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STRESZCZENIE 

5 do 10% przypadków nowotworów piersi ma postać dziedziczną i ulega agregacji w 

rodzinie. Dziedziczne raki piersi są zwykle diagnozowane w młodszym wieku i często 

współwystępują w rodzinach z rakiem jajnika. Prowadzone dotąd badania doprowadziły do 

identyfikacji szeregu genów/loci, których mutacje związane są z predyspozycją do raka piersi, 

w tym genów BRCA1 i BRCA2, których mutacje tłumaczą 16-40% rodzinnych przypadków 

raków piersi. Niemniej jednak, znaczna część czynników predysponujących do raka piersi 

(~50%) jest wciąż nieznana. Wśród genów-kandydatów wymienia się geny BARD1 i 

APOBEC3B. W ostatnim czasie zasugerowano, że duże mutacje/zmiany liczby kopii 

odcinków DNA (CNV, ang. copy number variants) występujące w genach BARD1 i 

APOBEC3B (jak również innych genach-kandydatach) mogą pełnić ważną rolę w 

dziedzicznej predyspozycji do nowotworów piersi i/lub jajnika.    

Celem badań podjętych w ramach niniejszej pracy doktorskiej było pogłębienie wiedzy na 

temat czynników genetycznych związanych z predyspozycją do raka piersi, ze szczególnym 

uwzględnieniem dużych mutacji/CNV jako czynnika ryzyka. 

W ramach niniejszej rozprawy opracowano strategię zależnej od ligacji multipleksowej 

amplifikacji sond (MLPA, ang. Multiplex Ligation-dependant Probe Amplification) do 

genotypowania dużych mutacji/CNV, którą następnie wykorzystano w analizie dużych 

mutacji w genie BARD1, która została przeprowadzona w dużej grupie kobiet z rakiem piersi 

i/lub jajnika (>800 próbek DNA). Wyniki otrzymane w powyższej analizie pozwoliły 

wykluczyć sugerowany wcześniej znaczący udział dużych mutacji w genie BARD1 w 

predyspozycji do raka piersi i/lub jajnika. Szeroko zakrojona skala analizy, jak również 

wysoka jakość otrzymanych wyników, pozwoliła jednak zidentyfikować 7 mutacji 

punktowych genu BARD1, których potencjalne znaczenie funkcjonalne eksplorowano z 

użyciem narzędzi in silico.  

W ramach kolejnego projektu, przeprowadzono analizę struktury i funkcji delecji genu 

APOBEC3B oraz podjęto próbę określenia jej udziału w predyspozycji do raka piersi w 

populacji europejskiej. Analiza pozwoliła określić dokładną strukturę delecji APOBEC3B i 

potwierdzić jej homogenność. Po raz pierwszy wykazała również wpływ delecji APOBEC3B 

na ekspresję wszystkich objętych przez nią genów, w tym genu hybrydowego 

APOBEC3A/APOBEC3B. Analiza asocjacji przeprowadzona w trzech niezależnych panelach 

próbek DNA (łącznie >6000 próbek) wykazała brak związku delecji APOBEC3B z 

predyspozycją do raka piersi w populacji europejskiej, co zostało dodatkowo potwierdzone w 

przeprowadzonej meta-analizie.  

Dodatkowym wynikiem badań prowadzonych w ramach niniejszej pracy doktorskiej było 

opracowanie szeregu testów analitycznych, które mogą zostać wykorzystane w dalszych 

analizach. Wśród opracowanych testów/strategii jest oparty na MLPA test MTTE (ang. 

Multipoint Test for Targeted-enrichment Efficiency), służący do walidacji bibliotek DNA 

przygotowanych do sekwencjonowania eksomu na platformie NGS (WES, ang. whole exome 

sequencing). 

Wyniki prezentowane w niniejszej rozprawie doktorskiej zostały opublikowane w pięciu 

recenzowanych artykułach eksperymentalnych. Zagadnienia dotyczące genetycznych 

czynników warunkujących występowanie rodzinnej postaci raka piersi i/lub jajnika oraz 

doniesienia naukowe na temat genów-kandydatów o sugerowanym udziale w predyspozycji 

do raka piersi, zgromadzone w wyniku przeglądu dostępnej literatury, zostały podsumowane 

w pracy przeglądowej, która również wchodzi w skład niniejszej rozprawy doktorskiej.  



 

 

 
 

SUMMARY 

Five to ten percent of all breast cancer cases are inherited and consequently aggregate in 

families. Hereditary breast cancer, on average, is diagnosed at a young age and often co-

occurs in the family with ovarian cancer. Genetic studies led to the identification of different 

genes/loci predisposing to breast cancer, including BRCA1 and BRCA2. It is estimated that 

germline mutations affecting BRCA1 and BRCA2 genes explain 16-40% of all familial breast 

cancer cases. It has to be noted, however, that a significant fraction of genetic factors 

predisposing to breast cancer (~50%) is still unknown. BARD1 and APOBEC3B are among 

candidate genes, potentially associated with breast cancer predisposition. Recently, it was 

suggested that large mutations/copy number variants (CNV) in BARD1 and APOBEC3B (and 

other candidate genes) may have a significant contribution to the inherited breast cancer 

susceptibility. 

The aim of a study conducted within this doctoral research project was to expand the 

knowledge on genetic factors associated with breast cancer predisposition, focusing on large 

mutations/CNVs as a potential risk factor. 

Within this doctoral project, Multiplex Ligation-dependant Probe Amplification (MLPA) 

strategy for large mutations/CNV genotyping was developed and subsequently utilized in an 

analysis of large mutations in the BARD1 gene conducted in a large group of women with 

breast and/or ovarian cancer (>800 DNA samples). The obtained results allowed to exclude a 

significant role of large mutations in BARD1 in breast and/or ovarian cancer predisposition. 

However, a large scale of the analysis and high quality of the obtained results allowed to 

identify seven point mutations in the BARD1 gene. Functional significance of the identified 

mutations was tested using different in silico tools.  

Further analyses were focused on a deletion of the APOBEC3B gene. The APOBEC3B 

deletion study was performed to determine its structure and function as well as to assess its 

potential association with breast cancer in the European population. The analysis allowed to 

determine the exact structure of the APOBEC3B deletion and to confirm its homogenous 

character. For the first time, it allowed to observe an association between the deletion and 

expression of all genes affected by the deletion, including the hybrid 

APOBEC3A/APOBEC3B gene. An association analysis performed in three independent 

panels of DNA samples (in total >6000 DNA samples) revealed lack of the association of the 

APOBEC3B deletion with breast cancer in the European population, which was additionally 

confirmed by the subsequently performed meta-analysis.  

Development of various molecular assays, including an MLPA-based Multipoint Test for 

Targeted-enrichment Efficiency (MTTE) which can be used for the evaluation of 

targeted/exome enrichment efficiency in DNA libraries prepared for exome sequencing in 

NGS platform, was an additional result of the doctoral project. All molecular assays are 

available to the scientific community and can be utilized in further analyses.  

The results presented in this doctoral thesis have been published in five peer-reviewed 

experimental articles. Current knowledge on genetic factors underlying familial breast and/or 

ovarian cancer and reports on candidate breast cancer genes were collected from the available 

literature and summarized in a review article, which is also included in this doctoral thesis. 
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WPROWADZENIE 

Epidemiologia i etiologia raka piersi i jajnika 

Rak piersi jest najczęstszym nowotworem złośliwym wśród kobiet w Polsce i w innych 

krajach rozwiniętych. Rak piersi stanowi około 22% wszystkich zachorowań na nowotwory 

złośliwe u kobiet w Polsce i po raku płuca stanowi drugą co do częstości przyczynę zgonów 

(14%) związanych z chorobami nowotworowymi. Rak jajnika, który często współwystępuje 

w rodzinie z rakiem piersi, jest piątym najczęstszym nowotworem występującym u kobiet w 

Polsce (stanowi około 5% wszystkich zachorowań na nowotwory złośliwe) i stanowi jedną z 

wiodących przyczyn zgonów wśród wszystkich nowotworów (wg raportu Krajowego 

Rejestru Nowotworów 2014, www.onkologia.org.pl). W ostatnich latach w Polsce corocznie 

rozpoznaje się kilkanaście tysięcy nowych przypadków raka piersi i kilka tysięcy raków 

jajnika (21036 przypadków zachorowań wg raportu Krajowego Rejestru Nowotworów 2015, 

www.onkologia.org.pl).  

Rak piersi jest chorobą niejednorodną i jego poszczególne podtypy różnią się szeregiem cech 

histologicznych i molekularnych, których identyfikacja pozwala ocenić właściwości kliniczne 

nowotworu (w tym ich stopień złośliwości i potencjał przerzutowania) i ma duże znaczenie w 

doborze optymalnego postępowania terapeutycznego. Według ogólnie przyjętej klasyfikacji 

zaproponowanej przez Światową Organizację Zdrowia (WHO, ang. World Health 

Organization), raki piersi można podzielić na (i) raki nienaciekające (in situ/przedinwazyjne, 

nie dające przerzutów) oraz (ii) raki naciekające (inwazyjne, posiadające zdolność 

przerzutowania). W obu kategoriach można wyróżnić (i) raki przewodowe [rak przewodowy 

nienaciekający (DCIS, ang. ductal cancer in situ) i naciekający (ang. infiltrating ductal 

carcinoma)] i (ii) zrazikowe [rak zrazikowy nienaciekający (LCIS, ang. lobular cancer in 

situ) i naciekający (ang. infiltrating lobular carcinoma)]. Raki przewodowe naciekające 

stanowią 70-80% wszystkich diagnozowanych inwazyjnych raków piersi i na podstawie 

obrazu mikroskopowego dzieli się je na raki o różnym stopniu dojrzałości 

histopatologicznej/zróżnicowaniu (stopnie G1-G3). Niezależnej klasyfikacji raków piersi 

dokonano na podstawie wyników uzyskanych w analizach mikromacierzowych, które 

doprowadziły do identyfikacji kilku typów raków piersi o odrębnych cechach molekularnych 

i określonych, towarzyszących cechach histologicznych. Klasyfikacji tej dokonuje się między 

innymi na podstawie poziomu ekspresji/statusu receptorów estrogenowych (ER) i 

progesteronowych (PR) oraz receptora HER2 z rodziny receptorów nabłonkowego czynnika 

wzrostu (Perou, 2000; Malhotra, 2010).  
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Do tej pory nie stworzono uniwersalnego modelu wyjaśniającego patomechanizm raka piersi. 

Zaobserwowano jednak, że istnieje szereg czynników środowiskowych i genetycznych, 

których występowanie i wzajemne oddziaływanie może modyfikować ryzyko wystąpienia 

raka piersi. Do najistotniejszych czynników predysponujących do raka piersi należą wiek 

(>50) oraz wydłużona ekspozycja na estrogeny i progesteron, warunkowana wczesnym 

wiekiem pierwszej miesiączki i późnym wiekiem menopauzy (Hankinson, 2004; Lux, 2006). 

Długotrwałe przyjmowanie doustnej antykoncepcji hormonalnej, szczególnie przed 25 rokiem 

życia (Kotsopoulos, 2014), również znacząco podwyższa ryzyko raka piersi, w szczególności 

u nosicielek mutacji w genie BRCA1 (Narod, 2002) oraz u kobiet z rodzin z agregacją 

przypadków raka piersi (Grabrick, 2000). Hormonalne środki antykoncepcyjne mogą mieć 

jednak pozytywny wpływ na zmniejszenie ryzyka raka jajnika (Narod, 1998; McLaughlin, 

2007). Wykazano również związek pomiędzy nadmiernym spożywaniem tłuszczy i nadwagą 

oraz spożyciem alkoholu a zwiększonym ryzykiem raka piersi (Hankinson, 2004; Lux, 2006). 

Agregacja przypadków raka piersi i/lub jajnika w rodzinie, w szczególności ta występująca 

wśród krewnych pierwszego stopnia, jest również ważnym czynnikiem ryzyka raka piersi. 

Wskazuje to na istotną rolę podłoża genetycznego jako czynnika determinującego 

występowanie raka piersi.  

Agregacja nowotworów w rodzinie i zespoły dziedzicznej predyspozycji do nowotworów 

Znaczna większość przypadków chorób nowotworowych ma charakter sporadyczny. 

Nowotwór sporadyczny jest chorobą o złożonej etiologii. Rozwój nowotworów 

sporadycznych wynika z ekspozycji na czynniki środowiskowe, stylu życia i/lub kombinacji 

czynników genetycznych o niskiej penetracji. Frakcja niektórych typów nowotworów 

(między innymi raka piersi, jajnika i jelita grubego) występuje w postaci rodzinnych 

agregacji, tj. obserwowana jest u blisko spokrewnionych osób z częstością znacznie większą 

niż częstość występowania tych nowotworów w populacji ogólnej. Nowotwory dziedziczne, 

które podlegają agregacji w rodzinie, stanowią zazwyczaj od kilku do kilkunastu procent 

wszystkich przypadków określonych typów nowotworów. Rodzinne agregacje nowotworów 

są zazwyczaj warunkowane występowaniem pojedynczych mutacji
*
 utraty funkcji (ang. loss-

of-function) w specyficznym genie supresorowym. Mutacje w określonych genach 

supresorowych związane są z predyspozycją do określonego typu choroby nowotworowej lub 

                                                           
* Pojęcia mutacji, wariantu sekwencji i polimorfizmu genetycznego często definiowane są niejednoznacznie. Najczęściej 

definiuje się je w oparciu o arbitralne kryteria podziału, takie jak częstość występowania czy funkcja badanej zmiany na 

poziomie molekularnym, komórkowym lub klinicznym. W niniejszej pracy pojęcie mutacji będzie używane do określenia 

funkcjonalnych (zaburzających funkcję genu) lub potencjalnie funkcjonalnych zmian sekwencji obserwowanych w genach 

związanych z predyspozycją do nowotworów lub genach-kandydatach. W pozostałych przypadkach zostanie zastosowane 

pojęcie wariantu sekwencji lub polimorfizmu. 
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określonej grupy nowotworów. Do tej pory zidentyfikowano szereg genów, których mutacje 

związane są z występowaniem najczęstszych typów rodzinnych agregacji nowotworów, w 

tym gen APC związany z rodzinną polipowatością gruczolakowatą jelita grubego (FAP, ang. 

familial adenomatous polyposis) czy geny BRCA1 i BRCA2 związane z rodzinnymi 

agregacjami raka piersi i/lub jajnika. Identyfikacja tych genów jest niezwykle ważna w 

kontekście zrozumienia patomechanizmu agregacji nowotworów w rodzinie oraz odgrywa 

kluczową rolę w diagnostyce tych chorób. Nadal jednak nie rozpoznano znacznej części 

genów, których mutacje warunkują występowanie rodzinnej postaci nowotworów. W 

większości przypadków, nowotwory podlegające agregacji w rodzinie są dziedziczone w 

sposób autosomalny dominujący o niepełnej penetracji i ich rozwój warunkowany jest przez 

transmisję specyficznej mutacji w linii germinalnej. Ryzyko rozwoju nowotworu 

dziedzicznego może być jednak modyfikowane przez styl życia oraz czynniki środowiskowe, 

a także inne czynniki genetyczne obserwowane u danej osoby. Najczęściej obserwowane typy 

zespołów dziedzicznych, wraz z genami których mutacje odpowiedzialne są za występowanie 

określonych typów nowotworów, są wymienione w Table 1 zamieszczonej w pracy 

przeglądowej (Klonowska, 2014), która wchodzi w skład niniejszej rozprawy doktorskiej. 

Podłoże genetyczne dziedzicznego raka piersi i jajnika 

Na podstawie analizy zgodności zachorowań wśród bliźniaków mono- i dizygotycznych 

oszacowano, iż wskaźnik odziedziczalności (h
2
) raka piersi wynosi ~0.3, a raka jajnika ~0.2 

[np. (Lichtenstein, 2000)]. Około 5 do 10% przypadków nowotworów piersi ma postać 

dziedziczną i ulega agregacji w rodzinie. Dziedziczne raki piersi są zwykle diagnozowane w 

młodszym wieku i często współwystępują w rodzinach z rakiem jajnika.  

Prowadzone dotąd badania genetyczne doprowadziły do identyfikacji szeregu genów/loci, 

których mutacje związane są z predyspozycją do raka piersi. Biorąc pod uwagę częstość 

występowania mutacji oraz miarę warunkowanego ryzyka raka piersi, dzieli się je na trzy 

główne grupy. 

(i) Pierwsza grupa obejmuje geny o wysokiej penetracji, których mutacje występują rzadko (u 

<<1% kobiet w populacji ogólnej) i są związane z wysokim ryzykiem wystąpienia raka piersi 

i/lub jajnika. Według ogólnie przyjętych kryteriów (Foulkes, 2008; Easton, 2015; Couch, 

2017), mianem genu wysokiego ryzyka określa się gen, którego mutacja warunkuje ryzyko 

raka piersi co najmniej 4-5 krotnie wyższe niż ryzyko raka piersi obserwowane w populacji 

ogólnej. Mutacje w genach wysokiego ryzyka są związane z występowaniem rzadkich 

rodzinnych zespołów dziedzicznych predysponujących do nowotworów złośliwych, w tym 
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raka piersi. Mutacje genów BRCA1 i BRCA2 stanowią najczęstszą przyczynę występowania 

zespołów dziedzicznego raka piersi specyficznego narządowo (HBC, ang. hereditary breast 

cancer – site specific syndrome), dziedzicznego raka piersi-jajnika (HBOC, ang. hereditary 

breast – ovarian cancer syndrome) oraz dziedzicznego raka jajnika specyficznego narządowo 

(HOC, ang. hereditary ovarian cancer – site specific syndrome). Mutacje germinalne w 

genach BRCA1 i BRCA2 wiążą się z ryzykiem wystąpienia raka piersi w zakresie 40-90% 

oraz ryzykiem wystąpienia raka jajnika w zakresie 20%-50% (Ford, 1994; Antoniou, 2003; 

King, 2003; Chen, 2007) i tłumaczą 16-40% rodzinnych przypadków raków piersi. Mutacje w 

genach TP53, CDH1, PTEN, i STK11 oraz genach MSH6, MSH2, PMS2 i MLH1 

zaangażowanych w ścieżkę naprawy niesparowanych zasad (MMR, ang. mismatch repair) 

stanowią sumarycznie przyczynę <1% rodzinnych agregacji nowotworów piersi (Thompson, 

2016; Slavin, 2017). Plejotropowy efekt mutacji w powyższych genach jest związany z 

występowaniem złożonych dziedzicznych zespołów nowotworowych, obejmujących różne 

typy nowotworów, w tym raka piersi [Table 1 w pracy przeglądowej (Klonowska, 2014)]. 

Powyższe geny klasyfikuje się jako geny wysokiego ryzyka, jednak nadal brakuje 

jednoznacznego, statystycznie przekonującego dowodu na temat ich roli w predyspozycji do 

raka piersi. Wynika to z bardzo niskiej częstości mutacji występujących w tych genach, jak 

również z faktu, że rak piersi stanowi tylko jeden z wielu typów nowotworów specyficznych 

dla poszczególnych zespołów dziedzicznych (Easton, 2015). Szeroko zakrojone analizy paneli 

genów-kandydatów (Thompson, 2016; Couch, 2017; Slavin, 2017), jak również analiza 

przeprowadzona w populacji polskiej (Cybulski, 2015a), wykazały, że mutacje genu PALB2, 

wcześniej często zaliczane do grupy umiarkowanego ryzyka, również związane są ze 

znacznym wzrostem ryzyka raka piersi (penetracja w zakresie 30-60%) (Antoniou, 2014; 

Couch, 2017) i jajnika (Norquist, 2016), i są odpowiedzialne za ~1% rodzinnych agregacji 

raka piersi (Thompson, 2016; Couch, 2017; Slavin, 2017). W 2015 roku dwie niezależne 

grupy badawcze (Cybulski, 2015b; Sun, 2015) przeprowadziły badania obejmujące analizę 

asocjacji genu RECQL z predyspozycją do raka piersi. Analiza asocjacji przeprowadzona w 

trzech różnych populacjach [polskiej i kanadyjskiej (Cybulski, 2015b) oraz chińskiej (Sun, 

2015)], wykazała silny związek mutacji w genie RECQL z predyspozycją do raka piersi (5-30 

krotny wzrost ryzyka raka piersi), zarówno w grupie pacjentek z nieselekcjonowanym rakiem 

piersi jak i wśród kobiet z agregacją raka piersi w rodzinie. 

(ii) Druga grupa czynników predysponujących do raka piersi obejmuje geny, których mutacje 

występują z niewielką częstością (w większości u ≤1% kobiet w populacji ogólnej) i 

prowadzą do umiarkowanego wzrostu ryzyka raka piersi i jajnika, najczęściej 2 do 4 krotnie 
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wyższego niż ryzyko obserwowane w ogólnej populacji (Foulkes, 2008; Easton, 2015). 

Wśród genów umiarkowanej penetracji często wymienia się geny kodujące białka, które wraz 

z BRCA1/BRCA2 biorą udział w szlaku odpowiedzi na uszkodzenia DNA (DDR, ang. DNA 

damage response) oraz innych szlakach supresorowych. Na podstawie wstępnych doniesień 

szacuje się, że mutacje w genach umiarkowanego ryzyka mogą determinować występowanie 

około 5% przypadków rodzinnego raka piersi. W ostatnich latach opublikowano szereg prac 

[m.in. (Pennington, 2014; Couch, 2015; Tung, 2015; Norquist, 2016; Thompson, 2016; Buys, 

2017; Couch, 2017; Kraus, 2017; Slavin, 2017)] podsumowujących wyniki analizy 

sekwencjonowania nowej generacji (NGS, ang. next generation sequencing) eksonów 

wybranych genów-kandydatów (w tym genów powszechnie zaliczanych do grupy genów o 

umiarkowanej penetracji, m.in. ATM, CHEK2, BARD1, BRIP1, NBN, RAD51C, RAD51D, 

BLM), przeprowadzonej w bardzo dużych grupach pacjentek z rakiem piersi i/lub jajnika 

(liczących 400-65000 kobiet). W ramach powyższych badań wykryto szereg funkcjonalnych 

zmian w sekwencji analizowanych genów, jednak doniesienia na temat miary 

warunkowanego przez nie efektu są często sprzeczne. Wskazuje to na potrzebę 

przeprowadzenia dodatkowych analiz, które pozwolą jednoznaczne określić związek genów o 

umiarkowanej penetracji z predyspozycją do rak piersi i/lub jajnika. 

(iii) Trzecia grupa obejmuje częste polimorfizmy (w wielu przypadkach występujące z 

częstością >5% w ogólnej populacji) o niskiej penetracji, warunkujące niewielki wzrost 

ryzyka raka piersi [iloraz szans (OR, ang. odds ratio) ~ 1,2]. Ostatnio, szeroko zakrojone 

badania przeprowadzone z wykorzystaniem analizy asocjacji w skali całego genomu (GWAS, 

ang. genome wide association study), doprowadziły do identyfikacji związku licznych (94 

loci) częstych polimorfizmów pojedynczych nukleotydów (SNP, ang. single nucleotide 

polymorphismsm) z predyspozycją do raka piersi. Szacuje się, że conajmniej 14% rodzinnych 

nowotworów piersi może wynikać z kumulatywnego efektu częstych polimorfizmów (Eccles, 

2013; Melchor, 2013; Michailidou, 2013; Michailidou, 2015).  

Podsumowując, wszystkie poznane dotąd czynniki genetyczne tłumaczą jedynie około 50% 

rozpoznanych rodzinnych raków piersi (Melchor, 2013) (Rycina 1). Zgodnie z założeniami 

poligenowej determinacji genetycznej, agregacja raka piersi i/lub jajnika w rodzinie, nie 

związana z mutacjami występującymi w genach wysokiej penetracji (w tym głównie BRCA1 i 

BRCA2), może wynikać z addytywnego efektu mutacji występujących w genach o 

umiarkowanej lub niskiej penetracji, który może być dodatkowo modyfikowany przez 

czynniki środowiskowe.  
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Rycina 1. Schematyczne przedstawienie udziału czynników genetycznych predysponujących do raka piersi (stan 
wiedzy). Wykres z lewej strony pokazuje frakcję raków piersi występujących w postaci rodzinnej agregacji. 
Wykres z prawej strony, wskazuje, że mutacje w znanych genach, tłumaczą niewiele ponad 50% rodzinnych 
raków piersi [na podstawie Fig.1, (Klonowska, 2014)]. 

Zmiany liczby kopii odcinków DNA – duże mutacje 

W ostatnim czasie zasugerowano, że zmiany liczby kopii odcinków DNA (CNV, ang. copy 

number variants) występujące w genomie człowieka mogą pełnić ważną rolę w dziedzicznej 

predyspozycji do nowotworów (Krepischi, 2012; Long, 2013; Suehiro, 2013; Walker, 2017). 

Pod względem strukturalnym, CNV można umiejscowić pomiędzy małymi zmianami 

(zwanymi mutacjami punktowymi), obejmującymi od jednego do kilkunastu nukleotydów, a 

abberacjami chromosomowymi. CNV definiowane są jako delecje lub insercje segmentów 

DNA o wielkości od kilkuset do kilku milionów par zasad. Większość insercji to duplikacje 

znanych fragmentów genomu, występujące w postaci bezpośrednich, tandemowych 

powtórzeń (Rycina 2). CNV mogą występować zarówno w formie rzadkich mutacji (często 

występujących de novo) jak i w postaci powszechnych częstych polimorfizmów, 

segregujących w populacji zgodnie z prawami Mendla oraz podlegających dystrybucji 

zgodnej z zasadą Hardy’ego-Weinberga. Częsty (>1%) polimorfizm CNV obejmuje około 

10% ludzkiego genomu (Korn, 2008; Conrad, 2010). Znane regiony CNV występują w 

obrębie wielu ważnych funkcjonalnych elementów, w tym setek genów kodujących białka. 

CNV zachodzące na geny mogą obejmować od jednego do kilku eksonów, jak również cały 

gen lub kilka genów. Delecje lub insercje fragmentów genomu występujące w genach 

związanych z chorobami o dziedziczeniu mendlowskim zalicza się do specjalnej kategorii 

germinalnych CNV, zwanych dużymi mutacjami/insercjami, które stanowią zazwyczaj od 
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kilku do kilkudziesięciu procent wszystkich mutacji obserwowanych w poszczególnych 

genach, (np. DMD, NF1, TSC2) (White, 2006; Wimmer, 2006; Kozlowski, 2007). Duże 

mutacje występują również w genach związanych z dziedzicznymi zespołami 

nowotworowymi, w tym szczególnie często w genie BRCA1 związanym z dziedzicznym 

rakiem piersi i jajnika, gdzie indukowane są przez występowanie pseudogenu warunkującego 

niealleliczną rekombinację homologiczną (NAHR, ang. non allelelic homologous 

recombination) (Puget, 2002; Hogervorst, 2003; Montagna, 2003). Duże mutacje 

identyfikowane są również w genach-kandydatach o niesprecyzowanej roli w determinacji 

dziedzicznego raka piersi. W związku z powyższym sugeruje się istotną rolę dużych mutacji 

jako czynnika warunkującego występowanie nowotworów piersi, w tym frakcji rodzinnych 

raków piersi, których nie tłumaczą dotychczas poznane czynniki genetyczne (Frank, 2007; 

Sabatier, 2010; Krepischi, 2012; Long, 2013; Suehiro, 2013; Masson, 2014; Klonowska, 

2017; Walker, 2017).  

 

Rycina 2. Najczęściej obserwowane rodzaje CNV (dużych mutacji) występujących w genach. Niebieski element 
oznacza hipotetyczny gen. 

Geny potencjalnie związane z predyspozycją do raka piersi – BARD1 i APOBEC3B 

Istnieją obserwacje wskazujące, że geny kodujące białka, które wraz z BRCA1/BRCA2 biorą 

udział w szlaku odpowiedzi na uszkodzenia DNA oraz innych szlakach supresorowych mogą 

warunkować występowanie pewnej frakcji nowotworów piersi (Walsh, 2007; Foulkes, 2008). 

Gen BARD1 (ang. BRCA1 associated RING domain 1) zaliczany jest do grupy genów- 
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kandydatów potencjalnie predysponujących do raka piersi. Gen BARD1 jest zlokalizowany na 

długim ramieniu chromosomu 2 (2q34-35) i obejmuje 11 eksonów, kodujących białko o 

długości 777 aminokwasów, które wykazuje zarówno strukturalne jak i funkcjonalne 

podobieństwo do białka BRCA1. Oba białka posiadają domeny BRCT (ang. BRCA1 carboxy 

terminal) oraz domenę RING z motywem palca cynkowego. Domena ta umożliwia tworzenie 

heterodimeru BARD1/BRCA1, który stabilizuje oba białka i umożliwia BRCA1 pełnienie 

funkcji supresorowych (Wu, 1996). Wykazano, że mutacje zmiany sensu występujące w 

obrębie sekwencji kodującej domenę RING białka BRCA1 [m.in. c.181T>G (p.Cys61Gly)], 

zaburzające tworzenie i funkcję supresorową heterodimeru BARD1/BRCA1, są związane z 

wysokim ryzykiem raka piersi (Brzovic, 2001; Hashizume, 2001; Ruffner, 2001). Białko 

BARD1 odpowiedzialne jest również za szereg innych ważnych procesów w komórce, w 

których bierze udział niezależnie od BRCA1. Między innymi jest zaangażowane w proces 

indukcji apoptozy, który zachodzi za pośrednictwem interakcji BARD1-p53 (Irminger-Finger, 

2001). 

Analiza molekularna pacjentek z rakiem piersi i/lub jajnika, u których wykluczono 

występowanie mutacji w genach BRCA1/2, doprowadziła do identyfikacji różnych wariantów 

sekwencji genu BARD1. Wśród zidentyfikowanych wariantów można wyróżnić szereg 

funkcjonalnych i potencjalnie funkcjonalnych mutacji punktowych prowadzących do 

przedwczesnej terminacji translacji, zaburzeń struktury/funkcji białka lub alternatywnego 

procesu składania transkryptu (ang. splicing) [np. (Karppinen, 2004; De Brakeleer, 2010; 

Sabatier, 2010; Ratajska, 2012)] (Rycina 3).  

Niemniej jednak, wciąż brakuje jednoznacznych, statystycznie przekonujących dowodów na 

rolę genu BARD1 jako genu determinującego genetyczną predyspozycję do raka piersi. Wśród 

ograniczeń dotychczas przeprowadzonych analiz można wymienić (i) stosunkowo niewielkie 

grupy analizowanych pacjentów (w większości przypadków obejmujące 100-300 osób), a 

także (ii) prowadzenie badań w stosunkowo niewielkich rodzinach, uniemożliwiających 

wykazanie jednoznacznej (istotnej statystycznie) segregacji mutacji z chorobą. 

W ostatnim czasie zasugerowano, że duże mutacje/delecje w genie BARD1 (jak również w 

innych genach-kandydatach) mogą mieć znaczący udział w predyspozycji do raka piersi i w 

szeregu artykułów dyskutuje się potrzebę przeprowadzenia ich systematycznej analizy w 

odpowiednio dużej, reprezentatywnej grupie kobiet (Sabatier, 2010; Krepischi, 2012; Suehiro, 

2013). 
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Rycina 3. Mapa mutacji w genie BARD1 zidentyfikowanych u kobiet z rakiem piersi i/lub jajnika, w ramach 

następujących projektów/publikacji: 

1
Susswein i wsp., Genet Med, 2016 

2
Castera i wsp., Eur J Hum Genet, 2014 

3
Hamameh i wsp., Int J Cancer, 

2017 
4
Hamameh i wsp., Int J Cancer, 2017 

5
Tung i wsp., Cancer, 2015 

6
Gonzalez-Rivera i wsp., Breast Cancer 

Res Treat, 2016 
7
Schoolmeester i wsp., Hum Pathol, 2017; Susswein i wsp., Genet Med, 2016 

8
Ramus i wsp., J 

Natl Cancer Inst, 2015; Susswein i wsp., Genet Med, 2016 
9
Ramus i wsp., J Natl Cancer Inst, 2015; Thompson i 

wsp., J Clin Oncol, 2016; Li i wsp., J Med Genet, 2016 
10

Couch i wsp., J Clin Oncol, 2015 
11

Couch i wsp., J Clin 
Oncol, 2015 

12
Tung i wsp., Cancer, 2015; Desmond i wsp., Jama Oncol, 2015; DeLeonardis, Breast J, 2017 

13
Ratajska i wsp., Br Can Res Treat, 2012 

14
Ratajska i wsp., Oncol Rep, 2015 

15
Ng i wsp., Clin Genet, 2016 

16
Couch i wsp., J Clin Oncol, 2015 

17
De Brakeleer i wsp., Hum Mutat, 2010 

18
Gonzalez-Rivera i wsp., Breast 

Cancer Res Treat, 2016 
19

Thompson i wsp., J Clin Oncol, 2016; Churpek i wsp., Br Can Res Treat, 2015; 
Maxwell i wsp., Genet Med., 2015; Tung i wsp., Cancer, 2015; Li i wsp., J Med Genet, 2016 

20
Thai i wsp., Hum 

Mol Genet, 1998; Ghimenti i wsp., Genes Chromosomes Cancer, 2002; Karpinnen i wsp., J Med Genet, 2004; 
Vahteristo i wsp., Eur J Hum Genet, 2006; Gorringe i wsp., Br Can Res Treat, 2008; Guenard i wsp., J Hum 
Genet, 2009; De Brakeleer i wsp., Hum Mutat, 2010; Walsh i wsp., Proc Natl Acad Sci U S A, 2011; Ratajska i 
wsp., Br Can Res Treat, 2012; Gonzalez-Hormazabal, Mol Biol Rep, 2012; De Brakeleer i wsp., Clin Genet, 2016; 
Ramus i wsp., J Natl Cancer Inst, 2015 

21
Ratajska i wsp., Br Can Res Treat, 2012; Ratajska i wsp., Oncol Rep, 

2015; Klonowska i wsp., Sci Rep, 2015; Cybulski i wsp., Clin Genet, 2015; De Brakeleer i wsp., Clin Genet, 2016; 
Ramus i wsp., J Natl Cancer Inst, 2015; Susswein i wsp., Genet Med, 2016 

22
De Brakeleer i wsp., Clin Genet, 

2016; Ramus i wsp., J Natl Cancer Inst, 2015; Gass i wsp., Clin Case Rep, 2017; Feliubadalo, Sci Rep, 2017 
23

Couch i wsp., J Clin Oncol, 2015 
24

De Brakeleer i wsp., Hum Mutat, 2010; Couch i wsp., J Clin Oncol, 2015; 
Tung i wsp., Cancer, 2015; Susswein i wsp., Genet Med, 2016 

25
Thai i wsp., Hum Mol Genet, 1998; Karpinnen i 

wsp., J Med Genet, 2004; Vahteristo i wsp., Eur J Hum Genet, 2006; De Brakeleer i wsp., Hum Mutat, 2010; De 
Brakeleer i wsp., Clin Genet, 2016; Ratajska i wsp., Oncol Rep, 2015; Klonowska i wsp., Sci Rep, 2015; Ramus i 
wsp., J Natl Cancer Inst, 2015 

26
Ratajska i wsp., Br Can Res Treat, 2012; Ratajska i wsp., Oncol Rep, 2015; 

Klonowska i wsp., Sci Rep, 2015 
27

Ramus i wsp., J Natl Cancer Inst, 2015; Tung i wsp., Cancer, 2015; Susswein i 
wsp., Genet Med, 2016; Crawford i wsp., Br Can Res Treat, 2017 

28
Couch i wsp., J Clin Oncol, 2015 

29
Hamameh 

i wsp., Int J Cancer, 2017 
30

Ramus i wsp., J Natl Cancer Inst, 2015; Couch i wsp., J Clin Oncol, 2015 
31

Ng i wsp., 
Clin Genet, 2016 

32
Tung i wsp., Cancer, 2015 

33
Rouleau i wsp., Br Can Res Treat, 2012 

34
Sabatier i wsp., Genes 

Chromosomes Cancer, 2010
 

Na mapie nie pokazano wariantów sekwencji o charakterze funkcjonalnie neutralnym lub trudnym do interpretacji 

[ang. variants of unknown significance (VUS)] oraz częstych SNP związanych z nowotworami [uaktualniona 

wersja Fig.3 z pracy przeglądowej (Klonowska, 2014)]. 

Ostatnio, wśród genów-kandydatów potencjalnie związanych z występowaniem raka piersi, 

wymienia się również geny APOBEC3A i APOBEC3B, zlokalizowane na długim ramieniu 

chromosomu 22 w klastrze genów APOBEC3. Białka APOBEC3A i APOBEC3B należą do 
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rodziny AID/APOBEC obejmującej 11 deaminaz cytydyny (Rycina 4A). Białka APOBEC3A 

i APOBEC3B posiadają zdolność do modyfikacji jednoniciowego DNA (ssDNA, ang. single 

stranded DNA) i biorą udział w wielu ważnych procesach komórkowych, w tym w procesie 

wrodzonej odpowiedzi odpornościowej przeciwko retrowirusom i wirusom DNA, regulacji 

przemieszczania się transpozonów w genomie oraz pośredniej regulacji procesu metylacji 

DNA. W ostatnich latach, w licznych zespołach badawczych można zaobserwować wyraźne 

wzmożenie wysiłków zmierzających do zrozumienia funkcjonalnego znaczenia genów 

APOBEC3A i APOBEC3B. Wzrost zainteresowania genami APOBEC3A i APOBEC3B 

wynika z (i) obserwacji, że są one odpowiedzialne za generowanie specyficznych wzorów 

somatycznej hipermutacji „kataegis” w genomach nowotworowych (między innymi w 

genomie raka piersi) (Nik-Zainal, 2012; Roberts, 2012; Burns, 2013) oraz (ii) wykazania 

związku częstej CNV w klastrze genów APOBEC3 (germinalna delecja APOBEC3B) z 

predyspozycją do raka piersi (Long, 2013). 

Delecja APOBEC3B obejmuje region genomu o długości około 29.5 kpz, zlokalizowany 

pomiędzy eksonem 5 (część niekodujaca) genu APOBEC3A, a eksonem ósmym genu 

APOBEC3B i prowadzi do usunięcia całej sekwencji kodującej genu APOBEC3B. 

Sugerowano, że w wyniku delecji APOBEC3B może powstać gen hybrydowy 

APOBEC3A/APOBEC3B, zbudowany z sekwencji kodującej genu APOBEC3A (ekson 1 – 

ekson 5) i regionu nieulegającego translacji 3’ (3’UTR, ang. 3’ untranslated region) (ekson 8) 

genu APOBEC3B (Rycina 4B).  

 

Rycina 4. A) Schemat lokalizacji genów z rodziny AID/APOBEC w genomie człowieka [na podstawie Figure 1 w 
(Kitamura, 2011)]. B) Struktura delecji APOBEC3B. Eksony genów APOBEC3A oraz APOBEC3B są zaznaczone 
jako pionowe prostokąty (niebieskie w genie APOBEC3A i pomarańczowe w genie APOBEC3B). Wyższe 
prostokąty odpowiadają sekwencji kodującej, a niższe prostokąty reprezentują sekwencję UTR. Strzałki wzdłuż 
linii odpowiadającym sekwencjom intronów wskazują kierunek położenia genów [na podstawie Figure 1 w 
(Klonowska, 2017)]. 
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Częstość alleliczna delecji APOBEC3B jest wysoka w populacjach wschodniej Azji (37%), 

Ameryki Środkowej (58%) i Oceanii (93%) oraz umiarkowana i niska w populacji 

europejskiej (6%) i afrykańskiej (1%) [(Kidd, 2007), Figure 3B w (Klonowska, 2017)]. 

Istnieją wskazania, że delecja genu APOBEC3B związana jest z predyspozycją do różnych 

powszechnie występujących chorób człowieka. Asocjacja delecji APOBEC3B z 

predyspozycją do raka piersi (odpowiednio OR=1.3 i 1.8, dla delecji jednej i dwóch kopii 

genu APOBEC3B) została wykazana w szeroko zakrojonej analizie asocjacji (>5500 kobiet z 

rakiem piersi oraz >5500 kobiet z populacji kontrolnej) przeprowadzonej przez Long i 

współpracowników (Long, 2013) w populacji chińskiej. Próby potwierdzenia tej asocjacji 

przez innych badaczy (w różnych populacjach, w tym w populacji europejskiej/kaukaskiej) 

prowadziły jednak często do sprzecznych wyników (Xuan, 2013; Gohler, 2016). Należy 

również zauważyć, że analiza asocjacji delecji APOBEC3B prowadzona była w panelach 

próbek DNA pochodzących od kobiet z rakiem piersi nieselekcjonowanym pod kątem historii 

rodzinnej, co wskazuje na potrzebę rozpoznania roli delecji w agregacji raka piersi w 

rodzinie. 
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CEL PRACY 

Ogólnym celem badań podjętych w ramach mojej pracy doktorskiej było pogłębienie wiedzy 

na temat czynników genetycznych związanych z predyspozycją do raka piersi. 

Najważniejszym aspektem pracy było podjęcie próby określenia udziału dużych mutacji/CNV 

w predyspozycji do raka piersi, ze szczególnym uwzględnieniem raka piersi podlegającego 

agregacji w rodzinie. 

Powyższy cel realizowałam w ramach następujących celów szczegółowych:  

 Opracowanie i optymalizacja strategii MLPA do genotypowania dużych mutacji/CNV 

związanych z predyspozycją do powszechnie występujących chorób człowieka 

 Określenie roli dużych mutacji genu BARD1 w predyspozycji do raka piersi i/lub jajnika - 

zastosowanie opracowanej strategii MLPA do analizy dużych mutacji w genie BARD1 w 

dużej grupie kobiet (>800) z rakiem piersi i/lub jajnika  

 Analiza struktury i funkcji delecji genu APOBEC3B oraz określenie jej udziału w 

predyspozycji do raka piersi w populacji europejskiej - analiza asocjacji typu case-control 

w trzech niezależnych panelach próbek DNA (łącznie >2900 próbek DNA kobiet z rakiem 

piersi i/lub jajnika i >3600 odpowiednio dobranych próbek kontrolnych) 

Dodatkowym celem badań prowadzonych w ramach niniejszej pracy doktorskiej było 

opracowanie i zastosowanie innowacyjnej strategii MTTE (ang. Multipoint Test for Targeted-

enrichment Efficiency) opartej na MLPA, służącej do walidacji bibliotek DNA 

przygotowanych do sekwencjonowania eksomu na platformie NGS (WES, ang. whole exome 

sequencing). Pomysł na opracowanie testu MTTE pojawił się w trakcie przygotowania 

rozprawy doktorskiej i jego realizacja była możliwa dzięki wiedzy na temat metody MLPA i 

doświadczeniu, które zdobyłam w trakcie realizacji zadań/celów szczegółowych pracy 

doktorskiej. 
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METODY 

Ważną techniką wykorzystywaną w moich badaniach była zależna od ligacji multipleksowa 

amplifikacja sond (MLPA, ang. Multiplex Ligation-dependant Probe Amplification). Na 

potrzeby eksperymentów zaplanowanych w ramach mojej pracy doktorskiej, 

zaprojektowałam samodzielnie testy MLPA według strategii wcześniej opracowanej w 

naszym zespole (Kozlowski, 2007; Marcinkowska, 2010), która umożliwia wykorzystanie 

krótkich sond oligonukleotydowych, otrzymywanych w procesie syntezy chemicznej. Metoda 

MLPA została po raz pierwszy opisana przez Schouten i współpracowników w 2002 roku 

(Schouten, 2002) jako metoda służąca do analizy dużych mutacji. MLPA jest metodą opartą 

na multiplex PCR, która umożliwia jednoczesne zastosowanie ≤45 sond specyficznych dla 

różnych analizowanych regionów w genomie (na przykład eksonów, w analizie wybranego 

genu). Każda sonda MLPA składa się z dwóch pół-sond, specyficznych dla bezpośrednio 

przylegających do siebie sekwencji docelowych (ang. target sequence) występujących w 

obrębie analizowanego regionu genomu. Reakcja MLPA rozpoczyna się od denaturacji 

analizowanych próbek DNA oraz hybrydyzacji pół-sond do sekwencji docelowych. Pary pół-

sond, które prawidłowo rozpoznały sekwencję docelową, podlegają w kolejnym etapie ligacji, 

a następnie amplifikacji PCR z zastosowaniem pary uniwersalnych starterów PCR. Jeden ze 

starterów jest wyznakowany fluorescencyjnie (fluorofor FAM), co umożliwia detekcję 

sygnału (produktu PCR). Jako, że sondy stosowane w jednym zestawie różnią się od siebie 

długością, możliwy jest ich rozdział (rozróżnienie) za pomocą elektroforezy kapilarnej. 

Wynikiem rozdziału produktów reakcji MLPA jest elektroferogram reprezentujący 

specyficzny układ pików odpowiadających sygnałom poszczególnych sond MLPA. 

Intensywność sygnału sond (zliczana na podstawie wysokości odpowiadających im pików) 

jest proporcjonalna do liczby kopii sekwencji w obrębie analizowanego regionu genomu. 

Relatywna liczba kopii analizowanego regionu może być określona poprzez przeprowadzenie 

odpowiedniej normalizacji sygnałów sond (odniesienie intensywności sygnału danej sondy do 

średniej intensywności sygnałów sond kontrolnych), a następnie porównanie 

znormalizowanych sygnałów odpowiadających poszczególnym sondom w próbkach 

badanych oraz próbkach referencyjnych (Rycina 5). 

W moich badaniach wykorzystywałam również inne metody molekularne, takie jak PCR, RT 

PCR (ang. reverse transcription PCR), sekwencjonowanie metodą Sangera, ilościowy PCR 

(qPCR, ang. quantitative PCR) z zastosowaniem sond UPL (ang. Universal Probe Library), 

oraz ilościowa analiza PCR techniką emulsyjną (ddPCR, ang. droplet digital PCR). 
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Analiza statystyczna była bardzo istotnym elementem wszystkich etapów prowadzonych 

badań. Do analizy i interpretacji otrzymanych wyników stosowałam odpowiednie testy 

statystyczne, takie jak test Fishera, test Chi kwadrat, t-test, analiza wariancji ANOVA z 

testem dla trendu liniowego, czy korelacja Pearsona. W analizie asocjacji, wartości OR wraz z 

przedziałami ufności (95% CI) otrzymałam z wykorzystaniem jedno i wieloczynnikowej 

regresji logistycznej. Meta-analizę wyników badań asocjacji przeprowadziłam z 

wykorzystaniem metody Mantel-Haenszel.  

Dodatkowo, w analizie funkcjonalności zidentyfikowanych mutacji punktowych używałam 

różnych narzędzi/programów in silico, w tym takich jak MutPred Splice, Human Splicing 

Finder, Rescue ESE, PolyPhen2 oraz SIFT. 

 

Rycina 5. Schemat metody MLPA oraz analizy i interpretacji wyników. A) Etapy reakcji MLPA. Sekwencje 
wchodzące w skład sond MLPA zostały oznaczone odpowiednimi kolorami. B) Mapa hipotetycznego genu z 
zaznaczoną lokalizacją sond MLPA. W zestawie dodatkowo stosuje się sondy kontrolne, które są specyficzne dla 
regionów niezmiennych pod względem liczby kopii, zwykle występujących na innych chromosomach niż badany 
gen. C) Wyniki rozdziału produktów MLPA metodą elektroforezy kapilarnej – elektroferogramy próbki 
referencyjnej oraz badanej. Nazwy poszczególnych sond użytych w eksperymencie zostały umieszczone pod 
elektroferogramami. D) Wykres słupkowy przedstawiający stosunek intensywności sygnału poszczególnych sond 
w próbce badanej i referencyjnej (relatywna liczbę kopii w obrębie analizowanych regionów genomu). 
Przedstawiony przykład reprezentuje heterozygotyczną delecję dwóch kolejnych eksonów (4-5). 
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SKRÓTOWY OPIS PUBLIKACJI WCHODZĄCYCH W SKŁAD ROZPRAWY 

DOKTORSKIEJ  

1. Klonowska K, Ratajska M, Wojciechowska M, Kozlowski P 

Genetic predisposition to breast and/or ovarian cancer – focus on the candidate BARD1 

gene 

BioTechnologia, 2014, 95(3):203-214 (Klonowska, 2014) 

Moją pracę doktorską rozpoczęłam od przeglądu literatury poruszającej szeroko pojętą 

tematykę predyspozycji do nowotworów piersi. Moje szczególne zainteresowanie 

koncentrowało się na zagadnieniach dotyczących genetycznych czynników warunkujących 

występowanie rodzinnej postaci raka piersi i/lub jajnika oraz rzadkich zespołów 

dziedzicznych predysponujących do nowotworów podlegających agregacji w rodzinie. W 

wyniku przeprowadzonego przeglądu literatury, zgromadziłam doniesienia naukowe 

dotyczące genów-kandydatów o sugerowanym udziale w predyspozycji do raka piersi, ze 

szczególnym uwzględnieniem genu BARD1, który stał się przedmiotem późniejszych analiz 

eksperymentalnych prowadzonych w ramach niniejszej pracy doktorskiej. Zgromadzoną 

wiedzę podsumowałam w artykule przeglądowym (Klonowska, 2014). Znaczna część 

zagadnień przedstawionych w niniejszym artykule przeglądowym została w skrótowej formie 

opisana w rozdziale WPROWADZENIE, w niniejszej pracy doktorskiej. 

2. Marcinkowska-Swojak M*, Klonowska K*, Figlerowicz M, Kozlowski P  

An MLPA-based approach for high-resolution genotyping of disease-related multi-

allelic CNVs 

Gene, 2014, 546(2):257-262 (Marcinkowska-Swojak, 2014) 
*Autorzy mieli taki sam wkład w przygotowanie publikacji 

Ważnym aspektem moich badań było opracowanie metody molekularnej, która spełni kryteria 

wysokiej precyzyjności oraz niskiej ceny, i tym samym umożliwi zastosowanie jej do analizy 

dużych mutacji/CNV w dużej liczbie próbek DNA w kontekście ich udziału w predyspozycji 

do nowotworów piersi. W związku z powyższym, w pierwszym etapie prac 

eksperymentalnych zaplanowanych w ramach mojej pracy doktorskiej, wraz z dr Małgorzatą 

Marcinkowską-Swojak brałam udział w opracowaniu i optymalizacji strategii MLPA do 

genotypowania dużych mutacji/CNV (Marcinkowska-Swojak, 2014). Jako model badawczy 

posłużyły nam trzy znane CNV o sugerowanym dużym potencjale funkcjonalnym i znaczeniu 

dla zdrowia człowieka, tj. dwualleliczna CNV obejmująca gen UGT2B17 o pozytywnym 

wpływie na zmniejszenie ryzyka osteoporozy (Yang, 2008) oraz dwie wieloalleliczne CNV: 

(i) CNV obejmująca geny CCL3L1 oraz CCL4L1 i (ii) CNV w klastrze genów β-defensyn, 
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związane z podatnością na szereg chorób zakaźnych/zapalnych, w tym infekcję wirusem HIV 

(Gonzalez, 2005), malarię (Carpenter, 2012), łuszczycę (Hollox, 2008) i chorobę Crohn’a 

(Bentley, 2010). Moja rola w niniejszym projekcie polegała na przeprowadzeniu analizy 

MLPA wymienionych powyżej CNV w trzech panelach próbek DNA z projektu HapMap 

(Coriell Institute, NJ, USA) obejmujących odpowiednio (i) 48 próbek z populacji europejskiej 

[CEU, próbki z CEPH (Centre d'Etude du Polymorphisme)], (ii) 24 próbki z populacji 

chińskiej (CHB, ang. Han Chinese in Bejing) oraz (iii) 24 próbki z populacji afrykańskiej 

(YRI, ang. Yoruba in Ibadan, Nigeria). Analizy przeprowadziłam z wykorzystaniem testów 

MLPA zaprojektowanych przez dr Małgorzatę Marcinkowską-Swojak dla poszczególnych, 

analizowanych CNV. Każdy z zaprojektowanych testów MLPA poddałyśmy kilku etapom 

optymalizacji, w tym (i) walidacji/selekcji sond MLPA, (ii) selekcji optymalnej ilości sond 

MLPA oraz (iii) optymalizacji stosunku ilości sond kontrolnych do ilości sond specyficznych 

dla badanej CNV [Fig. 1 w (Marcinkowska-Swojak, 2014)]. W wyniku przeprowadzonej 

optymalizacji udało się wyodrębnić kilka czynników, które pozwoliły zmniejszyć zmienność 

sygnałów sond MLPA i jednocześnie zwiększyć rozdzielczość wyników genotypowania 

wielo-allelicznych CNV, przy zastosowaniu opracowanej strategii MLPA. 

Podsumowując, w wyniku przeprowadzonej analizy opracowaliśmy uniwersalną metodę 

MLPA do genotypowania CNV występujących w dowolnym, wybranym regionie genomu 

człowieka. Ze względu na rzetelność generowanych wyników, a także relatywnie niski koszt 

analizy, proponowana metoda MLPA może zostać zastosowana do zakrojonych na szeroką 

skalę badań, takich jak badania asocjacji typu genotyp-fenotyp. 

3. Klonowska K, Ratajska M, Czubak K, Kuzniacka A, Brozek I, Koczkowska M, 

Sniadecki M, Debniak J, Wydra D, Balut M, Stukan M, Zmienko A, Nowakowska B, 

Irminger-Finger I, Limon J, Kozlowski P 

Analysis of large mutations in BARD1 in patients with breast and/or ovarian cancer: the 

Polish population as an example 

Scientific Reports, 2015, 5:10424 (Klonowska, 2015) 

W powyższej publikacji podsumowałam wyniki otrzymane w kolejnym etapie prac 

eksperymentalnych prowadzonych we współpracy z zespołem prof. Janusza Limona (Katedra 

i Zakład Biologii i Genetyki Medycznej, Gdański Uniwersytet Medyczny), których 

przedmiotem była analiza udziału dużych mutacji/CNV genu BARD1 w predyspozycji do 

raka piersi i/lub jajnika. W celu przeprowadzenia analizy dużych mutacji w genie BARD1 

zaprojektowałam test MLPA z użyciem wcześniej opracowanej strategii (Marcinkowska-

Swojak, 2014). Test MLPA został zaprojektowany w taki sposób, aby na każdy ekson genu 
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BARD1 przypadała co najmniej jedna sonda. W skład testu wchodzą również dwie sondy 

specyficzne dla sekwencji flankujących gen BARD1 [Figure 1A i Supplementary Data w 

(Klonowska, 2015)]. Z wykorzystaniem zaprojektowanego testu, przeprowadziłam analizę 

próbek DNA pochodzących od >800 kobiet, w tym >500 kobiet z rodzinnym rakiem piersi i 

>300 kobiet z nieselekcjonowanym rakiem jajnika. Badania te były największymi dotychczas 

badaniami dużych mutacji w genie BARD1(liczba próbek większa o przynajmniej dwa rzędy 

wielkości). Przeprowadzona analiza nie wykazała obecności dużych mutacji w analizowanych 

grupach kobiet. Pozwoliła ona jednak na identyfikację trzech różnych, jednonukleotydowych 

substytucji [c.1690C>T (p.Gln564*), c.1972C>T (p.Arg658Cys) i c.1977A>G 

(p.Arg659Arg)] u siedmiu kobiet z rodzinnym rakiem piersi i/lub jajnika [Figure 1B-E w 

(Klonowska, 2015)]. Każda z mutacji została wykryta u przynajmniej dwóch 

niespokrewnionych pacjentek, co sugeruje ich założycielski charakter w populacji polskiej. 

Dodatkowo, mutacje te zostały wykryte w innych analizach prowadzonych przez naszych 

współpracowników (Ratajska, 2012; Cybulski, 2015c). W dostępnej literaturze, substytucje 

c.1690C>T (p.Gln564*) oraz c.1977A>G (p.Arg659Arg) określane są mianem mutacji o 

wysokim potencjale funkcjonalnym, natomiast c.1972C>T (p.Arg658Cys) określa się jako 

wariant o charakterze potencjalnie funkcjonalnym [Table 1 w (Klonowska, 2015)]. 

Funkcjonalność powyższych mutacji została potwierdzona przez naszych współpracowników 

z zespołu prof. Janusza Limona. Z zastosowaniem odpowiednich testów funkcjonalnych 

wykazali oni wpływ c.1977A>G (p.Arg659Arg) na alternatywne składanie transkryptu 

BARD1 i przedwczesną terminację translacji (del ex2-9, p.Cys53_Trp635delinsfs*12) oraz 

związek wszystkich trzech mutacji z niestabilnością telomerów (Ratajska, 2012; Ratajska, 

2015; Pilyugin, 2017).  

Podsumowując, przeprowadzona analiza nie wykazała obecności dużych mutacji w genie 

BARD1, co pozwoliło wykluczyć sugerowany wcześniej znaczący udział dużych mutacji w 

genie BARD1 w rodzinnej predyspozycji do raka piersi. Pomimo, iż identyfikacja małych 

mutacji w genie BARD1 nie była bezpośrednim celem niniejszej analizy, udało nam się 

wykryć siedem mutacji (trzy różne zmiany), które stanowiły znaczny udział wszystkich 

zidentyfikowanych dotąd wariantów sekwencji genu BARD1 o potencjale funkcjonalnym. 

Dodatkowym, istotnym wynikiem przeprowadzonych badań było opracowanie testu MLPA, 

którego szczegółowy projekt jest zamieszczony w powyższej publikacji [Supplementary Data 

i Supplementary Table S1 w (Klonowska, 2015)] i w przyszłości może zostać wykorzystany 

do dalszej analizy dużych mutacji genu BARD1 (zarówno germinalnych jak i somatycznych) 

w raku piersi i/lub jajnika, jak również w innych typach nowotworów. Na przykład, w ramach 
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niedawno podjętej współpracy z dr Brittą Blümcke z Centrum Rodzinnego Raka Piersi i 

Jajnika w Szpitalu Uniwersyteckim w Kolonii, zaprojektowany test MLPA posłużył nam do 

niezależnej walidacji czterech dużych mutacji w genie BARD1, które zostały zidentyfikowane 

w Kolonii w analizie CNV przeprowadzonej w grupie >3500 kobiet z rakiem piersi i/lub 

jajnika z wykorzystaniem technologii NGS. 

4. Ratajska M, Matusiak M, Kuzniacka A, Wasag B, Brozek I, Biernat W, Koczkowska 

M, Debniak J, Sniadecki M, Kozlowski P, Klonowska K, Pilyugin M, Wydra D, 

Laurent G, Limon J, Irminger-Finger I 

Cancer predisposing BARD1 mutations affect exon skipping and are associated with 

overexpression of specific BARD1 isoforms 

Oncology Reports, 2015, 34(5):2609-2617 (Ratajska, 2015) 

Mój udział w powyższej publikacji, która została włączona do niniejszej rozprawy, jest 

wynikiem współpracy naszego zespołu z dr Magdaleną Ratajską i prof. Januszem Limonem 

(Katedra i Zakład Biologii i Genetyki Medycznej, Gdański Uniwersytet Medyczny), w 

ramach której byłam odpowiedzialna za przeprowadzenie jednego z etapów projektu 

badawczego podjętego w Gdańsku. Głównym celem projektu było określenie wpływu 

wybranych mutacji genu BARD1 [w tym między innymi mutacji wcześniej 

zidentyfikowanych przez nas w ramach analizy opisanej w (Klonowska, 2015)] na 

alternatywny proces składania transkryptu BARD1 u pacjentek z rakiem jajnika. W celu 

scharakteryzowania potencjału funkcjonalnego mutacji c.1361C>T, c.1690C>T, c.1972C>T 

oraz c.1977A>G genu BARD1, przeprowadziłam kompleksową analizę in silico z 

wykorzystaniem panelu programów, w tym MutPred Splice, Human Splicing Finder, Rescue 

ESE, PolyPhen 2 oraz SIFT, które pozwoliły wykazać potencjalny wpływ analizowanych 

mutacji na alternatywny proces składania transkryptu BARD1, zachowawczość ewolucyjną 

zmienionego aminokwasu i/lub strukturę białka. Testy funkcjonalne przeprowadzone przez 

naszych współpracowników potwierdziły sugerowany związek z alternatywnym procesem 

składania transkryptu BARD1, w przypadku trzech z czterech analizowanych mutacji. 

Wykazały one, że wszystkie trzy mutacje mają wpływ na alternatywne składanie transkryptu 

BARD1 i/lub przedwczesną terminację translacji [c.1361C>T - del ex5, r.(=,1315_1395del), 

p.Gly439_Leu465del; c.1690C>T - del ex8, r.(=,1678_1810del), p.Gln564*; c.1977A>G – 

del ex2-9, r.(=,159_1903del), p.Cys53_Trp635delinsfs*12]. Wyniki przeprowadzonych 

przeze mnie analiz in silico zostały podsumowane w Table III zawartej w niniejszej publikacji 

(Ratajska, 2015). 
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5. Klonowska K, Kluzniak W, Rusak B, Jakubowska A, Ratajska M, Krawczynska N, 

Vasilevska D, Czubak K, Wojciechowska M, Cybulski C, Lubinski J, Kozlowski P 

The 30 kb deletion in the APOBEC3 cluster decreases APOBEC3A and APOBEC3B 

expression and creates a transcriptionally active hybrid gene but does not associate with 

breast cancer in the European population 

Oncotarget, 2017, [Epub ahead of print], doi: 10.18632/oncotarget.19400 (Klonowska, 

2017) 

W ramach kolejnego projektu, opisanego w powyższej publikacji wchodzącej w skład 

rozprawy doktorskiej, przeprowadziłam analizę struktury i funkcji delecji genu APOBEC3B 

oraz podjęłam próbę określenia jej udziału w predyspozycji do raka piersi w populacji 

europejskiej. Delecja APOBEC3B obejmuje region genomu, zlokalizowany pomiędzy 

eksonem 5 (część niekodujaca) genu APOBEC3A, a eksonem ósmym genu APOBEC3B i 

prowadzi do usunięcia całej sekwencji kodującej genu APOBEC3B. Sugerowano, że w 

wyniku delecji APOBEC3B może powstać gen hybrydowy APOBEC3A/APOBEC3B, 

zbudowany z sekwencji kodującej genu APOBEC3A (ekson 1 – ekson 5) i regionu 3’UTR 

(ekson 8) genu APOBEC3B [Figure 1A w (Klonowska, 2017)]. 

W pierwszym etapie zaplanowanych badań, przeprowadziłam analizę struktury delecji 

APOBEC3B z zastosowaniem 3 różnych metod molekularnych, tj. analizy sekwencjonowania 

Sangera oraz zaprojektowanych przez mnie testów A3Bdel_MLPA oraz A3Bdel_PCR. 

Przeprowadzona analiza pozwoliła określić punkty złamań delecji APOBEC3B z 

dokładnością do jednego nukleotydu. Punkty załamań zlokalizowane są w obrębie sekwencji 

o wysokiej homologii, co mogłoby indukować wielokrotne powstawanie delecji o podobnej, 

lecz nieidentycznej strukturze. Analiza przeprowadzona z zastosowaniem A3Bdel_MLPA 

ujawniła jednak homogenność struktury delecji [Figure 1D i Supplementary Figure 1 w 

(Klonowska, 2017)]. Rozpoznanie punktów złamań delecji pozwoliło mi w kolejnym kroku 

potwierdzić sugerowaną wcześniej obecność funkcjonalnego transkryptu hybrydowego 

APOBEC3A/APOBEC3B u nosicieli delecji APOBEC3B [Supplementary Figure 2 w 

(Klonowska, 2017)], a także odróżnić wysoce homologiczne transkrypty APOBEC3A, 

APOBEC3B i APOBEC3A/APOBEC3B. Przeprowadzona przeze mnie analiza z 

wykorzystaniem publicznie dostępnych danych pochodzących z profilowania mRNA w skali 

całego genomu oraz analiza eksperymentalna z użyciem ddPCR/UPL-qPCR ujawniły 

negatywną korelację pomiędzy delecją APOBEC3B a ekspresją genów APOBEC3A i 

APOBEC3B oraz pozytywną korelację pomiędzy delecją APOBEC3B a ekspresją 

hybrydowego transkryptu APOBEC3A/APOBEC3B. Analiza wykazała również, że ekspresja 

hybrydowego genu APOBEC3A/APOBEC3B występuje na poziomie ~10-krotnie niższym niż 
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poziom ekspresji kanonicznego genu APOBEC3A, co sugeruje udział sekwencji 3’UTR w 

alternatywnej regulacji tych genów [Figure 2 w (Klonowska, 2017)]. 

W ramach kolejnego etapu naszego projektu, przeprowadziliśmy szeroko zakrojoną analizę 

asocjacji delecji z ryzykiem raka piersi i jajnika, w trzech niezależnych panelach próbek 

DNA, obejmujących łącznie >2900 próbek DNA kobiet z rakiem piersi i/lub jajnika i >3600 

odpowiednio dobranych próbek kontrolnych. Analiza asocjacji została przeprowadzona we 

współpracy z zespołem prof. Jana Lubińskiego (Zakład Genetyki i Patomorfologii, Pomorski 

Uniwersytet Medyczny w Szczecinie), dr Magdaleną Ratajską (Katedra i Zakład Biologii i 

Genetyki Medycznej, Gdański Uniwersytet Medyczny), oraz dr Danutą Vasilevską (Zakład 

Ginekologii w Centrum Położnictwa i Ginekologii, Uniwersytecki Szpital Santaros Klinikos 

w Wilnie). Przeprowadzona analiza wykazała brak asocjacji delecji z rakiem piersi i/lub 

jajnika w populacji europejskiej, w tym brak jej związku z predyspozycją do rodzinnego raka 

piersi [Table 1 i Table 2 w (Klonowska, 2017)]. W kolejnym kroku przeprowadziłam meta-

analizę, która pozwoliła skonfrontować wyniki naszej analizy z wynikami analiz asocjacji 

delecji APOBEC3B z rakiem piersi i jajnika, a także innymi typami nowotworów, 

przeprowadzonymi wcześniej w różnych populacjach. Wyniki meta-analizy potwierdziły brak 

związku delecji z predyspozycją do raka piersi w populacji europejskiej/kaukaskiej [Figure 3 

w (Klonowska, 2017)].  

Podsumowując, nasza analiza pozwoliła określić dokładną strukturę delecji APOBEC3B i 

potwierdzić jej homogenność. Dostarczyła ona również bezpośredniego dowodu na to, że 

hybrydowy transkrypt APOBEC3A/APOBEC3B jest generowany z allelu z delecją 

APOBEC3B. Po raz pierwszy wykazała również wpływ delecji APOBEC3B na ekspresję 

wszystkich objętych przez nią genów, w tym APOBEC3A/APOBEC3B. Przeprowadzona 

przez nas analiza asocjacji wykazała brak związku delecji APOBEC3B z predyspozycją do 

raka piersi i jajnika w populacji Europejskiej, co zostało dodatkowo potwierdzone w 

przeprowadzonej meta-analizie. 

6. Klonowska K, Handschuh L, Swiercz A, Figlerowicz M, Kozlowski P 

MTTE: an innovative strategy for the evaluation of targeted/exome enrichment 

efficiency 

Oncotarget, 2016, 7(41):67266-67276 (Klonowska, 2016a) 

Niniejszy projekt nie wiąże się z tematyką predyspozycji do nowotworów. Pomysł na 

podjęcie tego projektu wyniknął z doświadczenia, które zdobyłam podczas realizacji mojej 

pracy doktorskiej, a w szczególności doświadczenia w projektowaniu i wykorzystaniu testów 

MLPA. Projekt ten polegał na opracowaniu metody MTTE, służącej do walidacji 
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efektywności wzbogacenia bibliotek DNA przygotowanych do analizy WES z zastosowaniem 

sekwencjonowania NGS [Figure 1 i Figure 2 w (Klonowska, 2016a)].  

Do generowania bibliotek wzbogaconych w sekwencje eksonowe (ang. exome enrichement) 

powszechnie stosuje się kilka komercyjnie dostępnych zestawów, oferowanych między 

innymi przez firmy Agilent, Roche NimbleGen i Illumina. Zastosowanie dodatkowego etapu 

walidacji przygotowanych bibliotek DNA przed rozpoczęciem sekwencjonowania może 

uchronić badacza przed poniesieniem znacznych kosztów związanych z przeprowadzeniem 

analizy sekwencjonowania nieudanych, niewystarczająco wzbogaconych bibliotek DNA. 

Zaproponowana przez nas metoda MTTE pozwala scharakteryzować kilka czynników, m.in. 

efektywność wzbogacenia regionów kodujących (ang. relative enrichment), stopień 

wzbogacenia regionów kodujących (ang. fold enrichment) oraz stopień „wyczyszczenia” 

regionów niekodujących, niepodlegających procesowi wzbogacania (ang. relative/overall 

clearance) [Figure 3 w (Klonowska, 2016a)]. Ponieważ proponowana przez nas metoda 

MTTE jest nowa, przeprowadziliśmy bardzo restrykcyjną analizę walidacyjną stosując szereg 

technicznych, statystycznych, bioinformatycznych i genetycznych kryteriów. Porównanie 

wyników MTTE z wynikami niezależnej walidacji metodą qPCR oraz rzeczywistym 

poziomem wzbogacenia eksomu, określonym na podstawie frakcji odczytów NGS 

zmapowanych do regionów kodujących, wykazało wiarygodność i rzetelność proponowanej 

metody MTTE [Table 1 i Supplementary Figure S3 w (Klonowska, 2016a)]. Analiza 

wyników MTTE pozwoliła również po raz pierwszy wykazać pozytywną korelację pomiędzy 

zawartością puryn (R=0.70, p=0.02) w badanej sekwencji i poziomem jej wzbogacenia 

[Supplementary Figure S4 w (Klonowska, 2016a)].  

Podsumowując, w niniejszej publikacji zaproponowaliśmy innowacyjną strategię MTTE, 

która może posłużyć do rzetelnej walidacji bibliotek DNA przygotowanych do 

sekwencjonowania eksomu. Zaproponowana strategia może zostać w łatwy sposób 

dostosowana do potrzeb różnych projektów NGS, prowadzonych z wykorzystaniem 

wzbogacania eksomu lub innych wybranych regionów genomu. 

Inne publikacje, nie wchodzące w skład niniejszej rozprawy doktorskiej 

Jestem również współautorką dwóch prac eksperymentalnych (Czubak, 2015; Lewandowska, 

2015) oraz pracy przeglądowej (Klonowska, 2016b), będących wynikiem projektów również 

związanych z tematyką genetyki nowotworów, które jednak nie stanowiły głównego wątku 

moich badań i nie wchodzą w skład mojej pracy doktorskiej.  
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Prace eksperymentalne powstały w wyniku projektów, których przedmiotem była analiza 

somatycznej zmienności genomu raka płuca. Wynikiem pierwszego z projektów było 

opracowanie opartej na technikach Real-Time PCR i MLPA dwupoziomowej metody do 

badania zmienności somatycznej genu EGFR (Lewandowska, 2015). Rezultatem drugiego 

projektu było wykazanie bardzo dużej częstości zmian liczby kopii genów miRNA (m.in. 

miR-30d, miR-21, miR-17 oraz miR-155), a także częstych amplifikacji genów biorących 

udział w biogenezie miRNA – DROSHA i DICER1. Badania wykazały, że zmienność liczby 

kopii genów miR-200b, miR-30d oraz DROSHA ma związek z przeżywalnością pacjentów z 

rakiem płuca (Czubak, 2015). W związku z tym, że w swojej pracy badawczej często 

wykorzystuję analizę danych generowanych w dużych projektach onkogenomicznych [np. 

The Cancer Genome Atlas (TCGA)], wraz z innymi współautorami przygotowałam również 

pracę przeglądową, która pełni rolę przewodnika po narzędziach bioinformatycznych 

(portalach) umożliwiających analizę całogenomowych danych nowotworowych oraz 

integrację tych danych z danymi epidemiologicznymi i klinicznymi (Klonowska, 2016b). 
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Abstract

Germline mutations affecting the BRCA1 and BRCA2 genes explain 16-40% of breast and/or ovarian cancers ag-
gregated in families. Besides the BRCA1/2 genes and several genetic factors associated with hereditary syndro-
mes which increase the risk of breast cancer, a considerable fraction of potential breast cancer predisposing
factors (-50%) remains unknown. It is presumed that candidate genes, functionally related to the BRCA1/2 genes,
may account for some of the missing heritability. The BARD1 gene, which encodes a protein indispensable for
BRCA1-mediated tumor suppression function and adequate apoptosis regulation, serves as a candidate breast
cancer susceptibility gene. Some initial reports indicated that BARD1  is a plausible target for several pathogenic
mutations associated with increased breast and/or ovarian cancer risk. Nonetheless, further mutational studies
are necessary to determine the penetrance and role of the BARD1 gene in cancer predisposition.

Key words: BARD1, breast and/or ovarian cancer, familial cancer predisposition, DSB repair genes

Introduction

Breast cancer is the most frequent cancer and the
primary cause of malignancy-associated deaths among
women worldwide. Ovarian cancer, which frequently co-
occurs with breast cancer in familial setting, is the fifth
most common cancer (constitutes -5% of all registered
cancer cases) and the fourth leading cause of death attri-
buted to cancer (constitutes cause of -6% of cancer-rela-
ted deaths) among Polish women. The highest breast
and ovarian cancers rates are observed in western,
developed countries (http://onkologia.org.pl/) (Youlden
et al., 2012).

There is a number of risk factors associated with
breast cancer. Age (> 40), early menarche (age of < 12),
and late menopause (age of > 54) substantially increase
the risk of breast cancer. Among other factors increasing
the risk of breast cancer are: longstanding hormonal re-
placement therapy, high body mass index (BMI), and
regular alcohol intake. Breast feeding and early age at
first pregnancy are counted as protective factors, where-
as hormonal contraceptives decrease the ovarian cancer
risk and slightly increase breast cancer risk. Familial ag-
gregation of breast cancer cases, especially among first-
grade relatives, are important factors of breast cancer

risk, indicating that genetic factors are essential determi-
nants of breast and/or ovarian cancer risk (Hankinson
et al., 2004; Lux et al., 2006).

Unified paradigms for breast and ovarian cancer etio-
logy are difficult to elucidate. The longstanding exposure
to hormones, as well as the interplay of environmental
and genetic factors, modulate the probability of deve-
loping these complex diseases (Hankinson et al., 2004;
Permuth-Wey and Sellers, 2009). Overall heritability of
breast and ovarian cancer was estimated based on twins
studies (monozygotic and dizygotic) for approximately
30% and 20%, respectively (Lichtenstein et al., 2000).
Familial breast cancer constitutes 5-10% of all breast can-
cer cases. In the middle 1990’s, studies conducted in fa-
milies with strong aggregation of breast and/or ovarian
cases led to the identification of BRCA1 (breast can-
cer 1) and BRCA2 (breast cancer 2) genes (Miki et al.,
1994; Wooster et al., 1995). Germline mutations in
these genes account for 16-40% of familial breast cancers
(Beggs and Hodgson, 2009; Ripperger et al., 2009).
Additionally, about 5% of breast cancer cases aggregated
in family is attributed to mutations in genes associated
with various hereditary syndromes and genes conferring
moderate risk. Finally, it was reported that common
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SNPs cumulatively explain 14% of the familial breast
cancer cases (Michailidou et al., 2013). Other genetic
breast cancer susceptibility factors (-50%) are unknown.
There is a supposition that a fraction of inherited breast
and/or ovarian cases can be attributed to heterozygous
mutations in candidate genetic factors [e.g. BARD1
(BRCA1 associated RING domain 1)], which contribu-
tion to breast and/or ovarian cancer remains to be eva-
luated – Figure 1 (Wooster and Weber, 2003).

Therefore, further investigation of hereditary gene-
tic alterations which predispose to breast and/or ovarian
cancer could reveal a fraction of missing heritability of
breast and/or ovarian cancer and consequently may un-
cover new models for inherited susceptibility evaluation
and contribute to the development of targeted preven-
tive strategies (Manolio et al., 2009).

Hereditary cancer syndromes

The majority of cancers are sporadic. Sporadic can-
cer is a complex and multifactorial disease that is acqui-
red owing to environmental exposures, lifestyle or mul-
tiple genetic factors (variants) of very low risk effects.
A fraction of some cancers (especially breast, ovarian,
and colorectal cancers) occurs in the form of familial ag-
gregations, i.e. is observed in closely related individuals
more frequently than it could be expected based on the
frequency of the cancer in general population. It is esti-
mated that familial cancers constitute up to 15% of parti-
cular cancers. Predominantly, familial aggregation of
cancer cases is attributed to a single loss-of-function
mutation in a specific tumor suppressor gene associated
with a particular cancer type. Among genes, which muta-
tions underlie the most common familial cancer types
are 1) DNA mismatch repair genes [e.g. MSH2 (MutS
homolog 2), MSH6 (MutS homolog 6), MLH1 (MutL
homolog 1)] associated with hereditary non-polyposis
colorectal cancer (HNPCC), 2) the APC (adenomatous
polyposis coli) gene predisposing to familial adenoma-
tous polyposis (FAP), and 3) BRCA1 and BRCA2 asso-
ciated with breast and/or ovarian cancer aggregation.
The identification of these genes was essential for the
understanding of pathomechanism of familial cancer syn-
dromes and laid the foundation for familial cancer gene-
tic diagnostics. Most of hereditary cancers constitute
autosomal dominant disorders that display incomplete
penetrance (Nagy et al., 2004). Inherited cancers are

initiated by the transmission of a genetic mutation in the
germline. However, it must be noted that the risk of the
development of inherited cancer may also be modulated
by lifestyle and environmental exposures as well as other
genetic factors. Multiple cases of genetically associated
hereditary cancers are often aggregated within the fa-
mily and can be related to a particular inherited cancer
syndrome (see Table 1). The probability of the inheri-
tance of cancer predisposition within a family increases
with the number of individuals affected by cancer (Ellis,
2011; Heald and Church, 2011). Inherited cancer sus-
ceptibility can be also associated with the presence of
multiple primary cancers or simultaneous occurrence of
nonmalignant disorders in affected individual (Nagy
et al., 2004). The occurrence of several generations with
numerous cases of the early-onset, bilateral or multi-
synchronous cancers within a family can be counted as
the hallmarks of hereditary cancer syndromes (Heald
and Church, 2011).

Hereditary breast and ovarian cancer

Genetic variants predisposing to breast cancer can
be divided into three major groups according to the
breast and/or ovarian cancer risk conferred by these
variants and their frequency in the population (Fig. 2)
(Foulkes, 2008; Ripperger et al., 2009). Importantly,
a substantial fraction of existing breast and/or ovarian
cancer susceptibility genes with various degree of pene-
trance still remains unidentified (Wooster and Weber,
2003; Karppinen et al., 2004; Beggs and Hodgson,
2009).

The first group of breast and/or ovarian cancer su-
sceptibility variants encompasses rare, high risk hetero-
zygous mutations occurring in genes associated with
several rare hereditary syndromes (Foulkes, 2008; Beg-
gs and Hodgson, 2009). The major genes associated with
susceptibility to hereditary breast and ovarian cancer
syndrome (HBOC) are BRCA1 and BRCA2. Germline
mutations in these genes are associated with the risk of
50-80% and 30-50% for breast and ovarian cancers, res-
pectively. Germline mutations in BRCA1 and BRCA2
genes explain approximately 16-40% of breast and/or
ovarian cancer cases aggregated in families (Beggs and
Hodgson, 2009; Ripperger et al., 2009; Roy et al., 2012).
Other cancer syndromes listed below explain less than
5% of familial breast cancer aggregation. The probability 
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Fig. 1. Pie-chart schematically depicting the genes accounting for familial aggregations of breast cancer

Table 1. Hereditary cancer syndromes

Syndrome Gene
Chromosomal

localization
Mode

of inheritance
Associated cancer References

Hereditary breast 
and ovarian cancer
(HBOC)

BRCA1
BRCA2

17q21
13q12.3

autosomal
dominant

predominantly breast
and ovarian

(Miki et al., 1994;
Wooster et al., 1995;
Nagy et al., 2004) 

Hereditary site-
specific breast cancer

BRCA1
BRCA2

17q21
13q12.3

autosomal
dominant

predominantly breast

Hereditary site
– specific ovarian
cancer

BRCA1
BRCA2

17q21
13q12.3

autosomal
dominant

predominantly ovarian
also: prostate, fallopian

tube, stomach, pancreatic,
laryngeal

Li-Fraumeni
syndrome

TP53 17p13.1
autosomal
dominant

breast, brain,
sarcomas, leukemias

(Nagy et al., 2004)

Hereditary
nonpolyposis
colorectal cancer
(HNPCC)/
Lynch syndrome 

MSH2
MSH6
MLH1
PMS1
PMS2

2p21
2p16

3p21.3
2q31.1
7p22.2

autosomal
dominant

endometrial colorectal,
stomach, ovarian, pancreas,

brain
(Nagy et al., 2004)

Familial adenomatous
polyposis (FAP)

APC 5q21-q22
autosomal
dominant

colorectal, colon, gastric,
pancreatic, adenomas 

(Nagy et al., 2004)

Cowden syndrome PTEN 10q23.3
autosomal
dominant

breast, thyroid, endometrial (Nagy et al., 2004)

Ataxia-telangiectasia ATM 11q22-q23
autosomal
recessive

lymphomas, leukemias,
breast 

(Savitsky et al., 1995;
Khanna, 2000)

Hereditary diffuse
gastric cancer
syndrome

CDH1 16q22.1
autosomal
dominant

gastric, breast
(Berx et al., 1995;

Pinheiro et al., 2010)

Fanconi anemia
BRIP1
PALB2
BRCA2

17q22.2
16p12.2
13q12.3

autosomal
recessive

breast, leukemia 
(Mathew, 2006;

Walsh and King, 2007)

Peutz-Jeghers
syndrome

STK11
(LKB1)

19p13.3
autosomal
dominant

colon, small intestine,
stomach, breast, pancreatic

(Hemminki et al., 1998;
Nagy et al., 2004) 

Nijmegen-breakage
syndrome

NBN 8q21
autosomal
recessive

lymphoma, breast,
colorectal

(Matsuura et al., 1998;
Steffen et al., 2004)
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Fig. 2. The relation between the relative risk (RR) and the
frequency (minor allele frequency, MAF) of genetic variants

in breast and/or ovarian susceptibility genes

of the existence of genes with a population frequency
and conferred risk comparable to BRCA1 and BRCA2
[e.g. predicted BRCA3 (breast cancer 3) gene] is very
low (Narod and Foulkes, 2004; Foulkes, 2008). Li-Frau-
meni syndrome is attributed to mutations in the TP53
(tumor protein p53) gene encoding a protein “genome
guardian” involved mainly in the control of cell cycle pro-
gression, repair of DNA damage, and apoptosis stimula-
tion. Although less than 1% of early onset breast cancer
cases clustered in families harbor germline mutations in
TP53, women affected by Li-Fraumeni syndrome are at
49% risk of developing breast cancer by the age of 60
(Garber et al., 1991; Masciari et al., 2012). For women
with germline mutations in the CDH1 (cadherin 1) ge-
ne, associated with the hereditary diffuse gastric syndro-
me, or in the STK11 (serine/threonine kinase 11) gene,
associated with Peutz-Jeghers syndrome, the risk of de-
veloping breast cancer is approximately 30-40% (Hem-
minki et al., 1998; Pharoah et al., 2001; Lim et al.,
2004). Recently, Tan and coworkers (Tan et al., 2012)
have shown that pathogenic germline mutations in the
promoter of the PTEN (phosphatase and tensin homo-
log) gene associated with Cowden syndrome can incre-
ase the lifetime risk of breast cancer up to 85%. Additio-
nally, hereditary ovarian cancers can be attributed to va-
riants in mismatch repair genes [MLH1 (mutL homo-
log 1), MSH2 (mutS homolog 2), MSH6 (mutS homo-
log 6), and PMS2 (postmeiotic segregation increased
2)] associated with Lynch syndrome (Lynch et al., 2009).

Mutational analyses of candidate genes encoding
proteins co-working with BRCA1 and BRCA2 in the same
molecular pathways led to the identification of a second
group of alterations that confer susceptibility to breast
and/or ovarian cancer. This group comprises uncommon
variants associated with moderate risk of breast and/or
ovarian cancer (Beggs and Hodgson, 2009). It was repor-
ted that mutations in BRIP1 (BRCA1 interacting protein
C-terminal helicase 1), BARD1, RAD50, CHEK2 (check-
point kinase 2), NBN (nibrin), PALB2 (partner and lo-
calizer of BRCA2), and ATM (ataxia telangiectasia mu-
tated) are of intermediate penetrance and are associated
with 2-4 fold increased risk of breast cancer. It is worth
noting that very rare, bi-allelic mutations in breast can-
cer susceptibility genes BRCA2, PALB2, and BRIP1 are
associated with Fanconi’s anemia. This suggests that
some genes controlling DNA repair through homologous
recombination and associated with this mostly recessive
disorder may also contribute to the initiation of breast
and/or ovarian cancer (Walsh and King, 2007; Foulkes,
2008; Beggs and Hodgson, 2009; van der Groep et al.,
2011). Walsh and colleagues observed that mutations in
Fanconi’s anemia genes are involved in the development
of hereditary ovarian cancer. The authors detected pa-
thogenic heterozygous mutations in genes implicated in
Fanconi’s anemia pathway, [e.g. BARD1, RAD50, NBN,
PALB2, MRE11A (meiotic recombination 11 homolog
A), BRIP1, and DNA repair protein gene RAD51C
(RAD51 homolog C)] in a group of patients with ovarian
carcinoma not selected in terms of familial history of the
disease (Walsh et al., 2011). Recently, Cybulski and co-
workers have identified RECQL (RecQ helicase-like) as
a new breast cancer susceptibility gene of moderate pe-
netrance, with the use of the combination of a whole
exome sequencing and a large-scale association study of
recurrent mutations (Cybulski et al., 2015). The RECQL,
similarly as other breast cancer susceptibility genes, is 
involved in DNA repair by resolving stalled DNA replica-
tion forks and thus preventing double-stranded DNA
breaks.

The third group of breast and/or ovarian cancer pre-
disposing variants comprises a common, low-penetrance
polymorphisms, identified mainly in Genome Wide Asso-
ciation Studies (GWAS). Recently, 67 new and previously
reported single nucleotide polymorphisms (SNPs) have
been identified to be associated with a slightly increased
breast cancer risk (odds ratio (OR) -1,2) (Michailidou
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et al., 2013). It was also presumed that the investigation
of a copy number variation may uncover a substantial
part of the still unidentified genetic loci related to the
susceptibility to various complex diseases, including
breast cancer. Until now, very few studies have assessed
the association of CNV with breast cancer risk. Recently,
a common large deletion in the APOBEC3 (apolipopro-
tein B mRNA editing enzyme, catalytic polypeptide-like
3) gene cluster was correlated with an increased breast
cancer risk ([OR] = 1.31 95% CI = 1.21 to 1.42 for one
copy deletion) (Long et al., 2013).

In consonance with the polygenic model, the aggrega-
tion of breast and/or ovarian cases within a family, not at-
tributed to mutations in BRCA1 and BRCA2, can be cau-
sed by a combined effect of multiple genetic alterations in
genes of low to moderate penetrance, presumably modi-
fied by environmental factors (Karppinen et al., 2004).

BRCA1 and BRCA2 – guardians 
of the genome integrity

The proteins encoded by BRCA1 and BRCA2 tumor
suppressor genes work in concert to maintain the ge-
nome integrity through the interaction with a number of
proteins, such as CHEK2, ATM, BARD1, NBN, RAD51,
ATR (ataxia telangiectasia and RAD3-related), p53,
BRIP1, and PALB2. These genes act as guardians of the
genome integrity and are involved in the pathways of
DNA damage response (DDR), the regulation of trans-
cription, cell cycle checkpoints, apoptosis, and ubiquiti-
nation (Narod and Foulkes, 2004; Roy et al., 2012).

Double strand breaks (DSB) constitute a threatening
form of DNA damage, as unrepaired double strand le-
sions often lead to severe genomic rearrangements that
contribute to cancer initiation. The main function of
BRCA1 is to integrate the DSB repair mechanisms and
checkpoint regulation that delay the cell cycle in order
to provide time for DNA repair and to ensure that the
genetic damage is not transmitted to the next generation
whereas BRCA2 is responsible for the core mechanism
of RAD51-mediated homologous recombination which
was developed by mammals as one of the DDR systems
(Hoeijmakers, 2001; Roy et al., 2012).

Mutations in BRCA1 and BRCA2

According to the Breast Cancer Information Core
(BIC) database (http://research.nhgri.nih.gov/bic/), ap-
proximately 3800 various genomic alterations in BRCA1

and BRCA2 genes have been detected so far (data of
July, 2015). Missense and nonsense mutations, as well
as small frameshift insertions/deletions and mutations
affecting splice sites within introns (IVS), account for
the most frequent alterations which occur in BRCA1 and
BRCA2 genes (http:research.nhgri.nih.gov/bic/) (Thom-
pson and Easton, 2004). Large genomic rearrangements
in BRCA1 and BRCA2 have also been identified. It was
reported that large mutations may account from 0% up to
36% of all mutations affecting BRCA1 gene, across various
populations. In BRCA1 gene more than 80 various large
mutations have been found, whereas in BRCA2 gene
much fewer large rearrangements have been reported
(Hansen et al., 2009; Sluiter and van Rensburg, 2011).

It was estimated that mutations in BRCA1 and
BRCA2  genes occur in about 1/400 individuals (Foulkes,
2008). In the majority of populations various mutations
are located along the entire sequence of BRCA1 and
BRCA2. However, in some ethnic groups, owing to a
founder effect, particular mutations in BRCA1 and
BRCA2 occur with higher frequency. A founder effect
can be defined as a loss of genetic variation which occurs
due to interbreeding within a small group of individuals
isolated from a larger group. As a consequence, relati-
vely uncommon mutations become more frequent within
such ethnic group (Ferla et al., 2007). For example in
the Ashkenazi Jewish population, 1 in 40 individuals
(Foulkes, 2008) is a carrier of 185delAG (c.68_69delAG)
(Struewing et al., 1995) or 5382insC (c.5266dupC) (Roa
et al., 1996) founder mutation in BRCA1 or 6147delT
(c.5946delT) (Neuhausen et al., 1996) founder mutation
in BRCA2. In Iceland, a high frequency of founder
999del5 (c.771_775del5) BRCA2 mutation was identi-
fied. This founder mutation was reported to cause the
familial clustering of both female and male breast cancer
cases. It was shown that 999del5 BRCA2 mutation af-
fects 40% of males with breast cancer from the Icelandic
population (Thorlacius et al., 1996). Finally, in Poland,
a high incidence of 5382insC, 300T > G (c.181T > G), and
4153delA (c.4034delA) BRCA1 founder mutations has
been identified (Sobczak et al., 1997; Gorski et al., 2000;
Grzybowska et al., 2000; Gorski et al., 2004; Ratajska
et al., 2008; Brozek et al., 2011). 3819del5 (c.3700_
3704del5) and 185delAG mutations affecting the BRCA1
gene were also reported to occur frequently in the Po-
lish population (Gorski et al., 2000; Ratajska et al., 2008;
Brozek et al., 2011).
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BARD1 as a breast cancer susceptibility gene

Structure and functions of the BARD1 gene 
and encoded protein

BARD1 gene is located at 2q34-35 and consists of 11
exons encoding protein of 777 amino acids. BARD1 was
identified by yeast two-hybrid screening as a protein that
associates with BRCA1 protein in vivo. BARD1 protein
bears a striking structural resemblance to BRCA1 pro-
tein. Both proteins harbor a RING-finger motif and a nu-
clear export signal in the vicinity of their N-termini and
two BRCA1 carboxy-terminal (BRCT) domains. BARD1
and BRCA1 proteins form a functional heterodimer
through the binding of their RING-finger motifs. Apart
from BRCT and RING domains, BARD1 contains three
tandem ankyrin repeats (ANK) located in the central
part of the protein. This structural motif is implicated in
other protein-protein interaction (Wu et al., 1996). Nei-
ther BARD1 nor BRCA1 displays structural resemblance
to BRCA2 (Irminger-Finger and Jefford, 2006).

Besides structural similarity, BARD1 and BRCA1 pro-
teins share some common functions. Increased levels of
these proteins are observed in spleen and testes, as well
as in other proliferative tissues. Additionally, it was shown
that the expression of BRCA1 and BARD1 in breast and
ovaries is regulated hormonally and that the in vitro down-
regulation of BARD1 leads to the alteration of mammary
epithelial cells phenotype (Irminger-Finger et al., 1998).
Both BARD1 and BRCA1 deficiency is pathogenic for the
cell. McCarthy and colleagues observed that BARD1 !/!

and BRCA1 !/! as well as double BARD1 !/! ; BRCA1 !/!

mice display phenotypic similarities. The deficiency of
both BARD1 and BRCA1 leads to the deleterious geno-
mic rearrangements and an early embryonic death which
is attributed to the defective cell proliferation (McCarthy
et al., 2003).

BARD1 forms a heterodimeric complex with BRCA1
through the interaction of domains comprising RING
finger motifs (Wu et al., 1996). A Heterodimeric state is
preferred by BARD1 and BRCA1, because this inter-
action is thought to stabilize both proteins (Meza et al.,
1999) and is required for the nuclear localization of the
complex (Irminger-Finger, 2010). It was shown that
BRCA1-BARD1 heterodimeric complex has the E3 ubi-
quitin ligase activity (Ruffner et al., 2001; Baer and Lud-
wig, 2002; Morris and Solomon, 2004). Although the in-
dividual BRCA1 and BARD1 ubiquitin ligase activity is

very low, it is considerably enhanced after the hetero-
dimerization of the proteins (Hashizume et al., 2001).
It was reported that mutations associated with breast
cancer located in the RING domain of BRCA1 disrupt
the ubiquitin ligase activity of BARD1-BRCA1 complex
and abolish BRCA1 involvement in the mechanisms
responsible for the protection of cell from m-radiation
(Hashizume et al., 2001; Ruffner et al., 2001). It is also
suggested that BRCA1-BARD1 E3 ubiquitin ligase is
implicated in DNA repair and that BARD1 is essential
for BRCA1 tumor suppression functions.

A number of BRCA1-BARD1 targets have been iden-
tified, including CDC25C (cyclin B and cell division cycle
25C) (Shabbeer et al., 2013), m-tubulin (Starita et al.,
2004), and H2AX (Chen et al., 2002). BRCA1-BARD1 E3
ligase was reported to ubiquitinate the proteins that or-
chestrate G2/M cell cycle checkpoint, i.e. cyclin B and
CDC25C, what leads to their degradation and loss of con-
trol over the cell cycle progression (Shabbeer et al.,
2013). Additionally, BARD1-BRCA1 heterodimer can
control centrosome duplication, mediating the destruc-
tion of m-tubulin (Starita et al., 2004). H2AX can also be
ubiquitinated by E3 ligase, what indicates that BRCA1-
BARD1 heterodimer can be implicated in chromatin re-
modeling (Chen et al., 2002).

Ryser and colleagues also observed an interaction of
BARD1 and BRCA2 in mitosis. As full length BARD1
associates with BRCA1 at spindle poles in early mitosis,
BARD1 β isoform (without RING domain), frequently
found in gynecological cancers, interacts with BRCA2 in
late mitosis. Accordingly, BARD1 isoforms have different
functions in mitosis and may functionally associate with
BRCA1 and BRCA2 proteins, which are responsible for
the control of early and late phase of mitosis, respecti-
vely (Ryser et al., 2009).

Besides BRCA1/2-mediated functions, independent
cellular activities of BARD1 were also reported. Irmin-
ger-Finger and colleagues proposed a paradigm of the
“dual mode of action” for BARD1 activity in the cell. The
authors distinguished the survival mode, in which
BARD1 associates with BRCA1 and is implicated in the
DNA damage response, and the death mode in which the
excess of BARD1 over BRCA1, performs pro-apoptotic
functions independently of BRCA1. It was observed that
the interaction of BARD1 and BRCA1 diminishes the
apoptosis induction. The study indicates that the geno-
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Fig. 3. Map of BARD1 mutations identified in patients with breast and/or ovarian cancer. It does not show variants identified
as neutral or of unknown significance, and common SNPs associated with cancers

toxic stress induces upregulation of BARD1. The increa-
sed accumulation of BARD1 has an impact on the stabili-
zation of p53 through the association of BARD1 with p53
and a subsequent induction of apoptosis. Accordingly,
the repression of BARD1 synthesis leads to an impaired
apoptotic response to severe DNA damage (Irminger-
Finger et al., 2001).

Mutations in the BARD1 gene

The mutational analyses of BARD1 in non-BRCA sub-
jects with familial breast and/or ovarian cancer led to the
identification of various BARD1 sequence variants.
These variants include deleterious and potentially dele-
terious mutations leading to premature termination of
translation, disruption of protein structure/function, or
alternative splicing (Karppinen et al., 2004; De Brake-
leer et al., 2010; Sabatier et al., 2010; Ratajska et al.,
2012; Castera et al., 2014; Cybulski et al., 2014; Pen-
nington et al., 2014; Churpek et al., 2015; Couch et al.,
2015; Klonowska et al., 2015) (summarized in Fig. 3).
However, it has to be noted that some results of these
studies are not consistent and inconclusive in terms of
the functional significance of the mutation.

Some germline mutations, including missense, fra-
meshift and silent alterations (Thai et al., 1998; Ghi-
menti et al., 2002; Ishitobi et al., 2003; Sauer and An-
drulis, 2005; Huo et al., 2007) as well as a large hetero-
zygous deletion (1258 bp) within intron 3 of the BARD1
gene (Rouleau et al., 2012) were identified, however
their impact on the protein structure and function is not
elucidated.

The p.Cys557Ser (c.1670G > C) [rs28997576 in
dbSNP database; http:ncbi.nlm.nih.gov/SNP] is the most
commonly studied mutation in the BARD1 gene. Sauer
and coworkers (Sauer and Andrulis, 2005) showed that
a defective growth suppression and impaired apoptotic
functions are attributed to an ectopic expression of
BARD1 affected by the p.Cys557Ser mutation, indica-
ting a possible deleterious effect of this variant.
p.Cys557Ser was reported to slightly increase the breast
cancer risk in Nordic (Finish, Icelandic, Danish, Swe-
dish, and Norwegian) families with breast cancer aggre-
gation (BRCA1/2 positive – OR = 3.2; p = 0.01; 95% CI
= 1.2-8.3; BRCA1/2 negative – OR = 2.6; p < 0.001;
95% CI = 1.7-4.0) (Karppinen et al., 2004; Karppinen
et al., 2006), however this finding was not confirmed by
Vahteristo and colleagues (Vahteristo et al., 2006) who
showed no association of the p.Cys557Ser with familial
breast cancer susceptibility in Finland. Neither has the
p.Cys557Ser mutation been associated with an increased
risk of breast cancer in Australian and Polish populations
(Gorringe et al., 2008; Jakubowska et al., 2008; Johnatty
et al., 2009) whereas in Iceland, Stacey and colleagues
(Stacey et al., 2006) showed a modest increase of the
risk of breast cancer attributed to p.Cys557Ser and de-
monstrated that the risk of breast cancer among carriers
of double mutations in BARD1 p.Cys557Ser and BRCA2
999del5 is significantly increased (OR = 3.11; 95% CI
= 1.16-8.4; p. = 0.046) (Stacey et al., 2006). However, in
studies conducted in different European populations the
role of p.Cys557Ser variant as a modifier of BRCA1/2-
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associated cancer risk has not been confirmed (Jaku-
bowska et al., 2008; Spurdle et al., 2011).

Sabatier and coworkers, identified a homozygous
deletion of the entire BARD1 gene by carrying out an
analysis of an array-based comparative genomic hybridi-
zation (aCGH) profiles of breast cancer tumors from 330
patients with invasive breast adenocarcinoma. An addi-
tional aCGH analysis of DNA from a blood sample of the
carrier of homozygous mutation revealed the presence
of a heterozygous deletion of the entire BARD1 gene.
Interestingly, patients who harbor BARD1 deletion (but
are not affected by BRCA1 mutations) displayed clinico-
pathological features which are specific for a phenotype
associated with mutations occurring in BRCA1 (Sabatier
et al., 2010).

The mutational analysis of BARD1 recently conducted
in BRCA1/2- negative families with breast cancer aggrega-
tion has identified eleven intronic and fifteen exonic germ-
line variants (one in-frame deletion, four silent, one frame-
shift and nine missense mutations). Three of these va-
riants, i.e. p.Ile509Thr (c.1526T>C), p.Glu652fs (c.1935_
1954dup) and p.Arg658Cys (c.1972C>T) have been
shown to predispose to breast cancer and to co-segregate
with the disease phenotype in the analyzed families. On
the basis of in silico predictive analysis it was evaluated
that the p.Ile509Thr missense variant, located within the
ANK domain, causes the protein instability and impro-
per protein folding. The p.Arg658Cys variant was found
to have a “possible effect on function” based on protein
modeling. Last but not least, de Brakeleer and collea-
gues have identified a novel protein truncating mutation,
p.Glu652fs, which results in a loss of the entire second
BRCT domain of BARD1, which may result in a defective
DNA damage response (De Brakeleer et al., 2010).

Ratajska and colleagues conducted screening of
germline variants of the BARD1 gene in 109 of
BRCA1/2 -negative patients from families with the ag-
gregation of breast and/or ovarian cancer via utilizing
either denaturing high-performance liquid chromato-
graphy (DHPLC) or direct sequencing. Ten exonic and
seven intronic variants, including five novel alterations
were identified in this study. Three novel BARD1 mu-
tations [p.Gly439_Leu465del (c.1315-2A>G), p.Gln564X
(c.1690C > T), p.Arg659Arg (c.1977A > G)] can be consi-
dered as possibly deleterious. The p.Gly439_Leu465del
mutation is located in intron 4 within the consensus se-
quence of the splice acceptor site. The mutation causes

skipping of exon 5 and disruption of two ANK repeats
implicated in apoptosis and protein-protein association.
In silico prediction suggests that this variant may cause
an alteration of the BARD1 protein structure. Another
nonsense, protein truncating mutation, p.Gln564X,
which occurs in exon 8, leads to the loss of the BRCT do-
mains. Finally, p.Arg659Arg BARD1, a presumably silent
mutation located in exon 10 alters the exon splice en-
hancer motifs (ESE) and leads to exons 2-9 skipping
(p.Cys53_Trp635delinsfsX12) (Ratajska et al., 2012).

The study performed recently on a large group
(>800) of patients with breast and/or ovarian cancer
indicated that large deletions are not common in BARD1
and therefore may not contribute substantially to the
breast cancer risk (Klonowska et al., 2015). The study
also revealed that the p.Gln564X, p.Arg659Arg and
p.Arg658Cys mutations are recurrent in the Polish po-
pulation, what indicates their potential founder character
(Klonowska et al., 2015). The founder character of these
mutations is additionally supported by the fact that they
were independently detected in other studies conducted
in Polish population as well (Ratajska et al., 2012; Cybul-
ski et al., 2014; Ratajska et al., 2015). The functional and
in silico analyses suggested their possible deleterious
character (Ratajska et al., 2012; Klonowska et al., 2015;
Ratajska et al., 2015).

Recently, exome sequencing analyses focused on
panels of breast cancer predisposing genes have also led
to the identification of potentially deleterious BARD1
mutations. Additionally, the study showed that BARD1
is one of the most frequently mutated genes (after se-
veral moderate and highly penetrant genes, e.g. PALB2,
BRCA1 and BRCA2) in patients with breast and/or ova-
rian cancer (Walsh et al., 2011; Castera et al., 2014; Cy-
bulski et al., 2014; Pennington et al., 2014; Churpek
et al., 2015; Couch et al., 2015).

Conclusions

The genetic etiology of breast and/or ovarian cancer
cases aggregated in families is only partially known.
Apart from BRCA1/2 and several other genes of mode-
rate to high penetrance, a considerable fraction of breast
cancer predisposing factors (-50%) is still unknown. It
is presumed that DSB repair genes, encoding proteins
that are involved in the same molecular pathway as
BRCA1, may be candidate breast cancer susceptibility
genes.
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The findings that BARD1 is essential for BRCA1
tumor suppression functions and that it operates inde-
pendently in the regultion of apoptosis, suggest that the
BARD1 gene may serve as a plausible target for muta-
tions predisposing to breast and/or ovarian cancer. Al-
though a number of mutational studies have already
been conducted, a study on BARD1 mutations in pa-
tients with breast and/or ovarian cancer is still in its
infancy. Despite the fact that several potentially delete-
rious BARD1 mutations have been identified, further
studies should be carried out to evaluate their breast
and/or ovarian cancer predisposing effect and to identify
the unexplored mutations affecting the BARD1 gene.

It is noteworthy that none of the studies conducted
so far has provided a clear and statistically supported
proof for the role of BARD1 as a breast cancer suscepti-
bility gene. Therefore, large-scale association studies of
the selected BARD1 mutations would be highly desirable
to unequivocally confirm or reject the role that BARD1
plays in breast and/or ovarian cancer susceptibility. Im-
portantly, if breast cancer risk associated with BARD1
mutations turns out to be considerably high, the in-
clusion of testing of the BARD1 mutations into genetic
diagnostics of breast cancer and other genetically asso-
ciated cancers would be a far-reaching consequence.
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Copy number variation has recently been recognized as an important type of genetic variation that modifies
human phenotypes. Copy number variants (CNVs) are being increasingly associatedwith various human pheno-
types and diseases. However, the lack of an appropriate method that allows fast, inexpensive and, most impor-
tantly, accurate CNVs genotyping significantly hampers CNV analysis. This limitation especially affects the
analysis of multi-allelic CNVs that frequently modify various phenotypes. Recently, we developed a multiplex
ligation-dependent probe amplification (MLPA)-based strategy for multiplex copy number genotyping and the
validation of candidate CNV-miRNAs. Here we present the adaptation and optimization of this recently devel-
oped method for high-resolution genotyping of individual disease-related multi-allelic CNVs. We developed
appropriate assays for three well-known and extensively studied CNVs: CNV-CCL3L1, CNV-DEFB, and CNV-
UGT2B17, which have been associated with various human phenotypes including inflammation-related and
infectious diseases. With the use of these assays we identified several general factors that allow to increase the
resolution of the copy number genotyping. Performed experiments confirmed the high reproducibility and accu-
racy of the obtained genotyping results. The reliability of the results and relatively low per-genotype cost makes
this strategy an attractive method for large-scale experiments such as genotype–phenotype association studies.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Copy number variants (CNVs) have recently become a well-
recognized component of genetic variation (Iafrate et al., 2004; Sebat
et al., 2004). CNVs are genomic regions (of roughly 1 kb to 1 Mb in
length) that differ in copy number (CN) in compared genomes. CNVs
include deletions, duplications, multiple duplications or more complex
rearrangements. Common CNVs, also known as copy number polymor-
phisms (CNPs), account for approximately 10% of the human genome.
Although CNVs are more frequent in intergenic regions, they overlap
hundreds of protein-coding genes, regulatory sequences, and other
functional genetic elements. Although the majority of CNVs are proba-
bly neutral, increasing numbers of CNVs are being associated with
various human phenotypes, including diseases (reviewed recently
(Cantsilieris and White, 2013)). CNVs that modify human phenotypes

include the following examples: the simple bi-allelic CNV on chromo-
some 4q13.2 spanning UGT2B17 (CNV-UGT2B17) associated with a de-
creased risk of osteoporosis and bone-structure-related phenotypes
(Yang et al., 2008) and two complex multi-allelic CNVs: (i) the CNV
on chromosome 17q12 spanning CCL3L1 and CCL4L1 (CNV-CCL3L1)
and (ii) the CNV on chromosome 8p23.1 spanning the beta-defensin
cluster (CNV-DEFB). The CNV-CCL3L1 and CNV-DEFB were associated
with many infectious and inflammatory-related diseases including:
HIV infection and AIDS development (Gonzalez et al., 2005), malaria
(Carpenter et al., 2012), systemic lupus erythematosus (Mamtani
et al., 2008), psoriasis (Hollox et al., 2008), and Crohn's disease
(Bentley et al., 2010; Fellermann et al., 2006) (reviewed in (Colobran
et al., 2010; Olsson and Holmdahl, 2012)). It has to be noted however
that there are many controversies and conflicting results regarding
these associations (Bhattacharya et al., 2009; Field et al., 2009; Urban
et al., 2009) (discussed in Olsson andHolmdahl, 2012). It was suggested
that observed discordances and problems with replication of reported
CNV associations result mostly from the lack of appropriate method
allowing reliable CNV genotyping.

Amethodwith the potential for individual CNV genotyping is amulti-
plex ligation-dependent probe amplification (MLPA) (Garcia-Canas et al.,
2011; Groth et al., 2008; Perne et al., 2009; Zhang et al., 2014) that is
based on the principle that the signals of theMLPAprobes are proportion-
al to the CN of the targeted genomic regions. Briefly, MLPA is a multiplex
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method that utilizes up to 45probes that are specific for different genomic
locations (Schouten et al., 2002). Each MLPA probe consists of two half-
probeswhose target-specific sequences hybridize to directly adjacent tar-
get sequences, allowing subsequent ligation and dosage-dependent am-
plification of probes that correctly recognize their targets. The products
of MLPA probe amplification are separated by capillary electrophoresis.
The signal of MLPA probes (peak heights or areas) is first normalized
against the signals of the control probes that are located in CN-stable re-
gions and are then compared (divided by) to the corresponding signals
observed in a reference sample. The CN-genotypes may also be deduced
from the distribution of the normalized signal without comparing it to a
reference sample (Marcinkowska-Swojak et al., 2013; White et al.,
2007). The normalized signal distribution may be visualized on a signal
scatter plot onwhich different CN-genotypes formdistinct signal clusters.
Such an approach is more practical in cases of common CNVs, and it
allows the simultaneous analysis of all samples. MLPA was originally de-
signed and is commonly used for the detection of large mutations in
disease-related genes (Aretz et al., 2005; Bunyan et al., 2007; De Luca
et al., 2007; Kozlowski et al., 2007b; Montagna et al., 2003). Other pro-
posed applications andmodifications ofMLPA include expression analysis
(Eldering et al., 2003; Mykowska et al., 2011), methylation identification
(Nygren et al., 2005) andmulti-color labeling (White et al., 2004) as well
as stuffer-free and multiple-oligo probe design (Serizawa et al., 2010;
Shin et al., 2012) (reviewed in (Kozlowski et al., 2008)).

Recently, we have developed a new strategy for CNV genotyping
that takes advantage of the general principles of the MLPA method
(Marcinkowska-Swojak et al., 2013). However, in comparison to standard
MLPA, in our strategy short oligonucleotide probes instead of long MLPA
probes are used. The use of short MLPA probes for detection of large mu-
tations in various human genes was shown before (Kozlowski et al.,
2007b; Stern et al., 2004;White et al., 2004). It allows easy customdesign
and generation of assays for almost any genomic region of interest. We
have successfully used this method for multiplex analyses and validation
of candidate CNV-miRNAs, whichwere previously identifiedwith the use
of computational analysis (Marcinkowska et al., 2011). Although
proposed strategy allowed us to have accurate and reliable genotyping
of the most selected CNVs, it worked somewhat worse with complex
multi-allelic CNVs, and did not always allowed discrete resolution of
CN-genotypes. The genotyping errors affected mostly higher (CN N 4)
CN-genotypes. Similar limitations of CN-genotyping were also observed
before (Carpenter et al., 2012; Groth et al., 2008; Zhang et al., 2014).

In this study, we adapted a recently developedMLPA-based strategy
for high-resolution (i.e., with integer CN calling) genotyping of multi-
allelic CNVs associated with human phenotypes. We optimized this
strategy to increase the resolution of the CN-specific signals and thus
to improve the reliability of CN-genotyping. The developed assays
confirmed the improved reliability and reproducibility of the identified
CN-genotypes. Most of the proposed solutions are general and can be
applied to almost any CNV of interest.

2. Materials and methods

A total of 96 DNA samples from three HapMap populations were pur-
chased from Coriell Institute (Camden, NJ, USA): 48 samples from a
European population (CEU) from the Centre d'Etude du Polymorphisme
Humain (CEPH) Collection, representing 16 family trios (2 parents and
one child); 24 unrelated samples from a Han Chinese population in
Beijing, China (CHB); and 24 unrelated samples fromaYoruba population
from Ibadan, Nigeria (YRI). The CHB and YRI sampleswere combined into
one batch (CHB+YRI) and analyzed in one experiment. According to in-
formationprovidedby the Coriell Institute, all sampleswere diluted inde-
ionized water to a working concentration of 50 ng/μl of which 5 μl was
used for single MLPA reaction.

The MLPA probes and the general probe set layout were designed ac-
cording to a previously proposed strategy (Kozlowski et al., 2007b;
Marcinkowska et al., 2010). To reduce the disproportion between the

signals of the CNV-specific probes and the control probes, the signals of
the CNV-CCL3L1 and CNV-DEFB specific probes were lowered by the
use of probe-specific competitors (short oligonucleotides that compete
with the MLPA probes for access to the target sequences; for details see
Kozlowski et al., 2007a; Marcinkowska-Swojak et al., 2013). Competitors
were used in the same concentration as MLPA probes (1:1 ratio). The de-
tailed characteristics and sequences of all probes used in this study are
presented in Supplementary data (Table S1). The MLPA reactions were
run and analyzed as described previously (Marcinkowska-Swojak et al.,
2013; Schouten et al., 2002). For evaluation of assay performance each ex-
periment was performed in duplicate. CN-genotypes were determined
based on distribution of normalized probe signals visualized on the signal
histograms (see Fig. 1c), 2D signal scatter plots (see Fig. 2a) or 3D signal
scatter plots (see Supplementary data). Assuming almost linear relation
betweenCNandMLPA-probe signal, the CN-genotypeof the lowest signal
cluster is estimated based on comparison of its distance to the ‘0,0’
coordinate and the subsequent inter-cluster distance (for details see
Marcinkowska-Swojak et al., 2013). All of the reagents, except for the
MLPA probes, were purchased from MRC-Holland (Amsterdam, the
Netherlands). The MLPA probes were synthesized by IDT (Skokie, IL,
USA).

All statistical analyses were performed using Prism v. 4.0 (GraphPad,
San Diego, CA). 3D scatter plots were generated with the use of function
scatterplot3d() frompackage scatterplot3d (v. 0.3-33), programRversion
2.13.1, all other graphs were generated with the use of Microsoft Excel.

All of the human genome coordinates indicated in this report refer to
the Feb. 2009 (GRCh37/hg19) human reference sequence.

3. Results

For our analysis we selected three well-recognized CNVsmentioned
above: CNV-CCL3L1, CNV-DEFB, and CNV-UGT2B17. Two of these CNVs,
CNV-CCL3L1 and CNV-DEFB, aremulti-allelic CNVs located in regions of
complex genomic structure that contain multiple repeat elements and
segmental duplications. CNV-UGT2B17 is a relatively simple bi-allelic
polymorphism. For the MLPA probe and assay design, we applied the
general strategy utilized before for the detection of large mutations
(Kozlowski et al., 2007b). For all performed analyses we used three
sets of HapMap samples: 48 European samples (CEU), 24 Asiatic sam-
ples (CHB) and 24 African samples (YRI). Each experiment was per-
formed in duplicate.

The important factors that influence performance of all CN-
genotyping methods are: signal resolution (distance between signals
corresponding to subsequent CN-genotypes) and signal variation. In
the case of MLPA, both these factors depend mostly on the reliability
of CNV-specific probes. Therefore, in the first step of assay optimization,
we carefully selected CNV-specific probes based on their experimentally
evaluated performance. For example, to study CNV-CCL3L1, we de-
signed seven MLPA probes located in different positions across the re-
gion spanning CCL3L1 and CCL4L1 (Fig. S1, Table 1, Table S1). All of
these probes were designed to specifically recognize all of the reference
copies of the CCL3L1/CCL4L1 region but not its highly homologous
pseudogenes and paralogs, such as the region containing CCL3 and
CCL4 (see Fig. S1). All seven CNV-CCL3L1-specific probes, together
with five control probes, were used for the optimization analyses. To
test the reliability and reproducibility of the CNV-specific probes, we
compared their normalized signal across all the analyzed samples. The
representative pairwise correlation analysis is shown in Fig. S2, and
the average correlation coefficient (R2) values are shown in Fig. 1a. Con-
sistently, the normalized signals of the five probes showed very high
correlations with each other (R2 ~ 0.98), whereas the signals of the
two other probes (CCL3L1_5 and CCL3L1_6) showed distinctly lower
correlation (R2 ~ 0.90–0.95). Because such deviation may affect the
quality of CN-genotyping, especially in cases of multi-allelic CNVs, we
excluded the CCL3L1_5 and CCL3L1_6 probes from further analyses.
The very high correlation between five probes covering CNV-CCL3L1
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region indicates also that there is no substantial structural and CN vari-
ation along this region (see Fig. S2).

We then experimentally determined the optimal number of MLPA
probes for genotyping of individual CNVs. We compared the variations
[expressed as coefficient of variation (CV)] of the normalized signals
of individual probes and the variation of the average normalized signal
from increasing number of probes (from two to five probes). As shown
in Fig. 1b, the signal variation decreases mostly when the signals of two
probes are combined, whereas the addition of more probes does not
substantially decrease the signal variation. Combination of probe signals
also increases the resolution of CN-genotypes (Fig. 1c). The average sig-
nal from two or three probes separates CN-genotypes better than the
signal from a single probe. A further increase in the number of probes
does not substantially improve the resolution. Therefore based on the
above results, we selected three probes to genotype the selected
CNVs. Although the use of three probes instead of two does not substan-
tially improve the resolution of CN-genotypes or decrease the signal
variation, the additional advantages of using three probes include:
the identification of CN-genotypes on three different 2D signal scatter
plots and the probe signal presentation on 3D signal scatter plots

(Fig. S3). The above mentioned strategies of signal analysis allow
validation of genotyping results and may help to classify question-
able genotypes.

Reducing the number of CNV-specific probes from seven to three
also decreases the disproportion between the CNV-specific and control
probes. The excessive influence of CNV-specific probes on the total sig-
nal (especially in cases of high CN-genotypes, CN N4) affects the linear
relationship between the probe signal and the CN, thus reducing the
separation between the signals of subsequent CN-genotypes. Therefore,
to reduce the influence of CNV-specific probes on the total MLPA signal,
we also increased the number of control probes (from 5 to 19). As
shown in Fig. 1d, the magnitude of the difference in the signals (resolu-
tion) of subsequent CN-genotypes was higher in experiments with the
CNV-CCL3L1 genotyping set (3 + 19; CNV-specific probes + control
probes, respectively), compared to the CNV-CCL3L1 optimization set
(7 + 5 probes) (Fig. 1d).

Similar optimization steps were applied for CNV-DEFB. The results
obtained for CNV-DEFB were consistent with those for CNV-CCL3L1
(data not shown), and three CNV-DEFB-specific probes were selected
for the genotyping set. Because CNV-UGT2B17 is a simple bi-allelic

Fig. 1. Probe selection and optimization of theMLPA assay for CNV-CCL3L1. a. The result of pairwise probe-to-probe signal correlation analyses (average for two experiments for all of the
analyzed samples, N=96). The heat map shows the R2 values, with darker blue and lighter blue indicating higher and lower R2 values, respectively. Probes CCL3L1_1, 2, 3, 4, and 7 show a
distinctly higher correlation than probes CCL3L1_5 and 6 (see also Fig. S2). b. The variation of the average signal of an increasing number of probes (from one to five probes) selected based
on analyses presented in a. The y-axis shows the calculated values of the CV, and the x-axis shows the number and ID of the probes for which the signals were averaged. The CV presented
on the graph is an average of the CV values calculated separately for each CN-genotype represented in an analyzed sample set by a substantial number of samples (N4). The CNvalueswere
calculated independently for the sample sets CEU (blue points) and CHB+ YRI (red points), analyzed in separate experiments. c. The histograms showing distributions of the normalized
signal for different numbers of probes [from 1 (top panels) to 5 (bottom panels)] combined as in b. Visibly distinct clusters represent the subsequent CN-genotypes. The red lines in each
panel represent themoving averages (period 2) of the bar heights. The graphs for the CEU and CHB+YRI sample sets are shown on the left and right, respectively. Note that similar results
to those shown in panels b and c were obtained when different combinations of CNV-CCL3L1 probes were applied (data not shown). d. The distance between the average signals of
subsequent CN-genotype clusters measured with the use of the two MLPA assays developed for CNV-CCL3L1: (i) an optimization assay composed of 7 CNV-specific and 5 control probes
(7 + 5, blue points) and (ii) a genotyping assay composed of 3 CNV-specific and 19 control probes (3 + 19, red points). The scatter plot shows the average values for the three probes
(CCL3L1_2, 3 and 7) used in both assays. For the sake of visual comparison signals of 7 + 5 and 3 + 19 assays were normalized against the signal of CN-genotype 2. The bar plots
show the average distance between the subsequent signal cluster for all three probes analyzed together and for each probe separately.
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polymorphism, the probes used for its genotyping were not validated
experimentally. The characteristics of the designed MLPA sets are pre-
sented in Table 1.

To demonstrate the performance of the designed MLPA assays, we
used them to genotype the CEU, CHB, and YRI sample sets. Representa-
tive examples of the CNV-CCL3L1, CNV-DEFB, and CNV-UGT2B17
genotyping analyses as 2D signal scatter plots are shown in Fig. 2a.
The corresponding results as 3D signal scatter plots and different com-
binations of probes in the 2D signal scatter plots are shown in Fig. S3.
In all of the cases, the normalized MLPA-probe signals formed distinc-
tive clusters corresponding to CN-genotypes (Figs. 2a and S3).

Extensive quality control (QC) analyses demonstrated very high
experiment-to-experiment reproducibility (99%) and very high concor-
dance of CN-genotypes between our study and the reference genotypes
previously determined with the use of CNV-dedicated high-density

hybrid arrays (overall 97%; 100% for genotypes b7) (McCarroll et al.,
2008). In addition, the genotypes of bi-allelic CNV-UGT2B17 showed
agreement with the Hardy–Weinberg equilibrium (in all three tested
populations) and perfect agreementwith theMendelianmode of inher-
itance (in the CEU parents–offspring trios) (Fig. S4). It has to be noted
however, that QC estimations may vary depending on the number and
quality of the analyzed DNA samples.

For all tested CNVs, we determined the frequency of integer
CN-genotypes in all three tested populations (Fig. 2b, Table S2). The
general CN-genotype distribution differed significantly between the
analyzed populations (Fig. 2b). The CN-genotype distributions and the
differences between the populations are consistent with previous
reports (Conrad et al., 2010; Gonzalez et al., 2005; Hollox et al., 2008;
McCarroll et al., 2008; Yang et al., 2008), additionally confirming
the reliability of our assays. For example, an average CN-genotype of

Fig. 2.Representative results of the selectedCNVgenotyping. a. From left to right: the selected 2D signal scatter plots of CNV-CCL3L1, CNV-DEFB, and CNV-UGT2B17 for the CEU (blue), CHB
(red), and YRI (green) samples. Each point on the plot represents a single sample that is color-labeled according to the population. The black points represent no-call (N) genotypes. The
number in the parentheses indicates the CN-genotype of the lowest signal cluster. The x and y coordinates indicate the normalized signals of the selected two (out of three) CNV-specific
probes (probe IDs are indicated along the x and y axes). b. The CN-genotype frequency distribution of CNV-CCL3L1, CNV-DEFB, andCNV-UGT2B17 in the three tested populations. The blue,
red, and green bar plots show the observed frequencies (y-axis) of the CN-genotypes (x-axis) in the CEU, CHB, and YRI samples, respectively. The CN-allele frequency was also calculated
for CNV-UGT2B17 and is presented in the pie charts. The alleles constituting genotypes with 0, 1, and 2 copies are indicated on the bars.
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CNV-CCL3L1 is 2 (range 1–3) in the European population, 4 (range 1–8)
in the Asiatic population and 5 (range 2–7) in the African population.

4. Discussion

Although several methods, both genome-wide and locus-specific,
have been developed for CNV identification and analysis, a method
that can serve as the gold standard for CNV genotyping is still needed.
Such amethod is especially needed formulti-allelic CNVs,which are fre-
quently located in complex genomic regions. Among the methods used
for locus-specific CNV genotyping are: quantitative PCR (qPCR) that al-
though is themost commonly used method, it also raises themost con-
cerns (Fernandez-Jimenez et al., 2011; Fode et al., 2011; Hosono et al.,
2009; Pelak et al., 2011; Zhang et al., 2014), paralog ratio test (PRT)
(Armour et al., 2007; Carpenter et al., 2012; Hollox et al., 2008;
Walker et al., 2009), multiplex amplifiable probe hybridization
(MAPH) (den Dunnen and White, 2006; Sellner and Taylor, 2004) and
recently proposed droplet digital PCR (McDermott et al., 2013; Miotke
et al., 2014). The advantages and limitations of the currently used
methods, as well as the need for a method, allowing rapid and accurate
CN determination in a large number of samples, have been previously
discussed (Cantsilieris et al., 2012; McCarroll et al., 2008).

Here, we have developed MLPA-based assays for individual CN-
genotyping of well-known disease-related CNVs. Two of these CNVs
(CNV-CCL3L1 and CNV-DEFB) are multi-allelic and are located in com-
plex segmentally duplicated genomic regions, whereas CNV-UGT2B17
is simple bi-allelic CNV. To improve the performance of the developed
assays, we performed several optimization steps, including: (i) experi-
mental selection/validation of the MLPA probes, (ii) selection of the op-
timal number of CNV-specific probes, and (iii) enhancement of the
signal resolution by increasing the ratio of control to CNV-specific
probes. The results of the two latter steps are general and may be ap-
plied to any MLPA-based assay for multi-allelic CNVs.

Additional advantage of CNV genotyping strategy presented here is
its relatively low cost. The cost per genotype is ~$8, which consists of
the capillary electrophoresis separation (~$3), MLPA reagents and con-
sumables (~$1), and a starting cost of probe synthesis, which will vary
depending on the scale of the experiment (~$4, assuming an analysis

of 1000 samples). However, once the probes are synthesized, they can
be used for thousands of reactions. The turnaround time required to
run the assay and analyze the results is similar to standard MLPA anal-
yses (1–2 days) and depends on the pipeline setup and the skill of the
experimenter. Although the assays presented in this article were de-
signed for individual CNVs, capacity of short-probe MLPA assays (39)
allow combination and multiplex analysis of several (~5) CNVs of
interest.

In conclusion, our study demonstrates a valuable approach for high
accuracy CN-genotyping of multi-allelic CNVs. Such assays can be used
in large-scale experiments, as for instance association studies.
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Fig.S1. Screenshots from the UCSC Genome Browser (hg19) depicting the location of the MLPA 
probes in three CNV regions tested in this study. The visualized UCSC tracks include the RefSeq 
genes, SNPs, CNV regions from DGV (dense), segmental duplications and repeat elements. The 
positions of the MLPA probes are indicated in the track “Your Sequence from Blat Search”. Note that 
in some cases, the MLPA probes map to more than one position in the reference genome. The black- 
and red-labeled probe positions indicate targets with perfect homology to the designed probes and 
targets with mismatches preventing probe ligation and subsequent amplification, respectively. The 
positions of the probes were intentionally selected to distinguish targets of interest from their highly 
homologous paralogs. The asterisks indicate probes selected for the genotyping experiments. The 
presented screenshots are intended for computer review, and printouts of this figure may be 
unreadable.  



 

 
Fig.S2. The pairwise correlation analyses for the CNV-CCL3L1 probes. The probe IDs indicated over 
and on the left correspond to the normalized probe signals shown on x and y axes, respectively.  



 
 
Fig.S3. The normalized probe signals on the 2D and 3D signal scatter plots. a The normalized signals 
of the three CNV-specific probes can be presented in three different complementary 2D signal scatter 
plots. The example presents the results of the CNV-CCL3L1 genotyping in the CHB+YRI sample set. 
The probe IDs are indicated along the graph axes. b The normalized signals of the three CNV-specific 
probes presented on a 3D signal scatter plot. The example presents the analyses of CNV-CCL3L1, 
CNV-DEFB and CNV-UGT2B17 in the CHB+YRI sample sets. The benefit from using 3D scatter plots 
is through the interactive version, in which each chart may be rotated to the position in which the 
separation of the clusters is best seen.  
 
 



 
 
Fig.S4. The quality control analyses of the obtained genotyping results. a A comparison of all 268 CN-
genotypes determined for all of the tested regions in the two subsequent experiments. The green and 
red circles indicate the concordant and discordant results, respectively, with the number of results 
noted in or next to the circle. b A comparison of 181 CN-genotypes determined in our study and 
previously described with the use of CNV-dedicated high-resolution microarray platform by (McCarroll 
et al. 2008). Note that the comparison was performed only for CNV-UGT2B17 and CNV-DEFB (the 
previous study did not cover CNV-CCL3L1). All of the discordant genotypes (CN=7 in our results and 
CN=6 in the previous study) result from the fact that in a previous study (McCarroll et al. 2008), 
genotypes higher than 6 CN were not called (genotypes with higher numbers were most likely rounded 
down to 6 copies). The color key is the same as in a. c Agreement with the Hardy-Weinberg 
equilibrium of the CNV-UGT2B17 genotypes for all of the populations (blue- CEU, red- CHB, green- 
YRI). The open and filled bars indicate the expected and the observed CNV-genotypes frequencies, 
respectively. d The representative CEU family trios depicting agreement of the observed CN-
genotypes and inferred CN-alleles of CNV-UGT2B17 with the Mendelian inheritance. 
 



Table S1. MLPA assays- detailed characteristics

CNV-CCL3L1 assay

probe ID probe location (hg19) chr band probe type 5'PSS length 5'SS length 5'TSS length Tm 3'TSS length Tm 3'SS length 3'PSS length 5'HPL 3'HPL TPL

control01 chr22:30069296-30069338 22q12.2 control GGGTTCCCTAA
GGGTTGGA

19 cgctac 6 GGCCCAGATCA
CCGAGGAGGA

21 75,6 GGCAAAACTTCT
GGCCCAGAAG

22 71,0 ac 2 TCTAGATTGGAT
CTTGCTGGCGC

23 46 47 93

control 06 chr9:135787705-135787750 9q34.13 control GGGTTCCCTAA
GGGTTGGA

19 cgctac 6 TCTCACCAAATC
TCAGCCCGCTT

23 70,8 TCCTCATCGTTC
AGCCGATGTCA

23 71,3 ac 2 TCTAGATTGGAT
CTTGCTGGCGC

23 48 48 96

control09 chr16:2137895-2137936 16p13.3 control GGGTTCCCTAA
GGGTTGGA

19 cgctactac 9 CCCCGCTGGAC
TACGAGTGCA

21 75 ACCTGGTGTCC
CTGCAGTGCA

21 72,5 atctac 6 TCTAGATTGGAT
CTTGCTGGCGC

23 49 50 99

control11 chr16:2166547-2166588 16p13.3 control GGGTTCCCTAA
GGGTTGGA

19 cgctactacta 11 GACCCCTGACG
CCTCTGGCAC

21 76,9 AGCAGGACGGC
CTCTCAGCCC

21 75,8 aatctac 7 TCTAGATTGGAT
CTTGCTGGCGC

23 51 51 102

control15 chr7:55223529-55223572 7p11.2 control GGGTTCCCTAA
GGGTTGGA

19 cgctactacta 11 ATGTGGTGACA
GATCACGGCTC
G

23 71,9 TGCGTCCGAGC
CTGTGGGGCC

21 80,6 aaatctac 8 TCTAGATTGGAT
CTTGCTGGCGC

23 53 52 105

control07 chr9:135777042-135777086 9q34.13 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactat 12 ACGAAGCTGGA
GGACTGCAGGA
A

23 72 CATGATTGCGG
AGCTGCGGATA

22 72,0 taaatctac 9 TCTAGATTGGAT
CTTGCTGGCGC

23 54 54 108

control02 chr1:156105818-156105862 1q22 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactat 12 CAGCTGGACGA
GTACCAGGAGC
TT

24 72,8 CTGGACATCAA
GCTGGCCCTG

21 72,7 aactaaatctac 12 TCTAGATTGGAT
CTTGCTGGCGC

23 55 56 111

CCL3L1_2 chr17:34523990-34524034/ 
chr17:34625564-34625608

17q12 CNV-specific GGGTTCCCTAA
GGGTTGGA

19 cgctactactattag 15 GACTCACGTGG
TGCAGAGAGGA
C

23 72,5 CTGGTTGCAGA
GAGCCATGGTG

22 72,5 aactaaatctac 12 TCTAGATTGGAT
CTTGCTGGCGC

23 57 57 114

CCL3L1_2_K competitor GACTCACGTGG
TGCAGAGAGGA
C

23 72,5

control18 chr17:37863311-37863352 17q12 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
a

19 CACCTCTACCA
GGGCTGCCAG

21 73,1 GTGGTGCAGGG
AAACCTGGAA

21 71,7 caaactaaatctac 14 TCTAGATTGGAT
CTTGCTGGCGC

23 59 58 117

CCL3L1_3 chr17:34524359-34524410/ 
chr17:34625933-34625984

17q12 CNV-specific GGGTTCCCTAA
GGGTTGGA

19 cgctactactatta 14 CATGACTGGTT
CTAGCTTCATG
GGGTT

27 72,3 TCTCCTGTGAGT
GTGAAGAGGGG

TG

25 72,7 aactaaatctac 12 TCTAGATTGGAT
CTTGCTGGCGC

23 60 60 120

CCL3L1_3_K competitor CATGACTGGTT
CTAGCTTCATG
GGGTT

27 72,3

control05 chr2:109545794-109545837 2q12.3 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aat

21 AGTCCTGTGGC
TACGGCACCAA

22 72,8 AGACGAGGACT
ACGGCTGCGTC

22 71,8 ggtcaaactaaatctac 17 TCTAGATTGGAT
CTTGCTGGCGC

23 62 62 124

control17 chr7:55210033-55210083 7p11.2 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagta 17 TTCTCAGCCTCC
AGAGGATGTTC
AATAA

28 70,2 CTGTGAGGTGG
TCCTTGGGAATT

23 70,7 tggtcaaactaaatcta
c

18 TCTAGATTGGAT
CTTGCTGGCGC

23 64 64 128

control08 chr9:135772645-135772706 9q34.13 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
a

19 GGTATGAGGCT
CAGAAAAGGAT
AACCCA

28 71,9 GGTGTTTGAATT
GGAGATCTTAG
ATTTATATGGC

34 70,2 taaatctac 9 TCTAGATTGGAT
CTTGCTGGCGC

23 66 66 132

CCL3L1_7 chr17:34539030-34539083/ 
chr17:34640596-34640649

17q12 CNV-specific GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aatt

22 CTGCTCATGTTA
GGTGGGAATGG
ATAC

27 71,1 AAGGGACCATA
TTTGGGGTTCT

GGTAG

27 71,1 tggtcaaactaaatcta
c

18 TCTAGATTGGAT
CTTGCTGGCGC

23 68 68 136

CCL3L1_7_K competitor CTGCTCATGTTA
GGTGGGAATGG
ATAC

27 71,1

control19 chr17:37883704-37883746 17q12 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aattgatgccac

30 CCCAGCCCTCT
ACAGCGGTAC

21 72,1 AGTGAGGACCC
CACAGTACCCC

22 71,8 tatctaatggtcaaacta
aatctac

25 TCTAGATTGGAT
CTTGCTGGCGC

23 70 70 140

control03 chr17:3397657-3397712 17p13.3 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aattgatg

26 TCCCTGCGCCA
TTGAGGTCTATA
AAAT

27 70,6 TATAGAGAAAGT
TGATTACCCCC

GGGATG

29 70,9 aatggtcaaactaaatc
tac

20 TCTAGATTGGAT
CTTGCTGGCGC

23 72 72 144

control20 chr7:116436117-116436165 7q31.2 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aattgatgcc

28 CAGAAGATAAC
GCTGATGATGA
GGTGG

27 71,7 ACACACGACCA
GCCTCCTTCTG

22 70,7 aatgtatctaatggtcaa
actaaatctac

29 TCTAGATTGGAT
CTTGCTGGCGC

23 74 74 148

control12 chr16:2187439-2187512 16p13.3 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aattgatgc

27 ATTGTTTGAAGG
CGGTTGTGGAA
TAAAATG

30 70,9 CAATTGTTTAGA
AAGGATTTCTTA
AATAGAAAAGA

CATATGTTT

44 69,1 taaatctac 9 TCTAGATTGGAT
CTTGCTGGCGC

23 76 76 152



control10 chr16:2134982-2135025 16p13.3 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aattgatgccaccttttc

36 CTTCTTTGGCGA
CGAGTCAAACA

23 69,6 AGCCAATCCTG
CTGCCCAATG

21 71,0 tgcgaaatgtatctaatg
gtcaaactaaatctac

34 TCTAGATTGGAT
CTTGCTGGCGC

23 78 78 156

control13 chr4:88959518-88959566 4q22.1 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aattgatgccaccttt

34 GAATACGGCAA
CTCCGAGTCAG
AAATG

27 72,2 GATCCTGCTCTA
TCCCCCAGGA

22 71,5 ttgcgaaatgtatctaat
ggtcaaactaaatctac

35 TCTAGATTGGAT
CTTGCTGGCGC

23 80 80 160

control14 chr4:88967835-88967894 4q22.1 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aattgatgccaccttt

34 CTTGGCAATTTC
AGCCTTTAAAGC
TGATC

29 72,6 CGATATGTCACA
ACTTTTGATTTC

TTCCTGG

31 71,4 atgtatctaatggtcaaa
ctaaatctac

28 TCTAGATTGGAT
CTTGCTGGCGC

23 82 82 164

control04 chr11:14515205-14515256 11p15.2 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aattgatgccaccttttc
agctcgcg

44 TGCATGTTTGGA
GCATCGACACA

23 70,4 GCTATGTTAGAA
GAAATGCTGTTT

TGGCC

29 70,5 tgcgaaatgtatctaatg
gtcaaactaaatctac

34 TCTAGATTGGAT
CTTGCTGGCGC

23 86 86 172

CNV-specific probes used only in optimization set:

CCL3L1_4 chr17:34526013-34526062/ 
chr17:34627584-34627633

17q12 CNV-specific GGGTTCCCTAA
GGGTTGGA

19 cgctactactatta 14 GAAATGAAAGC
TCAGAACCCCA
TGAG

26 70,9 GAAGAAGTGAC
CTTCCACCAGA

GG

24 70,9 actaaatctac 11 TCTAGATTGGAT
CTTGCTGGCGC

23 59 58 117

CCL3L1_4_K competitor GAAATGAAAGC
TCAGAACCCCA
TGAG

26 70,9

CCL3L1_1 chr17:34523522-34523582/ 
chr17:34625096-34625156 

17q12 CNV-specific GGGTTCCCTAA
GGGTTGGA

19 cgctactactatt 13 GATCCAGATAC
CTGAATGGACT
GTTCTCTTAG

32 71,5 CTCTCTTCATGG
AATTTTGTCGGT

TCAAG

29 71,5 aactaaatctac 12 TCTAGATTGGAT
CTTGCTGGCGC

23 64 64 128

CCL3L1_1_K competitor GATCCAGATAC
CTGAATGGACT
GTTCTCTTAG

32 71,5

CCL3L1_5 chr17:34533209-34533257/ 
chr17:34634757-34634805

17q12 CNV-specific GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aattg

23 CCAGGATGTCC
AGATTGACTGC
CT

24 72,5 CTCTACCCTGCT
CCTCAGCACTTT

G

25 72,4 tggtcaaactaaatcta
c

18 TCTAGATTGGAT
CTTGCTGGCGC

23 66 66 132

CCL3L1_5_K competitor CCAGGATGTCC
AGATTGACTGC
CT

24 72,5

CCL3L1_6 chr17:34534232-34534280/ 
chr17:34635780-34635828

17q12 CNV-specific GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aattgatgcc

28 CTTCTTGGCTTT
CCGGTCTCCAC

23 72,5 GTTTGCCCTCCA
GGAGTTCTAAAT

GG

26 72,2 taatggtcaaactaaat
ctac

21 TCTAGATTGGAT
CTTGCTGGCGC

23 70 70 140

CCL3L1_6_K competitor CTTCTTGGCTTT
CCGGTCTCCAC

23 72,5

CNV-DEFB assay

probe ID probe location (hg19) chr band probe type 5'PSS length 5'SS length 5'TSS length Tm 3'TSS length Tm 3'SS length 3'PSS length 5'HPL 3'HPL TPL

control01 chr22:30069296-30069338 22q12.2 control GGGTTCCCTAA
GGGTTGGA

19 cgctac 6 GGCCCAGATCA
CCGAGGAGGA

21 75,6 GGCAAAACTTCT
GGCCCAGAAG

22 71,0 ac 2 TCTAGATTGGAT
CTTGCTGGCGC

23 46 47 93

control 06 chr9:135787705-135787750 9q34.13 control GGGTTCCCTAA
GGGTTGGA

19 cgctac 6 TCTCACCAAATC
TCAGCCCGCTT

23 70,8 TCCTCATCGTTC
AGCCGATGTCA

23 71,3 ac 2 TCTAGATTGGAT
CTTGCTGGCGC

23 48 48 96

control09 chr16:2137895-2137936 16p13.3 control GGGTTCCCTAA
GGGTTGGA

19 cgctactac 9 CCCCGCTGGAC
TACGAGTGCA

21 75 ACCTGGTGTCC
CTGCAGTGCA

21 72,5 atctac 6 TCTAGATTGGAT
CTTGCTGGCGC

23 49 50 99

control11 chr16:2166547-2166588 16p13.3 control GGGTTCCCTAA
GGGTTGGA

19 cgctactacta 11 GACCCCTGACG
CCTCTGGCAC

21 76,9 AGCAGGACGGC
CTCTCAGCCC

21 75,8 aatctac 7 TCTAGATTGGAT
CTTGCTGGCGC

23 51 51 102

control15 chr7:55223529-55223572 7p11.2 control GGGTTCCCTAA
GGGTTGGA

19 cgctactacta 11 ATGTGGTGACA
GATCACGGCTC
G

23 71,9 TGCGTCCGAGC
CTGTGGGGCC

21 80,6 aaatctac 8 TCTAGATTGGAT
CTTGCTGGCGC

23 53 52 105

control07 chr9:135777042-135777086 9q34.13 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactat 12 ACGAAGCTGGA
GGACTGCAGGA
A

23 72 CATGATTGCGG
AGCTGCGGATA

22 72,0 taaatctac 9 TCTAGATTGGAT
CTTGCTGGCGC

23 54 54 108

control02 chr1:156105818-156105862 1q22 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactat 12 CAGCTGGACGA
GTACCAGGAGC
TT

24 72,8 CTGGACATCAA
GCTGGCCCTG

21 72,7 aactaaatctac 12 TCTAGATTGGAT
CTTGCTGGCGC

23 55 56 111

control16 chr7:55218989-55219034 7p11.2 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactatt 13 CAAAAGTGTGAT
CCAAGCTGTCC
CA

25 72 ATGGGAGCTGC
TGGGGTGCAG

21 74,6 aaactaaatctac 13 TCTAGATTGGAT
CTTGCTGGCGC

23 57 57 114



control18 chr17:37863311-37863352 17q12 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
a

19 CACCTCTACCA
GGGCTGCCAG

21 73,1 GTGGTGCAGGG
AAACCTGGAA

21 71,7 caaactaaatctac 14 TCTAGATTGGAT
CTTGCTGGCGC

23 59 58 117

DEFB_1 chr8:7272500-7272551/ 
chr8:7754064-7754115

8p23.1 CNV-specific GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagt 16 ATTTTGTTCCAG
GGAGACCACAG
GT

25 70,4 GCCAATTTGTTT
ATACCTTCTAGG

GCA

27 68,6 ctaaatctac 10 TCTAGATTGGAT
CTTGCTGGCGC

23 60 60 120

DEFB_1_K competitor ATTTTGTTCCAG
GGAGACCACAG
GT

25 70,4

control05 chr2:109545794-109545837 2q12.3 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aat

21 AGTCCTGTGGC
TACGGCACCAA

22 72,8 AGACGAGGACT
ACGGCTGCGTC

22 71,8 ggtcaaactaaatctac 17 TCTAGATTGGAT
CTTGCTGGCGC

23 62 62 124

DEFB_6 chr8:7327988-7328045/ 
chr8:7698549-7698606

8p23.1 CNV-specific GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aa

20 AACGGGCAGTC
CCATAACCACAT
AT

25 69,9 TCTGTCCAATTC
AAATTCGCTTCT

CACTAGATA

33 70,4 aaatctac 8 TCTAGATTGGAT
CTTGCTGGCGC

23 64 64 128

DEFB_6_K competitor AACGGGCAGTC
CCATAACCACAT
AT

25 69,9

control08 chr9:135772645-135772706 9q34.13 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
a

19 GGTATGAGGCT
CAGAAAAGGAT
AACCCA

28 71,9 GGTGTTTGAATT
GGAGATCTTAG
ATTTATATGGC

34 70,2 taaatctac 9 TCTAGATTGGAT
CTTGCTGGCGC

23 66 66 132

DEFB_4 chr8:7287687-7287739/ 
chr8:7738857-7738909

8p23.1 CNV-specific GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
a

19 GAAAAGGTGTG
CTTGGTCACTTT
ATAAAGG

30 70,3 TTCCAGCCACA
GCTGCAATTCTT

23 69,3 ctaatggtcaaactaaa
tctac

22 TCTAGATTGGAT
CTTGCTGGCGC

23 68 68 136

DEFB_4_K competitor GAAAAGGTGTG
CTTGGTCACTTT
ATAAAGG

30 70,3

control19 chr17:37883704-37883746 17q12 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aattgatgccac

30 CCCAGCCCTCT
ACAGCGGTAC

21 72,1 AGTGAGGACCC
CACAGTACCCC

22 71,8 tatctaatggtcaaacta
aatctac

25 TCTAGATTGGAT
CTTGCTGGCGC

23 70 70 140

control03 chr17:3397657-3397712 17p13.3 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aattgatg

26 TCCCTGCGCCA
TTGAGGTCTATA
AAAT

27 70,6 TATAGAGAAAGT
TGATTACCCCC

GGGATG

29 70,9 aatggtcaaactaaatc
tac

20 TCTAGATTGGAT
CTTGCTGGCGC

23 72 72 144

control20 chr7:116436117-116436165 7q31.2 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aattgatgcc

28 CAGAAGATAAC
GCTGATGATGA
GGTGG

27 71,7 ACACACGACCA
GCCTCCTTCTG

22 70,7 aatgtatctaatggtcaa
actaaatctac

29 TCTAGATTGGAT
CTTGCTGGCGC

23 74 74 148

control12 chr16:2187439-2187512 16p13.3 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aattgatgc

27 ATTGTTTGAAGG
CGGTTGTGGAA
TAAAATG

30 70,9 CAATTGTTTAGA
AAGGATTTCTTA
AATAGAAAAGA

CATATGTTT

44 69,1 taaatctac 9 TCTAGATTGGAT
CTTGCTGGCGC

23 76 76 152

control10 chr16:2134982-2135025 16p13.3 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aattgatgccaccttttc

36 CTTCTTTGGCGA
CGAGTCAAACA

23 69,6 AGCCAATCCTG
CTGCCCAATG

21 71,0 tgcgaaatgtatctaatg
gtcaaactaaatctac

34 TCTAGATTGGAT
CTTGCTGGCGC

23 78 78 156

control13 chr4:88959518-88959566 4q22.1 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aattgatgccaccttt

34 GAATACGGCAA
CTCCGAGTCAG
AAATG

27 72,2 GATCCTGCTCTA
TCCCCCAGGA

22 71,5 ttgcgaaatgtatctaat
ggtcaaactaaatctac

35 TCTAGATTGGAT
CTTGCTGGCGC

23 80 80 160

control14 chr4:88967835-88967894 4q22.1 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aattgatgccaccttt

34 CTTGGCAATTTC
AGCCTTTAAAGC
TGATC

29 72,6 CGATATGTCACA
ACTTTTGATTTC

TTCCTGG

31 71,4 atgtatctaatggtcaaa
ctaaatctac

28 TCTAGATTGGAT
CTTGCTGGCGC

23 82 82 164

control04 chr11:14515205-14515256 11p15.2 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aattgatgccaccttttc
agctcgcg

44 TGCATGTTTGGA
GCATCGACACA

23 70,4 GCTATGTTAGAA
GAAATGCTGTTT

TGGCC

29 70,5 tgcgaaatgtatctaatg
gtcaaactaaatctac

34 TCTAGATTGGAT
CTTGCTGGCGC

23 86 86 172

CNV-specific probes used only in optimization set:

DEFB_2 chr8:7340131-7340179/ 
chr8:7686422-7686470

8p23.1 CNV-specific GGGTTCCCTAA
GGGTTGGA

19 cgctactactatta 14 CTATAATGCTCC
CACATGGCTGG
AT

24 70 GGTCCGACAGC
ATTTCAGAGACT

T

25 69,9 taaatctac 9 TCTAGATTGGAT
CTTGCTGGCGC

23 57 57 114

DEFB_2_K competitor CTATAATGCTCC
CACATGGCTGG
AT

24 70

DEFB_3 chr8:7346888-7346938/  
chr8:7679665-7679715

8p23.1 CNV-specific GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
a

19 CATGTTCCCCAT
TTCTAGACATTT
CCTG

28 70,9 GAAAGCTCCCT
CAGCAGCTCTTT

23 69,6 aatggtcaaactaaatc
tac

20 TCTAGATTGGAT
CTTGCTGGCGC

23 66 66 132



DEFB_3_K competitor CATGTTCCCCAT
TTCTAGACATTT
CCTG

28 70,9

DEFB_5 chr8:7327838-7327886/ 
chr8:7698708-7698756

8p23.1 CNV-specific GGGTTCCCTAA
GGGTTGGA

19 cgctactactatta 14 TCCTACTTCCAG
CGACTCTAGGG
AC

25 70,4 CAGCACTACTG
CGTTTCAGGGT

TT

24 70,2 aactaaatctac 12 TCTAGATTGGAT
CTTGCTGGCGC

23 58 59 117

DEFB_5_K competitor TCCTACTTCCAG
CGACTCTAGGG
AC

25 70,4

CNV-UGT2B17 assay

probe ID probe location (hg19) chr band probe type 5'PSS length 5'SS length 5'TSS length Tm 3'TSS length Tm 3'SS length 3'PSS length 5'HPL 3'HPL TPL

control01 chr22:30069296-30069338 22q12.2 control GGGTTCCCTAA
GGGTTGGA

19 cgctac 6 GGCCCAGATCA
CCGAGGAGGA

21 75,6 GGCAAAACTTCT
GGCCCAGAAG

22 71,0 ac 2 TCTAGATTGGAT
CTTGCTGGCGC

23 46 47 93

UGT2B17_1 chr4:69483594-69483642 4q13.2 CNV-specific GGGTTCCCTAA
GGGTTGGA

19 cgctact 7 GGAAGGGCAGT
CTCGACTCAAA
C

23 71,4 CCCTCTTGCTAC
ATTCAAAGAACT

GC

26 69,7 c 1 TCTAGATTGGAT
CTTGCTGGCGC

23 49 50 99

UGT2B17_4 chr4:69456808-69456857 4q13.2 CNV-specific GGGTTCCCTAA
GGGTTGGA

19 cgctacta 8 TGTGCACGATTT
AGCCCAGTAGC
A

24 70,1 ATTATGCCAATC
TCCCATGGGTG

AAC

26 70,7 ac 2 TCTAGATTGGAT
CTTGCTGGCGC

23 51 51 102

UGT2B17_3 chr4:69456624-69456676 4q13.2 CNV-specific GGGTTCCCTAA
GGGTTGGA

19 cgctacta 8 TCCTCATTTGTC
TTTGGATTAGTG
GCC

27 70,4 CTTTACTTGTGT
GCTTCGGCATG

TTG

26 71,0 tctac 5 TCTAGATTGGAT
CTTGCTGGCGC

23 54 54 108

control02 chr1:156105818-156105862 1q22 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactat 12 CAGCTGGACGA
GTACCAGGAGC
TT

24 72,8 CTGGACATCAA
GCTGGCCCTG

21 72,7 aactaaatctac 12 TCTAGATTGGAT
CTTGCTGGCGC

23 55 56 111

control05 chr2:109545794-109545837 2q12.3 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aat

21 AGTCCTGTGGC
TACGGCACCAA

22 72,8 AGACGAGGACT
ACGGCTGCGTC

22 71,8 ggtcaaactaaatctac 17 TCTAGATTGGAT
CTTGCTGGCGC

23 62 62 124

control03 chr17:3397657-3397712 17p13.3 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aattgatg

26 TCCCTGCGCCA
TTGAGGTCTATA
AAAT

27 70,6 TATAGAGAAAGT
TGATTACCCCC

GGGATG

29 70,9 aatggtcaaactaaatc
tac

20 TCTAGATTGGAT
CTTGCTGGCGC

23 72 72 144

control04 chr11:14515205-14515256 11p15.2 control GGGTTCCCTAA
GGGTTGGA

19 cgctactactattagtag
aattgatgccaccttttc
agctcgcg

44 TGCATGTTTGGA
GCATCGACACA

23 70,4 GCTATGTTAGAA
GAAATGCTGTTT

TGGCC

29 70,5 tgcgaaatgtatctaatg
gtcaaactaaatctac

34 TCTAGATTGGAT
CTTGCTGGCGC

23 86 86 172

Legend:

5'PSS, 3'PSS - 5' and 3' primer-specific sequence, respectively

5'SS, 3'SS - 5' and 3' stuffer sequence, respectively

5'TSS, 3'TSS - 5' and 3' target-specific sequence, respectively

Tm - melting temperature

5'HPL, 3'HPL - 5' and 3' half-probe length

SALSA PCR Forward primer (Labeled):  *GGGTTCCCTAAGGGTTGGA

SALSA PCR Reverse primer (Unlabeled): GTGCCAGCAAGATCCAATCTAGA

Sequence used for generation of all 5' and 3' stufer sequences: AC#V00604, Phage M13 genome, position 3-99

5'-cgctactactattagtagaattgatgccaccttttcagctcgcgccccaaatgaaaatatagctaaacaggttattgaccatttgcgaaatgtatctaatggtcaaactaaatctac-3'



Table S2. Genotypes observed in presented study.

CNV-CCL3L1 CNV-DEFB CNV-UGT2B17

sample ID sex
HapMap 

pop.
family ID

family 

relation
this study

previous 

study
this study

previous 

study (SMC)
this study

previous 

study (SMC)

NA12878 W CEU 1463 daughter 1 NG 4 4 0 1

NA12892 W CEU 1463 mother 2 NG 4 4 0 1

NA12891 M CEU 1463 father 2 NG 4 4 1 1

NA12740 W CEU 1444 daughter 2 NG 4 4 1 1

NA12751 W CEU 1444 mother 2 NG 4 4 1 1

NA12750 M CEU 1444 father 2 NG 5 5 1 2

NA10835 M CEU 1416 son 1 NG 5 5 2 2

NA12249 W CEU 1416 mother 3 NG 4 4 2 2

NA12248 M CEU 1416 father 1 NG 5 5 1 0

NA10863 W CEU 1375 daughter 1 NG 4 4 1 2

NA12234 W CEU 1375 mother 1 NG 3 3 2 1

NA12264 M CEU 1375 father 2 NG 4 4 0 2

NA12707 M CEU 1358 son 2 NG 3 3 1 1

NA12717 W CEU 1358 mother 2 NG 4 4 1 1

NA12716 M CEU 1358 father 2 NG 2 2 0 1

NA10854 W CEU 1349 daughter 3 NG 4 4 2 2

NA11840 W CEU 1349 mother 3 NG 6 6 2 2

NA11839 M CEU 1349 father 3 NG 3 3 1 1

NA10859 W CEU 1347 daughter 3 NG 4 4 2 2

NA11882 W CEU 1347 mother 2 NG 5 5 1 1

NA11881 M CEU 1347 father 2 NG 5 5 2 1

NA10857 M CEU 1346 son 3 NG 7 6 1 2

NA12044 W CEU 1346 mother 3 NG 4 4 2 0

NA12043 M CEU 1346 father 2 NG 5 5 1 0

NA07348 W CEU 1345 daughter 1 NG 5 5 1 1

NA07345 W CEU 1345 mother 1 NG 4 4 1 2

NA07357 M CEU 1345 father 2 NG 6 6 2 2

NA10851 M CEU 1344 son 2 NG 4 4 0 1

NA12057 W CEU 1344 mother 2 NG 4 4 0 2

NA12056 M CEU 1344 father 2 NG 5 5 0 0

NA12864 M CEU 1459 son 2 NG 2 2 1 1

NA12873 W CEU 1459 mother 2 NG 2 2 1 0

NA12872 M CEU 1459 father 2 NG 4 4 2 1

NA12801 M CEU 1454 son 1 NG 3 3 1 1

NA12813 W CEU 1454 mother 1 NG 4 4 0 1

NA12812 M CEU 1454 father 2 NG 4 4 2 1

NA12753 W CEU 1447 daughter 2 NG 5 N 2 2

NA12763 W CEU 1447 mother 2 NG 7 6 2 2

NA12762 M CEU 1447 father 1 NG 3 3 2 2

NA10830 M CEU 1408 son 1 NG 4 4 2 1

NA12236 W CEU 1408 mother 1 NG 5 N 2 2

NA12154 M CEU 1408 father 2 NG 3 3 1 0

NA10861 W CEU 1362 daughter 3 NG 3 3 1 1

NA11995 W CEU 1362 mother 3 NG 2 2 1 2

NA11994 M CEU 1362 father 2 NG 5 5 2 1

NA07048 M CEU 1341 son 1 NG 4 4 1 0

NA07055 W CEU 1341 mother 3 NG 5 5 1 1

NA07034 M CEU 1341 father 1 NG 4 4 1 0

NA18526 W CHB - unrelated 3 NG 3 3 0 0

NA18529 W CHB - unrelated 8 NG 2 2 1 1

NA18532 W CHB - unrelated 5 NG 3 3 0 0

NA18537 W CHB - unrelated 5 NG 4 4 0 0

NA18540 W CHB - unrelated 4 NG N N 0 N

NA18542 W CHB - unrelated 4 NG 6 6 1 1

NA18561 M CHB - unrelated 5 NG 4 4 0 0

NA18562 M CHB - unrelated 4 NG 6 6 0 0

NA18563 M CHB - unrelated 7 NG 6 6 0 0

NA18570 W CHB - unrelated 3 NG 6 6 0 0

NA18571 W CHB - unrelated 5 NG 6 6 0 0

NA18572 M CHB - unrelated 4 NG 4 4 0 0

NA18573 W CHB - unrelated 1 NG 5 N 1 1



NA18576 W CHB - unrelated 2 NG 3 3 0 0

NA18577 W CHB - unrelated 6 NG 4 4 1 1

NA18579 W CHB - unrelated 3 NG 5 5 0 0

NA18603 M CHB - unrelated 4 NG 5 N 0 0

NA18605 M CHB - unrelated 5 NG 4 4 0 0

NA18612 M CHB - unrelated 4 NG 3 3 1 1

NA18620 M CHB - unrelated 5 NG 4 4 0 0

NA18621 M CHB - unrelated 2 NG 4 4 2 2

NA18622 M CHB - unrelated 4 NG 3 3 0 0

NA18623 M CHB - unrelated 2 NG 5 N 0 0

NA18624 M CHB - unrelated 1 NG 4 4 0 0

NA18501 M YRI Y004 unrelated 3 NG 4 4 2 2

NA18507 M YRI Y009 unrelated 5 NG 3 3 2 2

NA18516 M YRI Y013 unrelated 6 NG 3 3 2 2

NA18522 M YRI Y016 unrelated 7 NG 4 4 2 N

NA18856 M YRI Y023 unrelated 4 NG 4 4 1 1

NA18859 M YRI Y012 unrelated 5 NG 3 3 2 2

NA18863 M YRI Y024 unrelated 6 NG 7 6 1 1

NA19100 W YRI Y105 unrelated 6 NG 5 N 1 1

NA19103 M YRI Y042 unrelated 3 NG 4 4 2 2

NA19127 W YRI Y077 unrelated 2 NG 4 4 2 2

NA19132 W YRI Y101 unrelated 5 NG 5 5 2 2

NA19138 M YRI Y043 unrelated 4 NG 5 5 2 2

NA19140 W YRI Y071 unrelated 7 NG 6 6 1 1

NA19141 M YRI Y071 unrelated 4 NG 6 6 2 2

NA19152 W YRI Y072 unrelated 6 NG 5 5 2 2

NA19153 M YRI Y072 unrelated 2 NG 7 6 2 2

NA19159 W YRI Y056 unrelated 2 NG 5 5 1 1

NA19172 W YRI Y047 unrelated 4 NG 3 3 0 0

NA19192 M YRI Y112 unrelated 3 NG 3 3 2 2

NA19193 W YRI Y112 unrelated 7 NG 3 3 2 2

NA19202 W YRI Y045 unrelated 7 NG 5 5 1 1

NA19204 W YRI Y048 unrelated 5 NG 7 6 2 2

NA19222 W YRI Y058 unrelated 3 NG 3 3 2 2

NA19240 W YRI Y117 unrelated 7 NG 3 3 1 1

LEGEND:

W – woman

M – man

CEU – European population, Utah residents with ancestry from northern and western Europe

CHB – Asiatic population, Han Chinese from Beijing, China

YRI – African population, Yoruba from Ibadan, Nigeria

NG – not genotyped in the study

SMC – genotyped in previous study by McCarroll et al. 2008 (ref.)

Red font indicates discordant genotypes
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Analysis of large mutations in 
BARD1 in patients with breast 
and/or ovarian cancer: the Polish 
population as an example
Katarzyna Klonowska1, Magdalena Ratajska2, Karol Czubak1, Alina Kuzniacka2, 
Izabela Brozek2, Magdalena Koczkowska2, Marcin Sniadecki2, Jaroslaw Debniak2, 
Dariusz Wydra2, Magdalena Balut2, Maciej Stukan3, Agnieszka Zmienko1,4, 
Beata Nowakowska5, Irmgard Irminger-Finger6, Janusz Limon2 & Piotr Kozlowski1,4

Only approximately 50% of all familial breast cancers can be explained by known genetic factors, 
including mutations in BRCA1 and BRCA2. One of the most extensively studied candidates for breast 
and/or ovarian cancer susceptibility is BARD1. Although it was suggested that large mutations may 
contribute substantially to the deleterious variants of BARD1, no systematic study of the large 
mutations in BARD1 has been performed. To further elucidate the role of large mutations in BARD1, 
we designed a multiplex ligation-dependent probe amplification (MLPA) assay and performed an 
analysis of 504 women with a familial breast and/or ovarian cancer and 313 patients with ovarian 
cancer. The investigation did not reveal any large mutations in the BARD1 gene. Although the 
analysis was not focused on identification of small mutations, we detected seven deleterious or 
potentially deleterious point mutations, which contribute substantially to the total number of 
BARD1 mutations detected so far. In conclusion, although we cannot exclude the presence of large 
mutations in BARD1, our study indicates that such mutations do not contribute substantially to the 
risk of breast and/or ovarian cancer. However, it has to be noted that our results may be specific to 
the Polish population.

Five to ten percent of all breast cancer (MIM#114480) cases are inherited and consequently aggregate in 
families. Hereditary breast cancer, on average, is diagnosed in a young age and/or co-occurs with ovarian 
cancer (MIM#167000). It is estimated that germline mutations affecting the highly susceptible BRCA1 
(MIM*113705) and BRCA2 (MIM*600185) genes explain 16–40% of all familial breast cancer cases1. 
Moreover, highly penetrant mutations in genes such as TP53 (MIM*191170), STK11 (MIM*602216), 
CDH1 (MIM*192090), and PTEN (MIM +  601728) are associated with various hereditary cancer syn-
dromes and account for approximately 1% of all breast cancer cases that aggregate in families2. Another 
~5% of familial breast cancers may be explained by mutations in moderately susceptible genes such as 
ATM (MIM*607585), CHEK2 (MIM +  604373), NBN (MIM*602667), RAD50 (MIM*604040), RAD51B 
(MIM*602948), and RAD51D (MIM*602954) and the genes implicated in Fanconi anemia. Finally, a 
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significant proportion of breast cancer aggregation may result from the cooperative effect of common 
polymorphisms (primarily SNPs) or by their interaction with highly susceptible genes. Recently, a large, 
cooperative genome-wide association study identified the association of 67 new and previously reported 
SNPs with breast cancer3. It was estimated that these SNPs cumulatively explain 14% of the familial her-
itability of breast cancer, and a further 9% may be explained by yet unknown common SNPs3. Altogether, 
only approximately 50% of all familial breast cancer cases can be explained by known genetic factors1,4. 
Therefore, the identification of additional cancer-susceptibility genes is highly sought-after1,2,4,5.

Among the candidate breast and/or ovarian cancer susceptibility genes are those encoding proteins 
that interact with BRCA1/2 in DNA damage response and other tumor suppressor pathways2,4. One such 
gene that has been intensively studied is BARD1 (BRCA1 associated RING domain 1; MIM #601593). 
BARD1 is composed of 11 exons spread out over an 85-kb region at 2q35 and encodes a 777-amino-acid 
protein that shares both structural and functional similarities with BRCA1. Both proteins possess an 
amino-terminal RING-finger motif that facilitates BARD1/BRCA1 heterodimer formation. This in turn 
stabilize both proteins and is essential for the expression of the tumor suppressor functions of BRCA16. 
It has been shown that missense mutations in the BRCA1 RING-finger domain that hamper heterodimer 
formation are highly penetrant deleterious mutations.

The analysis of BARD1 in subjects with increased genetic risk of breast and/or ovarian cancer led 
to the identification of dozens of sequence alterations, including definitively damaging, frameshift and 
nonsense mutations7–30. Detected mutations are distributed over almost entire sequence of BARD1 and 
no strong hot-spot mutation or hot-spot region was identified so far. The exception may be c.1670G > C 
(p.Cys557Ser) which is relatively frequent in European populations however its role in breast cancer 
predisposition is equivocal7,10–13,15–17,19,22,23,25. Depending on a type of tested samples and a criteria of 
mutation definition, the BARD1 mutation rate (ratio of the number of mutations and the number of ana-
lyzed patients) varies between 2.8% and 6.1%10,19,23. Recently, highly deleterious BARD1 mutations were 
also detected with the use of exome sequencing of cancer predisposing genes21,26–30. These more objective 
approaches recurrently show that BARD1 belongs to the group of the most frequently mutated genes, 
after BRCA1 and BRCA2. For example, recent analysis of 1824 patients with triple-negative breast cancer 
unselected for family history led to the identification of 9 definitive BARD1 mutations (more mutations 
was identified only in BRCA1, BRCA2 and PALB2)29. It was shown that a number of the identified point 
mutations in BARD1 co-segregate in families with cancer10,19. BARD1 small-size mutations were also 
analyzed as modifiers of BRCA1/BRCA2 attributed risk31–33.

However, the knowledge of large mutations in the BARD1 gene is still very limited. One of such 
alterations is a deletion of 1260-bp in intron 3 of BARD124. Additionally, a germline deletion of the entire 
BARD1 gene was detected in a non-BRCA patient with triple-negative breast cancer. Consequently, it has 
been suggested that large mutations (multi-exon deletions or insertions) in BARD1 as well as in other 
breast cancer susceptibility genes may substantially contribute to familial breast/ovarian cancer risk20,34,35. 
This corresponds with the previous studies demonstrating that large rearrangements may account for a 
substantial fraction of all of the disease-related mutations in a particular gene. Normally this fraction 
accounts for ~5% of all detected mutations; however, it is strongly dependent on both the gene and popu-
lation background, and in some cases this number well exceeds 10%. However, to our knowledge, no sys-
tematic analysis focusing solely on large germline mutations in BARD1 has been performed. Therefore, 
to unequivocally elucidate this issue, we performed a comprehensive analysis of the large mutations in 
BARD1 in over 800 samples with either familial breast cancer or unselected ovarian cancer.

Results and Discussion
MLPA is the method of choice for the detection of large mutations; however, commercial MLPA assays 
are available only for a limited number of the most intensively studied genes, and there is no assay 
for BARD1. Therefore, as a first step, we designed and generated a new MLPA assay covering all 11 
exons (12 probes; one probe in each exon, two probes in exon 4) as well as the 5’- and 3’-flanking 
sequences (2 probes) of BARD1 (Fig.  1). Additionally our assay was comprised of 3 control probes 
(located in copy-number-stable regions in chromosomes 1, 17, and 22) and 3 probes located in ARID1A 
(MIM*603024) (not used in this study). To prove the dosage-sensitivity of the designed MLPA probes, 
we performed an analysis of three types of positive control samples: (i) anonymous control sample with 
the large-scale duplication of the 2q34-37 region in which BARD1 is located; (ii) DNA control sam-
ple, digested with HindIII, and mixed (1:1) with undigested sample to simulate heterozygous deletion 
(HindIII cuts target sequences of two consecutive probes, BARD1_e03 and BARD1_e04.1, and does not 
cut target sequences of any other MLPA probes used in the assay); and (iii) control sample, in which 
target sequences of two consecutive probes, BARD1_e06 and BARD1_e07, were masked by specific 
masking-oligonucleotides, complementary to target sequences of the selected probes (upon hybridiza-
tion, the masking-oligonucleotides, prevent target recognition and subsequent ligation of MLPA probes). 
All the tests confirmed the dosage-sensitivity of the designed MLPA assay/probes (Fig. 1).

The designed MLPA assay was used for BARD1 large-mutation analysis of 504 patients from families 
with breast and/or ovarian cancer aggregation and 313 patients with unselected ovarian cancer. The 
conducted analysis did not show any MLPA patterns indicating the presence of a large mutation in the 
analyzed samples. However, in seven samples (one unselected ovarian and six familial breast cancer 
cases), we observed a 28–45% reduction of the individual probe signal: two samples with a reduced signal 
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Figure 1. Analysis of the large mutations in BARD1, conducted with the use of a homemade MLPA assay. (a) A 
schematic map of the BARD1 gene and the flanking genomic regions, with the positions and IDs of the MLPA probes 
indicated. The exons are presented as vertical rectangles with proportional size and spacing based on the NM_000465 
BARD1 sequence (reverse complement) retrieved from the UCSC Genome Browser (human genome reference sequence 
Mar 2006 NCBI36/hg18 assembly). The upper and lower rectangles correspond to the protein coding and untranslated 
sequences, respectively. In panels (b–e) there are representative results of the following control samples and samples with 
different point mutations (from the top): (i) the representative negative result without any mutations; (ii) the positive 
control sample with duplication of 2q34-37 in which BARD1 is located; (iii) artificial positive control sample, composed 
of 1:1 mixture of HindIII digested and undigested genomic DNA sample; (iv) artificial positive control sample, generated 
by masking the target sequences of BARD1_e06 and BARD1_e07 probes with probe-specific masking-oligonucleotides; 
(v) samples #53 and #4031 with the mutation c.1690C > T in exon 8; (vi) samples #4163 and #4349 with the mutation 
c.1972C > T in exon 10 and (vii) samples #4062, #4217, and #4321 with the mutation c.1977A > G in exon 10. (b) The 
MLPA electropherograms of the representative MLPA results. The probe IDs are shown under the electropherograms. 
An arrowhead indicates a reduced signal of the MLPA probe. (c) The bar plots (corresponding to the electropherograms 
shown in panel b) representing the normalized copy number value (y-axis) of each probe (x-axis). The gray bar plot 
(above) indicates standard deviation values (SD; ranged between 0.066 and 0.086) of test MLPA probes, calculated based 
on signal variation of particular probes in each analyzed sample (except the samples with mutation). (d) Sequencing 
results of the exons showing a reduced signal in the MLPA analysis. (e) The target sequences of the affected probes. 
A schematic representation of the MLPA probe is shown above (for details see37,41). The 5’- and 3’-target sequences 
are indicated in yellow and green, respectively. The positions of HindIII sites, the masking-oligonucleotides and 
corresponding mutations are indicated in red.
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in exon 8 and five samples with a reduced signal in exon 10 (Fig. 1). None of the rest of the analyzed 
samples had a MLPA probe signal reduced or increased by more than 10%.

As large heterozygous deletions lead to an approximately 50% signal reduction and commonly affect 
subsequent MLPA probes, we assumed that the observed reductions of the single-exon signals may have 
resulted from small-size sequence variants present in the target sequences of the corresponding probes. 
It was previously shown that such sequence variants may affect probe hybridization and/or ligation and, 
in consequence, lead to a relative signal reduction36,37. In all cases, the sequence analysis revealed hete-
rozygous single nucleotide substitutions located at different distances (3–15 nucleotides) from the liga-
tion point of the MLPA probes. In both samples that had the reduced signal in exon 8, we found the 
nonsense mutation c.1690C > T (p.Gln564*) located 15-nucleotides downstream of the probe ligation 
point, while in two of the samples with the reduced signal in exon 10 we found the missense muta-
tion c.1972C > T (p.Arg658Cys) located 10-nucleotides downstream of the probe ligation point. In the 
three remaining samples with the reduced signal in exon 10 we found the silent mutation c.1977A > G 
(p.Arg659Arg) located 5-nucleotides downstream of the probe ligation point. Two of the mutations, 
c.1690C > T and c.1977A > G, were previously reported as definitely pathological. Although c.1977A > G 
is an apparently silent mutation, it affects several exonic splicing enhancer (ESE) motifs, resulting in the 
deletion of exons 2–9 and leading to a frameshift and the premature termination of translation (p.Cys53_
Trp635delinsfs*12)23. The third mutation, c.1972C > T, was reported either as a potentially pathological 
or as an unclassified variant (Table 1)7,10,12,19. It was also shown that this rare sequence variant (< 1%) is 
a risk allele associated with lung cancer (OR =  1.55)38. Further computational analysis of the potential 
functional consequences of this mutation showed that it causes substitution of a very-conserved arginine 
in position 658 (e.g., PANTHER, http://www.pantherdb.org/) and has a highly deleterious and desta-
bilizing effect on protein structure (e.g., PolyPhen2, http://genetics.bwh.harvard.edu/pph2/) (Table  1). 
The high resolution melting (HRM) screening of c.1977A > G and c.1972C > T in a panel of 1000 unse-
lected control samples led to the identification of one and three cases with these mutations, respectively 
(Ratajska M et al. unpublished).

Six of the identified point mutations were detected in patients with familial breast cancer, and one 
mutation, c.1690C > T, was detected in patient #53, who was originally enrolled as a patient with unse-
lected ovarian cancer (Table 1). However, further analysis of the family of patient #53 revealed an aggre-
gation of the disease within the family (Supplementary Materials: Supplementary Fig. S1 online).

Although all three of the detected single nucleotide substitutions are either deleterious or potentially 
deleterious mutations, the detailed explanation of their role in the predisposition of breast and/or ovarian 
cancer requires further functional and epidemiological analysis, which was not the subject of this study. 
Nonetheless, the identification of these single nucleotide variants with the use of an assay that is dedi-
cated to the detection of large heterozygous mutations makes it highly unlikely that the lack detection of 
large mutations was due to false-negative errors.

An additional result of our study is the production of a homemade MLPA assay that can be used in 
any further analyses of large mutations (both germline and somatic) in BARD1 in both breast/ovarian 
cancer as well as in other types of cancer. Our analysis was conducted on large number of samples, which 
further helped to prove the robustness and high reliability of this test.

Conclusions
In summary, our study, conducted on a group of 817 patients, did not lead to the detection of any 
large mutations in BARD1. Although we cannot exclude the presence of such mutations in BARD1, our 

sample 
ID sample type

type of 
family

nucleotide 
change

canonical AA 
translation of nt 

change predicted effect of the mutation

#53 unselected ovarian Br/Ov c.1690C > T p.Gln564*
deleterious nonsense mutation23,27

#4031 familial Br c.1690C > T p.Gln564*

#4163 familial Br/Ov c.1972C > T p.Arg658Cys missense mutation, described either as 
deleterious, potentially deleterious or 

neutral7,10,12,19,38

PANTHER: change in conserved AA, score 
-3.030/-10; PolyPhen2: probably damaging, 

score 0.995/1

#4349 familial Br c.1972C > T p.Arg658Cys

#4062 familial Br/Ov c.1977A > G p.Arg659Arg
deleterious splice mutation (exons 2-9 deletion; 

p.Cys53_Trp635delinsfs*12)23#4217 familial Br/Ov c.1977A > G p.Arg659Arg

#4321 familial Br c.1977A > G p.Arg659Arg

Table 1. The point mutations detected in this study in breast and/or ovarian cancer susceptible patients. Br 
– site specific breast cancer family, Br/Ov – breast and ovarian cancer family; The variation sites are defined 
based on NM_000465 BARD1 sequence.
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results clearly indicate that these mutations do not contribute substantially (>> 10% of the total BARD1 
mutations) to BARD1 sequence variation and, subsequently, to familial breast and/or ovarian cancer 
aggregation. However, it does not deny the role of BARD1 as the breast cancer susceptibility gene. It has 
to be also noted that our results may be specific to the Polish population.

Methods
The study comprises DNA samples (extracted from whole blood) from 504-non-BRCA patients 
(tested for the 5 most common BRCA1 mutations in the Polish population, c.68_69delAG, c.181T > G, 
c.3700_3704del5, c.4034delA, c.5266dupC, cumulatively accounting for >90% of all BRCA mutations39) 
from families with breast and/or ovarian cancer aggregation (as previously defined40) and 313 patients 
with ovarian cancer that was unselected in terms of the familial history of the disease. The patients’ 
blood samples were collected between 1999 and 2012. Informed consent was obtained from all of the 
patients, and the study was approved by the medical review board of Medical University of Gdansk 
(NKEBN/399/2011-2012). The methods were carried out in accordance with the approved guidelines.

The multiplex ligation-dependent probe amplification (MLPA) probes and the probe-set layout 
were designed according to a previously proposed and well validated strategy37,41. This strategy exclu-
sively utilizes short oligonucleotide probes that can easily be generated via standard chemical synthesis. 
The sequences and detailed characteristics of all of the probes as well as their exact position in the 
BARD1 sequence are shown in Supplementary Materials: Supplementary Table S1 and Supplementary 
Data online, respectively. The MLPA analysis was performed with the use of a homemade BARD1 assay 
(combined with reagents purchased from MRC-Holland, Amsterdam, The Netherlands), according to 
general recommendations published in previous studies37,42. The products of the MLPA reactions were 
diluted 20×  in HiDi formamide containing GS Liz600, which was used as a DNA sizing standard, and 
separated by size with capillary electrophoresis (POP7 polymer; ABI Prism 3130XL apparatus; Applied 
Biosystems, Carlsbad, CA, USA). The obtained electropherograms were analyzed using GeneMarker soft-
ware (version 2.2.0; SoftGenetics, State College, PA, USA). The normalized signal of each probe (peak 
height divided by the average peak height of the control probes) was divided by the corresponding signal 
of a reference probe and multiplied by 2. The obtained values that correspond to the copy number of 
particular exons/regions were visualized in bar graphs. The analysis of samples with detected aberrant 
MLPA pattern (with mutations) was repeated at least two times.

The HindIII digested positive control sample was generated as follows; 1 μ g of genomic DNA was 
incubated overnight with 20 U of HindIII in conditions recommended by manufacturer (Thermo Fisher 
Scientific, Lafayette, CO, USA) and then mixed with equal amount of undigested DNA. To generate arti-
ficial control sample with masked target sequences of the BARD1_e06 and BARD1_e07 probes, 7 fmol 
of each of two masking-oligonucleotides: GAA TTA TTG CTC CAG CAT AAG GCA TTG GTG AA 
(specific to BARD1_e06) and GAA AGT ATG AAA TCG CTA TTG CTG CTA CCA GAG (specific to 
BARD1_e07) were added to the MLPA reaction together with the MLPA probe mix at the hybridization 
step.

The mutation sequencing was performed on ABI Prism 3130 genetic analyzer; Applied Biosystems, 
Carlsbad, CA, USA, according to the manufacturer’s general recommendations.
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Supplementary data 

The BARD1 sequence with the positions of the MLPA probes marked. 

The NM_000465 BARD1 sequence (Mar 2006 NCBI36/hg18 assembly) with the locations of the MLPA probes 

marked. The 5’ half-probes are marked in yellow, and the 3’ half-probes are marked in green. The ID of each 

probe is shown next to the BARD1 sequence. The exons are indicated in blue, the low complexity/repetitive 

regions are labeled with lower case letters and the positions of the SNPs are indicated in red.  

BARD1 
>chr2:215296520-215387673 (reverse complement) 

 

GAAGTGGCCTTTTCCAGTGCATAATACCATAATTAAAAATCAGAGAAGAA 

TTAATATAAAGGTAAGAATTTGTGAGATATCTTTACACTCCTTGGGAGTA 

GAGTCTGGGTATTATGGATATCCCATTTTGCTTGTTATATATGTTTATCC 

AAGTGAATATGAGGAAGATTTACCTCTTTGTAAAACACTTCATAACACAA 

CAGAAGAGAAAACAGCATTTTGACTGTTTTCAACAAACCATTATATAAGC 

CTGAAGATCAGAAAAGAATTCAAGGCTGGAGATGCCTTCATAGCATGGTA 

ACACTACAGAGGGTAACTGAAGCAGTCGGGGGGATGAGGGTTTAAGTGGG 

CCTGGAGAGAGGAGGATAGGTAAATAAGGCTGAAGCAAGCTTATCTGCAT 

GCCTCAGAATCCACCCAGGACTACAGTGTTACAGTGGGGGAGGGATGGAT 

GATTTTGAGTCTAGGATACTTGGGAATACTGCTTACTAGGAAGAGAACAG 

ACTAGGAGTGAAATGGAGCAACAAGTCTAAACTTTTATGTACACAGGAGG 

TCCTTGCAGGGAAAACTCTGAAAAAGAAATGATACCATTTAGCCCTTTTT 

AAAGTGAGAAGAAGAGGACATTGTTCATGTCCTAAACCATGGCTTTACTG 

AGACCCTGCTGATGGCTGGAGTTCCCTGCAGAACTTTTTCTCTGGGACAA 

GAATTCCAGGATTTTACACATTGTTGGATGTACCCCATGGGAGAAGGAAT 

GTGCCCTTGAAACTCAGGATCCAGGGTTAAGAGGAAGAGTTGGTTCAAAA 

CAAACATCCCATCTCCACTAAAGGCAAAGCACCAGCAAGCTAAGCTGTAG 

AAAAGCAAGGCTGGAAGGAAGAAAATGGAATGGGAAGTTGCACATCGGAG 

AGTAACCCTGCTTATTCTCTTTATGAGTTTCATTATGGCCACTATTAAAC 

AGCTGCCACGAATGTCATGACCCCTGGGGAGATGGAACAGGACAATGGCA 

GAAGAAAGGAAAAAAGCAAACAAACAGTAGAAAGAACTAATTGTATCTGC 

ATCATAATTCATTTAATAGCATGGTATGAATACGCCAGTTATAAATGTTT 

GGTCCCAAATCATTTTACCAAAATGTGAAATTTTCATTTACTCTGATCAC 

AGTTAAATTGTGCCccaagtatagtggcgcacgcctgtagccccagctac 
tcggcagggtgaggcacgagaatcgcttgaaccccttgaacgcaggaggc 
agaggccacactgagctgagattgtgccactgcactccagcctgggtgac 
agagcaagactctgtctcCCCCGCCCCCCCGCAAAAAAAAAACTGTGCCC 

TTAATAAAAAAAAATTGATAAAAATGTTCAGTGTTATTCTTTAGTAAATA 

AAGCATTAACAGTACTGATTATATATAATCATCCTCAATCagttaccatt 
tactgagtacttatggtgtatgtgattttacatttaatcttatttaatag 
tcctccaaatctacccgataaatattatccccattttgcagacaaggaaa 
ctaatgctcagagagcttaaggcttggtttaaatcacacaattatttagt 
gaaagtgggattataagtaggacaatctatctcctgaaatcctcaattta 
ccccattaacaccatagtatctctcCAGGTTTTAACGTTTTAAGTTTTCG 

TTCTTTTTCTTTTTCTTTCTTTTCCttttgtgtttttttttttttttttt 
tttttgagacagtctcgctccgttgcccaggctggagggcagcgacacca 
tcttgcctcactgcaaccttcacctcctggcttccagctatttttctgcc 
tcagcctcctgaggaactgggattacaggtgcatgccaccacacctggct 
aatttttatatttttagtagagacggggtttcaccatgttagccaggctg 
gccttgaactcctgacctcaagtgatccacctgccttggcctcccaaagt 
gctgggattacaagtgtgagccaccgtgcctgaccCATTTTAAGTTTTCT 

AGAACTTGATTTCTCCCACGCTCAACAAAGAGTAAGCACTGGCTTAACAG 

GACTAATAAGGACTAACTTCTTAGGTGCCTCTGAGTTAAAAAAAAAAATT 

GGTTCGTTTGTGTGCTATCATAGTTTCAGTTAAAACATTTAATAAAGCCT 

TATTTAGTTGTGCTTATTCTAactaaccaagtgtgtgattttggccaagt 
catttaaactccttgagtttTCATTATTTAGTGGAGCTACAAggcacagt 
ggctcacacctgtaatcccagcattttgggaggctgaggcagaagaattg 
cttgaggtcaggagttctagagcagcctggccaacatagagagaccctgt 
ctctacaaataattaaaaaaaaaattatccaggcatggtggggtgcacct 
gcacaggtcccagctactcgggaggctgaggtgggagggtcacttgagcc 
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caggagttcaaagctgcagtgagctgagatcgtaccactgtactccatcc 
tgggcaacagagtgagaccttgtcccaaaaaaCCCCTCAAAAGACCAAAA 

ATATAATTTACTGgggccattaataatcaaaaagatctgggttaatattc 
tgccactgttgttatctgtgcctccatcctggacaagtATGCttttcttt 
ttacaaatcttacttttctctaaagatgggggtcttgctatgttgcctag 
gctggccttgaaccccggggctgaagtgattctcctgcctcagcctccca 
agtagctaggactacaggcatgtgcTGAGCCccttgggcaagtaaattaa 
gatctctgagccacacctgcctcctctTATTAAAGAGCActgtcttagct 
gttataacaaaatactataatctagatggcttaagcaacagaaatttgtc 
atatttctggagtctagaagtctgagattagcgtgccagtatgactgggt 
tttggggagggccctcttcttttgcgttcttgctgtgtcctcatgtggtg 
gagagagagagaactctctcttcttacaaggtcattaaccccatcatggg 
ggctctgccctcataaccccatctaaatctaactaccacccaaaggtccc 
ctccaaatactatcacgttggggttacaacttttaatatatgaatttggg 
ggtgacacTACAGatactaatgcccatttcatagggtccctataaggctt 
aaggcaggtattaacataggaaagcacttaaagctgggtctggcTTGGGT 

AGGTAGttcaatgattcaacaaacactgagcacctacctggagccaagca 
ctgcatgtgccacatgaagcgatattgggaaatgagtcacatgcagccaa 
tctctggccttttggaggttttgaactagaaggggacacgcacataatcg 
tatgtgtgtgtatctacatacacaggtgatatgatgcacctgagagaatc 
cagtctaggaactaggaaaacctttaaggagtgatacttcagctgtattc 
tgaaggatgaggaatggagaggaggccaattccaggttccaaagtgaatc 
tttgcgcaaaagccatgaggcagcaaggtgcaggggcttttaatgaccta 
agggaacgcactgtggggttgggaccatgatggccagaggaggttttgac 
aagaggctagtcaaagagCAGAGAAAAACTTTAAGGAGTTTTAAGAAAGG 

GAAGTGCCACGATGAGTTTTGTGTTTGGAAATGTTTTAGGCGGCCACACC 

GCAGTCTCGGGACTGGCTGGGACCTGGATAGACACTTGGATATCAGCTAG BARD1_f5’ 

AAAGCTACGACAGGAAACCAGGCGAGGACGAGGCAACTGGGGATGTTGTG 

GAGCAGAGACGGAGAGAAAATGGGTGCATTCGAGACAAGTTAGGGGGAAA 

AAATGCAAGGACTTGGAAATGAACTTGGGGCGCGGCAGGAAGGCATGACG 

GGTTGCTCTGTAGGTCTTATCTGTAAATTACGGCGATCAGTGAAAGATCT 

GGAGGAGGAAGGTGGACACACTCTCTAACAAAAAAAACCCTTTTTGAAAT 

TTTATACCAATATTTTAAAAGTAAACCAGATCTTTTCAGACATGCCTTTG 

AGCTGATATTTGTTAACTAGTTAGAATTAGAAACTTTCCTTATTTTTACT 

CAGTTACAATATACGCCACAGCTGAGGTGAGAGGAAAGAAAAGGTTGCTT 

TCTTAGGAACAAAGAGTGGTACCTTCAGTATCGTGGGCAAAGCTTTTCCA 

AGTCCAACAGCAGTCAAAACAGCGCTTTTTATAAATAACACTCAGCTAAA 

AGTTTCTGGGTTTGTGATTGTTCCAACGGTTAAGCTCGGATGAGGGTCCC 

TGGAGTCGTAGCTCCCGGGAAACGTCGACTGGCTTTCCACCTGGACTTCA 

TCCGTCCAGGCAGCCCAGAGGGGCTTCAGGCCCCGCCCGCTCTCCTGCCA 

ACTACAGCCTCGCGACTGCGCTCAGCCTTCAGGCCCCGCCCCTTCGGTCA 

AGCGGCGTGCTCTCACTGCACGGCGCCTGGGCCCCGCGCGCCGGGACCTC 

GGTTTCAGCCGTCCTGTCCTGCCCCGAGGCCCCTAGGCCCCGCCCCTGGG 

CCCCGCGCGCCAGGACTTCGGTTTCGACCGTCCTGTCCCGCCCCGAGGCT 

CCTAGGCCCCGCCCCCTCTGTCCCCGGCGTGTTCTCGCGGCTCCGCCCCT 

AGGACCCGCGCGCCGGGACTTTGGCAAGTTTCAGCCGTCCGGCCCCGCCC 

CCTCGGTCCCACGGCTCTCGCGGCCCCTCCCCTAAGTCCCACACGCCGGG 

ACTTTGGCAAGTTTCAGCCTCCAGCCCCACCCCTAGGTCCCGCCCACTCG 

GCCAGCGGCTGGCTCTCGCGGCCCCGCCCCTGTGCCCTGCGAGTCCCTAT 

TTTGGGAGCATTGCGGccgccgtgccccgcccctccccgcgcgccccgcc 
ccTCTGGCGGCCCGCCGTCCCAGACGCGGGAAGAGCTTGGCCGGTTTCGA exon 1 
GTCGCTGGCCTGCAGCTTCCCTGTGGTTTCCCGAGGCTTCCTTGCTTCCC 
GCTCTGCGAGGAGCCTTTCATCCGAAGGCGGGACGATGCCGGATAATCGG  
CAGCCGAGGAACCGGCAGCCGAGGATCCGCTCCGGGAACGAGCCTCGTTC 
CGCGCCCGCCATGGAACCGGATGGTCGCGGTGCCTGGGCCCACAGTCGCG 
CCGCGCTCGACCGCCTGGAGAAGCTGCTGCGCTGCTCGCGTTGGTAAAGA 

CGGAGCTTCTTGGGGGTGGCTGCGAGGGCACGGGTCGCACAGTTTCTGGG BARD1_e01’’ 

GGCGGCAGAATCTTTTCAAATCTTCCGTTTCCTCCTTCCGTTCCCGCGCT 

GCAGTCGGGTCGGCGTGCGGTTAGCACCTGCCGGGGGATATAGTATTAAC 

AACTTCTGCTTCTCATTCACTTTATTTTTGGGCGACTTACCGGCCTCCCC 

TTGCCCTGAATCCAACTGAAAcggtagtttttgaacttcagcgggctgaa 
gaaccgtctggaggtgtggctaaaaaaatgttcatcccggtcgcgcctcc 
agagtttgaatcgggctggggtggggctgaggcttctgcattttttacCC 

GGCCCTGGATTACCCCGCTGCTTTCCGGGAGCTGTGGCGAATTGGGCTGG 
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CGGGCCGCCCCGGAGACCCTCTAAATTAGAAGCAGCTGCCACTCTAAGTT 

AAACTGGCCTTTTTGACATTTTCTCCGTGCCAGCTTTTTCGAGTGAGATG 

GGATGGAGCATCGGATATCTACCATAGTTGTAGATTGAAGATGGCACGGA 

ATTTCTCATTTTCTTAGTTTGCTCAAAAGACTGTATGTCTGGTGTCCCCG 

CTCTTAGTGATGCTGTTTATTGTTTTCCTTCATGCTGTCACATTATGGGA 

GTCCTCTCAGGGTTTTCATTCCGTCCAAAGACATTTTCATGAGTGTTACT 
TCTTGCTTTTTTTCGTGTAGCTCTTTCTAGTATACAAACCAAGAAGGTTT 

GTAAAACCCAAGAAAGGTTTGTCTCATTTTCATTTCTTCTGAAAAGCATT 

TTTATTGAGCACTTGCTGTGTGTACAGCTAAGTATTTCTGTATGAAGATC 

ACTGGCAGTTTTTTTGTTATTTGTAGCTGTCAAAAGTTTATATCCTTTTT 
GGACTTTTTTCCCCTTTGATTTCTAACTTGCAGAACTTAAGTTACCTAGT 

TGCATAAAGTATAAGTAACACAACtttttcttttctttccttttttgaga 
cggagtctcgctctgtcgcccaggctggagtgcagtggcacgatcttgtc 
tcactgcaagctccgcctcccgggttcacgccattctcctgcttcagcct 
cccaagtagctgggactgcaggcgcccgccatcatgcccggctaattttt 
tgtatttttagtacagatggggtttcaccgtgttagccaggatggtctcc 
gtctcctgacctcgtgatccgcccgcctctgcctcccaaagtgctgggat 
tacaggcgtgagccacggtgcccggccAAACTTTTTCTTTAAAAATGAAA 

AGGACTTAACTGTCAGAGTTTTGCACTTATATTTTCTTTGACGAAAACTT 

TTAATATCTGTGACAAAATGACATTGCACTTCTTAGAAAAGTGACACTCA 

GATAAGTGAGTACATGAAGACATTTGAGTTGTGTGTTTGTTTTCCTGTAG 

CACATGGGTCATCTGAGAATAGGAAATTTAAAACTGGCACTGCTAGTTGC 

AATAACAGAAGCATTATAGTTCACACCTTGATAGTCCAACGAAAGTTAGA 

CATTCCCTTGGCACATACCTATgtggaagcatcgggcttcacttagactg 
tggtcagaatgcctgagttcaggttctagctttgacactattgagtaggc 
caagttattcatctctcattttccggatatgagtaatactaatgattagc 
ttattttcttgtgaggattcattaataatcataaatttattgagcaccca 
taaagtgccagaccctattctgggtattggggatttgttagtgaacaaag 
cagacaataaattccatctcttagggagcttttatggaagaaacaaAATG 

AAATTTTACATGTATGTAAAGTATTGAGTTTGGTGGTTGTGATAGAATAA 

ATGATAAATAATGTGTGTCTTAATCTAAAAGAATGTGGTGTTTGCTTGCT 

ACATGATTTGGGAGAGACAAAATAGATAATATATATGAATATATGTTGTC 

CTGAAAAATAACAAAGCCGGTTTCACTTTTTATCCCCTACCAAATATTTT 

TCCAGTTTCTAACTGAAGTGAGTAGACAGTAAGAGGCAACGGAGTGTAAA 

CAGACATCAGTAACCAGGCCCAGACTTTTAGCATGGCTCACCCATTTGAC 

TACAGAATGCTATTGAATGCTATTGATTTTTTTTTTTTTAATCCGAACCT 

CTATAGATGAACTGAATCTTAACTCTTAGACTGCATGTTTTCATGTaggg 
gtctgcaaattttttcggtaaagggccaggtaattaatattttaggcctt 
tctgcccgcaaatagtttttgttcttatttatttttacatctcttaaaaa 
tgtaaaaaccattctttccttaagggctgtacagaaacagactgctggct 
tggtttggcccacaggcaatagttGCTAAACTGTCGATAAAGTCTTGATA 

AACTTAATGTCTCAAGTTTAAAAATCCTTTTTGGTATACAATTTTATATC 

ACATGGGGTGCCttttttttttttttttccctaggcaaagtttcactctg 
tcacccaagctggagtgcagtggcatgatttcagctcactgcaacctcct 
tcccccgggttcaagcaattctcttgcctcagcctcctgagtagctggaa 
ctacaggtgcatgccaccatgcccggctaatttttgtatttttactagag 
acggggtttcatcatgttggccaggctggtctccaactcctgacctcaag 
tgatccgcccacttcagcctcccaaagtgctgggattacaggcgtgagcc 
accatgcctggtcTTTACATGGGCTTTAATGTTTAGAAATGATTTTGCTT 

TCCTCTGTAGGTGTCTCTGCAACTTTGGCACTATCTATAGTGAAAAAAGC 

ATGGCCAGCTGCACCTTACTCAAGGAGGAAAAGCATTGTTCCTACCTCTG 

CCTTTGCCCTGGTAGCCTCCTGACATTGCCGGCAAGGAGCAACTCAGAAT 

GGTCTGCTTCTTCCATTTGCTACCCTCCATTCAAAGCAGTGTCATATTAT 

TTGAAATTGTGTCAGTATGTCCTTTTACAGAGTTTCAGAGTTCTACCCAG 

TGGGCTAGTGATTACCCCGATTACCCTCACATTCAGCTTGCAGCTGACAT 

CTGCCTTGTGTTGCACATGGATCTGTTTTGCAGCAAGCATTACTTGCTGG 

TGAGGGTGGATTGGTACATAACCGGGCATCCTTTCTTGACCTTTAACATG 

AATCTGGCTTCAAGGTGAAGCCGATGAAAGTGTTCAAGAGGCCAGATGTG 

ACATTTATATTAGGACCAAGCCTCACAACCAGAAAGAAGCTATTTAAGGA 

TTTGGAAAAATGAGACAGGAAGACCATATTATTTGAGAGGCTGGCAGAAA 

GCACAGTAATAATGTGTTCCTAAAGGAAGCAGGAAATGGTAATAGGAGCT 

GCAGTGTAGAAGCCCCAGGTGTCATATAACACTGTTTTGTGAATTAATAG 

GTACCTCTTGGCATATTTTTGAGGGTGAGAGTGGGATTAGACATCTATGA 

CAATTGTAACGTGGGCCTTTTTAATCAACTTTTTATGAAAAGTTAGAAAG 
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TAATCTTTTAACCTTTATGATAGGTATTTTTTTTTTTCTGAGTTCTTGTT 

TAGGAGATGATCAAGCTTAATTTTGTATTCTCTCATACTTTGAGGcagca 
tagtgtagatgttaaatgtgtggaatctggagttagattccctgggttca 
aatcctggctccattatttaggttattttatctttttatgcttccttttc 
ttcatctgcacaaaatgagtggatattcataAGATGCCTTGAGCTGTGTC 

TGTTATGTACTAAATACTATATGAATATTTGTGAAATAAAGGATAGGTTC 

TCTGACTCCGGGTTCAGCTTTTGCCTTTCTTCATGAGTTTTGAATGTTCA 

GAGGCATTCTCACAGAGCAGTGATCCCCAAATGGAATGATTTCTCCCTGG 

CACTGGTTATTCATTAGAATAACGAGAAATCACTGAGACACTGTGTAAGG 

GGTGATAAGGTGATGCATTTTCTACTTCTGCCTTTAAGGAGTGTATGCTT 

AATTATAAGGGATAAAATAAATACAAGTTCAGGGTAAATTGTCGTGCAGG 

TCGACATAGTGCTGAGAAGAGTACTTGGGTAGGGCCAGTGGAAGGAAGCT 

TCATGGGCTTTTAAATTGAAATATGAATAGAttttcttttttctgagacg 
gagtctccctctgtcacccaggctggagtgcggtggtgtgatctcggctc 
actgcaacctccgcctgccaggttcaagtgattctcctgcctcagcctcc 
tgagtagctgggattacaggtgagcgccaccaaacccggctaatttttgt 
atttttagtagacacggggtttcaccatgttgctcaggctggtctcgaac 
tcctgaccttgtgatccgcacttcttggcctcctaaagtgctaggattac 
aggcgtgagccaccacaccaggccGAGATGCGAATAGATTTTTAAAATGG 

AGCCAGGTTGCAGGGAGCTGGGGTGATGGGTGTTATTTGCAAATAACTAG 

CTATAAAGAATTGTAGGGTAAAGGGGGACTGGGTCAGGTGAACAGAGAGT 

TAAGACAGGGTCAAATCAGTGATAGTAGCCTAACAACAGAATACTCAGTT 

GGTTTATATAGTTAACTTCCTAAAGAgagcaatttgtatagctttcctgg 
actctggttcctcatctataaaatgaggaaaatggactcgttgatttgta 
aagttctctccagtttgcagatttcatagttATTTGTGTCCACTGGAtga 
agtttaacatacatacagaaaaggcacaaatcattggtgttcagcttgTA 

TCGTATCTTCCAAGTTAGAATTTATTTGTGAGATTTATTTATTTATGGAA 

TATTTTGAGTGATGTCTGTCTCCTTCAGTTATATATTTAGTAAAACTAGG 

TTCACGTTTGTAGCCACAATGCCAGACACATAGTTTCTTAGTGTATGTTA 

AATTGATGTATGAAAGAACTTAGGTTAAGGTAGGATCACATTTGAAGGGC 

CTTTGCAAGTGGTAATACCAGAAGATCTAGTTAATTTACATGAATTGCTA 

AGAATCCCCTATAGGTTCCATGTCATTATCCATATACTTTACTTGTTAAA 

CACTTTATTCTTCTAAAGATAAACACAAGAAAAATTGTTTAATTGGCTTG 

GTGAGCCTGCACATTTAGATGTTCAACATGTTGGTCCACACGTTAAAATT 

ACCTTGAGGATTCTTTAAAATGTAAGAGCACTTTGGGAGCTGTCTTGCCT 

AATATTAAATAGCAGTTGATATTTCATGGAGATACAGGGGAGCCATTCTA 

TTAAGAAATAGATCTGCCTTGGTATTATCATCTCAGATGGATTTACCTTC 

CTTTTTTTCTTTTCGAAGAAAATTTTGTATCAGTAAGAACTTTAAAAAAA 

ATTGTTCTCACTACTTAATTCTTCCCTAAGTTATCCTCTGACAGCACTGA 

TCtgaaggggtgggttgcccctccacacctgtgggtgtttctcgtaaggt 
ggaacgagagacttggaaaagaaaaagacacagatacaaagtatagagaa 
agaaataaggggacccagggaaccagcgttcagcatatggaggatcccgc 
cagcctctgagttcccttagtatttattgatcattcatgggtgtttctcc 
gagagggggatgtgtcagggtcacaagacaatagtggggagagggtcagc 
agacaaacacgtgaacaaaggtctttgcaacatagacaaggtaaaggatt 
aagtactgtgcttttagatatgcatacacagaaacatctcaatgctttac 
aaagcagtattgctgcccgcacgtcccacctccagccctaaggcggtttt 
tccctatctcagtagatggaacctacaatcgggttttatactgagacatt 
ccattgcccagggacgggcaggagacagatgccttcctcttgtctcaact 
gcaagaggcttgccttcctcttatactaatcctcctcagcacagaccctt 
tacgggtgtcgggctgggggacggtcaggtctttcccttcccacaaggcc 
atatttcagactatcacatggggagaaaccttggacaatacctggctttc 
ctaggcaggggtccttccgcagtgtttgtgtccctgggtacttgagatta 
gggagtggtgatgactcttaaggagcaagctgccttcaagcatctgttta 
acaaagcacatcttgcacaacccttaatccatttaaccctgagtttgaca 
cagcacatgtttcagagagcaccgggttgggggtagggtcatagattaac 
agaatctcaaggcagaagaatttttcttagtacagaataaaatggagtct 
cctatgtctacttctttctatacagacacagtaacaatctgatctctctt 
gcttttccccacaCTGATCTTTCTAAATCAACTACATGTAAAGTTACAGA 

AGTATGACTGTAGATGGGGAAAAAGTAGAGTAGCTGAATTTTCAAGGTAC 

AGAAATCCTGTTACCATGCAAATGTCTTCTCTTATTTGTTTGGATTTTTT 

CTATCTAATATATATGTATATCAAACAGAAAATAGGGTAAGGATAAAATG 

GAATTGTTAATACAAATGCATTTTTGTATATAGGCTTCCATTTGGTTCAT 

TCACTAAGAACTTATTGAAATCCTGCAGTTAATCTAGCACCATGCTAGGT 
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AGGTAATGGTGGGTTGGGGAGCTCAGAAAAAATGAAAGTTAAGATCTCTT 

GTCTTAGGGCTGGAGTCTAATTTCAAGACAAGAGAAATAGAAAATCAGGA 

AGTTAAAATAcagatgctcctgaacttgagatggggttatgtctggatca 
acccatagtaagtttaaaatattgtatgtcaaaaatatatttaatataca 
taccctaccaaacatcatagcatagcccagcctaccttaaacatgcccag 
aacactaacattagcccagttgggttaaatcatctaacacaaagcctatt 
ttataataaagtgtttaatagctcatgtaatttattgaataccatactaa 
aagtgaaaaacagaatgacttcctgctgtggcccagcattgtactgcata 
ttgctagcctgggaaaagatcaaaattcaaagtgtgatttctattgaatg 
tgtattacatttgcaggataataaagctaaaaaattgtgagtcgaaccat 
tgtgagtcagggatcatctgTACAAAATATTTAGTTTTCAagcctgggca 
acatggcaaaaccccacctctacaaaaaattagccaggtatggtggtgtg 
cacctgtagtctcagctatgtgggaggctgagatgggaggatttcttcag 
ctcaggagttcaaagctcagtgagctgtgatcatgccactgtactccagc 
ctgggcgacagagcaagatcttgttttaaaaaaaacaaaaaCAACCCCCC 

CCCCCGCCAAATATTTGGTTTTCAACATTGAATCCCAGAACCCCAACTAG 

ATGCTCTCTTCTTTGTAACTTTAGAGCATTTTGTACATCTTTTAAGTCAT 

ATTAATTTGGTTTATGTAATTAATTGGCCAGATTATAAGACCCTTAGAAA 

AGAGTGGAACACAGTCAACTTTGTTCTTTAGATGTTACATGGCATGAATT 

TTGCAGAAGTGATGGCTGGAGGCTGAAATCCAAGAGATGGACATAGGCTA 

ATAATAGTTGTAAGAGACACTGGCCTGACCACAGCAGAGTTTTTGTTGAG 

GAGCAATGAGAGAAAAGGTTGCATGGCTTAGGTGTTACAGATTGTGAAGA 

ACTTTTTAATAGTAAATTTTTTTTTAATGGTAAACAGTGTGTGAAAAGAA 

TTAAAATAACACAGTATATGGCCATTCAGTATTTGTTAAATGAACGACAG 

ATAAGTGTGAATCTTCTTCAGTAACTTATAATTATCAGTTTCTTGTGTAT 

CCTTCAAGAGGTTCTATGTTCATATAAGCATTGTACTGCCTCAGATAAGC 

AGATACTAAACACCATGTAGTTGTTGcatgattcatttaaccatttcctt 
attggaaacatttaggttgtttgtggtcttttgctgtaacaagcagtgct 
ggagtgaTACTGATGTCATGTGCCTTTACATTTAAAATGTttttaaataa 
agttatacatgaacgtagttgacagagtcaataggacagactattaatga 
aaacattctttgcttcatccttcatcacccctgagttctatgcatcagaa 
acatcttttgtcttttttttagttttacaagcatgtacctctacatttcc 
aaatatgtttatattgctatttatttttttttccattttagatgttatta 
acttcctaactattctcaaagatgaATTTTCTTACTACTGTTAACTTTGA 

CAGTGGAAGTTAGtggatgtagaattcaaagtacaaaataattgtcaaga 
attattttgaaggcctcgttccacagttctgtagcatctcttattaccct 
tgagaagtcttatgctatcctgattcctttttttaaaaaaagtatgacat 
ttaattttattatttcttaaatctctggaaggttttagaatcttgtctag 
atatctttgatgtttgaaagtttcaTTTttgcaagtatctagtgttgctg 
aaggacaaattcctggcagtggaatagctgagttaaagttggatgcattt 
atattcttgataggtatctcctagttgTAATAATTTTTTAAAAAAGtttt 
tctaaagatacatgttcttgttgtgttgtccaggctggagcgcagtggct 
attcacaggcacgatcatggcacactatagccctgaactcttgggctcaa 
gctttcctcctgcctcagcctcctgagtagctgggattgcaggcatgtgc 
cactgAATTTGGCACTCCCTTCTCTCTCAGCTTGGCTCACACACTTCCTT 

CTTGTTCCCTCCCCCAATACACACAAGTGCACATACTTCTCATTCACATT 

TCCATTATCTTTCCTTATCCGTTAACAGCAACACAAATATATATTCTAAC 

TCACTAATTAGAATAATTAGTACAACTGATCAATTATTCCCACATGTTAA 

ATCATTACTAATATGTGATAGCACCTTATTGCTAGAGTGAAGGTTAAGAA 

CTATAGCTAAAGAGTTCAGTCATCTTAGGAAGGAAatttaaagttgagaa 
acagaatcaaggcgttgagtcaagtattgccagagaaagccggaaggcta 
cggactgcatcctgggggtatgcctacatggagaggtaggaaaagcagct 
aaggaaatgctgaaataggcagatcaatgtgtataaaaatattaaaatgc 
ggtggaaggaaaggtttcaggaaagaagatgaggtcagtgctgtttccca 
gagtggtcagagagaaggggaccaaaaatgctttggagaacagtttcagc 
agagtggagggagttaaagctaggaaggtgaggagatgggagtagctggt 
atggagcactcatttaagaacttttatctgttcaagaaagggaagagatg 
gagcagaaggtagaatgggaggtatgatcaaaactgtgttttttctgtgt 
caaaggagagattacctgttcatgtgtagatgcaaatgagagaagaaagg 
caagtattatgaATATCTAGTGCTTTGGGAGGCAGAAAAGATATGGGAAC 

TATAGGTAGAGTAGCACATTTTAGGAAGAGTGACTAAAGGAGATCGAATT 

TTCCTCTTAGACTCTAGGAAGGGTAAGATGACTGGTGAAGAGATAAAAAT 

GTATTTAGGTGTTAAAAAACTTACACCATTAAGTTCCAGTAAAGTTAATG 

AGATGAGGAAGCATAGAGATTGTTTTGAATAGCCATCTATTCATTTGTTT 
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GTTTATTTATAGAATATTGAATACATTACTTTGGTAGAGATACAAACATG 

AAGAGGCTACCAAATAAATTTTATGTCtttattttattttattttaatat 
ttttgagacagagtctggctctgtcactcaggctggagtgcaggggtgta 
atctcggctcacctcaacctgtgcctcctgggttcaagtgattcttgtgc 
ctcagcctccccagttcctgggattacaggcgtgcactaccatgcctggc 
taatttttatatttttaAAAttttatttatttatttttgatacagggtct 
cgctctgtcacccagtctggagtgcagtggctcaatcttggctcagtgca 
acctccaccttccaggttcaagtgattcttgtgcctcagcctcccaagtt 
gttggcattacagacatgcaccaccacacctggctaatttttgtattttt 
agtagagacagggtttcaccatgttgcccaggccagtcaagctcctggcc 
tcaagtgatcctctcacctcggcctcccaaagtgctaggattacaggcat 
gagcctcagtacccggTTGCTACCAAATGAATTTATAGAGAGAAGTTTAT 

TCATCtttctttccttttttttttttttttttctttttttAATAGTGGTT 

ATTCGCAGCCTGAGTGGGCAGGGAAGAAGTAGACTCTGGGGCCTATCTAG 

CATTATAGATTGGCATCCATGAGTGTCTAAGAGGTCAGCACAATTAGGTA 

GTGGTGAAGGTGGCTTGGAAATAGTTAACTCTGGCCTGGGCTGGATAGGG 

AATCCAAGGTGCTAGGAAACTGAATGGACTTCTTTCAAGGTAGAGAGCAA 

CCTGAAGGTGGAGGTTTGGCCAGGGCGATGTAATAAAAGAGGTAAAGGAA 

GGATATTATGATAGGAGGAGCTTGCCACGAAATAGAATTCAGTACACTTG 

ATGGGGAAAAGGAGGTTAGGTTTGCTAGGTCAAATAACAAAAATTATAGA 

CACAGTATGAATGTTAAAAGAGATCATGTTTATTGGCAGAGTCACAAGTC 

ATATTTTTATCTGTACGTTTTACATACTGTGATACAAAAATCAGACATGG 

TGAGTTTTTAAAAAGTAATAGGTTTTGTAACGTCAGTGAGCACCATTTTC 

AGTATCTTGAGAATAACATTGTGGGTGTGTACTGTTTTTCGCAATCTTTC 

TGAAAATCTCAATTTCACTTGAATGTTCATATCTATTAAGATGTGCAGTG 

TGATACTTTCAATCTTTCAAGAAATGTGAAGAATTGTTTTTATTGATACG 

TGGTATGTGTACAGAGGTAATTTAATAATAATGGTGTAAATATCTAAAGG 

TTTTAGAGTTAGTATAATAAACCAAGCAGAAAAAGTGCTCATCATTTAAA 

AGGCTTTACTTCTCTGGGTACATTACATCCATTGAGTATAATGTCTTGGT 

GTGTATTTATTAGTATCATTACTTTGTTAGGATTAACAAATGTAGCAGGT 

ATTTTGATGGACAGTATTAGAAATATTTTGTTTCTGTGTCTCTTTGCTCA 

CTCACTGCAGGGAACTTCATTCTATCTGCAGACACACTGCTAATCTGATG 

ATTTCTGTTTACATTTGCTTAAAGAACAATTAACTTTCTGTGAACTGAAA 

GAATGGCTGCATTTTTCACAATATATCTGTGAAAAATTGATGGCTACTTT 

ACAGTAGTAAGAAACACATGTTTTTTTTAATTGGGAAACCTTGGATTCTT 

ACGGTCAAAAtgactagatatcctggtttgtctggggcagtcctggttta 
ttcctgttgtcccagcatcctattcaattatcactcctcttcactctcag 
aagttttctcatttggatgatacgttatatggtcattctaCGTGTGGGAC 

ACATTTTGAGGTATATGGTCTACACTTTGAATCATAAGGGGAAGATACAC 

CTTAGTAGTTGAAAGAAGCAGCCAGTAGTTGGTTTTGCCTTAAGAGGTTT 

AGAGATACTTGAACAAAATTGTTCCTTTCTCCAACTTTCTAGAAAATACA 

TTTTAAAATGTATTACAACTTGTACCCAGTTTGGTGGTTACTATTTAAAA 

TCATCAGGTATGTTATGGTACAATATTTAACCAGGGAGTAACAGCCTTTC 

AAATGAATGCATCCTTAATACCTTCTGCTTTGAGAAAGTGAGAAATATGG 

TAGTGTTGGGCCTTGGATGAAATATTGGGTGTGAGATGTTTATCTAACAA 

TGACTCAAATCTTGATTGTTTTAATTTCTTCAAACAGTACTAACATTCTG exon 2 
AGAGAGCCTGTGTGTTTAGGAGGATGTGAGCACATCTTCTGTAGGTAAGT BARD1_e02 

AATTACGGTTTGATGTATATAGTACAACTGTATTTTTTACTAGATAACAA 

TCATGTAATCTTGTTGATAATAATGGTACTTGATGTTTGTGTAACTTTCA 

AAGTCTGCAAAGTAACCTATTGTACATTATCTTAGTTTGATCTTTAAAAC 

TGTGTcttaatttacaaataagaaaaccaaagctcaaagaggatgacttg 
tccaagttacaaagcttagtagacagctTTGCCAAATTGGAGGAAAAAAA 

TTAATGCCTTTTATATAATTCAAATAGATGTTTTTAAATTTTCCAGTTAA 

ATTTTGAATCTAGACTCAAAATTGTGAAAGTATAGGTCTTACAGTTATta 
tattagtttcctaaggctgccataacaaagaaccaaaaactgggtggctt 
agaacaacagaaatgtattgtctctctagttctgtaggctaggagtctaa 
gatcaagatgatgacagggttggttccttctgtgggctgtgagggagaat 
ctgctccttgcctttcccctagcaatctttgctgttccttgacttggaga 
tgtatcactctggtctttgctttcatgtacacctggcattcttccttgag 
tgcttgcttctctctgtgtcaaatttcctcttttcatacgaataccactt 
atattaagggctcaccctaatgttctcatcttaacttgatcgtctagagc 
ctctttttccaaattaggtcacattcacagtaactgaggggtgaagactc 
aaacatctttttgggggacacaattcagtgcataacaGTTATTGTGAAAT 

TATATCCATGTGATGGCCCTGGCTTACAGGTCAGAAGATTAGATTTTTAT 



�
�

CTCTTATTTCTTGTTCAGGAGAAATCAGTTGAGAGATTAAGTGTCTTAGT 

TTAATTGCCTATGAGACAGGGAAAATATAGTCTCCTTTGAATTAATCTTT 

TAATTATTTCCAGTTATGAGTATGTTACTGTCTGACATGAACAAATACAT 

TCGGAAATTTGAGCATATATGAAAATAACCTTGTGTATTACTTCAAGGGC 

TAAGGTTGTCTGGGAGGCAGCTATGTTTTGGGTCCCAATTTTGTTCCTGG 

AAAAACAGATCTGTTATACGAGGGATATCCAGCAGGAGGATGGGGGGTAG 

GAGATGGAACCTGTtgcctaccagatacgtctgtttggatgatgaaagaa 
aaggcattttaaagttggtgtgttcagagctgacctcttgatcatcctcc 
tcttcagccttttcctgcctgggtaatcttcatcacagtaaatggtacca 
gttactgctaggttgcttatcccacatcgctaagttctgtcagttctgcc 
tcaaaatgtgtcctgaatcttgaatttttccaccttttttctgaattttc 
tacagtttatagtttgttccaagccatcattgtattatctctgctcatac 
tattgtgataggttcatagctggtcttccctttttggcatcatcacccct 
tcctcattttctacattcttgacagtgatctttgaaaaatcacgataata 
tccatatcattaccctgcttaaactctttagtgggttcctattgcagtta 
aaataaaatccaagctctgccctctggtctgcaaaaccctgtatgggacc 
tagaacctgtcttcctcttggacgtcatttacctctggctcacactgttc 
cagcacttctccttttagctcattcaatacaccaaattcactcccgcccc 
aggactttggcacttgctatttcttccacgtgaaatgtacttatgccaga 
tttctgtgaggcttactttttaccagttatatatcagctgaaatgtcact 
gcctccaaaacgcctcccatggatctgcttacgaaatgatgcccactccc 
tgtccccaCTCTGTAGCAAGCAGATGTATTTTGTTTCAGCTGACAGATGA 

TGGGTTTGCTCACTGTATACAATAGGTCAGTCACAAAGCTGCTAGAGCAT 

AATGAACTCCATGACATTTTATGCAAAGTTGGTTTGTGTGTGTGGTGGGG 

TGGGGGATCCATACGTTTAATCAGATTCTAAAGGACTCTGTGACTTAAAA 

CAACCAATCAAAGGTTTGAGACACGAGAACATCTTAAAAGAGAAAATGAT 

TATGTGTATATGACATGAACGTAGGAAAGAATTCATTCAGTGCAGTTTTG 

ATTTGTTTTGATTATATGATGCCAAAAATTATGGTAGCTGTTTTTATTCA 

TGCAGATTTTGAGTTAAAACTGCTCAGCAATGAGGTTTTAAAATGATTTG 

ACATAGCTCAGTTCAACTGATAAAGGTAATTCATCTACTCTCTAAGATAC 

AATTTAAGACATGTGGcaggggtgctcaaacattttgagcattcttcaga 
attgagaaccataaagagcttttgtgtgttcatgcatttaccgtacaaaa 
ctgagactttttaaaaaaattaatttaaaaataataaacccattaataca 
aacacaaataacactttgtaaggaaaaataacaattttaacaaatcaaag 
aaaaaaatagagtggcactgttgtacatttttgcaaatctctgtcttgct 
gaatggaaaacagctacattctcaacttatatattcagtctattgtgata 
cttttttgattgaagaaaatctggctttatacataattgtagttggaaga 
agtattgaagtattttcagtagcttttttagataattgtggctattcttc 
tttaatactacaccaaaacttgacaagtgcttttttatttttattttttt 
gtgaagacaagagtctcactctgtcacccaggctggagtgcagtggcgcg 
atcatggctcactacagcctcaacttcttggcttgggtgatcatccaatc 
tcactttctgagtagctgagactacaggtgcaccccaccacgcctggcta 
atttttgtagttttttgtagagacaaggttttgccatgttgcccatgatg 
gtcttgaactcctgggctcaagcgattctcttgtctcggcctcccaaagt 
gctgagattacaggaatgaatcaccatgcctggccaacaagtgctgtttt 
ctttaggttcatcacagtgtggaatctgaaactatatcaataaattttta 
tactctgttacatgaaatttcattggtttatctagtactttgaatttatc 
tgttactcagcatgattttatgacatcacacacgggtcatttgagaaata 
ctcactgagctatacaggtccaccgaaaaatgacatttttTTCAGAATTC 

CAAATTAATGTATATAAAATAATTTGGGAATAGTTTATAAAATGTTATAG 

AAATATAAAATACTAGTCTGATCTGAGTACTAGTGCAGTGCtggacaagt 
aacttaaataactggatctcattttcttcatccaaaaatgaggtggtagt 
tcttgatgaGTTGATTTCAGATTGTATTTTACTGATAATTAAGTATTGCA 

CAAATGATTTAAATTGCATGAGTAATCAGTTTTACATATTTTTTTGTGTT 

GGGGTTCCAAGTTAGAGTTCTTAACTACTAGCAAACAAATGTACAGAAGA 

TCCTTTGCTAAAGAAAGTTGACATTTATTGACCCCAGTGACATTTTttga 
attagatggtcccaaaagtctcttccagctctggtatGGGTTACAGATTC 

ATTTTACAATTTTTTTTGAGTTACATTCTGTCAGAAATCATGCTAGAAGC 

CAAGGATACAAGAATTAGAAATGGCATAGGTTTTGTTTGAGGATAGTTCA 

TATTGAGTAAGAATCCTCTCTGCCTACAGAGGATTGGGTCCTGTGACAAG 

GAATGTCCTGTGGTGCTTGGGGAAGATGTGGCTTTTCAACTGTTACATTA 

CTTACTCAGTCCTACTGGAACCCATCTGGTGAGGCCAATGAAGGAGGAGA 

TTTATAGAATTCTTATTCTGGAATTCACAGATGGGCTTGTGGGGGGGATC 

GTGAATCCCTCTTTTTACATGAGTATGTATAGATTTTCATCAGATTTGCA 
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AAAGGTCTATAAACCCCAAAATTAGAAAAACTCTTCTAACTCTGAAACTT 

TAGTCCTTAGATAACCCAGGTAATTGAGTCTACAGGTTTTAAAATTGTCT 

GAAAAAGTCAAAGATCTTTTCCCAAAAGCTACTTTAAAGCCTTGAGATAC 

TAGTCCCAAAACAAAACAGAAGGTCTTTCCCAGTGTCTGCAGTAGTTTTG 

GGTATTTTCATGCAATGTTAAGATAGAAAAAGTTAGGATGCACGACTACT 

ATGCATTAGGCATTCTATCTTTCTGTTACATCTCTGTAACCTTTAGAAGC 

TACAGATTTATTTGTAGGGAAAATTATGCAGACTAATAATCAGGCTAAGT 

AAAGTCTCTTCATAGCAAATTACATGAGCAACCTTAGATTTGATGTATGT 

ATTTTACTCTTTAAAACAGTATTCAACAAGGATATTACAATTGACCATTG 

TATGTTAGAATAACCTCTGCTCCATTTATTTCTGTTCAAACTGTTTAGTT 

TTTGGAATTAAATTCTGCTGAATGGGTTGCttttttttttttttttaatt 
attttaaaGTAATTGTGTAAGTGACTGCATTGGAACTGGATGTCCAGTGT exon 3 
GTTACACCCCGGCCTGGATACAAGACTTGAAGATAAATAGACAACTGGAC BARD1_e03 
AGCATGATTCAACTTTGTAGTAAGCTTCGAAATTTGCTACATGACAATGA 
GCTGTCAGGTAAGAACTATCCCTATCTCTCTTAGTTAAATTCATCAGTTA 

AAAACTGATGAATTCATATTCATAAAGTATATAAAACATCTATCTGGAGT 

TCTGGAATACGTATTTCAGATTTTAAAATCTGTAGGTttttttttttttt 
ttttaaatagccattgagtctctctatgttgtccaagccggacttgaact 
cctgcactcaagggattccccccacctcagcctccctggtacatgcatgt 
gacacacccggTGGTTTTTTGGAAGATCATTTTGagaaatgacgggaacc 
atagagataattaaagtctaacccccttattttatagttgagaaatcaag 
gtccagagaggtgaaataaccttgcctacagccgcatgtgtagttagtac 
tagaagctggagaaataaagcccatttctgactgtaaatccaggaacttt 
tttgctgctTTACATTGCCTGCTTTTTACATTTATGATAACTTCTGCAGA 

ATATATATGGAATAGTGATTTTGGCCTTAATAGCACTTAACTCACTTAAA 

TACACTTTCCCAAGATAGAATACGACATTTTTCCATGGATCACTTTTCTA 

GACTGAATTAATTAGATGAGCACATTTTGAAAGAGCAGAAATCTAATATT 

CATTTTCTTTTCTATTTAAGTGGGGGTTAACGTTTTTTAAATTGTCCTTA 

GACTCTGTGTATTAACTGTGTATCTTTCCATTGTGCTTTCTGCTGAGAAC 

TAATTAACTGTGGAAAGAAAGTAAAATGTTTTGTATCTTCATAATTGGAT 

ATTAGAGTTGTCTTTTTATTGACCAGATCATGCTATTTTAGTGTGTGTTT 

GTAGAAGAACGTGTTCTTGACTGGCAGGATGCCATGGATGATTGATAATG 

CTCATATAAAATTGTTAGATTTCTATTTTTAAATCTTTTGTTCTTAGAAT 

CCTGCCATGATGTCTTATTGTCAGCTAAAGATGAAGTTGATTATACAAAA 

TAAATAAATGTGGCAAAAACTTTGAGTCTTACCACAGGTCCATATTTTTA 

AGAATTAGAACTTAAATCACTTTATACCTATTAAAATTTTCCTTCAGCTA 

GTTATCTGCGTCATTGTATTCAACTCCATTCTTTTATGATAAAATGTGCT 

GTAGTGCAGAAGTTTTTCTTACTTTCAGATGTAACTATACACACACATTT 

TTAAAAGTTGCCGTTTTTTAAAAATGATATTGTAGTTGTAAACCTTTTTA 

AGAACACACTGAAGAAAAATTCTGTCATTAGTTCATCTGAACTCTTCTTA 

TTTAAAGACAGTACTGACAATGTTTATTTTCTAGTTAAAAGAGATTGGTG 

TGTGATCTACCTTTCTCTCCCCACATAGATACCGAGGGTCAGTGCAGGGG 

TTCTTAATCAAGGGCCCATGCACCTTTGGCAGTGTTCAGAGTTGAAGTGG 

GTAAGGGATCAGTGAGCTTCTTGAGTTAATTGTGCAGTATGAAAACTGTT 

CATGTTTGTGTGAAAGTGACTTTTGTTAGATTCTTAGGAGTGTGTGGTCT 

GTTAGGATTATTGGCTTTGCACTGAAATTTGGAGTGCTACTTTGGGATTT 

GTGGCTATGATGATATTTTGATTTGGTTCTTCACCAGTTGCTGTATAGTA 

Atgtattcatttgctagaactgctgtaacaaagtatcacaaactgagtgg 
cttaaacaacagatatttattgtctcacaattccagacactggaagtctg 
agatgaaagtgtatgcaaggttggttctttgttgaggtctgtgagacaga 
acctgttttaggccagtctccttgtcttgtagatggccatcattatgtta 
acatggttttctccttgtttgtgtcaaatctccccctttttaaaggacag 
gagtcatattgcgttgggagtccaccctactccagtatcgcttcatttta 
gctagttacatctgcaatgaccttatttccaagtaaagtcacattctaag 
ttactggggggttaggacctcaacatgtgaattttggtgggggaggaaca 
caatttaTAACAATATAACATTTTTAATGATGATAAATGGAGAGCAGGGT 

AACCCTTGATGGATTTACCGTTGTCAGTTATGGCATACCATAGGGGTGCA 

AAAAAGAGTAAGATAGACTCCTTTCCAGAAATTTTATTCTAGCTAGTGAT 

GTTTGAATCATTTATATTTTGAGGACTATGGAATATGAAATGCTTTCTTC 

ATATTTCATCATTAAAGATATTTAGGAAAATTGAGTTTAGAACAAGTTTC 

TGAGGCCTTTAAGAATGCGGTCTTTCTCATCTAAGTAGAGTTGGAGATTG 

GAGAGATAATTCTACTGATTAATTTCCCAAAGGCCATTTTATGTTTGTTT 

TCCTTATTATAATTAGGAATAATTATTTTAGTCCTTACCAGACTTAAGCA 

CTGCGCCCTCAACGTTACTTATATTAAACTGAGTTGAAGTTCCCTGTTTA 
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GATAACacataatcagaaatttaggaacacgaaggtcatctttaatcccg 
ttattctgtaggtaaggaaactgaggacccaggctacacagggcagttgt 
gttgtaaatttcttACTGTTTTTCTATTTTACACAACTTTTTGGTTCGAA 

GTGTAGGTATTCATTATGTTTGTTGAATTGAGTTGGATAAAAATTGGCAG 

TGCTAATTTATATGCTAGAGACTAAACttaattaaaattatttatttatt 
tattttgagacagacagtgtcttgctctgttgcccaggatggagtgcatt 
ggggccatcatggctcactgaagccttgaactcctgggttcaagagatcc 
tcccacttcagcctcccaagtagctacgactacaggcactcaccaccaca 
taccctgccaattaattttttttttttttagaagagatagggtgataggg 
tcttgctgtgttgcccaggctggtcctgaactcctggcttaaatgattct 

cccacctcgacctcccaaagtgctgggatttacaggcatgagctaattgt 
gcctgacctaattaaaataattttaaaataCATTCTTAGAATTTGGTTTA 

AATAATTTCATTTCATAATGATAACATCTATGCATTCATAGACCTTCTTA 

AAAAATTATAATGGTAGTATCTTTCTTTGCTACTTTGATAGGAAATGACA 

ATAAATTTAGAGTATAAACATACTGAATTATAACCTTCTGTCCAGATCTC 

TAAATTCCATGGTGTAGAGCTTTTTCTACTTTAATATAAGTTGTATAGAC 

CCCCAACTTTTCATCCCAAATTCTTCCCAAAACAAACTAGCCTTGAAGGG 

CATTTGAGATTTTTTTCTGGAACATTTCCCTTTGTTTCTTTATAGTTTGT 

CTATTCAGTGTATTTTACGCAGTACCTTTGTGGTAATTGATTATCTAGTA 

AGTACTTCTAGAACTAAAAGGTTAGAAGGTAAACTATATACCAGGAACTG 

ATAGTTGGGGACAAATGACAGTTGGTCTTCTTTATAATAGTAAGGAGATT 

GGAAAATGATctcattaggataagggtattagattaagtgattcctaagc 
tgtctctccaaaattgtatgattctgtTAAATGGTCATGTGTAGAAGATG 

ATGAATTAAGTGGAATGGTGAACATCTCTCACATTTTCTCTTTTAAAAAC 

CCTGTAGTTCACAATTTATCTTTCAAATGAACCTTGTTACTTGCATTTAC 

TATAATATATATAATTACTGTAATTAAGGTGGGCAATTAGGAAGAACTTG 

TCAAATCATGGACATAGTGTATGGTATACTGGAGATAAAGAAGCCTAATT 

TGTAGTAATACTTTCTAAAATGAGCTTCTAAATACTTGAACAGATTTTTC 

TTGGTTCAGTGTACTTTAAAGAGGAGATTGTCAAATTTTGCTGACAACCA 

TTTATGGATAATTTTACCTTATCCTTTATAACATGATCTTCTTTTTACTA 

ATGGAGTTAAATTTAAAAGTTTTTATTTTCTCTTCAACCCTATCATATTA 

AGTCAGACCTTGCAGGTGCTGGTCAGGTTCTGTGAAACATGTCGGTGTTG 

GTGACATTAAAAAAAAAATACTTTGATTATGCTTTTATAGTATTACAATT 

TCCTTTTCTATTTTCTGCTTTAGAGAGAGATGCTCGTCTTTCTGTAACGA 

TTACATAGTGTTTCATATATGCTATGACTTTTTTATAATAGAGGAAGATG 

AATGTTTGAATAGCTGTGTTGCTGTTGTTTTTCTTAAATAGTACTAAATG 

CTTCCTAGCTTACAAAATAATCATTCTTCAGTGAAGGCGTTAATGTTGCA 

CAGATGGTAGCAAAGGACTTTCCTTTGATTTTTAATAAGGGACTGGTTCG 

TCAAAGAGATTTCTCAACTTCTGTTGTGAAACCTATAATAGAGAATAACT 

TGAAAGGCACACAGTGTACATGATTATAATCCTTTGATGTAGATTAATGA 

TAGCTAAATCACATTTTCTAATTGCCTCTTTTTTCTATAGTTGATTATTA 

AATTGTAAGAAAAAACTTGGCCAAGCAGCTCCTTAGTAACACATGCATCT 

CTGTTACTCAATATTTTGTGATGTACTCTGAAATTCAGAGAATGGAATTC 

TTTTAAATATTATCATTAAGGAATTTTCTGTGCAGAGGAAGGACCAGTAT 

TTTTCTTCATGAAATGAATATGTTGATTTATCATGCTGAGAAGCATTCAC 
CCATAAAAATTGTTGGTAGCTGTTAATAATGTGATTTATGTTCCAGCAAT 

AGTGTTTTGCTTTTTACAGTTTTATCTTAGAATATTATCTTAGATATTCA 

GAATATCTAATAAAATTCAGAATATACAGTCATCTTTGTTGTGCTCCTTG 

CTTAGTTATGCAAGATACATAATTAAAATCTTTTGAGTAAAGTTATTATT 

ACCAGATGAATAGTAAAATTGTGTTCATATCAATTACATTGAGTATATTA 

TCTTCATTTACTCATTTATAAGGTAGGAAATATGTACACCTGAGTATGAA 

ATTTCTTCTTTTTATATTGAGGTTTTTTAGTCAGTTGAGTATGTTGCTGC 

TATATATAAGCCTTAATTTTCCTTTAAAAGCTCAATTCTACATTTTTAAA 

GTTTTTCAAAAATTGAGAACCTCAGGGTTTGAACATGGTTTTAATTGAAA 

ATGTCATCTGTGtttaaaataattaaaaaaaaatCAAATACAAGTTATTA 

CAGACTATCAGAGGATTAACCTTTATGACTTTGTAATCCTGAGTCTTTCT 

TGAAAAGTAATCCTGGTAACATTTCATTTTGACCTTTCCTATAGACTTGA 

GATTATATCAGAAGTGACTTGGTTTTGAAATCTACTTACCACTGCAAAGA 

AAATACCTTGTTGAATCTAGACATAAAGTCTCTATGTGAATGGATACGTC 

ATTCTGATACTTTCCAAGATCCTGTCTTAATAACACTTTGTGGACCAGGT 

CATGTTCAGCTATGATATTTAAAAGTTTATGTAGGAGAATCTGCCCTTAT 

TCATATACATACTCCTGCCTTCAGTAGGTTTATCATTTTACTGTCTTTTC 

AGTGTAGTGCTTCCATTTCATCTGCAGGAAGTGATGGTACACTTTGGAGT 

AGAAAATCTTTACTCTTTTGCTAGAGAGGGACCATGTCTGAAATTTCTAG 
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AGTTAAGTACTAATTATTTTATTTTTCAAAGCCTGTTTCCCATTTCTTCT 

TACCTGTTTAAGGTTCTTTTACCAGGTAAATATATTTTTGAAGATAGGAC 

TTTTGTACTCAAGAAATATGAGGTGAAAGAATAGGCAGAAGAAGCAATTT 

TGAACTTGAAAGAATTGAGATGATCATTAACAATCTTCTGGTGTATTAAT 

AATTTTAAGCTGGTAAAACAATAAAACAAGCTGTTCTATGTGGATAAAAA 

ATGACTAAAAGGAAATAAAAAATAATAGATGATGTACTTTTCTTTTGCTA 

ATAAAGACATGAGAATGTTGAAAAGAAATTTATTCCCCAAAACGTAAGAA 

AATGAAAATAATGTTGTATCTCTTAAGTATTAAAAGTTCTCAGTAATAAT 

CACCATTTGAAAATGTTATTGAACACCTTGTAACATCAGATGTTTATTTC 

CTATATGGTAGATGTTATATCCCTTAGGAATAAGACTAGTGGCCACTGGT 

TTTCTTCTTAAAGTACCTTAGGTTTAGAACTCCATTCCATTAAAAGTTTT 

CTTTGGTTCTGTAATGTAGGTAAAGTTTTATGCAGAGTTCTTTTCGATTT 

GAATGAAGAGTGACTTAAGGAGGAAAACAAAATTTGGGTAGTTtcttttt 
ctctctttttctctgtctctctctctcttctctttctTTTTAAAATAGGA 

ATAACAAAACATATTGTAAGAAGCCTGGTTGGTCAGAGGAGATTGTCTGT 

GTTAATTAGGAGAATGTTTGTCAGGCAGCATGAAATCATTTGTTAATTAC 

TGTTTTTAATCTTATCAGATTATTGTTATTTTTCCAACTTTCCTCCGTTT 

CTAATGttcttctttttctttctttctttctttttttTTCTGGGCCTGAA 

ATTACCTTTTGCTAATCCAGTTTGTGTGGAGAGATAGAGTGCCAGATTGG 

GAGttaggggactccttccttctttttgttttaactttagtccttcattg 
ttaaaatgaaagaattagactaaattattttcaagttttcttctagctct 
taaaattaattctaACATCTCTTACGTAAACATTTGGAAAGATTTAAGAG 

ATATCAAATAatttattcactagtacttactgagtactgtctattcatgt 
gctcaccactgtgctgggctgagctgggTTGATTTTACCTATGTTGTCAT 

GGGGTGGGAGAGAATTTTAAGGCAATTTTTTTTTCTTGAAGAAAATGAAT 

ATCCCAAAGACAAAAACAACATAAGACAACTTGAAGGTAGTTGATCGTCA 

AAATCAGAAAAGTGGATGACTTGTATGATTTGTCAATgaagaaaaacttt 
tcctctacactcttaggttcattgtatggaggcctgtgaattaaactgta 
aaacaattagcaagagaaaaaatagatttttatttaTGAATATACTTGTG 

AGTTCACAGAAAAATGTGACTCTCCAAACAGGTAAAAATGGGAGTTTATA 

AACCTAAATTAAGGGGAAGAGGTAGAGGGAAGAAAAGGCTTCTATGGAAA 

GAACAAATGGCTTTCTTTCTtttttttttttttaactataatttctggga 
tacatgtgcagaacatgcaggtttgttacataggtttacacatgccgtgg 
tggtttgctgcacccatcaacctgtcatgtacattaggtatttctcctaa 
tgctatccctcccctgaccccgctccatcggacaggccccggtgtgtgat 
gttcccctccctctgtccatgtgttctcattgttcacctcccacttatga 
gtgagaacatgcagtgttgggttttctgttcctgtgttagtttgctgaga 
atgatggtttccagcttcatccatgtccctgcaaagtacatgaactcatt 
ctttttatgggtgtatagtattccatggtgtatatgtgccacattttctt 
tatccagtctgtcattgatgggcatttgggttggttccaagtctttgcta 
ttgtgaacagtgctacaataaacatacatgtgcatgtgtctttatagtag 
aatgatttataatcctttgggtatatacccagtaatgagattgctgggtc 
aaatggtatttctggtcctagatccttgaggaattgccacactgtcttcc 
acaatggttgaactaatttacacccccaccaacagtgtaaatgtgtttct 
atttctccacatcctctccagcatctgttgtttccatgactttttaatga 
tcgccattctaactggcgtgagatgatatctcattgtggttttgatttgc 
atttgtctaatgatgatgatgagcttttttttcgtgtttgttggccacat 
aaatgtcttcttttgagaagtatctgtttatatccttcgcccactttttg 
atggggttgattttttcttgtaaatttgtttaagttctttgtagattctg 
gatattagtcctttgtcagatgtatagattgcaaaaatttttctcccatt 
ctgtaggttgcctcttcactctgatgatagtttcttttgctgtgcagaag 
gtctttagtttaattagatcccatttgtcaattttggcttttactgccat 
tgcagtaaaagacttcaggacattgttttagtcttgaagtctttgcccat 
gcccatgtcctgaatggtattgcctagattttcttctagcatttttatgg 
ttttaggtcttatgtttaagtctttaatccatgttgagttaatttttata 
taaggtgtaaggaaggggtccagtttcagttttctgcatatggctagcca 
gttttcccaacatcatttattaaatagggaatcctttccccattgcttgt 
tttgttaggtttgtcaaaaatcagatggttgtagatgtgtggcattattt 
ctgagggctttgttctgttccattggtctatatatctatgtcacaatggt 
ttgccgcacctatcaacccgtcttctaggttttaagacccacatgcatta 
ggtatttgtcctaatgctctcactccccttgcccccaaccccctgacagg 
ccctggtgtgtgatgttctcctccctgtgtccatgtcttcccattgttta 
acttccacttataagtgagaagatgtggtttttggttttctgttcctgtg 
ttagtttgctgagaatgatggcttccagcattatccatgtccctgcaaag 
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gacatgaagtcattcttttttatggctgcatagtattccatggtgtatat 
gtgccacattttctttaAAAATCACTTTCTTCCGTGGTCTCTGTAAGTGA 

GGTATACTGGCCATCCTTTAATTCCTTAAACTTACTAcagttgccccttg 
aataacataggcttgagctgcatgggtccacttatatacagatttttttt 
ggtcaaatgcagatggaaaatacagtattcatggaatgcaaaacccaagt 
atacagagggctgactttttctacactctgcttctccaggagtgagtaca 
ggaattgagtgtgtgggtattttggtatccaagggagttctcgaaccagt 
cccctgataatatggaggaacaactTTGTATGCTCTCTGCTATTGGGCTT 

TTGAACATTTTATCATCTTGCTCTTGCCTCTTGGTCTAGGTAACTTGTGA 

TCTTTTAGAATGctttttaccatttctattactgtaacacttgtcagagc 
caatatatttcctcttggatgatagccacataattggctattgtttctac 
tcttttctttccaaagttcctcctccacatggcagtcagagtggtaattc 
tacaatataaaacattatatcccttttctgcATTGGATGTgagatccaca 
ggactgtttcctttacatcatttacatctcagctcaaaaatcaacttctc 
cttgatgccttccttgatgaccttaattaaagtagcaGGTGAGTGTAAAG 

AAGAGTATCTCTCACAAAATCTGGCACTTTGTGTACATAGAGACAATTTT 

TTTTCTTTTTAAAAACTCTGCTGAATCTTTGTATATTCTGTCTACCCTCA 

ATGGAATCTTTGTGTTTTAATTCTTGattataaatctatatttttcaaat 
ttttaaaaagtattttatatatatatatgtagaaaaaatatatattttCT 

AACCATATAGTTTAATGAATTTGCACAAACTGAACTCACCcagaacaaaa 
acaatactctggaagcccctcttgtgctccctttcagtcactacttttcc 
ctgtaggggtaaccaactactattctgacttaacacattaaatcagtttt 
gactgttttatatttgatgtaagtgaaaacatataatgtgtatgtagttt 
attttgcttaagagattatgtttgAATATGTAGTTATTGTTCATTTATTC 

TTACTAATCTTTGGTTATACAGCTTGACGTTAATATTAGATGATACCTAA 

AGGGTCATGACTATTGTCTTTAATCCCCTTTATTCATTTTGTCAGAGAta 
cgttttgaagtcatatagtatgagtcctccaacttggttcttcagtatta 
tgttggttgttctaagtcttttgcctttcaaattgtacctttctttttcc 
gtgtaaattttataattgcttgtcgagttttacaaacaagcctactggaa 
attacattgggatttgttatatctgtaaatctgtttggaacaattggcat 
cttaacaatattgttatagttcatgaacatggtatatctctccatttgtg 
tagaattctttaataagtattttgtaattcttagcaaacagaacttatac 
attctgttagatttgtattttatgggtttttttgggtactaTATTTGGAA 

TATAAGTTTCAtgttttgttctctgctatatcttcagtctctaggatatg 
gcacaaagtcggattcagtaagtattgaatgagtgaatATCTGCTATCAA 

AGAGTTCACACTCTAGGAGCTGAGAAAGAAGTACATAATTAAAAGATGAT  

ACACTTTAGGGGAACTGTAAACAAAATTCTTCGGGAGCTCCATGTGGGAG 

CAATAAATTTCATGTAACAGATTTCTTTTTCTTTTTTTCTGTCAGATTTG exon 4 
AAAGAAGATAAACCTAGGAAAAGTTTGTTTAATGATGCAGGAAACAAGAA 
GAATTCAATTAAAATGTGGTTTAGCCCTCGAAGTAAGAAAGTCAGATATG BARD1_e04.1 
TTGTGAGTAAAGCTTCAGTGCAAACCCAGCCTGCAATAAAAAAAGATGCA 
AGTGCTCAGCAAGACTCATATGAATTTGTTTCCCCAAGTCCTCCTGCAGA  
TGTTTCTGAGAGGGCTAAAAAGGCTTCTGCAAGATCTGGAAAAAAGCAAA 

AAAAGAAAACTTTAGCTGAAATCAACCAAAAATGGAATTTAGAGGCAGAA 
AAAGAAGATGGTGAATTTGACTCCAAAGAGGAATCTAAGCAAAAGCTGGT 
ATCCTTCTGTAGCCAACCATCTGTTATCTCCAGTCCTCAGATAAATGGTG  
AAATAGACTTACTAGCAAGTGGCTCCTTGACAGAATCTGAATGTTTTGGA  
AGTTTAACTGAAGTCTCTTTACCATTGGCTGAGCAAATAGAGTCTCCAGA 
CACTAAGAGCAGGAATGAAGTAGTGACTCCTGAGAAGGTCTGCAAAAATT 
ATCTTACATCTAAGAAATCTTTGCCATTAGAAAATAATGGAAAACGTGGC 
CATCACAATAGACTTTCCAGTCCCATTTCTAAGAGATGTAGAACCAGCAT 
TCTGAGCACCAGTGGAGATTTTGTTAAGCAAACGGTGCCCTCAGAAAATA 
TACCATTGCCTGAATGTTCTTCACCACCTTCATGCAAACGTAAAGTTGGT 
GGTACATCAGGGAGGAAAAACAGTAACATGTCCGATGAATTCATTAGTCT 
TTCACCAGGTACACCACCTTCTACATTAAGTAGTTCAAGTTACAGGCGAG BARD1_e04.2 
TGATGTCTAGTCCCTCAGCAATGAAGCTGTTGCCCAATATGGCTGTGAAA 
AGAAATCATAGAGGAGAGACTTTGCTCCATATTGCTTCTATTAAGGTAGG 

ATGCTTACTCTGAAATACCATCTCAGAATGAGGCCAACTATAAAGCAATT 

TCTTTGCAGTTTTTGAAAAATGGCATAGGATTACTAGGATAATTAACCTT 

TCACAGACATGATACTTCCTCTGAACCAGAGAAGCCAGATTCATAGGGAG 

AGCATCTCTACTTCAGTTGGAGCAGTGGCCCCTGAGTCTGGGCGCATGAT 

CTTGTAGGAGAAAACCAATATTTGAATATTTCGGCTTTTATTTTGCCAAG 

TGCTTTTGCTTTTGTCTATTTTACCTTCAGTTTTTATCATTTTGTTTACC 

TGTCTTCATGCTTTATGAATGTAGACAATTGCTAAGTTATTACAGGCAAC 
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AATGTTTACTTAGTAAAAAAGCCCATATTTACCATCCAAATTCAACCAAA 

ATTTGGAAGGTTGAAAGATGTGGTCTGTACATTTCTCCAATGACCGGGAC 

ATTTGACTATCAGAAATGGCTCCTCCAGTTCACCACAAAGGAGCTGCTTT 

TTACCCTACAATCAGCTGTTCCTTTTACTGACCTGTTCATTGACGTTCAT 

TCTCTTTAATTATTGCCTCAACACCTGAGATGTGGCAGCGTTTTATGGAA 

CCTGGCCTGTTTTCTGAACACTTGGCAGTGGTTAATCTTTGAAACTGACA 

CAAACACTACATGTGAAATAGAGCAGTAGGCACCATAGCTTTATAAGCTT 

TGCTCTGTGATTTCATGCAAATGTTAGGAAAGTATGATATGGTAGACCTT 

AGTACTAAATTAGGATAGCTTTTATGCAGTCTCAGCGACTGTACGTAGTC 

AATTCACCCAGGAAATCCTTTGGTCTTCTGGATGGGTAGAGAACTTTGGG 

ACACCTGGGAGGAACCACTTGGAGGTCCACAAACATGAGGCTGGTGGGCA 

ACATAAAACATTTGAGAAGAACATGGAGTAGACATTGAGTGTGGTCCAAA 

GATTCCTGTATTTCTGTGTGGAGAAAGGGAATAGCATAAACTGAGCTTAT 

CCCAGCTGCTGCTGGTTTGTTTTCCTTGCTTTTCTTCCAGATTAATGAGG 

AATAcagtcagctctgtgtatctgtgcattctatgtttatgggttcaacc 
aactgcgaatcaaaaatatttgggagaaaagccaataacaatacgcaata 
aaaaaatgcaaattaaaaaatatcgtataacaactatctacatagcattt 
atattgtattaggtgttataagtaatttagagatgatttaaagtatactg 
gaggatctctgtaggttatttgcaaatacatcattttatatgaggaatct 
ggattttggtatctgctgggattctggaaccaatcccccacagatactga 
gggatgactgTACTCTATTTCTGATACCAGTGAGGCAGGGACCTTACAAC 

ATGACCACATATCCTTTGGACATGTTGAATTTTTGCACTTGGCTCTGGTT 

GTGTTTTAGTTTGATTTTTGCAAAGCCTGACTTAACAAAATTAGACATTT 

TTTGTCATCTCTGTTATATATATGTATATTATATGTACATATAAGCTATT 

GTAAACAAAGTTATAGACATAAGTAGCTAGTGTAATGATTATTTTTGTTC 

ATTTTGCTGGCTAATACATAGTAATTTATATATTTTGCTTTCTGGGAAAT 

TTTTGGACTATCAGGCAAGCATTTACTTATATTGGTGGCGACTTTTTCTT 

CTAACCATAAGAATAATTTATCTTTATTAATGAGGATCCCTAGGGTCTAG 

GCcagagttttgtaagttctttcttaaaggtgcagttagagtaaatgttt 
tcagctttgcaggccatgaaatctctatcatagcggttcagctctgcctt 
cttagtgcaaaagtagccacaggcaatatgcaaactaataaaacttacgt 
acaaaattgggtgactggcccataggctatagtttgcctactcttgGTCT 

AGGCATGTGAAGAAACTGTAATAGAATATTAAGTCAGGATAAAATGATGG 

CATGCTCCTGTCTTGGTGAATTTTCTCTATTAATACGTTCAAGATTACTT 

CATATGAGTTTTGTCAGTTTGCTTAGAGTTTTGCCGGAATTATTAAATCC 

ATTTTTATTTCCTTGAACTTAATTATTAAATGCAATTATTGTCACCAGTT 

GTCAGATTATGTTATGGTACattttttaaaagttaatttttattgttttt 
aaaatCACCAATTAATAGTGTCCTTTTAAATTTTTTTATGAGTTGAATGT 

ATGCCTCTCGCCTTAGCTTTATTTTAATAAATATATCCTTAAAATCAGAT 

TTGCttatataaatatatttatatatttttttCTTTTTTGGGGGTGGGGG 

GAGGGGCGGgggacagagtcttgccctgtcacccaggctggagtgcagtg 
gcacaatctcagctcactgcaacctccgcctcctgggttcaagcaatcct 
tctgcttcagcttcccgagtagctgggattacaggcacctgccatcatgc 
caggctactttttatatttttagtagagacggagtttcaccatgttggcc 
aggctggtctcgaactcctcacctcaggtgatatgtcctcggcctcccaa 
agtcttgggattacaggcatgagccaccatacctggccAATCTTTTTAGA 

AACAGTTTTCATTTCATTCCTATCCTAATTTTCTCATTTGCAGCCAAGAA 

TGAATAAATCTATGTGTACACATATTGCAATTCTGCTATCttatttatat 
tttgcacccacctgcttcagaaaaggatttgaagtggctctaaagttaaa 
gctactataaaatGGAACAAGGAGTTGGTAAAGAGGAAAGAGTTACTACA 

ACTGGAGTGAATTTAGTTTTGGTGACCTTTAAGGCAGCCAAAGCAAATAA 

GGGGAAGGACCAGGTTTTGTGCTGTCAAAAGATAATGCATCTTTTTTGGT 

GGTGATTATTTATGTTTTGTACCCACCTACTTCAGAAAAGGATTTCAAGT 

GGCCTAAAGTTGTTTAGACTTGCGTTGTATTGTTTCTTAAGCATGTTGGT 

AAACTTGCAGTTTCTATAGTTTGAGCACATGTTTGCGCTGAGCATCCTTG 

GTGTATGCACCGAGGGCAGAGAACCCAGCAGGAGTTTGTTCTCCTGCACT 

AGTTACCTTCCCCCACTGCAGGTAGGGCTTTACTGATTGATTTCTGAGCT 

TGGAAACATTATTAATAAACATCGTATAATACCTTGCCCCAAACTACCTC 

TGGGCATCATCATTGGCCATAACCTTTCCATAGCTACCACCCTACTGGCA 

GCTACTTCTCTTTTCTTGCCCCTACCACTtgcattaattttctattggtg 
ccaaaacaaacttccacaaagttagtgattcaaagcaatgcaaattaatt 
ttcttacagttctgtacacctgaagtctagtatgggtctcatcacactaa 
aatcatgttgtcagctgttttcaggaggttccaggaaagacccatttcat 
ttttgcttggatggttggcagggacttcataattcttgtggtaagactga 
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gatccagatttcttgctggttttcagctgagggttgtttccaggttctag 
agactctcacattcctttagttcgtggtcctcttcttcatctcatccagc 
agcagcagattgagtccttctcacatcttatctttctgacatagccagaa 
agaccctctgcttttaagaattcatacgattaaattgggctacttgagaa 
atgcggaataatctccccatctcaaggtgtgtccacttaattacactgca 
gtgtccctttcaccacgtaaggtaacatagtcacaggttctggggattat 
tcgtgtgtggacatttttggaggTCGTAattttttgaccacaccactgaa 
gtagcttcctaatttccctttgtatttcctgcagtcagttctctatgtaa 
cagccagagtaatctgaccgaaatcaaaattatcatttctctgctcTCCT 

ATCAGTAAGTCTTTTTTATACCCCTCTTCCTATTTGAATATCTTCATAAC 

TCATGTTCCTATTTGAATGTCTGCATCAGCTATGTTAAACTGCTATTGAG 

AACACTGTGTCATGAATGGGAGAGTTTATGAGAAAGCTTTGTGCGTAAGT 

AGAAACTAAGATACTCATTGTTTATTCTTCTGATTTATTACCACAATTAC 

TTTTGCACCAACCCAATAGAAAACAAAATACTAAGGATATAGAGAAAATT 

TTTTATTTTCTATTATGTCAGCTTTGCTTGAGAATTTGTGCCATCCTGAC 

CTTCCCCTTTTCTTCCCCCACACCCTTCTACCAAGTTCTCTAGCACAAAT 

TCTTAAAATGGCAATGACTACTCATAATTTATGCCACAGCAATGACTTAC 

TGTGGAATAGAAGAATGGCTTGAAGCTGGCATGCCATGATTTATTAGTGA 

TGTAGACATAATAGATAATGTTTTGAATGCAACTTACAAGGCATGGTATG 

CTTAGAACATAACAAAGGTGATGAAGATCCCCTGGAGAGAGAGAAGATCC 

CTTGTGAGGAGTCTCATTTAGAGTTTAACTTTGTAGTTTATTATACTTGA 

AGACAGTCATGTTATATTGTGTGTGAAATTATATATCCTTCATAGTAGCT 

TCATGAGAAGGTAGCAAAGGAAACAAAAGCAGCCTTGGCATATGTGATAT 

TTTCAAGAGTTTAATTTCTAAAACACCTCCTGGAGTCAGTATCTATTTTT 

CTCCTCTGTCACTCACCACATATGTATAAGTCTGCTTTTGTAATACCAGT 

AACTTATTGTGCCATTGACCAGGTTATCAGAATTATCTGTTAAATTAcag 
gcatacctcatttaattgcacttcacttttttatgcttcgcagagagttt 
tgtttttgtgttttttggcaatcctgcattgagcaagtctgtcagtgctg 
tttttccaacagcctatgctcagtgtgtctctgtgtcacattttggtaat 
tctcacaatatttcagatattttcactattgttgtatctgttacggtgat 
ttgtgatcagtgatctttgatgtaactattgtaattgctttggggcacca 
caaaccctggccatgtaacatggcaaacttaattgataaatgtcttttct 
gactattctgcttactgataattctcccatctctctccctttgaatccct 
gtttcctgggacacaagaatattgaatttaggtaaactaacaaccctaca 
atgtcctctgagttttcaagtggaaggaagagtcactcatctcttacttt 
atataagaagctagaaatgatgagtgaggaaggcatgttgaaagttgaga 
taggccaaaagctaggtctcttgccaaacagccaatttgtgaatgcaaag 
aaaaaattctttaagtaatttaaaagagctaccctgttgaatacacaaat 
gagatgagaagaaagcataaccgccttactgccgatatgaggagagttgg 
aatggtctggatagatgatcaaaccaaccacatttccttaagcaaaaccc 
tactccagagcaagatcctaaatctcttcaattctgtgaagactgagaga 
ggtgaggaagctgcagaagaaaagttggaagctagcagaggttggttcat 
gaagttgaaggaaaaaagctgtctccataatataacaatgcaagttgaaa 
cagcaggtgctgatggagaaactgcagcaggttatccagaagatctagcc 
aagataattatgagagtggcacactaaacaacagatttcagtgaagttga 
aacagccttttgttggaagaatatgccatctgtgtctttcatagctagaa 
aggagaagtcaatgcctggcttcaaaggacaggctttcttgttaggggct 
aatgcagctggtgacttgaagtggaagccaatgctcatttaccatttaga 
acaacaaagcctgggtgggagcacatcttgacagcatggtttgctaaata 
ttttaagcctgctgttgagacctactgttcaggaaagatattcaaaatat 
tactaattgacagtgccacctagtcacccaagtgttctgatgaagataag 
gacattaatgctgttttcatgtctcccaacaaaacatcaattctgtagcc 
catggatcaaggagtaactttactttcaagtcttgttacttaagcatttt 
gtaaggctatagctgttgtagatgggtattccacagatgattctggaaat 
gactcaccattctagatgccattaatatcattgatgattcatgggaggat 
gtccaaatgttaacattaacagtagtttggaaaagagttgattacagttt 
tcatggatgactttgagaggttcagaacttaagtggagaaagtaactata 
gatgtagtagaaatagcaagataactagaattagaagtggagcctgaaga 
cgtaactgaattgctgcagcctcatgatcaaacttcaatggatgaggcgt 
tgtttgttatagatgagaaagaaagtggtttctgcagatggaatctactt 
ctggtgaagatgttgtgaacactgttgaaatgacaacaaaggatttagaa 
aattatatcatcttagttgataaaacagcagcagggtttgagaggattgg 
ctccaatcttgggagaagttctacgcagataaaatgctaccaaacagcgt 
cacatgctacagataaatctttcatgaaatgtcagtggatgtggcatact 
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tcattgtcctgatttaagaaactgtcacaaccacccaaaccttcagcaac 
tacctgcttgctcagtcagcagccagcagcatcaaggcaagaccatccac 
cagcaaaacaattgtcaccattttttagcaataaagttattttcaattaa 
ggtctgttcattttttttaaaaaacataatgctattgcacacttagtaga 
ctacagtatagtgcacatataacttttatatgtgctgggaaaccagaaga 
ttcgtgtgacttgttttattgcaatatttgctttatcgcagtgacctgga 
actgaactgacagtatctccgagatatgcctgTATTTTATTCAGTAAATT 

CTAAGAAGCTACAGAAATATTTAACATATTTTAGAGCTTCATTCCAGTTG 

GTTCATTTTTGTTTGTTTGTTTTAATGGCATCTAATTGCCAAGAAGGGAA 

GTCTTTGGTTCCTGGTCGGTTCATTTACATGGAAAGGCTTAACCATGCTA 

GGCAAGTCATTTGTCTTATACTTAATTGTAACGTTCTGTATTGTTTTTAT 

GAATATGTTTATTAATGGTATTTTAGAAGAGCTAACATTTATAATAAGGA 

AAAGTTTTGTTTTTATGTGTGTGTTTTTGGAAAGTTAATTTATATTGTTG 

GAATATGTGTGGATCTGCAGTATGTACAAATGTGTGAAGGATCTTTCCTT 

TGATTGAAAGATTAGGAATAAAAGATTCAGTGGGACACACACACACTCTT 

ATTTTCAGCCTTCAGTGTATTACTTGAAAATACCAAATTCATTTAAAATT 

TTTAATAAGCCTTGGCAAATACTTTCCTTAGATAAATTATGTTTGCTGTG 

GTTTAAGAAAAGTTCAATTATTCTTTCAAGTTGTGAGGAGCCCAAAAGTG 

AGTACTTGAAAGTAATTTAAAGAAGCCAGAATCAAAACTTAATTTATTTC 

CTGGCTACTTCATATCAGTTCAAGCTATTCCAGTTACTGTAGACTCTATC 

TAATTATCATAATTTTATTTATGCGCATGACATTACATTTACATGAAGTA 

GAAAGATGAAAATATGACAAAACTTTCAAGTACTAGAGAGGAGAAAGCAG 

ATTGGTTATAAAAAGCAAGCCGTTTGCTAATCAGCTATACAGTTCAGGGG 

TGGGGAGAATGTTAACAGAAGACACTTTGATAATATGAAGAGGTGACATG 

AAAGAAAAATAGCAACTGTCTAACAACCTTAAAAGAGAGTCTACTTGTAT 

TCTTTAAATTGTCACTCCGTTTCTGTTTGACTATTCCCTTGAGACTCTTC 

CATTTCACAATTGTGTTTATATTATTTTTTAAGCTTCTTTAATATTTTTT 

TTTTGCATTACCATGTAGAATTAGAATGGGGAAATCTTTGAGAAGGTTTT 

TGTGTGTGAGTACTTTCATGTTAAAGATAGGGAATGTGTGTGGTTCTGGC 

AGTTTATCTGCTCACTTGTTACAGGATTGTTTTGGAAAAAAAAATTTGTA 

TCTTGGCAGATATTCCTGCATTCATTTGTAACCGTTATGAATATAAAGCA 

AAAGTTgcaggggctcacacctgtaatcccaataattttggaagctaagg 
caggagattgcttgagtccattagtttgggcaacatagtgagacccccat 
ctctacaaaacaataaaaaaaattagctgggcatggtgatgtatgcctag 
cagtagcatactgctgaggctgaggcaggagaattgcttgggcccaggag 
cttgaagttacagtgagctatgatcatgccattgcactccagTTGCTAAA 

TACATGATAACTTGCTCTAGAAGTAGAATTTGCACTGTTAAGAAATCTGG 

GAAAATGTTGCTTTTTTTTTTTTTTTTTTTCCTGAAACTGGGGTAATTAA 

TTTGAAACCTACAATCCTTTTAGACCCATTGAGCATTTAAGGTCATTTTG 

TTAATTTAGGAATATAAAAATGTATGTTGCATGAGAATTTACTTTTTTAG 

AAAACTGAAGATTTGAGAAACAGCCCAGAGCACAGAAACAGAGACAATTA 

GATATAAAAAGCAttttttttttttctgaggtagagtctcgctctgtcgc 
ccaggctggagtgcagtggtgtgatctcaactcactgcaacctccgcctc 
ctgggttcaagcagttctcctgtctcagcctcctgagtagctaggattac 
aggcgtgtaccaccatgcctggctaatttttgtgtttttaggagagacgg 
gatttcaccatgttggctaggctgatctcaaactcctgacctcatgattt 
gcctgcctcagcctcccaaagtgctgggattacaggtgtgagccaccacg 
tctggccAGCaaaattttttaaaaagaaaaaaaaatcaaatattatattt 
aGGAGAATTAGTGATTTCTACATTATCAAACCAACAGAGGAAAAAAATTT 

CAGAAAAAAGTATTGGGAGAGGGGTTGGGTGGGGAGAGATTTATTCACTA 

AAGAAGCACTCACGAAACTCATTGAACACAATGTTATGCATGTAACTTCT 

GTCTATAGCTTTTTATTTGGTCTTTTTTGAGAGTATGCTCTGCTAGATAT 

TTTTGCTTTATCGTCATGGACTTAGGTACTGTACCCTGCCCTGTTATCCT 

AAAAGAACTGATTAGTTATATTTGCAGTGAGTGGTGATAATAATGTAATT 

TCAAGAAAATTTTTACCTTCATCCCGCTGCATAAATGCCTCCTTCTTCCT 

AAAGCCTGACATTGTTTTACAAAGGGACAGTATCCTTTATATTACAGCTA 

GAGATTTTTAAAAAGGCTTTAAGAGTTAACGGATACTTAAAACGTAATAT 

GTAATTAAATATAAATGATAGATGTCAGATCTTTCCACATTACATGAAGG 

GCCAAATTTAAGAGACCCTGGTATTAGATAGCTGGAGGATTATTATCTCT 

CACTTCTAGGAAAATAAAAAAGAAGAGTGGGAGGGCAGACTACCTGAGAC 

CAGTTCCCCAGAACTCCTTTGCCACAGTCTACCTTCGCTGGAGGCTGGCA 

GCAGAGGGAAGCTATTTTTTTTGTCTTACTTCAAGACAGCTTTAAAGTGA 

CCTTAAAAGTCTACTCATTTATAGTAGGATTTAGTTGGATCATGACACAC 

AAGACACAGAAAGTTCAAAACTGGAAGGGGTCTTCAATTTTAATGCTATT 
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TAATAATTGACGGTGTCTTAATATGAAAGTCGAATTAATATTGTCTGCCT 

TCAGAGTATTTTCCTTGCCTTGTGCCTCATTTTAATTCACTTATTCCCCG 
GATCTTGCTCATCTGATTTAAAAAGAGGTTGTGATTTCTAAAGTAAAGTT 

ATTGTATTTCTTACTATTCCTCATCTGCCTTCTCCATTGCATCAGTGTGC 

TACTGTTGCTACTGTTATAACATTGTTGCATAGCTCTCCAGAGTACTGGA 

ATAGAGAAATAGAGAAATTGAAAACCACTTGTTAGAAAAGACTTGTAAGG 

CTACATTACAGAAGCTCTATTTCGTATAGTTGAATTAGTTGATAATGGGT 

GGTGATTTTAGTCTTGAACTGGGCGGGGAGCAGGGGGATAAAAAATTTAA 

TGCTAATTCTGTGGGCTGATTTGAATAGGTTTGTACTGATCTCTTTTTTT 

GCCATTTTAAACAGAGCAACTGTTGCTTCCTAGAAAATGTTGAACAAATA 

AGGTGAATATAAACTAAATGTATTAGGATGGAGTAACTGCCAATAAAATG 

GCAGTTTTTGGCTGTTTTTTAACTTTGGTTTCACTGAGTAGTCTTCTGGG 

CTAAACAGTTTTGGTTGTTTTAAACAATACTCAGAAGCCATTTACAAATG 

CTCAAAAATTGTTTTTTTCACAAGTGAAATTATGGCTTTTAAAACTTCAT 

TGTGAGCACATGATCTTTGGCCAGTGTCCTTTATTTGGTACCTGAAATGA 

ATTTTGAATATGGCTTTCTAATAGATTTTGTAGTCTATATTCAAGCATGA 

CTGTACTTCTTGATATCTCAGAATAATTTATACGCAGACAAtttcttttt 
tgttttgtttttttgagacggagtcttgctctgtggcccaggctggagtg 
cagtgacatgatcttggctcactgcaacctctgcctcctgggctcaagtg 
attctcctgcctcagcctcccaagtagctgggattacaggctggcaccac 
catgcccgactagttttgtatttttagtagagacggggtttcaccatgtt 
gaccaggctggtctcaaactcctgacctcaggtgatccacccaccttggc 
ctctcaaagtgttgggattacaggcgtgagccaccacacccggccTAATA 

ATTTATTAACTCATGAACAGTAGCCTTAAGAGAAAACGATTTAAGTTTTA 

CTTTATATTGAAGAAGGCAGCATTTAAAAAAGCTCAATATTTTCCTTTCT 

TTCCTTAATGCTTTTTAATTTCCGTTTTGTTCATTTTTCTAGGGCGACAT exon 5 
ACCTTCTGTTGAATACCTTTTACAAAATGGAAGTGATCCAAATGTTAAAG BARD1_e05 
ACCATGCTGGATGGACACCATTGGTAGTTGTCTGGTTTTTATTCTCATTC 

TTTCTGTGTTTTACAGTTCTTATAGTTTATAGTTATGTAGTTGTCTATAT 

ATCATCCTCTGCCACATATACTCTTTTTAGTCTGAAGAACTTATGTTTTC 

ATCAAGTATGAGAACATGATTACTTTCCTTCTAGCTTTTCATTTGTGACA 

GGCAAGAAATTGGTTACCTTTTGACAGACTACCTTTAGATTTAGGAATCC 

ATTTGTACTGTACTGCAGAATTTAGCTAATGTCTAGAGGTAACAGCTACA 

GCTGACATCAGGCTCCATTCTGTAGCACTGCATGTCACTGGAACCAAATT 

TCTTGGAACAAAAAGAGGTCGGAGGAACTGAGTATAGGAAAGTGATCACA 

AGGAAGTAATTCTCACTGAGGGTCTATCTTAGCCTCACTTATACCCTATC 

CAATTGTAGATATATAAGGCAGTAGAAATCTTTGCTTACATTAAACATTT 

TTAAAGGTCTTTGCTTATTATTACTAAAAAAGTGTGAAGCATAATCTGGA 

AACAGAATGACACAAATACTTGGAAACAATTGGTATGTAGGCCAATTACA 

TTAGGACAAACATGAGATTTGAATGCAGCCACAGAAGTGTCAGCAAATGA 

AGTGGATGCCTTCATCCTGTAACTAGAAATTCAGCCCAGAAATTAGGAGA 

CTCTCAGTAGGCTAGGTGCAAGAAAGCTGGGAGAGTTTAGTCTAGATCAG 

TCGCTTTGCTGGTTGGACTCTACTGGCTGGCTAACCTTTTCAAAGAAAGG 

TTAATTTTATTTTTTTCTTCAAAGCCACTAAGGCAAGTTGTAGTAAAGAT 

TGGTTAGTGATTTAGAGGGTTTAGTGCCTAGTTTGGATTCCTTTCTCCTA 

AAAATAGACCTACAGATGTTGAGTGTGATATCACTTATTATGAATTGAAA 

TTGATGTACTTAAAAAGTATAGAATGCCAGAGATTTATTAGAATACAGCA 

TTGTTTATAGTTCATTAGACATAAGGAAAGATTTGGATGTAAGGCATCTT 

TGAACACTCCATTGTTGCCGTTTCTGTCATTCAGCAAGCTCTTTTTGTAT 

TCCTACTCGTGTTATTTCTCTTATCAATAACAGCAGCCATACAGCAATTT 

GTAGGTTCAGCAAATAGCTTATCTTAAAAGCATTCCTTCACGGATACTTA 

CTTTGTTGCATGATATGTGTATGTACTGGTACAGATTTTATGTATCATCT 

TGTTATTAAATATGTAGACTTTTTTCTTAATGTGTTACATTTATTGTAGA 

ACATTTAAGGAGCTACCGTTGGTTTAAAACTACATTTTCTTCTAAAAAAC 
AGAAAAGTGCTTGACCCAAGGCTCAAATGAGAATAGCCTTTCTTTTTTTA 

TGAGTTACACAGATCTTGATTGAAAGATTATTAATAGTAACTTTCACTCT 

GTCAGCAACTTATAGTGTTTTTGAGTATTTAGGTAACAATAAATTTACTG 

CCTGACGTTTACATTTATTTTTCTAAAGTGTGATATTATAATATCATCCA 

TTGCTCTTTCTTATCACTTCTTTCACTTCTTTTTCAAAAAATTTAATTAG 

CATGAAGCTTGCAATCATGGGCACCTGAAGGTAGTGGAATTATTGCTCCA exon 6 
GCATAAGGCATTGGTGAACACCACCGGGTATCAAAATGACTCACCACTTC BARD1_e06 
ACGATGCAGCCAAGAATGGGCATGTGGATATAGTCAAGCTGTTACTTTCC 
TATGGAGCCTCCAGAAATGCTGTGTAAGTAGTTCAACGTAAAAATTATTT 

TTAAAATGGACCTATATTCTTGAATCAAGGTGTGTGATAAAGCAGACTTT 
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AAAATAGTCAAGTTGATGGCTTTCTTCACTTTCACAACTAAAATTAGATG 

TGATCATCACATTCTGCACTCATAATCAGCCTTCATGCCCTTTTTATGAT 

Acagttggtccttcatattcttgggttctacacttgaggattcagccaac 
tgcagatcaaaaataattgggaaatatcaatgacagatcggataaaaaaa 
atgtgttacatatataccatggaatactatgcaactacaaaaaagaatga 
gatcatgtttttttgtgggcacatgatggagctggaggccattatcctta 
gtaaactaacgcatgaacagaaaaccaaataccgcatgttctcacttata 
agtgagagctaaatgatgagaattcatgaacacaaagaagggaacaacag 
acaccagagtctacttgagtgtggaggatgggaggagggagaggagcaga 
aaaagtaactattaggtactaggctcaatacctgggtggtgaaataatct 
gtacaacacacccccgttacacaagtttacctatataacaaaccttcaca 
acttaaataaaaacctagaataaaagtttaaaaaggggaaaaaaaataac 
actacgataataagtaatataggtaaaacaatatagtataaatatttata 
cagcatttcatactattaggtattacaagtaatctggagatgatttaaag 
tatacgggaggatgtgtgtagtttacaagtaaatactatgccatctttta 
taagaaacttgagcagcggcacattttgacatcacgggttgaggaaccaa 
ttccccatggatagcaatggggataactgTGCTGACATATTTGGGGGAGA 

TTTACTTTCTTAATTCAGAAACAGTTGTCAATTTTGGAAGCTTTCATTTA 

ATGGAAAAATTTACTTAGTGTTTATATTCTGTAGATTGATTTACACTTTA 

ATAAGCAGTTATTGTAGAAATAATTATTTTGTATGCTTCCTAATAGTTTG 

GAATTATTTTAAATATTTCATTCCCATTTTATTTTTTCTGTGTATTTACT 

ATTACAACAGGTAAAGCATATAAGAATTTAAATATTGGGCCGGGGCAGTT 

GAATTATTTCTTAAATTTTTTACATCATTCACATGAGGTTCTGGGTGAAC 

TTTTTGCAGTGTCAGGACACAGAGATGCATTAGTGAATGCCAGCAGCTGG 

ATTTTAAAATTGGCATTGTCAAGAGTGTCACAAGCAAATGCTGTATGTAG 

ATTTTGTATCTTTAATCTGTAACTTGGTTCATGTCTCCCTATGTAGTATT 

TTATTCTTTTCAGTTAATTAAGTAGTTGAAATGAAAATGCAGGTATTGCG 

TCTCTGCCCTTGTTGCTTCTATAGGTTTGAAAAGGGCACAAAAAAATTAA 

GTTTTCAATGGTAACAGATGCAAATAAGAATTATAAAATGCAGGGCTTCT 

AGGTCGTAATTTTTTATTGGTAATTATTTAACATAATTGAAAACCAAATT 

AATAATGCAAGAATGTACCATACCTTGGTGCTGTTAGTTTCAGTAAATGT 

GTCTAATCTCTTTTATCTCTCATCACAGGTTATAAGATAATTGGGGCAAA 

TTCAGGGGATGTGTATATTCTTCCGGTTTTTATTtgtgtgtgtgtgtgtg 
tgtacacacgtgcgtgtttgtgtgtgtCTCCATATACATGGACCTATTTC 

TTTGTAAGGACCTAACCGATATGACCCTCCCATATGTGTTGCAAGCTATT 

TGGTAACGCAAATTATTGCTTGGGTCAGGTGAAACTGACTAGTTTTCATT 

CTAGGGTTCTTAAATCAGCCATGACTACTTtaatggatggagcactggtc 
agggcgttagggaatctagcttttatttgtgactccattactgactgtat 
agcttcaggcaggttaatttctgtgccttggtgtcctcacctataaaaca 
tgggtgatgcctgctgcatttctatttcttcagagcatagtgaggattaa 
tgagCCAAAACACAGAGCCTGTCTTGTGGTTTGTACACCATGATTCGTCA 

CTGCACTGTGAGGGCTTATTAATATACAAGGAGTGGCATGAGACAGTGAG 

TGAGTCTGCCTTCACAGGTGCCTTCAGTGTTGGTTTAAGTAGGACTACCT 

AGTGAAGTGGCAAATTTAGGTATATCTGTTCCTcagcactgtccagtaga 
cctttctgtggtggtggaaatgtttatatctatgctggacattcagtagc 
cactagtcacctttactattgaacacttgaaaattagctattgctaccaa 
ggaataaattttaaaatgtattttattttaaccatatgtgccagtgacta 
ctgtgttggacagcTGGTTGATACAGCTGGGCAGTTGGGAAGTAGGGTTT 

ATTTCACCCAAGAGGTTGGGATTGATATTGGATAAAGGATAGTAGGGCAG 

ATGAAGGGACAGATTTAATCCTAGGGTACAAGAGTATGGTGGCTGTTTCT 

AAAAATTTCCTTTCCAGACTATTGGTCTTCATACTTTTTTCCTGTGTTTT 

TTGCCTCTTAAAAACATGTCGTAGTcattgttgttcatctgattggcttt 
acaaatttcctgactgttctcctccttttcaggttacttttctttattca 
ctctccatcctgcagccagagcacctgcagaagaacacgagtctggccaa 
gtcatttatttgcttaaaatccttccgtggcttcctcttaatgtttttaa 
aataaaggttaaatcccaaaatatggtttataagaccctggatggtctgg 
tgctactttcctctctgttctcatcggtcttcacagcttctcctttcccc 
ctttccttcaagcattttttgcaccagcttttctgaatttttgtttcctt 
aaaatatgtagggtcttttacctcctagcctttgtacatgtctttgcatt 
gtctagaatattTGTTTTTGGTAGCCAGTTTCTCATTTGGGTTTCACCTG 

GGTTATCCTGTCCTTTTGGCCACCTTTCCTGATGTGGTACTTCTCCCCAG 

TCGTAGGACTTACTGTTTCCTCCCTTCTCGTGAGGCTGTAAGCTGTATGG 

GCCAGGGATCATGTCTGCCCTCCCTAGTTCTGCCAAGTGCCTAATGTAGT 

CTGTATCCACATTTGTTTGTAGAGTGAATTAGTGTTTGAATGAATGAAGA 
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TTATGGTATACTTTTTCCTCTTTTTTGATAAAAGGTCAGATGACATGAAA 

ATGGGAATTGCCTCCTTCTGCCACTACCTTTACTGTGTGACAAGATGTCT 

AAAACCAAGTTTCCCATATCTGTGCCTTTTCTAAGGTGGTTGAACTGGTT 

CCTGGCAGCTTTTGCCCAATTGGCATCCATGGCATGTTACTTTTTGTGGG 

ATTGTGGCTACCCAAAGTAATTCCTATAGCCTTGACTTTTAAGTGCATGC 

TGTCTCAATGTTCTAGAGACTGTCTTCTAGAATTAGGTAGTAACAGGTGA 

GAATAGATGAAATTTATTCCTGCCCTTTCCTCCATTTCTTAAGGAGATCA 

TGGGAAGGGGGTCTGGAGCATGGAGACTATGGGATTCTTACTACTCTTCT 

ATTTCTTCCTGAAGCTCTTACTCCTTATAAACCATTAACATCTCAAATTC 

TGGAATCTGAGTTGGCAAACAAACTTTTTCTGTCTCTGCTTACTGTATCT 

CTTACTCTTGCTGGAACTCTTTTCTCAATAACCAGGCCTGAACTCTTCCC 

ATGGAAGAAGGGTAAGAACCAGCAAGGGCAAACACCATTCTGTCTGACCC 

TCTTTAGGGTTTGCTACTTTGGCTGATTGAAGAAGTAAAGTCCTTTTTGC 

TTACTGTAAATTTCTAAGTGGCCTCCTTTAGCTCTAGCATAGACATTTTG 

GCTGTGTTCTTCATGACCTCAAGGTTGAAGTTTTCTCTTAGATGCCTTCC 

TTTCTTCTTAAGTCTTCTCATAGTCCCTCCATTGCTCCTTTGCCTCATCA 

TCCCCTCAGTTGTCTGCCTGCTTCTGTTCTAGTAGGAGTGAACAGTGAAC 

AGTCTGTTAAAGCACTGATTATAGAATGGTGTGAGGTATGCCTTCATAGC 

ACGGTGCTCACAGTAGTATGAAAGTCTCAGCTAGGGCTGAAAGTAAGACC 

AGAGGAAGTCACAGAAGGCTTTCTGGAAGAAGAAGAACTTCGAGTTTTGA 

AAAAATAGAACGGGAGGATGGGATTTTGAGAAAGATAAGATATGGGTGCT 

AAGGTACTCAAGGCCAGACTGCTTCTTCATTCATTCTAGGAACTTCCGTT 

AGTGATGTAAGTGGAATAAAAGGATGGAGGAGGATGAGAGGCCAGAGAAG 

ATGGGCAGGGTCTTTGAAAGGCTGTGTGTGCTAAACAGAGTGCTGATTTT 

AAGTTGAAAACCTCCTCCTTCACACTGGGGagggaactcagttaagaggt 
ttgtccagtaatccaggaaaggagtgatgagagtcaaatcaaagtagtga 
cagtagtggtgggaggggggtggggtGGAGAATTAGCCATATTTATTAAT 

TTATTCTTTCAAATGAAGTTTGATTTACTTTGTACTGTTTCAAAAATACC 

ATATTAGGATGTTTTGAAGTTGGGTACGTACATAGATTCTAGTGGAGTAC 

CGATTAGGATGTTGATTGAAATTGGTAAGTATATACAGTGGATTAATAAA 

GTTGGTTTCTATCAAGTCGATTGATAAACTTTATGTCGTGTGTTATTCTT 

TAAATGAATACAtcagtttgctaggtttttgtttaggaattttgcatttt 
aaaagttagagtgatttgtgattttatctttcacttcttgtcggtagatt 
ttgatatcaaagttagactcataGCTTCTAAAAAGTAATCAGGACCAAGC 

TGCATGTCTCCATTTGTTTAAGCATTCTGTTATATATATCTTAGTAAAGT 

TTTTAGTCTGTTTCATATATATGTATGTAGGTATACACATGCATATACCT 

ATTAATTGAGGTTATTCTAGTTATagactgagtatcccttgcccaaaatg 
cttgggatcagaagtatttgggatttctttcagattttggaatatttgca 
tatacgtaatgagatgtcttagggatggttctcaagactaaatgtgaaat 
ttatctgtgtttcataaacattttatacacatagcctgaaggtaatttta 
tacaatattttaaacaattttatgcattaaaatggttttttaagtactgt 
gtttggaattttccgcttgtgtcatattggtgctcaaaaagtttccaatt 
ttggagcgttgcaaatttcagatttttggattagcaatgctcaacctgTA 

TAGTATTTGATTATTTGTTGCTAGTAAACTGGATATTGTGTTAATAAATA 

TAATTTGTTATTCTTGATATATAGGAGAGCTGTTGATTTAGTACGTTTCT 

ATCCAGTCAACACCTAATTCTAAAGatctaattatcatttattaacttct 
atttcttattgcatttgtcagtgcttccagaatgatgcaataatgatgat 
agttggcttgcttgttttgttcttccttttttaaaaaagtactgacccat 
agagttatagtcaatactaatatccatattaaatacaaagattaatgttc 
tttattgccctgtggaagctttcttccctttattattttctaacaagact 
gtattttattttattgaatgattttcagcttctgcagagatgatcTTATA 

Ctttttttgtttttgtttttgagatagggtctcactgtgttgcccaagct 
ggtcttgaactccagggctcaagcgatcctcccacctcagcctcccaaag 
CTTATGCTTTTTTGActattgatgttgttaatacatttaaaaatattaaa 
taatgcttgtattcctgggataaccttgacttggtgttgtgcatcattta 
aacacaaattttacatgaatttgctagggttttaggaattttgcatttat 
gattataagttagagtgatttgtgatttttatctttcatttttttgcctc 
ggattttgataccaaaattatactcatagtttctaaaaagtaatcagaat 
gctttttttttttttctTTTTACCTTTCCTCTTCTCTGGAACATGAATAG 

AATGTCTTCTGGAAATATCCTGCCCCCTGCCAACTTAGCATAACAGTATC 

TATTTTGATAACTCACATATTATATAATTTTTGGAGATCTCTCTAGTTTT 

GTTATTAGTAGTAATCACTCTGATAGACCAGTGTATTCATAATAAAATAC 

AGACACTAAAGAGAAAATGGACTTTTTTTTTTTATCCCATCAAGTTCATC 

CTTAAAAAGTCCCTGTGGAttgagaagccaaggcgggtggatcccgaggt 
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caggagatcgagaccattctggctaacacggtgaaaccccgtctctacta 
aaaatacaaaaaattagctgggcgtggtggtgggcgcctgtagtcccagc 
tactcgggaggctgaggcaggagaatggtgtgaacccgggaggcggaggt 
tgcagtgagccgagaccgcaccactgcactccagcctgggcgacagagcg 
agactccatctaaaaaaaaaaaaaagaaaaaaGTCCCTGTGAACTGTAAA 

ACTTTTACCTATTTTGACGTTTTATCTGAGGCTGTGATTTTGATTAACTT 

TATAACTTTCCTGTTACTGTAAGAATATTAGTTTGAATTAGAAGAGTAAA 

TATTTTTGTAATGCAGCCCTAGGAGAGAGAAGAAAAACTAAGACAAAATC 

CAGCCATAGAGTTAGTCTCGGATGTCACTGGGAGAGAGGAAGGCTTGTAT 

AAGAGGGCTAAGTAATCCAGGTTTTATCCTGATACATGTTCTGGCATTAT 

TAATAAGTTATGggcctggcgcagtgcctcatgcctgtaatcccaacact 
ttgggaggccgaggcgggtggatcacttgaggtcaggagttcgagactag 
cctagccaacatggtgaaaccccatctctactaaaaatacaaaaattagc 
cgggtgtggcggcgtgtgcctgtagtcccagctactcgggaggctgaggc 
acaagaatcgcttgaacctgggaagcggaggttgcagtaagccgagatcg 
tgccaccaccctccaacctgggggacagagcgagactcggtctcaaaTAA 

TAATAATAATGTATCATGAATGGTGCTAAGTAAGATGTGACTTTAAATAT 

TGGAGACCAGGCTTAAGAAGTACCTTTTCAGTAGTGACATATAAAATATA 

AAGATAACTGAGAGCTTTTTTTGTAGCCCAGGAAGTGGGGACAGTAACCA 

ACTCAGTCATATAAGTTAGACATTGAATGTGTGTGGAAGACTAGACATAG 

GAAAAAGAATGGAGTATTATCTGCTGCAAAGCCAAGTGAATTTAAAAGCG 
TCCTATTGAATATTGGTGGAGGGAAATCTTGAAACCTTATAAGGCAAGGC 

AAAATAGCTAAGAATTAACCATATTGTGGTATGAATTTAAAGTCAATGAT 

ACTCTTTATTTGCCATCTTCACTATTTAATTTTAAATTAAATGAGCTTTT 

ATAGTTCACCAGTGAAGTCTCCCAATCCTATTTTTTCCCATAGAGGCTGT 

GTTCTTTATTAATTTTCCTACTGCAATGTTTTTGGGCCCTAAATCTTTAT 

AATTATGGAGGATTCGAATGTACAGTGGAAAGTCATATATCTACTTCATA 

CTTTCTCTTTTGTTTTGATTTAACTCTAATATTCTGGCAACTTACTGTTT 

TTATATGTCTTGCATTTAAATAACAGTATTAAGTCATTTAACCCTTAATT 

TTTTTTTGCATAAAAAAAGTACCTTTTGTGAGCTAAAACAATAAGAAAGT 

CAGTTCTGTTTTAACCCTAGATCATGAAAAAAAGATTTATAATCTTTGTT 

GTCTGGGAGTATTTATAACTGTTCAAAACATCATTGGTAATCTGTCTTCC 

CCACTGCCCTCTGTACATCCCAGTGTGAAGCTAGAACCACAGCTCTTACG 

GTCACATGAGAACCATTTTGAGTGTGTGGCGAATAACATGTGCTTCTTTT 

TTTTTATTTTTAATGGATATGTAGGATTTTAGAATGTGGTACTTGATCTG 

CCATTAACAGTTTTCCTTGGAAGGATGTTGAATTCTGAAGTAGAAAATAT 

TACATGGACCATTGGACCTATTAATTGTCCCACTGCCCTAGGTTAATTTT 

AAAAAATTAATTGCCAGAGATAATTTATGTTTTATAGCTTTAAAAACCCA 

TGTTGCTAGTTTGAATTACTCTGCTTTATCCTGCTCCATAGCAAGCAAAG 

TGACTTGAAAAATTAAATCTATATGTTTGCAGTTTTGTAGTTATTCATGA 

AGGGTTTCATTCATGAACTCTCTTGGTATCCTGTCATGCGTGATAGATTT 

AGTATTAGTAAAAATGCCTTTTTGCATATGTTTTTGCAGTTTGGATGGTC 

TGTACATGCAAGTACAAGTTTAAATTTGCCCATCTCTCCTTTCTCTCTTT 

TATTAGTGGTGTAATGAATTCAGATCACCATTGTAGGCAGGTGTCTGCCA 

TATTATTACTGAGGGGAAAAGGATATTAAAAGGTTATACTGCATCCTGAA 

TGTGGCCTTTGGGACAAAACTGAAACATTGAACACCACAGTTTAGCCCTT 

TCATAAGTACTTCCTTTTCCTCATCTTCAGGATCAGAAGGATTCCTAGTT 

AGGAAAAGGATTTTCAGAGTTATGTGGTTCATACTCTTTAGATAGTGCCA 

CATGGGAAAATGAAAATCTACTCTTAGAATGTTGTTAAGAAGACATAATT 

CTATACTTTCCCTTAGTAAACTTCCAGATTATCATGAAAAACATGCATCA 

ATTGTATCATAAAATTGGGGAAAATGAAGATATGAGGTTAATGCTCCAGA 

CATAACTTATTTTGTGCCCTTATCTTCATTCTGTATCTGTCTTCCAAAAA 

TGCAAATCCAATACAGTAATATAATGGcagttattgagctgttcatatat 
gctaggtactgttttaaatgcttttgatgtattcatttgattctggcaac 
aatcctgtaaaatagatagtgttattatttccatcttataaatgaggaaa 
caggcacgggatttaagtaattcgtgtaaagtcataagacttttgagtgg 
cagggctgaaatgtaagttcaggcagtcttattcggtaaccccaactctt 
aactaccatgctacgttgATGCCATCCCTCCTGCTTACAATGATTTAGGA 

AGCTGTTCAGGGTTTCTTATTGCCTTTGGGAGGAAGTCCAACTCTTTAAC 

ACCTCCTCTTTGTTCTTATATAATCTGACCATAGCTTACAGTTCGAGAGT 

ACCTCATATTCCTGTGGTACATTCCCTCTCTTTCTCTCACTCTCCCTTTA 

CCCCCTTTTTTCCTTTTTTTTGGTGGTTCTAAAAAGTTCTAAGTGCTATC 

TCACTTAAAGTCCTTCACACACTTTTCTGTCTGCTAGGATATTCTTATTC 

TGTTTGTGTACCCGCTTTTCTTCCTTACCCTTTCAGGTCTGGGGAGCTTT 
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ACCAGACTGCAAAACCTTTTCTGTGTGCCTCTCTGCTTTCCTCCTCTGAG 

TTCTGTGAGGACATTGTTTCTATAGTGCCAAAAGTTGTTGGTACATTTTT 

TTCAAAGTATTTGCTGAATGATGACTATTTTCCAAACTAATTGCAAAACA 

GAGTTTGTGACTTTTCCCCCTACTTGTTTATACAAATATATTCATTCCAT 

GTGTGTTAAATAAATAAACGATTATTGCTACTTCTGATATATGCAATATA 

TATATCATGCATTATGTATATTAATACATATATCCATTTTCACATAGGTT 

CTATCAACATCAGTAACAAATCATCCAGTATTTCATACTACATTTTAGAT 

AGCAAAAAGCAATGACACATGAACACCTGGATTGTCTGTTCAAGATTTTA 

AAATGTAAAATCTCCAGTCATATCTTTAAAGATTTTATAAAGCATATTTT 

CCACATTATGATTTAAAATCATAGGTAAAGGAATAGCGCAAGAGTACATT 

AGAAAAAAAAAAAACTGGTGAAATCTGCCAGTGTACTGTGTTGTCAAGGA 

ACAGAAAAAAAATTAGAGCCTTTGAATTTTTAGGATTCAGTATAtgtatt 
agtcccttttcatactgctgtgaaacacctgagactgggtaatttataag 
gaaaagaggtttaattggctcatggctccccaggctatacaggaagggcc 
tcaggaaacttacagtcatggtgggagatgaaggggaagcaggcacatct 
tacgtggtcagagcaggaggaagaggcgaggaggtgctgcagccttttaa 
TTTATTTATTTATTATAAtttttttatttccataggtttttgggaacaag 
tggtatttggttacacaagtaagttttttagtggtgatttgtgagattgt 
ggtgtacccatcacccgagcagtacacactgaacccagtttgtagtcttt 
tatccttcaccaccttcccaccttttccccttgagtccgtgaagtctgtt 
gtgtcattcttatgcctttgcatccccatagcttagcttccacttatgaa 
tgagaacatacaatgtttgattttccctcctgagttacgtcacctagaat 
aatagtctccagtcccatccaggttgctgtgaatgccattagttcattca 
tttttatggctgagtggtattctattgtatatatacaccacagtttcttt 
atccactcattgattgatgggcatttgggttggttccacatttttgcagt 
tgcaaattgtgctgctataaacatgcatgtgcatgtatctttttcatatc 
atgacttcttttcctctgggtagacacccagtagtgggattgctggatca 
aatggtagctctacttttagttctttaaggaatctccactgttttccata 
gtggttgtactagtttacatttccaccaacagtgtagaagtgttccctgt 
ttaccacatctatgccaacatctgttatttttttattttttaattatgcc 
cattcttgcaggagtaaggtggtatcaatatggttttgatttgcattttc 
ctggtcattagtgctacacccttttaaacaaccagatctggtgaggactc 
aatcactatcacaagaacagcaaggaggaaatccgcccccatgatccagt 
cacttcccaccaggccccacctccagcattgggaattataatttgacatg 
agatttgggcggggacacaaatagaaaccttatcaGTATAGGTAAAGTAT 

ATTATCTACATATAATCATTTTCAATTCACTGAATTCGCGACTGTCCGTT 

GATAAGGCATTAAAAGAACTGACTGTCGAAAGTGGTACATGTAAAAGATA 

TTAATATACTGTCGTGTACTAGATGTAAATTCAGCAGTTAAGATCTCGAC 

ATTTTCATATATTCCAAAATAGTTTTAAATATTTTGGTGTTGCATTGACC 

CATGTCATTTAGCTAGTAGACACATGTGCCTTTCCATTTTCACAGCAACA 

TACGCTTTGTGTCTGTAATGTTCATTGCTTTATATCTGATTTTTTCATTG 

GTTTTTCATACTGTGTTTGGTTTCTACACATGAGCACACAGTGCCTAGAA 

GGTTTGATAGAAAGCTTTCTTCCATCAGTTGCATCCATTTCAGTAATCAT 

GTTGCTTATTCCCTACACGGCCCCTTAACAGTTAACCACCATATTCCAGT 

TTCTAGTCCTGGGATCAAGGCCATTTAAATCTTATCTTCTATTTCACCTC 

ATTACTTGTTTGGGTTTATACTTTATCAGTTTGATACCTGTTTGTTGAAT 

GAACGTTTATCCTCAGTAGGATTATAGGCAAGGACAGTGTTTTTCTAAGT 

CTTATGTGTCCCTCCAAAACACCTAGTTTGGTAAAACTTTAGGttaaatc 
atgctagaaaagagagaatttactatatttaagtgtatttagaaaaagcc 
attttataagcttccccagtaacccattctaataAATATCAAATCAAGTT 

ATTGATGTCTGTTTTGAGTCCATGATGTAGTAAATCTAAAAAAGAGTCTT 

CTTCCCTTGTATAGTGATGAAGAATAATGTATTTATCACTGACTTCTCTA 

TTTAGTAATAAGTCATGTTAATAGTTCCTGAGATACATTTCAACATAACT 

TTTCCTGTATGTAGTACCTATTAGTTTTACAATGGGAATAAAATCCACCT 

CTGTGTATTTTAAATTGATTTTTCACACTAATTCTCTAACTAAAGTGTTA 

GTCTGTTAAAATACATCAGTGGGAAGAAAGCACACATTATTGTGCCCAAA 

TAATAAGAAATCTTACACATGCCCCATCTTCTCTTGCTATGGTCTTTGAA 

CGTCCCACATGTAAACTTACATCTACTTCCAAATTTTAATGGTTCATGAC 

AAAGCAGAAGCAACATGACTGGATTTAATAGGCTCTATTTCCCATGATGC 

AGGACTGAGGTAAACTGATTATCTTTCCATCTGTAGCACTTGTAATGTGC 

CATTCAGTTCATTAGCGTTACAGGAGGGCTAAGAGTTTAGTGAATTGTGT 

GTGAGCAGAAGCCATCCATAATCCAAGCAGAGAAACCACATGTTTTAAGA 

CCATATGACATAGTAAGCTTTGTATAGTAAGGATCCTAAATGTAAATTGG 

AACTCTGGTAGTCACTTTGTAAAATCATCTTACTGGCTTAGACCATGTTT 
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TACTGGCTGATTTTTGGTTTATATTCCTCCCTAGCTGATGGTGGTACTTT 

GAGAAGCACTTGAACAGTTTTTCATGTTGTCATCATGCACTTTTTTTCAA 

ATATGTGTAAAATAACTATGCTAATGTGATTCAGTTGCTGTGCATTAAAG 

TGCACTTGATTGGGCTCTTAGATTTTATTTTTTTGAGGTGTAAGGTCTAT 

GTTTGTCTCTGTCAAAAAGTCCTAGTGTATGCATGGAtttttttttttct 
cattttttctttttttgttgaaacagtatctcttgctcaggctggagtac 
catggtgcaatcatggctATGCAGTTATGATTTTTTTTTTTGGATGGCAT 

ATAATGTGGCCATTATATGTTGTTGTTGTTTTGTTTATTCATTTTTGCAC 

TTGGTGGTTTAAGACCTAGAACATTGGTTCTTCAACTCAGATTTCTATTT 

TTTGATTGTCATATGTATAGCATATGTGGGTGAGGAGATTGTGTAGTTGG 

TATATGAGCATAATAATTTAGAGAATGAATTAGGAAGTATCAAGAATAGT 
GGATGAGTTTCTTTTAAAATACCCTGAGATTGTCTGCTGTAAATGTATAC 

TGTGACATGTGTCACTTTGTTTTAAATTATAAAGCTGAAATGCAATCCGC 

TGTATTATATCTTGGCTGGAGAAAGACTGTTGCCAGAGGAAGGTTGTTGG 

ACTTGGACATAAAGAAGAGTCAGAATACAAACTTGTCAGTGTTTACCCAG 

GACTGTCCAAAGAAGAAAGCAATTGGACCTGATAGTCACGAATTGCAGTC 

ATTAGAGAAACATTTGCTGTGGTTCATTTcttattctaatacattagctt 
tcttttcccactctgccatcaaaacagttttcaccaaggtcattagtgac 
cttgtctgtgaactcagtagatgcttatatccctcatctacatgatctct 
ctctgcagcatcaaacggaattgGCATTTTTCTACCTTTCACTTCCCCTA 
ATGTTTCTCTCTGTTTCCTTCCAGATCTTTTTCTATACATTTGATACAAT 

TTACAGAATTAGTATTATACCATGTTTATAACTTCATGTCCCATTTACTG 

CATTGGATTTTCACATGGACTTCTGTGGCCATTATATGAATATAGCATAA 

TCTTTAAAAAAAACATAGAAGACTATAAAAGAATTGCTCATTTTGAAAAC 

TTCTTGCCATGGTATAGTGTATTTAAATCATATTCTGAAACCATATGTAA 

GGAAACAGAATAGTAGACAGAAGTCCTTTAGTTTTAACAAGTTACTTATA 

ATTGAAAGACTTTAGGCTGGGCAATATTTAATTTCAGTGAAATTGAACAA 

GGAGAAtatgaccttagttaagccattggaacttgttcttctctcttttt 
tttcttatcttgaacaggatcaaactgggatctctaaaatctcttccagc 
gtaacattctgtgacttgtgaATTAGTACATGCTGAGAAGTTTGTATCTC 

TCTGAGCCATAATACTTTGTTCTGCGATGGTTGTGATTATTATAGGTTAT 

TGTATGCACACATGTTTAAATTAATTTTTAAAGTACCCTGTTAACTATAT 

TATTAAACTGTTTGTTATGTGGCATAATTTTCCTTCTAGTAGAACAAAAT 

CCCTGTCCTGTGAATTTATCTAATTTTTTATTGGTTTATAAAGACTATAT 

GGCCTATAATAGCTATAGTAAATGATTTTTATTGGCATTTGAAAGTCTGT 

CACTTATAGTGATTGGTGATTATGAAGCCATATTTTAATATGAATAAGAA 

TGCAGAATACAGTTGTGAAAAATTCATAATACTATATTCAGTAAAAACAA 

TCCCTATAATCTGATGTCAAACTGAAATTTTACATCATTTCTCCTTTGAG 

TTCAGCAGCTTTTGATTCTAGATTCTTCTGCCTAATATGAGTTCTGAGTA 

ATTTATTTTAGTTAAAATTGTATATTATTAAGGATGTTGAAAAATTGAGT 

CGAGTCACACATTTGACTTACTTAAACACATCTGCACTTATTTTACCAGT 
AATATATTTGGTCTGCGGCCTGTCGATTATACAGATGATGAAAGTATGAA exon 7 
ATCGCTATTGCTGCTACCAGAGAAGAATGAATCATCCTCAGCTAGCCACT BARD1_e07 
GCTCAGTAGTAAGTATGGATTTAGCTTTGGGACatttatatattttatta 
aaattGGTTATGAAAGGAACATAATAGAAAAATTTCCATTTGACCAATTG 

CTTAcattcaccaaacaattattgagcacttcctgagtattagctactgt 
gGATTCAAAGACATAATCACAGTACGACCATCTAGaaatacttattgagc 
ccactctgtattttaggcagcattcataaaacaatgaatatgactggtag 
aactcttattctcagggaggagcttaccatctggtgagaggtaggaaaga 
gacaaactgtaaatattgaactaatataaataaaataatttcagacactt 
agacatgagtgtttcgaagatgttgtagagtgtcgttgggtggaggtagt 
gggcttctgcaaggccattgctttagctagggtcacagagtggagcctta 
aagcactgatttgaattgaagcctgaatgttgaagtgaggaggctgccag 
gtgactatctggaggacacagtgtataggcccttcagtgaatgaggctgg 
tatgttggaaggttagaaagaagtttgttattgctggagactagcgagcA 

TCAAaacgggactttcggatagattacatatgaagtgtgggaaaagaatg 
gaataagtatgaccttagcagggaaatagatggtaatgccatttgttgcc 
atggagaaggaaatcaatagttctatgtgccaatttgatgtctgtaaaac 
atgaaatggagatatcgaatagataattggatatgaaagtctggagctta 
ggagagaggtacaagctagagataAAGTGGAAAGAATGCCTGTTTCTTAG 

GAACCCATAGCTTAGCAGGGATTTCAGATATAAAAACTTTTACTGTACAT 

TGTAATAAATTTGTAAAATAAGCTATAAAAATATACAGTAGAATCAAAGT 

AAGTAGAAACTACAGGAGATGTCAGGAAAAATTTCACAGAAAggccaggt 
gcagtggatcgcacctgtaatcccagcactttgggaggctggggcgggtg 
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gatcacttgaggtcaggagtctgagacctgcttggtcaacatggtgaaac 
cccatcccatctctatgaaaaatacaaaaattagctgagtgtggcggtat 
gcgtctgtagtcccagctactagggagactgaggcacgataattgattga 
acccgggaagtaaaggttgcagtgagccgagatcaggccactgcattcca 
tcctgggtaacagaacaagactgtctcaaaaaaaaaaaaaaaaaaaaaaa 
aaatatatatatatatatatatatatatatatatatacacacacacacac 
acacacacacacacacacacacacaGAATTTCACAGAGAAAGGTGTCCTA 

AGTCTTTCAGGGTAAACATTTTAGCAGAgtgtctaatagaatgctgttgg 
ctgccagtaacagaaaaccttttctcaaatgcttgaagacaatttattac 
tttatatagaattaatcccaatgcaggatagctctgcatttgcttaattt 
agcacttagtggttgcatcaaggaaccaaattctttgtatctctttacct 
tgccatcctcagtttgggggatttgtcctcactaagaagtttcctttaat 
ggttgtcgaatgattgccacaattctagatatgacagtggccaactgaaa 
aagagacactaaagtctttccctgaagcctttccgtggacttcccctgtg 
tcttattgtcagaaattgattttgacagcccctcctggggctggaggtta 
gggtcagtctttgaaaggggggctacctgaacaaaactgggcttctgtta 
gtgtggaggaagtgagcaatagattttgagtgtaacagccaacATTCCCC 

ACTGCAGTCAGGTGTACAAAGTGAGAATGGCAGCCCAAATCTAAGGAACA 

GCTGCTCAGAGACAAGGAGGCATAAAGGACCTTAGGAATTTGAGAAACTA 

TAGCATTTACTGTGAGAGGAGTATGACGTGTGTTTAAGAGGGATTCAGGG 

TAAAGGGTTAGGTTGGGACCAGATTGTGAAAAGCCTTAAATTCCCTGATA 

CGAGTTTAGACTTAATAGGGTACCTTCAGTGTGTTTATAACTGAAATAGG 

ACTGTCTGCAGGCTAGCTGGGAGTAGGAAGAGACTGAAGGCTGATTGGGA 

GGCTGCAGTAGTGGAGACCAGGTTTGAAATGCTGAGGACTGGAATTATAG 

ATGGTAGTTATGTGGGGATGGAGAGAAGAAGAAGAGTTTTAGAGAGAGTT 

GGTAGACTCACCAGATCCCAGTACTGCTCAGATGGGGGAAAGTAACAGAA 

AGGGAGGAGCTGAGGTCAAGGATCATTCACAAGAGTAGTAGTAGATGCCA 

TTGTTTAAGATAAGGAGGTAGCCTAAGGTAGCTACAGTTTGATACTCTCA 

TAGATGCTTTCATGAGCTAGTTGCTTTCATATCTTGAAAACCCTATGTCT 

TCTGCTTTAGACTTCAGCCTTATAAATCTGTTCCAAACTATAGTTTTGGT 

AATGAATTGGAAGAGAAGCtagaaatcagcagtttaattttctcacttta 
caaatgagaaaagtgagacctaaagaggctatgatttgccccagggttaa 
ccagccattaaAAAAAAAAAAAGGTTGTTTTTTTCTTTATTAATGGACCA 

GTTAAAACTCACATTTCTTAAAACTTAGGTCGGTACTCAATTCAGTCCCA 

CCGTACTCAGCAACTATAAATTGACTTGTTTTCTTCATTTGTACTTGAAG 

TCTGACAGAGCATAGCATAACCAAGTTGTCCTTTGCTGATGTTCCTTTTA 

TGTAAAAGCTGGAAAATGATTACTTTAAATGTGTCAAGAATAAAGATATC 

TTTATGGTATTCTTGGAGTCTGGGGGTGGCAGTGCCTTTCAGAAAAGGAG 

GGTTTTTATTACATGGAAGAGACCTATACTTTGGGCATGTCATGTAGACA 

TGGCCTTTTGAGTTTTACTATTTACTGTCTTAATGGTTGGTACTTGGCTA 

AGGAAAAGATAATATCAAGTCCTTCAGGTTTAAAGGGTAGTTTCTTAATG 

TGCAGTCCTTAAAGATGGAACCTCTGGAATATACCTTCccccagccacta 
ccagtctcttcttcactcactctttttcagtcacatgggctgccttactg 
tgtcttgagtccaccaaacatactctcatttcaggtgtgcagcaccactt 
gtttagtttttttttttttttccaggaactagatgttcccatggccagct 
tcctcacacccttcagacccagctctagcatcgtcttagcagagagggct 
ctgtgccactgcacagtaaatagcaacctcccagtgctgtctaaccccct 
tcccctggtgtgttgtaccatactatttctcatttgatgtaatgtatttt 
tattttcttgtgttgttttcccctctcaactagaatataaactgtgtgag 
ggcaggggctggctcttctgtttactatagtagccctagcattgagaaca 
gtgtttggcacatactgagtgttcagtgtgtgctgaatgcatgaaGGAAC 

ATTAGAGTATTCTTTATGATACATACTTGCCTCTGAAACAAGCACAAGTG 

CTTGGTAGCGTCATTGGGAACCCTTTAAATCAGTGATCTCCAGTGAGCTG 

CTTTAGGGAAGCAGCTCACTGCTTCCCTAAAGGAAGGGGTTTGAATTTCT 

CTCCTTTCTCTTTAGAATTTTTATGTTTTAAGTAAAATTTAGTGGCTGTT 

GGAAATCTGCTTTGAGAAGCAACCTCTAATCTTTTAAAAATTTAAAAAAC 

TCCTTATCATTCATTCATTTTGAGACTTCTCTGTTTGTGATTCATTTTAA 

GCAGCATGTTTACCTTTTTAATTTTTTTTCTAGATTTTTTAACCCCATTT 

TTGATGAACTTAAGAAAAACTAATGATTTTATCTAAGAAAAAGTACCCTA 

TTTAATTATTCCTTTGAATTTAATGCTAATGAACATAGTATCTAATCTCT 

ATAAAATCAGGGTATTAAACCTTTGGGGTGTTTTTTGTACCTCTTTTGAG 

CCTCATGGGTCAGAGACCTATGCTTATTCAAGTCAAATCCCCAGCCCCCA 

TGCCACCTCACCCCAAATCAGACATGTGGCTTTGGCAGCTGTTTGCTTTA 

TGTTTTATTATAGCACTCTTTAACTGTGAGAAATTAGTGCCAGTTTCTAT 
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TTTTTATGCAAATTTTTAAAAGTATGATAGGAAAATACTTGACCCACTTT 

GGTGCTTTCCTTGGGTTGGTAGAAATAGTATCATATGCTATATTTAGAAA 

TGATATCTTTTTCACTCTTGTGTTTTGTGCAGAGAACTAATGTAGCTGAA 

GTGGAGTTATATAAATTGAGAAGTAATGTGTTCTGTTTAGAGCTATTTTT 

ATGGTATTTGTGTAACTTAAGAATTTTTGAAATACTGTAGTGTTTTTAAA 

TATTATCAAAGAGTAATTGAACAATCCATAAAGTACACTGAAtattttcc 
ttttttaatttttttattttttattttattttattttattttattattat 
tatactttaagttttagggtacatgtgcacaacgtgcaggtttgttacat 
atgtatacatgtgtcatgttggtgtgctgcacccattaactcgtcattta 
gcattaggtatatctcctaatgctatccctcccccctccccccaccccac 
aacagtccccagagtgtgatgttccccttcctgtgtccatgtgttctcat 
tgttcaattcccacctatgagtgagaacatgcggtgtttggttttttatc 
cttgcaatagtttgctgagaatgatggtttccagtttcatccatgtccct 
acaaaggacatgaactcatccttttttatggctgcatagtattccatggt 
atatatgtgccacattttcttaatccagtctatcgttgttggacatttgg 
gttggttccaagtctttgctattgtgaatagtgccgcagtaaacatacgt 
gtgcatgtgtctttatagcagcacgatttataatcctttgggtatatacc 
cagtaatgggatggctgggtcaaatggtatttccagttctagatccctga 
ggaatcgccacactgacttccacaaaggttgaactagtttacagtcccac 
taacagtgtaaaagtgttcctatttctccacatcctctccaacacctgtt 
gtttcctgactttttaatgatagccattctaactagtgtgagatggtatc 
tcactgtggttttgatttgcatttctctgatggccagtgatgatgagcat 
tttttcatgtgttttttggctgcataaatgtcttcttttgagaagtgtct 
gttcatatccttcgcccacttgttgatggggttgtttgtttttttcttgt 
aaatttgtttgagttcattgtagatcctggatattagccctttgtcagat 
gagtaggttgcaaaaattttctcccattctgtaggttgcctgttcactct 
gatggtagtttcttttgctgtgcagaagctctttagtttaatgagatccc 
atttgtcaattttggcttttgttgccattgcttttggtgttttagacatg 
aagtccttgcccatgcctatgtcctgaatggtattgcctacgttttcttc 
tagggtttttaatggttttaggtctaTGTGAGGAGGGTTTATAGCGTTTA 

GGTTAGATGTGGTTACATCATCTTACAATTTAGTGACTAGGAAAGATGAG 

CTGAACTTTTAAGTGCTGAATTCTGTCATTTACAAACACTTTTATGGAAA 
TATATATATATATGGACATATATTGTTTCCTGGAGTCTTTCACTTCTCAG 

CTTTAATGCTGTCCACTCTTACCTTCTCTTTATTTTTGTCTTTTTTGTCT 

TCTGTGAATTCTAAGTCTAGATTTTAAAGTGAAACTATTAGTCTTTGTTA 

CAGCACTTCTTTCTTAGTCGTGAGCTATATGGACTTCTTACTATTTATGG 

ATCTGATCTCCTAAGTTTTGAATTAACTTGTCTGTTTTTATCTTTTCCTA 

GTTTTGAGGGGTTACTATTTTGATGCTAATTTGTTTTCTATCTTTGAGGT 

CAGCACTGTTCTAGAAGCCTTGGCATTCTTTGATTTTTCAGATAATCTCA 

GTTTAAACTAAACAAGTTTGATTTTAACTCTATTGGGACAAGTTAGTGGA 

GGTGGAATAGGGAATTGCTGATTTTAAGTGGATATTTTAAGTTACTTGGG 

AAAAGAAAAAGACTTACTGGTGACTGAATGAAGTAAAACCCTAGAGAGAC 

CCAATTTAAAATTGAAGAAATGAGATGCCCTGGGTATAGAGAGCTATCAC 

AATTGACATTTTCTTGAGGGAAAAATAAAGAGAAAAAATTTATTTAAAAG 

GTTCTGGGTGTAGATTCAATGGAAATAATTGAAAATTATTAGAGTAAACT 

AAGTAATGAAATTCAAGCTTATATCAAGTAACAGTCTGTTTAATGTCTTT 

GTCTAGTCGTCTAATGTTTTTAACACTGGTATCTCCTTTTATATTAACAG 

ATGAACACTGGGCAGCGTAGGGATGGACCTCTTGTACTTATAGGCAGTGG exon 8 
GCTGTCTTCAGAACAACAGAAAATGCTCAGTGAGCTTGCAGTAATTCTTA BARD1_e08 
AGGCTAAAAAATATACTGAGTTTGACAGTACAGGTGAGGATTTTGAATTT  

TGGGAGGTGGGGTAGAAAAAATGTTAAATAGATGATCCTTTTGGAGAACT  

ACCTTTGATAATTTACATATGTTTTAACCATTGGGAGATGGCTGTATACT 

TTGCATCTTGTAATACATCTAAATTTTTTTTCAGTAATAAACTACTTATA 

GACAACAACGTAGTTAGGAAATGTAAAGTTTAAAGGTTTGCATATATTTT 

AGGACAAGACAGTATTTCAGAAGAGCAAATTTGTGACTTTTGCTAGTGAC 

AAATAAATTGTTGTGCAGTGTAATGTCATAATCCCTTAGCTGTAATTTGA 

AAATAAAAATTTGTGTTTGCCAATATGGCTTTAAGATATATGGTTTATGA 

TCTGATTTTTCATATTGATGGCCAGGTTAGAGAACTAGATACTAAATAGA 

AGTAGTCTTACACTTAAGTGTAAAAATTGTTGCCTTTGAAGATTCAGATA 

TAAGCTTACAAAATATAGATGAGTTATAAGAAGCAGGCCAAAGAAATACT 

TTGGCTTGTATCTTTCTTTCTCTTACTGCTTTTTTTGTATTTTAGTAACT exon 9 
CATGTTGTTGTTCCTGGTGATGCAGTTCAAAGTACCTTGAAGTGTATGCT BARD1_e09 
TGGGATTCTCAATGGATGCTGGATTCTAAAATTTGAATGTAAGTGTTGGA 

TTTGAGAGAATTAAGAAATGAATTAGACTAGTTTTGTTTTTCATGGTTAT 
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TAATGCCTGTGATTAAGGAACTTGATGTTAATTTTCTTACCTCTGGTTAG 

TCACTGCATTTTGGAAAAGCTTCTggctgggcgtggtggctcaagcctgt 
aatcccagcactttgggaggcccaggtgggcggatcacaaggccaggaga 
tcgagatcatcctggctaacacggtgaagccctgtctctactaaaaatac 
aaaaaaattagccgggcgtggtggcgggcgcctgtagtcccagctacttg 
ggaggctaaggcaggagaatggcgtgaacctgggaggtggagcttgcagt 
gagccaagatggtgccactgcactccagcctgggcaacagaatgagactc 
tgtctcaaaaaaaagaaaaaaagaaaaaGCTTCTCATATTTATGGTGTCA 

TTTAGATGTCCTTAGTAAATGTATATACATATGTTCTGGTTTTAAAGTCT 

TTTTTCCTACAATACCAACTATTTCAATGAAAAGTAAATGGAGTACATAG 

TATACTTTTAAGCCTAAGCGATTCATGTTACTGTTAAATGATATATTGAA 

TTTAATAACACATGTTTTAAATATACTGCATGACATGTCTGTGAAATGAA 

AGCAATTTATTGCTTTTCCTTTATGATTACCTGCATAACACCCTTTTGGT 

CTTAGTTAATTTAATCCAGTATTTTTAGGAAGCTGTTGGGAAATTGACTG 

CCTTTTACTACTTTAGTTGGAGTCACTATACCAGCTATCTCAACCTCCAC 

TGAAAATGTATACCTGTTCCCCTCTTCTTGCTGATAGTCAACCCACCATC 

ACCTTCAGAGCTGCCTGTCACCTTCCCTGCTGTCACTCATTTACATTTCT 

ACTTGGATTCTCTTGGGACTTAAAATGAAAAGAAAGCTCATACACGATTA 

TTTTCTACTCCTTAATAGTTAACATATCTACTTTTGATACTATGGCTAAC 

ATAGAACAGTGGATTGACCTTTTTTTGTTTATTAATTGTTTACAAAAGAT 

TAGTAGTTACAAAAGATTAGTGGTTACAGAGGAGGAATGTGGGGAGCAAT 

acagttgcgtatcttgatgttagtggtggccatgtaacacaagactacct 
gagataaaattatgcaaacaagtgcatttataaccagtgaaatcaggcca 
ggcacggtagctcatgcctgtaatcttagcactttgggcgaccgaggcag 
gcagaccagccaggccaacatggcaaacccccttctgtactaaaaataga 
aaaatgagccaggcgtggtggcacatgcctgtaatcccagccacttggga 
ggctgaggcaggagaatcacttgaccccgggaggtggaggttgcagtgag 
ccgagatggcgccactgcactccagcctgggcaacagagtgaaactccat 
ctcaaaaaaaaataaataactagtgaaatctgaataagctctatggatcg 
tattgaactcaatttgttggtattatgttatagcggtgttagatgttaac 
attggacactgaaggaaaagtacgtgggacatctctgtacattcctttga 
aacttcctgtgactataattatttttaaataagatgttAAGAAAGAACAG 

TGGGTATATTTATTGAAACTCTTTATGAAGCAACTGATGGATTAAAATTA 

GTTTATAAAAATGGTTTTATGGCTTTGTGCTTTGAAGGTTTTATGGTAGA 

ATGCCTGATTTATCAAGATCTTAATTATGTTATTAATTTAATCTGTAGTT 

AGAAGTTGATTTGGTTTGTAAAACAGTTTCCTTTCATCAATTGGTATTCA 

TGTCATTTTCAAATACAGCTACCACTTCTTTTTTTGTGATGCTTGTCTCA 

ACCAATGCAGTCTGATCCAGCTAAGAGGCTGTGACTAGCAATGCCACTCC 

ATCTGTTCTCATCAATCCCTATTAATTAGTCCCTCCTAGTTATGATGAGT 

TTGAGAAGTATAAGTAATTGGACTAATTTGTCTCACTTAGTTTTGAACTT 

TCTTTTTCCTTTTAAATCTGTGAAAGTCTTATTGAGCCTCAGTGTTTAAA 

AAATTCATTTAAAATGGTTTCATGATTAGGGATGCTTTTGTATCAAACCT 

GTGCCAGAAACCTTTCCAGTGGTTATAAGGAGAAATAGATTTTCATCATA 

GTAAGGTCGCAGTAATAAAGAAGCCATACGAAATTTTGAATGTTAAGACA 

TTTACCACTTAACTTTTGAGTCTAGTTCTTGTGAATATGCTGAAGTGGCA 

TTTGGTTACATATACAGGCTACATGATTTATTTCCATAAAATATGCCTTC 

TTTGGGAAATGTGGGTTTTGTCACTTTAATATCTTGGCCGTGTCGTTTTT 

ATAGAACCACTGATGGACTCGGACTAACTTAATAGTGTGCTATTTGGTGA 

TTCTGACAGTAGTGAATAACATCCTCTAATATCAATGGTTCTTTTAGGAT 

AAAGGATGGATGGAATCCCTTACTGAAGTTCATATCGTCATATTTTCTAA 

TATAGAGTACAAAGAGAAACAGATTCAAAGTTTGAGATACTTCCTTTAAA 

TAGTCACTGGGTTTACAAAAAGAAGGCAAGAACCTTCAAATAGTTCTTTC 

CTAATATATATTTCTCATAGTTTCTATACTGTTCTCAGTGTCAAGCATCT 

CAGTTTGATTCTTTGTTTGTTTTTTAAGAGATGAGGTGTCActcaagcaa 
tcctccagcttcagccttctgagtagctggtactacgggtgcacatcact 
gcacctggcTCAGTTTGATTTTTAAAAATGTTTCAGAGCTATTTAAAACT 

ATTTGAAAACCATTCATATTAAAAGATGATAGGTGGACCAAAGCTTTCAA 

AATTAATTTTAAAGATTTATGACTTTTTAAAACTAGGTCTCATGTTTGAG 

TCTGTCCATTAACTTGCTGGTAGACAAAACTTCAGGATTAACTATTAGGA 

AACTTTCATATTAACTTTTCATGGGATTTCTCATAAACCAAATAGATTCA 

AGTAGAATTTTATTTGTAATTTTCTCTATAGATAATCAACACATTTTATA 

AACTAAACCATTTAACAAAAAGAATTATACAAAAGATTTGGATCCATTGG 

GTCCAAATTTAACTATGAGAAGTTTTCTGTTGAAGTGTTCTGTCTTAATT 

GGTTAATATCTCTTATTTTCCTACATTGTTTATACAGAGTATCTTACAGT 
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GCCATAATTAATGAACTTAGCATGAGGATTCTGAGACTAAGCCATAATTT 

TACAGACCATCCAGTCTATCTTATATTTCTTTTACAGATATTTTACAGAA 

TGATACTTATTTTATATTTTACAGAAATAGGAGCTATAGATAAGAAAAGT 

CCCTCCTTCAACATCAAAATGGTGAGGGAGACTCTACTTTAGTCCTAGTC 

TGGGTGCTAATTTCTCACAGGCCATTAGCACCACCCTCATACAAGGTTGA 

TTTTGGCATTAAAGAGGTGATAAGAATGAAAGAATAGAAGGTATATAAAT 

AAGTCATCTTACGAATCTCATAGAGTATGAATAAGATGAAACTGTATCCT 

AAAGATGCAAACTAGGCCAAGATAAAATGTTTTCTACTGACCTATTCTTT 

TAGTACACTGCTTTCAAAATTTTTTTGTATCTTAGCCTTTTTTTCTAAAA 

TAaatttaattctacatcttcttttcttatctcattatgaaggggagaac 
agatggctgtcatcttttctttaataatctttcCCTCTTCCCCACTCTCA 

TCTAAGTTTAAATAAAATTGCAGCTGTAGAAGTTGTAAAATTCCCCAGTA 

CCTAAGGGAATTACTGAAGGAATGTGCCAGACATTTTACACTGGATTTAT 

GTCTGTGAGATGGGGAAGGGCTAAATTGAGTGTTTTTTCATTTTTGTTTT 

AGCTGAGGAGAGATGGACCCTAGAAGACAATCATTACATCATCATTTAAT 

AAATAACCTCATAATCAGGCTAACACATTAATTCTTTTCAAACAAATTCT 

AACAAGTTGGCTTCTTTAAATGGATACTGAGAGTACTATGGAATTTTAAA 

ATTAAATGCAACTTTTATTCTATACAGACTTTGCTAATTATTTAAAAAAA 

AACATTCGTATAAATTAAGATTGATTAGGCAACTTTATGCTGACAGAAGG 

CTTCCACCAAAGATTGTCTAAGAATAAAAaaaaataacatcctttgatct 
aatagtcccagttctgagaatttaccctacgcaagaaatacagatgaaag 
aaaaagtatttgcagtgttacttctaacagcaagaagtagagaatataac 
ctacatatgaaagattaggaaaatTCTGAAATGCCTGAAGATACTCTCTG 

GAAAAAATGCATATTTTTAATATGATAAATATTAAGACTAAAAGATTATG 

AAAAATAGAATTGTTTAAATTTTAAACACATCAAAATTATATCTTCACTT 

TCAACAATATATAAATGTATGCATGCATGTGGGTAAAAAAATAATCAAAG 

AGCAGTAAATTGGTGGGTTACTGAAGAGGACTATTTGTTTATAACAGTTT 

TAAAAATAGTGTGTGCCTGTTAGATCAAATTTAAGTTCTCTAGGAATAAA 

TTAATACGTTGAAATTTTCAAGTTGTAATAATAATTGGAAGTATTTTCAC 

TTTTCTAACGATTAATTGGATAGGGAAGGGCTTTGGTCTTAATTAGGGAA 

ATTAGAACCTGCATGTATTTATTCCTCCCATCTGATACAACAGGTCTTTT 

ATACCTGTTTAATGGATACCCAGCAAATACATTTGAATATGGTGATTGTC 

CTAATCAGAACAGAATTTTTTACATAAAAATTTGAACTTTTAATATATGA 

CTTCAAAAGAACACTGAGCATGAGTTTTCTAATAATTAGGAGAATTTTTG 

GACGTTAGACTGTGTTCGGTTTTTAACCATACCTATATAGAGACAGACAA 

TTTTGATATTATTCATAATACAAGAGATAGACTATTTTGATATTTTGATA 

TTATTATGCATAATACAAGGTCTTAGAATTGATACCCAAGTTTTGTCTAA 

GaaaaatttatgatataataatatatttttGCAATAGAATTTAACCTGCT 

TCTCAATGCATTAAGTAAAATAGCAAATTACACATCTTGTAATGTGAAGA 

AATATATTTCTACATATAAATATGCTGATAGCCAGAATTTTTACTAAAAT 

GTCAAAAATAAATAATTGCTAAATGATATTTATATGGAGCCAGAATTTAA 

TGACTGTCGACAGTATTTAATGAGATATCTCAAATCTTAAATGGAAACAT 

TTAGCCTTTATTTTATATTTTCAGCCTTTATTTCATTGTCCTTTCACTTT 

TCGCTATGGAAGTTTCAAATTTCAAACTCATTTCTCTGTTCTTTTACTTA 

AGTTTTCCAAAAATTGCAGTGATAGTATGCTACTGTTTTTTCATTTTTGT 

CATTGTTGTAGGCTGCCTATTGTGATGTCCCTTTTTACTAAAGTTTAGTG 

CTGTTATAGTTTACTCGACTAAAAAGTCTAAAATATAATCATTTGCAAAA 

CACTTGTTTTGCTTTTACAATCTGGGTGTTGATTTTTAATAGAATCAAAG 

GAAATTCTTTAATTTTTATTTTACTTACATACTGTTATCTTGAGTGACAC 

ACATCCCTAATTTAAACATCTTTAGTTTAGATCTAATGACATACTGTAGT 

AGAACATTTGTTTTCATATAGAATAGTGATGTTTGATTCTGtattttaat 
tttttttttttaGGATATTTTGTATTGACTAAAAGTGGTTAATTCTGATT 

CCCATAGCTATTTCAGTTACAAATAGCCATTAATTCCAGAATAATAACAA 

CCCTTTTTTCCCCTCCctcactctgtcacacaggctggactgcagtggtg 
caatcatagctctttgcagccatgaactcctgggttcaagtgatcctcct 
gcttcagcctcctgagtagctggaactacaggcactcaccaccatgcctg 
gctaattttttttttctttttagttgaggcagagatctcactttgttgcc 
caggctgttcttgaactccttgtttcaagcggtcttcctgcttcaccctc 
ccagagtgctagcattacaagtgcgagccaccaggtctggccTAAAAATT 

CTTTAAAATGTGGATCTGTTTACTACTCTGGGATTTGAAGAGTGAGAAAA 

TTCTAAGTATGGCTTTCCATGCAGAGTTAATAATCGTCTCCTCCTTTGGA 

CATTTAACAGATCTCCATTTTGAAGTTTTCTTCCATCTTCATTGTATTCT 

CTCATCATTTTTGTATAACTGTGGATTCAGGAACACCCCTCCTTTTTTTA 

ATTTCCTTGCATTTGTGTTATCTTTTTTTATTATAGGAAATGTAAGCTTA 
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ATATAAAACCATGACCATCATCAGTGGTCCATGCAGCTAAAACAGAAATA 

TACATCTACTGATGTATATGCTTTTATGAGGTAGGAGGAGAGAGTGGTTA 

TTAGCAATTTAGAATAAAAAAATACCTTCTGTACAGTACAAGTTTCTTTA 

TAGAAAAGTGTTGTAGCCCTGGAATTCATAAGCGTCATTATTATGCAAAA 

ATTCCAGGCTTTGCTAAGGTAGACAGAGCTACCTTAATGACTTTGGGTTA 

ATCAGTACTTTAGAAATGGGGCTGCTTACCTATATGTAAAAAATTAATAA 

GATCTCAGGAAAAAAGGAAAGCTTACATGAAATGGAGAACATGATCAGGA 

ATACACCTGGGCTAAAAGAATCTCTAGTTGTAATAGCTAAGTAGTTCATC 

CGTTTGTTTCTGCGAAGTGATAGCTTCAGTCAAAACCTTCAACTATAAAG 

GAACATATGAAAAGTAACAAAGATGAAATAAAGCATACATTTTATAAGGT 

TAGTGGCTTGACACATTTTCAAGTATGTATCATTCTGGCATATGCAAAAG 

TTATGTTTACGTAAACTTACTCATGCAAGGTAATTTTAGTAAGGAAATTA 

TTAGCCAAGAAAGCTAACTAAAATGTGGTCTTATATTTGTATTTTTGCTT 

TTTTTTTCTTCAAAAGGAAGTAGAAGAGTTCATCTTTCTACTAAACTGAT 

GGAATAATTATGGACTTTATTAACTGTTTATTACAAATATAAAATAGTTT 

AAATCTTAAAATGTAACTGTGTTTTAAATGGAAAATAGGTTAAGAATTCT 

TGCTGCAGATTGCTTAACTTTTATTCAGTAAATAAAACCTTAAAATGTTA 

GTCATTATTTAGGCTTGGGTTAATTAAGTAATGTTTGGCTGGTAGATTCT 

TCCAGTGCATTGATAATGTATCACCATTTGAATTGCTGAAAGTTTATTTT 

AAAGCATTTCATTCTTATTTACTTTTCAGTAAATCAACTCAATTGATTTG 

TCTTAAAAAAAGGTTCAGTAGGAAGTTGATATGAATTTGTAACTGTGGTA 

TTGTCTCCGGAGTAGGTCATCATTCTGAAACTCACAGTTTCAGATAACAA 

GTTAGACAGTGGCAACCTTAGCATGTCGGATTGAGTAAGCACATTGATCC 

AACTAAAAATAAAGATGAACAAAAAAACTTGATCTGTGACATGGaggata 
tttcagttctcatctcagttatgtcactgagaaagccacttaaatctctt 
gggacttaagtttccttatctataaaagaggttgattagaCAAAGCATCA 

AAAGTTTCAAATCGGCAGGCTGAGGACTCTGAGGGCTGAAGGAAATACAG 

TGTCTGGTTTTGTCTAACataattaatttttatatatttaGGCATGATGT 

TTGTTACAGtctccatagcttcctaccacctcacaccaggttcttcacac 
atttatgtaatctacctggcttttgtaggcatttgagtcgcaatccttgA 

AGTAGTTGTCACTCCCAGCTTTGAAAAAATTCTAGAGATTTTCTATGCTA 

TAACAGCAACTTTAACAAAACACTTTGCCACCCTTCAAATGTAGTTGTAG 

ACCTGGAAACATCCTTTCTTTTCAGGAAAAGAAAAAGAGCTACTTTCATT 

CTTCCTTAGTTAGTCTTAGGTGACACAGGATTCTGCAAATTGTTGCTTGG 
AGTAAAAGCATATTAGAGAAATGTATTTGTTTAACTCAATCATTGTAACT 

AGAGCATTGGATTTGCTTTACTTTACAGAAACTTACTACATAACTCCCAT 

GAAACAGAATATTTAATGAATTAAGACTTACACTGGCTCCTTCTCATGGA 

AGTACCATGCTGCTCTGTTGGTATCTGCCATCTCATTTTTTTGATGCCAT 

ACTTACTGGACTGTAGTATCTATTAAGGTTAAATTCTGTTGATTGACTAA 

TGCCAGCATGTTTTCAGGAGGAATAGATGCCATTTTAATGTGTTTCTTGT 

AAATAATCAGTCAAATAAACCCATAAAATGGAGAAGCAGCTGGCACAAGC 

ACAGCCTACTTAATTCTGCAATTAGACATTAGCCATTCATTCGATACAGT 

AGATATCATAAGAATGTTCAGTCCTTGGCTTTCTGTGCCACCATATGCAG 

TTAAAGATACAATTATGAATACTCTGTAAGTACCATTGGGAAGGAGATTT 

GGGAAGGGGAATACCTGCTTACGTAATGAGGAAAATAAAAAAATCACATA 

TAAAATAGTGAATTTGAGTTAACCATTTCACTGGATTCCTGATGGTTTTT 

TATTTGATTTTTAATATAGAAACAATATATGACATAATTCCAGCACACTG 

GCAGTGCTTCTAGTATGGTATTTTGACCCAGTCAAGAATTTTGAGTCTCA 

TTTTCAATGtataataaaattaatatttatattaCCTTTATTAGAAAGGT 

TTTTAATTCAGTGAGTGGTTATTAAAATTTATGCCTTTTTTAGAGTATAA 

TTTTTATTATATGTAAACAATTTTCAAAGCACATTTATGATAATTTAAAA 

TTATAAGATTCGGAAATTCAGCTTAGCAACCTTGGGTGAATATGACTTTC 

ATATTAAAAAAATGGGGGAGAGAGATCTGAGAGCCAAATAAAACACAGAT 

AAAACTAACAAATTAAGATTGACATGATGGGTAATCATAGACGTCCTGAG 

TGTGAGTGTTGAATTTGAATTTGCATTAATGACCCAATTCAGGAAAGACT 

CAGCGTCTTGACAAACCTCTGCTTTTGGAGAGATGGAGTATTCAGTTGTT 

AGTCTTCTGACCTTTTTATAATAAACAACATCTTAGAACACTCAATTTAA 

GCAGCTTTTAAGCATTTGACATATTCACATCATGCTAAGATAATACCCAA 

GGTTTATCTTGTGTACCACTAAGTTATATTTcagtgtgaaatacacagcc 
tttagaaaactaagcagatttaggttcaaattcccattctgccacttaat 
ggctgcattcagctttaagcaagttgacttcttagcatttcagttccctc 
ccctgaattggaagtaataaacagtaaatcctcattgtttgtggattctg 
tgtttgtgagttttcttacttgctaaaatttttcttgtaatccccaaatc 
aatactcacagtgcttttgtagacatgtacagagtagtgaagaactttag 
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ttgacaaacaagtgtgtccccagctgaggtcaaacaaggtgatactttac 
ctcctcttttcagctctcacgctgtaaacaagtggccctttcacagtctg 
ttgatgccatgttttttgcatttttgtgtttttgttgctgattttattat 
ttaaaatggcctcataatacagtgctgaagtgctgttttgtgagtctaag 
ctcaagaagatggtgatgtgcctttcagggaaaatattaaatactgtgta 
ggataagctttgttaaggccttaattgtagtactgctggccctaagttta 
atcttaatgagtcaacagtatacaataaataatgtgtataaacagaaaca 
tacataaaacaaagttaagtattgatcagttgatggaaatgctggagcca 
caggcccacagaaatgtaaccctgtatttcctttaacagcagtgtttcat 
tattcactaatcggtgttcatagcatctttatagaacataactactgtag 
ataatgagcattgactatactactcttgctggatttggggaaggatACAA 

GTACTTTTGGTAGCTGTTATCACAGTAATTTTGATCAGGATCTTTTCTTA 

GAACAAACAGTTGTGTCCTTGGTCATTTAAAGTTAGAAAAGTAAAAAGAA 

AACAGAATAGAATAAATTGGTATTTTAAGAATTTTCTTTTTCTCCTTTGA 

CCAGAAAATATTGGTGTGTGATTTTTAGCATTGGATTGGTTAGGCCTTAT 

GATTTATGAGTATTTTATTCTAGATTGTGGAAAAATTAAAGTTTTCAGAG 

CACTGCACAATGTACACGTTCAATCTATAGTAAAGTATTTTGCTCATTGG 

ATGAATATTAGGTAACATAGCATTCATAGTTTTTATAAAATGATACTGCT 

CTCATGGTTCTCTATTAATTTATAAGAAGAGAGTTCTGTCTGATAGTATT 

TACAGGTGTAAAATAAACTTATATACAATCAAATAAATTCTACTCAGGTT 

CTACTCAATTTAAACCCAGAGAAGTAACAATGGAACAACTTATTCCATAT 

TTTCTTAATGATGTTCTACTTTTTCTTTCCATATTTAATATTGTGATTTC 

GTATTTGTTTAACAAGAGCTATAAATGGCTAAAACTCTGGCTGTGTATTA 

TTTCCTGCTTTATTAGTATTTTTGAATACCACTTCACTAATACATGTAAA 

TCATTAATACTTCCAGCatatttttttaatatttaaaatatattGGTCCT 

CCATTATTTTCAGAAACAACTTTGCATTCAAACATTTTATTCAAAAAACC 

TATTATCTTTGCTTTTAACATTGAAATACATGCAAAATATAAAAGAATAT 

TTTATTATCTTTCTGGCAAGCAAATCTGCTCCCACATTTGTTATTCTTTG 

AAAGGTTAGCCATTTTAAGTAGGAAAAGAGGGAAAAGCTGAATCTGAAAA 

ACGAATCTTCTCATGTTTGTCTATGTATAAGCTATTAACCTTTTTTCTTT 

CACTGACTTTGTAACAGAAGTTTACGTAATGTGAAGTTCTTAGGATTTCT 

GGACAAGAGTAGGGAGTTTTCTTGTTATTAGATATACCATGATTGAGATT 

ATCTCAGTGGCATCCTTAATATCTTTAAAACATGGATGTAATTTTAAATG 

TGCTTGAAAAATTAAATTTGATAGTGGATTGCTTGTTGACAGAGGAAAAT 

AAAGCAATAAAATTTCATTTAAAATTAAGCACTCTGAGATAGAGCATACA 

ATATTAATGAAAGTTCAGGATTAGATTATTGAAATAAAGTGACAGGAAAC 

AGCAGGAATTTTCTTCTTAGGGAAGAGATTATGACTTCTCTTGTACATGA 

TAGGTGTTTAACAcagtttgagcattcctaatctgaaaatccaaaatgct 
gtaaaatactaaactatttgagtgccagcacaacacacacgacctaacat 
gatggctcacagtctaaacgcagacacaactttatgcacaaaattattaa 
agatagtatataaaattatcttcatatatgctttatctgtataaagcgta 
tatgaaacataaatgaatttcttttttagacttgggtcttgttgccaaga 
tatacctaattatgtacgtgcaaatattccaaaatccaaaacaaaattga 
attttaaaacacttgtggtttcaaacacttcagataagggatacttggcc 
tATAAATATGATATaggaagagcgccgaagtggaagtctgttgctttagg 
aagtggttcactttaactttgctattagtgatcttagcaagtcactttat 
gtttctgcacttgactgtgcagatctttaaaacaagaaggtaggactagc 
tcttcagggtcttttctacctcgtaagttatttgattctaGGTATTTTCA 

AAATTCAAGTTACAAGATTAGAATAAATAAAACATTTTATAAAGAGGACT 

CAAACACATTTTTTTTCCCTCAGAAAGTACCAGTTTTTTCAGTTCTGTCG 

CTTACTCCAAATTCTGCAGATGTGGCTCCTGGAAACAGTTGAAGTTTTGT 

TATTGTGTCAGTGTGGGGTAATAAAGAAGAAAGTTTAAAACCGATTATGC 

CATAAAGTCTGAGTTAGTCTAAAGTGGACCATTACTCACTCTTGGAAAAC 

ATTGCATTTCTTTTTCTTCTCCAGTATAAGTTTTTGCTCTCAAGATAATC 

ATTATAGGTCagcaaggtgtggtggttcacgcctgtaatcccagcacttt 
gggaggctgaggtgtgcagatcacgaggtcaggagatcgagaccatcctg 
gctaacgcgatgaaagcctgtctctactaaaagtacaaaaaattagccag 
acatggtggcgggcgcctgtagtcccagctacttgggaggctgaggcagg 
agaaaggtgtgaacccaggaggcggagcttgcagtgagccgagattgcgc 
cactgcgccccaacctgggtgacagtgcaagactctgtctcagaaaaaaa 
aaaaaaagaaaaaaaaaTCATCATAGGTCAAAAGACATTTTACTCATACA 

CAACTGAATCTTAATTTATATTAGATGCAATCGCAGGACAGTTCTGGGTA 

GCAGATTAACTGTTGGTTCTTAGCCACCCTTTAGTCAAGAAAGGAGCCCT 

TTTGCAGGCATATGCAGTTTACATGCCGAGTAGTGGTTCTGCTCCTGTGT 
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TGGAATCAATTTACTGTTGAAGTAAGTAGGGATCAGCTGGACAAAACTTT 

ATCACTAGCATTTTTCAAGAGGTTTCCAAAACACTGTAGTATATCCAACA 

TATATGTCTAATCCTCAATATAAAGTATATGTTTATGCAGCCATAGATTT 

TTTTCTGATCATTTTAAGCCATTAGATATCAAGTGATAACAGGATGTAAC 

AGTTTGATATTCAAAACTATGTGTAACTCTGAACTCTTACAGGTGCTATA 

TAATTACTTATTTTTATTGATGTGGATACAATCTGTCAATGCTGTGTCCA 

TAGTGAATTTTTAAAAACTTTTGTTCCTTTATGTTAACAACACTAGACAG 

TGAAGGGGATACCTGAGTTATTGTTCCAACTTTCCCGATACCCTCTGCTA 

TTAAACTCCTGTTCTATGGGAAAGTGTATGAAATTCTGAAGAACGCATAG 

GTGAATAATATATGGTTCCTACCCTCAGTGATAAAATGAAGTATTGAGCA 

AAACAACCTCAAAGACAAATAGGAAATTGTATGGAGGGTTTGTTTTTATG 

ATGAAGATAATTCATTGTAGTATCTAGTTTTTAGAATGCTTCTTGCATTT 

TATCCACAGAAGCCCGGTGAAAAACATTGTTTTCATTTTTTATTTCCATA 

GGCAAGGAAGCTTCCAGAACAAGTAATTGGGATAGCCAAGTCCTTCAACT 

GCAAATCTCAAATTTAGTTTAGTTATATGCCATCAGAACAGAAGCATGAT 

AAATATATATACATGCCATCAGTTCCCTCGCTTGGTGGTAAACAGGCATT 

ATCCAAGATGTTGTCTCTAGCTGAAGCTGACCATGTCCTTCATGATTGGT 

CCTGGGAATCCCAAGGGTTCCTTTCATTTCTAGAGCCTAGCGAGACAATT 

GGTACTGGCTGCCAGCCAGTGGCCCTACTTAGGGATTCCCCACCCAGGTG 

CCAAGCAGTGGAATGACTCTAAACAGTGCCAGGCTGAGCTGTCTCTATTG 

CTTTTGCTTTTTAACCTGAAGCTGTGAACAGACTTACTCAAGCCATCAAA 

AGAATGCTTTTTTTTTTCCTGCAAAGCCCAATCAAATCATCTCTAGACTA 

GCAACCTCAGTTGTGTACCTGTCACATGCCAAACCTATCCCAAGCTCTGC 

TTGTTTATTTTAGGAAGCGCTGTTGAACCCCTGTTGTGTGGCTAGCTGAG 

CTTGGTGCTGTAGACTAAAGCACATTCCTTCATGTCAAATCACTTACAGT 

TTAACAGACGATTAGACATATAACTGTCAAAATGAGCAGTATAGATGGTA 

AGTGCTCAGTTTAGGTTATTGTGTCATGGACTTTTTATTCACCTTAATTT 

TGGGTAATTGCTATGAGTGGAAATGTAGACTTTTATTTTTGTCTTTGAAA 

TAGTATCCTGGCTTAGGTTTTTCAGAAAGGAGATTAAAATTACAGTTAGT 

GTTCAGTACTAACTTATGGCTTAATCCTCCAAAGAAAGAGTTTTTTAAAA 

TATTTTCTTTATATGGGAAAACCAGTTGTATTACATTTTGTTTTGGCATA 

AGTAAGATTTCTGTTTGCATTTTAGAATAATACTTAAAAACTGCCATGAA 

GAAGAAAAACCACTTAGGTAAATTGCTTGATTTTAATGAGAGAGATATAG 

TGCTCACTTGATACTTAGTTTGCTTTAATTCTTGTGTTTTTGTCAGGGGT 
AAAAGCATGTCTACGAAGAAAAGTATGTGAACAGGAAGAAAAGTATGAAA exon 10 
TTCCTGAAGGTCCACGCAGAAGCAGGCTCAACAGAGAACAGCTGGTATTT BARD1_e10’ 

TTCTTTTAATACAACTTTCATTGTTCTTATTATGACATACTATTATTATC 

ACCATCAGGAAGAACTTCTGCCCTTTCAACAGCTACAGGTGACTGATTAA 

AATTTTAATTGTGCTTATTTCAAGCACTTGATTCTGAAAGATGATCACGA 

TGAGCAGTAAAATCCAGAAGGTAATAATTTCATACTGTTAATGGATTTTT 

GGCATCTTGAACATTGCCATAAACCTTTCAGAATCTGAGGTAAATCTCAG 

ATACAGGAAGTAGCTTGAAAGAAGACTTACAGCTGCTGCTTGGATTTAGT 

TACCATATGTCTCTATGGCCACATATTGTAGCTTTAATGGATAATATCGC 

ATTATCCTGTTGATATTATATAAGTATATTAGAAGTCACAAAGAAAATTT 

CCATAGAAGGGAATTATGAAACTTTTTTTATTTCCAACGAGCATACGGAA 

GTATGTTTCATAGCTAATTGGATCCCTAGCCTCAGCACAAAAATCTTTTG 

TGCCCCGTGAATACATTTCTGGAACCCTGGAGGGCACACCCCCATGGTGG 

CTGCCCTGGAGACCTTAGGTTGGTAATATGTAAGGACCTGAATGTGGATG 

GGCAGAATTGGATAAAAGTCCACGGAAAAGATGTTACTCTTGTAATTTAA 

TAATGTTTAGCCTGGTGTCTCTGAAGCCTATTTCAAATAAGCTAGGAGTT 

GTGGAGGCTTTAAGTCCCACCAAATAAGCATAAACATCCTGATGAAAAAA 

GTTTGATGAATAGTTTGTTTTTTTCTTTATACCAAGCATATCTAAAATTT 

TAGAAGAGTGAAAAGGAACCGAGATGGTGACTGAATCTTAGGGAAAAAAT 

TGTAAATAGGAAGCCCCTATTTGCCTAAGTATTTTTCTTGATCCAGTTAG 

TATGCTTGAAATATAACTTGTCCCAGCACCTCATTAAGTAGCTTCTTAGC 

TGCTCATAATTGTTAcagatggagcattcctaatccaacatctaaaatgc 
tccaaaatccaaaactttttgagctttgacatgatgccacaagtggaaaa 
ttccacacctgacctcatgtgacaggtcacggtcagaacacagtcaaaat 
tttgtttcatgcacaaaattactgaagatattgtataaaattacttcagg 
ctatgtgcataaggtgtacaagaaacaaacgaattttgtgtttaggcttg 
agcctcatccttaagatacctcatgtatatgcaaattttccaaaacccaa 
aaaatttatgaatctgaaatgcttctcctccaaatgtttcaggtaaggga 
tattcaacttgTATTTTTATTTTCCTCATTCATATACAGTGTTTTTGAAT 

ACAGTATTTTGATCTGCCTTTAACAAATGTTTTCTCATTATTTCAGTTGC exon 11 
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CAAAGCTGTTTGATGGATGCTACTTCTATTTGTGGGGAACCTTCAAACAC 
CATCCAAAGGACAACCTTATTAAGCTCGTCACTGCAGGTGGGGGCCAGAT 
CCTCAGTAGAAAGCCCAAGCCAGACAGTGACGTGACTCAGACCATCAATA BARD1_e11 
CAGTCGCATACCATGCGAGACCCGATTCTGATCAGCGCTTCTGCACACAG 
TATATCATCTATGAAGATTTGTGTAATTATCACCCAGAGAGGGTTCGGCA 
GGGCAAAGTCTGGAAGGCTCCTTCGAGCTGGTTTATAGACTGTGTGATGT 
CCTTTGAGTTGCTTCCTCTTGACAGCTGAATATTATACCAGATGAACATT 
TCAAATTGAATTTGCACGGTTTGTGAGAGCCCAGTCATTGTACTGTTTTT 
AATGTTCACATTTTTACAAATAGGTAGAGTCATTCATATTTGTCTTTGAA 
TCAAAAAAAAAAAAAAAGTCTAATGCCAGATTAGGAATTCATGTTATGTT 

TACCATTTAGAAGCTGGGATTGCTTTTAAAGGTTTTTCTTTTTAAAATTG 

GCATGTTTTTGATTTATCATGTCTTTCTATTCAGATTATTGGGTATCAAA 

GATTAATGAGGACACCAGAATCTTGGTTAAATAGACAAGTGGTATCATTA 

CTGTTTGAGTCTTTTAATATTCTCCATACCTGCCACCAGTGAAAAAACTT 

GCCttttttttttttttttttttAGTAAACAGAATATTATCAAACAATTT 

ATTTTGGCTTTATTGAAAAAAGAGTATTTGGTCTAAATGTGCCACCATAG 

GTGTTAAATTCTCCTATCTGCAATTGTCTTTATCCTATATTGTGTTCATT 

TCTTTTCTTAATAATTTACTTTGTTGTGTGTTTCTACACTTTCATCCCTG 

TTTTTTATCTTGTATATCATCAGGAAATTGTGATTTAATCATTAACATTG 

GTTTTTTTGTGTGTGTGGTAAAAATCAACACTAGGCTCATGGTACATATT 

TTTATTCTGTACATTTGCTTGTAACTATCAATTTGTAACTCTGTTTATCT 

ACTACATGTGTATATATACTTAGAGCATTTTCTCTAACACATTTTAATGT 

TAGTATTTTTTAAAAGGTCTGACCAGTCTAGCAAATTGTCAGTCCAACGT 

CATTACTTTAAATTAAGAAGCAGTCTTCTTCTGGTAAACCTTGTTGGTAT 

TTGTAAAATAATTTTGAAGGTCTTAATTTCTTCCTTTGTAAAAGGAAAAG 

GTTTTTTTTAAAGTTTTTAGGTTGGCATGGAGGCAGAAGTTGGTGATTAC 

TTGATTTACAACAGATTTTTTCCAGATCATACAAAAGGCCATACAGTAAG 

TATAGAAGTAGGTATGGGGAGGGCTTACTAATATCAAATAGGCAAGGCCT 

TAGTGAGTGGGCAGGATACCACCTGAGAGTGGCCAGATGTGGGGAGGTTA 

CTCTGCTCTGGGTGCTCTCATTCATGAATCGACAAGGATACATTAGATTA 

TTTTGAAACATTTTTTTAAGAAGCAGAATTCTTTAATAATTCCTTCCTAG 

ACATTGAATATACTTATAAAATTAAAGACTTGGGGAAGGAGACACTGAGA 

GACTTGCCAGTTTGGTTCCTCATGAACAAAAGAGGACAGTTTGATAACTA 

CCAGAATAGAATATCCCTAGTTTTAAAATAGTGAGAATCTCTGAAGTTCA 

TCAACATCTTAAGATGCACTTACTTGAAAGTTTGAGATTCTGTTTATCAT 

TTGAAAACACATTTTGCTTTAATTCTTTCTTTGACATGTTGTTTTTTCAT 

ATCAAGAAATATATGAACAAAATAATAACCTTTTGACCCTGACCTTGCTG 

GGTGAATTAGCTCTGAAACACTCTCTACAACCAGTAATGCATTTGTCCCA 

CATTTCATTCTGATAGAAAATGAACACCATAGCACCAAACAAAAATCCGA 

GGCGTTAGATAATGTCTGGATTAAATAATTTAAGACTCTCTAGGATTTTG 

GTTGTCATTTTTTATTTATAACAGACTTTAAGTCACTTTCTGTTGCCTCA 

TAGGTCACATTTTAGACAGGTTTGTGTCTGTTCCTTGCATCTGAATTCCT 

GATTGTAAAGACACCTATGAGGTCTCTTAGTTTTTGTCATTCATTTTCTT 

GGTTTATCACCCCTCCCTTCTTTTTGTTGTTTTTCCCTGACTGTTAAGCA 

GTTTCATCTTTGCTTTTGTTAAATATTTGACAGCAGTTAGTTTGTGTTAA 

GCTCTTGAAACTTGTGATTGTACTTTCTGTGTAGATATACATGTAATTAT 

TTTTTATTTTTCAATCATAGATTCAAGCTTCCTTCTTTTTTACCACAAAT 

CATTAAAGTTATTTGTGTTTCCATATACCTGTGTCTTGTATAAAATTGGC 

TTATTCTGTGCTGTTGAATGAGGCTCAACATGACTTGGTGAGGAAGTCTA 

TTAACTAACAAAAGCTTATCTTTTTTAACATAATGCtttttaattaattt 
tgaataaaaatatttCTAAAGTGTACTAGATACTTTATTACCTTAGATTA 

TTCCGAATACAGTATAACTTTGATAGTTTGGAATAGTCATTAAGAAACAA 

TTACACACTGATTGCTTTGTGTCTCTAAAAGTGAGAGGCTGGTAGCTTTT 

CCACATTCTCATGGCTATTTTCTAGTTCTACTTGAATTTATAACTGTTTC 

CCTTTTTCCTTGACAGCTGCCACTTTGTAGCTATTTTTCTGTCTCTGCTA 

ATACTTTACCATATCTATCTCAATTGTTTTTTCTTTTGACTTGCTGAAAA 

ATAGAAACCAGATGGGAAGTATATTAGCATTATGATTGAAATAAGGGTAA 

ATGAGCAATGTGTGAAGGTTTTCACTGACTTCACCTAAAAGATAGTTTAG 

CTACTTGAATTTTAGTAAATAGAATTTTTCCTTTATTTCATCGGTCCCCC 

CACCTTTTTTTTTTTTTGCACCTGCCTTGTAAATTTAATAGTTAAGTGAC 

CTCTGCCTAGAGGATGATATTTGGGGAGGTTTGATGTTTCCTGTGGGAAT 

AAGACGATTCACAGGTGAGAGTGGGGCCACATTAGCTGTTATTGTTTCCA BARD1_f3’ 

TGGGTCAGTGTGGAAAATGCATTAATCATATTCTAAACGTTCATGGGCCT 

CATTACAGTCACAATTGTCTATTCTGTTTCCTACCCTGAACACATTAAAA 
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TGGTAGGAACTAATGCTTGTCTTATTTAATTACTAAAAGCCACCATTTTC 

TTTGATAGATTGAGCTACAGATTGTAAACTTCATGTATTTCTTTATAAGT 

CAACCCTTTTCAAAGATACGCACATCAAACTGAATGAATAAATAAATATT 

GAGAAGTTGTCTTCGTTTAAGAGCTGTAATTTTTTTTTTTTTAGTCAACT 

AATAGTCTTATGCCTGGCTAATTAAGCTGCAGACATTCTTATGAATTAGG 

GATTGTTGATTATTTGTGTAGCTTTCTAAGGCACAAGGTGCACTTTCTGA 

TACCTGTAAGTTTCTATTAGAATGGTGATGTGAGAGAAGTGGGAAAAGCA 

TGTTCTTTGACTAGGCTTAAAGGGTTAATGACTAATACTCCAGCCCCAGG 

GAGGATCCTGAATCGGCTTTGAAGTTAGACATGGGTTTGTTAACAATCTA 

ACCTGTATCATCAGTGATAAAGGGGGGGAATACAGTTCATTTCACCTGAG 

TATAAAGATGTGTGAAAGTGCTTAGCACACTGTAGGCATTCACAACTCGC 

CTTCCAGGACCCCTGTGAGCAAGCTCATGAAAAAGTGACTGTTGGTAGCA 

CAGCTTGTGTCAGTCCTGAGTATCCTGGCTCTTGTATCCCATGCACAAGA 

CTGCTGGGTGTCCTCCTGTATTCACTTTACTGGTTTTAGCCTGAACAACA 

ACCAGAGCCAGGCCCTAGTTTCTTATTTCTGACTTCTCACCATCCCATCT 

GCACTGGTAAAGTTTGCCCATCTATGTAGCCACTCCTGCTCATTTAACTA 

AAATGTTTAGCTTTCATCCCCTCAGTGTATTTACTGTGGATACCAAGATT 

GCTTAAGCCTCCACACAGAAGTGGGGCACCTTGGACAGCACTGGCAAAGC 

TTCTACAGTTACCATAATATCATAAACCCTTCCGCCACCTCCACTTGAGG 

CCTAAAACAAGGATGTTTATCTTTTCTGCCTTAGTTCATAGTTTGTGAGA 

CTCATATTTTCATTAATACCACTAATTTGTCAAAACACACCTTATTTGCC 

TGCTGTGTAAGATAATGTAACCTAAAAATAAAGGTCTTTTTCTGAATCTT 

ACTACTGTAAATGTTTGAGCTTTTAAACAAATCTGTTTACAAAAATATTA 

CATAGTTCAGAAATACAAAAAGAATTTCTGCAGAATACAAAAGCACAAGG 

AAGAAAACAGGCACAAAATCCAGGGACCGTTAAACTGACAAACTATTTTG 

TGTGGCCTTCATAGTGTTAAAAGTACATCAAATGCTGTTGACAGGGGACA 

TGAGCTTCCATTCACCACATCCTCACCACTTGTCTCTCACCCCTTACATT 

TATTCTTTTAGTTGGGCCTTGGAAACATTGACTTAATCCACAACTCAGGA 

ACAACAACTATTAACATTCTTGTCtttttctttccccataagttattggg 
gtacaggtggtattgggttacatgagtaaattagttgtgatttgtgagat 
tttggtgcacccatcacccgagcagtgtacactgcaccatatttgtagtc 
tttatccttcgcccccctcccactcttcctcccaagtctccaaagtccat 
tgtattattcttatgcctttgcatcttcatagtttagcttccacatatca 
atgagaacatactgtgtttggttttccattcctgagttacttcacttaga 
ataatagtctccaatgtcatccaggtcgctgcaaatgctcttcattcatt 
gctttttatggctgcatagtattgcatcacacacacacacacacacacac 
acacacacacacacacacacgtatatgtatatatacacacaccacagttt 
atccactcattgactgatgagcatttgggttggttccatgattctgcaat 
tgtgaattgtgctgctataaacatgggtgtgcgagtatgtttttccagta 
atgacttattttcctctgggtagatacccagtagtgggattgctggatca 
aatggtagttctacttttagttctttaaggaatcttcactgttttccata 
gtggctatactagtttgccttcccaccagcagtgtagaagtgttccctgt 
tcactgcatgcatgccaacatctgttttttgattgtttaattatgaccat 
tcttgcaggagcaaggtggtatcacattgtggttttgatttgctgatcat 
ttctgatgttgagcattttttcatatgtttgttggccatttgtgtatctt 



 
 

 
 

 

Supplementary Table S1 

The MLPA probe set designed for the analysis of large mutations in the BARD1 gene. 

5’ half-probe 3’ half-probe 

probe 

5' PSS 
le
ng
th 

5' SS 
le
ng
th 

5' TSS 
le
ng
th 

Tm 3' TSS 
le
ng
th 

Tm 3' SS 
le
ng
th 

3' PSS 
le
ng
th 

5' 
HPL 

3' 
HPL 

total 
probe 
length 

ctrl_1 
[chr22] 

GGGTTCCCTAA

GGGTTGGA 

19 cgctac 6 GGCCCAGATCACCGAGGA

GGA 

21 75.6 GGCAAAACTTCTGGCCCA

GAAG 

22 71.0ac 2 TCTAGATTGGATCT

TGCTGGCGC 

23 46 47 93 

BARD1_e10' GGGTTCCCTAA
GGGTTGGA 

19 cgctacta 8 CTGAAGGTCCACGCAGAA

GCA 

21 70.8 GGCTCAACAGAGAACAGC

TGGTATT 

25 69.1 0 TCTAGATTGGATCT

TGCTGGCGC 

23 48 48 96 

BARD1_e11 GGGTTCCCTAA

GGGTTGGA 

19 cgcta 5 CTCAGTAGAAAGCCCAAG

CCAGACA 

25 71.7 GTGACGTGACTCAGACCA

TCAATACAG 

27 70.5 0 TCTAGATTGGATCT

TGCTGGCGC 

23 49 50 99 

BARD1_f3' GGGTTCCCTAA

GGGTTGGA 

19 cgctactac 9 GTGAGAGTGGGGCCACAT

TAGCT 

23 71.4 GTTATTGTTTCCATGGGT

CAGTGTGGA 

27 71.5c 1 TCTAGATTGGATCT

TGCTGGCGC 

23 51 51 102 

BARD1_f5' GGGTTCCCTAA

GGGTTGGA 

19 cgctac 6 CTGGGACCTGGATAGACA

CTTGGATAT 

27 70.5 CAGCTAGAAAGCTACGAC

AGGAAACCA 

27 71.1tac 3 TCTAGATTGGATCT

TGCTGGCGC 

23 52 53 105 

BARD1_e02 GGGTTCCCTAA

GGGTTGGA 

19 cgc 3 CAGTACTAACATTCTGAG

AGAGCCTGTGTGTT 

32 71.5 TAGGAGGATGTGAGCACA

TCTTCTGTAGG 

29 71.3ac 2 TCTAGATTGGATCT

TGCTGGCGC 

23 54 54 108 

ctrl_2 
[chr1] 

GGGTTCCCTAA

GGGTTGGA 

19 cgctactactat 12 CAGCTGGACGAGTACCAG

GAGCTT 

24 72.8 CTGGACATCAAGCTGGCC

CTG 

21 72.7aactaaatct

ac 

12 TCTAGATTGGATCT

TGCTGGCGC 

23 55 56 111 

BARD1_e03 GGGTTCCCTAA

GGGTTGGA 

19 cgctacta 8 CAACTGGACAGCATGATT

CAACTTTGTAGT 

30 70.6 AAGCTTCGAAATTTGCTA

CATGACAATGAGC 

31 71.1tac 3 TCTAGATTGGATCT

TGCTGGCGC 

23 57 57 114 

BARD1_e06 GGGTTCCCTAA

GGGTTGGA 

19 cgctactact 10 GAATTATTGCTCCAGCAT

AAGGCATTGGT 

29 71.4 GAACACCACCGGGTATCA

AAATGACT 

26 71.0ctaaatctac 10 TCTAGATTGGATCT

TGCTGGCGC 

23 58 59 117 

BARD1_e07 GGGTTCCCTAA

GGGTTGGA 

19 cgctactacta 11 GAAAGTATGAAATCGCTA

TTGCTGCTACCA 

30 70.3 GAGAAGAATGAATCATCC

TCAGCTAGCCA 

29 71.9aaatctac 8 TCTAGATTGGATCT

TGCTGGCGC 

23 60 60 120 

BARD1_e09 GGGTTCCCTAA

GGGTTGGA 

19 cgctactactatta

gt 

16 ACTCATGTTGTTGTTCCT

GGTGATGCA 

27 71.6 GTTCAAAGTACCTTGAAG

TGTATGCTTGGG 

30 71.5taaatctac 9 TCTAGATTGGATCT

TGCTGGCGC 

23 62 62 124 

BARD1_e08 GGGTTCCCTAA

GGGTTGGA 

19 cgctactactatta

gtagaattga 

24 ACTGGGCAGCGTAGGGAT

GGA 

21 71.8 CCTCTTGTACTTATAGGC

AGTGGGCTG 

27 71.4caaactaaat

ctac 

14 TCTAGATTGGATCT

TGCTGGCGC 

23 64 64 128 

BARD1_e04.1 GGGTTCCCTAA
GGGTTGGA 

19 cgctactactatta

gtag 

18 GTGGTTTAGCCCTCGAAG

TAAGAAAGTCA 

29 71,5 GATATGTTGTGAGTAAAG

CTTCAGTGCAAACC 

32 71.6actaaatcta

c 

11 TCTAGATTGGATCT

TGCTGGCGC 

23 66 66 132 

BARD1_e01'' GGGTTCCCTAA
GGGTTGGA 

19 cgctactactatta

gtagaattgatg 

26 TTTCTGGGGGCGGCAGAA

TCTTT 

23 72.3 TCAAATCTTCCGTTTCCT

CCTTCCG 

25 71.3aatggtcaaa

ctaaatctac 

20 TCTAGATTGGATCT

TGCTGGCGC 

23 68 68 136 

BARD1_e05 GGGTTCCCTAA

GGGTTGGA 

19 cgctactactatta

gtaga 

19 GCGACATACCTTCTGTTG

AATACCTTTTACAA 

32 70.5 AATGGAAGTGATCCAAAT

GTTAAAGACCATGC 

32 71.5tcaaactaaa

tctac 

15 TCTAGATTGGATCT

TGCTGGCGC 

23 70 70 140 

ctrl_3 
[chr17] 

GGGTTCCCTAA

GGGTTGGA 

19 cgctactactatta

gtagaattgatg 

26 TCCCTGCGCCATTGAGGT

CTATAAAAT 

27 70.6 TATAGAGAAAGTTGATTA

CCCCCGGGATG 

29 70.9aatggtcaaa

ctaaatctac 

20 TCTAGATTGGATCT

TGCTGGCGC 

23 72 72 144 

BARD1_e04.2 GGGTTCCCTAA
GGGTTGGA 

19 cgctactactatta

gtagaattgatgcc 

28 GAGTGATGTCTAGTCCCT

CAGCAATGA 

27 70.9 AGCTGTTGCCCAATATGG

CTGTGAAA 

26 71.6tatctaatgg

tcaaactaaa

tctac 

25 TCTAGATTGGATCT

TGCTGGCGC 

23 74 74 148 

ARID1A_e03 GGGTTCCCTAA
GGGTTGGA 

19 cgctactactatta

gtagaattgatgcc

acctttt 

35 CAGTCTCAACCACCACAG

CTCC 

22 71.0 AGTCCTCTCAGCCTCCAT

ACTCCC 

24 70.7aatgtatcta

atggtcaaac

taaatctac 

29 TCTAGATTGGATCT

TGCTGGCGC 

23 76 76 152 

ARID1A_i01 GGGTTCCCTAA
GGGTTGGA 

19 cgctactactatta

gtagaattgatgcc

accttt 

34 AGCTTCCACTTCTGTGGA

CTGCTTC 

25 70.5 AGGTGTGTGGTAGTAGTC

TAGGTGAGGG 

28 70.9tgtatctaat

ggtcaaacta

aatctac 

27 TCTAGATTGGATCT

TGCTGGCGC 

23 78 78 156 

ARID1A_e16 GGGTTCCCTAA
GGGTTGGA 

19 cgctactactatta

gtagaattgatgcc

accttttcagct 

40 CCACAGCCGAATCTCATG

CCT 

21 71.1 TCCAACCCAGACTCGGGG

ATG 

21 72.6tttgcgaaat

gtatctaatg

gtcaaactaa

atctac 

36 TCTAGATTGGATCT

TGCTGGCGC 

23 80 80 160 

PSS – primer specific sequence, SS – stuffer sequence, TSS -  target specific sequence, HPL – half probe length 

 

 

 

 

 



 
 

Supplementary Figure S1 A pedigree of proband #53 (carrier of the c.1690C>T mutation), 

who is indicated by the arrow. The family members with breast or ovarian cancer are shown 

in grey. The circle that is ¼ grey indicates a different cancer type. OvCa – ovarian cancer, 

BrCa – breast cancer, Lym – lymphoma. The numbers near the patient's cancer type indicate 

the age of diagnosis. 
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Abstract. BARD1 is the main binding partner of BRCA1 
and is required for its stability and tumor-suppressor func-
tions. In breast cancer and other epithelial cell carcinomas, 
alternatively spliced isoforms of BARD1 are highly 
upregulated and correlated with poor outcome. Recent data 
indicate that germline mutations of BARD1 may predispose 
to breast and/or ovarian cancer. To evaluate the role of BARD1 
germline mutations in predisposition to ovarian cancer we 
scanned a cohort of 255 patients for the presence of previ-
ously reported mutations located in exons 5, 8 and 10 using 
high-resolution melting analysis. Within this group we identi-
fied single-patients carrying mutation in exon 8 (c.1690C>T, 
p.Gln564Ter), two different variants in exon 10 (c.1972C>T, 
p.Arg658Tyr; c.1977A>G, p.=) and a carrier of novel missense 
mutation located in exon 5 (c.1361C>T, p.Pro454Leu). Three 
out of four identified mutations alter exonic splicing enhancing 
motives and result in expression of incorrect splicing skipping 
of exons 5, 8, and 2-9, respectively. Our data indicate that 
BARD1 variants may predispose to ovarian cancer in limited 
number of patients although based on actual data it is difficult 
to estimate its actual penetrance.

Introduction

Ovarian cancer is a heterogeneous group of tumors, where 
epithelial ovarian cancer accounts for the majority of cases. 
The 5-year survival for invasive ovarian cancer strongly 
depends on the stage at time of diagnosis and varies 
from 30 to 90% (1,2). In the majority of patients late diag-
nosis and high morbidity result mainly from asymptomatic 
manifestation of the disease (3). Although multiple genetic 
and epigenetic changes have been studied, and some are 
characteristic for ovarian cancer, it is still not clear how these 
changes affect tumorigenesis. To date at least 15 oncogenes 
and 16 potential tumor-suppressor genes in several signaling 
pathways have been associated with ovarian cancer (4).

In the majority of populations, ~5-15% of all ovarian cancer 
cases are caused by inheritance of mutations in genes with 
an autosomal dominant pattern of transmission (such as 
BRCA1/2). Although the actual proportion strongly depends on 
the studied population and may be much higher, reaching 30% 
in the Ashkenazi Jews (5-8). In Poland, the portion of heredi-
tary ovarian cancer due to BRCA1/2 mutation ranges from 
13.5 to 14.9% (9-11).

Another ~6% of constitutive ovarian cancer cases are 
related to alterations in low and moderate-penetrant genes (12). 
These genes, products of which are known to interact with 
BRCA1/2, are involved in DNA repair and cell cycle regula-
tion and therefore are good candidates for possible breast and 
ovarian susceptibility genes (13,14).

The human BARD1 gene (BRCA1-associated RING 
domain 1) is located at the long arm of chromosome 2 
(2q34-35) and encodes a nuclear protein of 777 amino acids 
that shares many structural and functional similarities with 
BRCA1 (15-17). Like BRCA1, BARD1 has an amino-terminal 
RING-finger motif and two carboxy-terminal BRCT 
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domains (15). The RING-finger motif is known to be essential 
for BRCA1/BARD1 heterodimer formation, while BRCT 
domains are found in proteins maintaining genome integ-
rity (18). Proper interaction between these proteins is crucial 
for BRCA1 stability and E3 ubiquitin ligase activity of the 
BRCA1/BARD1 complex (16,17,19).

BARD1 has additionally three ankyrin (ANK) repeats 
potentially mediating protein-protein interactions and present 
in many proteins of various functions (20,21). Interestingly, 
no other proteins comprising RING, ANk and BRCT motifs 
together are known (16).

Like BRCA1, BARD1 shows highest expression in actively 
proliferating cells and those that undergo apoptosis (17,22). 
Loss of BARD1, as well as BRCA1, leads to developmental 
retardation and early embryonic lethality of corresponding 
knockout mice; cells from these mice are characterized by 
chromosomal instability (23). In addition, it was observed that 
tumors with homozygous deletions of the entire BARD1 gene 
displayed a BRCA1 mutation-like expression profile (24).

Germline mutations in the BARD1 gene, although detected 
with low frequency and in a limited number of patients, can be 
qualified as novel candidates for ovarian cancer susceptibility in 
a subset of families negative for BRCA1/2 mutations. The first 
study linking BARD1 with ovarian cancer presented a patient 
with clear cell ovarian carcinoma in who the missense c.1692G>C 
(p.Gln564His) mutation was identified (25). The p.Gln564His 
reduces binding of BARD1 to the polyadenylation cleavage 
specification complex (CstF-50) and abrogates p53-dependent 
apoptosis (22,26). Most recent publications reported three 
BARD1 mutations: One affecting splicing, c.1977A>G, p.=, 
one non-sense, p.Gln715Ter and one frameshift c.2148delCA; 
p.Thr716fs*12 (12,27,28). Finally, germline BARD1 mutations 
were identified in patients with a breast cancer (24,27,29-31), 
cervical cancer (32), and neuroblastoma (33).

In the present study, we present four different possibly 
pathogenic BARD1 variants identified in a group of unselected 
ovarian cancer patients. Three of the identified alterations 
result in incorrect splicing of the corresponding exons, which 
may prompt expression of specific BARD1 isoforms and 
promote carcinogenesis.

Materials and methods

Study population. The study comprised 255 unselected ovarian 
cancer patients referred to the Department of Gynaecological 
Oncology of Medical university of Gdansk between 1995 
and 2009. Within the study group 162 (63.5%) patients were 
diagnosed with serous ovarian cancer. The remaining 36.5% 
of tumors were classified as endometroid (n=30/255; 12%); 
mucinous (n=25/255; 10%); clear cell (n=17/255; 7%); and 
non-differentiated (n=17/255; 7%). Four tumors (n=4/255; 1%) 
did not have complete histopatological classification. Average 
age at diagnosis was 58 (range, 20-88 years). Informed consent 
was obtained from all of the patients and the study was approved 
by the Medical Review Board of Medical university of Gdansk 
(NKEB/399/2011-2012). The frequency of identified BARD1 
variants was investigated in an unselected population-based 
control group of 1,000 anonymous samples collected at birth 
(dried blood spots) and in a group of 200 healthy females 
matched by age.

Blood samples. Patient samples: Genomic DNA was extracted 
from the whole blood using the Genomic Midi AX kit (A&A 
Biotechnology, Poland).

In addition, from selected patients a blood sample was 
collected into Tempus™ Blood RNA Tubes and total RNA 
was isolated with Tempus™ Spin RNA Isolation kit (Life 
Technologies, uSA). cDNA was synthesized using the Go 
Script™ Reverse Transcriptase according to manufacturer's 
instructions (Promega, USA).

Population-based control group: Genomic DNA was 
extracted from 1,000 dried blood spots using kapa Express 
Extract kit (Kapa Biosystems, USA).

Tissue samples. Ovarian cancer: DNA from ovarian tumors 
was extracted from formalin-fixed, paraffin-embedded (FFPE) 
tissue blocks using Kapa Express Extract kit (Kapa Biosystems). 
Total RNA from ffPE tissue blocks was isolated using the high 
Pure FFPE RNA Micro kit (Roche Diagnostics, Switzerland).

Chronic myeloid leukemia (CML) controls: In order to 
verify a presence of identified BARD1 isoforms in a 
hormone-independent cancer, we examined cDNA from bone 
marrow cells from 120 CML patients.

Mutation screening. All samples were tested for the presence 
of three previously described BARD1 mutations (c.1315-2A>G 
in intron 4; c.1690C>T in exon 8 and c.1977A>G in exon 10) 
by using high-resolution melting analysis (LightScanner® 
System; Biofire Defense, uSA). Primers listed in Table I 
were designed based on the BARD1 gene sequence obtained 
for the Ensemble database (http://www.ensembl.org; BARD1: 
ENSG00000138376). In order to simplify subsequent 
sequencing analysis, M13 adaptor sequences (indicated by 
capital letters) were added to the 5'-end of each primer. All 
amplicons demonstrating melting profiles distinct from those 
of the wild-type samples were subsequently sequenced (ABI 
PRISM 3130; Life Technologies). More detailed information 
on screening protocols, can be obtained from the corre-
sponding author upon request.

Bioinformatics analysis and sequence variation nomenclature. 
BARD1 mutations were numbered according to the human 
Genome Variation Society guidelines (34). The BARD1 
sequence was in accordance with GenBank NM_000465.2 All 
mutations were analyzed for potential pathogenic effect using 
the following in silico software: Alamut Mutation Interpretation 
software, ESE finder, Human Splicing Finder, MutPred Splice, 
Mutation Tester, PolyPhen 2, Rescue ESE and SIFT.

Results

here we investigated a role of BARD1 germline mutations in 
predisposition to ovarian cancer. frequency of BARD1 recur-
rent mutations was estimated in a group of 255 unselected 
ovarian cancer patients. Exons 5, 8 and 10 together with 
flanking intron sequences were analyzed by HRM technique 
followed by bi-directional sequencing. A summary of the 
identified BARD1 alterations is presented in Table II.

BARD1 germline mutations. In patient #109, diagnosed with 
advanced serous ovarian cancer at the age of 70, a novel 
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substitution c.1361C>T located in exon 5 was identified. The 
substitution results in a change of a highly conserved amino 
acid (p.Pro454Leu), located within the ANK repeats of the 
protein which suggest possible alteration of the BARD1 struc-
ture and/or interactions with other proteins. The information 
regarding the patient family was limited and it was unclear 
whether additional breast and/or ovarian cases were present in 
other family members (Fig. 1A). The germline mutation was 
found heterozygous in the tested tumor sample. The c.1361C>T 
was not detected in the control groups.

The second identified genetic variant was a non-sense 
mutation in exon 8 (c.1690C>T, p.Gln564Ter) previously 
reported by us (27). This mutation is located between the ANK 
repeats and the BRCT domains. The alteration was found in 
patient #53 diagnosed with serous ovarian cancer at the age 

of 65. The patients' family showed a strong aggregation of the 
disease (Fig. 1B). The sisters of the proband were affected with 
breast cancer and lymphoma. In addition, three nieces were 
diagnosed with ovarian cancer at the age of 43 and a breast 
cancer at the age of ~50. This variant was not found in the 
studied control groups.

The third, possibly deleterious alteration, located in 
exon 10 (c.1972C>T) was identified in patient #150 affected 
with ovarian cancer at the age of ~50. The proband's paternal 
aunt and grandmother were diagnosed with hepatic metastases 
of unknown primary site (Fig. 1C). The substitution c.1972C>T 
results in an amino acid change at position 658 (p.Arg658Cys), 
which is located between the two BRCT domains. This genetic 
variant was also detected in both control groups (unselected 
control group: n=3/1,000; 0.3% and healthy individuals: 

Table I. Sequences of the primers used for amplification of exons 5, 8 and 10 together with PCR and HRM conditions.

   PCR annealing  hRM melting
   temperature Product length range
No. Primer name Primer sequence (˚C) (bp) (˚C)

1 BARD1_ex5frw TGTAAAACGACGGCCAGTttttcctttctttccttaatgctt 64 236 78-88
2 BARD1_ex5Rev CAGGAAACAGCTATGACCaagagtatatgtggcagaggatga
3 BARD1_ex8frw TGTAAAACGACGGCCAGTtcgtctaatgtttttaacactggt 68 210 80-90
4 BARD1_ex8Rev CAGGAAACAGCTATGACCtctaccccacctcccaaaat 
5 BARD1_ex10frw TGTAAAACGACGGCCAGTtcgtctaatgtttttaacactggt 63 293 80-90
6 BARD1_ex10Rev CAGGAAACAGCTATGACCagctgttgaaagggcagaag

BARD1, BRCA1-associated RING domain 1.

Table II. BARD1 gene variants identified in intron and exon sequences in 255 patients with ovarian cancer.

  unselected healthy
 Patients controls controls
 (n=255) (n=1,000) (n=200)
 ---------------------- ---------------------- ----------------------
No. Intron/exon Nucleotide change Effect Status n % n % n %

Sequence variants identified in intron sequences
1 4 c.1315-19A>G NE rs6704780 130 51 NA NA NA NA
2 10 c.2001+66A>G NE De Brakeleer et al (29) 7 2.75 NA NA NA NA

Sequence variants identified in exon sequences
1 5 c.1361C>T p.Pro454Leu Novel 1 0.39 0 0 0 0
  r.[=,1315_1395del]
  p.Gly439_Leu465del
2 8 c.1690C>T p.Gln564Ter Ratajska et al (27) 1 0.39 0 0 0 0
  r.[=,1678_1810del]
  p.Met560Ter
3 10 c.1972C>T p.Arg658Cys rs3738888 1 0.39 3 0.3 2 1
4  c.1977A>G p.= Ratajska et al (27) 1 0.39 1 0.1 2 1
  r.[=, 159_1903del]
  p.Cys53_Trp635delinsfs*12

BARD1, BRCA1-associated RING domain 1.
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n=2/200; 1%) suggesting its limited significance. Analysis 
of the tumor sample revealed the heterozygous status of this 
substitution.

Finally, we identified a carrier (#4321) of a previously 
described c.1977A>G mutation in exon 10 (27). The patient 
was diagnosed with both breast and ovarian cancer at the age 
of 57 and 60, respectively. There was no information on other 
cancer cases within the proband's family. Although co-segre-
gation analysis revealed that one of the proband's daughters 
was a carrier of this alteration (Fig. 1D). Tumor tissue was not 
available for the study. c.1977A>G variant was also detected 
among control samples (unselected control group: n=1/1,000; 
0.1% and healthy individuals: n=2/200; 1%).

Analysis of amplicons spanning the flanking intronic 
sequence of exons 5, 8 and 10 lead to identification of two 
frequent intronic variants c.1315-19A>G (rs6704780) and 
c.2001+66A>G (rs75237746), which are well-known polymor-
phisms (18). These were present in a studied group of patients 
with a frequency of 49 and 2.6%, respectively. Because of the 
high frequency, and therefore presumably neutral character of 
these SNPs, we did not investigate their frequency in control 
groups.

Identification of a BARD1/ BRCA1 double mutation carrier. 
Interestingly, mutational analysis of the BRCA1 gene in 
patient #53, positive for BARD1 alteration (c.1690C>T), 
revealed the presence of a deleterious mutation c.5266dupC 
in exon 20. further segregation analysis showed that both 
BRCA1 and BARD1 mutations were present in other family 
members (Fig. 1B). Investigation of the mutation status in 
tumor tissue of patient #53 reveled a heterozygotic character 
of both alterations.

Cancer-associated alterations of the BARD1 gene affect 
splicing. In order to evaluate the possible effect of the identified 
BARD1 sequence alterations on protein function and splicing, 
in silico analysis was performed. The synonymous substitution 
c.1977A>G, previously reported to affect splicing (27), was 

used as indicator of accuracy in predicting potential splicing 
disruption. Although the employed software packages indi-
vidually generated inconsistent results, the combined analyses 
indicated a possible influence of the tested mutations on the 
splicing process (Table III).

In order to confirm the in silico results, RT-PCR using RNA 
isolated from patients' peripheral blood cells was applied. In 
one case, due to the death of the patient with BARD1 c.1361C>T 
substitution, RNA was extracted from the normal tissue 
macrodissected from the resected tumor sample. RT-PCR was 
performed with primers located within exons 4 and 6. Agarose 
gel electrophoresis showed two prominent bands. The upper 
band had the expected wild-type size (218 bp) and the lower 
band of 137 bp corresponded to a fragment lacking exon 5. 
Sequencing of the shorter band confirmed exon 5 skipping, 
resulting in in-frame deletion from c.1315 to c.1395 [r.(=, 
1315_1395del); p.Gly439_Leu465del] (Fig. 2A-D). On the 
protein level, this deletion results in disruption of the 1st and 
2nd ANk repeat.

Similarly, the c.1690C>T mutation in exon 8 was exam-
ined. The RT-PCR experiment was performed using forward 
and reverse primers in exons 7 and 9, respectively. Once 
again agarose gel electrophoresis exhibited two bands: One 
band corresponding to the wild-type fragment (264 bp) and 
a lower band. Sequencing of the smaller band confirmed the 
presence of frame-shift deletion of exon 8 [r.(=,1678_1810del)], 
resulting in formation of premature stop codon at position 
p.Met560 (Fig. 2E-H).

Finally, c.1972C>T substitution located in exon 10 was 
analyzed. RNA was extracted and RT-PCR using previously 
described primers was applied (27). Alteration c.1972C>T 
does not affect the splicing process.

Ovarian cancer-associated BARD1 alterations might be 
cancer-specific. ultimately, we analyzed 120 samples of 
patients with CML to assess the frequency of the newly iden-
tified BARD1 isoforms (lacking exon 5 and 8, respectively) 
in other, hormone-independent types of cancer. None of the 

Figure 1. Co-segregation analysis. (A) Pedigree of family #109 carrying mutation c.1361C>T; (B) pedigree of family #53 carrying mutation c.1690C>T 
(BARD1) and c.5266dupC (BRCA1); (C) pedigree of family #150 carrying mutation c.1972C>T; (D) pedigree of family #4321 carrying mutation c.1977A>G. 
(↗) proband; (~70) age at diagnosis; (/) dead; (-) wild-type individuals; (+) individuals carrying mutation; (ND), not done. BARD1,  BRCA1-associated RING 
domain 1.
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analyzed sample showed the presence of BARD1 alterations 
resulting in formation of the isoforms lacking exons 5 or 8 
(data not shown).

Discussion

All initial BARD1 studies described a limited number of 
sequence variants, including several missense mutations and 
one in-frame deletion of 21 bp with unknown consequence 
for the protein function. however, more recent studies 
reported several truncating mutations, which were segregating 
with the disease. Interestingly, BARD1 germline variants 
were identified not only in patients with breast and ovarian 
cancer (12,24,27-29,31), but also among individuals with 
familial neuroblastoma (33).

In the present study, in a cohort of 255 unselected ovarian 
cancer cases, one novel and three previously reported genomic 
BARD1 alterations in exons 5, 8 and 10 (c.1361C>T; c.1690C>T, 
c.1972C>T, c.1977A>G) were identified. All four genetic vari-
ants were absent or infrequent in the control group (0.1-0.3%), 
indicating their pathogenic potential.

c.1361C>T mutation disrupts the binding motif for splicing 
factor SC35 and results in an in-frame deletion of exon 5 
and disruption of two presumably important ANk repeats. 
Based on previously published data, we assume that lack of 
27 amino acids at positions p.Gly439_Leu465 may diminish 
the ability of BARD1 to induce apoptosis (35,36). BARD1 
mRNAs lacking exon 5 could be a full length (FL) BARD1 or 
mRNA isoforms lacking also other exons, namely BARD1β, 
BARD1α, BARD1κ, BARD1φ, BARD1γ (Fig. 3B), which have 
been described before for breast, ovarian, lung, colon cancer 
and neuroblastoma (37-40).

c.1361C>T is the second BARD1 mutation resulting in 
exon 5 skipping. In a previous study, we identified an intronic 
variant located in the donor site of intron 4 (c.1315-2A>G) 
that also resulted in in-frame deletion of exon 5 (27). Exon 5 
deletion was first observed in the ovarian cancer cell line 
NuTu-19 (41), derived from spontaneous mutation of rat ovarian 
cancer cells that recapitulates human ovarian cancer when 
injected intraperitoneally into mice. This cell line expressed 
no fL BARD1, but BARD1β which had an additional deletion 
of exon 5 (41). The NuTu-19 cells were resistant to apoptosis 
induction, but became sensitive when expressing exogenous 
fL BARD1 suggesting that loss of exon 5 leads to isoforms 
that have lost tumor-suppressor functions affecting the apop-
tosis pathway (41). BARD1β with an additional exon 5 deletion 
was also observed in mouse spermatogenesis (42). However, 
impact of exon 5 deletion on the function of fL BARD1 or 
BARD1β has not been determined.

The second identified alteration, c.1690C>T, was located 
in exon 8. In silico analysis showed that this alteration signifi-
cantly changed the binding motif for splicing factors. Splicing 
alteration was confirmed by RT-PCR [r.(=,1678_1810del), 
p.Met560*]. Translation of the c.1690C>T mutation results in 
a truncated protein lacking the BRCT domains, which play 
an integral role in the DNA damage response (43). BRCA1 
mutations located in BRCT domains are correlated with an 
increased risk for both breast and ovarian cancer (44,45). It 
was demonstrated that BRCA1 truncated only by 10 amino 
acids is less stable, does not accumulate in the nucleus and 
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fails to colocalize with BARD1 and BRIP1 (44). It is therefore 
likely that lack of BARD1 BRCT domains have a similar 
impact on protein function.

In addition, this mutation could not only produce a 
truncated product of fL BARD1 mRNA, but also truncated 
proteins from BARD1 isoform mRNAs (Fig. 3C). Previously 
we reported the BARD1 c.1690C>T alteration as a non-sense 
mutation (27), but additional studies showed its impact on 
splicing alteration.

Moreover, the carrier of c.1690C>T mutation in BARD1 
was also diagnosed with mutation c.5266dupC in the BRCA1 
gene. The duplication of the cytosine at position c.5266 is 
the second most frequent BRCA1 mutation all over the world 
and the most common in Poland (10,11,18). The c.1690C>T 
mutation in BARD1 was previously described in a family with 
an aggregation of breast, colon, and uterine cancer and was 
further identified in four different families with aggregation 
of breast and ovarian cancer (27, and Ratajska unpublished 
data). Co-existence of BARD1 and BRCA1 could have either 
an aggravating or a mitigating affect. however, co-segregation 
of both mutations may indicate the latter. Another case of 
co-occurrence of germline BARD1 (p.Gln715Ter) and BRCA1 
(c.3600del11) mutations was described in a patient with 
serous carcinoma (28). Moreover, co-occurrence of a BARD1 
(p.Cys557Ser) germline alteration with a BRCA2 (c.771_775del) 

truncating mutation was reported as a risk amplifying factor 
to carriers of both mutations (46). As BRCA1, BRCA2 and 
BARD1 act together in several tumor suppressor pathways, it 
is likely that double mutations increase the risk of cancer.

Within this study group, we identified a carrier of recur-
rent BARD1 missense mutation (c.1972C>T; p.Arg658Cys) 
located in exon 10. Several studies have classified c.1972C>T 
substitution as possibly deleterious (29) or with unknown 
significance (25,30,47). Rudd et al suggested its correlation 
with a risk of lung cancer with an odds ratio 1.55 (47). In our 
study, in silico analysis performed by using Mutation Tester, 
PolyPhen, and SIFT indicated its potentially damaging char-
acter. however, RT-PCR showed that this variant does not alter 
the splicing of BARD1 gene.

finally, we described another case of synonymous change 
(c.1977A>G) that results in aberrant splicing, leading to 
a transcript lacking exons 2-9. This mRNA is identical to 
BARD1η (Fig. 3A), which can either be translated from the 
first methionine and end with a premature stop codon in 
exon 10 (p.Cys53_Trp635delinsfs*12), or translation could 
start with a first methionine in an alternative open reading 
frame (ORF) (39,48). This c.1977A>G alteration was previ-
ously identified and characterized in a patient with clear cell 
ovarian cancer with familial aggregation of the disease (27). 
Additionally, BARD1η isoform was found by Li et al in human 

Figure 2. (A-D) Analysis of variant c.1361C>T. (A) Sequence analysis of exon 5 of the BARD1 gene. The mutation is marked with an arrow. (B) In silico 
tools analysis shows left panel with original ESE motifs located within exon 5 and right panel with ESE motifs status in sequence that harbors the mutation. 
(C) mRNA expression analysis: Agarose gel electrophoresis of PCR spanning exon 5 revealed two bands: upper band (1) the expected wild-type allele (218 bp) 
and lower band (2) of 137 bp corresponding to deletion of exon 5. (D) Sequence of the wild-type band (top panel) and the bottom panel exhibit an in-frame dele-
tion of exon 5 of BARD1 gene. (E-H) Analysis of mutation c.1690C>T in BARD1. (E) Sequencing results demonstrating alterations located in exon 8 of BARD1 
gene (arrows). (F) In silico tool analysis shows original ESE motifs located within exon 8 of wild-type BARD1 and right panel with ESE motifs status after in 
BARD1 sequence with c.1690C>T mutation. (G) Agarose gel electrophoresis revealed two bands: Upper band (1) of the expected wild-type allele (264 bp) and 
lower band (2) with a size of 131 bp. (H) cDNA sequence analysis confirmed sequence of the wild-type BARD1 (top panel) and deletion of exon 8 of BARD1 
gene (bottom panel). BARD1,  BRCA1-associated RING domain 1.
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cytotrophoblast invasion and in gynecological cancers, and 
authors showed the presence of a 21-kDa protein, consistence 
with the predicted molecular weight of BARD1η (39,48).

Importantly, our results underscore the necessity of multi-
level BARD1 mutation screening, as the molecular analysis 
limited to DNA may result in high-level misclassification of 
the detected genetic variants. This phenomenon was widely 
studied in NF1 and ATM, where authors demonstrated 
that ~13% of patients may be incorrectly diagnosed (49-51).

Several studies demonstrated that BARD1 isoforms are 
widely expressed in different types of cancer and that spliced 
isoforms are often more abundant than FL BARD1 (37-40). 
Moreover, RNA interference experiments suggested that 
BARD1 splice variants have functional roles and are the 
driving force of tumorigenesis (37,39,40,52-54). It was shown 

that the expression of alternatively spliced BARD1 isoforms 
was associated with poor outcome and short survival of 
breast and lung cancer patients. The link between sequence 
alterations and alternative splicing causing tumorigenesis was 
convincingly demonstrated for neuroblastoma (40). SNPs that 
are significantly associated with aggressive neuroblastoma 
were identified in intronic sequences of BARD1. Increased 
expression of BARD1β was linked to the disease-associated 
SNP and to functions in malignant transformation (40).

Thus, we suggest that germline BARD1 mutations are 
responsible for a portion of hereditary ovarian cancers and 
BARD1 should be included in gene panels that are used for 
molecular diagnosis of breast and ovarian patients. The actual 
pathogenic role of BARD1 sequence variants is rather due to 
activation of alternative splicing and enhanced expression 

Figure 3. The schematic structure of protein coding FL BARD1 mRNA and splice isoforms is presented (A). Thick line, non-coding sequences; dashed bar, 
exon skipping; gray bars, protein coding sequence corresponding the main BARD1 reading frame. White bars, alternative, in-frame ORfs. The positions of 
RING domain, ANk repeats and BRCT domains are shown on the top. The expected length of the polypeptides encoded by the isoforms is shown on the right. 
(B) The structure of the BARD1 splice isoforms with the exon 5 skipping. (C) The structure of the BARD1 splice isoforms with exon 8 skipping. BARD1,  
BRCA1-associated RING domain 1; fL, full length; ORf, open reading frame; ANk, ankyrin.
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of certain isoforms than mutations per se. Even apparently 
harmless variants may lead to incorrect splicing process and 
expression of oncogenic dominant negative forms of BARD1.
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ABSTRACT

APOBEC3B, in addition to other members of the APOBEC3 gene family, has recently 
been intensively studied due to its identification as a gene whose activation in cancer 
is responsible for a specific pattern of massively occurring somatic mutations. It was 
recently shown that a common large deletion in the APOBEC3 cluster (the APOBEC3B 
deletion) may increase the risk of breast cancer. However, conflicting evidence 
regarding this association was also reported. In the first step of our study, using 
different approaches, including an in-house designed multiplex ligation-dependent 
probe amplification assay, we analyzed the structure of the deletion and showed 
that although the breakpoints are located in highly homologous regions, which may 
generate recurrent occurrence of similar but not identical deletions, there is no sign 
of deletion heterogeneity. This knowledge allowed us to distinguish transcripts of all 
affected genes, including the highly homologous canonical APOBEC3A and APOBEC3B, 
and the hybrid APOBEC3A/APOBEC3B gene. We unambiguously confirmed the 
presence of the hybrid transcript and showed that the APOBEC3B deletion negatively 
correlates with APOBEC3A and APOBEC3B expression and positively correlates with 
APOBEC3A/APOBEC3B expression, whose mRNA level is >10-fold and >1500-fold 
lower than the level of APOBEC3A and APOBEC3B, respectively. In the next step, 
we performed a large-scale association study in three different cohorts (2972 cases 
and 3682 controls) and showed no association of the deletion with breast cancer, 
familial breast cancer or ovarian cancer. Further, we conducted a meta-analysis that 
confirmed the lack of the association of the deletion with breast cancer in non-Asian 
populations.
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INTRODUCTION

Breast cancer is the primary cause of cancer-
associated death among women worldwide. The 
probability of developing breast cancer is modulated 
by an interplay of lifestyle, environmental, and genetic 
factors. The overall heritability (h2) of breast cancer was 
estimated at approximately 30% [1]. Inherited breast 
cancer cases that aggregate in families constitute five to 
ten percent of all breast cancer cases. Highly penetrant 
germline mutations in BRCA1 and BRCA2 and in 
several genes associated with various hereditary cancer 
syndromes explain 16-40% of all breast cancer cases that 
aggregate in families [2–4]. Moreover, it is estimated 
that mutations in several susceptible genes of moderate 
penetrance, e.g., ATM, CHEK2 or NBN, account for 
another 5% of all familial breast cancer cases [2, 5, 6]. 
Recently, international collaborative analyses involving 
genome-wide association studies (GWASs) have revealed 
common low-penetrance single nucleotide polymorphisms 
(SNPs) in 94 loci that are individually associated with 
breast cancer. It is assumed that the cooperative effect of 
the identified SNPs may underlie more than 20% of breast 
cancer heritability [7–9]. Overall, the genetic background 
of breast cancer predisposition in approximately 50% of 
breast cancer cases aggregated in families still remains to 
be explained [4, 7].

It was presumed that investigating copy number 
variants (CNVs) may uncover a substantial part of still 
unidentified genetic loci related to the susceptibility to 
various complex diseases [10]. CNVs have been shown 
to be associated with several complex diseases, including 
HIV infection and AIDS development [11], osteoporosis 
[12], Crohn’s disease [13] and autism [14]. Recently, 
it was also suggested that CNVs may underlie hidden 
susceptibility to breast cancer [15–17]. One common CNV 
that potentially increases the risk of breast cancer is the 
deletion of the APOBEC3B gene, which occurs with a high 
allelic frequency in East Asian (37%), Amerindian (58%) 
and Oceanic populations (93%) and with a moderate (6%) 
or low (1%) allelic frequency in European and African 
populations, respectively [18]. The germline APOBEC3B 
deletion, comprising an ~30 kb genomic region, extends 
between the last noncoding exon of APOBEC3A and the 
eighth exon of APOBEC3B and leads to the complete 
removal of the APOBEC3B protein-coding region. It was 
suggested that as a result of the APOBEC3B deletion, a 
hybrid gene, APOBEC3A/APOBEC3B, which possesses 
a coding sequence of APOBEC3A (exon 1 – exon 5) 
and 3’ untranslated region (3’UTR) from APOBEC3B 
(exon 8), is generated. It can be assumed that transcript 
generated from the APOBEC3B deletion allele is subjected 
to different cellular regulation. Although the function of 
the two distinct APOBEC3A and APOBEC3B proteins is 
being intensively studied (reviewed in [19–24]), little is 
known about the influence of the germline APOBEC3B 

deletion on the expression of affected genes (genes 
overlapped by the APOBEC3B deletion, i.e., APOBEC3A, 
APOBEC3B, and the APOBEC3A/APOBEC3B hybrid). 
Therefore, direct evidence that the presumed APOBEC3A/
APOBEC3B hybrid transcript actually arises and a detailed 
elucidation of its structure are of high importance. The 
knowledge of the exact structure of the hybrid transcript 
is vital for the design of a comprehensive tests for 
analysis of the influence of the APOBEC3B deletion 
genotype on the expression of APOBEC3B, APOBEC3A 
and the APOBEC3A/APOBEC3B hybrid gene, which 
would deepen the current knowledge of the functional 
consequences of the APOBEC3B deletion.

Several associations of the APOBEC3B deletion 
with different complex human diseases have already 
been reported [17, 25–42], including an association of the 
APOBEC3B deletion with breast cancer risk in a Chinese 
population (OR=1.31/1.76 for one/two copies of the 
deletion) identified by Long and coworkers [17] and in 
two smaller studies in two other Asiatic populations, i.e., 
Iranian [36] and Malaysian [40]. In contrast, association 
of the APOBEC3B deletion with breast cancer is much 
less conclusive in European populations. The association 
was confirmed by another study of the Long group in a 
European-American population [31] but not in a Swedish 
population [37]. The association was also not confirmed 
in two smaller studies in Indian [38] and Moroccan [39] 
populations. It was concluded that in the Caucasian 
population, the relationship of the APOBEC3B deletion 
with increased breast cancer risk cannot be convincingly 
stated; therefore, further large-scale comprehensive 
association studies are necessary [43]. The currently 
available results report risk related to the APOBEC3B 
deletion in groups of unselected breast cancer cases. The 
role of the APOBEC3B deletion in familial breast cancer 
predisposition remains to be elucidated.

The APOBEC3A and APOBEC3B proteins belong 
to Activation-Induced Cytidine Deaminase (AID)/ 
Apolipoprotein B mRNA Editing Enzyme, Catalytic 
Polypeptide-like (APOBEC) family, which consists of 
11 cytidine deaminases. APOBEC3A and APOBEC3B 
possess the capability of introducing sequence alterations 
in single-stranded DNA (ssDNA) and are involved in 
various vital cellular processes (reviewed in [19, 20]), 
including innate immune response against retroviruses 
(e.g., HTLV1) [44] and DNA viruses [e.g., HBV (e.g., 
[32, 45, 46]) and HPV (e.g., [47, 48])], regulation of 
retrotransposon element movement (e.g., [49–51]), and 
regulation of DNA methylation (e.g., [52–54]). More 
recently, APOBEC3B and APOBEC3A were also reported 
to be mutagenic enzymes whose activation in cancer is 
responsible for specific patterns of massively occurring 
somatic mutations [55, 56], referred to as kataegis (from 
the Greek for “thunderstorm”) [57] or “mutation clusters” 
[58]. These patterns were observed in several cancer types, 
including breast cancer [59–62]. However, newer reports 
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indicate that some controversies regarding specificities 
and the role of particular APOBEC3s in kataegis also exist 
[63, 64].

In this study, we determined the exact structure 
of the hybrid APOBEC3A/APOBEC3B gene and 
provided direct evidence of the presence of the hybrid 
APOBEC3A/APOBEC3B transcript in individuals carrying 
allele with the APOBEC3B deletion. We also analyzed the 
relationship between the APOBEC3B deletion genotypes 
and the expression of the affected genes, i.e., APOBEC3A, 
APOBEC3B and hybrid APOBEC3A/APOBEC3B, and 
showed that the APOBEC3B deletion negatively correlates 
with the expression of APOBEC3A and APOBEC3B and 
positively correlates with expression of APOBEC3A/
APOBEC3B. We also performed a large-scale, case-control 
study of the association of the APOBEC3B deletion with 
breast and ovarian cancer in three different European 
cohorts (encompassing >6500 samples), which revealed 
the lack of association of the APOBEC3B deletion with 
breast and ovarian cancer in European populations. To 
obtain a more global view of the role of the APOBEC3B 
deletion in cancer predisposition, we also conducted a 
comprehensive meta-analysis, considering all association 
studies of the deletion with breast and other types of 
cancer.

RESULTS

Design of the A3Bdel_PCR assay and 
comprehensive analysis of the structure of the 
APOBEC3B deletion

As breakpoints of the deletion overlap with 
extended highly homologous regions (Figure 1, segmental 
duplications of 95% similarity cover almost entire 
APOBEC3A and 3’-half of APOBEC3B), determination of 
their exact positions may be redundant. Therefore, in the 
first step we designed a simple single-tube A3Bdel_PCR 
assay to distinguish the reference (A3B+) and the deletion 
(A3B-) alleles and to unequivocally confirm the exact 
size and position of the deletion. The test takes advantage 
of nucleotide positions specific for particular duplicated 
regions defined based on a careful analysis of the reference 
sequence (hg19) and on previous results [18]. The assay 
consists of three PCR primers, i.e., one forward primer (F) 
and two distinct reverse primers (R1 and R2) (Figure 1). 
F is located on the border of APOBEC3A intron 3 and 
exon 4, upstream of the presumed 5’-breakpoint of the 
APOBEC3B deletion; R1 is located in the APOBEC3A 
exon 5 downstream of the presumed 5’-breakpoint of 
the deletion; and R2 is specific to the sequence within 
the APOBEC3B exon 8 downstream of the presumed 
3’-breakpoint of the deletion (Figure 1A). R1 and 
R2 primers distinguish the A3B+ and A3B- alleles, 
respectively. The primers are localized in such a way that 
the amplicons corresponding to the A3B+ and the A3B- are 

of different lengths, which distinguish them and identify 
the APOBEC3B deletion genotypes (Figure 1). With the 
use of the designed A3Bdel_PCR primers, we performed 
a sequencing analysis that determined the deletion 
breakpoints at a single-nucleotide resolution (Figure 1). 
The sequencing analysis refined the APOBEC3B deletion 
to a 29 936 bp genomic region. It has to be noted, 
however, that the 5’ or 3’ breakpoints of the APOBEC3B 
deletion lie within a 350 bp sequence that is identical on 
both sides of the deletion; therefore, the exact position 
of the deletion depends on the assumed convention/
nomenclature (according to the HGVS nomenclature: 
GRCh37/hg19: g.chr22:39358631_g.chr22:39388566del 
or APOBEC3A:c.717_APOBEC3B:c.1265del).

The location of the breakpoints of the deletion in 
almost identical, segmentally duplicated regions may  
induce recurrent occurrence of similar but not identical 
deletions arising due to non-allelic homologous re-
combination (NAHR). Therefore, to exclude the potential 
heterogeneity of the APOBEC3B deletion, we utilized 
multiplex ligation-dependent probe amplification (MLPA), 
which is the method of choice for the analysis of large 
deletions. Because commercial MLPA assays are available 
only for a limited number of genes and there is no such 
assay for the APOBEC3A and APOBEC3B genes, we 
designed a homemade A3Bdel_MLPA assay. The assay 
was designed and generated according to a strategy 
previously developed in our group [65–68]. The A3Bdel_
MLPA assay is composed of 12 probes, i.e., 4 probes 
located in close proximity to the breakpoints within 
flanking sequences of the deletion, 5 probes located in the 
presumed deletion region, and 3 control probes specific to 
copy-number stable regions located in chromosomes 1, 2, 
and 22 (for details, see Materials and Methods, Figure 1A 
and Supplementary Table 1). The A3Bdel_MLPA probe 
set was verified to provide robust, high-quality results in a 
series of optimization experiments performed using a set of 
reference gDNA samples. The optimized A3Bdel_MLPA 
assay was used to analyze two panels of gDNA samples, 
i.e., a panel of 31 samples from the HapMap project and 
a panel of 17 samples derived from women with breast 
and/or ovarian cancer with different APOBEC3B deletion 
genotypes that were previously determined with the use 
of the A3Bdel_PCR assay (Figure 1D and Supplementary 
Figure 1). We observed a perfect correlation between the 
obtained MLPA patterns and the APOBEC3B deletion 
genotypes identified in the A3Bdel_PCR analysis, which 
indicates the lack of heterogeneity in the structure of the 
APOBEC3B deletion.

Effect of the APOBEC3B deletion on the 
expression of the affected genes

In the first step, to assess the effect of the 
APOBEC3B deletion on APOBEC3A and APOBEC3B 
expression, we took advantage of whole genome mRNA 
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profiling datasets regarding panels of HapMap samples 
derived from LCLs (lymphoblast cell lines) from 
B-lymphocytes. The genome-wide expression datasets 
were generated for 270 and 45 samples from basic (phase 
I/II) HapMap panel, with the use of microarray [69] and 
RNAseq [70] technology, respectively. From the datasets, 

we extracted data regarding the expression levels of 
APOBEC3A and APOBEC3B and compared them with 
the APOBEC3B deletion genotypes determined for these 
samples by [18] and independently determined by us (data 
not shown). As shown in Figure 2A, the APOBEC3B 
deletion genotype (presence of the deletion) negatively 

Figure 1: Structure of the APOBEC3B deletion and design of the PCR-based and MLPA-based genotyping assays. 
(A) Structure of A3B+ and A3B- alleles. Blue and orange vertical rectangles indicate exons of APOBEC3A and APOBEC3B, respectively. 
Higher and lower rectangles indicate coding and UTR sequences, respectively. Arrowheads along intron lines indicate the direction of the 
genes. Black horizontal bars under the gene schemes indicate highly homologous (~95%) segmentally duplicated regions, with a yellow 
inset indicating 350 bp redundant fragment of 100% homology. Positions of MLPA probes used for A3Bdel_MLPA assay are schematically 
depicted above the region map; positions of F, R1 and R2 primers used for sequencing and in A3Bdel_PCR assay are indicated under the 
map. (B) Results of Sanger sequencing of deletion breakpoints amplified with the F-R1 (left-hand side) and F-R2 (right-hand side) pairs of 
primers, respectively. Dotted lines indicate exact breakpoint positions according to HGVS recommendation (after the last nucleotide of the 
redundant sequence). Sequencing was performed using homozygous A3B+/+ and A3B-/- samples. Nucleotides that distinguish the A3B+ 
and A3B- alleles are circled in gray. (C) Visualization (agarose gel with EtBr staining) of PCR products of the A3Bdel_PCR assay. A3B+/+ 
genotypes without deletion; A3B-/- genotype with homozygous deletion; A3B+/- genotype with heterozygous deletion. (D) Exemplary 
results of the A3Bdel_MLPA analysis. The left-hand side panel: the MLPA electropherograms of the representative samples with A3B+/+, 
A3B+/-, and A3B-/- genotypes. The probe IDs are shown under the electropherograms. The right-hand side panel: bar plots (corresponding 
to the electropherograms shown on left-hand side) representing the normalized copy number value (y-axis) of each probe (x-axis).
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correlates with APOBEC3B expression [both microarray 
(R=-0.74, p<0.001) and RNAseq (R=-0.65, p<0.001) 
data] but not with APOBEC3A expression. It has to be 
noted, however, that lack of correlation of APOBEC3A 
expression with the deletion genotype may result from (i) 
very low levels of APOBEC3A expression (in comparison 
to APOBEC3B) in some tissues and cell subsets, including 
T- and B-lymphocytes and breast cancer cell lines [55, 64, 
71–73], or (ii) high homology between APOBEC3A and 
APOBEC3B and other APOBEC family members that 
might lead to the mismapping of RNAseq reads or cross-
hybridization of APOBEC3A-specific probes [55, 64]. The 
lack of consistency in the measurement of the APOBEC3A 
expression level between the studies (in [70], it is lower 
than the level of APOBEC3B, but in [69], it is higher than 
the level of APOBEC3B) strongly suggests the occurrence 
of the cross-hybridization.

Therefore, to further investigate the effect that the 
APOBEC3B deletion has on the expression of APOBEC3A 
and APOBEC3B as well as the APOBEC3A/APOBEC3B 
hybrid gene, occurring in the presence of the APOBEC3B 
deletion, we performed our own experimental analysis. 
First, we performed a sequencing analysis of the presumed 
APOBEC3B/APOBEC3A hybrid transcript. The analysis 
unequivocally confirmed that the transcript is actually 
generated from the allele with the APOBEC3B deletion 
and defined its structure at a single-nucleotide resolution 
(Supplementary Figure 2). Taking advantage of the 
gathered information about the precise sequence structure 
of the APOBEC3B deletion and the hybrid transcript, we 
designed A3A_exp, A3B_exp and A3A/A3B_exp assays 
for expression analysis that distinguished the hybrid 
APOBEC3A/APOBEC3B transcript from the canonical 
APOBEC3A and APOBEC3B transcripts (for details, 

Figure 2: Effect of the APOBEC3B deletion on the expression of the affected genes, i.e., APOBEC3B, APOBEC3A, and 
APOBEC3A/APOBEC3B. (A) Comparison of the APOBEC3B deletion genotypes (A3B+/+, A3B+/-, A3B-/-; x-axes) in HapMap samples 
with relative expression (y-axes) level of the affected genes (indicated above) retrieved from microarray (upper row, [69]) and RNAseq 
(lower row, [70]) whole genome mRNA profiling datasets. It has to be noted that panel of HapMap samples analyzed in RNAseq study did 
not comprise samples with A3B-/- genotype. (B) Experimental analysis of expression of the affected genes in 12 HapMap cell lines with 
A3B+/+ (n=4), A3B+/- (n=4) and A3B-/- (n=4). The expression analysis was performed with ddPCR (upper row) and UPL-qPCR (lower 
row). Note that due to very low levels of APOBEC3A and APOBEC3A/APOBEC3B expression (>>1000 lower than APOBEC3B), they 
could not be reliably evaluated with ddPCR. The box-and-whisker plots summarize the distribution of the relative expression data points 
determined by microarray, RNAseq, ddPCR, and UPL-qPCR. The band inside of each box represents the median, and the upper and lower 
edges of the box represent 1st and 3rd quartile of distribution. Whiskers indicate the lowest and the highest observed values.
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see Materials and Methods). For the purpose of the 
analysis, we selected 12 LCLs from the HapMap project 
representing different APOBEC3B genotypes, i.e., 4 cell 
lines with a reference APOBEC3B genotype (A3B+/+; 
2 APOBEC3B copies), 4 cell lines with a heterozygous 
deletion of APOBEC3B (A3B+/−; 1 APOBEC3B copy), 
and 4 cell lines with a homozygous deletion of APOBEC3B 
(A3B−/−; 0 APOBEC3B copies). The A3A_exp, A3B_exp 
and A3A/A3B_exp assays were utilized for the evaluation 
of the expression levels in all the LCLs using droplet 
digital PCR (ddPCR) method. The ddPCR analysis 
revealed a negative correlation between the APOBEC3B 
deletion genotype and the expression of the APOBEC3B 
gene. In cell lines with A3B+/+, A3B+/− and A3B−/− 
genotypes, APOBEC3B expression decreased gradually in 
a nearly linear manner (R=-0.96, p<0.001) (Figure 2B and 
Supplementary Figure 3). However, due to the very low 
level signal of APOBEC3A and APOBEC3A/APOBEC3B, 
we were not able to reliably evaluate their expression 
with ddPCR. Therefore, in the next step, we used a UPL-
qPCR technique that has a higher dynamic range than 
ddPCR. With the use of UPL-qPCR, we confirmed the 
negative correlation between the APOBEC3B deletion 
genotype and APOBEC3B expression (R=-0.82, p=0.002) 
and revealed a negative and positive correlation between 
the APOBEC3B deletion genotype and the expression of 
APOBEC3A (R=-0.70, p=0.015) and the expression of 
APOBEC3A/APOBEC3A (R=0.67, p=0.016), respectively 
(Figure 2B). As shown in Figure 2B, the expression of 
APOBEC3A and APOBEC3A/APOBEC3B is very low 
and is, respectively, ~130-fold and >1500-fold lower than 
the expression of APOBEC3B. Surprisingly, our analysis 
revealed that APOBEC3A/APOBEC3B hybrid expression 
is substantially lower (~12-fold) than the expression of 
canonical APOBEC3A, which indicates the role of the 
3’UTR in the differential regulation of these genes and 
that APOBEC3A/APOBEC3B does not compensate for the 
lack of APOBEC3A dosage.

Analysis of the association of the APOBEC3B 
deletion with breast and ovarian cancer risk

For association analysis, we used several case-
control set-ups from three different cohorts, i.e., GDANSK 
(523 BC-cases; 343 OC-cases; 853 controls), SZCZECIN 
(2009 BC-cases; 2005 controls; 615 NH-controls), and 
VILNIUS (97 OC-cases; 209 controls) (for details see 
Materials and Methods). The size of cumulative breast 
cancer case-control groups was estimated based on the 
frequency of the deletion in the European population 
(~11-13% - based on our preliminary results and [18]) and 
expected effect (OR~1.3 – estimated based on previous 
studies, i.e., [17, 31]) of the APOBEC3B deletion in 
order to obtain adequate statistical power (>90%) of the 
analysis. All samples were genotyped using a simple 
single tube A3Bdel_PCR assay (for details see “Design of 

the A3Bdel_ PCR assay and comprehensive analysis of the 
structure of the APOBEC3B deletion” and Materials and 
Methods). The distribution of the APOBEC3B deletion in 
control samples in all three groups was in good agreement 
with that expected under Hardy–Weinberg equilibrium 
(HWE) (p>>0.05), which indicates the high quality of 
the obtained genotyping results and the lack of bias in 
the detection of homozygous and heterozygous deletions. 
Logistic regression was used to derive odds ratios (ORs) 
and 95% confidence intervals (CIs) for the associations 
between the APOBEC3B deletion and cancer risk.

Numbers and frequencies of alleles and genotypes 
identified in the case and control groups are summarized 
in Table 1 (breast cancer association study) and Table 2 
(ovarian cancer association study). In the association 
analyses, we focused mostly on the dominant model of 
inheritance (A3B+/− and A3B−/− vs. A3B+/+) (Table 1 
and Table 2), but we also performed association analysis 
assuming additive and recessive models of inheritance 
(Supplementary Table 2 and Supplementary Table 3). 
The latter two models have much lower statistical power 
due to the low frequency (≤1%) of homozygous deletions 
(A3B−/− genotypes).

As shown in Table 1, the frequency of the 
APOBEC3B deletion in breast cancer cases does not 
significantly differ from that observed in population 
controls in GDANSK[OR(95%CI)=1.31(0.94-1.82), 
p=0.11)] or SZCZECIN [OR(95%CI)=0.89(0.74-1.07), 
p=0.20]. It also does not differ from cancer-free 
controls (SZCZECIN-NH controls; negative for any 
cancer and negative for family history of cancer) 
[OR(95%CI)=1.03(0.78-1.36), p=0.83]. To increase 
the power of the analysis, we combined SZCZECIN 
and GDANSK cohorts but observed no association 
[OR(95%CI)=0.98(0.83-1.15), p=0.79]. Adjusting for 
the origin of the samples did not significantly influence 
the results. We also did not see an association of the 
APOBEC3B deletion with familial breast cancer cases, 
which were selected from the GDANSK and SZCZECIN 
breast cancer cases [OR (95%CI)=1.06(0.82-1.36), 
p=0.67].

The APOBEC3B deletion also does not show 
association with ovarian cancer in either GDANSK 
[OR(95%CI)=0.77(0.50-1.19), p=0.24] or VILNIUS 
[OR(95%CI)=0.66(0.27-1.61), p=0.36]. It also does not 
associate with ovarian cancer in a combined GDANSK/
VILNIUS cohort [OR(95%CI)=0.75(0.51-1.10), p=0.14]. 
Adjusting for the origin of the samples did not significantly 
influence the results.

Meta-analysis of association studies of the 
APOBEC3B deletion with cancer

The association of the APOBEC3B deletion with 
cancer has been analyzed within eleven case-control 
studies conducted in populations of different ethnicities, 
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different cancer types and different sizes [published and 
available in PubMed up to February 2017 [17, 25, 31, 
32, 34, 36–41]. It has to be noted that the results obtained 
in the analyses are inconsistent and even conflicting. To 
obtain a more global view on the effect of the APOBEC3B 
deletion on cancer, we conducted a comprehensive meta-
analysis that considered all case-control studies of the 
deletion (including our own) performed using cases with 
different cancer types (predominantly breast cancer). 
In total, 17637 cases and 19387 controls were enrolled 
in our meta-analysis (not including single studies of 
the deletion association with cervical, oral [38] and 
hepatocellular [32] cancer) (Figure 3A). As shown in 
Figure 3A, our meta-analysis revealed the consistent 
association of the APOBEC3B deletion with breast cancer 
in Asian populations [OR(95%CI)=1.367(1.282-1.458), 
p<0.001], but in European populations, the effect of 
the APOBEC3B deletion was much smaller and not 
significant [OR(95%CI)=1.102(0.995-1.221), p=0.063]. 
A single study of a north African population also did 

not show an association of the APOBEC3B deletion 
with breast cancer. Consequently, meta-analysis in 
the general population showed significant but modest 
association of the APOBEC3B deletion with breast cancer 
[OR(95%CI)=1.193(1.055-1.348), p=0.005]. Additionally, 
our meta-analysis revealed the lack of the association 
of the APOBEC3B deletion with ovarian cancer 
[OR(95%CI)=1.070(0.558-2.052), p=0.839] and opposite 
association (protective effect) of the deletion with bladder 
cancer [OR(95%CI)=0.834(0.734-0.948), p=0.005]. It has 
to be noted, however, that these latter two meta-analyses 
have much lower statistical power (each composed 
of only two studies). Additionally, Middlebrooks and 
colleagues [41] showed that the effect of the APOBEC3B 
deletion on bladder cancer is mostly driven by SNP 
rs1014971 [being in linkage disequilibrium (LD) with 
the deletion], and mostly disappears after adjustment for 
this SNP genotype [OR(95%CI)=0.88(0.72-1.07), p=0.21 
and 0.96(0.79-1.16), p=0.67 in European and Japanese 
populations, respectively]. In the forest plot summarizing 

Table 1: Analysis of the association of the APOBEC3B deletion with breast cancer risk using dominant model of 
inheritance (A3B+/− and A3B−/− vs. A3B+/+)

group genotypes No of cases (%) No of controls (%) OR(95%CI) adjusted 
OR(95%CI)

GDANSK
BC cases (n=523) vs. 
unselected controls 
(n=853)

A3B+/+ 450 (86.04%) 759 (88.98%)
1.31(0.94-1.82)

p=0.11 -A3B+/− 71 (13.58%) 91 (10.67%)
A3B−/− 2 (0.38%) 3 (0.35%)

A3B+/− and A3B−/− 73 (13.96%) 94 (11.02%)
SZCZECIN
BC cases (n=2009) vs. 
unselected controls 
(n=2005)

A3B+/+ 1764 (87.80%) 1733 (86.43%)
0.89(0.74-1.07)

p=0.20
0.90(0.75-1.08)a

p=0.26
A3B+/− 235 (11.70%) 267 (13.32%)
A3B−/− 10 (0.50%) 5 (0.25%)

A3B+/− and A3B−/− 245 (12.20%) 272 (13.57%)
SZCZECIN
BC cases (n=2009) vs. 
NH-controls (n=615)

A3B+/+ 1764 (87.80%) 542 (88.13%)
1.03(0.78-1.36)

p=0.83
0.95(0.70-1.29)a 

p=0.73
A3B+/− 235 (11.70%) 68 (11.06%)
A3B−/− 10 (0.50%) 5 (0.81%)

A3B+/− and A3B−/− 245 (12.20%) 73 (11.87%)
GDANSK+SZCZECIN
BC cases (n=2532) vs. 
unselected controls 
(n=2858)

A3B+/+ 2214 (87.44%) 2492 (87.19%)
0.98(0.83-1.15)

p=0.79
0.97(0.83-1.14)b 

p=0.73
A3B+/− 306 (12.09%) 358 (12.53%)
A3B−/− 12 (0.47%) 8 (0.28%)

A3B+/− and A3B−/− 318 (12.56%) 366 (12.81%)
GDANSK+SZCZECIN
familial BC cases 
(n=640) vs. unselected 
controls (n=2858)

A3B+/+ 554 (86.56%) 2492 (87.19%)
1.06(0.82-1.36)

p=0.67
1.15(0.87-1.52)b 

p=0.32
A3B+/− 84 (13.13%) 358 (12.53%)
A3B−/− 2 (0.31%) 8 (0.28%)

A3B+/− and A3B−/− 86 (13.44%) 366 (12.81%)

aadjusted for age; badjusted for the origin of the study
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the APOBEC3B deletion association studies (Figure 3A), 
we also included the results of Revathidevi and colleagues 
[38] and Zhang and colleagues [32], which were only 
studies of cervical/oral and HBV-related hepatocellular 
cancer, respectively, and were therefore not included 
in the meta-analysis. The frequency of the deletion 
allele varies significantly across different ethnic groups/
geographic regions. Drastic differences in the APOBEC3B 
deletion frequency among populations suggest that it 
is subjected to different selective pressures in human 
populations, it is functionally important, and it possesses 
the potential to modify phenotypes. It transpires that the 
worldwide distribution of the deletion frequency among 
control groups from studies enrolled in our meta-analysis 
resembles the distribution previously determined by Kidd 
and colleagues [18], with a mean frequency of 28.5% in 
Asia and 7.8% in Europe (worldwide frequency: 19.33%), 
which indicates that the studies enrolled in our meta-
analysis are reliable and devoid of evident genotyping 
errors/biases (Figure 3B).

DISCUSSION

The two major reasons for the recent significant 
intensification of efforts on understanding the functional 
importance of the APOBEC3B gene are (i) the observation 
that activation of APOBEC3B in cancer leads to the 
generation of specific hypermutation signatures in 

breast and other cancer genomes [55, 57, 58] and (ii) the 
association of the APOBEC3B gene deletion with breast 
cancer risk [17, 25].

The aim of our study was to extend the current 
knowledge of the structure of the APOBEC3B deletion, its 
influence on the expression of the affected genes, and its 
association with breast and ovarian cancer predisposition 
in the European population. We determined the exact 
structure/breakpoints of the APOBEC3B deletion (1 nt 
resolution) and showed that although the breakpoints are 
located in highly homologous regions that may induce 
NAHR ([74, 75] and references within) and trigger 
recurrent occurrence of similar but not identical deletions, 
there is no sign of deletion heterogeneity. Even a small 
heterogeneity in the breakpoint positions would prevent 
the A3Bdel_PCR test from detecting the deletion and 
would cause discordance between A3Bdel_PCR and 
A3Bdel_MLPA results (not observed in our study in the 
panel of HapMap samples from European, African and 
Asiatic populations). This result strongly suggests that the 
deletion occurred in a single event (most likely in Africa) 
and then spread with the migration throughout the world, 
becoming common in European and Asiatic/Oceanic 
populations. Similar conclusions could not be derived 
from haplotype analysis due to low LD of flanking SNPs 
with the deletion [18]. We also delivered evidence of the 
presence of the hybrid APOBEC3A/APOBEC3B transcript 
in individuals carrying allele with the APOBEC3B 

Table 2: Analysis of the association of the APOBEC3B deletion with ovarian cancer risk using dominant model of 
inheritance (A3B+/− and A3B−/− vs. A3B+/+)

group genotypes No of cases
(%)

No of controls
(%)

OR(95%CI) adjusted 
OR(95%CI)

GDANSK: OC 
cases (n=343) vs. 
unselected controls 
(n=853)

A3B+/+ 313 (91.25%) 759 (88.98%)
0.77(0.50-1.19)

p=0.24 -A3B+/− 28 (8.16%) 91 (10.67%)

A3B−/− 2 (0.58%) 3 (0.35%)

A3B+/− and A3B−/− 30 (8.75%) 94 (11.02%)

VILNIUS: OC 
cases (n=97) vs. 
unselected controls 
(n=209)

A3B+/+ 90 (92.78%) 187 (89.47%)
0.66(0.27-1.61) 

p=0.36 -A3B+/− 6 (6.19%) 22 (10.53%)

A3B−/− 1 (1.03%) 0 (0%)

A3B+/− and A3B−/− 7 (7.22%) 22 (10.53%)

GDANSK + 
VILNIUS: OC 
cases (n=440) vs. 
unselected controls 
(n=1062)

A3B+/+ 403 (91.59%) 946 (89.08%)

0.75(0.51-1.10) 
p=0.14

0.75(0.51-1.11)b 
p=0.15

A3B+/− 34 (7.73%) 113 (10.64%)

A3B−/− 3 (0.68%) 3 (0.28%)

A3B+/− and A3B−/− 37 (8.41%) 116 (10.92%)

badjusted for the origin of the study
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deletion and confirmed its suggested structure [18, 
27] with 1 nt resolution. These findings allowed us to 
distinguish canonical APOBEC3A and APOBEC3B genes/
transcripts from the hybrid APOBEC3A/APOBEC3B and 
develop several molecular assays, i.e., A3Bdel_PCR, 
A3Bdel_MLPA, and A3A_exp, A3B_exp and A3A/A3B_
exp, which the scientific community can use in further 
analyses of the complex genomic region encompassing 
the APOBEC3B deletion. It has to be noted that assays 
A3A_exp, A3B_exp and A3A/A3B_exp allow for an 
efficient distinction of the highly homologous canonical 
(APOBEC3A and APOBEC3B) and hybrid APOBEC3A/
APOBEC3B transcripts and constitute an important 
extension of the available qPCR assays (either UPL- 
or TaqMan/SYBR Green-based) [55, 64, 72, 76–79] 
dedicated only for the analysis of canonical transcripts. 
E.g., in contrast to the previously developed assays, 
our A3A/A3B_exp assay allows to detect APOBEC3A/
APOBEC3B transcript not only if present alone in samples 
with the homozygous A3B−/− deletion (e.g., [64]) but 
also if present on background of the other genotypes. The 
accuracy of transcript distinguishing of the A3A_exp, 
A3B_exp, and A3A/A3B_exp assays was validated using 
sequence analysis of PCR products (e.g., Supplementary 
Figure 2, lower panel). The lack of signal of the A3A_exp 
and A3B_exp assays in samples with homozygous deletion 
and lack of signal of the A3A/A3B_exp assay in samples 
without deletion additionally confirm the specificity of 
the developed assays and unequivocally show that the 
assays allow distinguishing the canonical and hybrid 
transcripts. Additionally, the developed expression assays 
are free of missmapping/cross-hybridization effects, 
affecting previously reported microarray- and RNAseq-
based results and hampering distinguishing the highly 
homologous APOBEC3A and APOBEC3B transcripts (see 
also Figure 2A). This problem was reported and described 
with more details previously [64]. The proposed assays 
are cost effective [several cents (PCR genotyping) to ~5$ 
(MLPA) per sample)], provide reliable results and can be 
utilized in large-scale association and functional studies of 
the APOBEC3B deletion.

In our study, we showed for the first time the 
association of the APOBEC3B deletion with the expression 
of all affected genes, including the APOBEC3A/
APOBEC3B hybrid. We performed expression analysis 
using the ddPCR and UPL-qPCR methods in the 
lymphoblastoid cell lines (in total: 12) with the naturally 
occurring genotypes in a natural genetic background. 
Additionally, we supported our results with data extracted 
from genome-wide datasets. Our analysis showed that 
the APOBEC3B deletion negatively correlates with 
the expression of APOBEC3A and APOBEC3B and 
positively correlates with the expression of APOBEC3A/
APOBEC3B. Additionally, it showed that the APOBEC3B 
expression level is much higher (>100x) than the 
expression of APOBEC3A, which is still higher (>10x) 

than the expression of the APOBEC3A/APOBEC3B 
hybrid. Much higher expression of the canonical 
APOBEC3A than of the APOBEC3A/APOBEC3B hybrid 
gene indicates that the loss of APOBEC3A expression that 
goes with the deletion is not compensated by the increased 
level of the hybrid. As APOBEC3A and APOBEC3A/
APOBEC3B transcripts differ only by their 3’UTRs, it 
strongly supports the role of the 3’UTR in differential 
regulation of these two sister genes, suggesting the loss of 
a positive regulatory element or acquisition of a negative 
regulatory element (decreasing transcription efficiency or 
stability of hybrid transcript) specific for the 3’UTR of 
APOBEC3B. This result clearly contrasts with the results 
of Caval et al. [73] who with the use of artificially created 
model genes (constructed in plasmids and transfected into 
human cells) demonstrated increased expression of the 
transcript with the APOBEC3B 3’UTR. The discordance 
between our results and the results of Caval et al. [73] 
is most likely a consequence of the difference between 
natural and plasmid-based expression system and/
or different types of cell lines used in the experiments. 
On the other hand, our expression results are generally 
inline with the results of Starrett et al. [64] who, also 
using artificial model (CRISPR/Cas9 generated deletion), 
showed high expression of APOBEC3B and very low 
but similar expression of APOBEC3A and APOBEC3A/
APOBEC3B. The previous studies of the APOBEC3B 
deletion genotype-expression relationship (i) did not 
distinguish the canonical APOBEC3A and the hybrid 
APOBEC3A/APOBEC3B transcripts, and/or (ii) were 
conducted using artificially created cell line models with 
transfected reporter constructs, and/or (iii) were performed 
with the use of single tissue or cell line samples, and/or 
(iv) were often inconclusive, at least partially due to high 
homology between APOBEC3A and APOBEC3B, as well 
as other members of the APOBEC3 gene family [32, 33, 
40, 63, 64, 73, 78, 80, 81].

Unequivocal confirmation of the presence of hybrid 
transcript (generated from A3B- allele) may strengthen the 
notion/hypothesis that the APOBEC3A enzyme generated 
from the APOBEC3A/APOBEC3B hybrid transcript may 
play an important role in the induction of kataegis [73]. 
This notion is inline with observations showing that 
amount of somatic mutations occurring in APOBEC3-
specific sequence context is on average higher in cancer 
samples with the homozygous APOBEC3B deletion 
[63, 64]. On the other hand, the very low expression 
level of APOBEC3A and even lower expression of the 
APOBEC3A/APOBEC3B hybrid argues against this 
hypothesis and may suggest that some other member of 
the APOBEC3 family may play the role in generation of 
the APOBEC3-dependent somatic mutations. Recently, it 
was shown that such a gene may be one of the several 
variants (haplotypes) of APOBEC3H (i.e., APOBEC3H-I), 
which occurrence across human population additionally 
correlates with the occurrence of the APOBEC3B deletion 
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Figure 3: Meta-analysis of association studies of the APOBEC3B deletion with breast and other types of cancer. (A) 
Forest plot summarizing results of the meta-analysis. Characteristics of the studies used in the meta-analysis are shown on the left side 
of the plot. The plot illustrates the measure of the effect of the APOBEC3B deletion on predisposition to particular cancer types, i.e., OR 
(square) with the corresponding 95% CI (horizontal lines), observed in different studies enrolled in the meta-analysis. The meta-analysis 
was performed under the dominant model of inheritance (A3B+/+ and A3B+/- vs. A3B-/-). Weighted odds ratios with the corresponding 
95%Cis (squares with horizontal lines in bold) were obtained using Mantel-Haenszel method under fixed* or random** effects models, 
depending on results of heterogeneity tests (p>0.10 for the Q test and I<50% were considered to indicate a lack of significant heterogeneity). 
The vertical dotted line indicates no effect (OR=1) of the APOBEC3B deletion on cancer predisposition. The OR values are plotted on 
a logarithmic scale to obtain symmetrical CIs and equivalent visualization of ORs of values greater and lower than 1. Horizontal lines 
corresponding to CIs that are out of range of 0.5-2 have been cut (vertical line) for visualization purposes. BrCa - breast cancer; OvCa 
- ovarian cancer; BldCa - bladder cancer; CvCa - cervical cancer; OrCa - oral cancer; HepCa - hepatocellular cancer. (B) Worldwide 
distribution of the allelic frequencies (black segments in pie charts) of the APOBEC3B deletion in control groups used in studies that were 
enrolled in the meta-analysis. Each letter indicates particular geographic region/population from a particular study, i.e., A - USA European 
ancestry [31]; B - Spain/USA European ancestry [41]; C - Morocco [39]; D - Sweden [37]; E - Poland (GDANSK) (current study); 
F - Poland (SZCZECIN) (current study); G - Lithuania (VILNIUS) (current study); H - Iran [36]; I - India [38]; J - Malaysia [40]; K - China 
[32]; L - China [34]; M - China [17]; N - Japan [41]; O - Japan [25]. “n” indicates the number of samples in the control groups in each study.
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[64]. It has to be noted, however, that the above part of 
the discussion is very speculative and based on often 
conflicting pieces of evidence reported in different studies. 
It indicates that much more has to be done to explain the 
role of the APOBEC3 genes and the APOBEC3B deletion 
in the induction of somatic mutations in cancer.

In the next step, we performed a large-scale 
association study of the APOBEC3B deletion with 
breast and/or ovarian risk, which encompassed either 
separate or appropriately combined analyses of three 
European cohorts, i.e., GDANSK, SZCZECIN and 
VILNIUS. Our association study comprised 2972 cases 
and 3682 controls; it was the largest APOBEC3B deletion 
association study performed in European populations and 
the first APOBEC3B deletion association study to use 
the familial form of breast cancer. Our analysis revealed 
the lack of association of the APOBEC3B deletion 
with breast cancer risk and additionally did not show 
association of the deletion with familial breast cancer 
risk. As familial breast cancer represents a more extreme 
phenotype, one could expect it to show a stronger effect 
of the association. Therefore, the lack of association of 
the APOBEC3B deletion with familial breast cancer 
additionally confirms no effect of the deletion in the 
European population. Similarly, we also show the lack 
of the association of the deletion with ovarian cancer. To 
obtain a more global view of the relationship between 
the APOBEC3B deletion and cancer predisposition, we 
performed a comprehensive multilayer meta-analysis of 
all available studies on the association of the APOBEC3B 
deletion with cancer predisposition conducted in different 
populations and geographic regions. Although the meta-
analysis showed substantial heterogeneity in the results 
obtained by different groups and a moderate global effect 
of the APOBEC3B deletion, it revealed a consistent 
association of the APOBEC3B deletion with breast cancer 
in Asian populations but a lack of this association in 
European populations. It has to be noted, however, that 
the association in Asian populations is driven mostly by 
a large seminal study [17]. The general overlap of the 
geographical distribution of the APOBEC3B deletion 
frequency observed in the meta-analyzed association 
studies with that observed before [18] exclude substantial 
genotyping inaccuracy in the association studies as the 
main source of the discordances of the APOBEC3B 
deletion effect in Asiatic and European populations. 
Therefore, we believe that the main source of the 
discordances may be differences in genetic background, 
such as the presence of some other causative genetic 
variants that in Asiatic populations share the haplotype 
with the APOBEC3B deletion but are absent or not in LD 
with the deletion in European populations. Some support 
for this hypothesis may be the analysis of HapMap Phase 
I SNPs that revealed different pattern of LD in regions 
flanking the deletion in European and Asiatic populations 
[18]. This analysis showed SNPs in regions directly 

adjacent to the deletion being in moderate LD with the 
deletion in Asiatic but not in European populations. 
Additionally, analysis of the Northern European 
population showed a lack of SNPs in strong LD with the 
deletion [37]. Later, analysis of 1000 Genomes Project 
data identified only one surrogate SNP, i.e., rs12628403, 
that showed complete LD with the deletion in a European 
population, lower LD in a Chinese population, and very 
low LD in an African population [17, 41]. Additionally, 
the presence of interfering environmental factors 
specific to particular geographic regions/populations 
cannot be excluded. The observed drastic differences of 
the frequency of the APOBEC3B deletion in different 
populations strongly support the notion of an interaction 
between environmentally driven selective pressure and 
the deletion. The function of APOBEC3B that may play a 
role in selective pressure may be its potential involvement 
in response against viral infections, e.g., HBV or HTLV1 
infection [32, 44–46], or its suggested role in innate 
immunity against malaria [29]. However, there are some 
controversies and a lack of consensus on the involvement 
of APOBEC3B in the restriction of particular types of 
viruses, e.g., HIV1 (e.g., [26, 28, 33, 42]; reviewed in 
[20]).

Our study is not free of limitations. Our association 
analysis involved relatively small numbers of samples 
from women with ovarian cancer, which limits its power 
to detect potential associations with ovarian cancer risk. 
The performed meta-analysis is very heterogeneous in 
terms of proband ethnicity, geographical regions, cancer 
types and cancer characteristics. Additionally, some ethnic 
groups or geographical regions are not represented at all; 
e.g., there is only one small study of an African population 
(including no study of African-Americans) and no study 
of South American populations. It limits the power of 
some more specific (e.g., ethnic-specific) conclusions. 
Some studies included in the meta-analysis are very small 
(<<500 samples) with limited statistical power. Moreover, 
our expression analyses were performed with the use of 
only one type of cell lines. We cannot exclude that the 
APOBEC3B deletion effect may be different in different 
cell lines or tissues.

In conclusion, in this study, we determined the exact 
breakpoints of the APOBEC3B deletion (1 nt resolution) 
and confirmed its homogeneity. Additionally, we provided 
direct evidence for the generation of the transcriptionally 
active hybrid gene APOBEC3A/APOBEC3B from the 
allele with the APOBEC3B deletion and confirmed the 
suggested structure of APOBEC3A/APOBEC3B, which 
allowed us to distinguish APOBEC3A, APOBEC3B, 
and APOBEC3A/APOBEC3B expression levels. For the 
first time, we showed the association of the APOBEC3B 
deletion with the expression of all affected genes, 
including the APOBEC3A/APOBEC3B hybrid. We 
observed that the expression of APOBEC3A/APOBEC3B 
is ~10x lower than the expression of APOBEC3A, which 
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implies the role of the 3’UTR in the differential regulation 
of these two genes coding for the same protein. We 
showed a lack of association of the APOBEC3B deletion 
with breast and/or ovarian risk (for the first time including 
familial breast cancer), which was independently validated 
in three European cohorts (in total: 2972 cases and 3682 
controls). We also performed a comprehensive summary/
visualization of all available reports on the association of 
the APOBEC3B deletion with cancer predisposition, which 
was obtained in our meta-analysis of association studies 
performed in various populations and geographic regions. 
It also has to be noted that within our study, we developed 
a variety of molecular assays that can be used for further 
analysis of the complex genomic region encompassing the 
APOBEC3B deletion.

MATERIALS AND METHODS

DNA samples

To compare the APOBEC3B deletion genotype 
with the expression of the affected genes, we used 270 
reference DNA samples from the basic (phaseI/II) 
HapMap panel, including (i) 90 African samples from the 
Yoruba in Ibadan, Nigeria (YRI); (ii) 90 samples from 
individuals from Utah, USA, from the Centre d’Etude 
du Polymorphisme Humain collection (CEU); (iii) 45 
samples from Han Chinese in Beijing, China (CHB); (iv) 
45 samples from Japanese in Tokyo, Japan (JPT). All DNA 
samples were purchased from Coriell Institute for Medical 
Research (NJ, USA).

The APOBEC3B deletion association study was 
performed using genomic DNA samples from case-
control groups collected at the Medical University 
of Gdansk (GDANSK group), at the International 
Hereditary Cancer Center in Szczecin (SZCZECIN 
group) and at Vilnius University Hospital Santariskiu 
Klinikos, Lithuania (VILNIUS group). All subjects 
from GDANSK, SZCZECIN, and VILNIUS provided 
informed written consent, and the study was approved 
by the appropriate local ethic committees. All subjects 
were Caucasians of European ancestry. Subjects from 
GDANSK and SZCZECIN were ethnically Poles. Subjects 
from VILNIUS were of mixed ethnicity, composed mostly 
of Lithuanians (~60%) but also Poles and Russians, with 
similar fractions of the ethnicities in case and control 
groups. In all groups, the control samples were derived 
from the same geographical region as the case samples.

The GDANSK group comprised 523 BC-cases 
[women with breast cancer from families with breast 
and/or ovarian cancer aggregation, as defined previously 
[82], negative for the 5 most common BRCA1 mutations 
in the Polish population, c.68_69delAG, c.181T> G, 
c.3700_3704del5, c.4035delA, c.5266dupC [83, 84], 
343 OC-cases (women with ovarian cancer unselected 

in terms of the familial history of the disease), and 853 
controls (unselected population control samples).

The SZCZECIN group comprised 2009 BC-cases 
(women with breast cancer, unselected for familial history 
of the disease) and two distinct sets of control samples: 
2005 SZCZECIN controls (cancer-free unselected women) 
and 615 SZCZECIN NH-controls (cancer-free women 
with a negative family history of cancer). Histological 
subtypes were determined for 1397 SZCZECIN BC-cases, 
of which 1117 (79.96%) were invasive ductal carcinoma, 
128 (9.16%) were invasive lobular carcinoma, 47 (3.36%) 
were ductal carcinoma in situ, 24 (1.72%) were carcinoma 
medullare, 22 (1.57%) were carcinoma mucinosum, 
and 1-17 (0.07-1.22%) were of other subtypes of breast 
cancer. Breast cancer grade was determined for 1047 
SZCZECIN BC-cases, of which 737 (70.39%) and 310 
(29.61%) were classified as G1/G2 and G3, respectively. 
Status of estrogen receptor (ER) was determined for 1372 
SZCZECIN BC-cases, of which 416 (30.32%) and 956 
(69.68%) were ER negative and ER positive, respectively. 
Status of progesterone receptor (PgR) was determined for 
1365 SZCZECIN BC-cases, of which 450 (32.97%) and 
915 (67.03%) were PgR negative and PgR positive (PgR+), 
respectively. Status of human epidermal growth factor 
receptor 2 (HER2) was determined for 1291 SZCZECIN 
BC-cases, of which 1037 (80.33%) and 254 (19.67%) were 
HER2 negative and HER2 positive, respectively. Triple-
negative (TN) status of breast cancer was determined for 
218 SZCZECIN BC-cases (17.30% of cases in which all 
three receptors were tested). Information about familial 
history of cancer was recorded for 1590 cases, of which 
117 (7.36%) were classified as familial breast cancer cases 
(according to criteria previously defined in [85]). The mean 
age of breast cancer diagnosis in SZCZECIN BC-cases was 
54 years (range 21-92), with 187 (9.31%), 712 (35.44%) 
and 1110 (55.25%) women diagnosed before age 40, 
between the ages 40 and 50, and after age 50, respectively. 
A total of 52 (2.6%) SZCZECIN BC-cases were positive 
for one of three major BRCA1 founder mutations in the 
Polish population, i.e., c.181T>G, c.4035delA, and 
c.5266dupC. SZCZECIN controls included women with 
a mean age of 52 years (range 17-94), and SZCZECIN 
NH-controls included women with a mean age of 67 years 
(range 36-95).

The VILNIUS group comprised 97 OC-cases 
(women with unselected ovarian cancer) and 209 controls 
(samples from unselected control population). Mean age 
of ovarian cancer diagnosis in VILNIUS OC-cases was 53 
years (range 18-78). VILNIUS controls comprised women 
with mean age of 44 years (range 18-85).

Analysis of the structure of the APOBEC3B 
deletion

Sequencing analyses were performed using ABI 
Prism 3130XL apparatus (Applied Biosystems, Carlsbad, 
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CA, USA). The obtained sequences were analyzed with 
the use of Finch TV (v.1.4.0) (Geospiza Inc.).

MLPA analysis was performed using the in-house 
designed A3Bdel_MLPA assay. The probe-set layout was 
designed according to a previously proposed [65, 66] and 
well-validated strategy (e.g., [67, 86–88]). This strategy 
exclusively utilized short oligonucleotide probes that can 
easily be generated via standard chemical synthesis. Each 
probe consists of two half-probes of equal size, and the 
total probe length ranges from 93 to 128 nt. The target 
sequences for the probes were selected to avoid single 
nucleotide polymorphisms (SNPs), insertions/deletions, 
and sequences of extremely low or high guanosine-
cytosine (GC) content. The sequences and detailed 
characteristics of all probes are shown in Supplementary 
Table 1. The MLPA probes were synthesized by IDT 
(Skokie, IL, USA). The MLPA reactions were run 
according to the manufacturer’s general recommendations 
and previously published [65, 89], with reagents purchased 
from MRC-Holland, Amsterdam, The Netherlands. The 
products of the MLPA reactions were diluted 20× in HiDi 
formamide containing GS Liz600, which was used as a 
DNA sizing standard, and separated by size with capillary 
electrophoresis (POP7 polymer; ABI Prism 3130XL 
apparatus; Applied Biosystems, Carlsbad, CA, USA). 
The obtained electropherograms were analyzed using 
GeneMarker software (version 2.2.0; SoftGenetics, State 
College, PA, USA). The normalized signal of each probe 
(peak height divided by the average peak height of the 
control probes) was divided by the corresponding signal of 
a reference probe and multiplied by 2. The obtained values 
that correspond to the copy number of particular regions 
were visualized in bar graphs.

Analysis of the APOBEC3B deletion genotype–
expression relationship

Publically available genome-wide mRNA profiling 
data of different panels of HapMap samples that were used 
in our study are deposited at Gene Expression Omnibus 
(GEO) (http://www.ncbi.nlm.nih.gov/geo) database (series 
accession number: GSE6536), and Array Express database 
(https://www.ebi.ac.uk/arrayexpress/; accession number: 
E-MTAB-197 and E-MTAB-198) as well as at http://
jungle.unige.ch/rnaseq_CEU60/ (file with normalized data 
“RNASEQ60_array_rep_expr.txt.gz”). The APOBEC3B 
deletion genotypes of the analyzed HapMap samples were 
determined before [18] and independently confirmed in 
our study.

Human lymphoblastoid cell lines (LCLs) GM18532, 
GM18537, GM18540, GM18542, GM18561, GM18570, 
GM18572, GM18573, GM18577, GM18579, GM18603, 
and GM18612 from the HapMap panel were purchased 
from the Coriell Institute for Medical Research (USA; 
http://www.coriell.org). All cell lines were cultured in 
Dulbecco’s Modified Eagle Medium (DMEM; Lonza, 
Basel, Switzerland) supplemented with 10% fetal bovine 

serum (FBS; Sigma-Aldrich, St. Louis, MO, USA), 1% 
Glutamax (Cellgro, Mediatech Inc., Manassas, VA, USA), 
1x antibiotic/antimycotic solution (Sigma-Aldrich), and 1x 
MEM non-essential amino acid solution (Sigma-Aldrich). 
Mycoplasma infection in cell cultures was controlled 
with the use of the MycoFluor™ Mycoplasma Detection 
Kit (Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s protocol.

Total RNA was extracted from cells with TRIzol 
(Invitrogen) according to the manufacturer’s instructions. 
Equal amounts of RNA (2 μg) were reverse-transcribed 
with random primers (Invitrogen) using SuperScript 
III Reverse Transcriptase (Invitrogen) according to the 
manufacturer’s protocol.

ddPCR was performed according to the 
manufacturer’s general recommendations (Bio-Rad, 
CA, USA). ddPCR reactions (containing 1× EvaGreen 
Supermix, 200 nM primers, one-twentieth of cDNA 
to a final volume of 20 μL) were mixed with seventy 
microliters of droplet generation oil and used to form 
droplets in a QX200 droplet generator. The partitioned 
emulsion was then slowly transferred to a 96-well PCR 
plate (Eppendorf, Hamburg, Germany). After being heat-
sealed with foil, the plates containing the droplets were 
PCR cycled to final point under conditions at 95°C for 5 
min, then 95°C for 30 s, and 56°C for 30 s, and 72°C for 
45 s for 40 cycles, 72°C for 2 min, 4°C for 5 min, 90°C for 
5 min, then held at 12°C. Following PCR, samples were 
read on a Bio-Rad QX200 reader and data were analyzed 
using Quantasoft software v.1.7.4.0917 (Bio-Rad, CA, 
USA). Primers used in the ddPCR analyses were designed 
at the exon-exon junctions or in different, adjacent 
exons spanning a long intron to avoid amplification of 
the potential gDNA traces. For each analyzed cDNA 
sample, the following sets of PCR primers were used: 
(i) A3B_exp, i.e., test amplicon for APOBEC3B: Fwd 
primer 5’GACCTACGATGAGTTTGAGT3’, Rev primer 
5’TTAGAGACTGAGGCCCAT3’ (amplicon length: 163 
bp); (ii) A3A_exp, i.e., test amplicon for APOBEC3A: 
Fwd primer 5’CATTCTCCAGAATCAGGG3’, Rev 
primer 5’CTTGATCGGGAGCATAC 3’ (amplicon 
length: 170 bp); (iii) A3A/A3B_exp, i.e., test amplicon 
for APOBEC3A/APOBEC3B hybrid: Fwd primer 
5’TGACCTACGATGAATTTAAGC3’, Rev primer 
5’ATCTACTTGATCAGGAGCAC3’ (amplicon length: 
293 bp), (iv) reference amplicon for GAPDH: Fwd 
primer 5’CACCACCAACTGCTTAGC3’, Rev primer 
5’CATGGACTGTGGTCATGAG3’ (amplicon length: 87 
bp).

UPL-qPCR analyses were performed with the 
use of LightCycler 480 system with probes from the 
Universal Probe Library (UPL) (Roche Applied Science, 
Penzberg, Germany), according to the manufacturer’s 
protocol. For test amplicons, the same primer sets were 
used as in the ddPCR analyses. The following set of PCR 
primers was used as a reference amplicon for ACTB: Fwd 
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primer 5’CCAACCGCGAGAAGATGA3’, Rev primer 
5’CCAGAGGCGTACAGGGATAG3’ (amplicon length: 
97 bp). The applied primers-UPL probes combinations 
were as follows: (i) APOBEC3B test amplicon, probe 
#11; (ii) APOBEC3A test amplicon, probe #13; (iii) 
APOBEC3A/APOBEC3B hybrid test amplicon, probe #13; 
(iv) ACTB reference amplicon, probe #64. qPCR assays 
were run in triplicates for 45 cycles and normalized tested 
gene expression level was calculated by the formula: 
2-ΔCt, where ΔCt= Cttest amplicon-Ctreference amplicon, using the 
LightCycler 480 instrument software.

A3Bdel_PCR assay for genotyping of the 
APOBEC3B deletion

Genotyping of the APOBEC3B deletion was 
performed with the use of A3Bdel_PCR assay that 
consists of three PCR primers, i.e., one forward primer 
F: 5’CCTGTCCCTTTTCAGAATTTAAGC3’, and two 
reverse primers: R1: 5’CTTGATCGGGAGCATAC3’ 
(complementary to reference allele; F+R1 amplicon length: 
572 bp), and R2: 5’TGGAGCCAATTAATCACTTCAT3’ 
(complementary to deletion allele, F+R2 amplicon length: 
707 bp). All three primers were used simultaneously in 
each single reaction. PCR was performed in a 6.25-μl 
reactions composed of 0.3 μl of 10 μM dilution of each 
primer (synthesized by Sigma-Aldrich), 0.125 μl of dNTPs 
mix (Promega, Madison, WI, USA), 0.05 μl of GoTaq 
DNA Polymerase (concentration 5 u/μl) (Promega), 1.25 
μl of 5X colorless GoTaq reaction buffer (containing 7.5 
mM MgCl2) (Promega), 2.925 μl of deionized water, and 
1 μl of DNA (~30 ng). The following cycling conditions 
were used: 2 min at 95°C, followed by 35 cycles at 95°C 
for 20 sec, 56°C for 20 sec, and 72°C for 5 min, followed 
by 5 min at 72°C. The obtained PCR products were 
visualized on a standard 1.5% agarose gel.

Statistical methods

The APOBEC3B deletion genotype-expression 
relationship was analyzed with the use of one-way analysis 
of variance (ANOVA) with post-test for linear trend, and 
t-test using Prism v. 4.0 (GraphPad, San Diego, CA).

HWE was assessed in the control groups using the 
chi-square test. Associations between the APOBEC3B 
deletion and breast or ovarian cancer risk were assessed 
using ORs and 95%CIs derived from logistic regression 
models. ORs(95%CIs) were estimated in the analyses 
assuming different models of inheritance, i.e., dominant 
(A3B+/− and A3B−/− vs. A3B+/+), recessive (A3B−/− vs. 
A3B+/− and A3B+/+), and additive (A3B−/− vs. A3B+/− 
vs. A3B+/+) models. Appropriate adjustments for the 
origin of the study and age (when data regarding age were 
available for particular case-control groups) were applied. 
Meta-analysis was performed with the use of Mantel-
Haenszel method assuming dominant model of inheritance. 

MedCalc Statistical Software version 14.8.1 (MedCalc 
Software bvba, Ostend, Belgium; http://www.medcalc 
.org) was used for all logistic regression analyses and meta-
analysis. All statistical tests were two-sided, and a p-value 
less than 0.05 was considered statistically significant.
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The 30 kb deletion in the APOBEC3 cluster decreases APOBEC3A 
and APOBEC3B expression and creates a transcriptionally active 
hybrid gene but does not associate with breast cancer in the 
European population

SUPPLEMENTARY MATERIALS

Supplementary Figure 1: Results of MLPA analyses of 31 samples from HapMap panel and 17 samples from women 
with breast and/or ovarian cancer (indicated with asterisks).  The analysis was performed using the in-house designed A3Bdel_
MLPA assay. The sample genotypes determined with the use of the A3Bdel_PCR assay are indicated in brackets. Bar plots represent 
normalized copy number values (y-axis) of each probe (x-axis). In two analyzed samples, i.e., NA07034 and NA12154, we observed an 
~40% reduction of the individual probe signals (marked with red arrows). Sequencing analysis revealed that the reduction of signals in 
these samples resulted from rare SNPs (indicated in red) occurring in close proximity to the ligation sites of the respective MLPA probes.
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Supplementary Table 1: Detailed characteristics and sequences of the probes included in the A3Bdel_MLPA assay.a

See Supplementary File 1

Supplementary Figure 2: Sanger sequencing of the deletion breakpoint (dotted line) in genomic DNA (upper panel) 
and cDNA (lower panel) confirms occurrence of the hybrid transcript in samples with the deletion; here, a sample with 
a homozygous A3B−/− deletion genotype.

Supplementary Figure 3: Exemplary ddPCR results of expression (transcript) level analysis of APOBEC3B and 
reference GAPDH in three representative HapMap samples with the A3B+/+, A3B+/−, and A3B−/− genotypes. Note 
that to obtain comparable numbers of positive signals (droplets), prior to the GAPDH analysis, the samples were additionally 400x diluted. 
The ddPCR analysis and data visualization was performed with the use of BIO-RAD QuantaSoft. The expression level (number of cDNA 
copies of particular gene in analyzed sample) is proportional to the number of positive droplets. Positive and negative droplets are marked 
in blue and black, respectively. (A) Visualizations in 1D Amplitude view; y-axis – channel 1 amplitude (fluorescent signal intensity), x-axis 
– sample with the particular genotype (indicated above). (B) Visualizations in 2D Amplitude view (corresponding to panel A); y-axis – 
channel 1 amplitude; x-axis – channel 2 amplitude.



Supplementary Table 1:  Detailed characteristics and sequences of the probes included in the A3B+ MLPA assay

probe id probe 

location 

(hg19)

5'PSS length 5'SS length 5'TSS length Tm 3'TSS length Tm 3'SS length 3'PSS length 5'HPL 3'HPL TPL

ctrl_1 chr22:30,

069,296-

30,069,33

8

GGGTTCCC

TAAGGGTT

GGA

19 cgctac 6 GGCCCAGA

TCACCGAG

GAGGA

21 75.6 GGCAAAAC

TTCTGGCC

CAGAAG

22 71.0 ac 2 TCTAGATT

GGATCTTG

CTGGCGC

23 46 47 93

A3B_2 chr22:39,

388,023-

39,388,07

1

GGGTTCCC

TAAGGGTT

GGA

19 cgct 4 CCCTGTCC

CTTTTCAG

AGTTTGAG

T

25 70.2 ACTGCTGG

GACACCTT

TGTGTACC

24 70.4 c 1 TCTAGATT

GGATCTTG

CTGGCGC

23 48 48 96

A3A_2 chr22:39,

357,843-

39,357,88

6

GGGTTCCC

TAAGGGTT

GGA

19 cgctacta

ct

10 AGATGTGG

GCCCAGGG

AGGGC

21 77.1 AGGGAGAG

TGGCTGGA

AGTGGAA

23 71.67 tac 3 TCTAGATT

GGATCTTG

CTGGCGC

23 50 49 99

A3A_f3'_

3

chr22:39,

377,756-

39,377,80

4

GGGTTCCC

TAAGGGTT

GGA

19 cgcta 5 CTGTTTAT

AGACACCC

TTCTCCCT

TCC

27 70.04 TTGGTGTC

GCAGACAT

CGCAGT

22 70.95 atctac 6 TCTAGATT

GGATCTTG

CTGGCGC

23 51 51 102

A3A_f3'_

1

chr22:39,

362,163-

39,362,20

9

GGGTTCCC

TAAGGGTT

GGA

19 cgctacta

ct

10 CAGACCCC

AGAATCAG

AGACTGAG

24 70.1 GAGTCAAA

GACAGGCA

GGAGACG

23 70.8 atctac 6 TCTAGATT

GGATCTTG

CTGGCGC

23 53 52 105

A3B_f3'_

1

chr22:39,

391,228-

39,391,27

9

GGGTTCCC

TAAGGGTT

GGA

19 cgctacta

ct

10 CTCCCCAT

TCATCTGC

AAAGTGAG

T

25 70.8 CTAGGGAG

GTTCTTGT

GATTCTTT

GGC

27 71.6 ctac 4 TCTAGATT

GGATCTTG

CTGGCGC

23 54 54 108

ctrl_2 chr1:156,

105,818-

156,105,8

62

GGGTTCCC

TAAGGGTT

GGA

19 cgctacta

ctat

12 CAGCTGGA

CGAGTACC

AGGAGCTT

24 72.8 CTGGACAT

CAAGCTGG

CCCTG

21 72.7 aactaaat

ctac

12 TCTAGATT

GGATCTTG

CTGGCGC

23 55 56 111

A3B_1 chr22:39,

382,626-

39,382,67

6

GGGTTCCC

TAAGGGTT

GGA

19 cgctacta

ctat

12 CTCTAAGG

CACCTGGG

TCTTGGAC

TA

26 72.4 GAGGAACA

AACAGCAA

GACAGGGT

G

25 72.3 taaatcta

c

9 TCTAGATT

GGATCTTG

CTGGCGC

23 57 57 114

A3A_f3'_

2

chr22:39,

367,085-

39,367,13

2

GGGTTCCC

TAAGGGTT

GGA

19 cgctacta

ctattag

15 GAGATGAG

CTTTCCAT

GACGACCA

A

25 71.4 GGTGGAGG

AGTCAGAT

TCTGGGT

23 71.34 aactaaat

ctac

12 TCTAGATT

GGATCTTG

CTGGCGC

23 59 58 117

A3B_f3'_

2

chr22:39,

397,215-

39,397,26

9

GGGTTCCC

TAAGGGTT

GGA

19 cgctacta

ctattag

15 CCACTCTT

ACTCCCTT

TCATCCCG

TA

26 71.3 ACACGTAG

CTCTACTA

GCCTGCTA

TTGGG

29 71.48 aaatctac 8 TCTAGATT

GGATCTTG

CTGGCGC

23 60 60 120

ctrl_5 chr2:109,

545,794-

109,545,8

37

GGGTTCCC

TAAGGGTT

GGA

19 cgctacta

ctattagt

agaat

21 AGTCCTGT

GGCTACGG

CACCAA

22 71.8 AGACGAGG

ACTACGGC

TGCGTC

22 71.8 ggtcaaac

taaatcta

c

17 TCTAGATT

GGATCTTG

CTGGCGC

23 62 62 124

A3A_1 chr22:39,

353,593-

39,353,64

8

GGGTTCCC

TAAGGGTT

GGA

19 cgctacta

ctattagt

a

17 GCTCCTGA

ATCCTAAG

AGAATGTT

GGTG

28 71.4 AAGATCTT

AACACCAC

GCCTTGAG

CAAG

28 71.6 aaactaaa

tctac

13 TCTAGATT

GGATCTTG

CTGGCGC

23 64 64 128

Legend:

5'PSS, 3'PSS - 5' and 3' primer-specific sequence, respectively

5'SS, 3'SS - 5' and 3' stuffer sequence, respectively

5'TSS, 3'TSS - 5' and 3' target-specific sequence, respectively

Tm - melting temperature

5'HPL, 3'HPL - 5' and 3' half-probe length

TPL - total probe length

SALSA PCR Forward primer (Labeled):  *GGGTTCCCTAAGGGTTGGA

SALSA PCR Reverse primer (Unlabeled): GTGCCAGCAAGATCCAATCTAGA

AC# V00604   Phage M13 genome

position: 3-99

5'-cgctactactattagtagaattgatgccaccttttcagctcgcgccccaaatgaaaatatagctaaacaggttattgaccatttgcgaaatgtatctaatggtcaaactaaatctac-3'
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Supplementary Table 2: Analysis of the association of the APOBEC3B deletion with breast cancer risk using 
different models of inheritance

group model of inheritance OR(95%CI) adjusted
OR(95%CI)

GDANSK
BC cases (n=523) vs. 
unselected controls 
(n=853)

dominant
A3B+/− and A3B−/− vs. A3B+/+

1.31(0.94-1.82)
p=0.11

-

recessive*
A3B−/− vs. A3B+/− and A3B+/+

1.09(0.18-6.53)
p=0.93

-

additive
A3B−/− vs. A3B+/− vs. A3B+/+

1.28(0.94-1.75)
p=0.12

-

SZCZECIN
BC cases (n=2009) vs. 
unselected controls 
(n=2005)

dominant
A3B+/− and A3B−/− vs. A3B+/+

0.89(0.74-1.07)
p=0.20

0.90(0.75-1.08)a

p=0.26

recessive*
A3B−/− vs. A3B+/− and A3B+/+

2.00(0.68-5.87)
p=0.21

2.14(0.73-6.3)a

p=0.17

additive
A3B−/− vs. A3B+/− vs. A3B+/+

0.91(0.76-1.09)
p=0.31

0.93(0.78-1.11)a

p=0.41

SZCZECIN
BC cases (n=2005) vs. 
NH-controls (n=615)

dominant
A3B+/− and A3B−/− vs. A3B+/+

1.03(0.78-1.36)
p=0.83

0.95(0.70-1.29)a

p=0.73

recessive*
A3B−/− vs. A3B+/− and A3B+/+

0.61(0.21-1.79)
p=0.37

0.34(0.10-1.13)a

p=0.08

additive
A3B−/− vs. A3B+/− vs. A3B+/+

1.00(0.77-1.30)
p=1.00

0.90(0.68-1.21)a

p=0.49

GDANSK+SZCZECIN
BC cases (n=2532) vs. 
unselected controls 
(n=2858)

dominant
A3B+/− and A3B−/− vs. A3B+/+

0.98(0.83-1.15)
p=0.79

0.97(0.83-1.14)b

p=0.73

recessive*
A3B−/− vs. A3B+/− and A3B+/+

1.70(0.69-4.16)
p=0.25

1.70(0.69-4.19)b

p=0.25)

additive
A3B−/− vs. A3B+/− vs. A3B+/+

1.0(0.85-1.16)
p=0.96

0.99(0.85-1.16)b

p=0.90

GDANSK+SZCZECIN
familial BC cases 
(n=640) vs. unselected 
controls (n=2858)

dominant
A3B+/− and A3B−/− vs. A3B+/+

1.06(0.82-1.36)
p=0.67

1.15(0.87-1.52)b

p=0.32

recessive*
A3B−/− vs. A3B+/− and A3B+/+

1.12(0.24-5.27)
p=0.89

0.88(0.17-4.71)b

p=0,88

additive
A3B−/− vs. A3B+/− vs. A3B+/+

1.06(0.83-1.35)
p=0.66

1.14(0.87-1.48)b

p=0.36
aadjusted for age; badjusted for the origin of the study; *in the recessive model we obtained relatively low statistical 
power due to the low frequency of homozygous deletions.
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Supplementary Table 3: Analysis of the association of the APOBEC3B deletion with ovarian cancer risk using 
different models of inheritance

group model of inheritance OR(95%CI) adjusted
OR(95%CI)

GDANSK
OC cases (n=343) vs. 
unselected controls 
(n=853)

dominant
A3B+/− and A3B−/− vs. A3B+/+

0.77(0.50-1.19)
p=0.24

-

recessive*
A3B−/− vs. A3B+/− and A3B+/+

1.66(0.28-9.99)
p=0.58

-

additive
A3B−/− vs. A3B+/− vs. A3B+/+

0.82(0.54-1.22)
p=0.32

-

VILNIUS
OC cases (n=97) vs. 
unselected controls 
(n=209)

dominant
A3B+/− and A3B−/− vs. A3B+/+

0.66(0.27-1.61)
p=0.36

-

additive
A3B−/− vs. A3B+/− vs. A3B+/+

0.78(0.34-1.77)
p=0.55

-

GDANSK + VILNIUS
OC cases (n=440) vs. 
unselected controls 
(n=1062)

dominant
A3B+/− and A3B−/− vs. A3B+/+

0.75(0.51-1.10)
p=0.14

0.75(0.51-1.11)b

p=0.15

recessive*
A3B−/− vs. A3B+/− and A3B+/+

2.42(0.49-12.05)
p=0.28

2.44(0.49-12.14)b

p=0.28

additive
A3B−/− vs. A3B+/− vs. A3B+/+

0.81(0.56-1.16)
p=0.25

0.81(0.56-1.16)b

p=0.25
badjusted for the origin of the study; *in the recessive model we obtained relatively low statistical power due to the 
low frequency of homozygous deletion, the recessive model was not tested in the VILNIUS group due to lack of 
homozygous deletions in the control group.
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ABSTRACT

Although currently available strategies for the preparation of exome-enriched 
libraries are well established, a final validation of the libraries in terms of exome 
enrichment efficiency prior to the sequencing step is of considerable importance. Here, 
we present a strategy for the evaluation of exome enrichment, i.e., the Multipoint Test 
for Targeted-enrichment Efficiency (MTTE), PCR-based approach utilizing multiplex 
ligation-dependent probe amplification with capillary electrophoresis separation. 
We used MTTE for the analysis of subsequent steps of the Illumina TruSeq Exome 
Enrichment procedure. The calculated values of enrichment-associated parameters 
(i.e., relative enrichment, relative clearance, overall clearance, and fold enrichment) 
and the comparison of MTTE results with the actual enrichment revealed the high 
reliability of our assay. Additionally, the MTTE assay enabled the determination of 
the sequence-associated features that may confer bias in the enrichment of different 
targets. Importantly, the MTTE is low cost method that can be easily adapted to 
the region of interest important for a particular project. Thus, the MTTE strategy is 
attractive for post-capture validation in a variety of targeted/exome enrichment NGS 
projects.

INTRODUCTION

Recently, next-generation sequencing (NGS) has 
become the leading method for analyzing the architecture 
of human genomes. Although the cost of whole genome 
sequencing (WGS) has decreased significantly in recent 
years, it still substantially hampers the use of WGS for 
large-scale studies involving abundant DNA sample sets 
[1]. However, it has to be noted that resistance to biases 
in coverage of some genomic regions (e.g., rich in GC 
nucleotides) and complete coverage of the genome 
(especially using most recent PCR-free WGS) are 
among advantages of WGS [2]. Nevertheless, targeted 
sequencing, based on the capture and enrichment of a 
restricted part of a genome (i.e., multiple genomic loci 

of interest), is currently commonly applied to reduce the 
costs and the amount of data that requires time-consuming 
analysis [3]. The use of a targeted enrichment sequencing 
strategy focused on well-characterized coding sequences, 
i.e., whole exome sequencing (WES), yields informative 
results that are easier to interpret [4–6]. Targeted/exome 
sequencing may be favorable especially for applications 
that require high-coverage of the analyzed regions for 
identification of low–frequency sequence variants. 
Such applications include: identification of somatic 
mutations in cancer genome, identification of mosaic 
mutations in disease-related genes, identification of 
mitochondrial DNA heteroplasmy, or identification of 
sequence variants in mixed DNA samples (e.g., in forensic 
genetics). Currently, several popular ready-to-use kits 
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for the preparation and sequencing of exome-enriched 
libraries (mostly from Agilent, Roche NimbleGen, and 
Illumina) are commercially available. Studies focused 
on the comparison of their performance revealed that 
generally all kits are well established and provide results 
of comparable quality. However, it has to be noted that 
drawbacks and differences in some aspects of enrichment 
technologies, e.g., accuracy of variant detection and 
presence of enrichment biases associated with sequence 
characteristics, were also identified [1, 7–13]. For example, 
Meienberg and colleagues have revealed that currently 
available exome-enrichment platforms cannot efficiently 
capture all known coding exons and emphasized the need 
of constant evaluation of the updated platform versions 
[11].

Due to the revealed differences in the performance 
of the exome-enrichment platforms and the high costs 
associated with the downstream sequencing analysis, 
a quality control for capture performance and exome 
enrichment efficiency is highly desirable. The introduction 
of a post-capture validation step preceding the sequencing 
analysis may prevent the sequencing of unsuccessfully 
enriched libraries [14–16].

Here, we developed a new strategy and propose an 
exome enrichment validation assay, the Multipoint Test 
for Targeted-enrichment Efficiency (MTTE). MTTE is 
based on and utilizes the standard well-validated protocol 
of Multiplex Ligation-dependent Probe Amplification 
(MLPA) method (Figure 1). The general concept and 
principle of the MLPA method are discussed in [17–19]. 
Our assay comprises multiple probes located both in 
targeted (exome-enriched) and non-targeted genomic 
regions. In this report, we show that the MTTE is a 
robust and cost-effective assay that allows the effective 
and reliable assessment of several enrichment-associated 
parameters.

RESULTS

Design of the MTTE assay

Our assay for post-capture exome enrichment 
validation is composed of 20 MLPA probes, including 10 
probes located in targeted genomic regions (mostly exons 
of protein coding genes and one region overlapping an 
annotated miRNA sequence), 9 probes located in non-
targeted genomic regions (introns and intergenic regions), 
and one probe located in flank of the targeted regions (49 
bp from exon 1 of the BARD1 gene). The probe located in 
flank of targeted region was used to test the enrichment 
of sequences located in close vicinity (≤150bp) to the 
targeted regions that are enriched together with targeted 
sequences. The MLPA probe set was designed according 
to a strategy developed previously in our group, allowing 
easy design and generation of the assay for the analysis 

of almost any region of interest [19, 20]. Selected regions 
were approximately evenly distributed over the genome. 
To allow the direct comparison of the enrichment 
efficiency of targeted and non-targeted regions situated 
in close proximity to each other, in two cases, probes of 
different types were located in the same gene, i.e., BARD1 
and ARID1A (Figure 2A). The designed MLPA probe set 
was verified to provide robust high quality results in a 
series of optimization experiments performed using a set 
of reference gDNA samples (Figure 2B).

MTTE evaluation of the enrichment-associated 
parameters

We then used our MTTE assay to analyze the 
enrichment efficiency in one normal (normal_1) and 
two acute myeloid leukemia samples (leukemia_1 and 
leukemia_2). The MTTE analysis of the relative amount of 
targeted and non-targeted regions was performed during five 
consecutive steps of the exome enrichment procedure, i.e., 
(i) untreated gDNA, (ii) fragmented gDNA, (iii) the PCR-
amplified gDNA library with ligated adapters, (iv) the PCR-
amplified library after the first enrichment, and (v) the PCR-
amplified library after the second enrichment (Figure 2C).

Representative MTTE results (electropherograms 
and bar graphs) from leukemia_1 are presented in Figure 
3. Bar graphs for all three analyzed samples are shown 
in Supplementary Figure S1. As shown in Figure 3 and 
Supplementary Figure S1, DNA fragmentation (ii) and 
adapter ligation followed by PCR amplification (iii) do not 
influence the pattern of MLPA signals substantially when 
compared with the pattern of signals from untreated gDNA 
samples (i). Therefore, specimens from any of these steps 
(i-iii) may be considered as a reference for monitoring the 
exome enrichment. For subsequent analysis, we used the 
sample from step (iii), which bears structural resemblance 
to exome-enriched specimens (iv-v), as reference.

As shown in Figure 3 and Supplementary Figure S1, 
the signal intensities of probes located in the non-targeted 
regions were drastically reduced after the first enrichment 
and almost completely disappeared after the second 
enrichment step.

To quantify the exome enrichment efficiency 
in steps after the first (iv) and the second (v) 
enrichment, we calculated the following enrichment-
associated parameters (for details, see Materials and 
Methods): relative enrichment (RE); relative clearance 
(RC), i.e., 1-RE, calculated for each non-targeted region 
as well as for target flank region; overall clearance 
(OC), i.e., average of RC values of non-targeted 
regions; and fold enrichment (FE), i.e., increase of 
the fraction of signal intensity of the probes located 
in targeted regions, weighted by the fraction of the 
genome covered by the targeted regions. As the regions 
targeted by the TruSeq Exome Enrichment Kit cover 
62 Mb, i.e., 0.02 of the human genome, the theoretical 
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Figure 1: Strategy of MTTE analysis. A. Schematic representation of targeted region-specific (ta_1; left-hand side) and non-targeted 
region-specific (nt_1; right-hand side) MLPA probes. Each MLPA probe is composed of two half-probes: a 5’half-probe and a 3’half-
probe. Each half-probe is composed of a target-specific sequence (TSS), a primer-specific sequence (PSS), and a stuffer sequence (SS) 
that allows differentiating MLPA probes by size. More details about the design of MLPA probes may be found in [18, 20]. The first step 
of the MLPA reaction is hybridization of MLPA probes with the input DNA. Only probes which were correctly hybridized to their targets 
are subsequently ligated and then amplified with a pair of universal primers. The products of the MLPA reaction are separated in capillary 
electrophoresis and their relative signals are proportional to the dosage of their targets in the input DNA. B. The MTTE analysis of (from 
the top) gDNA, non-enriched gDNA library (reference), partially enriched library, and effectively enriched library. From the left, schematic 
representation of the MLPA probes hybridizing to targeted- and non-targeted regions in the input DNA (for simplicity, adapter sequences 
attached to DNA fragments during library preparation are not indicated in the scheme), electropherograms with signals (peaks) of ta_1 and 
nt_1 probes, bar-graphs showing relative signals of ta_1 and nt_1 probes.
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maximum FE is 50. This parameter is comparable to the 
fold enrichment calculated using the SeqCap qPCR assay 
from Roche NimbleGen. Analysis of the enrichment-
associated parameters revealed the robustness and high 
reliability of the MTTE assay. The targeted regions 
were captured with high efficiency. After the first 
enrichment, the OC reached a value ranging between 
0.91 and 0.92, whereas FE was in a range between 10.5 
and 11.2. These parameters were significantly improved 
after the second round of enrichment, with an OC value 
ranging between 0.98 and 1 and FE reaching a value 
of up to 50. RC values calculated for individual probes 
located in the non-targeted regions ranged from 0.83 to 
1 and from 0.94 to 1 for the first and the second steps 
of enrichment, respectively. It should be noted that 
the clearance of the target flank (the tf_2q35 region), 
located close to the targeted region (exon 1 of BARD1) 

is much less effective (RC ranging between 0.87 and 
0.88 after the second enrichment) than clearance of other 
non-targeted regions. This result is in agreement with 
the hypothesis that sequences adjacent to the targeted 
regions (≤150nt) are also captured by the enrichment 
procedure. Comparison of the RC values of probes 
located in the non-targeted regions with their distance 
to the nearest targeted genomic region further confirmed 
the positive correlation between the clearance efficiency 
and increasing distance from the targeted regions 
(R=0.77, p=0.006). These observations further confirm 
the specificity of our MTTE assay and correspond to 
average coverage of sequences surrounding the targeted 
sequences, which gradually decreases with increasing 
distance from the targeted sequences and reaches the 
minimum (~0) at ~500 nt upstream and downstream 
from the targeted regions (Supplementary Figure S2).

Figure 2: Design of the MTTE assay. A. The positions of MTTE probes in the human genome. The positions of particular probes 
are indicated on the chromosome ideograms (left-hand side). IDs of probes located in the targeted regions, in close vicinity (<150) to 
the targeted regions, and the non-targeted regions are indicated in red, orange and green, respectively. The figure was prepared using the 
“Ensembl karyotypes” tool available on the Ensembl portal [30]. B. Electropherogram showing representative MTTE results from a control 
gDNA sample from the HapMap panel. Each peak corresponds to the signal of the particular probe indicated below [color coded as in A]. 
C. The workflow of exome enrichment procedure with indicated points at which trace amounts of specimens were obtained for analysis.
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Exome enrichment efficiency: comparison of 
the MTTE-based evaluation and actual NGS 
enrichment

For comparison of the MTTE results with actual 
enrichment, we calculated the fraction of NGS reads 
mapping to the targeted sequences and the fold enrichment 
of these values (FENGS), after the first (iv) and second 
(v) steps of enrichment. As shown in Table 1, the FE 

calculated based on the MTTE results corresponded well 
with the FENGS. After the first round of enrichment, both 
FE and FENGS reached a value of ~10, which corresponds 
to the borderline enrichment value recommended by 
Roche NimbleGen, manufacturer of the SeqCap qPCR 
assay. Slightly higher difference between the FE and FENGS 
values observed after the second round of enrichment 
is due to the high disproportion between the fractions 
of targeted and non-targeted regions (here 1:50). The 

Figure 3: Representative results of the analysis conducted using the in-house designed MTTE assay. A. The 
electropherograms of the MLPA results obtained in the analysis of specimens from distinct steps of the exome-enriched library preparation, 
performed using the leukemia_1 sample. The probe IDs are shown under the electropherograms. Asterisks indicate background signals 
(unspecific peaks). B. The bar plots (corresponding to the electropherograms shown in panel A) representing the relative enrichment 
(y-axis) of each analyzed region (x-axis). The corresponding RC as well as FE and OC values are indicated on the graphs (steps iv-v).
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precision of estimation of fold enrichment decreases 
when the fold enrichment reaches maximum. As proposed 
in the SeqCap qPCR validation strategy (SeqCap EZ 
Library SR User’s Guide, v4.2), two-fold differences in 
the fold enrichment measures should be considered as 
the same. The higher FE values calculated based on the 
MTTE results are a consequence of the lower sensitivity 
of MTTE to detect very low traces of non-targeted 
sequences, which is due to the limited dynamic range 
of capillary electrophoresis (very low signals may not 
be detected and are classified as 0). On the other hand, 
slightly lower values of FENGS may be due to the fact that 
among NGS reads overlapping targeted regions are also 
those extending to the non-targeted regions. As a result, 
the calculated fraction of target-associated reads may be 
higher than the actual fraction of TruSeq targeted regions 
(>2%).

Comparison of qPCR- and MTTE-based 
evaluation of targeted enrichment

To compare MTTE results with an evaluation of 
enrichment based on qPCR analysis (proposed before 
by Roche NimbleGen), we designed and optimized four 
qPCR assays for targeted regions showing different 
enrichment efficiency in MTTE experiments. Additionally, 
we designed three qPCR assays for non-targeted regions, 
previously analyzed with the use of MTTE. In both 
cases, the PCR amplicons were designed to maximally 
overlap target sequences of corresponding MTTE 
probes. As expected, after the first and second rounds 
of enrichment threshold cycle (Ct) values decreased for 
all targeted regions and increased for all non-targeted 
regions in comparison to the values for the non-enriched 

library (Supplementary Figure S3). The fold enrichment 
values calculated based on qPCR results (FEqPCR) confirm 
borderline (~10) and high quality enrichment (>10) after 
the first and the second round of enrichment, respectively 
(Table 1).

Additionally, the direct comparison of the 
enrichment efficiency of individual probes shows that RE 
values calculated for the MTTE probes correspond well 
with FEqPCR values, calculated for the individual qPCR 
assays (after the first enrichment: R>0.95, p<0.001; after 
the second enrichment: R>0.85; p<0.01) (Supplementary 
Figure S3).

Determination of the structural and sequence-
associated features related to bias in enrichment

The results of our MTTE analysis of exome-
enriched libraries [steps (iv) and (v)] revealed a 
considerable difference (up to sixteen-fold) between the 
RE values of particular targeted probes. This results from 
the uneven enrichment of different regions. However, it 
should be noted that the enrichment pattern was recurrent 
across all analyzed samples (Supplementary Figure S1) 
and was confirmed in the regions analyzed by qPCR 
(Supplementary Figure S3). This finding implies that 
the observed bias in enrichment may result from specific 
structural and/or sequence-associated features. Thus, 
we analyzed the potential correlation between the RE 
values and several features of the targeted regions such 
as, the length of the targeted region, the occurrence of 
repetitive elements in the flanking sequences of targeted 
regions, and the content of different nucleotides in the 
targeted plus DNA strand (Supplementary Figure S4). 
The analyses did not indicate the influence of targeted 

Table 1: Enrichment efficiency (OC, FE, FENGS, and FEqPCR) after 1st and 2nd steps of enrichment of the three 
analyzed samples

OC FE FENGS FEqPCR

1st 
enrichment

2nd 
enrichment

1st 
enrichment

2nd 
enrichment

1st 
enrichment

2nd 
enrichment

1st 
enrichment
RN/ratio

2nd 
enrichment
RN/ratio

Normal_1 0.91 1 11.2 50 10.9 23.1 8.3/10.5 13.0/34.9

Leukemia_1 0.92 1 11.0 50 9.6 23.7 9.5/11.6 14.0/45.1

Leukemia_2 0.92 0.98 10.5 32.2 11.3 29.5 12.1/11.9 20.5/32.9

Normal_1, Leukemia_1, and Leukemia_2 – three samples used in the experiment; OC – overall clearance; FE – fold 
enrichment; FENGS – fold enrichment of the fraction of NGS reads mapping to the targeted sequences; FEqPCR – fold enrichment 
calculated based on qPCR analyses; RN – calculated as proposed by the Roche NimbleGen protocol and [16]; ratio – 
calculated based on ratio of enrichment of targeted and non-targeted regions weighted by proportion of targeted/non-targeted 
regions in the genome. Note that some differences between FEqPCR (RN) and FEqPCR (ratio) may result from imprecision 
of measurement of the DNA concentration. Amount of input DNA is assumed to be a normalization factor in FEqPCR (RN) 
calculation. According to Roche NimbleGen (SeqCap EZ Library SR User’s Guide, v4.2), two-fold differences in the FEqPCR 
(RN) measures should be considered as the same.
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region length and repetitive sequences on the RE of the 
targeted probes [correlation coefficient (R)~0]; however, 
a moderate to high positive correlation was observed 
between the RE values and the fractions of (i) GC (first 
enrichment: R=0.59, p=0.06; second enrichment: R=0.40, 
p=0.23), (iii) purines (first enrichment: R=0.69, p=0.02; 
second enrichment: R=0.70, p=0.02), and (ii) guanine (G) 
(first enrichment: R=0.77, p=0.005; second enrichment: 
R=0.69, p=0.02) nucleotides in the sequence targeted 
by the TruSeq exome enrichment probes. Consequently, 
a negative correlation was observed between the RE 
values and the fraction of thymine (T) (first enrichment: 
R=0.63, p=0.04; second enrichment: R=0.55, p=0.08) in 
the targeted regions.

DISCUSSION

The use of targeted/exome enrichment NGS 
is becoming increasingly popular. Beside the above 
mentioned platforms from Agilent, Roche NimbleGen 
and Illumina, there are also many alternative more tailored 
approaches, including: MYbaits Target Enrichment Kit 
(MYcroarray), xGen (IDT), Custom targeted sequencing 
oligo pools (CustomArray), The RainDance ThunderStorm 
system (RainDance technologies), Access Array system 
(Fluidigm), and Quest 5-hmC DNA Enrichment Kit (Zymo 
Research). Although currently available ready-to-use kits 
for the preparation of exome-enriched libraries are well 
established and provide reliable results, a final evaluation 
of their capture performance and exome enrichment 
efficiency is of considerable interest due to the high costs 
associated with the downstream sequencing analysis. 
Here, we propose an innovative multipoint MTTE strategy 
that enables the complex evaluation of exome enrichment 
efficiency using a comprehensively selected and optimized 
MLPA probe-set. We used the MTTE assay for the 
calculation of several enrichment-associated parameters 
that reflect the actual enrichment with high accuracy. The 
main advantages of our MTTE assay are as follows: (i) 
MTTE is composed of multiple probes located in targeted 
sequences of different characteristics. Enrichment of a 
particular target type (e.g., with higher GC content) may be 
interpreted in the context of a particular project. (ii) MTTE 
probes are specific for both targeted and non-targeted 
regions, therefore allowing the evaluation of enrichment 
of targeted regions and the evaluation of clearance of 
non-targeted regions. These measures are complementary 
and additionally validate each other. (iii) MTTE does not 
require optimization or generation of standard curves. It 
takes advantage of a standard protocol (standard reaction 
conditions, easily accessible reagent set) of MLPA. The 
standard MLPA setup was validated and successfully used 
in hundreds of research and clinical studies for the analysis 
of large mutations in disease-related genes [19, 21–23]. 
(iv) The MTTE strategy can be easily adapted to the 
region of interest important for a particular project, e.g., 

if particular gene is sequenced, target-specific probes may 
be located in each exon of the gene. (v) The MTTE test 
is cost-effective (~5 USD per sample, including cost of 
the capillary electrophoresis separation, except the starting 
cost of probes synthesis). (vi) Finally, MTTE may also be 
used for optimization of enrichment procedures (testing 
the effect of multiple conditions).

Compared to the commercially available SeqCap 
qPCR assay, MTTE allows the analysis of more genomic 
regions (also non-targeted) and utilizes a much simpler 
setup. MTTE requires the analysis of only two samples, 
i.e., two MLPA reactions [one reference (not enriched) and 
one enriched sample] performed in standard conditions, 
whereas the SeqCap qPCR assay requires 24 reactions, 
averaging the results (preparation of standard curve) 
and optimizing the conditions for all fragments to be 
analyzed. Additionally, our own experience with qPCR 
analysis indicates that it is much more labor intensive and 
analysis of each sample requires numerous reactions. The 
number of required reactions also substantially increases 
the cost of qPCR analysis (20-50 USD, depending on the 
used system and number of evaluated regions). However, 
the MTTE assay is limited by dynamic range of capillary 
electrophoresis and may miss very low traces of non-
targeted probe signals in some samples after enrichment. 
Nevertheless, this limitation does not affect the reliability 
of our test to detect poorly enriched libraries (FE<10, 
recommended by Roche NimbleGen). MTTE also detects 
libraries with FE=10-25 that do not represent the highest 
quality of enrichment. It is worth noting that in exome 
enrichment, FE values of 10 and 25 correspond to 80% 
and 50% of reads mapping out of the targeted regions, 
respectively.

Additionally, we took advantage of our MTTE 
results to determine the potential sequence-associated 
features that may confer bias in the enrichment of different 
capture targets. The identified sequence-associated 
features that increase or decrease the efficiency of targeted 
enrichment generally overlap with features identified 
before [e.g., [1, 7, 11, 12]]. For example, we observed a 
positive correlation between the enrichment efficiency and 
the fraction of GC in the enriched region (Supplementary 
Figure S4) as well as between the clearance efficiency 
and the increasing distance to the nearest targeted region 
(Supplementary Figure S2). Additionally, our analysis 
revealed a significant positive correlation between RE 
values and fraction of purines in targeted sequences that, 
to our knowledge, has not been reported before. The 
analysis of the fraction of individual nucleotides showed 
that the main driver of both purines and GC effect on 
the enrichment is presence of G in targeted sequences. It 
may suggest that not only thermodynamic parameters but 
also sequence composition of either a probe or a targeted 
sequence may influence enrichment efficiency. It has to 
be noted, however, that these results should be interpreted 
carefully due to (i) the non-random selection of probed 
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regions that does not cover the full range of the analyzed 
parameter (e.g., GC content in a range of 39-60%), and (ii) 
the low power of our analysis (low number of analyzed 
regions).

In conclusion, we designed an innovative MTTE 
strategy for the evaluation of exome-enriched libraries 
that may be easily adapted to any set of selected targets 
(e.g., exome, miRNome, methylome (methyl-seq) or 
panel of genes of interest). The strategy allows not only 
reliable estimation of general sample enrichment but also 
allows the evaluation of enrichment of regions of specific 
characteristics or location that may be of special interest 
for a project.

MATERIALS AND METHODS

Samples

The performance of MLPA probes and the MTTE 
assay was validated using reference gDNA samples from 
the HapMap panel purchased from the Coriell Institute for 
Medical Research [24]. According to the information from 
the Coriell Institute, all samples were diluted to a working 
concentration of 50 ng/μl.

The enrichment analysis was performed on 
3 samples [one normal (normal_1) and two acute 
myeloid leukemia (leukemia_1 and leukemia_2) 
samples] sequenced at the ECBaG (European Centre for 
Bioinformatics and Genomics) in the framework of other 
projects.

Preparation of libraries and sequencing analysis

Three genomic DNA samples (1 μg per sample) 
were fragmented through sonication [Bioruptor NextGen 
(Diagenode, Denville, NJ, USA)] at a low power and for 
45 cycles (30 s on, 30 s off) and used for the construction 
of the indexed gDNA libraries using a TruSeq DNA 
Sample Preparation Kit (Illumina, San Diego, CA, 
USA), according to the manufacturer’s instructions. 
Whole exome enrichment was performed from 500 ng of 
each gDNA library using a TruSeq Exome Enrichment 
Kit (Illumina). For testing of MTTE performance, we 
compared the efficiency of enrichment after the first and 
second rounds of enrichment. For this purpose, 10% (3 μl) 
of the library from the first round of enrichment was pulled 
out and subsequently treated as the corresponding library 
after the second step of enrichment (PCR amplification 
in 10 μl volume). Size distribution of the exome-enriched 
libraries was validated using the High Sensitivity DNA 
Assay in a Bioanalyzer 2100 (Agilent Technologies, Santa 
Clara, CA, USA). The libraries were quantified with a 
Qubit™ 1.0 Fluorometer (Invitrogen, Life Technologies, 
Grand Island, NY, USA) and real-time PCR [Rotor-Gene 
Q (Qiagen, Venlo, The Netherlands)], performed according 

to the qPCR Quantification Guide (Illumina TruSeq 
Enrichment Guide) using primers complementary to the 
adapter sequences and MESA Green qPCR MasterMix 
(Eurogentec). For sequencing with the Genome Analyzer 
GAIIx (Illumina), three libraries were combined per lane 
of a single-read flow-cell in the following way: lane 1 - 
three libraries before enrichment; lane 2 – three libraries 
after the first round of enrichment; lane 3 - three libraries 
after the second round of enrichment. Approximately 9 
million 101 bp-long reads were collected for each library. 
The raw data were submitted to adapter trimming and 
quality filtering with the FASTX-Toolkit. The remaining 
reads were mapped to the human reference genome (hg19) 
using Bowtie 2. To calculate the number of reads mapped 
to the gene coding and non-coding regions, specialized 
Linux bash scripts were prepared, taking into account the 
coordinates of the regions targeted by the TruSeq Exome 
Enrichment Kit (Illumina).

MTTE assay and MLPA analysis

MLPA analysis was performed using the in-house 
designed MTTE assay. The MLPA probes and the probe-
set layout were designed and generated according to a 
previously proposed [19, 20] and well-validated [e.g.,[23, 
25–27]] strategy. This strategy exclusively utilizes short 
oligonucleotide probes that can be easily generated via 
standard chemical synthesis. Each probe consists of two 
half-probes of equal size, and the total probe length ranges 
from 93 to 160 nt. The target sequences for the probes 
were selected to avoid single nucleotide polymorphisms 
(SNPs), insertions/deletions, copy number variable 
regions (CNVRs), segmentally duplicated sequences, 
repeat elements, and sequences of extremely low or high 
guanosine-cytosine (GC) content [18, 20]. The designed 
probes are complementary to the targeted and non-targeted 
regions, selected based on the genomic coordinates of the 
regions targeted by the TruSeq Exome Enrichment kit. 
The sequences and detailed characteristics of all probes 
are shown in Supplementary Table S1. All probes were 
selected from MLPA sets designed before and validated in 
hundreds of samples in our previous projects [19, 20, 23, 
25, 26, 28]. The MLPA probes were synthesized by IDT 
(Skokie, IL, USA). Samples for the MTTE analysis were 
obtained at several steps during the preparation of exome-
enriched libraries. In the MTTE analysis of each sample, 
we used a 5 μl aliquot of the gDNA/library collected at 
the following steps of the enrichment procedure: (i) gDNA 
(50 ng/μl), (ii) 4-fold dilution of 1.25 μl of fragmented 
gDNA (up to ~25 ng/μl), (iii) 5-fold dilution of 1 μl of 
gDNA library, (iv) 5-fold dilution of 1 μl of the exome 
enriched library after the first enrichment, and (v) 5-fold 
dilution of 1 μl of the exome enriched library after the 
second enrichment. The MLPA reactions were run 
according to the manufacturer’s general recommendations 
(MRC-Holland, Amsterdam, The Netherlands), and as 
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described earlier [17, 19]. The products of the MLPA 
reactions were diluted 100× in HiDi formamide containing 
GS Liz600, which was used as a DNA sizing standard, 
and separated by size using capillary electrophoresis 
(POP7 polymer; ABI Prism 3130XL apparatus; Applied 
Biosystems, Carlsbad, CA, USA). The electropherograms 
were analyzed using GeneMarker software v 2.2.0 
(SoftGenetics, State College, PA, USA). The signal 
intensities (peak heights) were retrieved and transferred to 
prepared Excel sheets (available upon request). The signal 
intensity of each probe was divided by the geometric mean 
of signal intensities of the probes specific for the targeted 
regions to normalize the values and to minimize run-to-
run variation. To calculate RE for each targeted and non-
targeted region, the normalized signal intensity of each 
probe was divided by the corresponding normalized signal 
of the probe in the reference sample to avoid the biased 
effect that results from various efficiency of the probes 
amplification. FE for samples after the first and the second 
enrichment was calculated according to the following 
equation: FE=[(TPE*TR)/(TPE*TR+NPE*NR)]/[(TP*TR)/
(TP*TR+NP*NR)], where: TPE – the average RE of target 
probes in the sample after enrichment; TR – the fraction 
of targeted regions (here 0.02); NPE – the average RE of 
non-target probes in the sample after enrichment; NR – 
the fraction of non-targeted regions (here 0.98); TP – the 
average RE of target probes in the reference sample, which 
equals 1; and NP – the average RE of non-target probes in 
the reference sample, which equals 1.

qPCR analyses

qPCR analyses were performed with the use of 
LightCycler 480 system with probes from the Universal 
Probe Library (UPL) (Roche), following the protocol 
proposed by the manufacturers. qPCR analyses 
were conducted for all three samples (i.e., normal_1, 
leukemia_1 and leukemia_2) before enrichment and 
after the 1st and 2nd steps of enrichment, with the use 
of four qPCR assays for targeted regions and three qPCR 
assays for non-targeted regions. The concentration of all 
samples on each step was measured with the use of the 
Qubit™ 1.0 Fluorometer (Invitrogen, Life Technologies, 
Grand Island, NY, USA). For the analyses of leukemia_1, 
leukemia_2, and normal_1 samples, 1 ng of input 
DNA from each step of enrichment were used. The 
sequences of the primers and numbers of probes applied 
within the individual assays were as follows: ta_1p36 
assay – Fwd: 5’-AATAGGGCCTGAGGGAAAC-3’, 
Rev: 5’-GTAGCGGCTAGGAGAATACAT-3’, probe 
#57; ta_5p13 assay – Fwd: 5’-ACAGGCCTC 
TTGGTCTTGT-3’, Rev: 5’-TGTTGCGAAGCTCT 
TTGGT-3’, probe #17; ta_7p11 assay – Fwd: 
5’-GCCAAAAGTGTGATCCAAG-3’, Rev: 5’-GTTTCT 
GGCAGTTCTCCTC-3’, probe #3; ta_21q21 assay – 

Fwd: 5’-GCATTAACAGTGTATGATGCC-3’, Rev: 
5’-TTATCCAGCAGGGTGACTC-3’, probe #88; nt_2q37 
assay – Fwd: 5’- CCCCAAAAAAATCCTCAGA-3’, Rev: 
5’- TGGGCTGAAGTTGCTGTAG-3’, probe #60; nt_9q34 
assay – Fwd: 5’-ATACTGAGAGGGAAACAGCAG-3’, 
Rev: 5’-CATAAGCTCCACTTACTGGC-3’, probe 
#41; nt_17q22 assay – Fwd: 5’- AAAGTC 
CTGACTCCCTCACT-3’, Rev: 5’- AGAAGTGG 
GACCAGTGTCT-3’, probe #49. qPCR assays were run 
for 45 cycles and if particular assay was amplified in or 
after 36 cycle, we assumed that the Ct value equals 36. For 
each assay PCR efficiencies (E) were measured based on 
a standard curve analysis. Fold enrichment (FEqPCR) was 
calculated as EΔCt, where ΔCt is the difference between 
Ct values of a non-enriched library (reference) and an 
enriched library (either after the 1st or 2nd enrichment), 
as proposed by Roche NimbleGen and [16].

Statistical analysis

All statistical analyses were performed using 
GraphPad QuickCalcs [29]. All statistical tests were 
two-sided and p-values less than 0.05 were considered 
statistically significant.
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MTTE: an innovative strategy for the evaluation of targeted/
exome enrichment efficiency

SUPPLEMENTARY FIGURES AND TABLE

Supplementary Figure S1: Results of the analysis conducted using the in-house designed MTTE assay. The bar graphs 
represent the relative enrichment (y-axis) of each analyzed region (x-axis), obtained in the analysis of specimens from steps (i-v) of exome 
enrichment of (from the left) normal_1, leukemia_1, and leukemia_2 samples. The corresponding RC values are indicated on the graphs 
(steps iv-v).
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Supplementary Figure S2: Average coverage of the sequences surrounding the targeted sequences. A. The relationship 
between the clearance efficiency calculated based on the MTTE results and increasing distance from the targeted regions (log10 values). 
Average (red mark) and standard deviation (SD, error bars) of RC in all analyzed samples (n=3) are indicated. Correlation coefficient (R), 
p-value for correlation, and linear correlation trend line are shown on the graph. B. Plots illustrating an average NGS coverage in relation 
to the position of the TruSeq exome enrichment probe. For the analysis, we selected 77000 probes that are distant to each other by at least 
1000 nucleotides. A targeted region and a pulldown region are indicated on the graph. The pulldown region represents the sequence that 
may be captured from the library assuming the average size of the library fragments (inserts) to be 230 bp (see technical notes regarding 
the TruSeq Exome Enrichment Kit).
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Supplementary Figure S3: Evaluation of the enrichment efficiency with the use of qPCR analysis. A. Representative results 
of qPCR assays designed for the selected targeted (left-hand side) and non-targeted (right-hand side) regions. The curves representing non-
enriched library and libraries after the first and second round of enrichments are indicated on the graphs (corresponding Ct values are 
indicated in brackets). B. Comparison of the RE and FE values (calculated based on MTTE and qPCR results, respectively) corresponding 
to the selected targeted and non-targeted regions analyzed by both MTTE and q PCR. The figure illustrates representative results obtained 
for the leukemia_1 sample. The results of the other analyzed samples are very similar.
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Supplementary Figure S4: Correlation of RE values (y-axis) of targeted probes with potential enrichment-affecting 
factors (x-axis). Average (red mark) and SD (error bars) of RE in all analyzed samples (n=3) are indicated.R, p-value for correlation, and 
linear correlation trend line are shown on the graph. Graphs in the left and right columns show the results after the first and second rounds 
of enrichment, respectively. For the correlation analysis involving fraction of repetitive elements, we took into account a region of 2.5 kb 
upstream and downstream of the center of TruSeq exome enrichment probes.
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Supplementary Table S1: Detailed characteristics and sequences of the probes included in the MTTE assay

See Supplementary File 1



Supplementary Table S1.  Detailed characteristics and sequences of the probes included in the MTTE assay.

probe id former 

probe id

use of probe 

in former 

projects

gene probe location 

(hg19)

5'PSS length 5'SS length 5'TSS length Tm 5'HPL 3'TSS length Tm 3'SS length 3'PSS length 3'HPL TPL

ta_22q12 Control1

[chr22]

.(19) NF2, 

exon 12

chr22:30,069,296-

30,069,338

GGGTTCCCTA

AGGGTTGGA

19 cgctac 6 GGCCCAGATCAC

CGAGGAGGA

21 75.6 46 GGCAAAACTTCT

GGCCCAGAAG

22 71.0 ac 2 TCTAGATTG

GATCTTGCT

GGCGC

23 47 93

ta_5p13 DROSHA_1 .(21) DROSHA , 

exon 30

chr5:31,410,867-

31,410,908

GGGTTCCCTA

AGGGTTGGA

19 cgctacta 8 GCCAAGGTCTTG

GTGCGAAGC

21 73.2 48 GCCACAGGCCTC

TTGGTCTTG

21 72.3 ctac 4 TCTAGATTG

GATCTTGCT

GGCGC

23 48 96

nt_9q34 3'TSC1_2 .(19) C9orf9 , 

intron 2

chr9:135,761,779-

135,761,825

GGGTTCCCTA

AGGGTTGGA

19 cgctact 7 AAATTCCAGCGT

GGGCCACCCAT

23 74.7 49 ACTGAGAGGGAA

ACAGCAGGGACT

24 70.5 tac 3 TCTAGATTG

GATCTTGCT

GGCGC

23 50 99

nt_17q22 mir-

142_4

.(23) BZRAP1-

AS1, 

intron 2

chr17:56,409,474-

56,409,517

GGGTTCCCTA

AGGGTTGGA

19 cgctacta

ct

10 CAGGAGCCCAAG

GCTATCCCAA

22 73.1 51 CAAAAATGGTGG

CCATGTTGGG

22 71.3 atctac 6 TCTAGATTG

GATCTTGCT

GGCGC

23 51 102

nt_2q35 BARD1_f5

'

.(22) LOC10192

8103 , 

intron 1

chr2:215,675,559-

215,675,612

GGGTTCCCTA

AGGGTTGGA

19 cgctac 6 CTGGGACCTGGA

TAGACACTTGGA

TAT

27 70.5 52 CAGCTAGAAAGC

TACGACAGGAAA

CCA

27 71.1 tac 3 TCTAGATTG

GATCTTGCT

GGCGC

23 53 105

nt_10q26 mir-

202_2

.(23) intergen

ic 

region

chr10:135,062,340-

135,062,384

GGGTTCCCTA

AGGGTTGGA

19 cgctacta

ctatt

13 AAGGAACAAGGC

TGAGGCCTCA

22 70.0 54 GAGGCCTCTTCA

GTGACCATGTC

23 70.8 aaatctac 8 TCTAGATTG

GATCTTGCT

GGCGC

23 54 108

ta_1q22 Control2

[chr1]

.(19) LMNA , 

exon 6

chr1:156,105,818-

156,105,862

GGGTTCCCTA

AGGGTTGGA

19 cgctacta

ctat

12 CAGCTGGACGAG

TACCAGGAGCTT

24 72.8 55 CTGGACATCAAG

CTGGCCCTG

21 72.7 aactaaat

ctac

12 TCTAGATTG

GATCTTGCT

GGCGC

23 56 111

ta_7p11 EGFR_e5 .(20,24) EGFR , 

exon 5

chr7:55,218,989-

55,219,034

GGGTTCCCTA

AGGGTTGGA

19 cgctacta

ctatt

13 CAAAAGTGTGAT

CCAAGCTGTCCC

A

25 72.0 57 ATGGGAGCTGCT

GGGGTGCAG

21 74.6 aaactaaa

tctac

13 TCTAGATTG

GATCTTGCT

GGCGC

23 57 114

ta_16p13 TSC2_exo

n23

.(19) TSC2 , 

exon 23

chr16:2,126,095-

2,126,137

GGGTTCCCTA

AGGGTTGGA

19 cgctacta

ctattagt

a

17 CCCATCACGTCA

TAGCCATGTG

22 70.2 58 GTTCATCAGGTG

CCGCCTGCC

21 76.0 tcaaacta

aatctac

15 TCTAGATTG

GATCTTGCT

GGCGC

23 59 117

ta_14q32 DICER1_2 .(21) DICER1 , 

exon 14

chr14:95,577,662-

95,577,708

GGGTTCCCTA

AGGGTTGGA

19 cgctacta

ctattagt

ag

18 GGTAGCACTGCC

TTCGTTTCGTG

23 71.5 60 GAACCTGGTCTT

CCTGGAACACTG

24 71.5 aaactaaa

tctac

13 TCTAGATTG

GATCTTGCT

GGCGC

23 60 120

ta_2q35 BARD1_e0

9

.(22) BARD1 , 

exon 9

chr2:215,609,825-

215,609,881

GGGTTCCCTA

AGGGTTGGA

19 cgctacta

ctattagt

16 ACTCATGTTGTT

GTTCCTGGTGAT

GCA

27 71.6 62 GTTCAAAGTACC

TTGAAGTGTATG

CTTGGG

30 71.5 taaatcta

c

9 TCTAGATTG

GATCTTGCT

GGCGC

23 62 124

nt_3p21 mir-

566_2

.(23) SEMA3F , 

intron

chr3:50,210,365-

50,210,410

GGGTTCCCTA

AGGGTTGGA

19 cgctacta

ctattagt

agaattg

23 ACCCTGAGCGTG

GGAGCATTAA

22 70.0 64 CCCCCACCTGAG

CAAAAACTCTTT

24 71.7 ggtcaaac

taaatcta

c

17 TCTAGATTG

GATCTTGCT

GGCGC

23 64 128

nt_6q13 miR-

30a_2

.(21) intergen

ic 

region 

chr6:72,114,572-

72,114,637

GGGTTCCCTA

AGGGTTGGA

19 cgctacta

ctatta

14 CTTAGTACTTGG

CATTCATATACC

ACTGCTGAC

33 71.2 66 TAGAGCTTGAGT

CAATCCACCAAA

CTCAGCTAT

33 72.3 ctaaatct

ac

10 TCTAGATTG

GATCTTGCT

GGCGC

23 66 132

tf_2q35 BARD1_e0

1''

.(22) BARD1 , 

intron 1

chr2:215,674,039-

215,674,086

GGGTTCCCTA

AGGGTTGGA

19 cgctacta

ctattagt

agaattga

tg

26 TTTCTGGGGGCG

GCAGAATCTTT

23 72.3 68 TCAAATCTTCCG

TTTCCTCCTTCC

G

25 71.3 aatggtca

aactaaat

ctac

20 TCTAGATTG

GATCTTGCT

GGCGC

23 68 136

ta_21q21 miR-

155_2

.(21) MIR155HG

, exon 3

chr21:26,946,376-

26,946,424

GGGTTCCCTA

AGGGTTGGA

19 cgctacta

ctattagt

agaattga

tg

26 GCATTCACATGG

AACAAATTGCTG

C

25 70.9 70 CGTGGGAGGATG

ACAAAGAAGCAT

24 71.4 tctaatgg

tcaaacta

aatctac

23 TCTAGATTG

GATCTTGCT

GGCGC

23 70 140

ta_17p13 Control3

[chr17]

.(19) ASPA , 

exon 5

chr17:3,397,657-

3,397,712

GGGTTCCCTA

AGGGTTGGA

19 cgctacta

ctattagt

agaattga

tg

26 TCCCTGCGCCAT

TGAGGTCTATAA

AAT

27 70.6 72 TATAGAGAAAGT

TGATTACCCCCG

GGATG

29 70.9 aatggtca

aactaaat

ctac

20 TCTAGATTG

GATCTTGCT

GGCGC

23 72 144

nt_2q37 mir-

149_1

.(23) GPC1 , 

intron 1

chr2:241,394,664-

241,394,713

GGGTTCCCTA

AGGGTTGGA

19 cgctacta

ctattagt

agaattga

tgcca

29 CAAAAAAATCCT

CAGAGCACTGGG

GA

26 72.3 74 AGGGAAGTGTCC

CAGTGACTGAGG

24 72.3 tgtatcta

atggtcaa

actaaatc

tac

27 TCTAGATTG

GATCTTGCT

GGCGC

23 74 148

nt_6p21 mir-

1275_1

.(23) intergen

ic 

region

chr6:33,967,092-

33,967,143

GGGTTCCCTA

AGGGTTGGA

19 cgctacta

ctattagt

agaattga

tgccacc

31 GAAGCTATAGAT

GCTAAGGCAACC

GG

26 70.3 76 GGCTCAGGTTCT

CTTCTTCAAAGC

TC

26 71.1 tgtatcta

atggtcaa

actaaatc

tac

27 TCTAGATTG

GATCTTGCT

GGCGC

23 76 152

nt_1p36 ARID1A_i

01

.(22) ARID1A , 

intron 1

chr1:27,026,605-

27,026,657

GGGTTCCCTA

AGGGTTGGA

19 cgctacta

ctattagt

agaattga

tgccacct

tt

34 AGCTTCCACTTC

TGTGGACTGCTT

C

25 70.5 78 AGGTGTGTGGTA

GTAGTCTAGGTG

AGGG

28 70.9 tgtatcta

atggtcaa

actaaatc

tac

27 TCTAGATTG

GATCTTGCT

GGCGC

23 78 156

ta_1p36 ARID1A_e

16

.(22) ARID1A , 

exon 16

chr1:27,100,117-

27,100,158

GGGTTCCCTA

AGGGTTGGA

19 cgctacta

ctattagt

agaattga

tgccacct

tttcagct

40 CCACAGCCGAAT

CTCATGCCT

21 71.1 80 TCCAACCCAGAC

TCGGGGATG

21 72.6 tttgcgaa

atgtatct

aatggtca

aactaaat

ctac

36 TCTAGATTG

GATCTTGCT

GGCGC

23 80 160

Legend:

5'PSS, 3'PSS - 5' and 3' primer-specific sequence, respectively SALSA PCR Forward primer (Labeled):  *GGGTTCCCTAAGGGTTGGA

5'SS, 3'SS - 5' and 3' stuffer sequence, respectively SALSA PCR Reverse primer (Unlabeled): GTGCCAGCAAGATCCAATCTAGA

5'TSS, 3'TSS - 5' and 3' target-specific sequence, respectively

Tm - melting temperature AC# V00604   Phage M13 genome

5'HPL, 3'HPL - 5' and 3' half-probe length position: 3-99

TPL - total probe length 5'-cgctactactattagtagaattgatgccaccttttcagctcgcgccccaaatgaaaatatagctaaacaggttattgaccatttgcgaaatgtatctaatggtcaaactaaatctac-3'
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