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3. WYKAZ UZYWANYCH SKROTOW
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4. STRESZCZENIE

Sktadanie mRNA jest procesem ztozonym 1 podlegajacym Scistej kontroli, ktora
ma na celu zapewnienie prawidtowego poziomu ekspresjonowanych bialek i ich izoform.
Réwnowaga ta jest kluczowa dla utrzymania homeostazy i zapewnienia prawidlowosci
funkcjonowania komorki. Obecnos¢ giteboko intronowych wariantow genetycznych moze
prowadzi¢ do ekspresji potencjalnie szkodliwych transkryptéw, ktére beda
predysponowaty do zachorowania na nowotwory, lub (w przypadku zmian somatycznych)
moga prowadzi¢ do promowania progresji nowotworowej. Ponadto, rozw6j choroby
nowotworowej cechuje si¢ wzrostem ekspresji wielu naturalnie wystepujacych izoform
1 tak na przyktad, jak w przypadku izoformy BRCAIAE11q moze skutkowa¢ wystapieniem
opornosci na leczenie inhibitorami PARP. Co istotne, sekwencje glgboko intronowe sg
zwykle pomijane podczas rutynowej diagnostyki, a przez to warianty prowadzace do

zaburzenia sktadania mogg nie by¢ wykrywane.

Celem niniejszej pracy bylo poglebienie wiedzy na temat roli alternatywnego sktadania

gendow BARDI1, BRCAI 1 BRCA2 w wybranych nowotworach cztowieka.

W ramach przeprowadzonych badan zostaty okre§lone zmiany poziomu ekspresji BARDIS
w neuroblastoma, nowotworach z komorek rozrodczych i rhabdomiosarcoma. Sprawdzone
zostaly tez czestosci wystgpowania patogennych transkryptow BRCAI/2 powstajacych
na skutek obecnosci zmian gleboko intronowych. Tym samym oceniono stosowane
dotychczas procedury diagnostyczne, aby uzyska¢ odpowiedZ na pytanie,
czy wystarczajace jest ograniczenie badania do intronowych sekwencji flankujacych.
Podjeto probe wyjasnienia zaobserwowane] nadekspresji izoform BRCAIAEIlq,
BRCAIAEIl oraz BRCA2AE3 w RNA wyizolowanym z krwi obwodowej pacjentek
z rakiem jajnika, u ktérych wykluczono wystepowanie wariantow genetycznych
potencjalnie promujacych splicing. Co istotne, zjawisko to nie wystgpowato w probkach
kontrolnych (kobiety zdrowe). Nachwile obecng, uzyskane wyniki wskazujg
na ogolnoustrojowy charakter tych zmian, jednak doktadne zrozumienie przyczyn tego

zjawiska wymaga przeprowadzenia dodatkowych, bardziej szczegotowych badan.

Stowa Kkluczowe: alternatywne sktadanie mRNA, izoformy, alternatywne transkrypty,

nowotwory czlowieka.



5. ABSTRACT

mRNA splicing is a complex and strictly controlled process. The control mechanisms
ensure the proper level of expressed isoforms and their function. This balance is crucial

for maintaining homeostasis and the proper functioning of cells.

Deep-intronic variants may result in the expression of potentially carcinogenic
transcript-splicing disorders, which may be involved in promoting disease progression.
In addition, deregulation of many naturally occurring isoforms might result in development
and progression of cancer, e.g. overexpression of the BRCAIAE1lq results in resistance

to PARP inhibitors.

Importantly, deep intronic sequences are usually missed during routine diagnostics,

and variants leading to splicing disorders are frequently undetected.

This study aimed to deepen our knowledge of the role of alternative splicing of BARDI,
BRCAI and BRCA?2 genes in set human cancers.

Our study determined changes in BARD 1/ expression in neuroblastoma, germ-cell tumours

and rhabdomyosarcoma.

In addition, we analyzed the frequency of pathogenic transcripts in BRCAI/2 resulting
from profound intronic changes. Thus, assessing the present diagnostic procedures

by addressing whether testing only flanking intronic sequences is sufficient.

We also try to define the overexpression of BRCAIAEllq, BRCAIAEII and BRCA2AE3
isoforms in RNA extracted from peripheral blood of sporadic ovarian cancer patients
(previously found negative, with standard diagnostic approach, for genetic variants
potentially promoting splicing). Notably, the overexpression was absent in a healthy
women (controls) cohort. Current results indicate the systemic nature of the changes noted
above; however, a detailed understanding of the underlying mechanisms requires more

detailed studies.

Keywords: alternative mRNA splicing, isoforms, alternative transcripts, human cancers.



6. WPROWADZENIE

Nowotwory to heterogenna grupa chorob, charakteryzujaca si¢ nieprawidtowosciami

dotyczacymi zarowno namnazania jak i roznicowania si¢ komorek.

Koszty finansowe zwigzane z leczeniem chordb nowotworowych, spadkiem lub utrata
potencjalu produkcyjnego (pracownikow) zostatly oszacowane na 0,55% S$wiatowego

PKB [1].

W Polsce, z powodu choroby nowotworowej umiera rocznie ok. 100 tys. osob, 1 jest
to warto$¢ odpowiadajaca liczbie mieszkancow $redniej wielkoSci miasta w naszym

kraju [2].

Najczgstsze nowotwory to: rak ptuca, prostaty i jelita u m¢zczyzn, oraz nowotwory piersi,
jelita 1 ptuca u kobiet [3]. Statystyki zachorowan z roku na rok rosng, co stanowi powazne
obcigzenie nie tylko dla finanséw panstwa (utrata mocy produkcyjnej oraz zwigkszenie
wydatkéw na ochrone zdrowia), ale takze rodzin dotknigtych chorobg nowotworowa. Poza
globalnym aspektem finansowym, istotng rol¢ odgrywa takze obcigzenie emocjonalne
1 finansowe samych chorych, jak i ich rodzin. Czegsto méwi si¢ o spirali ubostwa zwigzanej

z chorobg nowotworowa [4].

W  krajach o wysokim poziomie wydatkbw na shuzbe zdrowia wspodtczynniki
epidemiologiczne dotyczace nowotwordw ulegaja ciaglej poprawie, co jest czgsto

bezposrednig konsekwencja szybkiej diagnostyki i nowoczesnych metod leczenia [5].

Mezczyini Kobiety

B Nowotwdr pluca B Nowotwdr piersi

B Nowotwdr watroby B Nowotwdr ptuca
" Nowotwdr jelita grubego W Nowotwdr jelita grubego
H Nowotwdr prostaty B Nowotwdr szyjki macicy

W Pozostale W Pozostate

Rycina 1. Przedstawienie szacunkowej liczby zgonéw na §wiecie z powodu najczestszych nowotwordéw (bez

podziatu na grupy wiekowe) [6].
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W zdrowym organizmie proliferacja i apoptoza zachodza w sposob ciagly i pozostaja
w rownowadze. Jednak wymknigcie si¢ komorki spod Scistej kontroli moze zainicjowac
wieloetapowy proces kancerogenezy [7]. Jest to proces ciaggly, jednak mozliwe jest
wyroznienie czterech gtownych etapow tego zjawiska: preinicjacji, inicjacji, promocji

i progresji (Ryc. 2) [8].

*Mutacja
d; o "
*Ekspozycja na SLUWEI e *Rozwdj *Zdolnosé do
L et - . nowotworu in . migracji i
Preinicjacja kancerogeny transformacji Promocja o P .
w komérke P!
nowotworowsa

Rycina 2. Proces kancerogenezy z podzialem na poszczegolne etapy [7].

W czasie preinicjacji (etapu trwajacego przez cate zycie osobnicze) dochodzi do ciaglej
ekspozycji organizmu na dzialanie czynnikow mutagennych (uszkadzajacych DNA).
Do bodzcow tych nalezy zaliczy¢ czynniki fizyczne (np. promieniowanie jonizujace,
ultrafioletowe, itp.), chemiczne (np. leki alkilujace, zwigzki interkalujace do DNA) oraz
czynniki biologiczne (np. grzyby, wirusy lub produkty metabolizmu samego organizmu).
Wplyw tych czynnikéw zalezy od indywidualnych predyspozycji genetycznych i moze

mie¢ bardzo zrdznicowane skutki [3].

Inicjacja nowotworowa jest etapem, ktory rozpoczyna si¢ w momencie pojawienia si¢
uszkodzen w DNA. Na skutek niestabilnosci genomowej (zjawiska charakterystycznego
dla kancerogenezy), dochodzi do nagromadzenia zar6wno zmian punktowych w DNA,
jak i rearanzacji chromosomowych. Zmiany te upo$ledzaja prawidlowe funkcjonowanie
komoérek, w tym regulacj¢ cyklu komoérkowego. W wyniku tego obserwuje
si¢ nieprawidlowg proliferacje. Na tym etapie kluczowa rolg odgrywaja tak zwane mutacje
kierujace lub napedzajace (ang. driving mutations), poniewaz w ich efekcie komorki
somatyczne nabywaja cechy, ktore daja im przewage w ich mikrosrodowisku, skutkujac
dalszg proliferacja 1 akumulacja kolejnych zmian genetycznych. Mutacje te moga
prowadzi¢ do aktywacji onkogenu, jak rowniez inaktywacji genu supresorowego.
Przyktadem tych pierwszych sg zmiany w takich genach jak BRAF, KRAS i MYC (maja
one charakter aktywujacy), natomiast do najczgsciej badanych gendéw supresorowych

mozemy zaliczy¢: CDKN2A, BRCAI, BRCA2, PTEN, RB1i TP53 [9].
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Dodatkowo niestabilno§¢ genomowa prowadzi takze do pojawiania si¢ mutacji
towarzyszacych (ang. passanger mutations). Pojedynczo mutacje te, nie skutkujg
nabywaniem nowych, korzystnych dla komorki nowotworowej cech, jednak sg one bardzo
czeste 1 stanowig nawet do 97% wszystkich mutacji identyfikowanych w nowotworze.
Uwaza sig¢, ze ich skumulowany efekt moze by¢ proporcjonalny do wplywu mutacji
kierujacych. Nagromadzenie mutacji obu typéw prowadzi do zjawiska okreslanego jako

krach mutacyjny [10].

Nastepnie, dochodzi do akumulacji kolejnych zmian w sekwencji DNA, ktore powoduja
zmiany fenotypowe. Na tym etapie (promocja guza) zachodzi selekcja klonalna komorek
nowotworowych 1 zapoczatkowanie tworzenia si¢ masy guza, ktory wystepuje
w okreslonej lokalizacji (nowotwor in situ). Ostatecznie, dalsze nagromadzenie zmian
genetycznych 1 epigenetycznych prowadzi do pozyskania przez komorke nowotworowa
takich cech, jak zdolno$¢ do inwazji okolicznych tkanek i1 przerzutowania. Ten etap

rozwoju nowotworu nazywamy progresja [11].

Podsumowujac najbardziej charakterystyczng cecha nowotworow jest ich zdolnos¢
do niepohamowanych podzialéw komorkowych, ktéra wraz z uposledzonym procesem
apoptozy skutkuje szybkim rozrostem. Komorki nowotworowe, charakteryzuja si¢ takze
nie$miertelnos$cig, duza niestabilno$cia genomowa, brakiem roéznicowania si¢, zmianami
metabolizmu, zdolno$cia do naciekania sgsiednich tkanek oraz kolonizacji (inwazji)

odlegtych obszaré6w organizmu.

Komoérki nowotworowe wykazuja ponadto zmiany w procesie dojrzewania mRNA
(ang. splicing) w wyniku ktéorych moze wzrosng¢ poziom ekspresji wystepujacych
naturalnie izoform, lub moga powstawa¢ nowe, nieprawidlowe transkrypty genow.
Czesto nadreprezentacja alternatywnych transkryptow (o odmiennych Iub nawet
antagonistycznych funkcjach) prowadzi do zaburzenia rownowagi w komorce i pozwala
komoérce  nowotworowej  uzyska¢  dalsza  przewage — wzgledem  komorek

prawidtowych [12,13].

Redagowanie transkryptu, zarowno w komorkach prawidlowych jak i nowotworowych,
polega najczg$ciej] na wycieciu introndéw 1 potaczeniu sekwencji kodujacej (eksonow).
W komoérkach nowotworowych zaburzenia procesu sktadana moga rowniez polegad
na zmianie w organizacji dojrzalego mRNA (np. inna kolejnos¢ eksondw, zachowanie

fragmentow eksonow i/lub intronow; Ryc. 3).
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W procesie wycinania i sktadania, gtéwna role odgrywa kompleks rybonukleoproteinowy
(tzw. spliceosom), ktory rozpoznaje charakterystyczng sekwencje nukleotydowa
zlokalizowang na granicy ekson/intron (w pozycji od -3 do+6), a takze seri¢ luzno
zdefiniowanych sekwencji tworzacych tzw. punkt rozgalezienia (ang. branch point) wraz
z przylegajacymi elementami (sekwencja polipirymidynowa i sekwencja bogata w AG/G).
Ponadto, dla zapewnienia prawidtowego przebiegu procesu sktadania mRNA konieczny
jest udzial dodatkowych elementow regulatorowych, w tym sekwencji wzmacniajgcych
(ang. enhancers) i/lub wyciszajacych (ang. silencers). Ww. sekwencje wspomagaja
wczesne tworzenie kompleksu rybonukleoproteinowego i moga by¢ zlokalizowane
zarowno w sekwencji kodujacej (ang. exonic splicing enhancers -ESE Tub exonic splicing
silencers — ESS), jak rowniez w sekwencji niekodujacej (ang. intronic splicing enhancers -

ISE lub intronic splicing silencers — 1SS) [12].

Ekson
— Intron [ — I y I
L
Alternatywne promotory J_—&//\E_ )
=0

/\\./\ [ X )
— J— ]
\// Rl s c— a—

P e c— —
Wzajemnie wykluczajace /\%
sie eksony ‘i/\\/ - X X )

Mieszanie sig¢ eksonow NN R X X I )

Pominiecie eksonu (

Alternatywne miejsce
taczenia 5

Alternatywne miejsce %ﬁ S e GE—

taczenia 3'
R e e—
Zachowanie intronu Cﬁl Sl SR S—

R e —

Rycina 3. Przyktadowe zmiany w strukturze genu na skutek alternatywnego sktadania mRNA [12].
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Mutacje zlokalizowane w sekwencjach odpowiedzialnych za regulacj¢ sktadania mRNA,

moga wplywac na ksztatt powstatych transkryptow [13,14].

Zaburzenia w procesie sktadania mRNA mogg by¢ takze efektem zmian epigenetycznych,
ktore prowadza do modyfikacji struktury chromatyny np. na skutek metylacji DNA
lub modyfikacji w obrebie histondéw [15]. W czasteczce RNA, regulacja sktadania odbywa
si¢ za posrednictwem metylacji M6-adenozyny (m6A) [16].

Proces alternatywnego sktadania mRNA odgrywa rowniez istotng rol¢ w zespotach
predysponujacych do zachorowania na nowotwory. Zespoly te powodowane sg przez
zmiany germinalne lub genach supresorowych, ktorych uszkodzenie zwigksza
prawdopodobienstwo wystapienia nowotworu. Analiza wariantow w tych genach, zwykle
ogranicza si¢ do badania sekwencji kodujacych wraz z niewielkimi ,,flankujacymi”
fragmentami introndw. A zatem badanie takie nie dostarcza informacji na temat
potencjalnie patogennych wariantow gleboko intronowych. Co wigcej, sama klasyfikacja
zidentyfikowanych zmian jest procesem zlozonym i niepozbawionym wad, w ktorym
potencjalne znaczenie wariantu dla procesu skladania mRNA jest okreslane przy
wykorzystaniu narzedzi in silico [17]. Zmiany sklasyfikowane jako warianty o nieznanym
efekcie biologicznym (ang. variants of unknown significance; VUS) lub potencjalnie

tagodne zmiany intronowe (ang. benign) moga wplywac na proces sktadania mRNA [18].

W diagnostyce zmian zwigzanych z predyspozycja do zachorowania na nowotwory
wiasciwa klasyfikacja jest niezmiernie wazna. Wedtug ostatnich szacunkow, nawet okoto
10% rzadkich patogennych wariantdow intronowych w genach BRCAI 1 BRCA2,
zlokalizowanych poza miejscami laczen intron/ekson, nie jest wykrywana przy stosowaniu

obecnych protokoldéw diagnostycznych [19].

Aby chroni¢ material genetyczny przed permanentnymi zmianami powstajagcymi wskutek
dziatania mutagenow, komodrka posiada szereg systemow naprawy. Zalicza si¢ do nich
systemy naprawy bezposredniej (wycinajace uszkodzong zasade Ilub fragment
uszkodzonego DNA), ratunkowe systemy naprawcze (oparte na dzialaniu polimeraz DNA)
oraz nichomologiczng i homologiczng naprawg¢ rekombinacyjng (NHEJ i HR). Mutacje
w genach kodujacych czynniki uczestniczace w procesach naprawczych czesto sprzyjaja

kancerogenezie [7].

W ostatnim z wymienionych mechanizmow naprawczych kluczowa role peilnig biatka

BRCA1, BRCA2 i BARDI.
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Peknigcie obu nici DNA prowadzi do uruchomienia kinaz wrazliwych na uszkodzenia
DNA, tj.: ATM, ATR, CHEK2, ktore powoduja fosforylacije BRCA1. Biatko to moze
by¢ tez aktywowane przez inne czynniki np. odpowiedzialne za naprawe zle sparowanych
zasad takie jak MSH2 i MSH6. Po aktywacji (na drodze fosforylacji) BRCA1 reguluje
kompleks MRN, ktéry odcina konce DNA sgsiadujace z peknigciem. BRCAT1 tworzace
heterodimer z BARD1 razem wspiera przylaczenie monomeréw ubikwityny FANCD?2
przez biatka z kompleksu FANC. Proces ten pomaga przenies¢ aktywowane biatka
w miejsce gdzie znajduje si¢ BRCA2. Gléwna funkcja BRCA2 jest kontrola RADS1
poprzez inhibicj¢ 1 zapobieganie wigzania do DNA. Uszkodzenie najpierw musi by¢
poddane dziataniu kompleksu MRN, ktory laczy si¢ z koncami DNA poprzez biatko
MREI11 oraz uczestniczy w ich wczesnej ,,obrébce enzymatycznej. Dopiero pdzniej
fosforylowany BRCA2 uwalnia RADSI, ktory taczy si¢ z uszkodzonymi niémi DNA
1 wykorzystuje nienaruszong homologiczng podwojng helis¢ jako matryce do naprawy
(Ryc.4) [20].
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Rycina 4. Przedstawienie szlaku naprawy peknie¢ DNA za pomocg procesu rekombinacji homologiczne;j
i kontroli naprawy z szczegdlnym uwzglednieniem roli produktow biatkowych genow BRCAI/2 i BARDI.
ATM aktywowany przez uszkodzenie DNA fosforyluje kompleks MRN oraz aktywuje BRCA2
do uwolnienia RADS51. Ponowne polaczeniec RADS1 do BRCA2 zakancza proces. ATM takze wplywa

na dimer BRCAI1-BARDI, ktory oddzialywujac z wieloma czgsteczkami przyczynia si¢ nie tylko
do naprawy, ale takze do ewentualnego zatrzymania cyklu komoérkowego. Zar6wno BRCALI, jak i BRCA2

sa zaangazowane w regulowanie i wykonywanie naprawy przez rekombinacj¢ homologiczng stymulowana

przez biatka FANC i oddzialywaja z MRN [20,21].
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Mutacje zard6wno somatyczne, jak i germinalne w biatkach nalezacych do wyzej opisanego
szlaku sygnalowego sg zwigzane z wrazliwo$cig na terapi¢ celowang inhibitorami PARP.
Przy niewydolnej jednej Sciezce naprawy komorka zdaje si¢ na dzialajagce mechanizmy.
Wybidrcze hamowanie tych $ciezek prowadzi do nagromadzenia zmian w genomie

1 w konsekwencji §mier¢ komorki.

Jednak poza zmianami w DNA, takze alternatywne transkrypty, kodujace izoformy
znanych biatek zaangazowanych w napraw¢ DNA, a wykazujgce antagonistyczne cechy
wzgledem podstawowego produktu genu, moga pelni¢ istotng role¢ w inicjacji
nowotworzenia lub progresji choroby. Przyktadami takich izoform sa BARDIf 1 BARDIJ,
(promujace rozw0] nowotworéow) lub BRCAIAEIlq, BRCAIAEII (czg$ciowo
kompensujace funkcje¢ BRCA1) zwigzane z wystgpieniem wtornej opornosci na leczenie

zwigzkami platyny i inhibitorami PARP [22].
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7. HIPOTEZA I CELE BADAN

7.1 Hipoteza:

Proces alternatywnego sktadania mRNA odgrywa kluczowa role¢ w patobiologii
nowotworow, a jego doglebne poznanie jest niezbedne dla opracowania czutych

1 doktadnych metod diagnostycznych, jak rowniez wypracowania nowych metod leczenia.

7.2 Cel Glowny:

Celem pracy byta analiza alternatywnego sktadania mRNA w podstawowych genach

naprawy DNA, takich jaki BARDI, BRCAI 1 BRCA2.

7.3 Cele Szczegdlowe:

1. Ocena poziomu ekspresji izoformy BARDIB w wybranych nowotworach wieku
dziecigcego.

2. Ocena spektrum i czgsto$ci wystepowania nieprawidtowych transkryptéw gendow
BRCAI i BRCA2 u pacjentek z rakiem jajnika.

3. Proba identyfikacji mechanizméw prowadzacych do nadekspresji BRCAIAEIlq,
BRCAIAEII oraz BRCA24E3 we krwi obwodowe] pacjentek ze sporadycznym

rakiem jajnika.

W sklad rozprawy doktorskiej wchodza dwie oryginalne prace pelotekstowe,
opublikowane w migdzynarodowych czasopismach indeksowanych na liscie filadelfijskie;j.
Dysertacja zawiera ponadto niepublikowane wyniki badan, bedace przedmiotem
przygotowywanej obecnie publikacji. Wyniki te dotycza okreslenia ewentualnego wplywu
nowotworu jajnika na wystepowanie ogolnoustrojowych zmian ekspresji wybranych
izoform genéw BRCAI 1 BRCA2. Badanie przeprowadzono z wykorzystaniem modelu
in vitro, w ktorym zdrowe, jadrzaste komorki krwi poddawano dzialaniu czynnikow
produkowanych przez komoérki nowotworowe. Rozszerzenie dotyczy wynikow

opublikowanych w Jasiak et al., 2023.
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8. OMOWIENIE PUBLIKACJI WCHODZACYCH W SKEAD
ROZPRAWY DOKTORSKIEJ.

8.1 Publikacja 1

Jasiak Anna, Krawczynska Natalia, Iliszko Mariola, Czarnota Katarzyna, Buczkowski
Kamil, Stefanowicz Joanna, Adamkiewicz-Drozynska Elzbieta, Cichosz Grzegorz,
Izycka-Swieszewska Ewa. Expression of BARDI [ isoform in selected pediatric tumors.
Genes; 2021: vol. 12, nr 2, art ID 168, s. 1-14.

Celem publikacji, byla ocena ekspresji BARDI-FL i BARDIf w wybranych guzach
pediatrycznych. W pracy oceniono nerwiaki zarodkowe, wybrane guzy germinalne oraz

pilotazowa seri¢ przypadkow migsniakomigsaka prazkowanokomorkowego.
Na podstawie parametrow jako$ciowych do badania zakwalifikowano:

o 89 przypadkow nerwiaka zarodkowego, w tym dla trzech przypadkow dostgpny
byl materiat przed i po leczeniu

e 24 nowotwory z komorek germinalnych; 19 przypadkow tkanki guza sparowane;j
z prawidlowa tkankg okalajaca (obrzeze guza)

e siedem guzow mig$niakomigsaka prazkowanokomorkowego; dla wszystkich

przypadkéw dostepny byt takZe materiat z obrzeza guza.

Poziom izoformy BARDIfS oceniano w stosunku do poziomu ekspresji transkryptu
podstawowego (BARDI-FL). Ponadto, dla przypadkow, gdzie dostgpna byta tkanka
nowotworowa wraz z materialem z obrzeza guza, wykonane zostalo pordwnanie

pomiedzy ekspresja BARDI 1 BARDI-FL w obu tkankach.

Zaobserwowano podwyzszong ekspresje BARDIfS w tkance nowotworowej oraz brak

zmian ekspresji BARDI1FL zarowno w materiale nowotworowym, jak i tkance kontrolne;j.

Poziom ekspresji BARDIS zalezat od typu histopatologicznego neuroblastoma: najwyzszy

poziom izoformy S zidentyfikowano w ganglioneuroblastoma i ganglioneuroma.

Roéwniez w przypadku guzéw pecherzyka zottkowego (typ GCT) oraz RMS,
zaobserwowano podwyzszong ekspresj¢ BARDI/ w tkance nowotworowej, w porOwnaniu
z tkanka okalajaca. Dodatkowo, oba typy nowotworéw charakteryzowaty
si¢ podwyzszong ekspresja genu TERT (kodujacego telomerazg).
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U dwodch pacjentéw z RMS zaobserwowano obnizony poziom BARDIf w materiale

po chemioterapii, w poréwnaniu z materialem pobranym przed rozpoczeciem leczenia.

Podsumowujac, niniejsza praca potwierdza potencjalnie onkogenny charakter BARDIfS
w neuroblastoma, przy czym pierwszy raz opisana zostala zalezno$¢ pomiedzy poziomem

BARDIp a typem histologicznym 1 stopniem dojrzewania wyzej wymienionych guzow.

Ponadto po raz pierwszy sprawdzono poziom ekspresji BARDIf w pilotazowej grupie

GCT i RMS.

8.2 Publikacja 2

Jasiak Anna, Koczkowska Magdalena, Stukan Maciej, Wydra Dariusz, Biernat Wojciech,
IZycka-Swieszewska Ewa, Buczkowski Kamil, Eccles Michael, Walker Logan,
Wasag Bartosz, Ratajska Magdalena. Analysis of BRCAI and BRCA?2 alternative splicing
in predisposition to ovarian cancer. Exp. Mol. Pathol.; 2023: vol. 130, art. ID 104856, s.
1-7.

Publikacja Jasiak et al., 2023 jest praca oryginalng, w ktorej opisano wyniki analizy
alternatywnego sktadania mRNA w materiale wyizolowanym z krwi obwodowe;]

101 pacjentek z rakiem jajnika.

U wszystkich pacjentek zakwalifikowanych do badania, w ramach wczes$niejszej
diagnostyki, wykluczono wystepowanie zmian germinalnych w wybranych genach
zwigzanych z predyspozycja do wystapienia choroby: BRCAI (OMIM:113705) i BRCA2
(OMIM:600185), APC (OMIM:611731), ATM (OMIM: 607585), BARDI (OMIM:
601593), BLM (OMIM: 604610), BRIPI (OMIM: 605882), CDHI (OMIM: 192090),
CDKN24 (OMIM:600160), CHEK2 (OMIM:604373), MLHI (OMIM:120436), MRE11A
(OMIM:600814), MSH2 (OMIM:609309), MSH6 (OMIM:600678), NBN (OMIM:
602667), PALB2 (OMIM:610355), PMS2 (OMIM:600259), PTEN (OMIM:601728),
RAD50 (OMIM:604040), RAD51 (OMIM:179617), RAD51B (OMIM:602948), RAD51C
(OMIM:602774), RAD5ID (OMIM:602954), STKI11 (OMIM: 602216), TP53(OMIM:
191170).

Glownym celem pracy byta ocena czgstosci wystepowania nieprawidtowych transkryptow

mRNA, powstalych na skutek obecnosci wariantow gleboko intronowych (fragmenty genu
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nieobjete rutynowa analiza) lub nieprawidlowo sklasyfikowanych wariantow

sekwencyjnych zlokalizowanych w eksonach genow BRCAI 1 BRCA2.

W opisywanej pracy nie zidentyfikowano nowych nieprawidlowych transkryptow, jednak
wykazano znaczng nadekspresj¢ BRCAIAEIlq, BRCAIAEII i BRCA2AE3 u pacjentek
z rakiem jajnika, ktora nie wystepowata u zdrowych kobiet stanowigcych grupg kontrolna.
Co interesujace, nie potwierdzono zwigzku pomigdzy obecnoscia SNV r1s5820483
a podwyzszonym poziomem izoform BRCAI, wykazujacych catkowita lub czgsciowa
utrate¢ eksonu 11. Ponadto, nie zaobserwowano innych zmian genetycznych (zaréwno
w BRCAI 1 BRCA2), ktore moglyby promowaé ekspresj¢ BRCAIAEIlq, BRCAIAEI]
i BRCA2AES.

Analiza BRCAIAE1lq, BRCAIAEILI i BRCA2AE3 w guzie oraz pochodzacej od tej samej
pacjentki tkance okalajacej (10 przypadkéw), nie wykazata roznic w poziomie ekspresji,
co moze (wraz z obserwacja dotyczacg poziomu ekspresji tych izoform w krwi obwodowe;j
pacjentek z rakiem jajnika) sugerowac globalny charakter obserwowanych zmian
i ogélnoustrojowe zaburzenie procesu sktadania mRNA. W wyniku niemoznos$ci
identyfikacji czynnikdw genetycznych, ktore skutkowaty zaobserwowanymi zmianami,
postawiono wstepna hipoteze o udziale czynnikow niegenetycznych w regulacji splicingu

1 promowaniu ekspresji BRCAIAEIlq, BRCAIAEII i BRCA2AES.
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9. NIEOPUBLIKOWANA CZESC BADAN

Adaptacyjna homeostaza jako mozliwy niegenetyczny regulator splicingu BRCA1/2
w raku jajnika

Niepublikowana cze$¢ badah, miata na celu wyjasnienie poditoza obserwowane;j
nadekspresji BRCAIAEIlq, BRCAIAEII 1 BRCA2AE3 we krwi obwodowej pacjentek
ze sporadycznym rakiem jajnika (publikacja 2; Jasiak et al., 2023).

Hipoteza badawcza: Nadekspresja BRCAIAEIlq, BRCAIAEII i BRCA2AE3 w krwi
obwodowej pacjentek ze sporadycznym rakiem jajnika ma podtoze niegenetyczne i jest

zwigzana z ogolnoustrojowymi zmianami w odpowiedzi na obecno$¢ nowotworu.

W celu weryfikacji powyzej postawionej hipotezy, prawidtowe komorki jadrzaste krwi
hodowano in vitro w przygotowanym wcze$niej medium kondycyjnym (medium,
w ktorym wczesniej byla hodowana linia komorkowa ludzkiego raka jajnika OVCAR-4)
oraz medium kontrolnym (standardowa pozywka do hodowli komoérek). Komorki zbierano
w okreslonych punktach czasowych, a nastgpnie sprawdzano poziom ekspresji badanych

izoform oraz wybranych enzyméw regulujacych zmiany epigenetyczne.

9.1. Materialy i metody

9.1.1 Przygotowanie medium kondycyjnego

Ludzkie komorki raka jajnika (OVCAR-4) uzyskano z American Type Culture Collection
(Manassas, USA). Komorki OVCAR-4 hodowano w pozywce RPMI z 8,67 pg/ml
insuliny (GIBCO), 10% bydlecej surowicy ptodowej 120 mM L-glutaminy w inkubatorze
z przeplywem CO2 (37°C i 5% CO2). Komorki dwukrotnie pasazowano a nastg¢pnie,
po drugim pasazu, gdy komoérki OVCAR-4 zajmowaly 60-70% powierzchni naczynia
hodowlanego, pozywke wymieniano. Medium kondycyjne uzyskano po 24 godzinach

inkubacji.
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Rycina 5. Komorki OVCAR-4 przed rozpoczgciem inkubacji w celu pozyskania medium kondycyjnego.
Mikroskop LEICA DMil 10x powigkszenie.

9.1.2 Izolacja i hodowla jednojgdrzastych komorek krwi obwodowej

Krew pochodzita od zdrowych dawcéw. Po uzyskaniu $wiadomej zgody pobrano
od kazdego dawcy 50 ml krwi do 10 ml probéwek Vacutainer z heparyng sodowa. Krew
rozcienczono pozywka RPMI w stosunku 1:1, a nastgpnie 25-30 ml nakladano na 15 ml
Ficoll’'u (roztwor do separacji elementow krwi). Probéwki wirowano w temperaturze
pokojowej (800 x g/ 20 min.). Po tym czasie jadrzaste komoérki krwi obwodowej zbierano
ze szczytu gradientu fikolowego, przemywano RPMI, wirowano (300 x g/ 7 min.)
i zakltadano hodowle in vitro. Komorki hodowano w pozywce kondycyjnej
lub standardowej, a nastgpnie zbierano w punktach czasowych: w momencie zatozenia
hodowli 1 po czterech, o$miu, dwudziestu czterech, czterdziestu o§miu i siedemdziesieciu

dwoch godzinach od momentu zatozenia hodowli (Ryc.6).
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conditional media control media

Rycina 6. Schemat przebiegu etapu eksperymentu, w ktérym wykorzystano jadrzaste komorki krwi

obwodowe;j.

9.1.3 Izolacja RNA

Material do analizy stanowit wyizolowany RNA (Maxwell, Promega). Do syntezy cDNA
z otrzymanego RNA uzyto 200 nanogramow catkowitego RNA (MultiScribe,
ThermoFisher), stosujac kombinacj¢ starteréw losowych ( ang. Random Primers)
oraz starteréw specyficznych dla genu BRCAI (5'-ACTTTGTAAGCTCATTCTT-3")
i BRCA2 (5'-TTAGATA-TATTTTTTAGT 3') .

9.1.4  Analiza ekspresji czynnikow metylacyjnych

Aby okresli¢ potencjalny wptyw metylacji DNA i RNA na regulacj¢ splicingu i zmiany
ekspresji, za pomocag RT-gPCR sprawdzono poziom dwodch podstawowych
metylotransferaz DNMT34 (DNA), METTL3 (RNA) oraz acetylotransferazy HDACI.
Reakcje RT-qPCR wykonano z uzyciem sond TagMan (IDT, Inc.), w trzech powtorzeniach
(LightCycler® 480 Real-Time PCR System, Roche). Poziom ekspresji badanych genow
byl znormalizowany wzgledem dwoch gendéw referencyjnych (HPRTI 1 IPOS).
W celu wyznaczenia cyklu progowego (Ct), krzywe amplifikacji analizowano stosujac

oprogramowanie Roche LC (Roche).
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9.1.5 Analiza ekspresji wybranych izoform

Do oceny ekspresji BRCAIAEIlq, BRCAIAEII i BRCA2AE3 wykorzystano amplikonowe
sekwencjonowanie RNA (ang. targeted RNAseq). W tym celu, dla kazdej izofromy
zaprojektowano parg starterow, gdzie jeden ze starterow byl zlokalizowany w miejscu
faczenia (ekson-ekson) unikalnego dla badanego transkryptu. Ponadto, starter 3° posiadat
unikalny identyfikator molekularny (ang. Unique Molecular Identifiers, UMI), ktory
minimalizowal ryzyko btedow powstalych w czasie reakcji PCR. Gotowe biblioteki
zostaly zmierzone, zmieszane w identycznych proporcjach i zsekwencjonowane (iSeq,
[llumina). Analiza bioinformatyczna =zostata przeprowadzona za pomocg pakietu

oprogramowania CLC Genomics Workbench Version 23.0.4 (QIAGEN Aarhus A/S).
9.1.6 Analiza statystyczna

Do sprawdzenia hipotez statystycznych wykorzystano test U Manna-Whitneya, wariancji
Kruskala-Wallisa, test sumy rang Wilcoxona lub testu ANOVA dla powtarzalnych
pomiaréw. Wszystkie zalozenia zostaly przetestowane przed analiza, a p < 0,05 uznano

za istotne statystycznie.

Wyniki badan przedstawiono jako mediana =+ odchylenie kwartylowe. Do analizy
oraz prezentacji wynikdow wykorzystano oprogramowanie Statistica (Statsoft Software)

oraz jezyk programowania Python.

9.2. Wyniki

9.2.1 Analiza ekspresji czynnikow metylacyjnych: DNMT3A, METTL3 1 HDACI

Analiza RT-qPCR poziomu ekspresji DNMT34, METTL3 i HDACI w komorkach
hodowanych w medium kondycyjnym lub medium kontrolnym, w réznych punktach
czasowych (0, 4 godz., 8 godz., 24 godz., 48 godz. i 72 godz.), wykazata zmiany poziomu
ekspresji czynnikow metylacyjnych w czasie (Tab 1.). Dla wszystkich czynnikéw
w obydwu warunkach hodowli widoczny byt poczatkowy spadek ekspresji, a nast¢pnie
powolny wzrost (Ryc.7).

W przypadku DNMT3A najnizszy poziom byl obserwowany w 6smej godzinie hodowli
(60,3% wartosci poczatkowej), podczas gdy dla HDACI i MTTL3 najnizszy poziom
byl odnotowany w czwartej godzinie hodowli, i stanowil 41,6 % ekspresji poczatkowej

dla MTTL3 i 59,3% dla HDACI (Ryc. 7).
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Rycina 7: Ekspresja METTL3, DNMT3A i HDACI w hodowli jadrzastych komoérek krwi obwodowe;.

Tabela 1: Wartosci p (prawdopodobienstwa testowego) dla poszczegdlnych gendéw badanych.

Badany czynnik metylacyjny | p zmiany w czasie p zmiany w warunkach
DNMT3A 0,08 0,53

METTL3 <0,05 0,67

HDACI <0,05 0,145

Nie zaobserwowano natomiast roéznic znamiennych statystycznie pomi¢dzy komodrkami
hodowanymi w medium kondycyjnym i medium kontrolnym, ale okoto 48-mej godziny
zauwazalny jest stopniowy spadek ekspresji METTL3, DNMT3A i HDACI w komorkach
hodowanych w medium kondycyjnym. Powyzszy wynik nalezy traktowac¢ jako wstepna

obserwacje wymagajaca dalszego potwierdzenia (Tab. 1).

Brak ro6znic w poziomie ekspresji METTL3, DNMT3A4 1 HDACI, zaobserwowano rowniez

w materiale wyizolowanym z tkanki guza oraz zdrowej tkanki okalajacej (Ryc. 8-9).
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Rycina 8: Poziom ekspresji DNMT34, METTL3 i HDACI w grupie pacjentek z nowotworem jajnika
i zdrowej grupie kontrolnej. Wyniki zaprezentowano w postaci wykresu ramka wasy (mediana + rozstep
kwartylowy). Wyniki testu U Manna-Whitneya dla porowna dwoch grup niezaleznych w kazdym
z prezentowanych porownan wynidst p>0,05, co zaznaczono w postaci oznaczenia ‘ns’ nad porownywanymi

wykresami (ang. not significant).
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Rycina 9: Poziom ekspresji DNMT34, METTL3 i HDACI w tkance nowotworowej i zdrowej tkance

okalajacej. Wyniki zaprezentowano w postaci wykresu ramka wasy (mediana + rozstep kwartylowy). Wynik
testu U Manna-Whitneya dla poréwna dwoch grup niezaleznych w kazdym z prezentowanych poréwnan

wyniost p>0,05, co zaznaczono Ww postaci oznaczenia ‘ns’ nad poréwnywanymi wykresami

(ang. not significant).
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9.2.2  Analiza ekspresji wybranych izoform

Ostatnia z przeprowadzonych analiz bylo okreslenie poziomu ekspresji izoform
BRCAIAEIlq, BRCAIAELI i BRCA2AE3. Roéwniez w tym przypadku nie zaobserwowano

r6znic znamiennych statystycznie (Ryc. 10).

gen = BRCA2d3 gen = BRCAld1ll gen = BRCAldllg

0.6 q
0.5 q
warunki
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poziom ekspresji

Rycina 10: Zmiany ekspresji izofrom BRCAIAE11q, BRCAIAELI i BRCA24AE3 w PBMC w czasie hodowli

w medium kondycyjnym i kontrolnym.

W przypadku BRCA2AE3 ekspresja, bez wzgledu na warunki hodowli, rosta od poczatku
trwania hodowli, osiggajac maksimum w oOsmej godzinie. Dodatkowo ekspresja
BRCA2A4E3 byta najbardziej zmienna we wszystkich warunkach eksperymentu. Izoformy
genu BRCAI wykazywaly znacznie nizsza ekspresj¢ i w obu izoformach tego genu
widoczne sa jej spadki w poczatkowych godzinach hodowli. Uzyskane wyniki nie byty

znamienne statystycznie.

9.3. Dyskusja

Nowotwoér aby przetrwaé, do stworzenia optymalnych warunkow dla swojego dalszego
wzrostu, wykorzystuje kombinacje unikalnych czasteczek, takich jak cytokiny, chemokiny,
czynniki wzrostu, mediatory stanu zapalnego i enzymy przebudowujace macierz [23].
Cze$¢ z tych substancji oddzialuje lokalne (w miejscu guza) i nosi nazwe
mikrosrodowiska, natomiast inne substancje sa zdolne do wprowadzenia zmiany

na poziomie calego organizmu [24].

Komoérki nowotworowe nie s3 odizolowane, ale poprzez ztozong sie¢ komunikacyjna
(interakcje z innymi komoérkami) wplywaja na funkcjonowanie catego organizmu [25].
Homeostaza, to zachowanie stanu rownowagi wewngtrznej 1 wymaga wspoldziatania

wszystkich komorek, a zatem sytuacji, w ktorej wszystkie ulegajace ekspresji w komorce
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geny oraz ich alternatywne izoformy znajduja si¢ na wiasciwym poziomie. Ekspresja
alternatywnych transkryptow moze wynika¢ z obecno$ci wariantow genomowych
(zmieniajacych sekwencje regulatorowe dla sktadania mRNA), lub tez z niegenetycznych

zmian w sygnalizacji komorkowej [26].

Zaprojektowany eksperyment mial na celu sprawdzenie czy srodowisko wytworzone przez
komorki nowotworowe moze skutkowa¢ zmianami w poziomie ekspresji wybranych

izoform genéw BRCAI1/2 (BRCAIAEIlq, BRCAIAEILI 1 BRCA24E3).

Otrzymane wyniki, nie potwierdzily zalozonej hipotezy badawczej (nie wykazano
znaczacych zmian w poziomie ekspresji badanych izoform BRCA1/2). Co wigcej, analiza
poziomu podstawowych metylaz, tj. DNMT3A4 (metylaza DNA), METTL3 (metylaza RNA)
oraz acetylazy HDACI, nie wykazala znaczacych zmian w odpowiedzi na obecnos¢

czynnikéw produkowanych przez komorki raka jajnika OVCAR-4.

Warto jednak zauwazy¢, ze obserwacje poczynione w modelu eksperymentalnym
pokrywaja si¢ z wynikami uzyskanymi przy poréwnaniu tkanki nowotworu ze zdrowa
tkanka pochodzaca od tej samej pacjentki. Tutaj tez nie zaobserwowano réznic zardwno
w poziomie ekspresji izoform, jak 1 czynnikdéw epigenetycznych, co wskazuje
na prawdziwos$¢ hipotezy, ze wczesniej zaobserwowane zmiany zachodza na poziomie

catego organizmu, a nie lokalnie w guzie nowotworowym.

Brak r6znic w wynikach otrzymanych z komoérek hodowanych w medium kondycyjnym
ikontrolnym w zastosowanym modelu eksperymentalnym (in  vitro) moze
by¢ spowodowany niedoskonato$ciami samego modelu, a mianowicie — metoda separacji
komorek jadrzastych krwi moze skutkowacé utrate znacznej czesci frakcji zawierajace]

granulocyty [27].

Co wigcej, to wlasnie granulocyty (postaci zarowno dojrzate, jak 1 niedojrzate) sg obecne
we krwi obwodowej pacjentow nowotworowych [28]. CzeSciowej odpowiedzi na pytanie,
na ile utrata frakcji granulocytoéw wplyneta na otrzymane wyniki z eksperymentu z in vitro
(w stosunku do wynikéw otrzymanych dla pacjentek z rakiem jajnika), mogltaby udzieli¢
analiza rozmazu krwi badanych pacjentek 1 ocena profilu krwinek biatych tj. okreslenie

procentowego sktadu kazdego rodzaju krwinek biatych.
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Kolejnym ograniczeniem przeprowadzonego eksperymentu jest krotki (72 godz.) czas
hodowli, jednak powodem wybrania takich punktow czasowych byt fakt, ze dtugotrwale
hodowane komorki nie tylko obumierajg, ale takze zaczynaja produkowac wlasne

metabolity, co mogtoby skutkowac sfatszowaniem uzyskanych wynikow [29].

Podsumowujac, zastosowany model badawczy posiada ograniczenia i nie odzwierciedla
ztozonosci procesow zachodzacych in vivo w komorkach pacjentek z rakiem jajnika,
a uzyskane wyniki po raz kolejny dowodza, jak zloZony jest organizm ludzki, zachodzace

w nim interakcje oraz trudne jest modelowanie tych proceséw w warunkach in vitro.
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10.PODSUMOWANIE

Wyniki badan wykonanych w ramach niniejszej pracy doktorskiej ukazuja ztozono$¢

alternatywnego sktadania mRNA 1 jego znaczenia w patobiologii nowotworow.

Uzyskane wyniki pozwolity na sformutowanie nastepujacych obserwac;ji:

1.

BARDIp ulegat wyzszej ekspresji w tkance nowotworowej w porOwnaniu
ze zdrowg tkanka, co jest zgodne z wcze$niejszymi doniesieniami literaturowymi
1 moze potwierdza¢ onkogenny charakter tej izoformy.

W  neuroblastoma, poziom ekspresji BARDIS nie korelowal z danymi
patoklinicznymi, a zatem BARDIf nie jest dobrym markerem progresji i/lub
zaawansowania choroby.

Poziom BARDIS spadat w odpowiedzi na leczenie w dwoch przypadkach RMS,
jednakze w uwagi na bardzo malg liczebno$¢ proby, nalezy potwierdzi¢
te obserwacje w wigkszej grupie pacjentow. Z uwagi na rzadkos¢ RMS
zgromadzenie  reprezentatywnej  grupy  badanej, wymagaloby badania
wieloosrodkowego.

Brak obecnos$ci nieprawidlowych transkryptéw BRCAI i BRCA2 w badanej grupie
101 pacjentek ze sporadycznym rakiem jajnika, wskazuje na fakt, ze obecnie
stosowane protokoty diagnostyczne sa wystarczajace dla identyfikacji wigkszosci
wariantow patogennych.

Obecno$¢ wyzszej ekspresji naturalnie wystepujacych izofrom BRCAIAEIIq,
BRCAIAEIl 1 BRCA24E3 u pacjentek z rakiem jajnika moze wskazywac
na znaczenie tych izoform w procesie onkogenezy lub ich wplywu na przebieg
choroby.

Nie wykazano wplywu czynnikow genetycznych promujacych splicing oraz
srodowiska nowotworowego na wzrost ekspresji izofrom BRCAIAEIIq,
BRCAIAEII i BRCA2A4ES3.

Posrednio wykluczono wptyw wybranych czynnikéw epigenetycznych na ekspresje
izofrom BRCAIAEIlg, BRCAIAEII i BRCA2AE3 . Doswiadczenie majace na celu
sprawdzenie wptywu S$rodowiska tworzonego przez nowotwor na ekspresje

badanych izoform nie potwierdzilo tego zalozenia.
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Abstract: Currently, many new possible biomarkers and mechanisms are being searched and tested
to analyse pathobiology of pediatric tumours for the development of new treatments. One such
candidate molecular factor is BARD1 (BRCA1 Associated RING Domain 1)—a tumour-suppressing
gene involved in cell cycle control and genome stability, engaged in several types of adult-type
tumours. The data on BARD1 significance in childhood cancer is limited. This study determines
the expression level of BARD1 and its isoform beta (f3) in three different histogenetic groups of
pediatric cancer—neuroblastic tumours, and for the first time in chosen germ cell tumours (GCT), and
rhabdomyosarcoma (RMS), using the qPCR method. We found higher expression of beta isoform in
tumour compared to healthy tissue with no such changes concerning BARD1 full-length. Additionally,
differences in expression of BARDI (3 between histological types of neuroblastic tumours were
observed, with higher levels in ganglioneuroblastoma and ganglioneuroma. Furthermore, a higher
expression of BARD1 {3 characterized yolk sac tumours (GCT type) and RMS when comparing with
non-neoplastic tissue. These tumours also showed a high expression of the TERT (Telomerase Reverse
Transcriptase) gene. In two RMS cases we found deep decrease of BARD1 (3 in post-chemotherapy
samples. This work supports the oncogenicity of the beta isoform in pediatric tumours, as well as
demonstrates the differences in its expression depending on the histological type of neoplasm, and
the level of maturation in neuroblastic tumours.

Keywords: BARD1; BARD1 (3; BARDI1 isoforms; splicing; pediatric tumor; germ cell tumors; yolk
sac tumors; rhabdomyosarcoma; neuroblastoma; TERT

1. Introduction

Significant patho-clinical heterogeneity of pediatric tumours, together with their
low incidence, results in the limited number of ongoing studies, compared to the adult
malignancies. Notably, the pathogenesis of pediatric cancers’ differs significantly from
adulthood tumours, with a little importance of environmental factors [1]. Cancer is the
second cause of death in children, and the reason for morbidity is that most survivors suffer
from various long-term side post-treatment effects. Pediatric cancer occurs in the context
of development and developmental biology. The genetic predisposition accounts for only
5-10% of pediatric tumours, suggesting other mechanisms, including acquired genetic

Genes 2021, 12, 168. https:/ /doi.org/10.3390/ genes12020168

https:/ /www.mdpi.com/journal/genes


https://www.mdpi.com/journal/genes
https://www.mdpi.com
https://orcid.org/0000-0003-3732-1337
https://orcid.org/0000-0001-8014-4263
https://orcid.org/0000-0001-7550-1326
https://doi.org/10.3390/genes12020168
https://doi.org/10.3390/genes12020168
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/genes12020168
https://www.mdpi.com/journal/genes
https://www.mdpi.com/2073-4425/12/2/168?type=check_update&version=3

Genes 2021, 12, 168

20f 14

alterations [2,3]. Alternative RNA splicing, resulting in expression of alternative isoforms,
often playing antagonistic functions to the canonical gene product is one of the primary
mechanisms in cancer development [4]. BARD1 (BRCA1 Associated RING Domain 1,
2q34-q35) is a leading partner of BRCA1 and consists of 11 exons spanning 777 amino acid
protein. BARD1 has an N-terminal RING-finger domain, three centrally located ankyrin
repeats (ANK), and two C-terminal BRCT (BRCA1 C Terminus) domains (Figure 1a) [5-7].
A heterodimer of BRCA1 and BARD1 has E3 ubiquitin ligase activity participating in
DNA repair, modulating chromatin structure, cell cycle regulation, hormone signaling,
as well as some developmental processes [7-9]. The function of the BARD1 protein is
to form a heterodimer in conjunction with BRCA1 protein. Stable formation of the het-
erodimer may be critical for BRCA1 exerting cancer inhibition. Full length (FL) BARD1 is a
tumour-suppressor gene playing an essential role in cell cycle control and genome stability.
However, BARD1 encodes at least 11 different isoforms playing antagonistic functions
towards FL protein [6,10]. Overexpression of those oncogenic isoforms might result in
disrupting the cell cycle and telomeric instability [11]. Mainly, BARD1 isoforms that lack
RING or/and ANK domains were described as oncogenic. Up-regulation of 3, 5, w is asso-
ciated with unfavorable prognosis in cancers and can antagonize the functions of BARD1
FL as a tumour suppressor. Several scientific evidence shows that cancer-associated BARD1
isoforms act as a driving force for carcinogenesis [6]. BARD1 3 (exon structure shows on
Figure 1b), which during mitosis, binds, and stabilizes the Aurora A and B kinases and is
overexpressed in several adulthood malignancies [7]. The expression of BARD1 isoforms
was widely studied in several adult type malignancies, such as colorectal, lung, and gynae-
cological cancers, whereas its role in pediatric tumours is yet to be discovered [12-14]. The
best-analyzed is neuroblastoma, but only limited data on BARD1 is available for Wilms’
tumour, case studies in Ewing sarcoma, and osteosarcoma or does not exist as in case of
GCT or RMS [15-17].

(a)
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Figure 1. (a). Structure of BARDI. Exon structure, length, and domain composition of BARD1 FL
(NCBI Reference Sequence: NM_000465.4, UniProtKB-Q99728). (b). Exon structure of full-length
BARDI1 and its beta isoform.

Neuroblastoma is the second most common pediatric solid tumour type growing in
the adrenal glands and the abdominal ganglia, mediastinum, and head and neck area [18].
Histologically three categories are discerned: neuroblastoma with undifferentiated, poorly
differentiated, and differentiating Schwannian stroma-poor subtypes, ganglioneuroblas-
toma rich of Schwannian stroma, and ganglioneuroma showing mature phenotype and
Schwannian stroma predominance. NB course can be various, but metastatic disease has
poor long-term prognosis. The risk group systems aimed for treatment optimalization,
are based on patients’ age, tumour location, histology, stage, and molecular changes such
as N-myc status, chromosomal and single gene abnormalities (ALK, Aurora K) [19-21].
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Several SNPs in BARD1 are found to be related to invasive NB. A study comparing 397
high-risk cases and 2043 controls revealed six new SNPs at 2q35 within the BARDI gene
locus significantly associated with NB. They showed that common variation in BARD1
associates with the risk of the aggressive and most clinically corresponding subtype of
human NB. One of these SNPs has been associated with higher expression of the BARD1
( isoform [5]. Furthermore, Pugh et al. tested tumour tissue DNA and the matching pe-
ripheral blood DNA by using the next sequencing, discovering that BARD1 could undergo
germline mutations [22].

Germ cell tumours (GCT) create a heterogeneous group with various directions and
stages of differentiation [23]. Histologically they include two categories—seminomatous
(exact names depend on location) and non-seminomatous- encompassing yolk sac tu-
mour (YST), embryonal carcinoma, choriocarcinoma, teratomas, and mixed GCT [24-26].
The patho-clinical features, treatment and outcome of GCT are age, histology, and site-
dependent. Theories on GCT origin encompass disturbed mitosis-meiosis switch, deregu-
lation of apoptosis and signalling pathways (bFGEF, cKIT or SHH), disorganized migration
of germ cell precursors and gonadal dysgenesis [27,28]. The molecular pathogenesis of
pediatric GCT is not well understood. The genomic profiles in pediatric GCT depend on
their location and patient’s age (pre vs post-pubertal) [29]. The single gene defects like
point mutations are rare and involve mainly KIT, KRAS, TP53, CDKN2A [30,31]. Some
genes polymorphisms and the biological role of the methylation profiles is also under the
investigation in GCTs [32]. To our best knowledge, the role of BARD1 in GCT has not been
investigated so far.

Rhabdomyosarcoma (RMS) is the most common aggressive soft tissue pediatric sar-
coma with high metastatic potential and local regrowth [33]. Two principal histological
RMS subtypes exist: embryonal and alveolar. The crucial prognostic markers include
tumour histology, location, stage and age of the patient. Genetic alterations comprise recip-
rocal translocations and their associated fusions in alveolar RMS subtype (PAX, FOXO),
while chromosomal losses and gains in embryonal RMS. The most frequent alterations in
RMS includeTP53, NF1, NRAS, MDM2, and CDKN2A aberrations. [34,35]. We have not
come across studies on the BARD1 gene and its isoforms in RMS in the literature so far.

The present study aimed to assess the expression of BARD1 FL and BARD1 f3 indiffer-
ent pediatric tumours. The neuroblastic tumours, chosen germ cell tumours, and a pilot
series of rhabdomyosarcoma cases were evaluated to look for possible BARD role in their
pathogenesis and clinical characteristics.

2. Materials and Methods

Samples (formalin-fixed paraffin-embedded (FFPE) material) included in the study
were collected at the time of diagnosis, with all the individuals enrolled being children
under 18 years. All cases were clinically and pathologically characterized during pre-
viously managed projects (N401 176 31/3867 2005 and NCN 2014/15/B/NZ4/04855).
Histological review was performed on hematoxylin-eosin stained preparations. The local
ethics committee approved the study at the Medical University of Gdansk. Table 1 contains
summarized characteristic of a cohort of neuroblastoma patients.

In total, we analyzed 101 neuroblastoma samples from the patients in the age between
1 month and 14 years. The next examined group consisted of 26 cases of GCTs, where for
21 samples, both tumour and adjacent normal tissue were available. The cohort included
seven immature teratomas, nine yolk sac tumours, and ten dysgerminomas. The last
group was composed of seven rhabdomyosarcoma (RMS) cases, where for all of them, both
tumour and adjacent normal tissue were available. Tables 2 and 3 show the patho-clinical
characteristic of GCTs and RMS group. For three neuroblastoma and two RMS cases
tumour tissue was available before and after chemotherapy treatment.

The study material was RNA extracted from formalin-fixed paraffin-embedded tissue
(FFPE) using the FormaPure Total (Beckman Coulter, Brea, CA, USA). RNA quality and
concentration were assessed using NanoDrop and Qubit, respectively.MultiScribe (Applied
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Biosystem, Foster City, CA, USA) using random primers was applied for cDNA synthesis,
using 200 ng of RNA. Before further analysis, the quality of cDNA was evaluated by amplify-
ing ACTB (Frw: 5-ATTGGCAATGAGCGGTTC-3’; Rev: 5’CGTGGATGCCACAGGACT -3'),
using GoTaq (Promega, Madison, WI, USA) polymerase followed by gel electrophoresis.

Table 1. Patho-clinical characteristics of tumours—neuroblastoma analyzed cases.

Age (range in months (median)) 1-169 (30)
Sex
boys 48 (54%)
girls 41 (46%)
Stage (INSS)
1 7 (8%)
2 12 (13%)
3 30 (34%)
4 33(37%)
4s 7 (8%)
Mitosis Karyorrhexis Index (MKI)
low 40 (45%)
intermediate 25 (28%)
high 24 (27%)
Histological category
Neuroblastoma 71 (80%)
undifferentiated 7 (9%)
poorly differentiated 35 (50%)
differentiating 29 (41%)
Ganglioneuroblastoma 12 (13%)
Ganglioneuroma 6 (7%)
Tumor localization
adrenal 46 (51%)
extra-adrenal 43 (49%)
NMYC status
amplification 18 (20%)
no amplification 70 (79%)
unknown 1 (1%)
Histological risk group (INPC)
favorable 51 (57%)
unfavorable 38 (43%)
Clinical risk group
low 26 (29%)
intermediate 27 (30%)
high 36 (41%)

Table 2. Patho-clinical characteristics of germ cell tumors.

Group Characteristic:

Histological T i
isiological ype Age (Range'ln Months Sex (Boys/Girls) Tumor Location
(Median))
Immature o o o Testicle (3) (43%), Mediastinum (1)
Teratoma (7) Congenital-204 (55) 4 (57%)/3 (43%) (14%), Sacro-caudal area (3) (43%)
Yolk sac tumor (9) 6-138 (51) 8 (89%)/1 (11%) Testicle (8) (89%), Ovary (1) (11%)
Dysgerminoma (10) 84-204 (156) 10 girls (100%) Ovary (10) (100%)

A total of 156 samples were qualified for BARD1 analysis, including97 neuroblastoma
samples and 59 samples from 32 patients with other tumours.

Expression analysis for samples was performed using the BARDI FL assay (ID:
Hs00957649_m1), spanning exons 3 and 4, while expression of BARD1 3 was evaluated
using commercial TagMan probes spanning exon 1 and 4 (Assay ID: Hs04408502_m1).
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Additionally, in GCTs and RMS we evaluated expression of TERT, using a specific FAM
TagMan™ Gene Expression Assay (Hs00972650_m1, Thermo Fisher Scientific, Waltham,
MA, USA). All the reactions were run in triplicates. The analysis was performed on
a LightCycler® 480 Real-Time PCR System (Roche, Basel, Switzerland). Target ampli-
cons were assessed against a control sequence of two reference genes: PGK1 (Assay ID:
Hs99999906_m1) and IPO8 (Assay ID: Hs00183533_m1). The amplification curves were
analyzed using the Roche LC software (Roche, Basel, Switzerland) to determine the thresh-
old cycle (Ct). BARD1 positive control (HeLa cell line) and PCR negative controls were
amplified in each qPCR (quantitative real-time PCR) reaction.

Table 3. Patho-clinical characteristics of Rhabdomyosarcoma.

Age (Range in Months (Median)) 36-156 (104.6)
Sex
boys 5 (71%)
girls 2 (29%)
Tumor localization
Thorax, head and neck 2 (29%)
Limbs 3 (42%)
Pelvic 2 (29%)
Histological category
RMS alveolare 3 (43%)
RMS embryonale 4 (57%)

Neuroblastoma samples without BARD1 expression (n = 5) were further investigated
toward potential BARDI deletion using FISH (BARD1 specific probe, Empire Genomics;
a protocol according to the manufacturer’s guidelines) on the Zeiss microscope AXIO
Imager.Z2 in 1000 x magnification; image analysis system was MetaSystem (MetaSystems
Probes, Heidelberg, Germany).

All inconclusive results were repeated twice. Finally, statistical analysis was per-
formed on 89 neuroblastoma cases and 31 other tumours (GCTs and RMSs), using Statistica
software (StatSoft, Krakow, Poland). Paired two-tailed Wilcoxon matched-pairs signed-
rank test and two-tailed R Spearman correlation test were applied. Differences between the
groups were evaluated with the Mann-Whitney U test after checking the normality of the
distribution with the Shapiro-Wilk test and the equality of variance with the Levene test.

In all statistical tests, a p < 0.05 was considered to be significant. All figures were
created in Microsoft Excel. All Supplementary Files heat maps were created by using R
language and p heatmap package [36].

3. Results
3.1. BARD1 in Tumor Tissue

In total, 89 neuroblastoma samples (with three pre- and post-chemotherapy cases),
24 GCTs (19 with paired adjacent tissue), and 7 RMS (all with paired adjacent tissue, and
two with samples before and after chemotherapy) passed the quality control and were
used for the further analysis.

In the results of BARDI FL expression and the beta isoform for the whole material
from neoplastic tissue (1 = 120; FL: 0.0111 &£ 0.0123; 3: 0.004 & 0.0048) and healthy tissue
(n = 26; FL: 0.0063 £ 0.0048; 3: 0.002 £ 0.0025), we found that there were no statistically
significant differences in the level of FL expression. There are, however, statistically
significant differences (Z = 2.25; p = 0.01) between these groups in the level of expression of
the beta isoform. In healthy tissue, the beta isoform was expressed at a lower level than in
neoplastic tissue.

Comparing the expression in groups of different types of childhood tumours, a
higher level of BARD1 FL in neuroblastoma (FL: 0.0128 & 0.0135; (3: 0.0045 + 0.0054)
series is noticeable. When compared neuroblastoma group to GCTs (FL: 0.057 & 0.0055;
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f3: 0.0029 = 0.0022), in which case expression of BARD1 FL is on the lowest level, difference
reaches statistical significance (Z = 2.53; p = 0.039).

In the case of the beta isoform in neoplastic tissues, statistically, significantly higher
expression of the beta isoform was found in a group of ganglioneuroblastoma and gan-
glioneuroma (FL: 0.0145 + 0.0136; (3: 0.0084 + 0.0086), comparing to the neuroblastoma
group and also in comparison to GCTs (Z = 2.62; p = 0.015).

3.2. Characteristic of BARD1 Expression in Different Histogenetic Groups of Pediatric Tumors
3.2.1. Neuroblastic Tumors

The majority (n = 84/89; 94.4%) of neuroblastoma samples expressed BARD1 FL.
Interestingly, all five samples that did not express BARD1 FL were at stages 3 or 4 and did
not either express the BARD1 {3 isoform. There was no deletion of the 2g35 region in those
samples while checking by FISH. About 73% of the analyzed samples expressed BARD1
B (n =69/89). However, the group with no BARDI 3 expression is very heterogeneous
concerning pathological clinical characteristics. The correlation between BARDI FL and
BARD1f expression in quantitative analysis in neuroblastoma probes was not found. The
results of this analysis are presented in Figure 2. A detailed breakdown analysis was made
with access to patho-clinical information: sex, stage, MKI, amplification status, histological
subtype, age of diagnosis, localization, histological and clinical risk group. Due to relatively
small clinical INSS stage groups, related groups were created: a group I (stage 1 and 2),
and group II (stage 3, 4, and 4s). Group II was more numerous, accounting for 79% of
cases. In total, lack of BARDI 3 was observed in 27% of samples (n = 24/89), 17 in group 1I
(71%, n =17/24) and 7 in group 1 (29%, n = 7/24). Relative expression of BARDI FL and
BARD1 f isoform in INSS grouped data are shown in Figure 3A. Statistically, a significant
difference was not observed between NB stage in BARDI FL and BARDI1 3 expression
analysis. Mitosis-karyorrhexis index (MKI), with the larger number of tumours classified
was MKI low (n = 40/89; ~45%). Relative expression of BARD1 FL and BARD1 f3 isoform
in MKI subgroups are shown in Figure 3B. In the examined NB group, there was 80%
(n = 71/89) neuroblastoma type in three histological subtypes: differentiating 32.6%, poorly
differentiated 49.3%, and undifferentiated 9.9%. Additionally, 6 (6%) ganglioneuroma cases
and 12 (14%) ganglioneuroblastoma were tested. There was a statistically significant
difference in beta isoform expression between neuroblastoma (3: 0.0036 £ 0.004) and other
histological types (3: 0.0084 & 0.0086) (Z = 2.57; p = 0.01). Higher expression was found in
the group consisting of ganglioneuroma and ganglioneuroblastoma compared to different
histological subtypes of neuroblastoma. In post-chemotherapy NB tissues, BARD1 FL and
BARD1 3 isoform expression levels varied, but no pattern was observed. The complex
analysis of other factors in different constellations did not reveal any specific patterns.

3.2.2. Germ Cell Tumors

All analyzed GCTs expressed BARD1 FL, with statistically significant differences
between the BARD1 FL expression in the tumour (0.005 £ 0.004) and adjacent tissue
(0.008 £ 0.0042) in the yolk sac tumour (YCT) (Z = 2.19; p = 0.024). Higher expression
was noticed in adjacent tissue. While expression of BARD1 3 was detected in 23 tumor
tissues (n = 23/24; 96%) and 16 adjacent tissues (n = 16/19; 84%). TERT was not expressed
in 52% (n = 10/19) of the adjacent tissues and only in 8% (n = 2/24) of tumour tissues
(teratomas). Interestingly, when analyzing BARD1 {3 compared to FL expression depending
on GCTs subtype, we found a higher correlation in YCT tissue (0.617 = 0.151) than adjacent
healthy tissues (0.243 £ 0.0729) (Z = 2.07; p = 0.02). However, such differences were not
found in teratoma and dysgerminoma (expression level for immature teratoma samples
are presented in Supplementary File S2). Data for representative samples are presented in
Figure 4 and for all yolk sac-in Supplementary File S3. Correlation data and analysis for
yolk sac tumours are presented in Figure 5. Moreover, YCT showed a higher expression
of BARD1 3 and TERT. However, only in tumor samples statistically significant positive
correlation was found between BARDI 3 and TERT expression(r = 0.8824; p = 0.003).
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Figure 2. BARD1 FL and BARD1 (3 isoforms mRNA expression correlation. Neuroblastoma patients were divided into two
groups based on the stage of the disease: (A) Connected stages 1 & 2 (n = 19), (B) Stage 3, 4 & 5 (n = 70) and (C) Patients’
data without stage division (1 = 89).
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Figure 3. RNA BARD]1 isoforms relative expression of neuroblastoma cases. Neuroblastoma patients
were divided into two groups based on the INSS stage (A) of the disease and Mitosis-karyorrhexis
index (MKI) (B). Expression BARD1 FL and {3 results were presented for each group. The results are
depicted as median.
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Figure 4. TERT and BARD1 isoforms expression level of yolk sac representative samples. Histogram of mRNA expression
for TERT and BARD1 isoforms of representative samples. Results are depicted as median. AT—adjacent tissue.
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Figure 5. TERT, BARD1 FL, and (3 isoform mRNA expression correlation in yolk sac samples. (A) Correlation between
BARDI1 FL and f isoform in unchanged histological tissue. (B) Correlation between BARD1 FL and f3 isoform in tumor
tissue. (C) Correlation between BARD1 {3 isoform and TERT in unchanged histological tissue. (D) Correlation between
BARD1p isoform and TERT in tumor tissue.

3.2.3. Rhabdomyosarcoma

All analyzed pilot group RMS tumour tissue expressed BARD1 FL and BARD1 f3
(n =7/7; 100%), while in adjacent tissue, one did not express BARDI FL, and two did
not express BARD1 3 (n =5/7; 71%). TERT was detected in 6 tumor (86%) and 4 (57%)
adjacent tissue. We found higher expression of BARD1 {3 isoform in neoplastic tissue
(0.0032 £ 0.00095) than adjacent healthy tissues (0.00067 £ 0.000223) (Z = 2.36; p = 0.018). A
statistically significant difference was also performed between tumour (0.00576 £ 0.00164)
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and healthy tissue (0.00079 £ 0.000385) in TERT expression (Z = 2.19; p = 0.028). Statistically
significant results for RMS probes are presented in Figure 6.
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Figure 6. TERT and BARD]1 isoforms expression levels of RMS samples. Histogram of mRNA expression for TERT, BARD1
FL, and BARD1 f3 isoform of RMS samples. Results are depicted as median. AT-adjacent tissue.

In the RMS group, there were 2 cases with samples collected after chemotherapy
treatment. The expression of BARD1 FL, BARD1 (3, and TERT decreased after treatment in
these samples.

4. Discussion

In cancer cells, the mRNA assembly process, like other processes, undergoes specific
changes that may result in disease progression. In a healthy cell, naturally occurring isoforms
are in the right proportions, allowing harmonic and carefully controlled operation of all pro-
cesses. The alternative assembly processes may also result in new, unfavourable, isoforms [37].

BARD1 is an example of a gene whose changes can lead to cancerogenesis. The
full-length BARDI is classified as a tumour suppressor and the main partner of BRCA1
(forming a heterodimer via the RING domain). beta is one of the most studied isoforms;
lack of RING domain makes its incapable of interacting with BRCA1. BARD]1 alternative
isoforms have been described, among others, in the colorectal, lung, gynaecological cancers,
and neuroblastoma [38,39]. Here, we describe the analysis of BARD1 f3 in three types of
childhood cancers: neuroblastoma, germ cell tumours, and rhabdomyosarcoma. The
previous data suggest that a high level of BARDI f} is associated with an adverse prognosis
in different cancer types [5,12,40,41].

In our cohort, we confirmed a higher expression of BARD1 f3 in the tumour but not in
adjacent tissue; however, we did not observe any difference in BARD1 FL between cancer
and non-neoplastic control. This observation contradicts Cimmino et al., who reported a
reduction of BARD1 FL in cancer cells [6]. A possible explanation of this phenomena is a
limitation of the TagMan probe that we used in this study. The Hs00957649_m1 binds on
exon 3 and 4 junction, therefore will also detect other isoforms that have these exons.

BARDI1 is also an important factor involved in all stages of spermatogenesis and
embryogenesis. Its isoforms were found in the human cytotrophoblast [42], and depletion
of BARD1 leads to lethality in embryonic life or development or cerebral malformations [7].
Besides, the BRCA1-BARD1 complex plays an essential role in meiosis, homologous recom-
bination, and also takes part in brain and neural crest line morphogenesis [43]. Therefore,
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we hypothesise that BARDI alternative isoforms might play a role in most childhood
tumours and as such, these cancers might share similar BARD1 profiles.

The genome-wide association study (GWAS) associated several BARDI variants with
susceptibility to high-risk neuroblastoma [44], mainly rs6435862 T>G was related with
overexpression of BARD1 f3 [5]. Additional studies, genotyping neuroblastoma patients,
were conducted in other populations [45-47]; however, not all of them confirmed previous
findings [45]. Our cohort of patients has not been genotyped prior to BARD1 expression
analysis; therefore, our study was performed in an unselected cohort, limiting possible bias
of earlier molecular results.

Earlier studies demonstrated that BARD1 (3 blocks the apoptosis of neuroblastoma cells
and stabilizes the Aurora kinase A and B, which are essential players in NB biology [5,7].
However, our results do not demonstrate a correlation between expression of BARD1 {3 and
patho-clinical features in neuroblastoma and lack of BARD1 {3 (but not BARDI FL) did not
correlate with more favourable phenotype. This observation was unexpected, especially given
the direct impact of BARD1 3 in cancerogenesis.

Furthermore, we observed a statistically significant difference in BARD1 {3 expression
in different histological subtypes; with BARDI 3 being highly expressed in more mature
ganglioneuroma/ganglioneuroblastoma (p = 0.01). These NB family members are more
mature and characterized with a higher degree of neural cells differentiation, and significant
content of Schwannian stroma [48], and have a better prognosis than neuroblastoma. A
possible explanation is a link between neural crest differentiation, maturing morphology in
NB tumours and a role of BARDI isoforms in these processes; however, this phenomenon
needs further evaluation.

In our cohort, we identified five tumours without BARD1 (both 3 and FL) expression, to
assess BARD1 gene status we performed FISH analysis. However, the result did not confirm a
potential deletion of BARD1. Therefore, the absence of BARDI expression may indicate other
inactivating mechanisms, like promotor methylation or genetic mutation [7,49]. Interestingly,
the absence of BARD1 due to promoter methylation was observed only once, in a series of
colon cancers [13].

Importantly, here we report for the first time the expression of BARD1 in other child-
hood cancers, including germ cell tumours (GCTs) and rhabdomyosarcoma (RMS). How-
ever, due to a low number of RMS cases, this analysis should be considered as a pilot study,
which findings require further evaluation. In GCTs and RMS cohorts, we additionally
assessed the TERT expression level, as it was previously reported that BARD1 plays a
role in telomere stability [11,40,50]. Therefore, we wanted to explore a possible correlation
between BARDI expression and TERT level.

Teratomas and yolk sac tumours histologically represent the tumors with a wide
pattern of differentiation-the first contains mixture of elements of three germ layers, since
the second recapitulates specific endodermal derived structures [51,52]. Dysgerminoma
is built of the undifferentiated primordial- like germ cells with lymphocytic stroma [53].
Therefore, our hypothesis assumed that BARDI1 taking part in early stage of development
plays an essential role in the pathology of these specific neoplasms. GCTs develop mainly
in gonads, where migrating primordial germ cells reach their destination during embryo-
genesis, and most of GCTs occur in males, which rises another link with BARD1 being
naturally elevated in testis [54].

In our study group, BARDI 3 was higher expressed in a tumour that non-neoplastic
adjacent tissue, with the difference being statistically significant in yolk sack tumours.
Besides, there was a positive correlation in expression of BARD1 3 and TERT, which
support the known role of BARD]1 3 in cancerogenesis. Interestingly, this correlation was
not present in other analysed GCTs subtypes (immature teratoma and dysgerminoma).
Nevertheless, it might be partially explained by variegated histological characteristics of
these neoplasms.

Lastly, we examined the expression of BARD1 (FL and f3) in a small group of aggressive
soft tissue sarcoma, RMS. The TP53, NF1, NRAS, CDK4, MYCN, GLI, MDM?2, FGFR1, and



Genes 2021, 12, 168

110f 14

FGFR4 are listed among the most frequently altered in these tumours, interestingly they
play a role in the cell cycle regulation and DNA repair, and interact with BARD1 [55,56].
Also, chromosome 2 alterations (where BARDI is located, 2q34-35) are commonly found in
RMS [57]. Our research showed that BARD1f3 isoform and the TERT gene were significantly
more strongly expressed in the neoplastic tissue compared to the healthy control tissue.

Additionally, in two RMSs we had access to the material pre- and post-chemotherapy,
where expression of BARD1 (3 was dramatically reduced post-treatment (accompanied
with TERT being below detection limits). In our opinion, although this observation has a
preliminary character (due to the limited size of the studied group), it designates the role
of BARD1 f3 not only in RMS pathobiology but also carcinogenesis itself.

It is worth emphasizing that the study conducted requires further confirmation using
other methods, larger groups of respondents of different ethnic origins and comparison
with available databases. Validation of the obtained results by using methods with other
strengths and weaknesses would avoid limitations resulting from the homogeneity of the
analytical workshop applied.

To summarise, here we examine the role of BARD1 3 in a series of neuroblastoma
tumours, but also in a relatively poorly recognized GCTs and RMS. Our results indi-
cated a highly probable function of BARD1 and its isoforms in other childhood tumours’
pathobiology; however, it needs to be verified in a larger cohort of patients.

5. Conclusions

In our work, we confirmed the higher expression of BARDI f3 isoform in neoplastic tis-
sues of pediatric tumors. Here, we show that there may be a specific BARDI isoforms pattern
in germ cell tumors, rhabdomyosarcoma, and neuroblastoma subtypes. The differences in
BARD1 expression depend on the histological type of neoplasm, and the level of maturation
in neuroblastic tumours. Our findings confirm the association with oncogenesis of BARD1 3
not only in the neuroblastoma, but for the first time also in selected GCT and RMS.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-442
5/12/2/168/s1. File S1: Representative photos of analyzed neoplasms, File S2, BARDIFL and beta
isoforms expression level in neuroblastoma sample, File 53, BARDlisoforms and TERT expression
level of all teratomas samples.
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ARTICLE INFO ABSTRACT
Keywords: Background: The mRNA splicing is regulated on multiple levels, resulting in the proper distribution of genes’
Epithelial ovarian cancer transcripts in each cell and maintaining cell homeostasis. At the same time, the expression of alternative tran-

Alternative splicing
Isoform

BRCA1

BRCA2

scripts can change in response to underlying genetic variants, often missed during routine diagnostics.

Aim: The main aim of this study was to define the frequency of aberrant splicing in BRCA1 and BRCA2 genes in
blood RNA extracted from ovarian cancer patients who were previously found negative for the presence of
pathogenic alterations in the 25 most commonly analysed ovarian cancer genes, including BRCAI and BRCA2.
Material and methods: Frequency and spectrum of splicing alterations in BRCA1 and BRCA2 genes were analysed
in blood RNA from 101 ovarian cancer patients and healthy controls (80 healthy women) using PCR followed by
gel electrophoresis and Sanger sequencing. The expression of splicing events was examined using RT-qPCR.
Results: We did not identify any novel, potentially pathogenic splicing alterations. Nevertheless, we detected six
naturally occurring transcripts, named BRCAIAE9-10, BRCA1AE11, BRCA1AE11q, and BRCA2AE3, BRCA2AE12
and BRCA2AE17-18 of which three (BRCAI1AE11q, BRCAIAE11 and BRCA2AE3) were significantly higher
expressed in the ovarian cancer cohort than in healthy controls (p < 0.0001).

Conclusions: This observation indicates that the upregulation of selected naturally occurring transcripts can be
stimulated by non-genetic mechanisms and be a potential systemic response to disease progression and/or
treatment. However, this hypothesis requires further examination.

1. Introduction malignancy in women and the leading cause of gynaecological cancer-

related deaths. OC is a heterogeneous disease (Berek et al., 2021; Lisio

Cancer is a leading cause of death and a substantial barrier to et al., 2019); however, up to 17% of all cases are due to germline

increasing life expectancy worldwide (Bray et al., 2018; Bray et al., pathogenic variants in the BRCA1 and BRCA2 genes (Weiderpass and
2021), with ovarian cancer (OC) being the 5th most common Tyczynski, 2015).
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A pathogenic variant (PV) in the BRCA1 (OMIM 113705) or BRCA2
(OMIM 612555) gene increases the risk of developing ovarian cancer by
80 years to 44% and 17%, respectively (Kuchenbaecker et al., 2017).

Screening for germline pathogenic variants (PVs) and somatic mu-
tations in the BRCA1/2 has been used in diagnosis and treatment of OC
for many years now, with BRCA1/2-mutated OCs showing better
response to platinum-based chemotherapy and targeted therapy with
poly (ADP-ribose) polymerase (PARP) inhibitors (Walsh, 2015; Tan and
Kaye, 2015).

Nevertheless, BRCA1/2 genetic screening is usually limited to the
coding sequence and short “flanking” introns fragments, limiting the
detection of potentially pathogenic intronic variants, which promote
aberrant splicing or upregulation of naturally occurring alternatively
transcripts, both having potentially harmful effects on the cell (Pagani
and Baralle, 2009; ElSharawy et al., 2006). Recently, James et al. esti-
mated that ~10% of rare pathogenic intronic variants in BRCAI and
BRCA2, which are located outside the acceptor and donor splice sites,
are undetected when utilising current diagnostic protocols (James et al.,
2022).

To date, numerous naturally occurring alternative splicing varia-
tions, missing specific exons, have been described in BRCA1 and BRCA2,
each of those undergoing expression changes in response to underlying
genetic variants (de Jong et al., 2017; Fackenthal et al., 2016). Notably,
some of these alternative transcripts (e.g. BRCA1AE11q and BRCAI1AE9-
10) encode for proteins that appear to retain partial function and are
therefore involved in cellular activities (Fackenthal et al., 2016; Caputo
et al., 2018; Colombo et al., 2014; de la Hoya et al., 2016; Meulemans
et al., 2020). For instance, the predominantly expressed BRCAI1AEI1q
isoform arises from the use of an alternative exon 11 splice donor site
and lacks a distal part of exon 11 (r.788_4096del) and is implicated in
the PARPi and cisplatin resistance (Wang et al., 2016). Interestingly,
depletion of BRCAIAE11q restores the treatment sensitivity (Wang
et al., 2016). Recent reports have shown that SNP rs5820483 can alter
the expression of BRCAI isoforms with a complete or fragmentary
absence of exon 11 (Ruiz de Garibay et al., 2021).

The BRCA1AE11 results from the exclusion of the entire exon 11
(r.671_4096del) and lacks multiple protein-binding sites, including
those recognised by the RAD51 and RAD50 complex and the NLS (nu-
clear localisation signal) structures (Clark et al., 2012). Mouse studies
have indicated its role in proliferation and cell death (Liu and Lu, 2020).
BrcalEA11/EA11 mice embryos were shown to be lethal; however, these
embryos died later during embryonic development compared to Brcal-
null embryos, supporting partial functionality of BRCAIAE11 (Liu and
Lu, 2020). BRCA2AE3 produces another in-frame natural transcript
lacking exon 3 coding sequence that is essential in maintaining in-
teractions with PALB2 and for proper localisation of BRCA2 to DNA
damage sites (Xia et al., 2006). In addition, BRCA2AE3 does not have
two potentially important sequences, called the primary activating re-
gion (PAR: aa 23-60) and an auxiliary activating region (AAR: aa
60-105). PAR has been suggested to play a role in protein-protein
interaction (EMSY, SMAD3), while AAR can be possibly related to
regulation of the BRCA2 transcriptional function through phosphory-
lation (de Jong et al., 2017; Fackenthal et al., 2016; Milner et al., 2000).

High expression of BRCA2AE3 was previously correlated with the
presence of two pathogenic variants, deletion of exon 3
(c.68_316del249, p.Asp23_Leul05del) and c.316 + 3delA. Both alter-
ations resulting in expression of stable delta3-transcript (BRCA2AE3
corresponded to 61% and 52% of the total PCRs, respectively) (Muller
et al., 2011). Other variants in intron 2 of BRCA2 were also correlated
with low to high increase of BRCA2AE3 (14% to 52%) transcripts, with
the large discrepancy of BRCA2AE3 expression within samples carrying
the same variant (Muller et al., 2011). Importantly, low to moderate
levels of BRCA2AE3 seems to be well tolerated by the cell as long as the
full-length transcript is expressed at a relatively normal level (Muller
et al., 2011; Colombo et al., 2018; Thomassen et al., 2022; Tubeuf et al.,
2020).
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Naturally occurring alternative mRNA isoforms are present at the
low levels (~10%), which allows for harmonious, carefully controlled
operation of all cellular processes (Liu and Lu, 2020; Milner et al., 2000).
However, the expression dynamics of both canonical and alternative
splicing can be disrupted by specific genetic alterations (Liu and Lu,
2020; Muller et al., 2011). Identification of such splicing disruptions in
genes of interest may therefore indicate the presence of previously un-
detected variants impacting splice regulatory elements.

Here, we analysed germline RNA from 101 ovarian cancer patients,
previously found negative for PVs in 25 OC-associated genes (including
BRCAland BRCA2) utilising custom TruSeq Amplicon assay, for the
presence of novel alternative transcripts of BRCA1 and BRCA2 genes
that may indicate splicing altering variants that conventional screening
protocols had overlooked.

In addition, we assessed the expression of selected (BRCA1AE11q,
BRCA1AE11 and BRCA2AE3) naturally occurring alternative transcripts,
followed by screening for underlying genetic variants in patients DNA
that might promote their expression.

2. Materials and methods
2.1. Analysed cohorts

This study analysed a cohort of 101 OC patients who tested negative
for germline PVs in BRCAI and BRCA2 and 23 other cancer-related
genes as part of the MAESTRO study (2011/02/A/NZ2/00017; TruSeq
Custom Amplicon assay (Illumina Inc., San Diego, CA, USA): BRCAI
(MIM:113705) and BRCA2 (MIM:600185), APC (MIM:611731), ATM
(MIM: 607585), BARD1 (MIM: 601593), BLM (MIM: 604610), BRIP1
(MIM: 605882), CDH1 (MIM: 192090), CDKN2A (MIM:600160), CHEK2
(MIM:604373), MLH1 (MIM:120436), MRE11A (MIM:600814), MSH2
(MIM:609309), MSH6 (MIM:600678), NBN (MIM: 602667), PALB2
(MIM:610355), PMS2 (MIM:600259), PTEN (MIM:601728), RAD50
(MIM:604040), RAD51 (MIM:179617), RAD51B (MIM:602948),
RAD51C (MIM:602774), RAD51D (MIM:602954), STK11 (MIM:
602216), TP5 3(MIM: 191170) (Koczkowska et al., 2018)) and 80
healthy women (control group). The median age in the group of patients
was 62 years (range: 27-87 years) and 50 years (range: 34-68) of control
group. Characteristics of the patient cohort, including the histopatho-
logical diagnosis, age of onset and familial history of breast and/or
ovarian cancer, is presented in Fig. 1 and in Supplementary materials
(Table Sla-b). The criterion for including a sample in the study was the
diagnosis of ovarian cancer and the negative result of genetic screening.
In addition, we also included 10 new FFPE samples from ovarian cancer
patients and matched paired healthy adjacent tissue.

2.2. RNA extraction and RT-PCR

Material for the study was total RNA extracted from 3 mL of pe-
ripheral blood collected directly to Tempus™ Blood RNA Tubes con-
taining 6 mL of RNA Stabilizing Reagent (ThermoFisher). Quantification
of extracted RNA was carried out using NanoDrop. cDNA was syn-
thesised from 200 ng of total RNA (MultiScribe kit, ThermoFisher),
using a combination of random and gene-specific primers (GSP; 5’-
ACTTTGTAAGCTCATTCTT-3' for BRCA1 and 5- TTAGATA-
TATTTTTTAGT -3’ for BRCA2). The amplifiability of tested cDNA was
evaluated using ACTB primers (Frw: 5'-ATTGGCAATGAGCGGTTC-3';
Rev.: 5’CGTGGATGCCACAGGACT —3'); only samples giving a positive
result for ACTB amplification were examined further. BRCAI and
BRCA2 transcripts were examined, performing 12 and nine different RT-
PCRs, respectively (sequences of all primers have been listed in Sup-
plementary materials (Table S2). PCR products were analysed by
agarose electrophoresis, next bands were cut from the gel and sequence
(ABI PRISM 3130, Life Technologies, Inc.) to confirm the sequence of the
product. An example result is provided in supplementary materials (Fig.
S1).
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Fig. 1. Occurrence of individual isoforms analysed in a cohort of OC patients and healthy controls.

The distribution of expressed transcripts and patients’ characteristics is presented on the top panel of Fig. 1, while the bottom panel summaries the occurrence of
analysed isoforms in healthy controls. n/a —data not available; SOC- serous ovarian cancer; EOC — endometrioid ovarian cancer; MOC — mucinous ovarian cancer;
COC - clear cell ovarian cancer; GCT - ovarian adult granulosa cell tumour; OCS - ovarian carcinosarcoma; DIF - low differentiated subtype and MIX — mixed subtype.
Presence of alternative transcript is marked with dark-blue, lack of expression of alternative transcript is indicated with light-blue squares; “X” — no expression of
corresponding BRCA1/2 fragment was detected. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article).

2.3. Quantification of naturally occurring alternative transcripts

To quantify the expression of three naturally occurring isoforms
(BRCA1EA11q; BRCAIEA11, and BRCA2EA3), we carried out real-time
quantitative PCR (RT-qPCR) with isoform-specific primers (Supple-
mentary materials; Table S3). RT-qPCR was then performed on a
LightCycler 480 instrument (Roche) using KAPA SybrFast kit (Merck
Life Science) and 5 nM of the appropriate primer pairs.

Each sample was assayed in triplicate with amplification over 35
cycles, and samples were analysed using LightCycler® 480 Software
(Roche Diagnostics). To calculate the AACt values, the raw Ct values
were normalised using IPO8 and HPRT1 as reference genes.

In addition the expression of BRCA1EA11q; BRCA1EA11 was also
normalised by full-length BRCA1 (FL BRCA1I; primers sequence is pro-
vided in supplementary materials; Table S3). The FL BRCA1 normal-
isation was possible for 61 samples (due to insufficient genetic material).
The results used for calculations and presented in the graphs are the
ratio Ct target and reference corrected by the efficiency value obtained
from the calibration curves.

Finally, to address the expression level of analysed isoforms
(BRCA1EA11q; BRCA1EA11, and BRCA2EA3) in primary ovarian cancer
and surrounding healthy tissue (e.g. fallopian tube), we extracted RNA
from 10 new FFPE ovarian tumours, and pair-matched normal adjacent
tissue, and performed RT-qPCR (supplementary materials; Fig. S2).

2.4. Screening for underlying genetic variants promoting expression of
BRCA1AE11q, BRCA1AE11 and BRCA2AE3

Genomic DNA was available from blood samples of 60 (out of 101
analysed) patients enrolled on this study.

The genotype of the BRCA1 single nucleotide polymorphism (SNP),
rs5820483, was assessed using bi-directional Sanger sequencing.

To search for possible underlying genetic variants promoting
expression of BRCA2AE3, the sequence of two flanking introns (intron 2
and 3) was analysed using in silico algorithm (Human Splicing Finder
Sequence Analysis tool, Genomnis SAS version 1.5), identifying intron
regions with the highest concentration of splicing regulatory elements.
Results of HSF analysis are presented in the Supplementary materials
(Fig. S3). Based on HSF prediction, we sequenced ~250 bp upstream and
downstream of exon 3. Primers used for screening corresponding frag-
ments of BRCA1 and BRCAZ2 are listed in the Supplementary materials
(Table S4).

2.5. BRCA1 and BRCAZ2 nomenclature

In the present manuscript, to avoid potential confusion associated
with introducing new isoform names in BRCA1 gene (NM_007294.3), we
used legacy exon numbering with exons after exon three being increased
+1 compared to the HGVS/Ensemble nomenclature. Similarly, for
BRCA2 the NM_000059.3 was used as reference sequence. The nomen-
clature of alternative splicing transcripts is based on the previous pub-
lications (Fackenthal et al., 2016; Colombo et al., 2014).

2.6. Statistical analysis

Statistical analysis was performed using Statistica software (TIBCO
Software Inc., version 13.3). Analysis of categorical data was done using
the Ch2 test or Fisher test, depending on the size of the tested cohorts,
while quantitative data was assessed with the Mann-Whitney U test,
Kruskal-Wallis analysis of variance or Wilcoxon Rank Sum Test. All the
assumptions were tested prior to the analysis; a P < 0.05 was considered
significant.

3. Results

The aim of this study was to screen the blood RNA-derived cDNA of
101 OC samples (previously found to be negative for germline-DNA PVs
in BC/OC-susceptibility genes) to identify BRCA1/2 aberrant alternative
transcripts that result from undetected spliceogenic variants (e.g., deep-
intronic).

The analysis by PCR followed by agarose electrophoresis and bi-
directional Sanger sequencing did not identify any novel, alternative
splicing events, however we identified four naturally expressed alter-
native BRCA1 transcripts, named BRCAIAE9-10, BRCA1AE11, BRCAI-
AE11q and BRCA1AE10-11, and five alternative splicing events from the
BRCAZ2 gene: BRCA2AE3, BRCA2AE3-4, BRCA2AE6q-7, BRCA2AE12 and
BRCA2AE17-18. The distribution of individual isoforms is summarised
in Fig. 1 and Table 1.

All identified transcripts were also detectable in the control group.
There were no significant differences when comparing the age of onset,
histological subtype and tumour grade and presence of detected tran-
scripts. However, three of identified transcripts (BRCAIAE9-10,
BRCA1AE11 and BRCA1AE11q) were observed with a higher prevalence
in the patients’ cohort, while BRCA2AE17-18 and BRCA2AE12 were
more common among healthy controls (both P < 0.05).
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Table 1
Distribution of identified alternative transcripts in cases and controls.
Isoform mRNA prediction Effect’ Frequency of sample expressing analysed transcript p-value”
Study group Control group
[101 OC patients] [80healthy women]
BRCAIAE9-10 r.548_670del ORF 100% 87.5% (n =70) p = 0.003
BRCAIAE10-11 r.594_4096del PTC; NMD 4% (n=4) 10% (n = 8) p=0.1
BRCAIAE11 r.671_4096del ORF 79% (n = 79) ~64% (n = 51) p=0.04
BRCA1AEl1lq 1.788_4096del ORF 99% (n = 99) 70% (n = 56) p < 0.001
BRCA2AE3 r.68_316del ORF 100% 100% N/A?
BRCA2AE3-4 r.68_c.425del PTC; NMD 44% (n = 44) ~31% (n = 25) p=0.22
BRCA2AE6q-7 r.478-631del PTC; NMD 99% (n = 99) 100% p=0.37
BRCA2AE12 r.6842_6937del ORF 91% (n =91) 100% p =0.02
BRCA2AE17-18 r.7806_8331del PTC; NMD 35% (n = 35) 72.5% (n = 58) p <0.001

1 ORF - open reading frame; PTC - premature termination codon; NMD — nonsense-mediated mRNA decay.
2 p-value was calculated using Ch? or Fisher test depending on the size of the analysed subgroup (Fisher test in case where 20<N<40 and single number of

expectations< 5).
3 N/A - not applicable for calculations.

3.1. Quantification of naturally occurring alternative transcripts

Three alternative transcripts that retain partial functionality of
native BRCA1 and BRCA2 proteins (BRCA1AE11q, BRCAIAE11l and
BRCAZ2AE3), were selected for quantitative analysis using RT-qPCR
(Table 1). Results showed that each of the three splicing events were
significantly higher expressed in patients compared to controls (Fig. 2).
The highest median + interquartile range was observed for BRCAI-
AE11q (0.401 £ 0.290 vs 0.187 + 0.060, patients vs controls, respec-
tively), followed by BRCA14E11 (0.011 + 0.015 vs 0.002 + 0.003) and
BRCA2AE3 (0.039 + 0.029 vs 0.024 + 0.016). Moreover, when ana-
lysing the expression of these isoforms in 10 new FFPE ovarian tumours
and pair-matched normal adjacent tissue, we did not observe any dif-
ference between these two groups for any tested isoforms, which may
indicate the global character of pre-mRNA splicing dysregulation (Fig.
S2).

3.2. Screening for underlying genetic variants which could influence the
expression of BRCA1AE11q, BRCAIAE11 and BRCA2AE3

Garibay et al. previously indicated that rs5820483 (located in intron
10 of BRCA1), modifies the expression of the BRCA1 exon 11 related
isoforms, E11q and AE11 (Ruiz de Garibay et al., 2021). To test the
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Fig. 2. Relative expression of BRCA1AE11q, BRCAIAE11 and BRCA2AE3 in OC
patients and healthy controls using RT-qPCR.

The comparison between the groups was done using the Mann Whitney U test.
P-value annotation legend: ****- p < 0.0001. Plot include a marker for the
median of the data and a box indicating the interquartile range.

Violin show the kernel probability density of the data at different values.

association between rs5820483 status and expression of BRCAIAE11q
and BRCA1AE11 transcripts, we genotyped our cohort of patients for the
presence of mentioned variant.

Genomic DNA was available for 60 (out of 101 analysed) patients
enrolled on this study. The rs5820483was identified in 29 patients
(48.3%), with 24 being heterozygotes (NM_007294.3:c.[671-
248 671-246dup];[671-248_671-246=]) and additional five homozy-
gotes (NM_007294.3:c.[671-248 671-246dup];[671-248_671-246dup]),
the remaining 31 patients were wild-type.

Next, we evaluated if rs5820483 status correlated with the expres-
sion of BRCAIAE11 or BRCAIAE11q transcripts; however, no statistical
difference was observed between the groups. Similarly, there was no
statistically significant difference when examining the ratio of the full-
length BRCA1 transcript to the BRCAIAE11 or BRCA1AE11q isoforms
and rs5820483 genotype. Based on these results, we concluded that
there was no correlation between rs5820483 status and expression of the
exon 11 isoforms (Fig. 3a-b).

Lastly, using in silico profiling, we estimated that most splicing
regulatory motifs that could potentially influence exon 3 (BRCA2)
splicing were located within 250 bp upstream and downstream of exon
3. Nevertheless, the sequencing of both flanking intronic sequences and
exon 3 did not reveal any intronic alteration that might dysregulate
mRNA splicing and promote the expression of BRCA2AES3.

4. Discussion

Up to 50% of epithelial ovarian cancers exhibit defective DNA repair
via homologous recombination (HR) at diagnosis (Wang et al., 2011).
The HR defect can arise as a consequence of genetic and epigenetic al-
terations and is an important therapeutic target when using platinum-
based chemotherapy and targeted therapy with poly (ADP-ribose) po-
lymerase (PARP) inhibitors (Walsh, 2015; Tan and Kaye, 2015).

Testing for BRCA1/2 mutations is recommended for all patients with
non-mucinous ovarian cancer as PARPi therapy inclusion criteria.
However, various studies demonstrated PARPi response beyond BRCA-
mutated tumours (Gelmon et al., 2011; Swisher et al., 2017).

Although slightly different between laboratories, current diagnostic
protocols are based on screening for potentially pathogenic SNVs and
CNVs, often limiting to exons with flanking intronic sequences and
ignoring deep-intronic alterations (Pujol et al., 2021).

It is generally accepted that introns play a crucial role in controlling
gene expression and splicing regulation, with several studies reporting
intronic changes to play an essential role in the pathogenesis of indi-
vidual disorders (Xiong et al., 2015; Li et al., 2012). At the same time,
intronic sequences in the human are typically long (average length ~
5.4 kb (Sakharkar et al., 2004)), making direct screening costly and
time-consuming. Therefore, analysis of transcripts becomes a method of
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Fig. 3. Relative expression of BRCAIAE11q and BRCAIAE11 transcripts in OC patients depending on rs5820483 genotype. (a) normalizing with IPO8 and HPRT1

genes, and (b) full-length BRCAI.

The comparison between the groups was done using the Mann Whitney U test. Plot include a marker for the median of the data and a box indicating the interquartile

range. Violin show the kernel probability density of the data at different values.

choice when searching for the presence of potentially pathogenic mRNA
alterations (Baralle and Baralle, 2005).

Here we analysed a cohort of 101 OC patients (previously found
negative for PVs in 25 OC-genes) for the presence of potentially patho-
genic BRCA1/2 transcripts. We did not demonstrate any aberrant tran-
scripts; however, we identified several naturally expressed isoforms in
the BRCA1 gene named BRCAIAE9-10, BRCA1AE10-11, BRCA1AE11,
BRCA1AE11q, and five different splicing events in the BRCA2 gene:
BRCA2AE3, BRCA2AE3-4, BRCA2AE6q-7, BRCA2AE12  and
BRCA2AE17-18 (Fackenthal et al., 2016; Gambino et al., 2015a).

Our results support those of previous studies, that showed splicing
events of potential diagnostic importance are relatively infrequent in the
BRCA1/2 genes (dos Santos et al., 2018; Montalban et al., 2021)
compared to other genes, e.g. NF1 and ATM (Baralle and Baralle, 2005;
Ars et al., 2000).

Although some studies reported presence of pathogenic transcripts,
these were very rare cases and usually present in highly selected study
groups, e.g. strong family history of breast and ovarian cancer
(Anczukéw et al., 2012; Gambino et al., 2015b; Montalban et al., 2019;
Byers et al., 2016). In our study, we analysed a group of ovarian cancer
patients who were negative for the presence of PVs in an earlier study
but were unselected based on their family history. In our opinion, this
discrepancy in study group composition potentially resulted in a lack of
aberrant splicing.

It is well-known that the composition of alternative transcripts
(conferring different functions) ensure the biodiversity of the gene’s
products (Fackenthal et al., 2016; Gambino et al., 2015a), and is
essential for the harmonious, carefully controlled operation of many
intracellular processes (Li et al., 2019). The violation of this homeostasis
might disrupt those key cellular processes, e.g. interfering with cellular
signalling and promoting tumour growth (Wang and Aifantis, 2020).
Three alternative transcripts identified here (BRCAIAE11, BRCA1AE11q
and BRCA2AE3) have been previously shown to be potentially harmful
when overexpressed (Caputo et al., 2018; Wang et al., 2016). Hence, we
performed RT-qPCR experiments to assess the expression of these iso-
forms in our OC patients and healthy controls, finding a significant
overexpression of each of the transcripts in the OC cohort. BRCAIAE11

or AE11q are almost exclusively cytoplasmic (Thakur et al., 1997). In
addition, they retain some of the BRCAI functions, which, when over-
expressed, can lead to secondary resistance to PARPi therapy (Wang
et al., 2016). Here, we report the overexpression of A11 isoforms in
peripheral lymphocytes of OC patients compared to healthy controls,
potentially indicating a role of these transcripts in predisposition to
cancer.

Our results also showed that overexpression of BRCAIAE11 or
AE11q, was not associated with rs5820483 genotype, as reported pre-
viously (Ruiz de Garibay et al., 2021). The contrast with results from
Garibay et al. may have resulted from a larger samples sizes analysed in
our study, thus reducing a potential bias introduced by a smaller study
group. Further studies are required to clarify these contrasting results
and to better understand the potential role of other genetic variants and
BRCA1AE11 or AE11q expression levels.

The genesis of BRCA2 natural transcripts remains open, being
partially addressed by likely occurring natural events or in contradiction
due to the rescue process of expressing partially functional BRCA2
protein isoform (Mesman et al., 2020). However, our results display a
significant overexpression of BRCA2AE3 in OC patients, yet we could not
identify any underlying genetic factor that could promote alternative
splicing and exclusion of exon 3. It is worth emphasizing that we did not
examine the entire sequences of the surrounding introns, however, we
significantly expanded the area used in standard diagnostics.

Notably, it was previously demonstrated that ectopically expressed
BRCA2 transcripts lacking exon 3 (BRCA1AE3) confer hypersensitivity
to DNA damage, with cells dying in response to DNA crosslinking
Mitomycin C'* (Caputo et al., 2018). Clinical reports further supported
this observation, indicating that deletion of exon 3 is associated with an
increased risk of breast and ovarian cancer (Muller et al., 2011). The
defective DNA repair function of BRCAIAE3 might be related to a loss of
the PALB2 binding site, which has been mapped within the exon 3
(21-39 aa) (Xia et al., 2006; Zhang et al., 2009).

Several previously published studies also emphasised the importance
of BRCA2 and PALB2 interaction for maintaining a proper DNA repair
and cell cycle control, given that BRCA2 and PALB2 are key regulators of
G2/M checkpoint control in response to DNA damage (Zhang et al.,
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2009; Menzel et al., 2011; Siaud et al., 2011; Hartford et al., 2016). The
significance of overexpression of BRCA1/2 naturally-occurring tran-
scripts in predisposition to OC is limited, with most studies addressing
their role in neoplastic cells. Nevertheless, the unbalanced expression of
these natural isoforms is considered a hallmark of tumorigenesis
(Urbanski et al., 2018).

Here we present significant differences in the expression of three
naturally-occurring isoforms named BRCAIAE11, BRCAIAE11lq, and
BRCAZ2AE3 in peripheral blood RNA of ovarian cancer patients. More-
over, we examined the expression of these isoforms in primary ovarian
tumours and pair-matched adjacent tissue (from the same patient) and
did not observe differences in expression between cancerous and normal
tissue. This observation supports a theory of a systemic alteration of the
expression of these isoforms. However, addressing the origin of these
alterations and answering whether they are causative, increasing the
risk of disease, or are a reflection of existing condition (e.g. cancer-
related inflammation (Mehta et al.,, 2021)) warrants further
investigation.

The main limitation of this study is analysing individual fragments of
BRCA1/2 transcripts to search for splicing alterations without the po-
tential for observing the parallel occurring splicing events as indicated
elsewhere (de Jong et al., 2017). However, the above can be obtained
when utilising the long-read sequencing technique, like NanoPore,
which is restricted to the excellent quality of biological material. The
RNA being analysed here did not meet the requirements for NanoPore
sequencing.

In our study, there was a difference in the age distribution between
the cases and the controls, resulting from hardships in recruiting older,
healthy women to the study. When analysing a relative expression of
BRCA1EA11q, BRCA1EA11, and BRCA2EA3 between OC patients and
healthy controls, the result was normalised using housekeeping genes
(IPO8 and HPRTI1). Additionally, expression of BRCA1EAIlq and
BRCA1EA11 was normalised with full-length BRCA1 (primers located in
exon 11 of the BRCA1 gene). However, we did not normalise the result
with total BRCA1 or BRCA2. Therefore, we cannot exclude that differ-
ence in the expression of analysed transcripts reflects a generally higher
expression of BRCA1 and BRCA2 in those patients.

Finally, we did not investigate here a potential role of RNA
methylation, which can regulate RNA splicing and transcripts stability
and decay (Lan et al., 2021).

5. Conclusions

Our results support that splicing events of potential diagnostic
importance by evaluating blood RNA-derived c¢DNA are relatively
infrequent in the BRCA1/2 genes and that present diagnostic protocols
based on germline DNA allow identifying a majority of aberrant splicing
events.

Nevertheless, our analysis identified a significant difference in the
expression of selected natural transcripts between OC patients and
controls. However, determining the origin of those changes and their
implication on diagnostic protocols require further investigation.
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