Wydzial Lekarski z Oddzialem Stomatologii i
Oddzialem Nauczania w Jezyku Angielskim
Uniwersytet Medyczny w Biatymstoku

Mariusz Rogucki

ROZPRAWA DOKTORSKA

Poszukiwanie molekularnych sygnatur wczesnej
diagnostyki raka brodawkowatego tarczycy

Promotor

dr hab. med. Anna Poptawska-Kita
Klinika Endokrynologii, Diabetologii
i Chorob Wewnetrznych

Uniwersytet Medyczny w Bialtymstoku

Biatystok 2022



Chciatlbym ztozy¢ serdeczne podziekowanie Promotor
mojej pracy doktorskiej

Pani dr hab. n. med. Annie Poplawskiej-Kita

za okazang pomoc, wyrozumiatos¢, cierpliwos¢
oraz zyczliwos¢



SPIS TRESCI

1. WYKAZ PUBLIKACJI STANOWIACYCH ROZPRAWE DOKTORSKA.................. 4
2.ZESTAWIENIE PUBLIKACJI WCHODZACYCH W SKLAD ROZPRAWY
DOKTORSKIED. ...ttt e e e e e e 5
3. WYKAZ SKROTOW ...ttt 6
4. WSTEP DOTYCZACY TEMATYKI ROZPRAWY DOKTORSKIEJ.............cc.cevvnnnn. 7
5. OMOWIENIE PRAC SKELADAJACYCH SIE NA ROZPRAWE DOKTROSKA............. 9
S L CRLE PLACY ..ttt 9
5.2. Praca przegladowa podsumowujaca tematyke rozprawy doktorskiej.................. 9
5.2.1. Material 1 MEtOAY.......ovieiiii i 9
5.2.2 WIIOSKI. e 9
5.3. Publikacje oryginalne...............coooiiiiiiiiii 10
5.3.1. Zgoda Komisji BI0€tYCZNE]. . ....oouiviiiiiiiiiiiie e 10
5.3.2.1. Material badany...........c..ooiiiiiiiii 10
5.3.2.2. Oznaczenia 1[aboratoryjne. ...........ooviiuiiiiiiiiie e 10
5.3.2.3. Analiza StatyStYCZNA. .. .. .uovnieiiiiei e, 11
5.3.3  WYIIKIL .ot 12
5.3.4. OMOWIENIC WYNIKOW. . ..o\ttt 17
5.3.5  WIHOSEK . ..t 19
6. KOPIE PUBLIKACJI WCHODZACYCH W SKELAD ROZPRAWY DOKTROSKIE]J...19
7. STRESZCZENIE W JEZYKU POLSKIM. .. ..ottt 48
8. STRESZCZENIE W JEZYKU ANGIELSKIM. ..ottt 49
9. PISMIENNICTWO. ...ttt 50
10. SUPLEMENT .. ..ot 52

10.1. Informacje o charakterze udziatu wspotautorow w publikacjach wraz z

szacunkowym okresleniem procentowego wktadu kazdego z nich oraz o§wiadczenia o

zgodzie na wykorzystanie publikacji w rozprawie doktorskiej................c.ocoeintn. 52
11. ZGODA KOMISJI BIOETYCZNEJ. ... 72



1. WYKAZ PUBLIKACJI STANOWIACYCH ROZPRAWE
DOKTORSKA

Praca przegladowa:

1.

Mariusz Rogucki, Angelika Buczynska, Adam Jacek Kretowski,
Anna Poptawska-Kita
The Importance of miRNA in the Diagnosis and Prognosi
f Papillary Thyroid Cancer
Journal of Clinical Medicine, 2021,
10(20), 4738.Doi:
10.3390/jcm10204738
IF=4.242: MNiSW =14

Prace oryginalne:

1.

Mariusz Rogucki, Iwona Sidorkiewicz, Magdalena Niemira, Janusz
Bogdan Dzigciot, Angelika Buczynska, Agnieszka Adamska,
Katarzyna Siewko, Maria Kosciuszko, Katarzyna Maliszewska,
Anna Wojcicka, Jakub Supronik, Matgorzata Szelachowska, Joanna
Resze¢, Adam Jacek Kretowski, Anna Poptawska-Kita
Expression Profile and Diagnostic Significance of MicroRNA
in Papillary Thyroeid Cancer

Cancers, 2022, 14(11), 2679.Doi:

10.3390/cancers14112679

IF =  MNiSW =14



2. ZESTAWIENIE PUBLIKACJI WCHODZACYCH W SKLAD

ROZPRAWY DOKTORSKIEJ
Rodzaj publikacji Liczba Impact Punktacja
Factor MNiSW

Prace wlaczone do

10,88 280
rozprawy 2
doktorskiej
Streszczenia
3 0 0
zjazdowe

Razem 5 10,88 280




3. WYKAZ SKROTOW

RBT - rak brodawkowaty tarczycy

RT - rak tarczycy

miRNA - microRNA

AUC —ang. Area Under Curve — pole pod krzywa charakterystyki

ROC - ang. Receiver Operating Characteristic

PCR - ang. Polymerase Chain Reaction — reakcja tahcuchowa polimerazy
TNM - ang. Tumor-Nodus-Metastases — klasyfikacja stopnia zaawansowania nowotworu
FC —ang. Fold Change — stopien wielko$ci zmiany mi¢dzy pomiarami
BACC — biopsja aspiracyjna cienkoinglowa celowana

PPI — ang. Protein-Protein Interaction — sie¢ oddziatywan miedzy biatkami
FDR - ang. False Discovery Rate — wskaznik falszywych odkry¢



4. WSTEP DOTYCZACY TEMATYKI ROZPRAWY DOKTORSKIEJ

W ostatnich latach obserwuje si¢ wzrost zachorowalno$ci na raka tarczycy (RT) [1],
ktory jest najczestszym nowotworem zto§liwym wsrdd guzéw endokrynnych [2]. Szacowana
zdiagnozowana ilo$¢ przypadkow raka tarczycy w 2020 na calym wynoiosta 586 000 [3].
Zgodnie z danymi Krajowego Rejestru Nowotwordw, w Polsce w 2019 roku odnotowano
ogblnie 4248 przypadkéw nowotworéw zlosliwych tarczycy. Na podstawie zmian
demograficznych w zakresie zachorowalnos$ci 1 umieralnosci oczekuje sie¢, ze RT zastapi raka
jelita grubego jako czwarty najczgstszy nowotwor rozpoznawany w USA w 2030 roku [4]. Rak
brodawkowaty tarczycy (RBT) stanowi 80-85% wszystkich nowotworéw zlosliwych tego
narzadu [5]. Wzrost wykrywalnosci RBT w ostatnich latach powigzany jest w szczegdlnosci z
poprawa diagnostyki malych zmian ogniskowych uwidocznionych w badaniach obrazowych
[6]. RBT jest nowotworem o dobrym rokowaniu [7], jednak nawet w okoto 30-80% przebiega z
przerzutami do lokalnych weztéw chtonnych szyjnych [8], a okoto 10% pacjentow moze mieé¢
stwierdzone przerzuty do narzadow odlegltych [9]. Jednoczes$nie nalezy podkresli¢, ze koto 30%
pacjentéw doswiadcza nawrotu RBT po przebytym leczeniu radykalnym [10].

Jedna z podstawowych, powszechnie stosowanych procedur w screeningu RBT jest
badanie ultrasonograficzne. Zmiany ogniskowe uwidacznia si¢ u okolo 68% pacjentow, u
ktérych wykonano USG tarczycy [11]. Ztotym standardem w wykrywaniu RBT pozostaje
jednak biopsja aspiracyjna cienkoigtowa celowana (BACC) pod kontrolag USG [12]. BACC
charakteryzuje si¢ niskim ryzykiem powiklan, wysoka czulo$cig i swoistoscia, jest procedura
stosunkowo niedroga oraz matoinwazyjng [13]. Jednak, w zaleznosci od do$wiadczenia
osrodka, nawet 10% przeprowadzonych BACC jest niediagnostycznych [14]. Ponadto BACC
nie dostarcza pelnych informacji o klinicznym charakterze guza, takich jak np. obecno$¢
angioinwazji czy naciekania torebki, ktére moga mie¢ wplyw na prognoz¢ i dalsze
postepowanie z chorym [15]. Z tego powodu postuluje si¢ poszukiwanie nowych molekularnych
biomarkerow RBT, ktorych wczesna identyfikacja bedzie miata wpltyw na podejmowanie
adekwatnych spersonalizowanych decyzji terapeutycznych [16,17,18].

miRNA sa matymi, niekodujacymi czasteczkami RNA, ktore sktadajg si¢ z okolo 21-
23 nukleotydow [19]. Czasteczki MiRNA wystepuja powszechnie w $wiecie roslin oraz
zwierzat [20] 1 sg zaangazowane w regulacje transkrypcyjnej ekspresji genow [21]. Dojrzate
miRNA odgrywaja wazng role w procesie powstawania nowotwordw i rozwijaja si¢ jako
onkogeny lub supresory nowotworéw [22]. Ekspresja miRNA jest skorelowana z proliferacja

komorek, ich réznicowaniem, inwazyjnoscia oraz ma wplyw na proces apoptozy oraz



przerzutowanie do weztéw chlonnych i narzadoéw odlegtych [23]. Wazng cechg miRNA jest
jego trwato$¢ w materiale biologicznym. Moze by¢ z powodzeniem izolowane z
archiwizowanych parafinowych bloczkow [24], jak rowniez z osocza [25] oraz surowicy [26].
miRNA moze by¢ oznaczane przy uzyciu techniki Sekwencjonowania Nowej Generacji, przy
pomocy mikromacierzy miRNA, metody Northern Blot oraz RT-PCR [27]. Oznaczenie
dysregulowanych miRNA moze stuzy¢ jako nowe klinicznie znaczacy biomarker
diagnostyczny i prognostyczny dla réznych typoéw nowotworow [18].

Dotychczas opisano wiele miRNA, ktorych ekspresja jest zaburzona w RBT. Jednymi
z najlepiej poznanymi miRNA s3: miR-221, miR-222, miR-146b, miR-21, miR-181b [28].
Dostepne dane literaturowe wskazuja na istnienie zwigzku migdzy ekspresja r6znych miRNA,
a ostateczng klasyfikacja TNM [29]. miR-146a oraz miR-146b maja modulujacy wptyw na
uktad immunologiczny oraz zmniejszaja posttranskrypcyjna ekspresje gendéw [30]. W RBT
ekspresja miR-146b moze by¢ prawie 30 razy wigksza w poroéwnaniu do tkanek nieobjetych
procesem nowotworowym [31]. miR-221 i miR-222 s3 w wysokim stopniu homologiczne, ich
nadekspresja zostata wykazana rowniez w wielu innych nowotworach [32]. Nasilona ekspresja
miR-221 1 miR-222 wiaze si¢ ze zwigkszonymi rozmiarami guza nowotworowego, wi¢ksza
sktonno$cig do naciekania naczyn krwiono$nych, tkanek otaczajacych oraz przerzutowania do
weztow chlonnych i narzadoéw odleglych [33]. Z kolei zmniejszenie ekspresji miR-181b hamuje
podzial komorek, a jego nadekspresja znaczaco zwigksza ryzyko nawrotu choroby
nowotworowej oraz przerzutdéw do weztow chionnych [34]. W jednym z badan wykazano, ze
nadekspresja miR-21 i wspomnianego wcze$niej miR-141b jest spowodowana brakiem
metylacji DNA, co przektada si¢ na zaburzenie proceséw transkrypcji i w efekcie promowanie
proliferacji komoérek nowotworowych [35]. Przeprowadzono wiele badan majacych na celu
znalezienie miRNA, ktére mogltyby zwigkszy¢ czulo$¢ 1 swoisto§¢ BACC. W jednym z badan
wykazano uzyteczno$¢ panelu miRNA sktadajacego si¢ tacznie z miR-146b, miR-221, miR-
222 w diagnozowaniu PTC przy pomocy aspiracyjnej BACC [36]. Z kolei Mahmoudian-Sani
1 wsp. wykazali, ze miR-181b w potaczeniu z miR-146b mogg by¢ uzytecznie w réznicowaniu
zmian tagodnych oraz ztosliwych [37].

Dotychczas przeprowadzone badania proponuja okreslone zestawy miRNA, ktore
moglyby by¢ uzyteczne w procesie diagnostycznym RBT. Jednak istnieja niespdjnosci, ktdre
wynikaja z matej ilosci tkanek wiaczonych do badania, niejednorodnych cech choroby oraz
r6znych metod przetwarzania danych. Wiaczenie panelu miRNA w proces diagnostyczny RBT

wpisuje si¢ w trend medycyny spersonalizowanej. Moze rdwniez pozwoli¢ na podejmowanie



bardziej adekwatnych decyzji diagnostycznych oraz terapeutycznych w watpliwych

przypadkach.

5. OMOWIENIE PRAC SKEADAJACYCH SIE NA ROZPRAWE DOKTROSKA
5.1. Cele pracy
Celem mojej pracy jest identyfikacja molekularnego panelu diagnostycznego opartego
o badanie genetyczne, ktéry moze by¢ uzyteczny w procesie diagnostycznym raka

brodawkowatego tarczycy.

1. Przeprowadzenie analizy bioinformatycznej w celu identyfikacji genow
zaangazowanych w patogenez¢ raka brodawkowatego tarczycy.

2. Ocena przydatno$ci poszczeg6lnych miRNA w diagnostyce RBT.

5.2 Praca przegladowa podsumowujgca tematyke rozprawy doktorskiej
e ,The Importance of miRNA in the Diagnosis and Prognosis of Papillary Thyroid
Cancer”
5.2.1 Material i metody
Pracg przegladowa napisano w oparciu o 79 pozycji literaturowych, opublikowanych
w latach 2007-2021. Do wyszukiwania artykuléw uzyto bazy PubMed oraz Scopus. W
szczeg6lnosci uwzgledniono publikacje, ktére poruszaty tematyke znaczenia miRNA w
diagnostyce RBT. W tym celu, aby oceni¢ przydatno$¢ diagnostyczng potencjalnych
biomarkerow RBT, wzi¢to pod uwage wartosci pola pod krzywa (AUC) na podstawie krzywych
charakterystyki (ROC).
5.2.2. Wnioski
miRNA ma szans¢ sta¢ si¢ nowym biomarkerem zar6wno diagnostycznym, jak
1 prognozujacym przebieg RBT. W ostatnich latach obserwuje si¢ wzrost ilo$ci badan nad
znaczeniem poszczegolnych miRNA w rozwoju nowotwordw ztosliwych tarczycy, ale tez
innych narzadéow. Wystgpowanie miRNA w tkankach, osoczu i surowicy daje szans¢ na
powszechniejsze stosowanie badan molekularnych w chorobach rozrostowych. Dokladniejsze
poznanie patomechanizmoéw dziatania miRNA w RBT moze pozwoli¢ na opracowanie nowych
skuteczniejszych metod diagnostyki i leczenia, szczeg6lnie nowotworow o agresywnym
przebiegu. Dostepne dane literaturowe wskazuja, ze ocena ekspresji miRNA na duzy potencjal
w diagnostyce RBT. Jednak male grupy chorych bioracych udziat w przeprowadzanych

badaniach, czesto niejednorodne cechy choroby powoduja, ze jest potrzeba wykonania



dalszych badan majacych na celu zidentyfikowanie potencjalnego panelu diagnostycznego
miRNA w RBT. W przyszto§ci wprowadzenie oznaczenia ekspresji miRNA do procedur
diagnostycznych RBT poprawi roznicowanie mi¢dzy zmianami tagodnymi, potencjalnie
zto$liwymi 1 ztosliwymi. Jednym z ograniczen zastosowania pomiaroOw miRNA w rutynowym
1 codziennym postgpowaniu klinicznym jest ich kosztochtonno$¢; jednoczesnie jednak ceny
tych oznaczen stale spadaja wraz z rozwojem medycyny genetycznej. Oznaczenie miRNA w
procedurach postgpowania klinicznego beda w przyszioSci personalizowaé strategie

terapeutyczne.

5.3. Publikacje oryginalne
e ,Expression Profile and Diagnostic Significance of MicroRNAs in Papillary Thyroid

Cancer”

5.3.1 Zgoda Komisji Bioetycznej
Badania wchodzace w sklad rozprawy doktorskiej uzyskaly zgode Komisji Bioetycznej

UMB o numerze R-1-002/491/2019.

5.3.2.1. Materiat badany

Probki do badan uzyskano z pooperacyjnych bloczkéw utrwalonych w formalinie.
Materiat zostal pobrany od pacjentow w réoznym stopniami zaawansowania nowotworu zgodnie
z klasyfikacja TNM; obecno$¢ raka brodawkowaty tarczycy w badanych skrawkach zostata
potwierdzona niezaleznie przez dwoch patomorfologdw. Grupa kontrolna sktadata si¢ z probek
pobranych od tych samych pacjentow z prawidtowej tkanki tarczycy bez cech nowotworzenia.
Tkanki kontrolne zostaly potwierdzone przez dwoch patomorfologdéw i nie zawieraty komoérek
RBT ani innych zmian patologicznych. Ze wzglgdu na szybka progresj¢ nowotworu nie byto
mozliwo$ci uzyskania tkanek nienowotworowych od 2 pacjentow z RBT. Z badania
wykluczono pacjentéw bez rozpoznania RBT w pooperacyjnym badaniu histopatologicznym
oraz pacjentow z obecnymi przerzutami w weztach chlonnych. Dodatkowe kryteria
wykluczenia obejmowaly inne choroby wspoélistniejace, stany przewlekle, leczenie
immunosupresyjne i palenie papieroséw. W zwigzku z tym do badania wlaczyliSmy 80
preparatow tkankowych (41 tkanek RBT i 39 tkanek kontrolnych bez zmian nowotworowych
uzyskanych od tych samych pacjentow).
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5.3.2.2 Oznaczenia laboratoryjne

miRNA zostato wyizolowane z 3 kolejnych skrawkéw o grubosci 10 um, ktore zostaty
uzyskane z odparafinowanych bloczkow zawierajacych badane tkanki. W przypadku RBT
identyfikowano obszary tkanki, ktére zawieraly najwigcej komorek nowotworowych, aby
zminimalizowaé¢ ryzyko wynikow fatszywie ujemnych. Catkowite RNA, w tym frakcje
miRNA, wyizolowano przy uzyciu roztworu do deparafinizacji i zestawu do ekstrakcji
miRNeasy FFPE zgodnie z protokolem producenta (Qiagen, Hilden, Niemcy). Oceniono
stezenie miRNA za pomocg fluorometru Qubit (Invitrogen, Carlsbad, USA). Prébki do
profilowania ekspresji miRNA metoda Nanostring nCounter przygotowano zgodnie z
zaleceniami producenta (Nanostring Technologies, Seattle, WA, USA). W efekcie
przygotowano 100 ng miRNA poprzez ligacj¢ specyficznego znacznika miR na koncu 3'
kazdego dojrzatego miRNA, a nastgpnie przeprowadzono calonocng hybrydyzacje w
temperaturze 65°C, z zestawem sond reporterowych i wychwytujacych. W dalszych krokach
probki zostaty umieszczone w nCounter Prep Station w celu automatycznego oczyszczania.
Nastepnie w celu zebrania danych kazda probka zostata zeskanowana przy uzyciu analizatora
cyfrowego nCounter. Dane Nanostring zostaly zdeponowane w bazie Gene Expression
Omnibus (GEO) (GSE191117).

W celu walidacji wynikéw uzyto zestawu miRCURY LNA RT (Qiagen), zgodnie z
protokotem producenta przeprowadzono odwrotng transkrypcje probek miRNA (41 probek
PTC 1 39 kontrolnych tkanek tarczycy) w termocyklerze BioRad S1000 (Mississauga, ON,
Kanada). Nastepnie istotnie zmienione miRNA oznaczono ilosciowo metoda qRT-PCR przy
uzyciu specyficznych starterow i1 zestawu miRCURY LNA SYBR Green PCR (Qiagen).
Przebadano probki w dwoch duplikatach w systemie LightCycler 480 Real-Time PCR (Roche,
Basel, Szwajcaria). Jako endogennej kontroli uzyto miR-103a-3p i U6 snRNA, a do obliczenia
ich stabilno$ci zastosowano algorytm NormFinder (Department of Molecular Medicine
(MOMA), Aarhus University Hospital, Aarhus N, Dania). Wzgledng ekspresj¢ miRNA
obliczono przy uzyciu qBase MSExcel VBA na podstawie wielu probek i wielu referencyjnych
miRNA. Wartosci zmiany krotnosci (FC) zostaly obliczone za pomoca Centrum Analizy

Danych GeneGlobe (Qiagen; geneglobe.qiagen.com).

5.3.2.3 Analiza statystyczna
Do analizy danych uzyto oprogramowania nSolver 4.0 (Nanostring), ktore
wykorzystano rowniez do normalizacji, przy uzyciu $redniej geometrycznej 100 miRNA o

najwyzszej ekspresji. Zastosowano korekte wskaznika fatszywych odkry¢ (FDR) dla
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wielokrotnych poréwnan, ograniczong do 0,5, aby zmniejszy¢ ryzyko falszywie dodatnich
istotnosci statystycznych. Warto§¢ progowa bezwzglednej zmiany krotnosci (Fold Change —
FC) ekspresji istotnie zmienionych miRNA wynosita ponad 1,5.

Analizy statystyczne przeprowadzono za pomocg programu GraphPad PRISM (wersja
9.1.1.; GraphPad Software, San Diego, CA, USA). Wstepna analiza statystyczna (test Shapiro—
Wilka) wykazata, ze badane parametry nie mialy rozktadu normalnego. Z tego wzgledu
przeprowadzono testy nieparametryczne mi¢dzy grupami badang oraz kontrolng. Dla istotnie
zmienionych miRNA obliczono pola powierzchni (AUC) pod krzywymi oceny jakosci
klasyfikatora (ROC).

Przeprowadzono réwniez analiz¢ ontologii genéw targetowych RBT. W tym celu uzyto
narzedzia MIENTURNET, ktére zostalo zaprojektowane w celu uzyskania docelowych genow
z baz TargetScan oraz miRTarBase. Aby uzyska¢ wglad w znaczenie biomolekularne
zidentyfikowanych gendéw docelowych dla istotnie zmienionych miRNA, przeprowadzono
analize¢ ontologiczng z uzyciem narzedzi: DAVID, GOrilla, Profiler, Metascape. Aby doktadnie;j
zbada¢ interakcje biatko-biatko (ang. PPI) docelowych gendéw targetowych, zastosowano
oprogramowanie Cytoscape oraz uzyto algorytmu Maximal Clique Centrality (MCC). W
wyniku przeprowadzonej analizy zidentyfikowano 10 genéw centralnych w sieci PPI.

Uzyto modelu regresji logistycznej taczac ze soba istotnie zmienione miRNA z
wykorzystaniem oprogramowania WEKA (Weka, wersja 3.8.5, Hamilton, Nowa Zelandia).
Utworzono modele oparte na regresji logistycznej, naiwnym modelu Bayesa i algorytmach
wykorzystujacych strukturg drzewa decyzyjnego - J48. Dla kazdej kombinacji przygotowano
tablice w celu oceny modelu. Zmierzono wydajno$¢ klasyfikatoréw multi-miRNA za pomoca

precyzji klasyfikacji 1 AUC.

5.3.3 Wyniki
Przy uzyciu platformy Nanostring Technology zostalo wykonane profilowanie ekspresji
798 miRNA. Miedzy badanymi grupami wykryto réznicg¢ w ekspresji 10 miRNA (Tabela nr 1).
Ekspresja 8 miRNA byla wyzsza, a 2 nizsza w RBT w pordwnaniu

z grupa kontrolng. Zastosowano progi FDR <0,05 oraz [fold change (FC)| > 1,5.
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False Discovery Rate

miRNA Fold Change (FC) Wartos¢ p (FDR)
miR-146b-5p 6,62 0 0
miR-221-3p 3,23 0 0
miR-221-5p 2,36 0 0
miR-222-3p 2,94 0 0
miR-34a-5p 1,65 0 0
miR-551b-3p 2,63 0 0
miR-152-3p -1,53 0 0,01
miR-15a-5p 1,57 0 0,01
miR-31-5p 1,6 0 0,02
miR-7-5p -2,57 0 0,03

Tabela nr 1. Istotna statystycznie roznica w ekspresji miRNA migedzy RBT a grupa kontrolng
(FDR <0,051 [FC| > 1,5.

Przeprowadzono réwniez analiz¢ ontologii genéw targetowych RBT. W tym celu uzyto
narzedzia MIENTURNET, ktére zostalo zaprojektowane w celu uzyskania docelowych genow
z TargetScan oraz miRTarBase. Wyniki wskazaty 725 przypuszczalnych gendéw docelowych
dla miRNA w oparciu o minimalny prég dwoch interakcji miRNA-cel. Baza danych STRING

zostata wykorzystana do wizualizacji relacji miedzy biatkami (Rycina nr 1).
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Rycina nr 1. Potaczenia migdzy docelowymi genami istotnie zmienionych miRNA ukazane
przy uzyciu bazy danych STRING. Przedstawiono wylacznie polaczone wezty. Pokazane sa
tylko interakcje z wysokimi wynikami interakcji (> 0,9). Przewidywana warto$§¢ PPI wyniosta

8,44e-15.

Analiza ontologii gendw targetowych istotnie zmienionych miRNA wykazatla
dominujacg role nastepujacych kategorii: ,,rozwéj uktadu nerwowego”, ,,neurogeneza” i
,regulacja procesu metabolicznego zwiazkéw azotowych”. Dokladny wynik analizy

ontologicznej przedstawia Rycina nr 2.
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Rycina nr 2. Analiza ontologiczna genéw docelowych istotnie zmienionych miRNA, ktore sa

zaangazowane w patogenez¢ RBT.

W  wyniku przeprowadzonej analizy zidentyfikowano 10 kluczowych gendéw

centralnych w sieci PPI (Rycina nr 3).

Rycina nr 3. Sie¢ PPI zawierajaca 10 kluczowych gendw zaangazowanych w rozwo6j RBT.

Przy uzyciu AUC oceniono warto$¢ diagnostyczng istotnie zmienionych miRNA jako

kandydujacych biomarkeréw RBT. Wszystkie istotnie zmienione miRNA wykazywaly istotnie
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wyzsze AUC w poréwnaniu z AUC=0,500, z wytaczeniem miR-31-5p (p>0,05). Najwyzsze
AUC, wskazujace na mozliwg przydatnos$¢ kliniczng w diagnostyce RBT, zaobserwowano dla

miR-146-5p (AUC=0,770), miR-551-3p (AUC=0,740) i miR-222-3p (AUC=0,720) (Rycina nr

4).

A ROC of miR-146-5p B ROCofmiR-152-3p (G ROC of miR-15a-5p D  ROCofmiR-221-3p
100 100 100 100
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3 2 g 8
2 60 Z 60 2z 60 2 60
2 2 2 2
@ ‘@ @ @
g 40 3 40 2 a0 2 40 ;
£ AUC=0.770 AUC=0.630 2 AUC=0.580 a <" AUC=0720
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Rycina nr 4. Wyniki analizy ROC przeprowadzonej w celu oceny wartosci wybranych miRNA jako
diagnostycznych biomarkerow RBT: (A) miR-146-5p; (B) miR-152-3p; (C) miR-15a-5p; (D) miR-
221-3p; (E) miR-221-5p; (F) miR-222-3p; (G) miR-31-5p; (H) miR-34a-5p; (I) miR-551b-3p; (J)
miR-7-5p.

Nastepnie uzywajac modelu regresji logistycznej dla panelu sktadajacego si¢ miR-152-
3p, miR-221-3p, miR-551-3p, miR-7-5p uzyskano AUC wynoszace 0,841. Podsumowanie
danych modelu regresji liniowej przedstawia Tabela nr 2. Wyrdzniona stala regresji oraz
wspotczynniki sg czgs$cig modelu — stata regresji to logarytm szans, gdy zmienna wynosi 0, co
oznacza brak RBT. Wspoélczynniki opisuja, jak bardzo zmienia si¢ logarytm szans w obecnosci
RBT. Wartosci prawdziwie dodatnie, fatszywie dodatnie, precyzja i AUC opisuja przydatnos¢
diagnostyczna modelu.

Podczas analizy wybrano cztery istotnie zmienione miRNA o najwyzszych warto$ciach

diagnostycznych 1 skonstruowano model regresji logistycznej. Warto§¢ AUC uzyskana dla
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kombinacji miR-152-3p + miR-221-3p + miR-551b-3p + miR-7- 5p (AUC=0,841) miata

wyzsza warto$¢ diagnostyczng niz najwyzsza warto$¢ AUC dla miRNA uzytego oddzielnie —

miR-146-5p (AUC=0,770) (Tabela nr 2).

PD FU Precyzja | AUC | Stala regresji | Wspoétczynnik
x1= miR-152-3p al =_-1.2104
x2=miR-221-3p | o769 | 0.227 | 0774 [0.841| -1.8033 a2

x3= miR-551b-3p
x4= miR-7-5p a4=-0.0178

Tabela nr 2. Zestawienie podstawowych parametrow modelu regresji liniowej. PD — prawdziwie

dodatnie, FU — falszywie ujemne

Wyniki uzyskane metoda Nanostring potwierdzono z uzyciem RT-PCR (****,

p<0,0001) (Rycina nr 5).
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Rycina nr 5. Wzgledna ekspresja istotnie zmienionych miRNA zawartych w modelu regresji
logistycznej w probkach kontrolnych (N=39) i RBT(N=41): (A) miR-152-3p (zmiana
krotnosci (FC)=0,37); (B) miR-221-3p (FC=5,78); (C) miR-551b-3p (FC=5,68); (D) miR-7-

5p (FC=0,18). Kazdy stupek przedstawia §rednig geometryczng + btad standardowy srednie;j

stosunku ekspresji miRNA 1 miRNA referencyjnego (miR-103a-3p i U6 snRNA) obliczonego

przy uzyciu qBase MSExcel VBA na podstawie wielu probek i1 wielu referencyjnych miRNA.

Gwiazdki wskazujg poziomy istotnos$ci réznic (**** p<0,0001).

5.3.4 Omoéwienie wynikow

W przeprowadzonym badaniu zidentyfikowano dziesig¢ miRNA (miR-146b-5p, miR-
221-3p, miR-221-5p, miR-34-5p, miR-551b-3p, miR-152-3p, miR-15a-5p, miR-31-5p i miR-

7-5p), ktérych ekspresja byla istotnie réozna w RBT w pordéwnaniu z prawidtowa tkanka

tarczycy. Zgodnie z dostepna literatura, wszystkie istotnie zmienione miRNA uwzglgdnione w
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badaniu s3 zaangazowane w rozwdj RBT lub progresj¢ raka, co wskazuje na spojnosc
uzyskanych wynikow z dotychczasowymi badaniami. Dodatkowo zidentyfikowano kluczowe
geny docelowe istotnie zmienionych miRNA, przeprowadzono analize funkcjonalng oraz
skonstruowano sie¢ PPI. Poprzez analiz¢ KEGG zidentyfikowano najbardziej istotne szlaki w
patogenezie RBT. Uzyskana analiza moze rdwniez pozwoli¢ na opracowanie nowych opcji
terapeutycznych w leczeniu RBT. Wszystkie istotnie zmienione miRNA wykazaty wysoka
warto$¢ diagnostyczng (z wyjatkiem miR-31-5p). Najwieksza mozliwa przydatnos$¢ kliniczng
w diagnostyce RBT zaobserwowano dla miR-146-5p (AUC=0,770), miR-551-3p
(AUC=0,740) 1 miR-222-3p (AUC=0,720). W szczegdlnosci ekspresja miR-146-5p
(AUC=0,770) wykazata najwyzsza uzytecznos¢ diagnostyczng. Aby zwigkszy¢ doktadno$¢
diagnostyczng stosowania miRNA, oceniono kombinacj¢ czterech miRNA (miR-152-3p, miR-
221-3p, miR-551b-3p i miR-7-5p) z obliczonym AUC wynoszacym 0,841. Taka wartos¢ AUC
pozwala na mozliwo$¢ wprowadzenia zaproponowanego pofaczenia 4 miRNA jako panelu
diagnostycznego RBT.

Nalezy rowniez podkreslié, ze wartosci AUC uzyskane w trakcie badan sa
poréwnywalne z wczesniej publikowanymi w pisSmiennictwie [28,29]. Wprowadzenie panelu
diagnostycznego miRNA w RBT moze skutkowa¢ dokladniejsza diagnoza w trudnych i
watpliwych przypadkach, umozliwi¢ bardziej trafne decyzje terapeutyczne, pomoéc w
identyfikacji pacjentow wymagajacych niestandardowego postgpowania klinicznego lub
bardziej agresywnego leczenia oraz by¢ czeécig bardziej spersonalizowanego podejscia. Z
powodu niejednorodnosci RBT preferowane bytoby wprowadzenie panelu diagnostycznego, a
nie oceng¢ ekspresji pojedynczych miRNA, co pokazuje zwigkszona wartos¢ AUC kombinacji
r6znych miRNA w poréwnaniu z oznaczeniem ekspresji pojedynczego miRNA.

Wyniki przeprowadzonego badania sg zgodne z aktualng wiedza na temat miRNA w
patogenezie RBT oraz wykazaly ich potencjal prognostyczny w RBT. Co wigcej,
dotychczasowe badania nad rola miRNA w RBT mialy na celu ustanowienie nowych
nieinwazyjnych paneli diagnostycznych, ale wyniki byly niewystarczajace. Dlatego
zaproponowano panel diagnostyczny miRNA RBT sktadajacy si¢ z miR-152-3p, miR-221-3p,
miR-551b-3p 1 miR-7-5p. Szeroka gama badanych miRNA oraz walidacja wynikéw
uzyskanych za pomoca testow PCR zwigkszajg warto$¢ przeprowadzonego badania. Jednak ze
wzgledu na ograniczong liczebno$¢ grupy eksperymentalnej wymagana jest dalsza ocena 1
walidacja danych przy uzyciu wigkszej kohorty, aby potwierdzi¢ przydatnos$¢ diagnostyczna
proponowanego panelu miRNA.

Podsumowujac, wykonana analiza wskazuje na przydatno$¢ oceny wzorcow ekspresji
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miRNA w diagnostyce RBT. Ponadto jako panel diagnostyczny u pacjentéw z RBT mozna
wprowadzi¢ kombinacje¢ czterech miRNA — miR-152-3p, miR-221-3p, miR-551b-3p i miR-7-
5p. Réwniez charakterystyka sieci regulacyjnej istotnie zmienionych miRNA i ich gendéw
docelowych jest istotna dla badania szlakow prowadzacych do progresji choroby. Niemniej
jednak konieczne sg dodatkowe badania, aby zrozumie¢ rol¢ rozregulowanych miRNA w

mechanizmach molekularnych lezacych u podstaw patogenezy RBT.

5.3.5 Wniosek

Analiza ekspresji miR-152-3p, miR-221-3p, miR-551b-3p oraz miR-7-5p

(AUC=0,841) moze stanowi¢ molekularny panel diagnostyczny, uzyteczny w procesie

diagnostycznym raka brodawkowatego tarczycy.

6. KOPIE PUBLIKACJI WCHODZACYCH W SKLAD ROZPRAWY
DOKTROSKIEJ

19



Journal of
Clinical Medicine

Review

The Importance of miRNA in the Diagnosis and Prognosis of
Papillary Thyroid Cancer

Mariusz Rogucki *, Angelika Buczyriska 2(, Adam Jacek Kretowski "*¥ and Anna Poptawska-Kita !

check for

updates
Citation: Rogucki, M; Buczyniska,
A.; Kretowski, AJ.; Poplawska-Kita,
A. The Importance of miRNA in the
Diagnosis and Prognosis of Papillary
Thyroid Cancer. J. Clin. Med. 2021, 10,
4738. https://doi.org/10.3390/
jem10204738

Academic Editors: Andrzej Lewinski
and Renata Stawerska

Received: 13 September 2021
Accepted: 12 October 2021
Published: 15 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
1 affil-

blished maps and i

r
iations.

o 0

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

! Department of Endocrinology, Diabetology and Internal Medicine, Medical University of Bialystok,
15-276 Bialystok, Poland; adamkretowski@wp.pl (A.].K.); annapoplawskakita@op.pl (A.P.-K.)

2 (Clinical Research Centre, Medical University of Bialystok, 15-276 Bialystok, Poland;
angelika.buczynska@umb.edu.pl

*  Correspondence: mariusz.rogucki2@gmail.com; Tel.: +48-509-866-455

Abstract: In recent years, the global incidence of thyroid cancer has been increasing. Despite the
significant progress in the diagnostic tools applied for papillary thyroid cancer (PTC) diagnosis,
commonly used methods require undergoing invasive diagnostic procedures, such as liquid biopsy,
which still, in some cases, remains imprecise. In this case, novel screening and diagnostic biomarkers
are still being evaluated using highly specialized techniques, which could increase PTC detection.
Currently, a number of genes and proteins associated with PTC development are currently under
investigation to assess their clinical utility. Accordingly, a literature search was undertaken to collect
novel information about the diagnosis of and prognosis for PTC with a particular emphasis on the
role of microRNA (miRNA) evaluation. The early identification of novel biomarkers is essential
for facilitating appropriate therapeutic decisions. Moreover, the evaluation of plasma- and serum-
derived miRNA measurements could be considered as equivalent thyroid cancer screening tools
in the future. On the other hand, the PTC pathogenesis could be evaluated further with the use of
miRNA evaluation, which may bring novel insights for potential medical target determination.

Keywords: miRNA; papillary thyroid cancer; diagnosis; screening

1. Introduction

In recent years, incidences of thyroid cancer have been increasing worldwide [1].
Between 1992 and 2017, the incidence of TC in the USA increased from 5.7 to 13.3 cases per
100,000 people [2]. Worldwide, nearly 300,000 cases of TC are diagnosed annually, causing
nearly 40,000 deaths [3]. The estimated median age of onset is 50 years [3]. TC is much
more common in women than in men [4]. Based on demographic changes in morbidity and
mortality, TC is expected to replace colorectal cancer as the fourth leading cancer diagnosed
in the US in 2030 [5].

The most common histological type of TC is papillary thyroid cancer (PTC), accounting
for approximately 80-90% of all TC cases [6,7]. For the diagnosis of PTC, the analysis of
medical history, physical examinations, laboratory tests (the determination of thyrotropin
(TSH), thyroid hormones, thyroglobulin and calcitonin levels), ultrasound evaluation, fine-
needle aspiration biopsies (FNABs), and molecular tests detecting specific gene mutations
are included in the clinical management procedure [8]. Despite beneficial treatment results,
10% of PTC patients are diagnosed with relapses or distant metastases that may lead to
worse clinical prognoses [9].

The introduction of FNAB into routine clinical management processes became the
diagnostic tool of choice for the initial evaluation of solitary thyroid nodules because of its
accuracy, safety, and cost effectiveness. Although patients undergoing FNAB are informed
of several complication risks, ranging from the minor, such as hematoma at the injection site
or pain via ecchymosis, to the major, such as clinically significant hematoma and swelling;
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inadvertent punctures of the trachea, carotid artery, or jugular vein occur rarely (approxi-
mately less than 2-5% per FNAB) [10]. However, several studies have reported that the side
effects are inadequate to the invasiveness of this procedure. Cappelli et al. described focal
carotid intramural hematoma and cancer dissemination along the needle track observed
after FNAB performance [11]. On the other hand, Zhu et al. note that the frequency of
acute thyroid swelling is considered a rare complication of FNAB [12]. Undoubtedly, the
sensitivity, specificity, positive predictive value, and negative predictive value of FNAB
are extremely high, estimated at 90-95%. Thus, consistently obtaining adequate tissue
and processing the specimens to achieve accurate cytopathological interpretation requires
expertise and experience [13]. Unfortunately, up to 10% of the FNABs that are performed
are undiagnostic [14].

Therefore, there is still a need to find a cost-effective and noninvasive PTC diagnostic
method characterized by high sensitivity and specificity, determined using specific novel
techniques, such as genetics, and that subsequently reduce the occurrence of unnecessary
invasive procedures. In this case, many proteins and genes involved in the etiopathogenesis
of PTC are under investigation for their potential diagnostic uses [15]. In this review, we
outline considerations of miRNA profiling with potential applications to routine frame-
works of PTC diagnosis and prognosis. As it is estimated that up to 50% of PTC surgeries
are unnecessary [16], the use of miRNAs may help to increase the sensitivity and speci-
ficity of FNAB, simultaneously becoming an equivalent malignant cancer screening tool
measurement in the future [15]. Moreover, the currently proposed utilization of a plasma
miRNA profile expression can be a valuable component of a liquid biopsy [16]. Clearly,
the identification of novel PTC biomarkers remains necessary, which would increase the
accuracy of both diagnostic procedures and clinical treatment decisions while introducing
the assumption of personalized medicine.

2. PTC miRNA-Mediated Regulation of Gene Transcription

Many studies have suggested the importance of miRNA abnormalities during PTC
development [17-20]. Moreover, many studies have shown differences in the deregula-
tion of various miRNAs in thyroid cancer, depending on its type [18-21]. In PTC, the
deregulation of miR-146b, miR-221, miR-222, miR-181b, and miR-21 is particularly empha-
sized [22-26]. MiR-146a and miR-146b have modulating effects on the immune system
and reduce post-transcriptional gene expressions [27]. In PTC, miR-146b expressions in
neoplastic tissues may be almost 30 times higher compared to non-neoplastic tissues [28].
Increased expressions of miR-146a and miR-146b have an inhibitory effect on beta retinoic
acid receptor (RARE) expression, promoting the proliferation of cancer cells [28]. It has
also been shown that the overexpression of miR-146b modulates the transforming growth
factor B (TGF-B) pathway through the mother, and against the decapentaplegic (SMAD)
transcription factor family, via member homolog 4 (SMAD4) repression, which influences
the formation of thyroid tumors [29]. A study performed by Al-Abdallah et al. showed
that the tissue overexpression of miR-146b reduced the expression of the major histocom-
patibility complex (MHC), the class I polypeptide-related sequence A (MICA), and an
activating receptor (transmembrane protein) belonging to the NKG2 family of C-type
lectin-like receptors (NKG2D), which is a type C lectin receptor for natural killer (NK)
T cells [30]. These disturbances in mRNA synthesis may reduce the immunogenicity of
PTC [20]. Moreover, increased expressions of miR-146b were previously reported among
patients with the BRAF-VG00E mutation [31], which suggests a correlation between the
serine/threonine kinase proto-oncogene (BRAF) and miRNA expressions [22]. MiR-146b
deregulation increases the risk of angioinvasion, capsular infiltration, and metastases to
lymph nodes and distant organs, which result in worse survival prognoses [32]. Other
studies also indicate a significant impact of miR-146b deregulation on PTC development.
It was proved that a significant increase in miRNA-146b expressions in PTC resulted in
worse clinical prognoses [33-35].
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The deregulation of miR-221 and miR-222 has been observed to have a significant
impact on carcinogenesis [36]. MiR-221 and miR-222 are highly homologous [37]. MiR-
221 increases the movement and invasion of PTC cells by inhibiting the transcription of
reversion-inducing cysteine-rich protein with Kazal motifs (RECK), which is a metastasis
suppressor that disrupts the epithelial-mesenchymal transition [38]. MiR-221 and miR-222
affect the transformation and proliferation of thyrocytes by inhibiting p27kip], a cell-cycle
regulator [26]. High-mobility group box 1 protein (HMGBI) is a pro-inflammatory cytokine
that increases miR-221 and miR-222 expression, thus promoting carcinogenesis [39]. Many
other studies have confirmed that the increased expression of miR-221 and miR-222 is
associated with increased tumor dimensions and a greater tendency for the cancer to
infiltrate blood vessels with surrounding tissues, which simultaneously increases the
probability of metastasis to lymph nodes and distant organs [19,38,40,41]. Furthermore, the
study performed by Dai et al. underlined that miR-221 overexpression should be considered
a PTC recurrence risk factor (hazard ratio (HR) 1.41; 95%CI 1.14-1.95, p = 0.007) [23].
Accordingly, these features are associated with a worse prognosis.

Another miRNA whose expression is increased in PTC cells is miRNA-181b [42]. A
study performed by Dengfeng Li et al. showed that a reduction in miR-181b expression
inhibits cell division and stimulates apoptosis by upregulating lysine 63 deubiquitinase
(CYLD). Moreover, the expression of miR-181b was almost 8-fold higher in cancerous tissue
compared to in healthy tissue expression [43]. In addition, the overexpression of miR-181b
significantly increases the risk of cancer recurrence and lymph-node metastases [44].

One of the key miRNAs implicated in the etiopathogenesis of PTC is miR-21. The
expression of this miRNA was proved to be deregulated in neoplastic tissues [45]. A study
conducted by Ortiz et al. showed that the overexpression of miR-21 and the aforemen-
tioned miR-141b was caused by a lack in DNA methylation, which resulted in insufficient
transcription of miR-21 and miR-141b targets [46]. The study was conducted on 50 PTC
and 50 tumor-free tissues, and the miRNAs were analyzed. MiR-21 overexpression may
promote tumor-cell proliferation by disrupting the Von Hippel-Lindau/phosphoincsitide
3-kinase/protein kinase B (VHL/PI3K/AKT) signaling pathways [26]. In addition, the
inhibition of phosphatase and tensin homolog (FTEN) expressions by miR-21 promotes
cancer development [47]. In a study conducted by Sondermann et al., an increased PTC
recurrence rate was found to be positively correlated with decreased miR-21 expression.
The authors identified miR-9 and miR-21 with as strong a predicting value as PTC re-
currence [48]. In contrast, another study indicated that decreased expressions of miR-21,
which is influenced by the long noncoding RNA bone marrow stromal cell antigen 2 (BST2)
interferon-stimulated positive regulator (BISPR IncRNA), increased the invasiveness of
PTC cells [49].

The following study, performed by Wang et al., showed that miR-599 increases apop-
tosis and decreases PTC proliferation through the downregulation of Hey2-dependant
Notch signaling pathways [50]. Accordingly, Ma et al. showed that miR-199a-5p inhibits
the snail family zinc finger 1 (SNAII). Increased expressions of SNAI1 resulted in increased
PTC proliferation [51] (Table 1).

Zhang et al. suggested that miR-145 promotes apoptosis and also inhibits proliferation
and migration of PTC cells. The potential medical intervention target mapped on miR-145
could result in a direct suppression of Ras-Related Protein Rab-5C (RAB5C). Ras proteins
are members of a superfamily of small hydrolase enzymes that bind to the nucleotide
guanosine triphosphates (GTPases) that are involved in many aspects of cell growth
control, and may be a beneficial target in future medical intervention studies [52]. In
turn, overexpressions of miR-643 observed during the study performed by Yin H et al.
increased PTC proliferation and inhibited apoptosis. This effect was suggested due to down-
regulation of the cytochrome P450 family member 11B1 [53]. Furthermore, as shown by
Zhao et al,, targeting insulin receptor substrate 2 and regulating the PI3K/Akt pathway is a
mechanism of the function of miR-766. Its underexpression promotes PTC progression [54].
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A study that was recently performed by Hu et al. has found that miR-122-5p, through dual
specificity phosphatase 4 (DUSP4) inhibition, suppresses PTC oncogenesis [55] (Table 2).

Table L. The influence of miRNAs on PTC.

miRNA Influence Reference
Overexpression is a risk factor for PTC recurrence (HR 1.41;

e 95%C1 1.14-95, p = 0.007) (23]
Overexpression increases frequency of central neck metastasis
miR-222 and lateral neck metastasis (p < 0.001 and p < 0.001, [41)
respectively)
miRk-9 and Reduced expression of miR-9 and miR-21 increases the risk of
mik-21 PTC recurrence (HR = 1.48; 95% C1 1.24-1.77, p < 0.001; and [48)
HR = 1.52; 95% CI 1.18-1.94, p = 0.001; respectively).
miR-146a and  Overexpression predicts lymph node metastasis and PTC »
miR-146b recurrence [34]
miR-199a-3p Downregulation promotes the PIC proliferation [51)
Table 2. Overexp d and underexp 1 miRNAs in PTC tissues.

Overexpressed miRNAs ~ Underexpressed miRNAs Origin of Samples  Reference

miR-146b-5p, Tissues [28)
miR-146b-3p
miR-146b-5p, miR-1179, miR-486-5p, Tissues [15)

miR-146b-3p, miR-221-3p, miR-204-5p, miR-7-2-3p,
miR-222-5p, miR-222-3p miR-144-5p, miR-140-3p

miR-9 and miR-21 Tissues [48)

miR-5%9 Tissues [50)

miR-199a-5p Tissues [51)

miR-145 Tissues [52)

miR-643 Tissues and serum [53)
miR-766 Tissues and cell lines [54)

miR-122-5p Tissues [55)

Due to the rapid development of promising miRNA evaluations when using advanced
technology for the comprehensive and comparative analysis of genomes, knowledge of the
potentially disturbed metabolic pathways that are related to PTC development could be
enhanced. Accordingly, the knowledge of disturbances of metabolic pathways involved in
PTC development may lead to the discovery of novel screening and diagnostic biomarkers.
Thus, the miRNA profiling could improve PTC screenings, clinical management, treatment
evaluations, and individual patient prognosis assessments by introducing personalized
medicine assumptions.

3. The Role of miRNAs in Fine-Needle Aspiration Biopsies

FNAB is the most frequently used diagnostic method, characterized by simplicity,
high specificity, a low complication rate, and low cost [56]. However, it also has disadvan-
tages, such as non-diagnostic or abnormal results and undefined significance in describing
lesions [57]. In this case, the routine analysis of specific miRNAs would increase the
sensitivity and specificity of FNAB when used for PTC diagnoses [58].

Castagna et al. demonstrated that a PTC diagnostic miRNA panel consisting of
miR-146b, miR-221, and miR-222 would increase the diagnostic utility of FNAB [38].
The study was conducted on 174 samples obtained during FNABs from 168 patients.
Another study showed that miR-181b, in combination with miR-146b, might be useful in
differentiating between benign thyroid lesions and PTC lesions [59). In a study performed
on 20 malignant lesion samples and 20 samples containing benign lesions, Chen et al.

23



J. Clin. Med. 2021, 10, 4738

50f11

showed that miR-146b could be a useful PTC-screening biomarker [60]. Santos et al. created
a panel consisting of 11 miRNAs, including let-7a, miR-103, miR-125a-5p, let-7b, miR145,
RNU48, miR-146b, miR152, miR-155, miR200b, and miR-181, and proved its diagnostic
utility for differentiating between undefined changes obtained by FNAB examination [61].
The authors named this test mir-THYpe (miRNA-based thyroid molecular classifier for
precision endocrinology). In order to validate this diagnostic procedure, 58 samples from
benign tissues and 39 samples from malignant tissues were used. The proposed panel was
characterized by 94.6% sensitivity, 81% specificity, a 95.9% positive predictive value, and a
76.1% negative predictive value. These results suggest that the mir-THYpe test is useful for
differentiating between lesions of an undefined nature, which may reduce the number of
unnecessary surgeries.

In a similar study, Mazeh et al. [62] identified a panel of miRNAs with potential
diagnostic utility for differentiating between undefined lesions in FNABs. The research
material consisted of 274 samples collected from 102 patients, and the miRNA expression
levels were examined using Next Generation Sequencing (NGS). The Panel consisted of 19
miRNAs: miR-146b, miRNA-146, miR-222, miR-221, miR-134, miR-34a, miR-101, miR-143,
miR-144, miR-615, miR-375, miR-181b, miR-194, miR-130a, miR-199a-3p, miR-30a, miR-424,
miR-148a, and miR-24. Its diagnostic usefulness was proved by its 91% sensitivity and
100% specificity, and the positive and negative predictive values were estimated at 94%
and 100%, respectively. The limitations of the study included the analysis of ex vivo tissues,
the selective use of malignant PTC tissues, and the coexistence of other thyroid diseases
among the studied patients, which may have interfered with the obtained results.

In a subsequent study, Labourier et al. combined DNA, mRNA, and miRNA analyses
into a specific PTC diagnostic panel [63]. The research was performed on 638 samples
obtained during FNABs. Samples were evaluated to detect the presence of 17 genes and
10 miRNAs: miR-29b-1-5p, miR-31-5p, miR-138-1-3p, miR-139-6p, miR-146b-5p, miR-155,
miR-204-5p, miR-222-3p, miR-375, and miR-551b-3p. The authors demonstrated that the
effectiveness of molecular analysis was increased when genetic and miRNA tests were
combined. The diagnostic usefulness of this panel was proved by its sensitivity and
specificity, which were 89% and 85%, respectively.

The cited studies indicate that miRNA evaluations have a promising role in PTC
diagnoses when combined with FNAB. It is important to underline that malignant tissues
could also be differentiated from benign thyroid lesions using PTC miRNA diagnostic
panels. Accordingly, a specific miRNA panel would increase both the sensitivity and
specificity of FNAB, decreasing the number of undiagnostic results, and relatedly, the
number of unnecessary surgeries. However, these studies are still considered preliminary.
Further comparison with results obtained in groups with other thyroid malignancies and
thyroid comorbidities, which may have an important impact on the isolated panel of
miRNAs and subsequent diagnoses, should be performed.

4. PTC Screening Utility of Selected Plasma and Serum miRNAs

miRNAs can also be efficiently isolated from plasma and serum, and a specific miRNA
can be investigated for potential PTC-screening utility. In a study performed by Wang et al.,
a panel consisting of three miRNAs isolated from plasma—miR-346, miR-34a-5p, and miR-
10a-5p—was proposed as a useful tool for PTC screening [64]. The study was conducted on
30 samples obtained from PTC patients and 30 samples collected from healthy volunteers.
The area under the ROC curve (AUC) of these three-miRNA panels was calculated at 0.816,
which proved its great screening utility. Moreover, this study identified three miRNAs that
were consistently upregulated in the exosomes obtained from PTC-patient plasma.

Another study performed by Liang et al. proposed two combined, plasma-isolated
miRNA screening panels. The first consisted of two miRNAs: miR-16-2-3p and miR-223-5p;
the second consisted of six miRNAs: miR-16-2-3p, miR34c-5p, miR223 -3p, miR223-5p,
miR182-5p, and miR146b-5 [65]. The study included 24 patients during the testing phase
and 91 patients during validation. This study revealed that a panel consisting of miR-223-
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5p, miR-34¢-5p, miR101-3p, and miR-16-2-3 may be particularly useful in differentiating
between malignant and benign lesions. The AUC was estimated at 0.735, with 71.43%
sensitivity and 73.33% specificity.

Dai et al. analyzed the plasma of 119 PTC patients, 51 healthy subjects, and 82 patients
with benign thyroid nodules. The study showed the potential PTC-screening utility of a
panel consisting of miR-485-3p and miR-4433a-5p [66]. Additionally, it has been shown that
the level of miR-485-3p expression could be considered as a prognostic marker, differentiat-
ing low-risk cancer from high-risk cancer. Another study performed by Li et al. confirmed
the diagnostic usefulness of these measurements, demonstrating 92.8% sensitivity and
88.9% specificity [67]. The study sample was comprised of 56 patients with PTC and 95
patients with benign thyroid nodules. The control group consisted of 10 healthy volunteers,
which was a notable limitation of this research.

Many authors have emphasized the potential measurement of plasma miR-222 and
miR-146b levels in the PTC screening [68-70]. Kondrotiene et al. analyzed the plasma levels
of five miRNAs—miR-221, miR-222, miR-146b, miR-21, and miR-181b—of which miR-222
had the highest screening utility. The study included 49 patients with PTC, 23 patients
with benign thyroid nodules, and 57 healthy individuals. The study showed the significant
overexpression of miR-221, miR-222, miR-146b, miR-21, and miR-181b [71].

Furthermore, the study performed by Perdas et al. suggested that the screening panel,
consisting of four miRNAs, such as let-7a, let-7¢, let-7d, and let-7f, whose levels were
elevated in plasma, have a higher PTC screening utility [72]. Accordingly, Ricarte-Filho
et al. showed that the let-7 family affects growth and differentiation of PTCs. In particular,
let-7f might attenuate a neoplastic process of RET/PTC papillary thyroid oncogenesis
through impairment of MAPK signaling pathway activation [73]. Table 3 shows plasma-
delivered downregulated and overregulated miRNAs than may be considered for PTC
screening (Table 3).

Table 3. Novel potential screening biomarkers determined by miRNA profiling.

Overexpressed miRNA Underexpressed miRNA Origin of Samples Reference
miR-221, miR-222,

miR-146b, miR-21 and Plasma [71]
miR-181b
miR-346, miR-34a-5p, A
miR-10a-5p Plasma and tissues [73]
o v o miR-34¢-5p, miR-101-3p, =
miR-16-2-3p, miR-223-5p miR-381-3p Plasma [65]
let-7a, let-7¢, let-7d, let-7f Plasma [72]

Due to the rapid development of promising miRNA evaluation methods, the clinical
effectiveness of PTC screening could be improved. These measurement methods are
characterized by high sensitivity, specificity, and reproducibility. Due to of differences in
the types of miRNAs reported by different authors and the relatively small number of
samples and difficulties in validating the tests, there is still a need for further investigations
of the PTC screening utility of miRNAs. Due to the increasing number of thyroid lesions
found on ultrasound, the use of miRNA as a biomarker of PTC may help to accelerate
diagnosis and treatment of PTC patients. However, additional plasma/serum measurement
of miRNAs would be a practical, noninvasive method for screening and for follow-up
observations after thyroidectomy.

5. The lnéportance of miRNAs in the Prognosis of the Course of Papillary
Thyroid Cancer

Despite a good prognosis, the frequency of PTC recurrence is estimated at 20% [74].
Many studies indicate the potential importance of miRNAs in the prognostic assessment of
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PTC. In the study performed by Chen-Kai Chou et al., it was shown that the overexpression
of miR-146b was associated with a significant deterioration of overall survival rates. More-
over, the overexpression of miR-146b was further correlated with an increased percentage
of nodal metastases and tumor invasiveness [75]. Furthermore, the polymorphism of
miR-146a-3p among patients with an increased mortality rate was observed [76]. In this
study, the HR of death (after adjustments for age) was 6.21 (95% CI, 1.38-27.93; p = 0.006).

Moreover, miR-221 and miR-222 dysregulation was observed to be more common
in patients with PTC who were also diagnosed with distant metastases [77]. The study
performed by Lei et al. included 78 patients diagnosed with PTC as the study group, which
was subsequently divided into two subgroups: the first group consisted of 54 patients diag-
nosed with relapses; the second group consisted of 24 patients with no cancer recurrence.
The authors identified miR-221 as a potential biomarker for PTC relapse [23]. A study
performed by Pamedityde et al. on 400 PTC tissue samples obtained from paraffin blocks
showed that the overexpression of five miRNAs—miR-146b, miR-222, miR-21, miR-221,
and miR-181b—occurred more frequently in recurrent PTC [78].

Certainly, in a meta-analysis of 18 studies concerned on the role of miRNA in PTC
screening, Silaghi et al. showed that miR-146b, miR-221, and miR-222 could be considered
as potential screening/prognostic biomarkers of recurrent TC, and are particularly useful
when referred to PTC [79]. The authors of these studies underlined the beneficial prognostic
role of miRNAs in PTC screening, diagnosis and prognosis.

6. Conclusions

miRNA evaluation is a promising tool in the discovery of novel diagnostic and
prognostic PTC biomarkers. In recent years, genetic determination has become one of the
most rapidly developing methods, characterized by increasing diagnostic utility.

The introduction of miRNAs to PTC diagnostic procedures will improve the differ-
entiation between benign and potentially malignant lesions. Moreover, the evaluation of
plasma- and serum-derived miRNAs would be particularly beneficial in PTC screening,
which is, accordingly, important to the increasing number of PTC cases. On the other
hand, a more detailed understanding of the pathomechanism of miRNA activity during
PTC development may lead to the discovery of novel potential medical targets, which
is especially necessary for the clinical management of aggressive neoplasms. One of the
limitations of the application of miRNA measurements in routine and daily clinical man-
agement is the requirement for large expenditures; simultaneously, however, the prices of
these procedures are constantly decreasing alongside the development of genetic medicine.
The miRNAs applied in the patients’ clinical management procedures will personalize
therapeutic strategies in the future.
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Simple Summary: In recent years, the incidence of papillary thyroid cancer (PTC) has increased in
many countries worldwide. MicroRNAs appear to be important regulators of PTC, but a better
understanding of their role is needed to develop novel diagnostic tools and identify potential
vulnerabilities. In this study, we aimed to gain insight into the microRNA profile of PTC tissue.
Consequently, crucial pathways in PTC were highlighted. A panel of four microRNAs (miR-152-3p,
miR-221-3p, miR-551b-3p, and miR-7-5p) was proposed as a PTC diagnostic biomarker. Our analysis
indicated that microRNAs are a potential diagnostic tool for PTC patients.

Abstract: The incidence of papillary thyroid cancer (PTC) has increased in recent years. To improve
the diagnostic management of PTC, we propose the use of microRNAs (miRNAs) as a biomarker.
Our aim in this study was to evaluate the miRNA expression pattern in PTC using NanoString
technology. We identified ten miRNAs deregulated in PTC compared with reference tissue: miR-
146b-5p, miR-221-3p, miR-221-5p, miR-34-5p, miR-551b-3p, miR-152-3p, miR-15a-5p, miR-31-5p, and
miR-7-5p (FDR < 0.05; |fold change (FC)| > 1.5). The gene ontology (GO) analysis of differentially
expressed miRNA (DEM) target genes identified the predominant involvement of epidermal growth
factor receptor (EGFR), tyrosine kinase inhibitor resistance, and pathways in cancer in PTC. The
highest area under the receiver operating characteristic (ROC) curve (AUC) for DEMs was found for
miR-146-5p (AUC = 0.770) expression, indicating possible clinical applicability in PTC diagnosis. The
combination of four miRNAs (miR-152-3p, miR-221-3p, miR-551b-3p, and miR-7-5p) showed an AUC
of 0.841. Validation by real-time quantitative polymerase chain reactions (QRT-PCRs) confirmed our
findings. The introduction of an miRNA diagnostic panel based on the results of our study may help
to improve therapeutic decision making for questionable cases. The use of miRNAs as biomarkers of
PTC may become an aspect of personalized medicine.

Keywords: microRNA; papillary thyroid cancer; biomarker
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1. Introduction

Thyroid cancer remains the most common malignancy among endocrine tumors.
In 2020, an estimated 586,000 cases of thyroid cancer were diagnosed worldwide [1]. In
addition, the estimated number of papillary thyroid cancer (PTC) cases in 2022 in the United
States was 43,800 [2]. PTC accounts for the majority of all differentiated thyroid cancer
diagnoses [3] and is the most common type of thyroid malignancy, with its incidence notably
increasing in recent decades [4]. The increase in the rate of diagnosed PTC cases is primarily
due to detection improvements, even in small, indolent thyroid nodules [5]. Despite having
a good prognosis, up to 10% of identified PTC cases metastasize or contribute to death
during cancer progression [6]. Nevertheless, the prognosis for the majority of PTCs is
favorable in terms of long-term survival, although recurrence occurs in 25-30% of PTC
patients [7-9].

Ultrasound, commonly used in screening PTC, has detected thyroid nodules in up
to 68% of examined patients [10]. However, the gold standard for detecting PTC is fine-
needle aspiration biopsy (FNAB) performed under ultrasound guidance [11]. FNAB
is inexpensive, highly accurate, minimally invasive, and safe, with a low complication
rate [12]. However, up to 10% of the obtained FNAB results are nondiagnostic [13]. In
addition, FNAB does not provide complete information about the clinical nature of tumors,
such as the presence of angioinvasion features, which may affect further management [14].
As such, novel diagnostic biomarkers that are equivalent thyroid cancer diagnostic tools
need to be identified [15,16].

Numerous molecular alterations, such as changes in microRNA (miRNA) expression,
are associated with the clinicopathological features of PTCs [17]. Moreover, miRNAs are
implicated in many tumor-promoting gene deregulations in PTC [18,19]. Several miRNAs,
their effect on PTC cells, and the potential utility as therapeutic targets and/or prognostic
markers have been studied [20]. Nevertheless, there is still a need to identify the pathways
that could be possibly targeted and be considered useful for facilitating PTC diagnosis.
Considering PTC is a heterogeneous neoplasm from both morphological and molecular
points of view, comprehensive research on epigenetic alterations as potential diagnostic
markers in PTC is of high importance [21]. Introducing miRNA expression patterns to the
diagnostic protocol may also aid personalized clinical management. Undoubtedly, miRNA
diagnostic applications may improve PTC detection, thus reducing the need for patients
to undergo invasive procedures. Therefore, our broad goal in the current study was to
evaluate miRNA expression patterns in early PTC compared to normal thyroid gland tissue.
Consequently, the results of this study highlight the new molecular features of PTC and
provide insight into the events underlying its development and progression. Moreover, we
assessed the diagnostic significance of selected miRNAs as possible PTC biomarkers.

2. Materials and Methods
2.1. Study Subjects

We conducted this study using postoperative material from the Department of En-
docrinology Diabetology and Internal Medicine at the Medical University of Bialystok in
Poland. We collected PTC tissues from patients with different tumor stages according to
tumor-node-metastasis (TNM) classification and confirmed by a histopathological exami-
nation. We obtained the specimens from postoperative formalin-fixed paraffin-embedded
(FFPE) blocks. The control group consisted of specimens from the same patients with
normal nontumor tissues. Control tissues were confirmed by a pathomorphologist and
did not contain PTC cells or other lesions. Due to rapid tumor progression, we could not
obtain nontumor tissues from 2 patients with PTC. Patients without a diagnosis of PTC
upon postoperative histopathological examination and patients with metastatic PTC in the
lymph nodes were excluded from the study. Additional exclusion criteria included other
comorbidities, chronic conditions, immunosuppressive treatment, and cigarette smoking.
Consequently, we included 80 FFPE tissue samples (41 PTC tissues and 39 reference tissues
without malignant processes) in the study (Table 1). The study protocol was approved in
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advance by the Bioethics Committee of the Medical University of Bialystok (approval num-
ber: R-1-002/491/2019), and written informed consent was obtained from each participant.

Table 1. Characteristics of the study group.

Characteristic Samples of PTC
Total 41
Men/women 8/33
pT1 31
pT2 5
pT3 2
pT4 3
Men: Age at diagnosis—mean (range) 59.7 (41-77)
Women: Age at diagnosis—mean (range) 53.1 (30-77)
Diameter of the tumor—mean (mm) 10.5
Number of samples with features of angioinvasion 12
Number of samples with multifocal features 27

PTC- Papillary Thyroid Cancer.

2.2. Detection of the miRNA Profiles

We extracted miRNAs from 3 consecutive 10 um-thick FFPE sections. A pathologist
identified tumor-rich regions (at least 50% of the tissue area evaluated was PTC cells) of
interest to minimize the risk of false-negative results. The total RNA, including the miRNA
fraction, was isolated using a deparaffinization solution and an miRNeasy FFPE extraction
kit according to the manufacturer’s protocol (Qiagen, Hilden, Germany). We assessed
the miRNA concentration using a Qubit (Invitrogen, Carlsbad, CA, USA). We prepared
the samples for nCounter miRNA expression profiling according to the manufacturer’s
recommendations (NanoString Technologies, Seattle, WA, USA). Briefly, we prepared
100 ng of miRNA samples by ligating a specific miR tag onto the 3’ end of each mature
miRNA, followed by an overnight hybridization (65 °C) with nCounter Reporter and
Capture probes. Subsequently, the samples were placed into the nCounter Prep Station
for automated sample purification and reporter capture. Each sample was scanned on an
nCounter Digital Analyzer for data collection. We deposited the NanoString data in the
Gene Expression Omnibus (GEO) database (GSE191117).

2.3. Validation of the NanoString Results by Real-Time Quantitative Polymerase Chain Reaction
(qRT-PCR)

For the validation experiments, we used a miRCURY LNA RT Kit (Qiagen), according
to the manufacturer’s protocol, to reverse transcribe the miRNA samples (41 PTC samples
and 39 control thyroid tissues) on a BioRad S1000 thermal cycler (Mississauga, ON, Canada).
Then, the candidate miRNAs were quantified by qRT-PCR using specific primers and a
miRCURY LNA SYBR Green PCR Kit (Qiagen). We ran the samples in duplicate on a
LightCycler 480 Real-Time PCR System (Roche, Basel, Switzerland). We used miR-103a-3p
and U6 snRNA as the endogenous controls, and the NormFinder algorithm (Department
of Molecular Medicine (MOMA), Aarhus University Hospital, Aarhus N, Denmark) was
used to calculate their stability. The relative miRNA expression was calculated using qBase
MSExcel VBA based on multiple samples and multiple reference miRNAs. the qBase
converts the Ct values from all runs within one experiment to normalized and rescaled
quantities that can be visualized in graphs [22]. Fold change (FC) values were provided
using the GeneGlobe Data Analysis Center (Qiagen; geneglobe.giagen.com, accessed on
23 February 2022).
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2.4. Data Analysis

We used the nSolver 4.0 Analysis software (NanoString) for data analysis and nor-
malization using the average geometric mean of the top 100 probes detected. We used a
false discovery rate (FDR) correction for multiple comparisons, limited to 0.5, to adjust the
p values. The threshold value for the significance used to define differentially expressed
miRNAs (DEMs) was | fold change (FC) | of >1.5.

Statistical analyses were performed with GraphPad PRISM (v. 9.1.1.; GraphPad
Software, San Diego, CA, USA). Preliminary statistical analysis (Shapiro-Wilk test) revealed
that the studied parameters did not follow a normal distribution. Consequently, we
performed nonparametric tests between groups. All the data are presented as medians
and ranges. The areas under the receiver operating characteristic (ROC) curves (AUCs) for
DEMs were calculated.

We prepared a logistic regression model by combining the DEMs, and we used the
WEKA tool (Weka, version 3.8.5, Hamilton, New Zealand) to discriminate between PTC
and the control tissue. For the comparison of PTC vs. control, we chose specific miRNAs
for the feature selection. Models based on logistic regression, naive Bayes, and tree-based
J48 algorithms were established. For each combination, confusion matrices were prepared
to evaluate the model. We measured the performance of the multi-miRNA classifiers using
the classification precision and the AUC.

2.5. miRNA Target Prediction and Functional Annotation of the Selected miRNA Targets

To examine the functions of the identified miRNAs, miRNA target prediction was per-
formed using MicroRNA ENrichment TURned NETwork (MIENTURNET, Rome, Italy) [23].
We used the following online databases and carried out Gene Ontology (GO) analy-
sis and functional annotation clustering to examine the functions of the identified tar-
get genes: the Gene Ontology enrichment analysis and visualization tool (GOrilla; http:
/ /cbl-gorilla.cs.technion.ac.il/, accessed on 2 February 2022), DAVID (GO and Kyoto Ency-
clopedia of Genes and Genomes (KEGG), Enrichment Analysis: https:/ /david.nciferf.gov/,
accessed on 2 February 2022, g: Profiler (https:/ /biit.cs.ut.ee/gprofiler/gos, accessed on
2 February 2022), and Metascape (https://metascape.org, accessed on 2 February 2022).
To identify highly connected hub genes in protein-protein interactions, we used the
Search Tool for Retrieval of Interacting Genes/Proteins (STRING) database (with an in-
teraction score> 0.4) [24] and the CytoHubba plugin based on Cytoscape version 3.8.2
(http:/ /cytoscape.org/, accessed on 30 March 2022) [25].

3. Results
3.1. miRNA Profile in Papillary Thyroid Cancer

To determine the tumor-specific miRNA expression pattern, we profiled the tissue
expression of 798 miRNAs using the NanoString Technology platform. The differential
expression of ten miRNAs was detected between the studied groups (Table 2). Specifically,
eight miRNAs were upregulated and two were downregulated in PTC compared to controls
based on a threshold FDR < 0.05 and an |FC| > 1.5.

3.2. miRNA Target Genes

We predicted the DEMs’ target genes using MIENTURNET, a web tool designed
to obtain computationally predicted and/or experimentally validated target genes from
TargetScan and miRTarBase. The results indicated 725 putative target genes for the miRNAs
based on a minimum threshold of two miRNA-target interactions. The STRING database
was used to visualize the protein relationships (Figure 1).
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Table 2. miRNAs with significantly different expression between PTC and the control group
(FDR < 0.05and IFCI| > 1.5).

miRNA FC p-Value FDR
miR-146b-5p 6.62 0.00000001 0.00
miR-221-3p 323 0.00000001 0.00
miR-221-5p 236 0.00000016 0.00
miR-222-3p 294 0.00000001 0.00
miR-34a-5p 1.65 0.00002568 0.00
miR-551b-3p 263 0.00000003 0.00
miR-152-3p —153 0.00040006 0.01
miR-15a-5p 157 0.00031352 0.01
miR-31-5p 1.60 0.00051338 0.02
miR-7-5p —2.57 0.00108612 0.03

FC, fold change; FDR, false discovery rate.

Figure 1. Target genes of DEMs rendered using STRING database. Only connected nodes are present.

Only interactions with high confidence interaction scores (>0.9) are shown. The PPI enrichment value
was predicted to be 8.44 x 1015,
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3.3. Functional Enrichment Analysis

To obtain insights into the biomolecular significance of the identified target genes of the
DEMs, we performed GO analysis with various databases and obtained enriched GO terms.
The GO analysis of the PTC network biological process revealed a predominant role of the
following categories: ‘nervous system development’, ‘neurogenesis’, and ‘regulation of
nitrogen compound metabolic process’. “‘Nucleoplasm’, ‘nuclear lumen’, and ‘intracellular
organelle’ were among the significantly associated cellular component categories. Further-
more, the genes of the GO molecular functions are involved in ‘enzyme binding’, ‘protein
kinase binding’, and ‘protein binding’. Additionally, the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis confirmed that ‘epidermal growth
factor receptor (EGFR) tyrosine kinase inhibitor resistance’, ‘pathways in cancer’, and
‘mammalian target of rapamycin (mTOR) signaling pathway” are predominantly involved
in PTC's pathogenesis (Figure 2).
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Figure 2. Gene Ontology (GO) enrichment analysis. Top 10 significantly enriched GO (—logl0
(p-value)) categories of the target genes in the cellular components, molecular function, biological
processes, and KEGG enrichment. KEGG, Kyoto Encyclopedia of Genes and Genomes.

3.4. Hub Gene Identification

To further examine the protein-protein interactions (PPIs) of the DEM target genes, we
used the Cytoscape software; we used the Maximal Clique Centrality (MCC) algorithm in
the cytoHubba plugin to identify the top 10 hub genes in the PPI network (Figure 3, Table 3).
The top 10 hub genes were mitogen-activated protein kinase 1 (MAP2K1), Raf-1 proto-
oncogene, serine/threonine kinase (RAF1), insulin receptor substrate 1 (IRS1), epidermal
growth factor receptor (EGFR), KIT proto-oncogene receptor tyrosine kinase (KIT), kinase
insert domain receptor (KDR), Erb-B2 receptor tyrosine kinase 3 (ERBB3), NRAS proto-
oncogene, GTPase (NRAS), phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1), and
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit beta (PIK3CB).
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Figure 3. The networks of the top 10 hub genes.

Table 3. Top 10 hub genes.

Hub Gene DEMs Targeting Hub Gene
MAP2K1 miR-152-3p; miR-15a-5p; miR-34a-5p
RAF1 miR-15a-5p; miR-7-5p
IRS1 miR-15a-5p; miR-7-5p
EGFR miR-152-3p; miR-221-3p; miR-222-3p; miR-7-5p
KIT miR-152-3p; miR-221-3p; miR-222-3p
PIK3CB miR-146b-5p; miR-7-5p
NRAS miR-146b-5p; miR-152-3p
KDR miR-15a-5p; miR-221-3p; miR-222-3p
ERBB3 miR-152-3p; miR-221-3p; miR-222-3p
PIK3R1 miR-15a-5p; miR-221-3p; miR-222-3p
MAP2K1, mitogen-activated protein kinase 1; RAF1, Raf-1 proto-oncogene, serine/th ine ki IRS1, insuli

receptor substrate 1; EGFR, epidermal growth factor receptor; KIT, KIT proto-oncogene receptor tyrosine kinase;
KDR, kinase insert domain receptor; ERBB3, Erb-B2 receptor tyrosine kinase 3; NRAS, NRAS proto-oncogene,
GTPase; PIK3R1, phosphoinositide-3-kinase regulatory subunit 1; PIK3CB, phosphatidylinositol-4,5-bisphosph
3-kinase catalytic subunit beta.

3.5. Receiver Operating Characteristic Curve Analysis

We evaluated the diagnostic value of the DEMs as candidate PTC biomarkers using
the AUCs. All the identified DEMs showed significantly higher AUCs compared with
AUC = 0.500, excluding miR-31-5p (p > 0.05). The highest AUC, indicating possible clinical
usefulness in PTC diagnosis, was observed for miR-146-5p (AUC = 0.770), miR-551-3p
(AUC = 0.740), and miR-222-3p (AUC = 0.720) (Figure 4).

3.6. Logistic Regression Model

Using a logistic regression model, we screened the DEMs for constructing an miRNA-
based PTC diagnostic signature. Logistic regression is a supervised learning algorithm
commonly used for binary classification tasks. Intercept and coefficients are parts of the
model, intercept is the log odds when the variable is 0, this means the absence of PTC.
Coefficients describe how much the log odds change with the presence of PTC. True
positive, false positive, precision, and AUC values describe the diagnostic usefulness of
the model.
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Figure 4. ROC analysis was conducted to evaluate the diagnostic value of the DEMs as diagnostic
biomarkers of PTC vs. control: (A) miR-146-5p; (B) miR-152-3p; (C) miR-15a-5p; (D) miR-221-3p;
(E) miR-221-5p; (F) miR-222-3p; (G) miR-31-5p; (H) miR-34a-5p; (I) miR-551b-3p; (J) miR-7-5p. AUC
values were calculated to estimate diagnostic performance of the DEMs in PTC. p-values indicate a
significant difference from AUC = 0.5 (borderline of the diagnostic usefulness of the test).

The feature selection chose four DEMs with the highest diagnostic values, and a
logistic regression model was constructed. The parameters of the model and the common
quality measures are summarized in Table 4. The AUC value obtained for a combination of
miR-152-3p + miR-221-3p + miR-551b-3p + miR-7-5p (AUC = 0.841) had a higher diagnostic
value than the highest AUC for an miRNA used separately—miR-146-5p (AUC = 0.770).

Table 4. Summary of the basic parameters and common quality measures of the models.

Model TP Rate FP Rate Precision AUC Intercept Coefficient
x1 = miR-152-3p a; = —12104
=miR-221-3 =0.8173
2 4 0.769 0227 0.774 0.841 ST s
x3 = miR-551b-3p a3 =0.5172
x4 = miR-7-5p ag = —0.0178

TP, true positive; FD, false positive; AUC, area under the receiver operating characteristic curve.

3.7. Data Validation

We validated the DEMs from the miRNA-based diagnostic signature to verify the
results of the NanoString analysis. We investigated 80 FFPE samples from the PTC and
control groups using qRT-PCR to determine the relative expression levels of the four
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discovered DEMs (Figure 5A-D). The validation results demonstrated high similarity to
the expression profiles established by NanoString, thus confirming the importance of all
the DEMs included in the logistic regression model.
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Figure 5. Relative expression of DEMs included in the logistic regression model in control
(N =39) and PTC samples (N = 41): (A) miR-152-3p (Fold change (FC) = 0.37); (B) miR-221-3p
(FC = 5.78); (C) miR-551b-3p (FC = 5.68); (D) miR-7-5p (FC = 0.18). Each bar represents the geometric
mean =+ standard error of mean of the ratio of miRNA expression and reference miRNAs (miR-
103a-3p and U6 snRNA) calculated using the qBase MSExcel VBA based on multiple samples and
multiple reference miRNAs. Asterisks indicate the levels of significance of differences (**** p< 0.0001);
Mann-Whitney U-test was used to compare PTC and control samples. PTC, papillary thyroid cancer.
FC values were provided using the GeneGlobe Data Analysis Center.

4. Discussion

The rapid development of high-resolution technologies has increased the detection
rate for thyroid cancer [26]. However, the invasive FNAB procedure still remains the
diagnostic tool of choice [27]. Despite the high accuracy, safety, and cost effectiveness of
this method [28], patients undergoing FNAB are at risk of several complications, such
as a hematoma at the injection site or pain via ecchymosis, swelling, and inadvertent
punctures to the trachea, carotid artery, or jugular vein [29]. Moreover, up to 10% of
FNAB results are nondiagnostic [30]. Hence, novel screening and diagnostic markers,
using highly specialized techniques that can increase the PTC detection rate, are still being
evaluated. Our results confirmed that FFPE tissues are suitable resources for such miRNA
expression analyses and could be useful in the management algorithm of patients with
thyroid nodules.

The further identification of potential biomarkers useful in the diagnosis and prognosis
of PTC is needed. In our study, we determined the overall miRNA expression profile with
NanoString technology and the RT-PCR method was used to confirm selected miRNAs
expression. MiRNAs can easily be detected in various types of specimens by methods
such as microarrays, nCounter technology, or RT-PCR. The large-scale methods allow the
analysis of miRNA patterns that comprise numerous miRNAs providing valuable insight
into the regulation of many biological processes. Considering miRNA analysis in PTC, the
method used (small RNA sequencing, microarray, PCR method), type of specimen (FFPE,
FNARB, frozen tissue), inclusion/exclusion criteria (presence of comorbidities, metastases),
type of reference tissue (normal tissue paired from cancer patients, normal tissue from
healthy patients, benign tissue), and histologic type of cancer should also be taken into
consideration when comparing and interpreting the results [31,32]. Reports on selective
miRNA expression using the PCR method do not allow to assess the miRNA fingerprint
for diagnosis. Thus, the improved standardization of methods used to evaluate miRNAs
expression may support their introduction in the personalized medicine approach in PTC
patients. Significant literature data have already been accumulated on the particular
miRNA expression in a specific type of specimens in PTC [33-36], however, miRNA
expression pattern using large-scale methods with subsequent data validation are still
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needed to fill in the data gap. Our miRNA combination distinguishes between early PTC
and normal tissue, thus additional studies including benign tissues should be performed
to confirm the diagnostic usefulness of the miRNA panel. What should be also noted
is that the proposed diagnostic tool is incapable of differentiating metastatic PTC from
normal thyroid gland tissue. Metastatic PTC were excluded to obtain homogenous PTC
cohort, which was also helpful to comprehensively describe tumor-initiating alterations in
miRNA expression pattern [37]. Literature data suggest distinct miRNA expression pattern
associated with lymph node metastasis in PTC patients [38]. It is worth noting that the data
on the diagnostic value of the miRNA profile in differentiation between metastatic PTC
and non-metastatic PTC patients are limited.

Notably, miRNA deregulation has been implicated in the development of many
different cancers, including thyroid cancer [20,39]. Literature data show a relationship
between the expression of various miRNAs in thyroid cancer and the TNM classifica-
tion [17,36]. The evaluation of PTC pathogenesis particularly emphasizes the deregulation
of miR-146b, miR-221, miR-222, miR-181b, and miR-21 [40]. Deregulation of miR-146b
affects the MAPK/ERK and TGF-p pathways, thus increasing the risk of vascular invasion
and metastasis to lymph nodes and distant organs [36]. Another miRNA implicated in the
pathogenesis of PTC is miR-181b whose upregulation affects the inhibition of apoptosis
and promotion of cell division [41]. Increased miR-221, miR-222, miR-146a, and miR-146b
expression has been also associated with high-risk PTC features [18,42,43]. Increased
expression of miR-221 and miR-222 is implicated in increased tumor size and increased
probability of angioinvasion, lymph node and distant organ metastasis [42,44]. OncomiRs
miR-221 and miR-222 were also associated with less differentiated tumors and reported to
play a role in PTC aggressiveness [37]. Moreover, the downregulation of the expression of
miR-21 and miR-9 has been implicated in the recurrence of PTC tumors [19]. Downregula-
tion of miR-9 has an effect on cyclin D1 overexpression and p27 underexpression, which
in turn predicts lymph node metastasis in PTC [45]. Downregulation of miR-21 affects
overexpression of intercellular adhesion molecule-1 (ICAM1). This results in increased PTC
aggression manifested, for example, by lymph node metastasis [46].

Furthermore, the miRNA expression pattern bears potential as a PTC biomarker. Park
et al. demonstrated three miRNAs (miR-136, miR-21, miR-127) as diagnostic and prog-
nostic markers of PTC [47]. Zei et al. in their study demonstrated that miR-155 causes
downregulation of sex-determining region Y-box 17 (Sox17) and overexpression of inflam-
matory cytokine interleukin (IL22). This promotes the migration of PTC cells [48]. Another
biomarker that could differentiate PTC from benign lesions is miR-155 [36]. Moreover, the
let-7 family, which downregulates RAS expression, has the potential to be a biomarker
of PTC [49]. Geraldo et al. point out that let-7f, in combination with miR-146-5p, can be
a prognostic tool in PTC [50]. In another study, Ma et al. showed that miR-199a-5p acts
by inhibiting snail family zinc finger 1 (SNAI1), resulting in SNAI1 overexpression and
increased PTC proliferation [51]. In a recent study, downregulation of miR-363-3p was
found to inhibit PTC progression by targeting NIN1/RPN12 binding protein 1 (NOB1) [52].
In contrast, Wang et al. showed that downregulation of miR-599 promotes PTC cell prolif-
eration and inhibits apoptosis by targeting HEY2 gene expression [53]. PTC’s pathogenesis
can be further determined using miRNA evaluation. This may provide insights for deter-
mining potential medical targets [54]. Moreover, specific miRNAs may be considered PTC
biomarkers [55]. Introducing an miRNA panel to routine diagnostics may improve the
accuracy of the obtained FNAB results [56]. Moreover, the determination of the miRNA
profile would allow personalization of the treatment strategy as well as the determination
of the individual risk of cancer progression or metastasis [57]. As such, our purpose in this
study was to identify DEMs in PTC with potential diagnostic utility.

In our study, we identified ten miRNAs (miR-146b-5p, miR-221-3p, miR-221-5p,
miR-34-5p, miR-551b-3p, miR-152-3p, miR-15a-5p, miR-31-5p, and miR-7-5p) that were
differentially expressed in PTC compared to normal thyroid tissue. All the DEMs included
in the study are implicated in PTC development or cancer progression. In this case, the
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determination of DEMs during PTC can provide insights into potential target genes and
metabolic pathways with clinical usefulness. It has been demonstrated that the overex-
pression of miR-146b-5p in PTC promotes invasion and metastasis and induces epithelial-
mesenchymal transition by targeting zinc RING finger 3 (ZNRF3) [58,59]. Furthermore,
the deregulation of miR-221-3p expression is involved in the regulation of the suppressor
of cytokine signaling 3/signal transducer and activator of transcription 3 (SOCS3/STAT3)
pathway, which is particularly relevant in cancer resistance. In this case, radiosensitivity in
thyroid cancer can be reduced by targeting the influence of miR-221-3p on the solute carrier
family 5 member 5 (NIS). [60]. Furthermore, miR-34a can exert an inhibitory effect related
to cell proliferation by targeting many protooncogenes, implicating it in tumorigenesis
and cancer progression [61]. Long et al. showed that miR-34a expression is associated
with PTC's tumor stages, histopathological types, and fluorodeoxyglucose maximum stan-
dardized uptake value [62]. Accordingly, miR-551b-3p was also shown to relate to PTC's
clinicopathological features [14]. Moreover, the downregulation of miR-152-3p, considered
a tumor suppressor, promotes PTC development [63]. Kang et al. found that miR-152-3p
overexpression was implicated in ERBB3 downregulation, which inhibits human PTC
(TPC-1) cell proliferation. The overexpression of miR-221 inhibited reversion-inducing
cysteine-rich protein with Kazal motif (RECK), which is involved in promoting the inva-
siveness and migration of PTC cells [44]. Wang et al. found that miR-15a-5p promoted the
growth of PTC cells by regulating hexokinase 2 (HK2) expression, and suggested it as a
potential PTC therapeutic target [64]. Rosignolo et al. showed the association of miR-31-5p
overexpression with a higher risk of PTC tumor recurrence [34]. Augenlicht et al. indicated
that the tumor suppressor miR-7-5p inhibits thyroid cancer cell proliferation and that its
target genes inhibit the EGFR/MAPK and IRS2/PI3K signaling pathways. The effect of
miR-7-5p downregulation may promote PTC proliferation and invasiveness [65], and spe-
cific miRNA expression patterns may be clinically useful for tailoring treatment strategies
as a central feature of miRNA-based treatments for cancer and cancer management in the
future [66].

Additionally, we identified key DEM target genes, established the functional enrich-
ment genes, and constructed a PPI network; we specifically identified MAP2K1, RAF1,
IRS1, EGFR, KIT, KDR, ERBB3, NRAS, PIK3R1, and PIK3CB as hub genes. The product
of the MAP2K1 gene is a serine/threonine and tyrosine kinase, which is, in turn, acti-
vated by phosphorylation through the action of RAF kinase [67]. RAF1 participates in the
RAS/MEK/ERK signaling pathway. Moreover, RAF1 was observed to be upregulated in
PTC development [68]. Specifically, RAF1 is an important factor promoting tumorigenesis
and PTC tissue progression. In a similar study by Li et al., patients with PTC showed ele-
vated RAF-1 and decreased miR-485-5p expression [69]. Chen et al. showed that miR-1271
inhibited PTC development by affecting IRS1, implicated in epithelial-mesenchymal transi-
tion and the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) pathway [70].
Additionally, Yang et al. proved the importance of the PI3/AKT pathway in their study,
which showed a frequent association with tumor progression and resistance to cancer
therapies as the pathway’s activity increased [71]. In turn, PIK3R1 and PIK3CB are the com-
ponents of the previously mentioned PIK3/AKT/mTOR signaling pathway [72]. Moreover,
the GAS1 gene and PI3/AKT pathway are connected. Growth arrest specific 1 (GAS1), a
target gene of miR-34a, leads to the inhibition of apoptosis in PTC and an increase in PTC
cell proliferation. [73]. Modeling miRNA expression as a medical target may lead to the
complete inhibition of tumor progression. Furthermore, EGFR is a tyrosine kinase impli-
cated in cell proliferation. Masago et al. described the effect of EGFR-activating mutations
on PTC development [74]. Inhibitors of ERRB3, which is also known as a proto-oncogene
and a member of the EGFR family, may be effective in the treatment of PTC [75]. Alterna-
tively, the oncogene KIT, described for its role in PTC and other cancers, encodes a receptor
tyrosine kinase that affects cellular growth and differentiation [76]. The dysregulation of
miR-221, miR-222, and miR-146 has been implicated in KIT downregulation [77]. KDR
is a tyrosine kinase whose overexpression in PTC was described [78]. NRAS encodes the
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N-ras protein responsible for regulating cell division. The importance of NRAS mutations
in PTC was also demonstrated [79]. Novel transcriptomic approaches specifically targeting
PTC hub genes should be further investigated. Moreover, overcoming drug resistance in
cancer therapy represents an increasing clinical challenge; thus, the results obtained from
the present research may lead to the discovery of the molecular mechanism underlying
cancer development and progression.

In this study, through KEGG analysis, we identified the most relevant pathways in the
pathogenesis of PTC, i.e., EGFR tyrosine kinase inhibitor resistance, the mTOR signaling
pathway, and the ERBB3 signaling pathway, all important in modulating the response to
anticancer treatment [74,75,80]. Tavares et al. implicated the mTOR pathway in distant
metastasizing and therapy resistance in PTC [81]. The recent literature suggests that the
potential inhibition of mTOR activity may prevent cancer progression and improve the
survival prognosis for patients after treatment [82]. Moreover, targeting ERBB3 and EGFR
signaling [83-85] is an effective method for overcoming cancer progression and resistance
to anticancer therapy [85,86].

Using the GO approach, biological processes were significantly enriched for nervous
system development and several metabolism-related terms. Neurogenesis, similar to
angiogenesis, is also an important modulator of cancer cells progression [87]. Literature data
demonstrate the presence of nerves in the tumor microenvironment and their promotion of
tumorigenesis and disease progression [88]. GO molecular function analysis revealed that
among the discovered DEGs were those involved in kinase activity and protein binding.
Our study demonstrates key molecular pathways and provides much needed insights into
potential targets and treatment options of PTC.

All the identified DEMs showed high diagnostic utility (excluding miR-31-5p). Possi-
ble clinical usefulness in PTC diagnosis was observed for miR-146-5p (AUC = 0.770),
miR-551-3p (AUC = 0.740), and miR-222-3p (AUC = 0.720). Specifically, miR-146-5p
(AUC =0.770) expression had the highest diagnostic utility. To increase the diagnostic
accuracy of using miRNAs, we assessed a combination of four miRNAs (miR-152-3p,
miR-221-3p, miR-551b-3p, and miR-7-5p) with a calculated AUC of 0.841. Moreover, the
AUC values obtained in our study are comparable to those previously published in the
literature [16,36,47]. Other authors also proposed miR-221 measurement as a potential
biomarker of PTC recurrence [18]. Duan et al. showed that miR-7-5p and miR-451 can be
considered diagnostic biomarkers of PTC [89]. Additionally, the individual miRNAs that
comprise our proposed panel have been previously mentioned as potential biomarkers
of PTC [14,89-91]. The overexpression of these miRNAs reflects recent results obtained
by Qiao et al., who demonstrated that the combination of five miRNAs, including miR-
1296-5p, miR-1301-3p, miR-532-5p, miR-551b-3p, and miR-455-3p, is potentially useful in
the diagnosis of PTC (AUC of 0.941 with 82.14% sensitivity and 100% specificity in their
study) [14]. The lack of a sensitive panel may limit the introduction of a miRNA diagnostic
panel into clinical routines. Moreover, cost-benefit and cost-effectiveness analyses are re-
quired. Nevertheless, the procedure’s cost will consistently decrease with the development
of molecular techniques. Introducing a diagnostic miRNA panel in PTC may result in more
accurate diagnoses in difficult and questionable cases, enable more accurate therapeutic
decisions, help to prioritize patients who require special clinical management or more
aggressive treatment, and be part of a more personalized approach to medicine. Lastly,
and in reference to the heterogeneity of PTCs, the introduction of a diagnostic panel rather
than a separate measurement would be preferable. In order for the miRNA panel to be
applied in clinical practice, though, it is important to evaluate the miRNA presence in
FNAB and biofluids.

The results of our study are in line with the current knowledge about miRNAs in the
pathogenesis of PTC. The theranostic utility of miRNAs and their prognostic potential in
PTC have been demonstrated [16]. However, our analyses are of crucial importance for the
exploration of the role of miRNA expression patterns in the pathogenesis of PTC. Further-
more, general studies of PTC have aimed to establish novel noninvasive diagnostic panels,
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but the results have been insufficient. Therefore, we proposed a miRNA PTC diagnostic
panel consisting of miR-152-3p, miR-221-3p, miR-551b-3p, and miR-7-5p. The wide range
of studied miRNAs and the validation of the results obtained by PCR assays constitute the
strengths of this study. However, because of the limited size of the experimental group,
further evaluation and data validation using a larger cohort are required to confirm the
diagnostic usefulness of the proposed miRNA panel.

5. Conclusions

Our analysis demonstrates the usefulness of evaluating miRNA expression patterns
in PTC diagnosis. Moreover, a four-miRNA combination—miR-152-3p, miR-221-3p, miR-
551b-3p, and miR-7-5p—may be introduced as a diagnostic panel in PTC patients. In
addition, the characterization of the regulatory network of the DEMs and target genes will
be important for investigating the pathways driving disease progression. Nevertheless,
additional studies are necessary for understanding the role of dysregulated miRNAs in the
molecular mechanisms underlying PTC pathogenesis.
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7. STRESZCZENIE W JEZYKU POLSKIM

Celem rozprawy doktorskiej byta identyfikacja panelu diagnostycznego raka
brodawkowatego tarczycy opartego na badaniu genetycznym. W ostatnich latach obserwuje si¢
narastajacg zachorowalno$¢ na ten nowotwor, zarowno na $wiecie, jak 1 w Polsce. Rak
brodawkowaty tarczycy jest najczestszym nowotworem ztosliwym tego narzadu. Réwniez od
kilku lat ros$nie zainteresowanie w poszukiwaniach molekularnego biomarkera raka
brodawkowatego tarczycy. Tym biomarkerem moze by¢ miRNA.

W sktad rozprawy doktorskiej wchodzi praca pogladowa oraz praca oryginalna. W
pracy pogladowej dokonano przegladu dotychczasowe;j literatury dotyczacej znaczenia miRNA
w diagnostyce raka brodawkowatego tarczycy. Dotychczas wielu autorow staralo si¢
zidentyfikowa¢ konkretne miRNA, ktére mogag wspomoc proces diagnostyczny. Jednak mata
liczebnos¢ badanych grup, rézne zastosowane metody badawcze oraz niejednorodne cechy
choroby sktaniajg do przeprowadzenia dalszych badan w zakresie omawianego tematu.

W toku prac nad publikacja oryginalng podjeto probe identyfikacji panelu
diagnostycznego raka brodawkowatego tarczycy przy uzyciu badan genetycznych. W tym celu
zgromadzono 41 bloczkéw parafinowych zawierajagcych komodrki nowotworowe oraz 39
bloczkéow ze zdrowymi tkankami, ktore pochodzily od tych samych pacjentow. W badanym
materiale oznaczono profil ekspresji miRNA. Zaobserwowano istotnie zwigkszong ekspresje 8
miRNA: miR-146b-5p, miR-221-3p, miR-221-5p, miR-222-3p, miR-34a-5p, miR-551b-3p,
miR-15a-5p, miR-31-5p. Z kolei ekspresja miR-152-3p oraz miR-7-5p byla istotnie
zmniejszona. Przeprowadzono rdwniez analiz¢ ontologii gendéw targetowych oraz
zidentyfikowano kluczowe geny zaangazowane w rozwoj raka brodawkowatego tarczycy.
Nastepnie oceniono warto$¢ diagnostyczng istotnie zmienionych miRNA jako biomarkerow
raka brodawkowatego tarczycy przy uzyciu AUC. Najwyzsze AUC, wskazujace na mozliwog
przydatnos$¢ kliniczng w diagnostyce raka brodawkowatego tarczycy, zaobserwowano dla miR-
146-5p (AUC=0,770), miR-551-3p (AUC=0,740), miR-222-3p (AUC=0,720). Uzywajac
modelu regresji liniowej dla panelu sktadajacego si¢ z miR-152-3p + miR-221-3p + miR-551-
3p + miR-7-5p uzyskano AUC=0,841. W celu zwigkszenia wiarygodnosci pracy uzyskane
wyniki potwierdzono z uzyciem RT-PCR.

Podsumowujac analiza ekspresji panelu miR-152-3p, miR-221-3p, miR-551b-3p oraz
miR-7-5p (AUC=0,841) moze stanowi¢ molekularny panel diagnostyczny, uzyteczny w

procesie diagnostycznym raka brodawkowatego tarczycy.
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8. STRESZCZENIE W JEZYKU ANGIELSKIM

The aim of the doctoral dissertation was to identify a diagnostic panel for papillary
thyroid cancer based on genetic testing. In recent years, an increasing incidence of this cancer
has been observed, both worldwide and in Poland. Papillary thyroid cancer is the most common
malignant tumor of this organ. Also for several years the interest in the research of a molecular
biomarker of papillary thyroid cancer has been growing. This biomarker may be miRNA.

The doctoral dissertation consists of a review paper and an original paper. The review
paper includes a revision of previous literature on the importance of miRNAs in the diagnosis
of papillary thyroid cancer. To date, many authors have attempted to identify specific miRNAs
that can assist in the diagnostic process. However, the small size of the study groups, the
different research methods used, and the heterogeneous features of the disease prompt further
research on the subject at hand.

In the process of preparing the original publication, an attempt was made to identify the
diagnostic panel of papillary thyroid cancer using genetic testing. For this study, 41 paraffin
blocks containing tumor cells and 39 blocks with healthy tissues were collected from the same
patients. The miRNA expression profile was determined in the studied material. A significantly
increased expression of 8 miRNAs was observed: miR-146b-5p, miR-221-3p, miR-221-5p,
miR-222-3p, miR-34a-5p, miR-551b-3p, miR-15a-5p, miR-31-5p. In contrast, the expression
of miR-152-3p and miR-7-5p was significantly decreased. Target gene ontology analysis was
also performed and key genes involved in papillary thyroid cancer development were identified.
The diagnostic value of significantly altered miRNAs as biomarkers of papillary thyroid cancer
was then evaluated using AUC. The highest AUCs, indicating possible clinical utility in the
diagnosis of papillary thyroid cancer, were observed for miR-146-5p (AUC=0.770), miR-551-
3p (AUC=0.740), miR-222-3p (AUC=0.720). Using a linear regression model for the panel
consisting of miR-152-3p + miR-221-3p + miR-551-3p + miR-7-5p, the AUC=0.841 was
obtained. To enhance the reliability of the work, the results were confirmed using RT-PCR.

In conclusion, the expression analysis of miR-152-3p, miR-221-3p, miR-551b-3p and
miR-7-5p panel (AUC=0.841) may provide a molecular diagnostic panel useful in the

diagnostic process of papillary thyroid cancer.
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Angelika Buczyiska; Agnieszka Adamska; Katarzyna Siewko; Maria Kosciuszko;
Katarzyna Maliszewska; Anna Wéjcicka; Jakub Supronik; Malgorzata Szelachowska;
Joanna Reszeé; Adam Jacek Kretowski; Anna Poplawska-Kita, Expression Profile and
Diagnostic Significance of MicroRNAs in Papillary Thyroid Cancer; Cancers, 2022,
14(11), 2679.Doi: 10.3390/cancers14112679, wchodzacej w  sklad rozprawy
doktorskicj Pana lck. Mariusza Roguckiego polegal na udzicleniu konsultacji
merytoryczng;j.

Jednocze$nie stwierdzam, ze indywidualny udziat Pana lek. Mariusza Roguckiego w
powstaniu niniejszej pracy wyniost 60%.
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Biatystok, 6.06.2022
Dr Katarzyna Siewko
Klinika Endokrynologii, Diabetologii i Chorob Wewngtrznych
Uniwersytet Medyczny w Biatymstoku

Os$wiadczenie

1. Mariusz Rogucki; Iwona Sidorkiewicz; Magdalena Niemira; Janusz Bogdan Dzigciol;
Angelika Buczynska; Agnieszka Adamska; Katarzyna Siewko; Maria Kosciuszko;
Katarzyna Maliszewska; Anna Wojcicka; Jakub Supronik; Malgorzata Szelachowska;
Joanna Resze¢; Adam Jacek Krgtowski; Anna Poplawska-Kita, Expression Profile and
Diagnostic Significance of MicroRNAs in Papillary Thyroid Cancer; Cancers, 2022,
14(11), 2679.Doi: 10.3390/cancers14112679, wchodzacej w  sklad rozprawy
doktorskicj Pana lck. Mariusza Roguckicgo polegal na udzicleniu konsultacji
merytorycznej.

Jednoczesnie stwierdzam, Ze indywidualny udziat Pana lek. Mariusza Roguckiego w

powstaniu niniejszej pracy wyniost 60%.
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Bialystok, 6.06.2022

Dr Maria Kosciuszko
Klinika Endokrynologii, Diabetologii i Choréb Wewngtrznych
Uniwersytet Medyczny w Biatymstoku

Oswiadczenie

Oswiad 51 udzial iu publikacii:

I

Mariusz Rogucki; Iwona Sidorkiewicz; Magdalena Niemira; Janusz Bogdan Dzigciof;
Angelika Buczynska; Agnieszka Adamska; Katarzyna Siewko: Maria Kodciuszko;
Katarzyna Maliszewska; Anna Wéjcicka; Jakub Supronik; Malgorzata Szelachowska;
Joanna Reszeé; Adam Jacek Krgtowski; Anna Poptawska-Kita, Expression Profile and
Diagnostic Significance of MicroRNAs in Papillary Thyroid Cancer; Cancers, 2022,
14(11), 2679.Doi: 10.3390/cancers14112679, wchodzacej w skiad rozprawy
doktorskiej Pana lek. Mariusza Roguckiego polegal na udzieleniu konsultacji
merytorycznej.

Jednoczesnie stwierdzam, ze indywidualny udziat Pana lek. Mariusza Roguckiego w
powstaniu niniejszej pracy wyniost 60%.

Mawa Votdo
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Bialystok, 6.06.2022
Dr Katarzyna Maliszewska
Klinika Endokrynologii, Diabetologii i Chorob Wewngtrznych
Uniwersytet Medyczny w Bialymstoku

Os$wiadczenie

1. Mariusz Rogucki; Iwona Sidorkiewicz; Magdalena Niemira; Janusz Bogdan Dzigciol;
Angelika Buczynska; Agnieszka Adamska; Katarzyna Siewko; Maria Kosciuszko;
Katarzyna Maliszewska; Anna Wéjcicka; Jakub Supronik; Malgorzata Szelachowska;
Joanna Reszeé; Adam Jacek Kretowski; Anna Poplawska-Kita, Expression Profile and
Diagnostic Significance of MicroRNAs in Papillary Thyroid Cancer; Cancers, 2022,
14(11), 2679.Doi: 10.3390/cancers14112679, wchodzacej w sklad rozprawy
doktorskicj Pana lek. Mariusza Roguckicgo polegal na udzicleniu konsultacji
merytorycznej.

Jednoczesénie stwierdzam, ze indywidualny udziat Pana lek. Mariusza Roguckiego w
powstaniu niniejszej pracy wynidst 60%.

déohaij. ot
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Warszawa, 6.06.2022
Dr hab. Anna Wojcicka
Warsaw Genomics
Ul. Kiwerska 33A
01-682 Warszawa

Oswiadczenie

Os$wiadczam, ze méj udzial w przygotowaniu publikacji:

1. Mariusz Rogucki; Iwona Sidorkiewicz; Magdalena Niemira; Janusz Bogdan Dzigciol;
Angelika Buczynska; Agnieszka Adamska; Katarzyna Siewko; Maria Ko$ciuszko;
Katarzyna Maliszewska; Anna Wojcicka; Jakub Supronik; Matgorzata Szelachowska;
Joanna Resze¢; Adam Jacek Kretowski; Anna Poptawska-Kita, Expression Profile and
Diagnostic Significance of MicroRNAs in Papillary Thyroid Cancer; Cancers, 2022,
14(11), 2679.Doi: 10.3390/cancers14112679, wchodzacej w sklad rozprawy
doktorskiej Pana lek. Mariusza Roguckiego polegal na udzielaniu konsultacji
merytorycznych.

Jednocze$nie stwierdzam, ze indywidualny udziat Pana lek. Mariusza Roguckiego w
powstaniu niniejszej pracy wyniost 60%.

fus- e
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Bialystok, 6.06.2022

:a:!“.hk“b Supronik =

= inika Endokrynologii, Diabetologii i Choréb Wewnegtrznych
niwersytet Medyczny w Biatymstoku

Oswiadczenie

!!‘!!!i'd:z!n] i 5. I . !w . !!.l TR

I. Mariusz Rogucki; Iwona Sidorkiewicz; Magdalena Niemira; Janusz Bogdan Dzigciol;
Angelika Buczynska; Agnieszka Adamska; Katarzyna Siewko; Maria Kosciuszko;
Katarzyna Maliszewska; Anna Wéjcicka; Jakub Supronik; Malgorzata Szelachowska;
Joanna Resze¢; Adam Jacek Kretowski; Anna Poplawska-Kita, Expression Profile and
Diagnostic Significance of MicroRNAs in Papillary Thyroid Cancer; Cancers, 2022,
14(11), 2679.Doi: 10.3390/cancers14112679, wchodzacej w skiad rozprawy
doktorskiej Pana lck. Mariusza Roguckicgo polegal na udziale w przygotowaniu
materiatu badawczego.

Jednoczesnie stwierdzam, ze indywidualny udzial Pana lek. Mariusza Roguckicgo w
powstaniu niniejszej pracy wyniost 60%.

e
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Bialystok, 6.06.2022

Prof. dr hab. Malgorzata Szelachowska
Klinika Endokrynologii, Diabetologii i Chorob Wewngtrznych
Uniwersytet Medyczny w Biatymstoku

Oswiadczenie

Mariusz Rogucki; Iwona Sidorkiewicz; Magdalena Niemira; Janusz Bogdan Dzigciol;
Angelika Buczynska; Agnicszka Adamska; Katarzyna Siewko, Maria Kosciuszko;
Katarzyna Maliszewska; Anna Wéjcicka; Jakub Supronik; Malgorzata Szelachowska;
Joanna Reszeé; Adam Jacek Kretowski; Anna Poplawska-Kita, Expression Profile and
Diagnostic Significance of MicroRNAs in Papillary Thyroid Cancer; Cancers, 2022,
14(11), 2679.Doi: 10.3390/cancers14112679, wchodzacej w sklad rozprawy
doktorskicj Pana lck. Mariusza Roguckicgo polegal na udzicleniu konsultacji

merytorycznc).

Jednoczesnie stwierdzam, ze indywidualny udzial Pana lek. Mariusza Roguckicgo w

powslaniu nini¢jszej pracy wyniost 60%.
H S Ze&véww "/Z‘&

Prd dr hab. med. Matporrata Soetschowns,
1PeGaiuta chordy WA Teyeh .
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Bialystok, 6.06.2022
Dr hab. Joanna Resze¢

Kierownik Zakiadu Patomorfologii Lekarskiej
Uniwersytet Medyczny w Biatymstoku

Os$wiadczenie
Oswiad si udzial iu publikacii:

1. Mariusz Rogucki; Iwona Sidorkiewicz, Magdalena Niemira, Janusz Bogdan Dzigciof,
Angelika Buczynska, Agnieszka Adamska, Katarzyna Siewko; Maria Kosciuszko;
Katarzyna Maliszewska, Anna Wéjcicka, Jakub Supronik; Malgorzata Szelachowska,
Joanna Resze¢, Adam Jacek Krgtowski; Anna Poplawska-Kita, Expression Profile and
Diagnostic Significance of MicroRNAs in Papillary Thyroid Cancer; Cancers, 2022,
14(11), 2679.Doi: 10.3390/cancers14112679, wchodzgcej w sklad rozprawy
doktorskiej Pana lek. Mariusza Roguckiego polegal na udzeleniu konsultacji
merytorycznej.

Jednoczesnie stwierdzam, Ze indywidualny udzial Pana lek. Mariusza Roguckiego w

powstaniu niniejszej pracy wynidst 60%.
L
/24 % Iet / <
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Bialystok, 6.06.2022
Prof. dr hab. Adam Krgtowski
Kicrownik Kliniki Endokrynologii,
Diabetologii i Chordb Wewngtrznych
Uniwersytet Medyczny w Bialymstoku

Oswiadczenie

I. Mariusz Rogucki; Iwona Sidorkiewicz; Magdalena Niemira; Janusz Bogdan Dzigciol,
Angelika Buczynska; Agnieszka Adamska; Katarzyna Siewko; Maria Kodciuszko:
Katarzyna Maliszewska; Anna Wojcicka; Jakub Supronik: Malgorzata Szelachowska;
Joanna Reszeé; Adam Jacek Krgtowski; Anna Poplawska-Kita, Expression Profile and
Diagnostic Significance of MicroRNAs in Papillary Thyroid Cancer: Cancers, 2022,
14(11), 2679.Doi:  10.3390/cancers14112679, wchodzace) w  sklad rozprawy
doktorskicj Pana Ick. Mariusza Roguckicgo polegal na pomocy przy przygotowaniu
manuskryptu oraz nadzorze merytorycznym.

Jednoczesnie stwierdzam, ze indywidualny udzial Pana lek. Mariusza Roguckiego w
powstaniu nini¢jszej pracy wyniosl 60%.

2. Mariusz Rogucki; Angelika Buczyfiska; Adam Jacek Krgtowski; Anna Poplawska-Kita,
The Importance of miRNA in the Diagnosis and Prognosis of Papillary Thyroid Cancer;
Journal of Clinical Medicine, 2021, 10(20), 4738.Doi: 10.3390/jcm 10204748,
wchodzgcej w sklad rozprawy doktorskiej polegal na udzieleniu konsultacji
merytorycznej.

Jednoczesnie stwierdzam, e indywidualny udzial Pana lek. Mariusza Roguckiego w
powstaniu nini¢jszej pracy wyniosl 60%.

KIEROWNIK
Kliniki E
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i Ch?b Wewr ¥
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Bialystok, 6.06.2022

Dr hab. Anna Poplawska-Kita
Klinika Endokrynologii, Diabetologii i Choréb Wewngtrznych
Uniwersytet Medyczny w Biatymstoku

Oswiadczenie

waniu publikacji:

Mariusz Rogucki; Iwona Sidorkiewicz; Magdalena Niemira; Janusz Bogdan Dzigciol;
Angelika Buczynska; Agnieszka Adamska; Katarzyna Siewko; Maria Kosciuszko;
Katarzyna Maliszewska; Anna Wéjcicka; Jakub Supronik; Malgorzata Szelachowska;
Joanna Reszeé; Adam Jacek Krgtowski; Anna Poplawska-Kita, Expression Profile and
Diagnostic Significance of MicroRNAs in Papillary Thyroid Cancer; Cancers, 2022,
14(11), 2679.Doi:  10.3390/cancers14112679, wchodzacej w  sklad  rozprawy
doktorskicj Pana lck. Mariusza Roguckicgo polegal na stworzeniu koncepeji pracy,
pomocy przy przygotowaniu manuskryptu oraz nadzorze merytorycznym.

Jednoczesnie stwierdzam, ze indywidualny udziat Pana lek. Mariusza Roguckiego w
powstaniu niniejszej pracy wyniost 60%.

Mariusz Rogucki; Angelika Buczynska; Adam Jacek Krgtowski; Anna Poplawska-Kita,
The Importance of miRNA in the Diagnosis and Prognosis of Papillary Thyroid Cancer;
Journal of Clinical Medicine, 2021, 10(20), 4738.Doi: 10.3390/jcm10204748,
wchodzacej w sklad rozprawy doktorskiej polegat na nadzorze merytorycznym oraz

pomocy przy przygotowaniu manuskryptu.

Jednoczesnic stwierdzam, Ze indywidualny udziat Pana lek. Mariusza Roguckiego w
powstaniu ninicjszej pracy wyniost 60%.
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10. ZGODA KOMISJI BIOETYCZNEJ

KOMISJA BIOETYCZNA
UNIWERSYTETU MEDYCZNEGO w BIALYMSTOKU
ul. Jana Kilinskiego 1
15-089 Biatystok
tel. (085) 748 54 07, fax. (085) 748 55 08
prorektorkl@umb.edu.pl

Bialystok, 28-11-2019

Uchwata nr: R-1-002/491/2019

Komisja ~ Bioetyczna ~ Uniwersytetu Medycznego w Biatymstoku,
po zapoznaniu si¢ z projektem badania zgodnie z zasadami GCP/ Guidelines
for Good Clinical Practice - wyraza z g o d ¢ na prowadzenie tematu
badawczego: ,,Poszukiwanie molekularnych sygnatur wczesnej diagnostyki
1 skutecznej terapii raka brodawkowatego tarczycy przy zastosowaniu badan
genomowych i oceny transkryptomu” przez dr hab. Anne Poptawska-Kite wraz
z zespotem badawczym z UMB.

Z-cd Przewodniczacej Komaisii E:(@ti(\;znej UMB
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