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Abstrakt

U détskych a dospivajicich pacientl se uzly ve §titné zlaze objevuji vzacné, ale je u nich vétsi
riziko malignity nez u dospé€lych pacientll. Karcinomy §titné zldzy ptedstavuji nejCastéjsi
endokrinni malignitu, jejiz incidence stale nartsta. I kdyz existuje nékolik typti karcinomt
Stitné Zlazy, z 90 % ptipadl se u détskych a dospivajicich pacientil jednd o papilarni karcinom
stitné zlazy (PTC). Cilem prace bylo zanalyzovat rozsidhly soubor PTC od détskych a
dospivajicich pacientli, zjistit jejich genetickou pfi¢inu a nalezy korelovat s klinicko-
patologickymi daty. Dal$im cilem bylo charakterizovat nejcastéjSi ndlezy a porovnat je se
souborem dospé€lych pacientti pozitivnich na tutéz mutaci. Poslednim cilem bylo zoptimalizovat
vhodnou metodiku pro detekci nejcastéjSich néalezii u détskych a dospivajicich pacientii pro

rutinni vyuziti.

Vzorky nadorové tkané stitné zlazy byly vysetieny pomoci molekularné genetickych metod,
pfevazné za vyuziti masivné paralelniho sekvenovani a analyzy real-time PCR. Zjistili jsme, ze
nejcastejs$i pri¢inou PTC détskych a dospivajicich pacientd jsou fuzni geny, které jsme
detekovali v 56 % pacientii. Celkem bylo identifikovano 20 riznych typi fiznich gent, z nichz
nékteré nebyly dosud v literatuie popsany. Fuzni geny zahrnovaly onkogeny RET, NTRK,
BRAF, ALK, MET. Dal$imi genetickymi zménami byly bodové mutace genii BRAF a RAS.
Celkové se nam podafilo zjistit genetickou pfi¢inu u 77 % pacientd. Pii porovnani PTC
pozitivnich a negativnich na fuzni gen jsme zjistili, Ze PTC pozitivni na fuzni gen byly
agresivnéjsi povahy a pacienti podstoupili intenzivngjsi 1écbu. NejCastéjSim nalezem byly RET
a NTRK fuzni geny, které jsme zanalyzovali 1 u dospé€lého souboru. Pozitivni nalezy jsme
charakterizovali na zéklad¢ spolecnych znaki. Provedli jsme i porovnani mezi kohortami
détskych a dospélych pacientl se stejnym typem mutace (RET nebo NTRK fuzni gen). Na
zéklad¢ dosazenych vysledkii jsme zavedli metodiku detekce fuznich gend, jak u

piedoperacnich, tak 1 pooperacnich vzorku Stitné Zlazy, ktera se osvédcila v rutinni praxi.

Tato dizertacni prace je vyznamnym prispévkem k pochopeni patogeneze PTC u détskych a

dospivajicich pacientli a vysledky préace jsou navic vyuzitelné v rutinni praxi.
Klicova slova:
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Abstract

Thyroid nodules are rare in pediatric and adolescent patients, but they are at greater risk of
malignancy than adult patients. Thyroid carcinomas are the most common endocrine
malignancy and their incidence is increasing. Although there are several types of thyroid
carcinoma, 90% of cases in pediatric and adolescent patients are papillary thyroid carcinomas
(PTCs). The aim of this study was to analyze a large cohort of PTCs from pediatric and
adolescent patients, determine their genetic cause, and correlate the findings with clinical
pathological data. Another aim was to characterize the most frequent findings and compare
them with a cohort of adult patients with thyroid carcinoma positive for the same mutation. The
final objective was to optimize a suitable methodology for detecting the most common findings

in pediatric and adolescent patients for routine use.

Thyroid tumor tissue samples were examined using molecular genetic methods, mostly using
next-generation sequencing and real-time PCR analysis. We found that fusion genes were the
most common cause of PTC in pediatric and adolescent patients, detected in 56% of patients.
In total, 20 different types of fusion genes were identified, some of which have not been
previously described in the literature. The fusion genes included the oncogenes RET, NTRK,
BRAF, ALK, MET. Other genetic alterations were point mutations in the BRAF and RAS genes.
Overall, we were able to identify the genetic cause in 77% of patients. When comparing PTCs
positive and negative for the fusion gene, we found that PTCs positive for the fusion gene were
more aggressive and patients underwent more intensive treatment. The most common findings
were RET and NTRK fusion genes, which we also analyzed in the adult cohort. We
characterized the positive findings based on common features. We also performed comparisons
between cohorts of pediatric and adult patients with the same type of mutation (RET or NTRK
fusion gene). Based on our results, we established a method for detecting fusion genes in both
preoperative and postoperative thyroid specimens, which has proven successful in routine

practice.

This dissertation is a significant contribution to the understanding of the pathogenesis of PTC
in pediatric and adolescent patients and, in addition, the results of this work are applicable in

routine practice.

Key words: papillary thyroid carcinoma, children and adolescents, gene, mutation, fusion gene,

RET, NTRK
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Seznam zKratek

AK

ALK

ATC

ATP

CR1-3

ERK

FTC

GAP

GDP

GEF

GTP

HRAS

KRAS

MAPK

MEK

MEN

MET

MTC

NRAS

NTRK

OCA

PDTC

PI3K

PIP2

PIP3

amino acid

Anaplastic Lymphoma Kinase
anaplastic thyroid carcinoma

adenosin triphosphate

conserved region 1-3

Extracellular signal-regulated kinase
follicular thyroid carcinoma

GTPase Activating Protein

guanosin diphosphate

Guanine Nucleotide Exchange Factor
guanosin triphosphate

Harvey Rat Sarcoma

Kirsten Rat Sarcoma

mitogen-activated protein kinase
Mitogen-activated protein kinase kinase
multiple endocrine neoplasia
Mesenchymal Epithelial Transition
medullary thyroid carcinoma
Neuroblastoma Rat Sarcoma
Neurotrophic Tyrosine Receptor Kinase
oncocytic carcinoma

poorly differentiated thyroid carcinoma
phosphoinositide 3-kinase
phosphatidylinositol 4,5 bisphosphate

phosphatidylinositol 3,4,5 trisphosphate

aminokyselina

anaplasticky karcinom §titné zlazy

adenosintrifosfat

konzervovany region 1-3

folikularni karcinom §titné zlazy

guanosindifosfat

guanosintrifosfat

mitogenem aktivovana protein kindza

mnohocetna endokrinni neoplazie

medularni karcinom S§titné Zl1azy

onkocytarni karcinom

nizce diferencovany karcinom §titné zlazy
fosfotidylinositol 3-kindza
fosfatidylinostol 4,5 disfostat

fosfatidylinostol 3,4,5 trisfosfat



PTC papillary thyroid carcinoma papilarni karcinom §titné zlazy
RAF Rapidly Accelerated Fibrosarcoma

RAI radioactive iodine radioaktivni jod

RAS Rat Sarcoma

RET Rearranged during Transfection

TCGA  The Cancer Genome Atlas

TGL thyroglobulin tyreoglobulin
TKI tyrosine kinase inhibitor tyrozin kinazovy inhibitor
TNM tumor-node-metastasis

TRK Tropomyosin Receptor Kinase
TSH thyroid stimulating hormone tyreoidalni stimula¢ni hormon

WHO  World Health Organization Svétova zdravotnicka organizace



Predmluva

Karcinomy $titné zlazy jsou nejcastéjsi endokrinni malignitou, jejiz incidence se v poslednich
desetiletich stale zvySuje. Narust v incidenci je bohuzel ziejmy i u détskych a dospivajicich
pacientd, u nichz karcinomy §titné zlazy predstavuji osmou nejcastéjs$i malignitu. Do jisté miry
ma na zvysenou incidenci vliv technicky pokrok zobrazovacich metod schopnych odhalit
karcinomy i o velmi malych rozmérech a celkoveé dostupnost vysetieni stitné zlazy. I tak se ale
hovoii o narGstu pokrocilejSich karcinomii. Etiologie u vétSiny piipadi karcinomu §titné zlazy
neni zndma a je stdle predmétem diskuzi. Mezi rizikové faktory patii ionizujici zafeni,

autoimunni zanétliva onemocnéni, obezita a genetické predispozi¢ni syndromy.

Karcinomy $titné zlazy détskych a dospivajicich pacientt se li§i od karcinomt u dospélych
pacientd. Z klinického hlediska jsou karcinomy détskych a dospivajicich pacientd vétsi
velikosti s vy$§i mirou invazivity a CastéjSimi lokalnimi a distdlnimi metastazami. Na druhou
stranu maji niz$i riziko dediferenciace, velice pfiznivou progndzu a nizkou mortalitu. Tyto

odlisnosti by mohla vysvétlit molekularné genetické analyza karcinomt.

U karcinomu §titné zlazy se vyskytuji mutace gent kodujici proteiny hrajici roli v signalnich
kaskadach, hlavné mitogen aktivované protein kinazové a fosfotidylinositol 3-kinazové draze.
Jedna se o bodové mutace genit BRAF, HRAS, KRAS, NRAS, RET, PIK3CA, PTEN. Dale byly
popsany fuzni geny, z nichz vétSina obsahuje region kodujici intaktni kindzovou doménu
tyrozin kindzového receptoru, napt. RET, NTRK, ALK fuzni geny. V neposledni fad¢ byly
publikovany mutace gend, jejichz produkty hraji jinou roli nez v signaliza¢nich kaskadach,
napf. vregulaci bunééného cyklu, opravach DNA, prodluzovani délky telomér, translaci,

modifikaci histon.

Geneticka pficina karcinomi $titné zlazy u détskych a dospivajicich pacientl byla studovana
jiz dtive, avSak kviili vzacnosti onemocnéni probihaly analyzy na malych souborech a za pouZiti
zastaralych technik. V soucasné dobé mame k dispozici nové pfistroje a metodické postupy,
diky nimz dokédzeme odhalit i dosud nepopsané mutace. Znalost genetické podstaty vzniku
karcinomii $titné zldzy u déti by mohla pfispét ke zpiesnéni diagndzy, prognozy a

personalizované 1écbe.
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1 Teoreticky uvod

1.1 Nadory Stitné Zlazy a jejich typy

Stitna Zlaza je endokrinni organ lokalizovany na ptedni strané krku sahajici od 5. kréniho po
1. hrudni obratel. Morfologicky sestdva z pravého a levého laloku, které jsou navzijem
propojeny isthmem. V centrdlni ¢asti §titné zlazy mize u nékterych jedincti vybihat tieti tzv.
pyramidalni lalok. Stitnd Zldza hraje zasadni roli v regulaci bazalniho metabolismu a ma
klic¢ovou roli v metabolismu vapniku. Pfi ontogenezi se §titnd zlaza vychlipuje ze stiedni ¢asti
primitivniho hltanu, ktery se sklada z bunék endodermu. Tyto progenitorové bunky $titné zlazy
déavaji vzniknout folikularnim bunkam $titné zlazy (Obr. 1), které vylucuji hormony tyroxin a
trijodthyronin. Tyto hormony ptisobi na vyvoj, riist a funkei vétSiny tkani a organt, ovliviiuji
rychlost latkové vymény a spotfebu kysliku. DalSim typem bunék S§titné Zlazy jsou
parafolikuldrni neboli C bunky (Obr. 1), které jsou také jako folikularni buiky odvozeny
z endodermu a ne z bunék neuralni listy, jak bylo dfive predpokladano (Johansson et al., 2015).
Parafolikularni buiky vylu€uji polypeptidovy hormon kalcitonin, jehoz funkci je ukladéni

vapniku a fosfatu v kosternich a dalSich tkani (Das et al., 2017; Nilsson & Fagman, 2017).

folikularni bunika

koloid vazivova membrana

parafolikularni buiiky

Obrazek 1. Mikroskopicka stavba S§titné zlazy. Upraveno a piejato z https://is.muni.cz/do/fsps/e-
learning/zaklady anatomie/zakl anatomie Il/pages/zlazy.html
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Na zékladé¢ 5. edice WHO (World Health Organization) klasifikace endokrinnich a
neuroendokrinnich tumort se nadory $titné zlazy dé€li na zaklad¢ jejich bunééného pivodu,
z jakych bun¢k je nador odvozen. Od folikularnich bun¢k je odvozena vétSina nadori Stitné
zlazy a de€li se na benigni, nizkorizikové a maligni neoplazie. Mezi benigni nddory patii
folikularni nodozni onemocnéni §titné zlazy a adenomy, které mohou byt folikularni,
onkocytarni nebo folikularni s papilarni architekturou. Mezi nizkorizikové neopldzie patii
neinvazivni folikuldrni tumor s papilarnimi jadernymi znaky, tumory nejistého maligniho
potencialu a hyalinizujici trabekularni tumor. Mezi maligni nadory §titné zlazy patii papilarni
karcinom (PTC), invazivni opouzdfena folikularni varianta papilarniho karcinomu, folikularni
karcinom (FTC), onkocytarni karcinom (OCA), high-grade neanaplasticky karcinom S§titné

zlazy z folikularnich bunék a anaplasticky karcinom §titné zlazy (ATC) (Baloch et al., 2022).

PTC se vyskytuje ptiblizn¢ v 80-85 % pitipadii maligniho onemocnéni §titné Zlazy (LiVolsi,
2011). Obecné jsou PTC asociované s dobrou prognozou a nizkou mortalitou. Mira preziti je
uvadéna 96% po 5 letech, 93% po 10 letech a > 90 % po 20 letech od stanoveni diagnézy
(Milano, 2018). FTC a OCA jsou mén¢ Castymi (kolem 5 %) typy karcinomi §titné zlazy, u
kterych ma rozsah invaze nadoru vyznamny dopad na miru pteziti. U FTC je uvadéno
40mésicni preziti 97 % u minimaln¢ invazivniho karcinomu, 81 % u opouzdieného karcinomu
s angioinvazi a 45 % u Siroce invazivniho karcinomu (O’Neill et al., 2011). U OCA bylo
publikovano pteziti 100 % pacientd s karcinomem bez angioinvaze a 20 % pacientl
s karcinomem s pfitomnou angioinvazi po 5 letech od diagnozy (Ghossein et al., 2006). High-
grade neanaplasticky karcinom S§titné zlazy z folikularnich bun€k se d€li na dva subtypy:
diferencovany high-grade karcinom a nizce diferencovany karcinom §titné zlazy (PDTC). Jedna
se 0 vzacné nadory, jejichz prevalence se pohybuje kolem 1 % (Akaishi et al., 2019; Asioli et
al., 2010). Diferencovany high-grade karcinom a velka ¢ast PDTC vznikaji po synchronni nebo
metachronni progresi dobfe diferencovanych forem karcinomu z folikularnich bunék.
Diferencovany high-grade karcinom si stale zachovava vlastnosti dobie diferencovanych
karcinomti. Na druhou stranu PDTC ztratil buné¢nou diferenciaci (ptivodni vlastnosti a funkci
bungk). Jejich spolecnym znakem je zvySeny pocet mit6z a pritomnost nadorovych nekroz
(Baloch et al., 2022). ATC ptedstavuje ptfiblizné 1 % vSech tyreoiddlnich malignit, ale
zpuisobuje vétSinu tmrti na karcinom §titné zlazy. Median pfeziti je 6 mésict (Haigh, 2000).
Vice nez jednoho roku se dozije kolem 20 % pacientd (Sherman et al., 2011; Smallridge &
Copland, 2010).
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Od parafolikularnich bun¢k je odvozen meduldrni karcinom S§titné zlazy (MTC), ktery
predstavuje cca 2 % tyreoidalnich malignit a 8 % Umrti spojenych s karcinomem §titné Zlazy
(Lim et al., 2017). U MTC se rozliSuje familiarni a sporadicka forma. Familiarni forma se
vyskytuje az u 25 % piipadi (Mathiesen et al., 2018). Mira pteziti je uvadéna Sleta 75-96 % a
10letd 64-91 % a to v zavislosti na stddiu onemocnéni v dobé diagnézy (Mathiesen et al., 2019;

Rendl et al., 2008). MTC produkuje kalcitonin, ktery je pouzivan jako jeho biomarker.

U détskych a dospivajicich pacientli v zachytu karcinomt §titné zlazy vyrazné prevlada PTC,
vyskytujici se ptiblizné v 90 % piipadi. FTC a MTC se vyskytuji v jednotkach procent (Guleria
et al., 2022; Hogan et al., 2009). V piipadé¢ FTC se vétSinou jednd o minimalné invazivni
karcinomy spojené s piiznivou progndzou. V piipad¢ nalezu MTC se z vice nez 95 % jedna
o familiarni formu onemocnéni (Waguespack et al., 2011). OCA, PDTC a ATC byl u détskych
a dospivajicich pacientli popsan pouze v ojedinélych ptipadech (Mon & Newlon, 2015; Wu et
al., 2011; Zirilli et al., 2020).

1.2 Epidemiologie a etiologie karcinomi Stitné zZlazy

Karcinomy S§titné zlazy predstavuji nejcastéjsi endokrinni malignitu a tvofi 1.5-3 % vSech
malignich onemocnéni jak u dospélych, tak i détskych pacientii (Ferlay et al., 2013; Greenlee
et al., 2001). Zeny toto onemocnéni postihuje pfiblizné tfikrat ¢astéji nez muze. Karcinomy
Stitné Zlazy u Zen pfedstavuji 5. nej¢astéjsi malignitu po karcinomech prsu, plic, kolorekta a
délohy. U muzl jim patii az 16. pficka (Cronin et al., 2022). U adolescentnich pacientil jsou
karcinomy S§titné zlazy 8. nejCastéj$i malignitou a u divek jsou dokonce 2. nejcastéjSim
nadorovym onemocnénim (Hogan et al., 2009). Medidn véku pacienti v dobé stanoveni
diagnozy je 49 let u zen a 54 let u muzt (Howlader N, 2019). V Ceské republice pacienti do 20

let pfedstavuji pouze 2,33 % pacientil s diagndézou karcinomu §titné Zl1azy (Obr. 2).
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Obrazek 2. VEkova struktura populace pacientt s karcinomy §titné zlazy v Ceské republice. Pievzato z
https://svod.cz., ZN zhoubny nador

Incidence karcinomil $titné Z1azy se za posledni ¢tyfi dekady stale zvySuje (Obr. 3). Mezi lety
1975-1995 byl zaznamenan nartst 0,8 % ro¢né a mezi lety 1996-2016 dokonce 4,6 % ro¢né
(Howlader N, 2019). I kdyZ se mezi hlavni pfi¢iny vzristajici incidence uvadi zvysena citlivost
zobrazovacich metod a Castgj$i sledovani vétSiho poctu pacientdl, je zaznamenan 1 vyssi pocet

karcinomil vétSich rozmért a celkové pokrocilej§siho onemocnéni (Lim et al., 2017).
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Obrazek 3. Nartst incidence karcinomi §titné Zlazy v Ceské republice. Sledované obdobi mezi lety
1977-2021. Ptevzato z https://svod.cz., ZN zhoubny nador
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Jednim z rizikovych faktori je ionizujici zafeni, a to zejména pokud jsou mu vystaveni jedinci
détského veéku. Byla zdokumentovana zvySend incidence karcinomu §titné zlazy u ptezivsich
vybuchu atomovych bomb v HiroSimé a Nagasaki béhem 2. svétové valky, obzvlasté u jedinc,
kterym bylo v dob¢ ozaieni méné nez 20 let (Furukawa et al., 2013). V souvislosti s havariemi
jadernych elektraren Cernobylu a Fuku§imy byl zaznamenén nartst incidence karcinom §titné
zlazy u détskych a dospivajicich jedincii (Ohtsuru et al., 2019; Pacini et al., 1997). DalSim
rizikovym faktorem, hlavné u pediatrickych pacientl, je terapeutické ozafovani pro jinou
primarni malignitu, nejcastéji leukémii ¢i lymfom (Hess et al., 2021). Karcinomy §titné zlazy
jsou u déti nejcastéjsi sekundarni malignitou (Rose et al., 2012; Turcotte et al., 2017). Vyssi
riziko vzniku karcinomu koreluje s vyssi davkou ozareni, niz§im vékem pacienta a riziko

pfetrvava i desitky let po ozafeni (Lene et al., 2012).

Mezi dalsi rizikové faktory se uvadi autoimunitni zanétlivd onemocnéni §titné Zlazy, jodova
deficience v potravé a obecné vystaveni se Skodlivym vlivim vné¢jSiho prostfedi. Pfitomnost
Hashimotovy tyreoiditidy koreluje s vyrazné vys§Sim rizikem vzniku karcinomu. Moznou
pri¢inou vzniku karcinomu ve spojitosti se zanétlivym onemocnénim §titné zlazy je zvySena
bunéénd proliferace, angiogeneze, redukovand apoptéoza a nadprodukce tyreoidalniho

stimula¢niho hormonu (TSH) (Penta et al.).

Dal$im rizikovym faktorem je obezita. Paralelné s nariistem pitipadl karcinomi Stitné Zlazy,
vzrustala 1 prevalence obezity, jak u dospélych, tak i u déti. Mezi lety 1980 az 2013 prevalence

obezity vzrostla o 27,5 % u dospélych a 0 47,1 % u déti (Ng et al., 2014; Schmid et al., 2015).

Za vznikem karcinomu S§titné z1azy muze stat také geneticky predispozi¢ni syndrom. PTC je
z 95 % pripadu sporadicky a pouze z 5 % familiarni povahy. Mezi nejzndméjsi syndromy spjaté
snadory S§titné Zlazy patii: DICER1 syndrom, PTEN hamartoma syndrom a familidrni
adenomatozni polypoza. S diagndézou familidrniho MTC jsou spjaty syndromy mnohocetna

endokrinni neoplazie (MEN) typu 2A a MEN typu 2B (Peiling Yang & Ngeow, 2016).

1.3 Kilinické a histopatologické znaky karcinomii $titné zlazy

U karcinomu §titné zlazy jsou sledovany nasledujici klinické a histopatologické znaky, na
zaklade kterych se odviji 1écba pacientli a je stanovena progndza onemocnéni: v€k a pohlavi
pacienta, typ a piipadny subtyp karcinomu, velikost nadoru, fokalita, invaze ptes pouzdro
nadoru, extratyreoidalni extenze, angioinvaze, nekrdza, mitoticka aktivita, lokdlni metastazy,

distalni metastazy.
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VeEk pacienta je u karcinomti §titné zlazy klicovym prognostickym indikatorem. Udéava se, ze
pacienti mladsi 55 let maji lep$i prognozu nez pacienti véku 55 let a vyse (Nixon et al., 2016).
Dalsim prognostickym indikatorem je pohlavi pacienta. Muzi s diagnézou MTC byly
asociovany s horsi prognozou nez Zeny (Costa et al., 2022). V ptipad¢ diagndzy PTC, se udava,
ze u pacientii do véku 55 let maji Zeny vyznamné lepsi prognézu nez muzi. Pokud je pacientim

s PTC nad 55 let, maji muzi a zeny prognézu srovnatelnou (Zhang et al., 2018).

Jednotlivé typy karcinomt jsou uvedeny v kapitole 1.1 Nadory $titné zlazy. U PTC je na
zéklad¢ rozdilnych morfologickych znakt rozliSovano n€kolik nasledujicich subtypti: klasicky,
klasicky opouzdifeny, infiltrativni folikuldrni, difuzné sklerotizujici, solidni/trabekularni,
warthin-like, onkocytarni, jasnobunécny, vietenobunéény, s fibromatéznim stromatem,
vysokobunécny, hobnail a kolumnarni. S vyssi agresivitou onemocnéni je spojovan infiltrativni
folikularni, difizné sklerotizujici, solidni, vysokobunécny a hobnail subtyp PTC. U FTC a OCA
jsou rozliSovany nasledujici subtypy: minimaln¢ invazivni, opouzdfeny angioinvazivni a Siroce

invazivni (Baloch et al., 2022).

Velikost karcinomu muize byt od zlomku milimetru az po cca 15 cm (Harahap et al., 2022;
Harjit & Hisham, 2005). O karcinomech, které jsou <10 mm, se hovoti jako o tzv.
mikrokarcinomech. Obecné jsou mikrokarcinomy spjaty s excelentni prognézou. Existuje vSak
nékolik vyjimek, kdy je nutné vétsi obezietnost, 1) pokud je pacient mladsi 19 let, 2) nador je
multifokalni a pfi souctu priméri vSech lozisek je vysledna hodnota vétsi nezZ 1 cm, 3) jsou
pfitomny agresivni morfologické znaky jako je extratyreoidalni extenze, angioinvaze a urcité
subtypy karcinomu (Aliyev et al., 2020). Dfive byl mikrokarcinom povazovéan za samostatny

subtyp, v nové edici WHO klasifikace se to jiz z vySe uvedenych diivodi nedoporucuje.

Karcinom §titné Z14zy se mize projevovat jednim (unifokalni) nebo dvéma ¢i vice anatomicky
oddélenymi loZisky (multifokalni). Multifokalita mizZe byt vysledkem vice nezavislych nadort
nebo diisledkem intratyreoidalniho Sifeni jedné nddorové masy. Déle je v pfipadé multifokality
rozliSovano, zda jsou loZiska umisténa v ramci jednoho laloku (unilaterdln€¢) nebo v obou
lalocich §titné zlazy (bilateralng.) Multifokalita se u PTC objevuje piiblizné ve 30 % piipadii a
je spojena s vyssim rizikem metastaz do lymfatickych uzlin a hor§i prognézou (Genpeng et al.,

2018; Kuhn et al., 2012; Polat et al., 2019).

Extratyreoidélni extenze je definovéana jako invaze nddorovych bunck pies pouzdro §titné zlazy
do priléhajicich struktur. Je rozliSovano, zda se jednd o mikroskopickou extenzi zasahujici do

tésné ptiléhajicich struktur a m&kkych tkani ¢i makroskopickou extenzi zasahujici do svaloviny,
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podkoznich mékkych tkéani, hrtanu, jicnu, prudusnice, zvratného nervu, prevertebralni fascie,
mediastinalnich cév nebo kréni tepny. Extratyreoidalni extenze, at’ uz mikroskopicka nebo

makroskopicka, je spojena s horsi prognézou (Liu et al., 2019).

Angioinvaze popisuje rozsifeni nadorovych bundk do krevnich cév. Castgji se vyskytuje u FTC
a pokrocilejSich typl karcinomu §titné Zlazy nez u PTC, kde byva ptitomna v 6-12 % ptipadi
(Furlan et al., 2004; Mai et al., 2002). Angioinvaze koreluje s vyS$im rizikem distalnich
metastdz (Mai et al., 2002). Nadorova nekroza a zvySend mitotickd aktivita (>5 mit6z/10
zornych poli pii velkém zvétSeni) byva piitomna u pokrocilejsSich karcinomu jako je PDTC
nebo ATC, vzacnéji u diferencovanych karcinomi S§titné zlazy (Wong et al., 2020).
Angioinvaze, piitomnost nekrdz ¢i zvySend mitotickd aktivita je znakem agresivnéjSiho

onemocnéni a hor$i prognozy.

Lokalni metastazy karcinomu §titné z1azy postihuji lymfatické uzliny v oblasti krku a vyskytuji
se prumérné u 37 % ptipadd (Mao et al., 2020). Je rozliSovano, zda se metastazy nachazeji
v centralnim ¢i laterdlnim krénim kompartmentu, pficemz jejich pfitomnost v laterdlnim
kompartmentu je spojena s CastéjSi recidivou onemocnéni (Heng et al., 2022). DalSim
ukazatelem z hlediska 1é¢by a prognozy je velikost metastdz, pritomnost extranodalniho $iteni
a pocet metastaticky postizenych lymfatickych uzlin z celkového poctu vysettenych uzlin. Na
toto téma vzniklo mnoho studii, avSak nedoslo k jednoznacné shod¢, od jaké velikosti a poctu

metastdz je onemocnéni spojeno s horsi prognézou (Wang & Ganly, 2016).

Vzdalené neboli distadlni metastdzy karcinomu §titné zlazy se vyskytuji u 1-4 % pftipadi a
vyrazn¢ zvySuji mortalitu. Je udavano, ze Sleté preziti v ptipadé¢ vzdalenych metastaz do
jednoho organu je 78% a v ptipad¢ multiorgadnovych metastdz pouze 15% (Wang et al., 2014).
Ve vétSiné pripadl distalni metastazy karcinomu Stitné Zlazy postihuji plice, v necelé tretiné
ptipadl kosti, vzacné jatra a mozek. U piiblizné Ctvrtiny pacientll se vzdalenymi metastdzami

je pfitomno multiorganové postizeni (Toraih et al., 2021).

Karcinomy §titné Zlazy jsou podobné& jako jiné solidni nadory klasifikovany na zakladé¢ TNM
(tumor-node-metastasis) systému, ktery se neustale vyviji a momentaln¢ je u karcinomti $titné
zlazy platné jeho osma edice (Tab. 1). TNM systém klasifikuje karcinomy na zakladé jejich
velikosti, invazivity a ptitomnosti lokalni a vzdalenych metastaz. Na zdkladé TNM kategorii se
na pocatku 1écby stanovuji prognostickd TNM stadia I-IV. Vzhledem k obecné piiznivéjsi
progndze u mladsich pacientl se u pediatrickych a dospélych pacienti do 55 let urcuji pouze

stadia I a I, a to na zakladé absence ¢i pritomnosti distalnich metastaz (Tuttle et al., 2017).
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Tabulka 1. TNM klasifikace karcinomt $titné zlazy. Pfevzato a upraveno z (Tuttle et al., 2017).

TNM Kklasifikace karcinomii $titné Zlazy (8. edice)

X Primérni nddor nemuze byt hodnocen
TO Primarni nador nenalezen
Tl Nador je £ 2 cm v nejvét§im rozméru a je omezeny na Stitnou Zladzu

Tla | Nador je £ 1 cm v nejvét§im rozméru a je omezeny na §titnou Zldzu

T1b | Nador je > 1 cm ale £ 2 cm v nejvétsim rozméru a je omezeny na Stitnou Zlazu
T2 Nador je > 2 cm ale £ 4 cm v nejvétSim rozméru a je omezeny na Stitnou zlazu
T3 Nédor je > 4 cm, omezeny na §titnou zldzu nebo je pfitomna makroskopicka
extratyreoidalni extenze zasahujici do pficné pruhované svaloviny

T3a | Nador je >4 cm a je omezeny na Stitnou Zlazu

T3b | Makroskopickd extratyreoiddlni extenze zasahujici do pfi¢né pruhované
svaloviny, nador je jakékoliv velikosti

T4 Makroskopickd extratyreoidalni extenze do hlavnich struktur krku, nador je
jakékoliv velikosti

T4a | Makroskopické extratyreoidalni extenze do podkoznich mekkych tkani, hrtanu,
jicnu, priiduSnice nebo zvratného nervu

T4b | Makroskopické extratyreoidalni extenze do prevertebralni fascie, do kréni tepny
nebo mediastindlnich cév

NX Metastazy v regiondlnich lymfatickych uzlindch nemohou byt hodnoceny
NO Bez zndmek metastdz v regiondlnich lymfatickych uzlinach
N1 Metastazy v regionalnich lymfatickych uzlinich

Nla | Metastazy do lymfatickych uzlin v centralnim kompartmentu
N1b | Metastazy do lymfatickych uzlin v laterdlnim kompartmentu
MO Bez vzdéalenych metastaz

MI Vzdélené metastazy

U pediatrickych pacientli jsou pozorovany karcinomy S§titné Zlazy agresivnéjSi povahy nez
u dospélych pacientl. Pediatri¢ti pacienti maji vétsi nadory nez dospéli pacienti, piestoze jejich
Stitnd Zlazy je menSich rozmért. U pediatrickych pacientii je také castéji popisovdna
extratyreoidalni extenze, lokalni a distdlni metastdzy a multifokalita nddoru (Dinauer et al.,
2008). Na druhou stranu maji pediatricti pacienti s karcinomem S§titné Zlazy niz8i riziko
dediferenciace nddoru a mortality (Hay et al., 2018). Vzhledem ke klinickym odli§nostem mezi
détskou a dospélou populaci vydaly odborné spolecnosti doporuceni tykajici se managementu
nadort §titné Zlazy ur€ena piimo pro détské pacienty. Doporuceni byla vydana v roce 2015
Americkou a v roce 2022 Evropskou tyreoidélni asociaci (Francis et al., 2015; Lebbink et al.,

2022).
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1.4 Lécba

V piipadé nalezu suspektniho uzlu §titné zlazy, je zvazeno provedeni aspiracni biopsie uzlu
tenkou jehlou pod ultrasonografickou kontrolou. Odebrany vzorek tkan¢ je cytologicky
zhodnocen, piipadné je provedeno i molekularné genetické vySetfeni. Patologové pro
zhodnoceni nalezu pouzivaji Bethesda Systém pro reportovani tyreoidalnich cytopatologii
(Bethesda System for Reporting Thyroid Cytopathology) klasifikujici vzorky do 6 kategorii.
Bethesda I oznacuje nediagnosticky vzorek, Bethesda II benigni vzorek, Bethesda III atypii
nejistého vyznamu, Bethesda IV folikularni neopléazii, Bethesda V podezieni z malignity a
Bethesda VI malignitu. Bethesda System pro cytopatologii §titné zlazy byl poprvé zaveden
v roce 2010, dnes se pouziva jiz 3. edice, ktera vysla v letoSnim roce (Ali et al., 2023). Na
zaklad¢ anamnézy, sonografického nalezu, cytologického, ptip. molekularn¢ genetického
vysledku je stanoven zpisob 1écby. Jednou z moznosti je chirurgickéd 1é¢ba, ktera mize byt

elektivni, diagnosticka nebo 1 v ptipadé predispozi¢niho syndromu profylakticka.

1.4.1 Chirurgicka lécba

Chirurgicka 1écba nadora stitné z1azy je zékladni 1écebnou metodou, v nékterych piipadech i
jedinou, kterou pacient podstoupi. Chirurgicky vykon je ¢lenén na zékladé rozsahu na
hemityreoidektomii (odstranéni jednoho laloku §titné z1azy) a totalni tyreoidektomii (odstranéni
celé stitné zlazy) s ptipadnou disekci lymfatickych uzlin. Uréeni vhodného rozsahu operace je
stale predmétem diskuzi. Panuji znacné odliSnosti v zavislosti na tom, v jakém staté se
pracovisté, kde se tyreoidektomie provadi, nachazi. Rozsah vykonu ovliviiuji klinicka data (vék
pacienta, anamnéza), data ze zobrazovacich metod, nejcastéji z ultrasonografie, a vysledek
cytologického a ptipadné i genetického vySetieni. Z hlediska zobrazovacich metod jsou obecné
posuzovany znaky, jako je velikost, ohraniceni a umisténi nadoru, pfitomnost metastaz apod.
Mezi hlavni komplikace hrozici pfi chirurgickych vykonech patii doCasna ¢i trvald paréza
zvratného nervu, odstranéni pfistitnych télisek, projevujici se naslednou hypoparatyre6zou s
tetanickymi kfeCemi a parestéziemi, a zvySené krvaceni. U geneticky prokdzané familiarni
formy MTC je pacientovych piibuznych s patogenni mutaci genu RET (Rearranged during

transfection) provadéna profylaktickd totalni tyreoidektomie (Nixon et al., 2013).

U pediatrickych pacientd s podezienim na karcinom §titné zlazy se ve vétSiné€ piipadi provadi
totalni tyreoidektomie z diivodu vyssiho rizika malignity tyreoidalnich uzl oproti dospélym a
Casté bilaterality onemocnéni. DalSim divodem je zvySené riziko recidivy onemocnéni

u pacientii chirurgicky 1é€enych pomoci hemityreoidektomie (Hay et al., 2010). U pacienta
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s pritomnosti nebo zvySenym rizikem metastdz v lymfatickych uzlinach se provadi disekce

lymfatickych uzlin v centralnim nebo lateralnich kompartmentech (Lebbink et al., 2022).

1.4.2 TSH suprese

Cirkulujici TSH stimuluje folikularni buiiky k proliferaci, ¢imz vzrista riziku vzniku
nadorového loziska. Po tyreoidektomii je proto u pacienti TSH udrzovano v rozmezi
0,1-0,5 mU/1 (ptipadné i jinak po zhodnoceni rizikovosti pacienta) podavanim syntetickych
hormont §titné zlazy. TSH suprese mlize mit nezddouci vedlejsi u€inky jako je osteopordza u

postmenopauzalnich zen nebo negativni vliv na srdce (Brancatella & Marcocci, 2020).

Pacient je po chirurgické 1écbé pravidelné sonograficky sledovan a je mu kontrolovdna nejen
hladina TSH, ale také tyreoglobulinu (TGL), ktery slouZi jako nddorovy marker pro hodnoceni

ucinnosti 1écby a ukazatel, zda nedochdzi k recidivé onemocnéni.

1.4.3 Lécba radioaktivnim jédem (RAI)

Pacient, ktery podstoupil totdlni tyreoidektomii a histologicky mu byl diagnostikovan
diferencovany karcinom $titné 714zy je posouzen pro 1é¢bu RAI (1*'I). RAI je smisenym P a y
zaticem s fyzikalnim polo¢asem rozpadu 8 dni. RAI je vysoce selektivni pro folikuldrni buniky
Stitné zlazy, vstupuje pfes jejich natrium-jodidovy symportér a vysila kratkovinné B zateni,
které zptsobuje akutni bunéénou smrt. Lécba je podavana pro eliminaci zbytki tkané Stitné
zlazy, ¢imz se snizuje riziko recidivy a zvySuje se senzitivita diagnostickych testll jako je
scintigrafie a hladina TGL, pro zjiSténi metastatického ¢i rezidualniho onemocnéni a pro ablaci
rezidudlnich nadorovych loZisek ¢i metastdz, at’ uz lokalnich, tak i distalnich. Na zaklad¢
hladiny stimulované¢ho TGL a dalSich parametrt je pacientovi, ktery je v hypotyre6ze, podana
optimalni davka RAI, ktera mtize byt v rozsahu 50-200 mCi. Na postterapeutické celotélové

scintigrafii se zobrazi loZiska akumulujici radiofarmakum (Nguyen et al., 2015).

V 5-15 % ptipadi jsou lozZiska diferencovaného karcinomu §titné zZlazy refrakterni k 1é¢bé RAI
(Worden, 2014). Zda je karcinom RAI refrakterni, mize pomoci urcit n€kolik nasledujicich
klinickych scéndit. 1) Na diagnostické scintigrafii *'T neni piitomen Zadny zachyt
radiofarmaka, 2) Na scintigrafii '*'I provedeném nékolik dni po terapii *'T neni ptitomen Zzadny
zachyt radiofarmaka, 3) Akumulace "'l je pfitomna pouze v nékterych, ale ne ve vsech
nadorovych loziskach, 4) Metastazy karcinomu progreduji navzdory akumulaci "'I, 5)
Metastazy karcinomu progreduji navzdory kumulativni aktivité *'T > 600 mCi. Pokud je
karcinom RAI refrakterni, neni dalsi 1é¢ba pomoci RAI efektivni a je nutné zvolit jiné moznosti

1éCby (Tuttle et al., 2019).
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1.4.4 Lécba pomoci kinazovych inhibitori

V ptipad¢ progredujiciho RAI refrakterniho nebo pokroc¢ilého metastatického karcinomu §titné
zlazy miize byt pacient indikovan k 1é¢bé pomoci kindzovych inhibitord, které mohou byt
nespecifické (necilené) nebo specifické (cilené). Nespecifické kindzové inhibitory ucinkuji na
vicero kindz, proto se nazyvaji multikindzov¢ inhibitory. Nespecifické inhibitory byly objeveny
a pouzivany dfive nez inhibitory specifické. Mezi nejznam¢;jsi multikindzové inhibitory patii:
vandetanib, cabozantinib, sorafenib, lenvatinib. K pouziti specifickych kinazovych inhibitori
je nejprve nutné provést molekuldrné genetické vysetieni, a na zaklad¢ pozitivniho vysledku se
zvoli farmakum uc¢inné pro konkrétni detekovanou mutaci (Tab. 2). Vyhodou cilenych
kindzovych inhibitortl je obecné jejich vyssi efektivita, nizsi toxicita 1é€by a moznost jejich
pouziti 1 u pediatrickych pacientl (Mascarenhas et al., 2022; Merino et al., 2022; Morgenstern
et al., 2021; Romero, 2023). V posledni dobé pocet typu cilenych kindzovych inhibitorQ

pouzivanych v ramci klinickych studii vyznamné nartsta (Lubitz et al., 2021; Markham, 2020).

Tabulka 2. Moznost cilené 1éCby na zakladé prokdzané genetické zmény.

Genetickd zména Cileny kinazovy inhibitor
NTRK fizni gen larotrectinib, entrectinib
RET bodova mutace nebo RET fizni gen selpercatinib, pralsetinib
ALK fazni gen crizotinib, alectinib
BRAF V600X dabrafenib + trametinib
BRAF fuzni gen trametinib

1.4.5 Radioterapie a chemoterapie

Lécba pomoci radioterapie vyuziva vysokoenergetického ionizujiciho zafeni nebo ¢astic pro
eliminaci nadorovych bunék nebo zpomaleni jejich ristu. Momentalné je nejéastéji pouzivany
linearni urychlovac, u néhoz je moznost volby rizné energie zareni podle umisténi karcinomu.
Zevni ozéafeni mizZe byt pouZito pro zmenSeni nadorové masy pfed samotnou operaci ¢i u
inoperabilnich nadort §titné Zlazy. Nevyhodou této 1écby je postiZzeni okolni zdravé tkané.
Chemoterapie je pro 1écbu karcinomu §titné Zlazy aplikovana vzacné (napt. u ATC). Vyhodou
je moznost jeji kombinovatelnosti s radioterapii. Radioterapie a chemoterapie je ve vétSing

pfipadli pouzivana po vycerpani jinych moZnosti 1écby (Kiess et al., 2016).
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1.5 Molekulirné-geneticka podstata nadori Stitné Zlazy

Za vznik nadoru $titné zlazy jsou ve vétsing pripadi zodpoveédné patogenni mutace v genech
kodujici proteiny mitogen aktivované protein kinazové (MAPK) a fosfotidylinositol 3-kindzové
(PI3K) signalizacni drahy, které jsou v disledku konstitutivné aktivni. Patogenni genetickou
zménou mohou byt bodové mutace, rozsahlejsi delece €i inzerce, zména poctu kopii genti nebo
vznik fuznich gend. V minoritnich ptipadech jsou pozorovany u nadorti Stitné zlazy mutace
genti kodujici proteiny ucastnicich se jinych signaliza¢nich drah ¢i mutace gent kodujici
proteiny hrajici roli v regulaci bunécného cyklu a oprav DNA. Existuji i dal§i mechanismy,
které dokazi spustit bunécnou transformaci a proliferaci. V této kapitole budou piredstaveny

hlavni mechanismy vzniku nadort §titné zlazy (Zaballos & Santisteban, 2017).

1.5.1 MAPK driha

MAPK dréha reguluje pro buitku zdsadni procesy jako je diferenciace, proliferace, migrace,
apoptdéza a autofagie (Lavoie et al., 2020). Tato drdha se skldda zkaskady proteinil
zprostiedkovavajici signal z membranového receptoru do jadra bunky (Obr. 4). Signal zacina
vazbou extracelularni signalni molekuly (mitogenu) na tyrozin kinazovy receptor. Receptor po
navazani mitogenu dimerizuje a dojde k fosforylaci tyrozinovych zbytkli v cytoplazmatické
doméné receptoru. Adaptorovy protein (napt. GRB2, SHC1) se vaze svoji SH2 nebo PTB
doménou na fosforylované tyrozinové zbytky receptoru. Na adaptorovy protein se navaze pres
dvé SH3 domény SOS protein, ktery se vazbou aktivuje, ¢imZz dojde k vyméné
guanosindifosfatu (GDP) na RAS proteinu za guanosintrifosfdt (GTP) a RAS (Rat Sarcoma)
protein se stava aktivni. RAS aktivuje kinazu RAF (Rapidly Accelerated Fibrosarcoma), ta
aktivuje kinazu MEK (Mitogen-activated Protein Kinase Kinase) a MEK kinéza aktivuje ERK
(Extracellular Signal-regulated Kinase). Aktivaci napomaha scaffold protein jako je napf.
KSRI1. ERK kindza mlze fosforylovat az 200 riznych substratl (napf. transkripcni faktory,
cyklin D, s mikrotubuly asociované proteiny). V prubchu let byly identifikovany aktivacni
mutace gend kodujici proteiny této signalizacni drahy, ¢imz je zptisobena konstitutivni aktivace
MAPK drahy hrajici kliCovou roli pfi vzniku nejen karcinomu S§titné zlazy, ale 1 mnoha jinych

typli maligniho onemocnéni (Zaballos & Santisteban, 2017; Zhang & Liu, 2002).
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Obrazek 4. MAPK signaliza¢ni kaskada. Pfevzato a upraveno (Zaballos & Santisteban, 2017).

1.5.1.1 Tyrozinkinazové receptory

Tyrozinkindzové membranové receptory maji vysokou afinitu pro rtizné ristové faktory,
cytokiny a hormony. Je znamo pfiblizné 90 tyrozinkinaz, z nichz 58 je receptorovych. VétSina
receptord je jednopodjednotkova, ale mohou byt i multimerni, napft. inzulinovy receptor, ktery
tvoii dimery spojené disulfidickymi mustky v pfitomnosti hormonu inzulinu. Tyrozinkinadzové
membranové receptory se skladaji ze tfi domén: extraceluldrni doména (N-konec),
transmembranova domény a intracelularni doména (C-konec). Extraceluldrni doména obsahuje
rizné konzervované elementy, napt. Ig-like domény, opakovani fibrotinového typu ¢i na
cystein bohaty region. Transmembranova doména obsahuje 25-38 hydrofobnich aminokyselin.
Intracelularni ¢ast obsahuje katalytickou doménu, kde dochézi k autofosforylaci tyrozinovych

zbytkli (Robinson et al., 2000).

Patogenni mutace gent kddujicich tyrozinkindzové receptory vedou ke konstitutivni aktivaci
signalni kaskady a ndslednému vzniku nddoru. U karcinomu S§titné zldzy jsou nejcastéji

mutované geny pro RET, TRK (Tropomyosin Receptor Kinase) A, TRK C receptorové kinazy
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a vzacngji jsou mutované geny pro ALK (Anaplastic Lymphoma Kinase) a MET
(Mesenchymal Epithelial Transition) (Zaballos & Santisteban, 2017).

RET receptor obsahuje v extracelularni Casti Ctyfi kadherin-like domény a jeden na cystein
bohaty region. Intracelularné je ulozena kindzovd doména. RET receptor je kdodovéan
stejnojmennym RET genem, ktery mlize obsahovat rizné genetické zmény, u karcinomt §titné
zlazy se jedna nejcastéji o aktivacni bodové mutace a fizni geny. Patogenni bodové mutace
RET genu mohou vzniknout v extracelularni doméné na cystein bohatém regionu, ¢imz dojde
k vytvoteni kovalentniho diméru nezavisle na vazbé¢ ligandu a nésledné aktivaci. Dale mohou
patogenni bodové mutace vzniknout v intracelularni tyrozinkindazové doméné, ¢imz dojde
k aktivaci monomerni formy RET receptoru. Bodové mutace RET genu, aktiva¢niho
charakteru, zplsobuji MTC. Pokud jsou mutace RET genu zarodec¢né, jedna se o familidrni
formu MTC, pokud jsou somatické, jedna se o sporadickou formu MTC (Starenki & Park,
2015). Dalsim onkogennim mechanismem zahrnujicim RET gen je vznik fuzniho genu. Fuzni
geny vznikaji spojenim dvou dfive separatnich genii z divodu chromozomalni piestavby:
inverzi, inzerci, translokaci, deleci, tandemovou duplikaci nebo chromotripsi (Obr. 5). Vzacné
muze dojit i k chromozomalni piestavbé jednoho genu. Ve vétsing piipadi dochazi ke vzniku
fazniho proteinu, ktery mtize mit novou funkci i bunécnou lokalizaci (Taniue & Akimitsu,

2021).

Misto zlomu Misto zlomu
Gen A \ Gen B
5 A 3 5 e 3’
] S

5 S ¥
Fuzni gen
Obrazek 5. Vznik fuzniho genu z genu A a genu B. Flzujici gen B je pod regulaci promotoru genu A.

Prevzato a upraveno z https://cleanpng.com/png-fusion-gene-gene-expression-chimeric-gene-cancer-f-
6228759/download-png.html
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RET fazni geny vznikaji spojenim ¢asti partnerského genu s ¢asti RET genu kddujici kindzovou
doménu (vétSinou se jednd o oblast exonl 12-21). Partnersky gen je ve §titné zldze bézné
exprimovany a zahrnuje intaktni dimerizacni doménu dulezitou pro dimerizaci a aktivaci
kinazové domény RET genu. U §titné zlazy jsou RET fizni geny ve vétSin€ piipadl asociovany
s PTC, ve vzacnych ptipadech mohou byt asociovany i s jinym typem karcinomu (Grubbs et
al., 2015; Landa et al., 2016). Mezi nejCastéjsi partnerské geny patii CCDC6 a NCOAA4.
CCDCG6/RET fuzni gen, také zndmy pod nazvem RET/PTCI, byl objeven v roce 1987 a byl
popsan o tii roky pozdéji (Fusco et al., 1987; Grieco et al., 1990). Jednalo se o jednu z prvnich
odhalenych pfi¢in karcinomu §titné zlazy. O dalsi tfi roky pozdéji byl popsan PRKARIA/RET,
také znamy jako RET/PTC?2 a roku 1994 byl objeven NCOA4/RET neboli RET/PTC3 fhzni gen
(Bongarzone et al., 1993; Santoro et al., 1994).

TRK receptory obsahuji v extracelularni doméné¢ dva na cystein bohaté regiony, mezi nimiz je
na leucin bohaty region. Nejblize transmembranové doméné jsou jesté dveé imunoglobulin-like
domény. Soucasti intraceluldrni kindzové domény je pét kli¢ovych tyrozinovych zbytkd,
z nichz tfi tvoti aktivacni smycku a na zbyl¢ dva se vaZou adaptorové proteiny. TRK receptory
jsou za normalnich podminek aktivovany navdzanim ligandu — neurotrofinu, poté dochazi
k jejich dimerizaci a autofosforylaci tyrozinovych zbytkti kindzové domény (Cunningham &
Greene, 1998). Receptory TRK A, TRK B a TRK C jsou koédovany piislusnymi geny NTRK
(Neurotrophic Tyrosine Receptor Kinasel), NTRK2 a NTRK3. U karcinomu §titné zlazy
dochézi k onkogenni aktivaci vznikem NTRK fuznich gen. NTRK fzni geny byly pozorovany
hlavné u PTC, ale 1 u PDTC a ATC. Mezi nej¢astejsi partnersky gen patii ETV6 (ETS Variant
Transcription Factor 6) (Amatu et al., 2019; Landa et al., 2016).

ALK receptor ma unikéatni strukturu, kdy extracelularni doména obsahuje dva MAM regiony,
mezi nimiZ je LDL region a v blizkosti transmembranové domény se nachazi na glycin bohaty
region. Po navazani ligandu na extracelularni ¢ast receptoru, dochazi k homo- nebo hetero-
dimerizaci receptoru, autofosforylaci tyrozinovych zbytkl na intracelularni kindzové doméné a
tim k aktivaci. U karcinomi $titné zlazy byly objeveny rizné typy ALK fiznich gend, a to jak
u PTC, tak 1 u PDTC, MTC a ATC. Nejc¢astéjSim partnerskym genem je STRN (Hillier et al.,
2019; Huang, 2018; Landa et al., 2016).

Extracelularni doména MET receptoru zahrnuje SEMA doménu, PSI doménu a Ctyfi
imunoglobulin-like domény. MET fuzni geny se u karcinomil §titné Zl1azy vyskytuji velice

vzacné (Agrawal et al., 2014; Chu et al., 2020; Uchikawa et al., 2021).
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1.5.1.2 RAS proteiny

Do RAS rodiny guanosin nukleotid vazebnych proteint patii n€kolik jejich izoforem, z nichz
nejcastéji zminované v souvislosti s onkogenni aktivaci jsou proteiny HRAS (Harvey Rat
Sarcoma), KRAS (Kirsten Rat Sarcoma), NRAS (Neuroblastoma Rat Sarcoma). RAS proteiny
jsou soucasti jak MAPK, tak i PI3K/AKT drahy a maji GTPazovou aktivitu.

Jedna se o malé proteiny (20-29 kDa) skladajici se z 188/189 aminokyselin (AK). Obsahuji
2 domény: G doménu a C doménu. C doména je hypervariabilni a obsahuje CAAT box, ktery
je posttranslaéné¢ modifikovany - prenylaci nebo palmitoylaci. Tyto modifikace C domény
umoziuji zakotveni RAS proteinti do membrany. G doména funguje jako molekularni spinac
regulujici MAPK nebo PI3K/AKT drahu. GAP (GTPase Activating Protein, napt. NF1)
stimuluje hydrolyzu GTP na GDP, diky svym ,,argininovym prstim* katalyzuje nukleofilni
atak y fosfatu za ucasti hofecnatych iontt a molekuly vody, ¢imZ se z GTP uvolni anorganicky
fosfat a dojde k ,,vypnuti® signdlni kaskddy. GEF (Guanine Nucleotide Exchange Factor) je
aktivator (napt. SOS) a katalyzuje vytahnuti GDP z nukleotid vazebné kapsy, do které se navaze
GTP, které je v cytoplazmé ve vyrazné vyssim zastoupeni nez GDP. RAS s navazanym GTP
ma vysokou afinitu k RAF kinaze nebo PI3K. G doména RAS proteinu ma 5 G motivi vazicich
GDP/GTP. G1 motiv neboli P-smycka interaguje s a a B fosfatem GDP/GTP. Soucasti G2
motivu je threonin 35, ktery vaze y fostat GTP a hofecnaté ionty ve vazebném mist€. G2 motiv
je dilezity pro hydrolyzu GTP tim, ze vaze GAP. G3 motiv je také zahrnut do interakci s y
fosfatem GTP a napomaha jak nukleotidové zdméné za pomoci GEF, tak 1 pti GTP hydrolyze
za Ucasti GAP. Motivy G4 a G5 pomahaji v rozpoznani guaninu, se kterym specificky interaguji
(Vetter, 2014). Patogenni mutace RAS genu, které se obvykle nachéazeji v kodonech 12, 13 a
61, zptisobuji permanentn¢ navazany GTP. Pokud dojde k mutaci v kodénu 12 nebo 13, které
jsou soucasti P-loopu, dochéazi k nesenzitivité, a tim padem nedochézi k inaktivaci pomoci
GAP. Mutace v kodonu 61 stabilizuje tranzitni stav pro hydrolyzu GTP. U nadort §titné zlazy
se mohou RAS mutace vyskytovat u benignich i1 malignich 1ézi a to u vSech typti malignich

nadord §titné #lazy (Xing, 2016).

1.5.1.3 RAF kinazy
RAF kinazy jsou serin/threoninové kindzy, které jsou soucasti MAPK drahy. PienaSeji signal
od proteinii RAS na tyrozin/serin-threonin duélni kinazu MEK. V onkologii nejznam¢jsi RAF

kindza je kindza BRAF.
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BRAF kinaza se skladéa ze 766 AK, které tvoti 3 konzervované domény/regiony (CR1-3). Prvni
konzervovany region (CR1) obsahuje RAS-GTP vazebnou doménu (AK 155-227). Pokud neni
RAS-GTP na doménu navazan, dochdzi k autoinhibici kindzové domény (soucasti CR3)
regionem CR1 za ucasti diméru proteinu 14-3-3. CR2 je bohaty na serin, ¢imz tvofii flexibilni
spojku mezi CR1 a CR3. U BRAF kinazy jsou seriny konstitutivné fosforylovany. CR3 (AK
457-717) je dvoulalokové struktury, laloky jsou mezi sebou spojeny pantovym (hinge)
regionem. Mensi N-lalok (AK 457-530) je primarn¢ zodpovédny za vazbu adenosintrifosfat
(ATP) a jeho soucasti je tzv. P-smycka. Vétsi C-lalok (AK 535-717) vaze substratové proteiny
a jeho soucasti je aktivacni smycka (AK 596-600), kterd tvoti silné hydrofobni interakce s P-
smyckou, ¢imz udrzuje kindzu v inaktivnim stavu. Konkrétné AK L597 a V600 interaguji
s G466, F468 a V471, které¢ udrzuji kindzu inaktivovanou, dokud nedojde k fosforylaci.
Mechanismus aktivace BRAF kinazy tkvi v defosforylaci S259, ¢imZ se uvolni navazany dimér
proteinu 14-3-3, uvolni se vazba mezi CR1 a CR3 a odhali se v CR1 RAS-GTP vazebna
doména, na kterou se navaze RAS-GTP, dale v CR3 dojde k fosforylaci aktiva¢ni smycky
pomoci ATP a zapornym nabojem se interakce s P-smyckou destabilizuji. V aktivni konformaci
BRAF tvofi diméry pies vodikové mistky a elektrostatické interakce kinazové domény.
Kinazova doména fosforyluje serin a threonin konsenzualni sekvenci na cilovych proteinech
(kinaza MEK). Jedna se o nukleofilni atak hydroxylové skupiny na y fosfat na ATP (Tran et al.,
2005).

U karcinomu §titné zlazy je mutace genu BRAF V600E nejcastéjsi genetickou zménou. Tato
aktiva¢ni mutace v kindzové doméné zplsobuje konstitutivni aktivaci BRAF kindzy. Mutace
BRAF V600E se vyskytuje u pfiblizné 40-60 % PTC, dale byva detekovana i u PDTC a ATC.
Jsou znamy 1 BRAF fazni geny, které zahrnuji intaktni kindzovou doménu v CR3 a naopak

pozbyvaji CR1, diky ¢emuz nedochézi k autoinhibici (Agrawal et al., 2014; Landa et al., 2016).

1.5.2 PI3K/AKT draha

Dalsi vyznamnou signaliza¢ni kaskadou je PI3K/AKT draha (Obr. 6), kterd v odpovédi na
extracelularni signal podporuje rist, preziti, proliferaci, migraci bunék a angiogenezi. Signal,
kterym muze byt ristovy faktor, hormon nebo slozka extraceluldrni matrix (napt. EGF, shh,
IGF 1, inzulin, CaM) nasedne na tyrozinkindzovy receptor, ten dimerizuje a autofosforyluje se
na tyrozinovych zbytcich, na které se navaze regulacni podjednotka p85 PI3K ptes svoji SH2
doménu. Rekrutuje se katalytickd podjednotka p110 a PI3K se stava plné aktivni. Existuje 1
nekolik alternativnich drah aktivace PI3K drahy. Jednou z nich je nepfimé aktivace pomoci

adaptérového proteinu IRS nebo aktivace pomoci RAS-GTP proteinu. Aktivovand PI3K
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katalyzuje fosforylaci fosfatidylinositol 4,5-bisfostat (PIP2) na fosfatidylinositol 3,4,5-trifosfat
(PIP3). PIP3 je zakotven v membrané, kde mlze vazat intracelularni proteiny majici PH
doménu nebo FYVE doménu. PH doménu mé AKT, coz je serin/threoninova kinaza. PI3K
aktivita je esencidlni pro translokaci AKT k membrané. AKT po navazani na PIP3 zméni
konformaci a je aktivovan bifosforylaci. Po aktivaci se AKT translokuje z plazmatické
membrany do cytoplazmy a jadra, kde fosforyluje mnoho efektorti (Hemmings & Restuccia,
2012). Hlavnim antagonistou PI3K/AKT dréhy je PTEN, ktery defosforyluje PIP3 na 5 "pozici
na PIP2. Jednou z moZnosti onkogenni aktivace jsou mutace genu PTEN, které se vyskytuji jak

u benignich, tak i malignich nadora stitné zlazy (Quaytman et al., 2022).
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Obrazek 6. PI3K/AKT signalizacni draha. Pfevzato a upraveno (Zaballos & Santisteban, 2017).

1.5.2.1 PI3K

PI3K je skupina kinaz fosforylujici lipidy. Fosforylace probihd pomoci ATP na fosfatidyl
inositolech na 3’-hydroxylové skupiné. PI3K se d¢€li do tii tfid, z nichz 1. tfida ma dvé podttidy,
které se odliSuji katalytickou a regulacni podjednotkou tvotici heterodimer. Ttida IA se sklada
z katalytické podjednotky p110 (p110a, p110B, p110d — kédovanymi geny PIK3CA, PIK3CB,
PIK3CD) a regulacni podjednotky p85. Ttida IB se skladé z katalytické podjednotky p100y
(kodovana genem PIK3CG) aregulacni podjednotky p87. Aktivace receptoru zplisobuje pfesun

katalytické¢ podjednotky k membrané a jeji uvolnéni z interakce s regulacni podjednotkou.
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K onkogenni aktivaci dochazi pifi patogenni mutaci genu PIK3CA kodujici katalytickou
podjednotku p110a, coz ma za nésledek jeji snizenou vazbu na regulaéni podjednotku. Mutace
genu PIK3CA se vyskytuji spiSe u pokrocilejSich karcinomu Stitné zlazy a obvykle spolecné

s dalSimi mutacemi (napt. BRAF, RAS) (Garcia-Rostéan et al., 2005).
1.5.3 Mutace dalSich genii spojenych se vznikem nadoru Stitné Zlazy

1.5.3.1 TERT

TERT gen koduje katalytickou podjednotku enzymu telomeraza, kterd spolecné
s telomerazovou RNA komponentou tvoii telomerazovy komplex. Telomerdza je RNA-
dependentni DNA ribonukleoprotein polymeraza s reverzné transkriptazovou aktivitou. Funkci
telomerdzy je prodluZzovani telomér, nekddujicich repetetivnich DNA sekvenci (u lidi
TTAGGG) na koncich linedrnich chromozomu. Jsou dlouhé nékolik kbp. Telomerdza
umoznuje senescentnim bunkam, které by se jinak staly postmitotickymi a podstoupily by
apoptdzu, piekrocit Hayflickliv limit a stat se potencidln€ nesmrtelnymi. Za béznych okolnosti
buiikky dosahuji Hayflickova limitu po pfiblizné¢ 70 mitotickych déleni, poté dochdzi
k senescenci. Embryonélni a dospélé kmenové buiiky, pluripotentni a multipotentni buiiky maji
aktivni telomerazu. Telomeraza je reaktivovana pii onkogenezi expresi TERT genu. TERT gen
muze byt exprimovan n¢kolika zplsoby: hotspot mutacemi, genovou amplifikaci,
epigenetickymi zménami nebo alternativnim sestfithem. U nadort §titné Zlazy se nejcastéji
vyskytuji somatické mutace -124 bp (C228T) a -146 bp (C250T) lokalizované v promotoru
genu. Tyto mutace davaji vzniknout 11bp dlouhému vazebnému mistu pro EST transkripéni
faktory a tim dochazi k expresi TERT genu. TERT mutace se vyskytuji u vSech typl karcinomti
Stitné z14zy a jsou spojeny s horsi prognozou a vyssi mortalitou (Dratwa et al., 2020; Kim et al.,

2016; Landa et al., 2016).

1.5.3.2 TP53

Gen 7TP53 koduje protein p53, ktery je regulatorem bun&cného cyklu, apoptézy a
chromozomalni stability. Mezi jeho hlavni funkce patii: 1) aktivace ¢i represe geni vedouci
k zastavé bunécného cyklu, apoptozy, potlaceni nddorové proliferace, 2) aktivace oprav DNA,
3) navozeni diferenciace pres aktivaci p21, 4) inhibice angiogeneze. Protein p53 se sklada
z n€kolika domén: transaktivacni domény, prolin bohatého region, DNA vazebné domény,
jaderny lokaliza¢ni signal, oligomerizacni domény a C-terminalni domény. Transaktivacni
doména aktivuje transkripéni faktory. Prolin bohaty region je dilezity v pro-apoptické draze a

pfi translokaci z bunééného jadra. DNA vazebna doména je dileZzita pro aktivaci transkripce a
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vice nez 90 % patogennich mutaci se nachazi v tomto regionu a inaktivuji vazbu na DNA.
Oligomeriza¢ni doména se podili na tetramerizaci a mutace v této doméné maji dominantné
negativni efekt, coz znamena, ze aberantni protein tvofi s neaberantnim proteinem nefunkc¢ni
nebo pouze castecné¢ funkCéni heterotetramery, a tim Castecné vyrazuje neaberantni protein
z funkce (Soussi, 2000). Mutace genu 7P53 se Casto vyskytuji spolecné s dalsimi mutacemi

gend, napt. BRAF, RAS u méné diferencovanych karcinomt stitné zlazy (Landa et al., 2016).

1.533 EIFIAX

......
.....

.....

Mutace genu EIF 1 AX byly nalezeny u riznych typt karcinomt $titné zlazy, u PTC, FTC, OCA,
PDTC, ATC, ale i u benignich uzll. Nej€astéji byva zachycena A113 sestfihova mutace, ke

které dochazi na pomezi intronu 5 a exonu 6 (Karunamurthy et al., 2016).

1.53.4 EZHI

Gen EZH 1 koduje enzym histon-lyzin N-metyltransferazu, ktery transferuje metylovou skupinu
z S-adenosylmethioninu na lyzin 27 na histonu 3, coz vede k transkripéni represi. EZHI je
spolu s dal§imi proteiny soucasti polycomb represivniho komplexu. Jsou znamy dvé mutace
genu EZHI Q571R a Y642F, které zptisobuji aberantni genovou expresi. Mutace genu EZH 1
se vyskytuji v 13,5 % benignich a 0,7 % malignich nadort $titné zlazy (Agrawal et al., 2014;
Jung et al., 2018).

1.5.3.5 CHEK2

Gen CHEK? koduje serin/threoninovou kindzu CHK2, ktera se UcCastni oprav DNA, zastavy
cyklu ¢i apoptozy v reakci na poSkozeni DNA. Sklada se ze tii domén: 1) SQ/TQ cluster
doména je fosforylovdna po piijeti signédlu, Zze je DNA poskozena. 2) Fork-head asociovana
(FHA) doména, jejiz funkci je dimerizace. 3) C-terminalni kindzova doména. Pfi poSkozeni
DNA je aktivovano ATM nebo ATR, které aktivuje CHK2. Nejprve je u CHK?2 fosforylovana
SQ/TQ cluster doména, dojde k dimerizaci FHA domény a nasledné aktivaci kinazové domény
autofosforylaci. Po aktivaci diméry disociuji. CHK2 fosforyluje CDC25 fosfatazu, ktera
nemuze aktivovat cyklin dependentni kindzu. CHK?2 také stabilizuje p53, ¢imz buiika setrvava
v Gl fazi. V pfipadé¢ patogenni mutace CHEK? genu vznikd nefunkéni kinaza, dochazi
k hromadéni posSkozené DNA a je tak zvySené riziko naddorti. Somatické mutace genu CHEK?

se u nadord Stitné zlazy vyskytuji vzacné (Agrawal et al., 2014; Cai et al., 2009).
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1.5.3.6 PPMID

Gen PPM1D kdéduje protein fosfatazu 1D, ktera je ¢lenem PP2C rodiny serin/threoninovych
fosfataz. Exprese tohoto genu je indukovana v reakci na poskozeni DNA a bunécny stres, napf.
v disledku ionizujiciho zateni. PPM1D potlacuje p53 indukovanou transkripci a apoptézu a je
dalezitd pro zachovani integrity genomu. Pokud je PPMI1D v disledku mutace nadmérné
exprimovan, mize dojit k trvalé inhibici p53. Somatické mutace genu PPMI1D se u nadort

Stitné zlazy vyskytuji vzacné (Agrawal et al., 2014; Deng et al., 2020).
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2 Cile prace

Karcinomy S§titné zlazy détskych a dospivajicich pacient se 1iS§i od karcinomt dospélych
pacientll. Byvaji agresivnéjsi povahy a vyzaduji upraveny zpusob 1é¢by, kdy je brana v potaz
vétsi invazivita karcinomd, ale i dopad intenzity 1é¢by détského nebo dospivajiciho pacienta,
ktery ma pied sebou mnoho desitek let Zivota. Alarmujici je 1 skuteCnost nartstu incidence
karcinomu $titné zlazy jak u détskych, tak i dospé€lych pacientii. Z téchto divodl je nutné se
karcinomtm §titné zlazy a jejich molekuldrné genetickym zménam vénovat. Ocekavam, ze by
vysledky mé prace mohly byt pfinosem v diagnostice, prognostice a na miru postavené 1é¢be.

Cile prace:

1) Analyzovat rozsahly soubor vzorkl pediatrickych PTC a odhalit jejich geneticky
profil.

2) Porovnat agresivitu PTC détskych a dospivajicich pacientli na zaklad¢ jejich
genetického pozadi.

3) Charakterizovat karcinomy détskych 1 dospélych pacientl pozitivnich na RET a
NTRK fuzni geny. Porovnat klinické a histopatologické znaky mezi kohortami
détskych a dospélych pacientd.

4) Optimalizovat metodiku pro detekci Sirokého spektra fuznich geni a zavést
analyzu vybranych faznich genti do rutinni praxe.
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3 Experimentalni ¢ast
Metodika a vysledky dizertani prace jsou prezentovany ve Ctyiech Clancich publikovanych
v mezinarodnich recenzovanych impaktovanych Casopisech. U kazdého clanku je uvedeno

shrnuti s dosazenymi vysledky a podil autorky dizertacni prace na publikacich.
Seznam publikaci:
Publikace ¢. 1:

Pekova B, Dvorakova S, Sykorova V, Vacinova G, Vaclavikova E, Moravcova J, Katra R,
Vlcek P, Sykorova P, Kodetova D, Vcelak J, Bendlova B. Somatic genetic alterations in a large
cohort of pediatric thyroid nodules. Endocr Connect. 2019 Jun;8(6):796-805. doi: 10.1530/EC-
19-0069. IF 2,9

Publikace ¢. 2:

Pekova B, Sykorova V, Dvorakova S, Vaclavikova E, Moravcova J, Katra R, Astl J, Vicek P,
Kodetova D, Vcelak J, Bendlova B. RET, NTRK, ALK, BRAF, and MET Fusions in a Large
Cohort of Pediatric Papillary Thyroid Carcinomas. Thyroid. 2020 Dec;30(12):1771-1780. doi:
10.1089/thy.2019.0802. IF 6,6

Publikace ¢. 3:

Pekova B, Sykorova V, Mastnikova K, Vaclavikova E, Moravcova J, Vicek P, Lastuvka P,
Taudy M, Katra R, Bavor P, Kodetova D, Chovanec M, Drozenova J, Astl J, Hrabal P, Vcelak
J, Bendlova B. NTRK Fusion Genes in Thyroid Carcinomas: Clinicopathological
Characteristics and Their Impacts on Prognosis. Cancers (Basel). 2021 Apr 16;13(8):1932. doi:
10.3390/cancers13081932. IF 5,2

Publikace ¢. 4:

Bulanova Pekova B, Sykorova V, Mastnikova K, Vaclavikova E, Moravcova J, Vicek P,
Lancova L, Lastuvka P, Katra R, Bavor P, Kodetova D, Chovanec M, Drozenova J, Matej R,
Astl J, Hlozek J, Hrabal P, Vcelak J, Bendlova B. RET fusion genes in pediatric and adult
thyroid carcinomas: cohort characteristics and prognosis. Endocr Relat Cancer. 2023 Oct

26;30(12):230117. doi: 10.1530/ERC-23-0117. IF 3,9
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3.1 Publikace €. 1: Somatic genetic alterations in a large cohort of pediatric

thyroid nodules

Souhrn:

U pediatrickych pacienti jsou benigni i maligni uzly ve S§titné zlaze vzacné. Molekularné
vznikem 1€zi §titné zlazy byly popsany patogenni zmény riznych geni. Cilem této studie bylo
analyzovat geny HRAS, KRAS, NRAS, BRAF, IDHI, TERT, CHEK2, PPM1D, EIF1AX, EZHI
a pritomnost fuznich gentt RET/PTCI a RET/PTC3 u rozsahlého souboru 113 vzorka §titné
zlazy (od pediatrickych a adolescentnich pacientii do 20 let): 30 benignich a 83 malignich
(PTC). Jednalo se o jeden z nejvétsich publikovanych souborti vzorkl §titné zlazy détskych

pacientql.

Zndmou kauzalni patogenni mutaci jsme detekovali u 5/30 benignich vzorkl, ve vSech
ptipadech se jednalo o mutaci genu z rodiny RAS. U vzorkd PTC jsme nalezli kauzalni mutaci
u 35/83 vzorki. Nejcastéji jsme identifikovali RET fazni gen (n = 18), nésledné se jednalo
o mutaci BRAF V600OE (n = 15) a jen ve dvou pfipadech jsme nalezli RAS mutaci. Porovnali
jsme pacienty s karcinomem pozitivnim na RET fizni gen s karcinomem pozitivhim na BRAF
V600E. Vyznamna odli$nost byla zaznamenana u pfitomnosti lokalnich a distalnich metastaz,
ktera byla vyssi u pacientil s RET fznim genem. TERT mutaci jsme nedetekovali u zddného
pacienta. Dale jsme analyzovali geny vzacnéji asociovanymi s nadory S§titné zlazy (IDHI,
CHEK?2, PPM1D, EIF1AX, EZHI). Missense mutaci i deleci jsme nalezli pouze u genti /DH1,
CHEK?2, PPMID. Vzhledem k tomu, ze jsme od vSech téchto pacientli méli k dispozici DNA
z periferni krve, zjistili jsme, Ze se ve vSech ptipadech jednd o zarode¢nou variantu. OvSiem dle
dostupnych databazi byly pouze dvé varianty v CHEK?2 genu oznaceny jako pravdépodobné

patogenni/patogenni.
Vyznam publikace:

Vysledky této studie pfispély svym rozsdhlym, podrobné klinicky a patologicky
charakterizovanym souborem a rozsdhlou genetickou analyzou k lepSimu pochopeni

genetického pozadi nadort stitné zlazy u détskych pacientti.
Podil na publikaci:

Mu;j podil na praci zahrnoval: 1) izolaci nukleovych kyselin ze zmrazenych tkani §titné zlazy

(nové shromézdéné vzorky), 2) sekvenaci genli: HRAS, KRAS, NRAS, TERT, CHEK?2, PPM1D,
34



EIFIAX, EZHI a vyhodnoceni sekvenacnich dat, 3) pfiprava cDNA reverzni transkripci, 4)
analyzu faznich genli pomoci real-time PCR, 5) zpracovani a vyhodnoceni klinickych a
patologickych dat, 6) statistické zhodnoceni, 7) vytvoreni tabulek a obrazka, 8) sepsani celého

rukopisu
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Abstract

There is a rise in the incidence of thyroid nodules in pediatric patients. Most of them are
benign tissues, but part of them can cause papillary thyroid cancer (PTC). The aim of this
study was to detect the mutations in commenly investigated genes as well as in novel
PTC-causing genes in thyroid nodules and to correlate the found mutatiens with clinical
and pathological data. The cehort of 113 pediatric samples consisted of 30 benign lesions
and 83 PTCs. DMA from samples was used for next-generation sequencing to identify
mutations in the following genes: HRAS, KRAS, NRAS, BRAF, IDH1, CHEKZ, PPM1D, EIF1AX, EZH1

Key Words
» papillary thyroid cancer
» pediatric

* mutations

* benign

* nextgeneration
SEqUENCING

and for capillary sequencing in case of the TERT promoter. RNA was used for real-time
PCR to detect RET/PTCT and RETAPTCE rearrangements. Total detection rate of mutations
was 5730 in benign tissues and 35/83 in PTCs. Mutations in RAS genes (HRAS G13R, KRAS
G120, KRAS Q61R, NRAS Q&1R) were detected in benign lesions and HRAS Q61R and NRAS
Q61K mutations in PTCs. The RET/PTC rearrangement was identified in 18/83 of PTCs and
was significantly associated with higher freguency of local and distant metastases. The
BRAF V&D0OE mutation was identified in 15/83 of PTCs and significantly correlated with
higher age of patients and classical variant of PTC. Germline variants in the genes IDHT,
CHEKZ and PPM1D were found. In conclusion, RET/PTC rearrangements and BRAF mutations
were associated with different clinical and histepathological features of pediatric PTC. RAS

mutations were detected with high freguency in patients with benign nodules; thus, our
results suggest that these patients should be fellowed up intensively.

Endacrine Connections
(2019} 8, T6-R05

Introduction

Thyroid nodules affect around 1% of the pediatrc
population. The incidence has been steadily increasing
over the last decades, by approximately 1.1% per year
worldwide (1, 2). Possible reasons for this increase are
improvements in medical care including ultrasonography
and fine-needle  aspiration  biopsy, environmental
carcinogens, endocrine disruptors, inadequate iodine
intake and exposure to radiation (3). Thyrold nodules have
benign or malignant character. The risk of malignancy is

higher in pediatric nodules compared with adults, 26 vs
T-15% (2, 4).

Pediatric thyroid cancer s a rare disease occurring
mostly in females than in males (1). The most common
type 15 papillary thyroid cancer (FTC), which represents
90 or more of pediatric thyroid cancer (4). Medullary
{MTC) and follicular thyrodd cancer (FTC) are relatively
rare. MTC is mostly familial than sporadic in children and
adolescents. Poordy differentiated cancer and anaplastic
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thyroid cancer (ATC) have only been identified in several
pediatric patients (5, 6).

PTCs in children and adolescents are more aggressive
than adult PTCs according to many studies (7, 8, 9). On
the other hand, they have better outcomes, a lower rate
of dedifferentiation and a disease-specific mortality lower
tham 2% (10). Due to many differences between pediatric
and adult PTCs, ATA guidelimes specifically for children
and adolescents were developed (4).

DMifferences between pediatric and adult PTCs are not
only in climical-pathological features, but also in genetic
alterations. Main PTC-activating somatic mutations in the
RAS, BRAF and TERT genes and RET/PTC rearrangements
cause uncontrolled activation of MAPE and PI3K signaling
pathways. It was reported that pediatric PTCs harbor
more frequently rearrangements and less frequently point
mutations than adult PTCs (11, 12). However, published
studies have been performed only in a limited number of
pediatric patients or on a low number of investigated genes.

In the Thyroid Cancer Genome Atlas (TCGA) project,
genetic alterations of 496 PTCs were detected and
mutations in the CHEKZ, PPMID and EIFTAX genes were
identified as the novel PTC-causing genes. If these genes
play a role in pediatric carcinogenesis is still unknown,
because only nine pediatric patients were included in the
TCGA project (13).

To the other genes that are associated with thymoid
nodules, INHT and EZHT genes belong. Mutations in the
MH1 gene are present in many different types of cancer,
including FTC. Several varlants have been revealed in the
conserved part of the IIHT gene with an association with
follicular variant of FTC (14). In the EZH] gene a hotspot
OQA71R mutation was detected that causes increased
proliferation of thyroid cells (15). This mutation was
found predominantly in benign thyroid nodules with
follicular pattern and without RAS mutation (16).

The purpose of this study was to identify main genetic
alterations in one of the largest pediatric cohorts of thymid
nodules. This study investigated not only commonly
screened genes HRAS, KRAS, NRAS, BRAF, TERT, but also
newly identified genes IDHI, CHEKZ, PPM 11}, EIFIAX and
E£HI. From fusion genes the most common RETFPTCT
and RET/FTC3 rearrangements were tested.

Material and methods

Patients and data collection

The cohort consisted of 113 samples from 83 FTCs and
30 benign lesions. Samples were collected from pediatric

Somatic mutations in pediatric &6 797

patients who underwent surgery from 2003 to 2017 at
the Department of Ear, Nose and Throat, 2nd Faculty
of Medicine, Charles University and Motol University
Hospital in Prague. The thyroid tumor samples were
histologically evaluated. All the specimens were snap-
frozen and stored at —80°C until used for DNA and
RMNA isolation. Clinical and histopathological data were
obtained from climical and pathological records. Patients
or thelr legal representatives signed an informed consent
for penetic studies approved by the Ethics Committee of
the Institute of Endocrinology.

DMA and RMA extraction

DNA and RNA isolations were performed using the
AllPrep DNA/RNA/Protein Miml kit (Ciagen) according
to the manufacturer’s instructions. The concentration
and purity of DNA and RNA was measured using a
spectrophotometer  (NanoPhotometer  P330;  Implen
GmbH, Minchen, Germany) and a fluorometer (Chabit
2.0; Invitrogen). The RNA integrity was evaluated using a
Bioanalyzer 2100 and Agilent RNA 6000 Nano Kit (Apgilent
Technologies).

MNext-generation sequencing

The analyzed genes were HREAS (exons 2, 3}, KRAS (exons
2, 3), NRAS (exons 2, 3), BRAF {exon 15), TERT (promoter),
IDHT pene (exons 4, 6), CHEKZ (exons 3, 4, 7, 11, 13),
FPMID (exons 1, 4, 5, 6), EIF1AX (exons 1, 2, 5, 6), EZH]
(exons 16, 17). Exons of RAS, BRAF, CHEKZ, FPMID,
EIF1AX genes and the TERT promoter were selected for
analysis because they were the most mutated regions in
the TCGA study (13). Exons of [DH] and EZHI genes
were chosen according to previous publications (14, 16).
Exons were amplified using PCR with sequence-specific
primers. The primer sequences and PCR conditions are
available on request. The PCR products were purified
using Apencourt AMPure (Beckman Coulter) and used for
preparation of next-generation sequencing (NGS) libraries
using Nextera XT Sequencing Kit (Iumina) according
to the manufacturer’s sample preparation protocol and
modifications as described in our previous article (17). The
M5 libraries were paired-end sequenced for 500 cycles by
MibSeq Reagent kit v2 (Illumina) using MiSeq sequencer
platform (Illumina).

Al variants of the novel PTC-causing genes from
TCGA study were also analyred in DNA samples extracted
from peripheral blood of the same patient to distinguish
somatic and germline detected genetic changes.
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The reference sequences of penes HRAS, KRAS, NRAS,
BRAF, IDH], CHEK2? and PPMID were NM 0053433,
MM 0333603 NM 002524 4 NM (04333.4 NM_005894.3,
NM_007194.3 and NM_003620.3, respectively.

Capillary segquencing

The PCR products of TERT promoter were purified
using Agencourt AMPure (Beckman Coulter), and then
sequencing reaction using Chuick Start Master Mix Kit with
Drye Terminator Cycle Sequencing (Beckman Coulter) was
performed. Products of the sequencing reaction were
purified wsing Agencourt Clean 5EQ Dwve-Terminator
Removal (Beckman Coulter). Capillary sequencing
was performed by CEQ 8000 insttument (Beckman
Coulter). Analyses were evaluated by CEQ 8000 software.
The primer sequences and PCR conditions are available
O Pequest.

Real-time PCR

RNA was reverse transcribed into cDNA using random
primers and AMVY Reverse Transcriptase (Promega).
Subsequently, ¢DNA was mixed with 1 5YBR Green
Supermix (Bio-Rad) and sequence-specific primers and
RET/FTCI and RET/FTCY detection was performed by
Real-Time PCR (Light Cycler 480, Roche). Reaction
conditions and primers were set according to our previous
article (18). For cDNA quality control, the expression of
housekeeping pene (f-actin, ACTE) was tested in every
sample. Analyses were evaluated by Light Cycler® 480
SW AL

Statistical analysis

Statistical analysis was performed with f-test and Fisher's
exact test. P ovalue <0.05 was considered as statistically
significant.

Results
Patient characteristics

The study consisted of 113 specimens of pediatric patients
with predominance of females (73.5%). The age ranged
6200 years at the time of diagnosis.

As detailed in Fig. 1 and Table 1, 30 samples of benign
lesions were collected (nine solitary thyroid nodules,
elght follicular adenomas, five multinodular pgoiters,

Somatic mutations in pediatric B:6 T98

thyroid nedules

five chronic lvmphocytic thyrolditis, two thyroid cysts,
one oncocytic adenoma). The cohort of benign patients
had a mean age at diagnosis 14.7+2.6 years and most of
the group consisted of females (24/30). The half of the
patients underwent hemithyroidectomy and the other
half total thyroidectomy, and in two of them the lymph
node dissection was performed. Multifocal nodules in six
cases were noted.

Medical records of 83 patients with PTCs were studied
for family history, another serious disease and radiation
exposure before PTC diagnosis. Thyroid disease in family
history had 25 patients. Except two, no other patient had
thyroid cancer in family. Two patients had known previous
history of radiation exposure. The first one was diagnosed
with acute lymphoblastic leukemia and the therapeutic
whole-body radio-exposition was prior to thyroid cancer
diagnosis. The second patient was diagnosed with
Hodgkin's lvmphoma and was treated with chemotherapy
and rmadiotherapy. One patient was diagnosed with
Cowden syndrome, which 15 associated with a higher risk
of thyroid cancer due to mutation in the FTEN gene.

Detailed patient’s characteristics of the PTC cohort
are summarized in Fig. 1 and Table 2. FTC patients were
predominantly females (59/83). Total thyroidectomy
was performed in 72 FTC cases and hemithymoldectomy
in 11 PTC cases. Hemithyroldectomy was completed to
total thyvroidectomy in ten cases due to diagnosis of PTC.
Mean size of tumor was 222+ 13.6 mm. Microcarcinomas
defined as tumors with diameter 10mm or smaller were
detected in 16/83 cases. The most common variant of FTC
was follicular varant followed by the classical variant.
Many rare varlants such as columnar, clear cell, tall cell
and diffuse sclerosing variant were identified. More than
half FTCs were multifocal (46/83) and nearly half had
extrathyroidal extension (37/83) and were classified as
T3/T4 (38/83). Lymph node metastases were detected in
52/83 and distant metastases in 10/83 cases. All distant
metastases were affecting lungs. Most of the PFTC patients
{72/82)underwent radiocactive iodine (RAI) treatment. One
F-vear-old patient died from the disease after surgery and
before RAI treatment. Maximum number of RAI ablations
was &, which was used in two cases, The RAL treatment was
applied in the first case during @ vears and in the second
case chiring 11 years. In the first case, it was PTC with mix
of classical, follicular and solid variant and in the second
case, it was solid variant of PTC. Reoperations of lymph
node metastases were performed in five patients; two of
them underwent reoperations three times.

Median follow-up was 72 months (range
1-170 months). Thyreoglobulin (Tg) blood serum level
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Figure 1

Tile plot of genetic alterations detected in patlents with benign besions (A} and with PTC (B Jiindcal and pathological data as gender, age at diagnosls,
histological variant, tumor stage, lrnph node metastases and distanl metastases are shown. C, dassical variant; CF, classical and follicular variant; DM
distant metastases; F, female; PV, follicular variant; LNM, lyrnph node metastases; M, male; O, other variant; PTC, papillary thyroid cancer; T, tumor size

and estension.

and thyreoglobulin antibodies (a-Tg) were monitored
for whole postoperative care. Remission was defined as
a condition of the patient with any suspect object on
ultrasound or whole-body scintigraphy, the Tg levels were
lower than 1pg/L and the a-Ty levels were not detectable,
Recurrence and persistence were defined as a condition of
a patient with malignant object or objects on ultrasound

Table 1 Characteristics of pediatric benign cohort.

or whole-body scintigraphy at least 1 year after surgery or
patient who entered remission and then malignant object
was appeared. Biochemical persistence was defined as a
condition of the patient with the level of Tg higher than
1 ug/L or detectable level of a-Tg with no evident tumor
recurrence or persistence. Eight patients could not be
classified due to short-term follow-up (range 0-12 moaths
after surgery).

Pediatr K.::--;$ cofvort Mutational analysis
Patients The detection rate of mutations in benign and malignant
Females 24 cohorts is noted in Table 3. The total detection rate of
T;E::dia i et 14?E+ o mutations in the cohort of benign tissues was 5/30 and
Type nl‘di‘segse : S S o in the cohort of PTCs was 35/83, of which RET/TC
Solitary thyroid nodule g rearrangement (15/83), BRAF V&0DE mutation (15/83)
::;.Iulli;::gufljf;z;;ar g and RAS mutations (2/83) were idenﬂﬁfed (Fig. 1IL All
Ehirainic iy gyt thyriaditis E: mutations in ber?ign cohort were in BAS genes (Fig. 1).
Thyroid cyst 5 Mutations of RAS genes in benign lesions incleded HRAS
Oncocytic adenoma 1 GIIE mutation found in one follicular adenoma with
Surgery uncertain behavior and in one solitary thyroid nodule
Hemimrniecimy - it inhs B with oncocytic changes, KRAS G12D mutation in the
Hemithyroidectomy - right lobe i :
Total thyreidectemy without LND 13 multinodular goiter, KRAS Q6 1R mutation in the follicular
Total thyroidectomy with LND 2 adenoma and NRAS Q61R mutation in the multinodular
Tizsue characteriztics goiter with oncocytic changes. Only two mutations
ﬂﬁf;fgféﬁ-;mm* 131; 12.1 in RAS genes were identified in PTCs: HRAS Q61R and
NRAS Q61K. NRAS (61K mutation was found in tall cell
LMD, iymph node dissection, varant of PTC and HRAS Q61R mutation in the mix of
hmpaitiec bicecientifica.com & 3079 Thie aurhoers Thits work |5 lcensed under 3 Creative Commons
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Table 2 Characteristics of pediatric PTC cohort.
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Table 3 Comparison of detection rate of mutations in benign
and malignant nodules.

Pedlatric PTC (n - 83)
Patients Mutation Benign (r = 30) Malignant [n - 23) P value
Females 53 HEAS G13R 2 o
Males 24 HEAS QE1R 0 1
Age atdiagnosis (years, mean 1 0. 14.2+34 KRAS G120 1 0
History of radioexposure 2 KRAS Q&1R 1 0
Tumor size NRAS Q81K 0 1
Mean £ s.0. (mm) 222+136 NRAS Q61R 1 o
Microcarcinoma (=10 mm) 16 RAS total 5 2 0.014
Histological variant” ERAF VGOOE 0 15 0.010
Classical 22 TERT MA o
Classical and fellicular 186 RET/ETCT 0 1
Follicular 7 RET/RET T ex® 0 1
Solid 3 RET/PTCS 0 &
Classical, follicular and solid 3 RET/ETC total 0 18 0.003
Diffuse sclerosing 2 Total 5 35 0.014
Columnar 2
Tall cell 1 MA, fiot anatyzed. Bold indicates statistical sigrificance.
Clear cell 1
Pathological characteristics identified (18). The ratin between females and males

Multifocalicy 46
Extrathyroidal extension 37
Intravascular imvasion 22
T1/T2 classification 45
T3/T4 classification 38
Lymph node metastases (N) 52
Distant metastases (M) 10
Chromnic lymphocytic thyroidits 42
Radiciodine therapy®

‘Without radiciodine therapy ]
Cne dose 41
Twio or more doses a1
Follow-up®
Reoperation of recurrent metastases 5
Remission 49
Recurrence or persistence a9
Biochemical persistence 16
Disease-specific mortality 1

i five cases histological variant was not available; Sin bwo cases
radioiodine therapy records wene not available; “eight Cases were not
clasaified due to short-tesrm Tollow-ug.

PTC, papillary thyroid cances.

classical and follicular variant of FTC. Both patients with
RAS mutation had lvmph node metastases and multi focal
carcinoma. The patient with HRAS mutation was
diagnosed with Hodglin's lvmphoma three years prior to
diagnosis of FTC. The tumor had very invasive character;
intravascular invasion and lung metastases were detected.

Clinical-pathological  features of RET/FTC  and
BRAF-positive patients are summarised and compared
in Table 4. The most common mutation was the
RET/PTC rearrangement detected in 18/83 PTCs, including
RET/FTCI in 11 and RET/FTCY in 6 samples. In single
case, novel RET/PTC rearrangement named RETFTCIexd,
which included part of exon 9 of the RET gene, was also

in RET/FTC-positive patients was lower compared to
BRAF positive patients, but not statistically significant
(P=0070. B3Samples with RET/FTC rearrangement
were significantly assoctated with mix of classical
and follicular variant of PTC (P=0.009) and higher
frequency of lymph node metastases (P=0.020) and
distant metastases (P=0.003). All six RET/FTC3-positive
patients had lymph node metastases, four of these six
patients had lung metastases and one patient died from
disease. The BRAF V60OE mutation was detected in 15/83
FTC samples. In BRAF positive patients the mean age at
the time of diagnosis was significantly higher than in
RET/FTC positive patients (F=0.012). The BRAF mutation
also correlates with the classical variant of PTC (P<0.001).
The number of patients, who underwent reoperation of
recurrent lymph node metastases, was higher, but not
significantly (P=0.073). Five patients did not respond
to RAI treatment because they did not accumulate RAL
Mutations in the BRAF gene and RET/FTC rearrangements
were exclusively found in malignant samples.

The TERT promoter was analyzed only in malignant
samples and no mutation was found.

Detected variants in the [DHI, CHEKZ and FPMID
genes are summarized in Fig. 1 and Table 5. Varants
G105G and V1781 in the [DHT gene always co-occurred
and were detected with comparable frequency 9/83 in
malignant and 3/30 in benign samples. The third genetic
vadant in the IDH] pene was Y183C. In the CHEKZ
gene RIITG substitution and T367MEs*15 deletion was
identified only in FTC samples. [157T varant was the
most commaon variant in the CHEK? pene and was found
predominantly in malignant samples. L467F variant was
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Table 4 The comparizon of clinical and pathological features
between RET/PTC- and BRAF positive patients.

RET/PTC (n=18] BRAF(n-15) Pvalue

Patients
Females/males 1048 (1.25:1) 13/2(6.5:1) 0.070
Age at diagnosis 13.4+3.6 16.3+24 D012
{mean +sn)
Tumor size
Mean # 5.0. (mm)} 29618 20+106 0079
Microcarcinema 3 4 0674
{=10'mm)
Histological variant®
Classical 4 ih! <0001
Classical and follicular 8 1] 0.009
Follicular 1 1 1.000
Other 4 4] 0121
Pathological characteristics
Multifocality 11 ] 0.733
Extrathyroidal 12 B 0170
extension
Intrawvascular invasion T 3 0.283
T1/T2 classification 5 9 0.085
T3T4 classification 13 B
Lymph node 16 T 0.020
metastases [N)
Distant metastasas (M) & o 0.005
Chronic lymphocytic 9 4 0284
thyroiditiz
Radicicdine therapy®
Without radiciodine z 2 1.000
therapy
Cne dose 8 5 0.725
Two or more doses i 7 1.000
Follow-up®
Recperation of i} 3 0.073
recurrent metastases
Remissicn 10 B 0.285
Recurrence or 1 3 0295
persistence
Biochemical & 5 1.000
persistence
Dizease-specific 1 o 1.000
mortalicy

sin three BRAF-positive cases and inone RET/PTE pasithve case histological
variant was not available; Sn one BRAF-positive case radiolodine therapy
record was not available: "one BRASpoditive case was nol dassifed due ©
shart-term lallow-up.

Bold indicates statistical significance.

detected only in one patient with follicular adenoma.
In the PPMID gene A152A variant was identified only
in FTCs and [496V variant was detected in the benign
solitary node together with vardants of HRAS GL3R and
three variants G105G, V1781 and Y183C in the IDHT gene.
The differences between malignant and benign cohorts
were not statistically significant (Table 5). All varants
identified in [IMHI, CHEKZ and PPMI1D} genes were also
tested in DNA from peripheral blood of the same patients

Somatic mutations in pediatric B B0l

thyroid nedules

that we had tissue and we revealed all variants as germline.
No variants in genes EIFIAX and EZHT were identified in
malignant or in benign samples.

Discussion

Thanks to the development of NG5S and wsing this
technique in molecular genetics laboratories, it is possible
to study the precise and comprehensive genetic landscape
of pediatric thyroid nodules. It helps not only to increase
detection rate, but also to identify new molecular markers
orcancer gene predispositions. Several years ago, only small
cohorts of pediatric patients and few selected numbers of
penetic alterations were investipated. Recently, studies
with larper cohorts of pediatric patients have appeared
with enlarging the spectrum of investigated penetic
mutations using NGS panels to find mutations or gene
fusions (12, 19, 200 Our study with the size of 113 samples
of thyroid nodules is according o our best knowledge the
largest pediatric cohort that was analyzed by NG5S and
provides very important genetic, climical and pathological
data. Unlike our study, in previous studies where NGS
panels were also used, presented a limited number of
pediatric PTC specimens that ranged from 13 to 25 (12,
19, 20). On the other hand, NG5 panels included more
penes (14-250% in these studies (12, 19, 20). Moreover,
mutations in genes TET, TSHR (12) and CDEN2A (19 and
rearrangements of ALK, NTREI, NTRK3, PPARy genes were
revealed (12, 200, besides point mutations in the genes
identified also in our study.

Mutations in RAS penes occur in malignant and
benign pediatric thyroid nodules overall with very low
frequency (20, 21, 22, 23). In our cohort, NEAS and HRAS
mutations were detected with no other co-mutation in
FTCs with aggressive character, and surprisingly, five RAS-
positive samples were identified in benign lesions. Clinical
impact and prognostic importance of BAS mutations is
not clearly established, because they appear in follicular
adenoma and also in ATC. The risk of malignancy varies
among RAS genes (HRAS 92%, NEAS 74%, KRAS 61%) in
adult population (24). When we consider that pediatric
patients have overall higher risk of malignancy than
adults, the numbers could be even higher. In our benign
cohort, oncocytic changes or uncertain behaviour were
identified in HRAS and NRAS-positive samples, but not in
KRAS-positive samples. BAS mueations could play a mole
in early cancerogenesis (25). It implies that the pediatric
patients with benign lesions harboring RAS mutations
should be more intensively followed.
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The RET/PTC rearrangement was the most frequent
miitation in our cohort of pediatric PTCs, detected in
18/83 malignant samples exclusively. The prevalence of
RET/APTC in pediatric FTCs is worddwide in the range of
15-67% (7, 8, 26, 27). However, these fusion genes were
also found in benign pediatric samples {28). RET/FTC
is commonly associated with radiation-induced PTC,
in which the prevalence is higher (7). In our study, all
RET/PTC-positive patients were without radiation history.
In literature, RET/FTC rearrangements do not harbor in
general other driver co-mutation in the BRAF or RAS genes,
which was also confirmed in our study. This co-occurrence
was found only in few cases and it was associated with
more aggressive disease (8, 29). RET/PTC-positive samples
were associated (not statistically significant) with a higher
rate of tumor growth (mostly T3/T4 cassification), more
frequent extrathyroidal extension, intravascular invasion
and multifocality compared to BRAF-positive samples.
They were significantly associated with more frequent
local and distant metastases, especially in cases of
RET/FTCY  rearrangement. No  patient underwent
renperation due to recurrent metastases,

The BRAF VaOOE mutation was completely associated
with FTC. In our cohort of pediatric FTCs, the prevalence
of the BRAF VelDOE was 15/83, which falls within the
range of (-63% of the prevalence BRAF mutation in
pediatric cases published earlier (7, 9, 30, 31). Possible
reasons for wide dispersal of prevalence are different
used methods, geographical and environmental factors,
size of cohort and age border of pediatric patients. Cur
study also confirmed that the BRAF mutation correlates
with the classical vadant of FTC and the higher age
of patients (32). The association of the BRAF Ve0OE
mutation with more frequent T1/T2 classification than
T3/T4 classification and with higher rate of recurrence
was seen, but was not statistically significant (Table 4).
BRAF Ve0OE-positive patients had more lymph node
metastases reoperations due to radiorefracterity than
RET/PTC-positive patients, but the difference was not
statistically significant.

In the IDHI gene, the germline varants G105G and
V1781 in similar frequencies in patients with benign and
malignant nodules were found. Clinical significance
of these varlants seems according to ClinVar database
and SIFT/PolyPhen in stlico analysis benign on thyroid
tumornigenesis. The Y183C varant was detected with
higher frequency in benign nodules. However, this varant
was assumed as deleterious/probably damaging by SIFT
and PolyPhen analysis. Clinical effect of Y183C variant is
still unknown. None of the previously described variants
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around codon R132 was found, where the active site of
the enryme ocours (14).

In the TCGA study PTC-causing somatic mutations
in CHEK2, PPMID and EIFIAX genes were identified.
Our study revealed several variants in CHEK2 and PPMID
genes that were detected in benign as well as in malignant
nodules. These variants did not correspond to those
found in the TCGA study (13). All our detected varfants
in the CHEK2 and FPM1D genes were germline. [157T
variant in the CHEEZ? pene was detected in one benign
tissue and in five FTCs, which falls in the worldwide range
4.5-15.6% of PTC (33, 34, 35). It was reported that this
variant increases the risk of PTC almost twice (OR=1.81)
(35). In PTCs, also other variants R117G and T367MEs"15
in the CHEEZ gene with probably deleterious effect on
protein function were detected (36). It was published
that truncating variants are associated with higher risk
of thyroid cancer (OR=>5.7) than [157T missense varants
(OR=2.8) (34). In the PPMII} gene two varlants were
detected in our cohorts with probably benign significance
on thyroid tumorigenesis. In our study, any variant in the
EIF1AX gene was revedled. Frequency of mutations in this
gene is generally very low and we assume according to
our results, that there is probably no correlation between
pediatric thyrodd nodules and EFIAX mutations. In
one recent study, these novel genes were investigated
in pediatric and adult cohorts with PTCs. In pediatric
patients, they detected five varlants in the CHEK2 gene,
which were presented in all samples, two variants in the
PPM 11} gene and none in the EIF]AX gene. Found variants
in the PPM 1D gene did not match ours (37).

Amy mutation in the TERT promoter in pediatric
PTCs was detected. Mutations in this gene are strongly
associated with the higher age of adult patients (38). In
many studies of pediatric PTC, mutation in the TERT
promoter has not yet been detected all over the world
(9, 19), except one study. They found C228T mutation in
10-vear-old patient without extrathyroidal invasion and
metastases (39).

In the EZHI gene, no mutation was found in benign
and malipnant specimens in our cohorts. The reason
was probably a small cohort of benign samples, because
mutations in the E£LHI gene were detected almost 20
times more frequently (13.5 vs 0.7%) in benign than in
malignant thyroid nodules (16). Mutations in the EZHT
pene were identified only in two PTC cases in the TCGA
study (13).

In summary, we revealed genetic cause in 5730 of
benign nodules and in 35/83 of pediatric FTCs; mutations
in the BRAF gene, RAS penes and RET/PTC rearrangements

Somatic mutations in pediatric B6 B3

thyroid nodules

were included. There were sipnificant differences in clinical
courses in RET/PTC and BRAF-positive PTC patients.
Patients with RET/FTC had more agpressive disease (more
frequent local and distant metastases) than patients with
BRAF mutation. On the basis of the known genetic change
in tumor, it could be possible to stratify and individualize
the treatment. The role of RAS mutations, especially in
benign lesions, is not yet fully understood, so it should
be kept in mind that they may predispose to cancer and
the intensive follow-up of these patients is recommended.
Some of the identified varants in the CHEKZ gene are
pathogenic or likely pathogenic and the influence of
found variants in the [ and PPMID gene on thyroid
nodules is still uncertain and probably benign.

The genetic landscape of more than half of our FTC
cases is still unknown; therefore, further investigation is
required, for example in FTEN or PIKICA penes, in which
somatic mutations in pediatric FTCs were detected (22).
Furthermore, other fusion genes need to be dentified by
RMNA sequencing, and copy number variants should also
be detected, which could be another trigger of thyroid
cancer. The genetic molecular testing seems to be the
benefit for pediatric patients for their diagnosis and
prognosis. Hopefully, it will improve the quality of life of
pediatric patients with thyroid nodules.
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3.2 Publikace¢.2: RET, NTRK, ALK, BRAF, and MET Fusions in a Large Cohort

of Pediatric Papillary Thyroid Carcinomas

Souhrn:

Somatickym bodovym mutacim u détskych PTC bylo vénovano nékolik studii, avsak
komplexni studie tykajici se detekce fiznich genli pomoci RNA sekvenovani v literatufe
chybéla. Cilem této studie bylo detekovat pomoci RNA sekvenovani rizné typy fuznich gent
u nadort S$titné zlazy u pediatrickych pacienti a vysledky korelovat s klinickymi a
patologickymi daty. Soubor cital 93 vzorkti od détskych a dospivajicich pacientii s PTC, v dob¢
publikace se jednalo o nejvétsi soubor, u kterého byly analyzovany fuzni geny pomoci RNA

sekvenace.

U 72/93 pacientd jsme nalezli kauzalni patogenni mutaci, pficemz u 52/93 ptipadi jsme
detekovali fizni gen. Celkové bylo zaznamendno 20 riiznych typa fuznich genti asociovanych
s onkogeny: RET, NTRKI, NTRK3, ALK, BRAF, MET. P¢t typt fuznich geni nebylo v dobé
publikace v literatute popsano (7PR/RET, IKBKG/RET, BBIP1/RET, OPTN/BRAF,
EML4/MET) a jeden typ nebyl do té doby odhalen u karcinomt $titné zlazy (CULI/BRAF).
Klinicka a patologicka data byla porovnana mezi kohortami pozitivnimi a negativnimi na fizni
gen. U pacientll s PTC pozitivnich na fizni gen byla Castéji zaznamenana extratyreoidalni
extenze, vyssi kategorie T v TNM Kklasifikaci, ¢astéjsi lokalni a distalni metastazy, chronicka
lymfocytarni tyreoiditida a Cetna psamomatozni téliska. Vyssi Cetnost lokalnich a distalnich
metastaz byla zaznamenana u pacienti s karcinomem pozitivnim na RET fizni gen oproti
pacientiim pozitivnich na NTRK3 fuzni gen. Pacientiim s karcinomem pozitivnim na fizni gen
bylo podano vice davek RAI. U pediatrickych pacientii s PTC byla prokazana vysoka ¢etnost
faznich gent a jejich vysoka variabilita. Pacienti s karcinomem pozitivnim na fizni geny méli

vyssi agresivitu onemocnéni neZ pacienti, u kterych fuzni gen nebyl zachycen.
Vyznam publikace:

Poznatky této studie ptispély k lepsi diagnostice, prognostice a 1écb¢ karcinomu §titné zlazy

u détskych pacientd.
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Podil na publikaci:

Muj podil na praci zahrnoval: 1) izolaci nukleovych kyselin ze zmrazenych tkani §titné zlazy
(nové shromazdéné vzorky), 2) sekvenaci genli: HRAS, KRAS, NRAS, TERT a vyhodnoceni
sekvenacnich dat 3) piipravu vSech knihoven na RNA sekvenaci, 4) RNA sekvenaci vybranych
vzork, 5) bioinformatické vyhodnoceni, 6) navrzeni a optimalizaci primert pro detekci fiznich
genil pomoci real-time PCR, 7) zpracovani a vyhodnoceni klinickych dat, 8) provedeni
klinicko-genetické korelace, 9) statistické zhodnoceni, 10) vytvofeni tabulek a obrazka, 11)

sepsani celého rukopisu
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RET, NTRK, ALK, BRAF, and MET Fusions in a Large
Cohort of Pediatric Papillary Thyroid Carcinomas
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Background: Pediaric papillary thyroid carcinoma (PTC) is a rare malignancy. but with increasing incidence.
Pediatric PTCs have distinct clinical and pathological feamres and even the molecular profile differs from adult
PTCs. Somatic point mutations in pediatric PTCs have been previously described and studied, but complex
information about fusion genes is lacking, The aim of this study was to identify different fusion genes in a large
cohort of pediatric PTCs and to correlate them with clinical and pathological data of patients.

Methods: The cohort consisted of 93 pediatric PTC patients (6-20 vears old). DNA and RNA were extracted
from fresh frozen tissue samples. followed by DNA and RNA-targeted next-generation sequencing analyses.
Fusion gene-positive samples were verified by real-time polymerase chain reaction.

Results: A genetic alteration was found in 7293 (77 4%) pediatric PTC cases. In 52/93 (55.9%) pediatric PTC
patients, a fusion gene was detected. Twenty different types of RET, NTRK3, ALK, NTRK!, BRAF, and MET
fusions were found. of which five novel, TPR/RET, IKBKG/RET, BRIPI/RET, OPTNBRAF, and EMLAMET,
rearrangements were identified and a CULLBRAF rearrangement that has not been previously described in thyroid
cancer. Fusion gene-positive PTCs were significantly associated with the mixture of classical and follicular variants
of PTC, extrathyroidal extension, higher T classification, lymph node and distant metastases, chronic ymphocytic
thyroiditis. and frequent occurrence of psammoma bodies compared with fusion gene-negative PTCs. Fusion-
positive patients also received more doses of radiciodine therapy. The most common fusion genes were the RET
fusions, followed by NTRKS fusions. RET fusions were associated with more frequent fymph node and distant
metastases and psammoma bodies, and NTRKST fusions were associated with the follicular variant of FTC.
Conclusions: Fusion genes were the most common genetic alterations in pediatric PICs. Fusion gene-positive
PTCs were associated with more aggressive disease than fusion gene-negative PTCs.

Keywords: papillary thyroid carcinoma, pediatric. fusion genes, rearrangements, RNA targeted sequencing

Introduction metastases occwrring mostly in the lungs (5-7). However,

the prognosis of pediatic PTC is excellent (8).

HYROID CANCER 18 THE most commen endocrine ma-

lignancy in pediatric patients and its incidence is in-
creasing worldwide (1,2). Moreover, thyroid cancer is the
second most common cancer among adolescents aged 15~
19 years in the United States (1.3). Papillary thyroid car-
cinomas (FT'Cs} account for ~90% of pediatric thyroid
carcinomas (4) that differ clinically, pathologically, and
genetically from adult PTCs. Pediatric PTCs are usually
mare advanced at the time of diagnosis with a larger tumaor
siee and higher rate of lvmph node metastases and distant

Pediatric PTCs have driver mutatons with a different
detection rate than in adults. The BRA F*™ mutation is not
as common in pediatric PTCs as i adults, and mutations in
RAS genes are rare (7.9). RET/PTC rearrangements, the
most common being the CCDCGRET fusion gene (also
known as RETAPTCT) in sporadic coborts and the NCOA<4S
RET fusion gene (also known as RET/PTC3) in coborts of
radistion-inducad PTCs, occur more frequently in pediatric
than in adult PTCs (10,11). These two fusion genes have
been investgated for more than 20 years in different

*Die partme nt of Maokcular Endocrinology, Institue of Endocrinology, Prague, Crech Republic.
[¥]

of "Ear, Mose and Theoat,

uclear Medicine and Endocrinology, and -

logy and Molecular Medicine, 2nd Faculty of

Medicine, Charles University in Prague and Maotol University Hospital, Prague, Crech Repuhblic.
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pediatric cohorts worldwide (10, 12-15) and the association
between chromosomal rearmngements and exposure of pedi-
atmc patients to ionizing radistion has been reported (10,12).
Recently, oter types of fusion genes have been found m ad-
diton to the RETPTC rerrmngements, but have not been
comprehensively studied ina lange pediatne cohon. Reported
fusions induded ETVANTRES (11), STRNALK (16), AKAPS
BRAF (11), AGEKBRAF (17), PAXS/PPARG (18), and others.

Inowr recent study, we have performed an analysis of genetc
abterations in 83 PTCs and 30 benign tumoms of padistric pa-
tients, Theanalysis included HEAS, KRAS, NEAS, BRAF IDH]
CHER2, PPMID, EIFTAX, ind EFHT genes and CCDCGRET
and NCOASRET fosion genes (19). Dover mutations were
found in 42 2% of PTCs (19). In most PTC samples, a genetic
aberation was not detected, thus we decided 0 extend the
amalysis to mnclude additonal fusion genes.

The aim of the cument study was to identify known as well
a5 novel fusion genesina cohort of 93 pediatic PTC samples,
A further goal of the study was to detenmine any associahon
af the presence of mutations with clinical and pathological
features in pediatric patients with FTC.

Materials and Methods
Patianls

The cohort consisted of 93 pediatne patients who underwent
thymid surgery from 2003 0 2019 at the Department of Ear,
Miwe and Throat, 2nd Faculty of Medicine, Charles University
and Motol Univerity Hospital in Prague. Informed consent
wis obtained From all patients or their legal representatives,
The: study was approved by the Ethics Committes of the In-
stitute of Endocrinology in Prague. Samples were evaluated by
an experienced pathologist and classified socomding to the Tth
eiition of the ATCC THNM system. Clinical and pathological
data were aollected from each patient.

DNA and ANA exdraction

DMNA and RMNA were extracted fmm homogenized, fresh
frozen tssues using the AllPrep DNA/RN AP mtem Mim Eit
(Qiagen, Venlo, The Nethedamds) acconding to the manu-
facturer's instructions. DNA and ENA concentrations were
messured wsing a fuorometer (Qubit 240: nvitrogen, Carls-
bad, CA), purity was evalusted using a spectmophotometer
(NanoPhaotometer P33 Implen GmbH, Minchen, Ger-
many }, and BMNA imtegrity was tested using the Bioanalyzer
2100 and the Agilent RNA 6000 Nano Kit {Agilent Tech-
mologies, Santa Clara, CA). All RNA samples used for ana-
lvses hod an RNA integrity number =8,

ANA-largeted sequencing

Detection of known and novel fusion genes was pedfommed
by paired-end RNA sequencing using the Qlaseq Tangeted
BN Ascan panel (Qiagen, Venlo, The Netherands) in the first
analysis and the FusionPlex Comprehensive Thymid and
Lung panel {AmcherDix, Boulder, CO ) i the second analvas,

First. £4 PTC samples wen sequenced using the O Aseq
Targeted ENAscan panel according to the manufactuner’s
protocol. Briefly, RNA was reversed transerbed wsing mndom
primers into double-stranded cDMNA whose ends were maodi-
fied and adeny lated, and adapters containimg unigue malecular
tags (UMTs) and sample indexes were ligated. Then, single

PEKOWA ET AL.

primer extension was peformed. followed by universal
polymemse cham reaction (PCR), during which the sscond
sample indexes wene added. Purified libranes were quantified
using a fluorometer and paired-end sequencing was pefommed
on the HiSeq 2500 sequencer (Mhmina, Sm Dhego, CA).
Cycles for Read | and Read 2 were 231 and 71, respectively.
Biomformatic anulysis was performed wsing the GeneGlobe
Data Analysis Center software, version 2.002. (Qiagen).

The mmuning nine samples that were not sequenced in the
firit RNA sequencing analysis, five samples with novel or
rare fusion gene detected by the first BENA sequencing anal-
wais, and samples that had low complexity, meaning less than
300,000 reads with di fferent UMTs per sample after the first
RNA sequencing analysis, wen used for the sscond RNA
sequencing anulysis using the FusionPlex Comprehensive
Thymid and Lung panel. The libraries were prepared fol-
lowing the mamifacturer’s instructions similar to the first
sequencing run, and paired-end sequencing was performed
on the MiSeq sequencer (Mlumina). Cyeles for Read 1 and
Read 2 were 151 and 151, respectively. Bioinformatic anal-
wais was performed uwsing the Archer Analysis sofiwane,
version 6.0.4 (ArcherDx).

In both amalyses, for a gene fusion to be considersd as
walid, at least five high-guality inigue reads had to span the
breakpoint and a minimum of three reads had to have a un-
tgque start site.

Vanrlicalion of lusion ganas

The presence of fusion genes from RNA sequencing ana-
lyses was verified by real-time PCR. RNA (2 g was meverse
tmnscribed into ¢CDMNA in a final volume of 25l using
random primers (Promega, Madison, WT) with an annealing
temperature of 70°C for 5 mimutes, then the AMV mverse
transcriptase, RNase mhibitor, and dNTP reagents (Promega)
wenr added and incubated at 25°C for 10 monutes, 37°C for
60 mimutes, and BPC for 5 mimites.

Subsequently, cDMN A was diluted five times and amplified
with the iQ) 5YBR Green Supermix (Bio-Rad, Hercules, CA)
and gene-specific primers, which were designed vusing the
NCBl Primer BLAST tool (www.nchi nlm.nihgovitools!
primer-blast). The Kaviar software was used to avoid primer
design in the gene region with variants occurnng with a
frequency higher than 0L08% in the population. Primer se-
guences are summarized in Supplementary Table 51. Am-
plification of the ACTE gene was used as a cDNA quality
contral and cDNAs of all samples were required to have an
amplification curve of the ACTH gene thmt crossed the
threshold befone evele 30

Realtime PCR was performed as follows using the Light
Cy::lm'm-“tﬁﬂl system (Roche, Penrberg, Germany ): 95°Cfor 3
minutes, followed by 40 cycles at 95°C for 10 seconds and
60°C for 30 seconds. The melting curve was recorded by
holding at 95°C for 10 seconds, conling to 70°C for 1 minute,
und then slowly heating to 95%C (ramp rate of 0.1 17C/s5) with
continuons acquisition of the fuorescence signal. PCRs were
performed in duplicate and each experiment included a
negative control whene BNase-free water was used instead of
template ¢cDNA. The evaluation was performed using the
Light Cycler™ 480 SW 1.5.1. (Roche). Samples positive for
CCOCA/MRET and NCOALRET fusion genes were known
from a previous analysis (19).
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DNA-targeled sequencing

Detection of point mutations in BRAF (exon 15), HRAS
{exons 2 and 3), KKAS (exons 2 and 3), NRAS (exons 2and 3),
and TERT (promoter) genes was performed in all samples as
described previoosly (19). DNA was amplified using gene-
specific primers that are available with PCR conditions on
request. PCR products were purified using the A gencourt
AMPure (Beckman Coulter, Brea, CA), lbranes wers pre-
pared using the Nextera XT DMNA Library Prep Kit (THumina)
according to the manufacturer’s protocol and sequenced for
S0 cveles by the MiSeq Reagent EKit V2 (Illurmina ) using the
MiSeq sequencer (Illuminal The Integrative Genomics

Wiewer was used for sequence data visualization.

Stakstical analysis

Statistical analysis was performed with Fisher's e xact test
to compan: cate gorical data and test to compare contimuous
variables. p Walue <0005 was considered as statistically sig-
nificant,

Results
Stuely eohort

The cobort consisted of 93 pediatric PTC patients (620
years old). The mean age of diagnosis was 145234 years
and the female-to-rmale ratio was 26:1. A family history of
thyroid disorder was present in 30 patients. One patient was
diagnosed with Cowden symdrome with gemrmline PTEN
mutation. Two patients underwent radiation treatment before
the diagnosis of PTC, the first patient was diagnosed with
acute lymphoblastic leukemia and the second patient was
dingnosed with Hodgkin's lymphoma.

Initial symptoms or signs for detection of PTCs were
evaluated m individual patients. In 34 (41.0%) patients, a
thymid nodule was palpated by a family member or by the
patent limself. Nineteen (229%) patients were followed for
endocrine diseases such as goiter, hypothyroidism, or chronic
lymphocytic thymidits and a thyroid nodule was detected by
sonography. In 15 (18.1%) patients, a thyroid nodule was
palpated during a pediatnician s examination, In 14 (169%)
patients, a thyrond nodule was found dunng examination for
anather disease, and in only one (1.2%) patient, a thyroid
nodule was wdentified during active screening of a pediatric
patient whose father had PTC. In 10 patients, the initial
symptoms of PTC were unknown,

Total thymidectomy (TT) was performed in 82 patient s and
subtotal thyroidectomy in | 1 patients, which was completed to
TT in 10 cases. The mean tumaor size was 22,12 135.7 mm and
17 patients had micmearcinoma. Among histological variants
of PTC, there wene 26429.95% Jcases of the e lassical variant, 200
(23060 ) cases of a mixture of classical and follicular vanants,
20033 3% cases of the follicul ar variant, 3 (3.4% ) cases of the
sohd vanmt, 3 (3.4%) cases of a mixture of classical, follic-
ular, and solid variants, 2(2.3%) cases of the diffuse sclerosing
vanant, 2 2.3%) cases of the columnar vanant, 1 (1. 1%) case
of the tall cell variant, and [ (1.1%) case of the clear cell
wanant, In six cases, o histological variant was not specified.

Multifocality was observed in 50 (53.8%) cases, extm-
thyrmdal imvasion in 38 (40.9%) cases, angioinvasion in 24
{25.8%) cases, lymph node metastases in 58 (62.4%) cases,
and distant metastases in 10 (10.8%) cases. Chmomic lvm-

1773

phocytic thymiditis was present in 49 (52.7%) samples, and
the frequent occurrence of psammoma bodies was observed
in I3 (14%) samples. The specimens with few psammoma
bodies (up to 5 bodies per tissue section) were not included.

The median follow-up of the patients was 72 months
(mnge of 2-198 months). Eleven (13.3%) patients had per-
sistent or recurrent disease hased on ultmsound orwhole-body
seintigraphy. Sixteen (19.3%) patients had only biochemical
evidence of persistent disease with the basal thymglobulin
blood serum level higher than | pgl or detectable levels of
thyroglobulin antibodies. Fifty-six (67.5%) patents had oo
evidence of disease. One (1.2%) patient, a 7-year-old boy, died
due to advanced disease with extensive metastases spread in
the lungs before mdioioding (RAT) treatment. Ten patents
were nol classified due to short-term follow-up (less than one
wear after surgery). Eighty-four patients received RAT treat-
ment. Eight patients did not receive R AT therapy due to having

micmcancinimnma {ow-risk disease).

Deteckon of fusion genes

Fusion genes were found in 52 (559%) pediatric PTC
patients. All fusions included known oncogenes, RET,
NTREI NTRE3, ALK, BRAF, or MET. Ten different types of
RET fusions were identified in 26 patients, four different
types of NTREZ fusions were detected in 14 patients, | type
of ALK fusion was found in 6 patients, 2 types of NTRET
fusions were 1dentified in 3 patients, 2 tvpes of BRAF fusions
were detected in 2 patients, and 1 type of MET fusion was
found in 1 patient (Fig. 1A). A total of 20 types of different
fusion genes were identified, of which 11 wem interchm-
masomal and 9 were intrachromosomal rearmmgements
(Fig. 1B, C). Two coenisting RET fusions wene detected in one
FTC nodule, the first ACEDSRET fusion comprised a juxta-
positionof exon 11 of the ACBDS gene andexon 12 ofthe RET
gene, and the second BEIPLRET fusion was a juxtaposition of
exon 1 of the BEIPI gene and exon 8§ of the RET gene

The most commam fusion gene was the CCDOARET re-
armngement found in 13 patients (14%), 1 of whom had an
isoform, including also a part of exon @ of the RET gene (20).
Other common rearangements were ETVENTRES identified
in 10 patients (10.8% ), NCOAYRET and STRNALK detected
{identical) in 6 patients (6.5%), and EEPMENTRES found in
2 patients (2.2%). The remaining fusions were not recument.
Both BEAF fusions with partner genes CUL fand OPTN were
reciprocal. The IRFZBPZNTRK! fusion gene had teo iso-
forms, the first soform was a fusion of exon 1 and the second
isoform was of exon 2 of the MF2ZHF2 gene with exon 10of
the NTRKT gene. Each isoform was found in a different pa-
tient. Mo fusion gene-positive patient had a known history of
radiation exposure before diagnosis of PTC.

Fusion gene corralations with clinical
and pathological data

Climical and pathological data that correl ated with the pres-
ence of fusion genes ame shown in Figure 2. A mone detailed
graphical view of age-spedfic fusion-positive mnd fusion-
negative cises 15 displayed in Supplementiry Figure 51.

Samples positive for the fusion gene were compared with
sammples thit did not harbor this type of mutation, and the results
af the companson are summarized in Table 1. Fusion-positive
samples were significantly associated with the mixture of
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RET CODCERET
NCOALRET
SOSTMIRET
RASALMRET
RUFYZRET
FPREARTARET
TPRMRET
ACBDSRET
BBIPIRET
IKEKERET

NTRKZ ETVENTRKZ
RBPMEMNTRKI
EML4MNTREI
SOSTMINTRIKS

ALK STRAALK

NTRKT TPMINTRKT
IRFZBFZNTREKT

BRAF CULIBRAF
OFTNBRAF

MET  EML4MET

FIG. 1. (A) Mutanonal analysas of pomt alterations and fusion genes detected in pediainie PTC patents. (B) Summs
found fusion genes. (C) Cincos plot of 20 different types of rearrangements identified in pediatric g%

were interchromosomal rarrangements. PTC, papillary thyroid carcinoma,

of

Cs. The most prevalent
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classical and Follicular variants of PTC {(p=0013), while
samples lacking a fusion gene wens associated with the ¢ las-
sical variant of FTC ( p=0.025). In addition, fusion-positive
samples were also significantly  associated with extra-
thyroidal extension ( p=0012}, higher T classification {(T3/
4 of nmor { p=0.009), lymph node (p < 0.001) and dis-
tant metastases (p=0.021), chrome lymphocytic thyrodins
{p=0.001), and frequent ocourrence of psammaoma bodies
{p = 0L004). In addition, patients positive for the fusion gene
received mome doses of RAI treatment (p = 0.008).

The samples harboring fusion genes also differed from
each other according to the fused oncogene involved. Sta-
tistical analysis could only be performed between BET fusion
and NTRE 3 fusion-positive samples due to the low mumber of
specimens with ALK, NTRK S, BRAF, and MET fusions. The
comparison of climeal and pathological data between RET
fusion and NTEE? fusion-positive FTCs is shown in Table 1.
RET fusion-positive PTCs were significantly associated with
o lower mean age of patients at the tme of diagnosis
{p=0.035), lymph node { p=0.033) and distant metastases
{p =020, and frequent ocourrence of psammoma bodies
{p=0.006). NTRES fusion-positive PTCs were significantly
associated with the follicular variant of PTC{ p =(0013). RET
fusion-positive tumorns wen: observed in 423% (11/26) pa-
tients of prepubertal age (up to 12 years) compared with 7. 1%
(1/14) of NTRK 3 fusion-positi ve patients { p={0.021) {Fig. 2).

The genetic cause of PTC was detected in all patients
with distant metastases (n = 10). In only one case, the pomt
mutation HRAS™ ™y as found, in the remaining nine cases,
a fuston gene was identified (4« NCOALRET, 22 CCDOGS
RET, 1 xRASAIZRET, | x EMI4/MET, and 1xthe co-
occurrence of ACBDS/RET with BBIP I/RET).

gieenzgie

ical variant, tumaor
ar wariant; O, other

l

e at dingnosis, histole
ar variants, FV, fallic

i

M, male: C, classical variant; CF, classical and follicu

varnant; T, tumor size and extension; LM, lymph node metastases; DM, distant metastases,
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Detecion of point mulations

Al193 pediatric PTC samples were also screened for point
mutations in BRAF, HRAS, KRAS, NRAS, and TERT genes. In
1% (196 patients, the BEAF™™ mutation was found, and
the HRAS™® mutation and NRAS™' ¥ mutation were de-
tected identical in one patient (Fig. 1A). No mutation was
found in the KRAS pene and in the promoter mgion of the
TERT gene. The HRAS-posiive patient underwent mdiation
treatment for Hodgkin's lymphoma.

The co-occumence of a fusion gene and somatic point al-
teration was notidentified. Thus, ourextended genetic analvses
revealsd a point mutation or  fusion gene in o total of T2/93
(77 4%) pediatne PTCs. The oncogenic altemtion in 21493
{22.6%) PTC s remaimed unidentified. Clini cal and pathological
features of samples are summarizsd 0 Supplementary
Table S2. Most of these tumoms were follicular variants of
FTCs, TUT2 wmor samples. No patient had a recurremt or
persistent structural disease, only one patient had abinchemical
persistent disease and the other patients remained in remission.

tients, Clinical and pathological data, including sex, a

TI'I.H.]:ll:::
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Discussion

An extended investigation of fusion genes in PTC using
next-generation sequencing allowed detection of lmown as
well asnovel fusion genes (21). Recentl v, fusion gene studies
have been reported in adult patients using comprehensive
ENA sequencing panels {22-24) or studies on a specific fu-
sion gene in adult cohons have also been performed (25,26).
To the best of our knowledge, this is the most comprehensive
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FIG. & Tile plot of genetic alterations detected in pediatric PTC
classification, lymph node metastases, and distant metastases. F, fe
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FUSION GEMES IN PEDIATRIC PAPILLARY THYROID CANCER

study of the largest pediatric FTC cohort that has been ana-
lvzed usang RNA-targeted sequencing,

The total detection rate of fusion genes was 565% and thess
chmmosomal rearrmgements were found only in pediaric
PTC patients without a known radiation history. The frequency
i5 higher in comparison with other studies of spomdic patients,
except the Ulraiman study, m which 64.7% of sporadic ps
tients had the RETAFTC marmngement (100, Previously re-
ported frequencies ranged from 2379 wo 495 (11,17,27-29),
Huovwvever, this depends on the number of tested fusion genes or
the size of the cohort, Compared with the detection rate of
Fusion genes in adults, ranging from 7 8% to 15 3% (22-24),
the frequency in pediatric PTC patients is higher. Based on
curmrent knowledge, we can only speculate that the more fre-
quent occurmence of fusion genes in pediafric FTC patients
may be due to a lower frequency of PTC-associated point
mutatkms whise frequencies increase with aging.

Fusion-positive FTCs in pediatmc patients were compared
with fusion-negative PTCs and were significantly associated
with the mixture of classical and foll icular variants of PTC,
mone aggressive dissase (extrathyroidal extension and local
and distant metastases), chmomic lymphocytic thyroiditis, fre-
quent psammoma bodies, and more doses of R AL treatment. In
the literature, this comparison between fusion-positive and
fusion-negative FTCs in pediatric patients is lacking. In one
study, fusion gene-positive tumors were compared with tu-
mors harhoring the BRAF™™F mutation, and those with fu-
stomns were larger in size with mon: frequent diffuse infiltraton
of the thyroid and lymphatic invasion (29). In another study,
tumars harboring the fusion gene or BRAF™F mutation
were grouped together and compared with tumaors negative for
penetic altemtions. Mut ot ion-posi tive cases had a significant y
larger tumaor size (17). In the adub PTC cohort, fusion-posi 6 ve
cases were strong by associated with extensive metastases, local
invaston, larger tumaor size, and higher tumor stapge (233

RET fusions are the most common fusion events in pedi-
atric PTCs. With the detection rate of 28%, this study 1=
consistent with the previously reported frequencies of 24.6—
7% (6,17). Ten fusion partner genes with the RET gene were
reparted. CODCARET and NCOA4RET rearrangements
were recurrent, and SOSTMI/RET, RASALYRET, RUFY2/
RET, PREARIAMRET, and ACBDS/RET fusion penes were
not recurrent, but have been previously described in PTC
(30-3). To the best of our knowledge, TPR/RET, BBIPI/
RET, and IKEKG/ARET rearmngements are novel.

RET fusions were associated with the most aggressive
disease (more frequent lymph node and distant metastases),
even compared with NTRR? fusions. The mean age of RET
fusion-positive patients was significantly lower than the
mean age of NTRES fusion-positive patients, and 8T fu-
stons were associsted with distant metastases compared with
NTREF fusions. In particular, the NCOA4®ET rearranpe-
ment was associated with more aggressive wumor behavior
(6), which was also confirmed in our study. BET fusion-
positive tumors wene significantly associated with frequent
prammeoma bodies, as previously suggested (29). In another
study, psammoma bodies correlated with more aggressve
PTC behavior, but not with any particular mutation (35),

NTRK3 fusions were found in 15% of pediatric PTCs,
which was comparable with a detection mte of 5.9-22%
previously published (14,29.36). Four different fusion part-
ner genes were found and all of these fusions have been

1T

previowsly reported in PTC (22,23 33). The ETVANTRIG
fusion gene was the second most common rearrangement in
our and another study (367 and was detected in sporadic as
well as in radi ation-associated PTCs (11,

Compared with RET fusion-positive pabents, NTREZ
fusi on-positive patients had clinically and pathologically less
extensive disease and none of the patients had distant metas-
tases. Furthemmomne, NTRES fusions were significantly more
frequent with the follicular variant of PTC, and an association
with the histological vanant was al so observed in other studies
(11,26 3637 ). The mixture of classical and follicular varants
wits also found 1n our study aswell as in other studies (22,25).
The aggressiveness of NTRES fusions is still unclear. NTRES
fusions have also been published in adults with anaplastc
thyroid carcinoma (VIM/NTRKS) and poorly differentiated
thyroid carcinoma (ETVe/NTRES) {16,38),

ALK fusions were detected in 6% of pediatric PTCs that
could only be compared with a few studies investigating ALK
fusions in pediatn c cohorts (16, 18,29, of which ALK fusions
were detected in only one study with a detection mte of 3/14
(21%) (16). One type of ALK fusion, STRNALK, was found in
our study. This particul ar fusion gene has also been described
in poory differentiated and ansplastic thyroid carcinomas
(39, and recently, the CCDCGALK fusion has been found in
medullary thymid carcinoma in a pediatric patient (440).

NTRE! fusions are rare. In our study, NTREK ] fusions were
found in 3% of cases, TPMINTRK! and two isoforms of
IRF2BP2NTRK | . These fusions have been previously de-
scribed (2223410, and FTPMINTRK! has mcently been
found in BA Frefractory advanced thyroid cancer in an adult
woman (33). In other studies, NTRKS and NTRES fusions
were frequently evaluted together and not separately as in
this study. However, it seems that NTRET fusion-positive
tumors had different features from NTRET fusion-positive
tumors, In this study, NTRET fusions were detected in three
samples, which was an insufficient number o conduct a
stutistical ly evaluable comparison. In one stody, another type
aof NTRK] rearangement, TFIVNTEK S, was found inan 11-
year-old gil with distant metastuses in the lungs and a very
rapidly growing tumor (42).

Two BRAF fusions were detected in two samples (29,
CULIBRAF and OPTNABRAF. To our knowledge, OPTN/-
BRAF is a novel fusion and CULLFRAF has not been pre-
viously described in thyroid cancer, but has been reparted in
ovarian cancer and melanoma (43 44). For the first time in
pediatic FTC, BRAF fusions, AKAP®BRAF and AGKS.
BEAF, were identified in radiation-exposed PTCs from Uk-
raine (11). The woddwide detection rate of AGK/BRAF
fusion differs, probably depending on geographic location.
The AGKERAF fusion was found in 19% of predominantly
sporadic PTCs of pediatric patients from Bzl (45) and in
2% of pediatric PTCs from Ukraine (11}, while this type of
rearangement wis not detected in pediatnic patients from the
United States or, in owr case, from the Czech Republic
(16,18,29). Both of the SRAF fusions we found were recip-
rocal, which was m line wath previous reports, whers recip-
rocal BRAF fusions even with other partner genes (AGK and
OSBPLY) were detected (11,24).

EMIAMET was the only identified MET fusion: to our
knowledge, it s novel and the first detected MET fusion in
pediatnie PTC. MET fusion (TFGMET) has been previously
described in one adult sample of thyroid cancer (22). A 15-
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year-old girl positive for EMLAMET fusion had multifocal
carcimoma - with extrathyroidal  extension, angioinvasion,
metastases in I8 lyvmph nodes, and distant metastases to the
lung. She recerved five doses of RAT teatment with a cu-
mulative dose of 700 mCi (259 GBg) during a period of four
wears and now she 5 in emission.

Fusion gene s oceur mastly without an additional mutation,
RET, NTREZ, ALK, and BRAF fusions wem also found in
microcarcinamas, suggestng the drver potential of these
fusion genes in eady stages of PTC development. We de-
tected only one co-occurrence of ACEDSRET and BRIPIS
RET marrangements in one sample. The co-occurrence of
fusion genes with a very unusual high frequency of 11% was
meported (17). On the other hand, fusion genes in our study
were mutually exclusive with the BRAF or BAS mutation, as
suggested by other stodies (17,25), except one study de-
scribing  the co-occurmnce of ETVONTRKS and  the
BRA - mutation {36). In anaplaste thyrowd carcimomas,
NTRE fusions also co-occurred with TP53 and TERT point
mutations (16381

Our study has some shorteomings. No functional analyses
of novel fusion genes were performed. However, all five
movel fusion genes (TPRRET, IKBKG/RET, BRIPI/RET,
OPTNBRAF, and EML4MET) contained a known oncogenes
whose kinase domain was a part of the fusion gene. The TPE,
KBEG, OFPTN, and EML4 parner genes encode proteins,
which comprise a coiled-coil dimenzaton domain that was
also a part of a particular fusion gene and is required for
mneogenic activation. The BEIFT parner gene encodes a
protein of not well-known strocture. All partner genes are
expressed in the thymid gland. In other studies, rearrange-
ments containing RET, NTREZ, BRAF, or MET penes were
detected and functiona | analyses were performed. Oncogenic
activities of fusion genes were confirmed in all cases (46-48).
Further studies of the fusion gene detection in other pediatric
populations are nesded 10 assess correlations betwesn certain
fusion genes and chncal-patholomeal features.

In summary, fusion events were found in 56% of pediatic
FTCs, together with point driver mutations m the BRAF and
RAS genes, a genetic altemtion was detected in 77% of pe-
diatric PTC cases. Fusion gene-positive peditric PTC cases
had more aggressive disease with more frequent extra-
thyroidal extension and [ymph node and distant metastases
and consequently recetved more doses of RAT treatment than
patients without fusion genes. Twenty different types of fu-
sion genes wen idemtified, including RET, NTRE3, ALK,
NTRE], BRAF, snd MET fusions. Five fusion genes were
movel and one fusion gene has not been described i thymd
cancer. Molecular testing for fusion genes could be useful for
pediatric patients with FTC for evaluating, prognosis, and
identifying targets for targeted trestment in those who fail
standand therapy.
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SUPPLEMENTARY FIG. S1. Graph showing age distribution of pediatric patients with fusion-positive PTC compared

with fusion-negative PTC. PTC. papillary thyroid carcinoma.
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SUPPLEMENTARY TABLE S1. PRIMER SEQUENCES OF THE ACTH GENE anD Fusion GENES

FOR THE REAL-TIME POLYMERASE CHAIN REACTION

(rene Primer sequence Location Product size

ACTB F: AGCCTCGCCTTTGCCGA Exon 1 168
R: CTGGTGCCTGGGGCG Exon 2

Giene fusion Primer sequence Location Product size

CCDC&/RET F: CGCGACCTGCGCAAA Exon 1 183
R: CAAGTTCTTCCGAGGGAATTCC Exon 12

NCOA4/RET F: CCCCAGGACTGGCTTACCC Exon & 81
R: CAAGTTCTTCCGAGGGAATTCC Exon 12

SOSTMI/RET F: AAGCCGGGTGGGAATGT Exon 6 126
R: AACCAAGTTCTTCCGAGGGA Exon 12

RASALYRET F: CATGCTGAGATGCAAGCAGT Exon 15 93
R: AACCAAGTTCTTCCGAGGGA Exon 12

RUFY2/RET F: TTTAATGAAAACACAGCAGCACC Exon 9 a7
R: AACCAAGTTCTTCCGAGGGA Exon 12

PREARIA/RET F: TGTGAAATTGTGGGGCATCG Exon 7 88
R: AACCAAGTTCTTCCGAGGGA Exon 12

TPR/RET F: GAGGTGGAACAAAGGCATACA Exon 20 T8
R: AACCAAGTTCTTCCGAGGGA Exon 12

ACBDS/RET F: TCATCAACATCAACATTGCAGACT Exon 11 84
R: AACCAAGTTCTTCCGAGGGA Exon 12

BBIPI/RET F: CTTCGCCAGTCTCACCGTTAC Exon 1 115
R: AGCCGTCTCTTGCTGACTG Exon &

IKBEKG/RET F: CAAGATTGTGATGGAGACCGTT Exon 7 9
R: AACCAAGTTCTTCCGAGGGA Exon 12

ETV&/NTRK3 F: ACAGCCGGAGGTCATACTGCAT Exon 4 1o7
R: TGATGCCGTGGTTGATGTGGT Exon 14

RBPMS/NTRKZ F: CTCTGCCCAACACTGTACCTCA Exon 5 111
R: TGATGCCGTGGTTGATGTGGT Exon 14

EML4/NTRK3 F: ATCTCTGAAGATCATGTGGCCT Exon 2 118
R: TGATGCCGTGGTTGATGTGGT Exon 14

SOSTMI/NTRK 3 F: GAACGTTGGGGAGAGTGTGG Exon 5 7
R: CTGAGTCCTCCTCACCACTGAT Exon 14

STRN/ALK F: CGGGACAGAATTGAATCAGGGA Exon 3 96
R: AGCTCCATCTGCATGGCTTG Exon 20

TPM3/NTRK] F: TTGCTGAGAGATCGGTAGCCAAG Exon 7 7
R: CGGGTCTCCAGATGTGCTGTT Exon 10

IRF2BP2/NTRKI F: GGCCCTTCGAGAGCAAGTTTAAGA Exon 1 71
R: CGGGTCTCCAGATGTGCTGTT Exon 10

IRF2BP2/NTRKI F: TCCTCTTTTGTGTCTCCGCCAC Exon 2 a7
R: CGGGTCTCCAGATGTGCTGTT Exon 10

CULI/BRAF F: TCTTGCAGCAGAACCCAGTT Exon 7 72
R: CATCACCACGAAATCCTTGGTCTC Exon 9

BRAF/CULI F: AATTTGGGCAACGAGACCG Exon & 109
R: ACTCTTCGTTGTTCCTCAAGC Exon &

OPTN/BRAF F: CCAGCGGCTCCTCAGAAGAT Exon 4 T8
R: CATCACCACGAAATCCTTGGTCTC Exon 9

BRAF/OPTN F: AATTTGGGCAACGAGACCG Exon & 104
R: TTCTTTTACTGACCCTTCTGCTTC Exon 5

EML4/MET F: TGTAGAGCCCACACCTGGGAAA Exon 13 80
R: ACTGCACTTGTCGGCATGAACC Exon 15
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SUPPLEMENTARY TABLE 52. CLINICAL
AND PATHOLOGICAL FEATURES OF PAPILLARY THYROID
CarcidoMas WiTHOUT DETECTED MUTATIONS

PTCs without
detected
mutations
n=2{
Patients
Females/males 12/9
Age at diagnosis, years (mean+5D) 135234
Tumor size
Mean £ 5D (mmy) 19.0£14.3
Microcarcinoma (<10 mm) (%) Ti(33.3)
Histological variant
Classical (%) 4 (19.0)
Mixture of classical and follicular (%) 1 (4.8)
Follicular (%) 12 {57.1)
Other (%) 4 (19.0)
Pathological characteristics
Multifocality (%) 9 (42.9)
Extrathyroidal extension (%) 3(14.3)
Intravascular invasion (%) 3(14.3)
TI1/T2 classification (%) 17 (810}
T3/T4 classification (%) 4 (19.0)
Lymph node metastases (%) 5(23.8)
Distant metastases (%) 0
Chronic lymphocytic thyroiditis (%) 8 (38.1)
Frequent psammoma bodies (%) 1 (4.8)
Radioiodine therapy®
No radiciodine therapy (%) 4 (21.1)
One dose (5%) 14 (73. 7
Two or more doses (5) 1 (5.3)
Follow-up”
Remission (%) 18 (94.7)
Biochemical persistence (%) 1 (5.3)
Recurrence/persistence (%) 0
Reoperation of recurrent metastases (%) 0
Disease-specific mortality (%) 0

“In two cases, radioiodine therapy records were not provided.
"Two cases were nol classified due to shor-term follow-up.
PTC, papillary thyroid carcinoma; 5D, standard deviation.
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3.3 Publikace ¢ 3: NTRK Fusion Genes in Thyroid Carcinomas:

Clinicopathological Characteristics and Their Impact on Prognosis

Souhrn:

Drtive publikované studie tykajici se NTRK fuznich gent u nadoru §titné zlazy Citaly velice
omezeny pocet jedinct. Klinicka a patologické data nebyla pfili§ popsdna nebo byla zkreslena
nevhodnym vybérem vysetfovaného souboru. Cilem této prace bylo detekovat NTRK fuzni
geny u rozsahlého souboru nadort stitné zlazy, korelovat je s klinickymi a patologickymi daty,
porovnat kohorty dospélych a détskych jedinct s karcinomem pozitivnim na N7RK fuzni gen a

zpracovat ucinnost 1é¢by jednotlivych pacientd.

Z celkového souboru pacientll jsme NTRK fuzni geny detekovali u 57 pacientti s PTC a dvou
pacient s PDTC. Détskych a dospivajicich pacientli pozitivnich na tyto fuzni geny bylo
zaznamenano 17, dospélych 42. Prevalence NTRK fuznich gent byla vyrazné vyssi v
pediatrickém (16,7 %) nez v dospélém souboru (5,7 %). Byla porovnana klinick4 a patologicka
data pediatrickych a dospélych pacientl a nebyl zjistén zadny vyznamny rozdil ve sledovanych
kategoriich. Celkové byly NTRK fluzni geny asociovany s folikuldrnim uspofadanim nadoru,
chronickou lymfocytarni tyreoiditidou a lokdlnimi metastidzami, které se vyskytovaly se
signifikantné vyssi Cetnosti u karcinomt vétsich neZ 2 cm. Celkem bylo odhaleno osm riiznych
typlt NTRK fuznich genti, ¢tyfi rizné partnerské geny fuzovaly s onkogenem NTRK/ a dalsi
Ctyfi partnerské geny s onkogenem NTRK3. Porovnanim karcinomt pozitivnich na NTRKI a
NTRK3 fazni gen jsme zjistili, Ze karcinomy pozitivni na NTRK! fazni gen vykazuji vyssi
frekvenci multifokality a invazivity nddoru. Pacienti s v&tsi velikosti nadoru, pfitomnymi
metastazami a detekovanou patogenni mutaci v promotoru 7ERT genu ¢i genu 7P53 méli horsi

prognozu.

Vyznam publikace:

Publikace predstavuje vyznamny piinos k poznani genetického pozadi nadort Stitné Zlazy a
vysledky jsou vyuzitelné pii stanoveni diagndzy, urCeni vhodného rozsahu operace,

specifikovani prognozy i 1é€ebné strategii. V dob& publikace se jednalo o nejvétsi popsany

soubor pacientd s karcinomy $titné Z1azy pozitivni na NTRK fizni geny na svéte.
Podil na publikaci:

Mu;j podil na praci zahrnoval: 1) izolaci nukleovych kyselin ze zmrazenych tkani §titné zlazy

(nové shromazdéné vzorky), 2) sekvenaci genli HRAS, KRAS, NRAS, TERT, TP53 a
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vyhodnoceni sekvenacnich dat, 3) analyzu vybranych fuznich genli pomoci real-time PCR, 4)
analyzu pomoci NTRK Gene Fusions Detection kitu, 5) pfipravu vSech knihoven na RNA
sekvenaci, 6) RNA sekvence vzorkli, 7) bioinformatické vyhodnoceni dat, 8) navrzeni a
optimalizaci primera pro detekci NTRK fiznich gent pomoci real-time PCR, 9) zpracovani a
vyhodnoceni klinickych dat, 10) provedeni klinicko-genetické korelace, 11) statistické

zhodnoceni, 12) vytvoreni tabulek a obrazki, 13) sepsani celého rukopisu
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Simple Summary: NTEK fusion genes are important but not well studied molecular markers in
thyroid cancer. Their identification could help improve diagnosis and prognosis, and determine
appropriate reatment. The aims of this study wem to identify NTRK fusion-positive thyroid tumors
in a large cohort of different thymoid tumors, to characterize these tumors by molecular, clinical and
pathological features and to evaluate the impact of NTEK-rearranged tumors on prognosis of the
disease. A suitable approach for selective NTRK fusion gene testing in thyroid cancer samples was
created and utilized. In a cohort of 59 NTRK-rearranged carcinomas, characteristic featumes wem
described and recommendations for surgery and prognostic factors weme determined thanks to the
lomg-term follow-up of patients.

Abstract Chromosomal rearrangements of NTEK genes are oncogenic driver mutations in thyroid
cancer (TC). This study aimed to identify NTRK fusion-positive thyroid tumors and to corelat them
with clinical and pathological data and determine their prognostic significance. The cohort consisted
of 989 different TC samples. Based on the detected mutation, samples were triaged, and those
that weme positive for a BRAF, HRAS, KRAS, NRAS, RET, RET/FTC or PAXS/FPPA Ry mutation were
excluded from further analyses. NTRK fusion gene testing was performed in 259 cases, including
126 cases using next-generation sequencing. NTRK fusion genes were detected in 57 of 846 (6.7%)
papillary thyroid carcinomas and in 2 of 10 (20.0%;) poorly differentiated thyroid cardnomas. A total
of eight types of NTRK fusions were found, including ETV&MNTRKS, EML4NTRES, REPMSNTERKS,
S0OSTMI/MNTEREZ, TPMANTRR], IRF2ZBPANTRED, SO5TMINTEE] and TPRMNTRKL NTRK fusion-
positive carcinomas were associated with the follicular growth pattern, chronic lymphooytic thy-
roiditis and lymph node metastases. NTEK]-rearranged carcinomas showed a higher frequency of

Cimcers 2021, 13, 1932 hitps:// [/ doi.ong 1003300/ cance ra 13081932
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multifocality and aggressivity than NTRK 3 rearranged carcinomas. Tumor size, presence of metas-
tases, positivity for the NTREKS or NTRK] fusion gene and a late mutation event (TEET or TP53
mutation) were determined as factors affecting patient prognosis. NTRK fusion genes are valuable
diagnostic and prognostic markers.

Keywords: NTRK; fusion gene; papillary thyroid carcinoma; poorly differentiaied thyroid carcinoma;
clinicopathological feature; follow-up; prognosis; outcoms

1. Introduction

Thyroid cancer {TC) is the most common endocrine malignancy with a still increasing
incidence. The prognoesis of TC varies primarily depending on the type and stage of the
tumor In the case of papillary thyroid carcinoma (PTC), the prognosis is very favorable and
the 10-year overall survival rate is 97% [1]. On the other hand, poorly differentiated thyroid
carcinoma (PDTC) carries a worse prognosis, and anaplastic thyroid carcinoma (ATC) has
a median survival of 6 months [2]. The clinical outcome of the disease is associated with
various mutations occurring in TC. The most commen mutation in TC is the BRAF V60OE
rutation, w hich has appeancd to be associated with a higher risk of cancer recurrence [3].
Howwever, this association has recently been disputed [4]. TERT promoter mutations are
associated with distant metastases and a higher risk of mortality in advanced cases of
TC [5]. Differentiated thyroid tumors harboring RAS mutations without any co-alterations
have excellent prognosis [6]. Other genetic alterations occurring in TC are rearrangements
of NTRK, RET, ALK, BRAF, MET, FGFR, PEAR7 or ROSI genes whose associations with
the outcome of the disease are not yet well known.

A rearrangement involving one of the neurotrophic-tropomyosin neceptor kinase
(NTEE) genes belonging to the NTRE family represents a significant oncogenic event in TC.
The NTRK family includes three genes, NTRET, NTRK2 and NTRK3, encoding tropomyosin
receptor kinases A, Band C, mspectively. Fusions involving a kinase domain of NTRE gene
lead to uncontrolled achvation of the tyrosine receptor kinase (TRK) and subsequently the
MAPE, PI3K /AKT and PLCy pathways [7].

In TC, NTREK fusions have been reported in PTC, Hiirthke cell carcinoma (HCC), PDXTC
and ATC [8,9]. The presence of NTEK fusions in TC is rare and the frequency ranges from
2.3 to 3.4% in predominantly adult cohorts [8,10-12]. In pediatric TC, NTEK fusions are
approximately eight times more commoen than in adults; the frequency is between 18.3%
and 25.9% [13-15]. Clinicopathological characteristics and long-term disease development
are not well understood due to limited NTRE fusion-positive cohorts. Recently, there has
been a growing intenest in testing and characterizing NTRE fusion genes because they are
therapeutically targetable. NTRE fusion-positive tumors are sensitive to TRE inhibitors,
such as larotrectinib, which appears to be well tolerated and effective [16].

This study aimed to determine clinical and pathological features of a large cohort of
NTRE fusion-positive thyroid tumors, to compare these characteristics between NTRE3
and NTRE] fusion-positive tumors and to determine the prognostic significance of NTRK
fusion genes based on long-term follow-up of patients with TC harboring this mutation.

2. Materials and Methods
2.1. The Cohort

A total of 989 (851 PTCs, 86 medullary thyroid carcinomas (MTCs), 19 follicular thyroid
carcinomas (FTCs), 13 ATCs, 10 PDTCs and 10 HCCs) thyroid cancer tissues, 30 borderline
thyroid tumor Hssues (17 follicular tumors of uncertain malignant potential (FT-UMPs),
13 non-invasive follicular tumors with papillary-like nuclear features (NIFTPs)) and 194
benign thyroid Hissues wene collected from patients who underwent thyroid surgery at
the Motol University Hospital (between years 2003 and 2020), the University Hospital
Kralovske Vinohrady (between vears 2016 and 2020) and the Military University Hospital
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(between vears 2019 and 2020} in Prague. All samples except 65 formalin-fived paraffin-
embedded (FFPE) were fresh frozen thyroid tissues. Detailed clinical and pathological data
were collected from all patients whose tumors were positive for the NTRK fusion gene.

2.2, Nucleic Acid Extraction

DA and RNA were extracted from fresh frozen thyroid Hssues using the AllPrep
DNA/RNA /Protein Mini Kit (Qiagen, Venlo, Netherlands) or the AllPrep DNA/RNA /
miRNA Universal Kit ((Qiagen) and from FFPE thyroid tissues using the AllPrep DNA /RNA
FFPE Kit (Qiagen) according to the instructions in the manuals. The concentrations and
purity of samples were measuned using a fluorometer (Cubit 2.0, Invitrogen, Carlsbad, CA,
USA) and a spectrophotometer (QlAxpert, Qiagen), respectively.

2.3. NTRK Fusion Genes in Pediatric Samples

Analyses of NTRE fusion genes in pediatric PTC specimens (1 = 93) using the QLA Seq
Targeted EMAscan panel (Qiagen) or the FusionPlex Comprehensive Thy roid and Lung
(CTL) panel (Archerlx, Boulder, CO, USA) wene described previously [13]. New pediatric
PTC samples collecked during year 2020 {1 = 11) were analyzed by the same procedure as
the adult TC samples described below.

2.4. Analyses of Point Mutations, RET/PTC and PA X&/PPA Ry Rearran gemn s

First, detection of mutations in the BRAF, HRAS, KRAS, NEAS, TERT, and TFP33 genes,
and RET/PTCI, RET/PTC3, and PAXS/PPAR Y rearrangements in PTC, ATC, PDTC, FTC
and HCC samples was performed. Mutations in the RET, HRAS and KRAS EENEs were
analyzed in MTC samples. Libraries were prepared from purified PCR products of genes
BRAF (exon 15), HRAS {exons 2 and 3), KRAS (exons 2 and 3), NRAS (exons 2 and 3), TP53
jexons 4, 5, 6,7, 8 and 9) and RET {exons 8, 10, 11, 13, 14, 15 and 16) using the Nextera
XT DNA Library Prep Kit (llumina, San Diego, CA, USA) and subsequently sequended
on the MiSeq sequencer (Illumina). The promoter of the TERT gene was screened for
the C228T and C250T mutations using capillary sequencing on the CEQ 8000 instrument
(Beckman Coulter, Brea, CA, USA). A more detailed procedure was described in our
previous study [17].

For RET/PTC and PAXS/PPART marrangements detection, total RNA was reverse
transcribed into cDNA by the same procedure as eported previously [13]. Subsequently,
cDNA was diluted five times and amplified using the TagMan Fast Advanced Master
Mix (Applied Biosystems, Foster City, CA, USA), gene-spedific primers and hydrolysis
probes designed using the Primer3Plus software tool. Primer and probe sequences are
summarized in Supplementary Table S1. Amplification of the ACTE gene was used as a
cDMNA quality control. Each experiment included a negative control whene RNase-free
water was used instead of template cNA. Real-time PCR was performed as follows by the
Light Cycler™ 480 (Roche, Penzbe rg, Germany): 50 °C for 2 min, 95 °C for 20 5, followed by
40 cycles of 95 °C for 3 s and 60 *C for 30 s. The evaluation was performed by the Light
Cycler™ 480 SW 1.5.1. (Roche).

2.5 NTRK Fusion Genes Detection

Based on the previously detected mutations, specimens were selected for analyses
of the NTRK fusion genes. Samples positive for the BRAF, HRAS, KRAS, NRAS, RET,
RET/PTC or PAXE/PPAR ¥ mutation were excluded from the further analyses. In contrast,
samples in which the TERT or TP53 mutation was identified were included in further
testing,

A total of 259 (205 PTCs, 16 sporadic MTCs, 13 FTCs, 9 ATCs, 6 PDTCs, and 10
HCCs) thyroid tissue sanples wen netrospectively analysed using the NTRE Gene Fusions
Detection Kit (AmoyDy, Xiamen, China} according to the manufacturer’s instructions.
This Real-Time PCR kit allows to detect 109 different NTRKT, NTREK2 or NTRE3 fusions.
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Real-time PCR was performed using the Light C}rcler‘i' 480 (Roche) and the results were
evaluated by the Light Cycler® 480 SW 1.5.1. (Roche).

An extended analysis of next-generation sequencing was performed for a total of
126,/ 259 thy roid Hssue samples (93 PTCs, 16 sporadic MTCs, 2 FTCs, 9 ATCs, and 6 PDTCs)
using the FusionPlex CTL panel (ArcherDx) allowing to detect novel fusion genes as well.
The manufacturer’s instructions were followed. Briefly, RN A was everse transcribed using
random primers into cDNA. The adapters containing unique molecular tags and sample
indexes (i5) were ligated to modified ends of cDNA. Then, two rounds of PCR followed.
Other sample indexes (i7) were added during the second PCR. Purified and quantified
libraries were paired-end sequenced on the MiSeq sequencer (Ilumina). Bicinformatic
analysis was performed using the Archer Analysis software version 6.0.4 (ArcherDx). For
a gene fusion to be considered as valid, at keast five high-quality unique reads had to span
the breakpoint and a minimum of three reads had to have a unique start site,

The gene-specific primers and hydrolysis probes were designed for all identified
NTRK fusion genes using the Primer3Plus software tool. Primer and probe sequences
are summarized in Supplementary Table 51. All NTRK fusion-positive samples were
verified using these primers and probes by real-time PCE. PCR conditions were the same
as for RET/PTC or PAXS/PPA Ry rearrangements detection. A total of 30 borderline thyroid
samples and 194 benign thyroid samples were screened by this procedure for all these
identified NTRK fusion genes.

2.6, Statistical Analysis

Categorical variables wene compared by use of the Fisher's exact test, and continuous
variables were compared by use of the t-test. Statistical analyses were performed using the
Simple Interactive Statistical Analysis (SISA, hitps:/ /www. quantitativeskills.com// sisa /)
and GraphPad tools {(GraphPad Software, San Diego, CA, USA). A p value < 0.05 was
considered as statistically significant.

3. Resulls
3.1 Qinical and Pathological Features

The analyses revealed NTRE fusion gene in 59 patients with TC, in 57 of 846 (6.7%)
patients with PTC in 2 of 10 {20.0%) patients with PDTC. No NTRK fusion gene was
detected in 16 MTCs, 13 FTCs, 9 ATCs, 10 HCCs, 30 borderline thyroid tumors or 190
benign thyroid tissues subjected to NTEK fusion analyses. cEDNA from five FFPE PTCs and
four benign fresh frozen thyroid tissues were not of sufficient quality for analy ses.

Clinical and pathological data of patients with TC harboring NTRE fusion are sum-
marized in Table 1. In this cohort, the female to male ratio was 3.5:1 and the mean age of
diagnosis was 328 + 16.0 (range 677 vears). The cohort consisted of 17 pediatric (<20 years
of age) and of 42 adult patients. Before the diagnosis of TC, only one patient suffered from
a malignant disease (sigmoid colon cancer) and underwent radiation therapy. Four patients
underwent hemithyroidectomy followed by total thyreidectomy, 55 patients underwent
total thy roidectomy during one surgery and 37 patients also underwent lymph node (LN)
dissection. The mean tumor size was 209 £ 11.9 mm (range 5-55 mm). A microcarcinoma
(=10 mm}) was revealed in 13.6% of patients. A follicular growth pattern was shown to
be present in 78.0% of cases, of which in 47.5% of cases it formed the whole tumor or was
predominant, and in 30.5% of cases it was found mixed with a papillary growth pattern
{approximately in a similar proportion). Only 13.6% of cases had predominantly papillary
architecture. Both cases of PDTC had coexisting PTC component with a mixed papillary
and follicular growth pattern. Multifocality, extrathyroidal extension and intravascular
invasion were identified in 44.1%, 40.7% and 23.5% of cases, nespectively. LN metastases
wene found in 54.2% of patients and distant metastases in 6.8% of patients, in all cases
affecting lungs. Chronic lymphocytic thyroiditis (CLT) was identified in 65.5% of cases.
Detailed data on individual cases are described in Supplementary Table 52
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Table 1. Clinicopathological features of NTEK fusion-positive carcinomas.

NTRK Fusion-Fositive

Carcinomas (%)
n=59
Patients
Females /males 45/13
Age at diagnosis (mean + 50) 3284+ 160
History of radiation ex posure before the diagnosis of TC 1(17)
History of prior malignancy before the diagnosis of TC 1{17})
Tumor size
Mean + 5D {mm) HWI+119
Microcarcinoma (<10 mm) 8(13.6)
Histology

Predominantly papillary growth pattern 8 (13.6)
Mixture of papillary and follicular growth pattern 18 (30.5)
Predominantly follicular growth pattern 26 (47.5)

Tall cell variant 2(3.4)

Clear cell variant 1{(17)

PFOTC 2(3.4)

Pathological characteristics

Multifocality (Y
Extrathyroidal extension 24 (407)
Intravascular invasion ! 12{235)
Lymph node metastases 32(54.2)

hstant metastases 4 (6.8)
Chronic lymphoecytic thyroiditis * 3B (65.5)
Frequent psammoma bodies & (10.3)

1 Data from eight samples wen: not available. > Data from one sample were not available. 5D standand deviation,
TC thy roid cancer, PDTC poorly differentiated thy mad carcinoma.

3.2. NTRK Fusion Genes

A total of eight types of NTRK fusions were found, including ETVENTRES (four iso-
forme), EMI4NTRES, REPMSNTERE S, SQ5TMINTRES, TPM3/NTRKI, IRF2BPINTRKT
(two isoforms), SOSTMIMNTRK] and TPR/NTEKT (Figure 1), All fusion genes were
in-frame. Transcripts of genes involved are listed in Supplementary Table 53. The
ETV&/NTRES fusion gene represented the majority (38/39) of positive cases. The most
common isoform was the ETV6 (exon 4)/NTRE3 (exon 14), which was detected in one
case together with the ETVE (exon 5)/NTRE3 (exon 14) isoform. Furthermore, in one
PDTC case, two rare isoforms ETVE (exon 21/ NTRK 3 (exon 14) and ETV6 (exon 5)/NTRK3
{exon 15) were identified. The TPM3/NTEK] fusion gene was detected in a significantly
smaller group of samples (5/ 59), similarly to the SQSTMINTRK3 (4/59), EML4NTRE3
(4/59), REPMS/NTEKS (3/59) and IRF2BP2/NTRKI (3/59) fusion genes. Two isoforms
of the IRF2ZBP2/NTRK] fusion gene, IRFZBP2 (exon 1YNTRK1 (exon 10) in two cases and
IRF2BP2 (exon ZYNTRK] (exon 10) in one case were identified. The SQSTMTINTRKT was
identified in the second PDTC case and the TPR/NTRKT was found in one FTC.

oo (T
TPAMANTEK] B4

SOSTMINTERY &8% LI
EMI4MWTRES BB
HEHPMSNTEEI  5.1%
IRE2BPIINTEKT 5.1%
SQSTMUNTRET 1.7%
TPRMNTHET 1.7%

Figure 1. Frequencies of different types of NTRK fusion genes detected in thyroid cancer.

67



Cancers 2021, 13, 1932 Gof13

Co-alterations were identified in two samples and in both cases with TPM3/NTRKL
In the first case, the co-alteration was the TERT C228T mutation and in the second case,
the TP53 K320* nonsense mutation. In one patient with multifocal PTC, the ETVE/NTRE3
rearrangement was identified in a nodule in the right thyroid lobe and the BRAF V60OE
mutation in a nodule in the left thyroid lobe.

The carcinomas harboring NTRK3 fusions (n = 49) were compared to the carcino-
mas with NTRK1 fusions (n = 10) (Table 2). NTRK3 fusion genes were almost 5 imes
more common than NTRET fusions. The carcinomas positive for NTREKT fusions had a
significantly more common mixture of papillary and follicular grow th patterns (p = 0.006)
than the carcinomas positive for NTRK3 fusions, which had mostly predominant follicular
growth patterns. Other differences were the significantly higher frequencies of multifo-
cality (p= 0.015), extrathyroidal extension (p = 0.008), intravascular invasion (p = 0.024)
and distant metastases (p = 0.013) of NTRE] fusion-positive carcinomas. The patients with
carcinomas harboring NTRK] fusions had LN metastases 80% of the time compared to 49%
of time for NTRK3 fusion-positive carcinomas. However, the difference only approached
the limit of statistical significance (p = 0.072).

Table 2 Comparison of clinical and pathological features between NTRE3 and NTRK] fusion-positive carcinomas.

NTEK3 Fusion-Positive NTEK1 Fusion-Positive

Carcinomas (%) Carcinomas (%) r
" =49 n="10
Patients
Females/males /10 7i3 (.383
Age at diagnosis (mean + 50 320 +£144 364 +319 0.426
History of radiation exposure be fore the diagnosis of TC [i] 1 (10,0 0169
History of prior malignancy before the diagnosis of TC 0 1 {100) 0.169
Tumor size
Mean £+ SD (mm) 200+ 110 253+ 146 0195
Microcarcinoma (<10 mm) 6({12.2) 2 (20,0} 0409
Histology

Predominantly papillary growth pattern £(16.3) 0 0,205
Mixture of papillary and follicular growth patern 11 (22.4) 7 {70.0) 0.006
Predominantly follicular grow th pattern 26 (53.1) 2 {20.0) 0.057

Tall cell variant 2{4.1) 4] 1

Clear cell variant 1{2.0) ] 1
POTC 1{2.0) 1 {100y (.313

Pathological characteristics

Multifocality 18 {36.7) 8 (BOL.0Y 0.015
Extrathy roidal extension 16 (32.7) B (BO.OY 0.008
Intravascular invasion ! 7{167) 5 {55.6) 0.024
Lymph node metastases 24 (49.0) 8 (B0 007z
[listant metastases 1 {2.0) 3(30.00 0.013
Chronic lymphocytic thy moiditis z 34 (7.8} 4 (410 0.069
Frequent psammoma bodies 3 4(8.3) 2{20.0) 0.274

Values highlighted in bold were statistically significant. ' Data from seven MTRES fusion-pesitive samples and from one NTRE] fusion-
positive sample wem not available. = Data from one NTRES fusion-positive sample were not available. SD standard deviation, TC thyroid
cancer, FDTC poorly differentiated thy roid carcinoma.

Climcopathological features of NTEK fusion-positive carcinomas were also compared
between pediatric and adult patients (Supplementary Table 54). No statistically significant
difference was observed between these cohorts.

3.3. Treatmerit and Follow-Lp

The median follow-up was 63 months (range: 2-203 months). Fifty-one (86.4%)
patients received radicactive iodine (RAT) treatment; eight patients (13.6%) received no
RAI treatment due to microcarcinoma without aggressive features. The median cumulative
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dose of RAI per patient was 6.3 GBq (range: 1.9-28.0 GBg). Most patients (84.3%) were
RAT responsive and accumulated RALin thyroid emnants or in metastases. In addition
to RAI therapy, both PDTC cases were also treated with external beam radiotherapy. The
first patient with PDTC harboring two rare isoforms of ETVE/NTRK 3 fusions discontinued
radiation treatment due to intolerance and subsequently died. The second patient with
PDTC harboring SQSTMIMNTRKT was still alive (12 months after surgery). One patient
with P'TC and other two malignancies (sigmoid colon cancer diagnosed before TC and
breast cancer diagnosed after TC), harboring TPM3NTRK] and TERT C228T mutations in
PTC, underwent chemotherapy treatment and subsequently died.

Each mesponses to treatment was determined using definitions and criteria in the 2015
American Thy roid Association Guidelines as an excellent mesponse (ER), an indeterminate
response (IR), a biochemical incomplete response (BIR), a structural incomplete response
(SIR), [18] or death. The response to treatment was assessed in the following time periods
after surgery: 6 months to 2 vears, 2-5 vears, 5-10 years, 10 years or more and current
response. Detailed follow-ups describing the courses of treatment in individual patients
are displayed in Figure 2. Follow-up data of one patient were unknown and two patients
were not evaluated due to short-term follow-up (less than six months after surgery).

Initially, during two years of treatment, 58.9% of NTRK fusion-positive patients had
ER, 16.1% had IR and 25.0% had SIK. When patients were grouped according to the NTRK3

or NTRK] mutation, 63.8% of NTRK3 fusion-positive patients had ER and 21.3% had SIE.

In the case of NTRKT mutation, more patients had SIR (44.4%) than ER (33.3%). During
follow-up, three patients from the cohort who until then had SIR, died. Ohne patient
succumbed to PDTC; another bwo PTC patients were poly morbid. In NTRK fusion-positive
cohort, the 2, 5 and 10-year overall survival rates wene 100.0% (40/40), 96.7% {29/30) and
85.0% (17/20), respectively. However, during follow-up, msponse to treatment had an

improving tendency in NTRK3 as well as in NTRK] fusion-positive patients (Figure 3).

After 10 years of follow-up, 82.3% of patients had ER, 11.8% had IR, 5.9% had BIR and no
patient had an SIK. No case of recurrence was reported during follow-up when the ER to
the patient’s treatment changed to BIR, SIR, IR or death. The patients without metastases
had predominantly ER, and 16.7% of them had IE. Only one patient from the cohort who
had SIR improved to ER. The reason for the improvement of the patient’s condition was
the resection of LN metastases seven years after the initial surgery and subsequent RAl
therapy.

'IP;:H: prognosis of the disease also depended on the size of the tumor. All patients with
a microcarcinoma (<10 mm) had ER to treatment. However, it should be mentioned that
one patient with an 11 mm carcinoma had metastases in 25 LN and also in the lungs. After
12 vears of follow-up, the patient still had a high level of thyroglobulin antibodies. The
patients with the tumor size <20 mm (rn = 38) had LN metastases 36.8% of the time; and
during the initial 2 years of teatment, 68.6% had ER, 17.1% had IR and 14.3% had SIE. The
patients with tumors larger than 20 mm (n = 21) had LN metastases 85.7% of the time; and

during the initial 2 years of treatment, 42.9% had an ER, 14.3% had IR and 42.9% had SIK.

Both patients with PDTC had a tumor larger than 40 mm.
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Figure 2 Detailed follow-ups and the outcomes of patients harboring NTRE fusion-positive carcinomas. E female; M,
male; the, hemithy roidectomy; TTE, total thyroidectomy; LMD, ymph node dissection; LNM, lymph node metastases; DM,
distant metastases; TC, thyroid cancer; ¥, yes; M, no; FTC, papillary thymid carcinoma; PDTC, poorly differentiated thyroid
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Figure 3. A graphical representation of the responses to treatment of the patients harboring NTRE3 (A) and NTRK1 (B)
fusion-positive carcinomas after surgery. ER, excellent response; [F, indeterminate response; BIR, biochemical incomplete

response; SIR, structural incomplete msponse.

4. Discussion

Molecular testing of genetic alterations in TC can be beneficial in several ways. It can
help to establish preoperative diagnosis, the extent of surgery that is possible, estimate
prognosis and determine appropriate treatment. Molecular markers, such as the BRAF
V600E mutation or the TERT mutation, have been well studied in large cohorts, and the
management of thyroid nodules harboring these mutations has also been recommended in
the American and the European Thyroid Association Guidelines [18,19] However, data
on NTEK fusion genes in TC are very limited due to their rane occurrence, and there fore
there are only small cohorts of NTRK fusion-positive samples that are described and
characterized [10-12,15,20-24]. Another reason is their more expensive and challenging
accurate testing requiring RNA of suitable quality.

In this study, we retrospectively sereened a large cohort of different thy roid tissue
samples, including PTCs, PDTCs, ATCs, HCCs, FT'Cs, sporadic MTCs, NIFTPs, FI-UMPs
and benign thyroid tissues, for NTRK fusion genes. NTRK fusion genes wene detected
in 5% TC samples, which to the best of our knowledge mepresents the largest cohort of
NTRK fusion-positive samples in TC worldwide. The prevalence was 6.0% in all tested
types of TC and 6.7% in PTCs, which was slightly higher than the prevalence around of 3%
reported in PTCs in the literature [810-12] One of the reasons for this result was a higher
proportion of pediatric PTCs (n = 104) in our cohort, which are known to harbor NTRK
fusions with a higher frequency (arcund 20%) [13-15]. After dividing the subjects into
pediatric and adult patients, the prevalences of NTRK fusion genes in PTCs were 16.3%
and 5.7%, respectively. No NTRK fusion gene was detected in any benign tissue sample
ibenign tumors, CLT). Thus, all eight tested types of NTRK fusions seem to be associated
with a 100% probability of malignancy.

The low detection rate of NTRK fusions in adult PTC samples could discourage routine
testing, However, as reported in another study, after elimination of samples harboring the
BEAF V6OE mutation, the detection rate of NTRK fusion genes increased up to 20% [11].
NTRK fusions ane typically mutually exclusive with the BRAF, HRAS, KRAS, NEAS and
other driver mutations [8,10,12,13,22]. Therefore, in our study, the samples positive for
mutations in the BRAF, HRAS, KEAS and NRAS genes, and for RET/PTC or PAXS/PPARy
were excluded from the NTRK fusion gene analyses, and then the detection rate of NTRK
fusions was 22.8%. The co-occurrence of NTRK fusions with the BRAF VADOE mutation has
been described, but is very rare [21,23]. In contrast, the co-occurrence with late mutation
events such as TERT or TP53 mutations has been reported in several studies [9,25,26] and
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was also confirmed in this study. In one multifocal PTC in our study, the NTRK fusion
gene was found in one thy roid nodule and the BRAF VA00E mutation in another. Thus, it
is important to point cut the need to test all nodules in a case of multifocal TC due to the
possibility of detection of different mutations, which could affect the patient’s treatment.

Alleight identified NTRK fusion ty pes have been previously deseribed and are recur-
rent in TC [27]. One rare isoform, ET Vé{exon 2)/ NTRE3(exon 14), detected in the PDTC
sample, is unlikely to be oncogenic due to the lack of the SAM domain of ETV6 necessary
for the fusion protein oligomerization. The SAM domain is encoded by exons 3 and 4
of the ETVE gene. The same PDTC sample also harbored another isoform, ETVé{exon
5)/NTRK Jiexon 15), whose exons 3 and 4 of the ETV6 gene were preserved. Only NTRK1
and NTRK3 fusions were identified similarly to other studies [11,22,25]. NTRK2 fusions
generally occur in other types of cancer, especially in gliomas. However, one case of the
NTREZ fusion (CRNDENTRKZ) in ATC has been deseribed in the literature [28].

In this study, we performed a detailed clinicopathological review to investigate char-
acteristic features of NTRK fusion-positive tumors. NTRE fusions were associated with
the follicular growth pattern, as was also observed previously [11,14,20,21,25]. The pre-
dominant follicular pattern was more common in NTRE3 than in NTRK] fusion-positive
carcinomas, in which the follicular architecture mostly co-occurred with foci of papillary
formation. Additionally, in most (65.5%) patients with NTRK fusion-positive carcinomas,
the CLT was identified. The same findings were concluded in other studies, in which,
surprisingly, similar frequencies of CLT wene found (56.7% and 69.2%) [20,22],

Regarding the aggressiveness of NTRK fusion-positive carcinomas, data from the
publications differed. Chu etal suggested that NTRK fusion-positive carcinomas are
associated with clinically aggressive disease with a high metastatic rate. In their first publi-
cation including ten NTRK fusion-positive PTCs, the mean tumor size was 542 + 23.0 mm;
100% of patients had lymphovascular invasion and LN metastases; and 60% of patients
had distant metastases [25]. Their following publication included additional NTRE fusion-
positive patients with a total of 18 patients, Extrathvroidal extension and LN metastases
were then identified in 61.1% and 77.8% of patients, espectively [27]. Fazeli et al. identified
distant metastases in 77% of PTC/ PDTC patients [23]. All these studies were biased due
to case selecton, in the case of Chu et al, the authors selected cases based on unusual
morphology and advanced presentation. Fazeli et al. chose patients with advanced or RAI
refractory cancer [23,27].

In our study, there was no case selection based on the aggressivity of disease. The
mean tumor size was 209 + 11.9 and extrathyroidal extension was identified in 40.7%,
multifocality in 44.1%, vascular invasion in 23.5%, LN metastases in 54.2% and distant
metastases in 6.8%. These findings are in accordance with data found in studies of small
cohorts, in which also no selection based on aggressivity of disease was applied: mean
tumor size 19.1-33.0 mm [11,12,15,20,22), extrathyroidal invasion in 0~33.3% [11,15,20,22],
multifocality in 23.1-66.7% [15,20,22], vascular invasion 16.7-71.4% [15,20], LN metastases
in 41.7-72.7% [11,12,15,20,22] and distant metastases in 8% [11,20].

Furthermore, based on our data, NTRKT fusion-positive carcinomas were significantly
associated with a higher frequency of tumoer multifocality and distant metastases, and were
mone invasive than the carcinomas harboring a NTRK3 fusion. There are no records of
comparison between NTEKT and NTRE3 fusion-positive carcinomas in the literatume, In
addition, in two of our NTRK] fusion-positive cases, we identified a late mutation event
(TERT and TF52 mutation), known to correlate with progressive disease behavior [29]. In
contrast, in the literature, latke mutation events were detected more frequently along with
NTRK3 fusions than with NTRK1 fusions, in four and bw o cases, respectively [9,26,27,30].

In this study, we identified two cases of PDTC harboring a NTRK fusion gene. Both
carcinomas also had a PTC component of a mixed papillary and follicular growth pattern.
Thus, we hypothesize that both PTCs harboring a NTREK fusion dedifferentiated to PDTCs,
In both PDTCs, only NTRK fusion was detected without further mutations, so we assume
that it was a NTRK fusion-driven progression. This finding was also supported by two
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studies, in which PDTCs with a PTC component were observed [258,31). The same feature
for both PDTCs was the tumor size larger than 40 mm, indicating the importance of early
surgery due to a risk of dedifferentiation of large carcinomas hérboring a NTRK fusion
ETH.

i Tumor size was also one of the factors affecting the outcome that were identified
during follow-up of patients. We demonstrated that the size of the NTRK fusion-positive
carcinoma was directly related to the frequency of metastases. The patients with the tumor
size <20 mm had LN metastases in 36.8% of the ime, and those with a tumor larger
than 20 mm had LN metastases 85.7% of the ime. All patients with microcarcinomas
had excellent prognosis and almost all patients without metastases achieved a favorable
outcome. On the other hand, more than half of patients with metastases suffered from
persistent disease and three patients died. Other indicators of worse outcome wene TERT
or TP33 co-mutations and the presence of NTRK] fusion. However, it seems that necurrence
risk is very low. No case was observed inwhich the patient had structural disease after
remission. It is important to note that most patients underwent relatively radical surgery
and received RAI treatment.

Follow-up data of patients with NTRK fusion-positive TC are very scarce in the
literature. Two studies reported that most patients had no evidence of disease [11,20].
Different data were observed in a study biased with case selection based on the aggressivity
of disease. Chu et al. reported that from 11 patients with evaluable follow-up, only
two patients {18.2%) achieved remission, and the remaining nine patients (81.8%) had
recurrence or persistence of the disease. Interestingly, both patients with no evidence of
dizease had a tumor of the smallest size (21 and 35 mum) from the cohort, harbored a NTREK3
fusion gene and lacked any late mutation event [27].

Carcinomas of most patients in our study were RAl-avid. Therefore, RAT treatment
seems to be a “gold standard”’ therapy for most NTRK fusion-positive carcinomas. In
our study, to none of the patients had a TRK inhibitor been administrated. However, in
the case of advanced or RAl-refractory carcinomas, patients may benefit from this kind
of treatment. For the TREK inhibitor larotrectinib, a response rate of more than 75% was
observed regardless of cancer type and was well tolerated by patients [32].

De to the high risk of multifocality and 100% probability of malignancy, total thy-
rodidectomy may be recommended as a minimal surgical procedure in the case of pre-
operative detection of the oncogenic NTREK fusion gene in the thyroid nodule. Cervical
ultrasonography with LN mapping of central and lateral compartments should be pre-
operatively performed. In the case of a nodule larger than 20 mm or the presenoe of late
mutation event (TERT or TP53 mutation), prophylactic central LN dissection should be
considered.

This study had a few limitations. First, as already mentioned, no patient received TRK
inhibitor therapy. Second, 133 samples were only analyzed by real-time PCR, so that novel
NTRK fusion genes could not be identified in these samples.

5 Conclusions

In conclusion, we detected the NTRK fusion gene in 59 (6.0%) TC samples. These
samples were associated with the follicular growth pattern of TC, chronic lymphocytic
thyroiditis and a high rate of LN metastases, espedially in larger carcinomas. Furthermore,
NTERK1 fusiorpositive carcinomas differed from carcinomas harboring the NTRE3 fusion
gene by higher frequencies of tumor multifocality, distant metastases and carcinoma
invasiveness. Additionally, we reported that the size of the tumor, positivity for NTRK3 or
NTRKT fusion, the presence of metastases and late mutation events may provide prognostic
information for patient outcomes. Based on all these findings, testing of NTRK fusions
could help to establish diagnosis, advise on extent of surgery, specify prognosis and set up
personalized treatments.

Supplementary Materials: The following are available online at https: / /fwww. mdpi.com /article 10
.33490/ cancers13081932 /51, Supplementary Table 51: Sequences of primers and hydrolysis probes
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designed for the ACTE gene and the detection of NTRE fusion genes using real-time PCE. Supple-
mentary Table 52: Comprehensive dinicopathological data on NTREK fusion-positive carcinomas.
Supplementary Table 53 Transcripts of genes invobred in NTRK rearrangements Supplementary
Table 54 Comparison of clinical and pathological features between pediatric and adult NTRK
fusion-positive carcinomas,
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Supplementary Table 51. Sequences of primers and hydrolysis probes designed for the ACTE gene and
the NTRE fusion genes detection using Real-Time PCR.

Gene Primer/probe Sequences Location
primier F: TCTACAATGAGCTGCGIGTIG Exon 3
ACTE primer B AGCCTGGATAGCAACGTACA Exon 4
probe HEX-CAAGGCCAACCGCGAGAAGA Exon 3
Gene fusion Primer/probe Sequences Location
primer F: GCAAAGCCAGCGITACCAT Exon 1
RETIPTCI primer B: TTCCAAATTCGCCTTCTCCT Exon 12
probe FAM-CCAAAGTGGGAATTCCCTCGG Exon 12
primier F: GCAGACCTTGGAGAACAGTCA Exon 8
RETIFICS primier B: TTCCAAATTCGCCTICTCCT Exon 12
probe FAM-CCAAAGTGGGAATTCCCTCGG Exon 12
primer F: TCGACTCACCAGACCTACCC Exon 8
primer F: GTGTACGGGCAGTTCACG Ezon 9
PAXB/PPAR Y primer F: CTATGCCTCCTCTGCCATC Ezon 10
primer B GAGAGATCCACGGAGCTGAT Ezon 2
probe FAM-GAGATGCCATTCTGGCCCACC Exon 2
primer F: CAGGATGGAGGAAGACTCG Ezon 2
primer F: CTGCATCAGAACCATGAAGA Exon 4
primer F: CATGCCCATTGGGAGAATAG Ezon 3
ETT6NTRI3 primer B: GTGGTTGATGTGGTGCAGT Ezon 14
primer B: TTTCCAAAGGCTCCCTCAC Exon 13
probe FAM-CCCGTGGCTGTCATCAGTGG Ezon 14
probe FAM-GGAGAGACATCGTGCTGAAGCGA  Exon 13
primer F: ACCTCAGTTCATTGCCAGAG Exon 5
RBPMS/NTRES primer B: GTGGTTGATGTGGTGCAGT Exon 14
probe FAM-CCCGTGGCTGTICATCAGTGG Exon 14
primier F: TCATGTGGCCTCAGTGAAA Exon 2
EMT4NTRES primer B: GTGGTTGATGTGGTGCAGT Exon 14
probe FAM-CCCGTGGCTGTCATCAGTGG Exon 14
primer F AGCTGCCCTTAGCCCTCT Exon 5
SOSTMINTRIES primer B: GTGGTTGATGTGGTGCAGT Exon 14
probe FAM-CCCGTGGCTGTCATCAGTGG Exon 14
primer F: CTGAGAGATCGGTAGCCAAG Exon 7
TPAM3NTRE] primer B AAAGGTGTITICGICCTICTIC Exon 10
probe FAM-CTAACAGCACATCTGGAGACCCGG Exon 10
primer F: CCCTTCGAGAGCAAGTTTAAG Ezon 1
IRE2BPYNTRE] primer F: CCACTGCCTCACCTCATT Exon 2
T primer B AAMGGTGTITICGICCTICTIC Ezxon 10
probe FAM-CTAACAGCACATCTGGAGACCCGG Exon 10
primer F: AGCTGCCCTTAGCCCTCT Exon 5
SOSTMINTRE] primer B AAAGGTGTITICGICCTICTIC Exon 10
probe FAM-CTAACAGCACATCTGGAGACCCGG Exon 10
primier F: CCAAGTTGCTICTCAGICTTC Exon 21
TPRNTRE] primer B AAAGGTGTTICGICCTICTIC Exon 10
probe FAM CTAACAGCACATCTGGAGACCCGG Exon 10
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Supplementary Table S2. Transcripts of genes involved in NTRK rearrangements

Gene Transcript
ETTVa NML_001987.4
RBPMS WM 006867 4
EML4 NML_019063.3
SOSTMI NN 0039004
TPA3 WAL 1536493
IRF2BP2 NN 1829722
TPR WML 0032922
NTRE3 WM 0023303
NTRK] NML 0025293

Supplementary Table S3. Comparison of clinical and pathological features of NTRK fusion-positive carcinomas between pediatric and adult patients

NTRK fusion-positive carcinomas in
pediatric patients (%)

NTRK fusion-positive carcinomas in
adult patients (%)

n=17 n=42 y
Patients
Females/males 14/3 32/10 0.444
Age at diagnosis (mean = SD) 14236 403126
Tumor size
Mean = 5D (mm) 225£122 203117 521
Microcarcinoma (=10 mm) 1{5.9) 7(16.7) 260
Histology
Predominantly papillary growth pattern 2(11.8) 6(14.3) 0.740
Mixture of papillary and follicular growth pattern 6(35.3) 12 (28.6) 0.416
Predominantly follicular growth pattern 3(47.1) 20 (47.6) 0.627
Tall cell variant 0 2(4.8) 1
Clear cell variant 1(5.9) 0 0.288
PDTC 0 2(4.8) 1
Pathological characteristics
Multifocality 10 (58.8) 16 (38.1) 0.123
Extrathyroidal extension 9 (52.9) 15 (35.7) 0.177
Infravascular invasion' 5(29.4) 7(20.6) 0.357
Lymph node metastases 11 (64.7) 21 (50.0) 0.231
Distant metastases 0 4(9.5) 0.246
Chronic lymphocytic thyroiditis* 13 (76.5) 25 (61.0) 0.206
Frequent psammoma bodies’ 1{5.9) 5(12.2) 0.426

! Data from eight adult NTRE fusion-positive samples were not available

23 Data from one adult NTRK fusion-positive sample were not available
SD standard deviation, TC thyreid cancer, PDTC pootly differentiated thyroid carcinoma
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3.4 Publikace ¢. 4: RET fusion genes in pediatric and adult thyroid carcinomas:
cohort characteristics and prognosis

Souhrn:

RET fazni geny piedstavuji nejcastéjsi mutaci u karcinomu stitné zlazy détskych a dospivajicich
pacientd. Cilem této prace bylo zanalyzovat RET fuzni geny jak u pediatrického, tak i dosp€lého
souboru nadort §titné zlazy, popsat typické klinické a patologické znaky, porovnat pediatrickou
a dospé€lou kohortu a vyhodnotit odpovéd’ na 1€cbu na zékladé mnohaletého sledovani pacienti

s karcinomem pozitivnim na RET fzni gen.

RET fuzni gen jsme v rozsahlém souboru (n = 1564) riznych typu tkani stitné zlazy detekovali
pouze u papilarniho karcinomu. Jednalo se o 113 pozitivnich vzorki (76 od dospélych a 37 od
pediatrickych pacientll), ¢imz se jednalo o nejvétsi popsany soubor u §titné zlazy na svéte.
Prevalence byla vyrazn€ vyssi u pediatrickych (29,8 %) nez u dospélych pacientii (8,7 %).
U détskych pacientl pozitivnich na RET fzi byla zaznamenéana vyrazné vétsi velikost nadoru
a Castéjsi extratyreoidalni extenze a lokalni metastadzy nez u dospélych pacienti s PTC
pozitivnich na RET fuzi. Celkové bylo identifikovano 20 riznych partnerskych gent, z nichz
ti1 (FBXO41, SSBP2, ZMYM?2) nebyly ve spojitosti s RET genem dosud v literatufe popsany.
PTC pozitivni na RET fazni gen byly porovnany s PTC pozitivnimi na jiné mutace (BRAF
V600E, RAS, NTRK fuzni geny) a na zaklad¢ statistického zhodnoceni bylo zjisténo, ze RET
flzni geny se poji s vyssi agresivitou nadoru a metastatickou aktivitou nez karcinomy pozitivni
na jiné mutace. Navzdory agresivnim znakiim RET-pozitivnich karcinomi vSak byla prognoza
z dlouhodobé perspektivy piizniva, tfebaze pacienti nedosahovali remise brzy po operaci a

polovina pediatrickych pacient méla strukturdlni onemocnéni jesté dva roky po operaci.
Vyznam publikace:

Vyznam této studie tkvi v hlub§im porozumeéni tématiky RET fuznich genli u karcinomd Stitné
zlazy dospélych a détskych pacientil, jejichz vyssi agresivita vyzaduje v€asnou a dikladnou
1é€bu. Jedna se o nejveétsi popsany soubor pacientli s PTC pozitivnimi na RET fuznimi geny na

svete.
Podil na publikaci:

M1y podil na praci zahrnoval: 1) izolaci nukleovych kyselin ze zmraZenych tkani Stitné zlazy
(nové shromazdéné vzorky), 2) sekvenaci genl: HRAS, KRAS, NRAS, TERT, TP53 a

vyhodnoceni sekvenac¢nich dat, 3) analyzu vybranych fuznich genli pomoci real-time PCR, 4)
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ptipravu vSech knihoven na RNA sekvenaci, 5) RNA sekvenace vzorkd, 6) bioinformatické
vyhodnoceni dat, 7) navrzeni a optimalizaci primert pro detekci RET fuznich genli pomoci real-
time PCR, 8) zpracovani a vyhodnoceni klinickych dat, 9) provedeni klinicko-genetické
korelace, 10) statistické zhodnoceni, 11) vytvofeni tabulek a obrazka, 12) sepsani celého

rukopisu
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Abstract

Thyroid cancer is associated with a broad range of different mutations, including RET Key Words

(rearranged during transfection) fusion genes. The importance of characterizing RET fusion-  » ReT

positive tumors has recently increased due to the possibility of targeted treatment. The » fusion gene

aim of this study was to identify RET fusion-positive thyroid tumaors, correlate them with » rearrangement
dinicopathological features, compare them with other mutated carcinomas, and evaluate » papillary thyroid carcinoma
long-term follow-up of patients. The cohort consisted of 1564 different thyroid tissue » outcome

samples (including 1164 thyroid carcinoma samples) from pediatric and adult patients.
Samples were analyzed for known driver mutations occurring in thyroid cancer. Negative
samples were subjected to extensive RET fusion gene analyses using next-generation
sequencing and real-time PCR. RET fusion genes were not detected in any low-risk
neoplasm or benign thyroid tissue and were detected only in papillary thyroid carcinomas
(PTCs), in 113/993 (11.4%) patients, three times more frequently in pediatric and adolescent
patients (29.8%) than in adult patients (8.7%). A total of 20 types of RET fusions were
identified. RET fusion-positive carcinomas were associated with aggressive tumor behavior,
including high rates of lymph node (75.2%) and distant metastases (18.6%), significantly
higher than in NTRK fusion, BRAF VE00E and RAS-positive carcinomas. Local and distant
metastases were also frequently found in patients with microcarcinomas positive for the
RET fusions. True recurrences’ occurred rarely (2.4%) and only in adult patients. The 2-, 5-,
10~year disease-specific survival rates were 99%, 96%, and 95%, respectively. RET fusion-
positive carcinomas were assocdated with high invasiveness and metastatic activity, but

probably due to intensive treatrnent with low patient mortality. Endocrine-Related Cancer
(2023) 30, £230117
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Introduction

The incidence of thyroid cancer is increasing rapidly
worldwide. Uncovering the genetic background of thyrodd
carcinomas can help determine the diagnosis, prognosis
and appropriate treatment of patients. The broad
spectrum of genetic alterations found in thyroid cancer
includes different types of mutations: somatic point
mutations, indels, copy number alterations, and fusion
genes (Nikiforov 2011).

Among the fusion genes, the most common and
best known are RET (rearranged during transfection)
fusion genes (also known as RET/PTC rearrangements)
arising from a chromosomal rearrangement between
the RET gene and its partner gene. Expression of the
fusion gene is driven by the promoter of the partner
gene, leading to constitutive activation of the kinase
domain of the RET gene. This leads to stimulation
of the MAPK and PI3KE pathways and oncogenesis
(Arighi et al. Z005).

The CCDCA/RET (also known as RET/PTCI) fusion
gene was discovered in 1987 and described 3 yvears later
(Fusco ef al. 1987, Grieco f al. 1920). It was one of the
first reported genetic causes of thyrold cancer. A few
years later, PREKARIA/RET (RETYPTC2) and NCOA4/
RET (RET/PTC3) fusions were identified (Bongarzone
et al. 1993, Santoro et al. 1994). RET fusion genes have
been studied in association with exposure to lonizing
radiation during childhood and the development
of thyrold cancer. The genetic landscape of radiation-
induced papillary thyroid carcinomas (PTCs) was
compared with sporadic FTCs in pediatric patients. RET
fusions were highly prevalent in both pediatric PTC
cohorts but occurred more frequently in radiation-
induced PTCs with a predominance of NCOA4/RET
fusion. In sporadic cases, CCDC&/RET fusion was the
most common genetic alteration in pediatric thyroid
cancer (Mikiforov e al. 1997, Ricarte-Filho & al. 2013).
In adult cohorts, RET fusion genes were detected less
frequently than in pediatric cohorts (Santoro et al. 2020).
Studies presenting long-term follow-up of patients with
RET fusion-positive carcinoma are almost absent
Interest in RET fusion genes has recently increased
due to the novel possibility of targeted treatment
with highly potent and selective RET inhibitors -
selpercatinib and pralsetinib (Markham 2020a,b).

The objectives of this study were as follows: (1)
analysis of genetic alterations with emphasis on RET
fusion genes in a large series of local malignant and
benign thyroid diseases, (11) characterization of RET

fusion-positive cases based on clinical and pathological
data, and (1) evaluation of long-term follow-up of
patients with RET fusion-positive thyroid carcinoma.

Materials and methods
The cohort

The cohort consisted of a total of 1164 thyroid
carcinomas (998 PTCs, 98 medullary thyroid carcinomas

(MTCs), 24 follicular thyrold carcinomas (FTCs),
16 anaplastic thyroid carcinomas (ATCs), 11 poorly
differentiated thyroid carcinomas (PDTCs), and 17

oncocytic carcinomas (OCAs)), 47 low-risk neoplasms
(26 follicular tumors of uncertaln malignant potential,
18 noninvasive follicular tumors with papillary-like
nuclear features, three hyalinizing trabecular tumors),
and 353 benign thyroid tissues (adenomas, hyperplastic
nodules, chronic ymphocoytic  thyroiditis  (CLT))
(Fig. 1). Thyroid tissue samples were collected from
three Prague hospitals: the Motol University Hospital
(between years 2003 and 2022), the University Hospital
Kralovske Vinohrady (between years 2016 and 202Z),
and the Military University Hospital (between vears
2019 and 2022). One thousand four hundred eighty-
one samples were fresh frozen thyroid tissues and 83
samples were formalin-fixed, paraffin-embedded (FFPE)
thwrold tissues. Informed consent was obtalned from
all patients or parentsflegal guardians of pediatric
patients. All molecular genetic analvses were performed
in the laboratory of the Institute of Endocrinology
(Department of Molecular Endocrinology). The study
was approved by the Ethics Committee of the Institute
of Endocrinology in Prague (EK-EU/F192/08062020).

MNuclelc acld extraction

DNA and ENA from fresh frozen and FFPE tissues were
extracted using the AllPrep DNA/ENA/mIENA Universal
Kit and AllPrep DMNA/RNA FFPE Kit (Qiagen), respectively
and the QIAcube Connect automatic isolator (Clagen).
Quantitative and qualitative analysis of all samples was
performed wsing a fluorometer (Cubit 2.0, Invitrogen)
and a spectrophotometer (QlAxpert, (agen). Nucleic
acid from 11 FFPE samples (Ave PTCs, three MTCs,
one FIC, one OCA, one benign thyroid tissue) was
insufficient in quality or quantity for further analyses;
thus, these samples were excluded from the study.
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Figure 1

Flowchart Hlustrares the numbers and types of samples analyzed by
different procedures. For pediatric and adolescent carcinomas, RMA
sequencing was performed on all samples collected wntll 2020, and for
zamples collected between 2020 and 2022, multistage analysis was
performed as for carcinomas from adult patients.

RET fusion gene analysis of pedlatric samples

The majority of pediatric PTC samples (n=93) was
analyzed for the presence of RET fusion genes using the
QIASeq Targeted EMAscan panel (CQlagen) or FusionPlex
Comprehensive Thyroid and Lung (CTL) panel (ArcherDx,
Boulder, CO, USA) as reported in our previous study
(Pekowva ef al. 2020). Pediatric samples (n=231) collected
between 2020 and 2022 were analyzed using the same
procedure as adult samples described below (Fig. 1).

3012 e230117

Analysis of point mutations

Adult and newly collected pediatric thyroid cancer
samples were first analyzed for point mutations in the
following genes: BRAF (exon 15), HRAS (exons 2 and
3), KRAS (exons 2 and 3), NRAS (exons 2 and 3), TEET
(promoter), TP53 (exons 4, 5, 6, 7, 8, and 9), and RET
(exons 8, 10, 11, 13, 14, 15, and 16) (Fig. 1). Libraries
were prepared using the Nextera XT DNA Library Prep
Kit (Illumina), quantified wsing a fluorometer, and
sequenced on the MiSeq (Illumina). TERT promoter
mutations C228T and C250T were analvzed by capillary
sequencing on the CECQ 8000 instrument (Beckman
Coulter, Brea, CA, USA) as previously described (Pekova
et al. 2019) or using the PMAClamp TERT Mutation
Detection Kit (Panagene) and real-time PCR using the
Light Cycler® 480 (Roche).

Analysis of selected fuslon genes

Carcinoma samples that were negative for a driver
point mutation in the BRAF, HRAS, KRAS, NRAS, or
RET genes were further analyzed for the CCDCa/
RET, NCOA4/RET, PAXE/PPARy, and NTEK fusions as
described in our previous study (Pekova et al 2021)
(Fig. 1). This selective analysis approach was
chosen because these driver mutations are typically
mutually exclusive with other driver mutations (Agrawal
etal. 2004, Pekova et al. 2020, Parimi et al. 2023).

RMA sequencing

RMA sequencing was performed on a total of 337
carcinoma  samples that were negative for driver
mutations in genes BRAF, HRAS, KRAS, NRAS, and
RET or fusion genes CCDCE/RET, NCOA4/RET, PAXS/
PPARy, and NTRK (Fig. 1).

Libraries were prepared by the FusionPlex CTL
panel (ArcherDx) using Anchored Multiplex PCR
technology, which allowed detection of novel fusion
genes. Briefly, total RNA (250 ng) was reverse-transcribed
into cDNA wsing random primers. The cDNA ends were
modified to allow ligation of Archer molecular barcode
adapters (including 15 indexes). Two rounds of PCR
followed. During the second round PCR, i7 indexes
were added. Purified libraries were quantified and
pooled to equimolar concentrations. The resulting
libraries were subjected to  paired-end sequencing
on the MiSeq (INlumina). Bioinformatic analysis was
performed using the Archer Analysis software version
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6.2.7 (ArcherD). For a gene fusion to be considered valid,
the breakpoint had to span at least five high-quality
unigque reads and at least three reads had to have a
unique start site.

Real-time PCR analysis

All RET fusion genes identified by the FusionPlex
CTL panel were verified by real-ime PCR analysis.
Total RNA (2 pg) was reverse transcribed to cDNA using
random  primers, dNTPs, ENase inhibitor and AMV
reverse transcriptase (Promega) as described in our
previous study (Pekova ef al. 2020). The cDNA was
diluted five times and amplified using the TagMan
Fast Advanced Master Mix (Applied Blosystems) and
gene-specific primers and hydrolysis probes that were
synthesized based on our design  (Supplementary
Table 1, see section on supplementary materials given
at the end of this article). The ACTE gene was used
a5 the reference gene. Each experiment included a
positive control and a negative control where RNase-
free water was used instead of template cDNA. Real-
time PCR was performed as follows on the Light Cycler®
480 (Roche): 50°C for 2 min, 25°C for 20 s followed by
40 cycles of 95°C for 3 s and 60°C for 30 5.

A total of 400 low-risk neoplasms and benign
thyrold tissue samples were screened for all 20 types
of RET fusion genes identified in carcinoma samples in
this study (Fig. 1). Testing of the samples was performed
using real-time PCR analysis as described above.

Statlstical analysis

Categorical data are summarized as n (%). Normally
distributed data are summarized as the mean (standard
deviation) and non-normally distributed data as the
median (range). Categorical variables were compared
using the Fsher's exact test or Pearson’s chi-squared
test, and continuous varlables were compared using
the t-test. Statistical analyses were performed using
the Simple Interactive Statistical Analysis and the
GraphPad tools (GraphPad Software). A P < 0.05 was
considered statistically significant.

Results
Molecular characterization

RET fusion genes were found only in PTCs. Mo RET
fusion genes were identified in other types of thyroid
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Cwverdew of dentified RET fusion genes. Parner Senes were most
frequently fused 1o exon 12 of the RET gene, but in rare cases also 1o exon
8 and exon 11 of the RET gene. TE, fyrosine kinase.

carcinomas, MTCs, FTCs, ATCs, PDTCs, OCAs, or in
any low-risk neoplasms or benign thyrold lesions.
RET fusions were detected in 113/993 (11.4%) patients
with PTC.

A total of 20 different tvpes of RET fusion genes
were identified (Fig. Z). Partner genes were as follows:
ACEDS, AFAPIL2Z, AKAPI3, BBIPI, CCDCé, ERCI,
FBXO41, GOLGAS, IKBKG, KIAAIZIF, NCOA4, PREARTA,
RASALZ, RUFY2, SPECCIL, SQSTMI, S55BP2, TPR,
TRIM27, ZMYM2. The CCDCh partner gene was detected
predominantly in 67 (59.3%) cases, followed by the
NCOA4 gene, which was found in 25 (22.1%) cases.
The partner genes RUFY2, AFAPIL2, and PREARIA
were also recurrent, while the others were detected in
only one case. The FEXO41/RET, S5BP2/RET, and ZMYM2/
RET fusion genes were novel, all of them were in-frame.
In two cases, two different coexisting RET fusions were
identified in each sample (ACBDS/RET+BBIPI/RET;
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SPECCIL/RET + FEXO41/RET). In some cases of CCDC6/
RET and NCOA4/RET fusion genes, different isoforms
were revealed (Supplementary Table 2).

The TERT promoter mutation was detected along
with the CCDCS/RET fusion in two male patients.
In two multifocal cases, the CCDCH/RET fusion gene was
detected in one nodule and the BRAF Va0OE mutation
in the other. In one unique case of a female, different
multiple mutations were found in her three thyroid
nodules: CCDCE/RET+NEAS Q61R in the first nodule,
CCDCE/RET +KRAS G13D in the second nodule, and
NEAS OQ61R+PTEN (245* in the third nodule. Her
Iymph node metastases (LNM) were positive only for the
CCDC6/RET fusion gene.

Clinlcopathological characteristics

Clinicopathological data of patients with RET fusion-
positive carcinoma are summarized in Table 1 and Fig. 3.

The cohort consisted of 113 patients, 85 (75.2%) females
and 28 (24.8%) males, with the mean age at diagnosis
of 32.6 = 174 years. Four patients had malignamnt
disease (invasive adenocarcinoma of the lung, prostate
cancer, dermatofibrosarcoma  protuberans, and non-
Hodgkin lymphoma) before the diagnosis of FTC. The
mean tumor size was 21.8 + 12.6 mm. Microcarcinoma
(=10 mm) had 16% of patients. In one case, only
PTC metastases in lymph nodes were found in a
patient without an identified primary thyroid tumor.
A combination of papillary and follicular growth
patterns on histology was predominant, found in 37
cases, and in a further nine cases the specimens also
had a component of a solid growth pattern. Less
frequent histological subtypes were diffuse sclerosing
variant identified in five cases and solid and clear cell
variant both in two cases. Multifocality was found in
48.2% of cases and 66.7% of these cases had numerous,
in some cases up to hundreds, intrathyroidal

Table 1 Clinical and pathological features of patients harboring RET fusion-positive carcinomas.

All RET tuslon-positive PTCS (%) Adult (%) Pediatric and adolescent (%)
n=113 n=T6 n=37 P
Patients
Femalesimales B5/28 5917 26/11 0266
Age at diagnosis (mean £ 5.0.) 326174 422+128 13.0+38
Radiaticn exposure before the 5{4.4) 5(6.6) 0 0.132
diagnosis of PTC
Malignancy before the diagnosis of 4{3.5) 4(5.3) 0 0.199
PTC
Tumor size
Mean .00 (mm) 21EBx126 192+104 268+ 148 0.002
Microcarcinoma (<10 mm) 18({16.0) 14(18.4) A({10.8) 0.226
Histology
Predominantly papillary growth 23 (20.4) 17 (22.4) B(16.2) 0.309
pattern
Mixture of papillary and follicular 37({32.7) 23 (30.3) 14 (37.8) 0275
growth pattern
Mixture of papillary, follicular, and 9 ({8.0) 5(6.6) 4(10.8) 033
solid growth pattarn
Predominantly follicular growth 24(21.2) 17 (22.4) 7(18.9) 0.437
pattern
Other 9(B.0) 5 ({6.6) 4({10.8) 033
Unknown 11{9.7) 9{11.8) 2(5.4) 0234
Pathological characteristics
Multifocality 54 (48.2) 34775 (45.3) 20(54.1) 0252
Numerous intrathyroidal 36 (32.4) 20075 (26.7) 16/36 (44.4) 0.050
microcarcinomas
Extrathyroidal extension 47 (43.5) 24/71 (33.8) 23(62.2) 0.004
Intravascular invasion 34({33.3) 19465 (29.2) 15 (40.5) 0172
Lymph node metastases BL (75.2) 52 (68.4) 33 (89.2) 0.012
Distant metastases 21{18.6) 12 (15.8) 9(24.3) 0200
Chronic lymphocytic thyroiditis 73(65.2) ABSTS (64.0) 25(67.6) 0.439
Frequent psammoma bodies 32 (28.8) 22075 (29.3) 10/36 (27.8) 0.649

Values highlighted in bold were statistically significant.
PTLC, paplllary thyrold carcinoma.
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radiolodine-refractory carcinomas. LNM, lymph node metastases; DM, distant metastases; RA-R, radicactive iodine-refractory.

microcarcinomas. Tumors wsually showed  infiltrative
growth in  the thyroid parenchyma and were
unencapsulated. The majority (75.2%) of patients had
LNM, of which 21.2% were located only in the central
compartment and 78.8% in the lateral compartment,
and 15.6% had evidence of distant metastases (DM),
which in all cases affected the lungs, additionally in
two cases the bones. The frequency of LNM and DM
in assoclation with primary tumor size 15 shown in
Table 2. Tumor size was divided into four categories:
< 10 mm, 11-20 mm, 21-30 mm, and >31 mm, and the
data were analyzed separately for adult and pediatric
patients. LNM and DM also occurred frequently in
patients with microcarcinoma.

Of the 113 patients with FTC positive for the RET
fusion gene, 76/869 (8.7%) were adults and 37/124
{29.8%) were pediatric and adolescent patients aged 5
to 20 vears. A comparison of the two cohorts is shown
in Table 1. Pediatric patients had a significantly larger
mean tumor size compared to adults, 26.8 mm vs 19.2
mm (P=0.002). Other features in which pediatric
patients  differed significantly  from  adults were
extrathyroidal extension (62.2% wvs 33.8%; P=0.004)
and LNM (89.2% vs 68.4%; P=0.012).

NCOA4/RET  fusion-positive  carcinomas — were
compared with carcinomas harboring  other RET
fusions (Table 3). FTCs positive for NCOA4/RET were
significantly associated with larger tumor size (P=0.021)
and more frequently had extrathyroidal extension
(P=0.049), in contrast to carcinomas positive for other
RET fusions, which were significantly associated with
a predominant papillary growth pattern (P=0.001)
and CLT (P=0.005). PFatients with FTC positive
for NCOA4/RET had more frequent LNM and DM
than patients with other RET fusions; however, the
differences only approached the threshold of statistical
significance (P=0.074 and P=0.053, respectively).

Comparison  of  cinicopathological — features
between FTCs positive for RET fusions and individual
groups of PTCs with NTRK fusions, BRAF V&00E
and RAS mutations was performed (Table 4). Only
patients with available clinicopathological data were
included. Patlents with RET fusion-positive PTCs were
significantly vounger than patients with BRAF Vo00E
and RAS-mutated carcinomas (P < 0.001) and had
significantly larger tumor than patients with the
BRAF V6E-mutated carcinomas (P < 0.001). In RET
fusion-positive PTCs, features assoclated with higher

Table 2 Frequency of LMM and DM in relation to primary tumor size in adult and pediatric and adolescent patients with RET

fusion-positive carcinoma.

Turnor size
Patlents Metastases 10 mm 11-20 mm 21-30 mm =31 mm
Adults LNM 11 (73%) 23 (62%) 12 [75%) & [75%)
DM 2 (13%) 4{11%) 4(25%) 2 (25%)
Pediatric and adolescent LNM 3(75%) 9 (75%) 11 (100%) 10 (100%)
DM 1(25%) 1(8%) 3 (27%) 4 [40%)
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Table 3 Comparison of clinical and pathological features beoween NCOALRET and other RET fusion-positive PTCs.

NCOA4/RET-positive PTCs (%)

Other RET fusion-positive PTCs (%)

n=218 n=88 P
Patients
Fermnales/males 16/9 69719 0115
Age at diagnosis (mean t s5.0.) 336£199 3241166 0.761
Radiation exposure before the 1 (4.0) 4 (4.5) 0721
diagnosis of PTC
Malignancy before the diagnosis of 1 (4.0) 3(3.4) 0.638
PTC
Tumor size
Mean £ s.0. (mm) 268+ 151 203+£11.3 0.021
Microcarcinoma (<10 mm) 1 (4.0) 17 (19.5) 0,050
Histology
Predominanthy papillary growth 0 23 [26.1) 0.001
pattern
Mixture of papillary and follicular 9 (36.0) 27 (30.7) 0.392
growth pattern
Mixture of papillary, follicular, and 1 (4.0) 8(9.1) 0.365
solid growth pattern
Predominanthy follicular growth 8(32.0) 16 (18.2) 0114
pattern
Other 4(16.0) 5(5.7) o0.1a7
Unknown Ifnzo 8(9.1) 0456
Pathological characteristics
Multifocality 15 (60.0) 3887 (43.7) 0113
Numerous intrathyroidal 924 (37.5) 2687 (29.9) 0317
mMicrocarcinemas
Extrathyroidal extension 14,23 (60.9) 33/85 (38.4) 0.040
Intravascular invasion 10021 (47.8) 24781 (29.8) 0.098
Lymph node metastases 22 (88.0) 63 (71.8) 0.074
Distant metastases 8(32.0 13 (14.8) 0.053
Chronic lymphocytic thyroiditis 10 (40.0) B2FET (71.3) 0.0035
Frequent psammoma bodies BS24 (25.0) 2687 (29.9) 0.424

values highlighted in bold were statistically significant.
PTC, paplllary thyroid carcinoma,

tumor aggressiveness were detected more often than
in PTCs positive for other mutations. LNM and DM
were significantly more frequent in patients with RET
fusions than in patients with other mutations.
Multifocality, extrathyroidal extension, and intravascular
invasion were significantly more common in RET
fusion-positive PTCs than in BRAF V6OOE and RAS-
mutated FTCs.

Treatment and follow-up

Total thyroidectomy (TTE) was performed in all patients
except one who underwent hemithyroidectomy (HTE)
and whose follow-up data were not avallable. Two
patients underwent first HTE followed by completion
to TTE. Lymph node dissection for suspected LNM
was performed in 88 (77.9%) patients. Twenty (17.7%)
patients had reoperation, including 19 patients
for LNMand one patient for elimination of thyroid
remanants.

One hundred and four (92%) patients received
radioactive iodine (RAI) treatment. Six patients (five
adults, one pediatric patient) were not indicated for
RAI therapy due to small tumor size (<12 mm) and the
absence of metastases. One pediatric patient died due
to late surgical treatment and massive lung metastases
before RAD treatment. Follow-up data of two patients
were not available. Approximately half of the patients
(55% of adult and 46% of pediatric patients) received
one therapeutic dose of RAI, 20% of adults and 19%
of pediatric patients recelved two doses, and 18% of
adult and 30% of pediatric patients received three or
more doses. The median activity administrated per
therapeutic session was 120 mCi (range: 50-200 mCi)
equally in adult and pediatric patients. In addition
to RAl therapy, two patients with BAl-refractory FTC
were treated with radiotherapy and one of them also
with chemotherapy. One patient was on  targeted
treatment with the RET inhibitor selpercatinib.
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Table 4 Comparison of dinicopathological features between PTCs positive for RET and NTRK fusions, BRAFVED0E and RAS mutations.

PiRET
fusions x PRET PRET
RET fuslons (%) NTRE fusions (%) NTRK BRAF VEOOE [3) fuslons = RAS %) fusions =
n=113 n=57 fuslons) n=413 BRAF FEOOF) n=§l RAS)

Patients
Females/males BL28 45412 0.387 323/90 0.289 S0 0.205
Age at diagnosis 326+174 321+£152 0.854 471 £ 167 <0.001 451+17.3 <0.001
[mean 0.

Radiation 54.4) 1(1.8) 0.343 MA ! MA !
EXpOSUre

before the

diagnosis of

carcinoma

Malignancy 4(3.5) 1(1.8) 0.455 z2@FT 0.081 4(6.6) 0.435
before the

diagnosis of

carcinoma

Tumor size
Mean £s.o. 218+126 202113 0.420 176 £10.2 <0.001 200+ 185 0.449
(mm)

Microcarcinoma 18 (16.0) B(14.0) 0.458 99 (24.0) 0.042 17/60 (28.3) 0.043
(=10 mm)

Histology (n) 102 57 ars ]
Predominantly 23(225) B(14.0) 0.137 193 (51.5) <0.001 B({13.5) 0117
papillary growth
pattern
Mixture of 37(36.3) 18(31.6) 0.338 114 (30.4) 0.258 6(10.2) =<0D.001
papillary and
follicular growth
pattern
Mixture of 5(8.8) i 0.016 3(0.8) <0.001 LU 0.013
papillary,
follicular, and
solid growth
pattern
Predominantly 24(23.5) 28(49.1) <0.001 41 {10.9) 0.001 42(71.2) < 0.001
follicular growth
pattern
Gther 5(8.8) 3(5.3) 0316 24 (6.4) 0.256 3(5.1) 0.295

Pathological characteristics
Multifocality 54/112(48.2) 25(43.9) 0.355 146/392 (37.2) 0.036 15/57 (26.3) 0.005
Extrathyroidal 477108 (43.5) 22 (38.6) 0.330 125/408 (30.6) 0.012 6(9.8) <0.001
extensicn
Intravascular 34M102(33.3) 11749 (22.4) 0118 51/376(13.8) <0.001 B/SB(13.8) 0.005
invasion
Lymph node 85 (75.2) 30 (52.6) 0.003 142/388 (36.6) <0.001 &/53(11.3) =0.001
metastases
Distant 21{18.8) 3(5.3) 0.013 10,371 (2.7) < 0.001 3/52(5.8) 0.022
metastases
Chronic 73112 (65.2) 3B/56 (67.9) 0.434 MA ! MA !
ymphocytic
thyroiditis
Frequent 327111 (28.8) 6/56 (10.7) 0.006 MA ! MA !
psammaoma
bodies

Values highlighted in bold were statistically significant.
MA, not available.
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The patient’s tumor infiltrated the respiratory tract, the
lesion was inoperable and the patient also had lung
metastases. The patient responded well to treatment;
he had a partial remission.

Median follow-up was 75 months (range: 4-228
months). Response to  treatment was  determined
based on the definitions and criteria in the 2015
American  Thyrodd Assoclation  Guidelines as  an
excellent response (ER), an indeterminate response
(IR), a blochemical incomplete response (BIR), a
structural incomplete response (SIR) (Haugen et al. 2015)
or death. Response to treatment was assessed in the
following time periods after surgery: 0.5-2 vears, 2-5
years, 5-10 years, 10-15 years, and 15-19 vears. Detailed
follow-up data describing the course of treatment
for individual patients are shown in Fig. 3. Follow-up
data were unknown for two patients and four patients
were not evaluated due to short-term  follow-up
(less than & months after surgery).

During the first 2 years after surgery, the number
of patients who had ER and SIR to treatment was similar.
Later, the patient’s response to treatment improved,
although only slightly from the fifth year after surgery.
Forty-one (38.3%) patients had ER to treatment during
the entire follow-up. Two adult patients (2.4%) had a
‘true recurrence’, a relapse after achieving structural and
biochemical disease-free status. LNM were identified

A Adult patients

100% Fl 100 1
90%. . e

B A o

To% T . s

E) 3 =% >

0% 25 A%

EO = " 0 I "
2% s

23
I

05-Fpears 25pears S-10veas 1015 pears 15-10 years

=7 =) =3 n=19 A =3} (n=28)

B  Patients with RET fusion-positive

in the first case 4 vears after surgery and in the second
case 7 years after surgery. Four adult patients (4.8%)
had SIR after IR/BIE. In three cases, the evidence of
metastases (Zx LNM, 1x DM) was found around 10
yvears after surgery and in one case of DM 5 vears after
surgery. Twelve patients (14.6%, an equal proportion
of pediatric and adult patients) had ongoing SIR more
than 2 years after surgery. Three patients (2.7%) died
and all of them due to PTC. All were males, two adults
and one pediatric patient. Two patients had FTC positive
for NCOA4/RET and one patient for CCDCA/RET along
with the TERT C228T mutation. The 2-, 5-, 10-year
disease-specific survival rates were 99%, 96%, and
5%, respectively, for RET fusion-positive patients.
According to published definitions, nine (8.7%)
patients had RAl-refractory PTC (Tuttle ef al 2019).
Among these patients were both adults and children,
and most wereé males. 5ix carcinomas were RAIL-
refractory from the start of RAI treatment, and in
three cases the refractoriness developed ower time.
RAI-refractory LNM were in seven cases, of which two
patients also had RAl-refractory lung metastases and
two patients had only BAl-refractory lung metastases.
Response to treatment was compared between
pediatric and adult patients (Fig. 44A). In the frst 2
years after surgery, a significantly lower number of
pediatric patients than adult patients had an ER to

Pediatric and adolescent patiants
i A
"
-

05-2 years 25 yeman S0 peans 10-15 yvears 1519 pears
m=22)

=13 n=H

Patients with NTRK fusion-positive

1
- Figure 4
Graphical representation of the responses o
reatment during follow-up periods (A) in adult
1 and pediatric and adolescent patients with BET
fusbon-positive carcinomas (B) in all RET
fushon-positive carcinomas and NTEK fushon-
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prositive carcinomas. The numbers in the columns
Indicate the number of patlents. ER, excellent
response; IR, indeterminate response; BIR,
bdochemical incomplete response; SIR, structural
Incomplete response.
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treatment (P=0.006), probably due to more advanced
disease in pediatric patients. Later, improvement was
demonstrable in both cohorts and response  to
treatment became similar in both groups. Ten vears
after surgery, more pediatric than adult patients had an
ER to treatment due to recurrences in the adult group.

Response to treatment was also compared between
RET fusion and NTRK fusion-positive patients (Fig. 4B).
Data on NTRK fusion-positive patients were used from
our previous study (Pekova et al. 2021). In the first 2 vears
after surgery, a significantly lower percentage of RET
fusion-positive patients than NTREK fusion-positive
patients had an ER to treatment (P=0.023). Ten vears
after surgery, no NTREK fusion-positive patient had
SIR to treatment, in contrast to 19% of RET fusion-
positive patients.

Discussion

Thyroid cancer is assoclated with a broad range of
different mutations, including RET fusion genes.
Previously, the frequency of RET fusion genes included
only the most common CCDCe/RET and NCOA4Y
RET fusions, and other RET fusions were rarely tested.
To our knowledge, this is one of the most comprehensive
studies of a RET fusion-positive cohort of thyroid
carcinomas that has been analyzed and correlated with
clinicopathological and follow-up data.

The frequency of RET fusion genes in our adult FTC
cohort was 8.7%, which is in the range of 4.3-9.1% as
previously reported (Agrawal ef al. 2014, Lu ef al. 2017,
Liang et al. 2018, Yang et al. 2021, 5hi et al. 2022, Ullmann
et al. 2022, Wang et al. 2022, Parimi ¢f al. 2023). Pediatric
and adolescent FTCs harbored RET rearrangements more
than three times more frequently than adult PTCs, in
29.8% of cases. This result 15 within the range of 10.4-
57.7% previously published results (Ricarte-Filho et al
2013, Galuppini et al. 2019, Pekova et al. 2020, Macerola
et al. 2021, Rogounovitch et al. 2021, Franco et al. 2022,
Satapathy & Bal 2022). The variability is likely due to
the range of methods used, the size and composition of
cohorts and geographic location.

Mext-generation  sequencing (NGS) is  currently
the most reliable method for detection of RET fusion
genes. The use of a comprehensive panel for the
detection of fusion genes should be the gold standard,
especially in pediatric thyrold carcinomas, in which
the occurrence of fusions prevails. A more cost-effective
approach using mutational exclusivity of RET fusions

with other drver mutations could be applied in
adult thyroid carcinomas. First, detection of point
driver mutations in the BRAF and RAS genes would be
performed. Megative samples would then be analyzed
for the most common CCDCA/RET and NCOA4/RET
fusions, representing approx. Eighty percent of all
RET fusions by real-time PCE. Negative samples would
undergo NGS5 testing, which would also allow the
detection of novel fusion partner genes. To date, at
least 50 RET partner genes have been described in thyroid
cancer, and the number has been rising steeply in
recent vears (Agrawal & al. 2014, Grubbs et al. 2015,
Yakushina et al. 2017, Pekova et al. 2020, Lee o al. 2021,
Rogounovitch ef al. 2021, Yang et al. 2021, Franco et al.
2022, Wang et al. 2022).

In this study, RET fusion genes were detected
only in PTCs. A few rare cases of RET rearrangements
in PDTCs, in eight ATCs, and in two MTCs have been
described in the lterature (Grubbs ef al. 2015, Landa
et al. 2006, Yang et al. 2021, Parimi ef al. 2023). There are
also studies in which RET fusions have been found in
benign samples, particularly in Hashimoto's thyroiditis
(Wirtschafter ef al. 1997, Sheils et al. 2000, Elisel o al.
2001). Most of these studies were performed around
yvear 2000, when the methods used had substantial
technical limitations leading to a high risk of false-
positive results (MNikiforov 2006). Although no recent
case of RET fusion in a benign thyrold sample has
been reported, thelr presence in these tissues has been
questioned (Mikiforova et al. 2002), the occurrence
of RET fusions in Hashimoto's thyroiditis has been
reported in recent review articles (Rangel-Pozzo et al
2020, Nacchio et al. 202Z). In our study, no RET fusion
was detected in any of the benign samples. Based on
these results we conclude that the identification
of an oncogenic RET fusion is associated with a 100%
probability of malignancy.

Coexistence of CLT with RET fusion-positive PTC
was found in 65.2% of our cases, similarly in pediatric
and adult patients. The frequency of this coexistence
is higher than the range of 15-40% reported in the
literature for PTC cohorts with unknown genetic
background (Kim et al. 2009, Babll et al. 2018, Lee &t al.
20200. In another study, the authors found a negative
correlation between the coexistence of CLT with FTC
and the BREAF mutation (Lee et al. 2020). In addition,
the presence of numerous psammoma bodies was
found in our study. The assoclation between them and
RET fusions has been previously described (Adeniran
et al. 2006). Thus, the presence of coexisting CLT as well
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as numerous psammoma bodies could indicate a higher
probability of RET fusion gene in FTC.

Other examined clinicopathological features that
were  abundantly identified in RET fusion-positive
FTCs were multifocality, extrathyroldal extension,
intravascular invasion, LMNM, and DM. RET fusion-
positive carcinomas were assoclated with aggressive
and invasive behavior. This correlation was also noticed
by the authors of studies on small RET fusion-
positive cohorts (Franco et al. 2022, Ullmann et al. 2022,
Wang ef al. 2022).

Multifocality was detected in 48.2% of RET
fusion-positive  carcinomas, which was significantly
higher than in our BRAF V&0OE and RAS-mutated PTCs.
In another study, multifocality was even found in 86% o
f RET fusion-positive FTCs (Ullmann ef al. 2022). Most
of our patients with multifocal FTC had numerous
millimeter-sized intrathyvroidal microcarcinomas. The
frequency of these cases may have been even higher
due to several cases, in which the lobes were filled with
carcinomas and may have been formed by the union
of multiple focl. The sensitivity of ultrasound for these
clinically occult lesions 15 low. Thus, TTE should be
considered in the case of preoperative detection of an
oncogenic RET fusion gene in a thyroid nodule.

RET-fusion positive patients had a significantly
higher incidence of LNM and DM compared to patients
with NTRK fusions, BRAF V60OE or EAS mutations. In RET-
fusion positive patients, LNM were identified in 68.4%
of adult and 89.2% of pediatric patients. Other studies
reached similar results, in which 91-94% of pediatric
patients with RET fusion-positive FTCs had LNM (Lee
etal. 2021, Franco et al. 2022). In our cohort, the majority
of patients had evident multiple LNM in the lateral
compartment. The correlation of RET fusion-positive
FTCs with LNM in the lateral compartment was also
noted by the authors of other studies (Rogounovitch
et al. 2021, Wang et al. 2022). Therefore, sonographic
evaluation of the lymph nodes in the central and lateral
compartments should be performed conscientiously due
to the high probability of LNM regardless of tumor size.

Differences were also observed within the RET
fusion gene cohort. FTCs positive for NCOA4/RET
had significantly larger tumors and more frequent
extrathyroidal extension. In addition, PTCs positive for
the NCOA4/RET fusion had a tendency to be assoclated
with more LNM and DM, although this finding was
not statistically significant. The correlation between
the NCOA4/RET fusion and higher aggressiveness has

been mentioned in other studies (Galuppini et al. 2019,
Rogounovitch ef al. 2021).

Follow-up data on patients with RET fusion-
positive  PTC are very scarce in the literature. In
one study, 50% of RET fusion-positive pediatric patients
achieved remission one vear after surgery (Franco
et al. 2022), a high percentage considering that 94% of
patients had LNM and 35% had DM. In another
study, 24% and 19% of RET fusion-positive pediatric
patients had ER and IR/BIR to treatment, respectively,
throughout follow-up. SIE to treatment had 57% of
patients, of whom 14% achieved ER or blochemical
disease without structural evidence of disease at last
follow-up (Lee ef al. 2021). Compared to our study, a
similar proportion of patients had SIR to treatment, but
significantly more of our pediatric patients achieved
clinical improvement. An explanation could be more
advanced disease of their patients, 38% vs our 25%
patients with DM, and the shorter follow-up in their
study (Lee et al. 2021). Follow-up data on adult RET
fusion-positive patients are even scarcer. In one study,
none of the RET fusion-positive patients relapsed
and 2Z/14 (14%) patients had persistent disease (Ullmann
etal. 2022).

Only 87% of our patients had RAl-refractory
carcinoma, which is within the reported range of
5-15% for differentiated thyroid carcinomas (Worden
2014). Only one patient in our cohort had treatment
with selpercatinib. Promising results of this type
of treatment from other studies have already been
published (Lee et al. 2021).

Despite more aggressive disease of the RET-fusion
positive cohort, the 2.4% ‘true recurrence’, 2.7% cancer-
specific mortality, 6% and 95% survival at 5 and 10
years were comparable to data (approximately 1% “true
recurrence’, 2-2.5% mortality, 99% and 95% survival
at 5 and 10 years) for PTC cohorts with unknown
genetic background (Sciuto e al. 2009, Ito o al. 2018).
It 15 important to note that the majority of patients in
our cohort had intensive treatment, relatively radical
surgery and many patients underwent repeated RAI
therapy. In addition, the patients’ condition was
regularly monitored over a long period of time, which
is essentlal for a good outcome, as recurrence can
oCcur many years after surgery. It is questionable what
the response to treatment would have been with a
milder treatment (e.g. lobectomy and no RAI treatment),
whether or not the recurrence and mortality rates
would have been significantly higher.
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A limitation of the study was that no functional
analyses of the nowvel RET fusions were performed.
However, the portion encoding the RET kinase domain
was retained intact in all novel RET fusions. In addition,
all partner genes contalned domains  enabling
dimerization required for oncogenic activation, the
ZMYM2 gene encodes a zing finger protein, the 558P2
gene encodes a tumor suppressor proteln containing a
LisH domain and the FEOX4I gene encodes an F-box
protein containing leucine-rich repeats.

In summary, RET fusion genes were detected in
11.4% of PTC patients; in B.7% of adult and 29.8%
of pediatric patients with PTC. RET fusion-positive
carcinomas were assoclated with aggressive disease,
including frequent LNM and DM, especially in cases
of NCOA4/RET-positive carcinomas, even in  early-
stage disease, and with increased rates in pediatric and
adolescent patients. The presence of the RET fusion
gene could be indicated by the occurrence of CLT and
numerous psammoma bodies. In case of preoperative
detection of the RET fusion gene, malignancy should be
expected, and a high probability of metastases should
be anticipated. Recurrences were rare and occurred
only in adult patients. Although most patients did not
achieve remission soon after surgery and half of the
pediatric patients had structural disease in the first 2 vears
after surgery, the prognosis was favorable from a
long-term perspective, but with regular follow-up.
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Supplementary Table 51. Sequences of primers and hydrolysis probes designed for the

ACTE gene and the RET fusion genes detection using Real-Time PCR

Gene Primer/probe Seqguences Location
prmer F: TCTACAATGAGCTGCGTGTG Exon 3
ACTE pnmer R: AGCCTGGEATAGCAACGTACA Exon 4
probe HEX-CAAGGCCAACCGCGAGAAGA Exon 3
Gene fusion Primer/probe Seguences Location
pnmer F: GCAAAGCCAGCGTTACCA Exon 1
CCDCERET prmer R: TTCCAAATTC "'TTETEE Exon 12
probe FAM-CCAAAGTEEGEAATTCCCTOGE Exon 12
prmer F: GCA CAEETTCCHC* *"‘*CT"‘" Exon 7
NCOASRET pnimer R: TTCCAAATTCGCCTTC Exon 12
probe FAM-CCAAA *CTCCC TTC.EC. CGGE Exon 12
primer F: TCGACTCACCAGACCTACCC Exon 8
primer F: GTGTACGGGCAGTTCACGE Exon 9
PAXEFPARY primer F: CTATGCCTCCTCTGCCATC Exon 10
primer R: GAGAGATCCACGGAGCTGAT Exon 2
probe FAM-GAGATGCCATTCTGGECCCACT Exon 2
primer F: TCCTCAGCCCACCTCACA Exon 11
ACBDSE/RET primer R: TTCCAAATTCGCCTTC Exon 12
probe FAM-CCAAL *CTCCC TTC.EC. CGG Exon 12
pnimer F: GTCATCAAGGACAACAGGCTTC Exon 8
AFAP{L2RET pnmer R: TTCCAAATTCGCCTTCTCC Exon 12
probe FAru-EEAAACTCCC ATTCCCTCGG Exon 12
primer CAGACAGAACGEEACCTGETG Excn 35
ARAFP{IRET prmer R: TTCCAAATTCGCCTTC Exon 12
probe FAM-CCAAAGTGEGEAA TTEEETEEE Exon 12
pnmer F: GGTAATACCGGGTTGGATGCT Exon 2
BBIF1/RET mer R: ETEEEETEEEE&A"‘“CE"‘"E Exon &
probe FAM-TCTCCTTGECCTOCACTCACA Exon 8
prmer F: CTCAA *"‘C*"‘*C...T...T AGCA Exon 12
ERC1/RET pnmer R: TTCCAAATTCGCCTTCTOS Exon 12
probe FAM-CCAAA *CTCCC ATTCCCTCGG Exon 12
primer F: AAGGCCCTACTGCACTTCAAD Exon 10
FEXO41/RET primer R: TTCCAAATTCGCCTTCTCC Exon 12
probe FAM-CCAAAGTEEGEAATTCCCTOGE Exon 12
primer F: TEEE"“""CHT""‘* CAGCTC Exon 7
GOLGASRET prmer R: TTCCAAATTCGCCTTE Exon 12
probe FAM-CCAAA *ETEEC TTEEE CEGE Exon 12
primer F: GCACAA “CnTTCTCnTCCnCAEE Exon 7
KEHG/RET pnmer R: TTCCAAATTCGCCTTCTO Exon 12
probe FAM-CCAAAGTGEGEAATTCCCTOGE Exon 12
primer F: GCTTTCCTCCTGOGTCAAGT Exon 11
KIAA{2917/RET pmer R ETEEEETEEEE&ACAEE AL Exon &8
probe FAM-TCTCCTTGECCTOCACTCACA Exon 8
pnmer F: G TL.CAEECHC“'*C._.THTHC Exon 7
PREARTARET prnimer R: TTCCAAATTCGCCTTCTOS Exon 12
probe ang-CC.AAACTCCC ATTCCCTCGG Exon 12
primer F: TGCAAGCAGTTATTGATGCALS Exon 15
RASALZRET prmer R: TTCCAAATTCGCCTTC Exon 12
probe FAM-CCAAAGTEEGEAA TTC.EC. CGG Exon 12
primer F: TGAAAACACAGCAGCACCTAGA Excn 2
RUFYZRET pnimer R: TTCCAAATTCGCCTTCTCC Exon 12
probe FAM-CCAAAGTGEGEAATTCCCTCGE Exon 12
primer F: AAAGACACTCCACAGAAGACTTCG Exon 7
SPECCIL/RET primer R: TTCCAAATTCGCCTTCTCC Exon 12
probe FAM-CCAAAGTEEGEAATTCCCTOGE Exon 12
primer F: TGAGAAAGATCGCCTTGGAGT Exon G
SGQESTMIARET primer R: TTCCAAATTCGCCTTC Exon 12
probe FAM-CCAAAGTGEEAA TTEEE CEGE Exon 12
primer F: CAAACCCAACAAATGEOCAAT Exon 10
SSBFP2/RET prmer R: TTCCAAATTCGD TTETEE Exon 12
probe FAM-CCAAAGTGGEGAATTCCCTCOGE Exon 12
primer F: CnECTEC“"‘“*CE"‘*T”‘”‘ Exon 20
TPRARET pmer R: TTCCAAATTCGCCTTC Exon 12
probe FAM-CCARA “CTCCC TTEEE CGG Exon 12
primer F: ACCAGEGAGC SCAG Exocn 2
TRIM2F/RET pnmer R: TTCCAAATTCGD TTETEE Exon 12
probe FAM-CCAAAGTGEGEAATTCCOCTCGE Exon 12
primer F: TTCCTATGCACATGTACAGTCAGAS Exon 17
ZMYM2RET primer R: TTCCAAATTCGCCTTC Exon 12
probe FAM-CCAAAGTEEEAA TTC.EC. CGG Exon 12
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Supplementary Table S2. Isoforms and transcripts of genes involved in RET rearrangements

Gene Exon Transcript Gene Exon Transcript
ACBD5 11 NM_ 145698 5 12
AFAP1L2 & NM_(032550.2 12
AKAP13 35 NM_006738.5 12
BEIP1 2 MNM_1195305.3 B8
CCDCé 1 NM_005436.4 12
CCDCé 1 NM_005436.4 11
CCDC6 1 NM_005436.4 11+12
CCDCé 1 NM_005436.4 g
ERC1 12 NM_178039.3 12
FEXO41 10 NM_001080410.2 12
GOLGAS 7 WM 0051133 12
IKBKG 7 NM_003639 .4 12
KIAAT121T 11 NM_(019590.4 RET B8 NM_020630.4
NCOA4 G NM_005437.3 12
NCOA4 7 NM_005437.3 12
PRKAR1A 7 WM 002734 4 12
RASALZ2 15 NM_004841 .3 12
RUFY?Z g WM 017987 4 12
SPECC1L 7 WM 153304 12
SQSTMT 6 MM 0039004 12
SSBP? 10 NM_ (012446 4 12
TPR 20 NM_003292 2 12
TRIMZT 3 NM_006510.4 12
ZAY M2 17 NM_003453 4 12

3.5 Propojujici text mezi publikacemi

V ramci prvni studie zahrnujici soubor 83 PTC a 30 benignich nadort §titné Zlazy détskych a
dospivajicich pacientll jsme kauzalni mutaci identifikovali u 42 % pacienti s PTC. Nejcastéji
(22 %) se jednalo o RET/PTCI nebo RET/PTC3 fazni gen. Druha nejcastéjSi mutace byla
BRAF V600OE u 18 % pacient s PTC. RAS mutace se piekvapivé vyskytovaly castéji u

benignich uzlt nez u PTC.

Na zakladé ¢astého zachytu dvou typl fiznich geni jsme se rozhodli na souboru provést RNA
sekvenaci za ucelem detekce ptipadnych dalSich typt fuznich genti. Soubor vzorkii PTC
détskych a dospivajicich pacientii se ndm mezitim podafilo rozsifit o dalSich 10 vzorkd na
celkovych 93. Na ptipravu knihoven byly zvoleny dva panely, QIAseq Targeted RNAscan
Panel (Qiagen) a FusionPlex Comprehensive Thyroid and Lung Kit (ArcherDx), které
umoznuji detekci i dosud nepopsanych fiznich genil, a to na zédkladé metodiky nazyvané

Anchored Multiplex PCR (Obr. 7). Princip metodiky je nasledujici. Po tpravé koncti cDNA

96



jsou na ni navazany adaptéry, které obsahuji tii riizné sekvence: index, unikatni molekularni
sekvenci a univerzalni sekvenci. Béhem prvniho kola PCR jsou pouzity forward primery
komplementarni k univerzalni sekvenci na adaptéru a cilené reverse primery na urcity onkogen
(napt. RET, NTRK, ALK). U druhé¢ho kola PCR byly opét pouzity forward primery
komplementarni k univerzalni sekvenci na adaptéru a druhé genové-specifické reverse primery,
na kter¢é jesté nasedaly dal$i primery obsahujici sekvenci druhych indexti a unikatni molekularni
sekvenci. Diky moznosti pouziti univerzalniho primeru je mozné sekvenovat usek, jehoz

sekvenci nezname a pomoci bioinformatické analyzy zjistit, o jakou ¢ast genu se jedna.

cDNA

——

Ee——=———

v — adaptér
—_——
_ 1
EE——— ligace
alh'Iln_ 1. kolo PCR
= 2. kolo PCR
—,
C —

Obrazek 7. Anchored Multiplex PCR technologie umoziiujici detekovat dosud nepopsané fuzni geny.
Pievzato a upraveno z https://www.dlongwood.com/

RNA sekvenaci jsme provedli u vSech 93 vzorkli PTC détskych a dospivajicich pacienti.
Vyznamnym zjisténim bylo, ze 56 % vzorka bylo pozitivnich na fazni gen. Celkem jsme
detekovali 20 typi fuznich geni, z nichz pét nebylo dosud popsanych, a jeden nebyl do té doby
popsan u karcinomu S§titné Zlazy. VSechny pozitivni nélezy bylo nutné verifikovat jinou
metodou. Navrhla jsem proto primery a hydrolyzacni sondy na kazdy typ fuzniho genu a
vSechny pozitivni vzorky ovéfila pomoci real-time PCR. Vzhledem ktomu, ze jsem
zoptimalizovala tuto moznost analyzy, zavedla jsem vySetfeni fuznich genti do rutinni praxe. U

predoperacnich 1 pooperacnich vzorkl §titné zlazy testujeme po analyze bodovych mutaci
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v hlavnich genech (BRAF, RAS) i pritomnost riznych fiznich gent a u vzorkii od détskych a

dospivajicich pacientt je kviili jejich vyssi Cetnosti testujeme primarne.

DalSim z hlavnich vystupti publikace ¢. 2 bylo zjisténi, Ze pediatri¢ti pacienti, kteti méli
karcinom pozitivni na fizni gen, méli agresivnéjsi a invazivn€j$i onemocnéni nez pacienti, ktefi
méli karcinom na fuzni geny negativni. RET fizni geny byly dokonce vyznamné asociovany
s CastéjSimi lokalnimi a distalnimi metastdzami oproti NTRK fuznim genlim. Zajimalo nds, jak
se tyto nejcastéjsi fuzni geny projevuji u dospélych pacientl a také i u jinych typi karcinomu
nez u PTC. N¢které publikace popisovaly tyto fuzni geny i u MTC, PDTC, OCA a ATC
(Grubbs et al., 2015; Landa et al., 2016; van der Tuin et al., 2019). Diky tomu, Ze mame v
laboratofi archivovany rozsahly soubor riznych typti karcinomu Stitné zlazy od dospélych
pacient shromazd’ovanych od roku 2003, rozhodli jsme se jej zanalyzovat na ptitomnost RET

a NTRK fuznich genil.

Soubor jsme nejprve zacali analyzovat na NTRK fuzni geny, protoze byl na né upien
celosvétovy zdjem. V roce 2019, rok predtim, nez vznikla publikace ¢. 2, bylo schvaleno
Evropskou Iékovou agenturou pouziti cileného tyrozinkindzového inhibitoru (TKI)
larotrectinibu urc¢eného pro nadory pozitivni na NTRK fuzni gen (Scott, 2019). Pro detekci
NTRK faznich genii bylo nutné zanalyzovat rozsahly soubor vzorki PTC, FTC, OCA, MTC,
PDTC, ATC. Vzhledem k jejich vysokému poctu jsme nemohli analyzu provést pomoci panelu
s Anchored Multiplex PCR technologii, jelikoZ tato komplexni analyza je velice nakladna. Na
zéklad¢ nasi studie €. 2 jsme zjistili, ze se fuzni geny vyskytovaly ve vSech ptipadech
exkluzivné, v Zadném ze vzorkill pozitivnim na fizni gen nebyly zjiStény dalsi kauzalni mutace
jinych genil (napt. BRAF, RAS). Toto naSe zji§téni bylo podpoteno i Gdaji v literatuie (Agrawal
et al., 2014; Parimi et al., 2023; van der Tuin et al., 2019). Pouze v ojedin¢lych ptipadech byl
v literatufe zaznamenan spoleénych vyskyt dvou kauzéalnich mutaci (Leeman-Neill et al.,
2014). Soubor vzorki karcinomt §titné zlazy jsme podrobili analyze mutaci nasledujicich genti:
BRAF, HRAS, KRAS, NRAS, RET a faznich genl: RET/PTCI, RET/PTC3 a PAXS8/PPARy.
Vzorky, které byly negativni na pfitomnost kauzalni mutace, jsme analyzovali pomoci NTRK
Gene Fusions Detection Kit (AmoyDx) za vyuZiti real-time PCR a FusionPlex Comprehensive
Thyroid and Lung Kitu za vyuziti masivné paralelniho sekvenovani. VSechny pozitivni nebo
hrani¢ni nélezy z NTRK Gene Fusions Detection Kitu jsme ovétovali pomoci FusionPlex
Comprehensive Thyroid and Lung Kitu. NTRK fuzni geny jsme Gspésné¢ detekovali u 59 vzorki
karcinom $titné zlazy. Veskeré pozitivni nalezy jsme verifikovali pomoci navrzenych primera

a hydrolyzac¢nich sond pomoci analyzy real-time PCR. NavrZené primery a sondy jsme uplatnili
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v nas$i rutinni analyze vzorkli (Obr. 8). Nejprve analyzujeme geny na pfitomnost bodovych
mutaci a v ptipadé negativniho vysledku pfistupujeme k detekci nejéastéjSich fuznich gena
pomoci real-time PCR. Pokud u odoperovanych nadorovych vzorkli ani po této analyze
nenalezneme mutaci, pokracujeme s RNA sekvenaci pomoci FusionPlex Comprehensive
Thyroid and Lung Kitu. U vzorki se specifickymi histologickymi rysy a vzorki od détskych a

dospivajicich pacientl pristupujeme k analyze fuznich gent jesté¢ pred analyzou bodovych

mutaci.
Vzorek nadorové tkané
stitné zlazy
Détsky nebo Dospély pacient
dospivajici pacient / \
Pacienti s FV PTC a meta Ostatni pacienti
v LU/PTC s cetnymi
psamomatéznimi
télisky/FTC/HTT
Vysetieni / Vysetfeni gent pomoci MPS (BRAF,
faznich geni HRAS, KRAS, NRAS, TERT, TP53)
Pozitivni Negativni Pozitivni Negativni
vysledek vysledek vysledek vysledek
Vysetfeni gent pomoci MPS (BRAF, Vysetieni
HRAS, KRAS, NRAS, TERT, TP53) fuznich gent

Obrazek 8. Schéma vySetfeni nadorovych vzorkl Stitné zlazy pouzivané v nasi laboratofi. FTC
folikularni karcinom §titné zlazy, FV folikularni varianta (subtyp), HTT hyalinizujici trabekularni tumor,
MPS masivné paralelni sekvenovani, PTC papilarni karcinom §titné zlazy

Vroce 2021, kdy jsme publikovali ¢lanek ¢. 3 o NTRK fuznich genech bylo schvéleno
Evropskou Iékovou agenturou cilené 1é¢ivo pro RET mutované nadory, TKI selpercatinib
(Markham, 2020). Vzhledem k moznosti nové terapie zesilil celosvétovy zajem o nadory
pozitivni na RET mutace a jejich 1é€bé. O MTC s aktivaénimi bodovymi mutacemi RET genu
bylo publikovano jiz mnoho studii (Figlioli et al., 2013). Co se ale ty¢e RET fuznich geni, byly
popsany malé kohorty pfevazné détskych pacienti s PTC a publikace se vétSinou vénovaly

pouze dvéma nejcastejSim typim RET fuznich genti — RET/PTCI a RET/PTC3. Tato fakta nés

99



podnitila k provedeni komplexni studie tykajici se RET fuznich gent u pediatrickych a
dospélych pacientd. Provedli jsme analyzu rozsahlého souboru vzorkti PTC, FTC, OCA, MTC,
PDTC, ATC. Podobné¢ jako u publikace ¢. 3 jsme nejprve z analyzy vyloucili vzorky pozitivni
na kauzalni mutaci. Dale jsme vzorky analyzovali na ptitomnost RET/PTCI a RET/PTC3
faznich gend. Zbyly soubor vzorkli negativnich na pfitomnost kauzalni mutace jsme
analyzovali na dal§i RET fuzni geny pomoci FusionPlex Comprehensive Thyroid and Lung
Kitu a masivné paralelniho sekvenovani. RET fuzni geny jsme uspésné¢ detekovali u 113

pacientl, 76 dospé€lych a 37 détskych a dospivajicich pacientt.
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4 Diskuze

Jednim z hlavnich poznatkli této dizertacni prace bylo zjisténi, Zze nejCastéjsSi genetickou
zménou u PTC détskych a dospivajicich pacientil jsou fuzni geny vyskytujici se v 52/93 (56 %)
ptipadl. Tak vysoky zachyt fuznich genti v dobé publikace byl pomémé unikatni, protoze
v porovnani s jinymi studiemi se jedna o vyssi frekvenci, nez byvalo u sporadickych PTC
détskych a dospivajicich pacient detekovano. V literatuie byly fizni geny popisovany u 24-
49 % ptipadu (Cordioli et al., 2016; Mostoufi-Moab et al., 2017; Nikita et al., 2015; Prasad et
al., 2016; Ricarte-Filho et al., 2013). Vyjimkou byly studie provadéné pfed mnoha lety za
vyuziti starSich a jiz nepouzivanych metodik, které casto dokédzaly zachytit jen nejcastéjsi typy
faznich gent nebo naopak mély vyssi podil faleSné€ pozitivnich zachyti a mohl tak byt ovlivnén

celkovy zachyt.

Ptitomnost RET fuznich geni byla diive davana do souvislosti s radiaéné indukovanymi PTC.
RET fuzni geny jsme v naSem souboru pediatrickych PTC detekovali ve 30 % piipadt. Zadny
z pacientll s PTC pozitivnim na jakykoliv typ fuzniho genu nebyl pted diagn6zou PTC vystaven
ionizujicimu zafeni, jednalo se o sporadické piipady PTC. V roce 1995 vznikly dv¢ studie
zabyvajici se genetickym pozadi karcinomi Stitné zlazy détskych pacientt, ktefi byli
v kontaminované oblasti v dobé havérie Cernobylské elektrarny roku 1986. U téchto pacienti
byly RET fuzni geny detekovany shodné v 67 % (Fugazzola et al., 1995; Klugbauer et al.,
1995). Nicméné, soubory pacientll byly velice omezené, o Sesti a 12 jedincich. Na zakladé
téchto studii vznikla pracovni skupina, ktera si dala za cil porovnat geneticky profil radiacné
indukovanych pediatrickych PTC se sporadickymi PTC. V roce 1997 vysla publikace, kde RET
fazni gen identifikovali u 87 % radia¢né¢ indukovanych a 71 % sporadickych pediatrickych PTC
(Nikiforov et al., 1997). Jedna se o pomérné odlisSny zachyt nez v nasi studii, avSak je nutné
podotknout, Ze v dobé vzniku vySe zminéné publikace byly pouzivany neptfesné molekularné
genetické metody. O Ctyfi roky pozdéji vznikla obdobné studie, ve které byly RET fazni geny
zachyceny u 76 % radia¢n¢ indukovanych a 40 % sporadickych ptipadi (Elisei et al., 2001).
Jak jiZ bylo zminéno v Gvodu, RET fizni gen byla jedna z prvnich odhalenych genetickych

pfi€in karcinomi §titné zlazy, proto jsou prvotni studie zamétené pouze na RET fuzni geny.

Prilomovéa publikace, kterd vznikla vroce 2013, porovnava opét kohorty radiacné
indukovanych (n = 26) a sporadickych (n = 27) PTC détskych a dospivajicich pacienti, ale
kromé RET fuznich genil byly vySetfeny 1 dalsi genetické zmény. Frekvence RET fiznich gent
je u obou kohort niZ8i nez u vySe zminénych ¢lankl, moZznym vysvétlenim miize byt pouziti
odlisné metodiky — RNA sekvenace. RET fuzni geny u radiacn¢ indukovanych PTC byly

101



detekovany v 58 % a u sporadickych PTC v 26 % ptipada (Ricarte-Filho et al., 2013). Zachyt
u sporadickych PTC (26 %) je podobny jako u naseho souboru (30 %).

Dal8imi fiznimi geny, popsanymi u PTC, byly NTRK fuzni geny. Ricarte-Filho et al. v roce
2013 jako prvni u karcinomu $titné zlazy popsali fizni gen ETV6/NTRK 3, ktery je nejCastéjSim
NTRK faznim genem. Detekovali jej s témét stejnou frekvenci (8 a 7 %) v kohorté radiaéné
indukovanych a sporadickych pediatrickych PTC. U kohorty radia¢n€ indukovanych PTC navic
identifikovali TPR/NTRK fazni gen, ktery jsme v naSem détském souboru nenalezli, ale jeden
piipad jsme odhalili u dospé€lého pacienta s PTC (Ricarte-Filho et al., 2013). Celkové jsme
NTRK fhzni geny v naSem détském souboru detekovali s vys$§im vyskytem (16 %).

Mutaci BRAF V600E Ricarte-Filho et al. nalezli u 26 % sporadickych pediatrickych PTC, coz
je vice v porovndni s ndmi detekovanymi 19 % (Ricarte-Filho et al., 2013). Frekvence BRAF
V600E mutace v souborech détskych pacientii s PTC vyrazné kolisa, v literatuie se vétSinou
pohybuje mezi 16 a 63 % (Alzahrani et al., 2016; Henke et al., 2014; Prasad et al., 2016; Sisdelli
et al., 2019). Na rozdilnou frekvenci BRAF V600E ma pravdépodobné vliv geograficky ptivod
vzorku, velikost studované kohorty a nastaveni v€kové hranice. BRAF V600E u naSeho souboru
korelovala s klasickym subtypem PTC a vyssim vékem détskych a dospivajicich pacientti, nez
tomu bylo u pacientii s PTC pozitivnich na RET fuzni gen. Tato zji§téni byla nalezena i v jinych

publikacich (Lee et al., 2021; Prasad et al., 2016).

DalSimi hlavnimi genetickymi zmé&nami u PTC jsou mutace v RAS genech. RAS mutaci,
konkrétné NRAS Q61R Ricarte-Filho et al. identifikovali u 2/27 (7 %) jedinct se sporadickym
pediatrickym PTC (Ricarte-Filho et al., 2013). V naSem souboru jsme R4S mutaci nalezli také
u 2 z 93 (2 %) ptipadt, konkrétné HRAS Q61K a NRAS Q61K. Podobny zachyt RAS mutaci
predstavil Alzahrani et al. ve své publikaci €itajici 79 détskych pacientii s PTC. Detekoval dvé
NRAS mutace, konkrétné Q61R a Q61K (3%) (Alzahrani et al., 2016). Ttebaze tato studie
zahrnovala vysoky pocet vzorkl pediatrickych PTC, méla velkou nevyhodu v pouZzitém
genetickém materialu. Jako material k molekularné genetické analyze pouzivala parafinoveé
blocky, ze kterych nebylo mozZzné izolovat dostatecné kvalitni RNA vhodnou k vySetfeni
fuznich gent.. NaSi velkou vyhodu bylo, Ze jsme u pediatrickych PTC jako material
k molekularn¢ genetickym analyzam pouzivali zamrazené vzorky PTC, které byly po operaci
uschovany pii -80 °C. Z téchto vzorkl jsme 1zolovali DNA i RNA o velice vysoké kvalité a
mnozstvi vhodném pro ucely masivné paralelniho sekvenovani. Dal§i nevyhodou studie od

Alzahrani et al. byla analyza bodovych mutaci pomoci Sangerova sekvenovani, u kterého je
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problematické odhaleni mutaci o nizké alelické frekvenci. Nicméné tato studie jako jedina
odhalila u pediatrického pacienta s PTC mutaci TERT C228T (Alzahrani et al., 2016), pokud
nezahrnujeme velice pochybnou studii, kde TERT C228T mutaci detekovali u 27 % piipadi
pediatrickych PTC (Geng et al., 2019). TERT mutace jsme v naSem souboru nenalezli
u zadného détského nebo dospivajiciho pacienta. Tyto mutace se na zaklad¢ dat z literatury
vétSinou objevuji u pacientii nad 40 let a riziko jejich vyskytu roste s vékem pacienta
pravdépodobné kviili zkracujicim se délkam telomér (Yang et al., 2022). Dal$im prekvapivym
nalezem u studie Alzahrani et al. byla mutace genu PIK3CA detekovand u dvou ptipada
(Alzahrani et al., 2016). PIK3CA se obvykle vyskytuji spoleéné s dal§imi mutacemi

u pokroc¢ilych karcinomi §titné z1azy (Garcia-Rostan et al., 2005).

ALK fuzni geny jsme detekovali u 6/93 (6 %) PTC détskych a dospivajicich pacientti a ve vSech
ptipadech se jednalo o STRN/ALK fazni gen. Tento vysledek je mozné porovnat pouze se dvéma
studiemi, ve kterych ALK fuzni gen u pediatrickych pacientl zachytili. V jedné publikaci nalezli
ALK fuzni gen ve 3/14 (21 %) pediatrickych PTC ptipad (Vanden Borre et al., 2017). V jiné
studii dosahli stejného vysledku jako v nasi studii, kdy detekovali ALK fizni gen v 6/106 (6 %)
pediatrickych PTC piipadt. Konkrétné identifikovali partnerské geny STRN, EML4 a RBMS3
u tfi ptipadi, u zbylych tii ptipad neodhalili, o jaky partnersky gen se jednd (Lee et al., 2021).
V jednom unikatnim ptipad¢ byl popsan CCDC6/ALK fazni gen u 10letého pacienta s MTC a
distadlnimi metastdzami. Tento geneticky nédlez mél vliv na zménu 1écby pacienta, ze
selpercatinibu na crizotinib a pozdé&ji na alectinib. Po Sesti dnech ALK inhibice klesl pacientovi

kalcitonin z 6703 pg/ml na 663 pg/ml (Hillier et al., 2019).

BRAF kindza mize byt u karcinomi §titné Zlazy kromé nejcastéjsi mutace V60OE a dalSich
bodovych zmén aktivovéna i vznikem fuzniho genu. BRAF fizni geny jsme identifikovaly
pouze ve 2/93 (2 %) ptipadech détskych a dospivajicich pacienti s PTC. Jednalo se o
OPTN/BRAF a CULI1/BRAF fazni geny, které v dobé publikace nebyly u karcinomt §titné zlazy
popsany. Dfive Ricarte-Filho et al. ve své prilomové praci popsal AKAP9/BRAF a AGK/BRAF
fuzni geny u radia¢né indukovanych PTC détskych pacientd (Ricarte-Filho et al., 2013).
AGK/BRAF byl poté s piekvapivé vysokou frekvenci (19 %) identifikovan u pfevazné
sporadickych PTC od détskych pacientl s karcinomem §titné zlazy z Brazilie (Sisdelli et al.,

2019).

Velmi vzacnymi fuznimi geny jsou MET fazni geny. EML4/MET fuzni gen byl poprvé popsan

vnasi studii a byl to také prvni MET fuazni gen, ktery byl u karcinomu Stitné Zlazy
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u pediatrického pacienta vibec publikovan. Do té doby byl u karcinoml S§titné zlazy
identifikovan pouze jeden ptipad TFG/MET fuzniho genu u dospélého pacienta (Agrawal et al.,
2014). Nyni jsou zndmy dalsi dva ptipady PTC pozitivnich na MET fazni gen a opét se jedna
0 EML4/MET a TFG/MET typy faznich gent (Chu et al., 2020). Ttebaze se ALK, BRAF a MET
fuzni geny vyskytuji vzacné, ma smysl na né vzorky néadorh S§titné zldzy testovat jak
ptedoperacné, kdy mohou pomoci se stanovenim diagndzy, tak i pooperacné z hlediska

nastaveni cilené 1écby u pokrocilych nebo RAI refrakternich karcinomu $titné zlazy.

Dal$im vyznamnym vystupem této dizertacni bylo porovnani PTC détskych a dospivajicich
pacientl pozitivnich na fizni gen s PTC negativnimi na fuzni geny. PTC, u nichz byl detekovan
fazni gen, byly agresivnéjs$i povahy nez PTC, u nichz fizni gen nebyl objeven. Byla u nich
Castéji pozorovana extratyreoiddlni extenze, lokdlni a distadlni metastazy, chronicka
lymfocytarni tyreoiditida a ¢etnd psamomatdzni téliska. Pacientim s PTC pozitivnim na fizni
gen bylo podédno vice ddvek RAI neZ pacientiim s PTC negativnim na fizni gen. V jedné studii,
ktera predchéazela té nasi, byly porovnavany PTC pozitivni na fizni gen s PTC pozitivnimi na
BRAF V600E mutaci. PTC pozitivni na fuzni gen byly asociovany s jinym histologickym
subtypem nez klasickym, ktery koreloval s mutaci BRAF V60OE. Vétsina PTC pozitivnich na
fizni gen byla solidniho subtypu. Dalsi odliSnost byla zaznamenéana ve velikosti nadoru, kdy
PTC pozitivni na fizni gen byly vétsi velikosti nez PTC pozitivni na mutaci BRAF V600E.
Déle u PTC pozitivnich na fizni gen byla Castéji zjiSténa invaze do lymfatickych cév a
tyreoiditida (Prasad et al., 2016). Stejny zplisob porovnani byl zvolen 1 u jiné nov¢jsi studie,
kdy pediatrické PTC pozitivni na fuzni geny byly vyznamné asociovany s niz§im vékem
pacientl, vétsi velikosti nadoru, CastéjSi extratyreoidalni extenzi, pfitomnosti metastaz
v lymfatickych uzlinach a na plicich a horsi prognézou nez PTC pozitivni na mutaci BRAF
V600E (Lee et al., 2021). K podobnym vysledkiim dospéla i dalsi novéjsi studie, ve které byly
porovnavany pediatrické PTC pozitivni na RET/NTRK fazni gen s PTC pozitivnimi na BRAF
V600E a RAS mutaci (Franco et al., 2022). Lze tedy shrnout, ze PTC détskych a dospivajicich
pacientli pozitivnich na fuzni geny jsou prokazateln¢ asociovany s agresivnéj$im chovanim
tumoru. Zda toto tvrzeni plati 1 pro dospélé pacienty s PTC pozitivnimi na fuzni gen je zatim
pfedmétem badani. Nicméné studie Lu et al. tuto hypotézu potvrzuje. PTC pozitivni na fuzni
geny u dospélych pacientii byly siln€ asociovany s piitomnosti metastdz, lokalni invazi, vétsi

velikosti a vy$§imi stadii nddoru (Lu et al., 2017).

V nasi studii jsme $li vice do hloubky a porovnali jsme PTC pozitivni na RET fuzni gen s PTC

pozitivnimi na NTRK3 fhzni gen. Zjistili jsme, Ze pacienti s PTC pozitivnim na RET fuzni gen

104



maji vyznamng Castéji lokalni a distalni metastazy. Vzhledem k tomu, Ze naSe studie je jedina,

ktera se takovym porovnanim zabyvala, neni mozné vysledky srovnat s jinymi publikacemi.

Hned na pocatku odhalovani moznych genetickych pfi¢in PTC détskych a dospivajicich
pacientll jsem se rozhodla zahrnout do analyzy geny, které byly s karcinomy stitné zlazy
asociované v minoritnich piipadech. Na tii takové minoritni geny upozornila velice vyznamna
publikace popisujici vysledky projektu TCGA, jehoz cilem bylo komplexné molekularné
geneticky analyzovat 496 vzorkid PTC (Agrawal et al., 2014). Autorim rozsahlé studie se
podafilo odhalit geneticky profil v 96,5 % ptipadech, a to mimo jiné i diky analyze fliznich
gentl a EIFIAX, CHEK2 a PPM1D geni, u nichz detekovali somatické mutace. Mutace genu
EIFI1AX nalezli u Sesti ptipadl, z nichz jeden byl pozitivni i na jiné kauzalni mutace. Autofi
z toho usoudili, Ze mutace tohoto genu jsou kauzalni a jedna se o novy marker PTC. Dnes je jiz
znamo, Ze se mutace E/F1AX genu vyskytuji i u benignich nadort §titné Zlazy (Castagna et al.,
2020) a u malignich pfipadd se vyskytuji vétSinou spole¢né s mutacemi v RAS genech
(Karunamurthy et al., 2016). I pfes tyto poznatky je dulezit¢ EIF1AX gen analyzovat. Bylo
napiiklad zjisténo, ze varianty v exonu 2 spise koreluji s benignim onemocnénim §titné zlazy a
varianty v exonu 6 naopak s karcinomy (Karunamurthy et al., 2016). Také byly mutace EIF1AX
genu nalezeny ve zvySené mife u PDTC a ATC (Landa et al., 2016). V nasi studii jsme nenalezli
zadné somatické mutace v genech EIF1AX, CHEK2 a PPM1D u PTC détskych a dospivajicich
pacientdi. Alzahrani et al. dospéli k podobnému vysledku ve studii zahrnujici 301 pacientti
s karcinomem §titné zlazy, z nichz 97 pacienti bylo pediatrickych. Somatickou mutaci nalezli
pouze u jednoho vzorku dospé€lého pacienta, a to v genu E/F1AX (Alzahrani et al., 2019). Ani

v genech EZH1 a IDHI jsme u pediatrickych pacientll nenalezli Zddnou genetickou zménu.

Komplexni projekt TCGA je vhodny k porovnani naSich vysledki na souboru détskych a
dospivajicich PTC s genetickym profilem PTC od dospélych pacienti. Projekt TCGA
zahrnoval 496 pacientii s PTC, z nichz pouze devét pacientl bylo pediatrickych. Nejcastéjsi
mutaci u PTC dospélych pacientli byla BRAF V600E, ktera byla detekovana v 60 % piipadd,
coz je v porovnani s ndmi detekovanymi 19 % u pediatrickych pacientli vice neZ trojnasobek.
U RAS mutaci byl rozdil mezi dospélou a détskou kohortou jesté vyrazné vetsi. R4S mutace
byly souhrnné u PTC dospélych jedinct nalezeny ve 13 %, zatimco my jsme je u pediatrického
souboru PTC identifikovali ve 2 % piipadi. V TCGA projektu byly fuzni geny detekovany v 15
% ptipadd, coz je téméf Ctyiikrat méné, nez jsme v naSem souboru detekovali u pediatrickych
PTC. Nutné je vSak zminit, ze RET fuzni geny v TCGA projektu detekovali v 6,3 % ptipadi,

coZ je mirng niz§i zachyt nez 8,7 %, ktery jsme zjistili u nasi kohorty dospélych pacientti s PTC.
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U NTRK fiznich geni byl také zaznamenan rozdil mezi naSim zéchytem a zachytem u TCGA
projektu. V nasi studii jsme NTRK fuzni geny detekovali v 5,7 % PTC dospélych pacientl a
autoii TCGA projektu v 2,3 % (Agrawal et al., 2014).

Relativné nizky zachyt fuznich genti u dosp€lych pacienti by mohl odradit nékteré laboratote
z jejich testovani. Pokud ale vezmeme v potaz, ze se fuzni geny a mutace v genech BRAF a
RAS v naprosté vétsing pripadl nevyskytuji soucasné u jednoho vzorku karcinomu stitné zlazy,
je mozné nejdiive analyzovat mutace v genech BRAF a RAS a az po negativnim vysledku
pristoupit k testovani fuznich genti. U NTRK fuznich gent se tak podle jedné studie zvysi zachyt
az na 20 % (Lee et al., 2020), u nasi studie se zachyt u dospélych pacientii zvysil na 23 %. Co
se ty¢e metodického pristupu u pediatrickych pacientd s karcinomem §titné z1azy, mély by byt
v prvni fadé vySetfeny nejbéznéjsi fuzni geny vyskytujici se u karcinomu $titné zlazy. V ptipadé
negativniho vysledku, by mélo nésledovat vySetieni BRAF' a RAS geni a pokud stile neni
nalezena genetickd pfi¢ina nddoru, mél by vzorek podstoupit RNA sekvenaci pro odhaleni

vzacnégjSiho fuzniho genu.

Molekularné genetické vySetfeni ma vyznam i u piedoperacnich vzorkd z uzli §titné Zlazy
détskych a dospivajicich pacientl. Vysledky nasi studie byly implementovany do European
Thyroid Association Guidelines for the management of pediatric thyroid nodules and
differentiated thyroid carcinoma publikovanych v roce 2022, kde byla citovana i nase publikace
(Lebbink et al, 2022). V pokynech je zdlraznéna castd pfitomnost faznich geni
u pediatrickych pacienti a uzitecnost jejich testovani u ptedoperacnich vzorkl cytologicky
zhodnocenych jako Bethesda III-V. V naSich studiich jsme testovali RET a NTRK fuzni geny
u nékolika set vzorkil z benignich uzla §titné zlazy, abychom prokazali, Ze tyto fizni geny jsou
RET fazni geny se vyskytuji i u benignich nalezt ve §titné zlaze, napt. Hashimotové tyreoiditidé
(Sheils et al., 2000; Wirtschafter et al., 1997). K témto naleztim bohuZzel doslo pted vice nez 20
lety z diivodu pouziti metod, které mély zésadni technickd omezeni vedouci k vysokému riziku
falesné pozitivnich vysledkt. Uspéch v na§i snaze jsme zaznamenali, kdyZ byl publikovan
¢lanek Paediatric differentiated thyroid carcinoma: a UK National Clinical Practice Consensus
Guideline, kde bylo uvedeno, ze NTRK fizni geny jsou asociovany se 100% rizikem malignity

a naSe publikace byla citovana (Howard et al., 2022).

Molekularné genetické vysetieni ma u détskych a dospivajicich pacientii s PTC vyznam nejen

z diagnostického hlediska, ale i prognostického a pfi nastaveni vhodné 1écby. Asociaci RET
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faznich gent s pfitomnosti metastdz v lymfatickych uzlinach, ktera u détskych a dospivajicich
pacientli dosahuje 89 %, je nutno brat v potaz pii indikaci k chirurgickému vykonu. Na rozdil
od RET faznich gend, u NTRK fuznich genu riziko metastaz stoupd s velikosti primarniho
nadoru. Zatimco u uzlit do 2 cm je riziko metastaz do lymfatickych uzlin 37%, u uzll vétsich
nez 2 cm je riziko metastaz do lymfatickych uzlin 86%. Dale pfi 1écbé RAI je pfinosné znat, ze
¢tvrtina pediatrickych pacienti s RET fuznim genem ma distdlni metastazy. Polovina
pediatrickych pacientli s PTC pozitivnim na RET fizni gen méla v prvnich letech po operaci
strukturalni odpovéd’ na 1é¢bu, coz bylo potvrzeno 1 v jiné studii (Lee et al., 2021). V pribéhu
dalsich let ale u pacienti dochazelo k vyraznému zlepseni odpovédi na 1écbu. U zadného
pediatrického pacienta s PTC pozitivnim na mutaci BRAF V600OE jsme nezaznamenali distalni
metastazy. Na druhou stranou, v porovnani s RET fiznimi geny, pacienti s PTC pozitivnimi na
BRAF V600E podstupovali castéji reoperace kvili metastdzam v lymfatickych uzlindch,
pravdépodobné z diivodu Castéjsi RAI refrakterité. Ve vzacnych piipadech miize molekularné
genetické vysetfeni karcinomu §titné zlazy zachranit zivot pediatrického pacienta pfi nasazeni

cilené 1é€by vazané na konkrétni detekovanou mutaci (Hillier et al., 2019; Lee et al., 2021).
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5 Zavér
Tato dizertatni prace vyznamné prfispiva k lepSimu porozuméni molekularné genetického
pozadi PTC u détskych a dospivajicich pacientd. Vysledky jsou vyuzitelné nejen v nasi

laboratofi v rdmci rutinniho vysetieni, ale i celosvétoveé. Vytycené cile byly splnény:

1) Analyzovat rozsahly soubor vzorku pediatrickych PTC a odhalit jejich geneticky
profil.

Molekularn¢€ genetickou analyzou jsme zjistili, Ze nejcastéjsi genetickou piic¢inou
PTC détskych a dospivajicich pacientii jsou fuzni geny vyskytujici se v 56 %
piipadii. Nejcastéjsim typem byly RET fhzni geny, u nichz jsme identifikovali
nejvice typul, dale nasledovaly NTRK3 fuzni geny. V ostatnich pfipadech jsme
nalezli ALK, NTRKI, BRAF a MET fazni geny. Druhou nejcastéj$i genetickou
pri¢inou byla mutace BRAF V600E. U jednotek pripadl byly detekovany mutace
RAS genii. Celkove byla geneticka pricina zjisténa u 77 % ptipadi.

2) Porovnat agresivitu PTC détskych a dospivajicich pacientii na zakladé jejich
genetického pozadi.

Porovnanim vzorki PTC pozitivnich a negativnich na fizni gen jsme odhalili, Ze
PTC pozitivni na fuzni gen jsou vyznamné Castéji asociovany s extratyreoidalni
extenzi nadoru, vyssi T klasifikaci a CastéjSimi lokalnimi a distalnimi metastazami.
U pacientli s PTC pozitivnim na RET fazni gen byly Castéji pozorovany lokélni a
distalni metastazy nez u pacientli s NTRK3 fuznim genem. Pacientim, ktefi méli
PTC pozitivni na fazni gen, bylo podano vice davek RAI nez pacientim s PTC
negativnim na fuzni gen.

3) Charakterizovat karcinomy détskych i dospélych pacientii pozitivnich na RET a
NTRK fuzni geny. Porovnat klinické a histopatologické znaky mezi kohortami
detskych a dospélych pacientu.

NTRK fuzni geny byly asociovany s folikuldrnim uspofddanim nadoru, metastdzami
v lymfatickych uzlinach a chronickou lymfocytarni tyreoitidou. NTRK fuzni geny
jsme detekovali nejen u PTC, ale i dvou ptipadli PDTC s vétsi velikosti nadoru.
Karcinomy mensi velikosti a bez pfitomnosti metastaz korelovaly s pfiznivou
progndzou. Mezi détskou a dospélou kohortou nebyl zaznamenéan zadny vyznamny
rozdil.

Zjistili jsme, zZe RET fuzni geny koreluji s nejvétsi agresivitou pediatrickych
karcinoml Stitné Zlazy. Pii adekvétni 1é€bé maji vSak pacienti s karcinomy
pozitivnimi na tyto fizni geny pfiznivou prognoézu. Mezi pediatrickou a dospélou
kohortou byl zaznamenan vyznamny rozdil ve velikosti nadoru, pediatri¢ti pacienti
meli nddor vyrazné veétsi, méli Castéj$i extratyreoidalni extenzi a metastazy
v lymfatickych uzlinach.
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4)

Optimalizovat metodu pro detekci sirokého spektra fuznich genii pomoci real-time
PCR analyzy a zavést analyzu vybranych fuznich genii do rutinni praxe.

Diky rozsahlé molekularné genetické analyze jsme identifikovali rizné typy 1 mén¢
castych nebo dokonce zatim nepopsanych fuznich genii a ziskali tak pozitivni
kontroly. Optimalizovali jsme rychlou a citlivou metodu pro detekci fuznich gent
vyskytujicich se nejcastéji u PTC détskych a dospivajicich pacientli. Metodika
spociva na zaklad¢ hydrolyzacnich sond a real-time PCR a podafilo se ji zavést do
rutinni praxe.
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