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Abstrakt

Medularni karcinom stitné zlazy (MTC) a Hirschsprungovu chorobu (HSCR) spojuje jejich spolecné
zafazeni mezi neurokristopatie, Cili onemocnéni spjata s tkdanémi a burikami, jejichz plvod je
v neurdlni  listé. Pravé v bunkach pochazejicich  z neurdlni listy, kam patfi
i parafolikuldrni burniky Stitné Zlazy, jejichz zmnozZenim vznika MTC, a enterické gangliové buriky,
jejichz absenci v gastrointestindlnim traktu se manifestuje Hirschsprungova choroba, se exprimuje
membranovy tyrozinkindzovy receptor RET. Tento receptor ma vyznamnou ulohu pfti proliferaci,
diferenciaci a prezivani téchto bunék a jeho prostrednictvim je aktivovdno mnoho signalnich drah.
Pokud dojde k poruseni ptisné regulované aktivace, napf. vlivem mutaci v konkrétnich mistech
jeho genu, stava se RET velmi uc¢innym onkogenem. Aktivujici zdrode¢né mutace v RET proto-
onkogenu vedou ke vzniku familidrnich forem MTC, zatimco sporadické formy MTC jsou
zplUsobeny somatickymi mutacemi v nadorové tkani. Naopak inhibujici mutace vyvolaji poruchu
migrace prekurzorl gangliovych bunék pti vyvoji enterického nervového systému a vznik HSCR.
V ojedinélych ptipadech se obé onemocnéni u pacienta sdruZuji vlivem mutaci schopnych aktivace
i inaktivace. | v pfipadech, kdy kauzalni mutace neni v celém genu zastiZzena, vazebné studie
poukazuji na majoritni Ucast RET proto-onkogenu v patogenezi obou onemocnéni. Pozornost se
proto soustredi také na vyznam polymorfismU jako modifikujicich faktord, schopnych ovlivnit
expresi proteinu a podilet se na vzniku a modulaci onemocnéni.

Disertacni prace zde predklada rozsahlou studii zamérenou na zkoumani rGznych roli RET proto-
onkogenu v souvislosti s MTC a HSCR. Kromé detekce hlavnich genetickych pfi¢in MTC a HSCR bylo
u pacient s HSCR vymezeno riziko vzniku MTC. U pacient( byly studovany polymorfismy vybrané
z rlznych ¢asti genu a bylo zjiSténo zvysSeni Ci sniZeni rizika ve spojeni s konkrétnimi variantami.
Genetické zmény, mutace i polymorfismy, byly korelovany s fenotypovymi projevy, pficemz byla
vyuZita obsahla klinicko-patologickd data pacientl poskytujici informace o formé, agresivité
a vyvoji onemocnéni, z nichz bylo mozné usuzovat na progndézu nemoci a riziko pro rodinné
pfislusniky. Vzhledem k moZnostem molekularné genetického vysetfeni se v rodinach s familiarni
formou MTC zasadné zménila prevence a lécba MTC, kdy lze onemocnéni predikovat jiz
v preklinickém stadiu a predejit mu profylaktickym vykonem.

Tato préce byla podporovéana grantovymi projekty GAUK 411611, GACR 301/06/P425, IGA MZ CR
NR/7806-3, IGA MZ CR NR/9165-3, IGA MZ CR NT13901-4 a RVO MZ CR 00023761.



Abstract

Medullary thyroid carcinoma (MTC) and Hirschsprung’s disease (HSCR) are classified as simple
neurocristopathies, i.e. diseases linked to neural crest-derived cells. MTC is derived from
parafollicular cells of the thyroid and HSCR is characterized by absence of enteric ganglia in the
gastrointestinal tract. The RET proto-oncogene is only expressed in neural crest-derived cells,
including parafollicular cells and enteric neurons. The RET encodes a transmembrane
tyrosinekinase receptor that plays an important role during proliferation, differentiation and cell
survival, and activates many signaling pathways. If the strictly regulated activation fails, e.g. due to
mutations in the specific gene locations, the RET becomes a highly effective oncogene. Activating
germline mutations in the RET proto-oncogene lead to hereditary forms of MTC, whereas sporadic
forms of MTC are caused by somatic mutations in the tumor tissue. On the contrary, inactivating
mutations induce migration failure of ganglion cell precursors during the development of enteric
nervous system and result in the development of HSCR. In rare cases, the coexistence of both
diseases is caused by mutations with a dual gain-of-function and loss-of-function character.
Linkage studies confirm the influence of the RET proto-oncogene in the pathogenesis of diseases
even in patients without a detected causing mutation. Therefore, the attention has also been
turned on polymorphisms such as modifying factors which may affect protein expression and
contribute to the disease formation and modulation.

The thesis is focused on different roles of the RET proto-oncogene in the pathogenesis of MTC and
HSCR. In addition to detection of the major genetic causes in MTC and HSCR patients, the risk of
MTC in HSCR patients was defined. Polymorphisms in selected regions were studied and the risk in
association with specific variants was evaluated. Genetic alterations - mutations and
polymorphisms, were correlated with phenotype manifestion using extensive clinical and
pathological data of patients providing information on the form, aggressiveness and development
of the disease. Genotype-phenotype correlations enabled to deduce the disease prognosis and the
risk for family members. Thanks to molecular genetic testing in families with MTC and HSCR, the
prevention and treatment of hereditary MTC have been improved and resulted in the disease
prediction in preclinical stage and prevention by early intervention with prophylactic
thyroidectomy.

The thesis was supported by grant projects GAUK 411611, GACR 301/06/P425, IGA MH CR
NR/7806-3, IGA MH CR NR/9165-3, IGA MH CR NT13901-4 and RVO MH CR 00023761.



1. Uvod

Medularni karcinom Sstitné Zlazy (MTC), Hirschsprungovu chorobu (HSCR) a feochromocytom
spojuje jejich spole¢né zarazeni mezi jednoduché neurokristopatie, Cili onemocnéni spjata
s tkdnémi a bunkami, jejichz plvod je v neuralni listé. Syndrom mnohocetné endokrinni neoplazie
(MEN) typu 2, ktery sdruzuje MTC zejména s feochromocytomem, je klasifikovan mezi komplexni
neurokristopatie (Bolande 1997). Mezi bunky neuralni listy radime parafolikularni buriky Stitné
Zlazy, jejichz zmnoZenim wvznikda MTC, enterické gangliové bunky, jejichz absenci
v gastrointestindlnim traktu se manifestuje Hirschsprungova choroba, a chromafinni burnky diené
nadledvin, ze kterych vznika feochromocytom.

Velmi podstatnou ulohu v patogenezi téchto onemocnéni ma RET proto-onkogen, ktery koduje
membranovy tyrozinkindzovy receptor exprimujici se v bunkach pochazejicich z neuralni listy
(Avantaggiato et al. 1994). RET proto-onkogen je gen lokalizovany na 10. chromozému (10q11.2),
je dlouhy pfiblizné 55 kb a ma 21 exon( (Pasini et al. 1995). Je velice dlezity pfi vyvoji jedince
a pfi proliferaci, diferenciaci a prezivani bunék.

1.1 Medularni karcinom stitné zlazy

Karcinomy Stitné Zlazy predstavuji nejcastéjsi malignitu endokrinnich Zldz a 8 % z nich zaujima
meduldrni karcinom S$titné Zlazy (MTC). MTC jako jediny vychazi z parafolikularnich bunék stitné
zlazy, manifestuje se predevsim ve sporadické formé (75 %), ale ve Cctvrtiné pfipadd se
onemocnéni dédi autosomdlné dominantné. Familidrni forma se vyskytuje ve tfech variantach —
jako soucast syndromu mnohocetné endokrinni neopldzie (MEN) typu 2A a 2B a jako familiarni
meduldrni karcinom Stitné Zlazy (FMTC). U pacientt s MEN 2A byvd MTC asociovan
s feochromocytomem a primarni hyperparathyre6zou a onemocnéni se objevuje i pfed 20. rokem
Zivota pacienta. Pro pacienty s agresivnéjSim syndromem MEN 2B jsou kromé MTC
a feochromocytomu typickymi symptomy marfanoidni habitus, slizniéni neurinomy,
ganglioneuromatdza a o¢ni anomalie, k manifestaci MTC dochazi vétSinou mezi 10. — 20. rokem
pacienta. UFMTC se Zadné jiné asociované léze nevyskytuji, vék onemocnéni je variabilni.
PFi diagnostice MTC se vyuzZiva skutecnosti, Ze normadlni i nadorové transformované C-bunky
produkuji hormon kalcitonin a pfi nadorovém procesu hladiny kalcitoninu v krvi stoupaji. Terapie
spociva v radikalnim chirurgickém vykonu, jehoz zakladem je dokonalé odstranéni celé stitné zZlazy,
tzv. totdlni thyreoidektomie (TTE). Pfi postizeni regionalnich lymfatickych krénich uzlin je navic
provedena modifikovana blokova kréni disekce (Vicek et al. 2002, de Groot et al. 2006, Raue et al.
2012).

FMTC a syndromy MEN 2 jsou povaZovany za monogenni onemocnéni, jelikoZ v soucasnosti je
jedind zndm3a pricina téchto onemocnéni spojena se zarodecnymi aktivujicimi mutacemi v RET
proto-onkogenu. RET proto-onkogen byl objeven a lokalizovan na zakladé vazebnych analyz
u rodin s MEN 2 mezi lety 1985-1987 (Takahashi et al. 1985, Mathew et al. 1987, Simpson et al.
1987). Celd sekvence byla publikovdna v roce 1993 (Mulligan et al. 1993, Mulligan et al. 1994).
Nasledné byly objeveny mutace spojené s agresivnéjSimi formami familidarniho MTC (Donis-Keller
et al. 1993, Mulligan et al. 1993, Hofstra et al. 1994). V souvislosti s MEN 2B bylo zjisténo majoritni
postaveni mutace Met918Thr v 16. exonu RET proto-onkogenu, kterd zpUsobuje konstitutivni
aktivaci receptoru bez pritomnosti ligandu a bez nutnosti dimerizace receptoru. Mutace
v cysteinovych koddénech 609, 611, 618, 620, 630, 634 v 10. a 11. exonu byly shleddny podstatnymi
v manifestaci MEN 2A/FMTC. Tyto mutace zpUsobuji dimerizaci RET receptoru (bez pritomnosti
ligandu) a tim aktivaci signaliza¢ni drahy. Poté se hledani zarode¢nych mutaci rozsifilo i do dalSich
exonl a v letech 1995-1998 byly detekovany mutace ve 13., 14. a 15. exonu v kodénech 768, 790,
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791, 804 a 891, které jsou prevazné sdruzené s FMTC a mirnéjSimi projevy onemocnéni. V pfipadé
sporadického meduldrniho karcinomu jsou pfi¢inou onemocnéni genetické alterace pfitomné
pouze v nadoru, tedy na potomstvo nepfenosné. Somatické mutace v nadorové tkani byvaji
pfitomné u 40-65 % pacientl se sporadickou formou MTC (Ciampi et al. 2013, Moura et al. 2009).

Vzhledem k moZnostem molekularné genetického vysetreni se v rodinach s familiarni formou MTC
zasadné zmeénila prevence a Iécba MTC. Zatimco dfive se spoléhalo na sledovani hladin kalcitoninu
screenovani vsichni pacienti s MTC, protoZe ani zdanlivé sporadicky pfipad nevylucuje zarodecnou
mutaci de novo (Elisei et al. 2007). V pfipadé detekce zarode¢né mutace jsou vysetieni i rodinni
prislusnici pacienta s MTC. U nositeld mutace se pak mUze pfistoupit k preventivnimu odstranéni
Stitné Zlazy jesté v preklinickém stadiu a naopak jedinci, u kterych se mutace nepotvrdi, mohou byt
ze sledovani zcela vyrazeni. U pacientli s MTC bez zdrodecné mutace je k potvrzeni sporadického
vyskytu optimalni provést jesté genetickou analyzu z nadorové tkané. Pfitomnost somatické
mutace v RET proto-onkogenu zcela vyvrati dédi¢nou formu MTC a riziko pro rodinné pfislusniky.

Odlisné mechanismy aktivace mutovaného RET tyrozinkindzového receptoru se odrazZeji v korelaci
genotypu s fenotypem. Rizné mutace se vyznamné lisi svou agresivitou a fenotypem onemocnéni
a rizikem onemocnéni pro nositele mutace. Dle vysledovanych poznatk(l byla postupné
vypracovdana a zdokonalovana klasifikace zarodecnych mutaci, které byly roztfidény do tfi kategorii
dle jejich rizikovosti (de Groot et al. 2006, Kloos et al. 2009, Machens et al. 2012). Zvlast
vyznamnym aspektem je nacasovani profylaktické operace u asymptomatickych nositeld mutace.
Pokyny pro profylaktickou TTE zohlednuji zachyt nejmladsich pacientl s histologicky potvrzenym
MTC (Machens et al. 2012). Proto doporuceni pro TTE jsou vékové velice pfisna, ale bylo
pozorovano, Ze jediné velice ¢asna TTE muZe zabranit rekurenci onemocnéni a metastazam
v krénich lymfatickych uzlindch (Skinner et al. 2005). Stejné tak je navrZen i screening pfitomnosti
feochromocytomu a primarni hyperparathyredzy.

Screening rizikovych exonu se stal zakladem pro dnes jiz rutinni molekularné genetickou analyzu
v rodinach s MTC. Presto nékteré rodiny sfamiliarni formou MTC nebyly rozfeSeny a pficina
dédicného onemocnéni zUstava nenalezena, i kdyZz u téchto rodin byl proveden screening celého
RET proto-onkogenu. Také vzhledem k nizké penetranci, fenotypické heterogenité a variabilité
véku onemocnéni u nékterych mutaci se hledaji jiné genetické zmény v RET proto-onkogenu a jiné
geny, které by se mohly podilet na vzniku a modulaci klinického projevu MTC. Spekuluje se
o vyznamu polymorfismQ, zejména ve 2., 7., 11., 13., 14. a 15. exonu a intronickych variant v RET
proto-onkogenu, které mohou dle nékterych publikaci predisponovat k rozvoji MTC ¢i modifikovat
fenotypické projevy (Lesueur et al. 2006, Ceolin et al. 2012, Lantieri et al. 2013).

Objasnéni genetickych pficin vzniku MTC je podstatné nejen kvuli predikci onemocnéni
u asymptomatickych jedinch a zpresnéni diagndzy a progndzy onemocnéni u pacienta, ale
v budoucnu muze také prispét k cilené genové terapii.

Na toto téma jsme publikovali nékolik prehledovych ¢lankd, které jsou v disertacni praci uvedeny
in extenso v pfilohach. Uplné citace jsou uvedeny v publikaéni aktivité autorky.

Bendlova B, Dvoréakovad S, Vaclavikova E, Sykorovd V, et al. Vit Lék 2006; 52(10): 926-934.
Bendlova B, Dvorakova S, Vaclavikova E, Vicek P. Klin Onkol 2009; 22 Suppl: $28-S31.

Bendlova B, Dvorakova S, Sykorova V, Halkova T, Vaclavikova E. Onkologie 2011; 5(6): 325-328.
Bendlova B, Dvorakova S, Sykorova V, Vaclavikova E, et al. Cas /ék ¢es 2012; 151(3): 123-127.

Dvordkova S, Vaclavikova E, Sykorova V, Halkova T, Bendlova B. Cesk Patol 2014; 50(2): 81-86
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1.2 Hirschsprungova choroba

Hirschsprungova choroba (HSCR) je vrozené onemocnéni enterického nervového systému, které je
charakterizovano absenci gangliovych bunék submukdzniho Meissnerova a myenterického
Auerbachova plexu podél variabilni délky distalniho gastrointestinalniho traktu. Etiopatogeneticka
pri¢ina HSCR spociva predevsim v defektu migrace neuroblastl béhem 5. — 12. gestacniho tydne.
Rozsah postizeni stfeva se odviji od toho, vjaké fazi téhotenstvi dojde k preruseni migrace.
Nejcastéjsi formou (75 %) je klasicka rekto-sigmoidedlni forma (RS-HSCR), dlouha forma (LCA) pak
zasahuje vétsi Cast tlustého stfeva, Casto pod liendlni ohbi, a v pfipadé totdlni agangliondzy
tlustého streva (TCA) je postizeno celé tlusté stifevo a ¢ast terminalniho ilea. Ve velmi vzacnych
pripadech mize byt navic postizeno i témér celé (NTSBA) nebo celé tenké strevo (TIA).

HSCR se vyskytuje cca u 1 z 5000 novorozenctll, avSak incidence se mirné lisi mezi etnickymi
skupinami. Z genetického pohledu rozeznavame frekventovanéjsi kratkou (S-HSCR, 80 %)
a dlouhou (L-HSCR, 20 %) formu onemocnéni. Chlapci jsou postizeni 4x Castéji nez divky, ale
u L-HSCR je tato prfevaha pouze v poméru 2:1 (Holschneider et al. 2000, Amiel et al. 2008).

Absence gangliovych bunék v daném Useku stfeva zplsobi jeho zUzZeni a ztratu motility, které brani
vyprazdnéni useku nad nim, stfevo zde pak dilatuje, tvofi megakolon a dochazi k obstrukci
(neprichodnosti) stfeva. HSCR je diagnostikovana bud zdhy po narozeni pacienta, nebo
v batolecim véku, vétsSinou vSak do véku 2 let (Kessmann et al. 2006, Mihal et al. 2009).

HSCR se vyskytuje sporadicky (80 %) nebo familidrné (20 %). Izolovana HSCR predstavuje polygenni
onemocnéni s principy nemendelovské dédi¢nosti. Mendelovska dédicnost se naopak uplatfiuje
u syndromické HSCR, kdy je HSCR soucasti rGznych syndromu (v 90 % je doprovazena trizomii 21).
Do dnesni doby bylo objeveno 15 genl (RET, GDNF, NTN, GFRA1, EDNRB, EDN3, ECE1, SOX10,
ZFHX1B (SIP1), PHOX2B, KIAA1279/KBP, TCF4, TTF-1, NRG1, NTRK3) segregujicich s HSCR. Majoritni
roli zde ovSem hraje RET proto-onkogen, kde se uplatfiuji mutace inaktivujici, detekované u 50 %
pacientl s familidrni formou HSCR a u 15-20 % pacientl se sporadickym vyskytem (Amiel et al.
2008, Miao et al. 2010).

Ve vzacnych pripadech je HSCR asociovana s MEN 2/FMTC. Pfi¢inou jsou mutace v 10. exonu RET
proto-onkogenu v cysteinovych koddnech 609, 611, 618 a 620, které mohou byt zaroven aktivujici
a inaktivujici v zavislosti na tkani, kde se RET protein exprimuje. Vznik MTC hrozi nejméné 5 %
pacientl s detekovanou mutaci v RET proto-onkogenu. Screening zarode¢nych mutaci 10. exonu je
doporucovan zvlasté u pacient s TCA (Moore et al. 2012).

PfestoZe zachyt mutaci v RET proto-onkogenu neni vysoky, vazebné analyzy odhalily spojeni s RET
proto-onkogenem u90 % rodin s HSCR. ZvaZuje se proto také zapojeni béznych
jednonukleotidovych variant v RET proto-onkogenu ¢i jejich urcitych kombinaci, tzv. haplotypd,
které mohou mit funkci genetickych modifikator(i a ovliviiovat expresi proteinu (Burzynski et al.
2005, Emison et al. 2010, Crockett et al. 2011).

Na toto téma jsme publikovali prehledovy ¢lanek, ktery je v disertacni praci uveden in extenso
v pfiloze. Uplnd citace je uvedena v publika¢ni aktivité autorky.

Dvorakova S, Vaclavikova E, Skaba R, Kavalcova L, et al. Ces-slov Pediat 2013; 68(3): 167-176.



2. Cile prace

1. Detekce hlavnich genetickych alteraci u medularniho karcinomu $titné Zlazy a Hirschsprungovy
choroby.

2. Studium role polymorfism{ v RET proto-onkogenu jako modifikujicich faktorl v patogenezi
meduldrniho karcinomu stitné Zlazy a Hirschsprungovy choroby.

3. Studium vztahu mezi genetickymi zménami a jejich fenotypickymi projevy u pacientd
s medularnim karcinomem Stitné Zlazy a pacientl s Hirschsprungovou chorobou.

Predpokladem splnéni téchto cili bylo

a) pokracovat ve shromazdovani DNA banky souborl pacientl s meduldarnim karcinomem
Stitné Zlazy, pacient(l s Hirschsprungovou chorobou a ¢len( jejich rodin

b) tvorba databaze klinicko-patologickych dat

c) kompletace souboru zdravych kontrol

3. Material a metody

3.1 Studované soubory

Nas soubor pacientli s MTC zahrnuje 490 ¢eskych nepfibuznych rodin citajicich 490 pacientd s MTC
(prvozachyt v rodiné) a 381 testovanych pfibuznych v riziku onemocnéni. Dle jejich fenotypu je
mulzeme klasifikovat na rodiny s MEN 2B (9), MEN 2A (14), FMTC (16) a pacienty se sporadickym
MTC (451). DNA banka pacientl s HSCR shromazduje 214 pacient( a 26 ¢lenl vySetfovanych rodin.
Soubor je klasifikovan dle fenotypu onemocnéni, tj. délky postizeného uUseku stfeva, na pacienty
s nejéastéjsi kratkou (rekto-sigmoidealni) formou HSCR (139) a dlouhou formou HSCR (58) véetné
27 pacientll s TCA, 5 pacientl s NTSBA a 2 pacientd s TIA. Do kontrolniho souboru, ktery byl
nezbytny v ramci nasi studie polymorfismU pro porovnani s pacienty s MTC a HSCR, bylo zarazeno
205 zdravych osob, 95 muzl a 110 Zen, v jejichz rodinné anamnéze nebyla shleddna Zadna
onemocnéni Stitné Zlazy ani Hirschsprungova choroba.

Ke korelaci zjisténych genetickych zmén s fenotypovymi projevy onemocnéni jsou ziskavana
podrobna klinicko-patologicka data. U pacientl s MTC se zjistuje pohlavi, vék, hladiny bazalniho
a stimulovaného kalcitoninu pred a po operaci, velikost tumoru a pfitomnost metastaz
v lymfatickych uzlinach a vzdalenych metastdz, multifokalita nadoru a recidiva onemocnéni.
U pacientl s HSCR se kromé véku a pohlavi zjistuje forma onemocnéni ¢ili délka a lokace
aganglionarniho Useku stfeva a pritomnost onemocnéni v rodiné.



3.2 Molekularné geneticka analyza

V soucasné dobé je na naSem pracovisti izolace DNA z periferni krve zaloZzena na principu kolonek
se silikdtovymi membranami - QuickGene DNA Blood Kit L (KURABO Industries) a provadi se na
poloautomatickém izoldtoru DNA QuickGene-610L (FujiFilm). Izolace DNA ze zamraZené
odoperované nadorové tkané se provadi Trizolovou izolaci dle firemniho navodu (Invitrogen). DNA
z nadorové tkané v parafinovych bloccich se izoluje pomoci kitu QlAamp DNA Blood Mini Kit
(Qiagen).

Genetické vysetfeni pacientd s MTC a HSCR se provadi obousmérnou sekvenaci (dle Sangera)
sedmi rizikovych exont (8., 10., 11., 13., 14., 15., 16.). Ostatni exony byly sekvenovany u vybranych
jedincl s preferenci pacientli s podezienim na familidrni formu MTC a HSCR ¢i u agresivnéjsich
forem HSCR.

Amplifikace exonl RET proto-onkogenu pomoci PCR vyuZiva dva enzymy - Elongase enzyme Mix
(Invitrogen) pro 11. exon a AmpliTagGold with GeneAmp (Applied Biosystems) pro zbylé exony.
Po ovéreni amplifikace kontrolni elektroforézou se PCR produkty purifikuji s vyuZitim technologie
Agencourt zalozené na bazi paramagnetickych ¢astic (Ampure XP). K sekvenacni reakci je uzivan
DTCS Quick Start Kit (Beckman Coulter) s fluorescentné znacenymi dideoxynukleotidy, vysledné
PCR produkty jsou purifikovany (CleanSEQ, Agencourt). Vlastni analyza se provadi na kapilarnim
sekvenatoru CEQ 8000 (Beckman Coulter), po niZ jsou sekvence jednotlivych fragment( DNA
porovnavany s referenéni sekvenci (NM_020975.4) a vyhodnoceny.

Pro detekci alteraci v RET proto-onkogenu byla rovnéZz zavedena metoda sekvenovdni nové
generace. Sekvenovany jsou bud' klasicky pfipravené amplikony zahrnuijici jednotlivé exony nebo
dlouhé retézce pokryvajici cely RET proto-onkogen, které jsou pfipraveny pomoci Long Range PCR
(Qiagen). Sekvenace probihd na pfistroji MiSeq (lllumina) s vyuZitim kitu na pfipravu genomové
knihovny Nextera (lllumina).

Pro genotypizaci polymorfismi RET proto-onkogenu byly navrieny TagMan sondy (Applied
Biosystems). Analyza byla provedena pomoci metody real-time PCR na pfistroji Light Cycler 480
(Roche).

Nové nalezené mutace ¢i varianty nezndmého vyznamu byly otestovany in silico pomoci verejné
dostupnych program( PolyPhen-2, SIFT a Align-GVGD pouzivajicich rlizné algoritmy k predikci
potencionalniho dopadu zamény aminokyseliny na funkci proteinu.

Frekvence polymorfisml byly statisticky zhodnoceny a porovnany mezi studovanymi soubory
pomoci chi-kvadrat testu a programu NCSS 2004. Analyza vazby mezi polymorfismy byla
provedena za pomoci programu Haploview (verze 4.1), ktery dokaze identifikovat haplobloky
zahrnujici polymorfismy v silné vazebné nerovnovaze. Nasledné byl vyuzit program PHASE (verze
2.1), ktery na zakladé zadanych genotypovych dat jednotlivych polymorfism{ generuje haplotypy
a diplotypy (dvojice haplotypl z kazdé alely) u kazdého studovaného jedince.



4. Vysledky a diskuze

4.1 Detekce zarodecnych mutaci v RET proto-onkogenu u pacientti s MTC

Vysetfeni zarodecnych mutaci v RET proto-onkogenu u pacienta s MTC predstavuje sekvenacni
analyzu rizikovych exont (8., 10., 11., 13., 14., 15. a 16. exon), ve kterych bylo dle odborné
literatury zachyceno 98 % zarodecnych mutaci v souvislosti s fenotypem MTC (Raue et al. 2012).
V pripadé detekce zarode¢né mutace je u pacienta zhodnocena jeji agresivita, predikovan pribéh
onemocnéni a riziko pro rodinu. Pfi pozitivnim zachytu mutace u rodinného pfislusnika je
indikovdna profylaktickd TTE a screening feochromocytomu a primarni hyperparathyredzy.
Doporuceni ohledné véku TTE a screeningu jsou zdvisla na typu konkrétni mutace (Kloos et al.
2009). Naopak negativni vysledek znamen3, Ze testovany pfibuzny pacienta mize byt z klinického
screeningu vyloucen.

Z celkového poctu 490 testovanych pacientl a 381 rodinnych pfislusnik(i byla zarode¢na mutace
nalezena u 60 pacientl a 73 testovanych pfibuznych; 114 ¢lenl rodin mohlo byt diky negativnimu
vysledku vylouceno z dal$iho klinického screeningu.

Vsichni pacienti s MEN 2B (100 %) byli nositeli mutace Met918Thr v 16. exonu. U Sesti pacient(
s MEN 2B jsme potvrdili mutaci de novo, kdyZz u rodi¢li pacienta nebyla mutace Met918Thr
detekovana. Ve dvou rodindch byla mutace prfenesena z matky na potomky. V prvni rodiné doslo
u starsiho syna k vzestupu kalcitoninu v 7 letech, mladsi syn mél zvySené hladiny kalcitoninu jiz ve
3 letech. Po vykonu TTE byl histologicky prokazan nalez MTC a oboustranné CCH u obou pacientd.
Ve druhé rodiné byla provedena TTE u syna pacientky s MEN 2B ve véku 6 let na zakladé
pozitivniho genetického vysetfeni s histologickym ndlezem CCH. V odborné literatufe je ve
spojitosti s mutaci Met918Thr uveden vék nejmladsiho pacienta s MTC 9 mésicl (de Groot et al.
2006). Dle mezindrodnich doporudeni je proto indikovana profylaktickd TTE s centralni disekci
lymfatickych uzlin prfed dovrSsenim véku 1 roku. V souladu se svétovymi studiemi bylo v nasem
souboru pozorovano, Zze mutace Met918Thr v 16. exonu predstavuje nejvyssi riziko a manifestaci
MTC v rozmezi véku 4-31 let.

U pacientd s MEN 2A byla nejcastéji (79 %) detekovana zarode¢na mutace v 11. exonu v koddnu
634, kde byl cystein nahrazen jinou aminokyselinou. Casty zachyt této mutace odpovida svétovym
datlim, s ¢imzZ souvisi i vysoké riziko feochromocytomu a primarni hyperparathyreézy. Do dalsi
kategorie agresivnich mutaci, asociovanych s MEN 2A i FMTC, spadaji mutace zachycené v 10.
exonu v cysteinovych koddnech 609, 611, 618 a 620, které byly v ¢eskych rodinach rovnéz hojné
detekovany. Rodiny s FMTC, které maji mirnéjsi klinické projevy onemocnéni a predevsim pozdni
vék diagndzy, maji mutaci potvrzenou ve 13. a 14. exonu, velmi ¢astd mutace je Val804Met ve 14.
exonu. Mutace v 10. a 11. exonu korelovaly s vékem diagndzy mezi 20. - 40. rokem, zatimco
mutace ve 13. a 14. exonu se projevovaly jako velice variabilni ve véku onemocnéni (50 - 80 let).
Pravdépodobné z ddvodu mirnéjsich klinicko-genetickych kritérii pro zarazeni pacientl do
kategorie rodin s FMTC je nas detekéni zachyt mutaci v RET proto-onkogenu u FMTC nizsi (69 %)
nez udavaji svétové studie. Geneticky nedoresené rodiny jsou pro nas velkou vyzvou, protoze
v souvislosti s FMTC jiny gen neZ RET neni dle literatury asociovan. Také jsme potvrdili, Ze je velice
prospésné geneticky vysetfovat i vSechny sporadické pripady MTC. Zachyt zdrodec¢né mutace byl
6 % a vyloucil tak predpokladany sporadicky vyskyt u téchto pacienta.

Prekvapivé vysoky byl vyskyt mutace Tyr791Phe ve 13. exonu RET proto-onkogenu, ktera byla
zaznamendna u 3 pacientll se zdanlivé sporadickym MTC, u 4 rodin s familiarni formou MTC (MEN
2/FMTC), 9 rodin s HSCR a 1 pacienta se vzacnou maligni formou feochromocytomu. Mutace
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Tyr791Phe byla prvné publikovana jako de novo u pacienta s HSCR (Seri et al. 1997), pozdéji u MTC
(Berndt et al. 1998) a bylo provedeno nékolik funkénich studii. Bylo zjisténo, Ze vlivem mutace
dochazi ke zméné terciarni struktury katalytické domény, ¢imz je protein vice pfistupny k substratu
a konformaci potrebné pro vazbu ATP. Mutace zplsobi autofosforylaci a aktivaci receptoru RET
i nezavisle na ligandu GDNF a mutantni RET protein je vice exprimovan v plazmatické membrané
(Plaza-Menacho et al. 2005). Dlouhou dobu byla proto jednoznacné povaZovana za méné agresivni
aktivujici mutaci zpUsobujici FMTC, u niZ se profylakticka TTE provadi mezi 5. a 10. rokem véku (de
Groot et al. 2006, Kloos et al. 2009). Béhem poslednich péti let se vsak stala velice diskutovanou
a rozporuplnou. Objevily se studie porovnavajici zachyt Tyr791Phe u pacientl a zdravych kontrol
a dochazejici k zavéru, Ze je jde o vzacnou benigni variantu, samu o sobé nezvysujici riziko pro
vznik MTC (Erlic et al. 2010, Toledo et al. 2015).

Vzhledem k tomu, o jak zavainé dlsledky se v pfipadé Spatné interpretace této varianty jedna,
jsou nutné dalsi dikazy a SirSi studie na velikém souboru zdravych jedincl, ke kterym budou
dostupna podrobna klinickda a anamnesticka data, aby bylo zjisténo, zda tato varianta hraje roli
v patogenezi MTC ¢i HSCR. Z usneseni The European Molecular Genetics Quality Network (EMQN)
vyplyva, Ze kazda laboratof mliZze zaujmout vlastni stanovisko, zda k této varianté bude pfistupovat
naddle jako k patogenni mutaci ¢i jako kvarianté nezpulsobujici MTC. Ve zpravé o vysledku
genetického vysSetreni je vSak jeji nespornou povinnosti uvést, Ze interpretace této varianty je
kontroverzni, a laboratof musi seznamit |ékare, ktery vySetfeni poZzadoval, s obéma interpretacemi
této varianty.

V ptipadé mutace Tyr791Phe doslo k pfirozenému vyvoji ve vykladu ucinku mutace na zakladé
nové opublikovanych védeckych zjisténi a stejné tak i v doporucenich, jak tyto sporné varianty
interpretovat. V obecném pojeti je bohuZel také zfejmé, jak zavainé a ireverzibilni mohou byt
dopady pro zdravé nositele, kdyZ se detekovana varianta nespravné interpretuje. Soucasnd praxe
naseho pracovisté navrhuje pristupovat k mutaci nadale jako k patogenni, nez budou k dispozici
exaktnéjsi zjisténi ohledné jeji role v patogenezi MTC, ale radikdlni profylaktickou TTE jiz
v souvislosti stouto mutaci nedoporucuje. Tim spiS je vSak nutné dasledné a pravidelné
ultrasonografické vysetteni stitné zlazy a biochemicky screening na MEN 2 u nositel(l této varianty.

Nase vysledky a zavéry spolu s korelacemi s fenotypovymi projevy onemocnéni jsou popsany
v publikacich, které se detekci zarodecnych mutaci u ¢eskych pacientll s MTC vénuji a kde je také
popsano nékolik zajimavych kazuistik. Publikace jsou k disertaéni préci prilozeny in extenso. Uplné
citace jsou uvedeny v publikaéni aktivité autorky.

Dvorakova S, Vaclavikova E, Ryska A, Cap J, et al. Exp Clin Endocrinol Diab 2006; 114(4): 192-196.
Holub V, Dvorakova S, Vaclavikova E, Ryska A, et al. Prakt Iék 2007; 87(3): 157-159.

Maruna P, Duskova J, Limanova Z, Dvorakova S, Vaclavikova E, et al. Med Sci Monit 2008; 14(4):
CS31-36.

Ryska A, Cap J, Vaclavikova E, Dvorakova S, et al. Cytopathology 2009; 20(3): 188-194.
Vaclavikova E, Dvorakova S, Sykorova V, Bilek R, et al. Endocrine 2009; 36(3): 419-424.
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4.2 Detekce somatickych mutaci v RET proto-onkogenu u pacientti s MTC

Somatické mutace v RET proto-onkogenu zpUsobuji nepretrzitou aktivaci RET proteinu, ktera vede
aZz ke vzniku a manifestaci MTC. Z 90 pacientl se sporadickym MTC byla mutace v nddorové tkani
detekovana u 40 z nich (44 %). Prevalence somatickych mutaci je tedy v naSem souboru pacientd
srovnatelna s jinymi studiemi, kde se frekvence detekovanych mutaci pohybuje mezi 40 % (Ciampi
et al. 2013) a 65 % (Moura et al. 2009).

Nejcastéjsi somatickou mutaci v RET proto-onkogenu nalezenou v nasem souboru pacient(
se sporadickym MTC je Met918Thr v 16. exonu (65 %). Methionin v kodénu 918 je vysoce
konzervovany a je lokalizovan v katalytickém jadre tyrozinkinazové domény. Mutace v tomto misté
zpUsobi snazsi pristup substratu do katalytického jadra a zvySenou autofosforylaci tyrozinkinazové
domény (Santoro et al. 1995).

Vyjimku netvofi ani mutace v cysteinovych koddénech v 10. a 11. exonu, at uz bodové (Cys618Ser,
Cys620Ser, Cys630Arg, Cys634Trp), nebo delece nékolika koddnl - 628-632del (c.1882-1896del),
628-633del (c.1884-1898del), 632-633del (c.1894-1899del). V nasem souboru byly tyto mutace
odhaleny u 16 % vysetifovanych tumord, v dalSich studiich se zachyt mutaci detekovanych zejména
v 10., 11. a 15. exonu pohyboval od 12 % do 30 % (Moura et al. 2009, Boichard et al. 2012, Ciampi
et al. 2013, Oczko-Wojciechowska et al. 2015).

Pti korelaci klinicko-patologickych dat pacientll s ndlezem somatické RET mutace byla v naSem
souboru zjisténa asociace s horSim klinickym vystupem a vétsi velikosti nadoru. V jiné studii
(Moura et al. 2009) byli geneticky vySetfeni pacienti rozdéleni do tfi skupin dle detekované
somatické mutace. Prvni skupina pacienti s mutaci v 15. exonu (kodén 882, 883) a 16. exonu
(Met918Thr) méla na zdakladé signifikantnich klinicko-patologickych charakteristik nejagresivné;jsi
chovéani sporadického MTC. Se stfednim rizikem agresivniho nddoru ji nasledovala skupina

evvs

pacientl se somatickou RET mutaci v jinych exonech nez 15. a 16.

Vysetfeni somatickych mutaci v ndadorové tkani pfispiva predevsim ke zlepSeni diagnostiky
sporadickych MTC. PrestozZe je pravdépodobnost hereditarni formy MTC u pacientl bez zarodec¢né
mutace v rizikovych exonech RET proto-onkogenu zanedbatelnd, pritomnost minoritni mutace
v jiném, rutinné nescreenovaném exonu neni zcela vyloucena. Detekce somatické mutace pak
muzZe hereditarni formu onemocnéni vyvratit. Vyznamnou Ulohu ma znalost somatické mutace
také pri predikci vyvoje onemocnéni a také pfi terapii pomoci tyrozinkindzovych inhibitora, pfi
které je znalost konkrétni mutace stézejni pro vybér vhodného preparatu.

Detekci somatickych mutaci u cCeskych pacientd s MTC se vénuji dvé publikace, které jsou
k disertaéni praci pfiloZzeny in extenso. Uplné citace jsou uvedeny v publikaéni aktivité autorky.

Dvorakova S, Vaclavikova E, Sykorova V, Duskova J, et al. Thyroid 2006; 16(3): 311-316. Dvorakova
S, Vaclavikova E, Sykorova V, Vcelak J, et al. Mol Cell Endocrinol 2008; 284(1-2): 21-27.
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4.3 Studium polymorfisml v RET proto-onkogenu u pacientti s MTC

Vzhledem k variabilni expresivité a penetranci, fenotypické heterogenité a variabilité véku
onemocnéni u pacientd s toutéz mutaci se hledaji jiné genetické zmény v RET proto-onkogenu
a jiné geny, které by se mohly podilet na vzniku a modulaci klinického projevu MTC. Z vazebnych
studii vyplyvda, Ze i u pacientl, u kterych nebyla v RET proto-onkogenu detekovdna kauzalni
mutace, je RET proto-onkogen tim genem, ktery v patogenezi onemocnéni ma nejvyznamnéjsi roli.
Predpoklada se, Zze také béiné polymorfismy se mohou podilet na vzniku onemocnéni a maiji
vyznam modifikujicich faktor(, schopnych ovlivnit expresi a vlastnosti proteinu (Lesueur et al.
2006, Ceolin et al. 2012, Lantieri et al. 2013). O pfesném mechanismu vlivu polymorfism{ na vznik
Ci progresi MTC se stale spekuluje. Zdména bazi v DNA muzZe narusit ¢i vytvorit alternativni misto
sestfihu vedouci k syntéze alterovaného proteinu, u nesynonymnich polymorfismi se predpoklada
vliv na dimerizaci RET proteinu ¢i tvorbu novych fosforylaénich mist v tyrozinkindzové doméné.

Pti studii vlivu polymorfisml v RET proto-onkogenu na vznik onemocnéni a schopnosti jej
modulovat byl porovnan soubor 341 pacientl se sporadickym MTC a kontrolni soubor 205
zdravych jedincu. Frekvence variantnich alel se signifikantné liSily pouze u dvou ze 12 studovanych
polymorfisma - IVS14-24G/A (p=0,002) a rs2435355 (p=0.04), kde minoritni alela byla signifikantné
v mensim zastoupeni u pacientll nez u kontrol (v poradi, 16.3 % vs. 24.1 %, 19,7 % vs. 25,1 %).

Jednim z cil( této studie bylo také se zaméfit na varianty v 1. intronu a 2. exonu (rs1864410,
rs2435357, rs2506004 a rs1800858), u kterych byla zaznamendna souvislost s vysokym rizikem pro
vznik HSCR (viz kapitola 4.5). Tyto varianty jsou v silné vazebné nerovnovaze a tvofi jeden
haploblok. Podle nasich zjisténi nebyla studie téchto polymorfismd u pacientd s MTC dosud
zadnou laboratofi provedena ¢i publikovdna s vyjimkou polské studie (Borun et al. 2012), ve které
nebyla u pacientll s MTC nalezena variantni alela T polymorfismu rs2435357. V nasi studii
(provedené na vicepocetnych souborech) byly oviem frekvence tohoto polymorfismu u pacientd
a kontrol srovnatelné a na rozdil od polské studie byli v obou skupindch zastoupeni dokonce
homozygoti TT (6 % vs. 9 %). Prestoze se distribuce studovanych variant 1. intronu a 2. exonu
signifikantné neliSila mezi kontrolnim souborem a pacienty, pfi korelaci s klinicko-patologickymi
daty byly zjistény vyznamné asociace minoritnich alel s horsim pribéhem onemocnéni, konkrétné
s klasifikaci nadord TNM (rozsahem ndadoru a pritomnosti metastdaz regiondlnich krcnich
lymfatickych uzlin a vzdalenych metastaz) a recidivou onemocnéni. Variantni alely 4 polymorfism
byly zastoupeny signifikantné vice u pacientd s TNM klasifikaci T2-T4 vs. T1 (p=0,003) a N1 vs. NO
(p=0,03-0,05) a distribuce se také vyznamné lisila u pacientll bez recidivy vs. s recidivou (p=0,01)
a pacientl bez lokalni vs. s lokdlni recidivou (p=0.02). Pacienti s recidivou, lokalnimi metastazami
a klasifikaci T2-T4 maji vétsi zastoupeni minoritni alely (27 %) neZ pacienti bez recidivy, lokalnich
metastaz a klasifikaci T1 (16%). Je ale zajimavé, Ze pacienti s recidivou, lokalnimi metastazami
a klasifikaci T2-T4 maji zastoupeni minoritni alely srovnatelné s kontrolami (28 %). Zda se, Ze
pritomnost minoritni alely nesouvisi se vznikem onemocnéni, ale s jeho modulaci a je u pacient(
spojena s vyssim rizikem, Ze onemocnéni bude mit horsi priibéh.

Publikace uvedenych vysledkl je v pripravé.
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4.4 Detekce zarodecnych mutaci v RET proto-onkogenu u pacientd s HSCR

V nasem souboru byly detekovany zarode¢né mutace u 28 pacientli s HSCR (13,1 %). V zavislosti na
fenotypu onemocnéni, ¢im zdvainéjsi je forma onemocnéni, tim vyssi je zachyt mutaci. Zatimco
pacienti s krdtkou formou méli zachyt 6,5 %, u LCA byl jiz 16,7 %. Vysokd detekce mutaci byla
u pacientld s TCA - 8 z 27 (29,6 %) vysetfenych pacientll mélo detekovanou mutaci v RET proto-
onkogenu. Mutace byla detekovdna u obou pacientll s nejzdvazné;jsi TIA a u dvou z 5 pacientl
s NTSBA (40 %). Jiné studie uvadéji zachyt mutaci v RET proto-onkogenu u NTSBA/TIA kolem 70 %
(Tomiyama et al. 2001, Solari et al. 2003, Ruttenstock et al. 2009). Vétsinou jsou mutace
detekovany po celé délce genu, ¢asto mimo exony vysetiované kvali riziku MTC.

Dualni mutace byly zaznamendny ve dvou ceskych rodinach — vjedné Cys609Tyr a ve druhé
Cys620Arg. Na prikladech téchto dvou rodin lIze demonstrovat opravnénost velmi pfisnych
doporuceni ohledné vykonu profylaktické totalni thyreoidektomii (TTE) u téchto mutaci (Kloos et
al. 2009), kdyz u 8leté pacientky histologie potvrdila jiz CCH, tedy preneoplasticky proces,
a u dalSich 3 nositelek mutace byl prokdzan MTC v ¢asné fazi. Koexistence obou dvou onemocnéni
je velice vzacnd, uvadi se data srovnatelna s nasim souborem (Pakarinen et al. 2005, Amiel et al.
2008). Mutace v koddnu 620 je zachycena v 50 % téchto pfipadl, studie ukazuji, Ze ¢im jsou
mutace blize k transmembranové doméné, tim mohou hrat vyznamnéjsi udlohu pfi bunééné
proliferaci a aktivaci nddorového procesu (Kjaer et al. 2006, Moore et al. 2012).

Byla zaznamendna cela fada dosud nepopsanych variant, které byly otestovany in silico pomoci tti
modell odhadujici Skodlivost mutace - PolyPhen-2, SIFT a Align-GVGD. Pouze mutace Arg969Gly
v 17. exonu byla presvédcivé urcena jako patogenni viemi tfemi algoritmy. Ostatni zamény kazdy
algoritmus predklada s rGznymi vystupy. Je zfejmé, Ze jednotlivé algoritmy na posuzovani dopadu
mutace se mohou ve vystupu vyrazné liSit a je tézké dle nich usuzovat na jeji patogenitu.
Spolehlivéjsi metodou jsou jisté funkéni studie konkrétni mutace, ale pfi vysoké detekci
nezndmych variant je dnes komfortnéjsi pristoupit nejprve k in silico analyze a v souladu s jejimi
vystupy odfiltrovat benigni varianty. Z nasich vysledkd vsak vyplyva, Ze nelze vynaset zavéry pouze
na zakladé jednoho algoritmu a je nutné dané zamény porovnat z nékolika Uhli pohledu. Zajimava
je také 2 bp delece c. 1760-2_1760-1delAG na konci 9. intronu v misté konsenzudlni sekvence pro
fizeni sestfihu RNA. Tato delece, kterd pravdépodobné zplsobi abnormalni sestrih, byla jiz
v odborné literature popsana u pacienta s HSCR (So et al. 2011), ale také jako somaticka
v nadorové tkani u pacienta s feochromocytomem (Beldjord et al. 1995). Je tedy moziné, Ze mize
mit aktivujici i inaktivujici funkci.

Systematicky screening zarodecnych mutaci RET proto-onkogenu u pacientd s HSCR neni
celosvétové béznou praxi. V nékterych centrech je sice rutinni screening zaveden, jedna se ale
vétsSinou pouze o vysetfeni mutaci v 10. exonu RET proto-onkogenu, a to ¢asto jen u pacientd
s L-HSCR. Mnoho publikaci, ve kterych se autofi zaméfili na hledani zdrodeénych mutaci
v ostatnich rizikovych exonech genu, popt. vysetieni rozsifili na cely gen, neexistuje. Pfesto oproti
nékterym pracovistim (Bltter et al. 2007, Kloos et al. 2009) preferujeme sekvenovani vsech
rizikovych exonll RET proto-onkogenu, a to u vSech forem HSCR. Kromé rizika MTC, mohou byt
mutace navic kauzalni v souvislosti s HSCR a i to mUze byt informace zajimava pro pacienta a jeho
genetického poradce - klinického genetika.

Vysledky a zadvéry této studie jsou popsany ve dvou publikacich, které jsou pfiloZzeny k disertacni
praci in extenso. Uplné citace jsou uvedeny v publikaéni aktivité autorky.
Skaba R, Dvorakova S, Vaclavikova E, Vicek P, et al. Pediatr Surg Int 2006; 22(12): 991-995.
Vaclavikova E, Kavalcova L, Skaba R, Dvorakova S, et al. Pediatr Surg Int 2012; 28(2): 123-128.
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4.5 Studium polymorfisml v RET proto-onkogenu u pacientti s HSCR

Vazebnd analyza u pacient(i s HSCR ukazuje, Ze onemocnéni je spojeno s RET proto-onkogenem
zpravidla i v ptripadé, kdy nebyla detekovdna zZadna mutace (Lantieri et al. 2006). Proto se
predpoklada, Ze i nekddujici varianty a béiné polymorfismy mohou mit napf. v konkrétnim
haplotypu modifikujici roli a vliv v patogenezi onemocnéni.

Ke studiu modifikujiciho ucinku polymorfism({ na vznik a fenotypické projevy Hirschsprungovy
choroby bylo vytipovdano 14 variant v RET proto-onkogenu. Zaméfili jsme se na varianty
detekované v rutinné screenovanych exonech, rizikovych pro vznik MTC, ale také v zajimavych
intronovych a nekddujicich oblastech genu. V souboru pacientd s HSCR byly v distribuci
polymorfismG objeveny signifikantni odliSnosti od zdravych kontrol u 11 studovanych variant. Nase
kontrolni populace byla porovnana s dostupnymi daty evropské normalni populace a frekvence
studovanych polymorfism( jsou srovnatelné (Lesueur et al. 2002). ZvIasté vysoké riziko (OR=6,67;
Cl 95% (4,82-9,23), p<0.000001) bylo shledano v souvislosti se 4 studovanymi polymorfismy —
rs1864410, rs2435357, rs2506004 (1. intron) a rs1800858 (2. exon), které tvofily jeden haploblok.
Tyto 4 varianty byly ve vzajemné vazebné nerovnovdze a se stejnou genotypickou distribuci
u témér kazdého jedince. Zatimco u zdravych kontrol se variantni alela vyskytovala pouze ve 28 %,
u pacientl dominovala se zastoupenim v 72 %. Proto také nejcastéjsi haplotypy byly zjiStény pouze
dva — TTAA, ktery ptrevazoval u pacientll (70,7 %), a GCCG, ktery prevazoval u kontrol (71,2 %).
Homozygotni diplotyp TTAA,TTAA riziko jesté zvySuje (OR=17,56). Uvedené polymorfismy se
nachazeji ve 27 kb dlouhé vysoce konzervované oblasti zvané MCS+9.7 (Multispecies conserved
sequence). Ta zacind 4 kb pred transkripénim startovnim mistem RET proto-onkogenu a pokryva
oblast az do 2. exonu. Haplotyp TTAA sniZuje promotorovou aktivitu, vazebnou afinitu TTF-1
(thyroid transcription factor 1), narusuje vazebné misto pro transkripéni faktor SOX10, a tak
reguluje expresi RET proteinu, coZ bylo potvrzeno in vitro (Burzynski et al. 2005, Garcia-Barcelo et
al. 2005, Emison et al. 2010, Sribudiani et al. 2011).

Hypotézu nékterych pracovist (Lantieri et al. 2006, Griseri et al. 2007, Pan et al. 2012) o rozdilné
roli polymorfism( ve dvou rdznych oblastech, kdy vedle rizikového haplotypu v 5 oblasti genu
existuje naopak protektivni 3‘ oblast, jsme nepotvrdili. Z nasich vysledkd vyplyva, Ze nelze oznacit
3 oblast za protektivni, protoZe kromé protektivnich polymorfism( rs1799939 a rs1800863 jsme
u pacientl vtéto Casti genu zaznamenali i varianty spojené se zvySenym rizikem oproti bézné
populaci (rs2565200, rs2435355, rs1800861).

Zajimavé je, ze ackoli u obou forem HSCR bylo riziko spojené s variantnimi alelami 5 haplobloku
vysoké, frekvence téchto rizikovych alel byly o 6 % vyssi u méné agresivni kratké formy HSCR.
Podobny rozdil byl zpozorovan u rs2435357 (Emison et al. 2010) a rs1800858 (Fitze et al. 2002), ale
v nékterych studiich zddné odlisnosti nalezeny nebyly (Lantieri et al. 2006). V nasem souboru ale
mohla byt tato skutec¢nost ovlivnéna také tim, Ze u pacientt s kratkou formou je vétsi zastoupeni
muzl (78 %) nez u pacientd s dlouhou formou (71 %). Byl totiz zaznamenan vliv pohlavi na
frekvenci variantni alely, ktery byl jiz popsan u polymorfismu rs2435357, kdy byla variantni alela
pfitomna u 65 % muzil a pouze 56 % Zen (Nunez-Torres et al. 2011). Riziko spojené s dlouhou
formou HSCR bylo naopak spojeno s polymorfismy rs2472737 ve 14. intronu a rs2435355 v 3’UTR,
kde bylo 2x vyssi v porovnani s kratkou formou.

Vysledky a zavéry této studie jsou popsany v publikaci pfiloZzené k disertaéni praci in extenso.
Upln4 citace je uvedena v publikaéni aktivité autorky.

Vaclavikova E, Dvorakova S, Skaba R, Pos L, et al. PLoS ONE 2014; 9(6): e98957.
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5. Zavér

Karcinomy stitné Zlazy predstavuji nej¢astéjsi onkologické onemocnéni v endokrinologii. Disertaéni
prace se zaméruje na studium vztahu mezi genetickymi zménami a jejich fenotypickymi projevy
u pacientll s meduldrnim karcinomem Sstitné Zlazy (MTC) a Hirschsprungovou chorobou (HSCR).
V patogenezi obou onemocnéni hraji vyznamnou roli mutace RET proto-onkogenu — v pfipadé
MTC aktivujici, v pfipadé HSCR inaktivujici. Existuji vSak i mutace s dualnim charakterem a pacienti
s HSCR jsou tak vystaveni zvysenému riziku MTC.

Byly shromazdény rozsahlé soubory pacientll a rodinnych pfislusnikl a zpracovana podrobnd
klinicko-patologicka data, ktera byla korelovana s nalezenymi genetickymi alteracemi. V nasem
souboru 490 pacientll s MTC a 381 jejich pribuznych v riziku onemocnéni byla zarode¢na mutace
zjisténa u 60 pacientd a 73 rodinnych pfislusnikd, z nichZ naprostd vétSina podstoupila
profylaktickou totdlni thyroidektomii. DalSich 114 ¢lend rodin se zndmou kauzdalni mutaci mohlo
byt diky negativnimu vysledku genetického vysetfeni z klinického screeningu vyrazeno. Identifikace
jednotlivych genetickych zmén v RET proto-onkogenu je podstatna nejen kvili véasnému
terapeutickému zasahu u rizikovych osob jesté v presymptomatickém stadiu onemocnéni, ale
u pacientl pomuze zpresnit diagnézu a odhadnout prognézu onemocnéni. V rdmci genetického
testovani rodin bylo popsano nékolik unikatnich kazuistik.

U sporadického MTC byly detekovany somatické mutace v nddorové tkdni, z nichz majoritni
postaveni méla mutace Met918Thr v 16. exonu, kterd byla asociovana s horSim klinickym
vystupem a vétsi velikosti nddoru. Publikovali jsme prioritni zachyty nasobnych mutaci.
Identifikace somatické mutace pfispiva ke zlepseni diagnostiky sporadickych MTC, kdy je mozné
hereditarni formu onemocnéni jiz zcela vyvratit. Vyznamnou ulohu ma znalost somatické mutace
také pfi predikci vyvoje onemocnéni a také pfi terapii pomoci tyrozinkindzovych inhibitor(, pfi
které je znalost konkrétni mutace stéZejni pro vybér vhodného preparatu.

Systematicky screening zarodecnych mutaci RET proto-onkogenu u pacientl s HSCR neni
celosvétové béznou praxi. V nékterych centrech je zaveden rutinni screening 10. exonu RET proto-
onkogenu, ale casto jen u pacientll s dlouhou formou HSCR, kde je riziko MTC vyssi. V naSem
souboru 214 pacientd s HSCR byla u 28 z nich zachycena zarode¢na mutace, a to prekvapivé c¢asto
i vijinych pro MTC rizikovych exonech, nez pouze v 10. exonu. Proto preferujeme sekvenovani
vsech pro MTC rizikovych exon( RET proto-onkogenu u vSech forem HSCR a u familidrnich forem
vysSetieni rozsifit na cely RET proto-onkogen. U nové detekovanych mutaci nemlzeme s jistotou
tvrdit, Ze zvysuji riziko MTC, pacient ale mlzZe byt na zdkladé detekované mutace alespon pod
klinickym dohledem endokrinologa. Informace o kauzalni mutaci v souvislosti s HSCR je také
dilezita z hlediska genetického poradenstvi v rodinach s familiarni formou HSCR a v budoucnu
mUzZe byt prospésna ve spojitosti s preimplantacni diagnostikou.

ProtoZe vazebné studie i u pacientl bez zjisténé kauzalni mutace ukazuji, Ze RET proto-onkogen je
majoritnim genem v patogenezi obou onemocnéni, byla v rdmci disertacni prace studovana pravé
role polymorfismU jako modifikujicich faktor(, podilejicich se na vzniku a modulaci MTC a HSCR.

Vysledky studie polymorfisml u pacientll s MTC poukazaly na zjisténi, Ze také polymorfismy
v nekddujicich oblastech RET proto-onkogenu, konkrétné v 1. intronu, mohou mit vliv na
onemocnéni. U polymorfism( rs1864410, rs2435357, rs2506004 (1. intron) a rs1800858 (2. exon)
byl zaznamenan mozny modifikujici efekt v souvislosti s horSim pribéhem onemocnéni — velikosti
nadoru, pritomnosti lokalnich metastaz lymfatickych uzlin a recidivou onemocnéni. Byl
identifikovan rizikovy haplotyp TTAA tvoreny minoritnimi alelami téchto 4 polymorfism.
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Pfi studiu polymorfismU u pacientl s HSCR byly identifikovany rizikové varianty v 1. intronu RET
proto-onkogenu a uréen rizikovy haplotyp, ktery byl ve vazbé s HSCR. Byl také zkouman vliv
studovanych variant na agresivitu onemocnéni a souvislost s pohlavim pacient(. HSCR postihuje 4x
vice chlapce a v souladu s touto skutecnosti byla nase zjisténi, Zze markery nesouci vysoké riziko
HSCR jsou vice zastoupeny u muzského pohlavi.

Nase pracovisté je jedinym v republice, které zavedlo rutinni genetickou diagnostiku u pacient(
s MTC a HSCR. V soucasné dobé se snazime objasnit genetickou podstatu nékolika nevyresenych
rodin s klinicky suspektni hereditdrni formou MTC, u kterych nebyla mutace v celém RET proto-
onkogenu zjisténa. V ramci prvotni studie bylo pomoci sekvenovani nové generace a panelu s vice
nez 90 geny souvisejicich s predispozici k rakoviné identifikovano nékolik slibnych kandidatnich
genu a konkrétnich variant.

Vystupem disertacni prace je 18 publikaci mapujicich nase studium genetickych pfi¢in u MTC
a HSCR. Vysledky prace jsem prezentovala formou 22 predndsek a diskutovanych posterll na
mezinarodnich ¢i domacich konferencich. Prace pfispéla k ziskani novych védeckych poznatkq,
k rozsifeni molekuldrné genetické diagnostiky MTC a HSCR v Ceské republice a jeji vysledky se staly
velice prospésné jak |ékarim, tak i pacientim a jejich pfibuznym.
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1. Introduction

Medullary thyroid carcinoma (MTC), Hirschsprung’s disease (HSCR) and pheochromocytoma are
classified as simple neurocristopathies, i.e. diseases linked to neural crest-derived cells. Syndrome
of multiple endocrine neoplasia (MEN) type 2, that associates MTC especially with
pheochromocytoma, is classified as complex neurocristopathy (Bolande 1997). Thyroid
parafollicular cells from which MTC arises, enteric ganglion cells which absence in the
gastrointestinal tract Hirschsprung’s disease is manifested, and chromaffin cells in adrenal medula
from which pheochromocytoma arises belong to the group of neural crest-derived cells.

In these cells, a transmembrane tyrosine kinase receptor RET (REarranged during Transfection) is
expressed, coding by the RET proto-oncogene (Avantaggiato et al. 1994). This gene plays an
important role in differentiation, proliferation and development of neuroendocrine cells. It is
located on chromosome 10q11.2, and consisted of 21 exons with the length of 55 kb (Pasini et al.
1995).

1.1 Medullary thyroid carcinoma

Thyroid carcinomas are the most frequent malignancy in the endocrine glands and MTC
represents 8% of all thyroid carcinomas. Only MTC arises from parafollicular cells and is
manifested mainly in a sporadic form (75%), but 25% of cases are inherited autosomal dominantly.
Hereditary forms comprise familial medullary thyroid carcinoma (FMTC) and syndromes of MEN
type 2A and 2B. In patients with MEN 2A, MTC is associated with pheochromocytoma and primary
hyperparathyroidism and the disease is manifested before the age of 20. Typical clinical symptoms
in patients with more aggressive syndrome of MEN 2B are pheochromocytoma, marfanoid
habitus, mucosal neuromas, intestinal ganglioneuromatosis and thick corneal nerves, and the
disease is manifested mostly at the age of 10 — 20. In FMTC no associated lesions occur and the
age of disease onset is variable. Because normal as well as transformated parafollicular cells
produce calcitonin, calcitonin levels are elevated during tumorigenesis, and are used as a tumor
marker. Therapy involves a radical surgery, known as total thyroidektomy (TTE), which is based on
complete removal of the thyroid gland. If the lymph nodes of neck are affected, a modified radical
neck dissection is also indicated (VIcek et al. 2002, de Groot et al. 2006, Raue et al. 2012).

FMTC and syndromes of MEN 2 are considered for monogenic diseases, because activating
germline mutations in the RET proto-oncogene are only known cause associated with the disease.
The RET proto-oncogene was discovered and localised on the basis of linkage analysis in MEN 2
families between 1985-1987 (Takahashi et al. 1985, Mathew et al. 1987, Simpson et al. 1987). The
whole sequence was published in 1993 (Mulligan et al. 1993, Mulligan et al. 1994). Subsequently,
germline mutations associated with aggressive forms of hereditary MTC were revealed (Donis-
Keller et al. 1993, Mulligan et al. 1993, Hofstra et al. 1994). In MEN 2B patients, the major
mutation Met918Thr in exon 16 was found, which causes constitutive activation of a receptor
independently of ligand interaction and dimerization. Mutations at cysteine codons 609, 611, 618,
620, 630, 634 in exons 10 and 11 were found significant in manifestion of MEN 2A/FMTC. These
mutations cause dimerization of RET receptor (independently of ligand interaction) and activate
signaling pathways. The searching for germline mutations was extended to other exons and
between 1995-1998 mutations in exons 13, 14 and 15 at codons 768, 790, 791, 804 and 891 were
revealed, which were mainly associated with FMTC and moderate manifestion of the disease. In
sporadic MTC, causative somatic alterations are only present in a tumor and are non-transmissible
to offspring. Somatic mutations in tumor tissue are present in 40-65% of patients with sporadic
MTC (Ciampi et al. 2013, Moura et al. 2009).
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Thanks to molecular genetic testing in families with hereditary MTC, the prevention and treatment
of MTC have been radically changed. It was previously relied on monitoring calcitonin levels and
now genetic screening plays the most important role. All patients with MTC should be
systematically screened, because a de novo germline mutation can be detected in apparently
sporadic cases (Elisei et al. 2007). If the patient with MTC has a detected RET mutation, his family
members at risk are indicated to be screened for the mutation. Then a carrier of the mutation is
recommended to undergo profylactic removal of the thyroid gland before disease onset. On the
contrary, family members who are not confirmed to have a tested mutation can be completely
excluded from clinical monitoring. In patients with sporadic MTC with no detectable germline
mutation, it is appropriate to perform genetic analysis of tumor tissue because the presence of
a somatic mutation completely refutes the hereditary MTC and the risk for family members.

Different mechanisms of activation of altered RET tyrosine kinase receptor is reflected in the
correlation of genotype with phenotype. RET mutations significantly differ in their aggressiveness,
disease phenotype and the risk for mutation carriers. The classification of germline mutations in
the RET proto-oncogene was developed and they were categorized into three/four groups
according to their risk for aggressive MTC development (de Groot et al. 2006, Kloos et al. 2009,
Machens et al. 2012). An important aspect is the timing of prophylactic surgery for asymptomatic
carriers of mutations. Guidelines for prophylactic TTE reflect the age of the youngest patient with
histologically confirmed MTC (Machens et al. 2012). Therefore, the recommendation for the age of
TTE is very strict, but it was observed that only very early TTE can prevent disease recurrence and
lymph nodes metastases (Skinner et al. 2005). Likewise, the recommended age for screening of
pheochromocytoma and primary hyperparathyroidism was designed.

Screening of risk exons in the RET proto-oncogene has become the basis for routine molecular
genetic analysis in MTC families. Nevertheless, some families with hereditary MTC were not
resolved and the cause remains not found, although the entire RET proto-oncogene was analysed.
Due to the low penetrance, phenotypic heterogeneity and variable age of disease onset in some
mutations, other genetic alterations in the RET proto-oncogene and other genes that could
contribute to the MTC development and modulate the clinical manifestion have been investigated.
It is assumed polymorphisms in RET exons 2, 7, 11, 13, 14 and 15 and intronic variants could
predispose to MTC development and modify phenotype features (Lesueur et al. 2006, Ceolin et al.
2012, Lantieri et al. 2013).

The clarification of the genetic causes of MTC is not only important for disease prediction in
asymptomatic individuals and more accurate diagnosis and disease prognosis in patients, but it
could also contribute to targeted gene therapy in the future.

On this issue, we have published several articles, which were attached in extenso in the thesis
supplements. The complete citation are listed in the publication activity of the author.

Bendlova B, Dvorakova S, Vaclavikova E, Sykorova V, et al. VnitF Lék 2006; 52(10): 926-934.
Bendlovéa B, Dvorakova S, Vaclavikova E, Vicek P. Klin Onkol 2009; 22 Suppl: $28-S31.

Bendlova B, Dvorakova S, Sykorova V, Halkova T, Vaclavikova E. Onkologie 2011; 5(6): 325-328.
Bendlova B, Dvorakova S, Sykorova V, Vaclavikova E, et al. Cas lék ¢es 2012; 151(3): 123-127.
Dvordkova S, Vaclavikova E, Sykorova V, Halkova T, Bendlova B. Cesk Patol 2014; 50(2): 81-86.
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1.2 Hirschsprung’s disease

Hirschsprung’s disease (HSCR) is a congenital developmental malformation characterised by the
absence of enteric ganglion cells of myenteric Auerbach’s and submucosal Meissner’s plexuses in
the intestine. Etiopatogenetic cause of HSCR is the defect of neuroblast migration during 5th —
12th gestational week. The extent of affected intestine also depends on what stage of pregnancy
the migration is interrupted. The most frequent form of HSCR (75%) is a classical rectosigmoid
HSCR (RS-HSCR). A long aganglionosis (LCA) affects the larger segment of colon, total colonic
aganglionosis (TCA) affects the whole colon and extends from the rectum to the terminal ileum. In
rare cases, as nearly total small bowel aganglionosis (NTSBA) or total intestinal aganglionosis (TIA)
comprise nearly total or the whole intestine.

The incidence of the disease is 1 per 5000 live births, but it differs between ethnic groups. From
the genetic point of view, short-segment aganglionosis (S-HSCR, 80%) and long-segment
aganglionosis (L-HSCR, 20%) are classified according to the length of the aganglionic segment.
S-HSCR occurs four times more often in males than females, but L-HSCR is only two times more
often in males than females (Holschneider et al. 2000, Amiel et al. 2008).

After the dilation process begins, the affected portion of the colon will appear normal and the
more proximal colon will be dilated, megacolon forms and it leads to obstruction of colon. HSCR is
diagnosed soon after the birth of the patient or in toddler age, but mostly until to the age of 2
(Kessmann et al. 2006, Mihal et al. 2009).

HSCR occurs as a sporadic form (80%) or less commonly as a familiar form (20%). Isolated HSCR
presents a polygenic disorder with mechanisms of non-mendelian inheritance. Mendelian
inheritance have been described in syndromic HSCR, where HSCR is associated with syndromes
(trisomy 21 >90%). To date, more than 15 genes (RET, GDNF, NTN, GFRA1, EDNRB, EDN3, ECE1,
SOX10, ZFHX1B (SIP1), PHOX2B, KIAA1279/KBP, TCF4, TTF-1, NRG1, NTRK3) and 5 susceptibility
loci have been associated with the disease. However, the inactivating germline mutations in the
RET proto-oncogene play the major role in the pathogenesis and have been detected in 50% of
patients with a familiar form of HSCR and in 15-20% patients with a sporadic HSCR (Amiel et al.
2008, Miao et al. 2010).

In rare cases, HSCR is associated with MEN 2/FMTC. It is caused by germline mutations in the RET
proto-oncogene in exon 10 at cysteine codons 609, 611, 618 and 620, which can be both activating
and inactivating depending on the tissue where RET is expressed. At least 5% patients with a
detected RET mutation are at risk of MTC development. It is reccomended to perform the
screening of RET mutations in exon 10 esspecially in patients with TCA (Moore et al. 2012).

Although the detection rate of germline RET mutations is relatively low, linkage analysis show that
nearly 90% of HSCR patients are in association with the RET proto-oncogene. Therefore, single
nucleotide polymorphisms (SNPs) as well as some specific haplotypes of the RET proto-oncogene
have been considered to have a function of genetic modifying factors in HSCR pathogenesis and
influence protein expression (Burzynski et al. 2005, Emison et al. 2010, Crockett et al. 2011).

On this issue, we have published a review article, which was attached in extenso in the thesis
supplement. The complete citation is listed in the publication activity of the author.

Dvorakova S, Vaclavikova E, Skaba R, Kavalcova L, et al. Ces-slov Pediat 2013; 68(3): 167-176.
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2. Aims of the study

1. Detection of main genetic alterations in patients with medullary thyroid carcinoma
and Hirschsprung’s disease.

2. Study of the role of polymorphisms in the RET proto-oncogene as modifying factors
in the pathogenesis of medullary thyroid carcinoma and Hirschsprung’s disease.

3. Study of the association of genetic alterations with their phenotype manifestion in patients with
medullary thyroid carcinoma and Hirschsprung’s disease.

To achieve these objectives, it is necessary

a) to continue in DNA samples collection of patients with medullary thyroid carcinoma
and Hirschsprung’s disease and their family members

b) to create a database of clinical and pathological data

c) to gather a control cohort of healthy individuals

3. Material and methods

3.1 Cohorts

Our cohort of patients with MTC comprises 490 Czech unrelated families counting 490 patients
with MTC (the first affected one in a family) and 381 tested family members at risk of the disease.
According to their phenotype, they are classified on families with MEN 2B (9), MEN 2A (14), FMTC
(16) and patients with sporadic MTC (451). The cohort of patients with HSCR consists of 214
patients and 26 family members of tested families. According to the length of affected portion of
colon, the patients are classified to patients with the most frequent short rectosigmoid form of
HSCR (139) and a long form of HSCR (58) included 27 patients with TCA, 5 patients with NTSBA
and 2 patients with TIA. The control cohort of healthy individuals, necessary for the study of
polymorphisms and the comparison with MTC and HSCR patients, includes 205 controls (95 males
and 110 females) whose case history was without thyroid diseases and Hirschsprung’s disease.

Detailed clinical and pathological data have been gathered for the correlation of detected genetic
alterations with phenotype manifestion. In patients with MTC, the data about age, basal and
stimulated calcitonin levels before and after the operation, tumor size, presence of metastases in
lymph nodes and distant metastases, multifocality of a tumor and disease recurrence have been
collected. In patients with HSCR, data about age, sex, form of the disease, i.e. length and location
of aganglionic portion of the intestine, and disease inheritance in a family have been observed.

3.2 Molecular genetic analysis

Currently, DNA isolation from peripheral blood is based on a separation through the porous
membranes - QuickGene DNA Blood Kit L (Kurabo Industries) and is performed on the semi-
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automated isolation system DNA QuickGene 610L (FujiFilm). DNA isolation from fresh frozen
tumor tissue was performed using Trizol isolation according to intructions (Invitrogen). DNA from
formalin-fixed paraffin-embedded tissues was isolated using QlAamp DNA Blood Mini Kit (Qiagen).

Molecular genetic analysis of the RET proto-oncogene mutations in patients with MTC and HSCR
was performed by direct sequencing (Sanger method) of seven risk exons (8, 10, 11, 13, 14, 15, 16)
in both directions. Other exons were sequenced in selected individuals with preference of patients
suspected for hereditary form of MTC and HSCR and more aggressive form of HSCR.

For amplification of RET exons by PCR two enzymes were utilized - Elongase enzyme Mix
(Invitrogen) for exon 11 and AmpliTaqGold with GeneAmp (Applied Biosystems) for all other
exons. After verifying of amplification by control electrophoresis, PCR products were purified using
a technology Agencourt based on paramagnetic particles (Ampure XP). For sequencing reaction,
DTCs Quick Start Kit (Beckman Coulter) with fluorescently labeled dideoxynucleotides was used,
and PCR products were again purified (CleanSeq, Agencourt). The analysis was performed on
a capillary sequencer CEQ 8000 (Beckman Coulter). Sequence traces were compared with RET
reference sequence (NM_020975.4) and evaluated.

Also next generation sequencing method was established for detection of genetic alterations in
the RET proto-oncogene. There are sequenced either classically prepared amplicons of each exon,
or long amplicons covering the entire RET proto-oncogene prepared using Long Range PCR
(Qiagen). Sequencing is proceed on the MiSeq (lllumina) using Nextera kit (lllumina) for
preparation of a genome library.

For genotyping of polymophisms in the RET proto-oncogene, TagMan probes were designed
(Applied Biosystems). The analysis was performed using real-time PCR method on the Light Cycler
480 (Roche).

All detected novel mutations and variants of unknown significance were tested in silico via publicly
available programmes PolyPhen-2, SIFT and Align-GVGD using various algorithms to predict the
possible impact of an amino acid substitution on the structure and function of a human protein.

The frequencies of studied SNPs were statistically evaluated and compared using the NCSS
programme and chi-square test with establishing p-value. For generating haplotypes, the
Haploview programme (version 4.1) was used and a haplotype block of polymorphisms which
were in linkage disequilibrium was constructed using Gabriel’s methods. Consequently, haplotypes
of the particular haploblock were generated in each individual patient and control and diplotypes
were estimated using the PHASE programme (version 2.1).
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4. Results and discussion

4.1 Detection of germline mutations in the RET proto-oncogene in patients with MTC

Genetic testing of germline mutations in the RET proto-oncogene in patients with MTC has been
performed by analysis of risk exons (8, 10, 11, 13, 14, 15 and 16), in which 98% of germline
mutations were revealed in association with MTC (Raue et al. 2012). If a germline mutation is
detected in a patient, its agressiveness is evaluated and disease progression and risk for a family
are predicted. In case of the positive test in a family member, prophylactic TTE and clinical and
biochemical screening for pheochromocytoma and primary hyperparathyroidism are
recommended. Recommendations about the appropriate age for TTE and screening depend on
the mutation classification (Kloos et al. 2009). On the contrary, a tested person could be excluded
from clinical screening due to the negative genetic testing.

From total count of 490 tested patients and 381 family members, a germline mutation was
detected in 60 patients and 73 tested relatives; 114 family members could be excluded from
clinical screening due to the negative result of testing.

All patients with MEN 2B (100%) were carriers of the mutation in exon 16. In six patients
with MEN 2B we confirmed a mutation de novo, as Met918Thr was not found in patient’s parents.
In two families, the mutation was transmitted from a mother on her descendants. In the first
family, the older son had elevated calcitonin levels at the age of 7, the younger son at the age of 3
yet. After TTE, MTC and bilateral CCH was histologically confirmed in both patients. In the second
family, TTE was performed on the basis of positive genetic screening with histological finding of
CCH in a 6 year-old son of a patient with MEN 2B. In the literature, the youngest age of 9 month in
association with MTC has been published (de Groot et al. 2006). Therefore according to the
international guidelines, prophylactic TTE and lymph node dissection are indicated before the age
of 1. In accordance with international studies, we have observed that Met918Thr represents the
highest risk and MTC manifestion at the age of 4-31.

In patients with MEN 2A, the most frequent mutation (79%) was detected in exon 11 at codon
634 where cysteine was substituted by other amino acid. High detection rate of the mutation is
comparable with other global studies. The other risk category of aggressive mutations associated
with MEN 2A/FMTC is represented by mutations in exon 10 at cysteine codons 609, 611, 618 and
620, also often detected in Czech families. Families with FMTC with moderate clinical manifestion
of the disease and especially late age of disease onset had a mutation detected in exons 13 and
14; Val804Met in exon 14 was very frequent. Mutations in exons 10 and 11 correlated with the
age of diagnosis between 20 and 40, whereas very variable age of diagnosis (50 - 80 years of age)
has been observed in mutations in exons 13 and 14. Probably due to less strict clinical-genetic
criteria for the classification of FMTC families in our cohorts , the detection rate of mutations in
the RET proto-oncogene is lower (69 %) in FMTC than global studies published. Genetically
unsolved families are a great challenge for us, because besides the RET no gene has been
discovered to be associated with FMTC. We also confirmed that genetic testing was very beneficial
in all sporadic MTCs because the detection rate of germline mutations (mostly de novo) was 6%
and presumed sporadic occurrence was excluded in these patients.

Surprisingly, high incidence was in the mutation Tyr791Phe in exon 13 that was found in 3 patients
with apparently sporadic MTC, 4 families with hereditary MTC (MEN 2/FMTC), 9 families
with HSCR and 1 patient with a rare malignant type of pheochromocytoma. Mutation Tyr791Phe
was firstly published as a de novo mutation in a patient with HSCR (Seri et al. 1997) and one year
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later as a new hot spot for MTC (Berndt et al. 1998). Then several functional studies were
performed and result in findings that Tyr791Phe modificated the tertiary structure of the catalytic
domain and lead to a protein with more accessible substrate and ATP-binding conformation. RET
receptor mutant is autophosphorylated and activated independently on typical RET ligand GDNF
and a high degree of RET mutant is expressed at the plasma membrane (Plaza-Menacho et al.
2005). Thus the mutation was clearly considered as less aggressive activating mutation causing
FMTC for which the prophylactic TTE is recommended to undergo between 5 and 10 years of age
(de Groot et al. 2006, Kloos et al. 2009). However, during last five years it has become highly
debated and controversial. There have been studies comparing detection of Tyr791Phe in patients
and healthy controls and arriving at conclusion that it is a rare benign variant that does not
increase the risk for MTC development (Erlic et al. 2010, Toledo et al. 2015).

Since a wrong interpretation can lead to the serious consequences, additional studies on a large
group of healthy individuals with available detailed clinical and anamnestic data are required to
determine whether this variation plays a role in MTC and HSCR pathogenesis. The resolution of the
European Molecular Genetics Quality Network (EMQN) suggested that each laboratory could take
own opinion and interpret the variant as pathogenic and causing MTC or benign and not causing
MTC. In a report of the genetic testing, however, it is undoubted duty to state that the
interpretation of the variant is controversial, and the doctor who requested the examination, must
be aware of two interpretations of this option.

The interpretation of Tyr791Phe and guidelines how to interpret controversial variants have been
modified on the basis of recent published findings. Unfortunately, it is obvious how serious and
irreversible impact on healthy carriers a wrong interpretation could have. Current practice in our
department proposes to consider the variant for pathogenic before more precise findings about its
role in the pathogenesis of MTC will be available, but prophylactic TTE is not recommended in
association with the variant. However, the regular ultrasound examination of the thyroid and
biochemical screening for MEN 2 are necessary.

The results and conclusions of genetic testing in patients with MTC and its correlations with
phenotype manifestion have been published in several papers and interesting case reports which
were attached in extenso in the thesis supplements. The complete citations are listed in the
publication activity of the author.

Dvorakova S, Vaclavikova E, Ryska A, Cap J, et al. Exp Clin Endocrinol Diab 2006; 114(4): 192-196.
Holub V, Dvorakova S, Vaclavikova E, Ryska A, et al. Prakt Iék 2007; 87(3): 157-159.

Maruna P, Duskova J, Limanova Z, Dvorakova S, Vaclavikova E, et al. Med Sci Monit 2008; 14(4):
CS31-36.

Ryska A, Cap J, Vaclavikova E, Dvorakova S, et al. Cytopathology 2009; 20(3): 188-194.
Vaclavikova E, Dvorakova S, Sykorova V, Bilek R, et al. Endocrine 2009; 36(3): 419-424.
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4.2 Detection of somatic mutations in the RET proto-oncogene in patients with MTC

Somatic mutations in the RET proto-oncogene cause a continuous activation of RET protein which
leads to the development and manifestion of MTC. In our cohort, a somatic mutation in tumor
tissue was detected in 40/90 patients with sporadic MTC (44%) and the prevalence of somatic
mutations is comparable with other studies, in which the detection rate ranges from 40% (Ciampi
et al. 2013) to 65% (Moura et al. 2009).

The most frequent somatic mutation in the RET proto-oncogene found in our cohort is Met918Thr
in exon 16 (65%). Methionine at codon 918 is highly conserved and lies within the substrate
binding pocket of the central catalytic core of the tyrosine kinase domain. The mutation causes
constitutive activation of tyrosine kinase activity as the affinity of the substrate binding pocket is
altered and thus phosphorylation is increased (Santoro et al. 1995).

Other somatic alterations were detected at cysteine codons in exons 10 and 11, i.e. missence
mutations (Cys618Ser, Cys620Ser, Cys630Arg, Cys634Trp), or deletions of several codons —
628-632del (c.1882-1896del), 628-633del (c.1884-1898del), 632-633del (c.1894-1899del). The
mutations were revealed in 16% of analysed tumors, whereas in the other studies, the detection
rate of mutations, especially in exons 10, 11 and 15, ranged from 12% to 30% (Moura et al. 2009,
Boichard et al. 2012, Ciampi et al. 2013, Oczko-Wojciechowska et al. 2015).

From the correlation of clinical and pathological data with the detection of RET somatic mutations,
the association with worse clinical outcome and larger size of a tumor was found. In a previous
study (Moura et al. 2009), the patients were classified to three groups accordingly to the detected
somatic mutations. On the basis of clinicopathological features, the first group of patients with a
mutation in exons 15 (codons 882, 883) and 16 (Met918Thr) was significantly associated with the
highest risk for aggressive MTC. It was followed by the second group of patients with no somatic
mutation and intermediate risk of aggressive tumor. The lowest risk for a worse clinical outcome
was presented by the group of patients with a somatic RET mutation in other exons.

The detection of somatic mutations in tumor tissue contributes to improving the diagnosis of
sporadic MTC. Although the probability of hereditary form of MTC is negligible in the patients with
no detectable germline mutations in risk exons of the RET proto-oncogene, the presence of
a minor mutation in other routinely nonscreened exons is not completely excluded. The hereditary
form of the disease may be only disproved by the detection of a somatic mutation. Moreover, the
knowledge of a somatic mutation has an important role in predicting disease development and
also in therapy with tyrosine kinase inhibitors, in which the knowledge of a specific mutation is
crucial for choosing of suitable treatment.

Two papers devoting to the detection of somatic RET mutations in Czech patients with MTC were
attached in extenso in the thesis supplements. The complete citations are listed in the publication
activity of the author.

Dvorakova S, Vaclavikova E, Sykorova V, Duskova J, et al. Thyroid 2006; 16(3): 311-316. Dvorakova
S, Vaclavikova E, Sykorova V, Vcelak J, et al. Mol Cell Endocrinol 2008; 284(1-2): 21-27.
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4.3 Study of polymorphisms in the RET proto-oncogene in patients with MTC

Due to variable expressivity and penetrance, phenotype heterogeneity and variable age of disease
onset in RET mutations, other genetic alterations in the RET proto-oncogene and other genes, that
could contribute to the development and modulation of clinical manifestion of MTC, have been
investigated. The linkage studies also in patients with no identified causative mutation indicate
that the RET proto-oncogene is a major gene in the pathogenesis of MTC. It is assumed that also
common polymorphisms may have a modifying effect and be capable to affect the protein
expression and behavior (Lesueur et al. 2006 Ceolin et al. 2012, Lantieri et al. 2013). The exact
mechanism of the impact of polymorphisms on disease progression has been still argued. Bases
exchange in DNA could interrupt and/or create an alternative splicing site, leading to the synthesis
of an altered protein with another ligand binding capacities. In non-synonymous polymorphismes, it
can be assumed that the modification has a cooperative effect on the dimerization of the RET
protein or forms a new phosphorylation site in the tyrosine kinase domain.

In a study of the impact of polymorphisms in the RET proto-oncogene on the development and
modulation of the disease, the cohort of 341 patients with sporadic MTC and a control group of
205 healthy individuals were compared. The frequency of variant alleles significantly differed in
only two out of 12 studied polymorphisms — IVS14-24G/A (p = 0.002) and rs2435355 (p = 0.04),
where the minor allele was significantly underrepresented in patients vs. controls (16% vs. 24%,
20% vs. 25%, respectively).

The aim of the study was also to focuse on the variants in intron 1 and exon 2 (rs1864410,
rs2435357, rs2506004 a rs1800858), which had been previously found to be significantly
associated with increased risk for HSCR development (Part 4.5). These variants composing
a haploblock are in a strong linkage disequlibrium. To the best of our knowledge, no study of these
SNPs was not published in association with MTC except Polish study (Borune et al. 2012), in which
no variant allele T of rs2435357 was surprisingly found in patients with MTC. However, in our
study (of larger cohorts than in Polish study), the frequency of this polymorphism was similar in
patients and controls and there were represented even TT homozygotes (6% vs. 9%, respectively).
Although the distribution of these four variants did not significantly differ between patients and
controls, the correlation with clinical and pathological data revealed the significant association of
minor alleles with worse clinical outcome, particularly with TNM classification (tumor size, lymph
node and distant metastases) and disease recurrence. Minor alleles of these 4 SNPs were
significantly overrepresented in patients with TNM classification T2-T4 vs. T1 (p = 0.003) and N1
vs. NO (p = 0.03 to 0.05). The distribution of polymorphisms also significantly differed in patients
without recurrence vs. patients with disease recurrence (p = 0.01) and in patients without local
recurrence vs. patients with local recurrence (p = 0.02). The patients with recurrence, lymph node
metastases, and TNM classification T2-T4 had minor alleles overrepresented (27%) compared to
patients without recurrence, without lymph node metastases, and TNM classification T1 (16%).
However, minor alleles were represented in the patients with recurrence, lymph node metastases,
and TNM classification T2-T4 comparably to the control group (28%) as. It seems that a minor
allele does not impact the disease onset but it can modify it and it is associated with the increased
risk of worse clinical outcome of the disease.

These results are being prepared to publishing.
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4.4 Detection of germline mutations in the RET proto-oncogene in patients with HSCR

In our cohort of patients with HSCR, germline mutations were detected in 28 patients (13%).
Considering the length of affected portion of the intestine, the detection of mutations increases
with increasing severity of the disease. Whereas in patients with S-HSCR the detection rate was
6.5 %, in LCA was 17%. The high rate of RET mutations was in TCA, a mutation was detected in
8/27 (30%) tested patients. Also in the most rare and severe TIA, both patients had a detected RET
mutation in exons which were not risk for MTC, as well as in NTSBA a mutation was found in 2/5
patients (40%). In NTSBA/TIA, previous studies describe detection rate of RET mutations 70%
(Tomiyama et al. 2001, Solari et al. 2003, Ruttenstock et al. 2009). The mutations were detected
mostly along the entire RET gene and often outside of exons routinely investigated for MTC risk.

Mutations Cys609Tyr and Cys620Arg with dual function (activating, inactivating) were detected in
two Czech families. Here we can demonstrate the legitimacy of strict recommendations for
prophylactic TTE in this category of mutations (Kloos et al. 2009). CCH, a preneoplasitc process,
was confirmed in only 8 year-old patient, and MTC in early stage was histologically proven in other
three carriers of the mutation. Co-existence of both diseases is very rare and worldwide data are
comparable with our study (Pakarinen et al. 2005, Amiel et al. 2008). In studies, the mutation at
codon 620 was found in 50% of patients with a dual mutation. This fact is consistent with studies
showing that mutations which are closer to a transmembrane domain play more important role in
cell proliferation and activation in tumorigenesis (Kjaer et al. 2006, Moore et al. 2012).

A large number of novel variants was detected and all were tested in silico using three
programmes predicting the pathogenicity of a mutation — PolyPhen-2, SIFT and Align-GVGD. Only
mutation Arg969Gly in exon 17 was evaluated as pathogenic by all three algorithms. Other
variants were evaluated with different outcomes. It is appropriate that different algorithms for
impact of mutations assessment can significantly vary and it is difficult to conclude the mutations
to be pathogenic or benign. More reliable method is a functional study, but recently with so many
unknown variants detected using modern molecular genetic methods, it is more comfortable to
proceed first in silico analysis and filter benign variations. Our results show, however, that is not
possible to make conclusions on the basis of only one algorithm, and it is necessary to compare
several approaches. Also interesting is the 2 bp deletion c. 1760-2_1760-1delAG detected at the
end of intron 9 in the site of consensus sequence for control of RNA splicing. This deletion that is
likely to cause abnormal splicing has been described in the literature in a patient with HSCR (So et
al. 2011), but also as somatic in tumor tissue of a patient with pheochromocytoma (Beldjord et al.
1995). It is therefore possible that it may have an activating and an inactivating function.

Screening of RET germline mutations in all patients with HSCR is not worldwide a standard routine.
Some centers perform routine screening of exon 10, but only in patients with L- HSCR. There have
not been published many studies focusing on the analysis of neither other risk exons besides exon
10, nor extending to the entire RET proto-oncogene. Contrary to some centres (Blitter et al. 2007,
Kloos et al. 2009) we prefer sequencing of all seven risk exons in patients with all forms of HSCR. In
familiar forms of HSCR, we recommend to extend the analysis for the entire RET proto-oncogene.
Moreover, identification of a causative mutation is important for genetic counseling in families
with HSCR and in future, it could be beneficial in preimplantation genetic diagnosis.

The results of the study have been published in two papers which were attached in extenso in the
thesis supplements. The complete citations are listed in the publication activity of the author.

Skaba R, Dvorakova S, Vaclavikova E, Vicek P, et al. Pediatr Surg Int 2006; 22(12): 991-995.

Vaclavikova E, Kavalcova L, Skaba R, Dvorakova S, et al. Pediatr Surg Int 2012; 28(2): 123-128.
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4.5 Study of polymorphisms in the RET proto-oncogene in patients with HSCR

The results of linkage studies indicate that HSCR is associated with the RET proto-oncogene also in
patients with no identified causative mutation. Therefore, it is assumed that polymorphisms could
have (e.g. in a specific haplotype) a modifying effect and influence the disease pathogenesis.

Fourteen variants in the RET proto-oncogene were selected to our study of the modifying effect
on the development and phenotypic manifestion of HSCR. We focused on the variants detected in
routinely screened exons (risk for MTC), but also in intronic and interesting regions of the gene.
SNP analysis revealed significant differences in frequencies of 11 polymorphic RET variants
between 162 HSCR patients and 205 unaffected controls. Allele frequencies in our tested normal
population were similar with frequencies in previously reported in a European control population
(Lesueur et al. 2002). A high risk (OR=6.67; CI 95% (4.82-9.23), p<0.000001) was found in
association with four studied polymorphisms - rs1864410, rs2435357, rs2506004 (intron 1) and
rs1800858 (exon 2), composing a haploblock. These 4 SNPs were in the complete linkage
disequilibrium and went together with almost the same genotype distribution in all cohorts.
Whereas a variant allele of these SNPs occured in 28% of normal population, it was represented in
72% of patients. Therefore there were only two main haplotypes — TTAA dominating in patients
(71%), and GCCG dominating in controls (71%). Homozygote diplotype TTAA,TTAA had even
increased risk (OR=17.56). These SNPs are located in a HSCR-causing region covering 27 kb in total.
It is a highly conserved region called MSC+9.7 (Multi species conserved) and starts 4 kb upstream
of the RET transcription start site and going along the way to the beginning of exon 2. TTAA
haplotype decreases RET promoter activity, reduces the binding affinity of TTF-1 (thyroid
transcription factor 1), disrupts a binding site for transcription factor SOX10, decreases enhancer
for RET expression and thus regulates RET expression which was confirmed by in vitro studies
(Burzynski et al. 2005, Garcia-Barcelo et al. 2005, Emison et al. 2010, Sribudiani et al. 2011).

We cannot confirm the hypothesis suggested in previous studies (Lantieri et al. 2006, Griseri et al.
2007, Pan et al. 2012) about the different role of SNPs in two linkage disequilibrium regions where
besides the risk haplotype at the 5 end of the RET protooncogene, a protective function of the
3’ half of the gene was proposed. Our results show that it is not possible to mark the 3’ region to
be protective, because apart from protective polymorphisms rs1799939 and rs1800863 there
were detected variants associated with an increased risk in patients compared to general
population (rs2565200, rs2435355, rs1800861).

Interestingly, although the risk associated with variant alleles of the 5‘ haploblock was high in both
L-HSCR and S-HSCR, frequency of risk alleles was even 6% higher in the less aggressive S-HSCR.
Similar results were described in rs2435357 (Emison et al. 2010) and rs1800858 (Fitze et al. 2002),
whereas no difference was revealed between L-HSCR and S-HSCR in other study (Lantieri et al.
2006). However, in our cohort, the higher frequency of variant alleles in S-HSCR was likely caused
by a higher representation of male patients in S-HSCR (78%) than in the L-HSCR cohort (71%).
A gender effect was previously described in rs2435357 where the variant allele was present in 65%
of males vs. 56% of females (Nunez-Torres et al. 2011). The risk of L-HSCR was influenced
especially by rs2472737 and rs2435355 where the variant allele elevated the risk of L-HSCR nearly
two fold compared to S-HSCR.

The results and conclusions of this study have been described in the publication attached to the
thesis in extenso. The complete citation is listed in the publication activity of the author.

Vaclavikova E, Dvorakova S, Skaba R, Pos L, et al. PLoS ONE 2014; 9(6): e98957.
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5. Conclusions

Thyroid cancer is the most frequent endocrine malignancy. The thesis is focused on the study of
genetic alterations and their phenotype manifestion in patients with medullary thyroid carcinoma
(MTC) and Hirschsprung’s disease (HSCR). In the pathogenesis of both diseases, mutations in the
RET proto-oncogene play an imporatnt role — activating mutations in MTC, inactivating mutations
in HSCR. However, there are also mutations with dual character (activating and inativating) and
patients with HSCR have increased risk for MTC development.

The large cohorts of patients and family members were collected and detailed clinical and
pathological data have been correlated with detected genetic alterations. In our cohort of 490
patients with MTC and 381 of their at-risk relatives, a germline mutation was found in 60 patients
and 73 family members, of which the majority had undergone prophylactic total thyroidectomy.
The other 114 family members could be excluded from clinical screening due to the negative result
of genetic testing. Identification of genetic changes in the RET proto-oncogene is essential not only
for early therapeutic intervention in individuals at risk even in pre-symptomatic stage of the
disease, but it helps to improve the diagnosis, and to estimate prognosis. Several unique case
reports have been described within the genetic testing of families.

In sporadic MTC, somatic mutations in tumor tissue were detected of which Met918Thr was the
most frequently represented and associated with worse clinical outcome and larger size of
a tumor. We have published several case reports of priority with detected multiple mutations in
a patient. The identification of a somatic mutation improve the diagnosis of sporadic MTC, when it
is possible to completely disprove a hereditary form of MTC. The knowledge of a mutation has an
important role also in prediction of disease development and progression and also in therapy with
tyrosine kinase inhibitors in which the knowledge of a specific mutation is crucial for choosing of
suitable treatment.

Screening of germline mutations in the RET proto-oncogene in all patients with HSCR is not
worldwide a standard routine. Some centers perform routine screening of exon 10, but only in
patients with a long form HSCR where the risk of MTC is higher. In our cohort of 214 patients
with HSCR, germline mutation was detected in 28 patients, not only in exon 10, but often in other
risk exons for MTC. Therefore we prefer sequencing of all seven risk exons in patients with all
forms of HSCR and extend the analysis for the entire RET proto-oncogene in familiar forms.
Regarding novel mutations, we can not obviously conclude that they increase the risk for MTC,
however, a patient should be followed up by an endocrinologist on the basis of a detected
mutation. Moreover, an information about a mutation causing HSCR is also important for genetic
counseling in families with HSCR and in future, it could be beneficial in preimplantation genetic
diagnosis.

The linkage studies also in patients with no identified causative mutation indicate that the RET
proto-oncogene is a major gene in the pathogenesis of both diseases. In the thesis, the role of
polymorphisms as modifying factors involved in MTC and HSCR development and modulation was
studied.

The results of the study of polymophisms in patients with MTC show that variants in intronic
regions of the RET proto-oncogene, especially in intron 1, can modify the disease. In rs1864410,
rs2435357, rs2506004 (intron 1) and rs1800858 (exon 2) was observed a possible modifying effect
in association with a worse disease progression - tumor size, presence of lymph node metastases,
and disease recurrence. There was identified a risk haplotype TTAA consisting of minor alleles of
these four polymorphisms.
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Also in patients with HSCR, these polymorphisms seem to be crucial. Risk variants in intron 1 and
haplotype with a high risk associated with HSCR were identified. Moreover, the association of the
variants with aggressiveness of the disease and sex of patients were studied. Our findings that
these markers carrying a high risk for HSCR are more often represented in males are consistent
with the fact that HSCR occurs four times more often in males than females.

Our department is the only one in the Czech Republic that has established a routine genetic
diagnosis of patients with MTC and HSCR. Currently, we are trying to clarify the genetic basis of
several unsolved families with a clinically suspected hereditary form of MTC that have not
a mutation in the entire RET proto-oncogene detected. Within the pilot study, several promising
candidate genes and specific variants were identified using next generation sequencing method
and the panel with more than 90 genes associated with a predisposition to cancer.

The outcome of the thesis is 18 publications covering our study of genetic causes in MTC and
HSCR. The results of the study | presented in 22 lectures and posters discussed at international and
domestic conferences. The thesis has contributed to obtain new scientific knowledge, to extend
the molecular genetic diagnosis of MTC and HSCR in the Czech Republic and its results have
become very beneficial to physicians, patients and their family members.
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Seznam zkratek / Abbreviations

ART
ATP
CCH
DNA
FMTC
FNAB
GDNF
GFR a
HSCR
LCA
L-HSCR
MEN 2A
MEN 2B
MTC
NTN
NTSBA
PCR
PSP
RET
RS-HSCR
S-HSCR
TCA
TIA

TKI
TNM
TTE
UKS
UTR

artemin

adenosintrifosfat

hyperplazie C-bunék

deoxyribonukleova kyselina

familiarni meduldrni karcinom Stitné zlazy
aspiracni biopsie tenkou jehlou

glial cell line-derived neurotrophic factor
GDNF family receptor a

Hirschsprungova choroba

dlouha forma stfevni aganglionézy

dlouha forma Hirschsprungovy choroby
mnohocetna endokrinni neoplazie typu 2A
mnohocetna endokrinni neoplazie typu 2B
medularni karcinom stitné zlazy

neurturin

témér totalni forma agangliondzy tenkého stfeva
polymerazova fetézova reakce

persefin

REarranged during Transfection
rekto-sigmoidedlni forma Hirschsprungovy choroby
kratka forma Hirschsprungovy choroby
totalni agangliondza tlustého streva
totdlni intestinalni agangliondza
tyrozinkinazovy inhibitor
tumor-uzlina-metastaza

totdlni thyreoidektomie

ultrakratky segment Hirschsprungovy choroby

neprekladana oblast

artemin

adenosin triphosphate

C-cell hyperplasia

deoxyribonucleic acid

familial medullary thyroid carcinoma
fine needle aspiration biopsy

glial cell line-derived neurotrophic factor
GDNF family receptor a
Hirschsprung’s disease

long colonic aganglionosis

long form of Hirschsprung’s disease
multiple endocrine neoplasia type 2A
multiple endocrine neoplasia type 2B
medullary thyroid carcinoma
neurturin

nearly total small bowel aganglionosis
polymerase chain reaction

persephin

REarranged during Transfection
recto-sigmoid form of Hirschsprung’s disease
short form of Hirschsprung’s disease
total colonic aganglionosis

total intestinal aganglionosis
tyrosine kinase inhibitor
tumor-node-metastasis

total thyroidectomy

ultrakratky segment Hirschsprung’s disease

untranslated region
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