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Abstrakt:

Karcinom prsu je nejcastéjSim zhoubnym nadorovym onemocnénim v populaci Zen v Evropé.
Priblizné 5 — 10% pripadd pfipada na jeho dédi¢nou formu, kterad se vyznacuje vysokou penetranci,
¢asnym nastupem, zvySenym rizikem rekurence a vznikem malignich onemocnéni v dalSich
lokalizacich. Mutacni analyzy vysoce rizikovych pacientl identifikuji kauzalni mutaci v nékterém z
nejvice studovanych predispozi¢nich genli (BRCA1, BRCA2, TP53, ATM, CHEK2, NBS1, PALB2) v méné
neZ jedné tretiné pfipadd tohoto onemocnéni.

V posledni dobé byla, diky nastupu novych metod masivné paralelniho sekvenovani,
charakterizovana fada dalSich predispozi¢nich a kandidatnich gend, ale vyskyt jejich patogennich
alteraci se v jednotlivych geograficky odliSnych populacich ¢asto lisi. Vyznamna ¢ast vysoce rizikovych
pacientl z rodin s dédicnym karcinomem prsu muiZe reprezentovat nosi¢e populacné specifickych
nebo i privatnich mutaci. Vétsina doposud identifikovanych predispozi¢nich gen(, jejichz mutace
predisponuji ke vzniku karcinomu prsu u vysoce rizikovych osob, kdduje proteiny ovliviiujici DNA
reparacni pochody, predevsim pak reparaci dvouretézcovych zlomU DNA. Avsak mutacni analyza byla
provedena jen ve velmi malé casti vSech DNA reparacnich genl. Lze predpokladat, Ze v doposud
neanalyzovanych genech kddujicich DNA reparacni proteiny lze identifikovat raritni, ale klinicky
vyznamné genetické alterace zpUsobujici nddorovou predispozici v postiZzenych rodinach.

Prace shrnuje analyzu gen( predisponujicich ke karcinomu prsu v ¢eské populaci vysoce rizikovych
pacientd s karcinomem prsu, ktefi byli negativné testovani na pfitomnost mutaci v genech
BRCA1/BRCA2/PALB2. Tato analyza identifikovala trunkacni mutace u 32 % pacientd. Pouze 9 %
pacientl byli nosi¢i trunkacnich variant v genech zahrnutych do soucasnych klinickych NGS panell
vyuzivanych v predikci karcinomu prsu. Vysledky prdce také ukazuji zvySené zastoupeni varianty
€.1096_1099dupATTA v genu FANCL u vysoce rizikovych pacient(. Tato skuteénost ukazuje, ze FANCL
(nebo spise pouze tato varianta) mize obsahovat novou predispozi¢ni alelu pro karcinom prsu, jejiz
vyznamnost je nezbytné potvrdit vétSimi studiemi. V ramci mezinarodni spoluprace byla provedena i
analyza potencionalné patogennich variant genu ERCC2 ve vztahu k hereditarni formé karcinomu
prsu, kterd poukazala na dilezity aspekt analyz nddorové-predispozi¢nich gent z hlediska populacéné
a regionalné specifického hodnoceni genetického pozadi. Dale byly identifikovany i trunkacni varianty
ve skupiné gen( cytochromu p450, které kéduji enzymy metabolizmu steroidnich hormond, u 5 %
pacientl s karcinomem prsu. Proto muzZe tato funkéni skupina gen(l prispét k vysvétleni doposud
neodhalené, chybéjici dédi¢nosti karcinomu prsu u vysoce rizikovych pacientli, nicméné pro
potvrzeni této hypotézy, bude nezbytné provedeni dalSich studii.

Kli¢ova slova: karcinom prsu, next-generation sequencing, DNA reparacni geny, FANCL, ERCC2



Summary:

Breast cancer (BC) is the most frequent cancer type in female population of Europe. Approximately 5
— 10 % accounts for its hereditary form which is characterized by high penetrance, early onset, risen
recurrence risk and development of other cancers. Mutational analyses of high risk patients identify
a predisposing mutation in one of the most studied genes (BRCA1, BRCA2, TP53, ATM, CHEK2, NBS1,
PALB2) only in less than one third of tested breast cancer patients.

Lately, with the use of new methods of next-generation sequencing, a number of other susceptibility
or candidate genes were characterized, but the incidence of their pathogenic alteration is often
geographically different. A notable proportion of high risk patients from families with hereditary BC
can represent carriers of population-specific, or private mutations. Most of the to date identified BC
susceptibility genes codes for proteins involved in DNA repair, especially repair of double strand
break DNA repair. Nevertheless the mutation analysis was conducted only on a small fraction of
these DNA repair genes. We can expect that in the group of yet nontested genes coding for DNA
repair proteins a rare, but clinically important genetic alterations predisposing to BC in affected
families can be discovered.

This work describes a comprehensive analysis of BC susceptibility genes in Czech high-risk BC patients
negatively tested for mutations in BRCA1/BRCA2/PALB2 genes and identifies some truncating variant
in 32% of analyzed patients and 9% of all patients were carriers of a truncating variant in the genes
that are analyzed in the current clinical NGS panel for the BC risk prediction. Results also show an
overrepresentation of the FANCL variant ¢.1096_1099dupATTA in high-risk patients, indicating that
FANCL (or rather this variant alone) may represent a novel BC susceptibility allele, whose importance
needs to be further clarified by larger studies. We have also performed an analysis of potentially
pathogenic variants for hereditary breast cancer in ERCC2 gene within an international collaboration
study which outpointed an important aspect of analyses of cancer-predisposing genes from the point
of population- and region-specific evaluation of genetic background. Interestingly, in other analyzed
genes, truncating mutations in the group of cytochrome p450 genes coding the enzymes of steroid
hormones metabolism in 5% of BC patients were identified. Therefore, this functional group may
contribute to the explanation of so far undisclosed missing heritability in some high-risk BC patients;
however, further studies will be necessary to confirm this hypothesis.

Key words: breast cancer, next-generation sequencing, DNA repair genes, FANCL, ERCC2
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1 KARCINOM PRSU

1.1 Epidemiologie karcinomu prsu

V Ceské republice, jako i v ostatnich statech Evropy, je karcinom prsu nejéast&j§im zhoubnym
nadorovym onemocnénim Zen (nebereme-li v potaz diagnézu C44, tedy jiny zhoubny nador kize).
Incidence tohoto onemocnéni v Ceské republice zdlouhodobého hlediska nar(ista (Obrazek 1,
Novotvary 2014, UZIS, http://www.uzis.cz). Stejné tak je tomu i v ostatnich evropskych zemich.
V roce 2015 bylo zaznamenano 7005 novych pfipad( onemocnéni. Hruba incidence se v roce 2015
pohybovala na hodnoté 123 nemocnych na 100 000 Zen. Nejvyssi vyskyt karcinomu prsu u zen
zaznamenavame ve vékové skupiné 60-65 let (Obrazek 2). Pozitivni vyvoj miZeme pozorovat pfi
pohledu na statistiku zastoupeni jednotlivych stadii onemocnéni v dobé diagndzy, nebot se zvysuje
skupina pacientek, které byly diagnostikovdny v ¢asném klinickém stadiu nadoru (77,8 % ve stadiu | a
II), které se vyznacuji pomérné velkou Uspésnosti |éCby (Obrazek 4). Z tohoto pohledu je velice
pfinosna identifikace rizikovych osob a jejich zarazeni do preventivniho sledovaciho rezimu, tak aby
bylo pfipadné nadorové onemocnéni zachyceno jiz v éasném stadiu. Identifikace rizikovych pacientd
je moina pouze u dédi¢né formy karcinomu prsu, ktera tvofi 5-10 % vSech ptipadi tohoto

onemocnéni (Mateju et al. 2010, Pohlreich et al. 2012).

C58 - ZNH prsu, Zeny -#— Incidence
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Obrdzek 1: Casovy vyvoj hrubé incidence a hrubé mortality pro diagnézu karcinomu prsu v celé populaci Ceské
republiky. UZIS, http://www.uzis.cz
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Obradzek 2: VVékova struktura populace pacientek v dobé diagndzy karcinomu prsu. C50- kod diagnozy, zhoubny
novotvar prsu; ZN — zhoubny nddor. UZIS, http://www.uzis.cz
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Obrdzek 3: Zastoupeni klinickych stadii v ¢ase. Graf zobrazuje ¢asovy vyvoj zastoupeni klinickych stadii. Klinickd
stadia jsou uréovdna na zdkladé TNM kiasifikace (viz. kapitola 1.2) platné v dobé stanoveni diagnézy. UZIS,
http://www.uzis.cz
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vyvoj od r. 1977 do r. 2015. UZIS, http://www.uzis.cz



1.2 Patogeneze a klasifikace karcinomu prsu

Riziko vzniku onemocnéni v pribéhu Zivota roste. Kromé pohlavi, véku a rodinné anamnézy riziko
zvysuji nékteré reprodukéni a hormonalni faktory, jako ¢asnd menarche, pozdni menopauza, pozdni
narozeni prvniho ditéte, nuliparita, kratka doba kojeni, uzivani oralni antikoncepce nebo hormonalni
terapie, které zvysuji vystaveni mamarni tkané estrogenu (Barrett 2010). Estrogeny hraji dllezitou
roli ve vyvoji a progresi karcinomu prsu. Pfimé i nepfimé mechanizmy podporuji kontribuci estrogent
ke vzniku onemocnéni. U nékterych metabolitll estrogeni byly navic prokazany genotoxické
vlastnosti. DalSimi rizikovymi faktory pro karcinom prsu jsou postmenopauzalni obezita,
nedostate¢na vyziva, konzumace alkoholu/tabaku, nedostatek fyzické aktivity, socioekonomické
postaveni, ionizujici zafeni a predchozi benigni onemocnéni mamarni tkané (Downs-Holmes et al.
2011). Tumorogeneze karcinomu prsu je mnohauroviiovy proces, béhem kterého se normalni epitel
prsni tkané vyviji pres hyperplazii a karcinom in situ do invazivniho nadorového onemocnéni.

Priblizné 95% malignich nador( prsu jsou karcinomy epitelu mamarni tkané (Berg et al. 1995).

Karcinom prsu vznikd predevsim jako sporadické onemocnéni, které je dlsledkem kumulace
somatickych mutaci v burikach duktdlniho, nebo myoepitelidiniho kompartmentu prsni Zlazy. Pfic¢inou
vzniku téchto mutaci jsou vnéjsi (chemické mutageny, zareni) i vnitini vlivy (oxidativni stres, chyby
replikace), které neustéle poskozuji DNA bunék zdravého organismu. Vétsina téchto poskozeni je diky
reparacnim mechanizmdm opravena, nicméné mala frakce mizZe byt zafixovana jako mutace a
prenasena na dcefiné buriky. Somatické mutace nadorového genomu mizeme délit podle vlivu na
karcinogenezi na , driver” a ,passenger”. Driver mutace propuUjcuji burice prolifera¢ni vyhodu a jsou
pozitivné selektovany vramci mikroevoluce, kterd probihd mezi bunéfnymi populacemi
v prekancerdzni tkani. Tyto mutace se vyskytuji v tumorsupresorovych genech, ¢i protoonkogenech.
Ostatni mutace, které nepfispivaji k rlstovému zvyhodnéni daného bunécného klonu, ale vyskytuji se
ve vSech burikach klonu spolec¢né s driver mutacemi, jsou nazyvany , passenger” mutace (Stratton et
al. 2009). Tato klasifikace je uZite¢nd pro porozuméni genetickym zméndm v pokrocilych stadiich
vyvoje nadoru, ale i pro prevenci a ¢asnou detekci nddorového onemocnéni, kdy je tfeba sledovat
vyvoj bunék nesoucich takové potencionalné tumorogenni mutace a brat v Uvahu i moiné jiné
vyusténi jejich fenotypu nez maturaci v maligni nadorovou buriku. Klon burky zdravého jedince, ktery
nese mutaci, mGZe vyhynout, pfetrvavat bez dalsi expanze, vytvorit neinvazivni benigni tumor, nebo
progredovat az do nadoru. Pro prevenci a v€éasnou detekci je dlleZité tyto rGzné drahy rozliSovat a
rozliSeni pouze na drivers/passengers muze byt vtomto ohledu pfili§ zjednodusujici. Néktefi autofi
proto navrhuji zavedeni i pfivlastkd zvyhodriujici/znevyhodriujici mutace ve smyslu schopnosti

daného klonu rist ¢i prezivat vdaném prostiedi a dale privlastkll predisponujici/nepredisponuijici.
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Predisponujici mutace umoZnuje vyvoj klonu smérem k plné nadorovému fenotypu bud’ ziskanim
zékladnich znakd nadoru (Hanahan et al. 2011), nebo destabilizaci genomu a naslednému hromadéni

dalSich mutaci (Kuhner et al. 2016).

Priblizné 5-10 % pripadd karcinomu prsu vznika jako dédicné onemocnéni na zakladé germindlnich
mutaci v genech obecné predisponujicich k nddorovym onemocnénim, ¢i charakteristickym pro vyvoj

karcinomu prsu, viz kapitola 2.

Histologicky jsou nejbéznéjsimi epitelovymi nadory prsu infiltrujici duktalni (75 % vsech nadorl prsu)
a lobularni (15 %) karcinom. Mezi méné casté patii medularni (1-7 %), mucindzni (1-2 %), tubularni
(1-2 %), papilarni (>1 %) a inflamatorni karcinomy. Neepitelové nadory jsou velmi vzacné. Rlizné
histologické typy maji rdznou progndzu. Napriklad lobularni karcinom prsu ma lepsi prognozu, nez
duktalni tumor. Mezi méné castymi subtypy je tubularni karcinom dobte diferencovany karcinom
s velice dobrou progndzou, zatimco vzacné inflamatorni karcinomy maji prognézu Spatnou (Downs-
Holmes et al. 2011). Diferenciace nadorovych bunék definuje histologicky grading nadoru, ktery se
stanovuje dle metodiky Blooma a Richardsona (Bloom et al. 1957), postupné modifikované Elstonem
a Ellisem (Elston et al. 1991). Grading nadoru je zaloZen na tfech hlavnich znacich: formace tubuld,
jaderny pleomorfizmus a pocet mitéz. Postupné se stala stadia karcinomu prsu dulezitym
prognostickym faktorem, ktery je jednim z Cinitell, rozhodujicich o rlznych |é¢ebnych strategiich.
Urceni stadia nadoru je zalozeno na TNM klasifikaci, ktera popisuje velikost tumoru (T), zasaZzeni
lokalnich lymfatickych uzlin (N) a pfitomnost vzdalenych metastaz (M). Rutinni patologicka klasifikace
nadoru prsu také popisuje invazi vaskularnich, nebo lymfatickych cév, infiltraci do k{zZe, miru exprese
estrogenniho receptoru (ER), progesteronového receptoru (PR) a HER2 (jinak také ERBB2, nebo NEU)
receptoru. Pro charakterizaci nddoru se také vyuZivd mira proliferacni aktivity a exprese

tumorsupresorového genu TP53 (UICC).

Novy klasifikacni systém mamarnich nadorld predstavuje molekularni profilovani, které vychazi
z charakteristik genové exprese v nadorovych burkach, které byly ziskdvany pomoci expresnich
mMRNA cipu. Vtomto systému jsou karcinomy prsu rozliSovany na nékolik molekuldrnich subtypd,
které nejCastéji zahrnuji: luminal A, luminal B, HER2+, basal-like a normal-like tumory. Jednotlivé
subtypy se lisi svym plvodem, biologickymi vlastnostmi i klinickymi charakteristikami (Polyak 2007).
Basal-like nadory prsu, zahrnujici tzv. triple negativni nadory (TNBC; neexprimujici ER, PR, ani HER2
receptor) se vyznacuji agresivnim rlstem s vysokou mirou proliferacni aktivity, Spatnou odpovédi na
systémovou lé¢bu a nepftiznivou progndézou. Tento subtyp tvoii 15 % vsech karcinomi prsu. Vétsina
nadorQ prsu patfi do skupiny luminal A (71 %), charakterizovanych ER i PR pozitivitou, nizsi

proliferacni aktivitou a z toho vyplyvajici pfiznivéjsi progndzou (Sorlie et al. 2001, Rouzier et al. 2005,



Smid et al. 2008, Hugh et al. 2009, Wiechmann et al. 2009). PrestoZe se incidence nadord prsu
zvysuje, progndza onemocnéni se zlepsila. Za hlavni faktory tohoto zlepseni lze povaZzovat ¢asnou
diagndzu a také zlepseni systémové lééby onemocnéni. Pro |écbu nadord prsu jsou standardné
vyuzivany kombinace chirurgické lécby, radioterapie, chemoterapie a hormonalni [éCby. Pétileté

preZiti se dnes pohybuje okolo 82% (Prausova 2010).

Nadory prsu se vzacné vyskytuji u muzl, kde pfedstavuji méné nez 1 % zhoubnych nadord. Karcinom
prsu je onemocnénim starSich muzl (po 50. roku Zivota). Nejvyznamnéjsim rizikovym faktorem
karcinomu prsu u muze jsou zdrode¢né mutace v genu BRCA2 (Breast cancer type 2 susceptibility
protein) a pfiblizné 13% muzli s nadorem prsu jsou nosi¢i BRCA2 mutace. Karcinom prsu u muzd je v
80 % hormonalné zavisly. Vyznamnym rizikovym faktorem je pfisun estrogenl pfi poruse jaternich
funkci nebo terapii karcinomu prostaty. Pfiznaky, diagnostika i terapie jsou obdobné jako u

karcinomu prsu u Zen (Syrjakoski et al. 2004).

1.3 Mechanizmy oprav genomové DNA

Udrzeni genomové stability je zcela zdsadni pro zachovani bunécéné integrity. Genomova DNA je
pfitom neustdle vystavena poskozujicim vlivim. Kazdy den dochazi k nékolika tisicm poskozeni
v kazdé burice lidského organismu, z nichZ vétsina je zpUsobena normalni metabolickou aktivitou
bunky (napf. vdlsledku vzniku kyslikovych radikald v prdbéhu bunécné respirace). Zdrojem
zdvaznych poskozeni genomové DNA v délicich se burikach jsou poruchy replikace DNA. Exogenni
poskozeni DNA mohou byt zplsobena chemickymi slouceninami, ionizujicim nebo UV zarenim
(Jackson et al. 2009, Ciccia et al. 2010). Poskozeni DNA muzZe zplsobovat vznik mutaci a
chromozomalnich aberaci. Z tohoto dlvodu se v burnikdch vyvinul systém odpovédi na poskozeni
DNA, tzv. DNA Damage Response (DDR). DDR zahrnuje komplexni signalizacni sit aktivovanou
poskozenim DNA, ktera velice rychle ovliviiuje celou radu fyziologickych procest (bunécény cyklus,
replikace DNA, opravy DNA, senescence a apoptdza), aby bylo zamezeno prenosu poskozeni na
dcefinou buriku (Ciccia et al. 2010). Pfi zadvaznych poskozenich DNA (napf. pfi vzniku dvouretézcovych
zlomG v mitoticky aktivnich burikach) DDR zahrnuje nékolikastupriovou signdlni kaskadu, které se

Ucastni desitky az stovky rtiznych protein(i (Jackson et al. 2009).
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Obrazek 5. Signdlni drovné odpovédi na pritomnost poskozeni DNA. Inicidlni fdze spoclivd v aktivaci a
translokaci senzori poskozeni DNA, které umoZriuje aktivaci apikdlnich kindz, zajistujicich prenos
intraceluldrniho signdlu a fosforylaci medidtort signalizace poskozeni DNA, které katalyzujicich tvorbu
rozsdhlych komplexi (reparacnich ohnisek) pro opravy poskozené DNA. Odpovéd na pritomnost zdvazného
poskozeni DNA vsak v mitoticky aktivnich burikdch vyZaduje harmonizovat procesy oprav genomu s dalsi
intraceluldrni signalizaci pomoci efektorovych proteini DDR signalizace aktivovanych prostrednictvim
fosforylace specifickymi kindzami nebo prostrednictvim aktivace enzymovych funkci medidtori a
kovalentnich modifikaci (napf. ubikvitinylace, ribosylace) jejich substrati. Vysledkem je za fyziologickych
okolnosti reparace DNA a zdstava bunécného cyklu. V pfipadé nedostatecné reparace pak indukce
senescence ¢i pfimo apoptdzy. Prevzato z (Sulli et al. 2012).

Chybné opravena poskozeni DNA mohou zplsobit zanik buriky ¢i prestavby genomu s vyznamnym
onkogennim potencidlem. Proto musi byt drahy, které opravuji a signalizuji poSkozeni DNA velmi
citlivé, ale zaroven selektivni a reverzibilni. Integrace pozitivnich a predevsim negativnich kontrolnich
bodl zahrnujicich posttranslac¢ni modifikace, jako je fosforylace, ubikvitinylace a acetylace, je klicova
pro zajisténi efektivnich odpovédi na poskozeni DNA a zmirnéni dopadu téchto poskozeni na integritu

genomu (Panier et al. 2013).

Procesy oprav DNA reflektuji jednotlivé druhy poskozeni DNA. Oprava dvouretézcovych zlomd (DNA
Double Strand Break (DSB) repair) probihd v lidskych burikdch nejc¢astéji cestou nehomologniho

spojovani koncli (Non-Homologous End Joining, NHEJ). V délicich se burikach vsak tato poskozeni
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mohou byt reparovdana pomoci komplexniho a vysoce presného procesu homologni rekombinace

(HR).

Specifické reparacni mechanizmy rozpozndvaji a opravuji jednoretézcové zlomy (Single Strand
Breaks, SSBs) a kovalentni modifikace nukleotid( a jejich aduktl pomoci Nucleotide Excision Repair
(NER) a Base Excision Repair (BER). Opravy chybné zafazenych bazi pti replikaci DNA jsou zajistovany

cestou Mismatch Repair (MMR).

Nejcastéjsimi poskozenimi DNA jsou kovalentni modifikace nukleotid@i (nap¥. vznik O°-
metylguanosinu), které jsou efektivné odstrariovany pfimou enzymovou opravou (v uvedeném
pfipadé pomoci enzymu MGMT; Methylated-DNA-protein-cysteine methyltransferase). Defekty
v DDR prispivaji k procesim starnuti a fady poruch véetné vyvojovych vad, neurodegenerativnich
onemocnéni a nadorovych onemocnéni, coz podtrhuje zasadni dllezZitost efektivniho DDR pro burku

a viabilitu celého organizmu (Hoeijmakers 2001, Jackson et al. 2009).

1.3.1 Oprava dvouretézcovych zlomii DNA

Dvouretézcové zlomy DNA, pti kterych dochazi k preruseni fosfodeoxyribonukleotidové kostry obou
vldken DNA, jsou nejzavaznéjsi formou poskozeni DNA v mitoticky aktivnich burikdch. Dusledkem
nedostatecné ¢i chybéjici opravy téchto poskozeni je vznik chromozomovych zlomim a translokaci,
které se zasadné podileji na vzniku naddorovych onemocnéni. DSB vznikaji jako dasledek radiacniho
zareni Ci plsobenim volnych radikal(, ale jejich nejc¢astéjsim zdrojem jsou poruchy replikace DNA.
(Jackson et al. 2009). V odpovédi na pfitomnost takového poskozeni dochazi v délicich se burikach
k zastavé bunééného cyklu v kontrolnich bodech, nebo v pribéhu replikace (G1/S a inter-S kontrolni
body) a pred rozdélenim buriky (G2/M kontrolni bod), ¢imZ predchazi duplikaci a segregaci

poskozené DNA.

Bunky vyuZivaji dvé hlavni cesty pro opravu DSB - homologni rekombinaci (HR) a nehomologni
spojovani konct (NHEJ). Obé drahy se funkéné doplnuji, avsak plsobi za rdznych okolnosti. Zasadni
molekuldrni regulacni krok, ktery rozhoduje mezi cestou NHEJ a HR, je proces resekce prerusenych

koncl DNA za vzniku rozsahlého Gseku ssDNA , ktery je potiebny pro HR, nikoliv vsak pro NHEJ.

Proteiny zodpovédné za opravy DSB mohou byt rozdéleny na senzory poskozeni DNA (naptf. MRN
komplex slozeny z proteini Mrell, Rad50 a Nbsl; Ku70/Ku80 (Lupus Ku autoantigen protein
p70/XRCC6 a Lupus Ku autoantigen protein p86); RPA (Replication protein A 70 kDa DNA-binding

subunit)), prenasece (apikalni kinazy) odpovédi na poskozeni (napf. DNA-PK (DNA-dependent protein
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kinase), ATM (Ataxia telangiectasia mutated), ATR (Ataxia telangiectasia and Rad3-related protein)),
downstream kindzy (CHEK2 (Checkpoint kinase 2), CHEK1 (Checkpoint kinase 1)) a efektory (napf.
p53, CDC25 (cell division cycle 25); Obrazek 5). Dvé PIKK kindzy (phosphatidylinositol-3 kinase-like
kinase), ATM a ATR, jsou zasadnimi apikalnimi reguldtory signalizace kontrolnich bod{. Zatimco ATM
kindza je aktivovdna primdarné dvouretézcovymi zlomy, zablokovani replikacni vidlice a SSB aktivuji
ATR kinazu. Treti zastupce PIKK rodiny, DNA-dependentni proteinkindza (DNA-PK), je také aktivovana
pfitomnosti DSB v DNA. Oproti ATM a ATR je aktivita DNA-PK omezena pouze na NHEJ opravy.

Proteiny zodpovédné za aktivaci téchto transdukénich kindz a jejich lokalizaci do mista posSkozeni
DNA jsou senzorové proteiny — MRN komplex (sloZzeny z Mrel1, Rad50 a Nbs1) pro ATM, Ku70/Ku80
heterodimer pro DNA-PK a ATRIP (ATR-Interacting Protein) s RPA (Replication Protein A) pro ATR.
ATR je cilena do mist DSB pouze v S, nebo G2 fazi (Falck et al. 2005, Jazayeri et al. 2006, Cimprich et
al. 2008). MRN komplex a Ku70/80 heterodimer jsou prvni komplexy, které rozeznavaji DSB a spousti
signalizaci kontrolniho bodu a opravnych mechanizm( prostfednictvim aktivace PIKK kinaz.
Primarnim cilem PIKK kindz je yH2AX, varianta histonu H2AX, ktery je fosforylovdn na serinu 139.
Pfitomnost yH2AX je povazovana za charakteristicky znak odpovédi na pritomnost DSB. Fosforylace
YH2AX plsobi jako aktivacni signdl pro interakci s mediatorovym proteinem MDC1 (Mediator of DNA
damage checkpoint protein 1) iniciujicim na fosforylaci zavisly vznik MRN komplexu a aktivaci ATM.
Tyto udalosti plsobi jako pozitivni regulace a amplifikace odpovédi na poskozeni DNA DSB (Mirzoeva
et al. 2001, Stucki et al. 2005). Fosforylovany protein MDC1 umoZniuje navazani E3 ubikvitin ligaz,
jako RNF8 (Ring Finger Protein) a RNF168 do mista DBS, kde ubikvitinyluji yH2AX. Tim je ndsledné
katalyzovana lokalizace dalSich mediatord, jako 53BP1 (Tumor suppressor p53-binding protein 1) a
BRCA1 (Breast cancer 1) pro ATM a TopBP1 (DNA Topoisomerase lI-Binding Protein 1) a CLSPN
(Claspin) pro ATR, do mista poskozeni DNA. BRCA1-A komplex je lokalizovan do mista DSB interakci s
YH2AX a podili se na zastavé bunééného cyklu v kontrolnim bodé G2/M. Dalsim fosforylaénim cilem
pro ATM po vzniku DSB je efektorova kindza CHEK2, kterd se podili na zastavé bunécného cyklu
v kontrolnich bodech G1/S a G2/M inhibici fosfatdz z rodiny Cdc25 a aktivaci tumor supresorového
transkripéniho faktoru p53. ATR s pomoci TopBP1 a Claspinu aktivuje efektorovou kindazu CHEK1,
kterd fosforyluje prekryvajici se substraty s CHEK2 (napf. Cdc25A, Cdc25Cf). Obecné je
predpokladano, ze ATM aktivuje CHEK2 a ATR primarné aktivuje CHEK1, nicméné tento koncept byl
modifikovdn studiemi mapujicimi fadu kfizeni, neboli ,crosstalks”, mezi drdhami téchto kindz,

predevsim po zjisténi, Ze CHEK1 je aktivovan pomoci ATR i ATM (Dai et al. 2010).
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1.3.1.1 Opravy DNA homologni rekombinaci

HR vyzaduje pfitomnost homologniho templdatu, sesterské chromatidy, ktera umozni presnou opravu
DSB v S a G2 fazi bunécného cyklu (San Filippo et al. 2008, Moynahan et al. 2010). BRCA1-C komplex
umoznuje vznik jednoretézcové DNA v misté DSB tim, Ze v komplexu s endonukledzou CtIP (CtBP-
interacting protein; RBBP8) stimuluje resekci DNA MRN komplexem (Chen et al. 2008). Resekce
zahrnuje 5-3‘ nukleolytické zpracovani konc DNA prostfednictvim MRN komplexu za prispéni CtIP,
helikdz z rodiny RECQ a nukledz Exol a Dna2. Takto vzniklé jednofetézcové molekuly DNA jsou rychle
obaleny ssDNA vazebnym komplexem RPA (Replication protein A), ktery je ndasledné nahrazen
proteinem RAD51 (DNA repair protein RAD51 homolog 1) spomoci dalSich RAD51 paralogt
(RAD51C,D) a dalSich proteint reparacniho ohniska, které mimo jiné zahrnuje produkty gena ze
skupiny Fanconiho Anemie (FA), jako je FANCD1/BRCA2 a FANCN/PALB2. Protein BRCA2 zastava
dllezitou roli vreparaci pomoci HR, jelikoz katalyzuje vytvoreni nukleofilament z RAD51
zprostredkovavajicich vyhledani homologni sekvence v sesterské chromatidé. Nasledné homologni
fetézec invaduje do struktury templatové DNA. Protein BRCA2 vyZaduje lokalizaci PALB2 (FANCN)
v misté poskozeni k tomu, aby mohl stabilizovat intermediaty HR a tim umoznit vlastni rekombinaci.
Po invazi homologniho Fetézce a zahajeni aktivity DNA polymeraz a ligaci koncd DNA pomoci Ligazy |,
oddéli DNA helikaza intermediaty HR za uvolnéni intaktnich opravenych vlaken DNA (Huertas et al.

2008, Bernstein et al. 2009, Mimitou et al. 2009, Rupnik et al. 2010, You et al. 2010, Polo et al. 2011).
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Obradzek 6: Zjednoduseny model reparace DNA pomoci HR (vlevo) nebo NHEJ (vpravo). Vlybér reparacni drdhy
z@visi na usporaddni tvodnich komplex( reparace DSB. Interakci Ku70/Ku80 heterodimeru s mistem preruseni
obou DNA fetézcli je aktivovdno NHEJ, vznikem a aktivaci MRN komplexu v misté preruseni DNA HR. V modelu
NHE]J je DLIV ndzvem pro DNA ligdzu IV. V modelu HR, po nasazeni RAD51 prostrednictvim BRCA2, vytvari RAD1
nukleoproteinové vidkno, které invaduje homologni sekvenci a aktivuje vyménu vidken sesterské chromatidy.
Prevzato z: (Summers et al. 2011).
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1.3.1.2 Opravy DNA prostrednictvim NHEJ

Oproti opravam homologni rekombinaci je reparace DNA pomoci NHEJ aktivni v pribéhu celého
bunécného cyklu a je jedinou volbou oprav DSB v DNA v pribéhu GO, G1 a ¢asné S-faze. Prestoze je
NHEJ vysoce efektivni, jeho nepresnost, vychazejici z Gprav DNA fetézcl v misté DSB, jej cini

potencialné nachylnym k tvorbé mutaci (Lieber et al. 2010)..

NHEJ je nejvyuZivanéjsi opravny mechanizmus DSB zprostfedkovavajici pfimou ligaci poskozenych
konct DNA a obvykle vyZaduje minimalni Upravu koncl DNA (Obrazek 6). BEéhem NHEJ jsou konce
DNA nejprve rozeznany a priblizeny k sobé pomoci Ku70/Ku80 heterodimeru (kédovaného geny
XRCC6 a XRCC5) slouziciho pro vazbu a aktivaci holoenzymu DNA-dependentni proteinkindzy (DNA-
PK)(Polo et al. 2011, Panier et al. 2013), obsahujiciho katalytickou podjednotky DNA-PK (DNA-PKcs),
kterd vici sobé nastavi konce poskozené DNA (Summers et al. 2011). Pfed tim, neZ jsou tyto proti
sobé postavené konce DNA zaligovany pomoci komplexu XLF-XRCC4-Ligaza IV, jsou upravovany
fadou faktord, jako je nukledza Artemis (DCLRE1C), fosfatdza polynukleotidkinazy 3‘ (PNKP),
Aprataxin a APLF (Aprataxin and PNK-like factor).

Alternativou kanonické drahy NHEJ je alternativni NHEJ. Tyto drahy se obvykle spoléhaji na koncové
mikrohomologni sekvence pro spojovani a zahrnuji nékteré faktory pusobici v HR a SSB opravach,

jako je MRN komplex (Polo et al. 2011).

1.3.1.3 Reparace kovalentniho spojeni retézcti DNA

Proteiny rozsahlé rodiny genli Fanconiho anémie se podileji na udrZzovani genomové stability reparaci
kovalentnich mezifetézcovych spoju (zesitovani DNA tzv. interstrand crosslinks; ICLs).(Alpi et al.
2008)). ICL jsou pro genom velmi zdvazna poskozeni, kterda mohou vznikat pfi normalnim
metabolismu burky, nebo pfi aplikaci protinddorové terapie (lé¢ba derivaty platiny). ICL brani
separaci komplementdarnich vlaken kovalentnim spojenim obou antiparalelnich fetézc(
dvousroubovice DNA. Proto ICL inhibuji kritické bunécné procesy, jako je transkripce a replikace.

Dasledkem ICL mGze byt tvorba dvouretézcovych zloma v DNA (Bhattacharjee et al. 2017).

Reparace ICL se Ucastni fada opravnych mechanizm, jako je dale popsany nucleotide excision repair
(NER), homologni rekombinace (HR) a translesion synthesis (TLS) (Nojima et al. 2005) (McHugh et al.
2001). Zatimco u neproliferujicich bunék hraje zakladni uUlohu vrozpoznani a odstranéni ICL
mechanizmus NER (McHugh et al. 2001), u bunék prochazejicich duplikaci genomu (S-faze) funguje

replikacni aparat jako senzor ICL. V poslednich dvou desetiletich byla popsana komplexni reparacni
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draha zahrnujici skupinu proteind kédovanych geny Fanconiho Anemie (FA; OMIM 227650). Tyto
proteiny detekuji a opravuji ICL v pribéhu replikace prostfednictvim aktivace a uzké kooperace s

repara¢nimi mechanizmy homologni rekombinace (Bhattacharjee et al. 2017). (Nojima et al. 2005)

Reparacni drdha Fanconiho anemie je tvofena jadernou multiproteinovou siti, v soucasnosti Citajici
22 komplementacnich skupin (A az W) a dalsi asociované proteiny (Che et al. 2018). Dvacet genu

skupiny je lokalizovano autosomalné, pouze FANCB lezi na chromosomu X (Meetei et al. 2004).

Proteiny této drahy byly rozdéleny do tti skupin, podle faze procesu opravy ICL, které se Ucastni
(Wang 2007). Skupina I, neboli takzvany “FA nuclear core complex”, je tvorena proteiny FANCA,
FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, FANCM a FANCT (UBET2) spolu s dalsSimi péti
proteiny, které s core komplexem interaguji (FAAP100, FAAP24, FAAP20, MHF1 a MHF2). Do skupiny
I, kterd je také oznacovana jako ID2 komplex patfi FANCD2 a FANCI. Skupina Il zahrnuje DNA
reparalni faktory, véetné proteind HR drihy: BRCA2 (FANCD1), BRIP1 (FANCJ), PALB2 (FANCN),
RAD51C (FANCO), RAD51 (FANCR), SLX4 (FANCP), BRCA1 (FANCS), XRCC2 (FANCU), REV7 (FANCV) a
DNA endonukledzu XPF (FANCQ) (Ceccaldi et al. 2016). Core komplex je zodpovédny za
monoubikvitinylaci dimeru FANCD2-FANCI v reakci na poskozeni DNA, ktera je zdsadnim aktivacnim
krokem v procesu reparace ICL (Wang 2007). Huang a kolektiv identifikovali tfi funkéni moduly
tohoto komplexu: katalyticky modul (FANCB, FANCL, FAAP100) zajistujici E3 ligdzovou aktivitu
prostfednictvim RING domény proteinu FANCL, ddle FANCA-FANCG-FAAP20 modul a FANCC-FANCE-
FANCF modul, které umoznuji lokalizaci core komplexu do mista poskozeni DNA (Huang et al. 2014),
a to predevsim diky interakci s komplexem FANCM/FAAP24 (Deans et al. 2009). Ubikvitinylovany
FANCD2 (FANCD2-Ub) privadi do mista poskozeni podplrny protein pro reparacni nukledzy — SLX4
(FANCP) interakci prostfednictvim ubikvitin rozeznavajiciho motivu UBZ4. SLX (FANCP) pUsobi jako
molekuldrni platforma pro koordinovani a aktivaci specifickych endonukledz rozliSujicich ICL
strukturu, jako jsou XPF-ERCC1, MUS81-EME1 a SLX1, které rozpoji kovalentné spojend vlakna DNA
(Bhattacharjee et al. 2017). Nasledné jsou do mista poskozeni navazany polymerdzy REV7 (FANCV),
polymeraza { a polymerdaza n, které doplfiuji jednoretézcové mezery, které vznikly pfi rozpojeni ICL.
Tyto polymerdzy patfi do skupiny tzv. transléznich polymerdz, které se vyznacuji vétsi vazebnou
kapsou pro DNA ve srovnani s replikacnimi polymerazami a dovoluji tak procesovat vétsi DNA adukty,
které vznikaji pti ICL, ¢i v pfipadé thyminovych dimer(i (de Groote et al. 2011). Kromé jednoretézcové
mezery na jednom vlakné vznikd pfi rozpojeni i dvouretézcovy zlom, jehoz oprava je zavisla na
homologni rekombinaci. Této skutecnosti odpovida i hypersenzitivita bunék deficientni na HR k DNA
zesitujicim latkdm plsobicim vznik ICL (napf. mitomycin C). FA proteiny Ucastnici se HR nejsou
potifebné pro FANCD2-I monoubikvitinylaci, z ¢ehoZz vyplyva, Ze k jejich aktivaci dochazi az po

ubikvitinylaci FANCD2-1 komplexu. Konecné vystépeni (resekce) ¢asti DNA je klicovy krok v opravé
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dvouretézcového zlomu, ktery iniciuje HR. FANCD2 a BRCA1 (FANCS) zahajuji navazani resekéniho
faktoru CtIP do mista dvouretézcového zlomu k zahdjeni HR. V této chvili zajistuje FANCC inhibici

opravy cestou NHE)J tak, aby probéhla HR (Bunting et al. 2010).

1.3.1.4 Vyznam vrozenych poruch repace dvouretézcovych zlomd

Heterozygotni dédi¢né mutace v genech Ucastnicich se oprav dvouretézcovych zlom( DNA (naprosto
prevainé v genech kodujicih proteiny homologni rekombinace) zpUsobuji Casto autosomalné
dédi¢nou predispozici k nékterym nadorovym onemocnénim, jako napfiklad karcinom prsu a ovaria

(BRCA1, BRCA2, RAD51C, RAD51D, PALB2/FANCN, CHEK2, ATM, NBN).

Homozygotni mutace vtéchto genech pak zplsobuji vzacna autosomalné recesivni, zavaina
syndromickd onemocnéni, kterd jsou obvykle doprovazena zvySenou predispozici k nadorovym
onemocnénim, jako napriklad ataxia telangiectasia (OMIM 208900, postiZzeni nervového a imunitniho
systému, leukémie, lymfomy; gen ATM) nebo Nijmegen breakage syndrom (OMIM 251260, postiZeni

imunitniho systému, opozdény rlst, karcinom prsu, ovaria, prostaty; gen NBN).

Vrozené poruchy obou alel genl ze skupiny Fanconiho anemie zpUsobuji vznik vzacnych (1 na
1 000 000 narozenych), autosomalné recesivnich (nebo X-vazanych) syndrom( charakterizovany
selhanim kostni diené s k progresivni aplastickou anemii, genomovou nestabilitou, chromosomalni
fragilitou a zvySenou predispozici ke vzniku nddorovych onemocnéni, pfedevsim k akutni myeloidni
leukemii (Hu et al.). Rada pacient(l FA také trpi vrozenymi vyvojovymi vadami, jako jsou organové
malformace, hypogonadismus, abnormalni pigmentace kidZe, ¢ nizky vzrQst. Casto je u téchto
pacientl diagnostikovdno nadorové onemocnéni v ranném véku (spinocelularni karcinom hlavy a

krku, karcinom déloZzniho hrdla a nadory jater).

Heterozygotni vrozené mutace v FA genech jsou popisovany jako predisponujici k familiarnim

nadorlm prsu, ovaria, prostaty, pankreatu, ¢i Zaludku ((Friedenson, 2005 #643), viz tézZ kapitola 2).

Vztah poruch FA gend ktumorogenezi je velmi komplexni. Zatimco predispozice k nadorovym
onemocnénim, predevsim pak k AML (akutni myeloidni leukemie) a spinocelularnimu karcinomu je
spoleéna pro vsechny pacienty nesouci homozygotni mutaci nékterého z FA gen(, predispozice ke
karcinomu prsu a ovaria na zakladé heterozygotni mutace byla popsana pouze u genl skupiny Ill —
tedy genU v pozdni fazi drahy zprostredkujici reparaci pomoci HR (6 z10 genl skupiny I
FANCD1/BRCA2, FANCIJ/BRIP1, FANCN/PALB2, FANCO/RAD51C, RAD51 (FANCR), BRCA1

(FANCS)(Kottemann et al. 2013). U FA pacientd zplsobuji mutace v genech pozdni faze drahy
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zavaznéjsi fenotypy svyssi penetranci a drivéjsim nastupem nadorl. Byly zaznamenany pfipady
pacientl s mutacemi BRCA2 a PALB2 s embryondlnimi tumory a tumory v extrémné nizkém véku
(pod 2 roky) (Kottemann et al. 2013). Korelace mezi geny pozdni faze a tumorogenezi je intuitivni,
uvédomime-li si mechaniku jednotlivych ¢asti FA drahy: zatimco geny ¢asnych fazi core a ID komplexu
jsou vice samostatné fungujici a spiSe koordinujici aktivaci drahy, geny pozdni faze jsou Uzce spjaty
s opravami homologni rekombinaci, které jsou hojnéji a nezdvisle vyuzivdny mimo FA drahu

(Kottemann et al. 2013).

1.3.2 Reparacni mechanizmy dalsich poskozeni genomové DNA

Vznik dvouretézcovych zlom( je mimofadné zdvainym postizenim DNA, avsak jeho dileZitost
s ohledem na vyoky onkogenni potencial, je omezena na populace mitoticky aktivnich bunék.
Poskozeni jednotlivych nukleotidd, pfipadné modifikace jejich bazi jsou radové ¢astéjsimi alteracemi
DNA, které vyzaduji ucelnou opravu prakticky ve vSech jadernych bunkach organizmu. Selhani jejich

reparacnich procest je rovnéz zdrojem poskozeni DNA vedoucich k nadorové transformaci.

Base excision repair (BER) je mechanizmus, ktery odstraniuje kovalentni modifikace bazi ve strukture
DNA, jako jsou oxidované baze, deaminace, alkylace, abazickd mista (AP) a jednoretézcové zlomy.
Uvodni krok BER zahrnuje rozeznani poskozené béze a jeji odstranéni pomoci DNA glykosylazy (napt.
OGG1 - 8-oxoguanin DNA glycosylase 1). V pfipadé vyuziti monofunkéni glykosylazy je nasledné
rozstépena fosfodiesterova vazba v AP misté pomoci AP-nukleazy (napf. APE1 — apurinic/apyrimidinic
endonuclease 1). Vznikla mezera s nové vzniklym 3‘-OH a 5‘-deoxyribosylfosfatovym koncem je
vyplnéna dosyntetizovanim preruseného retézce na zakladé komplementarity bazi DNA polymerazou
(nejcastéji POLP - polymerase B) (Ide et al. 2004). Fosfodiesterova vazba v misté preruseni je nakonec

obnovena prostfednictvim ligazy LIG3 a XRCC1 (DNA ligase 3, X-ray cross complementing 1).

Bifunkéni glykosyldzy maji navic AP-lydzovou aktivitu Stépici abazické misto DNA za vzniku
jednoretézcového zlomu, ktery na svém 3‘-konci obsahuje budto fosfatovou skupinu (B, 6-eliminace),
nebo a,B-nenasyceny aldehyd (PUA, polyunsaturated aldehyde). 3‘-PUA i 3‘-fosfat jsou dale
ostranény fosfodiesterazovou aktivitou APE1 a fosfatazovou aktivitou polynukleotid kindzy (PNK) za
vzniku preruseného tetézce DNA (podobné jako v pripadé monofunkéni glykosylazy).
Jednonukleotidovd mezera je vyplnéna Pol B a zlom je zacelen pomoci DNA ligdzy LIG3/XRCC1 jako

v pfipadé monofunkénich glykosilaz (Obrazek 7).

BER se Ucastni i fada dalSich enzym0 spoleénych s jinymi repara¢nimi drahami jako je PARP1 (poly

(ADP-ribosyl) polymeraza 1) katalyzujici syntézu adenosindifosfatribozylového polymeru a jeho
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kovalentni navazani na rfadu protein nukleoproteinového komplexu a proteinl podilejicich se na
reparaci DNA, vcéetné ligdzy lll, LIG1 (ligase 1), PCNA (proliferating cell nuclear antigen) a FEN1 (flap
endonuclease 1) (Gomes et al. 2017). Inhibitory PARP1 (PARPi) jsou vyuZivany pfi |écbé nadorl
vykazujicich poruchy v reparacni draze HR. Principem pouZiti PARPi pfi indukci tzv. syntetické letality
je inhibice komplementdrnich drah reparace zlom DNA — BER (pomoci PARPi) a HR (v nadorové tkani
v pripadé inaktivace obou alel nékterého z kritickych gen(i — napf. BRCA1 nebo BRCA2 v dlisledku
kombinace vrozené a ziskané inaktivace/mutace). Inhibice BER pomoci PARPi zplsobuje progresi
jednoretézcovych zlomu do dvouretézcovych, jejichZ oprava je v nadorovych (ale nikoliv somatickych)
bunkach blokovana. Porucha reparace dvouretézcovych zlomd DNA zpUsobuje zvySeni genomové

nestability v nddorovych burkach, které neni sluitelné s jejich prezivanim (Rouleau et al. 2010).

Nucleotide excision repair (NER) je mechanizmem opravujicim poskozeni DNA, kterd pUlsobi
konformacni deformaci struktury dvousroubovice blokujici postup replikacni vidlice a transkribujicich
RNA polymeraz. Takova poskozeni vznikaji napfiklad plsobenim UV zareni za vzniku pyrimidinovych
dimer( a 6-4 pyrimidin-pyrimidonu (Menck et al. 2014). Oprava pomoci NER pocind rozpoznanim
poskozeni a naslednym rozvolnénim struktury dvousroubovice. Pferuseni retézce na obou stranach
od mista kovalentné spojenych bazi umozni jejich vystépeni v podobé oligonukleotidové sekvence.
Vznikla mezera je vyplnéna dosyntetizovanim komplementarniho fetézce s ndslednou ligaci

obnovuijici integritu fetézce DNA.

NER lze rozdélit na dvé odlisné drahy v zavislosti na misté vzniku poskozeni: tzv. global genome repair
(GGR; globalni opravy genomu) a transcription-couppled repair (TCR; opravy sprazené s transkripci)

(Gomes et al. 2017).

GGR odstranuje poskozeni napfic genomem komplexem XPC-RAD23B (xeroderma pigmentosum
complementation group C—human homolog B of S. cerevisiae RAD23). Tento komplex se vaze na
komplementarni retézec retézci poskozenému a zprostiedkovava vazbu komplexu transkripéniho
faktoru IIH (TFIIH), ktery rozpléta dvousroubovici DNA v délce pfiblizné 30 nukleoid(. TFIIH komplex
je slozen z deseti podjednotek. Sedm z nich tvofi tzv. core komplex: XPD, XPB, p62, p52, p44, p34 a
TTDA. Cyklin aktivacni kinazovy subkomplex je tvofen cyklinem H, CDK7 a MAT1 proteiny a je
propojen score komplexem prostfednictvim XPD proteinu. Dvé podjednotky: ERCC2/XPD a
ERCC3/XPB maji helikdzovou aktivitu a rozplétajici dvousroubovici reparované DNA. Rozvolnéni Gseku
DNA umoziuje nasednuti faktoru XPA (xeroderma pigmentosum complementation group A) a RPA
komplexu. Endonukledzy XPF/ERCC1 (xeroderma pigmentosum complementation group F/excision
repair, cross-complementation group 1) a XPG (xeroderma pigmentosum complementation group G)

vystépi 24-30 nukleotidd, které obsahuji poskozené misto. DNA polymerazy 6 a € asociované s RFC
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(replication factor C) a PCNA ndsledné vyplni vzniklou mezeru. Ligdzy LIG1 nebo LIG3 nakonec zaceli

preruseni nové dosyntetizovaného oligonukleotidového rfetézce (Obrazek 7).
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Obrazek 7. Schematické zndzornéni vybranych protein ucastnicich se drah reparace jednoretézcovych poskozeni
DNA. A) Base excision repair (BER); B) Nucleotide excision repair (NER); Mismatch repair (MMR). Upraveno
podle (Gomes et al. 2017).

TCR je vyuzivan u transkripéné aktivnich gen(, kdy poskozeni DNA zablokuje postup RNA polymerazy
Il a je rozezndvano jak vlastni RNA polymerazou, tak i proteiny CSA (Cockayne syndrome A, jinak také
ERCC8) a CSB (Cockayne syndrome B, neboli ERCC6). Tyto faktory zprostredkuji opét vazbu TFIIH a

dalsi prlibéh reparace je spolecny s GGR (Shafirovich et al. 2017).

Mismatch repair (MMR) je repara¢nim mechanizmem, ktery je zodpovédny za detekci i opravu
neparujicich bazi a inzer¢nich/dele¢nich smycek (insertion/deletion loops, IDL), které vznikaji pfi
replikaci, nebo homologni rekombinaci. Celd reparacni drdha je zahajena evoluc¢né vysoce
konzervovanymi proteiny MSH2 a MSH6 (MutS homolog 2 a 6), které spolu tvofi heterodimer MutSa
a rozeznavaji neparujici baze a jedno-, nebo dvoubazové IDL. V pfipadé IDL delSich, nez 2 baze je za
detekci zodpovédny MSH2 spolu s MSH3 (MutSB) (Larrea et al. 2010). Po rozeznani poskozeni
nastupuje jeden z heterodimer( MutLa (MLH1/PMS2), MutLB (MLH1/MLH3), MutLy (MLH1/MLH2),
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které po aktivaci PCNA a replikaénim faktorem C svoji endonukledzovou aktivitou (kterou zajistuje
PMS2 a MLH3) vytvofi jednoretézcové preruseni struktury DNA vedle poskozeni (na 3‘ stranu od
daného nukleotidu). RPA faktor vazajici jednoretézcovou DNA ndsledné rekrutuje polymerdzu &
(Pols), nebo Exonukledzu 1 (Exol), které dosyntetizuji opraveny polynukleotidovy fetézec.

Jednoretézcové preruseni je na zavér spojeno ligdzou 1 (Ligl; Obrazek 7).

1.3.2.1 Vrozené poruchy BER a NER

Dédi¢né mutace v genech Ucastnicich se NER oprav zpUsobuji autosomalné recesivhi onemocnéni
xeroderma pigmentosum (XP, OMIM 278730; geny XPA, XPC, XRCC2/XPD, XRCC3, ERCC4, ERCC5/XPG,
XPE), které se vyznacuje extrémni citlivosti na UV zafeni, éasnym vznikem koZznich nadorl a
neurologickymi poruchami (Lehmann et al. 2014). Poskozeni genl Ucastnicich se pfevazné TCR oprav
zpUsobuje dalsi zdvazna onemocnéni, jako je Cockaynlv syndrom (CS, OMIM 216400; geny ERCC6 a
ERCC8) zpusobujici ichtyosu, mentdlni retardaci a u nékterych jedinc fotosenzitivitu a
trichothiodystrofii (TTD, OMIM 601675; geny ERCC2, ERCC3), onemocnéni charakterizované
mikrocefalii s fenotypem podobnym progerii a mentalni retardaci. DalSim takovym onemocnénim je
Cerebro-oculo-facio-skeletalni syndrom 2 (COFS2, OMIM 610756; geny ERCC1, ERCC2, ERCC5, ERCC6)
zpUsobujici degenerativni zmény mozku, oci a michy s ¢astym sniZzenim intelektu, téZkou svalovou

hypotonii a charakteristickymi bezdécnymi pohyby oci.

Byla identifikovana fada vrozenych mutaci v genech MSH2, MSH6, MLH1 i PMS2 a stejné tak i
epigenetické umlceni exprese MSH2, nebo MLH1, které zpUsobuji defektni reparaci cestou MMR,
ktera vede ke kumulaci spontannich genomickych mutaci a tumorogenezi. Zatimco studium
sporadickych alteraci ovliviujicich geny MMR drahy je teprve v poclatcich, patogenni varianty
predisponujici k dédicnym nadorovym onemocnénim, jako je predevsim hereditarni nepolypdzni
kolorektalni karcinom (HNPCC), ¢i karcinom endometria jsou intenzivné studovany jiz delSi dobu
(Pena-Diaz et al. 2016). Existuje i fada studii vySettfujicich moznou predispozici mutaci v MMR genech
i k dalsim nadorovym onemocnénim, jako je napf. karcinom ovaria (Pal et al. 2012), ¢i popisujicich
vrozené vady a rozvoj nddorovych onemocnéni v détském véku u nosi¢l homozygotnich mutaci (Baas

et al. 2013).
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2 GENY PREDISPONUIJICI KE VZNIKU DEDICNYCH FOREM KARCINOMU PRSU

Jako nadorové predispozicni geny jsou oznacovany geny, jejichZ vrozené patogenni mutace vyznamné
zvysuji riziko vzniku nadorového onemocnéni. Mira tohoto rizika neni pevné stanovena. Podle
nékterych autor(l je to vétsi relativni riziko, nezli 2x, ptricemz alespon u 5 % nosi¢li patogennich
mutaci dojde k rozvoji nddorového onemocnéni (Rahman 2014). Pro vétsSinu predispozi¢nich gen( ale

plati vyrazné vyssi mira penetrance, nez je tato minimalni hranice (viz kapitoly 2.1, 2.2).

Béhem poslednich tficeti let byly pomoci fady rliznych pfistupd identifikovany stovky nadorovych
predispozicnich gend (nejvyznamnéjsi zobrazeny na Obrazku 8). Predispozi¢ni geny pro karcinom
prsu byly identifikovany zpocatku pomoci genomovych vazebnych analyz a pozi¢niho klonovani,
s pfichodem novych metod pomoci NGS (panelového, exomového a celogenomového sekvenovani) a
celogenomovymi asociacnimi studiemi (Genome Wide Association Studies, GWAS)(Turnbull et al.

2008).
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Obrdzek 8. Chromozomadini lokalizace hlavnich nddorové predispozicnich gent. Geny, u nichZ zplsobuje
predispozici ztrata funkce, jsou vyobrazeny Cerné. Geny, u nichZ zplsobuje nddorovou predispozici ziskdni
funkce, jsou vyobrazeny cervené. Prevzato z (Rahman 2014)
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Naprosta vétsina predispozi¢nich genl jsou tumorsupresory kddujici proteiny Gcéastnici se zakladnich
procesu ovliviiujicich tkdfiovou homeostazu, jako je reparace DNA, regulace bunééného cyklu nebo
apoptozy. Dédicnost nadorové predispozice muZe byt rlznd: u velké ¢asti téchto genl je
autosomalné dominantni, ale pro rfadu z nich miZeme zaznamenat autozomalné recesivni dédi¢nost
pro jiné zavainé nenadorové onemocnéni mnohdy s vyskytem nador(i vraném véku a zaroven

autosomalné dominantni pro predispozici k nadorovému onemocnéni v pozdé;jsim véku Zivota.

Jak jiz bylo uvedeno (Kap. 1.2), karcinom prsu vznikd predevsim jako sporadické onemocnéni.
Pfiblizné 5-10 % pfipadd karcinomu prsu je vSak zplisobeno dédi¢nou predispozici (Parkin 2004,
Pohlreich et al. 2012). Podle nékterych studii, jako tfeba projekt zpracovany Skandindvskym
registrem dvojcat (Lichtenstein et al. 2000), se mohou genetické faktory podilet az na 27 % pripadech
nadoru prsu (0,04-0,41 Cl). Pfibuzni prvniho stupné pacientl snadory prsu maji pfiblizné
dvojndsobné riziko vzniku onemocnéni ve srovnani s obecnou populaci a pozitivni rodinnd anamnéza
je povaZovana za jeden z nejsilngjsich predispozi¢nich faktord korelujicim s poctem postizenych

pfibuznych (Thompson et al. 2004).

Geny predisponujici ke karcinomu prsu jsou rozdélovany do tfi kategorii: geny s vysokou penetranci,
ale s nizkou frekvenci vrozenych mutaci; geny se stfedni penetranci, jejichZz alterace se vyskytuji

Castéji; geny s nizkou penetranci, jejichZ poruchy jsou populacné casté (Foulkes 2008)(Obrazek 9).
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Obrazek 9. Geny a lokusy predisponujici ke karcinomu prsu. Zndzornéné predispozi¢ni geny se vyskytuji pouze
mezi ¢ervenou a modrou kfivkou. Vysokopenetrantni syndromické geny jsou zvyraznény zelené. CeloZivotni
riziko vzniku karcinomu prsu miZe byt u nosici mutaci v téchto genech 30-80 % a relativni riziko vice neZ
desetindsobné proti populaci bez mutace v téchto genech. Relativni riziko u stfedné penetrantnich geni
(zvyraznény cervené) se pohybuje okolo hodnoty 2. Tato skupina se s testovdnim osob z postiZenych rodin
pomoci NGS sekvenovdni (viz kapitola 3) rozsifuje. Casté, nizkopenetrantni geny jsou zndzornény oranzove.
Prevzato z (Foulkes 2008).
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Tato klasifikace byla ucinéna s ohledem na miru rizika onemocnéni karcinomem prsu (penetrance
popisuje pravdépodobnost vzniku onemocnéni u nosice pfi¢inné mutace) a prevalenci patogennich
mutaci v obecné populaci. Podle klasifikace navrzené Strattonem a Rahmannovou (Stratton et al.
2008) zpUsobuji vysokopenetrantni geny az 10x zvysené relativni riziko vzniku nadoru prsu, avsak
jejich mutacni frekvence je v populaci obvykle velice nizkad. Geny se stfedni penetranci zvysu;ji riziko
2-4x a frekvence jejich mutaci je nizsi. Geny s nizkou penetranci zvysuji riziko onemocnéni pfiblizné
1,5x i méné a frekvence jejich mutaci je v obecné populaci vysoka. Mutace ve vSech doposud
identifikovanych predispozi¢nich genech jsou zodpovédné za pouze pfriblizné 25 % familidrnich
nadord prsu (Turnbull et al. 2008, Ellsworth et al. 2010). Geneticka predispozice tfi ¢tvrtin vysoce

rizikovych rodin tak zUstava bez vysvétleni.

2.1 Geny s vysokou penetranci

Mutace v genech s vysokou penetranci jsou v panmiktické populaci velmi vzacné (<0,1 %) a jsou
asociovany s vysokym rizikem vzniku nadord prsu (az 10x vyssi). Jak jiz bylo uvedeno, zatimco
priblizné 10-30 % vsech nadord prsu je pripisovano genetickym faktorim, pouze 5-10 % ptipadd
vykazuje silnou dédi¢nou komponentu a méné, nez jedna ctvrtina dédi¢nych pripadd muize byt
vysvétlena mutacemi v genech svysokou penetranci, prenasenymi autozomalné dominantnim
zpUsobem (Ellsworth et al. 2010, Apostolou et al. 2013). Dva nejvyznamnéjsi predispozi¢ni geny,
BRCA1 a BRCA2, vysvétluji dohromady kolem 3-6% nador( prsu (Kleibl et al. 2016) v rdznych
populacich, avsak jejich vzajemny podil vykazuje znacny populacné-specificky charakter. Rodokmen,
vykazujici evidentni autozomalné dominantni predispozici ke karcinomu prsu, poprvé systematicky
popsal francouzsky Iékar Pierre-Paul Broca v roce 1866. V rodiné jeho Zeny se vyskytlo devét Zen ve

Ctyfech generacich, které zemrely na toto onemocnéni (Broca 1866).

2.1.1 BRCA1

Pomoci genetickych vazebnych analyz ve 23 rodinach s vyskytem karcinomu prsu v mladém véku, byl
gen BRCA1 lokalizovan na chromozomu 17921 (Hall et al. 1990) a nasledné klonovan pro sekvenacni
a funkéni analyzy (Miki et al. 1994). Patogenni mutace v BRCA1 byly nalezeny u pfiblizné 7-10 %
pacientl s karcinomem prsu s familidrnim vyskytem (Peto et al. 1999). Gen BRCA1 obsahuje 24
kodujicich exonl a jeho 7,4 kb dlouhy transkript kéduje protein o 1863 aminokyselinach. BRCA1
nema v lidském genomu Zadny zndmy homolog, ani BRCA2 jim neni, prestoZe spolu oba proteiny
sdileji nékteré strukturni rysy (Thompson et al. 2004). Vysoce konzervované funkéni motivy BRCA1

zahrnuji dulezité domény: N-termindlni RING finger doménu, jaderné lokaliza¢ni signdly (Nuclear
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Localization Signal, NLS), dvé protein-protein interakéni BRCA1 C-terminal (BRCT) domény na C konci,
kterym predchdzi coiled-coil doména (Caestecker et al. 2013). Protein BRCA1l vytvafi fadu
proteinovych komplex( a to predevsim vazbami s RING a BRCT doménami. Struktura a vazebna mista

s interagujicimi proteiny jsou naznacena na Obrazku 10.
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Obrazek 10: Schematickd struktura a interagujici proteiny BRCA1 (a) a BRCA2 (b). Interagujici proteiny jsou
vyznaceny pod oblastmi BRCA1/2, které jsou nezbytné k asociaci. Pfevzato z (Roy et al. 2012).

Protein BRCA1 se Gcastni fady dualezitych bunéénych pochodl zajistujicich genomovou stabilitu,
véetné jeho zasadni Ulohy spocivajici v regulaci oprav dvouretézcovych zlom( DNA (DSB) pomoci HR.
Protein BRCA1 se vsak podili i na dalSich pochodech, jako je regulace kontrolnich bodd bunééného
cyklu, DNA replikace, regulace transkripce, NER, ubikvitinylace proteinl, a deacetylace histonl pfri
remodelaci chromatinu (Wang 2012). BRCA1 se Ucastni ¢asnych pochodl regulace a aktivace HR,

ktera opravuje DSB a mezifetézcové spoje (interstrand crosslinks, ICL) v DNA.

BRCA1 je fosforylovan fadou kinaz v odpovédi na pritomnost DSB v DNA, napf. ATM, CHK2, a/nebo
ATR. Poskozeni DNA spousti fosforylaci H2AX (yH2AX) zavislou na ATM a ATR. Tato fosforylace je
nezbytna pro kumulaci fady DNA reparacnich proteind, cilenych do mista reparaéniho ohniska pro

zajisténi optimalni opravy DNA.

BRCA1 vytvafri rizné multiproteinové komplexy v misté poskozeni. Popsano je pét z téchto komplexu.
Core komplex je tvoren proteiny BRCA1 a BARD1 spojenymi prostfednictvim BRCT domén. Tento
stabilni heterodimer zajistujici E3 ubikvitinligdzovou aktivitu je pfitomen ve vSech BRCA1l

komplexech. BRCA1/PALB2/BRCA2 superkomplex je sestavovan vazbou PALB2 na coiled-coil doménu

23



BRCAL1 a hraje zasadni roli v opravdch DNA zprostifedkovanych HR. Dalsi BRCA1-A komplex obsahuje
proteiny ABRAXAS (FAM157B), RAP80/UIMC1, NBA1/MERIT40/BABAM1, BRE/BRCC45 a
BRCC36/BRCC3 a je asociovan s ubikvitinylovanymi histony v blizkosti mist poskozeni DNA. BRCA1-B
komplex obsahuje BRIP1 a TOPBP1 a je nezbytny pro regulaci kontrolniho bodu indukovaného
replika¢nim stresem a reparace meziretézcovych spojl (ICL repair). BRCA1-C komplex se sklada z CtIP
a MRN (MRE11/RAD50/NBS1) a detekuje DSB. Tento komplex je zodpovédny za vystfizeni Usek( DNA
v pribéhu reparace. VSechny tyto komplexy (A, B, C) jsou formovany prostrednictvim interakci BRCT
domén BRCA1 proteinu (Welcsh et al. 2000, Boulton 2006, Huen et al. 2010, Wang 2012, Rosen
2013).

Pro nadorovou predispozici jsou klinicky vyznamné predevsim dédicné nonsense mutace a malé
inserce/delece zplsobujici posun ¢teciho rdmce a nasledny vznik zkraceného proteinového produktu
genu BRCA1. Vyznamna je i fada popsanych missense mutaci, predevsim v daleZitych RING a BRCT
domeénach. Popisovany jsou i patogenni mutace zahrnujici vétsi ¢ast genu, kédujici jeden i vice exon(

(Narod et al. 2004, Thompson et al. 2004, Caestecker et al. 2013).

Primérné kumulativni riziko karcinomu prsu u nosi¢li mutaci v genu BRCA1 v 70 letech véku se
pohybuje kolem 65 % (95%; Cl 44-78 %), karcinomu ovaria 39 % (95% Cl 18-54 %). Relativni riziko
vzniku karcinomu prsu ma vrchol ve vékové skupiné 30-49 let a nasledné klesa, zatimco u karcinomu
ovaria neni u relativniho rizika patrny vyrazny trend. U nosi¢ll mutaci v BRCA1 genu stoupd incidence
az do véku 45-49 letech a pak zUstava v podstaté konstantni (Antoniou et al. 2003). U nosi¢l mutaci
v BRCA1 je také pomérné cCasté bilaterdlni onemocnéni. BRCAl-asociované nadory prsu se casto
vyznacuji vy$sim stupném a vykazuji vétsi mitotickou aktivitu. Nadory jsou ¢asto ER-, PR- a HER2-,
p53+, aneuploidni a histologicky vykazuji meduldrni charakter. Nadory BRCA1 nosi¢ek maji podobny
imunohistochemicky profil jako sporadické bazalni karcinomy (Lalloo et al. 2012, Mavaddat et al.

2012).

Cetnost vrozenych mutaci genu BRCAI v CR vyznamné dominuje nad &etnosti mutaci v BRCA2
(Machackova et al. 2008) (Pohlreich et al. 2005). Pfiblizné 11% germinalnich mutaci BRCA1 tvofi

intragenové prestavby postihujici jeden a nej¢astéji nékolik exon( (Ticha et al. 2010) .

2.1.2 BRCA2

Gen BRCA2 byl poprvé lokalizovan analyzou patndacti vysoce rizikovych rodin s karcinomem prsu, u

kterych se nevyskytovala vazba onemocnéni k BRCA1 lokusu. Tato celogenomovd vazebna analyza
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mapovala BRCA2 na chromozom 13g12-q13 v roce 1994 a samotny gen byl klonovdn v nasledujicim

roce (Wooster et al. 1994, Wooster et al. 1995).

Patogenni mutace v BRCA2 jsou zodpovédné za pfriblizné 10% pripadd dédiéného karcinomu prsu
(Walsh et al. 2007). BRCA2 je velky gen s 27 exony o délce okolo 70 kb genomové DNA. Kdéduje
protein o délce 3418 aminokyselin. BRCA2 obsahuje osm BRC repetic mezi aminokyselinovymi zbytky
1009 a 2083, jednu DNA vazebnou doménu, tfi oligonukleotid-vazajici smycky a tower doménu na C
konci (Roy et al. 2012). Struktura proteinu BRCA2, znazornujici také vazebnd mista interagujicich

proteinl je prezentovana na Obrazku 10.

Podobné jako BRCA1, zasadni ulohou BRCA2 je ucast vreparaci DNA pomoci HR, kde BRCA2
interaguje s RAD51 (Turner et al. 2005). RAD51 je klicovym proteinem, ktery obaluje zpracovavanou
jednofetézcovou DNA v misté DSB a iniciuje homologni parovani a vzdjemnou invazi téchto
homolognich oblasti v prlibéhu rekombinace (viz kapitola 1.3.1.1) (West 2003). BRCA2 vaze RAD51
prostiednictvim osmi evolu¢né konzervovanych BRC repetic a samostatnym motivem v C-termindlni
doméné. BRCA2 reguluje tvorbu RAD51 nukleoproteinovych filament (Sharan et al. 1997, Davies et
al. 2001, Pellegrini et al. 2002). BRCA2 se také mUzZe vazat na jednofetézcovou DNA prostfednictvim
C-terminalni domény umoznujici BRCA2 zahdjit rekombinaci. BRCA2 pUsobi prednostné na rozhrani
mezi dvouretézcovou DNA jednofetézcovym 3 pfesahem zpracovanym pomoci MRN komplexu na
odstranéni replikacnich proteinl z jednofetézcovych presahll a umozZiiuje nasednuti proteinu RAD51
(Yang et al. 2002, Yang et al. 2005). Vazba RAD51 a BRCA2 je regulovana fosforylaci zavislou na
cyklin-dependentnich kindzach a zda se, Ze plsobi jako ,,vypinac” kontrolujici rekombinacni opravnou

aktivitu v pribéhu prechodu z S/G2 do M faze bunécéného cyklu (Esashi et al. 2005).

Primérné kumulativni riziko vzniku karcinomu prsu u nosicky mutaci BRCA2 ve véku 70 let je 45 %
(95 % Cl 31-56 %), pro karcinom ovaria 11 % (2,4-19 %). Stanovené relativni riziko karcinomu prsu
mezi nosickami mutaci je vyssi v mladsi vékové skupiné (20-29 let) a s vékem se sniZuje, naopak
relativni riziko karcinomu ovaria vzrQistd od ctyficdtého roku Zivota do 59 let a nasledné klesa

(Antoniou et al. 2003).

Kromé toho, Ze je BRCA2 predispozicnim genem pro karcinom prsu a ovaria, je i jednim z gend
Fanconiho anemie (FA). Bialelické mutace BRCA2 zpUsobuji FA, subtyp D1 (OMIM 605724) (Howlett
et al. 2002). Drive bylo predpokladano, Ze bialelické mutace jsou embryonalné letalni (Evers et al.

2006).
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2.1.3 Dalsi geny s vysokou penetranci

DalSimi ctyfmi geny s vysokym rizikem karcinomu prsu jsou TP53, PTEN, STK11, a CDH1. TP53
vykazuje nejvyssi rizikovost, nebot mutace vtomto genu zvysuji riziko 18-60x ve 45. roce Zivota ve
srovnani s obecnou populaci. Vice, nez 50 % nosi¢ek mutaci v TP53 vyvine onemocnéni pred 50.
rokem Zivota (Garber et al. 1991). Mutace v genech PTEN, STK11 a CDH1 v souctu pfispivaji

k celozivotnimu riziku karcinomu prsu ptiblizné 40-60 % (Lalloo et al. 2012).

Gen TP53 byl poprvé identifikovan v roce 1979 a je dnes velmi dobfe znam pro ¢astou pfitomnost
jeho somatickych mutaci u nadorovych onemocnéni. Dédi¢né zdrode¢né mutace jsou malo Casté, ale
zpUsobuji Li-Fraumeni syndrom, ktery je pfi¢inou vzniku nddorovych onemocnéni v détském véku
(sarkomy mékkych tkani, osteosarkom, leukemie, nadory mozku, gliomy a adrenokortikalni
karcinom), ale i karcinomu prsu v raném véku. Vice, nez 70 % rodin klasifikovanych jako Li-Fraumeni
vykazuje mutace v TP53 a pfiblizné 30 % Zen s mutaci vyvine karcinom prsu pfed 30. rokem Zivota
(Malkin et al. 1990). Nicméné zarodecné mutace v TP53 jsou vyrazné méné casté oproti mutacim
v BRCA1 a BRCA2. Li-Fraumeni syndrom je zodpovédny za méné, nez 0,1 % vsech pripadd karcinomu

prsu (Lalloo et al. 2012).

Protein p53 je dllezitym transkripénim faktorem ovliviiujicim expresi gen(, jejichZ proteinové
produkty reguluji kontrolni body G1/S a G2/M bunécéného cyklu, opravy DNA, bunéénou senescenci,
apoptdzu, autofagii a angiogenezi. Mezi zasadni funkce p53 patti aktivace apoptdzy. JelikoZ apoptdza
nadorovych bunék po radioterapii je zprostfedkovana p53 drahou, mutacni inaktivace p53 ma za
nasledek vznik radiorezistentnich tumort. Udaje zin vitro studii ukazuji, Ze pacienti s Li-Fraumeni
syndromem vykazuji abnormalni odpovéd na nizké davky radiace a defektni apoptdézu (Lowe et al.

1994, Lalloo et al. 2012).

Mutace v genech PTEN, STK11 a CDH1 predisponuji k rGznym nadorovym syndrom(m. Proteinovy
produkt genu PTEN je tumorsupresorova fosfatdza negativné regulujici proproliferani signalni drahu
aktivace proteinkindzy B (PKB/AKT). Navic bylo dokazano, Ze PTEN se ucastni udrzovani
chromozomalni integrity (Shen et al. 2007). Mutace v genu PTEN zpUsobuji vzacny autozomalné
dominantni dédicny Cowdenlv syndrom (OMIM 158350), ktery zvysuje riziko vzniku benignich i
malignich tumort prsu, stitné Zlazy a endometria (Nelen et al. 1996). Nosic¢i mutaci v PTEN maji 67-

85% Zivotni riziko vzniku karcinomu prsu (Ngeow et al. 2017) .

Gen STK11 kéduje serin-threoninovou proteinkindzu podilejici se na kontrole bunécné proliferace a
polarity buriky. Dédi¢né mutace genu STK11 zpUsobuji autozomalné dominantni Peutz-Jegherslv

syndrom (PJS, OMIM 175200) charakterizovany hamartomatéznimi intestindlnimi polypy,
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mukokutdnni pigmentaci a zvySenou incidenci nékterych malignit, véetné karcinomu tlustého streva,
karcinomu prsu a karcinomu ovaria (pfevdzné mucinézni forma) (Walsh et al. 2016). CeloZivotni riziko

vzniku karcinomu prsu se u nosi¢l mutaci STK11 pohybuje mezi 45-50% (Rosenthal et al. 2017).

Gen CDH1 koéduje transmembranovy E-cadherin, ktery je dUleZity protein pro bunécnou polaritu,
motilitu a mezibunéfnou komunikaci. Mutace v CDH1 jsou zodpovédné za hereditarni difuzni
karcinom Zaludku a autozomalné dominantni nadorovy syndrom, ktery je asociovany se zvySenym
rizikem vzniku lobularniho karcinomu prsu. Nicméné byly reportovény i rodiny s COH1 mutacemi a
vyskytem karcinomu prsu bez vyskytu karcinomu zaludku (Hemminki et al. 1997, Hemminki et al.
1998, Pharoah et al. 2001, Masciari et al. 2007). Nosic¢i mutaci v genu CDH1 maji pfiblizné 39-50%

riziko vzniku karcinomu prsu (van der Groep et al. 2011, Rosenthal et al. 2017).

Syndromy zplisobené mutacemi v genech PTEN, STK11, nebo CDH1 jsou velmi vzacné a proto je
Cetnost vzniku karcinomu prsu zplsobené mutacemi v téchto genech mala. V soucasnosti neexistuje
dikaz, Ze by mutace vtéchto genech byly zodpovédné za vyznamnou cast hereditarnich, di
sporadickych karcinom( prsu bez pfitomnosti dalsich fenotypovych znakd spojenych s prislusnymi

syndromy (Turnbull et al. 2008).

RAD51C je kandidatnim genem pro zafazeni do skupiny gen( s vysokou penetranci, potvrzeno zatim
ale bylo jen riziko vzniku karcinomu ovaria a vyznam tohoto genu k predispozici karcinomu prsu je
kontroverzni. V klinickych doporucenich genetického testovani americké onkologické spolecnosti
National Comprihensive Cancer Network (NCCN) je tento gen zatim uveden pouze pro karcinom
ovaria (Daly et al. 2017). RAD51C je soucasti komplexu sloZzeného z péti paralog RAD51, které se
Ucastni v procesu HR. Za timto Gcelem vytvari RAD51C dva rizné subkomplexy v mistech poskozeni
DNA diky asociaci se svymi paralogy. Tyto subkomplexy ndsledné umoZiuji reparaci DNA

prostiednictvim HR (Masson et al. 2001).

RAD51C byl zafazen mezi predispozi¢ni faktory pro Fanconiho anemii (FA). Bialelické mutace
v RAD51C byly identifikovany u FA pacientdl (FANCO podskupina) a nasledné byly i monoalelické
alterace oznacdeny jako varianty zpUsobujici vysoké riziko nadord prsu/ovaria ve srovnani s rizikem u
nosi¢l mutaci v genech BRCA1/2 (Meindl et al. 2010, Vaz et al. 2010). Nicméné fada nasledujicich
studii neposkytla dikaz, Zze by RAD51C predisponoval specificky ke karcinomu prsu, nebot
monoalelické mutace byly nalezeny u rodin s vyskytem karcinomU prsu i ovaria. Frekvence mutaci
v RAD51C u rodin s vyskytem karcinomu prsu a ovarii se pohybuje kolem 1,3-4 %. Tyto mutace
vykazuji vysokou, nebo stfedni penetranci dle (Antoniou et al. 2003, Akbari et al. 2010, Levy-Lahad
2010, Meindl et al. 2010, Clague et al. 2011, Pang et al. 2011, Pelttari et al. 2011, Romero et al. 2011,
Silvestri et al. 2011, Vuorela et al. 2011, Thompson et al. 2012),(Zheng et al. 2010, Vuorela et al.
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2011, Wong et al. 2011). Relativni riziko karcinomu ovaria pro nosi¢ky mutaci v RAD51C ve studii
Loveday a kol. vychazelo 5,88 coZ odpovida > 9% kumulativnimu riziku ve véku 80 let (Pelttari et al.
2011, Loveday et al. 2012). V Ceské studii se vyskytovala mutace v genu RAD51C u 1,2 % vysoce
rizikovych pacientek s karcinomem ovaria (Janatova et al. 2015). V ramci velkych studii byly nalezeny
nosi¢ky mutaci genu RAD51C i v rodinach s vyskytem pouze karcinomu prsu. Jednalo se pfedevsim o
pacientky s triple negativnim karcinomem. Frekvence nosicek mutaci RAD51C v téchto studiich jsou

nizké (0,4 %) (Buys et al. 2017, Golmard et al. 2017).

2.2 Geny se stredni penetranci

Oproti genlm s vysokou penetranci, u kterych se wvyskytuji patogenni varianty s velice nizkou
populacni frekvenci, se u variant genl se stfedni a nizkou penetranci setkdvame s vyssi frekvenci
(priblizné 1-40%; viz Obrazek 9), avsak prevalence genetickych alteraci v téchto genech vykazuje
vyrazné populacni rozdily (Foulkes 2008, Stratton et al. 2008). Odhaduje se, Ze varianty se stfedni
penetranci jsou zodpovédné za 5 % pripadl familiarniho karcinomu prsu. Nosici téchto mutaci maji
riziko vzniku karcinomu prsu do 60 let na uUrovni pfiblizné 6-10 % ve srovnani se 3 % u béiné
populace (Stratton et al. 2008, Hollestelle et al. 2010). Mutace ve vSech téchto genech zvysuji 2-3 x

riziko vzniku karcinomu prsu.

CHEK2, ATM, BRIP1 a PALB2 jsou nejvice studované geny se stfedni penetranci, nebot jejich
proteinové produkty se Ucastni reparace DNA a jejich funkce je Uzce spjata s proteiny BRCA1 a BRCA2
(diskutovano v kapitolach 1.3.1.1 a 2.1.1)(Meijers-Heijboer et al. 2002, Renwick et al. 2006, Seal et al.
2006, Erkko et al. 2007, Southey et al. 2010).

Biochemické analyzy a asociacni studie kandidatnich genl v fadé populaci dokazuji, Ze PALB2 patfi
spolu s BRCA1 a BRCA2 mezi klicové predispozicni geny karcinomu prsu. Nejvice patogenni mutace
doposud identifikované v genu PALB2 jsou trunkacni frame-shift, nebo nonsense mutace, které jsou
nalézany napti¢ celym genem, nikoliv pouze v konkrétnich oblastech. V priiméru pfispivaji vSechny
mutace v PALB2 ke stfednimu celozivotnimu riziku vzniku onemocnéni, ale nékteré mutace v tomto
genu jsou asociovany s vysokym rizikem. Tyto mutace jsou srovnatelné s priimérnym rizikem mutaci
v genu BRCA2 (Erkko et al. 2007, Foulkes et al. 2007, Janatova et al. 2013). Recentni data z rozsahlé
studie 65057 Zen ukazuji, Ze riziko karcinomu prsu spojené s nosiéstvim patogennich mutaci PALB2 je
skute¢né vysoké (OR=7,46; 95%Cl 5,12-11,19) a prakticky tak umozZiuje zaradit patogenni mutace

v PALB2 mezi varianty s vysokou penetranci (Couch et al. 2017).
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Gen CHEK2 koéduje kindzu CHK2 (Obr. 5) kontrolujici bunécény cyklus predevsSim v odpovédi na
pfitomnost poskozeni DNA prostfednictvim fosforylace fady substratl (véetné p53 a BRCAL).
Varianta ¢.1100delC v genu CHEK2 vytvati zkraceny protein se ztratou jeho kindzové aktivity.
V Severni Evropé je pfitomna az u 1,1 % zdravych jedincl a u 5,5 % postiZzenych familiarni formou
karcinomu prsu. Relativni riziko u nosi¢l této varianty bylo stanoveno na 2,2 ndasobek (Meijers-
Heijboer et al. 2002). Frekvence nosicu se znacné lisi mezi populacemi. V Nizozemi dosahuje 0,8 %, ve
Finsku a Svédsku 0,7 % a 0,5 %. Nicméné v ostatnich evropskych zemich, Severni Americe a Australii
malokde prekracuje hodnotu 0,2 %. V Ceské republice dosahuje frekvence ¢.1100delC 0,27 % (Kleibl
et al. 2005, Nevanlinna et al. 2006). Nosi¢i mutace CHEK2*1100delC maji navic zvysené riziko vzniku
bilaterdiniho onemocnéni. Byly popsany i rodiny s homozygotni mutaci CHEK2*1100delC. U takovych
nosic¢d bylo stanoveno zvysené riziko karcinomu prsu 6 x a navic je u takovych nosicl patrné zvysené
riziko dalSich malignit, jako je kolorektalni karcinom, ¢i karcinom prostaty (Adank et al. 2011).
Nicméné tato mutace nevykazuje Uplnou segregaci s nddorovym fenotypem karcinomu prsu
v rodinach se znaky vysoké penetrance a nelze tedy vyloucit, Zze CHEK2*1100delC se podili jako

modifikacni faktor na nddorové predispozici (Hollestelle et al. 2010).

ATM je apikalni kinazou (Obrazek 5), ktera ovliviiuje fadu proces( pfi opravach DSB aktivaci kaskady
zahrnujici p53, BRCA1 a CHK2 (diskutovano v kapitole 1.3.1). Bialelické mutace v genu ATM zpUsobuji
vzacny syndrom Ataxia-teleangiectasa (A-T, OMIM 208900), charakterizovany progresivni
mozeckovou ataxii, imunodeficienci a nadorovou predispozici, véetné predispozice ke karcinomu prsu
(Easton 1994, Savitsky et al. 1995). Zeny, nosi¢ky heterozygotnich mutaci v ATM, nevykazuji
fenotypové znaky A-T, ale jsou ohroZeny vice nez dvojnasobné zvySenym rizikem vzniku karcinomu
prsu (Thompson et al. 2005, Renwick et al. 2006). Doposud byla identifikovana rfada predisponujicich
variant vgenu ATM, vietné missense variant. Prevalence téchto variant se znacné lisSi mezi
populacemi z rliznych geografickych oblasti. Penetrance ATM je pfiblizné 15 % (shrnuto v (Hollestelle

et al. 2010, Lalloo et al. 2012).

Gen BRIP1 (zndm také pod oznacenim BACH1) kéduje DEAH helikazu, kterd interaguje s BRCA1 a ma
na BRCA1 zavislou roli vopravach DNA a kontrole bunécného cyklu (Peng et al. 2006). Vyskyt
trunkacnich mutaci v genu BRIP1 je méné Casty, nez u CHEK2 a ATM. Priblizné polovina nalezenych
mutaci v BRIP1 tvofi nonsense mutace 2392C>T (R798X). Ostatni patogenni mutace predstavuji malé
inzerce a delece. Segregacni analyzy ukazaly, Ze nosi¢i monoalelickych mutaci dosahuji
dvojndsobného relativniho rizika vzniku karcinomu prsu (Thompson et al. 2005). Dle novéjsich studii
je vyznam mutaci BRIP1 v predispozici ke karcinomu prsu (OR=1,28) minoritni oproti predispozici ke
karcinomu ovaria (OR=8,13) (Rafnar et al. 2011). Jelikoz se jednd o gen se stfedni penetranci,

kosegregace mutaci v BRIP1 s nddorovym fenotypem je neulplna. BRIP1 byl zahrnut mezi FA geny
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v komplementacni skupiné J (FANCJ) u bialelickych nosi¢li mutaci. Fenotyp u FANC-J skupiny je
odlisny od fenotypu s bialelickymi mutacemi v BRCA2 (FANCD1) s vyskytem vyznamné nizSiho poctu

nadord détského véku (Levitus et al. 2005, Levran et al. 2005, Litman et al. 2005, Seal et al. 2006).

Heteromerni proteinovy MRN komplex (sloZzeny z proteinG MRE11, RAD50 a NBS1; Obrazek 6)
sehrdva zdsadni roli v bunééné odpovédi aktivované poskozenim DNA, popsané v kapitole 1.3.1.
Bialelické zarodecné mutace genu NBN (NBS1) zvysuji chromosomalni instabilitu genomu a jsou
pGvodcem Nijmegen Breakage syndromu (NBS, OMIM 251260). Nosi¢i mutaci v NBN vykazuji zvysené
riziko vzniku nddorovych onemocnéni, véetné karcinomu prsu (Seemanova 1990, Seemanova et al.
2007). Varianta c.657del5 (c.657_661delACAAA) v genu NBN je nejcastéjsi patogenni variantou,
nalezenou u 90 % pacientll s NBS. Vyskyt této varianty byl studovan vfadé populaci, ale jeji
vyznamna asociace s onemocnénim byla prokdzana predevsim ve slovanskych populacich, kde bylo
zjisténo 3,1-nasobné zvysené riziko karcinomu prsu (Steffen et al. 2006, Bogdanova et al. 2008, di
Masi et al. 2008). Novéjsi publikace na populacich Némeckych a Severoamerickych ukazuji na velice

nizkou asociaci s karcinomem prsu (OR=1,39) (Hauke et al. 2018), OR=1,27 (Couch et al. 2017).

Mutace v genu RAD50 kddujicim dalsi protein MRN komplexu jsou rovnéz asociovdny se zvySenym
rizikem karcinomem prsu. Ve finské populaci byla jako ,founder” (neboli zakladatelskd) mutace,
identifikovdna varianta c.687delT, ktera zvysuje riziko karcinomu prsu Ctyfikrat (Heikkinen et al.
2006). Dalsi vzacnd varianta, Q350X, byla identifikovana v jedné rodiné ve Velké Britanii, nicméné

asociace mezi touto mutaci a onemocnénim zlistava nepotvrzena (Tommiska et al. 2006).

Role germinalnich mutaci MRE11 v patogenezi karcinomu prsu zlstava nejasnd. Potencidlni klinicka
relevance MRE11 a celého MRN komplexu v tomto onemocnéni je naznafena pozorovanimi, kdy
basal-like nadory vykazuji vyznamné snizeni exprese, ¢i ztratu proteind MRN komplexu (Bartkova et
al. 2008). Novéjsi studie asociaci mutaci v MRE11 s predispozici ke karcinomu prsu spiSe potvrzuji

(Damiola et al. 2014).

Riziko vzniku karcinomu prsu spojené s neurofibromatézou typu 1 (NF1, OMIM 162200) mize byt
také stredné zvyseno (celoZivotni riziko priblizné 17 %) (Wang et al. 2018). NF1 je relativné frekventni
autosomalné dominantni onemocnéni s Uplnou penetranci v rodiné zplsobenou mutacemi v genu
NF1. Tento tumorsupresorovy gen kdéduje neurofibromin, plsobici jako negativni regulator
aktivovaného Ras proteinu, zvySenim procesivity intrinzické GTP4zové aktivity Ras. Pacienti
s vrozenymi mutacemi NF1 vykazuji vyznamné zvySené relativni riziko vzniku gliomu, malignich
nadort perifernich nervd, juvenilni myelomonocytové leukémie, rhabdomyosarkomu a

feochromocytomu (Sorensen et al. 1986, Zoller et al. 1997, Airewele et al. 2001).
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2.3 Geny s nizkou penetranci

Do soucasné doby byla identifikovdna fada Castych variant, které jsou spojeny s malym zvysenim
rizika vzniku karcinomu prsu. Jejich polygenni pUsobeni s aditivnimi G¢inky miZe ozfejmit vznik
vyznamného poctu hereditarné podminénych pfipadd karcinomu prsu bez pfitomnosti zjevnych
kauzalnich mutaci ve zndmych predispozi¢nich genech. Geny s nizkou penetranci zvysuiji riziko vzniku
karcinomu prsu méné nez dvojnasobné, ale frekvence jejich heterozygotnich variant v obecné
populaci je vysokd, mezi 10 a 90 % (Pharoah et al. 2008, Turnbull et al. 2008). Validované geny
s nizkou penetranci jsou uvedeny v Tabulce 1. Pomoci GWAS (Genome Wide Association Study)
projektd bylo validovano pfiblizné 20 SNP na Urovni vyznamnosti, ktera dosahovala prahu
odpovidajicimu velikosti genomu (p < 5 x 107’) (Trainer et al. 2011). Dnes znamé varianty s nizkym
rizikem odpovidaji za pfiblizné 10 % rizika karcinomu prsu v populaci, pfestoze mohou vysvétlovat
vétsi podil na dédicném onemocnéni vramci rodiny s historii karcinomu prsu (Latif et al. 2010,
Mavaddat et al. 2010, Turnbull et al. 2010). Na rozdil od mutaci s vysokou penetranci, vétsina
z popsanych nizkopenetrantnich SNP se nevyskytuje v kédujicich oblastech gentl. Rada SNP se zda byt
asociovana s geny se znamou funkci v procesu karcinogeneze nadorl prsu, jako je regulace ristu
(FGFR2, MAP3K1), opravy DNA (RAD51L), apoptdza (CASP8), nebo hormonalni signalizace (ESR1).
Priblizné polovina SNP asociovanych s rizikem onemocnéni se vyskytuje daleko od jakéhokoliv
z kandidatnich predispozi¢nich gen(, v oblastech oznacovanych jako genové pousté (,gene deserts”).
Ddkladnéjsi analyzy prokazaly, Ze tyto vzdalené varianty mohou mit vliv na distanéni chromatinové
interakce, které ovliviiuji expresi genl vzdalenych nékolik kilobdzi. Takovd zavislost byla
identifikovdna napt. pro nekddujici oblast 8924, ktera je zodpovédna za expresi protoonkogenu MYC,
ale i pro dalsi kandidatni geny, jako je regulator bunécného cyklu cyklin D1 (gen CCND1) v oblasti
11q13, nebo fibroblastovy rlstovy faktor FGF10 v oblasti 5q12. Pro dalsi varianty, jako je SNP
rs13387042 v oblasti 2g35 zlstavd mechanizmus jejich ucinku nejasny, prestoze spojeni s rizikem
onemocnéni bylo prokdzano (Penney et al. 2009, McClellan et al. 2010, Trainer et al. 2011). Doposud
byl nejvétsi prispévek k riziku karcinomu prsu pripisovan SNP alele v lokusu FGFR2. Tato varianta je
pfitomna u ptiblizné 1 % pripad( karcinomu prsu a je spojena s pfiblizné 1,1% relativnim rizikem
malignity. Zaroven byly nalezeny somatické mutace zvysujici aktivitu vysledného proteinového
produktu u fady dalSich nador( (Easton et al. 2007). Naopak u kédujici varianty D302H v genu CASP8
byl prokdzan protektivni U¢inek proti karcinomu prsu. Tato varianta se vyskytuje u 13 % Zen evropské
nenadorové populace a je spojena s pfiblizné 12% snizenim rizika vzniku karcinomu prsu. Funkéni
dopady varianty D302H jsou neznamé a je mozné, Ze popsané pozorovani mlze byt zplisobeno jinymi
alelami ve vazebné nerovnovéze. Nicméné efekt zplsobeny variantou D302H naznacuje vyznamnost

dédicné variability gend kdédujici efektory v apoptotické draze v nadorové predispozici ke karcinomu
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prsu (Cox et al. 2007, Mavaddat et al. 2010). Zajimavé je také, Zze nékteré SNP byly identifikovany jako
modifikatory BRCA1 a BRCA2, nebot u nékolika frekventnich SNP (v lokusech TOX3, FGFR2, MAP3K,
LSP1, 2935, SLC4A7, 1p11.2, 5p12 and 6g25.1) bylo dokdzano, Ze zvysuji riziko karcinomu prsu u
BRCA2 mutovanych nosic¢l. Nicméné pouze SNP v TOX3, 2g35 and 6g25.1 vykazuji zvysené riziko u

nosi¢ll mutace v BRCA1 (Antoniou et al. 2008, Antoniou et al. 2011).

Tabulka 1 Predispozicni geny pro karcinom psu podle Lalloo & Evans 2012, Shuen & Foulkes
2011, Turnbull & Rahman 2008. *podle Southey et al. 2010.

Klasifikace Gen Relativni riziko
Vysoka penetrance BRCA1, BRCA2, TP53 >10

PTEN, STK11, CDH1 2-10
Stfedni penetrance ATM, CHEK2, BRIP1, NF1, RAD50, NBN 2-3

PALB2 2-6 (19%)

Nizka penetrance FGFR2, TOX3/TNRC9, MRPS30,FAM84B,
TNP1/IGFBP5/IGFBP2/TNS1, NOTCH2, ESR1, CDKN2A 1.08-1.26
LSP1, MAP3K1, LSP1, NEK10 1,07-1.13
CASPS8, COX11, RAD51L1 0.85-0.97

2.4 Kandidatni geny a jejich charakterizace

Pfes recentni objevy genetickych predispozic ke karcinomu prsu zUstdva stale pfiblizné 70 %
dédi¢ného rizika nevysvétleno znamymi predispozi¢nimi faktory. Objev dalSich predispozi¢ni gen(
s podobnym vyznamem jako BRCA1, nebo BRCA2, neni pravdépodobny, avsak lze predpokladat
existenci, patrné mnoha, novych predispozi¢nich gend s velmi nizkou frekvenci (<1:10-50 000)
patogennich variant v populaci. JelikoZz vétSina z doposud identifikovanych genli se stfedni
penetranci, jejichZ mutace zvysuji riziko vzniku karcinomu prsu, se UCastni oprav DNA, je
pravdépodobné, Ze v této funkéni skupiné mohou byt objeveny nové predispozi¢ni geny. (Meijers-
Heijboer et al. 2002, Seal et al. 2006, Erkko et al. 2007). Nékteré nadorové predispozi¢ni geny (PTEN,
ATM, STK11, NBN) byly identifikovany diky faktu, Ze jejich bialelické mutace zplsobuji autosomalné
recesivni syndromickd onemocnéni, kterd mimo jiné zapficinuji i predispozici k nadorovym

onemocnénim.

Prvni predispozi¢ni geny pro karcinom prsu byly nalezeny pomoci vazebnych studii a pozi¢niho
klonovani. Nékteré geny se stfedni penetranci, jako je CHEK2, PALB2 a BRIP1, pak byly nalezeny diky
hledani v ramci omezeného mnozstvi vytipovanych kandidatnich gend (Meijers-Heijboer et al. 2002,
Seal et al. 2006, Rahman et al. 2007). V posledni dobé identifikované lokusy s nizkou penetranci byly
identifikovdny pomoci celogenomovych asociacnich SNP studii. Extenzivni mezindrodni spoluprace
s vyuZitim novych technologii, jako je sekvenovani nové generace, SNP a CNV (Copy Number

Variation) ereje, jiz objevily fadu novych gent s nizkou penetranci a zfejmé jesté v budoucnu objevi.
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Nicméné riziko zplsobené témito novymi faktory mlzZe byt jesté nizsi, neZ u jiz identifikovanych.
Pomoci celogenomovych asociacnich studii (GWAS) bylo identifikovdno vice, neZ 100
jednonukleotidovych polymorfism( (Single-Nucleotide Polymorphism — SNP), které mirné zvysuji
riziko karcinomu prsu (Easton et al. 2007, Michailidou et al. 2013, Couch et al. 2015). Témér vSechny
tyto SNP jsou nekddujici a publikovand data ukazuji, Ze se nékteré z nich nachazeji v regulacnich
oblastech sousednich cilovych genl a zplisobuji lehké zmény v jejich expresi, jako je tomu napf. u
CCND1 (French et al. 2013). Nebo ovliviiuji posttranskripcni regulaci, jako je tfeba zména sestfihu u

transkriptu genu TERT (Bojesen et al. 2013).

PfestoZe pro vétsinu ostatnich lokusd nebyl doposud mechanizmus vlivu na riziko karcinomu prsu
objasnén, Ize se domnivat, Ze pro velkou ¢ast z nich to bude pravé modifikace exprese cilovych genl
v jejich blizkosti. Autofi prace Li a kolektivu navic chtéli prokdzat vyznamnéjsi vliv trunkacnich variant
v kédujicich oblastech gent, které obsahuji tyto nizkopenetrantni SNP, na expresi coZ se jim
nepodafilo a zd3 se tedy, Ze takovéto varianty mohou nizkou mérou pfispivat ke zvySenému riziku
karcinomu prsu, ale patrné nebudou hlavnimi faktory pro vznik dédi¢ného karcinomu prsu (Couch et

al. 2015, Li et al. 2018).

Prohloubeni znalosti o genetice karcinomu prsu a predispozici ktomuto onemocnéni mize vést
k ziskani cilenych terapii, zaloZzenych na individualnim genetickém profilu pacienta. Na ptiklad bylo
zjisténo, Ze inhibitory PARP (poly ADP-ribdza polymeraza) indukuji selektivni nddorovou cytotoxicitu
u BRCA mutovanych nador(. Toto specifické plsobeni umozZiuje pouZiti nové terapie pro nosice

BRCA mutaci (viz kapitola 1.3.2) (Farmer et al. 2005).
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3 NEXT GENERATION SEKVENOVANI

3.1 Vyvojsekvenovani DNA

Vyvoj technologie sekvenovani DNA ma bohatou historii, nicméné drtivda vétSina doposud
vyprodukovanych sekvenacnich dat byla vytvofena na nékteré z obmén biochemie Sangerovy
metody (Hutchison 2007), (Sanger 1988). Nové milénium pfineslo revolucni posun na poli DNA
sekvenacnich strategii, ktery byl umoznén nékolika zasadnimi predpoklady. Nejprve bylo dokonceno
sekvenovani lidského genomu v rdmci The Human Genome Project, které poskytlo volné dostupnou
referencni sekvenci lidského genomu a zaroven nastavilo limity v optimalizaci a redukci nakladd
klasického Sangerova sekvenovani (Venter et al. 2001). Se znalosti sekvence lidského genomu, ale i
sekvenci zakladnich modelovych organizmd bylo mozné rozvijet metody sekvenovani s kratkymi
¢tenimi, které tak mohly byt mapovany na pfislusné oblasti genomu. Doslo tak k expanzi fady
molekuldrné genetickych metod sekvenovéni, které mohou byt souhrnné nazyvany jako high-
throughput DNA sequencing (Hutchison 2007), sekvenovani nové generace (next-generation
sequencing, NGS), nebo masivni paralelni sekvenovani, které jsou v dnesni dobé hojné vyuzivany
nejen k sekvenovani genomové DNA, ale i ke studiu genové exprese. Rozvoj téchto metod byl
umoznén obecnym technologickym pokrokem v oblastech povrchové chemie, polymerazového
inzenyrstvi, mikroskopie, bioinformatiky a informatiky skladovani a manipulace s mnohem vétsimi

objemy dat, nez bylo do nedavna mozné.

3.2 Sangerovo sekvenovani

Od zacatku devadesatych let dvacatého stoleti bylo sekvenovani DNA provadéno témér vyhradné
pomoci kapilarnich poloautomatickych sekvendtor(, vyuzivajicich Sangerovo sekvenovani
(Hunkapiller et al. 1991). Sekvenovani DNA v ramci velkych sekvenacnich projektl probihalo

predevsim dvéma pfistupy:

i) pomoci tzv. shotgun de novo sekvenovani, pfi kterém je ndhodné fragmentovana DNA
klonovana do klonovacich plazmidd, které jsou nasledné pouzity pro transformaci
Escherichia coli, nebo

ii) pomoci cileného resekvenovani, pfi kterém je vyuzito PCR amplifikace s primery, které

ohranicuji cilovou oblast genomu.
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Vysledkem obou pfistupl je amplifikovany templat, at uz klonalni kopie jednoho plazmidového
inzertu v izolované bakterialni kolonii, nebo pfislusny pocet PCR amplikonl obsaZzenych v jednom

reakénim objemu.

Biochemicka ¢&ast sekvenovani probihd prostrfednictvim cyklické sekvenacni reakce, ve které
dochazi ke stfidani denaturace templatu, nasedani primeru a prodluzovani DNA produktu. Primer
je komplementarni ke zndmé sekvenci ohranicujici cilovou oblast sekvenovani. Jednotlivé cykly
prodluzovani primerd jsou ndhodné ukonceny fluorescencné znaéenymi 2’,3’-dideoxynukleotidy
(ddNTP). Ve vysledné smési produktl s oznacenymi 3‘ konci odpovida fluorescenéni znacka
prislusnému terminainimu nukleotidu. Separace produktll sekvenaéni reakce, lisicich se o jednu
bazi a zakoncenych fluorescenéné znacenym termindlnim dideoxynukleotidem probihd pomoci
vysokorozlisovaci kapilarni gelové elektroforézy. Laserovd excitace znacenych koncl
zaznamenana detektorem pak poskytuje informaci produktu s pfisluSnym termindlnim
nukleotidem pfi prichodu kapilary ¢tecim okénkem. Software nasledné derivuje intenzitu a
poradi fluorescencnich signal( do krivky elektroforeogramu a ptislusné nukleotidové sekvence a
zaroven vypocitava chybovou pravdépodobnost detekce jednotlivé baze (Ewing et al. 1998,

Ewing et al. 1998).

Automatizovand Sangerova metoda je povaZovana za technologii ,prvni generace sekvenovani“.
Soubézna elektroforeticka separace v 96, ¢i 384 kapilarach je limitnim mnoZstvim pro tuto
metodu. Po tficeti letech postupného zdokonalovani mize byt pomoci Sangerova sekvenovani
dosaZeno presnosti na jednu bazi s hodnotou 99,999% a maximalni délky pfecteného fragmentu
okolo 1000 bp. Naklady na jednu osekvenovanou kilobazi genetické informace se pohybuji okolo

S2.

3.3 Sekvenovani nové generace, , next-generation sequencing”

Metody nové generace, ,next-generation sequencing” (NGS) vyuZivaji razné strategie kombinujici

pfipravu templatu, sekvenovani, zobrazovani a naslednych mapovacich bioinformatickych metod.

Jejich spolecnym jmenovatelem je vsak predevsSim schopnost paralelniho sekvenovani tisicl az

miliond sekvenacnich templat. Hlavni vyhodou NGS metod je schopnost poskytnout enormni

mnozstvi dat za nizké finanéni naklady ve velmi rychlém case. V nékterych pfipadech objem dat

presahuje 10" jednotlivych &teni (,reads”) na jeden sekvenaéni béh.

VyuZiti metod NGS se neomezuje pouze na sekvenovani genomové DNA. Napriklad microarray studie

genovych expresi jsou dnes nahrazovany metodami NGS, které mohou identifikovat a kvantifikovat
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méné Casté transkripty bez predchozi znalosti konkrétniho genu, nebo mohou poskytnout informace
o produktech alternativniho sestfihu pre-mRNA (Wang et al. 2009, Hojny et al. 2017). MozZnost
sekvenovat celé genomy rady pfibuznych organizmd umoznila provedeni velkych komparativnich
evolu¢nich studii, jejichZ realizace byla jesté pred nékolika lety nemyslitelna. Nejrozsifenéjsi vyuZiti
NGS ovsem zUstava resekvenovani lidskych genom( pro porozuméni genetickych rozdild mezi

zdravim a nemoci.

Od doby vzniku NGS metod, se etablovalo nékolik sekvenacnich technologickych pfistupl -
platforem, pricemz nékteré z nich maji vyhody pouze pro urcité aplikace (Wold et al. 2008).

Sekvenacni technologie zahrnuji posloupnost technologickych postupl zahrnujicich:

i) ptiprava templatu / knihovny,

i) imobilizace a klonalni amplifikace templatu,

iii) sekvenovani potizovanim optickych/elektrochemickych zaznamu
iv) bioinformaticka analyza vystupnich dat a jejich interpretace

Ptiprava sekvenacni DNA knihovny zahrnuje ptidani definované sekvence, zvané adaptor, na konce
nadhodné fragmentované, ¢i pomoci primer( amplifikované DNA (Obrazek 17 v kapitole 5). Opatfeni
cilové DNA adaptorovymi sekvencemi je nezbytné pro ukotveni molekul DNA templatl pti NGS a pro
definovani pocatku sekvenacni reakce. VSechny soucasné platformy, s vyjimkou nastupujici generace
single molecule sekvenatorl diskutovanych v kapitole 4., vyZaduji mistné specifickou klonalni
amplifikaci molekul sekvenacni knihovny pro zajisténi dostatecné intenzity signdlu pro detekci
jednotlivych bazi. Amplifikace templatd probiha bud pomoci emulzni PCR, nebo pomoci bridge-PCR
za tvorby klastrG pfimo na vlastnim sekvenaénim skle. Vlastni postup sekvenovani probihd obvykle
pomoci syntézy DNA polymerazou, alternativnim pfistupem je ligace fluorescenéné znacenych

oligonukleotidl (Rodriguez-Ezpeleta 2012).

NGS metody byly komercionalizovdny fadou spolec¢nosti (Tabulka 2). Prvni komeréné dostupnou NGS
platformou byl Sekvenacni systém GS FLX (Margulies et al. 2005), ktery byl plivodné vyvinut
spole¢nosti 454 Life Sciences a pozdéji prevzat spolecnosti Roche. Dalsi technologie, produkujici
kratsi ¢teni, nezli 454, byl Genome Analyzer spolec¢nosti Solexa (Bentley 2006). lllumina se postupné
vyvinula do platformy v soudasné dobé rozsifené nejvice. Pozdé&ji vyvinutd technologie SOLID,
spoleénosti Life Technologies (plivodné Applied Biosystems), vyuZziva sadu fluorescencéné znacenych
oligonukleotidl, které jsou ligovany na zakladé komplementarity s templatem (Smith et al. 2008).
Vroce 2010 byla na trh uvedena technologie polovodi¢ového sekvenovani, spolecnosti lontorrent
Systems, kterd vyuziva detekci zmény pH pFi uvolnéni H® po navazani nukleotidu v priibéhu syntézy

DNA (Rothberg et al. 2011). Tato platforma nahradila platformu SOLID ve spolecnosti Life
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Technologies pod oznacenim lontorrent. Dalsi technologii je GCA systém spolecnosti Complete
Genomics, dnes jiz BGI Company, ktery je zaloZen na imobilizaci tzv. DNA nanoballs (klonalnich
jednomolekulovych amplifikatech) na pevném podkladu v kombinaci s liga¢nim sekvenovanim

(Drmanac et al. 2010). Tato technologie je oproti vyse zminénym rozsifena jen malo.

Tabulka 2: Prehled DNA sekvenacnich platforem nové generace

. Sek ¢éni . Sek ¢ni -
Platforma Spolecnost € Yenacnl Podklad Amplifikace elvenacnt Detekcni metoda
knihovna reakce
linedrni pikotitracni , , -~
454 Roche adaptory destitka emulzni PCR syntézou pyrosekvenovani
Genome linearni reverzné terminatorové
Illumina flow cell bridge PCR syntézou nukleotidy
analyzer adaptory " M
s fluorescenc¢ni znackou
SOLiD Life Technologies linedrni flow cell emulzni PCR ligaci ol|gonuk|eot|vd(?ve pvroby
adaptory s fluorescencni znackou
linearni I ~ ) ’ }
lon Torrent | Life Technologies inearni Po OV‘?dICOVy emulzni PCR syntézou zména pH
adaptory Cip
C let irkularni L L li kleotidové préb
CGA om.p cte cirkuiarnt DNA nanoball Roling circle ligaci oligonuiieo Iv (?ve pvro v
Genomics (BGI) adaptory s fluorescencni znackou
. Pacific vlasenkové Zero mode jedina syntézou, nukleotidy
PacBio RS L . - - N
Biosciences adaptory waveguide molekula real-time s fluorescencni znackou
lasenkové jedina syntézou, Y "
Nanopore Oxford Nanopore v v Nanopore jedi Y Z . zména napéti
adaptory molekula real-time

3.3.1 GS FLX (Roche)

Sekvenacni proces systému GS FLX/Junior (Leguen et al.), zahrnuje pfipravu knihovny s upravenymi
konci fragmentovanych DNA molekul, imobilizaci vzorku na streptavidinovych kulickdch a

pyrosekvenovani.

Prvnim krokem pfipravy knihovny je ndhodnd fragmentace DNA na 300-800 bp dlouhé fragmenty.
Nasledné je fragmentovana dvouretézcova DNA opracovana tzv. end-repair enzymy, které postupné
vytvofi tupé konce a jednonukleotidovy pfesah adeninu na 3‘ koncich molekul knihovny. Adaptorové
oligonukleotidy, oznacované jako ,,A“ a ,B“, jsou nasledné naligovany na konce fragmentované DNA.
Jednofetézcovy zlom mezi inzertem a adaptorem vznikly po ligaci je odstranén pomoci Bst DNA
polymerazy, kterd nahradi cely fetézec, ve kterém se zlom nachazi. Adaptor ,B“ nese navadzanou
molekulu biotinu, kterd umozniuje purifikaci fragment( se spravnou kombinaci adaptor(. Sekvenacni
knihovna je izolovana pomoci streptavidinovych magnetickych kulicek. Fragmenty obsahuijici
biotinem znaceny adaptor B jsou navazany na streptavidinové kulicky, zatimco homozygotni,
nebiotinylované A/A adaptory jsou odmyty. Imobilizované fragmenty jsou denaturovany, pricemz
oba fetézce B/B adaptorovych fragmentd zlstanou imobilizovany prostfednictvim vazby biotin-

streptavidin a jednoretézcové templaty A/B fragment( jsou uvolnény a pouzity k sekvenovani.
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Knihovna vazana na kuli¢ky je v systému GS FLX amplifikovana pomoci emulzni PCR, pfi které dochazi
k paralelni amplifikaci fragment( v prostiedi smési olejové a vodni faze. Kapénky vody v olejové
emulzi vytvari mikroskopické reaktory, ve kterych se idealné nachdzi pouze pravé jedna kulicka
s jedinym DNA templatem. Na kazdé z kulicek mohou byt po probéhnuti amplifikace imobilizovany
stovky tisic kopii jediného templatu. Takto vzniklé kulicky s navdzanymi DNA molekulami knihovny
jsou poté deponovdany do jamek pikotitracni desticky, ktera obsahuje vice nez jeden milion jamek o
pikolitrovém objemu (Margulies et al. 2005). Rozméry téchto jamek jsou tak malé, Ze pouze jedina
kulicka mGze obsadit jednu jamku. Sekvenacni chemie je rozlévdna po celé plose desticky a k
jednotlivym sekvenaénim reakcim dochazi uvnitf jamek. Vlastni proces detekce inkorporované baze
v systému GS FLX je zaloZen na pyrosekvenacni reakci (Margulies et al. 2005). V prlibéhu syntézy DNA
je vyuzivana detekce uvolfiovaného pyrofosfau pfi kazdé inkorporaci baze DNA polymerazou. Enzymy
ATP-sulfurylaza a luciferdza konvertuji pyrofosfat na zablesk viditelného svétla, ktery je detekovan
pomoci CCD kamery. Kazdy ze ¢tyr nukleotidtrifosfatl je aplikovan na pikolitrovou desticku jednotlivé
pro kazdy sekvenacni cyklus. Tato technologie nepouzivd Zadné terminatory polymerace, které by
zabranily pfidani vétsiho poctu stejného typu baze v ramci jednoho cyklu. Tato vlastnost je pro GS
FLX systém limitujici pro presné sekvenovani v homopolymernich oblastech, protoZze pfidani vétsiho
poctu stejnych nukleotid( je detekovanou pouze na zakladé intenzity pyrofosfatazové reakce, ktera

nema zcela linedrni prabéh.

3.3.2 Genome Analyzer (lllumina)

Tento systém je zaloZen na imobilizaci linedrnich molekul DNA knihovny na pevné podloZce, na které
zaroven probiha amplifikace. Kvlastnimu sekvenovani vyuziva fluorescencné znacené reverzné

terminatorové nukleotidy.

Ptiprava vzorku pro systém Genome analyzer analyzer (nyni v podobé platforem iSeq, MiniSeq,
Miseq, NextSeq a HiSeq/NovaSeq) spole¢nosti lllumina zahrnuje, podobné jako u platformy GS FLX ,
pridani specifickych adaptorovych sekvenci na konce fragmentovanych DNA molekul (Bentley 2006).
Fragmentace definuje pocatecni pozice sekvenacniho ¢teni v rdmci DNA molekuly. V nasledujicim
kroku jsou pomoci enzymatické smési zarovnany konce DNA fragmentl a ddle jsou pfidany
jednonukleotidové presahy adeninu na 3 konce. Na takto upravené molekuly jsou naligovany
dvouretézcové adaptorové molekuly, které jsou jen ¢astecné komplementdrni. Adaptory opatrend
DNA je amplifikovana pomoci PCR s primery, které do molekuly inkorporuji sekvenci specifickou pro
pfislusny vzorek (tzv. index) a zaroven sekvenci nezbytnou pro imobilizaci molekuly v pribéhu

vlastniho sekvenovani.
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Tato platforma vyuZivd sklenénou planarni komdarku (tzv. flow cell), na jejimZz povrchu jsou
imobilizovany molekuly DNA knihovny a proudi ji sekvenacni reagencie. Vnitfni povrch komurky je
opatfen oligonukleotidy, které jsou na sklo navdzany ve vysoké hustoté. Sekvence téchto
oligonukleotidii je komplementdrni k sekvenci adaptorové ¢asti molekuly DNA knihovny. Po
hybridizaci molekul knihovny k imobilizovanym oligonukleotid(im, slouzicim jako primery, dochazi
pomoci DNA polymerazy k prodluzovdani dle templatové molekuly DNA knihovny, pficemz vznika
imobilizovana kopie plvodni molekuly knihovny. Nasledné musi dojit ke klonalni amplifikaci
jednotlivych molekul sekvenaéni knihovny a tvorbé imobilizovanych, koncentrovanych a
mikroskopicky detekovatelnych shlukl (klastrd) identickych DNA molekul. Povrch komurky opatreny
primery slouZi jako platforma pro amplifikaci imobilizované sekvenacni knihovny v procesu zvaném
bridge-PCR. Oproti klasické PCR reakci, kterd probihd vroztoku za cyklického stfidani krokd
denaturace, anelace a extenze, bridge-PCR technika probihd na pevném podkladu sekvenacni
komdurky, ktery je omyvan jednotlivymi reagenciemi. V prlibéhu reakce dochazi, stejné jako u klasické
PCR, ke stfidani zminénych tfi teplot. Bridge-PCR je iniciovdna hybridizaci imobilizované molekuly
DNA knihovny (jak bylo popsano vyse) a amplifikaénim primerem za tvorby struktury molekularniho
mostu, ve které jsou oba konce molekuly pfipojeny k povrchu komurky. Takto imobilizovand DNA
molekula je templatem pro elongaéni reakci zprostfedkovanou DNA polymerazou. Vyslednd
dvouretézcovda DNA molekula je na jednom konci uvolnéna denaturacnim cinidlem. Cyklické zmény
teplot a omyvani amplifikacnimi reagenciemi generuje ve vysledku shluky Citajici priblizné tisic kopii
pfislusné molekuly DNA knihovny. Nakonec jsou odstranény komplementarni vldkna a na povrchu
sekvenacéni komUrky zUstdvaji ukotveny jednoretézcové molekuly, na jejichz 3‘ konec je umistén

terminator polymerizace a nasledné je k nim hybridizovan sekvenacni primer (Kircher et al. 2009).

Pripravena sekvenacni komlrka je napojena na vysoce vykonny zobrazovaci systém, ktery se sklada
z mikroskopické CCD kamery, excitacnich laserq, ¢i LED zdroju svétla a fluorescencnich filtrl. Tato
metoda vyuziva Ctyfi rdzné fluorofory a reverzibilné terminovanelné nukleotidy. Sekvenaéni reakce
zapocina prodluzovanim hybridizovaného primeru terminacnimi nukleotidy prostfednictvim DNA
polymerazy. Pfidana baze nese specificky fluorofor a terminacni skupinu, ktera zabranuje inkorporaci
dalSich nukleotidl. Po inkorporaci jedné baze je pofizen snimek imobilizovanych cluster(i. Pozice
zaznamenaného nukleotidu definuje prvni bazi sekvenacéniho cteni. Pfed dalsim cyklem jsou vratny
terminator polymerace a fluorofor chemicky odstranény, tak, aby bylo umoZnéno pfidani dalSiho
nukleotidu. Synchronni extenze sekvenovaného retézce DNA vidy pouze o jeden nukleotid za jeden
cyklus umoZniuje presné Ccteni i v pfipadé homopolymernich sekvenci. Nicméné s jistou
pravdépodobnosti dochazi k selhdni inkorporace baze v prlibéhu jednoho cyklu, coZz ma za nasledek o

jednu bazi posunuté cteni, neboli tzv. off-phasing effect. V prlbéhu narlstani poctu cykll se takto
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vznikajici chyby stavaji ¢etnéjsi a presnost sekvenovani klesa se stoupajici délkou fragment(. Z tohoto
dlvodu je lllumina technologie limitovana na kratsi sekvenadni ¢teni (do 300bp, nejc¢astéji vsak 75-

150bp) (Kircher et al. 2009).

3.3.3 SOLID (Life Technologies)

Sekvenacni platforma SOLID spolecnosti Applied Biosystems (Valouev et al. 2008, Smith et al. 2010)
je zalozena na technologii Polonator (Shendure et al. 2005), ktera vyuziva amplifikaci pomoci emulzni

PCR, naslednou imobilizaci DNA knihovny na pevny nosic¢ a cyklické liga¢ni sekvenovani.

Pfiprava sekvenacni knihovny na systému SOLID zahrnuje fragmentaci DNA na Useky o délce cca 100-
200 bp, upravu koncu a ligaci tzv. ,,P1“ a ,P2“ adaptorovych DNA molekul (Valouev et al. 2008).
Emulzni PCR je zde vyuZita ke klondIni amplifikaci a imobilizaci jednotlivych molekul DNA knihovny na
paramagnetické kulicky obalené P1 adaptorovymi oligonukleotidy. Pole imobilizovanych P1 kuli¢ek o
vysoké hustoté obsahujici sekvenaénimi templaty je vytvoreno diky modifikaci 3‘ konci DNA molekul

knihovny, jejichZ prostfednictvim jsou jednotlivé kulicky pfichyceny na sekvenacni sklo.

Sekvenacni chemie systému SOLID je zaloZzena na ligaci. Nejprve dochazi k hybridizaci sekvenacniho
primeru na P1 adaptor imobilizované kulicky. Ndsledné je pfidana smés fluorescencné znacenych
oligonukleotidl viech mozZnych variant v poradi bazi komplementarnich k sekvenovanému templatu.
Tyto osminukleotidové oligonukleotidy jsou hybridizovany k templatu a pouze presné nasedajici
molekuly jsou ligovany k primeru. Kazdy z oligonukleotidd obsahuje specifickou dinukleotidovou
sekvenci, které odpovida konkrétni fluorescenéni znacka. Po pofizeni obrazku CCD kamerou jsou
odstranény fluorfory. Dalsi cyklus zaind o 5 bazi ddl od mista pocatku ¢teni. Po deseti sekvenacnich
cyklech je odstranén primer a na pozici n-1 od plvodniho startu ¢teni je hybridizovan druhy primer.
Dohromady je vyuzito vSech sekvenacnich primerld (n, nl, n-2, n-3 a n-4). Ve vysledku je
padesatinukleotidovy fragment c¢ten dvakrat pro zvySeni presnosti. Jelikoz sekvenovani platformy
SOLID vyuzivd znacené oligonukleotidy s kombinaci rGznych dinukleotid(i, vyZaduje interpretace

hrubych dat pomérné slozity algoritmus (Valouev et al. 2008).

3.3.4 CGA platforma (BGl)

CGA technologie je zaloZena na pftipravé cirkularnich DNA knihoven a ndsledné tzv. ,roling circle”
amplifikaci (RCA) pro tvorbu nanokulicek (tzv. nanoballs), které se ukotvuji na pevny nosi¢ (Drmanac

et al. 2010).
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Pti ptipravé knihovny je DNA fragmentovana na 400-500 bp dlouhé fragmenty, jejichz konce jsou
enzymaticky zatupeny a defosforylovany. Univerzalni adaptorové molekuly jsou naligovdny na konce
fragmentl pomoci nick translace. Pouze molekuly opatfené adaptory jsou v nasledujicim kroku
amplifikovany a to pomoci PCR vyuzivajici primery, které obsahuji uracil. Uracily jsou z vyslednych
amplikonl odstranény za vzniku jednoretézcovych presah(. Molekuly knihovny jsou nasledné
Stépeny pomoci restrikéniho enzymu Acul a cirkularizovany za pouZiti T4 DNA ligdzy za pfitomnosti
spojovaciho oligonukleotidu. Cirkularizované produkty jsou purifikovany pomoci exonukledzy, ktera
degraduje pouze linedrni DNA molekuly. Linearizace, ligace adapteru, PCR amplifikace, restrikce a
cirkularizace jsou opakovany, dokud nejsou do cirkuldarnich molekul knihovny inkorporovany Ctyfi
rizné unikatni adaptorové sekvence. Pred findlnim cirkularizacnim krokem je purifikovan
jednoretézcovy templat pomoci separace na paramagnetickych kulickach a oSetfeni exonukleazou.
Vysledny produkt obsahuje dva tfinactibdzové inzerty genomové DNA a dva dvacetiSestibazové
inzerty genomové DNA prilehlé k adaptorovym sekvencim. K amplifikaci sekvenacni knihovny na
platformé CGA dochdazi prostfednictvim RCA procesu s vysoce procesivni polymerazou Phi29, ktera
nahrazuje ¢ast sekvence templdtu. RCA vytvofi dlouhé fetézce DNA z cirkularni knihovny, které
obsahuji kratké palindromické sekvence, které uvnitf dlouhého linedrniho DNA produktu zapficini
intramolekularni vytvoreni Sroubovicové struktury a tvorbu tzv. DNA nanoballs (DNBS), neboli DNA
nanokulicek. DNA nanokulicka je dlouhy retézec repetitivnich fragmentl amplifikované DNA, ktera
vytvari detekovatelné, trojrozmérné, kondenzované, kulovité objekty, které jsou wvyuZivany pfi

vlastnim sekvenovani.

Sekvenacni povrch GCA Cipu je pokryt hexamethyldisalazanem (HMDS), ktery inhibuje vazbu DNA. Na
povrchu Cipu jsou body aminosoli o priméru 300nm, vytvofené pomoci fotolitografie. Tyto body
pokryvaji 95% povrchu sekvenaéni platformy. Na rozdil od HMDS, vazi pozitivné nabité aminosoli
negativné nabité struktury DNA nanokulicek. Vznika tak sekvenacni plocha s pfiblizné 350 miliony
imobilizovanych DNA nanokuli¢ek, které jsou od sebe navzajem vzdaleny 1,29 um. CGA vyuZiva
strategii nazvanou , Combinatorial probe anchor ligation“ (cPAL), neboli kombinatorni ligovani
kotevni sekvence. Cely proces zacind hybridizaci kotevniho oligonukleotidu k jednomu z unikatnich
adaptori na molekule DNA nanokuli¢ky. Cty¥i degenerované nonamerni oligonukleotidy znacené
fluorescenénimi znackami odpovidaji jednotlivym nukleotidim (A, T, C, nebo G) na prvni pozici
oligonukleotidové proby. Urceni sekvence nukleotidd probihda reakci, pfi niz spravné parujici
hybridizacni préba nasedd na templat a je ligovdna pomoci T4 DNA ligdzy. Po vytvoreni snimku
ligovanych produktli CCD kamerou, jsou molekuly préb odmyty. Proces hybridizace, ligace, foceni a
denaturace je opakovan pétkrat, vidy s pouZitim nového setu fluorescenéné znacenych

oligonukleotidovych préb, které obsahuji znamé baze na pozicich n+1, n+2, n+3 a n+4. Po péti cyklech
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presnost ligacni reakce poklesa a sekvenovdani pokracuje znovunastavenim reakce s pouzitim kotevni
sekvence s degenerovanou oblasti péti bazi. Nasledné dochazi k dalsim péti cykldm sekvenovani ligaci
s vyuZitim nonamernich, fluorescenéné znacenych préb. Cyklické sekvenovani deseti bazi mize byt
opakovano az osmkrat, vzdy zacinajice na pozici kazdé unikatni kotevni sekvence. Vysledkem je 62-70
bazi dlouhé ¢teni z kaidé DNA nanokulicky. Pravé kratka délka jednotlivych cteni je hlavnim
omezenim této metody. V roce 2013 byla spolec¢nost Complete genomics spolu se vSsemi patenty pro
technologii GCA koupena spole¢nosti BGI-Shenzen, ktera v roce 2016 spustila produkci systému BGI

seq-1000, ktery je na této technologii zaloZen a slibuje délku ¢teni az 2 x 100bp.

3.3.5 lon Torrent (Life Technologies)

lon Torrent technologie, neboli metoda polovodi¢ového sekvenovani, je zaloZzena na detekci protond,
které jsou uvoliovdny béhem polymerace DNA. Tato platforma je jednou z metod NGS, které
vyuzivaji sekvenovani syntézou, pri které je nové syntetizovany komplementarni retézec syntetizovan

podle sekvence templatové molekuly DNA (Rothberg et al. 2011).

Ptiprava sekvenacni knihovny z genomové DNA fragmentované na 300-400 bp dlouhé Useky zahrnuje
opravu 3‘ a 5‘ koncu a ligaci adaptorovych DNA molekul, obdobné, jako u vyse popsanych platforem
SOLID, ¢i lllumina. Po ligaci adaptorl jsou produkty sekvenacni knihovny purifikovany a zaroven jsou
izolovany pouze fragmenty o pozadované délce pomoci paramagnetickych, DNA vazajicich kulicek.
K nasledné amplifikaci je vyuzita emulzni PCR, podobné, jako u systému SOLID. Amplifikace probiha
na kulickach opatfenych oligonukleotidy, které jsou komplementarni k sekvenci adaptoru. V rdmci

jednotlivych kapének pak dochazi ke klonalni amplifikaci unikatnich molekul DNA knihovny.

Vytvorené kulicky s navazanymi DNA molekulami jsou nasledné umistény po jedné do jamek na
sekvenacnim Cipu. Jeden Cip pojme pfiblizné pul miliardy sekvenacnich kulicek. Sekvenacni chemii je
v pribéhu sekvenovani cip omyvan. Vlastni sekvenovani vychdazi zprincipu inkorporace
deoxyribonukleotid trifosfatu (dNTP) do molekuly syntetizované DNA. Pfi ném dochazi ke tvorbé
kovalentni vazby, uvolnéni pyrofosfitu a H*. Detekce zmény konduktance H' na polovodi¢ovém

rozhrani je ukazatelem inkorporace pfislusSného dNTP.

Jamky Cipu, které obsahuji kulicku s amplifikovanym templatem a DNA polymerazu jsou v pribéhu
sekvenovani postupné zaplavovany roztoky jednotlivych nukleotidl (A, C, T, nebo G dNTP). Pokud se
do jamky dostane dNTP, ktery je komplementarni k sekvenovanému templatu, je zainkorporovan do
syntetizovaného fetézce pomoci DNA polymerazy a je uvolnén proton. Uvolnéni protonu je

sledovano jako zména pH, které je detekovano pro kazdou jamku zvlast. Nepfipojené nukleotidy jsou
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odmyty z Cipu a v dalsim cyklu je jamka zaplavena dalsim druhem dNTP. Série elektrickych pulzl
generovana pH senzitivni vrstvou umisténou pod Cipem, je nasledné preloZzena do sekvence DNA.
Zarazeni jednotlivych nukleotidli je méfeno na zékladé zmény elektrického potencidlu a neni tedy
potfeba fluorescencénich znacek a prevodu zoptického signdlu. Slabinou této metody jsou
homopolymerni oblasti v sekvenovani DNA, nebot v takovém pfipadé je inkorporovano vice dNTP
molekul v jednom cyklu a odecteni snizeni pH neni tak presné, aby rozliSilo rozdil mezi napf. Sesti a
sedmi A v homopolymerni sekvenci za sebou. Limit spolehlivosti u takovych Usekl se pohybuje kolem

4-5 za sebou nasledujicich stejnych bazi.

3.4 Metody single molecule sekvenovani

Pfesto, Ze NGS pfineslo revoluéni zmény v moznostech komplexniho pohledu na genomy organizmd,
jednd se stdle o pomérné nakladnou a narocnou technologii. Zakladnim technologickym limitem
dnesnich pfistupl NGS je neschopnost sekvenovani dlouhych (>1000 b) Usekd DNA. Toto omezeni
pirekonava ndsledna generace technologii sekvenujicich jednotlivé molekuly DNA, kterd generuje

¢teni o délce presahujici 1 Mb genetické informace.

3.4.1 PacBio

Sekvenaéni technologie PacBio RS vyuzivd DNA polymerdzu, fluorescencné znacené nukleotidy a
vysokorozliSovaci zobrazovaci zafizeni pro detekci procesu DNA syntézy jediné molekuly v redlném

Case (Eid et al. 2009).

SMRTbell je zdkladni metodou pro pfipravu sekvenacnich knihoven pro systém PacBio RS, diky které
dosahuje tato platforma vysoké presnosti detekce variant (Flusberg et al. 2010). Pro sekvenovani
genomu je DNA ndhodné fragmentovana a jeji konce jsou opraveny, podobné, jako u vyse popsanych
NGS metod. Dale jsou pfidany na 3‘ konce fragmentované DNA jednonukleotidovy presahy adeninu
pro usnadnéni ligace adaptoru s jednonukleotidovym presahem thyminu. Jako adapteru se zde
vyuzivd jediného DNA oligonukleotidu, ktery wvytvafi intramolekularni vlasenkovou strukturu.
SMRTbell templdtova DNA je strukturné linearni molekula, ale vlasenkové adaptory zni Cini
topologicky cirkularni molekulu. Sekvenacni komdrka SMRT technologie obsahuje desetitisice tzv.
zero-mode waveguides (ZMW), (Levene et al. 2003)). ZMW jsou nanotechnologicky vytvorené jamky
ve sklenéném povrchu, potazené vrstvou hliniku. Objem téchto jamek se pohybuje v zeptolitrovych
jednotkach. SMRT komdrka je pfipravena pro imobilizaci DNA polymerazy potazenim povrchu

streptavidinem. Priprava sekvenacni reakce vyZaduje inkubaci biotinylované Phi29 DNA polymerazy
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s vytvofenymi SMRTbell DNA templdty. Po zapoceti polymerdzové reakce inkorporuje DNA
polymeraza navléknutd na vldkno templatu jednotlivé fluorescenéné znacené nukleotidy. Kazda
fluorescencni barva odpovida jednomu ze ¢tyf moznych nukleotidd A,T,C, nebo G (Korlach et al.
2008). V prubéhu iniciace inkorporace nové bdze se dostava fluorescencné znaceny nukleotid do
aktivniho mista enzymu a do tésné blizkosti sklenéného dna ZMW. Na dné kazdé ZMW jamky je
vysokorozliSovaci kamera, kterd zaznamenava fluorescenci pravé inkorporovaného nukleotidu.
Béhem inkorporaéni reakce je z nukleotidu uvolnén fluorescenéné znaceny fosfat, ¢imz fluorescencéni
signal opét vymizi. Spolu s tim, jak polymeraza syntetizuje kopii templatové molekuly, jsou udalosti
inkorporace Uspésnych nukleotidi zaznamendavany ve formatu podobnému videu. PouZiti SMRTbell
knihoven s kratkymi inzerty umoZniuje sekvenovat vreZimu nazyvaném ,circular consensus
sequencing”, pfi kterém je stejny templat ¢ten na sense i antisense vlakné nékolikrat. MnozZstvi ¢teni
je odvislé od délky insertu. Tento vysoce redundantni pristup sekvenovani zvysuje presnost urcovani
poradi bazi a prekondva tak vysoké frekvence chyb, které jsou obecné spojeny s real-time

’

sekvenovanim, ¢imZ umoZzniuje presnéjsi detekci variant.

3.4.2 Nanopore

Nanopore sekvenovani je zaloZzeno na zaznamenavani zmén elektrického proudéni pfi prlchodu

syntetizované molekuly DNA pérem umisténym v nepropustné membrané.

Ptiprava sekvenacni knihovny pro Nanopore technologii zahrnuje fragmentaci DNA na velmi dlouhé
useky (aZ desitky kb), opravu koncl a ligace adaptorovych molekul na konce DNA fragment(. Jeden
ztéchto dvou adaptorovych oligonukleotidd wvytvari vlasenkovou strukturu, kterd umozni
sekvenovani templatu i z druhého fetézce za ucelem zvySeni pfesnosti sekvenovani, podobné, jako
metoda circular consensus sequencing u PacBio platformy. Pfi vlastnim sekvenovani prochazi nové
syntetizovany Fetézec 1 nanometr Sirokym transmembranovym pdrem v syntetické membrané
uloZené v sekvenacni komUrce. Nanopor je ponofen ve vodivém roztoku, ¢imz je vytvoren potencial
napric membranou. Pérem tak prochazi slaby elektricky proud, ktery je kvantifikovan. Velikost
proudu prochazejiciho nanopérem se snizuje pti prlichodu molekul. SniZzeni prochazejiciho proudu je
velmi senzitivni na velikost a tvar molekuly pérem prochazejici. Pti prlichodu retézce DNA jsou tak
rozeznavany rlGzné vychylky v méreném napéti, odpovidajici jednotlivym bdazim v poradi sekvence
¢tené DNA molekuly. Vyhodou této technologie je mozZnost primého real-time sekvenovani bez

potfeby PCR amplifikace, nebo chemického znaceni nukleotidi s naslednou nezbytnou optickou

instrumentaci.
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4 PRACOVNI HYPOTEZA A CiLE STUDIE

eV neddvné dobé byla charakterizovana fada dalsich predispozi¢nich a kandidatnich gend, ale
vyskyt jejich patogennich alteraci se v jednotlivych geograficky odliSnych populacich c¢asto lisi.
Vyznamna c¢éast vysoce rizikovych pacientl z rodin s dédicnym karcinomem prsu muze
reprezentovat nosice populacné specifickych nebo i privatnich mutaci. Vétsina doposud
identifikovanych predispozi¢nich gen(, jejichz mutace predisponuji ke vzniku karcinomu prsu
u vysoce rizikovych osob, kéduje proteiny ovliviiujici DNA reparacni pochody, predevsim pak
reparaci dvouretézcovych zlomG DNA. Avsak mutacni analyza byla provedena jen ve velmi
malé casti vSech DNA reparacnich genu. Lze predpokladat, Zze v doposud neanalyzovanych
genech koédujicich DNA reparacni proteiny muiZeme identifikovat raritni, ale klinicky
vyznamné genetické alterace zpUsobujici nadorovou predispozici v postiZzenych rodinach.

e Cilem dizertaéni prace byla identifikace populacné specifickych alteraci genll predisponujicich
ke vzniku dédi¢né formy karcinomu prsu v populaci pacientek s mnohocetnym vyskytem
tohoto onemocnéni v rodiné. Analyza byla zaméfrena také na otazku vyznamu alteraci v
genech kodujicich proteiny podilejicich se na opravach genomové DNA.

e Soucasné bylo cilem ovérit vhodnost zvolené metodiky sekvenovani nové generace (NGS) pro
identifikaci obecnych i populaéné specifickych variant genl predisponujicich k nddorovému
onemocnéni, v tomto pripadé hereditdrnimu karcinomu prsu. Navrzen byl postup vlastniho
navrhu NGS panelu, ktery obsahuje jak zndmé predispozi¢ni geny pro identifikaci novych, Ci
populaéné specifickych variant, tak i geny kandidatni zvolené na zakladé jejich mozné funkéni
spojitosti s tumorogenezi karcinomu prsu. Pfedevsim byl kladen dliraz na geny ucastnici se
reparace genomové DNA.

e Vybrané nové identifikované kandidatni varianty s moznym vyznamem pro predispozici ke
karcinomu prsu nebo dalSim nadorovym onemocnénim byly analyzovany v populacich

sporadickych nebo vysoce rizikovych osob.
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5 METODY

5.1 Soubor testovanych osob

Analyzované vzorky byly vybrany z kolekce vysoce rizikovych pacientll s karcinomem prsu z Prahy a
okoli, ktefi byli mezi listopadem 2001 a kvétnem 2012 v nasi laboratofi negativné testovani na
pfitomnost patogennich mutaci v genech BRCA1 a BRCA2, nebo PALB2. Pacienti spliovali kritéria pro
genetické testovani (Bartorikova et al. 2003). Celkem bylo do studie zahrnuto 325 pacientl, ktefi
poskytli informovany souhlas s analyzou. Charakteristiky pacient, véetné nadorovych subtypu
zohlednujicich expresi estrogenniho receptoru (ER), progesteronového receptoru (PR), Her2
receptoru a Ki-67, jak je popsano v (Goldhirsch et al. 2011), jsou uvedeny v Tabulce 3. Pro identifikaci
populacné specifickych variant s ohledem na moiné sekvencni varianty specifické pro dédicné
onemocnéni karcinom prsu jsme analyzovali 105 kontrolnich vzork(, které pochazely od ¢eskych Zzen
bez nddorového onemocnéni, které byly vybrany na zakladé véku (median véku 71 let; 95% Cl 34 — 95

let), pochazejici ze stejné geografické oblasti (Kleibl et al. 2008).

Tabulka 3: Klinické a histopatologické charakteristiky 325 vysetrenych vysoce rizikovych pacienti s

karcinomem prsu negativné testovanych na pritomnost mutaci v genech BRCA1 , BRCA2 a PALB2.

N procento Vék v dobé diagn(')zy1
median (rozpéti)

Vsichni pacienti s karcinomem prsu 325 100.0 43.1 (24.4-81.7)
Zeny 314 96.6 42.8 (24.4-78.0)
Menoaktivita v dobé diagndzy BC (N = 314; ~100%)
- Premenopauzalni 235 74.8 36.9 (24.4-56.5)
- Postmenopauzalni 69 22.0 60.0 (48.0-78.0)
- Nezndmy status menoaktivity 10 3.2 51.7 (47.2-58.5)
Lokalizace primdrniho(-ch) nddoru(-u) (N = 314; ~100%)
- Unilateralni BC 281 89.5 41.3 (24.4-78.0)
- - a dalsi primarni nador 22 - 48.6 (27.4-70.4)
- Bilateralni BC 25 8.0 46.0 (33.9-76.1)
- - a dalsi primarni nador 1 - 52.2 -
- BC a karcinom ovaria 8 2.5 49.9 (21.5-60.9)
- - a dalsi primarni nador 2 - 443 (30.0; 58.5)
Muti (vSichni unilateralni BC) 11 3.4 69.6 (54.7-81.7)
- - a dalsi primarni nador 2 - 64.1 (55.4;72.8)
Histologie karcinomu prsu (N = 325; ~100%)
- duktalni 264 81.2 41.4 (24.4-81.7)
- lobularni 25 7.7 48.0 (31.2-69.9)
- medularni 13 4.0 50.5 (28.0-77.0)
- ostatni 7 2.2 47.0 (27.5-54.5)
- neznama 16 49 45.0 (34.9-69.3)
Subtypy karcinomu prsu (N = 325; ~100%)
- luminal A 90 27.7 48.8 (27.9-76.1)
- luminal B 117 36.0 37.8 (25.6-81.7)
- basal like 51 15.7 37.5 (26.5-77.0)
- HER-2 15 4.6 34.6 (24.4-69.5)
- neznamy 52 16.0 41.3 (25.5-78.8)

46



Pozndmka: Charakteristiky karcinomu prsu odrdZeji pozitivitu ER, PR, Her2 receptorii a Ki-67
ndsledovné: Luminal A — pozitivni na ER a PR, negativni na HER-2 a Ki-67 <14%; Luminal B — pozitivni
na ER a PR, pozitivni na HER-2 nebo/a Ki-67 >14%,; Basal like — negativni na ER a PR, negativni na
HER-2; HER-2 — negativni na estrogenni a progesteronovy receptor, pozitivni na HER-2.

Pro vsechna data byl brén v potaz vék v dobé diagndzy prvniho karcinomu prsu.

5.1.1 Rozsifeny soubor pro analyzu variant genu FANCL

V rdmci analyz jsme nalezli rekurentni varianta genu FANCL, zplsobujici posun ¢teciho ramce. Jeji
dalsi analyzu jsme provedli v rozSifeném souboru dalSich 502 vysoce rizikovych pacientd
s karcinomem prsu, 693 pacientll se sporadickym karcinomem prsu a 664 nenadorovych kontrol,

které byly jiz dfive popsané (Mateju et al. 2010, Janatova et al. 2015).

5.1.2 Soubor pro analyzu varianty c.657del5 genu NBN

Delece c.657_661delACAAA v genu NBN (viz Kap. 2.2) byla identifikovana u pacientky s karcinomem
pankreatu, kterd byla chybné zarazena do NGS studie (viz kapitola 6.5). K ovéfeni doposud nejasné
asociace mezi nosic¢stvim této varianty a vznikem karcinomu pankreatu byl vySetfen soubor pacient(
s karcinomem pankreatu a kontrolnich osob bez nadorového onemocnéni. Analyza byla provedena u
241 neselektovanych, histopatologicky verifikovanych pacientl s duktalnim adenokarcinomem
pankreatu. Vzorky byly ziskany ve spolupraci se Statnim zdravotnim Ustavem (152 vzork( — 59 Zen a
93 muzl; median véku pfi diagndze: 63 let; rozmezi 40-80 let) a s Onkologickou klinikou VSeobecné
fakultni nemocnice v Praze (89 vzorkd — 49 Zen a 40 muz(; median véku pfi diagndze: 64 let; rozmezi
38-84 let). Pokud byly k dispozici, byly shromazdény informace o rodinné anamnéze u nosict hledané
varianty. Rozsifeny soubor zahrnoval i 915 osob kontrolni populace bez zaznami o nadorovém

onemocnéni. Vsichni pacienti i kontroly byly ¢eského plivodu.

5.2 lzolace genetického materialu

Pro izolaci DNA a RNA bylo od kazdého jedince odebrano 10 ml periferni krve do zkumavek s EDTA.

5.2.1 Izolace DNA z leukocytii periferni krve

Genomova DNA byla izolovdana pomoci izola¢niho kitu Wizard Genomic DNA Purification System

(Promega) podle ndvodu vyrobce.
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5.2.2 Izolace celkové RNA z periferni krve

Cerstva nesrazliva krev (3-5 ml) byla navrstvena na Histopaque 1070 (Sigma), pomoci centrifugace
byly separovany leukocyty a ndsledné byly promyty v chlazeném roztoku PBS. Celkova bunécna RNA
byla izolovdana pomoci fenol-chloroformové extrakce v pfitomnosti guanidiniumizothiokyanatu
(Chomczynski et al. 1987). Pokud nebylo mozné provést izolaci RNA ihned po odbéru krve, byl pouzit
systém PAX gene (Qiagen) pro odbér a uchovani stabilizované RNA. Do pfislusného roztoku kitu byly

odebrany 2 ml krve. Izolace RNA byla dale provedena izola¢nim kitem podle instrukci vyrobce.

5.2.3 Kontrola koncentrace a kvality izolovaného genetického materidlu

Koncentrace a Cistota izolovaného genetického materidlu (DNA, RNA) byla stanovena na zakladé
méreni absorbance pfti vinovych délkach 260 a 280 nm na spektrofotometru NanoDrop 1000 (Thermo
Fisher scientific). Integrita izolované DNA i RNA byla ovéfena elektroforeticky (SubCell; BioRad) na 1%
agardzovém gelu (UltraPure Agarose, Gibco) barveném pomoci GelRed (Biotium) ve standardnim TBE
pufru po dobu 50 min pfi 80 V. Pred elektroforetickou separaci RNA byla provedena jeji denaturace
pri 65°C. DNA byla ndsledné uchovavana v 1,5ml zkumavkach pti 4°C a skladovana pfi —20°C, RNA

byla skladovana pfi teploté —80°C.

5.3 Priprava sekvenacniho panelu

Vybrané geny pro sekvenovani se sestavaly ze dvou prekryvajicich se skupin. Prvni byla zastoupena
141 geny kédujicimi proteiny, které se Ucastni reparace DNA a bunééné odpovédi na poskozeni DNA.
Vybér téchto genl byl proveden na zakladé studia primarnich literdrnich pramenl z databaze
PubMed svyuzitim klicovych vyrazG: DNA repair; (,DNA repair“ AND ,cancer”); ,homologous
recombination” AND ,DNA“ AND ,repair“. Druhd skupina cCitala 448 gen(, které byly ziskany
z databdaze Phenopedia na webu HuGE Navigator za pouZiti terminu , breast neoplasm”. Do vybéru
byly zafazeny geny s minimalné dvéma zaznamy ((Yu et al. 2010); verze z Unora 2012)). Prlnikem
obou skupin vznikl konec¢ny seznam 590 gen(. PouZitd SeqCap EZ Choice hybridiza¢ni knihovna
(Leguen et al.) pro vychytani exonl a exon-intronovych hranic cilovych gend, pokryvala 96,8 %
cilovych bazi. T¥i geny nebyly pokryty prébami. Sest gen(l s nizkym sekvenaénim pokrytim bylo
vylouceno z analyz. Sekvenovani bylo tedy Uspésné provedeno na 581 genech (Pfiloha | — Seznam

cilovych gent).
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5.4 Priprava NGS knihovny

Sekvenovani probihalo na platformé SOLID (Kap. 3.3.3). Pro pfipravu sekvenacni knihovny byl pouzit
1 pg genomové DNA. Fragmentace DNA byla provedena ultrazvukem (Covaris S2, Covaris)
s nastavenim pfistroje optimalnim pro ziskani fragmentli genomové DNA o délkach v rozmezi 100-
200bp (Tabulka 4, Obrazek 11). Byla provedena optimalizace parametr( Intenzita, Duty cycle a ¢as

sonikace.

Tabulka 4. Nastaveni parametri sonikdtoru Covaris S2 pro fragmentaci gDNA

Parametr hodnota | jednotky
Pocet cykld 6
Teplota lazné 5 °C
Limit teploty vodni [azné 8 °C
ReZim Frequency sweeping
Funkce Water Quality Testing | off
Duty Cycle 10 %
Intenzita 5
Cycles per Burst 200
Cas 60 s
Objem vzorku 50 pl
[FU] B491_po shear
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Obrazek 11: Elektroforeogram kapildrni elektroforézy systému Bioanalyzer. Vystup popisuje délkovou distribuci
fragmenti genomové DNA po ultrazvukové fragmentaci sonikdatorem Covaris S2.
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Fragmentovana DNA byla nasledné podrobena tfem editacnim krokim:

(i) Nejprve byly vytvoreny tupé konce dvouretézcovych DNA fragmentl. Takto upravena
DNA byla fosforylovdna na 5‘ koncich s vyuzitim Fast End Repair Enzyme mix kitu
(Thermo Fisher Scientific). Vzorek byl purifikovan pomoci SPRI (Solid Phase Reversible
Immobilization) magnetickych kulicek AMPure XP (Beckmann Coulter) v poméru 1,4x vici
objemu vzorku. (Kiiski et al.)

(ii) Na konce upravenych DNA fragment( byly naligovany dvouretézcové adaptorové DNA
molekuly pro sekvenovani na systému SOLID (Obrazek 12). Tato Uprava byla provedena

pomoci Rapid DNA Ligation Kit (Thermo Fisher Scientific).

5'Y- CTATGGGCAGTCGGTGAT-3? 5'Y-CGCCTTGGCCGTACAGCAG-3"
3Y-TTTGATACCCGTCAGCCACTA-5" 5'Y-GCGGAACCGGCATGTCG-5"
SOLiD Adapter 1 SOLiD Adapter 2

Obrazek 12: Sekvence adaptort pro SOLiD sekvenovadni ligovanych na fragmentovanou gDNA pfi pfipravé knihovny.

(iii) Naslednd LM-PCR (Ligation-Mediated PCR) reakce amplifikujici vsechny molekuly DNA s
naligovanymi adaptory zajisti inkorporaci specifické desetinukleotidové sekvence (tzv.
barcode) do molekuly vzniklého PCR produktu (Harakalova et al. 2011). Tato amplifikace
probiha pomoci primer( (Obrazek 13), jejichZ ¢ast naseda na adaptor a zbyla ¢ast pridava
barcode sekvenci a dale sekvenci rozezndvanou pfi vlastnim masivné paralelnim

sekvenovani.

Pro amplifikaci byl pouZit Platinum PCR SuperMix (Thermo Fisher Scientific). LM-PCR probihala za

nasledujicich podminek:

Krok Teplota Cas

Nick translace 72°C 20 min

Denaturace 95°C 5 min

Anelace 54°C 15s 8 cykld
Elongace 70°C 1 min

Terminalni elongace 70°C 4 min

Chlazeni 4°C oo

Solid_Ada_l : 5’ -CTATGGGCAGTCGGTGAT-3'
Adaptor P1

Solid 2 BCxx: 5'-CHGCCCCEeeTIccTcATTCcTcTsRrEREEREBE s - -/

Adaptor P2 Barcode Interni adaptor
Obrazek 13: Primery pro amplifikaci fragment( opatrenych adaptory. Ada2 primer obsahuje tzv. barcode
sekvenci deseti nukleotid( unikdtni pro dany vzorek (BBBBBBBBB, konkrétni poradi nukleotidi Ize nalézt v
dokumentu SOLID Fragment Library Barcoding Kit 1-96 Protocol na adrese www.lifetechnologies.com). Lze
pouZit aZ 96 barcode primert (v projektu bylo pro sekvenovdni v jednom béhu pouZito maximdlné 60 vzorkda.
Adal primer je univerzdini.
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Vzniklé DNA knihovny byly purifikovany na kolonkdch Purelink PCR Purification Kit (Thermo Fisher
Scientific), kvantifikovany za pouziti fluorimetru Qubit (Life Technologies) a distribuce délek
fragment( byla ovérena na kapilarni elektroforéze Bioanalyzer 2100 s kitem DNA 1000 (Agilent

Technologies, Obrazek 14).
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Obradzek 14: Elektroforeogram jedné z knihoven po priddni adadaptorovych sekvenci a LM-PCR, pomoci které
byla pfiddna specifickd barcode sekvence.

K obohaceni o cilovou DNA (tzv. DNA enrichment, ¢i sequence capture) byl vyuZit na zakazku
vytvoreny set biotinylovanych hybridizacnich préb (SeqCap EZ Choice Library, Roche). Jednalo se o

hybridizaci probihajici v roztoku.

Pro enrichment bylo smichdno vzdy 12 vzorkl v ekvimolarnim mnozstvi o celkové hmotnosti 1 ug,
dale 5 pg lidské Cot-1 DNA pro zamezeni nespecifické hybridizace. Do hybridizacni reakce byly
pridany jednoretézcové oligonukleotidy nasedajici na koncové casti vytvorenych DNA fragmentu
knihovny (tzv. barblocks), které obsahuji adaptorové sekvence a sekvence barcodd (Obrazek 15). Pro
tento Ucel bylo smichano 12 pfislusnych P2 barblockldi o molarnim mnoZstvi 1000 pmol a jeden
univerzalni P1 barblock taktéz v mnoZstvi 1000 pmol. Takto pfipravena smés byla vysusena ve
vakuovém rotacnim koncentratoru SpeedVac (Eppendorf), nasledné byla DNA rozpusténa
v hybridiza¢nim pufru (SeqCap Hybridization and Wash Kits, Roche) a zdenaturovana pfi teploté 95°C

po dobu 10 min.
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Solid P1 Block : 5’- CTATGGGCAGTCGGTGAT/3ddC/-3’
Adaptor P1

Solid BarBlock xx: 5’ -ficcccccceniccrcantcrcnserreEREEEilNIEINEENRREEE 3 ac/ -3’
Adaptor P2 Barcode Interni adaptor

Obrdzek 15: Sekvence oligonukleotidi pouZitych pri hybridizacni reakci k zakryti koncovych sekvenci DNA molekul knihovny.
Barblocky obsahuji na 3 konci termindini dideoxycytydin.

Vlastni hybridizacni reakce byla inkubovana 64-72 hodin pfi teploté 42°C podle protokolu vyrobce
(NimbleGen SeqCap EZ Library SR User's Guide, Version 4.2, Roche). DNA hybridizovana
s biotinylovanymi prébami byla izolovdna pomoci magnetickych kulicek s navazanym streptavidinem
(M-270 Streptavidin Dynabeads, Thermo Fisher Scientific). Po eluci byla takto obohacend DNA
pouzita jako templat pro osmicyklovou PCR pomoci primerd nasedajicich na adaptorové sekvence
(Obrazek 16) Pro amplifikaci byl pouZit Platinum PCR Amplification Mix (Life Technologies). PCR

reakce probihala za nasledujicich podminek:

Krok Teplota Cas

Denaturace 95°C 5 min

Denaturace 95°C 15s

Anelace 60°C 15s 8 cykld
Elongace 70°C 1 min

Terminalni elongace 70°C 5 min

Chlazeni 4°C oo

Library PCR primer 2: 5-CTGCCCCGGGTTCCTCATTCT-3
Adaptor P2

Library PCR primer_l: 5-CCACTACGCCTCCGCTTTCCTCTCTATGGGCAGTCGGTGAT -3
Adaptor P1

Obrdzek 16: Sekvence primert pouZitych pro findIni amplifikaci obohacené sekvenacni DNA knihovny. Library
PCR primer_1 pridava k DNA amplikonu koncovou sekvenci P1 adaptoru nezbytnou pro ndslednou emulzni PCR.

Vysledna DNA knihovna byla purifikovana pomoci Purelink PCR Purification Kit (Thermo Fisher
Scientific) seluci do low TE pufru (10mM Tris , 0.1mM EDTA, pH 8.0) a kvantifikovana pomoci
fluorimetru Qubit (Life Technologies). Distribuce délek fragmentl v ramci vytvorené DNA knihovny
byla vySetfena na systému Bioanalyzer 2100 instrument, s ipem DNA high sensitivity (Agilent

Technologies).

Proces Uprav DNA pfi ptipravé sekvenacni knihovny je zndzornén na Obrazku 17.
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Sonikace Fragmentace gDNA

p ‘ Fragmentovana DNA ‘

‘ Fragmentovana DNA ‘ P Oprava konct DNA

Multiplex P1 ‘ Fragmentovana DNA | Jqe=mi ) )
Multiplex P1 - = Ligace adaptorpvych DNA molekul
e H Fragmentovana DNA ‘ Adaptor
18/21b 17/19b
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19bp 10bp 23bp

Obradzek 17: Schematické zndzornéni uprav DNA molekul pripravovanych pro sekvenovadni na systému SOLiD4.

V dalSim kroku byly jednotlivé DNA molekuly knihovny klondlné amplifikovany pomoci emulzni PCR
(ePCR) na kulickach pokrytych oligonukleotidy komplementarnimi k P1 adaptorové c¢asti DNA
fragment (P1 kuli¢ky, Obrazek 18). Pro emulzni PCR byly vytvoreny mikrokapénky vodné faze ve fazi
olejové pomoci pristroje SOLID EZ Bead Emulsifier (Life Technologies). Do roztoku vodné faze byly
pfidany paramagnetické P1 kulicky a DNA knihovny, které byly velmi natedény, tak, aby jedna
mikrokapénka obsahovala idealné pravé jeden DNA fragment. Statisticky se v 10-15% mikrokapének
vyskytuje jedna templatova molekula, jedna P1 kulicka a amplifikaéni mix. V prlibéhu ePCR byly DNA
molekuly amplifikovany pomoci P1 adaptoru navdzaného na kulicku a tim bylo dosazeno jejich fixaci
na povrchu P1 kulicky. Mikrokapénky, které obsahuiji vice, nez jeden typ DNA molekuly knihovny daji
vzniknout polyklondlnim kulickam, které produkuji multifluorescencni signal v pribéhu sekvenovani a
nemohou byt analyzovany. Stejné tak jako kapénky bez templatu s P1 kulickami bez navdazané DNA
jsou v nasledujicim kroku obohacovani kulicek eliminovany. Knihovny amplifikované pfi ePCR byly
naredény na finalni koncentraci 600 pM a vSechny pouzité roztoky byly soucasti kitu EZ BeadTM
Templated Bead Preparation (Life Technologies). P1 kulicky bylo nutné pred pfidanim do vodné faze
promyt v Bead Block Solution za pouziti magnetického stojanku a sonikace na systému Covaris S2

s nasledujicim nastavenim:
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Parametr Cyklus 1 Cyklus 2 | jednotky
Pocet cyklu 1 1

Teplota lazné 5 5 °C
Limit teploty vodni [dzné 8 8 °C
ReZim Frequency sweeping
Funkce Water Quality Testing off off

Duty Cycle 1 5 %
Intenzita 5 5

Cycles per Burst 50 100

Cas 5 60 s
Objem vzorku 200 200 pl

Emulzni PCR probéhla podle protokolu vyrobce Templated bead preparation protocol for SOLID V4 na
cykleru SOLiD EZ Bead Amplifier (Life Technologies) v méritku E20, ¢i E80 (20, nebo 80 ml reakce) dle
poctu zpracovavanych knihoven. Amplifikacni protokol vyrobce nezverejniuje a je soucasti operacniho

softwaru cykleru.

Multiplex P1 - Interni P2
Adaptor ‘ Fmgmentovana DNA | Adaptor BarCOde| Adaptor

Obradzek 18: Schematické zndzornéni procesu klondIni amplifikace DNA molekul sekvenacni knihovny pomoci

emulzni PCR.

Po probéhnuti reakce byla emulze rozbita pomoci butan-2-olu a P1 kulicky byly promyty a nafedény
na koncentraci 750 000 aZz 1250000 kuli¢ek/ul. Koncentrace byla méfena na spektrofotometru
NanoDrop 1000 (Thermo Fischer scientific) po oddéleni shluknutych kulicek pomoci sonikatoru

Covaris S2 s nasledujicim programem:
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Parametr Cyklus 1 Cyklus 2 | jednotky
Pocet cyklu 1 1

Teplota lazné 5 5 °C
Limit teploty vodni [dzné 8 8 °C
ReZim Frequency sweeping
Funkce Water Quality Testing off off

Duty Cycle 2 5 %
Intenzita 6 9

Cycles per Burst 100 100

Cas 4 15 s
Objem vzorku 200 200 pl

80-90% takto zpracovanych kulicek nemd navdzany Zadny DNA amplikon a vzorky byly proto
nasledné obohaceny o P1 kulicky s UspéSné navazanymi, klondlné naamplifikovanymi molekulami
knihovny pomoci systému SOLID EZ Bead Enricher (Life Technologies) podle navodu vyrobce

Templated Bead Preparation Guide.

5.5 Sekvenovani na systému SOLiD4

Pro imobilizaci obohacenych kuliéek na povrchu sekvenacniho skla SOLID, byly na P2 adaptorové
konce DNA molekul knihovny pfipojeny ,Bead linker“ molekuly (vyrobce nezvefrejriuje chemickou
strukturu) podle protokolu vyrobce Templated Bead Preparation Guide. Pro dosaZeni poctu pfriblizné
500 milion obohacenych kuli¢ek na sekvenacnim skle, je nezbytné deponovat na sklo nanasku o cca
700 milionech kulicek. Po zméreni koncentrace kulicek na spektrofotometru NanoDrop byla
provedena inkubace v ,Bead deposition buffer” po dobu 2 hodin pfi teploté 37°C pro ukotveni
obohacenych kuli¢ek knihovny na sekvenalni sklo. Na Sekvenaénim systému SOLiD4 byl nastaven
mulitiplexni béh, ktery pfifazuje jednotlivé barcody pfislusSnym vzorkim. Pro sekvenovani byla
pouzita chemie SOLID Opti Fragment Library Sequencing Kit podle protokolu vyrobce. Sekvenovani

probihalo po dobu 5 dn(l s vytézkem kolem 400-500 miliond ¢teni o délce 50bp.

5.6 Bioinformaticka analyza

Pro technickou kontrolu enrichmentu knihovny a masivné paralelniho sekvenovani byla pouZita
v kazdé dvandctici vzorkd interné kontrolni DNA jedné osoby, kterd byla analazovana celkem tficet
sedmkrat. Varianty, které se vtéchto kontrolnich vzorcich wvyskytovaly mezi jednotlivymi
sekvenacnimi béhy s vétsi variabilitou (6,5 — 65 %) byly hodnoceny jako ndhodné sekvenacni chyby a

byly vytazeny z vysledného data setu. Zaroven bylo v prvnim béhu sekvenovano 6 kontrolnich vzorki
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se znamymi mutacemi v predispozi¢nich genech BRCA1, BRCA2, nebo PALB?2, jiz diive vySetfovanych

v nasi laboratofi. VSechny kontrolni mutace u téchto vzork( byly nalezeny i pomoci NGS.

Vystupem ze sekvendtoru SOLID jsou sekvence jednotlivych cteni (,readd”) v zdkladnim formatu
FASTQ. Sekvenacni data byla zpracovdna pomoci Genome Analysis Toolkit (GATK (McKenna et al.
2010)) a Samtools. Tato struktura obsahuje nékolik samostatnych krok(. PouZivd standardni
sequence alignment/map (SAM) format (Venter et al.), ktery reprezentuje jednotlivé ¢teni pouZitim
production-quality SAM knihovny. Binarni verze tohoto formatu je pak binary alignemnt/map (Hu et
al.) format (Hu et al.), ktery byl vytvofen pomoci SAMtools (0.1.8). Data byla namapovana na
referenc¢ni genomovou sekvenci (GRCh37/hg19) pomoci Novoalign (CS 1.01.08) s ohledem na nejlepsi
pozice ,,mapping quality”. Po tomto kroku, byly odstranény sekvencni duplikaty (pomoci aplikace
Picard). Nasledovala Uprava/filtrace kvalitativné odpovidajicich ¢teni (Indel — based reallignment,
rekalibrace kvality bazi, rekalibrace kvality variant v databdzi SNP, Genotype Phasing and
Refinement). V poslednim kroku byla provedena funkéni anotace sekvencnich dat umozZiujici

pfitazeni zakladni biologické resp. fenotypové informace (ANNOVAR (Wang et al. 2010)).

Vznikly data set obsahoval 2 855 706 variant, z nichz 561 434 se vyskytuje v exonech a ptilehlych
exon-intronovych spojenich (+/- 2bp) cilovych gend vramci vySetfeného souboru 325 vysoce
rizikovych pacientl s karcinomem prsu a 105 kontrolnich osob bez nadorového onemocnéni. Pro
stanoveni hranice spolehlivosti dat na zakladé hodnoty sekvenacni kvality bylo pomoci Sangerova
sekvenovani konfirmovano 221 variant u 155 pacientd a kontrol (popsano v kapitole 5.9.2 a 5.9.5).
Jako spolehliva limitni hodnota sekvenacni kvality byla uréena hodnota 150x a hloubka cteni
s minimalni hodnotou 10x. Toto kritérum splfiuje 12 221 variant lokalizovanych v cilové sekvenci. K
dalSi analyze byly vybradny varianty, které se vyskytuji s frekvenci <1% v databazich ESP6500

(http://evs.gs.washington.edu) a G1000 (http://www.1000genomes.org) a zaroven se vyskytuji v

ramci studovaného souboru maximalné ve dvou vzorcich kontrolni populace (vylouceni castych
populaéné-specifickych variant). Z dalsi analyzy byly vyfazeny varianty, které se vyskytovaly pouze u
kontrol. Uvedenym zpUsobem filtrovani zlstalo k finalnim analyzam vyslednych 4 540 variant

pfitomnych u 325 pacientd a 105 kontrol.

5.7 Analyza vystupnich dat
5.7.1 Prioritizace missense variant
Missense varianty tvofily 2347 z celkovych 4540 variant, tedy nejvétsi skupinu identifikovanych

zarodecnych alteraci. Pro posouzeni moZného negativniho vlivu varianty na strukturu a funkci
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vysledného proteinového produktu pfispivajiciho k predispozici ke karcinomu prsu byla ucinéna
prioritizace za pouZiti péti predikénich algoritmi - SIFT (Kumar et al. 2009), PolyPhen (Adzhubei et al.
2010), LRT (Doniger et al. 2008), Mutation taster (Schwarz et al. 2010), PhyloP (Pollard et al. 2010) a
dvou databazi sdruZujicich genotypova data a odpovidajici klinické charakteristiky (ClinVar,

http://www.ncbi.nlm.nih.gov/clinvar/ a HGMD, http://www.hgmd.cf.ac.uk/). Za varianty, které by

mohly byt asociovany s predispozici ke karcinomu prsu, byly povaZovany ty, které byly i) oznaceny
vsemi predikénimi algoritmy jako patogenni (nebo bez urceni), nebo ii) oznaceny za asociované
s onemocnénim v databazi ClinVar nebo HGMD. Ciselné& hodnotici predikéni algoritmy CADD (Kircher

et al. 2014) score a GERP (Cooper et al. 2005)byly vyuzity ke kontrole vyse popsané prioritizace.

5.7.2 Statistickd analyza

Rozdily mezi analyzovanymi skupinami a podskupinami byly evaluovany pomoci Pearson chi-

evvys

5.8 Nasledné analyzy potencialné patogennich variant

Pro vysetfeni nalezené varianty c.1094_ 1095insAATT (p.P365fs*) genu FANCL, zpUsobujici posun
Cteciho ramce byl vySetfen rozsireny soubor pacientll a kontrol popsany v kapitole 5.1.1. DNA osob
tohoto souboru byla nejprve vysetfena pomoci HRM (High-Resolution Melting) analyzy a vzorky
vykazujici pozitivitu pomoci této metody byly dale konfirmovdny Sangerovym sekvenovanim

z nezavislé PCR amplifikace.

5.8.1 HRM analyza

HRM (High Resolution Melting) analyza variant c.1094_1095insAATT genu FANCL a c.657del5 genu
NBN na rozsifenych souborech osob byla provddéna s pouzitim Fast EvaGreen HRM Master Mix

(Biotium). Pro amplifikaci a barveni produktu bylo pouZzito nasledujiciho sloZeni reakéni smési:

Slozka Objem
EvaGreen HRM Master Mix 0,6 ul

25 ng gDNA 0,24 ul
Forward primer (40uM) 0,0175 ul
Reverse primer (40uM) 0,0175 pul
PCR grade H,0 2,265 ul
s 3,14 pl
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Pro PCR amplifikaci byly pouZity nasledujici reakéni podminky:

Krok Teplota Cas
Denaturace 95°C 15 min
Denaturace 95°C 25s 55 cykll
Anelace 60°C 30s
Elongace 72 20s
Ramp rate °C/s

95°C 1 min 4,8
Kfivka tani 40°C 1min 2,5

70°C 1s 1

95°C—70°C | kontinualné | 0,02 25°C celkem

Pro amplifikaci ¢asti genu FANCL, resp. NBN obsahujici oblast s variantou byly pouZity primery o

sekvenci a délce zobrazené nize:

Nazev Sekvence 5’-3’

FANCL_14f2 GAGTGTCCACAAACTTTGTTAAAATATG
FANCL_14r2 TTCCAGCTCTTCACCGAAATG

NBS_6f CAGATAGTCACTCCGTTTACAA

NBS_6r GTTGTTAACGTATTTCATTTTGGG

Tm (°C) Délka amplikonu
54,0

549 112 bp
58,2

586 293bp

PCR amplifikace s naslednou denaturaci amplifikatl byla provadéna na pfistroji Light Cycler 480

(Leguen et al.). Pro identifikaci amplikon( obsahujicich mutaci pomoci teplotniho profilu kfivky tani,

byla provedena analyza pomoci Roche Light cycler 480 software release 1.5.0 SP4 (Obrazek 19).
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Obrazek 19: Priklad analyzy krivek tani
pomoci HRM. Sipkou je oznacena kfivka
vzorku, ostatni

mutovaného krivky

prislusi wild type amplikonim.



5.8.2 PCR amplifikace

PCR amplifikace s naslednym Sangerovym sekvenovanim byla vyuZita pro:

(i) Stanoveni hodnoty spolehlivosti sekvenacni kvality vystupl ze sekvenovani analyzatorem
SOLID, ktera je jednim zvyslednych parametr( bioinformaticky zanalyzovanych dat
z next-gen sekvenovdni. Pomoci konfirmaci nalezenych variant srdznou hodnotou
sekvenacni kvality byla nalezena hranice (kvalita 150), nad kterou byly vSechny varianty
spolehlivé zjistény i pomoci sangerova sekvenovani.

(i) Konfirmaci nalezenych variant, zpUsobujicich posun ¢teciho rdmce, nonsense variant a
variant vyskytujicich se v sestfihovém misté (+/- 1-2bp od exonu) pomoci Sangerova
sekvenovani

(iii) Pro amplifikace cDNA odpovidajici kddujicich ¢asti gen(l, u nichz byly nalezeny varianty

potenciadlné ovliviujici sestfih mRNA a ndsledné zjisténi vlivu na vysledny transkript.

Pro vSechny tyto aplikace bylo pouzito stejné slozeni reakéni smési s pouzitim FastStart Tag DNA

Polymerase (Roche):

10x PCR Reaction Buffer s 20 mM MgCl, 1ul
100 ng DNA (gDNA, nebo cDNA) 0,5 ul
Forward primer (40uM) 0,1 ul
Reverse primer (40uM) 0,1 ul
PCR Grade Nucleotide Mix (kazdy 10mM) 0,2 ul
FastStart Taqg DNA Polymerase (5 U/ul) 0,08 pl
PCR grade H,0 8,02 pl
b3 10 pl

Pro PCR amplifikaci s , touch-down“byly pouZity nasledujici reakéni podminky:

Krok Teplota Cas

Denaturace 95°C 6 min

Denaturace 95°C 30s

Anelace (,touch down”) | 64-57°C 1 min 15 cykll
Elongace 72°C 1min45s
Denaturace 95°C 30s

Anelace 57°C 45s 27 cykla
Elongace 72°C 1min30s
Terminalni elongace 72°C 7 min

Chlazeni 4°C oo

Pro vysetfeni nalezenych intronovych variant v oblastech +/- 1-2 bp od konc( exon(, které mohou

mit potencialni vliv na sestfih vysledné mRNA, byla provedena analyza RNA, zahrnujici amplifikaci
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pfislusného Useku cDNA, elektroforetickou separaci PCR produktu, v pfipadé potfeby izolaci

vybraného fragmentu DNA z gelu s PCR reamplifikaci a Sangerovo sekvenovani.

5.8.3 Priprava cDNA

Komplementarni DNA (cDNA) byla pfipravena pomoci reverzni transkripce z celkové bunécéné RNA
s pouzitim enzymu SuperScript® Il Reverse Transcriptase (Life Technologies). Pfed vlastni syntézou
cDNA byly vzorky inkubovany 30min v 37°C s DN4zou | (DNase |, RNase-free, Life Technologies) pro
odstranéni mozné kontaminace DNA. Pro syntézu 20 pl cDNA byly pouZzity 2 pug celkové RNA, 0,05 ul
nadhodnych hexanukleotidd (50 ng/ pl; Roche) a 0,8 pl dNTP (kazidy 10 mM). Po hybridizaci
hexanukleotid(l (65°C - 10 min) a rychlém zchlazeni (na ledu), bylo do reakéni smési pfidano 100U
reverzni transkriptazy SuperScript Ill, 4 pl 5x RT pufru (Invitrogen) a 1 ul DTT (0,1 M). Reverzni
transkripce byla provedena dle protokolu vyrobce (25°C - 5 min; 50°C - 50 min; 70°C - 15 min).
Ziskana cDNA slouZila jako templat pro amplifikaci fragment( oblasti gend, u kterych byly pomoci

NGS nalezeny varianty s potencidlnim dopadem na sestfih mRNA.

5.8.4 Izolace DNA amplifikatii z agarézového gelu

Elektroforeticka separace byla provadéna na 1-3 % (dle délky analyzovaného fragmentu) agarézovém
gelu v 1XTBE pufru pfi napéti 10V/cm gelu. Pro pfiblizné uréeni délky fragmentl byl pouZit velikostni
standard GeneRuler DNA Ladder Mix (100-10000 bp, Life Technologies), pro vizualizaci na UV

transluminatoru Gel Red (Biotium).

U vzork(, které po PCR amplifikaci obsahovaly vice nez dva amplifikdty a nebylo moZzné pomoci
Sangerova sekvenovani spolehlivé urcit sekvenci obou, bylo nejprve pfistoupeno kizolaci
jednotlivych amplikonl z gelu a nasledné reamplifikaci, ¢i pfimému sekvenovani vyizolované DNA
pfislusného elektroforetického pruhu. Fragment o poZzadované velikosti byl vyfiznut z gelu skalpelem
a DNA byla purifikovdna pomoci Zymoclean Gel DNA Recovery Kit (Zymo Research) podle originalniho

protokolu vyrobce. Vyslednd DNA kvantifikovana pomoci spektrofotometru NanoDrop.

5.8.5 Sangerovo sekvenovdni

Pfed vlastnim sekvenovanim byly zprobéhlych PCR reakci odstranény oligonukleotidy a

deoxyribonukleotidtrifosfaty pomoci 15min inkubace senzymovou smési obsahujici DNA
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exonukledzu a alkalickou fosfatdzu EXOSAP-IT (USB Corp.). Z kazdé PCR reakce byl pouzit 1 pl, ke
kterému bylo pfidano 0,8 ul purifikacni smési a 1 pl ddH,0. Po purifikaci byly vzorky inkubovany pfi
80°C pro inaktivaci enzymi. Pro naslednou sekvenacni reakci bylo ke vzorkim pridano 0,2 pul
pfislusného sekvenacniho primeru o koncentraci 40 uM. Dale byl pfidan 1 ul 5x Big Dye Sequencing
buffer a 1 pl Big Dye Terminator Ready Reaction Mix v.3.1 (Applied Biosystems) obsahujici vSechny
komponenty potrebné pro sekvenacni reakci (véetné fluorescencné znacenych ddNTPs). Inkubace

sekvenacni reakce probihala za nasledujicich podminek:

Krok Teplota Cas

Denaturace 95°C 2 min

Denaturace 95°C 5s

Anelace 60°C 10s 20 cykla
Elongace 72°C 4 min

Chlazeni 4°C oo

Vysledny produkt sekvenacni reakce byl precipitovdn a rozpustén ve formamidu dle nasledujiciho
postupu. Do zkumavky s produkty sekvenacni reakce bylo pridano 1,3 pl Na-acetatu (3M), 30 ul 100%
etanolu a 1,3 ul EDTA (0,125 M), smés byla kratce vortexovana a centrifugovana po dobu 20 min, pfi
teploté 4°C a 14 000 rpm. Supernatant byl odstranén a k precipitatu bylo pfidano 55 ul 70% etanolu.
Vzorek byl centrifugovan za stejnych podminek. Po opétovném odstranéni supernatantu byl
precipitat susen v oteviené zkumavce 2 min pfi 94°C a nasledné 15 min pfi pokojové teploté.
Precipitovana DNA byla rozpusténa v HiDi formamidu (Applied Biosystems), denaturovana 2 min pfi
94°C a ihned umisténa do blocku vychlazeného na 4 °C. Takto ptipravené produkty sekvenacni reakce
byly analyzovédny v automatickém sekvenatoru ABI Prism 3130 (Applied Biosystems) v kapildfe o
délce 36 cm s polymerem POP-7 za denaturujicich podminek. Vysledky analyzy byly zpracovany
pomoci programu Sequencing Analysis v.2.5.5 (Applied Biosystems) a v nasledném zpracovani

vizualizovany pomoci FinchTV programu (Geospiza).

5.8.6 Amplifikacni a sekvenacni primery

Primery pro konfirmaci nalezenych variant, zplsobujicich posun ¢teciho rdmce, nonsense variant a
variant vyskytujicich se v sestfihovém misté (+/- 1-2bp od exonu) pomoci Sangerova sekvenovani a
stejné tak i primery pro amplifikace cDNA odpovidajici kddujicich ¢asti gent, u nichz byly nalezeny
varianty potencialné ovliviiujici sestfih mRNA, byly navrzeny pomoci webové aplikace Primer Blast

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/; Pfiloha I1)
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6 VYSLEDKY

6.1 Identifikace dédi¢nych variant ve vybranych genech u rizikovych pacientt
s karcinomem prsu negativné testovanych na pritomnost mutaci
BRCA1/BRCA2/PALB2 (Lhota et al. 2016)
Hlavni ndplni studie byla identifikace vrozenych genetickych variant u 325 vysoce rizikovych
nemocnych s karcinomem prsu, ktefi byli v pfedchozich letech negativné testovani na pritomnost
mutaci v genech BRCA1, BRCA2, nebo PALB2. KNGS analyze byl pouZit panel 581 genl popsany
v kapitole 5.3.

6.1.1 Trunkacni varianty u pacientii negativné testovanych na pfitomnost mutaci v genech
BRCA1, BRCA2 a PALB2

Za pouziti filtraniho postupu popsaného v kapitole 5.6 bylo identifikovano 4 540 variant s nizkou
populacni frekvenci z celkového poctu 2 855 706 variant, které byly vystupem sekvenovani 430
analyzovanych vzork( (325 vysoce rizikovych pacientl (Tabulka 3) s karcinomem prsu a 105
kontrolnich nenadorovych vzorkl. Bylo dosazeno primeérného sekvenacniho pokryti 56,5 a 93 %
sekvenované cilové DNA bylo pokryto minimalné 10x. Vyfiltrované varianty reprezentovaly 2 647
unikatnich zmén v sekvenci DNA, lokalizovanych v exonickych oblastech a pfilehlych +/-2 bazich a to
ve 496/581 analyzovanych genech (85,4 %). Celkem bylo nalezeno 144 trunkaénich mutaci, variant
zpUsobujicich posun ¢teciho rdmce a nasledné zkraceni proteinového produktu (nonsense, frame-
shift inzerce/delece, nebo alterace donorovych a akceptorovych sestfihovych mist), které
pfedstavovaly 89 unikatnich variant, v 73 z581 cilovych genl (12,6 %). Trunkaéni varianty byly
dvojnasobné Castéjsi u pacientl s karcinomem prsu v porovnani s kontrolni populaci (16/105; 15.2%;

p = 0.009).

V souboru 325 pacientl s karcinomem prsu bylo nalezeno 4 053 variant (2 647 unikatnich udalosti),
véetné 127 trunkacnich variant (87 unikatnich), 34 inzerci/deleci neménicich ¢teci ramec (22
unikatnich), 2 347 missense SNV (Single Nucleotide Variant, 1 599 unikdtnich) a 1 545 synonymnich
SNV (937 unikatnich). Primarné byla pozornost zaméfena na trunkacni mutace, které byly
identifikovany u 105/325 (32,3 %) pacientl s karcinomem prsu (Tabulky 3 a 5). Devatenact pacientd

byli nosiéi vice, neZ jedné trunkacni varianty (Obrazek 20).
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Obrdzek 20: Prehled variant v 73 genech (fddky) ovlivnénych nejméné jednou trunkacni variantou (nonsense,
frameshift, nebo sestrihova variant), které byly nalezeny u 105 pacienti (sloupce). Patologické charakteristiky nddort
(histologie a subtypy) a vybrané klinické charakteristiky (pacientky do 35 let, karcinom prsu u muZe, vyskyt familiarniho
nddorového onemocnéni) jsou zndzornény v prvnich ctyrech radcich (legenda barevného oznaceni je zndzornéna na
Obradzku 21). Pacienti a geny jsou fazeni/y dle celkového mnoZstvi nalezenych variant, geny (geny pro Fanconiho anemii
jsou vyznaceny cCervené) jsou razeny do skupin dle funkéniho vztahu kédovanych protein( ndsledovné: skupina gent
kodujici protein ucastnici se reparace DNA (1); syntéza steroidnich hormon a jejich signalizace; imunitni odpovéd' (3);
signalizace membrdnovymi receptory (4); metabolizmus xenobiotik (5); membrdnovy transport molekul (6); regulace
bunécného cyklu a apoptdzy (7); mezibunééna komunikace (8); metabolizmus nukleotidd (9); ostatni procesy (10).
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PrioritizaCni in silico analyza, kterda hodnotila missense SNV, naznacila, ze 365 z 1599 unikatnich
jednonukleotidovych zamén (22 %) mulzZe byt potencidlné patogenni, z divodu jejich asociace se
znamymi fenotypy v databazich HGMD, ClinVar, nebo na zakladé softwarové predikce (Pfiloha IIl).
Numerické hodnoty CADD skére a GERP algoritmu potencialné patogennich variant [23.7 (95%Cl 23.0
— 24.5) respektive 4.6 (95%Cl 4.4 — 4.7)] se znacné lisily od hodnot predikovanych jako nepatogeni
[17.0 (95%Cl 16.5 — 17.4) respektive 2.1 (95%Cl 1.9 —2.3)].

6.1.2 Hereditarni varianty v DNA reparacnich genech

Celkem 36 z 89 (40 %) nalezenych unikatnich trunkacnich variant, které ovliviiuji 25 DNA reparacnich
gend, bylo nalezeno u 41 (12,6 %) pacientl s karcinomem prsu (Tabulka 5). Nej¢astéjsi alterace byly
nalezeny u gend, které kdduji proteiny Ucastnici se oprav dvouretézcovych zlomi DNA (DDSB) a
mezifetézcovych spojl (ICL). Mezi tyto pacienty patfi 16 nosi¢l deviti unikatnich trunkacnich variant
v péti genech Fanconiho anemie (FA; FANCL, FANCM, BRIP1/FANCJ, RAD51C/FANCO, a FANCE).

Nékteré z nich mohou mit vliv na predispozici k dédicnym formdam karcinomu prsu a ovaria.

Inseréni varianta genu FANCE, c.929dupC (p.P310fs), byla ve studovaném souboru nalezena
jedenkrat u pacienta a jedenkrat u kontroly. Tato variant byla popsana skupinou (Akbari et al. 2011)
jako kauzdlni pro karcinom jicnu. Dale byla nalezena varianta téhoz genu, c.736_738del
(p.246_246del) u jednoho analyzovaného pacienta. U této varianty nebyl popsan znamy klinicky

vyznam a zaroven nezplsobuje posun ¢teciho ramce.

V genu FANCM byly nalezeny Ctyfi varianty. Tfi nasledujici non-sense mutace: c.C5101T (p.Q1701X) u
dvou pacient(, ktera byla v minulosti popsana jako pravdépodobné predispozicni varianta pro triple-
negativni karcinom prsu (Kiiski et al. 2014); dale varianta ¢.C5791T (p.R1931X) u jednoho pacienta a
varianta c.C1972T (p.R658X), kterd byla nalezena u jednoho pacienta a jedné kontrolni osoby.
Zaroven jsme identifikovali jednu doposud nepopsanou variantu genu FANCM zpUsobujici posun
cteciho rdmce, ¢.3979_3980del (p.1327_1327del), kterda se nachazi v ERCC4-like C-terminalni

doméné, zodpovédné za vazbu vétvenych struktur DNA (Ciccia et al. 2008).

Nejcastéjsi varianta identifikovana pouze u pacientl (6/325) s karcinomem prsu (vék 36 — 76 let),
byla ctyfnukleotidova inzerce ¢.1096_1099dupATTA (p.P365fs*) v genu FANCL. Tato varianta je
lokalizovéana v tésném sousedstvi RING-finger domény zodpovédné za autoubikvitinylaci (Gurtan et
al. 2006) a zplsobuje posun ¢teciho ramce, pfi némz vznika proteinovy produkt zakonceny aberantni

C-koncovou ¢asti s dvanacti aminokyselinami, ktery je o tfi aminokyselinové zbytky delsi, neZ je wt

64



forma proteinu FANCL. Tato varianta byla dfive asociovana s Fanconiho anemii typu L (Ali et al. 2009)

a zvysenym rizikem karcinomu jicnu (Akbari et al. 2011).

Ctyfi z nosi¢h této FANCL varianty pochézeli z rodin s dédi¢nym karcinomem prsu (Obrazek 24), dalsi
pacientka (kterd je soucasné nosickou trunkaéni mutace v genu CHEK2) pochéazela zrodiny
s mnohocetnym vyskytem rlznych nadorovych onemocnéni a u jedné pacientky nebyla znama
rodinna historie naddorovych onemocnéni. Za povsimnuti také stoji skutecnost, Ze Ctyfi z téchto Sesti

pacientek byly nosi¢ckami dalsi trunkacni varianty zjisténé pfi NGS analyze.

BC BC
55 55
66 67 BC BC BC
60 58 52
p BC
4 40
22 19
Gynecol.
tu. 49
Brain BC BC
tu. 50 40 69
81 BC
75
Bilat BC BC 59 60
76+76 63

Obrdzek 24: Rodokmeny Ctyr nosicu mutace FANCL c¢.1096_1099dupATTA (p.T367Nfs*13) z HBC rodin.
Probandi s FANCL mutaci jsou vyznaceni sipkou. BC — karcinom prsu, Brain tu. — tumor mozku, Gynecol. Tu. —
gynekologicky tumor, Bilat. - bilaterdini
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Tabulka 5: Seznam 36 trunkacnich variant (nonsense, frame-shift inzerce/delece, nebo alterace

sestrihovych mist) v genech kodujicich proteiny ucastnici se oprav DNA a bunécné odpovédi na

poskozeni DNA, které byly nalezeny u pacientii s karcinomem prsu (Pac) a u kontrolnich vzorku (Ctrl).

Geny jsou serfazeny podle celkové cetnosti trunkacnich variant u prislusného genu.

Gen HGVS znaceni HGVS protein Klasifikace :I(l;n“\lllaDr/ [(,;; ?’:Ir)l (mut%:liem)a P°
FANCL ¢.1096_1099dupATTA | p.T367Nfs*13 indel 6 0 232/65648 0.01
FANCM €.1972C>T p.R658X nonsense DM 1 1 7/66502 <0.001
€.3979_3980delCA p.Q1327Vfs*16 indel 1 0 0/66498 <0.001
c.5101C>T p.Q1701X nonsense | DM? 2 0 95/66562 0.3
c.5791C>T p.R1931X nonsense DM 1 0 63/66622 0.6
ATM c.3850delA p.T1284Qfs*9 indel DM 1 0 - -
c.7327C>T p.R2443X nonsense DM/P 2 0 - -
EXO1 ¢.1522dupT p.C508Lfs*7 indel 1 0 - -
c.2358delG p.L787Yfs*37 indel 1 0 - -
€.2212-1G>C p.V738_K743del | splicing DM 1 1 - -
CHEK2 c.277delT p.W93Gfs*17 indel 1 0 - -
c.444+1G>A p.R148Vfs*6 splicing DM 2 0 11/66720 <0.001
RAD51C c.502A>T p.R168X nonsense 2 0 - -
€.905-2_1delAG p.L301Gfs*42 splicing DM 1 0 - -
BLM €.1642C>T p.Q548X nonsense | DM 2 0 21/66322 <0.001
ERCC2 €.230_231delTG p.V77Afs*4 indel 1 0 - -
¢.1703_1704delTT p.F568Yfs*2 indel DM 1 2 11/65444 0.01
MSH5 €.541C>T p.R181X nonsense 1 0 13/65882 0.02
¢.1900C>T p.R634X nonsense 1 0 - -
WRN c.604A>T p.K202X nonsense 1 0 - -
c.4216C>T p.R1406X nonsense 1 0 87/65788 0.9
ATR ¢.5342T>A p.L1781X nonsense 1 0 - -
ATRIP c.827_828delAG p.E276Gfs*2 indel 1 0 - -
BRIP1 €.2392C>T p.R798X nonsense | DM/P 1 0 16/65688 0.04
DCLREIC | c.1903dupA p.S635Kfs*6 indel 1 0 - -
ERCC6 ¢.3693C>G p.Y1231X nonsense 1 0 - -
FAM175B | c.1084delC p.Q362Kfs*19 indel 1 0 - -
FANCE €.929dupC p.V311Sfs*2 indel DM 1 1 - -
HELQ c.2677-1G>A p.Q348Pfs*17 splicing 1 1 27/66528 0.15
MGMT ¢.207_210dupACGT p.S70Yfs*5 indel 1 0 - -
NBN c.657_661delACAAA p.K219Nfs*16 indel 1 1 21/65324 0.09
RAD18 €.1430_1431insGCGG | p.T478Rfs*6 indel 1 0 - -
RAD50 ¢.1093C>T p.R365X nonsense 1 0 - -
RAD51D ¢.355_358deldelTGTA | p.C119Wfs*16 indel 1 0 - -
RFC1 c.2191delA p.R731Gfs*7 indel 1 0 - -
XRCC4 c.25delC p.HITfs*8 indel 1 0 42/66632 0.4
Celkem 46 7

Pozndamka: VSechny vyobrazené varianty byly konfirmovdny pomoci Sangerova sekvenovdni. Pro popis variant
byla pouZita nomenklatura podle pravidel Human Genome Variation Society (HGVS). Varianty obsaZené
v databdzich HGMD nebo ClinVar: onemocnéni zpusobujici (patologické) mutace (DM), mutace pravdépodobné
zplsobujici onemocnéni (pravdépodobné patogenni; DM?), nebo patogenni (P). Obsdhlejsi verze této tabulky
(véetné missense variant predikovanych jako patogenni, referencnich transkripti a frekvenci v databdzich ExAc,

ESP6500 a G1000) je prilozena jako Priloha Ill.

“ alelické frekvence z databdze EXAC v evropské populaci (mimo finskou), (mutované alely/wt alely)

b Rozdily mezi alelickou frekvenci v evropské (mimo finskou) populaci (ExAC) a v populaci studovaného souboru
pacientd (Fisherdv test).
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Dalsich 19 pacientl bylo nosi¢i 19 unikatnich variant ovliviiujicich geny, které se Ucastni drah
reparace DDSB, vcetné reparace homologni rekombinaci (HR; ATM, EXO1, WRN, BLM, DCLREIC,
FAM175B/ABRO1, HELQ, NBN, RAD18, RAD50, RAD51D, CHEK2, a RFC1), ale i nehomolognim
spojovanim koncl (NHEJ; XRCC4). Osm trunkacnich variant, kazdd u jednoho pacienta, bylo
identifikovdno v genech, jejichz proteinové produkty se Ucastni DNA reparace jednoretézcovych
zlomG (ATR, ATRIP), mechanizmu nucleotide excision repair (NER; ERCC2, ERCC6), mechanizmu
mismatch repair (MMR; MSH5) a pfimého odstrarovani alkylovaného guaninu (MGMT). Toto
zarazeni postizenych genll nemusi popisovat Uplnou funkci pfislusnych proteinovych produktd, nebot

se nékteré z téchto gend Ucastni nékolika mechanizmi reparace DNA.

Ctyfi varianty ovliviujici konsenzudlni sestfihové misto byly identifikovdny u péti pacientd
s karcinomem prsu. Dva z nich byli nosi¢i znamé mutace v CHEK2. Soucasné byly nalezeny dvé dosud
nepopsané varianty v genech kdédujicich DNA reparacni protein RAD51C a helikdzu HELQ, které
zpUsobuji posun cteciho ramce ve vysledném mRNA transkriptu (podrobnéji popsano v kapitole

6.4.1).

Celkem bylo nalezeno 10 unikatnich missense variant v 59 DNA reparacnich genech u 133 pacient(
(34 ztéchto variant u 56 pacientll se vyskytovalo v 15 genech, ve kterych byla zaroven nalezena
alesponi jedna trunkaéni varianta). Nejcastéjsi a potencialné nejvice patogenni varianty u pacient(
byly nalezeny vgenech ATM (12 variant u 17 pacientl) a CHEK2 (4 varianty u 13 pacientd).
Prioritizované varianty vgenu CHEK2 zahrnovaly variantu c.470T>C (p.1157T), coz byla jedina
rekurentni varianta CHEK2 identifikovana u deviti pacientl a jedné kontroly. Mezi prioritizovanymi
variantami byla také identifikovana jedna patogenni varianta v genu BRCA1 (p.C39R; IARC tfida 5),
TP53 (p.G245S; Align GVGD C55), a CDH1 (p.T340A) u tfi neptibuznych, mladych pacientek
s karcinomem prsu (s vékem v dobé diagndzy 28, 35 respektive 33 let) bez pfitomnosti jinych

trunkacnich variant.

V ramci vySetfovaného souboru byly nalezeny dvé trunkacni (p.V77Afs*4 u 1 pacienta, p.F568Yfs*2 u
1 pacienta a 2 kontrolnich osob) a 2 missense varianty (u dvou pacientl: p. Asp423Asn, p.Val611Ala)

v genu ERCC2. Rozsifena analyza variant ERCC2 genu je popsdna v kapitole 6.5.

6.1.3 Hereditdrni varianty v genech neucastnicich se DNA reparace

Zbyvajicich 81 trunkacnich variant (reprezentujicich 53 unikatnich mutaci) ve 48 genech, které se

neucastni reparace DNA, bylo nalezeno u 74 pacientd s karcinomem prsu (Tabulka 6).
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Tabulka 6: Seznam 53 trunkacnich variant (nonsense, frame-shift inzerce/delece, nebo alterace sestfihovych
mist) v genech kddujicich proteiny, které se netcastni oprav DNA, jeZ byly nalezeny u pacientt s karcinomem
prsu (Pac) a u kontrolnich vzorku (Ctrl). Geny jsou sefazeny podle celkové cCetnosti trunkacnich variant u
pfislusného genu. Prislusnost genu do skupin popsanych v Obrdzku 20 je vyznacena ve sloupci Sk.

Gen Sk. | HGVS znaceni HGVS protein Klasifikace zlfnl\\”l:r/ Z:)c ?:jr)l (mutizglﬁem)a P
CYP3A5 2 | c.92dupG p.L32Tfs*3 indel 7 1 732/66688 0.9

2 | c.246dupG p.A83Gfs*40 indel 1 0 21/66728 0.09
CYP1A2 5 | c.816T>A p.Y272X nonsense FTV 3 0 16/65958 <0.001
CYP11A1 2 |c.835delA p.1279Yfs*10 indel DM 1 0 2/66694 <0.001
CYP17A1 2 |c.1072C>T p.R358X nonsense DM 1 0 - -
CYP19A1 2 |c.1058dupT p.L353Ffs*10 indel 1 0 1/60606 <0.001
ESR2 2 |c.76G>T p.E26X nonsense 1 0 1/66734 <0.001
NQO2 2 |c.628C>T p.Q210X nonsense 1 0 1/66386 <0.001
IL8 3 |c.91G>T p.E31X nonsense 3 2 104/66426 0.05
DMBT1 3 |c.2227delC p.Q743Rfs*4 indel 1 0 - -
IL13 3 | c.174+2delT p.(?) splicing 1 0 - -
IL1A 3 |c.319+2T>C p.(?) splicing 1 0 - -
MPL 3 | c.79+2T>A p.(?) splicing DM 1 0 114/66230 0.9
MPO 3 |c.2031-2A>C p.R677Wfs*73 splicing DM 3 1 470/66434 0.5
RNASEL 3 |c.793G>T p.E265X nonsense DM/P 1 1 381/66212 0.2
LRIG1 4 | c.3149_3150delCG p.A1050Gfs*17 indel 3 0 102/66704 0.04
GRB7 4 |c.862C>T p.Q288X nonsense 1 0 2/48666 <0.001

4 |c.801+1G>C p.(?) splicing 1 0 - -
MAP3K1 4 | c.4151dupT p.L1384Lfs*36 indel 1 0 - -
NF1 4 | c.5690delG p.G1897Vfs*28 indel 1 0 - -
PIK3CG 4 | c.41_42delAG p.E14Gfs*147 indel 1 0 5/62474 <0.001
PPP2R1B 4 | c.342_343delTG p.V115Cfs*3 indel 1 0 81/66082 0.8
PREX2 4 |c¢.3210_3213delAACA p.D1072Vfs*17 indel 1 0 - -
VEGFA 4 | c.1085+2T>C p.(?) splicing 1 0 15/66648 0.03
NAT1 5 |¢c.559C>T p.R187X nonsense FP 5 1 252/66632 0.1
CBR3 5 | c.533delA p.D178Afs*46 indel 1 0 102/66716 1
ABCC2 6 | c.3196C>T p.R1066X nonsense DM/P 2 0 35/66738 <0.001
ABCC4 6 |c.2468dupA p.N823Kfs*12 indel 1 1 26/66634

6 |c.1150C>T p.R384X nonsense 1 0 - -
ABCG2 6 | c.706C>T p.R236X nonsense FP 1 0 24/66634 0.1

6 |c.736C>T p.R246X nonsense FP/P 1 0 5/66692 <0.001
ZNF365 7 | c.1065G>A p.W355X nonsense 2 0 4/66740 <0.001
CASP8 7 | c.106delG p.E36Nfs*7 indel 1 0 - -
CWF19L2 7 | c.1605delA p.K535Nfs*4 indel 1 0 - -
FBXW?7 7 |c.310delC p.H104Mfs*389 indel 1 0 - -
RASSF1 7 |c.888+1G>A p.V258Gfs*7 splicing 1 0 1/64856 <0.001
MMP1 8 |c.105+2T>C pQ35Vfs*11 splicing FTV 3 0 114/66230 0.08
MMP12 8 |¢.327C>T p.W109X nonsense 1 0 0/65722 <0.001
DPYD 9 |c.1905+1G>A p.D581_N635del | splicing DM 2 1 389/66688 0.36
DHFR 9 | c.95delT p.F325fs*7 indel 1 0 - -
DNAJC21 10 | c.1503delA p.K501Nfs*10 indel 3 0 33/66560 <0.001

10 | c.1629delT p.F543Lfs*4 indel 2 0 5/11578 0.01

S100A3 10 | c.208delG p.V70Wfs*83 indel 3 1 291/66718 0.9
CNTNAP4 10 | c.3913G>T p.E1305X nonsense 1 0 3/56224 <0.001
DNMT1 10 | ¢.1035dupC p.K346Qfs*35 indel 1 0 - -
GLG1 10 | c.3520C>T p.R1174X nonsense 1 0 - -
HTR3B 10 | c.871C>T p.Q291X nonsense 1 0 - -
ITGB4 10 |c.665delG p.G222Efs*60 indel 1 0 - -
MSR1 10 | c.569delT p.L190Cfs*5 indel 1 0 - -
PTPRJ 10 | c.1191T>A p.Y397X nonsense 1 0 - -
ROPN1L 10 | c.135T>A p.Y45X nonsense 1 1 126/66680 0.8
STXBP4 10 | c.181-1G>A p.K60Vfs*28 splicing 1 0 3/66388 <0.001
TCL1A 10 | c.253C>T p.R85X nonsense 1 0 - -
Celkem 81 10
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Za ucelem identifikovani moznych poskozeni drah, které mohu pfispivat k nddorové predispozici,
jsme rozdélili postizené geny do deviti skupin (skupiny 2-9 v Tabulce 6 a Obrazku 20) sdruzujicich
funkéné pribuzné proteiny. Dvanact genl (skupina 10) nelze pfifadit do spole¢né funkéni skupiny.
Sestndct nosic¢l (5 % vsech pacientt) deviti rliznych trunkacnich alteraci bylo identifikovano ve

skupiné 2, ktera obsahuje geny Ucastnici se metabolizmu steroidnich hormond a jejich.

Dale bylo detekovano 250 unikatnich, priotitizovanych, potencialné patogennich missense variant ve
150 genech u 213 pacientd. Nejéastéjsi prioritizované SNV v genech neucastnicich se DNA reparace
postihovaly APC. Devét missense variant bylo nalezeno u osmi nosici s ¢asnym nastupem
onemocnéni v podobé duktalniho karcinomu prsu (median véku: 29 let, rozpéti 27 — 48 let). Pozitivni

rodinna historie nadorového onemocnéni tlustého streva byla dokumentovana u 4 z 8 nosicu.

6.1.4 Charakteristiky onemocnéni a rodinné anamnézy nosicu trunkacnich variant

Nebyly nalezeny vyznamné rozdily v charakteristice pacientll (rodinna historie nadorovych
onemocnéni a nastup nemoci) a nador( (podtypy karcinomu prsu a histologické vlastnosti) mezi
nosici trunkacnich variant v DNA reparacnich genech a ostatnich genech a pacienty bez trunkacni

varianty v analyzovanych genech (Obrazek 21).

A. Podtypykarcinomuprsu (,=0,7) B. Histologie karcinomu prsu (P=0,4)
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Obrazek 21: Patologické charakteristiky nddort a klinické charakteristiky 325 analyzovanych pacientl s
karcinomem prsu, zafazenych do skupin podle pritomnosti trunkacni varianty v nékterém z DNA reparacnich
genu (41 pacientd), variant v pouze nékterém z ostatnich gent (64 pacientl) a nepfitomnosti Zadné trunkacni
variant (220 pacientl). Zndzornéné p hodnoty vyznacuji nesignifikantni rozdily mezi vyobrazenymi
charakteristikami mezi analyzovanymi podskupinami. Podtypy a histologické vlastnosti karcinomu prsu dle
popisu v kapitole 1.2. HBOC: pacienti z rodin s vyskytem hereditdrniho karcinomu prsu a ovaria; HBC: pacienti z
rodin s vyskytem hereditdrniho karcinomu prsu; multicancer: pacienti z rodin s mnohocetnym vyskytem
nadorovych onemocnéni.
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Trunkaéni varianty byly nejéastéjsi u Her-2 pozitivnich nadord (9/15; 60 %) a méné cCasté byly u
subtypu luminal B (28/110; 25 %). Byl zaznamenan mirné zvyseny podil nosic¢l trunkacnich variant u
pacientl s podtypy karcinomu prsu spojenymi s horsi prognézou (bazalni a Her-2 pozitivni subtypy;
33/68 pacientl — 49 %) oproti subtyplm s lepsi progndzou (podtypy luminal A a luminal B; 57/207
pacientl — 28 %; p=0,1).

6.1.5 Nalezené varianty ovliviujici sestfih pre-mRNA

Skupina trunkacnich variant zahrnovala 20 variant ovliviiujicich sestfih pre-mRNA (sestfihové
varianty; 14 unikatnich, z nichZ kazda ovliviiovala jeden gen) v pozicich +/- 2 bp okolo exon(. Vliv
téchto sesttihovych variant byl zkouman na tGrovni mRNA (dostupné z periferni krve osmi pacientd).
Sedm z osmi analyzovanych vzork( se sestfihovou variantou vykazovalo posun ¢teciho ramce a
aberantni terminaci translace proteinového produktu. Dvé varianty v genech DPYD a CHEK?2 byly jiz

drive popsany jako sestfih alterujici varianty.

6.1.5.1 Sestfihové varianty v DNA reparacnich genech

Mutace c.444+1G>A (r.[444+1_444+4ins; 444+1g>a), p.R148Vfs*6, NM_001005735) v sestfihovém
misté genu CHEK2 ma za nasledek 4-bp inzerci z dlvodu vyuZiti alternativhiho donorového
sestfihového mista vintronu 2. Tato, v minulosti popsand (Dong et al. 2003), mutace vytvafi
predc¢asny terminacni kodon v exonu 3 a eliminuje ¢ast FHA domény a celou kindzovou aktivacni
doménu vysledného CHEK2 proteinu. Popsand sestfihova varianta se v rdmci vySetfovaného souboru

vyskytovala u dvou pacient(.

V exonu 11 genu EXO1 byla nalezena zdména G>C na pozici -1 a zplsobovala 18 nukleotidl dlouhou
in-frame deleci ve vysledném transkriptu (c.2212-1G>C, r.2212 2229del, p.V738_K743del,
NM_130398.3, Obrazek 22), nebot jako novy AG motiv 3‘ sestfihového mista jsou rozeznavany
nukleotidy 17 a 18 z exonu 12. Tato varianta byla nalezena u jednoho pacienta a jedné kontrolni

osoby.

V genu HELQ, jednonukleotidovd zaména G>A na 3‘ konci intronu, zpUsobuje frame-shift deleci
sekvence TTTAG na 5 konci exonu 7 a rozpoznani nového sestfihového motivu AG. Vysledny
transkript obsahuje sekvenci 16 odliSnych aminokyselin, zakonéenou pred¢asnym terminacnim
kodonem (c.2677-1G>A, r.2677_2681del, p.Q348Pfs*17, NM_133636.3, Obrdazek 22). Varianta byla

nalezena u jedné kontroly a jednoho pacienta v ramci vySetfovaného souboru.
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Varianta IVS6-2_1delAG genu RAD51C zpUsobuje frame-shift vypadek celého exonu 7 ve vysledném

MRNA transkriptu (c.905-2_1delAG, r.905_965del, p.L301Gfs*42, NM_058216.1). Transkript potom

obsahuje novy terminacni kodon po 41 tripletech kédujicich odliSné aminokyseliny oproti divoké

formé RAD51C. Tato variant byla nalezena u jednoho pacienta v rdmci vySetfované populace.

A. (DNA)
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22: Charakterizace sestfihovych variant nalezenych v DNA reparacnich genech (EXO1, HELQ a

RAD51C). Schémata ukazuji sekvenacni chromatogramy z gDNA (A); elektroforeogramy PCR produkti
amplifikovanych z cDNA (B); porovndni sekvenacnich chromatogrami wild-type (C) a mutantni (D) cDNA;
schematické zobrazeni postiZené Cdsti aberantniho transkriptu (Cervenym pismem, E), deletované Cdsti
transkriptu maturované mRNA (Zluté), a oligonukleotidové primery pouZité pro analyzu cDNA (Cerné sipky).
Schéma F ukazuje pozici deletovanych/zkrdcenych &dsti vysledného proteinu.
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6.1.5.2 Sestrihové varianty v genech neucastnicich se reparace DNA

Jedna z ndmi nalezenych variant genu DPYD byla dobfe popsana zdména G>A v akceptorovém misté
sestiihu pro exon 14, zpUsobujici in-frame deleci 55 aminokyselin (c.1905+1G>A, r.1741_1905del,
p.D581 N635del, NM_000110.3). Tato varianta vykazuje vyrazné snizenou enzymatickou aktivitu
vysledného translatovaného proteinu a prodlouZzenou clearance 5-fluorouracilu, kterd vede k tézké
toxicité a pripadné smrti (Meinsma et al. 1995) (van Kuilenburg et al. 2012). Tato varianta se

vyskytovala u dvou pacientl a jedné kontrolni osoby v rdmci vySetfovaného souboru.

Zaména c.105+2T>C v genu MMP1 zplsobuje zachovani celého intronu 1 ve vysledném sestfizeném
MRNA transkriptu. MUzZe tak dochdzet k posunu ¢teciho rdmce a vzniku predcasného terminacniho
kodonu po 10 odlisnych aminokyselinach oproti divoké formé MMP1 (r.105_106ins105+1_106-1,
p.Q35Vfs*11, NM_002421.3, Obrazek 23). Tato varianta byla identifikovana ve vzorcich dvou

pacientl vysetfovaného souboru.

Jednonukleotidovd zaména A>C na pozici -2 exonu 11 v genu MPO zpUsobuje vznik transkriptu
sinzerci 109 nukleotidd sekvence intronu (c.2031-2A>C, r.[2029-109_2029-1ins;2029-2a>c],
p.R677Wfs*73, NM_000250.1, Obrazek 23). Timto mlze vzniknout proteinovy produkt delsi o 4
aminokyseliny a rozdilnymi 72 aminokyselinami C-koncové &asti oproti divoké formé MPO. Tato

sestiihova varianta byla nalezena u dvou pacient( a jedné kontrolni osoby.

V genu RASSF1 zpUsobuje zaména G>A na 5 konci intronu 5 frame-shift deleci celého exonu 5 ve
vysledném mRNA produktu (c.888+1G>A, r. 758 _888del, p.V258Gfs*7, NM_170714.1, Obrazek 23).
Prislusny transkript ma po 6 aminokyselinach, které jsou odlisné od divoké formy, zarazen terminacni

kodon. Tato varianta byla nalezena u jednoho pacienta.

Varianta IVS-1G>A, ovliviiujici sestfihovém misto, genu STXBP4, zpUsobuje frame-shift deleci celého
exonu 3 a do potencidlniho vysledného proteinu zavadi 28 novych aminokyselin, nasledovanych
termina¢nim kodonem (c.181-1G>A, r. 181 287del, p.K60Vfs*28, NM_178509.5, Obrazek 23).
Vysledny transkript koduje 218 aminokyselin kratky protein, ve srovnani s 553 aminokyselin dlouhou

divokou formou STXBP4. Tato variant byla identifikovdna u jednoho pacienta.
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MMP1: ¢.105+2T>C (r.105_106ins105+1_106-1; pQ35Vfs*11)

A.(DNA) Exon1 C. (RNA) Exon 1 Exon 2 E. (RNA)
T: GTccAGgtaaatgetg WT: ATGTGGACTTAGTCCAGAAATACCTGGAAARATACT MMP11F MMP12R2

ins |487bp

—>

IVS142T>C
D. (RNA) £ — 1<
WT: ATGTGGACTTAGTCCAGARATACCTGGARARATACT
————————————————— GCARATGCTGCATTGCATG 3 i
— R < 969bp MUT: F. (protein)
< ~780 bp (?) o 7;»} i g i i
L p— < 488 bp | | | |
400 - 100 200 300 a00 [AA]
300—
200-
MPO: c.2031-2A>C (r.[2029-109_2029-1ins;2029-2a>c]; p.R677Wfs*73)
Exon 11 Exon 12 E. (RNA]
A. (DNA) Exon 12 C.(RNA) xon on > (RNA)
T: ccccatgecagGTTTTGE WT: GRAGCTCCGGGATGGTGATCGGTTTTGGTGGGAGAACGA MPO 11F2 ins 109bp MPO 12R2
MUT: s7--c-—-C-p---—--
! o | " I ,J_,4<—I;
Yo ﬁ"u /‘W M{’r"‘oﬁ&[\l\"\ ‘ I 11 ;
IRIATAY \ { N 1
VU H ,VM;/ A ‘I‘\I U ‘M \
IVS11-2A>C
F. (protein)
B. (RNA) M WT MUT NC D- (RNA) _ Exon 11 Exon 12 _
500 - e WT: G AGCTCCGEGATGETGATCGETTT TGGT GGGAGAACE _{ -
MUT: == == === ——m o mmmo o GTGGCATT TGTTGTGGC
400 - | I | | | |
< 352|bp . 100 200 300 200 500 600
300 - i
— < 243 bp a
200 - | “m
100 -
RASSF1: c.888+1G>A (r. 758_888del; p.V258Gfs*7)
A.(DNA Exon 4 Exon 5 3
( ) Exon 5 C.(RNA) < xon on > E. (RNA)
T: AGGTGAACgtgagtaca WT: CGCGCTGAGCGTCACGGCCARGTGTACT TGCGGAAGCTG
MUT; —==————— [ I RASSF14F2 del 116bp RASSILGR
| A I_LI #
i ‘”1 I A . Ny »‘AH\ \"\A A\ 24 £2
J\"/“ ‘\ A i W\( ‘}\ "‘.W r\y\ﬁr\ ,‘Y‘ /] “MO |
v LA LA ! IVS5+1G>A
B. (RNA) Evon s xon s
D.(RNA) < xon on »  F.(protein)
500 — wee o 399 bp WT: CGCGCTGAGCGTCACGGCCAAGTGT ACTTGCGGA AGCTG ] | } ‘ ‘
400 — —_— 308 bpp  MUT T TGGGACGCCTTCAGCAT
300- - <283 bp mo [aa]
200-
STXBP4: c.181-1G>A, (r. 181_287del; p.K60Vfs*28)
A. (DNA) _Bxon3 C.(RNA) E.(RNA)
T ttttgttagGATGGTCG Exon 2 Exon 3
STXBPA2F del 107bp STXBP 4R
——————————————— WT: TCCTGGAGGAGACTGTTATAAGGATGETCCTTTGAAGCCAGE <«
i J W\
Ul A e DM M
1y MY IVS2-1G>A
B. (RNA) M WT MUT NC D. (RNA) F. (protein)
Exon 2 Exon 3 o
500 — s +— > N
400 - —— tfg?obg »  WT:TCCTGGAGGAGACTGTTATAAGGATGETCETTTGAAGCCAGS ‘ﬂ|ﬂﬂ IR L
300 - D T GGTTAGAATCTGC TTGGGAGA - | | | |
100 200 300 400 500 [AA]
200 -
100 -

€«
IH.W(\\ | I_ll‘ L2 e
| [ ww"w /\
e Al

STOP

700 [AA]

Obrdzek 23: Charakterizace sestfihovych variant nalezenych v genech neucastnicich se reparace DNA (MMP1,
MPO, RASSF1 a STXBP4). Schémata ukazuji sekvenacni chromatogramy z gDNA (A); elektroforeogramy PCR
produkti amplifikovanych z cDNA (B); porovndni sekvenacnich chromatogrami wild-type (C) a mutantni (D)
cDNA; schematické zobrazeni postiZené Cdsti aberantniho transkriptu (Cervenym pismem, E), deletované cdsti
transkriptu maturované mRNA (Zluté), a oligonukleotidové primery pouZité pro analyzu cDNA (Cerné Sipky).

Schéma F ukazuje pozici deletovanych/zkrdcenych &dsti vysledného proteinu.
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6.2 Rozsifena analyza vyskytu varianty FANCL c.1096_1099dupATTA (Zemankova
et al. 2016)

V predchozi praci (Kap. 6.1) jsme identifikovali rekurentni variantu v genu FANCL u vysoce rizikovych
pacientek s karcinomem prsu (Obrdzek 24). Nalez vyznamné zvySeného vyskytu varianty
€.1096_1099dupATTA u vysoce rizikovych pacientd byl konfrontovan v praci Pfeifer a kol,
s nevyznamnym nalezem vyskytu této varianty a jeji asociaci s ndadorovym onemocnénim
v némeckém a makedonském souboru testovanych pacientl s BC a kontrol (Pfeifer et al. 2016).
V reakci na tuto skuteénost jsme provedli rozSifenou analyzu FANCL ¢.1096_1099dupATTA v populaci

502 vysoce rizikovych osob, 693 pacientll se sporadickym onemocnénim a 686 kontrol.

Z dlivodu nedostate¢ného mnoistvi vzorkl kontrolni populace, ve které pfi NGS analyze nebyla
varianta ¢.1096_1099dupATTA zachycena, byla nejprve porovndna frekvence této varianty ve
studovaném souboru s frekvenci v databazi ExAc (http://exac.broadinstitute.org; data z kvétna 2015)
uvadéjici 342 nosich ¢.1096_1099dupATTA z celkovych 59 537 testovanych exomu (0,57 %), cozZ
naznacuje vySsi vyskyt varianty ve studovaném NGS souboru vysoce rizikovych pacientd

s karcinomem prsu (p=0,01; Tabulka 5).

MozZny vztah této varianty ke zvySeni rizika vzniku karcinomu prsu jsme dale analyzovali vySetfenim
502 vysoce rizikovych pacientl s karcinomem prsu nebo ovaria (vSechny BRCA1/BRCA2/PALB2
negativni). Mezi témito pacientkami bylo nalezeno dalSich pét nosi¢ek mutace c.1096_1099dupATTA
— tfi s duktdlnim karcinomem prsu (s diagnézou v 27, 34 a 38 letech) a dvé s karcinomem ovaria (26 a
39 let). Celkové byla tato varianta identifikovana u 11/827 vysoce rizikovych jedinct (1,3 %),

predstavujicich 11/805 vysoce rizikovych Zen (1,4 %).

Pro identifikaci nosicd mutace ¢.1096_1099dupATTA u sporadickych pacientl s karcinomem prsu a
dalSich geograficky odpovidajicich nenddorovych kontrolnich jedincl, bylo dale genotypovano 693
neselektovanych pfipadi s karcinomem prsu a 686 nenadorovych kontrol (313 Zen a 373 muzu). Tato
analyza odhalila tfi nosice v kazdé ze studovanych skupin sfrekvenci 0,4 % jak u pfipadl se
sporadickym karcinomem prsu (3/693), tak u kontrol (3/791 — véetné 105 NGS kontrol). Frekvence
této varianty oproti kontrolnimu souboru je tedy silné zvySena u vysoce rizikovych jedinct (p=0,039),
nikoliv vSak u pacientll se sporadickym onemocnénim (p=0,9). VSech 14 nosicli (11 ze skupiny vysoce
rizikovych pacientl a 3 z neselektované skupiny pacientl s karcinomem prsu) mezi pacienty byly
Zeny, zatimco vSechny tfi pripady nalezené u kontrol byli muzi bez nadorového onemocnéni. Prehled

frekvenci této varianty v ramci studovanych soubor(i osob je uveden v Tabulce 7.
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Tabulka 7. Pfehled testovanych osob na pfitomnost varianty c.1094_1095insAATT (p.P365fs) genu FANCL

Pocet jedinci PP . | % zastoupeniv
Soubor Pocet jedincti s mutaci L.
v souboru ramci souboru
Plavodni NGS soubor pacientt 325 6 1,85
Pacienti BRCA1/2/PALB2 negativni 502 5 1
Pacienti se sporadickym karcinomem prsu | 693 3 0,43
Celkem v souborech pacienti 1520 14 0,92
Plvodni NGS soubor kontrol 105 0 0
Rozsifena kontrolni populace 686 3 (muZi bez onemocnéni) | 0,43
Celkem v kontrolnich souborech 791 3 (muzi bez onemocnéni) | 0,38

Od doby publikovani hlavni publikace této dizertacni prace (Lhota et al. 2016)(Pfiloha 1V-1) jsme
mezitim v ramci aplikace sekvenacéniho projektu CZECANCA (Soukupova et al. 2016) identifikovali
dalsich 8 nosicu této varianty (Zemankova et al. 2016) (Pfiloha IV-2). Ze vsech identifikovanych nosict
této varianty s karcinomem prsu, bylo 14 s pomérné nizkym vékem v dobé diagndzy (pramér 47.2 let
(rozmezi 2876 let). Zaroven jsme recentné identifikovali tfi nosice ¢.1096_1099dupATTA u pacientek
s karcinomem ovaria v nizkém véku. Oproti pozorovani skupiny Pfeifer a kol., ktera nalezla pozitivni
rodinnou anamnézu karcinomu prsu pouze u jednoho nosice (pfibuzni prvniho a druhého stupné),
v rdmci vSech nami vySetfenych osob byla rodinnd anamnéza karcinomu prsu nalezena u 23 nosicd
této varianty (39 %) a rodinna anamnéza jakéhokoliv nadorového onemocnéni u dalSich 15 nosici
(celkem 65 %). Ze 14 nosich varianty ¢.1096_1099dupATTA vySetfenych pomoci NGS byla nalezena

dalsi trunkacni varianta v dalsim genu.

6.3 Identifikace a funkcni analyzy ERCC2 mutaci u pacientt s familidarnim
karcinomem prsu a ovaria (Rump. et al. 21016)

Analyzou hereditarnich variant u pacient( s karcinomem prsu (Kap. 6.1) byly nalezeny dvé trunkacni
(p.V77Afs*4 u 1 pacienta, p.F568Yfs*2 u 1 pacienta a 2 kontrolnich osob) a 2 missense varianty (u
dvou pacientd: p. Asp423Asn, p.Val6llAla) vgenu ERCC2. Vramci mezinarodni spoluprace
s laboratofemi v Technische Universitdt Dresden (Némecko), Medical Genetics Center (MGZ) Munich
(Némecko), Cologne Center for Genomics (CCG, Némecko), Vilnius University Hospital Santariskiu
Clinics (Lotyssko) a Masarykovym onkologickym Ustavem Brno, byly tyto a dalsi varianty ERCC2
hodnoceny z hlediska geograficko-popula¢ni vyznamnosti a vlivu na funkci vysledného proteinového
produktu (Rump et al. 2016)(Pfiloha IV-3). Ve spole¢né studii bylo celkem analyzovano 1345 osob
s karcinomem prsu nebo/a ovaria ze zminénych stfedo- a vychodoevropskych zemi pomoci
multigenového panelového sekvenovani, ptfi némz byly nalezeny rekurentni zakladatelské mutace

v ERCC2, které byly funkcné validovany esejemi na bunécnych liniich v némecké skupiné.
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V ramci celého souboru 1345 pacientd s karcinomem prsu nebo/a ovaria byly nalezeny t¥i varianty
posunujici ¢teci ramec (p.Val77fs, p.Phe568fs a p.Ser746fs), dvé varianty ovliviiujici sestfih pre-mRNA

(c.1903-2A>G, ¢.2150C>G) a 20 missense variant s nizkou populacni frekvenci (Tabulka 8).

Prediks y . .
Popis varianty re Elf:ktvany Funkéni efekt BC/OC pripadd
Pozice | Exon Nukleo_tldwa AK zmé&na rs-ID Kumulativni Komplementace Negativni GE czZ LT celkem BC/
zména hodnoceni NER-deficientnich modulace  |N=587 N=353|N=405 N=1345| gQc
hg19 (23) NM_000400.3 max=760aa bunék transkripce

19:45873459 | 2 c.37C>T p.(Pro13Ser) - pathogenic nt. n.t. 1 0 0 1 BC
[19:45872208 4 €230 231delTG | p.(Val77Alafls) - na nt. n.t. 0 1 0 1 BC+0OJ]

19:45868194 7 c.496C>T p-(Arg1686Cys) - pathogenic nt nt 0 0 2 2 BC

[19:45868191 7 c.499G>C p{Glu167Gin) | rs367829012 benign nt. n.t. 1 0 0 1 BC

19:45868127 | 7 €.563G>C p.(Gly188Ala) - benign n.t. n.t. 1 0 0 1 BC

[19:45867756 | 8 c.644C>T p.(Pra215Leu) - pathogenic nt. nt. 0 0 1 1 BC

19:45867354 | 10 c.839G>A p.(Arg280His) - pathogenic nt. n.t. 0 0 1 1 BC

19:45867247 | 10 c.MEC>G pA{GIn316Giu) - benign nt. nt. 1 1] 0 1 BC
19:45860928 | 13 c.1267G>A p.(Asp423Asn) | rs143710107 benign no yes 0 1 8 9 4xBC,
5x0C

[19:45860760 | 14 ¢.1349G>A p.(Arg450His) | rs146632315 | pathogenic yes no 2 0 0 2 BC
19:45860626 | 15 ¢.1381C>G p{lLewdiVa) rs121913016 benign yes yes 3 0 0 3 2xBC,
1x0C
19:45860548 | 15 c.1459C>T p.(Argd87Trp) | rs562132292 | pathogenic no yes 0 0 4 4 2xBC,
2x0C

19:45858929 | 16 €.1537G>T p.(Asp513Tyr) - pathogenic yes yes 1 1] 0 1 BC

[19:45858047 | 17 c.1606G>A p(Val536Met) | rs142568756 | pathogenic yes yes 2 1] 0 2 BC

[19:45856554 | 18 |¢.1703_1704dellT | p.(Phe568is) - pathogenic no no 1 3 1 5 BC

19:45856532 | 18 ¢.1726G>A p(Glu576Lys) | rs201165308 | pathogenic nt. n.t. 1 0 0 1 BC

19:45856397 | 19 ¢.1775G>A p.(Arg592His) | rs147224585 | pathogenic yes no 1 0 7 8 BC

[19:45856370 | 19 €. 1802G>A p(Arg601Gin) | rs140522180 | pathogenic yes yes 2 1 0 3 BC

19:45856074 | 20 c.1832T>C p.(Val611Ala) - benign nt. nt. 0 1 0 1 BC
19:45856015 | 20 c.1891C>T p.(Arg631Cys) | rs144511865 | pathogenic no no 1 0 1 2 1xBC,
1x0C
19:45855909 | IVS €.1903-2A>G splice ste - na nt. nt. 1 (1] 0 1 BC+0Og]

20

19:45855778 | 21 c2032G>C p-(Val678Leu) - benign nt. n.t. 0 1] 1 1 BC
[19:45855507 | 22 c2150C>G spliceeffect | rs144564120| pathogenic nt. nt. 3 0 0 3 2xBC,
1x0C

19:45855492 | 22 ¢.2165G>A p(Arg722Gin) | rs138569838 | pathogenic nt. nt. 0 1 0 1 BC

19:45854932 | 23 c.2238delA p.(Ser746fs) - na yes yes 1 1] 0 1 oc

Tabulka 8. Mutace a raritni varianty genu ERCC2 identifikované panelovym sekvenovdnim jedinci s
dédiénym onemocnénim karcinomu prsu a/nebo ovaria (HBOC). AK = aminokyselina; N = velikost
souboru; n.a. =neni dostupné; n.t. = netestovdno; CZ = CR, GE = Némecko, LT = Litva. Kumulativni
hodnoceni je zaloZeno na vysledcich nékolika predikcnich algoritmd. (Rump et al. 2016)

Zatimco 14 mutaci bylo vramci souboru unikatnich (2 frame-shift, 1 sestfihovd varianta, 11
missense), 11 mutaci (1 frame-shift, 1 sestfihova varianta, 9 missense) bylo nalezeno ve 43
nezavislych rodinach. Nejcastéji se vyskytovala varianta p.Asp423Asn, identifikovanda u 8 nosicu
v Litevském souboru a u jednoho z Ceské republiky. Casté polymorfismy p.Lys751GIn a p.Asp312Asn
byly nalezeny u 64 % vysetfenych ptipad(. JelikoZz byly tyto varianty oznaceny za funkéné irelevantni
(Pabalan et al. 2010), nebyly zahrnuty do funkéniho testovani v ramci projektu. Mezi 20 raritnimi
missense variantami reportovanymi v Tabulce 9 je 13 variant predikovanych dle rlGznych algoritm(
jako patogenni. Dalsi in silico evaluace konzervace (PhyloP) a kombinované predikce patogenity

(CADD) silné podporily zavaznost téchto variant.
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Tabulka 9. Predikce efektu missense variant ERCC2. Pravdépodobnost vlivu nesynonymnich variant
ERCC2 byla predikovdna pocitacovymi algoritmy: SIFT, Sorting Invariant from Tolerated (skore pod
0,05: not tolerated; rozmezi 0-1); PolyPhen-2, Klasifikace podle PSIC skére (HumVar, "benign"-
“possibly damaging“—"probably damaging ", rozmezi: 0-1); Provean, Protein Variation Effect
Analyze; MAPP, Multivariate Analysis of Protein Polymorphism; Align-GVGD, Skére (CO, C15, C25,
C35, €45, C55, C65) od CO (likely benign) po C65 (likely pathogenic); CADD, Combined Annotation
Dependent Depletion. DIt = deleterious, PrD = probably damaging, PsD = possibly damaging, Bgn =
benign, Ntr = neutral. Konzervovanost byla analyzovana pomoci PhyloP (Rozmezi skére od -14.1 to

6.4). Grantham distance score (Rozmezi 0-215).

AK zaména Pro- Align Grantham

(N = 20) SIFT  PPH2  MAPP GVéD CADD  PhyloP " ° Souhrn
Pro13Ser DIt PrD DIt bad Cco 19.70 5.21 74 patogenni
Argl66Cys DIt PrD DIt bad Cco 29.80 3.35 180 patogenni
Glul167GIn Tol Bgn Ntr good Cco 11.52 1.5 29 benigni
Gly188Ala Tol Bgn Ntr good co 24.10 3.44 60 benigni
Pro215Leu DIt PrD DIt bad C65 29.40 5.13 98 patogenni
Arg280His DIt Bgn DIt bad co 24.40 2.30 29 patogenni
GIn316Glu Tol Bgn Ntr good co 14.16 1.98 29 benigni
Asp423Asn Tol Bgn Ntr good co 21.00 5.53 23 benigni
Arg450His DIt Bgn DIt bad co 27.60 4.75 29 patogenni
Leud61Val DIt PsD Ntr good co 25.60 4.64 32 benigni
Argad87Trp DIt PrD DIt bad co 26.00 0.29 101 patogenni
Asp513Tyr DIt PrD DIt good C25 22.60 5.05 160 patogenni
Val536Met DIt PrD DIt bad C15 22.60 5.45 21 patogenni
Glu576Lys DIt PrD DIt bad C55 22.50 5.61 56 patogenni
Arg592His DIt PrD DIt bad C25 16.23 5.61 29 patogenni
Arg601Gin DIt PsD DIt bad C35 32.00 5.61 43 patogenni
Val611Ala Tol Bgn Ntr good Cco 18.83 4.48 64 benigni
Arg631Cys DIt PrD DIt bad C65 22.00 3.54 180 patogenni
Val678Leu Tol Bgn Ntr good Cco 17.23 0.77 32 benigni
Arg722Gin DIt PsD DIt bad Cco 36.00 5.21 43 patogenni

Studované varianty byly rozprostieny po celé délce kddujici sekvence ERCC2 (Obrazek 25).
Aminokyselinové zbytky 13, 450, 461, 513, 536, 576, 592, 601, 611, 631, 678 se vyskytuji v klastru
helikazovych motivii HD1 a HD2 katalytickych domén a zbytky 166, 167, 188, 215, 280, 316, 423, 487,
722 lokalizuji do domén vazicich komplex transkripcnich faktord TFIIH (domény Arch, FES, a C-
terminalni doména). Varianty popsané jako patogenni zmény vyvolavajici xeroderma pigmentosum
(XPD) jsou lokalizovany vHD2 doméné a inaktivuji helikdzovou reparacni aktivitu bez naruseni
struktury proteinu. Naopak mutace, které zplsobuji trichothiodystrofii (TTD), jsou lokalizovany
daleko od katalytického mista enzymu a destabilizuji strukturu XPD (XPD je proteinovym produktem
genu ERCC2) a interakce s TFIIH proteiny (Fan et al. 2008). Dle nasich dat predpoklddame, ze BC / OC

relevantni varianty postihuji katalytickou aktivitu i stabilitu proteinu.
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Obrdzek 25. Doménovd struktura a poloha mutaci ERCC2. Zndzornén je ERCC2 protein se Ctyfmi XPD
doménami: HD1 (modre), HD2 (zelené), FeS (oranZové) a Arch (fialové). C-termindini extenze (Sedé) patrné
vytvari interakcni plochu pro protein p44. Potenciondlné patogenni varianty ERCC2 jsou zndzornény v

rdmeccich (modré, nebo Cervené: missense nebo trunkacni varianty; vyplné: svétle Sedd — pfipady s
karcinomem prsu - BC, rliZova: pripady s pouze karcinomem ovaria - OC, tmavé sedd: pfipady s karcinomem
prsu nebo ovaria — BC/OC, tmavé zelend: pacientky s karcinomem prsu | ovaria (BC + OC). Cisla v zdvorkdch
vyznacuji rekurentni mutace.

Ve spolupracujici laboratofi v Technische Universitat Dresden bylo v rdmci projektu testovano zatim
11 variant (9 rekurentnich a 2 unikatni varianty; Tabulka 10) pomoci funkcnich analyz hodnoticich

reparacni kapacitu NER (Obrazek 22 A) a regulaci transkripce (Obrazek 22 B).

Tabulka 10: Charakteristiky mutaci testovanych na (cinnost reparace a transkripcni aktivitu.

Mutace / charakteristiky | Asp | Arg | Leu | Arg | Asp | Val Phe | Arg | Arg | Arg | Ser
423 | 450 | 461 | 487 | 513 | 563 | 568 | 592 | 601 | 631 | 746
Asn | His | Val | Trp | Tyr | Met | fs His | GIn | Cys | fs

Kodon spojeny s

. TD |~ [T [T |- |- |[TID |-~ |XPD |- |-
onemocnénim
In-silico predikce vlivu ben | pat | ben | pat | pat | pat | fs pat | pat | pat | fs
Opakované se vyskytujici | ano | ano | ano | ano | -- ano | ano | ano | ano | ano | --

Zatimco 6 z 11 BC/OC asociovanych variant ERCC2 testovanych v této studii zatim nebylo popsané ve
spojitosti s onemocnénim (AK zbytky 423, 450, 513, 536, 631, 746), 5 aminokyselinovych zbytkd bylo
popsano jako mutovanych u TTD: AK 461 (Botta et al. 1998), AK 487 (Viprakasit et al. 2001), AK 568
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(Zhou et al. 2010), AK 592 (Nishiwaki et al. 2004) nebo XPD AK 601 (Cleaver et al. 1999) (Obrazek 22).
Podle funkcnich analyz nedokdazaly ctyfi varianty proteinu ERCC2 (p.Asp423Asn, p.Argd87Trp,
p.Phe568Tyrfs a p.Arg631Cys) zvysit funkéni NER reportérového genu v plazmidu po UV ozareni, coz
naznacuje poskozeni reparacni kapacity XPD/ERCC2. Zbyvajicich 7 testovanych variant si zachovavalo
mirnou schopnost NER (Obrdzek 26 A). Prfi analyze vlivu na transkripci byl detekovan dominantné
negativni vliv sedmi variant ERCC2 (p.Asp423Asn, p.Leud61Val, p.Argd87Trp, p. Asp513Tyr,
p.Val536Met, p.Arg601GIn, p.Ser746fs) na expresi reportérového genu (Obrazek 26 B) naznadujici
blokovani transkripce. Celkem tedy 10 z 11 mutaci vykazovalo snizeni U¢innost reparace excizi a/nebo
snizenou schopnost transkripéni aktivace. Nejvyssi dopad na funkci proteinu vtomto ohledu

vykazovaly varianty p.Asp423Asn a p.Arg487Trp.

Reparace DNA

60
40
0
* b ns n.s. e ns. ns.
o

Prézdny wrxpD R60I1W FS68Yrs S746f DS13Y R631C R4B7W V536M  R601Q RS92H R4SOH 461V A717G  DA23N
vektor

| J J

A Y Y
Kontroly varianty nalezené v souboru osob s BC/OC
A A

Transkripce

T

Prizdny wr.xpD RG60IW F568Yrs S746rs D513Y R631C R4SFW VS36M  R601Q RS92H RASOH  L461V  A717G  DA23N
vektor

B

Obrazek 26: Kapacita nucleotide excision repair (NER) a transkripéni aktivita PD/ERCC2 variant asociovanych s
karcinomem prsu. (A) Nékolik XPD/ERCC2 variant zaklonovanych do expresniho vektoru bylo analyzovdno z
hlediska komplementace v ERCC2-defektni bunécné linii XP6BE, které nadmérné exprimuji NER-deficientni
R601W XPD mutantni protein (Liu et al. 2008). Cerné sloupce ukazuji stiedni relativni reparacni kapacitu (v %,
WT-XPD byl vzat jako 100 %) plazmidu s reporterovym luciferdzovym genem po ozareni UV (UVC 1000J/m’) po
reaktivaci v transfekované burice (n>6 v triplikatech). (B) Dominantni modulace exprese reporterového
luciferézového genu (bez ozdrfeni) pomoci overexprese XPD/ERCC2 variant asociovanych s karcinomem
prsu/ovaria v burikdch schopnych transkripce ale s XPD/ERCC2-zdvislym deficitem reparace — linie XP6BE.
Cerné sloupce vyznacuji stfedni relativni expresi reporterového genu (v %, prdzdny vektor = 100 %), zajisténou
bazdini transkripci prostfednictvim CMV-promotoru (n>6 v triplikdtech). Stantartni odchylky jsou vyznaceny.
Byly vypocteny miry vyznamnosti testovdnim normdlini distribuce hodnot pomoci pfislusnych statistickych
ndstroju pro porovndvdni dvou skupin (T-Test, nebo U-Test, # = referencni skupina, *** = p<0.001, ** = p<0.01,
* = p<0.05, n.s. = not significant - nevyznamné).(Rump et al. 2016)
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Vétsina nalezenych germinalnich ERCC2 mutaci jsou zakladatelské mutace. Mezi jejich typické znaky
patfi opakovany vyskyt, populacni specificita a sdileni haplotypu. Mutace v ERCC2 jsou rekurentni,
nebot 11 z 25 bylo pozorovano alespon dvakrat ve sledované spoleéné skupiné osob s karcinomem
prsu/ovarii (posledni sloupec v Tabulce 6). Mezi 11 rekurentnimi variantami bylo 5 identifikovano
pouze v jedné ze tfi populaci (napf. p.Asp423Asn: 8 x L, 1 x CZ, 0 x GE). Pro dvé dalsi mutace
specificky nabohacené v nékterych populacich mizeme demonstrovat sdileni haplotypu: (i) mutace
c.1381C>G (rs121913016) se vidy vyskytovala v kosegregaci s c.2150C>G (rs144564120), coz je
haplotyp, ktery byl opakované pozorovan u TTD/XPD pacient( (Takayama et al. 1995). (ii) TéméF u
vSech pripadl (10/11) se frame-shift mutace c.1703_1704delTT vyskytovala spolu s polymorfizmem
€.1758+32C>G (rs238417). Navic jsou tyto dvé varianty vzdaleny pouze 84 nukleotidd a vSéechny NGS
¢teni zahrnujici tyto pozice obsahovaly obé varianty, coZ ukazuje jejich vzajemnou lokalizaci v cis

pozici.

Frekvence ERCC2 variant charakterizovanych v rdmci studie byly porovnany s frekvencemi verejnych
databdzi ESP (NHLBI Exome Sequencing Project; (Venter et al. 2001) a ExAC (Exome Aggregation
Consortium). Nékteré z nalezenych mutaci, jako je p.Phe568fs* a Asp423Asn byly zachyceny u
analyzovanych pacientek s karcinomem prsu a ovaria vyznamné Castéji, nez u osob z populaci v EXAC
databdzi, coz naznaduje asociaci téchto variant svyskytem onemocnéni. Pro potvrzeni tohoto
vysledku jsme ucinili segregacni analyzy, nicméné Zadna ze studovanych mutaci ERCC2 nevykazovala
presvédcujici kosegregaci s vyskytem karcinomu prsu/ovaria. Navic nasledna analyza populacné
specifickych kontrolnich soubord ukazala, ze témér vSechny zakladatelské mutace se v souborech
BC/OC pacientll vyskytovaly s podobnou frekvenci jako u etnicky odpovidajicich kontrol. Jedinou
vyjimkou je doposud litevskd mutace p.Argd87Trp, nalezend u Ctyr vySetfovanych v souboru BC/OC
pacientek, a nepfitomna v kontrolni populaci (Tabulka 11). Je vSak nutné upozornit, Ze populacni
kontrolni soubor zahrnujici pouze 100 jedinctl, je nedostatecny na prlikaz statistické vyznamnosti
tohoto nalezu. Jednim z vystupl provedené analyzy je upozornéni na skutecnost, Ze stanoveni
frekvenci predevsim zakladatelskych variant v populacné specifickych souborech kontrol, prestoze
mohou byt malé, je presnéjsi, nez stanoveni frekvence téchto variant v rozsahlych souborech

globalnich databazi.
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Tabulka 11. Alelické frekvence ERCC2 variant u pacientt s karcinomem prsu/ovaria (BC/OC) a u
pfislusnych kontrolnich kohort. Alelickd frekvence je vypoctena na zdkladé velikosti souboru (v
zdvorce) a poctu pozorovanych pripadi (viz Tabulka 6) se zohlednénim hetero-, homozygozity.

AK zména cz cz LT LT GE GE ExAc
(N =25) BC/OC Kontroly BC/OC Kontroly BC/OC Kontroly vers.0.2
[353T [453]° [405] [103] [5871° [1844]¢ [variabilni =
Pro13Ser 0 0 0 0 0.0851 0 0
Val77Alafs 0.1416 0 0 0 0 0 0
Arg166Cys 0 0 0.2469 0 0 0 0
Glu167GIn 0 0 0 0 0.0851 0 0.0033
Gly188Ala 0 0 0 0 0.0851 0 0
Pro215Leu 0 0 0.1234 0 0 0 0
Arg280His 0 0 0.1234 0 0 0 0.0072
GIn316Glu 0 0 0 0 0.0851 0 0.0152
Asp423Asn 0.1416 0.1104 0.9876 1.456 0 0.0542 0.0248
Arg450His 0 0 0 0 0.1704 0.0813 0.0214
Leud461Val 0 0 0 0 0.2553 0.1356 0.1345
ArgdB7Tmp 0 0 0.4938 0 0 0 0.0034
Asp513Tyr 0 0 0 0 0.0851 0 0
Val536Met 0 0 0 0 0.1704 0 0.0231
p.Phe568fs 0.4249 0.4415 0.1234 0 0.0851 0 0.0093
Glu576Lys 0 0 0 0 0.0851 0.0542 0.0008
Arg592His 0 0 0.8642 0 0.0851 0 0.0332
Arg601GIn 0 0.1104 0 0 0.1704 0.0542 0.0175
Val611Ala 0.1416 0 0 0 0 0 0.0042
Arg631Cys 0 0 0.1234 0 0.0851 0 0.0025
¢.1903-2A>G 0 0 0 0 0.0851 0 0
Val678Leu 0 0 0.1234 0 0 0 0
¢.2150C>G 0 0 0 0 0.2553 0.0813 0.0349
Arg722GIn 0.1416 0 0 0 0 0 0.0067
p.Ser746fs 0 0 0 0 0.0851 0 0

BC/OC = jedinci s karcinomem prsu a/nebo ovaria; Kontroly

zdravé osoby bez nddorovéko

onemocnéni; CZ = Czech Republic, GE = Germany, LT = Lithuania; AK AK = aminokyselina; N = velikost
souboru; nt = nukleotid; ExAC = Exome Aggregation Consortium, Cambridge, MA (URL:
http://exac.broadinstitute.org);

@ 28 vzorkii z MOU Brno (TruSight-Cancer) + 325 z naseho pracovisté (custom panel 580 gend;
Nimblgen, UBEO, 1.LF UK)

b 108 nenddorovych kontrolnich osob Zenského pohlavi (MOU, Brno) + 105 nenddorovych kontrolnich
osob Zenského pohlavi (UBEO, 1.LF UK) + 240 nenddorovych kontrol sekvenovanych hromadné
pomoci Trusight-Cancer (UBEO, 1.LF UK)

€271 vzorkii z TU Dresden + 316 vzorkt z MGZ Mnichov (TruSight-Cancer)

1629 vzorki exomového sekvenovdni z CCG Kolin n. Rynem + 79 osob bez BC/OC anamnézy z TU
Dresden (Trusight-One) + 136 osob bez BC/OC anamnézy z TU Dresden a MGZ Mnichov (TruSight-
Cancer)

¢ Nebot byla exomovd data ziskdna z riznych zdroji s rozdilnymi strategiemi obohaceni o cilové
oblasti, lisi se velikosti soubort pro jednotlivé varianty. Alelické frekvence jednotlivych variant byly
vypocteny z prislusnych velikosti soubord.

Vyskyt onemocnéni spojenych s pfitomnosti patogennich germinalnich mutaci ERCC2
neodpovida frekvenci pravdépodobné patogennich zakladatelskych mutaci v pfislusnych populacich.
PfestoZe zakladatelské mutace testované v této studii nemusi predisponovat k BC/OC, stadle mohou
propUljcovat status nosi¢stvi onemocnéni s recesivni dédicnosti, kterymi jsou XPD (OMIM 278730),

TTD (OMIM 601675) a COFS2 (OMIM 610756). Dokonce i samotnd mutace p.Phe568fs byla
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detekovéna u 7 z 806 vzork( z Ceské republiky, co? znamend, 7e frekvence heterozygotnich nosiéd
této varianty je pfiblizné 0,86 %. Podle Hardy-Weinbergova rovnovazného modelu by incidence TTD
byla 1/30 000. Na zakladé kombinovanych dat z diagnostickych center zabyvajicich se poruchami
reparace DNA ve Francii, Némecku, Italii, Holanska a Velké Britanie je redlna incidence TTD 1,2 na
milion osob (Kleijer et al. 2008). JelikoZz lze predpokladat, Zze (i) incidence 1/30 000 by nebyla
prehlédnuta Ceskymi genetiky a (ii) publikace charakterizujici variantu p.Phe568fs jako kauzalni pro
TTD se nemyli (Takayama et al. 1995, Broughton et al. 2001), diskrepance mezi alelickou frekvenci a
incidenci onemocnéni naznaduje, Ze homozygozita varianty p.Phe568fs je patrné embryondiné
letdlni. Toto tvrzeni souhlasi s pozorovanim, Ze Uplna ztrata aktivity ERCC2 je letalni u homozygotnich
knock-out mysi (de Boer et al. 1998) a zaroveni je konzistentni s pozorovanim, Ze vsichni XPD a TTD
doposud testovani pacienti vykazovali rezidualni aktivitu ERCC2 (Lehmann et al. 2014). Jelikoz v Litvé
nebyla popsana zvySena incidence TD/XPD, lze predpokladat, Zze frekventni litevska zakladatelska
mutace p.Asp423Asn (Tabulka 11), ktera jasné vykazuje funkcéni deficienci, je také v

homozygotni podobé embryonalné letdlni.

6.4 Analyza varianty c.657del5 genu NBN ve vztahu ke karcinomu pankreatu
(Borecka et al. 2016)

Kontrolni analyzou klinickych a histopatologickych dat pacientl s karcinomem prsu analyzovanych
panelovym NGS (Lhota et al. 2016; Kap. 6.1.) jsme zjistili, Ze se u 22 osob vySetfovaného souboru
pacientld vyskytovalo nadorové onemocnéni jiné diagndzy nez karcinom prsu. Tito jedinci byli ze
souboru 325 pacientl pro analyzu predispozice ke karcinomu prsu vyfazeni. Protoze se vSak jednalo
o kvalitni sekvenacni vystupy ziskané u nemocnych s onkologickymi diagnézami, byly vysledky
sekvenovani podrobeny dalsi kontrole. U jednoho ze sekvenovanych vzork( souboru nemocnych bylo
zjisténo, Ze se jedna o vzorek pacientky s diagndézou duktalniho adenokarcinomu pankreatu, nikoliv

karcinomu prsu (Obrazek 27).

U této pacientky byla zjiSténa varianta c.657delACAAA v genu NBN, coz je nejcastéjsi, patogenni,
stfedoevropska mutace u pacient(l s Nijmegen-breakage syndromem (NBS), autosomalné recesivnim
onemocnénim charakterizovanym chromozomalni instabilitou a zvySenym rizikem lymfoidnich
malignit a dalSich nadorovych onemocnéni (Varon et al. 1998). Bylo ukazano, Ze heterozygotni
mutace NBN predisponuji ke karcinomu prsu (Gorski et al. 2003), non-Hodgkinovu lymfomu, a
karcinomu prostaty, nicméné role NBN v predispozici a karcinogenezi karcinomu pankreatu nebyla
doposud studovana. Nami nalezend varianta c.657delACAAA je nejfrekventnéjsi patogenni variantou

u pacientd s NBN asociovanymi nadorovymi onemocnéni ve slovanské populaci (Varon et al. 2000). U
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této pacientky (diagnostikované v 64 letech) nebyla nalezena Zadna dalsi trunkacni varianta v dalSich
predispozi¢nich genech pro karcinom pankreatu (BRCA1, BRCA2, PALB2, MLH1, MSH2, MSH6, PMS2,
STK11, APC, CDKN2A). Pfitomnost této mutace byla potvrzena i u zemfielé sestry probandky

s karcinomem Zaludku (Obrazek 27).
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Obrdzek 27: Ndhodny zdchyt mutace c.657del5 v genu NBN u pacientky s karcinomem pankreatu. A. rodokmen
pacientky (Sipka), B. zdchyt varianty pomoci NGS (zobrazeno v IGV viewer) a C. konfirmace mutace pfimym
sekvenovdnim.

Pro analyzu frekvence této varianty v populaci pacientli s karcinomem pankreatu a kontrolni populaci
byla varianta c.657del5 genotypovdana u 241 neselektovanych pacientd s duktalnim
adenokarcinomem pankreatu. Mezi témito pacienty bylo identifikovano 5 nosic¢l vySetfované
varianty (2,07 %). Frekvence této varianty v kontrolni populaci byla vyznamné nizsi (2/915), coz
naznacuje, Ze nosici varianty c.657del5 maji vyssi riziko vzniku duktdlniho adenokarcinomu pankreatu
(OR = 9.7; 95%Cl: 1.9-50.2; PFET = 0.006). Rodinnad historie karcinomu pankreatu byla
zdokumentovana pouze u jednoho z péti nosici mutace, nicméné druhy pacient mél nadorovou
historii v rodiné (sestru skarcinomem Zaludku) a treti pacient Zenského pohlavi pak spolu
s karcinomem pankreatu (ve 46 letech) zdroven i karcinom prsu (v 64 letech). Primérny vék v dobé
diagndzy u nosicll varianty c¢.657del5 byl 65,8 roku (v rozmezi 59-73) (Borecka et al. 2016) (Pfiloha IV-
4).

83



6.5 Systém pro identifikaci sestfihovych variant mRNA zalozeny na amplikonovém
NGS (Hojny et al. 2017)
Recentni pfistup identifikace predispozi¢nich variant pomoci NGS generuje i velké mnozstvi variant
nejasného vyznamu, které mohou ovliviiovat sestfih pre-mRNA za vzniku aberantnich sesttfihovych
isoforem. Proto je nezbytnym predpokladem pro klinickou interpretaci vyznamu takovych variant
znat i paletu vSech ptirozené se vyskytujicich alternativnich sestfihovych variant daného genu v dané
tkani. Na nasem pracovisti jsme vyvinuli komplexni pfistup k takovéto katalogizaci sestfihovych
variant a jeho aplikaci jsme ukazali na prikladu analyz sestfihovych variant genu BRCA1 (Hojny et al.

2017) (Pfiloha IV-5).

Pro identifikaci alternativnich sestfihovych variant byl navrien pfistup zaloZzeny na multiplexni PCR
(mPCR) amplifikaci vSech teoreticky moZnych exon-exonovych spojeni s naslednou selekci dle
velikosti amplikonu a charakterizaci pomoci NGS. Uéinnost této metody byla prokdzéna na
komplexnim modelu analyzy alternativnich sesttfihovych variant genu BRCA1 v lidskych leukocytech,
zdravé mamarni tkani, tukové tkani a stabilnich bunécnych liniich. Klicovou casti této metody je
navrzeni vsech primerovych parl pro jednotlivé prechody exon( tak, aby forward primer cilil na 3°
oblast exonu a reverse primer na 5 oblast exonu nasledujiciho. Pro takovouto analyzu BRCA1 bylo
navrzeno 45 primerQ cilicich 22 kddujicich exonl kanonického transkriptu NM_007294 a dale i
alternativni exony 11q a 13A. Primery byly pouZity pro amplifikaci cDNA v 31 mPCR reakcich.
Produkty téchto amplifikaci byly smichany a nasledné byl proveden vybér kratkych amplikon,
odpovidajicich zkracenym (alternativné sestfizenym) transkriptim, pomoci reverzibilni imobilizace na
paramagnetickych kulickach. Z téchto PCR produktll byla pfipravena standardni NGS knihovna pro
sekvenovani na platformé lllumina. Bioinformatickd analyza identifikovala fragmenty s pfislusSnymi
exon-exonovymi spojenimi a byl vytvoren katalog vSech nalezenych variant pro pfislusnou
tkan/bunécnou linii. Celkem bylo timto pfistupem identifikovano 94 alternativnich sestfihovych
variant BRCA1. Pouze 29 variant bylo pfitomno ve vSech testovanych tkanich, coz potvrzuje rozdilnou
expresi sestfihovych variant BRCA1 v jednotlivych tkanich (Orban et al. 2003, Colombo et al. 2014,
Romero et al. 2015). Ctyficet dva z celkovych 94 nalezenych variant nebylo doposud popsano
v predchozich studiich (Colombo,Romero,Orban). Tato metoda umoznuje vysoce citlivou a rychlou

detekci alternativnich sestfihovych variant pro teoreticky libovolny gen.
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7 DISKUSE

Panelové sekvenovani nové generace predstavuje spolehlivy ndstroj pro analyzu nadorovych
predispozicnich gen( v klinické praxi, ale i zplsob identifikace novych kandidatnich genli u vysoce
rizikovych jedinci. Oproti exomovému, ¢i celogenomovému sekvenovani umozZiuje identifikaci
nosic¢d patogennich variant s nizsi nakladnosti, vétsi flexibilitou ve vybéru cilovych gend, senzitivity a
méné narocné bioinformatické zpracovani pro rutinni praxi (Schroeder et al. 2015). Analyza
predstavena v této praci odhalila trunkacni varianty u témér jedné tretiny vysSetfenych pacientd; 30
pacientl (9 %) byli nosic¢i trunkacni varianty vjednom z 15 genl (ATM, ATR, BLM, BRIP1, ERCC2,
FANCE, FANCL, FANCM, CHEK2, NBN, NF1, RAD50, RAD51C, RAD51D, WRN), v soulasnosti
testovanych komercéné dostupnymi klinickymi NGS panely (Easton et al. 2015). Ze 73 genu
s trunkacnimi mutacemi, byla pouze u 51 znich nalezena jen jedna trunkacni varianta. Tato
skutecnost naznacuje, Ze by mohly byt extrémné vzacné varianty identifikovany u znacné ¢asti vysoce
rizikovych jedincU. Klinickd interpretace takovych variant a jejich odliseni od ndhodnych nalez(, které

nejsou spojeny s predispozici ke karcinomu prsu, mlZe byt velice obtizné.

| pfes omezené mnozstvi analyzovanych vzorkd, nebylo 22/36 (61 %) unikatnich trunkacnich variant
v DNA reparacnich genech pritomno v databazi ExAc a frekvence pouze Sesti variant (17 %) se nelisila
mezi analyzovanym souborem a databazi ExAc (Tabulka 5). Zarover pouze 20/53 (38 %) unikatnich
trunkacnich variant v genech neucastnicich se reparace DNA bylo reportovdno v databazi ExAc a
frekvence 13 z nich (25 %) se neliSila mezi analyzovanym souborem a databdzi (Tabulka 10). Tyto
nalezy naznacuiji, Ze i) alespon nékteré trunkacni varianty nemusi zasadné zvysSovat riziko karcinomu

prsu u svych nosicl a ii) Ze tento jev je pravdépodobné;jsi u gend neucastnicich se reparace DNA.

Zajimavym nalezem této prace je vysoka frekvence potencidlné patogennich variant v péti FA genech
(FANCL, FANCM, RAD51C/FANCO, FANCE, a BRIP1/FANCJ) v 16/325 (4,9 %) vysoce rizikovych
pacientech analyzovanych pomoci NGS. FA geny koéduji DNA reparacni proteiny pfispivajici ke
genomové stabilité prostfednictvim oprav ICL (Kottemann et al. 2013). FA a FA asociované proteiny
vytvareji fadu protein-proteinovych komplexi (Walden et al. 2014). Misto poskozeni DNA je
rozeznano kotevnim komplexem (FANCM, FAAP24, MHF1, MHF2), ktery zahajuje sestavovani
multiproteinového Core komplexu (FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, FAAP20,
FAAP100), ktery je nezbytny k monoubikvitinylaci heterodimeru FANCI/FANCD2 (ID2).
Monoubikvitinylovany komplex ID2 nasledné aktivuje FA nukledzy (SLX4/FANCP, XPF/FANCQ) a dalsi
DNA reparacni faktory (BRIP1/FANCJ, PALB2/FANCN, BRCA2/FANCD1, BRCA1/FANCS,
RAD51C/FANCO) mechanizmem, ktery zatim neni plné objasnén. Dédi¢né bialelické mutace v FA

genech jsou zodpovédné za vyvoj FA, charakterizované kongenitdlnimi vadami, selhanim kostni
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drené, bunécné precitlivélosti k latkdm zpUsobujicim mezifetézcové spoje DNA a predispozici k

nadorovym onemocnénim.

Nejcastéji identifikovana trunkacni varianta v nasi studii byla varianta ¢.1096_1099dupATTA v genu
FANCL, ktery kéduje ubikvitin ligdzu zajistujici monoubikvitinylaci ID2 (Kap. 1.3.1.3), coz je kliCovym
krokem v aktivaci FA drahy (Meetei et al. 2003). Varianta c.1096_1099dupATTA byla popsana jako
jedna ze dvou patogennich mutaci FANCL u pacienta bez evidentnich hematologickych abnormalit,
ktery pattil do FA-L komplementacni skupiny (Ali et al. 2009). Mutovany protein FANCL
(p.T367Nfs*13) obsahuje aberantni fetézec dvanacti aminokyselin (ktery je o tfi aminokyseliny delsi,
nez wild type FANCL), ktery zasahuje do PHD/RING finger domény katalyzujici ubikvitin ligdzovou
aktivitu FANCL. Ali a kol. zjistili pomoci funk¢ni studie, Ze In vitro tato hypomorfni varianta snizuje
vazbu FANCL s ostatnimi FA vazebnymi partnery Core komplexu a vyznamné sniZuje schopnost
monoubikvitinylace D2l komplexu. Dale bylo dokazano, Ze tato varianta vykazuje navozeni G2/M
zastavy bunécného cyklu po vystaveni melphalanu (latka vytvarejici mezifetézcové spoje DNA), dale
zvysenou senzitivitu k mitomycinu ¢ a zvySenou frekvenci tvorby chromozomalnich zlom( oproti
burikdm s divokou formou genu FANCL (Ali et al. 2009). Stejnda varianta byla také identifikovana u
turkmenského pacienta s familidlnim skvamoznim karcinomem jicnu (Akbari et al. 2011). Nedavno
byly identifikovany dalsi, bialelické mutace, FANCL u tfi pfipadl VACTERL syndromu (OMIM 192350),
které ukazuji tézké, nenahodné malformace (Vetro et al. 2015). Zajimavé je, Ze bylo zatim popsano

pouze Sest FA-L pacient(, coz Cini tuto komplementaéni skupinu velmi vzacnou.

Nase vysledky ukazujici vyssi zastoupeni varianty ¢.1096_1099dupATTA mezi vysoce rizikovymi
pacienty s karcinomem prsu, ale zaroven nizkou frekvenci mezi neselektovanymi pfipady karcinomu
prsu a mezi nenadorovymi kontrolami, coZz naznacuje, Ze tato varianta miZe predstavovat novou
alelu predisponujici ke karcinomu prsu. Jelikoz frekvence této varianty v databazi ExAc (s nejvyssi
lisi, bude pro potvrzeni vztahu této varianty k predispozici ke karcinomu prsu a jejimu moznému
klinickému vyuZiti, potvrzeni rozsahlejsimi sekvenacnimi studiemi. Jelikoz bylo Sest nosi¢l varianty
€.1096_1099dupATTA, zaroven nosici jiné trunkacni varianty v DNA reparacnich genech (XRCC4,
CHEK?2), nebo v dalsich analyzovanych genech (CYP3A5+IL8, ABCC2), nemU(zeme vyloucit ani moZnost,
Ze tato varianta muze fungovat jako modifikujici, spiSe neZ jako samostatné predisponujici. Zajimavé
je, Ze byl v nasem souboru kontrol nalezen homozygotni jedinec (muz, 66 let) bez nddorového
onemocnéni a priznakd FA. VSichni Jedinci kontrolni populace stouto variantou byli muzského
pohlavi. Absence jakychkoliv znakll FA byla také pozorovdna u homozygotnich nosi¢li nonsense
variant asociovanych s karcinomem prsu — FANCM ¢.5101C>T a ¢.5791C>T (diskutovany dale), které
zkracuji C-terminalni ¢ast FANCM proteinu (Lim et al. 2014). Casté mutace ovliviiujici FANCL a FANCM
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C-terminalni ¢asti proteinu naznacuji, Ze ne vsechny trunkacni varianty FA gend, a obzvlasté ty, které
jsou lokalizované na C-konci, Uplné znemoznuji funkci kddovaného proteinu, ale mohou narusit FA
drahu za specifickych, doposud neobjasnénych okolnosti. Podobné jako popsané varianty FANCL a
FANCM mize v nadorové predispozici fungovat popisovana nonsense varianta v BRCA2/FANCD1
€.9976A>T (p.K3326X), zkracujici vysledny proteinovy produkt o 93 aminokyselin. V kontrastu
s vétSinou trunkacnich, vysoce penetrantnich variant genu BRCA2, byla varianta K3326X oznacena za
pouze mirné zvysujici riziko (OR=1,26). Tato alela zvysuje riziko vzniku karcinomu jicnu, pankreatu,

plic a nador ORL oblasti (Delahaye-Sourdeix et al. 2015).

U genu FANCM, kédujiciho DNA helikazu, ktera prispiva k formovani kotevniho FA komplexu, jsme
nalezli ¢tyfi trunkacni varianty u péti pacientl s karcinomem prsu (vék diagndzy 35-57 let). Trunkaéni
varianty FANCM byly nedavno popsany ve spojeni s triple negativnim karcinomem prsu (Kiiski et al.
2014). U tfi pacient( (Zadni z nich s triple negativnim nadorem) jsme identifikovali dfive popsanou
nonsense variantu (c.5101C>T), nebo ,,exon skipping” variantu ¢.5791C>T. U Obou téchto variant
bylo dfive prokazano zvyseni rizika vzniku karcinomu prsu (OR=1,86-3,93) (Kiiski et al. 2014,
Peterlongo et al. 2015). Zbyvajici dvé nami identifikované FANCM mutace zahrnovaly nonsense
variantu ¢.1972C>T (u pacientky s luminal B subtypem karcinomu prsu, jejiz matka a sestra trpély
bilaterdlnim karcinomem) a dosud nepopsanou variantu ¢.3979 3980delCA (u pacientky
s mnohocetnym vyskytem karcinomu prsu a kolorektalniho karcinomu v rodiné). Asociace mezi
kolorektalnim karcinomem a germindlnimi mutacemi vgenu FANCM byla neddvno popsana
v nddorové tkani (véetné delece somatické wt alely), ziskané ze dvou nosi¢i varianty ¢.5791C>T
(Smith et al. 2013). Sohledem na nejnovéjsi studie a vysledky nasi analyzy se zd3, Ze vztah
trunkacnich variant FANCM k predispozici ke karcinomu prsu, muize byt obdobny, jako je u

trunkacnich variant genu CHEK?2 (Kiiski et al. 2014).

Identifikovali jsme také tfi nosi¢e mutaci v genu RAD51C/FANCO (0,9 % pacient(, vék 32. 35 a 41 let).
Mutace RAD51C byly pGvodné popsany jako varianty predisponujici ke karcinomu ovaria (Loveday et
al. 2012), nicméné, posledni data poukazuji také na predispozici ke karcinomu prsu (Couch et al.
2015). Dva ze Ctyr pacientl s karcinomem prsu byli nosi¢i nonsense mutace ¢.502A>T (p.R168X) a
jeden sestfihové varianty c.905-2 1delAG, kterd zplsobuje vynechani exonu 7 a posun cteciho
ramce. Nedavno byly popsany dvé dalsi patogenni varianty u dvou pacientek s karcinomem ovaria
(Janatova et al. 2015). Tato data naznacuji, Ze mutace v genu RAD51C, mohou ovliviiovat az 1 %
vysoce rizikovych, BRCA1/BRCA2 negativnich pacientl s karcinomem prsu, nebo ovaria v Ceské

populaci.
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V nasi studii byli téz identifikovani dva nosi¢i mutaci ve FANCE a BRIP1/FANCJ s Her2+ karcinomem
prsu. Obé mutace byly dfive reportovany ve spojitosti s karcinomem jicnu (Akbari et al. 2011) a

triplenegativnim karcinomem prsu (Couch et al. 2015).

Dale byly vramci projektu nalezeny vzacné varianty v fadé dalSich gen(, kodujicich DNA reparacni
proteiny (véetné ATM, CHEK2, BLM, WRN, RAD51D a XRCC4), ucastnici se opravy dvouretézcovych
zlom(O DNA a které byly jiz dfive popsany ve spoijitosti s karcinomem prsu. Zaroven byla také
identifikovdna rada variant v genech kddujicich proteiny Ucastnicich se ostatnich DNA reparacnich
drah. Mimo jiné, zajimavym kandidatnim genem je EXO1, ktery kéduje exonukledzu zucastnénou
v mnozstvi rGznych procesl reparace DNA. Kromé dvou indel variant (u pacientek s karcinomem prsu
diagnostikovanych ve véku 29 a 44 let), byla identifikovdna popsana sesttihova varianta ¢.2212-1G>C
(u pacientky s bazalnim karcinomem prsu s diagndzou ve 37 letech), ktera zplsobuje in-frame deleci
Sesti aminokyselin Ucastnicich se interakce EXO1 s MSH2 v pribéhu procesu DNA missmatch repair
(Rasmussen et al. 2000). V rozporu s nasi analyzou RNA, popsali Wu a kolektiv tutéz variantu jako
variantu posunujici ¢teci ramec u pacienta s hereditarnim nonpolypdznim karcinomem (Wu et al.
2001). PfestoZe jsme nenalezli dalsi PCR fragmenty pfi analyze RNA (resp. cDNA) z lymfocytl nosicky
této mutace (Obrazek 23), nelze vyloucit pfitomnost alternativnich procesl sestfihu mRNA, jejichz
produkty mohou byt degradovany prostfednictvim nonsense mediated decay (NMD). V genu EXO1
jsme navic identifikovali dvé prioritizované missense varianty (p.E109K a p.S369R) u péti pacientu
s karcinomem prsu a pozitivni rodinou historii. U tfi z nich doSlo zaroven krozvoji druhotného
nadorového onemocnéni (Hodgkinlv lymfom, medularni karcinom stitné Zlazy a karcinom ovaria).
Kombinacni analyza pfitomnosti mutaci v EXO1 a zdroven v dalSich genech, zicastnénych napf. v NER
(nucleotide excision repair; ERCC2, ERCC6), naznacuje, Ze naruseni téchto reparacnich procesli muze
zvySovat nadorovou predispozici, véetné predispozice ke vzniku karcinomu prsu. Mira s jakou mohou
tyto vzacné varianty prispivat krozvoji karcinomu prsu a dalSich nadorli, bude nepochybné
predmétem dalsich studii. Takové badani je nezbytné predevsim pro geny, u kterych nebyly doposud

nalezeny zadné dédi¢né varianty (napf. MGMT).

Vramci mezindrodni spoluprace byly nalezeny trunkacni, potencidlné kauzdlni varianty vyse
zminéného genu ERCC2. Krom vyznamné funkce ERCC2 v NER opravach genomové DNA (Takayama
et al. 1995), hraje tento protein duleZitou roli v bazdlni bunécné transkripci jako soucdst
transkripéniho faktoru IIH (Singh et al. 2015). Nejlépe popsané dédicné onemocnéni spojené
s bialelickymi mutacemi v ERCC2 je Xeroderma Pigmentosum, typ D (XPD, OMIM278730), syndrom

charakterizovany extrémni fotosenzitivitou klize a ¢asnym vznikem koznich tumord (Lehmann et al.
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2014). Proto je ERCC2 nadéjnym kandidatnim nadorové predispozicnim genem. Na druhé strané
mohou bialelické mutace ERCC2 také vést k syndromim bez zvysené predispozice k vyvoji nadord,
napriklad Trichothiodystrofie 1 (TTD; OMIM 601675) a cerebrookulofascioskeletalni syndrom (COFS2;
OMIM610756). Tyto skutecnosti naznacuji, Ze ne viechny funkéné relevantni mutace ERCC2 zvysuji
nadorovou predispozici u nosicl. Z vysledkl tohoto projektu také vyplyva, ze Uzemné specifické
soubory kontrol. JelikoZ genotypova data umoznuji lokalizovat geograficky plvod daného jedince
vrozmezi stovek kilometrli (Novembre et al. 2008), mél by byt termin ,regiondlné specificky”
definovany jako ,méné, nez 300 km od mista nabéru”. Proto maiji regionalné specifické kontroly jesté
vétsi vyznamnost, nez populaéné specifické kontroly, nebot populace se mezi sebou misi, obzvlasté
v regionech blizkych k hranicim. Napfiklad varianta p.Phe568fs byla zachycena pouze jednou
v némeckém souboru pacientl s BC/OC a ani jednou mezi 1844 némeckymi kontrolami. Na zakladé
populacné specifickych dat bychom byli nadseni z takového nalezu. Nicméné tento némecky pacient
pochazel z Drazdan, vzdalenych 118km od Prahy a stejnd mutace byla nalezena dvakrat v malém
souboru 105 nenadorovych kontrol naseho Prazského souboru. Tato zjisténi vyzdvihuji vyznam

regionalnich kontrol a multindrodnich studii pro spolehlivou evaluaci variant.

Za uUcelem identifikace genetickych variant i u genQ, jejichz proteinové produkty se neucastni
reparace DNA, bylo sekvenovano 448 gen(l, které byly zminény ve studiich, zabyvajicich se
karcinomem prsu. Podobné jako u DNA reparacnich gend, byla pozornost zamérena na pfitomnost
potencionalné skodlivych dédi¢nych variant, které zahrnovaly trunkaéni mutace a sestfihové alterace.
Takové varianty byly nalezeny u 48 gen(. Dotéené geny byly ruéné rozdéleny do osmi funkcéné

pribuznych skupin.

Nejcastéjsi varianty (u 16 pacientQ) byly nalezeny v genech, které kdduji enzymy zucastnéné
v syntéze steroidnich hormond, jejich obratu a v ERP (ESR2), ktery zprostfedkovdva intracelularni
signalizaci zavislou na estrogenu. Tato skupina obsahovala predevsim geny zrodiny cytochromu
p450, jejichz produkty pfispivaji k biosyntéze estrogenu (CYP11A1, CYP17A1, CYP19A1), nebo jeho
metabolismu (CYP3A5, CYP1A2), jak bylo shrnuto v (Blackburn et al. 2015). JelikoZ estrogen a jeho
metabolity ovliviiuji vznik karcinomu prsu prostrednictvim bunécné proliferace, mohou CYP geny
Ucastnici se metabolizmu estrogenu pfispivat k riziku vzniku karcinomu prsu. Je s podivem, Ze
prestoZe rfada studii analyzovala polymorfizmy, nebo expresi CYP genl u pacientl s karcinomem prsu,
nebyla doposud ucinéna Zadna systematicka mutaéni analyza téchto genl u nadorovych pacienta.

Varianty v CYP11A1 a CYP17A1 nalezené u pacientll s Her2+ karcinomem prsu byly dfive popsany u
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homozygotll, nebo sloZenych heterozygotl s adrenalni insuficienci (Hiort et al. 2005) a kongenitalni
adrendlni hyperplazii (OMIM 201910) (Hwang et al. 2011). Hopper a kol. popsali heterozygotni
mutaci p.R239* v genu CYP17A1 u tfi BRCA1/2 negativnich mladych sester s karcinomem prsu a
hypotetizuji, Ze tato varianta je zodpovédna za dominantné dédi¢ny a pravdépodobné vysoce rizikovy
karcinom prsu (Hopper et al. 2005). Nedavno popsali Yang a kol. mutaci p.Y329* v genu CYP17A1 u
pacienta zrodiny s hereditarnim vyskytem karcinomu prsu a ovarii (Yang et al. 2015). V nasem
souboru byla nalezena doposud nepopsand varianta ¢.1058dupT v genu CYP19A1 u pacientky
s duplicitou karcinomu prsu a Nonhodgkinskym lymfomem (diagndzy ve 44 a 40 letech), jejiz matka
vyvinula bilateralni karcinom prsu (v 64 a 66 letech). Bialelické mutace na podobné pozici v CYP19A1
zpUsobuji deficit aromatazy (OMIM #613546). Defekty venzymech katabolizujicich estrogen
naznacuji mechanisticky jasnéjsi patofyziologické spojeni s vznikem karcinomu prsu. JelikoZz jsou
estrogeny zndmymi substraty CYP35A a CYP1A2 (Blackburn et al. 2015), mGze mit 11 nosicl
nalezenych trunkacnich variant vtéchto genech potencionalné snizenou clearance estrogenu.
V nasem souboru byla také nalezena varianta vgenu NQO2, kddujici chinon reduktazu, ktera
eliminuje chinony estrogenu zodpovédné za karcinogenezi zplisobenou estrogenem (Gaikwad et al.
2009). U jednoho pacienta byla nalezena mutace v genu ESR2, ktery kdduje Erf s antiproliferativni
signalizaci (Caiazza et al. 2015). Velké zastoupeni pacientl s konstitutivnimi mutacemi v genech
metabolizmu steroidnich hormon( podporuje hypotéza Hopper a kol. (Hopper et al. 2005), ktery
navrhuje, Ze kauzalni mutace v genech metabolizmu steroidnich hormonu, mohou predstavovat novy
patofyziologicky mechanizmus spojujici genetické a environmentalni interakce s nadorovou

predispozici.

Dalsi funkéni skupiny spojujici pacienty s trunkacnimi variantami ve funkéné relevantnich genech byly
mensi, svyjimkou genl kddujicich proteiny imunitni odpovédi a membranové signalizace (obé
obsahovaly 11 nosicl trunkacnich variant). Nicméné je evidentni, Ze pfinejmensim nékteré nalezené
varianty v genech neucastnicich se DNA reparace maji velice omezeny (zdali vibec néjaky) dopad na
predispozici ke karcinomu prsu a spiSe predstavuji ndhodné ndlezy raritnich variant pfispivajicich
k jinym onemocnénim. Pfikladem mohou byt mutace v genu ABCC2, identifikované jiz dfive u
pacientl s Dublin-Johnsonovym syndromem (Pacifico et al. 2010), které zpUsobuji zvySené hladiny
bilirubinu v séru s protektivnim tc¢inkem proti karcinogenezi (Sticova et al. 2013). Podobné zndma
mutace v genu DPYD se vztahem k toxicité fluoropyrimidinG (Kleibl et al. 2009). Reportovani téchto

nahodnych nalezl je znacné diskutabilni a premétem intenzivni debaty (Blackburn et al. 2015).
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Pfi posouzeni pacientl a charakteristiky onemocnéni u nosi¢l patogennich mutaci v hlavnich
predispozicnich genech BRCA1 a BRCA2, které se vyskytuji u pacientl scasnym nastupem
onemocnéni, u agresivnéjsich subtypl karcinomu prsu, ¢i zvyseného vyskytu familidrnich nadorovych
onemocnéni, by se dalo ocekdvat totéZz u nosi¢ll mutaci v dalSich predispozi¢nich genech. Ve
skute¢nosti jsme nezaznamenali vyznamné rozdily v klinickych a histopatologickych charakteristikach
mezi nosici trunkaénich mutaci v DNA reparacnich genech, genech Ucastnicich se reparace DNA a u
pacientl bez trunkacnich variant. Tento vysledek se nezménil, ani kdyz byly do porovnavani pfidany
prioritizované varianty (data nejsou soucasti prace). Toto pozorovani mize byt ovlivnéno nékolika
faktory. Kromé toho, Ze analyzovany soubor obsahoval limitované mnozstvi jedincli vysoce
preselektované populace pacientl, maji ostatni predispozi¢ni, nebo kandidatni geny, nizsi penetranci
nez BRCA1 a BRCA2. Ve velké studii Citajici 1 824 triple negativnich pacientll s karcinomem prsu
(Couch et al. 2015), ktera sledovala dédi¢né mutace v 17 genech, byly vyznamné rozdily v obohaceni
o rodinnou historii karcinomu prsu a ovarii a v charakteristikdch nadoru, nalezeny pouze u nosicd
mutaci v genech BRCA1 a BRCA2, nikoliv v3ak u nosi¢ll mutaci v ostatnich predispozi¢nich genech.
Oproti hlavnim predispoziénim gendm karcinomu prsu, které silné ovliviiuji primarné riziko vzniku
karcinomu prsu, mohou ostatni geny, ¢i dokonce jejich konkrétni varianty, ovliviiovat (se stejnou
mirou a somezenou penetranci) mnohem vétsi spektrum nadorovych diagndéz. Tento jev byl
zdokumentovan naptiklad u nékolika germinalnich mutaci genu CHEK2, které u nosi¢l zvysuji riziko
karcinomu prsu, prostaty, kolorekta, Stitné zlazy, nebo ledvin, ale snizuji riziko vzniku nékterych
nadord dychaciho Ustroji (Narod 2010). Z tohoto hlediska bude nutna obezfetna evaluace rodinnych
vyskytl nadorovych onemocnéni a segregacnich analyz u studovanych variant, pro spravné urcéeni
klinické relevance novych genl predisponujicich ke karcinomu prsu. Vzhledem k tomu, Ze frekvence
variant vSech kandidatnich predispozi¢nich gent (s minimalné stfedni penetranci) jsou o rad nizsi, nez
frekvence v genech BRCA1/2, bude pro evaluaci klinické aplikovatelnosti novych predispozi¢nich

gen(l zapotrebi Usili mezinarodnich konsorcii.

Jednim zvedlejSich poznatk( této prace a podnét k dalsimu studiu je nadhodny nalez varianty
c.657del5 vgenu NBN u pacienta skarcinomem pankreatu a nasledna analyza na rozSifeném
souboru pacientll stimto onemocnénim a na kontrolni nenadorové populaci. Doposud nejvyssi
frekvence nosi¢l mutace v genu NBN (3,7 % pacient() byla nalezena u pacientl s karcinomem prsu
ze stfedni a vychodni Evropy (Gorski et al. 2003). Pozdéjsi metaanalyzy ukazaly, Ze c.657del5 je
stfedné penetrantni alela pro karcinom prsu (OR = 2.51; 95%Cl: 1.68-3.73) a lymfom (OR = 2.93;
95%Cl: 1.62-5.29) a zaroven silné zvysSuje riziko karcinomu prostaty (OR=5.87; 95%Cl: 2.51-13.75)

(Gao et al. 2013). Asociace germindlnich mutaci v NBN s predispozici ke karcinomu prsu vedla
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k zahrnuti NBN do NGS analyz pomoci multinadorovych sekvenacnich panell (Couch et al. 2015).
Zatimco ve dvou studiich analyzujicich varianty pomoci panelového testovani u pacientd
s karcinomem pankreatu nebyly nalezeny Zadné trunkacni mutace v genu NBN (Grant et al. 2015,
Roberts et al. 2016), v praci Hu a kolektivu byla nalezena jednou varianta c.657del5 mezi96 pacienty
(Hu et al. 2016). Recentné provedla skupina Lener a kol. analyzu deseti prevalentnich zakladatelskych
mutaci v genech BRCA1, CHEK2, PALB2 a NBN (v¢. c.657del5) u 383 pacientl s karcinomem pankreatu
a nalezli 8 nocic této mutace (2,09 %), coZ naznacuje zvySené riziko karcinomu u nosi¢a varianty
c.657del5 v polské populaci (OR = 3.8; 95%Cl: 1.68—8.60)(Lener et al. 2016). Nase vysledky a vysledky
prace Lener a kol. naznacuji, Ze varianta c.657del5 m(ze byt nova predisponujici alela vyznamné
zvysujici riziko karcinomu pankreatu. Kombinované OR vypoctené ze souhrnného poctu vzorkl nasi a
Lener a kol. prace (624 pacientd s karcinomem pankreatu — 13 nosi¢ll varianty c.657del5 a 4915
kontrol — 24 nosicl) cini 4,33 (95%Cl 2.2-8.56; p<0.001) (Borecka et al. 2016). Nicméné bude
zapotrebi dalSich studii s vétSimi soubory testovanych osob véetné segregacnich analyz pro potvrzeni
tohoto pozorovani. Jejich dulezitym hlediskem bude cileny a predevsim vyrovnany vybér pacient( a
etnicky rovnocenného souboru kontrol, protoze analyza bude jisté vyznamné ovlivnéna efektem

zakladatelské mutace c.657del5 nabohacené v prostoru Stfedni Evropy.

Spojujicim tématem predkladané dizertacni prace je pouZiti NGS metod v diagnostice a aplikovaném
vyzkumu pfi identifikaci dédi¢nych nadorovych onemocnéni. Vysledky této prace byly vychodiskem
pro vyvoj klinicky aplikovaného panelu CZECANCA (CZEch CAncer panel for Clinical Application)
(Soukupova et al. 2018) slouziciho pro identifikaci kauzalnich variant u jedincl z rodin s vyskytem
hereditarnich nddorovych onemocnéni. Pfi jeho vyvoji se plné uplatnily zkuSenosti a optimalizované
postupy designu, laboratorni metodiky i bioinformatické analyzy panelového sekvenovani, které jsou
predmétem predkladané prace. CZECANCA panel je od roku 2015 vyuZivan klinickymi genetickymi
laboratoifemi v Ceské republice, které se podileji na tvorbé& koncensu zpracovani a interpretace
sekvenacnich dat prostfednictvim pravidelnych pracovnich setkani. Do soucasné doby se do projektu
CZECANCA zapojilo 8 laboratofi a bylo vySetfeno vice, nez 5 tisic klinickych a vyzkumnych vzorkd.
Podafilo se tak posunout genetické vysetfovani hereditarnich nador(i od ¢asové nesmirné naro¢ného
testovani jednotlivych gend k rychlé multigenové analyze zajistujici identifikaci kauzalni predispozice
u vysoce rizikovych osob a rodin, kterym lze nabidnout terapeutickou a preventivni péci. Diky
projektu CZECANCA se dafi unifikovat poskytovanou péci genetického testovani z hlediska kvality,

rozsahu vysetfovanych genl a predevsim klinické interpretace.
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8 ZAVER

Incidence karcinomu prsu ma v Ceské republice trvale rostouci tendenci. Vznik tohoto nadorového
onemocnéni je nasledkem hromadéni alteraci gend, které jsou z vétsiny Ucastny v reparaci genomové
DNA a regulaci bunécného cyklu. Za vyznamnou c¢éast hereditarnich pripadl karcinomu prsu jsou

zodpovédné dédi¢né alterace genl BRCAI a BRCAZ2 a nékolika malo dalSich gen( s vysokou, i stfredni

penetranci. Znacna ¢ast pripadd tohoto onemocnéni vsak zUstava bez objasnéné genetické priciny.

Cilem prace byla identifikace alteraci genl predisponujicich ke vzniku dédi¢né formy karcinomu prsu
v Ceské populaci pacientek s mnohocetnym vyskytem tohoto onemocnéni v rodiné. Analyza byla
zamérena také na otdzku vyznamu alteraci v genech kddujicich proteiny podilejicich se na opravach

genomové DNA.

Predkladand prace shrnuje obsahlou analyzu genl predisponujicich ke karcinomu prsu v ¢eské
populaci vysoce rizikovych pacientl s karcinomem prsu, ktefi byli negativné testovani na pritomnost
mutaci v genech BRCA1/BRCA2/PALB2. Tato analyza identifikovala trunkaéni mutace u 32 % pacient(.
Pouze 9 % pacient(l byli nosici trunkacnich variant v genech zahrnutych do soucasnych klinickych NGS
panell vyuZivanych v predikci karcinomu prsu. Vysledky prace také ukazuji zvysené zastoupeni
varianty c.1096_1099dupATTA v genu FANCL u vysoce rizikovych pacient(. Tato skuteénost ukazuje,
Ze FANCL (nebo spiSe pouze tato varianta) miZe obsahovat novou predispozi¢ni alelu pro karcinom
prsu, jejiz vyznamnost je nezbytné potvrdit vétSimi studiemi. Dale je zajimavé, Ze byly identifikovany i
trunkacni varianty ve skupiné gent cytochromu p450, které kéduji enzymy metabolizmu steroidnich
hormonu, u 5 % pacientl s karcinomem prsu. Proto miZe tato funkéni skupina genl ptispét
k vysvétleni doposud neodhalené, chybéjici dédi¢nosti karcinomu prsu u vysoce rizikovych pacient(.
Z prace vyplynul i vedlejsi projekt, pfi kterém byla po vySetfeni rozsifeného souboru identifikovana
varianta ¢.657del5 genu NBN jako potencionalné predispozi¢ni pro karcinom pankreatu. Nicméné pro
potvrzeni vysSe vyicenych hypotéz, bude nezbytné provedeni dalSich studii, prevazné z ddvodu
omezenych poctl testovanych osob. Vysledky projektu byly také soucdsti mezinarodni spoluprace
evaluujici varianty genu ERCC2, ze které vyplynula jasnd potfeba vySetfovani genetického pozadi
pomoci sekvenacnich projektd kontrolnich osob a multindrodnich studii pro spolehlivou evaluaci
variant. Prace potvrzuje vhodnost zvoleného pfistupu panelového NGS pro identifikaci obecnych i
populacné specifickych variant gen(i predisponujicich k nddorovému onemocnéni, v tomto pfipadé
hereditarnimu karcinomu prsu a zaroven identifikaci moznych novych kandidatnich gent. Zkusenosti
nabyté pfi vyvoji a analyze dat tohoto projektu byly Uspésné implementovany v ramci klinické
aplikace panelu CZECANCA, ktery je v soucasnosti vyznamnym diagnostickym nastrojem pro vysetfeni

hereditarnich nadorovych syndromd v Ceské republice.
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10 SEZNAM ZKRATEK

Zkratka Plny nazev

53BP1 Tumor suppressor p53-binding protein 1

APE1 apurinic/apyrimidinic endonuclease 1

APLF Aprataxin and PNK-like factor

ATM Ataxia telangiectasia mutated

ATR Ataxia telangiectasia and Rad3-related protein
ATRIP ATR-Interacting Protein

BC breast cancer (karcinom prsu)

BER Base Excision Repair

BRCA1 Breast cancer 1

CDC25 Ras-specific guanine nucleotide-releasing factor 1
cDNA komplementarni DNA (complementary DNA)
CLSPN Claspin

cPAL Combinatorial probe anchor ligation

CSA/ERCC8 | Cockayne syndrome A

CSB/ERCC6 | Cockayne syndrome B

CSR Class Switch Recombination

ddNTP dideoxyribonukleotidtrifosfat

DDR DNA Damage Response

DNA-PK DNA-dependent protein kinase

ER estrogenni receptor

ESP Exome Sequencing Project

ExAC Exome Aggregation Consortium

FA Fanconiho anemie

FEN1 flap endonuclease 1

gDNA Genomova DNA

GGR global genome repair, globalni opravy genomu
GWAS Genome Wide Association Studies

GWAS Genome Wide Association Studies

HER2/neu Human epidermal growth factor receptor 2; ErbB-2
HGVS Human Genome Variation Society

HNPCC hereditarni nepolypdzni kolorektalni karcinom
HR homologni rekombinace

HRM High-Resolution Melting

HTS high-throughput DNA sequencing

CHEK1 Checkpoint kinase 1

ICL interstrand crosslinks, mezifetézcové spoje, zesitovani DNA
Ku70 Lupus Ku autoantigen protein p70

Ku80 Lupus Ku autoantigen protein p86

LM-PCR ligation-mediated PCR

MDC1 Mediator of DNA damage checkpoint protein 1
MGMT Methylated-DNA-protein-cysteine methyltransferase
MLPA Multiple ligation-dependent probe amplification
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MMR Mismatch Repair

MmRNA messenger RNA

MSH2 MutS homolog 2

MSH6 MutS homolog 6

NER Nucleotide excision repair

NES Nuclear Export Signal

NGS next-generation sequencing

NHEJ Non-Homologous End Joining

NLS Nuclear Localization Signal

PARP poly ADP-ribéza polymeraza

PARP poly ADP-ribéza polymeraza

PBS phosphate buffered saline

PCNA proliferating cell nuclear antigen

PCR polymerazova retézova reakce (polymerase chain reaction)

PIKK phosphatidylinositol-3 kinase-like kinase

RAD51 DNA repair protein RAD51 homolog 1

RBBP8 CtBP-interacting protein

RCA "roling circle” amplifikace

RFC replication factor C

RPA Replication protein A 70 kDa DNA-binding subunit

RPA Replication Protein A

RT-PCR Zpétna PCR (Reverse transcription PCR)

SMRT Single-molecule real-time

SNP single nucleotide polymorphism

SNP Single-Nucleotide Polymorphism

SSB Single Strand Breaks

TBE Tris/Borate/EDTA pufr

TCR transcription-couppled repair, opravy sprazené s transkripci

TE Tris/EDTA pufr

TLS translesion synthesis

TopBP1 DNA Topoisomerase |I-Binding Protein 1

TTD trichothiodystrofie

UICC Union for International Cancer Control

vzis Ustav zdravotnickych informaci a statistiky CR

wt normalni alela (wild type)

XP xeroderma pigmentosum

XPA xeroderma pigmentosum complementation group A
xeroderma pigmentosum complementation group F/excision repair, cross-

XPF/ERCC1 |complementation group 1

XPG xeroderma pigmentosum complementation group G

ZMW zero-mode waveguides
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11 SEZNAM PRILOH

Priloha Obsah
Pfiloha | Seznam cilovych genl

Seznam a sekvence primerU pouZitych pro konfirmaci a charakterizaci nalezenych
Priloha ll zarodecnych variant

Identifikované trunkacni varianty (nonsense, inzerce/delece, a ovlivriujici splicing) a
Pfiloha Il prioritizované missense varianty
Pfiloha IV Seznam publikaci

Lhota et al.; Hereditary truncating mutations of DNA repair and other genes in
Priloha IV-1 | BRCA1/BRCA2/PALB2-negatively tested breast cancer patients

Zemankova et al.; RE: frameshift variant FANCL*c.1096_1099dupATTA is not
Pfiloha IV-2 | associated with high breast cancer risk

Rump et al.; Identification and Functional Testing of ERCC2 Mutations in a Multi-
Pfiloha IV-3 | national Cohort of Patients with Familial Breast- and Ovarian Cancer

Borecka et al.; The c.657del5 variant in the NBN gene predisposes to pancreatic
Pfiloha IV-4 | cancer

Hojny et al;.Multiplex PCR and NGS-based identification of mRNA splicing variants:
Priloha IV-5 | Analysis of BRCA1 splicing pattern as a model
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Gen Gen (plné jméno) Referencni transkript
RBFOX1 RNA binding protein, fox-1 homolog 1 NM_018723.3
ABCB1 ATP-binding cassette, sub-family B (MDR/TAP), member 1 NM_000927.4
ABCC2 ATP-binding cassette, sub-family C (CFTR/MRP), member 2 NM_000392.4
ABCC4 ATP-binding cassette, sub-family C (CFTR/MRP), member 4 NM_005845.4
ABCG2 ATP-binding cassette, sub-family G (WHITE), member 2 NM_004827.2
ABL1 ABL proto-oncogene 1, non-receptor tyrosine kinase NM_005157.4
ACACA acetyl-CoA carboxylase alpha NM_198834.2
ACE angiotensin | converting enzyme NM_000789.3
ADAMTS18 |ADAM metallopeptidase with thrombospondi NM_199355.2
ADH1B alcohol dehydrogenase 1B (class 1), beta polypeptide NM_000668.5
ADH1C alcohol dehydrogenase 1C (class 1), gamma polypeptide NM_000669.4
ADIPOQ adiponectin, C1Q and collagen domain containing NM_001177800.1
ADIPOR1 adiponectin receptor 1 NM_015999.5
ADRB2 adrenoceptor beta 2, surface NM_000024.5
ADRB3 adrenoceptor beta 3 NM_000025.2
AGTR1 angiotensin Il receptor, type 1 NM_031850.3
AHR aryl hydrocarbon receptor NM_001621.4
AKAP13 A kinase (PRKA) anchor protein 13 NM_006738.5
AKR1C2 aldo-keto reductase family 1, member C2 NM_001354.5
AKR1C3 aldo-keto reductase family 1, member C3 NM_003739.5
AKR1C4 aldo-keto reductase family 1, member C4 NM_001818.3
AKT1 v-akt murine thymoma viral oncogene homolog 1 NM_005163.2
ALDH1A1 aldehyde dehydrogenase 1 family, member Al NM_000689.4
ALDH2 aldehyde dehydrogenase 2 family (mitochondrial) NM_000690.3
ALDH3A1 aldehyde dehydrogenase 3 family, member Al NM_000691.4
ANKLE1 ankyrin repeat and LEM domain containing 1 NM_152363.5
ANKRD16 |ankyrin repeat domain 16 NM_019046.2
APC adenomatous polyposis coli NM_000038.4
APEX1 APEX nuclease 1 NM_001641.3
APOE apolipoprotein E NM_001302688.1
AR androgen receptor NM_000044.3
ARHGAP10 |Rho GTPase activating protein 10 NM_024605.3
ARHGEF10L |Rho guanine nucleotide exchange factor 10-like protein NM_018125.3
ARL11 ADP-ribosylation factor-like 11 NM_138450.5
ARNT aryl hydrocarbon receptor nuclear translocator NM_001668.3
ATF1 activating transcription factor 1 NM_005171.4
ATM ATM serine/threonine kinase NM_000051.3
ATMIN ATM interactor NM_015251.2
ATR ATR serine/threonine kinase NM_001184.3
ATRIP ATR interacting protein NM_130384.2
AURKA aurora kinase A NM_198433.1
AXIN2 axin 2 NM_004655.3
BAP1 BRCA1 associated protein-1 NM_004656.2
BARD1 BRCA1 associated RING domain 1 NM_000465.2
BAG6 BCL2-associated athanogene 6 NM_004639.3
BCL2 B-cell CLL/lymphoma 2 NM_000633.2
BCL6 B-cell CLL/lymphoma 6 NM_001706.4
BCR breakpoint cluster region NM_004327.3
BID BH3 interacting domain death agonist NM_197966.2
BLM Bloom syndrome, RecQ helicase-like NM_000057.2
BRAP BRCA1 associated protein NM_006768
BRCA1 breast cancer 1, early onset NM_007294.3
BRCA2 breast cancer 2, early onset NM_000059.3
BRCC3 BRCA1/BRCA2-containing complex, subunit 3 NM_024332.3
BRE brain and reproductive organ-expressed NM_004899.4
BRIP1 BRCA1 interacting protein C-terminal helicase 1 NM_032043.2
BRSK1 BR serine/threonine kinase 1 NM_032430.1
BTBD3 BTB (POZ) domain containing 3 NM_181443.3




BTLA B and T lymphocyte associated NM_181780.3
BUB1B BUB1 mitotic checkpoint serine/threonine kinase B NM_001211.5
Cl1lorf30 chromosome 11 open reading frame 30 NM_001300942.1
MIEN1 migration and invasion enhancer 1 NM_032339.3
C190RF40 |chromosome 19 open reading frame 40 NM_152266.4
BABAM1 BRISC and BRCA1 A complex member 1 NM_001033549.2
C10A complement component 1, g subcomponent, A chain NM_015991.2
AP5S1 adaptor-related protein complex 5, sigma 1 subunit NM_001204446.1
SLC52A3 solute carrier family 52 (riboflavin transporter) NM_033409.3
C2orf43 lipid droplet associated hydrolase NM_021925.3
CCDC170 coiled-coil domain containing 170 NM_025059.3
CAMK1D calcium/calmodulin-dependent protein kinase ID NM_153498.2
CARM1 coactivator-associated arginine methyltransferase 1 NM_199141.1
CASP10 caspase 10, apoptosis-related cysteine peptidase NM_032977.3
CASP8 caspase 8, apoptosis-related cysteine peptidase NM_001228.4
CAT catalase NM_001752.3
CBR1 carbonyl reductase 1 NM_001757.3
CBR3 carbonyl reductase 3 NM_001236.3
CBS cystathionine-beta-synthase NM_000071.2
CCND1 cyclin D1 NM_053056.2
CCND2 cyclin D2 NM_001759.3
CCND3 cyclin D3 NM_001760.4
CCNE1 cyclin E1 NM_001238.2
CCR5 chemokine (C-C motif) receptor 5 (gene/pseudogene) NM_000579.3
CD44 CD44 molecule (Indian blood group) NM_001001391.1
CDH1 cadherin 1, type 1, E-cadherin (epithelial) NM_004360.3
CDK2 cyclin-dependent kinase 2 NM_001798.4
CDK4 cyclin-dependent kinase 4 NM_000075.3
CDK6 cyclin-dependent kinase 6 NM_001145306.1
CDK8 cyclin-dependent kinase 8 NM_001260.1
CDKN1A cyclin-dependent kinase inhibitor 1A (p21, Cip1) NM_078467.2
CDKN1B cyclin-dependent kinase inhibitor 1B (p27, Kip1) NM_004064.4
CDKN2A cyclin-dependent kinase inhibitor 2A NM_000077.4
CDKN2C cyclin-dependent kinase inhibitor 2C (p18) NM_001262.2
CDKN2D cyclin-dependent kinase inhibitor 2D (p19) NM_079421.2
CLPTM1L CLPTM1-like NM_030782.3
CLSPN claspin NM_022111.3
CNTNAP4  |contactin associated protein-like 4 NM_033401.3
NELFB negative elongation factor complex member B NM_015456.3
COL11A1 collagen, type XI, alpha 1 NM_080629.2
COL18A1 collagen, type XVIII, alpha 1 NM_030582.3
COL1A1 collagen, type |, alpha 1 NM_000088.3
COL4A1 collagen, type IV, alpha 1 NM_001845.4
COMT catechol-O-methyltransferase NM_000754.3
CREBBP CREB binding protein NM_004380.2
CRY2 cryptochrome circadian clock 2 NM_021117.3
CSNK1D casein kinase 1, delta NM_001893.4
CSNK1E casein kinase 1, epsilon NM_001894.4
CTCF CCCTC-binding factor NM_006565.3
CTLA4 cytotoxic T-lymphocyte-associated protein 4 NM_005214.4
CTNNB1 catenin NM_001904.3
CWF19L2 |CWF19-like 2 NM_152434.2
CXCL12 chemokine (C-X-C motif) ligand 12 NM_000609.6
CYP11A1 cytochrome P450, family 11, subfamily A, polypeptide 1 NM_000781.2
CYP11B2 cytochrome P450, family 11, subfamily B, polypeptide 2 NM_000498.3
CYP17A1 cytochrome P450, family 17, subfamily A, polypeptide 1 NM_000102.3
CYP19A1 cytochrome P450, family 19, subfamily A, polypeptide 1 NM_031226.2
CYP1A1 cytochrome P450, family 1, subfamily A, polypeptide 1 NM_000499.3
CYP1A2 cytochrome P450, family 1, subfamily A, polypeptide 2 NM_000761.3




CYP1B1 cytochrome P450, family 1, subfamily B, polypeptide 1 NM_000104.3
CYP2B6 cytochrome P450, family 2, subfamily B, polypeptide 6 NM_000767.4
CYP2C19 cytochrome P450, family 2, subfamily C, polypeptide 19 NM_000769.1
CYP2C8 cytochrome P450, family 2, subfamily C, polypeptide 8 NM_000770.3
CYP2C9 cytochrome P450, family 2, subfamily C, polypeptide 9 NM_000771.3
CYP2D6 cytochrome P450, family 2, subfamily D, polypeptide 6 NM_000106.5
CYP2E1 cytochrome P450, family 2, subfamily E, polypeptide 1 NM_000773.3
CYP3A4 cytochrome P450, family 3, subfamily A, polypeptide 4 NM_017460.5
CYP3A5 cytochrome P450, family 3, subfamily A, polypeptide 5 NM_000777.4
DCC DCC netrin 1 receptor NM_005215.3
DCLRE1B DNA cross-link repair 1B NM_022836.3
DCLRE1C DNA cross-link repair 1C NM_001033855.1
DHFR dihydrofolate reductase NM_000791.3
DLC1 DLC1 Rho GTPase activating protein NM_182643.2
DMBT1 deleted in malignant brain tumors 1 NM_007329.2
DMC1 DNA meiotic recombinase 1 NM_007068.3
DNMT1 DNA (cytosine-5-)-methyltransferase 1 NM_001130823.1
DNMT3B DNA (cytosine-5-)-methyltransferase 3 beta NM_006892.3
DPYD dihydropyrimidine dehydrogenase NM_000110.3
DRD2 dopamine receptor D2 NM_000795.3
DRD3 dopamine receptor D3 NM_000796.5
DYNC2H1 |dynein, cytoplasmic 2, heavy chain 1 NM_001080463.1
EDN1 endothelin 1 NM_001955.4
EGF epidermal growth factor NM_001963.4
EGFR epidermal growth factor receptor NM_005228.3
EHMT1 euchromatic histone-lysine N-methyltransferase 1 NM_024757.4
EHMT2 euchromatic histone-lysine N-methyltransferase 2 NM_001289413.1
ECHDC1 ethylmalonyl-CoA decarboxylase 1 NM_001002030.1
EIF3A eukaryotic translation initiation factor 3, subunit A NM_003750.2
ENAH enabled homolog (Drosophila) NM_001008493.1
EP300 E1A binding protein p300 NM_001429.3
EPAS1 endothelial PAS domain protein 1 NM_001430.4
EPHX1 epoxide hydrolase 1, microsomal NM_001136018.3
ERAP1 endoplasmic reticulum aminopeptidase 1 NM_016442.3
ERBB2 erb-b2 receptor tyrosine kinase 2 NM_004448.2
ERBB4 erb-b2 receptor tyrosine kinase 4 NM_005235.2
ERCC1 excision repair cross-complementation group 1 NM_001983.3
ERCC2 excision repair cross-complementation group 2 NM_000400.3
ERCC3 excision repair cross-complementation group 3 NM_000122.1
ERCC4 excision repair cross-complementation group 4 NM_005236.2
ERCC5 excision repair cross-complementation group 5 NM_000123.3
ERCC6 excision repair cross-complementation group 6 NM_000124.2
ESPL1 extra spindle pole bodies homolog 1 NM_012291.4
ESR1 estrogen receptor 1 NM_001122742.1
ESR2 estrogen receptor 2 NM_001040275.1
EXO1 exonuclease 1 NM_130398.3
EYA2 EYA transcriptional coactivator and phosphatase 2 NM_005244.4
F2 coagulation factor Il (thrombin) NM_000506.3
F5 coagulation factor V (proaccelerin, labile factor) NM_000130.4
FAM175A |family with sequence similarity 175, member A NM_139076.2
FAM175B |family with sequence similarity 175, member B NM_032182.3
FANCA Fanconi anemia, complementation group A NM_000135.2
FANCB Fanconi anemia, complementation group B NM_001018113.1
FANCC Fanconi anemia, complementation group C NM_000136.2
FANCD2 Fanconi anemia, complementation group D2 NM_033084.3
FANCE Fanconi anemia, complementation group E NM_021922.2
FANCF Fanconi anemia, complementation group F NM_022725.3
FANCG Fanconi anemia, complementation group G NM_004629.1
FANCI Fanconi anemia, complementation group | NM_001113378.1




FANCL Fanconi anemia, complementation group L NM_018062.3
FANCM Fanconi anemia, complementation group M NM_020937.2
FAS Fas cell surface death receptor NM_000043.4
FASLG Fas ligand (TNF superfamily, member 6) NM_000639.1
FBLN2 fibulin 2 NM_001165035.1
FBN1 fibrillin 1 NM_000138.4
FBXL7 F-box and leucine-rich repeat protein 7 NM_012304.4
FBXO010 F-box protein 10 NM_012166.2
FBXW?7 F-box and WD repeat domain containing 7 NM_033632.3
FCRL3 Fc receptor-like 3 NM_052939.3
FEN1 flap structure-specific endonuclease 1 NM_004111.5
FGF10 fibroblast growth factor 10 NM_004465.1
FGF12 fibroblast growth factor 12 NM_021032.4
FGFR1 fibroblast growth factor receptor 1 NM_023110.2
FGFR2 fibroblast growth factor receptor 2 NM_000141.4
FGFR4 fibroblast growth factor receptor 4 NM_213647.2
FLT1 fms-related tyrosine kinase 1 NM_002019.4
FOXE1 forkhead box E1 NM_004473.3
FOXP4 forkhead box P4 NM_001012426.1
GABBR1 gamma-aminobutyric acid (GABA) B receptor, 1 NM_001470.2
GADDA45A  |growth arrest and DNA-damage-inducible, alpha NM_001924.3
GATA3 GATA binding protein 3 NM_001002295.1
GC group-specific component (vitamin D binding protein) NM_000583.3
GH1 growth hormone 1 NM_000515.4
GHR growth hormone receptor NM_000163.4
GHRH growth hormone releasing hormone NM_021081.4
GHRHR growth hormone releasing hormone receptor NM_000823.3
GHRL ghrelin/obestatin prepropeptide NM_001134944.1
GHSR growth hormone secretagogue receptor NM_198407.2
GLG1 golgi glycoprotein 1 NM_012201.5
GLO1 glyoxalase | NM_006708.2
GNB3 guanine nucleotide binding protein (G protein) NM_002075.3
GNRH1 gonadotropin-releasing hormone 1 NM_001083111.1
GNRHR gonadotropin-releasing hormone receptor NM_000406.2
GPER1 G protein-coupled estrogen receptor 1 NM_001039966.1
GPRC6A G protein-coupled receptor, class C, group 6, member A NM_148963.3
GPX4 glutathione peroxidase 4 NM_001039847.2
GRB7 growth factor receptor-bound protein 7 NM_005310.3
GRIK1 glutamate receptor, ionotropic, kainate 1 NM_000830.3
GSK3B glycogen synthase kinase 3 beta NM_002093.3
GSR glutathione reductase NM_000637.3
GSTA1 glutathione S-transferase alpha 1 NM_145740.3
GSTA2 glutathione S-transferase alpha 2 NM_000846.4
GSTM1 glutathione S-transferase mu 1 NM_000561.3
GSTM2 glutathione S-transferase mu 2 NM_000848.3
GSTM3 glutathione S-transferase mu 3 NM_000849.4
GSTO1 glutathione S-transferase omega 1 NM_001191003.1
GSTO2 glutathione S-transferase omega 2 NM_183239.1
GSTP1 glutathione S-transferase pi 1 NM_000852.3
GSTT1 glutathione S-transferase theta 1 NM_000853.3
GSTZ1 glutathione S-transferase zeta 1 NM_145870.2
HCN1 hyperpolarization activated cyclic nucleotide gated pota NM_021072.3
HDAC2 histone deacetylase 2 NM_001527.3
HELQ helicase, POLQ-like NM_133636.3
HFE hemochromatosis NM_000410.3
HIF1A hypoxia inducible factor 1, alpha subunit NM_001530.3
HLA-A major histocompatibility complex, class |, A NM_002116.7
HLA-B major histocompatibility complex, class |, B NM_005514.6
HLA-C major histocompatibility complex, class |, C NM_001243042.1




HLA-DPA1 |major histocompatibility complex, class NM_001242525.1
HLA-DPB1 |major histocompatibility complex, class NM_002121.5
HLA-DQA1 |major histocompatibility complex, class NM_002122.3
HLA-DQB1 |major histocompatibility complex, class NM_002123.4
HLA-DRB1 |major histocompatibility complex, class NM_001243965.1
HLA-F major histocompatibility complex, class |, F NM_001098479.1
HMOX1 heme oxygenase 1 NM_002133.2
HNF4A hepatocyte nuclear factor 4, alpha NM_000457.4
HSD11B1 hydroxysteroid (11-beta) dehydrogenase 1 NM_181755.2
HSD17B1 hydroxysteroid (17-beta) dehydrogenase 1 NM_000413.2
HSD17B2 hydroxysteroid (17-beta) dehydrogenase 2 NM_002153.2
HSD17B3 hydroxysteroid (17-beta) dehydrogenase 3 NM_000197.1
HSD17B4 hydroxysteroid (17-beta) dehydrogenase 4 NM_000414.3
HSD17B7 hydroxysteroid (17-beta) dehydrogenase 7 NM_016371.3
HSD3B1 hydroxy-delta-5-steroid dehydrogenase NM_000862.2
HTR3B 5-hydroxytryptamine (serotonin) receptor 3B NM_006028.4
HUS1 HUS1 checkpoint homolog NM_004507.3
CHEK1 checkpoint kinase 1 NM_001114121.2
CHEK2 checkpoint kinase 2 NM_007194.3
CHST3 carbohydrate (chondroitin 6) sulfotransferase 3 NM_004273.4
ICAMS5 intercellular adhesion molecule 5, telencephalin NM_003259.3
IDH1 isocitrate dehydrogenase 1 (NADP+) NM_005896.3
IDH2 isocitrate dehydrogenase 2 (NADP+) NM_002168.3
IFNG interferon, gamma NM_000619.2
IGF1 insulin-like growth factor 1 (somatomedin C) NM_001111283.1
IGF1R insulin-like growth factor 1 receptor NM_000875.4
IGF2 insulin-like growth factor 2 NM_000612.5
IGF2R insulin-like growth factor 2 receptor NM_000876.2
IGFALS insulin-like growth factor binding protein NM_001146006.1
IGFBP1 insulin-like growth factor binding protein 1 NM_000596.2
IGFBP2 insulin-like growth factor binding protein 2 NM_000597.2
IGFBP3 insulin-like growth factor binding protein 3 NM_001013398.1
IGFBP4 insulin-like growth factor binding protein 4 NM_001552.2
IGFBP5 insulin-like growth factor binding protein 5 NM_000599.3
IGFBP6 insulin-like growth factor binding protein 6 NM_002178.2
IKZF3 IKAROS family zinc finger 3 NM_012481.4
IL10 interleukin 10 NM_000572.2
IL13 interleukin 13 NM_002188.2
IL1A interleukin 1, alpha NM_000575.3
IL1B interleukin 1, beta NM_000576.2
ILIRN interleukin 1 receptor antagonist NM_173841.2
IL23R interleukin 23 receptor NM_144701.2
IL4 interleukin 4 NM_000589.3
IL4R interleukin 4 receptor NM_000418.3
IL6 interleukin 6 NM_000600.3
IL8 chemokine (C-X-C motif) ligand 8 NM_000584.3
INS insulin NM_001185097.1
INSIG2 insulin induced gene 2 NM_016133.2
INSR insulin receptor NM_000208.2
IRS1 insulin receptor substrate 1 NM_005544.2
IRS2 insulin receptor substrate 2 NM_003749.2
ITGA2 integrin, alpha 2 (CD49B) NM_002203.3
ITGA9 integrin, alpha 9 NM_002207.2
ITGB3 integrin, beta 3 NM_000212.2
ITGB4 integrin, beta 4 NM_000213.3
JAK2 Janus kinase 2 NM_004972.3
JMY junction mediating and regulatory protein, p53 cofactor NM_152405.4
KAT5 K(lysine) acetyltransferase 5 NM_182710.2
KCNH1 potassium channel, voltage gated eag related subfamily H NM_172362.2




KCNK2 potassium channel, two pore domain subfamily K, member 2 NM_001017424.2
KDR kinase insert domain receptor NM_002253.2
AP571 adaptor-related protein complex 5, zeta 1 subunit NM_014855.2
KIF1B kinesin family member 1B NM_015074.3
KLF6 Kruppel-like factor 6 NM_001300.5
KLK3 kallikrein-related peptidase 3 NM_001648.2
KPNB1 karyopherin (importin) beta 1 NM_002265.5
KRAS Kirsten rat sarcoma viral oncogene homolog NM_004985.4
LEP leptin NM_000230.2
LEPR leptin receptor NM_002303.5
LHCGR luteinizing hormone/choriogonadotropin receptor NM_000233.3
LIG1 ligase I, DNA, ATP-dependent NM_000234.1
LIG3 ligase Ill, DNA, ATP-dependent NM_013975.3
LIG4 ligase IV, DNA, ATP-dependent NM_002312.3
LSP1 lymphocyte-specific protein 1 NM_002339.2
LTA lymphotoxin alpha NM_000595.3
LUM lumican NM_002345.3
LZTS1 leucine zipper, putative tumor suppressor 1 NM_021020.3
MAD2L1 MAD?2 mitotic arrest deficient-like 1 NM_002358.3
MAP3K1 mitogen-activated protein kinase kinase kinase 1 NM_005921.1
MBD2 methyl-CpG binding domain protein 2 NM_003927.4
MCM8 minichromosome maintenance complex component 8 NM_032485.5
MCPH1 microcephalin 1 NM_024596.3
MDC1 mediator of DNA-damage checkpoint 1 NM_014641.2
MDM?2 MDM?2 proto-oncogene, E3 ubiquitin protein ligase NM_002392.5
MDM4 MDM4, p53 regulator NM_002393.4
MED1 mediator complex subunit 1 NM_004774.3
MFAP1 microfibrillar-associated protein 1 NM_005926.2
MGMT 0-6-methylguanine-DNA methyltransferase NM_002412.3
MLH1 mutL homolog 1 NM_000249.3
MMP1 matrix metallopeptidase 1 NM_002421.3
MMP12 matrix metallopeptidase 12 NM_002426.4
MMP13 matrix metallopeptidase 13 NM_002427.3
MMP2 matrix metallopeptidase 2 NM_004530.4
MMP3 matrix metallopeptidase 3 NM_002422.3
MMP7 matrix metallopeptidase 7 NM_002423.3
MMP8 matrix metallopeptidase 8 NM_002424.2
MMP9 matrix metallopeptidase 9 NM_004994.2
MPL MPL proto-oncogene, thrombopoietin receptor NM_005373.2
MPO myeloperoxidase NM_000250.1
MRE11A MRE11 meiotic recombination 11 homolog A NM_005591.3
MRPS30 mitochondrial ribosomal protein S30 NM_016640.3
MSH2 mutS homolog 2 NM_000251.2
MSH3 mutS homolog 3 NM_002439.4
MSH5 mutS homolog 5 NM_172165.3
MSH6 mutS homolog 6 NM_000179.2
MSR1 macrophage scavenger receptor 1 NM_138715.2
MTHFD1 methylenetetrahydrofolate dehydrogenase NM_005956.3
MTHFR methylenetetrahydrofolate reductase NM_005957.4
MTR 5-methyltetrahydrofolate-homocysteine methyltransferase NM_000254.2
MTRR 5-methyltetrahydrofolate-homocysteine methyltransferase NM_002454.2
MUS81 MUSB81 structure-specific endonuclease subunit NM_025128.4
MUTYH mutY homolog NM_001128425.1
MYC v-myc avian myelocytomatosis viral oncogene homolog NM_002467.4
NAT1 N-acetyltransferase 1 (arylamine N-acetyltransferase) NM_001160179.2
NAT2 N-acetyltransferase 2 (arylamine N-acetyltransferase) NM_000015.2
NBN nibrin NM_002485.4
NCAM1 neural cell adhesion molecule 1 NM_181351.4
NCOA1 nuclear receptor coactivator 1 NM_003743.4




NCOA3 nuclear receptor coactivator 3 NM_181659.2
NCOR1 nuclear receptor corepressor 1 NM_006311.3
NCOR?2 nuclear receptor corepressor 2 NM_006312.5
NEK10 NIMA-related kinase 10 NM_199347.2
NEK2 NIMA-related kinase 2 NM_001204182.1
NEUROD2 |neuronal differentiation 2 NM_006160.3
NFKB1 nuclear factor of kappa light polypeptide gene enhancer NM_003998.3
NFKBIA nuclear factor of kappa light polypeptide gene enhancer NM_020529.2
NHEJ1 nonhomologous end-joining factor 1 NM_024782.2
NME1 NME/NM23 nucleoside diphosphate kinase 1 NM_198175.1
NOD2 nucleotide-binding oligomerization domain containing 2 NM_022162.1
NOS3 nitric oxide synthase 3 (endothelial cell) NM_000603.4
NOTCH?2 notch 2 NM_024408.3
NPAS2 neuronal PAS domain protein 2 NM_002518.3
NPM1 nucleophosmin (nucleolar phosphoprotein B23, numatrin) NM_002520.6
NQO1 NAD(P)H dehydrogenase, quinone 1 NM_000903.2
NQO2 NAD(P)H dehydrogenase, quinone 2 NM_000904.4
NR112 nuclear receptor subfamily 1, group |, member 2 NM_003889.3
NR1I3 nuclear receptor subfamily 1, group |, member 3 NM_001077482.2
NR5A2 nuclear receptor subfamily 5, group A, member 2 NM_205860.2
NRP1 neuropilin 1 NM_003873.5
NRP2 neuropilin 2 NM_201266.1
NTRK2 neurotrophic tyrosine kinase, receptor, type 2 NM_006180.4
NUMA1 nuclear mitotic apparatus protein 1 NM_006185.3
0GG1 8-oxoguanine DNA glycosylase NM_016828.2
OPN5 opsin 5 NM_181744.3
PADI4 peptidyl arginine deiminase, type IV NM_012387.2
PADI6 peptidyl arginine deiminase, type VI NM_207421.4
PAK1 p21 protein (Cdc42/Rac)-activated kinase 1 NM_001128620.1
PALB2 partner and localizer of BRCA2 NM_024675.3
PARP1 poly (ADP-ribose) polymerase 1 NM_001618.3
PBOV1 prostate and breast cancer overexpressed 1 NM_021635.2
PCDH7 protocadherin 7 NM_001173523.1
PCNA proliferating cell nuclear antigen NM_002592.2
PGAP3 post-GPI attachment to proteins 3 NM_033419.4
PGD phosphogluconate dehydrogenase NM_002631.2
PGR progesterone receptor NM_000926.4
PHB prohibitin NM_002634.3
PIK3CA phosphatidylinositol-4,5-bisphosphate 3-kinase NM_006218.2
PIK3CB phosphatidylinositol-4,5-bisphosphate 3-kinase NM_006219.2
PLA2G5 phospholipase A2, group V NM_000929.2
PLAU plasminogen activator, urokinase NM_002658.3
PLCE1 phospholipase C, epsilon 1 NM_016341.3
PLK1 polo-like kinase 1 NM_005030.3
POLB polymerase (DNA directed), beta NM_002690.2
POLD1 polymerase (DNA directed), delta 1, catalytic subunit NM_001256849.1
PON1 paraoxonase 1 NM_000446.5
POT1 protection of telomeres 1 NM_015450.2
POU1F1 POU class 1 homeobox 1 NM_001122757.2
PPARA peroxisome proliferator-activated receptor alpha NM_005036.4
PPARG peroxisome proliferator-activated receptor gamma NM_138712.3
PPARGC1A [peroxisome proliferator-activated recept NM_013261.3
PPM1D protein phosphatase, Mg2+/Mn2+ dependent, 1D NM_003620.3
PPP1R1B protein phosphatase 1, regulatory (inhibitor) subunit 1B NM_032192.3
PPP2R1B protein phosphatase 2, regulatory subunit A, beta NM_181699.2
PPP2R5B protein phosphatase 2, regulatory subunit B', beta NM_006244.3
PRDM2 PR domain containing 2, with ZNF domain NM_012231.4
PREX2 phosphatidylinositol-3,4,5-trisphosphate-dependent Race NM_024870.2
PRKCA protein kinase C, alpha NM_002737.2




PRKDC protein kinase, DNA-activated, catalytic polypeptide NM_006904.6
PRL prolactin NM_001163558.2
PRLR prolactin receptor NM_000949.6
PSCA prostate stem cell antigen NM_005672.4
PTEN phosphatase and tensin homolog NM_000314.4
PTGDS prostaglandin D2 synthase 21kDa (brain) NM_000954.5
PTGES prostaglandin E synthase NM_004878.4
PTGIS prostaglandin 12 (prostacyclin) synthase NM_000961.3
PTGS1 prostaglandin-endoperoxide synthase 1 NM_000962.2
PTGS2 prostaglandin-endoperoxide synthase 2 NM_000963.3
PTPRJ protein tyrosine phosphatase, receptor type, J NM_002843.3
PTPRN2 protein tyrosine phosphatase, receptor type NM_002847.3
PTTG1 pituitary tumor-transforming 1 NM_001282382.1
RAB27A RAB27A, member RAS oncogene family NM_183235.1
RAD1 RAD1 checkpoint DNA exonuclease NM_002853.3
RAD17 RAD17 homolog NM_133338.2
RAD18 RAD18 E3 ubiquitin protein ligase NM_020165.3
RAD23B RAD23 homolog B NM_002874.4
RAD50 RAD50 homolog NM_005732.3
RAD51 RAD51 recombinase NM_133487.3
RAD51AP1 |RADS51 associated protein 1 NM_001130862.1
RAD51C RAD51 paralog C NM_058216.1
RAD51B RAD51 paralog B NM_133509.3
RAD51D RAD51 paralog D NM_002878.3
RAD52 RAD52 homolog NM_134424.3
RAD54B RAD54 homolog B NM_012415.3
RAD54L RAD54-like NM_001142548.1
RADSA RAD9 homolog A NM_004584.2
RASSF1 Ras association (RalGDS/AF-6) domain family member 1 NM_170714.1
RB1 retinoblastoma 1 NM_000321.2
RBBP8 retinoblastoma binding protein 8 NM_002894.2
RCC2 regulator of chromosome condensation 2 NM_018715.3
RECQL RecQ helicase-like NM_002907.3
RECQL4 RecQ protein-like 4 NM_004260.3
RECQL5 RecQ protein-like 5 NM_004259.6
RFC1 replication factor C (activator 1) NM_002913.4
RFC2 replication factor C (activator 1) 2 NM_181471.2
RFC4 replication factor C (activator 1) 4 NM_002916.3
RFX6 regulatory factor X, 6 NM_173560.3
RGS1 regulator of G-protein signaling 1 NM_002922.3
RHOU ras homolog family member U NM_021205.5
RNASEL ribonuclease L NM_021133.3
DROSHA drosha, ribonuclease type IlI NM_013235.4
RNF146 ring finger protein 146 NM_001242844
RNF168 ring finger protein 168, E3 ubiquitin protein ligase NM_152617.3
RNF8 ring finger protein 8, E3 ubiquitin protein ligase NM_003958.3
ROPN1L rhophilin associated tail protein 1-like NM_031916.4
RPA1 replication protein A1, 70kDa NM_002945.3
RRP1B ribosomal RNA processing 1B NM_015056.2
S100A3 $100 calcium binding protein A3 NM_002960.1
SART1 squamous cell carcinoma antigen recognized by T cells NM_005146.4
SCARB1 scavenger receptor class B, member 1 NM_005505.4
SERPINE1 |serpin peptidase inhibitor, clade E NM_000602.4
SETX senataxin NM_015046.5
SHBG sex hormone-binding globulin NM_001040.4
SHC1 SHC (Src homology 2 domain containing) NM_003029.4
SHFM1 split hand/foot malformation (ectrodactyly) type 1 NM_006304.1
SHMT1 serine hydroxymethyltransferase 1 (soluble) NM_004169.4

SHPRH

SNF2 histone linker PHD RING helicase

NM_001042683.2




SIPA1 signal-induced proliferation-associated 1 NM_153253.29
SIRT6 sirtuin 6 NM_016539.2
SKP2 S-phase kinase-associated protein 2 NM_005983.3
SLC22A16 |solute carrier family 22 NM_033125.3
SLC4A7 solute carrier family 4 NM_003615.4
SLC6A4 solute carrier family 6 NM_001045.5
SNRPB small nuclear ribonucleoprotein polypeptides B and B1 NM_198216.1
SNW1 SNW domain containing 1 NM_012245.2
SOD1 superoxide dismutase 1, soluble NM_000454.4
SOD2 superoxide dismutase 2, mitochondrial NM_000636.2
SPOCK2 sparc/osteonectin, cwcv and kazal-like domains proteogly NM_014767.2
SRD5A1 steroid-5-alpha-reductase, alpha polypeptide 1 NM_001047.2
SRD5A2 steroid-5-alpha-reductase, alpha polypeptide 2 NM_000348.3
SST somatostatin NM_001048.3
SSTR1 somatostatin receptor 1 NM_001049.2
SSTR2 somatostatin receptor 2 NM_001050.2
SSTR3 somatostatin receptor 3 NM_001051.4
SSTR4 somatostatin receptor 4 NM_001052.2
SSTR5 somatostatin receptor 5 NM_001053.3
ST14 suppression of tumorigenicity 14 NM_021978.3
STARD3 StAR-related lipid transfer (START) domain containing 3 NM_006804.3
STK11 serine/threonine kinase 11 NM_000455.4
STK39 serine threonine kinase 39 NM_013233.2
STS steroid sulfatase (microsomal), isozyme S NM_000351.4
STXBP4 syntaxin binding protein 4 NM_178509.5
STXBP5 syntaxin binding protein 5 (tomosyn) NM_001127715.2
SULF1 sulfatase 1 NM_001128205.1
SULT1A1 sulfotransferase family, cytosolic, 1A, phenol-preferrin NM_001055.3
SULT1A2 sulfotransferase family, cytosolic, 1A, phenol-preferrin NM_001054.3
SULT1E1 sulfotransferase family 1E, estrogen-preferring, member NM_005420.2
TBXAS1 thromboxane A synthase 1 (platelet) NM_030984.3
TCF7L2 transcription factor 7-like 2 (T-cell specific, HMG-box) NM_030756.4
TCL1A T-cell leukemia/lymphoma 1A NM_021966.2
TELO2 telomere maintenance 2 NM_016111.3
TEP1 telomerase-associated protein 1 NM_007110.4
TERF1 telomeric repeat binding factor (NIMA-interacting) 1 NM_017489.2
TERF2 telomeric repeat binding factor 2 NM_005652.4
TERF2IP telomeric repeat binding factor 2, interacting protein NM_018975.3
TERT telomerase reverse transcriptase NM_198253.2
TGFB1 transforming growth factor, beta 1 NM_000660.5
TGFBR1 transforming growth factor, beta receptor 1 NM_004612.2
TGFBR2 transforming growth factor, beta receptor Il NM_001024847.2
TIMP2 TIMP metallopeptidase inhibitor 2 NM_003255.4
TIMP3 TIMP metallopeptidase inhibitor 3 NM_000362.4
TLK2 tousled-like kinase 2 NM_001284333.1
TLR4 toll-like receptor 4 NM_138554.3
TNC tenascin C NM_002160.3
TNF tumor necrosis factor NM_000594.3
TNFRSF19 |tumor necrosis factor receptor superfamily, member 19 NM_018647.3
TNFSF10 tumor necrosis factor (ligand) superfamily, member 10 NM_003810.3
TNKS tankyrase, TRF1-interacting ankyrin-related ADP-ribose NM_003747.2
TOP2A topoisomerase (DNA) Il alpha 170kDa NM_001067.3
TOPBP1 topoisomerase (DNA) Il binding protein 1 NM_007027.3
TOX thymocyte selection-associated high mobility group box NM_014729.2
TOX3 high mobility group box family member 3 NM_001146188.1
TP53 tumor protein p53 NM_000546.5
TP53BP1 tumor protein p53 binding protein 1 NM_001141980.1
TP63 tumor protein p63 NM_003722.4
TP73 tumor protein p73 NM_005427.3




TPTE2 transmembrane phosphoinositide 3-phosphatase and tensin NM_199254.2
TRIM29 tripartite motif containing 29 NM_012101.3
TRIO trio Rho guanine nucleotide exchange factor NM_007118.2
TSHR thyroid stimulating hormone receptor NM_000369.2
TTK TTK protein kinase NM_003318.4
TUBD1 tubulin, delta 1 NM_016261.3
TXN thioredoxin NM_003329.3
TXN2 thioredoxin 2 NM_012473.3
TXNRD1 thioredoxin reductase 1 NM_001093771.2
TXNRD2 thioredoxin reductase 2 NM_006440.3
TYMS thymidylate synthetase NM_001071.2
UBE2A ubiquitin-conjugating enzyme E2A NM_003336.3
UBE2B ubiquitin-conjugating enzyme E2B NM_003337.3
UBE2I ubiquitin-conjugating enzyme E2I NM_003345.4
UBE2N ubiquitin-conjugating enzyme E2N NM_003348.3
UBE2V2 ubiquitin-conjugating enzyme E2 variant 2 NM_003350.2
UBE4B ubiquitination factor E4B NM_001105562.2
UGT1A6 UDP glucuronosyltransferase 1 family, polypeptide A6 NM_001072.3
UGT2B15 UDP glucuronosyltransferase 2 family, polypeptide B15 NM_001076.3
UGT2B4 UDP glucuronosyltransferase 2 family, polypeptide B4 NM_021139.2
UGT2B7 UDP glucuronosyltransferase 2 family, polypeptide B7 NM_001074.2
UIMC1 ubiquitin interaction motif containing 1 NM_001199297.1
VDR vitamin D (1,25- dihydroxyvitamin D3) receptor NM_001017535.1
VEGFA vascular endothelial growth factor A NM_001025366.2
WEE1 WEE1 G2 checkpoint kinase NM_003390.3
WNT7A wingless-type MMTV integration site family, member 7A NM_004625.3
WRN Werner syndrome, RecQ helicase-like NM_000553.4
XPA xeroderma pigmentosum, complementation group A NM_000380.3
XPC xeroderma pigmentosum, complementation group C NM_004628.4
XRCC1 X-ray repair complementing defective repair in Chinese h NM_006297.2
XRCC2 X-ray repair complementing defective repair in Chinese h NM_005431.1
XRCC3 X-ray repair complementing defective repair in Chinese h NM_001100119.1
XRCC4 X-ray repair complementing defective repair in Chinese h NM_022406.2
XRCC5 X-ray repair complementing defective repair in Chinese h NM_021141.3
XRCC6 X-ray repair complementing defective repair in Chinese h NM_001469.4
YAP1 Yes-associated protein 1 NM_001130145.2
YPEL2 yippee-like 2 (Drosophila) NM_001005404.3
ZMIZ1 zinc finger, MIZ-type containing 1 NM_020338.3
ZNF350 zinc finger protein 350 NM_021632.3
ZNF365 zinc finger protein 365 NM_199451.2
ZNF577 zinc finger protein 577 NM_032679.2
SLX4 SLX4 structure-specific endonuclease subunit NM_032444.2
DNAJC21 DnalJ (Hsp40) homolog, subfamily C, member 21 NM_194283.3
MLH3 mutL homolog 3 NM_001040108.1
ESRRG estrogen-related receptor gamma NM_001438.3
LRIG1 leucine-rich repeats and immunoglobulin-like domains 1 NM_015541.2
NF1 neurofibromin 1 NM_001042492.2
PIK3CG phosphatidylinositol-4,5-bisphosphate 3-kinase, catalyti NM_002649.3
PTTG2 pituitary tumor-transforming 2 NM_006607.2
PMS2 PMS2 postmeiotic segregation increased 2 NM_000535.5
UBE2NL ubiquitin-conjugating enzyme E2N-like NM_001012989.2




PRILOHA II:

Seznam a sekvenci primera pouzitych pro konfirmaci a charakterizaci
nalezenych zarodecnych variant
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o S Z koduijici s. protein s. RNA koordinata forward primer 5' - 3' reverse primer 5' - 3'
ABCC2 6 |nonsense c.3196C>T p.R1066X chr10:101591826 |AGTCTACGGAGCTCTGGGAT TGAGATACTTACGCCGGCAA
ABCC4 6 lindel c.2468dupA p.N823Kfs*12 chr13:95768245 ACATTTCAACTCCCTGCCCG GTCAGCGGCAGCAAATCATC
ABCC4 6 [nonsense [c.1150C>T p.R384X chr13:95858797 CGTGTTTGTGACCTTCACCAC GGCATCTGACACCAACCTGG
ABCG2 6 |nonsense c.706C>T p.R236X chr4:89039396 TCAGGCTGAACTAGAGCAAACA AGACCAAACAGCACTCCTGC
ABCG2 6 [nonsense [c.736C>T p.R246X chr4:89039366 TCAGGCTGAACTAGAGCAAACA AGACCAAACAGCACTCCTGC
ATM 1 |indel c.3850delA p.T1284Qfs*9 chr11:108155057 |TGCTGATGGTATTAAAACAGTTT GGTTGGCTATGCTAGATAATGAT
ATM 1 |nonsense c.7327C>T p.R2443X chr11:108200960 |TCCTTAGAAGTTTGCTTTTTTC CTGGACCAAGTGCTAGGAATA
ATR 1 [nonsense €.5342T>A p.L1781X chr3:142218507 TGGCACACTTTAATTTGTTGAAGA ATGCCCAGCCTGGTTTCATT
ATRIP 1 |indel €.827_828delAG p.E276Gfs*2 chr3:48498814 TTTTGCACTGCTCCTCTGACA GCCCATGTGGCAAGAAATTACA
BLM 1 [nonsense c.1642C>T p.Q548X chr15:91304245 TTGCTTTTGTGGCCTACCAG AGGCAATGATGATTTGCTATGGT
BRIP1 1 |nonsense €.2392C>T p.R798X chr17:59793412 CACACAGCTGATTAGTTATATGC CTGACATTTTGGGGGAGGTG
CASP8 7 lindel c.106delG p.E36Nfs*7 chr2:202131315 CCTTTGATGAACAAGCCAGCA AGGCTGTCCATTCAACCCAC
CBR3 5 lindel c.533delA p.D178Afs*46 chr21:37518509 TGGTTGTACCTCTGTGATATGCTT CTTGTGGCTCAGTGGCATCT
CNTNAP4 10 |nonsense €.3913G>T p.E1305X chr16:76592566 TGTAGGTGAACCCACAAGGC TTCCATTGAGAACCCCTGGC
CWF19L2 7 lindel c.1605delA p.K535Nfs*4 chr11:107286953 |TGAAGGCTACATGAGTGTTGGT GCCCGGTGGTAGTTTACACA
CYP11A1 2 lindel c.835delA p.1279Yfs*10 chr15:74635473 CGTGCTCAGTAAAACGGCAG GGAACGCCTTGAACAACAGG
CYP17A1 2 [nonsense  [c.1072C>T p.R358X chr10:104592335 |GAGCCACTACTGGGAAGGGA GTTGAATGCATCATGGGGCT
CYP19A1 2 lindel €.1058dupT p.L353Ffs*10 chr15:51504723 TGGTTGCTGGTGTGCATTAGA CGTGTGTGCTCCTGGTGAG
CYP1A2 5 |nonsense c.816T>A p.Y272X chr15:75042895 TCCTTCGCTACCTGCCTAAC ACTGTTCTGAGGGGGCACAA
CYP3A5 2 lindel €.92dupG p.L32Tfs*3 chr7:99273812 CTCCCTCTCTTGACCATTCCAG AACCTCAGAACTCCCTCCCA
CYP3A5 2 [indel €.246dupG p.A83Gfs*40 chr7:99270275 AAAGTCTGGCTTCCTGGGTG GCAAAAGTTATTGCAGTTTGCCG
DCLRE1C 1 |indel €.1903dupA p.S635Kfs*6 chr10:14950588 AGGAATCCCAGCTTCACTGC TCACCAGTTGCCAGCTTCTC
DHFR 9 [indel c.95delT p.F32Sfs*7 chr5:79949869 CACCGCTCAGGTATCTGCC AATTTGCTCGTGCGTTGACA
DMBT1 3 lindel c.2227delC p.Q743Rfs*4 chr10:124351838 |GAACCTCTGGTTGCAGTCGT CCAGTCTAGGAGAGGGAGCC
DNAJC21 10 |indel c.1503delA p.K501Nfs*10 chr5:34954040 AGAGAGCACTCAAATAATGATGGT TGCAGATCACTGAAATTTTAACTCT
DNAJC21 10 |indel €.1629delT p.F543Lfs*4 chr5:34954717 AGAGAGCACTCAAATAATGATGGT TGCAGATCACTGAAATTTTAACTCT
DNMT1 10 |indel ¢.1035dupC p.K346Qfs*35 chr19:10271072 CCGAAGCACTATCTGGGTGT CTGACGCACCTTGGTCCTAT
DPYD 9 |splicing ¢.1905+1G>A p.D581_N635del r.1741_1905del chr1:97915614 ACGGCTGCATATTGGTGTCAAAG TTCAGCAGAGTCAATTCCACCAG
ERCC2 1 [indel €.230_231delTG p.V77Afs*4 chr19:45872205 TCTGGGGAGGTGAAGGTACT AGGACTTGTGGTTGGACGAAA




ERCC2 1 [indel €.1703_1704delTT p.F568Yfs*2 chr19:45856555 TGCCCCACTTATCCAGCAAT AGAGAGCTCTGGGAAGACACC
ERCC6 1 [nonsense |c.3693C>G p.Y1231X chr10:50678313 CAAGGCTGAAAGTTTGGGGGA TCCCTGTGGCAAACGTATCA
ESR2 2 |nonsense [c.76G>T p.E26X chr14:64749628 AGCCATTATACTTGCCCACGA CAGGGCATCCTGTGTTTTGG
EXO1 1 |indel €.1522dupT p.C508Lfs*7 chr1:242042058 ATGTGTGAATGTTGGCATAATCA CCAGTCTCTTGCCTTCTTGGT
EXO1 1 [indel c.2358delG p.L787Yfs*37 chr1:242048762 ACCATTGCTCATGGGTTATTTTGTT GGAAGAGTTGGGAGAAAGGGA
EXO1 1 |splicing €.2212-1G>C p.V738_K743del r.2212_2229del chr1:242048615 ACCATTGCTCATGGGTTATTTTGTT GGAAGAGTTGGGAGAAAGGGA
r.2212_2229del GACCAGACCTCCAAGCTACG GAACACGGCCACATTCAGGT
FAM175B 1 |indel c.1084delC p.Q362Kfs*19 chr10:126523376  |ACTTCAGAAATTTGTCATGGCCT AACAGTGCTAGGTGGAGAGT
FANCE 1 [indel €.929dupC p.V311Sfs*2 chr6:35425721 GGGAGGGGGACTGGAGTAAA GGTGACCCCTATCGCTGAGA
FANCL 1 |indel €.1096_1099dupATTA  |p.T367Nfs*13 chr2:58386933 TGTGCCTAGCTTTCAGTAATATGT ACACTTCCACAGTCAGCACG
FANCM 1 [indel €.3979_3980delCA p.Q1327Vfs*16 chr14:45645936 TGTTTCGAATCAAGCACTAATACCA TGCTTCTTTGAATCTTTGTAGGTT
FANCM 1 [nonsense [c.1972C>T p.R658X chr14:45636336 AGTATTTAAGTGGATCGGGGTTT CCAGTGTCTCTCCATTTGCCA
FANCM 1 [nonsense [c.5101C>T p.Q1701X chr14:45658326 AATTGCCATGTTCAGCTTGGT CTAAGCACCCTGTGAATTGCC
FANCM 1 [nonsense [c.5791C>T p.R1931X chr14:45667921 TGGCACCAGTTTGCTCAATG AAACTTCTATGGAATGCTTTTACGA
FBXW7 7 |indel c.310delC p.H104Mfs*389 chr4:153332646 CCCCTGCAGAATGTGAAAACC ACTTTCCATTACCTTCTGTAAGACA
GLG1 10 |nonsense  |c.3520C>T p.R1174X chr16:74487085 TTTTCTTATCTCCTGCCCTCCC TGCTAATGCTCTAACACGGGG
GRB7 4 |nonsense [c.862C>T p.Q288X chr17:37900866 CCTGTACCAAGTCCTGCTCA TGTCTGAATTGGGGCTCAGA
GRB7 splicing c.801+1G>C p.(?) r.(spl?) chr17:37900461 CATCCTGGTGGTAGAGGGGAA ATGGTAAACTGGAGGTGGCTG
HELQ 1 [splicing €.2677-1G>A p.Q348Pfs*17 r.2677_2681del chr4:84347246 TCCCCTCAGCCATCTGGTAT TTGGGTGCTCAGGTATGTTT
r.2677_2681del AGGACTTGTGCTTGAAAGCCT AGCCTGTTGACAACGTTCTTG
HTR3B 10 |nonsense  [c.871C>T p.Q291X chr11:113813878 |AAAAACGTTGGGTCTTCGGG AGATGAGTGTCCAGTGACCCC
CHEK2 1 |indel c.277delT p.W93Gfs*17 chr22:29130433 ATATCCAGCTCCTCTACCAGC CAGAACCTTCCACCTGGTAATAC
r.[444+1_444+4ins;
CHEK2 1 [splicing c.444+1G>A p.R148Vfs*6 444+1g>a] chr22:29121230 TCAACAGCCCTCTGATGCATG GCCGCTTCCAGTAACCATAAGATAATA
IL13 3 |splicing c.174+2delT p.(?) r.(spl?) chr5:131994054 CATCCGCTCCTCAATCCTCTC CATCTTAGGACCAGGCCCAG
IL1A 3 |splicing €.319+2T>C p.(?) r.(spl?) chr2:113539179 TACCTGCCTAGTGAGTGTGGA CTAGGCACGCCTCTGGAATC
IL8 3 |nonsense  |c.91G>T p.E31X chr4:74607285 TGATGCCTTCCATAGTCTCCA CCACCTTCCTTAATTTTAAGTTTGC
ITGB4 10 [indel €.665delG p.G222Efs*60 chrl7:73725444 CCCACTCCTCTTTCACCCAC CCTTGCCCAGAAGTGCTCA
LRIG1 4 lindel c.3149_3150delCG p.A1050Gfs*17 chr3:66430824 GGGAGCTGCTTAAACGGTCA TGAGTGACGCTTGAACCCAA
MAP3K1 indel c.4151dupT p.L1384Lfs*36 chr5:56183241 AGAGCTGTGTGCCTTTAGCA GCCACGGACTTCTAGTTGGT
MGMT 1 [indel €.207_210dupACGT p.S70Yfs*5 chr10:131334631 |CTTCGGTGTTGCGTTGGTTA ATGCGTTACCCTGCCATCAA
r.105_106ins105+1
MMP1 8 |splicing €.105+2T>C pQ35Vfs*11 _106-1 chr11:102668717 |GCTTCCTAGCTGGGATATTGGAG GAGAGCGTATGCATGGCTAGA




r.105_106ins105+1

_106-1 CTGTTCTGGGGTGTGGTGTC GCTCTTGGCAAATCTGGCGT
MMP12 8 |nonsense [c.327C>T p.W109X chr11:102743618 |CCTGGTCCAAAAGCATCAGTGT GGGCTGTCTAACTGGTTCAGG
MPL 3 |splicing C.79+2T>A p.(?) r.(spl?) chr1:43803600 CTGAAGGGAGGATGGGCTAAG AGCAGGAGAGCCTCTTACTC

r.[2029-109_2029-
MPO 3 |splicing €.2031-2A>C p.R677Wfs*73 1ins;2029-2a>c]  |chr17:56348226  |GCATCACTTGTGTGAAAGCCC CTCATTTTCTCAGCTGCACCC

r.[2029-109_2029-

1ins;2029-2a>c] AGTATGGCACGCCCAACAAC AGACACGGTGGTGATGCCT
MSH5 1 [nonsense  |c.541C>T p.R181X chr6:31711970 GCACAAGTGCTAGGGCTGAA ACCCCACCCCCACTTTACTT
MSH5 1 [nonsense |c.1900C>T p.R634X chr6:31728554 GGGCTATGGTCAGGATTCGG TAAAGGGCATGCAGCAGAGG
MSR1 10 |indel c.569delT p.L190Cfs*5 chr8:16026030 AGCGTAGTTCACACGTTGTAG ACTGCCTAAGGAGACGAGACT
NAT1 5 |nonsense  [c.559C>T p.R187X chr8:18080115 AGCCTACTCAAATCCAAGTGT CCACAGGCCATCTTTAAAATAC
NBN 1 |indel .657_661delACAAA  [p.K219Nfs*16 chr8:90983445 CAGATAGTCACTCCGTTTACAA CCCAAAATGAAATACGTTAACAAC
NF1 4 [indel ¢.5690delG p.G1897Vfs*28 chr17:29657394  |TGGTTATATCAAGTGTGTCCCTT GTTCCTTCAGAGTTCCTTCAGT
NQO2 2 |nonsense  [c.628C>T p.Q210X chr6:3019821 TGTTTCACACCATTTCCCCC GCCTCCTAGTGTGCTGCTTA
PIK3CG 4 [indel c.41_42delAG p.E14Gfs*147 chr7:106508047  |ACATGTACGCCGCCTATACC CTGCACCACCTGGTACTTGT
PPP2R1B | 4 |indel c.342_343delTG p.V115Cfs*3 chr11:111631739 |GGGAATTGCCATCTGGGACA GTCAGCTACAAGTCCCCAGT
PREX2 4 [indel €.3210_3213delAACA  |p.D1072Vfs*17 chr8:69028051 ACAAGAGAACTTTGAATGACATGCT  |TCTTTGTGGAAAATCCAGCATCA
PTPRI 10 |nonsense  [c.1191T>A p.Y397X chr11:48149429  |ACCGTCATGCTTTCCTAGCC TGTGGTCAGCCAACAGTCAC
RAD18 1 |indel ¢.1430_1431insGCGG  |p.T478Rfs*6 chr3:8923099 AAGGGGTTCAGAGCTCATTTACT TAGAGGCAGGAGGCAACTGA
RAD50 1 |nonsense  |c.1093C>T p.R365X chr5:131924420  |ATCATTGGGAGAAACTGGGCA TGCCAAAATGGAGTCCAACCA
RAD51C 1 |nonsense  |c.502A>T p.R168X chr17:56774151  |CCTTAGATCATCATCATGATTTGG GGTCTCAGATGGGCACAAATGC
RAD51C 1 [splicing €.905-2_1delAG p.L301Gfs*42 r.905_965del chr17:56801399  |ACCAAGTCAGTAAGGCCATATAC CACAGGACTAGCTCTAAGAAACC

r.905_965del CGTCATGACCTAGATGACCTG GGTAACAAGTCCACTTGTACAC
RAD51D 1 |indel c.355_358deldelTGTA  [p.C119Wfs*16 chr17:33434129  |GACTCAGCCCATTTGTGTTG AGCAAGTTTGAAGGCAAGGA
RASSF1 7 |splicing C.888+1G>A p.V258Gfs*7 r. 758_888del chr3:50368764 GTGGGCGCAAGCAGTAATTT TGGAACTGTTTTGCAGGGCT

r. 758_888del CGCCGCACTTCCTTTTACCT CTCTTGGATCTTCTGGCGGC
RFC1 1 [indel c.2191delA p.R731Gfs*7 chr4:39304694 GGAAGGGAATTGGGGTCTGC CAGCAACATGCCTTAACTGCC
RNASEL 3 |nonsense  [c.793G>T p.E265X chr1:182555149  |CTCCTTGATGAGATGGGGGC GCAGTGCTGTTTTGCCATCA
ROPNIL | 10 |nonsense [c.135T>A p.Y45X chr5:10448375 CATAAGCCCGGGATGTTGGT TCTGTTTTCTGGGTTGCCGT
S100A3 10 |indel €.208delG p.V70Wfs*83 chr1:153520257  |GTTGAAGTCGGCCCTCAGAA AGGAAGGAGCCCTCACATCT
STXBP4 10 |splicing c.181-1G>A p.K60Vfs*28 r. 181_287del chr17:53076705  |TGAAGGCATTCTTCACGAAAAC ACTGCTTTCAAGGAGACATTCTA

r. 181_287del

GGCCTTGGCCTGAAGGTACTA

GGGAGTGGATGAGGTCTTTGG




TCL1A 10 [nonsense  [c.253C>T p.R85X chr14:96178601 TGCATGGCCTAAGGAAGTGA GCAAACCCAAGATCACCCGA
VEGFA 4 |splicing €.1085+2T>C p.(?) r.(spl?) chr6:43748593 GCTTTGCTTTGGTCGTTCCC CAAATCTACCCGTTGGTGCC
WRN 1 |nonsense |c.604A>T p.K202X chr8:30924648 TGTGGACTGCATATGAGGCTT TGGTAGAGTTTCTGCCACTACT
WRN 1 |nonsense |c.4216C>T p.R1406X chr8:31030535 ACTACATGATGAGATGGCAAGT ACATGAATTGCGGAAGGCTG
XRCC4 1 [indel c.25delC p.HITfs*8 chr5:82400763 TTTGTGTAGCTGAGAGGCCAG TCCCTGAGGACTGAAGAATAGCA
ZNF365 7 |nonsense  |c.1065G>A p.W355X chr10:64382946 GCTATGTGCTATAGGTTCAAATGGT TGTGGAACCTCTGCCTGGAA




PRILOHA I

Identifikované trunkacni varianty (nonsense, inzerce/delece, a ovliviujici
splicing) a prioritizované missense varianty
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ABCC2 6|NM_000392.4 |rs72558199 nonsense |c.3196C>T p.R1066X DM pathogenic |0.0004 0.0005 0.001
ABCC2 6|NM_000392.5 |rs17222561 |missense |c.1483A>G p.K495E 0.004 0.0044 0.0023 0.002307
ABCC4 6|NM_005845.4 indel €.2468dupA p.N823Kfs*12 0.0002228 |0.0003902
ABCC4 6 nonsense |c.1150C>T p.R384X
ABCG2 6|NM_004827.2 |rs140207606 |nonsense |c.706C>T p.R236X FP 0.0003 0.0004 0.0005 0.000384
ABCG2 6|NM_004827.2 |rs200190472 |nonsense |c.736C>T p.R246X FP pathogenic [0.00006596 [0.00007497 0.000077
ABCG2 6 missense  [c.350T>A p.F117Y
ATM 1|NM_000051.3 indel c.3850delA p.T1284Qfs*9 DM
ATM 1 rs121434220 |nonsense |c.7327C>T p.R2443X DM pathogenic
ATM 1 rs148590073 |missense |c.370A>G p.1124Vv DM 0.0008 0.0001 0.0014 0.002693
ATM 1 rs56128736 |missense |c.1229T>C p.V410A DM 0.0022 0.0033 0.0005 0.00177
ATM 1 rs2235006 missense  [c.1744T>C p.F582L DM 0.001 0.001 0.0018 0.000615
ATM 1 missense  |c.3059C>T p.T1020I DM 0.000008289
ATM 1 rs1800059 missense  |c.5071A>C p.S1691R DM 0.002 0.0031 0.0005 0.002154
ATM 1 rs11212587 |missense |c.6067G>A p.G2023R DM? 0.0016 0.0023 0.0014 0.002308
ATM 1 missense  |c.6068G>A p.G2023E
ATM 1 rs139770721 |missense |c.6095G>A p.R2032K DM 0.00004124 [0.00007501 0.000077
ATM 1 missense  |c.7463G>A p.C2488Y DM 0.00001648 [0.00002997
ATM 1 missense  |c.8567T>A p.V2856E
ATM 1 missense |c.8581A>G p.12861V
ATM 1 missense  |c.8734A>G p.R2912G DM 0.0003 0.0005 0.000231
ATR 1INM_001184.3 nonsense [c.5342T>A p.L1781X
ATR 1 rs148064542 |missense |c.4351C>T p.R1451W 0.0003 0.0004 0.0005 0.000384
ATRIP 1{NM_130384.2 indel €.827_828delAG p.E276Gfs*2
BLM 1|NM_000057.2 |rs200389141 |nonsense |c.1642C>T p.Q548X DM 0.0002 0.0003 0.000154
BLM 1 missense  |c.2254C>A p.Q752K DM
BRIP1 1|NM_032043.2 |rs137852986 |nonsense |c.2392C>T p.R798X DM pathogenic [0.0002 0.0002 0.000154
BRIP1 1 rs28903098 missense  [c.139C>G p.P47A DM pathogenic |0.0002 0.0004 0.000231




CASP8 7|NM_001228.4 indel c.106delG p.E36Nfs*7

CBR3 5|NM_001236.3 indel c.533delA p.D178Afs*46 0.0009 0.0015 0.000639
CBR3 5 rs140773531 |missense |c.380C>T p.P127L 0.0001 0.0002 0.000077
CBR3 5 rs141887975 |missense |c.605C>A p.T202K 0.0001 0.0002 0.000231
CNTNAP4 | 10{NM_033401.3 nonsense |c.3913G>T p.E1305X 0.00003921 |0.00005336

CWF19L2 7|NM_152434.2 indel c.1605delA p.K535Nfs*4

CYP11A1 2INM_000781.2 indel c.835delA p.1279Yfs*10 DM 0.00001648 [0.00002999 0.00008
CYP17A1 2|NM_000102.3 nonsense [c.1072C>T p.R358X DM

CYP19A1 2INM_031226.2 indel €.1058dupT p.L353Ffs*10 0.00000825 |0.000015

CYP1A2 5INM_000761.3 |rs140421378 [nonsense |c.816T>A p.Y272X FTV 0.0001 0.0002 0.000308
CYP1A2 5 missense |c.643G>A p.E215K

CYP3A5 2INM_000777.4 indel €.92dupG p.L32Tfs*3 0.00747 0.01098

CYP3A5 2 indel €.246dupG p.A83Gfs*40 0.0001812 ]0.0003147

DCLRE1C 1|NM_001033855.1 indel €.1903dupA p.S635Kfs*6 0.0003872 ]0.0004046

DHFR 9|NM_000791.3 indel c.95delT p.F32Sfs*7

DMBT1 3INM_007329.2 indel c.2227delC p.Q743Rfs*4

DNAJC21 10|NM_194283.3 indel c.1503delA p.K501Nfs*10 0.0003061 ]0.0004958

DNAJC21 10 indel €.1629delT p.F543Lfs*4 0.00009063 |0.00008993

DNAJC21 1 missense  |c.403C>A p.P135T

DNAJC21 1 rs144600070 |missense |c.1024G>A p.V342M 0.0036 0.0052 0.0023 0.004459
DNMT1 10|NM_001130823.1 indel €.1035dupC p.K346Qfs*35

DNMT1 10 missense  [c.283G>T p.G95C

DPYD 9|NM_000110.3 [rs3918290 splicing €.1905+1G>A p.D581_N635del r.1741_1905del |DM 0.0052 0.0058 0.0027 0.004152
DPYD 9 missense  |c.623G>T p.R208L DM? 0.00001649 [0.00002999

DPYD 9 rs142619737 |missense |c.1615G>A p.G539R DM? 0.0003 0.00001505 |0.0009 0.001077
DPYD 9 rs55886062 |missense |c.1679T>G p.1560S DM 0.0003 0.0006 0.0005 0.000384
DPYD 9 rs67376798 |missense |c.2846A>T p.D949V DM 0.0026 0.0041 0.0037 0.003921
ERCC2 1INM_000400.3 indel €.230_231delTG p.V77Afs*4

ERCC2 1|NM_000400.3 indel €.1703_1704delTT p.F568Yfs*2 DM 0.00009268 |0.0001681

ERCC2 1 rs138569838 |[missense |c.2165G>A p.R722Q 0.00006673 [0.00004541 0.000154
ERCC6 1|NM_000124.2 nonsense |c.3693C>G p.Y1231X

ERCC6 1 rs61760163 |missense |c.1996C>T p.R666C 0.0016 0.0021 0.0014 0.001461
ESR2 2INM_001040275.1 nonsense |c.76G>T p.E26X 0.0000082370.00001498




EXO1 1|NM_130398.3 indel €.1522dupT p.C508Lfs*7

EXO1 1 indel c.2358delG p.L787Yfs*37

EXO1 1 rs4150000 splicing €.2212-1G>C p.V738_K743del r.2212_2229del |DM 0.0019 0.0027 0.0014 0.002153
EXO1 1 rs143546023 |missense |c.325G>A p.E109K DM 0.0002 0.0004 0.000231
EXO1 1 missense |c.1105A>C p.S369R

FAM175B 1INM_032182.3 indel c.1084delC p.Q362Kfs*19

FANCE 1|NM_021922.2 indel €.929dupC p.V311Sfs*2 DM

FANCE 1 rs145068586 |missense |c.253C>T p.P85S 0.0017 0.0012 0.0018 0.000308
FANCL 1|NM_018062.3 indel €.1096_1099dupATTA p.T367Nfs*13 0.003534 |0.002881

FANCM 1|NM_020937.2 indel €.3979_3980delCA p.Q1327Vfs*16 8.269e-06

FANCM 1 nonsense |c.1972C>T p.R658X DM 0.00006622 |0.0001 0.000077
FANCM 1 rs147021911 |nonsense |c.5101C>T p.Q1701X DM? 0.0013 0.0014 0.0018 0.000384
FANCM 1 rs144567652 |nonsense |c.5791C>T p.R1931X DM 0.0009 0.0009 0.0014 0.000846
FBXW7 7INM_033632.3 indel c.310delC p.H104Mfs*389

GLG1 10|NM_012201.5 nonsense |c.3520C>T p.R1174X

GRB7 4|NM_005310.3 nonsense |[c.862C>T p.Q288X 0.00002323 |0.0000411

GRB7 4 splicing c.801+1G>C p.(?) r.(spl?)

HELQ 1INM_133636.3 |rs200992133 |splicing €.2677-1G>A p.Q348Pfs*17 r.2677_2681del 0.0002 0.0004 0.000154
HELQ 1 missense  |c.1418G>A p.R473H 0.00002475 |0.000015

HTR3B 10|NM_006028.4 nonsense [c.871C>T p.Q291X

CHEK2 1|NM_007194.3 indel c.277delT p.W93Gfs*17 0.00008
CHEK2 1 splicing c.444+1G>A p.R148Vfs*6 r.[444+1_444+4in|DM 0.0001 0.0002

CHEK2 1 rs17879961 |missense |c.470T>C p.1157T DFP pathogenic [0.0041 0.0048 0.0023 0.001615
CHEK2 1 missense  [c.917G>C p.G306A DM 0.00005768 |0.0001

CHEK2 1 missense  |c.980A>G p.Y327C DM 0.00002471 [0.00002997

CHEK2 1 missense  [c.1037G>A p.R346H 0.00001656 {0.0000301

IL13 3INM_002188.2 splicing c.174+2delT p.(?) r.(spl?)

IL1A 3|NM_000575.3 splicing €.319+2T>C p.(?) r.(spl?)

IL8 3|NM_000584.3 |rs188378669 [nonsense [c.91G>T p.E31X 0.0012 0.0016 0.0005 0.000692
ITGB4 10INM_000213.3 indel c.665delG p.G222Efs*60

ITGB4 10 rs150668075 |missense |c.2833C>T p.R945W 0.0002 0.00003037 0/0.000384
LRIG1 4|NM_015541.2 indel €.3149_3150delCG p.A1050Gfs*17 0.001063  |0.001529

LRIG1 4 rs138265012 |missense |c.698G>A p.G233E 0.0003 0.0003 0.0005 0.000308




MAP3K1 4INM_005921.1 indel €.4151dupT p.L1384Lfs*36

MAP3K1 4 missense  |c.1510G>A p.E504K 0.00004976 [0.00009002

MAP3K1 4 missense  |c.3242T>A p.M1081K 0.00002489 [0.00003001

MGMT 1|NM_002412.3 indel €.207_210dupACGT p.S70Yfs*5

MMP1 8|NM_002421.3 |rs139018071 |splicing €.105+2T>C pQ35Vfs*11 r.105_106ins1054FTV 0.0012 0.0017 0.0023 0.001999
MMP1 8 rs143788145 |missense [c.248C>A p.T83N 0.0022 0.0034 0.0005 0.002384
MMP12 8|NM_002426.4 nonsense [c.327C>T p.W109X 0.000008461

MPL 3|NM_005373.2 |rs146249964 |splicing C.79+2T>A p.(?) r.(spl?) DM 0.0003 0.0006 0.000308
MPO 3|NM_000250.1 |rs35897051 |[splicing €.2031-2A>C p.R677Wfs*73 r.[2029-109_2029DM 0.0043 0.0071 0.0014 0.005228
MPO 3 rs119468010 |missense |c.1705C>T p.R569W DM pathogenic |0.0015 0.0026 0.00223
MPO 3 missense  |c.1900T>A p.Y634N

MSH5 1INM_172165.3 |rs147515280 |nonsense [c.541C>T p.R181X 0.0001 0.0002 0.000231
MSH5 1|NM_172165.3 nonsense |c.1900C>T p.R634X

MSH5 1 rs61748589 |missense |c.1808A>G p.K603R 0.006 0.0094 0.0023 0.006305
MSR1 10|NM_138715.2 indel c.569delT p.L190Cfs*5

MSR1 10 rs138749399 |[missense [c.1322A>G p.H441R DM? 0.0013 0.002 0.0018 0.001538
NAT1 5|NM_001160179{rs5030839 nonsense |[c.559C>T p.R187X FP 0.0027 0.0038 0.0027 0.002768
NAT1 5 rs56172717 |missense [c.752A>T p.D251V FP 0.0024 0.0033 0.0018 0.002384
NBN 1|NM_002485.4 indel c.657_661delACAAA p.K219Nfs*16 0.0001928 |0.0003215

NBN 1 rs61753720 |missense |c.283G>A p.D95N DM 0.0019 0.003 0.0018 0.00223
NBN 1 rs61754966 missense  |c.511A>G p.1171V DM pathogenic [0.0014 0.002 0.0009 0.00123
NBN 1 rs34767364 |missense |c.643C>T p.R215W DM pathogenic ]0.003 0.0047 0.0023 0.002463
NF1 4INM_001042492.2 indel c.5690delG p.G1897Vfs*28

NF1 4 missense |c.2739A>G p.1913M

NF1 4 missense  |c.7354C>T p.R2452C 0.0000082380.00001499 0.000231
NQO2 2|NM_000904.4 nonsense [c.628C>T p.Q210X 0.0000082770.00001506

PIK3CG 4INM_002649.3 indel c.41_42delAG p.E14Gfs*147 5.38e-05 8.003e-05

PPP2R1B 4INM_181699.2 indel €.342_343delTG p.V115Cfs*3 0.0007002 |0.001226

PREX2 4INM_024870.2 indel €.3210_3213delAACA p.D1072Vfs*17

PREX2 4 rs11784582 missense  |c.934G>A p.D312N 0.0016 0.0026 0.0014 0.001768
PREX2 4 missense  |c.4730C>T p.A1577V 0.000008275

PTPRJ 10{NM_002843.3 nonsense |c.1191T>A p.Y397X

PTPRJ 1 rs140874449 |missense |c.3254C>T p.S1085L 0.00007428 [0.00004503 0.000154




RAD18 1|NM_020165.3 indel €.1430_1431insGCGG p.T478Rfs*6

RAD50 1INM_005732.3 nonsense [c.1093C>T p.R365X

RAD50 1 rs28903088 missense |c.671G>A p.R224H DM? 0.0006 0.0008 0.000615
RAD50 1 rs61749630 |missense |c.2397G>C p.Q799H 0.0003 0.0005 0.000384
RAD50 1 missense  |c.3487A>T p.11163L

RAD51C 1INM_058216.1 nonsense [c.502A>T p.R168X

RAD51C 1 splicing €.905-2_1delAG p.L301Gfs*42 r.905_965del DM

RAD51C 1 missense  |c.335G>C p.G112A 0.000077
RAD51D 1|NM_002878.3 indel c.355_358deldelTGTA p.C119Wfs*16

RASSF1 7INM_170714.1 splicing c.888+1G>A p.V258Gfs*7 r. 758_888del 0.000009005 0

RFC1 1|NM_002913.4 indel c.2191delA p.R731Gfs*7

RNASEL 3INM_021133.3 |rs74315364 [nonsense |c.793G>T p.E265X DM pathogenic |0.004 0.0058 0.0023 0.003229
RNASEL 3 rs114166108 |missense |c.184C>T p.P62S 0.00005812 |0.0001 0.0005 0.000231
RNASEL 3 missense  |c.875T>C p.L292P 0.00001655 [0.00003011

ROPN1L 10|NM_031916.4 |rs41280363 |nonsense |c.135T>A p.Y45X 0.0012 0.0019 0.0009 0.001384
S100A3 10|NM_002960.1 indel .208delG p.V70Wfs*83 0.00271 0.004362

STXBP4 10|NM_178509.5 splicing c.181-1G>A p.K60Vfs*28 r.181_287del 0.00002489 [0.00004519 0.000077
TCL1A 10INM_021966.2 nonsense [c.253C>T p.R85X

VEGFA 4INM_001025366]rs149528656 |[splicing c.1085+2T>C p.(?) r.(spl?) 0.0001 0.0002 0.000308
WRN 1INM_000553.4 nonsense [c.604A>T p.K202X

WRN 1|NM_000553.4 |rs11574410 |nonsense [c.4216C>T p.R1406X 0.0035 0.0013 0.0018 0.000769
WRN 1 rs150148567 |missense |c.1717A>G p.T573A 0.001 0.0016 0.0014 0.00208
XRCC4 1|NM_022406.2 indel c.25delC p.HITfs*8 0.0004377 ]0.0006303

ZNF365 7INM_199451.2 |rs142406094 |nonsense |c.1065G>A p.W355X 0.00003295 [0.00005993 0.000231




PRILOHA IV:

Seznam publikaci souvisejicich s predkladanou praci:

1.

Hojny J, Zemankova P, Lhota F, Sevcik J, Stranecky V, Hartmannova H, Hodanova K, Mestak
O, Pavlista D, Janatova M, Soukupova J, Vocka M, Kleibl Z, Kleiblova P.; Multiplex PCR and
NGS-based identification of mRNA splicing variants: Analysis of BRCA1 splicing pattern as a
model.; Gene. 2017 Dec 30;637:41-49. doi: 10.1016/j.gene.2017.09.025. Epub 2017 Sep 14.
(v priloze IV-1)

IF=2.4

Zemankova P, Lhota F, Kleiblova P, Soukupova J, Vocka M, Janatova M, Kleibl Z.; RE:
frameshift variant FANCL*c.1096_1099dupATTA is not associated with high breast cancer
risk.; Clin Genet. 2016 Oct;90(4):387-9. doi: 10.1111/cge.12842. (v priloze 1V-2)

IF=3.9

Rump A, Benet-Pages A, Schubert S, Kuhlmann JD, Janavicius R, Machackova E, Foretova L,
Kleibl Z, Lhota F, Zemankova P, Betcheva-Krajcir E, Mackenroth L, Hackmann K, Lehmann J,
Nissen A, DiDonato N, Opitz R, Thiele H, Kast K, Wimberger P, Holinski-Feder E, Emmert S,
Schrock E, Klink B.; Identification and Functional Testing of ERCC2 Mutations in a Multi-
national Cohort of Patients with Familial Breast- and Ovarian Cancer.; PLoS Genet. 2016 Aug
9;12(8):€1006248. doi: 10.1371/journal.pgen.1006248. eColl 2016 Aug 9. (v pfiloze 1V-3)
IF=6.7

Borecka M, Zemankova P, Lhota F, Soukupova J, Kleiblova P, Vocka M, Soucek P, Ticha |,
Kleibl Z, Janatova M.; The c.657del5 variant in the NBN gene predisposes to pancreatic
cancer.; Gene. 2016 Aug 10;587(2):169-72. doi: 10.1016/j.gene.2016.04.056. Epub 2016 May
(v priloze IV-4)

IF=2.3

Lhota F, Zemankova P, Kleiblova P, Soukupova J, Vocka M, Stranecky V, Janatova M,
Hartmannova H, Hodanova K, Kmoch S, Kleibl Z.; Hereditary truncating mutations of DNA
repair and other genes in BRCA1/BRCA2/PALB2-negatively tested breast cancer patients.;
Clin Genet. 2016 Oct;90(4):324-33. doi: 10.1111/cge.12748. Epub 2016 Mar 4. (v priloze 1V-5)
IF=3.9

Seznam ostatnich publikaci s IF:

1.

Soukupova J, Zemankova P, Lhotova K, Janatova M, Borecka M, Stolarova L, Lhota F, Foretova
L, Machackova E, Stranecky V, Tavandzis S, Kleiblova P, Vocka M, Hartmannova H, Hodanova
K, Kmoch S, Kleibl Z.; Validation of CZECANCA (CZEch CAncer paNel for Clinical Application)
for targeted NGS-based analysis of hereditary cancer syndromes.; PLoS One. 2018 Apr
12;13(4):e0195761. doi: 10.1371/journal.pone.0195761. eCollection 2018.

IF=3.5

Havranek O, Kleiblova P, Hojny J, Lhota F, Soucek P, Trneny M, Kleibl Z.; Association of
Germline CHEK2 Gene Variants with Risk and Prognosis of Non-Hodgkin Lymphoma.; PLoS
One. 2015 Oct 27;10(10):e0140819. doi: 10.1371/journal.pone.0140819. eColl. 2015 Oct 27.
IF=3.1



3. Sevcik J, Falk M, Macurek L, Kleiblova P, Lhota F, Hojny J, Stefancikova L, Janatova M, Bartek
J, Stribrna J, Hodny Z, Jezkova L, Pohlreich P, Kleibl Z.; Expression of human BRCA1A17-19
alternative splicing variant with a truncated BRCT domain in MCF-7 cells results in impaired
assembly of DNA repair complexes and aberrant DNA damage response.; Cell Signal. 2013
May;25(5):1186-93. doi: 10.1016/j.cellsig.2013.02.008. Epub 2013 Feb 14.

IF=4.2

4. Sevcik J, Falk M, Kleiblova P, Lhota F, Stefancikova L, Janatova M, Weiterova L, Lukasova E,
Kozubek S, Pohlreich P, Kleibl Z.; The BRCA1 alternative splicing variant A14-15 with an in-
frame deletion of part of the regulatory serine-containing domain (SCD) impairs the DNA
repair capacity in MCF-7 cells.; Cell Signal. 2012 May;24(5):1023-30. doi:
10.1016/j.cellsig.2011.12.023. Epub 2012 Jan 3.

IF=4.2

5. Kantola AK, Ryyndnen MJ, Lhota F, Keski-Oja J, Koli K.; Independent regulation of short and
long forms of latent TGF-beta binding protein (LTBP)-4 in cultured fibroblasts and human
tissues.; J Cell Physiol. 2010 Jun;223(3):727-36. doi: 10.1002/jcp.22082.

IF=4.1

Ostatni publikace bez IF:

Pfednaska: Identifikace dédi¢nych alteraci predisponujicich ke vzniku karcinomu prsu pomoci
,next-gen” sekvenovani.

Filip Lhota, Petra Boudov3, Petra Kleiblova, Jana Soukupov3, Viktor Stranecky, Hana Hartmanovs3,
Katefina Hodanova, Zdenék Kleibl

Sbornik: 15. Studentska védecka konference 1.LF UK v Praze; 2014; Galén; ISBN 978-80-7492-
150-6

Poster: Identification and quantification of BRCA1 splicing variants

Filip Lhota, Jan Hojny, Petra Kleiblova, Jan Sevcik, Jana Soukupova, Marketa Janatova, Petra
Boudova, Marianna Borecka,

P. Pohlreich, Z. Kleibl

Eur J Cancer. 2014; 50, Suppl. 5; EACR-23, Scientific Programme

Poster: Targeted Next-Gen Sequencing in High-Risk BRCAl-and BRCA2-Negative Breast Cancer
Patients

Filip Lhota, Viktor Stranecky, Petra Boudova, Jana Soukupova, Katerina Hodanova, Hana
Hartmannova, Marketa Janatova, Petra Kleiblova, Petr Pohlreich, Stanislav Kmoch, Zdenek Kleibl
Curr Oncol. 2014 Apr; 21(2): e358—e391. doi: 10.3747/c0.21.2077

Preklad ucebnice: Harperova ilustrovana biochemie

Robert K. Murray, David A. Bender, Kathleen M. Botham, Peter J. Kennelly, Victor W. Rodwell, P.
Anthony Weil

Kapitoly: 40: Membrany: Struktura a funkce; 41: Rozmanitost endokrinniho systému; 42:
Plsobeni hormont a prenos signalu

Galén 2013; EAN: 9788072629077



Prezentace: Identification and characterization of BRCA1 alternative splicing variants in breast
cancer cell line.

Filip Lhota, Jan Hojny, Petra Kleiblova, Jan Sevcik and Zdenek Kleibl

Biomania Student Scientific Meeting 2013. 2013. ISBN 978-80-210-7933-5

Poster: USER-based Approach for Identification of BRCA1 Alternative Splicing Variants

Filip Lhota, Petra Kleiblova, Jan Hojny, Jan Sevcik, Marketa Janatova, Petr Pohlreich, Zdenek
Kleibl

Eur J Cancer. 2013; 48, Suppl. 5; EACR-22, Scientific Programme

Prednaska: Identifikace alternativnich sestfihovych variant genu BRCA1 v bunécéné linii MCF-7
Filip Lhota, Jan Hojny, Jan Sev¢ik, Petra Kleiblova

Sbornik: 13. Studentska védecka konference 1.LF UK v Praze; 2012; Galén; ISBN 978-80-7262-
943-5



PRILOHA IV-1

Lhota et al.; Hereditary truncating mutations of DNA repair and other genes
in BRCA1/BRCA2/PALB2-negatively tested breast cancer patients



An International
Journal of Genetics,
Molecular and
Personalized Medicine

Clin Genet 2016: 90: 324-333
Printed in Singapore. All rights reserved

CLINICAL

Original Article

© 2016 John Wiley & Sons A/S.
Published by John Wiley & Sons Ltd

CLINICAL GENETICS
doi: 10.1111/cge.12748

Hereditary truncating mutations of DNA repair
and other genes in BRCAI/BRCA2/PALB2-
negatively tested breast cancer patients

Lhota F., Zemankova P., Kleiblova P., Soukupova J., Vocka M., Stranecky V.,
Janatova M., Hartmannova H., Hodanova K., Kmoch S., Kleibl Z.
Hereditary truncating mutations of DNA repair and other genes in
BRCA1/BRCA2/PALB2-negatively tested breast cancer patients.

Clin Genet 2016: 90: 324-333. © John Wiley & Sons A/S. Published by
John Wiley & Sons Ltd, 2016

Hereditary breast cancer comprises a minor but clinically meaningful breast
cancer (BC) subgroup. Mutations in the major BC-susceptibility genes are
important prognostic and predictive markers; however, their carriers
represent only 25% of high-risk BC patients. To further characterize variants
influencing BC risk, we performed SOLiD sequencing of 581 genes in 325
BC patients (negatively tested in previous BRCA1/BRCA2/PALB2 analyses).
In 105 (32%) patients, we identified and confirmed 127 truncating variants
(89 unique; nonsense, frameshift indels, and splice site), 19 patients
harbored more than one truncation. Forty-six (36 unique) truncating variants
in 25 DNA repair genes were found in 41 (12%) patients, including 16
variants in the Fanconi anemia (FA) genes. The most frequent variant in FA
genes was ¢.1096_1099dupATTA in FANCL that also show a borderline
association with increased BC risk in subsequent analysis of enlarged groups
of BC patients and controls. Another 81 (53 unique) truncating variants were
identified in 48 non-DNA repair genes in 74 patients (23%) including 16
patients carrying variants in genes coding proteins of estrogen
metabolism/signaling. Our results highlight the importance of mutations in
the FA genes’ family, and indicate that estrogen metabolism genes may
reveal a novel candidate genetic component for BC susceptibility.
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Hereditary truncating mutations of DNA repair and other genes

Breast cancer (BC; OMIM#114480) emerges as a
leading cause of cancer death in female population
worldwide. Hereditary breast cancer (HBC) accounts
approximately for 5—10% of cases. Clinical impor-
tance of HBC results from the high lifetime risk of
BC development, increased risk of other associated
cancers, early disease onset, and 50% probability of
the mutant allele’s transmission to the offspring (1).
Hence, the identification of germline mutations that
confer BC susceptibility is an important task of clinical
oncogenetics with considerable clinical utility, including
tailored healthcare focused on early cancer identifica-
tion, preventive surgical strategies decreasing cancer
risk, and specific therapeutic strategies (2). The most
frequently mutated genes in HBC patients are BRCAI
and BRCA2; however, mutations in these genes account
for less than 25% of cases in HBC patients. Since the
identification of major BC-susceptibility genes, numer-
ous other predisposition genes have been identified.
Their characterization has been strongly accelerated
with the availability of next-generation sequencing
(NGS) technologies (3). Mutational analyses of recently
identified BC-susceptibility genes indicate that frequen-
cies of their mutations are substantially lower than that
in BRCAI and BRCA2, besides being highly variable
among populations worldwide (4). However, mutations
in these newly established BC-susceptibility genes
could collectively epitomize another 25% of ascertained
genetic risk in HBC patients and thus their analyses are
gradually introduced into the clinical analyses (5).

A striking characteristic of the majority of known
BC-susceptibility genes is the contribution of their pro-
tein products in DNA damage repair (6). On the other
hand, the existence of known BC-susceptibility genes
that code for proteins not directly involved in these
processes (e.g. PTEN, CDHI, or NFI) indicates that
non-DNA repair genes could also contribute to BC
susceptibility (7).

Our previous gene-by-gene mutational analyses
revealed that the most frequent mutations in Czech HBC
patients are found in the BRCAI gene (8—10). Less
frequently, we identified pathogenic variants in BRCA2
or PALB2 (11). In this study, we aimed to describe the
presence of potentially pathogenic hereditary variants in
other known BC-susceptibility genes using the targeted
NGS and to identify further variants that may contribute
to BC susceptibility in high-risk Czech BC patients.

Materials and methods

Detailed methods are available in Supporting informa-
tion methods.

Patients and samples

The 325 successfully sequenced patients’ samples were
selected from a sample collection of high-risk Czech
BC patients that fulfilled testing criteria described previ-
ously (8, 9, 11), were negatively tested for the presence
of mutations in BRCAI/BRCA2/PALB2, and gave their

informed consent approved by local ethical committee.
As controls, we analyzed 105 samples obtained from
Czech non-cancer elder females selected according
to their age (>50years; median age 71 years; ranged
54-95 years) from non-cancer controls described previ-
ously (12). The genotyping of the c.1096_1099dup ATTA
variant in FANCL was performed on additional sample
sets of 337 high-risk BC patients, 673 sporadic BC
patients and 686 non-cancer controls (13, 14) using
high-resolution melting analysis and confirmed by
Sanger sequencing (Fig. S1, Supporting information).
Clinical and histopathological characteristics of ana-
lyzed high-risk BC patients are available in Tables S1
and S2.

Sequencing gene panel

The targeted genes comprised two groups consisting of
141 DNA repair genes and 449 genes retrieved from
Phenopedia database (15) using the disease term ‘breast
neoplasms’ with at least two entries (assessed February
2012). Finally, 581 targeted genes (listed in Table S3)
were sequenced successfully.

Library construction, sequence capture and sequencing

Fragmented DNA was subjected to ligation of SOLiD
sequencing adaptors and polymerase chain reaction
(PCR)-based incorporation of bar codes, as described
previously (16). The target DNA enrichment was per-
formed by a custom SeqCap EZ Choice Library (Roche),
and SOLiD sequencing primers were introduced by PCR.
The final libraries were amplified by an emulsion PCR
and sequenced on a SOLiD 4 System (Thermo Fisher,
Waltham, MA, USA).

Bioinformatics pipeline, variant filtration, and prioritization
of missense variants

Sequencing reads were aligned to the human genome
reference (GRCh37/hg19) using Novoalign (CS1.01.08).
Picard was used for duplicate removal and SAMtools
(0.1.8) for SAM-to-BAM conversion and calling of
single nucleotide variants (SNVs) and small insertions
and deletions (indels). Variant annotation was performed
with ANNOVAR (17).

Variant filtration excluded off-target sequences and low
confidence variants (sequence quality <150; sequencing
coverage <10). We also excluded common variants
with allelic frequencies in ESP6500 and 1000 Genomes
databases >0.01. To reflect the population-specific vari-
ants and variants influencing cancer susceptibility, we
excluded variants presented in no patient or in more than
two controls.

To identify missense variants with a putative contri-
bution to BC susceptibility, we performed a prioritiza-
tion that considered five prediction algorithms (SIFT,
PolyPhen-2, LRT, MutationTaster, and PhyloP) and two
databases (ClinVar and HGMD) aggregating data about
genotypes and corresponding clinical characteristics.
Prioritized variants were considered those that were
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called by each prediction software as deleterious (or
unknown) or considered as disease-associated in ClinVar
and HGMD databases.

Confirmation of truncating variants

All truncating variants were confirmed by conventional
Sanger sequencing. The variants affecting a conserva-
tive splice site were analyzed from the blood-isolated
patient’s RNA, when available, using RT-PCR and
sequencing as described previously (18). All primers are
listed in Table S4.

Statistical analysis

The differences among analyzed groups and subgroups
were calculated by the chi-square test or Fischer exact
test if the expected number of events was lower than six.

Results

In the set of 325 patients’ samples and 105 controls, we
obtained 491,385 variants in exome and adjacent intronic
sequences of 581 targeted genes. The mean sequencing
coverage was 56.5 and 93% of the captured sequence
was covered by >10 reads. Using the variant filtration,
we identified 4540 rare variants in the final dataset
representing 2647 unique variants of 496/581 targeted
genes (85.4%). We found 144 truncating variants (either
nonsense, frameshift indels, or splice site alterations),
representing 89 unique variants, in 73/581 targeted genes
(12.6%).

The set of 325 BC patients harbored 4053 rare vari-
ants (2647 unique) including 127 truncating variants (89
unique), 34 in-frame indels (22 unique), 2347 missense
SNVs (1599 unique), and 1545 synonymous SNVs (937
unique). We primarily focused on the truncating vari-
ants that were identified in 105/325 (32.3%) BC patients
(Fig. 1) and were all confirmed by Sanger sequencing.
Nineteen patients carried more than one truncating vari-
ant (1 patient carried four, 1 patient carried three, and
17 patients carried two truncations), 86 patients carried
one truncating variant. The group of truncating variants
included 20 splicing variants (14 unique, each affect-
ing one particular gene) flanking to intronic (+2bp)
sequences. Their impact on splicing was studied at the
mRNA level (available from eight patients). Seven out
of eight analyzed splicing variants showed frameshift
(Figs S2 and S3). The prioritization analysis revealed 356
potentially pathogenic variants out of 1599 rare unique
missense variants (22%).

Hereditary variants in DNA repair genes

In 25 DNA repair genes, we identified 46/127 trunca-
tions (36/89 unique) in 41 (12.6%) BC patients (Table 1).
The most frequent alterations affected genes that code for
DNA double-strand break (DDSB)/interstrand crosslink
(ICL) repair proteins. These included 16 patients carry-
ing nine unique truncating variants in five Fanconi ane-
mia (FA) genes (Fig. 1).
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Another 19 patients harbored 19 unique variants
affecting other genes coding for proteins involved in the
DDSB repair pathways, including homologous recom-
bination (HR; ATM, EXOI, WRN, BLM, DCLREIC,
FAMI175B/ABROI, HELQ, NBN, RADIS, RAD5O0,
RADS51D, CHEK?2, and RFCI) but also non-homologous
end joining (NHEJ; XRCC4) repair. Finally, eight trun-
cating variants, each in one patient, were identified
in the genes that code for proteins involved in other
DNA repair processes including single-strand DNA
repair (ATR, ATRIP), nucleotide excision repair (NER;
ERCC2, ERCC6), mismatch repair (MMR; MSHS),
and direct removal of alkylated guanine (MGMT). Two
patients carried truncating variants in more than one
gene involved in different DNA repair pathways.

Altogether, 106 unique prioritized missense variants
in 59 DNA repair genes were identified in 133 patients
(34 of these variants, in 56 patients, were found in
15 genes in which at least 1 truncating variant was
also detected; Table S5). The most frequent potentially
pathogenic missense variants were found in ATM (12
variants in 17 patients) and CHEK?2 (4 variants in 13
patients). Among prioritized variants, we also identified
pathogenic missense variants in BRCAI (c.115T>C;
p.C39R), TP53 (c.733G>A; p.G245S), and CDHI
(c.1018A>G; p.T340A) in three young BC patients.

Extended analysis of FANCL ¢.1096_1099dupATTA

The most frequent frameshift variant found in
six BC patients and none NGS control was
c.1096_1099dupATTA (p.T367Nfs*13) in FANCL (pre-
viously described in an FA patient belonging to the FA-L
complementation group; OMIM#614083) (19). Because
of the insufficient number of NGS controls, we first
compared the frequency of this FANCL variant among
our patients with data from the Exome Aggregation Con-
sortium (ExAC) database (http://exac.broadinstitute.org;
accessed May 2015) indicating an overrepresenta-
tion of this variant among our high-risk BC patients
(Table 1). Therefore, we further analyzed another 337
high-risk BC Czech patients (329 females, 8 males;
all BRCA1/BRCA2/PALB2-negative). Among these, we
identified another three ¢.1096_1099dupATTA carriers
with BC (all diagnosed before age of 38 years). Over-
all, the ¢.1096_1099dupATTA was identified in 9/662
high-risk BC individuals (1.3%).

To identify the carriers of ¢.1096_1099dupATTA
in sporadic BC patients and other controls, we geno-
typed 673 unselected BC cases and 686 non-cancer
controls (313 females and 373 males). This analysis
revealed three carriers in each analyzed group, showing
its frequency as 0.4% in both BC cases (3/693) and
controls (3/791; including 105 NGS controls and 686
genotyped controls), respectively. Thus, the frequency
of ¢.1096_1099dupATTA was significantly (Fisher exact
test) overrepresented only among high-risk individuals
(p=0.04) but not in sporadic BC patients (p=0.9). All
14 carriers among patients were females, while all three
carriers in controls were males.
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Fig. 1. Overview of variants in 73 genes (rows) affected by at least one truncating (nonsense, frameshift, or splicing) variant, that were identified in
105 BC patients (columns). Pathological characteristics of BC tumors (histology and subtypes) and selected clinical characteristics (BC in females
at the age of <35 years or male BC, and the presence of familial cancer) are shown in five upper lines (color markings are displayed in Fig. 2; X
denotes a missing information). The patients and genes are ordered according to the overall number of found variants, genes (with the Fanconia anemia
gene members highlighted in red letters) are grouped by functional relationship of coded proteins (see note). Note: Genes in gene groups (1-10;
number (N) patients with at least one truncating variant) were ascertained as follows: the genes coding proteins involved in DNA repair (1; N =41);
steroid hormones synthesis, turnover or signaling (2; N = 16); immune response (3; N = 11); membrane receptor signaling (4; N = 11); metabolism of
xenobiotics (5; N = 6); membrane transport of molecules (6; N = 6); cell cycle/apoptosis regulation (7; N = 6); cell-to-cell communication (8; N =4);
nucleotide metabolism (9; N = 3); or other (unsorted) processes (10; N = 16). Color markings used for pathological and clinical characteristics (shown
in legend) are identical to that presented in Fig. 2. Clinical and histopathological characteristics of truncating mutation carriers are shown in Table S6.
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Table 1. List of 36 unique truncating variants (nonsense, frameshift indels, or splicing) that were found in 25 genes coding for proteins
involved in DNA repair and DNA damage response identified in 41/325 BC patients (Pts) and 7/105 non-cancer controls (Ctrls)?

HGMD/

Gene HGVS coding HGVS protein®  Classification Rs number ClinVar Pts (N) Ctrls (N) ExAC (mut/all)b, ©

FANCL €.1096_1099dupATTA p.T367Nfs*13 Indel 6 0 232/65648*

FANCM c.1972C>T p.R658* Nonsense DM 1 1 7/66502*
€.3979_3980delCA p.Q1327Vfs*16  Indel 1 0 0/66498*
c.5101C>T p.Q1701* Nonsense rs147021911 DM? 2 0 95/66562
c.5791C>T p.R1931* Nonsense rs144567652 DM 1 0 63/66622

ATM €.3850delA p.T1284Qfs*9 Indel DM 1 0 n.r.
c.7327C>T p.R2443* Nonsense rs121434220 DM/P 2 0 n.r.

EXO1 c.1522dupT p.C508Lfs*7 Indel 1 0 n.r.
€.2358delG p.L787Yfs*37 Indel 1 0 n.r.
€.2212-1G>C p.V738_K743del Splicing rs4150000 DM 1 1 172/63478

CHEK2 c.277delT p.W9O3Gfs*17 Indel 1 0 n.r.
C.444+1G>A p.R148Vfs*6 Splicing DM 2 0 11/66720*

RAD51C c.502A>T p.R168* Nonsense 2 0 n.r.
€.905-2_1delAG p.L.301Gfs*42 Splicing DM 1 0 n.r.

BLM c.1642C>T p.Q548* Nonsense rs200389141 DM 2 0 21/66322*

ERCC2 €.230_231delTG p.V77Afs*4 Indel 1 0 n.r.
€.1703_1704delTT p.F568Yfs*2 Indel DM 1 2 11/65444*

MSH5 c.541C>T p.R181* Nonsense rs147515280 1 0 13/65882*
€.1900C>T p.R634* Nonsense 1 0 n.r.

WRN C.604A>T p.K202* Nonsense 1 0 n.r.
c.4216C>T p.R1406* Nonsense rs11574410 1 0 87/65788

ATR c.5342T>A p.L1781* Nonsense 1 0 n.r.

ATRIP €.827_828delAG p.E276Gfs*2 Indel 1 0 n.r.

BRIP1 €.2392C>T p.R798* Nonsense rs137852986 DM/P 1 0 16/65688*

DCLRE1C ¢.1908dupA p.S635Kfs*6 Indel 1 0 27/66734*

ERCC6 €.3693C>G p.Y1231* Nonsense 1 0 n.r.

FAM175B c.1084delC p.QB362Kfs*19 Indel 1 0 n.r.

FANCE €.929dupC p.V311Sfs*2 Indel DM 1 1 n.r.

HELQ c.2677-1G>A p.QB48Pfs*17 Splicing rs200992133 1 1 27/66528

MGMT €.207_210dupACGT  p.S70Yfs*5 Indel 1 0 n.r.

NBN c.657_661delACAAA  p.K219Nfs*16 Indel 1 1 21/65324

RAD18 c.1430_1431insGCGG p.T478Rfs*6 Indel 1 0 n.r.

RAD50 c.1093C>T p.R365* Nonsense 1 0 n.r.

RAD51D €.355_358deldelTGTA  p.C119Wfs*16  Indel 1 0 n.r.

RFC1 c.2191delA p.R731Gfs*7 Indel 1 0 n.r.

XRCC4 c.25delC p.HITfs*8 Indel 1 0 42/66632

Total variants 46 7

Variants listed in HGMD or ClinVar databases: DM, disease-causing (pathological) mutations; DM?, likely disease-causing (likely
pathological) mutation; P, pathogenic. EXAC, Exome Aggregation Consortium; n.r., variant not reported in ExAC.

aThe enhanced version of the table (including missense variant predicted as pathogenic, numbers of reference transcripts, and
frequencies in EXAC, ESP6500, and 1000 genomes databases) is available as Table S5.

PEXAC allelic frequency in European non-Finnish population (mutated alleles/wt alleles).

CAsterisk (*) indicates significant differences (p < 0.05) between allelic frequencies in European non-Finnish population (EXAC) and in

analyzed population of patients (Fisher exact test).

Hereditary variants in non-DNA repair genes

The remaining 81/127 truncations (53/89 unique) in 48
non-DNA repair genes were identified in 74 (22.8%) BC
patients (Table 2). We found variants in only non-DNA
repair genes in 64 of them, while in 10 patients we
also detected some truncating variants in DNA repair
genes. To identify possible defects in pathways that may
contribute to BC susceptibility, we sorted the affected
genes into nine groups (Group 2-9 in Table 2 and
Fig. 1) clustering functionally related proteins. Twelve
genes (Group 10) comprised proteins with unrelated or
unclear function. Sixteen carriers (5% of all patients) of
eight different truncating variants have been identified in
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the ‘Group 2’ associating genes that code for proteins
involved in steroid hormones metabolism or signaling.

Further, we detected 250 unique, prioritized, poten-
tially pathogenic missense variants in 150 genes in
213 patients. The most frequent prioritized SNVs in
non-DNA repair genes affected the APC gene (in eight
patients).

Individual and disease characteristics in carriers
of truncating variants

We found no significant differences in the characteristics
of patients and tumors between the carriers of truncating
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Table 2. List of 53 unique truncating variants (nonsense, frameshift indels, or splicing) in 48 non-DNA repair genes identified in 74/325
BC patients and 10/105 non-cancer controls?

Gene Gr HGVS coding HGVS protein® Classification  Rs number HGMD/ClinVar Pts (N) Ctrs (V) ExAC (mut/all)®, ©
CYP3A5 2 ¢.92dupG p.L32Tfs*3 Indel 7 1 732/66688
2 ¢.246dupG p.A83Gfs*40 Indel 1 0 21/66728
CYP1A2 2 Cc.816T>A p.Y272* Nonsense rs140421378 FTV 3 0 16/65958*
CYP11A1 2  ¢.835delA p.1279Yfs*10 Indel DM 1 0 2/66694*
CYP17A1 2 ¢.1072C>T p.R358* Nonsense DM 1 0 n.r.
CYP19A1 2 ¢.1058dupT p.L353Ffs*10 Indel 1 0 1/60606*
ESR2 2 ¢c.76G>T p.E26* Nonsense 1 0 1/66734*
NQO2 2 ¢.628C>T p.Q210* Nonsense 1 0 1/66386*
IL8 3 cI1G>T p.E31* Nonsense rs188378669 3 2 104/66426
DMBT1 3 ¢.2227delC p.Q743Rfs*4 Indel 1 0 n.r.
IL13 3 c.174+42delT p.(?) Splicing 1 0 n.r.
ILTA 3 ¢.319+2T>C p.(?) Splicing 1 0 n.r.
MPL 3 C794+2T>A p.(?) Splicing rs146249964 DM 1 0 114/66230
MPO 3 ¢.2031-2A>C p.R677Wfs*73 Splicing rs35897051 DM 3 1 470/66434
RNASEL 3 ¢.793G>T p.E265* Nonsense rs74315364  DM/P 1 1 381/66212
LRIG1 4 ¢.3149_3150delCG p.A1050Gfs*17  Indel 3 0 102/66704*
GRB7 4 ¢.862C>T p.Q288* Nonsense 1 0 2/48666*
4 ¢c.801+1G>C p.(?) Splicing 1 0 n.r.
MAP3K1 4 c.4151dupT p.L1384Lfs*36 Indel 1 0 n.r.
NF1 4 ¢.5690delG p.G1897Vfs*28  Indel 1 0 n.r.
PIK3CG 4 c.41_42delAG p.E14Gfs*147 Indel 1 0 5/62474*
PPP2R1B 4 ¢.342_343delTG p.V115Cfs*3 Indel 1 0 81/66082
PREX2 4 ¢.3210_8213delAACA p.D1072Vfs*17 Indel 1 0 n.r.
VEGFA 4 ¢.1085+2T>C p.(?) Splicing rs149528656 1 0 15/66648*
NAT1 5 ¢.559C>T p.R187* Nonsense rs5030839 FP 5 1 252/66632
CBR3 5 ¢.533delA p.D178Afs*46 Indel 1 0 102/66716
ABCC2 6 ¢.3196C>T p.R1066* Nonsense rs72558199  DM/P 2 0 35/66738*
ABCC4 6 .2468dupA p.N823Kfs*12 Indel 1 1 26/66634
6 c¢.1150C>T p.R384* Nonsense 1 0 n.r.
ABCG2 6 ¢.706C>T p.R236* Nonsense rs140207606 FP 1 0 24/66634
6 ¢.736C>T p.R246* Nonsense rs200190472 FP/P 1 0 5/66692*
ZNF365 7 c.1065G>A p.W355* Nonsense rs142406094 2 0 4/66740*
CASP8 7 c¢.106delG p.ES6Nfs*7 Indel 1 0 n.r.
CWF19L2 7 c.1605delA p.K535Nfs*4 Indel 1 0 n.r.
FBXW7 7 ¢.310delC p.H104Mfs*389  Indel 1 0 n.r.
RASSF1 7 c.888+1G>A p.V258Gfs*7 Splicing 1 0 1/64856*
MMP1 8 ¢.105+2T>C pQ35Vfs*11 Splicing rs139018071 FTV 3 0 114/66230
MMP12 8 ¢.327C>T p.W109* Nonsense 1 0 0/65722*
DPYD 9  ¢.1905+1G>A p.D581_N635del  Splicing rs3918290 DM 2 1 389/66688
DHFR 9 c.95delT p.F32Sfs*7 Indel 1 0 n.r.
DNAJC21 10 ¢.1503delA p.K501Nfs*10 Indel 3 0 33/66560*
10 ¢.1629delT p.F543Lfs*4 Indel 2 0 5/11578*
S7100A3 10 ¢.208delG p.V70Wfs*83 Indel 3 1 291/66718
CNTNAP4 10 ¢.3913G>T p.E1305* Nonsense 1 0 3/56224*
DNMT1 10 ¢.1035dupC p.K346Qfs*35 Indel 1 0 n.r.
GLG1 10 ¢.3520C>T p.R1174* Nonsense 1 0 n.r.
HTR3B 10 ¢.871C>T p.Q291* Nonsense 1 0 n.r.
ITGB4 10 ¢.665delG p.G222Efs*60 Indel 1 0 n.r.
MSR1 10 ¢.569delT p.L190Cfs*5 Indel 1 0 n.r.
PTPRJ 10 c.1191T>A p.Y397* Nonsense 1 0 n.r.
ROPN1TL 10 c.135T>A p.Y45* Nonsense rs41280363 1 1 126/66680
STXBP4 10 c.181-1G>A p.K60Vfs*28 Splicing 1 0 3/66388*
TCL1A 10 ¢.253C>T p.R85* Nonsense 1 0 n.r.

oo
iy
—
o

Total variants

Variants listed in HGMD or ClinVar databases: DM, disease-causing (pathological) mutations; DM?, likely disease-causing (likely pathological) mutation;
P, pathogenic. EXAC, Exome Aggregation Consortium; n.r., variant not reported in EXAC.

aGenes are grouped (Gr 2—10) according to the functional relationship of coded proteins, as described in the legend of Fig. 1. The enhanced version
of the table (including missense variant predicted as pathogenic, numbers of reference transcripts, and frequencies in ExAC, ESP6500, and 1000
genomes databases) is available as Table S5.

PEXAC allelic frequency in European non-Finnish population (mutated alleles/wt alleles).

CAsterisk (*) indicates Significant differences (p < 0.05) between allelic frequencies in European non-Finnish population (EXAC) and in analyzed population
of patients (Fisher exact test).
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(a) Breast cancer subtypes (°=0.3) (b) Breast cancer histology (°=0.9)
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Fig. 2. Pathological characteristics of tumors and clinical characteristics of 325 analyzed BC patients grouped according to the presence of truncating
variant in any DNA repair gene (DNA repair; 41 patients), variant in only other genes (other; 64 patients), and no truncating variant (none; 220 patients).
The p-values (chi-square test) indicate insignificant differences in displayed characteristics among the analyzed subgroups.

variants in the DNA repair genes, carriers of truncating
variants in other genes, and patients not carrying truncat-
ing variants (Fig. 2).

Discussion

Panel NGS represents a reliable approach for the anal-
ysis of cancer susceptibility in clinical settings but also
in identification of candidate genes in high-risk individu-
als. In contrast to exome or even genome NGS, it allows
the identification of the carriers of pathogenic variants in
a cost-effective manner, with flexibility in the selection
of gene targets, sensitivity, and manageable bioinformat-
ics load for routine practice (20). Our analysis revealed
the presence of truncating variants in nearly one third of
analyzed patients and 30 patients (9%) carried truncating
variants in some of 15 genes (ATM, ATR, BLM, BRIP1,
ERCC2, FANCE, FANCL, FANCM, CHEK2, NBN, NF 1,
RAD50, RAD51C, RAD51D, WRN) analyzed by cur-
rently clinically used NGS panels (5). Out of 73 genes
with truncating variants, in 51 genes we found only a sin-
gle truncation. This indicates that rare variants could be
identified in a substantial proportion of high-risk individ-
uals; however, their clinical interpretation and differenti-
ation from incidental findings not associating with BC
susceptibility would be difficult.

Characterization of variants in DNA repair genes

The interesting result of our study is the high frequency
of potentially pathogenic variants in five FA genes in
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4.9% high-risk patients. FA genes code for DNA repair
proteins contributing to genome stability maintenance
by the ICL repair [reviewed in (21, 22)]. FA proteins
form several protein—protein complexes (22). Hered-
itary bi-allelic mutations of FA genes are responsible
for the development of FA characterized by congenital
abnormalities, bone marrow failure, cellular hyper-
sensitivity to DNA crosslinking agents and cancer
susceptibility. The most frequent truncating variant
was ¢.1096_1099dupATTA in FANCL that codes an
ubiquitin ligase catalyzing the monoubiquitination of
FANCI/FANCD2 (ID2) complex — the key step in FA
pathway activation (23, 24). The ¢.1096_1099dupATTA
variant was described by Ali etal. (19) in a patient
that belonged to the FA-L complementation group. The
mutated FANCL protein (p.T367Nfs*13) contains an
aberrant chain of 12 amino acid residues that flanks to
the PHD/RING finger domain catalyzing ubiquitin ligase
activity. Ali et al. (19) performed its functional charac-
terization revealing that the c.1096_1099dupATTA is
a hypomorphic mutation resulting in the formation of
altered protein with reduced binding to FA core complex
and reduced FANCD2 monoubiquitination. Same vari-
ant was also identified by Akbari et al. (25) in a patient
with familial esophageal squamous cell carcinoma.
The results of our study, showing the overrepresen-
tation of c.1096_1099dupATTA among high-risk BC
patients, indicate that this variant may represent a
novel BC-susceptibility allele. However, further studies,
including segregation analyses providing information
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about the association of c¢.1096_1099dupATTA with
cancer phenotype in affected families and analyses
of the variant in other populations, will be necessary
to evaluate its potential clinical utility. As four out
of six ¢.1096_1099dupATTA carriers identified by
our panel NGS carried also other truncating variants
(Fig. 1), we could not rule out the possibility that
¢.1096_1099dupATTA could act as a rather modifying
variant. The recurrent mutations affecting FANCL and
FANCM at their C-termini indicate that truncating vari-
ants of FA genes located in far C-terminal regions may
impair the FA pathway under specific and so far uncom-
prehended circumstances. Such phenomenon has been
proposed also for the nonsense ¢.9976A>T (p.K3326*)
variant in BRCA2/FANCD] truncating the last 93 amino
acids. In contrast to the majority of BRCA2 pathogenic
variants, the p.K3326* has been recognized as only a
modest BC-susceptibility allele (OR =1.26) increasing
a risk of other cancers (26).

In FANCM, coding a helicase contributing to the
formation of the FA anchor complex, we identified
four truncating variants in five patients. Truncations in
FANCM were recently associated with susceptibility for
triple-negative BC (27). In three patients (none of them
triple-negative), we identified previously characterized
nonsense or exon skipping mutations that were shown
to increase BC risk (27, 28). The remaining two FANCM
variants included the rare nonsense mutation ¢.1972C>T
(p-R658%*; in a luminal BC patient whose mother and
her sister suffered from bilateral BC) and the novel
mutation ¢.3979_3980delCA (p.Q1327Vfs*16; in a BC
patient with multiple breast and colorectal cancer (CRC)
cases in the family). The association between CRC and
germinal FANCM mutation has recently been identified
in CRC tumor samples obtained from two ¢.5791C>T
(p-R1931%) carriers (29).

We have also identified three RAD51C/FANCO muta-
tion carriers (0.9% of patients). The RAD51C was origi-
nally identified as OC-susceptibility gene (30); however,
later data conferred also increased BC susceptibility (31).
Recently, we described two other pathogenic RAD5IC
variants in two OC patients (13). These data indicate
that mutations in RAD51C may affect ~1% of Czech
high-risk BC or OC patients.

Finally, the carriers of variants in FA genes comprised
also two basal-like BC patients carrying pathogenic vari-
ants in FANCE and BRIPI/FANCJ, respectively. Both
variants were reported in association with esophageal
cancer (25) and triple-negative BC (31), respectively.

We found rare truncating variants in several other genes
associated with hereditary BC that code for DDSB repair
proteins; however, we also identified several truncat-
ing variants in the genes coding proteins engaged in
other DNA repair pathways. Among others, an inter-
esting candidate is EXO1, which codes for exonuclease
involved in numerous DNA repair pathways. Besides two
indels, we identified and characterized the ¢.2212-1G>C
splicing mutation resulting in six amino acids in-frame
deletion (p.V738_K743del), involving the interaction
of EXOI with MSH2 during MMR (32). Contrary to
our analysis, Wu et al. (33) characterized the identical

variant as a frameshift in a patient with hereditary
non-polyposis CRC. Moreover, we further identified also
two rare EXO] prioritized missense variants [c.325G>A
(p-E109K) and c.1105A>C (p.S369R)] in five patients.
Clustering of mutations in EXO/ and presence of muta-
tions in other genes involved for example in NER
(ERCC2, ERCCO6) suggest that an impairment of these
repair processes by hereditary alterations could increase
BC susceptibility. The degree to which these variants
may influence BC susceptibility remains to be investi-
gated by further studies.

Variants in non-DNA repair genes

The potentially deleterious hereditary variants were iden-
tified in 48/448 non-DNA repair genes, most frequently
(in 16 BC patients) in the genes that code for the enzymes
of steroid hormone metabolism and signaling. The
group primarily included members of the cytochrome
p450 superfamily contributing to the estrogen biosyn-
thesis (CYP11A1, CYP17A1, CYP19A1) or catabolism
(CYP3AS5, CYP1A2) [reviewed in (34)]. Given that
estrogens may affect BC etiology, variants in CYP genes
may influence BC risk.

Variants in CYPIIAl and CYPI7AI identified in
basal-like patients were previously described in patients
suffering from severe congenital adrenal insufficiency
(35) (OMIM#613743) and congenital adrenal hyper-
plasia (36) (OMIM#202110), respectively. Interestingly,
Hopper et al. (37) reported p.R239* (c.775C>T) vari-
antin CYPI17A1 in three BRCA 1/2-negative young sisters
with BC and hypothesized that this variant is responsi-
ble for dominantly inherited and possibly high-risk BC.
Recently, Yang et al. (38) identified ¢.987delC (p.Y329%)
variant in CYP17A1 in a patient from an HBOC family.
We found a novel variant, c.1058dupT (p.L353Ffs*10)
in CYPI9A1, in a patient with a BC and non-Hodgkin
lymphoma duplicity whose mother developed bilateral
BC. Mutations in similar positions cause aromatase
deficiency (OMIM#613546).

Defects in estrogen-catabolizing enzymes suggest a
mechanistically more obvious pathophysiological link to
BC promotion. As estrogens are known substrates of
CYP3AS5 and CYP1A2 (34), 11 identified carriers of
truncating variants in these genes could potentially have
reduced estrogen clearance. We also found a nonsense
variant in NQO?2 coding a quinone reductase eliminating
estrogen quinones responsible for estrogen-initiated car-
cinogenesis (39) and one truncating variant in ESR2 that
codes for ERp with anti-proliferative signaling (40). The
high proportion of patients carrying constitutive truncat-
ing variants in steroid hormone metabolism genes sup-
ports the hypothesis of Hopper et al. (37) suggesting that
cancer-causing mutations in these genes may represent a
new pathophysiological mechanism linking genetic and
environmental interactions in BC susceptibility.

The other functional groups associating the patients
with truncating variants in functionally relevant genes
were smaller. It is obvious that at least some variants in
non-DNA repair genes have very limited (if any) impact
on BC susceptibility and they rather represent incidental
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findings [e.g. mutations in ABCC2 was identified in
a patient with the Dubin—Johnson syndrome (41) or
known DPYD mutation related to the fluoropyrimidines
toxicity (42)]. Reporting of incidental findings is highly
questionable and a matter of debate (43, 44).

Disease and individual characteristics in carriers
of truncating variants

Considering the patients and disease characteristics in
the carriers of mutations in the major BC predisposing
genes, the earlier age at BC diagnosis or more aggres-
sive form of BC subtypes would be expected also in the
carriers of mutations in other BC-susceptibility genes. In
fact, we did not identify significant differences in clinical
and histopathological characteristics between the carriers
and non-carriers of truncating variants. This result did
not change even when prioritized variants were added
into the comparison (data not shown). Similar behav-
ior was also documented recently in a large study of
1824 triple-negative BC patients analyzed by Couch
etal. (31) for hereditary mutations in 17 genes, where
significant differences in enrichment for family BC/OC
history and tumor characteristics were identified only in
the carriers of BRCA /2 mutations but not in carriers of
non-BRCA 1/2 mutations. We suggest that some principal
changes in the evaluation of clinical and histopathologi-
cal characteristics will be required to assess the clinical
importance of non-BRCA1/2 BC-susceptibility genes.
Since the frequencies of mutations in these genes are
lower by order than that in BRCA1/2, an international and
consortia effort will be required for such analyses.

Conclusions

Our study identified truncating variants in 32% of
patients, and 9% of patients were carriers of a trun-
cating variant in the genes currently analyzed in clin-
ical NGS panels for the cancer risk prediction. The
most frequent truncating variants affected FA genes that,
together with BRCAI, BRCA2, and PALB2, make this
group the most important for cancer susceptibility in BC
patients. Our results also show an overrepresentation of
the FANCL variant ¢.1096_1099dupATTA in high-risk
patients, indicating that this variant may represent a novel
BC-susceptibility allele. Moreover, we identified poten-
tially pathogenic variants in several rarely mutated DNA
repair genes indicating that despite its low frequency,
variants in these genes may influence the development
of HBC in Czech patients. We believe that it is important
to analyze such genes and in international co-operation
to evaluate their contribution to the BC development
because they may represent clinically valuable predic-
tors of cancer risk in families of mutation carriers. Inter-
estingly, in other analyzed genes, we found truncating
variants in the genes coding the P450 enzymes of steroid
hormones metabolism in 5% of BC patients. Therefore,
this functional group may contribute to the explana-
tion of so far undisclosed missing heritability in some
high-risk BC patients. We are aware that exact role of
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both ¢.1096_1099dupATTA and CYP genes in BC sus-
ceptibility needs to be further clarified by independent
and larger studies.

Supporting Information

Additional supporting information may be found in the online
version of this article at the publisher’s web-site.
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FANCL*c.1096_1099dupATTA is not
assoclated with high breast cancer risk

To the Editor,

In our recent publication, we noted a borderline asso-
ciation of the truncating variant c¢.1096_1099dupATTA
in the FANCL gene with increased breast cancer (BC)
risk in high-risk BRCAI/BRCA2/PALB2-negative BC
patients (1). However, the subsequent analysis by Pfeifer
et al. (2) genotyping the c.1096_1099dupATTA variant
in 2370 samples from German and Macedonian BC
patients and controls failed to confirm association of this
variant with BC risk.

We agree with Pfeifer etal. that FANCL*c.1096_
1099dupATTA is unlikely a high-risk BC susceptibil-
ity allele with an immediate clinical utility. There are
several lines of evidence that do not support strong
involvement of this variant in BC susceptibility includ-
ing: (i) the relative high frequency of this variant
especially in European populations, (ii) functional char-
acteristics demonstrating that cells expressing FANCL
isoform coded by ¢.1096_1099dupATTA variant retain
the residual FANCL functional capacity in vitro (3),
and (iii) phenotypic characteristics that show only a
mild Fanconi anemia (FA) complementation group
L phenotype in the compound heterozygote carrying
FANCL*c.1096_1099dupATTA (alongside an another
truncating FANCL variant) (3). Moreover, we identified
a male ¢.1096_1099dupATTA homozygote (in con-
trols) who had no signs of FA at his age of 57 years
(Table 1).

We also agree that FANCL*c.1096_1099dupATTA
may confer a low (or lower) risk variant. We hypoth-
esized that this variant may represent a modifying
factor because its carriers were overrepresented only

in a subgroup of high-risk BC patients in our study
and also four out of six ¢.1096_1099dupATTA carriers
analyzed by a panel next-gene sequencing (NGS) car-
ried truncating variant(s) in other known or candidate
cancer-susceptibility gene(s). After publication of our
study reporting 15 carriers of ¢.1096_1099dupATTA
in 2126 analyzed samples of Czech BC patients and
controls, we identified another eight carriers using the
CZECANCA multicancer panel NGS (4). The individ-
ual characteristics of ¢.1096_1099dupATTA carriers
(Table 1) indicate a relatively low mean age at diagnose
[47.2 years (range 2876 years)] in 14 carriers with BC.
We also recently identified three c.1096_1099dupATTA
carries with ovarian cancer diagnosed at early age.
Contrary to Pfeifer et al. who reported that only one out
of 10 identified c.1096_1099dupATTA carriers had a
family BC history, we have noticed a known familial
history of BC (in a first or second degree relative) in nine
out of 23 carriers (39%) and a familial history of some
cancer in 15 carriers (65%). The ¢.1096_1099dupATTA
variant was accompanied by another truncating vari-
ant(s) in nine out of 14 cancer patients analyzed by a
panel NGS (Table 1). We suppose that these character-
istics indicate that ¢.1096_1099dupATTA may (perhaps
mildly) modify the breast (or other) cancer risk or cancer
onset. However, further studies are required to estimate
the risk of cancer development in ¢.1096_1099dupATTA
carriers precisely. The segregation analyses and NGS
analyses in families of carriers would be also required to
evaluate the involvement of this hypomorphic variant in
the risk of other cancer development or in modification
of cancer onset.
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Table 1. The clinical and genetic characteristics of ¢.1096_1099dupATTA carriers identified in the Czech population?

Family cancer

Truncating variant
in cancer
susceptibility or
candidate genes

history (date
Proband Cancer Age at dg at diagnosis,
no. diagnosis (*at analysis) or + death) NGS panel
The carriers of c.1096_1099dupATTA in FANCL referred in Lhota et al. (1)
1249P° BC 36 FM-BC(+40); FF-Brain SP
tumor(+73);
MM-BC(+70).
12520 BC 41 F-RC(62); FM-RC(75); SP
FB-PrC(65); MM-BC.
748° BC 44 MS1-BC(52); MS2-BC(58); SP
MS3-BC(60).
C0211P BC&BC 42843 Unknown. SP
1316° BC 67 M-BC(+50); MS-BC(80). SP
1331P BC 76 M-BC(75); S-BC(63). SP
960° BC 33 None. Cz
1908° BC 38 S-melanoma(48); FM-RC. cz
1782° BC 28 None. cz
A5464 BC 47 None. n.d.
AB264 BC 73 Unknown. n.d.
A032d BC 54 None. n.d.
K101¢ None *80 B-myeloma(+65). n.d.
Co15 ef None “57 F-PrC. n.d.
C308¢ None *50 None. n.d
The carriers of c.1096_1099dupATTA in FANCL identified after publication of L
3100 BC 29 None. cz
2946a16 BC 57 M-BC(51); D-Hodgkin (24); cz
F-LC(69); FM-BC(50).
2885a16 None. *44 M-BC(69). cz
1846a15 None *37 MM-BC(40)&BC(70); cz
FB-CRC.
3524a15 None *31 M-CRC(48); MM-UBC; cz
two cousins-BC.
868 oC 26 None. cz
120 oC 39 F-UBC(58). Cz
2864 oC 48 F-LC(+74); FS2-GBC; CZ

FS3-BC(+82);
FB-LC(+74).

None.

CHEKZ2: c.444+1G>A
(p.R148Vfs*B), c.277delT
(p.W93Gfs*17); XRCC4:
¢.25delC (p.HITfs*8).

ABCC2:
c.C3196T (p.R1066%).

DCLRE1C:
¢.1903dupA (p.S635Kfs*6).

CYP3AS:
€.92dupG (p.L32Tfs*3);

IL8:¢c.91G>T (p.E31%).

None.

None.

MSR1:
c.877C>T (p.R293%).

None.

hota et al. (1) study

None.
None.

None.
DNAJC21:

€.1503delA (p.K501Nfs*10).

None.

BRCAZ2:

c.A9976T (p.K3326%).
TSHR:

c.2102dupG

(p.Q702Pfs*17).
RAD51C:

c.502A>T (p.R168%).

B, brother; CZ, CZECANCA (CZEch CAncer paNel for Clinical Application) cancer panel (219 genes), described in (4); CRC, colorectal
cancer; D, daughter; GBC, gallbladder cancer; FB, father’s brother; FM, father’s mother; LC, lung cancer; MM, mother’s mother; MS,
mother’s sister; n.d., not done; PrC, prostate cancer; RC, renal cancer; S, sister; SP, SOLID gene panel (581 genes) used in Lhota
et al. (1); UBC, urinary bladder cancer.

820/23 carriers (except K101, C015, and C308) were females. All BC histologies were ductal BCs (except the second medullary BC

in patient C0211).
bSix carriers identified by NGS analysis in 325 high-risk BC patients.

®Three carriers identified in additional sample set of 337 high-risk BC patients by genotyping (analyzed further by CZECANCA panel

NGS).

dThree carriers identified in 673 sporadic BC patients.
®Three carriers (males) identified in 686 controls.
fHomozygote for the ¢.1096_1099dupATTA variant in the FANCL gene.
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Abstract

The increasing application of gene panels for familial cancer susceptibility disorders will
probably lead to an increased proposal of susceptibility gene candidates. Using ERCC2
DNA repair gene as an example, we show that proof of a possible role in cancer susceptibil-
ity requires a detailed dissection and characterization of the underlying mutations for genes
with diverse cellular functions (in this case mainly DNA repair and basic cellular transcrip-
tion). In case of ERCC2, panel sequencing of 1345 index cases from 587 German, 405 Lith-
uanian and 353 Czech families with breast and ovarian cancer (BC/OC) predisposition
revealed 25 mutations (3 frameshift, 2 splice-affecting, 20 missense), all absent or very rare
in the EXAC database. While 16 mutations were unique, 9 mutations showed up repeatedly
with population-specific appearance. Ten out of eleven mutations that were tested exem-
plarily in cell-based functional assays exert diminished excision repair efficiency and/or
decreased transcriptional activation capability. In order to provide evidence for BC/OC pre-
disposition, we performed familial segregation analyses and screened ethnically matching
controls. However, unlike the recently published RECQL example, none of our recurrent
ERCC2 mutations showed convincing co-segregation with BC/OC or significant
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overrepresentation in the BC/OC cohort. Interestingly, we detected that some deleterious
founder mutations had an unexpectedly high frequency of > 1% in the corresponding popu-
lations, suggesting that either homozygous carriers are not clinically recognized or homozy-
gosity for these mutations is embryonically lethal. In conclusion, we provide a useful
resource on the mutational landscape of ERCC2 mutations in hereditary BC/OC patients
and, as our key finding, we demonstrate the complexity of correct interpretation for the dis-
covery of “bonafide” breast cancer susceptibility genes.

Author Summary

Approximately 5-10% of breast/ovarian cancer (BC/OC) cases have inherited an increased
risk of developing this malignancy. However, mutations in the two major breast cancer
susceptibility genes BRCA1 and BRCA2 explain only 15-20% of all familial BC/OC cases.
With the emergence of the high throughput NGS-technology, the number of proposed
novel candidate genes for breast cancer predisposition continuously increases. However, a
“bonafide” proof of cancer susceptibility requires a detailed characterization of candidate
mutations, which we addressed in the current study. Using the DNA repair gene ERCC2 as
an example, we performed a comprehensive multi-center approach, analyzing ERCC2
mutations in 1000+ patients with hereditary BC/OC. We identified 25 potential candidate
mutations for cancer breast cancer susceptibility, some of them affecting ERCC2 func-
tional activity in appropriate cell-culture based assays. However, a more dissected analysis
showed no convincing co-segregation with BC/OC and there was no longer a significant
overrepresentation in BC/OC when compared to regionally matched controls instead of
the global ExAc variant data base, pointing to the relevance of founder-mutations. In con-
clusion, we provide a useful resource on the mutational landscape of ERCC2 mutations in
hereditary BC/OC patients and, as our key finding, we highlight the complexity of correct
interpretation for the discovery of “bonafide” breast cancer susceptibility genes.

Introduction

Since it became evident that only 15%-20% of the familial risk for BC/OC can be explained by
mutations in the major breast cancer-susceptibility genes BRCAI and BRCA2 [1], the search
for additional BC/OC susceptibility loci has been pursued. In times of limited sequencing
power this pursuit was based on carefully selected candidate genes which typically came from
(i) cancer-associated syndromes (ii) linkage screens in large BRCA 1/2-negative families and
(iii) case—control association studies using single-nucleotide polymorphisms [2,3]. Since
sequencing power is no longer an issue, the candidate approach is on its decline and about to
be replaced by next generation sequencing (NGS) of large gene panels which, taken together,
cover a total of more than 100 genes, only 21 of which have been associated with breast cancer
so far [4]. This offers amazing opportunities for detection of novel susceptibility loci but also
bears the danger of substantial misuse [4], because variants picked up by these panels are not
clinically validated. Therefore, post-marketing data validation is absolutely essential [5]. Rare
variants, however, need huge case-control datasets in order to reach the requested statistical
significance of P<0.0001 [4]. Until such large datasets become available, variant validation
needs to focus on mutations that are clearly deleterious on functional level but still frequent
enough to be validated by a few thousand controls. Such recurrent yet harmful variants are best
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identified by screening various populations for founder mutations. In NBN, for example, a pro-
tein-truncating variant (c.657del5) has been identified in Eastern Europe, which is sufficiently
common to allow its evaluation in a BC/OC case-control study [6]. Also the successful valida-
tion of deleterious Polish and Canadian founder mutations in RECQL [7] underlines the huge
potential of multi-national BC/OC cohorts.

In this study we sequenced 1345 BC/OC cases from 3 different Central- and East European
countries with multi-gene panels and identified recurrent founder mutations in ERCC2, which
were functionally validated in cell-culture based assays. As essential component of transcription
factor ITH, the ERCC2 protein is involved in basal cellular transcription [8] and nucleotide exci-
sion repair (NER) of DNA lesions [9]. The most known inherited disease associated with bi-alle-
lic mutations in ERCC2 is Xeroderma pigmentosum type D (XPD, OMIM 278730), a hereditary
cancer-prone syndrome characterized by extreme skin photosensitivity and early development
of multiple skin tumors [10]. Therefore, ERCC2 is a plausible candidate gene for cancer suscep-
tibility. On the other hand, bi-allelic mutations in ERCC2 can also lead to syndromes without
increased propensity to tumor development, namely Trichothiodystrophy 1 (TTD; OMIM
601675) and cerebrooculofacioskeletal syndrome (COFS2; OMIM 610756). This indicates that
not all functionally relevant ERCC2 mutations increase cancer susceptibility in their carriers.

Results and Discussion

Panel sequencing identifies a broad spectrum of rare variants as well as
recurrent founder mutations in ERCC2

Within the entire set of 1345 BC/OC index cases, we have detected three different frame-shift
(fs) mutations [p.(Val77fs), p.(Phe568fs) and p.(Ser746fs)], one splice-acceptor site mutation
(c.1903-2A>@G), one nucleotide exchange that activates a cryptic splice site (¢.2150C>G) and 20
rare missense mutations (Table 1, Fig 1). Whereas 14 mutations were unique (2 fs, 1 splice-site,
11 missense), 11 mutations (1 fs, 1 splice-affecting, 9 missense) have been found in 43 indepen-
dent families. The most frequent mutation was p.(Asp423Asn) identified in 8 carriers from Lith-
uania and one from the Czech Republic. The common polymorphisms p.(Lys751Gln) and p.
(Asp312Asn) have each been encountered in approximately 64% of our cases; since these vari-
ants have been considered to be functionally irrelevant [11], we did not include them in our
functional study. Among the 20 rare missense variants reported in Table 1, thirteen are predicted
by various computer algorithms to be pathogenic (Table 1 and S4 Table). Further computational
analysis of the conservation (PhyloP) and depletion (CADD) scores [12] for the mutated nucleo-
tides strongly supported pathogenicity for these variants (S2 Fig). Mapping the mutated AA
positions onto the ERCC2 protein structure revealed a widespread distribution pattern (Fig 1).
Residues 13, 450, 461, 513, 536, 576, 592, 601, 611, 631, 678 cluster at the helicase motifs of the
HD1 and HD2 catalytic domains and residues 166, 167, 188, 215, 280, 316, 423, 487, 722 locate
at the TFITH transcription factor complex binding domains (Arch, FES, and C-terminal). XPD-
causing mutations located at the HD2 domain have been shown to inactivate helicase repair
capability without disrupting protein structure. Mutations causing trichothiodystrophy (TTD,
OMIM 601675), on the other hand, are located well away from the catalytic site of the enzyme
and destabilize ERCC2 structure and TFIIH protein interactions [13-15]. We suggest that BC/
OC relevant mutations might affect both—catalytic activity as well as protein stability.

Functional testing identifies ERCC2 mutations with deleterious effects on
protein level

So far, 11 variants (9 recurrent founder mutations and 2 unique variants; Fig 2C) were tested in
functional assays for nucleotide excision repair (NER) capability (Fig 2A) as well as
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Fig 1. Domain structure and modeling of the ERCC2 mutations. (A) Mutations in the XPD/ERCC2 protein
domains. The diagram shows the ERCC2 protein with the four XPD domains shown as HD1 (blue), HD2 (green),
FeS (Orange) and Arch (purple). The human enzyme has a C-terminal (grey) extension (CTE) that probably
forms an interaction surface with the p44 protein. Disease-relevant ERCC2 mutation sites are indicated in boxes
(blue or red frame: missense or truncating mutation, respectively; fillings: light-gray, cases with breast cancer
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(BC); pink, case with ovarian cancer only (OC); dark-gray: cases with either breast- or ovarian cancer (BC or
OC); dark-green, patients with both breast- and ovarian cancer (BC + OC)). Numbers in brackets indicate
recurrent mutations. (B) Structural placement of mutations on a C-alpha trace model of human ERCC2. The
residues targeted by HBOC-causing mutations are represented as space-filled red spheres. Xeroderma
pigmentosum (XP) and trichothiodystrophy (TTD) disease causing mutations sites as reported in ClinVar are
shown in yellow and black spheres. Missense variants at residue position 423, 461, 487, 568, 461 and 722 have
been found in both BC/OC as well as XP (red-yellow spheres) and TTD (red-black spheres) patients.

doi:10.1371/journal.pgen.1006248.g001

transcription (Fig 2B). Whereas six out of the 11 BC/OC-associated ERCC2 variants tested in
this study, have not yet been linked to any disease [AA positions 423, 450, 513, 536, 631, 746],
five AA positions have already been found to be mutated in either TTD [AA 461 [16], 487 [17],
568 [18,19], 592 [20]] or XPD [AA 601 [21]] (Figs 1B and 2C). According to our functional
assays, four ERCC2 protein variants [p.(Asp423Asn), p.(Arg487Trp), p.(Phe568Tyrfs) and p.
(Arg631Cys)] failed to enhance functional NER of an UV-treated reporter gene plasmid indi-
cating the impairment of ERCC2 repair capacity. The remaining seven tested variants retained
some NER capability (Fig 2A). Concerning transcription, we detected a dominant negative
influence of seven ERCC2 protein variants [p.(Asp423Asn), p.(Leu461Val), p.(Arg487Trp), p.
(Asp513Tyr), p.(Val536Met), p.(Arg601Gln), p.(Ser746fs)] on reporter gene expression (Fig
2B) indicating transcription blocking. In summary, 10 of 11 mutations display diminished
excision repair efficiency and/or decreased transcriptional activation capability, with p.
(Asp423Asn) and p.(Argd87Trp) being the variants with the highest impact on protein
function.

The majority of the ERCC2 mutations are founder mutations

The hallmarks of a founder mutation are recurrent appearance, population specificity and hap-
lotype sharing. As to recurrent appearance, 11 out of 25 ERCC2 mutations were seen at least
twice in our BC/OC cohort (last column in Table 1). Among the 11 recurrent variants, 5 were
identified exclusively in one of the three populations tested in this study (e.g. p.(Arg487Trp): 4x
LT only) and another 5 were significantly overrepresented in one of the 3 populations (e.g. p.
(Asp423Asn): 8x LT, 1x CZ, 0x GE). For two of the population-enriched recurrent founder
mutations, we could also demonstrate haplotype sharing: (i) the mutation ¢.1381C>G
(rs121913016) always co-occurred and co-segregated with mutation ¢.2150C>G (rs144564120),
a haplotype which has been observed repeatedly in TTD/XPD patients [9,16,22]. (ii) In almost
all cases (10/11) the frame-shift mutation ¢.1703_1704delTT co-occurred with the ¢.1758
+32C>G polymorphism (rs238417). Furthermore, these two variants are only 84 nt apart from
each other and all NGS-reads covering both variants showed these variants simultaneously, i.e.
these variants are definitely localized in cis on the same DNA molecule.

Even small region-specific control cohorts outnumber huge public
variant databases

In the variant discovery phase of this project, the frequencies of ERCC2 mutations found in the
BC/OC cohort were compared to the corresponding frequencies in public databases provided
by the NHLBI Exome Sequencing Project (ESP) and the Exome Aggregation Consortium
(ExAC). As shown in Table 2, some intriguing mutations, like p.(Phe568fs) and p.
(Asp423Asn), have very low frequencies according to ExAC, suggesting significant odds ratios
(OR). As a first proof of principle measure, we performed segregation analysis. However, none
of our recurrent ERCC2 mutations showed convincing co-segregation with BC/OC (Fig 3).
Moreover, as soon as a small number of population-specific control probands has been
sequenced, it became clear that almost all founder mutations in the BC/OC cohort showed
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Fig 2. Nucleotide excision repair (NER) capacity and Transcriptional activity of breast cancer associated XPD/ERCC2 variants. (A) Several
XPD/ERCC2 variants cloned into an expression vector were analyzed regarding to complementation of ERCC2-defective XP6BE cells
overexpressing the NER-deficient R601W XPD mutant [15] (normalization for overexpression artifacts). Black bars indicate the mean relative repair
capacity (in %, WT-XPD was set to 100%) of an UV irradiated firefly luciferase reporter gene plasmid (UVC 1000 J/m?) obtained by host cell
reactivation (n>6 in triplicates). Red lines mark the range between DNA-repair levels of empty vector, i.e. residual repair activity of the cells, and
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WT-XPD, i.e. 100% repair capacity. (B) Dominant modulation of firefly luciferase reporter gene expression (without irradiation) via overexpression of
XPD/ERCC2 BC/OC-associated variants was estimated in the transcriptionally-proficient but repair-deficient XPD/ERCC2-defective XP6BE cells.
Black bars indicate the mean relative reporter gene expression (in %, empty vector control was set to 100%), obtained by CMV-promotor driven
basal transcription (n>6 in triplicates). Error bars indicate the standard error of the mean. Significance levels were calculated, after pairwise testing
for normal distribution of the values, using appropriate statistical tests for comparison of two groups (T-Test or U-Test, # = reference group, *** =
p<0.001, ** =p<0.01, * = p<0.05, n.s. = not significant). (C) Additional characteristics of the mutations tested for repair efficiency and transcriptional

activity.
doi:10.1371/journal.pgen.1006248.9002

similar frequencies in the ethnically matching control cohorts. The only exception so far is the
Lithuanian mutation p.(Arg487Trp), which was found 4 times in the Lithuanian BC/OC cohort
and not (yet) in the corresponding control cohort (Table 2). With just above 100 individuals
this cohort is way too small to be of any statistical relevance. Therefore, the acquisition of addi-
tional samples is mandatory. But even in this very early phase of variant (de-)validation it
becomes evident that regionally matching control cohorts-as small as they may be-are supe-
rior to any huge global cohort. Since genotypic data allow to locate the geographic origin of a
given individual within a few hundred kilometers [23], the term “regionally matching” should
be defined as “less than ca. 300 km distance from the recruitment center”. As a consequence,
regionally matching controls are even superior to population-specific controls, because popula-
tions do mix, especially in regions close to national borders. The p.Phe568fs mutation, for
example, has been seen only once in a German BC/OC index case and never in the 1844 Ger-
man controls. Based on population-specific data we would have been very excited about this
finding. But the German case was recruited in Dresden, close to the Czech border, and in
Prague, 118 km away, the same mutation has been found twice in a small control cohort of
only 105 non-cancer females. This underlines the importance of regional controls and multi-
national studies for reliable variant validation.

ERCC2 mutations with tumorigenic relevance are probably located in
very small and scattered areas of the protein

Due to its involvement in DNA repair and due to encoding a helicase like RECQL [7], ERCC2 is
a plausible gene candidate for familial cancer susceptibility. Bi-allelic mutations in ERCC2, how-
ever, can cause the cancer-prone disease XPD as well as the “non-cancer”-disease TTD [27] and
there is no evident genotype-phenotype correlation [19]. The pathogenic p.(Argl12His) muta-
tion, for example, has been identified in TTD patients as well as in a patient with major features
of XPD [19]. Furthermore, impairment of DNA repair capacity is not correlated with tumor
burden: the mutation p.(Phe568Tyrfs), for example, has been identified in non-cancer TTD
patients twice, but not once in cancer-prone XPD patients, although this study (Fig 2) as well as
a previous study [19] clearly show diminished repair capability of this frameshift variant. From
these observations we have to conclude that a limited subset of mutations in ERCC2 might pre-
dispose to cancer but these mutations are not likely to cluster in a defined area of the gene nor
do they necessarily affect a specific sub-function of the ERCC2 protein. Therefore, cancer pre-
disposing ERCC2 mutations are very likely to be discovered only on the basis of familial co-seg-
regation with cancer and overrepresentation in cancer cohorts vs. region-specific controls.

The incidence of ERCC2-related diseases is not in line with the
frequency of deleterious founder mutations in the corresponding
populations

Although the founder mutations tested in this study may not predispose to BC/OC they still
confer carrier status for the recessive disorders XPD (OMIM 278730), TTD (OMIM 601675)
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Table 2. ERCC2 allele frequencies (%) in BC/OC patients and corresponding control cohorts. The allele frequency is counted on the basis of sample

size (in brackets) and number of observed cases (see Table 1) with hetero- and homozygosity.

AA/nt change cz Ccz LT LT GE GE ExAc
(N=25) BC/OC Ctrl BC/OC Ctrl BC/OC Ctrl vers. 0.2
[353]% [453]° [405] [103] [587]1° [1844]° [variable]®
Pro13Ser 0 0 0 0 0.0851 0 0
Val77Alafs 0.1416 0 0 0 0 0 0
Arg166Cys 0 0 0.2469 0 0 0 0
Glu167GIn 0 0 0 0 0.0851 0 0.0033
Gly188Ala 0 0 0 0 0.0851 0 0
Pro215Leu 0 0 0.1234 0 0 0 0
Arg280His 0 0 0.1234 0 0 0 0.0072
GIn316Glu 0 0 0 0 0.0851 0 0.0152
Asp423Asn 0.1416 0.1104 0.9876 1.456 0 0.0542 0.0248
Arg450His 0 0 0 0 0.1704 0.0813 0.0214
Leu461Val 0 0 0 0 0.2553 0.1356 0.1345
Arg487Trp 0 0 0.4938 0 0 0 0.0034
Asp513Tyr 0 0 0 0 0.0851 0 0
Val536Met 0 0 0 0 0.1704 0 0.0231
p.Phe568fs 0.4249 0.4415 0.1234 0 0.0851 0 0.0093
Glu576Lys 0 0 0 0 0.0851 0.0542 0.0008
Arg592His 0 0 0.8642 0 0.0851 0 0.0332
Arg601Gin 0 0.1104 0 0 0.1704 0.0542 0.0175
Val611Ala 0.1416 0 0 0 0 0 0.0042
Arg631Cys 0 0 0.1234 0 0.0851 0 0.0025
¢.1903-2A>G 0 0 0 0 0.0851 0 0
Val678Leu 0 0 0.1234 0 0 0 0
c.2150C>G 0 0 0 0 0.2553 0.0813 0.0349
Arg722Gin 0.1416 0 0 0 0 0 0.0067
p.Ser746fs 0 0 0 0 0.0851 0 0

BC/OC = index cases with breast- and/or Ovarian cancer; Crtl = healthy or non-cancer related individuals; CZ = Czech Republic, GE = Germany,
LT = Lithuania; AA = Amino acid; nt = nucleotide; EXAC = Exome Aggregation Consortium, Cambridge, MA (URL: http://exac.broadinstitute.org) [accessed

May 2015];

& 28 samples from Brno (TruSight-Cancer) + 325 samples from Prague [24,25] (custom panel with 581 genes);
® 105 female non-cancer samples from Prague [25,26] (custom panel with 581 genes) + 108 female non-cancer samples from Brno, sequenced in pools with
the TruSight-Cancer panel + 240 non-cancer samples from Prague, sequenced in pools with the TruSight-Cancer panel;

¢ 271 samples from Dresden + 316 samples from Munich (MGZ), all sequenced with the TruSight-Cancer panel;

91629 individual exome samples from the Cologne Center for Genomics (CCG) + 79 individual non-BC/OC TruSight-One samples from Dresden + 136
individual non-BC/OC TruSight-Cancer samples from Dresden and Munich (MGZ);

¢ Since the exome data have been collected from various sources with various enrichment strategies, the sample size varies for each variant. Each allele
frequency has been calculated with the corresponding sample size for that allele.

doi:10.1371/journal.pgen.1006248.1002

and COFS2 (OMIM 610756). Even the TTD-causing mutation p.(Phe568fs) alone has been
detected in 7 of 806 samples from the Czech Republic (CZ), i.e. the frequency of heterozygous
carriers of this mutation is approx. 0.86%. According to Hardy-Weinberg equilibrium model,
this would result in a TTD incidence of 1/30.000. Based on combined data from the DNA
repair diagnostic centers in France, West-Germany, Italy, the Netherlands and the United
Kingdom the actual incidence for TTD is 1.2 per million [28]. Since it is reasonable to assume
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Fig 3. ERCC2 frameshift mutation ¢.1703_1704delTT (p.Phe568fs) in familial breast and ovarian cancer pedigrees.
Individuals with breast cancer (BC), ovarian cancer (OC) or both (BC, OC) are shown as circles filled in black. Individuals tested
positive for the familial mutation are indicated in detail; those with WT (wild-type) have been tested negative. All affected
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doi:10.1371/journal.pgen.1006248.9003
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that (i) a TTD incidence of 1/30.000 would not be missed by the clinical geneticists in CZ and
(ii) the publications reporting p.(Phe568fs) as TTD-causing [9,19] are not wrong, there is one
logical explanation for the discrepancy between allele frequency and disease incidence: homo-
zygosity for p.Phe568fs is embryonic lethal. This is in-line with the observation that complete
loss of ERCC2 activity is not compatible with life in homozygous knock-out mice [29] and it is
also consistent with the observation that all XPD and TTD patients tested so far have residual
ERCC2 activity [30]. Since an elevated TTD/XPD incidence has not been reported in Lithuania
either, we can assume that homozygosity of the frequent Lithuanian founder mutation p.
(Asp423Asn) (Table 2), which clearly displayed functional deficiency in our experiments (Fig
2), is embryonic lethal as well.

In conclusion, this multi-national study of ERCC2 mutations in patients with familial BC/
OC and regionally matching controls identified and functionally verified a broad spectrum of
unique and recurrent ERCC2 mutations. Although the frequent founder mutations are not
very likely to predispose to BC/OC, some mutations, like p.(Val77Alafs), that are unique to the
BC/OC cohort are worth to be considered in future large-scale association studies.

Materials and Methods
Ethics statement

Informed written consent was obtained from all patients and the study was approved by the
Local Research Ethics Committee (EK 162072007).

Subjects, families and pedigrees

We enrolled affected individuals from 587 German BC and BC/OC pedigrees with hereditary
gynecological malignancies through a genetic counseling program at two centers (Dresden,
Munich) from the “German Consortium for hereditary breast- and ovarian cancer”
(GC-HBOC) and at the Medical Genetics Center (MGZ) in Munich. Additional 131 BC- and
136 BC/OC families were collected at the Vilnius University Hospital Santariskiu Klinikos in
Vilnius, Lithuania and 28 BC/OC families were gathered in the Czech Republic at Brno. The
Czech Prague subgroup involved 325 BC patients negatively tested for presence of pathogenic
BRCAI and BRCA2 variants [24] and 105 non-cancer controls analyzed as described recently
[25,26], and additional 240 controls [26] sequenced in pools. The BC pedigrees fulfilled the cri-
terion that at least three affected females with breast cancer but no ovarian cancers were pres-
ent (breast cancer pedigrees). In the BC/OC pedigrees, at least one case of breast and one
ovarian cancer had occurred. All individuals with variant ERCC2 alleles were checked for
mutations in 10 BC/OC core genes defined by GC-HBOC (ATM, BRCA1, BRCA2, CDH1,
CHEK2, NBN, PALB2, RAD51C, RAD51D and TP53). Informed consent was obtained from all
people participating in the study, and the experiments were approved by the ethics committees
of the institutions contributing to this project.

TruSight-Cancer panel sequencing

DNA was obtained from peripheral blood of all patients. For panel enrichment approximately
85 ng genomic DNA was required. We used the TruSight Cancer Illumina kit (Illumina),
which targets the coding sequences of 94 genes associated with a predisposition towards cancer
(S1 Table), following the manufacturer's instructions. Sequencing was carried out on an Illu-
mina MiSeq instrument as 150 bp paired-end runs with V2 chemistry. Reads were aligned to
the human reference genome (GRCh37/hg19) using BWA (v 0.7.8-r455) with standard param-
eters. Duplicate reads and reads that did not map unambiguously were removed. The
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percentage of reads overlapping targeted regions and coverage statistics of targeted regions
were calculated using Shell scripts. Single-nucleotide variants and small insertions and dele-
tions (INDELs) were called using SAMtools (v1.1). We used the following parameters: a maxi-
mum read depth of 10000 (parameter -d), a maximum per sample depth of 10000 for INDEL
calling (parameter -L), adjustment of mapping quality (parameter -C) and recalculation of per-
Base Alignment Quality (parameter -E). Additionally, we required putative SNV to fulfill the
following criteria: a minimum of 20% of reads showing the variant base and the variant base is
indicated by reads coming from different strands. For INDELs we required that at least 15% of
reads covering this position indicate the INDEL. Variant annotation was performed with
snpEff (v 4.0e) and Alamut-Batch (v 1.3.1) based on the RefSeq database. Only variants (SNV's/
small INDELS) in the coding region and the flanking intronic regions (+15 bp) were evaluated.

Custom breast cancer panel sequencing

The data related to the ERCC2 gene in this study were retrieved from the custom-made gene
panel sequencing analysis described recently [25]. Briefly, genomic DNA was obtained from a
peripheral blood of 325 BC Czech patients from the Prague area that were negatively tested
for a presence of pathogenic variants in the BRCAI or BRCA2 gene previously [24]. The fre-
quency of population-specific variants was assessed by a concurrent analysis of 105 control
DNAs obtained from non-cancer individuals [26]. One pg of genomic DNA was used for
library construction. The DNA was fragmented by ultrasonication and edited for SOLiD
sequencing. Target DNA enrichment was performed by a custom solution-based sequence
capture (SeqCap EZ Choice Library, Roche) according to the NimbleGenSeqCap EZ Library
SR User's Guide (Version 4.2, Roche). Five hundred and ninety targeted genes include 141
genes that code for known proteins involved in DNA repair and DNA damage response path-
ways, and an additional set of genes retrieved from Phenopedia at HuGE Navigator16 web
site associated with “breast neoplasms” (assessed February 2012). Captured libraries were
sequenced on SOLiD4 system. Finally, exonic regions of 581 genes were captured successfully
with sufficient coverage. Reads were aligned to the human reference genome (GRCh37/hg19)
using Novoalign (CS 1.01.08) with standard parameters. Conversion of SAM to BAM format
was performed with SAMtools (0.1.8). Single-nucleotide variants and small insertions and
deletions (INDELSs) were called using SAMtools (0.1.8). Variant annotation was performed
with ANNOVAR [31]. For final evaluations, small INDELS, intronic variants flanking + 2 bp
to exon borders, and rare SNPs (presented in 1000 genome or exome sequencing (ESP) proj-
ects with frequency <1%) were considered.

Sanger sequencing

Validation of ERCC2 variants in probands and family members was performed by classical
Sanger sequencing. Additional DNAs from 8 HBOC patients affected by malignant melanoma
(5 cases) or presence of melanoma in other family members (3 cases) were analyzed for the
complete ERCC2 coding region. ERCC2 exons were amplified with intronic primers (52 Table)
and sequenced using the ABI Prism Terminator Cycle Sequencing Ready Reaction Kit (Applied
Biosystems). Genomic DNA (50 ng) containing 1x PCR Master Mix (Qiagen) and 0.25 uM of
each forward and reverse primers in 15 pl reaction volume was subjected to PCR amplification
for 25 cycles (30 sec at 95°C, 30 sec at 64°C and 30 sec at 72°C).

Functional validation of ERCC2 variants

Variant cloning. Wild type ERCC2 cDNA was amplified from reverse transcribed mRNA
isolated from fibroblasts derived from healthy donors (RevertAid H Minus First strand cDNA
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synthesis kit; Thermo scientific, Waltham, MA, USA) using forward (5TTAGGTACCATGA
AGCTCAACGTGGACG) and reverse (5 TTATCTAGATCAGAGCTGCTGAGCAATCT)
primers and cloned into the pJET1.2/blunt vector (CloneJET PCR Cloning Kit; Life technolo-
gies, Waltham, MA, USA). These primers carry Kpnl and Xbal restriction sites to release
ERCC2 cDNA by double restriction enzyme digestion (Life technologies). The ERCC2 cDNA
was purified from agarose gels using the Wizard SV Gel and PCR Clean-Up System (Promega,
Klaus, Austria) and cloned into the pcDNA3.1(+) mammalian expression vector (Life technol-
ogies) and subsequently transformed into DH5a. E.coli cells. Colony PCR (using T7 and M13
primers) and Sanger sequencing of the entire gene was performed using the BigDye Termina-
tor v3.1 Cycle Sequencing Kit (Life technologies, for primers see S3 Table).

For generation of the ERCC2 variants, site directed mutagenesis was applied using Phusion
High-Fidelity DNA Polymerase (Life technologies) and specific primer pairs in either the clas-
sical protocol (for variants Ser746FS and D513Y, Stratagene) or an optimized site-directed
method (all other variants, for primers see S3 Table). For the latter, template (100 ng ERCC2 in
pcDNA3.1(+)) was first subjected to dam methylation using dam methyl transferase (NEB,
Frankfurt a. M., Germany). Afterwards, a first PCR was conducted with the forward-primer
using Phusion polymerase (Life technologies) in a 2-Step PCR protocol with 5 minutes of
annealing and elongation at 72°C for 18 cycles. Then over-night enzyme digestion with Dpnl
(Life technologies) was followed by ethanol precipitation. A second PCR using reverse primers
(same conditions) was performed with this template and ethanol precipitated. The final reac-
tion product was subject to transformation of DH5a. E.coli cells. Positive clones were verified
by Sanger sequencing as described above.

Assay set-up. The host cell reactivation (HCR) assay measures the amount of nucleotide
excision repair (NER) in actively transcribed genes. This dual reporter gene assay deploys the
turnover rate of firefly luciferase substrate as readout for the NER capacity of host cells trans-
fected with the (UV-) damaged reporter gene plasmid encoding for firefly luciferase [32]. HCR
can be used for DNA repair capacity assessment of NER deficient host cells transfected with
DNA repair gene variants as well as for measuring in situ transcription using non-irradiated
firefly luciferase reporter gene plasmids [33,34].

ERCC2-deficient XP6BE-SV-immortalized fibroblasts were a generous gift of K.H. Kraemer
(NIH, Bethesda, MD, USA) and harbor two differently mutated ERCC2 alleles [p.Arg683Trp
and an in-frame deletion of amino acids (AA) 36-61] [9]. XP6BE cells were transfected using
Attractene Transfection Reagent (Qiagen, Hilden, Germany) according to the manufacture’s
advice, with plasmids coding for firefly luciferase (100 ng), renilla-luciferase (50 ng) and an
empty pcDNA3.1(+) vector or XPD-variants cloned into the pcDNA3.1(+) expression vector
(100 ng) (for cloning see above). The plasmid coding for firefly luciferase was divided into two
fractions prior to transfection. One fraction was irradiated with 1000 J/m2 of UVC light, a sec-
ond fraction stayed untreated. The non-irradiated renilla-luciferase plasmid serves as an inter-
nal control for normalization of transfection efficacy.

After incubation of transfected XP6BE cells for one day (37°C, 5% CO,), which allows suffi-
cient repair of the UV-photoproducts and protein expression of the luciferases, cells were lysed
and analyzed using Dual-Luciferase Reporter Assay System (Promega, Klaus, Austria). The
luminescence measurements were performed in a white Glomax 96 microplate using the Glo-
max luminometer (Promega, Klaus, Austria).

The relative repair capacity is estimated using this formula:

mean (irradiated firefly /renilla per well)

repair (%) = x 100

mean (unirradiated firefly /renilla per well)
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The repair capacity of XP6BE cells transfected with the wild type ERCC2 cDNA containing
expression vector was set to 100%.

Transcriptional activity was calculated as the amount of firefly luciferase expression from
non-irradiated plasmids in XP6BE cells transfected either with wild type ERCC2 or breast can-
cer associated ERCC2 variants containing expression vectors relative to the amount of firefly
luciferase expression in XP6BE cells transfected with the empty expression vector. The latter
was set to 100%. Every experiment (NER capacity as well as transcription) was conducted at
least six times in triplicates.

Modeling of ERCC2 protein structure

Structural modeling of the ERCC2 variants. Homology modeling of the human ERCC2
protein was performed with SWISS-MODEL (ExPASy). The crystal structure of the ATP-
dependent DNA helicase Ta0057 from Thermoplasma acidophilum (RCSB:4A15, UniProt:
Q9HM14) was used as template structure for modeling. Predicted models for the residue
changes of the detected missense mutations in ERCC2 were displayed and analyzed using
Visual Molecular Dynamics (VMD) (S1 Fig). The predicted models were superimposed onto
the Ta0057 structure with the MulitSeq tool integrated in VMD.

In-silico interpretation of missense variants. The probability of effect of non-synony-
mous mutations in ERCC2 was calculated by the amino acid (AA) substitution prediction
methods SIFT, PolyPhen2, Provean, Mutation Taster, MAPP, and AGVD (54 Table). Based on
these data, a summarizing rating was assessed (last column in S4 Table and Table 1). Distribu-
tion of PhyloP and Grantham scores [35] for dbSNP, ClinVar and all variants identified in
ERCC2 were analyzed. Statistical probability scores of PhyloP and Grantham scores and analy-
sis of distribution plots are provided (S4 Table and S2 Fig).

AA conservation alignment

A multiple alignment of ERCC2 AA sequences was done according to HomoloGene (NCBI) in
order to assess the AA conservation of the detected variants in 20 species with homologous
proteins (53 Fig).

Supporting Information

S1 Fig. ERCC2 domain structure and overlay of ERCC2 missense mutations Arg478Trp
and Asp423Asn. A) Schematic showing the domain structure and canonical motifs of human
ERCC2. Helicase motor domains HD1 (blue) and HD2 (green) form the DNA ATP-binding
interface. The FeS (orange) and the Arch (purple) domains are inserted into HD1. The bound-
aries of the FeS cluster binding domain are indicated by red spheres. The human enzyme C-ter-
minal (grey) extension (CTE) is indicated in grey. Domain boundaries are indicated by residue
numbers. B,C) 3D representation of the native (cyan) and mutant (pink) overlayed ERCC2
protein structures show a detailed structural environment of the wild-type (green), Arg487 and
Asp423 residues in comparison to the Arg487Trp and Asp423Asn mutants (red). Surrounding
amino acids (AAs) are indicated as licorice. (B) Note the significant changes in the AA constel-
lations Arg424, Thr425 induced by the by the Asp423Asn replacement. (C) The Arg487Trp
AA replacement introduces a tryptophan residue which protrudes beyond the protein surface
and might destabilize the interactions with the surrounding AAs His700, Glu690 and Leu701
within the protein loop.

(TTF)
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S2 Fig. Distribution of PhyloP and CADD scores for 1000G, ClinVar and the mutations
identified in this study in the ERCC2 gene. A) Evolutionary conservations (PhyloP) and
Combined Annotation Dependent Depletion (CADD) scores are represented for all non-syn-
onymous ERCC2 variants found in BC/OC patients. Blue: Variants with no significant func-
tional effect; Red: variants which showed a deleterious functional effect by no
complementation of NER-deficient cells and/or negative modulation of transcription; Green:
variants not tested. B) This analysis was further extended to analyze these combined scores for
all non-synonymous variants reported in 1000G and ClinVar with no reported clinical signifi-
cance (Class 1-3), or ClinVar reported pathogenic variants (Class 4-5) to visualize the proba-
bility for the ERCC2 variants which have not been functionally tested to be pathogenic or
benign. Heat maps show the distribution and frequency for the combined PhyloP and CADD
scores in 1000G and ClinVar. Red colors indicate a low frequency and green colors a high fre-
quency. ERCC2 variants showing no functional pathogenic effect (circle), pathogenic variants
with NER complementation failure and/or negative modulation of transcription (triangles),
and variants not tested in our functional studies (black square) are represented. ERCC2 vari-
ants with deleterious functional effects show a better overlap with ClinVar pathogenic variants
(Class 4-5) by their location mostly restricted to dark green and yellow as indicated. In con-
trast, location of variants shows within the dark red plot region when compared to 1000G and
ClinVar (Class 1-3).Variants not included in our functional studies show a similar distribution
pattern as functional deleterious variants which overlaps with ClinVar pathogenic variants
(Class 4-5). In total, most of the ERCC2 variants are located in areas of high conservation and
high deleteriousness. Statistical probability scores for these analyses are provided in S4 Table.
PhyloP and CADD scores for 1000G and ClinVar variants were obtained from the annotation
browser SNiPA [36].

(TIF)

$3 Fig. ERCC2 amino acid (AA) sequence alignment. Multiple sequence alignment of protein
regions from various species surrounding the identified human ERCC2 missense variants (54
Table). Affected residues are indicated in red letters. The dotted lines correspond to sequence
gaps or sequence regions not yet available. Except Glul67, all affected residues showed strong
conservation across vertebrates (Argl66, Gly188, Arg280, GIn316, Asp423, Leud61, Arg487,
Val611, Val678, Ala717, Arg722) or even across all species (Prol3, Pro215, Arg450, D513,
Val536, Glu576, Arg592, Arg601, Arg631). The AA variability at codon 167 is in line with the
results of the effect prediction algorithms which predict the Glul67GIn replacement as benign
(S4 Table). Accession number of the ERCC2protein sequences used for AA sequence compari-
son are as follows: Homo sapiens (NP_000391.1); Pan troglodytes (NP_001233519.1); Macaca
mulatta (XP_002808245.1); Canis lupus (XP_541562.3); Bos taurus (NP_001096787.1); Mus
musculus (NP_031975.2); Rattus norvegicus (NP_001166280.1); Xenopus tropicalis
(NP_001008131.1); Danio rerio (NP_957220.1); Drosophila melanogaster (NP_726036.2);
Anopheles gambiae (XP_311900.4); Caenorhabditis elegans (NP_497182.2); Saccharomyces
cerevisiae (NP_011098.3); Kluyveromyces lactis (XP_452994.1); Eremothecium gossypii
(NP_986780.1); Schizosaccharomyces pombe (NP_593025.1); Magnaporthe oryzae
(XP_003716866.1); Neurospora crassa (XP_956536.2); Arabidopsis thaliana (NP_171818.1);
and Oryza sativa (NP_001054627.1).

(TIF)

S1 Table. Genes covered by the TruSight-Cancer gene panel.
(DOCX)
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$2 Table. ERCC2/XPD primers for Sanger-validation of NGS derived mutations and analy-
sis of familial segregation. All sequences shown in 5> — 3’ direction. XPD = alternate name of
ERCC2.

(DOCX)

S3 Table. Primer pairs used for PCR amplification, Sanger sequencing, and site directed
mutagenesis of ERCC2 variants. All primers (de-salted and deprotected) were synthesized by
Sigma-Aldrich (Taufkirchen, Germany).

(DOCX)

$4 Table. Effect prediction of ERCC2 missense variants. The probability of effect of non-syn-
onymous mutations in ERCC2 was predicted by the computer programs: SIFT, Sorting Invari-
ant from Tolerated (Score under 0,05: not tolerated; Range 0-1); PolyPhen-2, Classification
following PSIC scores (HumVar, "benign"- "possibly damaging“—"probably damaging ",
Range: 0-1); Provean, Protein Variation Effect Analyze; MAPP, Multivariate Analysis of Pro-
tein Polymorphism; Align-GVGD, Scores (C0, C15, C25, C35, C45, C55, C65) from CO (likely
benign) to C65 (likely pathogenic); CADD, Combined Annotation Dependent Depletion [12].
DIt = deleterious, PrD = probably damaging, PsD = possibly damaging, Bgn = benign, Ntr =
neutral. Conservation was calculated with PhyloP (Score range from -14.1 to 6.4). Grantham
[35] distance scores (Range 0-215). AA exchanges in gray background are located in cis and
form a haplotype.

(DOCX)
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Pancreatic ductal adenocarcinoma (PDAC) is the sixth most frequent cancer type in the Czech Republic with a
poor prognosis that could be improved by an early detection and subsequent surgical treatment combined
with chemotherapy. Genetic factors play an important role in PDAC risk. We previously identified one PDAC
patient harboring the Slavic founder deleterious mutation c.657del5 in the NBN gene, using a panel next-
generation sequencing (NGS). A subsequent analysis of 241 unselected PDAC patients revealed other mutation
carriers. The overall frequency of c.657del5 in unselected PDAC patients (5/241; 2.07%) significantly differed

Keywords:
Paﬁ‘g‘eatic ductal adenocarcinoma from that in non-cancer controls (2/915; 0.2%; P = 0.006). The result indicates that the NBN c.657del5 variant
The NBN gene represents a novel PDAC-susceptibility allele increasing PDAC risk (OR = 9.7; 95% CI: 1.9 to 50.2). The increased

Inherited risk risk of PDAC in follow-up recommendations for NBN mutation carriers should be considered if other studies also

confirm an increased frequency of c.657del5 carriers in PDAC patients from other populations.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the sixth most frequent
cancer type (with an incidence of 19.6/100,000 persons in 2013) and
the fifth most frequent cause of cancer death in the Czech Republic
(www.svod.cz). The prognosis of PDAC is poor with a 5-year survival
of 7% and a median survival of 6 months (Siegel et al., 2015). Early
detection and subsequent surgical treatment combined with chemo-
therapy can improve the 5-year survival up to 40% (Nakao et al.,
2006). While population screening is not rational due to the low PDAC
incidence, the identification of high-risk individuals, who may benefit
from the available screening methods, is desirable.

A genetic predisposition is the major endogenous risk factor of PDAC
development, together with chronic pancreatitis and diabetes mellitus

Abbreviation: PDAC, pancreatic ductal adenocarcinoma; BRCA1, breast cancer gene 1;
BRCAZ2, breast cancer gene 2; PALB2, partner and localizer of BRCA2; MLH1, homolog of
Escherichia coli MutL 1; MSH2, homolog of E. coli MutS 2; MSH6, homolog of E. coli MutS
6; PMS2, postmeiotic segregation increased; STK11, serine/threonine protein kinase 11;
APC, adenomatous polyposis coli gene; CDKN2A, cyclin-dependent kinase inhibitor 2A;
DDSB, DNA double-strand break; NBN, nibrin; MRN, MRE11/RAD50/NBN complex; NBS,
Nijmegen breakage syndrome; NGS, next-generation sequencing; FFPE, formalin-fixed
paraffin-embedded; HRM, high resolution melting; FET, Fischer's exact test; OR, odds
ratio; CI, confidence interval; BC, breast cancer; CHEK2, checkpoint kinase 2; PARP,
poly(ADP-ribose) polymerase.

* Corresponding author at: Institute of Biochemistry and Experimental Oncology, First
Faculty of Medicine, Charles University in Prague, U Nemocnice 5, 128 53 Prague 2,
Czech Republic.

E-mail address: mjana@If1.cuni.cz (M. Janatova).

http://dx.doi.org/10.1016/j.gene.2016.04.056
0378-1119/© 2016 Elsevier B.V. All rights reserved.

(Becker et al., 2014). It has been estimated that 5-10% of PDAC patients
have a positive family PDAC history. The genetic basis of most familial
PDAC cases has not been explained yet; however, several PDAC-
susceptibility genes have been identified, including genes (BRCAI,
BRCA2, PALB2, MLH1, MSH2, MSH6, PMS2, STK11, APC, CDKN2A) associat-
ed with hereditary cancer syndromes (reviewed in (Becker et al.,
2014)). The protein products of numerous PDAC-susceptibility genes
are directly involved in DNA repair and the DNA damage response.
The most prevalent mutations have been identified in BRCA2 (up to 6%
of patients and increasing PDAC risk 3.5-fold (Couch et al.,, 2007)) and
PALB2 (3% of patients (Jones et al., 2009)). Their protein products
share a common functional role in the DNA double-strand break
(DDSB) repair. The NBN gene encodes nibrin, a protein participating in
the formation of the multiprotein MRN (MRE11-RAD50-NBN) complex,
an inevitable sensor of DNA damage in the DDSB repair (Carney et al.,
1998). Biallelic NBN mutations predispose to the autosomal recessive
Nijmegen-breakage syndrome (NBS) characterized by chromosomal
instability and an increased risk of lymphoid malignancies and other
cancers (Varon et al., 1998). Heterozygous NBN mutations predispose
to breast cancer (BC) (Gorski et al., 2003), non-Hodgkin lymphoma
(Steffen et al., 2006), and prostate cancer (Cybulski et al., 2013);
however, their role in PDAC predisposition has not been studied yet.
The most frequent pathogenic mutation in NBS patients and NBN-
associated cancers is the recurrent Slavic founder mutation c.657del5
(c.657_661delACAAA) (Varon et al., 2000).

The next-generation sequencing (NGS) technology introduced
analyses of large gene collections into genetic analyses in patients
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with cancer susceptibility. Among others, NBN is routinely analyzed
in many cancer gene sequencing panels. Recently, we have performed
a study of germline variants influencing the breast cancer susceptibility
in high-risk breast cancer patients using the custom panel NGS (Lhota
et al., 2016). We subsequently used the identical approach for the
analysis of pancreatic cancer predisposition in a PDAC patient from
multiple cancer family. We identified the c.657del5 germline mutation
in the NBN gene in this patient. Therefore, we aimed to determine the
frequency of c.657del5 in unselected Czech PDAC patients.

2. Materials and methods
2.1. Panel NGS analysis in a patient with pancreatic ductal adenocarcinoma

In order to identify possible germline pathogenic variant in PDAC-
susceptibility genes, we performed custom panel NGS targeting 581
genes in a PDAC patient from multiple cancer family (Fig. 1). The NGS
and bioinformatics analysis was performed as described previously
(Lhota et al., 2016) and revealed germline c.657del5 NBN variant. The
mutation was confirmed by Sanger sequencing from independent PCR
amplified blood DNA sample. The presence of the c.657del5 NBN variant
in deceased proband's sister with gastric cancer (Fig. 1) was analyzed in
DNA isolated from FFPE tumor tissue using the Cobas DNA Sample
Preparation Kit (Roche).

2.2. Patients with pancreatic ductal adenocarcinoma

We genotyped c.657del5 NBN variant in blood-isolated DNA
samples from 241 unselected, histopathologically-verified PDAC
patients, which included 152 samples from the National Institute of
Public Health [median age at diagnosis: 63 years (ranged 40-82); 59
females] and 89 samples from the Department of Oncology, General
University Hospital in Prague [median age at diagnosis: 64 years
(ranged 38-84); 49 females]. Information about family history of
cancer in c.657del5 carriers was gathered from medical records when
available.

The control group included 915 non-cancer individuals and it had
been described and genotyped previously. All patients and controls

]

Colon

were of Slavic descent and of Czech origin. The study was approved by
the local Ethical Committees and a written informed consent was
obtained from all participants.

2.3. The NBN c.657del5 genotyping

The exon 6 of the NBN gene was analyzed by a high resolution
melting (HRM; LightCycler 480; Roche) using HOT FirePol EvaGreen
HRM Mix (Solis BioDyne). The primer sequences had been described
previously (Mateju et al, 2012). The presence of c.657del5 was
confirmed by sequencing.

2.4. Statistical analysis

The difference between groups was calculated using the Fisher exact
test (FET).

3. Results

We analyzed a PDAC patient (diagnosed at 64 years) from
multiple-cancer family and identified the c.657del5 NBN mutation
using the panel NGS (Fig. 1). Except to this germline mutation,
we found no other truncating variants in other known PDAC-
susceptibility genes (BRCA1, BRCA2, PALB2, MLH1, MSH2, MSH6,
PMS2, STK11, APC, CDKN2A). The presence of c.657del5 mutation
was confirmed also in the proband's sister deceased from gastric
cancer (Fig. 1).

In the subsequent analysis, we genotyped c.657del5 in other 241
unselected PDAC patients and found five mutation carriers among
them (2.07%). Thus, the frequency of c.657del5 among PDAC patients
was significantly higher than that in previously analyzed controls (2/
915), suggesting that the carriers of c.657del5 have an increased risk
of PDAC development (OR = 9.7; 95%Cl: 1.9-50.2; Pger = 0.006). A
PDAC family history was documented in none of the five c.657del5
carriers from 241 unselected PDAC patients; however, one patient
had family cancer history (a sister with gastric cancer), and another
female patient suffered from a duplicity of BC (at 46 years) and PDAC
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Fig. 1. Pedigree (A) of the multiple cancer family showing the proband with PDAC (indicated by an arrow) and her sister, both carrying c.657del5. DNA samples from other relatives were
not available for genotyping. The ages of cancer diagnoses (dg.) or cessation () are indicated in the pedigree. The deletion of five nucleotides (TTTGT from reverse strand) is highlighted

by a red frame in NGS analysis (B), confirmed by Sanger sequencing (C).
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(at 64 years). The mean age at diagnosis for the c.657del5 carriers was
65.8 years (range 59-73).

4. Discussion

The highest frequency of NBN mutation carriers (up to 3.7% of
patients) was found in BC patients from Central and Eastern Europe
(Gorski et al., 2003). Recent meta-analysis indicated that c.657del5 is a
moderate BC (OR = 2.51; 95%Cl: 1.68-3.73) and lymphoma (OR =
2.93; 95%CI: 1.62-5.29) susceptibility allele, and that it also strongly in-
creases the risk of prostate cancer (OR = 5.87; 95%Cl: 2.51-13.75) (Gao
et al., 2013). The association of the hereditary NBN mutations with BC
susceptibility led to the inclusion of NBN into multigene cancer panel
NGS analyses in high-risk individuals (Couch et al., 2015). Two studies
have reported the results of hereditary mutation analysis performed
by multi-gene panel testing in PDAC patients. While no truncating
NBN mutation was identified in two previous studies of 290 and 638
patients, respectively (Grant et al., 2015; Roberts et al.,, 2016), Hu et al.
found one c.657del5 carrier in 96 patients (also carrying the CHEK2
mutation) (Hu et al.,, 2016). Recently, Lener et al. performed analysis
of 10 prevalent founder mutations in BRCA1, CHEK2, PALB2 and NBN
(incl. c.657del5) in 383 pancreatic cancer patients and detected eight
carriers of c.657del5 (2.09%), indicating the increased risk of pancreatic
cancer in ¢.657del5 carriers (OR = 3.8; 95%CI: 1.68-8.60) in Poland
(Lener et al., 2016).

The high frequencies of c.657del5 identified in PDAC patients in our
and Lener et al. studies indicate that NBN is another DNA repair gene
involved in PDAC-susceptibility. In comparison with our current study
identifying 2.07% of c.657del5 carriers in unselected PDAC patients,
earlier analyses found considerably lower frequencies of the mutation
in Czech unselected BC (0.3%), colorectal cancer (0.3%), and lymphoma
patients (0.8%) (Lhota et al., 2016; Pardini et al., 2009; Soucek et al.,
2003). Our results and Lener et al. study (Lener et al., 2016) suggest
that c.657del5 may be a novel PDAC-susceptibility allele significantly
increasing the risk of PDAC development [combined OR calculated
from this and Lener et al. studies comprising 624 pancreatic cancer
patients (13 carriers of c.657del5) and 4915 controls (24 carriers) is
4.33; 95%ClI 2.2-8.56; p < 0.001]. However, further studies in larger
populations together with segregation analyses will be necessary to
confirm our observation. They also may help specify the PDAC-
associated risk more precisely, which is required for clinical manage-
ment of the carriers and evaluation of c.657del5 as a putative predictive
biomarker for therapy using DNA cross-linking agents or PARP inhibi-
tors in carriers with PDAC (Schroder-Heurich et al., 2014).

Only the first patient identified in our preliminary NGS analysis had
an indicative family cancer history (Fig. 1) and c.657del5 co-segregated
with cancer diagnoses in the family. Its presence in the proband's sister
with gastric cancer indicates that the carriers of c.657del5 may develop
a broader spectrum of cancers. One in five carriers from the unselected
PDAC group had a sister with gastric cancer (unfortunately, no DNA
from this patient was available). The other mutation carriers displayed
no family cancer history, just like the c.657del5 mutation carrier in the
aforementioned report by Hu et al. (Hu et al., 2016). The similar mean
age at PDAC diagnosis in carriers and non-carriers in our analysis
(65.8 and 63.5 years, respectively) suggests that the c.657del5 mutation
is not associated with an earlier disease onset.

In conclusion, our study suggests a novel role of the c.657del5
mutation in PDAC susceptibility. Future analyses of NBN in multi-gene
cancer panels will help identify the hereditary pathogenic NBN muta-
tions throughout the entire gene and enable a more accurate estimation
of NBN-associated cancer risks.
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ARTICLE INFO ABSTRACT

Alternative pre-mRNA splicing increases transcriptome plasticity by forming naturally-occurring alternative
splicing variants (ASVs). Alterations of splicing processes, caused by DNA mutations, result in aberrant splicing
and the formation of aberrant mRNA isoforms. Analyses of hereditary cancer predisposition genes reveal many

Keywords:
Alternative splicing
mRNA splicing variant

BR?{UI DNA variants with unknown clinical significance (VUS) that potentially affect pre-mRNA splicing. Therefore, a
11:;[; St iplex PCR comprehensive description of ASVs is an essential prerequisite for the interpretation of germline VUS in high-risk

individuals.

To identify ASVs in a gene of interest, we have proposed an approach based on multiplex PCR (mPCR)
amplification of all theoretically possible exon-exon junctions and subsequent characterization of size-selected
and pooled mPCR products by next-generation sequencing (NGS). The efficiency of this method is illustrated by a
comprehensive analysis of BRCAI ASVs in human leukocytes, normal mammary, and adipose tissues and stable
cell lines.

We revealed 94 BRCA1 ASVs, including 29 variants present in all tested samples. While differences in the
qualitative expression of BRCA1 ASVs among the analyzed human tissues were minor, larger differences were
detected between tissue and cell line samples.

Compared with other ASV analysis methods, this approach represents a highly sensitive and rapid alternative
for the identification of ASVs in any gene of interest.

1. Introduction

Hereditary mutations in cancer-susceptibility genes are responsible
for tumor development in about 5% of all cancer patients. The carriers
of hereditary mutations face a high life-time risk of cancer, which often
develops at an early age (Rahman, 2014). Tailored care improving life
expectancy in these high-risk individuals requires an unequivocal
identification of causative mutations in hundreds of known cancer-
susceptibility genes. The recent introduction of next-generation se-
quencing (NGS) into clinical diagnostics enables a simultaneous ana-
lysis of multiple genes; however, its clinical utility is hampered by the

presence of many variants with unknown significance (VUS) (Cheon
et al., 2014). These genetic changes emerge as rare germline missense,
silent or intronic variants with an uncertain biological and functional
impact on the resulting protein isoform. The number of identified VUS
rises proportionally to the length of the analyzed genomic sequence,
and many of them may alter mRNA splicing processes
(Tavtigian & Chenevix-Trench, 2014).

Pre-mRNA splicing controls the composition of matured mRNA by
regulated intron exclusion and exon linking. A primary wild-type (wt)
transcript (pre-mRNA) can be variably processed by alternative splicing
into alternative mRNA variants translated into protein isoforms with

Abbreviations: ASV(s), alternative splicing variant(s); mPCR, multiplex PCR; NGS, next generation sequencing; SAS, splice acceptor shift; SDS, splice donor shift; VUS, variant of
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different biological activities (Bentley, 2014). Alternative splicing must
be distinguished from aberrant splicing resulting from a dysregulation
of natural splice site recognition caused by DNA mutations. The DNA
sequence variants affecting pre-mRNA splicing are more prevalent than
estimated up to now, and they account for at least 15% of disease-
causing mutations, and for up to 50% of all mutations described in
some genes (Caminsky et al., 2015; Soukarieh et al., 2016). Various
splicing assays help to disclose the impact of VUS on splicing processes
(Whiley et al., 2014), and variants that cause aberrant splicing are
considered pathogenic. The evaluation of aberrant splicing requires a
precise knowledge of alternative splicing variants (ASVs) for the ana-
lyzed primary transcript (Colombo et al., 2014). Despite large-scale
RNA sequencing projects (e.g. ENCODE, GTEx), there is no precise
catalogue of ASVs or validated RNAseq data for most clinically-relevant
genes (Sloan et al., 2016; Baralle & Buratti, 2017).

Recently, two articles have described a comprehensive analysis of
naturally occurring splicing variants in BRCA1 (Colombo et al., 2014;
Romero et al.,, 2015), one of the most studied cancer-susceptibility
genes responsible for hereditary breast and ovarian cancer
(Kleibl & Kristensen, 2016). In both studies, the RNA-based analysis
involved a combination of various techniques including RT-PCR, exon
scanning, cloning, sequencing, and relative (semi)quantification. This
experimental variability negatively affects the reproducibility of spli-
cing variant analyses from various mRNA sources and makes the
methods difficult to use in the analyses of other gene products. The
large number of these analytic techniques makes the analysis laborious,
may negatively affects its reproducibility, and adaptation to char-
acterize another gene transcripts. Therefore, we aimed to develop a
versatile approach suitable for the characterization of ASVs in any gene
of interest based on NGS of multiplex PCR-generated amplicons cov-
ering all theoretically possible exon-exon junctions.

2. Materials and methods
2.1. An overview of experimental design

We aim to characterize the ASVs of any gene from an RNA sample,
dominantly on the qualitative level. The analysis comprises four steps:
i) multiplex PCR (mPCR) amplification of all theoretically possible
mRNA splicing variants from a cDNA template, ii) pooling of mPCRs,
purification and size selection of pooled mPCR products targeting short
amplicons, iii) standard NGS library preparation from size-selected
mPCR fragments followed by routine Illumina sequencing, and iv) a
bioinformatics analysis. We have demonstrated the efficiency of the
mPCR/NGS approach by the characterization of BRCA1 ASVs because i)
the BRCA1 gene is the most frequently altered breast cancer suscept-
ibility gene in many countries including the Czech Republic and many
BRCA1 VUS contribute to aberrant splicing, ii) 63 BRCA1 mRNA var-
iants were recently described using conventional RT-PCR and capillary-
electrophoresis by Colombo et al. (2014) and Romero et al. (2015),
indicating that iii) the BRCA1 mRNA splicing isoform pattern is highly
variable.

2.2. Alternative BRCA1 splice site nomenclature

All alternative splicing events were classified into biotypes based on
previously published nomenclature (Colombo et al., 2014; Romero
et al., 2015). The insertions (W) and deletions (A) denote splicing
events affecting a single exon (cassette) or > 1 consecutive exons
(multicassette). The deletions affecting the 5" and 3’ ends of an exon
were described as an exon number with an added “p” or “q”, respec-
tively. The extension of an exon sequence into an adjacent intronic
region is described as an exon number with an “a”. The splice donor/
acceptor shift (SDS/SAS) variants were identified and counted as NGS
reads with deletions of nucleotides at the exon-exon junctions or in-
sertions of intronic parts flanking to the 5’ or 3’ ends of an exon. The
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mixed biotypes denoted combinations of the above-mentioned events.
The BRCA1 exons were numbered according to the Breast Cancer In-
formation Core Database (https://research.nhgri.nih.gov/bic/) no-
menclature.

2.3. Patients and samples

The characterization of BRCA1 ASVs was performed in 96 RNA
samples obtained from 32 individuals (Supplementary Table S1), in-
cluding 16 non-cancer controls, eight breast-cancer (BC) patients
without BRCAI1 mutation, and eight BRCAI-mutation carriers.
Simultaneously-obtained tissue samples were collected during BC sur-
gery or preventive mastectomy (in BC patients and BRCAI mutation
carriers) or during cosmetic breast surgery (in controls). All enrolled
individuals were Caucasians of a Czech origin who gave a written in-
formed consent approved by ethical committees to participate in the
study. RNA samples were isolated from the leukocytes and macro-
scopically dissected fresh mammary and adipose perimammary tissues
of each individual. We further analyzed RNA samples from stable
human cell lines (from MCF?7 cells, and from pooled EM-G3, HeLa, and
MDA-MB-231 cells). The cell lines were maintained as described pre-
viously (Brozova et al., 2007; Sevcik et al., 2012; Sevcik et al., 2013;
Vondruskova et al., 2008).

2.3.1. Total RNA isolation, quality control and cDNA synthesis

All RNA samples were processed according to MIQE guidelines
(Bustin et al., 2009). Peripheral blood samples (2.5 ml) were collected
into PAXgene Blood RNA tubes, incubated overnight at room tem-
perature, and stored at — 20 °C. All stored samples were thawed and
stored for 2h at room temperature before RNA isolation performed
with PAXgene Blood RNA Kit (PreAnalytiX). Solid tissue samples
(~100 mg/sample) were submerged into 1 ml of RNAlater (Qiagen)
immediately after surgical excision, processed according to the manu-
facturer, and after overnight incubation (2-8 °C) stored at — 80 °C until
RNA isolation. Forty micrograms of thawed, RNAlater-preserved sam-
ples were homogenized using MagNA Lyser Green Beads tubes on
MagNA Lyser Instrument (Roche) in the presence of 1 ml Qiazol
(Qiagen). Total RNAs from the homogenated tissues and cultured cells
were isolated with RNeasy Tissue Mini Kit (Qiagen).

All RNA samples were treated by DNase I, quantified on NanoDrop
1000 (Thermo Fisher Scientific) and characterized by the RNA integrity
number (RIN) using Bioanalyzer 2100 with RNA 6000 Nano Kit
(Agilent Technologies; tissue samples RINean = 7.4; range 6.3-8.9).

Overall, 1.5 ug of RNA was used for cDNA synthesis (in a reaction
volume of 20 pl). The cDNA synthesis was performed using SuperScript
III Reverse Transcriptase (Thermo Fisher Scientific) and random hex-
amers (Roche) as described previously (Kleiblova et al., 2010). A rou-
tine PCR control of cDNA quality/integrity was performed prior to
further analyses (not shown).

2.4. Multiplex PCR (mPCR) amplification and size selection

2.4.1. Primer designing

The primers were designed to specifically cover all possible exon-
exon junctions. The resulting PCR amplicons thus enable the identifi-
cation of all canonical as well as alternative splicing mRNA isoforms.
Forward primers targeted the 3’ region while reverse primers aimed at
the 5’ region of an exon (Supplementary Fig. S1). For the analysis of a
single gene transcript consisting of N exons, the number of N-2 forward
and N-2 reverse primers is required for the amplification of all theo-
retically possible exon-exon junctions in at least N-2 mPCR reactions
that are finally pooled into one mPCR pool.

For the analysis of BRCA1 ASVs, we designed 45 primers targeting
22 coding exons of the canonical BRCA1 transcript (NM_007294), and
alternative exons 11q and 13A (Fig. 1A, Supplementary Table S2). All
individual PCRs were optimized separately (Supplementary Fig. S2)
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Fig. 1. Method overview. The chart (A) shows primer pairs (forward - red; reverse — blue) used for mPCR amplifications of all theoretically possible BRCA1 ASVs. Due to the presence of
the large exon 11, 31 mPCR reactions (violet letters; B) were performed in three ‘blocks’. All 31 mPCR reactions were performed with each of 14 ¢cDNA pools (C). Twelve cDNA pools of
human cDNA samples and two cDNA pools from cell line samples served as templates for 31 mPCR reactions. Agarose gel electrophoresis of 31 mPCRs (ranging in size between ~50 and
~700 bp; purple dashed line) from a single cDNA pool is shown in (D). All 31 mPCRs from each cDNA pool sample were further pooled together (to create an mPCR pool) and analyzed on
Agilent Bioanalyzer (E; the overlaying electrophoretograms of 12 mPCR pools show good reproducibility). The double-sided size selection was used to enrich the short mPCR amplicons
that were subsequently used for NGS library preparation. The agarose gel electrophoresis (F) displays the enrichment of size-selected fragments (SS; red dashed line boxes) while size-
excluded fragments (SE; blue dashed line boxes) were discarded. The size-selected (SS) samples (ranging at 50-150 bp in length; red dashed line box in G) were verified by Agilent
Bioanalyzer. The MiSeq reads were mapped to the bam files (Supplementary Table S3) containing all theoretically possible BRCA1 splicing cassette and multicassete events. Visual
inspection of reads in IGV viewer enabled direct assessment and quantification of SDS/SAS as shown (H) for the ACAG at the 5’ end of exon 8 (erroneously mapped as AGCA; coverage
depth is shown as grey vertical bars; forward (pink) and reverse (blue) reads are shown as vertical bars). In normal mammary tissue of BC patients (shown in H); ACAG accounted for 742
reads (20.1%), while 2945 sequencing reads were recorded for wt sequence (Supplementary Table S6). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

and subsequently in mPCR (Supplementary Fig. S3). the number of exons of the analyzed gene. Every individual mPCR
contains a single forward primer and a set of reverse primers targeting
all consecutive exons except the exon directly flanking to the exon
2.4.2. mPCR amplification and preparation of mPCR pools targeted by the forward primer (Supplementary Fig. S1). The undesired

All theoretically possible splicing events of a gene of interest can be synthesis of the amplicons of several consecutive exons was reduced by
amplified in a few mPCRs. The number of mPCRs depends primarily on
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a short elongation time (Supplementary Fig. S3B).

The analysis of BRCA1 ASVs in each cDNA template required 31
mPCRs (Fig. 1B). To overcome the usually limited amount of RNA (and
resulting cDNA) available from human tissue samples, the cDNA tem-
plate for mPCRs was prepared by the pooling of individual cDNAs (from
the same tissue and sample subgroup; Fig. 1C). This may be necessary
especially with multiexonic and low-expressed genes (including BRC-
A1) which require a larger number of mPCRs consuming an increased
amount of cDNA. Although the ¢cDNA pooling resulted in a loss of in-
formation about the expression of ASVs in the individual cDNA sam-
ples, it increased the chances of detecting low-expressed ASVs.

For the BRCA1 analysis, eight individual cDNA samples (16 pl each)
from the same tissue type and patient group were pooled together to
obtain 12 patient cDNA pools (each 128 pl; Fig. 1C). We also analyzed
cDNAs from stable human cell lines (cDNA from MCF?7 cells and a pool
of cDNAs from EM-G3, HeLa and MD-MB-231). Each of the 12 patient
c¢DNA pools, MCF7 ¢cDNA, and cDNA cell line pools served as a template
for 31 mPCRs. Each 40 ul mPCR contained 4 pl of pooled cDNA tem-
plate (equivalent to 300 ng of RNA), a single forward primer (final
concentration 225 nM), a variable set of reverse primers (final con-
centration 75 nM of each), and FastStart Taq DNA Polymerase (Roche)
according to the manufacturer's instructions. The mPCR amplifications
involved 4-minute incubation at 95 °C followed by 35 cycles (95 °C for
10, 62 °C for 20 s, and 72 °C for 15 s) and final extension at 72 °C for
7 min. The individual mPCR products were analyzed electro-
phoretically (Fig. 1D). After that, 35 pl of each of the 31 mPCRs from a
single cDNA pool were mixed together to provide an mPCR pool. The
resulting mPCR pools were characterized by capillary electrophoresis
using 2100 Bioanalyzer and DNA 1000 Kit (Agilent Technologies;
Fig. 1E).

2.4.3. Size selection and purification of mPCR pools

To reduce the presence of longer mPCR-amplified fragments con-
taining short consecutive exons, the mPCRs pools were subjected to size
selection using double-sided solid phase reversible immobilization with
magnetic beads. The size-selected and purified amplicons served as
templates to prepare a standard NGS library.

As the length of the targeted mPCR amplicons of BRCA1 ASVs was
expected to range mostly at 80-90 bp, we performed size selection
using magnetic beads to remove undesired amplicons (< 50 bp
and > 150 bp; Fig. 1F). First, we used 1.8 X concentration of Agen-
court AMPure XP reagent (Beckman Coulter) to bind and remove am-
plicons > 150 bp (dominantly containing PCR products amplified from
the canonical BRCA1 mRNA). Subsequently, we mixed the supernatant
from the first reaction with a reagent to the final 2.5 X concentration to
withdraw DNA fragments > 50 bp in length. The size-selected and
purified samples were characterized on Agilent Bioanalyzer with DNA
1000 Kit (Fig. 1G).

2.4.4. NGS library preparation, MiSeq sequencing

First, Dynazyme II DNA Polymerase (Thermo Fisher Scientific) was
used to create 3’-dA overhangs in DNA fragments in size-selected and
purified mPCR pools. Subsequently, Illumina sequencing adaptors were
ligated using Rapid DNA Ligation Kit (Thermo Fisher Scientific).
Finally, the seven-cycle PCR reaction (NEBNext High Fidelity PCR
Master Mix, NEB) with a universal primer introduced a 6-bp index se-
quence unique for each mPCR pool. The processed samples were pur-
ified using Agencourt AMPure XP Reagent after each step of sequencing
library preparation. The quality of the prepared libraries was char-
acterized on 2100 Bioanalyzer and quantified fluorimetrically (Qubit;
Thermo Fisher Scientific). To achieve sufficient sequencing coverage
and sample diversity, we admixed our mPCR-prepared libraries with
panel sequencing libraries of high complexity to standard MiSeq runs
(one mPCR pool library represented 1/30 of sequencing capacity). Runs
were sequenced with MiSeq Reagent Kit v3 (150 cycle).
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2.4.5. Bioinformatics

Bioinformatics requires double-step mapping. First, sequencing data
are mapped to a user-designed fasta file containing the exon-exon
junctions of all theoretically possible splicing variants of the gene of
interest. Thus we can identify all cassette and multicassette splicing
deletions and variants resulting from short SDS/SAS. Second, sequen-
cing data are mapped to the genomic sequence of the analyzed gene in
order to identify the exonized intronic sequences.

In our BRCA1 analysis, the primary raw data sets (in the fastq.gz
format) were processed by a routine bioinformatics pipeline using
software tools specified below using the default settings (if not other-
wise specified in the list of commands listed in Supplementary Table
S7). The remaining sequences were trimmed (to remove adapters and
low-quality bases) before mapping by Trimmomatic (ver. 0.32; http://
www.usadellab.org). First, we mapped raw data sets to the prepared
fasta file using Novoalign (ver. 2.08.03; Novocraft). Reads with in-
sufficient sequencing quality were removed. This “BRCA1 splicing”
fasta file contained 311 sequences (“exon-exon_computed” in
Supplementary Table S3) which considered all possible combinations of
known BRCA1 exons (NM_007294), including alternative exon 13A,
and known SDS/SAS combinations > 10 bp (11q, and 5q). Output in
the SAM format was transformed to BAM by Picard tools (ver. 1.129;
https://broadinstitute.github.io/picard/) and displayed in IGV
(Integrative Genomics Viewer, Broad Institute; Fig. 1H). Coverage sta-
tistics were created by SAMtools (ver. 0.1.19; http://samtools.
sourceforge.net/). Since this approach ignored the presence of exo-
nized intron sequences, we further mapped all raw data to the BRCA1
gene sequence (81,189bp from NG_005905 spanning sequence
92,500-173,688). The mapping results were analyzed in IGV manually
to remove reads with soft-clipped bases. Mapped reads that exceeded
from exons into flanking introns or reads mapped to deep intronic se-
quences, respectively, were recorded including sequences of unmapped
nucleotides. The unmapped parts of reads were BLASTed with the
BRCA1 gene sequence (https://blast.ncbi.nlm.nih.gov/). If the un-
mapped sequence contained the 5’ or 3’ parts of a BRCA1 exon, we were
able to identify the entire intronic insertion. Sequences comprising the
identified intronic insertions with flanking exonic sequences were
added to a fasta file (“from_IGV_BLASTed” in Supplementary Table S3)
and used for new mapping from the original dataset. Mapped reads
were manually inspected in IGV in order to eliminate incorrectly
mapped reads with soft-clipped bases.

To compare the numbers of ASV reads among the examined mPCR
pools, we expressed the number of sequencing reads of an ASV as value
normalized to 10° reads in the given mPCR pool (Supplementary Tables
S4 and S5).

3. Results

In order to prepare a versatile method for a direct assessment of
splice junction events, we designed the mPCR/NGS-based approach
enabling the identification of ASVs in a gene of interest. Using the de-
scribed method, we identified 94 BRCA1 ASVs (Table 1) comprising all
previously described biotypes (Colombo et al., 2014). Our analysis of
simultaneously-obtained tissue RNA samples revealed that the highest
number of ASVs were expressed in mammary tissue (72 variants), fol-
lowed by leukocytes and perimammary adipose tissues (67 and 54
variants, respectively).

Forty-eight ASVs were identified in all examined human tissue
types, with 29 of them expressed in each cDNA tissue sample (referred
here as “ubiquitous”; Fig. 2; Table 1).

Only slight qualitative differences were identified among tissue
samples from non-cancer controls, BC patients and BRCAI-mutation
carriers. In contrast, the spectrum of ASVs differed between tissue and
cell-line samples (Fig. 2). Altogether, 76 ASVs (11 of them exclusively)
were expressed in cell lines.

The detected variants included 25 in-frame ASVs that may
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Table 1

Description of all BRCA1 ASVs identified in this study, including variant name, systematic description of the variant at the cDNA level, functional annotation, and biotype class. The
values for the expression of particular variants in analyzed cell lines and human tissue samples show normalized sequencing reads (reads per 10° reads), the colours indicate
normalized sequencing coverage: 0 reads = white; 1-9 reads = green; 10-99 reads = yellow; 100-999 reads = light red; 1000-9999 reads = red; > 9999 reads = dark red. The
“ubiquitous” variants (expressed in all analyzed human tissue samples) are highlighted by bold letters and blue lines. The presence of variants in the analyzed human tissue samples
and cell lines was compared to that reported as predominant (P), present (1), or absent (0) in studies by Colombo et al. (2014), Romero et al. (2015) and Orban and Olah (2003). The
extended version of this table is shown in Supplementary Table S5.
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A1 ¢.671_4096del3426 F |ca 439 337 | 104 | 69 | 185 [ 303 [ 265 | 71 246 | 1 |1 [1 [0 | 0 |1
A1_12 ¢.671_4185del3515 FS | mca 0 o lof1wo{23]o0o]o]o]o|1]ol1]o]o]o
A11_12, 13p ¢.671_4188del3518 Fs |mca+sasa | o [175| o [ o [ o | oo o] ofofof1]ol1]o]o]o
1q ¢.788_4096del3309 IF | sbsa 6012 16451 [JFZR) pl1|pPp|ofo |1
11 43094 ¢.788_3881del3094 FS | Intronizaton | 241 [219 | o | o [39 [ 6 | o [ o | o | o | o |oflolof[o|]o]o
11 A3110 ¢.788_3897del3110 FS | Intronization |Auki| 700 | 40 | 67 | 7 [ 32 | o [220 | 32 [223 | 41 |1 |1 {000 |0
11 A3240 ¢.788_4027del3240 IF | intronizaton [614 | o [ 80 [ 34 | o [ o[ oo | o|o|o|[1]1]o]o]o]o
13p c.4186_4188del3 IF | sAsa ol 1378 | 3652 3881 9204 | 2684 BN 3114 | 3207 Lk pl1[pPlo|P]o
A3 .4186_4357del172 FS |ca 44 PLOE| 70 [405 [ 111 | 36 | 69 [138 | 86 [ 141 [482 (1 [1 [0 [0 | P |0
A13, 14p ¢.4186_4360del175 FS |ca+sasa |44 [219 |20 | o [ 0o [ 6 [12 ] 0 | 0o | 0 111]ofofo]o
A13 14 ¢.4186_4484del299 FS | mca 0 o (675333 | o [ o [ o |7 ] 0o | o |ofloflo]o]|o]o
A13_15 ¢.4186_4675del490 FS | mca olojoloflol4a]o|o]o|lo]|]ofo|lololo]o]o
v 13A ¢.4358-2785_4358-2720ins66 F |cv 6495 | 24 063 1974 7267 il 1196 [Lk) 21155531 %500 EREERERE R R
v 13A, 14p o o Al IF | cvesasa (Lo PPN 130 | 169 | 166 | 75 | 12 | 14 |49 [128 | 21 [1 1|1 |00 |0
¥ 13A, A14 i-fffs'?iigﬁgﬁfl 20ins66 FS |cw+ca ol oo | o |89f15]| 0|0 ]|o|o]|ofo|lolo|lo]o]o
14p ¢.4358_4360del3 IF | sAsaA 4 | 542 [P 917 | 333 | 335 | 358 | 303 [892 533 [P [P [P [P | P |0
A4 c.4358_4484del127 FS |ca YRR 1488 | 1304 IETZA 1429 T2 9| 773 882 | 1|0|o0 oo o
A14_15 ¢.4358_4675del318 IF | meca 241 111]ofofofo
A14_17 ©.4358_5074del717 F | mca 132 1{1]0fo0o] 0|1
A5 ¢.4485_4675del191 FS |ca 285 1(1]ofo|P o0
A5_16 ¢.4485_4986del502 FS | mca 0 oloflofoflofo
A5_17 ¢.4485_5074del590 FS | mca 176 1 l1{1]o|P |1
A15_19 ¢.4485_5193del709 FS | mca 88 111 ]ofo]o
A15_23 ©.4485_5467del983 FS | mca 0 ojlolofoflofo
16a €.4986+1_4986+65ins65 FS |sps¥ 570 ojloflofoflofo
M7 ¢.4987_5074del88 FS |ca 88 1(1/ofo|P |0
A17_18 ¢.4987_5152del166 FS | mca 0 ojlolofoflofo
A17_19 ¢.4987_5193del207 IF | mca 88 ojlolofoflofo
A17_20 €.4987_5277del291 IF | mca 0 ojloflofoflofo
A18 ¢.5075_5152del78 F |ca 0 1{1]{0foo]o
A18_19 ¢.5075_5193del119 FS | mca 0 ololofoflofo
A18_20 ¢.5075_5277del203 FS | mca 0 ololofoflofo
¥ 143 bp int 19 :fg;ﬁ;ﬁ?—m 94- Fs |cv 132 | 0o |20 | o | o |381 [324 [138 [573 | 0 |431 |o|o|o|o| o0 |0
¥ 146 bp int 19 ﬁg;;ﬁ'sﬁ?ﬂ%' Fs |cv 373 | 197 | 80 | 101 [ 653 | 40 | 0 |289 | 32 | 19 |421 (o |0 |0 0|0 |0
A20 .5194_5277del84 F |ca 0 |481 [191 |07 | o [eo [ o PEE] o [ o [ o [1]1[1]o]0]o
A21 ¢.5278_5332del55 FS |ca 376 || 195 | 22 1[1]1]o]P o0
A21_22 ¢.5278_5406del129 IF | mca 549 | o [ o | oo |1]1]1]o]lP]|o
¥ 129 bpint21 | ¢.5332+873_5332+1001ins129 Fs |cv 618 | 400 | 432 (342 (657 [0 [0 [0 |0 [ 0 [0
¥ 119bpint21 | c.5333-706_5333-588ins119 Fs |cvw 52 [179 | 11 | 45 (318 [ oo |0 0|0 |0
A22 ¢.5333_5406del74 FS |ca 4739) 16451 [1585] 14590 30641 44051 11919 [7872] 1lp[1]o]P o
23a ¢.5407-9_5407-1ins9 IF |sasw 44 |66 | 10 | 0 |39 |35 [168 | 55 |68 [ 74 | 0 [o|o|ofo]| o]0
A23 ¢.5407_5467del61 FS |ca 263 613 o [ o | o | oo |lo|o|lo|lof1][1]{1]o]lo]o
Sum of identified variants in each sample (mPCR pool) 54 71 56 46 51 64 49 48 50 40 41

Number of identified variants in analyzed cell lines / tissue type 76 67 72 54

potentially result in a translation of BRCA1 protein isoforms altering its
biological functions, as demonstrated for A14_15 and A17_19 previously
(Sevcik et al., 2012; Sevcik et al., 2013). Nine out of 11 “ubiquitous” in-
frame variants (A5; 8p; A9_10; A11; 11q; 13p; W13A; W13A, 14p; 14p)
represented known ASVs while 6q and the highly expressed 10a variant
were surprisingly not scored previously. The remaining four of the 25
in-frame variants (A3_5; A9_11; A14_15; 23a) were detected in most of
the analyzed samples. Interestingly, A17_19 was detected in the cell
lines and mammary tissue samples of BRCAI-mutation carriers and BC
patients, but in no control sample.

Our approach enabled a direct quantification of 29 SDS/SAS
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variants (including 17 mixed biotypes). Twelve SDS/SAS-only biotype
variants were identified. Most of them (10 out of 12) were identified as
“ubiquitous”, and only the 16a and 23a splicing variants were not
present in some analyzed samples. Out of 17 more complex splicing
mRNA BRCA1 isoforms (mixed biotypes), only 1Aq, A2 and W13A, 14p
were “ubiquitous”, while the other variants occurred rather rarely
(Supplementary Table S6). Besides the 11q splicing variant, which lacks
3,309 bp from exon 11 and its identification was done with a specific
forward primer, the other 28 relatively short indels were co-amplified
stoichiometrically alongside the corresponding canonical splicing var-
iant (Fig. 1H) and therefore we were able to quantify their relative
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Fig. 2. Qualitative description of the presence of 94 identified BRCA1 ASVs (red letters indicate in-frame variants) in analyzed cDNA sample pools (colour bars). The grey-scale graph
(upper part) shows the mean expression (in normalized reads per 10° reads) in human tissues (black) and cell line samples (grey). Red asterisks indicate ubiquitous variants (Table 1);

blue asterisks indicate variants with low expression (< 10% normalized reads averaged in both tissue and cell samples).
*Mix of cDNAs from EM-G3, HeLa, and MDA-MB-231 cell lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

expression (compared with other existing variants in the particular
exon-exon junction including wt transcript) directly from sequencing
reads.

To test biological reproducibility, we compared the presence of
BRCA1 ASVs in two independently analyzed sets of control samples,
each consisting of leukocytes, mammary tissue and adipose tissue cDNA
sample pools from eight individuals (Fig. 3A). Altogether, 74/94 BRC-
Al ASVs were identified in at least one tissue control sample, while 20/
94 were not present in any of them. Thirty-five variants (Fig. 3B) were
consistently present (or absent — A17_20 in leukocytes and adipose
tissue, 11A3240 in mammary and adipose tissue, and A20 in adipose
tissue) in the analyzed tissue type biological replicate. These 35 var-
iants included the majority of “ubiquitous” ASVs as they were detected
with high mean coverage per variant and sample (371 and 1496 in
absolute and normalized sequencing reads, respectively). The re-
maining 39 variants (shown in Fig. 3C), discordantly expressed in
paired biological replicates, represented low expressed events with low
mean coverage per variant and sample (11 and 41 in absolute and
normalized sequencing reads, respectively). The differences in se-
quencing coverage between 35 consistently present and 39 discordantly
expressed variants are shown in Fig. 3D.

4. Discussion

An accurate description of ‘naturally occurring’” ASVs is a pre-
requisite to understanding their biological significance. RNA-sequen-
cing (RNA-seq) of human RNA samples revealed that 90% of multi-exon
genes undergo alternative splicing (Wang et al., 2015). While RNA-seq
represents a superior tool for qualitative and quantitative transcriptome
analyses, including ASV identification (Byron et al., 2016), it is un-
suitable for small-scale projects targeting a few or a single gene.
Moreover, RNA-seq analyses of low expressed transcripts require the
sequencing of up to 100 million mapped reads and sophisticated
bioinformatics instruments (Wang et al., 2015; Conesa et al., 2016).

A pioneering systematic description of BRCA1 ASVs was made by
Orban and Olah (2003) who reviewed 23 BRCA1 ASVs known in 2003.
Recently, Colombo et al. (2014) identified 63 BRCA1 ASVs by an ana-
lysis of 38 blood-derived samples and one healthy breast tissue sample.
Subsequently, Romero et al. (2015) revealed 54 BRCA1 ASVs in an
analysis of 70 breast tumor samples, four breast samples from healthy
individuals and 72 blood-derived samples. Two later studies described
the characterization of BRCA1 ASVs by capillary electrophoresis, which
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required further cloning or sequencing of fragments containing splice
junction events in order to identify the presented peaks. However, only
the in silico imputation has been used to explain the peak pattern ob-
served in capillary electrophoresis for a subset of events (Colombo
et al., 2014).

Overall, 42 out of 94 BRCA1 splicing events described by our ap-
proach had not been identified in previous studies (Supplementary
Table S5) which we used to compare the obtained results (Colombo
et al., 2014; Romero et al., 2015; Orban & Olah, 2003).

The most common biotypes identified in our study (59/94; 63%
variants) were cassette and multicassette ASVs (Supplementary Table
S5). We found 27 cassette ASVs that included all 17 variants described
in Colombo's study and 10 novel variants (eight intron exonizations, A6
and A8). Of 32 multicassette biotype ASVs ascertained in our study, 16
were described previously. We did not detect four multicassette ASVs
(A14.18; A14.19; A21_23; A22 23) reported by Colombo's study as
minor variants.

The second most frequent biotype variants were SDS/SAS (12/94;
13% variants). Besides nine described by Colombo et al. (2014), we
found another four variants containing the exonizations of adjacent
intronic regions (“ubiquitous” in-frame 6q and 10a, rare in-frame 23a,
and a frameshift 16a) in all analyzed patient tissue types.

We found three large intronizations affecting exon 11, including two
described by Colombo et al. (2014) previously, and the sparsely ex-
pressed frameshift variant 11A3094. We did not target terminal mod-
ifications involving the alternative exon 1B and IRIS in our analysis.

Furthermore, we recorded 20 mixed biotype variants including two
“ubiquitous” (1Aq, A2 and W13A, 14p). Nine mixed biotype variants
were described previously and 11 rare were novel. We did not find six
variants detected in Colombo's study, including three variants with
untested alternative exon 1B, and another three (1Aq, 2p; 1Aq, A2_3,
W 4; and A10_13p) previously described as minor.

The most complex SAS/SDS events affected the non-coding 5 un-
translated region (at the exon 1A-2 junction). The 1Aa variant con-
taining an insertion of 89 nucleotides prevailed in cell line samples. The
dominant variant in all analyzed tissue samples was wt exon 1A ac-
companied by the shortened variant exon 1Aq (in approximately one-
third of all mapped reads). The expression of three other SAS variants
8p; 14p; 13p (lacking the CAG nucleotides at the 5’-end of an exon) was
~10% of all sequencing reads in most of the analyzed samples. These
variants rank among the NAGNAG tandem acceptors, a common kind of
ASVs resulting in single amino acid exclusion (Sinha et al., 2009). The
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Fig. 3. The reproducibility test of the method in biological replicates involved an analysis of independent cDNAs from three types of tissue obtained from 16 control individuals. Panel A
(adjusted from Fig. 1C) shows the arrangement of experiments #1 and #2, each consisting of NGS analyses from leukocytes, mammary tissue, and adipose tissue proceeded and
sequenced independently by a pipeline described in the Method section. Graphs B and C compare the numbers of normalized sequencing reads (in log scale) for BRCA1 ASVs (listed in
Supplementary Table 4) expressed in leukocytes, mammary and adipose tissues in two independent sets (Experiment #1 and #2) of control samples obtained from 16 individuals. The
samples from control individuals 1-8 were analyzed in Experiment #1 (green bars), while the samples from control individuals 9-16 were analyzed in Experiment #2 (violet bars). Panel
B shows the expression of 35 fully reproducible ASVs that gave concordant results in all analyzed biological duplicates. Panel C shows the expression of 39 non-fully reproducible ASVs
that gave discordant results in at least one biological duplicate. The expressions of 35 fully reproducible ASVs were substantially higher than the expression of 39 non-fully reproducible
ASVs as shown in panel D. The box plot charts show the values of sequencing normalized coverage (in log10 scale) for 35 fully reproducible ASVs (shown in B) and 39 non-fully
reproducible ASVs (shown in C) in the analyzed tissues. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

other variants were minor or rare, with the exception of five ASVs (10a;
16a; 1Aq, A2; A13, 14p; and W13A, 14p) expressed with a higher
proportion in cell line samples.

The presented approach showed satisfactory reproducibility docu-
mented at the level of mPCR amplification (Fig. 1E and G) and also in
the analysis of biological replicates from two sets of tissue samples from
control individuals (Fig. 3). We suppose that discrepancies in the de-
tection of individual ASVs in biological replicates resulted rather from
differentially expressed BRCA1 ASVs in the individual RNA samples
(mixed in the mPCR pools) than from analytical variability, because
reproducibility was strongly positively correlated with the level of
variant expression (i.e. coverage; Fig. 3D). Our analysis, performed in
native tissues and cells (with unmodified nonsense-mediated decay
pathway), revealed 48 frame-shift variants. However, their ratio to in-
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frame variants was strongly reduced in the subset of “ubiquitous”
variants (48/25 in the entire set of BRCA1 ASVs and 13/11 in “ubi-
quitous” variants). It has to be noted that BRCA1 mRNA is expressed at
low levels, a few tenths of copies per cell in MCF7 cells (Lee et al.,
2014). Many of newly identified ASVs were represented by a low
number of reads (Fig. 2), indicating that they were probably expressed
in a few copies per cell or present only in a subset of cDNA samples in
the analyzed cDNA pool. We suppose that at least some of them may
represent stochastic noise determining the number of alternative iso-
forms and their abundance (Melamud & Moult, 2009).

Deletions in isoform 1 (NM_007294.3) are the most frequently de-
scribed BRCA1 ASVs. The longest well described ASV intron exoniza-
tion is W4 (116 bp from intron 3). The predicted length of PCR am-
plicon covering W4 was 263 bp in our analysis, while the shortest
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predicted amplicons (covering variants A8_17; 11q, A12_17; A13_17;
A17; A19_21) were 60 bp long. Therefore, the setup of mPCR and the
size-selection protocol were targeted to enrich amplicons with mean
fragment length of 100-150 bp in order to disclose majority of putative
ASVs. We were able to identify splicing events covered by PCR frag-
ments ranging between 60 and 287 bp. One of the shortest identified
amplicons was “ubiquitous” variant A17, while the variant 11A3094
was characterized from PCR product of 287 bp (the above mentioned
variant W4, identified from 263 bp amplicon, occurred as “ubiqui-
tous”). These findings indicate the range of amplicon lengths
(60-263 bp) which can be analyzed under defined conditions.

In conclusion, the mPCR/NGS approach enables direct identifica-
tion of all biotype classes of splicing events, including mixed biotypes
containing exonizations of flanking intronic sequences. The analysis of
BRCA1 mRNA revealed the broadest spectrum of its splicing variants,
including their distribution in the analyzed human tissue and cell line
samples. Similar to most other methods (including recent RNA-seq
analyses), the analysis is not able to identify possible combinations of
splicing events affecting both 5 and 3’ portions of the large BRCA1
transcripts. We are also aware that our approach could miss large deep
intronic exonizations (substantially exceeding the targeted PCR ampli-
fication and/or range of size selection). We would like to emphasize
that the described method can be easily adopted for an analysis of any
gene of interest in order to identify its ASVs, not only in human sam-
ples. Additionally, we suppose that our approach may represent an
interesting option for the functional classification of VUS introducing
aberrant splicing with modified protocol using individual (instead of
pooled) cDNA template for mPCR step (limited to the region of in-
terest).
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