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Abstrakt

Ve své disertacni praci jsem se vénovala studiu genetické predispozice vybranych

nadorovych onemocnéni, jejiZ piic¢iny nebyly v CR dosud systematicky studovany.

Pro identifikaci dédi¢nych patogennich variant jsme pouzili panelové sekvenovani
nové generace. Analyza 1333 pacientek s karcinomem ovaria, 527 pacientek s nadory
endometria a 334 pacientl s hepatocelularnim karcinomem zahrnovala sekvenovani
s vyuzitim panelu CZECANCA. Pro analyzu 264 pacientid s melanomem jsme pfipravili
specificky panel CZMELAC. Primarné jsme se zamé&fili na identifikaci nosicii patogennich
variant ve znamych predispozi¢nich genech pro jednotlivd onemocnéni, néasledné¢ jsme
hodnotili i vliv kandidéatnich gent a charakteristiky odliSujicich nosice patogennich variant

od nenosicu.

Analyza vysoce rizikovych pacientl s melanomem odhalila patogenni varianty
v genech asociovanych s melanomem u 9/264 (3,4 %) nemocnych, dalSich 22 (8,3 %)
pacienti neslo patogenni variantu v nékterém z dalSich predispozi¢nich genda.
Pravdépodobnost zachytu patogenni varianty zvySoval mnohocetny vyskyt melanomu u
probanda a vyskyt onemocnéni v rodiné. Zcela nejcast€j$i byl vyskyt germindlnich
patogennich variant ve studii zaméfené na karcinom ovaria, kde jsme patogenni varianty
nalezli u 427/1332 (32,0 %) pacientek s prevahou mutaci v BRCAI, BRCA2, nasledovanych
dal§imi ovaridlnimi predispozi¢nimi geny. Nadorova duplicita karcinomu prsu a ovaria u
probandek a pfitomnost karcinomu ovaria v rodinné anamnéze byla nejsilnéjSim faktorem
indikujicim pfitomnost patogenni varianty, avSak 1 u pacientek bez pozitivni rodinné
anamnézy jsme zachytili 20 % patogennich variant. Studie pacientek s karcinomem
endometria identifikovala nosi¢ky patogennich variant u 60/527 (11,4 %) ptipadd,
rozdélenych piiblizn€ stejnomérné na nosicky alteraci v genech spojenych s karcinomem
prsu a ovaria a nosi¢ky mutaci v genech Lynchova syndromu, u nichZ jsme vSak zaznamenali
vyznamné vyS§i riziko vzniku onemocnéni v signifikantné niz§im veéku. Pritomnost
jakéhokoliv nadorového onemocnéni v rodin€ se vyznacovala zvySenou pravdépodobnosti
zachytu patogenni varianty. Analyza souboru pacientll s hepatocelularnim karcinomem
zachytila pfitomnost pfi¢inné patogenni varianty v genech asociovanych s hepatocelularnim
karcinomem pouze u 7/334 (2,1 %) pacientli coz ukazuje, ze analyza nadorové predispozice

u této diagndzy neni klinicky vytézna.

Vysledky disertatni prace piispely ke zmapovani nadorové predispozice
studovanych nadorovych onemocnéni v CR a umoznily identifikaci fenotypovych
charakteristik rizikovych pacientli, coz muze piispét k lepsi diagnostice a prevenci

studovanych nadorovych onemocnéni.



Kli¢ova slova: hereditarni nadorova predispozice, melanom, zhoubné nadory endometria,
karcinom ovaria, hepatocelularni karcinom, panelové sekvenovéni, sekvenovani nové

generace, zarodecné varianty



Abstract

In my dissertation, I studied the genetic predisposition of selected types of cancer

that have not been systematically studied in the Czech Republic.

We used next-generation panel sequencing to identify germline pathogenic variants.
Analysis of 1333 patients with ovarian cancer, 527 patients with endometrial cancer, and
334 patients with hepatocellular carcinoma included sequencing using the CZECANCA
panel. A specific CZMELAC panel was prepared for the analysis of 264 melanoma patients.
We focused on the identification of pathogenic variants in known predisposition genes. We
also evaluated candidate genes and phenotypic characteristics in carriers of pathogenic

variants.

Analysis of high-risk melanoma patients revealed pathogenic variants in melanoma-
associated genes in 9/264 (3.4%) patients, and an additional 22 (8.3%) patients carried a
pathogenic variant in one of the other predisposition genes. The odds of carrying a
pathogenic variant were increased in probands with multiple melanomas and in the presence
of melanoma in relatives. The incidence of germline pathogenic variants was highest in
ovarian cancer, where pathogenic variants were found in 427/1332 (32.0%) patients, with a
predominance of mutations in BRCAI, BRCA2, followed by alterations in other ovarian
predisposition genes. Breast and ovarian cancer tumor duplicity and the presence of a family
history of ovarian cancer were the strongest factors indicating the presence of a pathogenic
variant, but we also detected 20% of pathogenic variants in patients without a positive family
history. In a study of patients with endometrial cancer, carriers of pathogenic variants were
identified in 60/527 (11.4%) cases, divided approximately equally between carriers of
alterations in genes associated with breast and ovarian cancer and carriers of pathogenic
variants in Lynch syndrome genes, which have a significantly higher risk of endometrial
cancer at a significantly younger age. The presence of any cancer in the family was
associated with an increased probability to carry a pathogenic variant. Analysis of patients
with hepatocellular carcinoma detected the presence of a pathogenic variant in hepatocellular
carcinoma-associated genes in only 7/334 (2.1%) patients, indicating that analysis of tumor

predisposition is not clinically informative in this diagnosis.

The results of this work contributed to the mapping of tumor predisposition in the
studied cancers in the Czech Republic and the identification of phenotypic characteristics of

high-risk patients, which may contribute to their improved diagnostics and prevention.



Key words: hereditary cancer predisposition, melanoma, endometrial cancer, ovarian
cancer, hepatocellular cancer, panel sequencing, next generation sequencing, germline

variants
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1. Teoreticky uvod

1.1. Dédiéna nadorova onemocnéni

Nadorova onemocnéni jsou druhou nejcastéjsi piicinou umrti v Ceské republice.
Zhoubné nadorové onemocnéni vyvine kazdorocné 84 591 osob a 27 717 osob na tuto

diagnézu zemie (UZIS, 2021).

Aby se béznd burnika v organismu stala nadorovou, musi dojit k maligni transformaci,
buitka musi pfekonat bariéry kontrolnich mechanismu a ziskat charakteristické vlastnosti
nadorovych bunc¢k. Hanahan a Weinberg vroce 2000 uspotadali definici hlavnich
charakteristik karcinogeneze — ,,Hallmarks of cancer” - na zéklad¢ defektd genetickych
a molekularné biologickych dé&ji. V pozdéjsich publikacich tyto charakteristiky rozsiftili
jesté o dalsi urcujici vlastnosti (Hanahan and Weinberg, 2000, Hanahan and Weinberg, 2011,
Hanahan, 2022). Zékladnim rysem nadorové buiiky je jeji nekontrolovany rast, ktery burnka
podporuje upravou signalnich kaskad, tvorbou vlastnich rstovych faktord a zvySenym
mnozstvim povrchovych receptort, tak aby dostavala neustale signal k déleni. Dal§im rysem
je ztrata responzivity k negativnim regulatorim ristu a déleni, kdy dochézi k obejiti
kontrolnich bodii bunééného cyklu jako je napiiklad kontrola integrity DNA. Projevem
maligniho nadoru je také rezistence k apoptdze a replikacni nesmrtelnosti. ProtoZe je pro
nadorové buiky dualezity dostate¢ny piisun kysliku a zivin, jejich charakteristickou
vlastnosti je také schopnost indukce tvorby novych krevnich cév. Poslednim z ptivodnich
Sesti charakteristik nddorové buiiky je schopnost metastazovat do okoli, ale i do vzdalenych

tkani (Hanahan and Weinberg, 2000).

V roce 2011 doplnili Hanahan a Weinberg dal$i znaky typické pro nadorovou burku.
U nadorové builkky dochéazi k deregulaci bunécného metabolismu, se zménou pfistupu
k ziskavani energie pomoci Warburgova jevu (jednd se o zpracovani glukozy, kdy 1
za ptitomnosti kysliku je gluk6za pfeménéna na laktat). DalSim rysem nadorové bunky je
inhibice imunitniho systému, ktery je za béZznych podminek schopny identifikovat nadorové
buiiky a eliminovat je. Podpirnym rysem je chronicky zanét, ktery je sice projevem
imunitniho systému, ale pfispiva k maligni transformaci, a to kviili zvySené koncentraci
rastovych faktord v mist¢ zanétu. Druhym podplrnym rysem je nestabilita genomu,
charakterizovana poskozenou funkci DNA reparac¢nich drah zplsobujicich kumulaci

somatickych variant (Hanahan and Weinberg, 2011).
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V poslednim vydani v roce 2022 byly pfidany ¢tyfi nadorové rysy, mezi které patii
fenotypova tvarnost, kdy nadorovd bunka vykazuje vlastnosti progenitorovych bun¢k,
zmény mikrobiomu, epigenetické zmény, a zména ve vyvoji senescence a nové funkce

(néddorovych) senescentnich bunék (Hanahan, 2022).

Vétsina nadorovych onemocnéni jsou tzv. sporadickd nadorova onemocnéni
(90-95 % pripadt), kterd vznikaji na zakladé¢ somatickych mutaci v genomové DNA
ziskanych v pribehu zivota (Bertram, 2000). Proces kancerogeneze katalyzuji aktivacni
mutace protoonkogenil (genli kddujicich proteiny odpovédné za zvySenou proliferaci
a inhibici apoptdzy v délicich se buiikach) a inaktivacni mutace tumor supresorovych geni
(jejichz proteinové produkty regulujici uvedené déje opacné, nebo koduji bilkoviny, které

se podileji na opravach DNA a odpovédi bunky na ptitomnost poskozeni genomu).

Malou, ale klinicky vyznamnou ¢ast (5-10 %) zhoubnych nadort tvoii dédi¢na
nadorova onemocnéni vznikajici v dasledku ptfitomnosti germindlni patogenni varianty
v nékterém z nékolika stovek doposud zndmych nadorovych predispozi¢nich genti (Kulkarni
and Carley, 2016, Rahman, 2014). Klinicky vyznam dédi¢nych naddort zvysuji jejich typické
charakteristiky, mezi kterymi dominuje ¢asny nastup nemoci (napf. karcinom prsu u Zeny
ve v€ku kolem 35. roku Zivota), opakovany ¢i vicenasobny vyskyt onkologického
onemocnéni u nosice patogenni mutace a vysoky vyskyt nddorovych onemocnéni v rodiné
(Kulkarni and Carley, 2016, Kleibl and Kristensen, 2016). Identifikace pfi¢inné genetické
zmény je nezbytnym predpokladem pro zafazeni asymptomatického jedince
do preventivnich programt, jejichz cilem je sniZeni ¢i eliminovani rizika vzniku nadorového
onemocnéni. V indikovanych ptipadech (zavazna kancerofobie) 1ze i u nosicii patogennich
variant ve vysoce penetrantnich genech vyuzit preimplantacni genetickou diagnostiku, jako
metodu primdrni prevence s eliminaci nadorové vlohy. Metoda vyuziva in vitro fertilizaci
(IVF), kdy dochézi k testovani DNA v ¢asné fazi embryogeneze, diky ¢emuz se mlize pro

transfer pouzit embryo, které danou abnormalitu nenese (Huttelova et al., 2009).

Pravdépodobnost, s jakou nosi¢ patogenni varianty v nadorove predispozi¢nim genu
vyvine dané nadorové onemocnéni se oznacuje jako penetrance. Nosi€stvi mutace
v nddoroveé predispozi¢nich genech neni, az na vzicné vyjimky, spojeno se 100%
pravdépodobnosti vzniku onemocnéni. Na zakladé miry zvySeni rizika se nddoroveé
predispozi¢ni geny rozdé€luji do skupin genti s vysokou, stfedni a nizkou penetranci, kde

v tomto potadi klesa i jejich klinicky vyznam (Foulkes, 2008, Stratton and Rahman, 2008).
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1.2. Epidemiologie a charakteristika studovanych nadorovych onemocnéni
1.2.1.Melanom

Melanom je maligni novotvar melanocyti, které se nachazi v bazalni vrstvé
epidermis. Melanocyty obsahuji specifické organely — melanosomy — produkujici melaniny,
pigmenty zodpovédné za barvu kiize, vlast, rohovky a fady dalSich télnich struktur (Liu and
Sheikh, 2014). Prekursorem melaninu je tyrosin, ktery je pomoci tyrozinaz (TYRP)
metabolizovan na dopa a dopachinon, které jsou déale pfeménény na hnédocerny eumelanin
¢i zlutoCerny feomelanin (Slominski et al., 2022). Melanogeneze zahrnuje také pritomnost
specifickych kanali v melanocytu pro udrzovani pH melanosomu a transport tyrosinu
(SLC45A2 a OCA2) (Le et al., 2020). Charakteristickou zndmkou melanocytti je pfitomnost
receptoru pro melanokrotin (MCI1R), ktery stimuluje vyvoj a dediferenciaci melanocytii

(Kawakami and Fisher, 2017)

Melanom nejcastéji postihuje kizi (kozni melanom), vzacnéji se mize vyskytovat
v dalSich lokalizacich, jako jsou sliznice (sliznicni melanom) nebo struktury oka (o¢ni
melanom). Incidence melanomu v poslednich letech roste, pfi¢emz nejvice melanom
postihuje europoidni rasu (a to zejména v Australii, Novém Z¢élandu a USA), coZ naznacuje

fotoprotektivni funkci melanint v kizi (Sung et al., 2021).

1.2.1.1. Epidemiologie melanomu a charakteristika onemocnéni

Incidence melanomu celosvétové nartstd, dosahuje 3,8/100 000 u muza
a 3,0/100 000 u zen (Sung et al., 2021). Maligni melanom je Sesté¢ nejCastéj$i nadorové
onemocnéni v nasi populaci. V poslednich letech byl zaznamenan vyrazné rostouci trend
incidence onemocnéni (z 14,2/100 000 pacientii v roce 2000 na stavajicich 24,1/100 000
v roce 2021; viz obrazek 1, data www.svod.cz). Na rozdil od incidence mortalita ziistava
piiblizné stejna (3,07/100 000 pacienti v roce 2000 a 3,68/100 000 vroce 2021,

viz obrazek 1; data www.svod.cz).

Pro spravnou prognozu nemocného je zasadni diagnéza melanomu a jeho klinické
posouzeni, které se Casto provadi pomoci tzv. ,pravidla ABCDEF*“. Kde A (asymmetry)
oznacuje asymetrii, B (border irregularity) nepravidelny okraj, C (color variation) barevné

odchylky, D (diameter) pramér vétsi nez 6 mm, E (evolving) vyvoj 1éze (zvétSeni Ci tvarova
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zmeéna 1éze) a F (funny looking mole) predstavuje ,,lozisko osklivého kacatka® oznacujici
pigmentové lozisko napadné se odliSujici od ostatnich névii postizného jedince (Daniel

Jensen and Elewski, 2015, Gaudy-Marqueste et al., 2017).

Obrizek 1. Incidence a mortalita melanomu v Ceské republice (obrazek dostupny
Z www.svod.cz).
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Nejbéznéjsi formy koZzniho melanomu tvoii povrchové se Sifici melanom (70 %
ptipadll), noduldrni melanom (15-30 % pftipadi), lentigo maligna a akralni lentigindzni
melanom (méné nez 10 % piipadt) (Schadendorfet al., 2015, Liu and Sheikh, 2014). Staging
melanomu je zalozen na Clarkové stupnici hodnoceni hloubky invaze (penetrace do riznych
vrstev kiize) a Breslowové stupnici hodnotici tloustku 1éze v kiizi. Klasifika¢ni systém TNM
(Tumor, Node, Metastases) popisuje patologicky staging onemocnéni a jeho lokalni Sifeni
do lymfatickych uzlin a syst¢émovou diseminaci do tkani. Systém oznaceni klinického stadia
(stddium 0 az 4) spojuje informace o hloubce 1¢éze a TNM klasifikaci. Stadium 0 znamena
lokalni onemocnéni bez §ifeni do okolnich struktur, zatimco stddium 4 oznacuje onemocnéni
s roz§ifenim do lymfatickych uzlin a pfitomnost vzdalenych metastdz (Liu and Sheikh,

2014).

Na zéklad¢ analyzy genové exprese muzZzeme melanom rozdé€lit do ctyi skupin
na akralni melanom (vyskytuje se naptiklad v nehtovych liizkach), sliznicni melanom (nosni
a ustni dutina), melanom kiize bez chronického solarniho poskozeni (naptiklad trup a paze)

a melanom ktize s chronickym solarnim poskozenim (naptiklad oblicej). Tyto skupiny se od
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sebe lisi jak spektrem chromozomovych zmén, tak i frekvenci mutaci v jednotlivych genech

(Curtin et al., 2005).

Dalsi klasifikace melanomi je rozdélena na zakladé mutaci v genech podle
mezinarodni skupiny The Cancer Genome Atlas Network, ktera definuje Ctyfi typy
melanomu na zaklad¢ pfitomnosti mutaci v BRAF (vice nez 50 % piipadl), RAS, NF1
a (nejméné Casty) tzv. triple wild type (bez mutaci v uvedenych genech) (Cancer Genome
Atlas, 2015, Curtin et al., 2005). Mutace v BRAF a NRAS se v nadoru nikdy nevyskytuji
spole¢né, pravdépodobné proto, ze maji identicky biologicky efekt — tim je aktivace MAPK
signalni drahy (kaskady RAS-RAF-MEK-ERK) kritické pro rlst vétSiny melanomu.
Po aktivaci Ras dojde k dimerizaci a aktivaci BRAF. Aktivovana kindza BRAF fosforyluje
a aktivuje MEK, kterad fosforyluje a aktivuje kindzu ERK (Melis et al., 2017). Nejcast&jsi
aktivaéni mutaci v BRAF (pies 80 %) je zaména aminokyseliny v exonu 15 p.V600E
(vyskytuje se zde 1 p.V600OK a p.V600OR). U melanomu se z rodiny RAS genil nejcastéji
vyskytuji mutace v genu NRAS, a to konkrétné p.Q61R a p.Q61K, zatimco mutace v HRAS
a KRAS jsou vzacné (Goydos et al., 2005). Tumor supresorovy gen NFI kéduje GAP
(GTPase-activating protein), ktery stimuluje nizkou vlastni GTPasovou aktivitu RAS
proteintll. Inaktivace NF/ se tak podili na hyperaktivaci kanonické MAPK signélni drahy
(obrazek 2) (Ballester et al., 1990).

Obrazek 2. V obrazku jsou uvedeny

lifikace ~ 3,5% vei1iy s . . i
B b piiblizné frekvence jednonukleotidovych

PDGFRA KIT  KDR (VEGFR2) Variant (SNV) Vv BRAE RAS a NF 1 .
' ' ? Upraveno aptevzato z (Rajkumar and
Watson, 2016)

@ — < o1 ) SNV ~30%
SNV ~15%
(SNV/DEL ~ 55% u
desmoplastického melanomu)

SNV ~50% @D PI3K signéini draha

MAPK signalni draha

Progndézu onemocnéni pacientli s melanomem s mutaci v genu BRAF p.V600E
vyrazné zlepSila moZnost nasazeni cilené terapie BRAF inhibitori (napfiklad dabrafenib,
trametinib ¢i vemurafenib) (Ryska et al., 2017, Liu and Sheikh, 2014). Lécbu pomoci BRAF
inhibitord je mozno s vyhodou kombinovat i s imunoterapii (ipilimumab nebo nivolumab)
(Ryska et al., 2017, Hu-Lieskovan et al., 2015).
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1.2.1.2. Rizikové faktory

Ve vyvoji kozniho melanomu hraji dualezitou roli environmentalni a genetické
rizikové faktory (Conforti and Zalaudek, 2021). Mezi rizikové faktory vzniku melanomu
patii vystaveni ultrafialovému (UV) zéfeni, dale mnozstvi, typ a uspofadani kozniho

melaninu a vyskyt atypickych névl (Shain and Bastian, 2016).

Zasadni roli u vzniku melanomu hraje expozice sluneCnimu zaieni, respektive
UV zéfeni (nejnebezpecnéisi je slozka UVA). U bélochti se svétlou barvou kiize (fototyp I
a Il), se melanom vyskytuje nejcastéji. Z hlediska piisobeni UV zafeni na kizi mizeme
melanomy rozd¢lit na nadory, které vznikaji v disledku poskozeni DNA dlouhodobym
pusobenim malych davek slunecniho zafeni a nadory, které vznikaji po jednorazové
nadlimitni expozici (po spaleni klize) (Whiteman ef al., 2003, Beral and Robinson, 1981).
Dalsim rizikovym faktorem je vyskyt atypickych névii. Névy jsou nezhoubné 1éze, které jsou
tvorené koncentrovanym mnozstvim melanocytti projevujicich se jako tmavé pigmentoveé
skvrny. Bézn€ névy vznikaji v prvnich dvou dekadach zZivota. Zatimco atypické névy
vznikaji v pozd€jSim véku. Zmeéna tvaru, barvy ¢i struktury névu (viz pravidlo ABCDEF

zminéné na strané 14) indikuje vznik melanomu (Shain and Bastian, 2016).

1.2.1.3. Familiarni formy maligniho melanomu

Podil familiarniho melanomu je piiblizné¢ 5-10 % ze vSech malignich melanomt
(Hawkes et al., 2016). Ptestoze byly identifikovany predisponujici geny pro melanom,
ne vSechny piipady familiarniho melanomu mohou byt spojeny s patogennimi zarode¢nymi
variantami a tak geneticky zaklad zGstava ve velkém poctu rodin nezndmy (Zocchi et al.,

2021).

Pravdépodobné nejdilezitéjsim predispozicnim genem pro melanom je CDKN2A
(cyclin-dependent kinase inhibitor 2A), ktery je lokalizovan na chromozomu 9p21 (Cannon-
Albright et al., 1992), kde koduje dva transkripty pl6™K4 a pl14ARF g g4stedné
se prekryvajicimi Gtecimi ramci (obrazek 3) (Zhang et al., 1998). Ulohou proteinu p16™ 42
je inhibice cyklin dependentnich kinaz 4 a 6 (CDK4 a CDK6), zatimco ulohou p14°RF je
pozitivni regulace p53 (Hawkes et al., 2016). Ptiblizné 30-40 % pacientii s hereditarnim
melanomem mé mutaci v genu CDKN2A (Aoude et al., 2015b), pfi¢emz vétsSina patogennich

variant (PV) se vyskytuje v exonech la a 2. Frekvence mutaci se lisi i podle geografické
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oblasti, vyssi frekvence mutaci se nachdzi v oblastech s nizSim vyskytem melanomu a
naopak (Hill ez al., 2013). Zarode¢né patogenni varianty v genu CDK4 (cyclin-dependent
kinase 4) patii také mezi predispozi¢ni varianty pro vznik melanomu a nejcastéji se vyskytuji
v druhém exonu, ktery koduje doménu interagujici s pl6™%* (Hill et al., 2013). Varianty

v CDK4 se vSak vyskytuji vzacné (Zocchi et al., 2021).

1 a A2 A3 Obrazek 3 Lokus pl6™K4a g pl4ARF Ng
! : obrazku jsou zobrazeny cCteci ramce, kde
B i kazdy znich méa jedineény prvni exon.
[P o o | Ptevzato a upraveno z (Sharpless, 2005).

p16INKda p14.ﬁ.RF

Predispozicni gen BAPI (BRCAI associated protein 1), koduje protein Ucastnici se
reparace DNA pomoci homologni rekombinace (Carbone et al., 2013). Zarode¢né varianty
v BAPI predisponuji k hypopigmentovanému koznimu melanomu, uvealnimu melanomu
a dals$im nemelanomovym nadorim (Carbone et al, 2013). U n¢ckterych pacient
se zdrode¢nymi variantami v BAP1 se vyskytuje fenotyp, kde se u téchto pacientli vyskytuji
atypické intradermalni nadory (MBAITS), neboli ,,BAPomy* (Carbone et al., 2013, Hawkes
etal.,2016).

Geny, které koduji proteiny shelterinového komplexu, struktury obalujici telomery
na koncich chromozomt, POT1, ACD, TERF 1, TERF?2, TINF2 a TERF2IP (obrazek 4), tvoti
dalsi skupinu predispozi¢nich geni melanomu (Goldstein et al., 2017). Shelterinovy
komplex nejen chrani konce DNA, ale také reguluje pfistup enzymi, jako je telomeraza
a helikdza k telomerické DNA (Aoude et al, 2015a, Veverka et al.,, 2019). Nosici
zarodecnych variant v genu POT] (protection of telomeres 1) maji delsi telomery, coz je
povazovano za rizikovy faktor pro vznik melanomu (Hawkes ef al., 2016). Stejné tak to bylo
prokézano i u gent ACD (ACD shelterin complex subunit and telomerase recruitment
factor), TERF2IP (telomeric repeat-binding factor 2 - interacting protein 1) a TERT
(telomerase reverse transcriptase), ktery je lokalizovdn na chromozomu 5 a koduje

katalytickou podjednotku telomerazy (Aoude ef al., 2015a, Horn et al., 2013).
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Obrazek 4. Schematicky popis podjednotek telomerazy a shelterinového komplexu.
TERT je katalytickd podjednotka s telomerazovou N-terminalni (TEN) a C-terminalni
prodluzovaci (CTE) doménou. TR je RNA podjednotka telomerdzy. Shelterinové
podjednotky TRF1 (TERF1), TRF2 (TERF2) a RAP1 (TERF2IP) jsou dimery a ostatni
podjednotky — TPP1 (ACD), POT1 a TIN2 (TINF2) jsou monomery. Pfevzato a upraveno
z (Veverka et al., 2019).

Telomeraza

Shelterinovy komplex
TRF1 TRF2

Mezi predispozicni geny pro vznik melanomu miizeme zatadit i skupinu genti kodujicich
proteiny, které se UCastni syntézy melaninu v melanocytech: MCIR, MITF, OCA2
aSLC45A42 (Law et al., 2015). MCIR (melanocortin 1 receptor) koduje receptor, ktery na
sebe vaze melanocyty stimulujici hormon receptor a, ¢imz nasledné aktivuje cAMP
prostfednictvim adenylatcyklazy. Zvyseni cAMP podporuje produkci hnédych a cernych
eumelaninii pfed Cervenymi/zlutymi feomelaninovymi pigmenty (Hawkes et al., 2016).
MITF (melanocyt inducing transcription factor) koduje transkrip¢ni faktor s dtlezitou funkci
pti regulaci vyvoje a diferenciace melanocyti. MITF je aktivovan MC1R/cAMP drahou za
vzniku eumelaninu a patogenni varianty v tomto genu byly nalezeny jak u familidrnich, tak
u sporadickych forem melanomu (Yokoyama et al., 2011). OCA42 (OCA2 melanosomal
transmembrane protein) patii do rodiny gena zptisobujici okulokutanni albinismus (snizeni
nebo absenci syntézy melaninu v melanocytech oka a kiize). Gen OCA2 koduje P protein
(nazyvany téZ melanocyte-specific transporter protein), transmembranovy protein pro
aktivni transport latek (napf. tyrosinu) do melanosomtl, coz je dulezité pro syntézu melaninu
(Le et al., 2020). SLC45A2 (solute carrier family 45 member 2) koduje monosacharidovy
(konkrétné glukozovy) transportér, ktery se podili na regulaci energetického metabolismu
a melanogeneze, a to udrzovanim stalého pH melanosomu, coz je nezbytné pro spravnou
funkci tyrozinazy, ktera hraje diilezitou roli pfi syntéze melaninu (Hawkes ef al., 2016, Le

et al., 2020, Liu et al., 2022). Klinicky vyznam germindlnich patogennich variant v genech
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pro syntézu melaninu je vSak s ohledem na melanom nejasny, nebot vétSina variant ma
pouze c¢asteCnou a nejasné¢ definovanou penetranci k tomuto onemocnéni. Castéji byly
varianty v téchto genech popsany v souvislosti s riznymi formami poruch pigmentace

(Zocchi et al., 2021).

1.2.2.Nadory endometria

Karcinomy endometria jsou nejcast¢jsi gynekologické nadory ve vyspélych zemich
(Sung et al., 2021). Incidence mé rostouci tendenci pravdépodobné v disledku prodluzujici
se délky zivota, delsiho aktivniho hormonalniho obdobi Zeny a civiliza¢nich chorob (Makker

etal.,2021).

1.2.2.1. Epidemiologie a charakteristika nadorit endometria

Karcinom endometria (EC) je celosvétove nejéastéjsi gynekologicky nador a Ctvrty
nejéastdjsi nador u Zen (Sung et al., 2021). V Ceské republice incidence oproti za¢atku
tisicileti stoupla jen minimalné (v roce 2000 byla 30,8/100 000 obyvatel a v roce 2021 €inila
33,9/100 000 obyvatel, data www.svod.cz) a mortalita (oproti karcinomu ovaria,
Kapitola 1.2.3) setrvavd na nizkych urovnich (7,3/100 000 obyvatel v roce 2000
na 6,2/100 000 obyvatel v roce 2021 viz obrazek 5; data www.svod.cz).

Z histologického hlediska asi 80 % piipadli zhoubnych nadorti délohy tvofi
endometroidni karcinom, nasleduje karcinom ser6zni (10 %), mucindzni, svétlobunécné
a smiSené adenokarcinomy. Pfiblizné 5 % zhoubnych nadori délohy jsou sarkomy.
Z klinického pohledu na zéklad€ prognézy onemocnéni se nadory endometria déli na dva
typy, které se odliSuji progndzou, histopatologickymi formami i molekuldrnimi mechanismy
tumorogeneze (Makker et al., 2021). Prvnim typem jsou nadory asociované s pisobenim
estrogend, kdy je endometridlni sliznice citliva na estrogenni stimulaci, ktera poté indukuje
mitdzu epitelovych bunék, coz mize pfispivat k maligni transformaci. Nejcastéjsi formou
prvniho typu karcinomu endometria je endometroidni karcinom (grade 1-2). Nadory prvniho
typu maji ptiznivou progndzu a pétileté preziti pacientek s témito nadory dosahuje 81 %
(Makker et al., 2021). Nadory druhého typu zahrnuji obvykle formy nezavislé na plisobeni

estrogenu. NejCastéjSimi typy jsou serdzni a svétlobunécné karcinomy a endometroidni
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karcinom s vysokym gradingem (grade 3). Pc¢tileté preziti pacientek s karcinomem

endometria druhého typu je vyznamné nizsi (pod 55 %) (Makker et al., 2021).

Obrizek 5. Incidence a mortalita nador endometria v CR (obrazek dostupny
zZ www.svod.cz).
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V poslednich letech bylo toto klinické déleni ptehodnoceno (zejména diky pokrokiim
v molekuldrnich a sekvencnich technologiich). V roce 2013 konsorcium The Cancer
Genome Atlas Network publikovalo vysledky studie rozd€lujici karcinom endometria do
Ctyt skupin na zdkladé poctu mutaci (Cancer Genome Atlas Research ef al., 2013). Prvni
skupinou jsou CNH (copy number high) nadory. Typickym rysem CNH nadori je vysoké
mnozstvi rozsahlych duplikaci ¢i deleci a plosnych genomovych alteraci. VétSina CNH
nadorlh ma patogenni varianty v genu 7P53. Nadory této skupiny maji zpravidla vysoky
grade a jsou agresivni, patii sem zejména ser6zni karcinomy a asi 25 % endometroidnich
karcinomt. Progn6za CNH nadort je ze vSech ¢ty skupin nejhorsi. Druhou skupinou jsou
nadory s mikrosatelitovou nestabilitou (MSI). MSI je ukazatelem nespravné funkce opravné
dréhy, kdy dochazi k opravam chybné sparovanych bazi (MMR). MSI vzniké v repetitivnich
oblastech (opakovani jednoho az Sesti nukleotidi), které jsou nachylné na chybu DNA
polymerazy. Geny z MMR drahy spojné¢ s MSI jsou MLHI, MSH2, MSH6 a PMS2.
Prognoza téchto nadortli je oproti prvni skupiné dobra (Cancer Genome Atlas Research et
al., 2013), a vétsSinou se jedna o endometroidni karcinomy (Makker et al., 2021). Tieti
skupinou jsou nadory, u kterych doSlo k somatickym mutacim v oblasti exonukleazové

domény DNA polymerdzy kédované genem POLE. POLE je DNA polymeraza, opravujici
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chyby v DNA, kter¢ vznikaji béhem replikace, viz kap 1.2.2.4 (Ogi et al., 2010). Tyto nadory
predstavuji asi 7 % vSech piipadi karcinomu endometria a maji velice pfiznivou prognézu
(Makker et al., 2021). Posledni skupinou jsou tzv. CNL (copy number low) nadory,
charakterizované nizkym vyskytem genomovych piestaveb. U téchto nadorti byla
zaznamenana zvysena exprese progesteronového receptoru, diky tomu by tento typ nadoru
mohl dobfe reagovat na hormondlni terapii. Prognoza téchto nadord je dobrd (Cancer

Genome Atlas Research et al., 2013).

Stadia onemocnéni jsou charakterizovana pomoci TNM Kklasifikace, klinicka stadia
za pomoci FIGO (Federation Internationale de Gynecologie et d'Obstetrique) klasifikace
podle ristu a infiltrace okolnich tkani. Nizk4 stadia (stddium I a II) jsou omezena na délohu
a pokrocilé stadia (stddium III a IV) charakterizuji onemocnéni s invazi do okolnich tkani

a ptipadnych metastazi (Pecorelli, 2009).

1.2.2.2. Rizikové faktory

Faktory ovliviiyjici riziko vzniku karcinomu endometria zahrnuji v€k pacientky
nad 55 let, obezitu, rany vék menarche, pozdni vék menopauzy, pfitomnost diabetu mellitu
II. typu, dlouhodobé vystaveni endogennim i1 exogennim estrogentim, nuliparitu ¢i nizkou
paritu a genetické predispozice (Makker et al., 2021). Dobie prostudovanym, ovlivnitelnym
faktorem zvysSujicim riziko karcinomu endometria je obezita. Pro Zeny s body mass indexem
(BMI) v rozmezi 25-30 kg/m? dosahuje relativni riziko (RR) vzniku karcinomu endometria
hodnoty 1,6 a se stoupajicim BMI se zvétsuje (BMI 30-35 kg/m* RR=2.6;
BMI 35-40 kg/m?: RR=4,8; pro BMI> 40 kg/m?*: RR=6,9) (Setiawan et al., 2013). Obezita
piispiva ke vzniku karcinomu endometria také zvySenou syntézou estrogenii produkovanych
v adipocytech tukové tkan¢ (Renehan et al., 2015). Riziko vzniku karcinomu endometria
snizuje normalni hodnota BMI, zvySena parita (Raglan et al., 2019) ¢i uzivani hormonalni

antikoncepce, kterd mize sniZzovat riziko az o 50 % (Daniels and Lu, 2016).

Naprosta vétSina piipadi karcinomu endometria je sporadického plivodu, zhruba
3,5% je tvofeno dédicnymi formami, nejCastéji je karcinom endometria asociovan

s variantami v genech Lynchova syndromu (Spurdle et al., 2017).
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1.2.2.3. Dédicné predispozice ke karcinomu endometria

V soucasnosti je dédi¢na forma karcinomu endometria uvazovana pouze v kontextu
s Lynchovym syndromem (LS), autosomdlné¢ dominantnim dédicnym onemocnénim
zpusobujicim nepolypdzni formu dédicného karcinomu tlustého stieva. Pii¢inou Lynchova
syndromu je pfitomnost germinalnich patogennich variant v genech kodujicich proteiny,
které se ucastni oprav chybného péarovani bazi v DNA. Karcinom endometria je po
kolorektadlnim karcinomu druhym nejcastéj§im projevem Lynchova syndromu.
Pravdépodobnost, Ze nosic¢ka patogennich mutaci v genech pro Lynchlv syndrom vyvine
karcinom endometria jako prvni nador je asi 40-60 % (Tafe ef al., 2014, Lu ef al., 2005).
Celozivotni riziko (do 70 let v€ku) vzniku karcinomu endometria se 1iSi pro nosicky
zarode¢né patogenni varianty u jednotlivych geni Lynchova syndromu. U nosic¢ek
patogennich variant v MLH1 dosahuje riziko 18 % (9-34 %), pro MSH2 30 % (18-45 %),
pro MSH6 26 % (18-36 %) a pro nosi¢ky patogennich variant v genu PMS2 12-15 %. Riziko
vzniku karcinomu endometria u nosicek deleci 3* oblasti genu EPCAM (jednd se o usek
genu, ktery sousedi s genem MSH2, delece v této casti EPCAM mohou vést k hypermetylaci
promotoru MSH?2 nebo az ¢astecné deleci MSH?2 (Perez-Cabornero et al., 2011)) dosahuje
v priméru 12 % (0-27 %) (Spurdle et al., 2017). Nosi¢ky patogennich variant v genech
Lynchova syndromu maji niz8i v€k diagnézy a niz8§i BMI neZ pacientky se sporadickym
karcinomem endometria. Co se tyCe histologického typu je endometroidni karcinom
nejcastéjSim typem, jak u sporadického karcinomu endometria, tak u karcinomu endometria

spojeného s Lynchovym syndromem (Zhao et al., 2022).

1.2.2.4. Dalsi kandidatni predispozi¢ni geny pro karcinom endometria

Mezi kandidatni geny predisponujici k vzniku karcinomu endometria fadime
BRCAI, BRCA2, CHEK2, MUTYH, POLE, POLDI, PTEN, STK11 a TP53. Mozné spojeni
s karcinomem endometria maji také geny AKT1, APC, ATM, BRIPI, FANI, FANCC, NBN,
PALB2, RAD51C, SDHB, SDHC a SDHD (Spurdle et al., 2017).

Geny BRCAI a BRCA?2 kéduji proteiny, které se podileji na opraveé dvouretézcovych

vvvvvvvv

vzniku hereditarniho karcinomu prsu a ovaria (viz kapitola 1.2.3.3). Riziko vzniku

karcinomu endometria u nosi¢ek dédicnych patogennich variant nebylo doposud stanoveno
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v rozsédhlych studiich, avSak napfiklad holandska studie, kde bylo analyzovano
5980 pacientek se zarode¢nymi mutacemi v genech BRCA1 a BRCA2, prokazala, ze nosicky
mutaci v BRCAI maji stfedn¢ zvySené riziko vzniku karcinomu endometria (OR=3,5;
95%CI 2,61-4,72), zatimco nosicky mutaci v genu BRCA2 riziko nizké (OR=1,7;
95%CI 1,01-2,87). Vyss$i riziko kseréznimu karcinomu endometria (OR=12,6;
95%CI 7,62-20,96) bylo nalezeno u pacientek s variantami v genu BRCA1 (de Jonge et al.,
2021).

POLE a POLDI koduji katalytické a opravné podjednotky DNA polymeraz d a e,
které se ucastni replikace a oprav DNA. Ob¢ polymerdzy provadi vétSinu replikace
vedouciho a opozd’ujiciho se fetézce DNA u eukaryot (Zhou et al., 2019). POLE se ucastni
i oprav DNA jako jsou base excision repair (BER) a nucleotide excision repair (NER), stejné
tak 1 POLD1, kterd se navic vyskytuje i u oprav chybné sparovanych bazi (MMR) (Pospiech
and Syvaoja, 2003, Nicolas et al., 2016). Nejcastéji byly nalezeny missense zarodecné
patogenni varianty postihujici exonukledzové domény POLE (exony 9-14) a POLDI
(exony 8-13) (Rohlin et al., 2014, Spier et al., 2015, Bellido et al., 2016).

PTEN (phosphatase and tensin homolog) je tumor supresorovy gen, jehoz proteinovy
produkt je zapojen do signalni drdhy PI3K/AKT. PTEN defosforyluje
fosfatidylinositol-3,4,5-trisfosfat na fosfatidylinositol-4,5-bisfosfat. Ztrata funkce PTEN
proteinu tak zpusobuje setrvani aktivni formy inositoltrisfosfatu na wvnitini strané
cytoplazmatické membrany, hyperaktivaci PI3K/AKT signalizace, coZ umoZiuje zvySenou
proliferaci a rezistenci k indukci apoptozy. Zatimco somatické mutace v PTEN jsou velmi
Casté, vzacné dédicné patogenni varianty v PTEN zpisobuji Cowdentv syndrom, ktery je
typicky pfitomnosti hamartomi (okrsky dysplastickych bunék piipominajicich maligni
loZisko, které se vyskytuji v riznych tkanich), ale ptfedev§im predispozici ke vzniku
karcinomu prsu, endometria ¢i Stitné zlazy (Spurdle et al., 2017). Nosic¢i zarodecnych variant
v genu PTEN maji kumulativni riziko karcinomu endometria do 70 let 19-28 % (Tan et al.,

2012) s dominantnim podilem vzniku endometroidniho karcinomu (Spurdle et al., 2017).

Gen MUTYH (MutY DNA glycosylase) koduje glykosylazu, ktera se ucastni
reparatni drahy BER. Germindlni patogenni varianty vtomto genu jsou spojeny
s autosomalné recesivni atenuovanou formou adenomatézni polypdzy a kolorektalnim
karcinomem. Monoalelické zarode¢né mutace maji nizké kumulativni riziko kolorektalniho

karcinomu (6 % pro Zeny a 7 % pro muze), zatimco bialelické mutace zvySuji riziko vzniku
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onemocnéni mnohondsobné (72 % pro Zeny a 75 % pro muze) (Win et al., 2014). Riziko pro
nosice bialelickych mutaci v MUTYH neni pro karcinom endometria znamé (Spurdle ef al.,

2017).

CHEK?2,TP53 a STK11 jsou predispozi¢ni geny karcinomu endometria, ale u nosic¢ek
patogennich variant v genech CHEK?2 a STK 11 neni dostatek udajt pro urceni rizika vzniku
tohoto karcinomu (Spurdle ef al., 2017, Banno et al., 2013). Pro gen TP53 jsou v souvislosti

s karcinomem endometria znamé¢ zejména somatické inaktivace (Nichols ef al., 2001).

1.2.3.Karcinom ovaria

Karcinom ovaria (OC) je zavazné nadorové onemocnéni s velkym podilem
hereditarnich forem. Jedna se, po karcinomu endometria, o druhy nejcastéjsi gynekologicky
nador (Sung et al., 2021). Na rozdil od ng bohuZel pfedstavuje karcinom ovaria typicky
pozdné diagnostikované onemocnéni (nejcastéji ve stadiu III a IV), coz se projevuje

na mnohem méné ptiznivé prognéze (Horackova et al., 2023).

1.2.3.1. Epidemiologie a charakteristika karcinomu ovaria

Celosvétove je karcinom ovaria osmy nej€astéj$i nador u zen (Sung et al., 2021).
V CR jeho incidence oproti zagatku tisicileti rapidné klesla (v roce 2000 byla 23,0/100 000
obyvatel a v roce 2021 ¢inila 17,3/100 000 obyvatel, data www.svod.cz). Stejné tak tomu
bylo 1 u mortality, kterd se z 13,6/100 000 obyvatel (rok 2000) snizila na 11,6/100 000
obyvatel vroce 2021 (data www.svod.cz) (obrazek 6). VétSina ptfipadii onemocnéni je

diagnostikovéana po 50. roce Zivota.

Ovaridlni karcinom reprezentuje pestrou skupinu zahrnujici nadory vejcovodd,
vajecnikd a pobfisSnice. Asi 90 % piipadl jsou nadory epitelialniho piivodu a zbyvajicich
10 % jsou neepitelidlni nadory, které se skladaji prevazné ze zarode¢nych bunék. Vzacné
neepitelidlni ovaridlni nadory dospélého veku tvoii sarkomy. Epitelidlni karcinomy miizeme
rozdélit do péti hlavnich histologickych podtypt. Prvnim typem jsou high-grade serdzni
karcinomy (HGSC), které ptedstavuji 70 % vSech epitelialnich karcinom ovaria. Nasleduji
endometroidni (10 %), svétlobunécny (ptiblizné 10 %), mucindzni (3 %) a low grade serdzni

karcinom (LGSC; 5 %) (Prat, 2012). Histopatologicka klasifikace epitelidlnich ovaridlnich
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karcinomti urcuje i klinicky pribéh onemocnéni. Epitelidlni karcinomy ovaria se déli na
nadory s dobrou (typ I) a Spatnou prognézou (typ I). Typ I zahrnuje LGSC, svétlobunééné,
¢i mucindzni karcinomy. Tyto nadory jsou geneticky stabilni, typicky se jedna o nadory
nizkého stupné s nizkou proliferaéni aktivitou. Casto se vyviji z benignich 1ézi nadort
vajecnikd, a proto jsou tyto nadory diagnostikovany v ¢asnéjsim stadiu (Matz et al., 2017).
Zatimco nadory se Spatnou prognozou (typ II) prevladaji, protoze zahrnuji nejéastéjsi HGSC
nadory. Typ II je charakterizovan ¢astymi abnormalitami v opravnych drahach DNA, coz
muze vést ke genomové nestabilité. Tento typ je charakteristicky pozdni diagnézou
v pokrocilych stadiich, a to zejména diky tomu, ze zahrnuje nadory s vysokym prolifera¢nim

potencidlem a rychlou progresi (Morden et al., 2021, Cancer Genome Atlas Research, 2011).

Obrizek 6. Incidence a mortalita karcinomu ovaria v Ceské republice (obrazek dostupny
zZ www.svod.cz).
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1.2.3.2. Rizikové faktory

Celozivotni riziko ovarialniho karcinomu (OC) je ve vyspélych zemich asi 1,1 %
(Horackova et al., 2023) a je pozitivné spojeno s celozivotnimi ovula¢nimi roky a paritou

(Fu et al., 2023). Dalsimi rizikovymi faktory jsou v€k ¢i pouzivani postmenopauzalni
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hormonalni terapie (Matulonis et al., 2016). Hormonalni substitu¢ni 1é¢ba ukazala zvySeni
rizika vyvoje karcinomu ovaria u post-menopauzalnich zen. U Zen, které uzivaly estrogenni
substitu¢ni 1é€bu, bylo riziko zvySeno o 22 %, zatimco u Zen s kombinovanou (estrogenni
a progesteronovou) 1écbou o 10 % (Pearce ef al., 2009). Nicméné bylo prokazano i stejné
zvySeni rizika vzniku ovarialniho karcinomu (konkrétné serézniho nebo endometroidniho
karcinomu) u Zen v menopauze, které¢ uzivaly hormondlni substitucni terapii (at’ uz
kombinovanou nebo pouze estrogenni) (Matulonis et al., 2016). Relativni riziko rozvoje
karcinomu ovaria se mize az trikrat zvysit v pfipad¢ pozitivni rodinné anamnézy, ktera je
u pacientek s karcinomem ovaria nejvyznamnéjSim rizikovym faktorem (Pavanello et al.,

2020).

1.2.3.3. Dédicné predispozice ke karcinomu ovaria

Karcinom ovaria je soucasti syndromu dédi¢ného karcinomu prsu a ovaria. Podle
aktudlniho  doporu¢eni  NCCN  Guidelines  (Version  1.2023)  (dostupné

z https://www.nccn.org/professionals/physician_gls/pdf/genetics bop.pdf) muzeme

predispozi¢ni geny rozdélit na geny s prokdzanym zvySenim rizika — BRCAI, BRCA2,
BRIPI, MLHI, MSH2, MSH6, RAD51C, RAD51D, STK11 a geny s moznym zvySenim rizika
— ATM, BARDI, NBN, a PALB2.

BRCAI (breast cancer 1) a BRCA2 (breast cancer 2) jsou hlavnimi predispozi¢nimi
geny dédi¢ného karcinomu prsu a ovaria. BRCA1 je lokalizovany na chromozomu 17q21.31
(Miki ef al., 1994) a BRCA2 na chromozomu 13q13.1 (Wooster ef al., 1995). Proteinové
produkty téchto gent hraji diilezitou roli pfi opravé dvoutetézcovych zlomiit DNA (pomoci
homologni rekombinace, obrazek 7) (Nielsen et al., 2016). Zarode¢né patogenni varianty
v genech BRCAI a BRCA?2 jsou nalezeny u 20 % pacientek s karcinomem ovaria (Toss et
al., 2015). Riziko vzniku karcinomu ovaria pro BRCAI a BRCA2 nosi¢ky se signifikantné
zvySuje od v€ku 35 az 45 let - 58 % pro BRCAI a 15 % pro BRCA2 (Lilyquist et al., 2017).
Primeérny vek pacientek s karcinomem ovaria je signifikantné niz$i u nosic¢ek patogennich
variant v BRCAI (53 let) v porovnani s nosickami BRCA2 (59 let) (Chen et al., 2020).
Patogenni varianty v genech BRCA zvy3uji riziko 1 jinych naddori — karcinomu prsu (BRCA [
a BRCA2), karcinomu pankreatu (BRCA2) akarcinomu prostaty (BRCA2). VétSina

epitelidlnich ovarialnich karcinomii je asociovana se zdrodeCnymi patogennimi variantami
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v BRCA1/2, pticemz pavé tyto mutace jsou nejcastéji u HGSC nadord (Pennington and

Swisher, 2012, Matulonis ef al., 2016).

Vyznamné riziko vzniku karcinomu ovaria je spojeno i se zarodecnymi patogennimi
variantami v genech RADS51C a RAD51D. RAD51C (RADS51 paralog C) je lokalizovan na
chromozomu 1723 (Takata et al., 2001) a podili se na homologni rekombinaci (obrazek 7)
(Badie et al., 2009). RAD51D (RADS51 paralog D) je lokalizovan na chromozomu 17q12 a
jeho proteinovy produkt se vaze do komplexu s proteinem XRCC3 (Masson et al., 2001),
ktery se také Ucastni homologni rekombinace (Kurumizaka et al., 2002). U nosicl
patogennich variant v téchto genech je celoZivotni riziko epitelidlniho karcinomu ovaria
15 % po RADS5IC a 20 % pro RADS51D (Lilyquist et al., 2017). Primérny vék diagnézy
karcinomu ovaria je u nosi¢ek patogennich variant v téchto genech 57 let pro RADSID a

62 let pro RAD51C (Cummings et al., 2021).

BRIPI (BRCAIl interacting helicase 1) byl objeven jako interakéni
partner proteinu BRCAL1 a je lokalizovan na chromozomu 17q22. Podili se na homologni
rekombinaci (obrazek 7) a na udrzovani genomové integrity (London et al., 2008). Riziko
vzniku epitelidlniho karcinomu ovaria u nosi¢ek patogennich variant v BRIPI dosahuje
15 % a pramérny vék diagnozy karcinomu ovaria je u nosic¢ek patogennich variant v BRIP1

65 let (Weber-Lassalle et al., 2018).

MLHI, MSH2 a MSH6 jsou geny, jejichz produkty se podileji na opravach chybné
sparovanych bazi (MMR, obrazek 7) a jsou asociovany s Lynchovym syndromem (Barrow
et al., 2013). Karcinomy ovaria u pacientek s Lynchovym syndromem jsou nejCastéji
endometroidniho typu a Casto vznikaji v niz§im véku — primérny vék vzniku ovaridlniho
karcinomu u nosi¢ek patogennich variant je 43 let pro MSH?2 a 46 let pro MLHI (Bernards
et al., 2016, Curtius et al., 2022). Pro MSH6 je riziko vzniku epitelidlniho karcinomu ovaria
pouze nékolik procent, zatimco pro MLHI je vice nez 20 % a pro MSH2 dosahuje 38 %
(Dominguez-Valentin ef al., 2018).

Gen STKI1 (serine/threonine kinase 11) je lokalizovan na chromozomu 19p13
a koduje kindzu, kterd se podili na urCeni polarity builky a regulaci energetického
metabolismu a tim 1 na udrZzovani energetické homeostazy (Xu et al., 2013). Mutace v tomto
genu jsou asociovany s Peutz-Jeghersovym syndromem, ktery je spojeny se skupinou
hereditarnich nadorovych onemocnéni (karcinom prsu a karcinom gastrointestinalniho

traktu) a je charakterizovan vyskytem koznich a slizni¢nich hyperpigmentaci (Beggs et al.,

28



2010). Nejcastéji jsou patogenni zarodeCné mutace v STK/I spojeny s neepitelidlnim
karcinomem ovaria. Riziko vzniku je vétsi nez 10 % a nadory casto vznikaji v mladém véku

(<30 let) (Hearle et al., 2006, Giardiello et al., 2000, Klimkowski et al., 2021).

ATM, BARDI, NBN a PALB? patii mezi geny s moznym rizikem vzniku karcinomu
ovaria. ATM (Ataxia Telangiectasia Mutated) a PALB2 (partner and localizer of BRCA2)
maji kli¢ovou roli v iniciaci oprav dvouietézcovych zloml pomoci homologni rekombinace
(obrazek 7) (Nielsen et al., 2016). ATM a PALB? jsou spojeny se sttednim rizikem pozdniho
nastupu epitelidlniho karcinomu ovaria (Kurian ef al., 2017). NBN kéduje protein nibrin,
ktery je soucasti komplexu MRE11-RAD50-NBN (Otahalova et al., 2023). Tento komplex

se podili na rozpoznani dvoufetézcovych zloma a iniciuje jejich opravu (Villa et al., 2016).

Obrazek 7. a. Oprava dvouretézcovych zlomi pomoci homologni rekombinace. b. oprava
chybné sparovanych bazi v DNA. Pievzato a upraveno z (Matulonis ef al., 2016).
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1.2.4. Hepatocelularni karcinom

Hepatocelularni karcinom (HCC) je nejcastéj$i maligni nador jater. Jeho vznik je
uzce spjat predevSim s chronickym jaternim onemocnénim — cirh6zou ¢i chronickou
hepatitidou. Incidence hepatocelularniho karcinomu v poslednich letech celosvétove roste

(Sung et al., 2021, Llovet et al., 2021).

1.2.4.1. Epidemiologie a charakteristika hepatoceluldarniho karcinomu

Hepatocelularni  karcinom (HCC) je celosvétové Sestym  nejcastéjSim
diagnostikovanym nadorem a tfeti nejcastéjSi piicinou Umrti z hlediska nadorovych
onemocnéni (Sung et al., 2021). Jeho vyskyt stoupa s vékem a vrcholi kolem 70. roku Zivota,
nicméné vyrazné nizsi vék diagndzy je u Cinské a africké cernosské populace. U muzil se
hepatocelularni karcinom vyskytuje az 2,5X ¢astéji nez u Zen (Sung et al., 2021). V Ceské
republice incidence oproti zacatku tisicileti mirn€ roste (v roce 2000 byla 7,62/100 000
obyvatel, zatimco v roce 2021 ¢inila 9,41/100 000 obyvatel, data www.svod.cz). Stejné tak
1 mortalita roste z 6,88/100 000 obyvatel (rok 2000) na 8,41/100 000 obyvatel v roce 2021

(obrazek 8) (data www.svod.cz).

Obrizek 8. Incidence a mortalita hepatoceluldrniho karcinomu v Ceské republice
(obrazek dostupny z www.svod.cz).
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Asi 80-90 % ptipadl hepatocelularniho karcinomu se vyvine u pacientt s cirhdzou,
proto je u nich dualezita aplikace rtiznych terapeutickych moznosti omezena na celkovy stav
pacienta (Global Burden of Disease Liver Cancer et al., 2017). Lécba se piifazuje podle
stadii nddoru a oc¢ekavanych ptinosii podle stagingového systému BCLC (Barcelona Clinic
Liver Cancer) (Llovet et al., 1999). Pacienti s hepatocelularnim nadorem v ¢asném stadiu
jsou preferovanymi kandidaty pro transplantaci jater, zatimco pacienti s pokrocilym
onemocnénim budou nejprve dostdvat systémovou lécbu, a az poté u nich dojde

k transplantaci jater (D'Amico ef al., 2018).

1.2.4.2. Rizikové faktory

Mezi rizikové faktory hepatocelularniho karcinomu patii infekce hepatitidou typu B
a C (HBV, HCV), chronick4 konzumace alkoholu, diabetes mellitus II. typu, nealkoholicka
steatéza jater (NASH), nebo vzacnd metabolickd onemocnéni, jako je hereditarni
hemochromato6za nebo deficience al-antitrypsinu (Marrero et al., 2018). VSechny uvedené
faktory zpiisobuji progredujici zmény jaterniho parenchymu, které mohou vyustit do jaterni
cirh6zy. Az jedna tfetina pacientll s jaterni cirh6zou nésledné vyvine hepatocelularni
karcinom (Sangiovanni et al., 2006). Hepatoceluldrni karcinom u pacientl spojeny
s nealkoholickou steatdzou jater se u 25-30 % ptipadi vyskytuje v nepfitomnosti cirhdzy
(Kanwal et al., 2018). V ptipad¢ pacientl s hepatitidou typu B miiZe byt hepatocelularni
karcinom vyvinut i v nepfitomnosti cirhdzy, ackoliv vétSina pacientl s hepatitidou typu B

indukovanym hepatocelularnim karcinomem ma ptitomnou cirhozu jater (Kew, 2003).

1.2.4.3. Dédicné predispozice k hepatocelularnimu karcinomu

V porovnani s ostatnimi nadory jsou hereditarni nadory jater pomérné vzéacné
(Ozturk, 1999). Nicméné dvé nedavné studie piekvapivé popsaly vyskyt dédicné
predispozice u ptiblizné 12 % pacientl s hepatocelularnim karcinomem. Pacienti byli nosici
patogennich zarode¢nych variant u nékterych ze znamych nadorové predispozi¢nich genil
pro vznik dédi¢ného karcinomu prsu a ovaria (BRCAI, BRCA2, PALB?2), nebo v genech
Lynchova syndromu (MLHI, MSH2, MSH6) (Mezina et al., 2021, Uson Junior et al., 2022).
Dale byly nalezeny patogenni varianty v genech FANCA a BRIP1, které jsou také zapojeny
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do homologni rekombinace, a patogenni varianty v téchto genech mohou vést k ovaridlnimu

karcinomu ¢i karcinomu prostaty (Beltran et al., 2015, Nicolosi et al., 2019).

Budouci studie by mély zkoumat zejména interakce mezi faktory prostredi
a dédi¢nou predispozici k hepatocelularnimu karcinomu. Je velmi pravdépodobné, Ze jedinci
se zarodeCnymi defekty v genech pro opravu DNA mohou byt nachylnéjsi
k hepatocelularnimu karcinomu vzhledem k tomu, ze chronicky zanét (ktery se vyskytuje
i u cirhdzy) miize vyvolavat dvouretézcové zlomy DNA v jaternich bunikach (Mezina ef al.,

2021).
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2. Cile prace

Cilem této disertacni prace bylo charakterizovat genetické predispozice spojené

s vyskytem:

1
2
3.
4

Melanomu,
karcinomu endometria,
karcinomu ovaria,

hepatocelularniho karcinomu.

Tedy nédorovych onemocnéni, u kterych byla doposud genetickd komponenta

vysoce a stfedné penetrantnich geni v CR studovéna nesystematicky ¢i viibec. Prace si

kladla za cil identifikovat zarode¢né patogenni varianty v predispozi¢nich genech k témto

onemocné&nim u pacient v CR a popsat zékladni fenotypové charakteristiky, které by mohly

prispét k lepsi identifikaci téchto vysoce rizikovych jedincti v Ceské republice.

Préce tesila nasledujici dil¢i ukoly:

Stanoveni frekvence a identifikace zarodecnych variant ve znamych
nadorové predispozicnich genech a v kandidatnich genech pro pacienty
s melanomem, karcinomem endometria, ovaria a hepatocelularnim
karcinomem.

Srovnani klinicko-patologickych charakteristik u nosi¢li zarodecnych
patogennich variant s pacienty, ktefi byli bez mutaci.

Urceni rizika vzniku daného nadorového onemocnéni se zarodecnymi

patogennimi variantami v jednotlivych genech.

Vysledky této disertacni prace mohou poskytnout porozuméni genetickym

predispozicim spojenych s dédicnymi formami melanomu, karcinomu endometria, ovaria

a hepatocelularniho karcinomu, coz muiZe pfispét k lepsi diagnostice ¢i prevenci téchto

nadori v Ceské republice.
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3. Metody

3.1. Soubor testovanych pacientii a kontrol

Prace zahrnuje Ctyfi rizné skupiny pacienti se studovanymi nadorovymi

onemocnénimi, melanomem, karcinomem endometria,

karcinomem.

3.1.1.Soubor pacientii s melanomem

ovaria,

a hepatocelularnim

Vyzkum zaméfeny na pacienty s melanomem byl proveden na skupiné 264 pacientt,

ktera zahrnovala 129 pacientd (97 Zen a 32 muzl) z VSeobecné fakultni nemocnice v Praze

(VFN) a 135 (96 Zen a 39 muzl) pacienti z Masarykova onkologického ustavu v Brné

(MOU). Protoze jsme ocekévali celkové nizkou prevalenci patogennich variant, zaméftili

jsme se na rizikové pacienty, s ¢asnym ¢i mnohocetnym vyskytem onemocnéni u probandii

nebo s rekurentnim vyskytem v jejich rodinach. Charakteristika téchto pacientil je uvedena

v tabulce 1. VSichni pacienti poskytli informovany souhlas s ucasti na studii schvaleny

Etickymi komisemi obou instituci.

Tabulka 1. Charakteristika skupiny kombinujici osobni nadorovou anamnézu a rodinou

nadorovou anamnézu u 264 pacientli

Kritéria Pozitivni RA | Pozitivni RA | Negativni Neznama RA | Pacienti, | Priimérny

(s mel) (ostatni RA N (%) vék v letech
nadory) (rozsah)

Mnohonasobny 0 4 0 2 6(2,3) 45,0 (38-58)

primiarni mel a

jiny nador

Mnohonasobny 5 8 3 1 17 (6,4) 37,3 (24-75)

primarni mel

Mel a jiny nador 9 45 9 8 71(26.9) | 47,3 (14-83)

Pouze mel do 25 let 5 17 11 3 36 (13,6) 20,0 (9-24)

Pouze mel, nad 25 41 62 24 7 134 37,1 (25-69)

let (50,8)

Pacienti, N (%) 60 (22,7) 136 (51,5) 47 (17,8) 21 (8,0) 264 37,7 (9-83)

(100)
Priimérny vék | 38,9 (9-69) 37,8 (14-83) 33,0 (15-66) 44,2 (14-75) - -

v letech (rozsah)
Mel = melanom, RA = rodinna nadorova anamnéza
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3.1.2.Soubor pacientek s karcinomem endometria

Tato retrospektivni studie byla provedena na 527 pacientkdch s déloznimi
malignitami (tabulka 2). DNA byla poskytnuta deviti pracovisti vramci konsorcia
CZECANCA (1. LF UK a VFN Praha, GENNET, MOU Brno, Lékatska fakulta Univerzity
Palackého v Olomouci, laboratore AGEL, Fakultni nemocnice v Plzni, GHC Genetics
a Pronatal) a Banky biologického materidlu (1. lékaiska fakulta Univerzity Karlovy).
Do studie byly zahrnuty pacientky se zhoubnymi naddory délohy diagnostikovanymi v letech
2011-2021. Studie byla schvalena Etickou komisi a vSechny pacientky poskytly

informovany souhlas s ucasti ve studii.

Ptevazujicim typem nadoru zhoubnych novotvari délohy u analyzovanych pacientek
byl karcinom endometria (89,7 %). Pacientky byly zafazeny do studie na zakladé indikace
ke genetickému testovani (vzorky z CZECANCA konsorcia), nebo se jednalo o
neselektované pacientky (pacientky z Banky biologického materidlu). Pacientky byly
rozdéleny do skupin na zékladé platnych indikaénich kritérii pro genetické testovani na
Lynchtv syndrom (LS) a hereditarni nadorovy syndrom prsu a ovaria (HBOC) (Foretova et

al,, 2019b).

Tabulka 2. Klinicko-patologické charakteristiky 527 pacientek se zhoubnymi néadory
délohy

Vsechny Charakteristika na zakladé¢ indikaénich kritérii
pacientky Pouze LS Pouze HBOC LS + HBOC Neindikované
s EC N=151; (%) N=16; (%) N=82; (%) N=278; (%)
N=527; (%)
Vék v dobé diagnézy EC
Neznamy veék 10 3 1 2 4
Pramérny vek | 59,1 50,8 59,0 51,3 65,8
v letech
Median v letech 60,5 478 57,0 49,0 65,3
Rozmezi v letech 24-92 24-91 51-73 28-81 50-92
<50 let 120 (23,2) 79 (53.4) 0(0,0) 41 (51,3) 0(0,0)
=50 let 397 (76,8) 69 (46,6) 15 (100,0) 39 (48,8) 274 (100,0)
Mnohocetné nadory v osobni anamnéze
Pfitomny 214 (40,6) 69 (45,7) 16 (100) 82 (100,0) 47 (16,9)
Nepftitomny 313 (59,4) 82 (54,3) 0(0,0) 0(0,0) 231 (83,1)
Dalsi nadory v osobni anamnéze
CRC 31(5,9) 31 (20,5) 0(0,0) 0(0,0) 0(0,0)
oC 59 (11,2) 0(0,0) 1(6,3) 58 (70,7) 0(0,0)
BC 80 (15,2) 14 9,3) 15 (93,8) 13 (15,9) 38 (13,7)
Tti nadory EC + | 13(2,5) 2(1,3) 0(0,0) 11 (13,4) 0(0,0)
(BC/OC/CRC)
Jiné 31 (5,9 22 (14,6) 0 (0,0 0(0,0) 93,2
Histologie déloZnich malignit
Karcinom 349 (89,7) 76 (85,4) 8 (72,7) 48 (100,0) 217 (90,0)
endometria
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Nedostupny 4 0 0 0 4
Endometrioidni 284 (73,0) 65 (73,0) 7 (63,6) 44 91,7 168 (69,7)
Serdzni 35 (9,0) 4 (4,5 1(9,1) 3(6,3) 27 (11,2)
Svétlobunécny 7 (1,8) 2(2,2) 0 (0) 0(0) 5(2,1)
Nediferencovany 3 (0,8) 2(2,2) 0(0) 0(0) 3(1,2)
SmiSeny 1(0,3) 1(1,1) 0(0) 0(0) 0(0)
(endometroidni/
serozni/
svétlobunéény)
Smiseny 4 (1,0) 0(0) 0(0) 0(0) 1(0,4)
(endometroiidni/
svétlobunéény)
Endometrialni 8(2,1) 1(1,1) 0(0) 1(2,1) 6 (2,5)
interepitelialni
neoplazie
Sarkomy 40 (10,3) 13 (14,6) 3(27,3) 0(0) 24 (10,0)
Nedostupny 3 2 1 0 0
Leiomyosarkom 32 (8,2) 9 (10,1) 2 (18,2) 0(0) 21 (8,7)
Nediferencovany 2 (0,5) 0(0) 0(0) 0(0) 2 (0,8)
Endometrialni 3(0,8) 2(2,2) 1(9,1) 0 (0) 0(0)
stromalni sarkom
Blize neurCeny | 138 (26,2) 62 (41,1) 5313) 34 (41,5) 37 (13,3)
maligni nador
délozniho téla
Stadium
Nedostupné 238 103 10 58 67
0 8 (2,8) 1(2,1) 0 (0) 1(42) 6(2,8)
I 176 (60,9) 33 (68,8) 4 (66,7) 17 (70,8) 122 (57,8)
11 38 (13,1) 5104 1 (16,7) 2 (8,3) 30 (14,2)
11 48 (16,6) 8 (16,7) 1 (16,7) 2 (8,3) 37 (17,5)
v 19 (6,6) 1(2,1) 0 (0) 2 (8,3) 16 (7,6)
Grade
Nedostupné 184 79 6 47 52
1 123 (35,9) 35 (48,6) 4 (40,0) 16 (42,7) 68 (30,1)
2 100 (29,2) 15 (20,8) 3(30,0) 12 (34,3) 70 (31,0)
3 120 (35,0) 22 (30,6) 3(30,0) 7 (20,0) 88 (38,9)
Rodinna nadorova historie
Neznama 21 4 3 6 8
Pozitivni 353 (69,8) 120 (81,6) 13 (100,0) 56 (73,7) 164 (60,7)
Negativni 153 (30,2) 27 (18,4) 0(0) 20 (26,3) 106 (39.,3)
Nadory v rodinné anamnéze
Neznamé 21 4 3 6 8
EC 35(6,9) 14 (9,5 1(7,7) 6(7,9) 14 (5,2)
CRC 88 (17,4) 39 (26,5) 4 (30,8) 15 (19,7) 30 (11,4)
oC 15 (3,0) 7 (4,8) 1(7,7) 5 (6,6) 2 (0,7)
BC 60 (11,9) 14 (9,5) 1(7,7) 6(7,9) 14 (5,2)
Mnohocetné 10 (2,0) 10 (6,8) 0(0) 0(0) 0(0)
(EC/OC/CRC)
Jiné 145 (28,7) 36 (24,5) 4 (30,8) 21(27,6) 84 (31,1)
Zadné 153 (30,2) 27 (18,4) 0(0) 20 (26,3) 106 (39.,3)

BC — karcinom prsu, CRC — kolorektalni karcinom, OC — ovarialni karcinom

Procenta byla vypocitana z celkového poctu pacientll se znamymi charakteristikami
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3.1.2.1. Indikacni kritéria ke genetickému testovani pro hereditdarni karcinom prsu a

ovaria

Osobni nadorova anamnéza:

Pacientka s karcinomem prsu je mladsi 45 let, nebo mladsi 50 let, neni-li
znama rodinna nadorova anamnéza.

Pacient je muz s karcinomem prsu.

Pacientka byla diagnostikovana s nadorovou duplicitou karcinomu prsu
a pankreatu.

Pacientka s bilateralnim karcinomem prsu, kdy prvni nador vyvinula
do 50 let, nebo oba karcinomy do 60 let.

Pacientka byla diagnostikovana s triple negativnim karcinomem prsu ve véku
pod 60 let.

Pacientka byla diagnostikovana bud’ s karcinomem ovaria, nebo blize

neuréenym karcinomem pohlavnich orgénu nebo s karcinomem peritonea.

Rodinna nadorova anamnéza

Pacientka a alespon dva dalsi pfibuzni byli diagnostikovani s karcinomem
prsu.

Pacientka a jeden dalsi ptibuzny mé karcinom prsu, kdy alespon jeden je
do 50 let nebo oba mladsi 60 let.

Pacientka a ptimy piibuzny (potomek, sourozenec, rodi¢) byli
diagnostikovani s karcinomem ovarii, vejcovodu ¢i peritonealnim tumorem,
triple negativnim nebo meduldrnim karcinomem prsu, karcinomem pankreatu

anebo karcinomem prostaty (s GS>7).

3.1.2.2. Indikacni kritéria pro genetické testovani pro Lynchitv syndrom (kolorektalni

karcinom a karcinom endometria)

Pacientovi byl diagnostikovan tumor ve véku do 50 let.

U pacienta byla potvrzena mikrosatelitova nestabilita ve véku do 60 let.
Pacient m4d kromé karcinomu endometria ¢i kolorektdlniho karcinomu
soubéznou diagnézu spojenou s Lynchovym syndromem (karcinom zaludku,

pankreatu, ovaria, tenkého stieva, moCového méchyie a ledviny).
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e Pacient ma kolorektalni karcinom a vice nez 10 polypti/adenomd.

e Pacient a jeden piimy pfibuzny maji diagnézu spojenou s Lynchovym
syndromem ve véku pod 50 let.

e Pacient a dva pfibuzni maji diagnézu spojenou s Lynchovym syndromem

v jakémkoliv véku.
3.1.3. Soubor pacientek s karcinomem ovaria

Vramci studie karcinomu ovaria bylo vySetfeno 1333 pacientek. Klinicko-
patologicka data (tabulka 3) byla ziskana béhem genetické konzultace. Pacientky s pozitivni
rodinnou anamnézou (RA) byly rozdéleny do kategorii na pacientky s hereditdrnim
karcinomem ovaria v rodinné anamnéze, pacientky s hereditarnim syndromem karcinomu
prsu a ovaria, pacientky s hereditarnim karcinomem prsu a/nebo ovaria nebo jinym nadorem
v rodinné anamnéze a pacientky s vice nddory v rodinné historii (ale nejednd se o karcinom
prsu nebo ovaria). Pacientky byly testovany v sedmi centrech: 1LF UK a VFN Praha,
Masaryktiv Onkologicky Ustav v Brné, GENNET, Laboratof AGEL Novy Ji¢in, GHC
Genetika, Pronatal a Fakultni nemocnice Olomouc. Z 1333 pacientek bylo 1045 (78,4 %)
diagnostikovano pouze s karcinomem ovaria, 288 (21,6 %) byly Zeny se dvéma primarnimi
nadory, a to nadory prsu (210 pacientek; 15,8 %), nebo jinymi nadory (78 pacientek; 5,9 %).
Pacientky byly diagnostikovany s nadorem ovaria v letech 2010-2018. VSechny pacientky

poskytly informovany souhlas s G€asti na studii schvaleny Etickou komisi VFN v Praze.

Tabulka 3: Klinicko-patologicka charakteristika 1333 pacientek s OC.

Kategorie | N (%) Kategorie | N (%)
VéEk v dobé diagnézy Rodinna nadorova anamnéza
Neznamy vék 33 Nezndma 99
<30 let 84 (6,5) HOC 119 (9,6)
30-39 let 152 (11,7) HBOC 345 (28,0)
40-49 let 282 (21,7) Mnohonasobny 182 (14,8)
karcinom

50-59 let 360 (27,8) Negativni 588 (47,7)
60-69 let 328 (25,2)
>70 let 94 (7,2)

Histologie Stadium
Neznamy 213 Nezndmé 373
HG serdzni 478 (42,7) I 302 (31,5)
LG serdzni 85 (7,6) 11 86 (9,0)
Serdzni nespecificky 165 (14,7) 1T 472 (49,2)
Endometroidni 90 (8,0) v 100 (10,4)
Mucindzni 43 (3.,8) Osobni anamnéza
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Svétlobunéény 15 (1,3) Pouze OC 1045 (78.4)
Border-line 154 (13,8) OCaBC 210 (15,8)
ostatni 90 (8,0) OC a jiny nador 78 (5,9)

BC — karcinom prsu, HBOC — hereditarni karcinom prsu a ovaria, HOC — hereditarni karcinom ovaria, OC —
ovarialni karcinom

3.1.4.Soubor pacienti s hepatocelularnim karcinomem

Soubor pacienti s hepatoceluldrnim karcinomem tvotilo 334 pacientti (258 muzl
a 76 Zen; viz tabulka 4), kteti byli od srpna roku 2002 do zaii 2021 v ramci Institutu klinické
a experimentalni mediciny (IKEM) v Praze zatazeni jako kandidati pro transplantaci jater.
U 329/334 (98,5 %) pacientil byla cirh6za diagnostikovana v souladu s doporuc¢enimi pred
nastupem hepatoceluldrniho karcinomu. U péti pacientt (1,5 %) nebyl nalezen prikaz jaterni

cirhozy.

Celkem 299 pacientl podstoupilo transplantaci jater, dalSich 34 pacientl bylo 1é¢eno
pomoci paliativni onkologické 1€cby a jeden pacient podstoupil resekci jater. Medidn doby
sledovani pacientl byl 4,2 let (rozmezi od 0,1-22,2 let). Kromé dvou pacientt byli vSichni

¢eského plivodu. VSichni pacienti poskytli pisemny souhlas se zatazenim do studie.

Tabulka 4. Klinicko-patologicka charakteristika vSech 334 pacientl s hepatocelularnim

karcinomem.

Kategorie Vsichni  pacienti | Muzi N=258; (%) | Zeny N=76; (%)
N=334; (%)
Median véku (rozmezi) v letech 63 (26-77) 63 (36-75) 65 (26-77)
Cirhéza 329 (98,5) 254 (98.,4) 75 (98,7)
Nebyla pfitomna 5(1,%) 4 (1,6) 1(1,3)
Alkoholicka 129 (38,6) 115 (44,6) 14 (18,4)
Virova 120 (35,9) 77 (29,8) 43 (56,6)
Cholestatickd a autoimunitni 48 (14,4) 37 (14,3) 11 (14,5
Nealkoholicka steatdza 29 (8,7) 23 (8,9) 6 (7,9
Metabolicka 3(0,9) 2 (0,8) 1(1,3)
Lécba HCC
Transplantace jater 299 (89,5) 225 (87,2) 74 (97.4)
Ostatni 35(10,5) 33 (12,8) 2 (2,6)
Charakteristiky HCC
AFP — median (rozsah) (ug/ml) 8,3 (0,9-5784) 7,4 (0,9-5784) 15,0 (1,9-1210)
Milanska kritéria 220 (65,9) 168 (65,1) 52 (68,4)
Angioinvaze 128 (45,6) 91 (43,8) 37 (50,7)
Grade 1 37 (13,0) 22 (10,3) 15 (21,1)
Grade 2 154 (54,0) 123 (57.5) 31 (43,7
Grade 3 94 (33,0) 69 (32,2) 25 (35,2)
Mnohocetny primarni tumor 57 (17,1 48 (18,7) 9119
Pozitivni nddorova historie 131 (39,2) 99 (38,4 32 (42,1)
Diabetes 138 (41,3) 117 (45,3) 21 (27,6)
Obezita (BMI>30) 94 (28,1) 161 (62,4) 31 (40,8)
Koureni 192 (57.5) 161 (62,4) 31 (40,8)
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3.1.5.Soubor kontrol

V ramci analyz byly pouzity kontrolni skupiny, které se postupné rozsifovaly
ziskavanim dalSich kontrolnich vzorkl. Ve studii s malignim melanomem byla pouzita
kontrolni skupina 1479 neselektovanych jedincti (1014 muza, primérny veék 55,5 let, ve
veéku od 18-88 let a 465 Zen, primérny vek 56,8 let ve véku od 18-84) poskytnuta z projektu
celoexomového sekvenovani v Narodnim centru pro Iékaiskou genomiku (NCMG;

https://ncmg.cz). Kontroly z NCMG byly pouzity i ve studii karcinomu ovaria, endometria

a hepatocelularniho karcinomu. Pro endometridlni, ovarialni a hepatocelularni karcinom
bylo pouzito 1662 neselektovanych kontrol (1170 muza a 492 Zen, s medianem véku 57 let)

z Nérodniho centra pro 1ékarskou genomiku.

Jako druha skupina kontrol bylo pfi studiu karcinomu endometria pouzito
777 jedinci (89 muza a 688 zen) starSich 60 let bez pozitivni nadorové osobni a rodinné
anamnézy. Pro studium hepatocelularniho karcinomu byla jako druha skupina pouzito
791 zdravych kontrol nenddorovych jedinct starSich 60 let (92 muzl a 697 Zen) bez osobni
¢i rodinné nadorové anamnézy. V ramci studia karcinomu ovaria bylo dale vysetfeno
616 nenadorovych kontrol (78 muza a 538 Zzen) nad 60 let bez osobni a rodinné nadorové

anamneézy, tyto kontroly byly shroméazdény v ramci konsorcia CZECANCA.

3.2. Izolace DNA z periferni krve

Z leukocytu z periferni krve byla izolovana DNA pomoci Wizard Genomic DNA

Purification Kitu (Promega) dle instrukci od vyrobce.

3.3. Sekvenovani nové generace

Genomova DNA byla analyzovana pomoci panelového NGS, jak bylo popsano diive
(Soukupova et al., 2018). Vysledky ztéto analyzy byly dale zpracovany pomoci
bioinformatickych krokii (uvedenych v kapitole 3.5.).

40


https://ncmg.cz/

3.3.1.Sekvena¢ni panel CZECANCA

Analyza genomové DNA od pacienti skarcinomem endometria, ovarii a

hepatocelularnim  karcinomem byla provedena pomoci panelu CZECANCA

(www.czecanca.cz). Tento panel cili na 226 kandidatnich nadorovych predispozicnich genii

(Soukupova et al., 2018)
3.3.2.Sekvenacni panel CZMELAC

Sekvenaéni panel CZMELAC (CZech MELAnoma panel for Cancer predisposition
genes) byl pouZit pro analyzu vzorki genomové DNA pacientil s melanomem. Tento panel
(NimbleDesign; Roche) cilil na217 gend vcetné genll s vysokym, stfednim a nizkym
rizikem pro vznik melanomu, predispozi¢nich genti pro dal§i nddorova onemocnéni a genti
asociovanych s melanomem v databazi Phenopedia

(https://phgkb.cdc.gov/PHGKB/startPagePhenoPedia.action) (Stolarova et al., 2020a).

3.3.3.Piiprava NGS knihovny

Ptiprava NGS knihovny zahrnovala fragmentaci DNA, enzymatickou Upravu
fragmentt, ligaci adaptord, inkorporaci specifickych indexti pomoci PCR, nabohaceni cilové

sekvence panelu a amplifikaci produktu pomoci PCR.

Pro NGS jsme pouzili 200-500 ng genomové DNA, kterd byla dale zpracovana
pomoci enzymatického §t€peni DNA fragmentazou pomoci kitu KAPA HyperPlus (Roche),
nebo pomoci sonikace (Covaris E220; Covaris) s vyuzitim kith KAPA HTP Library
Preparation dle instrukci vyrobce (KAPA, Biosystems, Roche). Po ligaci univerzalnich
adaptorti byly konce fragmentli ozna¢eny pomoci unikatnich indexti. Unikatni indexy nam
umoziuji analyzovat smésné vzorky jednotlivych pacienti. Vzorky se nasledné inkubovaly
s hybridizacnimi sondami sekvenac¢niho panelu CZECANCA nebo CZMELAC, kde po
inkubaci byla knihovna vzorkidl znovu amplifikovdna pomoci posledni PCR pro dosaZeni

optimalni vysledné koncentrace.

Velikost a kvalita fragmentll byla kontrolovana pomoci kapilarni elektroforézy
(Agilent 2100, Agilent, obrazek 9) a vysledné knihovna vzorki byla sekvenovana na piistroji

MiSeq ptipadné NextSeq pomoci ptislusné sekvenacni chemie (Illumina).
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Obrazek 9. Kontrola rozlozeni velikosti fragmenti DNA knihovny po pre-capture PCR
na pristroji Bioanalyzer 2100. Na ose x muzeme odecist velikost fragment( (bp) a na ose
y silu signalu.
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3.4. Analyza sestfihovych variant

Vsechny RNA izolované od pacientli s melanomem byly izolovany z leukocytl
periferni krve. Sestfihové varianty byly analyzovany pomoci metody RNA NGS s pouzitim
panelu CZMELAC a nasledné byly podrobeny bioinformatickému zpracovani, tak jak bylo
popséano v piedchozi studii (Walker et al., 2019).

3.5. Bioinformatické zpracovani

Sekvenacni data ziskana ze sekvenatoru byla zpracovana bioinformatickou skupinou
vedenou Mgr. Petrou Zemankovou, Ph.D. v nasi laboratofi. Vysledkem sekvenace, jsou
textova data ve formatu FASTQ. Kvalita ¢teni bazi byla kontrolovdna pomoci softwaru
FastQC v0.11.2. Sekvenacni data byla dale mapovana na referencni genom hgl9 pomoci
programu Novoalign v2.08.03, tim byly vytvoreny soubory ve formatu SAM, které pomoci
Picard tools v1.129 byly pfeménény na formu BAM. Kontrola kvality namapovanych bazi
na referen¢ni genom byla provedena pomoci programu Genome Analysis Toolkit (GATK)

v3.8.1 (https://software.broadinstitute.org/gatk/). BAM soubory byly nadale pomoci GATK

pipeline ptevedeny na VCF (variant-call format) format a poté byly anotovany pomoci
nastroje SnpEff 4.3. Pro vizualizaci sekvenacnich dat z BAM formatu byl pouzit program
IGV (Integrative Genomics Viewer, obrazek 10A). Velké genomové prestavby (CNV, copy
number variation, obrazek 10B) byly analyzovany nastrojem CNVkit 0.7.4
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(https://pypi.python.org/pypi/CNVKkit), zatimco stfedn¢ dlouhé inserce/delece byly

hodnoceny pomoci softwaru Pindel 0.2.5a7 (http://gmt.genome.wustl.edu/packages/pindel/)
(Soukupova et al., 2018).

Obrazek 10. A. Analyza patogenni varianty (BRCAI:c.5251C>T/p.Argl751Ter)
v programu IGV. Mut zna¢i pacienta s patogenni variantou a wt zna¢i pacienta bez
patogenni varianty.

S . I " e - Ty — oy — sy ——

3.6. Statistické zpracovani

Porovnani frekvence zarode¢nych patogennich variant pacientii a kontrol bylo

provedeno pomoci Fisherova testu & pomoci ¥ testu.

3.7. Analyza dat
3.7.1.SKkupiny genti pro melanom

V ramci studie dédi¢né predispozice pro melanom bylo 217 genti panelu CZMELAC
rozdéleno do ¢tyt skupin. Na geny vysoce a sttedné penetrantni pro melanom (8 genti — ACD,
BAPI, CDK4, CDKN2A, MITF, POTI1, TERF2IP, TERT), geny s nizkym rizikem melanomu
(26 genli — AGR3, ARNT, ASIP, CASPS, CCNDI, CDKN2B, CLPTMIL, FTO, HERC?2,
IRF4, MCIR, MGMT, MTAP, MX2, OBFCI1, OCA2, PARPI1, PAL2G6, SETDBI, SLC24A4,
SLC45A42, TERFI, TERF2, TINF2, TYR, TYRPI), geny kandidatni pro jina nadorova
onemocnéni (37 genit — APC, ATM, BARDI1, BMPRI1A, BRCAI, BRCA2, BRIP1, CDHI, FH,
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CHEK?2, KIT, MET, MSH2, MSH3, MSH6, NBN, NF'I, NF2, PALB2, PMS2, POLDI, POLE,
PTEN, RADS5IC, RAD5ID, RBI1, RET, SDHA, SDHB, SDHC, SDHD, SMAD4, STKI1,
TP53, VHL, WRN, WTI) a geny sneznamym vlivem na vyvoj dédicného melanomu
(zbylych 146 gent — ABLIMI1, APEXI, ATRN, AURKA, BBC3, BLM, BRAF, BRMSI,
CASP10, CBL, CCAR2, CCNH, CDK10, CDK7, CDKNI1A, CDKNIB, CDKNIC, CEBPA,
COX84, CTLA4, CTNNBI, CYPI11AI, CYP17A1, CYP19A1, CYP1Al, CYPIA2, CPY3A45,
DAB2IP, DCAF4, DDB1, DDB2, EDNRB, EGF, EGFR, EIF1AX, EPCAM, EBB2, ERBB4,
ERCCI, ERCC2, ERCC3, ERCC4, ERCCS5, ERCC6, ERCCS, EXOC2, EZH2, FANCC,
FANCL, FANCM, FAS, FASLG, FGF2, FGF4, FLCN, FLTI, FOXP3, GATA2, GATA4, GC,
GNAIl, GNAQ, GPC3, GSTM1, GSTM3, GSTP1, GSTTI, H2AFY, HRAS, IDHI, IDH?2,
IFIHI, IFNAI, IFNG, IL10, IL2RA, IL4, IL6, ILS, ING4, KAT6A, KIAA1967, KMT2A,
KRAS, LRIGI, MPA2KI, MDM?2, MLHI, MLH3, MMPI, MMP3, MUTYH, MYH7B,
NCOA6, NFKBI, NFKBIE, NOD2, NOTCH3, NRAS, PAX5, PDGFRA, PIGU, PIK3CA,
PIK3RI1, PIK3R4, PMAIPI, PMSI, POLH, POMC, PPMID, PPP6C, PRFI, PTGS2,
PTCHI, PTPNII, PTPN22, RACI, RAD23A4A, RAD23B, RASEF, RECQL, RECQLA4,
RHOBTB2, RUNXI, SBDS, SF3B1, SH2B3, SLX4, SMARCBI, SNX31, STAG2, STK19,
SUZI12, TACCI, TERC, TLR3, TRPMI, TSC1, TSC2, VDR, XAB2, XPA, XPC, XRCClI,
XRCC3, ZNF365).

3.7.2.Skupiny gent pro karcinom endometria

Pti studii dédi¢né predispozice karcinomu endometria bylo 226 gent z panelu
CZECANCA rozdéleno do dvou skupin. Prvni skupina byla 19 genti (4TM, BARDI, BRCA,
BRCA2, BRIPI, CDHI, EPCAM, CHEK2, MLHI, MSH2, MSH6, NF1, PALB2, PMS2,
PTEN, RADS5IC, RADS5ID, STKI1I a TP53), které jsou asociovany s endometridlnim

karcinomem a 207 ostatnich kandidatnich gend.

3.7.3.Skupiny genii pro karcinom ovaria

V ramci studie dédicné predispozice karcinomu ovaria bylo z 219 gent (starsi
verze) panelu CZECANCA vybrano 18 predispozi¢nich genti pro karcinom prsu a ovaria

(dle NCCN guidelines, verze 1.2020, dostupné 4. prosince 2019) - ATM, BARD1, BRCAI,
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BRCA2, BRIPI, CDHI, CHEK2, MLHI, MSH2, MSH6, NBN, NFI, PALB2, PTEN,
RADS5I1D, RAD51C, STK11 a TP53.

3.7.4.Skupiny genti pro hepatocelularni karcinom

Pro studii dédi¢né predispozice hepatocelularniho karcinomu bylo pouzito 226 genti
zpanelu CZECANCA, které byly rozdéleny do dvou skupin na potvrzené¢ nadorové
predispozi¢ni geny (48 genli) a kandidatni nadorové predispozic¢ni geny (178 genu —
viz obrazek 11).

Obrazek 11. Seznam 226 nadorové predispozi¢nich genti rozdélenych do dvou skupin na

potvrzené (Cervené) a kandidatni (Sedé) nddorové predispozicni geny. Geny MRN
komplexu jsou ozna¢eny modre.
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3.7.5.Prioritizace variant

Cilem prioritizace variant bylo identifikovat potencialni patogenni/pravdépodobné

patogenni varianty. Prioritizace zahrnovala postupnou filtraci variant s odstranénim variant:

e s nizkou sekvenacni kvalitou (q<150).

e variant uloZenych hluboko v intronu ¢i UTR varianty.

e intronovych variant mimo kanonicka sestfihova mista (+1-2 nukleotidy v pfilehlém
intronu).

e variant s alelickou frekvenci (minor alelle frequency, MAF)>0,003 v popula¢nich
databazich (Exome Sequencing Project, gnomAD, 1000 Genomes Project).

e Variant s frekvenci N>2 (tedy ~0,3 %) u populacnich kontrol.

e synonymnich variant.
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e variant s klasifikaci v ClinVar databazi jako benigni ¢i pravdépodobné benigni.
e variant s opakujicimi se useky v sekvenci (repeat masker track — rmsk).

e nonsense a posunové varianty ulozené v poslednim exonu.

Filtra¢ni kroky nebyly aplikovany, pokud dana varianta byla v ClinVar databazi
uvedena jako patogenni ¢i pravdépodobné patogenni. Patogenni/pravdépodobné patogenni
varianty v databazi ClinVar s pouze jednim pfispévatelem nebo rozporuplnou interpretaci
byly do vysledki zatazeny jako varianty nejasného vyznamu (VUS). Duplikace celych genii
a trunkacni varianty v poslednim exonu byly také povazovany za VUS (pokud nebyly
v ClinVar vedeny jako patogenni/pravdépodobné patogenni (pathogenic/likely pathogenic —
P/LP)).

3.8. Potvrzeni pritomnosti genetickych variant

Pfitomnost patogenni genetické varianty, ktera byla detekovana pomoci NGS
analyzy, byla potvrzena Sangerovym sekvenovanim s vyuZitim intern€ navrzenych primert
nebo pomoci MLPA (Multiplex ligation dependent probe amplification) s vyuzitim
ptislusnych kit od MRC Holland.
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4. Vysledky

4.1. Identifikace zarode¢nych variant u pacienti s melanomem
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Pomoci NGS panelu CZMELAC bylo u 264 pacientd s melanomem nalezeno 16 539
unikatnich zarode¢nych variant. Po aplikaci prioritizacnich kritérii byly odstranény varianty
nejasného vyznamu (VUS), které predstavovaly absolutni vétSinu (87 %). Findlni vybér €inil
83 patogennich/pravdépodobné patogennich (P/LP) dédicnych variant (66 unikatnich)
u 71/264 (26,8 %) pacientii s melanomem v 42/217 genech. Do téchto variant bylo zahrnuto
1 pét CNV (copy number variation) v genech CHEK?2, SLC4542 a TRPM1 (obrazek 12). U
kontrolni skupiny, bylo nalezeno 225 P/LP variant u 204/1479 (13,8 %) kontrol v 82/217
genech. I zde byly nalezeny dvé CNV varianty (obé v genu CHEK?).
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Obrazek 12 A. CNV varianty nalezené u pacientii ¢i kontrol u gent CHEK?2, SLC45A42 a
TRPM]1. Pokles normalizované kiivky pod hodnotu 0,6 znaci deleci. B. Konfirmace delece
SLC4542 a TRPM1 pomoci qPCR. Tuéné znacené rozdily v hodnotach prahové hodnoty
(Cp) indikuji deleci analyzovaného exonu.
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Celkové bylo nalezeno 43/264 (16,3 %) pacientii (tabulka 5) a 87/1479 (5,9 %)

melanomu.

Tabulka 5. Zarode¢né P/LP varianty u pacienti s melanomem

genech pro vznik

Gen: kodujici sekvence (proteinova sekvence) Lokalizace | Ostatni Rodinnd  nadorova
melanomu | nadory anamnéza (kolikrat)
(vék) probanda
(vék)
Geny s vysokym aZ stiednim rizikem vzniku melanomu
7 | CDKN2A4:c.16_20del5(p.Gly6GlInfsTer7) Trup (38) - BC (1x), Leu (1x),
Mel (1x), 3X neznamy
nador
Z | CDKN2A4:c.71G>C(p.Arg24Pro) Trup (24) Mel (35) CRC (1x), Mel (1x),
UC (1xX)
Z | CDKN2A4:c.71G>C (p.Arg24Pro) Trup (28) Mel (38) Mel (2x)
7 | CDKN24:c.95 112del(p.Leu32 Leu37del) DK (28) GC (48) BC (2x), CRC (1x),
GC (I1x), LC (Ix),
Mel (2%)
M | CDKN24:¢.334C>G(p.Argl12Gly) Hlava (43) | - Mel (1x), PC (1x)
Z | CDKN2A4:c.457+4_457+5delAG(p.Tyr129HisfsTerl11) | Trup (29) Mel (34) BT (1x)
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Z | POTI:c.347C>T (p.Prol16Leu) n.a. (41) Mel (41, 44); | RC (1x)
CHEK2:Ae9-10 BC (47)
7 | POTI:c.703-1G>C (p.Val235GlyfsTer22) n.a. (37) TC (34); BC (1x), CRC (1x),
BT (47) LC (1x), SGC (1x),
TC (1x)
M | ACD:c.755del(p.Asp255AlafsTer9) HK (39) - Negativni
Geny s nizkym rizikem vzniku melanomu
7 | OCA2:c.1211C>T (p.Tyr404Met) n.a. - Mel (1X)
KAT6A4:¢.1138G>T (p.Glu380Ter)
M | OCA2:c.1327G>A(p.Val443lle) Trup (15) - Negativni
7 | OCA2:c.1327G>A(p.Val443Ile) Trup (43) - BC (3%), CRC (3x),
PC (1x)
Z | OCA2:c.1327G>A(p.Val4431le) DK (52) Lymfom (38); | Leu (1X), neznamy
Mel (49) nador (1X)
M | OCA2:¢.2037G>C(p.Trp679Cys) n.a. (50) - Negativni
M | OCA2:¢.2037G>C(p.Trp679Cys) n.a. (68) Mel (68) n.a.
M | TYRPI:c.1054 1057del4(p.Asn353ValfsTer31) Trup (36) - Mel (2x%)
TRPM1:Ae2-7
M | SLC4542: Ael-2 Oko (25) - n.a.
GSTM3:¢.393C>A(p.Tyr131Ter)
Z | SLC45A42: Ael-4 Trup (42) BC (41) PrC (1x)
M | TYR:c.650G>A(p.Arg217Gln) Trup (37) - Negativni
Z | TYR:c.1037-7T>A Hlava (66) | BC (52) BC (2x%), HCC (1x)
FANCC:c.455dupA(p.Asnl52LysfsTer9) CRC (66)
Z | TINF2:c.796C>T(p.Arg266Ter) HK (48) - CRC (1x), GbC (1x),

Mel (1x), PrC (1x),
RC (1x), Sarkom (1X)

Geny s nejasnym rizikem pro vznik melanomu a geny asociované s hereditirnim nadoro

Vym onemocnénim

7 | NBN:c.657 661del5(p.Lys219AsnfsTerl6) Trup (24) - BC (1x), BT (Ix),
Mel (1x)

Z | NBN:c.657 661del5(p.Lys219AsnfsTerl6) Oko (25) - Negativni

M | NBN:c.657 661del5(p.Lys219AsnfsTerl6) Trup (37) - n.a.

7 | NBN:c.657 661del5(p.Lys219AsnfsTerl6) Hlava (45) | Mel (68) n.a.

OC (56)

Z | NBN:c.657 661del5(p.Lys219AsnfsTerl6) Trup (65) OC (67) Negativni

M | NBN:c.1126delG(p.Asp376llefsTer2) n.a (47) - LC (2%), Mel (1x)

Z | NBN:c.1723G>T(p.Glu575Ter) DK (9) BC (50; 59) Mel (1x)
NFKBIE:c.165_169dup(p.Glu57AlafsTer51)

M | BRCA2:c.475G>A(p.Vall59Met) HK (45) RC (46) HL (1x)

Z | BRCA2:c.1389 1390del2(p.Val464GlyfsTer3) DK (47) BC (59; 59) GC (2x%)

Z | BRCA2:5682C> G(p.Tyr1894Ter) n.a. (67) BT (59) BC (1x), PrC (2x),

BC (56) retinoblastom (1X)

M | BRCA2:c.7007G>A(p.Arg2336His) Hlava (22) | - BT (1x); PrC (2x),
IFIH]:c.2464C>T(p.Arg822Ter) TC (1x)

M | BRCA2:c.8168 8172ins4(p.Tyr2726MetfsTer10) n.a. (40) Mel (36) LC (2x)
TYRPI:c.1254C>A(p.Tyr41Ter) Non-HL (38)

Z | BRCAI:c.68 69del2(p.Glu23ValfsTerl7) Trup (47) OC (57) n.a.

UC (56; 57)

Z | BRCAI:c.1687C>T(p.GIn563Ter) Oko (54) BC (46) OC (1x)

Z | BRCAI:c.4214delT (p.Ille1405LysfsTer10) DK (46) OC (46) BC (3x), OC (2x)
ATM:c.7630-2A>C BC (49)
MUTYH:c.1187G>A(p.Gly396Asp)

Z | BRCAI:c.52666dup(p.Glul756ProfsTer74) Trup (53) BC (54) Negativni

M | CHEK2:Ae9-10 HK (28) - CRC (1x), Lymfom

(1x), Mel (I1x),
MMT (1x)

M | CHEK2:c.846+4 846+7del4 Trup (38) - BC (1x), CRC (1x)

7 | ATM:c.381del(p.Vall28Ter) Trup (41) Mel (50) BC (1x), PC (1x)
WRN:c.1105C>T(p.Arg369Ter)

Z | ATM:c.5932G>T(p.Glu1978Ter) Trup (35) - LC (1x), UC (1x)
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Z | RAD51D:c.405+2T>C Trup (26) - CC (1x)
CHEK2:¢.917G>C(p.Gly306Ala)
7 | RBI:c.608-1G>T Trup (32) BC (45) GbC (1x), LC (1x)
M - muZ; Z - Zena; DK - dolni kongetina, HK - horni kong&etina; BC (breast cancer) — karcinom prsu, BT (brain
tumor) — nador mozku, CC (cervix cancer) — nador délohy, CRC (colorectal cancer) — kolorektalni karcinom,
GbC (Gallbladder cancer) — karcinom Zlu¢niku a Zluovodu, GC (gastric cancer) — karcinom zaludku,
HCC (hepatocellular cancer) — nador jater, HL (Hodgkin lymphoma) — Hodgkiniv lymfom, LC (lung
cancer) — karcinom plic, Leu (leukemia) — leukemie, Mel (melanoma) — melanom, MMT (malignant
mesenchymal tumor) — maligni mesenchymalni tumor, OC (ovarian cancer) — karcinom ovaria, PC (pancreatic
cancer) — karcinom pankreatu, PrC (prostate cancer) — karcinom prostaty, RC (renal cancer) — karcinom
ledviny, SC (skin cancer) — karcinom ktize, SGC (salivary gland cancer) — karcinom slinnych zlaz, TC (thyroid
cancer) — karcinom §titné zlazy; UC (urinary cancer) — karcinom moc¢ového méchyie

4.1.1. Mutace ve vysoce aZ stiedné rizikovych genech pro melanom

Mutace ve vysoce a stfedn¢ penetrantnich genech pro melanom byly zachyceny u
9/264 (3,4 %) pacientl. Nejvyssi Cetnost patogennich variant byla nalezena u genu CDKN2A4
(tabulka 5), kde jsme u Sesti pacientil zachytili varianty oznac¢ené v ClinVar jako patogenni
¢i pravdépodobné patogenni. Jednalo se o missense varianty ¢.71G>C (p.Arg24Pro, u dvou
pacientll) a ¢.334C>G (p.Argl12Gly), posunovou varianta c.16 20delGGGAG
(p-.Gly6GInfsTer7), in-frame variantu c¢.95 112dell8 (p.Leu32Leu37del, zplsobujici
zkraceni C-konce domény ankyrin 1, kterd sousedi s -vlasenkou) a nové popsanou
sestfithovou variantu ¢.457+4 457+5delAG, u které jsme zaznamenali aktivaci aberantniho
sestithového mista (r.384 457del74) se vznikem aberantniho sestfithu vedouciho ke

vzniku posunové varianty v proteinovém produktu p. Tyr129HisfsTer11 (viz obrazek 13).

Dvé varianty byly nalezeny v genu POT1 (NM_015450). Varianta ¢.703-1G>C byla
nalezena u probanda s melanomem, dysplastickymi névy a s nddorem S§titné Zlazy. Tato
varianta ovliviiuje kanonické sestfthové misto intronu 10, coz vede k ptreskoceni exonu 10
na arovni mRNA (r.703 869del167). Jedna se o posun ¢teciho ramce p.Val235GlyfsTer22.
Dale byla zaznamenina vzacna varianta ¢.347C>T, ktera méni konzervovanou
aminokyselinu p.Prol16Leu (Calvete et al., 2017) u pacienta, ktery ma také zaroven deleci
5395 bp ovlivitujici exon 9 a 10 genu CHEK2 (NM_007194). Funkéni analyza, kterou
provedli nasi kolegové z UMG AVCR (laboratoi Dr. Macirka) prokazala, ze POT1-P116L
je sice schopen interakce se svym vazebnym partnerem v shelterinovém komplexu,

proteinem ACD, avS§ak ztraci schopnost vazby na telomerazovou DNA.
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Obrazek 13. Charakterizace sestfihové aberace v genu CDKN2A. A. NGS analyza RNA
izolované z krve. Sestifihova aberantni varianta c.457+4 457+5delAG (oznacena Sedou
Sipkou). Varianta vede k eliminaci kanonického sestfihového mista a aktivaci kryptického
sestfihového mista uvnitf exonu 2, coz vede k deleci 74 nukleotidt (1.384 457del74) na
urovni mRNA a zafazeni predCasného stop kodéonu na 1rovni proteinu
p.Tyr129HisfsTer11. B. Sashimi plot, ktery ukazuje ptfitomnost aberantniho sestfihu u
pacienta (5/12 readi).
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Exon 3 i la 16

Jeden pacient nesl mutaci vgenu ACD (NM _001082486) c.755delA
(p-Asp255AlafsTer9). ACD koduje protein, ktery je soucasti shelterinového komplexu, PV
v genech tohoto komplexu jsou asociované s vysokym rizikem vzniku melanomu (4oude et
al., 2015b). V genu ACD byla nalezena také varianta c.617dupT (p.His206GInfsTer26)
v kontrolni skuping. Zadné varianty nebyly nalezeny v dalsich genech popsanych se

zvySenym rizikem familidrniho melanomu 7ERT, BAPI nebo CDK4.
4.1.2. Mutace v genech s nizkym rizikem pro vznik melanomu

V genech s nizkym rizikem vzniku melanomu bylo nalezeno celkem 12 nosict
mutaci v péti genech. Tyto geny patrné nezvySuji riziko vzniku melanomu klinicky
vyznamnym zpusobem, nicméné frekvence vyskytu u pacientli oproti kontroldm byla vyssi
v genech TYRPI (0,8 % vs. 0 %; p=0,02) a OCA2 (2,3 % vs. 0,5 %; p=0,01) kdédujicich

specifické proteiny melanogeneze (viz kapitola 1.2.1).
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4.1.3.Mutace v genech asociovanych s dalSimi hereditirnimi onemocnénimi

Celkem u22/264 (8,3 %) pacienti a 57/1479 kontrol (3,9 %) byly nalezeny patogenni
varianty v dal§ich nadorovych predispozi¢nich genech. Alterace postihujici geny NBN
(OR=10; 95%CI 2,5-47,0; p=3,2x10*) a BRCA2 (OR=9.5; 95%CI 1,8-61,4; p=0,003)
vykazovaly nejsilngjsi asociaci s melanomem. Frekvence zirodecnych mutaci v genech
BRCAI, CHEK2 a MUTYH byly ttikrat vyssi u pacientii nez u kontrol, ale jednalo se o

hrani¢né¢ nesignifikantni nartst (celkové p=0,051).

4.1.4.Mutace v ostatnich genech s neznamym rizikem pro vznik melanomu

Patogenni varianty v dalSich 23 genech byly nalezeny u 28/264 (10,7 %) pacientl
(tabulka 6) a 132/1479 (8,9 %) kontrol (p=0,4), coZ naznacuje, ze tyto geny pravdépodobné

se zvySenym rizikem vzniku melanomu vyznamné nesouviseji.

Tabulka 6: Zarodecné P/LP varianty v genech s nezndmym rizikem pro vznik melanomu.

Gen: kodujici sekvence (proteinova sekvence) | Lokalizace | Ostatni Rodinna nadorova
melanomu nadory anamnéza (kolikrat)
(vék) probanda
(véKk)
M BLM:c.1642C>T(p.GIn548Ter) Trup (28) Mel (41, 43) | negativni
Z CASP10:c.684+1G>A DK (60) UtC (67) CRC (1x), HCC (1x), Mel
(1x), PC (1x), PrC (1x),
TsC (1x)
Z CDKNIC:c.644 649dup6(p.Ala215 Pro216dup) | Trup (37) Mel (45) Mel (1x), Prc (1x), RC
(2x), SC (1x)
Z CYP1A1:c.1371delT(p.Cys457Ter) HK (40) - Mel (1x), OC (1x), PC (1x)
Z CYP3A45:c.1372del(p.Val458SerfsTer) DK (38) HL UrC (1x)
M DCAF4:¢c.1294+1G>A n.a. (40) - Mel (1x), PrC (1x)
Z ERCC2:¢.1808_1809del(p.Lys603SerfsTer45) n.a. (18) - BC (1x), BT (1x), ENT_C
(1x)
Z ERCC3:c.325C>T(p.Argl109Ter) Trup (21) - negativni
M ERCC6:c.653-2A>G n.a. (59) PaC (67) n.a.
PrC (55)
Z FANCM:c.5101C>T(p.GIn1701Ter) Trup (36) - BC (1x), GC (2x), LxC
(1x), SgC (1x)
Z FLCN:c.30del(p.Cys11AlafsTerd4) Trup (16) - negativni
Z IFIH:c.688C>T(p.GIn230Ter) HK (49) BC (53;53) | BC (1x), Mel (1x)
UtC (72)
Z MMP1:c.1389G>A(p.Trp463Ter) Trup (34) - CRC (4x%)
Z MUTYH:c.536 A>G(p.Tyr179Cys) n.a. (30) BC (29) BT (1x)
Z MUTYH:c.536A>G(p.Tyr179Cys) HK (58) - CRC (3%), TC (1x)
Z MUTYH:c.1147del(p.Ala385ProfsTer23) n.a. (41) BC (43) BC (1x), OC (1x)
Z MUTYH:c.1187G>A(p.Glu396Asp) n.a. (46) Ly (39) LC (1x), Mel (1x)
BC (47)
SkC (49)
Z MYH7B:c.4733ins (p.Lys1579GInfsTer10) HK (29) - CC (1x), LxC (1x)
Z NFKBIE:c.137del(p.Ile46ThrfsTer3) Trup (42) BC (42) BC (1x)
CRC (53)
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M POLH:c.884+1_884+4del Trup (33) Mel (35) LC (1x)
SkC (29)

M PRF1:¢c.386G>A (p.Trp129Ter) DK (41) - LC (1x), PC (1x)

Z RECQL:c.1859C>G(p.Ser620Ter) HK (17) - BC (1x), CRC (1x), TC
(1x), neznamy nador (1X)

Z RECQL4:c:2161C>T(p.Arg721Ter) Hlava (38) Mel (37) EC (1x)

z SLX4:¢.2384C>G(p.Ser795Ter) HK (26) - Negativni

M SLX4:¢.5242C>T(p.GIn1748Ter) Trup (33) - CRC (1x), osteosarkom
(1x), PrC (1x)

F XPC:c.622-2A>G Hlava (30) - PC (3%)

Z TRPM1:Ae2-7 Trup (41) BC (45) BC (1x), mesotheliom (1X),
SC (2x)

7 TRPM1: Ae2-7 Trup (58) BC (62,62) | BC(1x),LC (1x)

M - muz; Z - Zena; DK - dolni konéetina, HK - horni kon&etina; BC (breast cancer) — karcinom prsu, BT (brain
tumor) — nador mozku, CC (cervix cancer) — naddor délohy, CRC (colorectal cancer) — kolorektalni karcinom,
EC (endometrial cancer) — karcinom endometria, ENT C (ear, nose, throat cancer) — nador ucha, nosu a krku,
GbC (Gallbladder cancer) — karcinom zluéniku a zlu¢ovodu, GC (gastric cancer) — karcinom zaludku,
HCC (hepatocellular cancer) — nador jater, LC (lung cancer) — karcinom plic, LxC (laryngeal cancer) — nador
laryngu, Mel (melanoma) — melanom, n.a. (not available) — neni k dispozici, OC (ovarian cancer) — karcinom
ovaria, PC (pancreatic cancer) — karcinom pankreatu, PrC (prostate cancer) — karcinom prostaty, RC (renal
cancer) — karcinom ledviny, SC (skin cancer) — karcinom ktize, SGC (salivary gland cancer) — karcinom
slinnych zlaz, TC (thyroid cancer) — karcinom §titné zlazy, TsC (testicular cancer) — nador varlat, UrC (urinary
cancer) — karcinom mocového méchyte, UtC (uterine cancer) — nador délohy

4.1.5.Klinicko-patologické charakteristiky pacienti s melanomem

Z klinicko-patologické charakteristiky bylo vytazeno 11 pacienti nesoucich dvé a
vice patogennich variant v predispozi¢nich genech. Analyzovano bylo tedy celkem
60 nosi¢li patogennich variant v nékterém zhodnocenych genii a 193 pacienti bez

pfitomnosti patogenni varianty (viz obrazek 14).

Klasifikace podle pfitomnosti mutaci ve skupinach predisponujicich k melanomu
(pode Tabulky 7) odhalily zvysenou frekvenci pacientd s mnohonasobnym melanomem
nebo dvéma primarnimi tumory mezi nosic¢i mutaci genti s vysokym az stitednim rizikem pro
vznik melanomu (5/8; 63 % pacientdl) a u genl pro hereditarni nddorové syndromy (9/16;
56 % pacientll), v porovnani s nenosici (58/193; 30 % pacientli; obrazek 14B). Dtlezitost
osobni nadorové anamnézy pro potencidlni nosi¢stvi mutace byla prokazana, kdyz jsme
vypocitali podil pacientll se zarodecnou mutaci v konkrétnich kategoriich osobni nadorové
anamnézy (viz obrazek 14F). Signifikantni nartist podilu nosi¢ti mutaci byl nalezen pfi
porovnani pacientl s mnohonasobnym melanomem (7/16; 44 % pacientil) s pacienty
s jednim melanomem (29/164; 18 % pacientd, p=0,021). Celkem 14/89 (16 %) pacientd,
ktefi méli vice nez jeden tumor v osobni anamnéze (pacienti s mnohonasobny melanomem,
mnohonasobnym melanomem a jinym nddorem a pacienti s nadorovou duplicitou melanomu
a dalSiho tumoru) bylo nosi¢i patogennich variant v klinicky relevantnim genu (geny

s vysokym az stfednim rizikem, nebo geny pro nadorové hereditarni syndromy), v porovnani
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s 10/164 (6 %) nosi¢i u pacientit s jednim melanomem (p=0,023). Nadorova duplicita
(ne pouze melanomova) u probandii zvysuje riziko nosi¢stvi patogenni varianty (OR=2,9;
95%CI 1,2-6,8). Pozitivni rodinna nadorova anamnéza nezvysovala riziko nosicstvi mutace,
nicméné prevalence mutaci u pacientll s pozitivni nadorovou anamnézou (24/196 nosicu;
12 %, obrazek 14C a 14G) ptekrocila limit 10 % pro zarazeni ke genetickému testovani

(4/47, 8,5 % pozitivné testovanych pacientd bez rodinné nadorové anamnézy; p=0,6).

Obrazek 14. Klinicko-patologické charakteristiky pacientli s melanomem rozdélenych na
zaklad¢ pfitomnosti patogennich zdrode¢nych predispozicnich variant. A. Pocet pacientil
podle kategorii genil (zobrazenych i na panelu B, C a G). P-hodnoty vyjadiuji statistickou
signifikanci vi¢i nenosi¢lim (povaZovanych jako reference). Panel E ukazuje véky
pacientd v jednotlivych kategoriich. Panel F a G zobrazuje podil nosici variant
v analyzovanych kategoriich genli u jedincti s osobni nddorovou anamnézou (F;
s vyjimkou 11 nosica vice patogennich variant) a jedincii s pozitivni rodinnou nadorovou
anamnézou (G; s vyjimkou 21 jedinct s nezndmou rodinnou nddorovou anamnézou).

A, Number of patients in gene categony (s mutatien coriors seiuded) E. Age at first melanoma onset (years)
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Tabulka 7. Frekvence zirodecnych patogennich variant ve skupindch s geny
predisponujicich k melanomu. Hodnoceni je zobrazeno pro analyzu, kdy 11 nosi¢i dvou a
vice germindlnich variant bylo zahrnuto nebo vynechdno z analyzy.

P/LP Varianty; N (%)
4 5 o .
Melanomové podskupiny 264 pacientii 1479 OR (95%CI); p-hodnota
kontrol
Analyza, kdy vicenésobni nosi¢i mutaci byli ZAHRNUTI*

Geny s vysokym az stfednim rizikem pro 9(3.4) 1(0.1) 522 (6,6-413,1); 3,2x107
vznik melanomu
Geny s nizkym rizikem pro vznik melanomu 12 (4,5) 3524 1,9 (1,0-3,8); 0,06
Geny pro hereditarni nadorové syndromy 22 (8,3) 57 (3,9) 2,3 (1,4-3,8); 0,003
Geny snezndmym rizikem pro vznik 28 (10,6) 132 (8,9) 1,2 (0,8-1,8): 0,4

familiarniho melanomu

Analyza, kdy vicendsobni nosi¢i mutaci byli VYRAZENI
Geny s vysokym az stfednim rizikem pro

. 8(3,2) 1(0,1) 48,1 (6,4-2116,9); 1,5x10°¢
vznik melanomu
Geny s nizkym rizikem pro vznik melanomu 8(3,2) 35(24) 1,3 (0,5-3,0); 0,51
Geny pro hereditarni nddorové syndromy 16 (6,3) 57 (3,9) 1,7 (0,9-3,0); 0,09
Geny sneznamym rizikem pro vznik 28 (10,6) 132 (8,9) 1,2 (0,8-1.8): 0.4

familidrniho melanomu
* U vicenasobnych nosicu variant, ktefi méli varianty v genech z riznych skupin, se zapocitavala skupina
s vy$§im rizikem vzniku melanomu. Geny s vysokym az stfednim rizikem> geny pro hereditarni nadorové
syndromy> geny s nizkym rizikem pro vznik melanomu> geny s nezndmym rizikem pro vznik familiarniho
melanomu

Vicenasobni nosic¢i mutaci 7/11 (ktefi byli vyfazeni z klinicko-patologické analyzy),
byly nosi¢i mutaci, kde alespoii jedna byla v genu ze skupiny s vysokym az stfednim rizikem
(POT1/CHEK?2), nebo ze skupiny pro hereditdrni nadorové syndromy (ATM/WRN,
2x BRCAI/BRCA2, CHEK2/RADS51D/NBN). Melanom nebo tumorova multiplicita v osobni
nadorové anamnéze byla pfitomna u Ctyfech (36 %) pacientii, vSichni tito pacienti méli

pozitivni rodinnou anamnézu.

V ramci této studie jsem se podilela na ptipravé vétSiny sekvenacnich knihoven
s panelem CZMELAC, analyze nabohaceni sekvena¢nich knihoven pomoci qPCR,
analyzovala jsem CNV vystupy z CNV kitu, konfirmovala jsem patogenni varianty pomoci
Sangerova sekvenovani, v ptipadé¢ CNV variant pomoci qPCR. Podilela jsem se na filtraci a
prioritizaci variant, véetn¢ analyzy téchto variant v IGV. Dale jsme pracovala na statistickém
vyhodnoceni vysledki genotypovych a fenotypovych analyz, pfipravovala grafické a

tabulkové podklady pro publikaci a podilela se na ptipraveé rukopisu a jeho podani.
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4.2. Analyza nadorové predispozice u pacientek s karcinomem endometria

ONCOLOGY LETTERS 25: 216, 2023

Germline multigene panel testing of patients with endometrial cancer
JAN KRAL'. SANDRA JELINKOVA! PETRA ZEMANKOVA'-". MICHAL VOCKA®*". MARTANNA BORECKA!",
LEONA CERNA®", MARTA CERNA'", LUKAS DOSTALEK®, PETRA DUSKOVA"", LENKA FORETOVA®”,
ONDREJ HAVRANEK*®", KLARA HORACKOVA!, MILENA HOVHANNISYAN!, STEPAN CHVOJKA®”,
MARTA KALOUSOVA', MARCELA KOSAROVA' . MONIKA KOUDOVA®®, VERA KRUTILKOVA'",

EVA MACHACKOVA®, PETR NEHASIL!*'*" JAN NOVOTNY* . BARBORA OTAHALOVA'Y,

ALENA PUCHMATEROVA®". MARKETA SAFARIKOVA', JIRI SLAMA® VIKTOR STRANECKY'™',

IVAN SUBRT¥, SPIROS TAVANDZIS'!", MICHAL ZIKAN'?, TOMAS ZIMA', JANA SOUKUPOVA!",
PETRA KLEIBLOVA'#", ZDENEK KLEIBL!”" and MARKETA JANATOVA'"

Genetickému testovani pomoci panelu CZECANCA jsme podrobili vzorky od
527 pacientek s nddory endometria, které zahrnovaly 249 pacientek splitujicich indikacni
kritéria pro genetické testovani Lynchova syndrom (LS), syndromu dédi¢ného karcinomu
prsu a ovaria (HBOC), nebo obou (LS + HBOC) a 278 vzorkii od pacientek, ktera

nespliovala dand kritéria.

4.2.1.Zarodecné patogenni varianty v predispozi¢nich genech pro tumory endometria

Frekvence patogennich variant nalezend v predispozi¢nich genech pro karcinom
endometria byla ¢tyfikrat vyssi u pacientek (60/527; 11,4 %) nez u kontrol (46/1662; 2,8 %;
p=9,7x1071%) (tabulka 8 a tabulka 9). Patogenni varianty v genech pro Lynchdv syndrom
byly nalezeny u 27/527 (5,1 %) pacientek (polovina z nich byly nosi¢ky patogennich variant
v genu MSH6) a u 4/1662 (0,25 %) kontrol, coz ukazuje, Ze varianty v genech Lynchova
syndromu pfedstavuji nejvyssi genetické riziko karcinomu endometria (OR=224;
p=1,8x10"""). Ze skupiny genti Lynchova syndromu jsme nenalezli z4dné patogenni varianty

v genu PMS?2.

Geny BRCAI, BRCA2 a CHEK2? mély nejvétsi frekvenci patogennich variant
z HBOC gent a jejich vyskyt u pacientek s tumory endometria byl signifikantné vyssi nez u
kontrol. Nicméné¢, riziko onemocnéni v porovnani s nosickami mutaci v genech Lynchova
syndromu bylo vyznamné nizsi (tabulka 9). Patogenni varianty v ostatnich HBOC genech

nebyly zaznamenédny, nebo nebyly cetnéjsi nez u kontrol (tabulka 8 a tabulka 9). Dvé
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pacientky byly nosi¢kami patogennich variant ve dvou klinicky relevantnich genech

(MLH1/BRCAI a MSH2/ATM).

Tabulka 8. Frekvence zarode¢nych patogennich variant v predispozi¢nich genech pro
nadory endometria, na zakladé rozdéIni do indikacnich skupin.

Indikace pro genetické testovani

Skupina Geny LS, (N=151) HBOC, (N=16) | LS+HBOC Neindikované

genii n (%) n (%) (N=82); n (%) (N=278); n (%)

Lynchiv MLHI° 3(2,0) 0 2(2,4)? 1(0,4)

syndrom MSH2" 6 (4,0) 0 2(2,4) 0

(LS) MSH6 8(5.3) 0 1(1,2) 4(14)
PMS2 0 0 0 0
EPCAM 0 0 0 0
Vsechny geny LS 17 (11,3) 0 5(6,1) 5(1,8)

HBOC ATM?® 1(0,7)® 0 1(1,2) 3 (1,1
BARDI 0 0 1(1,2) 0
BRCAI“ 2(1,3) 2 (12,5) 6(7,3)" 1(0,4)
BRCA2 1(0,7) 1(6,3) 0 5(1,8)
BRIPI 0 0 0 1(0,4)
CDHI 0 0 0 0
CHEK? 3(2,0) 0 1(1,2) 2(0,7)
NF1 0 0 0 0
PALB2 1(0,7) 0 0 0
PTEN 1(0,7) 0 0 0
RADSIC 0 0 2 (2,4) 0
RADS5ID 0 0 0 0
STK11 0 0 0 0
P53 0 0 0 0
Vsechny HBOC geny | 9 (6,0) 3 (18,8) 11 (13,4) 12 (4,3)
Vsechny PV 26 3 16 17
Vsichni nosic¢i 25 (16,6) 3(18,8) 15 (18,3)¢ 17 (6,1)

% nosi¢i dvou patogennich variant MLHI/BRCAI ° nosi¢i dvou patogennich variant MSH2/ATM

Tabulka 9. Frekvence zarode¢nych patogennich variant v 19 predispozi¢nich genech pro
nadory endometria

Skupina Geny Vsichni pacienti s EC, | Kontroly, n (%); | OR (95 % CI); p— hodnoty
gendl n (%); (N=527) (N=1662)
LS MLHI* 6(1,1)° 1(0,1) 19,1 (2,3-159,1); 1,3x 10"
MSH2? 8(1,5)° 0 NA.
MSH6 13 (2,4) 0 N.A.
PMS?2 0 3(0,2) N.A.
EPCAM 0 0 N.A.
Viechny LS geny 27 (5,1) 4(0,2) 22,4 (7,8-64,3); 1,8%x10°"7
HBOC ATM?® 5(1,0)? 7 (0,4) 2,3(0,2-7,2); 0,2
BARDI 1(0,2) 0 NA.
BRCAI“ 11(2,1)¢ 9(0,5) 3,9 (1,6-9,5); 1,0x10°
BRCA2 7(1,3) 3(0,2) 7.4 (1,9-28.9); 2,0x107
BRIPI 1(0,2) 3(0,2) 1,1 (0,1-10,1); >0,9
CDH1I 0 0 N.A.
CHEK? 6 (1,1) 6(0,4) 3,2 (1,0-9,9); 4,0x102
NF1 0 1(0,1) N.A.
PALB2 1(0,2) 8(0.5) 0,4 (0,1-3,1); 0.4
PTEN 1(0,2) 1(0,1) 3,2 (0,2-50,5); 0,4
RADS5IC 2(0,4) 2(0,1) 3,2(0,4-22,5); 0,2
RADS51D 0 0 N.A.
STK11 0 0 N.A.
TP53 0 2(0,1) NA.
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Vsechny HBOC geny 25 (6,6)® 42 (2,5) 2,7 (1,7-4,3); 7,9x107
Vsechny PV 62 46

Vichni nosici 60 (11,4)? 46 (2,8)
2 nosic¢i dvou patogennich variant MLH1/BRCA1 ® nosi¢i dvou patogennich variant MSH2/ATM

4.2.2.Indika¢ni kritéria pro identifikaci nosi¢ek patogennich variant

Podil patogennich variant u pacientek s karcinomem endometria, které¢ spliuji
kritéria pro Lynchliv syndrom, hereditarnim syndrom karcinomu prsu a ovaria nebo obou
syndromt, byl podobny (16,6 %, 18,8 % a 18,3 %), avSak trojndsobny v porovnani s
pacientkami, ktera kritéria pro testovani nespliovala (6,1 %, obrazek 15). Podle ocekavani
byl nejvyssi podil patogennich variant v genech Lynchova syndromu (11,3 %) ve skupiné
pacientek spliujici kritéria jeho testovani. Stejné¢ tomu bylo i u pacientek s patogennimi
variantami v HBOC genech. Zatimco alterace v genech s vysokou penetranci (MLH1, MSH?2
a BRCAI) dominovaly ve skupiné pacientek spliujicich obé kritéria (LS+HBOC), skupina
pacientek neindikovanych na zakladé¢ ptislusnosti k témto kritériim se vyznacovala Cetné&jsi

pritomnosti v genech se sttedni penetranci (MSH6 a ATM).

Obrazek 15. Distribuce patogennich variant ve skupiné pacientek, které spliuji kritéria
pro genetické testovani Lynchova syndromu (LS) ¢i hereditarniho syndromu karcinomu
prsu a ovaria (HBOC). Barevné ¢tverce piedstavuji jednotlivé pacienty. Krouzky oznacuji
nosic¢ky patogennich variant v genech pro LS (zelené), pro HBOC (rtiZova) nebo obou
(zelend a rizova).
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4.2.3.Zarodecné patogenni varianty v ostatnich kandidatnich genech

Ve zbyvajicich kandidatnich genech byly nalezeny patogenni varianty ve 48/207
gent. Frekvence téchto variant byla vyssi u pacientek s karcinomem endometria (66/527;
12,5 %) nez u kontrol (139/1662; 8,4 %; p=0,004). Osm pacientek s karcinomem endometria
(zadné kontroly) neslo patogenni varianty soucasné¢ v predispozi¢nich genech pro karcinom

endometria a v ostatnich kandidatnich genech.

Nejcastéjsi byly varianty v genu MUTYH (monoalelické varianty u 5/467; 1,1 %)
a FANCA (4/467; 0,8 %). Jejich frekvence se vSak nelisily od kontrol (MUTYH — 18/1616;
1,1 %; FANCA — 10/1616; 0,6 %). Tii pacientky nesly zarodecné trunkacni varianty
v genech, které koduji DNA polymerazy (dvé€ pacientky s POLE a jedna s POLDI) - tyto
varianty byly s karcinomem endometria spojovany uz diive (Spurdle ef al., 2017), na druhou
stranu u kontrol zadna varianta v POLE ¢i POLDI nebyla nalezena. Celkova frekvence
patogennich variant v genech pro DNA polymerdzy byla vyznamné vys$$i u pacientek
s karcinomem endometria (bez pacientek s variantami v predispozi¢nich genech) nez
u kontrol (3/467; 0,6 % ve srovnani s 1/1616; 0,06 %; OR=10,44; 95 % CI 1,08-100,51;
p=0,012).

U pacientek, které spliuji kritéria pro genetické testovani pro oba syndromy (LS +
HBOC), byla frekvence patogennich variant v ostatnich kandidatnich genech 14/67
(20,9 %).

4.2.4.Klinicko-patologicka charakteristika u nosi¢i patogennich zarodeénych variant

Median véku v dobé diagn6zy nddoru endometria byl signifikantné niZsi u pacientek
s variantami v genech Lynchova syndromu oproti nenosickam (51,0 let vs. 61,4 let; p=0,01,
viz obrazek 16A). Celkova frekvence patogennich variant v predispozi¢nich genech pro
nadory endometria byla stejna u pacientek s karcinomy i sarkomy (39/349; 11 % vs. 4/40;
10 %, obrazek 16C), avSak sarkomy se nevyskytovaly u pacientek s patogennimi variantami
v genech Lynchova syndromu. Dvé pacientky (z osmi) byly diagnostikovany
s endometridlni intraepitelidlni neoplasii (EIN), tyto pacientky byly nosicky PV v genu
BRCAI. Analyza pacientek s dalsim nadorem v osobni anamnéze (viz obrazek 16B) odhalila
nejvyssi frekvenci PV v predispozi¢nich genech pro karcinom endometria u pacientek se

tfemi naddory a u pacientek s kolorektalnim karcinomem, jako druhym néddorem. Nosicky PV
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vLS genech mély zvySenou frekvenci u pacientek skarcinomem endometria
a kolorektalnim karcinomem a tfemi nadory v osobni anamnéze. VSech 13 pacientek
se ttemi nadory v osobni anamnéze vyvinulo bud kolorektdlni karcinom (N=5)
a/nebo ovaridlni karcinom (N=10). Nosi¢ky patogennich variant v genech pro HBOC byly
dle ocekéavani nejvice zastoupeny u pacientek s karcinomem endometria a karcinomem
ovaria/karcinomem prsu. Z pohledu rodinné anamnézy bylo nejvyssi zastoupeni nosicek
patogennich variant v predispozicnich genech pro nadory endometria u malé skupiny
pacientek s vyskytem karcinomu ovaria nebo u pacientek s viceCetnym vyskytem nadort

v rodinné anamnéze (obrazek 16D).

Obrazek 16. Relativni podil nosi¢ek patogennich variant v klinicko-patologickych
podskupinach a to konkrétné A. vék v dobé diagndzy, B. druhé primarni nadory, C.
histologie nadord, D. rodinna nddorova anamnéza.
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Prevalence nosicek patogennich variant u kandidatnich predispozi¢nich gent se

neliSila od nenosic¢ek v zadné z klinicko-patologickych charakteristik.

V ramci této studie jsem se podilela na izolaci DNA a RNA od pacientek, pfipravé
sekvenacnich knihoven s panelem CZECANCA, analyze nabohaceni sekvenacnich
knihoven pomoci qPCR a analyze CNV vystupy z CNV kitu. Déle jsem se podilela na
vyhodnocovéni variant a jejich filtraci a analyzu pomoci IGV. Casteéné jsem se podilela na

konfirmaci patogennich variant pomoci Sangerova sekvenovani.
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4.3. Analyza nadorové predispozice u pacientek s karcinomem ovaria

cancers m\n\w

Article

Multigene Panel Germline Testing of 1333 Czech
Patients with Ovarian Cancer

Klara Lhotova 2, Lenka Stolarova !, Petra Zemankova 2, Michal Vocka (%, Marketa Janatova "2,
Marianna Borecka (2, Marta Cerna !, Sandra Jelinkova 1 Jan Kral !, Zuzana Volkova !,
Marketa Urbanova 2, Petra Kleiblova 2{), Eva Machackova %, Lenka Foretova %, Jana Hazova *
Petra Vasickova 4, Filip Lhota , Monika Koudova >, Leona Cerna °, Spiros Tavandzis °,
Jana Indrakova °, Lucie Hruskova 7, Marcela Kosarova 8, Radek Vrtel ?, Viktor Stranecky '°,
Stanislav Kmoch 1, Michal Zikan 11, Libor Macurek 1200, Zdenek Kleibl 1 and

Jana Soukupova '*

’

Do analyzy bylo zafazeno 1333 pacientek s nddory ovaria diagnostikovanymi
v sedmi centrech, které byly geneticky analyzovany pomoci NGS panelem CZECANCA.
Pacientek, které byly diagnostikovany pouze s karcinomem ovaria, bylo 1045 (78,4 %)
au288 (21,6 %) zen byla diagnostikovana nadorova duplicita, z toho u 210 (15,8 %)
pacientek karcinom prsu a u 78 (5,9 %) pacientek jiné nadorové onemocnéni. Median véku
pacientek s karcinomem ovaria byl 53,7 let (rozsah 15-86 let). Témét polovina pacientek
(47,6 %) méla negativni rodinnou nadorovou anamnézu. 7Z 1120 pacientek se zndmym
histologickym typem karcinomu ovaria vyvinulo 728 (65,0 %) pacientek serdzni
adenokarcinom s prevladajicim HGSC tumorem. 60,0 % pacientek mélo pokrocilé stadium

onemocnéni (stadium III-1V) v dob¢ diagndzy.

4.3.1.Mutace v predispozi¢nich genech pro karcinom prsu a ovaria

S ohledem na izky vztah nadorové predispozice pro karcinom prsu a ovaria jsme se
primarné zaméfili na alterace v genech, které jsou znamymi predispozi¢nimi geny pro vznik
dédi¢né formy karcinomu prsu a ovaria (BC/OC) podle NCCN Guidelines (verze 1.2020;
obrazek 17). Pfitomnost patogennich variant jsme zaznamenali u 427/1333 (32,0 %)
pacientek a 58/2278 (2,5 %) kontrol (obrazek 17, tabulka 10). Vice nez jednu patogenni
variantu jsme nalezli u 13 pacientek, které byly vyfazeny z analyz klinicko-patologickych

charakteristik. Nosicky zarodecnych mutaci v 10 genech (BARDI, BRCAI, BRCA2, BRIPI,
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MLHI, MSH2, MSH6, NBN, RAD51D a RADS51C) mély signifikantné zvysené riziko vzniku
karcinomu ovaria. Zarode¢né varianty v genech BRCAI nebo BRCA2 dominovaly a byly
pfitomny u 323/1320 (24,5 %) pacientek a u 12/2278 (0,5 %) populac¢nich kontrol.
U 65/1320 (4,9 %) pacientek byly nalezeny zarode¢né mutace v osmi ostatnich genech
signifikantné asociovanych s rizikem vzniku ovaridlnich tumorti v nasi studii (to zahrnovalo
1 dvé mutace v genu STK11, coz je znamy predispozi¢ni gen pro ovaridlni karcinom, ktery
v nasi studii nem¢l signifikantné zvySené riziko, kviili nizké frekvenci nosic¢ek patogennich
variant u pacientek — obrazek 17). U populacnich kontrol jsme nalezli pouze 19/2278 (0,8 %)
nosi¢ek patogennich variant v dalSich genech asociovanych s ovaridlnimi tumory

(tabulka 10).

Obrazek 17. Celkem jsme nalezli 441 patogennich variant v 18 znamych/kandidatnich
predispozi¢nich genech pro HBOC u 427 pacientli. Cervené oznacené jsou nosici (399)
patogennich variant v genech signifikantné asociovanych s OC v nasi studii.
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CNV analyza u 18 OC/BC genti odhalila celkem 37 velkych genomickych piestaveb
u 37/1333 (2,8 %) pacientek, které postihovaly sedm genit (23x BRCAI, 4x BRIPI,
4x CHEK?2, 2x MLH]I, 2x STK11, 1x PALB2 a 1x CDHI). Krom¢ jedné duplikace v genu
MSH6 (klasifikované jako varianta nejasného vyznamu), nebyla u populacnich kontrol

nalezena zadna CNYV varianta.
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Tabulka 10. Frekvence patogennich variant u pacientek karcinomem ovaria a u kontrol

Gen 1320 pacientek 2278 kontrol OR (95% CI); p-hodnoty
N mutaci (%) N mutaci (%)
Zvysené riziko ovaridlniho karcinomu
BRCAI 229 (17,4) 5(0,2) 95,2 (40,1-295,2);1,8x10°7
BRCA2 94 (7,1) 7 (0,3) 24,9 (11,6-63,6);1,2x103
RAD51D 13 (1,0) 2(0,1) 11,3 (2,6-103,4); 9,7x107
RADS5IC 13 (1,0) 4(0,2) 5,7 (1,7-23,8); 0,001
BRIPI 10 (0,8) 5(0,2) 3,5(1,1-13); 0,03
MLHI* 4(0,3) 1 (0,04) 6,9 (0,7-370,4);0,06
MSH2* 3(0,2) 0 0,049
MSHG6* 3(0,2) 0 0,049
STK11 2(0,2) 0 0,13
Potencialné zvysSené riziko karcinomu ovaria
NBN 14 (1,1) 7 (0,3) 3,5 (1,3-10,2); 0,006
PALB?2 8 (0,6) 9(0,4) 1,5 (0,5-4,5); 0,45
ATM 6 (0,5) 8 (0,4) 1,3 (0,4-4,3); 0,78
BARDI 3(0,2) 0 0,049
ZAdné zvysené riziko karcinomu ovaria
CHEK? 11 (0,8) 8(0,4) 2,4 (09-6,8); 0,06
TP53 1(0,1) 2 (0,1) 0,9 (0-16,6); 1
CDHI1 0 0 -
PTEN 0 0 -
NF1 0 0 -

Skupiny gend byly rozdéleny na zakladé NCCN Guidelines, verze 2020.1
* Agregovana analyza genli Lynchova syndromu: OR=22,63 (95%CI 3,4-958,5); p=1,95x107

4.3.2.Klinicko-patologické charakteristiky pacientek s karcinomem ovaria

Klinicko-patologické charakteristiky nosicek patogennich variant v 10 genech
asociovanych s rizikem vzniku ovaridlniho karcinomu jsou zobrazeny na obrazku 18.

Nosi¢ky mnohonasobnych mutaci byly z této analyzy vytazeny.

Nejvyssi frekvence mutaci byla nalezena u pacientek diagnostikovanych
s ovarialnim karcinomem ve vékovém rozmezi 40-49 (37,4 %) a 50-59 (40,7 %) let, zatimco
piekvapivé nejnizsi frekvence mutaci byla zaznamenana u mladych zen ve véku pod 30 let
(obrazek 18A). Frekvence mutaci u nejstarsi skupiny (u pacientek nad 70 let) byla dvakrat
vy$§i nez u pacientek nejmladSich (<30 let; p=0,013). Rozdil byl zpiisoben zejména
mutacemi v genech BRCAI/BRCA2, s vyrazné nizSim zastoupenim nosi¢ek u mladych
pacientek (3,6 % pro pacientky pod 30 let a 18,1 % pro pacientky nad 70 let), zatimco
frekvence mutaci v ostatnich genech byla podobna (4,8 % vs. 4,3 %). Median véku diagnozy
u nosicek patogennich variant v genech BRCA1 a BRCA2 byl signifikantné rozdilny (51,0 let

vs. 58,4 let; p=8,5x1071%). Median véku diagndzy postupné nartistal u nosi¢ek patogennich

variant v genech RADS51C (52,2 let), NBN (54,5 let), RAD51D (56,0 let) a BRIP1 (58,0 let).
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Nejmladsi skupinou byly pacientky s patogennimi variantami v genech Lynchova
syndromu, kde median ¢inil 46,0 let. Primérné véky pacientek s PV v genech RADS5IC,
RADS51D a BRIPI nam ukazuji, Ze je dilezité i testovani u gent se stfednim rizikem pro

vznik ovarialniho karcinomu (Horackova et al., 2023).

Obrazek 18. Podil nosi¢l patogennich variant v klinicko-patologickych podskupinach
zahrnujici A. vék v dobé diagndzy, B. osobni nadorovou anamnézu, C. rodinnou
nadorovou anamnéza, D. stadium v dobé diagndzy, E. histologii karcinomu ovaria.
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Vysoky podil mutaci (109/203; 53,7 %) byl detekovan u pacientek s ovaridlnim
karcinomem a karcinomem prsu, zatimco pacientky pouze s nddorovou duplicitou zahrnujici
ovaridlnim karcinomem a jakykoliv jiny nador krom¢ nadoru prsu byl nizsi (obrazek 18B).
Frekvence mutaci u pacientek z rodin s ovaridlnim karcinomem (HOC) byla 49,1 % (57/116,
viz obrazek 18C). Klesajici podil nosicli mutaci u rodin s ostatni nddorovou anamnézou
(41,0 % s hereditarnim karcinomem prsu ¢i ovaria a 29,4 % u mnohonasobnych nadort) byl
dominantné zpasoben klesajici piitomnosti patogennich variant v BRCAI. Pifesto jsme

u 587 pacientek bez pozitivni nadorové anamnézy identifikovali 120 (20,4 %) nosicek.

Asi 60 % pacientek bylo diagnostikovano se stddiem III nebo IV (6/8 nosicl variant

v genech Lynchova syndromu bylo diagnostikovdno se stadiem I; obrazek 18D).

64



Z histologického hlediska jsme rozdélili pacientky s ovaridlnim karcinomem na skupinu
879 pacientek s HGSC/nespecifickymi ser6znimi, border-line, a endometriodnimi nadory,
ve které jsme nalezli 303/879 (34,5 %) pacientek s patogennimi variantami. Druhd skupina
zahrnovala 232 pacientek s LGSC, mucindéznimi, svétlobunéénymi a ostatnimi nadory
s 28/232 (12,1 %) nosickami patogennich variant. BRCAI/BRCA2 varianty u HGSC byly
vice nez dvakrat tak Castéjsi (146/472; 30,9 %) nez u LGSC (11/84; 13,1 %). Zastoupeni
variant u gentt RADS51C/RADS51D/BRIPI u histologickych typii bylo podobné jako u nosict
variant BRCAI/BRCA2. Nejniz§i zastoupeni variant bylo nalezeno u vzacnych

histologickych typt (v nasi studii oznacenych jako ostatni nadory; obrazek 18E).

4.3.3. Mutace v ostatnich 201 analyzovanych genech

Na zéavér jsme prozkoumali pfitomnost zadrodeénych variant v dalSich 201 genech
analyzovanych panelem CZECANCA (Soukupova et al., 2018). Tato analyza odhalila
230 variant u 89 genti u 208/1333 (15,6 %) pacientek a 316/227 (13,9 %) kontrol. Z téchto
pacientek jich 149 (11,2 %) mélo varianty pouze v téchto ostatnich genech, zatimco
59 (4,4 %) pacientek neslo mutaci v ostatnich genech spolu s variantami v jednom z deseti
rizikovych geni pro ovarialni karcinom. Varianty v téchto ostatnich genech jsou pomérné
vzacné a jejich prevalence byla signifikantné vySsi u pacientek oproti kontrolam pouze u Etyt

genu (tabulka 11).

Tabulka 11. Kandidatni predispozi¢ni geny s nejvyssi ¢etnosti u pacientek s nadory ovaria.

Gen Pacienti N 2278 kontrol N OR (95%CI); p-hodnoty
Variant (%) Variant (%)
VSech 1333 pacientek s ovaridlnim karcinomem
PPMI1D 16 (1,2) 2 (0,1) 13,8 (3,2-124,2); 7,4x10°¢
NATI 13 (1,0) 5(0,2) 4,5 (1,5-16,1); 0,003
SHPRH 5(0,4) 1 (0,04) 8,6 (1,0-404,8); 0,028
934 pacientek s ovaridlnim karcinomem bez variant v 10 rizikovych genech pro ovarialni karcinom
PPMID 12 (1,3) 2(0,1) 14,8 (3,3-136,7); 1,7x107
NATI 8(0,9) 5(0,2) 4,0 (1,1-15,3); 0,026
MMPS8 6 (0,6) 4(0,2) 3,7 (0,9-17,7); 0,041
FANCG 5(0,5) 2 (0,1) 6,1 (1,0-64,5); 0,025

Pouze varianty v genu PPM1D byly asociovany se vznikem ovaridlniho karcinomu

signifikantné (p=7,4%x10-6). VSechny varianty v genu PPMID byly mozaiky s alelickou
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frakci, MAF=14-60 % u pacienti a MAF=17-19 % u kontrol. Zde je nutné podotknout, ze
krev, kterd byla pouZita pro genetické testovani, byla odebrdna po aplikaci chemoterapie
(v praméru 38 meésicti po 1écbé, v rozsahu 4 mésice az 7,1 let). Celkem 7/15 pacientek
s variantami v genu PPMID ma varianty 1 v genech, které se podileji na opravach DNA
(3x BRCA2, 1x PALB2, 1x EXOI a 1x PMS]I). Varianty v genech PPM1D a SHPRH byly
signifikantné asociovany s vékem nastupu onemocnéni (>60 let; p=0,001), stejn¢ tak tomu
bylo i u variant v genu NAT'1. Zarode¢né patogenni varianty v genech MMP8 a FANCG byly
u pacientek s ovarialnim karcinomem signifikantn¢ nabohaceny pouze v piipadé, pokud
se z analyzy odstranily pacientky s variantami v 10 rizikovych genech pro ovaridlni

karcinom.

V ramci této studie jsem se podilela na experimentalni ¢ast, véetné izolaci DNA od
pacientek, ptipravé sekvenacnich knihoven s panelem CZECANCA, analyze nabohaceni
sekvenacnich knihoven pomoci qPCR a konfirmaci patogennich variant pomoci Sangerova

sekvenovani. Déle jsem se podilela na analyze CNV variant pomoci MLPA.
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4.4. Identifikace zarode¢nych variant u pacienti s hepatocelularnim

karcinomem

cancers MPy

Article

Low Frequency of Cancer-Predisposition Gene Mutations in
Liver Transplant Candidates with Hepatocellular Carcinoma

Klara Horackava ** , Sona Frankova I , Petra Zemankova 1‘3, Petr Nehasil 134 , Marta Cerna ',

Magdalena Neroldova 5(7, Barbora Otahalova 1, Jan Kral 1, Milena Hovhannisyan 1 Viktor Stranecky 4

Tomas Zima !, Marketa Safarikova !, Marta Kalousova '), CZECANCA Consortium ?, Jan Novotny %7, Jan Sperl %8,
Marianna Borecka 1, Sandra Jelinkova 107, Michal Vocka 9, Marketa Janatova 1, Petra Kleiblova 1703,

Zdenek Kleibl 14, Milan Jirsa 150 and Jana Soukupova Lwg

Dé&di¢né formy primarnich nadort jater jsou zndmé, ale zptsobuji je velmi raritni
mutace v genech souvisejicich s patologickymi procesy v jatrech. K analyze nadorové
predispozice u tohoto onkologického onemocnéni nés podnitily dvé nedavné prace (Mezina
et al., 2021, Uson Junior et al., 2022), které ptekvapivé identifikovaly relativné vysokou
(ptiblizné 10 %) Cetnost vyskytu patogennich variant v genech predisponujicich k riznym
nadorovym onemocnénim, vcetné HBOC genii a genti Lynchova syndromu (viz kap.
1.2.4.3).

4.4.1.Zarodecné varianty v nadorovych predispozi¢nich genech

Celkem bylo analyzovano 334 pacientd, u 47 (14,1 %) pacientd bylo nalezeno
48 patogennich variant v 35 genech (tabulka 12). Nicmén¢ pouze u 7/334 (2,1 %) pacient
byly nalezeny patogenni varianty v genech asociovanych se zvySenym rizikem vzniku

karcinomu jater: FH, NBN, PMS2 a RET (tabulka 12).

Nejcetnéji nalezena byla varianta c.657del5 (c.657 661delACAAA) v NBN,
zachycena celkem u Ctyf pacientli. Ostatni patogenni varianty zahrnovaly deleci 8907 bp
(s deleci exonti 11 a 12) u PMS2, patogenni missense varianty v genech FH a RET, nicméné

statisticky vyznamny rozdil byl nalezen pouze u patogennich variant v NBN (p=0,012,
tabulka 12).
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Tabulka 12. Charakterizace nosicl patogennich variant s hepatocelularnim karcinomem u
prokédzanych (A) a kandidatnich (B) nadorovych predispozi¢nich genti. VSechny patogenni
varianty byly pfitomny v heterozygotnim stavu.

Vek Varianta Osobni anamnéza Rodinna nadorova
dg anamnéza
Geny asociované se zvySenym rizikem vzniku karcinomu jater
Z 71 PMS2:Ael1-12 - negativni
M 72 NBN:c.657 661del5(p.Lys219AsnfsTer16) PrC (po) PrC
M 68 NBN:c.657 661del5(p.Lys219AsnfsTerl6) - Néador varlat
M 68 NBN:c.657 661del5(p.Lys219AsnfsTer16) PrC (po) negativni
Z 58 NBN:c.657_661del5(p.Lys219AsnfsTer16) - negativni
Z 53 FH:c.1127A>C(p.GIn376Pro) - negativni
M 71 RET:c.2304G>C (p.Glu768Asp) CRC (pted) BC, sarkom
Kandidatni nadorové predispozi¢ni geny
Z 69 DMBTI:c.2177-2A>C BC negativni
M 66 DMBT]:c.4828+1G>A - HCC, leukemie
M 69 DMBTI:c.4611C>G(p.Tyr1537Ter) - Nador hlavy a krku
M 71 RAD50:¢c.1875C>G(p.Tyr625Ter) PrC (po) BC
M 65 RADS50:¢.2043delC(p.Val683PhefsTer37) - negativni
M 65 RAD50:¢.2521del9(p.Thr841GInfsTer8)* - negativni
M 65 ATRIP:c.1870del2(p.Cys624ValfsTer69) - negativni
F 61 ATRIP:c.1152del4(p.Gly385AspfsTer2)* - negativni
M 65 BLM:c.1642C>T(p.GIn548Ter) - LC
M 64 BLM:c.1642C>T(p.GIn548Ter) - negativni
M 68 ERCC2:¢.2150G>C(p.Ala717Gly) - negativni
M 53 ERCC2:¢.2150G>C(p.Ala717Gly) - negativni
Z 71 L1G3:c.1283del(p.His428LeufsTer3) - negativni
Z 77 LIG3:¢.799C>T(p.Arg267Ter) - LC
M 68 MSH3:¢.2686G>T(p.Gly896Ter) - Melanom
M 66 MSH3:1481del (p.Asn494ThrfsTer2) + negativni
Z 66 SLX4:¢.4207G>T(p.Glu1403Ter) Néador kize (po) negativni
M 58 SLX4:c.4024del(p.Ser1342AlafsTer33) - Nador zaludku
Z 57 AXINI:c.64C>T(p.Arg22Ter) - negativni
M 62 ERCC5:¢.3285del10(p.Glu1095AspfsTerl6) - negativni
M 71 ERCC6:¢c.537T>A (p.Tyr179Ter) - negativni
M 61 EXO1I:c.1578del2(p.Asp526GlufsTer30) CRC (pted) negativni
Z 60 FANCA:Ael6-17 - negativni
M 59 FANCD?2:¢.990-1G>A Leukemie (po) Nador zaludku
Z 60 FANCG:c.313G>T(p.Glul05Ter) - HCC, nador hlavy a krku
M 64 HOXB13:¢.251G>A(p.Gly84Glu) - negativni
M 59 MCPH]1:c.1262del2(p.Lys422 ArgfsTer21) - BC
M 57 MDC1:c.6081del(p.Ser2028AlafsTer12) - negativni
M 40 MMPS8:c.460G>T(p.Gly154Ter) - negativni
M 61 MLH3:¢.3393dup2(p.Thr1132TyrfsTer) - BC
Z 59 NHEJI1:c.169C>T(p.Arg.57Ter) - HCC
M 65 PIK3CG:c.2519del2(p.Asp841ThrfsTer36) ORL tu, nador kiize LC
PrC (vSechny pred)
M 54 PMS1:c.1009insA(p.Tyr337LeufsTer6) - negativni
M 60 RADI:c.168del5(p.Lys57fs) - negativni
Z 41 RECQLS5:¢.2308C>T(p.Arg770Ter) - Nador ledvin
V4 73 SBDS:c.258+2T>C - negativni
M 69 SETX:c.5074dup2(p.Leul 692PhefsTer8) - LC
M 59 SMARCA4:¢c..859+1G>A - negativni
M 69 TLR2:¢c.1339C>T(p.Argd47Ter) lymfom HCC
M 74 TLR4:¢c.261-1G>C - BC
Z 45 XRCC1:c.406dupT(p.Tyr136fs) - BC

-*Nosi¢i dvou zarodecnych variant, BC — karcinom prsu, CRC — kolorektalni karcinom, HCC — hepatocelularni
karcinom, LC — karcinom plic, PrC — karcinom prostaty

68




V kandidatnich predispozi¢nich genech jsme nalezli patogenni varianty u 40/334
(12,0 %) pacientli (véetné jednoho pacienta s variantami v ATRIP a zéaroven v RADS50)
v porovnani se 104/1662 (6,3 %) populaénimi kontrolami (tabulka 13). Rekurentni
zarodeCné varianty u pacientli s hepatocelularnim karcinomem byly pfitomny v osmi
kandidatnich genech, nicméné pouze v DMBTI, RAD50 a LIG3 vykazovaly signifikantni

rozdil od kontrol.

Tabulka 13. Zarode¢né patogenni varianty v prokazanych (A) a kandidatnich (B)
nadorové predispozi€nich genech. Statisticky signifikantni rozdily mezi frekvencemi variant
u pacientd a kontrol jsou zvyraznény tuénym pismem

Gen Nosi¢i u 334 | Nosi¢iu 1662 kontrol; | OR (95%CI); p-hodnota
pacientl; N (%) N (%)

Prokazané nadorové predispozi¢ni geny
PMS?2 1(0,3) 4(0,3) 1,2 (0,14-11,11); 0,8
NBN 4 (1,2) 4 (0,3) 5,0 (1,25-20,17); 0,012
FH 1(0,3) 0 Nedefinovano
RET 1(0,3) 2(0,1) 2,5(0,23-27,49); 0,4
Vsichni nosiéi 7(2,1) 10 (0,6)

Kandidatni nadorové predispozi¢ni geny
DMBTI 3(0,9) 2 (0,1) 7,5 (1,25-45,13); 0,010
RAD50* 3(0,9) 3(0,2) 5,0 (1,01-24,90); 0,029
ATRIP* 2 (0,6) 3(0,2) 3,3 (0,56-19,98); 0,2
BLM 2 (0,6) 7 (0,4) 1,4 (0,30-6,87); 0,7
ERCC2 2 (0,6) 8(0,5) 1,2 (0,26-5,88); 0,8
LIG3 2 (0,6) 1(0,1) 10,0 (0,91-110,48); 0,021
MSH3 2 (0,6) 6 (0,4) 1,7 (0,33-8,26); 0,5
SLX4 2 (0,6) 2 (0,1) 5,0 (0,70-35,56); 0,1
AXINI 1(0,3) 0 Nedefinovano
ERCCS 1(0,3) 0 Nedefinovano
ERCC6 1(0,3) 0 Nedefinovano
EXO1 1(0,3) 2(0,1) 2,5(0,23-27,49); 0,4
FANCA 1(0,3) 7(0,4) 0,7 (0,09-5,77); 0,7
FANCD? 1(0,3) 0 Nedefinovano
FANCG 1(0,3) 2(0,1) 2,5(0,23-27,49); 0,4
HOXBI13 1(0,3) 4(0,3) 1,2 (0,14-11,14); 0,8
MCPHI 1(0,3) 10 (0,6) 0,5 (0,06-3,88); 0,5
MDCI 1(0,3) 0 Nedefinovano
MLH3 1(0,3) 1(0,1) 5,0 (0,31-79,75); 0,2
MMP8 1(0,3) 5(0,3) 1,0 (0,12-8,52); 0,9
NHEJI 1(0,3) 0 Nedefinovano
PIK3CG 1(0,3) 0 Nedefinovano
PMS1 1(0,3) 2 (0,1) 2,5(0,23-27,49); 0,4
RADI 1(0,3) 0 Nedefinovano
RECQLS 1(0,3) 6(0,4) 0,8 (0,10-6,89); 0,9
SBDS 1(0,3) 13 (0,8) 0,4 (0,05-2,91); 0,3
SETX 1(0,3) 10 (0,6) 0,5 (0,06-3,88); 0,5
SMARCA4 1(0,3) 0 Nedefinovano
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TLR2 1(0,3) 1(0,1) 5,0 (0,31-79,75); 0,2
TLR4 1(0,3) 2(0,1) 2,5 (0,23-27,49); 0,4
XRCCI 1(0,3) 7(0,4) 0,4 (0,09-5,77); 0,7
Vsichni nosici 40 (12,0 104 (6,3)

*Nosi¢i dvou zarode¢nych variant

Sedm pacientli mélo zarodecné patogenni varianty v genech, které koduji MRN
(MRE11-RAD50-NBN) komplex, coz zahrnovalo 1 Ctyfi pacienty s ¢.657del5 v NBN a tii
pacienty s variantami v RADS50. Tyto varianty mély signifikantné vyssi frekvenci u pacientti

s hepatocelularnim karcinomem nez u kontrol (7/334; 2,1 % vs. 7/1662; 0,4 %; p=0,001).

4.4.2.Klinicka charakterizace nosi¢i patogennich variant

Pacienti s patogennimi variantami v prokdzanych nadorové predispozicnich genech,
nebo v genech MRN komplexu se od nenosict nelisili demografickymi charakteristikami
(vek, pficina cirhdzy, nebo vyskyt hepatocelularniho karcinomu, diabetes nebo obezita), ani
charakteristikami nadorti (angioinvaze, cholangiogenni diferenciace, recidiva po
transplantaci jater). Navic u nosicl patogennich variant nebyla zjisténa zvySena frekvence
mnohocetnych nadori (ani pted, ani po transplantaci jater) nebo vys$s$i mnozstvi priméarnich
malignit u ptribuznych. Pfeziti pacientd bylo srovnatelné jak mezi nenosici, tak mezi
pacienty, ktefi nesli patogenni varianty v nddorovych predispozi¢nich genech a genech

MRN komplexu.

Vramci této studie jsem se podilela na prioritizace variant, konfirmacich

patogennich variant pomoci Sangerova sekvenovani, analyzach CNV.
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5. Diskuse

V ramci disertacni prace jsem se podilela na analyze nadorové predispozice Ctyt
souboru reprezentujicich pacienty s onkologickymi onemocnénimi, které do té doby nebyly

genetiky v CR zpracovany.

5.1. Melanom

V ramci studie dédi¢né podstaty u melanomu jsme analyzovali 264 pacientl s timto
onemocnénim, u kterych jsme nalezli devét pacientd (3,4 %) v genech asociovanych se
vznikem melanomu a 22 pacientt (8,3 %), v genech predisponujicich k dal$im nddorovym

syndromim.

Dle ptedpokladii, nejvice patogennich variant jsme nalezli v genu CDKN2A (celkem
Sest pacientl; 2,3 %). Ctyfi z Sesti nosi¢t patogennich variant v CDKN2A vyvinuli vice
nez jeden melanom (tfi pacienti) nebo jiny nador (jeden pacient). VSech Sest pacientl mélo
pozitivni nadorovou anamnézu a pét z nich mélo alespon jednoho ptibuzného s melanomem.
Pravdépodobnost nosi¢stvi variant v CDKN2A pozitivné koreluje s poctem postizenych
pfibuznych v rodiné. V analyze Goldstein et al. dosahovala frekvence patogennich variant
CDKNZ24 40 % u pacientl s alesponl tfemi pfibuznymi s diagnostikovanym melanomem,
ale 90 % u pacientil s vice neZ Sesti piibuznymi (Goldstein et al., 2007). V nasi studii jsme
pozorovali podobny trend, kdy jsme pfitomnost patogenni varianty CDKN2A zaznamenali
u 3/50 (6 %) pacientl s jednim piibuznym s melanomem v rodinné anamnéze a u 2/10
(20 %) pacientl se dvéma piibuznymi s melanomem v rodinné anamnéze. Goldstein a jeji
kolegové dale nalezli zvysSenou prevalenci nddoru pankreatu v rodinich s pfitomnou
patogenni variantou v CDKN2A4 (v nasi studii byl zaznamenén jeden pacient). Zarodecné
mutace ve vysoce rizikovych genech predisponujicich ke vzniku melanomu piinaseji
zvysené riziko 1 jinych nadort (Read et al., 2016). Spektrum nédorovych onemocnéni
v rodinach od Sesti nosi¢il patogennich variant v CDKN2A zahrnovalo melanom (7x),
karcinom prsu (3x), karcinom kolorekta (2x) a solitarni pfipady karcinomu zaludku,

pankreatu, plic a endometria, tumoru mozku a leukémie.

Tti pacienti (1,1 %) s patogennimi variantami ve vysoce penetrantnich genech

pro melanom m¢éli variantu v genech kodujicich proteiny shelterinového komplexu (POT1
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a ACD). Varianta v POTI p.Prol16Leu byla jiz diive popsdna u pacienta se sporadickym
angiosarkomem srdce (Calvete ef al., 2017). V nasi studii byla nosi¢em této varianty
pacientka s mnohonasobnym melanomem a karcinomem prsu, avSak u néj jsme zaznamenali
soubézné deleci 5395 bp postihujici exony 9 a 10 v genu CHEK?2, ktera patii mezi nejCasteji
se vyskytujici patogenni zakladatelské germinalni alterace v genu CHEK2 v CR (Kleiblova
et al., 2019). Mutace v POT1 byly popisovany i v souvislosti s familiarnimi nemedularnimi
nadory §titné zlazy (Andreotti et al., 2024, Srivastava et al., 2020). Duplicita nadoru $titné
zlazy s melanomem byla také nalezena u pacienta se sestfihovou variantou POTI
c.703-1G>C. Patogenni variantu v dalSim z genti shelterinového komplexu ACD jsme
identifikovali u jednoho pacienta s negativni nadorovou rodinnou anamnézou. Nalezena
varianta p.Val235GlyfsTer22 zkracuje C-konec proteinu, kde se nachazi domény pro
interakci s POT1 a TINF2, coz je dualezité pro stabilizaci k shelterinovému komplexu
(Obrazek 4) (Nelson et al., 2018). V samotném genu kodujicim TINF2 jsme identifikovali
také trunkac¢ni variantu p.Arg266Ter, kterd v dob¢ publikovani prace byla povazovana spise
za variantu s nizkym rizikem pro vznik melanomu. Nedavno byla publikovana prace
Danskych autori, ktera ukazuje, Ze trunkacni varianta 7/NF2 lokalizovana v podobné pozici
(argininy 265-267) jako vnasem souboru (p.Arg265Ter) se vyskytovala populacné
specificky a opakované¢ u 6/102 (6 %) osob s mnohocetnym vyskytem melanomu a
segregovala s pestrym spektrem nddorovych onemocnéni (tumory S§titné zlazy, kolorekta,
plic, prsu, sarkomy, hematologické malignity) u jejich pfibuznych (Jensen et al., 2023).
Trunkacni varianty v TINF2 byly popsany v rodin¢ s melanomem a mnohonasobnym
nadorem S$titné Zlazy (He et al., 2020). Vyss§i prevalence patogennich variant v ACD,
TERF2IP a POTI byla nalezena u 12/132 (9,1 %) evropskych a australskych pacientl
s mnohonasobnym melanomem (=3), ktefi nem¢li patogenni varianty ve vysoce rizikovych
genech (CDKN2A, CDK4, TERT, BAPI) (Aoude et al., 2015a). V ramci nasi studie nebyla
nalezena u pacientll zvySend prevalence variant v genu BAPI. V ramci italské studie
Pastorino et al., nalezli zvySenou prevalenci zarode¢nych patogennich variant u BAPI a
POTI, kde identifikovali 7/273 (2,6 %) pacientii s melanomem jako nosice patogenni
varianty v téchto genech (Pastorino et al., 2020). Za zvySenou prevalenci BAPI v Italské
studii mize ale pravdépodobné zatfazeni 22 pacientd, ktefi méli vyvinuté Spitzové névy,
které jsou typickeé pro pacienty s mutacemi v BAP1 (Pastorino et al., 2020). Zarode¢né BAP1
mutace byly vzacné nalezeny u Ceskych pacientii zejména s uvealnim melanomem, nebo

Spitzovymi névy (Foretova et al., 2019a).
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Z analyzy hlavnich predispozi¢nich gend vyplyva, ze patrné nejcastéjSim
predispozi¢nim genem pro vznik melanomu v nasi populaci je CDKN24, ktery je nasledovan
skupinou gent kodujicich proteiny shelterinového komplexu. Piekvapive, alterace z pohledu
nadorové predispozice patrné nejznaméjsiho genu shelterinového komplexu BAPI jsou u
nas vzacné (v databdzi CZECANCA konsorcia se vyskytuji u Sesti pacientt s ,,0bvyklym*
spektrem nadori, véetné tumort ledvin, prsu a melanomu — jediny ptipad). Do budoucna
bude zajimavé shromdazdit vice pfipadi nosicl genu s alteracemi v genech shelterinového
komplexu a podrobit je analyze se zaméfenim na prognostické a prediktivni ukazatele

(Guterres and Villanueva, 2020).

Analyza germindlnich variant v dalSich genech ukazala u pacienti s melanomem, ze
nejvyssi frekvence patogennich variant se vyskytuje v genu NBN (7/264 pacientt; 2,7 %).
U péti pacientll jsme nalezli rekurentni slovanskou zarode¢nou variantu c.657del5, ktera
tvoii 1 nejcastéjsi variantu u nds (Otahalova et al., 2023). Ac¢koliv varianta zpisobuje vznik
aberantné zkraceného proteinového produktu, zbyvajici C-koncova cast NBN je
syntetizovana z alternativniho mista startu a c.657del5 se tak povazuje za hypomorfni
variantu, ktera je castecné schopna kompenzovat ulohu wildtype formy proteinu v MRN
komplexu. Analyza rozsahlého souboru vice nez 34 tisic pacientll s riznymi nadorovymi
onemocnénimi ukazala, Ze podobny charakter hypomorfnich variant budou mit 1 dalsi
germinalni trunkacni varianty NBN, které u nosi¢li mirnég, ale signifikantng, zvysuji riziko
vzniku riznych nadorovych onemocnéni (Belhadj et al., 2023). V naSem souboru vyvinuly
dvé pacientky spolu s melanomem jesté¢ ovaridlni karcinom (zarode¢né varianty v NBN
v nasi populaci byly popsany 1 v rdmci nasi ovaridlni studie, viz kapitola 4.3) (Lhotova et
al., 2020). Zvysena prevalence melanomu u nosi¢ii patogenni varianty NBN c.657delS, byla
nalezena také u pacientl z Polska (frekvence srovnatelnd s nasi studii) a pacientd z jizniho
Némecka (nizsi frekvence oproti nasi studii) (Debniak et al., 2003, Meyer et al., 2007).
Varianty v NBN a v genu BRCA2 se podilely na signifikantnim zvySeni rizika a jejich
prevalence byla az 9x vyssi u pacienti neZ u kontrol. Cetnosti patogennich variant v BRCA I
a CHEK? byly u pacientli oproti kontroldm statisticky hrani¢né nesignifikantni (p=0,051).
Role zarode¢nych variant u BRCAI a BRCA2 v riziku rozvoje familiarniho melanomu je
stale predmétem diskuze (Adams et al., 2020) a ptesné zvySeni rizika vzniku melanomu
u nosicu patogennich variant v téchto genech nenti jisté. Totéz muzeme fict i o CHEK?2, kde
ke stejnému vysledku dosli 1 v nedavné studii, kdy hodnotili asociaci zarodecnych CHEK?2

variant u pacienti s melanomem (Bui ef al., 2021).
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Analyza klinicko-patologickych charakteristik pacientll s melanomem ukézala, Ze
pacienti s mnohocetnym vyskytem melanomu, ale i pfitomnost melanomu s jinym nadorem
u probanda znamenala zvySené riziko piitomnosti patogennich variant v naddorovych

predispozi¢nich genech.

5.2. Karcinom endometria

Ve studii tykajici se pacientek s endometridlnim karcinomem jsme analyzovali
527 pacientek a u 60 (11,4 %) pacientek jsme identifikovali patogenni varianty genech
asociovanych se vznikem nédori endometria. V soucasné dobé je genetické riziko vzniku
karcinomu endometria spjato zejména se zdrodenymi variantami v genech pro Lynchiv

syndrom, které v nasi studii predstavovaly 5,1 % ze vSech vySetfenych pacientek.

Frekvence patogennich variant v predispozi¢nich genech identifikovanych v nasi a
v dalsich studiich vykazovala Siroké rozpéti (1,1 %-22,7 %; obrazek 19) zplsobené
pravdépodobné odlisSnymi kritérii pro vybér pacientek napfi¢ studiemi. Studie, kde se
nachéazeji niz8i procenta nosicek patogennich variant v LS genech vySetfovaly pacientky
z neselektované populace, zatimco studie s nejvyssimi frekvencemi nosicek patogennich
variant v LS genech vybiraly pacientky s vysokym rizikem karcinomu endometria, u nichz
byla pfitomna pozitivni rodinnd anamnéza pro Lynchiv syndrom. Navzdory rozdilim ve
frekvencich patogennich variant u pacientek s karcinomem endometria, riziko vyvoje
endometrialniho karcinomu u nosicek patogennich variant v LS genech bylo obdobné v nasi
studii a ve studii LaDuca ef al. (OR=22,4 pro LaDuca a OR=20,1 pro nasi studii) (LaDuca
et al.,2020).

Méng, nez pétina vySetfenych pacientek s karcinomem endometria spliiovala
indikaéni kritéria pro genetické testovani hereditarniho syndromu pro karcinom prsu a ovaria
(98/527; 18,6 %), celkova frekvence nosicek patogennich variant v genech BRCA1/BRCA?2
byla vyrazné vyssi v nasi studii oproti ostatnim studiim (3,42 % vs. 0-2,2 %) (Levine et al.,
2021, Tian et al., 2019, Cadoo et al., 2019, Long et al., 2019, Ring et al., 2016, Samadder
et al., 2021, Johnatty et al., 2021, Karpel et al., 2022, Susswein et al., 2016, Heald et al.,
2022, Huang et al., 2018, LaDuca et al., 2020). Pouze tfi pacientky z 16 (18,8 %), které
splnovaly indika¢ni kritéria pro HBOC (a ne pro Lynchiiv syndrom), byly nosickami
zérodecnych patogennich variant v BRCAI a BRCA2. Ve skupiné pacientek, ktera splitovala
indikaéni kritéria jak pro Lynchiv syndrom, tak pro HBOC, byla frekvence patogennich
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variant v BRCA1 stejna jako frekvence patogennich variant pro geny Lynchova syndromu
(5/85; 6,1 %), zatimco varianty v BRCA2 se v této skupiné¢ nenachazely. Riziko vzniku
endometridlniho karcinomu bylo pro nosicky PV v BRCA1/BRCA?2 nizsi nez pro nosicky
v genech pro Lynchiiv syndrom. Riziko BRCA I v nasi studii bylo podobné tomu, které uvadi
LaDuca et al. (OR=3,9 vs. OR=3,1), pro nosic¢ky patogennich variant v BRCA2 odhalila nase
studie vyssi riziko nez studie LaDuca et al. (OR=7,4 vs. OR=2.4). Nase studie tak naznacuje,
ze nosicky variant v genu BRCA1 jsou spojeny se stfednim rizikem karcinomu endometria,
zatimco riziko patogennich variant v genu BRCA?2 je vyssi. Endometrialni karcinom by tedy
mél byt zatfazen do indikacnich kritérii ke genetickému testovéani, protoze by mohl
predstavovat dalsi projev hereditdrniho syndromu karcinomu ovaria a prsu. Toto tvrzeni je
potvrzeno 1 studii Vietri ef al., kterd identifikovala nosi¢ky patogennich variant v BRCAI
a BRCA2 u 9/21 (42,3 %) pacientek s dédi¢nou formou karcinomu endometria — vSechny
tyto pacientky spliiovaly indikaéni kritéria pro HBOC (Vietri ef al., 2021). K definitivnimu
potvrzeni asociace patogennich variant v hlavnich predispozi¢nich HBOC genech s nadory

endometria vSak bude zapotiebi vyhodnotit data z konsorcidlnich mezinarodnich databazi.

Obrazek 19. Srovnani vyskytu patogennich variant v genech pro Lynchlv syndrom a
dalsich predispozi¢nich genech ve studiich pacientek s tumory endometria.
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Mezi dalsimi HBOC geny byl nejcastéjsi vyskyt patogennich variant v genech
CHEK?2 (6/527; 1,1 %) a ATM (5/527; 1,0 %). U genu CHEK? bylo nalezeno vyznamné
zvysené riziko vzniku karcinomu endometria u pacientek nesoucich tyto patogenni varianty
(OR=3,2, p=0,04). Varianty v genu CHEK2 byly jiz dfive spojeny s predispozici
k endometrialnim nadoriim v nasi populaci (Stolarova et al., 2020b). Asociaci patogennich
variant v CHEK?2 ve spojitosti s karcinomem endometria udava i prace Karpel et al. (Karpel
et al., 2022). Co se ty¢e ATM, pouze dv¢ zahrani¢ni studie publikovaly nélez patogennich
variant v souvislosti s endometrialnim karcinomem (Cadoo et al., 2019, Johnatty et al.,
2021). V porovnani s nasi studii pozorovali Johnatty et al. stejnou prevalenci (1,0 %) nosici,
zatimco Cadoo et al. nalezli téméf dvojnasobnou cetnost (1,9 %). Rizika vzniku

endometridlniho karcinomu spojena s PV v genu A7M nejsou prozatim znama.

U gent kodujicich DNA polymerazy POLDI a POLE byla prokazana spolecna
asociace s endometridlnim karcinomem. V téchto genech jsme nalezli tfi zarode¢né varianty
vedouci ke vzniku zkraceného proteinového produktu (1x POLD1, 2x POLE). Riziko vzniku
karcinomu endometria u nosi¢i téchto variant je vnasi studii vyznamné zvysSené
(OR=10,44; p=0,01). Zarodetné varianty geni POLE a POLDI (konkrétné missense
varianty postihujici jejich exonukledzové domény) byly jiz diive popsany v asociaci s
endometridlnim karcinomem (Spurdle et al., 2017). Somatické varianty v POLE byly
popsany jako marker endometridlniho karcinomu (Yen et al., 2020, Leon-Castillo et al.,
2020). Pro ptesné ur€eni role trunkac¢nich zadrodecnych variant v POLE a POLD I bude nutné

provést analyzu zahrnujici vétsi poc€et nosicek trunkacnich variant v genech pro polymerazy.

VéEk diagnodzy u nosicek patogennich variant v genech Lynchova syndromu byl niZ§i
nez u pacientek bez téchto variant, coz potvrzuji ndlezy z pfedchozich studii (Ring et al.,
2016, Long et al., 2019, Tian et al., 2019, Levine et al., 2021). Ve skupiné pacientek
nesoucich PV v genech pro LS se vék ndstupu onemocnéni lisil. U nosicek PV v genech
MLHI a MSH2 byl primérmy ve&k 48 let a pro nosicky v genu MSHG6 byl 56 let. Tento
vysledek koresponduje s vysledky jiz diive publikovanych praci (Ryan et al., 2017, Tian et
al., 2019). Stejné tak odpovida vysledkiim zahrani¢ni studie 1 vék v dobé diagnozy u
pacientek s PV v genech HBOC (Levine et al., 2021). U dalSich klinicko-patologickych
charakteristik nosi¢ek patogennich variant odpovidaji rozdily tomu, do jaké skupiny byly
pacientky zafazeny na zaklad¢ indikacnich kritérii. Nejvyssi frekvence PV u genii LS byla
nalezena u pacientek s vice nez tfemi nadory, pacientek s karcinomem kolorekta jako

druhym nadorem v osobni anamnéze a u pacientek, které maji v rodinné anamnéze viceCetné
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nadory nebo karcinom kolorekta. Stejné¢ tak byla nejvyssi frekvence nosicek PV v
HBOC genech u téch pacientek, které¢ vyvinuly druhy nador souvisejici se syndromem

karcinomu prsu i ovaria a které mely vyskyt t€chto nadorti v rodinné anamnéze.

Frekvence nosi¢ek PV byla u pacientek se dvéma nédory v osobni anamnéze 15,4 %
(33/214). U 69 pacientek diagnostikovanych s karcinomem endometria a ovarialnim
karcinomem bylo osm nosicek s patogennimi variantami v HBOC genech (11,6 %) a ¢tyii
nosicky s patogennimi variantami v genech Lynchova syndromu (5,8 %, byla zahrnuta i
pacientka se dvéma patogennimi variantami v genech BRCAl a MLHI, u které byla
diagnostikovana nadorova triplicita karcinomu endometria, ovaria a prsu). U 34 pacientek
s karcinomem endometria a kolorekta neslo osm (23,5 %) pacientek PV v genech LS a pouze
jedna pacientka PV v HBOC genu (CHEK?2; 2,9 %). Vysledky ukazuji, Ze pfitomnost dvou
nadorid v osobni anamnéze by mohla predstavovat silné indikacni kritérium ke genetickému
testovani, coz je v souladu s vysledky nasi melanomové a ovaridlni studie (Lhotova et al.,
2020, Stolarova ef al., 2020a), ale 1 studii jinych autort (Wieme et al., 2021, Bychkovsky et
al., 2022).

Tak jak jsme ocekavali, pochdzela naprosta vétSina nosicek patogennich variant ze
skupiny pacientek indikovanych ke genetickému testovani, pficemz nalezené varianty
korespondovaly s indikovanym syndromem. Celkem 43/60 (71,7 %) nosi¢ek patogennich
variant bylo indikovano ke genetickému testovani, nicméné zbylych 17 (28,3 %) nosicek by
za soucasnych podminek nebylo indikovano ke genetickému vySetfeni. Pfitom neindikované
pacientky nesly patogenni varianty jak v genech pro Lynchtv syndrom (MLHI a MSH6),
tak v HBOC genech (ATM, BRCAI, BRCA2, BRIPI, CHEK?). Z téchto pacientek dvé
vyvinuly i sekunddrni nador a sedm mélo pozitivni rodinnou nadorovou anamnézu (avsak

v kombinacich, které nesplnuji souc¢asnd indikacni kritéria ke genetickému testovani).

Mezi hlavni nedostatky nas$i studie patfil jeji retrospektivni charakter a absence
histopatologickych analyz, kdy znadorové tkané v dobé¢ diagnézy nebylo provedeno
imunohistochemické vySetfeni, vySetfeni mikrosatelitové nestability, ani vySetieni
pfitomnosti somatickych alteraci v genech pro polymerazy, které by umoznilo lepsi
stratifikaci pacientek ve studii (Gordhandas et al., 2023). Dalsi limitaci bylo slozeni souboru
pacientek, ve kterém vice nez polovinu tvofily pacientky z konsorcia CZECANCA
(291/527; 55,4 %), kde se zamétujeme zejména na analyzu nadorové predispozice u vysoce

rizikovych (indikovanych) onkologickych pacientli, a nemtizeme tak vyloucit zkresleni
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vysledkt ve prospéch zvysené prevalence nosi¢ek patogennich variant. Z téchto davodi
jsme soubor rozdélili na zaklad¢ indikacnich kritérii a kazdou skupinu analyzovali

samostatne.

Vysledky genetické analyzy pacientek s karcinomem endometria umoziuji
identifikovat spektrum germinalnich variant v nasi populaci a dovoluji uvazovat o testovani

genetické predispozice u téchto pacientek.

5.3. Karcinom ovaria

Ve studii tykajici se karcinomu ovaria bylo analyzovano 1333 pacientek
a 2278 populacnich kontrol. Z 18 predispozi¢nich genti pro hereditdrni syndrom karcinomu
prsu a ovaria prevzatych z NCCN Guidelines, byly v 10 z nich identifikovany patogenni
varianty, které signifikantné zvySovaly riziko vzniku ovaridlniho karcinomu v nasi populaci.
Tyto varianty byly nalezeny u 399/1333 (29,9 %) pacientek s ovaridlnim karcinomem a
31/2278 (1,4 %) populac¢nich kontrol. Mutace ve zbylych deviti genech byly bud’ extrémné
vzacné (CDHI, PTEN, STKI11 a TP53), nebo se signifikantné neliSily od kontrol (47M,
PALB2 a CHEK?2), nebo nebyly zachyceny (CDKN24 a NFI). Patogenni varianty
v BRCA1/2, RAD51C/D a genech Lynchova syndromu byly asociovany s vysokym rizikem
vzniku karcinomu ovaria, zatimco patogenni varianty v BRIP1 byly asociovany se stfednim
rizikem vzniku ovarialniho karcinomu v nasi studii, coz je shodné i s vysledky piedchozich
studii (Kuchenbaecker et al., 2017, Weber-Lassalle et al., 2018, Lilyquist et al.,, 2017).
Patogenni varianty v BRCAI a BRCA2 byly ptitomny u 84 % vSech nosi¢ek patogennich
variant a byly nej€ast¢jSimi zménami nalezenymi u 17,9 % (BRCAI) a 7,4 % (BRCA2)
naSich pacientek. Patogenni varianty ve zbylych osmi genech, vedenych zejména variantami
v RAD51C/RADS51D/BRIPI byly nalezeny u 5 % pacientek, tak jak bylo popséno jiz diive
(Koczkowska et al., 2018, Krivokuca et al., 2019, Bonache et al., 2018). Obdobné¢ jako
u pacienti s Lynchovym syndromem pievladaji u naSich pacientek patogenni varianty

v MLHI (Dominguez-Valentin et al., 2020).

V porovnani s ptfedchozimi studiemi bylo u naSich pacientek zvySené riziko vzniku
karcinomu ovaria u nosi¢ek patogennich variant v NBN a BARDI (Lu et al., 2019, Ramus et

al., 2015). Vnasi studii nebylo nalezeno Zzadné signifikantni zvySeni rizika vzniku

78



karcinomu ovaria pro nosi¢ky patogennich variant v ATM a PALB2, coz je v souladu s

vvvvvv

Zastoupeni patogennich variant v CHEK2 u pacientek s karcinomem ovaria bylo
nesignifikantni v porovnani s predchozi studii, kdy jsme identifikovali mirn¢ zvysené riziko
vzniku ovaridlniho karcinomu u nosi¢ek mutaci v CHEK2 (Kleiblova et al., 2019).
Patogenni varianty v CDHI a PTEN byly extrémné vzacné, zatimco varianty v genu NF'/
nebyly v nasi studii nalezeny vibec. U jedné pacientky s neepitelidlnim ovaridlnim
karcinomem byla nalezena PV v STK11, coz je charakteristicky projev Peutz-Jeghersova
syndromu (Loveday et al, 2011). Celkové vzato vysokéa frekvence patogennich variant
v predispozi¢nich genech pro karcinom ovaria v nasi studii je v souladu s vysledky
z predchozich studii (Koczkowska et al., 2018, Krivokuca et al., 2019, Harter et al., 2017),

coz muze prispét k vysokému vyskytu ovaridlniho karcinomu v nasi populaci.

Nase studie odhalila 13 (1 %) pacientek, které byly nosiC¢kami dvou a vice
patogennich variant. Podobna frekvence pacientek s MINAS (multilocus inherited neoplasia
allele syndrom) byla nalezena i v piechozich studiich (Stradella et al., 2019, McGuigan et
al., 2022). Zatim neni zcela ziejmé, zda nosicky vice neZ jedné patogenni varianty
v syngennich genech (ovliviiyjicich stejnou genetickou predispozici) maji vyssi riziko nez
nosicky jednotlivych variant. SpiSe se nam jevi, Ze v klinickych obrazech dominuje aktivita
genu s vys§i penetranci, ale definitivni zavéry vyzaduji shromdZzdit reprezentativnéjsi

populaci vzacnych nosicl vicenasobnych variant.

Dostupné klinicko-patologické charakteristiky jsme analyzovali u 1320 pacientek
s ovarialnim karcinomem ajednou nalezenou patogenni variantou v ovarialnich
predispozi¢nich genech. Nejvyssi prevalence nosict patogennich variant v BRCA1/2 bylau
pacientek diagnostikovanych s karcinomem prsu a ovaria, zatimco nosi¢ky patogennich
variant v genech RAD51C/RADS51D/BRIPI byly diagnostikovany pouze s karcinomem
ovaria. ~ V porovnani s Castéra et al, kde byly patogenni varianty
v RAD51C/RADS51D/BRIP1 dominantné nalezeny u pacientek s pozitivni rodinnou
anamnézou (Castéra et al., 2014), v nasi populaci byly patogenni varianty v téchto genech
nalezeny u 1/166 (0,9 %) pacientky s pozitivni rodinnou anamnézou a u 22/587 (3,7 %)
pacientek s negativni rodinnou anamnézou. Déle jsme zaznamenali vysokou frekvenci
patogennich variant predisponujicich pro karcinom ovaria u starSich pacientek. Prevalence

pacientek starSich 60 let byla 23,6 %, zatimco ve studii Harter et al. byla tato prevalence
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18,9 %, 1 kdyZ Cetnost nosict patogennich variant u pacientek pod 60 let byla v obou studiich
srovnatelna (32,6 % pro nasi studii a 33,2 % pro Harter ef al.) (Harter et al., 2017). Varianty
v BRCA1 byly dominantni zejména u pacientek pod 60 let, zatimco u pacientek nad 60 let
byly nejcastéj$i patogenni varianty v BRCA2. Navic jsme odhalili 29 (13,9 %) BRCA1/2
nosicek z 208 pacientek s karcinomem ovaria s diagndézou nad 60 let bez rodinné anamnézy,
zatimco Morgan et al. detekovali pouze dvé varianty (4,3 %) BRCAI1/2 u 46 pacientek
s karcinomem ovaria nad 60 let (Morgan et al., 2019). U pacientek nad 70 let byla frekvence
patogennich variant BRCA1/2 vys$si nez 18 %, zatimco v jinych studiich byla tato frekvence
nizsi nez 10 % (Kuchenbaecker et al., 2017, Plaskocinska et al., 2016). Vysoka frekvence
patogennich variant v BRCA 1/2 u nasich pacientek starSich 70 let odpovidala nizké frekvenci
u pacientek pod 30 let (18,1 % versus 3,6 %; p=0,003). Jesté zfeteln&ji byl tento rozdil vidét
u pacientek bez rodinné anamnézy, kde byly PV v BRCA1/2 nalezeny u 6/45 (13,3 %)
pacientek ve véku nad 70 let, ale uzadné z 52 pacientek pod 30 let. Ackoliv v této
podskupiné se vyskytovaly vzacné histologické typy ovaridlniho karcinomu, tak 32/49
(65,3 %) znadmych ptipadd vyvinulo invazivni epitelidlni ovaridlni karcinom. Patogenni
varianty v predispozi¢nich genech pro karcinom ovaria vyznamné pievladaly u
HGSC/nespecifickych serdznich, border-line a endometroidnich nddord nad skupinou
LGSC, mucinodznich, svétlo-bunéénych nebo jinych vzacnych nadorovych histologickych

typi.

U 14,5 % pacientek s karcinomem ovaria bez nadorové rodinné anamnézy jsme nasli
patogenni varianty v genech BRCA1/2, tyto varianty by bez populacniho screeningu nebyly

nalezeny.

Vysledky nasi analyzy ptinesly detailni pohled na strukturu nadorové predispozice
v nasi populaci a jednoznaéné podporuji soucasna klinickd doporuceni (od roku 2019) pro
testovani germinalnich variant u vSech pacientek s ovaridlnimi tumory (a primarnimi
peritonealnimi nadory) bez ohledu na histologicky typ onemocnéni, vék diagndzy ¢i rodinou

onkologickou anamnézu (Foretova et al., 2019b).
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5.4. Hepatocelularni karcinom

Genetické priciny hepatocelularniho karcinomu jsou vzacné a hlavnim rizikovym
faktorem vzniku onemocnéni jsou jednoznacné chronické zanétlivé procesy zpusobujici

piestavbu jaterniho parenchymu (Dragani, 2010).

Ve studii tykajici se hepatocelularniho karcinomu jsme analyzovali 334 pacientii
s timto onemocnénim, ktefi byli vétsinové indikovéni k transplantaci jater. Patogenni Ci
pravdépodobné patogenni varianty ve znamych nadorové predispozi¢nich genech
souvisejicich se vznikem primarniho karcinomu jater byly nalezeny pouze u 7/334 (2,1 %)
pacientll. Za varianty s vysokou penetranci mohou byt povazovany pouze alterace v genu
FH, které byly dfive popsany u pacientll s hepatoceluldrnim karcinomem (Mezina et al.,
2021). Prekvapivé, nejcastéji byly zastoupeny varianty v genu NBN (viz tabulka 13),
reprezentované Ctyimi nosici rekurentni slovanské varianty c¢.657del5 (Varon et al., 2000),
kterd mirn€ zvySuje riziko nékterych nédorovych onemocnéni v nasi populaci (viz
kapitola 4.3) (Wieme et al., 2021). Neddvna prace rozsédhlého souboru pacienti z USA
naznacuje, Ze dédi¢né mutace v NBN se podileji na zvySeni predispozice ke vzniku pestrého
spektra nddorovych onemocnéni bez jasnéjsi predikce k nékterému z nich (Belhadj et al.,
2023). Gen NBN koéduje protein, ktery stabilizuje MRN komplex regulujici opravu
dvoufetézcovych zloml DNA. Kromé Ctyt pacientd s variantami v NBN jsme identifikovali
dalsi tfi pacienty s hepatocelularnim karcinomem, ktefi nesli patogenni varianty v genu
RADS50, jehozZ proteinovy produkt je soucasti MRN komplexu (Otahalova et al., 2023).
Frekvence patogennich variant v genech kodujici proteiny MRN komplexu u pacientl
s hepatocelularnim karcinomem (2,1 %) se signifikantng€ liSila od frekvence u kontrol
(0,4 %; p=0,001). Zatimco patogenni varianty v genech NBN a RAD50 byly pozorovany 1
v predchozich studiich (Mezina et al., 2021, Uson Junior ef al., 2022), germinalni patogenni
varianty ve tietim genu MRN komplexu — MRE jsme nenasli Zadné, avsak jejich vyskyt
je vzacny (Hu et al., 2021). Zéarodetné varianty v NBN byli jiz dfive spojovany
s cirhotickymi pacienty s hepatoceluldrnim karcinomem ¢i s chronickou hepatitidou typu B
(Rybicka et al., 2020, Zhen et al., 2018). U zvifecich modelt byla u hemizygotnich mys$i pro
gen Nbn sledovéana zvySena formace nadort jater. Tato zjiSténi naznacuji mozné zapojeni
komplexu MRN do vyvoje hepatocelularniho karcinomu, nicméné funkéni spojeni s

patogenezi hepatoceluldrniho karcinomu je nejasné.
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Celkova frekvence patogennich variant v nasi studii (14,1 %) korespondovala
s vysledky publikovanymi ve studiich Mezina ef al. (Mezina et al., 2021), kteti identifikovali
25/117 (11,5 %) nosici v prospektivni a 30/219 (13,7 %) nosicii v retrospektivni studii
pacientl s hepatocelularnim karcinomem. V jiné studii Uson Junior et al. (Uson Junior et
al., 2022) nalezli sedm (15,9 %) patogennich variant u 44 pacientli s hepatocelularnim
karcinomem. Nicménég, pii¢inny podil identifikovanych germindlnich variant na vznik
karcinomu endometria v nasi analyze je velmi diskutabilni. Na rozdil od nasi studie Mezina
et al. vretrospektivni studii identifikovali devét pacienti se zarodeCnymi variantami
v genech BRCAI/BRCA2 (které se vnaSi studii nevyskytovaly) a Ctyfi pacienty
s patogennimi alteracemi v genech Lynchova syndromu. Relativné vysoké frekvence u
nosicu patogennich variant (2,1-11,4 %) ve vysoce az stiedné penetrantnich genech pro
nadorova onemocnéni uvedena ve studiich Mezina et al. a Uson Junior et al. odrazeji rizna
vstupni kritéria a rizné charakteristiky pacientl s hepatocelularnim karcinomem.
V retrospektivni studii Mezina et al. byla vyssi frekvence nosict PV u genii s vys$Sim rizikem
vyvoje nadort (APC, BRCAI, BRCA2, PALB2, geny Lynchova syndromu), zatimco
prospektivni studie byla charakterizovana nizkou frekvenci patogennich variant u téchto
genll (Mezina et al., 2021). Pfi porovnani dat z nasi studie a studie provedenou Mezina et al.
jsme sledovali vysokou frekvenci u pacientll s hepatocelularnim karcinomem a druhym
nadorem (17,1 % vs. 38,4 % v prospektivni studii) a vysokou frekvenci pacientil s pozitivni
nadorovou anamnézou (39,2 % vs. 80 %, v prospektivni i v retrospektivni studii).
V retrospektivni studii Mezina et al. zahrnuli autofi neobvykle vysoky podil pacientek
indikovanych ke genetickému testovani (s tumorem jater jako sekundarnim onemocnénim)
a je tedy mozné, Ze mutace v hlavnich predispozicnich genech byly zachyceny jako
nezavisly faktor, se vznikem karcinomu jater pfimo nesouvisejici. Pro porovnani jsme
hledali pacienty s hepatocelularnim karcinomem z ¢eské databaze konsorcia CZECANCA,
obsahujici indikované pacienty ke genetickému testovani (Soukupova et al., 2016).
Ze souboru 10480 pacientli jsme nalezli 20 vySetfenych pacientd s touto diagndzou,
ze kterych dva byli nosici patogennich variant v nddorové predispozi¢nich genech (BRCA
a CHEK?). Tento vysledek naznacuje, Ze vysledky z retrospektivni studie (Mezina et al.,
2021) zahrnuji pravdépodobné ndhodné zachyty a st€zi mohou byt povazovany
za genetickou pfi¢inu hepatocelularniho karcinomu. Pokud je ndm znamo, zvySené riziko
rozvoje hepatocelularniho karcinomu nebylo zaznamenéano (ani zdokumentovano) u nosict

patogennich variant v Zddném z nddorovych predispozi¢nich genii zminénych v nasi studii.
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Mezina et al. také identifikovali zarodecné varianty ve FANCA a BRIP1 jako mozné
predispozi¢ni alterace pro vznik hepatocelularniho karcinomu, avSak zatimco frekvence
variant ve FANCA byla v nasi analyze srovnatelna s frekvenci v populacnich kontrolach
a pfitomnost patogennich variant v BRIPI jsme nezachytili. Navic v nasi studii jsme nalezli
vzacné zarodecné varianty v genu PMSI (Li et al., 2020) a u ostatnich genii Gi¢astnicich
se reakci na poskozeni DNA (DNA damage response — DDR) jako ERCC2 a XRCC1, které
jsou asociované se zvySenym rizikem jaterni cirhdzy a progresi hepatitidy typu B do
hepatocelularniho karcinomu (Rybicka et al., 2020, Zhen et al., 2018). Nepodatilo se nam
identifikovat patogenni varianty v jinych nédorové predispozi¢nich genech (zahrnujici
BAPI, DICERI, HNF1A, MET, TERT a VHL) asociovanych s hepatocelularnim karcinomem
v jinych studiich (Caruso et al., 2017, Chau et al., 2019, Fu et al., 2020, Tovar and Graveel,
2017, Kuhlman et al., 2021).

Co se tyce klinicko-patologickych charakteristik, pouze 5/334 pacientli v nasi studii
vyvinulo hepatocelularni karcinom ve tkani bez cirhotického poSkozeni jaterniho
parenchymu, coZ koresponduje s oéekavanym vyvojem onemocnéni. Zadny z pacientii bez
cirhozy nenesl patogenni varianty v analyzovanych genech. Vzhledem k celkové nizké
frekvenci nosi¢li variant jsme nezaznamenali vyznamné rozdily v klinicko-patologickych
nebo nadorovych charakteristikach nosici ve srovnani s nenosici. Analyza zarodecnych
variant byla limitovana 226 geny obsaZzenymi v panelu CZECANCA, ktery obsahoval
nadorové predispozi¢ni geny, ale nepokryval n€které predispozi¢ni geny pro cirhdzu jater

(naptiklad APOB, PNPLA3) (Pelusi et al., 2019, Singal et al., 2014).

Nase vysledky tak napliuji ptedpoklady o malém podilu dédiénych variant
v nddorovych predispozi¢nich genech na vzniku hepatocelularniho karcinomu, ktery tak
neni urcujici diagnézou pro genetické testovani. Otevienou otazkou zlstava genetické
testovani u kandidati transplantace, nebot’ vznik sekundarnich tumort patii mezi nej€asté;si
pfi¢inu Umrti u pacientl po transplantaci a riziko vzniku nadori u imunosuprimovanych
nosicll patogennich variant v nddorovych predispozi¢nich genech by mohlo byt obzvlaste

vysoké.
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6. Zavér

Predkladana disertacni prace shrnuje analyzu zarodecnych variant v predispozi¢nich
genech pro melanom, karcinom endometria, ovaria a hepatocelularni karcinom u pacientt

v nasi populaci, které do té¢ doby nebyly systematicky studovany.

Nase analyza genil predisponujicich pro vznik melanomu prokézala, ze geny
s vysokym az stfednim rizikem, v€etné¢ gent kddujicich proteiny shelterinového komplexu,
by mély byt zahrnuty do panelové NGS analyzy nadorovych vySetieni. Vysledky ukazaly,
7e vybér pacientii vhodnych pro tuto analyzu by nemél byt omezen pouze na pacienty s vice
primarnimi melanomy nebo pacienty s pozitivni rodinnou anamnézou melanomu, ale m¢l by
zahrnovat také pacienty s melanomem a jinym primarnim nddorem a melanomové pacienty

s pozitivni rodinnou nadorovou anamnézou.

Vysledky studie u pacientek s endometridlnim karcinomem, které spliovaly
indikacni kritéria pro Lynchiv syndrom, mély pétindsobné vyssi pravdépodobnost, Ze
ponesou patogenni variantu v genech asociovanych s dédi¢nou predispozici k nddorim ve
srovnani s pacientkami, které tato kritéria nespliiovaly. Pfitomnost patogennich variant
v genech Lynchova syndromu zvySuje riziko vzniku endometridlniho karcinomu az 20x
oproti jedinclim bez téchto variant. Piesto by 28,3 % nosicek patogennich variant v klinicky
relevantnich genech nebylo nikdy, dle soucasnych kritérii, indikovano pro genetické
testovani. Z tohoto diivodu navrhujeme zvazit zatazeni endometrialniho karcinomu jako
druhého priméarniho nadoru u pacienta, nebo jeho vyskyt v rodinné anamnéze jako kritérium

pro genetické testovani.

Analyza pacientek s karcinomem ovaria ukazala, Ze téméf jedna tfetina pacientek
nese jasnou patogenni variantu v genu signifikantn€ asociovanym se vznikem ovarialniho
karcinomu, ¢imz potvrzuje opravnénost genetického testovani neselektované populace
vSech pacientek s ovaridlnimi tumory bez ohledu na vek a histologicky typ onemocnéni.
Ptekvapivé patogenni varianty v BRCA1/2 nebyly spojeny se sporadickou formou OC u
velmi mladych Zen (pod 30 let). Kromé& jiz zndmych genii predisponujicich ke vzniku
karcinomu ovaria, byly geny NBN a BARDI signifikantné spojeny se stfednim rizikem
vzniku ovarialniho karcinomu. Dalsi studie jsou vSak nezbytné k urceni konkrétniho rizika

a hodnoty detekovanych patogennich variant pro prognoézu a predikci terapie. Dale je nutné
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zkoumat patogenni varianty v genech, které neovlivnily riziko vzniku ovaridlniho

karcinomu, na vét§im mnozstvi pacientil v ramci mezinarodnich konsorecii.

V ramci studia hepatocelularniho karcinomu jsme dosli k zavéru, ze nizka celkova
prevalence nosicu patogennich variant zpusobuje, ze testovani zarodecnych variant
u pacientii s hepatocelularnim pacientem je spiSe zbytné, pokud dany pacient nesplituje jina
kritéria pro genetické testovani (pfitomnost druhych nddori ¢i pozitivni rodinna naddorova
anamnéza). Je potfeba také zvazit mozné genetické testovani piijemct transplantovanych

jater, aby se snizila imrtnost na zhoubné de novo nadory.

Vysledky této disertacni prace zmapovaly nddorovou predispozici ke vzniku
studovanych onemocnéni u nds. A umoznily identifikaci fenotypovych charakteristik vysoce
rizikovych pacientl, které mohou zleps$it zachyt nosicii patogennich variant, coz muize

prispét k lepsi diagnostice &i prevenci téchto nadorti v Ceské republice.
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7. Seznam pouzitych zkratek

ACD ACD shelterin complex subunit and telomerase recruitment factor
AFP alfa-fetoprotein

ATM Ataxia Telangiectasia Mutated

BAPI BRCAI associated protein 1

BC karcinom prsu

BCLC Barcelona Clinic Liver Cancer

BER base excision repair

BMI body-mass index

BRCAI breast cancer 1

BRCA?2 breast cancer 2

BRIP] BRCAI1 interacting helicase 1

cAMP cyklicky adenosinmonofosfat

CDKN24 cyclin-dependent kinase inhibitor 2A
CDK4 cyclin-dependent kinase 4

CIl konfiden¢ni interval

CNH copy number high

CNL copy number low

CNV copy number variation

DNA deoxyribonukleova kyselina

EC endometrialni karcinom

FIGO Federation Internationale de Gynecologie et d'Obstetrique
GATK Genome Analysis Toolkit

GS Gleason skore

GTP guanosintrisfosfat

HBOC syndrom hereditarniho karcinomu prsu a ovarii
HBV hepatitida typu B

HCC hepatocelularni karcinom

HCV hepatitida typu C

HGSC high-grade ser6zni karcinom

IGV Integrative Genomics Viewer

IVF in vitro fertilizace

LGSC low-grade ser6zni karcinom

LS Lynchiiv syndrom

MAF minor allele frequency

MCIR melanocortin 1 receptor

MITF melanocyt inducing transcription factor
MLPA multiplex ligation-dependent probe amplification
MMR mismatch repair

MSI mikrosatelitové nestabilita

MUTYH MutY DNA glycosylase

NASH nealkoholicka steatoza jater

NBN nibrin

NCCN National Comprehensive Cancer Network
NCMG Narodni centrum pro Iékaiskou genomiku
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NER
NGS

oC
0CA2
OR
PALB?
P/LP
PCR
PMC
POTI
PTEN
PV
RADSIC
RADS51D
RNA

RR
SLC4542
STK11
TERF?
TERF2IP
TINF2
TERT
TNM
UTR

UV

VCF
VUS

nucleotide excision repair

sekvenovani nové generace

ovarialni karcinom

OCA2 melanosomal transmembrane protein
riziko

partner and localizer of BRCA2
patogenni/pravdépodobné patogenni varianty
polymerazova fetézova reakce

populaéni kontroly

protection of telomeres 1

phosphatase and tensin homolog

patogenni varianty

RADS51 paralog C

RADSI1 paralog D

ribonukleova kyselina

relativni riziko

solute carrier family 45 member 2
serine/threonine kinase 11

telomeric repeat-binding factor 2

telomeric repeat-binding factor 2 - interacting protein 1
TERFI1 interacting nuclear factor
telomerase reverse transcriptase

tumor, node, metastases

untranslated region

ultrafialové zafeni

variant-call format

varianta nejasného vyznamu
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Abstract: Cutaneous melanoma is the deadliest skin malignity with a rising prevalence worldwide.
Patients carrying germline mutations in melanoma-susceptibility genes face an increased risk of
melanoma and other cancers. To assess the spectrum of germline variants, we analyzed 264 Czech
melanoma patients indicated for testing due to early melanoma (at <25 years) or the presence of
multiple primary melanoma/melanoma and other cancer in their personal and/or family history.
All patients were analyzed by panel next-generation sequencing targeting 217 genes in four groups:
high-to-moderate melanoma risk genes, low melanoma risk genes, cancer syndrome genes, and
other genes with an uncertain melanoma risk. Population frequencies were assessed in 1479
population-matched controls. Selected POT1 and CHEK?2 variants were characterized by functional
assays. Mutations in clinically relevant genes were significantly more frequent in melanoma patients
than in controls (31/264; 11.7% vs. 58/1479; 3.9%; p = 2.0 X 107%). A total of 9 patients (3.4%)
carried mutations in high-to-moderate melanoma risk genes (CDKN2A, POT1, ACD) and 22 (8.3%)
patients in other cancer syndrome genes (NBN, BRCA1/2, CHEK2, ATM, WRN, RB1). Mutations in
high-to-moderate melanoma risk genes (OR = 52.2; 95%C1 6.6-413.1; p =3.2 x 10‘7) and in other cancer
syndrome genes (OR = 2.3; 95%CI 1.4-3.8; p = 0.003) were significantly associated with melanoma risk.

Biomedicines 2020, 8, 404; d0i:10.3390/biomedicines8100404 www.mdpi.com/journal/biomedicines
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We found an increased potential to carry these mutations (OR = 2.9; 95%CI 1.2-6.8) in patients with
double primary melanoma, melanoma and other primary cancer, but not in patients with early age at
onset. The analysis revealed affected genes in Czech melanoma patients and identified individuals
who may benefit from genetic testing and future surveillance management of mutation carriers.

Keywords: melanoma; familial melanoma; hereditary cancer predisposition; germline mutations;
panel sequencing; NGS

1. Introduction

With 287,723 newly diagnosed cases and 60,712 fatalities in 2018, cutaneous melanoma remains the
deadliest skin malignity globally. The highest standardized melanoma incidence occurs in Australia
and New Zealand; however, European and US patients account for more than 75% of new melanoma
cases annually [1]. The GLOBOCAN cancer registry ranks the Czech Republic as 18th among 185
countries in the world in terms of age-standardized melanoma incidence rates (between the USA and
Canada) [2].

The risk of melanoma is largely modified by factors influencing individual sensitivity to UV
radiation and sunlight exposure, and sunburns during childhood in particular are a major behavioral
risk factor [3]. Other individual host factors include the amount, type, and arrangement of cutaneous
melanin, the presence of multiple atypical moles (the most frequent precancerous melanoma lesions),
and a family history of melanoma [4].

The hereditary component of melanoma development has been assessed in a large prospective
study of twins from Nordic countries revealing melanoma heritability with a familial cancer risk
of 19.6% and 6.1% for monozygotic and dizygotic twins, respectively, compared with 1.2% for the
overall population [5]. The proportion of familial melanoma cases is approximately 5-10%; however,
pathogenic germline mutation carriers have been identified in only a minority of the analyzed familial
melanoma cases [6].

The major melanoma-susceptibility gene is CDKN2A, coding for two alternatively transcribed
mRNAs translated into the cyclin-dependent kinase inhibitor p16/™NX* and the tumor suppressor
p14ARY participating in p53 activation, respectively [7]. Germline CDKN2A mutations have been
found in about 20-40% of melanoma-prone families (with >3 melanoma cases), but in only 0.2-3%
of non-familial melanoma cases [8,9]. Other high-risk but extremely rare germline mutations affect
cyclin-dependent kinase 4 (CDK4) and BRCA1l-associated protein 1 (BAP1) genes [10,11]. Germline
CDK4 mutations cluster in exon 2, coding for a domain interacting with p16'™NK4 [12]. The BAP1 protein
codes for deubiquitinase, counteracting BRCA1-BARD1 ubiquitin ligase activity [13]. Hereditary BAP1
mutations predispose people to hypopigmented skin melanoma, uveal melanoma, mesothelioma,
renal cell carcinoma, and other cancers [13]. Other potential high- to moderate-risk genes include ACD
(also known as TPP1), POT1, and TER2IP coding for shelterin proteins forming a telomere-protecting
complex [14]. Rare promoter mutations in telomerase (TERT gene) coding for an enzyme-maintaining
telomere length have been found in familial melanoma [15]. An increased melanoma risk has been
documented in carriers of germline mutations causing other cancer syndromes, including hereditary
breast and ovarian cancer (BRCA1/BRCA2), retinoblastoma (RB1), or xeroderma pigmentosum (XPs) [16].
The low-risk group includes variants in genes coding for proteins involved in melanogenesis (MCIR,
MITE, OCA2, SLC45A2, TYR, TYRP1) and other processes (ASIP, CASP8, MTAP, OBFC1), revealed
dominantly by genome-wide association studies (GWAS) [17-19]. The identification of individuals
carrying germline mutations in melanoma-predisposition genes enables their tailored surveillance
with an early detection of melanoma and other associated tumors, and with genetic counselling for
their relatives.
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The Czech national cancer registry has recorded nearly doubled melanoma incidence during the
past 25 years (from 7.55 cases per 100,000 inhabitants in 1994 to 13.47 in 2018), and melanoma has
become the most rapidly growing malignant tumor among children and teenagers [20,21]. However,
an analysis of genetic factors contributing to its development has not been performed in the Czech
Republic to date.

Our study aimed primarily to characterize the spectrum and prevalence of germline mutations
influencing melanoma risk. We have analyzed 264 high-risk Czech melanoma patients by panel next
generation sequencing (NGS) targeting 217 genes that included eight high-to-moderate melanoma
risk genes, 26 low melanoma risk genes, 37 other cancer-predisposing genes and 146 genes altered in
melanoma but not associated with increased familial risk. Another task of our study was to identify
melanoma patients who may benefit from genetic testing by comparing clinicopathological data from
the carriers and non-carriers of germline mutations.

2. Materials and Methods

2.1. Study Population

We analyzed genomic DNA obtained from the peripheral blood of 264 unrelated melanoma
patients indicated for a genetic analysis by medical geneticists based on individual or family criteria
(Table 1). All patients were Caucasians of a Czech origin and provided written informed consent
with the analysis approved by Ethics Committee of the General University Hospital in Prague
(No.: 56/15 Grant VES 2016 AZV 1.LFUK from 2015/06/18). The patients included a subgroup of 129
individuals (97 females/32 males) indicated at the General University Hospital in Prague and 135
individuals (96 females/39 males) indicated at the Masaryk Memorial Cancer Institute in Brno. Known
clinicopathological characteristics are provided in Supplementary Table S1.

Table 1. Characteristic of subgroups combining personal cancer history (rows) and family cancer
history (FCH; columns) criteria in 264 melanoma (M.) patients enrolled in the study.

Criteria Posit. FCH f’:;ltoli(}ig_ Negative Unknown Patients; N Mean Age;
incl. M. Cancers FCH FCH (%) yrs (Range)
Multiple primary M.

& other cancer 0 4 0 2 6(2.3) 45.0 (38-58)
Multiple primary M. 5 8 3 1 17 (6.4) 37.3 (24-75)
M. & other cancer 9 45 8 71 (26.9) 47.3 (14-83)
M. only, dg at < 25 yrs 5 17 11 3 36 (13.6) 20.0 (9-24)
M. only, dg at > 25 yrs 41 62 24 7 134 (50.8) 37.1 (25-69)
Patients; N (% of all) 60 (22.7) 136 (51.5) 47 (17.8) 21 (8.0) 264 (100) 37.7 (9-83)

Mean age; yrs (range) 38.9 (9-69) 37.8 (14-83) 33.0 (15-66) 44.2 (14-75) - -

The control population included germline variants in targeted genes obtained from whole exome
sequencing (WES) performed for various non-cancer conditions in 1479 unselected, adult, anonymized,
ethnically matched controls (1014 males, mean age 55.5 years, range 18-88 years and 465 females,
mean age 56.8 years, range 18-84). These anonymized genotypes of population-matched controls were
provided by the National Center for Medical Genomics (http://ncmg.cz).

2.2. CZMELAC Sequence Capture Panel

The CZMELAC panel (CZech MELAnoma panel for Cancer predisposition) targeted 217 genes
including (i) high-to-moderate and (ii) low melanoma risk genes, (iii) hereditary cancer syndrome
genes with an uncertain melanoma risk, (iv) genes associated with “melanoma” in the Phenopedia
database with at least two entries (assessed June 16, 2016; Table 2) [6,9,14,16,22-25].

The primary gene target for probe coverage was represented by all coding exons, including 10
bases from adjacent intronic regions, and it was designed using the NimbleDesign software (Roche) as
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described previously [26,27]. The final CZMELAC panel target reached 563,471 bases. Because of the strict
design conditions, some repeats and homologous regions were left untargeted (Supplementary Table S2).

Table 2. Analyzed genes in CZEMELAC (CZech MELAnoma panel for Cancer predisposition) panel.
Detailed information, including full names of analyzed genes, is provided in Supplementary Table S2.

High-to-moderate melanoma

. ACD, BAP1, CDK4, CDKN2A, MITF, POT1, TERF2IP, TERT
risk genes

AGR3, ARNT, ASIP, CASP8, CCND1, CDKN2B, CLPTM1L, FTO, HERC2, IRF4,
Low melanoma risk genes MCIR, MGMT, MTAP, MX2, OBFC1, OCA2, PARP1, PLA2G6, SETDBI,
SLC24A4, SLC45A2, TERF1, TERF2, TINF2, TYR, TYRP1
APC, ATM, BARD1, BMPR1A, BRCA1, BRCA2, BRIP1, CDH1, FH, CHEK2, KIT,
Hereditary cancer syndrome genes MET, MSH2, MSH3, MSH6, NBN, NF1, NF2, PALB2, PMS2, POLD1, POLE,
with uncertain melanoma risk PTEN, RAD51C, RAD51D, RB1, RET, SDHA, SDHB, SDHC, SDHD, SMAD4,
STK11, TP53, VHL, WRN, WT1

ABLIM1, APEX1, ATRN, AURKA, BBC3, BLM, BRAF, BRMS1, CASP10, CBL,
CCAR2, CCNH, CDK10, CDK7, CDKN1A, CDKN1B, CDKN1C, CEBPA, COX8A,
CTLA4, CTNNB1, CYP11A1, CYP17A1, CYP19A1, CYP1A1, CYP1A2, CYP3A5,
DAB2IP, DCAF4, DDB1, DDB2, EDNRB, EGF, EGFR, EIF1AX, EPCAM, ERBB2,
ERBB4, ERCC1, ERCC2, ERCC3, ERCC4, ERCC5, ERCCé6, ERCCS, EXOC2, EZH2,
FANCC, FANCL, FANCM, FAS, FASLG, FGFR2, FGFR4, FLCN, FLT1, FOXP3,
GATA2, GATA4, GC, GNA11, GNAQ, GPC3, GSTM1, GSTM3, GSTP1, GSTT1,
H2AFY, HRAS, IDH1, IDH2, IFIH1, IFNA1, IFNG, IL10, IL2RA, IL4, IL6, ILS,
ING4, KAT6A, KIAA1967, KMT2A, KRAS, LRIG1, MAP2K1, MDM2, MLH1,
MLH3, MMP1, MMP3, MUTYH, MYH7B, NCOA6, NFKB1, NFKBIE, NOD2,
NOTCH3, NRAS, PAX5, PDGFRA, PIGU, PIK3CA, PIK3R1, PIK3R4, PMAIP1,
PMS1, POLH, POMC, PPM1D, PPP6C, PRF1, PTGS2, PICH1, PTPN11, PTPN22,
RAC1, RAD23A, RAD23B, RASEF, RECQL, RECQL4, RHOBTB2, RUNX1, SBDS,
SF3B1, SH2B3, SLX4, SMARCB1, SNX31, STAG2, STK19, SUZ12, TACC1, TERC,
TLR3, TRPM1, TSC1, TSC2, VDR, XAB2, XPA, XPC, XRCC1, XRCC3, ZNF365

Genes with unknown impact on
hereditary melanoma development

2.3. Targeted NGS Analysis

Genomic DNA was isolated from peripheral blood and 200-500 ng was used to prepare the
NGS library. DNA was diluted in low TE buffer [10 mM Tris-HCI (pH 8.0) with 0.1 mM EDTA] and
sheared by ultrasound (Covaris E220; Covaris, Chicago, IL, USA) to approximately 200 bp fragments
checked using Agilent High Sensitivity DNA Kit on the 2100 Bioanalyzer (Agilent, Santa Clara, CA,
USA). The subsequent end-repair, A-tailing, and ligation of adapters were performed using the KAPA
HTP Library Preparation kit (Roche, Basel, Switzerland) according to the manufacturer with in-house
prepared adapters. The processed fragments were size-selected (targeting 250—-450 bp fragments) and
primed with barcodes (identical to Illumina TruSeq HT index i7 and i5) by ligation-mediated PCR
(LM-PCR), using in-house prepared double-indexing primers, to distinguish individual samples in
subsequent pooling. The size and quality of fragments after the dual size selection and LM-PCR were
controlled using Agilent High Sensitivity DNA Kit. Thirty individual samples (33 ng each) were
pooled for enrichment and hybridized for 72 h with the CZMELAC panel probes (SeqCap EZ Choice
Library; Roche, Basel, Switzerland). The enriched targeted sequences were amplified by post-capture
PCR to create the final sequencing library. The enrichment was controlled using qPCR (NimbleGen
SeqCap EZ Library SR User’s Guide). The final 15 uM library was sequenced on MiSeq using MiSeq
Reagent Kit v. 3 (150 cycles; [llumina, San Diego, CA, USA) targeting 100X mean coverage per sample.

2.4. Bioinformatics

The CZMELAC panel sequencing data generated in FASTQ files were analyzed as described
previously [27]. Novoalign was used for mapping FASTQ files to hg19 reference. The variant-call
format (VCF) files were processed by the GATK pipeline (https://software.broadinstitute.org/gatk/)
from BAM files. The VCF files were annotated using SnpEff. We identified medium-size indels
(insertions or duplications >35bp) using Pindel (http://gmt.genome.wustl.edu/packages/pindel/) and
copy number variations (CNV) using CNVKkit (https://pypi.python.org/pypi/CNVKkit), using the settings
that we described in detail recently [26,27].
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2.5. Variant Filtration and Prioritization

The primary list of annotated sequences was filtered in successive steps that included the
elimination of: (i) low quality variants (quality < 150); (ii) out of bait variants (intergenic/deep
intronic/UTR variants); (iii) intronic variants out of canonical splicing sites (+1-2 nucleotides in introns);
(iv) variants with a minor allele frequency (MAF) > 0.003 in any of the ExXAC/ESP6500/1000Genomes
databases; (v) variants with MAF > 0.001 (n > 2) in 1479 population-matched controls; (vi) synonymous
variants; (vii) variants referred to as benign or likely benign (B/LB) in ClinVar; (viii) variants located in the
repeat masking track from the UCSC Genome Browser; (ix) frameshift/stop-gain variants in the last exon.
Filtration steps ii-ix were not applied if the found variants were referred to as pathogenic/likely pathogenic
(P/LP) in ClinVar or “deleterious” in our functional analyses. The dataset of the control population
was filtered identically. The final set of P/LP variants included only frameshift, stop-gain, frameshifting
CNYV, canonical splicing, ClinVar P/LP variants, and variants classified as “deleterious” by our functional
analyses. All P/LP variants (variants with very strong and strong evidence of pathogenicity according to
the ACMG guidelines [28] denoted throughout this text also as “mutations”) were in melanoma patients
manually inspected in IGV and, when uncertain, confirmed by Sanger sequencing. The CNV P/LP
variants were confirmed by multiplex ligation-dependent probe amplification (MLPA; for CHEK?) or by
quantitative PCR (for SLC45A2 and TRPM1; Supplementary Figure S1).

2.6. Analysis of Splicing Alterations

All RNA samples obtained from peripheral blood or from expanded leukocytes (with/without
nonsense-mediated decay inhibitor) were analyzed for splicing alterations using targeted RNA NGS
with the CZMELAC panel, as described recently [29].

2.7. Statistical Analysis

The differences between the analyzed groups and subgroups were calculated by x? or Fischer
exact tests.

2.8. Functional Assays for Selected Germline Variants

2.8.1. CHEK?2 Functional Analysis

A functional analysis of CHEK2 VUS was performed as described recently [30]. Human
RPE1-CHEK2-knock-out cells were transfected with wild-type or mutant EGFP-CHK2 and the level of
KAP1-5473 phosphorylation was determined by immunofluorescence microscopy using ScanR station
(Olympus, Tokyo, Japan).

2.8.2. POT1 Functional Analysis

Cell lines and plasmids. MCF-7 and HEK293 cells (generously provided by Rene Medema, NKI,
Amsterdam) were grown in DMEM containing 6% FBS, penicillin (100 U/mL) and streptomycin
(0.1 mg/mL). The cells were regularly tested for mycoplasma contamination using the MycoAlert kit
(Lonza, Basel, Switzerland). A DNA fragment corresponding to human POT1 was PCR-amplified
from pLPC-myc-hPOT1 (Addgene, ID:12387, Watertown, MA, USA) and inserted in frame into the
Xhol/Xmal sites of pEGFP-C3. Plasmid pCDNA-3xFLAG-NLS-TPP1 was obtained from Addgene
(ID: 53585, Watertown, MA, USA). Cells were transfected with plasmid DNA using polyethylenimine
40K (Polysciences, Warrington, PA, USA).

Immunofluorescence microscopy. To evaluate the localization of POT1 at telomeres, MCF-7 cells
grown on coverslips were transfected with EGFP-POT1 or EGFP-POT1-P116L and analyzed by
immunofluorescence microscopy. Cells were pre-extracted with 0.5% Triton-X 100 in ice-cold PBS for
5 min and fixed with 4% PFA for 15 min in room temperature (RT). Cells were blocked in 1% BSA for
30 min. Coverslips were incubated with TRF2 antibody (clone B-5, Santa Cruz, Dallas, TX, USA) for
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2 hin RT, washed 3x in PBS, incubated with secondary antibody for 1h in RT. After washing in PBS
and DAPI, coverslips were mounted with Vectashield and images were acquired using the confocal
microscope Leica (Wetzlar, Germany) TCS SP8 equipped with a 63x/1.40 objective.

Immuno-precipitation. The ability of POT1 to interact with the shelterin complex was evaluated by
immuno-precipitation. HEK293 cells were co-transfected with FLAG-TPP1 and EGFP, EGFP-POT1 or
EGFP-POT1-P116L. Cells were extracted in IP buffer (50 mM Tris pH 8.0, 120 mM NaCl, 1% Tween-20,
0.1% NP-40, 1.0% glycerol, 2 mM EDTA, 3 mM EGTA, 10 mM MgCl,, protease inhibitors (Roche, Basel,
Switzerland) and EtBr (50 pg/mL)) and sonicated 3 x 20 sec. Clarified cell extracts were incubated
with GFP-Trap beads (Chromotek, Planegg, Germany) for 1 h. After washing 4x with IP buffer, bound
proteins were eluted with Laemli buffer and separated by SDS-PAGE.

Telomeric DNA binding assay. POT1 binding to telomeric DNA was tested in vitro as described [31,32].
HEK?293 cells transfected with EGFP, EGFP-POT1 or EGFP-POT1-P116L were extracted in IP buffer,
sonicated and centrifuged for 20 min at 4 °C. Cell extracts were precleared with streptavidin sepharose
beads for 1 h. Supernatants were then incubated with 2 pg of biotinylated telomeric DNA (ssG:
biotin-TATATA(TTAGGG)8) or (tel5: biotin-GCAAGCTTTACCGATACA GC(TTAGGG)5) [31,32], or
control DNA (ssC: biotin-TATATA(CCCTAA)8), for 12 h and Streptavidin beads were added for 1 h
before washing with IP buffer. Bound proteins were eluted with Laemli buffer and analyzed by Western
blotting (WB) using antibody against GFP (clone 7.1, Roche, Basel, Switzerland).

3. Results

3.1. Germline Variants in Analyzed Genes

The overall mean coverage for all samples reached 116.7x with a good coverage uniformity
across 217 analyzed genes (mean percent of target bases with coverage 20x, 50%, and 100x was 99.3%,
96.9%, and 79.2%, respectively). Panel NGS in 264 patients yielded 16,359 unique germline variants.
Five hundred and sixteen of them remained after the application of variant filtration rules (described
in the Methods section). Variants of uncertain significance (VUS) represented a majority (87%) of
them and were excluded from further analyses as clinically inconclusive at the moment. The final
83 pathogenic/likely pathogenic (P/LP) germline variants (66 unique) in 71/264 (26.8%) melanoma
patients were detected in 42/217 targeted genes (Supplementary Table S3) and included five copy
number variants (CNV; two in CHEK2 and SLC45A2, respectively, and one in TRPM1; Supplementary
Figure S1). Using the identical prioritization procedure, we identified 225 P/LP variants in 204/1479
(13.8%) controls in 82/217 targeted genes, including two CNV (both in the CHEK2 gene). Overall,
43/264 (16.3%) patients (Table 3) and 87/1479 (5.9%) controls carried a mutation in a gene previously
associated with melanoma or other cancer.

Table 3. Germline P/LP (pathogenic/likely pathogenic) variants in melanoma patients.

@ Gene: Coding Sequence (Protein) Change
- Concomitant Mutation

Other Tumors in Family Cancer History

. (b)
Mel Site (Age) Proband (Age) Tumor Type (N) ©

High-to-moderate risk genes

BC (1), Leu (1), Mel (1),

F CDKN2A: c.16_20del5 (p.G6Qfs*7) TR (38) none other 3 relatives with
unknown tumors

F CDKN2A: ¢.71G>C (p.R24P) TR (24) Mel (35) CRC (1), Mel (1), UrC(1)

F CDKN2A: ¢.71G>C (p.R24P) TR (28) Mel (38) Mel (2)

F CDKN2A: ¢95_112del (p.L32_L37del) LE (28) GC (48) BC @, fﬁcﬁé (Gz(): (1), LC

M CDKN2A: ¢.334C>G (p.R112G) HE (43) none Mel (1), PaC(1)
CDKN2A: c.457+4_457+5delAG

F (pY129Hfs*1 1) TR (29) Mel (34) BT (1)
POT1: ¢.347C>T (p.P116L); .

F - CHEK2: ¢.909-2028_1095+330del5395 UE (41) MelB(él(il;)A@, RC (1)
(p-M304Lfs*15)

F POTI: ¢.703-1G>C (p.V235Gfs*22) na. (37) E% g‘;;; BC ) C(If)CT(g (]I)C(l)' ST

M ACD: ¢.755delA (p.D255Afs*9) UE (39) none negative
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Table 3. Cont.

@ Gene: Coding Seq}lence (Prot.em) Change Mel Site (Age) ® Other Tumors in Family Cancer Hls(tgry
- Concomitant Mutation Proband (Age) Tumor Type (N)
Low-risk genes
OCA2: c.1211C>T (p.T404M);
F - KAT6A: ¢.1138G>T (p.E380%) na. (29) none Mel(1)
M OCA2: c.1327G>A (p.V443I) TR (15) none negative
F OCA2: ¢.1327G>A (p.V443I) TR (43) none BC (3), CRC (3), PaC (1)
F OCA2: c.1327G>A (p.V443I) LE (52) siyc(?j;;) Leu (1), Unknown (1)
M OCA2: ¢.2037G>C (p.W679C) n.a. (50) none negative
M OCA2: ¢.2037G>C (p.W679C) n.a. (68) SkC (68) na.
TYRP1: c.1054_1057del4 (p.N353Vfs*31);
M ~TRPML: Ae2-7 (p.2) TR (36) none Mel (2)
SLC45A2: Ael-2 (p.?);
M - GSTM3: ¢.393C>A (p.Y131%) EY (25) none na.
F SLC45A2: Ael-4 (p.?) TR (42) BC (41) PrC (1)
M TYR: c.650G>A (p.R217Q) TR (37) none negative
TYR: c.1037-7T>A (p.2); BC (52);
F - FANCC: c.455dupA (p.N152Kfs*9) HE (66) CRC (66) BC (2), HCC (1),
CRC (2), GbC (1), Mel (1),
. *
F TINF2: ¢.796C>T (p.R266%) UE (48) none PrC (2), RC (1), Sarcoma (1)
Hereditary cancer syndrome genes
F NBN: ¢.657_661del5 (p. K219Nfs*16) TR (24) none BC (1), BT (1), Mel (1)
F NBN: ¢.657_661del5 (p.K219Nfs*16) EY (25) none negative
M NBN: ¢.657_661del5 (p.K219Nfs*16) TR (37) none n.a.
F NBN: c.657_661del5 (p.K219Nfs*16) HE (45) I\é‘él gz;; na.
F NBN: ¢.657_661del5 (p.K219Nfs*16) TR (65) OC (67) negative
M NBN: ¢.1126delG (p.D3761fs*2) n.a. (47) none LC (2), Mel (1),
NBN: ¢.1723G>T (p.E575%);
F - NFKBIE: ¢.165_169dup5 (p.E57Afs*51) LEO) none Mel (1
M BRCA2: c.475G>A (p.V159M) UE (45) RC (46) HL (1)
F BRCA2: ¢.1389_1390delAG (p.V464Gfs*3) LE (47) BC (59,59) GC(2)
BT (59); 3 sisters with
F BRCA2: ¢.5682C>G (p.Y1894%) n.a. (67) ¢ gynecological tumors, LC
BC (56) .
(1), retinoblastoma (1)
BRCA2: ¢.7007G>A (p.R2336H);
M ~IFIHI: c2464C>T (p.R822%) HE (22) none BT (1), PrC (2), TC (1)
BRCA2: ¢.8168_8172ins4 (p.Y2726Mfs*10); Mel (36);
M - TYRPI: c.1254C>A (p.Y418%) na. (40) NHL (38) Lce)
F BRCAI: c.68_69delAG (p.E23Vfs*17) TR (47) Uorg ((5576)) ’ na.
BRCAI: c.1687C>T (p.Q563*) EY (54) BC (46) ocC (1)
BRCAT: c.4214delT (p.I1405Kfs*10); OC (46);
F - ATM: ¢.7630-2A>C (p.?); LE (46) BC (49)’ BC (3), OC (2)
- MUTYH c.1187G>A (p.G396D)
F BRCAI: ¢.5266dupC (p.Q1756Pfs*74) TR (53) BC (54) negative
CHEK?2:¢.909-2028_1095+330del5395 CRC(1), Ly (1), Mel (1),
M (p-M304Lfs*15) UE (28) none MMT (1)
CHEK2: c.846+4_846+7del4
M (p.D265-H282del) TR (38) none BC (1), CRC (2)
ATM: c.381delA (p.V128*)
F ~WRN: ¢.1105C>T (p.R369%) TR (41) Mel (50) BC (2), PaC (1)
F ATM: ¢.5932G>T (p.E1978%) TR (35) none LC (1), UrC (1)
RAD51D: ¢.405+2T>C (p.?);
F - CHEK2: c917G>C (p.G306A) TR (26) none ccm
F RBI: c.608-1G>T (p.?) TR (32) BC (45) GbC (1), LC (1)

@ gender: M—male; F—female. ® Melanoma localization: EY—eye; HE—head; LE—lower extremity; TR—trunk;
UE—upper extremity. (© BC—breast cancer; BT—brain tumor; CC—cervix cancer; CRC—colorectal cancer;
GC—gastric cancer; GbC—gallbladder cancer, HCC—hepatocellular cancer; (n)HL—(non)Hodgkin lymphoma;
LC—Ilung cancer; Leu—leukemia; Ly—lymphoma; Mel—melanoma; MMT—malignant mesenchymal tumor;
OC—ovarian cancer; PaC—pancreatic cancer; PrC—prostate cancer; RC—renal cancer; SgT—salivary gland tumor;
SkC—skin cancer; TC—thyroid cancer; UrC—urinary cancer. The reference numbers for genes listed in this table
are provided in Supplementary Table S1.

3.1.1. Mutations in High-to-Moderate Melanoma Risk Genes

The highest prevalence in a subgroup of high-to-moderate melanoma risk genes was found
in CDKN2A (NM_000077). Disease-causing variants identified in six patients included ClinVar
P/LP missense variants ¢.71G>C (p.R24P; in two patients) and ¢.334C>G (p.R112G), frameshift
¢.16_20delGGGAG (p.G6Qfs*7), in-frame ¢.95_112del18 (p.L32_L37del; shortening C-terminal part of
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ankyrin 1 domain and adjacent (3-hairpin loop), and the novel splicing alteration c.457+4_457+5delAG,
resulting in the activation of an aberrant splicing site (r.384_457del74) and a frameshift (p.Y129Hfs*11;

Figure 1).
M P 1 wone r— s P r—
1 1 L L 1 1 1 L L 1
Control;
CDKN2A: wild-type
MRNA from blood
canonical splicing border ..+
Proband; delAG s = = = P —— i
CDKN2A: ¢.457+4_45745delAG {DNA “contamination”) ¥ | canonical splicing border SUSFFaRESplicing DoEUer —
mRNA from blood r— i -
Control; l - =
CDKN2A: wild-type = P — - > '
mRNA from blood el
% aberrant spliciny
Proband; r—'—# e 1 P,,\g ‘
CDKN2A: ¢.457+4_457+5del = R -
mRNA from blood
Control; ‘ L
CDKN2A: wild-type
Pooled mRNA from blood
21975007 21987670
NM_058195(p14)
NM_000077(p16)
Exon 3 2 la 1B

Figure 1. Characterization of splicing aberrations in CDKN2A. (A) NGS analysis of RNA isolated
from blood lymphocytes identified aberrant splicing in a proband carrying the c.457+4_457+5delAG
variant (visible as two reads originated from DNA “contamination”; grey arrowhead). The variant
causes the elimination of the canonical splice site and activation of the cryptic splice site within exon 2,
resulting in the deletion of 74 nts (1.384_457del74) and premature protein termination (p.Y129Hfs*11).
(B) The sashimi plot shows the presence of aberrant splicing in 5/12 reads in a proband’s sample, absent
in 24 reads of a control with wild-type CDKN2A, and another 1950 reads of 100 pooled controls.

Two germline mutations were also found in POT1 (NM_015450). The ¢.703-1G>C mutation found
in a proband with melanoma, dysplastic nevi, and thyroid cancer (Figure 2A) affected the canonical
acceptor splice site of intron 10 resulting in exon 10 skipping at the mRNA level (r.703_869del167) and
a frameshift (p.V235Gfs*22; Figure 2B). The rare missense variant ¢.347C>T changed the conserved
amino acid p.P116L [33] in a patient with superficial spreading melanoma and breast cancer carrying
also a germline deletion of 5395bp affecting exons 9 and 10 of the CHEK2 gene (NM_007194) (Figure 2C).
To dissect the functional consequences of the POT1 missense variant inherited from the maternal
branch of the family, we performed a functional analysis. First, we immuno-precipitated wild-type
EGFP-POT1 or mutant EGFP-POT1-P116L from transiently transfected cells and found that both
variants bound comparable levels of TPP1 (alias ACD) protein which mediates the binding of POT1 to
the shelterin complex (Figure 2D). Confocal microscopy revealed that EGFP-POT1-P116L colocalized
with TRF2, suggesting that it can assemble into the shelterin complex and correctly localize to telomeres
(Figure 2E). Since the p.P116L mutation resides within the oligosaccharide/oligonucleotide-binding
(OB1) domain [34], we hypothesized that it may impair the binding of POT1 to ssDNA. Indeed, we
found that only the wild-type POT1 (but not POT1-P116L) mutant bound to the biotinylated telomeric
G strand efficiently (Figure 2F). We concluded that although the p.P116L isoform can localize to
telomeric dsDNA through its interaction with ACD, it fails to bind telomeric ssDNA, which makes it a
functionally deleterious mutation contributing to melanoma risk.
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Figure 2. Characterization of POT1 germline variants. (A) Family of a patient carrying ¢.703-1G>C.
(B) The variant causes aberrant splicing (AS) with exon 10 skipping (r.703_869del167; arrowhead;
resulting in a frameshift at the protein level: p.V235Gfs*22) that was never observed in an analysis of
wild-type POT1 samples (compared in blue and purple sashimi plots). However, AS mRNA is mostly
subjected to nonsense-mediated decay (NMD). The number of NGS reads of non-degraded AS products
in comparison with reads from canonical splicing (CS) products increased upon the cultivation of
the patient’s lymphocytes with puromycin (an NMD inhibitor; compared as green and brown plots).
(C) Segregation of germline mutations in a family with missense p.P116L POT1 and CNV CHEK?2
(c.909-2028_1095+330del5395) germline mutations. (D-F) Functional characterization was performed
for the p.P116L POT1 mutation. (D) POT1-P116L interacts with shelterin components. Extracts from
cells transfected with FLAG-TPP1 (alias ACD) and EGFP, EGFP-POT1 or EGFP-POT1-P116L were
immuno-precipitated using GFP-Trap. Bound proteins were analyzed with EGFP and FLAG antibodies.
(E) POT1-P116L is able to localize to telomeres. Cells transfected with EGFP-POT1 or EGFP-POT1-P116L
were fixed and stained with TRF2 antibody and analyzed using confocal microscopy. A representative
image of a single plane is shown. Bar indicates 10 pm. (F) POT1-P116L mutant does not bind telomeric
ssDNA. Extracts from cells transfected with EGFP, EGFP-POT1 or EGFP-POT1-P116L were incubated
with biotinylated oligonucleotides corresponding to telomeric ssDNA (tel5 and ssG) or control DNA
(ssC) and pulled down with streptavidin beads. The bound proteins were analyzed by immunoblotting
using anti-GFP antibody. Abbreviations: BC—breast cancer; BT—brain tumor; CRC—colorectal cancer;
LC—lung cancer; M—melanoma; RC—tenal cancer; SgT—salivary gland tumor; TC—thyroid cancer.
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One patient carried the c.755delA (p.D255Afs*9) mutation in ACD (NM_001082486), another
shelterin complex gene associated with high melanoma risk [35]. This mutation results in the truncation
of the POT1-binding domain of the ACD protein. Another ACD mutation, c.617dupT (p.H206Qfs*26),
was the only P/LP variant from the category of high-to-moderate risk genes found in the control
group. Although we did not find mutations in TERT, BAP1, or CDK4, germline mutations in the
high-to-moderate risk category were present in 3.4% of patients (Table 4).

Table 4. Frequency of pathogenic/likely pathogenic (P/LP) germline variants in melanoma-susceptibility
subgroups classified according to the risk of hereditary/familial melanoma risk. Eleven carriers of more
than one P/LP variant were excluded from the analysis.

P/LP Variants; N (%)

Melanoma Susceptibility Class 264 Patients 1479 Controls OR (95%CD); p
Multiple Mutation Carriers INCLUDED *
High-to-moderate risk melanoma genes 9 (3.4) 1(0.1) 52.2 (6.6-413.1); 3.2 x 107
Low-risk melanoma genes 12 (4.5) 35(2.4) 1.9 (1.0-3.8); 0.06
Hereditary cancer syndrome genes 22 (8.3) 57 (3.9) 2.3 (1.4-3.8); 0.003
Genes with unknov\fn familial 28 (10.6) 132 (8.9) 12 (0.8-1.8); 0.4
melanoma risk
Multiple Mutation Carriers EXCLUDED
High-to-moderate risk melanoma genes 8(3.2) 1(0.1) 48.1 (6.4-2116.9); 1.5 x 10
Low-risk melanoma genes 8(3.2) 35(2.4) 1.3 (0.5-3.0); 0.51
Hereditary cancer syndrome genes 16 (6.3) 57 (3.9) 1.7 (0.9-3.0); 0.09
Genes with unknown familial 28 (10.6) 132 (8.9) 12 (0.8-1.8); 0.4

melanoma risk

* If carriers of concomitant mutations pertained to more than one risk group, they were assigned to a group with
a higher risk as shown in Table 3: High-risk melanoma genes > Hereditary cancer syndrome genes > Low-risk
melanoma genes > Genes with unknown familial melanoma risk.

3.1.2. Mutations in Low-Risk Melanoma Genes

The low-risk melanoma gene group revealed 12 carriers of mutations in 5 genes (Table 3; another
TYRPI carrier also had a pathogenic BRCA2 mutation). Hereditary melanoma risk was not increased
in carriers of low-risk gene mutations (Table 4); however, we found a higher frequency in patients
vs. controls for mutations in TYRP1 (0.8 vs. 0%; p = 0.02) and OCA2 (2.3 vs. 0.5%; OR = 4.3; 95%CI
1.2-14.2; p = 0.01); Supplementary Table 54.

3.1.3. Mutations in Genes Associated with Hereditary Cancer Syndromes

Altogether, 22/264 (8.3%) patients (Table 3) and 57/1479 controls (3.9%) carried a P/LP variant
in genes associated with hereditary cancer syndromes. Overrepresentation of mutations in patients
indicated an increased melanoma risk in carriers of mutations in hereditary cancer syndrome genes (OR
=2.27;95%CI = 1.36-3.78; p = 0.003); however, melanoma risk lost its significance after the exclusion of
six patients carrying other concomitant mutations (Table 4). The mutations in NBN (OR = 10.0; 95%ClI
2.5-47.0; p = 3.2 x 10#) and BRCA2 (OR = 9.5; 95%CI 1.8-61.4; p = 0.003) were the most frequent and
significantly associated with hereditary melanoma. The frequencies of germline mutations in CHEK2
gene (Supplementary Figures S1 and S2), BRCA1, and MUTYH were three times higher in patients
over controls but marginally insignificant (all p = 0.051; Supplementary Table S4).

3.1.4. Mutations in Other Genes with Unknown Familial Melanoma Risk

Mutations in 23 other genes with unknown familial melanoma risk were found in 28/264 (10.7%)
patients and in a similar proportion of controls (132/1479; 8.9%). Neither the genes individually
(Supplementary Table S5) nor the entire group of these genes (Table 4) were associated with a significant
increase in melanoma risk.
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3.2. Clinicopathological Characteristics of Melanoma Patients Carrying Germline Mutations

A total of 11 carriers of more than one P/LP variant were excluded from the comparison of
clinicopathological characteristics performed in the remaining 60 carriers of P/LP variants and 193
non-carriers (Figure 3A).
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Figure 3. Clinicopathological characteristics of melanoma patients based on the presence of germline
mutations. Panel A overviews the number of melanoma patients in the gene categories displayed in
panels B to E. The p-values express significance of the differences in distribution of variables between
particular category of mutation carriers and non-carriers (considered as the reference). Panel F and
G display proportion of mutation carriers in analyzed gene categories in individuals with positive
personal cancer history (F); excluding 11 multiple mutation carriers) and in individuals with known
positive family cancer history (G); excluding 21 individuals with unknown family cancer history).
Differences in proportions of carriers and non-carriers (p-values) in particular subgroups were calculated
in patients with positive personal history (F) against patients with melanoma only (Ref.) and in patients
with positive family cancer history (G) against patients with negative cancer history (Ref.).

Classification according to the presence of mutations in melanoma susceptibility classes (shown in
Table 4) revealed an increased frequency of patients with multiple melanoma or double primary tumors
among the carriers of mutations in high-to-moderate melanoma risk genes (5/8; 63% patients) and in
cancer syndrome genes (9/16; 56% of patients), respectively, when compared with non-carriers (58/193;
30% of patients; Figure 3B). On the other hand, no difference was found in the presence of melanoma
or other cancers in patients’ relatives, anatomical localization of melanoma, or age at melanoma
onset (Figure 3C-E). The importance of personal cancer history for the potential to carry a mutation
was confirmed when we calculated the proportion of patients with germline mutations in particular
personal cancer history categories (Figure 3F). We noticed a significantly increased proportion of
mutation carriers among patients with multiple melanoma (7/16; 44% of patients), compared with
patients with single melanoma (29/164; 18% patients; p = 0.021). It is noteworthy that 14/89 (16%)
patients with more than one tumor in personal history (i.e., patients with multiple melanoma, multiple
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melanoma plus other cancer, and melanoma plus other cancer) carried a mutation in a clinically
relevant gene (a high-to-moderate risk melanoma gene or a cancer syndrome gene), compared with
10/164 carriers (6%) among patients with single melanoma only (p = 0.023). Thus, tumor multiplicity
(not restricted to melanoma multiplicity) in probands increased the risk that they will carry a mutation
(OR =2.9;95%CI 1.2-6.8). A positive family cancer history did not increase the risk of being a mutation
carrier (Figure 3G); however, the prevalence of mutations in patients with a positive family cancer
history (24/196 carriers, 12%) surpassed the 10% threshold justifying genetic testing in this group
(in contrast to 4/47; 8.5% positively tested patients without family cancer history; p = 0.6).

Altogether, 7/11 double mutation carriers (excluded from the analysis of clinicopathological data)
carried at least one mutation in high-risk melanoma (POT1/CHEK2) or syndromic (ATM/WRN, BRCA1,
BRCA2 (2x), CHEK2/RAD51D, NBN) genes (Table 3). Melanoma or tumor multiplicity in personal
cancer history was present in four (36%) of these patients and all of them had a positive family cancer
history, indicating that personal or family cancer history positivity was also more frequent among
double mutation carriers.

4. Discussion

Our analysis demonstrated that 31/264 (11.7%) high-risk Czech melanoma patients (compared
with 35/1479 or 2.3% controls) carried a mutation in some of the clinically important high-to-moderate
melanoma risk genes (9 patients; 3.4%) or other cancer syndrome-associated genes (22 patients; 8.3%).
As expected, CDKN2A was the most frequently mutated gene in the high-to-moderate risk gene group
(in six analyzed patients; 2.3%). Four out of six CDKN2A mutation carriers developed >1 melanoma
(3 patients) or other cancer (1 patient); all six carriers had a positive family cancer history and five
of them had at least one relative with melanoma. The progressively rising probability of CDKN2A
mutation prevalence with an increasing number of affected relatives with melanoma was described by
Goldstein and colleagues in their study analyzing families of a European descent with at least three
melanoma patients [36]. The frequency of CDKN2A mutation carriers rose from <40% for patients with
three relatives with melanoma to >90% for those with more than six relatives with melanoma. In line
with this observation, we have noticed three CDKN2A mutation carriers among 50 patients with one
melanoma relative (6%) and two CDKNZ2A carriers among 10 patients with two melanoma relatives
(20%). Goldstein et al. also observed an increased prevalence of pancreatic cancer patients in families
with CDKN2A mutations (found in one p.R112G mutation carrier in our study). Germline mutations in
high-risk melanoma susceptibility genes convey an increased risk of other cancers modifying genetic
counselling in mutation carriers [24]. The spectrum of tumors in relatives diagnosed with cancer in the
families of six CDKN2A mutation carriers included melanoma (7X), breast cancer (3X), rectal cancer
(2x), and gastric, pancreatic, lung, and endometrial cancer, brain tumor, and leukemia (one each).

The three remaining patients with germline mutations in high-to-moderate melanoma risk genes
carried a P/LP variant in genes coding for shelterin complex proteins. The protection of telomeres
protein 1 (POT1) is essential for the control of telomere length by inhibiting telomerase [32]. In addition,
POT1 prevents hyper-resection at telomeric ends by inhibiting ATR [37]. The function of POT1 at
telomeres is determined by its interaction with the telomeric single-stranded 5-TTAGGG-3’ repeats
and with the TRF1/2 subunits of the shelterin complex through TPP1 (ACD) protein. Interaction
with telomeric G-strand DNA is mediated by the two N-terminal OB domains of POT1, whereas
the C-terminal part of POT1 interacts with TPP1 (ACD) [38]. Previous in silico and functional
studies identified unstable binding and defective interaction with ssDNA for the p.R117C missense
variant [33,39]. We found the adjacent p.P116L variant, described previously in a patient with sporadic
cardiac sarcoma [33], in a patient with multiple melanoma and breast cancer, who also carried a large
pathogenic CHEK? deletion. A functional analysis of the P116L isoform demonstrating its normal
interaction with TPP1 (ACD) protein but impaired ssDNA binding led us to conclude that p.P116L is a
functionally defective mutation. Germline POT1 mutations have been initially described as increasing
the risk of melanoma, but later studies indicate a broader cancer spectrum associated with these
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mutations. Notably, POT1 mutations have recently been associated with familial non-medullary
thyroid cancer [40-42]. A duplicity of thyroid cancer with melanoma has been identified in a patient
with a newly characterized splicing POT1 mutation (thyroid cancer was present in the patient’s untested
mother’s mother). In a single melanoma patient with a negative family cancer history, we identified a
mutation in the ACD gene truncating the C-terminal proportion of the protein containing POT1- and
TINF2-interacting domains required for the localization of ACD protein into the shelterin complex.
Overall, high-to-moderate risk germline mutations affecting shelterin complex genes were found
in three (1.1%) analyzed patients in our study. We also detected another shelterin gene truncating
mutation affecting the TINF2 gene that we included in the low-risk gene category; however, another
TINF?2 truncation has recently been described to segregate with multiple thyroid cancer and melanoma
in one family [43]. A higher prevalence of mutations in ACD, TERF2IP, and POT1 was identified in
12/132 (9.1%) high-risk CDKN2A/CDK4/TERT/BAP1 wild-type European and Australian patients with
multiple melanoma (>3) [44]. A higher prevalence of germline mutations in BAPI (not identified in
our patients) and POT1 was also reported in a recent study by Pastorino and colleagues who identified
seven carriers (2.6%) of mutations in each of these two genes among 273 Italian melanoma patients [45].
The enrollment of 22 melanoma patients with atypical Spitz nevi with relatives developing BAPI-related
tumors can explain an increased prevalence of BAPT mutation carriers in this Italian study. Germline
BAP1 mutations were rarely identified in Czech patients so far, dominantly in probands with uveal
melanoma or Spitz nevi [46,47].

The highest prevalence of germline mutations in our melanoma patients was found in the
NBN gene (in 7/264 patients; 2.7%), coding for nibrin, a protein contributing to a MRN complex
formation, sensing for DNA double strand breaks. We found the most frequent, Slavic founder
germ-line hypomorphic variant c.657del5 in five patients [48]. Two of them also developed ovarian
cancer, which was associated with NBN germline mutations in our population [49]. An increased
melanoma prevalence among NBN c.657del5 mutation carriers was reported from Poland (with a
frequency comparable to our patients) and southern Germany (with lower prevalence) [50-52]. Two of
our melanoma patients (diagnosed with melanoma at 9 and 47 years, respectively; both with a
melanoma-positive family cancer history) carried other rare NBN truncations. Gass and colleagues [53]
reported a female carrier of the c.698_701del4 germline mutation developing melanoma, squamous
cell carcinoma, and breast cancer with a sister suffering from melanoma and other relatives affected by
various cancer types, indicating that other NBN truncations increase melanoma risk. Analyses of NBN in
other cancers demonstrated a highly variable population-specific prevalence of its germline mutations.
Current NCCN guidelines report an association of NBN mutations with an increased breast cancer
risk (https://www.ncen.org/professionals/physician_gls/pdf/genetics_bop.pdf), but further studies of
unselected cancer patients with carefully population-matched controls are required to determine cancer
risk associated with other cancer types, including melanoma. The prevalence of NBN mutations but
also BRCA2 mutations was significantly (nine-fold) higher in patients than in controls. P/LP variants in
BRCA1 and CHEK?2 were less enriched in patients over controls and statistically insignificant (p = 0.051;
Supplementary Table S5). The role of germline mutations in the breast-ovarian cancer predisposition
genes BRCA1 and BRCA?2? in the risk of familial melanoma development is still a matter of debate [54]
and the exact melanoma risk increase (if any) in mutation carriers is uncertain. The same could
be said of CHEK2 as documented in a recent meta-analysis evaluating the association of germline
CHEK2 mutations with melanoma [55]. Large studies utilizing large gene panels to analyze patients
with unselected melanoma or, even better, unselected cancer, will be required to dissect the risk of
melanoma associated with hereditary cancer syndrome genes. However, we would like to emphasize
that 4/9 BRCA1 or BRCA2 pathogenic mutation carriers and all CHEK2 P/LP variant carriers would
not be eligible for germline genetic testing according to the current guidelines, despite the fact that
all other mutation carriers (except for one patient with the founder ¢.5266dupC BRCAI mutation)
had a positive family cancer history and four also developed secondary tumors alongside solitary or
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multiple melanoma (Table 3). The genetic counselling was offered to all carriers of mutations in high
and moderate cancer risk genes.

An analysis of clinicopathological characteristics shows not only that multiple primary melanoma
patients carry an increased risk of mutations in melanoma-predisposition genes, but also that the
presence of melanoma and other non-melanoma cancer in the proband increased the potential to carry
a clinically meaningful mutation in a melanoma predisposition or hereditary cancer syndrome gene.

We are aware of some limitations of our study. Most melanoma patients analyzed in our study were
referred to the analysis by medical geneticists. This fact explains the enrichment of patient population
in early-onset, multiple cancer, and family cancer-positive cases and incomplete clinicopathological
data that lack phenotypic characteristics (eye and hair color, skin phototype according to Fitzpatrick,
total number of nevi, the presence of clinically atypical nevi, freckle density, iris pigmentation), lifetime
history of sunburns, and specific melanoma characteristics (histological subtype, Breslow thickness,
clinical staging) in most of the patients. We are also aware that the gene selection in our CZMELAC
panel would omit potentially clinically important gene(s). However, we would like to emphasize
that we aimed to evaluate the importance of known melanoma/other cancer predisposition genes
and candidate genes for clinical purposes in our melanoma patients rather than to identify genes
that have not been associated with hereditary melanoma so far. Furthermore, only P/LP mutations
were considered for subsequent statistical analyses. We excluded all VUS (except those in CHEK?2 and
POT1 that we functionally classified as deleterious) as currently clinically inconclusive, being aware
that some of them may represent potentially important variants in both patient and control datasets.
The presence of VUS substantially hampers the clinical utility of NGS diagnostics. Classifications
of VUS frequently require demanding and time-consuming functional analyses that are beyond the
expertise available in most of diagnostic laboratories. Therefore, VUS classifications, which are critically
important for appropriate clinical interpretations of variants in cancer predisposition genes, are an
opportunity for a collaborative effort of international consortia bringing together experts from various
disciplines, who may provide substantial capacity for in vitro testing of VUS characterized by the
co-operating laboratories.

In conclusion, we comprehensively assessed the prevalence of germline variants affecting currently
known or candidate melanoma-predisposition genes in Czech melanoma patients and in the general
population. Our analysis demonstrated that high-to-moderate risk genes, including genes coding for
shelterin complex proteins, should be targeted in the multicancer panel NGS analysis. An analysis of
clinicopathological characteristics indicated that patients eligible for such an analysis should not be
restricted to multiple primary melanoma patients or patients with a positive familial melanoma cancer
history, but they should also include melanoma patients with other primary cancer and melanoma
patients with a positive family cancer history.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9059/8/10/404/s1,
Table S1: Clinicopathological characteristics of analyzed melanoma patients, Table S2: List of 217 targeted genes in
CZMELAC panel, Table S3: List of 83 P/LP variants found in melanoma patients (column H) and 225 P/LP variants
identified in controls, Table S4: Frequency of pathogenic/likely pathogenic germline mutations in 89 out of 217
analyzed genes identified in 264 high-risk melanoma patients or in 1479 population-matched controls, Table S5:
Found germline P/LP variants in genes with unknown association to familial melanoma, Figure S1: Intragenic
deletions and duplications from technical control samples with known alterations and in samples from analyzed
patients. Figure S2: New CHEK2 germline variants (p.T133A and p.Y297D) identified in two melanoma patients
were functionally classified as neutral in RPE1-CHEK2-KO cell-based assay.
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Abstract. Endometrial cancer (EC) is the most common
gynecological malignancy in developed countries. The
present study aimed to determine the frequency of germline
pathogenic variants (PV) in patients with EC. In this multi-
center retrospective cohort study, germline genetic testing
(GGT) was performed in 527 patients with EC using a next
generation sequencing panel targeting 226 genes, including 5
Lynch syndrome (LS) and 14 hereditary breast and ovarian
cancer (HBOC) predisposition genes, and 207 candidate
predisposition genes. Gene-level risks were calculated using
1,662 population-matched controls (PMCs). Patients were
sub-categorized to fulfill GGT criteria for LS, HBOC, both
or none. A total of 60 patients (11.4%) carried PV in LS
(5.1%) and HBOC (6.6%) predisposition genes, including two
carriers of double PV. PV in LS genes conferred a signifi-
cantly higher EC risk [odds ratio (OR), 22.4; 95% CI, 7.8-64.3;
P=1.8x10"""] than the most frequently altered HBOC genes
BRCAI (OR, 3.9; 95% ClI, 1.6-9.5; P=0.001), BRCA2 (OR,
7.4; 95% CI, 1.9-28.9; P=0.002) and CHEK?2 (OR, 3.2; 95%
CI, 1.0-9.9; P=0.04). Furthermore, >6% of patients with EC
not fulfilling LS or HBOC GGT indication criteria carried a
PV in a clinically relevant gene. Carriers of PV in LS genes
had a significantly lower age of EC onset than non-carriers
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(P=0.01). Another 11.0% of patients carried PV in a candidate
gene (the most frequent were FANCA and MUTYH); however,
their individual frequencies did not differ from PMCs (except
for aggregated frequency of loss-of-function variants in
POLE/POLDI; OR, 10.44; 95% CI, 1.1-100.5; P=0.012). The
present study demonstrated the importance of GGT in patients
with EC. The increased risk of EC of PV carriers in HBOC
genes suggests that the diagnosis of EC should be included in
the HBOC GGT criteria.

Introduction

Endometrial cancer (EC) is the most common gyneco-
logical malignancy in the developed countries (1). Its rate
of incidence per 100,000 people in Europe was 32 and in
the Czech Republic was 39 in the year 2020 (https://ecis.jrc.
ec.europa.eu/). Most EC cases are diagnosed post-menopaus-
ally (with a peak incidence between 65-69 years) and in early
stages with relatively favorable prognosis (2). EC mortality
is approximately four times lower than EC incidence (<20%;
www.svod.cz). However, the mortality may vary based on
geography and race (3).

Many non-genetic factors modify EC risk. While excess of
endogenous estrogens, obesity, insulin resistance, and tamox-
ifen use increase EC risk, oral contraceptives and sufficient
physical activity have protective effects (4).

The risk of EC development is also affected by
genetic factors. Germline pathogenic variants (PV) in
known EC-predisposition genes are considered the most
clinically important [reviewed in (5)]. Germline variants
in EC patients were studied by several next generation
sequencing (NGS) based studies, dominantly using limited
gene panels (21-84 genes) (6-15). These studies reported
variable prevalence of germline variants in EC patients
ranging from 4.5 to 23%. Majority of hereditary EC cases
are associated with Lynch syndrome (LS; also known as
hereditary nonpolyposis colorectal cancer), which is caused
by germline PV in mismatch repair genes (MMR; MLHI,
MSH2, MSH6, PMS2, and structural alterations of 3' end of
EPCAM) (16). Guidelines for clinical follow-up of carriers
of germline PV in LS genes include specific management
of increased EC risk. Modest increase of EC risk has been
suggested in BRCAI and BRCA2 PV carriers (most notably
the serous-like EC subtype), and other hereditary breast
and ovarian cancer genes (HBOC; ATM, BARDI, BRCAI,
BRCA2, BRIPI, CDHI, CHEK2, NFI, PALB2, PTEN,
RADS5IC, RADSID, STK11, TP53) (17). Other noteworthy
candidate EC-predisposition genes include e.g. POLDI and
POLE (18). Germline missense PV affecting proofreading
capabilities of POLE/POLDI are associated with increased
EC risk as a part of polymerase proofreading-associated
polyposis, but the importance of germline POLDI/POLE
truncating variants remains rather elusive (18). Importantly,
the genetic basis of most EC cases has not been explained
yet as the diagnosis itself is not a criterion for germline
genetic testing unless fulfilling LS criteria (5).

We aimed to evaluate germline genetic background of
527 patients with uterine tumors to identify genes associated
with EC risk in our population, and to evaluate clinicopatho-
logical features in germline PV carriers.

Materials and methods

Patients. For this retrospective cohort study, we collected
527 patients with uterine malignancies diagnosed at nine
Czech health care centers (General University Hospital
in Prague, Masaryk Memorial Cancer Institute, AGEL
Laboratories, Gennet, GHC Genetics, University Hospital
Pilsen, Pronatal, Palacky University Olomouc) and the
Bank of Clinical Samples (First Faculty of Medicine). The
full list of all participating institutions is provided in the
Table SI. Patients were enrolled between 2011-2021 and were
Caucasians of the Czech origin. The clinicopathological
characteristics (Table I) revealed that endometrial cancers
(EC; 89.7%) were the dominant type of collected uterine
malignances, therefore the whole cohort of patients with
uterine malignancies will be hereafter referred to as ‘EC
patients’. Deficient MMR, microsatellite instability and
MLHI hypermethylation statuses were not available. We
divided patients according to national indication criteria for
germline genetic testing of LS and/or HBOC patients:

Breast cancer or ovarian cancer (C50/C56)-national indi-
cation criteria for germline genetic testing [HBOC criteria;
cancer diagnoses (C##) correspond to the International
Classification of Diseases 10; available at https://icd.who.
int/browsel0/2019/en#/C00-C97]. Personal history: i) patient
is diagnosed with C50 <45 years or <50 years, if family
history is unknown; ii) patient has bilateral C50 with the age
of diagnosis of the first one <50 years and of both <60 years;
iii) patient is diagnosed with triple negative C50 <60 years;
iv) patient is a male diagnosed with C50; v) patient is diag-
nosed with either C56, C57 or C48; vi) patient has a duplicity
od C50 and C25 regardless of age. Family history: i) patient
and two relatives are diagnosed with C50; ii) patient and
one relative are diagnosed with C50 <50 years or both C50
<60 years (patient included); iii) patient and a direct relative
(parent, sibling, child, alternatively mother or father's sister)
are diagnosed with either ovarian cancer, fallopian tube or
primary peritoneal tumor, triple negative C50/medullar C50,
male relative diagnosed with C50, pancreatic cancer, prostate
cancer with Gleason score =7 or primary metastatic C61.

Colorectal cancer or EC-national indication criteria for
germline genetic testing (LS criteria): i) Age of diagnosis
<50 years; ii) proven microsatellite instability <60 years;
iii) patient has a concurrent diagnosis linked to LS (colorectal
cancer, stomach cancer, pancreatic cancer, ovarian cancer,
small intestine cancer, ureter cancer, renal pelvis cancer, bile
tract cancer, glioblastoma); iv) patient and one first degree rela-
tive have diagnoses linked to LS <50 years; v) patient and two
second degree relatives have diagnoses linked to LS regardless
of the age of diagnosis; and vi) patients with colorectal cancer
and more than ten adenomas/polyps.

Of all patients 151/527 (28.7%) met only LS genetic testing
criteria, 16/527 (3.0%) met only HBOC criteria, and 82/527
(15.6%) met both these criteria. A total of 278/527 (52.7%)
patients would not be indicated for germline genetic testing.

The study was approved by Ethics Committees of partici-
pating institutions. Written consent for the research analysis
was obtained from all participants. Clinicopathological infor-
mation was collected during genetic counselling or retrieved
from patients' record.
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Table I. Clinicopathological characteristics of 527 patients with EC.

All patients with LS only HBOC only LS + HBOC Non-indicated
Variables EC (N=527) (N=151) (N=16) (N=82) (N=278)
Age at EC diagnosis
Mean, years 59.1 50.8 59.0 51.3 65.8
Median, years 60.5 478 570 49.0 65.3
Range, years 24-92 24-91 51-73 29-82 50-92
<50 years, n (%) 120 (23.2) 79 (53.4) 0 41 (51.3) 0
=50 years, n (%) 397 (76.8) 69 (46.6) 15 (100.0) 39 (48.8) 274 (100.0)
N.A.,n 10 3 1 2 4
Histology of uterine
malignances, n (%)
Endometrial carcinoma 349 (89.7) 76 (85.4) 8 (72.7) 48 (100.0) 217 (90.0)
Endometrioid adenocarcinoma 284 (73.0) 65 (73.0) 7 (63.6) 44 (91.7) 168 (69.7)
Serous 35(9.0) 4.(4.5) 1(9.1) 3(6.3) 27 (11.2)
Clear cell 7 (1.8) 222 0 0 5(2.1)
Undifferentiated 3(0.8) 0 0 0 3(1.2)
Mixed (endometroid/serous) 3(0.8) 0 0 0 3(1.2)
Mixed (endometroid/serous/ 1(0.3) 1(1.1) 0 0 0
clear cell)
Mixed (endometroid/clear cell) 4(1.0) 334 0 0 1(04)
EIN 8(2.1) 1(1.1) 0 1(2.1) 6(2.5)
Unspecified 4(1.0) 0 0 0 4 (1.7)
Sarcoma 40 (10.3) 13 (14.6) 3(27.3) 0 24 (10.0)
Leiomyosarcoma 32 (8.2) 9 (10.1) 2(18.2) 0 21 (8.7)
Undifferentiated 2(0.5) 0 0 0 2(0.8)
Endometrial stromal sarcoma 3(0.8) 222 0 0 1(0.4)
Unspecified 3(0.8) 2(2.2) 1(9.1) 0 0
Unknown malignant tumor of 138 62 5 34 37
corpus uteri
FIGO grade, n (%)
1 123 (35.9) 35 (48.6) 4 (40.0) 16 (45.7) 68 (30.1)
2 100 (29.2) 15 (20.8) 3(30.0) 12 (34.3) 70 (31.0)
3 120 (35.0) 22 (30.6) 3(30.0) 7(20.0) 88 (38.9)
N.A. 184 79 6 47 52
FIGO stage, n (%)
0 8(2.8) 12.1) 0 1(4.2) 6(2.8)
I 176 (60.9) 33 (68.8) 4(66.7) 17 (70.8) 122 (57.8)
II 38 (13.1) 5(10.4) 1(16.7) 2 (8.3) 30 (14.2)
111 48 (16.6) 8 (16.7) 1(16.7) 2(8.3) 37 (17.5)
v 19 (6.6) 1(2.1) 0 2(8.3) 16 (7.6)
N.A. 238 103 10 58 67
Multiple primary tumors in
personal history, n (%)
Present 214 (40.6) 69 (45.7) 16 (100.0) 82 (100.0) 47 (16.9)
Absent 313 (59.4) 82 (54.3) 0 0 231 (83.1)
Multiple primary tumors in
personal history, n (%)
CRC 31(5.9) 31 (20.5) 0 0 0
ocC 59 (11.2) 0 1(6.3) 58 (70.7) 0
BC 80 (15.2) 14 (9.3) 15 (93.8) 13 (15.9) 38 (13.7)
Triple primary EC+ 13 (2.5) 2(1.3) 0 11 (13.4) 0
(BC/OC/CRC)
Other 31(5.9) 22 (14.6) 0 0 9(3.2)
None 313 (594) 82 (54.3) 0 0 231 (83.1)



4 KRAL et al: GERMLINE MULTIGENE PANEL TESTING OF PATIENTS WITH ENDOMETRIAL CANCER

Table I. Continued.

All patients with LS only HBOC only LS + HBOC Non-indicated
Variables EC (N=527) (N=151) (N=16) (N=82) (N=278)
Family cancer history
(first/second degree), n (%)
Positive 353 (69.8) 120 (81.6) 13 (100.0) 56 (73.7) 164 (60.7)
Negative 153 (30.2) 27 (18.4) 0 20 (26.3) 106 (39.3)
Unknown 21 4 3 6 8
Tumors in family
history, n (%)
EC 35(6.9) 14 (9.5) 1(7.7) 6(7.9) 14 (5.2)
CRC 88 (17.4) 39 (26.5) 4(30.8) 15 (19.7) 30 (11.1)
ocC 15(3.0) 7 (4.8) 1(7.7) 5(6.6) 2(0.7)
BC 60 (11.9) 14 (9.5) 3(23.1) 9 (11.8) 34 (12.6)
Multiple (EC/OC/CRC) 10 (2.0) 10 (6.8) 0 0 0
Other 145 (28.7) 36 (24.5) 4 (30.8) 21 (27.6) 84 (31.1)
None 153 (30.2) 27 (18.4) 0 20 (26.3) 106 (39.3)
Unknown 21 4 3 6 8

Percentages were calculated from the overall number of patients with known characteristics. BC, breast cancer; CRC, colorectal cancer; EC,
endometrial cancer; EIN, endometrial intraepithelial neoplasia; FIGO, The International Federation of Gynecology and Obstetrics; HBOC,
hereditary breast and ovarian cancer; LS, Lynch syndrome; N, number; N.A., not available; OC, ovarian cancer.

Two sets of population-matched controls (PMC) were
used for comparisons with analyzed EC patients. First, used
as a reference for genetic variant prioritization, included 777
non-cancer volunteers aged >60 years that were analyzed iden-
tically with EC patients as described previously (19). Second
group, used in case-control analyses, included 1662 PMC
analyzed as described previously (20). Briefly, the unselected
controls (1,170 males and 492 females; median age 57 years,
range 18-88 years) were unrelated individuals analyzed by
whole-exome sequencing by National Center for Medical
Genomics (https:/ncmg.cz/) for various noncancer conditions.

Genetic testing using panel NGS. Genomic DNA was isolated
from peripheral blood collected at the time of enrollment in
each respective center. DNA samples were analyzed by NGS
using a custom-designed CZECANCA panel as described
previously (21) with minor modifications reflecting recent tech-
nological updates. These modifications included a new probe
synthesis HyperDesign (Roche) improving target coverage
for all 226 genes (the sequence capture panel development is
shown in detail on the panel web page: http://www.czecanca.
cz/eng/panel.html, and full list of genes targeted in this project
is described in Table SII). Further modifications included usage
of cheaper and faster enzymatic fragmentation replacing ultra-
sound DNA fragmentation, preparation of DNA libraries using
recently introduced KAPA HyperPlus Library Preparation
kit (Roche; according to the manufacturer's instruction) and
[llumina NextSeq500 sequencing. Resulting NGS data were
processed by an in-house bioinformatics pipeline as we
described previously (21). Briefly, SAM files were generated
from FASTQ using NovoAlign v2.08.03 (http://www.novo-
craft.com/products/novoalign/) and transformed into BAM by

Picard tools v1.129 (https://broadinstitute.github.io/picard/).
The Genome Analysis Toolkit v3.8.1 (https://software.broadin-
stitute.org/gatk/) (22) was used to prepare variant-call format,
annotated by SnpEff v4.3 (http://pcingola.github.io/SnpEff/).
Identification of medium size indels was performed by Pindel
v0.2.5a7 (http://gmt.genome.wustl.edu/packages/pindel/) and
copy number variations (CNV) were detected using CNV kit
v0.7.4 (https://pypi.python.org/pypi/CN VKkit).

All 226 analyzed genes were divided into 19 known
EC-predisposition genes described by NCCN guidelines or
reviewed by Spurdle et al (5) and 207 other ‘candidate’ genes.
Five genes associated with LS (MLHI, MSH2, MSH6, PMS2,
EPCAM) and 14 genes associated with HBOC (ATM, BARDI,
BRCAI, BRCA2, BRIPI, CDHI, CHEK2, NF1, PALB2,
PTEN, RADS5IC, RADS5ID, STK11, TP53) were considered
as the EC-predisposition genes. The remaining 207 candidate
cancer-susceptibility genes included those that have been
episodically associated with EC predisposition (incl. APC,
MUTYH, NBN, POLDI, POLE; Table SII) (5).

Variant prioritization. Genetic variants found in patients were
filtered, excluding variants: i) with low sequencing quality
(q<150); ii) with a high minor allele frequency (MAF >0.001)
in population databases (gnomAD https://gnomad.broadinsti-
tute.org/, Exome Sequencing Project https://evs.gs.washington.
edu/EVS/, 1000 Genomes Project https://www.international-
genome.org/) (23-25) unless classified as pathogenic/likely
pathogenic (P/LP) in the ClinVar database (https:/www.
ncbi.nlm.nih.gov/clinvar/) (26); iii) present with frequency
higher than 0.5% in a group of 777 PMC, except for variants
with P/LP ClinVar classification; iv) in untranslated region,
intronic outside of consensus splice sites, synonymous and
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Figure 1. Distribution of PV carriers in patient subgroups based on criteria for germline genetic testing for LS and HBOC. Squares colored in green, pink,
yellow and grey represent individual patients fulfilling criteria for LS only, criteria for HBOC only, both criteria or not fulfilling any criteria, respectively.
Circles denote carriers of PV in LS genes (green), HBOC genes (pink) or both (green/pink). HBOC, hereditary breast and ovarian cancer; LS, Lynch syndrome;

PV, pathogenic variant.

insertion/deletions not resulting in a frameshift unless clas-
sified as pathogenic/likely pathogenic (P/LP) in the ClinVar
database; v) classified as benign/likely benign in ClinVar
with at least two-star rating; vi) low risk variants in BRCA2
(c.9976A>T; p.Lys3326Ter) and in CHEK?2 (c.470T>C;
p1le157Thr).

Resulting set of variants was evaluated according to the
ACMG (American College of Medical Genetics) recommenda-
tions (27). Variants mentioned in ClinVar as a single submitter
or with a conflicting interpretation of pathogenicity were
categorized as variants of uncertain significance (VUS). Whole
gene duplication and truncating variants localized in the last
exon were considered VUS, unless they were classified as P/LP
in ClinVar. All PV were inspected in Integrative Genomics
Viewer or confirmed using Sanger sequencing or multiplex
ligation-dependent probe amplification analysis (MRC
Holland). Confirmed PV were submitted to ClinVar database.

Statistical analysis. The frequencies of PV in EC patients
were compared with the frequencies of PV in a group of
1662 unselected PMC. Odds ratios (OR) with 95% confidence

intervals (CI) were calculated for EC patients carrying found
germline PV using 2x2 contingency table. The ¥ or Fisher's
exact tests were used for the calculation of P-values (considered
significant when P<0.05). Differences in age at diagnosis were
analyzed by one-way ANOVA followed by Tukey-Kramer's
test. Statistical analysis was performed using the R language
v4.1.

Results

Germline PV in patients with uterine malignances. We
performed germline genetic testing in 527 Czech EC patients
including 249 individuals fulfilling LS, HBOC, LS + HBOC
indication criteria and 278 individuals not fulfilling any
criteria for germline genetic testing. Germline PV were
significantly more frequent in patients (118/527; 22.4%) than
in population-matched controls (290/1662; 17.4%; P=0.011).

Germline PV in EC-predisposition genes. PV were found
in 12 (out of 19 tested) EC-predisposition genes (Table II).
Frequency of these variants was more than four-times higher in
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Table II. Frequencies of germline PV in 19 ec-predisposition genes.

Indication for germline genetic testing

All patients with

LS+ Non- All patients EC vs. PMC
HBOC, HBOC, indicated, with EC, PMC,
Gene Germline LS, n (%) n (%) n (%) n (%) n (%) n (%) OR
group PV (N=151)  (N=16) (N=82) (N=278) (N=527) (N=1662) (95% CI) P-value
LS MLHI* 3(2.0) 0 2*(2.4) 1(04) 6* (1.1) 1(0.1) 19.1 1.3x10*
(2.3-159.1)
MSH?2° 6° (4.0) 0 22.4) 0 8°(1.5) 0 N.A.
MSH6 8(5.3) 0 1(1.2) 4(14) 13(24) 0 N.A.
PMS?2 0 0 0 0 0 3(0.2) N.A.
EPCAM 0 0 0 0 0 0 N.A.
AIILS 17 0 5(6.1) 5(1.8) 27 (5.1) 4(0.2) 224 1.8x10°"7
genes (11.3) (7.8-64.3)
HBOC ATMP 1°(0.7) 0 1(1.2) 3(1.1) 5°(1.0) 7(0.4) 2.3 0.2
(0.2-7.2)
BARDI 0 0 1(1.2) 0 1(0.2) 0 N.A.
BRCAI* 2(1.3) 2 (12.5) 6 (7.3) 1(04) 11* (2.1) 9(0.5) 39 1.0x10°
(1.6-9.5)
BRCA2 1(0.7) 1(6.3) 0 5(1.8) 7(1.3) 3(0.2) 74 2.0x10°
(1.9-28.9)
BRIPI 0 0 0 1(04) 1(0.2) 3(0.2) 1.1 >0.9
(0.1-10.1)
CDHI1 0 0 0 0 0 0 N.A.
CHEK?2 3.0 0 1(1.2) 2(0.7) 6 (1.1) 6(0.4) 32 4.0x10*
(1.0-9.9)
NF1 0 0 0 0 0 1(0.1) N.A.
PALB? 1(0.7) 0 0 0 1(0.2) 8 (0.5) 04 04
(0.1-3.1)
PTEN 1(0.7) 0 0 0 1(0.2) 1(0.1) 32 04
(0.2-50.5)
RADS5IC 0 0 2(124) 0 2(04) 2(0.1) 32 02
(0.4-22.5)
RADS51ID 0 0 0 0 0 0 N.A.
STK11 0 0 0 0 0 0 N.A.
TP53 0 0 0 0 0 2(0.1) N.A.
All 9 (6.0) 3(18.8) 11(134) 12 (4.3) 35 (6.6) 42 (2.5) 2.7 7.9x107
HBOC (1.7-4.3)
All genes All PV 26 3 16 17 62 46
All genes  All 25° 3(18.8) 15*(18.3) 17 (6.1) 60%° (11.4) 46 (2.8)
carriers (16.6)

“Double PV carrier in MLHI/BRCAI. Double PV carrier in MSH2/ATM. Frequencies of germline PV found in a subgroup of patients fulfilling
criteria for germline genetic testing for LS, HBOC, LS + HBOC, individuals not fulfilling any criteria (non-indicated), an aggregated group
of all EC patients, and a group of PMC, respectively. CI, confidence interval; EC, endometrial cancer; HBOC, hereditary breast and ovarian
cancer; LS, Lynch syndrome; N, number; N.A., not available; OR, odds ratio; PMC, population-matched controls; PV, pathogenic variant.

EC patients (60/527; 11.4%; Table SIII) than in PMC (46/1662;
2.8%; P=9.7x10"'%). PV in LS genes were found in 27/527 (5.1%)
patients (half of them were MSH6 PV carriers) and in 4/1662
(0.25%) controls and they represented the strongest genetic risk
factor for EC development (OR=22 4, P=1.8x10"""). Interestingly,
no PMS2 PV were observed among patients. BRCAI, BRCA2
and CHEK?2 were the most frequently mutated HBOC genes,

their PVs conferred significantly increased EC risk for female
carriers. However, this risk was lower in comparison to LS
genes (ranging from high EC risk in BRCA2 to moderate EC
risk in BRCAI and CHEK?2, respectively). PV in the remaining
11 HBOC genes were not identified or did not differ signifi-
cantly from PMC (Table II). Two carriers harbored coincidental
mutations in MLHI/BRCAI and MSH2/ATM, respectively.
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Figure 2. Relative proportion of mutation carriers in clinicopathological subgroups, including (A) age at diagnosis, (B) second primary tumors, (C) histology
and (D) family cancer history in 527 patients. Error bars in (A) indicate the first and the fourth quartile. BC, breast cancer; CRC, colorectal cancer; EC,
endometrial cancer; HBOC, hereditary breast and ovarian cancer; LS, Lynch syndrome; OC, ovarian cancer.

Indication criteria for identification of PV carriers. Among
EC patients indicated for germline genetic testing according
to the above-mentioned criteria, the proportions of PV carriers
fulfilling criteria for LS, HBOC, and both conditions were
similar (16.6, 18.8, and 18.3%, respectively). These propor-
tions were approximately three-times higher than in EC
patients not fulfilling any criteria for germline genetic testing
(6.1%; Fig. 1). As expected, the highest proportion of PV in LS
genes (11.3%) was detected in a subgroup of patients fulfilling
criteria only for LS testing. Similarly, patients meeting solely
the HBOC testing criteria had the highest frequency (18.8%)
of PV in HBOC genes. Even though the overall percentage of
PV carriers differed between subgroups of patients meeting
both LS + HBOC genetic testing criteria (18.3%) and not
fulfilling any criteria (6.1%), the ratio of carriers of PV in
LS:HBOC genes in these two subgroups was similar (5:11 vs.
5:12; Table II, Fig. 1). On the other hand, highly penetrant
genes (MLHI, MSH2, BRCAI) were predominantly affected
in the subgroup fulfilling both criteria, whereas the subgroup
of non-indicated patients was characterized by PV in less
penetrant genes (MHS6, ATM).

Moreover, among non-indicated patients we found 2 PVs in
HBOC genes in subset of 41 patients with double primary EC
and breast cancer (BC; 1XATM, 1xBRCAI, 2/41; 49%) and 3
PVs in HBOC genes in subset of 31 patients with EC and BC
in family cancer history (2xBRCA2, 1xCHEK?2; 3/31; 9.7%).

Germline PV in other candidate cancer predisposition genes.
The overall prevalence of PV in remaining candidate genes
(identified in 48 out of 207 genes) was significantly higher in
EC patients (66/527; 12.5%) compared to controls (139/1662;
8.4%; P=0.004; Table SIV). Eight EC patients (and no PMC)
carried a coincidental PV in EC-predisposition and candidate
genes. Excluding all 60 carriers of PV in EC-predisposition
genes, the frequency of PV carriers in other candidate genes
was still significantly higher in 467 EC patients (N=58; 12.4%)
in comparison to 1616 PMC (N=139; 8.6%; P=0.01). The most
frequent PV were found in MUTYH (monoallelic PV in 5/467,
1.1%) and FANCA (4/467; 0.8%). Their frequencies, however,
did not differ from that in PMC (MUTYH-18/1616, 1.1%;
FANCA-10/1616, 0.6%).

Interestingly, three patients carried germline truncating
variant in the genes coding for DNA polymerases (two in POLE
and one in POLD]) that have been linked to EC-predisposition
previously (5). In contrast, only one POLE and no POLDI
mutation was detected in PMC. Thus, the overall frequency
of PV in DNA polymerases was significantly higher in
EC-predisposition gene negative patients (3/467; 0.6%) than
in PMC (1/1616; 0.06%; OR=10.44; 95% CI 1.08-100.51;
P=0.012).

Regarding subgroups of patients based on indication
criteria for genetic testing, the frequency of PV in candi-
date predisposition genes (after excluding the carriers of
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Figure 3. Comparison among previously published studies describing germline PV in patients with endometrial cancer (6-15,28,29). Green, pink, red and
purple bars represent the prevalence of PV in LS genes, BRCAI, BRCA2 and other HBOC genes (ATM, BARDI, BRIPI, CDHI, CHEK2, NF1, PALB2, PTEN,
RADS5IC, RADSID, STK11 and TP53), respectively. CI, confidence interval; HBOC, hereditary breast and ovarian cancer; LS, Lynch syndrome; N, number;

OR, odds ratio; PV, pathogenic variant.

PV in EC-predisposition genes) was significantly higher in
patients fulfilling both indication criteria for LS + HBOC
(14/67; 20.9%) in comparison to subgroup of patients fulfilling
no genetic testing criteria (28/261; 10.7%; P=0.04, Table SIV).
The frequencies of PV in patients meeting indication criteria
for LS only and HBOC only did not differ significantly (14/126;
11.1 and 2/13; 15.4%, respectively).

Clinicopathological characteristics in germline PV carriers.
The median age at EC onset was significantly lower only in
patients with PV in LS genes compared to non-carriers (51.0
vs. 61.4 years, P=0.01, Fig. 2A).

Concerning the histology subtypes (Fig. 2C), the overall
frequency of PV in EC-predisposition genes was similar in patients
with endometrial carcinoma to those with sarcoma subtypes
(39/349, 11.2% and 4/40, 10.0%; respectively); however, no carrier
of PV in LS gene was diagnosed with sarcoma. Interestingly, two
out of eight patients diagnosed with precancerous EIN (endometrial
intraepithelial neoplasia) carried a PV in BRCAI. Unfortunately,

the histologic subtypes of endometrial carcinomas other than
endometrioid were rarely represented, thus the frequencies of PVs
in these subgroups cannot be calculated and compared.

Analysis of patients with second primary tumors (Fig. 2B)
revealed that the highest frequency of PV in EC-predisposition
genes was found in patients with 3 primary tumors and in
patients with second primary colorectal cancer (CRC). The
proportion between carriers of PV in LS and HBOC genes
respected the corresponding indication criteria: the carriers of
LS gene variants were enriched in patients with EC + CRC and
3 primary tumors. Accordingly, all 13 patients with 3 primary
tumors developed either CRC (N=5) and/or ovarian cancer
(OC; N=10). The carriers of PV in HBOC genes were more
frequent in patients with EC + OC and EC + BC.

When considering family cancer history (Fig. 2D), the
highest frequency (reaching 40%) of PV in EC-predisposition
genes were found in small subgroups of patients with family
history of multiple primary tumors and family history of
ovarian tumors. Not surprisingly, predominant tumor types in
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a family were in concordance with the elevated frequencies of
PV in LS or HBOC genes.

The prevalence of carriers of PV in candidate predisposi-
tion genes did not differ from that of non-carriers in any of the
clinicopathological categories.

The information about immunohistochemistry and micro-
satellite instability in EC tumor specimens was unavailable.

Discussion

Pathogenic germline alterations in LS genes are considered the
most significant genetic risk factor for EC predisposition (5).
In our study, the carriers of PV in LS genes represented 5.1%
of all analyzed EC patients. This frequency is approximately
in the middle of frequencies reported by other studies (Fig. 3).
Variable frequencies result from inconsistent patients' enrollment
criteria. Studies reporting the highest frequency (Tian et al (7),
Karpel et al (13), Susswein et al (14), Heald ez al (15) with 227,94,
84, and 8.2% of LS PV carriers, respectively) analyzed high-risk
EC patients enriched in individuals with familial LS criteria or
in patients with positive MMR gene immunohistochemistry
[Tian et al (7)]. In contrast, the lowest frequency of PV in LS
genes was reported by studies with unselected EC cases, including
Huang et al (28) (1.1%), a study of EC samples from The Cancer
Genome Atlas (TCGA). We have found similar differences as we
identified 22/233 (9.4%) vs. 5/294 (1.7%) carriers of PV in LS genes
in LS-indicated vs. LS non-indicated patients, respectively (Fig. 1).
Interestingly, despite differences in frequencies of PV in EC
patients, the risk of EC development in LS PV carriers was similar
in our and LaDuca et al (29) study (OR 22.4 and 20.1, respec-
tively; Fig. 3), the only study among those previously published
that quantified the EC risk associated with PV in LS genes.

Even though only less than 20% of analyzed EC patients
(98/527,18.6%) met the HBOC germline genetic testing criteria,
the overall frequencies of PV carriers in BRCAI/BRCA?2 were
unusually high in contrast to other studies (Fig. 3). We identi-
fied 11 PVs in BRCAI (2.1%) and 7 PVs in BRCA2 (1.3%).
Compared to frequencies of PVs in controls we calculated the
risks OR=3.9 for BRCAI and OR=7.4 for BRCA2 (Table II). The
risk of EC development associated with BRCAI and BRCA2
mutations was substantially lower than in LS carriers, and
similar to EC risk reported previously by LaDuca et al (29).
Our results suggest that PV in BRCAI/BRCA2 are associated
with at least moderate EC risk. Among 16 EC patients meeting
only the HBOC criteria, three harbored BRCAI/BRCA2 muta-
tion. This was also documented by results of a small study
by Vietri et al (30), who identified PV in BRCAI/BRCA2 in
9/21 hereditary EC patients fulfilling HBOC testing criteria.
In the group of 82 patients meeting both LS and HBOC testing
criteria, BRCAI PV were more frequent than PV in LS genes.
Moreover, up to 5 and 10% of PVs in HBOC genes were
identified in non-indicated EC patients with BC in personal or
family cancer history, respectively. This further implies that
the diagnosis of EC should be considered as a part of indication
criteria for HBOC germline genetic testing irrespective to EC
histology subtype. Among PV carriers in other HBOC genes,
PV in CHEK?2 and ATM were the most frequent. Importantly,
PV in CHEK? were associated with moderately increased risk
(OR=3.2, P=0.04). Mutations in CHEK?2 were associated with
predisposition to EC in several studies previously (31).

Our analysis of other candidate genes showed that only
PVs in POLD] and POLE (three truncating variants, one in
POLDI, two in POLE) were significantly associated with
EC risk. Germline truncating variants in DNA polymerase
genes in our EC patients conferred about 10-times increased
risk of EC development. Germline missense PV in both
DNA polymerase genes affecting exonuclease domains were
previously linked to EC predisposition (5) and their specific
somatic missense PV represent important predictive markers
for favorable prognosis and/or immune checkpoint therapy
in EC patients (32-34). However, the exact risk as well as the
overall role of germline truncating variants needs to be further
validated in larger cohorts due to the low frequency of POLDI
and POLE mutation carriers.

Analysis of clinicopathological characteristics confirmed
an earlier age at disease onset in carriers of LS gene muta-
tions in comparison to non-carriers as referred in other
studies (6,7,9,10). The age at EC onset varied even among
the carriers of PV in particular LS genes: the carriers of PV
in MSH6 had later age at onset (56 years) compared to the
MLHI/MSH?2 PV carriers (48 years), as previously described
by Tian et al (7). Interestingly, the age at EC onset in carriers
of PV in HBOC genes did not differ from non-carriers.

As expected, other differences in clinicopathological
characteristics largely corresponded to subgroups of patients
classified according to the germline genetic testing criteria.
PV in LS genes were most frequently identified in patients
with =3 primary tumors or second primary CRC in personal
cancer history, or multiple primary tumors/CRC in family
cancer history. Similarly, carriers of PV in HBOC genes
recruited in majority from individuals with BC/OC in personal
or family cancer history. On the other hand, clinicopatho-
logical characteristics did not differ in carriers of candidate
EC-predisposition genes and non-carriers.

Generally and as expected, we have identified the majority
of PV in the groups of patients fulfilling genetic testing
criteria for LS or HBOC with majority of PV in genes related
to a corresponding cancer syndrome. Overall, 43/60 PV
(71.7%) carriers were indicated for germline genetic testing.
Importantly, remaining 17 PV carriers, who would not be indi-
cated for genetic testing using current indication criteria, still
represent a significant proportion (28.3%) of cases carrying a
germline PV in the LS (MLHI, MSH6) or the HBOC (ATM,
BRCAI, BRCA2, BRIPI, CHEK?2) genes. Of these, two had
double primary tumors and an additional 10 had a positive
family cancer history. The frequency of PV carriers among
EC patients with double primary tumors was 15.4% (33/214).
While we have found eight PV carriers in HBOC genes and four
carriers in LS genes (including a patient with co-occurrence of
BRCAI and MLHI PV and diagnosed with EC, OC, and BC)
in the group of 69 patients with EC and OC (11.6%), we have
identified eight carriers of LS genes mutation and only one
additional carrier of the CHEK?2 gene mutation (a patient with
EC, CRC, and melanoma) in the group of 34 patients with EC
and CRC (26.5%). This suggests that the presence of double
primary tumors could potentially represent a sole indication
criterion for germline genetic testing, as indicated by previous
studies (19,20,35,36).

Strengths of our study include homogeneity of studied popu-
lation consisting of Caucasians, Slavs of the Czech origin and
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inclusion of PMC that allowed calculation of overall/gene-level
risks for EC development. Study limitations include retrospective
design and unavailability of EC tumors immunohistochemistry,
microsatellite instability and mutation status of POLE, which
prevented us from correlating presence of germline muta-
tions with different molecular subtypes of EC. Moreover, as
approximately half of the analyzed EC patients (292/527, 55.4%)
were recruited from the CZECANCA consortium (focused on
analyses of genetic cancer predisposition), we cannot exclude
a potential bias toward enriched prevalence of PV carriers. To
minimize this bias, we divided all enrolled patients according to
the testing criteria and analyzed them independently.

In conclusion, over 11% of EC patients carried a germline
PV in genes associated with established germline cancer
predisposition. EC patients fulfilling LS criteria had five-times
higher chance to carry a LS gene PV than EC patients not
fulfilling criteria for germline genetic testing. Presence of
PV in LS gene increases the EC risk 20-fold when compared
with non-carriers. However, 28.3% of PV carriers in clinically
relevant genes would not be indicated for germline genetic
testing using current indication criteria. Therefore, we believe
that EC as a second primary tumor in proband or occurrence
of EC in a family cancer history should be considered within
the indication criteria for germline genetic testing. This is of
particular importance for countries where reflex testing is not
routinely performed in EC patients.
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Abstract: Ovarian cancer (OC) is the deadliest gynecologic malignancy with a substantial proportion of
hereditary cases and a frequent association with breast cancer (BC). Genetic testing facilitates treatment
and preventive strategies reducing OC mortality in mutation carriers. However, the prevalence
of germline mutations varies among populations and many rarely mutated OC predisposition
genes remain to be identified. We aimed to analyze 219 genes in 1333 Czech OC patients and 2278
population-matched controls using next-generation sequencing. We revealed germline mutations in 18
OC/BC predisposition genes in 32.0% of patients and in 2.5% of controls. Mutations in BRCA1/BRCA2,
RAD51C/RAD51D, BARD1, and mismatch repair genes conferred high OC risk (OR > 5). Mutations in

Cancers 2020, 12, 956; d0i:10.3390/cancers12040956 www.mdpi.com/journal/cancers
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BRIP1 and NBN were associated with moderate risk (both OR = 3.5). BRCA1/2 mutations dominated
in almost all clinicopathological subgroups including sporadic borderline tumors of ovary (BTO).
Analysis of remaining 201 genes revealed somatic mosaics in PPM1D and germline mutations in
SHPRH and NAT1 associating with a high/moderate OC risk significantly; however, further studies
are warranted to delineate their contribution to OC development in other populations. Our findings
demonstrate the high proportion of patients with hereditary OC in Slavic population justifying genetic
testing in all patients with OC, including BTO.

Keywords: ovarian cancer; next-generation sequencing; predisposition genes; cancer risk; mutation

1. Introduction

Ovarian cancer (OC) is the most severe gynecologic malignancy with stable incidence and mortality.
The most frequent OC types (85-95%) are epithelial tumors, which are high-grade (HG) serous in 70%
of cases [1,2]. Because of the nonspecific symptoms and a lack of presymptomatic screening modalities,
most women are diagnosed with an advanced disease, having a dismal 25% 5-year survival rate [3].

The overall OC lifetime risk oscillates around 2% in the general female population in developed
countries. Central and Eastern Europe, including the Czech Republic, represented a region with the
highest OC incidence (11.9 ASRW per 100,000 females) and mortality (6.0 ASRW per 100,000 females)
worldwide in 2018 (http://gco.iarc.fr). In the Czech Republic alone, annual OC incidence and mortality
in 2018 reached 9.5 and 6.7 ASRW per 100,000 females, respectively.

Genetic predisposition for OC is unusually high and is reported in up to 25% of cases [4-6].
The most frequent germline mutations affect the BRCA1 and BRCAZ2 genes, conferring 24% and 8.4%
OC lifetime risks, respectively [7]. The BRCA1 and BRCA2 mutation carriers frequently but not
exclusively develop HG serous OC [8]. Carriers of mutations in these major OC predisposition genes
have also very high risk of breast cancer (BC) development. A high OC risk has also been associated
with germline mutations in RAD51C, RAD51D, Lynch syndrome genes, and STK11; a moderate OC
risk with BRIP1 [9-13]. Risks associated with germline mutations in genes with anticipated BC and/or
OC predisposition (incl. ATM, BARD1, CDH1, CHEK2, NBN, PALB2, PTEN, and TP53) and in other
candidate genes remain to be determined [14-17]. The identification of presymptomatic women at
high risk who can benefit from risk-reducing salpingo-oophorectomy (RRSO) is of critical importance,
as demonstrated by the reduced OC mortality in BRCA1 and BRCA2 mutation carriers undergoing
preventive surgery [18].

In this report, we aim to establish an association of germline mutations with OC in the Czech
patients belonging to the Slavic population that has not been systematically analyzed for OC
predisposition. Seven Czech genetic laboratories participated in the analysis of 1333 Czech OC
patients by the identical procedure using CZECANCA panel (CZEch CAncer paNel for Clinical
Application) targeting 219 genes [19]. Prevalence of variants in genes affected in OC patients was
assessed in 2278 population-matched controls. This analysis enabled us to comprehensively determine
mutations frequency and clinicopathological characteristics of OC in carriers of mutations in genes
with known OC predisposition but also to analyze contribution of population-specific variants in other
candidate genes to OC predisposition.

2. Results

2.1. Description of Study Population

Altogether, samples obtained from 1333 OC patients diagnosed at seven centers were analyzed
by the identical panel NGS using the CZECANCA panel targeting 219 cancer-predisposition and
candidate genes and were evaluated centrally by the identical bioinformatics pipeline. From 1333
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analyzed OC patients, 1045 (78.4%) women were diagnosed with OC only and 288 (21.6%) women
with double primary tumors, including BC (210 patients; 15.8%) or other tumors (78 patients; 5.9%).
The median age at OC diagnosis was 53.7 years (range 15-86 years). Almost half (47.6%) of the patients
had a negative family cancer history. From 1120 OC patients with known histology, 728 (65.0%) women
developed serous adenocarcinoma with prevailing HG tumors. Sixty percent of cases represented
patients with advanced disease (stages III-1V). The clinicopathological characteristics are provided in
Table S1.

2.2. Mutations in 18 Known/Anticipated Hereditary BC/OC Genes

We primarily focused on mutations in 18 BC/OC genes listed in the NCCN Guidelines for
Genetic/Familial High-Risk Assessment: Breast, Ovarian, and Pancreatic (Version 1.2020; 4 December
2019). We identified 441 mutations in 427/1333 (32.0%) OC patients and 58/2278 (2.5%) mutation
carriers among population-matched controls (PMC) in 18 known/anticipated BC/OC genes (Figure 1,
Table 1, and Table S2). Thirteen multiple mutation carriers (Figure 1) identified among patients only
(characterized in Table S3) were excluded from the subsequent analyses.

MSH6 Gene Mutations (N)

STK11 M53H2 3 PALBZ) BRCA1 238
B MLH1 8 BRCA2 99

NF1 ™ 4 " CHEK2 RAD51D 13
~..0 s 1 RAD51C 13
1 AL L G BARD1 BRIP1 11

BRCAZ 3 MILH1 5

1 MSH2

A 94 RAD51D iSRS
STK11

C'EB Brca1l B

- RAD51C PALB2
229

w
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( >, NBN ad BARDI
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10 All 441

=
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Figure 1. Overall, 427 mutation carriers of 441 mutations in 18 known/anticipated breast cancer
(BC)/ovarian cancer (OC) predisposition genes. In total, 399 carriers in genes significantly associated
with OC in our study are highlighted in red letters. STK11 is highlighted as rarely mutated but
established OC predisposition gene.

Carriers of germline mutations in 10 genes (including Lynch syndrome genes analyzed as a group
together) had significantly increased OC risk (Table 1 in bold). We found the prevailing BRCA1 or
BRCA?2 germline alterations in 323/1320 (24.5%) patients and in 12/2278 (0.5%) PMC. Further, 65/1320
(4.9%) OC patients carried a mutation in 8 other genes significantly associated with OC risk in our
study (including 2 carriers of mutations in STK11, an established high-risk OC gene that did not reach
significant association in our study due to low frequency of mutation carriers in patients; Figure 1).
We found only 19/2278 (0.8%) carriers of mutations in these 8 genes in PMC.
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Table 1. Mutation frequencies in 1320 ovarian cancer cases and in 2278 population-matched
controls (PMCQ).

1320 OC Patients @

2278 PMC

Gene N Mutations (%) N mutations (%) OR (95% CD); p
Increased OC risk ®
BRCA1 (© 229 (17.35) 5 (0.22) 95.2 (40.1-295.2); 1.83 x 10~%7
BRCA2 (9 94 (7.12) 7 (0.31) 24.9 (11.6-63.6); 1.16 x 10733
RAD51D 13 (0.98) 2 (0.09) 11.3 (2.6-103.4); 9.66 x 107>
RAD51C 13 (0.98) 4(0.18) 5.7 (1.7-23.8); 0.001
BRIP1 © 10 (0.76) 5 (0.22) 3.5 (1.1-13); 0.03
MLH1 © 4(0.3) 1(0.04) 6.9 (0.7-340.4); 0.06 D
MSH2 3(0.23) 0 0.049 @
MSH6 3(0.23) 0 0.049 @
STK11 2 (0.15) 0 0.13
Potentially increase or insufficient evidence OC risk ®)
NBN © 14 (1.06) 7 (0.31) 3.5 (1.3-10.2); 0.006
PALB2 8 (0.61) 9 (0.40) 1.5 (0.5-4.5); 0.45
ATM © 6 (0.45) 8 (0.35) 1.3 (0.4-4.3); 0.78
BARD1 © 3(0.23) 0 0.049
No increased risk of OC ®)
CHEK2 (© 11 (0.83) 8 (0.35) 2.4 (0.9-6.8); 0.06
TP530© 1(0.08) 2 (0.09) 0.9 (0-16.6); 1
CDH1©) 0 0 -
PTEN © 0 0 -
NF1 0 0 -

@ Prevalence of mutations in all 1333 patients (including 13 multiple mutation carriers) is provided in Table S2.
®) Gene classification according to the NCCN guidelines version 2020.1. ©) Excluding 13 multiple mutation carriers
described in Figure 1 and Table S3. (9 When analyzed Lynch syndrome genes collectively: OR = 22.63 (95% CI
3.4-958.5); p = 1.95 x 107%.

The copy number variation (CNV) analysis in 18 OC/BC genes revealed 37 large genomic
rearrangements in 37/1333 (2.8%) patients. They affected seven genes (23xBRCA1, 4xBRIP1, 4xCHEK?2,
2xMLH1, 2xSTK11, 1XxPALB2, and 1xCDH1) and accounted for 8.4% (37/441) of all pathogenic
mutations in these genes. Except 1 whole gene duplication of MSH6 (classified as VUS), we found no
CNYV in analyzed controls in these 18 genes.

2.3. Clinical and Histopathological Characteristics of Mutation Carriers

Subsequently, we described the clinicopathological characteristics of the mutation carriers in 10
genes associated with OC risk (Figure 2 and Table S4). Multiple mutation carriers (Table S3) were
excluded from this analysis.

2.3.1. Age at OC Diagnosis

The highest mutation frequency was found in patients diagnosed with OC at 40—49 and 50-59
years (37.4% and 40.7%, respectively) and the lowest in patients diagnosed before the age of 30
(8.3%; Figure 2A). Interestingly, the mutation frequency in the group of the oldest patients (>70 years)
was twice higher than in the youngest (<30 years) patients” subgroup (p = 0.013 for difference).
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This difference was primarily caused by BRCA1/BRCA2 mutations (3.6% vs. 18.1% in patients <30 vs.
>70 years), as the frequency of non-BRCA genes mutations was similar (4.8% vs. 4.3%). The median
age at diagnosis was significantly different in BRCA1 (51.0 years; range 23-78) and BRCA2 (58.4 years;
range 27-78) mutation carriers (p = 8.5x10710), respectively. The median age at diagnosis in other
genes with at least 10 identified mutation carriers increased gradually from RADS51C (52.2 years;
range 25-69) to NBN (54.5 years; range 18-76), RAD51D (56.0 years; range 36-69), and BRIP1 (58.0 years;
range 30-71). We observed a younger median age at diagnosis in carriers of mutations in Lynch
syndrome genes 46.0 years (range 35-73).
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Figure 2. Proportion of mutation carriers in clinicopathological subgroups, including (A) Age at OC
diagnosis; (B) Personal cancer history; (C) Family cancer history; (D) Stage at diagnosis; (E) Histology
in 1320 OC patients.

2.3.2. Personal and Family Cancer History

The highest proportion of mutations (109/203; 53.7%) was detected in double primary OC and
BC patients, while in patients diagnosed with OC only and double primary OC and non-BC cancer,
it reached 256/1038 (24.7%) and 21/79 (26.6%), respectively (Figure 2B). The frequency of mutations in
patients from hereditary OC families (HOC) was 49.1% (57/116; Figure 2C). Decreasing proportion of
mutation carriers in other family cancer history categories (41.0% in HBOC and 29.4% in multiple cancer)
was dominantly caused by decreasing BRCA1 mutation prevalence. Nevertheless, in 587 OC patients
without a positive family cancer history, we still identified 120 (20.4%) carriers of pathogenic mutations.

2.3.3. Stage and Histology

Almost 60% of patients were diagnosed at FIGO stage III or IV (Figure 2D). In contrast,
6/8 informative Lynch syndrome gene mutation carriers were diagnosed with stage I tumors.

The mutation rate stratified OC into two histological clusters. The high mutation rate subgroup
included 879 patients with HG/unspecified serous, borderline, and endometrioid tumors with 303
(34.5%) carriers, while the low mutation rate subgroup included 232 patients with low-grade (LG)
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serous, mucinous, clear cell, and other tumors with 28 (12.1%) carriers. BRCA1/2 mutations in HG
serous carcinomas were more than twice as frequent (146/472; 30.9%) as in LG serous ones (11/84;
13.1%). Interestingly, the distribution of BRIP1/RAD51C/RAD51D mutations among histological types
was similar to that of BRCA1/2. The lowest proportion of mutations (7/90; 7.8%) was found in rare
histological cancer types (herein denominated as “Other”).

2.4. Mutations in Additional 201 Analyzed Genes

Finally, we reviewed the presence of germline variants in additional 201 genes targeted by the
CZECANCA panel [19]. This analysis revealed 230 mutations in 89 genes in 208 (15.6%) patients
(Table S5). Of these, 149 (11.2%) patients carried mutations in “additional” genes exclusively while
59 (4.4%) patients carried a mutation in “additional” genes alongside a mutation in one of the 10 OC
risk genes. Mutations in these “additional” genes were rare and their prevalence was significantly
higher in patients over controls in only four genes (Table 2). However, only mutations in PPM1D
were significantly associated with OC risk (p = 0.003) following Bonferroni correction and exclusion of
carriers of mutations in OC predisposition genes. All PPM1D mutations were mosaic with MAF =
14%—-60% and MAF = 17%-19% in patients and controls, respectively. It should be noted that blood for
genetic testing was sampled after the application of chemotherapy in all PPM1D positive patients (in
average at 38 months after treatment; ranged 4 months-7.1 years). Seven out of 15 PPM1D mutation
carriers harbored an additional mutation in another DNA repair gene (3XBRCA2, 1XPALB2, 1XEXO1,
and 1xPMS1). MAF of PPM1D mutations correlated neither with age at OC diagnosis nor with the
time from the last chemotherapy (Table S6). Mutations in PPM1D and SHPRH were significantly
associated only with age > 60 years (p = 0.001), whereas frequency of NAT1 mutations in particular
categories was similar (Table S7). Uncorrected p values were marginally significant also for germline
variants in MMP8 and FANCG in OC patients when carriers of mutations in 10 BC/OC predisposition
genes significantly associating with OC risk in our study were excluded (Table 2).

Table 2. Additional 201 analyzed genes significantly associated with OC risk in the group of all OC
patients and in a subgroup of 934 patients without mutations in 10 established OC predisposition genes.

Gene Ml::;lt?z;ss I:L/o) l\iiiitlijxsc(lf'\/l) OR (95% CI); p (Bonferroni Corrected p)

All 1333 OC patients
PPM1D 16 (1.20) 2 (0.09) 13.82 (3.24-124.22); 7.4 x 1076 (0.001)
NAT1 13 (0.98) 5(0.22) 4.48 (1.49-16.07); 0.003 (n.s.)

SHPRH 5 (0.38) 1(0.04) 8.57 (0.96-404.83); 0.028 (n.s.)

934 OC patients without mutations in 10 genes significantly associated with OC in our study
PPM1D 12 (1.28) 2 (0.09) 14.80 (3.28-136.67); 1.7 x 1075 (0.003)
NAT1 8(0.86) 5(0.22) 3.96 (1.13-15.30); 0.026 (n.s.)

MMPS 6 (0.64) 4(0.18) 3.67 (0.87-17.74); 0.041 (n.s.)
FANCG 5 (0.53) 2 (0.09) 6.12 (1.00-64.45); 0.025 (n.s.)

n.s., nonsignificant.

3. Discussion

The analysis of 1333 Czech OC patients and 2278 population-matched controls provides the
most comprehensive view of the genetic architecture of OC predisposition in the Slavic population.
From 18 OC/BC predisposition genes listed in current NCCN breast/ovarian familial cancer guidelines,
mutations in 10 genes were significantly associated with OC risk in our population being present
in 399/1333 (29.9%) OC patients and 31/2278 (1.4%) PMC (Figure 1). Mutations in eight remaining
genes were extremely rare (CDH1, PTEN, STK11, and TP53) or absent (CDKN2A and NF1) or did not
significantly differ in frequency among cases and controls (ATM, PALB2, and CHEK?2). Mutations in
BRCA1/2, RAD51C/D, and Lynch syndrome genes were associated with a high OC risk, while mutations
in BRIP1 were associated with a moderate OC risk in our study (Table 1), in concordance with previous
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reports [9,10,20,21]. The BRCA1 and BRCA2 mutations, present in 84.0% of all mutation carriers,
were by far the most frequent alterations found in 17.9% and 7.4% of our patients, respectively.
Mutations in other eight genes leaded by RAD51C/RAD51D/BRIP1 affected additional 5.0% of patients,
as shown also by others recently [5,6,22]. Germline mutations in Lynch syndrome genes together
associated with high OC risk. Mutations in MLH1 prevailed similarly as in Lynch syndrome patients
diagnosed with colorectal cancer [23].

In contrast to previous studies, our results suggest increased OC risk in carriers of NBN and
BARD1 mutations [12,24]. We did not find significant increase of OC risk for carriers of mutations in
ATM and PALB2, as noticed previously [12,24,25]. However, further analyses considering very large
population-matched studies or studies considering families of mutation carriers can better disclose
moderate risk associations, as shown for PALB2 mutations recently [26].

Overrepresentation of mutations in the CHEK?2 gene in OC patients in this study was marginally
nonsignificant in contrast to our previous report where we identified moderately increased OC risk
for CHEK2 mutation carriers [27]. However, last four CHEK?2 coding exons were not targeted in our
gene panel omitting possible deleterious CHEK? alterations identified in our previous study in which
last four coding exons were analyzed separately in both cases and controls. Mutations in NF1 were
absent and were extremely rare in CDH1 and PTEN, just like STK11 mutations found in a patient with
nonepithelial OC, a characteristic Peutz—Jeghers syndrome manifestation [9]. Altogether, the high
overall frequency of mutations in OC predisposition genes in our study is in agreement with some
previous studies [4-6,28] and may contribute to a high OC incidence in our population.

Multigene testing revealed 13 carriers of multiple pathogenic mutations (1.0% of patients). Similar
frequency of individuals with this multilocus inherited neoplasia alleles syndrome (MINAS) [29] was
shown also in previous analyses of OC patients [30,31].

We analyzed available phenotype characteristics in 1320 OC patients with one pathogenic mutation
at the most in 10 genes associated with OC risk in our study (Figure 2). While the highest prevalence
of BRCA1/2 mutation carriers was in patients diagnosed with double primary OC and BC, mutations
in RAD51C/RAD51D/BRIP1 prevailed in patients diagnosed with OC only (Figure 2B); nevertheless,
their distribution among histological subtypes was similar to that in BRCA1/2 mutation carriers
(Figure 2E). In contrast to Castera et al. who found mutations in RAD51C/RAD51D/BRIP1 dominantly
in French OC patients with a positive family OC history [32], we identified mutations in these genes in
1/116 (0.9%) and 22/587 (3.7%) carriers in HOC patients and in patients with a negative family cancer
history, respectively. Further, we have noticed a surprisingly high frequency of OC-predisposing
mutations in older patients. Their prevalence in patients > 60 years was 23.6%, whereas Harter et al.
found in this age group 18.9% mutation carriers even though frequency of mutation carriers in patients
<60 years in both studies was comparable (32.6% and 33.2%, respectively) [28]. BRCAI mutations
dominated in patients <60 years over BRCA2 mutations, while in patients > 60 years, their frequencies
were comparable. Moreover, we revealed 29 BRCA1/2 mutation carriers (13.9% of patients) in 208 OC
patients diagnosed at >60 years with no family cancer history, while Morgan and colleagues detected
only two (4.3%) BRCA1/2 mutations in 46 sporadic OC patients > 60 years [33]. Even in the oldest
subgroup of our OC patients diagnosed at >70 years, the frequency of BRCA1/2 mutation carriers
exceeded 18%, while in other studies, BRCA1/2 mutations’ frequency in this age category was below
10% [34,35]. This high frequency of BRCA1/2 mutations in our patients >70 years contrasted with a low
frequency in women diagnosed at <30 years (18.1% vs. 3.6%; p = 0.003; Figure 2A). The difference was
even more apparent in “sporadic” OC cases (with no family cancer history), where BRCA1/2 mutations
were found in 6 out of 45 (13.3%) women >70 years but in none of 52 cases diagnosed at <30 years.
It should be emphasized that although rare histological OC types were more frequent in the subgroup
of 52 patients diagnosed with sporadic OC at <30 years, 32 (65.3%) of 49 informative cases developed
invasive epithelial OC.

Mutations in OC predisposition genes significantly prevailed in subgroups with high-grade/
nonspecified serous, borderline, and endometrioid tumors over subgroup with low-grade serous,
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mucinous, clear cell, or other rare histologic types (Figure 2E). Surprisingly, the overall mutation
frequency in patients with borderline tumors was comparable with that of in HG serous OC (32.2%
and 36.7%, respectively; Figure 2E). Thus, we compared mutation frequency in patients with no
family cancer history diagnosed with these histological tumor types, and we found that although the
mutation frequency in sporadic borderline tumors was half in comparison to sporadic HG serous
(Figure 3), it still largely exceeded 10% in both hereditary and sporadic cases, justifying the genetic
testing of borderline tumors. The large proportion of borderline tumors with positive family cancer
history in our study suggested that this OC subtypes belong to a possible manifestation of a cancer
predisposition. However, our observation needs to be confirmed in other populations as current
reports about borderline tumors in BRCA1/2 mutation carriers are limited.

HG serous Borderline
(N=472) (N=152)
E%'F
i Germline mutations (N): Cases:
62 ' - Other OC predisposition genes “amili,,/
Ya
28 # -srea1/BrRea2 L%
136 60

163 a3 - None

Figure 3. Frequency of mutations in 10 BC/OC predisposition genes significantly associated with OC in
our study in OC patients with high-grade (HG) serous and borderline tumors, respectively. The patients
were subdivided into subgroups with positive (familial cases) and negative (sporadic cases) family
cancer history, respectively.

The multigene panel enabled us to identify other candidate genes associating with increased OC
risk. We noticed many rare truncating variants episodically affecting various genes and clustering into
PPM1D, NAT1, and SHPRH in OC patients. The PPM1D gene, coding for WIP1 phosphatase, was the
only candidate associated with OC risk following multiple testing correction. Similarly to the previous
studies describing its mosaic variants in OC patients [36-38], we also found mosaic gain-of-function
mutations resulting in increased WIP1 phosphatase activity [38]. All PPM1D mutations in our patients
were identified in postchemotherapy treatment blood samples suggesting their somatic origin [39].
Germline mutations in NAT1 have not been analyzed for OC predisposition so far. However, several
polymorphisms in NAT1 (coding for arylamine N-acetyltransferase 1 engaged in carcinogen metabolism
and detoxification) were shown to modify the risk of various cancers [40,41]. The SHPRH gene codes
for E3 ubiquitin-protein ligase targeting PCNA upon DNA damage [42]. Contribution of SHPRH
germline variants to OC risk remains elusive. Overall, low mutation frequencies found in gene
candidates in our study precluded its precise OC risk estimations and will require large, multiethnic,
case-control studies, segregation analyses in affected families, and functional analyses. Alongside
variants clustering to a few candidate genes, we identified rare mutations in a gene family coding for
Fanconi anemia (FA) proteins involved in the repair of DNA interstrand crosslinks [43]. Several FA
genes belong to established OC predisposition genes, including BRCA1 (FANCS), BRCA2 (FANCD]I),
RADS51C (FANCO), PALB2 (FANCN), and BRIP1 (FANC]J). Except these, we found rare mutations in
other FA genes (FANCG, FANCD2, and FANCA) in 11 (0.83%) of 1333 OC patients compared to 5 in 2278
PMC (0.2%), with cumulative OR = 3.78 (95% CI 1.21-13.91; p = 0.02). Interestingly, these rare mutations
were detected almost exclusively in patients without mutations in other OC predisposition genes.

The strengths of this study include an identical NGS analysis and bioinformatics pipeline in
all patients, a careful curation of clinical data, and an ethnically homogeneous set of patients and
controls representing the largest sample set from the region of Central and Eastern Europe. Despite
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that, the number of individuals still did not allow the precise OC risk calculations in rarely mutated
genes. Although all OC cases in the Czech Republic are eligible for genetic testing, OC patients with
positive family cancer history and earlier-onset individuals were enriched in our study, especially in
a small subgroup enrolled before 2015 (in the Center A only).

Whether the high prevalence of clinically important germline mutations in OC patients justifies
population-wide screening is a vivid matter of debate [44-48]. We emphasize that we found BRCA1/2
mutations in 14.5% of OC patients with no family cancer history who would currently not be revealed
presymptomatically without population screening. We assume that careful application of germline
testing in all OC patients and their relatives would reduce OC burden in our population. Moreover,
the mutations in BRCA1/2 [49,50] and other OC predisposition genes [51,52] represent valuable
predictive biomarkers improving OC chemotherapy.

4. Materials and Methods

Analyzed patients (N = 1333) were enrolled in 2010-2018 and included all OC cases regardless of
familial cancer history or OC histology subtypes. As knowledge about germline mutations’ frequency
in women diagnosed with BTO is limited, we included these histological subtypes to our study.
Clinicopathological data were obtained during genetic counselling or retrieved from the patients
records. OC patients with a positive cancer family history were stratified into (i) hereditary ovarian
cancer (HOC) families with OC and other nonbreast cancer (BC) in the family history; (ii) hereditary
breast and/or ovarian cancer (HBOC) families with BC and OC or other cancer in the family history,
and (iii) multiple cancer families with non-OC and non-BC in the family history. Index patients were
tested in seven centers: (A) First Faculty of Medicine, Charles University, Prague (N = 637); (B) Masaryk
Memorial Cancer Institute, Brno (N = 357); (C) Gennet, Prague (N = 273); (D) AGEL Laboratories,
Novy Jicin (N = 34); (E) GHC Genetics (N = 12); (F) Pronatal (N = 11), and (G) University Hospital
Olomouc (N =9).

Population-matched controls (PMC; N = 2278) included 616 noncancer controls collected in centers
A (N = 344), B (N =150), and D (N = 122), and 1662 unselected controls provided by the National
Center for Medical Genomics (http://ncmg.cz). The noncancer controls were volunteers (78 males and
538 females) aged > 60 years without a personal or family cancer history (in first-degree relatives).
The unselected controls (1170 males and 492 females; median age 57 years, range 18-88 years) were
unrelated individuals analyzed by whole-exome sequencing (WES) for various noncancer conditions.

All patients and controls were Caucasians of a Czech origin. Written informed consent was
obtained from all patients and controls. The study was approved by the Ethics Committee of the
General University Hospital in Prague; ethics approval number was 92/14. The study was performed

’

in accordance with the Declaration of Helsinki.

4.1. Next-Generation Sequencing

Germline blood-derived DNA was analyzed by the CZECANCA (CZEch CAncer paNel for
Clinical Application; custom-made SeqCap EZ choice panel; Roche) panel NGS targeting 219 genes
on MiSeq (Illumina), as described in details previously [19]. Sequencing reads were aligned by
Novoalign v2.08.03 to the human reference genome (hg19). Variants were identified using GATK and
Pindel, CNVs using CNV score [19]. The entire diagnostic pipeline was successfully tested using
European Molecular Genetics Quality Network schemes (EMQN) and validated as we have described
recently [19].

4.2. Variant Classification

We first analyzed 18 genes considered clinically relevant to the HBOC syndrome (MIM #604370)
by NCCN, namely, ATM, BARD1, BRCA1, BRCA2, BRIP1, CDH1, CHEK2, MLH1, MSH2, MSH6, NBN,
PALB2, PTEN, RAD50, RAD51C, RAD51D, STK11, and TP53. Germline variants (with frequency <
0.01 and <0.05 in 1000 Genomes project and noncancer PMC, respectively) were classified into three
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groups: i) pathogenic/likely pathogenic, ii) variants of unknown significance (VUS), and iii) likely
benign/benign, based on recommendations from the ENIGMA consortium (https://enigmaconsortium.
org). All nonsense/frameshift/splicing (+ 1-2 bp) mutations/CNVs were considered pathogenic/likely
pathogenic unless classified as other in the ClinVar database; whole gene duplications were considered
VUS. The other types of mutations were considered pathogenic/likely pathogenic only if classified as
such in ClinVar by at least two submitters. TP53 variants were classified using the IARC TP53 database
(http://p53.iarc.fr/), CHEK2 VUS using a recently published functional assay [27].

Subsequently, we analyzed variants in another 201 genes targeted by the CZECANCA
panel. Nonsense/frameshift/splicing (+ 1-2 bp) mutations/CNVs (except whole gene duplications)
with frequency <0.01 and <0.05 in 1000 Genomes project and in noncancer PMC, respectively,
were considered pathogenic.

All pathogenic/likely pathogenic mutations in patients and noncancer PMC were confirmed by
Sanger sequencing and CNVs by MLPA (if available) or by qPCR (protocol available on request),
and they were submitted to ClinVar under the submission ID SUB5822876.

4.3. Statistical Analysis

The odds ratio (OR) for particular gene was calculated using Fisher’s exact test, and p values
<0.05 were considered significant. The multiple mutation carriers were excluded from the OR
calculations. For the identification of other OC candidate genes, the Bonferroni correction was
employed. The associations between mutation status and clinicopathological characteristics were
estimated using Fisher’s exact test, and p values <0.05 were considered significant.

5. Conclusions

Our study demonstrated that nearly one in three OC patients carries a pathogenic mutation in
genes significantly associated with OC. The mutation frequency exceeded 10% in all clinicopathological
subgroups, regardless of the age at diagnosis, clinical or histopathological characteristics,
with an exception of women diagnosed with OC before the age of 30 or with rare histological
OC subtypes. Importantly, we found that the high mutation prevalence included borderline tumors
justifying genetic testing of all OC patients, including women diagnosed with borderline tumors.
Surprisingly, BRCA1/2 mutations were not associated with sporadic OC in very young women
(<30 years). Besides the established OC predisposition genes, NBN and BARD1 were significantly
associated with a moderate OC risk; however, further studies will be required to specify the associated
OC risk and to identify the value of the detected genetic mutations in terms of disease prognosis
and therapy prediction. Hence, analyses of rarely mutated BC/OC predisposition genes that failed to
increase OC risk in our study are further warranted to evaluate their association with OC in future
larger dataset and/or in frame of international consortia. These should include also other candidate
alterations with predictive and/or prognostic potential.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/4/956/s1,
Table S1: the clinicopathological characteristics of 1333 ovarian cancer patients, Table S2: mutation frequencies
in ovarian cancer cases and population-matched controls, Table S3: clinical and pathological characteristics in
multiple mutation carriers, Table S4: clinicopathological characteristics of mutation carriers in HBOC genes
listed in NCCN guidelines (mutation carriers in a group of 1320 ovarian cancer patients (after exclusion of
13 multiple mutation carriers shown in Table S3) (10 genes significantly associated with OC risk in our study
are highlighted), Table S5: mutations in 201 additional analyzed genes with associated OC risk (significantly
associated genes (p < 0.05) are highlighted), Table S6: characteristics of 15 PPM1D mutation carriers, and Table S7:
clinicopathological characteristics of mutation carriers in NAT1, PPM1D, and SHPRH significantly associated with
OC risk.
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Simple Summary: Hepatocellular carcinoma (HCC) is the fourth most common cause of cancer-
related deaths worldwide. HCC mostly results from liver cirrhosis and its genetic predisposition is
believed to be rare. A liver transplantation is considered a curative therapy for HCC; however, de novo
tumor development is a feared complication in immunosuppressed transplant recipients. Having
analyzed the prevalence of pathogenic/likely pathogenic germline variants in cancer-predisposition
genes in 334 HCC patients considered for liver transplantation, we found only 7/334 (2.1%) carriers
of pathogenic variants in established cancer-predisposition genes (PMS2, 4xNBN, FH or RET).
Interestingly, two MRN complex genes (NBN and RAD50) were significantly more frequent among
patients over controls. Therefore, we conclude that the genetic predisposition to HCC is rare and
HCC does not meet the criteria for routine germline genetic testing; however, germline testing could
be considered in liver transplant recipients as the variant carriers may benefit from tailored follow-up
or targeted therapy.

Abstract: Hepatocellular carcinoma (HCC) mainly stems from liver cirrhosis and its genetic predis-
position is believed to be rare. However, two recent studies describe pathogenic/likely pathogenic
germline variants (PV) in cancer-predisposition genes (CPG). As the risk of de novo tumors might be
increased in PV carriers, especially in immunosuppressed patients after a liver transplantation, we an-
alyzed the prevalence of germline CPG variants in HCC patients considered for liver transplantation.
Using the panel NGS targeting 226 CPGs, we analyzed germline DNA from 334 Czech HCC patients
and 1662 population-matched controls. We identified 48 PVs in 35 genes in 47/334 patients (14.1%).
However, only 7/334 (2.1%) patients carried a PV in an established CPG (PMS2, 4xNBN, FH or RET).
Only the PV carriers in two MRN complex genes (NBN and RAD50) were significantly more frequent
among patients over controls. We found no differences in clinicopathological characteristics between
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carriers and non-carriers. Our study indicated that the genetic component of HCC is rare. The HCC
diagnosis itself does not meet criteria for routine germline CPG genetic testing. However, a low
proportion of PV carriers may benefit from a tailored follow-up or targeted therapy and germline
testing could be considered in liver transplant recipients.

Keywords: hepatocellular carcinoma; liver cirrhosis; liver transplantation; genetic predisposition;
panel sequencing; MRN complex; germline mutation

1. Introduction

Hepatocellular carcinoma (HCC) is the fourth most frequent cause of cancer-related
deaths and the fifth most frequent malignancy globally [1]. With 854,000 new cases and
810,000 deaths annually, HCC represents 7% of all malignancies. Diagnosis of HCC is
responsible for 90% of primary liver tumors [2]. Its incidence increases with age and peaks
at the age of 70; however, the age at diagnosis is significantly lower in Chinese and black
African populations. Males are affected 2-2.5x more often than females. The incidence
also varies geographically, with the highest incidence reported in low- and middle-resource
countries from Southeastern Asia and Sub-Saharan Africa, accounting for more than 85%
of the new global cases of HCC. In Europe, the incidence is significantly lower except for
Southern Europe [3].

Approximately 90% of HCC cases occur in cirrhotic liver patients associated with
chronic hepatitis B or C; alcoholic or metabolic liver disease, including non-alcoholic steato-
hepatitis (NASH); hereditary hemochromatosis or alpha-1-antitrypsin deficiency [2]. One-
third of patients with liver cirrhosis develop HCC. The annual risk of HCC development
in cirrhotic patients is estimated to be 1-8%, depending on the liver disease severity [4,5].
Liver transplantation represents the curative therapy with the best long-term results [6].
The 1-year and 5-year survival rates of liver transplant recipients are 90% and 70%, re-
spectively, with de novo malignancies being the most frequent cause of late mortality
in immunosuppressed liver transplant recipients [7]. To reduce mortality, guidelines for
prevention and management of de novo tumors have been published recently [6].

In contrast to other cancer types, the hereditary component of HCC is considered
rare [8]. However, recently published studies revealed that 11.4-12.6% of HCC patients
carried pathogenic/likely pathogenic germline variants (PV) in some cancer-predisposition
genes (CPG), including established high-penetrant genes causing hereditary breast/ovarian
cancer (BRCA1, BRCA2, PALB2) or Lynch syndrome (MLH1, MSH2, MSH6) [9,10].

We hypothesized that the risk of de novo malignancies after liver transplantation might
be increased in immunosuppressed PV carriers in CPGs. To this end, we aimed to identify
the prevalence of PV in a retrospective, precisely clinicopathologically characterized single-
center cohort of 334 consecutive liver transplant candidates with HCC in this study.

2. Materials and Methods
2.1. Patients

The study group consisted of 334 HCC patients (258 males and 76 females) referred
to the Institute for Clinical and Experimental Medicine in Prague as liver transplantation
candidates between August 2002 and September 2021. In the majority of patients (329/334,
98.5%), liver cirrhosis was diagnosed in accordance with the diagnostic guidelines before
HCC onset [3]. There was no evidence of liver cirrhosis found for only five HCC patients.
The etiology of the liver cirrhosis was based on patients” medical history and laboratory
data (Table 1).
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Table 1. Clinicopathological characteristics in all 334 HCC patients.

. , L All Patients Males Females
Patients” Characteristics N = 334 N = 258 N=7
Age [years]; median (range) 63 (26-77) 63 (36-75) 65 (26-77)
Cirrhosis; N (%) 329 (98.5) 254 (98.4) 75 (98.7)

Alcoholic 129 (38.6) 115 (44.6) 14 (18.4)
Viral 120 (35.9) 77 (29.8) 43 (56.6)
Cholestatic and autoimmune 48 (14.4) 37 (14.3) 11 (14.5)
NASH (non-alcoholic steatohepatitis) 29 (8.7) 23 (8.9) 6(7.9)
Metabolic 3(0.9) 2(0.8) 1(1.3)
Not present 5(1.5) 4 (1.6) 1(1.3)
HCC treatment; N (%)
Liver transplantation 299 (89.5) 225 (87.2) 74 (97.4)
Other 35 (10.5) 33 (12.8) 2 (2.6)
HCC characteristics
AFP [ng/mL]; median (range) 8.3 (0.9-5784) 7.4 (0.9-5784) 15.0 (1.9-1210)
Milan criteria; N (% of known) 220 (65.9) 168 (65.1) 52 (68.4)
Microangioinvasion; N (% of known) 128 (45.6) 91 (43.8) 37 (50.7)
Cholangiocarc. differentiation; N (% of known) 18 (5.4) 10 (4.6) 8 (10.8)
Grade 1; N (% of known) 37 (13.0) 22 (10.3) 15 (21.1)
Grade 2; N (% of known) 154 (54.0) 123 (57.5) 31 (43.7)
Grade 3; N (% of known) 94 (33.0) 69 (32.2) 25 (35.2)
Multiple primary tumor; N (%) 57 (17.1) 48 (18.7) 9 (11.9)
Malignancy in 15t/ ond degree relatives; N (%) 131 (39.2) 99 (38.4) 32 (42.1)
Diabetes; N (%) 138 (41.3) 117 (45.3) 21 (27.6)
Obesity (BMI>30); N (%) 94 (28.1) 80 (31.0) 14 (18.4)
Smoking; N (%) 192 (57.5) 161 (62.4) 31 (40.8)

Regarding the treatment modalities, 299 patients underwent liver transplantation,
34 patients were referred to palliative oncological therapy or best supportive care, and a single
patient underwent liver resection. The median follow-up was 4.2 years (range 0.1-22.2 years).
Demographic, laboratory and histopathological data were extracted from the hospital elec-
tronic information system. All but two patients were Caucasian of Czech origin, gave written
informed consent to storing of their blood samples, and agreed to use of the blood samples
for future research, including genetic testing.

2.2. Controls

Data from two population-matched control groups were used for germline variant
evaluation. For variant prioritization, we used a group of “super-controls” consisting of
791 healthy, non-cancer, older individuals aged >60 years (92 males and 697 females),
without personal and first-degree family member cancer history. For case-control analyses,
we used an independent control group consisting of 1662 unselected population-matched
controls (PMC) provided by the National Center for Medical Genomics (http://ncmg.cz,
accessed on 1 April 2022), in details described previously [11].

2.3. Library Preparation, Sequencing and Bioinformatics

Patients” genomic DNA was isolated from peripheral blood using the Qiagen QIAamp
DNA blood kit (Qiagen, Hilden, Germany). One hundred ng of gDNA was processed
for the NGS library preparation using a KAPA HyperPlus Kit (Roche, Basel, Switzerland)
according to the manufacturer’s instructions. Briefly, gDNA was enzymatically fragmented
for 12.5 min at 37 °C, targeting 200 bp DNA fragments. The preparation of libraries,
including the use of in-house-designed adapters and dual index primers used in a six-
cycle, ligation-mediated polymerase chain reaction (LM-PCR), as well as the primers
subsequently used in post-capture PCR, have been described in Soukupova et al. [12].
The prepared pre-library was eluted to a final volume of 30 pL, checked with a High
Sensitivity DNA kit using a Bioanalyzer 2100 (both from Agilent Technologies, Santa
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Clara, CA, USA) and quantified with dsDNA High Sensitivity Assay Kits (Qubit assays)
using a Qubit Flex Fluorimeter (both from Thermo Fisher Scientific, Waltham, MA, USA).
Seventy-two barcoded samples were equimolarly pooled yielding a 1.5 ng DNA pool in
45 pL volume, concentrated if necessary. Pooled samples were then hybridized at 55 °C for
16-20 h using a KAPA HyperCapture Reagent kit from Roche and a Roche-made custom-
designed CZECANCA (CZEch CAncer paNel for Clinical Application) panel capturing
226 established and candidate CPG [12] (Supplementary Table S2). The post-hybridization
clean-up and amplification (in 11 cycles) were performed according to the manufacturer’s
instructions for <40 Mbp capture target size with minor workflow modifications, including
the in-house-designed post-capture PCR primers, as described previously [12]. The final
library concentration was measured with the Qubit dsDNA HS Assay Kit and the targeted
gene enrichment was checked using qPCR with in-house designed primers (available upon
request). Finally, two libraries (each consisting of 72 samples) were proportionally pooled
together at a final 1.5 pM concentration and prepared for NextSeq sequencing by adding
0.03 pM PhiX. Sequencing was performed on an Illumina NextSeq 500 instrument using
the NextSeq 500/550 Mid Output Kit v2.5 for 150 cycles (Illumina, San Diego, CA, USA).

The sequencing data stored as FASTQ files were generated from NextSeq using an
[Nlumina BaseSpace Sequence Hub and processed as described in Soukupova et al. [12]
with minor upgrades. Briefly, the FASTQ files were mapped to a reference genome hg19
using Novoalign v2.08.03 (http:/ /www.novocraft.com/products/novoalign/, accessed
on 1 April 2022), providing the corresponding SAM and afterward BAM files using Picard
tools v1.129 (https:/ /broadinstitute.github.io/picard/, accessed on 1 April 2022). The BAM
files served for identification of single nucleotide variants (SNV), medium-size insertions
and deletions (indels), as well as copy number variants (CNV). For SNV analyses, VCF
files were generated from the BAM files (following the exclusion of PCR duplicates) using
GATK toolkit v3.8.1 (https://gatk.broadinstitute.org/, accessed on 1 April 2022) [13] and
annotated with SnpEff v4.3 (https://pcingola.github.io/SnpEff/, accessed on 1 April
2022) [14]. Medium-sized indels were characterized using Pindel (http://gmt.genome.
wustl.edu/packages/pindel/, accessed on 1 April 2022) [15] and CNV were identified
with CNVKkit (https:/ /pypi.org/project/ CNVKkit/, accessed on 1 April 2022), as described
previously [12].

2.4. Variant and Gene Prioritization

The variant prioritization aimed to identify clinically significant PVs. From the raw
called variants, we sequentially filtered out variants (i) with low sequencing quality (<150);
(ii) localized in repetitive and low-complexity DNA sequences (using RepeatMasker [16]);
and (iii) non-coding (3'/5'UTR, downstream /upstream/intergenic/intragenic/deep in-
tronic) variants and in-frame indels. Further, we filtered out variants with low clini-
cal impact including those present (iv) in the group of super-controls with minor allele
frequency (MAF) > 0.4%; (v) in the general population (gnomAD, 1000 Genomes Project,
NHLBI GO ESP, EXAC databases [17-20]) with MAF > 0.4%; and (vi) interpreted as be-
nign/likely benign (B/LB) by ClinVar [21]. Additionally, we excluded variants (vii) in
last exons; (viii) in introns out of conserved splice site (>2 bp from an exon boundary);
(ix) synonymous variants and (x) sequencing errors except for known PV. Finally, we
filtered out variants without ClinVar interpretation as pathogenic/likely pathogenic, unless
they caused premature termination, frameshift or aberrant splicing (1-2 bp from an exon).

Identified PV were confirmed using Sanger sequencing and/or MLPA and divided as
(i) variants in established high-to-moderate CPGs (N = 48; including genes with germline
variants of probable prognostic or predictive potential) or (ii) candidate CPGs (N = 178;
including genes with uncertain prognostic or predictive effects of their germline variants;
Figure 1 and Supplementary Table 52).
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Figure 1. List of 226 cancer-predisposition genes divided into established (N = 48, in red) and
candidate (N = 178, in grey) CPGs based on their clinical significance. The genes of the MRN complex
are highlighted in blue. The PVs in CPGs highlighted in bold were found in this study.

2.5. Statistical Analyses

Student’s t-test or the non-parametric Mann—-Whitney and Kruskal-Wallis tests were
used for continuous data, and categorical data were analyzed using the chi-square test.
The survival rates were assessed with Kaplan—-Meier analysis and the log-rank test was
used to compare survival rates between individual groups. All statistical analyses were
two-sided and a p-value of <0.05 was considered statistically significant. Statistical analysis
was performed using the GraphPad Prism 9.3.1 software (GraphPad). Risk scores for PV
carriers in HCC patients vs. PMC were calculated as odds ratio (OR) and 95% confidence
interval (95% CI).

3. Results
3.1. Germline Variants in Established and Candidate CPG

Altogether, 334 patients’” DNA samples were sequenced with a mean coverage of
119 enabling reliable copy number variant (CNV) calling. Identified variants were pri-
oritized as described in the Methods section, yielding 48 PV in 35 genes found in 47/334
(14.1%) patients (Table 2). However, only 7/334 (2.1%) patients harbored a PV in 4/48
established high-to-moderate CPGs, including PMS2, NBN, FH and RET (Table 2). The
most frequent was a frameshift variant c.657del5 (c.657_661delACAAA) in NBN found in
four patients. The remaining PVs included a novel 8907 bp deletion affecting exons 11-12
in PMS2 (Figure 2) and missense PVs in FH and RET. In 1662 PMCs, we detected four
carriers of PMS2 and NBN variants, respectively, two carriers of PVs in RET and none in
FH. However, a statistically significant difference in frequency was observed only for NBN
(p = 0.012; Table 3).

In addition, we detected PVs in 31/178 candidate CPGs in 40/334 (12.0%) patients
(including a patient harboring simultaneous germline variants in ATRIP and RADS50;
Table 2). Overall 104/1662 (6.3%) individuals among PMC carried germline variants in
these 31 genes (Table 3). Germline variants in HCC patients were recurrently found in only
eight candidate genes including DMBT1, RAD50, ATRIP, BLM, ERCC2, LIG3, MSH3 and
SLX4; however, only DMBT1, RAD50 and LIG3 germline variants showed a significant
difference in HCC patients compared to PMC (Table 3).

Notably, PVs in seven HCC patients affected the genes coding for proteins of the MRN
(MRE11-RAD50-NBN) complex, including four carriers of c.657del5 in NBN and three
carriers of different variants in RAD50 (Table 2). PVs in NBN and RAD50 were significantly
enriched in analyzed HCC patients over PMC (7/334; 2.1% vs. 7/1662; 0.4%; p = 0.001).
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Table 2. Characterization of PV carriers with HCC in established high-to-moderate (A) and candidate
(B) cancer predisposition genes. The PVs were present in the heterozygous state in all carriers.

Age at HCC . .
Diagnosis Variant Pﬁr_st:nal 2 Family ca History Cll‘l‘thIS and HCC
(Years), Sex. 1story eatures
A. Established high-to-moderate cancer-predisposition genes
PMS2: .
71 F €.1144'4250_2175-1948d18907 0 0 Viral
72, M NBN: c.657del5 (p.Lys219fs) PrC (post) PrC (father) Alcoholic
68, M NBN: c.657del5 (p.Lys219fs) 0 TC (father) Alcoholic
68, M NBN: c.657del5 (p.Lys219fs) PrC (post) 0 Autoimmune
. Viral, HCC
58, F NBN: c.657del5 (p.Lys219fs) 0 0 recurrence post-Tx
53, F FH: c.1127A>C (p.GIn376Pro) 0 0 Viral
71, M RET: ¢2304G>C (p.Glu768Asp)  CRC (pre) g)fo(tfﬂgrt)her)? sarcoma Alcoholic
B. Candidate cancer-predisposition genes
69, F DMBTTI: ¢.2177-2A>C BC 0 Autoimmune
66, M DMBTT: c4828+1G>A 0 Leu (brother); HNC (brother)  Alcoholic
69, M DMBTT1: c¢.4611C>G (p.Tyrl537Ter) 0 Hé&N (brother) Alcoholic
71,M RAD50: ¢.1875C>G (p.Tyr625Ter) PrC (post) BC (mother) Viral
65, M RAD50: ¢.2043delC (p.Val683fs) 0 0 Autoimmune
. Viral, HCC
65, M RADA50: ¢.2521del9 (p.Thr841fs) * 0 0 recurrence post-Tx
65,M ATRIP: ¢.1870del2 (p.Cys624fs) 0 0 Viral, HCC
recurrence post-Tx
61, F ATRIP: c.1152del4 (p.Gly385fs) * 0 0 Autoimmune
65, M BLM: c.1642C>T (p.GIn548Ter) 0 LC (father) Non-cirrhotic
64, M BLM: ¢.1642C>T (p.GIn548Ter) 0 0 Autoimmune
ERCC2: ¢.2150C>G .
68, M (r2144_2190deld5) 0 0 Autoimmune
53 M ERCC2: ¢.2150C>G 0 0 Viral, HCC
’ (r.2144_2190del45) recurrence post-Tx
. . Viral, HCC
71,F LIG3: ¢.1283delT (p.His428fs) 0 0 recurrence post-Tx
77, F LIG3: ¢.799C>T (p.Arg267Ter) 0 LC (father) Non-cirrhotic
68, M MSH3: ¢.2686G>T (p.Gly896Ter) 0 Mel (mother) Alcoholic
66, M MSH3: c.1480delA (p.Asn494fs) 0 0 Alcoholic
66, F SLX4: c.4207G>T (p.Glu1403Ter) SkC (post) 0 Viral
58, M SLX4: c.4024delA (p.Ser1342fs) 0 GaC (mother) Autoimmune
57,F AXINT: c.64C>T (p.Arg22Ter) 0 0 Viral
62, M ERCCS5: ¢.3285del10 (p.Serl096fs) 0 0 Viral, HCC
! T p- recurrence post-Tx
71, M ERCC6: ¢.537T>A (p.Tyr179Ter) 0 0 Viral
61, M EXOT1: c.1578del2 (p.Asp526fs) CRC (pre) 0 NASH
60, F FANCA: dell6-17 0 NASH
59, M FANCD?2: c.990-1G>A Leu (post) GaC (mother) NASH
60, F FANCG: ¢.313G>T (p.Glul05Ter) 0 H&N (father); HCC (mother) NASH
64, M HOXBI13: c¢.251G>A (p.Gly84Glu) 0 0 Autoimmune
. Autoimmune, HCC
59, M MCPHTI: c.126del2 (p.Phe43fs) 0 BC (mother) recurrence post-Tx
57,M MDC1: ¢.6081delC (p.Ser2028fs) 0 0 Alcoholic
40,M MMPS: c¢.460G>T (p.Gly154Ter) 0 0 Viral
. Autoimmune, HCC
61, M MLH3: ¢.3393dup?2 (p.Thr1132fs) 0 BC (mother) recurrence post-Tx
59, F NHE]J1: ¢.169C>T (p.Argb7Ter) 0 HCC (mother) Alcoholic
65, M PIK3CG: ¢.2519del2 (p.GIn840fs) }I;Irit)N; SKGPrC @l - (father) Alcoholic
54, M PMS1: ¢.1009insA (p.Tyr337fs) 0 0 Viral
60, M RAD1: c.168del5 (p.Lys57fs) 0 0 Alcoholic
41, F RECQL5: ¢.2308C>T (p.Arg770Ter) 0 RCC (mother) Viral
73,F SBDS: ¢.258+2T>C 0 0 Viral
69, M SETX: ¢.5074dup2 (p.Leul692fs) 0 LC (father) NASH
59, M SMARCA4: c.859+1G>A 0 0 Viral
69, M TLR2: c.1339C>T (p.Arg447Ter) Lym (pre) HCC (father) Viral
74, M TLR4: c.261-1G>C 0 BC (mother) NASH
45,F XRCC1: c.406dupT (p.Tyr136fs) 0 BC (mother) Alcoholic

1 pre-/post- HCC diagnosis; * double variant carrier. Abbreviations: BC: breast cancer; ca: cancer; CRC: colorectal
cancer; F: female; GaC: gastric cancer; H&N: head and neck cancer; HCC: hepatocellular carcinoma; Leu: leukemia;
Lym: lymphoma; LC: lung cancer; M: male; Mel: melanoma; NASH: non-alcoholic steatohepatitis; PrC: prostate
cancer; RCC: renal cell carcinoma; SkC: skin cancer except melanoma; TC: testicular cancer; Tx: transplantation.
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Figure 2. Characterization of exons 11-12 (8907 bp) PMS2 deletion. (A) Integrated Genome Viewer
(IGV) visualization of the coverage decrease suggesting a presence of heterozygous two-exon deletion
(highlighted region in red). (B) Visualization of CNV analyses generated using the CNVKkit (patient’s
sample in red). The inconsistent region covering exons 12-15 contains numerous PMS2 pseudogenes.
(C) Schematic region of deletion in UCSC genome browser. (D) Characterization of the deletion
breakpoint with Sanger sequencing.

Table 3. Germline PV identified in A. established high-to-moderate and B. candidate cancer predispo-

sition genes. Statistically significant differences between variant frequencies of patients and controls

are highlighted in bold.
e e Odds Ratio
Carriers in Carriers in o .
Gene 334 Patients; N (%) 1662 PMC; N (%) (95% Confidence p-Value
nterval)
A. Established high-to-moderate cancer-predisposition genes
PMS2 1(0.3) 4(0.3) 1.2 (0.14-11.11) 0.8
NBN 4(1.2) 4(0.3) 5.0 (1.25-20.17) 0.012
FH 1(0.3) 0 n.d. nd.
RET 1(0.3) 2(0.1) 2.5(0.23-27.49) 04
All carriers. 7(2.1) 10 (0.6) !
B. Candidate cancer-predisposition genes
DMBT1 3(0.9) 2(0.1) 7.5 (1.25-45.13) 0.010
RAD502 3(0.9) 3(0.2) 5.0 (1.01-24.90) 0.029
ATRIP? 2(0.6) 3(0.2) 3.3 (0.56-19.98) 0.2
BLM 2(0.6) 7(0.4) 1.4 (0.30-6.87) 0.7
ERCC2 2(0.6) 8(0.5) 1.2 (0.26-5.88) 0.8
LIG3 2(0.6) 1(0.1) 10.0 (0.91-110.48) 0.021
MSH3 2(0.6) 6(0.4) 1.7 (0.33-8.26) 0.5
SLX4 2(0.6) 2(0.1) 5.0 (0.70-35.56) 0.1
AXIN1 1(0.3) 0 n.d. n.d.
ERCC5 1(0.3) 0 n.d. nd.
ERCCo6 1(0.3) 0 n.d. nd.
EXO1 1(0.3) 2(0.1) 2.5(0.23-27.49) 04
FANCA 1(0.3) 7(0.4) 0.7 (0.09-5.77) 0.7
FANCD2 1(0.3) 0 n.d. nd.
FANCG 1(0.3) 2(0.1) 2.5(0.23-27.49) 0.4
HOXBI13 1(0.3) 4(0.3) 1.2(0.14-11.14) 0.8
MCPH1 1(0.3) 10 (0.6) 0.5 (0.06-3.88) 0.5
MDC1 1(0.3) 0 n.d. n.d.
MLH3 1(0.3) 1(0.1) 5.0 (0.31-79.75) 0.2
MMP8 1(0.3) 5(0.3) 1.0 (0.12-8.52) 0.9
NHE]1 1(0.3) 0 n.d. n.d.
PIK3CG 1(0.3) 0 n.d. n.d.
PMS1 1(0.3) 2(0.1) 2.5(0.23-27.49) 04
RAD1 1(0.3) 0 n.d. n.d.
RECQL5 1(0.3) 6(0.4) 0.8 (0.10-6.89) 0.9
SBDS 1(0.3) 13 (0.8) 0.4 (0.05-2.91) 0.3
SETX 1(0.3) 10 (0.6) 0.5 (0.06-3.88) 0.5
SMARCA4 1(0.3) 0 n.d. n.d.
TLR2 1(0.3) 1(0.1) 5.0 (0.31-79.75) 0.2
TLR4 1(0.3) 2(0.1) 2.5(0.23-27.49) 04
XRCC1 1(0.3) 7(0.4) 0.7 (0.09-5.77) 0.7
All carriers 40 (12.0) 104 (6.3) 1 - -

1 only frequency of germline variants in genes found in HCC group is shown. 2 a patient carrying simultaneous
RADS50 and ATRIP germline variant. n.d.: not defined. Statistically significant differences between variant
frequencies of patients and controls are highlighted in bold.
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3.2. Clinical Characterization of PV Carriers

Patients with PVs in established CPGs, candidate CPGs, or in MRN complex genes
differed from the variant non-carriers neither in demographic characteristics (age, cause
of cirrhosis or occurrence of HCC in non-cirrhotic liver, diabetes or obesity), nor in tu-
mor characteristics (angioinvasion, cholangiogenic differentiation, recurrence after liver
transplantation). Moreover, the variant carriers did not present an increased frequency
of multiple primary tumors (either before or after the liver transplantation) or a higher
rate of primary malignancies in their first-degree relatives (Supplementary Table S3). The
survival of patients was comparable between non-carriers and carriers of established CPG,
candidate CPG and MRN genes (Supplementary Figure S1).

4. Discussion

In this single-center study, we performed germline genetic testing on 334 patients with
HCC indicated for liver transplants. PVs in the analyzed genes were found in 47 /334 (14.1%)
patients; however, only 7/334 patients (2.1%) carried a PV in established high-to-moderate
CPGs. Of these genes, only variants in FH can be considered as high-penetrant and were
previously described in HCC patients [10]. Moreover, NBN was the most frequently altered
gene (Table 3) with four identified carriers of a recurrent Slavic c.657del5 variant [22] that
moderately increases the risk of various cancer types in our population [11,23]. The NBN
gene encodes for a protein stabilizing the MRN complex that regulates double-stranded
DNA break repair [24]. Interestingly, we also identified three HCC patients who carried a
PV in RAD50 encoding another MRN complex protein. Thus, in total, seven (2.1%) HCC
patients carried a PV in MRN complex genes compared to only 7/1662 (0.4%) controls
(p = 0.001). While PV carriers in NBN and RAD50 were observed also in previous HCC
studies (Table 4), none was found in MRE11, the third gene of the MRN complex; however,
its germline variants are rare [25]. Interestingly, germline variants in NBN were linked to
HCC susceptibility in cirrhotic patients with chronic HBV infection previously [26,27]. In
animal models, an increased formation of liver tumors was observed in mice hemizygous
for the Nbn gene [28]. These findings suggest the possible involvement of the MRN complex
in HCC development; however, further research, including mechanistic studies of HCC
pathogenesis and large analyses in HCC patients are required.

The overall frequency of PV carriers in our HCC patients (14.1%) corresponds to
the results published previously (Table 4) by Mezina et al. [10], who identified 25/217
(11.5%) carriers in prospective and 30/219 (13.7%) in retrospective cohorts of HCC patients.
Another small study by Uson Junior et al. identified seven (15.9%) PVs in a set of 44 HCC
patients [9]. However, the panel of genes analyzed in these studies varied, with ours being
the largest (Table 4). The proportion of deleterious variants declined when only PVs in
high-to-moderate CPGs were considered (Table 4). However, unlike ours, Mezina et al.’s
retrospective study identified nine patients with germline BRCA1/BRCA2 variants (entirely
absent in our cohort) and four patients with germline alterations in Lynch syndrome genes.

The varying frequencies of PV carriers (2.1-11.4%) in high-to-moderate CPGs in the
abovementioned studies reflect different enrollment criteria and diverse characteristics of
the HCC cohorts. While HCC patients in three studies (this report, the prospective arm of
Mezina et al.’s study, andUson Junior et al.’s study) were first enrolled and germline genetic
testing was performed subsequently, individuals with the HCC diagnosis were selected
retroactively from a large dataset of patients (analyzed in the commercial laboratory; Invitae)
in the retrospective arm of the study by Mezina et al. Prospective studies were characterized
by a low frequency of PVs in the genes conferring high overall cancer risk (APC, BRCAI,
BRCA2, PALB2, Lynch syndrome genes) that are routinely tested for hereditary cancer
syndromes (Table 4). In contrast, carriers of PVs in such genes were enriched in the
retrospective (Invitae) cohort in Mezina et al.’s study [10]. We speculate that the HCC
diagnosis among carriers from this retrospective cohort may represent a confounding
event in individuals with HCC risk factors (alcohol abuse, HBV/HCV infections, etc.).
Additionally, compared to our data (Supplementary Table S3), the HCC patients in Mezina
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et al.’s study are characterized by a high frequency of individuals with second primary
tumors (17.1 vs. 38.4% in the prospective study) and a high frequency of analyzed patients
with positive family cancer history (39.2 vs. over 80% in both prospective and retrospective
studies). Also, the retrospective study of Mezina and colleagues included an unusual
proportion of female patients compared to their prospective study and our report (56.2 vs.
16.8 and 22.6%, respectively). Moreover, it is possible that the proportion of PV carriers in
highly penetrant genes in our study is artificially lower due to the potential early onset of
their first cancer before HCC (median age of our cohort is 63 years). Thus, these PV carriers
would develop HCC as their second tumor and, hence, they would not be eligible for liver
transplantation, referred to the specialized tertiary care center and included in our study.

Table 4. Comparison of germline panel studies in HCC patients. The table describes only genes that
were analyzed in at least two cohorts and where a carrier of heterozygous PV was found. Established

high-to-moderate cancer predisposition genes are highlighted in bold letters.

This Study;

Uson Junior et al. 2022

Mezina et al. 2021 (Prospective)

Mezina et al. 2021
(Retrospective)

N (%) (Ref. [9]); N (%) (Ref. [10]); N (%) (Ref. [10]); N (%)

HCC patients

analyved (N) 334 44 217 219

Genes analyzed (N) 226 83 134 1-154
APC 0 0 0 2 (0.91)
ATM 0 0 0 1 (0.46)
BARD1 0 1(2.27) 0 1(0.46)
BLM 2 (0.59) 0 0 0
BRCA1 0 0 0 1 (0.46)
BRCA2 0 0 2(0.92) 6 (2.74)
BRIP1 0 0 4*(1.84) 1(0.46)
CDKN2A 0 1(2.27) 0 0
CHEK2 0 0 3*(1.38) 2 (0.91)
FANCA 1(0.29) na. 5 (2.30) 1(0.46)
FANCD? 1(0.29) na. 2(0.92) 0
FANCG 1(0.29) na. 0 0
FANCM 0 na. 1*(0.46) 0
FH 1(0.29) 0 0 2 (0.91)
HOXBI13 1(0.29) 0 0 0
MITF na. 1(2.27) 1*(0.46) 1(0.46)
MLH3 1(0.29) na. 0 0
MSH2 0 0 0 2 (0.91)
MSH3 2(0.59) na. 1*(0.46) 0
MSH6 0 0 1 (0.46) 0
MUTYH 0 0 3(1.38) 2(0.91)
NBN 4 (1.19) 2 (4.54) 0 2 (0.91)
NF1 0 0 1 (0.46) 0
NTHL1 na. 0 0 1(0.46)
PALB2 0 0 0 3(1.37)
PMS2 1(0.29) 0 1 (0.46) 0
RAD50 3+ (0.89) 1(2.27) 1(0.46) 0
RADS51D 0 1(2.27) 0 0
RET 1(0.29) 0 0 0
SLX4 2(0.59) na. 0 0
SMARCA4 1(0.29) 0 0 0
TMEM127 0 0 1% (0.46) 0
TP53 0 0 0 2 (0.91)

Established PV

carriers in CPG * 721D 5(11.4) 12 (5.5) 25 (11.4)

All carriers (referred 47 (14.1) 7 (15.9) 25 (11.5) 30 (13.7)

in the study; N)

n.a.—not analyzed; * double-variant carrier of RAD50 and ATRIP (not shown in this table) in this study (Table 2);
CHEK2 and BRIP1, FANCM and TMEM127, MITF and MSH3 in [8]. Established high-to-moderate cancer
predisposition genes are highlighted in bold letters.

For additional evidence, we looked for HCC patients from the Czech CZECANCA
consortium database [29]. Among 10,480 cancer patients, we identified 20 individuals with
HCC diagnosis of which two were PV carriers in established CPGs (BRCA1 and CHEK?Z;
Supplementary Table 54). These findings resemble results from Mezina et al.’s retrospective
study [10] indicating that PVs in HCC patients are likely found incidentally and can hardly
be considered a genetic cause of HCC. It is of note that the risk for HCC development has
not been estimated (or even documented) for any of the CPGs mentioned in this report. The
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results of our study support previous assumptions expecting a low hereditary component
of HCC.

Mezina et al. also suggested germline variants in FANCA and BRIP1 as candidates
for HCC susceptibility. While the frequency of FANCA variants was comparable among
our HCC patients and PMC, BRIP1 variants were not detected in our study. Moreover, we
found rare germline variants in PMS1 [30], and other DNA damage response (DDR) genes
ERCC2 and XRCC1 (associated with an increased risk of liver cirrhosis and its potential
transformation into HCC in HBV-positive patients) [26,27], but we failed to identify PVs in
other CPGs (including BAP1, DICER1, HNF1A, MET, TERT and VHL) associated with HCC
in other studies [31-36].

Concerning the clinicopathological characteristics, only 5/334 individuals in our
cohort developed HCC in the non-cirrhotic liver, corresponding to an expected causal effect
of cirrhosis on HCC development. None of the non-cirrhotic patients carried a PV in the
analyzed genes. Due to the low overall frequency of variant carriers, we did not notice
any considerable differences in the carriers’ clinicopathological or tumor characteristics
compared to the non-carriers.

Despite the low frequency of germline variants, germline genetic testing of HCC
patients could be a prospect for precision medicine or targeted therapy. The PV carriers in
Lynch syndrome genes and BRCA1/BRCA2 could benefit from treatment with immune
checkpoint (PD-1/PD-L1 inhibitors) and PARP (PARPi) inhibitors, respectively [9,10].
Moreover, a widening PARPi indication could include the PV carriers in the MRN complex
and/or other DDR genes [37]. Genetic testing might be of particular importance in a
subgroup of HCC patients indicated for liver transplantation. The high lifetime cancer
risk in PV carriers in CPGs could strongly accelerate the development of de novo tumors
in immunosuppressed transplant recipients. Several such cases have been reported in
individuals with various organ transplantation episodically [38—42], but a systematic study
in liver transplantation recipients is still missing. Our study indicates that a larger cohort of
HCC patients indicated for liver transplantation will be required to perform such analysis
due to the low frequency of PV carriers in CPGs among the patients. However, it must be
stressed that genetic testing results must not influence liver transplantation eligibility.

The strength of this study includes the rigorous enrollment of well-characterized HCC
patients unbiased from the recruitment of patients indicated for germline genetic testing.
The study was limited by the predominance of younger liver transplant candidates with less
advanced HCC, complying with the criteria for liver transplantation. The germline genetic
testing was limited to the 226 cancer-predisposition genes included in the CZECANCA
panel, which was designed for the analysis of cancer predisposition but does not cover some
of the known cirrhosis-predisposing genes (i.e., APOB, HFE, PNPLA3, SERPINAT) [43-47].

5. Conclusions

We conclude that the low overall prevalence of PV carriers makes germline genetic
testing in HCC diagnosis rather unnecessary unless the patients fulfil other criteria for
germline genetic testing (including the presence of indicative second primary tumors or
positive family cancer history). However, germline genetic testing might be considered for
liver transplant recipients to reduce late mortality from de novo malignancies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cancers15010201/s1, Figure S1: Survival of variant carriers in
(A) established genes, (B) candidate genes, (C) MRN genes compared to non-carriers, Table S1:
List of CZECANCA consortium members; Table S2: List of 226 genes included in the CZECANCA
panel (and used transcription variants), divided into two groups based on their clinical significance;
Table S3: Clinicopathological characteristics in 334 HCC patients’ subgroups of carriers of PVs in
cancer-predisposition genes (any CPG) and non-carriers (None); Table S4: Characterization of HCC
patients from retrospective CZECANCA consortium database.
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