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Abstrakt

Karcinom pankreatu (PDAC) patii mezi nddorovd onemocnéni s jednou z nejhorsich
prognoz. Karcinom endometria (EC) je nejcastéjSim gynekologickym nadorovym
onemocnénim. Genetické pozadi u nadorovych onemocnéni je vysoce heterogenni a lisi se

mezi populacemi.

Vysetfili jsme DNA 226 pacienti s PDAC a 527 pacientek s EC pomoci panelového
sekvenovani nové generace. Cilové geny jsme rozd¢lili na hlavni predispozi¢ni geny (11 pro
PDAC, 19 pro EC) a ostatni kandidatni geny. Pacientky s EC byly rozdéleny do skupin na
zéklade splnéni indikacnich kritérii k zarode¢nému genetickému testovani. Pouzili jsme dvé
skupiny populacné specifickych kontrol (kontroly bez nddorového onemocnéni a populacni

kontroly).

Zarodecné patogenni varianty (PV) v hlavnich predispozi¢nich genech byly nalezeny
u 18 (8,0 %) pacientti s PDAC. Nejcastéji mutovanym genem byl BRCA2 (50 % nosici).
Signifikantn¢ zvySené riziko vzniku PDAC bylo u nosi¢i mutaci v genech BRCAI
(OR=10,4; p = 0,04), BRCA2 (OR = 6,4; p = 0,0009) a CHEK2 (OR = 17,5; p = 0,003).
Piitomnost mutace v genech podilejicich se na procesech homologni rekombinace byla
spojena s lepsi dobou preziti pacientli. U pacientek s EC byly zarodecné PV v hlavnich
predispozi¢nich genech nalezeny v 60 (11,4 %) ptipadech. Nosicky mutaci v genech
Lynchova syndromu (LS) mély vyznamné zvysené riziko EC (OR = 22,4; p =1,8x107"7).
Dalsi geny asociované se zvySenym rizikem vzniku EC byly BRCAI (OR =3,9; p =0,001),
BRCA2 (OR =17,4; p=0,002) a CHEK?2 (OR = 3,2; p = 0,04). Nosi¢ky mutaci v LS genech
mély nizsi vék diagndzy EC nez pacientky bez mutace (51,0 vs. 61,4 let, p = 0,01). 28,3 %
nosi¢ek PV v klinicky relevantnich genech nebylo zachyceno soucasnymi indikacnimi

kritérii ke genetickému testovani.

Vysledky této prace ukazuji vyznam genetického testovani pacientli s nadorovymi

onemocnénimi.

Klicova slova: hereditarni nadorova predispozice, duktalni adenokarcinom pankreatu,

karcinom endometria, sekvenovani nové generace, panelové sekvenovani, zarode¢né mutace



Abstract

Pancreatic adenocarcinoma (PDAC) has one of the worst prognoses out of all cancers
worldwide. Endometrial carcinoma (EC) is the most common gynecological cancer. Genetic

background of tumors is highly heterogenous and differs among populations.

We have analyzed DNA of 226 PDAC patients and 527 EC patients using panel next-
generation sequencing. Targeted genes were divided into main predisposition genes (11 for
PDAC, 19 for EC) and other candidate genes. EC patients were categorized based on
meeting the indication criteria for germline genetic testing. Two sets of population-matched

controls were used (controls with negative cancer history, and general population controls).

Germline pathogenic variants (PV) in main predisposition genes were identified in
18 (8.0%) PDAC patients. The most mutated gene was BRCA2 (50% of carriers). PDAC risk
was significantly elevated in carriers of PV in BRCAI (OR = 104, p = 0.04), BRCA2
(OR=6.4, p=0.0009), and CHEK?2 (OR = 17.5, p = 0.003). Germline mutations in genes
participating in homologous recombination processes were associated with improved overall
survival of patients. Among EC patients there were 60 (11.4%) carriers of PV in main
predisposition genes. Carriers of PV in Lynch syndrome (LS) genes had markedly elevated
risk of developing EC (OR = 22.4, p = 1.8x107'7). Other genes associated with higher EC
risk were BRCAI (OR = 3.9, p = 0.001), BRCA2 (OR = 7.4, p = 0.002), and CHEK?
(OR=3.2, p = 0.04). Carriers of LS gene mutations had lower age of EC onset than
non-carriers (51.0 vs. 61.4 years, p=0,01). 28.3 % of PV carriers in clinically relevant genes

did not meet any indication criteria for germline genetic testing.

The results of this thesis emphasize the importance of genetic testing of patients

suffering from oncological disease.

Key words: hereditary predisposition to cancer, pancreatic ductal adenocarcinoma,

endometrial cancer, next-generation sequencing, panel sequencing, germline mutation
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1. Teoreticky uvod

1.1. Nadorova onemocnéni

Maligni nadory jsou genetickd onemocnéni charakterizovana zejména svym
nekontrolovatelnym rlstem napfi¢ okolnimi tkdnémi. Nadorova onemocnéni tak Cini bez
ohledu na vystavbovy plan téla, vramci nc¢hoz jsou jednotlivé buiky organismu
organizovany do funk¢énich celkti (tkani, organd, organovych soustav). DodrZeni
vystavbového planu je za béznych okolnosti zajist€éno pomoci komplexni bunécné
signalizace, ato jak na lokdlni mezibunétné urovni, tak celotélové Urovni pomoci
hormonalni regulace (Novotny et al., 2019). Samotné bunky tkani a organii jsou udrzovany
v dynamické rovnovaze mezi tvorbou novych bun€k azanikem bunck starych
(senescentnich) ¢i poskozenych. Tato dynamicka rovnovaha se nazyva tkanova homeostaza.
Maligni nddorovd onemocnéni vznikaji, je-li tkdniova homeostdza poruSena ve prospéch

prezivani a ristu (Novotny et al., 2019).

Aby bunka organismu prosla pfeménou v maligni nddorovou buiiku, neboli aby
prosla maligni transformaci, musi u ni dojit k selhani kontrolnich mechanismt tkanové
homeostazy. Mezi takovéto mechanismy patii regulace pribéhu bunééného cyklu, limit
celkového mnozstvi mitdz, kterymi mtize bunka prochazet, nebo indukce bunécné smrti
(apoptozy). Selhani zminénych kontrolnich mechanismi je vysledkem poruseni funkce
zucastnénych proteind, typicky na zakladé¢ zmén v genech, které je koduji (Foretova et al.,
2022). Za iniciaci maligni transformace bunky tak stoji postupna akumulace somatickych
(v pribéhu zivota ziskanych) mutaci v bunéném genomu. V piipad¢ hereditarnich
nadorovych onemocnéni k maligni transformaci pfispivaji i mutace zdédéné. Mutace mohou
mit jak charakter zimén jednoho nukleotidu DNA nebo kratkych inzerci/delect, tak i velkych
genomovych ptestaveb. Pro maligni transformaci jsou klicova poskozeni funkce dvou
hlavnich skupin genti: protoonkogent, které koduji proteiny pozitivné ovlivitujici bunéény
rust a pfezivani, a tumor supresorovych genti, které plisobi proti u¢inku prootonkogenti,
limituji tedy bunécéné dé€leni, indukuji apoptdzu, ptipadné rozpoznavaji poskozeni DNA

a opravuji je (Novotny et al., 2019).

Aby se protoonkogen zmeénil v onkogen a zacal prispivat k procesu maligni
transformace, je u n¢ho nutna aktiva¢ni mutace jedné jeho alely (Torry and Cooper, 1991).

Mutace v protoonkogenech tedy maji dominantni charakter. Zarode¢né mutace



v protoonkogenech se témet nevyskytuji, jelikoz aktivovany onkogen je pfitomen ve vSech
buitkach organismu od jeho zrodu (vyjimkou jsou hereditirni mutace v genech

tyrosinkinazovych receptort RET, MET a KIT) (Tovar and Graveel, 2017).

Aby tumor supresorovy gen zacal ptispivat k maligni transformaci, je u ného potieba
inaktiva¢ni mutace obou alel. Tento proces je zndmy jako Knudsonova teorie dvou zasahti
(Knudson, 1971). Mutace v tumor supresorovych genech se tedy na bunécné irovni chovaji
recesivne. Naprosta vétSina dédiénych mutaci predisponujicich k nddorovym onemocnéni se

tak nachdzi praveé v tumor supresorovych genech.

V roce 1997 Kinzler a Vogelstein navrhli dvé kategorie tumor supresorovych genti
podle jejich funkce (Kinzler and Vogelstein, 1997). Prvni jsou tzv. gatekeeper geny (n¢kdy
prekladany jako strazné geny), které se piimo ucastni regulace proliferace. Typickymi
ptiklady takovychto gent jsou 7P53 nebo RBI. Inaktivace obou alel gatekeeper gent
prispiva pfimo ke ztraté kontroly nad bunécnym délenim a k maligni transformaci. V ptipadée
pritomnosti zarodecné mutace jedné alely sta¢i somaticka inaktivace druhé, zpravidla
epigeneticky nebo v ramci velké prestavby. K nddorovému onemocnéni tak dochazi velice
brzy v zivoté nosi¢e mutace, typicky jiz beéhem détstvi (dédi¢ny retinoblastom, Lidv-
Fraumeniho syndrom). Riziko vzniku nadort pro nosice zarodecnych mutaci v téchto
genech je mnohondsobné zvysSeno (10-100x) (Foretova et al., 2022). Gatekeeper geny
a jejich role v maligni transformaci odpovidaji Knudsonové teorii dvou zésahti. Oproti
gatekeeper genlim stoji caretaker geny (n¢kdy piekladany jako spravcovské), které
zodpovidaji za integritu a stabilitu genomu. Typickymi piiklady caretaker genti jsou geny,
jejichz proteinové produkty se ucastni DNA opravnych drah. Inaktivace obou alel caretaker
genu nepiispiva primo k maligni transformaci, ale zvysSuje Sanci budouciho poskozeni jiného
genu, at’ uz protoonkogenu, nebo gatekeeper tumor supresorového genu. Nosici zdrode¢nych
mutaci v caretaker genech vyvijeji nddorové onemocnéni az v dospélosti (Foretova et al.,

2022).

Mutace genomu lze rovnéz rozdélit na tzv. ,,driver” mutace, tedy mutace aktivné
podporujici kancerogenezi, a ,,passenger” mutace, které vznikaji diky zvySené nestabilité

genomu, ale nemaji pfimy vliv na pfezivani nadorové tkané (Vogelstein and Kinzler, 2015).

Aby mohlo dojit k transformaci bézné buiiky organismu v buitku maligniho nadoru,
musi tato butika postupné prekonat jednotlivé bariéry kontrolnich mechanismu a ziskat tak

charakteristické rysy naddorové bunky, takzvané ,,hallmarks of cancer®. Tyto typické rysy
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poprvé shrnuli Hanahan a Weinberg v roce 2000 a postupné je v dalSich dvou publikacich
doplnovali o nové poznatky az do celkového poctu 14 rysi (Hanahan and Weinberg, 2000,
Hanahan and Weinberg, 2011, Hanahan, 2022). Ptehled vSech 14 charakteristickych ryst je

na obrazku 1.

Mezi prvnich Sest charakteristicky ryst, definovanych jiz vroce 2000, patii
udrzovani signadlu k proliferaci bunky. Pravdépodobné jeden z nejtypictéjSich projevi
nadorového onemocnéni je pravé jeho rist. Nadorova buika si ho zajiStuje upravou
vnitrobunéénych signalnich kaskad, at’ uz tvorbou vlastnich rstovych faktord, zvySenim
mnozstvi odpovidajicich povrchovych receptori nebo modifikaci signalni drahy, aby
neustaval signal k déleni. S udrzovanim signalu k proliferaci souvisi i necitlivost k rlistovym
supresortim. Jedna se o obejiti kontrolnich bodl bunééného cyklu, jako je naptiklad kontrola
integrity DNA. Typickym projevem maligniho nadoru je rovnéz rezistence k apoptéoze —
mechanismu vedoucimu k sebedestrukci buiiky. Bézna buiika organismu je omezena v poctu
bunécnych de€leni, které mize za svlij zivot podstoupit (tzv. Hayflickav limit). Dalezitou
vlastnosti nddorové bunky je tedy pfekonani této piirozené bariéry za dosazeni replikacni
nesmrtelnosti. Nadorova tkan podobné jako bézna tkan vyzaduje pfisun zivin a kysliku,
stejné jako odbytisté pro odpadni latky. Pro nador je tak nezbytné ziskat schopnost indukovat
angiogenezi, neboli tvorbu novych krevnich cév. Jako posledni z ptivodnich Sesti typickych
rysti nadorového onemocnéni je schopnost invaze do tkani v bezprosttednim okoli i do tkdni

vzdalenych (metastaze) (Hanahan and Weinberg, 2000).

V roce 2011 doplnili Hanahan a Weinberg seznam ,,hallmarks of cancer* o dalsi dva
charakteristické rysy a dva podpiirné rysy, které umoznuji vznik ostatnich. Mezi dva nové
rysy patii deregulace energetického metabolismu, béhem né¢hoz nadorova tkan vyuziva pro
zisk energie vyhradné anaerobni glykolyzu (tzv. Warburglv jev). Druhym rysem je
oklaméni imunitniho systému, ktery je jinak schopny identifikovat nadorové buiky
a eliminovat je. Mezi dva podplrné mechanismy patfi chronicky zanét, ktery je sice
projevem imunitniho systému, ale paradoxné muze prispivat k maligni transformaci,
zejména diky zvySené koncentraci rastovych a proangiogennich faktori v misté zanétu.
Druhym podpiirnym faktorem je nestabilita genomu, charakterizovana Spatnou funkci DNA
reparacnich drah, ¢imZ je umoznéno hromadéni somatickych genetickych variant, které by

za béznych podminek byly rozpoznany a opraveny (Hanahan and Weinberg, 2011).



V roce 2022 rozsifil Hanahan seznam ,hallmarks® o dals§i ¢tyii rysy. Popisuje
naptiklad, Ze vznikajici nddorovd bunka mulze pomoci ziskané schopnosti fenotypové
tvarnosti prochazet dediferenciaci do jinak nepfistupné formy progenitorovych bunék.
Hanahan rovnéz upozoriiuje na roli, kterou hraje mikrobiom jednak obecné na zdravi
areakci na onemocnéni, ale i na ovliviiovani maligni transformace. Mikrobiom muze
nadorova onemocnéni ovliviiovat jak pozitivné, tak negativné, a to pisobenim ristovymi
faktory, zanétem, ptipadné rezistenci k terapii. DalSim rysem pfispivajicim ke vzniku nadort
jsou epigenetické zmény. V reakci na okolni prostfedi (napt. hypoxii) miize epigenetickymi
mechanismy dojit ke zméné fenotypu bunky, ktery pfispivd ke vzniku nadorového
onemocnéni. Jako posledni je zminéna role senescentnich bun¢k v nddorové transformaci.
Senescence je proces, béhem néhoz buiika nevratné prechdzi do stavu, kdy se jiz nemuze
dale délit. Predstavuje tak obranny mechanismus proti maligni transformaci. Samotné
senescentni buiiky ovSem sekretuji molekuly (chemokiny, cytokiny), které mohou pfispivat

k tvorbé nadorti (Hanahan, 2022).

Udrzovani Necitlivost k
signalu k rustovym
Urnosnéni proliferaci supresoram
fenotypové Epigenetické
zmény

tvarnosti
Deregulace (7 L 4
energetického b "4

Oklamani
imunitniho
metabolismu systému
\A
Rezistence Umlglfnveql
k apoptoze replikaent
nesmrtelnosti
Zz3,
Nestabilita "@» Zanét
genomu
Senescentni Pglqurfni
buriky mikrobiomy
Indukce Invazivita a
angiogeneze  schopnost
metastazovani

Obrazek 1. Prehled charakteristickych rysi maligniho nddorového onemocnéni.
Ptevzato a upraveno z (Hanahan, 2022).



1.2. Opravy poskozeni DNA

Nadorova onemocnéni jsou zpuisobena poskozenim a modifikaci genomové DNA.
K takovym poskozenim dochazi plisobenim fady faktori endogenniho a exogenniho
puvodu. Mezi endogenni poSkozeni patii naptiklad chyby béhem replikace, spontanni
deaminace bazi, spontanni hydrolyza N-glykosidové vazby mezi deoxyribézou a dusikatou
bézi za tvorby abazického mista &i ptisobeni endogennich reaktivnich forem kysliku. Casté
jsou rovnéz poruchy vzniklé Spatnou funkci DNA topoizomeraz nebo replikacni vidlice.
Mezi exogenni genotoxické vlivy pak muizeme fadit rizné formy zatfeni (UV zéfeni,
ionizujici zafeni), chemické kancerogeny (polycyklické aromatické uhlovodiky, azbest),

nebo i biologické faktory (onkogenni viry) (Chatterjee and Walker, 2017).

Protoze pro spravnou funkci buniky je nezbytnd spravnd struktura a neporuSenost
DNA, vyvinula se fada reparacnich mechanismi, které¢ maji za cil nachazet specifické druhy
poskozeni DNA a opravovat je. Mezi tyto DNA reparacni drahy patii mechanismy, které
maji za cil odstranit jednoduché kovalentni modifikace bazi (pfimé opravy), mechanismy
opravujici komplexnéjsi poskozeni nukleotidd, jednotfetézcové zlomy (excizni reparace,
oprava chybné sparovanych bazi) a zdvazné dvoutetézcové zlomy (nehomologni spojovani

volnych koncii, homologni rekombinace) (Wright et al., 2018, Fishel, 2015).

Zasazeni funkce DNA reparacnich proteini tak umoznuje hromadéni somatickych

mutaci, které mohou vést k maligni transformaci buiiky.
1.2.1.Pfima oprava bazi

Piima oprava bazi spociva v opravach aduktl bazi, aniz by bylo zasaZeno do samotné
struktury DNA fetézce. Jsou znamy dvé riizné tfidy enzymu provadéjici pfimou opravu bazi.
Prvni z nich je O®-alkylguanin-DNA-alkyltransferaza (AGT/MGMT), ktera opravuje O-
alkylaci bazi. Typickou formou alkylace je O°-methylace, ethylace nebo 2-chloroethylace.
MGMT je transferdza, ktera odstrani alkylovy zbytek z kysliku baze (typicky guaninu) na
cysteinovy zbytek v katalytickém misté (Kaina et al., 2007).

Druhou tfidou enzymii pfimé opravy bdzi ptredstavuje AlkB dioxygenaza, ktera

opravuje N-alkylové adukty. AlkB odstraiiuje methylovy zbytek jeho hydroxylaci, coz je



proces zavisly na pfitomnosti a-ketoglutaratu a Fe™ kationtu. Oxidovany methyl je

nasledn¢ uvolnén ve forme formaldehydu (Chatterjee and Walker, 2017, Falnes et al., 2007).
1.2.2.Base excision repair

Base excision repair (BER) opravuje oxida¢ni, deaminacni a alkyla¢ni poskozeni
bazi, stejn¢ jako abazickd mista vznikla spontanni hydrolyzou N-glykosidové vazby. BER
nastava v ptipadech, kdy nema poSkozeni bazi vyrazny vliv na strukturu dvousroubovice
DNA. Probihd zejména béhem G1 faze bunécného cyklu a zacind rozpoznanim mista
poskozeni DNA glykosylazou (napi. MUTYH). Glykosyldza vystépi poskozenou dusikatou
bazi, ¢imz vznika abazické misto. Abazické misto miize byt opraveno dvéma rtznymi

drahami — kratkou drahou nebo dlouhou drahou BER (Chatterjee and Walker, 2017).

Kratkd draha BER wvyuziva Stépeni 5° konce abazického mista za tvorby
jednotetézcového zlomu. Na misto zlomu ptichdazi DNA polymeraza 3, kterd svou lydzovou
aktivitou odstranuje prebyteény deoxyribdzafosfat a nasledné zapliuje vzniklou
jednonukleotidovou mezeru. Retézce DNA jsou spojeny DNA ligazou (Almeida and Sobol,

2007).

Dlouhd draha BER zacind rovnéz Stépenim 5° konce abazického mista. DNA
polymerédza [ tentokrat ale nevyplni jen jednonukleotidovou mezeru, ale syntetizuje delsi
fetézec, kterym vytlacuje vlakno DNA s abazickym mistem. Toto staré vldkno DNA je
odstépeno DNA endonukleazou a opravené fetézce jsou spojeny DNA ligdzou (Chatterjee

and Walker, 2017, Svilar et al., 2011).

Zarodecné mutace v genu MUTYH je spojeny s autosomalné recesivnim syndromem

adenomat6zni polypozy a kolorektalniho karcinomu. (Win ef al., 2014)
1.2.3.Nucleotide excision repair

Nucleotide excision repair (NER) se vyuziva pii poskozeni, které vyrazné narusuje
strukturu DNA dvousroubovice. Mezi takova poskozeni patii naptiklad produkty UV zafeni
(cyklobutanové dimery pyrimidinti) nebo adukty chemickych kancerogenti (napi.
benzo(a)pyrenu). Pribéh NER je odliSny v zavislosti na tom, zda je postizena oblast
transkripéné aktivni (transcription-coupled NER, TC-NER) nebo transkripén¢ neaktivni

(global genome NER, GG-NER). Tyto dvé drahy se lisi zejména ve fazi detekce poskozeni



DNA, zatimco kroky vystépeni defektu, dosyntetizovani DNA a nasledné ligace jsou
spole¢né (Scharer, 2013).

GG-NER vyuziva senzorového proteinu XPC, ktery se nachazi v komplexu s dvéma
proteiny. Jakmile se XPC navaze na misto poskozeni, je rozpozndno transkripénim faktorem
TFIIH, obsahujicim DNA helikdzu XPD, které rozvolni strukturu dvousroubovice DNA.
Vystépeni defektni oblasti je provadéno strukturné specifickymi endonukledzami, které
vystépi usek 24-32 bp obsahujici poSkozené baze. Vznikla mezera je zaplnéna DNA

polymerazami d/¢ a fetézce jsou spojeny DNA ligdzami (Chatterjee and Walker, 2017).

Draha TC-NER je zahajena zastavenim RNA polymerazy II v misté defektu DNA.
Toto misto je diky tomu rozpoznano senzorovymi proteiny CSA a CSB, které odsunuji RNA

polymerazu II a tim uvolfiuji prostor pro naslednou opravu, kterd probiha shodné s GG-NER

(Marteijn et al., 2014).

Ztrata exprese nebo poskozeni funkce nékterych proteini NER drahy jsou spojeny
s autosomalné recesivnimi syndromy: Cockayniiv syndrom (porucha CSA, CSB),

Xeroderma pigmentosum (XPA-G) (Natale and Raquer, 2017).
1.2.4.Oprava chybné sparovanych bazi

Oprava Spatného sparovani bazi (mismatch repair, MMR) slouzi k opravé chyb DNA
polymerazy béhem replikace. Samotnd DNA polymeraza je diky své exonukledzové aktivité
velice presny enzym, ktery mé frekvenci chybovosti pfiblizné 1 na 10° az 10'° pari bazi na
bunécné deleni. Aktivita MMR systému zvySuje tuto presnost az 1000x. PoSkozeni funkce
MMR tak mé za nasledek znané zvySené mnozstvi mutaci genomu (Hsieh and Yamane,

2008).

MMR systém opravuje chybné sparované baze, ptipadné malé inserce a delece.
Detekce raznych druhi zmén probihd rizné. Zatimco chybné sparovani bazi je
identifikovano heterodimerem MutSa (sloZenym z proteint MSH2 a MSH6), kratké inserce
a delece jsou rozpoznany heterodimerem MutSP (sloZzenym z proteinit MSH2 a MSH3). Po
nasednuti na misto zmény dimery MutSo/MutSp interaguji s heterodimerem MutLa
(slozenym z proteint MLH1 a PMS2) (Baretti and Le, 2018). MutLa mé endonukledzovou
aktivitu, kterou vyuziva k vytvofeni jednoietézcového zlomu na nové vzniklém vldkné

DNA. Misto zlomu je nasledné rozpoznano exonukledzou EXOI, kterd degraduje cast



fetézce DNA s chybou. Vznikld mezera je zaplnéna DNA polymerazou 6 nebo ¢ a volné

konce jsou spojeny DNA ligazou.

Deficience v MMR opravné draze je spojena se syndromem hereditarniho karcinomu
kolorekta, zndmého také jako Lynchtiv syndrom (LS) (viz kapitola 1.4.3.4) (Lynch ef al.,
1988). Typickym ukazatelem Spatné¢ funkce MMR drahy je mikrosatelitovd nestabilita
(MSI). Ta vznika v repetitivnich oblastech (opakovani motivil jednoho az Sesti nukleotidi),
které jsou nachylné na chybu DNA polymerdzy. V nadorové tkéani je pak mozné pomoci
PCR detekovat riizné dlouhé sekvence mikrosatelitl, odliSujici se od germinalnich sekvenci

okolni tkané (De' Angelis et al., 2018).

1.2.5. Opravy dvoufetézcovych zlomu

wewvr

vznikat bud’ ptisobenim fady exogennich genotoxickych vlivl, nebo i endogennimi pochody,
kdy jednotetézcovy zlom piechdzi béhem replikace DNA ve dvoutetézcovy (Pfeiffer ef al.,
2000). Opravy dvoufetézcovych zlom probihaji dvéma zakladnimi zpisoby:

nehomolognim spojovanim volnych koncit DNA nebo homologni rekombinaci.
1.2.5.1. Nehomologni spojovani koncu

Nehomologni spojovani volnych konci DNA (NHEJ) pfedstavuje hlavni zplsob
opravy dvoufetézcovych zlomi. Jedna se o rychly, ale chybovy proces, ktery je vyuzivan
zejména v GO a G1 fazich bunééného cyklu. NHEJ probihéa ve dvou hlavnich formach, které
se odliSuji zejména zpisobem upravy konct prerusené DNA. Kanonickd cesta NHEJ je
zahdjena plisobenim DNA proteinkindzy (DNA-PK) a zahrnuje jen malé Upravy konct
vlaken. Oproti tomu dréha alternativni NHEJ mutze zptGsobovat vyrazna poskozeni DNA

(Chang et al., 2017).

Béhem kanonické drahy NHEJ je misto dvoufetézcového zlomu rozpoznano
heterodimerem Ku70/Ku80, ktery se na misto zlomu vaze. Slouzi jako strukturni prvek pro
dalsi slozky NHEJ. Na Ku70/Ku80 naseda DNA-PK, kterd fosforyluje histon H2AX.
Fosforylovany H2AX je typickym pozndvacim znamenim dvoufetézcového zlomu a je
nezbytny pro zahdjeni jeho opravy. Na fosforylovany H2AX pfichazi exonukleaza
DCLREIC, ktera upravuje konce DNA. Vzniklé mezery jsou doplnény DNA polymerazami
ua A a vytvorené fetézce jsou spojeny DNA ligazou (Chatterjee and Walker, 2017).
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1.2.5.2. Homologni rekombinace

Draha homologni rekombinace (HR) umoziluje velice piesnou opravu
dvouretézcovych zlomi DNA, a to diky vyuziti homologniho seku sesterské chromatidy
coby templatu pro syntézu nového vldkna v postizeném misté. HR tak miize probihat pouze

v S a G2 fazi bunécného cyklu, kdy je sesterska chromatida k dispozici.

HR je zahgjeno trimernim MRN komplexem, slozenym z exonukleazy MREI1,
RADS50 a NBN. MRN komplex rozpoznava misto zlomu a vdze se na n¢j. Na MRN se
nasledné¢ vaze ATM, ktery fosforyluje histon H2AX. Na fosforylovany a nasledné
ubikvitinovany histon H2AX nasedd BRCA1 a BRIPI, ktery aktivuje DNA exonukledzu
(Chatterjee and Walker, 2017). Pocate¢ni resekce DNA a nésledujici rozsahlé resekce
(stovky kb) jsou provadény raznymi DNA nukledzami. Vznikla jednovldknovd DNA je
obalena RPA proteiny, aby nevznikaly sekundarni struktury. RPA proteiny jsou nasledné
nahrazeny rekombinazou RADS5I. RADS51 za pomoci BRCA2 aPALB2 vytvafi
nukleoproteinovou filamentarni strukturu, kterd ptenasi preruseny tetézec DNA do oblasti
homologniho useku na sesterské chromatidé€. Syntéza vlakna DNA podle templatu sesterské

chromatidy je provadéna naptiklad DNA polymerazou 6 (Wright et al., 2018).

S pfispénim proteintt HR dradhy probiha také oprava kovalentnich spojii mezi fetézci
DNA. Tato poskozeni brani prubéhu replikace a transkripce. Na jejich rozpoznani a oprave
se podileji geny Fanconiho anemie (FA), jejichz proteinové produkty vytvareji rozsahly
aktivacni komplex. Oblast mezifet¢zcového spoje je detekovana proteiny FANCM
a FAAP24, které iniciuji tvorbu centralniho komplexu (FANCA/B/C/E/F/G/FAAP100).
Centralni komplex =za asistence ubikvitinligaizy FANCL ubikvitinuje heterodimer
FANCI/FANCD?2, ktery nasledné aktivuje enzymy SLX4 (FANCP), XPF (FANCQ) a dalsi
proteiny, které se ucastni i HR drahy: BRIP1 (FANCJ), PALB2 (FANCN), BRCA2
(FANCDI), BRCA1 (FANCS), RAD51C (FANCO) (D'Andrea and Grompe, 2003).

Heterozygotni zarodecné mutace v genech HR drahy jsou spojeny zejména
s hereditarnim karcinomem prsu a ovaria (HBOC; naptiklad BRCAI, BRCA2, PALB2)
(Claes et al., 2004, Peterlongo et al., 2011). Homozygotni inaktivace genu ATM vede
k onemocnéni ataxia telangiectasia (Rothblum-Oviatt et al., 2016). Homozygotni zarode¢né
mutace v genech ucastnicich se oprav mezifetézcovych spojlii, mezi nézZ mimo jiné patii i

zminéné geny BRCA1/2 a PALB2, zpGsobuji onemocnéni FA (Nalepa and Clapp, 2018).
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1.3. Dé&di¢na nadorova onemocnéni

Nédorova onemocnéni vznikaji postupnou akumulaci somatickych variant v genomu
buiiky. Pfiblizné 90-95 % vSech nddorovych onemocnéni je podminéno kauzalnimi
mutacemi, které vznikly béhem zivota jedince. V takovém piipadé hovotime o sporadickych
nadorovych onemocnénich. Nicméné, ve zbylych 5-10 % piipadi je vznik nddorového
onemocnéni podminén zdédénou, zarode¢nou mutaci. Takovéto zarodecné mutace mohou
vyrazné predisponovat jejich nosi¢e ke vzniku nadorového onemocnéni a mohou byt
pricinnou dédi¢nych nadorovych syndromt. Charakteristickym znakem dédi¢nych
nadorovych syndromt je ¢asty vyskyt ur¢itého typu nadorového onemocnéni v rodin€, brzky
vyskyt onemocnéni u nosi¢e mutace a typicky i1 vznik vicecetnych priméarnich malignit u

nosice (Foretova et al., 2022).

Dédi¢na slozka nadorovych onemocnéni se obecné udava jako zminénych 5-10 %,
nicméné pro konkrétni nddorovd onemocnéni muize nabyvat vysSich ¢i niz§ich hodnot.
Napftiklad u karcinomu plic tvoii dédicna forma onemocnéni 3 %, kdezto u karcinomu ovaria

az 25 % (Novotny et al., 2019, Lhotova et al., 2020).

Nadorové syndromy jsou fenotypové heterogennim onemocnénim. Zarodecné
mutace v mnoha riznych genech mohou mit za nasledek podobné projevy (typicky HBOC),
stejn¢ tak se ale zdrode¢nd mutace v jednom genu muze projevovat v ramci zdanlivé
odli$nych syndromt (kuptikladu role genu BRCA2 v predispozici jak ke karcinomu prsu, tak

tieba karcinomu pankreatu) (Foretova et al., 2022).

Pravdépodobnost, Ze se u nosice mutace projevi odpovidajici nddorové onemocnéni,
se oznacuje jako penetrance. Pokud se onemocnéni projevi u vSech nosicl, jedna se o
penetranci Uplnou. Takova penetrance je ale u dédi€nych nadorovych onemocnéni spiSe
vzacna. VétSina dédicnych nadorovych onemocnéni tak ma penetranci netiplnou (Foretova
et al., 2022). Riziko vzniku nddoru se bud’ popisuje jako kumulativni riziko, at uz
celozivotni ¢i k ur¢itému veéku (udédvano v procentech), nebo se popisuje jako relativni riziko
(RR), které tikd, jakou miru rizika vzniku onemocnéni mé nosi¢ mutace oproti bézné
populaci. Zarodecné varianty, které s sebou nesou RR <2, jsou oznacovany jako varianty
s nizkym rizikem. Varianty, které maji RR vzniku naddorového onemocnéni >2 a <5, jsou
variantami se stfednim rizikem a genetické varianty s RR >5 jsou vysoce rizikové varianty

(Foulkes, 2008). Zavislost RR na frekvenci mutaci je vyobrazena na obrazku 2.
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Pokud pro projev nddorové onemocnéni staci zarode¢nd mutace v pouze jedné alele,
hovofime o dominantnim nadorovém syndromu. Typickym ptikladem takového syndromu
jsou napiiklad HBOC nebo LS (kapitoly 1.4.3.3 a 1.4.3.4). Je-li pro projev nadorového
onemocnéni nutné zdédit zarode¢nou mutaci v obou alelach genu, jedna se o recesivni
nadorovy syndrom. Ptikladem recesivniho nadorového syndromu je FA (Foretova et al.,

2022).
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Obrazek 2. Schéma zavislosti relativniho rizika varianty (RR) na alelické frekvenci jejiho
vyskytu v populaci (MAF, minor allele frequency). Pfevzato a upraveno z (Foulkes, 2008,
Manolio et al., 2009).
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1.4. Karcinom pankreatu

1.4.1. Epidemiologie karcinomu pankreatu

Slinivka bfisni je organ s exokrinni funkci (sekrece travicich enzymil) a zaroven
s funkci endokrinni (ostriivky produkujici hormony inzulin a glukagon). Sklada se z hlavy
pankreatu, téla a ohonu. NejcastéjSi formou nadorového onemocnéni pankreatu jsou
karcinomy, tedy nddory pochdzejici z exokrinniho parenchymu. Takovéto tumory tvori
95 % vsSech nadorovych onemocnéni pankreatu, ztoho 80 % piedstavuje duktalni
adenokarcinom pankreatu (PDAC). Zbylych 5 % tvofi neuroendokrinni nadory. PDAC
nejcastéji postihuje hlavu pankreatu (70-80 %), poté télo (20 %) a nakonec ohon pankreatu
(10 %) (Novotny et al., 2019).

Karcinom pankreatu je ctvrtou nejcastéjsi pti¢inou umrti na nddorova onemocnéni
ve vyspélych zemich a je ocekévano, Ze se do deseti let stane druhou nejcastéjsi (Rahib et
al., 2014). PDAC piedstavuje nejcastejsi formu karcinomu pankreatu. Incidence PDAC v
Ceské republice setrvale narista, v roce 2020 tvofila 2504 ptipadis, v piepoétu 23 piipadi
na 100000 osob (obrazek 3, www.svod.cz). Mortalita PDAC dlouhodobé nabyva
podobnych hodnot jako incidence. Za rok 2020 zemfelo na toto onemocnéni 2327 pacientd,
v pfepoctu 22 jedinci na 100 000 osob (obrazek 3). VétSina piipadi PDAC je
diagnostikovdna po 55. roku Zivota (89 %, obrazek 4, www.svod.cz). PDAC ptedstavuje
onemocnéni s jednou z nejhorsich progndz mezi vS§emi nddorovymi onemocnénimi. Pétileté
pteziti pacientii s PDAC je pouhych 7 % a za poslednich 40 let se prakticky nezlepsilo.
Medién preziti se udava na mezi 20-22 mésici (Yabar and Winter, 2016). Diivodi vysoké
mortality je n€kolik. PDAC byva diagnostikovan az v pozdnich stadiich, coz je déno
nespecifickymi nebo zcela chybéjicimi symptomy. V Ceské republice piedstavuji klinicka
stadia III aIV az 77 % vSech diagnostikovanych piipadi (obrazek 5, www.svod.cz).
Schazeji také dostatecné citlivé a specifické tumorové markery, pficemz zobrazovaci
metody (napiiklad endoskopicka ultrasonografie, magnetickd rezonance nebo vypocetni
tomografie) nejsou dostatecné citlivé, aby spolehlivé odhalily karcinom v ranych fazich.
PDAC je agresivni onemocnéni, které je navic odolné vici vétsing 1écebnych postupti, at’ uz
jde o chemoterapii, radioterapii nebo cilenou molekuldrni terapii. Jedinym spolehlivym
zpusobem 1éCby PDAC je chirurgicky zakrok, ktery ale lze provést pouze u pacientli s ranym
stadiem nemoci (stadia I a II). PDAC ma rovnéZz komplexni nadorové mikroprostiedi a ¢etné

genetické a epigenetické zmény. VSechny zminéné faktory tak maji za nasledek zminéné 7%
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pétileté preziti (Kleeff ef al., 2016). Velkou ¢ast prezivSich predstavuji pacienti, ktefi
podstoupili chirurgicky zakrok. U takovychto pacientt je pétileté preziti 15-25 % (He et al.,
2014).

PDAC se projevuje podle lokalizace v ramci slinivky. Pacienti s onemocnénim
zasahujicim pravou stranu pankreatu (hlava, krk) v 75 % trpi Zloutenkou kvili obstrukci
zluCovych cest. Dal§simi symptomy PDAC jsou hubnuti, bolesti bficha a zad, diabetes

mellitus a nevolnost (Yabar and Winter, 2016).
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Obrazek 3. Ktivky incidence (modrd) a mortality (Cervend) pacienti s PDAC od roku
1977. Kfivka incidence PDAC dlouhodobé naristd. Vysokd mortalita PDAC témét
kopiruje kiivku incidence. Udaje ziskany z www.svod.cz.
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Obrazek 5. Procentualni zastoupeni jednotlivych klinickych stadii PDAC v dobé
diagnozy mezi lety 1999-2020. Nejcasteji jsou zastoupena pokrocila stadia (III a IV).
Udaje ziskany z www.svod.cz.
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1.4.2. Patogeneze karcinomu pankreatu

Ke vzniku PDAC pfispivaji jak genetické, tak negenetické faktory. Mezi hlavni
negenetické faktory patii vék. Naprosta vétSina pripadi PDAC nastava po 55. roku Zivota.
Podobné dobie popsanym rizikovym faktorem je koufeni, kdy aktivni kufaci maji zvySené
relativni riziko PDAC RR = 1,7 (Iodice et al., 2008). Vyse rizika je timérnd poctu denné
vykoutenych cigaret. U byvalych kufdkl pak riziko klesa a na béznou populacni hodnotu se
vraci po 20 letech od skonceni koufeni (Yabar and Winter, 2016). Obezita je dalSim
rizikovym faktorem PDAC, stejn¢ jako nizkd fyzickd aktivita a vysoky pfisun tukd.
Konzumace zeleniny a ovoce ma slaby protektivni ucinek (Kleeff et al., 2016). Nepiimé
prispéni k PDAC miZze mit i konzumace velkého mnozstvi alkoholu, ktery je spojen se
vznikem chronické pankreatitidy, ¢imz se riziko PDAC zvySuje az desetkrat. DalSim
faktorem predisponujicim k PDAC je diabetes mellitus, ktery ale mize byt 1 projevem
PDAC. Zatimco dlouhodoby diabetes mellitus zvysSuje riziko PDAC piiblizné dvakrat
(Bosetti et al., 2014), nove vznikly diabetes u starSich lidi miiZze byt naopak zndmkou PDAC
(Bosetti et al., 2014, Chari et al., 2008).

PDAC nejcastéji vznika z pankreatické intraepitelialni neoplazie (PanIN), mize ale
vzniknout 1 z vétSich prekurzorovych 1ézi (intraduktilni papilarni mucinézni neoplazie
[PMN, mucinozni cysticka neoplazie) (Hezel et al., 2006, Tanaka, 2014). Incidence PanIN
stadia 3 je podobnd jako samotného PDAC, coZ naznacuje, Ze pravé tyto premalignity
progreduji na PDAC. Yachida ef al. odhadli dobu vyvoje PDAC na ptiblizné 20 let (Yachida
etal.,2010).

Stadia onemocnéni jsou popsana pomoci TNM Kklasifikace (tabulka 1). Stadia I a II

jsou lokalni a operovatelna, zatimco stadium III je jiz pokrocilé a stadium IV je metastatické.

Mezi genetické faktory predisponujici k PDAC patii jednoznacné rodinny vyskyt
tohoto karcinomu. Rodinna forma PDAC je definovéana jako alespoii dva pfimi piibuzni
s onemocnénim (Klein, 2012). Jedinec, v jehoz pifimé rodiné se vyskytuji tii ptipady PDAC,
ma kumulativni riziko tohoto onemocnéni 40 %. Pro dva piimé ptibuzné je toto riziko 10 %

a pro jednoho 6 % (Klein ef al., 2004).
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Tabulka 1. Definice stadii karcinomu pankreatu. Pfevzato a upraveno z
(Yabar and Winter, 2016, Edge and Compton, 2010, Novotny ef al., 2019)

T kategorie Primérni nador

X Primérni nador nelze hodnotit.

TO Bez znamek primarniho nadoru.

Tis Karcinom in situ.

T1 Nador <2 c¢m, omezen na pankreas.

T2 Nador > 2 ¢cm, omezen na pankreas.

T3 Nédor infiltruje okolni tkané.

T4 Néador infiltruje visceralni tepny.

N kategorie Regionalni mizni uzliny

NX Regionalni mizni uzliny nelze hodnotit.
NO Nejsou zasazeny mizni uzliny.

N1 Metastazy v 1-3 regionalnich miznich uzlinach.
N2 Metastazy v >4 regiondlnich miznich uzlinach.
M kategorie Vzdalené metastazy

MX Vzdalené metastazy nelze hodnotit.

MO Nejsou vzdalené metastazy.

MI1 Vzdalené metastazy.

FIGO stadia

Stadium 0 Tis, NO, MO

Stadium IA T1, NO, MO

Stadium IB T2, NO, MO

Stadium ITA T3, NO, MO

Stadium IIB T1-3, N1, MO

Stadium I1I T4, NO-1, MO

Stadium IV T1-4,NO-1, M1

Béhem kancerogeneze PDAC dochdzi u vice nez 90 % piipadi k aktivaéni mutaci
v KRAS protoonkogenu. Inaktivaéni mutace v tumor supresorovych genech 7P53, CDKN2A
a SMAD4 jsou také bézné, vyskytuji se v 50-80 % ptipadi (Kleeff ez al., 2016).

Pro pacienty svice jak dvéma pfimymi piibuznymi s PDAC, Peutzovym-
Jeghersovym syndromem, LS u jednoho ptimého ptibuzného, nebo u jedinci se zarode¢nou
mutaci (CDKN2A, BRCA2, PALB2, ATM) se doporucuje provadét skreening ultrasonografii
nebo magnetickou rezonanci (Goggins et al., 2020, Yabar and Winter, 2016). V Ceské
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republice jsou dnes vSichni pacienti s PDAC indikovéni na genetické vySetieni zarodecnych

variant.

Sporadicka slozka PDAC je udavana na 90 % vsech ptipadu, pticemz zbylych 10 %
tvoti familiarni ptipady (Turati et al., 2013). Z téchto familidrnich piipadl je ptfiblizné u
20 % diagnostikovan néktery znadmy hereditdrni syndrom (kapitola 1.4.3) (Novotny ef al.,
2019).

1.4.3.Dédicné predispozice ke karcinomu pankreatu
1.4.3.1. Syndrom familiarniho melanomu

Syndrom familidrniho melanomu (FAMMM, familial atypical multiple mole
melanoma) je autozomalné dédi€né onemocnéni, které je charakterizovano velkym
mnozstvim castecné dysplastickych znamének a malignich melanomd u dvou ¢i vice
ptimych ptibuznych (prvniho i druhého stupn€). V rdmci FAMMM dochazi k sou¢asnému
vyskytu dalSich extrakutdnnich nadort. Syndrom je zptisoben zarode¢nou mutaci v genu
CDKN2A4 (OMIM #600160). Tento gen ma 10 exont, je lokalizovan na 9p21.3 a koduje
proteiny Ucastnici se regulacnich drah bunééného cyklu: p53 regulacni drahy a RB1 dréhy.
CDKNZ24 pomoci alternativniho sestfihu produkuje dva proteiny: p16, ktery je inhibitorem
cyklin dependentni kinazy 4, a p14, ktery interakénim partnerem pro MDM?2 protein, ktery
stabilizuje p53 (Robertson and Jones, 1999). Somatické mutace v CDKN24 se vyskytuji u
83-96 % PDAC tkani (Yabar and Winter, 2016, Jones et al., 2008). PDAC se objevuje u
25 % rodin s FAMMM syndromem. Fenotyp tohoto syndromu byl popséan u 12 % rodin
s vyskytem familiarntho PDAC (Gentiluomo et al., 2022, Bartsch et al., 2002). Nosici
zérode¢nych mutaci v CDKN2A maji vice nez polovi¢ni pravdépodobnost, ze vyvinou
melanom coby prevalentni fenotyp, nikoliv PDAC. Pro rodiny charakterizované vyskytem
melanomu i PDAC se tak zavadi samostatny nadorovy syndrom zvany MPS (melanoma-

pancreatic cancer syndrome, OMIM #606719) (Lynch et al., 2002, Rulyak et al., 2003).

V rodinach, kde se vyskytuji zarode¢né mutace v CDKN24, je 13-22x zvySené riziko
vzniku PDAC (Goldstein et al., 1995, Moskaluk et al., 1998).

Ve studii 225 neselektovanych italskych pacienti bylo identifikovano 5,7 % nosict
zarodecnych mutaci v CDKN2A4. U rodin s familidrnim vyskytem PDAC ale prevalence

nosicu tvotila az 31 % (Ghiorzo et al., 2012).
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Dvé holandské studie se zamétovaly na zarodecné mutace v CDKN2A4 a jejich
spojitost s vyskytem PDAC. V prvni studii byla nalezena founder varianta ¢.225 243del
(delece 19 bp; pl6-Leiden) v exonu 2 proteinu p16. Nosi¢i této mutace méli kumulativni
riziko vzniku PDAC do 75. roku zivota 17 % (Vasen et al, 2000). Druhd studie
identifikovala 172 rodin, ve kterych bylo 649 nosict 15 rtiznych zarode¢nych patogennich
variant. Nejcast¢jsi byla founder mutace pl6-Leiden. Ze 163 rodin s vyskytem zarode¢nych
variant v p16 se PDAC objevil v 95 rodinach (58 %). U rodin, kde se vyskytovaly zdrodecné
mutace postihujici p14, nebyl PDAC detekovan (0/9 rodin) (Overbeek et al., 2021). Nosici
zarode¢nych mutaci v genu CDKN24 méli v této studii kumulativni riziko vzniku PDAC

do 75. roku zivota 19 %.
1.4.3.2. Peutzuv-Jegherslv syndrom

Peutztiv-Jegherstiv syndrom (PJS) je autozomaln¢ dominantni dédi¢né onemocnéni,
které se vyskytuje s incidenci 1:25 000 (Gentiluomo et al., 2022). Toto onemocnéni je
charakterizovano vyskytem hamartomi tlusté¢ho stfeva, zvysenym rizikem vyvoje riznych
druhtt nadorti a pigmentovymi skvrnami na rtech, bukéalni mukdéze ana prstech. Gen,
s kterym je spojen vyskyt az 70 % vSech ptipadi PJS, je STK11 (OMIM #602216). Tento
gen ma 10 exond, je lokalizovan na 19p13.3 a kdduje pro serin/threonin kinazu 11 (433
aminokyselin). STK/1 je také znam pod jménem LKBI a jeho proteinovy produkt jako
jaterni kindza B1. STK11 je tumor supresorovy gen, ktery je zapojen do procesu kontroly
apoptozy v rychle se délicich bunkach. Konkrétni proces, kterym se STK11 podili na

procesu kancerogeneze, je zatim neznamy (Zeqiraj et al., 2009).

Nosi¢i patogennich variant v STK/I maji celozivotni kumulativni riziko vzniku
PDAC 11-36 % a relativni riziko zvySené az 132x (Giardiello et al., 2000, Giardiello et al.,
1987, Boardman et al., 1998, Matsubayashi, 2011, Gentiluomo et al., 2022).

1.4.3.3. Syndrom hereditarniho karcinomu prsu a ovarii

HBOC je asociovan s fadou gentu ucastnicich se DNA reparacnich pochodu, a to
zejména drdhy HR a opravy mezifetézcovych spoji (kapitola 1.2.5.2). NejznaméjSimi
predispozi¢nimi geny pro HBOC jsou vysoce penetrantni BRCAI (OMIM #113705)
a BRCA2 (OMIM #600185).

Gen BRCAI je slozen z 24 exonil a nachdzi se na chromosomu 17q21.31. Jeho

proteinovy produkt je 1863 aminokyselin dlouhy fosfoprotein, ktery v heterodimeru
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s BARDI ziskava E3 ubikvitinproteinligazovou aktivitu (Wu-Baer et al., 2003). Studie
s celkem 11 847 jedinci z 669 rodin stanovila u nosi¢t mutaci v BRCAI relativni riziko
vzniku PDAC na RR = 2,26 (Thompson et al., 2002). Nov¢jsi studie od Mocci ef al. toto
riziko upravila na 4,11% zvySené obecné a do véku 50 let zvySené az 7,75% (Mocci et al.,
2013). Riziko vzniku PDAC u nosi¢it BRCA mutaci je ale nejspis nizsi, jak dokazuje studie
od Axilbund et al., ktefi ve svém souboru 66 pacientli nenasli zddnou mutaci v BRCAI,
a studie od Hruban et al., ktefi stanovili riziko vzniku PDAC u nosi¢t mutace v BRCAI na
RR =2 (Hruban et al., 2007, Axilbund et al., 2009). Vyssi frekvence mutaci BRCAI byla

popséna u pacientii s casnou diagn6zou PDAC (Salo-Mullen et al., 2015).

Gen BRCA?2 se sklada z 27 exonil a je lokalizovan na chromosomu 13q13.1. Jeho
proteinovy produkt je 3418 aminokyselin dlouhy. U PDAC pacientd z HBOC rodin je
popsana zvysend prevalence zarode¢nych patogennich variant v BRCA2 (Murphy et al.,
2002). Relativni riziko PDAC pro nosi¢e mutaci v BRCA2 bylo odhadnuto v intervalu 3,5-
8,0. Riziko bylo zavislé na poctu PDAC piipadii v rodiné (Gentiluomo et al., 2022). V
populaci askenazskych Zidi byla identifikovana rekurentni mutace (c.6174del), u které byla
popsana asociace s vyskytem familidrniho PDAC. Riziko vzniku PDAC v téchto rodinach

bylo az desetinasobné (Ozcelik et al., 1997, Lynch et al., 2004).

Dalsi studie se zaméfily na evropské HBOC rodiny bez Zidovskych kotfend. Murphy
et al. identifikovali 17% frekvenci zarode¢nych mutaci v BRCA2 v péti rodinach, kde >3
rodinnych ptislusnikti mélo ptiznaky PDAC (Murphy et al., 2002). Hahn et al. popsali 19%
frekvenci BRCA2 mutaci ve 26 rodinach, u kterych se objevovali >2 piimi piibuzni s PDAC
diagn6zou (Hahn ef al., 2003).

Nov¢jsi studie z roku 2015 vySetfovala 154 pacientli s PDAC. V této studii bylo
identifikovano 24 zarodecnych patogennich variant (15 %), z nichZ bylo 13 v genu BRCA2
(Salo-Mullen et al., 2015).

PALB2 (OMIM #610355) je gen ucastnici se HR DNA opravné drahy a opravy
mezifetézcovych spojl. Je tvofen 14 exony a lokalizovan je na chromosomu 16p12.2. Jeho
1186 aminokyselin dlouhy proteinovy produkt slouzi jako strukturni prvek pii tvorbé
BRCA1-PALB2-BRCA2 komplexu béhem HR (Sy et al., 2009). Jeho zarode¢né mutace
jsou spojeny zejména s predispozici ke karcinomu prsu, ale také k PDAC. Riziko vzniku
PDAC u nosict mutaci v tomto genu je odhadovdno na 10-32x% zvySené, podle poctu

zasazenych ptibuznych (Jones et al., 2009, Slater et al., 2010). Blanco et al.
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identifikovali 3-4 % nosici zarode¢nych mutaci v PALB2 mezi pacienty s PDAC (Blanco et
al., 2013). Podobn¢ tak dalsi studie odhadly prevalenci zdrode¢nych mutaci v tomto genu na
1,5-4,8 % (Hofstatter et al., 2011, Schneider et al., 2011, Peterlongo et al., 2011,
Tischkowitz et al., 2009). Yang et al. urcili relativni riziko spojené se zarodec¢nymi
mutacemi PALB2 na RR = 2,4 (Yang et al., 2020). PALB?2 zarode¢né mutace se vykytuji
ptiblizné v 5 % rodinného vyskytu PDAC (Gentiluomo et al., 2022). Mensi studie (do 100
jedinctl) zarode¢né mutace v tomto genu nenalezly (Stadler ef al., 2011, Adank et al., 2011,

Harinck et al., 2012).

Gen, pro ktery byla rovnéz popséna asociace se vznikem PDAC, je ATM (OMIM
#607585). ATM je slozen z 67 exonu a nachazi se na chromosomu 11q22.3. Jeho 3056
aminokyselin dlouhy proteinovy produkt je serin/threonin kinaza Gi€astnici se odpovédi na
poskozeni DNA (Banin et al., 1998). Roberts et al. ve své studii ukazali, ze ptiblizné 2,4 %
pacienti s PDAC je nosi¢i zarode¢nych mutaci v A7M, nicméné u rodin s >3 ptipady PDAC

se prevalence mutaci v ATM zvedla na 4,6 % (Roberts et al., 2012).
1.4.3.4. Lynchuv syndrom

Lynchtv syndrom (LS), také znamy jako hereditdrni nepolypozni kolorektalni
karcinom, je autozomalné dédicné onemocnéni zptisobené zarodecnymi mutacemi v genech
MMR DNA opravné drahy (kapitola 1.2.4), konkrétné v genech MLHI (OMIM #120436),
MSH?2 (OMIM #609309), MSH6 (OMIM #600678) a PMS2 (OMIM #600259) (Lynch and
Lynch, 1993). LS miize byt také zptsoben deleci 3’ konce genu EPCAM, ktery koduje
transmembranovy glykoprotein a jehoZ sekvence se nachazi pred genem MSH2. V ptipadé
delece 3’ koncové ¢asti EPCAM tak Gpln€ chybi promotorové oblast MSH?2 a tim dochézi k
umlceni jeho exprese (Huth et al., 2012). Nadorova onemocnéni zplisobend LS vznikaji
v mladém veku a byvaji mnohocetnd. Jednotlivé geny LS ale nejsou asociovany se stejnym
rizikem vzniku onemocnéni. To je dano zplsobem, jakym spolu proteinové produkty téchto
genu interaguji. Jak bylo zminéno v kapitole o MMR DNA opravné draze, proteiny této
drahy se stabilizuji tvorbou dimerd. MLH1 muze tvofit dimer bud s PMS2, PMSI,
nebo MLH3 (Kondo et al., 2001). Obdobné¢ MSH2 tvoii dimer s MSH6 nebo MSH3
(Acharya et al., 1996). MLH1 a MSH2 jsou nezbytnymi partnery pro zminéné proteiny,
dojde-li tedy ke ztraté¢ exprese MLH1 a MSH2, nasledkem bude i ztrata ptitomnosti PSM2
¢i MSH6. Inaktivace geni MLHI a MSH?2 je tak spojena s vyssi rizikem projevu LS nez
ztrata exprese PMS2 nebo MSH6. Delece v genu EPCAM vedouci k zasazeni MSH?2 tak
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muze vyustit ke ztrate¢ exprese MSH2 a MSH6 i bez pifimé mutace MSH?2 (Kempers et al.,
2011, Perez-Cabornero et al., 2011).

LS mé dvé formy, odlisujici se podle lokalizace nddorovych onemocnéni. LS I je
charakterizovdn karcinomy tlustého stfeva a konecniku (kolorektalni karcinomy).
CeloZivotni riziko vzniku karcinomu kolorekta je pro nosi¢e mutaci v genech LS 28-75 %
umuzi a 24-52 % u zen (Plevova et al., 2009). Oproti tomu LS II je spojen se zvySenym
rizikem vzniku naddorovych onemocnéni jinych tkani, jako jsou naptiklad karcinomy
endometria (celozivotni riziko 27-72 %), ovaria (3-13 %), urotraktu (1-12 %), zaludku (2-13
%), hepatobilidrniho systému (2 %), tenkého stteva (4-7 %) a mozku (1-4 %) (Lynch et al.,
1988, Plevova et al., 2009).

Riziko PDAC v rodinach s LS ptedstavuje piiblizné 5 % do 70 let (Hruban et al.,
2007, Gentiluomo et al., 2022). Studie analyzujici data od 147 rodin s vyskytem
zarodecnych mutaci v MMR genech odhadla kumulativni riziko vzniku PDAC na 1,3 %
u lidi mlads$ich 50 let a 3,7 % u lidi mladSich 70 let. Celkové riziko PDAC bylo navysSeno
8,6x oproti bézné populaci (Kastrinos et al., 2009).

Ze ctyt hlavnich gent, jejichz zarode¢né varianty zplsobuji LS, je asociace se
vznikem PDAC nejlépe popséna u genu MLHI. Role ostatnich genit MMR v kancerogenezi

PDAC neni zatim zcela znama.

V anglické studii z roku 2008 Geary et al. analyzovali pfitomnost zarodecnych
mutaci u 130 rodin s vyskytem LS. Celkov¢ identifikovali 22 pacientii s PDAC, z nichz bylo
11 nosici zarode¢nych mutaci, nejvice v genech MLHI a MSH?2. Nosici zarode¢nych mutaci
MLHI/MSH2 méli az 7x zvySené riziko vzniku PDAC neZ béZzna populace, a 15% navySené
riziko vzniku PDAC pted 60. rokem zivota (Geary et al., 2008).

Retrospektivni studie 3119 pacient s LS srovnavala rozdil v kumulativnim riziku
vzniku PDAC do 75 let mezi nosi¢i zarode¢nych mutaci a béznou populaci. Nosi¢i mutaci
v genu MLHI maji relativni riziko RR = 7,8 (95% CI: 3,3-12,3), kdezto nosi¢i mutaci

v ostatnich genech LS neméli navysené riziko (Moller et al., 2018).

Dudley et al. identifikovali vyssi prevalenci MSH6 nosici nez MLHI a MSH?2
(Dudley et al., 2018). Podobné Mannucci ef al. analyzovali familiarni PDAC u rodin bez
vyskytu kolorektalniho karcinomu a identifikovali patogenni variantu v MSH6 ¢.2194C>T,
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p.(Arg732Ter). Z celkem sedmi nosict této mutace tfi vyvinuli PDAC a jedna nosicka

karcinom endometria (Mannucci et al., 2020).

Mutace v MLH1 a MSH?2 se vyskytuji také somaticky v tkanich sporadickych PDAC,
a to piiblizné v 4-11 % ptipadl. V téchto nddorovych tkanich byla zaroven identifikovana

mikrosatelitova nestabilita (4 % PDAC) (Goggins ef al., 1998, Gentiluomo et al., 2022).
1.4.3.5. Hereditarni pankreatitida

Hereditarni pankreatitida (HP) je onemocnéni charakterizované opakovanymi
epizodami zavazné pankreatitidy vedouci k chronickému stavu. HP je typicky
diagnostikovdna v raném veku a ptinadsi s sebou 50-60x navySené riziko vzniku PDAC
(Lowenfels et al., 2000). Kumulativni riziko vzniku PDAC je podobné u obou pohlavi
ve véku 50-75 let (11-49 % pro muze, 8-55 % pro Zeny) (Lowenfels ef al., 1997, Rebours et
al., 2008, Rieder and Bartsch, 2004, Gentiluomo ef al., 2022).

Ptiblizné v 70 % rodin s vyskytem HP se objevuji mutace v genu PRSS! (OMIM
#276000) (Whitcomb et al., 1996, Etemad and Whitcomb, 2001). Tento gen se nachazi na
chromosomu 7q34, skladé se z 5 exont a kdduje isoformu 1 serinové protedzy (také znamé
jako kationtovy trypsinogen). PRSS1 piedstavuje priblizné dvé tfetiny celkového
trypsinogenu produkovaného pankreatem (Teich et al., 2004).

Mén¢ cCasté jsou zarodecné mutace v genu SPINKI (OMIM #167790). Tento gen se
nachazi na chromosomu 5q32, sklada se z 6 exonii a kdduje pankreaticky inhibitor trypsinu.
Jeho role spociva v zamezeni predCasné aktivace zymogenl trypsinem jeSté v ramci
pankreatu. Jeho hladina je detekovatelnd v séru pii pankreatitidé a zavaznych infekcich

(Stenman et al., 1991).

Zarodecné mutace v PRSS1 a SPINK1 poskozuji regulaci funkce trypsinu, coz vede
k aktivaci zymogenni kaskaddy v ramci pankreatického parenchymu. To ma za nasledek
aktivaci travicich enzyml a samotraveni slinivky. Vzniklé zanétlivé mikroprostredi
v kombinaci s chronickym poskozenim tkan¢ jsou pravdépodobnymi faktory pfispivajicimi

ke zvySené predispozici ke vzniku PDAC (Gentiluomo et al., 2022, Lowenfels ef al., 1993).
1.4.3.6. Cysticka fibroza

Cysticka fibroza je autozomalné recesivni onemocnéni zpusobené zarodecnymi

mutacemi v CFTR genu (OMIM #602421). Tento gen je tvofen 27 exony, nachdzi se na
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chromosomu 7q31.2 a kéduje chloridovy kandl o 1480 aminokyselinach. PoruSeni funkce
CFTR kanalu je spojeno s cystickou fibrozou, onemocnénim charakterizovanym zejména
Spatnou funkci plicniho epitelu a naslednymi plicnimi infekcemi, insuficienci zevni sekrece

pankreatu, vysokou koncentraci elektrolyti v potu a poruchou reprodukce muza.

Mozné spojitost zarode¢nych mutaci v CFTR byla vySetfovana né€kolik studiemi.
McWilliams et al. analyzovali kohortu 949 pacienti s PDAC a 13 340 kontrol. Jejich
vysledky stanovily nizkou, nicméné statisticky vyznamnou asociaci zarode¢nych mutaci
v CFTR se vznikem PDAC (OR = 1,4; 95% CI: 1,04-1,89; p = 0,027) (McWilliams et al.,
2010). Dalsi studie provadéla metaanalyzu asociacnich studii s celkem 1674 pacienty
s PDAC. T tato studie pozorovala mirné navySeni rizika pro nosi¢e mutaci v CFTR

(OR = 1,4; 95% CI: 1,07-4,84) (Cazacu et al., 2018).

Mechanismus, kterym by ale mél CFTR protein pfispivat ke kancerogenezi, neni
popsany. Je nicméné znamo, zZe CFTR je exprimovan v nemalignich pankreatickych
bunikdch a ze v PDAC bunécnych liniich dochazi az k 80% snizeni jeho exprese. CFTR
slouzi jako reguléator funkce jinych proteint, mezi nimiz je nejspise 1 MUC4, glykoprotein

zapojeny do pankreatické kancerogeneze (Gentiluomo et al., 2022, Singh et al., 2007).
1.4.3.7. Familiarni adenomatozni polypoza

Familiarni adenomatdézni polypoza (FAP) je dédicnym syndromem spojenym se
vznikem velkého mnozstvi benignich polypl v tlustém stievé, které pozdéji malignizuji.
Syndrom je zplisoben zarode¢nymi mutacemi v genu APC (OMIM #611731), ktery je sloZen
z 20 exont a je lokalizovan na 5q22.2. APC koduje tumor supresorovy protein ucastnici se
WNT signaliza¢ni drahy. APC tak hraje roli v bunéné migraci, adhezi, chromosomové
segregaci a apoptoze (Hanson and Miller, 2005). I kdyz role APC je zejména spojena s FAP,
objevily se i mozné asociace s dal§imi nadorovymi onemocnénimi mimo tlusté stfevo.
Giardiello et al. udavaji zvysené relativni riziko vzniku PDAC u rodin s FAP (RR = 4,46,
95% CI: 1,2-11,4) (Giardiello et al, 1993). Jina studie identifikovala mezi 86 vysoce
rizikovymi pacienty jednoho nosice zarodecné mutace v APC (DaVee et al., 2018). Asociace

mezi APC a predispozici k PDAC je nejasna.
1.4.3.8. Dalsi kandidatni predispoziCni geny

Mozna asociace s predispozici k vzniku PDAC byla popséna i u dalSich gend.
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TP53 (OMIM #191170) je tumor supresorovym genem, jehoz zdrodecné patogenni
varianty zpusobuji LiGv-Fraumeniho syndrom. Jeho statisticky signifikantni asociace
s PDAC byla popséana v jedné studii, ktera vycislila riziko spojené se zdrode¢nymi mutacemi

na RR =73 (Ruijs et al., 2010).

SMAD4 (OMIM #600993) a BMPRIA (OMIM #601299) jsou geny spojené
s juvenilni polypdzou. Jejich asociace s PDAC byla navrzena ve dvou studiich (Ishida et al.,

2018, Wain et al., 2014).

CPA (OMIM #114850) a CPBI (OMIM #114852) jsou geny spojené se stresem
endoplasmatického retikula pankreatickych acinarnich bunék a tim i zvySenym rizikem
pankreatitidy (Witt et al., 2013). Jejich mozné zapojeni do kancerogeneze PDAC bylo

zminéno v jedné publikaci (Tamura ef al., 2018).

O mozném zapojeni do kancerogeneze se rovnéz spekulovalo u gentt Fanconiho
anemie FANCC (OMIM #613899) a FANCG (OMIM #602956) (Couch et al., 2005, van der
Heijden et al., 2003).

1.5. Karcinom endometria

1.5.1. Epidemiologie karcinomu endometria

Karcinom endometria (EC) je zhoubnym nadorovym onemocnénim vnitini epitelové
vystelky delohy. EC je nejcastéjsim gynekologickym nadorovym onemocnénim celosvétove
a ¢tvrtym nejcastéj$im nadorem u Zen (Bray et al., 2018, Ferlay et al., 2019). Incidence EC
v Ceské republice za rok 2020 ¢inila 1893 piipadt (obrazek 6, www.svod.cz) a dlouhodobd
stoupd, v piepoctu se jednalo o 36 piipadit na 100 000 Zen. Nicméné, mortalita EC je
dlouhodobé stabilni, za rok 2020 tvotila 345 ptipadl (18 % mortalita). V porovnani s PDAC,
pro ktery je mortalita 93,0 %, se tak jedna az o pétkrat niz$i mortalitu. Naprosta vétSina
ptipadi EC je diagnostikovana po 55. roku Zivota (76 %, obrazek 7) s nejvyssi incidenci
v rozmezi 65-69 let. VétSina piipadl je diagnostikovana postmenopauzéalné a v ranych
stadiich onemocnéni (stadia I-11: 78 % za rok 2020; obrazek 8), k cemuz ptispivaji typické
symptomy EC (abnormalni krvaceni). U pacientek s pokrocilou formou onemocnéni se
miZze EC projevovat bolestmi a rozpindnim bfi$ni dutiny, spolu se zacpami, stejné jako i
prujmy (Makker et al., 2021). V¢asna diagndza EC se promitd do relativné dobré prognozy

onemocnéni a Uspésné 1éCby.

26



—e—|ncidence =—e=Nortalita

Obrazek 6. Kfivky incidence (modra) a mortality (Cervena) pacientek s EC od roku 1977.
Mortalita EC dlouhodobé setrvavd pod hladinou 500 piipadi za rok. Udaje ziskany
z www.svod.cz.
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Obrazek 7. Celkové rozlozeni v€ku pacientek v dobé diagnézy EC. Osa y popisuje pocet
vSech zaznamenanych pacientek. Incidence vyrazné stoupa po 55. roku zivota. Udaje
ziskany z www.svod.cz.
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Obrazek 8. Procentualni zastoupeni jednotlivych klinickych stadii EC v dob¢ diagnozy
mezi lety 1999-2020. Nejcastéji jsou zastoupena rana stadia (I a II). Udaje ziskany z
www.svod.cz.

1.5.2. Patogeneze a klasifikace karcinomu endometria

Faktory ovlivityjici riziko vzniku EC zahrnuji vék >55 let, rany vék menarche, pozdni
vék menopauzy, obezitu, diabetes mellitus II. typu, dlouhodobé vystaveni
nekompenzovanym estrogeniim (endogennim 1 estrogennim), nizka parita/nuliparita
a genetické predispozice (Makker et al., 2021). Naopak protektivni ucinek proti EC ma
uzivani oralni antikoncepce, které snizuje riziko az o 50 % (Daniels and Lu, 2016), normalni
BMI (body mass index) a vysoka parita (Colombo et al., 2016, Raglan et al., 2019). Popsano
bylo rovnéz zvysené relativni riziko (RR = 2,4) vzniku EC u pacientek, kterym byl podavan
tamoxifen jako terapie karcinomu prsu. Toto riziko je zvySeno pouze béhem doby uzivani
tamoxifenu a s odstupem 0-5 let klesa na RR = 1,5 (Cuzick et al., 2015). V Ceské republice

se tamoxifen az na vyjimky nepouziva.

Asociace mezi vznikem EC a obezitou je dobie zdokumentovana a je patrna zejména
u endometroidniho EC. Pro Zeny s BMI v rozmezi 25-30 kg/m? je relativni riziko vzniku EC
RR = 1,6, zatimco se stoupajicim BMI se riziko zvysuje. Pro BMI 30-35 kg/m? je riziko 2,6
zvysené, pro BMI 35-40 kg/m? je zvysené 4,8x a pro BMI >40 kg/m? je riziko vzniku EC

navyseno 6,9% (Setiawan et al., 2013). Obezita ptispiva k endometrialni kancerogenezi
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zvySenou hladinou estrogend, které jsou produkovany adipocyty z androgenti (Renehan et
al., 2015). Inzulinova rezistence, hyperinzulinémie, hyperglykémie a diabetes mellitus II.
typu se rovnéZ podileji na kancerogenezi EC (Liao et al., 2014, Zhang et al., 2013, Saed et
al., 2019).

Nejcastejsi histologickou formou EC je endometroidni karcinom, ktery predstavuje
80 % vSech ptipadi EC, nasledovany ser6znim karcinomem (10 % vSech ptipadil) a poté
ostatnimi nadory, mezi néz patii naddory muscindzni, svétlobunééné, nadory skvamodznich
bun¢k a smiSené adenokarcinomy. Pfiblizné 5 % EC tvofii karcinosarkomy (Makker et al.,

2021, Cantrell et al., 2015).

Nadory endometria byly historicky déleny dle histopatologickych charakteristik na
dva typy. EC typu I pfedstavuji nadory asociované s pusobenim nekompenzovaného
estrogenu. Endometridlni sliznice je citlivd na hormondlni estrogenovou stimulaci, ktera
indukuje mitézu epitelovych bunék. Excesivni stimulace tak mutze vést k maligni
transformaci. Mezi EC typu I patii nejcastéjsi endometroidni karcinom (grade I-II). Nadory
typu I maji obecné piiznivou progndzu. Pétileté preziti pacientek s témito nadory je 81 %

(Makker et al., 2021).

Do EC typu II oproti tomu spadaji agresivnéjsi serdzni a svétlobunécné karcinomy,
spolu s endometroidnim karcinomem grade III. EC typu II jsou typicky nezavislé na
pusobeni estrogenu. Pétileté pteziti pacientek s EC typu II je obecné 55 %, ale u pacientek,
kterym byl EC diagnostikovan ve stadiich IVA a IVB je pteziti 17 % a 15 % (Makker et al.,
2021).

Stadia onemocnéni jsou definovana FIGO stupnici (tabulka 2), pfipadné pomoci
TNM Kklasifikace. FIGO stadia popisuji EC podle jeho rlstu a infiltrace okolnich tkani.
Obecné lze hovofit o nizkych stadiich (stadia I a IT), béhem nichz je ptitomnost EC omezena
na delohu, a vysokych stadiich (stadia III aIV), kdy EC proristd do okolnich tkani

a metastazuje (Pecorelli, 2009).

Tradi¢ni rozdéleni EC na typ I a typ II bylo v posledni dobé piehodnocovano diky
pokroku v molekuldrnich a sekvenacnich technologiich. V roce 2013 vydali TCGA (The
Cancer Genome Atlas) studii, v niz analyzovali 313 pacientek s EC, u nichz navrhli fazeni

EC do ¢tyt molekularnich skupin (Cancer Genome Atlas Research et al., 2013). Toto nové
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kategorizovani EC bere v potaz mutacni zatéZz nadorové tkané a diploidni/polyploidni

charakter nadorového genomu.

Prvni skupinou jsou nédory s polyploidnim genomem (CNH, copy number high).
Tato skupina je charakterizovana vysokym mnozstvim plosnych genomovych alteraci
a rozsahlych duplikaci/deleci. Nadory spadajici do CNH maji zpravidla vysoky grade, jsou
agresivni a bezezbytku zahrnuji ser6zni karcinomy. Mezi CNH patii také ptiblizné 25 %
endometroidnich karcinomt s vysokym gradem. VétSina CNH nadord ma patogenni

varianty v TP53. Prognéza CNH nadort je ze vSech molekularni skupin nejhorsi.

Druhou molekularni skupinu tvoii EC s mikrosatelitovou nestabilitou (MSI). MSI je
fenotyp vznikly porusenim funkce MMR DNA opravné drahy, kdy doslo k inaktivovani
obou alel alespoii jednoho s MMR genii. Miize se jednat o kombinaci germinalnich
a somatickych mutaci, ¢asto ve spojitosti s epigenetickym uml¢enim exprese genu (typicky
MLHT) (Haraldsdottir et al., 2014). Geny MMR dréhy (kapitola 1.2.4) spojené s MSI jsou
MLHI1, MHS2, MSH6, PMS2, ptipadné EPCAM. Mutacni zatéz EC s MSI je 10x vys$si nez
je bézné mutacni pozadi. Progndza téchto nddort je sttedné¢ dobra (Cancer Genome Atlas
Research et al., 2013). Nadory v této skupiné maji nezvyklou morfologii, jedna se ale vzdy
o endometroidni karcinomy a Casto se nachazeji v niz§ich segmentech délohy (Zhao et al.,

2022, Makker et al., 2021).

Tieti skupinu piedstavuji EC, u kterych doslo k somatickému zasazeni
exonukleazové domény DNA polymerdzy &, kédované genem POLE (OMIM #174762;
exonukledzova doména: exony 9-14) (Leon-Castillo et al, 2020). ZvySend aktivita
polymerédzy v kombinaci se ztratou schopnosti opravovat replikacni chyby vede k tomu, Ze
mutacni pozadi naddort této skupiny je az 100x vyss$i, nez je bézné. Tyto naddory tak maji
typicky velké mnozstvi somatickych mutaci v mnoha nadorovych genech. POLE-
ultramutované nadory ptedstavuji 7 % vsech ptipadi EC a maji velice ptiznivou prognézu

(Makker et al., 2021).
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Tabulka 2. Definice stadii karcinomu endometria. Pfevzato aupraveno z

(Pecorelli, 2009, Novotny et al., 2019).

T kategorie
TX

TO

Tis

T1

Tla

T1b

T2

T3
T3a

T3b

T4

N kategorie
NX

NO

N1

M kategorie
MX

MO

M1

FIGO stadia
Stadium 0
Stadium [A
Stadium IB
Stadium 11
Stadium IITIA
Stadium IIIB
Stadium IVA
Stadium IVB

Primarni naddor

Primarni nador nelze hodnotit.

Bez znamek primarniho nadoru.

Karcinom in situ.

Néador omezen na télo délohy.

Néador postihuje méné nez polovinu myometria.
Nador postihuje vice nez polovinu myometria.
Nador infiltruje Cipek, ale nesiii se mimo délohu.

Lokalni a/nebo regionalni Sifeni nadoru.
Nador postihuje serdzu téla délozniho a/nebo adnexa.

Nédor postihuje pochvu nebo parametria.

Nador postihuje mocovy méchyi a/nebo sliznici streva.
Regionalni uzliny

Regionalni uzliny nelze hodnotit.

Regionélni uzliny bez metastaz.

Metastazy v regionalnich uzlinach.

Vzdalené metastazy

Vzdalené metastazy nelze hodnotit.

Bez vzdalenych metastaz.

Vzdalené metastazy.

Tis, NO, MO
Tla, NO, MO
T1b, NO, MO
T2, NO, MO
T3a, NO, MO
T3b, NO, MO
T4, NO-1, M1
T1-4, NO-1, M1

31



Posledni, ¢tvrtou skupinou v molekuldrni klasifikace EC jsou naddory CNL (copy
number low). Tyto EC nemaji zvySenou mutacni zatéz a zpravidla disponuji diploidnim
genomem. U CNL EC byla zaznamenana zvySena exprese progesteronového receptoru,
tento typ EC by tak mohl dobfe odpovidat na hormonalni terapii. Progndza téchto nadort je

sttedn¢ dobra (Cancer Genome Atlas Research et al., 2013).

Naprosta vétsina piipadi EC je sporadického piivodu, nicméné 3-5 % piipadi tvoii
dédi¢né formy EC, nejcasteji asociované s LS (Spurdle et al., 2017). I pfes zndmou asociaci
EC s LS ale neni u vétSiny familiarnich pfipadit EC identifikovdna pficinna hereditarni

predispozice.
1.5.3.Dédi¢né predispozice ke karcinomu endometria
1.5.3.1. Lynchuv syndrom

V soucasné dobé¢ je dédi¢na forma EC uvazovéana pouze v kontextu LS. Jedna se o
autozomalné dominantni dédi€né onemocnéné zapiic¢inéné patogennimi variantami v genech

ucastnicich se MMR DNA opravné drahy (kapitoly 1.2.4 a 1.4.3.4).

EC je druhym nejcastéjsim projevem LS po karcinomu kolorekta. U Zen nesoucich
mutace v predispozi¢nich genech se navic projevuje difive nez kolorektdlni karcinom,
predstavuje tak urcity ,,varovny* nador LS (Lu et al., 2005). Pravdépodobnost, Ze nosicka

mutace v genech LS vyvine EC jako prvni nador, je 40-60 % (Tafe et al., 2014).

Riziko vzniku EC do 70 let je pro nosicky patogenni zarode¢né varianty v MLH]
18 % (9-34 %), MSH2 30 % (18-45 %), MSH6 26 % (18-36 %), PMS2 12-15 % a pro
pacientky s 3’ deleci EPCAM 12 % (0-27 %) (Baglietto et al., 2010, Dowty et al., 2013,
Spurdle et al., 2017).

Nosicky patogennich variant v genech LS maji zpravidla nizsi vék diagnézy EC
aniz§i BMI nez pacientky se sporadickym EC. Vék v dob& diagndézy nadoru se lisi
v zavislosti na zasazeném genu. Primérny vék EC diagnézy u nosi¢ek mutaci v genech
MLH1 a MSH?2 se pohybuje v rozmezi 39-49 let, zatimco u pacientek s mutacemi v genu
MSH6 v rozmezi 50-59 let (Ryan et al., 2017). NejcastéjSim histologickym typem LS
asociovaného EC je podobn¢ jako u sporadickych ptipadi endometroidni karcinom (Zhao

et al., 2022). Oproti sporadické formé¢ se EC asociované s LS vyskytuji Castéji v nizSich
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Castech délohy, ato v 11-14 % ptipadl, zatimco sporadickych EC se v téchto oblastech
vyskytuje v 1,8 % ptipadit (Westin et al., 2008, Masuda et al., 2012).

1.5.3.2. Dalsi kandidatni predispozicni geny

BRCAI a BRCA2 koduji proteiny ucastnici se homologni rekombinace (kapitola
1.4.3.3). Jejich zarode¢né mutace jsou znamé zejména ve spojitosti s HBOC syndromem, ale
piipadna spojitost s predispozici ke vzniku EC je také predmétem vyzkumu. Shu et al.
ve studii 1083 nosi¢ek mutaci v BRCA1/2 zjistili zvySené riziko vzniku EC, zejména pak
agresivniho ser6zniho (Shu et al., 2016). Podobny vysledek byl popsan i v holandské studii,
ve které bylo analyzovano 5980 nosi¢ek zarode¢nych mutaci v BRCA1/2. Nosicky mutaci
v BRCAI mély nejen vyssi riziko vzniku ser6zniho typu EC (OR = 12,6), ale stiedné zvySené
riziko k EC obecné (OR = 3,5). Nosi¢ky mutaci v BRCA2 oproti tomu mély celkové riziko
EC o polovinu nizsi (OR = 1,7) (de Jonge et al., 2021). Jiné studie ovSem asociaci nosicek

zarode¢nych mutaci v genech BRCA1/2 nepozorovaly (Kitson et al., 2020, Lee et al., 2017).

PTEN (OMIM #601728) je tumor supresorovy gen, jehoz proteinovy produkt je
zapojen do signalnich drah PI3K/AKT a MAPK. V nadorové tkani EC dochazi k ¢astym
somatickym mutacim v PTEN. Ztrata funkce PTEN proteinu umoziiuje zvysenou proliferaci
a rezistenci k indukci apoptozy (Spurdle et al., 2017). Zarodecné mutace PTEN zpisobuji
syndrom Cowdenové, ktery je charakterizovany cetnymi hamartomy, zpravidla kuze,
mucindéznich membran a sttev. Syndrom Cowdenové rovnéZz predisponuje k mnohym
nadorovym onemocnénim, napiiklad karcinomtm §titné zlazy, prsu a endometria (Tan et al.,
2012, Nieuwenhuis et al., 2014). Nosi¢i zarodecnych mutaci v PTEN maji kumulativni
riziko EC do 70 let mezi 19-28 % (Riegert-Johnson et al., 2010, Tan et al, 2012).
NejcastéjSim histologickym typem EC u nosi¢i zarodenych mutaci v PTEN je
endometroidni karcinom. Genetickd predispozice ke vzniku EC je pro nosi¢e zarode¢nych

mutaci v PTEN mimo klinicky fenotyp syndromu Cowdenové vzacna (Spurdle ef al., 2017).

POLE (OMIM #174762) a POLD1 (OMIM #174761) kéduji katalytické a opravné
podjednotky DNA polymeraz & a €. Ugastni se DNA replikace a oprav DNA. Sest studii
provedlo analyzu zdrode¢nych mutaci u pacientd s kolorektdlnim karcinomem nebo u
jedinct z rodin, kde se tento karcinom vyskytuje. Dohromady odhalily genetické varianty
zasahujici exonukledzové domény POLE (exony 9-14) a POLDI (exony 8-13), poskozujici
spravnou funkci opravy chyb pfi replikaci. Mezi nalezené varianty patiily pro POLDI:

c.947A>G, p.(Asp3161Gly); c.1421T>C, p.(Leud74Pro); c.1433G>A, p.(Serd78Asn) a pro
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POLE: c.1089C>A, p.(Asn363Lys); c.1421T>C, p.(Leud424Val). Role somatickych variant
POLE je v EC dobie znama (kapitola 1.5.2). Jaky je ale vliv zarode¢nych variant v POLE
a POLDI na vznik EC, at’ uZz missense nebo trunkacnich variant, ziistava stale nejasné.
(Palles et al., 2013, Valle et al., 2014, Rohlin et al., 2014, Elsayed et al., 2015, Spier et al.,
2015, Bellido et al., 2016).

STK11 je gen, jehoz zarode¢né mutace zplsobuji PJS (kapitola 1.4.3.2). Kromé PJS
je spojen s vysokym rizikem vzniku PDAC, ale i se zvySenym rizikem gynekologickych
nadort. Celozivotni kumulativni riziko vzniku EC je u nosi¢ek s PJS 9 %. Toto riziko je
nicméné nizsi nez riziko spojené s LS, u nosicek zarodecnych mutaci v STK// tak neni
doporucené klinické sledovani EC, pouze v pfipad€ soubéZného vyskytu s karcinomy

ovaria, cervixu ¢i prsu (Banno et al., 2013).

CHEK?2 (OMIM #604373) je tumor supresorovy gen kodujici kindzu, kterd se ucastni
regulace buné¢ného cyklu, reparace DNA a kontroly apoptozy. Zarodecné mutace v tomto
genu jsou spojeny se zvySenym rizikem vzniku karcinomt prsu a ovaria (Kleiblova et al.,
2019). Riziko vzniku EC u nosi¢ek hereditarnich CHEK?2 mutaci bylo popsdno v nizozemskeé
studii, kterd ukézala, ze nosicky varianty c¢.1100del, p.(Thr367MetfsTerl5) mély cCastéjsi
rodinnou anamnézu kolorektalniho karcinomu a EC (de Jong et al., 2005). V dalsi studii
ovSem asociace zarodecnych mutaci v CHEK2 s EC nebyla potvrzena (Einarsdottir et al.,
2007). V soucasn¢ dob¢ je zatim malo dat pro piesné urceni rizika vzniku EC u nosic¢ek

zarode¢nych patogennich variant v genu CHEK?2 (Spurdle et al., 2017).

MUTYH (OMIM #604933) je gen, jehoZ proteinovy produkt se ucastni BER
reparacni drahy (kapitola 1.2.2). Podili se tak na opravach oxidacniho poskozeni DNA.
MUTYH je spojen s autosomalné recesivni adenomatdzni polyp6zou a kolorektalnim
karcinomem. Jeho monolalelické zarodecné mutace s sebou nesou nizké kumulativni riziko
vzniku karcinomu kolorekta (7 % pro muze, 6 % pro Zeny), ale bialelické mutace riziko
zvySuji o jeden tad (75 % pro muze, 72 % pro zeny) (Win ef al., 2014). V soucasné dobé¢
existuje pouze jedna studie, kterd poukazuje na mozné zvySeni rizika EC u nosich
heterozygotnich zarodecnych mutaci v MUTYH (Win et al., 2011). Riziko pro nosice
bialelickych mutaci v MUTYH neni zndmé, zapojeni tohoto genu do kancerogeneze EC je

tak nejasné (Spurdle et al., 2017).

TP53 (OMIM #191170) je tumor supresorovy gen, ktery koéduje protein p53,

ucastnici se regulace bunééného cyklu, apoptézy a DNA reparace. Somatickd inaktivace
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TP53 je Castym jevem ve vyvoji EC. Zarode¢né mutace v TP53 zplsobuji Liliv-Fraumeniho
syndrom a predisponuji k fadé rGznych nadorti, vcetné sarkomi a endometridlniho
leiomyosarkomu. [ kdyz EC neni zndmou manifestaci Liova-Fraumeniho syndromu, existuje
studie, ktera publikovala pfitomnost zarodecnych mutaci v 7P53 u pacienti s ranym EC

(Nichols et al., 2001).

Mozné spojeni dédi¢né predispozice u EC bylo navrZzeno u genit AKT1, APC, ATM,
BRIPI, FANI1, FANCC, KLLN, NBN, NRLH1, PALB2, PIK3CA, RAD51C, RINTI, SDHB,
SDHC, SDHD, SEC23B (Spurdle et al., 2017).
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2. Cile prace

Genetické pozadi u nadorovych onemocnéni je vysoce heterogenni. Navic, podil
genetické predispozice se u rtiznych dédicnych nddorovych onemocnéni li§i a ve vétSing
ptipadi s kumulaci nadorovych onemocnéni v rodin€ nebyla dosud dédi¢na komponenta

objasnéna.

Cilem préce bylo urceni podilu genetické predispozice u pacientek/td s karcinomem

pankreatu a karcinomem endometria v Ceské republice pomoci nékolika dil¢ich ukolt:

1. Stanovit frekvenci zarode¢nych patogennich variant ve zndmych nadorovych
predispozi¢nich genech a v kandidatnich genech, u nichZ neni asociace se
zvySenym rizikem vzniku daného karcinomu dosud popsana.

2. Urcit rizika vzniku onemocnéni spojena se zarodeCnymi patogennimi variantami
v jednotlivych genech.

3. Srovnat klinicko-patologické charakteristiky u nosic¢li zarodecnych patogennich
variant a pacientli bez mutaci.

4. U pacientek s karcinomem endometria zhodnotit vliv indikacnich kritérii ke

genetickému testovani na uspésnost nalezeni nosicii patogennich variant.

36



3. Metody

3.1. Soubor testovanych pacientt a kontrol

3.1.1.Soubor pacientli s PDAC

V ramci vyzkumu zamétujiciho se na genetickou predispozici ke vzniku PDAC byla
vySetftena DNA od 226 pacientll stimto onemocnénim (tabulka 3). Studie probihala
retrospektivné a pacienti nebyli selektovani na zakladé Zzadnych kritérii. Pacientim byl
diagnostikovan PDAC na Onkologické klinice VFN a do studie byli zatazeni mezi lety 2015
a2018. Vsichni pacienti poskytli informovany souhlas s Gi€asti na studii. Studie byla

schvélena Etickou komisi VFN. V3ichni pacienti byli Cesi kavkazské populace.

Tabulka 3. Klinicko-patologické charakteristiky souboru 226 pacienti

s PDAC.

Pacienti s PDAC
N=226; (%)
Pohlavi
Zena 109 (48,2)
Muz 117 (51,8)
VEk v dobé PDAC diagnézy
Primér (roky) 63
Median (roky) 65
Rozmezi (roky) 40-85
<50 let 22 (9,7)
50-59 let 59 (26,1)
60-69 let 94 (41,6)
>70 let 51(22,6)
Mnohocetné nadory v osobni anamnéze
Neptitomny 209 (92,5)
Pfitomny 17 (7,5)
Dalsi nadory s osobni anamnéze
BC 8 (3,5)
oC 3 (1,3)
Jiné 9 (4,0)
Rodinna nadorova anamnéza (prvni/druhy stupei)
Negativni 140 (62,2)
Pozitivni 85 (37,8)
Neznama 1
Nadory v rodinné anamnéze
PDAC 22.(9,7)
BC 32 (14,2)
oC 9 (4,0)
CRC 36 (15,9)
Melanom 4(1,8)

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

PDAC - karcinom pankreatu
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3.1.2.Soubor pacienti s EC

Vyzkum zaméfujici se na analyzu dédicné predispozice k EC byl proveden na
retrospektivni kohorté 527 pacientek. DNA pacientek byla k vyzkumu poskytnuta deviti
pracovisti v ramci konsorcia CZECANCA a Bankou biologického materidlu 1. LF UK
(tabulka 4). Do studie byly zahrnuty pacientky s EC diagnostikovanym mezi lety 2011-2021.
Vsechny pacientky poskytly informovany souhlas s ucasti na studii. Studie byla schvalena

Etickou komisi VFN. Viechny pacientky byly Cesky kavkazské populace.

Tabulka 4. Seznam center, které poskytly DNA vzorky pacientek s EC

Centrum Poc.e ¢
pacientek

Banka biologického materialu, 1. LF UK, Praha 235

Centrum Iékaiské genetiky a reprodukcni mediciny GENNET, Praha | 140

Ustav lékai'ské biochemie a laboratorni diagnostiky, 1. LF UK a VFN, 51

Praha

Oddéleni epidemiologie a nadorové genetiky, Masarykliv onkologicky 29

ustav, Brno

Ustav biologie a lékatské genetiky, 1. LF UK a VFN, Praha 25

Ustav 1ékaiské genetiky, Lékaiska fakulta Univerzity Palackého

v Olomouci a Fakultni nemocnice Olomouc, Olomouc 16

Odd¢leni lékatské genetiky, Laboratore AGEL, Novy Jicin 15

Ustav lékaiské genetiky, Lékatska fakulta v Plzni UK a Fakultni 10

nemocnice Plzen, Plzen

Oddéleni Iékatské genetiky, GHC Genetics, Praha 4

Oddéleni Iékatské genetiky, Pronatal, Praha 2

Prevazujicim typem nadoru téla délozniho (tabulka 5) byl karcinom endometria (89,7

%), cely soubor tak bude dale nazyvan jako soubor pacientek s EC.

Pacientky s EC byly zatazeny do studie na zakladé rtiznych kritérii. Cast pacientek
byla indikovana ke genetickému vySetfeni (hlavné vzorky z konsorcia CZECANCA),
zatimco zbylé pacientky byly neselektované (zejména pacientky z Banky biologického
materialu). Pacientky byly rozdéleny do skupin na zadkladé¢ indikacnich kritérii ke
genetickému testovani na HBOC aLS. Tato kritéria jsou platna v Ceské republice
a vychazeji z doporuceni NCCN (verze 1.2022, kapitoly 3.1.2.1 a 3.1.2.2) (Foretova et al.,
2019, Plevova et al., 2009).
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Tabulka 5. Klinicko-patologické charakteristiky souboru 527 pacientek s EC.

Vsechny EC | Charakteristika na zaklad¢ splnéni indikacnich kritérii
pacientky Pouze LS Pouze HBOC [LS+HBOC Neindikované
N=527; (%) |N=151;(%) |N=16;(%) |N=82;(%) |N=278; (%)
Vék v dobé EC diagnozy
Pramér (roky) 59,1 50,8 59,0 51,3 65,8
Median (roky) 60,5 47,8 57,0 49,0 65,3
Rozmezi (roky) 24-92 24-91 51-73 28,9-81,5 50-92
<50 let 120 (23,2) 79 (53.4) 0 41(51,3) 0
>=50 let 397 (76,8) 69 (46,6) 15 (100,0) 39 (48,8) 274 (100,0)
Nedostupné 10 3 1 2 4
Histologické déloznich malignit
Karcinom endometria 349 (89,7) 76 (85,4) 8 (72,7) 48 (100,0) 217 (90,0)
Endometroidni adenokarcinom 284 (73,0) 65 (73,0) 7 (63,6) 44 (91,7) 168 (69,7)
Serdzni 35(9,0) 4 (4,5) 19,1 3(6,3) 27 (11,2)
Svétlobunéény 7(1,8) 2(2,2) 0 0 5(2,1)
Nediferencovany 3(0,8) 0 0 0 3(1,2)
SmiSeny (endometroidni/ser6zni) 3(0,8) 0 0 0 3(1,2)
Smiseny (endometroidni/serozni/svétlobunécny) 1(0,3) 1(1,1) 0 0 0
Smiseny (endometroidni/svétlobunécny) 4(1,0) 3(3,4) 0 0 1(0,4)
EIN 32,0 1,0 0 12D 625)
Nedostupné 4(1,0) 0 0 0 4 (1,7)
Sarkomy 40 (10,3) 13 (14,6) 3(273) [1) 24 (10,0)
Leiomyosarkom 32(82) 9(10,1) 2 (18,2) 0 21 (8,7
Nediferencovany 2(0,5) 0 0 0 2 (0,8)
Endometridlni stromalni sarkom 3(0,8) 2(2,2) 0 0 1(0,4)
Nedostupné 3(0,8) 2(2.2) 109,D 0 0
BliZe neurceny maligni nador téla délozniho 138 62 5 34 37
FIGO grade
T 123 (35,9 35 (48,6) 740,0) 16 (35,7) 68 (30,1)
7 100 (29,2) 15 (20,8) 330,0) 12 (343) 70 (31,0)
3 120 (35,0) 77 (30,6) 3(30,0) 7(20) 38 (3%.9)
Nedostupné 184 79 6 47 52
FIGO stadium
0 8 (Z.3) TZD 0 T(3.2) 6 (Z.8)
T 176 (60,9) 33 (63.8) Z(66,7) T7(70,8) T22(57.%)
T 38(13,1) 5 (10,4) T(16,7) 7(8.3) 30(14.2)
TIT 43 (16,6) 8 (16,7) T(16,7) 7(8.3) 37(I7,5)
vV 196,6) TZD 0 7(8.3) 16 (7,6)
Nedostupné 238 103 10 58 o7
MnohoCetné nadory v osobni anamnéze
Piifomny 214 7(40,6) 69 (35,7) T6 (100,0) 82 (100,0) 7716,9)
Neptitomny 313(59,4) 82(54,3) 0 0 23T(83,1)
[ DalSi nadory v osobni anamnéze
CRCT 3T(5.9) 31(20,5) 0 0 0
oC S9(IT,2) 0 T16,3) 58(70,7) 0
BT 30(15,2) 1479.,3) 157938) I3715,9) 38T(13,7)
Tii nadory ECHBT/OC/CRT) 1372)5) 2(1.3) 0 IT(13,4) 0
Jine 31(5.9) 22(14,6) 0 0 913,2)
Zadns 313759.4) 827154,3) 0 0 231(83,1)
'Rodinna nadorova anamnéza _(prvoi/drully
stupen)
Pozitivii 353769,8) T20(81,6) T3(100,0) 56 (73,7) 164 (60,7)
Negativai 153730,2) 277184) 0 20726,3) 106 (39,3)
Neznama 21 4 3 6 g
Nadory v rodinné anamnéze
EC 3570,9) 1479,5) 7,7) 6(7.9) 1473,2)
CRC 38T(17.4) 39726,5) 47(30.8) 15719,7) 307151
oC 1571350) 714.8) 7.7 576,0) 2707
BC 60(11,9) 479,57 EAVANY) 9(IT8) 347126)
Miohocetmne (EC/OC/CRC) 102,07 T076,8) 0 0 0
Jiné 457(28,7) 361(245) 47(30.8) 21(27,6) 84 (3T;1)
Z4dnE 153730,2) T(184) 0 207(26,3) T06(39,3)
INCZname T a4 S [8) 3

BC — karcinom prsu, CRC — kolore

Procenta byla vypocitana z celkového poctu pacientli se znamymi charakteristikami.

talni karcinom, N — pocet, OC — ovarialni karcinom, EIN
— endometrialni interepithelidlni neoplazie.
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3.1.2.1. IndikaCni kritéria ke genetickému testovani — karcinom prsu (C50)

a karcinom ovaria (C56)

- Osobni nadorova anamnéza

@)

Pacientka s C50 je mladsi 45 let, nebo mladsi 50 let, neni-li zndma rodinna
nadorova anamnéza.

Pacientka ma bilateralni C50, kdy pacientka vyvinula prvni C50 diive nez
v 50 letech a oba diive nez v 60 letech.

Pacientka byla diagnostikovan s triple negativnim C50 ve véku pod 60 let.
Pacient je muz s C50.

Pacientka byla diagnostikovana bud’ s C56, blize neur¢enym karcinomem
zenskych pohlavnich organti (C57), nebo s karcinomem peritonea (C48.2).
Pacientce byla diagnostikovana duplicita C50 a karcinomu pankreatu (C25)

v jakémkoliv veku.

- Rodinna nadorova anamnéza

Pacientka a dalsi dva ptibuzni byli diagnostikovani s C50.
Pacientka a dalsi ptibuzny byli diagnostikovani s C50, kdy alespon jeden je
mladsi 50 let nebo oba mladsi 60 let (vCetné pacientky).
Pacientka a piimy piibuzny (rodi¢, sourozenec, potomek, piipadn¢ sestra
matky/otce) byli diagnostikovani s:
C56, karcinomem vejcovodu nebo primarnim peritonedlnim
tumorem;
Triple negativnim C50 nebo medularnim C50;
Karcinomem pankreatu nebo prostaty GS > 7 nebo primarné

metastaticky karcinom prostaty.

3.1.2.2. IndikaCni kritéria ke genetickemu testovani — kolorektalni karcinom
(C18) a karcinom endometria (C54)

- Pacientovi byl diagnostikovéan tumor ve véku pod 50 let.

- U pacienta byla potvrzena mikrosatelitova nestabilita ve v€ku pod 60 let.

- Pacient m& soubéznou diagnoézu spojenou LS (karcinom kolorekta, Zaludku,

pankreatu, ovaria, tenkého stieva, mocového méchyie, ledvinové panvicky,

zlu€ovodu, glioblastom).

40



- Pacient a jeden piimy piibuzny maji diagnézu spojenou s LS ve véku pod 50 let.
- Pacient a dva druhostupniovi ptibuzni maji diagnézu spojenou s LS v jakémkoliv
veku.

- Pacient s kolorektalnim karcinomem a vice nez 10 adenomy/polypy.

3.1.3.Soubor kontrol

V ramci studie byly pouzity dva soubory popula¢né specifickych kontrol (PMC —
population-matched controls). Prvnim z nich byl soubor 777 jedinci (89 muza, 688 Zen)
starSich 60 let bez pozitivni osobni nadorové anamnézy a bez pozitivni rodinné nddorové
anamnézy u ptibuznych prvniho stupné. Druhym souborem bylo 1662 neselektovanych
kontrol (1170 muz, 492 zen) s medidnem veku 57 let (18-88 let) vysetfenych
celoexomovym  sekvenovanim  Narodnim centrem pro Iékafskou genomiku
(https://ncmg.cz). Tyto kontroly nebyly vySetfovany z divodu nadorového onemocnéni.
Jedinci v kontrolach byli Cesi kavkazské populace. Vsichni zudastnéni podepsali

informovany souhlas se studii.
3.2. lzolace DNA z periferni krve

DNA byla izolovana z leukocytt periferni krve za pouziti kitu Wizard® Genomic
DNA Purification Kit (Promega). K izolaci byly pouzity 3 ml promichané krve. Nejprve
byly lyzovany erytrocyty pomoci 9 ml hypotonického Cell Lysis Solution. Po centrifugaci
byly k peleté zbylych krevnich elementi pfidany 3 ml Nuclei Lysis Solution a 1 ml Protein
Precipitation Solution. Vysrazené proteiny byly zroztoku odstranény centrifugaci
a supernatant byl pfidan ke 4 ml Cistého isopropanolu. Po vysrdZeni a centrifugaci byla
peleta DNA promyta 3 ml 70% ethanolu a vysusena. Nasledné byla rozpusténa v Tris-EDTA
pufru (10mM Tris-HCl, ImM EDTA, pH 7,5) anafedéna na kone¢nou koncentraci
100 ng/ul.

3.3. Sekvenovani nové generace

3.3.1. Sekvenacéni panel CZECANCA

Analyza vzorkl genomové DNA byla provadéna panelovym sekvenovanim nové
generace (NGS). Byl pouzit panel CZECANCA vl1.2.2, navrZzeny v rdmci Laboratofe
onkogenetiky pomoci programu HyperDesign (KAPA HyperChoice, Roche). Panel
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CZECANCA v1.2.2 cili na 226 znamych a kandidatnich nddorovych predispozicnich genii
(ptiloha 1) (Soukupova et al., 2018). Celkova velikost cilové oblasti panelu CZECANCA
byla 632 230 bp. VétSina proteinovych produkti cilovych genti se podili na DNA

reparacnich procesech, nebo jsou soucasti prolifera¢nich a kontrolnich signalnich kaskad.
3.3.2. Pfiprava NGS knihovny

Piiprava genomové DNA pro vytvofeni NGS knihovny se skldda z nasledujicich
krokli: fragmentace DNA, enzymatické Gpravy vzniklych fragmentt, ligace adaptorovych
sekvenci, inkorporace specifickych indexovacich sekvenci pomoci PCR, nabohaceni cilové

sekvence panelu a kone¢na amplifikace pomoci PCR.

Pro ptipravu knihovny pied nabohacenim cilové sekvence byl pouzit komercni kit
KAPA HyperPlus (Roche). Reagencie tohoto kitu byly pouzivany v polovi¢nim mnozstvi
oproti doporuceni vyrobce (vyjimkou byla KAPA HiFi HotStart ReadyMix). Pro hybridizaci
s panelem a nasledné omyvani byly pouzity kity KAPA HyperCapture Reagent a KAPA
HyperCapture Bead (Roche). Pro stanoveni rozsahu velikosti fragmentli byl pouzit
Bioanalyzer 2100 (High Sensitivity kit, Agilent Technologies). Koncentrace DNA byla
stanovena pomoci fluorimetrii Qubit 3 a Qubit Flex za pouziti kitu High Sensitivity

(Invitrogen).
3.3.2.1. Fragmentace genomové DNA

Cilem fragmentace genomové DNA za tcely NGS je ziskat fragmenty DNA o stiedni
velikosti 200 bp. Pro fragmentaci bylo pouZito 100 ng genomové DNA od kazdého vzorku.
DNA byla natfedéna deionizovanou vodou do objemu 15 pl. Fragmentace probihala
enzymaticky za pouziti smési restrikénich endonukleaz, obecné nazyvanych jako
fragmentaza, dodavanych v kitu KAPA HyperPlus. Enzymaticka aktivita fragmentazy je
citlivd na pfitomnost EDTA v rehydrata¢nim roztoku pro rozpusténi izolované DNA. Podle
koncentrace EDTA v kone¢ném objemu fragmenta¢niho mixu (V = 25 pl), bylo k 15 pl
pfidavano 2,5 pl nafedéného Conditioning Solution, ktery slouzi k zamezeni vlivu EDTA na
funkci fragmentazy. Tabulka fedéni koncentrovaného Condition Solution se nachézi

v tabulce 6.
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Tabulka 6. Tabulka fedéni Conditioning Solution v zéavislosti na koncentraci
EDTA v reak¢ni smési. Redéni je pocitano pro konecny objem 100 pl.

Konecna koncentrace Redici Objem koncentratu A Objem

EDTA v 25 pul reak¢ni fakt Condition Solution | deionizované vody
< aktor

smeési [mM] [ul] [ul]

0,02 - 0,05 32 3,1 96,9

0,1 15,4 6,5 93,5

0,2 7,4 13,5 86,5

0,3 4,8 21 79

0,4 3,3 30 70

0,5 2,6 18,8 81,2

0,6 2,2 46,5 53,5

0,7 1,8 56 44

0,8 1,6 64 36

0,9 1,4 72 28

1,0 1,3 80 20

Vzorky genomové DNA, které neobsahovaly EDTA, byly fedény deionizovanou
vodou pfimo na objem 17,5 pl. Vzorky byly chlazeny na 4°C, nez k nim bylo ptidano 7,5 pl
roztoku fragmentazy, ziskaného smichanim koncentrovaného roztoku fragmentazy
a fragmentazového pufru dle poméru daného vyrobcem. Vznikla reakéni smés byla umisténa

do termocycleru, kde probehla fragmentace pti 37°C po dobu 12,5 min.
3.3.2.2. Upravy fragmentované DNA

Dvoutetézcové fragmenty DNA vzniklé v pfedchozim kroku obsahuji konce
s jednotetézcovymi presahy. Zarovnani konct bylo provadéno v procesu DNA End Repair.
Na 3’ konce takto upravenych DNA fetézct bylo nésledn¢ pfipojeno dAMP v procesu
nazyvaném A-tailing. Tento krok je zasadni pro nadchazejici ligaci adaptorovych sekvenci

k fragmentované DNA. Procesy End Repair a A-tailing probihaly soub&zné.

K chlazené fragmentacni smési bylo pfidano 5 pl roztoku enzymut pro End Repair
a A-tailing pfipravenych dle pomérti uddvanych vyrobcem. Reakéni smés byla umisténa
do termocycleru pfi teplot¢ 65°C po dobu 30 min. Béhem tohoto kroku dochézi k tepelné

denaturaci fragmentazy.

Adaptorové oligonukleotidy byly vyrobeny na zakazku (GeneriBiotech). Jedna se o
dva tetézce (33 bp), které obsahuji vzajemné komplementarni ¢asti, umoznujici ¢astecnou

hybridizaci. Vysledkem je vidlicovity Gtvar (obrazek 9), ktery je ligovan na fragmentovanou
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DNA a ktery nasledné slouzi pro specifickou hybridizaci s primery nesoucimi identifika¢ni
sekvence.
15 adaptor 5’-ACACTCTTTCCCTACACGACGCTCTTCCGATC*T-3’

17 adaptor 5’-pGATCGGAAGAGCACACGTCTGAACTCCAGTCAC-3’
*fosfothiolatova vazba

Adaptory byly pfipravovany pomoci touchdown hybridizace. Za timto uc¢elem byly
smichany spolu s Tris-NaCl pufrem na koncentraci 40pM obou adaptorovych fetézct
a 10mM Tris-HCl, 10mM NaCl. Smés adaptord byla hybridizovana v termocycleru pfi
programu: 97°C/2 min, 72%(97°C/1 min (-1°C per cyklus)), 25°C/ Smin. Po hybridizaci byla
sm¢s adaptort natedéna Tris-NaCl pufrem a deionizovanou vodou na kone¢nou koncentraci

15 uM hybridizovanych adaptort v ImM Tris-HCI, ImM NaCl.
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Obrazek 9. Schematické zndzornéni Upravy fragmentované DNA (inzert, zeleny
obdélnik) b&hem piipravy knihovny. Modré sekvence odpovidaji adaptorovym
sekvencim (i5 ai7). Céste¢nd komplementarita i5 ai7 adaptori vytvaii vidlicovou
strukturu. K adaptorovym sekvencim jsou castecné komplementdrni primery pro
pre-capture PCR (leva cast schématu). Tyto primery nesou sekvenci 8 oligonukleotida
(index, Cerven¢), které umoziuji identifikaci vzorku po sekvenaci. Béhem pre-capture
PCR se sekvence primeri pfipojuji k inzertu (zndzornéno v pravé ¢asti). Ke koncovym
¢astem pre-capture PCR primerti jsou komplementarni primery pro post-capture PCR.
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Po ligaci adaptort byly vzorky purifikovany pomoci magnetickych kulicek SPRI. Po
precisténi magnetickymi kulickami byly fragmenty DNA amplifikovany pomoci PCR (tzv.
pre-capture PCR), kde byly jako primery vyuZity oligonukleotidy majici pocatecni cast
komplementarni k jednomu z vldken adaptorti. Za touto komplementarni ¢asti se nachazi
variabilni sekvence osmi nukleotidii zvana index ¢i barcode (obrazek 9). Kombinaci indexi
forward a reverse primerit dochdzi k unikatni identifikaci vzorku, coz umoziuje sekvenaci
vice vzorkli najednou. Primery pro pre-capture PCR rovnéz na svém konci obsahuji
univerzalni sekvence pro hybridizaci na sekvenacni flow cell. Pre-capture PCR probihala za
pouziti enzymu KAPA HiFi HotStart ReadyMix v termocycleru pfi nasledujicim programu:

98°C/45 s, 4x(98 °C/15 s, 60 °C/30 s, 72 °C/30 s), 72°C/1 min.

# 6: runNX162C_PCR_2 ® 9 runhX162C_PCR_34 ® 11: runMR162C_PCR_42

® G runhE162C POR 24 10: runh¥162C_PCR_39
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300+

230+

200+

150+

100

30+
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Obriazek 10. Kontrola rozloZeni velikosti fragmentii DNA knihovny po pre-capture PCR
na Bioanalyzeru 2100. Na ose x je vynesena velikost fragmenti DNA (bp), na ose y sila
signalu.
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Po skonceni pre-capture PCR byla DNA pfecisténa pomoci magnetickych kuli¢ek
SPRI a eluovana do 30 pl deionizované vody. Nasledné bylo u vSech vzorkli provedeno
stanoveni koncentrace DNA pomoci fluorimetru Qubit a u nahodné vybranych vzorkl bylo
urceno rozlozeni velikosti fragmentti na Bioanalyzeru 2100. Jako vhodny byl bran median

velikosti fragmentt 350-400 bp (obrazek 10).

15 primer 5’-AATGATACGGCGACCACCGAGATCTACACNNNNNNNN
(pre-capture PCR) ACACTCTTTCCCTACACGACGCTCTTCCGATC*T-3’
17 primer 5>-CAAGCAGAAGACGGCATACGAGATNNNNNNNN

(pre-capture PCR) GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC-3’
*fosfothiolatova vazba

3.3.2.3. Nabohaceni cilové sekvence

Vzorky byly smichany ve stejném hmotnostnim poméru do celkového mnoZstvi
1,5 pg DNA. Pro minimalni sekvenac¢ni pokryti 100x na platform& NextSeq bylo mozné
smichat az 144 vzorku. K poolu vzorki bylo pfidano 20 ul COT DNA (KAPA HyperCapture
Reagent kit, Roche), ktera slouzi ke snizeni nespecifick¢é hybridizace v repetitivnich
sekvencich. Pozadovany objem poolu s COT DNA byl 65 ul. Pokud byl objem vétsi, byla

pouzita rotacni vakuova odparka SpeedVac (Eppendorf).

K poolu byl pfidan dvojnasobny (V =130 pl) objem magnetickych kuli¢ek
HyperPure (KAPA HyperCapture Beads kit, Roche), pomoci kterych byl pfecistén. DNA
byla z kulicek eluovana do 13,4 ul univerzalnich blokovacich oligonukleotidii (Universal
Enhancing Oligos), které slouzi k zakryti sekvence adaptorti, indexd a univerzalnich
primerti, aby nedochazelo k jejich hybridizaci se sondami panelu. K poolu byly nasledné
pfidany hybridiza¢ni pufry (Hybridization Buffer V = 28 ul, Hybridization Component H
V =12 ul) a cely objem byl doplnén deionizovanou vodou do 56,4 ul. Veskery objem bez
magnetickych kulicek byl ptidan k 4 pl alikvotu sond sekvenac¢niho panelu CZECANCA.
DNA s panelem byla denaturovéna v termocycleru pii 95°C 5 min a inkubovana 16-20 hodin
pii 55°C. V tomto kroku dochézi k hybridizaci sond panelu s cilovou sekvenci analyzované

DNA pro nabohaceni fragmentti obsahujicich sekvence vysetfovanych gent.

Po skonceni hybridizace byly k sekvenacnimu panelu piidany magnetické kulicky
s navazanym streptavidinem (KAPA HyperCapture Beads kit, Roche). Na hybridiza¢ni
sondy panelu je navazdna biotinova znacCka, ktera tvoifi se streptavidinem silnou

nekovalentni vazbu, umoznujici fyzické vychytani cilové sekvence z roztoku. Magnetické
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kulic¢ky s cilovou sekvenci byly omyty sérii pufri nahtatych na 55°C a pufrii o laboratorni
teploté, béhem nichz byly odstranény vSechny DNA sekvence mimo cilovou. Cilova DNA
byla néasledné amplifikovana pomoci post-capture PCR: 98°C/45s, 11x(98°C/15s, 60°C/40s,
72°C/30s), 72°C/1 min. Jako primery byly pouzity oligonukleotidy komplementarni ke
koncové ¢asti primertt zaclenénych k fragmentované DNA béhem pre-capture PCR
(obrazek 9).
15 primer
(post-capture PCR)

17 primer
(post-capture PCR)

5S’-AATGATACGGCGACCACCGAGATCTACAC-3’

5’-CAAGCAGAAGACGGCATACGAGAT-3’

Vysledna knihovna byla pfeciSténa pomoci magnetickych kulicek HyperPure
a eluovana do 40 pl deionizované vody. U knihovny byla stanovena jeji koncentrace pomoci
fluorimetru Qubit (typické rozmezi 3-4 ng/ul). Pied sekvenaci na platformé NextSeq500
byla knihovna denaturovédna pomoci 200mM NaOH a natfedéna HT1 pufrem (NextSeq kit,
[llumina) na konec¢nou koncentraci 1,5 pM. Knihovna byla sekvenovana za pouziti kitu

NextSeq 500/550 Mid Output Kit v2.5 150 cyklt (Illumina).
3.3.3.Kontrola nabohaceni

Kvalita nabohaceni NGS knihovny byla kontrolovana pomoci kvantitativni PCR
(qPCR). Bylo pouzito celkem 8 parti primeru cilicich na rizné geny (tabulka 7). Pét para
primeri nasedalo na oblasti gend, které jsou mezi cilovymi geny panelu CZECANCA (ATM,
BRCAI, MSH6, PALB2, RADS51C), zatimco tfi (intron DPYD, TRPM1, TYR) nasedaly mimo
oblast panelu. Spravny pribéh nabohaceni cilovych geni se méfil podle rozdilu poctu cykli,
vnichz PCR cilovych anecilovych oblasti ptekrocila fluorescencni prah, spolecné

s porovnanim s kontrolni knihovnou (obrazek 11).

Vzorek kone¢né knihovny byl nafedén na koncentraci 1 ng/pl a spolu s kontrolni
knihovnou byl amplifikovan na program: 95°C/12 min; 50%(95°C/15 s; 60°C/25 s; 72°C/15
s); 95°C/5 s; 72°C —95°C; 40°C/10 s. Reakce qPCR byla provadéna za pouziti kitu HOT
FIREPol EvaGreen qPCR Mix Plus (Solis Biodyne) na pfistroji Light Cycler 480 (Roche).
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Tabulka 7. Primery pouzit¢é pro kontrolu nabohaceni cilové sekvence panelu

CZECANCA.

Gen Nazev primeru | Sekvence (5°-3) An;[l;g;mn

iy LATM_IIF GATCGTGCTGTTCCACTCC 100
ATM_11R1 CTTCCTTTTGCAAGGGACACTG
BRCAI 11FF | ACCACAGTCGGGAAACAAGC

BRCAI "BRCA1 11ER | GTGGGCAGAGAATGTTGCAC 152
MSHG6_4BF AGAGTGAAGGCCTGAACAGC

MSH6 — \fSHe 4R CACTAACGTGGGCTTGGGAT 204
PALB2 6F AGTGGGTAATGCAGGCAGA

PALB2 5ATB? 6R CATATGTAAGACACGAGACACTGG 181
RADSIC 7F | ACCAAGTCAGTAAGGCCATATAC

RADSIC /RADSIC 7R | CACAGGACTAGCTCTAAGAAACC 195
DPYD49 CACTCAGCATCAGCCACATATC

DPYD  '5pyD30 TGAGGGACAACTGGTTTATCAAGC 212
TRPM1_SF GTCTCTGTGGTCATTTTGTAACAACACC

TRPMI  TRPMT 8R CCAACATCAGAGGGACAGGAGTC 200
TYR 3F GGAAGTATTCACTTTGCACCAGATC

TYR TYR 3R GATTTTTGAACTGAGTAGAACTTGGC 220
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Obrazek 11. Schematické znazornéni kontroly nabohaceni cilové sekvence panelu. Osa
x znaCi Cislo cyklu PCR, osa y miru fluorescenéniho signalu. Vlevo se nachézeji

fluorescenéni

kiivky pro gen v cilové oblasti

panelu CZECANCA (primery

PALB2 6F/R), zatimco vpravo kiivka genu, ktery se nenachazi v cilové oblasti (primery
TRPM1_8F/R). Cyklus piekroceni fluorescenéniho prahu u cilovych oblasti panelu

CZECANCA je u analyzované knihovny porovnavan s kontrolni knihovnou.
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3.3.4. lllumina sekvenovani

Sekvenovani bylo provadéno na platformé NextSeq500 (Illumina). Technologie
[llumina sekvenovani vyuziva tzv. sekvenaci syntézou za pouziti reverzibiln¢ terminacnich
nukleotiddi, které jsou fluorescenéné znacené. Sekvenace probihd na sklicku (flow cell),
které je pokryté pevné ukotvenymi oligonukleotidy slouzicimi jako primery pro pozdéjsi
mustkovou amplifikaci. Oligonukleotidy jsou komplementarni k sekvenci vnesené
k fragmentim DNA béhem ptipravy knihovny. Molekuly knihovny nahodné hybridizuji
s oligonukleotidy na flow cell. K navazané DNA je poté dosyntetizovano komplementarni
vlakno, kdy DNA polymeréaza vyuziva oligonukleotidy na flow cell coby primery. Vznikly
komplementérni fetézec je tak ukotven k povrchu flow cell. V dalSich krocich dochazi k tzv.
,mustkové PCR*, béhem niz se navdzana vlakna DNA ohybaji k dal§im oligonukleotidiim
na povrchu flow cell (tvoii miistky) a DNA polymerdza dosyntetizovava komplementarni
fetézec (obrazek 12A). Vznikly mustek je poté denaturovan. Takto vnikaji takzvané klastry,
neboli oblasti obsahujici konkrétni namnozenou sekvenci. Pfed samotnou sekvenaci dochazi
k denaturaci za vzniku jednofetézcovych DNA. Sekvenovani probihd pomoci nové
piidanych univerzalnich primerti, DNA polymerazy a Ctyf typu fluorescencné znacenych
nukleotidii, kazdy s odlisnou fluorescenc¢ni znackou. Sekvenace se odehrava v cyklech,
béhem nichz je do nové vznikajiciho fetézce zaclenén a detekovan vzdy jen jeden nukleotid.
Po odmyti nezaclenénych nukleotidii dochéazi k laserové excitaci fluoroforu a sniméni
signalu kamerou. Poté jsou odsStépeny fluorescencni znacky a terminatory inkorporovanych
nukleotidli, ¢imZ je umozZnéno provést novy sekvenacni cyklus (obrazek 12B). Ziskany
signal je zapisovan do sekvence a bioinformaticky zpracovavan (Metzker, 2010, Bentley et

al., 2008).
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Obrazek 12. Princip technologie Illumina sekvenovani. A) Mustkova PCR slouzici
k vytvoteni klastru sekvenované¢ DNA. B) Pribéh sekvenace pomoci fluorescencné
znac¢enych nukleotidl s odstranitelnou 3’ terminacni skupinou. Pfevzato a upraveno z
(Metzker, 2010).
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3.4. Bioinformatické zpracovani

Vysledkem sekvenace na platformé NextSeq500 (Illumina) jsou textova data
ve formatu FASTQ. Kvalita cteni bazi byla kontrolovana pomoci FastQC v0.11.2.
Sekvenacni data byla nasledn¢ mapovana na referen¢ni genom hgl9 za pouziti programu
Novoalign v2.08.03, ¢imz byly vytvofeny soubory formatu SAM, které byly pomoci nastroje
Picard tools v1.129 pfeménény na binarni formu BAM. Kvalita bazi namapovanych na
referen¢ni genom byla kontrolovana pomoci softwaru Genome Analysis Toolkit (GATK)
v3.8.1. BAM soubory byly nasledovné zpracovany GATK pipeline na variant-call format
(VCF) a anotovany pomoci SnpEff 4.3 néstroje. Pro vizualizaci sekvena¢nich dat v BAM
formatu bylo pouZito IGV (Integrative Genomics Viewer). Stfedn€ dlouhé inzerce a delece
byly hodnoceny pomoci softwaru Pindel 0.2.5a7. Analyza velkych genomovych ptestaveb
(CNV; copy number variation) byla provedena néstrojem CNVkit 0.7.4.

3.5. Analyza dat

3.5.1. Skupiny genul — karcinom pankreatu

V ramci studie dédiéné predispozice k PDAC bylo cilovych 226 genil panelu
CZECANCA rozdéleno na skupinu 11 hlavnich predispozic¢nich genti (STK11, CDKN2A,
BRCA2, BRCAI, ATM, PALB2, TP53, MLHI1, MSH2, MSH6, PMS?2) (Llach et al., 2020)

a 215 ostatnich kandidatnich predispozi¢nich gend.
3.5.2. Skupiny genl — karcinom endometria

V réamci studie dédicné predispozice k EC bylo cilovych 226 geni panelu
CZECANCA rozdéleno na skupinu 19 hlavnich predispozi¢nich geni a 207 ostatnich
kandidatnich genti. Mezi predispozi¢ni geny patfilo pét genil predisponujicich k LS (MLHI,
MSH2, MSH6, PMS2, EPCAM) a 14 genu spojenych s HBOC (4TM, BARDI, BRCAI,
BRCA2, BRIPI, CDHI, CHEK?2, NF1, PALB2, PTEN, RAD51C, RAD51D, STK11, TP53).
Mezi ostatni kandidatni geny patfily geny, jejichz asociace s EC je neznama ¢i nejasna (napf.

MUTYH, NBN, POLDI, POLE) (Spurdle et al., 2017).
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3.5.3. Prioritizace variant

Béhem prioritizace nalezenych genetickych variant byly vyfazeny vSechny varianty,

které spliovaly nasledujici podminky:

e Nizka sekvenacni kvalita (q<150);

e Vysoké alelickd frekvence (minor allele frequency, MAF>0.001) v populac¢nich
databazich (gnomAD, Exome Sequencing Project, 1000 Genomes Project).
Vyjimkou byly varianty klasifikované jako patogenni/pravdépodobné patogenni
(P/LP) v databazi ClinVar;

e Vice jak 3 vyskyty ve skupiné 777 populacnich kontrol. Vyjimkou byly varianty
klasifikované jako P/LP v ClinVar databazi;

e Pfitomnost v UTR, intronech mimo konsenzni sestfihova mista, synonymni varianty
a inserce/delece nezpusobujici posun cteciho rdmce. Vyjimkou byly varianty
klasifikované jako P/LP v ClinVar databazi;

o Klasifikace jako benigni/pravdépodobné benigni (B/LB) v ClinVar databazi
s alespon dvouhvézdickovym ohodnocenim;

e Znadmé nizké riziko: BRCA2 (c.9976A>T; p.Lys3326Ter) a CHEK2 (c.470T>C;
p.lle157Thr).

Vysledny soubor variant byl vyhodnocen podle doporu¢eni ACMG (Miller et al.,
2021). Varianty v ClinVar databazi uvedené s pouze jednim pfispévatelem nebo
s rozporuplnou interpretaci patogenity byly povazovany za varianty nejasného vyznamu
(VUS). Duplikace celych genli a trunkacni varianty postihujici posledni exon byly
povazovany za VUS, pokud nebyly klasifikovany jako P/LP v ClinVar databazi. Pfitomnost
vSech patogennich variant byla zkontrolovana v IGV nebo potvrzena metodou Sangerova

sekvenovani ¢i MLPA (kapitola 3.6).
3.5.4. Statistické zpracovani

Frekvence zarode¢nych patogennich variant u pacientti a kontrol byla porovnavana
pomoci Fisherova pfesného test nebo Pearsonova y? testu. Rozdil ve véku diagn6z u pacienti
s EC byl spocitan pomoci jednofaktorové ANOVA analyzy nésledované Tukey-
Kramerovym testem. Statistické testy byly oboustranné a p hodnoty <0,05 byly povazovany

za signifikantni. Analyza pteziti byla provedena Kaplan-Meierovou metodou.
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3.6. Potvrzeni pfitomnosti genetickych variant

Pfitomnost patogenni genetické varianty zjisténé pomoci NGS byla potvrzena
Sangerovym sekvenovanim, jednalo-li se o zamény jednoho nukleotidu/malé delece
a inserce. Pfitomnost CNV byla potvrzovana pomoci metody MLPA (Multiplex ligation-

dependent probe amplification).
3.6.1.Sangerovo sekvenovani

Samotnému Sangerovu sekvenovani pfedchazela amplifikace cilové oblasti pomoci
PCR. Primery na PCR byly navrzeny na teplotu tani 60 °C pomoci webovych nastrojil
Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast) a UCSC In-Silico PCR
(https://genome.ucsc.edu/cgi-bin/hgPcr). Primery byly dodany firmou GeneriBiotech. Pro
PCR reakci byl pouzit kit PPP Master Mix (TopBio). Standardni amplifikacni podminky
byly: 94°C/1 min; 40x(94°C/30 s; 60°C/30 s;72°C/30 s);72°C/7 min. Usp&sny pribsh PCR

a kvalita amplifikace byly zhodnoceny pomoci agar6zové gelové elektroforézy.

TTTGTCCAGATTTCTGCTAACAGTACTCGGCCTGC
G

Ao, [

Obrazek 13. Piiklad DNA sekvence BRCA2 genu ziskané¢ Sangerovym sekvenovanim.
Piekryv fluorescencniho signalu znaci heterozygotni genetickou variantu. V tomto ptipadé
zaménu adeninu za guanin.

Pted provedenim Sangerovy reakce s fluorescencné znacenymi ddNTP, byl vzorek
PCR ocistén od nespotiebovanych PCR primertt a ANTP pomoci ExoSAP-IT (Applied
Biosystems). ExoSAP-IT obsahuje exonuklazu, stépici jednotfetézcovou DNA, a alkalickou
fosfatazu, Stépici fosfatovou vazbu ptitomnou v ANTP. Samotna Sangerova reakce byla
provedena pomoci BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems)

a sekvenacniho primeru. Vysledny produkt byl piecistén srazeci reakci za pouziti acetatu
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sodného a ethanolu. Suchy produkt byl resuspendovan ve formamidu, denaturovan
a analyzovan na automatickém sekvenatoru ABI Prism 3130 (Applied Biosystems).

Sekvenacni data byla vizualizovana pomoci programu FinchTV 1.3.1 (Geospiza, Inc.,
obrazek 13).

3.6.2.MLPA

Detekce CNV probihala pomoci metody MLPA (MRC Holland). Princip této metody
je zalozen na ligaci dvou sond, které hybridiza¢né€ nasedaji v cilové oblasti vedle sebe. Kazda
ze sond je opatfena komplementarni sekvenci k cilové oblasti ak univerzalnim
fluorescencné znacenym primerim. V piipadé¢ nasednuti obou sond a tspésné ligace je
mozné amplifikovat spojenou sekvenci pomoci PCR. Na kazdy exon vySetfovaného genu
piipadaji sondy, které maji po ligaci odliSnou délku. To umoznuje jejich identifikaci
kapilarni elektroforézou (ABI Prism 3130, AppliedBiosystems). Relativni sila signdlu byla
porovndvana proti kontrolnimi vzorku pomoci programu Coffalyser (MRC Holland).

Snizeni ¢i zvySeni relativniho signalu sondy umoziuje identifikaci delece/duplikace

analyzované oblasti (obrazek 14).
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Obrazek 14. Ptiklad vyhodnoceni MLPA analyzy gentt EPCAM, MSH2 a MLH1. Vyska
signalu fluorescencnich sond pro jednotlivé exony je porovnana s kontrolami a ziskany
pomér vynesen do grafu. Vpravo je mozné pozorovat duplikaci exonii 16-19 genu MLH]I.
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4. Vysledky

4.1. VySetfeni pacientd s karcinomem pankreatu

4.1.1.Patogenni varianty v predispozi¢nich genech

Celkem byla vySettena genetickd predispozice u 226 pacientli s PDAC. Patogenni
varianty (PV) byly nalezeny v péti genech (ATM, BRCAI, BRCA2, PALB2, TP53) z celkem
11 hlavnich PDAC predispozi¢nich genti (tabulka 8). Frekvence nosi¢ii mutaci byla Ctytikrat
vy$§i u pacientii (18/226; 8,0 %) nez v kontrolnimu souboru (14/777; 1,8 %; p = 2,7x107).
Polovina vSech PV v hlavnich predispozi¢nich genech byla nalezena v genu BRCA2 (N =9).
Déle byly PV nalezeny v genech ATM (N = 3) a BRCAI (N = 3), nasledované PALB2 (N =
2)a TP53 (N=1). Srovnanim frekvenci PV u pacienti a v kontrolnim souboru jsme spocitali
rizika vzniku PDAC pro jednotlivé geny. Statisticky signifikantné zvysené riziko predstavuji

PV v genu BRCAI (OR = 10,4; p = 0,04) a v genu BRCA2 (OR = 6,4; p = 0,0009).

Mezi ostatnimi kandidatnimi geny bylo identifikovano 18 PV u celkem 16/226
(7,1 %) nosict. Frekvence nosi¢li PV v téchto genech byla téméf dvakrat vySsi nez u
kontrolniho souboru (30/777; 3,9 %; p = 0,02). Nejvice PV bylo nalezeno v genu CHEK?
(5/18; 27,8 %), u néhoz jako jediného samostatného genu ze skupiny kandidatnich genti
vyslo signifikantné zvySené riziko vzniku PDAC (OR = 17,5; p = 0,003). Piehled vSech
identifikovanych PV je uveden v tabulce 9.

U dvou pacientl jsme nasli vice PV zaroven. Jeden pacient byl nosi¢em PV v genech
BRCA2 a ERCC4, druhy nosi¢em PV v genech CHEK2, ERCC4 a FANCG. V kontrolnim

souboru nebyli zadni nosici vice PV.
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Tabulka 8. Frekvence zarode¢nych PV v hlavnich a kandidatnich predispozi¢nich genech u
pacientli s PDAC v souboru nenadorovych kontrol (PMC).

OR (95% CI);

Sku})ina Gen PDAC pac. PMC S hodnota

senu N=226(%) N=777 (%) PDAC pac vs. PMC
ATM 3(1,3) 3(0,4) 3,5(0,5-26,1); 0,13
BRCAl 3(1,3) 1(0,1) 10,4 (0,8-546,9); 0,04
BRCA2* 9 (4,0) 5 (0,6) 6,4 (1,9-24,5); 0,0009
CDKN2A4 0 0 N.A.
MLHI 0 0 N.A.
MSH?2 0 3(0,4) N.A.

PDAC MSH6 0 0 N.A.

geny PALB2 2(0,9) 2(0,3) 3,5(0,2-47,9); 0,22
PMS2 0 0 N.A.
STK11 0 0 N.A.
TP53 1(0,3) 0 N.A.
PV v PDAC genech 18 14 4,7 (2,3-9,6); 2,7x10-5
Nosici PV v PDAC
genech 18 (8,0) 14 (1,8)
BLM 0 3(0,4) N.A.
BRIPI 2(0,9) 0 N.A.
CHEK2* 5(2,2) 1(0,1) 17,5 (2,0-150,7); 0,003
ERCC4* 4 (1,8) 5(0,6) 2,8 (0,5-13); 0,12
FANCA 0 3(0,4) N.A.
FANCD?2 0 1(0,1) N.A.
FANCE 1(0,4) 0 N.A.
FANCG* 1(0,4) 0 N.A.
FANCI 0 1(0,1) N.A.
FANCM 0 4 (0,5) N.A.

Kandida HOXBI3 1(0,4) 0 N.A.
NBN 3(1,3) 3(0,4) 3,5(0,5-26,1); 0,13
POLDI 1(0,4) 0 N.A.
RAD50 0 1(0,1) N.A.
RADS4L 0 2(0,3) N.A.
RECQL 0 3(0,4) N.A.
SLX4 0 1(0,1) N.A.
PV v kandidatnich 18 30 2.2 (1,2-3,9); 0,02
genech
Nosic¢i PV v kandidatnich
genech* 16 (7,1) 30 (3,9)

Vsechny PV 36 23

Vsichni nosici PV* 33* (14,6) 23 (3,0)

*Nosici vice PV v genech BRCA2/ERCC4 a CHEK2/ERCC4/FANCG.
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Tabulka 9. Piehled vSech PV identifikovanych u pacienti s PDAC

Gen HGYVS c. oznaceni HGYVS p. oznaleni Pocet pac.
ATM c.6095G>A p.(Arg2032Lys) 1
ATM ¢.6096-9 6096-5del . 1
ATM c.7327C>T p.(Arg2443Ter) 1
BRCAI |c.2263G>T p.(Glu755Ter) 1
BRCAI |c.2411 2412del p.(GIn804LeufsTerS) 1
BRCAI |c.3770 3771del p.(Glu1257GlyfsTer9) 1
BRCA2 |c.1813dup p.(Ile605AsnfsTerl 1) 1
BRCA2 |c.1989del p.(Phe663LeufsTerS) 1
BRCA2 |c.3545 3546del p.(Phel182Ter) 1
BRCA2 |c.475G>A p.(Vall59Met) 1
BRCA2 |¢.5073dup p.(Trp1692MetfsTer3) 1
BRCA2 |c¢.7415dup p.(Cys2473ValfsTer2) 1
BRCA2 |¢.7480C>T p.(Arg2494Ter) 1
BRCA2 |c.8167G>C p.(Asp2723His) 1
BRCA2 |c.8755-1G>A : 1
BRIPI |c.1328 1334del p.(Cys443SerfsTer5) 1
BRIPI |c.2684 2687del p.(Ser895Ter) 1
CHEK2 |c.846+4 846+7del 1
CHEK?2 |¢.909-2028 1095+330del

(delece exontl 9-1 0) p-(Met304Leufs) :
CHEK2 |c.917G>C p.(Gly306Ala) 1
ERCC4 |c.2395C>T p.(Arg799Trp) 4
FANCG [c.778-2A>C . !
HOXBI13 |c.251G>A p.(Gly84Glu) 1
NBN c.657 661del p.(Lys219AsnfsTer16) 3
PALB2 |c.509 510del p.(Arg1701lefsTer14) 2
POLDI |c.3148del p-(Argl050AlafsTer74) 1
TP53 c.542G>A p.(Argl81His) 1

4.1.2.Klinicko-patologické charakteristiky nosicu mutaci

U pacienti byly hodnoceny klinicko-patologické charakteristiky onemocnéni.
Zatimco u pacientd pouze s PDAC byla zachycena frekvence nosi¢t PV v hlavnich PDAC
predispozi¢nich genech 5,7 % (12/209), u pacienti s PDAC a dalSim néadorovym
onemocnénim byla frekvence nosi¢i PV v téchto genech 6x vyssi (6/17; 35,3 %; p =0,001;

obrazek 15A).

U téchto Sesti pacientll byly nalezeny PV v genech BRCA2 (4%) a BRCAI (2x). U
vSech byl kromé PDAC diagnostikovan bud’ karcinom prsu, nebo ovaria, v jednom piipadé

oba. U jednoho pacienta s nadorovou duplicitou karcinomu prsu a PDAC byla nalezena PV
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v genu NBN. Nicméné, vSichni nosi¢i PV v hlavnich PDAC predispozi¢nich genech

s dalSimi nadorovymi onemocnénimi meli rovnéZz pozitivni rodinnou nddorovou anamnézu.

Frekvence nosi¢it PV v hlavnich predispozi¢nich genech byla 4% vyssi u pacientd
s pozitivni rodinnou nddorovou anamnézou (13/85; 15,3 %) ve srovnani s frekvenci PV u
pacientli bez nddorovych onemocnéni v rodiné (5/140; 3,6 %; p = 0,004; obrazek 15B). U
nosicl PV s pozitivni rodinnou anamnézou byly nalezeny PV v genech BRCA2 (7%), BRCAI
(3%x), ATM (2x) a TP53 (1x). Jeden znosi¢ci PV v BRCA2 byl i nosi¢em dalsi PV
v genu ERCCHA.

Mediany véku v dob¢ diagnozy nosic¢ti PV v hlavnich PDAC predispozi¢nich genech
(60,3 let) anosicit PV v kandidatnich predispozi¢nich genech (63,8 let) se nelisily od

medianu véku diagndzy u pacientl bez mutace (64,5 let; obrazek 15C).

A. Dalsi tumor B. Rodinna nadorova C. Vék diagndzy
(znémy 226; neznamy 0) anamnéza (znémy 226; nezndmy 0)
(zndm@ 225; nezndma 1)
100% 100% 90
90% 90% —_
80% 80% "
70% 10 70%
60% 60% 68 / —|_
183 124 x X
50% 50% %
40% 7 40% T
30% 30% 0 l
£E 6 2% zt 40
10% 9 —
— 10% 11 13
0% 0% -

Pouze Nadorova

PDAC  duplicita Negativni Pozitivni

OWT OPVPDACgeny [ PV ostatni geny

Obrazek 15. Zastoupeni nosic¢ti PV v ramci klinicko-patologickych podskupin: A) Dalsi
tumor, B) Rodinna naddorovéa anamnéza, C) VEék v dobé diagndzy.

Pro 223/226 pacientii byly k dispozici tidaje o délce jejich pieziti od doby diagnozy.
Informace o pieziti byly dostupné pro 31/33 nosici PV. Rozpéti doby pieziti se pohybovalo
mezi 0,3 az 281,1 mésici. Stfedni hodnota pteziti byla pro vSechny pacienty 12,8 mésice.
Riziko umrti bylo signifikantné sniZzeno u pacientii s PV nez u pacientli bez mutace. Stfedni
hodnota pfeziti u pacientll bez mutace byla 12,4 mésice, zatimco u nosicti mutaci byla sttedni

doba preziti 15,9 mésice.
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Skupinu mutovanych gentli jsme dale rozdélili na geny ucastnici se DNA reparacni
drahy HR (ATM, BRCAI/FANCS, BRCA2/FANCDI, BRIPI/FANCJ, ERCC4/FANCQ,
FANCE, FANCG, PALB2/FANCN) anosice PV v ostatnich genech (HOXB13, CHEK?2,
NBN, POLDI, TP53). Nosi¢i PV v genech HR méli vyznamné lepsi stiedni dobou pieziti
(mOS; 21,4 mésice) nez pacienti bez mutace (12,4 mésice, p=0,001) a nosici PV v ostatnich

genech (4,7 mésice, p = 0,017; obrazek 16).

--------- HR geny mOS: 21,4 vs 12,4 m; p = 0,001

rrrrrrrrrrrrrrrrrr ostatni geny mOS: 4,7 vs 12,4 m; p =0,017
—
O\O o N bez mutace mOS: 12,4 m (reference)
—
=
>N
O 8+
e
o
Q .
O 57
—
o]
Q.
O =4
|-
o
0 ‘H;O 12‘0
HR geny 22 10 7 6 2 1 1
ostatnigeny 9 1 0 0 0 0
WT

Obrazek 16. Kaplan-Meierovy kiivky pfeziti pacienti s PV genech homologni
rekombinace (HR), pacientd s PV v ostatnich genech a pacientli bez mutace. mOS —
stfedni doba preziti.

4.2. VysSetfeni pacientek s karcinomem endometria

Celkem byla vySetfena geneticka predispozice u 527 pacientek s EC z deseti center.
Zarodecné PV byly castéjSi mezi pacientkami s EC (118/527; 22,4 %) nez u populaénich
kontrol (290/1662; 17,4 %; p = 0,01). Pacientky byly rozd€leny na zaklad¢ indikacnich
kritérii ke genetickému testovani. Celkem 294 (47,2 %) pacientek by bylo indikovano ke
genetickému vySetfeni a zbylych 278 (52,8 %) pacientek by ke genetickému vySetfeni
indikovano nebylo. V rdmci indikovanych pacientek spliiovalo indikaéni kritéria pouze pro
LS 151 (28,7 %) pacientek, pouze pro HBOC 16 (3,0 %) pacientek a ob& indikaéni kritéria
splnilo 82 (15,5 %) pacientek.
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4.2.1.Patogenni varianty v 19 hlavnich EC predispozi¢nich genech

Patogenni varianty byly nalezeny ve 12 genech z celkovych 19 genl spojenych se
znamou predispozici ke vzniku EC (tabulka 10). Frekvence mutaci byla ptiblizné Ctytikrat
vys$$i u pacientek s EC (60/527; 11,4 %) nez u populacnich kontrol (46/1662; 2,8 %;
p=9,7x101%).

Nosicek PV v genech LS bylo nalezeno 27/527 (5,1 %), zatimco v populacnich
kontrolach bylo téchto nosicek 4/1662 (0,25 %). Patogenni varianty v genech LS tak
predstavuji nejvyssi rizikovy faktor ke vzniku EC (OR = 22,4; p = 1,8x107"7). Z genti LS
byly nejvice zastoupeny PV v MSH6 (13/27; 48,1 %), nasledované PV v MSH2 (8/27,;
29,6 %) a v MLHI (6/27; 22,2 %). Patogenni varianty v PMS2 nebyly nalezeny. Riziko
vzniku EC pro jednotlivé geny LS bylo mozné vypocist pouze pro gen MLHI (OR = 19,1;
p=1,3x10").

Nosi¢ek PV v genech spojenych s HBOC bylo mezi pacientkami s EC nalezeno
35/527 (6,6 %), zatimco v populacnich kontrolach bylo nosicek 42/1662 (2,5 %,
p = 7,9x107). Nejéast&ji mutovanymi geny byly BRCAI (11/35; 31,4 %), BRCA2 (7/35;
20,0 %) a CHEK?2 (6/35; 11,4 %). U vsech tii gend bylo popsano signifikantné¢ zvysené
riziko vzniku EC, nicméné toto riziko bylo nizsi neZ u nosi¢ek PV v LS genech. BRCA2 PV
jsou spojeny s vysokym rizikem (OR = 7,4; p = 0,002), zatimco PV v BRCAI (OR = 3,9;
p=0,001) a CHEK2 (OR = 3,2; p = 0,004) se stfednim rizikem (tabulka 10). Frekvence PV
v ostatnich HBOC genech se u pacientek neliSily od populacnich kontrol. U dvou pacientek

byly nalezeny PV zaroven ve dvou genech: MLHI/BRCAI a MHS2/ATM.

Zastoupeni nosicek PV v ramci skupin indikovanych ke genetickému vysetieni bylo
podobné: LS — 16,6 %; HBOC — 18,8 %; LS+HBOC — 18,3 %. Frekvence nosicek PV
v téchto skupinach byla pfiblizné tfikrat vyssi neZ ve skuping pacientek, které nespliovaly
7adna indikaéni kritéria (6,1 %; tabulka 10). Nejvyssi zastoupeni nosi¢ek PV v genech LS
bylo ve skupiné pacientek spliujicich pouze indika¢ni kritéria pro tento syndrom (17/151;
11,3 %). Obdobné¢ bylo nejvyssi zastoupeni nosicek PV v genech HBOC ve skupiné
pacientek splilujicich pouze kritéria pro HBOC (3/16; 18,8 %). Skupiny pacientek
indikovanych pro oba syndromy a neindikovanych pacientek mély sice odlisnou frekvenci
nosicek PV (18,3 % vs. 6,1 %), pomér nosicek PV v LS:HBOC genech byl ale podobny
(5:11 vs. 5:12, tabulka 10, obrazek 17). Ve skupin¢ pacientek spliiujicich obé indikacni
kritéria nicmén¢ ptevazovaly PV v genech s vysokou penetranci (MLHI, MSH2, BRCAI),
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kdeZto se skupiné neindikovanych pacientek byly €ast&jsi PV v genech s niz$i penetranci

(MSH6, ATM).

Tabulka 10. Frekvence zarode¢nych PV v 19 hlavnich EC predispozi¢nich genech u
pacientek s EC. Zastoupeni mutaci je uvedeno pro jednotlivé skupiny dle indikac¢nich kritérii
(LS, HBOC, LS+HBOC, neindikovan¢), vSechny pacientky s EC a pro populacni kontroly

(PMC).
Skupiny dle indikacnich kritérii V(s:echny OR (95% CI):
Skupina Neindiko E . e p hodnota
5 Gen LS HBOC LS+HBOC ; pacientky
genu ane
N=151 (%) N=16 N=82 N=278  N=527 N=1662 Vsechny EC pac vs.
Y% (%) (%) (%) (%) PMC
MLHI* 3(2,0) 0 2% (2,4) 1(04)  6%(1,1) 1(0,06) }93’}(1%;?'159’1)5
MSH2* 6* (4,0) 0 2 (2,4) 0 8* (1,5) 0 N.A.
Lynchiav 75776 8(5,3) 0 1(1,2) 4(14) 13024 0 N.A.
syndrom
(LS) PMS2 0 0 0 0 0 3(0,18) N.A.
EPCAM 0 0 0 0 0 0 N.A.
Vsechny LS~ 17(11,3) 0 5(6,1) 5(1,8)  27(51)  4(0.24) %28,1 1((7)f;7-64,3);
ATM* 1% (0,7) 0 1(1,2) 3(L,L1)  5%(1,00  7(042) 2,3(0,2-7,2); 0,2
BARDI 0 0 1(1,2) 0 1(0,2) 0 N.A.
BRCAI* 2 (1,3) 2(12,5) 6*(7,3) 104 11*@21) 9 (0,54  3,9(1,6-9,5); 0,001
BRCA?2 1 (0,7) 1(63) 0 5(,8)  7(13) 3(0,18)  7.4(1,9-28,9); 0,002
BRIPI 0 0 0 1(04) 1(02) 3 (0,18) 1,1 (0,1-10,1); 1,0
CDHI 0 0 0 0 0 0 N.A.
CHEK?2 3(2,0) 0 1(1,2) 2(0,7)  6(L1) 6 (0,36) 3,2 (1,0-9,9); 0,04
HBOC
NFI 0 0 0 0 0 1 (0,06) N.A.
PALB2 1 (0,7) 0 0 0 1 (0,2) 8 (0,48) 0,4 (0,1-3,1); 0,4
PTEN 1 (0,7) 0 0 0 1 (0,2) 1 (0,06) 3,2 (0,2-50,5); 0,4
RADSIC 0 0 2(2,4) 0 2 (0,4) 2 (0,12) 3,2 (0,4-22,5); 0,2
RADS5ID 0 0 0 0 0 0 N.A.
STKI11 0 0 0 0 0 0 N.A.
TP53 0 0 0 0 0 2(0,12) N.A.
Ef;ggy 9 (6,0 3(18,8) 11(13,4) 12(43) 35(6,6) 42(2,53)  2,7(1,7-4,3);7,9%10°
Vsechny PV 26 3 16 17 62 46
Vsechny nosicky 25%(16,6) 3(18,8) 15%(18,3) 17(6,1) 60* (11,4) 46 (2,78)

* Nosicky dvou PV v genech MLHI/BRCAI a MSH2/ATM.
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Obrazek 17. Rozlozeni nosi¢ti PV v ramci skupin pacientek splitujicich/nesplitujicich
indikacni kritéria pro genetické testovani LS/HBOC. Zelené Ctverce oznacuji pacientky
splityjici LS indikacni kritéria, rizové HBOC kritéria, zIuté ob¢ kritéria a Sedé Ctverce
oznacuji pacientky nespliiujici zadna kritéria. KoleCka symbolizuji nosice PV v genech

LS syndromu (zelen¢), HBOC (rtizové), ¢i obou (zelené/rtizove).

4.2.2.Mutace v 207 kandidatnich predispoziCnich genech

V ostatnich kandidatnich genech byly u pacientek identifikovany PV ve 48 genech
z celkovych 207. Frekvence nosicek PV u EC pacientek 66/527 (12,5 %) byla vyssi nez
v kontrolnim souboru (122/1662; 7,3 %, p = 0,004; tabulka 11). Osm pacientek s EC mélo
PV v hlavnich predispozi¢nich genech spolu s PV v kandidatnich genech. Pfi hodnoceni
asociace PV se vznikem EC byly vyfazeny vSechny nosicky PV v hlavnich predispozi¢nich
genech ze skupin pacientek i kontrol. Frekvence nosicek PV v kandidatnich genech byla i
po vyfazeni té€chto nosicek signifikantné vyssi u 467 pacientek (58/467; 12,4 %) nezu 1616
kontrol (122/1616; 7,5 %; p = 1,2x107). Nejéastéji mutovanymi geny byly MUTYH
(heterozygotni PV; 5/467; 1,1 %) a FANCA (4/467; 0,8 %). Frekvence PV v téchto genech
se ale nelisila od populacnich kontrol (MUTYH — 18/1616; 1,1 %; FANCA — 10/1616;

0,6 %). PV v zadném genu nebyly spojeny se signifikantn¢ zvySenym rizikem vzniku EC.



U tii pacientek byly nalezeny trunkacni varianty v genech kédujicich DNA
polymerazy ¢ (POLE, dvé& varianty) a 8 (POLDI, jedna varianta). Patogenni missense
varianty v téchto genech byly jiz diive spojeny s predispozici k EC (Spurdle et al., 2017). V
kontrolnim souboru byla nalezena pouze jedna trunkacni varianta v POLE a 74dna
v POLDI. Celkova frekvence mutaci v téchto dvou genech byla u pacientek (3/467; 0,6 %)
vyznamné vyssi nez u kontrol (1/1616; 0,06 %) a tyto mutace jsou dohromady spojeny se

signifikantné zvySenym rizikem vzniku EC (OR = 10,44; p =0,01).

Podivame-li se na zastoupeni nosicek PV vramci skupin indikovanych ke
genetickému vySetfeni, frekvence nosicek PV ve skupiné spliiujici LS+HBOC indikaéni
kritéria (14/67; 20,9 %) byla vyznamné vyssi nez ve skupin¢ neindikovanych pacientek
(28/261; 10,7 %; p = 0,04, tabulka 11). Frekvence nosi¢ek PV v indika¢nich skupinach
pouze pro LS (14/216; 11,1 %) nebo HBOC (2/13; 15,4 %) se nelisily.

Tabulka 11. Frekvence zarode¢nych PV ve 207 kandidatnich genech u pacientek s EC. Ze
souboru byly vyfazeny nosicky PV v 19 hlavnich predispozi¢nich genech. Zastoupeni
mutaci je uvedeno pro jednotlivé skupiny dle indikac¢nich kritérii (LS, HBOC, LS+HBOC,
neindikované), v§echny pacientky s EC a pro populac¢ni kontroly (PMC).

Skupiny dle indikacnich kritérii

EC pac. PMC DR T
Gen LS HBOC LS+HBOC  Neindik. p hodnota
N=126 N=13  N=67 N=261 1 N=467  N=1616 (%)
(%0) (%) (%) (%) (0.4) (%) 3 (02 1 (0. 1
ATRIP* 0 0 1* 1 1 2% 0,1) 0
CASPS 0 0 (1,5) 1 (0,4) 0,4) 04 1 2 01 7 (04) 2
DMBTI* 1* (1,5) 0 0,2) 0,1) 0
EMSY 0 (1,7) 0 1% 1 3* 0
EPHXI 1(0,8) 0 (1,5) 0 (0,4) 06 T 2 013 02 10
ERCC3* () 0 0 1 ©02) 1 06 o
ERCC4* () 0 1% (0.4) 0.2) 1 1) 1 (01) 7
ERCC5 0 0 (1,5) 0 2 0,4) 0
ERCC6* 0 0 * I 0.4) 302 1 (01) 4
EXOI 2(1,6) 0 (1,5) 0 (04) 0 1* 0.2)
FANI 1008 0 1 1 (04 ©2) 1
FANCA  2(1,6) 0 (1,5) 2% 0.2)
FANCD2  1(0,8) 0 1 08 0 3*
FANCE ~ 1(08) 0 (1,5) 1 (0,6) 3
FANCG 0 0 0 (0.4) (0.6) 2
FANCI  1(08) 0 0 2 0.4) 4
FANCL* 0 0 0 (0.8) (0,9) 1
FANCM 1 0 0 0 02) 1
(0,8) KCNJS 0 0 0 0,2) 1
0 0 0 ! 0.2) 1
LIG3 0 0 1 (0.4) 0.2)
LRIGI 0 15 0 0 1
0 0 02) 2
1 1 0.4 1
(1,5) (0,4) 0,2) 2
0 1 (0.4)

0,4) 1 (0,2)



Vsechny EC pac
vs. PMC
2,3(0,4-13,9); 0,3
3,2 (0,2-50,5);

0,4 9,5(1-91,5);
0,1 N.A.

1,6 (0,1-17,4);

0,7 1 (0,2-4,7);
1

N.
A.

N.A.

4.8
(0,8

28,
5);
0,1

63

(0!

>z e+

32
(0,
2-

50,
5);
0,4
32
(0,
2-

50,5; 04 0,5
(0,1-3,7); 0,7

N.A.

23 (0,4-13,9);
03 32 (02-
50,5:; 04 16
(0,3-8.6); 0,6

N.A.



MCPHL 0 0 0 2 (08 2 (04) 7 1(0,2-4,7);
MENI 1 0 0 0 102 (04) I NA.
MLH3 (0,8) 0 0 1 04 1 (02 0 3,2(0,2-50,5);
MRETIA 0 0 0 104 1 (02 1 04 NA.
MUTYH* 0 0 2% 3D 5 (L) (©1) 0,9 (0,3-2,4); 0.8
NBN* 0 0 3) 0 0 2% 0 1(0.2:47), 1
POLDI 2% 0 1 04) 0 1* 8Ly NA
POLE (1.6) 00 (1,5 1 02 1 (04) 2 7 (04) 63  (0,6-698);
PRET* 0 0 (1,5) 04) 0 1% 0 01 32 (02
RADI 0 0 1% 02 0 1 (02) 1 50,5); 0,4 N.A.
RaDI7* 0 = (1,5 1 0 2 (0,1) 3,2 (0,4-22,5);
RAD3IB 0 (7.7 0 (1.5 04 1 (04) 1 1 02 NA.
RAD>4L* 0 0 1* (02 0 1% 0,1) 3,2 (0,2-50,5);
RBBPS 0 0 (1,5 0 02 1 (04 1 0 04 N.A.
kers 0 0 1* 02) 0 1% 20,1 1,6 (0,1-17,4);
RpeoL b 1 (1,5 0 02 0 1 (02 0 0,7 3,2(0,2-
RECOLE 08 0 27) 0 0 1 02 1 50,5); 04 1,1
RyFI6s 0 0 0 0 1 (02) (0,1) 0,2-5.2); 1 3,2
:Z?T); (10 8) 0 1 1 04 1 (02) 0 (0,2-50,5); 0,4
SLX4 0 0 (1,5) 1 (04 1 (02 2 (0,1) 03(0,1-1,3);0,
0 0 1 04 1 (02) 1(0,1)  3.2(02-50,5);
Veeehay o 0 0 1 (04) 2 (04) 8 (05 04 3.2(0.2-
Vsechny 0 , , , , ,2 (0,
PV 0 0 0 1 (0,1) 505) 04
0 29 66 21(13)  6.3(0.669.8): 0.1
15 : ! 1 (0,1)
(1) 1 (0,1)
. 1 (0,1)
122
Vsechny 14%* 2%

* * £
nosicky (111) (15.4) 147 (20.9) 28*(10,7) 58* (12,4) 122 (7.5)

*Nosi¢ky PV ve dvou kandidatnich predispozi¢nich genech: NBN/RCF4, ERCC3/ERCCS,
DMBTI/RADI17, ATRIP/PRFI, POLDI/FANCL, ERCC4/RAD54L, ERCC4/RAD54L,
MUTYH/ERCC3, DMBTI/RAD17

4.2.3.Klinicko-patologicka charakteristika nosi¢u mutaci

Median véku diagnézy EC byl signifikantné nizsi u nosicek PV v LS genech
(51,0 let) v porovnani s pacientkami bez mutace (61,4 let; p = 0,01; obrazek 18A).

Rozdéleni nosicek PV podle histologickych typt nadorii neukdzalo zadny statisticky
rozdil (obrazek 18B). Celkova frekvence nosi¢ek PV byla podobna jak u pacientek
s karcinomem endometria (39/349; 11,2 %), tak u pacientek se sarkomy (4/40; 10,0 %).
Mezi pacientkami se sarkomem se nicméné nevyskytovaly nosicky PV v genech LS.
Vzhledem k malému poctu pacientek se sarkomem ale tento rozdil nebyl signifikantni. Dvé
pacientky z osmi, které byly diagnostikovany s prekancer6zou EIN, byly nosickami PV

v genu BRCAI.

Nejvyssi Cetnost PV v hlavnich predispozicnich genech byla u pacientek, které

vyvinuly tfi nezavislé tumory (3/13; 23,1 %), a u pacientek, které jako druhy tumor k EC
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vyvinuly kolorektalni karcinom (7/31; 22,6 %; obrazek 18C). Nosi¢ky PV v genech LS byly

vice zastoupeny u pacientek s EC a kolorektalnim karcinomem, stejné jako u pacientek

s ttemi tumory. Obdobné byly nosic¢ky PV v HBOC genech vice zastoupeny u pacientek,

které¢ k EC vyvinuly karcinom ovaria nebo prsu. VSech tiinact pacientek s tiemi tumory

vyvinulo bud’ karcinom kolorekta (5/13; 38,4 %) a/nebo karcinom ovaria (10/13; 76,9 %).

Z hlediska rodinné nddorové anamnézy se ukézalo, ze nejvyssi zastoupeni nosicek

PV v hlavnich predispozi¢nich genech (40 %) bylo u malé skupiny pacientek s vicecetnym

vyskytem nadorti v rodiné a u pacientek s rodinnym vyskytem karcinomu ovaria (obrazek

18D).

A. Vék diagndzy
(zndmy 517; neznamy 10)
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D. Rodinna nadorova anamnéza
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10 15 88 35 60

Jingé
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Obrazek 18. Relativni zastoupeni nosi¢li mutaci v rdmci klinicko-patologickych
podskupin: (A) Vék v dobé diagndzy, (B) Histologie, (C) Sekundarni tumor, (D) Rodinna
nadorova anamnéza. BC = karcinom prsu, CRC = karcinom kolorekta, OC = karcinom

ovaria.

U pacientek s rodinnym vyskytem vicecetnych nadorti ptevazovaly nosicky PV

v genech LS, zatimco u pacientek s rodinnym vyskytem karcinomu ovaria byla vétSina

nosic¢ek PV v HBOC genech.
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Prevalence nosicek PV v kandidatnich genech se neodliSovala od pacientek bez
mutace v zadné z klinicko-patologickych kategorii. Nosicky zarodecnych PV v hlavnich EC

predispozi¢nich genech a jejich klinicko-patologické informace jsou uvedeny v tabulce 12.

Informace o imunohistochemickém vySetteni MMR genli a o mikrosatelitové

nestabilit¢ ve vzorcich nddorové tkané EC byly nedostupné.

Tabulka 12. Seznam vSech nosi¢it PV v hlavnich EC predispozi¢nich genech vcetné

klinické charakteristiky
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. < Splnila | Splnila
::‘:gma Gen Varianta Xi‘l‘(;)g Histologie LS HBOC
kritéria | Kritéria
LS MLHI c.790+1G>A, p.(?) 58 Endometroidni Ne Ne
LS MLHI ¢.350C>T, p.(Thr117Met) 46 Endometroidni Ano Ano
LS MLHI Delece exonu 1-13 50 Endometroidni Ano Ne
LS MLHI c.677G>A, p.(Arg226Gln) 60 Endometroidni Ano Ne
LS MLHI ¢.1489dup, p.(Arg497ProfsTer6) 55 Endometroidni Ano Ne
MLH]I ¢.1483dup, p.(His495ProfsTer29) L
LS.HBOC | prcar | c.5266dup, p.(GIn1756ProfsTer74) | 48 Endometroidni Ano | Ano
Blize neurceny
LS MSH?2 Delece exont 5-6 54 maligni nador téla | Ano Ne
délozniho
Blize neurceny
LS MSH?2 c.1720del, p.(GIn574ArgfsTer16) |45 maligni nador téla | Ano Ne
délozniho
LS MSH2 ¢.1500dup, p.(ArgS01GInfsTer12) |46 Endometroidni Ano Ano
Blize neurceny
LS MSH?2 €.2459-2_2472del, p.(Gly820fs) 51 maligni nador téla | Ano Ano
délozniho
LS MSH2 Delece exonti 1-8 29 Endometroidni Ano Ne
LS MSH2 Delece exont 1-16 32 Endometroidni Ano Ne
LS MSH?2 Delece exonti 3 42 Endometroidni Ano Ne
Blize neurceny
MSH?2 c.1676del, p.(Leu559Ter) I <
LS, HBOC ATM ¢.8147T>C, p.(Val2716Ala) 53 mvahvgnrl nador téla | Ano Ne
délozniho
LS MSH6 | c.1754T>C, p.(Leus85Pro) 53 Endometroidni Ne Ne
a serozni
¢.964 967del, Endometroidni
LS MSHE | (Ala322ProfsTerl ) 62 a svétlobun&ng Ne Ne
¢.2677_2678del, S
LS MSH6 p.(LeuB93AlafsTer6) 42 Endometroidni Ano Ne
LS MSHG6 | c.2348 2349del, p.(Cys783Ter) |45 Endometroidni Ano  |Ne
a svétlobunécny
LS MSH6 c.3261del, p.(Phe1088SerfsTer2) |62 Endometroidni Ano Ne
LS MSH6 c.1444C>T, p.(Arg482Ter) 65 Endometroidni Ne Ne
LS MSH6 ¢.1754T>C, p.(Leu585Pro) 43 Endometroidni Ano Ne
LS MSH6 ¢.3995T>G, p.(Leul332Ter) 60 Endometroidni Ano Ne
LS MSH6 ¢.885dup, p.(Val296SerfsTer16) 73 Endometroidni Ano Ne
Blize neurceny
LS MSH6 ¢.2759del, p.(Lys920ArgfsTer25) |51 maligni nador t¢la | Ano Ne
délozniho
LS MSH6 ¢.3261dup, p.(Phe1088LeufsTerS) |49 Endometroidni Ano Ano
Blize neurceny
LS MSH6 c.741dup, p.(Arg248ThrfsTer8) 55 maligni nador téla | Ano Ne
délozniho
LS MSH6 c.643del, p.(Val215Ter) 67 Endometroidni Ne Ne
HBOC ATM ¢.601C>T, p.(GIn201Ter) 78 Endometroidni Ne Ne
HBOC ATM c.2921+1G>A, p.(?) 55 Endometroidni Ne Ne
HBOC ATM ¢.3250C>T, p.(GIn1084Ter) 63 Papilarni ser6zni Ano Ano
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¢.5266dup, p.(Gln1756ProfsTer74)
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¢.5095C>T, p.(Argl699Trp)

¢.5266dup, p.(Gln1756ProfsTer74)

c.5510G>A, p.(Trp1837Ter)
¢.68 69del, p.(Glu23ValfsTerl7)
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€.6591 6592del,
p-(Glu2198AsnfsTer4)
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c.6275_6276del,
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c.846+4 846+7del,
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¢.761C>G, p.(Ser254Ter)
¢.170T>G, p.(Leu57Trp)
¢.502A>T, p.(Argl168Ter)

¢.1026+4_1026+6del, p.(?)
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5. Diskuze

5.1. Karcinom pankreatu

Ve vyzkumu zaméfujicim se vysetfeni genetické predispozice u PDAC jsme
analyzovali 226 pacientl stimto onemocnénim. Celkové jsme identifikovali 14,6 %
(33/226) nosici zarodecnych PV, z toho 18 nosict PV v hlavnich predispozi¢nich genech
(8,0 %). Podobné frekvence PV byly zjiStény ve studiich s neselektovanymi pacienty z USA
(7,7 %) a Kanady (10,7 %) (Brand et al., 2018, Cremin et al., 2020). V evropskych pracich
byly publikovany frekvence nosic¢it PV mezi 2-7 % (Lener et al., 2016, Earl et al., 2020,
Fountzilas et al., 2021).

Nejcasteji mutovanymi hlavnimi predispozi¢nimi geny byly BRCA2 (9%), BRCAI
(3%) a ATM (3x%). Varianty v téchto tfech genech ptedstavovaly 83,3 % (15/18) vSech PV
v hlavnich predispozi¢nich genech. Zdaleka nejcastéji mutovanym genem byl BRCA2, jehoz
devét nosi¢li predstavovalo jednu polovinu vSech nosici PV v PDAC predispozi¢nich
genech a 4 % vSech pacientll. BRCA2 spolecné s BRCAI kdduje proteiny Uc€astnici se DNA
repara¢nich pochodi (HR) (Wright et al., 2018) a jsou hlavnimi predispozi¢nimi geny u
pacienti s HBOC syndromem (Schubert ef al., 2019). U nosi¢ii mutaci v obou genech jsme
prokazali statisticky vyznamné vysoce zvysené riziko vzniku PDAC (BRCAI: OR =104, p
=0,04; BRCA2: OR = 6,4, p = 0,0009). Na rozdil od karcinomu prsu, u né¢hoz je frekvence
PV v BRCAI vys8inez v BRCA2, u PDAC je tomu naopak (Claes et al., 2004, Pohlreich et
al., 2005). V nasi praci jsme nasli 1,3 % PV v genu BRCAI a 4,0 % PV v genu BRCA2.
Podobna frekvence byla popséana i v dalSich studiich, u pacienti s PDAC se PV v BRCA2
objevuji s 2-4x vyssi frekvenci nez v BRCAI (Lowery et al., 2018, Hu et al., 2018, Dudley
et al., 2018). V kontrastu s tim stoji dvé studie z USA, které nalezly stejnou frekvenci PV
v obou genech (Yurgelun et al., 2019, Brand et al., 2018). Riziko asociované s PV v BRCA
bylo v nasi studii vyssi nez pro BRCA2, nicmén¢ Siroké rozmezi konfiden¢niho intervalu pro
BRCAI riziko a vyssi prevalence PV v BRCA2 napovida, ze skute¢né riziko PDAC je pro
BRCAI nizsi nez pro BRCA2. Tento zavér je podpofen zahrani¢ni studii od Hu et al

(BRCAI: OR =2,6 vs. BRCA2: OR =6,2) (Hu et al., 2018).

VSsichni tfi nosi¢i zarodecnych mutaci v BRCA I méli pozitivni rodinnou nadorovou

anamnézu. VSichni méli rodinny vyskyt karcinomu spojenym s HBOC syndromem
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(karcinom prsu/ovaria) a dva méli 1 rodinny vyskyt PDAC. Dva nosi¢i rovnéz pted PDAC

vyvinuli karcinom ovaria, zatimco tfeti vyvinul pouze PDAC.

Z deviti nosici zarodecnych mutaci v BRCA2 genu mélo pozitivni rodinnou
nadorovou anamnézu 7 nosici (77,8 %). V rodinach téchto nosic¢l byl vyskyt karcinomu
prsu (3x), PDAC (3x) a karcinomu kolorekta (2x). Ctyfi nosi¢i (44,4 %) pied diagnozou
PDAC vyvinuli karcinom prsu.

Stejnd frekvence PV jako BRCAI byla nalezena u genu ATM (3/226; 1,3 %).
Bialelickd inaktivace 4TM zpusobuje onemocnéni ataxia telangiectasia (Rothblum-Oviatt et
al., 2016), zatimco heterozygotni zarodecné PV jsou spojeny se stfednim rizikem vzniku
nékterych tumort, véetné BC a PDAC (Armstrong et al., 2019). VSichni nosi¢i PV v ATM
méli pozitivni rodinnou nadorovou anamnézu. Dva nosi¢i meéli rodinny vyskyt
kolorektalniho karcinomu a jeden karcinomu mocového méchyte. Ani jeden ze tii nosici
nevyvinul dalsi tumor k PDAC. V nasi studii nebylo dosazeno staticky vyznamné asociace
PV v ATM se vznikem PDAC. To mizZe byt dano malou velikosti ndmi vySetfovaného
souboru pacientti. Nicméné, statisticky vyznamné zvysené riziko vzniku PDAC u nosi¢i PV
v genu ATM bylo popsano v rozséhlych studiich z Kanady (OR = 7,7) a USA (OR = 5,7)
(Hu et al., 2018, Cremin et al., 2020).

PALB? je nadorovym predispozi¢nim genem, jehoZ proteinovy produkt se ti¢astni
DNA opravné drahy HR. Zarode¢né PV PALB?2 jsou spojeny zejména s predispozici ke
karcinomu prsu, ale také k PDAC a dalsi asociace je moznd s karcinomy ovaria nebo
kolorekta (Yang et al., 2020). Identifikovali jsme dva nosice (2/226; 0,9 %) shodné
zarodec¢né PV ¢.509 510del, p.(Argl70IlefsTerl4). Oba nosi¢i méli negativni rodinnou
nadorovou anamnézu a pied PDAC nevyvinuli Zadny dalsi tumor. 1 kdyZ nase vysledky
naznacuji mirn¢ zvysené riziko vzniku PDAC pro nosice zarodecnych PV v PALB2,
asociace s PDAC nedosahla statisticky vyznamné hladiny (OR = 3,5; p = 0,2). Podobn¢
zvySeného rizika se statisticky vyznamnou asociaci s PDAC dosédhla rozsahla zahrani¢ni
studie zamé&fujici se na vztah zarodecnych PV v PALB2 k riznym naddorovym onemocnénim

(RR = 2,37, p =0,009) (Yang et al., 2020).

TP53 je tumor supresorovy gen, jehoz zarode¢né mutace zptisobuji Liliv-Fraumeniho
syndrom, typicky svym Sirokym spektrem nddorovych onemocnéni, mezi néz patii karcinom
prsu, sarkomy kosti a tumory mozku (Kamihara et al., 2014). Zarode¢na PV v TP53 byla

nalezena u jednoho pacienta, ktery mél pozitivni rodinnou nadorovou anamnézu (vyskyt
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PDAC a karcinomu prsu) a vyvinul pouze PDAC. Asociaci PDAC s genem 7P53 zatim
popsali pouze Ruijs et al. Dva pacienti v této praci, kteti vyvinuli PDAC, byli nosici
zarode¢né PV v exonech 5 a 6 podobné jako nami identifikovany nosi¢ (exon 5) (Ruijs et
al., 2010). Podobn¢ jako u PV v PALB2, nepozorovali jsme statisticky vyznamnou asociaci

se vznikem PDAC.

Mezi kandidatnimi geny, jejichz asociace se vznikem PDAC neni znama4, byl pocet
nosic¢li PV nejvyssi v genech CHEK?2 (5%), ERCC4 (4%) a NBN (3%). Nosi¢i PV v genu
CHEK? ptedstavovali 2,2 % vSech PDAC pacientd (5/226). Jedna se o dokonce vyssi
frekvenci PV nez u genu BRCAI. CHEK? je asociovan s predispozici k riznym nadorovym
onemocnénim, jako jsou karcinomy prsu, prostaty a pankreatu, a je spojen s nizkou az
sttedni penetranci (Cybulski et al., 2004, Stolarova et al., 2020a). ZvySena frekvence PV
v CHEK2 u PDAC pacientid byla zminéna v n€kolika NGS studiich, v zadné ale nebylo
dosazeno statisticky vyznamné asociace (Fountzilas ef al., 2021, Hu et al., 2018, Zhan et al.,
2018). V nasi studii byl CHEK? jedinym z kandidatnich genl, u néhoz jsme popsali

statisticky vyznamné zvySené riziko vzniku PDAC u nosict zdrode¢nych PV variant.

ERCC4 byl druhym nejcastéji mutovanym kandidatnim predispozi¢nim genem.
Zarodec¢na bialelickd inaktivace ERCC4 zplsobuje onemocnéni xeroderma pigmentosum
komplementacéni skupiny F, Cockaynetiv syndrom nebo Fanconiho anemii (komplementaéni
skupina Q) (Doi et al., 2018). Nase analyza odhalila u vSech nosi¢i PV v ERCC4 stejnou
variantu ¢.2395C>T, p.(Arg799Trp) (4/226; 1,3 %). Tato varianta ale byla pfitomna i u
populacnich kontrol (5/777; 0,6 %). Mutace v ERCC4 jsou spojeny s mirné¢ zvySenym
rizikem vzniku PDAC (OR = 2,8, p = 0,12) bez statistické vyznamnosti. Heterozygotni
nosici stejné PV v ERCC4 byli popsani mezi PDAC pacienty ve studii z USA, jejiz autofi
doporucuji zahrnout ERCC4 do panelového testovani zarode¢nych variant (Goldstein ef al.,

2020).

Dalsim piikladem casté genetické varianty v nasi populaci je c¢.657 661del,
p-(Lys219AsnfsTer16) v genu NBN. Bialelické mutace v NBN jsou pfi¢inou Nijmegenského
syndromu lomivosti (NBS — Nijmegen breakage syndrom) spojenym s mikrocefalii,
imunodeficienci a nadorovymi onemocnénimi v détském véku (Chrzanowska et al., 2012).
Heterozygotni mutace jsou spojeny zejména se zvySenym rizikem vzniku karcinomu prsu
(Abe et al., 2021). Asociace této varianty se vznikem PDAC byla jiz dfive popsana u
polskych (OR = 3,8; p = 0,002) a u Ceskych pacientii (OR = 9,7; p=0,006) (Lener et al.,
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2016, Borecka et al., 2016). Nami vypoctené riziko PDAC spojené s touto zarode¢nou
mutaci v NBN bylo podobné vysledkiim z polské prace (OR = 3,5), nicméné kviili vysoké
frekvenci této varianty v souboru PMC (3/777; 0,4 %) nebylo statisticky signifikantni.
Z vysledkt analyzy genu NBN a ERCC4 tak vyplyva, Ze pro hodnoceni rizik u nosici PV
spojenych s rliznymi nddorovymi onemocnénimi je nezbytné vyuziti populaéné specifickych
kontrol, a to zejména u geni, u nichz se vyskytuji ,,founder” mutace v urcitych populacich

(Rump et al., 2016).

Z nasich vysledkl vyplyva, ze pozitivni rodinna nddorova anamnéza je vyznamnym
rizikovym faktorem pro identifikaci nosi¢d zarode¢nych PV v hlavnich PDAC
predispozi¢nich genech. Pacienti s PDAC, jejichZ pfibuzni (prvni a druhy stupen) vyvinuli
PDAC, karcinom prsu/ovaria/kolorekta nebo melanom, méli podstatné vyssi
pravdépodobnost, Ze jsou nosici zarode¢né PV v hlavnich PDAC predispozi¢nich genech,
ve srovnani s pacienty bez rodinné nadorové anamnézy (OR = 4,9; p = 0,004). Podobné
Salo-Mullen ef al. a Hu et al. pozorovali vyznamnou roli rodinné nddorové anamnézy coby
rizikového faktoru (Salo-Mullen et al., 2015, Hu et al., 2018). Shindo et al. nicméné
upozornuji na nutnost zvazeni i dalSich faktort kromé rodinné nddorové anamnézy, v cemz
s nimi souhlasi dals$i dvé americké studie (Shindo et al., 2017, Lowery et al., 2018, Dudley
etal.,2018).

Déle jsme zjistili, ze pritomnost dalS§iho nadorového onemocnéni (karcinom
prsu/ovaria/kolorekta, melanom) u probanda spolu s PDAC je silnym ukazatelem
pritomnosti zarodeéné PV v nékterém z hlavnich PDAC predispozi¢nich gent, jak ostatné

bylo jiz diive publikovano (Dudley et al., 2018).

Z naSich vysledkt nebyl patrny Zadny rozdil ve véku diagnézy mezi nosi¢i PV
v hlavnich PDAC predispozi¢nich genech a pacienty bez zarode¢né PV. Podobné vysledky
byly zjiStény v pracich z USA a Kanady (Grant ef al., 2015, Smith et al., 2016). Nicméné,
nekteré studie publikovaly rozdilny vék v dobé diagnézy pro nosice zarodecnych PV
a pacienty bez PV. Salo-Mullen ef al. uvadéli tento rozdil 58 vs. 64 let (Salo-Mullen et al.,
2015) a Yadav et al. pozorovali rozdil 63 vs. 66 let (Yadav et al., 2020). Souvislost
ptitomnosti zdrode¢né PV a vékem diagnoézy PDAC je proto dosud nejasnd. Soucasné CAPS
smérnice nedoporucuji skreening vysoce rizikovych jedinci pied 50. rokem Zivota,
s vyjimkou pacientii s Peutzovym-Jeghersovym syndromem a hereditarni pankreatitidou

(Goggins et al., 2020).

71



NCCN (National Comprehensive Cancer Network) smérnice v soucasné verzi
2.2023 doporucuji genetické testovani vSech pacienti s PDAC, stejn¢ jako piimych
piibuznych pacienta s PDAC (nccn.org). Ceska doporudeni Spole¢nosti lékaiské genetiky
CLS JEP od lofiského roku zahrnuji genetické testovani u vsech pacienti s PDAC

(https://slg.cz/doporuceni/testovani-brea-lecba/).

Analyza pteziti PDAC pacientii potvrdila pozitivni dopad zarodecné PV na celkové
preziti pacientd 15,9 vs. 12,4 meésicii, obrazek 16). Nejlepsi pieziti vykazovali nosici
zarode¢né PV v genech Ucastnicich se procesit HR (21,4 vs. 12,4 mé&sicti). Podobna data
publikovali Golstein et al. (17,9 vs. 9,6 mésicii), Fountzilas et al. (22,6 vs. 13,9 mésict)
a Yurgelun et al. (34,4 vs. 19,1 mésict) (Goldstein et al., 2020, Fountzilas et al., 2021,
Yurgelun et al., 2019). Zarode¢né PV v genech netcastnicich se HR byly spojeny s horSim
prezitim (4,7 vs. 12,4 mésicti; OR = 3,26; p = 0,017). Nicméné, tyto vysledky pochazeji
z velmi malého souboru deviti pacientl, u nichz byl tumor prognosticky nepfizniveé

lokalizovéan. Vysledky je tak nutno potvrdit na vét§im souboru pacientd.

Znalost zarode¢nych PV a s nimi spojené riziko vzniku PDAC mé zasadni vyznam
jak pro pacienty s PDAC, tak pro jejich pfibuzné. Na zaklad¢ piitomnosti zarode¢nych
variant lze rozhodnout o nasazeni specifickych terapeutik, jako jsou napftiklad inhibitory
PD-1 drahy (programmed death receptor-1) u pacientli s mutacemi v MMR genech nebo
inhibitory PARP (poly(ADP-riboza)polymerdzy) pro pacienty s mutacemi v HR genech
(Golan et al., 2019, Le et al., 2017).

Rodinnd nddorova anamnéza spoléhala na nahlaSeni idajii pacientem, coz muze
potencidln¢ vést k nepiesnostem v Iékatském zaznamu. Pro presné wurCeni rizik
a formulovani doporuceni ohledn€¢ nosici PV je nutné provést dalsi a vétsi studie

s detailnimi informacemi o osobni i1 rodinné nadorové anamnéze.
5.2. Karcinom endometria

Ve vyzkumu zaméfujicim se na vySetfeni genetické predispozice u EC jsme
analyzovali 527 pacientek s timto onemocnénim. Celkovée jsme identifikovali 118 (22,4 %)

zarodecnych PV, z toho 60 nosi¢ek PV v hlavnich EC predispozi¢nich genech (11,4 %).

Dédiené genetické riziko vzniku EC je v soucasné dob€ spojeno vyhradné se
zarodeénymi PV v genech spojenych s LS. V této praci predstavovaly nosicky PV v LS

genech 5,1 % vSech vysetfenych EC pacientek. Obrazek 19 ukazuje srovnani frekvenci PV
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v predispozic¢nich genech popsanych v této a dalsich dosud publikovanych pracich. Popsané
frekvence nosi¢i PV v LS genech se pohybuji ve velmi Sirokém rozpéti 1,1-22,7 %.
Proménliva frekvence nosicli PV v ramci téchto studii je zplsobena rliznymi kritérii pro
vybér pacientek. Zatimco studie uvadéjici nejvyssi frekvence nosici PV v LS genech
zahrnovaly EC pacientky s vysokym rizikem, u nichz byla LS pozitivni rodinnd anamnéza
nebo imunohistochemické vySetfeni MMR genil, studie uvadéjici nizsi frekvence nosicii
vySetiovaly pacientky z neselektované populace. Frekvence naSich nosic¢ii PV v LS genech
se nachazi ve stfedu spektra. Nase vysledky odpovidaji rozdilnému pfistupu ve vybéru
pacientek. Ve skupiné pacientek, které spliovaly indika¢ni kritéria pro genetické testovani
pacientek s LS, bylo zastoupeni nosi¢ek PV v LS genech 22/233 (9,4 %), ve srovnani
s 5/294 (1,7 %) nosicek ve skuping pacientek nespliujicich LS indika¢ni kritéria (obrazek
17). Tyto hodnoty tak odpovidaji publikovanym vysledkiim u vysoce rizikovych pacientek
(Karpel et al.) a neselektovanych pacientek (Huang et al.). Rizika vzniku EC pro nosi¢e PV
v predispozic¢nich genech jsou vycislena pouze v jedné publikaci (LaDuca et al., 2020).
Ackoliv se frekvence nosict v této publikaci liSily od naSich vysledki, celkové riziko EC

pro nosice PV v LS genech bylo podobné (Krél ef al.: OR =22.4; LaDuca et al.: OR =20,1).

Ttebaze méné nez pétina vySetienych EC pacientek spliiovala HBOC indikacni
kritéria pro genetické vySetteni (98/527; 18,6 %), celkova frekvence nosicek PV v genech
BRCAI/BRCA?2 byla vyrazné vys$$i nez u ostatnich studii (3,42 % vs. 0-2,2 %) (obrazek 19).
Z 16 pacientek, které¢ spliovaly pouze indikacni kritéria pro HBOC syndrom, a ne pro LS,
byly tii nosi¢ky zarode¢nych PV v BRCAI a BRCA2 (3/16; 18,8 %). Ve skupiné pacientek,
které spliiovaly ob¢ indikacni kritéria, byla celkova frekvence PV v BRCAI stejnéd jako
vSechny PV v LS genech (5/82; 6,1 %). PV v genu BRCA2 se v této skupin¢é nenachazely.
Nicméné, riziko vzniku EC bylo pro nosicky PV v BRCA1/2 genech nizsi nez pro nosicky
PV v LS genech. Toto riziko bylo pro BRCAI podobné tomu, které¢ uvadeji LaDuca et al.
(Kral et al.: OR = 3,9 vs. LaDuca et al.: OR = 3,1), ovSem pro nosi¢ky zarode¢nych PV
v BRCA?2 bylo vyss§i, nez uvadéji LaDuca et al. (Krél ef al.: OR = 7,4 vs. LaDuca et al.: OR
= 2,4). Nase vysledky naznacuji, ze zarodecné PV v genech BRCA jsou spojeny se stiednim
rizikem EC, zatimco PV v genu BRCA?2 jsou spojeny s vysokym rizikem. EC by tak mohl
predstavovat dalsi projev HBOC syndromu a mél by byt zatazen do indikacnich kritérii ke
genetickému testovani u téchto pacientli. Toto stanovisko je podpofeno malou studii

provedenou Vietri et al., ktera identifikovala nosicky PV v BRCAI/BRCA2 u 9/21 pacientek
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s dédi¢nou formou EC. Tyto pacientky navic spliiovaly HBOC indikaéni kritéria (Vietri et
al.,2021).

Mezi dalsimi HBOC geny byl nejcastéjsi vyskyt PV v genech CHEK?2 (6/527; 1,1 %)
aATM (5/527; 1,0 %). U genu CHEK?2 bylo prokazano statisticky vyznamné zvySené
riziko vzniku EC u nosi¢ek PV (OR = 3,2, p = 0,04). Mutace v genu CHEK? byly jiz diive
spojeny s predispozici k EC v nasi populaci (Stolarova et al., 2020b). Asociaci mutaci

genu CHEK?2 udéava i prace z USA (Karpel et al., 2022).

Pouze dv¢ zahrani¢ni prace publikovaly nélez zarode¢nych mutaci v ATM (Cadoo et
al., 2019, Johnatty et al., 2021). Johnatty et al. pozorovali stejnou prevalenci nosict PV
vATM (1,0 %), zatimco Cadoo et al. zaznamenali téméf dvojnasobnou prevalenci

(1,9 %). Rizika vzniku EC spojend s mutacemi v ATM nejsou znama.

Zadny z jednotlivych kandidatnich genti neprokazal staticky vyznamnou asociaci se
vznikem EC. Pouze u gent kodujicich DNA polymerazy POLDI a POLE byla pozorovéana
spole¢na asociace s EC. V téchto genech jsme identifikovali tfi zarode¢né varianty vedouci
ke vzniku zkraceného proteinového produktu (POLD1 1%, POLE 2x). Riziko vzniku EC u
nosicl téchto variant je vyznamné zvysené (OR = 10,44; p = 0,01). Zarode¢né missense
mutace postihujici exonukledzové domény v obou téchto genech byly jiz diive asociovany
s predispozici k EC (Spurdle et al., 2017), pticemz somatické mutace v POLE piedstavuji
vyznamny prognosticky marker EC (Yen et al., 2020, Leon-Castillo et al., 2020, Green et
al., 2020). Pro ptesné urceni role zarode¢nych trunkacnich variant v POLDI a POLE je
nicméné nutné provést analyzu podstatné vEétsi kohorty pacientek, a to zejména kvili

vzacnému vyskytu nosi¢ek mutaci v téchto genech.

Analyza klinicko-patologickych charakteristik potvrdila diive publikovana data, ze
vek diagndzy je u nosi¢ek PV v LS genech nizsi ve srovnani s pacientkami bez PV (Ring et
al., 2016, Long et al., 2019, Tian et al., 2019, Levine et al., 2021). Nicmén¢ i v samotné
skupin¢ LS genli se primérny vék diagnoézy lisil. Zatimco u nosicek PV v genech
MLHI1/MSH? byl primérnych veék diagndzy 48 let, pro nosicky PV v MSH6 se jednalo o 56
let. Tento vysledek je v souladu s jiz difive publikovanymi udaji (Ryan et al., 2017, Tian et
al., 2019). Pro pacientky s PV v HBOC genech se vék diagnézy nelisil od pacientek bez PV,

coz také odpovida diive publikovanym vysledkiim (Levine et al., 2021).
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Ostatni rozdily v klinicko-patologickych charakteristikdch nosicek PV odpovidaji
tomu, do jaké podskupiny byly pacientky zafazeny na zaklad¢ indikacnich kritérii pro
zarodeCné genetické testovani. Nejvyssi frekvence nosi¢ek PV v LS genech byla u
pacientek, s >3 tumory, u pacientek s karcinomem kolorekta jako sekundarnim tumorem a u
pacientek s rodinnou anamnézou obsahujici viceCetné nadory nebo karcinom kolorekta.
Obdobné¢ byla nejvyssi frekvence nosicek PV v HBOC genech mezi témi pacientkami, které
vyvinuly tumor spojeny s HBOC syndromem (karcinom prsu/ovaria) a které¢ mély rodinny

vyskyt HBOC tumort. Nosi¢ky PV v kandidatnich genech se nijak nelisily od pacientek bez
PV.
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Obrazek 19. Srovnani mezi publikovanymi vysledky popisujicimi zadrodecné PV u EC
pacientl. Zelené sloupce reprezentuji nosi¢e PV v genech LS, rizové a cervené sloupce
nosi¢e PV v BRCAI a BRCA2 a fialové sloupce reprezentuji nosice PV v ostatnich HBOC
genech.

Celkova frekvence nosi¢ek PV byla mezi EC pacientkami s dvéma tumory 15,4 %
(33/214). Ve skupiné 69 pacientek, které vyvinuly EC i karcinom ovaria, bylo osm nosic¢ek

PV v HBOC genech (11,6 %) a ¢tyfi nosicky PV v LS genech (5,8 %; zahrnuta 1 nosicka
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soub&ézné mutace v BRCAI a MLHI, u niz byly diagnostikovany EC, karcinom ovaria a
karcinom prsu). Ve skupin€ 34 pacientek s EC a karcinomem kolorekta bylo identifikovano
osm nosicek PV v LS genech (23,5 %) a pouze jediné nosicka PV v HBOC genu (CHEK?2;
2,9 %). Tyto vysledky naznacuji, Ze samotna pfitomnost dvou primarnich tumorti by mohla
pfedstavovat hlavni indika¢ni kritérium pro zarodecné genetické testovani, jak ostatné
potvrzuji ptedchozi publikace (Bychkovsky et al., 2022, Lhotova et al., 2020, Wieme et al.,
2021, Stolarova et al., 2020a).

Dle oc¢ekavani byla naprosta vétSina nosi¢ek PV identifikovdna mezi pacientkami
splitujicimi néktera z indikacnich kritérii ke genetickému testovani, pficemz nalezené PV
korespondovaly s indikovanym syndromem. Celkoveé 43/60 (71,7 %) nosicek PV bylo
indikovano ke genetickému vysetieni. Nicmén¢, 17 nosicek PV by za soucasnych podminek
nebylo indikovdno k zadnému genetickému vySetfeni. Tyto nosi¢ky piedstavuji vice nez
jednu Ctvrtinu (28,3 %) vsech identifikovanych nosi¢ek PV. Objevily se mezi nimi PV jak
v LS genech (MLH1, MSHG6), tak v HBOC genech (ATM, BRCAI, BRCA2, BRIP1, CHEK?).
Z téchto 17 nosic¢ek dvé vyvinuly sekundarni tumor a sedm meélo vyskyt nadorového
onemocnéni v rodiné, ovsem v kombinacich, které nespliuji soucasna indikacni kritéria ke

genetickému testovani.

Pfednostmi této studie jsou homogenita studované populace, sloZzené ze slovanské
ceské populace, a pouziti populacné specifickych kontrol, které umoznily vycisleni rizik
vzniku EC. Limitace této studie spocivaji v tom, ze byla provadéna retrospektivné a ze u
nadorové tkané nebylo v dobé diagnézy provedeno imunohistochemické vysetieni MMR
gend a stanoveni MSI. Dalsi limitaci je také povaha analyzovaného souboru, ktery byl vice
neZ z poloviny tvofen pacientkami konsorcia CZECANCA (291/527; 55,4 %), které se
zamétuje vyzkum nadorové predispozice. Neni tak mozné vyloucit potencialni zkresleni
vysledki ve prospéch vyssi prevalence nosi¢ek PV. Abychom minimalizovali toto zkresleni,

rozdélili jsme pacientky na zaklad€ indikacnich kritérii a nasledné je analyzovali oddélené.
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6. Zaver
6.1. Karcinom pankreatu

V souboru 226 pacientii/tek s PDAC jsme identifikovali celkem 8 % nosica
zarode¢nych PV ve znadmych predispozi¢nich genech, nejcastéji v genu BRCA2 (50 % vSech
nosict). Mutace v genech BRCAI a BRCAZ2 byly spojeny se signifikantn¢ zvysenych rizikem
vzniku tohoto onemocnéni. Zarode¢né PV byly castéj$i u pacienti s dalSim tumorem
v osobni anamnéze a s pozitivni rodinnou nadorovou anamnézu (PDAC, karcinom prsu,
ovaria, kolorekta, melanom). Pfitomnost PV v genech podilejicich se na opravé poskozené

DNA cestou HR (BRCA2, ATM, BRCA1 a dalsi) byla spojena s lepsi dobou pieziti pacientd.
6.2. Karcinom endometria

V souboru 527 pacientek s EC jsme identifikovali vice nez 11 % nosi¢ek PV
v genech se zndmou nddorovou predispozici, a to hlavné ve skupiné genid pro LS (nejvice
MSH6) a genit pro HBOC (nejvice BRCAI). Zarodecné PV v LS genech byly spojeny
s vyrazné¢ zvySenym rizikem vzniku EC a s niz§im vékem v dobé diagndézy onemocnéni.
Riziko spojené s PV v HBOC genech BRCAI, BRCA2 a CHEK? bylo nizsi, nicmén¢ stale
signifikantné zvySené. PV byly ¢astéjsi u pacientek s pozitivni osobni a rodinnou nadorovou
anamnézou. EC pacientky, které splnily LS indikacni kritéria, mély 5% vyssi riziko, Ze budou
nosickami zdrodecné PV v LS genech oproti pacientkdm, které tato indikaéni kritéria
nespliiovaly. Nicméné, stile celkem 28,3 % nosicek PV v klinicky relevantnich genech
nebylo zachyceno soucasnymi indika¢nimi kritérii ke genetickému testovani. Proto by bylo
vhodné zatadit EC mezi indika¢ni kritéria HBOC syndromu, at’ uz jako sekundarni tumor u

pacientky, nebo v rdmci rodinného vyskytu.

Identifikace zarodecnych PV u pacientii s dédi¢nymi nddorovymi onemocnénimi
mize rozhodnout o rozsahu a volbé adekvatni chemoterapie (naptiklad zalozené na pouziti
PARP inhibitorii nebo derivatl platiny) a o ndsledné péci. Genetické testovani piibuznych
nosice zarode¢né PV navic slouzi k identifikaci vysoce rizikovych pacientli, u nichz je
mozné zaméfit se na cilenou prevenci a v€asnou diagnostiku souvisejicich nadorovych

onemocnéni.
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7. Seznam pouzitych zkratek

1.LF UK 1. Iékatska fakulta Univerzity Karlovy
ACMG American College of Medical Genetics
AGT 0O6-alkylguanin-DNA-alkyltransferaza

BC karcinom prsu

BER base excision repair

BMI body mass index

bp par bazi

CI konfiden¢ni interval

CNH copy number high

CNL copy number low

CNV copy number variation

CRC karcinom kolorekta

dAMP deoxyadenosinmonofosfat

ddNTP dideoxynukleotidtrifosfat

DNA deoxyribonukleova kyselina

DNA-PK DNA proteinkinaza

dNTP deoxynukleotidtrifosfat

EC karcinom endometria

EDTA ethylendiamintetraoctova kyselina

FA Fanconiho anemie

FAMMM syndrom familiarniho melanomu

FAP familiarni adenomat6zni polypoza

GATK Genome Analysis Toolkit

GG-NER global genome NER

HBOC syndrom hereditarniho karcinomu prsu a ovarii
HP hereditarni pankreatitida

HR homologni rekombinace

IGV Integrative Genomics Viewer

IPMN intraduktalni papilarni mucindzni neoplézie
kb kilobaze

LS Lynchtiv syndrom

MAF minor allele frequency

MGMT 06-methylguanin-DNA-methyltransferaza
MLPA multiplex ligation-dependent probe amplification
MMR mismatch repair

mOS sttedni doba pteziti

MPS syndrom karcinomu melanomu a pankreatu
MSI mikrosatelitova nestabilita

N pocet

NBS nijmegensky syndrom lomivosti

NCCN National Comprehensive Cancer Network
NER nucleotide excision repair
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NGS
NHEJ
oC
OMIM
OR
PanIN
PARP
PCR
PDAC
PJS
PMC
PV
qPCR
RR
TCGA
TC-NER
UTR
VCF
VFN
VUS
WT

sekvenovani nové generace
nehomologni spojovani koncli
karcinom ovaria

Online Mendelian Inheritance in Man
riziko (podil Sanci)

pankreaticka intraepitelidlni neoplazie
poly(ADP-riboza)polymeraza
polymerazova fetézova reakce
pankreaticky duktalni adenokarcinom
Peutzliv-Jegherstv syndrom
populac¢ni kontroly

patogenni varianta

kvantitativni PCR

relativni riziko

The Cancer Genome Atlas
transcription-coupled NER
untranslated reagion

variant-call format

Vseobecna fakultni nemocnice v Praze
varianta nejasného vyznamu

wild type
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Estrogen receptor 1
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Exonuclease 1

Exostosin 1

Exostosin 2
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Enhancer of zeste homolog 2

FA core complex associated protein
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member A

Family with sequence similarity 175,
member B
FANCD2/FANCI-associated nuclease
1

Fanconi anemia, complementation
group A

Fanconi anemia, complementation

group B
Fanconi anemia, complementation
group C
Fanconi anemia, complementation
group D2
Fanconi anemia, complementation
group E
Fanconi anemia, complementation
group F
Fanconi anemia, complementation
group G

Fanconi anemia, complementation
group I

Fanconi anemia, complementation
group L

Fanconi anemia, complementation
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containing 7, E3 ubiquitin protein
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Growth arrest and DNA-damage-
inducible, alpha

GATA binding protein 2

Glypican 3

Growth factor receptor-bound protein
7

Helicase, POLQ-like

HNF1 homeobox A

Homeobox B13

v-Ha-ras Harvey rat sarcoma viral
oncogene homolog

HUSTI checkpoint homolog
Checkpoint kinase 1

Checkpoint kinase 2

K(lysine) acetyltransferase 5
Potassium inwardly-rectifying
channel, subfamily J, member 5

V-kit Hardy-Zuckerman 4  feline
sarcoma viral oncogene homolog
Ligase I, DNA, ATP-dependent
Ligase I1I, DNA, ATP-dependent
Ligase IV, DNA, ATP-dependent
LIM domain only 1

Leucine-rich repeats and
immunoglobulin-like domains 1
MY C associated factor X

Microcephalin 1

Mediator of DNA-damage checkpoint
1

Mdm?2, p53 E3 ubiquitin protein ligase
homolog

Mdm4 p53 binding protein homolog

Multiple endocrine neoplasia I

Met proto-oncogene (hepatocyte
growth factor receptor)
O-6-methylguanine-DNA
methyltransferase

mutl. homolog 1, colon -cancer,
nonpolyposis type 2

mutL homolog 3

Matrix metallopeptidase 8 (neutrophil
collagenase)

Myeloproliferative leukemia virus
oncogene

MREI1 meiotic recombination 11
homolog A
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MUS81
MUTYH
NATI
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NCAM1
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NF1
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NSD1
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PALB?
PARPI
PCNA
PHB

PHOX2B
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PMS1
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POLB
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POLE

PPMI1D

PREX2

PRFI
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NM_000251.2
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NM 000300.3
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NM_000535.6
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NM_002691.3
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NM_003620.3

NM_024870.3

NM 001083116.1

NM 212471.2

105

mutS homolog 2, colon cancer,
nonpolyposis type 1

mutS homolog 3

mutS homolog 5

mutS homolog 6

Macrophage scavenger receptor 1

MUSS81 endonuclease homolog

mutY homolog

N-acetyltransferase 1 (arylamine N-
acetyltransferase)

Nibrin

Neural cell adhesion molecule 1

Cofactor of BRCA1

Neurofibromin 1

Neurofibromin 2 (merlin)

Nuclear factor of kappa light
polypeptide gene enhancer in B-cells
inhibitor, zeta

Nonhomologous end-joining factor 1
Nuclear receptor binding SET domain
protein 1

8-oxoguanine DNA glycosylase
Partner and localizer of BRCA2

Poly (ADP-ribose) polymerase 1
Proliferating cell nuclear antigen
Prohibitin

Paired-like homeobox 2b

Phosphatidylinositol-4,5-bisphosphate
3-kinase, catalytic

subunit gamma

Phospholipase A2, group 1A

PMSI postmeiotic segregation

increased 1

PMS1 homolog 2

Polymerase (DNA directed), beta

Polymerase (DNA directed), delta 1,

catalytic subunit

Polymerase (DNA directed), epsilon,

catalytic subunit

Protein phosphatase, Mg2+/Mn2+

dependent, 1D

Phosphatidylinositol-3,4,5-

trisphosphate-dependent Rac

exchange factor 2

Perforin 1 (pore forming protein)

Protein kinase, cAMP-dependent,

regulatory, type I, alpha



PRKDC

PTEN
PTCHI

PTTG2
RADI

RADI7

RADIS
RAD23B
RADS50
RADSI
RAD51A4PI
RAD5IB
RADSIC
RADSID
RADS52
RAD54B
RADS4L
RADYA
RBI
RBBPS
RECOL

RECQLA4
RECQLS
RET
RFCI

RFC2
RFC4

RHBDF?2
RNF146
RNF168

RNF$8

RPAI
RUNX1

SBDS
SDHA

SDHAF?2

NM 006904.6

NM_000314.6
NM_000264.3
NM_006607.2
NM_002853.3
NM_133338.2

NM_020165.3
NM_002874.4
NM_005732.3
NM_133487.3

NM 001130862.1

NM_133509.3
NM 058216.2
NM_002878.3
NM_134424.3
NM 0124153
NM_003579.3
NM_004584.2
NM_000321.2
NM_002894.2
NM_002907.3

NM_004260.3
NM_004259.6
NM_020975.4
NM_002913.4

NM_181471.2
NM_181573.2

NM 024599.5

NM 001242844.1

NM_152617.3
NM_003958.3

NM_002945.3
NM_001754.4

NM_016038.2
NM_004168.3

NM 017841.2
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Protein  kinase,
catalytic polypeptide
Phosphatase and tensin homolog

Patched 1

DNA -activated,

Pituitary tumor-transforming 2
RAD1 homolog

RAD17 homolog

RADI18 homolog

RAD23 homolog B

RADS50 homolog

RADS51 homolog

RADS51 associated protein 1

RADS51 homolog B

RADS51 homolog C

RADS51 homolog D

RADS52 homolog

RADS54 homolog B

RAD54-like

RAD9 homolog A

Retinoblastoma 1

Retinoblastoma binding protein 8
RecQ protein-like (DNA helicase Q1-
like)

RecQ protein-like 4

RecQ protein-like 5

Ret proto-oncogene

Replication factor C (activator 1) 1,
145kDa

Replication factor C (activator 1) 2,
40kDa

Replication factor C (activator 1) 4,
37kDa

Rhomboid 5 homolog 2

Ring finger protein 146

Ring finger protein 168, E3 ubiquitin
protein ligase

Ring finger protein 8, E3 ubiquitin
protein ligase

Replication protein A1, 70kDa

Runt-related transcription factor 1

SBDS ribosome maturation factor
Succinate dehydrogenase complex
flavoprotein subunit A

Succinate dehydrogenase complex
assembly factor 2



SDHB

SDHC

SDHD

SETBPI
SETX
SHPRH

SLX4

SMAD4
SMARCA4

SMARCBI

SMARCE]

STK11
SUFU

TCLIA
TELO2

TERF2
TERT
TLR2
TLR4
TMEM127
TOPBPI

TP53
TP53BP1
15C1
75¢C2
TSHR
UBE2A4
UBE2B
UBE2]
UBE2V2

UBE4B
UIMCI

NM_003000.2
NM _003001.3
NM 003002.3

NM_002894.2
NM_015046.5

NM _001042683.2

NM 032444.2

NM_005359.5

NM_001128849.1

NM 003073.4

NM_003079.4

NM_000455.4
NM_016169.3

NM 021966.2
NM 016111.3

NM_005652.4
NM_198253.2
NM_003264.4
NM_138554.4
NM_017849.3
NM_007027.3

NM_000546.5
NM_133487.3
NM_000368.4
NM_000548.4
NM_000369.2
NM_003336.3
NM_003337.3
NM_003345

NM_003350.2

NM _001105562.2
NM 001199297.2

Succinate dehydrogenase complex,
subunit B, iron sulfur (Ip)

Succinate dehydrogenase complex
subunit C

Succinate dehydrogenase complex
subunit D

SET binding protein 1

Senataxin

SNF2 histone linker PHD RING
helicase, E3 ubiquitin protein ligase
SLX4 structure-specific endonuclease

subunit homolog
SMAD family member 4

SWI/SNF related, matrix associated,
actin  dependent  regulator  of
chromatin, subfamily a, member 4
SWI/SNF related, matrix associated,
actin  dependent  regulator  of
chromatin, subfamily b, member 1
SWI/SNF related, matrix associated,
actin  dependent  regulator  of
chromatin, subfamily e, member 1
Serine/threonine kinase 11

Suppressor of fused homolog

T-cell leukemia/lymphoma 1A

TEL2, telomere maintenance 2,
homolog

Telomeric repeat binding factor 2
Telomerase reverse transcriptase
Toll-like receptor 2

Toll-like receptor 4

Transmembrane protein 127
Topoisomerase (DNA) II binding
protein 1

Tumor protein p53

Tumor protein p53 binding protein 1
Tuberous sclerosis 1

Tuberous sclerosis 2

Thyroid stimulating hormone receptor
Ubiquitin-conjugating enzyme E2A
Ubiquitin-conjugating enzyme E2B
Ubiquitin-conjugating enzyme E21
Ubiquitin-conjugating enzyme E2
variant 2

Ubiquitination factor E4B

Ubiquitin interaction motif containing
1



VHL

WRN

WrTl

XPA

XPC

XRCCI1

XRCC2

XRCC3

XRCC4

XRCCS5

XRCC6

ZNF350
ZNF365

NM_000551.3
NM_000553.4
NM_024426.4
NM_000380.3
NM_004628.4
NM_006297.2
NM_005431.1
NM 005432.3
NM_022406.3
NM 0211413

NM_001469.4

NM_021632.3
NM_014951.2

Von Hippel-Lindau tumor suppressor,
E3 ubiquitin protein ligase

Werner syndrome, RecQ helicase-like
Wilms tumor 1

Xeroderma pigmentosum,
complementation group A
Xeroderma pigmentosum,

complementation group C

X-ray repair complementing defective
repair in Chinese hamster cells 1
X-ray repair complementing defective
repair in Chinese hamster cells 2
X-ray repair complementing defective
repair in Chinese hamster cells 3
X-ray repair complementing defective
repair in Chinese hamster cells 4
X-ray repair complementing defective
repair in Chinese hamster cells 5
X-ray repair complementing defective
repair in Chinese hamster cells 6

Zinc finger protein 350

Zinc finger protein 365

*Pouze delece 3° konce inaktivujici gen MSH2
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testing. The prevalence of pathogenic variants (PV) in relation to personal/family cancer history
were evaluated. PDAC risks were calculated using both gnomAD-NFE and population-matched
controls. (3) Results: In 35/298 (11.7%) patients a PV in an established PDAC-predisposition gene
was found. BRCA1/2 PV conferred a high risk in both populations, ATM and Lynch genes only inthe
Belgian subgroup. PV in other known PDAC-predisposition genes were rarer. Interestingly, a high
frequency of CHEK2 PV was observed in both patient populations. PV in PDAC-predisposition genes
were more frequent in patients with (i) multiple primary cancers (12/38; 32%), (ii) relatives with
PDAC (15/56; 27%), (iii) relatives with breast/ovarian/colorectal cancer or melanoma (15/86; 17%)
but more rare in sporadic PDAC (5/149; 3.4%). PV in homologous recombination genes were
associated with improved overall survival (HR = 0.51; 95% CI 0.34-0.77). (4) Conclusions: Our
analysis emphasizes the value of multigene panel testing in PDAC patients, especially in individuals
with a positive family cancer history, and underlines the importance of population-matched controls
for risk assessment.

Keywords: pancreatic ductal adenocarcinoma; overall survival, multigene panel testing; family
history; germline

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) remains a deadly malignancy with a 5-
year survival rate of only 9% [1]. Its initial non-specific symptoms makes early diagnosis
challenging and less than 20% of PDAC patients have potentially resectable tumors at
the time of diagnosis [2]. Although most PDAC cases appear to be sporadic, a familial
background has been documented in up to 10% of the patients [2,3]. In addition, in-
creased PDAC prevalence associates with hereditary cancer syndromes caused by germline
pathogenic/likely-pathogenic variants (PV) in BRCA2, ATM, BRCA1, PALB2, MLH1, MSH2,
MSH6, PMS2, CDKN2A, TP53, or STK11 [3,4]. Germline PV in the four first genes have
the highest prevalence in PDAC patients; however, their frequency shows substantial
geographic variabilities [5].

Individuals with PV in PDAC-predisposing genes could benefit from intensified pre-
ventive surveillance allowing early PDAC detection, when curative surgery may still be
feasible [6]. Interestingly, germline PV in cancer susceptibility genes have also been re-
ported in apparently sporadic PDAC cases [7,8]. Several recent reports noticed an improved
PDAC prognosis in patients with germline PV in genes encoding proteins involved inDNA
damage response (DDR) and, notably, those involved in homologous recombination (HR)
to repair DN A double-strand breaks (DDSB) [9-11]. In addition, the presence of germline
PV in these genes enables tailored treatment by poly(ADP-ribose)polymerase inhibitors
(PARPi) [12,13]. The identification of PV allows for predictive testing in affected families to
identify relatives at risk.

Multigene panel testing is the preferred method for the identification of germline
PV in genetically heterogeneous disorders since it enables fast, reliable, and cost-effective
analysis of single nucleotide variants (SNV), short insertions/deletions (indels), and may
allow detection of copy number variants (CNV) in predisposition genes, after strong
validation [14].

The purpose of this study was to determine and compare the prevalence of germline
PV in cancer predisposing genes in identically evaluated sets of Belgian high-risk PDAC
patients and Czech unselected PDAC patients. We also aimed to determine the
subgroup of PDAC patients who may benefit from multigene panel testing.

2. Materials and Methods
2.1. Patients and Samples

Overall, 226 consecutive Czech PDAC patients (Table 1) diagnosed at the Dept. of
Oncology, General University Hospital in Prague between 2015 and 2018 were enrolled. All
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patients gave informed consent for their participation, approved by the Ethics Committee
of the General University Hospital in Prague. All patients were Caucasians of Czech origin.
The Czech population-matched (PM) controls were described previously and represent 777
non-cancer volunteers aged >60 years that were analyzed identically as the Czech PDAC
patients [15].

Table 1. Clinical characteristics of analyzed PDAC patients.

Characteristics All Patients Belgian Patients Czech Patients p-Value *
(n = 298) (n=72) (n = 226)

Gender

Female (%) 150 (50.3) 41 (56.9) 109 (48.2)

Male (%) 148 (49.7) 31 (43.1) 117 (51.8) 0.22a

(ASgEe) at PDAC diagnosis; Meanage o) g6 58.0 (1.4) 63.11 (0.6) 0.002 b

<50 (%) 40 (13.4) 19 (26.4) 21(9.3)

50-59 (%) 77 (25.8) 17 (23.6) 60 (26.6)

60-69 (%) 120 (40.3) 26 (36.1) 94 (41.6)

70 (%) 61 (20.5) 10 (13.9) 51 (22.6)

Multiple primary tumors in personal history

Absent (%) 260 (87.2) 51 (70.8) 209 (92.5)

Present (%) 38 (12.8) 21(29.2) 17 (7.5) <0.0001 a

Multiple primary tumors in personal history

Breast (%) 19 (6.4) 11 (15.3) 8 (3.5) 0.001 a

Ovarian/endometrial (%) 6(1.7) 2(2.8) 4 (1.8) 0.63a

Colon (%) 7(2.3) 7 (9.7) 0 <0.0001 a

Melanoma (%) 3(1.0) 3 (4.2) 0 0.01a

Other (%) 12 (4.0) 4 (5.6) 8 (3.5) 0.73 a

Family cancer history ¥ (first/second-degree relatives)

Negative (%) 149 (51.2) 9 (13.6) 140 (62.2)

Positive (%) 142 (48.8) 57 (86.4) 85 (37.8) <0.0001 a

Unknown 7 6 1

Syndromic * tumors in family cancer history

Pancreatic (%) 56 (19.2) 34 (51.5) 22 (9.8) <0.0001 a

Breast (%) 59 (20.3) 27 (40.9) 32 (14.2) <0.0001 a

Ovarian/endometrial (%) 13 (4.5) 4(6.1) 9 (4.0) 0.50 a

Colon (%) 52 (17.9) 16 (24.2) 36 (15.9) 0.14a

Melanoma (%) 7 (2.4) 3(4.5) 4(1.8) 0.19a

a Fisher exact test, b Welch t-test, NA—not available, * Belgian vs. Czech subgroups. ¥ Fulfilling criteria for hereditary breast and ovarian
cancer syndrome (HBOC), familial adenomatous polyposis (FAP) or familial atypical multiple mole melanoma (FAMMM). The considered
tumors included PDAC, colorectal, breast, ovarian cancer, and melanoma.

Additionally, 72 Belgian PDAC patients (Table 1) were retrospectively selected from
the patient database of the Center for Medical Genetics at Ghent University Hospital
(CMGG; n = 62) and other genetic centers in Belgium and the Netherlands (n = 10).
Eligible individuals included PDAC patients fulfilling testing criteria for analysis of
hereditary cancer syndromes. Patients were counseled between 2000 and 2019 by clinical
geneticists of the center and had signed an informed consent agreeing to store their DN A
and perform extra analyses in the context of their disease. This study was approved
by the ethical committee of Ghent University Hospital. All patients have been selected
from strata based on personal or family history (first- and second-degree relatives) of
PDAC in combination with breast/ovarian/colon cancer and/or melanoma. Belgian
PM controls represent anonymized whole exome sequencing data from 2485 unselected
individuals sequenced in CM GG for various non-cancer conditions (intellectual
disability, blindness, muscular dystrophies, cardiomyopathies).
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2.2. NGS and Bioinformatics

Both centers applied their proprietary NGS panel overlapping in 53 target genes
(Table S1). Pathogenic variants in these genes were identified subsequently using the
unified prioritization described below.

Czech: Patients’ samples were analyzed as described previously [16]. Briefly, a custom-
designed panel CZECANCA (CZEch CAncer paNel for Clinical Application; ver_1.2) was
used to capture 226 genes (Table S2). DNA libraries were prepared using KAPA HTP
Library Preparation kit (Roche, Basel, Switzerland) and sequenced on MiSeq/NextSeq500
(IMlumina, San Diego, CA 92121, USA). NGS data were processed by NovoAlign and
annotated by ANNOVAR. Copy number variations (CNVs) were analyzed by CNVKkit,
medium-size indels by Pindel.

Belgium: Genomic DNA samples were fragmented with the KAPA HyperPlus Library
Preparation Kit (Roche). The regions of interest were captured by designed SeqCAP EZ
probes targeting 66 genes (Table S3) and sequenced on MiSeq/NovaSeq6000 (lllumina,
San Diego, CA 92121, USA). NGS data were processed using an in-house pipeline. The
NGS reads were processed by the bcbio toolkit including data mapping to the reference
genome by BWA, variant calling using VarDict, and variant annotation in Ensembl Variant
Effect Predictor and dbNSFP/dbscSNV databases. Final quality control was performed by
FastQC, samtools and bcftools. Coverage was analyzed using mosdepth.

2.3. Variant Prioritization

The same variant prioritization was applied at both sites to identify PV in coding
and flanking intronic variants (20 bp) in 53 targeted genes. The prioritization pipeline
excluded variants:

With low variant allele fraction (VAF < 0.15);

With a high minor allele frequency (MAF > 0.001) in population databases: Exome Se-
quencing Project (ESP), 1000 Genomes Project and gnomAD, except variants classified
pathogenic/likely pathogenic (P/LP) in ClinVar;

In UTR, non-splice site intronic, synonymous and non-frameshift insertions/deletions,
unless classified as P/LP in ClinVar;

Classified as benign/likely benign (B/LB) in ClinVar, if marked by at least two stars

in ClinVar or if classified as B/LB by an expert panel;

Low risk variants in CHEK2 (c.470C > T; p.1157T), APC (c.3920T > A; p.11307K), and

heterozygous MUTYH variants.

The remaining variants were classified in accordance with the ACM G recommenda-
tions [17]. Variants with insufficient or conflicting evidence were categorized as variants
of uncertain significance (VUS) as well as truncating variants in the last exon (except
ClinVar P/LP). All PV in patients were inspected in Integrative Genomics Viewer (IGV) or
confirmed by Sanger sequencing and submitted to ClinVar and LOVD.

2.4. Statistical Analysis

The frequencies of PV in PDAC patients were compared to the frequencies of PV
in both region-matched controls and the gnomAD control dataset with the non-Finnish
European (NFE) exome data, from release 2.1.1 (restricted to gnomAD exome data) [18].
Associations of PDAC with germline PV in individual genes were analyzed using the
Fisher’s exact test in different PDAC subgroups. The odds ratios (ORs) and corresponding
95% confidence intervals (Cl) were calculated by inverting Fisher’s exact test. Bonferroni
correction was applied to adjust p-values for the number of mutated genes within each
population. All statistical tests were two-sided, and adjusted p-values <0.05 were consid-
ered statistically significant. Association analyses were performed with R (version 3.6.1;
The R Foundation).

The Kaplan-Meier product-limit method was used for survival analyses and differences
were tested using the log-rank and Mantel-Haenszel tests using the GraphPad Prism v8.0.1



Cancers 2021, 13, 4430 5 of 15

(GraphPad Software) and Statistica v12 (StatSoft) programs. The overall survival (OS) was
defined as the interval between PDAC diagnosis and death from PDAC or the last follow-up.

3. Results
3.1. Spectrum and Frequencies of Germline Alterations in PDAC Patients

In total, we detected 61 germline PV in 20 out of 53 genes analyzed in both popula-
tion cohorts, comprising 72 high-risk Belgian and 226 unselected Czech PDAC patients
(Table 2 and Table S4). Thirty-six PV were found in “established PDAC-predisposition”
genes (BRCA2, ATM, BRCA1, PALB2, MLH1, MSH2, MSH6, PMS2, CDKN2A, TP53, or
STK11 [3,4]) in 35/298 (11.7%) patients. Of these, 30 patients were found to have a PV
in one PDAC-predisposition gene, one patient harbored a PV in both MLH1 and MSHS6,
while four patients inherited a PV in a PDAC-predisposing and another gene (Table
2). BRCA2 (4.0%), ATM (2.7%), and BRCA1 (1.7%) were the most frequently mutated
PDAC-predisposition genes. Additionally, in 23 PDAC patients (7.7%) 25 PV were found
in other cancer predisposition genes for which a clear association with PDAC has not
(yet) been established; one third of them in CHEK?2.

Table 2. Prevalence of pathogenic/likely pathogenic variants (PV) in Belgian/Czech patients and controls.

PDAC Patients Population-Matched Controls

Germline PV All; n= 298 Belgian;n=72 Czech; n= 226 Belgian; n = 2485 Czech; n=777

Known PDAC-Predisposition Genes

ATM * 8 (2.68%) 5 (6.94%) 3 (1.32%) 7 (0.28%) 3 (0.39%)
BRCA1 5(1.67%) 2 (2.78%) 3 (1.32%) 5(0.20%) 1(0.13%)
BRCA2 * 12 (4.01%) 3 (4.17%) 9 (3.98%) 15 (0.60%) 5 (0.64%)
CDKN2A 1(0.33%) 1(1.39%) 0 0 0
MLH1 * 3 (1.00%) 3 (4.17%) 0 1 (0.04%) 0
MSH2 0 0 0 2 (0.08%) 3 (0.39%)
MSH6 * 1(0.33%) 1(1.39%) 0 2 (0.08%) 0
PALB2 2 (0.67%) 0 2 (0.88%) 4 (0.16%) 2 (0.26%)
PMS2 2 (0.67%) 2 (2.78%) 0 4 (0.16%) 0
STK11 0 0 0 1 (0.04%) 0
TP53 2 (0.67%) 1(1.39%) 1 (0.34%) 1 (0.04%) 0
PDAC gene PV 36 18 18 42 14
Number of individuals with 35*%(11.74%) 17 *(23.61%) 18 (7.96%) 42 (1.69%) 14 (1.80%)
PDAC PV *
Other cancer predisposition genes for which the association with PDAC is not firmly established
BARD1 0 0 0 1(0.04%) 0
BLM 0 0 0 3(0.12%) 3(0.39%)
BRIP1 2 (0.67%) 0 2 (0.88%) 1 (0.04%) 0
CDK4 0 0 0 1(0.04%) 0
CHEK1 0 0 0 1 (0.04%) 0
CHEK2 * 8 (2.68%) 3(4.17%) 5(2.21%) 11 (0.40%) 1(0.13%)
ERCC4 * 4 (1.34%) 0 4 (1.76%) 6 (0.24%) 5 (0.64%)
FANCA 0 0 0 6 (0.24%) 3 (0.39%)
FANCC 0 0 0 1 (0.04%) 0
FANCD2 0 0 0 3 (0.12%) 1(0.13%)
FANCE * 2 (0.67%) 1(1.39%) 1(0.44%) 2 (0.08%) 0
FANCG * 1(0.33%) 0 1(0.44%) 3(0.12%) 0
FANCI 0 0 0 3(0.12%) 1(0.13%)
FANCL 0 0 0 1(0.04%) 0
FANCM 1(0.33%) 1(1.39%) 0 10 (0.40%) 4 (0.51%)
HOXB13 1(0.33%) 0 1(0.44%) 7 (0.28%) 0
MRE11 0 0 0 5(0.20%) 2 (0.26%)

NBN 3 (1.00%) 0 3(1.32%) 7 (0.28%) 3(0.39%)
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Table 2. Cont.
PDAC Patients Population-Matched Controls
Germline PV All; n= 298 Belgian; n = 72 Czech; n= 226 Belgian; n = 2485 Czech; n=777

POLD1 1(0.33%) 0 1(0.44%) 1 (0.04%) 0
POLE 1(0.33%) 1(1.39%) 0 1 (0.04%) 0
PTEN 0 0 0 1 (0.04%) 0

RAD50 0 0 0 3 (0.12%) 1(0.13%)
RADS51C 0 0 0 1 (0.04%) 0
RAD51D 0 0 0 2 (0.08%) 0

RAD54L 0 0 0 7 (0.28%) 2 (0.26%)

RECQL 0 0 0 3 (0.12%) 3 (0.39%)

SLX4 * 1(0.33%) 1(1.39%) 0 6 (0.24%) 1(0.13%)
XRCC2 0 0 0 1 (0.04%) 0
Other gene PV 25 7 16 98 30

Number of individuals with PV 23* (7.72%) 7 (9.72%) 16 (7.08%) 98 (3.94%) 30 (3.86%)

in other genes

All PV 61 25 36 148 45

All PV carriers * 54 *(18.12%) 21 *(29.17%) 33 *(14.60%) 140 (5.63%) 45 (5.79%)

* Multiple germline PV were found in 4 Belgian and 2 Czech PDAC patients with co-occurring PV in PDAC predisposition genes (MLH1-
MSH6), in PDAC predisposition and other genes (ATM-FANCE; ATM-SLX4; BRCA2-CHEK2; BRCA2-ERCC4), or in the other genes
(CHEK2-ERCC4-FANCG). The frequency of PV in all 4 Lynch syndrome genes was significantly increased in Belgian PDAC patients over
Belgian controls (5/72 individuals (6 PV as 1 patient had a PV in both MLH1 and MSH6); 6.94% vs. 9/2485; 0.36%; OR = 20.5; 95%Cl 6.7—
62.6;p=2.9 10 ).

Gene-specific PDAC risks were calculated for Belgian and Czech patients separately
using the respective population-matched controls and for the entire group using gnomAD
N FE controls. Genes associated with a significant risk are displayed in Figure 1; risks for all
genes with PV are summarized in Table S5.

- BE patients vs. BE controls - All patients vs. gnomAD NFE controls
-+ CZ patients vs. CZ controls

Known PDAC predisposing genes

1 10 100 1000 [COR] 1 10 100 [OR]
26.3* 5.6*
ATM ——— ATM i
14.1 6.0*
BRCA1 ————" BRCAL ——
11 11.7*
BRCA2 & — BRCA2 e
MLH1 e g MLH1 L
PMS2 180 PMS2 .
TP53 Sars TP53 — %

Other cancer predisposing genes

1 10 100 1000 [CR] 1 10 100 [OR]
CHEK2 —;.-;—ﬁ CHEK2 —3'
ERCCA s ERCCH o
FANCE———— 1% FANCE +— %
NBN — o NN %

3.5

Figure 1. Gene specific PDAC risks in Belgian and Czech PDAC patients (compared with population-
matched controls) and all PDAC patients (compared with gnomAD NFE). The plots showing OR and
95%ClI describe only genes associated significantly with PDAC Belgian, Czech, or all PDAC patients,
respectively. All genes are presented in detail in Table S5. OR values in bold denoted by an asterisk (*)
remained significant following Bonferroni correction for multiple testing. n.d.—not determined
(zero carriers in population-matched controls).
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Considering the established PDAC-predisposition genes, the population-specific
PDAC risks were significantly increased for Belgian patients with PV in ATM, BRCA1,
BRCA2, MLH1, and PMS2 and for Czech patients with a PV in BRCA1 and BRCA2. A
comparison of all PDAC patients with gnomAD-NFE controls confirmed a PDAC risk
association for all mentioned genes, except PMS2, but additionally revealed an association
with TP53. For the other cancer predisposition genes, a significant association was found
for CHEK2 (with both population-matched and gnomAD controls) and for ERCC4, FANCE,
and NBN (gnomAD controls only).

In view of the overrepresentation of high-risk PDAC patients in the Belgian group
(significant excess of individuals with positive individual/familial cancer history; Table 1),
the higher overall frequency of PV in PDAC-predisposition genes in Belgian over Czech
PDAC patients (23.6% vs. 8.0%, respectively; p = 0.001) was not surprising. In contrast, the
proportion of germline PV in other genes did not differ significantly between the Belgian
and Czech patients (9.7% and 7.1%, respectively; p = 0.45).

3.2. Personal Cancer History

PV in PDAC-predisposition genes were 4-times more frequent in patients with multi-
ple primary tumors (12/38; 31.6%) than in PDAC-only patients (23/260; 8.8%; p < 0.001;
Figure 2A). PV in 10 PDAC patients with multiple primary tumors affected 3 BRCA1
and 4 BRCA2 (all had also developed breast and/or ovarian cancer), 1 PMS2 and 1
MLH1/MSH6 (both developed colon cancer), and 1 CDKN2A (diagnhosed with
melanoma). In addition, two patients harbored a PV in a PDAC-predisposition and another
gene: ATM/FANCE (PDAC patient with colon cancer) and BRCA2/CHEK?2 (early-onset
breast cancer PDAC patient). Furthermore, a pathogenic NBN variant was detected in a
PDAC patient with breast cancer and a POLE PV in a PDAC patient who had also
developed breast and colon cancer.

The proportion of PV carriers in PDAC-predisposition genes did not differ significantly
between Belgian and Czech patients with multiple primaries (6/21, 28.6% and 6/17, 35.3%,
respectively; Figure 2A), although the fraction of PDAC patients with multiple primary
tumors was considerably higher in the Belgian over the Czech group (29.2% vs. 7.5%;
Table 1). About one third (31.6%) of the PV in PDAC-predisposition genes (13/36) was
identified in patients with multiple primaries, even when they accounted for only 12.8% of
the total study population (Figure 2A). Thus, the presence of another primary tumor
alongside the PDAC diagnosis increased the chance fora PV in a PDAC-predisposition gene. It
is of note that all patients with double primary tumors and a PV in PDAC-predisposition
genes, also had a positive family cancer history.

No significant difference in the age of PDAC onset could be established between
patients with and without PV in PDAC-predisposition genes (with PV: mean 59.9 years;
range 32-82 years; without PV: mean 62.2 years; range 37-84 years; p = 0.20). The same ob-
servation was done for patients with PV in other genes (mean 62.5 years; range 35—80 years)
versus patients without PV (p = 0.92).

3.3. Family Cancer History

To overcome differences in clinical characteristics between Belgian and Czech PDAC
patients, we assigned all patients into four subgroups (Table 3). Subgroup #1 included
patients with a positive PDAC family cancer history. Subgroup #2 included patients with a
family history of tumors (breast/ovary/colorectal cancer/melanoma) indicative for PDAC-
associated hereditary cancer syndromes. Patients with a negative family cancer history or
with non-syndromic tumors in relatives were assigned into additional subgroups according
to the age of their PDAC onset (subgroup #3: 60 years; subgroup#4: >60 years). The
family cancer history was not detailed enough for 6 Belgian and 1 Czech PDAC patients,
hence the family cancer history was only taken into account for 291 PDAC-patients with a
detailed familial anamneses.
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Figure 2. Proportions (left) of patients with PV classified according to personal (A) and family (B)
cancer history considering the presence of PDAC, breast cancer (BC), ovarian cancer (OC),
colorectal cancer (CRC) or melanoma in first or second degree relative. The types (right) of multiple
primary tumors (A) and tumors in the first/second degree relatives (B) are illustrated in a Venn
diagram. Individual phenotype characteristics (C) arranged subsequently according to the presence of
PV, family cancer history positivity, presence of multiple primary tumors and the age of PDAC onset.
Overall survival in the Czech PDAC patients (D) ascertained according to the presence of any germline
PV (left) and in PV in HR and non-HR genes, respectively (right). The numbers below the graphs
denote the numbers of individual in displayed time points.
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Table 3. Prevalence of PV in four subgroups ascertaining 291 patients with known family cancer history.

Patients with PV X .
Patients without

PDAC Patients Group All (n = 291); in PDAC Gene }; in Other Gene PV p-Value 2
n n (%) Only; n (%)
n (%)

Familial cancer patients 142 30 (21.1) 8 (5.6%) 104 (73.2)

Belgian 57 17 (29.8) 4 (7.0) 36 (63.2)

Czech 85 13 (15.3) 4(47) 68 (80.0) 0.07
Subgroup#l:
1PDAC in first/second 56 15 (26.8) 4(7.1) 37 (66.1)
degree relative

Belgian 34 9 (26.5) 3(8.8) 22 (64.7)

Czech 22 6(27.3) 1(4.5) 15 (68.2) 0.83
Subgroup#2:
1 Tumor associated with
increased PDAC risk in 86 15 (17.4) 4(4.7) 67 (77.9)
First/second degree
relative

Belgian 23 8(34.8) 1(4.3) 14 (60.9)

Czech 63 7 (11.1) 3(4.8) 53 (84.1) 0.04
Sporadic PDAC patients 3 149 5(3.4) 11 (7.4) 133 (89.3)

Belgian 9 0 0 9 (100)

Czech 140 5(3.6) 11 (7.9) 124 (88.5) n.d.
Subgroup#3:
Sporadic PDAC, early 53 1(1.9) 4(7.5) 48 (90.6)
onset (60 years)

Belgian 9 0 0 9 (100.0)

Czech 44 1(2.3) 4(9.1) 39 (88.6) n.d.
Subgroup#4:
Sporadic PDAC, later 96 4(4.2) 7(7.3) 85 (89.6)
onset (>60years)

Belgian 0 0 0 0

Czech 9 4(4.2) 7(7.3) 85 (89.6) n.d.
Sum 291 35 19 237

1 The patients with a PV in both a PDAC-predisposing and other gene were considered in the group of PV in PDAC genes. 2 Proportion of
Belgian vs. Czech PV in a group. 3 Including patients with other tumors in family cancer history (not associated with PDAC-predisposition
syndromes). The family cancer history was not detailed enough for 6 Belgian patients and 1 Czech PDAC patient. n.d.—not determined.

In subgroups #1 and #2 (patients with a positive family cancer history) PV in PDAC-
predisposition are much more prevalent than in subgroups #3 and #4 (sporadic) (subgroups
#1 and #2: 30/142, 21.1% vs. subgroups #3 and #4: 5/149, 3.4%; p < 0.001) (Figure 2B and
Table 3).

The proportion of patients heterozygous for PV in established PDAC-susceptibility
genes in subgroup #1 (15/56; 26.8%) was similar in Belgian (26.5%) and Czech (27.3%)
patients (Table 3) and concerned 5 BRCA2, 3 ATM, 3 Lynch syndrome genes, 2
BRCA1,1 TP53and 1 CDKN2A. Additionally, three patients harbored the ¢.1100delC variant
in CHEK2 and another one had a PV in FANCM.

The prevalence of PV in established PDAC-susceptibility genes in subgroup #2 (15/86;
17.4%), was higher in Belgian (34.8%) than in Czech (11.1%) patients (p = 0.04; Figure 2B).
However, this subgroup retained an increased proportion of higher risk individuals among
Belgian patients, including multiple primary cancer patients (8/23; 34.8% vs. 6/63; 9.5%; p =
0.009) or first-degree relative(s) with breast and/or ovarian cancers (15/23; 65.2% vs.
23/63; 36.5%; p = 0.02; Figure 2C). We also evaluated the presence of “non-syndromic tu-
mors” in the familial cancer history but their occurrence did not contribute to the increased
frequency of PV.
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In subgroups #1 and #2, the prevalence of PV in cancer predisposition genes for which
an association with PDAC has not been established, was low (8/142 (5.6%)). The most
frequent were PV in CHEK?2 (in three patients from PDAC families and in one colorectal
cancer family). PV in BRIP1, FANCM, NBN, and POLE were identified only once each. One
Czech PDAC patient harbored a PV in three genes: CHEK2, ERCC4, and FANCG.

Taken together, a family cancer history of PDAC or other syndromic tumors (in
30/35 patients with PV) represented the most important factor indicating a PV in a PDAC-
predisposing gene.

Subgroups #3 and #4 included 149 sporadic (mainly Czech) PDAC patients. Only
five (3.4%) of them harbored a PV in an established PDAC-predisposition gene, including
2 BRCA2, 2 PALB2, and 1 ATM. Interestingly, the age at PDAC onset in these PV
heterozygotes ranged between 59 and 71 years, while no PV in an established PDAC-
predisposition gene was identified in the 52 patients diagnosed before the age of 59
years (Figure 2C).

The prevalence of PV in cancer predisposition genes for which an association with
PDAC has not been established, was comparable for sporadic (11/149; 7.9%) and familial
cases (subgroups #1 and #2: 8/142; 5.6%).

Our data indicate that PDAC patients without a family history of tumors associated
with PDAC risk have a lower probability to harbor a clinically actionable PV.

3.4. Survival in Individuals with PV

The overall survival (OS) data were available for 223/226 Czech PDAC patients, in-
cluding 31/33 patients with PV. The survival ranged between 0.3 and 281.1 months with
mean OS 12.8 months for all PDAC patients. Baseline clinicopathological characteristics
were similar for patients with and without PV (Table S6), except for the decreased
pro-portion of tumors localized in the caput (having better survival) in patients with a
PV in non-HR gene.

We first compared OS between patients with and without any PV (Figure 2D, left)
and, secondly, with a PV in the genes coding for proteins involved in DDSB repair via HR
pathway (ATM, BRCA1/FANCS, BRCA2/FANCD1, BRIP1/FANCJ, ERCC4/FANCQ, FANCE,
FANCG, and PALB2/FANCN) and with PV in other non-HR genes (CHEK2, HOXB13,

NBN, POLD1, and TP53), respectively (Figure 2D, right).

The risk of death was significantly reduced in patients with PV compared to patients
without PV (HR = 0.66). Indeed, the mean OS (mOS) was 12.4 months in patients without PV
versus 15.9 months in patients with PV. This improved survival was mainly associated with
PV in HR genes because the presence of PV in non-HR genes actually led to worse OS (HR =
3.26). In only 4/22 (18.2%) of the patients with a pathogenic H R variant survival was
shorter than the mOS (12.4 months), compared to 7/9 (77.8%) of the patients with a PV in a
non-HR gene.

4. Discussion

Our study enabled a comparison of germline variations in unselected Czech and high-
risk Belgian PDAC patients, for whom no studies have been published previously. The
highest clinical utility is attributed to germline variants in genes known to be associated
with PDAC predisposition (Table 2) [3]. The most frequently mutated genes in our
study included ATM, BRCA1, and BRCA2 (found in 25/35 (71.4%) patients with a PV in a
PDAC-predisposition gene). BRCA2 PV were the most frequent, accounting for 17% and
50% of all PV in PDAC-predisposing genes in Belgian and Czech patients, respectively.
BRCA2 and BRCA1 code for proteins participating in the DNA DSB repair by HR and
are the major genetic factors involved in hereditary breast/ovarian cancer syndromes. PV
in both genes were associated independently with a high (OR > 5) and statistically
significant PDAC risk in both populations. Interestingly, while in Belgian and Czech
breast cancer patients the frequency of BRCA1 germline PV is higher than BRCA2,
BRCA2 PV prevailsin PDAC patients in both populations [19,20]. Thus, the BRCA2-
associated risk could be
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higher for pancreatic than for breast cancer, as indicated by our analysis of pooled patients
against gnomAD data (BRCA1: OR = 6.0 vs. BRCA2: OR = 11.7; Figure 1). Similar data
were presented in the US study of 3030 PDAC patients by Hu and colleagues (OR 2.6
vs. 6.2) [21].

While BRCA2 PV dominated in the Czech patients, ATM PV were the most frequent in
Belgian patients (5/72; 6.9%). Biallelic ATM inactivation causes ataxia-telangiectasia while
heterozygous variants moderately increase the risk of several tumors including breast or
pancreatic cancers [22]. The frequency of ATM PV found in the Belgian subgroup is similar
to observations in unselected Canadian PDAC patients (12/177; 6.8%) [23]. In the Czech
PDAC patients, the frequency of germline ATM PV was lower (3/226; 1.32%) but still over
three-times as high as in population-matched controls (Table 2). Interestingly, all eight ATM
PV carriers in our study had a positive family cancer history (this may explain a significant
association with the PDAC risk in the Belgian subgroup only, enriched in such patients).
An aggregated analysis of all patients showed a high PDAC risk associated with ATM
PV (OR = 5.6), comparable with that of BRCA1. Similar ATM-associated risks were
calculated in Canadian (OR = 7.7) and US (OR = 5.7) PDAC patients [21,23].

PV in other PDAC-predisposition genes (PALB2, CDKN2A, and TP53) were substan-
tially less frequent (5/35; 14.2% of PV carriers) and their significant associations with
PDAC were not reached. However, PV in the mismatch repair genes (MLH1, MSH6, and
PMS?2) identified in five Belgian (but none in Czech) PDAC patients resulted in a significant
association with PDAC collectively (and for MLH1 and PMS2 separately) in the Belgian
subgroup. Generally, the prevalence of germline PV in mismatch repair genes in unselected
PDAC patients is estimated at 0.3% to 1.3% [8,9,21,24].

Germline PV in cancer predisposition genes for which the association with PDAC has
not been firmly established were less frequent. However, CHEK2 PV accounted for 13.1%
of all germline PV (identified in 8 of 298 PDAC patients (2.7%)), a proportion comparable to
ATM. CHEK2 was initially reported as a multi-organ cancer susceptibility gene associated
with breast, prostate, colon, and pancreas cancer, with low-to-moderate penetrance
[25]. Nevertheless, the majority of the clinical knowledge was adopted in pre-NGS era
and only a few recurrently-analyzed CHEK2 variants were included [26,27]. An
increased frequency of CHEK2 PV was reported in several PDAC studies but without
statistical significance [10,21,28]. We found an increased population-specific PDAC risk
for CHEK2 PV in both Czech and Belgian cohorts and also when considered all
patients together (Figure 1). In the three Belgian patients, c.1100delC was identified;
the Czech CHEK2 PV spectrum was more diverse, as recently reported in Czech breast
cancer patients [15]. Interestingly, 3/5 PDAC patients (one Czech and two Belgians) with
the ¢.1100delC also had one or more relatives diagnosed with PDAC. However, clinical
classification of the CHEK2 VUS (dominantly missense variants and short in-frame
indels) as well as larger case-control studies in other populations are warranted to
further analyze the CHEK?2 association with PDAC risk.

The ERCC4 gene was the second most frequently mutated gene among genes with
uncertain PDAC risk. Germline ERCC4 inactivations causes xeroderma pigmentosum
complementation group F, Cockayne syndrome, or Fanconi anemia complementation group
Q [29]. Japanese patients homozygous for ERCC4 p.Arg799Trp or compound heterozygous
with another variant were diagnosed with autosomal recessive cerebellar ataxias
[29]. Heterozygous carriers were recently described in PDAC patients from the USA and
the authors recommended to include ERCC4 into the germline panel testing [11]. We
found p.Arg799Trp to be present in 4/226 (1.34%) Czech PDAC patients but also in 5/777
(0.64%) population-matched controls, making the risk in Czech patients insignificant.

The c.657_661del variant in NBN represented another example of a variant prevailing
in Czech patients. An association of this variant with PDAC was previously documented
in Polish patients and in an independent Czech PDAC cohort [30,31]. In the current study,
the c.657_661del variant was more frequent in Czech PDAC patients than in the population-
matched controls; however, the difference was not significant. The ERCC4 and NBN
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variants exemplify the need for careful analysis of risk, associated with population-specific
or founder variants, using appropriate geographically-matched controls [32]. However,
the insignificant differences in the overall frequency of PV in non-PDAC established
cancer predisposition genes among subgroups of patients considering personal/family
cancer history or population origin indicate that the roles of many these genes in PDAC
predisposition is limited.

Considering the clinical characteristics of patients with PV, our study demonstrated
that a family cancer history is an important risk factor for the identification of a germline PV
in PDAC-predisposition genes in both populations. The PDAC patients with first or second
degree relatives developing pancreatic/breast/ovarian/colorectal cancer or melanoma
have a much higher chance to have a PV in a PDAC-predisposition gene compared to the
patients without a family cancer history (OR 7.7; p = 2.6 10 °; Table 3).

The difference in PV frequencies in PDAC-predisposition genes between Czech (8.0%)
and Belgian (23.6%) PDAC patients were attributable to an ascertainment bias towards
high-risk PDAC patients in the Belgian subgroup. The overall PV frequency in unselected
Czech PDAC patients (8.0%) corresponded to studies from unselected PDAC patients in the
USA (7.7%) [24], or Canada (10.7%) [23]. The frequency of PV in Belgian high-risk PDAC
patients insignificantly exceeded the frequencies reported in high-risk PDAC patients from
the USA (17.7%) [33] or familial PDAC patients from Germany (16.7%) [34].

To leverage the differences in enrollment of high-risk individuals in Belgian and Czech
cohorts, we assigned all patients into subgroups reflecting their family cancer history or
PDAC age of diagnosis. The subsequent analysis revealed similar frequencies of PV in
PDAC-predisposition genes in Belgian and Czech familial PDAC patients (subgroup #1;
26.5% and 27.3%, respectively). These frequencies were higher than in published studies
from Germany (16.7%) [34], the USA (11.9%) [35], and Japan (14.8%) [36]. However it is
important to note that there is no uniform definition of familial PDAC and many different
working definitions are being used [6,37].

We observed that double primary PDAC/another tumor from breast/ovarian/ col-
orectal/melanoma hereditary cancer spectrum strongly predicts the presence of a germline
PV in a PDAC-gene, as described previously [33].

We found no effect of PV presence on the age of PDAC onset, in agreement with
previous reports from Canada and the USA [38,39] but in contrast to two other US studies
[7,40]. These contradictory results indicate that the association of germline PV with age of
onset remains inconclusive. Most experts in current CAPS guidelines do not recommend
screening of high risk individuals before the age of 50 with the exception of patients with
Peutz-Jeghers syndrome or hereditary pancreatitis [4].

Clinical data from Czech PDAC patients confirmed a positive impact of germline PV,
especially in HR genes, on the survival of PDAC patients (21.4 months vs. 12.4 months,
Figure 2D). Similar data were reported from Goldstein et al. (17.9 vs. 9.6 months) [11],
Fountzilas et al. (22.6 vs. 13.9 months) [10] or Yurgelun et al. (34.4 vs. 19.1 months) [9]. An
association of germline PV in non-HR genes with inferior survival (4.7 vs. 12.4; HR =3.26; p
= 0.017) needs to be further evaluated because our group consisted of only nine
individuals enriched in tumors with prognostically-inferior localization in the pancreas.

The identification of germline PV associated with an increased PDAC risk has im-
portant implications for both patients and their relatives. The predictive role of germline
PV include application of programmed death receptor—1 (PD-1) pathway inhibitors (in
patients with mismatch repair deficiencies) or PARPi (in patients with germline PV in HR
genes) [13,41].

There are some limitations to this study. The ascertainment criteria differed between
Czech and Belgian patients. The family history of the PDAC patients relied on self-reported
family history of PDAC and other cancers, potentially biasing an inaccuracy of medical
history. Although multigene panel testing is an effective and cost-effective strategy to
identify PV in various genes, the clinical interpretation of cancer risk for multiple moderate
penetrance genes remains challenging. To allow formulating consensus guidelines for
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medical management of the PV carriers, additional large studies with detailed information
on personal and family history are definitively warranted.

5. Conclusions

Our study demonstrated that germline PV in BRCA2, ATM, and BRCA1 are the
most frequent in both Belgian and Czech PDAC patients and we confirmed that these
are associated with a significantly increased PDAC risk. PV are more frequent among
PDAC patients with multiple primary tumors and/or with a positive family history of
PDAC or breast/ovarian/colon cancer or melanoma. The presence of PV in BRCA2, ATM,
BRCA1, and other HR genes was associated with improved OS in PDAC patients and
entails clinically useful prognostic information. Therefore, clinical germline genetic testing
of genes increasing the PDAC risk (including BRCA2, ATM, BRCA1, PALB2, MLH1, MSH2,
MSH6, PMS2, CDKN2A, TP53, STK11, and possibly also CHEK2) should be offered to
all PDAC patients or at least to those with a positive family cancer history or personal
history of multiple primary tumors. Beyond the prognostic information, the identification
of a germline PV in PDAC patients bears a predictive value enabling tailored anticancer
treatment using platinum chemotherapy or PARPi. Moreover, the cascade testing in
relatives and intensified cancer surveillance in carriers of a particular PV in a cancer-
predisposition gene represent an important approach reducing cancer burden in these
high-risk individuals. Our study also highlights the importance of a population-matched
control population for establishing correct risk associations.
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10.3390/cancers13174430/s1, Table S1: Overlapping genes between both panels; Table S2: List of
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Table S4: List of all the (likely) pathogenic variants in PDAC patients; Table S5: Comparison of
pathogenic variant frequencies between PDAC cases (BEL + CZE) and control data; Table S6: Baseline
characteristics comparing mutation carriers (in HR and non-HR genes) collectively and separately
with mutation non-carriers.
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Abstract:

Endometrial cancer (EC) is the most common gynecological malignancy in developed
countries. Our study aimed to determine the frequency of germline pathogenic variants (PV) in
Czech patients with EC. In this multicenter retrospective cohort study, germline genetic testing
(GGT) was performed in 527 EC patients using NGS panel targeting 226 genes, including 5
Lynch syndrome (LS), 14 hereditary breast and ovarian cancer (HBOC) predisposition genes
and 207 candidate predisposition genes. Gene-level risks were calculated using 1662
population-matched controls (PMC). Patients were sub-categorized to fulfill GGT criteria for
LS, HBOC, both, or none. Sixty patients (11.4%) carried PV in LS (5.1%) and HBOC (6.6%)
predisposing genes, including two carriers of double PV. Compared to non-carriers, PV in LS
genes conferred significantly higher EC risk (OR=22.4, 95% CI 7.8-64.3, p=1.8x107) than the
most frequently altered HBOC genes BRCAI (OR=3.9, 95% CI 1.6-9.5, p=0.001), BRCA2
(OR=7.4, 95% CI 1.9-28.9, p=0.002), and CHEK2 (OR=3.2, 95% CI 1.0-9.9, p=0.04). More
than 6 % of EC patients not fulfilling LS or HBOC GGT carried a PV in a clinically relevant
gene. Carriers of PV in LS genes had significantly lower age of EC onset than non-carriers
(p=0.01). Another 11.0% of patients carried PV in a candidate gene (the most frequent were
FANCA, MUTYH); however, their individual frequencies did not differ from PMC (except
aggregated frequency of loss-of-function variants in POLE/POLD1 with OR=10.44, 95% CI
1.1-100.5, p=0.012). Our study shows the importance of GGT in EC patients. The significantly
increased EC risk for carriers of PV in HBOC genes prompt to include EC diagnosis into HBOC
GGQT criteria.

1 Introduction
Endometrial cancer (EC) is the most common gynecological 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-menopausally (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 tamoxifen use increase EC risk, oral contraceptives and sufficient

physical activity have protective effects (4).


https://ecis.jrc.ec.europa.eu/
http://www.svod.cz/

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; HNPCC), which is caused by germline PV in
mismatch repair genes (MMR; MLH1, MSH2, MSH6, PMS?2, 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, CHEK?2, NF1, PALB2, PTEN, RAD51C, RAD51D, 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 clinicopathological

features in germline PV carriers.

2  Methods

2.1 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 1) 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 MLH1 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 indication criteria for germline

genetic testing (HBOC criteria):

e Personal history
o Patient is diagnosed with C50 <45 years OR <50 years, if family history is
unknown,;
o Patient has bilateral C50 with the age of diagnosis of the first one <50 years
and of both <60 years;
o Patient is diagnosed with triple negative C50 <60 years;
o Patient is a male diagnosed with C50;
o Patient is diagnosed with either C56, C57 or C48.2;
o Patient has a duplicity od C50 and C25 regardless of age;
e Family history
o Patient and two relatives are diagnosed with C50;
o Patient and one relative are diagnosed with C50 <50 years or both C50 <60
years (patient included);
o Patient and a direct relative (parent, sibling, child, alternatively mother or
father’s sister) are diagnosed with:
Ovarian cancer, fallopian tube or primary peritoneal tumor;
Triple negative C50/medullar C50;
Male relative diagnosed with C50;
Pancreatic cancer or prostate cancer with Gleason score >7 or primary

metastatic C61.

Colorectal cancer or EC — national indication criteria for germline genetic testing (LS

criteria):

e Age of diagnosis <50 years;

e Proven microsatellite instability <60 years;



e 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);

e Patient and one first degree relative have diagnoses linked to LS <50 years;

e Patient and two second degree relatives have diagnoses linked to LS regardless of the
age of diagnosis;

e 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 participating institutions. Written consent for
the research analysis was obtained from all participants. Clinicopathological information was

collected during genetic counselling or retrieved from patients’ record.

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 identically 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 (1170 males and 492 females;
median age 57 years, range 18—88 years) were unrelated individuals analyzed by whole-exome

sequencing (WES) by National Center for Medical Genomics (https:/ncmg.cz/) for various

noncancer conditions.

2.2 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 with minor modifications (21). These changes have been made
to reflect ongoing technological developments. The panel (HyperCap; Roche) targeted 226
genes with known or candidate predisposition to hereditary cancer syndromes (current version

v1.2.2, http://www.czecanca.cz/eng/). The list of all 226 genes and their full names are specified

in Table SII. DNA libraries were prepared using KAPA HyperPlus Library Preparation kit
(Roche) according to the manufacturer’s instructions using enzymatic fragmentation and were

sequenced on Illumina MiSeq/NextSeq500. Resulting NGS data were processed by an in-house
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bioinformatics pipeline as described previously (21). Briefly, SAM files were generated from

FASTQ using NovoAlign v2.08.03 (http://www.novocraft.com/products/novoalign/) and

transformed into BAM by Picard tools v1.129 (https://broadinstitute.github.io/picard/). The

Genome Analysis Toolkit (GATK) v3.8.1 (https://software.broadinstitute.org/gatk/) (22) was

used to prepare VCF (variant-call format), annotated by SnpEff v4.3
(http://pcingola.github.io/SnpEft/). 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/CNVKkit).

All 226 analyzed genes were divided into 19 known EC-predisposition genes described by
NCCN guidelines or reviewed by Spurdle ef 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, NFI1, PALB2, PTEN,
RADS51C, RADS51D, STK11, TP53) were considered as the EC-predisposition genes. Remaining
207 candidate cancer-susceptibility genes included those that have been episodically associated

with EC predisposition (incl. APC, MUTYH, NBN, POLD1, POLE; Table SII) (5).

2.3 Variant prioritization

Genetic variants found in patients were filtered, excluding variants:

e with low sequencing quality (q<150);
e with a high minor allele frequency (MAF>0.001) in population databases (gnomAD

https://gnomad.broadinstitute.org/, Exome Sequencing Project

https://evs.gs.washington.edu/EVS/, 1000 Genomes Project

https://www.internationalgenome.org/) (23-25) unless classified as pathogenic/likely

pathogenic (P/LP) in the ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar/)
(26);

e present more than 3% in a group of 777 PMC, except for variants with P/LP ClinVar
classification,;

e in UTR (untranslated region), intronic outside of consensus splice sites, synonymous
and insertion/deletions not resulting in a frameshift unless classified as
pathogenic/likely pathogenic (P/LP) in the ClinVar database;

e classified as benign/likely benign (B/LB) in ClinVar with at least two-star rating;
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e Jlow risk variants in BRCA2 (¢.9976A>T; p.Lys3326Ter) and in CHEK?2 (c.470T>C;
p.lle157Thr).

Resulting set of variants was evaluated according to the ACMG (American College of Medical
Genetics) recommendations (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 (IGV) or confirmed using Sanger sequencing or MLPA
(multiplex ligation-dependent probe amplification) analysis (MRC Holland). Confirmed PV

were submitted to ClinVar database.

2.4 Statistical analysis

The frequencies of PV in EC patients were compared to the frequencies of PV in a group of
1662 unselected PMC. Fisher’s exact test or x> was used to analyze association of discovered
PV with EC. Differences in age at diagnosis were analyzed by one-way ANOVA followed by
Tukey-Kramer’s test. P-values <0.05 were considered significant. Statistical analysis was

performed using the R language v4.1.

3 Results

3.1 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).

3.1.1 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 EC patients (60/527; 11.4%; Table SIII) than in
PMC (46/1662; 2.8%; p=9.7x107'%). 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""7). Interestingly, no
PMS2 PV were observed among patients. BRCAI, BRCA2 and CHEK2 were the most
frequently mutated HBOC genes, and their carriers conferred significantly increased EC risk

for their 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?, respectively). PV in the
remaining 11 HBOC genes were not identified or did not differ significantly from PMC (Table
II). Two carriers harbored coincidental mutations in MLHI/BRCAI and MSH2/ATM,

respectively.

3.2 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 proportions 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
I, 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; 4.9%) and 3
PVs in HBOC genes in subset of 31 patients with EC and BC in family cancer history
(2xBRCA2, 1xCHEK2; 3/31; 9.7%).

3.2.1 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 POLDI) 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 candidate predisposition genes (after excluding the carriers of 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).

3.3 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. 2B), 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. 2C) 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 a family were in concordance with the elevated frequencies of PV in LS or

HBOC genes.

The prevalence of carriers of PV in candidate predisposition genes did not differ from that of

non-carriers in any of the clinicopathological category.

The information about immunohistochemistry and microsatellite instability in EC tumor

specimens was unavailable.

4 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 et al. (15) with 22.7%, 9.4%, 8.4%, 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. (1.1%), a study of EC samples from The Cancer Genome Atlas (TCGA)
(28). 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. study (OR 22.4 and 20.1,
respectively; Fig. 3), the only study among those previously published that quantified the EC
risk associated with PV in LS genes (29).

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 BRCA1/BRCA2 were
unusually high in contrast to other studies (Fig. 3). We identified 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/BRCA?2 are associated with at least moderate EC risk. Among 16 EC patients meeting
only the HBOC criteria, three harbored BRCA1/BRCA2 mutation. This was also documented
by results of a small study by Vietri et al. (30), who identified PV in BRCA1/BRCA?2 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?
and ATM were the most frequent. Importantly, PV in CHEK?2 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 POLDI 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 mutations 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/MSH2 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, clinicopathological characteristics did not

differ in carriers of candidate EC-predisposition genes and non-carriers.

Generally and as expected, we have identified 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 indicated for genetic testing
using current indication criteria, still represent a significant proportion (28.3%) of cases
carrying a germline PV in the LS (MLH1, MSH6) or the HBOC (ATM, BRCAI, BRCA2, BRIP1I,
CHEK?) genes. Of these, two had double primary tumors and 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 population consisting of Caucasians,

Slavs of the Czech origin and 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 mutations with different molecular
subtypes of EC. Moreover, as approximately a half of 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 to a 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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Figure 1. Distribution of PV carriers in patient subgroups based on criteria for germline
genetic testing for LS and HBOC, respectively. Squares colored in green, pink, yellow and
grey represent individual patients fulfilling criteria for LS only, HBOC only, both criteria,
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
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Figure 2. Relative proportion of mutation carriers in clinicopathological subgroups,
including (A) Age at diagnosis; (B) Histology; (C) Second primary tumors; (D) Family
cancer history in 527 patients. Error bars in (A) visualize 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
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Figure 3. Comparison among previously published studies describing germline PV in EC
patients. Green, pink, red and purple bars represent the prevalence of PV in LS genes, BRCA,
BRCA2, and other HBOC genes (listed in Table II), respectively.

CI, confidence interval; HBOC, hereditary breast and ovarian cancer; LS, Lynch syndrome;

N, number; OR, odds ratio



Table I. Clinicopathological characteristics of 527 EC patients.

All EC LS only | HBOC LS+HBOC | Non-indic.
pts N=151; only N=82; | N=278;
N=527; (%) N=16; (%) | (%)
(%) (%)
EC.di s
Mean-(years) 594 08 590 13 658
Median-(years) 60- 478 570 49-0 653
Range-(years) 24-92 24-91 73 289-815 0-92
50-Cyears) 120-23-:2) 79534y 0 513y 0
=50-(years) 397 (76-8) 69-(46-6) 15-(100-6) 39(48-8) 274-(100-0)
NA 10 3 1 2 4
Histology-of uterine-malignanees
—Endemetrial-carcinoma 349(89.7) 76-(85.4) 8-(72.7) 48-(100.0) 217-(90.0)
Endometrioid-adenocarcinoma 284-(73.0) 65-(73.0) 7-463.6) 44917 168-(69.7)
Serous 3590} 445 H9BH 3463 27(HE2y
Clear-eelt T8y 222 0 0 52H
Undifferentiated 36-8) 0 0 0 32
ixed(endometroid/serous) 3 (0-8) 0 0 0 3(12)
Mixcd- (endomcetroid/scrous) (0-8) 0 0 0 =2
Mixed (endometroid/serousiclear celh) 1 (0.3) Febh e} e} 0
Mixed-(endometroidiclearcelh) 4 (1.0) 3-3-4) 0 0—1+04H
EIN 8 (2.1) b 0 1(2.1) 6 (2.5)
- Unspecified 4(1.0) 0 0 0 4(1.7)
Sarcoma 40 (10.3) 13-(14-6) 3-273) 0 —2416.0)
Leiomyosarcoma 32(8.2) 90 2(18.2) 0 21 (8.7)
- Undifferentiated 2 (0.5) 0 0 0 2 (0.8)
- Endometrial stromal sarcoma 3 (0.8) 2(2.2) 0 0 1(0.4)
- Unspecified 3(0.8) 2(2.2) 1(9.1) 0 0
Unknown malignant tumor of corpus uteri 138 62 5 34 37
FIGO grade
-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) 88 (38.9)
- N.A. 184 79 6 47 52
FIGO stage
-0 8 (2.8) (2.1 0 1(4.2) 6 (2.8)
-1- 176 (60.9) 33 (68.8) 4 (66.7) 17 (70.8) 122 (57.8)
11 38 (13.1) 5(0.4) 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)
-1V 19 (6.6) 1(2.1) 0 2 (8.3) 16 (7.6)
- NA 238 103 10 58 67
Multiple primary tumors in personal history
- Present 14(46:6) 6945 7) T6 (10007 82(106:0) 471697
- Absent 313 (59.4) 82 (54.3) 0 0 231 (83.1)
Multiple primary tumors in personal history
- CRC 3159 31265y © © 6
- OC 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+H(BC/OC/CRC) 13 (2.9) 2(1.3) 0 11 (13.4) 0
- Other 31(5.9) 22 (14.6) 0 0 9(3.2)
- None 313 (59.4) 82 (54.3) 0 0 231 (83.1)
Family cancer history (first/second degree)
- Positive 353.(69.8) 120(81.6) 132 (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
- EC 35 (6.9) 14 (9.5) 1 (1.7 6 (7.9) 14 (5.2)
- CRC 88 (17.4) 39 (26.5) 4 (30.8) 15 (19.7) 30(11.1)
- OC 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




Table II. Frequencies of germline PV in 19 EC-predisposition genes. 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 population-matched controls (PMC), respectively.

Indication for germline genetic testing

Gene T hoc SO Nop_i glcl pts PMC OR (95% CI); p-value
group indicated
N=151 (%) g/j)lé EZ)& N=278 (%)  N=527(%) N=1662 (%) AllEC ptsvs. PMC
MLHI* 3(2.0) 0 2% (2.4) 1(0.4) 6% (1.1) 1 (0.06) 19.1 (2.3-159.1); 1.3%10™*
MSH?2* 6* (4.0) 0 2(2.4) 0 8* (1.5) 0 NA.
Lynch MSH6 8 (5.3) 0 1(1.2) 4(1.4) 13 (2.4) 0 N.A.
syndrome
(LS) PMS2 0 0 0 0 0 3(0.18) NA.
EPCAM 0 0 0 0 0 0 NA.
AIILS genes 17 (11.3) 0 5(6.1) 5(1.8) 27(5.1) 4(0.24) 22.4 (7.8-64.3); 1.8x107"7
ATM* 1% (0.7) 0 1(1.2) 3(1.1) 5% (1.0) 7(0.42) 2.3(0.2-7.2); 0.2
BARDI 0 0 1(1.2) 0 1(0.2) 0 NA.
BRCAI* 2(1.3) 2(12.5)  6*(7.3) 1(0.4) 1% (2.1) 9 (0.54) 3.9 (1.6-9.5); 0.001
BRCA?2 1(0.7) 1(6.3) 0 5(1.8) 7(1.3) 3(0.18) 7.4 (1.9-28.9); 0.002
BRIPI 0 0 0 1(0.4) 1(0.2) 3(0.18) 1.1(0.1-10.1); 1.0
CDHI 0 0 0 0 0 0 NA.
CHEK?2 32.0) 0 1(1.2) 2(0.7) 6(1.1) 6 (0.36) 3.2(1.0-9.9); 0.04
HBoc NF1 0 0 0 0 0 1 (0.06) NA.
PALB2 1(0.7) 0 0 0 1(0.2) 8 (0.48) 0.4 (0.1-3.1); 0.4
PTEN 1(0.7) 0 0 0 1(0.2) 1 (0.06) 3.2 (0.2-50.5); 0.4
RAD5IC 0 0 2(2.4) 0 2(0.4) 2(0.12) 3.2(0.4-22.5); 0.2
RADS51D 0 0 0 0 0 0 NA.
STKI11 0 0 0 0 0 0 NA.
TP53 0 0 0 0 0 2(0.12) NA.
AILHBOC 9 (6.0) 3(18.8) 11 (13.4) 12 (4.3) 35 (6.6) 42 (2.53) 2.7 (1.7-4.3);7.9%10°
AllPV 26 3 16 17 62 46
All carriers 25% (16.6)  3(18.8) 15* (18.3) 17 (6.1) 60* (11.4) 46 (2.78)

* Double PV carriers in MLHI/BRCA1 and MSH2/ATM, 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; pts, patients; PV, pathogenic variant



