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2 Streszczenie

Badania genomowe ujawnily, ze 80% genomu ulega transkrypcji, jednak tylko 2%
koduje biatka. Pozostata cze$¢ transkryptomu do niedawna uznawana byta za nieistotng, zwang
nawet $§mieciowym RNA. W miar¢ postepow badan i odkry¢ kolejne frakcje nieistotnego RNA
byly systematyzowane i klasyfikowane pod wzgledem funkcji i struktury. Niekodujace RNA to
bardzo zr6znicowana frakcja RNA, ktorych sekwencja nie koduje informacji o biatku. Posrod
niekodujagcych RNA wyrozniamy dwie grupy zaleznie od funkcji RNA - porzadkowe oraz
regulatorowe. Porzadkowe RNA petnig funkcje strukturalng dla podstawowych procesow
komoérkowych 1 wyrdzniamy posrdd nich: tRNA, rRNA, snRNA, snoRNA. Regulatorowe RNA
wplywaja na procesy komodrkowe 1 dziela si¢ na dwie grupy pod wzgledem dhlugosci.
Wyrézniamy male niekodujagce RNA (snRNA) oraz dlugie niekodujace RNA (IncRNA), a
granicg migedzy nimi jest, Wyznaczona arbitralnie, dlugos¢ 200 nt. Podgrupa snRNA roznicuje si¢
réwniez ze wzgledu na dlugos$¢ na siRNA, miRNA, piRNA oraz czasteczki tRF. Posrod IncRNA
mozna wyszczeg6Olni¢ ostatnio odkrytg frakcje cyrkularnych RNA (circRNA). Zmiany w
wystepowaniu regulatorowych RNA wptywaja na procesy komorkowe, takie jak nowotworzenie
czy réznicowanie. Poziom istotno$ci regulatorowych RNA jest tak duzy, ze nawet zmiany w
modyfikacjach pojedynczych nukleotydéw sa w stanie generowac stany patologiczne.

W niniejszym zbiorze publikacji, wraz ze wspotautorami, dowodzimy o istotnym
wplywie wystgpowania matych niekodujagcych RNA na funkcje oraz na stan patologiczny,
badajac profile czasteczek tRF w dwodch uktadach biologicznych. Pierwszym sa rdzne tkanki
pochodzace od zwierzecia modelowego jakim jest Sus scrofa (Swinia domowa). Drugim jest
zaproponowany przez nas model komorkowy rozwoju ludzkiej nerki zawierajacy cztery linie
komorkowe obrazujace réznicowanie komoérek nerek oraz ich karcinogeneze. W celu poznania
profilu czasteczek tRF wykorzystujemy sekwencjonowanie nowej generacji RNAseq i metody
obrazowania na membranach northern blot. W celu wykazania funkcji uzyto wykorzystujemy
test elektroforetycznej zroznicowanej mobilnosci (EMSA) oraz analizy baz danych z
wykorzystaniem narzedzi bioinformatycznych, takich jak tRFTars. W pracach przegladowych
kompletujemy najnowsza wiedz¢ dotyczacg interakcji oraz modyfikacji IncRNA wykazujac

mechanizmy wplywania na roznicowanie komorek oraz karcinogenezg.



3 Abstract

Genomic research has revealed that 80% of the genome undergoes transcription, but
only 2% encodes proteins. The remaining portion of the transcriptome was long considered
unimportant, and even referred to as "junk™ RNA. As research has progressed and
discoveries have been made, further fractions of non-coding RNA have been systematized
and classified based on their function and structure. Non-coding RNA is a highly diverse
fraction of RNA whose sequences do not encode protein information. Among non-coding
RNAs, two groups are distinguished based on RNA function: structural and regulatory.
Structural RNA including tRNA, rRNA, snRNA, and snoRNA. serves structural/play
important roles in fundamental cellular processes. Regulatory RNAs influence cellular
processes and are divided into two groups based on their length. These regulatory RNAS can
be broadly divided into two main groups based on their length: small regulatory RNAs
(snRNA) and long non-coding RNAs (IncRNAs). with the boundary between them being
arbitrarily set at a length of 200 nt. The sSnRNA subgroup also differentiates based on length
into SIRNA, miRNA, piRNA, and tRF molecules, while among IncRNA, a fraction of
circular RNAs (circRNA) can be distinguished. Changes in the presence of regulatory RNASs
can affect cellular processes such as differentation and in consequence can lead to
carcinogenesis. The significance of regulatory RNAs is so substantial that even modifications
to individual nucleotides can lead to pathological conditions.

In this collection of publications, the significant impact of non-coding RNAs on
function and pathological states has been demonstrated by examining the profiles of tRNA-
derived fragments (tRFs) in two biological systems. The first involves various/several tissues
from the model organism Sus scrofa (pig). The second is a cell model of human kidney
development proposed by us, consisting of four cell lines illustrating kidney cell
differentiation and carcinogenesis. To determine the tRF molecule profile, we employed
next-generation RNAseq sequencing and membrane-based northern blot imaging techniques.
To demonstrate function of ncRNA, we used Electrophoretic Mobility Shift Assay (EMSA)
and bioinformatics tools like tRFTars by analyzing databases. Finnaly, in comprehensive
review articles, we summarized the latest knowledge regarding the interactions and
modifications of InCRNAs, elucidating the mechanisms influencing cell differentiation and

carcinogenesis.



4  Wstep

4.1 Od marginalizacji do czasteczek funkcjonalnych, rys historyczny

niekodujacych RNA

Historia badan nad niekodujagcymi RNA to historia wychodzenia z cienia na pierwszy
plan. Klasa niekodujagcych RNA przeszta drogg od nieistotnych transkryptéw przez intrygujace
czasteczki po potencjalne terapeutyki. Korzenie historii ncRNA siggajg izolacji pierwszej
nukleiny przez Fiedricha Mieschera [1]. Jego procedurg ulepszyt Richard Altmann w 1889 roku
oczyszczajac nukleing z biatek i otrzymujac kwas nukleinowy [2]. W miar¢ prowadzenia badan
zaczat wylania¢ si¢ obraz dwoch kwasow nukleinowych. Rozroznienie DNA 1 RNA nastapito
stopniowo. W 1909 roku Phoebus Levene badajac kwas nukleinowy drozdzy ustalit cukier
wchodzacy w jego sklad, a mianowicie D-ryboze [3]. Levene odkryl podstawowa roznice -
wystepowanie uracylu w roslinnym kwasie nukleinowym, za$ tyminy w zwierzecym, przez co
uwazano, ze istnieje specyficzny podziat kwaséw nukleinowych na krolestwa zwierzat i roslin
[4]. Ten sam badacz 20 lat pozniej odkryt, ze cukrem wchodzacym w sktad zwierzecych kwasow
nukleinowych jest 2-deoksy-D-ryboza [5]. Od tamtego momentu w literaturze uzywane s3
nazwy: DNA - kwas deoksyrybonukleinowy i RNA - kwas rybonukleinowy. Poglad
przynaleznosci RNA do krolestwa roslin, a DNA do krolestwa zwierzat trwat az do roku 1939.
W tym wiasnie roku Jean Brachet wykazal, ze zarowno DNA jak i RNA znajdujg si¢ w
komorkach ro$linnych i zwierzecych [6]. Bylo to przelamanie jednego z wielu btednych
dogmatow. Przed 1961 rokiem, nim wykazano, ze to mRNA jest posrednim nosnikiem
informacji, wielu badaczy twierdzito, ze RNA ma niewielkie znaczenie [7,8]. Jako glowna
funkcj¢ RNA wskazywano stabilizacj¢ biatek rybosomalnych i dziatanie jako jednostki
metaboliczne lub strukturalne. W 1969 roku Roy Britten i Eric Davidson zasugerowali istnienie
RNA o znaczeniu regulacyjnym, co mozna uzna¢ za poszukiwania pierwszych RNA, ktore nie
tylko kodujg biatko, ale 1 regulujg inne geny. Na tym etapie badacze spotkali si¢ z oporem
srodowiska naukowego. Mimo sceptycyzmu nad regulacja RNA przez inne RNA, prace nadal
trwaly 1 w 1989 roku grupa badawcza Dalihasa opublikowata wyniki badan dowodzacych, ze
niekodujacy micF ostabia ekspresje genu ompF w komérkach E. Coli [10]. Jedng z kluczowych
prac byly badania nad ekspresja genu lin-14. Zauwazono, ze produkt genu lin-4 celuje w
dotychczas uwazany za nieistotny region mi¢dzy kodonem terminacyjnym a fancuchem poli(A)
mRNA lin-14, co powoduje represje docelowego mRNA [11]. Na bazie tej pracy uwaza si¢, ze
lin-4 jest jednym z zatozycieli rodziny miRNA. W kolejnych pracach naukowcy odkrywali
nastepne ncRNA o potencjale regulacyjnym. Kolejnym przelomem bylty wyniki

sekwencjonowania DNA przez konsorcjum ENCODE. Naukowcy wykazali, Ze co najmniej 80%



genomowego DNA ssakow podlega aktywnej transkrypcji 1 szczegotowej regulacji, jednak mniej
niz 3% genomu stanowig rejony kodujace biatka [12, 13]. Wywotato to burzliwa dyskusj¢ nad
jakoscig prac 1 sekwencjonowaniem ,,$mieci”. Dzi§ juz wiemy, ze to kolejna lekcja pokory i

wiele z tych $mieci to w rzeczywistosci regiony zawierajagce geny ncRNA.

4.2 Uniwersum niekodujacych RNA

Niekodujace RNA to olbrzymia rodzina czasteczek, ktore mozemy podzieli¢ ze wzgledu
na funkcj¢ - RNA strukturalne i regulatorowe. Posréd strukturalnych wyrézniamy: transferowy
(tRNA), rybosomalny (rRNA), maty jadrowy (snRNA) i maly jaderkowy (snoRNA).
Regulatorowe RNA dzielimy ze wzgledu na wielko$¢, przy przyjeciu arbitralnej dlugosci
czasteczki 200 nukleotydow (nt), na male niekodujace RNA (sncRNA) oraz na dlugie
niekodujace RNA (IncRNA). Regulatorowe sncRNA wewnetrznie dzielg si¢ na: siRNA, miRNA,
piRNA oraz czasteczki tRF. Dhugie niekodujace RNA sa trudniejsze do klasyfikacji, poniewaz
ich dlugo$¢ wynosi od kilkuset do kilku tysigcy nt. Gtowny podzial IncRNA dotyczy miejsca ich
lokalizacji genomowej [14, 15]. Nadal w srodowisku naukowym podejmowana jest dyskusja, w
jakim stopniu ncRNA s3 rzeczywiscie funkcjonalne, a na ile sg to jedynie produkty
przypadkowej transkrypcji generujace szum informacyjny. Jesli chodzi o funkcjonalnosé,
zdecydowanie lepiej opisane sg krotkie sncRNA, a w szczegdlnosci miRNA [16]. Moze to by¢
spowodowane dobrze opanowanymi technikami sekwencjonowania opartymi o krotkie odczyty,
ktore swoja dtugoscig idealnie odpowiadaja sncRNA, jednak ich uzytecznos¢ w przypadku
analizy IncRNA znacznie spada. Nowe techniki sekwencjonowania, takie jak PackBio czy
Nanopore budza duze nadzieje, jesli chodzi o analiz¢ IncRNA.

Gloéwna watpliwosci odnosnie funkcjonalnosci odkrywanych transkryptow budzi fakt, ze
jako grupa czasteczek RNA utrzymujg si¢ w niskim stezeniu w komorce. Prawdopodobnie ich
ekspresja 1 funkcja sg wysoce specyficzne tkankowo [17]. Narastajgca dyskusja wokot ncRNA
sktonita naukowcow do redefinicji funkcjonalnosci transkryptu [18]. Jak pisza autorzy
wspomnianego artykulu, funkcjonalno$ci genu nie mozemy okresla¢ poprzez mutacj¢ danego
genu i zmiany w fenotypie. Dzieje si¢ tak, poniewaz wystepuje zjawisko redundancji
genetycznej, ktore powoduje przejecie czgsci funkcji jednego genu przez inny. Inny powad, dla
ktorego okreslanie funkcjonalnosci genu jest trudne, to hermetyczne warunki laboratoryjne. W
naturze na organizm dziata wiele czynnikéw, ktére moga wpltywaé na ekspresje gendw, a
ktorych ekspresji w warunkach ,,idealnych” mozemy nie odnotowaé. Postugujac sie przyktadem
drozdzy hodowanych w warunkach standardowych, jedynie okoto 1/3 genow jest potrzebna do
prawidlowego wzrostu [19, 20]. W przypadku hodowli ludzkich komoérek w warunkach
laboratoryjnych jest to jedynie okoto 10% [21]. Bioragc pod uwage te wszystkie argumenty



wydaje si¢ rozsadnym zaktada¢, ze ncRNA s3 w wigkszosci funkcjonalne, nawet jesli

pojedynczy transkrypt nie wykazuje jednoznacznej funkcji.

4.2.1 sncRNA - male czasteczki o duzym znaczeniu

Mate niekodujagce RNA to najlepiej opisana grupa niekodujacych regulatorowych RNA.
Ich przewaga w analizie opiera si¢ o wigkszg tatwo$¢ w identyfikacji przy wykorzystaniu
sekwencjonowania RNA opartego o krétkie odczyty. Sekwencjonowanie RNA nowej generacji
umozliwia odczyty do dtugosci nawet 300 nt [22], co pokrywa goérng granic¢ jakg definiujemy
sncRNA, a otwiera dolng granicg IncRNA. Obecno$¢ matych transkryptow mozemy odnotowac
w komorkach eukariotycznych, archeonach i bakteriach [23]. Powszechnos$¢ 1 wzgledna tatwos¢
w analizie spowodowaly, ze przez ostatnie dekady mate niekodujace RNA byly bardzo
intensywnie badane. Ogromnym sukcesem bylo odkrycie miRNA, a pdzniej siRNA, ktorych
wlasciwosci 1 funkcje biologiczng wykorzystujemy dzis$ jako narzedzia biologii molekularnej. W
kolejnych latach grono matych niekodujacych transkryptow powigkszyto sie o RNA
oddziatujace z biatkami PIWI (piRNA) oraz RNA pochodzace z tRNA (tRFy). W konteks$cie
lekéw RNA bardzo duze nadzieje wigzane sg z sncRNA.

W 2018 roku FDA zatwierdzilo pierwsza terapi¢ RNAi, czyli wykorzystujaca
interferencyjnie dziatanie matych niekodujacych RNA. Lek opiera si¢ o czasteczke siRNA, ktora
ma za zadanie ograniczy¢ ilo§¢ mRNA nieprawidlowo wytwarzanego biatka transtyretyny, co
tagodzi objawy choroby [24, 25]. Na poczatku 2023 roku dostepne byly 4 leki zatwierdzone
przez FDA oparte o RNAi. W III fazie badan klinicznych znajduje si¢ 5 kolejnych terapii
czekajacych na zatwierdzenie, a wiele kolejnych, nad ktorymi prowadzone s3 badania, jest na
wczesniejszych etapach [26]. Potencjalne leki oparte o regulatorowe RNA maja szereg zalet
[25]. Mate interferujagce RNA otwierajg mozliwos¢ docierania do podstaw choroby. Wiele chorob
wynika z wadliwej informacji zakodowanej w DNA 1 przepisanej na RNA, 1 nie ma innego
skutecznego sposobu na zahamowanie eskalacji btedu. Odpowiednie przygotowanie czasteczki,
poprzez szereg modyfikacji tancucha RNA, pozwala wydluzy¢ czas dziatania leku wobec
standardowych lekéw matoczgsteczkowych. Stosowanie lekow opartych o regulatorowe RNA
budzi nadzieje¢ dla wielu pacjentow cierpigcych z powodu chorob rzadkich, na ktore brak jest
skutecznych lekéw [27]. Zastosowania dwdch pierwszych odkrytych matych niekodujacych
RNA sg szeroko badane, a podobny potencjatl upatruje si¢ w czasteczkach piRNA oraz tRF.
Swiat matych RNA nie zostaje catkowicie poznanym i stale si¢ rozszerza.

Ostatnie odniesienia naukowe zwracaja uwage na rosngcg grup¢ niekanonicznych
sncRNA [28]. Te umykajace klasyfikacji sncRNA pochodza najczgéciej z grupy strukturalnych

sncRNA 1 osiggaja dlugos¢ od 15 do 50 nt. Znaczenie tych czasteczek coraz czgsciej dostrzega



si¢ w zwigzku z wystgpowaniem wielu jednostek chorobowych. Warto zauwazy¢, ze ptaszczyzny
dziatania sncRNA czesto si¢ pokrywaja, dlatego ich dobra charakterystyka jest niezwykle wazna,

by zauwazy¢ 1 wyodrebni¢ roznice.
4.2.1.1 siRNA — male interferujace RNA

Najmniejsze z regulatorowych sncRNA zawieraja od 20 do 24 nt. Zroédlem pierwotnym
siRNA w komorce sg egzogenne potencjalnie niepozadane transkrypty uruchamiajace odpowiedz
komoérkowa w postaci szlaku RNAi. System odporno$ciowy dziata w oparciu o podwojng
komplementarng ni¢ RNA (dsRNA). W momencie, gdy dsRNA zostanie zidentyfikowane w
komorce, zostaje pocigte przez rybonukleaze Dicer na mniejsze fragmenty nazywane siRNA.
Charakterystycznym elementem siRNA sa dwunukleotydowe niesparowane wystajace konce 3’.
Obecnos$¢ siRNA zapoczatkowuje formowanie si¢ kompleksu RISC (RNA-induced silencing
complex). W sktad kompleksu RISC wchodzi wiele biatek, a kompletny sktad kompleksu nadal
nie jest rozpoznany. Kompleks RISC, zaleznie od adenozyno-5'-trifosforanu (ATP), aktywnoscia
helikazy rozplata duplex siRNA. Nastepnie ni¢ wiodgca komplementarna do celowanego RNA
wchodzi w sktad RISC, czynigc go aktywnym. Druga ni¢, zwana pasazerska, ulega degradacji.
Gloéwna role w kompleksie RISC odgrywa biatko z rodziny Argonaute. Bialko zawiera domeng
PAZ wiazaca RNA oraz domen¢ PIWI o aktywnosci nukleazy. Kompleks, wykorzystujac
komplementarno$¢ zaladowanej nici siRNA, taczy si¢ z celem 1 za posrednictwem aktywnosci
nukleazowej tnie docelowe RNA w rejonie dwuniciowym siRNA-targetRNA. Proces biogenezy

siRNA zostal przedstawiony na Rycinie 1.
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Figura 1. Mechanizmy biogenezy i dzialania siRNA [29].



siRNA obecnie wykorzystywane sag w roli sztucznie transfekowanych czasteczek w celu
zaindukowania mechanizmu RNAi przeciw wybranym mRNA. Narzedzie RNAi jest wysoce
skuteczne, o czym $§wiadcza wczesniej wspomniane leki oparte o ten szlak. Technika RNAI nie
jest pozbawiona wad. Gléwnag wada jest zjawisko off-target. Biorac pod uwage biologiczng
obfitos¢ transkryptow i sekwencji, istnieje prawdopodobienstwo rozpoznania przez siRNA
innego transkryptu niz docelowy. Koniecznym jest wnikliwa analiza komplementarnosci
projektowanego siRNA, zaréwno do docelowego transkryptu, jak 1 nawet niepetna
komplementarnos¢ do jakiegokolwiek transkrytpu, ktory moze znalez¢ si¢ w badanej komorce.
Nawet niepelna komplementarnos$¢ jest w stanie dac¢ efekt off-target [30]. Nie wszystkie efekty
da si¢ rozpoznac in silico, dlatego skuteczne wyeliminowanie celowanego mRNA wymaga wielu
testow. Efekt wprowadzenia czasteczki dsSRNA moze nie by¢ obojetny dla organizmu. Sztucznie
wprowadzone czasteczki dsRNA jako substraty dla biatka Dicer, jesli ich dlugos¢ jest wicksza
niz 30pz, moga indukowaé¢ odpowiedz zapalng zalezng od interferonu, prowadzaca do
nieswoistej inhibicji translacji bialek. Za taka reakcj¢ odpowiada zdolno§¢ do rozpoznawania
dsRNA, o wspomnianej dlugosci, przez kinaze¢ biatkowa zalezng od RNA [31]. Rozwigzaniem
kwestii off-target oraz nadmiernej reakcji komoérkowej sa najczesciej modyfikacje wprowadzane
do czasteczek dsRNA. Jednym z rodzajow modyfikacji sa modyfikacje tancucha cukrowego,
gdzie wyrozniamy: 2’fluoro_RNA, 2’-O-metylo RNA, 2’-O-methoxyethyl, 4’-tio-RNA, LNA,
UNA [32]. Wiasciwosci siRNA mozemy modulowa¢ rowniez przez modyfikacje szkieletu
czasteczki, takie jak dotaczanie grup fosforotionianowych, bromofosforowych czy
fosforoacetonowych. Modyfikacji ulega¢ moga réwniez same zasady azotowe, ale efektywne
jest wykorzystywanie modyfikacji uracylu na 4-tiouracyl, 2-tiouracyl czy pseudouracyl.
Wszystkie zmiany 1 dodatkowe grupy maja na celu poprawi¢ wydajnos¢ dzialania maszynerii
RNA1 wydluzajac czas trwania duplexu, nie indukujac nadmiernej odpowiedzi komorkowej lub
ograniczajac efekt off-farget. Skuteczne zastosowanie RNAi na hodowlach komoérkowych jest
duzo prostsze, poniewaz jedyng bariera, jaka napotyka czasteczka, jest bariera komorkowa.
Wejscie czasteczki do komodrki odbywa si¢ gldwnie na drodze endocytozy, ktora wspomagana
jest laboratoryjnie odczynnikami do transfekcji [33, 34].

W przypadku badan na organizmach pojawia si¢ problem dostarczenia odpowiednio
przygotowanej czasteczki do docelowego miejsca dziatania, ktéra musi pokona¢ szereg barier
[35]. Wymaga si¢ od czasteczki dziatania punktowego, czasem w $cisle okreslonych komoérkach
badanego organu. Pomocne w tym celu sg biokoniugaty, czyli kombinacje dwdch czasteczek, z
ktérych przynajmniej jedna jest aktywna biologicznie [36]. Takie no$niki pozwalaja uzyskac

wieksza precyzje w stosowanych siRNA. Czasteczki siRNA oraz $cisle zwigzana z nimi technika
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RNAI to potezne narzedzia biologii molekularnej, ktore zmieniajg oblicze wspodtczesnej nauki 1
medycyny. Za odkrycie zjawiska interferencji RNA w 2006 roku Andrew Z. Fire i Craig C.
Mello dostali nagrod¢ Nobla w dziedzinie medycyny i fizjologii.

4.2.1.2 miRNA - pierwsze regulatorowe RNA

Czasteczki miRNA obejmujg zakres od 19 do 25 nt. Pierwszym opisanym miRNA w
1993 roku byl, wezedniej wspomniany, lin-4. miRNA zostaty uznane za osobng klase¢ czasteczek
dopiero na poczatku XXI wieku [37]. Potwierdza to duzg doze¢ sceptycyzmu wsrod naukowcow,
towarzyszacg odkrywaniu ncRNA. MicroRNA wykazuja duze podobienstwo do siRNA,
poniewaz jedne i1 drugie uczestnicza w mechanizmie obronnym RNAIi. Biologicznie jednak rola
miRNA jest zupeinie inna. miRNA kodowane s3 w genach a ich biologiczng funkcja jest
wplywanie na poziom rodzimych komorce transkryptoéw. Geny miRNA zlokalizowa¢ mozna w
réznych miejscach genomow. Okoto 56% znajduje si¢ w intronach gendéw kodujacych biatka,
podczas gdy pozostate mozemy odnalez¢ w rejonach miedzygenowych posiadajacych wiasny
system regulacji [38]. Polimeraza RNA II i w pewnych przypadkach, III biorg udziat w
transkrypcji gendow miRNA. Biogenez¢ miRNA mozna podzieli¢ na kanoniczng i niekanoniczng.

Kanoniczny szlak biogenezy jest dominujagcym i rozpoczyna si¢ od transkrypcji pri-
miRNA pierwszego prekursora miRNA. Kolejno pri-miRNA przetwarzane jest przez kompleks
zwany mikroprocesorem, sktadajacy si¢ z biatka wigzacego DGCRS8 oraz enzymu Drosha, do
pre-miRNA. Biatko DGCRS8 wigze pri-miRNA, a nastgpnie Drosha przecina czasteczke
pozostawiajac charakterystyczne miejsce tworzace strukture spinki i 2 nt niesparowane na koncu
3’. Wiele transkryptow pozornie odpowiada substratom kompleksu DGCR8/Drosha, jednak nie
wszystkie wchodzag w szlak biogenezy kanonicznej miRNA. Kompleks mikroprocesora,
preferuje Scisle okreslone struktury spinki charakteryzujace si¢ dlugoscig 35 nt w podstawie,
petla wierzchotkowa o dtugosci ponad 10 nt oraz regionami jednoniciowymi flankujacymi trzon
czasteczki. Cato$¢ procesow zachodzi w jadrze, a eksport do cytoplazmy zachodzi z udziatem
kompleksu eksportyny-5. Kolejno pre-miRNA staje si¢ substratem dla biatka Dicer, ktory
przecina petle, niwelujac strukture spinki 1 tworzac dojrzaly dupleks miRNA posiadajacy
wystajace konce 3’. Ni¢ z konca 5” spinki nazywamy nicia Sp, z kolei z kofica 3’ nicig 3p. Obie
nici moga zosta¢ potencjalnie potagczone z biatkiem AGO, ktore dalej wchodzi w skiad
kompleksu RISC, jednak z danego dupleksu tylko jedna taczy si¢ z AGO, natomiast druga ulega
degradacji. Stosunek biatek AGO z poszczegdlnymi ni¢mi moze by¢ komorkowo oraz

srodowiskowo specyficzny, jednak dobor nici bazuje gldwnie o stabilno$¢ termodynamiczng [39,



40]. Nastepnie jedna z nici ulega odrzuceniu, a druga przechodzi do kompleksu RISC zwanego
rowniez miRISC.

Niekanoniczna $ciezka biogenezy dzieli si¢ na dwie podsciezki - niezalezng od
kompleksu Drosha/DGCRS8 oraz niezalezng od Dicer. W przypadku tej pierwszej] moéwimy o
mirtronach powstajacych podczas wycinania introndow w splicesomie, ktore struktura
przypominaja substraty dla biatka Dicer i nie wymagaja wstepnej obrobki [41]. W przypadku
drogi niezaleznej od Dicer przetwarzane sg shRNA, ktore w swojej strukturze posiadaja idealnie
sparowang struktur¢ spinki. Obrobka przez biatko Drosha pozostawia pre-miRNA o
niewystarczajacej dlugosci, aby zostaly substratami dla biatka Dicer, a koniec dojrzewania
wymaga aktywnosci biatka AGO, ktére odcina petle konczac dojrzewanie miRNA [42]. Zawity

proces biogenezy kanonicznej i nickanonicznej miRNA zostatl przedstawiony na Rysunku 2.
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Figura 2. Kanoniczna i niekanoniczna biogeneza oraz mechanizm dziatania miRNA [38].
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Gtowng funkcja miRNA jest regulacja ekspresji gendw gospodarza za pomoca
mechanizméw interferencji RNA. Podobnie jak siRNA, miRNA jest czgscig kompleksu RISC
tworzac miRISC. Kompleks miRISC oddziatuje gldwnie w rejonie 3’UTR docelowego mRNA,
cho¢ sa doniesienia o oddzialywaniu takze w rejonie 5’UTR z tym, ze duzo rzadsze [43, 44].
Region komplementarny do miRNA zwany jest seed i stanowi od 2 do 7 nt od konca 5’ miRNA.
Wplyw miRNA na ekspresje genow moze by¢ dwojaki: albo przez pelng degradacj¢ celowego
mRNA, albo przez inhibicj¢ translacji. Przeciwnie do siRNA, ktérego komplementarnos¢ jest
pelna 1 prowadzi do przecigcia celowanego RNA, komplementarnos¢ miRNA nie musi by¢
catkowita. Wraz ze spadkiem komplementarnosci obserwujemy przesuni¢cie z kierunku cigcia
celowanego mRNA do inhibicji translacji. Biatko AGO wraz z miRNA stanowi minimalny
kompleks wyciszajacy zdolny rozszczepi¢ celowany mRNA.

Komorki ssakow koduja 4 biatka AGO z czego AGO2 wystepuje najliczniej 1 jako jedyne
posiada aktywno$¢ endonukleazy [45]. Biatkko AGO wraz z miRNA moze tworzy¢ minimalny
kompleks wyciszajacy. Biatko zbudowane jest z 4 domen: N-koncowej, PAZ, MID, PIWI.
Sktadowa N-koncowa odpowiedzialna jest za angazowanie dojrzalego miRNA i rozplatanie
dupleksu. Domeny PAZ i1 MID powalaja zakotwiczy¢ koniec miRNA, gdzie domena PAZ
zakotwicza koniec 3’ z kolei MID wigze 5° koncowa grupe monofosforowa i1 5° koncowy
nukleotyd. Domena PIWI, kluczowa dla mozliwosci regulacji ekspresji genow, posiada
aktywno$¢ nukleazy podobna do RNAzy H [46].

Inhibicja translacji rowniez prowadzi do rozpadu transkryptu i jest zdecydowanie
czestszym zjawiskiem. Wynika to z niewymaganego w pelni komplementarnego wigzania
miRNA do celowanego mRNA. Mechanizm posiada nizszy prog inicjacji, ale jego ztozonos¢ jest
duzo wigksza, przez co zaproponowano kilka niewykluczajacych si¢ scenariuszy. Scenariusze
réznig si¢ w zaleznosci od zaangazowanych biatek, jednak zasugerowano standardowy model,
zaktadajacy wigzanie si¢ do bialka AGO biatka GW182 bedacego pomostem dla kolejnych
wigzacych si¢ enzymow. Rozpatrujagc od konca 3° GWI182 stanowi potaczenie z biatkiem
wigzacym poli(A), czyli PABP, réwnoczesnie bedac kotwicag dla deadenylaz, takich jak PAN2-
PAN3 i CCR4-NOT. Koniec 5’ ulega dekapowaniu przez bialka takie jak DCP1-DCP2, rowniez
angazowane przez GW182, a nastgpnie cale mRNA ulega degradacji przez XRNI. Lista
potencjalnych biatek angazowanych nie jest zamknigta 1 wcigz poszerzana o kolejne biatka
angazowane do kompleksu RISC przez GW182 zdolne wptywac na represje translacji [44].

Obszar dziatania miRNA to zaré6wno cytoplazma jak i jadro komoérkowe oraz jaderko.
Ekspresja miRNA jest w istotny sposob zalezna od modyfikacji epigenetycznych [47]. Bardzo
czesto dochodzi tez do zjawiska sprzezenia zwrotnego, w ktérym miRNA regulujg poziom

enzymoOw odpowiedzialnych za metylacje DNA lub acetylacj¢ histonéw odpowiedzialnych za
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regulacje miRNA. Jest to niezwykle wazne w kontekscie stanow patologicznych, takich jak
nowotwory [48]. Schemat dziatania miRNA nie ogranicza si¢ tylko do wyciszania ekspres;ji
gendw za posrednictwem mechanizmoéw RNAi. miRNA s3 w stanie angazowac czynniki
transkrypcyjne 1 by¢ uczestnikami regulacji trojwymiarowej struktury genomowej tworzac
kompleksy RNA-biatko-DNA [49]. Z uwagi na niebagatelne znaczenie, miRNA s3 intensywnie
badanymi i jednymi z najlepiej poznanych ncRNA w komorce, cho¢ na mapie badan wcigz

pozostajg biale plamy czekajace na odkrycia.

4.2.1.3 piRNA - straznicy integralno$ci genomu i nie tylko

piRNA to kolejna klasa matych niekodujacych RNA. Ich dlugo$¢ miesci si¢ w zakresie
od 24 nt do nawet 36 nt. W literaturze odnajdujemy rézne przedzialy dtugosci, co spowodowane
jest brakiem jednolito$ci tej klasy. Pik odpowiadajacy piRNA wystepuje roznie w zaleznosci od
pracy analitycznej 1 badanego materialu. Poza wigksza dlugoscia od miRNA piRNA
charakteryzujg si¢ 5° koncowa urydyng oraz adenozyng w pozycji 10 bez wykazywania
charakterystycznej struktury drugorzedowej [51]. Druga charakterystyczna cechg piRNA jest 3’
koncowa 2’-O-metlacja. Pierwsze doniesienia o frakcji ncRNA wigkszej od miRNA pochodzg z
2001 roku, z badan nad gonadami meskimi muszki owocowej (Drosophila melanogaster) [52].

Poczatkowo taczono wystgpowanie piRNA z komorkami germinalnymi oraz stanami
patologicznymi, takimi jak nowotwory [53, 54]. Istniejg jednak doniesienia o istotnej obecnosci
piIRNA w komorkach somatycznych, co sugeruje ich rolg w szerszym zakresie [55]. Gtéwna rola
piRNA jest reagowanie na elementy mobilne genomu, takie jak transpozony. Mechanizm
reagowania jest podobny do klasycznego wyciszania ekspresji gendw RNAI.

piRNA oddziatujg z biatkami PIWI, skad wzigta si¢ ich nazwa. Biatka PIWI obok biatek
AGO nalezg do podrodziny biatek Argonaute. U cztowieka zidentyfikowano jak dotad cztery
biatka Piwi, od Piwill do Piwil4. Schematycznie na biatko Piwi sktadaja si¢ 3 domeny: PAZ —
wigzaca specyficznie koniec 3’ piRNA, ktory jest 2°- O-metylowany, MID — $rodkowa domena
wiazaca si¢ z fosforanem konca 5°, domena C-koncowa PIWI - dzialajaca jak RNaza H [56].
Obecnos¢ biatek PIWI wydaje si¢ by¢ wysoce konserwatywna, gdyz ich homologi znajdujemy w
komorkach organizméw modelowych, od takich jak wspomniana D.melanogaster (ABU, AGO3,
PIWI) przez myszy (MIWI, MIWI2, MILI), az po ludzi. Nadekspresja biatek Piwi jest wigzana
czgsto ze stanami nowotworowymi oraz wptywem na parametry zyciowe komorek [57]. Piwi
odgrywaja podobng role w funkcji piRNA jak bialkka AGO dla siRNA/miRNA. Proces
wyciszania niepozadanych transkryptow bazuje na podobnej idei jak w przypadku RNA.I.
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Komplementarno$¢ piRNA determinuje cel biatka Piwi, ktore z udzialem domeny PIWI

degraduje docelowy transkrypt.

Zagadnienie biogenezy piRNA jest wcigz badane 1 uzupetiane o kolejne odkrycia. Szlaki
zostaly najlepiej poznane na organizmie modelowym, w ktorym odkryto piRNA, czyli D.
melanogaster, jednak biatka biorgce udzial w szlakach biosyntezy piRNA rd6znig si¢
migdzygatunkowo, stad procesy oraz dodatkowe enzymy moga by¢ rozne wzgledem gatunku.
Biosynteza piRNA odbywa si¢ dwuetapowo: przez biosyntez¢ pierwotng i wtorng.

Szlak pierwotny zaktada transkrypcje piRNA z charakterystycznych rejonow w genomie,
zwanych klastrami piRNA, odpowiadajacych sekwencyjnie tylko fragmentom transpozondw.
Takie fragmenty przechowuja genetyczng pami¢é o transpozonie, ale same nie sg mobilne w
obrgbie genomu [58]. Klastry piRNA to dlugie regiony ulegajace transkrypcji pod wptywem
polimerazy RNA II, o duzym zréznicowaniu lokalizacji, nawet w obrebie gatunku [59]. Klastry
mogg ulegac transkrypcji z jednej lub z obu nici DNA, co oznacza, ze piRNA pochodza zar6wno
z nici sensowej jak i antysensowej [60]. Istnieja rdwniez pri-piRNA pochodzace z mRNA,
tRNA, IncRNA oraz snoRNA, jednak w wyniku ich transkrypcji powstaja tylko nici sensowe
[61]. Pierwotny transkrypt pri-piRNA przechodzi podobng do mRNA droge, czyli podlega
wycinaniu introndw oraz przylaczeniu 5’CAP i 3’Poli(A) [62]. Biosynteza pierwotna uwzglednia
nici antysensowe pri-piRNA. Dhugie pri-piRNA transportowane sg do cytoplazmy i nastgpnie w
strukturach zwanych ciatkami Yb sg przycinane do odpowiedniej dtugosci przez enzym Zicchini
[63]. Do konca 5° piRNA przylacza si¢ biatko PIWI, nastepnie piRNA w kompleksie jest
przycinane przez egzonukleazy, a koniec 3’ ulega metylacji przez HEN1 dajac w petni
funkcjonalny kompleks.

W przypadku biosyntezy wtornej, do piRNA eksportowanego do cytoplazmy przylaczaja
si¢ biatka Piwi, czyli Aub albo Ago3. Przytaczenie si¢ tych biatek do piRNA zapoczatkowuje
cykl amplifikacyjny. Cykl amplifikacji ,,ping-ponga” jest zaproponowanym drugim zrodiem
piRNA zwigkszajacym ilo$¢ regulujacych czasteczek w komorce. Laczy si¢ on z funkcjg piRNA,
gdyz do swojego dziatania wymaga celowanego transpozonu lub innego transkryptu, ktory jest
celem piRNA, a zarazem daje zrodto nowych piRNA. Caty cykl odbywa si¢ w cytoplazmie w
ciatkach Yb, gdzie powstaja dwa kompleksy piIRNA/Ago3 1 piRNA/Aub, ktorych nici wiodace
wzajemnie si¢ uzupelniajg w zakresie konca 5°. Antysensowy piRNA wykazujacy
komplementarno$¢ do nici docelowego RNA wchodzi w sktad kompleksu piRNA/Aub. W
wyniku przecigcia celowanego RNA przy koncu 3’ powstaje transkrypt stanowiacy sensowe
piIRNA wchodzacych w kompleks z biatkiem Ago3. Kompleks piRNA/Ago3 wykazuje

komplementarno$¢ 1 prowadzi do przecigcia transkryptu antysensowego klastra piRNA. W
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wyniku cigcia z konca 3’ powstaje kolejne antysensowe piRNA ktére wchodzac w kompleks z
biatkiem Aub zamyka cykl. W toku dziatania cyklu powstaja nadmiarowe piRNA ktére dalej
pelnia  funkcje w komorce. piRNA powstajace w cyklu ,,ping-ponga” posiadaja
charakterystyczne modyfikacje. Kompleks piRNA/Ago3 produkuje piRNA cechujace si¢
obecnoscig adeniny w pozycji 10, z kolei piIRNA/Aub obecnoscig urydyny na koncu 5° [64].
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Figura 3. Biosynteza wtérna piRNA (Kowalczykiewicz D., Wrzesinski J. Post Bioch,2011, 57:3)
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Regulacja za posrednictwem piRNA wystepuje na kilku poziomach. Wyciszanie na
poziomie transkrypcyjnym odbywa si¢ za posrednictwem enzymow modyfikujacych histony lub
metylotransferaz DNA. Kompleksy piRNA/Piwi i wcze$niej wspomniane enzymy, wprowadzaja
modyfikacje epigenetyczne wptywajace na procesy transkrypcji poszczegdlnych genow [65]. Na
poziomie regulacji potranskrypcyjnej, piIRNA funkcjonujg podobnie jak miRNA prowadzac do
degradacji celowanego RNA, ktérym moze by¢é mRNA, IncRNA Ilub transkrybowane
pseudogeny [66, 67, 68]. Najwigkszym zainteresowaniem cieszg si¢ piRNA bedace kandydatami
na biomarkery nowotworowe. Ekspresja piRNA 1 bialek Piwi jest mocno zwigzana z
postepujacymi zmianami parametrow komorkowych, a obecne techniki pozwalaja szybko
wykrywaé pojawiajace si¢ w nadekspresji czasteczki [61]. Wcigz wiele zagadnien dotyczacych
funkcji 1 biogenezy piRNA pozostaje niejasnych i poszlakowych, co otwiera pola do dalszych
badan i odkry¢.

4.2.1.4 tRF - najbardziej zréznicowana frakcja sncRNA

Istnienie frakcji tRF jest $ci§le zwigzane z metabolizmem czasteczek tRNA. Czasteczki
tRF podzielone sg na kilka podklas, w zaleznosci od procesu biogenezy, obejmujac i-tRF, tRF-1,
tRF-2, tRF-3 1 tRF-5. Czasteczki tRF otrzymujace swoja nazwe od konca 5' macierzystego tRNA
sg okreslane jako tRF-5 1 wystepuja w trzech podtypach: tRF-5a (o dtugosci 14 -16 nt), tRF-5b
(o dlugosci 22 - 24 nt) 1 tRF-5c (o dlugosci 28 - 30 nt). Czasteczki tRF-5 powstaja w wyniku
cigcia petli D macierzystego tRNA, a za ten proces sugeruje si¢ udziat biatka Dicer [69].
Analogicznie, tRF zawierajace koniec 3' macierzystego tRNA nazywane sg tRF-3 1 wystepuja w
dwoch podtypach: tRF-3a (o dtugosci 18 nt) 1 tRF-3b (o dtugosci 22 nt). Ich powstanie jest
rezultatem cigcia w petli TyC. Potencjalnymi enzymami uczestniczagcymi w procesie
formowania tRF-3 moga by¢ Angiogenina, Dicer lub inne egzonukleazy [70]. Fragmenty tRF-2
pochodza z petli antykodonowej macierzystego tRNA, ale nie zawieraja charakterystycznych
grup konczacych ani na 5', ani na 3'. Proces tworzenia tRF-2 najczg¢$ciej ma miejsce w
warunkach niskiego poziomu tlenu w srodowisku komorki [71]. tRF-1 powstaja z pre-tRNA za
posrednictwem RNAzy Z. W trakcie dojrzewania pre-tRNA, obszar 3' UTR jest cigty przez
RNAz¢ Z w charakterystycznym miejscu zawierajacym poli(U). i-tRF to czasteczki pochodzace
z r6znych wewngtrznych regionow macierzystego tRNA, ale nie zawieraja one
charakterystycznych grup zakonczen 3'1 5'. Ich formowanie zalezy od r6znych enzymow, w
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zaleznosci od miejsca ich pochodzenia [72]. Oprocz tRF o okreslonej strukturze, istniejg takze
potowki tRNA, znane jako tiRNA. Polowki tRNA powstaja w reakcji na warunki stresowe
komorki, a za cigcia w petli antykodonowej odpowiedzialna jest gldownie Angiogenina, chociaz

moga w tym procesie uczestniczy¢ takze inne RNAzy. Analogicznie do tRF-3 1 tRF-5,
rozrézniamy 3'1 5' tiRNA [73].
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Figura 4. Klasyfikacja czasteczek tRF wystgpujacych w komorce [73].

Mnogos$¢ czasteczek sugeruje roznorodne funkcje. tRFy moga wpltywaé na wiele
procesOw na roznych etapach regulacji ekspresji genow. Regulacja na poziomie translacji moze
zachodzi¢ poprzez wiele mechanizmédw. Na przykiad, wigzanie tRF do podjednostek rybosomow
moze obniza¢ aktywno$¢ translacji [74]. Inny mechanizm to czgsteczki tRF zawierajace motyw
oligoguaniny na koncu 5' (TOG), ktére hamujg translacj¢ poprzez tworzenie struktury
kwadrupleksu RG4 1 wypieraja kompleks inicjacji translacji elF4G/elF4E [75]. Przyktadem
innego mechanizmu jest tRF-3, ktéry moze oddziatywa¢ z biatkami Ago3 1 Ago4, tworzac
kompleks, w ktérym tRF dziata jako ni¢ wiodaca dla nukleaz, co prowadzi do degradacji
docelowego transkryptu [76]. Ponadto, fragmenty tRNA moga uczestniczy¢ w tworzeniu
granulek stresowych, ktore wplywaja na wyciszanie ekspresji mRNA [77]. Istniejg takze
doniesienia o roli tRF w supresji wirusa HIV. Odpowiedz tRF na obecno$¢ wirusa moze by¢
zréznicowana. Na przyklad, tRF-3006 moze dziala¢ jako reporter zakazenia wirusem, a takze
faczy¢ si¢ i blokowac region 56-67 nt tRNALys, ktéry jest rozpoznawany jako primer odwrotnej
transkrypcji przez wirusa HIV [78]. Odnajdujemy takze czasteczki tRF w regulacjach
epigenetycznych. Przyktadem regulacji poza sekwencyjnej jest tRF Glu(TTC), ktéry wywiera
wpltyw na metabolizm thuszczu [79]. tRFy moga rowniez wptywa¢ na cykl komérkowy, gdzie

niektére z nich zdolne sa do wigzania si¢ z cytochromem C, co prowadzi do zablokowania
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kaspazy-9 1 zahamowania procesu apoptozy [80]. Poziomy czgsteczek tRF wzrasta w stanach
patologicznych, dlatego tez s3 silnie zwigzane z tematem biomarkeréw. Bioréznorodnosé
czagsteczek tRF sugeruje wiele funkcji, jednak uniemozliwia to stworzenie jednego kanonicznego
szlaku funkcji czasteczek tRF. To jednoczesnie stanowi wyzwanie w jednoznacznym okresleniu
istotnosci fragmentéw pochodzacych z tRNA i mechanizmoéw w danym procesie, ale rowniez
stanowi zalete, sugerujac, ze zawsze warto rozwazy¢ potencjalny wptyw czasteczek tRF na dany

proces.

4.2.2 IncRNA jedna grupa o wielu obliczach

Brak $cisle okreslonego zakresu dlugosci czyni IncRNA niezwykle zrdznicowang grupa.
Ze wzgledu na te roznorodnos¢, podzial IncRNA jest trudny, a zadna cecha nie wydaje si¢ by¢ na
tyle charakterystyczna, aby mogta stuzy¢ jako wyrazna linia podziatlu. Pod wieloma wzglgedami,
IncRNA sa podobne do mRNA. Ulegaja one transkrypcji gldwnie przez Polimeraze RNA II,
moga by¢ poliadenylowane, ulegaja splicingu oraz posiadajg CAP na koncu 5’ [81]. Jednak, w
przeciwienstwie do mRNA, gdzie sekwencja i uklad ramek odczytu maja pierwszorzedne
znaczenie, w przypadku IncRNA istota ich roli skupia si¢ na strukturze drugo- i trzeciorzgdowe;.

Geny IncRNA mozna odnalez¢ w wielu miejscach w calym genomie. Odkryto, ze dtugie
niekodujace RNA s3 wielodomenowymi ztozonymi strukturami, a ich domeny moga r6zni¢ si¢
stopniem konserwacji w obregbie tej samej czasteczki [82]. Wybidrcza konserwacja wynika
czesto z udziatu elementéw mobilnych genomu, takich jak transpozony. Wiele eksonow IncRNA
ma swoje pochodzenie w transpozonach [83, 84]. Czasteczki IncRNA moga pochodzi¢ z ré6znych
obszarow genomu, takich jak sekwencje migdzy genowe, nici antysensowe, introny [81].
Odkryto nawet IncRNA, ktorych geny zawieraja sekwencje kodujace biatka [81]. Istniejg takze
doniesienia o IncRNA pochodzacych z pseudogendow [85]. Ekspresja IncRNA jest komérkowo
bardzo specyficzna, do tego stopnia, ze komorki tego samego rodzaju, ale w réznych stadiach
rozwoju, r6znig si¢ profilem ekspresji IncRNA [86]. Krajobraz dtugich niekodujacych RNA jest
ksztattowany réwniez przez czynniki zewnetrzne, takie jak Srodowisko, stres komorkowy oraz
dostepnos¢ sktadnikow odzywcezych [87].

Glowng rola IncRNA jest regulacja procesow komorkowych. Jednak okreslenie
konkretnej roli lub funkcji danego transkryptu jest niezwykle trudne. Czgsto zmiany fenotypowe
sg subtelne 1 pojawiaja si¢ jedynie na poziomie molekularnym. IncRNA reguluja procesy na
roznych poziomach zycia komérkowego, oddziatujagc zarowno z innymi RNA, DNA, biatkami,
jak rowniez peptydami i zwigzkami niskoczasteczkowymi [88, 89]. Wiele funkcji IncRNA jest

wynikiem réznorodnych mozliwo$ci tych czasteczek, ale trzy gldwne role mozna uznaé za
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wspolne mianowniki dla IncRNA: udziat w modyfikacjach chromatyny, tworzenie koacerwatow
oraz dzialanie jako wzmacniacze ekspresji genow.

Jednym z kluczowych obszarow, w ktorych IncRNA odgrywaja istotng rolg, jest
epigenetyczna modyfikacja chromatyny. Przyktadem jest IncRNA o nazwie DACORI, ktora
wchodzi w interakcje z metylotransferazg DNA DNMT1 1 jest wysoce specyficzna dla raka jelita
grubego [90]. Inny mechanizm epigenetyczny, w ktorym uczestniczg IncRNA, to modyfikacje
histonéw. Zidentyfikowano wiele IncRNA, ktoére oddziatuja z kompleksami modyfikujacymi
biatka histonowe. Jednym z dobrze zrozumianych mechanizméw jest oddziatywanie z
kompleksem PRC2, dla ktorego przewiduje si¢ wiele potencjalnych interakcji z IncRNA [91].

Dhugie niekodujace transkrypty czesto peinig role transkryptow regulujacych ekspresje
gendw, zwanych wzmacniaczami. Wzmacniacze dziataja jako lokalne centra transkrypcji i
splicingu, angazujac czynniki transkrypcyjne i wplywajac na struktur¢ chromatyny w
okreslonych miejscach [92]. System aktywnych wzmacniaczy tworzy unikalne wzory ekspresji
genow w roznych komorkach, co wptywa na charakterystyczne cechy kazdej z tych komorek
[93]. Przyktady IncRNA, takie jak Firre, Peril czy Maenli, wykazujace te role, zostaty juz
opisane, cho¢ wiele pozostaje do zbadania [94, 95, 96].

Kolejng wazng rolg IncRNA jest tworzenie koacerwatow bimolekularnych. Kondensaty te
to zgrupowania makroczasteczek oddzielonych fazowo, charakteryzujace si¢ duza dynamika i
potencjalnym funkcjonalnym [97]. W ich sktad wchodzg zar6wno RNA, jak i biatka. Biatka
sktadajace si¢ na koacerwaty sa czesto bogate w regiony wewnetrznie nieuporzadkowane [98].
Te niestabilne 1 elastyczne struktury trzeciorzgdowe pozwalaja na interakcje z rdéznymi
czastkami, co sprawia, ze kompleksy te sg potencjalnie wielofunkcyjne. IncRNA odgrywaja role
architektonicznego szkieletu w tych kondensatach, nadajac im odpowiednig strukture 1
determinujac ich funkcje [99]. Przykfady takiej dzialalno$ci mozna znalezé w przypadku
IncRNA takich jak SLERT i LENT w jaderkach czy MALAT1 w plamkach jadrowych, a takze
NORAD, ktory zapobiega wylapywaniu biatek Pumilio [81].

Jedng z wyr6zniajacych cech IncRNA jest ich dlugo$¢ oraz zdolnos¢ do przyjmowania
réznorodnych struktur. Wielu z tych dlugich niekodujacych RNA podlega réwniez
alternatywnemu splicingowi, podobnie jak mRNA. To otwiera szeroki zakres mozliwos$ci i
zmienno$ci na poziomie regulacyjnym. Warto zauwazy¢ pewien paradoks, ktory dotyczy
niektorych reprezentantow tej klasy czasteczek. Podczas analizy sekwencji IncRNA odkryto
obecno$¢ sekwencji ORF (open reading frame) [100]. To sugeruje, ze niektore IncRNA moga
jednak zawiera¢ kodujace fragmenty. W trakcie badan udowodniono istnienie krotkich peptydow
pochodzacych z IncRNA, a co wigcej, wykazano, ze te peptydy moga miec istotny wptyw na
funkcjonowanie komorki [101]. Przyktadem takiego peptydu jest SPAR kodowany przez
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LINC00961. SPAR dziata jako bloker v-ATPazy, co uniemozliwia aktywacje mTORCI,
regulatora uwalniania aminokwasow z lizosoméw [102]. Ciekawe jest to, ze dalsze badania nad
LINCO00961 i SPAR wykazaty, ze zar6wno IncRNA, jak i jego peptyd, moga peli¢ funkcje
niezaleznie od siebie. Co wiecej, ich funkcje sg antagonistyczne, poniewaz LINC00961 wigze si¢
z biatkiem Tp4, ktére wigze aktyn¢ i hamuje angiogeneze, podczas gdy SPAR wigze si¢ z innym
biatkiem wigzacym aktyng, SYNEI, i promuje angiogenez¢ [103]. Peptydy pochodzace z
IncRNA uczestniczg rowniez w mechanizmach kontroli jakosci mRNA. Takim polipeptydem jest
NoBody kodowany przez LINCO01420, ktéory bierze udziat w degradacjii mRNA z
przedwczesnymi kodonami terminacji translacji poprzez mechanizm usuwania 5> Cap [104].
Warto rozwazy¢ mozliwo$¢ wyodrgbnienia frakcji IncRNA kodujacych peptydy od frakeji
IncRNA, poniewaz paradoks ten, ktory si¢ pojawia w miar¢ odkrywania nowych funkcji

peptydow pochodzacych z IncRNA, moze prowadzi¢ do wielu nieporozumien.

4.2.2.1 circRNA — nietypowe RNA

Jednym z wyrdzniajacych sie podtypéw IncRNA sg cyrkularne niekodujace RNA, znane
jako circRNA. CircRNA powstaja gtdéwnie z loci kodujacych biatka za posrednictwem trzech
mechanizmow: bezposredniego splicingu wstecznego, cyrkulacji sterowanej parowaniem
intronéw oraz cyrkulacji sterowanej lariatem [105]. W przypadku circRNA alternatywne
sktadanie transkryptow moze prowadzi¢ do powstania kolistych RNA, ktore mogg by¢ ztozone
zaro6wno z kompilacji intronéw 1 egzonow, jak 1 zawiera¢ jedynie jednego typu sekwencje [106].
CircRNA wykazuja zdolno$¢ do interakcji z biatkami oraz kwasami nukleinowymi. Analizy
bioinformatyczne sugeruja, ze circRNA moga potencjalnie petni¢ role molekularnych "gabek"
dla miRNA, cho¢ ta teza nadal oczekuje na potwierdzenie eksperymentalne [106].

W interakcjach z biatkami circRNA spelniaja dwie glowne funkcje. Moga wigzaé si¢
specyficznie z biatkami, zmieniajgc ich aktywnos$¢ fizjologiczng lub stuzy¢ jako rusztowanie dla
kompleksow biatkowych [107]. Na przyklad circNDUFB2 uczestniczy w degradacji biatek
wiazacych mRNA insulinopodobnego czynnika wzrostu 2 (IGF2BP), tworzac kompleks migdzy
wspomnianym biatkiem a biatkiem zawierajagcym motyw trojdzielny 25 (TRIM25). Skutkiem
tego jest degradacja IGF2BP 1 pozytywny efekt hamowania postepow nowotworzenia [108].
Innym przykladem korzystnego dziatania circRNA jest hamowanie przerzutéw nowotworu
zoladka przez circ-TNPO3, ktory laczy si¢ z czynnikiem IGF2BP3, ktéry promuje proliferacje i
przerzuty nowotworowe [109].

Podobnie jak liniowe IncRNA, cyrkularne RNA moga kodowac krotkie peptydy.

Charakterystyczne motywy wewngtrznego miejsca wejscia rybosomu (IRES) umozliwiaja
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translacje, jednak brak 5’Cap powoduje, ze jest to translacja oporna na biatka regulujace ten
proces, takie jak bialko 4E-BP [110]. CircRNA s3 intensywnie badane w kontekscie
nowotworow, gdzie moga stuzy¢ jako specyficzne biomarkery stanow patologicznych [111].
Przejs$cie od struktury liniowej do struktury cyrkularnej otwiera szeroki zakres potencjalnych

zastosowan 1 stawia circRNA jako czasteczki z duzym potencjatem.

5 Cel naukowy przedstawionego cyklu prac

Nadrzgdnym celem niniejszej rozprawy doktorskiej jest poznanie wptywu niekodujacych
RNA na rozwoj nerek.

Po pierwsze zamierzano poznac¢ profil wystepowania czasteczek tRF w réznych organach
zwierzgcia modelowego jakim jest S. scrofa oraz wykaza¢ mozliwos$¢ interakcji czasteczki tRF z
biatkami Piwi (Kazimierczyk, M., et al., BBRC, 2019).

Drugim celem byla charakterystyka wystepowania czasteczek tRF w zaproponowanym
modelu komérkowym rozwoju nerki oraz poznanie ich potencjalnej funkcji. Zamierzatem
sprawdzi¢ wcze$niejsze doniesienia o potencjalnym udziale nukleazy Dicer w biogenezie
czasteczek tRF (Kazimierczyk, M., et al., Int. J. Mol. Sci., 2022).

Kolejng czgécia badan bylo zgromadzenie aktualnych informacji dotyczacych
interaktomu IncRNA oraz charakterystyka modyfikacji epigenetycznych IncRNA 1 analiza
zebranych infromacji w konteks$cie réznicowania i rozwoju komoérki (Kazimierczyk, M., et al.,

Int. J. Mol. Sci., 2020, Kazimierczyk, M Wrzesinski, J., Int. J. Mol. Sci., 2021).
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6 Skrotowy opis przedstawionych prac

6.1 tRNA-derived fragments from the Sus scrofa tissues provide evidence of their

conserved role in mammalian development.

Kazimierczyk, M., Jedroszkowiak, A., Kowalczykiewicz, D., Szymanski, M., Imiotczyk, B.,
Ciesiofka, J., Wrzesinski J. (2019) Biochem. Biophys. Res. Commun. 520, 514-519.

W niniejszej publikacji przedstawiono badania dotyczace wystepowania czasteczek tRF,
ktore sg reprezentantami grupy matych niekodujagcych RNA, w réznych tkankach zwierzecia
modelowego, jakim jest S. scrofa. Dodatkowo, w pracy dowiedziono, ze czasteczki tRF maja
zdolnos$¢ do wigzania si¢ z biatkami rodziny Argonaute. Badania opieraly si¢ na wcze$niejszych
wynikach analizy bioinformatycznej, ktora opisywata wystgpowanie tRFOw w gonadach.
Nastepnie te wyniki zostaty uzupetnione danymi eksperymentalnymi.

W wyniku wczesniejszych badan ustalono, ze potowki tRNA, takie jak 5'tRFGly (GCC),
5'tRFval (CAC), 5'tRFHis (GUG), 5'tRFLys (CUU) i1 5'tRFGlu (UUC), wystgpuja w
najwigkszych ilosciach. Te wyniki zostaly potwierdzone ilosciowo poprzez analize
eksperymentalng przy uzyciu techniki northern blot. Nastepnie, przystapiono do zaprojektowania
par sond znakowanych izotopem fosforu **P, ktore byly komplementarne do koncow 3’ i 5°
wybranego tRNAValCAC. To pozwolito na wykrycie obu potéwek tRNA w probkach
pochodzacych z réznych tkanek Sus Scrofa, takich jak Zotadek, watroba, serce, ptuca, nerki,
moézg 1 migsnie. Wyniki tych analiz wykazaty, ze zaré6wno dla sondy 5°, jak 1 3°, wykryto
podobny wzorzec wystepowania tRFOw pochodzacych z tRNAVal(CAC) w gonadach i nerkach.
Podobne badania przeprowadzono takze dla czasteczek 5°tRF, takich jak Gly(GCC), Lys(CUU) i
Glu(UUC). Wybor tych czasteczek opierat si¢ na wczesniejszej analizie bioinformatycznej, ktéra
wykazata podobny stosunek wystepowania tRNA/tRF na poziomie okoto 6% w probkach
pochodzacych z gonad. Te wyniki ponownie potwierdzily podobny profil ekspresji tRF w
gonadach i nerkach, co sugeruje potencjalne istnienie istotnych funkcji tych czasteczek.

W pracy zbadano takze interakcje matych niekodujacych RNA z bialtkami rodziny
Argonaute, ktora dzieli si¢ na biatka Ago 1 Piwi. Bialka Piwi s3 biologicznie zwigzane z
funkcjami w gonadach. Wykorzystano technike EMSA do sprawdzenia potencjalnego wigzania
tRF z biatkami Piwi. W celu uzyskania bialek Piwi, przeprowadzono nadekspresj¢ tych biatek w
komorkach E. coli, wykorzystujac wektor pET151/D-TOPO zawierajacy otwartg ramke odczytu
dla biatek Piwill, Piwil2 i Piwil4. Ostatecznie, trudnosci w nadekspresji petnych biatek sktonity

do ograniczenia si¢ do domeny PAZ wybranego biatka. Domena PAZ jest znana z wigzania
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kwasow nukleinowych 1 stanowi istotny element biatka Piwi. Doniesienia literaturowe
sugerowaly, ze powigzanie biatka Piwil 4 z tRF w przypadku raka piersi MDAMB231 oraz w
jadrach myszy typuja domen¢ PAZ biatka Piwil4 jako najlepsza do procesu oczyszczania i
dalszych badan. W eksperymentach przeprowadzonych w tej pracy oczyszczong domen¢ PAZ
Piwil4 wykorzystano jako kontrole pozytywnag z piRNA, jako kontrole negatywng z miRNA,
oraz eksperymentalnie z tRFVal(CAC). Wyniki tych badan zostaty zaprezentowane na Figurze 1.
Stata dysocjacji dla kazdego wariantu byta znacznie wigksza dla czasteczki tRF (6,69 + 1,36
uM) niz dla kontrolnego piRNA (1,70 £ 0,46 uM), co sugeruje silne powinowactwo miedzy

badanymi czgsteczkami tRF a biatkami Piwi.

PiRNA tRFVal(CAC) miRNA
UAAGAACUGAGAGAUUGUGAACCUUGGCCC GUUUCCGUAGUGUAGUGGUUAUCACGUUCGCCU UACCCUGUAGAACCGAAUUUGUG
LT "PRBEsL.
v i1l
NU ] U
BT T RLLCCLTTTT
K=1.74 + 0.4 yM K=6.7+14 uM No binding

Figura 5. Zestawienie wynikow eksperymentu EMSA przeprowadzonego dla domeny PAZ biatka Piwil4
oraz poszczegélnych niekodujgcych RNA.

Dotychczas opisane interakcje bialek Piwi-RNA skupialy si¢ gltoéwnie na gonadach,
jednakze funkcja tych interakcji w komorkach somatycznych byta nieznana. Podobne wyrazanie
czasteczek tRF w komorkach gonad i1 nerkach moze by¢ zwiazane z bliskos$cig obu uktadow na
etapie rozwoju embrionalnego, kiedy to narzady te sa potoZzone obok siebie i korzystaja z tego
samego przewodu prowadzacego. Warto zaznaczy¢, ze w przypadku nowotworu piersi
MDAMB231 kompleksy Piwil 4 1 tRFGly(GCC) oraz tRFVal(CAC) uczestnicza w regulacji
translacji. Wnioski z przeprowadzonych badan stanowia fundamenty dla dalszych eksploracji

roli matych niekodujacych RNA w komorkach nerek.
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6.2 Differential expression of transfer RNA-derived fragments (tRF) during renal cell

development. The role of Dicer in tRF biogenesis.

Kazimierczyk, M., Wojnicka, M., Biata, E., Zydowicz-Machtel, P., Ostrowski, T.,
Kurzynska-Kokorniak, A., Wrzesinski, J. (2021) Int. J. Mol. Sci. 23(7), 3644.

Publikacja ta wynika z wcze$niejszych badan przeprowadzonych na modelu zwierzecym,
S.Scrofa, gdzie zalozenie o wspolnym kanale rozwoju dla uktadu wydalniczego 1 ptciowego
zostalo przeniesione na poziom modelu komorkowego cziowieka. W pracy zaakceptowano
proponowany model rozwoju nerki, ktory skomponowany jest z czterech rdéznych linii
komoérkowych reprezentujacych poszczegoélne etapy rozwoju nerki. W sktad tego modelu
wchodza komorki: hESC (komorki macierzyste), HEK293T (komorki embrionalne nerkowe),
HK-2 (komoérki kompletnie wyksztatconej nerki) oraz A-498 (komorki nowotworowe nerki, jako
forma odstgpstwa od normy).

Wspdlnie z firmg Macrogen (Korea Potudniowa), przeprowadzono sekwencjonowanie
specjalnie przygotowanych bibliotek matych RNA pochodzacych z kazdej linii komoérkowe;.
Analiz¢ bioinformatyczng prowadzitem wspolnie z dr Michatem Szcze$niakiem (Zaktad
Bioinformatyki, Uniwersytetu im. Adama Mickiewicza w Poznaniu) oraz dr Natalig Szostak
(Pracownia Bioinformatyki, Instytutu Chemii Bioorganicznej w Poznaniu). W zaprezentowane;j
publikacji skupilem si¢ na czgsteczkach tRF 1 ich wyrazaniu na poszczegdlnych etapach
wspomnianego modelu. Analiza bioinfromatyczna wykazala najwigcej zidentyfikowanych
czasteczek tRF specyficznie dla komorek hESC 1 A-498. Najwigksza wspolng grupa czasteczek
tRF byta grupa pomig¢dzy komodrkami hESC, HEK293T i1 A498. Z analiz bioinformatycznych
wynikato, Zze najwyze] wyrazanymi w calym modelu czagsteczkami tRF pochodza z tRNA:
Gly(CCC), Val(AAC), Arg(CCU). W kolejnym kroku potwierdzitem dane z analizy
bioinformatycznej za pomoca eksperymentu northern blot. Zaprojektowatem sondy DNA
znakowane izotopem fosforu **P tak aby wykrywaty wszystkie fragmenty pochodzace z konca 5’
1 3’ badanych tRNA. Wykrywane t3 strategig czasteczki tRF mozna podzieli¢ na trzy grupy
pochodzenia z cigcia zachodzacego w rejonie petli D, antykodonowej i T¥C. W zaleznosci od
konca hybrydyzujacego sonde cigcia w tych samych rejonach beda odwrotnie widoczne, jesli
chodzi o petle D 1 TYC 1 tak samo widoczne dla petli antykodonowej. Uzyskane wyniki prazki
pogrupowatem zaleznie od rejonu pochodzenia 1 odpowiednio zliczylem w stosunku do
macierzystego tRNA za pomocg programu Multi Gauge V3.0 tak aby znormalizowa¢ wyniki i
umozliwi¢ ich poréwnanie pomigdzy liniami komorkowymi. Wzory hybrydyzacji zanotowanych

na membranach przeniostem na zaimportowane z GtRNAdb modele 2D badanych czasteczek
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tRNA co umozliwito identyfikacje ich sekwencji i ID w bazie tRFdb. Dalsze analizy w bazach

danych prowadzitem tylko na czasteczkach tRF ktore udato zidentyfikowa¢ na obu membranach

1 ktorych ID udato si¢ ustali¢ we wspomnianej bazie danych traktujac wyniki jako wiarygodne.

Korzystajac z ID czasteczek tRF wykorzystalem baz¢ danych tRFTars wykrywajaca

potencjalne mRNA mogace oddziatywa¢ z potwierdzonymi czasteczkami tRF. Z pomoca

narzg¢dzia jakim jest tRFTars oraz przegladu literaturowego opracowalem tabele potencjalnych

mozliwych

oddziatywan

zidentyfikowanych

czasteczek

tRF

na transkrypty bialek

zaangazowanych w rozwdj i1 r6znicowanie komorek nerek u czlowieka. Przyktadows tabele dla

571 3’tRFGly(CCC) zawartg w publikacji zamieszczono ponizej.

5'tRF tRFdb ID Length Posm\_/(_e Gene Protein Function in the kidneys
probability
e  Overexpression during aging
and kidney damage
Homeobox protein e Participates in nephrogenesis
MEIS2 . o .

0,8696 S Meis2 e  Meisl is required for correct
vascular network formation in
the embryo

e  miR-584, which is located
SH3 domain and tumor suppressor, direcly
0,8685 SHaTC | tetratiicopeptide targeting the Rock-1
repeat-containing .
5004b 22 nt protein 2 oncogene and red_ucmg the
invasion capacity in human
clear cell renal cell carcinoma
Glycce . Genomic rearrangements of
the FMN1 locus cause kidney
0,7550 FMN1 Formin-1 defects
e  Associated with acro-renal
disorders
CTDSPL CTD small e  Dephosphorylation of the
0,7099 5 phosphatase-like FoxOs protein by stimulating
protein 2 proteolysis during nephritis
Zinc finger and
0,8077 ZBTB20 Egnet’acijrc])irrrl]amr_otein e  Glucose homeostasis
5004c 31nt % gp
Kinase suppressor .
0,7730 KSR2 of Ras 2 e  Cell energy homeostasis
. tRFdb . . o )
3tRF D Length Probability Gene Protein Function in the kidneys
1,0000 ORAI2 Protein orai-2 Transporting the Ca** ion
Goiledcoil domeir- and organization celuar Tuncton
0,9868 CCDC9BO0 | containing protein 9 ’
and maintenance
3027a | tRF3b 09854 | cypzoa1 | Cytochrome P450 Involved in diabetic nephropathy
17nt 20A1
Voltage-dependent Involved in transporting calcium
0,9841 CACNGS8 | calcium channel : porting
. ions
gamma-8 subunit
Glyccec 0.9806 GAS7 Growth arrest- Involved in proteinuria and chronic
' specific protein 7 kidney disease
Phospholipase D Member of a family of proteins
0,9404 PLD6 Family Member 6 correlated with Kidney Fibrosis
3027b 22
LY6G6C belongs to a cluster of
Lymphocyte antigen leukocyte antigen-6 (LY6) genes
0,8715 LY6G6C 6 complex locus located in the major
protein G6c histocompatibility complex (MHC)
class lll region
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Przy okazji realizacji gldbwnego nurtu badan przeprowadzitem hybrydyzacje¢ northern blot
wykorzystujac materiat pochodzacych z komoérek pozbawionych ekspresji biatka Dicer. Biatko
Dicer dotychczas uwazane jako enzym tworzacy czasteczki tRF z petli D. Uktad doswiadczalny
zaktadal wykorzystanie komérek HEK293T typu dzikiego, HEK293T pozbawionych genu biatka
Dicer, HEK293T nadprodukujace biatko Dicer z wykorzystaniem plazmidu oraz wariant
wyrazajacy biatko Dicer tylko z plazmidu. Wyniki zaprezentowano w Figurze 2. Brak sygnatu
hybrydyzacji na wysokos$ci okoto 60 nt potwierdzity niezbedng role biatka Dicer w powstawaniu
czasteczek tRF z petli D. Nadekspresja biatka Dicer nie odznaczala si¢ przyrostem czasteczek
tRF z petli D. Nalezy zauwazy¢, ze proces nadekspresji nie byl znaczaco wydajny co moze

swiadczy¢ o mechanizmach regulujacych poziom tego biatka odgornie.
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6.3 Long Noncoding RNA Interactome: Detection, Characterization and Function.

Kazimierczyk, M., Kasprowicz, M.K., Kasprzyk, K.E., Wrzesinski, J. (2020) Human Int. J.
Mol. Sci. 21, 1027;

Wzrost ilosci publikacji naukowych dotyczacych dlugich niekodujagcych RNA (IncRNA)
w biologii byt zauwazalny w ciggu ostatnich kilku lat. Dane pochodzace z PubMed wskazuja na
wyrazny wzrost liczby publikacji, ktore zawieraja termin "IncRNA" w tytule. W roku 2013
liczba takich publikacji wynosita 642, natomiast w roku 2020 osiggne¢ta imponujacy wynik 5559.
Ten rosnacy trend stat si¢ motywacja do przeprowadzenia przegladowej publikacji, w ktorej
zebrano dostepng wiedze na temat IncRNA. W niniejszej publikacji, przedstawiono pojecie
"interaktomu IncRNA" oraz zaproponowano techniki badawcze do badania tych interakcji.
Rozwijajac koncepcje interaktomu IncRNA, uwzgledniono rézne klasy RNA, zaréwno kodujace,
jak 1 niekodujace, DNA, biatka, zwigzki niskoczasteczkowe oraz krotkie peptydy. W kontekscie
oddziatywan IncRNA z RNA, szczeg6lng uwage poswiecono interakcjom z miRNA i mRNA.

Omawiajac oddzialywanie miRNA-IncRNA nalezy wspomnie¢ teori¢ hipotezy ceRNA
(konkurencyjne endogenne RNA). Zaktada ona, ze IncRNA moze dziata¢ jako "gabka" dla
miRNA, absorbujac je z otoczenia i wplywajac posrednio na procesy regulowane przez
konkretne miRNA. Te interakcje sga kluczowe w kontek$cie wielu stanéw patologicznych.
Analizy potencjalnych oddziatywan miRNA-IncRNA opieraja si¢ czgsto na analizach in silico,
wykorzystujacych miejsca wigzania miRNA do IncRNA. Narzedzia takie jak MARIO czy
PARIS okazaly si¢ niezwykle przydatne. Jednakze, kazde takie oddziatywanie wymaga
potwierdzenia za pomoca eksperymentéw in vivo. Do badania interakcji migdzy RNA-RNA,
przydatne sg techniki takie jak wysokoprzepustowe sekwencjonowanie RNA izolowanego
metoda immunoprecypitacji (HITS-CLIP) oraz metoda sieciowania z wykorzystaniem
fotoaktywowanych rybonukleozydow polaczona z immunoprecypitacja (PAR-CLIP). W
kontekscie oddzialywan z mRNA, IncRNA wplywa na proces sktadania mRNA oraz reguluje
stabilnos¢ matrycowego RNA. Analizy bioinformatyczne wykorzystuja narzedzia takie jak
LncTar i RNAplex.

LncRNA majg zdolno§¢ do oddziatywania z DNA, co prowadzi do bezposredniej
regulacji ekspresji gendéw poprzez tworzenie potrdjnych helis RNA-DNA-DNA. Analizy
bioinformatyczne, przewidujace tworzenie si¢ takich potrdjnych helis, wykorzystuja narzedzia
jak GRIDseq, Triplexator czy LongTarget. Eksperymentalne metody wykrywania miejsc
wigzania IncRNA do DNA obejmuja izolacje chromatyny przez oczyszczanie RNA (ChIRP),
wytracanie przez powinowactwo chromatyny oligo (ChOP), analize hybrydyzacji wychwytu
docelowego RNA (CHART) i oczyszczanie antysensownego RNA (RAP). Ze wzgledu na
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roznorodno$¢ dhugosci IncRNA, moga one przybiera¢ rdzne struktury przestrzenne, co
umozliwia szeroki zakres oddziatywan z biatkami. W zaleznosci od poczatkowego punktu
wyjscia, przeprowadza si¢ rézne techniki badawcze, ktoére obejmuja utworzenie kompleksu
biatko-RNA, sieciowanie czasteczek, a nastepnie ich immunoprecypitacje 1 sekwencjonowanie
specyficznych kwasow nukleinowych. Istniejg rdézne warianty tych technik, w zaleznosci od
potrzeb 1 kontekstu biologicznego. Do analiz bioinformatycznych sekwencjonowania zalecamy
wykorzystanie wiarygodnych baz danych takich jak LNCipedia, NONCODE 2018 czy
IncRNAdb.

LncRNA teoretycznie sg niekodujacymi RNA jednak niektére z nich znajdujace sie¢ w
cytozolu posiadajg krotkie ramki odczytow (ORF). Udowodniono, ze mozliwos¢ taka nie tylko
istnieje, ale i zachodzi. Produkowane czasteczki sg to zazwyczaj krotkie peptydy. Analiza
aktywnych ORF jest niezwykle trudna 1 wymaga potaczenia zaréwno narzedzi
bioinformatycznych jak i eksperymentalnych. Diugo$¢ IncRNA powyzej 200 nt powoduje, ze
bardzo czgsto zawieraja one w sobie kodony start AUG. Dobrym rozwigzaniem jest prowadzenie
translacji in vitro a nastgpnie detekcja np. metodg western blot czy o wiele czulszej metody
spektrometrii mas. Innym podejsciem jest sekwencjonowanie fragmentéw zwigzanych z
polisomami 1 identyfikacja sekwencji ORF. Istotnym problemem jest stwierdzenie czy powstaty
peptyd petni funkcje w kompleksie z macierzystym IncRNA czy osobno Iub czy funkcje sa w
ogole zbiezne. Literatura przytaczana przez nas dostarcza informacji o istnieniu kazdego
wariantu zdarzen.

Mozliwos$¢ przybierania réznych struktur przestrzennych otwiera wiele mozliwosci
oddzialywania z grupa zwigzkow matoczasteczkowych. Niezwykle roznorodna grupa zwigzkow
matoczasteczkowych zrzesza czasteczki o masie mniejszej niz 1000Da 1 rozmiarze ponizej 1nm.
Oddzialywania zwiazkéw o bardzo matej masie na dlugie niekodujace RNA udowodniono dla
najlepiej zbadanych IncRNA XIST oraz MALATI1. Badania nad wptywem matych czasteczek
prowadzone byly z wykorzystaniem wysokowydajnej techniki przesiewowe] zwigzkéw zwanej
Amplified Luminescent Proximity Homogeneous Assay. Zakres interakcji IncRNA z r6éznymi
grupami czastek jest ogromny i bedzie on rost wraz ze wzrostem wiedzy na temat struktur i

wlasciwos$ci IncRNA gdzie wciagz pozostaje wiele do odkrycia.
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6.4 Long Non-Coding RNA Epigenetics.
Kazimierczyk, M., Wrzesinski, J. Int. J. Mol. Sci. 22(1, 6166;) (2021)

Epigenetyka staje si¢ terminem, ktéry podbit nie tylko umysty naukowcow, ale coraz
czgsciej przedostaje si¢ do literatury popularno-naukowej. Wplyw epigenetyczny na stany
patologiczne takie jak nowotwory czy choroby przewlekle coraz czgéciej zaczyna si¢ stawiaé na
genetycznymi uwarunkowaniami. Z racji na bogaty garnitur modyfikacji chemicznych RNA
ktorych odkryto dotychczas ponad 170 postanowiliSmy zbada¢ jak rosngcy trend
zainteresowania epigenetyka zmienit stan wiedzy o modyfikacjach epigenetycznych IncRNA.
Modyfikacje nukleotydow angazuja 3 typy bialek. Wprowadzanie zmian epigenetycznych
nastepuje za posrednictwem enzymow zwanych writers. Zmiany wprowadzone do sekwencji
odczytywane sa przez biatka zwane readers. Zmiany epigenetyczne moga by¢ usuwane za
posrednictwem enzymow zwanych erasers. Wrdod modyfikacji najczeséciej odnajdujemy cztery:
6-metyloadenozyna (m°A), 5- metylocytydana (m°C), pseudourydyna (¥), inozyna (I).

6-metyloadenozyna nanoszona jest przez: kompleks METTL3/METTL14, METTLI16,
METTLI. Nalezy zauwazy¢, ze kompleks METTL3/METTL14 obiera za cel kodujace mRNA I
wymaga szeregu biatek regulujacych wydajnos¢ i1 specyficznos¢. METTL16 obiera na cel
zarowno kodujace jak I niekodujace RNA z kolei METTLI1 pelni funkcje zarowno writer jak i
reader. Biatkami odczytujacymi modyfikacj¢ m°A sa biatka YTHDF1-3 i YTHDC1-2 dzieki
domenie YT521-B. YTHDFI1-3 s3 biatkami o wlasciwosciach helikazy. Biatkko YTHDC1 bierze
udzial w sktadaniu genow YTHDC2 stanowi podstawe strukturalng kompleksu wyciszajacego
chromosom X przez XIST. Biatka znoszace modyfikacje m°A to glownie biatko FTO i
ALKBHS5. Pierwsze usuwa $lad metylacji za posrednictwem utleniania m°A do N6-
hydroksymetylodozyny lub
No6-formyladenozyny ktére z uwagi na niskg stabilno$¢ hydrolizuja do adeniny. ALKBHS
katalizuje bezposrednie przeniesienie grupy metylowej z adeniny.

Modyfikacja m’C wystepuje tak samo w DNA jak i w RNA. Nanoszenie grupy
metylowej na cytozyn¢ odbywa si¢ z udzialem metylotransferaz dwoch grup. Przedstawiciel
rodziny metylotransferaz DNA a mianowicie DNMT2 moze nanosi¢ grupe metylowa na RNA.
Druga rodzina NSUN zawiera siedmioro cztonkéw z czego NSUN2 oddziatuje z mRNA 1
IncRNA. Biatkiem pehigcym funkcje reader dla m’C jest ALYREF ktore jest niezbedne do
eksportu jadrowego do cytoplazmy. Brak biatka znoszacego modyfikacje m’C jednak biatka TET
katalizuja utlenianie m’C do 5-hydroksymetylocytozyny (hm’C).
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Pseudourydyna pojawia si¢ glownie w rRNA oraz w tRNA nadajac charakter jednej z
petli. W obrebie komorki szacuje sie, ze pseudourydyna wystepuje w 5%. Tworzenie
pseudourydyny nastepuje za posrednictwem enzymow zwanych syntazami pseudourydyny
(PUS) w reakcji izomeryzacji urydyny. Rodzina biatek PUS uwzglednia 10 biatek podzielonych
na 5 rodzin. Pseudourydyna tworzy unikalne wigzanie glikozydowe C-C. Stabilno$¢ tego
wigzania jest bardzo duza i nie odkryto biatka znoszacego ktére mozna zakwalifikowaé jako
eraser dla pseudourydyny. Podobny problem dotyczy biatek typu reader gdyz podobienstwo
pomiedzy U a ¥ jest wysokie.

Inozyna odroznia si¢ od adeniny grupg karbonylowa zamiast grupy aminowej. Proces
modyfikacji katalizowany jest przez deaminaz¢ adenozyny dziatajaca na RNA (ADAR). Rodzina
ADAR u kregowcow sktada si¢ z 3 enzymowi ADAR1-3. Biatka wspomnianej rodziny zawieraja
domeng aktywnosci deaminazy na C-koncu i domen¢ wiazaca dsRNA ze strony N-koncowej. Z
uwagi na podobienstwo guanozyny 1 inozyny we wlasciwos$ciach biatka ADAR moga

katalizowa¢ reakcje substytucji A do G.
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METTL3 101490 NSUN2 —
i METTL14 ADAR2
Writer \,crrile RBM15
¢ . RBM168 L
NmA__/.\‘LU/
~—
elF3 ALYREF
YTHDF1-3
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Figura 6. Schemat epigenetycznej modyfikacji IncRNA

Badanie modyfikacji maja swoje korzenie w 1957 roku, kiedy wykorzystywano
chromatografi¢ bibutlowg (TLC) do odkrycia pseudourydyny w catkowitym RNA u drozdzy.
Metoda TLC zostata ulepszona a jej wariant nazwany SCARLET. Nowy wariant TLC umozliwia
lokalizacje reszt m6A, m5C oraz pseudourydyny. Z racji na niska przepustowos¢ aktualnie
stosuje si¢ potaczenie ultrawydajnej chromatografi cieczowej z spektrometriag mas (UPLC-MS).
Niektére metody opieraty si¢ o wykorzystanie sekwencjonowania NGS gdzie wykorzystuje si¢
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przeciwciata specyficzne dla modyfikacji, aby utworzy¢ biblioteke a nastgpienie prowadzi si¢
sekwencjonowanie. Istnieje szereg metod posrednich w wykrywaniu modyfikacji bazujacy o
specyficzne dziatanie globalnego czynnika na dang modyfikacje ktore nastepnie mozna
wychwyci¢ analiza wysoko przepustowa. Przykladami takich metod sa NOseq gdzie m°A jest
odporna na dziatanie kwasu azotowego a adenozyna bez modyfikacji ulega reakcji deaminacji.

Jedna z metod wykrywajacych modyfikacje m’C jest metoda AZA-se w ktorej
wykorzystuje si¢ analog nukleotydowy 5-azacytydyny, aby wptyna¢ na proces nanoszenia grupy
metylowej na cytozyny przez biatka typu writer. Lokalizacje pseudourydyny identyfikuje si¢
stosujac  metod¢ posrednia wykorzystujacg zwigzki chemii karbodiimidow ktore w
specyficznych warunkach selektywnie reaguja (obrazuja pseudourydyne.

Inozyn¢ mozna identyfikowa¢ wykorzystujac analize¢ poréwnawcza sekwencjonowania,
gdzie w cDNA widoczna bedzie zamiana A na G. Wykorzystujac techniki bioinformatyczne
mozliwym jest odroznienie takiej zamiany od wynikéw fatszywie pozytywnych lub mutacji typu
SNP. Pewna rewolucje obiecuje technika sekwencjonowania NanoPore gdzie informacje o
sekwencji odczytywane sg jako zmiany napigcia w btonie. Modyfikowane nukleotydy zmieniaja
napigcie w innym stopniu niz niemodyfikowane. Jest to tylko niewielki wycinek
zaprezentowanych metod analizy modyfikacji zawartych w publikacji.

Modyfikacje IncRNA mogg przyczyni¢ si¢ do zmiany funkcji pomiedzy modyfikowanym
a niemodyfikowanym IncRNA. Najlepiej poznane IncRNA ulegaja silnym modyfikacjom. XIST
zaangazowany w inaktywacje chromosome X posiada 78 miejsc m6A, 5 miejsc m5C 1 jedno
miejsce Y. MALAT1 zaangazowany w powstawanie 1 progresj¢ nowotworu ptuc zawiera bardzo
duzo modyfikacji m6A istotnych dla wigzania si¢ z biatkami. MALAT1 posiada rowniez pigc
miejsc m5C regulujacych wigzanie z chromatyng. W HOTAIR (antysensowny RNA transkryptu
HOX) identyfikowano 14 pojedynczych miejsc m6A oraz wysoce specyficzng metylacje
cytozyny w pozycji 1683. Inny miedzy genowy lincRNA1281 zawiera ciekawa modyfikacja
m6A na 3’-koncu mogaca dziata¢ jako przetgcznik dla bialek wigzacych RNA. lincRNA1281
jest niezbedny do réznicowania embrionalnych komodrek macierzystych myszy. Zmniejszony
poziom m6A w IncRNA H19 spowodowal zwigkszenie Zzywotno$ci komodrek i zdolnosci
przeciwapoptotycznej a zostat wywotany przez knockdown METTL3 I METTL14. Przytoczone
przyklady sg jedynie wybranymi sposrod wielu znanych 1 waznych przyktadow, gdzie obecnos¢

modyfikacji odgrywa istotng role w kierowaniu funkcja danego IncRNA.
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The recently discovered group of noncoding RNAs, which are fragments of tRNA molecules (tRFs), has not
been fully characterized and its potential functions still require investigation. Porcine tRFs were char-
acterized and compared to mouse and human tRFs. Two tRFs, 5’ 32—33 nt and 3’ 41—42 nt that are
derived from the mature tRNAVal(CAC) and tRNAGIly(GCC) were detected with the use of bioinformatics
and the Northern blot method. The abundance of these tRFs in the case of Sus scrofa is restricted to the

ovary and the kidney. The same tRFs were found in human cancer cells and in mouse sperm, circulating

Keywords:
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Northern blot
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blood and its serum. The binding of selected sncRNAs (piRNA, 5’tRFVal(CAC) and miRNA) to the over-
expressed PAZ domain of the PIWIL4 protein was also studied. It is noteworthy that porcine 5tRFVal(-
CAC) and human 5’tRFVal(CAC)as well as 5'tRFGly(GCC) are bound to the PIWIL4 protein. The potential
role of the analyzed tRFs in the development of mammals is also discussed.

© 2019 Published by Elsevier Inc.

1. Introduction

The family of sncRNAs detected in mammalian tissues contains
several RNA groups, including miRNA, siRNA, piRNA and tRF [1].
These sncRNAs are characterized by variable sizes, different bio-
geneses and an array of mechanisms which control gene
expression.

miRNAs are coded in the genome and are involved in gene
regulation [2]. One of the strands of 21—23 nt long miRNAs binds to
mRNAs, mainly to the 5’ UTR regions. The miRNA-mRNA duplexes
are then recognized by the RISC complex, which contains 1—4 AGO
proteins, and degraded.

piRNAs are the largest group of sncRNAs and are mainly present
in germ cells [3]. In mammalian organisms, repetitive elements of
the genome, such as transposons, are the main source of piRNA. The
PiRNAs, which are obtained by the “ping-pong mechanism”, bind to
PIWI proteins. piRNAs bound to PIWI proteins interact with their
target mRNAs through base pairing and the targeted mRNAs are

* Corresponding author. Institute of Bioorganic Chemistry, Polish Academy of
Sciences, Noskowskiego 12/14 str. 61-704, Poznan, Poland.
E-mail address: wrzesinj@ibch.poznan.pl (J. Wrzesinski).
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0006-291X/© 2019 Published by Elsevier Inc.

then cleaved by the endonuclease activity of PIWI proteins.

tRF RNAs, a newly discovered group of sncRNAs, are essentially
tRNA fragments [4]. Although the role tRNA plays in translation has
been known since the late 1950s, tRFs were first discovered in
human cells in 2009 [5]. To date, tRFs have been detected in many
organisms [4,6,7].

tRFs are primarily formed by the cleavage of tRNA molecules in
the single-stranded loop region, such as in the D, anticodon and
T¢C loops, by specific nucleases with different biogenesis path-
ways. Half-tRNA fragments (30—35 nt) are generated by angiogenin
nuclease [4,8]. Shorter 23 nt tRFs are products of Dicer tRNA
cleavage [9]. Moreover, tRF halves generated from some tRNAs
under stress conditions regulate translation repression [4,6]. The
transfection of human cells with oligomers mimicking 5’tRFA-
1a(AGC) and 5'tRFCys(GCA) strongly impacts translation [10]. In
addition, the tRF family has been found to be involved in tumor
suppression [11].

RNA usually acts in the cell in complex with proteins [2,3]. Small
RNAs interact with Argonaute family proteins, which can be
divided into two clades: AGO and PIWI proteins. miRNA and siRNA
interact with AGO proteins to form RISC complex in order to silence
gene expression, either by cleaving the mRNA or by translational
repression.
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The second clade of Argonaute proteins contains the PIWI pro-
teins; these differ from AGO proteins because their expression is
primarily restricted to germ cells [3]. To date, 2—4 different PIWI
protein have been identified in various organisms, ranging from
Drosophila to humans. In the case of S. scrofa, three PIWI proteins,
PIWIL1, PIWIL2 and PIWIL4 have been identified [12]. Due to their
large size of approximately 100 kDa, the PIWI proteins have a
domain structure comprising the PIWI, MID and PAZ domains. The
N-terminal PAZ domain is associated with RNA binding. The C-
terminal PIWI domain has nucleolytic properties that degrade the
target RNA.

2. Materials and methods
2.1. RNA isolation

Presented studies were conducted with the permission of the
National Animal Experimentation Ethics Committee, Local Com-
mittee in Poznan.

RNA isolation from 8-month-old female ovaries was carried out
using the TRIzol reagent as previously described [7,12]. Briefly,
150 mg of the tissue, which was obtained postmortem, was covered
with 1.5 ml of TRIzol reagent. After homogenization, the solution
was mixed with 300 ul of chloroform and kept for 20 min at RT.
After incubation, the solution was centrifuged at 12,000 rpm for
15min at 4°C to allow the two phases to separate. The RNA-
containing upper phase was transferred to a new tube and mixed
with isopropanol. The solution was incubated for 10 min at RT
and then centrifuged at 12,000 rpm for 10 min at 4 °C. The super-
natant was removed, and the resulting precipitate was washed
with 1.5ml of 75% ethanol. After centrifugation, the ethanol was
removed and the pellet was dried and dissolved in 30 pul of water.
The concentration of the resulting RNA solution was measured
spectrophotometrically.

2.2. In vitro transcription

All the small RNAs used for the analysis of their interactions
with the PAZ domain of the PIWIL4 protein in the EMSA test were
obtained using the T7 in vitro transcription method, as previously
described [13]. The double-stranded DNA template required for
transcription was obtained through the PCR technique using the
appropriate oligomers (Table S2).

2.3. DNA or RNA labeling

The RNA labeling reaction mixture contained the RNA, buffer
(50 mM Tris-HCI pH 7.6, 10 mM MgCl,, 5 mM of DTT, 0.1 mM sper-
midine), 10 U T4 polynucleotide kinase, 20 uCi of [ y-32ATP] with an
activity of 4000—5000 Ci/mmol (Hartmann Analytic, Braunsch-
weig, Germany) and 20 pmol of DNA or RNA. After an hour long
incubation at 37 °C, the products were purified using a G25 column
(Sigma-Aldrich, St.Louis, MO, USA), precipitated, centrifuged and
dried. The level of radioactivity in the labeled molecules was
measured using a scintillation counter.

2.4. Northern blotting

The total RNA isolated from the different S. scrofa tissues was
separated on 12% (w/v) polyacrylamide gels, electrotransferred
onto Hybond-Nnylon membranes (GE Healthcare, Chicago, IL, USA),
crosslinked with UV light (120 mJ/cm?), and hybridized to 32P
labeled DNA probes at 42°C in perfectHyb™Plus solution. Two
washing cycles (10 min each) were performed at 42 °C in 2xSSC,
followed by one cycle (30 min) at 42 °C in a mixture of 2xSSC and

0.1% sodium dodecyl sulfate.
2.5. Sequencing data analysis

sncRNA sequencing data deposited in the NCBI Gene Expression
Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) under acces-
sion no. GSE57414 and GSE76156 were applied to characterize the
S. scrofa ovary and kidney tRFs [7,14]. The bioinformatics analysis
was carried out as previously described [7].

2.6. Overexpression of the PAZ domain of the PIWIL4 protein

cDNA was obtained with the Transcriptor High Fidelity cDNA
Synthesis Kit (Roche, Mannheim, Germany) according to the
manufacturer’s instructions. 20 mg of ovary RNA, 2.5 mM of oligo
dT primer and 60 mM of hexamers were denatured for 10 min at
65 °C. Next, Roche reaction buffer, 1 mM of dNTP, 5 mM of DTT, 20 U
of RNase inhibitor and 10 U of reverse transcriptase were added,
and the reaction was allowed to proceed for 30 min at 50 °C. The
reaction was stopped by incubation at 85 °C for 5 min. The coding
sequence for the PAZ domain of the PIWIL4 protein was amplified
using Pfu DNA polymerase. The PCRs were carried out using for-
ward (CACCATGAGTGGACGGGCCCGCGTG) and reverse (TCA-
CAGGTAGAAGAGA GAATTGGCTAATTCC) primers.

The PAZ domain insert and the pET151/D-TOPO vector were
mixed at a 2:1M ratio, incubated at RT for 5min and used to
transform chemically competent TOP10 E. coli cells (Novagen,
Madison, WI, USA). The resulting sequence - verified pET151/D/PAZ
plasmid was used to transform the E. coli expression strain Rosetta
(DE3) pLysS (Novagen). The bacteria were grown in LB medium
with ampicillin and chloramphenicol at 37 °C to OD 0.8. The tem-
perature was reduced to 18 °C, protein production was induced
with 0.5 mM of IPTG and continued for 5 h. Next, the bacteria were
centrifuged at 6700xg for 10 min at 4°C and the resulting pellet
was suspended in lysis buffer (500 mM NacCl, 50 mM Hepes pH 8.0,
20 mM imidazole, 10% glycerol, 5 mM TCEP, 2% sarcosyl). The bac-
teria were disrupted by sonication for 4 min (2s pulse, 20s in-
tervals), after which they were centrifuged for 30 min at 31,000xg
and 4 °C. The cleared supernatant was loaded onto a Ni-NTA col-
umn that had been equilibrated in washing/binding buffer
(500 mM Nacl, 50 mM Hepes pH 8.0, 20 mM imidazole, 10% glyc-
erol, 2 mM TCEP). After extensive washing the His-tagged protein
was eluted (500 mM NacCl, 50 mM Hepes pH 8.0, 300 mM imid-
azole, 10% glycerol, 2 mM TCEP) and the His tag was removed by
applying TEV protease. The protein was concentrated with an
Amicon 10 kDa cutoff concentrator (Merck, Darmstadt, Germany),
filtered, and injected onto a Superdex HiLoad 200 (GE Healthcare,
Chicago, IL, USA) size exclusion column that had been equilibrated
with buffer (20 mM Hepes pH 7.4, 100 mM KCl, 10% glycerol, 1 mM
TCEP). Each step of the purification process was analyzed on 14%
SDS-PAGE.

2.7. Analysis of PAZ-RNA protein domain complexes by delayed
migration on polyacrylamide gel

RNA radiolabeled on its 5 end (60000—170000 c.p.m.) was
suspended in glycerol-free protein storage buffer, denatured for
2min at 90°C and cooled for 15 min at room temperature. The
mixture was supplemented with MgCl; to a final concentration of
1mM and incubated for 10 min at 37 °C to ensure proper RNA
folding.

The PAZ domain protein was diluted to a concentration range of
0.17—180 mM in glycerol-free protein storage buffer. The RNA and
the PAZ domain protein samples were combined and incubated for
20 min at room temperature. Next, 50% glycerol was added to the
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samples at a ratio of 10:1 and applied to the polyacrylamide gel at
RT, with a constant current of 10 mA. Following electrophoresis, the
gel was transferred to Whatman 3 M paper, dried and the electro-
phoresis results were visualized using a Fuji BAS-5000 radioactivity
scanner.

3. Results and discussion
3.1. Characterization of mammalian models

Mouse and cell culture models are frequently used to study the
role of mammalian tRFs. The advantage of using them is the short
breeding time of mice or cell cultures and their well-known ge-
netics. The disadvantages are that the mouse physiology and
biochemistry differs from that of humans. Recently, S. scrofa has
been recognized as an excellent animal model for biological and
biochemical studies. Pigs are more closely related to humans in
terms of pathology, pharmacology, biochemistry, and physiology
than fruit flies (D. melanogaster), nematodes (C. elegants), am-
phibians (X. leavis) or rodents (M. muscullus, R. norvegicus), all of
which are frequently used as research models [15,16]. For this
reason, pigs have been used in medical research for over 30 years,
and are what’s known as translational research models.

3.2. The presence of tRFs in porcine, human and mouse tissues/cells

The previously applied high-throughput sequencing and bio-
informatic analysis of the sncRNA libraries from S. scrofa gonads
enabled the identification of three RNA families: piRNA, miRNA and
tRF [7]. In gonads, the tRF family was limited to tRNA halves, such as
5'tRFGly(GCC), 5’tRFVal(CAC), 5tRFHis(GUG), 5'tRFLys(CUU) and
5'tRFGlu(UUC). Two tRFs, tRFGly(GCC) and tRFVal(CAC) were
prevalent, with over 20,000 counts, while other tRFs were signifi-
cantly less numerous (500—1.000 counts). In this paper, the bio-
informatic analysis results were supplemented with experimental
data. As had been previously predicted, ovary-specific tRFs were
confirmed by Northern blot analysis and their abundance was the
greatest in 5'tRFGly(GCC), 5'tRFVal(CAC), and 5’tRFHis(GUG)
(Fig. 1A).

The question still remained as to whether these tRFs are present
in other tissues. Two probes that bound to the 5’- or 3’-region of the
tRNAVal(CAC) target were synthesized to evaluate the nature of the
potential species resulting from tRNA processing (e.g., tRFs) (Fig. S1,
Table S1). First, the 3?P-labeled 31-nucleotide probe was hybridized
to the 5’ end of the tRNAVal(CAC) sequence from G1 to C31 to detect
the 3’ tRNA cleavage (probe 1, Fig. S1). In the RNA pools isolated
from the stomach, the liver, the lung, the kidney, the brain, and the
muscles, the hybridization signal was restricted only to the kidney-
specific tRFVal(CAC) (Fig. 1B). The size of the detected 5’tRFVal(CAC)
was 34 and 35 nt, indicating that the tRNA molecule was cut in the
anticodon loop (Fig. 1D, Fig. S1). In addition, the length of the
detected 5'tRFVal(CAC) was similar to that of the tRF in the ovary
(32 nt) according to bioinformatic analysis [17]. Small discrepancies
in terms of size occurred between the polyacrylamide gel separa-
tion, Northern blot detection (34 and 35nt) and bioinformatics
analyses (32 nt), but this difference can be explained by the shifted
mobility of the tRNA fragments during electrophoresis.

Subsequently, to analyze the 5’ part of tRFVal(CAC), a 31-
nucleotide 3?P-labeled probe that hybridized to the tRNA mole-
cules between nucleotides G41-C72 was designed (probe 6, Fig. S1).
There are two cleavage sites at positions 43 and 44 of tRNAVal(CAC)
(Fig. 1C). The cleavage sites precisely coincide with those identified
using the previous 5’ probe (Fig. 1B).

In the next step, the analysis was extended to other tRFs. The
previous S. scrofa ovary and kidney sequencing data deposited in

GEO was assessed [7,14). The bioinformatics analysis revealed the
presence of tRNA fragments in both tissues with 34—35% abun-
dance (Fig. 1E). Further analysis using Northern blotting with
appropriate probes (Data T1) clearly showed the presence of tRF
molecules in the kidney tissue that were also found in the S. scrofa
ovary tissue (Fig. 1F). The relative ratios of tRF/tRNA cleavage for
5'tRFVal(CAC), 5'tRFHis(GUG), 5'tRFLys(CUU) and 5'tRFGlu(UUC)
were very similar and ranged from 6% to 10%. However, the cleav-
age ratio for tRFGly(GCC), which was calculated using the Northern
blotting results, was twice as high.

In summary, in the S. scrofa ovary and kidney in stress-free
conditions, only two tRNA halves generated from the same tRNA
were detected (Fig. 1D). The first tRNA half was 5'tRFVal(CAC) with
a length of 32 and 33 nucleotides and the second tRNA half was
3'tRFVal(CAC) with a size of 43 and 44 nucleotides (Fig. 1B—D). The
size of the 3’ tRF indicated that it came from a mature tRNA
molecule containing the CCA sequence from the 3’ end. The CCA
sequence is not template-coded in the gene but is added post-
transcriptionally in the cytoplasm by the tRNA-nucleotidyl trans-
ferase enzyme [17].

In the human genome, 635 tRNA genes and 321 coded tRNAs
involved in tRF biogenesis have been identified [http://trna.bioinf.
uni-leipzig.de]. In addition, 235 tRNA genes generate 5’ tRFs, and
243 tRNA genes 3’ tRFs. In this study, we found S. scrofa 5’ and 3’
tRFs which were restricted to the gonads and kidney. The bio-
informatic analysis of the deep sequencing of the library obtained
after the immunoprecipitation of PIWI/piRNA complexes from
human breast cancer MDAMB231 cells and from mouse sperm cells
has shown the same set of tRFs as the ones found in porcine gonads
and kidney with similar sizes of 27 and 28 nucleotides [18]. In mice,
90% of the tRFs in the circulating blood and serum consisted of
5tRFGly(GCC) and 5'tRFVal(CAC) [19]. However, in other organisms
and tissues different tRFs were observed [4,6,7].

Thus, the question arises as to what is responsible for the
occurrence of a specific set of tRFs in different tissues. It is known
that tRNA halves are formed through the cleavage of mature tRNAs
by angiogenin in the anticodon loop (Fig. 1D), a small nuclease
(14 kDa) present in the nucleus and cytoplasm [8]. Additionally, rat
angiogenin mMRNA has been detected predominantly in the adult
liver, but it was also detectable at low levels in other tissues [20].
Another possibility is the different distribution of selected tRNAs in
tissues. Dittmar el al. analyzed the abundance of human tRNA
molecules in different tissues and observed that human tRNA
expression varies up to ten fold among human tissues, with the
highest concentration in the liver and the lowest in the testis [21].

3.3. Interaction of sncRNAs with the PIWIL4 protein

It has previously been found that some tRFs from human breast
cancer MDAMB231 cells and from mouse testis tissue can immu-
noprecipitate together with the PIWIL4 protein [18]. Do S. scrofa
kidney- and ovary-specific 5'tRFVal(CAC) also interact with PIWI
proteins similarly to human tissue? To answer this question, we
tested the overexpression of PIWI proteins in E. coli cells. For this
experiment the pET151/D-TOPO vector containing the ORF
sequence of Piwill, Piwil2 or Piwil4 genes was constructed. How-
ever, the overexpressed PIWI proteins formed inclusion bodies and
were insoluble even in 7 M of urea or guanidine. To improve sol-
ubility, the S. scrofa PIWIL4 protein, containing 842 amino acids,
was shortened to the PAZ domain. The cDNA sequence was cloned
in the pET151/D-TOPO vector, expressed in E. coli and purified. The
140 amino acid PAZ domain of the PIWIL4 protein is an indepen-
dent domain that is responsible for piRNA binding. Fig. 2A shows
the resolved crystal structure of the silkworm SIWI protein [22].
The PAZ domain of the SIWI protein is circled, clearly showing that
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Fig. 1. Characteristics of the tRFs present in S. scrofa ovary and kidney. A — Confirmation of the abundance of selected tRFs in the ovary using Northern blotting, B - Detection of
5'tRFVal(CAC) and C - 3'tRFVal(CAC) in different tissues using Northern blotting. Total isolated RNAs were separated on a 12% polyacrylamide gel, transferred to a membrane, and
detected by a*’P-labeled DNA probe that hybridized to the 5’ or 3’ part of the tRNAs (Fig. S1 and Table S1). M indicates the RNA marker 10—100 nt. D — On the tertiary structure of
tRNA (yeast tRNAP"®) cleavage sites in the anticodon loop generating 5’ and 3'tRFs are marked by arrows. E — Venn diagram showing the tRFs present in both the ovary and the
kidney. F — Occurrence of selected tRFs in the tissues detected by Northern blotting.
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Fig. 2. Characteristics of the sncRNA-binding protein. A — The tertiary structure of the silkworm SIWI protein was adopted from a previously resolved crystal structure [22]. The
PAZ domain is circled. B — Purification of the PAZ domain PIWIL4 protein via a Superdex column. Fractions collected for EMSA analysis are boxed.

it is an independent domain that weakly interacts with the other
domains of this protein.

The EMSA method was used to test the binding of the sncRNA to
the purified PAZ domain of the PIWIL4 protein (Fig. 2B). The
sncRNAs present in the S. scrofa ovary (i.e., piRNA 6/92, tRFVal(CAC)
and miR 10b) [7] were investigated to see whether they formed
complexes with the PAZ domain of the PIWIL4 protein (Fig. 3). It
was assumed that only piRNA would interact with the PIWI pro-
teins [3]. However, we found that one of the most abundant
sncRNAs in S. scrofa gonad and kidney tissues, 5'tRFVal(CAC), also
interacts with the PAZ domain. In spite of that, the mir10 oligomer
did not bind to the tested protein. The determined Ky values were
as follows: 1.70 +0.46 uM for binding the piRNA oligomer and
6.69 + 1.36 UM M for the tRFVal(CAC) oligomer; these values were
similar to the values reported in other studies. For example, the Kq
for the mouse PIWI-PAZ domain interacting with piRNA was
calculated to be 2.0 uM [23].

In germ cells, PIWI proteins bind differently sized piRNAs
(25—31 nt). The mechanism of action of piRNA-PIWI complexes in
germ cells involves piRNA recognizing the retrotransposon se-
quences and silencing them through degradation, using the
nuclease activity of some PIWI proteins [3]. Less is known about the
role of RNA-PIWI complexes in somatic cells. As mentioned above,
immunoprecipitation of PIWIL4/RNA complexes isolated from hu-
man cancer cells revealed the presence of 5'tRF molecules, of which
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tRFVal(CAC) and tRFGly(GCC) were the most prevalent. In this short
communication we showed that the tRFVal(CAC) found in the go-
nads and kidney can bind to the PIWIL4 protein with a K4 value
comparable to that of piRNA. Recently, PIWIL4 protein expression
was detected in mouse tissues and was found to be the highest in
the gonads and kidney [24]. This high expression is unlike that of
the PIWIL1 protein, which has the lowest expression levels in the
kidney. Thus, in S. scrofa, the PIWL4 protein may also be present in
the kidneys and interact with tRFs. In addition, our current in-
vestigations indicate that the expression of PIWI proteins depends
on the stage of renal cell development, from stem cells to adult
cells. However, the actual biological importance of these observa-
tions requires further research.

3.4. Possible tRFs functions in model mammalian organisms

The role of the 31, 32 and 41, 42 nt RNA fragments derived from
mature tRNAGly(GCC) and tRNAVal(CAC) and restricted to the
ovaries and kidneys has not yet been clarified. However, during
embryonic development both secretory and sexual organs evolve
from the intermediate mesoderm [25]. The undifferentiated gonads
and kidneys are located in the mammalian dorsal—ventral axis,
from which these organs differentiate. Furthermore, in the em-
bryonic stage, these organs are located next to each other and use
the same leading cord. Thus, a similar S. scrofa tRF profile in the

mMiRNA
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Fig. 3. EMSA analysis interaction of the PAZ domain of the PIWIL4 protein with sncRNA oligomers. The PAZ domain of PIWII44 protein was overexpressed in E. coli. piRNA 6/92,
5'tRFGly(GCC) and miR 10b were obtained by in vitro transcription (Table S2). The assay was carried out on 10% polyacrylamide gels with >?P-labeled sncRNA and the PAZ protein.
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gonads and kidneys may be a remnant of a common developmental
path.

However, it is postulated that the 5'tRFGly(GCC) and tRFVal(-
CAC) PIWIL4 complexes present in MDAMB231 human cancer cell
line are involved in translation regulation because they are asso-
ciated with ribosomes [18]. The mechanism suggested for human
cells involves the displacement of the translation initiation factors
by tRFs and the inhibition of translation [26]. Recent studies
confirmed the folding of the tRFs structure into a G-quarduplex
motif, which is necessary to decrease translation efficiency [27].

In mouse circulating blood and serum 5'tRFGly(GCC) and
5'tRFVal(CAC) are the most abundant, with the amounts varying
with age and diet [19]. However in contrast to porcine tRFs, the
3’tRFs in mouse serum are at a very low level. These observations
suggest that these 5'tRFs can be treated as organismal signaling
molecules. Sharma et al. presented another mechanism in which
the diet dependent 5’tRFGly(GCC) represses mouse genes that are
associated with the endogenous MERVL retroelements, both in
embryonic stem cells and embryos [28].
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Abstract: tRNA-derived fragments participate in the regulation of many processes, such as gene
silencing, splicing and translation in many organisms, ranging from bacteria to humans. We were
interested to know how tRF abundance changes during the different stages of renal cell development.
The research model used here consisted of the following human renal cells: hESCs, HEK-293T, HK-2
and A-489 kidney tumor cells, which, together, mimic the different stages of kidney development.
The characteristics of the most abundant tRFs, tRFGly(CCC), tRFVal(AAC) and tRFArg(CCU), were
presented. It was found that these parental tRNAs present in cells are the source of many tRFs,
thus increasing the pool of potential regulatory RNAs. Indeed, a bioinformatic analysis showed the
possibility that tRFGly(CCC) and tRRFVal(AAC) could regulate the activity of a range of kidney
proteins. Moreover, the distribution of tRFs and the efficiency of their expression is similar in adult
and embryonic stem cells. During the formation of tRFs, HK-2 cells resemble A-498 cancer cells more
than other cells. Additionally, we postulate the involvement of Dicer nuclease in the formation of
tRF-5b in all the analyzed tRNAs. To confirm this, 293T NoDice cells, which in the absence of Dicer
activity do not generate tRF-5b, were used.

Keywords: renal cells; tRNA-derived fragment; tRF; Dicer; Northern blot

1. Introduction

According to current analyses, nearly 80% of the human genome has been tran-
scribed [1]. However, only a negligible part, comprising some 20,000 genes, of which about
2% are in the form of mRNA, contain protein-coding sequences [2]. The remaining non-
mRNA RNAs belong to a huge group of non-coding RNAs (ncRNAs). Due to their function,
ncRNAs can be classified as housekeeping RNAs or regulatory RNAs [3,4]. Housekeeping
ncRNAs, which include transfer RNAs (tRNAs), small nuclear RNAs (snRNAs), small
nucleolar RNAs (snoRNAs) and ribosomal RNAs (rRNAs), are commonly expressed con-
stitutively [5]. However, regulatory RNAs are a type of ncRNA with a strong regulatory
impact on the expression of protein-coding genes. Based on their size, regulatory RNAs can
be divided into two groups: small noncoding RNAs (sncRNAs), which consist of miRNAs
as well as piRNAs, and long noncoding RNAs (IncRNAs) [6,7].

The main role played by tRNAs is their participation in the protein biosynthesis pro-
cess. tRNAs transfer amino acids attached to their 3’ ends by a specific enzyme, aminoacyl-
tRNA synthetase, to the ribosome. They then interact with the appropriate codon, em-
bedded in mRNA, complementing it with a tRNA anticodon sequence. This guarantees
that the protein has the appropriate structure and function [8]. Moreover, the translation
process is dependent on regulatory RNAs, miRNAs. These are 22-23 nucleotide small
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RNAs obtained by cleaving longer pri-miRNAs. miRNAs bind to mRNA and influence
translation mechanisms in the cell [9,10]. The role of miRNAs has been well recognized,
and Fire and Mello were awarded the Nobel Prize in 2006 for their research concerning
small interfering RNAs [11]. Apart from the above-mentioned roles tRNAs play in protein
translation, they also have other noncanonical functions. tRNAs participate in cellular
processes, such as transcription, splicing, immune responses and apoptosis, as well as
acting as primers for reverse transcriptase in the retroviral genome [12,13].

In 2009, it was discovered that a second level of gene regulation involving tRNA-
derived fragments (tRFs) exists [14]. The solved tRNA crystal structure showed two single-
stranded regions exposed to the solution—the first, an anticodon loop, and the second, a
tRNA elbow, i.e., a junction between the D and TYC loops [15,16]. Both sites are preferred
in the biogenesis of tRNA-derived fragments by specific nucleases, which generate the
appropriate sets of fragments. It was suggested [17,18] that the tRFs be divided into several
groups, one of which was tRF-5, which starts at the 5" end of the mature tRNA and extends
into the D loop and, at a maximum, into the anticodon stem. This variation in size allows
for the further classification of tRF-5s: (i) tRF-5a extends into the D loop; (ii) tRF-5b consists
of a 3/ end part of tRNA, which reaches beyond the D loop and into the D arm; (iii) tRF-5¢
represents the longest tRF-5 class, extending into the anticodon stem and ranging from 27
to 30 nucleotides; (iv) 5 tRNA half; (v) 3’ tRNA half; and (vi) internal tRF. Additionally,
tRFs derived from the 3’ CCA end of a mature tRNA are known as tRF-3s. These tRFs
have two major size classifications: tRF-3a, which is about 18 nucleotides long, and tRF-3b,
which is about 22 nucleotides long.

There are several groups of enzymes involved in tRF biogenesis. The 5’ leader sequence
is a substrate for RNase P, producing the mature 5 end of tRNA, while nuclease Z cleaves
the 3’ trailer [19,20]. Moreover, it was suggested that the Dicer nuclease produces tRF-5 and
tRF-3 fragments of a size similar to that of miRNA, i.e., 20-25-nucleotide long oligomers,
which are cut by Dicer at the tRNA elbow end [18]. Furthermore, nuclease T2 is involved
in tRF formation by cutting the D and TYC loops in various tRNAs. [21]. Members of the
RNase T2 family are found in all groups of living organisms, namely, viruses, bacteria,
fungi, plants, animals, as well as humans. However, it is the tRNA anticodon loop that
is the main substrate for known RNases, such as angiogenin, which is responsible for the
formation of tRNA halves in mammalian cells [22].

It is interesting to note that the composition of tRFs depends on the type of organism,
or even the cells present in different tissues. Moreover, the abundance of tRFs is affected by
environmental factors, diet, diseases or external stimulation [23]. Therefore, a network of
small non-coding RNAs—tRFs—in a cell can be an excellent regulator of cellular processes.
Indeed, tRFs are known to play a significant role in various physiological and pathological
processes [18,23]. Goodarzi et al. reported that in breast cancer cells, under hypoxic
conditions, several tRFs were upregulated, which suppressed the stability of the oncogenic
transcript by displacing its 3’ UTR from the YBX1 protein [24]. These hypoxic stress-induced
tRFs can competitively bind to the YBX1 protein and block its interaction with oncogenic
mRNAs. Another 3’ half tRF derived from mature tRNAGIlu(UUC) has been found to be
able to bind and displace the RBP nucleolin in breast cancer [25].

tRFs are involved in regulating translation during stress by competing with mRNA for
ribosome binding [26]. Another way tRFs function in the cell is through their interaction
with Argonaute (AGO) proteins, by forming complexes and inhibiting gene expression in
the same manner as miRNAs [27]. Moreover, tRFs interact with PIWI proteins, forming
stable complexes [28,29]. The immunoprecipitation of PIWIl4 (Hiwi2) from MDAMB231
cancer cells revealed the presence of the following tRFs: 5" tRFGlu(CUC), tRFLys(TTT) and
tRFVal(ACC), which are predominantly derived from processed tRNAs [28]. Similarly,
the S. scrofa PAZ domain of the Piwil4 protein bound to the 5" tRFVal(CAC) half [29].
Previous studies on the role of tRFs have emphasized their importance in a variety of
cellular processes, including mRNA stabilization, miRNA-mediated gene silencing, as
well as the regulation of cap-dependent and cap-independent translation [30]. In addition,
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these molecules are usually dysregulated in cancers, which is why a significant amount of
research is currently focused on the role of tRFs in development and cancer [31-33].

2. Results
2.1. Research Model

Figure 1A shows the research model used to study kidney cell development. It consists
of a human renal cell culture which mimics the different stages of kidney development.
The first stage reflects human embryonic stem cells (hESCs), which are derived from the
inner cell mass of blastocyst-stage embryos and have the ability to differentiate into various
cell types. The next stage of kidney development is represented by embryonic HEK-293T
cells. The original 293 cells were derived from the human embryo kidney and transformed
through being exposed to fragments of sheared adenovirus 5 DNA. The HK-2 are adult
cells, from an immortalized human kidney cell line. In contrast, A-498 cells, derived from a
kidney carcinoma whose development was disturbed, were chosen as a model for renal
cancer cells. The cells (ATCG®) were cultured in standard conditions, according to the
manufacturer’s recommendations listed in the Material and Methods section. Figure 1,
panel A presents cell culture physiology. A comparison with the manufacturer’s data shows
that the cell cultures grew correctly. RNA isolated using the Trizol procedure was purified,
deprived of ribosomal RNAs and fragmented. A small fraction of the obtained RNA was
used for library construction. Illumina sequencing was carried out by the Macrogene
company (Seoul South Korea). Bioinformatic analysis of the Illumina sequencing results
revealed 30—40 million reads for each library.

Experimental model based on cell culture

hESC - human HEK mT human HK-2~ human kidney I cell
Embryonic Stem Cells EHIDIYONIC IRy WRATEIN (R (17 VI fcances

_ \j \/

B hESC A-498

| u..u_.d'u..;-.i.il A1 1_ I.iln.JiIL_l

cdlllle 1
:L”‘W’ (o) b - 5 - ‘Itnqh o) ¢ '
D HK-2 E HEK-293T

U

LLLLLL

Figure 1. The size distribution (in nucleotide length) of tRNA-derived fragments isolated from renal
cells. (A) The physiology of model cell cultures. (B-E) The names of the analyzed cells are shown at
the top of each panel. RPM—reads per million.
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2.2. Bioinformatic Analysis of tRNA-Derived Fragments in the Cells

Figure 1B-E display the expression of tRFs in the analyzed cells, depending on their
length. It should be emphasized that there was a wide variety of tRNA fragments, with
different levels of expression and length, in the model cells. tRNA oligomers, ranging from
31-35 nucleotides to 52-54 nucleotides were the most abundant. This size corresponds to
cleavages in the anticodon and the T¥C loops. Moreover, there is a lower abundance of
tRFs, due to the cleavage of the D loop.

It was found that the abundance of tRNA-derived fragments is dependent on the cell
type. The greatest number of tRNA fragments was found in regular HK2 cells and the
smallest number in hESCs (Figure 1B-E). Since multiple codons are present for many amino
acids, multiple tRNAs with distinct anticodons (i.e., isoacceptors) are needed to read these
codons. In humans, tRNA isoacceptors are present for 12 amino acids, ranging from two
for Glu, Lys and Gln, three for Ile, Val, Thr, Ala, Gly and Pro, four for Ser and five for Leu
and Arg.

The analysis of the expression of tRFs in a selection of renal cells (stem cells, embryonic
cells, adult cells and cancer cells) revealed the highest abundance of the following tRNA
fragments: tRFGly, tRFVal and tRFArg (Figure 2A).

600 -
] I Line
0- | hESC

M Hex-203T
I |

| . o
i iI i‘ILhEIIL IEUEI:[.=IEIIEIII.I]L‘T-I.'=_"-I}-i==-1-

al Arg His Asp Lys Gin Pro Glu

, Leu Tp iMet Ala Met Thr Tyr Cys Ser lle SeC Phe Asn
tRNA-derived fragment
B1 B2 B3

HEK-293T HK-2

Figure 2. Bioinformatic characterization of tRNA-derived fragments in renal cells. (A) tRF occurrence
in different renal cells. (B1-B3) Analysis of the most abundant tRFGly, tRFVal and tRFArg isoacceptors.
(C) Venn diagram formed using the number of specifically expressed tRFs and their presence in
different cells.
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In the case of tRFHis, tRFAsp and tRFLys, their expression levels were much lower.
However, in tRNAPhe and tRNAAsn-derived fragments, they were hardly expressed.
Two fragments, tRFGly(CCC) and tRFGly(GCC), were the most abundant in human re-
nal cells (Figure 2(B1)). In the bioinformatic analysis results, the highest expression of
tRFGly(CCC) and tRFGly(GCC) occurred in hESC and cancer cells. However, much lower
levels of expression of these tRNA fragments were found in HEK-293T and HK-2 cells
during the actual experiment. The highest expression of tRFVal(AAC) and tRFVal(CAC)
was noted in hESCs; by contrast, it was two times lower in cancer cells (Figure 2(B2)). The
expression of these tRFs was lowest in HEK-293T and HK-2. Unlike the results obtained
during the analysis, tRFArg(CCT) was the most abundant in A-498 cancer cells, while
its levels were three times lower in hESCs (Figure 2(B3)). The expression of this tRF in
HEK-293T and HK-2 cells was almost negligible. In Figure 2C, the Venn diagram based on
the Illumina sequencing data shows the division of the identified tRF fragments into those
that are specific to one type of model kidney cell and those that are found in more than one
type of model kidney cell. The largest number of the identified tRNA fragments was found
in hESC and A-498 cancer cells, 421 and 393, respectively. In HEK-293T and HK-2 cells, the
number of tRFs present is several times lower. Interestingly, hRESC, HEK-293T and cancer
cells have a large number of identical tRFs—575.

2.3. Mapping tRFs in Renal Cells

The results of the bioinformatic analysis were experimentally verified, using the
Northern blot technique (Figure 3). Despite the fact that tRNA molecules constitute 15%
of the total RNA in the cell, less than 1% of tRNA is involved in the biogenesis of tRNA
fragments [34]. To detect tRFs, two 20-nucleotide long 3*P-labeled probes were hybridized
to the parental tRNA from the 5" and 3’ ends (Table S1). For tRNAGly(CCC), three dominant
cleavages in the anticodon loop, at U33, C35, generating 5’ tRNA half, and C54, generating
tRF3b, were detected (Figure 3A,C). Analysis of 3’ tRF fragments detected with the use of
probe 2 showed three main cleavage sites, namely, C33, C38 (3’ tRNA half) and C54 (tRF3b),
with an additional one in the D loop (Figure 3B,C). Such cleavage sites indicate that all
of the single-stranded regions, the D, anticodon and TYC loops, are nuclease substrates
(Figure 3A-C). When comparing the tRFs detected by both probes, both 5" and 3’ fragments
were present. There were also many fragments that were exclusively detected only by a
5 or a 3’ probe. The first group includes tRFs, whose biogenesis takes place through the
cleavage of the phosphodiester bond in the C35-C36 and T52-¥53 nucleotides. The second
group includes 5 tRNA halves and 3’ tRNA halves, obtained by cleavage at C31 and U34,
respectively. Other tRF-5s were generated by cleavage at G10, D16 and G42. What, then,
is the reason for the observed effects of the presence of one 5 tRNA half and the absence
of the other 3’ tRNA half? RNA surveillance in the cell may explain this observation, as
redundant RNA is often degraded.

In the case of tRNAVal(AAC), the following cleavages (Figure 4A—C) were detected
during tRF biogenesis. The 5’ probe 3 revealed cuts at U20 and U22 in the D loop (tRF-5b).
Similar cleavages in the D loop were identified using the 3’ probe. In the anticodon loop,
the most prominent cleavage occurred between A35 and A36 (5’ and 3’ tRNA halves).
Additionally, cleavages at A44 and U47 (tRF-3b) were found in the variable loop (not
marked), mainly in hESCs. Several cleavages were detected in the TYC loop (Figure 4A-C).
Cleavages at A58 and A60 (tRF-3b) were detected using both probes. Moreover, cleavages
at T54 were most visible in HEK-293T cells.
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Figure 3. Characterization of the tRNAGly(CCC)-derived fragments. Northern blot (A) 5" and (B) 3’
tRF detection with the use of two 32P labelled probes 1 and 2 respectively (Table S1). (C) Secondary
structure of human tRNAGIy(CCC), with marked 5’ (—) and 3’ (—) cleavage sites. The locations
of some of the modified D (dihydrouridine), T (ribothymidine) and ¥ (pseudouridine) nucleotides
are marked in the tRNA structure. The loops in the tRNA structure have been named after these
modifications. (D,E) The efficiency of the tRNAGIly(CCC) cleavage in loops of the analyzed renal
cells. (F) Loading control with a hybridization probe, which matches 5S rRNA.
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Figure 4. Characterization of the tRNAVal(AAC)-derived fragments. Northern blot (A) 5 and
(B) 3’ tRF detection with the application of the 3?P labelled probes 3 and 4 respectively (Table S1).
(C) Secondary structure of human tRNAVal(AAC) with marked 5’ (—) and 3’ (—) cleavage sites.
The locations of some of the modified D (dihydrouridine), T (ribothymidine) and ¥ (pseudouridine)
nucleotides are marked in the tRNA structure. The loops in the tRNA structure have been named
after these modifications. (D,E) tRF occurrence and efficiency of tRNAVal(AAC) cleavage in the

analyzed renal cells detected by 3 and 4 probes.
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tRNAArg(CCU) is the source of a limited number of fragments (Figure 4). Three dif-
ferent cut sites were found using probe number 5 and four sites using probe number 6
(Figure 5A-E, Table S1). It is interesting to note that there are sites that are specific to a
certain cell type, such as U20 cleavage in the D loop (tRF-3b), which is specific to hESCs,
just like C35 cleavage in the anticodon loop or the G51 cleavage site in the TYC loop, which
occurs only in HEK-293T cells. There are also certain kinds of cleavages which are more
widespread, such as C34 cleavage (5" tRF half), which is present in all the cells with a
preference for hESCs, or G17 cleavage, which occurs in all of the model cells.
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Figure 5. Characterization of the tRNAArg(CCU)-derived fragments. Northern blot (A) 5 and
(B) 3/ tRF detection with the application of 3P labelled probes 5 and 6, respectively (Table S1).
(C) Secondary structure of human tRNAArg(CCU) with marked 5 (—) and 3’ (—) cleavage sites.
The locations of some of the modified D (dihydrouridine), T (ribothymidine) and ¥ (pseudouridine)
nucleotides are marked in the tRNA structure. The loops in the tRNA structure have been named
after these modifications. (D,E) tRF occurrence and efficiency of tRNAArg(CCU) cleavage in the
analyzed renal cells detected by 5 and 6 probes.

Analysis of tRF patterns, detected by 5’ probes and 3’ probes showed that in all of
the tRNAs tested here, the D, anticodon or TYC loops were cut during tRF biogenesis,
although with differing efficiency, depending on the type of cell line (Figures 3 and 4).
tRF-3b, formed by the cleavage of tRNAGIly(CCC) in the TYC loop at position T54, is
predominantly present in hESC and HEK-293T cells (Figure 3).

Moreover, 5 and 3’ tRNAGly(CCC) halves were almost absent in HEK-293T cells
and present in other model cell cultures. In addition, a different expression of the tRF-
5b fragment, obtained by cleavage of the D loop in other model cells was observed. In
the case of tRNAVal(CAC), this tRF-5b occurred only in hESCs. Generally, the highest
cleavage efficiency of three analyzed tRFs was detected for hESCs and the lowest for cancer
A-498 cells.

The main reason why cultured A-498 cancer cells were added was to analyze the
differences in the occurrence of tRFs compared to normal cells. However, the occurrence of
the individual tRFs, as well as the level of their expression, was almost identical. A 50%
difference was observed in the tRF/tRNA ratio for tRNAArg(CCU).

2.4. Is the Expression of Kidney Proteins Requlated by tRNA-Derived Fragments?

In order to answer this question, the tRFTars tool was used. [35]. In the first step, the
tRF sequences detected using Northern blot analysis were entered into the tRF database
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and sequences with similar IDs were found. By applying the tRFTars database, potential
kidney protein targets for tRF with the highest probability were found.

The presented analysis showed that the expression of different proteins can be reg-
ulated by 5’ tRFGly(CCC), 5004b (tRF-5b) and 5004c (5" tRF halves) (Table S2A). The
expression of MEIS2, FMN1 and CTDSPL2 proteins is associated with impaired renal func-
tion and can be regulated by tRF-5b, which can replace miR-458 during tumor suppression.
Bioinformatic analysis of 5 tRFGly(CCC) halves binding to protein mRNA shows their
ability to regulate cellular processes, such as glucose hemostasis, the import of membrane
proteins or cell energy management, while 3’ tRFGly(CCC) 3027a and 3027b can regulate
the activity of a number of proteins specifically found in the kidneys (Table S2B). Seventeen-
nucleotide tRF-3b can regulate Ca2+ ion transport by interacting with mRNA ORAI2 or
CACNG proteins and modulating the activity of CYP20A1 and GAS?, proteins associated
with kidney diseases, such as kidney nephropathy, proteinuria and chronic kidney disease.

The tRFVal(AAC)s which affect the expression of selected proteins in the kidney are
limited to tRF 5017b and 3008. In silico analysis showed that tRF-5b can regulate the
activity of the NFIC, GNAO1 and HIPK?2 proteins, which are associated with renal tumors
(Table S3A). In contrast, tRF-3b regulates the activity of the FOXD1, ARHGAP45, TOX 23
and TPCN2 proteins, which perform various functions in the development of the kidneys
(Table S3B).

The role of small non-coding RNAs, mainly miRNAs, in regulating gene expression is
being intensively studied. In most cases, miRNAs interact with the 3’ untranslated region
(3’ UTR) of the target mRNAs to induce mRNA degradation and translational repression [8].
However, miRNAs can interact with other mRNA regions, including 5’ UTR, affecting gene
expression. Does a similar mechanism of protein expression regulation exist for tRFs in the
kidneys? First, a 5-7 nucleotide tRFGly(CCC) and tRFVal(ACC) seed sequence interacts
with the mRNAs, presented in Tables S2 and S3, respectively. The interaction between tRF
and mRNA through the seed sequence may be similar to the interaction between mRNA
and miRNA. Secondly, tRFs form complexes with Ago proteins, just like miRNAs [26]. The
RISC complex, consisting of miRNAs and Ago proteins, is necessary to silence protein
expression [36]. However, the presented computer analysis results should be treated as
preliminary, requiring experimental verification.

2.5. The Involvement of the Dicer Nuclease in the Generation of tRNA-Derived Fragments

Experiments demonstrating the impact of the transfection of HEK-293T and 293T
(NoDice) cells with a plasmid producing full-length wild-type human nuclease Dicer
(hDicer) on the efficiency of the cleavage of tRNA were carried out (Figure 6). Unlike
natural HEK-293T cells, 293T NoDice cells are entirely devoid of the hDicer nuclease (the
Dicer knock-out HEK-293T cells) [37]. To detect hDicer a Western blot with an anti-Dicer
antibody was applied. As expected, the hDicer protein was present in the wild-type HEK-
293T cells and in the cells transfected with the plasmid producing hDicer. However, the
(hDicer) nuclease was not present in 293T NoDice cells. hDicer expression was only detected
in these cells after they were transfected with a plasmid producing hDicer. Interestingly, the
amounts of the protein produced by wild-type cells before and after they were transfected
with the plasmid producing hDicer was the same (Figure 5A). This result suggests a possible
mechanism that regulates the level of hDicer nuclease in the cell.

The expression of the most abundant 3’ tRFGly(CCC), tRFVal(AAC) and tRFArg(CCU)
in HEK-293T, 293T NoDice and HEK-293T + hDicer, 293T NoDice + hDicer cells was
analyzed, using the Northern blot approach. The efficiency of the cleavages in the anticodon
loop was very similar for all of the tested tRNAs, regardless of the cell line (Figure 5B-D).
However, the cleavages of these tRNAs in the D loop were strongly dependent on the cell
line. For wild-type and transfected HEK-293T cells, the cleavages were almost identical,
but in 293T NoDice cells, tRF biogenesis did not occur. It only occurred in 293T NoDice
cells, which were transfected with a plasmid encoding the wild-type full-length hDicer.
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As a control, the biogenesis of miRNA 92 was used. Mature miR-92 was detected in the
wild-type and transfected HEK-293Tcells but was absent in 293T NoDice cells.
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Figure 6. The impact of Dicer overexpression on the biogenesis of tRNA-derived fragments. (A) West-
ern blot detection of hDicer nuclease expression in wild-type HEK-293T and 293T NoDice cells, before
and after transfection with a plasmid producing hDicer. Cells were harvested 48 h after transfection
with the plasmid producing the wild-type full-length hDicer and subsequently lysed and analyzed by
Western blotting with anti-Dicer antibodies. 3-actin was used as a loading control. Dicer’s influence
on the cleavage of tRFGly(CCC) (B), tRF(AAC) (C) and tRFArg(CCU) (D). Cleavage sites in the D
loop have been marked with a blue arrow. (E) miR-92A biogenesis in wild-type HEK-293T and 293T
NoDice cells and HEK-293T cells after transfection with the plasmid producing hDicer. Pre-miRNA
and mature miRNA are marked with orange and grey arrows, respectively.

3. Discussion

In the tested model kidney cells, many RNA oligomers are formed during the biogen-
esis of tRNA-derived fragments. So, then, what are the decisive factors in the biogenesis of
specific tRNA fragments? One of them appears to be the expression of the parental tRNA.
Indeed, it has been estimated that there is an excess of 500 tRNA genes in human cells.
About half of them have been proven to be actively expressed genes [38]. Environmental
conditions, such as diet and stress, influence the expression of tRFs [39,40]. Depending on
the biological context, not all tRNAs are processed into tRFs, suggesting some specificity
or selectivity in their biogenesis. In the human tRF database, 270 of the tRNA fragments
collected had a similar number of tRF-3s and tRF-5s (tRF-3: 62, tRF-3a: 32, tRF-3b: 30, tRF-5:
63 tRF-5a: 22, tRF-5b: 23, tRF-5¢: 18, 3’ and 5’ tRNA halves: 113) [41]. tRNA epigenetics
is another factor, which influences tRF biogenesis. For example, the presence of 5-methyl
cytidine in the tRNA chain protects it from angiogenin cleavage [42]. Recently, Guzzi et al.
have observed that pseudouridine synthase 7 (PUS7)-mediated pseudouridylation is a
critical regulator of the biogenesis of tRFs in hESCs [43].

The presence of the same tRNA-derived fragments in various organisms, tissues and
cells has been confirmed in many reports. In epididymal spermatozoa, the expression of the
three most abundant tRFs was as follows: 5-tRFGlu (34.5%), 5-tRFGly (22.0%) and 5-tRFVal
(18.1%) [39]. In addition, the expression levels of 5-tRFGly, 5-tRFVal, 5-tRFMet and 5-tRFArg
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were significantly increased upon nutritional starvation, while 5-tRFTyr was not induced,
thereby confirming the idea of specific 5-tRF biogenesis in different conditions [21]. In a
recent study, tRNA halves have been identified in mouse serum using RNA-Seq [44]. The
results revealed that 5-tRFGly and 5-tRFVal together account for around 90% of circulating
5-tRFs, while the majority of other 5-tRFs were below the detection limit.

The mechanism of tRF formation has not been fully elucidated. Previous studies
carried out by several research groups predicted that, under stress conditions, angiogenin
(ANG) cleaves tRNAs into 5’ and 3’ halves [17,45-47]. During normal cell homeostasis,
ANG is retained in an inhibited state through its interactions with RNH1 (ribonucle-
ase/angiogenin inhibitor 1). When the interaction is disrupted under stress conditions, it
leads to ANG-mediated cleavage of the tRNAs. This observation is supported by a previous
observation, that when RNH1 is knocked down, ANG-induced tRNA cleavage increases
under oxidative stress conditions, indicating the importance of the ANG/RNHI1 interaction
in controlling the cleavage process [48]. ANG is likely not to be the only RNase to produce
tRNA halves in response to oxidative stress, since they are still present in ANG knockout
cells. However, additional RNase(s) await identification. ANG overexpression selectively
cleaves a subset of tRNAs, tRNAGIly(CCC) and tRNAVal(AAC) among them, to produce
tRNA halves and tRF-5s that are 26-30 bases long. While ANG knockout has revealed that
a majority of stress-induced tRNA halves, except for the 5" half from tRNAHis(GTG) and
the 3’ half from tRNAAsp(GTC), are ANG-independent, other RNases may be involved in
producing tRNA halves.

The experimental results (Figures 3, S1 and S2) revealed the presence of 5’ and 3’ tRNA
halves in the unstressed cells. However, at the present stage of research, it is difficult to
determine the role of angiogenin nuclease in cutting the anticodon loop. Angiogenin cleaves
C-A and U-A sequences [49,50]. In the analyzed tRNAs, the C—A base pair occurs twice,
in tRNAGIy(CCC) and tRNAVal(AAC), and in both cases it is cleaved. In the remaining
cases, the pyrimidine base pairs are cut. Most likely, other nucleases, such as RNase T2, are
involved in their cleavage [21]. Together, the results of the present and the previous studies
on human cells, yeast and plants suggest that the biogenesis of half of the tRNA requires
the presence of angiogenin and /or endoribonucleases from the RNase T2 family.

Additionally, some controversy remains about the role played by Dicer proteins. Early
studies of human HeLa cells have shown that the abundance of tRFGIn (CUG) decreased in
Dicer knockdown cells, suggesting that Dicer is necessary for tRF biogenesis [50]. However,
sequencing analysis of the Dicer knockout cells in mice, Drosophila and yeast revealed
that tRF biogenesis is independent of Dicer [46]. The results presented here show the
participation of Dicer in the biogenesis of small RNAs, namely, tRFs and miRNA [51]. The
abundance level of tRF-5b RNA fragments is constant in the wild-type and the transfected
HEK-293T cells. Although Dicer proteins are unlikely to be major players in small RNA
biogenesis, the RNase T2 family has been implicated in tRF-5 biogenesis [21]. This is
suggested by the presence of cleavage sites that are not Dicer-specific. An example of this is
the additional cleavage at U20 in the D loop, which was present in all of the analyzed tRNAs.

In summary, the role of Dicer in tRF biogenesis is so far unclear (see the Introduction).
Our findings showed that knockdown of the dicer gene in the case of NoDicer cells stopped
the biogenesis of a 22-nucleotide long tRNA fragment of tRF-5b. This tRF appeared after
the transfection of the cells with a plasmid containing the dicer gene. This effect is most
pronounced for tRFArg(CCU) and less so for tRFGly(CCC). Perhaps Dicer is not responsible
for tRF biogenesis on a global scale.

In conclusion, our research revealed that parental tRNA is a source of several tRNA-
derived fragments, increasing the pool of small regulatory molecules. For example, during
biogenesis, parental tRNAGly(CCC) produced 7 tRNA-derived fragments with different
nucleotide lengths, tRFVal(AAC) produced as many as 11 tRFs and tRNAArg(CCU) pro-
duced 6 tRFs. The role of these tRNA fragments is unknown. Bioinformatic analysis
suggests their participation in the gene expression of a number of proteins found in the
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kidneys by binding to mRNA in a manner similar to that of another small RNA, miRNA.
However, this hypothesis requires experimental verification.

4. Materials and Methods
4.1. Cell Cultures

All the cell cultures were from ATCC (American Type Culture Collection, Manassas,
VA, USA). A-498 and HEK-293T cells were cultured in Minimum Essential Medium Eagle
(MEM) supplemented with 15% fetal bovine serum, non-essential amino acids (Gibco
Thermo Fisher Scientific, Waltham, MA, USA), 100 U/mL of penicillin G and 0.1 mg/mL of
streptomycin sulphate (Sigma-Aldrich St. Louis, Missouri, USA). The cells were cultured at
37 °C, in an atmosphere of 5% CO; and 95% air, with a humidity of approximately 95%. The
HK-2 cells were cultured in Keratinocyte SFM (serum-free medium) supplemented with
the human recombinant epidermal growth factor (rEGF), bovine pituitary extract (BPE),
non-essential amino acids (Gibco Thermo Fisher Scientific), 100 U/mL of penicillin G and
0.1 mg/mL of streptomycin sulphate (Sigma-Aldrich). The hESCs were cultured on Geltrex,
in supplemented Essential 8 medium. Geltrex was mixed with cold DMEM/F12 at a 1:1
ratio, then poured onto a 60 mm plate. The prepared plate was incubated for 1 h at 37 °C.
Essential 8 was supplemented with RevitaCell at a 100:1 ratio. The medium was changed
every day. Passage occurred as the colonies began to grow upwards. For passage, DPBS +
EDTA in a ratio of 100:1 was used instead of trypsin to detach the cells, then wash medium
(DMEM/F12 and BSA in a ratio of 100:1) was used to suspend the detached cells. The cells
were cultured at 37 °C, in an atmosphere of 5% CO, and 95% air, with the humidity level at
approximately 95%.

The 293T NoDice cells (the Dicer knock-out HEK-293T cells) [37] were cultured in
DMEM (Gibco Thermo Fisher Scientific) supplemented with 10% FBS (Gibco Thermo
Fisher Scientific) and penicillin-streptomycin (100 U/mL of penicillin and 100 ng/mL of
streptomycin respectively, and 1 mM sodium pyruvate (Gibco Thermo Fisher Scientific), as
described in Bogerd et al. [45]. For the transfection of 293T NoDice cells, the expression
plasmid, including the full-length cDNA encoding human transcript variant 2 of DICER1
(NM_030621.4), was used as described previously [51]. Transfection was carried out using
DharmaFECT kb DNA Transfection Reagent (Dharmacon, Lafayette, CO, USA), according
to the manufacturer’s instructions. The 293T NoDice cell line was kindly provided by Prof.
Bryan R. Cullen.

4.2. Cell Lysis and Western Blot Analysis

Cells were collected 48 h after transfection, precipitated and resuspended in lysis
buffer (30 mM Hepes pH 7.4, 100 mM KCI, 5 mM MgCl,, 10% glicerol, 0.5 mM DTT and
0.2% Tergitol) containing 1x protease inhibitor without EDTA (Sigma-Aldrich) and broken
by passing through a 0.9 x 40 mm needle. Lysates were centrifuged at 13,000 rpm for 5 min
at 4 °C. Cell extracts were separated on 10% SDS-PAGE and electrotransferred onto a PVDF
membrane (Gibco Thermo Fisher Scientific). For hDicer detection, the blots were probed
with a mouse monoclonal primary anti-Dicer antibody mapping at the C-terminus of hDicer
(1:300, Santa Cruz Biotechnology, Dallas, TX, USA); for 3-Actin, the blots were probed with
a rabbit monoclonal primary anti-3-actin antibody (1:1100, Cell Signaling Technology, Dan-
vers, MS, USA) and subsequently with HRP-conjugated secondary antibody, anti-mouse or
anti-rabbit (1:5000, Jackson ImmunoResearch Laboratories, Inc., Cambridgeshire, UK). The
immunoreactions were detected using SuperSignal™ West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher Scientific, Waltham, MA, USA).

4.3. RNA Isolation

Two different ways of isolating RNA were used. In the first, the total RNA was
extracted from the culture cells using the TRIzol LS reagent (Invitrogen, Carlsbad, CA,
USA), according to the manufacturer’s instructions. The concentration and the purity of
the total RNA was determined using a NanoDrop™ ND-1000 spectrophotometer (Nan-
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oDrop, Thermo Fisher Scientific, Inc., Wilmington, DE, USA). To eliminate redundant
modifications that could interfere with the small RNA sequencing library preparation in
the subsequent steps, the total RNA was pretreated using the rtStarTM tRF and tiRNA
Pretreatment Kit (cat. no. AS-FS-005, Arraystar, Rockville, MD, USA), in accordance with
the manufacturer’s instructions.

The second small RNA isolation technique involved the use of the mirVana miRNA
Isolation Kit, according to the manufacturer’s instructions (Invitrogen). The total RNA
isolated with the Trizol method was additionally cleared using the mirVana Isolation Kit
to discard long RNA and rRNA. The sRNA fraction present in the filtrate was then mixed
with 100% ethanol, in the amount of 2/3 of the volume of the filtrate, and purified using
a second filter cartridge. The concentration of the eluted sRNAs was measured using a
NanoDrop spectrophotometer.

4.4. Library Construction and [llumina Sequencing

The small RNA (sRNA) fractions extracted from the cell culture were subjected to
12% (w/v) denaturing PAGE (polyacrylamide gel electrophoresis) and the sSRNA fragments
(18—40 nucleotides) were isolated. In the next step, the RNAs were analyzed using a
Bioanalyzer 2100 with a small RNA assay (Agilent, Santa Clara CA, USA). A sequencing
library was prepared with 1 mg of each sSRNA sample using the TruSeq sRNA Sample
Prep Kit (Illumina), according to the TruSeq Small RNA Sample Preparation Guide. The
sncRNAs were subsequently ligated with RNA 39 and 59 adapters (each ligation was carried
out at 28 °C for 1 h) and reverse-transcribed using SuperScript III Reverse Transcriptase
(Invitrogen) at 50 °C for 1 h. The synthesized cDNA was then amplified using Phusion
DNA Polymerase, indexed primers and 11 PCR cycles (98 °C10's, 60 °C 305,72 °C 15 s) and
validated with a High Sensitivity DNA Chip (Agilent). The amplified cDNA library was
size-selected using electrophoresis (60 min, 145 V) in 6% Novex TBE PAGE Gel (Invitrogen).
Fragments ranging in length from 140 to 190 nt, corresponding to small RNAs (15-70 nt)
with both adapters, were extracted from the gel using Gel Breaker tubes (IST Engineering)
and incubated in water for 3 h (RT, Rotator Mixer RM-Multi 1 (Starlab)). Then, the libraries
were purified on 5 mm filter tubes (IST Engineering) and concentrated by ethanol (100%,
3.25 vol.) and sodium acetate (3 M, 1/10 vol.) precipitation. After a second validation
with a High Sensitivity DNA Chip (Agilent), the libraries were quantified using a Qubit
fluorometer (Invitrogen Waltham, MA, USA). All the libraries were prepared in duplicate.
Sequencing was performed by Macrogen, Inc. (Seoul, Korea).

4.5. Bioinformatic Analysis

Quality reports were generated with FastQC v0.11.8. The reads were then sub-
ject to adapter trimming with Cutadapt. Then, they were filtered for quality using
fastq_quality_filter from FASTX-Toolkit, with —q 20 —p 95 parameters, i.e., a minimum
95% of bases in a read are required to achieve a Phred quality score of 20 or higher. Individ-
ual sequence counts were determined using DESeq. Sequence mapping was performed
with the bowtie tool comparing the GtRNAdb database with the RNA-Seq results. The re-
sult list was restricted to sequences of more than 10 counts using alignment2.py. Sequences
were compared using the mean of the repetitions. Big data analysis was carried out using
the “dplyr” library. The “VennDiagram” library was used to create the Venn diagram; the
remaining graphs were made with the “ggplot” library.

4.6. DNA Labeling and Northern Blotting

The DNA labeling reaction mixture contained a buffer (50 mM Tris—-HCIl pH 7.6, 10 mM
MgCl,, 5 mM of DTT, 0.1 mM spermidine), 10 U T4 polynucleotide kinase, 20 mCi of (y-
32P)ATP with an activity of 5000 Ci/mmol (Hartmann Analytic, Braunschweig, Germany)
and 20 pmol of a DNA oligomer (Table S1). After an hour-long incubation at 37 °C, the
32p labelled products were purified using a G25 column (Sigma-Aldrich, St. Louis, MO,
USA). The radioactivity level of the labeled molecules was measured using a scintilla-
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tion counter. The total RNA isolated from the different cultures was separated on 12%
(w/v) polyacrylamide gels, electrotransferred onto Hybond-Nylon membranes (GE Health-
care, Chicago, IL, USA), crosslinked with UV light (120 mJ/cm?) and prehybridized in a
2xSSC, 1X Denhard solution for 1 h at 37 °C. Hybridization of 32P labelled DNA probes
(20 x 10° cpm) was carried out at 42 °C overnight in PerfectHyb™ Plus solution (Sigma).
Then, the hybridization mixture was discarded, and the blot was washed in the same
solution several times, until the radioactivity in the solution disappeared. Finally, the
blots were analyzed using phosphor imaging screens and a FLA-5100 image analyzer with
MultiGauge software (FujiFilm).

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.3390/
jms23073644/s1.

Author Contributions: M.K., M.W., AK.-K, MW, B, T.O. and ].W. planned the experiments and
wrote the manuscript, prepared the figures and reviewed the manuscript. M.K,, E.B., M.W. and
P.Z.-M. carried out all of the experiments. ].W. supervised and accepted the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Polish National Centre of Science, with grant 2016/21/
NZ2/03468 to ].W. and grant 2016/22/E/NZ1/00422 to AK.-K.

Acknowledgments: We would like to thank Bryan R. Cullen for providing the Dicer-deficient 293T
NoDice human cell lines and Aga Imiolczyk for proofreading the text. We also thank the reviewers
for comments on the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study, in the collection, analysis, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

References

1. Li,J; Liu, C. Coding or noncoding, the converging concepts of RNAs. Front. Genet. 2019, 10, 496. [CrossRef] [PubMed]

2. Kapranov, P; Willingham, A.T.; Gingeras, T.R. Genome-wide transcription and the implications for genomic organization. Nat.
Rev. Genet. 2007, 8, 413-423. [CrossRef] [PubMed]

3.  Iwasaki, YW,; Siomi, M.C.; Siomi, H. PIWI-Interacting RNA: Its Biogenesis and Functions. Ann. Rev. Biochem. 2015, 84, 405-433.
[CrossRef] [PubMed]

4. Uchida, S.V,; Adams, J.C. Physiological roles of non-coding RNAs. Am. . Physiol. Cell 2019, 317, C1-C2. [CrossRef] [PubMed]

5. Verma, P.S.; Agarwal, V.K. Cell Biology, Genetics, Molecular Biology, Evolution and Ecology: Evolution; S Chand & Co., Ltd.: New Delhi,
India, 2004.

6.  Layton, E.; Fairhurst, A.-M.; Griffiths-Jones, S.; Grencis, R.K.; Roberts, I.S. Regulatory RNAs: A universal language for inter-
domain communication. Int. . Mol. Sci. 2020, 21, 8919. [CrossRef] [PubMed]

7. Kazimierczyk, M.; Kasprowicz, M.K.; Kasprzyk, M.E.; Wrzesinski, ]. Human long noncoding RNA interactome: Detection,
characterization and function. Int. J. Mol. Sci. 2020, 21, 1027. [CrossRef] [PubMed]

8.  Berg, M.D,; Brandl, C.J. Transfer RN As: Diversity in form and function. RNA Biol. 2021, 18, 316-339. [CrossRef] [PubMed]

9.  Krol, J.; Loedige, I; Filipowicz, W. The widespread regulation of microRNA biogenesis, function and decay. Nat. Rev. Genet. 2010,
11, 597-610. [CrossRef] [PubMed]

10. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of microRNA biogenesis, mechanisms of actions, and circulation. Front.
Endocrinol. 2018, 9, 402. [CrossRef]

11. Fire, A.; Xu, S.Q.; Montgomery, M.K.; Kostas, S.A.; Driver, S.E.; Mello, C.C. Potent and specific genetic interference by double-
stranded RNA in Caenorhabditis elegans. Nature 1998, 391, 806-811. [CrossRef] [PubMed]

12. Yu, X,; Xie, Y,; Zhang, S.; Song, X.; Xiao, B.; Yan, Z. tRNA-derived fragments: Mechanisms underlying their regulation of
gene expression and potential applications as therapeutic targets in cancers and virus infections. Theranostics 2021, 11, 461-469.
[CrossRef] [PubMed]

13.  Avcilar-Kucukgoze, I.; Kashina, A. Hijacking tRNAs from translation: Regulatory functions of tRNAs in mammalian cell
physiology. Front. Mol. Biosci. 2020, 7, 610-617. [CrossRef] [PubMed]

14. Lee, Y.S,; Shibata, Y.; Malhotra, A.; Dutta, A. A novel class of small RNAs: tRNA-derived RNA fragments (tRFs). Genes Dev. 2009,
23, 2639-2649. [CrossRef]

15.  Zhang, J.; Ferré-D’Amaré, A.R. The tRNA elbow in etructure, recognition and evolution. Life 2016, 6, 3. [CrossRef] [PubMed]

16. Chen, Q.; Zhang, X,; Shi, J.; Yan, M.; Zhou, T. Origins and evolving functionalities of tRNA-derived small RNAs. Trends Biochem.

Sci. 2021, 46, 790-804. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms23073644/s1
https://www.mdpi.com/article/10.3390/ijms23073644/s1
http://doi.org/10.3389/fgene.2019.00496
http://www.ncbi.nlm.nih.gov/pubmed/31178900
http://doi.org/10.1038/nrg2083
http://www.ncbi.nlm.nih.gov/pubmed/17486121
http://doi.org/10.1146/annurev-biochem-060614-034258
http://www.ncbi.nlm.nih.gov/pubmed/25747396
http://doi.org/10.1152/ajpcell.00114.2019
http://www.ncbi.nlm.nih.gov/pubmed/31091141
http://doi.org/10.3390/ijms21238919
http://www.ncbi.nlm.nih.gov/pubmed/33255483
http://doi.org/10.3390/ijms21031027
http://www.ncbi.nlm.nih.gov/pubmed/32033158
http://doi.org/10.1080/15476286.2020.1809197
http://www.ncbi.nlm.nih.gov/pubmed/32900285
http://doi.org/10.1038/nrg2843
http://www.ncbi.nlm.nih.gov/pubmed/20661255
http://doi.org/10.3389/fendo.2018.00402
http://doi.org/10.1038/35888
http://www.ncbi.nlm.nih.gov/pubmed/9486653
http://doi.org/10.7150/thno.51963
http://www.ncbi.nlm.nih.gov/pubmed/33391486
http://doi.org/10.3389/fmolb.2020.610617
http://www.ncbi.nlm.nih.gov/pubmed/33392265
http://doi.org/10.1101/gad.1837609
http://doi.org/10.3390/life6010003
http://www.ncbi.nlm.nih.gov/pubmed/26771646
http://doi.org/10.1016/j.tibs.2021.05.001
http://www.ncbi.nlm.nih.gov/pubmed/34053843

Int. . Mol. Sci. 2022, 23, 3644 14 0of 15

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Su, Z.; Wilson, B.; Kumar, P.; Dutta, A. Noncanonical roles of tRNAs: tRNA fragments and beyond. Annu. Rev. Genet. 2020, 54,
47-69. [CrossRef] [PubMed]

Xie, Y;; Yao, L,; Yu, X.; Ruan, Y.; Li, Z.; Guo, J. Action mechanisms and research methods of tRNA-derived small RNAs. Signal
Transduct. Target Ther. 2020, 5, 109. [CrossRef] [PubMed]

Jarrous, N.; Mani, D.; Ramanathan, A. Coordination of transcription and processing of tRNA. FEBS J. 2021. [CrossRef] [PubMed]
Rossetti, G.; Richman, T.R.; Perks, K.; Ermer, J.A.; Kuznetsova, I.; Hughes, L.; Shearwood, A.].; Viola, HM.; Hool, L.C,;
Rackham, O.; et al. Concerted regulation of mitochondrial and nuclear non-coding RNAs by a dual-targeted RNase Z. EMBO
Rep. 2018, 19, e46198.

Magee, R.; Rigoutsos, I. On the expanding roles of tRNA fragments in modulating cell behavior. Nucleic Acids Res. 2020, 48,
9433-9448. [CrossRef] [PubMed]

Krishna, S.; Raghavan, S.; DasGupta, R.; Palakodeti, D. tRNA-derived fragments (tRFs): Establishing their turf in post-
transcriptional gene regulation. Cell Mol. Life Sci. 2021, 78, 2607-2619. [CrossRef] [PubMed]

Oberbauer, V.; Schaefer, M.R. tRNA-derived small RNAs: Biogenesis, modification, function and potential impact on human
disease development. Genes 2018, 9, 607. [CrossRef]

Goodarzi, H.; Liu, X.; Nguyen, H.C.; Zhang, S.; Fish, L.; Tavazoie, S.F. Endogenous tRNA-Derived Fragments Suppress Breast
Cancer Progression via YBX1 Displacement. Cell 2015, 161, 790-802. [CrossRef] [PubMed]

Falconi, M.; Giangrossi, M.; Zabaleta, M.E.; Wang, ].; Gambini, V.; Tilio, M.; Bencardino, D.; Occhipinti, S.; Belletti, B.;
Laudadio, E.; et al. A novel 3/-tRNA Glu -derived fragment acts as a tumor-suppressor in breast cancer by targeting nucle-
olin. FASEB J. 2019, 33, 13228-13240. [CrossRef]

Gebetsberger, J.; Wyss, L.; Mleczko, A.M.; Reuther, J.; Polacek, N.A. tRNA-derived fragment competes with mRNA for ribosome
binding and regulates translation during stress. RNA Biol. 2017, 14, 1364-1373. [CrossRef] [PubMed]

Guan, L.; Karaiskos, S.; Grigoriev, A. Inferring targeting modes of Argonaute-loaded tRNA fragments. RNA Biol. 2020, 17,
1070-1080. [CrossRef] [PubMed]

Keam, S.P; Young, P.E.; McCorkindale, A.L.; Dang, T.H.; Clancy, ].L.; Humphreys, D.T.; Preiss, T.; Hutvagner, G.; Martin, D.L;
Cropley, ].E.; et al. The human Piwi protein Hiwi2 associates with tRNA-derived piRNAs in somatic cells. Nucleic Acids Res. 2014,
42,8984-8995. [CrossRef] [PubMed]

Kazimierczyk, M.; Jedroszkowiak, A.; Kowalczykiewicz, D.; Szymanski, M.; Imiolczyk, B.; Ciesiotka, J.; Wrzesinski, J. tRNA-
derived fragments from the Sus scrofa tissues provide evidence of their conserved role in mammalian development. Biochem.
Biophys. Res. Commun. 2019, 520, 514-519. [CrossRef] [PubMed]

Pan, Q.; Han, T.; Li, G. Novel insights into the roles of tRNA-derived small RNAs. RNA Biol. 2021, 17, 2157-2167. [CrossRef]
Guzzi, N.; Bellodi, C. Novel insights into the emerging roles of tRNA-derived fragments in mammalian development. RNA Biol.
2020, 17,1214-1222. [CrossRef]

Sun, X,; Yang, J.; Yu, M.; Yao, D.; Zhou, L.; Li, X;; Qiu, Q.; Lin, W.; Lu, B.; Chen, E.; et al. Global identification and characterization
of tRNA-derived RNA fragment landscapes across human. NAR Cancer 2020, 2, zcaa031. [CrossRef]

Chen, L.; Wang, F. An emerging role of the 5 termini of mature tRNAs in human diseases: Current situation and prospects.
Biochim. Biophys. Acta Mol. Basis Dis. 2022, 1868, 166314.

Turowski, T.W.; Tollervey, D. Transcription by RNA polymerase III: Insights into mechanism and regulation. Biochem. Soc. Trans.
2016, 44, 1367-1375. [CrossRef] [PubMed]

Xiao, Q.; Gao, P; Huang, X.; Chen, X,; Chen, Q.; Lv, X.; Fu, Y,; Song, Y.; Wang, Z. tRFTars: Predicting the targets of tRNA-derived
fragments. J. Transl. Med. 2021, 19, 88. [CrossRef]

Iwakawa, H.O.; Tomari, Y. Life of RISC: Formation, action, and degradation of RNA-induced silencing complex. Mol. Cell 2022,
82, 30-43. [CrossRef]

Bogerd, H.P.; Whisnant, A.W.; Kennedy, E.M.; Flores, O.; Cullen, B.R. Derivation and characterization of Dicer- and microRNA-
deficient human cells. RNA 2014, 20, 923-937. [CrossRef]

Li, N; Shan, N.; Lu, L.; Wang, Z. tRFtarget: A database for transfer RNA-derived fragment targets. Nucleic Acids Res. 2021, 49,
D254-D260. [CrossRef]

Sharma, U.; Conine, C.C.; Shea, ].M.; Boskovic, A.; Derr, A.G.; Bing, X.Y.; Belleannee, C.; Kucukural, A.; Serra, R.W.; Sun, F; et al.
Biogenesis and function of tRNA fragments during sperm maturation and fertilization in mammals. Science 2016, 351, 391-396.
[CrossRef] [PubMed]

Dhahbi, ].M,; Spindler, S.R.; Atamna, H.; Yamakawa, A.; Boffelli, D.; Mote, P,; Martin, D.I. 5 tRNA halves are present as abundant
complexes in serum, concentrated in blood cells, and modulated by aging and calorie restriction. BMC Genom. 2013, 14, 298.
[CrossRef]

Saikia, M.; Krokowski, D.; Guan, B.J.; Ivanov, P.; Parisien, M.; Hu, G.f.; Anderson, P; Pan, T.; Hatzoglou, M. Genome-wide
identification and quantitative analysis of cleaved tRNA fragments induced by cellular stress. |. Biol. Chem. 2012, 287, 42708-42725.
[CrossRef] [PubMed]

Schaefer, M.; Pollex, T.; Hanna, K.; Tuorto, F.; Meusburger, M.; Helm, M.; Lyko, F. RNA methylation by Dnmt2 protects transfer
RNAs against stress-induced cleavage. Genes Dev. 2010, 24, 1590-1595. [CrossRef] [PubMed]


http://doi.org/10.1146/annurev-genet-022620-101840
http://www.ncbi.nlm.nih.gov/pubmed/32841070
http://doi.org/10.1038/s41392-020-00217-4
http://www.ncbi.nlm.nih.gov/pubmed/32606362
http://doi.org/10.1111/febs.15904
http://www.ncbi.nlm.nih.gov/pubmed/33929081
http://doi.org/10.1093/nar/gkaa657
http://www.ncbi.nlm.nih.gov/pubmed/32890397
http://doi.org/10.1007/s00018-020-03720-7
http://www.ncbi.nlm.nih.gov/pubmed/33388834
http://doi.org/10.3390/genes9120607
http://doi.org/10.1016/j.cell.2015.02.053
http://www.ncbi.nlm.nih.gov/pubmed/25957686
http://doi.org/10.1096/fj.201900382RR
http://doi.org/10.1080/15476286.2016.1257470
http://www.ncbi.nlm.nih.gov/pubmed/27892771
http://doi.org/10.1080/15476286.2019.1676633
http://www.ncbi.nlm.nih.gov/pubmed/31613177
http://doi.org/10.1093/nar/gku620
http://www.ncbi.nlm.nih.gov/pubmed/25038252
http://doi.org/10.1016/j.bbrc.2019.10.062
http://www.ncbi.nlm.nih.gov/pubmed/31610915
http://doi.org/10.1080/15476286.2021.1922009
http://doi.org/10.1080/15476286.2020.1732694
http://doi.org/10.1093/narcan/zcaa031
http://doi.org/10.1042/BST20160062
http://www.ncbi.nlm.nih.gov/pubmed/27911719
http://doi.org/10.1186/s12967-021-02731-7
http://doi.org/10.1016/j.molcel.2021.11.026
http://doi.org/10.1261/rna.044545.114
http://doi.org/10.1093/nar/gkaa831
http://doi.org/10.1126/science.aad6780
http://www.ncbi.nlm.nih.gov/pubmed/26721685
http://doi.org/10.1186/1471-2164-14-298
http://doi.org/10.1074/jbc.M112.371799
http://www.ncbi.nlm.nih.gov/pubmed/23086926
http://doi.org/10.1101/gad.586710
http://www.ncbi.nlm.nih.gov/pubmed/20679393

Int. . Mol. Sci. 2022, 23, 3644 150f 15

43.

44.

45.

46.

47.

48.

49.

50.

51.

Guzzi, N.; Ciesla, M.; Ngoc, P.C.T; Lang, S.; Arora, S.; Dimitriou, M.; Pimkov4, K.; Sommarin, M.N.; Munita, R.; Lubas, M.; et al.
Pseudouridylation of tRNA. Derived Fragments Steers Translational Control in Stem Cells. Cell 2018, 173, 1204-1216.e26.
[CrossRef]

Cole, C; Sobala, A.; Lu, C.; Thatcher, S.R.; Bowman, A.; Brown, JJW.; Green, PJ.; Barton, G.J.; Hutvagner, G. Filtering of deep
sequencing data reveals the existence of abundant Dicer-dependent small RNAs derived from tRNAs. RNA 2009, 15, 2147-2160.
[CrossRef] [PubMed]

Lyons, S.M.; Fay, M.M.; Akiyama, Y.; Anderson, PJ.; Ivanov, P. RNA biology of angiogenin: Current state and perspectives. RNA
Biol. 2017, 14, 171-178. [CrossRef]

Su, Z.; Kuscu, C.; Malik, A.; Shibata, E.; Dutta, A. Angiogenin generates specific stress-induced tRNA halves and is not involved
in tRF-3-mediated gene silencing. J. Biol. Chem. 2019, 294, 16930-16941. [CrossRef]

Shen, Y.; Yu, X,; Zhu, L.; Li, T,; Yan, Z.; Guo, J. Transfer RNA-derived fragments and tRNA halves: Biogenesis, biological functions
and their roles in diseases. |. Mol. Med. 2018, 96, 1167-1176. [CrossRef]

Sarangdhar, M.A.; Allam, R. Angiogenin (ANG)—Ribonuclease Inhibitor (RNH1) system in protein synthesis and disease. Int. ].
Mol. Sci. 2021, 22, 1287. [CrossRef] [PubMed]

Giantazopoulou, V.I; Georgiou, S.; Kakoulidis, P.; Giannakopoulou, S.N.; Tseleni, S.; Stravopodis, D.J.; Anastasiadou, E. From the
Argonauts Mythological Sailors to the Argonautes RNA-Silencing Navigators: Their Emerging Roles in Human-Cell Pathologies.
Int. ]. Mol. Sci. 2020, 21, 4007. [CrossRef]

Garcia-Silva, M.R.; Cabrera-Cabrera, F,; Giiida, M.C.; Cayota, A. Hints of tRNA-Derived Small RNAs Role in RNA Silencing
Mechanisms. Genes 2012, 3, 603-614. [CrossRef]

Wojnicka, M.; Szczepanska, A.; Kurzynska-Kokorniak, A. Unknown areas of activity of human ribonuclease Dicer: A putative
deoxyribonuclease activity. Molecules 2020, 25, 1414. [CrossRef]


http://doi.org/10.1016/j.cell.2018.03.008
http://doi.org/10.1261/rna.1738409
http://www.ncbi.nlm.nih.gov/pubmed/19850906
http://doi.org/10.1080/15476286.2016.1272746
http://doi.org/10.1074/jbc.RA119.009272
http://doi.org/10.1007/s00109-018-1693-y
http://doi.org/10.3390/ijms22031287
http://www.ncbi.nlm.nih.gov/pubmed/33525475
http://doi.org/10.3390/ijms21114007
http://doi.org/10.3390/genes3040603
http://doi.org/10.3390/molecules25061414

Supplementary material

Probe: 1, 3,5 Probe: 2,4, 6
No. Probe name Sequence (5’ —> 3’)
1. 5tRF Gly CCC CGTAACCACCAAGTTACCAT
2. 3'tRF Gly CCC AAGTTAAGGGCCGGTTACGT
3. 5'tRF Val AAC CAAAGGCATCACATCACCAA
4. 3'tRF Val AAC AAGCTTTGGCCCGCCTTTGT
5. 5'tRF Arg CCT CGGGGTCACCGGATTACCTA
6. 3'tRF Arg CCT CAAGCTCAGGGTGGACCCCAC
7. 5S RNA AGGGTGGTATGGCCGTAGAC

Table S1 Hybridization sites of DNA probes and their sequences.
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Abstract: The application of a new generation of sequencing techniques has revealed that most of the
genome has already been transcribed. However, only a small part of the genome codes proteins. The
rest of the genome “dark matter” belongs to divergent groups of non-coding RNA (ncRNA), that is not
translated into proteins. There are two groups of ncRNAs, which include small and long non-coding
RNAs (sncRNA and IncRNA respectively). Over the last decade, there has been an increased interest
in IncRNAs and their interaction with cellular components. In this review, we presented the newest
information about the human IncRNA interactome. The term IncRNA interactome refers to cellular
biomolecules, such as nucleic acids, proteins, and peptides that interact with IncRNA. The IncRNA
interactome was characterized in the last decade, however, understanding what role the biomolecules
associated with IncRNA play and the nature of these interactions will allow us to better understand
IncRNA’s biological functions in the cell. We also describe a set of methods currently used for the
detection of IncRNA interactome components and the analysis of their interactions. We think that
such a holistic and integrated analysis of the IncRNA interactome will help to better understand its
potential role in the development of organisms and cancers.

Keywords: long noncoding RNA; IncRNA; IncRNA interactome; detection IncRNA interactome;
IncRNA interactome function

1. Introduction

It was estimated from the data obtained during the ENCODE project that 70-80% of the human
genome has been transcribed [1], but that only 2% of the genome codes proteins [2]. The function of
the genome “dark matter”, non-coding RNAs (ncRNA), has not yet been fully recognized [3]. During
the last few years, the application of RNA-seq methods has made it possible to display a divergent
repertoire of ncRNAs. ncRNA is classified based on the length of the transcripts [4]. Transcripts
containing over 200 nucleotides are considered to be IncRNAs and RNAs smaller than 200 nucleotides
were arbitrarily classified as sncRNAs, which encompass miRNA, siRNA, piRNA and tRF [5].

Micro RNAs (miRNAs) are small RNAs made up of 21 to 23 nucleotides with well-defined
biogenesis and maturation pathways [6]. They play a pivotal role in controlling gene expression [7,8].
siRNAs perform a similar function, although they originate from long precursors, i.e., repetitive and
transposon sequences of the genome [9]. piRNAs (Piwi-interacting RNAs) are the largest group of
sncRNAs and are mainly present in germ cells [10-12]. The mechanisms of piRNA biogenesis involve
several Piwi proteins, resulting in 30-35 nt single-stranded RNAs. This guards germ cells against
transposon activity [12]. Moreover, abnormal expression of Piwi proteins and piRNAs results in the
lack of fertility in males [10-12]. The newly discovered group of snRNA, tRF RNAs, are essentially
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tRNA fragments [13]. The production of some tRFs under stress conditions is involved in translation
repression [13,14].

Much less is known about the biology of IncRNA, which constitutes a significant part of the
non-coding genome [4,15]. Recent results achieved using high-through sequencing technologies
indicated a high level of diversity in IncRNA classes [16]. They are very heterogeneous in terms of size
as IncRNAs number from several hundred to several thousand nucleotides. Furthermore, IncRNA
transcripts are derived from different parts of the genome, and IncRNAs are localized in the nucleus or
in the cytoplasm. A good example of this is the well-defined nuclear Xist [17] and cytoplasmic Uchl1
IncRNAs [18].

Usually, IncRNAs are transcribed by RNA polymerase 11, and like mRNA, are 5’-capped, often
spliced and polyadenylated [19]. Generally, compared to mRNA, IncRNAs display modest sequence
conservation [20,21]. The reason for this may be that IncRNAs are free of codon preservation
constraints [21]. Therefore, the sequence of IncRNAs appears to be less important than their
secondary/tertiary structure, which plays a pivotal role [20,21].

In this paper, we present recently discovered information about the IncRNA interactome i.e., the
cellular components that interact with IncRNA. We describe the interaction of the biomolecules, such
as nucleic acids, sncRNA (miRNA), mRNA and DNA with IncRNA. A significant part of the review
concerns the importance of IncRNA-protein complexes. Recently, a part of the IncRNA interactome has
been found to be made out of short peptides, encoded inside IncRNA, and even small molecules. Their
possible impact on IncRNA functions will be discussed. Recently, a part of the IncRNA interactome
has been found to be made out of short peptides, encoded inside IncRNA, and even small molecules
(Figure 1).
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Figure 1. Human long non-coding RNAs (IncRNA) interactome, interaction of human IncRNA with
cellular biomolecules.

IncRNAs have been discovered to be involved in divergent functions in the human organism, inter
alia, during cell development and differentiation [15,22,23]. In addition, it appears that the mutation
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and dysregulation of many IncRNAs may be connected to serious and complex human diseases

(Table 1).
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Table 1. Examples of pathogenesis related to IncRNA dysregulation.

Disease

LncRNA

Impact on Pathogenesis

Mechanism

Colon cancer

Lung cancer

Prostate cancer

Parkinson’s disease

Leukemia

Cardiovascular
diseases

Diabetes

AIDS

DACOR1 [24,25]

HOTAIR [26]

LINCRNA-p21 [27]

H19, LincRNA-p21,
MALATI, and SNHG1 [28]

MALATI [29]

GAS5 [30]

HI-LNC901, PLUTO [31]

LINC00173 [32]

Downregulated in colon tumors

Impacts proliferation, survival,
invasion, metastasis, and drug
resistance in lung cancer cells

Decreases prostate cancer cell
proliferation

H19 is significantly
downregulated in Parkinson’s
disease while LincRNA-p21,
Malatl and SNHGI, are
significantly upregulated.
Inhibiting multiple myeloma
growth
Promotes the development and
progression of myocardial
infarctions
Implicated in pancreatic islet
function

Regulates cytokines in T cells

Interacts with and inhibits DNA
methyltransferase DNMT1
HOTAIR may promote
dedifferentiation of lung
epithelial cells through two
distinct mechanisms, i.e.,
transcriptional repression of
Hox5 and ubiquitin-mediated
proteolysis of Ataxin-
LINCRNA-p21 inhibits many
genes expression in a
p53-dependent transcriptional
response

Associated with synaptogenesis,
proliferation, apoptosis,
precedes Parkinson’s disease

Involved in multiple myeloma
DNA repair and cell death.

Targeting of the
miR-525-5p/CALM2 axis

Regulates the transcription of
PDX1 gene of pancreatic 3 cell
Presumably involved in

transcriptional regulation

Up to 70-80% of the human genome has been transcribed. However, only about 2% of the
genome includes protein-coding genes (mRNA) [1,2]. ncRNAs account for the majority of the genome
transcripts. The term ncRNA is usually used to refer to RNA that does not encode proteins, however this
does not mean that such RNAs do not carry any information or have any functions [16,33,34]. ncRNAs
are divided into housekeeping RNAs and regulatory RNAs, based on their functions. Housekeeping
noncoding RNAs, including transfer RNAs (tRNAs), small nuclear RNAs (snRNAs), small nucleolar
RNAs (snoRNAs) and ribosomal RNAs (rRNAs), are commonly expressed in a constitutive manner.
Regulatory RNAs are ncRNAs with a strong regulatory impact on the expression of protein-coding genes.
Based on their size, regulatory RNAs can be divided into two groups: sncRNAs (<200 nt) and IncRNAs
(>200 nt). Small noncoding RNAs (sncRNAs) are a group which encompasses microRNAs (miRNAs),
small interfering RNAs (siRNAs), Piwi associated RNAs (piRNAs), tRNA-derived fragments (tRFs)
and circular RNAs (circRNAs). The second group, IncRNAs, which are larger than 200 nucleotides, as
has been mentioned previously, do not have the ability to code protein.

Most IncRNAs have been found to be synthesized by RNA polymerase II under the control of
the transcriptional activators of the SWI/SNF complex. However, some IncRNAs are transcribed by
RNA polymerase III [19,35]. As has been already mentioned, the transcripts are capped, spliced and
polyadenylated [36,37].

2. The LncRNA Interactome: The Nucleic Acid Story

2.1. Interactions of LncRNA with miRNAs, the ccRNA Hypothesis

Despite over two decades of research, the role of non-coding RNAs in human development still
remains a mystery. Most of the information available concerns the regulation of the activity of selected
genes. There is a lot of evidence that suggests miRNAs contribute to this process, binding to specific
mRNA 3’ UTR regions and regulating the expression of these genes [7]. In 2011, Salmena et al. proposed
a competitive, endogenous RNA (ceRNA) hypothesis [38], which is supported by a significant amount
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of experimental evidence [39-41]. According to this hypothesis, ncRNAs and miRNAs influence each
other. When it comes to the mRNA pool, transcribed pseudogenes, IncRNA, circRNA and other RNAs,
there is competition for the same pool of miRNA. When miRNA binds to mRNA, a “seed sequence”
containing 2-8 nucleotides, which ensures efficient miRNA interaction, also referred to as the miRNA
responsive element (MRE), is required [7,8,42]. It is already known that each mRINA may contain
multiple MREs, and thus can be regulated by a number of miRNAs, while one miRNA can potentially
regulate dozens of mRNAs. Many experimental findings support the idea that multiple ncRNAs,
including sncRNAs, IncRNAs, and circRNAs, as well as pseudogenes, can act as so-called miRNA
“sponges”. By sharing identical MREs and competing for common miRNAs, they change miRNA’s
activity, which results in modified mRNA translation [41,43].

ceRNAs regulate each other through interactions with shared miRNAs, creating a large-scale
regulatory network across the transcriptome, significantly expanding the functional genetic information
in the genome (Table 2). In addition, the ceRNAs play an essential role in many biological processes,
which is why the destruction of the balance between ceRNAs and miRNAs functions as a regulator.
The lack of this balance plays a significant part in disease development and is found in many types of
cancer [44].

Table 2. Selected IncRNAs interacting with microRNA (miRNA) and their functions.

LncRNA

Interacting miRNA

Function in the Cell

LINC-ROR

LNCRNA-KRTAP5-AS1,
LNCRNA-TUBB2A

miR-138, miR-145,
miR-204 [45,46]

specific miRNA [47]

CASC2 miR-21, miR-18a [48,49] .
CDR1AS/CIRS-7 miR-671, miR-7 [50,51]  competing endogenous
LINC-MD1 miR-133, miR-135 [52] RNAs
MDRL miR-361 [53]
HULC miR-372 [54]
LINC-223 miR-125-5p [55]
LNCARSR mir-34, miR-449 [56]
LNCND miR-143-3p [57]
) UFC1 miR-34a [58] cell cycle
LINC00152 miR-138 [59]
miRNA MALAT1 mlRI-iiOli,lr;;I;-[Z 61(J7—,6r;]1 B9, controlling proliferation
UCA1 miR-1 [63] and senescence
BACE1-AS mir-485-5p [64] modulation of mRNA
stability
H19 miR-106a, miR-17-5p,
miR-20b, let-7 [65,66]
\ IncRNA miR-34a, miRNA-141, transcriptional
HOTAIR miR-130a, miRNA-let7 regulation
[67-69]
MEG3 miRNA-29 [70]
GAS5 miR-21 [71]
HOST2 let-7b [72]
PCAT-1 miR-3667-3p [73] post-transcriptional

regulation

LINCRNA-P21

let-7 [74]

modulation of
translation

One important tool used to confirm miRNA-ceRNA interactions is the in silico analysis of
the MREs shared by mRNA and ceRNA, such as IncRNA or circRNA. Several computer analysis
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approaches, such as MARIO, PARIS, LIGR etc, have already been successfully used in the past for
performing such studies [75-77].

ncRNAs interact with each other during the biological processes that take place in the cell. In
order to determine the interaction framework of different RN A molecules, and to determine which
RNA molecules can anneal or hybridize to each other in the cell, the potential RNA-RNA interactions
must be verified experimentally, in vivo. To achieve this goal, high-throughput sequencing of RNA,
isolated by crosslinking and immunoprecipitation (HITS-CLIP) and the application of photoactivatable
ribonucleoside enhanced crosslinking, as well as immunoprecipitation (PAR-CLIP) methods, were
used [65,78,79]. PAR-CLIP, which is a modification of the HITS-CLIP method, utilizes the UV radiation
of cell cultures, in the presence of psoralen derivatives [53,76,79]. These compounds specifically react
with RNA, but not with proteins, and generate inter-strand cross-links between RNA's uridine bases. It
has been shown that the integration of these crosslinking methods significantly enhances (over 20-fold)
the search efficiency in terms of RNAs interacting with ceRNAs in liver cells, in comparison to in silico
studies alone [80]. A more precise insight into miRNA-IncRNA interactions has recently been gained
through the use of a combination of microarrays and the NGS method [81]. Using microarrays makes
it possible for the expression of many sncRNA and IncRNAs to be analyzed in a single experiment.
However, more information can be obtained through the analysis of NGS data. Although using both
of these methods together is more informative, their high cost can be prohibitive.

The question is whether the ceRNA hypothesis can explain ncRNA's role in the progression of
cancer. It has been calculated that more than 30% of miRNAs are involved in cancer regulation [82-84].
Evidence demonstrates that IncRNAs may acts as miRNAs decoy molecules, and may regulate its activity
influencing cellular processes, including those that are associated with cancer [39,85]. Comprehensive
analyses of ceRNA networks involving IncRNA-associated miRNA have been conducted for many
diseases, such as ovarian and prostate cancer, glioblastoma, thyroid carcinoma, as well as breast, lung,
kidney and gut cancers [39,86,87]. Usually, IncRNAs were aberrantly expressed and significantly
correlated with the cancer prognosis. Recently, it has been shown that the MALAT1 IncRNA can
sponge miR-211 as a ceRNA, and potentially up-regulate the PHF19 protein, a component of the
polycomb complex, thus facilitating the progression of ovarian cancer [88]. Another HOTTIP IncRNA
sponges miR-216a-5p, promoting prostate cancer cell proliferation, migration and invasion [89].

Although there are well-documented examples confirming the ceRNA hypothesis, some scientists
find it controversial due to the fact that the expression of an additional mir122 target did not affect its
abundance in the hepatocytes and liver [90]. In addition, this observation was confirmed for other
ceRNAs; blocking the miRNA binding using antimir oligonucleotides had no physiological influence
on miRNA function [91].

2.2. Pairing LncRNAs with Messenger RNAs

However, there is another mechanism for regulating RNA activity through its direct base pairing
with IncRNA (Table 3). LncRNA and mRNA and the pre-mRNA complementary hybrid may participate
in regulating translation by affecting mRNA splicing and editing as well as its stability [92,93].
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Table 3. Some examples of IncRNA-mRNA pairing.

LncRNA mRNA Impact on
SAF FAS [92]
ZEB NAT ZEB [92,93] alternative splicing
CAMK?2B, CDK7, SAT1,
MALAT HMG2L1, ARHGEF], B-
MYB [94]
PCA3 PRUNE [95] A-I mRNA editing
LAST CCDI [96]
3 BACE1 BACE1 [97] mRNA stability
% LINCRNA p21 JUNB, CTNNBI [98]

Most of the information concerning IncRNA-mRNA interactions come from bioinformatics
analysis software such as: RNAplexn [99] and LncTar [100]. However, IncRNA-mRNA interactions
need experimental verification via RNA probing or the aforementioned RNA-RNA crosslinking.

It has been predicted that IncRNA—pre-mRNA interactions may play an important role in
alternative splicing. Since almost 90% of human genes are spliced alternatively, controlling this
process is important for the development of organisms [92]. IncRNA may effectively regulate splicing;
indeed, computer analyses indicate that out of about 24,500 genes, some 21,000 may be affected by
the formation of IncRNA-mRNA duplexes. LncRNA may affect pre-mRNA splicing in two ways: by
blocking spliceosome assembly involving intron-exon junction or by becoming the target for splicing
factors [92]. For example, it has been suggested that MALAT1 IncRNA regulates the alternative splicing
of pre-mRNA by controlling the functional levels of transcription factors [94].

The IncRNA-mRNA duplex is a good substrate for RNA adenosine deaminase, a double stranded
specific enzyme, which converts adenine to inosine [101]. Inosine differs from adenine in that it
possesses a carbonyl group instead of an amino group at position 6 of the purine ring. Such an
RNA modification influences the base pairing. Adenine forms a base pair with uracil, unlike inosine,
which pairs with cytosine. In the case of IncRNA A to I editing, most of the information comes from
bioinformatics analyses [102]. It has been suggested that almost 200,000 editing sites occur in human
IncRNAs, and the majority of them (65%) are located within the sites, which significantly changes their
secondary structure. Editing may alter the target sites of the IncRNAs and, therefore, the edited and
non-edited transcripts may differ in terms of their functions [95,101].

Additionally, IncRNAs influence mRNA stability. Recently Cao et al. reported that
IncRNA-assisted stabilization of transcripts (LAST) binds to the 5" UTR region of CCNDImRNA
and protects it against possible nuclease targeting in cultured cells [94]. It appears that LAST
interacts with other mRNAs. The overexpression of LAST IncRNA has also been observed in several
cancer tissues.

2.3. LncRNA-DNA Interactions

Several mechanisms of IncRNA recruitment to genomic targets in IncRNA-DNA interactions have
been proposed [103] (Table 4). One of them is the direct binding to DNA and the formation of a triple
helix. The nature of the RNA-DNA-DNA triple helix formation is described in references [104,105].
Triplexes are formed by weaker, non-Watson-Crick base-pairs, Hoogsteen hydrogen bonds or reverse
Hoogsteen hydrogen bonds between the Watson-Crick base-paired dsDNA and the third strand made
up of RNA. Triplexes can be either parallel or antiparallel, based on the orientation of the third strand.
The orientation of the third strand might be important for its functionality [106,107]. A couple of
useful computer tools, which can be used to predict RNA-dsDNA triplex formation and IncRNA-DNA
binding sites, such as GRIDseq [108], Triplexator [109], or LongTarget [110] are available. Several
techniques, which can be used to search for IncRNA - DNA binding sites, such as Chromatin Isolation
by RNA Purification (ChIRP), Chromatin Oligo Affinity Precipitation (ChOP), Capture Hybridisation
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Analysis of RNA Target (CHART) and RNA Antisense Purification (RAP), have been reviewed by Chu
et al. [111] and Vance and Ponting [112].

Table 4. Examples of IncRNA interacting with DNA and their postulated function.

LncRNA Interacting DNA Region Function
AIR Slc22a3 promoter [113]
FENDRR Foxfl, I[’lltlzzlligcimoters Epigenetic control of
Nanog, Sox2 and Fgf4 gene expression
TUNA
promoters [116]
MEG3 TGF- pathway genes [117]
PARTICLE Upstream of MATSA promoter
[118]
Multiple binding sites .
NEAT1 [119,120] Paraspecle formation
Alternative splicing
MALAT1 Multiple binding sites [121] regulation, promotes
IncRNA metastasis
LncRNA DHFR DHER promoter [122,123] Transcription regulation
\ TERRA Telomers [124-126] Telomer replication
DNA control

There are several examples where IncRNA can form a triple helix with dsDNA, such as FENDRR,
DHER, Khps, PARTICLE or NEG3. FENDRR IncRNA forms a triplex structure with gene (FoxfI, Pitx2)
promoters, creating binding sites for the polycomb repressive complex (PRC2) and regulating the
expression of its target genes [114,115]. FENDRR plays an important role in carcinogenesis. The
decrease of this IncRNA is associated with gastric cancer. LncRNA DHEFR has been shown to inhibit
the transcription of Dfir mRNA by creating a triplex structure with the DHFR promoter [122,123].
This interaction results in IncRNA DHEFR binding to the TFIIB transcription factor, preventing the
formation of a transcription initiation complex. The human heart tissue-specific IncRNA, Khpsl,
interacts with a homopurine stretch, upstream of the promoter of sphingosine kinase SPHK1, and
the recruitment of p300/CBP (histone acetyltransferase) [113]. p300/CBP changes chromatin’s state
to active, which allows transcription factor E2F1 to bind and enhance SPHK1 expression. Promoter
of MAT2A-antisense radiation-induced circulating IncRNA (PARTICLE) is expressed in response
to low-dose irradiation [127]. It has been shown to form a triplex upstream of the methionine
adenosyltransferase promoter (MAT2A). PARTICLE leads to the methylation of MAT2A by G9a and
PRC2 complexes, which represses transcription. MEG3 binding sites have been shown to contain
higher levels of GA-rich sequences. These sites help to guide MEGS3 to its targets, by forming
RNA-DNA triplexes [117]. Moreover, MEG3 regulates the activity of the TGF-f3 genes cooperating
with the PRC2 complex. AIR IncRNA, an antisense promoter transcript located in intron 2 of the
insulin-like growth-factor type-2 receptor gene, has been found to occupy gene Slc22a3 promoter
of cation transporter and recruit H3K9 histone methyltransferase G9a to epigenetically repress
transcription [113]. Numerous genomic binding sites, such as NEAT1 and MALAT1, have also been
identified for IncRNAs [119-121]. Most of the sites include active chromatin at highly expressed
genes. Telomeric repeat-containing RNAs (TERRA), also known as TelRNAs, has been associated with
telomeric chromatin, thus its involvement in telomere shortening has also been proposed [124-126].
In vitro experiments revealed that TERRA inhibits telomerase activity and is evolutionary conserved.

3. LncRNA-Protein Interactome

By defining the proteins that interact with IncRNA, it is possible to gain some insight into the
molecular pathways, in which the IncRNA of interest might be involved [128]. Due to their significant
size, reaching up to tens of thousands of nucleotides, IncRNAs have been shown to act as guides, signals,
decoys and scaffolds for many different proteins [129,130]. Thus, it is important to detect which proteins
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form complexes with specific IncRNAs. There are a couple of approaches to try out when looking for
IncRNA-protein interactions. The method to be chosen depends, among other things, on whether we
focus on RNAs (RNA-centric methods) or proteins (protein-centric methods) [131]. Electrophoretic
Mobility Shift Assay [EMSA] was the first method used to analyze RNA-protein interactions [132].
A 32D, fluorescent or chemiluminescent labeled IncRNA probe is incubated with cell lysate proteins
and analyzed using non-denaturing, polyacrylamide gel electrophoresis [132-134]. The so-called pull
down assay works in a similar fashion [131,135]. The biotin-labeled RNA is incubated with a cell
lysis protein mixture to bind the interacting proteins. Subsequently, the complex is immobilized on
streptavidin-agarose, purified, and detected using Western blotting [136]. Currently, there are three
methods allowing for the detection of the IncRNA - protein interactome in use. The first method,
immunoprecipitation, is usually used to prepare the RNA protein complexes. The second method
combines crosslinking and immunoprecipitation (CLIP) [137,138]. This approach makes it possible to
identify the proteins bound to the selected IncRNA, and to determine the protein binding sites in the
IncRNA sequence. The last of the methods, Next Generation Sequencing (NGS), is used to analyze
IncRNA - protein interactions, which significantly speeds up the analysis of RNA-protein complexes.
There are several variants of the CLIP method, like HITS-CLIP, PAR-CLIP, iCLIP, etc. HITS-CLIP
was developed as a genome-wide tool, designed to map protein-RNA binding sites in vivo [139].
The Photoactivatable-Ribonucleoside-Enhanced Crosslinking and Immunoprecipitation (PAR-CLIP)
method uses cells cultured in the presence of nucleotide analogs, such as 4-thiouridine (s*U) or
6-thioguanosine (s°G). Thio-nucleotide analogs are incorporated into the newly synthesized RNAs.
The crosslinking of proteins to modified IncRNAs makes it possible to precisely determine the type of
protein and its binding site in the IncRNA sequence [140].

Because sequencing is an inherent part of all of them, it is crucial to pick the right data analysis
methods in order to obtain the necessary information. In silico analysis makes the prediction of the
structure, function or interaction of IncRNA-protein complex possible through screening the annotated
sequences or structural motifs, like RNA-binding sites. There are also many user-friendly IncRNA
databases, which collect information about sequences, which have already been annotated, such as
IncRNAdb [141], LNCipedia [142], or NONCODE 2018 [143].

Due to the wide range in IncRNA size, which span from several hundred to several thousand
nucleotides, there are many different sites proteins may bind to. Indeed, in the cell IncRNAs exist
mainly in the form of RNA-protein complexes (Table 5). It has been suggested that RNA molecules are
the perfect scaffolds for protein binding [144]. An estimated 5% of IncRNAs may bind to about half of
the interacting proteins. As has been shown in Table 3, there are IncRNAs that specifically bind one
protein, and also IncRNAs which bind multiple proteins. For example, many proteins interact with
HOTAIR IncRNA [34,145-147]. However, IncRNA, Inc-DC interacts only with the STAT 3 protein [148].



Int. ]. Mol. Sci. 2020, 21, 1027 9of 21

Table 5. IncRNA-protein complexes involved in the regulation of cellular functions.

Interacting

LncRNA LncRNA Length Protein(s) Function
PRC1, PRC2, G9a
KCNP1otl 91.7 kb [149.150]
PRC2, hnRNP U,
IncRNA XIST 19kb YY1 [151,152] Epigenetic control
AIR 4.3 kb G9a [153,154] of gene expression
ANRIL 3.8kb PRC1 [155]
HOTTIP 3.8kb WDR5, MLL [156]
) PRC2,
protein HOTAIR 2.4kb LSD1/CoREST/REST
[145-147]
H19 23 kb PRC2 [157]
DEANRI1 49 kb SMAD2/3 [158]
LINCRNA-p21 2.7 kb HnRNP [159,160]
PANDA 1.5kb SAFA [161,162] Transcription
GAS5 1.0kp GR (NR3C1) [163] regulation
LNC-DC 630 bp STAT-3 [148]
7SK 330 bp P-TEFb [164,165]
MIAT (Gomafu) 10 kb SF1 [166]
MALAT (NEAT2) 8.7 kb SR [167] Alternative splicing
PNKY 1.6 kb hnRNP [168-170]
EIF4A/elF4B, PABP Translation
BC1 152bp [171] regulation
THRIL 2.9 kb HnRNP [172] Immune response

The results of the analyses presented in Table 3 clearly show that IncRNA-protein complexes
regulate many cell processes: transcription and splicing, as well as gene expression. It should be
emphasized that many human IncRNAs interact with the polycomb repressive protein complexes
(PRC1 and PRC2) [173,174]. Both protein complexes interact with chromatin and are involved in
chromatin remodeling as well as the epigenetic regulation of gene expression via DNA and histone
modification [175]. A variety of molecular investigations authenticate the association between
IncRNAs—such as HOTAIR, Kenql, Air and chromatin remodeling complexes, such as PRC1 and
PRC2, which mediate ubiquitination and histone methylation, respectively (Table 4). At the Kcngl
locus, the IncRNA Kcnglotl interacts with members of the PRC1 and PRC2 complex proteins [149,150].
At the Igf2r locus, Air IncRNA associates with the histone methyltransferase, G9a [154]. HOTAIR
recruits PRC2 at the HOXD locus, to induce the silencing of the target genes [145,147]. Another example
is the heterogeneous nuclear ribonucleoprotein complexes (hnRNP), which encompass several RNA
binding proteins involved in gene expression, including pre-mRNA processing, mRNA stability, and
translation [129,176]. However, a recent analysis of significant amounts of literature, concerning the
interactions of PKC2 proteins with IncRNAs, showed that these interactions are either promiscuous or
that the methods used to detect them have a lot of noise [177].

The interactions of the hnRNP protein with various IncRNAsplay a significant role in many cell
functions [178]. As mentioned in Table 4, hnRNP interacts with LINC—p21 as well as PNKY IncRNA,
thus regulating transcription and alternative splicing, respectively [159,160]. In addition, the THRIL
IncRNA (TNFx and hnRNPL related immunoregulatory IncRNA) plays a key role in innate immune
responses as well as in inflammatory diseases in humans [172]. To summarize, IncRNAs are targets of
many proteins, whereas IncRNA-protein complexes perform many functions in the cell by participating
in various cellular processes (Table 5).
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4. Peptides—A New Factor in the LncRNA Interactome?

LncRNAs are RNAs defined as having a size exceeding 200 nucleotides and being a non-coding
part of the genome. This means that IncRNAs do not encode proteins, i.e., they do not harbor an
open reading frame. However, recent studies have revealed that a subset of IncRNAs that code small
peptides, usually shorter than 100 amino acids, exists [179-181]. These InRNAs are localized in the
cytosol and contain only a single-exon-sequence coding peptide.

The detection of IncRNA-origin peptides is not easy, because computer analyses predict many
Open Reading Frames (ORF), however, only a few of them are actively translated. It has been calculated
that about 23% of the transcribed IncRNAs have been translated [182]. Moreover, the expression of
many peptides is weak, and they are difficult to detect, especially in the case of peptides that lack
sequence homologies to known proteins. Many methods for detecting peptide expression combine
bioinformatic algorithms and experimental verification. An excellent overview of bioinformatics tools
used to search for potential ORF in IncRNAs was put forth by Choi et al. [183]. The simplest way
of verifying the predicted ORF involves in vitro translation methods. Constructing a template and
performing translation with the use of rabbit reticulocyte, with 3°S methionine and SDS electrophoresis,
makes it possible to determine the size of the predicted peptide [184]. This is important, because due
to its size (>200 nucleotides), IncRNA contains many AUG start codons and the encoded peptides vary
in length.

The identification of peptides in protein samples isolated from tissues or culture cells, is possible
by applying the Western blot method with the appropriate antibodies, following peptide purification.
Moreover, the development of mass spectrometry techniques has made this method perfect for
identifying such peptides [185]. Another approach involves the use of the ribosome profiling, in
connection with NGS methods [186]. In this approach, the RNAs bound to polysomes are purified
using sucrose gradient centrifugation, and then, after nuclease digestion, the RNA fragment protected
by ribosomes is recovered. These RNA fragments are sources for library preparation and sequencing
and the use of bioinformatics tools in genome mapping, which makes the identification of the ORF
region possible.

The fundamental issue associated with these bifunctional RNAs is the determination of the role of
IncRNA and its coding peptide. The initial question is whether they act as a complex or as separate
compounds. The next question is whether the maternal IncRNA, which contains ORF, interacts with
its own peptide.

Analysis of available data indicates that the size of the peptide is not connected with the size
of the maternal IncRNAs. An 8.7 kb long MALAT1 IncRNA codes a peptide containing 213 amino
acids, while the four times shorter XGAT1 IncRNA [2.1 kb] codes a peptide containing 210 amino acids,
which is identical in size. [183,187]. Dissection impact on the cell selected IncRNA and translated from
its ORF peptide is difficult. Recently, the role some peptides play in cell functions has been explained.
The 46 amino acid peptide, myoregulin, which is encoded by a 16.5 kb long skeletal, muscle-specific
IncRNA, LINCO00948, regulates the regeneration of skeletal muscles by interacting with sarcoplasmic
reticulum Ca%*-ATPase (SERCA) [188], lysosomal v-ATPase [189] or removing SERCA inhibitors [190].

Moreover, only the HOXB-AS3 peptide, not IncRNA, is critical for suppressing colon cancer
growth, by blocking pyruvate kinase M [PKM] splicing, miR-18a processing, and the subsequent
glucose metabolism reprogramming [191]. On the other hand, HOXB-AS3 IncRNA could also regulate
the cell cycle progression of OCI-AMLS3 cells in Npm1 mutated acute myeloid leukemia. Observations
suggest that there might be an unknown interaction between the IncRNA and peptides, however, this
hypothesis requires further investigation.

5. Do Small Compounds Influence LncRNA Activity?

Many RNAs form constrained structures containing “pockets” that bind small molecular weight
compounds. This repertoire of RNAs includes long RNAs and small RNAs, such as rRNA and mRNA,
as well as ribozymes, riboswitches, and aptamers, which were discovered during the last twenty
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years [192,193]. The question is whether chemical compounds with a low molecular weight, which
regulate IncRNA activity by structure-specific binding, really exist.

The recently determined 3.1 A resolution MALATT1 crystal structure revealed a constrained
structure, containing a bipartite triple helix at the 3’ end [194]. The disruption of the stability of the
helix by a point mutation resulted in MALAT1 accumulation in the cell [195]. The recognition of
the triple helix by a methyltransferase enzyme strongly supported its functional role [196]. Small
molecules, which destabilize this MALAT1 structural element, make it possible to regulate IncRNA
functions [197]. XIST is one of the best-characterized IncRNAs. It functions as the major effector of
the X chromosome inactivation (XCI) process in mammals. Specific structural domains, namely six
tandem hairpin repeats (A-F), are crucial to its functioning in the XCI process. Structural insight into
the A and F repeat region of the hairpins revealed an intricate architecture within specific functional
modules [198]. In cellulo chemical probing of the entire 18k.b. transcript enabled the discovery of an
additional domain at the 3" end, connected with XIST localization [199]. Decoding the structure should
make it possible to identify small molecules, which have the ability to recognize IncRNA's structural
elements. It will also elucidate the role they play in development and disease.

Research on the IncRNA structure using low molecular weight compounds (DMS, DEPC, Pb2+
ions, etc) has shown it is conserved [200]. This means that structural elements, such as loops, bulges
and base-paired regions, which occur in small RNAs, are also found numerous times in IncRNA and
may be places where various small molecules bind. Information concerning the interactions of small
compounds with IncRNA is still limited. Fatemi et al. identified small molecules, which bind to the
IncRNA-protein complex, using high-throughput compound screening methods, i.e., the Amplified
Luminescent Proximity Homogeneous Assay [201]. They reported on the specific and quantifiable
binding of the brain-derived neurotrophic factor antisense IncRNA to a component of the PCR2
complex, protein EZH2, and also identified a small-molecule inhibitor—ellipticine, that upregulates its
downstream target genes. It was also reported that telRNAs, which form the G-quadruplex, target
alkaloid quindoline derivatives [202]. The binding of this compound inhibits proliferation and causes
G2/M phase arrest in osteosarcoma cancer cells as well as induces DNA damage response and apoptosis.
Recently, it has been shown by Shi et al. [203] that the binding of fluorescent peptide derivative NP-C86
to GAS5 IncRNA stabilizes its structure.

6. Concluding Remarks and Perspectives

Although 70-80% of the genome has been transcribed, it has been discovered that only 2% of
the genome encodes protein sequences. 80% of the remaining ncRNA pool is made up of IncRNA.
As this review shows, IncRNAs are not just cellular junk but are involved in many processes such as
transcription, translational regulation or in cell development in general. Long noncoding RNA has
been shown to interact with a range of cell biomolecules such as other RNAs (miRNAs, mRNAs) and
DNA to form the IncRNA interactome, which is involved in life processes. A significant part of the
IncRNA interactome is associated with the formation of complexes with proteins or even, as has been
recently discovered, peptides. Given the size of the entire IncRNA interactome, the examples that have
been studied to date are just the tip of the iceberg. The fact that interference disorders in the IncRNA
interactome are the cause of various pathogenesis pathways, including cancer, neurodegenerative, and
immunological diseases, is also an impetus for further research.

In the future, one can expect new IncRNA annotation tools will be developed, such as new DNA
and RNA sequencing methods (nanopore sequencing) and new bioinformatics methods [204,205].
The development of new methods of analysis, like mass spectroscopy makes it possible to detect
biomolecules that bind to IncRNA, including proteins, peptides and low-molecular compounds.
It is also important to determine how the IncRNA interactome influences cellular processes, as
well as the impact it has on various stages of the organism’s development. New DNA editing
methods (CRISP/Cas9 and RNA (CRISP/Cas13 [206,207] could be helpful in achieving these goals. The
destruction of genes encoding proteins or IncRNA and miRINA seems to be a powerful method of
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testing the IncRNA interactome. It seems particularly important to determine the role of IncRNA in
the pathogenesis of various diseases and as a biomarker of the disease state, for example, during the
cancerogenesis processes. However, modulating IncRNA activity with low-molecular compounds
(alkaloids, antibiotics, peptides, etc.) may be used for therapeutic purposes in the future.

To summarize, the IncRNA interactome is a large group of biomolecules, related to and interacting
with IncRNA, that play a variety of roles in cell development and the pathogenesis of various diseases.
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Abstract: Long noncoding RNAs exceeding a length of 200 nucleotides play an important role in
ensuring cell functions and proper organism development by interacting with cellular compounds
such as miRNA, mRNA, DNA and proteins. However, there is an additional level of IncRNA
regulation, called IncRNA epigenetics, in gene expression control. In this review, we describe
the most common modified nucleosides found in IncRNA, 6-methyladenosine, 5-methylcytidine,
pseudouridine and inosine. The biosynthetic pathways of these nucleosides modified by the writer,
eraser and reader enzymes are important to understanding these processes. The characteristics of
the individual methylases, pseudouridine synthases and adenine-inosine editing enzymes and the
methods of IncRNA epigenetics for the detection of modified nucleosides, as well as the advantages
and disadvantages of these methods, are discussed in detail. The final sections are devoted to the
role of modifications in the most abundant IncRNAs and their functions in pathogenic processes.

Keywords: IncRNA epigenetics; RNA modyfiing enzymes; detection modified nucleotides

1. General Remarks

Although almost 80% of the human genome has been transcribed, only 2% of it
(mRNA) codes proteins [1,2]. All of the remaining RNAs belong to a vast group of noncod-
ing RNAs (ncRNAs). Based on their functions, ncRNAs can be classified as housekeeping
RNAs or regulatory RNAs [3,4]. Housekeeping ncRNAs, including transfer RNAs (tRNAs),
small nuclear RNAs (snRNAs), small nucleolar RN As (snoRNAs) and ribosomal RNAs
(rRNAs), are commonly expressed constitutively. Regulatory RNAs are a type of ncRNA
with a strong regulatory impact on the expression of protein-coding genes. Based on their
size, regulatory RNAs can be divided into two groups: small noncoding RNAs (sncRNAs),
which are miRNAs and piRNAs, and long noncoding RNAs (IncRNAs). LncRNAs, whose
sizes range from several hundred to several thousand nucleotides, are structurally similar
to mRNAs [5]. Just like mRNAs, IncRNAs are transcribed by RNA polymerase II, and are
likewise capped, often spliced and polyadenylated [6,7]. Despite their large size, IncRNAs
do not code protein. A number of IncRNAs contain short ORFs, with fewer than 100 amino
acids, which code small proteins or micropeptides, [6-10]. Many IncRNAs are implicated in
gene-regulatory roles such as chromosome dosage compensation, imprinting, transcription,
translation, splicing, cell cycle control, epigenetic regulation, nuclear and cytoplasmic
trafficking, and cell differentiation [11-13]. Recent studies have shown that IncRNAs, like
mRNAs, contain modified nucleotides, which regulate cellular activity [14,15].

It has been known for many years that modified deoxynucleotides (m°C, m®A) are
present in DNA [16,17]. DNA modifications, which do not alter the DNA’s sequence,
but have an impact on gene activity, are known as epigenetic modifications [18,19]. Sim-
ilarly, the analysis of RNA post-transcriptional modifications revealed that they occur
in every living organism. Such changes are called RNA epigenetics or epitranscrip-
tomics. Over 170 RNA chemical modifications have been found in different organisms
to date and over 60 RNA modifications have been identified in eukaryotes Modomics
database: http:/ /modomics.genesilico.pl/, accessed on 2 November 2017 [20]. There are
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different RNA molecules containing ribonucleotide modifications, such as tRNA, rRNA,
mRNA and noncoding RNA. Most of the modifications are found in tRNAs, ranging from
adenosine and cytidine methylation to hypermodified nucleosides such as 3-[(2R,3R 4S,5R)-
3,4-dihydroxy-5-(hydroxymethyl)oxolan-2-yl]-4,6-dimethylimidazo[1,2-a]purin-9-one (wyo-
sine) [21,22], 2-thio-5-carboxymethyluracyl (s?>mem?U) [23], Nb-isopentenyl adenine (i°A) [24]
or N6-threonylcarbamoyladenosine (t°A) [25], and are not present in other RNA molecules.
However, the most abundant modified nucleotides involving IncRNA are methyl nu-
cleotide derivatives, including 5-methyl-cytidine (m>C) and 6-methyl-adenosine (m°®A)
(Figure 1) [26,27]. Modified nucleotides, such as pseudouridine and inosine, constitute a
separate group [28,29].
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Figure 1. The structure of modified nucleotides found in eukaryotic IncRNA molecules [26-29].

Abundant noncoding RNAs, such as transfer RNAs, ribosomal RNAs and spliceoso-
mal RNAs are modified and depend on the modifications for their biogenesis and function.
tRNA is one of the most extensively modified RNAs with, on average, 13 modifications
per molecule [30]. It is well documented that most tRNA modifications play one of two
major roles: (a) stabilizing tRNA'’s tertiary structure; and/or (b) aiding in codon-anticodon
recognition [31]. Such remarks mainly concern modifications in the D- and T-arms, which
stabilize the tRNA structure, while modifications in the anticodon arm affect codon recog-
nition, particularly in the highly modified wobble position [32]. tRNA modification are
required for specific aminoacylations by aminoacyl-tRNA synthetases [33]. Yeast tRNAC!Y,
deprived of the hypermodified nucleotide mcms?U34, is a poor substrate for GluRS, ex-
hibiting a 100-fold reduction in its specificity constant (kcat/KM). The presence of the
m®A modification in mRNA regulates several molecular processes, such as transcription,
pre-mRNA splicing, mRNA export and stability, as well as translation [34]. While pseu-
douridine (¥) and m®C modifications affect mRNA stability [35], mRNA containing ¥
synthetized in vitro was more stable than unmodified RNA with the same nucleotide
sequences in mammalian cells. A similar effect was observed when m5C was introduced
into mRNA [36]. The knockout of methyltransferase NSUN2 causes a decrease in the
expression of p16 mRNA. One of the most prevalent forms of post-transcriptional RNA
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modifications is the conversion of adenosine nucleosides to inosine (A-to-I), mediated
by the adenosine deaminase acting on RNA (ADAR) family of enzymes. A-I editing
changes how the codon is read by the ribosome, because I is read as G [37]. Moreover, the
presence of inosine in the double-stranded region decreases mRNA stability and alters
splice sites. In ribosomal RNAs, the most commonly found modified nucleotides are 2'O
methylated nucleotides and ¥ [38]. In H. sapiens, 285 RNAs, 10 methylated nucleosides
and 95 pseudouridines were found. They are distributed over important regions, including
the decoding and tRNA binding sites (the A-, P- and E-sites), the peptidyl-transferase
center and the intersubunit interface, facilitating efficient and accurate protein synthesis.
Disturbances in tRNA and rRNA methylation processes alter cellular functions and the
deregulation of these pathways can lead to complex diseases [39,40].

In this review, we present the characteristics, detection methods and the role of the
modified nucleotides present in long noncoding RNAs. We also discuss the influence of
IncRNA modifications on the development of mammals and neoplastic processes.

2. RNA Modification Mechanisms

There are three groups of protein involved in modifying RNA metabolism [27,28].
The first group (writers, Figure 2) consists of enzymes introducing modified nucleotides
into RNA during posttranscriptional RNA modifications; the second group of proteins
interacts with modified nucleotides (readers); and the third group is involved in removing
modification labels (erasers).

METTL3/14 complex PSU-1 ADAR1

mA, methyltransferase W synthase A —1 editing adenosine deaminase

Figure 2. The crystal structure of “writer” enzymes, forming the following IncRNA modifications: (A)—METTL3/METTL14
mPA methyltransferase [41]; (B)—PSU1 pseudouridine synthase [42]; and (C)—ADARI A-I editing adenosine

deaminase [43].

6-methyl adenosine (mPA) is one the most abundant RNA modifications, occurring
in divergent members of the RNA family such as mRNA, rRNA, tRNA, snRNA and also
IncRNA. It is usually present in several sites per transcript [44]. In humans, the formation
of the m®A modification is connected with the methylase complex (writer). Core MTase
heterodimer complexes comprise of a methyl transferase such as 3 (METTL3) and a methyl-
transferase, such as 14 (METTL14) [41,45-47]. Crystallographic and biochemical studies
have shown that METTL3 is S-adenosylmethionine methyltransferase with catalytic prop-
erties, while METTL14 serves as an RNA binding platform (Figure 2A) [48]. Additionally,
interactions of the METTL3/METTL14 complex with other factors like: the Wilms’ tumor
1-associating protein (WTAP) [49-51], KIAA1429 (VIRMA) [45,52], the zinc finger CCCH
domain containing protein 13 (ZC3H13) [53], the RNA-binding motif protein 15 (RBM15),
and its paralog-RBM15B, have been mentioned (Figure 3) [26,54,55]. The WTAP protein
is necessary for METTL3/METTL14 complex activity, because the deletion of this protein
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decreases the m®A modification levels [27,49,56]. Similarly, KIAA KIAA1429 silencing
also causes a substantial reduction in the amount of m®A in RNA. RBM15/15B interacts
with METTL3 in a WTAP-dependent manner and mediates the binding of the complex to
specific RNA sites [27,57]. Recently, METTL16 was characterized as another “writer” pro-
tein, which interacts with several types of RNAs: mRNA, U6 and IncRNA [58-61]. Unlike
METTL3/METTL14, which modifies A to m°A in coding RNAs, METTL16 can methylate
both coding and noncoding RNAs [62]. While the METTL3/METTL14 complex plays
the role of the writer methyltransferase during RNA modification, METTL16, which is
involved in MALAT1 epigenetics, acts as both the mPA writer, as well as the reader [63,64].
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Figure 3. Schematic of IncRNA modification pathways. Writer, reader and eraser proteins are shown. Nucleotides:
A—adenosine; C—cytidine; U—uridine. Modifications: m6A—6-methyladenosine; m5C—5—methylcytosine; Y—

pseudouridine; I—inosine; hm5C—5—hydroxymethylcytidine. Writer proteins: METTL3, 14, 16 methyltransferase-like;

WTAP—Wilms’ tumor 1 associating protein; KIA A1429—methyltransferase; RBM 15—RNA-binding motif protein 15
and its paralog RBM15B; NSUN—NOL1/NOP2/SUN domain family member; PUS—pseudouridine synthase; ADARI,
ADAR2—adenosine deaminase acting on RNA. Reader proteins: YTHDC, YTHDF—subgroups of YTH domain containing
proteins; ZCCHC4—zinc-finger CCHC domain-containing protein 4; elF3—eukaryotic initiation factor 3; hnRNPA2B1 and
hnRNPC—heterogeneous nuclear ribonucleoproteins; ALYREF—ALY /REF export factor. Eraser proteins: FTO—fat mass
and obesity-associated protein; ALKBH5—alpha-ketoglutarate-dependent dioxygenase AlkB homolog 5; TET—ten—eleven

translocation protein.

Like DNA and histone modifications pathways, the m®A modification has two spe-
cific erasers, FTO and ALKBHS5 [64,65]. FTO (fat mass and obesity-associated protein)
removes the methylation trace by oxidizing m®A to N°-hydroxymethyladosine or N°-
formyladenosine, which are chemically unstable and can hydrolyze to the final adenine
product [66—68]. Another eraser is the homologous protein ALKBHS5, which catalyzes
the direct removal of the methyl group from adenine [69]. Both demethylases—namely
FTO and ALKBH5—belong to the AlkB family, which contains a conserved iron binding
motif and an a-ketoglutarate interaction domain [67,70-72]. FTO is highly expressed in
the brain, neurons and in muscle [73], while ALKBHS5 is prevalently expressed in the testis
and lungs [74]. Whereas the FTO protein has been linked to obesity, the ALKBHS protein is
essential to spermatogenesis.

mP®A modification sites are recognized by “reader” proteins to generate functional
signaling. The YT521-B homology (YTH) domain-containing protein family are the most
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predominant m°A readers and directly bind to the m® A-modified RNA bases. The hu-
man YTH domain containing protein family consists of five proteins, namely, YTHDF1-3
and YTHDC1-2, which are conserved in mammalian genomes [75]. YTHDC1 is a nu-
clear protein involved in gene splicing [76-78]. YTHDF1-3 are putative RNA helicases
which, apart from the YTH domain, contain a helicase domain, ankyrin repeats, and a
DUF1065 domain [79,80]. Moreover, YTHDC2 acts as a scaffold molecule in regulating
the spermatogenesis chromosome silencing effect of IncRNA XIST [53,81]. The eukaryotic
initiation factor 3 (eIF3) binds to the m®A located in the 5'UTR region of mRNA and is
involved in cap-independent translation [82-84]. However, members of the hnRNP family,
including HNRNPA2B1 and HNRNPC, choose their target transcripts by screening the
RNA binding motifs (RBMs), which are more accessible to them as a result of the m°®A
modification [85,86]. This mechanism is known as the “RNA epigenetic m®A switch”,
which means m®A alters the local structure of mRNA or IncRNA, to facilitate the binding
of HNRNPs for biological regulation [87]. Other m®A readers include the insulin-like
growth factor 2 mRNA binding protein (IGF2BP) family, which was reported to regulate
the stability of m®A methylated RNAs [65,88,89].

5-methyl cytidine (m®C) was found in both DNA and RNA. Two writer m>C methyl-
transferases (MTases) have been shown to catalyze the m>C modification of eukaryotic
RNA. However, their substrate specificity and cellular functions are not completely un-
derstood [90,91]. Moreover, there are eight known eukaryotic RNA (C5 cytosine) methyl-
transferases (writers). One of them, RNA DNMT2, resembles DNA methyltransferases
in its structure and characteristics [92,93], whereas the second group comprised of seven
members, the MTPases (NSUN), contains the conserved NOL1/Nop2/Sun motif [94]. The
NSUNs methylate tRNA (NSUN2, NSUN6), rRNA (NSUN1, NSUN5), mRNA (NSUN2),
and ncRNA (NSUN2, Figure 2B), as well as mitochondrial rRNA (NSUN4) and mitochon-
drial tRNA (NSUNB3), respectively. NSUN7’s specificity is currently unknown [94]. In
2017, Yang et al. presented evidence through in vitro and in vivo studies that m>C for-
mation in mRNAs is mainly catalyzed by the NSUN2 type RNA methyltransferase [95].
NSUN2-mediated m®C methylation promotes the export of mRNA from the nucleus to
the cytoplasm in an ALYREF-dependent manner. The RNA binding protein, ALYREF
is an m°C reader and is necessary for the nuclear export of m>C-modified mRNAs. Un-
like m®A demethylases, it lacks an enzyme that specifically converts m>C to C. Recently,
it has been proven that the ten-eleven translocation (TET 1-3) proteins, a family of 5-
methylcytosine dioxygenases, catalyze the successive oxidation of m°C to the final product,
5-hydroxymethylcytosine (hm>C), and can therefore be classified as eraser proteins [96].
The TET protein oxidation mechanism can be divided into two steps. In the first step,
the activation of the dioxide molecule occurs, requiring the presence of Fe (II) ions and
a-ketoglutaric acid («KG), in order to convert the dioxygen molecule into a highly active
Fe (IV)-oxo intermediate. In the second step, the C—H bond is oxidized to form a C-OH
hydroxy product [97]. Moreover, hm5C modifications of RNA are involved in stem cell
pluripotency and impact translation efficiency [97,98]. The TET2 protein binds to the
promoter region of the oncogenic long noncoding RNA (IncRNA-ANRIL) and regulates the
expression of ANRIL and its downstream genes. Additionally, the overexpression of the
TET?2 protein inhibits ANRIL IncRNA abundance, resulting in the decreased risk of gastric
cancer [99]. However, the function of hydroxymethyl cytosine in other RNAs, including
IncRNA, is not fully understood. The oxidation mechanism may provide an additional
layer of epigenetic regulation to the mammalian genome.

Pseudouridine (¥) is a ubiquitous modified nucleotide, mainly found in rRNA, tRNA
and ncRNA [28]. The estimated cell content is high, exceeding 5%. ¥ has an unusual
nucleoside, containing a C-C glycosidic bond, instead of the N-C bond found in the rest
of the nucleosides [100]. As a result of U being replaced by ¥, an additional hydrogen
bond donor is present at the non-Watson—Crick edge. The distinct structure of ¥ increases
both the rigidity of the phosphodiester backbone, as well as the thermodynamic stability
of Y-A, compared with U-A [101,102].
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Pseudouridine writers, called pseudouridine synthases (PUSs), recognize substrates and
catalyze the isomerization of U to ¥, without the need for cofactors (Figure 2B) [42,100,103].
However, PUS enzymes are unable to isomerize free nucleotides. Pseudourydilation is
known to follow two different mechanisms. In the first, the RNA-dependent pathway
involves the formation of an RNP complex containing a H/ ACA RNA box, cofactors, and
four core proteins [104]. Box H/ ACA RNAs are among the most evolutionarily conserved
families of small ncRNAs and are present in all eukaryotes. In rRNA pseudouridylation,
small nucleolar RNAs act as guides that recognize targets with sequence complementarity,
thus directing pseudouridylation in a site-specific manner [104-106]. In humans, the
four core proteins associated with box H/ACA RNAs are CBF5, NHP2, NOP10 and
GARL1 [105,107]. However, only CBF5 catalyzes the U-to-¥ isomerization reaction. In the
solved crystal structure, three of the proteins interact with the H/ACA guide RNA or
substrate RNA, while GAR1 may regulate substrate loading and release [104,108].

Alternatively, the RNA-independent pathway relies upon the direct recognition of
targets by PUS complexes, often at conserved structural or sequence motifs [109,110]. In
contrast to the m® A modification, specific ¥ eraser or reader proteins have not yet been
identified. This is due to the high stability of the C—C bond and the inability of the potential
eraser proteins to cleave it, what is necessary for them to exchange ¥ for U. Furthermore,
the lack of reader proteins that specifically bind to ¥ means it is difficult for proteins to
identify the more subtle modification, which results in the C-N bond being replaced by a
C-C bond, between uracil and ribose [109]. In humans, 10 proteins (PUS1-10) involved
in RNA modification, with an annotated ¥ synthase domain, have been found (writers).
These are classified into five families (TruA, TruB, TruD, RluA, and PUS10), based on their
bacterial counterparts [108-111]. Although the primary sequences have diverged, all PUS
synthases, including CBF5, share a conserved catalytic domain and likely a conserved
catalytic mechanism, based on the solved crystal structure. In the case of méA and m°C,
the reader and the eraser proteins have been identified [26,27]. It is also possible that there
could be readers and erasers for the ¥ modification; however, their existence has not yet
been proven.

Inosine (I) differs from adenine in that it possesses a carbonyl group instead of an
amino group at position 6 of the purine ring. This modification only occurs in the double-
stranded regions of mRNA, tRNA, rRNA, and ncRNAs and is catalyzed by the writer
protein, adenosine deaminase acting on RNA (ADAR). In vertebrates, a family of three
ADAR proteins, ADAR1 (Figure 2C), ADAR2, and ADARS3, has been identified [43,112].
Structural analysis has shown that ADAR enzymes contain a C-terminal conserved catalytic
deaminase domain, with two (ADAR2 and ADARS3) or three (ADAR1) dsRBDs in the N-
terminal portion. The full length ADAR1 protein also contains a N-terminal Zx domain
with a nuclear export signal and a Z3 domain, while ADAR3 has an R-domain. ADAR1
and ADAR?2 catalyze all the currently known A-to-I editing sites. In contrast, ADAR3 has
no documented deaminase activity. It has been postulated that the heterodimerization
of ADARS3 with either ADAR1 or ADAR2 might render ADAR1 and ADAR? inactive.
Inosine essentially mimics the chemical properties of guanosine, therefore ADAR proteins
introduce an A-to-G substitution in transcripts. These changes can lead to specific amino
acid substitutions, altering protein composition. The presence of inosine in RNA influences
mRNA alternative splicing, ncRNA-mediated gene silencing, or changes in the transcript’s
localization and stability [113]. The IncRNA-mRNA duplex is recognized by the ADAR
double stranded specific enzyme, which converts adenine to inosine [114]. In the case of
IncRNA A-to-I editing, most of the information comes from bioinformatics analysis [12].
About 200,000 editing sites exist in human IncRNAs. Most of them (65%) are located within
those sites that influence their secondary structure. Accordingly, both edited and unedited
IncRNAs can have different functions [115].
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3. Detection of Modified Nucleotides

The information presented above suggests that IncRNA epigenetics are important to
cell differentiation and may be involved in controlling organism development. This has
motivated many laboratories to screen ncRNAs for the presence of modified nucleotides,
and to study the changes of the modification pattern during cell development [26,27].

Application NGS methods to epigenetic mapping is so far difficult because they
typically do not detect modified nucleosides [116,117]. Developing single-base resolution
sequencing, which could quantify the relatively low abundance of modified nucleotides
in IncRNA, is a significant challenge. The identification of transcriptome-wide RNA
modifications has been approached using different strategies.

The study of RNA modification started in 1957 when the first modified nucleoside,
pseudouridine, was discovered in bulk yeast RNA, using paper chromatography [118].
The first of these, the direct approach, uses antibody immunoprecipitation. The antibody
specifically recognizes the modified ribonucleotides, making it possible to determine modi-
fications at a global level [119,120]. The second direct technique uses two-dimensional thin
layer chromatography (TLC) to analyze nucleotide composition [120,121]. During the first
step, the isolated RNA molecules are hydrolyzed by nuclease, which leaves 3’ phosphate,
then after 32P labeling at 5 side of the nucleotide, 5’3’ diphosphate nucleotide is formed. In
the last step, 3’ phosphate is removed and 5’ 3?P labeled nucleotides are separated by TLC.
There are several TLC methods used to detect a specific modification. Liu et al. developed
the SCARLET method. The method relies on site-specific cleavage, radiolabeling, followed
by ligation-assisted extraction and thin-layer chromatography [122,123]. Using this tech-
nique, the exact location of the m6A residue was determined, which are key parameters in
studying the cellular dynamics of m6A modification. The SCARLET method starts with
total RNA or with a total polyA* RNA sample. In the second step, a candidate site in a can-
didate RNA of interest has to be chosen. In the third step, RNase H cleavage is guided by a
complimentary 2’-OMe/2’-H chimeric oligonucleotide to achieve site-specific cleavage 5
to the candidate site. The cut site is labeled with 3’P and the 3’P labeled RNA fragment is
splint ligated to 116-nucleotide single stranded DNA oligonucleotide, using DNA ligase.
The sample is then digested with RNase T;/A to completely digest all RNA, whereas the
32Plabelled candidate site remains with the DNA nucleotide as DNA-32P(A / méA)p and
DNA-32P(A/m°A)Cp, which migrate as 117/116 mers on denaturing gel. The labeled
band is excised from the gel, digested with nuclease P; into mononucleotides containing
5" phosphate, and then the m®A modification status is determined by TLC [124]. This
method was successfully used to determine the modified nucleotides like mfA, m°C, ¥,
and possibly other unknown modified nucleotides, in several coding and noncoding RNAs.
The method is laborious and with low throughput and it may be possible to substitute it
with ultra-performance LC-MS methods (UPLC-MS) [124,125].

The high-throughput m®A mapping strategies were based on the immunoprecipita-
tion of modified RNA molecules, using m® A-specific antibodies coupled to the subsequent
NGS sequencing. In the following procedures, m®A Seq and MeRIP-Seq, ncRNA is frag-
mented to a size of about 200 nucleotides and immunoprecipitated by a m®A specific
antibody, attached to the magnetic beads. Then, the RNA separated with a magnet is
subjected to a second round of m®A immunoprecipitation. The resulting RNA pool, which
is highly enriched with m®A-containing RNAs, is used for library construction and NGS
sequencing [117,126]. Both methods provide a rather low resolution. In another direct m®A
detection technique, miCLIP [127-129], an additional step was added to the MeRIP-Seq
method. The specific antibodies are bound to the m®A mark in the RNA chain and cross-
linked using UV light, with a wavelength of 254 nm. miCLIP allows for a high-resolution
detection of m®A in RNAs.

The detection of the m®A nucleotide in RNA, using an indirect approach, is difficult
because few chemical reagents modify the methyl group. However, NOseq, a method for
the detection of m®A in RNA after chemical deamination by nitrous acid, has recently been
introduced [130]. Nitrous acid deaminates adenosines to inosine, while the m6A residue is
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resistant to such modifications. The application of NGS after modification to detect m6A
sites in MALAT1 IncRNA [130].

The indirect approach, in which chemical compounds selectively react with the modi-
fied ribonucleotides, was also used during the detection of m>C or ¥ in RNAs. Reverse
transcription, which is utilized in the next step, enables the detection of the modification
sites [119,120]. The most common indirect method used to determine m°C modifica-
tion sites in RNA, i.e., the bisulfite conversion of cytidine to uridine has been applied
successfully to determine the presence of this modified nucleotide in DNA [131]. The
method is based on the fact that m°C modified cytosine is resistant to bisulfite cytosine
deamination. Thus, simply comparing the NGS sequences of RNA molecules subjected
to bisulfite treatment with those that remain untreated, should pinpoint the modification
sites [132-135]. There are several biochemical kits on the market, making it possible to
prepare m°C libraries, which are ready for sequencing. A disadvantage in the detection
of m°C present in RNA using bisulfite is that a large amount of RNA is initially required
to compensate for the high losses caused by this reagent. Moreover, other modifications
or double-stranded regions may be resistant to bisulfite treatment, especially under the
milder reaction conditions required to maintain RNA integrity. Therefore, this method
often requires additional confirmation with the aforementioned direct methods used for
the detection of m®A modifications—MeRIP and miCLIP. They differ in the application of
m5C—specific antibodies [136].

An alternative approach, which has been termed the “suicide enzyme trap”, has been
employed to characterize the substrates of the following m>C-methyltransferases (m>C-
MTases), NSUN2 and NSUN4 [137,138]. By mutating m°C-MTases to form irreversible
covalent bonds with target residues, the resulting stable enzyme-RNA complexes are
suitable for immunoprecipitation and mapping. This is also the case with the AZA-seq
methodology, in which the “suicide inhibitor” nucleotide analog of 5-azacytidine is incor-
porated into cellular RNA and “traps” m>C-MTases for pulldown and sequencing [139].

Determining the ¥ sites in the RNA chain requires indirectly analyzing this modifica-
tion using carbodiimide chemistry. The chemical typically used for this is 1-cyclohexyl-
(2-morpholinoethyl) carbodiimide metho-p-toluene sulfonate (CMCT), which reacts with
guanosine, uridine and pseudouridine nucleosides. However, in alkaline conditions
(pH 10.4), only Y-CMCT adducts are stable [140,141]. The bulky CMCT group attached to
N3 on Y hinders reverse transcription and results in cDNA being truncated. This facilitates
the detection of ¥ at a single nucleotide resolution level [140]. A new version of this
method, called CeU-seq or Pseudo seq (N3-CMCT-enriched pseudouridine sequencing),
was recently developed [142]. The RNA molecules were incubated with a CMCT deriva-
tive, and subsequently using the click chemistry approach, the N3-CMCT-Y adduct is
labeled with a DBCO-(PEG) 4-biotin complex. The immunoprecipitation of ¥ RNA using
streptavidin beads results in the enrichment of Y-containing RNA. In the next step, the
Y enriched RNA is used for cDNA library preparation. In the final step, the library is
deep-sequenced using the NGS protocol. Sites of pseudouridylation with single nucleotide
resolution can be identified by subjecting the data obtained through NGS sequencing of
Pseudo-seq libraries, to computational analysis.

Recently, Pan et al. developed a method that uses a CMC-¥-induced RT stop with
an additional step of site-specific ligation, followed by PCR, to generate two unique PCR
products, that correspond to the modified and unmodified uridine. The modification is
visualized in the PCR products using gel electrophoresis [143].

The editing events are typically identified using the direct detection method, by
comparing the cDNA sequences with the corresponding genomic DNA sequence [144].
The edited inosine base pairs with cytidine in cDNA, hence editing is visible as an A-to-G
sequence change. Recently, sophisticated bioinformatics tools have been developed to
maximize detection accuracy, while minimizing the detection of false positives [145,146].
Furthermore, considerable effort has been made to comprehensively detect and remove
known SNPs from editing datasets and databases [147,148]. As identifying true editing
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sites from transcriptome sequencing data is difficult, alternative methods aimed at marking
inosine have been developed. Another direct method used to detect editing sites utilizes
the co-immunoprecipitation of ADAR enzymes with the bound substrate RNA and the
subsequent microarray analysis of these associated RNA sequences [149]. The disadvantage
of this method is the fact that the association of ADAR with RNA is not necessarily
indicative of editing. An alternative method, based on the finding that glyoxal reacts with
guanosine to form a stable adduct, whereas inosine glyoxal adducts are unstable, has
been developed. Moreover, guanosine glyoxal/borate adducts are resistant to RNase T;
digestion [150,151]. RNase T; specifically cleaves RNA after guanosine or inosine but is
inhibited by guanosine glyoxal/borate adducts. The cleavage of glyoxal-modified RNA
creates RNA fragments that carry inosine at their termini, as an input for sequencing. A
method similar to the direct approach, used to determine inosine modifications, called
inosine chemical erasing (ICE), was developed. [152,153]. ICE involves the treatment
of RNA with acrylonitrile, which converts the inosine to N1-cyanoethylinosine in the
process of cyanoethylation, and results in the formation of an inosine/acrylonitrile adduct
that inhibits base pairing with cytidine and stalls reverse transcription. The total RNA is
either treated with acrylonitrile or left untreated and then reverse transcribed into cDNA.
In untreated RNA, the A or I at a given position is converted into T or G, respectively.
In the treated sample, A is converted to T, while the presence of inosine/acrylonitrile
adducts blocks reverse transcription, leading to shorter cDNAs. The ICE method was
combined with NGS (ICE-seq), requiring the fragmentation of poly(A)-enriched RNA
before cyanoethylation and reverse transcription. ICE-seq makes it possible to identify the
editing sites throughout the transcriptome. The gel purification of longer cDNA fragments
effectively erases these shorter inosine/acrylonitrile adduct-containing cDNAs from the
library. The subsequent sequencing and comparison of the libraries identifies inosines, by
detecting erased reads upon cyanoethylation [154].

NGS methods based on short-read sequencing have difficulty in determining the
modification patterns of the entire transcript sequence. Recently, a direct modification
detection method, called nanopore sequencing, has been developed [155-157]. The Oxford
Nanopore Technologies (ONT) sequencer can directly sequence individual native RNA
or DNA molecules. The nanopore sequencer can measure disruptions in the current,
compared to the raw current intensity, as the RNA or DNA passes through the nanopore in
the dielectric membrane. This technology is able, in principle, to identify the nucleotide
passing through the nanopore [158]. Most importantly, the method does not require that
the RNA be processed, i.e., converted into cDNA by a reverse transcriptase like other NGS
methods, and RNA modifications are therefore preserved. ONT data analysis requires
that the use of specialized bioinformatic software and several brands of software, such
as Tombo, Epinano or ELIGOS, are available [117,155,159]. Tombo is a software used to
detect modifications in DNA and RNA, such as the m®C modification in DNA and RNA
and the m6A modification in DNA [160]. The EpiNano software is used to detect the m6A
modification in RNA [117,155]. The ELIGOS software compares the error profile between
native RNA sequences obtained with direct RNA-seq and a reference sequence, which can
be in vitro synthesized RNA, cDNA or the RNA background error model [161]. The greatest
limitation of the nanopore sequencer is its comparatively low read accuracy, compared with
short read sequencers. It needs to be highlighted that direct RNA modification analysis
using nanopore sequencing is rapidly developing and becoming more reliable, so its routine
application in the field of RNA epigenetics is expected.

4. The Impact of IncRNA Epigenetics on IncRNA Function

It is estimated that human cells have over 50,000 IncRNA molecules coded in genes.
Some of them contain introns and are spliced by the same machinery as pre-mRNAs [12].
Many mature IncRNAs are modified after transcription (Section 2). The application of NGS
methods in combination with bioinformatic analysis revealed the occurrence of several
modifications in different types of IncRNA molecules. Integrated data analysis of m®A,
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m°C, ¥ and I sequencing studies was performed, highlighted the total amount of modifica-
tions in IncRNA, as well as the number of individual IncRNAs, that contain the respective
modified nucleotide. The results were as follows: m® A—(13357 modifications/12348 IncR-
NAs); m®C—(9965 modifications/1072 IncRNAs); ¥—(162 modifications/150 IncRNAS);
I—(11726 modifications/3374 IncRNAs) [26,144,162]. The role modified nucleosides play
in IncRNA is not yet completely understood. Most of the information available concerns
the most abundant IncRNAs present in the cell [163]. IncRNAs can be classified as be-
ing cis acting or trans acting [164]. The cis acting IncRNAs recruit factors, either to the
site of IncRNA transcription or to adjacent loci and involve IncRNA XIST and IncRNA
H19 [165,166]. Trans acting IncRNAs act independently of their transcription sites, either
by regulating expression from other loci in the nucleus or having transcription-unrelated
functions anywhere in the cell involving MALAT1, HOTAIR, and lincRNA1238 [166].
Antisense noncoding RNA in the INK4 locus ANRIL is included in cis and in trans gene
regulation [167].

XIST is a 17.5 kb capped, spliced and polyadenylated nucleotide transcript, transcribed
from the XIST gene and involved in X chromosome inactivation [168,169]. Due to its size,
XIST has many modifications like 78 sites m6A. 5 sites m5C and single site of ¥ [26].
In humans, multiple m°A sites in XIST repeat regions have been identified. Patil and
colleagues have shown that mPA formation in XIST, as well as in cellular mRNAs, is
mediated by RBM15 and RBM15B, which bind the m® A-methylation complex and recruit
it to specific sites in RNA [83]. Additionally, the knockdown of RBM15 and RBM15B,
or the knockdown of METTL3 methyltransferase, impairs XIST-mediated gene silencing.
The depletion of YTHDC1 was shown to result in defective X-chromosome inactivation,
whereas tethering YTHDC1 to XIST rescues the phenotype in the absence of a functional
mPA methylation complex [83]. These data suggest that the biogenesis of m6A and its
recognition is required for XIST-mediated transcriptional repression.

Many pathways contribute to the control of gene expression during development.
Polycomb repressive complex (PRC2) and XIST are associated with gene repression in vari-
ous developmental processes, such as X chromosome inactivation and genomic imprinting.

PRC2 binds with high affinity to the 5'-end region of XIST called the repeat A-
region [137]. This functionally important domain is composed of 8.5 repeats of a 26-
nucleotide sequence. In human XIST, five m>C marks were also detected. The presence
of m®C methylation in the XIST transcript prevents the binding of the PRC2 in vitro. In
Xist IncRNA, the presence of pseudouridylation and A-I editing sites has been confirmed,
however, their roles are unknown at this stage so far [170,171].

The metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) gene is lo-
cated at chromosome 11q13 and encodes a 7.9 kb transcript. MALAT1 is a highly modified
IncRNA, carrying multiple m®A modification sites. Moreover, a modification of the m®A
site in MALAT1 mediates the m®A switch, which allows for the HNRNPC (reader) protein
to be bound to a U-rich tract in the strand opposite to the m® A modification site [172]. Thus,
the m®A modification regulates the binding of proteins to MALAT1 IncRNA. The recent
analysis of MeRIP seq data revealed thousands of m®A switches, which are involved in
alternative RNA splicing and abundance [173]. The MALAT1 transcript has a triple-helical
RNA stability element at the 3’ end, which can be recognized by METTL16 [61,63]. This sug-
gests the existence of a possible m6 A modification site or a function for guiding METTL16
onto its targets. Recently Wang et al. postulated that m®A modifications in MALAT1 are im-
portant to the metastatic capacity of esophageal cancer cells, both in vitro and in vivo [174].
They also show that the recognition of the m®A mark in MALAT1 by the YTHDC1 reader
protein plays a critical role in maintaining the composition of nuclear speckles and their
genomic binding sites. Interestingly, the phenotypes induced by MALAT1-m®A deficiency
could be largely rescued both in vitro and in vivo, by artificially tethering YTHDC1 onto
MALATL. In addition, MALATI IncRNA is subject to post-transcriptional m5C modifica-
tion; five m>C sites been found to regulate chromatin-related roles in other IncRNAs, such
as HOTAIR and XIST [135]. Although the exact role played by pseudouridine and inosine
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modifications remains to be explained, and the presence of each of the three inosines
increases the stability of MALAT1 by 2-3 kcal/mol [28,170].

HOX transcript antisense RNA (HOTAIR) IncRNA is a transcript of the antisense
strand of the hoxC gene, which is spliced and polyadenylated [175] Within HOTAIR, 14 in-
dividual m®A sites were identified, with a single site (A783) being consistently methylated.
HOTAIR interacts with the nuclear m®A reader YTHDC]1 at the methylated A783 and at
additional sites [176]. Localization in chromatin strongly depends on the m6A modification
at site A783 of HOTAIR, while the modification of other m®A sites mediates high HOTAIR
levels. Additionally, m®A-dependent YTHDC1-HOTAIR interactions are required for gene
repression, independent of the expression level and chromatin recruitment. The previous
results demonstrate that site-specific cytosine methylation occurs in IncRNA HOTAIR [135].
The methylation of C1683 is widespread in different cell types and it is not limited by
the abundance of HOTAIR RNA levels. Furthermore, the degree of methylation of C1683
appears to be remarkably high, suggesting that it might be important to HOTAIR's func-
tioning. In this respect, it is interesting to note that C1683 is located in the vicinity of
the region that has previously been shown to interact with the LSD1 complex [13]. It is
therefore tempting to speculate that the methylation of this cytosine may affect the ability
of HOTAIR to interact with LSD1.

Yang et al. identified the cytoplasmic long intergenic noncoding RNA 1281 (lincRNA
1281), whose function is regulated by m®A modifications [177]. This lincRNA is necessary
for the differentiation of mouse embryonic stem cells (mESCs) and acts as a ceRNA by
sequestering let-7 miRNAs [177]. Notably, lincRNA 1281 contains m®A marks in its 3’-end
region, which are required for the binding of let-7 miRNA. It has been proposed that
the presence of m®A in lincRNA1281 can act as a m® A-switch for specific RNA binding
proteins, which will eventually regulate their interaction with let-7 miRNA. However, the
identity of such proteins has not yet been discovered. A similar mechanism has already
been proposed for the binding of the HuR (ELAVL1) protein and miRNAs, to the mRNAs
encoding developmental regulators in mESCs.

H19, an imprinted IncRNA with a size of 2.3 kb, plays an important role in embryonic
development [178]. The knockdown of METTL3 or METTL14 notably reversed the hypoxic
preconditioning-induced (HPC-induced) enhancement of cell viability, anti-apoptosis
ability, and IncRN AH19 expression [179]. Methylated RNA immunoprecipitation (IP)
indicated that the knockdown of METTL3 or METTL14 decreased the m°A levels in IncRNA
H19. The RNA binding protein immunoprecipitation (RIP) assay showed that METTL3
and METTL14 can directly bind with IncRNA H19. The m°C modification in IncRNAH19
can increase its stability [180]. Furthermore, m>C-modified IncRNA H19 can be specifically
bound by G3BP1, a well-known oncoprotein, which results in MYC accumulation. NSUN2
was shown to methylate IncRNA H19 and affect its stability. The Ras-GTPase-activating
protein-binding protein 1 (G3BP1) was confirmed to bind methylated IncRNAH19, based
on the presence of NSUN2. IncRNA H19 has two editing sites, and their presence increases
the IncRNA stabilization energy by 3 kcal/mol [171].

The human steroid receptor RNA activator (SRA) is a transcript of the sral gene,
whose size ranges from 0.7 to 0.9 kb. It is a dual-function RNA, which acts as both an
IncRNA and an mRNA [181]. IncRNA SRA regulates several processes, such as cell cycle
proliferation, as well as insulin, Notch, and TNFa signaling [182]. Currently, depending on
the technique used, the data show the presence of 1-4 m®A modifications in IncRNA SRA,
of an unknown function [26]. In a subsequent study, the same authors identified a specific
uridine residue in SRA1 (U206), whose modification by PUS1 (or PUS3) might induce a
functional switch, which regulates nuclear receptor signaling [26,181]. As of now, inosine
has not been detected in this IncRNA.

The human plasmacytoma variant translocation 1 (PVT1 IncRNA) is a large locus,
which is longer than 30 kb and is located at 8q24.21. It serves an oncogenic role in a variety
of malignant tumors, such as colorectal cancer [183]. PVT1 IncRNA is highly modified
and contains m®A, m>C and ¥ nucleosides [36]. Recently, it has been proven that the m®A
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PVT1 IncRNA modification regulates epidermal stemness via its interaction with the MYC
protein [184]. The suggested mechanism involves the association of Pvtl with the MYC
protein and prevents MYC degradation. m®A methylation is an important regulator of
this process. Moreover, the RNA m®A modification mediated by the METTL3/METTL14
complex (Figure 2A) regulates epidermal stemness by controlling Pvtl and MYC inter-
actions through Pvtl methylation, uncovering a key and novel molecular mechanism
underlying skin tissue homeostasis, regeneration and wound repair. Additionally, PVT1
IncRNA has been identified as a pseudourydilation target [26,27]. Some of the ¥ sites were
located within functional IncRNA motifs, indicating the potential regulatory impact of ¥
on IncRNAs.

5. Conclusions and Future Directions

Information available in the literature suggests that IncRNA epigenetics play a role
in gene regulation through various mechanisms. First, the modification of IncRNAs
may change their structure and affect their interactions with proteins, like in the case of
IncRNA. Second, the modification of IncRNAs could mediate transcription repression [54].
Third, IncRNA modifications might alter its subcellular distribution [185,186]. Finally,
IncRNA modifications regulate the stability of IncRNAs like H19, MALAT1, XIST, etc.
However, overall, there are still relatively few studies concerning IncRNA epigenetics.
Due to the fact that IncRNA has many distinct functions in the cell, there is a need to
further elucidate the components required for IncRNAs modification and recognition. It is
likely that the development of new sequencing techniques, such as nanopore sequencing,
will facilitate the search for new modified IncRNAs. Modified IncRNAs are involved
in oncogenesis [176,187] and they can therefore be excellent biomarkers of neoplastic
processes [188]. The underlying mechanisms by which IncRNA modifications contribute to
gene regulation and whether and how the RNA epigenetics of mRNAs differs from that of
IncRNAs, as well as which proteins are involved in both RNAs remain to be elucidated.
Understanding these mechanisms makes it possible to develop IncRNA-targeted therapies.
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61-704 Poznan
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Oswiadczenie doktoranta dotyczace jego udziatu w powstawaniu

pracy naukowej wchodzacej w sktad rozprawy doktorskie;.

1. Kazimierczyk, M., Jedroszkowiak, A., Kowalczykiewicz, D., Szymanski, M., Imiolczyk, B.,
Ciesiotka, J., Wrzesinski J (2019) tRNA-derived fragments from the Sus scrofa tissues provide

evidence of their conserved role in mammalian development. Biochem. Biophys. Res. Commun.
520, 514-519. DOI: 10.1016/j.bbrc.2019.10.062.

IF =2.985, MNiSW =100
Oswiadczam, ze méj udzial w tworzeniu niniejszej pracy polegal na:

a) Koncowej analizie downstream wynikdéw sekwencjonowania

b) Przygotowaniu opisu oraz analizie ilosciowej oddzialywania biatka Piwil4 z wybranymi
sncRNA

¢) Finalyme opracowaniu danych ilosciowych z wykonanych eksperymentéw

d) Techniczna oraz merytoryczna praca nad manuskryptem publikacji
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2. Kazimierczyk, M., Kasprowicz, M.K., Kasprzyk, K.E., Wrzesinski, J. (2020) Human Long
Noncoding RNA Interactome: Detection, Characterization and Function. Int. J Mol. Sci. 21, 1027;
DOI:10.3390/ijms21031027.

IF =5.924, MNiSW = 140

Oswiadczam, ze moj udziat w tworzeniu niniejszej pracy polegal na:

a) Przygotowaniu merytorycznym oraz technicznym wszystkich figur w publikacji
b) Propozycji i realizacji merytorycznej tresci rozdziatu ,, The LncRNA Interactome: The Nucleic
Acid Story”

c) Technicznej oraz merytorycznej pracy nad manuskryptem publikacji

3. Kazimierczyk, M., Wrzesinski, J. (2021) Long Non-Coding RNA Epigenetics. Int. J. Mol. Sci.
22(11), 6166; DOI: 10.3390/ijms22116166
IF = 6.208, MNiSW = 140

Oswiadczam, ze moj udziat w tworzeniu niniejszej pracy polegal na:

a) Przygotowaniu merytorycznym oraz technicznym wszystkich figur w publikacji
b) Przygotowaniu pierwotnej wersji manuskryptu oraz po szerokiej konsultacji finalnej wersji

manuskryptu
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4. Kazimierczyk, M., Wojnicka, M., Biata, E., Zydowicz-Machtel, P., Imiolczyk, B., Ostrowski, T.,
Kurzynska-Kokorniak, A., Wrzesinski, J. (2022) Characteristics of Transfer RNA-Derived
Fragments Expressed during Human Renal Cell Development: The Role of Dicer in tRF Biogenesis.

Int. J. Mol. Sci. 23(7), 3644; DOI:10.3390/ijms23073644.
IF = 5.6, MNiSW = 140
Oswiadczam, ze moj udzial w tworzeniu niniejszej pracy polegal na:

a) Opracowaniu globalnych wynikow sekwencjonowania RNA

b) Wstepnej analizie downstream wynikow sekwencjonowania RNA, wybraniu czasteczek do dalszej
analizy eksperymentalnej

¢) Prowadzeniu hodowli komorkowych hESC, HEK293, HK-2, A498 oraz izolacji materiatu do analiz

d) Nadzorze nad prowadzonymi eksperymentami Northern blot oraz analizie wynikéw

e) Analizie baz danych w celu odnalezienia potencjalnych biatek regulowanych przez tRFy.

f) Opracowaniu wszystkich grafik w publikacji

g) Udziale merytorycznym oraz technicznym w tworzeniu manuskryptu
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Jan Wrzesinski

Zaklad Biochemii RNA
Instytut Chemii Bioorganicznej
Polskiej Akademii Nauk
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Oswiadczenie autora do korespondencji dotyczace udziatu doktoranta w powstawaniu

pracy naukowej wchodzacej w sktad rozprawy doktorskie;.

Udzial mgr inz. Marka Kazimierczyka w publikacja bedacych jego praca doktorska oceniam bardzo

wysoko. Swiadczy o tym bycie pierwszym autorem we wszystkich publikacjach.

1. Kazimierczyk, M., Jedroszkowiak, A., Kowalczykiewicz, D., Szymanski, M., Imiofczyk, B.,
Ciesiotka, J., Wrzesinski J (2019) tRNA-derived fragments from the Sus scrofa tissues provide
evidence of their conserved role in mammalian development. Biochem. Biophys. Res. Commun.

520, 514-519. DOI: 10.1016/5.bbrc.2019.10.062.
IF =2.985, MNiSW =100
Doktorant miat udzial w nastgpujacych zadaniach

a) Analizie danych bioinformatycznych sekwencjonowania
b) Przygotowaniu danych ilosciowych wykonanych eksperymentow
c) Opisiocena ilosciowa oddziatywan biatka Piwil4 z matymi RNA

d) Udzial w przygotowaniu manuskryptu publikacji
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2. Kazimierczyk, M., Kasprowicz, M.K., Kasprzyk, K.E., Wrzesinski, J. (2020) Human Long
Noncoding RNA Interactome: Detection, Characterization and Function. Int. J. Mol. Sci. 21, 1027,
DOI:10.3390/ijms21031027.

IF = 5.924, MNiSW = 140

W tej publikacji przegladowej doktorant

a) Przygotowal pierwotna wersja rozdziatu ,,The LncRNA Interactome: The Nucleic Acid Story™
b) Zaproponowat i opracowat szate graficzng publikacji

¢) Bral udziat w przygotowaniu ostatecznej wersji manuskryptu

L

Kazimierczyk, M., Wrzesinski, J. (2021) Long Non-Coding RNA Epigenetics. Int. J. Mol. Sci.
22(11), 6166; DOI: 10.3390/ijms22116166
IF = 6.208, MNiSW = 140

W tej pracy przegladowej udziat mgr Marka Kazimierczyka byl podobny jak w poprzedniej.

a) Doktorant przygotowal pierwotna wersje manuskryptu a po dyskusji z autorem
korespondencyjnym wersj¢ ostateczna

b) Zaproponowat i opracowal szat¢ graficzng publikacji
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4. Kazimierczyk, M., Wojnicka, M., Biata, E., Zydowicz-Machtel, P., Imiotczyk, B., Ostrowski, T.,
Kurzynska-Kokorniak, A., Wrzesinski, J. (2022) Characteristics of Transfer RNA-Derived
Fragments Expressed during Human Renal Cell Development: The Role of Dicer in tRF Biogenesis.

Int. J. Mol. Sci. 23(7), 3644; DOI:10.3390/ijms23073644.
IF = 5.6, MNiSW = 140
Udzial doktoranta w tej publikacji eksperymentalnej byt wieloraki.

a) Analiza bioinformatyczna wynikéw gtebokiego sekwencjonowania oraz wyszukanie fragmentow
tRNA o najwyzszej ekspresji do potwierdzenia eksperymentalnego.

b) Opracowanie protokol hodowli komérkowych (komoérki hESC, HEK 293T, HK2, A498)

c) Nadzor na przebiegiem hodowli

d) Izolacja matych RNA do dalszych analiz

e) Wykonanie cz¢sci eksperymentow Northern blot oraz ich analiza ilosciowa.

f) Analiza komputerowa oddziatywan tRF z biatkami wystgpujacymi w nerkach

g) Udzial w przygotowaniu manuskryptu oraz po dyskusji jego wersji finalnej.
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