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Seznam pouzitych zkratek

rodina signalnich Ser/Thr protein-kinaz

gen anaplastic lymphoma kinase

Americka spolec¢nost pro klinickou onkologii (American Society for Clinical Oncology)
gen B-cell lymphoma 2

breast cancer-specific survival

basal-like 1/2

gen v-raf murine sarcoma viral oncogene homolog B1

gen breast cancer |

spole¢nost Americkych patologii (College of American Pathologists)
gen pro cyklin E1

centromerickd oblast chromozomu 17

centralni nervova soustava

gen pro epidermalni ristovy faktor

gen echinoderm microtubule associated protein like-4
epitelialni-mezenchymalni tranzice
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gen pro receptor pro fibroblastovy ristovy faktor 1/2

formalinem fixované v parafinu zalité tkané

fluorescencni in situ hybridizace

gastrointestinalni stromalni tumory

immunomodulatory

inozitol-polyfosfat-4-fosfataza

varianta alternativniho sestfihu HER2, delece exonu 16

gen pro epidermalni ristovy faktor 2

gen pro epidermalni ristovy faktor 3

gen huntingtin interacting protein 1

karcinom hlavy a krku
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protein kodovany genem MKI67



KIF5B gen kinesin family member 5B

KIT gen pro tyrozin-kinazu s ligandem SCF; CD117

KRAS gen kirsten rat sarcoma viral oncogene homolog

LAR luminal androgen receptor

M mesenchymal

MAPK gen mitogen activated protein kinase

MDM?2 gen mouse double minute 2

MEK mitogeny aktivovana protein kinaza kinaza

MSL mesenchymal stem-like

MYC gen v-myc myelocytomatosis viral oncogene homolog
NCCN National Comprehensive Cancer Network
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NOS blize nespecifikovany (not otherwise specified)

NPI Nottinghamsky prognosticky index (Nottingham Prognostic Index)
NRAS gen neuroblastoma RAS viral (v-ras) oncogene homolog
NSCLC nemalobunéény plicni karcinom

oS celkové preziti (overal survival)

PAMS0 Prediction Analysis for Microarrays

PCR polymerazova fetézova reakce

PDFGRA  gen pro receptor pro destickovy riistovy faktor

PI3K fosfatidyl-inositol-3-kinaza

PIK3CA fosphatidyl-inositol-4,5-bifosfat-3-kinaza, katalytickd podjednotka alfa
PLC-y fosfolipdza C gamma

PR progesteronovy receptor

PTB phosphotyrosine-binding region

PTEN gen phosphatase and tensin homolog deleted on chromosome ten
RARA gen pro alfa receptor kyseliny retinové

RBI1 gen pro retinoblastom 1

RET gen pro tyrozin-kinazovy receptor

RFS doba preziti bez relapsu (relapse-free survival)

ROSI gen kodujici protein ROS

RS skore rekurence

RT-PCR reverzné-transkriptazova PCR

SCF gen pro faktor kmenovych bunék (stem cell factor)
SH2 Src Homology 2 region
STAT3 gen signal transducer and activator of transcription 3
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T-DM1 trastuzumab emtansine

TFG gen TRK-fused gene

TKI tyrozin-kinazovy inhibitor

TNBC triple-negativni karcinom prsu

TNM klasifikace nadort (T-tumor, N-node, M-metastasis)

TOP2A gen pro topoizomerazu 2 alfa

WNT3 gen wingless signaling pathway
wt wild type
+ pozitivni
- negativni
nizky
il vysoky
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1. Teoreticka ¢ast

1.1 Uvod

Nadorova onemocnéni jsou, po onemocnénich kardiovaskularniho systému, druhou hlavni pfic¢inou
Gmrti v Evropé i Ceské republice. Rostouci incidence je predevdim disledkem starnuti populace,
zivotniho stylu a prostiedi a v neposledni fadé zlepsujici se diagnostiky. I pies rostouci incidenci vSak
mortalita stagnuje ¢i klesa, coz signalizuje jednak uspéSnost screeningovych programi a vcasnéjsi
diagnostiku, ale také zvy3ujici se kvalitu 1é¢by .

Jiz tadu let dochazi k vyvoji novych typt chemoterapeutik, hledani moznosti snizeni jejich toxicity,
zvySeni efektivity a cileni terapeutika do mista nadoru. Soucasna onkologie se zamétuje piedev§im na
studium diagnostickych, prognostickych a prediktivnich biomarkeri. Intenzivni vyzkum v této oblasti
prinesl za posledni desetileti celou fadu novych 1éciv a prediktord 1écebné odpovédi, coz umoznilo
personalizovat terapii na zakladé genetickych/expresnich zmén nadoru. Do poptedi zajmu se dostavaji
predevsim protinadorova IéCiva, specifickd pro konkrétni typ nadoru a biomarkery, které s dostate¢nou
pravdépodobnosti definuji skupinu pacientd, ktefi ztéto 1écby budou profitovat. Dochazi tak
k personalizaci onkologické lécby na zakladé molekularné-genetickych a/nebo proteomickych
charakteristik samotného nadoru. Nadorové biomarkery jsou v soucasné dobé pouzivany v oblasti

diagnostiky, progndzovani nemoci, predikci 1écebné odpovédi a monitorovani prib&hu onemocnéni.

1.2 Karcinom prsu

Karcinom prsu je celosvétové druhé nejéastéjsi nadorové onemocnéni u muzi i zen a nejcastéjsi
maligni onemocnéni u Zen, u nichz zaujima pfiblizné€ ¢tvrtinu ze vSech diagnostikovanych nadorovych
onemocnéni. V roce 2012 bylo celosvétové noveé diagnostikovano 1,67 miliont ptipadl, v Evropské
Unii (EU) 362.000 piipada a v Ceské republice 6852 novych piipadi. Vékové specificka incidence
postupné nartsta od 30 do 70 let s maximem mezi 60 a 70 lety. I pfesto, Ze je ve vétsiné vyspélych
zemi dostupny organizovany screening a kvalitni terapie, je karcinom prsu celosvétové patou
nejcastéjsi pfi¢inou umrti na nadorova onemocnéni. Mortalita na tento typ nadorového onemocnéni
byla v roce 2012 522.000 piipadii (celosvétove), 92.000 pripadii (EU) a 1840 piipadi (CR). Karcinom
prsu je pomérné dobie 1éCitelné onemocnéni, coz dokazuje ¢asovy vyvoj incidence a mortality, kdy i

pres vzristajici incidenci, mortalita stagnuje (Obrazek 1) *°.
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Obrizek 1 Incidence a mortalita karcinomu prsu v Ceské republice v letech 1977-2012 %,

Prognéza onemocnéni je zavisla na stadiu onemocnéni, gradu, véku a v neposledni fadé na podtypu
nadoru a zvoleni vhodného lécebného rezimu. Pro volbu spravné 1écebné strategie je tfeba zhodnotit
prognostické a prediktivni biomarkery. K prognostickym faktorim patfi hodnoceni velikosti nadoru,
zasazeni uzlin, klinické stadium, mira invazivity, histologicky typ nadoru a mira exprese
estrogenovych (ER), progesteronovych (PR) a HER2 receptort. K prvnim prediktivnim biomarkertim,
které byly u karcinomu prsu rutinné zavedeny pro individualizaci 1é¢by, patii vySetfeni exprese ER a
PR receptord. Nadmerna exprese téchto receptorii se vyskytuje az u 70% pacientt s karcinomem prsu
a je prediktorem dobré 1é¢ebné odpovédi na hormonalni terapii *. Daldim z velmi vyznamnych
prediktivnich biomarkerd je u karcinomu prsu pozitivita HER2 receptoru, kterou se zabyva cast
ptredlozené dizertacni prace.

Dizertac¢ni prace je zaméfena na 3 prognosticky nepfiznivé skupiny karcinomu prsu, a to na karcinom
prsu s HER2 amplifikaci (kapitola 1.2.2), polyzomii chromozomu 17 (kapitola 1.2.3) a triple-negativni
karcinom prsu (kapitola 1.2.4).

1.2.1 Klasifikace nadori prsu

1.2.1.1 TNM a histologicka klasifikace nadort prsu

Zakladni diagnostikou a klasifikaci nadord prsu je klasifikace TNM, kde se na zaklad¢ klinického
vySetfeni a zobrazovacich vySetfovacich metod hodnoti sublokalizace primarniho nadoru a jeho
velikost (T), zasazeni miznich uzlin (N) ¢i pfitomnost vzdalenych metastaz (M). Na zaklade téchto

kritérii je nador rozdélen do jednotlivych stadii .
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Klinicky nejptinosnéjsi je rozdéleni karcinomt prsu na zakladé¢ histologického vysetfeni, a to gradu a
typu nadoru. Histologicky grade odrazi agresivitu nadoru, miru proliferace a diferenciace (hodnoti se
mitoticky index, tubularni formace, jaderny polymorfismus) °. Z histologickych typt nadort prsu jsou
nejcastéjsi karcinomy duktalni (ptiblizné 70-80%) a lobularni (pfiblizné 10%). Méné casto se
vyskytuji karcinomy tubularni, meduldrni, kribriformni, mucinézni, metaplastické ¢i mén¢ casté
podtypy 7. Histologicka klasifikace ma vsak, na rozdil od uréeni TNM a gradu onemocnéni, pro

klinickou praxi pouze minimalni vyznam.

1.2.1.2 Molekulérni klasifikace nadort prsu (tzv. ,,intrinsic subtypes®)

Na zéklad¢ vysledkti high-throughput technologii byla v roce 2000 popsédna molekularni klasifikace
nadort prsu (tzv. ,intrinsic subtypes®). Naslednym hierarchickym klastrovanim expresniho profilu
byly nadory prsu rozdéleny do 4 zakladnich skupin: luminal A, luminal B, basal-like a HER2-
enriched. Patou nalezenou skupinou byl normal breast-like podtyp, ktery se klastruje s fyziologickymi
vzorky prsu *°. Luminal A nadory jsou hormonalné pozitivni (pozitivita ER a/nebo PR), HER2-
negativni s nizkou proliferacni aktivitou (Ki-67). Luminal B nadory jsou rovnéz ER/PR-pozitivni,
casto HER2-negativni, jejich proliferacni aktivita je vSak vysoka. Basal-like podskupina ma triple-
negativni (TN) stav receptord (ER, PR, HER2-negativni), pozitivitu EGFR a cytokeratinu 5/6.
Karcinomy z HER2-enriched skupiny jsou ER/PR-negativni a HER2-pozitivni. Normal breast-like
karcinomy jsou TN a exprimuji geny adipdzni tkang. Sesty, claudin-low podtyp byl identifikovan
vroce 2007 a ma podobné charakteristiky jako basal-like karcinomy (ER, PR, HER2-negativni).
Hlavni charakteristikou je nizka exprese claudint 3, 4 a 7 a vysoka exprese genti imunitni odpovédi.
Charakteristiky jednotlivych podskupin jsou shrnuty v Tabulce 1 *'".

Jednotlivé skupiny se lisi v incidenci, véku pacientil pii diagnoze, prognoéze i odpovedi na terapii.
Mezi skupinu s nejlepsi prognozou patii karcinomy ze skupiny luminal A, které dobfe odpovidaji na
hormonalni terapii. Oproti luminal A skuping, jsou luminal B nadory vice agresivni, maji vyssi
histologicky grade, vysokou proliferacni aktivitu a hor$i prognézu. I pies hormonalni pozitivitu
luminal B nadord je jejich citlivost na hormondlni terapii nizka a je proto doporucena kombinace
s chemoterapii (antracykliny, taxany). K nadoriim se $patnou prognoézou patii rovnéz HER2-enriched,
basal-like a claudin-low nadory. Basal-like nadory se vyskytuji vétsinou u mladsich zen, Cast&ji Afro-
Amerického pivodu. Jejich prognodza je velmi nepfizniva, jedna se vétSinou o velké nadory,
s vysokym gradem a Castym zasazenim lymfatickych uzlin. Claudin-low nadory maji podobné jako
basal-like karcinomy vysoky grade, $patnou prognézu a odpoveéd na terapii, Casto se jedna o
karcinomy metaplastické. U HER2-enriched skupiny se jedna Casto o karcinomy duktalni s vysokou
proliferacni aktivitou, vysokym gradem a zasazenim uzlin. HER2 pozitivita je negativnim
prognostickym faktorem, zarovenn vsSak prediktorem dobré odpovédi na anti-HER2 terapii
(trastuzumab, pertuzumab, lapatinib, T-DM1). HER2-cilena terapie zasadné vylepSila prognézu
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HER2-enriched pacientd. Normal breast-like skupina je pouze malo charakterizovana, existence
nadorl z této skupiny je Casto zpochybiiovana. Diskutuje se, zda se nejednd pouze o artefakt, resp.

. . o 1ot ’ s 12-17
kontaminaci vzorkti normalni prsni tkani .

1.2.1.3 Molekularni klasifikace v klinické praxi

V klinické praxi je pouziti high-throughput technologii velmi obtizné a nakladné, proto bylo vyvinuto
nékolik komeréné dostupnych diagnostickych testd, které jsou schopny zatadit pacienta do jedné
z podskupin, stanovit miru rizika ¢i vhodnost terapie. Na zakladé experimentii z ¢ipovych technologii
byl vyvinut prediktor PAMS0 (prediction of microarray), ktery je schopen pomoci reverzné-
transkriptazové polymerazové fetézové reakce v redlném Case (real-time RT-PCR) stanovit expresi 50
gent, zahrnujicich proliferaci, ER, HER2, myoepitelidlni a bazalni charakteristiky. Na zakladé
PAMS50 prediktoru lze pacienty zafadit do luminal A, luminal B, basal-like a HER2-enriched
podskupin. V roce 2013 byl PAMS50 prediktor certifikovan a schvalen Food and Drug Administration
(FDA) pro klinické pouziti jako Prosigna test (NanoString Technologies). Tato assay je pouzitelna
v klinické praxi predevSim proto, Ze je mozné analyzovat RNA izolovanou z formalinem fixovanych
v parafinu zalitych vzorkii (FFPE). Assay je navic validovana n&kolika rozsahlymi studiemi '+ '*-%°,
Klinicky nejrozsifenéj$im a nejvice validovanym testem je Oncotype DX (Genomic Health, Inc.),
ktery predpovida riziko rekurence Casnych stadii karcinomu prsu na zdkladé expresniho profilu 21
gend (16 gent spojenych s nadorovym onemocnénim, 5 kontrolnich genti). Jedna se o geny spojené
s proliferaci, invazivitou, ER a HER2 drahou. Assay, zalozena na real-time RT-PCR, je proveditelna
z RNA izolované z FFPE vzorkl. Oncotype DX byl primarné validovan na vzorcich pacientek ze tii
nezavislych studii, u kterych bylo hodnoceno riziko recidivy s vice nez 10-letym sledovanim. U
Oncotype DX je hodnoceno tzv. skore rekurence (RS), na zakladé kterého lze nador zatadit do jedné
ze tii rizikovych skupin. Bylo prokazano, ze hodnota RS je jak prognosticky faktorem, tak i

prediktorem odpovédi na chemoterapii *'~*.

Na zakladé vysledkli ftady prospektivnich i
retrospektivnich studii byl Oncotype DX assay zafazen do mezindrodnich doporuceni pro lécbu
karcinomu prsu (ESMO, ASCO, St.Gallen, NCCN). Od roku 2014 je vySetfeni zafazeno i do
doporugeni Ceské onkologické spolecnosti pro adjuvantni 1é¢bu Gasného ER+, HER- karcinomu prsu
gradu 2. Toto vysetfeni je u pacientek s nejednoznacnym benefitem z chemoterapie hrazeno ze zdroju
zdravotniho pojisténi '®2*~°,

V rutinni klinické praxi se pro klasifikaci nador prsu pouziva imunohistochemické, respektive
molekularné-biologické stanoveni hormonalnich receptorti (ER, PR), HER2 a proliferaéniho markeru
Ki-67. Na zakladé exprese, resp. poctu kopii genu HER2 lze nadory prsu rozdélit do 5 zékladnich
skupin: luminal A-like (ER+ a/nebo PR+, HER-, Ki-67]), luminal B-like, HER2- (ER+, HER-, PR-,

Ki-67/ ER+, HER-, PR+, Ki-671 ), luminal B-like, HER2+ (ER+, HER+, PR+/-, Ki-67/1 ), HER2+
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(ER-, PR-, HER2+) a basal-like (ER-, PR-, HER-). Na zaklad¢ tohoto rozdéleni lze predikovat

progndzu, stejné jako G¢innost chemoterapie & cilené 16¢by 3132,

1.2.2 HER2-pozitivni karcinom prsu

HER?2, lokalizovany na 17q12, koduje transmembranovy protein p185, patfici do rodiny receptort pro
epidermalni rastovy faktor (HER/EGFR/ErbB) s tyrozin-kindzovou aktivitou. Za fyziologickych
podminek reguluje bunécny rust a diferenciaci. Protein HER2 se, stejné jako ostatni zastupci erbB
rodiny, sklada ze tfi funkénich domén - extracelularni, transmembranové a intracelularni
(cytoplazmatické). N-koncova extracelularni doména je u proteinti erbB rodiny mistem vazby ligandu
334 Vazba ligandu na extracelularni doménu proteinti erbB rodiny zptsobuje dimerizaci az
oligomerizaci s HER2, coz umoznuje transfosforylaci cytoplazmatickych domén a tim aktivaci celé
tady proteinti. Pfi nadmémé expresi HER2 dochazi k aktivaci receptoru i bez piitomnosti ligandu ** .
Pro erbB receptory bylo nalezeno vice nez 12 ligandi, fyziologicky ligand pro HER2 vsak dosud
nebyl nalezen. Pfedpoklada se, ze protein HER2 ptisobi jako preferencni protein pro heterodimerizaci
s ostatnimi ligandem aktivovanymi ¢leny erbB rodiny (EGFR a HER3) a jeho fyziologicky ligand
neexistuje *°. C-koncova intracelularni doména je mistem autofosforylace a aktivace fady bunénych
proteinti. Po aktivaci receptoru a jeho dimerizaci dochazi k fosforylaci specifickych tyrozint (1028,
1144, 1201, 1226/1227, 1258) *’. Na ty se vazi signalizatni proteiny obsahujici na fosfotyrozin
specifické vazebné domény (SH2, PTB domény), které¢ pienasi mitogenni signal pres Ras/MAPK,

PI3K/Akt, Janus kinizovou a PLC-y signalni drahu **~*’. HER2 signalizace je znazornéna na Obrazku

2.
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zvySend signalizace zvySena signalizace zvySend signalizace zvySena signalizace
EGFR-HER2 HER2 homodimerdi HER2-HER3 A HERZ
heterodimerd heterodimerd
PIZK tvorba metastaz
proliferace
' invazivita
Ras PARG resistence na trastuzumab ?
PI3K aPKC Akt
PLC \
/ \ proliferace
z . prediti
invazivita ztrita polarity metabolismus
cyklin D1 [ p27 invazivita

G1/S deregulace

TRANSKRIPCNI FAKTORY

Obriazek 2 Bun&&na signalizace onkogenu HER2. Upraveno dle *'.

Amplifikace zpusobujici overexpresi proteinu HER2 byva nalezena pfiblizné¢ u 15-20% pacientil
s karcinomem prsu, nejcastéji u duktalniho typu s negativitou hormonalnich receptor. Overexprese
proteinu HER2 vede ke zvySené tvorbé dimerG vSech typt. Tvorba EGFR-HER2 heterodimert
zvysuje proliferaci a invazivitu tkané. Homodimery HER2 narusSuji bunéénou polaritu a HER3-HER2
heterodimery ovliviiuji proliferativni, invazivni, metabolické procesy a procesy preziti. Transaktivace
HER3 a nasledna aktivace PI3K/AKT signalni drahy se zda byt jako klicova pro tumorigenezi u HER2
overexprimovanych bun¢k. Overexprese HER2 rovnéz umoziuje vznik mén¢ cast¢ AHER2 varianty
(in-frame delece exonu 16, ztrata 16 aminokyselin v juxtamembranové doméng) s rozmanit&jSim
signaliza¢nim a transforma¢nim potencialem.

HER2 pozitivni nadory prsu jsou agresivnéjsi, vétSinou malo diferenciované, s Castym postizenim
lymfatickych uzlin, vyskytem distalnich metastaz (Casto do CNS) a nepfitomnosti hormonalnich
receptord, jsou méné citlivé na standardni chemoterapii. HER2 amplifikace/overexprese je nezavislym
negativnim prognostickym faktorem *'"**. Amplifikace/overexprese HER2 byla nalezena i u daliich
typr solidnich nadorti, napiiklad u nemalobunééného plicniho karcinomu (NSCLC) *, karcinomu

7aludku, prostaty, kolorekta, ovarialniho karcinomu a karcinomu hlavy a krku (HNSCC) *.
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Rada multicentrickych, randomizovanych studii prokazala, Ze je amplifikace/overexprese genu HER2
prediktorem ucCinnosti anti-HER2 terapie. Humanizovana monoklonalni protilatka trastuzumab
(Herceptin) je schvalena pro 1écbu casného i metastatického karcinomu prsu (v monoterapii ¢i
v kombinaci s chemoterapii) s prokazanou pozitivitou HER2. K 1é¢bé HER2 pozitivniho, lokalné
pokrocilého ¢i metastatického karcinom prsu lze indikovat i dalsi HER2 protilatky/nizkomolekularni
inhibitory pertuzumab, T-DM1 & lapatinib ****.

V soucasné dob¢ jsou odbornymi spole¢nostmi doporuceny dvé metody vysSetfeni HER2 a to
immunohistochemie (IHC), ktera Casto slouzi jako screeningova metoda a in situ hybridizace (ISH),
ktera je potfebna predevsim pro potvrzeni IHC 2+ (stiedné pozitivnich, nejednoznacnych) vysledki.
Priklady vysledkd obou vysetfeni jsou ilustrovany Obrazky 3 a 4. Dle aktualnich doporuceni
American Society for Clinical Oncology/ College of American Pathologists (ASCO/CAP) je anti-
HER?2 terapie podavana pacientim na zaklad¢ ISH pozitivity (respektive pozitivniho HER2/CEP17

poméru > 2 ¢i pozitivity primérného poctu kopii HER2 > 6 kopii/jadro) a/nebo imunohistochemické

pozitivity 3+ .

Obrazek 3 VySetieni exprese proteinu HER2 u karcinomu prsu pomoci imunohistochemie

(HercepTest) s negativnim nalezem IHC 0 (A) a vysoce pozitivnim nalezem IHC 3+ (B)
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Obrazek 4 Vysetfeni poctu kopii genu HER2 u karcinomu prsu pomoci fluorescencni in situ
hybridizace (A) s negativnim nalezem (2 kopie genu HER2 a chromozomu 17) a (B) pozitivnim

nalezem (klastry vice nez 20 kopii genu HER2 a 2-4 kopii chromozomu 17)

1.2.3 Karcinom prsu s polyzomii chromozomu 17

Pocet kopii genu HER2 je u karcinomu prsu vySetfovan pomoci ISH, nejcastéji dualné znacenou
sondou, kterd vyjma poctu kopii HER2 detekuje rovnéz pocet kopii chromozomu 17, respektive
centromerické oblasti chromozomu 17 (CEP17). Chromozom 17 je u karcinomu prsu velmi casto
alterovan, a to jak dusledkem strukturalnich pfestaveb ¢i bodovych mutaci, tak zménami poctu kopii
gend, resp. rizné dlouhych chromozomalnich oblasti, az polyzomie. Hlavni pfi¢inou je lokalizace celé
fady vyznamnych protoonkogenti a tumor supresorovych gent jako p53, NFI1, HER2, TOP2A4, STAT3,
BRCAI, WNT3 a RARA Y.

Vzhledem k lokalizaci vyznamnych genti byl intenzivné studovan dopad polyzomie chromozomu 17,
respektive zmnoZeni CEP17, kdy je pocet kopii > 3, na prognozu & predikci uinnosti terapie. Spatna
progndza u pacientll s karcinomem prsu se zmnozenim CEP17, resp. zvysena proliferacni aktivita,
vyssi Nottingham Prognostic Index (NPI) skore ¢i zasazeni uzlin, byla popsana fadou studii. Vliv
zmnozeni CEP17 na preziti pacientd viak nebyl pozorovan *~°'. Ve studii Krishnamurti et al. bylo
zmnozeni CEP17 asociovano s vys$im histologickym gradem, vétsi mitotickou aktivitou, vy$§im NPI
skore a ER-negativitou i u pacientdl s negativnim HER2/CEP17 pomérem *>. Naopak, v ostatnich
studiich nebyly $patné prognostické markery u pacientd se zmnozenim CEP17 pozorovany ****. Na
klinickou praxi ma vsak nejvétsi dopad prediktivni hodnota zmnozeni CEP17. Retrospektivni analyzy
prokazaly ucinnost trastuzumabu u pacientd se zvySenym poctem kopii CEP17 a negativnim
HER2/CEP17 pomérem, a to i u IHC negativnich (0/1+) a stiedné pozitivnich (2+) piipadt. Uginnost

lapatinibu u HER2 negativnich pacientil se zvySenim CEP17 viak prokazana nebyla *°.
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Obrazek 5 Karcinom prsu se soucasné zvySenym poctem kopii genu HER2 (3-5 kopii; oranzové
signaly, SpectrumOrange) a CEP17, resp. chromozomu 17 (3-5 kopii; zelené signaly,

SpectrumGreen).

Polyzomie chromozomu 17, kdy je pocet kopii CEP17> 3 (viz Obrazek 5), je fadou studii popisovana
jako pomérné Casty jev s vyskytem od 3 do 46% >. Recentni studie za pomoci high-throughput
technologii odhalily, Ze se nejedna o polyzomii chromozomu 17 (tj. zmnozeni celého chromozomu),
nybrz o zmnozeni, resp. amplifikaci centromerické oblasti chromozomu 17 nebo o zmnozeni dlouhého
ramene chromozomu 17 s piesahem do centromerické oblasti ***®. Tito autofi ukazali, e polyzomie
chromozomu 17 jako takova je u karcinomu prsu velmi ojedinéla udalost, coz bylo potvrzeno fadou
studii zalozenych na FISH °~%. Vzhledem ktomu, Ze se ,prava“ polyzomie chromozomu 17
vyskytuje u méné nez 1% piipadi s karcinomem prsu, doporuc¢uje Moelans et al. uzivani terminu
zvyseni poctu kopii CEP17 u ptipadd, kdy byla ,,polyzomie* detekovana pouze pomoci centromerické
sondy *. Dle ASCO/CAP kritérii by se ojedinglé piipady, u nichZ je pramérny podet kopii HER2 mezi
4 a 6, pomér HER2/CEP17 < 2.0 a CEP17 > 2.0, mély vySetfit pomoci alternativniho markeru na
chromozomu 17 *, v ptipad¢ pozitivniho poméru HER2 a vySetiovaného markeru lze podat anti-

HER?2 terapii.
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1.2.4 Triple-negativni karcinom prsu

Triple-negativni karcinom prsu (TNBC) se vyskytuje u 15-20% piipadii karcinomu prsu a je
charakterizovan negativitou ER, PR a HER2 receptort. TNBC se z vice nez 70% ptekryva s basal-like
podtypem karcinomu prsu (viz vyse) a tyto dvé skupiny jsou také velmi Casto zaménovany. Podobné
jako u basal-like karcinomt jsou tedy TNBC nadory nalézany castéji u mladsich zen, Afro-
AmeriCanek a zen s familiarnim karcinomem prsu, respektive BRCAI/2 mutaci 65,66 TNBC
karcinomy jsou v porovnani snon-TNBC karcinomy prsu agresivngj$i, rychle rostouci nadory
s vysokym gradem a Castym zasazenim uzlin. Na rozdil od ostatnich podtypt karcinomu prsu,
recidivuji TNBC nadory nejcastéji mezi 1.-3. rokem od operace, vétsina pacientek s TNBC umira do 5
let od terapie 9.

Vzhledem k agresivité onemocnéni a tomu, ze pacienti nemohou profitovat z cilené anti-HER2 nebo
hormonalni terapie, je velka snaha o identifikaci makeru nebo skupiny markert, které by mohly
predikovat Uc¢innost chemoterapie. Stézejni praci je studie Lehmann et al. zroku 2011, ktery
analyzoval expresni profil 587 TNBC prfipadi a na zékladé hierarchického klastrovani identifikoval 6
riznych TNBC podtypi. Podle expresniho profilu byly podtypy nazvany jako basal-like 1 a 2 (BL1/2),
immunomodulatory (IM), mesenchymal (M), mesenchymal stem-like (MSL) a luminal androgen
receptor (LAR). Charakteristiky jednotlivych podskupin jsou shrnuty v Tabulce 2. Na zakladé¢ této
klasifikace byly identifikovany TNBC bunééné linie reprezentujici jednotlivé podskupiny, u nichz
byla testovana Gi¢innost terapie, zaméfena na alterované signalni drahy . Molekularni podtypy byly
navic identifikovany jako nezavisly prediktor patologické kompletni odpovédi, ptfiCemz nejlepsi
odpovéd’ byla pozorovana u BL1 skupiny, naopak nejhorsi u BL2 a LAR skupin (52% vs. 0%/10%) *.
Nasledné byly v roce 2012 publikovany dvé vyznamné studie, zametené na genetické zmény u TNBC.
V souladu s velkou heterogenitou TNBC nadort byla nalezena cela fada aberaci, které se vyskytovaly
pouze u malého procenta studovanych nadort. U velké Casti nalezenych mutaci (64%) nebyl navic
potvrzen biologicky vyznam, respektive piepis téchto mutaci do mRNA. Nejcastéji nalezené mutace
byly mutace v genu p53. DalSimi geny, u nichz byly nalezeny vyznamné alterace, jsou geny RBI,
PTEN, MYC, PIK3CA, EGFR, MDM2, CCNE1, INPP4B a FGFR1/2 """,

Hlavnim problémem TNBC nadorti je obrovska heterogenita, ktera brani identifikaci klinicky
relevantniho biomarkeru. Pomoci high-throughput technologii byla identifikovana cela fada slibnych
biomarkert a cilenych terapeutik, které je tieba validovat pomoci klinickych studii. Problematika

TNBC je shrnuta v ptehledové publikaci (viz ptiloha 1).
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1.3 Ostatni nadorova onemocnéni — prediktivni biomarkery v klinické praxi

Mezi nejdéle pouzivané prediktivni biomarkery solidnich nadort patii, jak jiz bylo zminéno, vySetieni
exprese ER, PR a HER2 receptorti u pacientii s karcinomem prsu. Zavedeni hormonalni a anti-HER2
terapie do klinické praxe vyznamné ovlivnilo prognozu velké ¢asti pacientd s timto onemocnénim.
V posledni dobé& byla identifikovana cela fada potencialnich prediktivnich biomarkert, stejné jako
cilenych terapeutik. Tématu nadorovych biomarkert se vénuji dvé piehledové prvoautorské publikace
(viz piiloha 2 a 3). Prediktivni biomarkery, které jsou v soucasné dobé soucasti klinické praxe, jsou

popsany v nasledujicim textu.

1.3.1 Karcinom zaludku

Karcinom zaludku je zhoubné nadorové onemocnéni zalude¢ni sliznice, z95% se jedna o
adenokarcinom. Pfestoze incidence i mortalita tohoto onemocnéni vyznamné klesd, jedna se o paté
nejcastéj$i nadorové onemocnéni a treti nejcastéjsi pricinu umrti na nadorové onemocnéni u muzl i
7en °. U piiblizng 20% piipadii karcinomu Zaludku je nalézana amplifikace/overexprese genu HER2
(kapitola 1.2.2), kterd se Cast&ji vyskytuje u intestinalniho typu nadoru v oblasti gastroesofagealni
junkce ™. Podobn& jako u karcinomu prsu je amplifikace/overexprese genu HER2 prediktorem
ucinnosti anti-HER2 terapie. Humanizovana monoklonalni protilatka trastuzumab (Herceptin) je
schvalena pro 1é¢bu metastatického adenokarcinomu zaludku ¢i gastroesofagealni junkce (v kombinaci

s cisplatinou a kapecitabinem nebo fluorouracilem) s prokézanou pozitivitou HER2 *°.

1.3.2 Nemalobuné¢ny karcinom plic

Karcinom plic je nejcastéjSim nadorovym onemocnénim u muzii a nejcastéjsi pfi¢inou Umrti na
nadorové onemocnéni u muzi i zen. U 85% pripadt se jednd o nemalobunéény plicni karcinom, ktery
1ze délit na adenokarcinom (~ 40%), spinocelularni karcinom (25-30%) a karcinom velkobunéény (10-
15%). V poslednich letech bylo u plicniho adenokarcinomu nalezeno n¢kolik vyznamnych
prediktivnich biomarkert (EGFR, ALK, ROS1, RET), v klinické praxi jsou prozatim vysetfovany geny
EGFR a ALK.

EGFR gen je lokalizovany na 7pl1 a koduje transmembranovy tyrozin-kindzovy receptor s obdobnou
funkei jako HER2. U NSCLC byly popsany aktiva¢ni mutace EGFR genu, jejichz vyskyt je piiblizné
30% u Asiathh a 15% v kavkazské populaci. Aktivacni mutace, zplisobujici na ligandu nezavislou
aktivaci receptoru, jsou preferenéné nalézany u nekurakl/slabych kurakt, asiati a zen. NejCastéjsi
mutace, delece v exonu 19 (baze 746-753) a substituce argininu za leucin (L858R) v exonu 21, byvaji
nalezeny az u 90% piipadi. Méné ¢astymi mutacemi jsou mutace v exonu 18 (G719X) a v exonu 21
(L861G). Tyto mutace jsou aktivacni a predikuji sensitivitu na tyrozin-kindzové inhibitory (TKI),

zatimco pacienti s mutaci vexonu 20 (inzerce, T790M) jsou na TKI rezistentni ~’*. Pro 1ébu
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metastatického adenokarcinomu plic s prokazanou aktivacni mutaci EGFR lze v monoterapii indikovat
reverzibilni TKI erlotinib, gefitinib & irreverzibilni TKI afatinib *- .

Dal$im vyznamnym biomarkerem je gen ALK, lokalizovany na 2p23. ALK koduje transmembranovy
tyrozin-kindzovy receptor, ktery hraje vyznamnou roli ve vyvoji nervového systému a je za
fyziologickych podminek exprimovan pouze v tenkém stfeveé, mozku a varlatech. U 2-7% pacientli
s NSCLC byva nalezena patologicka exprese, zplisobena nejcastéji inverzi malé ¢asti kratkého ramene
chromozomu 2, inv(2)(p21p23), za vzniku fuzniho proteinu EML4-ALK. Nejcastéji se jedna o fuzi
exonu 13 (varianta 1) nebo exonu 6a/b (variant 3a/b) genu EML4 s exonem 20 genu ALK "*% Méng
casto se u NSCLC vyskytuje translokace ALK s geny K/F5B (kinesin family member 5B), 7FG (TRK-
fused gene) a HIPI (huntingtin interacting protein 1) ¥,

ALK prestavba se preferencné vyskytuje u mladsich pacienti s adenokarcinomem a nekufaki bez
soucasnych mutaci KRAS ¢i EGFR. Pro testovani ALK piestaveb je doporucena FISH u pacienti
s adenokarcinomem ¢i NSCLC NOS (not otherwise specified). Pro ALK+ (ALK pozitivni) pacienty

s jiz dfive 1é¢enym pokro&ilym NSCLC lze indikovat 1ébu crizotinibem ***'.

1.3.3 Kolorektalni karcinom

Kolorektalni karcinom je tieti nejcastéjsi nadorové onemocnéni (po zhoubnych nadorech kize,
karcinomu prsu a plic). U kolorektalniho karcinomu je v soucasnosti vyznamné vysetfeni mutaci genti
skupiny RAS. KRAS gen, lokalizovany na 12p12, koéduje na membranu vazany protein s GTPazovou
aktivitou, ktery zprostiedkovava signalni pfenos mezi EGFR a dal$imi proteiny proliferacni kaskady
Ras/Raf/MEK/ERK, coz vede kbun&ené proliferaci a pieziti '°. Piiblizng u 35-40% pacienti
s kolorektalnim karcinomem byva nelezena mutace genu KRAS, nejéastéji se jedna o bodovou mutaci
exonu 2 kodonu 12 (G12V, G12D) a kodonu 13 (G13D) a méné ¢asto exonu 13 kodonu 61 ¥, U KRAS
mutovanych piipadi je onkogenni signal, vzhledem k jeho umisténi v signalni kaskad¢, nezavisly na
EGFR aktivaci a u karcinomu kolorekta je proto mutovany KRAS prediktorem $patné odpovédi na

extracelularni blokatory EGFR (cetuximab/panitumumab) *°.

U metastatického kolorektalniho
karcinomu s wt-KRAS 1ze v monoterapii ¢i kombinované terapii indikovat monoklonalni protilatky
cetuximab &i panitumumab *** %,

Mutace genu KRAS, zpusobujici rovnéz rezistenci na EGFR TKI, se vyskytuji pfiblizné u 20% ptipada
NSCLC a jsou asociovany s adenokarcinomy, kavkazskou populaci a koutenim "%, Vysetieni KRAS
mutaci u pacientl s NSCLC vSak nema klinicky vyznam vzhledem k mutaéni exkluzivit¢ EGFR a
KRAS mutaci.

NRAS gen, lokalizovany na 1pl13, je uzce pribuzny genu KRAS a hraje rovnéz vyznamnou roli
vregulaci proliferace a bunééného pieziti. NRAS je mutovany u 3-5% ptipadi kolorektalniho

karcinomu. Mutace se podobné jako u KRAS genu vyskytuji v kodonech 12,13 a 61, pficemz mezi

nejéastdjsi patif mutace kodonu 61 (Q61K, Q61R), nasledované mutacemi kodonu 12 *-¥. Podobné
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jako mutace KRAS jsou mutace NRAS prediktorem Spatné odpovedi na extracelularni blokatory EGFR

(cetuximab/panitumumab) *, které 1ze indikovat pouze pacientim s wt-NRAS *°.

1.3.4 Maligni melanom

Maligni melanom je nejzavazn&jsim typem rakoviny kize, vznikajici proliferaci melanocyti
(neuroektodermovy piivod). Pfestoze maligni melanom reprezentuje pouze asi 4% nadort kize, je
ptic¢inou umrti v disledku nadorového onemocnéni kiuze priblizné v 80%. Velmi Spatna progndza
tohoto onemocnéni byla v nedavné dobé zasadné zlepsena schvalenim TKI cilenych na mutace v genu
BRAF ™.

BRAF gen, lokalizovany na 7q34, koduje serin/threonin kinazu prenasejici signal od proteinu RAS.
Mutace BRAF byva nalezena piiblizné u 60% melanomil. Z vice nez 90% se jedna o substituci valinu
za glutamat v kodoénu 600 (V600E), kterd vede k aktivaci kindzové aktivity a pfenosu mitogenniho
signalu °'. Pacientim s neresekovatelnym nebo metastazujicim melanomem s prokdzanou mutaci
V600E Ize indikovat v monoterapii BRAF inhibitory vemurafenib, dabrafenib a trametinib *’.
Vemurafenib inhibuje ERK kinazu a tim zptsobuje programovanou bunéénou smrt pouze u bunck
melanomu s V60OE mutaci. U melanomi bez V600E mutace se zda, ze vemurafenib paradoxné
podporuje bun&eny rist aktivaci RAF1 %,

U karcinomu kolorekta je mutace BRAF' genu nalézana u 5-10% pfipadi a je asociovana s rezistenci
na cetuximab/panitumumab. Vzhledem k mutacni exkluzivité s KRAS je testovani BRAF genu

doporuceno pacientiim s wt-KRAS >,

1.3.5 Gastrointestinalni stromalni tumory

Gastrointestinalni stromalni tumory (GIST) jsou pomérné vzacné mezenchymalni nadory traviciho
traktu s nejcastéjsi lokalizaci v zaludku (50-60%) a tenkém stfeveé (20-40%). Tento typ sarkomu
predstavuje asi 1% vsech intestinalnich nadord °**°. A7 u 90% GIST ptipadii je nalezena mutace
v onkogenu KIT, ktery je lokalizovan na 4ql1. Tento gen koduje transmembranovy tyrozin-kinazovy
receptor pro SCF (stem cell factor), ktery je zakladem diagnostiky GIST, jelikoz je SCF/CDI117
exprimovan u vétSiny GIST piipadd. Asi u 5% GIST se vyskytuji mutace v genu PDGFRA,
lokalizovaném na 4q12, ktery koduje alfa podjednotku receptoru tyrozin-kinazy PDGF.

Pro 1écbu KIT (PDGFR)-pozitivniho inoperabilniho nebo metastatického GIST lze indikovat imatinib,
sunitinib nebo regorafenib, imatinib lze indikovat i v adjuvantni terapii. K prikazu KIT pozitivity se
pouziva imunohistochemické stanoveni exprese CD117 antigenu, piipadn¢ molekularné genetické
vysetfeni mutaci KIT a PDGFRA genu. Mutace KIT se nejcastéji vyskytuji v exonu 11 (~ 67%), méné
Casto v exonech 9 (~ 10%), 13 (~ 1%) a 17 (~ 1%). Nadory s mutaci v exonu 11 jsou nejvice senzitivni
k terapii imatinibem, nadory s mutaci v exonu 9 jsou méné senzitivni, nicméné odpovidaji na vyssi
davky imatinibu a na lécbu sunitinibem. Mutace PDGFRA genu se nejcastéji vyskytuji v exonu 18,
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raritné v exonech 12 a 14, pficemz mutace D842V v exonu 18 zplisobuje rezistenci na imatinib a

pacienti s touto mutaci jsou vyfazeni z 16&by TKI ** %,
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2. Experimentalni ¢ast

2.1 Cile prace

Piedlozena dizertaéni prace je zamétena na prediktivni biomarkery u téi prognosticky neptiznivych
skupin pacientd s karcinomem prsu, a to na pacienty s HER2-pozitivnim karcinomem prsu,
karcinomem prsu s polyzomii chromozomu 17 a pacienty s triple-negativnim karcinomem prsu.

Cilem prvniho projektu bylo navrhnout a optimalizovat metodiku vhodnou pro vySetfeni poctu kopii
genu HER?2 u pacientt, u nichz selhala in situ hybridizace. Tuto metodiku poté validovat na dostatecné
velké kohorté pacientti s karcinomem prsu tak, aby byla pouzitelna v klinické praxi (kapitola 2.3.1) a
navrhnuty prototyp vysetfovaciho kitu nabidnout ke komercionalizaci.

Cilem druhého projektu bylo objasnit vyskyt polyzomie chromozomu 17 u pacienti s karcinomem
prsu na zékladé vySetieni 6 markeri na chromozomu 17. Ukolem bylo nalezeni vhodného markeru,
ktery by byl pouzitelny pro rutinni diagnostiku a zhodnoceni vyznamu tohoto vySetfeni pro
diagnosticko-1é¢ebnou rozvahu (kapitola 2.3.2).

Cilem posledni ¢asti prace bylo hledani biomarkert, které by mohli predikovat ucinnost adjuvantni
chemoterapie u pacientek s triple-negativnim karcinomem prsu. Prace byla zaméfena na stanoveni
exprese a poctu kopii jedenacti biomarkeri a jejich vyznamu pii predikci ucinnosti adjuvantni

antracyklinové terapie (kapitola 2.3.3).
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2.2 Komentovany tvod

Karcinom prsu je velmi heterogenni skupinou onemocnéni na urovni histologické, klinické, ale i
biologické a genetické. I pres velkou heterogenitu jde o pomérné dobfe léCitelné onemocnéni, coz
dokazuje ¢asovy vyvoj incidence a mortality, kdy i pres vzrustajici incidenci mortalita stagnuje. Pro
lepsi diagnostiku i Gisp&$nost screeningového programu svédei fakt, ze se vzristajici incidenci vzrista
soucasné i1 pocet piipadii diagnostikovanych v ranych stadiich I a II (~75%). Vzhledem k obrovské
heterogenité nadort prsu je hlavnim zdjmem soucasné onkologie hledani specifickych biomarkerd,
které¢ by pomohli objasnit prognézu ¢i predikovat ucinnost terapie u konkrétniho pacienta. Velkym
posunem v lé¢bé karcinomu prsu bylo zavedeni vysetfeni ER, PR a HER2 receptorii a na tyto
receptory cilenych terapeutik do klinické praxe. Rada dalsich biomarkeri a cilenych terapeutik je
v soucasné dobé testovana v klinickych studiich.

Diagnostika HER2 pozitivity vyznamné ovlivnila progndzu pacienti s HER2-pozitivnim karcinomem
prsu. Diky anti-HER2 terapii se z prognosticky velmi neptiznivé skupiny stala skupina pacienti
s dobfe 1é¢itelnym onemocnénim. Kvalitni vySetieni HER2 receptoru je tedy naprosto esencialni pro
selekei téch pacientt s karcinomem prsu, kteti mohou z 1é¢by anti-HER2 inhibitory profitovat. Zlatym
standardem je vySetieni pomoci imunohistochemie a in situ hybridizace. Tyto dvé metody jsou také
doporuceny odbornymi spolecnostmi ASCO/CAP. THC, ktera detekuje expresi proteinu, je bézné
pouzivana jako metoda screeningova. Ptipady, u nichz IHC poskytne nejednoznacny vysledek (IHC
2+), musi byt retestovany pomoci ISH, ktera hodnoti HER2 na genomické tirovni. Prestoze anti-HER2
terapie cili na bunééné urovni HER2 protein, studie ukazuji, Ze je vysSetieni poctu kopii genu HER2
lepsim prediktorem 1é¢ebné odpovédi nez vysetfeni imunohistochemické. Ptestoze je amplifikace
HER? jedinou prokazanou pficinou overexprese HER2 proteinu, byla diskrepance mezi IHC a FISH
nalezena az u 20% ptipadt. Diskrepance byla vysoka piedev§im pii srovnani vysledkt lokalnich a
centralnich laboratofi. Vysokou diskrepanci mezi centralni a lokalni laboratoii potvrzuji i vysledky
srovnani naSeho pracovisté s pracovisti lokalnimi, od kterych ziskdvame vzorky na verifikaci HER?2
statusu. HER2 diagnostikou by se mély jednoznacné zabyvat pouze laboratoie s dostatecnou praxi a
kvalifikaci, jak je tomu i v Ceské republice, kde je HER2 vySetiovano v ramci sité center prediktivni
onkologie.

Falesn¢ pozitivni/negativni IHC vysledky byly popsany ptedevs§im u vzorkil se Spatnou kvalitou
zpusobenou nespravnou fixaéni procedurou ¢i piitomnosti artefakti. U vzorkl se $patnou kvalitou
dochazi velmi casto rovnéz k selhani ISH. U ISH, na rozdil od IHC, je diky chybégjicimu signalu
jednoznacéné rozpoznatelné, ze se jedna o nehodnotitelny vzorek. U IHC je naopak velmi obtizné
rozlisit, ze se jedna o arteficidlni nepfitomnost barveni. Vzhledem k vysoké mife falesné
pozitivity/negativity IHC a tomu, Ze se selhani ISH vyskytuje pfiblizné u 5% piipadt karcinomu prsu,

je vhodné vysetfit tyto pacienty néjakou alternativni metodou detekujici pocet kopii genu HER?.
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Z tohoto duvodu byla zavedena a validovana metoda zalozena na tfech duplexnich real-time PCR
reakcich, detekujici pocet kopii genu HER2 na zakladé srovnani se tfemi kontrolnimi geny (GCSI,
DCK a EPN2). Detekéni limit metody byl experimentalné ovéfen na dilucni fadé bunéénych linii,
ktera potvrdila moznost detekce amplifikace HER2 pii minimalnim zastoupeni 5% vysoce
amplifikovanych bun¢k. Metoda qPCR byla zvalidovana na souboru 223 pacientti s karcinomem prsu,
kde byla prokazéna dostate¢na senzitivita i specificita v porovnani s FISH i THC (94,2%/95,1% a
100%/99,1%). Nasledné¢ byla qPCR pouzita pro evaluaci HER2 genu u 198/3696 vzorku, u nichz
selhala FISH. Pocet kopii genu HER2 bylo mozné vysetfit t¢méf u 70% vzorkil se Spatnou kvalitou.
Metoda qPCR je tedy dostatecné citlivou a specifickou metodou, kterou lze pouzit pro vysetieni genu
HER?2 u vzorkl, u nichz selhala in situ hybridizace a mize tak u téchto vzorkd doplnit vysledek

imunohistochemie (kapitola 2.3.1).

Dalsim problémem v diagnostice HER2 je polyzomie chromozomu 17, respektive zvySeny pocet kopii
centromerické oblasti chromozomu 17 (CEP17). Tato problematika je shrnuta v kapitole 1.2.3. Jak jiz
bylo zminéno, chromozom 17 je velmi Casto alterovan a zmnozeni signalu pro centromerickou oblast
tohoto chromozomu bylo ve studiich popsano az u 46% pftipadi. Recentni studie ukazaly, Zze se
nejednda o polyzomii chromozomu 17 jako takovou, nybrz o zmnozeni centromerické/
pericentromerické oblasti. Studie potvrdily, Ze je polyzomie chromozomu 17 pouze raritni udalost,
incidence pravé polyzomie ¢i jeji prognosticky ¢i prediktivni vyznam vSak nebyl jednoznacné
objasnén. Vétsina studii byla provedena pouze na relativné malém a Casto pre-selektovaném souboru
pacientd. Jest¢ donedavna byl zvyseny pocet kopii CEP17, u pacientii s nizkou amplifikaci genu
HER?2, pricinou HER2 negativity (na zakladé negativniho HER2/CEP17 poméru). Tito pacienti nebyli
1éCeni anti-HER2 terapii, piestoze by z ni mohli, jak ukazaly retrospektivni studie, profitovat. Tento
problém byl vyfesen v novych doporucenich ASCO/CAP, kde je u téchto piipadi pro enumeraci
chromozomu 17 doporuceno pouziti alternativniho markeru. V doporucenich vsak neni specifikovano,
ktera chromozomalni oblast by méla byt pouzita.

Pro nalezeni vhodné enumeracni sondy jsme testovali 3 oblasti na kratkém rameni chromozomu 17
(17p11.2, 17p12 a 17p13) u 67 pacientt s karcinomem prsu s poctem kopii CEP17>2,5. Pocet kopii
sledovanych markerti vyznamné klesal s rostouci vzdalenosti od centromery jako dusledek delece
genu p53, CasteCné zasahujici i do oblasti 17p12. Na zakladé tohoto zjisténi byla, pro enumeraci
chromozomu 17 u konsekutivniho souboru 5477 pacientti s karcinomem prsu, vybrana sonda 17p11.2.
Tato sonda byla pouzita pro potvrzeni zvySeného poctu kopii chromozomu 17 u 297 pacientll s
CEP17>3.0. Pomoci 17p11.2 byl zvyseny pocet kopii centromerické oblasti chromozomu 17 potvrzen
pouze u 67 piipadi. U tohoto pre-selektovaného souboru bylo celkové vysetfeno 6 markerd,
pokryvajicich kratké i dlouhé rameno chromozomu 17. Prava polyzomie chromozomu 17, respektive

hyperdiploidie byla nalezena pouze u 0,48% piipadi. U téchto pripadi byl navic nalezen vyznamné
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vys§i vyskyt polyzomie chromozomu 8 a chromozomu 11. Na zakladé korekce poctu kopii
chromozomu 17 pomoci sondy 17p11.2 bylo 21,6% (32/148) pacientli s pivodné negativnim ¢i
hraniénim vysledkem reklasifikovano do amplifikované kategorie a dostali tak moznost anti-HER2
1é¢by. Sonda 17p11.2 se ukazala jako vhodna pro enumeraci poétu kopii chromozomu 17 u pacientd
s amplifikaci CEP17 oblasti a mize byt pouzita pro HER2 diagnostiku karcinomu prsu. Prava
polyzomie chromozomu 17 byla nalezena u necelého pil procenta pfipadii karcinomu prsu,

prognosticky ¢i prediktivni vyznam této raritni aberace musi byt objasnén (kapitola 2.3.2).

Posledni problematickou skupinou karcinomu prsu, kterou se zabyva piedlozena dizertacni prace, je
triple-negativni karcinom prsu. TNBC je nejvice heterogenni skupinou karcinomu prsu s nejvétsim
poctem somatickych prestaveb. Vzhledem k negativité¢ ER, PR a HER2 receptorti a nedostatku cilené
terapie je intenzivni vyzkum zaméfen piedevSim na klasifikaci TNBC a identifikaci klinicky
vyznamnych biomarkert, které by mohly byt terapeuticky ovlivnény. Tato problematika je shrnuta v
kapitole 1.2.4. V soucasné dob¢ je hlavnim problémem rezistence pacienti na konvenéni adjuvantni
chemoterapii a s tim souvisejici nedostatek biomarkert, které by mohly u¢innost terapie predikovat.
Ve spolupraci s Masarykovym onkologickym tustavem v Brné byl ziskan soubor 164 pacientek
s TNBC, které¢ byly 1éceny adjuvantni chemoterapii zalozenou na antracyklinech. U téchto pacientek
byla pomoci IHC vysetena exprese BCL2, EGFR, MYC, TOP2A a Ki-67 proteind, pocet kopii genti
EGFR, MYC, TOP24 a chromozomt 7, 8 a 17 byl vysetfen fluorescencni in situ hybridizaci.
Hodnocena byla doba pteziti bez relapsu (RFS), breast cancer-specific survival (BCSS) a celkové
preziti (OS). Vysoka exprese BCL2 proteinu byla nalezena jako statisticky vyznamny prediktor $patné
odpovédi na antracyklinovou terapii (RFS, BCSS), u OS se jednalo pouze o trend. V multivariaéni
analyze byla navic BCL2 exprese prokazana (spole¢n¢ s mirou postizeni uzlin a velikosti nadoru) jako
nezavisly prediktivni faktor ucinnosti antracyklinové terapie (pro RFS, BCSS i OS). Podobné
vysledky byly pozorovany i pro basal-like podskupinu TNBC. Z ostatnich biomarkeri byla nalezena
statisticky vyznamna korelace zvySené exprese EGFR s BCSS, u MYC amplifikace se jednalo pouze o
trend (RFS a BCSS). U ostatnich sledovanych biomarkerti nebyla nalezena zadna asociace s prezitim
pacientek (RFS, BCSS ani OS), a to ani u genu TOP24, ktery je povazovan za prediktor u¢innosti
antracyklinové terapie. Divodem je pravdépodobné fakt, ze je amplifikace genu 7OP24 u TNBC
velmi raritni (v nasi studii pouze 2,1%) a pocet pozitivnich pacientek tak nebyl dostacujici pro
hodnoceni prediktivniho vyznamu.

BCL2 exprese byla nalezena jako nezavisly prediktor pteziti pacientek s TNBC (i basal-like TNBC)
lécenych adjuvantni antracyklinovou terapii. Vyhodou BCL2 exprese jako biomarkeru je jeho snadna
a levna stanovitelnost a jedna se tedy o biomarker, ktery je velmi vhodny pro pouziti v klinické praxi.
Pro potvrzeni prediktivni hodnoty tohoto biomarkeru a jeho zavedeni do praxe je vSak zapotiebi velké

prospektivni validacni studie (kapitola 2.3.3).
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2.3 Vysledky

2.3.1 Vysetieni genu HER2 u pacientt s karcinomem prsu s nehodnotitelnou FISH

Evaluation of HER?2 gene status in breast cancer samples with indeterminate fluorescence in situ

hybridization by quantitative real-time PCR method.
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Administration of drugs targeting HER2 (official name ERBBZ) is an important component of therapy for
breast cancer patients with HER2 amplification/overexpression as determined by in situ hybridization
(ISH) and immunohistochemistry (LHC). In approximately 5% of breast cancers, ISH assays fail. In these
cases, HER2 protein expression is evaluated by IHC alone that may yield false negatives/positives for
poor-quality samples. Therefore, we developed a method that was based on quantitative real-time PCR
applicable for DNA from formalin-fixed, paraffin-embedded tissue samples. Its limit of detection was
determined with breast cancer cell lines and validated with 223 breast cancer patient samples. On the
basis of comparisons with fluorescent ISH (FISH) and IHC data, the sensitivity of the new method was
94.2% and 95.1%, its specificity was 100% and 99.1%, and overall concordance between results
obtained with the quantitative real-time PCR method and FISH/IHC was 97.6% for both methods. The
quantitative real-time PCR method was then used to evaluate the HER2 status of 198 of 3696 breast
cancer tissues that yielded indeterminate FISH results. The HER2 copy number was successfully
determined in 69.2% of these indeterminate samples. Thus, the DNA-based technique appears to be a
specific, sensitive method for determining HER2 copy numbers when the FISH assay fails, which may
complement IHC tests. (J Mol Diagn 2015, W : 1—10; http://dx.doi.org/10.1016/].jmoldx.2015.03.007)

The human epidermal growth factor receptor 2 gene (HER2,
official name ERBB2) is located on chromosome 17q and
amplified in 15% to 20% of breast cancer patients. HER2 is a
prognostic biomarker associated with poor prognosis, early
recurrence, and reduced progression-free survival."” HER2
expression is also a predictor of responses to drugs that target
HER2 (including trastuzumab, lapatinib, and pertuzumab)
that are currently approved by regulatory agencies for treat-
ing HER2-positive breast cancer patients.

Various methods can be used to determine the HER2 copy
number or abundance of the corresponding protein in a tissue
sample, including fluorescence (FISH), chromogenic, or silver
in situ hybridization, immunohistochemistry (IHC), Southern
or Western blot analysis, slot blot analysis, PCR, reverse-
transcription PCR, and enzyme-linked immunosorbent as-
says.”* THC and ISH are widely accepted as the gold standards
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for evaluating HER2 status. IHC is the primary recommended
screening method, with ISH being used to confirm IHC results.
Patients with an THC (HercepTest) score of 3+ are eligible for
HER2-targeted therapy, whereas patients with 0 or 1+ scores
do not overexpress HER2 and are therefore unsuitable for the
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Table 1  Characteristics of HER2, GCS1, DCK, and EPN2 Primers/Probes

Gene Primer/probe ONA sequence Product size (bp)

HER2 Forward 5'-AGAGTCACCAGCCTCTGCAT -3/ 138
Reverse 5'-GCAACTCCCAGCTTCACTTT-3'
Prabe BHQ1-CTCCTTTTCACACTCTTGCCGACGTC-FAM

GCS1 Forward 5'-CAGGTGACCCTGAAAATTCC -3 133
Reverse 5 -CTTCAGCATGGCTCTCCAG-3'
Probe BHQ1-AAATCAAGCCCTGCCAAGACTEGC-HEX

DCK Forward 5'-CCGCCACAAGACTAAGGAAT-3' 109
Reverse 5'-CGATGTTCCCTTCGATGGAG-3'
Probe BHQ1-AGAAGCTGCCCGTCTTTCTCAGCC-HEX

EPNZ Forward 5'-CCGCCACAAGACTAAGGAAT -3 130
Reverse 5! - CGATGTTCCCTTCGATGGAG-3'
Probe BHO1-AGARGCTGCCCGTCTTTCTCAGCC-HEX

treatment. Samples from patients with equivocal result (IHC
2+ ) must be retested for HER2 gene copy number by using the
ISH assay,™

However, in approximately 5% of breast cancer samples,
HER2 copy numbers cannot be evaluated with FISH because
of poor tissue quality, which may be due to incorrect
handling, especially in cases in which inappropriate fixation
methods are used or degradation occurs.”” Similarly, the use
of different fixation methods can adversely affect IHC but not
gene amplification and FISH results,” necessitating use of a
DNA-based method to determine the HER2 gene copy
number.

We therefore designed a novel method that is based on
quantitative real-time PCR (qPCR) for determining HER2
gene copy numbers. The method involves three duplex gPCR
amplifications o compare copy numbers of the HER2 gene
with those of three reference genes: glucosidase 1 (GCSI;
official name MOGS), deoxyeytidine kinase (DCK), and epsin
2 (EPN2). These genes were selected because their copy
numbers rarely change in breast cancers.”

Materials and Methods
Cell Lines

The CALU3 and MDA-MB-231 breast cancer cell lines
used for determining the limit of detection (LOD) of gPCR
method were purchased from ATCC (Rockville, MD). The
HER2 gene is amplified and constitutively activated in the
CALU3 cell line, which was used as a positive control,
HER2 assays with the use of both FISH and THC showed
that cells of this line contained 20 copies of the HER2 gene
per nucleus and had an THC score of 3+, The MDA-MB-
231 cell line was used as a negative control because it has a
normal physiologic HER2 copy number (two copies) as
determined by both FISH and ITHC. CALU3 cells were
diluted with MDA-MB-231 cells to create a dilution series
with 1%, 5%, 10%, 15%, 20%, and 50% HER2-positive
cell contents. Total DNA was extracted from samples
of each suspension of the dilution series and analyzed

by gPCR.

(55

Tissue Samples

A consecutive retrospective cohort of 181 formalin-fixed,
paraflin-embedded (FFPE) invasive breast cancer samples
collected in 2006 was used to assess the specificity and
sensitivity of the gPCR method. For each sample, the HER2
gene capy number was determined by both FISH and gqPCR,
and the level of HER2 prolein expression was determined by
IHC. Samples with at least 10% of tumor tssue and both FISH
and THC dama were included to the study. The consecutive
retrospective cohort was further enriched for 60 samples with
eguivocal IHC result (2+) and complete FISH data collected
in 20007, The hinal validation set consisted of 223 samples. The
validation set was used for all statistical analyses.

Then, qPCR and [HC methods were used in parallel to
analyze HERZ2 expressionfcopy number in 198 of 3696
patient samples prospectively collected between 2007 and
2012 that yielded indeterminate FISH results. The percent-
age of HER2-positive tumors in our study is much higher
than other institutions and the literature. The reason is that
mainly positive samples are sent from local laboratories to
us for confirmatory testing, because our institution serves as
a central/reference laboratory.

THC

HER2 protein was immunohistochemically detected in 4-pm
FFPE sections by using the US Food and Drug Administration-
approved HercepTest (DakoCytomation, Glostrup, Denmark)
according o the manufacturer’s mstructions. The standard
HercepTest scoring system was used in all cases to obtain
scores of 0, 14, 2+, or 3+ indicating no staining or incomplete
[aint membrane staining of < 10% of twmor cells, incomplete
faint membrane staining of = 10% of tumor cells, incomplete
and/or moderate membrane staining of = 10% of wmor cells,
and complete intense membrane staining in > 10% of wmor
cells, respectively.”

FISH

FFPE sections (4 pm) were baked overnight at 56°C on mi-
croscope slides, deparaffinized with xylene, dehydrated with
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HER2 Status Evaluated by gPCR
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Figure 1  ROC curves for HER2/reference gene ratios (qPCR) compared
with gold standard FISH (HER2/CEP17 ratio) in the validation set. Shown
are the ROC curves for the three reference genes separately: G(S1 (A), DCK
(B), and EPNZ (C). AUC, area under curve; CEP17, chromosome enumeration
probe 17; FISH, fluorescence in situ hybridization; qPCR, quantitative real-
time PCR; ROC, receiver operating characteristic.
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ethanol, then chemically and enzymatically treated and co-
denatured (2 minutes, 85°C) by using the PathVysion HER-2
DNA Probe Kit (Vysis, Downers Grove, IL) or Her-2neu
FISH Kit (InteliMed, Olomoue, Czech Republic), approved by
the US Food and Drug Administration andfor Conformité
Européenne. In Vitre Diagnostics. The sections were then
incubated overnight at 37°C. Unannealed probe molecules
were subsequently removed by washing the sections with
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0.4 saline-sodium citrate followed by a 23 saline-sodium
citrate solution that contained (1.19% Nonidet-P4(). The sam-
ples” nuclei were then counterstained with DAPL

HER2 and chromosome 17 signals were counted in 100 non-
overlapping nuclei in each patient sample by using a fluorescent
microscope (Olympus BX-51: Olympus America, Center
Valley. PA). HER2 clusters of =20 signals were scored as 20
HER2 copies. The mean HER2chromosome 17 ratio was
calculated for each sample, using the scoring criteria recom-
mended by the American Society of Clinical Oncologists and
the College of American Pathologists. Samples were classified
as amplified if the ratio was >2.0 andfor the mean HER2 copy
number was =6, equivocal if the ratio was < 2.0 and the mean
HER2 copy number was 4 to 6. and negative il the ratio was
< 200 and the mean HER2 copy number was <4,

DNA Extraction and gPCR

DMNA was extracted from four 4-pm FFPE sections from each
patient sample or from a million cells from each suspension of
the CALU3/MDA-MB-231 cell line concentration series, using
a DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s instructions, FFPE sections were
deparaffinized with a routine series of xylene and ethanol
washes before DNA extraction.

PCR was performed with 50 ng of total DNA and Thermo-
Start DNA polymerase (ThermoScientific. Waltham, MA)
with PCR primers and probes listed in Table 1. PCR condi-
tions consisted of 95°C for 15 minutes, followed by 40 cycles
of 95°C for 15 seconds and 60°C for 60 seconds.

DNA isolated [rom FFPE normal (noncancerous) breast
tissue samples that had physiologic HER2 gene copy
number and showed no evidence of HER2 amplification and
expression (as determined by FISH and the HercepTest) was
used as a standard. The standard DNA was also tested by
qPCR for no evidence of copy number changes of control
genes (GCS 1. DCK, and EPN2). From the standard DNA, a
dilution series of 20, 30, 40, 50, 70, and 100 ngfreaction
mixture was prepared to produce standard curves by plotting
DNA concentrations against cycle threshold values. Rela-
tive gene copy numbers of HER2 and the reference genes
were calculated [rom the standard curves, assuming that
normal cells have two copies of the gene and approximately
7 pg of DNA." The results obtained were expressed as
ratios of the HER2 copy numbers to those of the reference
genes. A cutofl value of 2.2 for amplification was selected
on the basis of receiver operating characteristic curve
analysis (Figure 1), and the HER2 gene was considered to
be amplified in samples in which the ratio of the HER2 copy
number to that of at least two of the three references gene
exceeded this threshold,

Statistical Analysis

Receiver operating characteristic curves were generated
from data of validation set and w0 compare HER2 copy
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number detected by qPCR with gold standard FISH (HER2/
chromosome enumeration probe 17 matio) (Statistica 12.0;
StatSoft, Inc., Tulsa, OK). Cutoff values were calculated with
receiver operating charactenstic curve analysis (software R,
package OptimalCutpoints) as points with 85% sensitivity. We
selected cutoff 22 as the mean for all three reactions.' '
Nonparametric methods were used to analyze HER2 gene
copy number data obtained from the gPCR and FISH exper-
iments and to compare the HER2 gene/protein levels deter-
mined by gPCR and IHC. Spearman rank coeflicients were
applied to measure comelations between gPCR and FISH.
These values as well as the P values of the significance test are
presented in scatterplots (Figure 2). Post hoc multiple com-
parisons of mean ranks for all groups were performed, and P
values (two-sided significance levels with a Bonferroni
adjustment) associated with each comparison were calculated
for significance by Kruskal-Wallis tests (Statistica 12.0; Stat-
Soft, Inc.). Sensitivity, specificity, concordance, and Cohen k
values were calculated for data from all gPCR assays, using
the FISH and IHC results as references (R Development Core
Team, htip://www.r-projectorg, last accessed February 6,
2015). THC score 3+ was considered positive indicator of
HER2 expression, whereas scores of () and 1+ were consid-
ered negative indicators in all statistical analyses. IHC score
2+ was considered positive indicator of HER2Z expression if
the FISH was positive only.

Results
Detection Limit of the gPCR Method

The LOD for the method was determined with the CALU3/
MDA-MB-231 cell line dilution series. The HER2 gene copy
numbers in six samples with different amplified/nonamplified
DNA contents were analyzed relative to those for the three
reference genes by using gPCR. Six replicates were run for
each reference gene. The qPCR method reliably detected
HER2 gene amplification in samples that contained approxi-
mately 5% of strongly positive cells (Table 2).

Sensitivity and Specificity Assessments of the gPCR
Assay versus FISH and IHC Methods in the Validation
Set

To validate the cell line data obtained with the novel gPCR
method, a cohort of 223 invasive breast cancer samples
(Table 3) was selected and used to assess its sensitivity and

Figure 2  Comelation of HER2/eference gene ratios (qPCR} and HER2/
CEP17 ratio (FISH) in the validation set. Scatterplots with regression line
(orthogonal fit — total least squares regression) and reference lines for
autoffs (x = 2.2, y = 2.0) are shown for the three reference genes
separately: GCS1 (A), OCK (B), and EPN2 (C); P < 10 . Five false-negative
samples (qPCR negative/FISH positive) are marked with a cross. (EP17,
chromosome enumeration probe 17; FISH, fluorescence fn situ hybridiza-
tion; gP(R, quantitative real-time PCR.
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Table 2  Evaluation of the Detection Limit of the qPCR Method

HERZ amplified cells (%)* HERZ/GCS1 gene ratio (95% CT)'  HER2/DCK gene ratio (95% CT)' HER2/EPNZ gene ratio (95% CI)'
1 1.23 (1.118-1.342) 0.78 (0.652—0.900) 1.52 (1.220—1.829)

5 2.43 (2.167—2.686) 2.01 (1.880—2.133) 4.83 (4.116—5.550)

10 5.12 (4.096—6.149) 6.06 (5.396—6.730) 14,32 (12.994—15.638)

15 5.03 (4.283-5.781) 5.23 (4.939-5.515) 13.56 (12.605—14.516)

20 8.69 (7.766—9.609) 12.25 (11.659—12.851) 24.23 (22.570—25.892)

50 16.94 (15.366—18.524) 30.05 (27.198—32.902) 58.99 (55.153—62.824)

*The percentage of HERZ-amplified cells refers to the percentage of CALU3 cells (20 HERZ copies/nucleus) in suspensions of the dilution series.

'»‘wmge value from six replicates.
qPCR, guantitative real-time PCR.

specificity. The HER2 gene copy number and protein
expression in all of these samples were measured in parallel
by using FISH, IHC, and qPCR. HER2/GCS 1, HER2/DCK,
and HER2/EPN2 products were successfully amplilied in
212, 209, and 209 of the 223 samples, giving amplification
successes of 95.1%, 93.7%, and 93.7%. respectively.

The amplification success/conformity (frequency of the
identical positive/negative result) of HER2 status determined
with the following combinations of reference genes HER2/
GCS1 4+ DCK, HER2/GCS1 + EPN2, HER2IDCK + EPN2,
and HER2/GCSI + DCK + EPN2 were 92.8% (207 of 223)/
76.7% (171 of 223), 92.8% (207 of 223)/84.3% (188 of 223),
92.4% (206 of 223¥82.1% (183 of 223), and 91.9% (205 of
223)/74.4% (166 of 223), respectively. With the use of a
single gene, we were able to analyze from 93.7% to 95.1%
samples with sensitivity from 74.3% to 90.4%. However, the
sensitivity improved substantially (91.7% to 93.2%) by using
the combination of two reference genes with analyzable
samples range from 76.7% to 84.3%. With the use of
the combination of all three reference genes, the sensitivity
wias nol superior o combinations of two genes (91.2%),
nonetheless the number of analyzable samples decreased to
74.4% only.

On the basis of these data, we have established threshold
criterion for qPCR HER2 positivity as a HER2/reference
gene copy ratio 2.2 for at least two reference genes, to
compromise high sensitivity of the gPCR assay with
reasonable percentage of evaluable tissue samples. With
the use of this criterion, we were able o determine the
HER2 gene status of 210 of 223 samples (94.29%) from the
validation set with sensitivity 94.2% and high concordance
with FISH/IHC results (97.6%/97.6% ). Sensitivity, spec-
ihcity, and  values for all combinations are summarized
in Table 4.

Comparison of FISH and gqPCR Results

FISH data indicated that 102 of 223 patient samples (45.7%)
were HER2 negative, 935 (93.19%) of which also gave negative
gPCR results, whereas resulls for the other 7 samples (6.9%)
were indeterminate because of gPCR amplification failure.
Thus, all HER2 FISH-negalive samples gave negalive (or
indeterminate) results in the qPCR analysis, FISH equivocal
result was found in 12 cases (5.4%). Eleven cases (91.7%)
were (PCR negative; one sample (8.3%) was indeterminate.
Of the 223 patient samples tested, 109 (48.9%) were FISH
positive and 98 of these 109 (89.9%) were also found to be
positive by the gPCR analysis, whereas the gPCR results
were indeterminate for six samples (5.5%), again because ol
amplification failure. Negative results were obtained from the
gPCR method for 5 of the 109 FISH-positive samples (4.6%)
(Table 5). In two of these false-negative cases, samples were
heterogenic and yielded low amplification levels with three to
eight gene copies per nucleus (HERZ/chromosome 17 ratios
were 2.11 and 2.25), together with strong complete immu-
nohistochemical membrane staining in 10% and 15% of cells
(IHC 3-). respectively.

Similarly, the other two false-negative samples yielded
low amplification level with HER2/chromosome 17 ratio
2.15 and 2.48 and IHC score 1+ and 2+. In these
borderline cases, the amplification levels were below the
qPCR method’s LOD. High-level amplification with 15
HER2 copies per nucleus, together with moderate mem-
brane staining in 30% of tumor cells (IHC 2+) was found
in the last false-negative case. qPCR method detected
physiologic copy number of HER2 gene in all of the three
qPCR reactions. The most probable reason for the qPCR
failure could be the borderline percentage of tumor cells
in the specimen (approximately 10%), leading to critical
dilution of tumor DNA.

Table 3  Histopathology of 223 Invasive Breast Cancer Samples Used to Validate the qPCR Method
IHC (HercepTest), n FISH, n
Tumor type N (%) 0/1+ 2+ 3+ Nonamplified Equivocal Amplified
Ductal 203 (91.0) 51 64 a8 84 12 107
Lobular 16 (7.2) 14 1 1 15 1 0
Mixed ductal/lobular 4 (1.8) 3 0 1 3 0 1
FISH, fluorescence in situ hybridization; IHC, i histoct qPCR, guantitative real-time PCR.
The Journal of Molecular Diagnostics m jmd.amjpathol.org 5
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Table 4  Specificity and Sensitivity of Duplex qPCR Amplifications of HER2 with G(S1, DCK, EPN2, and Their Combinations as Reference

Genes, in Samples of the Validation Set

Methods Genes (qPCR) Specificity  Sensitivity  x (95% CI) Analyzable samples, ¥

qPCR vs FISH HER2/GCS1 0.963 0.829 0.792 (0.711—0.874) 212

HER2/DCK 1.000 0.743 0.742 (0.654—0.830) 209

HERZ/EANZ 1.000 0.904 0.904 (0.847—-0.962) 209

HER2/GCS1 + HERZ/DCK 1.000 0.917 0.927 (0.870—0.984) 171

HER2/GCS1 + HER2/EPN2 1.000 0.932 0.936 (0.885—0.986) 188

HERZ/DCK + HER2/EPNZ 1.000 0.925 0.933 (0.880—0.986) 183

HER2/GCS1 + HERZ2/DCK + HERZ2/EPN2 1.000 0.912 0.924 (0.865—0.984) 166

Min. 2 genes 1.000 0.942 0.943 (0.898—0.988) 210

qPCR ws IHC HER2/GCS1 0.963 0.845 0.811 (0.732—0.889) 212

HER2/0CK 0.991 0.748 0.741 (0.652—0.830) 209

HER2/EFNZ 0.991 0.912 0.904 (0.846—0.962) 209

HER2/GCS1 + HER2/DCK 1.000 0.930 0.939 (0.887-0.992) 171

HER2/GCS1 + HERZ/EPNZ 1.000 0.943 0.946 (0.900—0.993) 188

HER2/DCK -+ HER2/EPN2 0.990 0.936 0.933 (0.879-0.986) 183

HER2/GCST -+ HER2/DCK + HERZ/EPN2 1.000 0.925 0.937 (0.882-0.991) 166

Min, 2 genes 0.991 0.951 0.943 (0.898—0.988) 210

THC vs FISH 1.000 0.982 0.982 (0.957-1.007) 223
FISH, fluorescence in situ hybridization; THC, i histochemistry; Min. 2 genes, the eriterion for amplification (a ratio of 2.2 in at least two of the three

reference genes); qPCR, quantitative real-time PCR.

Although qPCR assessments for 5 of the 223 samples
were not correct (according to FISH data), a highly signif-
icant positive correlation was found between the FISH re-
sults and all three duplex gPCR analyses (P < 10~ ). They
all effectively detected elevated HER2 copy numbers, and
the Spearman correlation coeflicients for analyses by using
GCS1. DCK, and EPN2Z as the reference genes were (.74,
0.77, and .81, respectively (Figure 2). All of the gPCR
analyses exhibited similar, high levels of specificity (96.3%,
100%, and 100%) and sensitivity (82.9%, 74.3%, and
90.4%). The overall sensitivity and specificity for the gPCR
assay were 94.2% and 100%, respectively. The overall
concordance between the qPCR and FISH results was
97.6%, with a & value of 0,943 (95% CI, 0.898—0.988)
(Table 4).

Comparison of IHC versus Both DNA-based Methods (gPCR
and FISH)
We also compared the performance (relative to IHC) of the
IHC and FISH/qPCR methods, which assess HER2 status
by using different principles. IHC gave negative indications
(HercepTest scores of (0 or 1+) for 68 of 223 tested samples
(30.5%). Of these 68, 59 (86.8%) were also FISH and qPCR
negative, two (2.9%) were FISH cquivocal and gPCR
negative, five (3.0%) were FISH negative but gPCR inde-
terminate. One sample (1.5%) was qPCR negative and FISH
positive. The qPCR results indicated that the remaining one
IHC-negative sample (1.5%) was qPCR positive, and
correspondingly strong HER2 amplification (=20 copies/
nucleus) was found for this sample by using FISH analysis.
Strong THC positivity (3+) was detected in 90 of all
tested samples (55.2%). Both the FISH and qPCR methods
gave positive results for 85 of these 90 samples (94.4%);
qPCR failed for three FISH-positive samples (3.3%). Two

6

of the THC-positive samples (2.2%) were judged to be
HER2 negative on the basis of the gPCR analysis alone.
FISH positivity was detected in both samples. These
samples were heterogencous (see above). An equivocal
THC 2+ score was obtained for 65 samples (29.1%). Of
these 65 IHC 2+ specimens, 36 (35.4%) were both FISH
and qPCR negative. Y (13.8%) were FISH equivocal/qPCR
negative, and 12 (18.5%) were both FISH and gPCR pos-
itive. qPCR failed for three FISH-positive (4.6%), one
FISH-equivocal (1.5%), and two FISH-negative (3.1%)
samples. FISH positivity/qPCR negativity was found in
two THC 2+ cases (3.1%) (Table 5). One sample was
heterogeneous; tumor DNA was probably diluted in the
second false-negative case (see above).

Significant correlations were observed among all three
qPCR ratios and the immunohistochemical scores (2 < 10°7)

Table 5 HER2 Status of the 223 Breast Cancer Samples in the
Validation Set

qPCR
FISH THC  Positive Negative Indeterminate
Positive (N = 109) 34 85 2" 3
2+ 12 il 3
0/1+ 1 1% 0
Equivocal (N = 12) 3+ ] 0 0
2+ 0 9 1
0/1+ 0 2 0
Negative (N = 102) 3+ (1] 0 0
2+ o 36 2
0/1+ 0 59 5

“False negative, heterogeneous sample.

IFalse negative, borderline percentage of tumor cells in the specimen.

FISH, fl e in situ hybridization; THC, i histochemistry;
qPCR, quantitative real-time PCR.
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| (Figure 3). All of the qPCR reactions exhibited similar, high
levels of specificity (96.3%, 99.1%, and 99.1%) and sensitivity
(84.5%. T4.8%. and 91.2%). The overall levels of sensitvity
and specificity for the gPCR assay were 95.1% and 99.1%.
respectively. The overall concordance between the FISH/
qPCR and THC results was 97.6%/97.6%, with a k value of
0.982/0.943 (the 95% CI for the & value was 0.957/0.898 to
LOOTA.988). No significam difference in concordance was
found with the IHC data between the gPCR and FISH results
(Table 4),

HER2 Quantification in Poor-Quality Samples

A total of 3867 breast cancer tissue samples were prospec-
tively collected between 2007 and 2012 for reference HER2-
FISH testing in a central laboratory (joint facility of the
Institute of Molecular and Translational Medicine and the
Department of Clinical and Molecular Pathology. Faculty of
Medicine and Dentistry, Palacky University, Olomouc, Cezech
Republic) to confirm their HER2 status (Figure 4). Of these
specimens, 171 (4.4%) that were unsuitable for the analysis
because of the absence of wmor cells in sections were
excluded from the study. The HER2 gene and chromosome 17
copy numbers in the remaining 3696 samples were then
determined by FISH. The FISH analyses were successful for
3498 of these specimens (94.6% ): amplification was detected
in 1523 (43.5%) of them. 159 (4.6%) were considered
equivocal and 1816 (51.9%) gave negalive results. High fre-
quency of HERZ2-amplified breast cancers in the cohon was

The Journal of Molecular Diagnostics m jmd.amjpathol.org

due to enrichment for positive tumors sent from local labo-
ratories for confirmatory testing to the central laboratory. One
hundred ninety-eight specimens (5.4%) could not be evaluated
by FISH because of poor sample quality.

The qPCR method that used three reference genes was
applied to determine the HER2 gene status of the 198 poor-
quality tissue samples that yielded indeterminate FISH re-
sults. The gPCR amplification failed for 61 of 198 samples
(30.8%) but was successful for the other 137 samples
(69.2%). Among the 137 successfully amplified samples, 107
(78.1%) were found to have physiologic HER2 gene copy
numbers. Of these 107, 72 (67.3%) were also IHC negative,

3867 breast cancer samples

171 samples
no tumor tissue

l 3696 samples evaluated by FISH |

Y A\
1523 samples| les| [1816 samples| [ 198 samy
amplified I equivocal nm.gm_p|iﬁad| indeterminate
Figure 4 Consort diagram of samples analyzed in the study. FISH,

fluorescence in situ hybridization.
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Table 6 HER2 Status of the 198 Poor-Quality Breast Cancer
Samples in the Prospective Cohort

IHC (HercepTest)

HER2 status N (%) 3+ 2+ 0/1+ Indeterminate
gPCR
Positive 30(15.2) 12 6 12 0
Negative 107 (54) 16 17 72 2
Indeterminate 61(30.8) 6 16 36 3

IHC, immunchistochemistry; qPCR, guantitative real-time PCR.

17 (15.9%) were equivocal (IHC 2+), whereas the other 16
(15.0%) were THC positive. [HC failed in two samples
(1.9%). qPCR positivity was detected in 30 cases (21.9%) of
which 12 (40%) also gave positive IHC result, 6 samples
(20%) gave equivocal THC result, whereas the other 12
samples (40%) were IHC negative. The results of gPCR and
THC differ in 28 of 137 cases (20.4%) (Table 6).

Discussion

The assessment of HER2 status is fundamentally important
for selecting therapies for breast cancer patients, because
anti-HER?2 agents significantly increase survival rates in both
palliative and adjuvant settings. However, the therapeutic
effect is limited to patients with tumors that overexpress or
amplify the HER2 gene. Thus, assessment of HER2 status
may serve as a paradigm for the role of laboratory medicine in
the multidisciplinary management of cancer patients.'”

The ISH and THC assays are recommended by the American
Society of Clinical Oncologists and the College of American
Pathologists.™ These methods are highly concordant because
gene amplification is the most common mechanism of HER2
overexpression; to date, no strong evidence for other mecha-
nisms of HER2 overexpression in breast cancer is presented.” 1
However, the efficacy of trastuzumab therapy is linked to FISH
HER2 positivity rather than THC positivity,* and discrepancies
between HER2 test results obtained with FISH and THC are
observed. Between 5% and 22% of all THC 3+ breast cancers
do not reportedly exhibit HER2 amplification, whereas between
2% and 11.5% of all IHC 0/1+ breast cancers show HER2
amplification.”'*~ "’ False-positive or -negative THC results are
particulady common in samples with poor tissue quality.”"™
False-positive THC results arising from nonspecific antibody
binding can occur in tissues with crush artifacts (needle biopsy
specimens), tissue borders, or cautery artifacts.” False-negative
THC results can arise from delayed fixation and the use of
inappropriate fixatives. In poor-quality samples, tissue damage
that causes indeterminate FISH results also reduces the likeli-
hood of THC positivity.™'"*" Unlike the FISH assay, in which
poor-quality samples can be readily identified because of the
lack of a hybridization signal, it is often not possible to detectan
artificial lack of staining because of poor sample quality when
evaluating [HC results. This creates risks of obtaining false-
negative results,” which may have serious consequences

42

because a patient who could benefit from anti-HER?2 treatment
will not receive it.

Here, FISH failed in 5.4% of the tested specimens, similar
to the rate reported in the literature.” Delays between sample
resection and fixation lead to poor nuclear resolution, vague
cellular outlines, and weak, nonuniform signals, thereby
seriously compromising the quality of samples used in
HER2 FISH assessments,” which are therefore evaluated
with THC alone. Thus, the FISH failures in the present study
were probably because of poor sample quality arising from
either inappropriate handling before fixation or use of an
inappropriate fixation method. However, given the high rate
of false positives and negatives observed with IHC, a robust
alternative DNA-based method would be valuable for con-
firming HER2 copy numbers in samples that cannot be
analyzed by FISH.

Therefore, we developed a method that can be applied to
determine HER2 gene copy numbers in FFPE samples,
using three duplex gPCR reactions in which the HER2 copy
number are compared with those of three reference genes
located on chromosomes 2, 4, and 17: GCS1, DCK, and
EPN2, respectively. These reference genes were selected
because their copy numbers rarely change in breast cancer.
Both the sensitivity and k values increased with combina-
tions of reference genes (Table 4). The use of three inde-
pendent reference genes also decreased rates of false
positives and negatives. The amplification success for each
duplex reaction ranged from 93.7% to 95.1%. These results
are wholly consistent with those presented in the literature,
because the amplification efficacy for products of this length
reportedly ranges from 69% to 100%.>' ** However. the
amplification success decreased with the number of parallel-
evaluated genes. To maintain high specificity, sensitivity,
and performance (amplification success) of the gPCR
method, we finally evaluated samples as HER2 amplified if
HER2-to-reference gene copy number ratios were >2.2 for
at least two of the reference genes.

Surprisingly, although gPCR techniques are often used to
detect HER2 mRNA,™ *° DNA-based PCR is not widely
used to determine HER2 gene status, except by the Light-
Cycler HER2neu DNA Quantification kit (Roche, Man-
nheim, Germany).”’”" " However, this kit only uses a
single reference gene (not specified) located on chromosome
17, for which copy numbers frequently change in human
cancers,”' and use of a single reference gene can clearly
impair the reliability of HER2 analysis and amplification
performance.

Our gPCR method proved to be highly sensitive and
specific on the basis of comparisons with FISH data (94.2%
and 100%, respectively) and THC data (95.1% and 99.1%,
respectively) obtained for the validation set. The overall
concordance of the FISH and qPCR results was 97.6%, and
it was higher than levels reported for the LightCycler HER2/
neu DNA Quantification Kit, which range from 80% to
92%.”"?3" The overall concordance of the gPCR and THC
results was 97.6%, also much higher than rates (80% to
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91%) reported in previous studies.””** We hypothesize that
the high concordance of our gPCR method is due w the use
of three (rather than one) more appropriate reference genes,
Furthermore, in contrast to the FISH results, the qPCR
analysis yielded no false-positive results and five false-
negative results. In four of these cases. the amplification
levels were probably below the method’s LOD. The likely
causes of failure were either a dilution effect that resulted
from the presence of other tissue elements or tissue necrosis,
The use of laser microdissection to isolate specific regions
of interest within a sample may he beneficial in such
cases.”” The qPCR failed in the last false-negative case.
Although there was high-level HER2 amplification detected
by FISH and moderate membrane staining in 30% of wmor
cells (IHC 24). the gPCR assay was unsuccessful. most
probably because of borderline percentage of tumor cells in
the specimen.

Forty-nine samples were found to be qPCR negative but
THC positive. However, 47 of these were only equivocal
THC 2+, and no HER2 amplification is observed relatively
often in such samples: the concordance between THC and
FISH results in 2+ cases ranges from 12% to 48%.'%%%
In two gPCR-ncgative/IHC 3+-positive  samples  the
amplification levels were probably below the method’s
LOD uas described above. One sample was found 10 be
qPCR positive and IHC negative. but HER2 amplification
was confirmed by FISH analysis in this sample. indicating
that the immunohistochemical result was a false negative.

We then used our gPCR method to evaluate the HER2 copy
number in 198 of 3696 tissue samples, obtained in a pro-
spective study, for which FISH analysis failed. We were able
to determine the HER 2 gene status in 137 (69.29% ) of these 198
samples. When the HER2 gene and protein detection by gPCR
versus IHC were compared. the data differed in 20.4% cases
(28 of 137). gPCR result was negative for HER2 amplification
in at least 47% of the IHC 3+ wmors (16 of 34 cases).
Conversely, 12 of 120 (10%) IHC 0/1+ twmors were PCR
positive. Despite the high disagreement with commonly used
THC. we do not assume that the problem is the gPCR method.
considering the high concordance of gPCR with both THC/
FISH in the validation cohort. Most likely, the performance of
the THC was heavily impaired because of a high level of
sample degradation that resulted in disruption of antigenic
epitopes to cause false negativity, or a nonspecific antibady
binding to damaged tissues 1o cause false positivity.” Unfor-
tunately, we are not able o evaluate the results of gPCR in
discrepant samples by other independent DNA technigue
because of FISH analysis failure. Neverthe we found six
discordant/equivocal patients who were successfully tested by
FISH with the use of different tissue block. Interestingly, five
patients were both FISHigPCR negative (three patients IHC
2+, two patients IHC 34) and one was FISH/qPCR positive
(IHC 2+). Although we were not able to prove directly the
HER2 gene status in all qPCR versus IHC nonconforming
samples, the data obtained from six patients having non-
degraded parallel biopsies available suggest reliability of the
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qPCR method. Becavse no data obtained with the LightCycler
HERYneu DNA Quantification Kit for poor-quality samples
are available, the presented gPCR method is the only tech-
nique reported to date that is capable of determining HER2
gene copy numbers in samples in which FISH fails.

Given the high concordance between our triple duplex
qPCR technique and currently gold standard technigues,
together with its high specificity and sensitivity demonstrated
in tests with the validation set, we believe it is a promising
method for determining HER2 gene copy numbers, especially
in samples in which FISH fails. The main disadvantage of our
method is its inability to distinguish HER2 status between
invasive versus noninvasive components of tumors. The
problem could be also wmor heterogeneity, which is. how-
ever, relevant also for ISH and IHC. Unlike the gPCR. the ISH
and IHC techniques are capable to visualize molecular status
in the context of tissue architecture, percentage of malignant
cells, and presence of necrosis and 1o identify even small
proportions of amplified cells. Samples analyzed by gPCR can
fail in these circumstances. However, this is a relatively rare
problem that can be easily resolved by tissue dissection.
However, ISH and IHC are known to be affected by human
factor and prone to subjective evaluation.

Insummary, ISH is a gold standard technique that is generally
capable of evaluating HER2 gene status in umor architecture
contexts. The trple duplex gPCR method presented here proved
to be a highly concordant, specific, and sensitive tool for
determining HER2 copy numbers in FFPE samples and could be
recommended as an altermative DNA-based technique for
samples in which the ISH fails.
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2.3.2 Cetnost polyzomie chromozomu 17 u karcinomu prsu

Frequency of chromosome 17 polysomy in relation to CEP17 copy number in a large breast cancer
cohort.
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Abstract

Eligibility to anti-HER2 therapy for breast tumors strictly depends on demonstrating HER2
overexpression (by immunohistochemistry) or HER2 gene amplification by in situ hybridization
(ISH), usually defined by the ratio of HER2 gene to chromosome 17 centromere (CEP17) copies.
However, the CEP17 copy number increase (CNI) has been proven responsible for misleading HER?2
FISH results and recent small cohort studies suggest that chromosome 17 polysomy is actually very
rare. Here we investigated by FISH the frequency of true chromosome 17 polysomy in a consecutive
cohort of 5477 invasive breast cancer patients. We evaluated and selected the LSI 17p11.2 probe for
chromosome 17 enumeration on a training cohort of 67 breast cancer samples (CEP17>2.5). LSI
17p11.2 was used in the 297/5477 patients from the validation cohort displaying CEP17 CNI
(CEP1723.0). Using HER2/17p11.2 scoring criteria, 37.3%/1.5% patients initially classified as
equivocal/non-amplified were reclassified as amplified. For a more accurate assessment of
chromosome 17 and ploidy in the samples, we tested six markers located on chromosome 17 and
centromeric regions of chromosome 8 (CEPS) and 11 (CEP11) in 67 patients with CEP17 and LSI
17p11.2 CNL True polysomy (hyperdiploidy) according to these markers was found in 0.48% of cases
(24/5020). CEP8 and CEP11 CNI (>3.0) was more frequent in the hyperdiploid than CEP17 non-
polysomic group (55.6% vs. 6.1% and 25% vs. 2.3%, respectively). Our results suggest that
chromosome 17 polysomy is a rare event found in less than 1% breast cancer cases and that polysomy

of other chromosomes frequently occurs with chromosome 17 polysomy.
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Introduction

The amplification of the human epidermal growth factor receptor 2 gene (HER2, official name
ERBB2) on chromosome 17q, a predictor of poor prognosis but good efficacy of anti-HER2 therapies
(trastuzumab, pertuzumab, lapatinib), is reported in 15 to 20% of breast cancer cases.
Immunohistochemistry (IHC) and in situ hybridization (ISH) are considered the gold standard tests for
HER?2 assessment in breast carcinoma (Wolff et al., 2013). IHC evaluates HER2 protein expression
and ISH detects HER2 copy number using fluorescent (FISH), chromogenic (CISH) or silver (SISH)
detection systems or their combination by bright-field double ISH (BDISH) or dual-color dual-hapten
ISH (DDISH) (Kurosumi, 2009; Kosa et al., 2013). HER2 gene status may be evaluated by single-
probe but more often is evaluated by dual-probe ISH together with a probe detecting the centromeric
region of chromosome 17 (CEP17). Abnormalities of chromosome 17 are frequently reported in breast
cancer, including both quantitative and qualitative aberrations, because several important breast cancer
oncogenes, oncosuppressors and drug targets (like 7P53, NFI, HER2, TOP2A, STAT3, BRCAI,
WNT3, PHB and RARA) are located on this chromosome (Reinholz et al., 2009).

A copy number increase (CNI) of CEP17 has been described in 3% to 46% breast cancer cases (Hanna
et al., 2014). The CNI was initially attributed to a polysomy of chromosome 17 until recent studies
based on high-throughput technologies found that a CEP17 CNI more frequently reflects a gain or
amplification of the centromeric region rather than a polysomy of the whole chromosome (Marchio et
al., 2009; Yeh et al., 2009; Gunn et al., 2010; Moelans et al., 2010; Vranic et al., 2011). Marchio et al
evaluated 18 breast cancer patients with CEP17 CNI (CEP17 > 3.0) and showed very complex
changes of chromosome 17. Out of the 18 evaluated samples, true polysomy of chromosome 17 was
found in one case only. The other cases displayed gains of 17q exceeding the centromeric region or
focal centromeric gains or amplifications (Marchio et al., 2009). Other studies have also confirmed on
limited patient cohorts (20-727 patients) that the polysomy of chromosome 17 is a rare event (Troxell
et al., 2006; Varga et al., 2012).

The initial problem with HER2 scoring in CEP17 CNI cases was resolved in the November 2013

update of the American Society of Clinical Oncology (ASCO) and the College of American
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Pathologist (CAP) recommendation for HER? testing. According to their criteria, HER2 should be
reported as ISH positive if the HER2/CEP17 ratio is > 2.0 or the mean HER2 copy number > 6.0. In
rare cases of HER2 copies between 4.0 and 6.0, a HER2/CEP17 ratio < 2.0 and CEP17 > 2.0, an
alternative marker for chromosome 17 enumeration should be used for accurate HER2/chromosome 17
ratio evaluation (Wolff et al., 2013).

Even if the patient selection for anti-HER2 therapy is clear, the clinical significance of true
chromosome 17 polysomy as well as the real percentage of truly polysomic cases remain unknown.
The aim of this study was to evaluate the percentage of true polysomic cases in a large consecutive

breast cancer patient cohort of 5477 individuals.

Materials and methods

Study design

A training cohort of 67 primary or metastatic breast cancer tissue samples with CEP17 > 2.5 collected
between 2004 and 2005 was used to select a suitable probe for chromosome 17 copy number
enumeration.

A validation cohort of 5477 unselected consecutive samples was prospectively collected from patients
with primary or metastatic breast cancer between 2004 and 2013 for reference HER2-FISH testing in a
central laboratory (joint facility of the Institute of Molecular and Translational Medicine and the
Department of Clinical and Molecular Pathology, Faculty of Medicine and Dentistry, Palacky
University in Olomouc, Czech Republic).

Immunohistochemistry (IHC)

HER2 protein was immunohistochemically detected in 4-um formalin—fixed, paraffin-embedded
(FFPE) sections using the US Food and Drug Administration (FDA)-approved HercepTest
(DakoCytomation, Glostrup, Denmark) according to the manufacturer's instructions. The standard
HercepTest scoring system was used in all cases to obtain scores of 0 (no staining or incomplete faint

membrane staining of < 10 % of the tumor cells), 1+ (incomplete faint membrane staining of > 10 %
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of the tumor cells), 2+ (incomplete and/or moderate membrane staining of > 10 % of the tumor cells)
or 3+ (complete intense membrane staining in > 10 % of tumor cells) (Wolff et al., 2013).
Fluorescence in situ hybridization (FISH)

FISH was performed according to the manufacturers' instructions with the PathVysion HER-2 DNA
Probe Kit (Vysis, Downers Grove, IL, USA) or Her-2/neu FISH Kit (IntellMed, Olomouc, Czech
Republic), ON p53/SE17 (Kreatech diagnostics, Amsterdam, the Netherlands), LSI RARA, LSI
TOP2A, LSI 17p11.2, LSI 17p12, CEP8 and CEP11 (all from IntellMed, Olomouc, Czech Republic).
The pretreatment procedure was performed according to standard methods as previously published
(Koudelakova et al., 2015).

The number of gene/centromere signals was counted in 100 non-overlapping nuclei in each patient
sample using an Olympus BX-61 microscope. The ASCO/CAP scoring criteria were used for HER?2
evaluation. Samples were classified as amplified if the HER2/CEP17 ratio was > 2.0 and/or the mean
HER?2 copy number > 6, equivocal if the HER2/CEP17 ratio was < 2.0 and the mean HER2 copy
number between 4 and 6 and negative if the HER2/CEP17 ratio was < 2.0 and the mean HER2 copy
number < 4 (Wolff et al., 2013). A mean marker copy number > 3.0 for CEP17, 17p11.2, RARA,
TOP2A4, TP53, CEP8 and CEP11 was considered a CNI.

Statistical analysis

All statistical results were obtained with Statistica 12.0 (StatSoft, Inc., Tulsa, OK, USA).
Nonparametric methods (a Wilcoxon exact paired test) were used to analyze differences in gene copy
number for various probe locations. The Kruskal-Wallis test was used to analyze differences between
distributions of chromosome 8 and 11 copy numbers in the breast cancer subgroups. P-values (two-
sided significance levels) associated with each comparison were calculated and adjusted by the
Bonferroni method. The subgroup of samples characterized by deletion of LSI p53 (copy number less

than 1.8) was graphically presented by a line plot.
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Results

Selection of chromosome 17 enumeration probe

To select an appropriate chromosome 17 enumeration probe, three locus specific identifier (LSI)
probes on 17p (LSI 17p11.2, LSI 17p12 and LSI p53) were tested on a training set of 67 samples
(CEP17 > 2.5). The copy number of the tested markers significantly decreased with decreasing
distance to 7P53 (from CEP17 to LSI p53; Figure 1A). The reason for the copy number decrease is
probably the deletion of the 17p13 region (7P53) which could also include the 17p12 marker. In the
training cohort, we found 5 samples with a TP53 deletion (average copy number < 1.8). A line plot
(Figure 1B) illustrates the copy numbers of the markers and clearly demonstrates the 7P53 deletion in
these samples. Because the 17p13 (7P53) region possibly includes the 17p12 marker, and 7P53 is
frequently deleted in breast cancer, we chose the LSI 17p11.2 probe to identify samples with possible

chromosome 17 polysomy.
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Figure 1 Correlation of CEP17, 17p11.2, 17p12 and TP53 copy numbers detected by FISH in the
validation cohort (set of 67 samples with CEP17 > 2.5). Boxplots (without outliers) are comparing the
differences between the copy numbers of LSI p53 and CEP17, LSI 17p11.2, LSI 17p12 (A). Adjusted
p-values (Bonferroni method) of Wilcoxon exact paired tests are given in the plot for each pair.
Medians of all copy number differences from CEP17, respectively from LSI p53, are also significantly
different from 0 (Wilcoxon exact test, p-value adjusted by Bonferroni method, *** means adjusted p-
value < 0.001). B Line plot shows the behavior of the CEP17, 17p11.2, 17p12 copy numbers of
samples with 7P53 deletion (copy number of LSI p53 less than 1.8).
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Detection of chromosome 17 polysomy

A total of 5477 breast cancer samples were collected (Figure 2). Of these specimens, 212 (3.9%) that
were unsuitable for the analysis due to the absence of tumor cells in sections and 245 (4.5%) with
indeterminate FISH result were excluded from the study. In the remaining 5020 samples, HER? status
was evaluated by IHC and FISH in parallel (summarized in Table 1). CEP17 CNI (CEP17 > 3.0) was
detected in 413 of the samples (8.2%). Of these, tissue was available for 297 samples which were
tested for chromosome 17 polysomy with the LSI 17p11.2 probe. This probe revealed a 17p11.2 CNI

in 67 of the samples.

5477 BREAST CANCER PATIENTS I

\I 212 NOTUMORTISSUE |

\-[ 245 FISH INDETERMINATE _ |

5020 BREAST CANCER PATIENTS
WITH HER2 RESULT (FISH)

413 PATIENTS CHROMOSOME 17 CNI
(CEP17 = 3.0)

116 PATIENTS
NO TISSUE AVAILABLE

| 297 PATIENTS 17p11.2 EVALUATION |

I
I I
67 PATIENTS 17p11.2 CNI 230 PATIENTS
(17p11.2 = 3.0) WITHOUT POLYSOMY
(17p11.2 < 3.0)

Figure 2 Consort diagram of samples analyzed in the study.

To validate the chromosome 17 polysomy in these 67 patients, we used two markers on 17p (17p11.2
and TP53), CEP17 and three markers on 17q (HER2, TOP2A4 and RARA). Complete marker evaluation
was not possible in 13 samples for which no tissue was available. A true polysomy, defined here by
the increase of all evaluated markers, was found in 17 cases (17/54; 31.5%). Probably true polysomy
with an isolated TOP24 deletion was found in 3 cases (5.6%) and probably true polysomy with an
isolated 7P53 deletion in 14 cases (26%). Polysomy of chromosome 17 was not confirmed in the
remaining 20 cases (37%). The distribution and extent of amplicons on chromosome 17 are
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schematically illustrated in Figure 3. Taken together, true polysomy of chromosome 17
(hyperdiploidy) was identified in 0.48% breast cancer cases (24/5020) when we assume the same
percentage of chromosome 17 polysomy in the 116 samples not tested for 17p11.2 CNI. The complete

data are summarized in Supplementary Table 1.
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Figure 3 Schematic illustration of gene region gains on chromosome 17 in patients with 17p11.2 CNL

The numbers below the bars indicate the number of patients corresponding to each subgroup.

Change in HER? status based on 17p11.2 evaluation

Having identified different copy numbers of CEP17 and 17p11.2 in the set of 297 breast cancer
samples, we next determined how this disparity affects the assessment of HER2 amplification status
using HER2/CEP17 and HER2/17p11.2 ratios. Using the recommended criteria for HER2 evaluation
(HER?2 copy number and/or HER2/CEP17 ratio), 65 (21.9%) samples were scored as non-amplified,
83 (27.9%) samples were scored as equivocal and 149 (50.2%) samples were scored as amplified. Of
the 65 non-amplified patients, one (1.5%) was scored as amplified based on the HER2/17p11.2 ratio (>
2.0) (Table 2). This sample was negative by immunohistochemistry (IHC 1+). Of the 83 equivocal
patients, 31 (37.3%) were reclassified as amplified based on the HER2/17p11.2 ratio. Of these 31
samples, 15 were negative by IHC (IHC 0/1+), 15 were IHC equivocal (IHC 2+) and 2 samples were
IHC positive (IHC 3+).
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Association of chromosome 17 polysomy with polysomy of chromosomes 8 and 11

In order to differentiate between an isolated chromosome 17 polysomy and a hyperdiploid cancer
genome, we evaluated the status of chromosome 8 and 11 in samples with or without 17p11.2 CNL
The copy number of chromosomes 8 and 11 was tested by centromeric probes CEP8 and CEP11 in the
67 patients with 17p11.2 CNI as well as in a subset of CEP17 non-polysomic and CEP17 CNI groups
with available material. The distribution of samples with CEP8/11 CNI (> 3.0) across CEP17 non-
polysomic (CEP17 < 3.0), CEP17 CNI (CEP17 > 3.0), 17p11.2 CNI (CEP17 > 3.0, 17p11.2 > 3.0) and
hyperdiploid (all tested markers > 3.0) groups was significantly different (p<0.001; Figure 4). The
percentage of CEP8 CNI increased from 6.1% in the CEP17 non-polysomic group to 55.6% in the
hyperdiploid group. Similarly for chromosome 11, CEP11 CNI in 2.3% samples of the CEP17 non-
polysomic group rose to 25.0% of hyperdiploid patients. In all four CEP11 CNI cases, the CEP8 CNI

was simultaneously found indicating possible polyploidy in these samples (Figure 5).
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Figure 4 Box plots showing the distribution of chromosome 8 (white) and chromosome 11 (grey)
copy number detected by CEP8/CEPI11 probes in breast cancer subgroups. Symbols in the legend
indicate the chromosome 17 markers defining each subgroup (CEP17 non-polysomic, CEP17 CNI,

17p11.2 CNI, hyperdiploid).
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A  CHROMOSOME 11 CHROMOSOME 8

CEP17 NON-POLYSOMIC

B
CEP17 non-polysomy CEP17 CNI__ 17pl1.2 CNI__ Hyperdiploid
CEPI1 CNI 2.3% (19/814) 6.8% (10/147)  13.0% (7/58)  25.0% (4/16)
CEP8 CNI 6.1% (32/528) 22.8% (36/158)  36.4% (20/55)  55.6% (10/18)
CEP8+CEP11 CNI _ 0.4% (2/493) 5.3% (7/132)  12.0% (6/50)  25.0% (4/16)

CEP 17, chromosome enumeration probe 17; CEPS8, chromosome enumeration probe 8;
CEP 11, chromosome enumeration probe 11; CNI, copy number increase

Figure 5 A An Euler diagram showing the distribution of chromosome 11/chromosome 8
(CEP11/CEP8) CNI in CEP17 non-polysomic, CEP17 CNIL, 17p11.2 CNI and hyperdiploid subgroups.
The total number of evaluated samples in each subgroup is indicated in brackets. B Table showing the

percentage of CEP11 and CEP8 CNI in the studied groups.

Discussion

The copy number increase of CEP17 (usually called chromosome 17 polysomy) is a common finding
described for 3% to 46% breast cancer cases (Hanna et al., 2014). In our study, CEP17 CNI was found
in 8.2% cases (413/5020). Our finding is comparable to the 8% and 13% reported by studies on non-
selected consecutive breast cancer populations (Downs-Kelly et al., 2005; Salido et al., 2005). True

polysomy of chromosome 17 has been described as a very rare event by several studies using array-
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based techniques, multiplex ligation-dependent probe amplification (MLPA) (Marchio et al., 2009;
Yeh et al., 2009; Moelans et al., 2010; Gunn et al., 2010; Vranic et al., 2011) and extended FISH
(Troxell et al., 2006; Tse et al., 2011; Varga et al., 2012). However, the majority of these studies
evaluated chromosome 17 polysomy on relatively small and usually highly pre-selected sample sets
(from 20 to 727 samples) (Gunn et al., 2010; Hanna et al., 2014) and the frequency of chromosome 17
polysomy in the overall population was therefore not clearly described. This study aimed to clarify the
frequency of true chromosome 17 polysomy in a large consecutive cohort of more than 5000 patient
samples. A sample of similar size has so far only been evaluated by Tse et al (Tse et al., 2011), albeit
without further probing of hyperdiploidy.

To pre-select possible polysomic cases we tested the suitability of three probes on the chromosome
17p arm. We selected the short arm of chromosome 17 because the 17q arm exhibits a higher
frequency of rearrangements and contains a number of breast cancer related genes that undergo
frequent copy number changes (Reinholz et al., 2009). Upon testing the probes in the training cohort
(CEP17 > 2.5) we found that the copy number of evaluated markers decreased with increasing CEP17
to 17pter distance. The reason is probably the deletion of 7P53 which could involve the 17p12 marker.
The TP53 deletion is frequent in all cancer types and has been described in more than 50% of breast
cancer cases (Sato et al., 1990; Varley et al., 1991; Persons et al., 1996; Sigurdsson et al., 2000). The
TP53 mutations or deletions occur mainly in triple negative and HER2-enriched breast cancer
subtypes (Eroles et al., 2012). An independent deletion of 17p12 has also been described in breast
cancer (Han et al., 2011). Based on these findings we selected the LSI 17p11.2 probe for chromosome
17 enumeration in 297 patients with CEP17 CNI. Similar probes targeting the 17p11.2 region have
been used for chromosome 17 enumeration in other studies (Troxell et al., 2006; Tse et al., 2011;
Varga et al., 2012). It should however be noted that the 17p11.2 region is not frequently deleted in
breast cancer but in a minority of cases could be affected by the amplification of the centromeric
region (Marchio et al., 2009).

Finally, we used six markers on chromosome 17 (7P53, 17p11.2, CEP17, HER2, RARA and TOP24)

to identify true polysomy in the subset of 67 samples with 17p11.2 CNI. Similar chromosome 17
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enumeration markers have been evaluated in other studies (Troxell et al., 2006; Tse et al., 2011; Varga
et al., 2012). Based on the aforementioned markers, true polysomy of chromosome 17 (hyperdiploidy)
was found in 0.48% breast cancer cases (24/5020) if we assume the same representation of
chromosome 17 polysomy in the 116 samples displaying CEP17 CNI but not tested for 17p11.2 copy
number. A similar finding was published by Tse et al. who found that 171 samples out of 5683 tested
had a CEP17 CNI. Of these 171, only 24 samples (0.42%) were found to be probably truly polysomic
(based on 5 evaluated markers) (Tse et al., 2011). In our cohort, a gain of all markers except TOP24
was found in 3 cases. Considering the clearly confirmed TOP2A4 deletion in HER2 positive cases
(Engstrom et al., 2014; Almeida et al., 2014), we assume that these cases concern a polysomy of
chromosome 17 with TOP24 deletion. Similarly, a gain of all markers except 7P53 was found in 14
cases. We assume that the polysomy of chromosome 17 could be also present at least in some of these
cases since the deletion of the 7P53 gene is a common event in breast cancer as described above.
Similarly the Tse et al study identified 23 samples (0.4%) positive for all markers except 7P53 (Tse et
al., 2011). A slight difference between these two studies could be caused by a different representation
of HER? positive breast cancer samples in the cohorts. The percentage of HER2 positive tumors in our
study is much higher compared to other institutions and the literature. The main reason is that positive
samples are sent from local laboratories to us for confirmatory testing, since our institution serves as a
central/reference laboratory. Although we did not wholly confirm true polysomy of chromosome 17
because the evaluated markers did not cover the entire chromosome 17 we could conclude that the true
polysomy of chromosome 17 is very rare event occurring in less than 1% of breast cancer cases, which
is in concordance with the literature (Moelans et al., 2014).

The precise evaluation of HER?2 status is fundamentally important for selecting therapies for breast
cancer patients. Anti-HER2 therapy significantly increases survival rates in both palliative and
adjuvant settings. In rare cases, the elevation of chromosome 17 copy number could affect the HER?2
amplification status. According to the recently upgraded criteria for HER2 evaluation, the use of an
alternative probe for chromosome 17 copy number evaluation is recommended in cases with an

equivocal ISH result and CEP17 CNI (Wolff et al., 2013). In our study, the chromosome 17 copy
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number of 297 patients with CEP17 CNI was evaluated with the LSI 17p11.2 probe. Out of these, 65
and 83 patients were initially classified as non-amplified and equivocal, respectively. Using
HER2/17p11.2 scoring criteria, 37.3% (31/83) equivocal and 1.5% non-amplified (1/65) patients were
reclassified as amplified. Even if the IHC score was negative or equivocal in the majority of these
cases, HER2 copy number was doubled compared to real chromosome 17 status and these 32
reclassified patients should benefit from anti-HER2 therapy. A benefit from trastuzumab therapy in
IHC 0/1+ or IHC 2+ and FISH-positive cases has been previously described (Paik et al., 2008; Perez et
al., 2010; Wolff et al., 2013). Moreover, benefit from trastuzumab therapy was observed even in IHC-
negative/FISH-negative breast cancer patients (Kaufman PA et al., 2007; Perez et al., 2010) and did
not depend on the level of HER2 positivity. A similar benefit from trastuzumab was observed for
patients with HER2/CEP17 ratios from 2 to 15 (Dowsett et al., 2009; Perez et al., 2010). The efficacy
of trastuzumab in HER2-positive patients is unaffected by CEP17 CNI (Hofmann et al., 2008; Dowsett
et al., 2009).

The copy number status of chromosome 8 and 11 centromeric regions was compared in patients with
or without polysomy of chromosome 17. Interestingly, the significantly higher CNI of these two
chromosomes was found in patients with chromosome 17 polysomy (55.6% vs. 6.1% for chromosome
8 and 25.0% vs. 2.3% for chromosome 11). Moreover, possible polyploidy was found in four cases
with both CEP8 and CEP11 CNI. Polysomy of chromosome 8 is a frequent alteration in breast cancer
reported in more than 30% of cases (Visscher et al., 1997; Roka et al., 1998; Bofin et al., 2003;
Tagawa et al., 2003; Sneige et al., 2006; Corzo et al., 2006; Perez et al., 2011). Chromosome 8
polysomy was reported to be associated with poor prognosis and higher risk of breast cancer (Tagawa
et al., 2003; Bofin et al., 2003; Sneige et al., 2006). Perez et al reported chromosome 8 polysomy as a
predictor of trastuzumab efficacy in HER2-positive breast cancer tumors (Perez et al., 2011).
Chromosome 11 polysomy is also a common finding in breast cancer reported in more than 30% of
cases (Ichikawa et al., 1996; McManus et al., 1999; Tsukamoto et al., 2001; Takehisa et al., 2007) and
associated with high histological grade and poor prognosis (Tsukamoto et al., 2001; Takehisa et al.,

2007). Several breast cancer studies evaluated chromosome 11 and 17 (McManus et al., 1999),
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chromosome 1, 11 and 17 (Ichikawa et al., 1996; Tsukamoto et al., 2001; Takehisa et al., 2007) or
chromosome 1, 8, 11 and 17 status together (Sneige et al., 2006). Polysomy of all tested chromosomes
(possible polyploidy) was observed in 15 to 29% cases (Tsukamoto et al., 2001; Sneige et al., 2006;
Takehisa et al., 2007). All studies evaluated aneusomy by centromeric probes only and none of the
studies analyzed these chromosomal copy number changes in breast cancer patients with true
chromosome 17 polysomy. To our knowledge, this is the first study showing significantly higher
representation of chromosome 8 and 11 centromeric region CNI (polysomy) in the group of breast
cancer patients with true polysomy of chromosome 17.

In conclusion, true polysomy of chromosome 17 is a very rare event which should be evaluated by
techniques covering the whole of chromosome 17. This approach is unrealistic in clinical practice
because of its high cost and required technical equipment. Using an ISH technique with a set of
surrogate chromosome 17 markers seems to be sufficient and practically applicable for chromosome

17 polysomy evaluation.
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2.3.3 Prediktivni markery u triple-negativniho karcinomu prsu

BCL2 is an independent predictor of outcome in basal-like triple-negative breast cancers treated with

adjuvant anthracycline-based chemotherapy.
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Abstract Neither targeted therapies nor predictors for chemo-
therapy sensitivity are available for triple-negative breast can-
cer (TNBC). Our study included 187 patients with TNBC, 164
of whom were treated with anthracycline-based adjuvant che-
motherapy. Eleven molecular biomarkers were analyzed.
BCL2, epidermal growth factor receptor (EGFR), MYC,
TOP2A, and Ki-67 protein expression was evaluated by im-
munohistochemistry. The status of the EGFR, MYC, and
TOP2A genes and chromosomes 7, 8, and 17 was assessed
using fluorescence in situ hybridization. High BCL2

Results of this study were in part presented at the 2012 American Society
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expression predicted poor relapse-free survival (RFS) in pa-
tients treated with anthracycline-based adjuvant chemothera-
py (p=0.035), poor breast cancer-specific survival (BCSS)
(p=0.048), and a trend to poor overall survival (OS) (p=
0.085). High levels of BCL2 expression predicted poor OS
in basal-like (BL) TNBC patients treated with adjuvant
anthracycline-based regimens (log-rank p=0.033, hazard ratio
(HR) 3.04, 95 % confidence interval (CI) 1.04-8.91) and a
trend to poor RFS (log-rank p=0.079) and poor BCSS (log-
rank p=0.056). Multivariate analysis showed that BCL2
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status, tumor size, and nodal status all had independent pre-
dictive significance for RFS (p=0.005, p=0.091, p=0.003,
respectively; likelihood ratio test for the whole model, p=
0.003), BCSS (p=0.012, p=0.077, p=0.01, respectively; like-
lihood ratio test for the whole model, p=0.016), and OS (p=
0.008, p=0.004, p=0.004, respectively; likelihood ratio test
for the whole model, p=0.0006). Similarly, multivariate anal-
ysis for BLTNBC showed BCL2, tumor size, and nodal status
all had independent predictive significance for RFS (likeli-
hood ratio test for the whole model, p=0.00125), BCSS (p=
0.00035), and OS (p=0.00063). High EGFR expression was
associated with poor BCSS (p=0.039) in patients treated with
anthracycline-based adjuvant chemotherapy. Patients who
underwent anthracycline-based adjuvant chemotherapy and
exhibited CMYC amplification had a trend to worse BCSS
(p=0.066). In conclusion, high BCL2 expression is a signifi-
cant independent predictor of poor outcome in TNBC patients
treated with anthracycline-based adjuvant chemotherapy, and
this is the first study showing the BCL2 prediction in BL
TNBC. BCL2 expression analysis could facilitate decision
making on adjuvant treatment in TNBC patients.

Keywords Adjuvant chemotherapy - Anthracycline - BCL2 -
EGFR - Predictive marker - Triple-negative breast cancer

Introduction

Triple-negative breast cancer (TNBC) is a clinically and mo-
lecularly heterogeneous disease [1-3]. It has the highest fre-
quency of somatic rearrangements among breast carcinomas
(BCs) [4] and encompasses at least seven subtypes with dif-
ferent prevalences, gene expression profiles, and clinical out-
comes [1, 2]. Although it is generally a fast-growing and
highly malignant disease, its frequent sensitivity to chemo-
therapy makes it potentially curable if detected at a sufficiently
carly stage. On the other hand, experiences with neoadjuvant
and adjuvant treatment indicate that approximately one third
of TNBC cases are primarily chemoresistant, even when using
regimes based on the most effective cytostatics such as
anthracyclines, platinum derivatives, and taxanes. Because
there is a lack of targeted treatments for TNBC in current
clinical practice, there is an urgent need to identify molecular
biomarkers that can be used to select appropriate chemother-
apeutic regimens for a given cancer [1, 5-8].

BCL2 is a fundamental anti-apoptotic protein that plays an
important role in physiological and pathological processes as a
protooncogene and oncogene. It also performs other func-
tions, such as promoting cell growth and proliferation
[9-11]. Preclinical data showed that BCL2 expression was
associated with resistance to anthracycline doxorubicin [12].
In keeping with this finding, the absence of BCL2 expression

@ Springer

in prechemotherapy samples was associated with a higher
probability of pathological complete response (pCR) to neo-
adjuvant doxorubicin-based chemotherapy [13-15]. In the
context of adjuvant therapy, BCL2-negative patients treated
with anthracyclines had better outcomes than those who re-
ceived either cyclophosphamide, methotrexate, and 5-
fluorouracil (CMF) or no chemotherapy [15]. However, other
studies have identified a positive association between progno-
sis and BCL2 protein expression in patients with breast can-
cer, including TNBC subgroups [9, 15]. It is not entirely clear
why this is the case, but it may be partly due to changes in the
expression of other proteins such as p27, HER3 and MDM4 in
BCL2-positive cancers [15].

Epidermal growth factor receptor (EGFR, also known as
HER1) plays roles in cell proliferation, migration, and protec-
tion against apoptosis [ 16]. Its overexpression appears to be a
later event in tumorigenesis [17] and is frequently observed in
TNBC, especially in metaplastic cancers where it occurs in up
to 80 % of all cases [18]. The EGFR gene is amplified in 0
14 % of non-selected BC series and up to 28 % of metaplastic
cancers [18]. However, the available data on the use of the
EGFR oncogene/protein as a prognostic marker in BC are
inconsistent and little is known about its potential utility as a
marker in TNBC. Two studies found significant correlations
between EGFR immunoreactivity (as a percentage of positive
cells) and worse prognosis in both invasive ductal TNBC [19]
and unselected TNBC [20].

The TOP2A gene encodes topoisomerase II alpha, the mo-
lecular target of the anthracyclines. Preclinical results indicate
that TOP2A amplification may be predictive of anthracycline
sensitivity [21]. Clinical evaluations of this relationship have
yielded somewhat inconsistent results, but a large study of 4,
943 patients identified TOP2A and HER2 coamplification as a
predictor of responsiveness to anthracycline-based chemo-
therapy [22]. TOP2A gene amplification is frequently ob-
served in HER2-amplified BC and also in a small proportion
(3-9 %) of HER2 non-amplified BC [18, 23]. At present, little
is known about the role of TOP2A in TNBC.

Of the many proteins that have been examined as markers
for TNBC, Ki-67 and CMYC merit particular attention. Ki-67
is a marker of proliferating cells [24], and Ki-67 labeling
values above 35 % were recently shown to be associated with
an increased 5-year cumulative incidence of breast-related
death in a study of node-negative TNBC patients treated with
either adjuvant therapy (75 % were treated with CMF and
20 % received anthracycline therapy) or no chemotherapy
(14 %) [25]. CMYC encodes a multifunctional nuclear phos-
phoprotein that contributes to cell cycle progression, apopto-
sis, and cellular transformation. The CMY C gene is frequently
altered in BC [ 18], but its role in TNBC is not well defined.

Anthracycline-based regimens are most frequently used to
treat TNBC. However, some patients do not benefit from this
therapy and predictors of sensitivity are urgently needed. First,
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TOP2A encodes topoisomerase alpha, a target of
anthracyclines, and changes in TOP2A gene/protein could
influence the sensitivity to anthracyclines. Second, EGFR, a
potential predictor for targeted therapy with tyrosine kinase
inhibitors, has been assessed with respect to its expression in
high proportion of TNBC patients. Importantly, neither
TOP2A nor EGFR has been reported as predictors in TNBC.
Finally, in case of Ki-67, the aim was to validate data from the
above-mentioned study [25]. The objective of this work was
to determine whether BCL2 or the other markers discussed
above can predict outcomes in TNBC patients treated with
adjuvant anthracycline-based regimens.

Materials and methods
Patients

A retrospective study was performed according to the RE-
MARK criteria [26]. A consecutive series of 335 TNBC pa-
tients was diagnosed or treated at the Masaryk Memorial Can-
cer Institute between the years 2004 and 2009. The study
included 187 patients with TNBC, 178 of whom were treated
with adjuvant chemotherapy and 9 of whom received no sys-
temic chemotherapy. The characteristics of the patient popu-
lation treated with anthracycline-based adjuvant therapies (n=
164) are summarized in Table 1. Patients treated with other
chemotherapies (n=17) received taxane therapy (n=11) or
CMF treatment (7=3). Clinical data were reviewed retrospec-
tively from medical records, and follow-up was assessed pro-
spectively. Patient data obtained during routine diagnostics,
treatment, and follow-up were archived and anonymized, in-
cluding the following: date of birth, date of histological diag-
nosis, age at diagnosis, number and type of tumors, clinical
stage, tumor serology markers at diagnosis, performance sta-
tus according Eastem Cooperative Oncology Group (ECOG)
criteria, type of surgery, onset and termination of treatment,
chemotherapeutic regimen, number of chemotherapy cycles,
use of radiotherapy, date of therapy effect evaluation and ef-
fect of primary therapy, date of relapse, relapse localization,
further therapy, date of last follow-up control, clinical status at
the time of last follow-up, and cause of death for dead patients.
Data on pTNM; histological tumor type; grading; and the
status of the estrogen receptor (ER), progesterone receptor
(PgR), and human epidermal growth factor receptor 2
(HER2) were obtained from histological assessments of the
patients’ primary tumors. The study was approved by the Uni-
versity Hospital Ethics Committee.

Specimen characteristics and assay methods

Both immunohistochemistry (IHC) evaluations and fluores-
cence in situ hybridization (FISH) were performed on

Table 1  Patients’ clinicopathological characteristics and BCL2
expression status

Characteristic N %
i 1 70 427
2 85 51.8
3 3 1.8
4 5 3.0
NA 1 0.6
N 0 99 60.4
1 43 262
2 10 6.1
3 9 55
NA 3 1.8
Stage 1 48 293
2 93 56.7
3 23 14.0
Grade 2 9 a5
3 155 945
Histopathological type  IDC 119 726
ILC 3 1.8
Medullary IC 22 13.4
Metaplastic IC 6 8T
IC other subtypes 9 55
IC non-differentiated 5 30
BCL2 histoscore High 66 402
Low 83 506
NA 15 9.1
Radiotherapy o 36 220
1 128 780
Chemotherapy Anthracycline-based 164 100.0
Anthracycline-based ~ Without taxane and high BCL2 46  28.0
chemotherapy and  Without taxane and low BCL2 51 311
BCL2 histoscore  \o ovoncand high BCL2 20 122
With taxane and low BCL2 32 195
NA 15 9.1

NA not available; /C invasive carcinoma; /DC invasive ductal carcinoma;
ILC invasive lobular carcinoma; IC other subtypes: papillary,
micropapillary, apocrine

formalin-fixed paraffin-embedded (FFPE) samples with a
thickness of 4 um as described previously [27, 28].

The expression of the HER2 protein was determined by the
DAKO HercepTest (DAKO, Denmark) and scored on a qual-
itative scale from 0 to 3+ according to the DAK.O manual and
the guidelines for HER?2 testing in BC published by the Amer-
ican Society of Clinical Oncology/College of American Pa-
thologists. HER2 gene status was evaluated by FISH using the
PathVysion HER2 kit (Abbott Laboratories, USA). The HER2
gene status was considered to be negative (FISH non-
amplified) in cases where the HER2 gene/centromere of chro-
mosome 17 ratio was less than 1.8. An IHC score of 0/1+ was
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considered indicative of HER2 negativity at the protein level.
The status of the estrogen receptor alpha (ER o) and proges-
terone receptor (PgR) was examined by IHC using SP1 and
SP2 monoclonal rabbit antibodies (Lab Vision Thermo Fisher
Scientific, USA). All but three of the cancers included in our
study had 0 % expression of ERx and PgR.

Basal-like (BL) subgroup was defined according Nielsen
et al. [29] as cytokeratin 5/6+ and/or EGFR+.

[HC was also used to study the expression of the following
proteins (the sources of the antibodies used in each case are
reported in parentheses): BCL2 (mouse, Biogenex, USA),
EGFR (mouse, Neomarkers, USA), TOP2A (mouse, Dako,
Denmark), Ki-67 (MIB1, Cell Signaling Technology, USA),
and CMYC (mouse, Novocastra, UK). Proportion scores (0
100 %) and staining intensities (0-3) were evaluated, and
histoscores were calculated as described previously. BCL2
expression was assessed as high (histoscore >10) or low
(histoscore <10). EGFR expression was assessed as high
(histoscore >120) or low (histoscore <120). The same cutoff
was used for TOP2A protein expression. For CMYC, high
and low expressions were indicated by histoscores of =190
and <190, respectively. Ki-67 positivity was analyzed using
three different dichotomizing thresholds: 14 %, the median for
the studied samples, and 35 %.

FISH was used to assess EGFR/HER1 gene amplification
(Orange, 7pl2, Intellmed) in relation to chromosome 7 (CEP
7, Green, Intellmed), TOP2A gene amplification (Orange,
17921-q22, Intellmed) in relation to chromosome 17 (CEP
8, Green, Intellmed), and CMYC gene expression (Orange,
8q24, Intellmed) in relation to chromosome 8 (CEP 17, Green,
Intellmed). Gene/chromosome ratios were calculated for each
gene and chromosome pair. Ratios of >1.5 and <0.8 were
considered indicative of gene amplification and deletion, re-
spectively. Gene copy numbers of >4 were also considered
indicative of gene amplification. Patients were grouped into
four categories based on the percentage of cells in their tumors
exhibiting gene amplification or deletion: those for whom
>30 % of all umor cells had one gene copy were assigned
to group “~1,” those in which >50 % of all tumor cells had
three or more gene copies were assigned to the “+17 group,
those having five or more gene copies were assigned to the “+2”
group, and those in group “0” had normal gene status.

Study design and statistics

All laboratory assessments were performed in a blind manner,
and clinical and laboratory data were subsequently combined.
The endpoints were relapse-free survival (RFS), breast cancer-
specific survival (BCSS), and overall survival (OS). RFS was
defined as the length of time from the surgery to any relapse or
death, whichever occurred first. BCSS was assessed as the
time from surgery to the date of death from breast cancer or
the date of last follow-up. OS was determined as the time from

@ Springer

surgery until the date of death (from any cause) or the date of
last follow-up.

STATISTICA 12.0 and R [30] were used for the statistical
analyses (Spearman coefficient, Kaplan-Meier survival anal-
ysis, log-rank test, multivariate backward stepwise Cox
analysis).

Results

High BCL2 expression predicts poor anthracycline treatment
outcome

Table 1 shows the distribution of patients with low and high
levels of BCL2 expression as determined by IHC staining
(Fig. 1). High levels of BCL2 protein expression predicted
poor RFS (log-rank p=0.035, HR 2.37, 95 % CI 1.04-5.42)
(Fig. 2a) and poor BCSS (log-rank p=0.048, HR 2.63, 95 %
CI 0.97-7.12) (Fig. 2b) in patients treated with adjuvant
anthracycline-based regimens. High BCL2 expression also
predicted a trend to poor overall survival (OS) in these patients
(log-rank p=0.085, HR 2.15, 95 % CI 0.88-5.27) (Fig. 2c). In
addition, stage (RFS p=0.0004, OS p=0.0002), tumor size
(RFS p=0.003, OS p=4e-7), and nodal status (RFS p=
0.018, OS p=0.016) were associated with outcome in a uni-
variate analysis of anthracycline-treated patients. Low BCL2
expression had high negative predictive values (NPV) for
relapse-free survival (89.16 %; 95 % CI 80.66-94.19 %) and
08 (90.36 %; 95 % CI 82.12-95.03 %). Multivariate analysis
revealed that BCL2 expression, tumor size, and nodal status
all had independent predictive significance for RFS (p=0.005,
p=0.091, and p=0.003, respectively; likelihood ratio test for
the whole model, p=0.003), BCSS (p=0.012, p=0.077, p=
0.01, respectively; likelihood ratio test for the whole model,
p=0.016), and OS (p=0.008, p=0.004, p=0.004, respective-
ly; likelihood ratio test for the whole model, p=0.0006). The
initial multivariate analysis model included BCL2 status, age,
tumor size, nodal status, and histopathological grade as vari-
ables (Supplementary Table S1 A). Detailed information on age
and follow-up is shown in Supplementary Table S2.

High BCL2 expression predicts poor anthracycline treatment
outcome in BL TNBC

High levels of BCL2 protein expression predicted poor OS in
BL TNBC patients treated with adjuvant anthracycline-based
regimens (log-rank p=0.033, HR 3.04, 95 % CI 1.04-8.91)
(Fig. 21). High BCL2 expression also predicted a trend to poor
RFS (log-rank p=0.079, HR 2.57, 95 % CI 0.86-7.68)
(Fig. 2d) and poor BCSS (log-rank p=0.056, HR 2.78, 95 %
CI 0.93-8.3) (Fig. 2e). Multivariate analysis revealed that
BCL2 expression, tumor size, and nodal status all had
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Fig. 1 Immunohistochemical staining (IHC) of the BCL2 protein
(mouse antibody, Biogenex, USA) in formalin-fixed paraffinembedded
(FFPE) triple-negative breast cancer tissue samples. a BCL2 low

independent predictive significance for RFS (p=0.029, p=
0.013, and p=0.003, respectively; likelihood ratio test for
the whole model, p=0.00125), BCSS (p=0.017, p=0.0106,
p=0.002, respectively; likelihood ratio test for the whole mod-
el, p=0.00035), and OS (p=0.007, p=0.0236, p=0.0029, re-
spectively; likelihood ratio test for the whole model, p=
0.00063). The initial multivariate analysis model included
BCL2 status, age, tumor size, nodal status, and histopatholog-
ical grade as variables (Supplementary Table S1B). The non-
BL TNBC group was too small to obtain significant associa-
tions (Supplementary Table S1C).

EGFR protein expression and survival

High EGFR expression was present in 20 of the 148 (13.5 %)
patients treated with anthracycline-based chemotherapy and
21 of all 166 (12.7 %) patients in our series. High EGFR
protein expression was associated with a high probability of
breast cancer-associated death in patients treated with
anthracycline-based adjuvant chemotherapy (log-rank p=
0.039, HR 2.87, 95 % CI 1.01-8.15) (Fig. 3). However, in a
multivariate model including tumor size, nodal status, age,
grade, and EGFR expression as variables, only nodal status
had borderline independent predictive significance (p=0.044)
for BCSS (log-rank test for the whole model, p=0.055). High
EGFR protein expression was associated with a trend to worse
BCSS and OS in all patients (log-rank p=0.077 and p=0.086,
respectively) (Supplementary Figs. SIA and S1B). Again,
EGFR expression was not an independent factor for BCSS
or OS in this multivariate analysis. EGFR status was not as-
sociated with RFS in either anthracycline-treated patients or
the whole series.

Other markers in prognosis and prediction
Patients were considered to exhibit CMYC amplification if

they had a CMYC/chromosome 8 ratio of >1.5 and a CMYC
copy number of >4. Ratios and copy numbers indicative of

(invasive ductal carcinoma, grade 3, histoscore 0, magnification x200).
b BCL2 high (medullary carcinoma, grade 3, histoscore 180, cytoplasmic
staining, magnification *x200)

CMYC amplification were identified in 13/143 (9.1 %) and
23/143 (16.1 %) of anthracycline-treated patients, respective-
ly. CMYC copy numbers of >4 were associated with a trend to
worse RFS (p=0.066) and BCSS (p=0.082) in anthracycline-
treated patients (Supplementary Figs. S2A and S2B). The
levels of CMY C amplification in all patients were similar to
those for the anthracycline-treated cohort: 14/160 (8.8 %) ex-
hibited a CMYC/chromosome 8 ratio of =1.5, while 27/160
(16.9 %) exhibited a CMYC copy number of >4. The associ-
ation between CMYC amplification and a trend to worse
BCSS (p=0.087) was also detected in the complete set of
patients (Supplementary Fig. S2C).

Patients were considered to exhibit TOP2A amplification if
they had a TOP2A/chromosome 17 ratio of =1.5 and a
TOP2A copy number of >4. Ratios and copy numbers
indicative of TOP2A amplification were found in 3/143
(2.1 %) and 8/143 (5.6 %) of anthracycline-treated pa-
tients, respectively. The corresponding figures for all
patients were 4/160 (2.5 %) and 9/160 (5.6 %), respec-
tively. TOP2A amplification was not associated with
any of the considered outcomes (RFS, BCSS, or OS).
Only one tumor exhibited a TOP2A deletion, indicated
by a TOP2A/chromosome 17 ratio of <0.8.

EGFR gene amplification, indicated by an
EGFR/chromosome 7 ratio of >1.5 and an EGFR copy num-
ber of >4, was rare in both anthracycline-treated patients and
all patients. Of the anthracycline-treated group, 6/143 (4.2 %)
exhibited a high EGFR/chromosome 7 ratio and 11/143
(7.7 %) exhibited a high EGFR copy number. The correspond-
ing values for the whole series were 7/160 (4.4 %) and 12/160
(7.5 %), respectively. Neither EGFR amplification nor chang-
es in the numbers of chromosomes 7, 8, or 17 were associated
with any survival outcome.

All but two of the patients exhibited >14 % staining for the
proliferation marker Ki-67, demonstrating the high prolifera-
tive capacity of TNBC. Ki-67 staining was analyzed as both a
categorical and continual variable. However, neither analysis
revealed any association between Ki-67 staining and survival
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<« Fig. 2 Kaplan-Meier curves for BCL2. High BCL2 expression
significantly associates with poor relapse-free survival (RFS) (a), with
poor breast cancer-specific survival (BCSS) (b), and with a trend to
worse overall survival (OS) (¢) in the whole cohort of TNBC treated
with anthracycline-based adjuvant chemotherapy. A trend to worse RFS
(d), BCSS (¢), and significant association with poor OS (f) was found for
high BCL2 expression in basal-like TNBC subgroup treated with
anthracycline-based adjuvant chemotherapy. Low BCL2 expression was
used as a reference for hazard ratio in all graphs (HR 1.00)

outcomes (RFS, BCSS, or OS). Similarly, the expression of
the TOP2A and CMY C proteins was also not associated with
any survival outcome.

Discussion

We found an association between high BCL2 protein expres-
sion and poor outcome in TNBC patients treated with adju-
vant anthracycline-based chemotherapies (this study and
[31]). This treatment probably induces apoptotic cell death
in tumors with low BCL2 expression. However, high levels
of BCL2 expression block apoptosis, allowing the tumor cells
to survive. This conclusion is supported by the observation
that anti-BCL2 therapy (ABT-737) induced characteristics of
apoptosis in vitro when applied in conjunction with the topo-
isomerase II poison etoposide [11]. An association between
low levels of BCL2 expression and an enhanced anthracycline
response (pCR) in neoadjuvant settings has also been reported
by others [13, 15, 32]. In vitro, anti-BCL2 therapy involving

treatment with a BCL2 antisense oligonucleotide known as
G3139 (oblimersen) increased the MDA-MB-231 cell line’s
chemosensitivity to anthracyclines and taxanes [12]. Howev-
er, phase I/l clinical studies examining G3139 in combination
with doxorubicin and docetaxel yielded unfavorable results
[33]. The authors suggested that this failure may have been
due to inadequate drug delivery to the tumor. BCL2 messen-
ger RNA (mRNA) enrichment was observed in the mesenchy-
mal stem-like TNBC subtype [1]. In a subsequent study, only
23 % (3/13) of patients with this TNBC subtype exhibited a
pCR after neoadjuvant anthracycline/taxane chemotherapy
[7].

We identified low BCL2 protein expression as an indepen-
dent predictor of good outcome in patients treated with
anthracycline-based adjuvant chemotherapy on the basis of a
multivariate analysis using an initial model whose variables
included age, tumor size, nodal status, and histopathological
grade. Conversely, Abdel-Fatah et al. [15] found an associa-
tion between BCL2 negativity and worse survival in early
primary TNBC (#n=635). This association was independent
of chemotherapy (assessed as yes or no, where yes means that
the patient was receiving some form of chemotherapy and no
means that they were not), traditional pathological prognostic
factors (lymph node stage, tumor size, tumor grade), and other
potential confounders (lymphovascular invasion, mitotic in-
dex). Interestingly, the patients studied by Abdel-Fatah et al.
were treated with a range of different chemotherapies includ-
ing anthracycline-based regimens (n=177) and CMF (n=
104). In addition, many (n=354) had no chemotherapy be-
cause they either declined systemic therapy or were diagnosed
and treated before TNBC was identified as an aggressive

Fig. 3 Kaplan-Meier curve for [ .
EGFR. High EGFR protein -
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tumor entity or before adjuvant chemotherapy became the
standard of care. Importantly, BCL2-negative patients treated
with anthracycline-containing adjuvant therapies had better
survival than those treated with adjuvant CMF or no systemic
chemotherapy. However, there was no significant difference
in survival between patients with tumors having high and low
BCL2 expressions, On the other hand, positive BCL2 protein
expression was associated with good outcomes in TNBC pa-
tients treated with CMF [15, 34]. Recently, similar data were
published in unselected BC [35].

BCL2 as a predictor of outcome in non-BL TNBC was
recently reported by Choi et al. [36]. We could not confirm
this association, probably due to small number of non-BL
TNBC patients. On the other hand, Choi et al. did not find
BCL2 as a predictor in BL group. Inconsistent results could be
caused also by different populations studied and TNBC
heterogeneity itself. Moreover, another BCL2 antibody
(clone 100) was used by Choi et al., while we used
the same clone as in vast majority of publications
(clone 124, for more details, please see our recent re-
view [37]). Choi et al. [36] also used more stringent
criteria for BCL2 positivity which resulted in low pro-
portion of BCL2-positive cases (9.6 %).

The advantage of BCL2 protein expression as a predictive
marker is its easy detection. Routine immunohistochemical
analyses of BCL2 expression in FFPE tissue samples could
casily be performed at the time of diagnosis in any pathology
laboratory with standard facilities.

High EGFR expression was associated with poor BCSS in
the present series, which is consistent with the findings of Viale
etal. [19]. Such patients may benefit from anti-EGFR-targeted
therapies and should be included in relevant clinical trials.

The proportion of EGFR gene amplification observed in
this work (7.5 %) was similar to that reported by Shah (5 %)
[3]. The EGFR-positive tumors identified in both studies ex-
hibited high levels of amplification; however, the low frequen-
cy of EGFR amplification probably precluded any significant
association with outcomes in TNBC.

We observed a trend to worse survival among patients with
CMYC gene amplification, which is consistent with previous-
ly published results for an unselected cohort of BC patients
[18]. CMYC protein expression was found in the majority of
the TNBC cohort examined in this work. A recent study dem-
onstrated that xenografis with elevated MYC protein expres-
sion regressed following treatment with cyclin-dependent ki-
nase inhibitors [38], suggesting that clinical investigations
using these drugs may reveal new treatment possibilities for
this particular subgroup of TNBC patients.

TOP2A amplification is also a potential predictor of re-
sponsiveness to anthracycline-based therapy [18, 21, 22, 39,
40]. However, TOP2A amplification is rare in TNBC, occur-
ring in only 2.1 % of our anthracycline-treated cohort when
detected based on gene/chromosome ratios or 5.6 % when

@ Springer

detected based on the TOP2ZA gene copy number. The low
frequency of TOP2A amplification probably precluded the
identification of any association with outcome in this work.
A study comparing cyclophosphamide, epirubicin, and 5-
fluorouracil (CEF) and cyclophosphamide, methotrexate,
and 5-fluorouracil (CMF) treatments in unselected BC pa-
tients demonstrated that both TOP2A amplification and
TOP2A deletion have important effects on outcome [39-41].
The anthracycline-containing CEF regimen was found to be
superior to the CMF treatment for all tumors with TOP2A
aberrations (including both TOP2A amplifications and dele-
tions). This phenomenon has not yet been fully explained.
However, TOP2A deletion may be a surrogate marker for
chromosomal and genomic instability, which would explain
the sensitivity of TOP2A-deleted tumors to the DNA-
damaging anthracyclines [42]. The roles of TOP2A amplifi-
cation and deletion as predictors should be analyzed in a larger
prospective study.

A recent study identified TOP2A protein overexpression as
a predictor of pCR based on a multivariate analysis [15]. How-
ever, our analysis of TOP2A protein expression (based on a
histoscore threshold of >190) revealed no association with
survival in adjuvant settings. This may be due to the
intratumoral heterogeneity of TOP2A expression or variation
in its expression during the cell cycle. As such, further inves-
tigation is required to determine the utility of TOP2A protein
expression as a predictor of outcomes in TNBC patients treat-
ed with anthracycline-based chemotherapies. Similarly, we
found no association between Ki-67 expression and survival.
Munzone et al. reported that Ki-67 labeling in excess of 35 %
was associated with negative survival in node-negative TNBC
[25]. On the other hand, others [43-45] have reported an as-
sociation between strong Ki-67 labeling and pCR in unselect-
ed BC patients undergoing preoperative chemotherapy in-
volving mitoxantrone with methotrexate; CMF; epirubicin/
docetaxel; or 5-fluorouracil, epirubicin, and cyclophospha-
mide. However, many of these studies used different Ki-67
labeling thresholds and the predictive capacity of Ki-67 label-
ing has yet to be clinically validated.

A so-called anthracycline-based score (A-score) has been
developed by analyzing gene expression in breast cancers and
was shown to predict anthracycline responsiveness and resis-
tance [46]. The score is calculated by considering three gene
expression signatures: a TOP2A gene signature and two sig-
natures relating to tumor invasion and immune response. Cal-
culation of the A-score thus requires the extraction of mRNA
from the tumor and microarray analysis of gene expression,
which is not possible in all pathology labs. Moreover, the
method is expensive to perform and requires the availability
of a specialized team. Finally, it is not an in situ method and
has not been validated for use with adjuvant therapies in
TNBC. Conversely, BCL2 protein expression analysis is a
simple and inexpensive in situ method.
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Conclusion and further directions

To our best knowledge, this is the first study showing BCL2
protein expression as an independent predictor of outcome in
basal-like (BL) TNBC treated with adjuvant anthracycline-
based chemotherapy. If validated in prospective study, BCL2
protein expression could improve decision making on adju-
vant chemotherapy in clinical practice [47, 48]. In addition,
in vitro or in vivo studies using TNBC cell lines or xenografis
should be conducted to provide mechanistic insights into the
predictive role of BCL2 expression analysis.
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3. Souhrn

Soucasna onkologie se zaméfuje predev§im na hledani novych prognostickych a prediktivnich
biomarkerd, novych terapeutik a 1éCebnych strategii se zaméfenim na personalizaci 1é¢by. Velmi
vyznamnym objevem byl u karcinomu prsu biomarker HER2 a na néj cilena monoklonalni protilatka
trastuzumab, kterd zasadné zmeénila prognozu pfiblizné pétiny pacientl s timto onemocnénim.

Prvnim cilem predkladané prace bylo navrhnout, optimalizovat a validovat metodu, pouzitelnou pro
detekci poctu kopii genu HER2 u vzorku karcinomu prsu, u nichz selhala fluorescenéni in situ
hybridizace (FISH). Byla zavedena metodika kvantitativni real-time PCR, kterd srovnava pocet kopit
genu HER?2 a tii kontrolnich referencnich genti (GCS1, DCK a EPN2). Detekéni limit byl stanoven
pomoci diluéni fady bunécnych linii CALU3 a MDA-MB-231. Senzitivita a specificita metody byla
stanovena na validaénim souboru 223 pacienti s invazivnim karcinomem prsu. Metodika byla poté
pozita pro vySetieni 198/3696 vzorkt karcinomu prsu, u nichz selhala FISH.

Dale jsme se zaméfili na ovéfeni polyzomie chromozomu 17 u pacientd s karcinomem prsu. Ze tii
sond, lokalizovanych na 17p a testovanych na souboru 67 pacientti s karcinomem prsu, byla vybrana
sonda lokalizovana do oblasti 17p11.2, kterd byla pouzita pro enumeraci chromozomu 17 u 297
pacienti se zvySenym poctem kopii CEP17 (CEP17>3). ZvySeny pocet kopii 17p11.2 byl nalezen u 67
pacientd, u nichz bylo pro vySetfeni chromozomu 17 pouzito celkové 6 markert, pokryvajicich kratké
i dlouhé rameno chromozomu 17. Prava polyzomie chromozomu 17 byla nalezena pouze u 0,48%
pripadt. Na zakladé korekce poctu kopii chromozomu 17, pomoci 17p11.2 sondy, byl HER2 status
reklasifikovan u pétiny ptivodné HER2 negativnich/hrani¢nich pacientd s karcinomem prsu, ¢imz u
nich doslo ke zméné doporuceni 1é¢ebného rezimu.

U pacientt s triple-negativnim karcinomem prsu jsme se zaméfili na hledani biomarkeru, ktery by
mohl predikovat u¢innost adjuvantniho antracyklinového rezimu. Ze vSech jedenacti testovanych
markert byla nalezena vysoka exprese BCL2 proteinu jako nezavisly prediktor Spatné odpovédi na
antracyklinovou terapii, a to u RFS, BCSS i OS.

V nedavné dob¢ byla identifikovana cela fada biomarkerd, jejichz validita musi byt, stejné jako u
BCL2 exprese, potvrzena nezavislou prospektivni studii. Vyznam dostatecné validovanych
biomarkerd je pro dnes$ni personalizovanou onkologii obrovsky, jak je vidét z prikladu HER2. I pfesto,
ze je tento biomarker rutinné pouzivan pies desetileti, je stale fada problémd, které je tieba v ramci

rutinni diagnostiky fesit.
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4. Summary

Current oncology is mainly focused towards the search of novel prognostic and predictive biomarkers,
new therapeutics and therapeutic strategies leading to the development of personalized medicine.
HER2 biomarker and HER2-targeted monoclonal antibody, trastuzumab was one of the most
important finding in breast cancer which fundamentally influenced the prognosis of approximately
20% breast cancer patients.

The first goal of the thesis was to design, optimize, and validate the method for HER2 copy number
detection in breast cancer samples with indeterminate in situ hybridization result. For the purpose, the
quantitative real-time PCR (qPCR) comparing HER2 copy number with the copy number of the
reference genes (GCS1, DCK and EPN2) was designed. The detection limit was determined using the
dilution series of CALU3 and MDA-MB231 cell lines, and the sensitivity and specificity of the
method was validated using 223 breast cancer patient samples. The qPCR method thus developed was
then used to evaluate the HER2 status of 198/3696 breast cancer tissues that yielded indeterminate
FISH results.

The second objective was focused towards the verification of the chromosome 17 polysomy in breast
cancer patients. Three probes localized on different parts of 17p were tested on a set of 67 breast
cancer patients. The locus specific identifier (LSI) 17p11.2 probe was selected for chromosome 17
enumeration in 297 patients with CEP17 copy number increase (CEP17 > 3.0). A total of six markers
located on both long and short arms of chromosome 17 were tested in 67 breast cancer patients with
17p11.2 CNI. The true polysomy was found in 0.48% breast cancer cases. Using 17p11.2 correction of
chromosome 17 copy number, the HER2 status was reclassified in 21.6% of breast cancer patients
which were initially classified as non-amplified / equivocal, and the patients were considered eligible
for anti-HER?2 therapy.

At last, the third part of the thesis was focused on the search of biomarker, suitable for predicting the
efficacy of adjuvant anthracycline therapy in triple-negative breast cancer patients. A total of eleven
markers were tested. The high level of BCL2 expression was found to be the independent predictor of
poor overall survival, relapse-free survival as well as breast cancer-specific survival in patients treated
with anthracycline-based adjuvant therapy.

Recently, a number of biomarkers have been identified, however, they must be validated by
independent prospective study, including BCL2 expression. On the other hand, the properly validated
biomarkers, such as HER2, have huge significance in current personalized oncology. But, despite the
fact that HER2 is being used in routine diagnostics for more than a decade, there are still many

questions which remain unanswered.
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ABSTRACT

Triple negative breast cancer (TNBC) is an aggressive histological subtype characterized by
negative immunohistochemical staining for estrogen receptor (ER), progesterone (PR)
receptor and human epidermal growth factor receptor 2 (HER2). This heterogencous disease
is diagnosed in approximately 15-20 % of breast cancer cases. TNBC has a poor prognosis,
minimal response to current chemotherapy and no possibility of targeted therapy. The
common feature of all TNBC subtypes is the higher probability of relapse and lower overall
survival in the first years after diagnosis. For this reason, intensive research is focused on
finding new molecular targets and designing personalized therapeutic approaches. Despite its
high heterogeneity, several genetic markers of TNBC have been identified. The objective of
this review is to summarise the clinically relevant genetic markers in TNBC that may lead to

the development of personalized targeted therapy.

KEYWORDS
Triple negative breast cancer, genetic marker, p53, PIK3CA, BRCA1/2, androgen receptor.
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INTRODUCTION

Breast cancer is the leading cause of cancer death in women worldwide and triple negative
breast cancer (TNBC) accounts for approximately 15 - 20 % of all new cases. All TNBC
subtypes share a basic gene expression pattern — the absence of estrogen receptor (ER),
progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2, ERBB2)
expression [1,2]. Despite these common features, TNBC is a very heterogeneous disease and
could be divided into many distinct subgroups according to its clinical, histopathological and
molecular profile [3]. TNBC patients are typically young (<40 years) [4-8], African-American
[4,9-11] and have shorter progression-free survival (PFS) and overall survival (OS) compared
to non-TNBC breast cancer patients [4,11,13-17]. The disease follows a more aggressive
course with higher relapse rates (RR) and worse prognosis in comparison to hormone
receptor-positive tumours [4,11-13]. The insidiousness of TNBC lies in the high prevalence at
diagnosis of grade 3 tumours with a high proliferation rate [18]. Another feature of TNBC is
the peak risk of recurrence between the first and third year (hazard ratio HR=2.6; P<0.0001)
and the majority of deaths within 5 years after therapy (HR=3.2; P<0.0001) in comparison to
non-TNBC phenotypes [7]. The recurrence of TNBC is associated with a high risk of
metastasis in lung and central nervous system and a lower risk of metastasis in bone [7,19-
23].

Considering the high RR and poor survival of TNBC patients, the urgency for establishing
personalized therapy is indisputable and current investigations seek to identify genes as
therapeutic targets for TNBC. Furthermore, no specific marker exists for predicting TNBC
response to standard or targeted therapy. This review focuses on genetic alterations in TNBC

which may serve as predictive markers of prognosis and chemotherapy benefit.

INTRINSIC SUBGROUPS OF BREAST CANCER

Breast cancer is a heterogeneous group of diseases which may be classified according to gene
expression profiles into luminal A, luminal B, basal-like, normal-like and HER2-enriched
subgroups [13,24]. The PAMS50 assay, a 50-gene subtype predictor, was developed based on
these expression profiles [25]. These so-called ‘intrinsic’ subgroups of breast cancer display

differences in incidence, age at diagnosis, prognosis and response to treatment [24,26-30].
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Basal-like tumours and TNBC were grouped together until Bertucci and colleagues [31] drew
attention to their different molecular signatures. At the morphological level, TNBC and basal-
like breast cancer (BLBC) are similar [32] in terms of larger tumour size, higher grade,
presence of geographic necrosis, pushing borders of invasion and stromal lymphocytic
infiltrate [7,23,33]. However, gene expression profiles of only 71 % of TNBC samples
clustered as basal-like. On the other hand only 77 % of the basal-like tumours bore TNBC
signatures [31]. Prat et al. [34] confirmed this observation by molecularly characterizing 412
TNBC and 473 basal-like (based on PAMS50 subtype prediction) breast cancer samples. Using
this approach, 21.4 % of TNBC were not assigned as BLBC and 31.5 % of BLBC did not
display a TNBC profile. Out of 412 TNBC samples, 78.6 % were identified as BLBC, 7 %
were normal-like, 7.8 % were HER2-enriched, 4.4 % were luminal B and 2.2 % were luminal

A.

TNBC SUBTYPES

Faced with TNBC’s vast molecular heterogeneity, subsequent research focused on classifying
TNBC subtypes by disease prognosis or probability of response to systematic therapy.
Lehmann and colleagues [35] identified six different TNBC gene expression profile subtypes
using a top-down approach of hierarchical clustering to group 587 TNBC cases identified in
21 gene expression datasets. The subtypes (summarized in Table 1) were named according to
their expression patterns: basal-like 1 and 2 (BL1/2), immunomodulatory (IM), mesenchymal
(M), mesenchymal stem-like (MSL) and luminal androgen receptor (LAR). Using this
classification approximately 30 TNBC cell lines were identified as models of distinct
subtypes for pharmacological strategies.

Both BL1 and BL2 subtypes are sensitive to DNA-damaging agents (such as cisplatin) and
display elevated levels of cell cycle and DNA damage response genes. While BL1 is
characterized by high levels of cell division genes and elevated Ki67 expression, BL2
displays upregulated growth factor pathway, glycolysis and gluconeogenesis genes.

Both M and MSL subtypes are characterized by decreased distant metastasis-free survival
(DMEFS) and a positive response to PI3K/mTOR inhibitors and dasatinib. M and MSL subtype
gene expression profiles overlap with that of chemoresistant metaplastic breast cancer and
display an upregulation in epithelial-mesenchymal transition (EMT), cell motility and cellular

differentiation genes. Unlike the M subtype, the MSL subtype upregulates genes involved in
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angiogenesis and growth factor pathways, and downregulates proliferation genes. The MSL
subtype molecularly overlaps with the previously described claudin-low subtype by
displaying reduced claudin 3, 4 and 7 expression [36].

The IM subtype displays upregulated immune signalling genes (immune cell and cytokine
signalling, antigen processing and presentation, core immune signalling pathways). The IM
expression profile is similar to the signature of medullary breast cancer with good prognosis.
The final subtype is LAR, which displays an enrichment of genes involved in hormone
signalling, steroid synthesis and androgen/estrogen metabolism. Patients of the LAR subtype
have shorter relapse-free survival (RFS). This subtype overlaps with the previously described
molecular apocrine group [37]. A possible therapy regime is based on the AR antagonist
(bicalutamide). LAR subtype cell lines are sensitive to PI3K inhibitors due to a mutation in
the PIK3CA kinase domain [2].

Masuda and colleagues analysed the predictive value of expression profiles in 130 TNBC
patients who have undergone standard neoadjuvant anthracycline/taxane-based therapy [38].
The study revealed a different pathologic complete response (pCR) among TNBC molecular
subtypes (P=0.044) and found TNBC subtype to be an independent predictor of pCR status
(P=0.022) by a likelihood ratio test. BL1 showed the highest pCR rate (52 %), BL2 and LAR
the lowest (0 % and 10 % respectively). This study confirmed the clinical relevance of TNBC

subtypes in a personalized treatment strategy.

GENETIC MARKERS IN TNBC

To date, two large studies have focused on the genetics of TNBC [39,40] and reported a
diversity of genetic alterations at low frequency. The most common mutations were described
for the TP53 tumour suppressor gene. However, TNBC groups generally displayed genetic
heterogeneity because the vast majority of mutations occurred only at low frequency.
Moreover, only a minority of mutations (36 %) are transcribed into mRNA [39].

Shah and colleagues performed exome sequencing, RNA sequencing, high resolution single
nucleotide polymorphism arrays and targeted deep resequencing on 104 primary TNBC
samples grouped into various subsets. The most frequent copy number aberrations were
identified for the PARK2 (6 %), RB1 (5 %), PTEN (3 %) and EGFR (5 %) genes. TP53

mutations were found to be the most common event observed in 53.8% cases. Other frequent
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mutations were in the PIK3CA (10.2 %), USH24 (9.2 %), MYO3A4 (9.2 %), PTEN and RB1
genes (7.7 %) [39].

The Cancer Genome Atlas Group analysed samples from 463 patients by genomic DNA copy
number arrays, DNA methylation, exome sequencing, mRNA arrays, microRNA sequencing
and reverse-phase protein arrays. In the group of 93 basal-like tumours (76 TNBCs), the most
commonly mutated genes were TP53 (80 %), PIK3CA (9 %), MLL3 (5 %), AFF2 (4 %), RB1
(4 %) and PTEN (1 %). Copy number alterations were observed in several chromosomal
regions or genes: amplification or gain of MYC (40 %), MDM2 (14 %), Cyclin EI1 (9 %), 1q,
10p and loss of PTEN, RBI1, INPP4B (30 %), 8p and 5q. High expression of CDKN24, low
expression of RB/ and high genomic instability were also found to be typical features of a
BLBC profile [40].

The discovery of fusion gene EML4-ALK in non-small cell lung cancer fuelled interest in
finding such a structural rearrangement in breast carcinoma, particularly in TNBC. Structural
rearrangements occur mainly in ER-negative subtypes and TNBC, albeit in very low numbers.
An enrichment of a MAGI3-AKT3 translocation [41] and rearrangements involving the

NOTCH1/2 and MAST genes [42] were identified in TNBC by whole exome sequencing.

TP53

TP53 is one of the most important genes maintaining homeostasis and genome integrity
though cell cycle arrest, DNA repair and apoptosis. Aberrations of 7P53 have been described
in all types of human cancers [43]. Expression of mutant p53 in tumours is associated with a
high proliferation rate, early disease recurrence and early death in node-negative breast cancer
[44]. Aberrant expression of p53 is also linked to all breast cancer subtypes — a missense
mutation is predominantly associated with the luminal subtype, and non-sense and frame-shift
changes have been demonstrated in basal-like tumours [40]. In TNBC, TP53 is the most
frequently mutated gene, occurring in 62 % of basal-like and 43 % non-basal TNBC [39].
Mutations in 7P53 result in increased genetic instability, specific cytogenetic changes and
higher probability of loss of heterozygosity in TNBC. Coates and colleagues [45] described
the association of aberrant p53 expression with different outcomes (disease-free survival -
DEFS, overall survival - OS) depending on the tumour tissue’s ER status. ER-negative patients
with p53 expression (TNBC and HER2-positive subtypes) had better prognosis, while p53

expression in ER-positive patients was related to a worse prognosis [45,46]. Considering the
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fact that 7P53 status was evaluated by IHC only, the results may be misrepresentative due to
the potentially different nature of mutations within ER-positive/negative groups. Other studies
found 7P53 mutations to be a poor prognostic factor causing chemoresistance [47-49]. The
predictive and prognostic significance of 7P53 mutations in TNBC (as well as other types of
breast cancer) differs across the spectrum of mutation types. A prospective validation study is

needed to clarify the clinical relevance of these published findings.

BRCA1/2

The BRCAI and BRCA?2 genes play roles in activation and transcriptional regulation of DNA
reparation, control of cell cycle, cellular proliferation and differentiation [50,51]. BRCA1/2
proteins play an essential role in DNA-double strand break repair (homologous
recombination) and maintenance of DNA stability [52]. Over 80 % of hereditary BRCA1-
mutated breast cancers are classified as TNBC and/or BLBC [3,53-57]. Sporadic cancers with
the same characteristics as BRCAI/2-mutation carriers were described as displaying
BRCAness [58]. BRCAness is present among TNBC subtypes, particularly the basal-like
ones [2], which display increased DNA damage response gene expression and a higher
response to cisplatin regimes and neoadjuvant anthracycline and taxane therapy [38]. Breast
cancers with BRCAI mutations often express basal markers [30,55-57,59-61]. A promising
therapeutic tool for BRCAness in TNBC has been found in poly(adenosine triphosphate-
ribose) polymerase (PARP) inhibitors [62]. A large number of early phase clinical trials have
investigated PARP inhibitor activity (olaparib, veliparib, niraparib, rucaparib, BMN-673) in
breast cancer patients either as a single agent or in combination with chemotherapy with
promising results [63-68].

Given the DNA repair defects in TNBC it was hypothesized that alkylating agents such as
platinum may be used as a treatment regime. This was shown in preclinical studies of TNBC
patients with BRCAI-defective tumours and high pCR rates for platinum based-therapy were
also reported in subsequent studies [69-71]. However, the Spanish Breast Cancer Research
Group (GEICAM) 2006-03 randomised phase II study which involved adding carboplatin to
anthracycline/taxane-based therapy in BLBC did not report pCR improvements [72]. The
effectivity of platinum in combination with standard adjuvant chemotherapy should be

clarified in ongoing randomised clinical trials.
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BRCAL is a relatively large protein and hundreds of deleterious mutations have been
identified to date. Not only loss of BRCA function but also mutant germline variants could
have an impact on TNBC phenotype. BRCAI mutation 4153delA compared to 5382insC was
associated with poorer OS [73,74] and epigenetically inactivated BRCAI (by promoter
methylation) is associated with poorer prognosis as well. On univariate analysis, African-
American race, node positivity, stage, and BRCA 1 promoter methylation was associated with
worse RFS and OS after anthracycline or taxane based therapy. Promoter methylation of
BRCAI was significantly associated with worse RFS and OS also based on multivariable

analysis [75].

PIK3CA

The PIK3CA gene encodes the pl10a catalytic subunit of PI3K, a family member of lipid
kinases that mediate important cell functions such as survival, differentiation and proliferation
[76]. PIK3CA mutations are associated with ER-positive breast cancer. The frequency of
PIK3CA mutations in TNBC is about 10 % with enrichment in the LAR subtype. In TNBC,
high activity of the PI3K/Akt/mTOR pathway is common and therapeutically targetable
[77,78]. The PI3K pathway is also frequently activated through loss of PTEN, loss of
INPP4B, translocation involving AK73 and amplification of PIK3CA [39,41]. Many ongoing
clinical trials are evaluating mTOR, PI3K, AKT and mTOR/PI3K inhibitors alone or in
combination with other therapies (cisplatin, PARP and AR inhibitors). Preclinical data have

demonstrated a higher sensitivity of TNBC tumours to combination therapy [79-81].

Tyrosine kinase receptors

The tyrosine kinase receptors EGFR, FGFR and vascular endothelial growth factor receptor
(VEGFR) have been reported as potential TNBC treatment targets. While EGFR
overexpression has been described in approximately 60 % of TNBC, an EGFR amplification
or high copy number has been reported in only 5-30 % of cases [82-85]. High EGFR copy
number correlates with EGFR overexpression and copy number is associated with poor
clinical outcome in TNBC. This fact predestines EGFR copy number status as a predictor in
patients with TNBC for response to anti-EGFR therapy [84]. However, the clinical trials
investigating cetuximab in combination with carbo/cisplatin or ixabepilone showed

disappointing results with no significant effect of anti-EGFR therapy [86-88]. A recently
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published neoadjuvant phase II study confirmed the efficacy of panitumumab in combination
with anthracycline/taxane-based chemotherapy. Several predictive biomarkers (such as high
EGFR and low cytokeratin 8/18 expression and high density of CD8+ tumour-infiltrating
lymphocytes) were identified [89].

A mutation in FGFRI or FGFR2 may work as a driver mutation and occurs in approximately
9 % and 4 % of TNBC, respectively. Turner and colleagues confirmed the constitutive
activation of FGFR2 in FGFR2 amplified cell lines. The FGFR1/2 amplified cell lines were
also highly sensitive to FGFR inhibitors (brivanib/PD173074) [58,90].

VEGFR, another potential therapeutic target, promotes angiogenesis [91]. Even if the VEGFR
amplifications or mutations are very rare in TNBC, a number of clinical trials have confirmed
that addition of bevacizumab to chemotherapy significantly elevates pCR rates in TNBC [92-
95]. Other studies have investigated the efficacy of multi-targeted tyrosine kinase receptor
inhibitor sunitinib. Despite its promising effect in preclinical models [96] sunitinib did not
improve efficacy in clinical trials [97,98]. Clinical trials which may clarify the efficacy of

bevacizumab and tyrosine kinase inhibitors (sunitinib, sorafenib) in TNBC are underway.

Androgen receptor

The androgen receptor (AR) as well as the ER and PR belong to the nuclear steroid hormone
receptor family. Steroid hormone receptors have an important role in cell signalling; their
essential function lies in regulating gene expression [99-101]. The expression of AR has been
found in approximately 70 % of breast cancers and is associated with ER positivity. In breast
cancer, positive expression of AR is generally correlated with decreased risk of recurrence
and better OS and DFS [100,102]. In TNBC, AR is expressed in approximately 10 to 20 % of
cases [2] and AR positivity was associated with better clinical outcome in the majority of
studies including one meta-analysis [100,103-105]. Other studies did not confirm AR-
positivity as predictor of better outcome [8,106]. A recent study described a significantly
lower response to neoadjuvant chemotherapy (pCR 10 % vs. overall pCR 28 %) in AR
positive patients of the LAR subtype. Despite the low pCR rate, the OS and DMFS were
better compared to other TNBC groups [38]. AR is a promising and easily detectable marker
which can identify subgroups of TNBC patients that will derive no clinical benefit from

standard chemotherapy. These patients could probably profit from targeted therapy based on
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AR antagonists alone or in combination with PI3K inhibitors. Clinical studies with AR-

positive TNBC are underway.

CONCLUSIONS

Current research is focused on finding genes that may serve as therapeutic targets for all or
one particular TNBC subtype. High-throughput analysis tools (such as DNA methylation,
exome sequencing, mRNA arrays, genomic DNA copy number arrays etc.) help to understand
the nature of TNBC; however, the gross datasets require deciphering. The main problem of
TNBC is its immense heterogeneity which blights the identification of markers. To find a
proper, universal gene or marker which could predict therapy response or patient prognosis is
unrealistic in TNBC. Nevertheless, several promising markers and targeted therapeutics have
been found and have to be verified in well-defined prospective clinical studies. As in the
clinical trials of AR-positive TNBC patients, the marker-selected population should be

preferentially evaluated.
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a biomarkery v onkologii

Vladimira Koudelakova*, Magdalena Kneblova*, Marian Hajduich
Laboratof experimentalni mediciny, Ustav molekularni a translacni mediciny, Lékarska fakulta Univerzity Palackého
*Autofi se podileli na praci stejnym dilem.

Clanek popisuj Znostisoudasné |

iciny v i,atok

& prediktivni vyz

biomarkerd pro Géinnost
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Personalized medicine and biomarkers in oncology

This paper describes current options of personalized medicine in oncology, particularly the Importance of predictive biomarkers for tar-

geted tr p The autk

discuss the

inely used biomark

Key words: biomarker, personalized medicine, targeted therapy, oncology.

Oveod

Soutasna onkologle zaznamenala v posled-
nich nékalika letech velky posun v oblasti studia
diagnostickych, prognostickych a prediktivnich
biomarken(y Rada visledki intenzividho vyzkumu
v této oblast je v soutasne dobe Implementova-
na do diagnosticko-lécebne praxe. Do popfed
zajmu se dostavajl pledeviim protinddorova 1é-
¢iva, specificka pro konkretni typ nadoru, a bio-
rmarkery, které s dostatecnou pravdepodobnosti
definujl skupinu pacientd, ktah z tato by budou
profitovat. Dochdzf tak k personalizaci onkologic-
ke lecby na zaklade genetickych a/mebo proteo-
mickych charakteristik samotného nadoru,

Charakreristika nadorového biomarkeru je
velmi obtizna, jedna se o heterogenni skupinu
méfitelnych znakd, kterymi lze spolehlivé odiidic
nadorovou burtku od jejiho nenddorového pro-
genitoru. Nadorove biomarkery jsou v soutasné
dobe pouzivany v oblasti diagnostiky, progndzo-
vanl nemoci, predikcl 1é¢ebné odpovédi a mo
nitorovani pribéhu onemocnéni (1), Vzhledem
k rozsahlost teto oblasti & nasledujic text veno-
van pouze prediktivnim blomarkerdm,

Biomarkery, pouzivané pro
predikci Géinnosti terapie

K prvnim biomarkerlm, které byly rutinng
zavedeny pro indhvidualizaci léchy, path vySetfenl
exprese estrogenovith/progesteronovych recep-
torll. Nadméma exprese téchto receptori se vy-
skytuje a2 u 70% pacientl s karcinomem prsua je
prediktorem dobré lecebné odpovad na hormo-
nilnd terapli (2) Vieimi wyznamny byl | objev flizniho

proteinu BCR-ABL, ktery znamenal zvrat v l&cba
chronicke myeloidni leukemie (CMLL Pritomnost
BCR-ABL fuze, kiera se vyskytuje u 95% pacienti
5 CML, |e prediktoremn dobre lecebne odpoved|
na multikindzovy inhibitor imatinity (nilotinib, da-
satinib). Lecba imatinibem je rovnaz valmi dnna
u gastrointestindinich nadord (GIST), kde blokuje
kinazovou aktivitu mutovaného onkogenu c-KIT
(3, 4). V poslednich nekolika letech byly objeve-
ry dabél prediktivni biomarkery, které nadly Siroke
uplatneni v klinicke praxi {tabulka 1).

HER2

HER2 kéduje transmembrdnovy protein plas,
patficl do rodiny receptord pro epidermalni risto-
vy faktor (EGFR/ErDE). Za fyziologickych podminek
reguluje bunéény rist a diferenclaci. Amplifikace
2plsobujicl nadmemaou expresi proteiny HER2
byvd nalezena pfiblizné u 15-20% pacientd 5 kar-
cinomem prsu, nejastéli u duktainho typu s ne-
gativitou hormonadinich receptond, HER2 pozitivnl
nadory prsu jsou agresivnéls, casto metastazujl
do ONS, jsou mene atlive na standardni chemo-
terapll. HER2 amplifikace/nadméma exprese je
nezavislym negativiim prognostickym faktorem
(5). Pacientdm s HER2 pozitivnim karcinomem
prsu kze indikovat humanizovanou monoklondl-
ni protilatku lgG1 trastuzumaby (Hercepting, 3 to
Jak v paliatinim, tak neo-/adjuvantnim reZimu.
Trastuzumab blokuje receptorem aktivovanou
signalizaci a navozuje protinddorovou imunitnf
odpoved (ADCC), Trastuzumab je podavany intra-
vendme v monaterapi < kombinac s taxary, inhi-
bitory aromatazy, vinorelbinem & kapecitabinem

as well as tested biomarkers. Verification and subsequent
usage of these biomarkers in clinical practice is currently the subject of intensive research.
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(6, 7). Pti progresi onemocnéni kze HER2 blokovat
lapatinibem (Tyverb), duainim Inhibitorem EGFR
aHER2, v kombinaci s kapecitabinem {8), velmi
slibné vypadall | visledky studil, kombinujici tra-
stuzumab s lapatinibem, které prokazaly synengnl
antiproliferacni efekt t4to kombinace, 2 tol v neo-
adjuvantrim podani (9, 10

Trastuzumab je v kombiraci s cisplatinou
3 kapecitabinem nebo S-flucrouracilem (5-FU)
indikovan pacientiim s metastatickym HER2
pozitivnim adenokarcinomem 2aludku. HER2
nadmérnd exprese/amplifikace se u nddord
2aludku vyskytuje pliblizng u 20% plipadi a je
asociovana s intestindinim typem nadoru (17, 12}

EGFR

EGFR kdduje transmembranovy tyrosinki-
nazovy receptor s obdobnou funkel jako HER2,
U karcinemu plic byly popsany aktivadnl muta-
ce EGFR genu, jefich2 vyskyt je pliblizng 30%
u Aslatd a 15% v kavkazské populacl. Mutace
5 vyskytujl téméf vyhwadné u plicniho adenokar-
cinomu. Nejcastajs mutace, delece v exonu 19
(baze 746-753) a substituce argininu za leucin
(LEB58R) v exonu 21 byvaji nalezeny u 90% plipa-
di (131 U pacientd s aktivaénl mutact EGFR byla
Jednoznadné prokdzana uéinnost nizkomaoleku-
Iarmich ATP-kompetitivnich inhibitond, gefitinibu
(Iressa), resp. erlotinibu (Tarceva), které ze indiko-
vat pacientdm s pokrotiym plicnim karcinomem
a prokazanou aktivatni mutacf genu EGFR v prvnl,
resp. druhé a thet linil IéCby. Prokazana je rovné2
lepsl odpoved na erotinib/gefitinib u pacientd
se zvysenym podtem kopil genu EGFR (14, 15).
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1. Rutinné pouzivans bio ry cllens terapie
Blomarker Lokalizace Druhmutace Metoda  Diagnoéza Létivo Typ Lécba Zpisob Ddvkovani
vydetieni podani
cKIT 4q12 miutace HE GIST imatiniby ATP kompetitivni NIE paliativid, oralng 400 mg denné nebo
adjuvantni 800 mg 2x denné
HER2 a2l amplifikaces MO EH  Brla trastuzumab  humanizovana mAb  paliativnd, intravendzng  avodni -4 mg/kg
nadmérmd adjuvantni, hmatnostl; dile
enprese neoadju- 2 mgikg tydne
vantni eodni - 8 markg
hmatnosti; dale -
fma/kg a3 rydny
lapatinib ATP kompetitivnd NIB - paliathvnl orilnd 1250 mag/dennd
EGFR T3 mutace/ FCR NSCLT eflotinib ATP kompetitivnl NIB  paliativnl orilnd 150 ma/dennd
delece gefitinib ATPkompetitvniNIB paliativnl  ordina 250 ma/dennd
KRAS 12pi2 mutace PCR (e cetuximab chimerickd mAb paliativni intravendzné  (vodni - 400 mg/m?;
dile - 250 mg/m’ tydné
500 ma/m’ 4 2 tydny
panitumumab  humanizovand mAb  paliathni intravendend 6 ma/kg hmotnosti
& 2 tydny
BRAF Tq34 bodova PCR melanom  vemurafenib  ATP kompetitivni NIB  paliativni oralng 960 mg/2x denng
mutace
ALK Ip23 inverze HC,EH  NSCLC crizatinit ATP kompetitivni NIE  paliativnd ordlng 250 mg/2x denné
(transiokace)
GIST - tumor; BrCa - karc NSCLC - ny karcinom plic; CC - karcinom kolorekta; NI - nizkomalekulami inhibitor;

mAb - monoklondini protititka; IHC - |

vies 5H - n itu hybridizace; PCR - polymer

Zvidena exprese/potet kopli genu EGFR je
rovnié?, spolecné s wild-type KRAS, prediktorem
dobeé odpovidi na léthu cetuximabenn (Erbitux)/
panitumumabem (Vectiblx) u metastatického
kolorektainiha karcinomu iviz kapitola KRAS) (16).

KRAS

KRAS gen koduje na membranu vazany pro-
tein s GTPazovou aktivitou, ktery zprostiedkovava
signalni pfenos mezi EGFR a dalsimi proteiny profi-
feratni kaskady Ras/Raf/MEK/ERK. Pfiblizné u 40%
pacient( s kelorektalnim karcinomem byva na-
lezena miutace genu KRAS, nejtasteji se jedna
o bodovou mutac kodonu 12 (ziména glycinu
zavalin/asparagini, ndsledovanou mutacemi v ko-
donu 13 a61 (17). U KRAS murovanych phpadd
e onkoganni signal, vzhledem k jeho umistani
v signalni kaskade, nezavisly na EGFR aktivacl
a u karcinomu kolorekta je proto mutovany KRAS
prediktorem Spatné odpovedi na blokatory EGFR
(cetuximaby/panitumurnab) (16, 18). Cetuximab je
chiméricka protilitka IgG1, kterd blokuje extrace-
lularmi doménu EGFR, stimuluje degradaci EGFR
a protinddorovou imunitnl odpoved Cetuximab
Je indikovan paclentdm = metastatickym kolo-
rektdinim karcinomem s expresi EGFR genu
awild-type KRAS v prvni | druhe linil l&cby, a to
Jakv monoterapil (po selhani lacby oxaliplatinou
airinotekanem), tak v kombinaci s chemoterapil.
P: irnab je plng hur na p
1gG2, blokujici signalizaci EGFR, ktera je indiko-

| 2012; 26{4) |

vana pacientlim s metastatickym kolorektalnim
karcinomern v monoterapil (po selhdni lécby
flucrepyrimidinem, innctekanem a axaliplatinau)
&1 v kombinacl s chemoterapli (17).

Mutace genu KRAS se vyskytujl pfiblizné
u 20% plipadd nemalobuné&éného plicniho
karcinomu (NSCLC), KRAS mutace se vyskytull
Ccaste)l u pacient( s adenokarcinomanm, v kavkaz-
ské populaci a u kufaki. U pacientd s NSCLC byl
prokazan negativnl prediktivnl uinek pfi lécbe
gefitinibemy/erlotinibem, Nicméng, EGFR a KRAS
mutace jsou u NSCLC mutatné exkluzivnl, ki-
nicky vyznam vysetfovan! KRAS pro predikei
Utinnosti biologické Iéeby je tedy minimdini (19).

BRAF

BRAF gen koduje serin/threonin kinazu pre-
nasejict signal od proteinu KRAS, Jejiz mutace
byva nalezena u 40-70% melanoma, Z vice ne2
90% s jedna o substituci valinu za glutamat
v kodonu 600 (VEOOE), kterd vede k aktivaci ki-
nazové aktivity a pfenosu mitogenniho signalu.
Pacientdm s prokdzanou mutaci VBOOE a nere-
sekovatelnym & metastazujicim melanomem
Ize v prvni i daltich linlich 1&¢by indikovat v mo-
naterapli specificky BRAF inhibitor vemurafenib
(Zelboraf) (20, 21). Vemurafenib cilené zplisobuje
Programaovanou Bunatnou smt pouze u bunsk
melanomu s VB00E mutacl U pacientd s mela-
nomem bez VEOOE mutace se 2da, fe vemura-
fenib paradoxne podporuje bunédny rist (22).

www.klinickafarmakologie.cz

136

4 fetézovd reakce

ALK

ALK.gen kbduje transmembranovy tyrosinki-
nazovy receptor, jeha fyziologicka furkce neni
zcela objasnéna a za fyziologickych podminek
e exprimovan pouze v tenkém stievs, mozku
a varlatech. Patologicka express, zplsobsand in-
verzi malé Casti kratkého ramene chromozomu
2 zavzniku fuzniho proteinu EML4-ALK, byva
nalezena u 2-7 % pacientl s NSCLC. Tato chro-
mazomalni prestavba se vyskytuje u miadsich
pacientl s adenckarcinomem a nekufakd bez
soutasnych mutacl KRAS ¢i EGFR (23), Pacientiim
& metastatickym ¢i pokrodilym plicnim karcing-
mem a prokdzanou plestavbou genu ALK lze
v manaterapll indlikovar crizotinib (Xalkor), dudini
inhibitor CMET a ALK, ktery v druhé fazi klinickeé-
hio testovani ukazal velmi slibne vysledky (24, 25).

Biomarkery toxicity lé¢by
Molekularni biomarkery |ze pousit i pro
personalizaci bézne utivané chemoterapie.
Metabolicks drdha 5-FU zahruje geny, jejich2
mutace vedou k systémoveé toxicité zplsobe-
né hromadénim toxickych metabolitd. Mutace
a snizend exprase genu DPYD pro dihydropyri-
midin dehydrogendzu (DPD), resp. snizend aktivi-
13 DPD zodpovedne za odbouravan! 5-FU, vede
k hromadeni aktivniho metabolitu v téle paci-
enta, a tim extrémnl senzitivité na béné davky
5-FU. Bylo nalezeno vice jak 50 mutaci tohoto
genu, které jsou u pliblizng 3-5% populace aso-



clovany s toxicitou lécby 5-FU (26, 27). Stanoven!
aktivity enzymu DPD, které [ze proveést na drovni
MRNA z periferni krve, viak v soudasnosti stale
neni soutast rutinniho screeningového vyiet-
teni pfed zahdjenim lécby 5-FU, pfestole jde
o zdvazny farmakogeneticky problém s fatdiniml
ndsledky (28). Zvytend exprese thymidyldt syn-
tdzy (TS) zpOsobend mutacl genu TYMS je spo-
jena taktéz se zvysenou citlivosti na lecbu 5-FU
vedoucl az k toxicite (29, 30). Podobné mutace
v genu pro enzym thiopurin-S-metyltransfera-
zu (TPMT) prediku)i citlivost k Ié2bé thiopuriny
a mohou vést aZ ke snizené toleranci béiné
udivanych davek (31).

Homozygotni varianta alely UGTIAI
(UGT1A1728) je plitomna pliblizne u 10% po-
pulace a zpdsobuje vyrazné snizenl aktivity
enzymu LDP-glukuronyltransferazy, ktery ka-
talyzuje biotransformaci vyznamngho proting-
dorového leciva - innotekanu, Wznamne snizen!
enzymaticke aktivity vede k zavaZnym toxickym
postizenim, Viysetfenl mutace genu je doporu-
Covano FOA od roku 2005 (32), v CR je dostupné,
nicmené nenl soucast rutinnl praxe,

Prajevy toxicity mohou byt | dobrjm predik-
torem pro Weinnost terapie, jak je tomu u EGFR-
cllerych terapil (33 Konl toxicita, zaptitinéna vaz-
bou létiva na EGFR a inhibicl jeho signini drahy
vkeratinocytech, kareluje 5 dobrou Glinnost ety
u kolorektainiho a plicnich karcinomd (1, 34)

Testované biomarkery

Diky intenzivnimu vyzkumu poslednich let
a 5 razvajem navich technologll byla identifiko-
vana fada markerd, které souvisi se samotnym
vanikem nadom i jeho rezistencl na poulita
cytostatika. Tyto markery jsou v soutasné do-
bé testoviny jako potenciondini cile protinado-
rové teraple (tabulka 2).

Tabulka 2. Testované bicﬂarkely cllené terapie

C-MET

CMET prato-onkogen kodujicl hepatocytar-
i rdstovy recepror (HGFR) § tyrozin kindzovou
akrivitou Je amplifikovan u celé fady nddorovych
cnemocnénl. U NSCLC se ziskanou rezistencl
na gefitinib/erlotinib byva amplifikace CGMET
nalezena phiblizné u 20% plipadd (35). V sousas-
nosti je u NSCLC gen CMET jednim z nejnadé)-
n&jsich prediktiviich markerd, saucasnd blokace
EGFR a C-MET vypada jako slibna strategie pro
l&cbu paclentd se ziskanou rezistencl na gefiti-
nibverlotinib. Nizkomolekuldrn! inhibltor ARQ157
{tivantinib) se nachazl ve fazl Il Klinického tes-
tovanl. Visledky faze 1 (NCTO0777308) potvrdi-
Iy vyrazné zlepseni PFS i O5 u pacientl s lokalné
pokrotilym nebo metastatickym neskvamoz-
nim plicnim karcinomem lécenych kombina-
cltivantinibu a erlotinibu oprotl samotnemu
erlotinibu (36). Dalsim testovanym inhibitorem
j& crizotinib, indikovany NSCLC pacientiim s ALK
prestavbou, ktery vykazuje slibng dcinky u paci-
entd s NSCLC a de novo amplifikac CMET (37),
Crizotinib se zda byt udinny rovné2 u pacientd
$NSCLC s nedavno objevenou translokaci ROS1
(38). Uginnost monoklondlni protilatky MetMADL
(onartuzumab) proti GMET je testovana v kli-
nicke studii faze Il (NCTD1456325) v kombinaci
serlotinibem u GMET pozitivrich pacient( s po-
krodilym & metastatickym NSCLC (39).

PIZK/AKT/mTOR

Molekuly Gtastnicl se signalni drahy PI3K/
AKT/mTOR patil mezi nejvice studované v sou-
wvislosti se vanikem rdznych druhd nadorovych
onemocnént (40-46). PIK3CA mutace a 2trata
exprese PTEN je spojena s rezistencl na trastuzu-
mab, respektive s hori prognézou onemocnéni
pli 16¢be karcinomu prsu (47, 48) a s rezistenci
na lé¢bu cetuximabem u kolorektdiniho karcl-

nomu (43). Dvé hlavni aktivanl mutace PIK3CA
(ES45K a H1047R) a mutace PTEN, vedoucl
ke ztrate funkce, jsou spojerty s rezistencl na la-
patinib u pokrotilého HER2 pozitivniho preniho
karcinomu (50). Cestou ke zvraceni rezistence je
dudinfinhibltor PI3K/mTOR NVP-BEZ235 (51), kte-
ry e v soulasnosti testovdn v kiinickych studilch
| a Il fize (NCTOOS620594). U celé fady nddorovych
onemocnéni se v klinickych studiich testujl ta-
ke daléi nizkomolekulaml inhibitary PI3K jako
BKM120 - panP13K Inhibitor (NCTO1501604) ¢
BYL719 - selektivnl inhibitor PLRK (NCTO1219699).

U pacient( s karcinomem prsu a mutacl AKT
byla prokazana rezistence na tamoxifen, AKT
mutantnl karcinomy jsou cllem novych inhibi-
torl Gtastnicich se Kinickych studil jako napt.
panAKT inhibitor MK-2206 (52). Inhibitory mTOR
Jsou pouzivany pro lecou riznych typd malignit
(53, 54, 55). V soutasnosti je studium zaméfeno
zejména na odhalenl prediktond Geinnost mTOR
cileng lecby.

BRCA1/2

Cllena lécba karcinomd prsu a ovaril
$ BRCAI/2 mutacemi je zaméfena na vyuli-
tl tzv. ;synthetic lethality” principu za pou-
2itl inhibitord poly (ADP-riboza) polymerazy
(PARP). Pledpokladem je zablokovan excizni
opravy DNA zajistovanou PARP, kterd spole-
né s BRCA1/2 mutacemi, poskozujicimi opravy
dvouvidknovych zlomd, vede k usmrceni bunék
(56). Klinické studie faze Il u pokrotiléha karcino-
mu prsu a ovaril prinesly slibne vysledky v l&che
olaparibem (KU-59436, AZD2281) (57, 58). Taktgz
klinické studie druhé a tretl faze zaznamenaly
uspéchy v [8¢bé triple-negativaiho karcinomu
prsu iniparibem (BSI-201) v kambinaci s gemdi-
tabinem a karboplatinou (59, 80). Soucastl Klinic-
k&ho testovani jsou | daldl PARP inhibitory Jako

Blomarker  Lokalizace Oruhmutace Diagnoza Létiva Typ Létha Zplisob podant
ROS1 6q22 translokace NSCLC crizotinib ATP kompetithmi NIB paliativnl ordind
CMET Ta3l amplifikace NSCLC tivantinib ATP kompeti NIE paliativni ordind
onaruaumab  humanizovana mAb paliativni intravending
PI3K g3 multace Bria NVP-BEZ235 ATP kompetitini NI paliativnd oralng
BKMI20 ATP komp NIB liativni aralng
AST BYLTI® ATP kompetithmi NIB paliativnl ordiné
AKT 143232 mutace AST MK-2206 alostéricky inhibitor paliativnl ordinéd
BRCA1/2 17q21/ Mmutace BrCa a ca ovdril olaparib AT ke vl NIE paliativnd ording
13123 TNBC iniparib ATP ke NIB paliativni ording
MGMT 10g26 hypermetylace nadory CNS temozolomid alkylacni ¢inidio paliativni orélng
TOF2A 17a21.2 amplifikace BrCa antracykling inhibitor t azy i i il intravendzng
Bra - karc NSC] ok ny karcinom phic; TNBC — triple negativni karcinomy prsu; AST — pokrocilé solidni nadory; CNS — centralni nenvova sou-

stava; NIB - nizkomolekulérni inhibitor mAb - monoklondini protildtka
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AG-014066, ABT-888, MK-4827 (81). Uplatnéni
principu .synthetic lethality” a Gcinek PARF in-
hibitord se pfedpoklada také u tzv. ,BRCANess”
nadord, které sice nenesou BRCAL/2 mutace,
ale systém opravy DNA maji poskozeny jingm
zplsobern. Pkladem mlize byt poskozeni ge-
nu PTEN, jez podle poslednich poznatki vede
ke genomove nestabilit? (52, 63) a které ve studii
nain vitro a xenograftovych modelech zvyiuje
utinek PARP inhibitord na nadorove buriky (64).

MGMT

Nowvé biomarkery se testujl i na epigene-
ticka drovnl. Umlcent MGMT ganu pro O-6-
metylguanin-DNA metyltransferdzu, pro-
stfednictvim hypermetylace promoteru, ve-
de ke sni2enl exprese MGMT, o2 je spojeno
s lepdl odpoved! na lécbu alkylacnimi cinidly
(65), resp. temazolomidem u glidinich nadord
maozku (66). Zaveden! testovani MGMT do ru-
tinni diagnostiky brani predeviim nejednotnost
pouzivanych analytickych metod pro urdent
miry metylace.

Zavér
Intenzivnl vyzkum v oblastl klinicke onko-
logie phinesl za poslednl desetileti celou fadu
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Non-small cell lung cancer - genetic predictors
Viadimira Koudelakova, Magdalena Kneblova, Radek Trojanec, Jiri Drabek, Marian Hajduch

Background. Non-small cell lung cancer (NSCLC) accounts for approximately 85% of all lung cancer that is the leading
cause of cancer-related mortality worldwide. Several predictive markers have been found in NSCLC patients to date
but only a few are currently used for tailored therapy.

Methods and Results. PubMed and Web of Science online databases were used to search review and original articles
on the most important predictive markers in NSCLC.

Conclusion. EGFR activating mutations (exons 18 to 21) and EML4-ALK rearrangement are clinically important markers
able to select NSCLC patients which benefit from EGFR or ALK tyrosine kinase inhibitors (gefitinib, erlotinib, crizotinib).
Other markers, such as KRAS mutation, EGFRT790M mutation and C-MET amplification, are responsible for resistance
to these inhibitors. Overcoming of this resistance as well as discovery of new potential markers and inhibitors is the
main goal of ongoing research and clinical trials in NSCLC.
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INTRODUCTION

Lung cancer is the most frequent cause of cancer-relat-
ed deaths worldwide and it is responsible for more than
1 million deaths annually'?, The main reason is high -
mor aggressivity and high metastasis potential. Non-small
cell lung cancer (NSCLC) is diagnosed in approximately
85% of lung cancer cases and includes the adenocarci-
noma, squamous cell carcinoma and large cell carcinoma
subtypes’, The intensive research has been made in the
past few vears on genetic, transcriptional, translational
and epigenetic levels and the remarkable discoveries have
been found. At least nine important driver mutations
causing NSCLC have been described, mainly in adeno-
carcinoma subtype. Several markers are already used for
best treatment strategy selection. Developing new drugs
targeting the markers, clarification of predictive value of
these markers as well as new markers discovering is still
the subject of intensive research®. In this review, the clini-
cally most important genetic alterations in NSCLC, such
as EGFR. KRAS, C-MET, EML4-ALK and ROS| are
summarized.

EGFR

The epidermal growth factor receptor (EGFR) gene
is located on 7pl11 and encodes a tyrosine-kinase recep-
tor from the HER family which is involved in develop-
ment, progression, angiogenesis and metastasis of various
cancer types. After ligand binding (EGF, TGF-a, am-
phiregulin), the receptor hetero-/homodimerizes. auto-
phosphorylates tyrosine residues and activates two main
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downstream signaling pathways - RAS/MAPK and PI3K/
AKT (ref.*). Three mechanisms of EGFR activation in
tumor cells have been described. including EGFR muta-
tions. amplification/gene copy number gain (CNG) and
overexpression.

Amplification/overexpression

EGFR overexpression is found in up to 80% of
NSCLC cases and EGFR CNG/amplification is found
in almost 60% of them, while these events often oceur
concurrently™?, Increased EGFR expression was consid-
ered to be a poor prognostic factor in NSCLC patients'>"
but a meta-analysis combining 18 studies of 2972 patients
did not confirm the prognostic significance of EGFR ex-
pression (HR=1.14; 95% CI 0.97-1.34; P=0.103) (ref.").

The predictive value of EGFR amplification/overex-
pression for responsiveness to EGFR tyrosine kinase in-
hibitors (EGFR TKIs) was tested in several studies. Initial
studies, including the large trials BR.21 and ISEL, found
clear association between increased EGFR copy num-
ber and good response to EGFR TKIs(ref."'*'"). Other
studies have not confirmed this finding™". In a recent
meta-analysis®® which combined 22 independent studies
(2005-2009) including 1821 NSCLC patients treated with
EGFR TKls monotherapy, EGFR CNG was significantly
associated with increased overall survival (OS) (HR=0.7T;
95% CI 0.66-0.89; P=0.001), progression-free survival
(PFS) (HR=0.60: 95% CI1 0.46-0.79; P<0.001) and time-to-
progression (TTP) (HR=0.50; 95% C1 0.28-0,91; P=0.02).
The following studies published by Brugger et al.*! and
Hirsch et al. did not confirm the predictive significance
of EGFR FISH positivity to erlotinib. The clinical rel-
evance of EGFR amplifications is difficult 1o decipher
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because about 50% of EGFR-mutated cases show the co-
existence of increased EGFR copy number. The predictive
value of EGFR copy number could be therefore affected
by the occurrence of simultaneous EGFR mutation®**,
At the present, EGFR copy number testing is not recom-
mended in the selection of treatment in NSCLC,

Activating mutations

In 2004, two independent research groups™® se-
quenced EGFR in advanced NSCLC patient samples.
The aim was to evaluate the possible predictive value of
EGFR mutations for EGFR TKls therapy. In 14 out of 15
patients who were good responders to gefitinib therapy.
small in-frame deletions or amino acid substitutions were
identified. No EGFR mutations were found in gefitinib
nor-responders. In these studies, EGFR activating muta-
tions were identified**®,

Activating mutations of EGFR, occurring in exon 18
to 21 in the ATP-binding pocket part of the tyrosine-kinase
domain, have been reported in 5 to 30% NSCLC cases
depending on study population (app. 15% incidence in
Caucasians compared to 30% in Asians). These mutations
lead to a ligand-independent EGFR activation and are
preferentially found in never/former smokers, women,
East Asians and patients with adenocarcinoma histo-
logy. More than 3000 somatic EGFR mutations have
been described to date®, Deletions in exon 19 (including
residues 746 to 733) and arginine to leucine substitution
{L858R) in exon 21 constitute about 90% of them**?",
Substitution of glycine to serine, alanine or cysteine in
codon 719 (G719X) of exon 18 occurs in an additional 4%
of cases and other missense mutations and small in-frame
duplications/insertions in exon 20 account for the rest®.

Targeted therapy

The most effective inhibitors of EGFR tyrosine kinase
signalization are the small anilinoquinazoline deriva-
tives, that act as reversible ATP-competitive inhibitors,
erlotinib (Tarceva®, Genentech) and gefitinib (Iressa®,
AstraZeneca).

After successful preclinical™ and phase 1 clinical stud-
ies™¥, gefitinib progressed to phase 11 studies, Objective
response rates between 10 and 20% were reported in two
double-blind, randomized phase 11 trials (IDEAL 1 and
2) which enrolled 210 and 221 NSCLC patients previ-
ously treated with one or two regimes*-, Based on these
results, gefitinib was FDA approved for advanced NSCLC
patient treatment in May 2003. Based on results from un-
successful ISEL study, in June 2005, FDA limited the use
of gefitinib. However, the IPASS trial confirmed the ben-
efit of patients with EGFR mutations of gefitinib therapy
and European Medicines Agency (EMA) approved gefi-
tinib for the treatment of locally advanced or metastatic
NSCLC patients with EGFR activating mutation in June
2009 (ref.***).

The low-molecular weight inhibitor, erlotinib, showed
antitumor activity in preclinical and phase I clinical stud-
ies®. Erlotinib was FDA approved in November 2004
based on the results of phase 111 randomized trial BR.21
which included 731 NSCLC patients treated by erlotinib

or placebo in second or third line setting. The OS of the
treated group was 2 months longer than the placebo group
(6.7 months vs. 4.7 months). The [-year OS was 31%
for the erlotinib group compared to 22% for the control
group™.

The predictive role of EGFR mutations to EGFR
TKIs therapy sensitivity was revealed by different stud-
ies and confirmed by large meta-analysis including 59
studies of 3101 NSCLC patients. EGFR mutations were
predictive of response to single agent EGFR TKIs with
sensitivity and specificity of 0.78, resp. 0.86 (ref.’). Many
other studies elucidating EGFR TKls efficiency in dif-
ferent settings and biomarker-selected populations were
recently reviewed™ ™, In general, EGFR TKIs treatment
significantly improves the survival of NSCLC patients
with EGFR mutations compared to chemotherapy.

Several clinical trials, clearly reviewed by Patil et al.*,
are evaluating the efficacy of cetuximab ( Erbitux®, Merck
KGaA) in combination with various types of treatment
and assessing the predictive role of EGFR, KRAS and
other potential biomarkers. Predictive value of EGFR mu-
tations, amplification or overexpression and KRAS muta-
tions for cetuximab therapy was not confirmed to date®*,

EGFR TKIs and de nove resistance

The best described mechanism of de nove resistance to
EGFR TKIs is mutation in the KRAS oncogene which is
present in 20 to 30% of lung cancer patients. KRAS and
its importance for NSCLC therapy management is dis-
cussed below. Another cause of de novo resistance is the
occurrence of insertion mutations in exon 20 of EGFR.
In vitro studies have demonstrated that insertion in EGFR
exon 20 causes both oncogenic transformation and resis-
tance to EGFR TKIs (ref.*). Experiences with patients
harboring EGFR exon 20 insertions corresponds with
preclinical data. Clinical data showed very few responses
to EGFR TKIs in these patients™#45, Substitution of
methionine to threonin at position 790 (T790M) of the
EGFR exon 20 was reported in 2.7-40% of TKI-naive cas-
es* 9 Patients with this mutation were found to have
poorer outcome on EGFR TKIs therapy™. A secondary
T790M mutation is more frequent and is associated with
acquired resistance (described below). De novo resistance
to EGFR TKls therapy was also found in NSCLC patients
with HER2 exon 20 insertions. Cancer cells presenting
this mutation remain sensitive to HER2 targeted therapies
but show resistance to EGFR TKIs (ref.*),

TKIs and acquired resistance

Acquired resistance to EGFR TKls is a serious prob-
lem because the majority of initially responsive, EGFR
TKls-treated patients develop resistance within 12
months®, Resistance to EGFR TKIs may be caused by
presence of cancer stem cell-like cells which are selected
during EGFR TKIs therapy®. Generally, two crucial
mechanisms of acquired resistance have been described,
secondary T790M EGFR mutation and C-MET ampli-
fication. T790M mutation was described as the first
mechanism of EGFR TKIs acquired resistance in 2005 by
Kobayashi and Pao et al.***, Both groups studied NSCLC
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patients with EGFR activating mutation (L858R or exon
19 deletion), who progressed on the gefitinib or erlotinib
therapy. The T790M mutation was identified by compari-
son of pre- and post-progression samples and confirmed
on NSCLC cell lines in vitro. A secondary T7T90M muta-
tion is localized in the ATP-binding pocket of the kinase
domain and is present in approximately 30% of NSCLC
patients with acquired resistance™***. Substitution in
codon 790 increases ATP binding affinity of EGFR tyro-
sine kinase domain and EGFR TKIs are not able to bind.
T790M mutated cells lose sensitivity to gefitinib and erlo-
tinib but not to irreversible TKIs (e.g. pan-HER inhibitor
PF0299804) (ref.*). A second mechanism of acquired
resistance, C-MET amplification, is discussed below.

KRAS

KRAS (Kirsten rat sarcoma viral oncogene homo-
log) gene localized on 12p12 encodes membrane-bound
GTPase protein which, as well as other members of
the RAS protein family (NRAS and HRAS), plays an
important role in EGFR-mediated signal transduction.
EGFR activates KRAS through the adaptor protein Grb-
2 (growth factor receptor-bound protein 2) and guanine
nucleotide-exchange factor (GEF) molecules which are re-
sponsible for exchange of GDP to GTP. GTP-KRAS binds
target proteins (e.g. RAF), activates them and GTPase ac-
tivating proteins (GAP) stimulate GTP hydrolysis. KRAS-
mediated signaling regulates several cellular processes,
such as proliferation, differentiation and survival.

Activating mutations

Pathologic KRAS activation resulting from mutations
in the KRAS gene has been found in many cancer types
including NSCLC. KRAS mutations occur in approxi-
mately 20% of lung cancer cases® . The majority (about
90%) of found point mutations occur in exon 2 (codon 12
and 13). less frequent are mutations in exon 13 (codon 61)
(ref.*#). Point mutation leads to amino acid substitution
and GAP insensitivity resulting in constitutively active
GTP-binding KRAS signal transduction, KRAS mutations
are more frequently found in Caucasian population, ad-
enocarcinomas, males and current smokers™*2%%, In never
smoking patients with adenocarcinoma, KRAS mutation
is probably associated with transition mutation (G to A)
compared to transversion (G to T or G to C) in current
smokers™, Recent meta-analysis has shown KRAS mu-
tations occurring in 26% of former or current smokers
vs, 6% in never smokers™, The majority of studies have
shown that KRAS and EGFR mutations are mutually ex-
clusive® " Co-existence of both mutations was reported
by Han et al. only®™,

Prognostic role

Several studies have evaluated the importance of
KRAS mutations for survival, recurrence and metastasis,
In 2005, Mascaux et al.™ published the results of meta-
analysis comparing KRAS prognostic significance in 28
independent retrospective studies with a total number

of 3620 patients included. This meta-analysis showed a
worse survival of KRAS mutated patients with HRs of
1.30 (95% CL 1.20-1.49; P=0.01). In subgroup analysis,
KRAS was a statistically significant prognostic factor
in adenocarcinomas (HR=1.52; 95% CI, 1.30 to 1.78;
P=0.02) but not in squamous cell carcinomas. Following
studies did not confirm KRAS mutations as an indepen-
dent prognostic factor™*. The prognostic importance
of KRAS mutations in NSCLC remains controversial
and needs to be confirmed on prospective well-defined
NSCLC patient cohorts.

Resistance to EGFR TKIs

Although the prognostic role of KRAS mutations is
not clearly described, the predictive significance of EGFR
TKIs therapy response was confirmed in several studies.
KRAS mutations have been reported 1o be associated with
de novo resistance to EGFR inhibitors in NSCLC patients
in several studies'™'“1*54555 Recently Mao et al. published
meta-analysis of 22 studies analyzing 1470 NSCLC pa-
tients, KRAS mutation was detected in 16% (231/1470).
Ohbjective response rate (ORR) of KRAS mutated patients
was 3% compared to 26% ORR in patients with wi-KRAS.
This analysis confirmed that KRAS mutations are nega-
tive predictors of tumor responsiveness to EGFR TKIs
therapy in NSCLC (ref.*). However, due to the mutual
exclusivity of EGFR and KRAS mutations, the clinical
importance of KRAS assessment in NSCLC remains low.

CMET

The C-MET protooncogene is localized on chromo-
some region 7q31 (ref.”) and codes a tyrosine Kinase
receptor - hepatocyte growth factor receptor (HGFR).
HGF/SF (hepatocyte growth factor/ scatter factor) is
the only known ligand of this receptor. HGF binding
results in phoshorylation of C-MET tyrosine residues™,
recruitment of adaptor proteins Grb2, Gabl, SHC and
activation of downstream MAPK. PI3K-AKt and STAT
signaling pathways™". C-MET and HGF are required for
normal tissue development and therefore they are widely
expressed in a various cell types. C-MET/HGF dysregula-
tion and pathogenic activation is described in almost all
cancer types™™ and has been identified as a promising
therapeutic target. The first reported oncogenic C-MET
activation resulting from translocation of chromosome
1 and 7 was found in an osteosarcoma cell line. Fusion
TRP-MET protein has constitutive tyrosine kinase trans-
forming activity™. C-MET can be activated by many other
mechanisms, such as amplification, overexpression of re-
ceptor or ligand and point mutation™ ™3,

Amplification/overex pression

C-MET amplification leads to receplor overexpression
and constitutive HGF-independent activation”. C-MET
amplification has been reported in range from 3 to 21%
of EGFR TKl-naive NSCLC patients and is associated
with poor prognosis, increased proliferation, tumor inva-
siveness and angiogenesis®*’. The greatest percentage of
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reported C-MET FISH-positive cases results from chro-
masome 7 polysomy, True C-MET amplification is rare
event in NSCLC, occurs in 3 to 7% cases******_ Some
studies have reported association between C-MET and
EGFR amplification®*, Chromosome 7 polysomy is
probably responsible for significant correlation between
EGFR and C-MET FISH positivity. Higher copy number/
overexpression of C-MET was found in brain metastasis
compared to primary lung tumor tissues. C-MET-activated
tumor cells have probably higher potential to migrate and
create metastasis™,

Resistance to EGFR TKls

The importance of C-MET copy number evaluation
rapidly increased when Engelman et al. found that the
cause of acquired resistance to gefitinib in an NSCLC cell
line (HCC827) is amplification of chromosomal region
7q31.1-7q33.3 where C-MET is localized. Consequently,
C-MET-driven EGFR TKIs resistance was confirmed on
18 NSCLC patient samples”. C-MET amplification has
been described in approximately 20% of NSCLC patients
with acquired resistance ™% in some cases T790M mu-
tation of EGFR occurs simultaneously. Engelman et al.
found that the bypass mechanism of C-MET signaling
activation in resistant cells is through ERBB3-mediated
PI3K-Akt signaling pathway .

Turke et al. theorized that NSCLC cells become
C-MET amplified and therefore resistant during EGFR
TKIls treatment by selection of a preexisting small C-MET
amplified clone®. This study was performed on EGFR
TKlssensitive NSCLC cell line HCC827 and 27 paired
NSCLC patient samples (pre- and post-therapy). In the
cell line study, a small subpopulation of C-MET amplified
cells increased 300x over 19-days EGFR TKIs exposure.
In tumor samples, C-MET-driven resistance was observed
in 4 out of 27 cases, rare subpopulation (< 1%) of C-MET
amplified cells was found in pre-treatment specimens in
all 4 cases. These data suggest that acquired C-MET-
driven resistance can be suppressed by dual EGFR and
C-MET inhibition.

Targeted therapy

Several strategies of C-MET inhibition based on
the mechanism of HGF/C-MET activation have been
reported. In C-MET amplified/overexpressed tumors,
selective blockade of active receptor by small-molecule
inhibitors or monoclonal antibodies seem to be effec-
tive. Several C-MET TKls such as PHAG65752 (ref.#%),
PF-02341066 (crizotinib, Xalkori®, Pfizer), SGX523
(ref.**), ARQI197 (tivantinib, ArQule) (ref.*'™) and
XL 184 (cabozantinib, Exelixis) (ref.'"™) as well as mono-
clonal antibody MetMAb (onartuzumab, Genentech)
(ref.") were tested in a preclinical setting on NSCLC
cell lines and xenograft models.

Cabozantinib, dual inhibitor of VEGFR2 and C-MET.,
has reached clinical testing in several cancer types. In
NSCLC, cabozantinib is investigated in combination with
erlotinib compared to erlotinib alone in phase I/11 clinical
study (NCTD0396648) (ref.'™), This inhibitor seems 1o be

hikyi

an effective i of tumor angiog is and metasta-
sis in C-MET-dercgulated NSCLC cases'™.

One of the most promising molecules is the non-ATP-
competitive selective C-MET inhibitor tivantinib which
passed phase 1 and 11 clinical trials, Sequist et al."™ re-
ported results of double-blind randomized phase 11 trial
(NCTO0777309) including 167 randomly assigned previ-
ously treated, EGFR TKI-naive NSCLC patients. Patients
who obtained erlotinib combined with tivantinib (ET)
were compared to patients obtaining erlotinib with pla-
cebo (EP), Median PFS was 3.8 months for ET com-
pared to 2.3 months for EP (HR=0.81; 95% CIL, 0.57-1.16;
P=0.24). ET-treated patients had significantly longer time
to development of new metastasis (7.3 vs. 3.6 months,
P<0.01). Significantly better response to ET therapy was
observed in KRAS mutated patients compared to KRAS
mutated in the EP regime (HR=0.18; 95% CIL, 0.05 to 0.70;
P=0.006). In this study, only 2 patients had true C-MET
amplification, increased copy number (> 4 copies/cell)
was found in 37 patients. C-MET positive patients tend
to benefit from the ET regime and this benefit rises with
increasing cut-off of C-MET copy number. Tivantinib in
combination with erlotinib can prolong PFS. OS and time
to metastasis in NSCLC patients compared to erlotinib
alone, Ongoing clinical trials combining tivantinib and
erlotinib in different setting are summarized in Table 1.

Crizotinib, a dual inhibitor of ALK and C-MET ki-
nases is approved for treatment of NSCLC patients with
ALK rearrangement. Nevertheless, response to crizotinib
was shown in non-ALK rearranged NSCLC cell lines,
xenograft model™ as well as patient with de nove amplifi-
cation of C-MET (ref."™). Anti-tumor activity of crizotinib
is studied in randomized phase 1/11 trial (NCT00965731)
in NSCLC patients treated by erlotinib alone versus erlo-
tinib in combination with crizotinib'. The results from
this study could clarify the inhibitory effect of crizotinib
in C-MET amplified cases as it was shown on xenograft
models"".

MetMAD (onartuzumab) in combination with erlo-
tinib have been evaluted in randomized, double-blind,
phase II trial (NCTO0854308). PFS was 2.2 vs. 2.6
months for patients obtained erlotinib + MetMAb (EM)
vs. erlotinib + placebo (EP). In subgroup of C-MET
positive NSCLC patients, PFS was 2.9 for EM vs. 1.5
months for EP. Efficiency of MetMAb in NSCLC
should be confirmed by ongoing clinical trials combining
MetMAD with erlotinib (NCT01456325), bevacizumab/
pemetrexed (NCT01496742) and paclitaxel + platinum
(NCTO1519804) (ref.'™).

ALK

The ALK (anaplastic Ivmphoma kinase) protein is
a transmembrane tyrosine Kinase receptor normally ex-
pressed only in the small intestine, testis and brain"™ but
not in normal lung tissue'™. Translocation of the ALK
gene 1(2:5) leading to NPMI-ALK fusion was firstly
reported by Morris et al.' in anaplastic large cell lym-
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phoma (ALCL). Alterations of ALK gene were also
identified in neuroblastomas'” and inflammatory myofi-
broblastic tumors''", In 2007, Soda and colleagues identi-
fied a small inversion in the short arm of chromosome 2,
inv(2)(p21p23) in NSCLC patients. This inversion leads
to fusion of the N-terminal part of the echinoderm mi-
crotubule associated protein like-4 {EML4) with kinase
domain of ALK (ref."™).

EML4-ALK fusion

EML4-ALK rearrangement is being found in ap-
proximately 2-7% NSCLC cases"*'", The fusion leads
to protein redistribution to cytoplasm' and protein di-
merization via coiled-coil domains of EML4 resulting in
phosphorylation and highly oncogenic ALK kinase activa-
tion"™'"". More than 13 variants of EML4-ALK have been
identified to date containing different parts of EML4;
the coiled-coil domain is preserved in all variants. Exon
13 (variant 1), resp. exon 6a/b (variant 3a/b) of EML4
fused to the ALK exon 20 are the two most frequent vari
ants which are present in more than 50% cases'™ ", Tree
other rare fusion partners of ALK are known in NSCLC,
KIF3B (ref.""), TFG (ref."?) and KLC1 (ref.'"™'). The inci-
dence of these fusion partners is less than 1% (ref 211313
Heuckemann et al. showed that protein stability and sen-
sitivity to treatment depend on EML4-ALK variant and
fusion partner type'®,

Except for ALK rearrangement, ALK amplification/
CNG have been reported"™"*, Increased ALK copy num-
ber was associated with EGFR FISH positivity but no
association with prognosis was found'*. The significance,
if any, of ALK CNG for response to therapy, prognosis or
histopathologic features, needs to be analyzed.

A subgroup of EML4-ALK patients has typical clinical
and histological features. ALK rearrangement is typically
found in adenocarcinoma with signet ring cell subtype,
younger patients"*#IIT wirh never or light (10 packs
per year) smoking history'*¥. No other association with
gender or ethnicity has been found. ALK fusion is mutu-
ally exclusive in most NSCLC cases'™13% concurrent
EGFR and KRAS mutations were described in only few
cases 1M,

Targeted therapy

EML4-ALK fusion is a therapeutic target for the ATP-
competitive TKI crizotinib. In preclinical analyses, the
inhibitory effect of crizotinib was confirmed on ALK
rearranged cell lines derived from a variety of human
cancers"*'*_ Based on these studies, crizotinib entered
multicenter, open-label phase 1 trial (NCTO0585195).
In this study, crizotinib showed significant antitumor
activity in enrolled 82 advanced, ALK-positive NSCLC
patients. The ORR 1o crizotinib was 57% at mean treat-
ment duration of 6.4 months. The estimated probability
of 6 month progression-free survival was 74% (ref.'”). In
the retrospective data analysis from this study, reported
by Shaw et al."®, the l-year OS5 was 74% and 2-vear OS
was 54%. ALK-positive patients treated by crizotonib
had similar OS compared to EGFR TKIstreated EGFR-

mutant patients (£=0,786) but significantly better OS than
ALK-positive crizotinib-untreated group. Moreover, ALK-
positive crizotinib-treated patients had significantly better
08 (P=0.020) than controls (Wi-EGFR. ALK-negative)
treated by conventional chemotherapy. Based on the re-
sults of phase | study and ongoing phase 11 studies (255
patients; NCT00932451), erizotinib (Xalkori®, Phizer)
was FDA approved in August 2011 and EMA approved in
October 2012 for treatment of locally advanced or meta-
static ALK-positive NSCLC patients. Ongoing clinical
trials evaluating efTiciency of crizotinib in different setting
are summarized in Table 2.

Resistance to crizotinib

Similar to other TKIs therapies, de novo as well as
acquired resistance to crizotinib have already been re-
ported. Two mutations in ALK kinase domain, C1156Y
and L1196M. were identified as potential mechanisms of
resistance to crizotinib therapy in 28years old NSCLC
patient'””. Both mutations as cause of acquired resistance
to erizotinib were confirmed in following studies™ "™ and
other resistance-related mutations, L1152R, G1269A/S8
and S1206R, have been described 1, Some other
potential mechanisms of resistance, such as EML4-ALK
CNG, KRAS and EGFR concurrent mutations, were de-
scribed by Doebele et al.™,

Several treatment strategies overcoming crizotinib re-
sistance are tested on cell lines and xenografts models™42,
The Hsp90 inhibitors which show the most promising
results are tested in number of clinical trials. Inhibitors
IPI-504 ( Phase II; NCT01228435). AP26113 ( Phase IfII;
NCTO01449461), CH5424802 (Phase 1/11: NCTOI588028),
X396 (Phase I: NCT01625234) are tested in advanced
lung cancer patients in monotherapy' " whereas STA-
9090 (Phase I/11; NCT01579994) and AT13387 (Phase
If1I; NCTO1712217) inhibitors are tested in combination
with crizotinib (detailed in Table 2) (ref."™).

OTHER CLINICALLY IMPORTANT BIOMARKERS

HER-2 (17q) overexpression has been described in
approximately 20% NSCLC cases, whereas insertion in
HER-2 exon 20 is the rare event (2%). These mutations oc-
cur mainly in adenocarcinoma, non-smokers and Asians
and are associated with resistance to EGFR TKls (ref.*).
This resistance can be overcome by dual TKIs inhibition
by lapatinib or BIBW 2292 (ref #-#),

Translocation of ROS| gene (6q) was identified as
potential driver mutation in NSCLC cell lines'™, ROS1
gene rearrangement has been described in approximate-
ly 2% NSCLC cases and tree fusion partners, CD74,
SLC34A2 and FIG. have been identified to date™1*,
Patients with ROS1 rearrangement have similar features
as patients harboring EGFR mutation or ALK rearrange-
ment, ROS| rearranged patients are more likely Asian,
vounger and never smokers with adenocarcinoma histol-
ogy', ROSI rearrangement leads to constitutive kinase
activity and sensitivity to TKIs in vitro™, Bergethon et al,
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showed promising antitumor activity of crizotinib in one
patient with ROS | rearrangement treated in clinical trial
NCTOD585195 (ref."™).

Mutations in PIK3CA, BRAF and AKT genes were
reported in up to 3% of lung cancer cases. Large scale of
BRAF, MEK, AKT and mTOR inhibitors are tested in
ongoing clinical trials and are a promise for new person-
alized treatment opportunities in NSCLC patients'14,

CONCLUSION

Personalized mol genetic test-
ing prior to decision about whn:h therapeutic regimen
is appropriate for an individual patient. Several predic-
tive markers have been identified in NSCLC patients but
only the minority of them is clinically used for therapy
individualization. Nevertheless, personalized therapeu-
tic opportunities of NSCLC are expected to increase in
the following years. Number of clinical trials is currently
evaluating efficiency of inhibitors directed against vari-
ous genetic markers and ongoing intensive research is
focused on identification of new therapeutic targets as
well as testing new therapeutics. In future, clear algorithm
reflecting clinically importance of each marker will be
required for the routine diagnostics in NSCLC because of
limited sample material. New methodologies combining
currently using methods able to evaluate several markers
simultaneously will be needed for appropriate NSCLC
patient care management.

In conclusion, EGFR mutations and EML4-ALK rear-
rangement are currently the strongest predictive markers
and only clinically applicable markers for patient selection
to targeted therapy in NSCLC.
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