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STRESZCZENIE

W genomie nowotworowym wystepuje szereg zmian somatycznych, ktérych
rezultatem moze by¢ utrata funkcji genow supresorowych lub aktywacja onkogendw,
prowadzaca do niekontrolowanego namnazania komoérek. Jednym z obserwowanych
rodzajow zmian genetycznych w nowotworach sg mutacje typu zmiany liczby kopii
(amplifikacje i delecje), ktore mogg obejmowad znaczng czes¢ genomu. Wiekszos¢ takich
zmian ma charakter neutralny, jednak cze$¢ stanowig mutacje prowadzace do inicjacji
i progresji nowotworu. Rozpoznanie gendéw ulegajacych czestym amplifikacjom lub delecjom
moze wiec by¢ wainym narzedziem identyfikacji gendw odgrywajacych kluczowa role
w procesie nowotworzenia, odpowiednio onkogendw i genéw supresorowych.

Tematyka moich badan obejmowata analize zmiennosci genetycznej w raku ptuca,
ktory stanowi najczestszg przyczyne zgondw zwigzanych z nowotworami. Materiatem
wykorzystywanym w prowadzonych przeze mnie eksperymentach byly prébki DNA
pochodzgce z pierwotnych niedrobnokomdrkowych rakéw ptuca (NSCLC), zdiagnozowanych
w Centrum Onkologii w Bydgoszczy. Natomiast podstawowg technika, jakg stosowatem, byta
zalezna od ligacji multipleksowa amplifikacja sond (MLPA).

W pierwszym etapie moich badan przeprowadzitem analize zmian w jednym
z kluczowych dla raka ptuca onkogendéw, genie EGFR. Analiza ta wskazata na zaleznosé
amplifikacji genu EGFR od wystepowania w nim mutacji punktowych. Ponadto, stwierdzenie
bardzo wysokiej czutosci i specyficznos$ci testu MLPA byto podstawg do zaproponowania
strategii dwupoziomowej analizy mutacji genu EGFR w raku ptuca.

Dalsze badania pozwolity mi zaobserwowa¢ wystepowanie bardzo duzej czestosci
zmian liczby kopii gendw mikroRNA. Wyniki wskazujg, ze zmiennos¢ liczby kopii moze byé
istotnym mechanizmem odpowiedzialnym za nowotworowo-specyficzng ekspresje wielu
mikroRNA. Ponadto, uzyskane wyniki wykazujg zaskakujgco czestg amplifikacje dwdch
kluczowych genéw biogenezy mikroRNA, DICER1I i DROSHA. Poréwnanie wynikdéw analizy
genetycznej z danymi klinicznymi wykazato zwigzek podwyzszonej lub obnizonej liczby kopii
niektérych z badanych genéw (miR-30d, miR-200b oraz DROSHA) ze zmiang przezywalnosci
pacjentow. Moze to sugerowac potencjalng mozliwos¢ wykorzystywania zmian liczby kopii
tych gendéw jako biomarkeréw nowotworowych. Otrzymane przeze mnie wyniki
skonfrontowatem z catogenomowymi danymi generowanymi w duzych projektach badania
nowotwordéw, co pozwolito mi wykaza¢ zaréwno wptyw zmiennosci liczby kopii genow
DICER1 i DROSHA na ich ekspresje, jak réwniez wptyw zmian ekspresji tych gendéw na okres
przezycia pacjentéw.

Podsumowujac, rezultaty moich badan ukazujg nieznane dotad zaleznosci dotyczace
waznych dla raka ptuca onkogendéw, a takze wskazujg na potencjalnie istotne znaczenie kilku
innych genéw, w tym gendw mikroRNA i gendéw biogenezy mikroRNA. Wyniki uzyskane
w ramach mojej pracy doktorskiej zostaty opublikowane w dwodch recenzowanych
publikacjach eksperymentalnych oraz jednej przegladowe;j.



ABSTRACT

In cancer genome, there is number of somatic changes, which may result in loss of
function of suppressor genes or in the activation of oncogenes, leading to uncontrolled
proliferation and growth of cancer cells. One of the most frequently observed type of
genetic alterations in cancer is copy number alteration, which may often constitute a large
part of the genome. Majority of such changes has a neutral character, but some of them lead
to the initiation and/or progression of cancer. Therefore, recognition of genes undergoing
frequent amplifications and/or deletions is important for the identification of those which
play an important role in tumorigenesis, oncogenes and/or tumor suppressor genes,
respectively.

The subject of my studies included analysis of a genetic variation in lung cancer,
which is a type of cancer causing the highest number of cancer-related deaths. For my
experiments, | used DNA samples extracted from non-small-cell lung cancers (NSCLCs),
diagnosed in the Oncology Centre in Bydgoszcz. The basic experimental method employed in
my studies was the multiplex ligation-dependent probe amplification (MLPA).

In the first stage of lung cancer studies, | performed the analysis of alterations in one
of the key lung cancer related genes, the EGFR gene. This analysis revealed the association
between the occurrence of EGFR mutations and EGFR amplification. Furthermore, the
determination of very high sensitivity and specificity of the MPLA test was the basis for
proposing a two-tiered EGFR mutation analysis strategy.

As a result of my further studies, | observed very frequent copy number alterations of
microRNA genes. These results indicate, that copy number alterations may be an important
mechanism responsible for cancer-specific expression of many microRNAs. This investigation
also revealed a surprisingly frequent amplification of two key genes involved in microRNA
biogenesis, DICER1 and DROSHA. Comparing the outcomes of genetic analysis with clinical
data, | showed the association of copy number alterations of some of the investigated genes
(miR-30d, miR-200b and DROSHA) with patients’ survival. This result suggests that copy
number alterations of these genes may be considered biomarkers in cancer. In the next step,
I confronted the results of my analyses with whole-genome data, generated in large-scale
cancer genomic projects. It allowed me to show both the impact of copy number alterations
of DICER1 and DROSHA on their expression, and the influence of their expression changes on
patients’ survival.

To summarize, the outcomes of my studies have revealed unknown associations of
key lung cancer oncogenes, and have indicated the potential significance of several other
genes, including microRNA genes and microRNA biogenesis genes. The obtained results have
been published in three peer-reviewed articles, including two experimental articles, and one
review.



OPIS WYNIKOW PRACY DOKTORSKIE)

Wprowadzenie

Nowotworami nazywamy zmiany spowodowane niekontrolowanym rozrostem
komérek. Wedtug Swiatowej Organizacji Zdrowia, rocznie z powodu nowotworéw umiera na
Swiecie ponad 8 milionéw ludzi, a przewidywany wzrost liczby zgonédw w najblizszych dwéch
dekadach wyniesie 70%. [1, 2]. Istnieje ponad 100 typéw nowotwordw, przy czym kazdy
z nich wymaga osobnej diagnostyki i leczenia. Sposréd wszystkich typow, najczestsza
przyczyng zgondéw zwigzanych z nowotworami jest rak ptuca, ktéry jest jednoczesnie jednym
z najbardziej heterogenicznych genetycznie nowotworéw. Wyrdzniamy w nim kilka
podtypdw, z ktérych najczestszym jest niedrobnokomoérkowy rak ptuca (NSCLC, ang. non-
small-cell lung cancer) [3].

Rozwdj nowotwordw zwigzany jest z wystepowaniem w genomie nowotworowym
szeregu mutacji somatycznych. Pewna ich czes¢ mozie wpltywaé na funkcje gendw,
powodujac utrate funkcji gendw supresorowych lub aktywacje (nabycie nowej funkcji i/lub
zwiekszenie ekspresji) onkogenéw. Dodatkowo, ryzyko wystgpienia nowotworow moze byé
modyfikowane przez tto genetyczne, w tym mutacje genetyczne o wysokiej penetracji,
wystepujgce w genach zwigzanych z rodzinnymi formami nowotworow.

Obok mutacji punktowych oraz modyfikacji epigenetycznych, jednym z czestszych
rodzajow zmian w genomie nowotworowym sg mutacje typu zmiany liczby kopii [4]. Do
zmian liczby kopii zaliczamy delecje, duplikacje oraz amplifikacje obejmujace regiony
genomu o dfugosci od okoto 1 kpz do kilku Mpz, czy nawet cate ramiona chromosoméw.
Analizy oparte na macierzach SNP wykazaty, ze w raku ptuca regiony ulegajgce czestym
zmianom liczby kopii obejmujg 50% genomu [5]. W indywidualnych prébkach raka ptuca,
zmiennosci liczby kopii ulega $rednio 40% genomu [6] (Rycina 1). Wiekszo$¢ tych zmian
stanowig zmiany neutralne, a tylko nieliczne odgrywajg istotng role w inicjacji i progresji
nowotworu.

Szacuje sie, ze liczba poznanych obecnie proto-onkogendw i gendéw supresorowych
stanowi zaledwie okoto 15% wszystkich genéw, ktére mogg mie¢ istotny udziat w rozwoju
nowotworéw [4]. Skuteczng metodg poszukiwania nowych gendw waznych dla procesu
nowotworzenia jest identyfikacja gendw podlegajgcych czestym mutacjom w genomie

nowotworowym. Rozpoznanie takich gendw moze przyczyni¢ sie do lepszego zrozumienia



choréb nowotworowych, a tym samym do lepszej oceny ryzyka wystgpienia nowotworu
i przebiegu choroby. Geny te rowniez moga stac sie celami nowych terapii, w tym terapii
personalizowanych.

W ostatnim czasie, poszukiwanie nowych biomarkeréw nowotworowych w znacznym
stopniu skupito sie na mikroRNA. mikroRNA sg to niekodujace, jednoniciowe czgsteczki RNA
o dtugosci okofo 21 nukleotydow. Ich biogeneza z pierwotnych dtugich prekursoréw jest
procesem wieloetapowym, katalizowanym m. in. przez rybonukleazy DROSHA oraz DICER.
Dojrzate czgsteczki mikroRNA, poprzez oddziatywanie z regionem 3’ UTR docelowych mRNA,
przyczyniajg sie do wyciszania ekspresji genow [7, 8]. Biologiczna funkcja wiekszosci
czasteczek mikroRNA nie zostata dotad poznana. Liczne badania wskazujg jednak na
potencjalng (zarowno onkogenng, jak i supresorowg) role niektorych mikroRNA w procesie

nowotworzenia [9].
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Rycina 1 Wizualna reprezentacja (mapa cieplna) zmian liczby kopii w genomie nowotworowym na przyktadzie
NSCLC. Poziome rzedy reprezentujg poszczegdlne prébki nowotworowe. Czerwonym i niebieskim kolorem
zaznaczono regiony o odpowiednio podwyzszonej i obnizonej liczbie kopii. Na osi X zaznaczone sg pozycje
kolejnych chromosoméw (wygenerowano w UCSC Cancer Genomics Browser, na podstawie danych TCGA).

Cel pracy

Ogdlnym celem mojej pracy doktorskiej byto pogtebienie wiedzy na temat zmiennosci
genetycznej w NSCLC oraz okreslenie jej roli w rozwoju nowotworu. Moje szczegdlne
zainteresowanie skupiato sie na somatycznych zmianach liczby kopii (delecjach
i amplifikacjach), ktére poprzez efekt dawki mogg regulowac aktywnos¢ wielu gendw,
a takie mogg by¢ wskaznikiem roli poszczegdlnych gendw w nowotworze (geny

supresorowe, onkogeny).



W ramach powyzej okreslonego celu realizowatem dwa nastepujace cele szczegétowe:

e analiza amplifikacji genu EGFR oraz ich wzajemnych relacji z onkogennymi mutacjami
punktowymi EGFR, oraz z podstawowymi danymi klinicznymi i epidemiologicznymi.
Analiza genetyczna genu EGFR ma ogromne znaczenie ze wzgledu na kluczowa role
tego genu w kontekécie celowosci stosowania terapii spersonalizowanej
z wykorzystaniem inhibitoréw kinaz tyrozynowych.

e analiza zmiennosci liczby kopii wybranych genéw mikroRNA w kontekscie
mechanizmu ich regulacji (podniesienie lub obnizenie ekspresji) oraz potwierdzenia
ich roli w raku ptuca (NSCLC). W ramach tego celu prowadzitem réwniez analize

dwéch kluczowych genéw biogenezy mikroRNA, DICER1 i DROSHA.

Materiaty

Materiatem wykorzystywanym w prowadzonych przeze mnie eksperymentach byty
probki DNA pochodzace z pierwotnych NSCLC, zdiagnozowanych w Centrum Onkologii im.
Franciszka tukaszczyka w Bydgoszczy. Zostaly one wyizolowane z bloczkéw parafinowych
(FFPE; 60% prébek) oraz z rozmazéw cytologicznych (40% probek). Materiat poddany zostat
wczesniej wstepnej ocenie histologicznej, majacej na celu ustalenie typu nowotworu oraz
oszacowanie procentowej zawartosci komorek nowotworowych w tkance. Cze$é prébek
scharakteryzowana zostata pod wzgledem cech klinicznych pacjentéw, takich jak wiek, pteé
czy czas przezycia. Probki otrzymatem dzieki wspotpracy z dr. hab. n. med. Marzeng

Lewandowskg z Centrum Onkologii w Bydgoszczy.

Metody

Podstawowg technikg wykorzystywang w mojej pracy byta zalezna od ligacji
multipleksowa amplifikacja sond (MLPA, ang. multiplex ligation-dependent probe
amplification). W moich badaniach uzywatem testéw MLPA zaprojektowanych wedtug
zmodyfikowanej strategii, ktéra wykorzystuje krétkie, syntetyczne sondy oligonukleotydowe
[10]. Zastosowanie tej strategii umozliwito mi samodzielne projektowanie testéw MLPA,
odpowiednich dla celéw analizy.

W skrdcie, technika MLPA pozwala analizowa¢ jednoczesnie wiele miejsc w genomie,

z wykorzystaniem nawet 45 specyficznych sond [11]. Kazda sonda MLPA sktada sie z dwéch



pot-sond zaprojektowanych tak, aby hybrydyzowaty do bezposrednio przylegajgcych do
siebie sekwencji docelowych. W dalszym etapie pary poét-sond rozpoznajgce prawidtowo
sekwencje docelowe ulegajg ligacji, a nastepnie sg amplifikowane (PCR) przy uzyciu pary
uniwersalnych starteréw, z ktérych jeden jest wyznakowany fluorescencyjnie. Produkty
amplifikacji rozdzielane sg z wykorzystaniem elektroforezy kapilarnej. Wynikiem rozdziatu
elektroforetycznego jest charakterystyczny uktad pikow odpowiadajgcych poszczegdlnym
sondom. Intensywnos$¢ pikow jest proporcjonalna do dawki (liczby kopii) sekwencji
docelowych. Dzieki temu, na etapie analizy wynikdw mozliwe jest okreslenie wzglednej
(oszacowanej wzgledem probek referencyjnych) liczby kopii danego regionu genomu.
Ponadto, dzieki zastosowaniu specjalnie zaprojektowanych sond specyficznych dla mutacji,

mozliwe jest réwniez wykrywanie za pomocg techniki MLPA matych mutacji [10] (Rycina 2)
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Rycina 2 Schemat metody MLPA oraz analizy jej wynikdw. A) Etapy reakcji MLPA. Poszczegdlne sekwencje
wchodzgce w sktad sondy MLPA zaznaczone zostaty odpowiednimi kolorami. B) Mapa hipotetycznego genu, na
ktorej zaznaczone zostaty poszczegdlne eksony oraz pozycje sond MLPA. C) Przyktadowe elektroferogramy
probki referencyjnej i probki badanej. Strzatkami zaznaczono podwyzszone sygnaty sond. D) Wykres stupkowy,
przedstawiajgcy stosunek intensywnosci sygnatu poszczegdlnych sond w prébce badanej i referencyjnej.
Przedstawiony przyktad reprezentuje amplifikacje hipotetycznego genu.



W moich badaniach wykorzystywatem réwniez takie techniki laboratoryjne, jak
sekwencjonowanie metoda Sangera, PCR w czasie rzeczywistym (RT PCR, ang. Real-Time
PCR) oraz ilosciowa analiza PCR technikg emulsyjng (ddPCR, ang. droplet digital PCR).
W analizach otrzymywanych wynikéw wykorzystywatem odpowiednie testy statystyczne,
w tym test Fishera, test Chi kwadrat dla trendu, analiza wariancji ANOVA czy korelacja
Pearsona. Wykresy przezywalnosci pacjentéw tworzone byty wedtug metody Kaplana-
Meiera, a w analizach statystycznych w tym przypadku wykorzystatem testy log-rank

(Mantel-Cox) oraz log-rank dla trendu.

Skrotowe omowienie publikacji, bedacych wynikiem pracy doktorskiej

W pierwszej z omawianych prac, wchodzacych w sktad mojej rozprawy doktorskiej, to
jest w pracy pt. ,The Use of a Two-Tiered Testing Strategy for the Simultaneous Detection of
Small EGFR Mutations and EGFR Amplification in Lung Cancer” [12], opisatem wynik analizy
matych mutacji somatycznych oraz zmian liczby kopii genu receptora naskérkowego czynnika
wzrostu (EGFR ang. epidermal growth factor receptor) w raku ptuca. Gen EGFR jest jednym
z wazniejszych znanych onkogendéw odpowiedzialnych za rozwdj raka ptuca, a mutacje
punktowe w tym genie sg biomarkerami wskazujgcymi wrazliwos¢ (np. mutacja p.L858R), lub
opornos¢ (np. mutacja p.T790M) nowotworu na inhibitory kinazy tyrozynowej, a tym samym
na zasadnos$¢ stosowania terapii celowanej [13]. Oprdcz raka ptuca, zmiany w genie EGFR sa
rowniez biomarkerami czesto wykorzystywanymi w innych typach nowotworéw [14, 15].

Analize zmian w genie EGFR przeprowadzitem z wykorzystaniem zaprojektowanego
wczesniej w naszym zespole testu MLPA, EGFRmut+ (Rycina 3) [10], ktéry pozwala na
jednoczesng i wzajemng analize zmian liczby kopii (amplifikacji) genu EGFR oraz
wystepujgcych w nim matych mutacji. Dodatkowo, test EGRFmut+ umozliwia wykrywanie
amplifikacji dwdch innych onkogendw, biorgcych udziat w rozwoju raka ptuca, MET oraz
ERBB2. Analize EGFR przeprowadzitem dla 239 prébek NSCLC.

Roéwnoczes$nie z prowadzong przeze mnie analizg MLPA, dokonana zostata analiza
z wykorzystaniem komercyjnego testu Real-Time PCR, EGFR-RT52 (Entrogen Inc.), ktéry
pozwala badac¢ 29 najczestszych mutacji wystepujgcych w domenie kinazy tyrozynowej genu
EGFR. Wyniki uzyskane za pomocg dwdch wspomnianych technik wykazaty zgodnos¢ na
poziomie 98,7%. Specyficznos¢ testu MLPA wyniosta 100%, co oznacza, ze nie uzyskatem

zadnych wynikéw fatszywie pozytywnych. Czutos$¢ testu wyniosta natomiast 90%. Obnizona



czutos¢ wynika jednak z faktu, ze dwie z trzech niewykrytych mutacji nie byty objete testem
MLPA. Trzecia z nich wystepowata natomiast w prébce o bardzo niskiej zawartosci komorek

nowotworowych (15%).
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Rycina 3 Schemat przedstawiajacy gen EGFR z zaznaczonymi (za pomocg pionowych linii umieszczonych pod
mapg genu) pozycjami sond MLPA (test EGFRmut+). Rézowym kolorem wyrdznione zostaty sondy, dzieki
ktorym mozliwe jest wykrywanie matych mutacji (nazwy wykrywanych mutacji zaznaczone zostaty powyzej
miejsca ich wystepowania).
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Przeprowadzona analiza wykazata obecnos¢ 30 mutacji w 29 (12%) sposréd 239
probek NSCLC. Najczesciej wystepujgcymi mutacjami byty delecje w eksonie 19 oraz
substytucja L858R w eksonie 21 genu EGFR (Tab. 1 w Lewandowska M.A., Czubak K. i wsp.,
2015). Wynik ten jest zgodny z danymi literaturowymi, wedtug ktorych wspomniane mutacje
stanowig facznie ponad 80% wszystkich mutacji domeny kinazy tyrozynowej genu EGFR [16].
Analizy statystyczne uwzgledniajgce charakterystyke pacjentéw, pozwolity mi zaobserwowac
kilka zaleznosci. Jedng z nich byta rézna czestos¢ wystepowania mutacji u kobiet (24,4%)
i u mezczyzn (4,7%). Chociaz wyzsza czesto$¢ mutacji u kobiet byta juz obserwowana
wczesniej, to jednak w zadnym z poprzednich badan nie zauwazono tak duzej dysproporcji
[17-20]. Moze to wynika¢ ze specyfiki warunkow srodowiskowych lub zachowan (np. palenie
papieroséw) w Polsce.

Jak juz wspomniatem, zaletg testu EGFRmut+ w poréwnaniu do testéw komercyjnych
wykorzystywanych w badaniach mutacji w genie EGFR, jest mozliwos¢ jednoczesnej analizy
mutacji punktowych oraz zmian liczby kopii genu EGFR, a takze dwéch innych onkogendw,
MET i ERBB2. Dzieki tej wiasciwosci bytem w stanie zaobserwowad zjawisko wzajemnego
wykluczania sie amplifikacji tych trzech onkogendéw. Ponadto, wykazatem istnienie
wyraznego zwigzku amplifikacji genu EGFR z wystgpieniem w nim mutacji. Zauwazytem
bowiem, ze mutacje wystepujg znacznie czesciej w probkach z amplifikacjg (90% probek), niz
w probkach z normalng liczbg kopii genu EGFR (7%). Doktadna analiza wynikéw reakcji MLPA

pozwolita mi zauwazyé, ze w wiekszosci przypadkdéw pierwszym etapem aktywacji EGFR jest



najprawdopodobniej mutacja punktowa, ktéra pocigga za sobg amplifikacje zmutowanego
allelu. Dla potwierdzenia obserwowanych zmian liczby kopii zaréwno genu EGFR, jak i dwéch
pozostatych onkogenéw (MET i ERBB2) przeprowadzitem analize liczby kopii tych gendw
z wykorzystaniem dwoch innych technik, RT PCR oraz ddPCR. Dla wynikéw uzyskanych tymi
metodami zauwazytem bardzo wysoka korelacje z wynikami testu MLPA.

Podsumowujac, gtéwnym osiggnieciem uzyskanym przeze mnie w opisanej powyzej
analizie byfto wykazanie zwigzku pomiedzy wystepowaniem w genie EGFR mutacji
punktowych a jego amplifikacja. Dodatkowo, przeprowadzona analiza potwierdzita
przydatnos¢ testu EGFRmut+ w analizie mutacji EGFR. Pozwolito to nam zaproponowad
strategie dwupoziomowej analizy mutacji genu EGFR w raku ptuca. Proponowana strategia
moze by¢ traktowana jako odpowiedz na najnowsze sugestie, ktore ze wzgledu na mozliwos¢
generowania przez ultraczute metody wynikdw fatszywie pozytywnych, rekomenduja
stosowanie jednoczesnie dwdéch niezaleznych metod wykrywania mutacji. Zalecanym jest
stosowanie jednej metody ultraczutej i jednej o umiarkowanej/standardowej czutosci
(wspdlne rekomendacje towarzystw College of American Pathologists, International

Association for the Study of Lung Cancer i Association for Molecular Pathology) [16, 21, 22].

W celu dalszego pogtebiania wiedzy dotyczacej genetyki raka ptuca, podjatem sie
zbadania somatycznej zmiennosci liczby kopii gendw mikroRNA w tym nowotworze. Wyniki
badan zostaty opisane w pracy pt. ,,High copy number variation of cancer-related microRNA
genes and frequent amplification of DICER1 and DROSHA in lung cancer” [23]. Opisywang
tutaj analize przeprowadzitem dla gendéw kodujgcych te mikroRNA, ktére w raku ptuca
ulegajg najczestszej zmianie ekspresji (6 mikroRNA o podniesionej i 6 o obnizonej ekspres;ji).
W celu selekcji takich gendéw wykorzystatem wyniki dwdch niezaleznych meta-analiz,
podsumowujgcych  kilkadziesigt prac  eksperymentalnych, zawierajagcych  wyniki
catogenomowych  analiz  ekspresji mikroRNA w  raku ptuca [24, 25].
Do analizy wtaczytem takze geny mikroRNA-17 i mikroRNA-155 (dla obu z nich opisano w
literaturze zwigzek zmiany ekspresji z przezywalnoscig pacjentéw), oraz dwa kluczowe geny
biogenezy mikroRNA, DICER1 i DROSHA (dla ktérych w raku ptuca réowniez obserwuje sie
zmiany ekspresji).

W celu analizy wybranych gendw, zaprojektowatem testy MLPA w taki sposéb, aby na

kazdy gen mikroRNA przypadaty po 2 sondy, natomiast na geny DICER1 i DROSHA po 3 sondy



MLPA. Dzieki takiemu podejsciu mogtem wytgczy¢ z pdiniejszej analizy te przypadki,
w ktérych w danej probce sondy dla danego genu nie dawaty jednoznacznych rezultatéw.

Z wykorzystaniem zaprojektowanych przeze mnie testéow MLPA, przeprowadzitem
analize zmiennosci liczby kopii wybranych genéw mikroRNA i gendéw biogenezy mikroRNA
w 254 probkach NSCLC. W wyniku dokonanej analizy zaobserwowatem zaskakujaco duzg
zmiennos¢ liczby kopii gendw mikroRNA. Niektore z nich, jak np. miRNA-17 czy miRNA-205,
ulegaty amplifikacjom czestszym i wiekszym niz dobrze znane onkogeny EGFR czy MET.
Ponadto, dla niektérych analizowanych genéw mikroRNA (przyktadowo, miRNA-17 czy
miRNA-205), kierunek zmian liczby kopii pokrywat sie z czesto obserwowanym kierunkiem
zmian ich ekspresji (zwiekszona liczba kopii odpowiadata podwyzszonej ekspresji
w nowotworze, a obnizona liczba kopii — obnizonej ekspresji). Obserwacja ta moze
sugerowac istotny udziat amplifikacji i delecji w regulacji ekspresji niektérych gendw
mikroRNA.

Oproécz gendw mikroRNA, duzg czestos¢ amplifikacji obserwowatem takze dla obu
badanych gendéw biogenezy mikroRNA, DICER1 i DROSHA. Przeprowadzona przeze mnie
analiza literatury wykazata, ze w bezposrednim sgsiedztwie genu DROSHA zlokalizowany jest
gen GOLPH3, niedawno zidentyfikowany jako onkogen wazny dla rozwoju raka ptuca [26].
Amplifikacja genu GOLPH3 potencjalnie mogtaby pociggna¢ za sobg obserwowang
zwiekszong liczbe kopii genu DROSHA. W celu zbadania takiej ewentualnosci,
zaprojektowatem odpowiedni test MPLA, pozwalajacy badac jednoczesnie liczbe kopii obu
tych gendéw. Ponadto, dzieki sondom réwnomiernie rozmieszczonym wzdtuz krétkiego
ramienia chromosomu 5, test ten pozwolit takze sprawdzi¢, czy zmiany w regionie genu
DROSHA majg charakter zlokalizowany, czy tez obejmujg wiekszy region chromosomu.
Analiza wynikéw testu wykazata, ze obserwowana amplifikacja genu DROSHA jest niezalezna
od genu GOLPH3 (w prébkach, w ktorych obserwowatem amplifikacje genu DROSHA, gen
GOLPH3 nie ulegat amplifikacjom). Przeprowadzona analiza pokazata réwniez, ze zwiekszenie
liczby kopii genu DROSHA moze by¢ zwigzane z amplifikacjg znacznej czesci krotkiego
ramienia chromosomu 5. Trzeba jednak zauwazy¢, ze bez wzgledu na to, jaka jest przyczyna
amplifikacji genu DROSHA, a tym samym podniesienia poziomu jego ekspresji, moze mieé
ona powazne konsekwencje dla komérki. Gen DROSHA koduje bowiem jedng z kluczowych

rybonukleaz biorgcych udziat w procesie biogenezy mikroRNA. Zmiana ekspresji DROSHA



moze wiec wptywac na globalny poziom mikroRNA w komérce, a to z kolei moze wptywac na
ekspresje wielu innych genow.

W dalszych analizach, w celu zbadania wptywu zmian liczby kopii badanych gendéw na
przezywalno$¢ pacjentéw, wykorzystatem dostepne dla czesci prébek dane kliniczne.
Z moich obserwacji wynika, ze zmiany liczby kopii trzech gendéw (miR-30d, miR-200b oraz
DROSHA), mialy wptyw na czas przezycia pacjentdw. Dla genu DROSHA stwierdzitem
dodatkowo istnienie trendu, ktory pokazywat, ze im bardziej zwiekszona byta liczba kopii
tego genu, tym gorsze byty rokowania pacjentéw. Podobnego wyniku nie obserwowatem dla
drugiego z badanych gendw biogenezy mikroRNA, DICER1.

W celu skonfrontowania moich wynikéw, uzyskanych dla genéw DROSHA i DICER1,
z danymi pochodzacymi z duzych projektow badania genomdéw nowotworowych,
wykorzystatem dane dostepne w portalach cBioPortal [27-29] i BioProfiling.de [30, 31]. Z ich
pomocy wykazatem, ze zwiekszona liczba kopii zaréowno genu DROSHA, jak i DICER1, koreluje
z podwyzszong ekspresjg tych gendéw. Podwyzszona ekspresja tych genéw skutkuje z kolei
zmiang przezywalnosci pacjentéow (odpowiednio obnizong i podwyzszong przezywalnoscia).
Zaleznosci takie obserwowatem nie tylko dla raka ptfuca, ale réwniez dla innych typdéw
nowotwordéw (Figure 6 i Supplementary Figure S2 w Czubak K. i wsp.,).

Podsumowujac, gtéwnym wnioskiem, jaki wynika z opisanej powyzej pracy jest
wystepowanie bardzo duzej czestosci zmian liczby kopii gendw mikroRNA oraz gendéw
DICER1 i DROSHA w raku ptuca. Co wiecej, zmienno$é ta moze by¢ istotnym mechanizmem
regulujgcym ekspresje wspomnianych genéw, a ta z kolei moze wptywac na przezywalnosc

pacjentow.

Cennym doswiadczeniem uzyskanym w trakcie moich badan byto zapoznanie sie
z mozliwosciami, jakie niesie ze sobg powszechna dostepnos¢ do danych generowanych
przez duze projekty badania genoméw nowotworowych. Dane te udostepniane s3 za
pomocg portali (przegladarek) onkogenomicznych, takich jak np. wspomniane juz cBioPortal
czy BioProfiling.de. Doswiadczenie zdobyte w pracy z tego typu portalami wykorzystatem do
przygotowania, wraz z innymi wspoétautorami, pracy przegladowej pt. ,,Oncogenomic Portals
for the Visualization and Analysis of Genome-wide Cancer Data” [32]. Praca ta w zwiezly
sposéb charakteryzuje strukture oraz przedstawia mozliwe zastosowania wybranych portali

onkogenomicznych (Tumorscape, UCSC Cancer Genomics Browser, ICGC data portal,



COSMIC, cBioPortal, IntOGen oraz BioProfiling.de), ktére wyselekcjonowalismy na podstawie
ich dostepnosci oraz przydatnosci w analizie danych uzyskiwanych w duzych projektach
badania genomdw nowotworowych, takich jak The Cancer Genome Atlas (TCGA) czy Cancer
Genome Project (CGP). Moja rola w przygotowaniu niniejszego artykutu polegata na zebraniu
informacji, przygotowaniu opisow oraz sporzadzeniu ilustracji dla czterech z siedmiu
omawianych szerzej portali, tj. Tumorscape, COSMIC, cBioPortal oraz BioProfiling.de.
Wymienione portale opisane sg w odpowiadajgcych im podrozdziatach pracy.

Opisywane portale dostarczajg mozliwosci analizy i wizualizacji wystepujacych
w genomie nowotworowym zmian takich jak mate mutacje, zmiany liczby kopii, zmiany
epigenetyczne czy zmiany ekspresji gendéw. Dzieki zintegrowaniu ze sobg réznorodnych
danych, wymienione cechy mogg by¢ skorelowane z dostepnymi cechami klinicznymi,
epidemiologicznymi czy molekularnymi (przyktadowo, mozliwe jest badanie zwigzku
ekspresji wybranych gendéw z przezywalnoscig pacjentéw, wptywu mutacji punktowej na
funkcje biatka i wiele innych).

Kazdy z portali przedstawionych w omawianej pracy przegladowej
scharakteryzowalismy pod katem szeregu cech takich jak struktura danego portalu, zrédto
danych w nim zawartych, typy nowotworéw dostepnych do analiz oraz informacje, jakie
mozna na podstawie tych analiz uzyska¢. Ponadto, dla kazdego z portali zamiescilismy
przyktady jego praktycznych zastosowan. Aby uczyni¢ prace bardziej przystepng dla
czytelnika, dla prezentowanych portali sporzadziliémy ilustracje przedstawiajgce
przyktadowe analizy i wizualizacje danych. Nalezy nadmienié, ze w pracy szerzej opisalismy te
portale, ktére w trakcie jej powstawania wydawaty sie nam by¢ najbardziej przydatnymi
sposrod wielu dostepnych portali onkogenomicznych. Ws$rdd pozostatych, wartymi

wspomnienia sg portale takie, jak Oasis, Oncomine, Cancer Genetics Web czy CaSNP.

Podsumowujgc, prace wchodzace w sktad mojej rozprawy doktorskiej opisuja
zagadnienia zwigzane z genetykg raka ptuca. Ujawniaja one nowe, wczesniej nieznane
zaleznosci charakteryzujace poznane juz, wazne w tym typie nowotworu onkogeny, jak
rowniez przedstawiajg potencjalnie istotne znaczenie kilku innych genéw, w tym gendw
mikroRNA i gendw biogenezy mikroRNA. Wykorzystanie w analizach portali

onkogenomicznych pozwolito wpisa¢ otrzymane wyniki w szerszy kontekst badan raka, jak



rowniez przedstawi¢ potencjalne mozliwosci wykorzystywania danych pochodzacych

z duzych projektéw badania genomoéw nowotworowych.

Jestem rdéwniez wspotautorem pracy eksperymentalnej pt. ,Analysis of large
mutations in BARD1 in patients with breast and/or ovarian cancer: the Polish population as
an example” [33]. W pracy tej przedstawione zostaty wyniki analizy, majacej na celu
okreslenie roli genu BARD1 w predyspozycji do rodzinnego raka piersi i/lub jajnika.
Rezultatem tej analizy bylo wykluczenie obecnosci duzych mutacji w BARD1 oraz
identyfikacja trzech nowych mutacji punktowych w tym genie. Testy funkcjonalne oraz
kompleksowa analiza in silico potwierdzity duzy potencjat funkcjonalny wszystkich
3 zidentyfikowanych mutacji. Chociaz projekt ten nie stanowit gtéwnego watku moich badan
i nie wchodzi w sktad mojej pracy doktorskiej, udziat w nim pozwolit mi poszerzy¢ moja
wiedze w dziedzinie genetyki nowotworéw o wazny aspekt, jakim jest dziedziczna

predyspozycja do raka.
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Abstract

Lung cancer is the leading cause of cancer-related death worldwide. Recent progress in
lung cancer diagnosis and treatment has been achieved due to a better understanding the
molecular mechanisms of the disease and the identification of biomarkers that allow more
specific cancer treatments. One of the best known examples of personalized therapy is the
use of tyrosine kinase inhibitors, such as gefitinib and erlotinib, for the successful treatment
of non-small-cell lung cancer patients selected based on the specific EGFR mutations.
Therefore, the reliable detection of mutations is critical for the application of appropriate
therapy. In this study, we tested a two-tiered mutation detection strategy using real-time
PCR assays as a well-validated high-sensitivity method and multiplex ligation-dependent
probe amplification (MLPA)-based EGFRmut+ assay as a second-tier standard-sensitivity
method. One additional advantage of the applied MLPA method is that it allows the simulta-
neous detection of EGFR mutations and copy-number alterations (i.e., amplifications) in
EGFR, MET and ERBB2. Our analysis showed high concordance between these two meth-
ods. With the use of this two-tier strategy, we reliably determined the frequency of EGFR
mutations and EGFR, MET and ERBB2 amplifications in over 200 lung cancer samples. Ad-
ditionally, taking advantage of simultaneous copy number and small mutation analyses, we
showed a very strong correlation between EGFR mutations and EGFR amplifications and a
mutual exclusiveness of EGFR mutations/amplifications with MET and ERBB2 amplifica-
tions. Our results proved the reliability and usefulness of the two-tiered EGFR

testing strategy.
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Introduction

Lung cancer is the leading cause of cancer-related death worldwide. The treatment of lung can-
cer is traditionally based on a histopathological evaluation that distinguishes two major types
of lung cancer: small-cell lung cancer (SCLC) and non-small-cell lung cancer (NSCLC), the lat-
ter of which can be subdivided into squamous cell carcinoma, large cell carcinoma, adenocarci-
noma and cancers with mixed histology. Substantial recent progress in the treatment of lung
cancer (especially adenocarcinomas) has been achieved by advances in our understanding of
its pathology; the current treatment options include specialized agents based on the presence
or absence of specific genetic biomarkers (“personalized therapy”), such as mutations in the
epidermal growth factor receptor (EGFR) [1] or gain-of-function translocations or inversions
involving the anaplastic lymphoma receptor tyrosine kinase (ALK) [2].

It was shown that certain somatic mutations within the kinase domain of EGFR sensitize
cancers to treatment with EGFR-specific tyrosine kinase inhibitors (TKIs), such as erlotinib or
gefitinib (reviewed in [3]). Among the most common sensitizing EGFR mutations are L858R in
exon 21 and in-frame deletions in exon 19, which together account for over 80-85% of all
EGFR mutations. However, the occurrence of the secondary T790M mutation in exon 20
causes acquired resistance to TKIs and causes the progression of cancers treated with TKIs
[4,5]. Therefore, the reliable detection of EGFR mutations is an important factor that allows the
personalized treatment of lung cancer patients.

In the last 10 years, numerous methods with different sensitivities and specificities have
been used to detect EGFR mutations in cancer samples. These methods include Sanger se-
quencing, single strand conformation polymorphism (SSCP) [6], co-amplification at lower de-
naturation temperature-PCR (COLD PCR) [7], immunohistochemistry with EGFR-mutation
specific antibodies [8], peptide nucleic acid-locked nucleic acid (PNA-LNA) PCR clamp assays,
real-time PCR (RT-PCR) methods [9] and next generation sequencing [10]. However, none of
the methods that have been used so far are ideal, and each of these methods has limitations
that mostly relate to the following characteristics of cancer samples: (i) diversified types of
tumor samples available for analysis (surgical, biopsied), (ii) contamination with normal cells,
(iii) the genetic heterogeneity of tumors, (v) the often low frequency of the analyzed mutations,
(iv) degradation of DNA, and (v) damage to or modification of DNA [the two latter factors
also apply to formalin-fixed, paraffin-embedded (FFPE) samples, which are the most frequent-
ly available samples]. The most serious problems resulting from the limitations of tumor sam-
ple analysis are false negative and false positive errors that may lead to the misclassification
and inadequate treatment of cancer. Therefore, to reduce the fraction of misclassified samples,
it was recently proposed in the evidence-based guideline of three professional societies (College
of American Pathologists, International Associations for the Study of Lung Cancer, and Associ-
ation for Molecular Pathology) that, if possible, EGFR mutation testing should be carried out
with two methods (a two-tiered testing strategy). This guideline represents state-of-the-art mo-
lecular lung cancer testing and was jointly published in three journals [11-13]. For simplicity
we will subsequently refer only to [11]. This two-tier method should be based on different mu-
tation detection principles and should cover different ranges of sensitivity, consisting of stan-
dard-sensitivity and high-sensitivity methods.

In this study, we tested over 200 NSCLC samples with the use of two complementary meth-
ods, a routinely used commercial RT-PCR assay (a high-sensitivity method) [9] and a new multi-
plex ligation-dependent probe amplification (MLPA)-based EGFRmut+ assay (a standard-
sensitivity, second-tier method) [14]. Our analysis showed a high concordance between these
two methods and thus proved the reliability and usefulness of the EGFRmut+ assay as a second-
tier method for EGFR mutation testing. With the use of these methods, we characterized and

PLOS ONE | DOI:10.1371/journal.pone.0117983 February 26, 2015 2/13



@’PLOS | ONE

The Use of a Two-Tiered EGFR Testing Strategy

estimated the frequency of somatic EGFR mutations in a set of lung cancer samples from
central Poland. One additional advantage of the EGFRmut+ assay is that it allows a mutation
analysis and relative copy number determination (i.e., amplification detection) in parallel.
We used this approach to find a very strong correlation between EGFR amplification and the
occurrence of EGFR mutations and to determine the rough frequency of mutant alleles in our
analyzed samples.

Materials and Methods
Selection and processing of NSCLC samples for molecular analysis

We retrospectively reviewed a cohort of 239 patients with histopathologically confirmed
NSCLC diagnosed from 2011 to 2012 at the Franciszek Lukaszczyk Oncology Center in Byd-
goszcz (central Poland). The age of the patients ranged from 35 to 81. A total of 239 specimens
that passed the quality control steps (microscopic analysis and tumor content qualification as
well as qualitative and quantitative DNA analysis) were obtained following 143 surgeries, 91
fine-needle aspiration (FNA) procedures, and 5 endobronchial ultrasound with guided trans-
bronchial needle aspiration (EBUS-TBNA) procedures or pleural fluid samplings. The samples
were stained with hematoxylin and eosin for the qualitative and quantitative analysis of tumor
cells in the analyzed material (including macrodissection in marked out samples). The qualifi-
cation of biological material for molecular analysis was based on the previously described qual-
itative and quantitative scales for cytological [9] and histological [15] material. Informed
written consent for genetic testing, approved by the F. Lukaszczyk Oncology Center in Byd-
goszcz was obtained from all of the patients and the study was approved by our local ethics
committee, Bioethics Committee of Ludwig Rydygier Collegium Medicum in Bydgoszcz, Nico-
laus Copernicus University in Torun. The data were analyzed anonymously.

DNA isolation

DNA isolation was performed after the macrodissection of a region indicated by the pathomor-
phologist. Genomic DNA was isolated from FFPE adenocarcinoma tissue or cytological smears
using a QIAamp FFPE Mini Kit (QIAGEN) according to the manufacturer’s instructions with
the following modifications. We resuspended the pellet in 180 pl of Tissue Lysis Buffer with

20 pl of proteinase K, and then vortexed and continuously shook the cell pellet at short inter-
vals during an overnight incubation at 56°C. The DNA quantity and quality were evaluated by
NanoDrop absorbance analysis and agarose gel electrophoresis.

Mutation analysis by Real-Time PCR

The RT-PCR method uses mutation-specific probes to evaluate 29 point mutations, including
the T790M mutation (EGFR-RT52; Entrogen, Inc., Tarzana, CA). A DNA quantity of 200-650 ng
was adequate for the detection of 29 mutations in the samples of interest; the internal control VIC
fluorescent probes and EGER fluorescent probes were FAM dye-labeled. The amplification curves
were evaluated according to the recommendations of the manufacturer.

Mutation and amplification analysis by MLPA

MLPA analysis was performed with the use of a custom-designed EGFRmut+ assay, which has
previously been described in greater detail [14]. This assay simultaneously allows the detection
of oncogenic EGFR mutations and an analysis of the copy number (amplification detection) of
EGFR, MET, and ERBB2. All reagents except the EGFRmut+ probe mix were purchased form

MRC-Holland Amsterdam, The Netherlands (www.mlpa.com). The MLPA reactions were run
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according to the manufacturer’s general recommendations (MRC-Holland), as described earli-
er in [16,17]. Briefly, 5 pl of genomic DNA (at a concentration of approximately 20 ng/nl) was
incubated at 98°C for 5 min, cooled to room temperature and mixed with 1.5 ul of EGFRmut+
probes mix and 1.5 pl of SALSA hybridization buffer. The reaction was then denatured at 95°C
for 2 min and hybridized at 60°C for 16 h. The hybridized probes were ligated at 54°C for 15 min
by the addition of 32 pl of ligation mixture. Following heat inactivation, the ligation reaction was
cooled to room temperature, mixed with 10 ul of PCR mixture (polymerase, dNTPs, and univer-
sal primers, one of which was labeled with fluorescein) and subjected to PCR amplification for
35 cycles. The MLPA products were subsequently diluted 20x in HiDi formamide containing

GS Liz600, which was used as a DNA sizing standard, and separated via capillary electrophoresis
(POP7 polymer) in an ABI Prism 3130XL apparatus (Applied Biosystems). The obtained electro-
pherograms were analyzed using GeneMarker software v1.91 (2.4.0). The signal intensities

(peak heights) were retrieved and transferred to prepared Excel sheets (available upon request).
For each individual sample, the signal intensity of each probe was divided by the average signal
intensity of the control probes to normalize the obtained values and to equalize run-to-run
variation, and the normalized value for each peak was then divided by a corresponding value in
the reference samples and multiplied by 2. The final MLPA result of each sample is presented

on bar-plot, in which the bars show the relative copy number value of the subsequent probes.

EGFR copy number analysis by quantitative PCR (QPCR) and droplet
digital PCR (ddPCR)

The qPCR analysis was performed with the use of MESA GREEN qPCR MasterMix Plus for
SYBR Assay (Eurogentec, Seraing, Belgium), according to the manufacturer’s general recom-
mendations. ddPCR was performed with the use of QX200 system and EvaGreen Supermix
(BIO-RAD, CA, USA) according to manufacturer’s general recommendations, as described be-
fore [18,19]. The ddPCR analysis was performed in a multiplex format with the co-amplifica-
tion of control-amplicon and one of the test-amplicons in one reaction. To achieve proper
separation of droplet types, the intensity of test and control signal was differentiated by ampli-
cons’ length and primers’ concentrations. For both methods the same set of PCR primers was
used: (i) test-amplicon for EGFR exon 2: forward primer GCAGTTGGGCACTTTTGAAG, re-
verse primer TTCCAAATTCCCAAGGACCA (concentration in gPCR—300 nM, concentra-
tion in ddPCR—100 nM, amplicon length 83 bp); (ii) test-amplicon for EGFR exon 18:
forward primer TTGTGGAGCCTCTTACACCC, reverse primer CCTTCAAGATCCTCAA-
GAGAGC (concentration in gPCR—300 nM, concentration in ddPCR—100 nM, amplicon
length 64 bp); (iii) control-amplicon: forward primer GCTGACCTGTTGGCTGAAAA, re-
verse primer GAATCGCTGTGGCCTTGATG (concentration in gPCR—300 nM, concentra-
tion in ddPCR—200 nM; amplicon length 113 bp). The amplicons either overlapped, or were
closely located to the following MLPA probes: EGFR_e2, EGFR_e18, and ctrl_1, respectively. The
optimized annealing temperature was set at 59°C and 58°C, in qPCR and ddPCR, respectively.

Results

All 239 samples were analyzed as blind samples by two methods: (i) a commercial RT-PCR
assay (EGFR-RT52; Entrogen Inc.) that covers 29 of the most common oncogenic mutations in
exons 18,19, 20 and 21 of EGFR (for details, see the manufacturers webpage; http://www.
entrogen.com/web2/egfr-mutation-analysis-kit) and (ii) a custom-designed MLPA assay
(EGFRmut+) that simultaneously allows the detection of amplifications and small mutations
in EGFR (for details see [14]) (Fig. 1). Briefly, in addition to the standard dosage-sensitive (DS)
probes, the EGFRmut+ assay is also composed of two types of mutation-sensitive probes.
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Fig 1. The strategy of EGFR mutation detection by combined RT-PCR and MLPA-based analyses. A) Map of the EGFR gene with the positions of the
RT-PCR amplicons (EGFR-RT52) and MLPA probes (EGFRmut+ assay) indicated (vertical lines under the map). The mutation-sensitive EGFRmut+ probes
are indicated in red. The positions of oncogenic EGFR mutations are indicated over the map. B) The RT-PCR results representing (from the top) (i) the
reference sample (a sample with no mutations or amplification), (ii) a sample with the most common in-frame deletion in exon 19 (c.2235_2249del15), (iii) a
sample with both L858R in exon 21 and T790M in exon 20, and (iv) a sample with an in-frame deletion in exon 19 (c.2235_2249del15) and EGFR
amplification. In each graph, the overlapping results of the 8 RT-PCR reactions covering 29 EGFR mutations are shown. The red lines indicate the positive
amplification-curves of specific EGFR mutations (pointed on graph), and the green base line represents the non-amplified signal due to the lack of the
evaluated mutation in the analyzed sample. C) MLPA electropherograms of samples analyzed by RT-PCR (panel B). The probe IDs are indicated under the
electropherograms. The asterisks indicate the control probes; the pink arrowheads indicate reduced signal of MS- probes and increased signal of MS+
probes, respectively; and the black arrowheads indicate amplified signals of EGFR-specific probes. D) Bar plots corresponding to the electropherograms
shown in panel C and representing the normalized copy number value (y-axis) of each probe (x-axis). The pink arrowheads indicate a reduced copy number
value of the MS- probes and an increased copy number value of the MS+ probes, respectively.

doi:10.1371/journal.pone.0117983.9001

Mutation-sensitive (MS-) probes are types of DS probes that are specific to the wild-type se-
quence but overlap with the sites of the following mutations: G719A/S/C (G719X) in exon 18
(probe e18), in-frame deletions in exon 19 (probe e19), S768I and in-frame insertions in exon
20 (probe €20-1), T790M in exon 20 (probe €20-2) and L858R in exon 21 (probe e21). The oc-
currence of one of these mutations in an analyzed sample causes a decrease in the signal of the
corresponding MS- probe. The EGFRmut+ assay also contains three mutation-sensitive (MS+)
probes that are specific for mutant sequences. The signals from these probes occur only if the
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corresponding mutation is present. Two of these probes recognize the sequences of the most
common EGFR mutations (the most common in-frame deletion in exon 19, ¢.2235_2249del15
(probe e19+) and L858R (probe e21+)), and the third recognizes the T790M mutation, which
is associated with TKI resistance (probe e20-2+). Additionally, EGFRmut+ contains a few DS
probes that are specific either for MET or ERBB2 that allow amplifications of these genes to

be detected.

Characteristics of the detected mutations

In total, we detected 30 mutations in 29 out of 239 samples (12.1%). Both L858R and T790M
were found in one sample. Among the identified mutations were 16 in-frame deletions in exon
19 (53%), 9 substitutions L858R (30%), 2 substitutions L861Q (7%), one substitution G719X, one
in-frame insertion in exon 20 and one substitution T790M (S1 Table; summarized in Table 1).
The mutations were much more frequent in women 22/68 than in men 7/142 (24.4% versus
4.7%, respectively; p<0.0001). A stratification of the mutation frequency by age [<55 (13%), >55
(11.9%)] and sample type [FFPE (11.9%), cytological samples (12.5%)] did not show significant
influences of these factors on mutation frequency (Table 1). We also did not observe a decrease
in the mutation frequency in samples with a lower percentage of tumor cells (PTC). Note howev-
er, that only a small fraction (roughly 5%) of the analyzed samples had PTC<30%.

Comparison of RT-PCR and MLPA mutation detection methods

There is no gold standard method for mutation detection in cancer samples, where a particular
mutation may account for a very low fraction of the analyzed DNA. Therefore, to evaluate the
quality of the MLPA-based EGFRmut+ assay, we compared it to the routinely used and well
validated RT-PCR method. A direct comparison of the results of RT-PCR and MLPA showed a

Table 1. Sample characteristics and mutations detected by combined RT-PCR and MLPA-based analyses.

general statistics types of EGFR mutations gains + amplifications
(%)
number of  samples with G719X in-frame in-frame L858R L858R+ L861Q EGFR ERBB2 MET
samples EGFR mut. dels in ins in T790M
(%) ex19 (¥) ex20
all patients 239 29 (12.1) 11 16 (10) 1 8 1 2t 19 5(.1) 28
(7.9) (11.7)
sex female 90 22 (24.4) 1 11 (7) 0 7 1 2 16 1(1.1) 12
(17.8) (13.3)
male 149 7 (4.7) 5(3) 1 1 3(20) 4(@27) 16
(10.7)
age 35-55 54 7 (13.0) 4(2) 1 1 1 2 6 6
(11.1) (11.1)
56-81 185 22 (11.9) 1 12 (8) 7 13 5((.7) 22
(7.0) (11.9)
type of FFPE 143 17 (11.9) 1 9 (4) 5 2 8(56) 2(1.4) 20
material samples (14)
cytological 96 12 (12.5) 7 (6) 1 8 1 11 3(3.1) 8(8.3)
samples § (11.5)

* the most frequent in-frame deletion in exon 19 (c.2235_2249del15)
1, ¥ mutations that were not detected by MLPA-based assay due to low PTC and the lack of mutation-specific probe, respectively
§ includes FNA, EBUS-TBNA and pleural fluid sampling.

doi:10.1371/journal.pone.0117983.t001
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very high concordance between these two methods (98.7% concordant results) as well as 100%
specificity (no false positives) and 90% sensitivity (27 out of 30 mutations detected) of the
EGFRmut+ test. Among the 3 mutations that were not detected by the EGFRmut+ assay were
two cases with the L861Q substitution, which is not covered by EGFRmut+ probes (Fig. 1A),
and one G719X mutation in a sample with a low PTC (15%). Additionally, among the samples
analyzed by MLPA were 4 blind duplicates with 3 different mutations. In all cases, the results
of the duplicate samples were concordant. Moreover, it must be noted that MS+ probes (signal
occurrence) detect mutations more easily and with a higher confidence than MS- probes (sig-
nal decrease). The MS+ probes allowed the confident detection of mutations, even when those
mutations account for a very small fraction of the analyzed DNA (~ 10%) in samples with
PTC<30%. For example, the L8§58R mutation, which is covered by both MS+ and MS- probes,
in three samples, could not be detected by a decrease in the signal of the MS- probe but was eas-
ily detected by the occurrence of a low but clear signal of the MS+ probe. The lower sensitivity
of the MS- probes results mostly from the relatively high signal variation of the DS probes in
cancer samples. The greater MLPA signal variation in cancer samples has been observed previ-
ously and results mostly from the genetic heterogeneity of cancer samples [20] and the lower
quality and frequent degradation of DNA samples isolated from FFPE tissues [21-25].

Amplification of EGFR, MET and ERBB2 and its relation to mutation
frequency

The additional advantage of the MLPA assay is that in addition to detecting mutations, it also
provides information about a relative copy number of all analyzed sequences/probes. It allows
a rough estimation of the fraction of detected mutations in analyzed samples and allows detec-
tion of copy number changes (amplifications) in the analyzed genes: EGFR, MET and ERBB2.
Defining relative copy number 3-4 as a “gain” and >4 as an “amplification,” we identified 12
(5%), 17 (7%) and, 2 (1%) samples with gains and 7 (3%), 11 (5%) and, 3 (1%) samples with
amplifications of EGFR, MET, and ERBB2, respectively (S1 Table and Fig. 2). The distribution
of copy number amplitude was similar for all 3 genes, with the greatest amplifications exceed-
ing 10 copies. As in case of the mutations, we observed a much higher frequency of EGFR
gains/amplifications in women than in men (18% versus 2%, respectively; p<0.0001). A similar
trend was not observed for MET (13% versus 11%, respectively), and a reversed but not signifi-
cant trend was observed for ERBB2 (1% versus 3%).

As shown in Fig. 2, the gains and amplifications of EGFR, MET and ERBB2 were mutually
exclusive. However, we observed very strong association between the occurrence of EGFR mu-
tations and EGFR amplification (Chi square test for trend; p<0.0001). All but one cancer sam-
ple (90%) with EGFR amplification and 7 out of 12 samples (58%) with EGFR gain had an
EGFR mutation.

A careful examination of the MLPA results with EGFR amplifications (see examples in
Fig. 1 and Fig. 2) indicates that the signal decrease from the MS- probes and the signal increase
of the MS+ probes (fraction of mutated copies) is approximately the same or even greater than
the increase in EGFR copy number. This result suggests that all of the amplified copies of
EGEFR in the mutant samples contain the mutation (i.e., that only the mutant allele undergoes
amplification) and that mutations occur as an early triggering event, making EGFR amplifica-
tion beneficial for cancer. Note that all of the samples contain some amount of normal DNA,
which may flatten the observed copy number changes and mask the effect in samples with a
lower level of amplification.

This observation prompted us to sequence exons 18-21 (encoding the tyrosine kinase do-
main) in samples with EGFR gains/amplifications in which no known EGFR mutation was
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Fig 2. EGFR, MET and ERBB2 amplifications in NSCLC samples. A) Examples of EGFR (samples v-vi), MET (samples vii-viii) and ERBB2 (samples ix-X)
amplification detected by the EGFRmut+ assay. B) Characteristics of samples with EGFR, MET and ERBB2 gains/amplifications. The samples shown in

Fig. 1D (ii-iii) and Fig. 2A (vi-x) are indicated in the first column. The sex and EGFR mutation status of each sample are indicated in the second and the third
columns, respectively. Columns 4—6 show the copy number values of EGFR, MET and ERBB2, respectively. The dark blue cells indicate amplifications (copy
number >4), and the light blue cells indicate gains (copy number 3—4). C) Frequency of EGFR mutations in samples with EGFR amplification, EGFR gain and
normal EGFR copy number.

doi:10.1371/journal.pone.0117983.9002

found. The sequencing analysis did not reveal any new sequence variants that could be onco-
genic mutations or trigger EGFR amplification.

Replication of EGFR copy number analysis (amplification detection) with
the use of gPCR and ddPCR

To confirm the results of EGFR copy number analysis we reanalyzed a panel of cancer samples,
including all samples with EGFR amplification, with the use of gPCR and ddPCR. Both meth-
ods are based on completely different principles than MLPA. The qPCR is a method utilizing
real-time quantification of PCR product, most commonly used for verification of copy number
variants, identified in both normal (non-cancer) and cancer samples (e.g. [26,27]). The ddPCR
is a new quantification method, based on absolute counting of tested and reference DNA mole-
cules, clonally amplified in thousands of water-in-oil droplet-reactions (emulsion PCR). The
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usefulness of ddPCR with the EvaGreen dsDNA-binding dye for precise copy-number estima-
tion was recently demonstrated in several studies [18,19,28]. With the use of both qPCR and
ddPCR, the signals of two test-amplicons, located in exon 2 and exon 18 of EGFR, were ana-
lyzed against the signal of control-amplicon (corresponding to MLPA probe ctrl_1). The analy-
sis performed showed that results of both qPCR and ddPCR correlate very well with the
relative copy number values, determined with the use of MLPA (correlation coefficient R =
0.941 and R = 0.927, respectively), and that the signals of samples with EGFR amplification
were well separated from signals of samples without amplification (S1 Fig.). It has to be noted
however that it cannot be excluded that some samples with borderline copy number values
may be misclassified. Some discrepancies in the absolute signal values, determined by MLPA,
and the reference methods may result from different sets of control regions used for normaliza-
tion and from the fact that MLPA is a multiplex method and it measures the copy number in
multiple points in a gene of interest. Similar results were obtained for MET and ERBB2 (data
not shown).

Discussion

It is well known that the frequency of EGFR mutations differs substantially between human
populations. The mutation frequency is highest in Asians (45-52%); lower in Europeans
(24%), African Americans (20%) and Hispanics (17%); and lowest in White Australians (7%)
([11,29] and references within). Also among Europeans, different frequencies of EGFR muta-
tions were reported: e.g. 17% in Spain [30] and 10% in southern Germany [31]. In this study,
based on a comprehensive analysis of a substantial number of lung adenocarcinoma samples,
we characterized and determined the frequency of EGFR mutations in Polish patients (12.1%).
Our analysis showed a much higher (4.8x) frequency of EGFR mutations in women than in
men (24% vs. 5%, respectively). We observed a similar trend for EGFR gains/amplifications,
which showed even greater overrepresentation (9x) in women than in men (18% vs. 2%, re-
spectively). Although the higher frequency of EGFR mutations in women than in men has been
observed many times before, the overrepresentation of EGFR mutations in women observed in
our study is, according to our knowledge, one of the highest reported so far (excluding the
studies with a very small number of samples/mutations) ([11,29] and the references within).
The information about population-specific characteristic and frequency of mutations are im-
portant epidemiological factors that may influence implementation of adequate diagnostic and
treatment procedures optimal for particular population.

Molecular cancer diagnosticians address diversified heterogeneous tumor material on a
daily basis. DNA is isolated from surgically resected tumors (fresh or FFPE) and from fine nee-
dle and endobronchial ultrasound transbronchial needle-aspirated cells. Each of these histolog-
ical or cytological samples can have different and sometimes very low PTC, and they often
show a substantial level of DNA degradation (especially the FFPE samples). Additionally, for-
malin fixation may damage DNA and lead to sequence modifications. All of these factors cause
different types of artifacts that may lead to both false-positive and false-negative results.

In this study, we tested an EGFRmut+ MLPA assay (a standard-sensitivity method) as a sec-
ond-tier method and compared our results with those of a well-validated commercial RT-PCR
assay (a high-sensitivity method). These two methods are based on completely different princi-
ples. In RT-PCR, mutation detection is based on the hybridization of TagMan mutation-specif-
ic probes, but in MLPA, mutation detection is based on the ligation and subsequent
amplification of wild type or mutation-specific probes. Our results indicate that EGFRmut+ is
a robust assay that exhibits high reproducibility, specificity and sensitivity. A small number of
undetected mutations were either not covered by the MLPA probes (n = 2) or occurred in a
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sample with a low PTC (n = 1). The EGFRmut+ assay allowed us to detect mutations in all
types of samples (cytological and histological; fresh frozen and FFPA) and allowed us to detect
mutations in samples with different PTCs (20-90%). However, it must be noted that MS+
probes allow more robust mutation detection than MS- probes do and that the quality of
MLPA results is generally lower for cancer samples than for germ-line DNA samples. The
lower quality of cancer MLPA results is due to the aforementioned characteristics of cancer
samples and has been reported and discussed previously [23-25,32]. Additional factors that
make the MLPA assay attractive as a second-tier EGFR mutation detection method are the low
amount of DNA (50-100 ng) required for analysis (no additional sample extraction or prepara-
tion is required, and the same DNA sample can be used for both RT-PCR and MLPA analysis),
a short turn-around time (<2 days), and low cost (roughly $5 plus the initial cost of probe syn-
thesis, approximately $3,000). In the case of routinely used assays, the cost of probe synthesis
may be ignored because the quantity of the synthesized probes is sufficient for hundreds of
thousands of analyses.

In addition to EGFR mutation detection, the EGFRmut+ assay also allows the detection of
EGFR, MET and ERBB2 amplification. Although the data are not conclusive, it has been sug-
gested that EGFR amplification may be an indicator or modifier of sensitivity to TKI treatment
(reviewed in [11]). It also has been suggested that the amplification of either MET or ERBB2
may be an alternative mechanism underlying acquired resistance to TKI treatment (reviewed
in [11]). In our study, we found that EGFR, MET and ERBB2 gains and amplifications are mu-
tually exclusive and that MET and ERBB2 gains/amplifications rarely co-occur with EGFR mu-
tations. Only one EGFR mutation co-occurs with an ERBB2 amplification, and two EGFR
mutations co-occur with a gain of MET. These data suggest a rather independent occurrence of
EGFR mutations and MET/ERBB2 amplifications and may argue against the role of MET/
ERBB2 amplification as a mechanism of acquired resistance to TKIs. However, to investigate
this observation further, analysis of lung cancer samples after treatment with TKI should be
performed. On the other hand, we observed a very strong correlation between EGFR gains/am-
plifications and the occurrence of EGFR mutations. All but one sample with an EGFR amplifi-
cation also had an EGFR mutation. This suggests that activating EGFR mutations are the
triggers of EGFR amplifications; cases of EGFR amplification in which no mutations were
found may therefore be triggered by mutations that are not covered by standard EGFR tests.
Such mutations may occur outside the tyrosine kinase domain and in non-coding regulatory
sequences. Although the co-occurrence of EGFR mutations and amplifications has been ob-
served before, it is typically much less pronounced than was observed in our study (e.g., the re-
cent whole-genome analysis of 183 lung adenocarcinomas with the use of massively parallel
sequencing [33]). These discrepancies may result from the different methods used for EGFR
copy number determination.

In our laboratory, we routinely analyze somatic EGFR mutations in NSCLC samples from a
large area of Poland (mostly central Poland) with a commercial RT-PCR test (EGFR-RT52).
As it was suggested in recommendation for EGFR testing [11], we attempted to set up a sec-
ond-tier method for the detection of somatic EGFR mutations. For this purpose, we selected an
MLPA-based assay (EGFRmut+), and the results of this assay were validated against those of
RT-PCR. Our study showed a very high concordance between the results of these two methods
and thus confirmed both the robustness of mutation detection by MLPA assays and its useful-
ness as second-tier method for EGFR testing. Two additional advantages of the MLPA assay
are its ability to carry out copy number (amplification) analysis and the potential to estimate
the relative proportion of the mutated allele in a sample. A similar strategy of analysis and a
similar MLPA-based assay may be developed and used for the analysis of other important on-
cogenes in other types of cancer.
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Supporting Information

S1 Fig. Replication of MLPA results of EGER copy number analysis with the use of qPCR
and ddPCR. Scatter plots showing correlation between relative copy number signals deter-
mined by MLPA (x-axis) and relative signals determined either by qPCR (A), or ddPCR (B) (y-
axis). The values depicted on y-axis represent averaged signals, measured in exon 2 and 18 of
EGEFR (see Materials and Methods). The blue, light-blue and white dots indicate samples with
EGFR amplification (N =7), gain (N = 3) and normal copy number (N = 6), respectively. The
trend line and correlation coefficient are indicated on each graph.
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S1 Figure. Replication of MLPA results of EGFR copy number analysis with the
use of qPCR and ddPCR. Scatter plots showing correlation between relative copy
number signals determined by MLPA (x-axis) and relative signals determined either
by gPCR (A), or ddPCR (B) (y-axis). The values depicted on y-axis represent
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Supplementary Table S1. Mutations and Copy Number Alterations Detected in NSCLC Samples
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62 W 60 FFPE 70%

63 M 74 FFPE 65%

64 M 55 FFPE 40%

65 W 35 cyto e19del e19del

66 (x) W 66 cyto 95% L858R L858R

67 M 67 FFPE 50%

68 M 65 cyto 50%

69 M 56 FFPE 30%

70 M 65 FFPE 50%

7 M 65 cyto 50%

72 W 58 FFPE 20% e19del e19del15 3.2

73 W 49 FFPE | 70% e19del e19del15 | NNGOIIN

74 M 56 FFPE 70%

75 M 73 FFPE 40%

76 W 61 FFPE 35%

77 W 56 cyto 40%

78 W 75 FFPE 30%

79 M 68 FFPE 85%

80 M 66 FFPE 30% 3.2

81 W 73 cyto 60%




82 W 49 FFPE | 55%
83 W 57 cyto

84 W 71 FFPE | 50%

85 M 63 oyto 80%

86 (iv) W 66 cyto 80% e19del e19del15__|RNCIONNN]

87 W 59 FFPE | 30% e19del e19del 3.4

88 W 65 FFPE | 50%

89 W 58 FFPE | 10% L861Q

90 W 36 FFPE | 50% 3.2
91 M 55 oyto 50%

92 W 57 cyto 30%

93 M 66 FFPE | 60%

94 W 78 FFPE | 55% e19del e19del 34

95 M 51 oyto 50%

96 M 58 FFPE | 20%

97 W 54 FFPE | 40%

98 M 56 FFPE | 60%

99 W 63 FFPE

100 M 48 FFPE | 70%

101 M 64 FFPE | 15%

102 M 42 FFPE | 70%

103 W 64 oyto 90%

104 M 58 FFPE | 10%

105 M 68 oyto 70%

106 M 59 cyto 60%

107 M 54 FFPE | 70%

108 W 64 FFPE | 60%

109 M 62 FFPE | 40%

110 W 67 FFPE | 15% G719X

11 M 62 oyto 80%

112 M 44 cyto 80% 34
113 (ix) M 59 FFPE_| 50% [ 86 |
114 M 66 FFPE | 50%

115 W 38 oyto 55% 33

116 W 54 FFPE_| 25% L858R L856R | RO

117 M 37 oyto 80%

118 M 60 FFPE | 50%

119 M 73 FFPE | 30%

120 M 66 FFPE | 50%

121 M 71 oyto 40%

122 W 65 cyto 80% e19del e19del5 | NCION

123 M 55 oyto 65%

124 M 73 FFPE | 65% 3.2
125 M 68 FFPE | 10% 34
126 M 61 FFPE | 15%

127 W 48 FFPE | 15%

128 M 49 FFPE | 15%

129 M 70 oyto 70% 32
130 M 52 cyto 60%

131 M 65 oyto 90%

132 M 64 cyto 80% 3.2
133 M 57 oyto 60%

134 M 58 cyto 70%

135 M 57 oyto 80%

136 W 42 cyto 80%

137 (v) W 62 cyto 50% e19del e19del15 | NNCIONNN

138 M 66 cyto 90%

139 W 63 oyto 60%

140 M 79 cyto 60%

141 M 78 oyto 90%

142 W 57 cyto 80%

143 W 52 oyto 60%

144 W 80 FFPE | 15%

145 M 59 oyto 70%

146 M 64 cyto 60% 3.2
147 M 59 oyto 60%

148 W 77 cyto 60%

149 M FFPE | 40%

150 M 72 FFPE | 65%

151 M 60 oyto 90%

152 M 59 FFPE 2%

153 M 70 FFPE 0%

154 M 64 cyto 70%

155 M 69 oyto 80%

156 M 59 cyto 70%

157 M 56 FFPE | 35%

158 M 59 FFPE | 40%

159 M 58 FFPE | 60%

160 M 54 FFPE | 30%

161 M 74 oyto 80%

162 M 76 cyto 60%

163 M 52 cyto 90% e20ins e20ins

164 M 55 cyto 90%

165 M 66 FFPE | 30%

166 M 56 FFPE | 25%

167 W 74 FFPE | 50%




168 M 61 FFPE | 25%
169 W 64 FFPE | 75% 32
170 W 77 FFPE | 25%

171 W 65 oyto 85%
172 M 54 FFPE | 70%
173 M 67 oyto 40% 32
174 M 59 FFPE | 50%
175 W 36 FFPE | 20%
176 W 62 FFPE | 10%
177 W 47 oyto 80%
178 W 59 FFPE | 80%
179 M 56 FFPE | 85%
180 M 73 cyto 80% 34
181 M 60 FFPE | 25%
182 M 56 cyto 90%
183 M 75 oyto 80%
184 M 61 FFPE | 25%
185 W 69 FFPE | 20%
186 W 76 cyto 60%
187 (vi) W 62 cyto 90% 858R L856R___ | DI20NN
188 M 51 FFPE | 25%
189 M 60 oyto 80%
190 M 65 FFPE | 40%
191 M 66 oyto 80%
192 (i) M 77 cyto 80% e19del e19del15
193 M 59 FFPE | 30%
194 M 66 cyto 80%
195 W 59 oyto 80%
196 W 58 FFPE | 60% L858R L858R
197 M 66 oyto 80%
198 M 65 cyto 70% 34
199 M 53 FFPE | 70%
200 W 51 FFPE | 20%
201 M 66 oyto 80%
202 M 71 FFPE | 30% e19del e19del15
203 W 77 cyto 80% 56 [ ]
204 M 58 FFPE | 60%
205 W 61 oyto 10% 36
206 W 56 FFPE | 45%
207 M 60 oyto 5% 32
208 M 72 cyto 90%
209 w 1Al cyto 90% e19del e19del15
210 M 58 cyto 80%
211 M 68 oyto 80%
212 M 76 FFPE | 70%
213 W 78 cyto 90% [ aa | ]
214 M 62 FFPE | 20% e19del e19del
215 M 64 FFPE | 25%
216 W 59 cyto 50%
217 M 48 oyto 80%
218 M 68 cyto 80%
219 (vii) M 79 FFPE_| 30% -:
220 W 55 FFPE | 20%
221 M 66 FFPE | 35%
222 M 65 FFPE_| 20% _
223 M 70 cyto 70% e19del e19del15 3.4
224 M 60 cyto 60%
225 W 76 FFPE | 20%
226 W 59 cyto 80%
227 W 64 oyto 80% L858R L858R 38
228 M 72 cyto 70%
229 W 65 oyto 80%
230 M 44 FFPE | 55%
231 W 53 oyto 60%
232 W 70 cyto 50%
233 M 47 oyto 60%
234 M 60 cyto 60%
235 W 72 oyto 60%
236 W 66 FFPE | 30%
237 M 56 FFPE | 30%
238 W 59 cyto 80% H:
239 W 55 oyto 80%
LEGEND

PTC - percentage of cancer cells
e19del - one of in-frame deletions in exon 19

e19del15 - the most common in-frame deletion in exon 19, ¢.2235_2249del15

e20ins - one of in-frame insertions in exon 20

M - man
W - woman
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ABSTRACT

A growing body of evidence indicates that miRNAs may be a class of genetic
elements that can either drive or suppress oncogenesis. In this study we analyzed
the somatic copy nhumber variation of 14 miRNA genes frequently found to be either
over- or underexpressed in lung cancer, as well as two miRNA biogenesis genes,
DICER1 and DROSHA, in non-small-cell lung cancer (NSCLC). Our analysis showed
that most analyzed miRNA genes undergo substantial copy nhumber alteration in lung
cancer. The most frequently amplified miRNA genes include the following: miR-30d,
miR-21, miR-17 and miR-155. We also showed that both DICER1 and DROSHA are
frequently amplified in NSCLC. The copy nhumber variation of DICER1 and DROSHA
correlates well with their expression and survival of NSCLC and other cancer patients.
The increased expression of DROSHA and DICER1 decreases and increases the
survival, respectively. In conclusion, our results show that copy number variation
may be an important mechanism of upregulation/downregulation of miRNAs in cancer
and suggest an oncogenic role for DROSHA.

INTRODUCTION

Cancer initiation and development are associated
with the accumulation of numerous genetic alterations
in the cancer genome. These alterations include both
small-size mutations and large-scale genomic alterations
consisting of copy number variants (CNVs - deletions,
duplications or amplifications), as well as copy-number-
neutral genomic rearrangements (inversions or
translocations). Interactions between these alterations
(in certain situations, in addition to germline mutations)

allow cancer to clonally evolve due to deactivation of
tumor suppressor genes (loss-of-function mutations) and
activation of oncogenes (gain-of-function mutations).
Lung cancer is the leading cause of cancer-
related death (http://www.who.int/mediacentre/factsheets/
fs297/en/; [1]). There are several subtypes of lung
cancer, the most common of which is non-small-cell
lung cancer (NSCLC). NSCLC can be further divided
into adenocarcinoma, squamous-cell carcinoma, and
large-cell carcinoma. Lung cancer occurs predominantly
in smokers (>60%). Regardless of histological and
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risk-factor divisions, lung cancer is one of the most
genomically heterogencous type of cancer. Recently,
several whole-genome sequencing projects utilizing next-
generation sequencing technologies revealed the presence
of thousands of small-size mutations in the individual
lung cancer genome [2-5], with an almost 10 times higher
frequency of mutations in smoker than in non-smoker
samples [6]. An even higher level of variation seems to be
attributed to copy number alterations. It was shown with
the use of SNP-array-based analysis that approximately
50% of the lung cancer genome undergoes recurrent
copy number alterations [7]. On average, over 40% of the
genome undergoes copy number alteration in individual
lung cancers [8]. However, only a small fraction of
alterations occurring in cancer genomes are functional
(“driver”) mutations; others are “passenger” mutations
that occur as a consequence of the general cancer genome
destabilization. Although “passenger” mutations are
not critical for cancer genome evolution, they are often
selected in parallel with closely located or commonly
regulated targets of “driver” mutations. The role of
“passenger” mutations for particular cancers is mostly
unknown (it is not necessarily neutral).

A substantial progress in lung cancer treatment
(especially adenocarcinomas) has been made recently due
to personalized therapy based on genomic biomarkers.
The distinctive biomarkers in lung cancer are mutations in
the epidermal growth factor receptor (EGFR) [9] or gain-
of-function translocations and inversions involving the
anaplastic lymphoma receptor tyrosine kinase (ALK) [10].
However, the general prognosis of lung cancer is still
poor and its 5-year survival is one of the lowest among
cancer patients at approximately 10%. Therefore, many
lung cancer studies are currently focused on understanding
the impact of genetic alterations on cancer biology and
development and on the identification of new prognostic
biomarkers.

Among the most intensively studied candidate
biomarkers are microRNAs (miRNAs), a class of
short (~21 nt long), single-stranded, noncoding RNAs.
MiRNAs are primarily involved in the post-transcriptional
regulation of gene expression, either by mRNA
degradation or inhibition of translation efficiency [11, 12].
Mature miRNAs are generated in two subsequent steps
from long primary precursors (pri-miRNAs). Pri-miRNAs
are encoded either by independent transcriptional units
or by protein-coding genes. In the first step of miRNA
biogenesis that takes place in the nucleus, the secondary
precursor (~60 nt long pre-miRNA), which adopts a
hairpin structure, is cleaved out from pri-miRNA by the
nuclease DROSHA. Upon export to the cytoplasm, the
pre-miRNA is further processed into a miRNA-duplex by
the nuclease DICER. One of the miRNA-duplex strands
is released, and the other becomes the mature miRNA
that, as a key element of the miRNA-induced silencing
complex (miRISC) recognizes complementary target

sequences usually located within the 3’ untranslated
regions of mRNAs.

The biological functions of most miRNAs
identified so far (miRBase; http://www.mirbase.org;
[13, 14] remain unknown. However, it has been well
documented that miRNAs downregulate numerous genes
and either stimulate or inhibit many important biological
processes and diseases, including cell proliferation
and differentiation, apoptosis, development and
cancer [15-18].

The role of miRNAs in the development of cancer
was first identified in chronic lymphocytic leukemia
in 2002 [19]. Since then, it has been shown that
overexpression or downregulation of certain miRNAs
contributes to the development, progression and
metastasis of many types of cancer. Such miRNAs can
therefore be classified as either oncogenes (oncomirs) or
tumor suppressors [20]. It has also been shown that some
miRNAs, such as miR-21, miR-205 or miR-155, seem to
be universal for different cancers [12].

There have been numerous studies of miRNA
expression in lung cancer, and many miRNAs that are
specifically over- or underexpressed in lung cancer or
in particular lung cancer subtypes were identified. For
example, it was shown that 6 miRNAs constituting
the polycistronic miRNA cluster, miR-17/92, are
overexpressed in lung cancer and enhance cell
proliferation [21]. It was later shown that an elevated level
of these miRNAs may be detected in the plasma of lung
cancer patients [22, 23] and is associated with poor disease
prognosis [24]. Other miRNAs consistently found to be
either overexpressed or underexpressed in lung cancer
are miR-21, miR-210 and miR-126. However, it should
be noted that substantial discordances between miRNA
profiling results also exist.

Although the functional relevance of some of the
miRNAs that are differentially expressed in lung cancer
has been demonstrated (e.g., [25-27]), the roles of most
of these miRNAs in cancer are unknown or poorly
recognized. One factor that may shed more light on the
role of particular miRNAs in cancer is the mechanism
underlying their aberrant expression. Among the most
pronounced mechanisms underlying aberrant expression
in cancer are point mutations, epigenetic modifications and
copy number alterations. However, it has been suggested
that point mutations and epigenetic modifications are
not important factors in the global miRNA regulation in
lung cancer [24, 28]. It has also been shown that miRNA
genes are overrepresented and cluster in genomically
fragile sites and other regions that undergo frequent
copy number changes in cancer genomes. Thus, it has
been suggested that somatic copy number variation may
lead to the activation/deactivation of miRNAs in cancer
[29, 30]. For example, systematic analysis of three cancer
types (ovarian, breast, and melanoma) with the use of
comparative genome hybridization microarrays showed
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that 37% (ovarian) to 89% (melanoma) of analyzed
miRNA genes undergo copy number changes [30]. There
are known examples of both miRNA- and protein-coding
genes whose expression in cancer is either increased
or decreased by their copy number variation. These
high-copy-number amplifications and recurrent deletions
(loss of heterozygosity) are often used as a confirmation of
oncogenic and tumor-suppressive function of the analyzed
gene, respectively. The role of copy number variations
in the regulation of miRNAs in cancer and the potential
cancer-related implications have been reviewed before
[31-33]. The most recent review provides an excellent
summary and discusses this notion using ovarian cancer
as an example [33].

In this study, with the use of homemade multiplex
ligation-dependent probe amplification (MLPA) assays,
we analyzed the somatic copy number variation of
14 miRNA genes consistently found to be either over or
underexpressed in lung cancer. Additionally, we analyzed
the copy number variation of DICERI and DROSHA,
two main miRNA biogenesis genes. We analyzed these
genes in 254 NSCLC samples and observed high copy
number variation in most of the analyzed genes. Among
the frequently amplified miRNA genes were miR-21,
miR-17/92 and miR-155, which are commonly recognized
as oncomirs, as well as miR-30a and miR-30d which
were downregulated in lung cancer. Surprisingly, a high
average copy number value and frequent amplifications
were present in both miRNA biogenesis genes. We also
showed that amplification of DROSHA is not driven by
other closely located oncogenes. The most frequently
deleted miRNA gene turned out to be miR-126, which is
commonly found to be downregulated in lung cancer. Our
analysis showed that a substantial fraction of differentially
expressed miRNAs may be explained by and are consistent
with the copy number variation of their genes.

RESULTS

Selection of miRNA genes for copy number
analysis in lung cancer

To select miRNA genes for our analysis, we took
advantage of two recently published meta-analysis
studies [34, 35] summarizing the results of dozens
of whole-genome miRNA expression studies in lung
cancer (references within [34, 35]). Although these two
studies utilized completely different strategies of meta-
analyses, the top significantly up- and downregulated
miRNAs identified in both studies overlap perfectly (with
minor differences in the order of identified miRNAsS).
Based on these meta-analyses, we selected 6 genes/
genomic regions (miR-21, miR-210, miR-182, mir-31,
mir-200b, mir-205) encoding miRNAs most consistently
identified as upregulated, and 6 genes (miR-126, miR-30a,
miR-30d, miR-486, miR-451a, miR-143) encoding
miRNAs most consistently identified as downregulated

in lung cancer. Additionally, for our analysis we selected
the genomic regions of miR-155 and miR-17 (identified
in one meta-analysis), which were consistently associated
with poor prognosis of lung cancer, as well as two genes
(DICERI and DROSHA) encoding miRNA processing
enzymes. The genomic positions of all selected genes are
indicated in Figure 1, and the criteria for their selection
are summarized in Table 1. Note that some of the
selected miRNA genes encompass miRNA clusters (e.g.,
miR-17/92 and miR-143/145).

MLPA assays design

To analyze the somatic copy number variation of
selected genomic regions, we designed two MLPA assays,
each covering 7 miRNA genes and 1 miRNA biogenesis
gene. Each miRNA or miRNA cluster region was covered
by two MLPA probes located in close proximity (mostly
within 1 kb) to an annotated pre-miRNA sequence,
preferentially on both sides of the pre-miRNA sequence.
Each of the miRNA biogenesis genes (DICERI and
DROSHA) was covered by 3 MLPA probes located
in exons distributed about equally across the genes.
Additionally, each MLPA probe-set contained 4 control
probes specific for different chromosomes. The exact
genomic location and sequence of each probe is indicated
in Supplementary Table S1. MLPA assays were designed
and generated according to a strategy developed and have
been described in detail previously [36, 37]. We validated
the performance of the assays with the panel of reference
non-cancer DNA samples and showed that all covered
genomic regions are genetically stable and always occur
in 2 copies.

Analysis of the somatic copy number variation
of selected miRNA genes

With the use of the developed MLPA assay, we
analyzed 254 NSCLC samples and determined the
relative copy number value of all analyzed regions in
these samples. As shown in Figure 2, the signals of probes
representing particular regions in most cases are strongly
synchronized. If one probe in a particular region indicates
a copy number increase, the other probe or probes in these
regions also show similar levels of copy number increase.
As each MLPA probe recognizes different target sequence,
such a correlation provides independent validation of the
obtained results. The copy number value of a particular
region was calculated as the average of the copy number
values of the respective probes. The regions for which
inter-probe variation was too high were considered
uninterpretable and were excluded from further analysis.
The relative copy number values of all analyzed regions
are shown in Supplementary Table S2 and graphically
summarized in Figure 3. As analyzed NSCLC samples are
contaminated with different amounts of normal DNA (in
most samples percentage of tumor cells (PTC) is >50%,
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Figure 1: The positions of selected miRNA and miRNA biogenesis genes in human genome. The positions of miRNA and
miRNA biogenesis genes are indicated on chromosome ideograms (left-hand side). Arrowheads on the right-hand side of the ideograms
indicate lung cancer relevant genes catalogued in COSMIC: the Cancer Gene Census (associated with one of the following terms: “lung”,
“NSCLC” or “multiple tumor types”), the most reliable list of cancer-related genes annotated and curated by the Wellcome Trust Sanger
Institute (originally published in [78]). Additionally, the position of GOLPH3, which is discussed in this study, is indicated. Red and
blue arrowheads indicate oncogenes and tumor suppressor genes, respectively. IDs of the most relevant genes are indicated next to the
arrowheads. The figure was prepared with the use of the “Ensembl karyotypes” tool available on the Ensembl portal.

and an average PTC is approximately 70%) the estimated
copy number changes are generally diluted and lower
than in actual cancer cells. For comparison, copy number
values corrected for PTC (dilution) factor are shown in
Supplementary Figure S1. As shown in Figure 3 and
Supplementary Figure S1, the average copy number of
analyzed regions differs substantially and is highest for
DROSHA, miR-30d, miR-30a, miR-21, DICERI, miR-205,
miR-17, and miR-155 and lowest for the miR-126 region
(Table 2).

Pronounced copy number changes may be more
indicative of the role of a particular region in cancer.
Therefore, based on criteria similar to those applied before
[38, 39], we classified the identified copy number changes
to the following categories (from highest to lowest
copy number): amplifications (>4 copies; >2x increase),
gains (=3 copies; >1.5x increase), losses (<1.33 copies;
<1.5x decrease) and homozygous deletions (<1 copy;
<2x decrease). The categorized copy number changes of
all analyzed samples are visualized in a heatmap graph
(Figure 3B) and are summarized in Table 2. The results

indicate that the number of amplifications detected in
particular genes generally correlates with an increase in
the average copy number value of these genes. The highest
frequency of amplifications was observed in miR-30a, miR-
30d, miR-21, miR-17, DROSHA, DICERI, and miR-155.
In some of these genes both amplifications and isolated
cases of deletions were detected. The genes for miR-182,
miR-200b and miR-210 turned out to be relatively stable,
showing neither amplifications nor homozygous deletions.
Only a few homozygous deletions but no amplifications
were detected in miR-126 and miR-451a. For comparison,
the results of copy number changes of genes analyzed in
this study are presented along with corresponding results
of two oncogenes, EGFR and MET, obtained previously
with the use of a similar methodology [40].

Extended analysis of the DROSHA locus on
chromosome 5

One of the genes with the highest average copy
number and the highest frequency of amplifications
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Table 1. List of miRNA and miRNA biogenesis genes selected for analysis

expression change top-

other lung cancer relevant features

ranked in meta-analysis

Vosa Guan s frequently
analvzed loci IDs miRs in et al.B! et al.4 avsvsi;)l?azlg: potential  deregulated
Y cluster [corrected [mean fold ‘o llllosis biomarkers® in other solid
p-value] change] prog tumors
miR-21 1 2E-14 144 + [24.80,81] + [23.82,83] + [12,84]
miR-210 1 6E-11 12.7 + 3
miR-182 1822 é83ﬁ, 1 43];3_-28, 163,59 © ,18,85,86] e
miR-31 1 1E-4 12.89 + 84
B
miR-200b 5 j 00;)17 4’2 9 1 1E-3 13.7 + [82,83] + [84]
miR-205 1 7E-3 123.2 + 83
miR-126 | 7E-12 1.33 + [23.86] + 6
miRNA and miR-30a 304", 306 | | 1E-9 1 .36
miRNA- )
cluster genes miR-30d | 2E-8 l .34
miR-486 | 4E-7 1 .39 + [23,82]
451a"
. ) ) (831
miR-451a 4732, 144 | 7E-5 1 .37 +
miR-143 rag aase | AR a3 03 | e i)
miR-155 T* [12, 24, 80, 85] + [24.81] + [85] 4+ [12.84]
17, 18a,
19a, 20a
TR_ ’ s *[12,51, 80] + [24] + [12, 84]
miR-17 19b-1, 1
92a-1
miRNA DICER] 1/]* 8789 + [87.88] 1 =8
biogenesis . 7] 87] (73, 91-93]
genes DROSHA 1 + + 73

FmiRNAs reported as top-ranked in both meta-analyses;

“expression changes non top-ranked or not analyzed in meta-analyses;
Baltered in plasma/serum/blood/sputum of lung cancer patients and/or associated with early stage NSCLC [23-82.85.86]

was DROSHA. To investigate whether copy number
increases in DROSHA result from amplification
of other nearby genes or regions, we designed an
additional MLPA assay (LC-5p) covering the short arm
of chromosome 5 (5p-arm). Except for the 4 control
probes that were used before, the assay was composed
of (i) 6 probes more or less evenly distributed along
the entire chromosome arm, (ii) 5 probes covering the
DROSHA gene (3 probes used before and 2 new probes),
and 3 probes covering the GOLPH3 gene, recently
identified as oncogene [41] located in close proximity

(~0.5 MDb upstream) to DROSHA. The locations of the
probes are indicated in Figure 4A and Supplementary
Table S1. With the use of the developed assay, we
analyzed 20 samples selected based on the increased
signal of DROSHA observed in the first experiment
(18 amplifications and 2 gains). The copy number
values of DROSHA determined by two independent
experiments (with the use of LC-miR 1 and LC-5p
assays) showed a very strong correlation (R = 0.92,
p < 0.0001, data not shown). As shown in Figure 4,
increased copy number is observed along almost the
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Figure2: Copy number analysis of the selected genomic regionsin arepresentative lung cancer sample. A. Electropherograms
of MLPA results obtained with the use of LC-miR_1 (left-hand) and LC-miR_2 (right-hand) MLPA assays. The electropherograms of the
cancer sample (red) are presented along the electropherograms from a reference non-cancer sample (green) and normalized against the
signal of control probes. Probe IDs are indicated below the electropherograms. The probe signals (peak heights) correspond to the copy
number of targeted regions. B. Bar plots (corresponding to the electropherograms of the cancer sample shown above (A)) represent the
copy number value (y-axis) of each probe (x-axis) normalized by comparison of its signal in cancer samples to the corresponding signal
in reference sample. The colors were used purely for sake of visualization purposes to better distinguish probes of subsequent genomic
regions. Note that the signals of probes specific to the same genomic region are synchronized (e.g., probes miR-21 1 and miR-21 1 or
miR-126 1 and miR-126_2; indicated in panels A and B). C. Bar plot representing the average copy number values of investigated regions
in analyzed samples. Whiskers indicate maximum and minimum copy number values detected in particular regions, as shown in panel

B. Note that genomic regions in which the difference between the maximum and minimum signal was higher than one-third of an average
copy number value were excluded from further analysis (miR-210).

entire 5p-arm and no specific region shows sign of focal Survival analysis of patients stratified by copy

amplification. The region of amplifications observed in number categories of miRNA and miRNA
particular samples extends from the probe 5p_10, 2M biogenesis genes

to the probes covering DROSHA, and usually does not

encompass GOLPH3 (Figure 4). The above experiment The overall survival data were available for 120 of
clearly demonstrates that amplification of DROSHA is the analyzed patient samples. Median overall survival of
part of a chromosome-level amplification of the Sp-arm these patients was 416 days (14 months). Kaplan-Meier

and is not a “passenger” effect of focal amplification of

survival analysis of patients grouped based on copy
some other oncogene.

number categories showed significant decreases in the

www.impactjournals.com/oncotarget 23404 Oncotarget



8.

74

64 :

5 .
= g
[ =
£ g
S 4 ©
o
>
o
° c
03 ~g

g

s

2 8

e

] . VE

. éé

g3

is
ctlctlctlctlc tlctlic tlctlc tlc tlc tlc tle tlc tic tlc tlc tlc' 1
© Q o~ ] o - © © © N 0 - - ] k-] < ~ x
T 8 =T &8 8§ 2 53 ST 2T oz § & & 8 8 3F % 8
€ ¢ ¢ g £ F g € £ F &€ 2 §f g€ ¢ ¢ W

E § E § B § § E § a4 § E &

B

]

g

]

|

no CN
change

I\OSS I

homozygous

deletion

254 NSCLC samples

I undetermined I

miR451a
miR-210
miR-31
miR-486
miR-143
miR-155
miR-17
miR-205
DICER1
miR-21
miR-30a
miR-30d
MET
EGFR

g 8 8
5 S 5
x ' x
= QE =
g g g

DROSHA

Figure 3: Graphical summary of the copy number variation of the analyzed genes in NSCLC samples. The graph shows
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and EGFR. A. The graph shows the relative copy number values (y-axis) of selected genes (x-axis) of all studied samples. The genes were
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dot) or lung cancer (T — grey dot) samples. Red dots indicate copy number values of the representative lung cancer sample, analysis of
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3rd quartile,and summarize the distribution of the presented copy number values. B. The heatmap graph showing the distribution of copy
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were ordered from the lowest to highest average copy number value. Copy number categories are indicated by colors as shown in the
legend on the right.
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Table 2. Summary of copy number changes observed in analyzed miRNA and miRNA biogenesis
genes in NSCLC samples

copy number:  gains: number amplifications: losses:number hom. informative
expression median (%) number (%) (%) deletions: samples #
(average) number (%)

miR-126 l 1.73 (1.76) 1(0.4) 0(0) 26 (10.8) 3(1.2) 241
miR-200b 1 1.76 (1.84) 2(0.9) 1(0.4) 18 (7.7) 0(0) 235
miR-182 1 1.78 (1.81) 1(0.4) 0 (0) 9(3.8) 0 (0) 240
miR-451a l 1.84 (1.89) 6(2.5) 0(0) 12 (5.0) 4(1.7) 239
miR-210 1 1.85(1.87) 1(0.4) 0 (0) 9 (4.0) 0 (0) 227
miR-31 i 1.99 (2.11) 22 (10.0) 6(2.7) 20 (9.1) 8(3.7) 219
miR-486 l 2.06 (2.11) 7 (3.0) 2(0.9) 3(1.3) 2(0.9) 233
miR-143 ! 2.14 (2.16) 12 (5.9) 2 (1.0) 8(3.9) 3(1.5) 205
miR-155 1 2.33 (2.50) 33 (13.5) 23 (9.4) 21 (8.6) 5(2.0) 245
miR-17 1 2.42 (2.62) 39 (16.0) 28 (11.5) 15 (6.1) 5(2.0) 244
miR-205 1 2.59 (2.61) 45 (19.0) 8(3.4) 1(0.4) 0 (0) 237
DICERI n 2.60 (2.69) 51(21.8) 23 (9.8) 8(3.4) 3(1.3) 234
miR-21 i 2.63 (2.90) 48 (22.7) 25 (11.8) 6(2.8) 0 (0) 211
miR-30a ! 2.67 (2.90) 59 (23.8) 40 (16.1) 14 (5.6) 6(2.4) 248
miR-30d ! 2.77 (3.02) 63 (26.6) 35(14.8) 3(1.3) 1(0.4) 237
DROSHA 1 2.79 (3.00) 67 (30.7) 23 (10.6) 0 (0) 0 (0) 218
MET 1 2.45(2.50) 23(9.9) 5(2.2) 1(0.4) 0 (0) 232
EGFR 1 2.41(2.55) 13 (5.3) 5(2.0) 1(0.4) 1(0.4) 246

survival of patients with the miR-200b deletion (log-rank
test, p = 0.022) and patients with gain or amplification
of miR-30d (p = 0.013) (Figure 5). This corresponds to
a lower 5-year survival rate (0%) of patients with the
above mentioned copy number aberrations compared to
patients without the aberrations in miR-200b (6%) and
miR-30d (10%).

Similar analyses performed for DICERI and
DROSHA showed that samples with an increased copy
number of DROSHA have significantly decreased survival
and that the survival rate corresponds to the degree of
copy number increase (log-rank test for trend, p = 0.032)
(Figure 5).

Association of clinical data with copy number
categories of miRNA and miRNA
biogenesis genes

The copy number categories of any of the analyzed
regions showed substantial association with the sex or
age of the analyzed patients (Supplementary Table S3).
Somewhat higher average age of diagnosis showed

samples with miR-126 deletion (with del/without del;
64.9/61.2 years; p = 0.046), miR-451a deletion (with del/
without del; 66.8/61.2 years; p = 0.041), and with miR-31
deletion (with del/without del; 65.7/61.0 years; p = 0.017).
It has to be noted, however, that these associations are only
marginally significant on the nominal level but not after
adjustment for multiple comparisons. We also did not find
any significant association of copy number categories with
clinical data, such as stage of lung cancer at time of sample
collection and metastasis/progression/remission status
during the last examination (Supplementary Table S3).
It has to be noted, however, that clinical data were
available only for part of the analyzed samples (N = 120)
and therefore, the lack of association may result from
relatively low statistical power of our analysis.

Computational analysis of the association of
DICERI and DROSHA copy number categories
with their expression and cancer patient survival

Because we do not have access to mRNA/cDNA
material or the expression data for our samples to
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Figure 5: Survival analysis of NSCLC patients. Kaplan-Meier graphs presents the survival of patients stratified based on copy
number categories of (from the left) miR-30d, miR-200b, DICERI and DROSHA.

determine whether copy number changes in DICERI
and DROSHA correlate with their expression, we used
data deposited in the cBioPortal for Cancer Genomics
[42, 43]. As shown in Figure 6, there is a dose-dependent
correlation between the copy number categories and

the expression of DICERI and DROSHA in lung cancer
(based on TCGA Cancer Genome ATLAS data [44]).
A similar correlation can be observed in other cancers
analyzed in different studies (Supplementary Figure S2).
Further analysis with the use of another oncogenomic tool,
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Figure 6: Computational analysis of clinical (survival) and oncogenomic data of DROSHA and DICER 1. Mutual relation
between copy number and expression (oncogenomic data) of DROSHA A and B. and DICER! C and D. and the relation of their expression
to survival of cancer patients. A) and C) Correlation analysis of copy number categories and expression level performed with the use of a
dataset (lung adenocarcinoma TCGA [79]) deposited and tools available in cBioPortal for Cancer Genomics. B) and D) Survival analysis
performed with the use of a dataset (stage i-ii lung adenocarcinoma; GEO: GSE31210) deposited in and tools available from the PPISURV

web portal.

PPISURYV [45], showed that the increased expression of
DROSHA generally (across cancers/datasets) correlates
with decreased survival (Figure 6B and Supplementary
Figure S2). In most deposited datasets/cancer types,
including lung cancer, correlations show the same negative
direction (in 6 of 36 datasets association show significance
at p < 0.05). Similar analysis performed for DICERI
shows the opposite effect of increased expression. In
most deposited datasets, increased expression of DICER]
shows the association (positive correlation) with increased
survival (14 of 42 datasets show association at p-< 0.05;
Figure 6B and Supplementary Figure S2).

DISCUSSION

With the use of two homemade MLPA assays,
we analyzed the copy number variation of 14 miRNA

genes reported as either over- or underexpressed in lung
cancer. Additionally, we analyzed two critical miRNA
biogenesis genes, DROSHA and DICER]. Each analyzed
gene was tested by at least two independent MLPA
probes, providing additional internal validation for the
obtained results. To avoid any potential false results, the
substantially discordant signals of matched probes were
excluded from analysis. A similar strategy of somatic copy
number variation analysis may be applied to almost any
genomic region of interest in cancer samples. It should
be noted, however, that the obtained copy number values
are relative and to some extent may depend on the copy
number variation of selected control regions (probes).
The analysis showed a substantial somatic copy
number variation (both gains and losses) of all selected
regions in cancer samples (compared variation in cancer
vs. control, non-cancer samples; Figure 3). However,
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the observed copy number alterations are not random,
and some regions show a substantial increase (frequent
amplifications), while the others show decrease in the
average copy number value. The genes showing the
highest average level of copy number include miR-30d,
miR-30a, miR-21, miR-205, miR-17, miR-155 as well as
DROSHA and DICERI. Surprisingly, the average copy
number and the frequency of amplifications of some
of these genes (e.g., DROSHA, miR-30d, miR-30a and
miR-21) are substantially higher than the corresponding
values of well-known lung cancer-related oncogenes,
EGFR and MET, analyzed in the same set of samples.
In contrast, miR-126 showed the lowest average copy
number and a relatively high frequency of deletions and
homozygous deletions. It should be noted, however, that
due to the contamination of cancer samples with normal
DNA and the inherent lower amplitude of copy number
losses than copy number gains, the power of our analysis
to detect deletions was substantially lower than the power
to detect copy number gains/amplifications. Some genes,
such as miR-31, show a relatively high frequency of both
gains/amplifications and deletions.

As expected, the copy number variation of analyzed
miRNAs does not correlate perfectly with the global
expression changes of these miRNAs observed in lung
cancer. However, our results indicate that copy number
gains/amplifications may contribute substantially and may
be an important mechanism underlying overexpression of
miRNASs such as miR-21, miR-17, miR-205 or miR-155.
In short, these miRNAs are the best known oncomirs
implicated not only in lung cancer but also in many other
types of cancer (reviewed in [20, 26, 46, 47]). MiR-21 was
originally recognized as an antiapoptotic miRNA [48] that
was strongly overexpressed in most types of cancer. Later,
it was shown that miR-21 promotes growth, metastasis
and invasiveness, as well as chemo- and radioresistance
of NSCLC, most likely by targeting tumor suppressor
PTEN [49, 50]. In our experiment, miR-17 represents
6 miRNAs coded in the miR-17/92 cluster located within
intron 3 of the C/30rf25 on chromosome 13. It was shown
that the miR-17/92 cluster may be upregulated by gene
amplification, which is consistent with our results, or by
MYC overexpression. It was also shown that upregulation
of the miR-17/92 cluster promotes cell proliferation and
inhibits lung cell differentiation (the role of miR-17/92
cluster was reviewed in [51]). MiR-205 acts either as a
tumor suppressor or as an oncogene. As an oncogene,
it promotes tumor initiation, progression, resistance
to therapies and inhibits apoptosis. It was shown that
the oncogenic role of miR-205 is expressed mostly by
downregulation of tumor suppressors such as PTEN and
SHIP?2 (references within [46]). MiR-155 is encoded by
the non-protein-coding gene BIC, originally identified
as B-cell integration cluster for the avian leukosis virus,
inducing lymphomas [52]. It was shown that miR-155
targets several tumor suppressors such as SOCS1, FOXO3,

and VHL and is involved in the regulation of cell survival,
growth, chemosensitivity and tumor angiogenesis [53-55].

On the other hand, miR-126 showed the lowest
average copy number and frequent deletions in our study
and is also recurrently found as downregulated in lung
cancer. MiR-126 was recognized as a tumor suppressor in
most of the cancers studied. It was shown that miR-126
may negatively control and inhibit cell proliferation,
migration, invasion, and cancer cell survival. Among
the validated targets of miR-126 are such oncogenes as
ADAMY, CRK, EGFL7, HOXAY, IRSI, KRAS, PI3K,
SLC745, SOX2, and VEGF (reviewed and references
within [56]).

The example of miRNAs which show discordant
directions of expression and copy number changes are
miR-30a and miR-30d, both belonging to miR-30 family.
MiR-30a and miR-30d belong to the miRNAs most
frequently reported to be downregulated in lung cancer.
On the other hand, these two miRNAs exhibit average
copy number values and amplification frequencies that are
among the highest of the genes analyzed in our study. It
should be noted, however, that the copy number increases
in miR-30d observed in our study correspond well to the
results obtained previously by Li et al.. They showed
that miR-30d is frequently amplified in different types
of cancer (~30%) including lung cancer (27%), and that
amplification of miR-30d correlates with its overexpression
[57]. It was also shown that miR-30d downregulates many
cancer-related genes, including apoptotic caspase CASP3,
and is involved in the upregulation of such processes as
cell proliferation, apoptosis, and migration [57]. The above
facts strongly suggest the oncogenic character of miR-30d.
Additionally, our results suggest that increased copy
number of miR-30d (gains or amplifications vs. others)
correlate with significantly reduced survival (Figure 5). On
the other hand, miR-30a has been frequently implicated
as a tumor suppressor. It was shown that miR-30a targets
and downregulates the transcription factor Snail and
consequently inhibits the epithelial-to-mesenchymal
transition (EMT), invasion, mobility and metastasis
of NSCLC cells [25]. The opposite characteristics of
these two miRNAs may be reflected by the different
frequency of deletions of these two miRNAs observed
in our study. Although miR-30a showed a substantially
increased average copy number, it was also one of the
most frequently deleted in our analysis. Of our analyzed
samples, 20 (8%) showed deletion of miR-30a, including
6 samples (2.4%) with homozygous deletions. For
comparison, only 5 samples showed deletion of miR-30d.

Another example of miRNA with opposite trends in
global expression and copy number changes is miR-200b.
Although upregulation of miR-200b was recurrently
identified in lung cancer, its character suggests it is
likely a tumor suppressor. MiR-200b belongs to the miR-
200 family that maintains the general characteristics
of the epithelia and inhibits EMT, tumor cell motility,
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and invasiveness ([58] and references within). Among
the experimentally identified and validated targets of
miR-200b are numerous genes involved in the regulation
of cytoskeletal organization and cell morphology in
addition to EGFR [58]. Additionally, our analysis showed
significantly decreased survival of patients with either
deletion or homozygous deletion of miR-200b.

In addition to miRNA genes, we analyzed also two
key miRNA biogenesis genes, DICERI and DROSHA.
Both of these genes, but especially DROSHA, show
substantial copy number increases and frequent high-
copy number amplifications in analyzed samples.
Review of the Cancer Gene Census (COSMIC database)
reveals no proto-oncogene in close proximity of either
DROSHA or DICER] that might drive their amplification.
However, meticulous review of the literature allowed
us to identify GOLPH3 located in direct proximity
(~600 kb upstream) of DROSHA. GOLPH3 encodes a
Golgi-localizing protein that was recently identified as a
candidate oncogene driving the amplification of the 5p13
region. This amplification has frequently been observed
in multiple solid tumors, including lung cancer [41].
It was shown that Golph3 enlarges cell size, enhances
growth-factor-induced mTOR signaling in human cancer
cells, and increases the sensitivity to an mTOR inhibitor
[41]. The detailed analysis showed that the region of
amplification comprising GOLPH3 is very narrow and
does not extend to DROSHA. However, the frequency
of GOLPH3 amplification in lung cancer observed
previously (56%) corresponded well to the frequency of
gains/amplifications of DROSHA observed in our study
(42%). To verify whether the DROSHA amplifications
observed in our study might be driven by the closely
located GOLPH3, we reanalyzed this region with the use
of the new Sp-arm-specific MLPA assay. This experiment
confirmed DROSHA amplifications in analyzed samples
and showed that amplification of DROSHA results mostly
from the chromosome-level amplification of almost the
entire Sp-arm. This experiment clearly demonstrated
that amplification of DROSHA does not depend on the
focal amplification of closely located GOLPH3 or any
other specific oncogene on the 5p-arm. Regardless of
whether DROSHA and DICERI are drivers of their
amplifications, the amplifications of these two key miRNA
biogenesis genes may increase their expression and, as a
consequence, may contribute to the global destabilization
of miRNA expression observed in many types of cancer.

The computational analysis of publically available
oncogenomic data showed that the copy number variation
of DROSHA correlates well with its expression and that
increased expression of DROSHA is associated with
worse survival. The above analyses of oncogenomic
data are in line with our experimental results suggesting
decreased survival of patients with gain or amplification
of DROSHA (Figure 5). A similar computational analysis
of DICERI also showed a good correlation between its

copy number categories and expression. However, in
contrast to DROSHA, increased expression of DICERI
was associated with longer survival in various cancers
including lung cancer. Although such results must be
interpreted with caution, the opposite effects of increased
expression of DROSHA and DICER]I on survival (positive
and negative, respectively) may suggest the oncogenic role
of intermediate products of these two enzymes, that is, pre-
miRNAs (either specific or as a class). It should be noted
that the advantage of the computational results discussed
above is that they are based on independent (objectified)
whole genome datasets generated in projects not focused
specifically on DICERI, DROSHA or any other miRNA
biogenesis gene.

Our results add to the complex picture of the role of
DICER1 and DROSHA in cancer. The miRNA biogenesis
genes were primarily considered as haploinsufficient
tumor suppressors [59]. This notion results mostly from
the observation that the overall level of miRNAs is often
reduced in cancer [60—62] and from the fact that germline
loss-of-function mutations in DICERI are causative
variants in the so called DICER1 syndrome, which is
associated with increased risk of numerous, mostly
early, childhood malignancies and benign tumors [63].
The representative (most common) malignancy for this
syndrome is pleuropulmonary blastoma, which occurs in
the lungs. More recently, analysis of cancers associated
with DICER1 syndrome as well as other early childhood
cancers (e.g., Wilms tumor) led to the identification of
a peculiar pattern of somatic second-hit mutations in
DICERI and DROSHA. These mostly missense mutations
are not randomly distributed over the genes but form
clear hotspots, mostly affecting few amino acid residues
located in or adjacent to metal-ion-binding residues in the
RNaselllb domain of either DICERI (D1709, E1813) or
DROSHA (E1147, D1151) [63-68]. Functional analyses
suggest that these mutations are not deleterious (as expected
for typical second-hit mutations) but rather modify the
function of DICER1 or DROSHA, making it favorable
for cancer (oncogenic) (recently discussed in [69, 70]). It
was shown that modified enzymes selectively reduce the
processing of miRNAs generated from the 5" arm of pre-
miRNA hairpins and as a consequence modify the miRNA
expression profile in cancer [65, 66, 71, 72].

Our results and the notion about the oncogenic role
of DROSHA are very much in line with previous results
suggesting that DROSHA is a key gene driving frequent
gains of the Sp-arm in cervical squamous cell carcinoma
(SCC) [73, 74]. Analysis of primary cervical SCC samples
and cell lines showed that the frequent copy number gains
and overexpression of DROSHA led to an altered profile
of miRNA expression, including the expression of many
cancer-related miRNAs. Among the miRNAs showing
the highest overexpression was miR-31. Functional in
vitro analyses (including wound healing test) showed
that upregulation of DROSHA increases motility and
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invasiveness of squamous SCC cell lines [73, 74]. It was
also shown that overexpression of DROSHA is associated
with metastasis and decreased survival in esophageal
cancer patients [75].

It should be noted that other genes of miRNA
biogenesis enzymes may contribute to the regulation
of global or individual miRNA expression in cancer.
Therefore, to better understand and evaluate the impact
of somatic copy number variation of miRNA biogenesis
genes on miRNA expression in cancer, a more complex
analysis is needed.

In conclusion, our results show a substantial
somatic copy number variation in genomic regions
comprising miRNA genes. Among these regions were
those showing a substantial increase in the average copy
number (frequently amplified), and regions with decreased
average copy number. Concordance of copy number
and expression changes of some miRNAs suggest that
copy number variation may be an important mechanism
responsible for regulation of these miRNAs in lung cancer.
Therefore our observations support the proposed earlier
notion, implying the high genomic instability of miRNA
gene regions and contribution of copy number variation
in the regulation of miRNA expression in cancer [29, 30].
It should be emphasized however that the amplitude and
recurrence of copy number changes cannot be simply
interpreted as the oncogenic role of a variable region/gene
in cancer.

Our results also indicate the important role of
miRNA biogenesis genes, especially DROSHA, in lung
cancer. Even if these genes are not drivers of their copy
number changes, they may affect global regulation of
miRNA expression in cancer.

Finally, somatic copy number changes of some
of the analyzed genes including DROSHA correlate
with survival of cancer patients. Although the results
of our survival analyses are only marginally significant
(relatively low number of samples) and must be replicated
in an independent group of samples, the copy number
changes would be attractive biomarkers due to (i) the
relatively high stability of genomic DNA, even extracted
from formalin-fixed paraffin embedded (FFPE) samples;
(i1) the small amount of DNA necessary for analysis; (iii)
relatively low cost; (iv) simplicity; and (v) the reliability
of copy number analysis. The drawback of such analysis
is, however, contamination of the cancer samples with a
difficult to estimate amount of normal DNA.

MATERIALS AND METHODS

Selection and processing of NSCLC samples for
molecular analysis

We retrospectively reviewed a cohort of 254
patients with histopathologically confirmed NSCLC
diagnosed at the Franciszek Lukaszczyk Oncology Center

in Bydgoszcz (central Poland). The age of the patients
ranged from 35 to 81. A total of 254 specimens that
passed the quality control steps (microscopic analysis
and tumor content qualification as well as qualitative
and quantitative DNA analysis) were obtained following
surgeries, fine-needle aspirations (FNAs), endobronchial
ultrasound with guided transbronchial needle aspiration
(EBUS-TBNA) procedures or pleural fluid sampling.
The samples were stained with hematoxylin and eosin
for the qualitative and quantitative analysis of tumor
cells in the analyzed material (including macrodissection
in marked out samples) as described previously [76].
The study was approved by the Committee of Ethics of
Scientific Research of Collegium Medicum of Nicolaus
Copernicus University, Poland (KB 265/2012). The data
were analyzed anonymously.

DNA extraction was performed after the
microdissection of a region indicated by the
pathomorphologist, and the quality and quantity of DNA
samples were evaluated as described previously [40].

Copy number analysis by MLPA

MLPA analysis was performed with the use of three
in-house designed and generated assays, LC-miR 1,
LC-miR 2 and LC-5p. Both LC-miR 1 and LC-miR 2
assays contained 14 probes specific for 7 miRNA genes
(two probes for each miRNA or miRNA-cluster gene),
3 probes specific for one of miRNA biogenesis gene,
and 4 control probes (located on different chromosomes
outside of chromosome 5 and regions of known cancer-
related genes). The LC-5p assay contained 6 probes more
or less evenly covering the short arm of chromosome
5 (5p-arm), 5 probes specific for DROSHA, 3 probes
specific for GOLPH3, and 4 control probes. The detailed
characteristics, genomic positions and sequences of all
probes used in this study are presented in Supplementary
Table S1.

The MLPA probes and the general layout of the
probe sets were designed according to a previously
proposed strategy [36, 37]. This strategy utilizes only
short oligonucleotide probes that can easily be generated
via standard chemical synthesis. Briefly, each probe
was composed of two half-probes of equal size, and the
total probe length ranged from 93 to 164 nt. The target
sequences for the probes were selected to avoid SNPs,
repeat elements and sequences of extremely high or low
GC content. The MLPA probes were synthesized by IDT
(Skokie, IL, USA).

The MLPA reactions were run according to the
manufacturer’s general recommendations (MRC-Holland,
Amsterdam, the Netherlands), as described earlier in
[37, 77]. All reagents except the probe mixes were
purchased form MRC-Holland (http://www.mlpa.com).
The products of the MLPA reaction were subsequently
diluted 20x in HiDi formamide containing GS Liz600,
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which was used as a DNA sizing standard, and separated
via capillary electrophoresis (POP7 polymer) in an ABI
Prism 3130XL apparatus (Applied Biosystems, Carlsbad,
CA, USA).

The obtained electropherograms were analyzed
using GeneMarker software v2.4.0 (SoftGenetics, State
College, PA, USA). The signal intensities (peak heights)
were retrieved and transferred to prepared Excel sheets
(available upon request). For each individual sample, the
signal intensity of each probe was divided by the average
signal intensity of the control probes to normalize the
obtained values and to equalize run-to-run variation.
Due to high signal variation, the control probe 3 (ctrl 3)
was excluded from analysis. To calculate relative copy
number value of particular probe, the normalized signal
of this probe was divided by a corresponding value of
this probe in the reference (non-cancer) sample and
multiplied by 2. The relative copy number of a particular
gene was calculated as an average of the normalized
copy number value of 2 or 3 probes specific to this gene.
If the difference between the maximum and minimum
signal of the averaged probes was higher than one-third
of an average copy number value or if the coefficient of
variation of the averaged probes was higher than 0.3, the
result was excluded from further analyses.

Databases and statistical analysis

All statistical analyses were performed using
Statistica (StatSoft, Tulsa, OK) or Prism v. 4.0 (GraphPad,
San Diego, CA). All p-values were provided for two-
sided tests. All human genome positions indicated in
this report refer to the February 2009 (GRCh37/hgl19)
human reference sequence. The datasets for analysis
and visualization of the relationship between copy
number category and expression level of DROSHA and
DICERI were obtained from cBioPortal for Cancer
Genomics (MemorialSloan-Kettering Cancer Center, New
York, NY, USA; http://www.cbioportal.org/) [42, 43] and
were analyzed with the use of the cBioPortal Plots tool.
The survival analyses of the cancer patients with high and
low levels of either DICERI or DROSHA expression were
performed with the use of datasets and tools available in
the PPISURV portal (http://www.bioprofiling.de/GEO/
PPISURV/ppisurv. html) [45].
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Supplementary Figure S1: Graphical summary of the copy number variation of the analyzed genes in NSCLC
samples. The graph shows the results of copy number analysis of the selected miRNA and miRNA biogenesis genes as well as two lung
cancer related oncogenes, MET and EGFR. The y-axis shows the copy number value corrected for PTC (dilution of cancer cells). Numbers
in brackets (above graph) indicate samples with a copy number value >16. All other Figure legend details are the same as Figure 3A.
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Supplementary Figure S2: Computational analysis of clinical (survival) and oncogenomic data of DROSHA and
DICERI performed with the use of datasets representing different types of cancer. Mutual relation of copy number and
expression (oncogenomic data) of DROSHA A and B. and DICER! C and D., and the relation of their expression to survival of cancer
patients (clinical data). A) and C) Correlation analysis of copy number categories and expression level, performed with the use of datasets
(indicated above the graphs) deposited and tools available in cBioPortal for Cancer Genomics. B) and D) Survival analysis performed with
the use of datasets (indicated above the graphs; GEO: GSE30929, GSE11121, GSE22762, GSE24450, GSE26712, GSE30929) deposited
in and tools available from the PPISURV web-portal.
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Supplementary Table S1. MLPA assays - detailed characteristics.

Supplementary Table S2. Relative copy number values of the analyzed regions.

Supplementary Table S3. Comparison of clinical data with copy number categories of analyzed
miRNA and miRNA biogenesis genes.



Supplementary Table S1. MLPA assays - detailed characteristics

LC-miR_1 assay

probelD | ligationposition | 5PPS |length| 55 |length| 5TSS [length[Tm(°C)| 37TSS |length[Tm('C)|  3'ss  [length| 3PS5 |length S'HPS SHPL 3HPS 3HPL] s i
GGGTTCCCT (GGCCCAGAT GGCAAAACT TCTAGATTG GGGTTCCCTAAGGGTTG GGCAAAACTTCTGGCCC GGGTTCCCTAAGGGTTGGAcgctacGGCCCAGAT
ctrl_1 chr22:30,069,316 |AAGGGTTGG 19  |cgctac 6 CACCGAGGA| 21 75.6 |TCTGGCCCA 22 710 ac 2 GATCTTGCT 23 [GAcgctacGGCCCAGATC | 46 |AGAAGacTCTAGATTGG | 47 [CACCGAGGAGGAGGCAAAACTTCTGGCCCAGA| 93
A GGA AAG GGCGC ACCGAGGAGGA [ATCTTGCTGGCGC AGacTCTAGATTGGATCTTGCTGGCGC
GaeTTCCCT GCCAAGGTC GCcACAGGE TCTAGATTG (GGGTTCCCTAAGGGTTG (GCCACAGGCCTCTTGGT GGGTTCCCTAAGGGTTGGACECtactaGCCAAGG
DROSHA_1 |chr5:31,410,887 [AAGGGTTGG| 19 |cgetacta 8 |meeTeeeA| 21 | 732 |cTemeeTar| 21 | 723 ctac| 4 |GATCTTGCT | 23 |GAcgctactaGCCAAGGTC| 48 |CTTGCtacTCTAGATIGG | 48 [TCTTGGTGCGAAGCGCCACAGGCCTCTIGGTCT | 96
A Geac TTGGTGCGAAGC ATCTTGCTGGCGC TGctac TCTAGATTGGATCTTGCTGGCGC
GaaTTCCCT TCCAAAGGC GecAGGCaT TCTAGATTG GGGTTCCCTAAGGGTTG (GCCAGGCGTCCACTAAA GGGTTCCCTAAGGGTTGGACEtactaTCCAAAG
miR210_1 [chr11:567,488  |AAGGGTTGG| 19 |cgctacta 8 |cAcTccoAG| 23 | 73.0 |ccactamaT | 22 | 720 ctac| 4 |GATCTTGCT | 23 |GAcgctactaTCCAAAGGC| 50 |TCTGCCtacTCTAGATTG | 49 |GCCAGTCCGAGTCCATGCCAGGCGTCCACTAAA| 99
A TccAT TG Geeae CAGTCCGAGTCCAT GATCTTGCTGGCGC TCTGCetacTCTAGATTGGATCTTGCTGGCGC
GaeTTCCCT GTT6GAAAG CAACTGACC TCTAGATTG (GGGTTCCCTAAGGGTTG CAACTGACCCCCATCCC gg?:;g;’;’:ﬁgxgg:;?;:CGCTCTCGCGAAT’Z;
miR-30d_1  [chr8:135,815,796 |AAGGGTTGG| 19 [cgctact 7 |ccaccteag | 25 | 718 |cccatceec | 2a | 723 ctac| 4 [GATCTTGCT | 23 [GACECtactGTTGGAMAG | 51 |CAMATAACtacTCTAGATT] 51 | ini ot TREo v e it i o 102
A TCTGAAG AAATAA Geac CCACCTGAGTCTGAAG GGATCTTGCTGGCGC
GaaTTCCCT cTeTGCCCA GACTGGCCT TCTAGATTG GGGTTCCCTAAGGGTTG (GACTGGCCTTTGTTGTCT ??fgggg:ggif;:f f::ﬁ;:;?;ﬂgﬁg
miR-155_1 [chr21:26,944,245 |AAGGGTTGG| 19 [cgctactact | 10 |6TGCCTIGG | 24 | 719 [TTGTTGTCTA| 26 | 713 tac| 3 [GATCITGCT | 23 [GAcgctactactCTCTGCCC| 53 |ATGACCACtacTCTAGAT | 52 (o0 oed woe AERan T i T | o5
A CTAATA TGACCAC Gaeae AGTGCCTTGGCTAATA TGGATCTTGCTGGCGC
GaeTTCCCT GaeTeeTae ACCTCTGGG TCTAGATTG GGGTTCCCTAAGGGTTG :gggg‘:;‘::;igg g$§;$:§2§$::$:§5?:§?;22aGiGrgg
miR211  (chr17:57918,134 [MGGGTTGG| 19 [cgctactacta | 11 [ATACTGCTA | 24 | 717 [ATIGGCCTA | 23 | 730 |  aaatctac| 8 [GATCTTGCT | 23 [GAcgctactactaGGCTGCT| 54 [yt aec@t “i82 | sa |0 R Lo e et | 108
A AATGGC Geac (GCATACTGCTAAATGGC
4 c Gacae
GGGTTCCCT CAGCTGGAC CTGGACATC TCTAGATTG GGGTTCCCTAAGGGTTG CTGGACATCAAGCTGGC G(?GTTV(‘(‘V(‘T/\/\GGGVTT(}G/\rgMaV((aMaN‘/\G(‘T
trl_2 chr1:156,105,841 |AAGGGTTGG 19 |cgctactactat 12 |GAGTACCAG 24 72.8 |AAGCTGGCC 21 727 12 |GATCTTGCT 23 [ eC16 5 [ [CT 56 CGACGAGTACCAGGAGCTTCTGGACATCAAGC 111
i SR E GACGAGTACCAGGAGCT| GATTGGATCTTGCTGGC ' TGGCCCTGaactaaatctacTCTAGATTGGATCTTG
A GAGCTT 16 GGCGC -
- T GC CTGGCGC
S CTTTAGCCTT GTAATCCCA . GGGTTCCCTAAGGGTTG (GTAATCCCAGCAAGTGT GGGTTCCCTAAGGGTTGGACECtact CTTTAGCCT
) cTGTTGGGT GCAAGTGTT (GACECtactCTTTAGCCTT TTCCAAGATG TGtctacTC TCTGTTGGGTTAACCTGAAGAAGTAATCCCAGC
miR30a_1 - \chr6:72,113,379 :AGGGWGG 19 fegetact 7 |maccrema | 3| 72 lrccmcats | 2| 726 tetael 5 g:g';ma 2 |CTGTIGGGTTAACCTGA | 7 |TAGATTGGATCTTGCTG | °/ |AAGTGTTTCCAAGATGTGHctacTCTAGATTGGAT| 124
Gan 6 4 AGAA Geae cTTGCTGGCGC
GaaTTCCCT GCCCAGGAA GACCTGTGG TCTAGATTG [ Al HA g:écﬁlsmmcnﬁ g?GWCCHAAGiigi?::i?;::;?ggic
miR-182_1  [chr7:129,409,814 :AGGGTTGG 1 [ 16 g](ir/:AGCTCACT 2 | 710 :gigglmc 24 | 723 | actasatctac| 11 ggzgcma 3 | eanceacicr| 2 [oarroaniomaore | 58 |rcommeerontcontamtmocinoares | 117
e TAGT Gcoc ATCTTGCTGGCGC
s | | o] | | [ | oo Jrsoonozonl oo
DROSHA.2 chrs:31,472,248 :AGGGWGG 9 |agtag 1 ECCTGSGAA e lzCCT:CTCA 2 | o tac| g:g';ma 2 lcagerccrcccactana | © [TacarTeeatcrracrs | |ccrectcaGeatcaaactaaatctacTcTaGATTGG | 120
4 GeATA Geae ATCTTGCTGGCGC
GGGTTCCCT AGTCCTGTG AGACGAGG TCTAGATTG GGGTTCCCTAAGGGTTG | AGACGAGGACTACGGCT] GGGTT(‘(‘(‘TV/\/\GVGGTTGVG/\FEFH(!arfanarg!arg
trl_5 chr2:109,545,837 [AAGGGTTGG| 19 21 |ectaceeca| 22 | 728 [actaceeer| 22 | 718 | #8222l 45 lGatcrrecr [ 23 |© 6 [6€8TC 6y |PMACTCCTGTGGCTACGGCACCAMGACGAGG ) )
U " ’ agtagaat atctac| tAGTCCTGTGGCTACGG cTCTAGATTGGATCTTGC ACTACGGCTGCGTCggtcaaactaaatctacTCTAGA
A ccan Geate Gecae Ay
- CACCAA TGGCGC TTGGATCTTGCTGGCGC
GaeTTCCCT CCCGGGTAC CTCCT66GA TCTAGATTG cacTTCCCTANGGETTG ELCA?GGGACATGGTCC f;iz?cccc;gé?ff:;gf_f;gg:;:;;gg?g
miR126.2 - |chro:139,565,840 :AGGGWGG 9 |agtagaattga | 2* [ASCCTCCOT| 21 | 73.1 |CATGGTCCC | 21 | 787 | =7y cia| 20 g:g';ma 2 lugacccoaoTACAGGCT | ® ltacTCTAGATTGGATCTT | © |6ACATGGTCCCOACaatggtcanactaaatetacTCT | 128
4 ccGTAGT GeTaaeae AGATTGGATCTTGCTGGCGC
S CTTAGTACTT TAGAGCTTG I — GGGTTCCCTAAGGGTTG TAGAGCTTGAGTCAATC GGGTTCCCTAAGGGTTGGACEctactactattaCTT
) GGCATTCAT AGTCAATCC GAcgctactactattaCTTAG CACCAAACTCAGCTATCt AGTACTTGGCATTCATATACCACTGCTGACTAG
miR302 - |chr6:72,114,604 :AGGGTTGG R h M |ataceacts | 2| M2 [acomaacrc | 33| 723 | ctaaatctaq 10 gézgcmd 2 |racriaecatreatatac| ® lasatctactcTacaTTGGA | ©° [AGCTTGAGTCAATCCACCARACTCAGCTATetaa | 32
cTGAC AGCTAT e CACTGCTGAC TCTTGCTGGCGC atctac TCTAGATTGGATCTTGCTGCGC
GaeTTCCCT GCAGCTGGG GTAGTAGCA TCTAGATTG cacTTCCCTANGGETTG EEGTAGCAGGGTGGT ffiz?;gﬁgggxigﬁi‘;ﬁ;‘::;i';f
miR-30d.2 - |chr8:135,819,855 :AGGGWGG 19 |agragaattga | 2* :‘22:2:" | 708 igfgggle 2722 Gaarctac| 2! g:g';ma 2 l1tgaGCAGCTGGGAAGG | *° |ctaatctacTCTAGATTGG| ®® |AGTAGCAGGGTGGTGACAGGGAtaatggteaaact | >0
4 TAAACACAAAGA ATCTTGCTEGCGC a2atctac TCTAGATTGGATCTTGCTGGCGC
— ool | ewene| | T | emseeerel fommenmen] Jememmeonsonguremns
miR-155_2  [chr21:26,946,400 |AAGGGTTGG| 19 2 [16Gaacann| 25 | 709 [GATGACAMA| 24 | 714 | ‘TSR 23 JeaTeriaer | 23 ek SCRCEBRAE) 70 e 7 |7 A Py 140
@ P [sErEe [T cecec ACAAATTGCTGC GATCTTGCTEGCGC ctaaatctacTCTAGATTGGATCTTGCTGGCGC
GGGTTCCCTAAGGGTTGGAcgctactactattagtag
GGGTTCCCT TCCCTGCGC UARIERELY TCTAGATTG [edemEEapAEddne RS GuE ttgatg TCCCTGCGCCATTGAGGTCTATAAAAT
aattgatg
ctrl_3 chr17:3,397,683 [AAGGGTTGG| 19 |agtagaattgat| 26 [caTToncaT| 27 | 706 |ACTTCATIA [ og [ 709 |2atBMcasact] o | rerraey | 23 |CACEtactactattagtagaa) ) [ACCCCCGGOATGaatggt | ) |p)\rycacAAAGTTGATTACCCCCGGGATGAatgg| 144
N CTATAAAAT CCCCCGGGA aaatctac| GGCGC ttgatg TCCCTGCGCCATT caaactaaatctacTCTAGA N N tctac TCTAGATTGGATCTTGCTGGCG
8 & GAGGTCTATAAAAT TTGGATCTTGCTGGCGC r"""’“ aaatctac
(GGGTTCCCTAAGGGTTGGACEctactactattagtag
GaaTTCCCT ?IGI ATt ﬁi glﬂcch;c TCTAGATTG CGCTICCCTAAGGETTG gn;cgarrcccuccm 2attgatGGTTTTTAGTTTCATTTGGATAGTGGCC
miR212  [chr17:57,920,168 :AGGGTTGG 19 5 | eece] ® | 710 [Comeane| 22 | 726 [T 2 ggzgcma 23 [ arraeeea | 7 |comerssetetacrcraen | 7 A«CCTcm:”?:i?r:éﬁ%?:?r?é?a 148
A = TTTGGATAGTGGCCAC TTGGATCTTGCTGGCGC "G gg‘;a“ aaatctac
GGGTTCCCTAAGGGTTGGACctactactattagtag
GGGTTCCCTAAGGGTTG CGGAGCCACTCGGTTCT
GaeTTCCCT CGGAGCCAC ttgegaaatgta TCTAGATTG aattgatgccaccttttcGGGAAGGTGCCCAGAGGAT
miR-210_2 [chr11:569,809  |AAGGGTTGG| 19 36 |GCCCAGAGG| 31 | 73.4 [TCGGTTCTA | 22 | 720 |tctaatggtcaa| 31 [GATCTTGCT | 23 76 Tach| 76 |CACGBAGCCACTCOGTTCTATTGGttgcgaaateta | 152
A gccacctitte 166 actaaat Geac e e e s lsczzaclggtcaaaclaaatTCTAGATTGGATCTTGCTG
(GGGTTCCCTAAGGGTTG CCACACCAAGGTGTCTC (GGGTTCCCTAAGGGTTGGACEctactactattagtag
GaaTTCCCT cTTcTGGCC ccacACCAA aaatgtatctaa TCTAGATTG cTATCTCC CTTCTGGCCTTGCAGAGGAG
miR-182_2  [chr7:129,415,089 |AAGGGTTGG| 19 35 [TTGcAGAGG| 24 | 722 |egTeTCTCC | 25 | 725 30 [eATCTTGCT | 23 TTCTGG| 78 78 | AAGACCACACCAAGGTGTCTCCTATCTCCaaatgt| 156
A gecacctttt AGAAGA TATCTCC atctac| Gaeae CCTTGCAGAGGAGAAG (GATTGGATCTTGCTGGC atctaatggteasactaaatctac TCTAGATTGGATCTT
A GCTGGCaC
GGGTTCCCTAAGGGTTG GATCTCGGTGCCTGTGG GGGTTCCCTAAGGGTTGGACctactactattagtag
GaeTTCCCT cTcTeacetc GATCTCGGT ttgegaaatgta TCTAGATTG TCATC TCTCACCTCGCCCATGA
DROSHA 3 [chr5:31,526,333 [AGGGTTGG| 19 |8 °6°™ | 39 |GeocaToAC| 22 | 718 [GCCTTGGT| 22 | 719 |tetaatggteas| 35 [GATCTTGCT | 23 cret| so 80 |CTGTGATCTCGGTGCCTGTGGTCATCttgegaaat | 160
A E caTC actaaatetac| Geac CACCTCGCCCATGACTG (GATTGGATCTTGCTGGC gtatctaatggteasactaaatctac TCTAGATTGGATCT]
F i ac TGCTGGCGC
I (GGGTTCCCTAAGGGTTG CGCAGAGCACCCACTCC (GGGTTCCCTAAGGGTTGGACEctactactattagtag
GaaTTCCCT ccGAGCAAA CGCAGAGCA o - TCTAGATTG cT CGAGCAAAGCACCA
miR-126_1  [chr9:139,564,281 |AAGGGTTGG| 19 42 |ecaccacet | 21 | 73.7 [cceacteee | 21 | 730 | & 38 [cATCTTGCT | 23 8 TC| 82 |CCTTGCCGCAGAGCACCCACTCCCTAGeatttgcg | 164
A o T6c TAG . Gaeae CGAGCAAAGCACCACCT TAGATIGGATCTTGCTG aaatgtatctaatggtcanactaaatctac TCTAGATTGG
p T6C Gcoc ATCTTGCTEGCGE




LC-miR_2 assay

probelD | ligationposition | 5PPS |length| 55 |length| 5TSS [length[Tm(°C)| 37TSS |length [Tm('C)|  3'ss  [length| 3PS5 |length S'HPS SHPL 3HPS 3HPL] s i
GGGTTCCCT (GGCCCAGAT GGCAAAACT TCTAGATTG GGGTTCCCTAAGGGTTG GGCAAAACTTCTGGCCC GGGTTCCCTAAGGGTTGGAcgctacGGCCCAGAT
ctrl_1 chr22:30,069,316 |AAGGGTTGG 19  |cgctac 6 CACCGAGGA| 21 75.6 |TCTGGCCCA 22 710 ac 2 GATCTTGCT 23 [GAcgctacGGCCCAGATC | 46 |AGAAGacTCTAGATTGG | 47 [CACCGAGGAGGAGGCAAAACTTCTGGCCCAGA| 93
A GGA AAG GGCGC ACCGAGGAGGA [ATCTTGCTGGCGC AGacTCTAGATTGGATCTTGCTGGCGC
GaeTTCCCT GGAAACACG AATTGCATA TCTAGATTG (GGGTTCCCTAAGGGTTG AATTGCATACCCCCGAC GGGTTCCCTAAGGGTTGGACECtGGARACACGC
DICER1_1  |chr14:95,557,143 [AAGGGTTGG| 19 |cget 4 |ceTiaceac| 25 | 714 |ccccceaca| 2a | 720 | 1 |GATCTTGCT | 23 |GAcBCIGGAAACACGCGT| 48 |AGACAGGCTCTAGATTG | 48 |GTTACGACTTACTGCAATTGCATACCCCCGACA | 96
A TTACTGC GACAGG Geac TACGACTTACTGC GATCTTGCTEGCGC GACAGGCTCTAGATTGGATCTTGCTGGCGC
GaaTTCCCT ceTTCTGTCT| AGACACCGG TCTAGATTG GGGTTCCCTAAGGGTTG AGACACCGGGCCTTTGA GGGTTCCCTAAGGGTTGGACECtactacCGTTCTG
miR-200b_1 [chr1:1,102,025 |AAGGGTTGG| 19 [cgetactac 9 |coacaseet| 22 | 734 |GecTTToAG | 23 | 712 tac| 3 [|cATcTTGCT | 23 T6T | S0 TCTAGATTG| 49 |TCTCGAGAGCCTCGCAGACACCGGGCCTTTGAG| 99
A cec AAGAG Geeae CTCGAGAGCCTCGC GATCTTGCTGGCGC AAGAGtacTCTAGATTGGATCTTGCTGGCGC
GaeTTCCCT CAGGCCACA GTGAGGAAT TCTAGATTG (GGGTTCCCTAAGGGTTG | GTGAGGAATTACAACAG igE;Zzﬁﬁgccigﬁz’:?:z‘ﬁgfgﬁg
miR-143_1  [chr5:148,808,365 |AAGGGTTGG| 19 [cgctact 7 |eAcaGeAAa| 25 | 726 |TAcmAcaGe| 24 | 719 ctac| 4 [GATCTTGCT | 23 [GACECtactCAGGCCACA | 51 |CCTCCCGetacTCTAGATT| 51 [P0 r ot Rl el il FE e | 102
A CACAGTT cTccce Geac (GACAGGAAACACAGTT GGATCTTGCTGGCGC
GaaTTCCCT GGAGAGGC GeeaceacT TCTAGATTG GGGTTCCCTAAGGGTTG GCCACCACTTCCAGTGC igg;ig?&ﬁgg;iigfé:c‘éiﬁﬁf:;
miR-171  [chr13:92,002,604 |AAGGGTTGG| 19 [cgctactactat | 12 [cAGCCATTG | 22 | 735 [TccasTaer | 23 | 711 atctac| 6 [GATCTTGCT | 23 |GAcgctactactatGGAGA | 53 [TAGTTGatctacTCTAGAT [ 52 [*70iet tilER o (R A PE A0 T 105
A GAAGA AGTTG Gaeae (GGCCAGCCATTGGAAGA TGGATCTTGCTGGCGC o
GaeTTCCCT AGGATGGC TTCATTTCCA TCTAGATTG gif:;iz;’:ﬁzi;? TTCATTTCCACACATGGA| gi?GZEzﬁézii:éiiﬁiﬁ?:ﬁ:;iﬁ
miR-311  [chr9:21,510,188  |AAGGGTTGG| 19 15 |ecTTeGeaA| 23 | 742 [cAcatGGAA| 25 | 719 atctac| 6 [GATCTTGCT | 23 g 57 [ACCCAGCatctacTCTAGA| 54 108
ag ATGGCGCTTGGCAAGCA CATGGAACCCAGCatctac TCTAGATTGGATCTTG
A CCAGC Geac TTGGATCTTGCTGGCGC
4 ATG cTGGCGC
GGGTTCCCTAAGGGTTG CTGGACATCAAGCTGGC (GGGTTCCCTAAGGGTTGGAcgctactactatCAGCT |
w2 |wraseiosaen [sceoriat| 19 [egmanat| 12 [crsTaccad| 20 | 728 [maccreoce| a1 | 727 1 [awrermect | 2 ¢ ol o TETA |, [GGACGAGTACCAGGAGETTCTGGACATEAGE | |
- ChrAREA0 ke GACGAGTACCAGGAGCT| GATTGGATCTTGCTGGC TGGCCCTGaactaaatctac TCTAGATTGGATCTTG
A GAGCTT GGCGC -
- T GC CTGGCGC
s | | o I W e I
miR-451a_1 [chr17:27,188,349 :AGGGT[GG 19 13 ?lgizn;rrc 25 | 714 $TGCTTCCCTTTGAG 25 | 711 | tasatctac| 9 g:TcLG‘I;fGCT 233 | ecetteenat | 57 |reatroonrarmocios | 57 |coronemicrcmomttarciaoateoarer | 114
4 AGT cac TGCTGGCGC
— ocor| | oo N e A
miR-205_1  [chr1:209,605,273 :AGGGTTGG 1 [ 18 gigccAAC 2 | 71 li'([sGGTTGCAG 23 | 701 |aactasatctac| 12 ggzgcma 23 e | 5 [aormcamoneers | 58 |oreerccrcormtmiarcmantrocare 117
e TCAG Gcoc TTGCTGGCGC
GaeTTCCCT GGTAGCACT GAACCTGGT TCTAGATTG CGGTTCCCTAGGETTG :AA?:?GGTCTTCCTGG gg?[2Eiggiiﬁg;ﬁi’x;z:;ﬁgig
DICERL2  chr14:95,577,684 :AGGGWGG 9 |agtag 1 ?Es;rccm 37 igCCCTTGGGA 24| 7 J = g:g';ma 2 |gaceactecericatr| © [1cracatreeatcriaer| ® |TTecToAACACTGaaactasatetacTCTAGATTG | 120
4 c6T6 Gaeae GATCTTGCTGGCGC
GGGTTCCCT AGTCCTGTG AGACGAGG TCTAGATTG GGGTTCCCTAAGGGTTG | AGACGAGGACTACGGCT] GGGTT(‘(‘(‘TV/\/\GVGGTTGVG/\EEE‘a(!BETanan!BVg
trl_5 chr2:109,545,837 [AAGGGTTGG| 19 21 |ectaceeea| 22 | 728 [actaceeer| 22 | 718 | #8222l 45 Gatcrrecr [ 23 |© 6 [6€8TC 6y |PMACTCCTGTGGCTACGGCACCAMGACGAGG ) )
U " ’ agtagaat atctac| tAGTCCTGTGGCTACGG cTCTAGATTGGATCTTGC ACTACGGCTGCGTCggtcaaactaaatctacTCTAGA
A ccan GeaTe Gecae N
- CACCAA TGGCGC TTGGATCTTGCTGGCGC
e O I I I e A
miR-486.2 - \chre:41,517,622 :AGGGWGG 9 |agragaa B :E‘:f::fn | 733 :;fg?gggc | 720 tac| g:g'gca 2 |caceAcCcARCAGEAGE| % [tctacTCTAGATTGGATCT | © |TAAACCAGCAGCCTAGTGGGtcaactaaatetacT | 128
4 TACTCAGA TGcTG6CaC CTAGATTGGATCTTGCTGGCGC
GaaTTCCCT cTGTAGTCC TeTEGACCC TCTAGATTG CGGTICCCTAAGGETTG [CTOGACCCCGTGCTAT Gﬁ?ﬁcigf}:g?ggfggg’ﬁ;ﬁsg&ﬁ?
iR200b_2 [chr1:1,104,685 |AAGGGTIGG| 19 2 |ccoeGeaGA| 21 | 740 |cGTGCTATC [ 21 | 715 22 [eATCTTGCT | 23 66 66 132
m ol b ctaaatetac| B ttgatgCTGTAGTCCCCGG tctacTCTAGATTGGATCT ACCCCGTGCTATCAGCctaatggtcaaactaaatetac
P e GCAGATGC TGCTEGCGC TCTAGATTGGATCTTGCTGGCGC
GaeTTCCCT CTCTCCATTG AaTGCCCCC TCTAGATTG cacTTCCCTANGGETTG :gg:gccuacﬁcc f;i::ﬁ;’:ﬁgfﬁlﬁgéﬁ;ﬁxﬁ:?g
miR-143.2 - |chrs:148,810,997 :AGGGWGG ® % ot 3|79 gg:ﬂ'r T BT a2 g:g'gca 2 ugatgcicrccaTT6TG | © |asatctTcraGATIGGATC| ®® |cCCCCATCACTICCTCTCATTctaatggtcaactaaa | 10
E 4 CACCACCAGC TTGCTGGCGC CtTCTAGATTGGATCTTGCTGGCGC
— s | [eemecomnens| s | oo
miR-17.2  [chr13:92,003,414 |AAGGGTTGG| 19 27 |AcTccaceT | 24 | 721 |ATcamacte [ 25 | 718 22 [eATCTTGCT | 23 g glagaal 5o 70 |2nEatE 140
b s e ctaaatetac| B ttgatgcAGCTGTAGAACT ctaaatctac TCTAGATIGG TCGCCCAATCAAACTGTCCTG TTctaatggtcaaact
25 e CCAGCTTCGGCC ATCTTGCTGGCGC aaatctac TCTAGATTGGATCTTGCTGGCGC
GGGTTCCCT TCCCTGCGC UARIERELY TCTAGATTG [edemEapAEddne RS GuE GGl?TTIF:ZI/(\:\SSSCTCT:ﬁ’éfé‘g?sfial::i‘:\g
aattgatg
ctrl_3 chr17:3,397,683 [AAGGGTTGG| 19 |agtagaattgat| 26 [caTToacaT| 27 | 706 |ACTTCATIA | og [ 709 |2atBMasact] o o rerraey | 23 |CACEctactactattagtagaa) ;) [ACCCCCGGOATGaatggt | ) |\ rycac AAAGTTGATTACCCCCGGGATGAatgg| 144
N CTATAAAAT CCCCCGGGA aaatctac| GGCGC ttgatg TCCCTGCGCCATT caaactaaatctacTCTAGA N N tctac TCTAGATTGGATCTTGCTGGCG
8 & GAGGTCTATAAAAT TTGGATCTTGCTGGCGC r"""’“ Aaatetac
(GGGTTCCCTAAGGGTTGGACEctactactattagtag
CCTTAGAGT TTAGGCACA GGGTTCCCTAAGGGTTG TTAGGCACAGGAGGTTT
[EsEmEEET GTCCGCTTTT] GGAGGTTTG tctaatggtcaa [CIACATIE] GAcgctactactattagtagaa | GTGGGTAGTTCtctaaty 22ttgatgCCTTAGAGTGTCCGCTTTTGAAGATGT
miR312  [chr9:21,512,347 |AAGGGTTGG| 19 2 2 | 706 28 | 726 23 [eATCTTGCT | 23 g elagaal 74 8| 74 |AGTTAGGCACAGGAGGTTTGTGGGTAGTTCKcta| 148
b GAAGATGTA TGGGTAGTT actaaatetac| B ttgatgCCTTAGAGTGTCC tcaaactaaatctac TCTAGA N ot oA GG OTe
& G c = GCTTTTGAAGATGTAG TTGGATCTTGCTGGCGC "G cgg‘c““ aaatctac
IS (GAGCAGAGAGCTTCTTG GGGTTCCCTAAGGGTTGGACctactactattagtag
GaeTTCCCT GGCAGTCAG GAGCAGAG aatgtatctaat TCTAGATTG et GGCTTGCaatgtatctaatg aattgatgccacctGGCAGTCAGTAGGTTGTGACAG
miR-451a_2 [chr17:27,188,489 |AAGGGTTGG| 19 32 [TAGGTIGIG | 25 | 728 [AGCTICTIG | 24 | 737 | getcasactaa| 29 [GATCTTGCT | 23 [ afgmcc e eEaE| 76 [gtcasactaaatctacTCTAG | 76 [GCTGAGCAGAGAGCTTCTTGGGCTTGCastgtate| 152
A gccacct ACAGGCT GaeTTeC atctac| Geac g ATTGGATCTTGCTGGCG taatggtcaaactaaatctac TCTAGATTGGATCTTGC
GTAGGTTGTGACAGGCT
c TG6CaC
(GACTCCCCACAGAGCAA (GGGTTCCCTAAGGGTTGGACEctactactattagtag
GGGTTCCCTAAGGGTTG
GaaTTCCCT GCAAGGAAC GAcTCCCCA gegaaatgtate TCTAGATTG et e [ AAGGAACCCTGCTGCCC
miR-205_2  [chr1:209,606,077 |AAGGGTTGG| 19 37 |ccTectecc | 22 | 732 |cAGAGeAAG| 22 | 72 33 [GATCTTGCT | 23 [eBaC A A8 28] 78  |ggtcasactaaatctacTCTA | 78 [TTAGACTCCCCACAGAGCAAGCAGAgcgaaateta | 156
A gecacctittca cTTA cAGA taaatcta| Gaeae 215 (GATTGGATCTTGCTGGC tctaatggtcaaactaaatctac TCTAGATIGGATCTTG
(GAACCCTGCTGCCCTTA
ac cT6GCGC
GGGTTCCCTAAGGGTTG GTCTGAGCCTTCTGCAA GGGTTCCCTAAGGGTTGGACctactactattagtag
GaeTTCCCT GACATCAGA GTCTGAGCC tgcganatgtat TCTAGATTG TcCTC GACTTGGTTIGCG
DICER1.3  |chr14:95,607,817 [AAGGGTTGG| 19 |agtagaattgat| 36 [CTIGGTTTG | 25 | 725 [TTCTGCAAT | 23 | 718 34 [GATCTTSCT | 23 80 T| 80 |CTCAGGTCTGAGCCTTCTGCAATGCCTCgegaaa| 160
A gccacctitte cocTeaG Geete ctaaatetac| Geac AGACTTGGTTTGCGCTC AGATTGGATCTTGCTGG tgtatctaatggteasactaaatctac TCTAGATTGGATC
AG cac TTGCTG6CEC
(GGGTTCCCTAAGGGTTG TGTCCCTTCCTCATGGCA] (GGGTTCCCTAAGGGTTGGACEctactactattagtag
GaaTTCCCT GAGATGGTC TeTCCCTTCC ] TCTAGATTG c G \CAGC
miR486_1 |chrs:41,518,110 [AnGGGTTGG| 19 |"S°EEN 40 |scacaccoT| 23 | 732 [TeaTeGeac| 21 | 730 | ETCEVRE] 55 Gatcrioct | 23 8 TCT| 82 |GTCTTCATGTCCCTTCCTCATGGCACGGatttgeg| 164
A B crTca 6 . Geeae (GATGGTCGCACAGCGTC AGATTGGATCTTGCTGG aaatgtatctaatggtcanactaaatctac TCTAGATTGG
F TTcA cac ATCTTGCTEGCGC




LC-5p assay

probelD | ligationposition | 5PPS  [length|  5'sS  [length| 57TSS |[length [Tm(°C)|  37TSS |length [Tm(°’C){  3'ss  |length| 3Pss |length SHPS 5'HPL| 3HPS, 3HPL| s ™
GGGTTCCCT GGCCCAGAT GGCAAAACT TCTAGATTG GGGTTCCCTAAGGGTTG GGCAARACTTCTGGCCC] GGGTTCCCTAAGGGTTGGACECtacGGCCCAGAT|
ctrl_1 chr22:30,069,316 |AAGGGTTGG| 19 |cgctac 6 |cAcceaceA| 21 | 756 |tcTeGecea | 22 | 710 ac] 2 [GATCTTGCT | 23 |GAcgetacGGCCCAGATC | 46 | AGAAGACTCTAGATTGG| 47 |CACCGAGGAGGAGGCAAAACTTCTGGCCCAGA | 93
A GGA GAAG Geeae ACCGAGGAGGA ATCTTGCTGGCGC AGacTCTAGATTGGATCTTGCTGGCGC
GaaTTCCCT GCCAAGGTC GCCACAGGC TCTAGATTG GGGTTCCCTAAGGGTTG GCCACAGGCCTCTTGGT] GGGTTCCCTAAGGGTTGGACECtactaGCCAAGG
DROSHA_1 |chr5:31,410,887 |AAGGGTTGG| 19 |cgctacta 8 |mmeeTGeGA| 21 | 732 [cTeTTeGTCT| 21 | 723 ctac| 4 |GATCTTGCT | 23 |GAcgctactaGCCAAGGTC| 48 | CTTGetacTCTAGATTGG| 48 |TCTTGGTGCGAAGCGCCACAGGCCTCTTGGTCT | 96
A GGeae TTGGTGCGAAGC ATCTTGCTGGCGC TGetac TCTAGATTGGATCTTGCTGGCGC
GGaTTCCCT CTGCTEACC TcATCCTCCT TCTAGATTG GGGTTCCCTAAGGGTTG TCATCCTCCTGTTCTGGA| GGGTTCCCTAAGGGTTGGACECtacCTGCTGACC
Sp_12M  |chr5:1,244,805 |AAGGGTTGG| 19 [cgctac 6 |aTcTTIGIG | 25 | 706 |GTTCTGGAA| 24 | 716 ac| 2 [GATCTTGCT | 23 |GAcgetacCTGCTGACCAT| 50 | AGCCACAcTCTAGATTG| 49 |ATCTTTGTGGCTTACATCATCCTCCTGTTCTGGA | 99
A GCTTACA GCCAC GGeae CTTTGTGGCTTACA GATCTTGCTGGCGC] AGCCACacTCTAGATTGGATCTTGCTGGCGC
GaaTTCCCT CATTGCATG TCTACAAAG TCTAGATTG GGGTTCCCTAAGGGTTG TCTACAAAGGTCAGGCC] GGGTTCCCTAAGGGTTGGACECtactaCATTGCAT
DROSHA 4 |chr5:31,431,731 |AAGGGTTGG| 19 |cgctacta 8 |tcemaceTc| 24 | 719 |6TcAGGeee| 23 | 709 tctac| 5 |GATCTTGCT | 23 |GAcgetactaCATTGCATG | 51 |CGTGAGctacTCTAGATT| 51 |GTCGAAGGTCCGATTCTCTACAAAGGTCAGGCC| 102
A CGATTC GTGAG GGeae TCGAAGGTCCGATTC GGATCTTGCTGGCGC CGTGAGHCtacTCTAGATTGGATCTTGCTGGCGC
GeaTTCCCT TGGCAGATC GCCAAGCGC TCTAGATTG GGGTTCCCTAAGGGTTG GCCAAGCGCGGTATCTG iff CTTC ggg:gfﬁgigézﬁz;gi?ﬁ:f
5p_102M  |chr5:10,236,639 |AAGGGTTGG| 19 |cgctactact | 10 |CATGCACAC| 24 | 725 |GGTATCTGG| 23 | 719 atctac| 6 [GATCTIGCT | 23 |GAcgetactactTGGCAGA | 53 | GAATACatctacTCTAGAT| 52 [T tor A = o i B vl o |05
A crTeTc AATAC GGeae TCCATGCACACCTTCTC TGGATCTTGCTGGCGC o0
GaaTTCCCT GACTGGATT GCCGACAAA TCTAGATTG GGGTTCCCTAAGGGTTG izi’;i:::féﬁgﬁ; gif—: :::él’;ﬁigglﬁgg?;::;ﬁgif
5p_45.4M  [chrS:45,396,650 |AAGGGTTGG| 19 |cgctactactat | 12 [AMAGCGGTG| 23 | 70.8 [CATGGCATA| 22 | 708 | tasatctac| 9 [GATCTTGCT | 23 |GAcgetactactatGACTGG| 54 |, °r i 2 TH0ee P sa |20 B00 2 oo aertear | 198
A GCATG GCAG GGeae ATTAAAGCGGTGGCATG
= q GGeGe
GGGTTCCCTAAGGGTTG CTGGACATCAAGCTGGC] GGGTTCCCTAAGGGTTGGACgCtactactat CAGCT|
w2 |wraserosaen [sceorras| 19 1o [oamecns| 20 | 72 [mccreoce| a1 | 727 1 [awrermect | 2 ¢ acare)| 20} [ TeTH| ., |ecACeAGTACCAGGAGETICTGGAATERNGE |
- ChrAREA0 AR GACGAGTACCAGGAGCT| GATTGGATCTTGCTGGC TGGCCCTGaactaaatctac TCTAGATTGGATCTTG
A GAGCTT c16 GGCGC
= T Gc CTGGCGE
o] | I I e
5p_19.7M  [chr5:19,721,515 :AGGGT[GG 1 | 14 lilgigcu 2 | 719 ggr/ziﬁgm 25 | 709 | taaatctac| 9 g:TcLG‘I;fGCT 23 | anaceacce | 57 | noarrecarermectos] 5 |acetaceeTeaTctamictcrciasarTaoATe | 114
= GAG cad| TTGCTGGCGC
- - B I T e
GOLPH3_S'  [chr5:32,010,496 :AGGGTTGG 1 17 é:égmxxc 23 | 716 ﬁlﬂgmcr 23 | 704 |aactaaatctac| 12 ggzgcmc'r 2 | e acnronce | % | Tacarreenreriecta| % |etorcerceretencimttactcracatioonT | 117
e AGCT GeaC| CTTGCTGGCGE
I I I O O I o e M e T e
DROSHA.2 [chrs:31,472,248 :AGGGWGG 9 |agtag 1 gcci_A[SGAA 37 lzCCTACCTCA 2 | o tac| *® g:TcZ'JGCT 2 lcagerccrcccactana | © | Tacattaeatcriaers| ® |ccrectcasGeatcanactaaatctacTcTaGATTGG | 120
= GCATA GCGC| ATCTTGCTGGCGC
GGGTTCCCTAAGGGTTG AGACGAGGACTACGGCT GGGTTCCCTAAGGGTTGGACgctactactattagtag
GGGTTCCCT AGTCCTGTG
trl_s hr2:109,545,837 [AAGGGTTGG| 19 21 |GCTACGGCA| 22 | 728 2?::?2?; 2 | 71 [ B, LTT‘;GT‘T\;TC'GT 2 [8 o |oCTC 62 |2ACTCCTGTOGCTACGECACCAMGACGASG |,
ctrl S oSt | agtagaat o - atctac s {tAGTCCTGTGGCTACGG CTCTAGATTGGATCTTGC ACTACGGCTGCGTCggtcaaactaaatctacTCTAGA
= CACCAA T6GCGC] TTGGATCTTGCTGGCGC
scorrccer eccrrecten proscates consconae] (. [ITROATIG | O etogtogs| o, |ToOACCATCcssmeten] o, [sncecTIcCTGTOTATCCTIG RS TeATORCAT
5p-26.9M  |chrs:26,903,788 :AGGGWGG 9 |agragaa B ?CT:;%WG | 709 QAQC\ACZ?;ET 26| 708 tac| g:TcZ'JGCT 2 ccerrecretarateett | © |ctactcracatraeatert| © |coancaTaTcTGCACCATCteaaactaaatetacTeT | 128
= GTCAGTG GCTGGCGC AGATTGGATCTTGCTGGCGC
- e ||| B e T e T
DROSHA 5 |chr5:31,504,712 |AAGGGTTGG| 19 2 |ceTeTioee | 23 | 709 |GeAGAGTG | 23 | 715 20 |GATCTTGCT | 23 66 66 132
e " agtagaattga eraeon aaatctac| fseae ttgaATTCCTGTGCGTCTT atctac TCTAGATTGGATC TTTGCAGAGTGGTCCATaatggtcanactaaatctacT|
e GeeTTTGe TIGCTGGCGC CTAGATTGGATCTTGCTGGCGC
S E— — N . GGGTTCCCTAAGGGTTG CCGCFITchTTGGAGTCGC GGGTchc—TrAcAcGrﬁgﬂ?fgéiﬁ:é?gg;g:ﬁ
COLPH3 el |chrs:32,173,966 :AGGGWGG ® & ® QEGGTCAGC a2 ?_?GTCGCCC 2| 74 actaaatctac| 2% g:TcZ'JGCT 2 ugatgeerrecteeatcag| ® | atctacTcTaGATIGGATC| ®® |cCTTGGAGTCGCCCTTatctaatggteanactaaateta| 10
E = GGTCAGCCG TIGCTGGCGC CTCTAGATTGGATCTTGCTGGCGC
. [— I — I I —— GGGTTCCCTAAGGGTTG ZZAGATC:GGCTGATGCG GGGWCCL‘[AAG?[T;[CGGAcgctac(acta:caélig.r
5p_35.6M |chr5:35,659,144 :AGGGTTGG 19 28 st 23 | 706 glz;;lccec 23 | 724 OS2 ggzgcmc'r 23 e | 70 crnenTros| 70 [TAACCoaCTOATOCOGCAGTCatetmatgsteasae | 10
= e GAGGAACAGCTG ATCTTGCTGGCGC taaatctac TCTAGATTGGATCTTGCTGGCGC
TATAGAGAA GGGTTCCCTAAGGGTTG TATAGAGAAAGTTGATT] COOTICCCTAGGOTIOR cBctactactatiagtag
GGGTTCCCT TCCCTGEGC TCTAGATTG aattgatgTCCCTGCGCCATIGAGGTCTATAAAAT
ctrl_3 chr17:3,397,683 |AAGGGTTGG| 19 |agtagaattgat| 26 [cATTGAGGT| 27 [ 706 [ASTTATIA | 5 | 70 (2atBEIC@aaCH o4 eyrerrger | 23 |° 77 | ACCCCCOGOATGRAMERY 7 | 11y A GANAGTTGATTACCCCCGGGATGaatgg| 144
397 A SeTIe Blagaatte: UAU;AA’M CCCCCGGGA aaatctac| e ttgatgTCCCTGCGCCATT caaactaaatctacTCTAGA . " > . 1!C?AGAHGCA!’C?!’CU’GCCE(EJ
& g GAGGTCTATAAAAT TIGGATCTTGCTGGCGC] (oaactanatetae
GGGTTCCCTAAGGGTTGGACEctactactattagtag
GGGTTCCCTAAGGGTTG GCGATCCAAGAAACAGT|
GGaTTCCCT GTTCTGGCG GCGATCCAA aaatgtatctaa) TCTAGATTG el aattgatgecacctttGTICTGGCGGAGATGGTTGCA
GOLPH3_3' [chr5:32,239,139 [AAGGGTTGG| 19 34 |GAGATGGTT| 21 | 719 |GAAACAGTG| 21 | 709 30 |GATCTTGCT | 23 | 7 omat| 74 |GCGATCCAAGAAACAGTGGCCanatgtatctaatee | 148
A gccacctt GcA Gee atetac| GGeae ompimalig R OATCTTOCTE006C tcanactaaatctac TCTAGATTGGATCTTGCTGGCG
GGGTTCCCTAAGGGTTG GATCTCGGTGCCTGTGG! GGGTTCCCTAAGGGTTGGACEctactactattagtag
GaaTTCCCT cTCTCACETC GATCTCGGT ttgegaaatgta) TCTAGATTG TCATC TCTCACCTCGCCCATGA
DROSHA_3 |chr5:31,526,333  [AAGGGTTGG| 19 **PET908™| 39 |GcccaTeac| 22 | 718 |GCCTETGGT| 22 | 719 |tctaatggtcaa| 35 [GATCTTGCT | 23 cret| so CTA| 80 |CTGTGATCTCGGTGCCTGTGGTCATCttgegaaat | 160
A E cATC actaaatctac| GGeae CACCTCGCCCATGACTG GATTGGATCTTGCTGGC gtatctaatggtcaaactaaatctac ICTAGATTGGATCT
F i TGCTGGCGC
Legend:
5PSs, 3'PSS - §' and 3" primer-specific sequence, respectively SALSA PCR Forward primer (Labeled): *GGGTTCCCTAAGGGTTGGA
555, 3'55 - 5' and 3 stuffer sequence, respectively SALSA PCR Reverse primer (Unlabeled): GTGCCAGCAAGATCCAATCTAGA
5SS, 3755 - 5' and 3' target-specific sequence, respectively
Tm - melting temperature Sequence used for generation of all 5' and 3' stuffer sequences: AC# V00604, Phage M13 genome, position 3-99
S'HPL, 3HPL- 5" and 3" half-probe sequence 5 :

S'HPL, 3'HPL-5'and 3' half-probe length
TPS, TPL - total probe sequence and length




Supplementary Table S2. Relative copy number values of the analyzed regions

i relative copy number values of all regions
SAMPLE - tumor rri"::ls?:r: Trl) sex ;lg: :; sample o ; ; ; " ¢
NUMBER stage  ProBressic e type miR- MR- MR- miRemiRe L iR miR miRe L MR o rsge MRS DROSH Lo EGRR
metastasis (M) sis 126 200b 182  45la 210 486 143 155 205 30d A mutation
1 nB P M 68 FFPE 215
2 v R M 58 FFPE 2.00
3 1A R w 69 FFPE 225
a4 1A P M 70 FFPE 2.
5 v P M 63 FFPE 2.
6 nA P M 66 FFPE 2.
7 l:3 M M 67 FFPE 2.
9 B R w 74 FFPE 2. +
10 1A R M 58 FFPE 179 2.
11 v P M 40 FFPE 156 2.
12 R w 76 FFPE 141 2.
13 ms P M 65 FFPE 151 excluded 1.
14 M 53 FFPE 1.66 2.04 1.85 2.
15 M 78 FFPE excluded 1.66 1.62 2.
16 l:3 R M 76 FFPE 1 excluded 137 2.
17 l:3 P M 58 FFPE » 155 2.
18 v P M 56 FFPE X 1.49 2.
19 v P M 76 FFPE 5 131 23 excluded X . . . . . X .. 55 2 +
20 v M M 54 FFPE » 127 2.06 1.94
21 v R w 52 FFPE 15% excluded 155 3.36 excluded .
22 nA R M 81 FFPE 50% 137 215 185 225
23 M 59 cyto 172 1.65
24 ms P w 59 FFPE 30% 189 228
25 ms P M 61 FFPE 40% 182 199
26 v M M 60 FFPE 221 229
27 1A P M 64 FFPE 10% 213 233
28 v M w 62 FFPE 178 161
29 v M w 55 FFPE 197 2.20
30 w 60 cyto 167 123
31 v M w 63 FFPE 60% 227 3.48
32 v M M 53 FFPE 50% 152 1.59
33 w 56 cyto i excluded 1.5 excluded  excluded
34 1\ M w 54 FFPE 1.61 1.54 7. 3 .0 5.16 6.84 6.97 excluded
35 M 70 FFPE 10% 3 1.76 179 3 .. . .. 3.14 4.24
36 v M M 59 FFPE 178 X 3.77 » . . X X X . 11.02  excluded
37 1A P w 67 FFPE 30% 187 .. 2 » .. 4.09
38 v P w 48 FFPE 70% 6 . 161
39 v P M 60 cyto
40 w 53 cyto +
41 M 63 FFPE 40% 6 excluded
42 M 57 FFPE 30% excluded
43 w 49 FFPE 60% 3 2 excluded
44 v P w 67 FFPE 2.96 +
45 v M M 68 FFPE 40% 2.40 +
46 w 53 FFPE 9 excluded 221
47 w 55 FFPE 30% X 227
48 nA M w 50 FFPE 80% 225 299
49 v M w 61 FFPE excluded pAL) +
50 w 55 FFPE 20% 9 9 excluded 2,07 +
51 v M w 52 FFPE 199 211 +
52 M 64 FFPE 9 236 2.1
53 w 69 FFPE 10% 9 3.89 1.9
55 v M M a7 FFPE 20% 6¢ 336 217
56 nA R w 52 FFPE 20% 9 excluded excluded 2.77 194
57 M 61 FFPE 35% 1.66 191 137 1.95
58 M 53 cyto 1.74 1.36 167
59 M 76 FFPE 30% . 154 excluded 1.96
60 nA M M 72 FFPE 20% 251
61 v M M 69 FFPE . X excluded
62 w 60 FFPE 70% 9 excluded 90 9 199
63 M 74 FFPE 65% 5 5 X excluded 3.01
65 W ™M w 35 cyto i 2.08 2 n 2 +
66 v w 66 cyto 95% . . 6 excluded 6 » X 2 +
67 nms M M 67 FFPE 50% excluded .. excluded 0 .. . excluded
68 nA M M 65 cyto 50% 1.40 .. 1.40 excluded
69 M 56 FFPE 30% 1.62 1.71 2. 0:
70 M 65 FFPE 50% excluded excluded 2.
72 w 58 FFPE 20% 1.61 excluded 2. +
74 M 56 FFPE 70% 115 127
75 M 73 FFPE 40% 5 1.63 1.66
76 w 61 FFPE 35% 210 2.60
77 w 56 cyto 40% 9 3 1.87 214
78 w 75 FFPE 30% 7 1 1.96 2,07
79 1A R M 68 FFPE 85% excluded excluded 217
80 1A R M 66 FFPE 30% 164 176 2.50
81 v P w 73 cyto 60% 1.64 1.69
82 nA M w 49 FFPE 55% 1.47 174
83 w 57 cyto 1.82 153
84 w 71 FFPE 50% 90 1.87 2.20
86 w 66 cyto 80% 1.91 1.52 excluded +
87 nA M w 59 FFPE 30% 176 2. 298 +
88 w 65 FFPE 50% excluded 2. 233
89 v M w 58 FFPE 10% 1.54 2. 2.90 2 +
90 nA R w 36 FFPE 50% 1.60 2. . EX
91 M 55 cyto 50% 1.93 1 221 2.56
92 w 57 cyto 30% 2.17 2. 1.98 2.04
93 nA P M 66 FFPE 60% excluded 2. 3.82 2.96
94 nA P w 78 FFPE 55% i 167 2. 192 1.98 +
95 M 51 cyto 50% 212 1. EX) 2.79
96 ms P M 58 FFPE 20% 8 2. 2.04 2.21
97 w 54 FFPE 40% 2. 2.0 2.30
98 M 56 FFPE 60% 1. 2. 2.87
99 1A R w 63 FFPE 2. 2. 1.96
100 M 48 FFPE 70% 2. 2. X 2.20
101 ms P M 64 FFPE 15% 2. 2. 2.63 222
102 ms R M 42 FFPE 70% 2. 1. 223 2.08
103 v M w 64 cyto 90% 19 2.24 2.07
104 A P M 58 FFPE 10% 2.14 2. 2.03 2.00
105 M 68 cyto 70% » excluded excluded excluded 9 excluded  excluded 247 2.81
106 M 59 cyto 60% 9 174 1.58  excluded 178 excluded excluded 194 213
107 nA R M 54 FFPE 70% 147 153 excluded 1.78  excluded 195 2.0 243
108 v M w 64 FFPE 60% » 5 . 2.19 179 excluded excluded 3.42 24 245
109 M 62 FFPE 40% 6 6 1.54 170 excluded 185 17 1.87
110 nA P w 67 FFPE 15% 6 5 1.89 2.12 246 excluded 2.40 2. 238 2 +
111 M 62 cyto 80% 5 excluded excluded 122 2.1 1.40 5 179 212 2. 1.73
112 1A M a4 cyto 80% 222 excluded 35 excluded 142 237 1.98 excluded 2. 2.75
113 M 59 FFPE 50% 2.05 211 1.51 excluded excluded excluded . excluded 1.26 . excluded 1.69
114 M 66 FFPE 50% 1.65 excluded excluded excluded 214 excluded X excluded  excluded excluded 226
115 ms P w 38 cyto 55% 1.99 149 212 excluded 2 excluded  excluded 0 314 2.58
116 v M w 54 FFPE 25% 129 excluded 133 2 excluded 3.67 » 3.64  excluded +
118 M 60 FFPE 50% 159 189 156 2. 2.52 6 315 2.57
119 1A R M 73 FFPE 30% 174 237 2. 4.01 244 219
120 nA P M 66 FFPE 50% 2.09 1.48 2. excluded 2.62 243
121 M 71 cyto 40% 2.60 132 1.98 2. excluded 2.55 excluded
123 ne P M 55 cyto 65% excluded 2.62 131 excluded 2. excluded excluded
124 A P M 73 FFPE 65% 1.70 1.74 1.63 X 3. . 3. 3.24
125 M 68 FFPE 10% 115 1.09 127 X 6 . 5.0 4.8 411 4.61
126 M 61 FFPE 15% 143 1. 3.92 EX
127 v M w 48 FFPE 15% 1.41 . excluded 3.22
128 v M M 49 FFPE 15% 132 . .. » . . 4.91 393
129 v R M 70 cyto 70% 6 77 178
132 M 64 cyto 80% 191 X 216
133 M 57 cyto 60% 171 6 . . 5 1.65 1.93
134 nA P M 58 cyto 70% 197 6 . 5 127 225
135 M 57 cyto 80% 217 2.24 1.99 211
136 w 42 cyto 80% excluded excluded 2.87 3.56 excluded 3.28 excluded excluded excluded 2
137 w 62 cyto 50% excluded excluded 57 241 247 3.43 excluded excluded 318 213 +
138 M 66 cyto 90% excluded excluded excluded » excluded excluded excluded excluded excluded 3.53  excluded
140 M 79 cyto 60% excluded 134 excluded 1.16 75 153 1.2 227 1.65 excluded excluded
142 w 57 cyto 80% 184 144 1.60  excluded 161 1.82 155 excluded 273 215 2.94 227
143 w 52 cyto 60% 2. 2.05 141 1.62 excluded 0 1.8 2.24 159 314 2.01
144 mA P w 80 FFPE 15% 3 0 1.84 191 6 211 EX .. 3.94 3.99 excluded excluded 228
145 M 59 cyto 70% 124 1.64 6 1.42 5 1.81 3.42 excluded excluded excluded
146 M 64 cyto 60% 222 excluded X . excluded . excluded 6.75 excluded 4.51 318
147 M 59 cyto 60% 2. 1.40 2.81 8 2. 2. excluded excluded excluded
148 w 77 cyto 60% 1.64 1.73 .. X excluded excluded excluded 2.68



149 % M M FFPE  40% 2 365 229 348 426

151 M 60 oto 90% excluded 248 excluded 1455

152 I} M M 59 FFPE 2% Y i . 515 excluded

153 1A M 70 FFPE 0% 180 165 excluded 221

154 M 64 oo 70% k excluded  3.38 excluded

155 M 69 oto 80% 2

156 M 59 oo 70% 0 excluded

157 % M M 56 FFPE  35% 0

158 M M 59 FFPE  40%

159 M 58 FFPE  60%

160 % P M 54 FFPE 30%

161 M 7 oto 80%

162 M 76 oo 60% k 6 88

164 I} P M 55 oto 90% 1 243

165 M 66 FFPE 30% excluded 6 i i i 236

166 v M 56 FFPE  25% 1.69 199

167 1A M w 7 FFPE  50% 1.30 ! K 192

168 s M 61 FFPE  25% 114 g 1 245

169 w 64 FFPE  75% 0 excluded E E 318

170 1A R w 77 FFPE  25% 20 X k 2.10

171 % P w 65 oto 85% 199 2 2 y 2.00

172 M 54 FFPE 70% excluded 9 i 3 2.00

173 I} P M 67 oto 40% 1.30 i 191

174 M M 59 FFPE  50% 151 y 3 196

175 % R w 36 FFPE 20% 145 i 00 X 252

176 A P w 62 FFPE 10% excluded . . 257

177 w a7 oto 80% excluded 6 excluded luded i excluded

178 w 59 FFPE 80% : 9 1.74 3.09 5. 256

180 v P M 73 oto 80% excluded excluded 437 § 1 341

181 B P M 60 FFPE  25% 162 1.40 177 1 171 151 182 187 excluded 2.29

182 M 56 oto 90% 0 159 130 0

183 M 75 oto 80% 1.74 223

184 v P M 61 FFPE  25% 142 2 06 3.42

185 1A M w 69 FFPE 20% 179 5 k R 23 excluded luded

186 w 76 oto 60% 2.02 206 2.4

187 v M w 62 oto 90% excluded excluded excluded  excluded excluded  excluded 212

188 v M M 51 FFPE 25% 1.74 172 239 276 229 231 303

189 v M M 60 cyto 80% 129 1.80 1.78 2.32 1.82 245 179

190 ™M 65 FFPE  40% 6 147 144 excluded 2.34 097 o091 2.55 1.50 il

191 M 66 oto 80% excluded 65 excluded excluded  excluded 122 excluded excluded 47

192 M 77 cyto 80% X 1.99 7 1.86 1.44 1.58 2.03

193 v M M 59 FFPE  30% I 154 60 1.60 154 1 2.00

194 v P M 66 cyto 80% 1.64 1.60 » 1.81 P

195 v P w 59 cyto 80% 217 1.81 1.62 2.06

196 v P w 58 FFPE  60% 6 176 189 154 192 182

197 M 66 oto 80% 2.20 0 1.44 excluded 410 excluded

199 1A M M 53 FFPE  70% : 179 241 255 2

200 1A R w 51 FFPE 20% 6 E 170 183 192 2

201 M 66 oo 80% E 0 1.80 excluded 318 2

202 M 71 FFPE  30% excluded 2.16 247 2

204 M 58 FFPE 60% 2 124 excluded 1.54 2

205 v P w 61 oo 10% 15 excluded 422 excluded  excluded

206 v P w 56 FFPE  45% 243 excluded 2 3 2.81

207 M 60 oo 5% 2 1 181 excluded 3. 2.72 excluded

208 M 72 oto 90% g 0 145 excluded . excluded  excluded

209 w 71 cyto 90% . 119 1.52 . 3.95 213

210 M 58 cyto 80% 123 . 1.65 1.43 1.57 4.66 3.76 luded 3 excluded  excluded

211 M 68 oto 80% 129 excluded 6 excluded 130 excluded excluded excluded excluded excluded ~excluded X .01 excluded  excluded

212 v P M 76 FFPE 70% . 1.36 1.81 2.04 2.22 2.14 245 2.67

213 w 78 oto 90% 2.14 1.80 6 100 2.05 249 243 262

214 M 62 FFPE 20% 201 142 excluded excluded|

215 % M M 64 FFPE  25% 186 201 222 excluded 2.7

216 w 59 oto 50% 186 154 excluded 221 192

217 M 8 oto 80% 2.34 0 167 excluded 243 262

219 M 79 FFPE  30% 1.69 145 192 145 772

220 w 55 FFPE  20% 1.69 1.66 201 202 217

22 1A P M 65 FFPE 20% 6 137 159 193 1.84 220

223 v P M 70 cyto 70% 1.60 1.64 1.51 3.22 281

224 v M M 60 oto 60% . 140 133 excluded 223 219

225 w 76 FFPE  20% 6 242 3.97 2.87 507 285

226 w 59 oto  80% 211 108 146 2.06 217

27 w 64 oto 80% excluded excluded excluded excluded  excluded excluded excluded  excluded § excluded excluded

228 M 72 oo 70% 2.89 129 189 270 139 0 449 241 365 X excluded  excluded

229 w 65 oto 80% excluded excluded excluded excluded  excluded .10 excluded excluded  excluded i .02 excluded  excluded

230 B P M a4 FFPE  55% 175 0 2,05 277 23 239 269 312 6 296 256

231 w 53 oto 60% 2 2,05 240 E 2.48

232 w 70 cyto 50% 2. 235 2.38 2.46 2. 2.38

233 M a7 cyto 60% 2. 2.63 3.77 £ 2.60

234 M 60 oto 60% 2 256 303 2 278

235 M w 72 oto 60% 2 2.24 153 2 264

236 1A M w 66 FFPE  30% 1 231 235 2 229

237 M M 56 FFPE 30% 9 173 7 179 3.20 3 2.56

238 I} w 59 oo 80% excluded excluded  excluded excluded excluded excluded 5,51

240 FFPE 46 1 EX excluded _excluded .. 8.99 9.71 6.72 1517 11.82 9.34  excluded 293

201 1A P FFPE 0 1.94 149 296 216

242 FFPE  20% 1 243 252 343 308 274

243 FFPE 40% . 1.25 1.52 131 1.40  excluded

244 FFPE  75% k excluded  excluded 1.00 162

25 FFPE 15% X excluded 2 101

246 M M 59 oo 80% k 6 excuded 203 310 excluded 5 4.9

247 FFPE 65% 1.84 2.05 1.47 1 6 2.05

28 FFPE  80% excluded excluded ~excluded 121 . excluded

249 1A P FFPE  70% excluded excluded  1.38 163 excluded K 225

250 1A P FFPE 5% 159 358 204 X X 424 X 3.80

251 v P FFPE  20% excluded excluded  1.54 L 144 L ¥ excluded

252 cyto 90% excluded 1.92 216 . 2.72 3

253 cyto 80% 1 183 1.92 2.44 2.60 3.38 .. excluded

254 FFPE  10% 219 180 excluded ¥ excluded 135 K 151 167

255 FFPE  25% excluded 136 excluded excluded 145 excluded _excluded 09 excluded 135 K 144" excluded 1.50

256 FFPE  10% .09 excluded 2.25 _excluded excluded excluded [0S excluded  excluded

257 FFPE 35% 1.36 1.47 excluded 1.69 216 1.23 » 1.63 1.81

258 FFPE  70% 246 excluded excluded 119 K 2.63 [0S excluded 2.35

259 M 78 FFPE 60% ¥ excluded 172 224 217 6 229 203 X excluded 197

260 Cyto 80% i 237 223 283 excluded i . 326 . 197 excluded

261 FFPE 5% 23 2» excluded 201 excluded .65 excluded 1 X 161 173 189 192

262 FFPE  15% excluded 33 excluded  2.43 excluded excluded excluded 7 K 1 167

263 FFPE  25% 151 7 19 161 399 214 2 § i 4.0 y § y 81 excluded

264 cyto 30% 211 9 2.87

265 oto 80% 9 213 excluded X ¥ excluded  excluded

266 oto 80% i excluded i i g 357 324

267 FFPE 30% 117 1.69 . 1 1.62 1.63

268 FFPE  80% excluded excluded 169 R 162 202

269 FFPE  70% excluded 2 1.80 L K K 207 204

270 FFPE  60% a6 0 205 excluded 167 212 L 191 195

271 FFPE excluded | 256 372 i ¥ X i . ) 348 293

272 FFPE » 1.64 1.88 2.52 . » .. 2. ESE) 2.58

273 FFPE 57 excluded 3.4 E § i . i i 458 excluded

274 FFPE 5 2.19 2.86 . . . 3.32 3
LEGEND

PTC - percentage of tumor cells
cyto - sample isolated from cytological smear

FFPE - formalin-fixed, paraffin-embedded samples

copy number category color coding:

normal

loss
gain

amplification
excluded
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ABSTRACT

Somatically acquired genomic alterations that drive oncogenic cellular processes
are of great scientific and clinical interest. Since the initiation of large-scale cancer
genomic projects (e.g., the Cancer Genome Project, The Cancer Genome Atlas, and
the International Cancer Genome Consortium cancer genome projects), a number
of web-based portals have been created to facilitate access to multidimensional
oncogenomic data and assist with the interpretation of the data. The portals provide
the visualization of small-size mutations, copy number variations, methylation, and
gene/protein expression data that can be correlated with the available clinical,
epidemiological, and molecular features. Additionally, the portals enable to analyze
the gathered data with the use of various user-friendly statistical tools. Herein, we
present a highly illustrated review of seven portals, i.e., Tumorscape, UCSC Cancer
Genomics Browser, ICGC Data Portal, COSMIC, cBioPortal, IntOGen, and BioProfiling.
de. All of the selected portals are user-friendly and can be exploited by scientists from
different cancer-associated fields, including those without bioinformatics background.
It is expected that the use of the portals will contribute to a better understanding of
cancer molecular etiology and will ultimately accelerate the translation of genomic
knowledge into clinical practice.

INTRODUCTION

could indicate their potential suppressive or oncogenic
roles, respectively. However, it must be noted that somatic
mutations occur on different genetic backgrounds and can
sometimes interact with germline mutations, which could

Cancer encompasses a broad spectrum of diseases
(>100) that arise from somatically acquired genetic,
epigenetic, transcriptomic, and proteomic alterations that modify predisposition to cancer when such mutations
have accumulated in the genomes of cancer cells [1]. occur in cancer-associated genes.

These alterations are implicated in hallmark oncogenic Recent advances in technologies for high-

cellular processes that are characterized by, e.g., sustained
proliferative signaling, resistance to apoptosis, induction
of invasion and metastasis, and neoangiogenesis [2]. The
somatic loss-of-function or gain-of-function alterations
are overrepresented in specific genomic regions, which

throughput genome analysis, such as microarray-based
methods and next-generation sequencing (NGS), have
enhanced progress in the field of oncogenomics [3]. These
tools were fundamental for the initiation and development
of multi-centered cancer genomic projects, such as (i) the
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Wellcome Trust Sanger Institute’s Cancer Genome Project
(CGP) [4, 5], (ii) The Cancer Genome Atlas (TCGA) [6-
8], and (iii) the International Cancer Genome Consortium
(ICGC) cancer genome projects [9, 10]. These projects
have been launched for genome-wide analyses of genetic,
epigenetic, transcriptomic, and proteomic alterations in
hundreds or even thousands of cancer samples. Their
general aim is to provide publicly available oncogenomic
datasets for the better understanding of the molecular
mechanisms that underlie cancer and for the assessment of
the influence of specific alterations on clinical phenotypes.
Application of the appropriate pipeline for computational
interpretation and thought-provoking visualization of the
results of oncogenomic projects is crucial to exploring the
multidimensional character of genome-wide cancer data
[11]. In response to this need, a number of oncogenomic
portals were created to assist with accessing the abundant
cancer datasets. These portals gather and facilitate the
analysis of data with regard to small-size mutation, copy
number variation (CNV), methylation, and gene/protein
expression. Moreover, they offer a wide range of analysis
tools that include the testing of correlations of specific
genomic alterations with available clinical information.
Herein, we provide a highly illustrated guide
through several web-based oncogenomic portals that
were generated to facilitate scientists from different
cancer-associated fields, including molecular and clinical
oncologists, epidemiologists, and bioinformaticians,
with the extraction of meaningful information from
expanding oncogenomic sources. Browsing through
the portals, prospective users will find a variety of data
regarding cancer types and subtypes, oncogenic molecular
pathways and cancer-associated genes of interest. All of
the portals described below are user-friendly and provide
intuitive integration as well as interactive oncogenomic
dataset visualizations, and thus, bioinformatics skills and
knowledge are not essential to exploring and using these
tools. The individual paragraphs listed below present the
characteristics and possible utilization of selected web
portals. Descriptions and figures that present specific
portals were prepared according to their versions from the
first half of 2015, and they are summarized in Table 1.

Tumorscape

Tumorscape [12, 13] was developed at The Broad
Institute of MIT and Harvard in Cambridge, MA USA.
This website was one of the first oncogenomic portals
to provide information about cancer copy number
changes in a format that was easily accessible to non-
bioinformaticians. With this portal, the copy number
profiles of over 3,700 cancers (both primary cancers and
cell lines) are mapped to the human genome reference
sequence and are visualized as heatmap tracks, with
the use of the Integrative Genomics Viewer (The Broad
Institute). Genomic regions with increased (>2) and

decreased (<2) copy number are marked, respectively,
in red and blue colors, the intensity of which indicates
the amplitude of the copy number changes (Figure 1).
The tracks that represent all of the analyzed samples are
shown next to one another, forming a panel that allows
direct comparison and visualization of all of the analyzed
samples. In addition, Tumorscape provides tools that
allow ““cancer-centric” and “gene-centric” data analyses.
The “cancer-centric” analysis (Figure 1A) provides a list
of genomic regions that are either significantly amplified
or deleted in a specific cancer along with information
about the genes that are located in the altered regions. The
“gene-centric” (Figure 1B) analysis provides summary
statistics of the copy number alterations that affect a gene
of interest in a specific cancer type and/or across all cancer
types. This summary enables the interpretation of the role
of an analyzed gene as a potential oncogene or tumor
Suppressor.

UCSC cancer genomics browser

The University of California at Santa Cruz
(UCSC) Cancer Genomics Browser [14-19] integrates
oncogenomic CNV, small-size mutations, methylation,
transcriptomic, and proteomic datasets that were
obtained in a variety of experiments that were conducted
with the use of samples from different cancer types
and subtypes. With this portal, all of the oncogenomic
information is mapped to the human genome reference
sequence and presented as color-coded heatmap tracks.
As in Tumorscape, the data from specific experiments
are visualized as panels of heatmap tracks in which
each track represents an individual sample. Using
this portal, the required data can be browsed from the
perspective of the whole genome, the exome, a specific
chromosome, or a gene. Additionally, there is also the
possibility of viewing PARADIGM datasets to gather a
sample-specific “gene activity level.” This parameter
(obtained using the PARADIGM method) [20] provides
the incorporation of pathway interactions (which are
deposited in the NCI Pathway Interaction Database)
[21] and the integration of data with regard to different
types of oncogenomic alterations, e.g., changes in the
expression or copy number of a given gene [16]. In the
UCSC Cancer Genomics Browser, multiple panels can be
simultaneously displayed to visualize different categories
of oncogenomic information for a specific cancer type and/
or the same category of oncogenomic data for different
cancer types (Figure 2A-2D). With this browser, analyses
can be concurrently conducted for thousands of samples
(oncogenomic datasets) that are sorted by different
clinical, epidemiological, and molecular features (Figure
2). These features include survival, histological type,
tumor nuclei percent, followup treatment success, new
tumor event after initial treatment, neoplasm histologic
grade, and tumor necrosis percent, as well as gender, age
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Table 1: Main characteristics of the selected oncogenomic portals.

database data source sites of analysed cancer! g;%z;l:;szation g:llzi;gsilslomic data/ link/literature
Bd; Bld; Br; Bra; Clr; Eso; GIST;
HN; Htp; Kd; Lng; Lvr; Lymph; o number http://www.broadinstitute.
Tumorscape | Broad Institute Msh; Ov; Pnc; Prst; Sk; ST; Stc; | level i-iii altgl}*/ations org/tumorscape/pages/
Swn; Thr; Utr; also in: cancer cell portalHome.jsf; [12]
lines
DNA copy number,
miRNA/exon/gene/
TCGA, SU2C Breast BG; Fsor TN: Kd: Lug. Lvr BNA methylation.
Iéecnso(r:n(i:ca:lcer Eﬁile%ﬁceycclﬁggﬁfacﬁe Lymph; Msh; Ov; Pan; Pnc; Pre /|| oo gene-level mutations, | https://genome-cancer.ucsc.
Browees | Comesinyvap TARGET, | P Pt s Sk ST: e The PARADIGN paibay | ed: 1413
cancer data from literature cancer data from mouse models epidemiological,
and molecular
information
simple somatic
mutations, copy
number somatic
alterat_ions, strpctural
Bd; Bld; Bo; Br; Bra; Clr; Col; :?g&gcg?rﬁﬁlgls’
poac DAt jeGe, TCGA TARGET For HIN; Keds Lngs Lyts WYMPh fjevel iy [ variants, DNA https://dec.icge.org; [32]
P (i methylation, gene/
Thr; Utr; ) .
protein expression,
miRNA expression,
exon junction;
epidemiological and
clinical data
tic mutations
Bo; Br; EA; Eso; GIST; Htp; Kd; soma ’ http://www.sanger.ac.uk/
COSMIC TCGA, ICGC, cancer data Lvr; Lng; Ov; Pnc; Prst; Sk; Stc; | level iii-iv copy number genetics/CGP/cosmic; [39-
from literature Tst; Thm; Thr; Utr alterations, gene 3]
i > expression
AMC, BCCRC, BGI, British
Columbia, Broad, Broad/ . .
Cornell, CCLE, CLCGP, ACC; Bd; BId; Br; Bra; Chl; Clr; Copy number
Genentech, ICGC, JHU, TN T T e T ] Py Il . . : .
. o Eso; HN; Kd; Lng; Lvr; Lymph; . alterations; mRNA http://www.cbioportal.org;
cBioPortal Michigan, MKSCC, MKSCC/ . X . g 1. e | level iii-iv - -
MM; Npx; Ov; Pnc; Prst; Sk; ST; expression, protein/ [57, 58]
Broad, NCCS, NUS, PCGP, Ste: Thr: Utr: also: W hosbh tein lovel:
Pfizer UHK, Riken, Sanger, ¢; Thr; Utr; also: cancer cell lines phosp (1>pr0 lem evel;
Singapore, TCGA, TSP, survival anatyses
UTokyo, Yale
results of the analyses
indicating driver
Bd; Bld; Br; Bra; Clr; Eso; HN; alterations and genes; -
IntOGen TCGA, ICGC, cancer data > L T > K ’ PP . . > | http:// .intogen.org/;
(2014.12) from literature Kd,'Ln.g, L'vr, Lymph, Ov; Pnc; | level iii-iv therapies _tallored to [g?_ 76}’ wwW g g
Prst; Sk; Stc; Thr; Utr the mutation profiles
of the analyzed
patients
BioProfiling.
de
for gene expression: Gene
Expression Omnibus; for . T . . . . http://bioprofiling.de/GEO/
PPISURV interactome: IntAct, HPRD, Esr’ E{lc}ﬁ l?lr, OBVr ai’r(s:t(') l’s.lI:I tl%tang’ level iv survival analyses PPISURV/ppisurv.html;
Reactome, HumanCyc, NCI > Lymph; DV; »E [81]
NATURE, PhosphoSitePlus
. . . . . . : http://www.bioprofiling.de/
MIRUMIR Gene Expression Omnibus ]Sgl? Eso; Lvr; Lng; Npx; Ov; Prst; level iv survival analyses GEO/MIRUMIR/mirumir.
html; [83]
for gene expression: Gene list of drugs targeting [ ... . .
: P . R RA- . . . . f ttp://www.bioprofiling.de/
DRUGSURVY Expression Omnibus; _for drugs Bld; B?, Bd',. Co!, Bra; Lng; Lvr; level iv specific gene.s/ ) GEO/DRUGSURV/index.
modulating a gene of interest: | Lymph; Prst;; ST; Utr cancer types; survival .
- html; [85]
DrugBank, Pubchem Bioassay analyses

'List of abbrieviations of cancer sites. In the brackets there are exemplary cancer subtypes included in the portals.

ACC — adenoid cystic carcinoma; Bd — bladder; Bld — blood; Bo — bone; Br — breast; Bra — brain; Chl — cholangiocarcinoma;
ClIr — colorectal; Col — colon; EA — eye and adnexa; EG - endocrine glands; Eso — esophagus; GIST — gastrointestinal; HN
— head and neck; Htp — hematopoietic; Kd — kidney; Lng — lung; Lvr — liver and biliary tract; Lymph — Lymphoma; Msh —
mesothelioma; Mth — mouth; Nb — neuroblastoma; Npx — nasopharynx; Ov — ovary; Pan — pancancer; Pnc — pancreas; Pnx
— pharynx; Prc/Prn - pheochromocytoma and paraganglioma; Prst — prostate; Rc — rectum; Sk — skin; ST — soft tissues; Stc
— stomach; Swn — schwannoma; Thm — thymus; Thr — thyroid; Tst — testis; Utr — uterine (cerxix and corpus).

2In oncogenomic portals cancer resources are arranged in different levels of organisation, including: (i) raw, (ii)
computationally processed/normalized, (iii) interpreted and (iv) summarized data [3].
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A Analysis by Cancer Type
Summary  Amplifications  Deletions

Cancer Type: Lung NSC Available Data: 62 peaks Page: | 1 | 2 3 4

#Genes Residual Frequency of Amplificati

Peak Region Genes in Selected Peak

chr14:35755817-35835900 0 5.34E-78 0.438 0.243 0.1

chr12:67484379-68036772 4 1.39E-26 0.323 0.153 0.053
chr8:129271608-129288419 3.86E-25 0.557 0.196 0.087
chr12:56419523-56444825 1.03E-22 0.322 0.153 0.041

(truncated for presentation purpose)

B Analysis by Gene
Summary  Amplifications  Deletions

EGFR (chr7:55054218-55206232)

I £G Frequency of Amplification
Cancer Subset " = Nearest Peak ~ i Q-value

all cancers Yes chr7:54911575-55275039 1 1.57E-46 0.3159 0.0562 0.0438
Il epithelial Yes chr7:54911575-55363609 1 5.62E-37 0.4161 0.0725 0.0575
<|: Lung NSC Yes chr7:54995340-55363609 1 9.29E-25 0.4529 0.09%96 0.0668
all lung Yes chr7:54946418-55363609 1 4.39E-23 0.44596 0.0956 0.0633
Esophageal squamous Yes chr7:54762764-55366816 2 7.55E-8 0.7273 0.3409 0.2273
Breast Yes chr7:54662395-57367942 14 0.0318 0.3498 0.0617 0.0454

_[ Glioma No chr7:55196509-55258847 0 3.4E-36 0.8293 0.4634 0.439
all_neural No chr7:55196509-55258847 0 1.79E-23 0.3917 0.1014 0.0922
Hepatocellular No No peak on chromosome 0 0.895 0.3636 0.0248 0.0413

(truncated for presentation purpose

e — T R — S I———
pl4.1  pi3 pl2.3 pl2. pit.1 qi121  q11.22  q11.23 Q@111 q21.12 4 p23  p223 p22.1 p21.3 p21.2 p21.1 pi33 [1EA] pil.2 pita

55000 kb 2180k 2000k 2200k
1 1 1 1 1 1 1 | 1 1

—
VSTM2A SEC616 EGFR LANCL2 __ VOPP1 FKBPOL _ SEPT14 & MTAP Coort53 CDKN2B-AS

(truncated for presentation purpose)

Figure 1: Examples of Tumorscape data analysis and visualization. A. An example of the results that were obtained with the
“cancer-centric” analysis. The table shows a list of genomic regions that were most frequently amplified in lung adenocarcinoma. The
g-value represents the likelihood of a random occurrence of the specific amplification/deletion that is calculated based on the background
copy number variation. The fourth most frequently amplified region that spans EGFR is highlighted. B. Results obtained with “gene-
centric” analysis; the table depicts a list of cancers in which the representative gene (EGFR) is located in or near the frequently amplified
region (orange and yellow rows, respectively). C. Visualization of chromosomal regions that span the exemplary EGFR and CDKN24
genes, which are undergoing frequent amplifications and deletions, respectively. The heatmaps show copy number variations of glioma and
lung adenocarcinoma samples. Each row represents an individual sample, and red and blue indicate amplification and deletion, respectively.
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at initial pathologic diagnosis, tobacco smoking history,
cytogenetic abnormalities, and expression subtypes. Apart
from the heatmap tracks (Figure 2B), the data presented in
specific panels can be summarized and plotted as box-and-
whiskers or proportions (Figure 2C).

The datasets can also be statistically processed and
depicted with the use of a number of tools, such as the
hgSignature, which enables the simultaneous analysis
of the expression of several genes, to incorporate an
algebraic expression signature as a clinical feature. The
inclusion of such a feature to the statistical analysis of
cancer data could allow the correlation of the molecular
and clinical phenotypes or the subdivision of the clinical
phenotypes based on the molecular data [15]. Additionally,
a correlation of the available clinical, epidemiological,
and molecular features with a patient’s survival can be
depicted in a Kaplan-Meier plot (Figure 2E). Subgroups
of samples (distinguished based on the associated features
or genomic signatures) can be compared in terms of
the obtained oncogenomic data with the use of various
statistical tests [i.e., differences in mean, Wilcoxon,
Fisher’s exact, Fisher’s linear discriminant, Jarque Bera
normality, Levene homogeneity of variances (HOV),
Brown - Forsythe HOV, and Student’s T-tests], which
can be adjusted for multiple hypotheses p-values through
the Bonferonni and Benjamini-Hochberg false discovery
rate (FDR) corrections. Importantly, all of the genomic
information that is stored in the UCSC database can be
easily downloaded for external analyses.

Successful applications of the UCSC Cancer
Genomics Browser in cancer-associated research are
described in many papers [22-30]. For example, Wu and
colleagues [22] used the statistical tool for the generation
of a Kaplan-Meier plot to support the significance of
their experimental data. Their study revealed that the
up-regulated expression level of HNF1A4-ASI in lung
adenocarcinoma is significantly correlated with the TNM
stage, tumor size, and lymph node metastasis. These
results are in line with the Kaplan-Meier plot, which
indicates that patients with high HNF1A4-AS1 expression
overall experienced worse survival compared to patients
with low HNF1A4-ASI expression. The UCSC Cancer
Genomics Browser is also broadly used for downloading
genomic and clinical data for external analyses [24-26,
30].

It is also noteworthy that the authors of the UCSC
Cancer Genomics Browser are currently developing a new
oncogenomic platform called UCSC Xena [31], which
allows users to upload, visualize, and analyze a custom
genomic dataset in the context of the large projects data
stored in the web browser. Although the UCSC Cancer
Genomics Browser and the UCSC Xena currently coexist,
it is anticipated that after adding some vital functionalities,
UCSC Xena will replace the UCSC Cancer Genomics
Browser [18].

ICGC data portal

The ICGC Data Portal [32, 33] provides integration
and visualization of the results of 55 cancer projects.
This portal was created for the analysis of genomic
sequence alterations in relation to clinical patient
characteristics, such as ethnicity and epidemiological
information. With this portal, the oncogenomic data can
be analyzed using four interactive entry points: “Cancer
Projects,” “Advanced Search,” “Data Analysis” and “Data
Repository” (Figure 3A). The “Cancer Projects” (Figure
3B) enables data browsing from distinct projects that
focus on the oncogenomic analysis of specific cancer types
and subtypes. For each dataset, the provided summary
includes a list of available oncogenomic data types,
most affected donors, genes most frequently affected by
cancer alterations, and most common mutations. It is also
possible to use the “keyword search” tool to browse all
of the gathered oncogenomic data in terms of a specific
gene, mutation, donor, or molecular pathway that is
of interest. The integration of external databases, such
as the Ensembl [34], OMIM [35], Reactome [36], and
COSMIC [37], enables the user to look more broadly at
a specific gene, molecular pathway, or mutation in terms
of its role in carcinogenesis. The “Advanced Search”
(Figure 3C) allows extending the analysis and correlating
data with additional clinical (e.g., tumor stage, relapse
type, disecase status), epidemiological (e.g., gender, age
at diagnosis, vital status), molecular (e.g., type of the
mutation and its consequence), and technical (e.g., type
of sequencing platform used for the analysis) information.
The “Data Analysis” entry point allows launching three
types of analyses: “Enrichment Analysis,” “Phenotype
Comparison,” and “Set Operations.” The “Enrichment
Analysis” permits the user to identify groups of gene sets
from the selected “universe,” i.e., Reactome Pathways,
Gene Ontology (GO) Molecular Function, GO Biological
Process or GO Cellular Component, which appear to
be statistically significantly over-represented when
compared with a custom gene set that is uploaded by the
user. The uploaded custom gene set can consist of up to
10,000 genes. The “Enrichment Analysis” is based on a
hypergeometric test and Benjamini-Hochberg adjustment
for multiple test corrections with the FDR value threshold
selected by the user. The “Phenotype Comparison”
analysis allows the user to compare some clinical and
epidemiological characteristics across patients with
various cancer types, whereas the “Set Operations” can
be used to distinguish the shared fraction of the analyzed
sets, which are depicted in a Venn diagram (e.g., mutations
that are causative across several cancer types). “Data
Repository” allows all of the ICGC Cancer Project data
to be downloaded and analyzed with the use of external
programs and tools of interest. An example of ICGC Data
Portal utilization for downloading oncogenomic data has
already been published [38].
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Figure 2: The UCSC Cancer Genomics Browser. An example of analysis focused on the EGFR genomic region that is conducted
concurrently on various oncogenomic data across different cancer types and subtypes. A. Small-scale images (icons) of selected datasets
that are simultaneously visualized in the browser. Datasets represented by icons are displayed in a column, similar to the datasets from
panels B-D. B. A heatmap panel that presents the results of the TCGA genome-wide copy number analysis of glioblastoma multiforme
(GBM) samples. A screenshot of the GBM dataset was used for presentation, based on the presence of considerable amplification of the
genomic region that spans the representative EGFR. Each horizontal line (track) represents a specific sample. The red or blue colors indicate,
respectively, a gain or loss in the copy number. On the right side of panel B, there is a drop-down list with epidemiological, clinical, and
molecular attributes that can be used to sort the presented data (as shown in panel D). C. The TCGA copy number data identified in patients
with GBM visualized as a proportions plot. D. A heatmap panel showing the results of TCGA analysis of gene expression in lung cancer
samples in the genes that are indicated above (e.g., EGFR). Red and green colors indicate, respectively, upregulation and downregulation
of the relative gene expression. The samples are sorted by epidemiological, clinical, and molecular attributes (selected from a drop-down
list of attributes), as in panels B and C, shown on the right side of the expression panel. The copy number and expression data presented in
panels B-D correspond to the same genomic region indicated above panel B. E. Kaplan-Meier plots generated using the attributes of lung
cancer samples (shown in the right side of panel D).
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Figure 3: The ICGC Data Portal. An example of possible data analyses and visualizations. A. Three interactive entry points to the
ICGC Data Portal. B. The “Cancer Projects” entry point. Screenshot of summary results from all 55 cancer projects. The upper left-hand
panel: pie chart that depicts the distribution of cancer types (internal circle) and cancer subtypes/projects (external circle) among the donors,
e.g., different lung cancer types and subtypes/projects (indicated in the pie chart). The upper right-hand panel: bar plot that represents the
top 20 most frequently mutated genes. Different colors indicate different projects. The middle panel: scatter plot that depicts the distribution
of the number of somatic mutations in the donors’ exomes across cancer projects. Each dot represents the number of somatic mutations (per
1 Mb) that are identified in the analyzed sample. Vertical lines indicate the median number of mutations. The bottom part of panel B shows
a summary of each project. More information about the specific project (types of experimental analyses, available genomic data, most
commonly mutated genes, most common mutations, and most affected donors) can be found by clicking at specific project code. C. The
“Advanced Search” entry point, which enables extended analysis of the oncogenomic data. This screenshot shows the browsing of donor
features. The upper left-hand panel depicts features that can be used for filtering the donor data. The middle panel (pie charts) provides a
summary of the clinical, epidemiological, and molecular attributes of the donors. The bottom panel represents summary data about specific
donors. More information (clinical and genetic) can be found by clicking at the donor ID.
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Figure 4: Three levels of data analysis in the COSMIC browser. A. Screenshot shows exemplary EGFR gene data. The upper
left-hand panel demonstrates basic information about the gene, whereas the right-hand panel of “Mutation analysis” provides links to
the detailed data of mutations that were detected in the EGFR. Within the panel, there is a “Histogram” link that allows detailed analysis
of the gene alterations, whose features are shown in the framed panel. One of the histograms shows the distribution of EGFR tyrosine
kinase domain mutations, with the most frequently occurring mutation being L858R. The distribution can also be visualized as a table (on
the right). B. The screenshots present the results for the representative lung adenocarcinoma cancer type. The left framed panel shows a
list of the 20 most frequently mutated genes, whereas the middle and right framed panels display a CNV plot and the Mutation Matrix,
respectively. The CNV circular plot shows a summary of the copy number variations across the whole genome of the lung adenocarcinoma.
The height of the corresponding bars shows the total number of samples with CNV in a specific region. The Mutation Matrix presents
alterations in the most frequently mutated genes (y-axis) in the adenocarcinoma samples that have the highest number of alterations (x-axis).
C. Circular plot of all of the alterations (coding mutations, gene expression and CNV) that are detected in an individual exemplary sample
(TCGA-A6-5657-01) of adenocarcinoma.
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Figure 5: Exemplary data analysis and visualization available in the cBioPortal. A. The table shows nonsynonymous
mutations in the TCGA-50-5944-01 sample of lung adenocarcinoma. They are characterized by the mutation name, its type, its frequency
and its effect on the expression of the mutated gene. Additional information on the frequency of specific mutations can be found under the
“cBioPortal” and “Cosmic” columns. The table also provides the information about the predictable impact of a given mutation on the gene
function (under the Mutation Assessor tool). B. Genes with copy number alterations (CNAs) in the TCGA-50-5944-01 sample are shown.
The table also contains the information on the frequency of CNA in a specific gene and the effect of the alterations on the gene expression.
C. Summary of the genomic alterations in four selected genes of lung adenocarcinoma samples. Each column shows an individual tumor
sample in which homozygous deletions (blue), amplifications (red), missense mutations (green squares), truncating mutations (black
squares) and no mutation changes (grey) were found. D. A plot of the correlation between copy number alterations and mRNA expression
of the exemplary EGFR gene. E. Kaplan-Meier plot of overall survival shown for patients with (red) and without (blue) changes in EGFR.
F. Summary graph of EGFR alterations (shown in different colors) in individual studies deposited in the portal. For a selected study, the
distribution of the mutations is shown in the inset. For a selected mutation (here L858R), a 3D interactive protein structure can be displayed

(the position of the mutation is indicated in red).
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COSMIC

The Catalogue of Somatic Mutations in Cancer
(COSMIC) was developed at the Wellcome Trust Sanger
Institute in Hinxton, UK [37, 39-43]. It is the most
comprehensive database of somatic mutations in cancer.
The portal provides information about the CNV and
the expression level of cancer-associated genes that is
obtained via the analysis of all of the samples that were
tested for specific mutations (both positive and negative
results are reported). This tool enables the calculation
of the objectivized frequency of mutations in different
types of tumors. The records included in COSMIC are
derived from two sources: (i) a literature review of over
21,000 research papers and (ii) two projects: TCGA
and ICGC. Together, these sources provide information
that is obtained from more than a million samples. For
almost 20,000 samples, whole-genome sequencing was
conducted, which provided complete information about
alterations in their genomes. In addition to the above,
literature curation allowed the generation of the Cancer
Gene Census, which is available under the COSMIC
external links; thus far, it is the most reliable list of cancer-
associated genes.

The data integrated in COSMIC can be searched
by sample name, by gene name, and via cancer browser
(Figure 4). Searching by the sample name allows the user
to obtain a genome-wide overview of all of the cancer-
associated events (e.g., mutations, gene fusions, and CNV)
associated with a sample of interest. The second approach
enables the user to overview all of the data that is related
to a specific gene, such as its sequence, mutations, fusions,
copy number variations, and expression. The data that
refer to a specific cancer type (mutations, fusion and
copy number and expression alterations of genes) can be
retrieved via the cancer browser.

Due to its comprehensiveness, COSMIC is widely
used and has been cited in hundreds of publications (e.g.,
[44-56]). For example, Chen et al. [46] used this database
to confirm the presence of specific mutations in the KRAS,
NRAS, and BRAF genes in myeloma cell lines. In another
study, Ostrow and colleagues [48] took advantage of
the Cancer Gene Census to select well-known cancer-
associated genes for further analyses of the dynamics of
the evolutionary process within tumors, with a focus on
breast cancer.

cBioPortal

The cBioPortal [57-59] was developed at the
Memorial Sloan-Kettering Cancer Center in New
York City, NY USA. This portal contains genomic
data, including copy number alterations, mRNA and
microRNA expression, DNA methylation and protein
and phosphoprotein abundance, which were obtained for

multiple types of cancer. Currently, the portal collects
records that were derived from 91 individual cancer
studies, in which 31 types of cancer were analyzed with
the use of over 21,000 samples. Because the tools that
were integrated in the portal perform different types of
analyses, different statistical tests can be used to assess
the significance in specific analysis (for example, Fisher’s
exact test can be used to calculate the significance of
mutual exclusivity of two genes or the log-rank test
can be used to calculate survival analysis significance).
All of the portal data can be retrieved in a format that is
compatible with the R framework for statistical computing
and graphics.

Cancer-associated alterations deposited in the
cBioPortal can be browsed as (i) the overview of all of the
genomic events that were detected in an individual cancer
sample (Figure SA, 5B), (ii) alterations in a specific gene
across all of the samples that were included in one study
(Figure 5C-5E), and (iii) a comparison of the frequency of
the alterations in a given gene across all 91 studies (Figure
SF). For each study, it is also possible to inquire which
genes are most frequently altered in the analyzed set of
samples. In the cBioPortal, the genomic data are integrated
with clinical outcomes, which allows determining whether
a specific gene plays a potentially oncogenic role in
a given cancer type. Apart from the on-line analysis of
data deposited in the portal, there is also the possibility
to download the results that were obtained for a specific
study. Additionally, the browser enables the visualization
of data that is uploaded by the user.

A wide range of tools that are available makes
the portal useful in various types of analyses, which has
resulted in its popularity and applicability (e.g., [51, 60-
65]). For example, the authors of this paper used this
portal to determine the correlation between copy number
changes and expression level of two miRNA biogenesis
genes (DROSHA and DICERI) that were found to be
frequently amplified in lung cancer [63]. Other authors
used the cBioPortal for the analysis of the PARK?2 deletion
in low-grade glioma and glioblastoma and for the analysis
of the correlation between PARK2 mRNA expression and
prognosis in patients [60]. Lu and colleagues used the
portal to retrieve copy number data for the design of the
model that predicts genetic interactions in human cancer
[61].

IntOGen

The Integrative Oncogenomics Cancer Browser
(IntOGen) [66] was developed by the Biomedical
Genomics Group integrated in the Research Unit on
Biomedical Informatics of the University Pompeu Fabra,
Biomedical Research Park in Barcelona. The browser
contains the results of computational secondary analyses
of oncogenomic data from several large genome-wide
projects. The analyses were focused on the selection
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Figure 6: Exemplary results generated in the PPISURV and MIRUMIR databases. A. Results generated with the PPISURV.
Survival analysis shown for representative EGFR and its interactome. From the top: the first table depicts the summary of EGFR interactions
that are annotated according to different interactomes across the available datasets. The last column of the table provides a link for more
detailed characteristics of a selected interactome (shown in the second table). It includes the results of the analysis of the influence of the
particular interactome on survival determined for all of the available datasets. The third table presents datasets on the direct correlation
between EGFR expression and survival. The last column of the table is a link for the visualization of the data in the Kaplan-Meier graph.
The exemplary graph shows the influence of EGFR expression on survival in lung adenocarcinoma patients. B. Results generated with
MIRUMIR. The table shows a summary analysis for a representative microRNA-21 on the influence of its expression on survival in a
specific cancer type. The inset represents the Kaplan-Meier graph of the effect of the microRNA expression on disease-free survival in

breast cancer.
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of cancer-associated genes that are known as drivers.
IntOGen is one of the most dynamically developing and
updating oncogenomic browsers.

In the initial release of the browser, catalogued
cancer data were provided in a set of three integrated
web-based sub-portals, namely, the IntOGen Arrays
[67], IntOGen TCGA [68], and IntOGen Mutations [69],
which allowed the browsing of visualized cancer data
from different perspectives. The first sub-portal, i.e.,
the IntOGen Arrays, exploited cancer data on genome-
wide expression and copy number for analyses aimed
at selecting genes and molecular pathways that are
associated with specific cancer types and subtypes [67].
Analyses provided by the other two IntOGen sub-portals
were performed on a partially different set of oncogenomic
data but with the use of a similar rationale. In the IntOGen
TCGA, the set of somatic sequence alterations identified
by exome sequencing of over 3,000 tumors from 12 cancer
types (TCGA pan cancer data) was used for analyses
focused on the identification of cancer-associated genes,
i.e., drivers [68]. The IntOGen Mutations was focused on
the evaluation of the role of somatic sequence variants in
carcinogenesis and the identification of cancer drivers. In
addition to the TCGA data, this sub-portal took advantage
of the results from other large projects, e.g., the ICGC.
The portal provided results obtained via the analyses of
over 4,500 cancer exomes/genomes from 13 cancer types
[69]. The results previously gathered in the interactive
web-based platforms are currently available in the form of
downloadable databases at the IntOGen site [66].

The introduction of a new release of IntOGen
(release 2014.12) was aimed at building a bridge between
molecular oncogenomics and clinical practice (the
personalization of medicine) [70]. Nuria Lopez-Bigas and
other co-authors of the browser proposed a strategy of
“in silico prescription” of tailored anticancer therapy. In
the first stage of the strategy, a secondary computational
analysis of oncogenomic data from 6,792 patients of 28
different cancer types was performed. The analysis was
focused on the evaluation of the role of somatic sequence
alterations (including simple somatic variants, copy
number alterations and fusion events) in carcinogenesis
and the identification of cancer drivers. The drivers were
selected when focusing on the following factors: mutation
frequency in comparison to background (MutSigCV
tool [47]), the presence of highly functional mutations
(Oncodrive FM tool [71]), and regional clustering
of mutations (Oncodrive CLUST tool [72]) [68, 70].
Although, all of the above tools take advantage of various
algorithms and statistical methods, they all are based
on similar principles and utilize similar oncogenic gene
features. It is important to note that all of the implemented
algorithms are supported by appropriate statistical
tests. Information about the 459 identified driver genes,
including their “mode of action” [loss-of-function (LoF),
gain-of-function (GoF) or switch-of-function (SoF)] as

assessed with the use of the OncodriveROLE tool [73],
is deposited in the Cancer Drivers Database. It can be
either interactively visualized in the IntOGen web site
[66] or downloaded for external analysis. In further stages
of the strategy, Rubio-Perez and colleagues created the
Cancer Drivers Actionability Database, which catalogues
the already available and candidate therapies (under
preliminary research or clinical trials) that are tailored
to the cancer genomes of patients who were analyzed in
the first stage. The Cancer Drivers Actionability Database
can also be downloaded from the IntOGen website [66].
Additionally, the IntOGen portal can be exploited for the
analysis of external data in the context of a single tumor
or a cohort of tumors.

IntOGen is increasingly used by scientists from
various cancer-associated fields for confirmation or
identification of a potential driver role of genes of interest
(e.g., selected based on experimental results) [74-78].
For example, Kovac and colleagues used IntOGen and
MutSigCV programs for computational validation of
20 candidate papillary renal cell carcinoma (pRCC)-
specific driver genes, which were selected based on the
sequencing analysis of 31 exomes or genomes of pRCCs.
The computational analysis of TCGA pRCC data for
somatic single nucleotide variants (SNVs) in the candidate
genes revealed significantly mutated genes and confirmed
SETD2, BAP1, NFE2L2 and CULS3 as drivers, with a more
modest degree of support for some other genes from a set
of experimentally predefined candidates [74].

BioProfiling.de portal

The BioProfiling.de portal [79, 80] contains three
distinct databases: PPISURV [81, 82], MIRUMIR [83,
84], and DRUGSURYV [85, 86]. The main purpose of
PPISURV [81, 82] is the identification of important
cancer-associated genes that do not have direct impact
on the cancer survival outcome but nevertheless affect
cancer by various interactions with other genes. Such a
map of connections is called a “gene interactome”; it is
created based on several external databases, which deposit
information about the following: direct protein interactions
(deposited in the IntAct Molecular Interaction Database
[87]), regulatory and signaling pathways (Reactome, NCI
Pathway Interaction Database, and HumanCyc databases)
[21, 36, 88], and protein post-translational modifications
(PhosphoSitePlus database) [89]. PPISURV allows users
to analyze the influence of the gene interactome as well as
a gene of interest on survival (Figure 6A). These analyses
are performed with the use of over 40 whole transcriptome
expression studies that were performed with the use of
approximately 8,000 samples that represent 17 types of
cancer.

The MIRUMIR provides a similar type of analysis
as the PPISURYV; however, it is focused on the impact of
specific microRNA gene expression on survival in specific
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cancer types. Either MIRUMIR or PPISURYV enable the
visualization of survival data via Kaplan-Meier graphs,
showing the influence of the expression of a gene of
interest on survival in a specific cancer type (Figure 6B).

The third database that is incorporated in the
BioProfiling.de portal is DRUGSURYV [85]. DRUGSURV
provides the opportunity to explore the survival effect
of expression alterations of genes that are known to be
modulated by a selected drug. This database includes
information about approximately 1,700 drugs that were
approved by the Food and Drug Administration (FDA),
along with approximately 5,000 experimental drugs.
A specific drug, cancer type or gene can be queried and
investigated in terms of its anticancer potential.

The advantage of the tools that are available in the
BioProfiling.de portal is that all of them provide results
that are supported by appropriate statistical analysis (the R
statistical package), which is not always available for the
tools in the other oncogenomic portals. A false discovery
rate control procedure is implemented to adjust the
p-values when there is multiple testing.

The usefulness of the above-mentioned databases
has been confirmed in a number of publications (e.g.,
[63, 90-98]). For example, Schittek et al., [90] used the
PPISURYV to perform survival analysis on patients who
were stratified based on the expression of CKI gene
isoforms (CSNK1A1, CSNK1D, and CSNKE) in different
cancers. In another study [99], MIRUMIR was used to
evaluate the potential of miR-200c and miR-141 to serve
as biomarkers in breast cancer.

CONCLUSIONS

Since the initiation of large-scale oncogenomic
projects, a variety of databases and web-based portals
have been created to enable the interactive visualization
and interpretation of the abundant genome-wide cancer
data. The range of available web-based portals is not
limited to those described in our review. Among other
noteworthy portals that provide sets of visualization
tools that are helpful for oncogenomic data analysis are
Oasis [100, 101], Oncomine [102, 103], Cancer Genetics
Web [104], and CaSNP [105, 106]. In short, Oasis is a
recently launched open-access web portal for explanatory
analysis of cancer data. This portal was developed based
on a custom version of the BioMart framework that
was designed for oncogenomics data analysis, and it
provides a unique set of visualization tools. Oncomine
is another portal that provides useful visualization and
analytical tools, which can browse and analyze over
715 expression and sequence alteration datasets. The
Cancer Genetics Web is a web-based tool that can be
used to gather literature that is related to a specific cancer
type/predisposing syndrome or a gene of interest that is
potentially associated with cancer. This tool provides
a short summary about a disease and gene of interest,

as well as a list of the latest publications and useful
external links. Another interesting feature of the Cancer
Genetics Web portal is a colorful panel of summarizing
keywords that are available for each gene. The fourth
portal is CaSNP, which gathers the results of genome-
wide CNA profiling that was performed with the use of
SNP arrays across 34 different cancer types. In most of
the portals, the datasets and methods that are applied in
their analyses and graphical presentations are continually
updated. As a result, the portals deliver complex pictures
of cancer genome alterations and their potential impact
on cancer molecular pathogenesis. Importantly, the
portals are very intuitive and address a wide community
of researchers, who are not necessarily familiar with
advanced computational methods. The users can take
advantage of oncogenomic portals to further explore the
cancer molecular basis and select new candidate cancer-
associated genes for experimental validation. Regardless
of current interest in exploring data that is gathered in the
portals, the usefulness of the tools that are available in the
oncogenomic portals will be verified in time by the users.
Ultimately, it is expected that the utilization of the portals
for the analysis of expanding oncogenomic data will make
a substantial contribution to our understanding of cancer
molecular etiology and the translation of extended cancer
genomic knowledge into clinical practice.
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Dr hab. Piotr Koztowski, prof. IChB PAN

OSWIADCZENIA

Dotyczy rozprawy doktorskiej mgr Karola Czubaka:

Mgr Karol Czubak wykonywat prace doktorskg w Instytucie Chemii Bioorganicznej PAN od
2012 roku. Jego praca doktorska jest czescig projektu badawczego (grantu) Narodowego
Centrum Nauki pod tytutem ,ldentyfikacja nowych genéw odgrywajacych wazing role w

procesie nowotworzenia w czestych nowotworach cztowieka”

Jako, ze od poczatku bytem opiekunem naukowym mgr Karola Czubaka, a od pazdziernika
2015 roku réwniez jego promotorem, miatem mozliwo$¢ zauwazyé, ze mimo iz jest on
mtodym naukowcem, w pracy charakteryzuje sie cechami wiasciwymi dojrzatym badaczom,
takimi jak pracowitosé, samodzielnos¢ i systematyczno$¢. Pozwolito mu to zdoby¢
doswiadczenie i wiedze odpowiednie dc tego, aby wyniki swoich badan mégt z
powodzeniem wpisa¢ w szeroki kontekst ogdlnego stanu wiedzy odnosnie genetyki

nowotworow.

Skuteczno$é pracy mgr Karola Czubaka pozwolita osiggna¢ juz znaczne postepy w ramach
realizowanej pracy doktorskiej, czego wynikiem jest przygotowanie kilku publikacji, w
powstaniu ktérych miat on znaczgcy udziat (w dwdch z nich jest pierwszym autorem). Moja
rola, jako gtéwnego autora wszystkich publikacji wchodzacych w sktad rozprawy doktorskiej
mgr Karola Czubaka, polegata na zaplanowaniu i koordynacji badan, pozyskaniu $rodkow i

przygotowaniu manuskryptow.



Ponizej przedstawiam zakres prac wykonanych przez mgr Karola Czubaka, oraz moj udziat w

poszczegdlnych publikacjach:

Lewandowska M. A.*, Czubak K.*, Klonowska K., Jozwicki W., Kowalewski J.,
Kozlowski P.

The use of a two-tiered testing strategy for the simultaneous detection of small EGFR
mutations and EGFR amplification in lung cancer

PLoS One, 2015, 10:e0117983 (IF 3.23)

Mgr Karol Czubak przeprowadzit w tej pracy wszystkie eksperymenty obejmujgce
analize mutacji w genie EGFR z wykorzystaniem testu MLPA (EGFRmut+),
sekwencjonowanie, a takze reakcje droplet digital PCR i Real-Time PCR majace na
celu okreslenie liczby kopii badanych genéw. Ponadto, doktorant wykonat wszystkie
analizy statystyczne oraz znaczng cze$¢ analizy zwigzku mutacji genu EGFR z danymi
klinicznymi. Mgr Karol Czubak brat réwniez aktywny udzial w przygotowaniu
manuskryptu, z niewielka pomocg merytoryczng przygotowat wszystkie ryciny i
materiaty uzupetniajacye.

Moj udziat w niniejszej publikacji polegat na zaplanowaniu koncepcji badan oraz
nawigzaniu wspétpracy z Centrum Onkologii w Bydgoszczy. Nadzorowatem wszystkie
eksperymenty i analizy. Moja gtéwna rola polegata na przygotowaniu tekstu
manuskryptu. Ponadto, zapoznatem doktoranta z zagadnieniami bedacymi ttem i
bezposrednim przedmiotem publikacji, oraz nadzorowatem jego prace.

Czubak K., Lewandowska M. A., Klonowska K., Roszkowski K., Kowalewski J.,
Figlerowicz M., Kozlowski P.

High copy number variation of cancer-related microRNA genes and frequent
amplification of DICER1 and DROSHA in lung cancer

Oncotarget, 2015, 6(27):23399-416 (IF 6.35)

Rola mgr Karola Czubaka w przygotowaniu tej pracy polegata na selekcji genéw do
analizy, zaprojektowaniu sond i testow MLPA, przeprowadzeniu wszystkich
eksperymentdéw, analizie statystycznej i opracowaniu rezultatéw, ktére w celu
pogtebienia analizy skonfrontowat z danymi pochodzacymi z duzych projektow
sekwencjonowania genomow nowotworowych. Przeprowadzit on réwniez analize
danych klinicznych oraz brat udziat w przygotowaniu manuskryptu, wtaczajagc w to
przygotowanie wszystkich rycin i materiatéw suplementarnych.

Moj udziat w tej publikacji polegat na zaplanowaniu badar oraz koordynacji i
nadzorowaniu eksperymentéw i analiz. Ponadto, zapoznatem doktoranta z
zagadnieniami bedacymi bezposrednim przedmiotem publikacji oraz nadzorowatem



jego prace. Wykonatem réwniez najwiekszg cze$¢ pracy zwigzanej z przygotowaniem
tekstu manuskryptu.

e Klonowska K., Czubak K., Wojciechowska M., Handschuh L., Zmienko A., Figlerowicz
M., Dams-Kozlowska H., Kozlowski P.
Oncogenomic Portals for the Visualization and Analysis of Genome-wide Cancer Data
Oncotarget, 2015, doi: 10.18632/oncotarget.6128 (IF 6.35)

Rola mgr Karola Czubaka w przygotowaniu niniejszego artykufu polegata na zebraniu
informacji, przygotowaniu opiséw oraz sporzadzeniu ilustracji dla czterech z siedmiu
omawianych w nim portali onkogenomicznych, tj. Tumorscape, COSMIC, cBioPortal
oraz BioProfiling.de. Wymienione portale opisane s3 w odpowiadajacych im
podrozdziatach pracy. Niezbednym w tym celu $rodkiem byto dokonanie przez
doktoranta przegladu literatury oraz zapoznanie sie ze strukturg portali oraz
dostepnymi w nich narzedziami. Praca nad tym artykutem byfa dla doktoranta
doskonaty okazjg do dogtebnego zapoznania sie z mozliwosciami wykorzystania
danych generowanych w duzych projektach badania genoméw nowotworowych.

Méj udziat w przygotowaniu niniejszej pracy przegladowej polegat gtéwnie na
zaplanowaniu koncepcji pracy. Ponadto koordynowatem i nadzorowatem prace nad
manuskryptem. Bratem réwniez udziat w tworzeniu ilustracji.

Prosze o kontakt w przypadku jakichkolwiek pytan odnosnie przedstawionych powyzej
oswiadczen.

Piotr Koztowski
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Dotyczy wspétautorstwa w publikacji:

The Use of a Two-Tiered Testing Strategy for the Simultaneous Detection of Small EGFR
Mutations and EGFR Amplification in Lung Cancer
q Marzena A. Lewandowska, Karol Czubak, Katarzyna Klonowska, Wojciech JéZzwicki, Janusz
TUVNORD

S A Kowalewski i Piotr Koztowski

PN-EN 1SO 14001
PN-N-18001

PLoS One. 2015, 10: e0117983.

Oéwiadczam, ze w powyzszej pracy uczestniczytam, jako réwnorzedny pierwszy autor,
wspélnie z mgr Karolem Czubakiem. Powyisza praca powstata w ramach wspotpracy miedzy

Centrum Onkologii im. Prof. Franciszka tukaszczyka w Bydgoszczy a Instytutem Chemii

P % —:(fr Bioorganicznej PAN w Poznaniu.
% ‘ Moja gtéwna rola w przygotowaniu powyiszej publikacji, polegata na koordynacji zebrania,
m charakterystyki oraz logistyki przekazania do badan genetycznych prébek raka ptuca (NSCLC
{Z’jﬁ:ﬁ}'ﬁfﬁ’a{- ang. non-small cell lung cancer). Ponadto, w ramach rutynowych badan diagnostycznych
e prowadzonych w Centrum Onkologii w Bydgoszczy przeprowadzitam analize mutacji
punktowych w genie EGFR facznie z ich interpretacja z wykorzystaniem komercyjnego testu
RT-PCR (ang. real time PCR), EGFR-RT52 firmy Entrogen, Inc.
Wszystkie pozostate, przedstawione w publikacji, eksperymenty i analizy, w tym analizeg genu
EGFR z wykorzystaniem metody MLPA, sekwencjonowanie, a takze reakcje ddPCR i RT-PCR
@EC| majace na celu okreslenie liczby kopii genéw EGFR, MET i ERBB2, zostaty przeprowadzone w

Instytucie Chemii Bioorganicznych PAN, przez mgr Karola Czubaka.
Prosze o kontakt w przypadku dodatkowych pytan.

Z powazaniem,

dr hab. Marzena A. Lewandowska
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Mgr Katarzyna Klonowska

Oswiadczenie o wspoélautorstwie w publikacji:

Lewandowska MA*, Czubak K*, Klonowska K, Jozwicki W, Kowalewski J, Kozlowski P.
The Use of a Two-Tiered Testing Strategy for the Simultaneous Detection of Small EGFR
Mutations and EGFR Amplification in Lung Cancer. PLoS One. 2015 10: e0117983.

[*autorzy rownorzedni]

Jako wspotautorka powyzszej publikacji oswiadczam, ze moja rola polegala na pomocy w
zaplanowaniu, przeprowadzeniu i analizie wynikow ddPCR (ang. droplet digital PCR).
Analize ta przeprowadzilam wspélnie z mgr Karolem Czubakiem. Rezultaty przedstawione

zostaly w materiatach uzupeltniajacych (Figure S1).

/f, Klowou $a

Katarzyna Klonowska
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OSWIADCZENIE O WSPOtAUTORSTWIE

The Use of a Two-Tiered Testing Strategy for the Simultaneous Detection
of Small EGFR Mutations and EGFR Amplification in Lung Cancer

Lewandowska MA, Czubak K, Klonowska K, Jozwicki W, Kowalewski J,
Kozlowski P.

PLoS One. 2015, 10 (2): e0117983.

PR Moja rola w przygotowaniu powyzszej publikacji polegata na charakterystyce
* *
% ’ patomorfologicznej i selekcji prébek nowotworowych wykorzystanych w
EM~AS badaniach.

Zweryfikowany

Wajciech Jozwicki
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Dr n med.
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Prof. zw. dr hab. n. med. Janusz Kowalewski
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Collegium Medicum, UMK w Toruniu;
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Ul. Dr. Romanowskiej 2

85-796 Bydgoszcz

OSWIADCZENIE O WSPOYAUTORSTWIE

The Use of a Two-Tiered Testing Strategy for the Simultaneous
Detection of Small EGFR Mutations and £GFR Amplification in Lung
Cancer

Lewandowska MA, Czubak K, Klonowska K, Jozwicki W, Kowalewski J,
Kozlowski P.

PLoS One. 2015 Feb 26;10(2):e0117983.

Moja rola w przygotowaniu powyzszej publikacji polegata na charakterystyce
klinicznej pacjentéw z niedrobnokomdrkowym rakiem ptuca.

Prof. zw. dr hab. n. med. Janusz Kowalewski
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Dotyczy wspétautorstwa w publikacji:

Karol Czubak, Marzena Anna Lewandowska, Katarzyna Klonowska, Krzysztof
Roszkowski, Janusz Kowalewski, Marek Figlerowicz, Piotr Kozlowski

High copy number variation of cancer-related microRNA genes and frequent
amplification of DICER1 and DROSHA in lung cancer

Oncotarget. 2015, 6:23399-416.

Powyzsza praca powstata w ramach wspétpracy miedzy Centrum Onkologii im. Prof.
Franciszka htukaszczyka w Bydgoszczy a Instytutem Chemii Bioorganicznej PAN
w Poznaniu.

Moja gtéwna rola w przygotowaniu powyzszej publikacji polegata na selekcji, zebraniu,
charakterystyce oraz koordynacji i logistyce wymiany prébek i informacji kliniczno-
histopatomorfologicznej prébek raka ptuca (NSCLC ang. non-small cell lung cancer)
zakoniczona zintegrowaniem powyzszych informacji. Ponadto bratam udziat w analizie
zmian w genomie oraz ich zwiazku z charakterystyka kliniczna, w szczegdlnosci z
przezywalno$cia pacjentéw.

W przypadku dodatkowych pytan, prosze o kontakt.
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Z powazaniem, u (,u'm>

. Marzena A. Lewandowska
LABORATORYINY



Poznan 07.12.2015

Mgr Katarzyna Klonowska

Oswiadczenie o wspoétautorstwie

High copy number variation of cancer-related microRNA genes and frequent amplification
of DICER1 and DROSHA in lung cancer

Czubak K, Lewandowska MA, Klonowska K, Roszkowski K, Kowalewski J, Figlerowicz M,
Kozlowski P.

Oncotarget. 2015, 6:23399-416.

Jako wspédtautorka powyiszej pracy oSwiadczam, iz moja rola w jej przygotowaniu polegata
na pomocy w wykorzystaniu portalu cBioPortal w celu okreslenia zaleznosci migdzy zmiang
liczby kopii genéw DICER1 i DROSHA, a zmiang poziomu ekspresji tych gendéw.

A, Ktowo wFka_

Katarzyna Klonowska
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Bydgoszcz 23.10.2015
Dr hab. n. med. Krzysztof Roszkowski
Koordynator Oddziatu Klinicznego Radioterapii
Centrum Onkologii im. Prof. F. Lukaszczyka
Ul. Dr Romanowskiej 2
85-796 Bydgoszcz

OSWIADCZENIE O WSPOLAUTORSTWIE

High copy number variation of cancer-related microRNA genes and frequent
amplification of DICER1 and DROSHA in lung cancer

Karol Czubak, Marzena Anna Lewandowska, Katarzyna Klonowska, Krzysztof
Roszkowski, Janusz Kowalewski, Marek Figlerowicz, Piotr Kozlowski

Oncotarget. 2015, 6:23399-416.

Moja rola w przygotowaniu powyzszej publikacji polegata na uaktualnieniu
charakterystyki klinicznej 120 na 245 pacjentéw z niedrobnokomérkowym rakiem
pluca oraz wstepnej analizie przezycia u 120 pacjentéw dalej weryfikowanej i
ponownie statystycznie opracowywanej na potrzeby publikacji przez gtéwnych
autor6w pracy.

Dr hab. n. med. Krzysztof Roszkowski

Dr hab. med. Krzysztof Roszkowski
specjalista onkologii radioterapii
4766570
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Bydgoszcz 23.10.2015
Prof. zw. dr hab. n. med. Janusz Kowalewski
Katedra Chirurgii Klatki Piersiowej i Nowotwordw
Collegium Medicum, UMK w Toruniu;
Centrum Onkologii im. Prof. F. Eukaszczyka
Ul. Dr Romanowskiej 2
85-796 Bydgoszcz

OSWIADCZENIE O WSPOLAUTORSTWIE

High copy number variation of cancer-related microRNA genes and frequent
amplification of DICER1 and DROSHA in lung cancer

Karol Czubak, Marzena Anna Lewandowska, Katarzyna Klonowska, Krzysztof
Roszkowski, Janusz Kowalewski, Marek Figlerowicz, Piotr Kozlowski

Oncotarget. 2015, 6:23399-416.

Moja rola w przygotowaniu powyzszej publikacji polegala na charakterystyce
klinicznej pacjentéw z niedrobnokomoérkowym rakiem phuca.

Prof. zw. dr hab. n. med. Janusz Kowalewski

_\P'ib\‘ o, dr hab. Janusz Kowalewski
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prof. dr hab. Marek Figlerowicz

Zaktad Biologii Molekularnej i Systemowe;j
Instytut Chemii Bioorganicznej PAN

Ul. Z. Noskowskiego 12/14

61-704 Poznan

Oswiadczenie o wspolautorstwie w publikacji:

Czubak K, Lewandowska MA, Klonowska K, Roszkowski K, Kowalewski J, Figlerowicz M,
Kozlowski P. High copy number variation of cancer-related microRNA genes and frequent
amplification of DICER1 and DROSHA in lung cancer. Oncotarget. 2015, 6:23399-416.

Os$wiadczam, ze moja rola jako wspotautora powyzszej publikacji polegata na pomocy
w przygotowywaniu manuskryptu oraz dyskusji wynikéw otrzymanych dla genéw DICERI
i DROSHA.

Prof. dr hab? Marek Figlerowicz



Poznan 07.12.2015

Mgr Katarzyna Klonowska

Oswiadczenie o wspotautorstwie

Oncogenomic portals for the visualization and analysis of genome-wide cancer data
Katarzyna Klonowska, Karol Czubak, Marzena Wojciechowska, Luiza Handschuh,
Agnieszka Zmienko, Marek Figlerowicz, Hanna Dams-Kozlowska, Piotr Kozlowski
Oncotarget. 2015, [e-pub ahead of print] doi: 10.18632.

Jako wspdtautorka powyzszej publikacji oswiadczam, ze moja gléwna rola w jej
przygotowaniu polegata na zebraniu informacji oraz na przygotowaniu opiséw i ilustracji do 3
z 7 oméwionych portali, tj. UCSC Cancer Genomics Browser, ICGC Data Portal oraz
IntOGen. Wymienione portale opisane s3 w odpowiadajacych im podrozdziatach pracy.
Bratam réwniez udzial w poszukiwaniu i czytaniu literatury na temat opisywanych przeze
mnie portali oraz zapoznawatam si¢ z ich zasobami i dost¢pnymi w nich narzedziami.

A . Klonowlhka

mgr Katarzyna Klonowska
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dr Marzena Wojciechowska

Zaktad Biologii Molekularnej i Systemowe;j
Instytut Chemii Bioorganicznej PAN

Ul. Z. Noskowskiego 12/14

61-704 Poznan

Oswiadczenie o wspétautorstwie

Oncogenomic portals for the visualization and analysis of genome-wide cancer data
Katarzyna Klonowska, Karol Czubak, Marzena Wojciechowska, Luiza Handschuh, Agnieszka
Zmienko, Marek Figlerowicz, Hanna Dams-Kozlowska, Piotr Kozlowski, Oncotarget. 2015, doi:

10.18632.

Moja rola jako wspdtautorki powyzszej publikacji polegata na pomocy w przygotowaniu
manuskryptu, gtéwnie w redagowaniu tekstu pod wzgledem jezykowym i strukturalnym. Do
mojej roli nalezata réwniez pomoc w przygotowaniu ilustracji.

dr Marzena Wojciechowska
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Poznan 15.11.2015

dr Luiza Handschuh

Pracownia Mikromacierzy i Gtebokiego Sekwencjonowania
Instytut Chemii Bioorganicznej PAN

Ul. Z. Noskowskiego 12/14

61-704 Poznan

Oswiadczenie o wspétautorstwie

Oncogenomic portals for the visualization and analysis of genome-wide cancer data
Katarzyna Klonowska, Karol Czubak, Marzena Wojciechowska, Luiza Handschuh, Agnieszka,
Zmienko, Marek Figlerowicz, Hanna Dams-Kozlowska, Piotr Kozlowski

Oncotarget. 2015, doi: 10.18632.

Oéwiadczam, iz w trakcie powstawania powyzszej publikacji mojg rolg byfa konsultacja z
gtownymi autorami (KK i KC) struktury niektérych omawianych baz danych oraz
prezentowanych wynikéw.

dr Luiza Handschuh
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OSWIADCZENIE O WSPOLAUTORSTWIE

Oncogenomic portals for the visualization and analysis of genome-wide cancer data

Katarzyna Klonowska, Karol Czubak, Marzena Wojciechowska, Luiza Handschuh,

Agnieszka Zmienko, Marek Figlerowicz, Hanna Dams-Kozlowska, Piotr Kozlowski
Oncotarget. 2015, doi:10.18632/oncotarget.6128

Jako wspotautorka powyzszej pracy oswiadczam, iz mdj wklad w jej powstanie polegat na
konsultowaniu z gléwnymi autorami (KK i KC) struktury niektérych omawianych baz danych

oraz prezentowanych wynikow.

BT -
t_/f]nrestl'c Dinientk,
dr Agnieszka Zmienko

Zaktad Biologii Molekularnej i Systemowej
Instytut Chemii Bioorganicznej PAN

e-mail: akisiel@ibch.poznan.pl
tel. 61-6653052
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prof. dr hab. Marek Figlerowicz

Zaktad Biologii Molekularnej i Systemowe;j
Instytut Chemii Bioorganicznej PAN

Ul. Z. Noskowskiego 12/14

61-704 Poznan

OSWIADCZENIE O WSPOLAUTORSTWIE

Oncogenomic portals for the visualization and analysis of genome-wide cancer data
Katarzyna Klonowska, Karol Czubak, Marzena Wojciechowska, Luiza Handschuh,
Agnieszka Zmienko, Marek Figlerowicz, Hanna Dams-Kozlowska, Piotr Kozlowski

Oncotarget. 2015, doi: 10.18632.

Os$wiadczam, ze moja rola jako wspotautora powyzszej publikacji polegata na krytycznym

czytaniu oraz zgtaszaniu uwag w trakcie powstawania manuskryptu.

prof. dr hab\Marek Figlerowicz
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Hanna Dams-Kozlowska, dr n. biol.
Kierownik

Pracowni Immunologii Nowotwordw
Wielkopolskie Centrum Onkologii w Poznaniu
oraz

Katedra Biotechnologii Medycznej
Uniwersytet Medyczny w Poznaniu

OSWIADCZENIE O WSPOLAUTORSTWIE

Dotyczy publikacji: ,,Oncogenomic portals for the visualization and analysis of
genome-wide cancer data”, Katarzyna Klonowska, Karol Czubak, Marzena Wojciechowska,
Luiza Handschuh, Agnieszka Zmienko, Marek Figlerowicz, Hanna Dams-Kozlowska, Piotr

Kozlowski, Oncotarget. 2015, doi: 10.18632/oncotarget.6128.

Os$wiadczam, ze moja rola w przygotowaniu powyzszej publikacji polegata na udziale

w opracowaniu koncepcji artykutu oraz w planowaniu wstepnej struktury manuskryptu.

e e i

Hanna Dams-Koztowska, dr n. biol.

Kierownik Pracowni
Immunologii Nowotvicréw

dr n. hieldopse / me-Knzicrske



