form of lower organ spec-
ificity and low positive detection level (Meng et al., 2017). NcRNAs can support the tradi-
tionally used diagnostic biomarkers to increase the positive diagnosis rate, as they have
been reported to be abundant in saliva, exosomes, blood samples, or CSF. Given in this
chapter examples, summarized in the Table 2.3 show the diagnostic and stratification
value for brain cancers’ patients. Given examples, however, show that the level of ncRNA
expression in the tissue does not necessarily correspond to the amount of molecules
released into the serum, for example, miR-454-3p.

Determining the degree of malignancy of the neoplasm is important since it allows to
decide on the further treatment method and also allows to determine the initial prognosis
for the patient. Thus it has become an important aspect to look for biomarkers that help to
distinguish low-grade gliomas (LGG) from high-grade gliomas (HGG)—Table 2.3. TCGA
data analysis indicated miRNAs that may be considered cerebral LGG prognosis markers:
miR-1287, miR-326, and miR-1275 (Liu et al., 2017). Furthermore, comparison of the
miRNA profile with the occurrence of mutations in IDH1/2 genes determined that 74% of
487 considered miRNAs were differentially expressed according to IDH1/2 mutation status
in LGGs (Cheng et al., 2017).
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TABLE 2.3 MicroRNA, long noncoding RNA, and circular RNAs with diagnostic potential in brain cancers.

Expression
RNA Tumor type level Sample type Reference
Diagnosis
miR-129 GBM, MB, ATRT, Down Fresh tumor tissue Birks et al. (2011)
. . ependymoma, pilocytic
miR-142-5p, miR-25 Up
astrocytoma
miR-1259, miR-21, miR-222 Pediatric brain cancers Up Fresh tumor tissue  Yuan et al. (2018)
miR-128 Down
miR-221, miR-222 GBM Up Blood Swellam et al.
(2019)
miR-222, miR-7, miR-137 GBM Down Formalin-fixed Visani et al.
parafin-embedded  (2014)
tissue
miR-454-3p GBM Down Fresh tumor tissue Shao et al. (2019)
and cell lines
GBM Up Preoperative
exosomes
GBM Down Postoperative
exosomes
miR-15b GBM Up Cerebrospinal fluid Baraniskin et al.
(2012)
miR210HG GBM Up Fresh tumor tissue Min et al. (2016)
and serum
NFIX GBM Up Fresh tumor tissue  Ding et al. (2020)
ITCH GBM Up Fresh tumor tissue Li et al. (2018)
SKA3 DTL MB Up Fresh tumor tissue Lv et al. (2018)
Stratification
miR-7, miR-10b, miR-137, GBM WHO grade I Down Fresh tumor tissue Visani et al.
miR-223 (2014)
miR-21, miR-34a Up
miR-7, miR-10b, miR-137, GBM WHO grade I Down
miR-22
miR-34a Up
miR-7, miR-101, miR-137, GBM WHO grade III Down
miR-22
miR-4516 GBM WHO grade IV Up Fresh tumor tissue Cui et al. (2019)

(compared to grade
II and II)
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TABLE 2.3 (Continued)

Expression
RNA Tumor type level Sample type Reference
miR-21 HGG and LGG Up Cerebrospinal fluid Shi et al. (2015)
exosomes
miR-21 GBM WHO grade IV Up Fresh tumor tissue  Berthois et al.
(compared to WHO grades (2014)
II-1ID)
miR-200a GBM WHO grade IV Down
(compared to WHO grades
II-1ID)
miR-637 GBM Down Fresh tissue fresh ~ Que et al. (2015)
tumor tissue
miR-1825 GBM Down Serum Xing and Zeng
(2017)
miR-1238 GBM recurrent (compared Up Serum Yin et al. (2019)
to primary tumor)
miR-204 MB WNT and 80% of MB  Up Fresh tumor tissue Bharambe et al.
G4 (2019)
MB SHH and 60% of MB ~ Down
G3
miR-193a-3p, miR-224, miR- ~ MB WNT Up Fresh tumor tissue Kunder et al.
148a, miR-23b, miR-365, miR- (2013)
10b,
miR-182, miR-135b, miR-204 MB SHH Down
miR-135b MB G3 and MB G4 Up
HOTAIR CRNDE High-grade astrocytoma Up Fresh tumor tissue  Zhang et al.
2012
LOC286002, C210rf131-A, High-grade Up ( )
C21orf131-B oligodendrogliomas

ATRT, an atypical teratoid rhabdoid tumor; GBM, glioblastoma multiforme; HGG, high-grade gliomas; LGG, low-grade gliomas;
MB, medulloblastoma; SHH, sonic hedgehog; WNT, wingless.

Noteworthy the diagnostic and prognostic value of miRNA was used to provide the strati-
fication analysis. It allowed to distinguish five subgroups of GBM with different clinical
properties and of different origins: (1) oligoneuronal, (2) radial glial, (3) neural, (4) neuro-
mesenchymal, and (5) astrocytic (Kim et al., 2011). Undoubtedly, finding new biomarkers
could help in the treatment of GBM at early onset and prevent from disease progression.

2.5.2 Prognostic potential of noncoding RNAs in brain cancer patients

There is a wide relationship between prognostic and predictive biomarkers, which allows
to predict the response of the patient to a targeted therapy, as some of them can perform
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both functions and distinguishing them can be difficult. In the case of brain tumors, espe-
cially gliomas, classical prognostic evaluation is based on the analysis of phenotypical traits,
including age, tumor location, histological grade, and performance status. Poor prognosis is
associated with older age, where patients aged 70—79 years exhibited a median survival of
2.9 months and patients above 80 years only 1.9 months, poor preoperative performance sta-
tus, and size and location of the tumor, with the worst outcome for GBM, which is charac-
terized as extensively spreading tumor type (McDonald et al.,, 2012; Ohgaki et al., 2004).
Prognostic markers can predict the course of the disease and help determine which patient
should be treated and how. A prime example of a prognostic marker is the tumor histology:
LGG have a better prognosis than HGG (Davis, 2018). New affordable methods are needed
to help prognosis and to suggest the most appropriate treatment for patients’ brain cancer.
Recognition of the patient’s prognosis could be based on the level of ncRNAs expression in
a biopsy or liquid biopsy collected during standard treatment.

Comparing the medical history of patients suffering from brain cancers, with the results of
miRNA profiling, allows for the identification of miRNA sets predicting possible outcomes of a
disease. Expressions of miR-767-5p and miR-105 are positively correlated to OS, whereas miR-
miR-584, miR-296-5p, and miR-196a negatively correlated to OS in anaplastic gliomas regardless
of histology type (Yan et al., 2014). Study based on formalin-fixed paraffin-embedded GBM tis-
sue sections developed a four-miRNA signature that could identify GBM patients: let-7a-5p, let-
7b-5p, and miR-125a-5p have appositive effect on OS, hsa-miR-615-5p negative (Niyazi et al.,
2016). Analysis of microarray data from GBM tissues elicited a set of deregulated miRNA. The
expression of miR-124a, miR-129, miR-139, miR-218, and miR-7 was downregulated, and the
expression of miR-15b and miR-21 was upregulated. The association with disease-free survival
(DFS) demonstrates that the risk score established by those miRNAs was more effective than
other criteria that are traditionally used, including Karnofsky Performance Status (KPS), tumor
location, recurrence status, MGMT methylation, IDHI mutation, smoking, and family history of
cancer (Chen et al., 2016). High abundance of mentioned well-known oncomiR, miR-21 (Pfeffer
et al., 2015), defined a worse prognosis in primary glioma patients also in another study (Shi
et al., 2015).

Relapsed GBM tissues were characterized by a lower expression level of miR-203 with
simultaneous overexpression of its target, snail family transcriptional repressor 2. OS of
patients with higher expression levels of miR-203 was longer (Liao et al., 2015). Better OS
was observed as well in patients with higher miR-29¢ level, which increases chemotherapy
efficacy (Xiao et al., 2016). Longer OS together with DFS was related to higher miR-29a/b/c
levels. The opposite relation applied to the tumor necrosis factor receptor-associated factor-4
(TRAF4), which promotes apoptosis through the TRAF4/AKT/MDM2 pathway in a p53-
dependent manner (Shi et al., 2018). Worse OS prognosis had patients with low expression
levels of miRNA-320c, which impair migration and invasion of glioma cells via reducing the
expression of matrix metalloproteinases 2 and 9 (MMP2, MMP9) N-cadherin and integrin 31
(Lv et al., 2018). The results of Kaplan—Meier analysis revealed that patients with low
expression of miR-599 had not only significantly shorter OS but also poorer progression-free
survival (PFS). MiR-599 downregulation was significantly correlated to KPS and WHO grad-
ing (Zhu et al., 2018). PFS was shorter likewise in patients with lower expression of miR-
101, considering it sensitizes resistant GBM cells to chemotherapeutic drug (Tian et al.,
2016).
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Decreased exosomal miR-151 level in patients’ CSF indicated worse prognosis, as
induced expression of miR-151 in cell lines inhibited XRCC4 DNA repair mechanism
(Zeng et al., 2018). miR-454-3p high expression in serum exosomes or on the other hand
low expression in glioma tissue were correlated to a poor survival rate. Forced expres-
sion of miR-454-3p in cell lines autophagy as its direct target is mRNA coding
autophagy-related 12 protein (ATG12) (Shao et al., 2019). Another prognostic marker
was found in a glioma patients” serum—miR-1825. Its level was significantly decreased
in patients compared with healthy controls and those with high miR-1825 expression
had a longer survival rate (Xing & Zeng, 2017).

For brain tumors other than GBM, research on prognostic miRNAs is not that well
developed; however, also here it is worth paying attention to a few examples. In the com-
bined cohort of G3 and G4 MBs, tumors with miR-182 overexpression were found to corre-
late to worse survival rates, while those with miR-592 overexpression with better survival
rates (Kunder et al., 2013). The 5-year OS rate of patients with high miR-495 expression in
MB tissue was approximately 25 percentage points higher, compared with patients with
low miR-495 expression (Wang et al., 2015). In the case of patients with metastatic inflam-
matory breast cancer higher serum miR-141 level was found, compared to patients with
locally advanced breast cancer. High miR-141 levels were associated with shorter brain
metastasis—free survival. Furthermore, knockdown of miR-141 inhibited metastatic coloni-
zation to brain in mice (Debeb et al., 2016).

The aberrant expression of IncRNAs has also been shown to correlate to tumor progres-
sion and patients’ survival which indicates that IncRNA could serve as biomarkers of
prognostic potential. Among many the most well-studied is HOTAIR that acts as miR-326
and miR-148b-3p sponge and displays high expression linked to poor prognosis and
patient survival (Zhang et al., 2015). While CRNDE stimulates GBM proliferation and
migration, serves as a sponge for miR-337-3p, and its elevated levels also correlate to poor
prognosis (Gao et al., 2020). Among IncRNAs which act as tumor suppressors and their
downregulation that leads to tumor progression and is linked with poor patient survival
are MALATI1, TUSC7, and CASC2. MALTA1 executes its function via the deactivation of
ERK/mitogen-activated protein kinase (MAPK) pathway, while TUSC7 is known as miR-
23b and miR-10a sponge and CASC2 interacts with miR-181a and miR-193-5p affecting
WNT signaling (Han et al., 2016; Jiang et al., 2018; Liao et al., 2017; Shang et al., 2016).

The clinicopathological and prognostic value of circRNA in onset and progression of gli-
oma was recently reviewed. Metaanalysis included 24 eligible studies and a total of 1390
patients, with the analysis of two groups of circRNAs—tumor suppressors and carcinogenic
tumor promoters. They revealed the correlation between high expression of tumor-
promoter circRNAs and significantly poor clinicopathological features, and high expression
of tumor-suppressor circRNAs and better clinicopathological features, indicating the
circRNAs being related to the occurrence and development of glioma (Ding et al., 2020).
Moreover, recent reports indicate that some circRNAs might undergo the translation pro-
cess generating peptides and proteins. It has been shown that protein products encoded by
ncRNA state a promising prognostic biomarker for cancer patients. SHPRH-146aa, encoded
by circRNA SHPRH (SNF2 histone linker PHD RING helicase), has been identified as
decreased in GBM patients, leading to tumorigenicity reduction through protecting full-
length SHPRH, which ubiquitinates proliferating cell nuclear antigen (Zhu et al., 2018).
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2.6 Potential of noncoding RNAs in predicting chemoresistance and
radioresistance in brain cancer patients

Treatment strategies for brain cancer are either to excise the tumor or stop its propagation.
Surgery, chemotherapy, and radiation therapy are paramount therapeutic approaches. Despite
the advances in medicine, the treatment results of brain tumors are usually not spectacular since
tumors display a strong resistance to radiotherapy and chemotherapy, often infiltrate and recur
stimulated by stem cells. CD133 + stem cells in GBM are then considered to be associated with
increased resistance to radiation and chemotherapy.

miRNA profiles comparison between two laboratory-derived GBM cell lines with
acquired resistance to TMZ and their primary counterparts, together with the comparison
between 12 recurrent TMZ-refractory GBM samples and primary tumors, revealed a group
of miRNAs with altered expression. TMZ-resistant cell lines and specimens were distinc-
tive for the upregulation of miR-9, miR-182, and downregulation of miR-29¢, miR-93, and
miR-101. Among them, miR-101 expression rendered glioma cells more sensitive to TMZ
both in vitro and in vivo as it has been shown by increased cell apoptosis and decreased
tumor growth. Direct target of miR-101 is a glycogen synthase kinase 3 beta (Pyko et al,,
2013), which has been reported to affect MGMT expression via promoter methylation
(Xiao et al., 2016). As MGMT is the DNA repair protein, it plays a critical role in TMZ
resistance. MGMT expression has been shown to be also dependent on miR-29¢, which
suppresses its expression indirectly via targeting specificity protein 1 (Xiao et al., 2016).

The miRNA expression profiles from 82 primary GBM samples indicated that the TZM
chemoresistant subtype is characterized by the overexpression of miR-1280, miR-1238, miR-
938, and miR-423-5p and decreased expression of let-7i, miR-151-3p, and miR-93 (Yan et al.,
2015). Further research also confirmed that miR-1238 (Yin et al.,, 2019) and miR-432-5p (Li
et al., 2017) expression levels were significantly higher in secondary GBM samples than in
primary ones, while miR-151a (Zeng et al., 2018) was significantly decreased in recurrent
compared to paired primary GBM samples. Both established and primary human GBM cell
line with induced TMZ chemoresistance displayed expressed higher miR-1238 levels than
the respective initial cell lines. The proposed mechanism of action presents that loss of
CAV], the direct target of miR-1238, induced the activation of the EGFR-PI3K-Akt-mTOR
pathway, leading to enhanced antiapoptosis of TMZ-treated GBM cells (Yin et al., 2019).
Overexpression of miR-432-5p in glioma cell lines decreased TMZ chemosensitivity, which
could be reversed by forced expression of Ing-4, its validated target (Li et al., 2017). In the
case of miR-151a, its overexpression in xenografts decreases a tumor volume translating into
better survival of animals (Zeng et al., 2018).

miR-302c was significantly downregulated in glioma brain tissues when compared with
control tissue, furthermore its level was decreased in progressive disease samples com-
pared with partial response glioma tissues. miR-302c was also reduced in cell line with
induced TMZ resistance, and its overexpression resensitized cells to TMZ by direct target-
ing of P-glycoprotein known as multidrug resistance protein 1 (Wu et al., 2019). Another
study found that tissue specimens are also characterized by the downregulation of miR-
124 targeting—related Ras viral oncogene homolog (R-Ras) and NRAS viral oncogene
homolog (N-Ras). Forced miR-124 expression in glioma cell lines significantly increased
their chemosensitivity to TMZ treatment (Shi et al., 2014). GBM tissue samples and cell
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line have lower expression levels of miR-128-3p, which confirmed that target c-Met is
responsible for chemoresistance. miR-128-3p enhanced the therapeutic effect of TMZ by
the induction of apoptosis from 16% to 28% in vitro and reduction of tumor volume
in vivo (Zhao et al., 2020). miR-224-3p induced enhanced chemosensitivity that was
observed both in vitro and in vivo. At the molecular level, miR-224-3p downregulated
hypoxia-inducible factor 1-alpha and autophagy-related gene 5 (Huang et al., 2019).
MiRNA profile of TMZ-resistant glioma cell lines revealed the upregulation of miR-138.
Overexpression of that miRNA or knockdown of its target Bcl-2-like protein 11 enhanced
autophagy, which increases the chemoresistance of cells (Stojcheva et al., 2016).
Significantly upregulated in tumor tissues compared with peritumoral brain edema miR-
223 directly targets paired box protein (PAX6) and promotes the proliferation of GSCs
after TMZ treatment by PI3K/Akt pathway (Huang et al., 2017).

With reference to CSC, it was observed that miR-29a was significantly downregulated in
cisplatin-treated CD133 + GBM cells. Moreover, miR-29a significantly increased apoptosis
of CD133 + after cisplatin treatment. Similarly, in xenograft mice, when combined with
miRNA-29a overexpression, treatment with cisplatin significantly inhibited tumor growth
than treatment with cisplatin alone (Yang et al., 2018). Profiling of glioma cell line with gen-
erated cisplatin resistance revealed a set of miRNAs with differential expression, among
them let-7b greatly resensitized cells to cisplatin (Guo et al., 2013). miR-873, downregulated
miRNA in glioma samples, has also lower expression level in cisplatin-resistant cell lines to
the respective wild-type cells. miR-873 increased induced apoptosis in both the cisplatin-
resistant and wild-type glioma cells. Its effect could be reversed by the reexpression of its
targets, apoptosis regulator protein Bcl-2 (Chen et al., 2015).

miRNA microarray analyses of three pairwise radioresistant and parental GBM cell lines
identified between these two groups 113 statistically significant deregulated miRNAs. The most
upregulated miRNAs in radioresistant GBM cells were miR-145, miR-10b*, miR-204, miR-1231,
miR-4721, miR-4697-3p, miR-10a-star, miR-4725-3p, and miR-4498, while the most downregu-
lated were miR-1271, miR-29b, miR-3065-5p, miR-2467-3p, and miR-1290 (Ondracek et al., 2017).

Expression analysis of glioma tissue specimens from patients treated with radiotherapy
for over 6 months showed that miR-320 is notably decreased in radioresistant glioma tumors
compared with radiosensitive samples. Overexpression of miR-320 increased caspase-3
activity and DNA double-stranded breaks frequency in irradiated cells. Proposed model of
action assumes a direct targeting of forkhead box protein M1 followed by the downregulation
of sirtuin type 1 (Li et al., 2018). Another tissue miRNA expression research revealed that the
expression of miR-183 was significantly increased in resistant specimens. Cell line transfected
with miR-183 mimic and then radiated decreased cell apoptosis, while in vivo miR-183
decreased tumor volume (Fan et al., 2018). Irradiated glioma cell lines were characterized by
increased level of miR-21. PI3K-AKT signaling pathway inactivation impairs DNA repair fol-
lowing ~-irradiation. Anti-miR-21 suppressed the phosphorylation of protein kinase B, thus
sensitized cells to radiation (Gwak et al., 2012).

GSCs are more radioresistant than glioma cell lines, demonstrating no reactive oxygen
species generation after 1 h of 8 Gy X-ray irradiation. miR-153 overexpression made GSCs
more radiosensitive and slightly raised their oxygen enhancement ratio (Yang et al., 2015).
CSC subset isolated from ATRT was defined by a low expression level of miR142-3p. After
an ionizing radiation the proliferation of CD133 + cells with overexpressed miR142-3p was
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significantly lower than those with basal expression. Moreover, miR142-3p overexpression
markedly reduced tumor growth, and with additional irradiation, reduced the tumor volume
to a barely detectable size (Lee et al., 2014).

IncRNAs have also been reported to contribute to brain tumor radio- and chemoresis-
tance. The most distinctive IncRNAs involved in cell resistance presents Table 2.4. The
highest potential so far displays IncRNA H19. Its upregulated levels have been noted in
glioma cells and its downregulation by shRNA (short hairpin RNA) technology leads to
decrease in {-catenin expression and increased susceptibility to TMZ (Jia et al., 2018).
Similar, oncogenic features of H19 were reported by Jiang et al. (2016) who silenced H19
with siRNA and also observed tumor decrease in TMZ chemoresistance. H19 has also
been shown to activate a key protein of NF-kB (nuclear factor kappa-light-chain-enhancer
of activated B cells) signaling which was revealed by both H19 silencing and overexpres-
sion experiments (Duan et al., 2018). H19 overexpression and simultaneous treatment with
NF-xB inhibitor has led to the eradication of TMZ resistance in glioma cells. As mentioned
earlier, IncRNAs often serve as miRNA sponges thus aberrations in IncRNA expression
affects also miRNA and its target expression. The expression of IncRNA CASC2 was
downregulated in glioma cell lines and tissues, but its overexpression leads to the inhibi-
tion of miR-181a expression which affected its target expression PTEN and p-AKT. As
a result, the cell resistance to TMZ weakened (Liao et al., 2017). Two clinical studies on gli-
oma tissues have revealed a high expression level of UCA1 IncRNA which ensures che-
moresistance. In vitro studies have shown that its knockdown not only suppresses the
activity of WNT/B-catenin signaling but can also affect levels of fibronectin, COL5 Al and
ZEBI1, by sponging miR-204-5p (Liang et al., 2018; Zhang et al., 2019). The pathway, which
involvement has also been noted in glioma chemoresistance, is PI3K/Akt. This pathway
can be regulated by two IncRNAs DANCR and MSC-AS1. DANCR increased levels pro-
mote resistance to cisplatin treatment, while the increase in MSC-AS1 expression induces
TMZ resistance. Less studies are dedicated to the involvement of IncRNAs in radioresis-
tance especially in MB. Recent studies have shown that IncRNA TPTEP1 inhibits glioma
radioresistance by competitive interaction with miR-106a-5p and activation of p38 MAPK
signaling (Tang et al., 2020). Interesting studies have been performed by Zheng et al.
(2016) who first established that IncRNA SNHG18 represses semaphorin 5S and thus pro-
motes radioresistance in glioma cells and xenograft models. Further mechanistic studies
revealed that SNHGI18 inhibits nucleocytoplasmic transport of ENO1 protein that pro-
motes glioma cell motility (Zheng et al., 2019). In the case of MB, increased chemosensitiv-
ity to cisplatin has been observed upon the inhibition of IncRNA CRNDE, which also
serves as a sponge of miR-29¢-3p (Sun et al., 2020).

CircASAP1 which biogenesis is induced by eukaryotic translation initiation factor 4A3
(EIF4A3) has been shown to promote GBM proliferation and TMZ resistance and to be associ-
ated with poor GBM patients’” prognosis. Moreover, circASAP1 sponges miR-502-5p, what
leads to the deregulation of its target—NRAS expression, enhancing tumor growth and TMZ
resistance in vitro and in vivo. NRAS is a member of the RAS family, encoding membrane-
bound protein known to function as regulatory element in the signal transduction events of
molecules regulating cancer cells survival and proliferation (Wei et al., 2021).

Recently, circRNAs shown to play a relevant role in cancer have been also identified
in EVs present in patients’ blood. The growing number of evidence shows that
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TABLE 2.4 The list of long noncoding RNA (IncRNAs) and circular RNAs (circRNAs) targeting

microRNAs (miRNAs) and proteins as well as cross-talked with pathways assuring brain tumor chemo- and

radioresistance.
IncRNA/ miRNA Pathway
circRNA sponged Target protein involved Reference
Chemoresistance H19 B-Catenin, c-myc, Wnt/ Jia et al. (2018)
in glioma survivin 3-catenin
H19 MDR, MRP, ABCG Jiang et al. (2016)
H19 NF-xB NF-xB Duan et al. (2018)
XIST miR-29¢ SP1, MGMT Du et al. (2017)
NCK1-AS1  miR-22-3p IGFIR Wang et al. (2020)
CCAT2 miR-424 CHK1 Ding et al. (2020)
CASC2 miR-181a PTEN, p-AKT PTEN Liao et al. (2017)
LINC00174 miR-138-5p SOX9 Li et al. (2020)
MALAT1 miR-203 TS Chen et al. (2017)
MALAT1 miR-101 Cai et al. (2018)
HOXD-AS1 miR-130a-3p ZEB1 Chi et al. (2018)
KCNQI1OT1 miR-761 PIM1 Wang et al. (2020)
UCA1 Wnt/ Zhang et al.
3-catenin (2019)
UCA1 miR-204-5p Fibronectin, COL5 Liang et al. (2018)
A1, ZEB1
CASC2 miR-193a-5p mTOR Jiang et al. (2018)
BC200 miR-218-5p Su et al. (2020)
DANCR miR-33a-5p, AXL PI3K/ Akt Ma et al. (2018)
miR-33b-5p,
miR-1-3p,
miR-206,
miR-613
AC023115.3 miR-26a GSK33 Ma et al. (2017)
GAS5 Huo and Chen
(2019)
MSC-AS1 miR-373-3p CPEB4 PI3K/Akt Li et al. (2020)
LIFR-AS1 miR-4262 NF-xB Ding et al. (2020)
LINC01198 NEDD4-1, PTEN Chen et al. (2019)
SBEF2-AS1 miR-151a-3p ZEB1 Zhang et al. (2019)
ASAP1 miR-502-5p NRAS Wei et al. (2021)
NFIX miR-132 ABCG2 Ding et al. (2020)
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TABLE 2.4 (Continued)

IncRNA/ miRNA Pathway
circRNA sponged Target protein involved Reference
Radioresistance TPTEP1 miR-106a-5p MAPK14 p38 MAPK  Tang et al. (2020)
in glioma .
NCK1-AS1  miR-22-3p IGFIR Wang et al. (2020)
TP53TG1 miR-524-5p RABSA Gao et al. (2020)
RA1 Zheng et al.
(2020)
SNHG18 Semaphorin 5A Zheng et al.
(2016)
SNHG18 ENO1 Zheng et al.
(2019)
p21 miR-146b-5p HuR Yang et al. (2016)
AHIF Liao et al. (2019)
PSMBS8-AS1 miR-22-3p DDIT4 Hu et al. (2020)
AHIF Dai et al. (2019)
ATP8B4 miR-766 Zhao et al. (2019)
AKT3 PI3BK/Akt  Xia et al. (2019)
Chemoresistance CRNDE miR-29¢-3p Sun et al. (2020)
inmedulloblastoma

tumor-derived exosomes might have a role in a variety of cancer-related processes such
as tumor microenvironment remodeling, metastasis, and drug resistance (Mashouri
et al.,, 2019). CircNFIX has been shown to be upregulated in TMZ-resistant patients’
serum and enhanced glioma cell migration, invasion, and reduced cancer cell apoptosis
under TMZ exposure. Furthermore, authors proved that circNFIX enhances glioma TMZ
resistance by sponging miR-132, which has been confirmed in vitro and in vivo. miR-132
is considered tumor-suppressor in glioma and circNFIX knockdown allowed for miR-132
overexpression leading to the inhibition of tumor cell migration, invasion, and the
enhancement of cell apoptosis. Authors indicated that the circNFIX/miR-132 axis regu-
lates the ABCG2 expression in glioma cells under TMZ exposure (Ding et al., 2020).
Another target—miR-34a-5p has been identified as being sponged by circNFIX, thus
directly influences NOTCHI1 receptor and Notch signaling pathway, to promote glioma
progression (Xu et al., 2018).

CircRNAs expression in EVs isolated both from U251 and radioresistant U251 was
established by RNA-seq. Total 63 upregulated and 48 downregulated circRNAs in EVs iso-
lated from radioresistant cell line compared with those untreated cells. CircATP8B4
expression level is significantly upregulated in EV isolated from radioresistant cell line
and have been proved to act as a sponge of miR766 to promote cell radioresistance. The
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exact mechanism of circATP8B4/miR-766/mRNA still needs to be elucidated; however,
miR-766 has been shown to impact the expression level of tumor-suppressor genes in colo-
rectal cancer cell lines by the inhibition of DNMT3B gene (Zhao et al., 2019).

Not only circRNAs itself play a significant role in cancer events. CircRNAs that were
considered mainly regulatory molecules have been recently shown to be capable of encod-
ing peptides and proteins (Lei et al.,, 2020; Shang et al., 2019; Wawrzyniak et al., 2020).
Turner et al. (2015) reported a significant role of AKT3—the dominant Akt isoform in pro-
moting glioma progression and activating resistance to radiation and chemotherapy in
GBM cases by activating DNA repair pathways of human glioblastoma cells. Interesting
example is previously uncharacterized transcript variant of AKT gene—circ-AKT3, encod-
ing a novel protein named AKT3—174aa. The authors showed that circ-AKT3 exhibits
lower expression level in comparison to paired adjacent normal brain tissues, and its
knockdown enhanced the malignant phenotypes of astrocytoma cells. Furthermore, the
overexpression of AKT3—174aa decreased the proliferation, radiation resistance, and
tumorigenicity of GBM cells and proved a negative regulatory role of AKT3—174aa in
modulating the PI3K/AKT signal intensity via interaction with phosphorylated PDK1 (Xia
et al., 2019).

The circRNAs expression profiling in MB tissue in comparison to human normal cere-
bellum tissues revealed a number of differentially expressed circRNAs. The downregu-
lated circRNAs have been shown to be associated with detection of tumor cells, synaptic
transmission, and activation of MAPK. Activation of the RAS/MAPK pathway is crucial
in drug resistance, tumor growth, and enhancement of metastatic behavior in patients
with Shh pathway-dependent MB (Lv et al., 2018; Zhao et al., 2015).

2.7 Therapeutic potential and targeting of ncRNAs in brain cancer patients—
challenges and perspectives

Potential therapies based on the manipulation of ncRNA levels are based on tools
which aim to increase the level of tumor suppressors or reduce the level of oncomiRs.
Currently the most widely used approach involves delivering synthetic antisense oligo-
nucleotides (ASOs) that imitate the native miRNA, or sequester the endogenous miRNA
of interest (Anthiya et al., 2018). MiRNA mimics are synthetic double-stranded RNA
molecules with identical sequence as native miRNAs that are able to integrate into the
RISC acting as the missing miRNAX. Antagomirs are single-stranded modified RNA
molecules, perfectly complementary to mature miRNAs. They are forming duplexes with
their miRNA target, what leads to miRNA degradation and the recycling of the antago-
mir (Kriitzfeldt et al., 2005). The discovery of RNA interference (RNAi) has found a new
application for ASO—gene silencing, using synthetic, double-stranded, siRNA (Wittrup
& Lieberman, 2015). The levels of an miRNA can be deregulated also indirectly, by
targeting hypermethylation of miRNA promoter sites (Davalos et al., 2012), restoring
a deleted genomic locus at the DNA level using CRISPR/Cas9 (Chang et al., 2016) or by
inhibiting possible miRNA sponges like IncRNAs and circRNAs (Petrescu et al., 2019)
which were proven to create complex coregulatory networks in brain (Kleaveland et al.,
2018; Piwecka et al., 2017). MiRNA biogenesis, maturation, or function could be
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prevented by small molecule chemical compounds that bind precursor or mature
miRNAs (Monroig et al., 2015).

When designing oligonucleotides with therapeutic potential, several rules should be
followed. Molecules must not be toxic to cells, which is related to the use of safe concen-
trations. The influence of therapeutic oligo on cell proliferation should be individually
established. It is accepted to use the concentration not exceeding 50 nM for cells cultured
in six well dishes (Matsui & Corey, 2017). Toxicity is also associated with the “off-target”
effect, the partial complementarity to unintended targets. Also, one cannot forget about
possible interactions of RNA with proteins, as nucleic acids can induce interferon
response by binding to proteins on the surface or inside cells (Matsui & Corey, 2017). To
avoid confusing the expected effect with the results “off-target,” when screening for
ASOs or duplexes, it is worth using at least two or three potent compounds at a time
that are capable of reducing gene expression and are complementary to the same target
RNA by, thus, reducing the possibility that the phenotype is due to nonspecific binding
of compounds to unintended targets. It is also crucial to design controls either “scram-
bled,” with swapped groups of bases, or “mismatched,” with introduced mismatched
bases (Matsui & Corey, 2017).

The most important additional obstacles in ASO therapy are their poor extracellular
and intracellular stability, and low efficacy of intracellular delivery. Unmodified ASOs
encounter substantial stability and delivery barriers, and to overcome them, modifications
protecting against nucleases and enhancing RNA-binding affinity are introduced (Adams
et al., 2017). The most basic and widely used RNA modifications include 2’-O-methyl sub-
stitution in the sugar of RNA backbone (Meister et al., 2004), change in the 2’-O-methox-
yethyl backbone (Khatsenko et al., 2000), locked nucleic acid bases (LNA), and
oligomerization with phosphorothioate bonds instead of the canonical phosphodiester
bond (Irie et al., 2020). When silencing the circRNA expression, not to disturb the linear
version of the transcript, it should also be remembered to design the effector molecule in
such a way that it targets the junction site, which is unique for the circular version
(Karedath et al., 2019).

Clinical studies with successful IncRNA and circRNA downregulation or upregula-
tion are still missing. However, in the basic research the loss- and gain-of-function
studies are often performed, as indicated in examples in previous section. Generally,
RNAi platform applies siRNA and shRNA to silence cytoplasmic IncRNAs, while
ASOs aim to knockdown IncRNAs located in the nucleus. For example, siRNA knock-
down of IncRNA MALATT in glioblastoma cell line U87 has been shown to lead to the
apoptosis of tumor cells (Liang et al., 2019). On the other hand, shRNA knockdown of
IncRNA SCAMP1 has been applied on patient-derived glioma cells and resulted in
repression of their proliferation, migration, and invasion (Zong et al., 2019). Studies
with xenografted model of glioma, which was intravenously injected with ASOs target-
ing IncRNA TUGI1, showed a significant repression of tumor growth (Katsushima
et al., 2016). A more recent approach used is CRISPRi by which the knock-outs and
knock-ins of IncRNA are possible (Zhao et al., 2020). Moreover, this tool enables to
screen and identify IncRNA of therapeutic potential like in the studies of Liu et al.
(2020) CRISPRIi screen found IncRNA called IncGRS-1 that sensitizes glioma cells to
radiation. ASO-targeting of that IncRNA in brain organoids sensitized cultures to
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radiation therapy. However, further studies are needed to apply these tools in clinics.
A summary of the advantages and disadvantages of ncRNA expression manipulation
methods is provided in Table 2.2.

Expression of miR-10b is higher in GBM than in LGG (Visani et al., 2014) or healthy
brains. Inhibition of that miRNA in GSC-derived xenograft using ASO inhibitors atten-
uated growth and progression tumor without observed systemic toxicity (Teplyuk
et al., 2016). miR-10b loss-of-function by CRISPR/Cas9 on cell lines and GBM xeno-
grafts led to glioma cell apoptosis and impairs tumor growth (EI Fatimy et al., 2017). A
decrease in the survival of GBM cells as well as their arrest in G2/M phase upon TMZ
treatment was also observed after the coinhibition of miR-21 and miR-10b with their
antagomiRs (Ananta et al., 2016). Currently underway clinical trial tests the hypothesis
that mir-10b expression patterns could serve as a prognostic and diagnostic marker in
primary glioma samples. Tumor tissue, blood, and CSF will be analyzed in terms of
the expression level, allowing to link patient survival, tumor grade, and genotypic vari-
ation with miR-10b. Moreover, in vitro studies of the sensitivity of individual primary
tumors to anti-mir-10b treatment are ongoing (ClinicalTrials.gov Identifier:
NCT01849952).

The main challenge that is associated with the use of therapeutics in the treatment of
brain tumors is the way of potential drug delivery. One of the approaches enabling drug
delivery through the BBB was a monthly repeated opening of the BBB with a pulsed ultra-
sound in combination with systemically injected microbubbles. Barrier was disrupted at
acoustic pressure levels up to 1.1 megapascals with no detectable adverse effects in a clini-
cal trial (Carpentier et al., 2016). This concept was successfully applied in delivery of short
hairpin RNA targeting an apoptosis inhibitor Birc5 into rats with orthotopic glioma (Zhao
et al., 2018). An effective and noninvasive system for the delivery of drugs to the brain is
a transport via nanoparticles. The nanoparticles used to penetrate the BBB are mainly
polymer particles composed of poly(butylcyanoacrylate), poly(lactic-co-glycolic acid), poly
(lactic acid), carbon quantum dots, liposomes, and inorganic composites such as gold, sil-
ver, and zinc oxide (Zhou et al., 2018). Natural nanoparticles, which are EVs or exosomes
derived from cells, are suitable for the transport of therapeutic nucleic acid molecules.
Naturally, they contain endogenous small nucleic acids, although they can also be loaded
with synthetic oligonucleotides of tumor suppressive potential (Haraszti et al., 2017; Yuan
et al., 2017). Nevertheless, further studies are needed to apply described herein tools in
clinical applications. So far, none of IncRNAs and circRNAs have been used in clinical
studies.

2.8 Summary and conclusions

As indicated in herein chapter, ncRNAs display a strong diagnostic, prognostic, and
therapeutic potential, thus, can be broadly applied in brain cancer field. The process of
ncRNA discovery important in brain tumors is shown in Fig. 2.3. This is of a tremendous
importance since brain tumors are mostly incurable, highly heterogeneous, and strongly
resistant to variable therapies. Tumor heterogeneity constitutes nowadays a major chal-
lenge to cancer diagnosis and treatment. Moreover, different tumor stages as well as
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genetic and molecular events in brain tumors are associated with distinct outcomes of
therapeutic responses. Specific pattern of ncRNA expression could help to classify these
tumors as well as enable for precise treatment selection. Numerous publications focused
on ncRNAs also reveal their molecular role in the biology of CSC which are crucial for the
development of future successful therapies for brain cancer.
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Abstract

Glioma belongs to the most aggressive and lethal types of cancer. Glioblastoma multiforme (GBM), the
most common type of malignant gliomas, is characterized by a poor prognosis and remains practically
incurable despite aggressive treatment such as surgery, radiotherapy, and chemotherapy. Brain tumor cells
overexpress a number of proteins that play a crucial role in tumorigenesis and may be exploited as
therapeutic targets. One such target can be an extracellular matrix glycoprotein—tenascin-C (TN-C).
Downregulation of TN-C by RNA interference (RNAI) is a very promising strategy in cancer therapy.
However, the successful delivery of naked double-stranded RNA (dsRNA) complementary to TN-C
sequence (ATN-RNA) requires application of delivery vehicles that can efficiently overcome rapid degrada-
tion by nucleases and poor intracellular uptake. Here, we present a protocol for application of MNP@PEI as
a carrier for ATN-RNA to GBM cells. The obtained complexes consisted of polyethyleneimine (PEI)-
coated magnetic nanoparticles combined with the dsRNA show high efficiency in ATN-RNA delivery,
resulting not only in significant TN-C expression level downregulation, but also impairing the tumor cells
migration.

Key words Magnetic nanoparticles, RNAi, Tenascin-C, Glioblastoma, Gene therapy, Cytotoxicity,
Transfection, Double-stranded RNA

1 Introduction

The most common type of glioma, accounting for 55% of brain
tumors, is glioblastoma multiforme (GBM). It is rated as the most
aggressive, a fourth grade cancer, according to the World Health
Organization classification [1]. Recommended therapies include
surgical resection, radiotherapy, and systemic chemotherapy with
oral prodrug temozolomide. Depending on the therapy, a median
survival rate amounts 12—-15 months, while failure to attempt treat-
ment results in patient’s death within 3 months [2].

None of the current state-of-the-art treatments for malignant
glioma can be regarded as effective. Complete surgical resection of

Kumaran Narayanan (ed.), Bio-Carrier Vectors: Methods and Protocols, Methods in Molecular Biology, vol. 2211,
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GBM is often not feasible due to its location in significant areas of
the brain. GBM, characterized by high degree of invasiveness,
readily infiltrate surrounding tissues, leading to later disease pro-
gression or recurrence [3]. It is therefore important to limit the
migration potential of GBM cells. To initiate the migration process
glioma cells degrade the surrounding extracellular matrix (ECM)
into a migration favorable microenvironment [4].

Tenascin-C (TN-C), one of the ECM proteins responsible for
adhesion and invasiveness of cancer cells, is highly overexpressed in
GBM compared to healthy tissues, what makes it a great therapeu-
tic target [5]. The identification of new molecular biomarkers in
GBM as well as new drug delivery strategies are now a major
therapeutic challenge. One of the most promising cancer treatment
methods is gene therapy based on RNA interference (RNAI), refer-
ring to post-transcriptional gene silencing mediated by either deg-
radation or translation inhibition of target RNA.

RNAI is triggered by the introduction of double-stranded RNA
(dsRNA) into a cell [6]. In experimental approach, dsRNA with
sequence homologous to TN-C mRNA was used to reduce TN-C
expression [7]. Use of this RNA agent, named ATN-RNA, admini-
strated locally into the tumor’s cavity during standard neurosurgi-
cal procedure, results in increased survival and better quality of life
of patients [8]. To overcome the lack of an effective delivery
method for dsRNA and the instability of the nucleic acids during
the delivery, we successfully tested the magnetic nanoparticles
modified with polyethyleneimine (MNP@PEI) as a therapeutics’
carrier [9].

Here, we present a protocol for application of MNP@PEI as a
carrier for ATN-RNA to GBM cells. We demonstrate the protocols
for magnetic nanoparticles synthesis, for assessment of cytotoxicity
of obtained materials, preparation of nanoparticles-dsRNA com-
plexes and their application in delivery of dsRNA to GBM cells. We
also describe a method for assessing the gene silencing level and an
approach for detection of the cell migration impairment.

2 Materials

2.1 Magnetic
Nanoparticles
Synthesis

1. Working solution: 0.5 g of 25-kDa branched polyethylenei-
mine (PEI-255,), 250 pL of Capstone FS-65 (Du Pont) fluor-
osurfactant, 2.5 mL of NH,OH, 10 mL of water.



2.2 Preparation of
ATN-RNA

2.2.1 InVitro
Transcription of ATN-RNA

222 dsRNA
Hybridization

2.3 MNP@PEI/dsRNA
Complex Preparation

2.3.1 Gel
Retardation Assay

2.3.2 UV-Vis
Spectrophotometry

S i
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. pT7/T3al8 plasmid harboring ATN-RNA sequence.

ATN-RNA was chemically synthesized form eight short
(approximately 40 nt) overlapping oligodeoxynucleotides:
four homologous to target fragment, and four complementary
to it. Complementary fragments overlap with a shift of 10 nt.
Resulting 5" overhangs contain sites recognized by restriction
enzymes Hindlll for sense strand and EcoRI for template
strand.

T3 transcription kit (Thermo Fisher Scientific).
T7 transcription kit (Thermo Fisher Scientific).
Gel DNA purification kit.

DNA gel loading dye.

10x TBE buffer: 1 M Tris base, 1 M boric acid, 0.02 M EDTA,
in Hzo

7. 1% agarose gel.

oo

. Horizontal gel electrophoresis system.

. Transilluminator.

. Hybridization bufter: 20 mM Tris—HCI pH 7.5, 50 mM NaCl,

in H,O.

. 10% PAGE with 7 M urea: 4 mL of 10x TBE bufter, 10 mL of

20% acrylamide /bisacrylamide, 19.2 g of urea, up to 40 mL of
H,O0.

. RNA gel loading dye.

4. SYBR Safe.

—

A T i A

. Transilluminator.

. ATN-RNA solution in water at a concentration of 100 ng/pL.
. MNP@PEI solution in water at a concentration of 1000 pg

Fe/mL.

DNA gel loading dye.

10x TBE bufter: 1 M Tris base, 1 M boric acid, 0.02 M EDTA.
1% agarose gel.

Horizontal gel electrophoresis system.

System for gel documentation.

Multidimensional images software (e.g., Digital Imaging and
Analysis System 11, Serva).

. Microvolume spectrophotometer (e.g. NanoDrop 2000,

Thermo Scientific).
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2.4 Cell Gulture
Maintenance

2.5 Visualization of
Transfection
Complexes in the Cells

2.6 Cytotoxicity
Assays

2.7 Transfection

2.8 Establishing
TNC-C
Expression Level

2.8.1 Total RNA Isolation
from Cell Culture

—

X NS Ttk

U-118 MG cell line (ATCC).

Dulbecco’s Modified Eagle Medium (DMEM) High Glucose.
Fetal bovine serum (FBS).

Penicillin-streptomycin.

Trypsin.

Phosphate-buffered saline (PBS).

T-75 flasks.

CO, incubator.

. Atto 550 NHS solution (10 mg/mL): 1 mg of Atto 550 NHS,

100 pLL of DMSO. Store at —20 °C.

. Borate buffer: 0.1 M borate, pH 8.5, 1 M NaOH in H,O.
. Slide-A-Lyzer G2 Dialysis Cassettes, 3.5 k MWCO, 3 mL

(Thermo Fisher Scientific).

. 8-well Nunc Lab-Tek Chamber Slide (Thermo Fisher

Scientific).

. Label IT Tracker Intracellular Nucleic Acid Localization Kit,

Fluorescein (Mirus).

. 4% formaldehyde solution: 1 mL of 16% formaldehyde, 3 mL

of Dulbecco’s phosphate-buffered saline containing MgCl,
and CaCl, (DPBS).

. Concanavalin A-FITC (Thermo Fischer) solution (1 mg/mL):

10 mg of Concanavalin A-FITC, 10 mL of 0.1 M sodium
bicarbonate. Aliquot and store at —20 °C.

. Black polystyrene 96-well flat bottom pClear plate with the

transparent bottom (Greiner Bio-One GmbH).

. Live/Dead assay solution: 2 pM calcein AM, 2 pM ethidium

homodimer-1, 8 pM Hoechst 33342 in DPBS. Protect from
light, storing in a tube wrapped with aluminum foil.

. DMEM High Glucose.

2. PBS.

w

T W

12-well cell culture plate.

TRIzol Reagent.
Chloroform.
2-Propanol.

75% ethanol.
Refrigerated microfuge.

Microvolume spectrophotometer.
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2.8.2 Removal of
Residual DNA and Reverse
Transcription

DNA removal kit (Ambion).

cDNA reverse transcription kit (Roche).

RNA gel loading dye.

10x TBE bufter: 1 M Tris base, 1 M boric acid, 0.02 M EDTA.
1% agarose gel.

Vertical gel electrophoresis system.

Transilluminator.

X NS Ttk

Microvolume spectrophotometer.

2.8.3 Real-Time 1. RT-PCR probe mix 2 x.
Polymerase Chain Reaction 2. Primers for the gene of interest.
3. Primers for the endogenous gene.
4. Probe from the Universal Probe Library (UPL, Roche).
5. 96-well PCR plates.
6. Adhesive PCR plate foils.
7. Real-time PCR detection system.
2.9 Cell-Migration 1. DMEM High Glucose.
Analysis 2. PBS.
3. 12-well cell culture plate.
4. 200 pL micropipette tip.
5. Microscope with x5 magnification.
6. Software with edge-detection algorithm to wound-healing
assays analysis (e.g., TScratch, CSElab).
3 Methods
3.1 Synthesis and 1. Mix FeCl3-6H,0O (135 mg, 0.5 mmol) with FeCl,-4H,0O
Functionalization of (50 mg, 0.25 mmol) in 5 mL of water and degassed with N,
Magnetic (see Note 1).
Nanoparticles 2. Heat the mixture up to 80 °C. Add 1 mL of working solution

and continue heating for 120 min. Cool down the mixture and
collect nanoparticles by an external magnet (see Note 2).

3. Wash nanoparticles with water (2 x 150 mL) and collected by
an external magnet. Finally, redisperse nanoparticles in 10 mL
of water.
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3.2 Preparation of
ATN-RNA

3.2.1 In Vitro
Transcription of ATN-RNA

3.2.2 dsRNA
Hybridization

3.3 MNP@PEI/dsRNA
Complexes
Preparation

1.

Digest 50 pg of plasmid harboring ATN-RNA construct sepa-
rately with restriction enzymes EcoRI and HindlIl.

2. Carry out the digestion process by minimum 8 h or overnight.

. Separate the whole reaction on the 1% agarose gel and examine

it on the transilluminator.

. From agarose gel cut out the digested form of plasmid and

purity the plasmid from the gel using gel DNA purification kit.

. Independently transcribe the two strands of RNA with T3 and

T7 polymerases for 1 pg of EcoRI and HindIII digested plas-
mids, respectively. Incubate the reaction overnight.

. Purify the reaction loading whole mixture onto spin column

plugged into sterile 1.5 mL collection tubes, then centrifuge at
750 x g, 2 min.

. Apply 20 pL of nuclease-free H,O on spin tubes and repeat

centrifugation to new collection tubes.

. Store transcripts in —20 °C.

. Mix equal quantities of T3 and T7 transcripts. Add 20 pL of 5 x

hybridization bufter and fill up with H,O to 100 pL.

. Incubate: 95 °C, 3 min, then follow the incubation for 75 °C,

30 min.

. Slowly cool down the reaction for minimum 4 h or overnight

to 25 °C.

. Check the quality of dsRNA by separating with accompanying

T3 and T7 non-hybridized transcripts on 10% polyacrylamide
denaturing gel.

. Rinse the gel for half an hour in SYBR Safe in water solution to

visualize the bands.

. Thaw dsRNA on ice and stir it gently by pipetting.

. Vortex vigorously nanoparticles to break up the sediment and

scatter nanoparticles in ultrasonic disperser for 15 min.

. Mix dsRNA with MNP@PEI in a series of Fe to RNA weight

ratios (1, 2, 3, 4, 5, 8, 10 Mag@PEI to ATN-RNA wt:wt
ratios). Manipulate only with the amount of nanoparticles, as
each complex must have an identical amount of dsRNA.

. Adjust the volume of the complexes up to 50 pLL with nuclease-

free water.

. Incubate: room temperature, 30 min.

. Determine the rate of binding by gel retardation assay (Sub-

heading 3.3.1) or UV-VIS spectrophotometry (Subheading
3.3.2). Use the free RNA as a control.



3.3.1 Gel
Retardation Assay

332 UV-Vis
Spectrophotometry

3.4 Cell Culture
Maintenance

3.5 Visualization of
Transfection
Complexes in the Cells

3.5.1 Cellular Uptake of
Transfection Complexes
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. Mix 15 pL of the complexes with 3 pL of gel loading dye

solution and load MNP@PEI /dsRNA complexes on 1% aga-
rose gel. As a control use the pure dsRNA.

. Run electrophoresis in 1x TBE buffer at a constant voltage

10 V/cm for 30 min.

. Visualize the samples using gel imaging system.

4. Calculate the binding efficiency by comparing density data

obtained for complexes to those for the pure dsRNA.

. Centrifuge MNP@PEI /dsRNA complexes: 9300 x g, 10 min.

. Measure the concentration of RNA contained in the superna-

tant at A260 on the spectrophotometer. Load 1 pL of the
supernatant on the measurement pedestal and measure the
absorbance.

. Measure the concentration of pure dsRNA sample.

4. Calculate binding efficiency by comparing concentrations

obtained for complexes to those for the pure dsRNA.

. Grow adherent U-118 MG glioblastoma multiforme cell line in

T-75 flask. Use culture medium supplemented with 10% FBS
and 1% antibiotic solution, then replace it at intervals 24-36 h.

. To passage the culture detach cells using trypsin. Carry out the

culture in CO, incubators at temperature 37 °C, humidity
95%, CO, concentration 5% (se¢ Note 3).

. To obtain fluorescently labeled MNP@PEI, mix 2 mL of mag-

netic NPs suspension (2 mg Fe/mL) with 490 pL. 0.1 M borate
buffer and 10 pL solution of Atto 550 NHS.

. Incubate the suspension overnight at room temperature with

continuous stirring.

. Dialyze the suspension against water using a Slide-A-Lyzer G2

cassette with a cut-off at 3500 MW. Determine the iron con-
centration in obtained sample on a spectrophotometer.

. Seed U118-MG cells into 8-well Nunc Lab-Tek Chamber Slide

at 2.5 x 10* cells/well (300 pL) and incubate under standard
tissue culture conditions for 24 h.

. Prepare working dilution of transfection complexes containing

fluorescently labeled NPs with an iron-to-RNA ratio of 3:1
(w/w). Transfer 50 pL of the transfection complexes
corresponding to the ATN-RNA final concentration of
100 nM into the well of slide with the seeded cells. Incubate
the cells with complexes for 24 h.
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3.5.2 Colocalization of
Magnetic Nanoparticles
and RNA Inside the Cells

6.

10.

Wash the cells 1x with DPBS and then fix the cells by adding
200 pL of 4% formaldehyde and incubate for 15 min at room
temperature.

. Wash the cells 1 x with DPBS and label the cellular membranes

by adding 200 pL of Concanavalin A-FITC at the concentra-
tion of 25 pg/mL and incubate for 30 min at room tempera-
ture. Protect from light.

. Wash the cells 1x with DPBS and label the nuclei by adding

200 pL of Hoechst 33342 at the concentration of 8§ pM and
incubate for 10 min at room temperature. Protect from light.

. Wash the cells 1 x with DPBS. Samples may be stored in 300 pL.

at 4 °C.

Visualize the cells using confocal laser scanning microscope.
For the experiments detailed in this section, the images were
acquired on the Olympus FV1000 with a x60 objective, a 1.4
oil immersion lens, and analyzed using the FV10-ASW soft-
ware (see Note 4).

. To obtain fluorescently labeled ATN-RNA with Label IT

Tracker Intracellular Nucleic Acid Localization Kit, mix 5 pg
of RNA with 10x Labeling Buffer A, Label IT® Reagent and
DNase-, RNase-free water in a volume of 50 pL.

2. Quantity the final concentration on a spectrophotometer.

. Seed U-118 MG cells into 8-well Nunc Lab-Tek Chamber

Slide at 2.5 x 10* cells/well (300 pL) and incubate under
standard tissue culture conditions for 24 h.

. Prepare working dilution of transfection complexes containing

Atto 550 NHS-labeled NPs (red) and fluorescein-labeled RNA
(green) with an iron-to-RNA ratio of 3:1 (w/w). Transfer
50 pL of the transfection complexes corresponding to the
ATN-RNA final concentration of 100 nM into the well of
slide with the seeded cells. Incubate the cells with complexes

for 24 h.

. Wash the cells 1 x with DPBS and then fix the cells by adding

200 pL of 4% formaldehyde and incubate for 15 min at room
temperature. Protect from light.

Remove fixative from the cells and then wash the cells 1x
with DPBS.

. Label the nuclei by adding 200 pL of Hoechst 33342 at the

concentration of 8 uM and incubate for 10 min at room

temperature. Protect from light. Samples may be stored in
300 pL at 4 °C.

. Visualize the cells using confocal laser scanning microscope.

For the experiments detailed in this section, the images were



3.6 Cytotoxicity
Assays

3.6.1 WST-1 Cell
Proliferation Assay

3.6.2 Live/Dead Cell
Viability Assay

3.7 Transfection
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acquired on the Olympus FV1000 with a x60 objective, a 1.4
oil immersion lens, and analyzed using the FV10-ASW soft-
ware (see Note 5).

. Seed U-118 MG cells into 96-well plate at 1 x 10* cells /well

(150 pL) and incubate under standard tissue culture conditions

for 24 h.

. Prepare dilutions of transfection complexes with an iron-to-

RNA ratio of 3:1 (w/w) corresponding to the ATN-RNA final
concentration of 100, 50, 25, 12.5, and 6.25 nM. Transfer
50 pL each of the transfection complexes into the culture plates
with the seeded cells. Incubate the cells with complexes for
24 h. Test each dilution of transfection complex in triplicate.

. Add 10 pLL WST-1 Cell Proliferation Reagent to each well and

incubate at 37 °C for 4 h. Use cell culture medium as a blank.

. Transfer 100 pLL medium to the fresh wells on 96-well plate and

record the absorbance at 450 nm (reference wavelength
620 nm) using a multiwell plate reader. Use untransfected
cells as a reference.

. Express the cell viability as: Cell viability (%) = (Absgmpie —

Absblank)/(AbSref - Absblank) * 100. Abssamplca Absbla11k> and
Abs,r are absorbances at the maximum of the WST-1 absorp-
tion spectrum registered for a sample, blank, and reference
sample, respectively.

. Seed U-118 MG cells into 96-well pClear plate at

1 x 10* cells /well (150 puL) and incubate under standard tissue
culture conditions for 24 h.

. Prepare dilutions of transfection complexes with an iron-to-

RNA ratio of 3:1 (w/w) corresponding to the ATN-RNA final
concentration of 100, 50, 25, 12.5, and 6.25 nM. Transfer
50 pL each of the transfection complexes into the culture plates
with the seeded cells. Incubate the cells with complexes for
24 h. Test each dilution of transfection complex in triplicate.

. Remove medium from all wells and replace with 100 pL of

Live /Dead assay solution. Incubate at 37 °C for 30 min.

. Scan the plate using a high-content imaging system. For the

experiments detailed in this section, the images were acquired
on the IN Cell Analyzer 2000 with a x20 objective and ana-
lyzed using the IN Cell Developer Toolbox software using
in-house developed protocol (see Note 6).

. Calculate the volumes of nanoparticles and dsRNA needed for

transfection based on binding efficiency obtained from Sub-
headings 3.3.1 and 3.3.2. Determine what volume of dsRNA
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6
3.8 Establishing 1
TNC-C 2
Expression Level 3
3.8.1 Total RNA Isolation 4

from Cell Culture

10.

11.

12.

3.8.2 Removal of 1.

Residual DNA and Reverse 2
Transcription

should be delivered to the cells to obtain the desired concen-

tration of RNA and the amount of nanoparticles needed to
bind them.

. Seed U-118 MG cells into 12-well plate at 1.5 x 10° cells /well

(1 mL) and incubate under standard tissue culture conditions
for 24 h to obtain 75-90% confluence.

. Remove medium from the cells, then wash the cells with PBS

and add the supplemented medium in volume reduced by the
amount of the transfection mixture.

. Prepare MNP@PEI and dsRNA and form the MNP@PEIL/

dsRNA complexes as described in Subheading 3.3.

. Add prepared transfection complexes to the cells, slowly spot-

ting them on the surface of the whole well and incubate the
cells for 24 h.

. Depending on the purpose of the experiment, go to Subhead-

ing 3.8 or 3.9.

. Remove medium from the cells, then wash the cells with PBS.

. Add 250 pL of TRIzol reagent per one well from 12-well plate.

. Incubate plate: 10 min, room temperature.

. Transfer the lysate to a sterile 1.5 mL tube. Add 50 pL of

chloroform and mix by shaking for 15 s to extract RNA.

Incubate: 10 min, room temperature and centrifuge at
12,000 x g, 4 °C, 15 min.

. Transfer the upper, aqueous phase containing the RNA into a

new sterile 1.5 mL tube.

. Add 125 pL of 2-propanol and mix by inverting the tube

several times.

. Incubate for 10 min at room temperature and centrifuge at

12,000 x g, 4 °C, 8 min.

. Remove the supernatant and add 0.5 mL of cold 75% ethanol.

Mix by vortexing and centrifuge at 7500 x g, 4 °C, 10 min.

Remove the supernatant. Leave the tube open for 5-10 min to
evaporate the ethanol. Do not let the sediment to dry out
completely.

Dissolve RNA in 20 pL of nuclease-free water. Keep the RNA
on ice (see Note 7).

Measure the amount of obtained RNA at A260 on the
spectrophotometer.

Dispense 5 pg of isolated RNA.

. Remove the residual DNA from sample using DNA

removal kit.



3.8.3 Real-Time
Polymerase Chain Reaction

3.9 Cell-Migration
Analysis
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. Measure the amount of purified RNA at A260 on the

spectrophotometer.

. Investigate the quality of RNA by electrophoretic separation in

the 1% agarose gel. If the resulting material does not contain
any degradation or DNA residue, go to step 5. If not then
repeat DNA removal or reisolate the RNA.

. Using the cDNA reverse transcription kit and the isolated, pure

total RNA, perform the reverse transcription according to the
manufacturer’s instructions.

. Use the final product as a template in Subheading 3.8.3.

. Design primers and probes for endogenous gene and gene of

interest by the Universal Probe Library Assay Design Center.

2. Dilute primers to the concentration 10 pM.

. Estimate the efficiency of primers on the standard curve with

series of two-fold dilutions. Only primers not differing by more
than 10% of efficiency can be subjected to one analysis.

. Prepare the reaction mix: 5 pLL of RT-PCR probe mix 2x, 1 pL

of forward primer, 1 pL of reverse primer, 0.1 pL of probe,
1.9 pL of sterile water. Make three technical replicates for each
experiment.

. Pipette the reaction mixture onto 96-well plate and add 1 pL of

template cDNA to the proper wells.

. Seal the plate with adhesive PCR plate foil, centrifuge at

1800 x g, 3 min and place the plate in a real-time PCR
detection system.

. Proceed reaction under the following conditions: 5 min of

preincubation at 95 °C, 40 cycles of denaturation in 95 °C
for 10 s, annealing at proper to primers temperature for 30 s
and extension at 72 °C for 10 s.

. Calculate the level of gene expression in the test samples by first

comparing the Ct values obtained for the test gene to those
obtained for the endogenous gene, and then comparing the
test samples to the control.

. Remove the transfection mix from the cells, then wash the cells

with PBS.

2. Add 1 mL of supplemented medium.

. Create a “wound” by scratching the straight line in monolayer

of cells by 200 pL tip.

. Using the x5 magnification take an image of scratch area at

12 h intervals. The image needs to be taken at exactly the same
place of the well.

. Observe for 48 h or until the scars are healed.
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6.

Analyze the degree of scarring of individual “wounds” at
subsequent time points using wound-healing assays analysis
software.

4 Notes

. Bubbling N, at for 20 min in order to prevent unwanted

oxidation of nanoparticles during the synthesis. Remember to
keep the mixture all the time under N, atmosphere during the
synthesis.

. The collection of nanoparticles by external magnet can be

performed in the beaker rather than in round bottom flask.
The flat bottom of beaker gives bigger surface to collect nano-
particles and allows to handle them during the washing steps.

. All activities related to cell culture perform under sterile con-

ditions underneath a laminar flow cabinet.

. Images of the Mag@PEI NPs were visualized using 559 nm

excitation and 570-590 nm emission filters. To visualize the
cell membranes, 488 nm excitation and 495-545 nm emission
filters were applied. The Hoechst fluorescence was detected
using 405 nm excitation source and 425-475 nm emission
filters.

. Images of the Mag@PEI NPs were visualized using 559 nm

excitation and 570-590 nm emission filters, whereas
ATN-RNA was visualized using 488 nm excitation and
495-545 nm emission filters. The Hoechst fluorescence was
detected using 405 nm excitation source and 425-475 nm
emission filters.

. Perform all operations involving RNA manipulations on ice,

using nuclease-free water.

Using a real-time PCR system based on probes allows for
greater specificity of detection than a system based on
fluorescent dyes.
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Abstract

Tenascin-C (TNC) is an extracellular matrix (ECM) glycoprotein that plays an important role
in cell proliferation, migration, and tumour invasion in various cancers. TNC is one of the
main protein overexpressed in breast cancer, indicating a role for this ECM molecule in can-
cer pathology. In this study we have evaluated the TNC loss-off-function in breast cancer
cells. In our approach, we used dsRNA sharing sequence homology with TNC mRNA, called
ATN-RNA. We present the data showing the effects of ATN-RNA in MDA-MB-231 cells both
in monolayer and three-dimensional culture. Cells treated with ATN-RNA were analyzed for
phenotypic alterations in proliferation, migration, adhesion, cell cycle, multi-caspase activa-
tion and the involvement in epithelial to mesenchymal transition (EMT) processes. As com-
plementary analysis the oncogenomic portals were used to assess the clinical implication of
TNC expression on breast cancer patient’s survival, showing the TNC overexpression asso-
ciated with a poor survival outcome. Our approach applied first in brain tumors and then in
breast cancer cell lines reveals that ATN-RNA significantly diminishes the cell proliferation,
migration and additionally, reverses the mesenchymal cells phenotype to the epithelial one.
Thus, TNC could be considered as the universal target in different types of tumors, where
TNC overexpression is associated with poor prognosis.

Introduction

The tumor microenvironment is composed of the surrounding stromal cells, such as endothelial
cells in blood vessels, immune cells, fibroblasts, and the extracellular matrix (ECM) [1, 2]. Dur-
ing carcinogenesis is often perturbed and deregulated, while during embryonic development is
strictly controlled to maintain homeostasis [3]. In tumors, the composition of the ECM differs
from that of normal tissue and enables new interactions that affect the function of cancer cells
and are critical in modulating invasion associated with cell migration and growth. The tumor-
associated ECM presents several tumor-associated antigens that are generally more abundant
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and possibly more stable than those of the cell surface [4-6]. Consequently, these proteins repre-
sent possible valuable targets for tumor imaging and therapy [4, 5]. ECM proteins such as fibro-
nectin (FN) and tenascin have isoforms that are expressed in a tissue specific manner generated
by alternative splicing of their primary transcripts. One of the most consistent isoform changes
in the ECM of many tumors is the up-regulation of the glycoprotein, tenascin-C (TNC). TNC
alongside tenascin-X (TNX), tenascin-R (TNR) and tenascin-W (TNN) are members of, well
conserved among vertebrates, tenascin family (TN) [7-12]. Numerous isoforms of TNC can be
produced through alternative splicing of nine fibronectin type III regions between repeats 5 and
6 at the pre-mRNA level. There is a considerable amount of literature on the contribution of dif-
ferent splicing-dependent TNC domains in specific biological functions [13]. Changes in the
TNC isoforms expression pattern have been then described in a number of malignancies, and
their nature appears to be tumor-type specific. Recent studies have demonstrated that some
splice variants are specific to diseased tissues [14-16]. In breast tissues, expression of two TNC
variants, one containing domain D and the other both B and D, was found to be associated with
invasive phenotype [17]. TNC promotes cell migration, angiogenesis, inhibit focal contact for-
mation, and also act as a cell survival factor [18-22]. Its importance was found in the develop-
ment and progression of different types of neoplasm, including: colon and breast cancer,
fibrosarcoma, lung cancer, melanoma, squamous cell carcinoma, bladder cancer, and prostatic
adenocarcinoma [23, 24]. TNC is also highly expressed in high-grade gliomas which correlates
as well with the invasiveness of glioma cells [25-27]. In the brain, it is important for the develop-
ment of neural stem cells [28, 29] and moreover is suspected to be a potential marker for glio-
blastoma multiforme (GBM) stem cells (GSC) [30].

Previously, we have shown that TNC is overexpressed in GBM and can be a good target in
RNAi approach. With 164-nt long dsRNA complementary to the mRNA of TNC, which we
called ATN-RNA, we conducted the experimental therapy for GBM patients [25]. The discovery
that TNC presents a dominant epitope in glioblastoma prompted us to investigate the potential
of ATN-RNA to block the TNC expression and its effect on the growth of human breast can-
cers, where TNC overexpression was also established and linked with the highest malignancy,
invasion capability and metastasis ability. This view is supported by Mock et al., who showed
that GBM patients with antibodies against the EGF-like repeats of TNC (antibody target:
VCEDGFTGPDCAE) have a significantly better prognosis than other patients [31]. Thus we
assumed, that in the light of the satisfactory results of brain tumors experimental therapy, breast
cancer could be the next possible object of interest to establish the ATN-RNA approach.

Here, we demonstrate that ATN-RNA approach can be successfully used in breast cancer
cells, impairing the basic hallmarks of tumor cells. With the performed analysis of prolifera-
tion, migration rate, multi-caspases induction pathway, cell cycle analysis, spheroids viability
and the involvement of TNC in EMT induction, we have then interrogated the impact of TNC
on breast cancer growth showing its potency to be also the promising therapeutic target in
breast cancer treatment.

Results

Oncogenomic in silico analysis reveals the TNC correlation with poor
survival of breast-cancer patients

To look deeper into the TNC function we performed the analysis of genome-wide breast cancer
data with available oncogenomic portals such as GEPIA, the Human Protein Atlas, cBioPortal,
and PPISURV. Based on the status of three important receptors conventionally used for breast
cancer subtyping, i.e., estrogen receptor (ER), progesterone receptor (PR), and human epithelial
receptor 2 (HER?2), breast cancer is classified as luminal A, luminal B, HER?2 positive and triple-
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negative (“basal-like”). Triple-negative and HER2-overexpressing breast cancer yields a poor
patient prognosis because of a high incidence of metastases, disease progression, and resistance
to current chemotherapy regimens [32]. We first compared the expression level of tenascin-C
in 4 subtypes of breast cancer using GEPIA program (Fig A in S1 File). mRNA level of TNC
were higher in triple-negative and HER2 subtypes compared to the luminal A and luminal B
subtypes, which have a better prognosis for patient survival. Therefore, we chose MDA-MB-231
cells as a model for in vitro experiments because it is the most invasive cell line from breast can-
cer models. MDA-MB-231 cell genome clusters with the basal subtype of breast cancer. Since
the cells also lack the growth factor receptor HER2, they represent a good model of triple-nega-
tive breast cancer [33]. What is important, Adams et al. [17] showed that only invasive cell lines
such as MDA-MB-231 or MDA-MB-468 express tenascin-C, whereas the tumor cell lines with
a low invasive capacity, MCF-7 and T47D do not.

As a next step we compared the expression levels of tenascin genes (TNC, TNN, TNR,
TNXB) in invasive breast cancer using GEPIA program (Fig 1A). mRNA level of TNC was
highly expressed in breast cancer tissue (BRCA). Interestingly, expression levels of TNN and
TNXB were significantly lower in breast cancer tissues (Fig 1A). There was no significant dif-
ference in TNR gene expression between breast cancer and non-tumor tissues.

We also examined the expression of tenascin proteins in normal and malignant tissues by
querying data from the Human Protein Atlas. TNC in most cases and partly TNN were
expressed at medium levels, whereas TNR was not detected (Fig 1B and 1C). TNC and TNR
levels were undetectable in samples from normal breast (adipocytes, glandular and myoepithe-
lial cells). Taken together, our results demonstrate that mRNA and protein levels of TNC is rel-
atively higher in invasive breast cancer tissues than those in normal tissues.

The cBioPortal analysis enabled to look for the mutations in the TNC gene. It appeared that
TNC gene mutations measured for 2051 breast cancer patients, are present as somatic muta-
tion only in 11 cases (0.5%). Since these mutations seem to be irrelevant for breast cancer, we
did not perform any further analysis.

With PPISURYV portal we looked through the transcriptomic data to correlate the TNC
expression with the different clinical parameters, such as survival or prognosis of the cancer.

As the initial step of analysis we performed the alignment of TNC and other proteins from the
tenascin family, such as tenascin-X (TNX) looking for the homology between these two proteins.
At the top of that we made the analysis of the homology between the TNC and TNX with the rela-
tion to ATN-RNA sequence. The alignment of these two ECM proteins shows that they share
only limited number of nucleotides (query cover 5% and 22%, for short and long transcriptional
variants in the protein N-terminus region, respectively. The sequence alignment analysis clearly
show the ATN-RNA matching exclusively to the TNC sequence (100% identity) (Fig 2A).

PPISURYV analysis based on the Kaplan-Meier statistics showed very clearly the strong cor-
relation with TNC expression and patients survival. The high expression level has a great
impact on the shorter survival for the patients, thus suggesting also that TNC can be also con-
sidered as the prognostic factor for breast cancers (P = 0.0196) (Fig 2B). At the same time, we
analyzed also the available data for the TNX. The results showed an inverse correlation of
TNXB mRNA expression and survival (P = 0.00179) (Fig 2C). Analysis was carried out on the
group of patient N = 196 for TNC and N = 232 for TNXB.

ATN-RNA mediates the down-regulation of TNC mRNA and protein
expression in breast cancer cells

To achieve down-regulation of TNC expression in breast cancer cell line, transfection with
various concentration of ATN-RNA (10; 25; 50 and 100 nM) was performed. 48 h after
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Fig 1. Tenascin is highly expressed in breast invasive carcinoma (TCGA-BRCA). (A) Messenger RNA levels of TNC (tenascin-C),
TNN (tenascin-W), TNR (tenascin-R), TNXB (tenascin-X) genes in 1085 specimens from patients with invasive carcinoma of the breast
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(vs. 291 non-tumor samples). RNA sequencing data were retrieved from the database of TCGA and analysed using the GEPIA (Gene
Expression Profiling Interactive Analysis) online web server (http://gepia.cancer-pku.cn/). The red boxes represent cancer specimens,
grey boxes represent healthy breast specimens. Significance value: * P < 0.05. (B) Summary of tenascin expression patterns in breast
cancer tissues and healthy breast determined by immunohistochemical staining. Data were retrieved from the Human Protein Atlas
database. Case numbers of invasive breast cancer are shown. N/A: not available; N.D.: not detectable. In “Healthy breast” column “+”
means that TNC and TNR are not detected in non-tumor samples. Results in normal breast are based on immunohistochemical staining
of a single sample. (C) Representative images of immunohistochemical staining for TNC, TNN, and TNR in breast (healthy tissue) and
invasive breast carcinoma specimens. The images shown here are of the tissue sections from tissue microarray arrays (TMAs) stained
with appropriate antibodies; TNC-CAB004592, TNN-CAB010907, TNR-CAB022343. All the images were taken at 200x magnification.

https://doi.org/10.1371/journal.pone.0237889.g001

transfection the expression level of TNC was examined by qRT-PCR analyses. Significant
down-regulation of TNC mRNA expression was observed compared to control treated with
scrambled RNA. The level of TNC was decreased from 15% at a concentration of 10 nM
ATN-RNA up to 55% for cells treated with 100 nM ATN-RNA in comparison to the control
(P < 0.001) (Fig 3A).
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Fig 2. The oncogenomic analysis of the survival association with tenascin-C and tenascin-X in breast cancer. (A)
Sequence alignment of tenascin-C versus tenascin-X with their relation to ATN-RNA. The sequence alignment analysis
clearly show the ATN-RNA matching exclusively to the TNC sequence (100% identity). Relation of TNC (B) and TNXB
(C) gene expression to survival of breast cancer patients. Survival analysis performed with the use of a dataset (breast
cancer; GEO: GSE7390 and GSE3494) deposited in and tools available from the PPISURV web portal. TNXB-L- long
transcription variant; TNXB-S- short transcription variant.

https://doi.org/10.1371/journal.pone.0237889.9002
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Fig 3. Expression level of TNC and immune response genes after ATN-RNA treatment in MDA-MB-231 cell line. (A) Relative expression level of the
expression of TNC, OASI, OAS3, RIGI, IFI16 and TLR3 established by qRT-PCR. Relative expression was calculated using the-AAC, method. Statistical
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evaluation of ATN-RNA versus scrambled siRNAs (C-control) cells was performed using one-way ANOVA followed by Tukey’s post-hoc test. Effect of poly I:C
(100 pg/ml) on immune response genes (OASI1, OAS3, RIG1, IF116, TLR3) in the figure presented as purple bars. The results for HPRT-normalized expression

of mRNA are expressed as fold change of target gene expression relative to the control (without poly I:C treatment, which is defined as 1). (B) The protein

expression levels of TNC and HPRT. (C) Western blot analysis reveals efficient TNC silencing in MDA-MB-231 cells with ATN-RNA, compared to cells treated

with siRNAs (C-control). The data represents the means + SD from 3 independent experiments. Significance value: * P < 0.05, ** P < 0.01, *** P < 0.001.

https://doi.org/10.1371/journal.pone.0237889.9003

The qRT-PCR analysis was also supported by direct analysis of the protein expression level.
We have observed already a 44% decrease in TNC protein expression upon 50nM ATN-RNA
treatment. The highest concentration (100nM) used led to the dramatic drop of the protein
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expression measured as the 86% of the decrease (Fig 3B and 3C). These observations were fully
consistent with relative TNC expression level measured by qRT-PCR.

Interferon response to ATN-RNA

To establish interferon induction in breast cancer MDA-MB-231 cultured cells, we looked for
interferon stimulated genes (ISG) including: OASI, OAS3, RIG1, TLR3 and IFI16 genes. The
analysis was carried out with the qRT-PCR (Fig 3A). Changes after ATN-RNA measured by
qRT-PCR were not significant, as shown basically for all of the genes in the concentration
range of 10-100 nM. In parallel, a synthetic form of dsRNA, poly(I):poly(C) (poly I:C), was
transfected as a positive control. Poly I:C has been used extensively as a TLR3 ligand to induce
antiviral response [34-36]. We showed that transfection with poly I:C (100 pug/ml) efficiently
induced the expression of immune response genes (OAS1, OAS3, RIG1, IFI16, TLR3) in
MDA-MB-231 cells. This enhancement in mRNA expression was 2-7-fold higher in poly I.C
treated cells than in untreated cells (Fig 3A, purple bars).

TNC knockdown inhibits cells proliferation and leads to the changes in
migration rate and adhesion potential of breast cancer cells

In order to investigate the involvement of TNC on breast cancer cells proliferation, MDA-MB-
231 cell line was treated with ATN-RNA and the real-time cell proliferation assay was per-
formed. The cells ability to proliferate was measured for 72 h. We have noticed time- and con-
centration-dependent decrease in proliferation rate. The most effective concentration of
ATN-RNA was 100 nM, with decrease from 32-45% after 24 and 72 h, respectively (Fig 4A).
Noteworthy, 25 nM and 50 nM of ATN-RNA was already sufficient concentration for the effi-
cient inhibition of breast cancer cells proliferation. The dose-dependent effect of ATN-RNA in
MDA-MB-231 proliferation potential resulted in standard sigmoidal dose-responses with ICsq
0f 97.6 + 8.2 nM after 24 h, 92.1 + 7.8 nM after 48 h and 88.4 + 5.2 nM after 72 h of treatment
(Fig 4B).

To get more insight into the down-regulation of TNC expression by ATN-RNA on the
mobility of breast cancer cells, real-time measurements of migration was carried out. We
found that down-regulation of TNC expression by ATN-RNA significantly impaired the cell
migration in breast cancer cell lines (Fig 4C). The results were quantitatively assessed during
72 h of experiment and showed that MDA-MB-231 cells transfected with ATN-RNA had the
lowest motility beginning from 12 h post transfection. It was established that ATN-RNA
delayed the migration of MDA-MB-231 cells by 22.45 + 2.7 h, 20.80 + 2.5 h, 15.44 + 1.9 h and
12.40 + 2.5 h with 10, 25, 50 and 100nM concentration, respectively. Notably, the most effec-
tive concentration which affected the migration potential of the cells was 10nM. When com-
pared to the control, the observed delay was 22.45 + 2.7 h.

Since TNC is implicated also in cell-matrix attachment, we further looked at the adhesion
ability of ATN-RNA treated cells. The cells were conducted to real-time adhesion assay with
xCELLigence system. Compared with the controls, TNC knockdown resulted in increased cells
adhesion 15% on average (Fig 4D).

TNC promotes apoptosis and is involved in cell cycle regulation in breast
cancer cells
To determine additionally the effect of ATN-RNA on the cell cycle progression, the

MDA-MB-231 cells were treated with different concentrations of ATN-RNA for 24-48 h, and
the cell cycle analysis was assessed by Muse™ Cell Analyzer. Cells transfected with ATN-RNA
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Fig 4. Activity of ATN-RNA in proliferation, migration and adhesion. Proliferation of breast cancer in culture was monitored in real-time using xCELLigence
system. (A) Impedance was recorded every 15 min, but to improve the clarity of the graphs only every fourth readout was plotted. Data show the mean + SD of
three independent measurements. (B) Dose-dependent effects of ATN-RNA on proliferation was evaluated using non-linear regression by fitting experimental
values to sigmoidal, bell-shaped equation. (C) Migration of MDA-MB-231 cancer cells was studied using xCELLigence system. Serum-depleted cells were
transfected with increasing concentrations of ATN-RNA (from 10 to 100 nM) or scrambled siRNAs (C-control). Impedance (CI values) of each experimental
condition was recorded over time, plotted against time, fitted to four-parameter logistic non-linear regression model and ETs5, was calculated for each ATN-RNA
concentration to generate dose-response curves. ETs, value was normalized to the data obtained for untreated cells and plotted as normalized half maximal
effective time (ETs5) of cell migration against ATN-RNA concentrations. (D) Adhesion of MDA-MB-231 cell line was observed in real-time using xCELLigence
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control cells were statistically evaluated using one-way ANOVA followed by Tukey’s post-hoc test (symbols above the bars). Significance value: *** P < 0.001
compared to cells treated with scrambled siRNAs (C-control).

https://doi.org/10.1371/journal.pone.0237889.g004

showed the cell cycle distribution with the concentration-dependent decrease in cell number
in Go/G, phase, increased in S phase and unchanged in G,/M phase compared to the cells
transfected with unspecific control RNA (Fig 5A). ATN-RNA impacted the cell cycle by almost
doubling the cells S-phase fraction from 18% to 34% for the highest ATN-RNA concentration,
thus resulted with the cells arrest in S phase. The cell cycle analysis proved the non-toxic effect
of ATN-RNA, since we did not observe the increase in G; population. S phase arrest persists
following up to 48 h of ATN-RNA treatment (Fig 5B).
Thus, to examine whether ATN-RNA-induced apoptosis would be associated with the cas-
pases activation, the expression levels and activity of caspases such as: caspase-1, -3, -4, -5, -6,
-7, -8 and -9 in the ATN-RNA-treated MDA-MB-231 cells were assessed using Muse™ Cell
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Fig 5. Effect of ATN-RNA on breast cancer cell cycle phase analysis. MDA-MB-231 cells were transiently transfected with increasing concentrations of
ATN-RNA (from 10 to 100 nM) or scrambled siRNA (C-control) for 24 (A) and 48 h (B). The cells were then fixed and added with Propidium Iodide (PI)/
RNase A staining solution and analyzed in Muse®™ Cell Analyzer using ModFit LT™ software. A percentage of cell distribution in each cell cycle phase was
summarized and shown. The cell cycle distribution profile image is shown as a representative result of three independent experiments.

https://doi.org/10.1371/journal.pone.0237889.9005

Analyzer. As shown in Fig 6A, breast cancer cells treated with ATN-RNA exhibited enhanced
multi-caspase activity in a concentration-dependent manner. The multi-caspase activity was
17.48 +3.22,28.73 + 3.15, 33.15 + 2.90 and 42.95 + 4.03% respectively, at 10; 25; 50 and 100
nM ATN-RNA concentration compared with the control (Fig 6B). Thus, we observed almost
5-fold increase of the population of the apoptotic cells with the lowest ATN-RNA concentra-
tion, whereas almost 12-fold with the highest one.

ATN-RNA has an impact on spheroids integrity

To visualize the involvement of TNC in tumor formation, the 3D culture model was applied.
Since 3D cell culture models mimic better the in vivo behavior of cells in tumour tissues and
are excellent surrogates to predict tumorigenic potential in vivo, the ability to spheroid mainte-
nance of breast cancer cells was assessed after ATN-RNA treatment. We have observed that
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Fig 6. Effect of ATN-RNA on multiple caspase activation (caspase-1, 3, 4, 5, 6, 7, 8, and 9) in MDA-MB-231 cell line.
Breast cancer cells were transiently transfected with increasing concentrations of ATN-RNA (from 10 to 100 nM) or
scrambled siRNAs (C-control) for 24 h. The transfected cells were then incubated with Muse®™ MultiCaspase reagent followed
by analysis of the percentage of cell population in live, caspase+, caspase+/dead and dead in Muse™ Cell Analyzer. (A) The
percentage of live, caspase+, caspase+/dead and dead cells profile image is shown as a representative result from one of three
independent experiments. (B) The graphical representation of percentage of live and exhibiting caspase activity cell
population transfected with ATN-RNA and scrambled siRNAs. Statistical evaluation of ATN-RNA versus scrambled cells
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treated with scrambled siRNAs was performed using one-way ANOVA followed by Tukey’s post-hoc test. Significance value:
*** P < 0.001 compared to scrambled control (C-control). Error bars represent SD.

https://doi.org/10.1371/journal.pone.0237889.9006

down-regulation of TNC led to the disintegration of the spontaneously forming spheroids of
MDA-MB-231. The clearly visible effect on the spheroid viability was observed even with the
lowest ATN-RNA concentration. The increased concentrations of dsSRNA had a great impact
on spheroids integrity, resulting in structure disintegration at the highest concentration of 100
nM (Fig 7A). The ATN-RNA application influenced the spheroid volume and shape, display-
ing the total shrinking of the compact structure into the small fragments with the highest
ATN-RNA concentration (Fig 7A).

To have a better insight into the MDA-MB-231 spheroids structure and the ATN-RNA
impact on their viability, the confocal microscopy imaging was assessed. The analysis of fluo-
rescent labelling with green-fluorescent calcein-AM of living and dead cells within the spher-
oid with the Live/Dead Viability/Cytotoxicity Kit was carried out. As revealed by the image of
the untreated MDA-MB-231 cells, compact multicellular spheroids were obtained. Fluores-
cence images revealed the overall morphology of the MDA-MB-231 spheroids (Fig 7B). The
cell density in the core of the untreated spheroid was high and no dead cells were identified.
The similar pictures were obtained for the control. Furthermore, all conditions with different
ATN-RNA concentrations resulted with losing the spheroid density, increased dimensions
and appearing a higher population of dead cells. It is worthy of note, that the spheroids treated
with increasing ATN-RNA concentrations did not display a smooth contour following 24 h of
treatment and subsequently, their round shape was markedly altered by the treatments. After
the treatment with 50nM concentrations, the spheroids showed the strong overrepresentation
of dead cells (Fig 7B). Thus, the 100nM concentration of ATN-RNA was most likely too high
for the cells viability and we were not able to keep the spheroids in shape, that would allow for
the imaging.

TNC is involved in EMT processes

As the consequence of these finding we analyzed the expression level of proteins involved in
EMT processes. We took into account two main EMT markers, E-cadherin and vimentin.
Western blot analysis shows the significant increase of E-cadherin level followed by the drop
of the expression of vimentin protein (Fig 8A). These observations were concentration-depen-
dent, showing the highest efficacy for ATN-RNA at the concentration of 100nM for E-cad-
herin expression. Similarly, for vimentin we have observed the highest decrease of expression
upon ATN-RNA transfection at 100nM concentration (Fig 8B).

Discussion

TNC is the main ECM protein of various tumors and its over-expression is repeatedly
observed in breast cancer cells both in vitro and in vivo, indicating a role for this extracellular
matrix glycoprotein in neoplastic pathology. Moreover, its high expression correlates with
worsened patient survival prognosis in several cancer types [37]. In breast cancers, several
studies demonstrate that high expression of TNC is not only an indicator of poor prognosis,
but also correlates with metastasis to distinct organs such as lymph nodes, liver and lung [38-
40]. TNC plays a substantial role in EMT, that is believed to be a key mechanism in cancer pro-
gression whereby cancer cells acquire more aggressive behavior [4, 39]. In human breast can-
cer specimens, TNC is co-expressed with the mesenchymal marker vimentin [41]. The
mechanistic role of TNC in the process of EMT remains poorly defined, however, studies
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The right panels show merge of two fluorescent images. Scrambled siRNAs (Cy), 10, 25, 50 concentrations of
ATN-RNA used for transfection. Fluorescence images were taken using Leica TCS SP5 confocal laser scanning
microscope and Plan Apo 63x1.4 NA oil-immersion objective. Scale bars, 500 um.

https://doi.org/10.1371/journal.pone.0237889.9007

suggest that TNC can induce an EMT like phenotype in MCE-7 breast cancer cells via the
oVB6 and aVP1 integrins [42, 43]. Many studies on various cancer tissues have demonstrated
down-regulation of epithelial markers including E-cadherin, plakoglobin and cytokeratin, as
well as the up-regulation of mesenchymal markers such as N-cadherin and vimentin and
expression of EMT transcription factors SNAI 1/2 and TWIST. Since these changes towards
mesenchymal phenotype could correlate with invasiveness, metastatic potential and poor
patient’s outcome, we have investigated the effect of TNC knockdown on the expression levels
of EMT markers. Our results show that down regulation of TNC reverses the malignant phe-
notype of the cancer cells. As the experimental result we observed the down-regulation of mes-
enchymal marker—vimentin followed by the up-regulation of epithelial marker—E-cadherin.
This indicates ATN-RNA as a potential therapeutic agent, which could switch the mesenchy-
mal phenotype of breast cancer cells to the epithelial one, inhibiting the ability to metastasis
and invasion. Additionally, it has been also shown that TNC as the ECM component plays also
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Fig 8. The effect of TNC down-regulation on EMT process of MDA-MB-231 cells. (A) The protein expression levels
of E-cadherin, vimentin and GAPDH. (B) Western blot analysis of ATN-RNA effects on the EMT process revealed a
significant increase in E-cadherin level followed by the drop of the expression of vimentin protein. The data represents
the means + SD from 3 independent experiments.

https://doi.org/10.1371/journal.pone.0237889.9008
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arole in cell to cell or cell-matrix attachment most probably inhibiting the cells’ migration. In
approach with ATN-RNA, it seems that TNC in breast cancer cell line plays an anti-adhesive
role, which would affect the cell migration and invasion ability in addition to EMT processes.
Thus, TNC down-regulation seems to enhances the adhesiveness of cancer cells, showing the
direct involvement of TNC in cell adhesive properties. Targeting the TNC in potential therapy
might be also highly beneficial since it has been already established, that TNC maintain a stem
cell niche in the brain tumors, thus could promote the tumor cell invasion. Therefore, its over-
expression largely contributes to radio/chemotherapy resistance and tumor recurrence. In
fact, it has been shown that targeting GBM invasion increases tumor sensitivity to temozolo-
mide [44]. TNC also promotes stromal events such as the angiogenic switch and the formation
of more but leaky blood vessels involving Wnt signaling and inhibition of Dickkopfl (DKK1)
in a neuroendocrine tumor model [45].

We observed significant ATN-RNA-mediated down-regulation of TNC was in concor-
dance with the observed changes in proliferation and migration rates. The results show that
the ATN-RNA transfected cells lose their ability to migrate, thus showing the involvement of
TNC in breast cancer invasiveness. Our data indicate also that, the down-regulation of TNC
expression in MDA-MB-231 cancer cell lines inhibits proliferation along with induction of cell
death. We were able to determine the TNC impact on the apoptosis by measuring level of both
caspases initiating intracellular events (caspase-2, -8, -9) and effector caspases-3, -6 and -7.

Orend et al. [46] demonstrated that TNC causes cdk2 inactivation and blocks cell cycle pro-
gression from G phase to S phase of anchorage-dependent fibroblasts by interfering with
fibronectin-syndecan-4 interactions. For the proliferation of anchorage-dependent cells,
attachment to the ECM is required. Detachment of fibroblasts by a pure tenascin-C substra-
tum results in G;-phase arrest by inactivation of the cdk2 complex in a CKI-dependent man-
ner [46]. In contrast to fibroblasts, proliferation of most tumor cells is stimulated by TNC [47].
This shows that the effect of TNC on proliferation is cell type-specific and suggests that in can-
cer cells, the cdk2 complex is not repressed in the presence of TNC. In leukemia, breast carci-
noma and glioma were found subpopulations of stem-like cells that support tumor growth
[48]. In such cells, adhesion on the TNC substratum may override the Go/G; and G//S cell
cycle checkpoints, which may explain the increased proliferation rate [47]. The G,/S transition
is enforced by cyclin E/cdk2 activation via syndecan-4 related signalling. It has been shown
that TNC in tumor cells binds to the syndecan-4 binding site in fibronectin, thereby blocking
syndecan-4 ligation, releasing the tumor cells from the suppressive effect of fibronectin on
their proliferation [49]. This would appear to indicate that TNC indirectly blocks some signal-
ling pathways by inactivating syndecan-4 and activating cdk2. In the present study, we
observed the induced accumulation of cells in S-phase with a concomitant decrease in number
of cells in G;-phase. Since this phenomenon was not observed in untreated cells, we concluded
that the accumulation of cells in S-phase was largely attributed to the presence of ATN-RNA.
The dose-related S-phase cell cycle accumulation described here appears to be primarily the
result of TNC down-regulation. Since, inhibitory phosphorylation of cdk2 is maximal during
S- and G,-phase it is likely that decreased level of TNC caused by ATN-RNA negatively affects
cdk2 activation in S-phase and inhibition of the cell cycle in this phase. However, the exact
mechanism should be the subject of future investigations. It seems likely that, down-regulation
of TNC mRNA may be a unique approach to sensitizing cancer cells with S-phase chemother-
apy. It has been already shown, that S-phase cell arrest can be impacted by the potential thera-
peutic agent incorporation into DNA during replication e.g. nucleosides analogous [50-52].
Mechanistically, cell cycle analysis revealed that ATN-RNA reduces cell proliferation primarily
via cell cycle arrest in S-phase. The desirability of targeting S-phase as a mode of action of
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breast cancer therapeutics is underlined by the topoisomerase I (TOP1) inhibitor irinotecan,
which is a clinically effective pharmaceutical for advanced and metastatic breast cancer [53].

Since we used RNAi technology and dsRNA for TNC downregulation that as has been shown
may also induce various sequence-dependent and sequence-independent events including
immune response activation, we have also looked at the expression level of the genes possibly
stimulated by the dsSRNA. The stimulation of cytoplasmic IFN-inducible dsRNA-activated pro-
tein kinase (PKR), retinoid acid-inducible gene-1 (RIG-I), 2'-5'-oligoadenylate synthetase (OAS),
interferon gamma inducible factor 16 (IFI16) and endosomal Toll-like receptors TLR3, TLR7,
TLR8 leads to the activation of interferon regulatory factors and secretion of type I and III inter-
ferons. These molecules via autocrine/paracrine signaling activate (STAT) signaling pathway
and lead to sequence-independent changes in cell division, growth or apoptosis [54-56].

However, our results did not show the ability to induce the immune response in breast can-
cer cell line at the level of the selected genes expression. Thus, our collected data of apoptosis
and cell cycle analysis, together with the immune response analysis allowed us to hypothesize
that ATN-RNA is specifically involved in apoptosis induction, without possible off-target effect
and immune response activation.

Closely mimicking the tumor environment 3D cell line spheroids model of breast cancer
confirmed TNC direct involvement in tumor spheroids viability, thus the down-regulation of
this protein results in disintegration of spheroid morphology. One can however observe, that
the application of 100 nM concentration of ATN-RNA in some cases impacts the unexpected
changes and the discrepancy regarding to lower concentrations. 100nM ATN-RNA concentra-
tions seems to be too high for the viability of cells resulting with the more likely unspecific
effects. This would suggest, that the dose of ATN-RNA applied to cancer cells must be then
carefully established to avoid any toxic or unspecific effects. In our approach we established
then the TNC loss-off-function MDA-MB-231 cell line, what resulted in a response to abrogate
potency to tumor growth. We have found that the viability of microtumor is abolished in a
dose-dependent manner, especially at the tumor borders, but also with the predominant pres-
ence of dead cells in the spheroid core (Fig 8). Since a large number of dead cells was observed
in all spheroids treated with ATN-RNA, we could suspect the possible diffusion of the
ATN-RNA agent and high levels of cellular stress inside the 3D structure.

Our results share a number of similarities with Xia et al.’s [57] findings with glioma “go-or-
grow” phenomenon which represents characteristic, fast growing tumor cores and diffuse
tumor borders with a low proliferation rate. The cellular mechanisms of this phenotypic switch
in intracranial tumor xenografts are associated with decreased tumor invasion and increased
tumor proliferation due to decreased TNC level in tumor microenvironment [57]. Taken
together our observations, we conclude that, even when we observe the cells diffusion from the
periphery of the spheroids, it more likely cannot be connected to the possible invasive cells
potential.

There is a large body of literature that highlights the role of TNC in tumor expansion and
metastasis [46, 47, 49, 58, 59]. Although, participation in pathological processes of other tenas-
cin family proteins, especially tenascin-X (TNX, encoded by the TNXB gene) is still controver-
sial. Liot et al. [58] conducted a large meta-analysis using the Gene Expression Omnibus and
The Cancer Genome Atlas databases and immunohistochemistry staining of Tissue MicroAr-
rays to analyze TNX expression in 13 types of cancer in the context of tumor progression.
Their results show that TNX mRNA and protein levels are down-regulated in most cancers,
except for glioma. Discrepancies between gene and protein expressions were observed for
stomach adenocarcinoma, ovary cancer and malignant mesothelioma. Survival differences
between the established TNXB'" and TNXB™" subgroups were evaluated with Kaplan-Meier
survival curves. As expected, the expression level of TNXB mRNA were significantly associated
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with the clinical outcomes of lung adenocarcinoma (P = 0.0014) and breast carcinoma

(P =0.0234) patients. These results indicate that high expression of TNXB correlates with good
prognosis and survival rate in the breast and lung carcinomas which have the highest incidence
and mortality in the world among all of cancers.

Our experimental data are in concordance with the oncogenomic portals deep analysis
showing the association of the TNC over-expression and the poor survival of the breast cancer
patients. The analogous analysis of the TNX expression level shows the opposite effect on the
survival. The over-expression of TNXB mRNA correlates with the long survival of the breast
cancers patients, whereas its down-regulation is linked to shorter time of survival. The finding
is consistent with previous research by Matsumoto et al. [60], which found that the absence of
TNX may promote tumor cell behaviour. In particular, B16-BL6 melanoma cell growth and
metastasis was increased in tenascin-X double knockout mice (TNX-/-) in comparison to lit-
termates. Cells in natural state express TNX reciprocal to TNC, so therapy based on silencing
expression should target only one of those proteins to not disturb functionality of the second
one. The alignment of these two ECM proteins—TNC and TNX shows that they share only a
limited number of nucleotides, avoiding the ATN-RNA sequence overlap with the TNXB.
Therefore the ATN-RNA therapeutic tool only matches to the TNC sequence (Fig 2A). The
down-regulation of TNC with ATN-RNA prolongs then patients’ survival protecting the sup-
pressive activity of TNX. Regarding the presence of the TNC isoforms, almost universal and
high level of expression of all these isoforms in breast carcinomas coupled with their tumor-
restricted distribution make them still a plausible therapeutic target for ATN-RNA, since the
sequence of ATN-RNA is directed to the EGF-like domains present always in all splicing
variants.

Looking at the data, one can however see the discrepancy between gene and protein expres-
sion of the isoforms at the breast and breast cancer tissue level in our analysis. The repositories
in the data bases allowed us to clearly show the expression of the TNC and TNX at the mRNA
level which was detected for 1085 patients. The Human Protein Atlas at the same time shows
the data for only 11 breast cancer patients at the protein level. Thus, we assume the discrepancy
might arise from the highly different number of the samples with the relevant data. The data
on the mRNA and protein level, although differ in the number of the samples, still keep, in our
mind, the tendency which shows the overexpression of TNC in breast cancer samples.

Additionally, the performed analysis including the TNC impact on the patient survival,
with the data for 196 breast cancer patients, provides, in our mind, strong premise for consid-
ering the TNC as the good candidate as the therapeutic target and the malignancy predictor
for breast cancer patients.

Our results as well as the oncogenomic data, both correlate TNC expression with the poor
patients survival and enhance the utility of TNC as a kind of universal therapeutic target for
other tumors types, where TNC overexpression is associated with poor prognosis.

However, we also emphasize the fact that no ECM protein exists in isolation and suggest
that, even targeting such potent molecule as TNC alone, may not be sufficient to completely
damage the neoplasm and benefit patient outcome. Therefore, targeting TNC may be poten-
tially supportive in designing more effective anticancer treatments when used in conjunction
with radiotherapy, and chemotherapy.

Materials and methods
Cell culture conditions

Human MDA-MB-231 breast cancer cells triple negative-ER-; PR-; HER2- were purchased
from ATCC (American Type Cell Collection, Manassas, VA, USA). Cells were maintained in
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DMEM medium supplemented with 10% foetal bovine serum (FBS), 100 U/ml penicillin and
0.1 mg/ml streptomycin (all from Sigma-Aldrich, MO, USA). Cell line was cultured in humidi-
fied incubator with 5% CO, at 37°C.

dsRNA preparation

ATN-RNA was prepared as previously described [25, 61]. Briefly, ATN-RNA was generated by
in vitro transcription of ATN-DNA flanked by T7 and T3 RNA polymerase promoter regions.
The two strands were synthesized individually, purified, and then added together for annealing
and renaturation (50 mM Tris-HCl pH 7.5, 50 mM NaCl, 95°C for 3 min, 75°C for 30 min and
slow cooling down for 4 h to 25°C) [62]. Hybridization was analysed on 6% polyacrylamide

gel electrophoresis with 7M urea.

In vitro transfection

Transfection of dsSRNA was performed with a commercial reagent, Lipofectamine™ 2000
(Thermo Fisher Scientific, MA, USA) in 24-well plates according to manufacturer’s instruc-
tions. Briefly, the day before transfection, confluent layers of cells were trypsinized, counted
and resuspended. Cell suspension was plated into each well of the 24-well plates, so that they
could become about 70% confluent next day at the time of transfection. The cells were then
incubated with dsRNA (10; 25; 50 and 100 nM—final concentration) for 48 h.

3D spheroid culture

MDA-MB-231 cells were initially maintained as a monolayer culture and transfected with 10;
25; 50; 100 nM (final concentration) of ATN-RNA and Lipofectamine® 2000 (Invitrogen, CA,
USA). After 24 h cells were seeded in Perfecta3D™ 96-well Hanging Drop Plate (3D Biomatrix,
Ann Arbor, MI, USA). Spheroids in hanging drops were formed by pipetting 5x10° cells in

50 pl of complete growth medium. The cell culture medium was supplemented on the third
day of culture by adding 7 pl fresh growth media to each drop. Spheroids were grown for 5
days.

RNA isolation

Total RNA from breast cell lines was isolated with TRIzol®™ Reagent (Thermo Fisher Scientific,
MA, USA), then purified using the Ambion®™ DNA-free™ Kit (Applied Biosystems, CA,
USA) according to the manufacturer’s instructions. The reverse transcription was carried out
using 1 pg RNA, random primer and RevertAid"™ H Minus M-MuLV reverse transcriptase
(Thermo Fisher Scientific, MA, USA).

Quantitative RT-PCR

Real-time qPCR was performed to assess transcripts of TNC (Tenascin-C; TNC-R: GGGATT
AATGTCGGARATGGT, TNC-L: CCGGACCAAAACCATCAGT), OASI1 (2'5-oligoadenylate
synthetase 1; OAS1-R: CAGGAGCTCCAGGGCATAC, OAS1-L: CATCCGCCTAGTCAAGC
ACT), OAS3 (2°-5’-oligoadenylate synthetase 3; OAS3-R: ACGAGGTCGGCATCTGAG,
OAS3-L: TCCCATCAAAGTGATCAAGGT), RIGI (retinoic acid-inducible gene I; RIG1-R:
TTGGTATCTCCTAATCGCAAAAG, RIG1-L: GGCAAGTCCCGCTGTAAAC), IFI16 (inter-
feron gamma inducible factor 16; IFI16-R: TTTGGATGCTCTGGTCATCTT, IFI16-L:
GGCATTTTGAAGAATTGGAAAG), TLR3 (Toll-like receptor 3; TLR3-R: ATCTTCCAATTGC
GTGAAAAC, TLR3-L: TGGATATCTTTGCCAATTCATCT) expression relative to HPRT
(hypoxanthine phosphoribosyltransferase; HPRT-R: CGAGCAAGACGTTCAGTCCT,
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HPRT-L: TGACCTTGATTTATTTTGCATACC), ACTB (B-actin; ACTB-R: CCAGAGGCGT
ACAGGGATAG; ACTB-L: CCAACCGCGAGAAGATGA) using the thermocycler LightCy-
cler™ 480 (Roche Applied Science, Germany). The reaction mixture was prepared with the
LightCycler™ 480 Probes Master Kit (Roche Applied Science, Germany) and included 1x Mas-
ter Mix, 0.1 uM of probes, 1 uM of each primer, 1 pl of template cDNA and water to a final vol-
ume of 10 pl. The PCR conditions for all genes were as follows: initial incubation step at 95°C
for 5 min followed by 45 cycles of amplification for 15 s at 95°C, 30 s at 55°C and 30 s at 72°C.
the final cooling step was 40°C for 30 s. All standard curves were generated by amplifying a
series of 2-fold dilution of cDNA.

Protein isolation

MDA-MB-231 3D spheroid cells treated with ATN-RNA were sonicated in 50 mM Tris-HCI
buffer pH 7.5 with 1x protease inhibitors cocktail (Sigma-Aldrich, MO, USA) for 3x15 s and
centrifugated 5 min at 10000 rpm. Supernatant containing soluble proteins was spectrophoto-
metrically measured at a wavelength of 280 nm to assess the protein concentration and then
used for Western blot analysis.

Western blot analysis

100, 50 and 10 pg of protein extracts were separated by 15% SDS-PAGE for TNC, EMT pro-
teins and GAPDH, respectively. PageRuler™ Plus Prestained Protein Ladder (Thermo Fisher
Scientific, MA, USA) was used as the size marker. The electrophoresis was run at a current of
30 mA and a voltage of 250 V. Transfer was carried out for 30 min at a current of 130 mA and
a voltage of 100 V in wet transfer blotter (Bio-Rad, CA, USA) onto PVDF membrane of

0.45 pm pore size (GE Healthcare, IL, USA) in transfer buffer (25 mM Tris base, 190 mM gly-
cine, 20% methanol). Blots were rinsed once in PBST20 (PBS, 0.05% Tween 20). The mem-
branes were placed in the SNAP i.d."™ 2.0 apparatus (EMD Milipore, MA, USA), where it was
blocked for 10 min with a 0.5% solution of skimmed milk in PBST20 (Sigma-Aldrich, MO,
USA). Hybridization was done with polyclonal Tenascin-C antibody (Santa Cruz Biotechnol-
ogy, TX, USA), E-cadherin and vimentin from the Epithelial-Mesenchymal Transition (EMT)
Antibody Sampler Kit (Cell Signaling Technology, MA, USA), while for detection of glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) monoclonal antibody was used (Santa Cruz
Biotechnology, TX, USA). Antibodies were diluted 1:500 in 3% BSA. Membranes were incu-
bated with the primary antibody for 10 min or overnight, depending on the level of detection
of the protein then washed 3 times with PBST20. Secondary anti-rabbit IgG and anti-mouse
IgG antibodies conjugated with horseradish peroxidase (HRP) were used (Sigma-Aldrich,
MO, USA). Detection of proteins was carried out with WesternBright Sirius Chemilumines-
cent Detection Kit (Advansta, CA, USA). Intensity of individual bands was analyzed qualita-
tively by Multi Gauge ver. 2.0 (Fujifilm, Tokio, Japan). Final expression levels of Tenascin-C,
E-cadherin and vimentin were compared to GAPDH expression level.

Real-time proliferation assay

Experiments were carried out using the xCELLigence Real-Time Cell Analyzer (RTCA) DP
instrument (Roche Applied Science, Germany). The system measures time-resolved electrical
impedance changes resulting from cell proliferation to electrodes located on the plate surface
(E-plate, ACEA Biosciences, San Diego, CA, USA). Initially, 100 ul of cell-free complete
growth medium (10% FBS) was added to the wells. After leaving the 16-well E-plates at room
temperature for 10 min in tissue culture hood, the background impedance for each well was
measured. Transfected with 10; 25; 50; 100 and 150 nM (final concentration) of ATN-RNA,
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MDA-MB-231 cells were seeded in E-plates at a density of 10x10* per well in complete growth
medium (100 pl). After leaving the plates at room temperature for 30 min to allow cell attach-
ment, they were placed in RTCA DP instrument and the impedance value of each well was
monitored by the xCELLigence system and defined as a Cell Index value (CI), a dimensionless
parameter, which was directly proportional to the total area of microelectrodes populated by
the cells. Impedance was measured for 72 h. CI was monitored every 15 min during the experi-
ment. Obtained CI values were entered to the GraphPad Prism v5.01 (GraphPad Software, La
Jolla, CA, USA) software and used to calculate half maximal inhibitory concentrations (ICsp).

Transwell migration assay

Transwell cell migration experiments were performed using xCELLigence RTCA DP Analyzer
in Cell Invasion and Migration (CIM) plates (ACEA Biosciences, San Diego, CA, USA) with
each well consisting of an upper and a lower chamber separated by a microporous polyethyl-
ene terephthalate (PET) membrane containing randomly distributed 8 um-pores. Prior to
migration assay, MDA-MB-231 cells were transfected with ATN-RNA. Initially, 160 ul of com-
plete growth medium (supplemented with 10% FBS) was added to the lower chamber and

25 ul of serum-free growth medium to the upper chambers of CIM-plate. To initiate a trans-
well migration experiment, cells were detached, resuspended in serum-free growth medium
and seeded in the upper chamber at a density of 5x10* cells in 175 pl per well, treated with
ATN-RNA (in 10; 25; 50 and 100 nM concentration). After cell addition, CIM-plates were
incubated during 30 min at room temperature in tissue culture hood to allow the cells to
embed onto the PET membrane. Impedance of the microelectrode array attached to the bot-
tom side of the microporous membrane was monitored and converted by RTCA DP software
to CI. Readouts were performed every 15 min for up to 72 h. Using GraphPad Prism v5.01
obtained CI values from each experimental condition were plotted against time, fitted to four-
parameter logistic non-linear regression model and the half-time of migration (half maximal
effective time, ET'5,) was calculated [63].

Adhesion assay

Cellular reattachment from suspension was monitored by the xCELLigence system based on
RTCA DP instrument. Experiment was carried out in 16-well E-Plates VIEW (ACEA Biosci-
ences, San Diego, CA, USA) with electrode-free viewing strip which allows for microscopy
observations. MDA-MB-231 cell transfections with ATN-RNA at final concentrations of 10;
25; 50; 100 nM were done 24 h prior to the reattachment assay. 1 h before test, E-Plates VIEW
were coated with 0.5% BSA dissolved in PBS, left at 37°C and 5% CO,. Then wells were washed
with PBS and filled with 50 pl of serum-free growth medium supplemented with 0.25% BSA.
Plate was next plugged in the RTCA DP instrument for first measurement of the background
impedance. Afterwards the same plate was seeded at the density of 5x10* cells in 150 pl
medium per well. System was subsequently re-inserted into the RTCA and left for 10 min to
stop movements of media in well. The impedance measurements lasted for 4 h with readout at
3 minute intervals. The resulting IC data depends on the number of adherent cells.

Cell cycle

MDA-MB-231 cells (6x10* per 6-well plate) were seeded and exposed to ATN-RNA (0; 10; 25;
50 and 100 nM) for 24 h and 48 h. The harvested cells were washed in PBS and 200 ul of
Muse™ cell cycle reagent (EMD Millipore, MA, USA) was added. The cells were incubated for
30 min at RT in the dark. Cell cycle distribution was analyzed by Muse™ Cell Analyzer (Merck
Millipore, MA, USA).
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Multi-caspase assay

The activity of caspase-1, -3, -4, -5, -6, -7, -8 and -9 was measured using a Muse™ Multi-cas-
pase kit (MCH100109, Merck Millipore, MA, USA) according to the manufacturer’s instruc-
tions. MDA-MB-231 cells were incubated with various concentrations of ATN-RNA (0; 10; 25;
50 and 100 nM) for 24 h. Cells were harvested and incubated with 5 ul of Muse™ Multi-Cas-
pase reagent working solution at 37°C for 30 min. Then, 150 pul of Muse®™ Caspase 7-AAD
working solution was added to each sample. Multi-caspase assay was performed with Muse™
Cell Analyzer (Merck Millipore, MA, USA).

Microscopy and image analysis

The morphology of the spheroids was visualized by a Leica DMI4000 B inverted microscope
(Leica Microsystems, Wetzlar, Germany) with 5x magnification objective. For assessment of
ATN-RNA effects in 3D cultures on spheroid morphology we applied author’s spheroid-edge
detection method. In brief, for each ATN-RNA concentration at experimental endpoint (72 h)
high magnification microscopy images were taken with a Leica Application Suite (Leica
Microsystems, Wetzlar, Germany) with a 1 ms exposure time. Central micro tumours were
cropped into the final images for spheroid-contour processing. The size of each cropped image
in all experiments was 567 x 567 pixels (24 Bit Color RGB), with resolution of 96 dpi. In next
step, the contour of spheroids was identified, followed by Contour Tool in Corel™ PHOTO--
PAINT X5 (Corel Corporation, Ottawa, ON, Canada). The size of the spheroids was analysed
using the analysis tools in Photoshop CS5 software (Adobe Systems, San Jose, CA, USA).

Viability analysis of spheroids

The viability of MDA-MB-231 spheroids treated with 10; 25 and 50 nM of ATN-RNA was ana-
lyzed using LIVE/DEAD Cell Imaging Kit (488/570) (Thermo Fischer Scientific, MA, USA).
MDA-MB-231 cells were transfected with ATN-RNA and seeded onto 96-well U-bottom
plates at a density of 5x10° cells/well in the 100 ul of DMEM growth medium supplemented
with 10% of FBS and 1% of antibiotic solution and cultured at 37°C and 5% CO, saturation.
After 3 days, spheroids were replaced into prewarmed (37°C) fresh medium containing LIVE/
DEAD reagent (calcein-AM/ethidium homodimer 1) prepared according to the manufactur-
er’s protocol and incubated for 30 min under growth conditions. Next spheroids were moved
to the glass-bottom dishes and placed in FluoroBrite DMEM (ThermoFisher Scientific). Life-
cell imaging was done using Leica TCS SP5 confocal laser scanning microscope equipped with
White Light Laser (470-670 nm) and environmental cell culture chamber provides controlled
conditions of temperature, CO, saturation and humidity. Sequentially scanned images were
collected at Ex: 488 nm/Em: 515 nm for live cells and Ex: 570 nm/Em: 602 nm for dead cell,
respectively, using a Plan Apo 63x1.4 NA oil-immersion objective. Image processing and anal-
ysis was done in Leica LAS AF software.

Databases

The expression data of TNC, TNN, TNR and TNXB genes were retrieved from The Cancer
Genome Atlas (TCGA) and the Human Protein Atlas. The GEPIA (Gene Expression Profiling
Interactive Analysis) online web server (http://gepia.cancer-pku.cn/) [64] collects data from
the database of TCGA. The tenascin genes expression data from TCGA were retrieved using
the GEPIA program. mRNA levels (log, TPM+1) of tenascin genes were replotted. The sur-
vival analyses of the cancer patients with high and low levels of TNC, and TNXB expression
were performed with the use of datasets and tools available in the PPISURV portal (http://
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www.bioprofiling.de/ GEO/PPISURV/ppisurvD.html) [65]. The data for analysis of the rela-
tionship between copy number category and expression level of TNC were obtained from
cBioPortal for Cancer Genomics (Memorial Sloan-Kettering Cancer Center, New York, NY,
USA; http://www.cbioportal.org/) [66, 67]. Sequence alignment of tenascin-C versus tenascin-
X with their relation to ATN-RNA was performed with BLASTN 2.6.1+ [68]. Accession num-
bers for analysed genes used in this alignment: Homo sapiens tenascin-C (TNC), mnRNA—
NM_002160.3; Homo sapiens tenascin-X (TNXB-S), transcript variant XB-S, mRNA—
NM_032470.3; Homo sapiens tenascin-X (TNXB-L), transcript variant XB-L, mRNA—
NM_019105.6. Immunohistochemical staining of tumor and normal tissues were retrieved
from the Human Protein Atlas. Samples with different scales of protein staining in tumor or
normal tissues were counted.

Statistical analysis

Statistical analyses were performed using GraphPad Prism v5.01. Data was collected as tripli-
cate from at least 3 independent experiments. The results were shown as mean + standard
deviation (SD). Differences between the means of treatments were evaluated using one-way
analysis of variance (ANOVA) followed by Tukey’s test. The half-maximal inhibitory concen-
trations (ICsq) were calculated by fitting experimental values to a sigmoidal bell-shaped equa-
tion. Statistical significance was designated as * P < 0.05, ** P < 0.01 and *** P < 0.001.
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Figure A. Messenger RNA level of TNC (tenascin-C) gene in 4 subtypes of invasive carcinoma of the
breast (N = 810 samples). RNA sequencing data were retrieved from the database of BRCA-TCGA and
analysed using the GEPIA (Gene Expression Profiling Interactive Analysis) online web server
(http://gepia.cancer-pku.cn/).
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Abstract

Glioblastoma multiforme (GBM) is the most common type of malignant gliomas, character-
ized by genetic instability, intratumoral histopathological variability and unpredictable clinical
behavior. Disappointing results in the treatment of gliomas with surgery, radiation and che-
motherapy have fueled a search for new therapeutic targets and treatment modalities. Here
we report new approach towards RNA interference therapy of glioblastoma multiforme
based on the magnetic nanoparticles delivery of the double-stranded RNA (dsRNA) with
homological sequences to mRNA of tenascin-C (TN-C), named ATN-RNA. The obtained
nanocomposite consisted of polyethyleneimine (PEI) coated magnetic nanoparticles conju-
gated to the dsRNA show high efficiency in ATN-RNA delivery, resulting not only in signifi-
cant TN-C expression level suppressesion, but also impairing the tumor cells migration.
Moreover, synthesized nanomaterials show high contrast properties in magnetic resonance
imaging (MRI) and low cytotoxicity combining with lack of induction of interferon response.
We believe that the present work is a successful combination of effective, functional, non-
immunostimulatory dsRNA delivery system based on magnetic nanoparticles with high
potential for further application in GBM therapy.

Introduction

Although accounting for less than 2% of adult cancers, gliomas are the most common form of
malignant primary brain tumor in adults.[1] Glioblastoma multiforme constitutes 25% of all
malignant nervous system tumors and the median overall survival remains around 12-15
months, even after combination treatments of cytoreductive surgical resection, radiotherapy,
and adjuvant oral chemotherapy with temozolomide|[2,3,4,5] The recent medical treatment
strategies have been progressing toward individualized therapy and many targeted drugs have
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been investigated, but the identification of molecular biomarkers in GBM as well as the novel
drugs delivery strategies are still of considerable therapeutic importance.

Among recently developed new methods towards GBM treatment, a lot of attention has
been drawn to gene therapy.[6,7,8] One of the strategy is RNA interference (RNAI), a general
term referring to post-transcriptional gene silencing mediated by either degradation or trans-
lation arrest of target RNA. RNAI is triggered by gene silencing mechanism that is initiated
with the introduction of dsRNA into a cell.[9] Specifically designed RNAi molecules can target
mRNAs and initiate their degradation. We have previously reported that dsRNA synthesized
by in vitro method can cleave the targeted mRNA and silenced the gene of interest expression.
[10,11] We used double-stranded 164 nucleotides long double stranded RNA specific for
tenascin-C (TN-C) mRNA. That agent, called ATN-RNA, induces RNAi pathway to degrada-
tion of TN-C, the extracellular matrix (ECM) protein which is highly overexpressed in brain
tumor tissue. The technology was coined interference RNA intervention (iRNAi). With the
approach ATN-RNA was administrated locally into the tumor’s cavity during standard neuro-
surgical procedures. Although the obtained clinical outcome from the experimental therapy
has been found as the very promising, resulting with the improving of the quality of patients
life, as well as the increasing of the overall survival, we are still far from the conclusion that the
used approach can be the most effective GBM treatment. Lack of an effective delivery method
for dsRNA and the instability of the nucleic acids during and/or after the delivery are still the
major difficulties in gene silencing studies.

In the last decade, nanotechnology has been widely applied in synthesis of nanoscale mate-
rials with main focus on cancer therapy.[12,13,14] Especially a lot of work has been put on the
development of new, multifunctional delivery systems which could overcome drawbacks of
conventional treatment methods and improve existing therapies by selective enrichment of
active substances in diseased tissue structures, an increase in bioavailability, the decrease of the
active substance degradation and, above all, the reduction and/or avoidance of unwanted side
effects.[15,16] Magnetic nanoparticles, mostly based on magnetite (Mag) have drawn so much
considerable attention in the field of smart materials due to their unique advantages over other
materials.[17,18] They are easy to produce and the synthesis cost is relatively small in compari-
son to other nanomaterials.[19] Moreover, they are physically and chemically stable, biocom-
patible and environmentally friendly. Therefore, they have been frequently used in gene
therapy as non-viral gene carriers.[20] Another important point in the application of magnetic
nanoparticles is the fact that they can be employed as contrast agents in MRI (Magnetic Reso-
nance Imaging) what makes them a very powerful diagnostic tool.[21] Indeed, the magnetic
nanoparticles have been successfully applied also in MRI of a brain tumor as well as in mag-
netic hyperthermia resulting in reducing of brain tumor mass.[22,23] Recently, they have been
also used in gene therapy for delivery of siRNA against survivin but reported results showed
moderate mortality of the cells.[24]

In the paper, we demonstrate application of magnetic nanoparticles as a multifunctional
carrier for a double-stranded RNA with contrast properties in MRI. We used a previously
reported ATN-RNA sequence shown to significantly reduce the expression level of TN-C. The
conjugation of nanoparticles with ATN-RNA showed the more effective TN-C downregula-
tion followed by the substantial impairment of the migration properties of cancer cells regard-
ing the routinely used transfection agent. Furthermore, obtained nanocomposites and their
complexes with ATN-RNA did not show the toxic properties and consequently, they do not
stimulate the interferon induction and innate immune response. Therefore, our results shed
new light on application of multifunctional magnetic nanoparticles in gene therapy of GBM
utilizing RNAi approach and point promising candidate for further studies.
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Materials and methods

All reagents and solvents were of reagent-grade quality. For all experiments, Milli-Q deionized
water (resistivity 18 MQxcm™) was used.

Synthesis and labeling of Mag@PEI nanoparticles

Magnetic nanoparticles coated with PEI (Mag@PEI) were synthesized according to a previously
reported protocol with small modifications. Briefly, FeCl;-6H,O (Sigma-Aldrich) (135 mg, 0.5
mmol) were mixed with FeCl,-4H,O (Sigma-Aldrich) (50 mg, 0.25 mmol) in water (5 mL) and
degassed with N,. The mixture was heated up to 80°C followed by addition of 1 mL of working
solution (0.5 g of 25-kDa branched polyethyleneimine (PEI-25g,), 250 uL of Capstone FS-65
fluorosurfactant (Du Pont) and 2.5 mL of NH,OH dissolved in 10 mL of Milli-Q water) and
constant heating was maintained for 120 min. After cooling down the mixture of nanoparticles
was washed with water (2 x 150 mL) and collected by an external magnet. Finally, the NPs were
redispersed in 10 mL of water. The Mag@PEI concentration was determined spectrophotomet-
rically in terms of the iron content in an aqueous suspension of the stock nanomaterial by com-
plexation with 1,10-phenanthroline (Sigma-Aldrich) as described previously.[25]

Nanoparticles conjugated with fluorescent dye ATTO 550 were prepared as described else-
where [26] Briefly, 2 mL of Mag@PEI nanoparticle suspension in water (2.25 mg Fe/mL) was
mixed with 490 pL 0.1 M borate buffer, pH 8.5, and 10 uL solution of ATTO 550 NHS-ester
(Sigma-Aldrich) in DMSO (10 mg/mL). The resulting suspension was incubated o/n at room
temperature and dialyzed against water using Slide-A-Lyzer Dialysis Cassette G2 (Thermo
Fisher Scientific) with a cut-off at 3500 MW.

Physical characterization

For transmission electron microscopy (TEM) a small amount of the sample was placed on a
copper measuring grid (Formvar/Carbon 200 Mesh made by TedPella (USA)) after 5 minutes
of sonication in deionized water. Then, the sample was dried in a vacuum desiccator for 24
hours. TEM images were recorded on a JEM-1400 microscope made by JEOL (Japan) at an
accelerating voltage of 120 kV. The Image]J software (Bethesda, MD, USA) was used to process
TEM micrographs in order to analyze the size of nanoparticles. Magnetic measurements were
performed on SQUID magnetometer at 5 K and 300 K. FT-IR spectra were recorded on Bru-
ker Tensor 27 spectrometer in KBr pallets. Multiple light scattering (MLS) measurements were
performed on Turbiscan Lab produced by Formulaction SA in 10 mL vials. Zeta (£) potential
measurements were carried out using Zetasizer Nano-ZS ZEN 3600 produced by Malvern
Instruments Ltd (UK). The experimental setup for magnetic resonance imaging studies con-
sisted of an Agilent 9.4 T MRI preclinical scanner equipped with a 120 mm gradient coil (2
mT/m/A) and 30 mm millipede coil. In order to perform a quantitative T, relaxation experi-
ment (at 18°C) we employed MEMS protocol. Each echo is acquired after an excitation pulse
with an increasing echo time. The parameters of the data acquisition were as follows: field of
view 15 mm (FOV), matrix size 128 x 128, Gaussian-shaped pulse with 2048 ps length. The
echo time was set to 4 and 10 ms in two separate experiments. In total, 16 consecutive images
with varied echo time were acquired for each sample. The initial analysis was performed in
Vnmr] 4.2 revision software (Santa Clara, CA, USA). The raw relaxation data points were col-
lected from an average intensity obtained from circular Region of Interests (ROIs) and then
analyzed using Origin 8.5 software (Origin Lab, Northampton, MA, USA) using simple single
exponential decay function. In order to prepare MRI agarose-based phantom, nanoparticles
were suspended in a hot 2% agarose solution. The hot solution was finally transferred to 10
mm plastic vials and left for full agarose gelation.
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ATN-RNA preparation

ATN-RNA was synthesized in vitro as it has been already published.[11] ATN DNA harboring
plasmid was cleaved by EcoRI and HindIII restriction enzymes (Promega). The two strands of
RNA were transcribed separately with T3 and T7 RNA polymerases from MEGAscript Tran-
scription Kits (Ambion). Hybridization of RNA was performed in a buffer containing 20 mM
Tris-HCI, pH 7.5 and 50 mM NaCl. The reaction was carried out for 3 min at 95°C, 30 min at
75°C and at the end slowly cooled down to the room temperature.

Sequence of ATN-RNA (US Patent US 8,946.400 B2)

5’ CAAGCGACAGAGUGGGGUGAACGCCACCCUGCCAGAAGAGAACCAGCCAGUGGUGUU
UAACCACGUUUACAACAUCAAGCUGCCAGUGGGAUCCCAGUGUUCGGUGGAUCUGGAGUCA
GCCAGUCCCCUCUUCUGGACCGGGCGGAAGUCUCGGGCGCU 3”

3’ GUUCGCUGUCUCACCCCACUUGCGGUGGGACGGUCUUCUCUUGGUCGGUCACCACAA
AUUGGUGCAAAUGUUGUAGUUCGACGGUCACCCUAGGGUCACAAGCCACCUAGACCUCAGU
CGGUCACCCCUCUUCUGGACCGGGCGGAAGUCUCGGGCGCU 5

Preparation of Mag@PEI/ATN-RNA complexes

The binding ability of ATN-RNA to Mag@PEI was performed by the gel retardation assay and
UV-Vis spectrophotometry. To prepare Mag@PEI/ATN-RNA complexes, 1 pg of ATN-RNA
was mixed with Mag@PEI with a series of Fe weight ratios (1, 2, 3, 4, 5, 8, 10 Mag@PEI to
ATN-RNA wt:wt ratio) in the nuclease-free water, and incubated for 30 min at RT, allowing
for sufficient binding of dSRNA molecules with the Mag@PEI. The Mag@PEI/ATN-RNA
complexes were loaded onto 1% agarose gel for electrophoresis in TAE buffer at a constant
voltage of 70 V for 30 min to visualize the ATN-RNA bands using a Digital Imaging and Anal-
ysis System II (Serva). SimplySafe fluorescent stain was used for detecting RNA in agarose gel.
Meanwhile, the formed Mag@PEI/RNA complexes suspension was centrifuged (10000 rpm,
10 min) and the prepared supernatant was analyzed spectrophotometrically (NanoDrop 2000,
Thermo Scientific) at A260 nm to reveal ATN-RNA content.

Cell culture

The study was performed on a human U-118 MG cell line (ATTC) derived from a glioblas-
toma multiforme. Adherent cell growth was carried out in a Dulbecco’s Modified Eagle
Medium (DMEM, Gibco) High Glucose supplemented with 10% fetal bovine serum (FBS,
Sigma-Aldrich) and 1% penicillin-streptomycin antibiotic (Sigma-Aldrich). Cells were grown
at 37°C in a 95% humidified chamber with 5% CO,.

Transfection of GBM cells

ATN-RNA transfection was performed with Mag@PEI or Lipofectamine (Invitrogen) as a car-
rier. The procedure was carried out on the day-old cell culture seeded on 12 or 96-well plates
in the supplemented medium. In a case of the 12-well plate, 150,000 cells were seeded in 1 mL
of medium, for 96-well it was 10,000 cells in 200 pL. Once the cells have reached 75-90% con-
fluency, the medium was removed, cells were washed with phosphate-buffered saline (PBS,
Sigma-Aldrich) buffer and an unsupplemented culture medium in the amount reduced by the
volume of the transfection mixture was added. Transfection complexes containing Mag@PEI
nanoparticles were prepared by mixing Mag@PEI suspension (100 pg Fe/mL) with ATN-RNA
solution (100 ng/pL) in serum and supplement-free DMEM with an iron-to-RNA ratio of 3:1
(w/w). The mixture was further incubated at RT for 30 min to allow the components to
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assemble. After this time, the volumes of the prepared complexes corresponding to the proper
ATN-RNA final concentration (10, 25, 50 and 100 nM) were transferred to the wells.

Lipofection was performed according to the manufacturer’s recommendations. Two sepa-
rate mixtures, OptiMEM (Gibco) with Lipofectamine and OptiMEM with ATN-RNA, were
incubated for 5 min at the room temperature. After that, both solutions were combined. The
prepared reaction mixture was incubated 20 min at the room temperature and then trans-
ferred to the appropriate wells. In addition, cells treated with Lipofectamine or Mag@PEI car-
riers only were used as controls.

Cellular uptake of transfection complexes

To track the magnetic complexes in the cell, ATN-RNA was fluorescently labelled with fluores-
cein, according to the manufacturer’s protocol (Label IT Tracker Intracellular Nucleic Acid
Localization Kits, Mirus Bio, USA). The final concentration of the fluorescein containing RNA
was quantified on a spectrophotometer (NanoDrop 2000). The fluorescently labelled Mag@-
PEI nanoparticles were then used to assemble complexes with fluorescently labelled
ATN-RNA, as described in the previous section. U-118 cells (2.5 x 10* cells/well) were plated
onto an 8-well Nunc Lab-Tek Chamber Slide (Thermo Fisher Scientific) and cultured for 24 h.
Next, 50 pL of Mag@PEI/ATN-complexes (100 nM) was added and incubated with the cells at
37°C for 24 h.

For visualization under a confocal microscope, the cells were fixed with 4% formaldehyde
(Sigma-Aldrich) in phosphate-buffered saline (PBS) for 15 min. The cell membranes were
stained with ConcanavalinA-FITC (Life Technologies) at a concentration of 50 pg/mL, the F-
actin fibers were stained with Oregon Green 488 phalloidin (Molecular Probes) at a concentra-
tion of 165 nM and the cell nuclei were stained with Hoechst 33342 (Molecular Probes) at a
concentration of 8 pM. Cells were imaged using a confocal laser scanning microscope (Olym-
pus FV1000, Japan). Image acquisition and analysis were performed with a 60x objective, a
1.4 oil immersion lens and FV10-ASW software (Olympus). Images of the Mag@PEI were
visualized using 559 nm excitation and 570-590 nm emission filters, whereas ATN-RNA was
visualized using 488 nm excitation and 495-545 nm emission filters. To visualize the cell mem-
branes or cytoskeleton, 488 nm excitation and 495-545 nm emission filters were applied. The
Hoechst fluorescence was detected using 405 nm excitation source and 425-475 nm emission
filters. The 3D-scan of the sample was performed using Z-stack mode measurements and ana-
lyzed with Imaris software (Bitplane).

Cytotoxicity assays
The WST-1 cell proliferation assay, as well as fluorescent cell viability assay, were carried out
to assess the cytotoxicity of the nanoparticles and complexes with ATN-RNA.

In WST-1 assay (Takara), U-118 cells were seeded at the density of 10,000 cells per well in
the 96-well plate. After 24 hours, medium containing an increasing concentration of tested
Mag@PEI/ATN-RNA complexes (in terms of RNA concentration) was added to each well and
the cells were incubated for 24 h. After incubation, 10 pL of the WST-1 Cell Proliferation
Reagent was added to each well and incubated for 4 hours. After this time, the absorbance at
450 nm (reference wavelength 620 nm) was recorded against the background control, using a
multiwell plate reader (Zenyth, Biochrom) and the cell viability was expressed as the respira-
tion activity normalized to untreated cells.

In Live/Dead assay, the U-118 cells were seeded in black polystyrene 96-wells flat bottom
plate with the transparent bottom (Greiner Bio-One GmbH) at densities of 10 000 cells per
well. After 24 h, medium containing an increasing concentration of tested Mag@PEI/
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ATN-RNA complexes (in terms of RNA concentration) was added to each well. Following 24
h exposure to the complexes, cells were incubated with 2 uM calcein AM (Thermo Fisher Sci-
entific), 2 uM ethidium homodimer-1 (Thermo Fisher Scientific) and 8 uM Hoechst 33342
containing PBS (100 pL/well) during 30 minutes at 37°C. Finally, the cells were analyzed with
the IN Cell Analyzer 2000 (GE Healthcare Life Sciences, UK). Viable cells were imaged using
the FITC/FITC excitation/emission filters while for the dead cells the TexasRed/TexasRed ex/
em filter combination was applied. DAPI/DAPI was applied to detect the Hoechst 33342 blue
signal. A minimum of 20 fields was imaged per well with a 20x magnification. Analysis of the
collected images was performed with the IN Cell Developer Toolbox software (GE Healthcare
Life Sciences, UK) using in-house developed protocol. First, the total cell number was retrieved
from the DAPI images by means of defining and counting the nuclei. Subsequently, the num-
ber of viable cells from the FITC images and the number of dead cells from the TexasRed
images were determined.

Nucleic acid extraction and quantification

Total RNA was extracted from cell lines with TRIZOL solution (Invitrogen) according to the
Chomczynski’s procedure.[27] Obtained RNA was purified from DNA residues with the
DNA-free DNA Removal Kit (Ambion) following the manufacturer’s instructions. The proce-
dure was completed by examining the quantity and quality of the resulting RNA solution. The
concentration was measured spectrophotometrically at a wavelength of A = 260 nm by Nano-
Drop 2000. The degree of possible material degradation was verified by an electrophoretic sep-
aration in the 1% agarose gel. Purified RNA was a template for complementary DNA (cDNA)
synthesis. Reverse transcription was performed using 500 ng of material with the Transcriptor
High Fidelity cDNA Synthesis Kit (Roche) according to the attached procedure.

qRT-PCR

The quantitative reverse transcriptase real-time PCR (qQRT-PCR) was performed with the Light-
Cycler480 using LightCycler480 Probes Master and Universal Probe Library (UPL) Set for
Human (Roche). Primers with probes were designed by the Universal Probe Library Assay
Design Center (https://qpcr.probefinder.com/organism.jsp). Primers sequences are given in
Table 1. The efficiency of primers was estimated on the standard curve with series of 2-fold dilu-
tions. The qQRT-PCR proceeded under the following conditions: an initial 5 min preincubation
at 95°C, 45 cycles of denaturation in 95°C for 10 sec, annealing at 55°C for 30 sec and extension
at 72°C for 10 sec. Hypoxanthine phosphoribosyltransferase (HPRT) was used as the endoge-
nous control. The LightCycler480 Software release 1.5.1.62 allowed for an analysis basing on the
E-method (Roche) expression level. All experiments were performed in triplicates.

Western blot analysis

Transfected cells were lysed by sonication. 150 pg and 10 pg of denaturated protein extracts
were separated on 12% and 15% SDS-PAGE (SDS-polyacrylamide gel electrophoresis) for
tenascin-C and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) detection respectively.
Spectra Multicolor Broad Range Protein Ladder (Thermo Fisher Scientific) was used as the
size marker. Subsequently the wet transfer onto PVDF membrane with 0.45 um pore size (GE
Healthcare) was performed in transfer buffer (25 mM Tris base, 190 mM glycine, 20% metha-
nol). The membranes were placed in the SNAP i.d. 2.0 apparatus (EMD Milipore), where it
was blocked with a 0.5% solution of skimmed milk in PBS. For detection of tenascin-C the
TNC polyclonal antibody (H-300, Santa Cruz) was used, while GAPDH was detected using
monoclonal antibody (0411, Santa Cruz). Antibodies were diluted 1:500 in 3% BSA (Sigma-
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Table 1. Primer sequences for qRT-PCR.

Primer Sequence 5> — 3’ UPL
RIG1 L GGCAAGTCCCGCTGTAAAC 42
RIG1 R TTGGTATCTCCTAATCGCAAAAG

OAS1 L CATCCGCCTAGTCAAGCACT 87
OAS1 R CAGGAGCTCCAGGGCATAC

OAS3 L TCCCATCAAAGTGATCAAGGT 41
OAS3 R ACGAGGTCGGCATCTGAG

TLR3 L TGGATATCTTTGCCAATTCATCT 80
TLR3_R ATCTTCCAATTGCGTGAAAAC

INTy L GGCATTTTGAAGAATTGGAAAG 21
INTy R TTTGGATGCTCTGGTCATCTT

GPX L CAACCAGTTTGGGCATCAG 77
GPX R TCTCGAAGAGCATGAAGTTGG

TNC L CCGGACCAAAACCATCAGT 76
TNC R GGGATTAATGTCGGAAATGGT

HPRT L TGACCTTGATTTATTTTGCATACC 73

HPRT R CGAGCAAGACGTTCAGTCCT
https://doi.org/10.1371/journal.pone.0213852.t001

Aldrich). Membranes were incubated with the primary antibody for 10 min or overnight,.
Afterwards, secondary anti-rabbit IgG and anti-mouse IgG antibodies conjugated with horse-
radish peroxidase (HRP) (Sigma-Aldrich) were used. Detection of a protein was carried out
with WesternBright Sirius Chemiluminescent Detection Kit (Advansta). Intensity of individ-
ual bands was analyzed qualitatively by Multi Gauge ver. 2.0 (Fujifilm).

Cell proliferation and migration assays

Real-time cell proliferation and migration were monitored by measuring changes in electrical
impedance using xCELLigence RT'CA DP system (ACEA Biosciences). In the first step, the
background impedance of a culture medium in plates was measured. In proliferation experi-
ments, the 16-well plate with incorporated sensor electrode arrays (E-plate) were seeded with
10,000 cells per well in a final volume of 200 uL of medium. Next, the impedance was measured
at 15-minute intervals for 72 h. The transfection was performed 24 h after cell seeding. For
migration assays, the 16-well plate consisting of two chambers with a microporous polyethylene
terephthalate (PET) membrane containing microfabricated gold electrode arrays on the bottom
side of the membrane between them (CIM-plate) was used. 10,000 cells per well were seeded in
an upper chamber in unsupplemented medium and moved towards a bottom chamber filled
with supplemented medium. The impedance was measured at 15-minute intervals for 96 h. The
seeded cells were transfected 24 h before experiment. Obtained cell index (CI) values were
entered to the GraphPad Prism ver. 5.1 (GraphPad Software, Inc., La Jolla, CA, USA) software
and used to calculate half maximal inhibitory concentrations (ICsq) of effecting cell prolifera-
tion. In case of transwell migration assay, obtained CI values from each experimental condition
were plotted against time, fitted to four-parameter logistic non-linear regression model and the
half-time of migration (half maximal effective time, ETs,) was calculated.

Scratch assay

Cell migration scratch assay was performed on 12-well plate, with 200,000 cells per well seeded
in a supplemented medium. Cells were grown for 24 h under optimal growth conditions.
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Next, the transfection was performed and the plate was incubated for another 24 h. After this
time the medium was replaced and "wound" was created in the monolayer of cells covering the
well. The scar effect was obtained by scraping cells in a straight line using a 200 pL tip. From
that moment, images of the cultured cells at 12 h intervals were taken for 48 h using a fluores-
cence microscope at 5x magnification. The analysis of the degree of scarring of individual
"wounds" was carried out by computer using the Tscratch program (CSElab).

Statistical analysis

Experimental results were subjected to statistical evaluation using GraphPad Prism ver. 5.1.
Values presented are an average of three biological along with three technical replicates as
mean values + standard error of the mean (SEM). Differences between mean values of tested
samples and controls were compared with the analysis of variance (ANOVA) extended by
Tukey or Bonferroni post-hoc tests. Statistically significant results were obtained at the level
of: * for p<0.05; ** for p<0.01; *** for p<0.001; no statistical significance for p> 0.05.

Results and discussion
Synthesis and characterization of nanoparticles

In the first step (Fig 1), the PEI coated magnetic nanoparticles (Mag@PEI) were prepared in a
straightforward manner via previously reported procedure in one step protocol from iron III
and II chlorides in the molar ratio 2:1 in the presence of polyethyleneimine and surfactant.[25]

The morphology of obtained nanocomposites was investigated by means of TEM. The par-
ticles were spherical in shape, however, some aggregations were observed (Fig 2A). The
obtained average size of magnetic nanomaterials ranged between 8 to 12 nm. In order to con-
firm the successful coating with PEI, the FT-IR spectrum was recorded. The spectrum showed
a peak at 585 cm™ which was assigned Fe-O bond. Characteristic signals at 1080 cm™ and
1330cm™ were attributed to C-N stretching vibration from the PEL The peak observed at
1575cm™ corresponds to N-H bending vibration from amine moieties present in polyethyleni-
mine structure. Moreover, the signals from CH, groups were observed at 2820 cm™" and 2950
cm™, respectively. Thus, FT-IR proved attachment of PEI at the surface of magnetic nanoparti-
cles (Fig 2B).

Since PEI molecules bound to magnetite nanoparticles by electrostatic interaction and the
negative charge on the surface of the particles is converted to positive charge, zeta potential of
Mag@PEI NPs was measured. Performed studies revealed that zeta potential of Mag@PEI NPs
was +40.6 mV what indicated the high colloidal stability of nanocomposites and additionally
confirmed successful functionalization of magnetic nanoparticles (Fig 2D). Encouraged by the
results obtained from zeta potential measurement we also investigated the colloidal stability of
Mag@PEI NPs in real-time by Multiple Light Scattering (MLS) using Turbiscan apparatus.

This technique provides the information about TSI global index which is a sum of all desta-
bilization processes occurring in the sample. However, one needs to take into account that the
lower the TSI index, the more stable the sample. The investigation of kinetic destabilization for
Mag@PEI NPs in water was monitored over a period of 24 h. The TSI index changed over
time from 0.6 to 6.8 for 4 h and 24 h, respectively, what proved that the Mag@PEI NPs had
high colloidal stability and sedimentation process occurred only in small extent (Figure A in
S1 File). The magnetic properties of obtained materials were measured by means of SQUID.
The sample exhibited superparamagnetic behavior, as evidenced by the lack of hysteresis loop
and blocking temperature of 155 K. Obtained nanomaterial had high magnetic saturation
above 40 emu/g at 300 K, which is important for its further guidance by external magnetic
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Fig 1. Schematic diagram of preparation of Mag@PEI /ATN-RNA complexes and its application in RNAi therapy of GBM cells.

https://doi.org/10.1371/journal.pone.0213852.9001

field and during magnetic separation. Moreover, the sample was easy handled by an external
magnet (Fig 2C).

Furthermore, contrast properties of synthesized magnetic nanocarriers and their potential
application in magnetic resonance imaging were assessed. In order to avoid drift of magnetic
nanomaterial in the high magnetic field, the suspensions of nanoparticles in an agarose gel (2
mg/mL) were prepared, according to recently reported protocol.[28] The spin echo (MEMS)
imaging results obtained for Mag@PEI NPs are shown in Fig 3. The relaxivity value measured
for our nanocarrier was as high as 225 mM™s™ proving high contrast properties of synthesized
nanoparticles. Moreover, this value is much higher than the relaxivity values reported for com-
mercial contrast agents based on magnetic nanoparticles like Feridex (120 mM s 1), Resovist
(186 mM's™) and Combidex (65 mM™s™).[29] Thus, our nanoparticles exhibited strong
application potential in further MRI studies.

The characterized nanocarrier was further used to determine its binding capability towards
ATN-RNA. In this experiment, ATN RNA was mixed with Mag@PEI NPs for 30 minutes at
different weight ratios varied from 1:1 to 10:1. We expected that negatively charged ATN-RNA
will interact with positively charged Mag@PEI NPs resulting in polyplexes formation. This
type of structure is often postulated in literature when PEI is used as a carrier for nucleic acids
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delivery.[30] In the next step, obtained Mag@PEI/ATN-RNA complexes were submitted to
agarose gel electrophoresis assay to visualize the linking of ATN-RNA to Mag@PEI NPs (Fig
4A). It is worth to highlight that the total amount of iron in the sample was first determined to
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https://doi.org/10.1371/journal.pone.0213852.9g004

keep this value constant in order to repeat the experiments with different batches of nanoparti-
cles which could slightly differ between each other. Analysis revealed that 2 weight equivalents
were sufficient to bind almost all of the ATN-RNA used in the experiment. However, to get a
deeper insight into this process, ATN-RNA concentration in the supernatant was investigated
by UV-Vis spectroscopy. This technique has higher sensitivity than the gel electrophoresis.
The data are presented in Fig 4B. UV-Vis experiments revealed that at Mag@PEI NPs to
ATN-RNA ratio of 2:1, free ATN-RNA was still present in the supernatant and the loading
was around 90%. However, at the ratio 3:1, the ATN-RNA was completely linked to Mag@PEI
NPs. Furthermore, at this ratio, a change in zeta potential from +40 mV for Mag@PEI NPs to
-12 mV for Mag@PEI/ATN-RNA complexes was observed (Fig 4C). This clearly proved that
negatively charged ATN-RNA bind to the surfaces of Mag@PEI NPs.

The DLS measurements were performed to investigate the size of synthesized nanoparticles
and prepared complexes in water. The Mag@PEI NPs had the hydrodynamic diameter of ~150
nm while the hydrodynamic diameter of Mag@PEI/ATN-RNA complexes increased slightly to
around 200 nm after nucleic acid binding (Fig 4D).

The uptake of Mag@PEI/ATN-RNA complexes by U-118 cells was investigated by means
of confocal microscopy. First, Mag@PEI nanoparticles were labelled with ATTO 550 dye. As
illustrated in Fig 5, glioma cells could be successfully transfected with nanoparticles since the
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red fluorescence from the dye was observed in the cytoplasm. Moreover, the analysis of the 3D
reconstruction further confirmed their internalization capacity of obtained complexes. (S1
Video). The bright field images show the presence of black dots corresponding to the aggre-
gated complexes containing fluorescently labelled Mag@PEI NPs.

A colocalization analysis was also performed to further demonstrate transfection of Mag@-
PEI/ATN-RNA complexes into glioblastoma cells. As shown in Fig 6, there is a visible colocali-
zation between the ATTO 550 labelled Mag@PEI nanoparticles (red color) and the FITC
labelled ATN-RNA (green color) in the cytoplasm suggesting high transfection efficiency of
the synthesized nanoparticles.

Cytotoxicity of magnetic nanocarierr and complexes with ATN-RNA

Cytotoxicity of both Mag@PEI NPs and polyplexes bearing ATN-RNA on GBM U-118 cells
were determined by two cytotoxicity tests, namely WST-1 and LIVE/DEAD assays. In the first
step, the toxicity of Mag@PEI NPs without bounded ATN-RNA at the concentrations of NPs
corresponding to the concentrations used in further transfection experiments (Figure B in S1
File). Mag@PEI carrier did not cause any significant toxic effect in the investigated concentra-
tion range and the data from both tests were consistent. Also, SRB test did not show any

Nanoparticles RN Mere

Fig 6. Colocalization of Mag@PEI NPs and ATN-RNA in U-118 cells. The representatives of the colours are blue (Hoechst 33342) for nuclei, green (FITC) for
ATN-RNA, and red (ATTO550) for Mag@PEI nanoparticles.

https://doi.org/10.1371/journal.pone.0213852.9006
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toxicity of our carrier (Figure C in S1 File). Subsequently, we assessed the cytotoxicity of
Mag@PEI/ATN-RNA complexes (Fig 7). To keep the same range of concentrations as previ-
ously used in RNAi approach [10], we used the ATN-RNA concentration between 10 to 100
nM. Both cytotoxicity assays revealed high viability of glioblastoma cells in the investigated
concertation range. So we could exclude undesired side effects coming from the nanoparticles.

Immune r esponse

Taking into account the possible use of nanoparticles as the therapeutic tool in GBM treat-
ment, the analysis of expression level of the genes involved in innate immune response was
performed. We examined whether our nanoparticles delivery system would elicit an innate
immune response in vitro. Undesired immune responses are an important consideration in
gene therapy and in the development of gene delivery systems because the introduction of
exogenous genes can activate the innate immune system of human cells to combat foreign
gene or pathogen invasion.[31] For example, siRNA can provoke an immune response via its
interactions with Toll-like receptors (TLRs) and trigger an interferon (IFN) response.[32]
Additionally, systemically introduced lipid nanoparticles have been reported to induce an
immune response in mice.[33] Thus, the potential immunostimulatory properties of a pro-
posed gene delivery system are important. We characterized U-118 GBM cells for their innate
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https://doi.org/10.1371/journal.pone.0213852.9008

immune response to the nanoparticle complexes. We measured the expression of OASI,
OAS3, RIG1, TLR3 and INFy using the qRT-PCR (Fig 8). The changes after ATN-RNA treat-
ment were either not observed, as for the RIG1 gene or negligible, as for OAS3 gene. However,
the highest concentration of ATN-RNA (50, 100 nM) caused the weak activation of interferon
response of above mentioned genes, but this activation was slightly higher in case of lipofection
when compared to magnetic nanocarrier—about 8% (p<0.01 and p<0.005, respectively). The
higher activation of OAS 1 gene was measured both in case of lipofectamine and nanoparticles
treatment, but it needs to be highlighted, that at 100nM ATN-RNA working concentration the
expression level of that gene was about 30% higher for lipofection, what gives 10% increase in
relation to the nanoparticles-mediated delivery (p<0.005).

The highest activation with ATN-RNA both with lipofectamine and using Mag@PEI nano-
carrier was observed for TLR3 and INFy genes. The ATN-RNA delivered with lipofectamine
caused the TLR3 gene expression activation at the level from 16% to 37%, starting from the 25
nM ATN-RNA concentration (p<0.005). The Mag@PEI NPs used as the ATN-RNA carrier
resulted in the lowest activation of the TLR3 gene expression with the observed 8-15% level,
for 25-100 nM ATN-RNA concentrations (p<0.01).

INFy gene was significantly upregulated both by the lipofectamine and Mag@PEI NPs.
However, with the same ATN-RNA concentration, the gene expression was elevated at the
higher level by the lipofectamine-mediated ATN-RNA delivery. With the already lowest con-
centration, we observed 10-12% overexpression by the lipofection and Mag@PEI NPs
(p<0.01). However, starting from the 25 nM ATN-RNA concentrations we noticed the grow-
ing differences with the effect of lipofectamine versus Mag@PEI NPs. With this concentration,
we observed the INFy gene overexpression of about 27 and 42% for Mag@PEI NPs and lipo-
fection, respectively. The highest concentrations caused —for 50 nM: 28 and 63%, for 100 nM:
44 and 75% in case of use of Mag@PEI NPs and lipofection, respectively.
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RNA interference therapy

To achieve down-regulation of TN-C expression in U-118 glioblastoma cell line, lipofection
along with Mag@PEI NPs with various concentration of ATN-RNA- 10, 25, 50 and 100 nM was
performed. 24 hours after transfection the expression level of tenascin-C was examined by
qRT-PCR analyses. The downregulation of TN-C mRNA expression was observed compared to
controls treated with the transfection agent or with scrambled RNA. The level of TN-C was
decreased from 2% at a concentration of 10 nM ATN-RNA to 34% for cells treated with 100 nM
ATN-RNA in comparison to the untreated cells (p< 0.005) in case of samples where ATN-RNA
was delivered with lipofectamine (Fig 9). At the same time, the above mentioned range of
ATN-RNA concentration was delivered with Mag@PEI nanoparticles resulted in the significant
drop of the TN-C expression level. The downregulation effect was visible already with the lowest
concentration with the decrease at 20%. The highest concentrations: 25, 50 and 100 nM caused
the TN-C downregulation about 43, 48 and 80%, respectively (p< 0.005) (Fig 9A).

The qRT-PCR analysis was also supported by the direct analysis of the protein expression
level. The Western blot detection reveled again with the more significant drop of the TN-C
expression caused by the nanoparticles-mediated ATN-RNA delivery. We observed already
40% decrease of the protein expression with the 10 nM ATN-RNA. The highest concentration
used caused the dramatic drop of the protein expression measured as the 85% of the decrease.
The lipofectamine mediated ATN-RNA delivery at the same time caused only about 40%
decrease of the expression level with ATN-RNA concentrations 50 and 100 nM (Fig 9B).
These observations were fully consistent with the obtained relative TN-C expression level mea-
sured by qRT-PCR.

These results clearly support the idea of nanoparticles mediated delivery in order to achieve
the significant biological effect along with the lowest concentration of therapeutic agent. The
Mag@PEI mediated ATN-RNA delivery was already efficient with the lowest- 10 nM concen-
tration- 20% of TNC downregulation, while the lipofectamine at the same time was not able
yet to deliver the RNA. During the whole experiment, we observed about 30-50% higher effi-
ciency of nanomediated delivery compared to the lipofectamine-driven one.

B
Mag@PEI Mag@PEI Lipofectamine 2000
[ Lipofectamine 2000 ATH-RNA [oM] ATN:RNA [nM]
1.2+ X c 10 25 50 100 c 10 25 50 100
210 - e[ B & |- - |
5 1 — 1 *kk
—_— . ,_l *kk GAPDHIV — —— -——”— _-.—-—'—‘l
S 0.8- sy —
7]
g 0.6 Cc 1.2 MNP@PEI
o .0 3 Lipofectamine 2000
& 0.4 s
o Y- )
0 ﬁ 0.8
Z 0.2 ':;.’_u.s
. 04
OG = = % 0.2
(¢} \Q \QQ QO.O

ATN-RNA [nM]

ATN-RNA [nM]

Fig 9. The expression level of TN-C after lipo- and nano-mediated ATN-RNA delivery to U-118 cell line. A. The relative expression level of the expression
of TN-C established by qRT-PCR calculated with the AACp method. B. The protein expression level measured by Western blot with densitometric analysis (C.)
Statistical evaluation of ATN-RNA versus control (Clipo or Cnano, respectively) cells was performed using one-way ANOVA followed by Tukey’s posthoc test.
Significance value: ** p< 0.01, *** p< 0.001. Legend: Mag@PEI- nano-mediated ATN-RNA delivery; Lipofectamine- lipo mediated ATN-RNA delivery.
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Proliferation and migration of GBM cells

In order to investigate the delivery efficacy of the carriers, we measured the cells proliferation
rate. U-118 glioblastoma cell line was treated with Mag@PEI NPs and Lipofectamine com-
bined with ATN-RNA followed by the real-time cell proliferation assay with the xCELLigence
system. The cell’s ability for proliferation was measured for 72 h. We noticed ATN-RNA con-
centration-dependent decrease of proliferation rate both for Lipofectamine carrier with the
significant decrease of proliferation with 100 nM—-ATN-RNA concentration. The proliferation
rate dropped for ATN-RNA delivered with the cationic carrier from 40-61% (Fig 10B). How-
ever, for Mag@PEI NPs we observed the opposite effect, resulting in the increase of prolifera-
tion- most effective concentration of ATN-RNA was 100 nM, with an increase from 10-28%
after 24 h, respectively (Fig 10A). Noteworthy, 25 nM and 50 nM of ATN-RNA was already
sufficient concentration for the efficient changes of GBM cells proliferation. After 48 and 72 h
post transfection we observed again the inhibition of proliferation, from 7-45%, respectively.
This allowed us to assume that the most effective delivery of ATN-RNA is achieved after first
24 h from transfection. We also would postulate that the significant drop of the proliferation
rate both for Lipofectamine and for nanoparticles mediated delivery 48 and especially 72 h
post transfection is more likely due to the simple death of the cells, rather than the ATN-RNA
action.

To get more insight into the down-regulation of TN-C expression by ATN-RNA on the
mobility of glioblastoma cancer cells, real-time measurements of migration was carried out. In
this approach, U-118 cells were treated again with Mag@PEI NPs and Lipofectamine and
ATN-RNA and allowed to migrate through microporous polyethylene terephthalate (PET)
membrane towards chemoattractant. The number of cells that crossed the membrane was con-
tinuously recorded.

We found that down-regulation of TN-C expression by ATN-RNA delivered by Mag@PEI
NPs significantly impaired the cell migration in GBM cells (Fig 11). The results were quantita-
tively assessed during 72 h of experiment and showed that U-118 cells transfected with
ATN-RNA had the lowest motility beginning from 12 h post transfection. It was established
that Mag@PEI NPs with ATN-RNA delayed the migration of U-118 cells by 5.76 + 1.02,
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Fig 11. The effect of nano-mediated delivery of ATN-RNA on the migration processes. (A) Migration of U-118 GBM cancer cells was studied using the
xCELLigence system. Serum-depleted cells were transfected with increasing concentrations of ATN-RNA (from 10 to 100 nM) or vehicle (Opti-MEM, C-
control). Impedance (CI values) of each experimental condition was recorded over time, plotted against time, fitted to four-parameter logistic non-linear
regression model and ET50 was calculated for each ATN-RNA concentration to generate dose-response curves. The ET50 value was normalized to the data
obtained for cells treated with native Mag@PEI and plotted as normalized half maximal effective time (ET50) of cell migration against ATN-RNA
concentrations. (B) The scratch assay analysis. U-118 GBM cells were transfected with Mag@PEI/ATN-RNA complexes. Images were captured after 24 and 48
h (Figure D in S1 File). The rate of migration was measured by quantifying the total distance that the U-118 cells moved from the edge of the scratch toward the
centre of the scratch.

https://doi.org/10.1371/journal.pone.0213852.9011

30.06 + 5.78,31.46 + 3.41 and 20.03 + 2.65 h with 10, 25, 50 and 100 nM concentration, respec-
tively (Fig 11A). Notably, the most effective concentration influencing the migration potential
of the cells is 50 nM, while 100 nM seems to cause the elevated cells death. One can notice the
entirely different results observed for the ATN-RNA delivery driven by Lipofectamine. During
the experiment, we were not able to detect the specific migration impairment, most probably
due to the high toxicity of Lipofectamine. To get more insight into the problem, we performed
also the scratch assay. Again, with the lipofectamine delivered ATN-RNA we were not able to
quantify the existing wound since the transfection resulted in the cells death. Conversely, the
results from nanoparticles-mediated ATN-RNA delivery in the wound-healing assay demon-
strated that U-118 ATN-RNA treated cells migrate into the scratched area more slowly than
the control cells- 18% after 24 and 24% after 48 h, respectively (Fig 11B).

Notably, the infection did not change substantially also the viability of the cells, what was
observed in terms of lipofection (Figure D in S1 File) Thus, taking together the independent
experiments proved the significant impairment of migration rate of the Mag@PEI/ATN-RNA
treated U-118 cells, suggesting the therapeutic potential of the used nanocomposite. This
extremely interesting observation could suggest either the gradual release of the dSRNA from
the nanoparticles surface, resulting in the best effect already at the higher concentration or the
highest stability of dsRNAs. At the same time, one can notice the significant migration
impairment is already established with the 25 nM concentration. This could suggest that the
nanoparticles-mediated delivery would use the lowest concentration of the therapeutic agent
allowed for an efficient silencing of the tenascin-C. Observed migration delay as the results
with the nanoparticles delivery is fully consistent with the tenascin-C expression level mea-
sured by qRT-PCR. The highest TN-C downregulation has functional consequences with the
migration rate of U-118 glioblastoma cells.

Our functional studies with using both nano- and lipo- carriers showed the potential of
nanoparticles with dsRNA delivery. ATN-RNA in our previous studies had a great impact on
the migration and proliferation properties of cancer’s cells resulted in the decrease of both of
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these potentials. In the present study, however, we observed surprisingly the increase of the
proliferation potential caused by the ATN-RNA delivery with nanoparticles. Since we
observed the enhanced TN-C downregulation followed by the ATN-RNA delivery with nano-
particles, our results seem to be in concordance with the results in intracranial xenografts.[34]

The TN-C knockdown in the tumor microenvironment modulated the behavior of a tumor
stromal cells, inhibited tumor invasion, and increased tumor cell proliferation. The combina-
tion of this phenotypic phenomenon is similar to the go-or-grow glioma growth phenotype
found in human neoplasms, which represent characteristic, highly proliferative tumor cores
and diffuse borders with a low proliferation rate.[34]

Conclusions

We have successfully demonstrated a new dsRNA delivery system that harnesses well- charac-
terized magnetic nanoparticles coated with PEI to effectively silence expression of tenascin-C in
glioblastoma multiforme cell line. Both mere nanoparticles and their complexes with dsRNA do
not show toxicity and do not provoke undesired immune responses in U-118 GBM cell line.
Additionally, we proved by confocal microscopy imaging, that they could be successfully inter-
nalized into glioblastoma cells. The most important thing is that synthesized nanocarrier was a
more efficient tool in delivery ATN-RNA than routinely used Lipofectamine In consequence,
the gene therapy employing ATN was improved resulting in stronger silencing of TN-C, fol-
lowed by the further diminishing of migration of glioblastoma cells. Finally, since the magnetic
core provided high contrast properties in MRI, therefore, synthesized nanocarrier system can
be considered as the robust theranostic nanoplatforms for simultaneous gene therapy and imag-
ing. The present approach is then the first demonstration of an effective and safe dsSRNA deliv-
ery based on multifunctional nanoplatforms. The used technology is an evidence of a promising
nanoparticles-based shuttle with a high potential for further clinical use in GBM treatment.
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S1 File. (Figure A) Destabilization kinetic of Mag@PEI recorder by Turbiscan apparatus over
24 h, (Figure B) Representative high-content images of U-118 cells exposed to Mag@PEI nano-
particles at various concentrations. 10% DMSO was used as a positive control. Images were
obtained using different filters to detect nuclei (DAPI), live cells (FITC), and dead cells (Tex-
asRed). The scale bars denote 100 pm. Cell viability of U118 cells exposed to Mag@PEI,
(Figure C) Cytotoxicity SRB of Mag@PEI for various nanoparticles concertation, (Figure D)
Schratch test.
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SUPPLEMENTARY MATERIALS

Destabilisation Kinetics (Global)
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Figure A. Destabilization kinetic of Mag@PEI recorder by Turbiscan apparatus over 24 h.
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Figure B. Representative high-content images of U-118 cells exposed to Mag@PEI nanoparticles at various
concentrations. 10% DMSO was used as a positive control. Images were obtained using different filters to detect
nuclei (DAPI), live cells (FITC), and dead cells (TexasRed). The scale bars denote 100 um. Cell viability of U118

cells exposed to Mag@PEI.



SRB assay

The protein-staining sulforhodamine B (SRB, Sigma-Aldrich) microculture
colorimetric assay, developed by the National Cancer Institute (USA) for in vitro antitumor
screening was used in this study, to estimate the cell number by providing a sensitive index of
total cellular protein content, being linear to cell density. The monolayer cell culture was
trypsinized and counted. To each well of the 96-well plate, 100 uL of the diluted cell suspension
(5,000 and 10,000 cells) was added. After 24 hours, when a partial monolayer was formed,
100ul of fresh medium with different Mag@PEI concentrations (81.25, 162.5, 325, 650 and
1300 ng/mL) were added to the wells. The cells were exposed to compounds for 24 h at 37°C
in a humidified atmosphere (90% RH) containing 5% CO.. After that, 100 uL of 10%
trichloroacetic acid was added to the wells and the plates were incubated for 1 h at 4°C. The
plates were then washed out with the distilled water to remove traces of medium and next dried
by the air. The air-dried plates were stained with 100 uL of 0.057% sulforhodamine B (prepared
in 1% acetic acid) and kept for 30 min at room temperature. The unbound dye was removed by
washing five times with 1% acetic acid and then the plates were air-dried overnight. The
protein-bound dye was dissolved in 200 uL of 10 mM unbuffered Tris base (pH 10.5) for optical
density determination at 510 nm. All experiments were performed in triplicates. Cell survival

was measured as the percentage absorbance compared to the control (non-treated cells).
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