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1 Seznam pouzitych zkratek:

ABC; ATP-binding cassette transporters

AKR; aldo-keto reductases

AMPK; AMP-activated protein kinase

CBR; carbonyl reductases

CYP; cytochromes P450

DFS; disease-free survival

ER; estrogenovy receptor

ERBB2/HERZ2; Erb-B2 receptor tyrosinkinase 2/humpidermal growth factor
receptor 2

ERE; estrogen responsive element

FAC; 5-fluorouracil, anthracyklin, cyklofosfamid
FEC; 5-fluorouracil, epirubicin, cyklofosfamid
HIF-1a; hypoxia-inducible factor-d

KCNAB; voltage-gated K+ channel beta subunit
MDR; multidrug resistance protein

MRP; multidrug-resistance-related protein
NGS; next-generation sequencing

OS; overall survival

P-gp; P-glykoprotein

PR; progesteronovy receptor

SDR,; short-chain dehydrogenases/reductases
SNP; single nucleotide polymorphism

SUR; sulphonylurea receptor

TNBC,; triple-negative breast cancer



2 Souhrn

Karcinom prsu je népsgjSim nadorovym onemoénim Zen u nas i ve
swté. Jednou zimkazek usgsné l€by je mnohdetna Iékova resistence. iy
byt zpisobena iznymi faktory, jako jsou nadéma exprese ABC transporder
nebo nedostatea exprese SLC transpofigipisobeni enzyiin metabolizujicich
|éCiva, variabilita cii cytostatik, selhani apoptézy nebo zvySena kapacita
repargnich geri. Cilem této prace bylo hledat vztahy ¢etransportu a
metabolismu s progn6ézou nebo odgdivha I€bu pacientek s karcinomem prsu.
Z hlediska preventivni mediciny je tento cilckivy pro naplgni poteby jak
sekundarni, tak i terciarni prevence nadorovychmmueeni, tj. hledat zpsoby,
jak zvolit optimalni 1ébu, zabranit progresi onemdagern do obtizg Iécitelnych
stadii a eliminovat vedlejSiiinky |&cby.

Expresni profil kazetovych transpotiévazajicich ATP (ABC, 49 gédi),
cytochromi P450 (CYP, 10 gdn, aldoketoreduktaz (AKR, 13 gé&n a
karbonylreduktdzy 1 byl sledovan v nadorové tkanwv aokolni nenadorové
kontrolni  tkani pacientek s karcinomem prsu celgych neoadjuvantni
chemoterapii. Vybrané geny byly na zakladzdilné exprese mezi nadorovou a
kontrolni tkani a na zakladvztahi s klinickymi daty stanoveny na nezavislém
adjuvantg léceném souboru pacientek a protein v nadorové tkghpbtvrzen
pomoci imunoblotingu. U vybranych kandidatnich gebyla prostudovana
geneticka variabilita.

Naprosta wtSina gef byla deregulovana v nadorech oproti kontrolni
nenadorové tkani. Byla nalezerfada statisticky vyznamnych vztahhladin
transkriptu v nadorové  tkani S prognostickymi znakypacientek.

K nejvyznamgjSim pati vztah ged ABCA12, ABCA13, ABCD2, AKR1Cl1,
AKR1C2 a CYP2W1 s odp@&di na neoadjuvantni dbu. AKR1C2, AKR7AS,
CYP3A4 a CYP2B6 souvisely ggzivanim bez ifiznaki onemocgni a geny
ABCC1, ABCC8, AKR7A3 a CYP2B6 souvisely s expresdrrhonalnich
receptoéi v obou skupinach pacientek. V nukleotidové vazetiomeérk 1 genu
ABCCL1lbyly nalezeny polymorfismy ovlitujici dobu bezfiznakového fezivani
pacientek a v genecABCC8a ABCD2 byly cilenym exomovym sekvenovanim



nalezeny dosud neznamé varianty, u kterychibysilico predpo¥zen funkni
vyznam.

Nové odhalené potencialni kandidatni geny a genetiekébilita v €chto
genech mohou byt klinicky vyznamné. ¢kderé zé&chto ged mohou
pravdEpodobré ovliviiovat progn6zu nebo odp&l pacientek na kbu. Nami
nalezené potencialni biomarkery prognézy a predikiekti chemoterapie by
mely byt dale sledovany v navazujicich studiich prekkého charakteru, kde by

byl vyhodnocen jejich klinicky vyznam a odhalen mmagismus fisobeni.

Kli ¢ova slova: Karcinom prsu, mnoh@tna Iékova resistence, genova exprese,
biomarker, progndza, {&bna odpo&d’, prevence



2.1 Summary

Breast carcinoma is the most common cancer amomgewaon our country
and worldwide. One of the obstacles to succesdierapy is a multidrug
resistance. It can be caused by different factursh as overexpression of ABC
transporters, or decreased expression of SLC toatesp, deregulation of drug
metabolizing enzymes, variability of the targetsamiticancer drugs, failure of
apoptosis or increased capacity of repair genes. dim of this study was to
search for associations of genes of drug transpnd metabolism with the
prognosis of patients or response to chemothetfa@m the view of preventive
medicine, this aim constitutes an important parboth secondary and tertiary
prevention of cancer, i.e., discovery of markeralbding optimal therapy selection
for each patient, decreasing the risk of diseasgrpssion to advanced and
resistant stage, and elimination of side effectsh@motherapy.

The expression profile of ATP-binding cassette (AB@nsporters (49
genes), cytochromes P450 (CYPs, 10 genes), aldotleeluctases (AKRs, 13
genes) and carbonyl reductase 1 was analyzed ituther and adjacent non-
tumor control tissues in a cohort of neoadjuvantlgated patients. Genes
deregulated in tumors compared with control tissoegenes associated with
clinical data were assessed in an independentf ggetveatment patients. Protein
levels in tumor tissues were confirmed by immuntiblg. Genetic variability
was assessed in selected candidate genes.

The vast majority of genes was deregulated in tsmompared with control
tissues. A number of significant associations tfaitnmoral transcript levels with
clinical characteristics of the patients were fouNtbst interestingly, transcript
levels of ABCA12, ABCA13, ABCD2, AKR1C1l, AKR1C2, dnCYP2W1
associated with patients” response to neoadjuvenapy. Moreover; AKR1C2,
AKR7A3, CYP3A4, and CYP2B6 associated with disefase- survival and
ABCC1, ABCCS8, AKR7A3, and CYP2B6 associated witre tBxpression of
hormonal receptors in both sets. Several non-cogialymorphisms in the
functional nucleotide binding domain 1 ABCC1gene significantly associated

with disease-free survival of patients. New vasantABCC8and ABCD2genes



were found using targeted exome sequencingrasdico methods predicted their
functional effects.

Candidate genes which might be clinically significavere discovered. The
genetic variability in some of these genes may arpprognostic or predictive
roles in breast carcinoma patients. Potential brkera of prognosis and response
of patients to chemotherapy found by this studyuihdoe further followed to

confirm their clinical significance and deciphedenying mechanism of action.

Keywords: Breast carcinoma, multidrug resistance, gene exgoes biomarker,
prognosis, chemotherapy response, prevention



3 Literarni ivod a piehled dané problematiky

Karcinom prsu (zhoubny novotvar prsu, C50) jecas§jSim zhoubnym
nadorem zen ve 8t. Souwasre je druhou nejasgjSi onkologickou pic¢inou
amrti ve vysplych zemich s#ta (Ferlay a kol. 2014). Jeho incidence ve
vyspilych zemich stale stoupa o 1-2 %n& zatimco mortalita pomalu klesa.
Incidence a mortalita ¢eské republice je srovnatelna s ostatnimi wjspi
zenemi. V roce 2002 byl u nas zahdjen screeningovy famg coz se projevilo
vySSi incidenci, zaroweale zachytem onemoémi v nizSich stadiich.Bstoze je
lé¢ba karcinomu prsu, zvl&y ranych stadiich, velmi U&gna, astava karcinom
prsu i nadale n&astjsi onkologickou figinou umrti Zen. V roce 2013 byloGR
zaznamendno 7140 novychiigpdi tohoto onemocini a 1692 Zen jeho
nasledkem zerelo. Umrti v disledku karcinomu prsu tvito 14 % celkovych
uamrti zen v dsledku zhoubnych novotvafUZIS CR 2017).

Karcinom prsu obe@nzarazujeme mezi tzv. hormonélrzavislé nadory.
Zejména estrogeny maji karcinogenntinky — indukuji zvySenou expresi
n¢kterych kistovych faktoh a také pravépodobré onkoger, jejichz produkty
ovliviuji proliferatni aktivitu burgk. Tyto popsané procesy se uplgt u wtsiny
tzv. sporadickych forem karcinomu prsu vyskytujicge u 75-85 % nemocnych.
Sporadicka forma nadoru prsu je pr&vddobr zagicinéna kombinacifady
faktoni genetickych a environmentéalnich. V 10-15 $tpadi vznika karcinom
prsu na zaklatl dédicnych genetickych zgm. Od sporadické formy se liSi
nékterymi epidemiologickymi a Klinickymi ifiznaky. Jedinci sdatlicnou mutaci
v predispozinich genech¢asto onemocni v mladSiméku a nador se u nich
vyskytuje \&tSinou oboustrartna s vysSi frekvenci (Klener 2002). Tyto, tzv.
hereditarni, formy karcinomu prsu jsou pod#émiyn mutaci geft BRCA-1 nebo
BRCA-2 s autosomatn dominantni ddi¢cnosti. Krong téchto majoritnich
predispozinich geri s vysokou penetranci je nyni studovana i Ulohadgen
S nizkou penetranci. Zavazna je zejména tzv. draggativni forma karcinomu
prsu (TNBC), u niZ jsou nadoroveéitky negativni na vyS&tni exprese receptor
estrogenovych (ER) i progesteronovych (PR) a Erlrd&2ptoru tyrosinkinadzy 2
(ERBB2/HER2). Spatna prognéza TNBC &p@a vtom, Ze je tato forma



hormonalg nel&itelnd. TNBC tvai asi 10-17 % vSech nadofPerou a kol.
2000, Badve a kol. 2011).

Ve tSine pripadi nestéi k Ié&bé nadorovych onemoéni jen jedina
|é¢ebna metoda, ale je nutny komplexitispup, ktery kombinuje chirurgickou
lé¢bu s radioterapii a uzivanim chemoterapeutik. Ptbwchemoterapeutického
rezimu v prvni linii 1€by karcinomu prsu je zasadni pozitivita ER a PR.
Hormonalr pozitivni pacientky jsou obvykle dény latkami interagujicimi s
témito receptory, tj. antiestrogeny (rfaptamoxifen) a inhibitory aromatéaz
(Femara) nebo jejich kombinaci (Jefcoate a kol.0200andi a kol. 1995). U
ERBB2/HER2 pozitivnich pacientek je moznost vyuhibnoklonalni protilatku
trastuzumab (Herceptin). V fipadt hormonal@ negativnich pacientek je
negastji volen rezim s kombinaci anthracyklinu (tj. dowbicin, daunorubicin,
epirubicin apod.), 5-fluorouracilu a cyclofosfamidBAC/FEC). Pro paliativni
chemoterapii metastatickych nadoprsu ¢i u relabujicich pacientek jsou pak
obvykle voleny rezimy zaloZzené na taxanech (paiditadocetaxel). (Hi®jSi a
kol. 1998; Klener 2002). Ke sniZzeni nadorové maamygl ,debulking®) ped
oper&nim vykonem v fipadt neoperovatelnycki velkych nadoit se pouziva
neoadjuvantni chemoterapie. Tatocha je c¢asto zalozena na rezimech
obsahujicich taxany, FAC/FEC nebo jejich kombinAtzhledem k tomu, Ze tyto
rezimy, zejmeéna taxany, jsou nejen nakladné, &ke valmi toxické, je pdeba co
nejpresreji odhadnout, jaky rezim na dany typ nadoru nejlépgisobi. Jednou
z hlavnich paeb &by karcinomu prsu je tedy hledani novych predikittin
biomarketi a jejich spolehliva validace (Bonnefoi a kol. 20Bbnnefoi a kol.
2007).

Jednou z hlavnichipkazek v usggné I€b¢ nadorovych onemoeni je
resistence nadorovych bikn k létivim. Nadorové biky bud mohou byt
resistentniper se nebo dojde k vytv@ni resistencegsobenim l&iva v pribéhu
rastu burk. Resistence vSak nevznika jen na pouzitévée ale zpravidla na
celou skupinu l&v, které se liSi strukturou i mechanismetiniu. Proto se tento
jev nazyva mnohtetna lékova resistence (Gottesman a kol. 2002;eGoiin a
Pastan 1993). @vody vzniku mnoheetné Iékové resistence jsou nejasné, podle

sowasné hypotézy souviseji se &mami v mnoha metabolickych a transportnich



drahach. Naéchto znénach se podileji snizené kettavani 1&iv rozpustnych ve
vodé zagicinéné snizenou expresi ,solute-carrier* (SLC) trangpdy zvySena
kapacita repataich geri opravujicich DNA posSkozeni, snizeni apoptézy,
variabilita cii cytostatik nebo zvySeny export (eflux) hydrofolniéciv ven

z buiky, za ®jZz jsou zodpowdné kazetové transportéry vazajici ATP (,ATP-
binding cassette transporters®, ABC; Baguley 201DalSi gicinou selhani
terapie nadar je inaktivace cytostatika metabolismemiky (Bray a kol. 2010,
Ingelman-Sundberg a kol. 1999). Na tomto jevu sdilpp enzymy prvni i druhé
faze metabolismu. Mezi enzymy prvni faze tpatytochromy P450 (CYP),
oxidoreduktazy, karbonylreduktazy (CBR), alkoholg#dogenazy, aldehyd-
dehydrogenazy, enzymy metabolismu nuklaotal nukleosid apod. Enzymy
druhé faze zahrnuji glutathion-S-transferazy, Ndaggansferazy, sulfo-

transferazy, UDP-glukuronosyltransferazy apod. (8ki2008).

3.1 ABC transportéry

ABC transportéry tvih velkou nadrodinu gen které se funéné a
strukturre déli do mnoha podrodin. U rostlin zname vice nez laioABC
transportéi. U clovéka je znamo 48 furtkich ABC transportér a jeden
pseudogen (ABCC13). Lidské ABC transportéry 8k do sedmi rodin, A az G.
Jejich funkci je transport latekigs extracelularni a intracelularni membrany.
Transport zahrnuje Sirokou Skalu subsitrgako jsou produkty latkové vyeny,
lipidy, steroly a cizorodé latky neboli xenobiotik@ean a kol. 2001). ABC jsou
organizované jako Uplné transportéry obsahujici ¢ dwW-terminalni
transmembranové a &wC-terminélni nukleotidové vazebné domeény nebo jako
polovi¢ni transportéry, obsahujici pouze jednu od kazt&to domeén; které,
aby byly plr¢ funkéni, museji vytvéet homodimery, pap heterodimery (Higgins
1992). Mnohdetnad lékova resistence tgpbena efluxem cytostatika z
nadorovych bugk byva nefasgji spojena s nadémnou expresi, fedevsim diky
indukci (zvySeni expreseupobenim cytostatika), jednoho nebo vice ABC
transportéi (Leonessa a Clarke 2003; Szakacs a kol. 2006yid¢estudovanym
ABC transporterem je geABCB1 Jeho produktem je protein mnaletné lekove

resistence (,multidrug resistance protein“, MDR)nAzyvany téz P-glykoprotein



(P-gp; Wolf a kol. 2011; Zhang a kol. 2001; Ued«&a. 1986). Nejvice je
exprimovan v jatrech, ledvinach,fetech, mozku, &doze, varlatech a placent
(Hugger a kol. 2002; Kuwano a kol. 2003). ZvySerpreseABCBIP-gp byla

v n¢kterych pracich spojena se Spatnou oddowa I€bu pacieni s karcinomem
prsu (Atalay a kol. 2008; Burger a kol. 2003), metd jini autdi Zadny vztah
ABCBIP-gp k progndze karcinomu prsu nenalezli (Larkkoh 2004; Moureau-
Zabotto a kol. 2006; Vaclavikova a kol. 2008). DalSstudovanym ABC
transportérem jeABCC1l Jeho produktem je ,multidrug-resistance-related
protein® (MRP) 1 zodpoxdny za mnoh&etnou lékovou resistenciiznych
solidnich n&dar (Cole a kol. 1991). V literate byla popsana siln4 korelace mezi
hladinou exprese ABCC1 a snizenou dobou do relapselkového pezivani
(,;overall survival“, OS; Rudas a kol. 2003). Oprtimu v jinych studiich vztah
mezi ABCC1 a progn6zou karcinomu prsu nalezen nébgakacs a kol. 2006).
Mezi treti nefasgji studovany ABC transportér atgen ABCG2 jehoz
produktem je ,breast cancer resistence protein“RBCNakanishi a kol. 2003;
Natarajan a kol. 2012; Doyle a kol. 1998).

ABC proteiny z rodiny A (ABC1) jsou zodpsané fedevsim za transport
sterofi a lipidi. ABC proteiny z rodiny B jsou proteiny mnaletné lékove
resistence a transportéry spojené se zpracovanigean(,transporter associated
with antigen processing“, MDR/TAP), jsou zodgdmé za transport ¢&/ (P-gp),
hemu a Zlgovych kyselin. Rodina C (MRP) obsahuje transporrgpovdné za
mnoha@etnou |ékovou resistenci. Jejich substraty jsouoraoivé slodeniny,
produkty Il. faze metabolismu, steroidni hormongpapVyskytuji se spolu s P-gp
v hematoencefalické bates kde funguji jako pumpy zafigjici neprostupnost
bariéry pro tyto latky. Dale obsahujéeny koédujici iontové kanaly souvisejici s
cystickou fibrézou (,cystic fibrosis transmembram@nductance regulator”,
CFTR) a diabetes mellitus (,sulphonylurea receptoBUR). Rodina D,
»-adrenoleukodystrophy“ (ALD) je zodpe&sina za transport lipid z peroxison
do cytoplasmy a je spojena s nemoci adrenoleukadiystRodina E (,organic
anion binding protein“, OABP) obsahuje jediny trpogér ABCEL, ktery vaze
organické anionty a neni v pravém slova smysluspartér, ale spiSe inhibitor

ribonukleaz, respektive faktokastnici se iniciace translace. Rodina F obsahuje
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tii ¢leny, jeZ jsou odvozeny od ABC transpoiitéale postradaji transmembranove
domény. Transportéry z rodiny G (,white") jsou zodpdné za transportiznych
produkti latkové vyngny, xenobiotik, ¥etnd cytostatik, a Zltovych kyselin
(Dean a kol. 2001; Allikmets a kol. 1996; humandbcom).

je souwdsti této komentované disenéd prace, je vztah hladin transkriptu gen
ABCC1 a ABCC8 s prognézou pacientek a genu ABCbamowdi na |€bu.

3.1.1 ABCC1 (MRP1)

Jednim z nejvice studovanych ABC transpartge ABCCL/MRPL.
Vyskytuje se té ve vSech tkanich. Vysoké hladiny se nachéazejiioighl,
varlatech, ledvinidch, kosternim a shdien svalu a v place&it Je negativnim
prognostickym markereniady 1iznych karcinom: in vitro karcinomu plic a
prostaty (Cole a kol. 1992; Zalcberg a kol., 200@)ivo karcinomu prsu (Rudas
a kol. 2003; Yamada a kol. 2013) a jinych (Kuniek&ouek 2014). Sklada se ze
dvou nukleotidovych vazebnych domén seérda konzervovanymi motivy
Walker A a Walker B a zeréch transmembranovych domeén, skladajicich se
celkem ze 17 transmembranovych helixCole a kol. 2014). Sla@eniny
exportované z buk jsou WtSinou aniontycasto konjugované s glutathionem,
glukuronidem nebo sulfatem, anebo jsou transponpvéekonjugované s volnym
glutathionem (Borst a kol. 1999).¢¥8ina z genetickych zén v tomto genu se
sklada z jednonukleotidovych polymorfiéng,single nucleotide polymorphism®,
SNP), mén casté jsou repetice, inzerce a delece. K dneSnimu bglo
identifikovano 2352 SNP. Asi 1% zéchto polymorfisni predstavuji
nesynonymni zasmy, které néni uspdadani aminokyselin v proteinu (Kunicka a
Souek 2014).

3.1.2 ABCCS8, sulfonylmo¢ovinovy receptor 1 (SUR1)

Na rozdil od ¥tSiny ABC transportér ABCC8 nefunguje jako transportér
léciv, ale spolu s proteinem Kir6.2 (,inwardly reciifig K™ channel®) tvei K*
kanaltizeny molekulou ATP. Tento kanal séspbenim ATP (tedyipzvySeném

metabolismu v fitomnosti glukdzy) uzavira a @pobuje depolarizaci membrgn
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burgk pankreatu s naslednou sekreci insulinu. Mutagenu ABCCS8 jsou
spojovany siznymi formami glykemickych poruch, jako je familr
hyperinsulinemicka hypoglycemie 1.typu nebo ne#@inat diabetes mellitus.
Sulfonylmaiovina stimuluje sekreci insulinufzburgk pankreatu imo, proto je
pouzivana v l&b¢ diabetu 2. typu i neonatalni diabetes (Aittoni@nkiol. 2009; de
Wet a kol. 2010). Vztah genetickych varighBCC8ke vzniku diabetu mellitu
popsal vreview Haghverdizadeh a kol. (2014). Oakuat fenotypu ABCCS8

k progresi naddr je dostupnych informaci malo, ale v gasnosti byla popsana
souvislost mezi nadénnou expresi ABCC8 a prostupnosti hematoencefalické
bariéry ve zuiecim modelu mozkovych metastazi¢cpmz inhibice ABCC8

glyburidem zvysSila protinadorovytinek (Thompson a kol. 2013).

3.1.3 ABCD2, adrenoleukodystroficky protein (ALDRP)

ABCD2 koduje produkt spojeny s adrenoleukodystrofii
(,adrenoleukodystrophy-related protein“, ALDRP). nie protein je velmi
podobny ABCD1, sdili s nim 63 % homologi€ast&nou substratovou specifitu.
Substraty obou enzyimjsou nasycené a mononenasycené mastné kyseliny
transportovanéifes membranu liposaim ABCD2 ma vSak substratovou specifitu
posunutou ke kratSim (C20: 0 a C22-CoA: 0-CoA) mpenasycenym mastnym
kyselinam (C22: 6-CoA a C24: 6-CoA). Existuji udaetom, Ze se tento gen
podili na diferenciaci bwk a vyvoji nadorového onemog&mi. Je spojen
s obezitou, jaterni steatézou a insulinovou resgtéliu a kol. 2012; Barbet a
kol. 2012). Zajimavé je, Ze nedavno byta vitro prokazana iima regulace
ABCD2 B-kateninem a transkrigpim faktorem 4 (TCF4; Park a kol. 2013). Tyto
transkrigni faktory jsou regulatory Wnt signalizace souvisejse vznikem

nadof tlustého steva a pankreatu (Bienz a Clevers 2000; Jones 2B08).

3.2 Cytochromy P450

Biotransformani reakce se roztlji na reakce |. faze (fuki) a reakce
IIl. faze (konjugani; Daly a kol. 1993). V |. fazi dochézi k zabudoi&ydrofilni
funkeni skupiny (OH) do molekuly substratu. Ve Il. feitato skupina pouzita

pro konjugaci s glutathionem, sulfatem, kyselindukgronovou, glukosou nebo
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cysteinem a dochézi kgmené na polargjsi latku hydrofilni povahy (Vineis a
kol. 1999). Biotransformmi enzymy se vSak, mimoédhto prospsnych
detoxika&nich reakci, Gastni také aktivace prokarcinogema mutageny a
karcinogeny. Tento obeémegativni dj se miZze stat i prosfgsnym v situaci, kdy
aktivaci cytostatik dojde k poSkozeni biologickymlakromolekul (DNA, RNA,
proteiny, lipidy) v nadorovych hikdch Bhem chemoterapie (Stiborova a kol.
1999).
CYP monooxygenazy secastni prvni faze biotransformace, ktera typicky
zahrnuje oxidaci substfat cizorodych latek, produit latkové vyngny a
endogennich latek (napsteroidnichhormoni, vitamimi apod.). Rozéluji se
funkéné a strukturd do rodin podle aminokyselinové sekvence, fylogekgth
kritérii a genoveé organizace (Nelson a kol. 199&)jvice zastoupené isoformy
v jatrech jsou CYP3A, 2C, 1A1, 2E1, dale v maléenGYP2D6 a vice nekdtinu
tvori dalSi CYP, zatimco nejtdi podil na metabolismu substrat jatrech ma
CYP3A (vice nez 50 %), daleko nte@YP2D6, 2C, 2E1 a 1A2 (Shimada a kol.
1994). Asi dvacet enzyinz 57 znamych lidskych CYP se&astni metabolismu
prokarcinogefi a I&iv. VétSing z nich chybi dlezité funkni polymorfismy,
avSakCYP2A6, 2B6, 2C9, 2C182D6 jsou vysoce polymorfni, coz ke mit
acinek na jejich expresi a vyslednou aktivitu (Jolsmmsa Ingelman-Sundberg
2011).

V naSi druhé publikované praci (Hlavéa kol. 2014) byl nalezen
vyznamny vztah exprese CYP2B6 s progndzou paciemtektah genu CYP3A4
s prezivanim bez ifiznaka onemoceini (,disease-free survival“, DFS) pacientek

po chemoterapii.

3.2.1 CYP2B6

CYP2B6 katalyzuje oxidaci Sirokého spektra substratpreferenci
lipofilnich sttedré velkych neutralnich nebo skabzésaditych slatenin.
V porovnani s ostatnimi podrodinami CYP je gom¢ malo konzervovan mezi
raznymi sa¥imi druhy (Wilderman a Halpert 2012). CYP2B6 s&asini také
aktivace cyklofosfamidu v jatrech, avSak jeho viha odpo¥d na I&bu
onkologickych pacierfit nebyl dosud prokazan (Rodriguez-Antona a kol. 2010
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Byla pozorovana nadéma exprese mRNA genu CYP2B6 v nadorech prsu
pacientek s expresi ER v porovnani s nadory padmz exprese ER (Bieche a
kol. 2004; Tozlu a kol. 2006). V nedavné dde prokazalo, Zze exprese CYP2B6
je regulovana ER iffimou vazbou na estrogen responsivni element (gstro
responsive element”, ERE) vyskytujici se v promotgenuCYP2B6(Lo a kol.
2010).

3.2.2 CYP3A4

Jednim z nejvice zastoupenych en#ym jatrech je rodina CYP3A
(Shimada a kol. 1994). CYP3A4 ma velkou podobnosubstratové igkryti
s CYP3AS (Daly a kol. 2006; de Wildt a kol. 1999polu s CYP2C9, CYP2C19
a CYP3AGS se &astni aktivace cyklofosfamidu v jatrech (Roy a K®99; Chang
a kol. 1993) CYP3A4 a vedlggntéz CYP2C8 a CYP3AS jsou hlavnimi enzymy
metabolizujicimi taxany (Rahman a kol. 1994; Shokoh 1998). Jednozia¢
byla prokdzana exprese CYP3A4 v prsni Zlaze nanirmRNA (Iscan a kol.
2001; Modugno a kol. 2003). Vysoké hladiny CYP3Ad @rovni transkriptu
(Miyoshi a kol. 2002) nebo proteinu (Miyoshi a k@005) predikuji Spatnou
odpowd na docetaxel u pacientek s karcinomem prsu. V jiréei byla silna
exprese protein CYP2S1 a CYP3A4 spojena s kratSi doboezti pacientek s
karcinomem prsu (Murray a kol. 2010).

3.3 Aldoketoreduktazy

Aldoketoreduktazy (AKR) a draslikové kandiigené nagtim (KCNAB)
se W(astni redoxnich transformaci Sirokého spektra xetikib obsahujicich
karbonylovou skupinu. ffkladem niize byt transformace adriamycinu (obchodni
nazev doxorubicinu) na jeho neaktivni metabolitiadycinol (Barski a kol.
2008; Wermuth a kol. 1986; Thorn a kol., 2011). &aldoketoreduktazy jsou
rozckleny do 3 rodin: AKR1, KCNAB a AKR7; celkem je idéikovano tinact
AKR proteini: AKR1A1l (aldehydreduktazy), AKR1B1 a AKR1B10
(aldozoreduktazy), AKR1C1, AKR1C2, AKR1C3 a AKR1@dydroxysteroid-
dehydrogenazy), ¥AKR1D1 A@-3-ketosteroid-PB-reduktdaza), @ KCNABI,
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KCNAB2 a KCNAB3 (draslikové kanalkizené nagtim) a AKR7A2 a AKR7A3
(aflatoxinreduktazy; Barski a kol., 2008).

V nasi studii Hlava& a kol. 2014)byl nalezen vztah mezi hladinami
transkripti gemi AKR1C1 a AKR1C2 a odpadi pacientek na tbu. Pacientky
odpovidajici na kEbu meély vyznamré vySSi hladiny AKR1C1 a AKR1C2
v nddorech nez pacientky bez odpdiv Byl nalezen téZz vztah mezi vySSimi
hladinami transkrigi AKR1C2 a AKR7A3 a delSim DFS.

3.3.1 AKR1C1/AKR1C2

Tyto geny, které se v fipéhu evoluce vyvinuly ze spalaého genu, maji
vysokou homologii, 86 % mezi sebou i mezi celou rpdthou C1 — C4,
vyskytujici se na chromosomu 10pl5-p{Barski a kol. 2008). Katalyzuji
pienenu aldehyd a ketori na alkoholy za pomoci kofakidorNADH a/nebo
NADPH. Maji prekryvajici se, & porékud rozdilnou, substratovou specifitu.
AKR1C1 hraje roli vinaktivaci progesteronu na oaZflydroxyprogesteron.
Porucha genu AKR1C1 je spojena s nemocemii. ngpojovou dysplasii kile a
ischemickou kostni chorobou, rasin mize hrat Glohu v transportu Ziu
(GeneCards, http://genecards.org). AKR1C2 je nejdgprimovan v prostata
mlé&né Zlaze a je zodpeésny za transport Zti v hepatocytech (Barski a kol.
2008). Mezi nemoci spojené s AKR1C2 ipgiseudohermafroditismus (,46XY
sex reversal 8¢, OMIM: 614279). Enzym AKR1C2 méa tékabou &-
hydroxysteroiddehydrogenazovou aktivitu, metabgiizorogesteron na inaktivni
3a-hydroxyprogesteron. Spolu si/BB-steroidreduktazou katalyzuje inaktivaci

potentniho adrogenwidihydrotestosteronu nan&diol (GeneCards).

3.3.2 AKR7A3

DalSim kandidatnim genem je AKR7A3. Jedna se dadia reduktazu,
metabolizujici aflatoxin Bl-dialdehyd na netoxickikohol. Proteiny AKR7A3
funguji jako dimery (Barski a kol. 2008; Guenger&ckol. 2001). O tomto genu a
vztahu k nddam neni v literatie mnoho znamo. Rezaul a kol. (2010) pozoroval

vySSi expresi proteinu  AKR7A3 ve vzorcich pacientsk ER pozitivnim
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karcinomem prsu. Existuje i spojeni AKR7A3 s adarokiomem pankreatu
(GeneCards) a hepatocelularnim karcinomem (Albegtlaskol. 2011).

3.4 Karbonylreduktazy

Karbonylreduktazy p#t do skupiny dehydrogenaz/reduktdz s kratkym
fettzcem (SDR). Mezi jeji zastupce fatgeny CBR1 (SDR21C1), CBR3
(SDR21C2) a CBR4 (SDR45C1). Podeébjako aldoketoreduktazy secastni
redoxnich pemeén xenobiotik obsahujicich karbonylovou skupinu. ABRRCBR3
se astni metabolismu doxorubicinu a daunorubicinu Bfch neaktivni
kardiotoxické metabolity (doxorubicinol a daunomibbl) a ovliviiuji odpowd’
pacienti na protinadorovou terapii. Zejména hladiny prateamnesynonymni SNP
byly spojeny s chemoresistenci a kardiotoxicitoof(rian a kol. 2015; Malatkova
a kol. 2010).

V nasi studii (Hlav& a kol. 2014) byl objeven vztah hladin transkriptu
genu CBR1 s DFS pacientek po adjuvantni chemotiemps histologickym
stuprem (,grade”) nadoru. Pacientky s nadory grade 8ynvyznamre vysSi

hladiny nez pacientky s grade 1 nebo 2.

3.4.1 CBR1

Tato NADPH-dependentni karbonylreduktdza metab@izusiroké
spektrum substrat obsahujici karbonylovou skupinu, dap chinony,
prostaglandiny, menadion &azna xenobiotika (napdoxorubicin). Gen CBR1 je
souwasti metabolické drahy kyseliny arachidonové, praswvé molekuly
prostaglandinu E2 (Shen et al. 2014). CBR#&ngnuje prostaglandin E2 na
prostaglandin F2r. Vaze téz glutathion a redukuje S-nitrosoglutathi§ timto
genem je spojovana preeklampsie/eklampsie 5 (on@mbcs autosomatn
dominantni ddi¢nosti; GeneCards). V stasné literatte existuje dostatek
dikazi o pasobeni CBR1 na dinnost I&by karcinomu prsu s pouZitim
doxorubicinu (Lal a kol. 2008; Jo a kol. 2017).
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4 Cile Prace

Hlavnim cilem prace bylo hledat rozdily v expresinig metabolismu a
transportu cytostatik mezi nadorovymi tkém pacientek dofe odpovidajicich a
tkaremi pacientek Spatnodpovidajicich na standardni chemoterapii karcuinom
prsu a také mezi pacientkami liSicimi se v progokgth a klinickych znacich. V
pilotni studii, kterd probihala na 68 pacientkdatehych neoadjuvantni
chemoterapii, byly identifikovany potenciélni biokery, které by mohly
ovliviiovat prognozu nebo vysledekby pacientek s karcinomem prsu.

DalSim cilem projektu bylo tyto kandidatni geny igalat na ¥tSi
nezavislé skupih pacientek a odhalit mechanismus resistence, jednak
prostudovanim korelace genové exprese, vgjag hladinou mRNA, s hladinou
proteinu imunochemicky pomoci imunoblotingu, a dalkoumanim, zda je
resistence vrozena (tj. #pobena genetickymi polymorfismy) nebo indukovana

piitomnosti cytostatika.

4.1 Hypotézy

Pracovni hypotéza vychazi zreplpokladu, Ze existuji genetické
biomarkery, které koreluji s vysledkem chemoterdg@ecinomu prsu. Existence
téchto markeit byla nazn&naradou studii za pomoci modelovych ktnych
linii a transgennich zkat. V predchozich studiich na pracovisti Skolitele byla
identifikovana cel&ada €chto genetickych markeér které se vyznangnlisi mezi
tkaremi pacientek s karcinomem prsu, koreluji s jejicbgnézou i s vysledkem
chemoterapie (Vaclavikova a kol. 2007a, 2007b, 2@082; Hubékova a kol.
2009, 2012; Brynychova a kol. 2013)cébavanym vysledkem byla identifikace
geni, jejichZz produkty pimo zpisobuji snizeni &inku chemoterapie karcinomu
prsuci s timto snizenim pouze koreluji, tj. u nichZz meuemus psobeni nebude
ihned Zejmy. Tato prace #a prispét k prevenci onemoemi karcinomu prsu
definovanim omezeného ¢a kandidatnich genz funkiné vyznamnych skupin
a nalezenim mechanismu resistence &ilein volby vhodné metody predikce.

Sledovéani variability DNA (nap polymorfismi v lymfocytech z krve) je
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vyznamrié jednodusSi a lewsi nez analyza genovych expraSi pouzivani

nakladnych protilatek pro imunohistochemii.
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5 Material, pacienti a metody

Material pouzity v experimentech je popsany v priackteré jsou sasti
disert@&ni prace (Sotek a kol., 2015; Kunicka a kol. 2014; Hl&va kol., 2014;
Hlava a kol., 2013).

Shkér vzorki, hodnoceni kvality a kvantifikace RNA, DNA, pratei a
piiprava a preamplifikace cDNA jsou popsany jinde afldt a kol., 2013;
Vaclavikova a kol., 2012; Hubackova a kol. 2009uc&i a kol. 2005). VSichni
pacienti, jejichz vzorky a data byly studovany,ydili podpisem Informovaného
souhlasu pacienta sasti ve studii svoji ochotucastnit se studie. Studie byla
schvalena etickou komisi Statniho zdravotniho uistaf?raze a spolupracujicich
poskytovatel zdravotni p&e (FN Motol, Medicon a.s. a Nemocnice Atlas ve
Zling).
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6 Vysledky

Mrivriw s

s odpo¥di pacientek na neoadjuvantnébé hodnocenou metodou podle RECIST
(,Response evaluation criteria in solid tumors*efdsse a kol. 2000). Pacientky
scasténou odpo¥di na I€bu nely v nadorové tkani vyznandnvyssi hladiny
transkripti gemi ABCD2, ABCA13, AKR1C1, AKR1C2 a CYP2W1 nez
pacientky se stabilnim nebo progresivnim onertioitn. Naopak pacientky
s onemocénim ve stadiu progrese nebo pacientky se stabilom@mocgnim
meély vyznamr vySSi hladinu transkriptu genu ABCA12 v kontrolrénadorove
tkani nez pacientky odpovidajici n&lé dolfe (Obrazek 1). Dale byly nalezeny
vztahy mezi hladinami transkriptu ged\BCC1, ABCC8 a CYP2B6 a expresi
ER, PR i stupém vyzravani neboli grade nadopacientek. Hladiny transkrijpt
genmi ABCD2, AKR1C2 a CYP3A4 vyznandnasociovaly s DFS pacientek po
neoadjuvantni chemoterapii (Obrazky 2 a 3). Hladjeyi AKR7A3, CYP2B6 a
CBR1 asociovaly s DFS pacientek, jez ggnmindikovanu zadnou fiedoperani
lécbu a jez byly posléze dény bulto jakoukoli adjuvantni terapii (AKR7A3,
CYP2B6; n = 50 pacientek) nebo pouze adjuvantnimchierapii (AKR7AS3,
CBR1; n = 25; Obrazky 4 a 5). \tipact pacientek l&enych adjuvantni terapii
(validatni skupina, n = 88) nebyl nalezen signifikantniatzhladin transkriptu
ABC transportét s dobou pezivani bez progrese onemsch(Obrazek 6).

Na zaklad téchto vysledk byla owiena exprese kandidatnich @gen
v nadorovych tkanich téz na Urovni proteinu. Imuathbgem byly stanoveny
hladiny proteii v nddorovych tkanich pacientek wchto kandidatnich
biomarketi: ABCC1, ABCC8, ABCD2, ABCA12, AKR1C1, AKR1C2,
AKR7A3, CBR1 a CYP3A4 (Obrazky 7 a 8). Exprese eimi CYP2B6 a
CYP2S1 nebyla v nddorech detekovan#oh protilatky rozeznavaly specificky
kontrolni proteiny.

Déle byla sledovana geneticka variabilita kandittdin biomarkei.
V genechABCC1 ABCD2 a ABCCS8 byl in silico sledovan funé&ni vyznam

polymorfismi i nowé nalezenych variant.
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Nekodujici polymorfismy v nukleotidové vazebné dosné genuABCC1
byly analyzovany pomociifmého sekvenovani. Nadory pacientek s divokym
(,wild type*) genotypem v polymorfismech rs35623 bioe rs35628 iy
signifikantre nizSi hladiny transkriptu ABCC1 nez nositelky mimoi alely. Dale
se hladiny transkriptu statisticky vyznagmzvySovaly v peadi: CT-GT>CC-
GT>CC-GG v predikovaném diplotypu rs35626-rs41483%d7zeném ze dvou
polymorfismi. Chemoterapeuticky ¢éné nosiky alely T polymorfismu
rs4148353 iy signifikantre delSi DFS nez pacientky s genotypem GG. Naopak
hormonali |é¢ené pacientky s genotypem AA v rs35628ysignifikantre delSi
DFS nez nogky alely G (Obrazek 9).

Geny ABCD2 a ABCC8 byly sekvenovany pomoci paralelniho
sekvenovani, nazyvanéh@stji sekvenovani nové generace (,nhext-generation
sequencing”, NGS). Bylo nalezeno mnozstvi genetibkyariant v obou genech.
Z celkem 113 nalezenych variant bylo 83 v nekddeljicisecich, 13 variant
piedstavovaly synonymni za&my (zmeny v kédujici sekvenci negnici paadi
aminokyselin), 10 posuincteciho ramce a 7 variant tiy nesynonymni zagmy
aminokyselin (rozlozeni variant viz Obrazek 10, Bjediknimi algoritmy byly
oznaeny 3 varianty jako potencialrskodlivé pro funkci proteinu a 3 varianty
v regul@&nich oblastech byly predikovany jako mutace auliNci vazbu
transkrignich faktofi. Jedna varianta v gerdBCC8 se naléza v nukleotidové

vazebné doméntedy ma potencialni dopad na funkci proteinu @bk 10, B).
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Obrazek 1: Vyznamné vztahy mezi hladinami transkrigu a odpowdi pacientek na
neoadjuvantni |&bu. Hladiny transkriptu v nadorové tkani (kréngenu ABCA12, u
kterého byla sledovana exprese v okolni nenadotk&@i) na ose y jsou vyjéene
pomoci hodnoAACt normalizovanych na refer&m geny ACt = piimér Ct refererni geny—
Ct siedovany geh Na obrazku jsou vyzgany nazvy gein a hladiny vyznamnosti rozdilu

mezi skupinami.
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Pozn.: Ct = ,cycle threshold®, cyklus, ve kterémpdifikacni kiivka prekrasi prahovou

hodnotu

ABCD2 (P = 0,005)

0,44

Kumulativni pravdépodobnost prezZiti

0,0+

Preziti bez pfiznak onemocnéni v mésicich

Obrazek 2: Vztah genové exprese
ABCD2 k bezpriznakovému preziti
neoadjuvantré léfenych pacientek.
Kaplan-Meierovy kivky ptezivani byly
vyneseny pro pacientky (n = 63)
roz&klené do dvou skupin na zakkad
medianu hladin transkript v nadorové
tkani. Cérkovana cara reprezentuje
skupinu s niz§imi hladinami transkriptu
(n = 29; DFS = 59,76 * 4,38 dwidl) a

plna ¢ara reprezentuje skupinu s vySSimi

hladinami nez median (n = 34; DFS = 73,82 + 1,88ind). Rozdil mezi skupinami byl

porovnan pomoci log-rank testu. Na obrazku je v§yenanazev genu a hladina

vyznamnosti rozdilu mezi skupinami. Gaxproporcionélni hazardni model na zakiad

multiparametrického testovani (které bere do Uvekyresi ER, grade, zasazeni uzlin
metastazami a velikost nadoru) potvrdil tento vAtah= 0,033; HR = 9,60; 95% IS =

1,20 - 76,81).

Pozn.: ER = estrogenovy receptor; HR = gonizik, ,hazard ratio“; IS = 95% interval

spolehlivosti; DFS = i@Ziti bez piznaki onemoc#ni, ,disease-free survival
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Obrazek 3: Vztahy mezi hladinou genové exprese a ha@‘iznakovym prezitim
neoadjuvantné lééenych pacientek.Kaplan-Meierovy kivky piezivani byly vyneseny
pro pacientky (n = 65) roztené do dvou skupin na zakkadedianu hladin transkript
v nadorové tkaniCarkované&ary reprezentuji skupinu s nizsimi hladinami traipgh a
plné cary reprezentuji skupinu s vySSimi hladinami nezdidre Rozdily mezi
skupinami byly porovnany pomoci log-rank testuulggznaeny nazvy geia hladiny

vyznamnosti rozdfl mezi skupinami.
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Obrazek 4: Vztahy mezi hladinou genové exprese a ha@‘iznakovym prezitim
adjuvantné lé¢enych pacientek Kaplan-Meierovy kivky piezivani byly vyneseny pro
pacientky (n = 50) rozdené do dvou skupin na zakkadnedianu hladin transkript
v nadorové tkaniCarkované&ary reprezentuji skupinu s nizsimi hladinami traipgh a
plné cary reprezentuji skupinu s vySSimi hladinami nezdidre Rozdily mezi
skupinami byly porovnany pomoci log-rank testuulggznaeny nazvy geia hladiny

vyznamnosti pro rozdily mezi skupinami.
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Obrazek 5: Vztahy mezi hladinou genové exprese a h@iznakovym piezitim
neoadjuvantré léfenych pacientek rozdélenych podle typu terapie. Kaplan-
Meierovy WKivky ptrezivani byly vyneseny pro pacientkycé@é chemoterapiiA
n = 25) a hormonalni terapiB( n = 23) rozdlené do dvou skupin na zakkadcedianu

7 v Z

hladin transkripi v nadorové tkaniCarkovanécary reprezentuji skupinu s nizdimi
hladinami transkriptu a pIng&ry reprezentuji skupinu s vysSimi hladinami neZlidme
Rozdily mezi skupinami byly porovnany pomoci logkdestu. Jsou vyzgany nazvy

geni a hladiny vyznamnosti rozdiimezi skupinami.
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Obradzek 6: Grafy preziti pacientek bez progrese pro ABC transportéry
analyzované v owrovaci studii. Pacientky ze skupiny ¢éné adjuvantni terapii
(n =88) byly rozdleny do skupin podle medianu hladin transkripceasarech.
Kaplan-Meierovy grafy jsou vykresleny prodoskupiny ¢arkovan&ara znai skupinu

~ s

s vySSi hladinou transkriptu a pldara znai skupinu s nizSi hladinou transkriptu nez
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median). Rozdily mezi skupinami jsou porovnany pomdéog-rank testu. Jsou

vyznaeny nazvy geina hladiny vyznamnosti rozdimezi skupinami.

A - ABCA12 (predicted MW 257 kDa)
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Bl == ‘-——L ==--=- | ﬂ’”’
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C - ABCC8 (predicted MW 140 kDa)
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D — ABCD2 (predicted MW 83 kDa)
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Obrazek 7: Exprese proteinu ABC transportéri v nadorové tkéni. Hladina proteinu
byla detekovana pomoci imunoblotingu. Kontrolni tpno 3-aktin byl pouzit jako
kontrola nanasSky a pro normalizaci hladin praieifNa obrazku je ukazan i odhad
molekulové hmotnosti proteinu podle Human Proteilag\(www.proteinatlas.org).

Pozn.: MW = molekulova hmotnost, ,molecular weight*
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A AKR1C1 (anticipated MW 37 kg/mal)
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Obrazek 8: Exprese vybranych kandidatnich proteimi v nddorové tkani pacientek.

GAPDH

Exprese vybranych proteinu byla hodnocena pomocinahlotingu. GAPDH byla
pouzita jako kontrola nanasky a pro normalizactiimaroteini. Na obrazku je ukazan i
odhad molekulové  hmotnosti  proteinu  podle Human tdtmo Atlas

(www.proteinatlas.org).

Pozn.: GAPDH = glyceraldehydfosfatdehydrogenaza; MWnolekulova hmotnost,

».molecular weight*
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Obrazek 9: Vyznamné vztahy mezi bezfiznakovym pieZitim pacientek a SNP
vgenu ABCCLl Kaplan-Meierovy FKkvky pirezivani byly analyzovany pomoci
Breslowova testu pro pacientky¢eEné pomoci chemoterapid)( nebo hormonalni
terapie B). A) Céarkovana ¢ara reprezentuje DFS pacientek s genotypem GG
v polymorfismu rs4148353, pln&ra znai pacientky s alelou TB) Céarkovanéacara
reprezentuje DFS pacientek s alelou G v polymouiigsB5628 a pln&ara znamena
DFS pacientek s genotypem AA.

Pozn.: SNP = jednonukleotidovy polymorfismus, ,$&ngqucleotide polymorphism®;

DFS = reziti bez piznalki onemocsni, ,disease-free survival*
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Obréazek 10: Rozlozeni alteraci v genecABCC8 a ABCD2. A) Cetnost genetickych
alteraci v gentABCCS8 (vlevo) a v gentABCD2 (vpravo) analyzovana podle serveru
USCS (http://snp-nexus.org). ®p alteraci jsou na ose \B) Pozice kddujicich
jednonukleotidovych polymorfisin(SNP) s predikovanym patogennim efektem v genu
ABCC8(nahde) a v gentABCD2 (dole) jsou ozngeny pomoci trojuhelnik Schéma
ABC domén je pevzato z NCBI's Conserved Domain Database (MardBé&arer a kol.
2011).
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7 Diskuse

Hlavnim cilem personalizované terapie nadorovychnwcrini je nalézt
jednoduchy, cenav dostupny nastroj ke stanoveni co rf@agjsi a zarova
zabyval hledanim kandidatnich gemetabolismu a transportu cytostatik ve
vztahu k I€éb¢ a k prevenci resistence karcinomu prsu. Tato praahazi z
piedpokladu, Ze je mozné nalézt, validovat &tunechanismus gsobeni gei,
které mohou ovlixiovat vysledek chemoterapie nebo progndzu pacieime,
spolupisobit nap. na expresi hormonalnich recegitorCilem je, aby tyto
kandidatni geny byly schopné spolehligredikovat vysledek terapie pacientek
nebo aby alespobyla prokazatelna souvislost mezmito geny a prognézou
onemockni tchto pacientek. Pokud bude mechanismusopeni zavisly na
genetické vybay, je mozné prozkoumat futski disledky genetickych variant a
vyuzit je pro predikci nejvhodisi &by pacientek. Rkladem takového genu je
KRAS a jeho vyuZziti pro predikci resistence kolde#kiho karcinomu k protilatce
cetuximab. Stanoveni genetickych polymorfisja ceno¥ a technicky dostupné
a miZze byt vyuzito u velkého g@tu pacientek. Na rozdil napod stanoveni
transkriptu metodami real-time PCB mikro¢ipia nebo stanoveni proteinu
imunochemicky, iZze byt Siroce vyuzito v panelech gera‘azenych do &ného
screeningu u karcinomu prsu (Lhota a kol. 2016).

Kandidatni geny (ABC transportéry, CYP a AKR) bgkoumany pomoci
kvantitativni real-time PCR (transkript), imunobimu (protein), pimého
sekvenovani a NGS (gen). Byl stanoven expresnil ggefii v nadorové tkani
pacientek a porovnavan s jejich Kklinicko-patologitk daty. Potencialni
biomarkery byly validovany pomoci imunoblotingu, ééenim na nezavislém
souboru pacientek a stanovenim mechanisndinkd, konkrétg hledanim
genetickych polymorfisiin a vzacnych variant v kandidatnich genech pomoci
sekvenovani DNA z krve pacientek. DalSimi moznostkoumani mechanismu
Gcinku jsou nap.: stanoveni methylaci gén sledovani mikroRNA, funii
stanoveni aktivity enzytnv transportu a stanoveni biotransfotimiéo potenciélu
metabolickych gelv in vitro ¢i in vivo modelech atd.
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7.1 ABC transportéry

Jedrgmi z hlavnich souvislosti odhalenych v této pr&oiyj vztahy hladin
transkripti gemi ABCA12, ABCA13 a ABCD2 k odpaddi na l&bu pacientek a
dale vztahy geinABCC1 a ABCC8 k expresi ER a PR a stupni vyzraggrade)
nadoru.

Z hlediska statistické vyznamnosti byla jednim pih@jSich nalezenych
vztahi asociace vySSich hladin transkriptu genu ABCCB8adomové tkani u
pacientek s pozitivni expresi ER a s niZzSim graoru. Rovaz byl zaznamenan
vztah hladin transkriptu s odp&i na I€bu pacientek, ale tento vztah nebyl
statisticky vyznamny. Pacientky odpovidajici naadovantni 1ébu nely nizsi
hladiny ABCC8 nez pacientky s progresivni nebo istalchorobou (hladina
vyznamnosti P = 0,096). Gen ABCC8 nekdéduje eflypuminpu, ale SUR1 ¢ast
K* kanalu regulovaného pomoci ATP. Pacienti s mutacegenu ABCC8 trpi
familiarni hyperinsulinemickou hypoglykemii nebo opak diabetes mellitus.
Pacienti s diabetem jsouc¢kni pomoci sulfonylm&viny, ktera stimuluje funkci
B-burék pankreatu tim, Ze obchazi metabolickou drahu aviva draslikovy
kanal,¢imz dojde naslednk sekreci insulinu. V recentni literdubyla popsana
souvislost gluk6zového metabolismu s nddorovym awetmim (Vander Heiden
a kol. 2009). Vztah exprese genu ABCCS8 s prognd@amemockni, nalezeny u
nasich dvou soubarpacientek ped a po terapii, by tedy mohl byt vy¢shen spise
fyziologickym efektem ABCCS8 (nap souvislosti hladiny glukézy se vznikem a
progresi naddi) nez misobenim produktu genufimo na I€ivo. Gen ABCC8
jsme dale sledovali z hlediska komplexni genetick@lyzy. Exony genu s
piesahem 30 bazi dailehlych intronovych oblasti byly prozkouméany porhoc
cileného obohaceni DNA souborem préb Sequence feapEZ Choice
(Nimblegen, Roche) a sekvenovany pomoci NGS. VgHegilotni studie byl
publikovan (Sotek a kol. 2015) a na jeho zakégdyl navrZzen panel kandidatnich
geni karcinomu prsu (n = 510 géns cilem provést analyzu u min 100 pacientek
metodou sekvenovani narigtroji MiSeq (lllumina Inc., San Diego, USA).
rs757110, 587C>A s predikovanym efektem na funkatgnu i na vazbu

transkrignich faktofi (hodnoceni in silico v databazich PolyPhen-2
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~Polymorphism phenotyping“ a RegulomeDB). Meta-gual bylo zjis¢no, Ze
alela C tohoto polymorfismu ma vztah k nachyln&stiabetu 2. typu (Qin a kol.
2013). NaSim dalSim cilem je &t jeji vyznam pro vznik a mibéh karcinomu
prsu na velkém historickém souboru pacientek (0@ 8Tato studie probiha.
Dalsim, ndmi nalezenym, kandidatnim genem je ABCBacientky s
¢asténou nebo Uplnou odpédli na neoadjuvantni d6u mely vyznamre vyssi
hladiny transkriptu ABCD2 neZ pacientky s nizSimadinami a ve skupinh
adjuvantr lécenych pacientek negati¥korelovala hladina transkriptu s velikosti
nadoi. Pacientky s hladinami ABCD2 vySSimi neZz medidmeh® neoadjuvantn
mely také vyznama delSi DFS (Hlav&a Sodek 2015; Obrazek 2). ABCD2 je
adrenoleukodystroficky gen zodpminy za transport lipitl do liposoni (Hlava
a Souwek 2015). V sotasné literatte je popsan vztah mezi obezitou, &wnymi
procesy a nadorovym oneme@aim (Liu a kol. 2012). V recentni praci se objevil
zajimavy vztah diabetického Iéku metforminu a ABCD&tformin ma indani
efekt na expresi ABCD2 u mysi s X-vazanou adreradystrofii, koriguje
metabolickou funkci a snizuje zéthvé procesy zppisobené nedostatkem ABCD2.
Mechanismem i{msobeni metforminu je aktivace proteinkinazy aktiao®
molekulou AMP (AMPK), picemz AMPK pozitivi¢ regulujef-katenin (Singh a
kol. 2016). Aktivace genu ABCD2 pomoci WpHkateninové drahy byla jizitve
popsana (Park a kol. 2013). Tato draha souvisze&em nadal tlustého seva
a pankreatu (Bienz a Clevers 2000; Jones a kol8)200této souvislosti je
zajimavé, Ze metformin je statastji pouzivan v adjuvantni &¢ nadorovych
onemocgni (Coyle a kol. 2016; Kim a kol. 2016; Rico a ka@016). Je také
popsano, Zze metformin snizuje hladiny estragen androgelh u pacientek
s karcinomem prsu (Campagnoli a kol. 2013). Efaldopeni tohoto Iéku je u
riznych tym nadofi v sokasné dob intenzivreé zkouman (Gadducci a kol.
2016), u karcinomu prsu je protinadorovéspbeni zprogedkovano miR-26a
(mikroRNA ma za cil geny PTEN a EHZ2; Cabello a.Kk2016). Transportér
ABCD4 byl naSi skupinou popsan jako kandidatni genkolorektélniho
karcinomu ve skupih pacienti 1é¢enych adjuvanth rezimy obsahujicimi 5-
fluorouracil. Pacienti s nizSimi hladinami ABCD4adorech rély signifikantng

kratSi DFS neZz pacientky s vySSimi hladinami (Htava kol. 2012). Tyto
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poznatky naznauji mozny vyznam ABC transportée rodiny D pro prognozu a
pravdEpodobr i predikci vzniku nadorového onemaen obeck. Gen ABCD2
byl rovréz sekvenovan pomoci NGS v nasSem pilotnim projeByl. nalezen
polymorfismus rs117275340 u jedné pacientky, jesi@® nesynonymni zamu
aminokyselin A9G, kterad je predikovana jako poSkiaiu tj. ménici funkci
proteinu, podlein silico databéazi SIFT (,Sorting intolerant from tolerant)
PolyPhen-2). Tento polymorfismus byl &@egn pomoci fimého sekvenovani
DNA z krve pacientek s karcinomem prsu (nepublik@/avysledky). Z tohoto
pohledu se metoda NGS jevi jako slibna pro vyzkujgnemu biomarker
z rodiny ABC transportérv prevenci nadorovych onemaan.

Déale byla, vnaSi studii, nalezena souvislost génexprese ABCC1
s expresi hormonalnich recepita se stupfm onemoc#ni pacientek. Pacientky
s nadory bez exprese ER a s vy53Sim stupryzravani nadoru &y vyznamré
vySSi hladiny transkriptu ABCC1 v nadorech, neZigra&y s niZzSim stugim a
s nadory exprimujicimi ER. V nasi studii zkoumajl@ polymorfisni v oblasti
nukleotidové vazebné domeény 1 gefBCC1byl zaznamenan haplotyp rs35626-
rs4148351, ktery souvisel se zvySenou expresi geporadi CT-GT>CC-
GT>CC-GG a také vztah minoritni alely v polymorfisch rs35623 a rs35628
s vySSi expresi ABCC1. Dva polymorfismy rs4148358s385628 signifikanth
ovliviiovaly DFS. Nosiky minoritni alely T v polymorfismu rs4148353¢m
signifikantre delSi gezivani nez pacientky genotypu AA. Pacientky s miinb
alelou G polymorfismu rs35628¢ty signifikantre kratSi gezivani nez pacientky
genotypu AA. ABCCIMRP1 je velmi ¢asto studovanym membranovym
transportérem (Kunicka a Sik 2014). Jeho vyznam pro mngbktnou Iékovou
resistenci byl jiz prokdzan uwiznych nadat in vitro i in vivo. Nyni je aktualni
vyzvou nalezeni genetickych polymorfism epigenetickych faktér a
mechanism (¢inku, které by mohly mit vliv na chemoresistencijrggmi slovy
mohly byt vyuzity k ovliviéni sensitivity fiznych nadar k I&civam (Spitzweiser
a kol. 2016; Lu a kol. 2015).
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7.2 Aldoketoreduktazy a karbonylreduktaza

V rodine AKR byly, v naSi studii, identifikovanytit potencialni markery.
Pacientky s expresi hormonalnich receptemadorech rly vyznamré vyssi
hladinu genu AKR7A3 neZ pacientky bez exprese BRRa Adjuvantg |écené
pacientky s vy3Si hladinou AKR7A3 nez mediarglyrsignifikantre delSi DFS
oproti pacientkam s nizSimi hladinami. O vztahuaklorovym onemocmim je
v literatue velmi malo informaci. Rezaul a kol. (2010) poz@iovysSi expresi
proteinu AKR7A3 ve vzorcich od pacientek s ER peaitm karcinomem prsu. U
hepatocelularniho karcinomu byla vysSi exprese AKR8pojena s delSim OS,
v podrobné studii bylo prokadzano, Zenky hepatocelularniho karcinomu HCC
exprimujici AKR7A3 maji oproti bikam s umtenym genem AKR7A3 sniZzenou
tumorogenitu a chemoresistenci, mechanismem jebesiadrah ERK, c-Jun a
NF-kB (Chow a kol. 2016). Albrethsen a kol. (2011) nalopozoroval zvySenou
expresi proteinu AKR7A3 v hepatomech oproti kordml na modelu potkan
s resistentnimi hepatocelularnimi nadory jater.

Enzymy AKR1C1 a AKRI1C2 hraji idezitou ulohu v metabolismu
steroidnich hormal coZz vytvdi predpoklad, Ze by mohly byt ¢astny v
proliferaci nadol (Zhao a kol. 2015). V naSi studii byla nalezengatigni
korelace exprese AKR1C1 s velikosti nadoru, vztagzinvySSimi hladinami
AKR1C2 a delSim DFS neoadjuvaatié¢enych pacientek a vztah vysSich hladin
AKR1C1 a AKR1C2 v nadorech s dobrou odpdiv na neoadjuvantni dbu.
Tento vysledek je ve shddse studii, ve které byla nalezena korelace vysSi
imunohistochemické hladiny prot&éimAKR1C1 a AKR1C2 s delSim DFS a OS
pacientek s karcinomem prsu, mensi velikosti nadoswyskytem lymfatickych
uzlin bez zasazeni nadorovym procesem (Wennersl.a2@&6). Odpovd’ na
lécbu vSak v této praci sledovana nebyla. Je znamdAK&R1C1 metabolizuje
progesteron na 2Bhydroxyprogesteron a AKR1C2 na-Bydroxyprogesteron.
Tento efekt, ktery vede k inaktivaci progesterortupotlateni proliferace nadoru,
je prava&podobré zodpowdny za prodlouzenou doburgZiti a lepSi prognozu
pacientek (Wenners a kol. 2016), avSak v jiné pjédcpopsano, ze zéttivy
interleukin-PB zvySuje hladinu AKR1C1 u bgdnych linii karcinomu m&éového
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méchyke, gicemz uméeni genu AKR1C1 sniZuje invasivitu a chemoresistenc
téchto linii (Matsumoto a kol. 2016).

Pacientky s nejvice agresivnimi nadory (grade dymv nasi studi,
vyznamm vysSi hladiny transkriptu CBR1 v nadorech nez guat&ly s grade 1
nebo 2. V podskupinpacientek I&éenych hormonakh mély pacientky s vySSimi
hladinami CBR1 vyznanin kratSi DFS neZ pacientky s niz8imi hladinami.
Naopak v podskupih pacientek léenych pouze chemoterapii¢iy pacientky
s vysSimi hladinami CBR1 delSi DFS nez pacientkyzSimi hladinami. Tento
ambivalentni vztah je pragdodobré zagicinén malym vzorkem pacientek ve
skupinach rozélenych podle terapie (n = 25 ve skupmchemoterapii, respektive
n = 23 ve skupi® hormonalg lé&enych pacientekRada jinych studii podporuje
vysledek nefiznivé prognozy vyssSi hladiny CBR1. PolymorfismyRBa CBR3
u pacientek s karcinomem prsu ovili§i plasmovou clearance adriamycinu a tim i
expozici cytostatiku (Lal a kol. 2008). Inhibice BB zlepSuje &innost
chemoterapie zaloZenou na doxorubicinu n&erin modelu (Jo a kol. 2017). Ve
studii provedené na bagné linii MCF-7 byla hladina CBR1 indukovana hypoxii
s naslednou resistenci na doxorubicin. Resistencee yt zvracena ugnim
genu CBR1 nebo faktoru indukovatelného hypoxii (FHEx. CBR1 i HIF-1o
mohou byt inhibovany také resveratrolem, znamymibitdrem ABCCIMRP1
(Mitani a kol. 2014). Na druhou stranu je popsanhibi¢ni efekt CBR1 naiist
nadoru a proapoptotické&gobeni CBR1 u karcinomu ovaria (Miura a kol. 2015).
Navic byl pozorovan prognosticky vztah snizené es@rproteinu CBR1 ke
kratSimu DFS a OS u karcinomu endometria (Murakakdl. 2012). CBR1 také
pusobi protektiva jako antioxidant a je indukovana transknpm faktorem Nrf2
(Miura a kol 2013). Dle sausné literatury CBR1 vyvolava apoptézu vazbou na
receptor tumor nekrotizujiciho faktoru (TNF); zvggeexprese CBR1 snizuje
hladiny NFKB a protoonkogenu c-Jun (Miura a kol. 2015) @&Zetak posilovat
Gcinky podané chemoterapie. V kazdérfippE jak AKR, tak CBR paf k
pongrné vzacrt studovanym enzyfim v karcinogenezi, avSak naSe studie
jednozné&né ukazuje, Ze jereba jejich dlohu v rozvoji a progresi nadorovych

onemocgni dale sledovat.
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7.3 Cytochromy P450

CYP pati mezi nefasgji studované enzymy metabolismu cik
v preventivni medici®h a zejména v experimentalni farmakologii a onkalogi
V naSi studii mily pacientky s hladinami CYP3A4 vySSimi neZ median
signifikantre delSi DFS nez pacientky s niz§imi hladinami. Sslogt CYP3A4 a
n¢kterych dalSich CYP s rizikem vzniku nadanebo s nefiznivym vysledkem
lé¢by karcinomu prsu je v literate pongrné dolre popsana (Miyoshi a kol. 2009;
Miyoshi a kol. 2005), stefhjako souvislost s metabolismem steroidnich horimon
— CYP3A4 se v jatrech podili na aktivaci estrondiage potentniho estrogenu, na
2-hydroxyestradiol s karcinogennimiigky (Shou a kol. 1997). Bylo zji&to, Ze
genetické varianty CYP3A, napSNP rs10235235, maji vztah k metabolismu
estrogenu i k &u pii menarche a také k riziku vzniku karcinomu prsah(kson a
kol. 2014). Nkteré CYP vetnt CYP3A4 jsou spojené s hor§im OS pacientek s
karcinomem prsu (Murray a kol. 2010). Na druhowrsir fakt, Ze CYP3A4
aktivuje cyklofosfamid (Roy a kol. 1999; Chang a.K®93) by mohl vys&tlovat
ndmi nalezeny vztah vySSich hladin CYP3A4 s delSDRS pacientek
neoadjuvanttét lécenych cyklofosfamidem. 2Zthto vysledk vyplyva, Ze
pusobeni CYP3A4 na progndzu je spiSe nejasné, aleratlie je dostaténé
popsana souvislost s prognézou i s predikci vzkéginomu prsu.

DalSim, nami odhalenym, kandidatnim genem je CYR2B#cientky s
expresi ER a PR v nddoreckelyjnvyznamré vysSi hladiny CYP2B6 v nadorové
tkani nez pacienty bez exprese. Pacientky s vyS3iladinami transkriptu
CYP2B6 nez median &y navic vyznama delSi DFS nez pacientky s nizSimi
hladinami. V gedchozich studiich byla pozorovana n&dma exprese genu
CYP2B6 na urovni mRNA v nadorech prsu pacientekgesi ER v porovnéni
s nadory bez exprese ER a také v porovnani s normpéni tkani (Tozlu a kol.
2006; Bieche a kol. 2004). NaSe studie tedy tengysledek validovala na
nezavislém souboru pacientek. Tento efekt je tad@rpenin vitro ve studii
provedené na lidské b&meé linii karcinomu prsu T-47D. ER zvySuje expresi
CYP2B6 regulaci ERE v promotorové oblasti gebvP2B6(Lo a kol. 2010).
Exprese CYP2B6 je spolu s CYP3A4 regulovana W/k#teninovou drahou

(Thomas a kol. 2015), ktera souvisi se vznikem nagBienz a Clevers 2000;
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Jones a kol. 2008), a tak by mohla wtkwat Glohu ¥&chto gerii v karcinogenezi.
CYP2B6 spolu s CYP2D6 hraji spiSe vedlejSi ulotaktvaci prokarcinogeh a i
kdyz je vliv polymorfisnii CYP2B6na metabolismus cyklofosfamidu u pacientek
s karcinomem prsu spiSe minoritni (Jamieson ad@i4), v kkolika sowasnych
studiich byl popsan vliv SNP na délkuepivani pacientek. U pacientek
s karcinomem prsu ¢énych cyklofosfamidem byly zkoumény nesynonymni SNP
785A>G (rs2279343, *4), 1459C>T (rs3211371, *5)1&6G>T (rs3745274, *9),
které méni aminokyselinové padi v proteinu a snizuji funkci enzymu.
Haplotypem CYP2B6*6 jsou oztavany pacientky, jeZ nesou sagré variantni
alely CYP2B6785A>G (rs2279343, *4) a 516G>T (rs3745274, *9apldtypy
*5/*6, *6/*9 nebo *6/*6 signifikantr® asociovaly s kratSim DFS pacientek
(Haroun a kol. 2015). CYP2B6*5 je prediktorem Sgabulpo¥di pacientek s
karcinomem prsu na neoadjuvantriblé cyklofosfamidem (Tulsyan a kol. 2014).
V piipact studii na pacientkdchdénych jinou terapii nez rezimy zaloZzenymi na
cyklofosfamidu jsou vysledky odlisné. CYP2B6*6 newl&r na DFS pacientek
s karcinomem prsu ¢énych tamoxifenem (Mwinyi a kol. 2014). V jiné stud
provedené na pacientkhch s metastazujicim karcimonpsu, |éenych
docetaxelem a thiotepou, ¢y pacientky s genotypem AG v polymorfismu
rs2279343 delsi OS (Song a kol. 2015). Byl popséartah polymorfisnmi v genu
CYP2B6s rizikem vzniku karcinomu prsu. Genotypy GG a padlymorfisn
785A>G (rs2279343), respektive 516G>T (rs374527#ySuaji riziko vzniku
karcinomu prsu, prawgodobré zvySenim hladin endogennich estroigetivem
snizené aktivity enzymu CYP2B6 (Justenhoven a R8114). Z uvedeného
vyplyva, Zze CYP2B6 rive hrat dlezitou dlohu v Iéb¢ karcinomu prsu cestou
aktivace cyklofosfamidu a je proto vhodné dale gooenat ulohu tohoto genu v
predikci I&by karcinomu prsu.

Diky efektivni aktivaci proléiv je, zejména u karcinomu kolorekta,
CYP2W1 slibnym cilem vyvoje novych terapeutik (Gaikol. 2016). Ve shad
s touto hypotézou &y pacientky s karcinomem prsu, debodpovidajici na
lécbu, v nasi studii vyznangrvysSi hladiny transkriptu CYP2W1 nez pacientky se
stabilnim nebo progresivnim onemeénim. Naopak exprese proteinu CYP2W1

detekovana imunohisto-chemicky je u kolorektalnikarcinomu negativnim
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prognostickym markerem OS pacigriStenstedt a kol. 2012; Edler a kol. 2009).
Jeho exprese je specificka pro dany typ nadoruimdani mRNA byla nalezena
exprese fedevSim v nadorech nadledvin, tlustéhtevst a v bu&né linii
lidského hepatomu HepG2; naopak ve tkanich mozkdges Zaludku, $tva,
ledvin, tlustého g$eva, svalu, krve, placenty, kmvého ngchyie, dlohy,
nadledvin a §titné zlazy zadna exprese nalezendan@farlgren a kol. 2006). Se
vznikem nadorového onemagn mize souviset také cast CYP2W1
v metabolismu mastnych kyselin a lysofosfolipiXiao a Guengerich 2012),
neba metabolismus lipidl se na vzniku nddorovych onemeéon obeci podili
(Liu a kol. 2012). Resto, Ze tento gen neni u nadorovych onerrdcratim pilis
prostudovan a jeho role se 2z2mje spiSe v souvislosti s kolorektalnim
karcinomem, naSe studie ukazala na jeho mozny pdlejeko biomarkeru

odpowdi na chemoterapii u karcinomu prsu.
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8 Zavér

V této praci byla objeventada vztafh mezi hladinami transkriptgen
metabolismu a transportucle a vyznamnymi klinickymi prognostickymi nebo
prediktivnimi faktory karcinomu prsu. Také byly elsgny genetické varianty ve
vybranych potencialnich biomarkerech prognézy aoséi na I&bu pacientek
s karcinomem prsu. Vysledky naznf, Ze uvedené kandidatni geny se mohou
stat vyuzitelnymi biomarkery v prevenci progresesedhani |€éby nadorovych
onemocgni. Tyto vysledky je vSak |je3ttreba o¥fit, nejlépe validovat
v nezavislych studiich. Zeské Republice byl jiz vytéen panel geh
vyznamnych pro riziko vzniku karcinomu prsu pacgnbez zndmych mutaci
v genech BRCA zalozZeny na cileném NGS (CZECANCAedbzcancer panel for
clinical application), ktery cili na 219 gespojovanych s@li¢nymi nadorovymi
onemocgnimi (Soukupova a kol. 2016). Tento panel je zasry§bro pimé
vyuziti v aplikované ¥d¢. Cilem je: ,...zlepSeni klinické diagnostikgdicnych
nadorovych onemoeni, které by milo prinést zlepSeni @@ o nosie mutaci
v nadorovych predispasiich genech.” V mé disettai praci byly objeveny
n¢které geny z oblasti biologie mastnych kyselin ahsaidh, které by mohly
ovliviiovat progn6zu nebo odp&l na I&bu pacientek s karcinomem prsu, a
geny, které souviseji s metabolisménsignalnimi drahami steroidnich hormion
a maji gimou souvislost sipzivanim pacientek. U dalSich geje fyziologicky
efekt pisobeni na prognozti vysledek terapie spiSe nejasny. Objevili jsmestak
mnozstvi genetickych polymorfisim které by mohly fispét k objasgni
mechanismu &inku tchto kandidatnich markér Jednim ze zd&wa této prace,
ktery Ize ihned pouzit k dalSimu vyzkumu v oblgsteventivni mediciny, je
potreba z#&azeni vyznamnych gérdo panelu vyuZzitelného pro odhad prognozy a
|é¢ebné odpokdi u pacientek s karcinomem prsu s pomoci stejridaggako je
tomu u vySe jmenovaného panelu pro screening gdéefiredispozice nadim
obecre.

V nasi laborath v sowrasné dob probiha vyzkum epigenetickych fakiior
(methylace promotorovych oblasti a stanoveni kaitdidh mikroRNA)
vybranych gefi v navaznosti na vysledky této disérta prace. Podle mého
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nézoru, v pipact owveéreni klinického vyznamu i furtkich aspekt nékterych zde
popsanych markér bude mozné tyto poznatky vyuzit nejen k prevenagrese a

selhani léby, ale roviZz jako cili pro vyvoj nove |éby.
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10 Seznam obrazk

1.

Vyznamné vztahy mezi hladinami transkriptu a odydvpacientek na
neoadjuvantni ou

Vztah genové exprese ABCD2 k bé&zmakovému feziti neoadjuvantn
lé¢enych pacientek

Vztahy mezi hladinou genové exprese a bienakovym pezitim
neoadjuvantélétenych pacientek

Vztahy mezi hladinou genové exprese a berakovym pezitim
adjuvantr lécenych pacientek

Vztahy mezi hladinou genové exprese a bienakovym pezitim
neoadjuvantélétenych pacientek roztenych podle typu terapie

Grafy preziti pacientek bez progrese pro ABC transportaafya@ovaneé v
overovaci studii

Exprese proteinu ABC transportiiér nddorové tkani

Exprese vybranych kandidatnich proteinnddorové tkani pacientek
Vyznamné vztahy mezi bedipnakovym pezitim pacientek a SNP v genu
ABCC1

10.RozlozZeni alteraci v gene&BCC8aABCD2
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Summary

The aim of the present study was to introduce methods for
cassette  (ABC)
transporters ABCC8 and ABCD2 recently suggested to play

exome sequencing of two ATP-binding
a putative role in breast cancer progression and prognosis of
patients. We performed next generation sequencing targeted at
analysis of all exons in ABCC8 and ABCDZ2 genes and surrounding
noncoding sequences in blood DNA samples from 24 patients
with breast cancer. The revealed alterations were characterized
by in silico tools. We then compared the most frequent
functionally relevant polymorphism rs757110 in ABCC8 with
clinical data of patients. In total, the study identified 113 genetic
alterations (>70 % novel ones) in both genes. Of these
alterations, 83 were noncoding, 13 synonymous, 10 frameshifts
and 7 were missense alterations. Four /n silico programs
predicted pathogenicity of two polymorphisms and four newly
identified alterations. Rs757110 polymorphism in ABCCS did not
significantly associate with clinical data of the patients. In
conclusion, exome sequencing identified several functionally
relevant alterations in ABCC8 and ABCDZ2 genes that may further
be used for a larger follow-up study aiming to assess their clinical
significance.

Key words
ABC transporter e Breast e Cancer e Therapy e Next generation
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Introduction

Breast cancer is the most common cancer in
women and caused 471,000 deaths worldwide in 2013
(Global Burden of Disease Cancer Collaboration 2015).
A number of cellular processes that in some cases lead to the
tumor resistance limits efficacy of breast cancer therapy.
Multidrug resistance (MDR) to a variety of chemotherapy
drugs presents one of these processes (Baguley 2010).

MDR is often caused by the decreased cellular
uptake or increased efflux of drugs and by alterations in
DNA repair and apoptotic pathways. Drug efflux is
mediated by membrane-bound ATP-binding cassette
(ABC) transporters (Sakacs et al. 2006). ABC transporter
family in humans consists of 48 genes and one
pseudogene (Dean ef al. 2001). ABCs translocate a wide
variety of substrates, including lipids, sterols and drugs
across extra- and intracellular membranes (Klaassen and
Aleksunes 2010). Therefore, the most prominent ABCs
as ABCBI1/P-glycoprotein (Wolf et al 2011),
ABCCI/MRP1 (Kunicka and Soucek 2014), and
ABCG2/BCRP (Natarajan et al. 2012), known to
transport plethora of anticancer drugs belong to the most
studied in cancer pathophysiology.

Our recent studies have shown that gene
expression levels of a number of ABCs significantly differ
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between the tumor and paired non-malignant tissues from
patients with solid tumors (colorectal — Hlavata et al. 2012,
breast — Hlavac et al. 2013, pancreas — Mohelnikova-
Duchonova et al. 2013) suggesting their potential role in
cancer progression. Moreover, tumor levels of some ABCs
were associated with clinical characteristics of the patients
including prognostic factors (e.g. the expression of
estrogen receptor with ABCCl and ABCCS8 in breast
cancer or grade with ABCC10 in colorectal cancer). Most
interestingly, intratumoral ABCs levels were associated
with the response to neoadjuvant chemotherapy in breast
cancer (Hlavac et al. 2013) and survival of the patients in
colorectal cancer (Hlavata et al 2012). Particularly,
observed significant overexpression of ABCD2 in tumor
tissues of breast cancer patients with partial or complete
response (responders) after the neoadjuvant chemotherapy
in comparison to patients with stable or progressive disease
(non-responders) attracts our attention (Hlavac et al. 2013).
The revealed existence of a broad variability in protein
expression of ABCC8 (OMIM: 600509) and ABCD2
(OMIM: 601081) between tumor samples (Hlavac et al.
2013) further suggests that expression changes of ABCs
levels could be biologically relevant for breast cancer.

Additionally, our most recent data showed that
genetic variability in candidate marker ABCC]/ associates
with its gene expression in tumor tissue and with survival
of breast cancer patients (Kunicka ez al. 2014) providing
a proof-of-principle for further explorations.

Thus, recent studies demonstrate that phenotype
and genotype of genes associated with MDR, namely
ABCs, could be useful for individualization of cancer
therapy. The aim of our present study is to expand the
present knowledge about genotype of the most interesting
ABCs for breast cancer prognosis and therapy outcome.
Thus, here we explored genetic variability of candidate
ABC transporters (namely ABCCS and ABCD2) in
peripheral blood DNA samples from breast cancer
patients by exome sequencing and predicted functional
consequences of the identified alterations on their
phenotypes. The most interesting alterations may now be
used for a large scale follow-up study targeted at
evaluation of their functional, prognostic, and predictive
potential.

Patients and Methods

Patients
The study included a total of 24 breast cancer
patients (C50 according to the International Classification

of Diseases, the 10" revision) of Caucasian origin
diagnosed in Institute for the Care for Mother and Child
and the Department of Oncosurgery, Medicon, in Prague
during 2006-2012. Patients
neoadjuvant chemotherapy regimens based on 5-fluoro-

underwent preoperative

uracil/anthracyclines/cyclophosphamide (FAC or FEC)
and/or taxanes. The collection of blood samples, and the
retrieval of clinical data were performed as described
before (Vaclavikova et al. 2012). Following data on
patients were retrieved from medical records: age at
diagnosis, menopausal status, personal medical history,
affected by
breast/ovarian carcinoma or other malignant diseases),

family history (number of relatives
stage, tumor size, presence of lymph node metastasis,
histological type and grade of the tumor, expression of
estrogen, progesterone and ERBB2 (v-erb-b2 avian
erythroblastic leukemia viral oncogene homolog 2)
receptors, expression of Ki67, response to the therapy and
progression-free survival. All patients after primary
chemotherapy and surgery were followed for local or
distant relapse or in the case of palliative setting for
disease progression by regular medical visits every
3 months during the first 3 years, twice a year during the
next 2 years and yearly then after. During the visits,
mammography, chest X ray, skeletal survey, and
abdominal ultrasound were performed yearly. Clinical
examination together with tumor markers (CEA and CA
15-3) was performed during every visit. In the case of
clinical uncertainty, additional tests and examinations
were performed to rule out possible disease relapse or
progression. Clinical characteristics of patients are
presented in Table 1.

All subjects were informed and gave their
written consent to participate in the study. The design of
the study was approved by the Ethical Committee of the
National Institute of Public Health in Prague.

DNA extraction
Blood
diagnostic procedures

samples were collected during the
with K;EDTA

lymphocytes

using tubes
blood
prepared by using Histopaque (Sigma-Aldrich, St. Louis,
MO, USA) from fresh blood samples of patients.
Genomic DNA was isolated from human peripheral blood
by the
extraction and ethanol precipitation method (Topic and

anticoagulant. Peripheral were

lymphocytes

standard  phenol/chloroform

Gluhak 1991). DNA samples were stored in aliquots at
—20 °C prior to analysis.
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Table 1. Clinical characteristics of patients.

Clinical characteristics N %
Age at diagnosis (years) 48.9+10.8
Menopausal status Premenopausal 13 54
Postmenopausal 11 46
Tumor size (mm) 22.8+13.4
Lymph node metastasis Absent (pNO) 16 67
Present (pN1-3) 8 33
Pathological stage 1 9 41
I 11 50
I 2 9
V4 0 -
Not determined 2 -
Histological type Invasive ductal carcinoma 19 79
Other type 5 21
Pathological grade 1 3 13
9 39
3 11 48
Gx 1 -
Estrogen receptor status Positive 18 75
Negative 6 25
Progesterone receptor status Positive 18 75
Negative 6 25
Expression of HER?2 Positive 8 65
Negative 15 35
Not determined 1 -
Expression of Ki-67 (%) 37.2+24.5
Response to neoadjuvant chemotherapy Complete or partial response 11 48
Stable disease or progression 12 52
Not determined 1 -
Distribution of ABCCS8 rs757110 allele frequencies  CC 4 17
CA 9 38
AA 11 46

Data are mean % SD.

Exome sequencing

Libraries encompassing all exons of ABCCS
(39 exons) and ABCD2 (10 exons) genes were prepared
according to the manufacturer (Roche, Prague, Czech

performed using SeqCap EZ Choice by Nimblegen.

system (Roche).

Republic). Based on the character of probe design,

i.e. tiling; the exons were surrounded by approximately
30 bp regions of intronic sequences which were also
sequenced in both directions. Target enrichment was

Data analysis

Systems,

Libraries were prepared using Rapid Library Preparation
Kit (Roche). Samples were sequenced on 454 GS Junior

Raw data were processed by pipeline software
Sequence Pilot (JSI Medical

Ettenheim,
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Fig. 1. Distribution of alterations in ABCC8 and ABCDZ2 genes. Top: The frequency of genetic alterations in ABCC8 (left) and ABCD2
(right) analyzed by the USCS server (http://snp-nexus.org). Numbers of alterations are on y-axis. Bottom: The positions of coding
SNPs with the predicted pathogenic effects in ABCC8 (upper image) and ABCDZ2 (lower image) genes are depicted by triangles. The
schematic presentation of ABC domains is adopted from NCBI's Conserved Domain Database (Marchler-Bauer et al. 2011).

Table 2. Overview of identified alterations in ABCC8 and ABCDZ2
genes in breast cancer patients.

Type ABCCS* ABCD2* Total®
Noncoding 21 (1) 62 (2) 83 (3)
Frameshift 6 4 10
Missense 5(12) 2(1) 7 (3)
Synonymous 10 3 13
All 41 (3) 72 (3) 113 (6)

Numbers of alterations with numbers of pathogenic ones in
parentheses, # Pathogenic by Regulome DB, SIFT, PolyPhene or
HaploReg (see Table 3).

Germany) and variant calling was performed with the

following  settings: minimal absolute coverage,

15-combined; both directions minimal absolute coverage,

off; minimal % coverage, 10 % per direction.
Associations of single nucleotide polymorphisms

(SNPs) and novel pathogenic alterations with prognostic

clinical data (tumor size and grade, presence of lymph node
metastasis, expression of hormonal receptors, ERBB2 and
Ki67, progression-free survival, and response to the therapy)
were evaluated by the two-sided Pearson chi square and the
Spearman tests. A p-value of less than 0.05 was considered
statistically significant. Analyses were conducted by the
statistical program SPSS v15.0 (SPSS, Chicago, IL).

The functional relevance of the examined SNPs
DB
(http://regulome.stanford.edu) (Boyle et al 2012),
PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2), SIFT
(http://sift.jevi.org) and HaploReg v2 and v3 (Ward and
Kellis 2012) programs.

was analyzed in  silico by Regulome

Results

Exome sequencing of ABCC8 and ABCD2 in breast
cancer patients

The 24 samples were sequenced with a mean
coverage 87. Of the total number 49 regions, 100 % base
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pairs were called in 42 regions, three regions were covered
by >99 %, four by <80 % and one region (exon 1 in
ABCCS) was covered by less than 50 %. In the two genes
(ABCC8 and ABCD?2),

identified, of which 83 alterations were in noncoding

113 genetic alterations were

regions and the rest in the coding regions. Thirteen coding
alterations were synonymous, seven missense amino acid
changes and the rest of the identified alterations (n=10)
were frameshift mutations present in three patients of the
24. Together, 81 (72 %) novel alterations (20 of 41, i.e.
50 % in ABCCS and 61 of 72, i.e. 85 % in ABCD?2) were
discovered. The observed genetic alterations are
summarized in Table 2. Figure 1 (top part) shows the

distribution of genetic alterations by type.

Functional aspects

In silico analysis by four different programs was
used to predict functional relevance of all identified
alterations. SIFT and/or PolyPhen and Regulome DB
predicted probably deleterious effect of polymorphisms
rs757110 in ABCCS and rs117275340 in ABCD2. The
analysis by HaploReg suggested that these SNPs change
binding sites for a number of transcription factors. One
novel SNP (V17M) and one insertion in ABCCS and two
insertion/deletions in ABCD2 were predicted by the
Regulome DB, SIFT and PolyPhen as deleterious
(Table 3). Figure 1 (bottom part) depicts positions of
coding alterations with the predicted pathogenic effects.

Table 3. In silico functional analysis of alterations in ABCC8 and ABCDZ2 genes revealed by the study.

Coordinate SNP ID Amino
acid

change

Regulome DB

SIFT* PolyPhen”  HaploReg"

ABCC8

chr11:17498225InsC
chr11:1749826C>T
chr11:17418476C>A

novel none
V17TM

A197S

novel N/A

rs757110

Likely to affect binding

Likely to affect binding
and linked to expression

N/A
0.02
N/A

N/A
0.984
0.681

N/A
N/A
CCNT2
SZF1-1

of a gene target

ABCD2

chr12:39947545Delins3 novel
chr12:39947547DelA
chr12:40013392G>C

none
novel none

rs117275340 A9G N/A

Likely to affect binding
Likely to affect binding

N/A
N/A
0.023

N/A
N/A
0.84

N/A

N/A

AP-4 1 AP4 3
Ascl2

CTCF _discl0
E2A 3

GATA disc4
AP-4 3

Ascl2

CTCF _discl0
E2A 3

GATA disc4
HENI 1

HEN1 2

LBP-1 2

Myf 2

Myf 3

SREBP known4
TCF12 knownl

# score cutoff <0.05; ® score cutoff >0.2; © motif changed according to HaploReg v3; in silico predictions for novel variants are not

available (N/A). Missense alterations in grey.
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Table 4. Distributions of pathogenic alterations in ABCC8 and ABCDZ2 genes in breast cancer patients.
ABCCS ABCD2
Patient no. chr11:174184 chr11:174982 chr11:174982 chr12:399475 chr12:399475 chr12:400133
7T7C>A 75C>T 25InsC 45Delins3 47DelA 92G>C
P3 CA CC -/- -/- -/- GG
P8 AA CC -/- -/- -/- GG
P9 AA CC -/- -/- -/- GG
Pi3 AA CC -/- -/- -/- GG
P31 AA CC -/- -/- -/- GG
P32 AA CC -/- -/- -/- GG
P40 CA CC -/- -/- -/- GG
P45 CA CC -/- -/- -/- GG
P52 CA CC -/- -/- -/- GG
P55 AA CC -/- -/- -/- GG
P67 AA CT insC/- -/- -/- GG
P69 CA CC -/- -/- -/- GG
P71 CC CC -/- -/- -/- GG
P84 CA CC -/- del/- -/- GG
P85 CA CC -/- -/- -/- GG
P95 CC CC -/- -/- -/- GG
P96 CC CC -/- -/- delA/- GC
P97 AA CC -/- -/- -/- GG
P102 CC CC -/- -/- -/- GG
Pl117 CA CC -/- -/- -/- GG
Pi120 AA CC -/- -/- -/- GG
Pi122 AA CC -/- -/- -/- GG
Pi133 AA CC -/- -/- -/- GG
P43 CA CC -/- -/- -/- GG

Table presents identified genotypes with minor allele in bold; -/- means no deletion or insertion was found.

Clinical aspects

Table 4 shows the list of patients carrying
functionally relevant genetic alterations. Due to the very
with the predicted
pathogenic effects, we evaluated just associations of the
rs757110 SNP in ABCCS with clinical data of the
patients. None of the analyzed characteristics (with age,

low frequency of alterations

menopausal status, tumor size, presence of lymph node
metastasis, grade, expression of hormonal receptors,
ERBB2 and Ki-67, progression-free
the
significantly with the carriage of rare alleles in this

survival, and

response  to neoadjuvant therapy) associated

polymorphism (data not shown).
Discussion

The present study shows that exome sequencing
of both target genes is feasible and can be used for further

studies on their relevance for prognosis and prediction of
therapy outcome of cancer and eventually other serious
diseases.

The role of ABCC8 and ABCD2 in human
cancer is underexplored. Despite the earlier reports on
colorectal and
of their
intratumoral expression with clinical data of patients
(Hlavata et al. 2012, Hlavac et al. 2013, Mohelnikova-
2013) further
functional aspects are missing. However, the recently

their expression in human breast,

pancreatic carcinomas and associations

Duchonova et al information and
reported link between the ABCCS8 overexpression in
animal model of brain metastasis and blood-tumor barrier
permeability together with the demonstrated anti-tumor
potential of its inhibition by glyburide (Thompson et al.
2013) raise further interest. Evaluation of functional
connections between genotype and phenotype of ABCCS
may become tool  for

major pharmacogenetic
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stratification of patients for such therapy.

ABCCS8 also known as sulfonylurea receptor
(SURI1, Miki et al. 1999) belongs to the most often
analyzed genes in both neonatal and maturity-onset of the
young (MODY) forms of diabetes mellitus and previous
studies suggested its potential use as pharmacogenetic
marker for decision between therapy by oral
sulfonylureas or insulin (Gloyn ef al. 2004, Pearson et al.
2006). Its gene product forms together with the product
of KCNJ11 gene, the Kir6.2 subunit (OMIM: 600937),
the ATP-dependent potassium channel playing a critical
role in glucose homeostasis (Bennett ef al. 2010).

The present study identified three alterations in
ABCC8 with the in silico predicted functional relevance
for its phenotype. Two alterations were newly discovered
compared with the previously published results of whole
exome sequencing of ABCCS8 (Bonnefond e al. 2010,
Johansson et al. 2012, Proverbio et al. 2013) and
dbSNP database (http://www.ncbi.nlm.nih.gov/snp). The
rs757110 polymorphism leading to the substitution of
alanine at 1369 residue to serine inside the nucleotide
binding domain (NBD?2) is suspected to modify proper
function of the ABCCS transporter (Krugluger et al.
2000). Indeed, PolyPhen-2 used in the present study
predicted damaging effects particularly of its truncated
isoform with substitution of alanine at 197 residue to
serine in NBD2.

However, in the stratified analysis of the patient
set the rs757110 polymorphism did not significantly
associate with any of the followed clinical characteristics
of breast carcinoma patients. Despite this result, due to
the small size of the patient set, the possibility of clinical
relevance of the examined polymorphism cannot be ruled
out.

Whole exome sequencing study of the ABCD?2
gene coding ALDRP (adrenoleukodystrophy-related
protein) was not published so far and thus, the presently
reported data is novel as well as the method for its
assessment. Therefore, in contrary to ABCCS, the ABCD?2
analysis revealed 62 (85 % of total) novel alterations with
the predicted functional effect in three of them.

ABCD?2 is active in peroxisomal transport of
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Abstract

ATP-binding cassette (ABC) transporters, belonging to the family D, are expressed in peroxisomes,
endoplasmic reticulum or lysosomes. ABCD transporters play a role in transport of lipids, bile acids and
vitamin B12 and associate with peroxisomal disorders. ABCD1 performs transport of coenzyme A esters of
very-long-chain fatty acids (VLCFA) in peroxisomes and a number of mutations in ABCD7 gene were linked
to an X-linked adrenoleucodystrophy (X-ALD). The role of ABCD transporters in tumour growth has not been
studied in detail, but there is some evidence that AB(Ds levels differ between undifferentiated stem or
tumour cells and differentiated cells suggesting a possible link to tumorigenesis. In this mini-review, we
discuss the available information about the role of ABCD transporters in cancer.

Introduction

ATP-binding cassette (ABC) transporters belong to mem-
brane transporter proteins. Along with the other type of
membrane transporters, the solute carrier transporters (SLC),
they translocate chemical compounds across cellular and
intracellular membranes.

ABC transporters form a superfamily of seven families A,
B, C, D, E, F and G [1]. However; from the total number
48 human ABC transporters, up to 16 have been shown
to transport chemotherapeutic drugs [2,3]. The expression
pattern of ABC transporters is tissue-, cell type- and
compartment-specific with large inter-individual variability
[4-6]). [www.genecards.org].

ABCs transport most of the clinically and toxicologically
relevant compounds, e.g., anti-cancer, anti-HIV, anti-
depressant, antibiotic, anti-epileptic and analgesic drugs.
Strong evidence suggests that ABCB1 [multi-drug resistance
1 (MDR1), Online Mendelian Inheritance in Man (OMIM):
171050], ABCC1 [MDR-associated protein 1 (MRP1),
158343] and ABCG2 (breast cancer resistance protein, BCRP,
603756) take part in MDR and modify chemotherapy
response. The rest of members of the ABCC family
coding MRP are also well characterized. For the remaining
ABC transporters, scarce information about their role in
cancer onset and progression exists. In this mini-review,
we address current data indicating potential involvement of
ABCD transporters in tumorigenesis, cancer progression and
modulation of cancer treatment response.

Key words: ATP-binding cassette (ABC) transporters, cancer, differentiation, peroxisomes,
progression.

Abbreviations: ABC, ATP-binding cassette; ALD, adrenoleucodystrophy; KRAS, Kirsten rat sarcoma
oncogene homolog; MDR, multi-drug resistance; MRP, MDR-associated protein; PMP70, the
70-kDa peroxisomal membrane protein; VLCFA, very-long-chain fatty acids; X-ALD, X-linked
adrenoleucodystrophy.
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Transporters of the ABCD family

Peroxisomes are sub-cellular organelles present in virtually
all eukaryotic cells. They perform a broad range of
functions, e.g., B-oxidation of fatty acids. Peroxisomes are
surrounded by a single membrane of similar composition
to the endoplasmic reticulum [7]. ABCD, or also called
adrenoleucodystrophy (ALD), transporter family in humans
consists of four members: ALD protein (ALDP) coded
by ABCD1 gene (300371), ALD-related protein (ALDRP)
coded by ABCD2 (601081), the 70-kDa peroxisomal
membrane protein (PMP70) coded by ABCD3 (170995)
and P70R (or PMP69) coded by ABCD4 (603214) [1].
Chromosomal position, gene size, numbers of coding exons
and amino acids and subcellular localization of human ABCD
transporters are summarized by Kemp et al. [8].

All four mammalian members of ABCD family are
half transporters and contain one of each transmembrane
(TM) and nt-binding domains (NBDs). Functional ABCD
assembles as either homodimer or heterodimer. ABCD1-3
transporters facilitate the transport of fatty acids from
cellular matrix to peroxisomes (for hypothesized structure
and overview of ABCDs substrate specificity see [8]).

It seems evident that lipid metabolism plays a role in
cancer progression [9]. The number of peroxisomes depends
on the degree of differentiation [10]. Therefore, the role of
peroxisomal ABCD lipid transporters in cancer development,
progression and therapy outcome is emerging and deserves
detailed study.

ABCD1 (ALDP)
ABCDI [11] is involved in transport of coenzyme A esters
of saturated or monounsaturated very-long-chain fatty acids
(VLCFA) with tails longer than 22 carbons (mostly C24:0
and C26:0) [12] (Table 1).

Mutations in ABCDI gene are linked to X-linked ALD (X-
ALD, 300100), a progressive neurodegenerative peroxisomal
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Table 1 | Substrate specificities of ABCD transporters
Abbreviations: DHCA, 3«, 7a-dihydroxy-58-cholestanoyl-CoA; ER, en-
doplasmic reticulum; LCFA, long chain fatty acids; THCA, 3a, 7«,
12a-trihydroxy-5p8-cholestanoyl-CoA.

Subcellular
Transporter localization Substrate Reference(s)
ABCD1/ABCD2  Peroxisomal (24:0-CoA [28,29]
membrane
(26:0-CoA [28,29]
(18:1-CoA [12,28]
€20:1-CoA [27]
€22:1-CoA [27,31]
(20:0-CoA [27]
(22:0-CoA [28,41]
ABCD2 Peroxisomal (22:6w3-CoA [27-29]
membrane
(24:6w3-C0A [27,28]
€22:506 [27]
16:0-CoA [41]
(18:0-CoA [41]
ABCD3 Peroxisomal LCFA (C20:5-CoA) [41]
membrane
THCA-CoA [42]
DHCA-CoA [42]
Pristanoyl-CoA [41,42]
Phytanoyl-CoA [42]
Dicarboxylic acids  [41]
ABCD4 ER membrane  unknown [50]
Lysosomal B12 [51,52]
membrane

disorder characterized by accumulation of VLCFA affecting
lipid storage in brain and adrenal cortex [13,14].

Northern blot analysis of ABCD transporters in mouse
brain showed highest ABCD1 expression in embryos and
its gradual decrease during maturation from newborn to
older mice [15] suggesting a possible link of ABCD1 to cell
differentiation with parallel to tumorigenesis. However, the
finding of 13-times higher ABCD1 transcript level in human
differentiated macrophages compared with less differentiated
primary monocytes points to a tissue- and cell type-specific
role of ABCDs in cell differentiation [16].

In a comprehensive study, Szakacs et al. [17], assessed
gene expression of all human ABC transporters in a large
panel of different tumour cell lines. ABCD1 was found in a
cluster of ABCs expressed specifically in melanoma cell lines.
An inverse correlation between ABCD1 and ABCB1 gene
expression implicated a possible link of ABCD1 to melanoma
drug resistance [17]. Later study observed lower ABCD1
transcript expression levels in melanoma cell lines than in
normal human epidermal melanocytes [18].

ABCDI1 transcript (measured by real-time PCR) and
protein (by immunohistochemistry in paraffin sections)

©2015 Authors; published by Portland Press Limited

was down-regulated in renal cell carcinomas compared
with paired normal renal cell tissue samples (n = 77)
[19]. In recent studies, we have measured the transcript
levels of all human ABC transporters in breast, colorectal
and pancreatic tumours and paired adjacent non-neoplastic
tissues by real-time PCR. ABCD1 transcript levels were
significantly overexpressed in breast carcinomas compared
with non-neoplastic control tissues [20]. On the opposite,
ABCD1 transcript levels in colorectal and pancreatic
tumours compared with paired non-neoplastic control tissues
were unaffected by tumorigenesis [21,22]. Nevertheless,
pancreatic tumours with angioinvasion had higher levels
of ABCD1 transcript when compared with the tumours
without angioinvasion, suggesting its potential role in cancer
spread [22]. Interestingly, of all human ABCs, just ABCD1
was overexpressed in near-normal human pancreatic ductal
epithelial cells harbouring Kirsten rat sarcoma oncogene
homolog (KRAS) G12V mutation under hypoxia compared
with unaffected cells with KRAS G12V [23].

Investigation of B-oxidation impairment in primary
fibroblasts from X-ALD and Zellweger syndrome patients
revealed that ABCD1 dysfunction causes the defect in -
oxidation. This study also addressed transcript and protein
levels of ABCDs in patients’ fibroblasts. Interestingly, the
transcript level did not differ between healthy control
and X-ALD or Zellweger patients (both ABCD1 and
ABCD3; ABCD2 level was negligible), but the ABCD1
protein expression was reduced in X-ALD cases [24]. This
observation suggests the lack of correlation between ABCD1
transcript and protein levels and implies that transcriptomic
results need cautious interpretation.

ABCD2 (ALDRP)
ABCD2 [25] is highly similar to ABCD1 (63 % homology)
[26] and has overlapping substrate specificities with ABCD1
towards saturated fatty acids and monounsaturated acids.
Nevertheless, ABCD2 has a distinct substrate specificity
towards shorter VLCFA (C20:0-CoA and C22:0-CoA) and
polyunsaturated fatty acids (PUFAs, C22:6-CoA and C24:6-
CoA) [27-29]. Substrate specificities of ABCD2 and other
members of ALD family are summarized in Table 1.
ABCD?2 transcript was down-regulated during mesen-
chymal development (higher level in pluripotent embryonic
stem cells compared with multipotent mesenchymal stem
cells) [30]. ABCD2 protein is highly expressed in white
adipose tissue and especially in cultured 3T3-L1 adipocytes
and its expression increases during adipogenesis [31]. The
observed rapid obesity onset, hepatic steatosis and insulin
resistance in Abcd2-deficient mice fed with dietary erucic
acids (C22:1w9) underlines the key role of ABCD2 in lipid
metabolism [32]. Interestingly, the number of peroxisomes
increased during differentiation of 3T3-L1 adipocytes and
Abcd2 identifies a subclass of peroxisomes that may be
specific for adipocytes [10]. Adipose tissue is a master
regulator of energy balance and nutritional homoeostasis [33]



and current epidemiological evidence supports the role of
obesity as a major cancer risk factor [34].

ABCD?2 knockdown led to increased apoptosis in ovarian
cancer cell line ovarian adenocarcinoma (SKOV3) after
cisplatin treatment 2 vitro. Furthermore, the ABCD2 gene
expression was decreased by miR-30d in vitro suggesting
a possible role of ABCD2 and potentially miR-30d in
conferring platinum resistance [35].

ABCD2 levels were significantly down-regulated in
breast tumours compared with non-neoplastic tissues of
pre-treatment patients and of patients after neoadjuvant
chemotherapy (post-treatment patients). In addition, higher
ABCD2 transcript levels significantly associated with
better response to neoadjuvant chemotherapy in post-
treatment patients. However, protein levels assessed by
immunoblotting in tumour tissues did not correlate with
the gene transcript levels indicating that functional relevance
needs further delineation [20]. Post-treatment patients with
high transcript levels of ABCD2 in tumours (median cut-
off) had significantly longer progression-free survival (log
rank, P = 0.005) than patients with low levels (2 = 63)
[Hlavde, V., Brynychovd, V., Viclavikovd, R., Ehrlichovd,
M., Vrana, D., Pecha, V., Kozevnikovova, R., Trnkova, M.,
Gaték, J., Kopperovd, D., Gut, L. and Soudek, P., unpublished
results]. Alike breast cancer, we observed down-regulation of
ABCD2 in tumours compared with paired non-neoplastic
mucosa tissues in colorectal carcinoma [21], but levels in
pancreatic carcinoma were unchanged [22]. From this point
of view it is interesting that direct regulation of ABCD2
by B-catenin (cadherin-associated protein beta 1, CTNNB1,
116806) and transcription factor 4 (TCF4, 602272) was
recently shown in vitro [36]. These members of Wntsignalling
pathway were implicated in colorectal and pancreatic
tumorigenesis [37,38].

ABCD3 (PMP70)

ABCD?3 is the first peroxisomal ABC transporter identified
[39]. The protein PMP70 has capacity to transport large
spectrum of fatty acids. Although ABCD1, ABCD2 and
ABCD3 have overlapping substrate specificities, ABCD3
has a major role in transport of long-chain unsaturated,
long branched-chain and long-chain dicarboxylic fatty acids
[40,41] (Table 1). Recently, ABCD3 deletion in patient with
hepatosplenomegaly has been found [42].

ABCD3 transcript was overexpressed almost eight times
in human differentiated macrophages compared with primary
monocytes from healthy donors [16].

Amplification of ABCD3 (and ABCD4) measured by
comparative genome hybridization (CGH) in several drug-
resistant cell lines compared with drug-sensitive parental cell
lines was observed implicating role of these genes in acquired
chemoresistance [43].

ABCD?3 protein and transcript are expressed in glioma tu-
mour cells. The malignancy differentiation (grade) correlated
with the gene and protein expression of ABCD3 and other
peroxisomal genes. The transcript level was significantly
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higher in grade III or grade IV tumours than in grade II
tumours and the protein level increased gradually with the
grade. The level of triglycerides increased as well suggesting
together that peroxisomes are strongly involved in glioma
biology and correlate with malignancy progression [44].
ABCD3 transcript level measured by real-time PCR was
higher in Y79 retinoblastoma cells than in the (commercially
available) RNA pooled from different tissues [45].

Lauer et al. [46] found reduction in peroxisomes in
colon cancer. In their study, ABCD3 was down-regulated in
colorectal cancer tumours compared with unaffected colonic
mucosa by immunoblotting and immunohistochemistry.
However, the significant reduction in the PMP70 protein did
not correlate with reduction in the corresponding mRNA
(addressed by northern blot) [46]. Congruently with these
results, our group has observed down-regulation of ABCD3
transcript levels in colorectal and pancreatic tumour tissues
[21,22]. In contrast, transcript levels of ABCD3 were overex-
pressed in breast tumours [20] and no significant difference in
ABCD?3 transcript levels between samples from human skin
and malignant melanoma patients was found as well [6].

ABCD3 and Ras-related nuclear protein GTPase-
activating protein 1 (RanGAP1) have previously been
identified among genes linked with prostate cancer using
c¢DNA microarrays and gene-gene interaction studies
revealed associations of SNPs surrounding ABCD3 with
RanGAP1 expression [47]. ABCD3 transcript was 2-fold-
increased in the metastatic prostate cancer cell line compared
with normal prostate cells. Human prostate adenocarcinoma
derived from bone metastasis (MDA-2PC-2B) metastatic cell
line, derived from African American patient, showed the
highest (10-fold) increase [47]. ABCD3 protein expression
increased with increasing aggressiveness (Gleason score), age
and pathology grade in Caucasian prostate cancer patients.
However, ABCD3 was overexpressed to the same degree in
both low and high Gleason score tumours in the African
American patients [48]. Thus, the role of ABCD3 so far seems
associated with prostate, glioma, breast and gastrointestinal
cancer development.

ABCD4 (P70R)

ABCD4[26,49] shares 46 % sequence homology with human
ABCDI1. However, Kashiwayama et al. [50] reported that
ABCD#4 localizes to endoplasmic reticulum due to its
hydrophobic N-terminal region. Recently, ABCD4 was
shown to export vitamin B12 from lysosomes in human
fibroblasts [51,52] and simultaneously was ABCD4 identified
among 13 target loci associated with serum B12 and folate
levels [53]. Association of ABCD4 with B12/folate pathway
may have implications for colorectal cancer risk [54] and
efficacy of therapy [55].

ABCD#4 transcript was overexpressed in pluripotent em-
bryonic stem cells compared with multipotent mesenchymal
stem cells [30] and more than three times higher in
human differentiated macrophages compared with primary
monocytes [16].
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Table 2 | Differences in expression of ABCD transporters in cancer and control tissues and clinically relevant associations
Abbreviations: NACT, neoadjuvant chemotherapy; PFS, progression-free survival.

Reference(s) Reference(s) Reference(s)

ABCD1 Expression in tumour Angioinvasive Drug resistant
compared with compared with compared with
non-neoplastic without drug sensitive
tissue angioinvasion

Breast cancer Up-requlation [20] - -

Colorectal cancer Unchanged [21] - -

Pancreatic cancer Unchanged [22] Up-requlation [22] -

Melanoma (nine cell lines)  Down-regulation (18] - -

Renal cell cancer Down-regulation [19] - -

AB(CD2 Expression in tumour Response to NACT Drug resistant
compared with compared with compared with
non-neoplastic non-response drug sensitive
tissue

Breast cancer Down-regulation [20] Up-regulation [20] -

Colorectal cancer Down-requlation [21] - -

Pancreatic cancer Unchanged [22] - -

Ovarian cancer (SKOV3) - - Up-regulation (35]

ABCD3 Expression in tumour High grade compared Drug resistant
compared with with low grade compared with
non-neoplastic drug sensitive
tissue

Breast cancer Up-requlation [20] - -

Colorectal cancer Down-requlation [21,45] - -

Pancreatic cancer Down-regulation (22] - -

Melanoma Unchanged (6] - -

Retinoblastoma (Y79) Up-requlation [45] - -

Glioma - Up-requlation [44] -

Prostate cancer - Up-requlation [48] -

Neoplasms (23 cell lines) - - DNA amplification [43]

ABCD4 Expression in tumour Longer PFS compared Drug resistant
compared with with shorter PFS compared with
non-neoplastic drug sensitive
tissue

Breast cancer Down-requlation [20] - -

Colorectal cancer Down-regulation [21] Up-regulation [21] -

Pancreatic cancer Up-requlation [22] - -

ABCD4 transcript expression was significantly down-  Conclusions

regulated in colorectal tumours compared with non-
neoplastic mucosa tissues and the disease-free interval of
patients treated by 5-fluorouracil-based adjuvant chemo-
therapy was significantly shorter in patients with low
intratumoural transcript levels [21]. Accordingly, we have
observed down-regulation of ABCD4 transcript levels in
tumours compared with non-neoplastic tissues also in breast
carcinoma patients [20]. In the opposite, ABCD#4 transcript
levels were significantly higher in pancreatic tumours
compared with non-neoplastic tissues [22] suggesting its
tissue-specific deregulation during tumorigenesis (Table 2).

©2015 Authors; published by Portland Press Limited

Taken together, the role of VLCFA accumulation in
X-ALD and its proposed role in tumorigenesis is an
interesting topic for further investigations. The observed
down-regulation of ABCDs in certain tumour types may
in some instances cause lipid accumulation and could then
promote tumour growth and progression in a similar way
as in X-ALD, i.e. by oxidative stress and stimulation of
inflammation with subsequent loss of peroxisomal functions.
In addition, tumours need lipids as construction material
for their increased proliferation. One can speculate that the
intracellular balance between lipid entities modulated by



ABCDs is most probably more important than impairment
of single transporter.

Results of ABCDs profiling of major human solid tumours
(breast, colorectal and pancreatic carcinoma) suggest a cancer-
specific deregulation of ABCDs and its potential as a therapy
target, especially in breast carcinoma. The reported variations
in expression between differentiated and less differentiated
(pluri-/multi-potent) stem cells are most probably tissue-
specific as well and may influence the potential of cancer
stem cells to accelerate metastasis.

The revealed lack of correlation between transcript and
protein levels of ABCD transporters needs a particular
attention because it limits interpretation of existing
transcriptomic data. In contrary to the availability of
transcriptomic profiles in different tissue and cell types, a
scarcity of protein data, especially information about post-
translational regulation of ABCD family and its detailed
structural topology precludes translation of current know-
ledge about ABCD transporters into clinical application in
oncology.
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The Role of Cytochromes P450 and Aldo-Keto Reductases in
Prognosis of Breast Carcinoma Patients

Viktor Hlavdc, MS, Veronika Brynychovd, MS, Radka Vdclavikovd, PhD, Marie Ehrlichovd, MS,
David Vrana, MD, PhD, Vaclav Pecha, MD, Marketa Trnkovda, MD, Roman Kodet, MD, PhD,
Marcela Mrhalova, PhD, Katerina Kubackova, MD, Jiri’ Gaték, MD,

Petr Vazan, MD, and Pavel Soucek, PhD

Abstract: Metabolism of anticancer drugs affects their antitumor
effects. This study has investigated the associations of gene expression
of enzymes metabolizing anticancer drugs with therapy response and
survival of breast carcinoma patients.

Gene expression of 13 aldo-keto reductases (AKRs), carbonyl
reductase 1, and 10 cytochromes P450 (CYPs) was assessed using
quantitative real-time polymerase chain reaction in tumors and paired
adjacent nonneoplastic tissues from 68 posttreatment breast carcinoma
patients. Eleven candidate genes were then evaluated in an independent
series of 50 pretreatment patients. Protein expression of the most
significant genes was confirmed by immunoblotting.

AKRIA1 was significantly overexpressed and AKRICI-4,
KCNABI, CYP2C19, CYP3A4, and CYP3AS downregulated in tumors
compared with control nonneoplastic tissues after correction for
multiple testing. Significant association of CYP2B6 transcript levels
in tumors with expression of hormonal receptors was found in the
posttreatment set and replicated in the pretreatment set of patients.
Significantly higher intratumoral levels of AKR1C1, AKRIC2, or
CYP2W1 were found in responders to neoadjuvant chemotherapy
compared with nonresponders. Patients with high AKR7A3 or CYP2B6
levels in the pretreatment set had significantly longer disease-free
survival than patients with low levels. Protein products of AKRICI,
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AKRI1C2, AKR7A3, CYP3A4, and carbonyl reductase (CBR1) were
found in tumors and those of AKR1C1, AKR7A3, and CBRI1 correlated
with their transcript levels. Small interfering RNA-directed knockdown
of AKR1C2 or vector-mediated upregulation of CYP3A4 in MDA-MB-
231 model cell line had no effect on cell proliferation after paclitaxel
treatment in vitro.

Prognostic and predictive roles of drug-metabolizing enzymes
strikingly differ between posttreatment and pretreatment breast carci-
noma patients. Mechanisms of action of AKR1C2, AKR7A3, CYP2B6,
CYP3A4, and CBRI should continue to be further followed in breast
carcinoma patients and models.

(Medicine 93(28):€255)

Abbreviations: ADR = adriamycin, AKR = aldo-keto reductase,
CBR = carbonyl reductase, CI = confidence interval, CYP =
cytochrome P450, DES = disease-free survival, ER = estrogen
receptor, ERBB2 = V-ERB-B2 avian erythroblastic leukemia viral
oncogene homolog 2, FACFDR = false discovery rate, GAPDH =
glyceraldehyde phosphate dehydrogenase, HR = hazard ratio,
KCNAB = shaker-related voltage-gated potassium channel,
subfamily beta, Ki67 = proliferation-related Ki-67 antigen, NACT =
neoadjuvant chemotherapy, NS = not significant, p53 = tumor protein
p53, PCT = paclitaxel, pN = pathological lymph node involvement,
PR = progesterone receptor, pT = pathological tumor size, PCR =
quantitative real-time polymerase chain reaction, REF = reference
gene, REST = Relative Expression Software Tool, RIN = RNA
integrity number, TRG = target gene.

INTRODUCTION

B reast carcinoma is the most common cancer in women
worldwide.! The prognosis of breast carcinoma patients
vastly depends on the response of the tumor cells to chemother-
apy. Decreased uptake or eventually increased efflux of drugs,
increased DNA repair or reduced apoptosis, and inactivation of
anticancer drugs by biotransformation enzymes may contribute
to the development of multidrug resistance.”

Phase 1 biotransformations typically involve substrate
oxidation by the cytochrome P450 (CYP) monooxygenases.
About 20 enzymes from 57 known CYPs are active in metab-
olism of procarcinogens and drugs. Most of them lack important
functional polymorphisms, but CYP2A6, CYP2B6, CYP2C9,
CYP2C19, and CYP2D6 are highly polymorphic suggesting a
potential effect on their expression.

Cyclophosphamide is a prodrug that must undergo acti-
vation by CYP2C9, CYP2C19, CYP3A4, and CYP3A5.*
CYP2B6 also participates in cyclophosphamide activation in
the liver, but its role in the response to cyclophosphamide in
cancer patients has not been proven yet.® CYP2C8, CYP3A4,
and CYP3AS5 are major taxane-metabolizing enzymes.”"® Roles
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of CYP1A2, CYP2A6, and CYP2C8 in 5-fluorouracil formation
from a prodrug tegafur have been described as well.” CYP2C19
and CYP2D6 polymorphisms have recently been associated
with therapeutic outcome of tamoxifen-treated breast carci-
noma patients. '’

CYP2C9, CYP2D6, and CYP3A4 mRNA expression has
unambiguously been detected in mammary gland.'"'? Strong
protein expression of CYP2S1 and CYP3A4 has been associ-
ated with shorter survival time of breast carcinoma patients.'>
Despite the knowledge about CYP2W1 substrate specificity is
limited,'* its overexpression in colorectal carcinomas'® raises
interest about future plans for CYP2W1-based cancer therapy.®

Carbonyl reductases (CBRs) and aldo-keto reductases [AKR
and Voltage-gated K+ channel beta subunit (KCNAB)] are involved
in redox transformations of broad spectrum of carbonyl group-
containing xenobiotics, for example, in the transformation of adria-
mycin to its inactive metabolite adriamycinol.'®”'® Mammalian
AKRSs are divided into 3 families AKR1, KCNAB, and AKR7 with
13 identified AKR proteins: AKR1A1l (aldehyde reductase),
AKRI1BI1 and AKR1B10 (aldose reductases), AKR1C1, AKR1C2,
AKRIC3, and AKRIC4 (hydroxysteroid dehydrogenases),
AKRI1DI (A4-3-ketosteroid-5-B-reductase), KCNAB1, KCNAB2,
and KCNAB3 (voltage-gated potassium channels), and AKR7A2
and AKR7A3 (aflatoxin reductases).'®

Taken together, available data in the literature suggest a
potential role of drug-metabolizing enzymes in the response of
patients to anticancer therapy. However, studies in target tissues
of patients are limited and therefore urgently needed for trans-
lation of functional data into clinical practice. A comprehensive
set of metabolizing enzymes involved in the chemotherapy
outcome 1is, thus, still to be defined.

This study explored gene expression levels of drug-meta-
bolizing enzymes in the posttreatment tissues from breast
carcinoma patients treated by neoadjuvant chemotherapy
(NACT). Expression profiles were compared with clinical data
and with response of the patients to NACT in order to identify
putative biomarkers with prognostic and predictive value. Two
cohorts of pretreatment patients were then used for comparison
and assessment of biological relevance of putative biomarkers
on the protein level.

METHODS

Materials

Phenol, chloroform, RNase A, proteinase K, ultrapure
agarose, and other general chemicals were purchased from
Sigma-Aldrich (Prague, Czech Republic). Deoxynucleotides
for polymerase chain reaction (PCR) and molecular weight
standard for electrophoresis (®X174DNA/Haelll digest) were
products of New England Biolabs, Inc (Ipswich, MA). Taqg-
Purple DNA polymerase and Combi PPP Master Mix for PCR
were supplied by Top-Bio s r.o. (Prague). Protein standards for
immunoblotting were kindly provided by Prof Paul F. Hollen-
berg, University of Michigan, Ann Arbor, MI (P450 2B6) and
Prof F. Peter Guengerich, Vanderbilt University, Nashville, TN
(P450 3A4).

Patients

Posttreatment tissue samples of human carcinomas of the
mammary gland were prospectively obtained from 68 incident
breast carcinoma patients diagnosed at the Department of
Oncosurgery, Medicon, Prague, during 2006—2010. Patients
were treated by NACT based on 5-fluorouracil/adriamycin/

2 | www.md-journal.com

cyclophosphamide or 5-fluorouracil/epirubicin/cyclophospha-
mide and eventually taxanes (for NACT regimens see Table,
Supplemental Digital Content 1, http://links.lww.com/MD/
A124). Paired adjacent tissue samples without morphological
signs of carcinoma (nontumor controls) were available from
43 patients. Collection and pathological processing of tissue
samples and retrieval of data was performed as described
before.'?

Pretreatment tissue samples of human carcinomas of the
mammary gland were prospectively obtained from 50 incident
breast carcinoma patients diagnosed at the Faculty Hospital in
Motol, Prague, during 2003-2007. Paired adjacent tissue
samples without morphological signs of carcinoma (nontumor
controls) were available from 31 patients. Patients were treated
by adjuvant chemotherapy and eventually hormonal therapy
after surgery (Table, Supplemental Digital Content 1, http:/
links.lww.com/MD/A124). Collection and pathological proces-
sing of tissue samples and retrieval of data was done as
described before®® (Text, Supplemental Digital Content 2,
http://links.lww.com/MD/A124).

For analysis of protein levels of candidate genes, third set
was established. Pretreatment tumor tissue samples of human
carcinomas of the mammary gland were prospectively obtained
from 42 incident histologically verified breast carcinoma
patients diagnosed at the Department of Surgery, Hospital Atlas,
Zlin, during 2012. Collection and handling of tissue samples
and clinical data retrieval adhered to the above-described design
(for study flow diagram, see Figure, Supplemental Digital
Content 3, http://links.lww.com/MD/A124).

The following data on patients were retrieved from medical
records: age, menopausal status, date of diagnosis, personal and
family history of cancer, tumor size (pT), lymph node (pN) and
distant metastasis (cM), clinical stage, histological type and
grade of tumor, expression of estrogen receptor (ER), progester-
one receptor (PR), V-ERB-B2 avian erythroblastic leukemia
viral oncogene homolog 2 (ERBB2), p53 protein, and Ki-67
protein (for all clinical data, see Table, Supplemental Digital
Content 4, http://links.lww.com/MD/A124).

All patients after the primary chemotherapy and surgery
were followed for local or distant relapse. Response to NACT
was evaluated by Response Evaluation Criteria in Solid Tumors,
as described.”!

All patients were asked to read and sign an informed
consent. The study was approved by the Ethical Commission
of the National Institute of Public Health in Prague.

Isolation of Total RNA and cDNA Preparation

Total RNA was isolated from snap frozen tissues using
TRIzol Reagent (Invitrogen, Carlsbad, CA). RNA quantity and
quality (RIN) was assessed and complementary DNA (cDNA)
was synthesized using 0.5 pg of total RNA as described
before.® The cDNA was then preamplified using 25 wL of
TagMan PreAmp Master Mix and a pool of 24 specific
TagMan Gene Expression Assays (Life Technologies Corp,
Carlsbad; listed in Table, Supplemental Digital Content 5,
http://links.lww.com/MD/A124) according to the published
procedure. '’

Quantitative Real-Time PCR

Quantitative real-time PCR (qPCR) was done and results
were evaluated as described before.'” Samples from the post-
treatment set were preamplified using TagMan PreAmp Master
Mix (Life Technologies Corp). cDNA from the pretreatment set
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was used for quantification directly without preamplification
procedure.

The relative standard curve was generated from 5 log
dilutions of 1 nontumor tissue sample (calibrator). Amplifica-
tion efficiencies for each reference gene (REF) and target
gene (TRG) were calculated applying the formula efficiency
_ lo—l/slope — 1.

EIF2BI, MRPLI9, IPOS, and UBB were selected as the
most stable reference genes for data normalization (Text,
Supplemental Digital Content 2, http://links.lww.com/MD/
A124). The qPCR study design adhered to the Minimum
Information for Publication of Quantitative Real-Time PCR
Experiments Guidelines.?

Gene expression and clinical data of the evaluation set
were submitted to Gene Expression Omnibus repository under
accession number GSE56259.

Immunoblotting in Human Breast Carcinoma
Tissues

Tumor tissue samples (n=42) were stored at —80°C
before protein isolation. Samples were grinded using a mortar
and pestle and then protein and total RNA was isolated using
Allprep DNA/RNA/Protein Mini kit (Qiagen; Hildesheim,
Germany) according to the manufacturer’s protocol. Total
RNA was then used for gPCR of CYP3A4, CBR1, AKR1C1
(Hs04230636_sH), AKR1C2, and AKR7A3 as described above.
Protein concentration was determined and immunoblotting was
done as previously described.'® Briefly, 20 wg of protein was
used for separation by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (10% gel) and transferred onto 0.2 wm
Protran nitrocellulose membrane (Whatman; Kent, UK).
Protein standards of CYP2B6, CYP2S1, and CYP3A4 were
used in amount of 0.25—1 pmol of purified protein per lane.
First, membranes were incubated in blocking solution (Clear
Milk Blocking Buffer; Pierce Thermo Scientific, Rockford, IL).
Then, membranes were incubated with primary antibodies
against CYP2B6 (dilution 1:200; Abgent, San Diego, CA),
CYP2S1 (dilution 1pg IgG/mL), CYP3A4 (dilution 5pg
IgG/mL*), AKRICI (dilution 1:1000; Aviva Systems Biology,
San Diego), AKR1C2 (dilution 1:100; Aviva Systems Biology),
AKR7A3 (dilution 1:1000; Genetex, Inc, Irvine, CA), CBR1
(dilution 1:1000; Genetex), or glyceraldehyde phosphate dehydro-
genase (GAPDH) (dilution 1:1000; Cell Signaling Technology,
Danvers, MA) overnight at 4°C. Membranes were then incubated
2 hours at room temperature with anti-rabbit horseradish-peroxi-
dase-conjugated secondary antibodies (dilution 1:10,000; Sigma
Aldrich, Prague, Czech Republic). Protein bands were visualized
with an Enhanced Chemiluminescence Detection System (Pierce
Biotechnology, Thermo Scientific Pierce Protein Research Pro-
ducts, Rockford, USA) by Carestream Gel Logic 4000 PRO
Imaging System (Carestream Health, New Haven, CT). Densito-
metry was performed using Carestream v5.2 program (Carestream
Health) as previously described."

Cells and Culture Conditions

Human breast carcinoma MDA-MB-231 cell line (without
expression of hormonal receptors and ERBB2, ie, triple nega-
tive) was purchased from American Type Culture Collection
(Manassas, VA). Cells between passages 4 and 40 were used for
all experiments. Cell line was authenticated and genomic
stability monitored in the fourth and 40th passages by short
tandem repeat profiling using PowerPlex ESI 17 Pro System
(Promega Corp, Madison, WI). Cells were cultured in basic
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medium with added 10% fetal bovine serum in a humidified
atmosphere of 5% CO, at 37°C. RPMI 1640 containing extra L-
glutamine (300 pg/mL), sodium pyruvate (110 pwg/mL), 15 mM
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid buffer,
penicillin (100 U/mL), and streptomycin (100 pg/mL) was used
as a basic medium. The cells were trypsinized by 0.25% trypsin
and 0.02% Ethylenediaminetetraacetic acid in phosphate-buf-
fered saline (all chemicals from PANBiotech GmbH, Aiden-
bach, Germany).

AKR1C2 siRNA Knockdown

Cells were seeded at 5 x 10* per well (approximately at 70%
confluence) of a 24-well plate in culture medium without anti-
biotics and cultured overnight. Next day culture medium was
replaced by transfection mix. For knockdown, a sample of the
pools of target small interfering RNA (siRNA) (predesigned,
AKRI1C2 siRNA, ID: s3991), or positive control (GAPDH siRNA,
cat. no.: 4390849) or negative control (cat. no.: 4390846) (all
15nM/well) in Reduced-Serum Minimal Essential Medium
(OPTIMEM) was incubated with Lipofectamine 3000 reagent
(all chemicals from Life Technologies), and added to OPTIMEM-
conditioned cells in a total volume of 250 pL. After 24 hours
incubation, an equal volume of culture medium without antibiotics
with 20% fetal bovine serum was added, resulting in final con-
centrations of 10% fetal bovine serum (500 pL/well). Knockdown
efficiencies were determined by qPCR and immunoblotting after
48 hours of growth after addition of culture medium.

Transfection With pcDNA3.1-CYP3A4 Vector

Cells were seeded at 5 x 10* per well (approximately at
70% confluence) of the 24-well plate in culture medium and
cultured overnight. Next day, culture medium was replaced by
the fresh complete culture medium (500 p.L) including 50 L of
DNA -lipid complex (0.5 pg of plasmid pcDNA 3.1-CYP3A4
or empty plasmid pcDNA 3.1 as negative control; GenScript,
Piscataway, NJ). Cells were transfected by mixing with Lipo-
fectamine 3000 reagent according to the instructions of man-
ufacturer (Life Technologies). After 48 hours of transfection,
cells were washed and supplemented with the fresh culture
medium. Next day, cells were harvested and seeded at approxi-
mately 25% confluence onto 24-well plate in culture medium
with various concentrations (100, 500, and 1000 pg/mL) of
Geneticin (Santa Cruz Biotechnology, Dallas, TX) for selection
of geneticin-resistant cells. Selective media were replenished
every 3 days and percentage of surviving cells was monitored.
After 9 days, 500 wg/mL of geneticin was selected to maintain
cell line expressing CYP3A4. CYP3A4 expression was mon-
itored by qPCR and immunoblotting.

Cell Proliferation Assessment by Flow Cytometry

Cells were seeded at 1 x 10° per well of the 24-well plate
and propagated in culture medium. Next day (after 18 hours),
culture medium was replaced by the culture medium without
drugs (control) or with 100nM paclitaxel (PCT) or 30 uM
adriamycin (LC Laboratories, Woburn, MA). Cells were har-
vested after 24 hours and fixed in 70% ethanol at 4°C overnight.
Fixed cells were washed with phosphate-buffered saline, incu-
bated with 40 pg/mL propidium iodide and 100 pg/mL RNase
in phosphate-buffered saline, and cell cycle was analyzed using
flow cytometer FACSVersa (Becton, Dickinson and Company,
Franklin Lakes, NJ). CYP3A4 and AKRIC2 expression was
monitored by qPCR and immunoblotting in parallel samples
48 hours after exposure to drugs.
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Data Analysis

Raw cycle threshold (Ct) data were analyzed by Relative
Expression Software Tool (REST) 2009 program (Qiagen,
Hildesheim, Germany). Each sample was assayed in duplicate
and the mean value was used for calculations. Samples with Ct
>40 were treated as missing data. For statistical analyses of
associations of transcript levels with clinical data nonparametric
tests (Kruskal-Wallis, Mann—Whitney, and Spearman rank)
were used. Tested variables were as follows: menopausal status
(premenopausal vs postmenopausal), tumor size in millimeter
and pT (pT1 vs pT2-4), lymph node metastasis (pNO vs pN1—
3), histological type (ductal vs other invasive breast carcinoma),
pathological grade (G1 or G2 vs G3), stage (SI vs SII-SIII), ER,
PR, ERBB2, and p53 expression (positive vs negative), Ki-67
expression in percentage of positive tumor cells; and response to
NACT (partial pathological response vs stable disease or pro-
gression). Samples with complete pathological response after
NACT have not been included into the study because of the lack
of tumor tissue. Disease-free survival (DFS) was defined as the
time elapsed between surgical treatment and disease pro-
gression or death from any cause.?® Patients lost to follow-
up (n =15 in the posttreatment set) were excluded from the DFS
analyses. DFS was evaluated by the Kaplan—Meier method and
the log-rank test was used for evaluation of the compared
groups of patients. For multivariate analysis, the Cox pro-
portional hazards model was used. P values are departures
from 2-sided tests. A P value of <0.05 was considered stat-
istically significant. Statistical analyses were done using SPSS
v16.0 program (SPSS Inc, Chicago, IL). The correction for
false discovery rate (FDR) was applied according to Benjamini
and Hochberg®* and g-values are provided for each com-
parison.

RESULTS

Transcript Levels in Tumors and Nonneoplastic
Control Tissues

AKRI1A1, AKR1B10, AKR7A3, KCNAB2, and KCNAB3
were significantly overexpressed in tumors compared with
nonneoplastic control tissues from the posttreatment set. On
the opposite, AKRIC1, AKR1C2, AKR1C3, AKR1C4, and
KCNAB1 were significantly downregulated in tumors.
CYP1A2, CYP2B6, CYP2D6, CYP2S1, and CYP2W1 were
significantly overexpressed whereas CYP2C19, CYP3A4, and
CYP3AS were significantly downregulated in tumors. No sig-
nificant changes in expression of AKRI1B1, AKRI1DI,
AKR7A2, CBR1, CYP2C8, and CYP2C9 between tumor and
control tissues were found. Fold change between tumor and
control tissues (mean expression values) with P values calcu-
lated by REST 2009 are listed in Table 1.

Associations of Transcript Levels With Clinical
Data in the Posttreatment Set

Associations of transcript levels of all genes with clinical
data were analyzed, but to retain concise style only significant
results are reported in Table 2. For this purpose, solely gene
expression levels in tumors were evaluated.

Postmenopausal patients had significantly higher
AKRI1BI10 levels (P =0.026) than the premenopausal patients.
Tumor size negatively correlated with CYP2C8 and CYP2C19
levels (Table 2). Patients without lymph node metastasis had
significantly higher intratumoral CYP2C9 levels than patients
with lymph nodes involved (P=0.049). CBRI1 levels were

4 | www.md-journal.com

TABLE 1. Differences in Transcript Levels Between Tumor and
Control Tissues of Breast Carcinoma Patients

Gene Tumor vs Fold
Symbol P Value” Control Change
AKRIA1 <0.001* 1 1.55
AKRIBI1 NS — 1.13
AKRI1B10 0.004 1 3.02
AKRI1C1 <0.001* ! 0.18
AKRI1C2 <0.001* ! 0.14
AKRIC3 <0.001* ! 0.36
AKRI1C4 <0.001* ! 0.09
AKRIDI NS — 1.63
AKR7A2 NS — 1.09
AKR7A3 0.022 1 1.62
CBR1 NS — 0.95
CYP1A2! 0.029 1 3.81
CYP2B6 0.027 7 2.55
CYP2CS8 NS — 0.90
CYP2C9 NS — 0.70
Ccyp2C19t <0.001* ! 0.35
CcYp2D6! 0.035 1 1.75
cyp2sit 0.007 1 1.44
CYP2W1 0.045 1 2.46
CYP3A4 <0.001* ! 0.19
CYP3A5 <0.001* ! 0.27
KCNAB1 <0.001* ! 0.32
KCNAB2 0.026 1 1.32
KCNAB3 0.012 1 1.34

*Signiﬁcantly deregulated genes by the REST2009 software (P values
displayed). Tn =52 (n=68 for the rest of genes). {Results, which passed
correction for multiple testing (q=0.002). AKR = aldo-keto reductase,
CYP = cytochrome P450, NS, not significant. Results from the posttreat-
ment set that have been confirmed in pretreatment set of patients are
depicted in bold.

significantly higher in grade 3 (undifferentiated) tumors than
in grade 1 or 2 (well or moderately differentiated). On the
opposite, AKR7A3, CYP2B6, and CYP2C9 levels were sig-
nificantly higher in grade 1 or 2 tumors compared with grade 3 .
CYP3AS levels were significantly higher in tumors expressing
ERBB2 than in ERBB2 negative. Conversely, AKR7A3,
CYP2B6, and CYP2C8 levels were significantly higher in
ER expressing tumors than in those without ER expression.
AKR7A3 and CYP2B6 levels were significantly higher in PR
expressing tumors than in those without PR expression.
AKRIC4 and CBRI1 levels positively, and AKR7A3 and
CYP2B6 levels negatively, correlated with Ki-67 protein
expression. When correction for multiple testing (Benja-
mini—Hochberg FDR) was applied, only associations between
CYP2B6 levels and grade, and expression of ER, PR, and Ki-67
remained significant (Table 2).

Patients with partial response (responders, n=38) to
NACT had significantly higher intratumoral AKRICI,
AKRI1C2, or CYP2WI1 transcript levels than patients with
stable or progressive disease, that is, nonresponders (n=24)
(1.17£0.15 vs. 1.294+0.13, P=0.003; 1.81+0.19 wvs
1.96+£0.25, P=0.016; and 1.64+0.14 vs 1.72+0.13,
P =0.025; q=10.004 for all; respectively). Three patients solely
treated by hormonal regimens and 2 patients with unknown
response were excluded from this analysis. Patients with
intratumoral CYP3A4 or AKR1C2 levels higher than median
had significantly longer DFS than the remaining patients
(n=63, mean DFS: 71.8 vs 61.5 months, P=0.015, DFS:
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TABLE 2. Significant Associations of Intratumoral Transcript Levels With Clinical Data of Patients in the Posttreatment Set

Grade” ER Expression* PR Expression*
Tumor Size, Ki-67
Gene mm' lor2 3 Positive Negative Positive Negative Expression’
AKRI1C4 NS NS NS NS p=0.325
P=0.031
AKR7A3 NS 1.094+0.10 1.14+0.11 1.09 £0.11 1.15+0.09 1.09 £ 0.11 1.15+0.09 p=-0.259
P=0.028 P=10.020 P=0.032 P=0.034
CBR1 NS 1.10£0.05 1.08 £0.05 NS NS p=0.241
P=0.019 P =0.049
CYP2B6 NS 1.22+0.18 1.51£0.21 1.28 +0.21 1.52+0.22 1.30 +0.22 1.50 +£0.24 p=-—0.484
P <0.001* P<0.001 P=0.002* P <0.001*
CYP2C8 p=-0.348 NS 1.57£0.13 1.64 +=0.08 NS NS
P =0.005 P=10.024
CYP2C9 NS 1.414£0.17 1.48£0.11 NS NS NS
P=0.022
CYP2C19 p=-0.284 NS NS NS NS

P=0.046

For statistical analyses, a ratio of Ct for particular target gene (TRG) to arithmetic mean of Ct for all reference genes (TRG/REF) was calculated for each
sample. Therefore, the lower is the TRG/REEF ratio, the higher is the TRG transcript level. All clinical data and all genes have been analyzed, but to retain
concise style only significant changes are reported. * P values were calculated by the Mann—Whitney test. Mean = SD values are TRG/REF calculated by
the ANOVA test to assess directions of associations. 'P and p values were calculated by the Spearman rank test. "Results that passed correction for
multiple testing (q = 0.004). AKR = aldo-keto reductase, CYP = cytochrome P450, ER = estrogen receptor, NS = not significant, PR = progesterone
receptor, SD = standard deviation. Results confirmed in the pretreatment set are depicted in bold.

71.6 vs 60.9 months, P =0.012, respectively; Figure 1). Multi- in tumors (significant after correction for multiple testing) in the
variate analysis using the Cox regression hazards model with posttreatment set were included into the study of pretreatment
pT, pN, grade, and ER as covariates has confirmed these patients. Thus, AKRI1AI, AKRIC1, AKR1C2, AKRIC3,
associations (hazard ratio [HR] = 8.79, 95% confidence interval AKR1C4, AKR7A3, KCNABI, CBR1, CYP2B6, CYP2CS,
[CI]=1.09-70.56, and P=0.041 for CYP3A4 and HR =9.82, CYP2S1, CYP3A4, and CYP3AS were further followed in this

95% CI=1.02-94.05, P =0.048 for AKRI1C2). patient set. As opposed to the posttreatment set no amplification
Lo . . . of ¢cDNA was used in the pretreatment set. CYP2C19 and
Associations of Transcript Levels With Clinical CYP2W1 could not be validated in the pretreatment set owing
Data in the Pretreatment Set to gene expression levels below the limit of quantification in
Genes significantly associated with the most important samples without preamplification.
clinical data as grade, expression of hormonal receptors, As for the posttreatment set, several associations were
response to NACT or DFS, and genes strongly deregulated found (Table 3). However, after correction for multiple testing,
AKR1C2 (P =0.012) CYP3A4 (P=0.015)
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FIGURE 1. Associations between gene expression levels and DFS of posttreatment patients. Kaplan—Meier survival curves were plotted for
patients (n = 65) divided into 2 groups according to the median of transcript levels in tumors. Dashed lines represent the group with lower
transcript levels and solid lines represent the group with higher levels than median. Differences between groups were compared using log-
rank test. Gene names and significant differences between groups are displayed. All clinical data have been analyzed, but to retain concise
style only significant changes are reported. DFS = disease-free survival.
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TABLE 3. Significant Associations of Intratumoral Transcript Levels With Clinical Data of Patients in the Pretreatment Set

TumTor Grade” ER Expression* PR Expression* ERBB2" P53 Expression*
Size',
Gene mm lor2 3 Positive Negative Positive Negative Positive Negative Positive Negative
AKRICl p=-0333 NS NS NS NS
P=0.019
AKRIC3 NS NS NS 1.18£0.10 1.11+£0.07 NS
P = 0.045
AKR7A3 NS NS 1.00+0.11 1.14+0.09 1.01 +0.12 1.08 +0.13 NS 1.12+£0.09 1.01+0.12
P < 0.001° P=%0.050 NS P = 0.006
CYP2B6 NS NS 0.98+0.09 1.28+0.14 0.99 £0.12 1.18+0.19 NS 1.22+4£0.18 1.01+£0.13
P < 0.001* P = 0.001" P < 0.001
CYP2C8 NS NS 1.44+0.08 1.51+0.08 NS NS
P < 0.026
CYP2S1 p=-0302 NS NS 1.12£0.05 1.08£0.03 NS
P=0.039 P =0.046
CYP3A4 p=-0314 NS NS NS NS NS
P=0.030

For statistical analyses, a ratio of Ct for a particular target gene (TRG) to arithmetic mean of Ct for all reference genes (TRG/REF) was calculated for each
sample. Therefore, the lower is the TRG/REF ratio, the higher is the TRG transcript level. All clinical data have been analyzed, but to retain concise style only
significant changes are reported. P values were calculated by the Mann—Whitney test. Mean - SD values are TRG/REF calculated by the ANOVA test
to assess directions of associations. 'P values and p values were calculated by the Spearman rank test. ‘Results that passed correction for multiple
testing (q=0.004). Confirmed results from the posttreatment set are depicted in bold. AKR = aldo-keto reductase, ANOVA = analysis of variance,
CYP = cytochrome P450, ER = estrogen receptor, ERBB = V-ERB-B2 avian erythroblastic leukemia viral oncogene homolog 2, NS, not significant,

PR = progesterone receptor, SD = standard deviation.

only associations between AKR7A3 and expression of
ER and those between CYP2B6 and expression of PR, ER,
and p53 remained significant. Association between CYP2B6
and expression of hormonal receptors has also previously
been observed in the posttreatment set (Table 2). Associ-
ations between AKR7A3 or CYP2C8 and expression of ER
were also observed in both sets although they did not
pass correction for multiple testing in one or both sets.
Notable associations between AKR7A3 or CYP2B6 and
expression of p53 protein (P =0.006 and P < 0.001, respect-
ively; Table 2) could not be compared with the posttreat-
ment set because of the lack of data on p53 expression in
this set.

Patients with higher intratumoral AKR7A3 or CYP2B6
levels than median had significantly longer DFS than those with
lower levels (n =50, DFS: 85.3 vs 68.9 months, P =0.032; and
DEFS: 93.2 vs 64.1 months, P =0.019, respectively; Figure 2).
Multivariate analysis using the Cox regression hazards model
with pT, pN, grade, and ER as covariates has confirmed
association of high AKR7A3 expression with longer DFS
(HR =3.83,95% CI=1.03-14.29, and P =0.045), but not that
of CYP2B6 with DFS (P =0.083).

The patients from the pretreatment set were also divided
into subgroups according to therapy type. Adjuvant chemother-
apy-treated patients (n = 25) with higher intratumoral AKR7A3
or CBR1 levels than median had significantly longer DFS than
those with lower levels (DFS: 91.1 vs 57.8 months, P =0.040,
and DFS: 89.4 vs 58.1 months, P = 0.042, respectively; Figure,
Supplemental Digital Content 6, http://links.lww.com/MD/
A124). Patients treated with hormone (n=23) with higher
intratumoral CYP3A4 or CBR1 levels than median had signifi-
cantly shorter DFS than those with lower levels (DFS: 52.8 vs
90.4 months, P =0.007, and DFS: all patients with high CBR1
censored, P = 0.004, respectively; Figure, Supplemental Digital
Content 6, http://links.lww.com/MD/A124). Because of the low
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numbers of patients in the compared groups, multivariate
analysis was not done and the observed trends have to be
interpreted with caution.

Transcript levels of CYP2B6 (P<0.001), CYP3A4
(P<0.001), AKRICI (P<0.022) AKRIC2 (P <0.001), and
AKR7A3 (P=0.001) were significantly lower in posttreatment
tumors compared with the pretreatment ones.

Protein Expression of AKR1C1, AKR1C2, AKR7A3,
CYP2B6, CYP2S1, CYP3A4, and CBR1 in Breast
Tumors

Putative markers for which transcript levels significantly
associated with response to NACT or DFS of the patients were
evaluated at the protein level. Expression of AKRICI,
AKR1C2, AKR7A3, CYP3A4, and CBR1 was assessed by
immunoblotting in protein lysates from tumor tissue samples
of the independent pretreatment set of patients. No protein of the
anticipated size corresponding to CYP2B6 or CYP2S1 was
detected in the tumor tissues by the commercially available
(CYP2B6) or homemade (CYP2S1) antibodies. CYP2B6 and
CYP2S1 protein standards were correctly and quite specifically
detected by these antibodies using protein standards and human
liver microsomes (Figure, Supplemental Digital Content 7,
http://links.Iww.com/MD/A124). However, we did not observe
protein band comigrating with the standard in all inspected
tumors. We regularly detected 2 protein bands with molecular
weight by approximately 10—15kg/mol higher than CYP2B6
there. Bands with different molecular weight than the CYP2S1
standard have also been detected in tumors (Figure, Supple-
mental Digital Content 8, http://links.lww.com/MD/A124).

The remaining proteins were well detected and quantified
by densitometry. GAPDH expression was used as an internal
control for normalization of the results. Purified protein stan-
dards (CYP2B6, CYP2S1, and CYP3A4), MT-3 cells lysate
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FIGURE 2. Associations between gene expression levels and DFS of pretreatment patients. Kaplan—Meier survival curves were plotted
for patients (n = 50) divided into 2 groups according to the median of transcript levels in tumors. Dashed lines represent the group with
lower transcript levels and solid lines represent the group with higher levels than median. Differences between groups were compared
using log-rank test. Gene names and significant differences between groups are displayed. All clinical data have been analyzed, but to
retain concise style only significant changes are reported. DFS = disease-free survival.

(AKR1C2), human liver lysate (AKR1C1 and CBR1), and a
pool of tumor samples (AKR7A3) were used as a calibrator
for comparison of variability among membranes. Analysis
revealed high interindividual variability in expression of all
examined proteins (Figure 3). Protein levels of AKRICI,
AKR7A3, and CBR1 significantly correlated with the respect-
ive transcript levels assessed by qPCR in the same tumor
samples (Spearman p=0.47, P=0.003, Spearman p=0.61,
P <0.001, and Spearman p = 0.44, P =0.007, respectively)
(Figure 4). The protein levels of CYP3A4 and AKR1C2 did not
significantly correlate with the respective transcript levels
(P >0.05). Three bands recognized by anti-AKR1C2 anti-
bodies in the anticipated molecular weight range were analyzed
by densitometry both separately (not shown) and together
(Figure 3) with comparable results, that is, lack of correlation
with the transcript level.

Functional Aspects

AKR1C2 and CYP3A4 were studied in more detail using
breast carcinoma model MDA-MB-231 (triple negative) cell
line in vitro. In the first experiment, interactions between
CYP3A4, AKRIC1, and PCT or adriamycin were addressed.
Treatment of the cells with 100 nM PCT resulted in induction of
CYP3A4 transcript level, but had no effect on its protein level.
AKRI1C2 transcript was unaffected, but its protein level was
decreased by both 100 nM PCT and 30 wM adriamycin. Adria-
mycin had no effect on transcript or protein level of CYP3A4
(Figure 5).

siRNA-directed knockdown of AKRIC2 expression
or pcDNA3.1-CYP3A4 plasmid-mediated upregulation of
CYP3A4 expression had no effect on proliferation of MDA-
MB-231 cells treated by 100nM PCT (Figure 6). No effect of
30 M adriamycin on the MDA-MB-231 proliferation was
observed using flow cytometry (results not shown).

DISCUSSION

Identification of biomarkers with prognostic and predictive
value in terms of survival of patients and their response to

© 2014 Lippincott Williams & Wilkins

chemotherapy is a prerequisite step for individualization of
cancer treatment.

We studied gene expression of 24 genes coding principal
anticancer drug-metabolizing enzymes in tissues from breast
carcinoma patients treated by NACT. Our goal was to discover
new putative biomarkers with prognostic and predictive value
and compare the importance of these biomarkers in 2 groups of
patients with different prognoses. In the first phase of analyses,
we have identified a number of promising candidates. These
candidates were further studied in the set of pretreatment
samples and finally protein levels were followed in the third
set of samples.

From our observations, we can generalize that the extent of
deregulation of gene expression of drug-metabolizing enzymes
in tumors of breast carcinoma patients does not strikingly differ
between posttreatment and pretreatment patients. However,
vast differences between both sets in associations of intra-
tumoral gene expression levels with clinical data of patients
observed by this study suggest different prognostic and even-
tually predictive roles of these particular enzymes.

Taking into consideration the issue of multiple testing, just
overexpression of CYP2B6 in tumors expressing hormonal
receptors compared with those without such expression is the
only universal association typical for both sets. Overexpression
of CYP2B6 mRNA in ER-positive breast tumors compared with
the normal breast tissue or ER-negative tumors has previously
been observed,>>2° and therefore, our study validates these
results on independent sets of patients. We have observed
the association of high CYP2B6 mRNA expression with longer
DFS of the pretreatment patients for the first time. Although it
has previously been shown that ERs regulate CYP2B6 expres-
sion in vitro through direct binding to an estrogen responsive
element located in the CYP2B6 promo‘ter,27 we have not
detected a protein product of the anticipated molecular weight
in breast tumors. Thus, we confirmed the lack of CYP2B6
protein in breast tumors reported by others.*® In contrast to the
published data, we revealed bands of higher molecular weight
than the protein standard in all tested samples. The issue of
inadequate quality of antibodies is diminished by the fact that
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FIGURE 3. Protein expression of selected candidates in tumors of breast carcinoma patients. Protein expression of (A) AKR1C1,
(B) AKR1C2, (C) AKR7A3, (D) CYP3A4, and (E) CBR1 was assessed by immunoblotting (left part) and evaluated by densitometry with
normalization to GAPDH (right part) in representative set of breast tumors as described in the “Methods.” Anticipated molecular weight
(MW) in kg/mol (in the +20% range) is presented for each protein according to Human Protein Atlas (http://www.proteinatlas.org).

GAPDH = glyceraldehyde phosphate dehydrogenase.

the CYP2B6 protein standard was well recognized and the
specificity of antibodies was also good. The nature of the
protein bands recognized by anti-CYP2B6 antibodies in breast
tumors is being studied.

Associations between expression of hormonal receptors
and AKR7A3 were observed although they have not passed
correction for multiple testing in both sets. Our data support
the higher AKR7A3 protein expression in samples from ER-
positive breast carcinoma patients as reported previously.?’ In
concordance with the hormonal receptor expression being a
factor of more favorable prognosis,®® high intratumoral
AKR7A3 expression was associated with longer DFS of pre-
treatment patients in both univariate and multivariate analyses.
AKR7A3 protein expression was found in breast tumors for the
first time and its high correlation with mRNA levels (P < 0.001)

8 | www.md-journal.com

demonstrates the biological relevance of AKR7A3 for breast
carcinoma. As no other data about the role of AKR7A3 in the
prognosis of breast carcinoma patients exist, validation of our
findings will be subject of independent follow-up studies.
From other associations found, three may particularly
attract further attention. First, responders to NACT had higher
intratumoral level of AKRI1C2 compared with nonresponders
and this association was confirmed by the observed longer DFS
in patients with high AKRIC2 level. The association of
AKR1C2 with DFS was not observed in the pretreatment patient
set suggesting that it may be specific for patients receiving
chemotherapy. The present study confirmed the previously
observed downregulation of AKR1C2 (and 1C1 and 1C3) in
breast tumors compared with nonneoplastic tissues.*'** Our
study, however, does not comply with the previously published

© 2014 Lippincott Williams & Wilkins
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FIGURE 5. Interaction between PCT or doxorubicin and protein
and transcript levels of CYP3A4 and AKR1C2 in vitro. MDA-MB-
231 cell line was incubated without (control) or with 100 nM PCT
or 30 uM adriamycin (ADR) as described in the “Methods.” qPCR
and immunoblotting were done 48 h after the incubation. Ct
values from qPCR are presented in the upper part. The higher
is the Ct value the lower is the transcript expression. Immunoblots
with 10 pg of protein per lane for AKR1C2 and 20 p.g of protein or
0.25 pmol of standard for CYP3A4 per lane are presented in the
lower part. Two independent experiments were performed with
consistent results. Ct = cycle threshold, PCT = paclitaxel, qPCR =
quantitative real-time polymerase chain reaction.
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data showing that AKRI1C2 inhibition by 5@-cholanic acid
restored sensitivity of adriamycin-resistant human breast ade-
nocarcinoma cell line breast tumor cells in vitro.>* We detected
AKRI1C2 protein in breast carcinomas underlining a potentially
functional role of AKRIC2 there. The lack of correlation
between AKR1C2 (and CYP3A4) transcript and protein levels
observed in the present study may be explained by the use of
different normalization controls for gPCR and immunoblotting.
The issue of normalization of immunoblotting is a matter of
intensive debate.** The influence of posttranscriptional proces-
sing and protein stability cannot be ignored as well.

In vitro experiments have shown that PCT and adria-
mycin reduced AKRIC2 protein expression. However,
siRNA-directed knockdown of AKRIC2 had no effect on
the proliferation of cells treated by PCT. Taken together, the
mechanism of action of AKR1C2 in responders to NACT
does not seem to be a result of interactions between AKR1C2
and major drugs used in the breast carcinoma treatment
regimens.

Second, patients with high intratumoral CYP3A4 level had
significantly longer DFS in the posttreatment set. High
CYP3A4 transcript® or protein® levels are predictive for poor
response of breast carcinoma patients to docetaxel, which is
inactivated by the enzyme. In contrast, CYP3A4 is known as a
cyclophosphamide’-activating enzyme and from this point of
view, the association of high CYP3A4 level with better DFS
makes sense in the cyclophosphamide-treated patients (n=61
in our posttreatment set). In concert with others,'>**-7 we also
found a striking interindividual variability in intratumoral
CYP3A4 protein expression among patients. High CYP3A4
protein expression was previously associated with poor sur-
vival of breast carcinoma patients.'> CYP3A4 protein level
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FIGURE 6. Influence of AKR1C2 silencing and CYP3A4 induction on MDA-MB-231 cell line proliferation after exposure to PCT in vitro.
CYP3A4 expression was induced by transfection MDA-MB-231 cell line with the pcDNA3.1-CYP3A4 plasmid (A) and expression of
AKR1C2 was decreased by the siRNA against AKR1C2 (B) as described in the ““Methods.” Efficiency of cell manipulations was monitored by
qPCR and immunoblotting (30 pg of protein per lane for CYP3A4 and 10 pg of protein per lane for AKR1C2). Transcript and protein levels
of influenced cells with the respective controls are presented in the upper part. Cells were incubated without (PCT—) or with 100 nM PCT+
for 24 h and then cell proliferation was analyzed using flow cytometry (lower part). Two independent experiments were performed with

consistent results. PCT = paclitaxel, siRNA = small interfering RNA.

negatively correlated with the transcript levels in our study,
which could explain the observed discrepancy of our results
with the published data on the prognostic role of CYP3A4.
However, this correlation was insignificant (P=0.117) and
therefore the observed association between CYP3A4 and
DFS must be cautiously interpreted.

PCT transcriptionally activated CYP3 A4, but no induction
of P450 3A4 protein was detected in vitro by this study. Thus,
the functional relevance of such interaction is quite low if any.
Adriamycin had no influence on gene or protein expression of
CYP3A4 in vitro. Treatment of cells with enhanced CYP3A4
expression by PCT had no effect on the cell proliferation.
However, we were able to induce CYP3A4 transcript level
to a high extent, but the protein level was poorly induced in the
MDA-MB-231 cell line. CYP3A4 is a subject to ubiquitin-
dependent proteasomal degradation by the 26S proteasome, a
process involving phosphorylation, ubiquitination, and extrac-
tion of endoplasmatic reticulum membrane into the cytosol.*®
Little is known about the nature of these processes in stable
cancer cell models as MDA-MB-231. Therefore, for definite
answer about the mechanism, in vivo models as mice xeno-
grafted with human tumors should be used.

10 | www.md-journal.com

Third, a kind of double-facetted effect was observed for
CBRI1 in the pretreatment set of patients. A high intratumoral
CBRI1 level in a chemotherapy-treated subgroup of patients
associated with longer DFS, but an opposite effect was found
in the hormonal therapy-treated subgroup. These associations
have been observed on quite small groups of patients and thus
need proper validation in larger cohorts of patients. CBR1
inactivates anthracyclines to the respective alcohols impli-
cated in their cardiotoxicity.!”° Besides the fact that CBR/
genetic polymorphisms have been shown to influence clear-
ance and exposure levels of adriamycin in breast carcinoma
patients,*® just one small study observed no significant
difference in CBRI1 activity between tumor and normal
tissues of breast carcinoma patients.*' Results of the present
study support the recently revealed prognostic significance of
decreased CBRI1 protein expression (an independent prog-
nostic factor for progression-free and overall survival in
multivariate analyses) in endometrial carcinomas.** The same
authors previously revealed that suppression of CBR1 expres-
sion stimulated cancer cell invasion accompanied with the
decrease in E-cadherin expression in uterine cervical squa-
mous cell carcinomas.*> We have no explanation for the

© 2014 Lippincott Williams & Wilkins
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reversed effect observed in patients treated solely by the
hormonal therapy.

We detected CBR1 protein level in all followed tumors and
noticed a significant correlation between transcript and protein
level. Thus, CBR1 presents another candidate for functional
verification in breast carcinoma models.

Additionally, posttreatment patients with high intratu-
moral CYP2W1 transcript levels responded better to NACT
than those with low levels. However, we were unable to validate
our results on the nonpreamplified transcript or intratumoral
protein levels because of the very low CYP2W1 expression in
tumor tissues of the pretreatment set of patients. Thus, CYP2W1
remains an independent biomarker for stages Il and III color-
ectal carcinoma patients,15 but not for breast carcinoma. Also,
the association between AKR1C1 and response to NACT in the
posttreatment set could not be verified on the pretreatment set of
patients or on the protein level.

CONCLUSIONS

Associations of AKR1C2, AKR7A3, and CBRI1 with
prognosis of breast carcinoma patients revealed by this study
should be further followed in independent validation and func-
tional studies. The ambiguous roles of CYP2B6 and CYP3A4
noted by this study warrant investigations focused on regulation
of their expression and posttranscriptional processing specifi-
cally in breast carcinomas.
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Supplemental Digital Content 1: Primary chemotherapy and hormonal therapy regimens in

breast carcinoma patients

Characteristics Type Na %

Neoadjuvant regimens (n=68) Anthracycline in combination® 64 95.5
Hormonal therapy 3 4.5

Adjuvant regimens (n=50) Anthracycline in combination® 23 47.9
CMF only* 2 4.2
Tamoxifen only 16 33.3
Aromatase inhibitors only 5 10.4

N

Tamoxifen & aromatase inhibitors 4.2

Footnotes:

2 Information about regimen was not available in one patient from the post-treatment group
(neoadjuvant regimens) and in two patients from the pre-treatment group (adjuvant regimens).
b Usually FAC/FEC or combination with taxane (AT, ED, etc.).

FAC = 5-fluorouracil/adriamycin/cyclophosphamide

FEC = 5-fluorouracil/epirubicin/cyclophosphamide

¢ CMF=cyclophosphamide/methotrexate/5-fluorouracil combination



Supplemental Digital Content 2: Collection and pathological processing of tissue samples

Patients

The standard processing of surgical sample and diagnostic histological evaluation was
followed according to WHO classification (1). Expression of estrogen and progesterone
receptors was assessed according to the published procedure (2) with the 10 % cut-off value.
ERBB2 status was defined as positive in samples with immunohistochemical score 2+ or 3+

confirmed by SISH analysis (3).

All patients after primary chemotherapy and surgery were followed for local or distant relapse
or in the case of palliative setting for disease progression by regular visits every three months
during the first three years, twice a year during the next two years and yearly then after.
During the visits mammography, chest X ray, skeletal survey, and abdominal ultrasound was
performed yearly and clinical examination together with tumor markers (CEA and CA 15-3)
was performed during every visit. In the case of clinical uncertainty additional tests and
examinations were performed to rule out possible disease relapse or progression. Response to
NACT was evaluated by RECIST criteria as described (4).

Immunohistochemical detection of p53 protein expression

Fresh tissue samples of the mammary tumors were fixed in standard neutral buffered 4 %
formaldehyde for up to 26 hours and embedded into paraffin with classical histological
techniques. For immunohistochemical investigation 3 pum thick histological sections were
utilized. Primary antibody against the p53 (clone DO-7; monoclonal mouse antibody
detecting both mutant and wild type p53 protein) was purchased from Dako (Dako, Glostrup,
Denmark). Antibodies were diluted with Dako Antibody diluent (1:50). For p53 detection, the
sections were further processed with heat-induced epitope retrieval in 10 mmol/l citrate buffer
pH 6.0 in water bath (40 min heating at 95-99° C and then 20 min cooling at room
temperature). Tissues were incubated with primary antibodies overnight at 4° C. Detection
was performed with peroxidase/diaminobenzidine system. Evaluation of binding of both
primary antibodies was performed with Dako REAL Detection System (LSAB+, biotinylated
secondary goat anti-mouse antibodies/streptavidin conjugated to horseradish peroxidase). As
a chromogen, 0.04 % DAB (3,3 -diaminobenzidine tetrahydrochloride dihydrate; Fluka,
Buchs, Switzerland) in 50 mmol/lI TRIS (Tris-hydroxymethyl amino methane)/0.015 % H.O>

was used. Several p53 positive cells were present in each sample analyzed. p53 status was



evaluated as positive, if more than 50 % of tumor cells were immunohistochemically stained

according to the previously published evaluation procedure (5, 6).

Selection of reference genes

For selection of reference genes, 96-well TagMan Array Plates (Life Technologies) were used
and evaluated as previously published (7, 8). EIF2B1, MRPL19, UBB, and IPO8 were
selected as the most stable reference genes for data normalization using geNorm and

NormFinder programs (9, 10).
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Supplemental Digital Content 3: Flow diagram of the study

Post-treatment set

N=68 patients

Transcript levels

Clinical data
TNM, grade,
receptors N=50 patients
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Transcript levels

Protein testing set

N=42 patients

Experimental procedures are displayed by blue lines and selection process and statistical

analyses by red lines.



Supplemental Digital Content 4: Clinical characteristics of breast carcinoma patients

Characteristics

Post-treatment set?

Pre-treatment set?

Age at diagnosis, mean £ SD (years) 53.0+115 61.5+10.2
Menopausal status

Premenopausal 31 (46) 7 (14)
Postmenopausal 37 (54) 43 (86)
Tumor size, mean £ SD (mm) 21.0+14.7 189+123
Lymph node metastasis

Absent (pNO) 41 (60) 23 (48)
Present (pN1-3) 27 (40) 25 (52)
pPNX 0 - 2 -
Pathological stage

S| 24 (37) 17 (35)
Sl 34 (52) 21 (44)
SHI 7 (11) 10 (21)
Not determined 3 - 2 -
Histological type

Invasive ductal carcinoma 57 (84) 41 (82)
Other type 11 (16) 9 (18)
Pathological grade

Gl 8 (12) 11 (13)
G2 29 (44) 28 (58)
G3 29 (44) 9 (19
Gx 2 - 3 -
Estrogen receptor status

Positive 47 (69) 37 (74)
Negative 21 (31) 13 (26)
Progesterone receptor status

Positive 48 (71) 32 (64)
Negative 20 (29) 18 (36)
Expression of ERBB2

Positive 16 (24) 11 (22)
Negative 51 (76) 39 (78)
Unknown 1 - 0 -
Expression of Ki-67, mean + SD (%) 32.6+23.1 not available
Unknown 1 - not available
Expression of p53

Positive not available 12 (25)
Negative not available 37 (76)
Unknown not available 4 -
Response

Partial response 38 (60) not applicable
Stable disease or progression 25 (40) not applicable
Not assessed 5 - not applicable

Footnotes:

& Number of patients with % in parentheses; SD = Standard deviation



Supplemental Digital Content 5: List of TagMan Gene Expression Assays used in the study

Gene Exon Amplicon PCR
symbol Assay ID Accession number | boundary | length efficiency
REFERENCE GENES
EIF2B1 Hs00426752_m1 NM_001414.3 4-5 75 0.94
IPO8 Hs00183533_m1 NM_006390.3 20-21 71 0.94
MRPL19 Hs00608519_m1l NM_014763.3 2-3 72 0.93
UBB Hs00430290_m1 NM_018955.2 1-2 120 0.96
CYTOCHROMES P450
CYP1A2 Hs00167927_m1 NM_000761.3 2-3 67 1.24
CYP2B6 Hs03044634 _m1 NM_000767.4 6-7 120 1.02
CYP2C8 Hs00258314_m1 M17398.1 7-8 108 0.92
CYP2C9 Hs02383631_s1 NM_000771.3 9-9 91 1.03
CYP2C19 Hs00426380_m1 NM_000769.1 5-6 106 0.82
CYP2D6 Hs00164385_m1 NM_000106.5 2-3 74 1.02
CYP2s1 Hs00258076_m1 NM_030622.6 2-3 55 0.92
CYP3A4 Hs00430021_m1 NM_017460.5 8-9 92 0.96
CYP3A5 Hs00241417_m1l NM_000777.3 3-4 82 0.97
CYP2w1 Hs00214994 m1 NM_017781.2 2-3 55 0.87
ALDO-KETO REDUCTASES
AKR1Al Hs00195992_m1 NM_153326.2 2-3 103 0.97
AKR1B1 Hs00739326_m1 NM_001628.2 4-5 139 0.97
AKR1B10 Hs00252524_m1 NM_020299.4 3-4 95 0.96
AKR1C1 Hs00413886_m1 NM_001353.5 8-9 103 0.97
AKR1C2 Hs00912742_m1 NM_205845.2 1-2 92 1.08
AKR1C3 Hs00366267_m1 NM_003739.4 8-9 112 0.93
AKR1C4 Hs00559542_m1 NM_001818.3 7-8 123 NA
AKR1D1 Hs00818881_m1 NM_005989.3 1-2 103 NA
AKR7A2 Hs00761005_s1 NM_003689.3 7-7 114 0.97
AKR7A3 Hs00792041_gH NM_012067.2 5-6 65 1.00
KCNAB1 Hs00185764_m1 NM_172159.3 6-7 79 0.99
KCNAB2 Hs00186308_m1 NM_172130.2 4-5 68 0.98
KCNAB3 Hs00190986_m1 NM_004732.2 7-8 54 0.98
CARBONYL REDUCTASE 1
CBR1 | Hs00156323 m1 | NM 001757.2 2-3 73 0.96
Footnote:

NA = not applicable - PCR amplification efficiency could not be estimated due to the low
expression level



http://www.ncbi.nlm.nih.gov/nuccore/NM_018955.2
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs00167927_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=hs00167927&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&uploadType=ID+List&adv_boolean3=AND&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_000761.3
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs03044634_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=hs03044634&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&uploadType=ID+List&adv_boolean3=AND&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_000767.4
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs00258314_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=hs00258314&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&uploadType=ID+List&adv_boolean3=AND&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=M17398.1
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs02383631_s1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=hs02383631&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&uploadType=ID+List&adv_boolean3=AND&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_000771.3
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs00426380_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=hs00426380&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&uploadType=ID+List&adv_boolean3=AND&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_000769.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_000106.4
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs00258076_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=hs00258076&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&uploadType=ID+List&adv_boolean3=AND&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_030622.6
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs00430021_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=hs00430021&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&uploadType=ID+List&adv_boolean3=AND&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_017460.5
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs00241417_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=score+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=Hs00241417&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_000777.3
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs00214994_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=score+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=Hs00214994&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_017781.2
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs00195992_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=score+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=Hs00195992&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_153326.2
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs00739326_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=score+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=Hs00739326&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_001628.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_020299.4
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs00413886_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=score+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=Hs00413886&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_001353.5
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs00912742_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=score+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=Hs00912742&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_205845.1
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs00366267_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=score+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=Hs00366267&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_003739.4
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs00559542_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=score+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=Hs00559542&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_001818.3
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs00818881_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=score+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=Hs00818881&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_005989.3
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs00761005_s1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=score+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=Hs00761005&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_003689.2
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs00792041_gH&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=score+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=Hs00792041&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_012067.2
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs00185764_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=score+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=Hs00185764&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_172159.3
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs00186308_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=score+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=Hs00186308&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_172130.2
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs00190986_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=score+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=Hs00190986&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_004732.2
https://products.appliedbiosystems.com/ab/en/US/partnerMkt/ab?cmd=ABAssayDetailDisplay&assayID=Hs00156323_m1&Fs=y&adv_phrase3=EXACT&adv_phrase2=EXACT&adv_phrase1=EXACT&assayType=GE&catID=601267&SearchRequest.Common.SortSpec=score+desc&searchValue=null&searchBy=null&adv_kw_filter3=ALL&srchType=keyword&adv_kw_filter2=ALL&SearchRequest.Common.QueryText=Hs00156323&kwdropdown=ge&adv_kw_filter1=ALL&adv_query_text3=&searchType=keyword&adv_query_text2=&adv_query_text1=&adv_boolean3=AND&displayAdvSearchResults=null&adv_boolean2=AND&adv_boolean1=AND&chkBatchQueryText=false&kwfilter=ALL&SearchRequest.Common.PageNumber=1&isSL=null&msgType=ABGEKeywordResults
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_001757.2

Supplemental Digital Content 6: Associations between gene expression levels and DFS of
pre-treatment patients divided by therapy type

Kaplan-Meier survival curves were plotted for patients treated by chemotherapy (A, n = 25)
or by hormonal therapy (B, n = 23) divided into two groups according to the median of
transcript levels in tumors. Dashed lines represent the group with lower transcript levels and
solid lines represent the group with higher levels than median. Differences between groups
were compared using Log-rank test. The gene name and significant difference between groups

are displayed.
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Supplemental Digital Content 7: Immunoblot of CYP2B6 in human breast carcinomas

(described in Methods).

A — Antibody specificity test
MW = molecular weight marker, HLM2 = human liver microsomes (10 ug/lane), 1A2, 2A6,
2C9, 2D6, 2E1, 3A4, and 2B6 (purified P450 protein standards, 1 pmol/lane).

60 kg/mol

45 kg/mol

MW HLM2 1A2 2A6 2C9 2D6 2E1 3A4 2B6

B — Tissue test
MW = molecular weight marker, HLM2 = human liver microsomes (10 ng/lane), 2B6
(purified P450 protein standard, 1 pmol/lane), Z37T, Z54T, Z25T, Z48T = tumor tissues from

four patients (30 ug/lane).

60 kg/mol

45 kg/mol

MW 2B6 Z37T 2541 Z25T Z48T HLM2

Resume: Antibodies recognized strongly CYP2B6 and weakly CYP2A6 proteins (A). Protein
corresponding to the correct molecular weight was recognized by anti-CYP2B6 antibodies in
human liver microsomes but not in tumor tissues (B). Protein bands of higher molecular

weight were observed in tumors.



Supplemental Digital Content 8: Immunoblot of CYP2S1 in human breast carcinomas
(described in Methods).

CYP2S1 (anticipated MW 56 kg/mol)

1 2 3 4 5 6 7 251
W — | —
- - ~

CYP251 .

—— - ———

GAPDH — L — R W
]

2S1 = purified P450 protein standard (0.25 pmol/lane), 1 - 7 = tumor tissues from seven

patients (30 ug/lane).

Resume: Protein corresponding to the correct molecular weight was recognized by anti-
CYP2S1 antibodies only in standard but not in tumor tissues. Protein bands of higher and

lower molecular weight were observed in tumors.
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Abstract

Objectives: ATP-Binding Cassette (ABC) transporters may cause treatment failure by transporting of anticancer drugs
outside of the tumor cells. Multidrug resistance-associated protein 1 coded by the ABCCT gene has recently been suggested
as a potential prognostic marker in breast cancer patients. This study aimed to explore tagged haplotype covering
nucleotide binding domain 1 of ABCCT in relation with corresponding transcript levels in tissues and clinical phenotype of
breast cancer patients.

Methods: The distribution of twelve ABCC1 polymorphisms was assessed by direct sequencing in peripheral blood DNA
(n=540).

Results: Tumors from carriers of the wild type genotype in rs35623 or rs35628 exhibited significantly lower levels of ABCC1
transcript than those from carriers of the minor allele (p=0.003 and p =0.004, respectively). The ABCC1 transcript levels
significantly increased in the order CT-GT>CC-GT>CC-GG for the predicted rs35626-rs4148351 diplotype. Chemotherapy-
treated patients carrying the T allele in rs4148353 had longer disease-free survival than those with the GG genotype
(p=0.043). On the other hand, hormonal therapy-treated patients with the AA genotype in rs35628 had significantly longer
disease-free survival than carriers of the G allele (p=0.012).

Conclusions: Taken together, our study shows that genetic variability in the nucleotide binding domain 1 has a significant
impact on the ABCC1 transcript level in the target tissue and may modify survival of breast cancer patients.
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Introduction

Breast cancer (OMIM: 114480) is the most common malig-
nancy affecting female population worldwide. Despite early
detection and improved understanding of molecular mechanisms
of this disease, it is still the second leading cause of cancer death in
women [1].

Multidrug resistance (MDR) represents a major obstacle to
successful therapy of tumors. MDR was first described in 1970 [2]
as a cross-resistance to structurally and functionally different
anticancer drugs. Most MDR is caused by enhanced expression of

PLOS ONE | www.plosone.org

membrane-bound ATP-Binding Cassette (ABC) transporters [3,4].
ABC transporters pump drugs outside of the cells into the
extracellular space, thus reducing their cytotoxic effect [5-7].
Multidrug resistance-associated protein 1 (MRP1/ABCCI,
OMIM: 158343) was the first identified member of the ABCC
subfamily [8]. ABCCI gene is located on the 16" chromosome at
position p13.11, is approximately 200 kb long, comprises 31 exons,
and encodes 190 kDa membrane protein comprising 1531 amino
acids [9]. ABCCI1 transports a number of physiological substrates
(glutathione, leucotrienes, prostaglandins, etc.) and xenobiotics
including anticancer drugs (anthracyclines, taxanes, methotrexate,
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Vinca alkaloids, camptothecins, etc.) [10]. The involvement of
ABCCI in the resistance to chemotherapy has been reported in
various types of solid tumors [11].

A recent tissue microarray study has concluded that high
ABCCI protein expression is a negative prognostic marker as it
has been found in highly aggressive molecular subtypes of breast
carcinoma [12]. Significant overexpression of ABCC1 transcript in
both pre-chemotherapy (n=100) and post-chemotherapy (n =68)
tumors compared with adjacent non-neoplastic tissues from breast
carcinoma patients and associations of intratumoral transcript
levels with tumor grade and expression of estrogen receptor,
proliferative marker Ki67, and p53 protein have been recently
reported [13].

A high number of single nucleotide polymorphisms (SNPs) in
ABCCI have been identified in different human populations and
their haplotypes were examined [14,15]. ABCCI has high
haplotype diversity with significant differences across ethnic
groups [16]. Very recently convincing association between
rs4148350, rs45511401, and rs246221 SNPs in ABCC1 and risk
of febrile neutropenia in breast cancer patients treated by 5-
fluorouracil, epirubicin and cyclophosphamide (FEC regimen) has
been shown [17]. Several studies suggested n vitro functional
effects of SNPs in ABCCI. For instance, Gly671Val (dbSNP:
rs45511401) SNP located near the nucleotide binding domain 1
(NBD1, Figure 1) which is important for the ATPase activity was
associated with reduced levels of ABCC1 transcript [14]. Serine at
position 433 (rs60782127) significantly increased the resistance to
doxorubicin [18] whereas serine at position 43 (rs41395947)
enhanced expression and altered ABCC1 protein trafficking to the
plasma membrane [19]. Moreover, several ABCC1 SNPs includ-
ing Arg723Gln (rs4148356) located between the Walker A and B
motifs in NBD1 have been shown to affect the resistance to a
number of anticancer drugs [20].

The present study investigated the effect of tagged haplotype of
the ABCCI gene covering NBD1 with adjacent sequences at
ABCCI transcript level in tumor and non-neoplastic tissues from
breast cancer patients. In addition, we also addressed the
prognostic and predictive significance of genetic variability of
ABCCI.

A

Query seq,

ATP binding site

Role of ABCCT Genetic Variability in Breast Cancer

Materials and Methods

Material

General chemicals, histopaque (Ficoll), phenol, chloroform,
RNase A, proteinase K, Tag polymerase, and histidine were
purchased from Sigma-Aldrich (Prague, Czech Republic). Deox-
ynucleotides (dNTPs) for PCR and molecular weight standards for
electrophoresis (0X174DNA/Haelll digest) were products of New
England Biolabs, Inc. (Ipswich, MA). Ultrapure agarose was
supplied by Life Technologies (Prague, Czech Republic).

Patients

The study included a total of 540 breast cancer patients (C50
according to ICD-10) of Caucasian origin diagnosed in Motol
Faculty Hospital, Institute for the Care for Mother and Child,
BIOLAB Praha k.s., and Faculty Hospital Kralovske Vinohrady in
Prague, Czech Republic between February 2000 and December
2010 (for study flow diagram see Figure S1 in File S1). Blood
samples were available from all patients. Tumor tissue samples
were collected during the primary surgery from subgroups of
patients. First subgroup of patients (n = 60) underwent preopera-
tive neoadjuvant chemotherapy regimens based on 5-fluorouracil/
anthracyclines/ cyclophosphamide (FAC or FEC) and/or taxanes.
The second subgroup was treated by adjuvant chemotherapy and/
or hormonal therapy after surgery (n=289). Paired samples of
adjacent non-neoplastic tissues as controls were available from 67
patients. In the whole set, patients with metastatic disease treated
by first line palliative therapy were also included (for all treatments
seec Table S1 in File S1). Collection and pathological processing
of tissue samples and retrieval of data was performed as described
before [13,21]. Expression of receptors for estrogen (ER) and
progesterone (PR) was evaluated as positive when at least 10% of
cell nuclei showed staining by routine immunohistochemistry.
HER2 (ERBB2, OMIM: 164870) status was defined as positive in
samples with immunohistochemical score 2+ or 3+ confirmed by
SISH analysis. For expression of the p53 (OMIM: 191170)
protein, 50% cut off was used (negative <<50% vs. positive =50%,
see Material and Methods S1 and References S1 in File SI).
Patients were experimentally divided into groups according to
molecular subtypes of their tumors (Luminal A=ER+/HER2—
and grade 1 or 2, Luminal B/HER2- = ER+/HER2— and grade
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Figure 1. Schematic representation of functional domains of ABCC1. Figure depicts functional domains of ABCC1 protein (A) and important
structural motifs within NBD1 (B). Data modified from NCBI's Conserved Domain Database (CDD) [49].

doi:10.1371/journal.pone.0101740.g001
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Table 1. Clinical-pathological characteristics of patients.

Role of ABCCT Genetic Variability in Breast Cancer

Characteristics Type n %
Average age at diagnosis 58+11 years 540 100.0
Menopausal status premenopausal 119 222
postmenopausal 416 77.8
not assessed 5 -
Histological tumor type invasive ductal 400 76.0
other invasive type 126 24.0
not assessed 14 -
Histological grade (G) Gl 103 22.1
Gll 238 51.1
GllI 125 26.8
Gx 74 -
Stage (S) Sl 223 44.7
Sl 211 423
Slil 51 10.2
SIvV 14 2.8
not assessed 41 -
pT pT1 316 61.5
pT2 161 313
pT3 17 33
pT4 20 39
pTx 26 -
pN pNO 316 62.0
pN1 158 31.0
pN2 25 49
pN3 1 22
pNx 30 -
cM cMO 501 97.1
<M1 15 29
cMx 24 =
Expression of estrogen positive 393 749
receptor negative 132 25.1
not assessed 15 -
Expression of positive 385 73.8
progesterone receptor negative 137 26.2
not assessed 18 -
Expression/amplification positive 120 25.2
of HER2 negative 357 74.8
not assessed 63 -
p53 protein expression positive 35 29.9
negative 82 70.1
not assessed 423 -

doi:10.1371/journal.pone.0101740.t001

3, Luminal B/HER2+=ER+/HER2+, HER2+ = ER—/HER2+,
and triple negative = ER—/PR—/HER2—) according to [22]. All
patients after primary chemotherapy and surgery were followed
for local or distant relapse or in the case of palliative setting for
disease progression by regular visits every 3 months during the first
3 years, twice a year during the next 2 years and yearly then after.
During the visits mammography, chest X ray, skeletal survey, and

PLOS ONE | www.plosone.org

abdominal ultrasound was performed yearly and clinical exami-
nation together with tumor markers (CEA and CA 15-3) was
performed during every visit. In the case of clinical uncertainty,
additional tests and examinations were performed to rule out
possible disease relapse or progression.

July 2014 | Volume 9 | Issue 7 | e101740



Ethics statement

All patients were asked to read and sign an informed consent
and the study was approved by the Ethical Commission of the
National Institute of Public Health in Prague.

DNA extraction

Blood samples were collected during the diagnostic procedures
using tubes with K3EDTA anticoagulant. Genomic DNA was
isolated from human peripheral blood lymphocytes by the

A

Role of ABCC1 Genetic Variability in Breast Cancer

standard phenol/chloroform extraction and ethanol precipitation
method [23]. DNA samples were stored in aliquots at —20°C. prior
to analysis.

ABCC1 genotyping

DNA sequence covering coding exons 15-19 (NBD1), inter-
spersed introns, and sequences surrounding both 5’- and 3’'-
untranslated regions (Chr16:16,076,000-16,091,000, NCBI Build
36.3 version) were analyzed by HaploView v4.2 program [24].
Together nine SNPs tagging common haplotypes at r*>0.8 and
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Figure 2. Haplotype analysis of ABCC7 SNPs. Figure indicates linkage disequilibrium plot (A) and three blocks comprising of SNP diplotypes (B)
predicted from experimental data obtained in the present study. The likelihood of linkage of two tested SNPs increases from white to red color (A).
Population frequency of diplotypes and connections from one diplotype block to the next one are shown (B). Analysis was performed by HaploView

v4.2 program.
doi:10.1371/journal.pone.0101740.g002
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minor allele frequency (MAF)>0.05 in HapMap CEU sample
with minimally 75% genotype data were identified. The ABCCI
region containing eight selected SNPs (rs35623, rs4148351,
rs35626, rs11075295, rs3851711, 1rs3888565, rs35625, and
rs4148350) was then divided into four regions. Inside of these

#: g regions, we also analyzed additional four SNPs (rs35628,
s © rs11866794, rs4148353, and rs4148356). All analyzed SNPs are
characterized in Table S2 in File S1. For each region pair of

forward and reverse primers with M13 sequence adaptors was

designed using the Primer3 software [25]. Oligonucleotide primers

were synthesized by Generi Biotech (Hradec Kralove, Czech

‘o Republic). Twelve SNPs were then determined by direct
S Y sequencing. PCR products were generated using 50 ng of genomic
DNA in a 25 pl final volume containing 2.5 pl of 10X reaction

buffer consisting of 0.8 (region 1) or 1.6 mM MgCls (regions 2-4),

0.25 mM dNTPs, 0.2 uM of each primer, and 0.5 pl of Tag DNA

polymerase, 1 U/ul (all chemicals except for dNTPs from Top-

Bio, Vestec, Czech Republic). Primer sequences and optimized

" conditions for PCR cycling are specified in Table S3 in File S1.

o § The PCR products were resolved and analyzed on 2% agarose gel
£ 8|sl= containing ethidium bromide and visualized by ultraviolet light.
'é E:, ‘E’ i« All samples containing the PCR products were then sequenced by

using the BigDye Terminator v3.1 Cycle Sequencing Kit (Life
Technologies) with 5 ng of PCR product and 2 pmol of universal
M13 sequencing primer in a 10 pl final reaction volume. PCR
conditions for sequencing reactions were as recommended by the
producer (Life Technologies). Separate sequencing reaction
included a control template pGEM-3Zf(+) under the same
conditions as above. Sequencing products were purified by
EDTA/sodium acetate/ethanol precipitation. DNA sequencing
was performed on Applied Biosystems 3130 XL Genetic Analyzer
and the results were evaluated by Sequencing Analysis Software
v5.2 (Life Technologies). About 10% of samples were re-
sequenced with 100% conformity of the results.

%

28.1
46.1
25.8

distribution

151
248
139

ABCC1 gene expression

Total RNA was isolated from frozen tissues, stored, and
characterized as described [21]. cDNA was synthesized using
0.5 pg of total RNA and random hexamer primers with the help
of RevertAid™ First Strand ¢cDNA Synthesis Kit (MBI Fermen-
tas, Vilnius, Lithuania). Quality of ¢cDNA in terms of DNA
ERUY contamination was confirmed by PCR amplification of ubiquitin C
[26]. Quantitative real-time PCR (qPCR) of ABCCI and
reference  genes  EIF2BI (OMIM:606686),  MRPLI19
(OMIM:611832), IPO8  (OMIM:605600), and UBB
(OMIM:191339) was performed in RotorGene 6000 (Corbett
Research, Sydney, Australia) as described [13]. Reference genes
for data normalization were selected using software programs
geNorm (version 3.5) and NormFinder (version 19) (see File S1).
The qPCR study design adhered to the MIQE Guidelines
(Minimum Information for Publication of Quantitative Real-Time
PCR Experiments) [27].

Genotype
Genotype

Localization
intron 18

Statistical analyses

The following differences in distribution of genotypes were
evaluated: wild type vs. minor allele carrier (dominant model) and
rare genotype carrier vs. wild type allele carrier (recessive model).
The additive model was also tested. Haplotypes were evaluated
using HaploView software program version 4.2 [24]; phasing of
haplotypes prior to a block selection was done using the E-M
algorithm and the block selection was based on confidence
intervals [28]. Associations between categorized values as geno-
types or haplotypes and clinical-pathological data were analyzed
using the two-sided Fisher’s Exact test. Clinical and pathological

minor allele frequency.

non-coding.

*NC
#MAF

doi:10.1371/journal.pone.0101740.t002

Table 2. Cont.
SNP ID
rs3851711
Footnotes:
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variables included menopausal status (pre- vs. post- or perimen-
opausal), stage (stage I vs. stage II-IV), tumor size (pT'1 vs. pT2-4),
lymph node metastasis (pNO vs. pN1-3), histological type (invasive
ductal vs. other invasive carcinoma) and grade (grade 1 vs. grade 2
or 3), expression of ER, PR, and HER2 (negative vs. positive), p53
expression (negative vs. positive), and molecular subtypes (triple
negative vs. other and luminal A wvs. luminal B/HER2-).
Differences in transcript levels or age between patients divided
by categorized data as genotypes, haplotypes, and clinical-
pathological data were evaluated by nonparametric tests (Mann-
Whitney, Kruskal-Wallis). Disease-free survival (DFS) was evalu-
ated by the Kaplan-Meier method and the Breslow test was used
for evaluation of the compared groups of patients. Multipara-
metric analysis was then performed by the Cox proportional
hazards model. DFS was defined as the time elapsed between
surgical treatment and disease progression or death from any
cause. Patients lost to follow-up and patients with stage IV disease
were excluded from DFS analyses. The results were evaluated by
the statistical program SPSS v15.0 (SPSS, Chicago, IL). All p-
values are departures from two-sided tests. A p-value of less than
0.05 was considered statistically significant. The correction for
false discovery rate (FDR) was applied according to Benjamini and
Hochberg [29] and g-values are provided for each comparison.
The functional relevance of examined SNPs was analyzed in silico
by Regulome DB (http://regulome.stanford.edu), PolyPhen-2
(http://genetics.bwh.harvard.edu/pph2), and SIFT (http://sift.
jeviorg) programs. Genetic variants and their observed associa-
tions with clinical and functional phenotype were submitted to
NCBI (The National Center for Biotechnology Information)
ClinVar database (http://www.ncbi.nlm.nih.gov/clinvar).

Results

Patients’ characteristics
Clinical characteristics of patients are presented in Table 1.

PLOS ONE | www.plosone.org

Table 3. Distribution of ABCCT diplotypes predicted by HaploView v4.2.
Diplotype 1 rs11866794
GG GC cC
rs35625 T 215 1 1
TC 161 73 0
CcC 39 34 7
Diplotype 2 rs35626
GG GT T
rs4148351 cc 258 140 17
cT 2 80 14
T 1 0 9
Diplotype 3 rs3851711
T TC cc
rs3888565 GG 151 163 66
GA 0 81 53
AA 0 4 20
Numbers of patients with combinations of diplotypes presented.
The most frequent diplotypes used for statistical analyses in bold.
doi:10.1371/journal.pone.0101740.t003

Distribution of genotypes and haplotypes

Twelve SNPs selected with the help of HaploView v4.2 pairwise
tagging algorithm of the region including NBD1 and surrounding
sequences of ABCCI were genotyped in 540 breast carcinoma
patients. The rate of missing genotype data due to DNA of
insufficient quality or quantity did not exceed 3.5% in particular
SNPs.

The distribution of all analyzed SNPs (rs35623, rs4148351,
35626, rs11075295, rs3851711, rs3888565, rs35625, rs4148350,
1s35628, rs11866794, rs4148353, and rs4148356) is presented in
Table 2. Genotype distribution of the studied SNPs did not
significantly deviate from the Hardy-Weinberg equilibrium (p>
0.01). MAFs of these SNPs did not substantially differ from
HapMap-CEU population (n=226) available in dbSNP. Exper-
imental data were reanalyzed by HaploView v4.2 and LD’ values
and haplotype blocks were predicted (Figure 2). This analysis
revealed several SNP-SNP combinations (diplotypes, Table 3).
To reach reasonable statistical power the most frequent diplotypes
with n>40 (highlighted in Table 3) were further analyzed.

Associations of ABCC1 SNPs and diplotypes with
transcript levels

The ABCCI1 transcript level was previously assessed in tumors
and non-neoplastic control tissues from breast cancer patients
[13]. A subset of these patients with complete genotype data was
included into this study (n=149) and associations between
genotypes, predicted diplotypes, and transcript levels were
analyzed by Mann-Whitney or Kruskal-Wallis tests. Associations
of all SNPs and frequent diplotypes with expression levels were
analyzed but to retain concise style only significant results are
reported (Table 4 and Figure 3). Tumors from carriers of the
wild type genotype in rs35623 or rs35628 expressed significantly
lower ABCC1 transcript levels than those with the minor allele
(p=0.003 and p = 0.004, respectively; q=0.008, both significant;
Table 4 and Figures 3A, B). A significant upward trend in the
ABCCI transcript level in the order CT-GT>CC-GT>CC-GG
(p=0.023; q=0.017, non-significant; Table 4 and Figure 3C)
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Figure 3. Significant associations between transcript levels and polymorphisms in ABCCI. All SNPs and frequent diplotypes were
analyzed but to retain concise style only significant associations are reported.
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for the rs35626-rs4148351 diplotype was observed. Non-neoplastic
control tissues from carriers of the wild type genotype in
rs11866794 expressed lower ABCC1 transcript levels than those
with the minor allele (p=0.017; q=0.004, non-significant;
Table 4 and Figure 3D). The rs4148356 SNP was predicted
to be benign with a score of 0.014 by PolyPhen-2 and tolerated
with a score 0.30 by SIFT programs. From synonymous SNPs,
1s35626 was classified as likely to affect binding and linked to
expression of a gene target (score 1f), rs35625, and rs11866794 as
likely to affect binding (2c) by the Regulome DB program. The rest
of SNPs was classified as having minimal binding evidence (4-6;

Table S4 in File S1).

Associations between clinical characteristics, therapy
outcome, and ABCC1 SNPs and diplotypes

Associations of all SNPs and frequent diplotypes with clinical
data were analyzed but to retain concise style only significant
results are reported (Table 5). The ABCCI SNP rs3888565 was
significantly associated with expression of estrogen receptor
(Table 5). Carriers of the AA genotype had more frequently
tumors without ER expression than carriers of the G allele

PLOS ONE | www.plosone.org

(p=0.003; q=0.004, significant). Moreover, G allele in this SNP
was associated with triple-negative disease exhibiting the worst
prognosis of all molecular subtypes of breast carcinoma (p = 0.008;
q=0.004, non-significant). Regarding rs4148350, patients with
stages II-IV (advanced disease) or lymph nodes affected by
metastasis had a greater incidence of the T allele than those with
carly stage I or metastasis-free lymph nodes (p=0.005 and
p=0.028, respectively; q=0.004 and q=0.008, both non-
significant). Similarly, patients with HER2-positive tumors carried
more frequently the T allele in rs4148350 than those without
HER2 expression (p=0.014; q=0.004, non-significant). The T
allele in rs4148353 also predisposed patients to tumors with ER
expression in comparison with wild type carriers (p=0.049;
q = 0.004, non-significant). On the other hand, tumors of the T
allele carriers in respect to rs4148353 were usually HER2-negative
(p=0.001; q=0.004, significant; Table 5). Advanced stages II-
IV, similarly as tumors with grades 2 or 3 occurred more
frequently in carriers of the C allele in rs35625 than in those with
the wild type TT (p =0.040, p = 0.029, respectively; q = 0.004 and
q=0.008, both non-significant). Carriers of the C allele in
rs3851711 had more frequently tumors of histological type other
than ductal and exhibited more frequently triple-negative molec-
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ular subtype histology than those with the T'T genotype (p =0.040
and p=0.039, respectively; q=0.004 and q=0.008, both non-
significant).

No association between age at diagnosis, menopausal status,
tumor size, expression of progesterone receptor, and p53 and the
SNPs followed was found (results not shown). Large tumor size
(pT2-4), presence of lymph node metastasis (pN1-3), lack of
expression of hormonal receptors (ER and PR), and triple-negative
molecular subtype were significant predictors of poor prognosis,
i.e. short DFS in the set of chemotherapy-treated patients (p<<
0.001, p=0.001,p=0.011, p=0.001, and p = 0.003, respectively).
Large tumor size (pT2-4), presence of lymph node metastasis
(pN1-3), and lack of expression of PR were significant predictors of
poor prognosis, ie. short DFS in the set of hormonal therapy-
treated patients (p=0.001, p<<0.001, and p =0.031, respectively).
Chemotherapy-treated patients carrying T allele in the rs4148353
SNP had longer DFS than those with wild type GG genotype in
univariate analysis (n =271, p=0.043; Figure 4A). On the other
hand, hormonal therapy-treated patients with the wild type AA
genotype in the rs35628 had longer DFS than patients carrying
the G allele (n =353, p=0.012; Figure 4B). Multivariate analysis
using the Cox regression hazard model with pT, pN, ER, and PR
expression, triple-negative molecular subtype, and individual SNPs
has not confirmed association with DFS for rs4148353 (n =252,
p=0.116). However, for rs35628 the association observed in
univariate model remained significant in multivariate model with
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Table 4. Significant associations of ABCCT polymorphisms with expression levels.

Genotype n Normalized ABCC1 expression in tumors (Mean Rank)*
rs35623

GG 116 78.1

GT or TT 29 525

Missing 4 -

p-value 0.003%

rs35628

AA 117 73.6

AG or GG 21 46.8

Missing 11 -

p-value 0.004%

Diplotype 2 rs35626-rs4148351

CC-GG 66 69.3

CC-GT 38 60.0

CT-GT 20 447

Missing 25 -

p-value 0.023

Genotype n Normalized ABCC1 expression in controls (Mean Rank)*
rs11866794

GG 48 36.9

GC or CC 18 244

Missing 1 =

p-value 0.017

All SNPs and frequent diplotypes were analyzed but to retain concise style only significant associations are reported.
Footnotes:

*Analyzed by Mann-Whitney test. The higher is the rank the lower is the normalized expression ABCC1/reference genes.
#Result passed FDR analysis for multiple testing [29].

doi:10.1371/journal.pone.0101740.t004

pT, pN, and PR expression (n =323, p=0.008). Survival analysis
was not corrected for multiple testing.

Discussion

Multidrug resistance frequently causes cancer treatment failure.
Numerous @n vitro and n vivo data revealed that multidrug
resistance 1is often due to enhanced expression ABC transporters
[30]. Thus, in depth analysis of ABC transporters appears
inevitable for individualization of treatment.

The multidrug resistance-associated protein 1 encoded by the
ABCCI gene is one of the most studied ABC transporters. Very
recently, we demonstrated significant overexpression of ABCC1
transcript in tumors compared to adjacent non-neoplastic tissues
from breast cancer patients and suggested its intratumoral levels as
potential modifiers of breast carcinoma progression [13]. Another
contemporary study has suggested that a high ABCC1 protein
expression is a negative prognostic marker, as it has been found in
highly aggressive molecular subtypes of breast carcinoma [12].
Despite already accumulated knowledge on ABCC1 there are
significant gaps in understanding its role in cancer therapy and
prognosis which preclude clinical applications.

NBD1 of ABCCI1 contains several functional motifs, ATP-
binding site, Walker A/P-loop, Q-loop/lid, ABC transporter
signature, Walker B, D-loop, and H-loop/switch (Figure 1).
Unlike most ABCC proteins, NBD1 of ABCC1 binds ATP with
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high affinity but has low hydrolytic activity, while the reverse is
true of NBD2 [31]. Besides this functional asymmetry, it seems
obvious that NBD1 and NBD2 cooperate together and with
surrounding transmembrane cytoplasmic loops may influence
substrate selectivity and the proper assembly and trafficking of
ABCC1 to the plasma membrane [32,33]. Moreover, very
recently, virtual screening of X-ray crystal structure of ABCC1
NBD1 [34] revealed that about 5% of the National Cancer
Institute compounds possessed lower docking scores than ATP in
ABCC1 NBDI1 and it has been suggested that the compounds

PLOS ONE | www.plosone.org
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Table 5. Significant associations of ABCCT polymorphisms with clinical data.

Characteristics rs3888565 p-value”
GG/GA AA

ER negative 119 13

ER positive 380 10 0.003%

Triple negative 49 7

Other subtype 465 17 0.008

Characteristics rs4148350 p-value*
GG GT/TT

Stage II-IV 229 40

Stage | 199 14 0.005

pN1-3 162 29

pNO 276 26 0.028

HER2 negative 315 29

HER2 positive 96 20 0.014

Characteristics rs4148353 p-value*
GG GT/TT

ER negative 11 16

ER positive 304 78 0.049

HER2 negative 270 76

HER2 positive 106 10 0.001%

Characteristics rs35625 p-value*
TT TC/CC

Grade 2 or 3 133 222

Grade 1 51 51 0.029

Stage II-IV 101 46

Stage | 102 26 0.040

Characteristics rs3851711 p-value*
TT TC/CC

Ductal type 121 277

Other type 26 100 0.040

Triple-negative 1 21

Other subtype 140 118 0.039

All SNPs and frequent diplotypes were analyzed but to retain concise style only significant associations are reported.

Footnotes:

*Analyzed by two-sided Fisher's Exact test.

#Result passed FDR analysis for multiple testing [29].

doi:10.1371/journal.pone.0101740.t005

identified may be potential inhibitors of ABCC1 and require
further pharmacological analysis [35]. Apparently, the role of
ABCCI1 as predictive biomarker and potential drug target in
human cancers raises further interest.

The present study addressed yet unexplored associations
between genetic variability in NBD1 and adjacent sequences of
ABCCI and clinical course of breast cancer. Further, it evaluated
relations between genotype and phenotype represented by
transcript levels in tissues of breast cancer patients.
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Analogously with the ABCBIL/P-glycoprotein [36], in the
present study, we have observed associations between genetic
variability in ABCCI and its transcript levels in tissues from breast
cancer patients. Carriers of the wild type genotype in rs35623 or
rs35628 SNPs had significantly lower ABCC1 levels in their
tumors than the rest of patients, suggesting their potential as
predictors of treatment outcomes. The association of the rare CT-
GT diplotype rs35626-rs4148351 with ABCC1 transcript levels
observed in the uncorrected analysis has not passed the FDR test
and should be replicated on a larger sample size.

The analysis of associations between ABCCI SNPs and
transcript levels could be confounded by the fact that some
patients received pre-operative chemotherapy. Some ABC trans-
porters may be induced by chemotherapy [37]. However, in our
study the difference in ABCCI1 transcript levels between post- and
pre-treatment patients was non-significant (p=>0.05).

Most interestingly, the rs35628 SNP significantly influenced
DFS of patients treated by hormonal therapy in both univariate
and multivariate analysis. Taken together, patients with the wild
type genotype AA in rs35628 SNP had lower ABCC1 levels in
tumors and better survival rates after hormonal therapy than those
with the G allele. Cell lines with overexpression of ABCC1 are
resistant to anticancer drugs [30] and high expression of ABCC1
protein was associated with shorter DFS [38]. The role of ABCC1
in the efflux of anticancer drugs has been recently proposed
[39,40]. On the other hand, the intratumoral ABCC1 transcript
level did not modify DFS of unselected patients (n = 88) or patients
stratified according to the therapy type, referring to a more
complex phenomenon [13]. We also have not found significant
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1

association between transcript and protein levels of ABCCI
(n=30) in the previous study on independent set of patients [13].

Tamoxifen metabolites endoxifen and 4-hydroxy-tamoxifen are
substrates of the ABCBI transporter in vitro [41], but the
association of genetic variation in ABCBI and tamoxifen
effectiveness is unknown. The role of ABCC1/MRPI in the
transport of tamoxifen, its metabolites or aromatase inhibitors also
remains vastly unexplored [42] and thus it is currently impossible
to draw any conclusive remarks from our observations in
hormonally-treated breast cancer patients.

We have also found out that chemotherapy-treated carriers of
the T allele in rs4148353 SNP had significantly better DFS than
those with the wild type GG genotype. However, this association
has not been confirmed by multivariate analysis. The association
of rs4148353 with DFS could be modulated by the significant
associations of this SNP with ER and mainly HER2 which were
shown to be the best predictors of chemotherapy response in
breast carcinoma [43]. Patients carrying the T" allele had higher
frequency of ER-positive or HER2-negative tumors when
compared with wild type carriers in the present study and the
lack of expression of hormonal receptors or the triple-negative
molecular subtype of breast cancer were indeed significant
predictors of poor DFS.

Despite the fact that the ABCCI 1rs4148356 SNP located
between the Walker A and B motifs in NBD1 has been shown to
affect resistance to a number of anticancer drugs [20], we did not
find association of this SNP with DFS in breast cancer patients.
We confirmed the previously observed lack of effect of rs4148356
(R723Q), 2168G>A) on ABCC1 expression [44]. Also in silico
analyses performed by PolyPhen-2 [45] and SIFT [46] programs
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support our observations. Ten other non-synonymous SNPs
leading to amino acid substitutions (Cys43Ser (G128C,
rs41395947), Thr73Ile (C218T, rs41494447), Ser92Phe (C257T,
rs8187844), Thrl117Met (CG350T, no rs number available),
Arg230GIn  (G689A, 1rs8187848), Arg633GIn  (G1898A,
rs112282109), Ala989Thr (G2965A, rs35529209), Cys1047Ser
(G3140C, rs13337489), Argl058GIn (G3173A, rs41410450), and
Ser1512Leu (C4535T, rs369410659)) followed earlier had no
effect on ABCC1 expression either, indicating that single amino
acid substitutions may not necessarily influence the activity of the
final protein [44]. No significant effect of the synonymous SNPs
G816A (rs2230669), T825C (rs246221), T1684C (rs35605), and
G4002A (rs2230671) on ABCC1 transcript level in peripheral
CD4+ cells has been observed as well [15]. From the synonymous
SNPs followed by the present study, in silico analyses by help of
Regulome DB [47] suggested that rs35625, rs35626, and
rs11866794 likely affect regulation of target gene transcription.
The lack of validation study in independent sample set may be
seen as limitation of the present study. By searching Catalog of
Published Genome-Wide Association Studies at NHGRI (www.
genome.gov) and GWAS Central (www.gwascentral.org) we have
found no supportive data for associations between ABCCI SNPs
with breast carcinoma survival or therapy response that could
support our results. Microarray study that explored associations of
transcript levels with SNP markers from the International
HapMap Project in lymphoblastoid cells of 57 unrelated CEPH
individuals has not observed such association(s) for ABCC1 [48].
Significant associations of non-coding SNPs with expression and
clinical phenotype observed by the present study were not

References

1. Ferlay J, Shin HR, Bray F, Forman D, Mathers C, et al (2010) GLOBOCAN
2008 v1.2, Cancer Incidence and Mortality Worldwide: IARC CancerBase
No. 10 (Internet). Lyon, France: International Agency for Research on Cancer,
http://globocan.iarc.fr.

2. Biedler JL, Richm H (1970) Cellular resistance to actinomycin D in Chinese
hamster cells in vitro: cross-resistance, radioautographic, and cytogenetic
studies. Cancer Res 30: 1174-1184.

3. Szakacs G, Annereau JP, Lababidi S, Shankavaram U, Arciello A, et al (2004)
Predicting drug sensitivity and resistance: profiling ABC transporter genes in
cancer cells. Cancer Cell 6: 129-137.

4. Ferguson LR, De Flora S (2005) Multiple drug resistance, antimutagenesis and
anticarcinogenesis. Mutat Res 591: 24-33.

5. Liscovitch M, Lavie Y (2002) Cancer multidrug resistance: a review of recent
drug discovery research. IDrugs 5: 349-355.

6. Thomas H, Coley HM (2003) Overcoming multidrug resistance in cancer: an
update on the clinical strategy of inhibiting p-glycoprotein. Cancer Control 10:
159-165.

7. Akan I, Akan S, Akca H, Savas B, Ozben T (2005) Multidrug resistance-
associated protein 1 (MRP1) mediated vincristine resistance: effects of N-
acetylcysteine and Buthionine sulfoximine. Cancer Cell International 5: 22.

8. Cole SP, Bhardwaj G, Gerlach JH, Mackie JE, Grant CE, et al (1992)
Overexpression of a transporter gene in a multidrug-resistant human lung
cancer cell line. Science 258: 1650-1654.

9. Grant CE, Kurz EU, Cole SP, Deeley RG (1997) Analysis of the intron-exon
organization of the human multidrug-resistance protein gene (MRP) and
alternative splicing of its mRNA. Genomics 45: 368-378.

10. Cole SP (2014). Targeting Multidrug Resistance Protein 1 (MRP1, ABCC1):
Past, Present, and Future. Annu Rev Pharmacol Toxicol 54: 95-117.

11. Hipfner DR, Deeley RG, Cole SP (1999) Structural, mechanistic and clinical
aspects of MRP1. Biochim Biophys Acta 1461: 359-376.

12. Yamada A, Ishikawa T, Ota I, Kimura M, Shimizu D, et al (2013) High
expression of ATP-binding cassette transporter ABCCI11 in breast tumors is
associated with aggressive subtypes and low disease-free survival. Breast Cancer
Res Treat 137: 773-782.

13. Hlavac V, Brynychova V, Vaclavikova R, Ehrlichova M, Vrana D, et al (2013)
The expression profile of ABC transporter genes in breast carcinoma.
Pharmacogenomics 14: 515-529.

14. Conrad S, Kauffmann HM, Ito K, Deeley RG, Cole SP, et al (2001)
Identification of human multidrug resistance protein 1 (MRP1) mutations and
characterization of a G671V substitution. ] Hum Genet 46: 656-663.

15. Oselin K, Mrozikiewicz PM, Gaikovitch E, Pahkla R, Roots I (2003) Frequency

of MRP1 genetic polymorphisms and their functional significance in Caucasians:

PLOS ONE | www.plosone.org

Role of ABCCT Genetic Variability in Breast Cancer

confirmed by in silico analyses or additional experimental data.
This fact limits the interpretation of the results before complex
functional study is completed.

In conclusion, according to our present data, SNPs rs35623 and
rs35628 in non-coding regions around NBDI may modulate
ABCCI] transcript levels in breast tumors, thus contributing to a
complex pattern of chemotherapy resistance by so far unknown
mechanism. Associations of rs35628 and rs4148353 with DFS of
breast cancer patients warrant further studies aimed at validation
or disqualification of these putative prognostic markers.
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Supplementary Material and Methods

Patient samples

After histopathological processing, tissue specsnarere snap-frozen in liquid nitrogen.
Since this point the pathological processing of d@mples differed. In Motol, five-
micrometer cryostat sections were prepared foaismi of total RNA. The presence of tumor
cells in the sample was histologically verifiedtire first and in the last section of a row. The
sections cut in the layers between the aforemeatidnstological controls were used for total
RNA isolations. Specimens collected in Institute fioe Care for Mother and Child were
transferred to Biolab for pathological processifigvo specimens, the macroscopically
apparent tumorous tissue and the non-tumorous maynrmsaue in minimum distance of 20
mm from the tumor, both of 4-5 mm in diameter, wexeised from the native tissue sample.
One cryostat section from each block was stainetidsyatoxylin and eosin to confirm the
content of tumor cells in both types of specimembe frozen blocks of tissue were
transported in dry ice to the main investigatoolabory for RNA isolation. In both pathology
laboratories, the standard processing of surgamalpde and diagnostic histological evaluation
was followed according to WHO classification [1]hel following data on patients were
retrieved from medical records: age, menopausalisstalate of diagnosis of breast cancer,
personal and family anamnesis (number of relatafeected by breast cancer, ovarian cancer
or other malignant diseases), tumor size, lymphenmetastasis, clinical stage, histological
type and grade of tumor, expression of estrogenggsterone receptors, and HER-2,
expression of p53 protein, therapy, response (ioadgvant set only) and disease-free

survival.



Immunohistochemical detection of p53 protein expression

Fresh tissue samples of the mammary tumors wesal fin standard neutral buffered 4%
formaldehyde for up to 26 hours and embedded ir@ffin with classical histological
techniques. For immunohistochemical investigatiopr8 thick histological sections were
utilized. Primary antibody against the p53 (clon®-D; monoclonal mouse antibody
detecting both mutant and wild type p53 protein¥ warchased from Dako (Dako, Glostrup,
Denmark). Antibodies were diluted with Dako Antilyadiluent (1:50). For p53 detection, the
sections were further processed with heat-indupédpee retrieval in 10 mmol/l citrate buffer
pH 6.0 in water bath (40 min heating at 95-99° @ dahen 20 min cooling at room
temperature). Tissues were incubated with primatjbadies overnight at 4° C. Detection
was performed with peroxidase/diaminobenzidine esystEvaluation of binding of both
primary antibodies was performed with Dako REAL &xion System (LSAB+, biotinylated
secondary goat anti-mouse antibodies/streptavidinjugated to horseradish peroxidase). As
a chromogen, 0.04 % DAB (3,3 -diaminobenzidine ateydrochloride dihydrate; Fluka,
Buchs, Switzerland) in 50 mmol/l TRIS (Tris-hydromgthyl amino methane)/0.015 %®}
was used. Several p53 positive cells were preserach sample analyzed. p53 status was
evaluated as positive, if more than 50% of tumdisagere immunohistochemically stained

according to the previously published evaluatiamcpdure [2, 3].

Sl ection of reference genes
For selection of reference genes, 96-well TagMamayPlates (Life Technologies) were used
and evaluated as previously published [4, 5]. EIE2BIRPL19, IPO8, and UBB were

selected as the most stable reference genes tBondanalization.
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Supporting Information Table S1: Chemotherapy and hormonal therapy regimens

Characteristics Type n %
Anthracycline in combination 112 91.8
. . _ Taxane alone 3 2.5
Neoadjuvant regimen (n=122) Hormona! therapy 5 41
CMF only 2 1.6
. L . Anthracycline in combination 177 70.5
Adjuvant or palliative regimen Taxane alone 54 215
(n=251) CMF only 20 8.0
Tamoxifen only 184 46.6
Hormonal regimen (n=395) Aromatase inhibitors only 105 26.6
Tamoxifen & aromatase inhibitors 106 26.8

Footnotes:

"CMF=cyclophosphamide/methotrexate/5-fluorouracihbination



Supporting Information Table S2: Positions of the analyzed SNPsABCCL1

SNP
rs35623

rs35625

rs11866794

rs4148350
rs4148351
rs35626
rs35628
rs4148353
rs4148356
rs11075295
rs3888565

rs3851711

Position (Chrl6)

16076966
16077067
16077075
16077978
16078069
16078116
16078607
16078649
16084776
16085188
16090546

16090588

Alleles captured by analysis

rs35621, rs35623, rs35628, 22356152029, rs152030

rs35625
rs11866794

rs4148350

rs4148351, rs4148355

rs2074086, rs35626, rs152028

rs35628
rs4148353

rs4148356

rs11075295, rs7185286

rs3888565

rs4148354, rs3851711



Supporting Information Table S3: Sequencing primers and PCR conditions for assegsshpolymorphisms in NBD1 oABCC1

Region PCR conditions Primer sequences 5> 3* Product size  Md‘concentration
initial hold 5"at 94°C

L 35 cycles: 0:30 at 94°C, 0:30 &6°C F tgtaaaacgacggccagttgcacatcctgtagtcccagtd20 bp 0.8 mM
and 0:30 at 72°C R caggaaacagctatgaccacatgcaaacctctctccactg

final hold 5" at 72°C

initial hold 5"at 94°C
F tgtaaaacgacggccagttccctctctgtgaccttgaaca
2 35 cycles: 0:30 at 94°C and 0:306&8tC R caggasacaqctatoaccacaatoaagcanaca g%? bp 1.6 mM
final hold 5" at 72°C ddaaacadeldd Jaagraggeadd

initial hold 5”at 94°C

3 35 cycles: 0:30 at 94°C, 0:30 &8°C F tgtaaaacgacggccagtccctcttgccaaagcaatagt25 bp 1.6 mM
and 0:30 at 72°C R caggaaacagctatgaccgcagtcatgtgaccacaaaggt
final hold 5" at 72°C
3" at 94°C
10 cycles: 0:30 at 94°C, 0:30 656 to
4 55°C (touch down) and 0:30 at 72°C anl cgcacgtgtcctgttcttta 371 bp 1.6 mM

25 cycles: 0:30 at 94°C, 0:30 &6°C R catcatgttgtccaggctca
and 0:30 at 72°C
final hold 5™ at 72°C

The whole NBD1 and surrounding sequence was dividedfour regions for SNP analysis. These regiomese then amplified by PCR and
sequenced.

Footnotes:

* F — forward, R — reverse primer, M13 sequenceotata used for sequencing underlined, for sequgnairthe region 4 unmodified primers
were used.

Supporting Information Table S4: In silico analysis of functional significance of all studigalymorphisms in NBD1 oABCC1



The functional significance of examined SNPs wadyaredin silico by Regulome DB (http://regulome.stanford.edu) yPbken-2
(http://genetics.bwh.harvard.edu/pph2) and SIFip(Hsift.jcvi.org).

SNP position SNP Result oin silico analysis by Regulome DB
chrl6:16169464 rs35623 TF binding or DNase peak (5)
chrl6:16169565 rs35625 TF binding + matched TFimobNase peak (2¢)
chrl6:16169573 rs11866794 TF binding + matched ©Efr DNase peak (2¢)
chrl6:16170476 rs4148350 TF binding or DNase pBak (

chrl6:16170567 rs4148351 No Datz

chrl6:16170614 rs35626 eQTL + TF binding / DNaszkgéf)
chrl6:16171105 rs35628 Minimal binding evidence (6)
chrl6:16171147 rs4148353 No Dat¢

chrl6:16177274 rs4148356 No Date

chrl6:16177686 rs11075295 TF binding + DNase pépk (

chrl6:16183044 rs3888565 TF binding or DNase pgak (

chrl6:16183086 rs3851711 TF binding or DNase pBak (

Footnote: TF = transcription factor, eQTL = expresgjuantitative trait loci

The rs4148356 SNP was predicted to be benign wstoee of 0.014 by PolyPhen-2 (http://genetics.batvard.edu/pph2) and tolerated with a
score 0.30 by SIFT (http://sift.jcvi.org) programs.



Supporting Figure S1: Flow diagram of the study

Selection process and laboratory analyses areagesgploy blue lines and statistical analyses byineg.
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The expression profile of ATP-binding cassette

transporter genes in breast carcinoma

Aim: ATP-binding cassette (ABC) transporters contribute to development of resistance to anticancer drugs
via ATP-dependent drug efflux. A major goal of our study was to investigate associations between the
expression of ABC transporters and outcome of breast carcinoma patients. Patients & methods: Transcript
levels of all 49 human ABC transporters were determined in post-treatment tumor and non-neoplastic
tissue samples from 68 breast carcinoma patients treated by neoadjuvant chemotherapy. Six ABC
transporters were then evaluated inindependentseries of 100 pretreatment patients. Results: ABCA5/6/8/9/10,
ABCB1/5/11, ABCC6/9, ABCD2/4, ABCG5 and ABCG8 were significantly downregulated and ABCA2/3/7/12,
ABCB2/3/8/9/10, ABCC1/4/5/10/11/12, ABCD1/3, ABCE1, ABCF1/2/3 and ABCGT were upregulated in post-
treatment tumors compared with non-neoplastic tissues. Significant associations of intratumoral levels of
ABCC1 and ABCC8 with grade and expression of hormonal receptors were found in both sets of patients.
ABCA12, ABCA13 and ABCD2 levels were significantly associated with the response to neoadjuvant
chemotherapy in post-treatment patients. Protein expression of ABCA12, ABCC8 and ABCD2 in tumor
tissues of patients with breast carcinoma was observed by immunoblotting for the first time. Conclusion:
ABCA12, ABCA13, ABCC1, ABCC8 and ABCD2 present potential modifiers of progression and response to
the chemotherapy of breast carcinoma.

Original submitted 27 July 2012; Revision submitted 5 February 2013

KEYWORDS: ABC transporters
resistance response

Breast cancer is the most common cancer in
women with an estimated 1.38 million new
cases worldwide in 2008 [1]. While survival is
improving, the burden of this disease is pre-
dicted to increase globally [2]. The prognosis of
breast cancer patients is closely associated with
the response of the tumor cells to chemotherapy.
Tumor cells may be resistant per se or develop
multidrug resistance (MDR) to a variety of che-
motherapy drugs. The reasons for MDR are not
clear but have been attributed to alterations in
many molecular pathways. Decreased uptake of
water-soluble drugs, increased repair of DNA
damage, reduced apoptosis and increased
energy-dependent efflux of hydrophobic drugs
exert influence on these pathways [3].

Drug efflux from tumor cells is most fre-
quently associated with overexpression of
one or more membrane-bound ATP-binding
cassette (ABC) transporters [4]. A total of 49
human ABC transporters represent a large
family of transporter proteins that translocate a
wide variety of substrates, including metabolic
products, lipids, sterols and drugs across extra-
and intra-cellular membranes [s]. The ABCBI
product P-gp represents the most extensively

10.2217/PGS.13.26 © 2013 Future Medicine Ltd

breast carcinoma expression prognosis

studied ABC transporter [6]. ABCBI/P-gp
overexpression has been associated with a poor
drug response in breast cancer patients [7.],
while other authors [9-11] found no association
of ABCBI/P-gp expression with breast cancer
prognosis. MRP1/ABCCI is involved in MDR
of a variety of solid tumors. A strong association
between ABCCI expression level and reduced
time to relapse and overall survival was revealed
(12]. No association of MRP1/ABCCI expression
with breast cancer prognosis has been described
[4]. ABCG2 encoding BCRP also belongs to the
frequently studied ABC transporters [13]. The
role of other ABC genes in MDR is much less
understood. Transcript levels of several ABC
transporters in breast tumors are correlated
with the clinical response to neoadjuvant che-
motherapy (NACT) with sequential weekly
paclitaxel/[FEC (5-fluorouracil plus epirubicin
plus cyclophosphamide) [14].

It seems that the characterization of the
expression profile of genes associated with
MDR, prognosis and response to chemotherapy
may be useful for individualization of cancer
therapy. The aim of our study was to explore
gene-expression levels of all members of the
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ABC transporter gene family in post-treat-
ment tissues from NACT-treated breast cancer
patients. Profiles were compared with clinical
data and response of the patients to NACT in
order to evaluate candidate biomarkers with
prognostic and predictive value. Candidate
biomarkers identified by the evaluation set were
evaluated in an independent pretreatment set of
breast cancer patients.

Patients & methods
Materials

Phenol, chloroform, RNase A, proteinase K,
ultrapure agarose, and chemicals for preparation
of buffers were purchased from Sigma-Aldrich
(Prague, Czech Republic). Deoxynucleotides for
PCR and molecular weight standard for electro-
phoresis (0X174DNA/Haelll digest) were prod-
ucts of New England Biolabs, Inc. (MA, USA).
Taq-Purple DNA polymerase and Combi PPP
Master Mix for PCR were supplied by Top-Bio
s.r.o. (Prague, Czech Republic).

Patients
Post-treatment tissue samples of human carcino-
mas of the mammary gland were prospectively
obtained from 68 incident breast cancer patients
diagnosed at the Department of Oncosurgery,
Medicon (Prague, Czech Republic), during
2006-2010 (evaluation set, described in detail
elsewhere [15]). Patients were treated with 5-fluo-
rouracil-, anthracycline-, cyclophosphamide-
and/or taxane-based NACT (SUPPLEMENTARY TABLE 1}
www.futuremedicine.com/doi/suppl/10.2217/
pgs.13.26). Paired adjacent tissue samples with-
out morphological signs of carcinoma (nontu-
mor controls) were available from 43 patients.
The macroscopically apparent tumor tissue and
the control tissue specimen at minimum dis-
tance of 20 mm from the tumor, both 4—5 mm
in diameter, were excised from the native tissue
sample. One cryostat section from each block
was stained by hematoxylin and eosin to moni-
tor the content of tumor cells in both types of
specimens. Prospectively collected samples from
100 incident breast cancer patients diagnosed at
the Faculty Hospital in Motol (Prague, Czech
Republic) during 2003-2007 were used as the
validation set. Paired adjacent tissue samples
without morphological signs of carcinoma (non-
tumor controls) were available from 34 patients.
Collection and handling of tissue samples was
described elsewhere [16]. The following data on
patients were retrieved from medical records:
age, menopausal status, date of diagnosis with
breast cancer, personal history, family history

Pharmacogenomics (2013) 14(5)

(number of relatives affected by breast cancer,
ovarian cancer or other malignant diseases),
tumor size, lymph node metastasis, clinical
stage, histological type and grade of tumor,
expression of ER, PR and HER2, expression of
the Ki-67 protein (available in the evaluation
set only), and NACT regimen and outcome.
Expression of the p53 protein was available in
the validation set. Expression of ER and PR was
assessed according to the published procedure
with the recommended 1% cutoff value [17].
HER?2 status was defined as positive in samples
with immunohistochemical score of 2+ or 3+
confirmed by FISH analysis [18]. Response to
NACT was evaluated by Response Evaluation
Criteria In Solid Tumors (RECIST) criteria as
described [19]. For analysis of protein levels of
candidate genes a training set was established.
Pretreatment tumor tissue samples of human
carcinomas of the mammary gland were pro-
spectively obtained from 30 incident histologi-
cally verified breast cancer patients diagnosed
at the Department of Surgery, Hospital Atlas
(Zlin, Czech Republic) during 2012. Collection
and handling of tissue samples and clinical data
retrieval adhered to the above described design.
All patients were asked to read and sign an
informed consent in agreement with require-
ments of the Ethical Commission of the
National Institute of Public Health in Prague.

Isolation of total RNA & cDNA

preparation

Total RNA was isolated from frozen tissues using
Trizol® reagent (Invitrogen, CA, USA). RNA
quantity was assessed in duplicates by Quant-iT
RiboGreen RNA Assay Kit (Invitrogen) using
Infinite M200 multiplate reader (Tecan Group
Ltd, Minnedorf, Switzerland). RNA quality
was assessed by measurement of RNA Integ-
rity Number using Agilent RNA 6000 Nano
Assay Kit and Agilent 2100 Bioanalyzer (Agilent
Technologies, Inc., CA, USA). The RNA integ-
rity number was 5.4 on average with a range of
3.0-8.9. cDNA was synthesized using 0.5 pg
of total RNA as previously described [16]. The
cDNA from the evaluation set was then pream-
plified using 25 pl of TagMan® PreAmp Mas-
ter Mix (Life Technologies Corp., CA, USA),
12.5 pl of pooled assay mix containing all target
TagMan Gene Expression Assays (Life Tech-
l’lOlOgiCS; listed in [20]5 SurPLEMENTARY TABLE 2), 5 ].11
of cDNA and nuclease-free water in a 50 pl final
volume. A total of 14 preamplification cycles
were used and the preamplification uniformity
was evaluated according to the recommendation

fsg
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of the manufacturer. cDNA from the validation
set was used directly for quantification without
preamplification procedure.

Quantitative real-time PCR
Quantitative real-time PCR (qPCR) was per-
formed and results evaluated using RotorGene
6000 (Corbett Research, Sydney, Australia) for
the evaluation set and ViiA™ 7 Real-Time PCR
System (Life Technologies) for the validation set
as described before [16,20]. Fragments spanning
binding sites for TagMan probe and primers
for ABCCI (1202 bp), ABCCS (1695 bp) and
MRPLI9 (883 bp) were subcloned into vector
pDONR201 using Gateway™ Cloning Tech-
nology (Invitrogen) as previously described [16].
Absolute quantification with external standard
curves generated from five decimal dilutions of
the respective plasmid was performed. ABCCI
and ABCCS transcript levels (target) were then
normalized to levels of MRPL19 as internal con-
trol (copies _/copies
and clinical data of the evaluation set were

feencs) - GENE-EXpression
submitted to the Gene Expression Omnibus
(GEO) repository under accession number

GSE43807 101].

Selection of reference genes
For selection of reference genes, 96-well Taq-
Man Array Plates (Life Technologies) were
used and evaluated as previously published
(20.21]. EIF2B1, MRPL19, IPO8 and UBB were
selected as the most stable reference genes for
data normalization.

The qPCR study design adhered to the
Minimum Information for Publication of
Quantitative Real-Time PCR Experiments
Guidelines [22].

Immunoblotting in human breast

carcinoma tissues

Tumor tissue samples (n = 30) were stored at
-80°C prior to protein isolation. Samples were
grinded using a mortar and pestle and then
protein and total RNA were isolated using
AllPrep® DNA/RNA/Protein Mini Kit (Qia-
gen, Hildesheim, Germany) according to the
manufacturer’s protocol. Total RNA was then
used for qPCR of ABCAI2, ABCCI, ABCC8
and ABCD2 as described above. Protein con-
centration was determined by bicinchoninic acid
assay (Pierce BCA Protein Assay Kit, Thermo
Scientific Pierce Protein Research Products, IL,
USA). Immunoblotting was performed as previ-
ously described [23]. Briefly, 20 pg of protein was
used for separation by sodium dodecyl sulfate

future science group

polyacrylamide gel electrophoresis (10% gel) and
transferred onto 0.2 pm Protran® nitrocellulose
membrane (Whatman, Kent, UK). Firstly,
membranes were blocked in 5% weight/volume
nonfat dry milk (for ABCCI and ABCD2) or
5% weight/volume bovine serum albumin (for
ABCC8and ABCAI2) in Tris-buffered saline for
25 min at room temperature. Then, membranes
were incubated with primary antibodies against
ABCAI12 (dilution 1:1000; Aviva System Biol-
ogy, CA, USA), ABCCI (dilution 1:50; Alexis
Biochemicals, NY, USA), ABCCS8 (dilution
1:1000; Aviva System Biology), ABCD2 (dilu-
tion 1:500; Abcam, Cambridge, UK) or B-actin
(dilution 1:2000; Sigma-Aldrich) overnight at
4°C. Membranes were then incubated for 2 h at
room temperature with corresponding horserad-
ish peroxidase-conjugated secondary antibodies
(dilution 1:6600; Santa Cruz Biotechnology,
CA, USA). Protein bands were visualized with
an enhanced chemiluminescence detection sys-
tem (Thermo Scientific Pierce Protein Research
Products) by Carestream Gel Logic 4000 PRO
Imaging System (Carestream Health, CT,
USA). Densitometry was performed using the
Carestream v5.2 program (Carestream Health).

Data analysis
Raw cycle threshold data were processed by
REST2009 program (Qiagen). Each sample
was assayed in duplicate and the mean value
was used for calculations. Samples with higher
cycle threshold than 40 were treated as missing
data. For statistical analyses of associations of
transcript levels with clinical data nonparamet-
ric tests (Kruskal-Wallis, Mann—Whitney U
and Spearman’s rank test) were used. Tested
variables were as follows: age at diagnosis in
years; menopausal status (premenopausal vs
postmenopausal); tumor size in mm; lymph
node metastasis (pNO vs pN1-3); histological
type; ductal versus other; pathological grade
(G1 or G2 vs G3); stage (SI vs SII-SIV); ER,
PR, HER2 and p53 expression (positive vs neg-
ative); expression of Ki-67 in percentage; and
response to NACT (complete or partial patho-
logical response vs stable disease or progression).
Progression-free survival (PFS) was defined as
the time elapsed between surgical treatment and
disease progression or death from any cause [16].
Patients lost to follow-up (n = 11) and patients
with stage IV disease (n = 1) were excluded from
PES analyses. Kaplan—Meier survival plots with
the log-rank test were used for testing of PFS
as previously published [20]. All p-values are
departures from two-sided tests. A p-value of
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Table 1. Clinical characteristics of the followed groups of patients.

Characteristics Evaluation set Validation set
Age at diagnosis, mean + SD (years) 53.0+ 11.5 60.0 £ 10.6
Tumor size, mean + SD (mm) 21.0+ 147 17.0+11.2
Menopausal status

Premenopausal 31 (46) 10 (10)
Postmenopausal 37 (54) 90 (90)
Lymph node metastasis

Absent (pNO) 41 (60) 54 (56)
Present (pN1-3) 27 (40) 42 (44)
Unknown 0(-) 4(-)
Pathological stage

| 24 (37) 36 (38)
I 34 (52) 41 (43)
1l 7(11) 18 (19)
\Y 0(-) (M
Not determined 3(-) 4(=)
Histological type

Invasive ductal carcinoma 57 (84) 83 (83)
Other type 11(16) 17 (17)
Pathological grade

1 8(12) 17 (17)
2 29 (44) 60 (62)
3 29 (44) 20 (21)
Unknown 2 (=) 3(-)
ER status

Positive 47 (69) 68 (68)
Negative 21 (31) 32 (32)
PR status

Positive 48 (71) 59 (59)
Negative 20 (29) 41 (41)
Expression of HER2

Positive 16 (24) 26 (26)
Negative 51 (76) 74 (74)
Unknown 1(-) 0(-)
Expression of Ki-67

Mean + SD 32.6 £ 231 Not available
Unknown 1(-) =-(=)
Expression of p53

Positive Not available 30 (31)
Negative Not available 66 (69)
Unknown Not available 4(-)
Data are presented as number of patients (%), unless indicated otherwise.

SD: Standard deviation.
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Characteristics Evaluation set Validation set
Response

Complete or partial response/ 38/25 (60/40) Not applicable
stable disease or progression

Relapse/remission Not applicable 29/60 (33/67)
Not assessed 5(=) 1 (-)

Data are presented as number of patients (%), unless indicated otherwise.

SD: Standard deviation.

less than 0.05 was considered statistically signifi-
cant. Statistical analyses were performed using

SPSS v15.0 program (SPSS Inc., IL, USA).

Results
Clinical characteristics of patients are described
in TasLe 1.

Differences in ABC transcript

expression between tumors

& non-neoplastic control tissues
ABCA2, ABCA3, ABCA7, ABCAI2, ABCB2,
ABCB3, ABCB8, ABCB9, ABCB10, ABCC1,
ABCC4, ABCC5, ABCCI10,ABCCI11, ABCCI2,
ABCDI1, ABCD3, ABCEI, ABCFI, ABCF2,
ABCF3 and ABCG]I were significantly upregu-
lated in tumors compared with control tissues
from the evaluation set (n = 43 tissue pairs).
ABCAS, ABCAG6, ABCAS8, ABCA9, ABCAIO,
ABCBI, ABCB5, ABCBII, ABCC6, ABCC9,
ABCD2, ABCD4, ABCG5 and ABCGS8 were
significantly downregulated in tumors. No sig-
nificant changes in expression of the rest of the
ABC genes (ABCAI, ABCA4, ABCA13, ABCB4,
ABCBG6, ABCB7, ABCC2, ABCC3, ABCC7,
ABCCS8, ABCC13, ABCG2 and ABCGH4)
between tumor and control tissues were found.
The fold changes between tumor and control
tissues with 95% Cls and p-values calculated
by REST2009 are listed in Tasie2.

Associations of ABC transcript levels
with clinical data in the evaluation set
Except for response to NACT, only levels of
ABC transporters in tumors were evaluated.
Tumor samples from two patients with complete
pathological response were not evaluated owing
to the absence of tumor cells.

A strong negative correlation of ABCA10 and
ABCBI levels with age was found (Spearman’s
p-correlation coefficient = -0.331 and -0.320,
respectively; p = 0.006 and 0.008, respectively).
Conversely, ABCAI12, ABCCI1, ABCCI2 and
ABCFI positively correlated with age (p = 0.263,
0.255, 0.287 and 0.266, respectively; p = 0.030,

future science group

0.036, 0.021 and 0.028, respectively). Accord-
ingly, premenopausal patients had signifi-
cantly higher levels of ABCAI0 and ABCBI
than postmenopausal patients (p = 0.022 and
0.026, respectively). Postmenopausal patients
had significantly higher ABCCI2 levels than
premenopausal patients (p = 0.030). Patients
with stage I had significantly higher lev-
els of ABCBG6 in tumors than patients with
stages II-1IV (p = 0.031).

Tumor size negatively correlated with ABCB6
and ABCB levels (Tasie 3). Patients without
lymph node metastasis had significantly higher
ABCA2, ABCB4, ABCB5 and ABCG4 levels than
patients with affected nodes. ABCA13, ABCB3
and ABCCI levels were significantly higher in
patients with grade 3 (undifferentiated tumors)
than in patients with grade 1 or 2 (well or mod-
erately differentiated tumors). ABCA2, ABCB7,
ABCC8 and ABCCII levels were significantly
higher in patients with grade 1 or 2 tumors.
ABCA13, ABCB3, ABCCI and ABCCI0 levels
were significantly higher in patients without
expression of ER than in ER-positive patients.
ABCBJ, ABCC8, ABCC11 and ABCCI3 levels
were higher in tumors expressing ER. ABCA13
and ABCBG levels were significantly higher in
patients without expression of PR compared
with PR-positive patients. ABCA2, ABCA3,
ABCC8, ABCCI1I and ABCCI3 levels were sig-
nificantly higher in patients with PR-expressing
tumors. ABCA13, ABCB2, ABCB3 and ABCCI
levels positively, and ABCC8 and ABCC11 lev-
els negatively correlated with the Ki-67 protein
expression (Taste 3). The most notable associa-
tions were found for ABCCI and ABCC8 levels
(association with grade, hormonal receptors and
Ki-67 expression; Tasie 3).

Transcript levels of ABCAI3 and ABCD2 in
tumors and ABCAI2 in control tissues associ-
ated with the response to NACT. Patients with
complete or partial response (responders) had
significantly higher ABCAI3 and ABCD2 lev-
els than patients with stable or progressive dis-
ease (nonresponders; mean + SD: 1.64 + 0.17
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Table 2. Differences in expression of ATP-binding cassette transporters between

tumor and control tissues in the evaluation set.

Gene symbol p-value’ Tumor vs Expression difference  95% Cl
control (fold change)
ABCAT NS - 0.86 0.20-7.16
ABCAZ2 0.002 ) 1.25 0.48-3.84
ABCA3 <0.001 T 1.61 0.38-9.65
ABCA4 NS - 0.76 0.04-17.81
ABCA5 <0.001 l 0.51 0.11-1.79
ABCA6 <0.001 ! 0.26 0.03-2.00
ABCA7 <0.001 1 1.70 0.43-7.25
ABCAS8 <0.001 l 0.14 0.00-2.06
ABCA9 <0.001 l 0.23 0.02-1.58
ABCAT0 <0.001 l 0.17 0.01-2.45
ABCA12* <0.001 18 4.48 0.01-2467.84
ABCA13* NS - 0.64 0.01-284.79
ABCB1 0.015 l 0.66 0.07-6.55
ABCB2 <0.001 T 1.81 0.42-12.06
ABCB3 0.009 T 1.41 0.31-9.24
ABCB4 NS - 1.20 0.23-6.64
ABCB5 <0.001 l 0.21 0.00-9.76
ABCB6 NS - 1.03 0.41-3.31
ABCB7 NS - 1.07 0.45-2.53
ABCB8 <0.001 T 1.75 0.42-7.82
ABCB9 0.003 1 1.44 0.26-6.92
ABCB10 <0.001 1 1.26 0.50-2.75
ABCBI11 0.030 l 0.61 0.03-17.24
ABCCT* <0.001 15 1.37 0.52-3.74
ABCC2 NS - 0.98 0.14-10.97
ABCC3 NS - 1.27 0.13-17.57
ABCC4 0.001 1 1.66 0.28-15.02
ABCC5 <0.001 T 1.69 0.33-8.64
ABCC6 0.001 l 0.42 0.02-4.43
ABCC7 NS - 0.94 0.01-243.99
ABCC8* NS -5 0.80 0.00-73.31
ABCC9 <0.001 l 0.33 0.04-2.92
ABCC10 <0.001 T 1.38 0.50-4.09
ABCCTT# 0.019 T 2.96 0.01-1104.83
ABCC12 0.014 T 6.37 0.00-648,155.01
ABCCI13 NS - 1.04 0.00-1371.17
ABCD1 0.036 1 1.24 0.30-5.18
ABCD2* <0.001 18 0.37 0.02-4.76
'p-values calculated by REST2009 software (Qiagen, Hildesheim, Germany).
*Genes used for validation study.
SConfirmed in the validation set (n = 100).
1: Upregulation; |: Downrequlation,; NS: Nonsignificant.
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Table 2. Differences in expression of ATP-binding cassette transporters between

tumor and control tissues in the evaluation set (cont.).

Gene symbol p-value’ Tumor vs Expression difference 95% ClI
control (fold change)

ABCD3 0.003 T 1.39 0.35-6.36

ABCD4 0.018 l 0.86 0.34-1.91

ABCET 0.031 T 1.15 0.49-2.99

ABCF1 <0.001 T 1.39 0.52-3.94

ABCF2 <0.001 T 1.43 0.55-4.03

ABCF3 <0.001 T 1.29 0.52-3.14

ABCGT <0.001 T 1.83 0.39-11.09

ABCG2 NS 0.74 0.06-7.48

ABCG4 NS - 0.88 0.12-5.48

ABCG5 0.026 l 0.40 0.00-673.52

ABCGS8 0.020 l 0.51 0.00-31.64

"p-values calculated by REST2009 software (Qiagen, Hildesheim, Germany).

*Genes used for validation study.

SConfirmed in the validation set (n = 100).

1. Upregulation, |: Downregulation; NS: Nonsignificant.

vs 1.73 + 0.20; p = 0.048; and 1.30 = 0.10
vs 1.36 + 0.12; p = 0.024, respectively). The
opposite was found for ABCA12, that is, non-
responders had significantly higher levels than
responders (1.42 + 0.19 vs 1.54 + 0.14, respec-
tively; p = 0.048). A weak association of ABCC8
level with NACT outcome was observed too;
nonresponders to NACT had higher ABCCS lev-
els than responders (1.37 + 0.15 vs 1.49 + 0.23,
respectively; p = 0.096). The rest of the genes
did not significantly associate with the response
(data not shown).

1 Associations of ABC transcript levels
with clinical data in the validation set
Genes strongly (p < 0.01) associated with the
most important clinical data (as grade and hor-
monal receptors) and genes significantly associ-
ated with the response to NACT in the evalua-
tion set were included into the validation study.
Thus, ABCAI2, ABCA13, ABCCI1, ABCCS8,
ABCCI1I and ABCD2 were selected for assess-
ment in the validation set (n = 100) in order to
confirm the results obtained with the evalua-
tion set. ABCAI12, ABCAI13, ABCC8, ABCCI1
and ABCD2 levels in tumors were significantly
higher in the validation set when compared with
the evaluation set (p < 0.001). ABCCI levels
did not significantly differ between both sets
(p = 0.057). ABCCI level in tumors negatively
correlated with age (p = -0.201; p = 0.046).
Accordingly, premenopausal patients had a sig-
nificantly higher level of ABCCI than postmeno-
pausal patients (p = 0.018). Conversely, ABCC8

level in tumors positively correlated with age
(p=0.327; p = 0.001). Patients with stage I had
higher levels of ABCCI and ABCD2 in tumors
than patients with stages II-IV (p = 0.018 and
0.010, respectively). However, these results were
not observed in the evaluation set.

Associations with the rest of the tested clini-
cal data are presented in Tasie 4. Significant asso-
ciations of ABCCI and ABCCS8 levels in tumors
with grade and expression of hormonal receptors
observed in the evaluation set were replicated
by the analysis of the validation set. A number
of other associations was also observed; how-
ever, these associations were not found in the
evaluation set (TasLes 3 & 4).

All significant associations of ABCCI and
ABCC8 with clinical data obtained by relative
quantification were confirmed also by the ana-
lysis of transcript levels of these two genes by
absolute quantification (data not shown). None
of the studied ABC transporters significantly
associated with the PES of patients divided
to chemotherapy versus hormonal therapy
subgroups in the validation set (Ficure 1).

1 Protein expression of ABCA12,
ABCC1, ABCC8 & ABCD2 in breast
tumors

Expression of ABCA12, ABCCI, ABCC8 and
ABCD?2 proteins was assessed by immuno-
blotting in protein lysates from breast tumor
tissue samples and quantified by densitometry.
ABCA13 was not assessed owing to a high
molecular weight of this protein (predicted
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showing a high percentage of ABCCl-positive
breast tumors in both post-treatment (88%) and
pretreatment (62%) specimens [12]. The downreg-
ulation of ABCBI observed in the post-treatment
tumors by the present study confirms our previ-
ous results showing ABCBI downregulation in
pretreatment specimens from another cohort of
breast cancer patients [11]. We also confirmed the
previously reported high ABCCII expression in
breast tumors [26].

A number of associations between levels of
ABC transporters in tumors and clinical data
were observed in the evaluation set. Based on the
number and strength of associations observed,
we have chosen the six most interesting candi-
dates (ABCAI2, ABCA13, ABCCI, ABCCS,
ABCCII and ABCD?) for a validation study in
larger series of pretreatment patients. Significant
associations of ABCCI and ABCC8 with expres-
sion of hormonal receptors were confirmed in the
pretreatment set. Associations with expression of
hormonal receptors may suggest either prognostic
and/or predictive importance of the above genes
in breast cancer and hormonal control of their
expression. It is a subject of our follow-up stud-
ies to test the mechanism of these associations.
Patients with less aggressive tumors (grade 1 or 2)
expressed significantly lower levels of ABCCI and
higher levels of ABCC8 than patients with more
aggressive grade 3 tumors in both sets. Tumor
grade is considered a validated prognostic factor
in breast cancer [27] and thus ABCCI/ABCCS8
gene expression may cosegregate with the prog-
nosis of breast cancer patients. Both genes also
significantly associated with the Ki-67 protein
expression in the evaluation set and p53 protein
expression in the validation set. Ki-67 protein
expression has predictive and prognostic value
in NACT-treated patients and was suggested
as a feasible marker for clinical practice [28]. A
significant correlation between P-gp and Ki-67
protein staining has been previously reported
(29]. However, other ABC transporters have not
been studied in context with Ki-67 expression.
Absence of association of ABCC1 (and ABCB1)
protein expression with histological grade was
observed before [30]. On the other hand, the pre-
viously suggested role of ABCCI expression as a
negative prognostic marker of both early-stage
[12] and metastatic breast cancer [31] seems rel-
evant to the association with high-grade and ER-
negative tumors found by our study in both pre-
and post-treatment patients. Association of high
levels of ABCCI with factors of poor prognosis
of breast cancer patients observed in our study
is also in line with the recently proposed role of
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ABCCI in efflux of anticancer drugs [32.33] and
with the reported association of ABCC1 pro-
tein level with shorter survival of breast cancer
patients [34].

Unlike the majority of ABC transporters,
ABCC8 does not act as a drug transporter, but

ABCA12 (p = 0.358)

interacts with Kir6.2 to form an ATP-gated K*
channel. Mutations in ABCC8 have been associ-
ated with different forms of glycemic disorders,
such as familial hyperinsulinemic hypoglyce-
mia Type 1 and neonatal diabetes mellitus [20].
There are no data on the role of ABCCS in cancer

ABCA13 (p = 0.885)
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Figure 1. Progression-free survival plots for ATP-binding cassette genes analyzed in the
validation study. Kaplan—Meier survival curves were plotted for patients (n = 88) divided into two
groups according to the median of transcript levels in tumors. Dashed lines represent the group with
higher transcript levels and solid lines represent the group with lower levels than median. Differences
between groups were compared using log-rank test. The gene name and significant difference

between groups are displayed.

future science group

www.futuremedicine.com

525



Hlavdg, Brynychovd, Viclavikovd ez al.

() ABCA12 (predicted MW: 257

P1 P5 P12P20 P6 P19P16P14P22 P2 P4 P13P21

E-C-EEERE
: .

pB-actin — S e S G s W— ——— —— v———

ABCA12 -~
250 kDa ==

( ABCC1 (predicted MW: 190 k
P13P
250 kDa =
ABCC1—
150 kDa ==

=
e
BraClN T e G ———— T ————

(® ABCCS (predicted MW: 140 kDa)
P5 P3 P6 P7P13P16P17P18P20 P8 P10 P21 P4

150 kDa ==
ABCC8 — -

kDa)

oo
©©o
1

-—‘

Bai@RBT

o
Y]
1

—_—
—

0.4
0.3
02

level (relative density)
(=} oo
— [6) o))

Relative protein expression

o
o
|

Da)
P17P18P.

Relative protein expression
level (relative density)

BACHN = S o G w————_ —————

(® ABCD2 (predicted MW: 83 kDa)
P15P18 P7 P19_P2 P22P11 P4P14 P1 P3 P21 P9

Relative protein expression
level (relative density)

Relative protein expression
level (relative density)

4
P5 P3 P6 P7 P13P16 P17 P18 P20 P8 P10 P21 P4

P1 P5 P12P20 P6 P19 P16 P14 P22 P2 P4 P13 P21

Patient number

P5 P3 P6 P7 P13P16 P17 P18 P20 P8 P10 P21 P4

Patient number

Patient number

P15 P18 P7 P19 P2 P22 P11 P4 P14 P1 P3 P21 P9

Patient number

Figure 2. Protein expression of ATP-binding cassette transporters in tumors. Protein expression of (A) ABCA12, (B) ABCCI,
(C) ABCC8 and (D) ABCD2 was assessed by immunoblotting (left) and evaluated by densitometry with normalization to B-actin (right) in

representative set of breast tumor

s as described in the ‘Patients & methods’ section.
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progression. Moreover, the fact that low expres-
sion of ABCC8 was associated with poor prognos-
tic and predictive factors (ER-negative, grade 3
and Ki-67-high tumors) suggests a physiologi-
cal rather than drug efflux-based mechanism. It
should be the subject of future studies to identify
the exact mechanism of the observed effects.

A number of associations between levels of
ABC transporters and clinical data were observed

Pharmacogenomics (2013) 14(5)

in the evaluation set that were not confirmed by
analysis of the candidates in the validation set
and vice versa. Influence of drug pretreatment
on tissue levels of ABC transporters, as well as
by chance findings owing to multiple testing,
cannot be excluded as a possible reason for these
discrepancies.

Patients with stable or progressive disease

after NACT had significantly higher levels of

fsg
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ABCAI2 in control tissues than patients with
partial or complete response in our study. A
significantly higher expression of ABCAI2
(and ABCA1, ABCC5, ABCC13, ABCB6 and
ABCCII) in pretreatment tumors of breast
cancer patients (n = 21) with residual disease
compared with those who achieved complete
pathological response to NACT was reported
(14]. It is, however, unknown whether NACT
can change the expression profile of ABCAI2.
Another candidate for a predictive marker sug-
gested by our study, ABCD2, has not as yet been
studied in breast cancer in such detail and has
to be carefully validated. Quite recently, ABCD3
has been suggested as a novel prostate cancer-
associated gene that could, in part, be regulated
by EGFR signaling [35]. None of the genes associ-
ated with response to NACT in the evaluation
set (ABCA12, ABCA13 and ABCD?2) associated
with PFES in the validation set.

Missing information about protein expression
is a possible limitation of our study. According to
the recent study, an immunohistochemical score
consisting of semiquantitative measures of ER,
PR, ERBB2 and Ki-67 provides a potentially use-
ful prognostic tool that may further be extended
to other genes [36]. The ABCCI11 protein was
already detected in breast tumors and was sug-
gested as a possible predictive tool for chemo-
therapy choice [24]. We have observed a broad
variability in protein expression of ABCAI2,
ABCCI1, ABCC8 and ABCD2 between tumor
samples from the training set. The lack of cor-
relation between protein and transcript levels of
candidate ABC transporters in the present study
suggests that the gene-expression pattern shall be
considered as an independent biomarker.

Different characteristics of evaluation versus
validation sets may be seen as another limitation.
On the other hand, by analysis of post- versus
pre-treatment samples, we could validate the most
common effects.

Conclusion

Our study identified novel candidate markers
of response to NACT (ABCAI2, ABCAI3 and
ABCD?2) and revealed associations of ABCCI and
ABCCS levels with established clinical markers
of breast cancer prognosis, which have not been
reported so far. Independent follow-up studies
for identification of underlying mechanisms shall
follow.

Acknowledgements
The authors would like to acknowledge generous support of |
Kovdr and the technical assistance of V- Némcovi-Furstovd.

Financial & competing interests disclosure
This work was supported by grants of the CSF No. P303/12/
G163 and of the IGA No. NT/13679-4. The authors have
no other relevant affiliations or financial involvement with
any organization or entity with a financial interest in or
financial conflict with the subject matter or materials
discussed in the manuscript apart from those disclosed.

No writing assistance was utilized in the production of

this manuscript.

Ethical conduct of research

The authors state that they have obtained appropriate insti-
tutional review board approval or have followed the principles
outlined in the Declaration of Helsinki for all human or
animal experimental investigations. In addition, for investi-
gations involving human subjects, informed consent has been

obtained from the participants involved.

RESEARCH ARTICLE

Executive summary

Background

Patients & methods

Results

= Active export of anticancer drugs from cancer cells driven mostly by ATP-binding cassette (ABC) transporters is one of the major
mechanisms of drug resistance in human diseases.

= Understanding of the function of ABC transporters in tumors may improve the concept of individualized anticancer therapy.

= Gene-expression profiles of all known human ABC transporters and their roles in breast cancer prognosis and therapy outcome in
tissues from pre- and post-treatment patients were addressed by this study.

= Six multidrug resistance-related genes (ABCA2, ABCC1, ABCC4, ABCC5, ABCCT10 and ABCCT1) were significantly overexpressed in
tumors compared with control tissues of post-treatment patients.

= ABCCT and ABCCS levels significantly associated with tumor grade and ER expression in both pre- and post-treatment patients.

= ABCA12, ABCA13 and ABCD2 levels significantly associated with response to neoadjuvant chemotherapy in post-treatment patients.
= Protein expression of ABCA12, ABCC8 and ABCD2 in tumor tissues of patients with breast carcinoma was observed for the first time.

Conclusion

= Biomarker candidates cosegregating with established clinical prognosis factors and with chemotherapy outcome of breast patients
were revealed. Opportunities for their functional assessment and prospective pharmacogenetic profiling are now open.
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Supplementary Table S1: Therapeutic regimens used for treatment of theald breast

carcinoma patients

Therapy Regimen Evaluation Set Validation set
Neoadjuvant chemotherapy

FACFEC 23 (33.8%) None
FAC/FEC and taxane 34 (50.0%)

Other chemotherapy reginten 11 (16.2%)

Adjuvant Chemotherapy

FAC/FEC 29 (29.0%)
Other chemotherapy reginfen 19 (19.0%)
Hormonal therapy only 40 (40.0%)
Chemotherapy and hormonal therapy 29 (29.0%)
Untreated or data not available 10 (10.0%)
Footnotes:

®FAC/FEC = combination of 5-fluorouracil, adriamy#gpirubicin and cyclophosphamide
POther NACT regimens: adriamycin and taxane (AT, ngYaclitaxel, estramustine and
carboplatin (TEC, n=1) regimen and hormonal treatnoaly (n=3)

“Other adjuvant regimens: cyclophosphamide, metkateeand 5-fluorouracil (CMF, n=6),
FAC/FEC and taxane (n=10), adriamycin and taxam)(rand taxane only (n=1). Three
patients received Herceptin in the course of adjuttzerapy.



Supplementary Table 2S: List of gene expression assays used for this qiedgrence 20)

Gene OMIM Assay ID RefSeq Exon Amplicon
Symbol number Boundary | Length (bp)
EIF2B1 | 606686 | Hs00426752_ml NM_001414.3 4-5 75
|PO8 605600 | Hs00183533 mi NM_006390.3 20 - 21 71
MRPL19 | 611832 | Hs00608519 mi NM_ 014763.3 2-3 72
UBB 191339 | Hs00430290 ml NM_018955.2 1-2 120
ABCA1l 600046 | Hs00194045 ml NM_005502.3 30-31 125
ABCA2 600047 | Hs00242232_ml NM_001606.4 10-11 58
ABCA3 601615 | Hs00184543 mi NM_001089.2 19 - 20 77
ABCA4 601691 | Hs00184367 mi NM_000350.2 38 -39 71
ABCA5 612503 | Hs00363322_mi NM_ 172232.2 18 -19 100
ABCA6 612504 | Hs00365329 ml NM_080284.2 26 — 27 83
ABCA7 605414 | Hs00185303 ml NM_019112.3 40 - 41 80
ABCAS8 612505 | Hs00992371 ml NM_007168.2 28 — 29 85
ABCA9 612507 | Hs00329320 ml NM_080283.3 2-3 145
ABCA10 | 612508 | Hs00365268 ml NM_ 080282.3 3-4 127
ABCA12 | 607800 | Hs00292421 ml NM_ 015657.3 1-2 77
ABCA13 | 607807 | Hs01110169 ml NM_152701.3 32-33 80
ABCB1 171050 | Hs00184491 ml M14758.1 23 — 24 110
ABCB2 170260 | Hs00388677_ml NM_000593.5 5-6 60
ABCB3 170261 | Hs00241060 ml NM_000544.3 5-6 66
ABCB4 171060 | Hs00240956 ml NM_000443.3 2-3 73
ABCB5 611785 | Hs00698751 ml NM_178559.5 11 -1P 90
ABCB6 605452 | Hs00180568 ml NM_005689.2 14 - 15 60
ABCB7 300135 | Hs00188776 _mi NM_004299.3 13-14 92
ABCB8 605464 | Hs00185159 ml NM_007188.3 14 - 15 74
ABCB9 605453 | Hs00608640 mi NM_ 203444.2 9 — 10 75
ABCB10 | 605454 | Hs00429240 mi NM_ 012089.2 2-3 133
ABCB11 | 603201 | Hs00184824 ml NM_003742.2 21 -2p 63
ABCC1 158343 | Hs00219905 ml NM_004996.3 24 — 25 74
ABCC2 601107 | Hs00166123 ml NM_000392.3 25— 26 75
ABCC3 604323 | Hs00358656 ml NM_001144070Q. 8-9 98
ABCC4 605250 | Hs00195260 mi NM_005845.3 25—-26 86
ABCC5 605251 | Hs00981089 ml NM 001023587. 4-5 68
ABCC6 603234 | Hs00184566 ml NM_001171.5 17-18 56
ABCC7 602421 | Hs00357011 ml NM_000492.3 21-2P 93
ABCC8 600509 | Hs00165861 ml NM_000352.3 16 — 1Y 137
ABCC9 601439 | Hs00245832_ml NM_005691.2 28 — 29 70
ABCC10 | 612509 | Hs00375716 ml NM_033450.2 16 — 1Y 142
ABCC11 | 607040 | Hs01090768 mi NM_ 032583.3 26 — 2y 76
ABCC12 | 607041 | Hs00264354 ml NM_033226.2 7-8 90
ABCC13 | 608835 | Hs01051917 ml NR_003087.1 1-2 130
ABCD1 300371 | Hs00163610 mi NM_000033.3 1-2 101
ABCD2 601081 | Hs00193054 ml NM_005164.3 2-3 109
ABCD3 170995 | Hs00161065 mi NM_002858.3 20 - 21 91
ABCD4 603214 | Hs00245340 mi NM_005050.3 11 -1P 117




ABCE1 601213 | Hs01009190 mi NM_001040876.1 1-2 91
ABCF1 603429 | Hs00153703 mi NM 001025091.1 20-21 69
ABCF2 612510 | Hs00606493 mi NM_005692.3 14 - 1b 113
ABCF3 55324 Hs00217977_mll NM_018358.2 16 — 17 61
ABCG1 603076 | Hs00245154 mi NM 004915.3 5-6 58
ABCG2 603756 | Hs00184979 mi NM 004827.2 5-6 92
ABCG4 607784 | Hs00223446 ml NM 001142505.1 9-10 93
ABCG5 605459 | Hs00223686 mi NM 022436.2 10-11 60
ABCG8 605460 | Hs00223690 mi NM 022437.2 6-7 63
Footnotes:

"MIM number not available, Gene ID used instead
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Abstract

Background: Apoptosis plays a critical role in cancer cell
survival and tumor development. We provide a hypoth-
esis-generating screen for further research by exploring the
expression profile and genetic variability of caspases (2, 3,7, 8,
9, and 10) in breast carcinoma patients. This study addressed
isoform-specific caspase transcript expression and genetic
variability in regulatory sequences of caspases 2 and 9.
Methods: Gene expression profiling was performed by
quantitative real-time PCR in tumor and paired non-malig-
nant tissues of two independent groups of patients. Genetic
variability was determined by high resolution melting,
allelic discrimination, and sequencing analysis in tumor
and peripheral blood lymphocyte DNA of the patients.
Results: CASP3 A+B and S isoforms were over-expressed
in tumors of both patient groups. The CASP9 transcript
was down-regulated in tumors of both groups of patients
and significantly associated with expression of hormonal
receptors and with the presence of rs4645978-rs2020903-
rs4646034 haplotype in the CASP9 gene. Patients with
a low intratumoral CASP9A/B isoform expression ratio
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(predicted to shift equilibrium towards anti-apoptotic
isoform) subsequently treated with adjuvant chemother-
apy had a significantly shorter disease-free survival than
those with the high ratio (p=0.04). Inheritance of CC geno-
type of rs2020903 in CASP9 was associated with proges-
terone receptor expression in tumors (p=0.003).
Conclusions: Genetic variability in CASP9 and expression
of its splicing variants present targets for further study.

Keywords: alternative splicing; breast carcinoma; cas-
pases; prognosis; transcript.

Introduction

Breast carcinoma is the most common cancer in women
(OMIM:114480 [1]). Despite considerable progress in phar-
macogenomics, valid biomarkers for prediction of the
response of patients to drugs used to treat breast carcinoma
(e.g. taxanes, paclitaxel, and docetaxel) are missing [2].
Deregulation of apoptosis may contribute to carcino-
genesis and chemoresistance [3, 4]. Caspases are cysteine
proteases critical for apoptosis. Caspase3 (coded by
CASP3 gene, OMIM:600636) executes both extrinsic (death
receptor-induced) and intrinsic (mitochondrial) apoptotic
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pathways. Caspase7 (CASP7, OMIM:601761) is another
important executive caspase [5]. Caspases9 (CASP9,
OMIM:602234), -8 (CASP8, OMIM:601763), and -10 (CASPI0,
OMIM:601762) are initiator caspases that activate caspase-3
and caspase-7. Caspase-9 is activated in the mitochondrial
pathway, and caspases-8 and -10 interact with tumor necro-
sis factor family proteins and drive extrinsic apoptosis
[3]. Caspase-2 (CASP2, OMIM:600639) is activated in both
apoptotic pathways, and its role in cell cycle regulation and
tumor suppression has been widely discussed [6]. Altered
caspase expression is associated with the resistance of
breast carcinoma cells towards taxanes in vitro [7-9]. From
this point of view, the study of caspase expression in breast
carcinoma raises a considerable interest.

We have recently found a lack of association of
expression of (pro-apoptotic) isoform of caspase-2,
CASP2L, and its alternative (anti-apoptotic) isoform
CASP2S with the response to neoadjuvant chemotherapy
in breast carcinoma patients [10]. Alternative caspase
variants with pro-survival function have also been char-
acterized in caspase-3, caspase-8, and caspase-9 [11-15].
However, the relevance of these isoforms for breast carci-
noma biology and their importance for cancer therapy is
underexplored.

Although genetic alterations in caspase genes are com-
monly found in carcinomas including breast cancer [16,
17], their effect on caspase transcription and mainly alter-
native splicing in breast carcinoma is virtually unknown.

This study explored transcript levels of caspases-2,
3, 7, -8, -9, and -10 in tumors and paired adjacent non-
malignant tissues of breast carcinoma patients. The
expressions of transcript variants CASP3A, CASP3B,
CASP3S, CASPS8L, CASP9A, and CASP9B were also deter-
mined. Transcript levels were compared with clinical
data and patients’ response to the therapy. Association
of CASP9A/B isoform expression ratio with survival of
patients was observed. Therefore, genetic alterations
in regulatory regions of caspase 9 were assessed to gain
functional insight into their importance for expression
and alternative splicing in breast carcinoma samples. Due
to the over-expression of CASP2L in tumors of breast carci-
noma patients demonstrated in our previous work [10], we
also analyzed regulatory regions of the CASP2 gene.

Materials and methods
Patients

The study included 128 mammary carcinoma tissue samples and 65
paired adjacent non-malignant tissues without morphological signs
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of carcinoma. Samples were collected and snap frozen during primary
surgery in The Faculty Hospital Motol and Institute for the Care for
Mother and Child (Prague, Czech Republic) in the period between
2003 and 2009. Blood samples from 615 patients for the genotyping
validation study were collected from patients treated in The Faculty
Hospital Motol, Institute for the Care for Mother and Child, The Fac-
ulty Hospital Kralovske Vinohrady (Prague, Czech Republic), and The
Hospital Atlas (Zlin, Czech Republic). The processing of the tissue and
blood samples was described in detail previously [10, 18]. Histologi-
cal classification of carcinomas was performed according to standard
diagnostic procedures [19]. Expression of estrogen and progesterone
receptors was assessed immunohistochemically with the 1% cut-off
value for classification of tumors as hormone receptor positive. ERBB2
(OMIM:164870) status was defined as positive in samples with immu-
nohistochemical score 2+ or 3+ confirmed by fluorescence in situ
hybridization (FISH) or silver in situ hybridization (SISH) analysis.

The patients were divided into three subtypes according to
the hormone receptor expression and ERBB2 status: triple-negative
(TNBC) subtype (associated with the worst prognosis), ERBB2 posi-
tive subtype, and luminal subtype [20].

Samples from 88 patients were collected during the primary sur-
gery without any prior chemotherapy or hormonal therapy pretreat-
ment (PS group). Samples from the second group of patients (n=40)
were collected during the primary surgery after chemotherapy by
neoadjuvant cytotoxic therapy (NACT) regimen containing taxanes
or taxanes in combination with 5-fluorouracil, anthracycline, and
cyclophosphamide (NACT group). Disease-free survival (DFS) was
defined as the time elapsed between surgery and disease recur-
rence. Response to the neoadjuvant therapy in the NACT group was
evaluated based on ultrasonography performed before and after the
therapy.

All patients were asked to read and sign an informed con-
sent and the study was approved by the Ethical Commission of the
National Institute of Public Health in Prague.

DNA analysis of splice and regulatory sites

Genomic DNA was isolated from mammary carcinoma tissues with
the help of AllPrep® DNA/RNA/Protein Mini Kit (Qiagen, Hildesheim,
Germany) according to the manufacturer’s protocol and from corre-
sponding peripheral blood lymphocytes by the phenol/chloroform
extraction method [21]. DNA was quantified by Quant-iT PicoGreen
DNA Assay Kit (Invitrogen).

Splicing and regulatory regions analyzed in CASP2 and CASP9
were selected according to the previously published studies [15, 22,
23] and are summarized in Figure 1. Together, nineteen single nucleo-
tide polymorphisms (SNPs) located in these regions with minor allele
frequency (MAF) >1% were included in the analysis (Supplemen-
tary Table S1). Promoter, splicing, and regulatory regions (In100)
in CASP2 were analyzed by direct sequencing as well as the SNPs
in CASP9 promoter and splicing elements, enhancers, and silenc-
ers in CASP9 gene (Figure 1). SNPs rs4661636 and rs6685648 were
determined by high resolution melting analysis (HRM). TagMan SNP
genotyping assay C__ 2845923_10 was used to determine rs2020903
in the validation study (see below). Primer sequences and PCR condi-
tions for HRM and sequencing analyses are available upon request.
PCR conditions and primers for amplification of region of alternative
exon 9 and In100 region in CASP2 were published recently [10].
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Figure 1: Genetic alterations and splice variants analyzed by the study.

PCR products for analysis by sequencing were checked on 1%
agarose gel electrophoresis and then amplified using BigDye Termi-
nator v3.1 Cycle Sequencing Kit according to producer’s protocol (Life
Technologies). Sequencing was performed using ABI3100 Genetic
Analyzer and evaluated by Sequencing Analysis Software v5.2 (Life
Technologies). The Type It HRM kit (Qiagen) and RotorGene 6000
(Corbett Reseach, Sydney, Australia) were used for HRM analysis and
Viia7 Real-Time PCR System with 384-well block (Life Technologies)
for TagMan genotyping. Ten percent of randomly selected samples
were reanalyzed with 100% concordance of results. SNPs were first
analyzed in a small-scale exploratory study (n=60) and successful
hits were confirmed in the large-scale validation study (n=615).

Isolation of total RNA and cDNA preparation

Total RNA was isolated from macrodissected fresh frozen tissues
using Trizol Reagent (Invitrogen, CA, USA), quantified by Quant-iT
RiboGreen RNA Assay Kit (Invitrogen) using Infinite M200 multiplate
reader (Tecan Group Ltd, Midnnedorf, Switzerland) and RNA integ-
rity was checked by Agilent 2100 Bioanalyzer and Agilent RNA 6000
Nano Assay Kit (Agilent Technologies, Inc., CA, USA). Total RNA was
transcribed to cDNA with random hexamer primers as described pre-
viously [10]. Due to the limited amount of tissue samples, a multiplex
PCR preamplification of post-treatment cDNA samples was per-
formed using TagMan PreAmp Master Mix Kit following manufactur-
er's instructions (Life Technologies) and preamplification uniformity
was assessed as described previously [24].

Quantitative real-time PCR

Real-time PCR quantification (qPCR) of mammary carcinomas and
paired adjacent non-malignant samples was carried out in ViiA7
Real-Time PCR System with 384-well block (Life Technologies) as

described before [10]. For qPCR of caspase transcripts and refer-
ence genes EIF2BI, MRPL19, and IPO8 [24], commercially avail-
able or newly designed TagMan Gene Expression Assays were used
(Supplementary Table S2). Specific DNA fragments (standards) of
CASP2L, CASP2S, CASP3A and 3B, CASP3S, CASPSL, CASP9A, and
CASP9B transcript variants were prepared from cDNA by PCR, puri-
fied from the gel according their size, and confirmed by sequencing.
Specificity of isoforms-specific assays was tested by qPCR reactions
containing serially diluted standards and by direct sequencing of
gPCR products. Efficiencies of all assays were between 90% and
100%. Samples were amplified in duplicates and reanalyzed if the
variation between duplicates was larger than 0.5 quantitation cycle
(Cq). The non-template control contained water instead of cDNA.
Negative cDNA synthesis controls (RNA transcribed without reverse
transcriptase) were also employed to reveal possible carry-over con-
tamination. The qPCR study design adhered to the MIQE Guidelines
(Minimum Information for Publication of Quantitative Real-Time
PCR Experiments [25]).

Statistical analysis

Differences in gene expression between tumors and non-malignant
tissues were analyzed by REST 2009 Software (Qiagen) considering
both normalization to selected reference genes and reaction efficien-
cies of all gene expression assays. Associations of transcript levels
with clinical data were analyzed by non-parametric tests (Kruskal-
Wallis, Mann-Whitney, and Spearman rank). Ratios of Cq values of
genes of interest and mean value of three reference genes were cal-
culated for this purpose. Tested variables are presented in Table 1.

For DFS analysis, transcript levels in mammary tumors were
divided into groups according to median. The Kaplan-Meier plot and
the log-rank test were used to compare transcript levels and ratios of
splicing variants with DFS of unselected patients or patients divided
by the therapy type. Analogous methods were used for DFS analysis
in the validation study of genetic variability.
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Table 1: Clinical characteristics of the studied breast carcinoma
patients used for gene expression profiling.

Characteristics PS group® NACT
group?

Mean age at diagnosis, years+SD® 62.2+10.5 52.8+8.3
Menopausal status

Premenopausal 8(9.1) 18 (45.0)

Postmenopausal 80 (90.9) 22 (55.0)
Histological type

Invasive ductal carcinoma 76 (86.4) 28(70.0)

Other type© 12 (13.6) 12 (30.0)
Stage

| 34 (38.6) 7(17.5)

1l 39 (44.3) 21(52.5)

1 11 (12.5) 10 (25.0)

[\ 0 1(2.5)

Not assessed 4 (4.6) 1(2.5)
Average tumor size, mm=SDP 18.79.2 30.1+16.3
Lymph node metastasis

Positive (pN1-3) 33(37.5) 26 (65.0)

Negative (pNO) 51 (58.0) 14 (35.0)

pNx 4 (4.5) 0
Histological grade

1 15(17.1) 2(5.0)

2 53 (60.2) 25(62.5)

3 17 (19.3) 13 (32.5)

Not assessed 3(3.4) 0
Estrogen receptor expression

Positive 60 (68.2) 28(70.0)

Negative 28 (31.8) 12 (30.0)
Progesterone receptor expression

Positive 52(59.1) 29 (72.5)

Negative 36 (40.9) 11 (27.5)
ERBB2 status

Positive 25(28.4) 11 (27.5)

Negative 63(71.6) 29(72.5)
Subtype

Luminal 62 (70.5) 31(77.5)

ERBB2 11 (12.5) 5(12.5)

Triple negative 15(17.0) 4(10.0)
Response to neoadjuvant Not applicable
chemotherapy

Complete or partial response 14 (35.0)

Stable disease or progression 17 (42.5)

Not available 9(22.5)

aNumber of patients with percentage in parentheses. ®SD, standard
deviation. “Other tumor types involved invasive lobular (6/8),
mucinous (2/1), ductal in situ (2/0), medullary (1/0), papillary (1/0),
metaplastic (0/1) and solid neuroendocrine (0/2) carcinomas.

The Mann-Whitney test was used for analysis of associations
between caspase isoform transcript levels and SNPs in CASP2 and
CASP9. The Kruskal-Wallis and the Pearson y*tests in the explora-
tory SNP study and the Mantel-Haenszel common odds ratio estimate
(OR) with 95% confidence intervals (95% CI) in the validation SNP
study were used for analysis of associations of SNPs with clinical
data. Co-dominant, dominant, and recessive genetic models were
evaluated in the validation SNP study. Tested variables are presented
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in Supplementary Table S3. The functional relevance of the clinically
relevant SNPs was analyzed in silico by HaploReg v4 [26].

All p-values were obtained from two-sided tests. A p-value
of <0.05 was considered statistically significant. Statistical analyses
were performed using SPSS v16.0 software (SPSS Inc., Chicago, IL,
USA [27]). The correction for false discovery rate (FDR) according to
Benjamini and Hochberg [28] was applied to all analyses except the
DFS analysis.

Results

Study population for tissue study

The tissue study population consisted of 128 patients
with histologically confirmed breast carcinoma (clinical
data listed in Table 1). The NACT group of patients had
significantly younger age at diagnosis, prevalence of pre-
menopausal status, larger and poorly differentiated (high
grade) tumors and higher number of patients with lymph
nodes affected by metastasis in comparison with the PS
group.

The mean follow-up of the PS group of patients was
58.8 months. DFS was not analyzed in the NACT group of
patients because of the limited number of patients in this
group with complete follow-up data.

Differences in gene expression of caspases
between tumor and control tissues

Transcript levels of CASP2, CASP3 (including their iso-
forms), and CASP7 were significantly higher in tumors
compared to paired non-malignant tissues in the PS group
(Figure 2). In the opposite, CASP9 and CASP10 levels were
significantly lower in tumors of this group of patients. The
rest of evaluated caspase levels did not differ (p>0.05).

Over-expression of CASP3 isoforms (A+B and S) and
total CASP9 down-regulation in tumors were also found in
the NACT group of patients. Other followed caspases were
not deregulated in tumor tissues (p>0.05).

Associations of transcript levels of caspases
with clinical characteristics of patients

Intratumoral levels of caspase transcripts were correlated
with available clinical data of patients. All clinical data
have been analyzed in both groups of patients, but to
retain concise style only significant values are displayed
in Table 2.
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Figure 2: Significant differences (fold changes) in the relative transcript levels between paired samples of tumor and control tissues from

breast carcinoma patients.

(A) PS group (p<0.001, CASP2; p<0.001, CASP3; p<0.001, CASP3A+B; p<0.001, CASP3S; p=0.002, CASP7; p=0.007, CASP9; p<0.001,
CASP10). (B) NACT group (p=0.004, CASP3A+B; p<0.001, CASP3S; p=0.001, CASP9). The fold change more than 1 represents over-
expression and the fold change less than to 1 represents down-regulation. The box area encompasses 50% of all observations, the dotted
line represents the sample median and the error bars indicate maximum and minimum values.

Higher levels of CASP2, CASP3A+B, and CASP9B but
lower levels of CASP7, CASP9, and CASP9A were found in
tumors without expression of hormonal receptors when com-
pared to tumors expressing hormonal receptors (Table 2A).
Association of CASP9 level with expression of hormonal
receptors was also observed in the NACT group of patients,
although it did not pass the FDR test for multiple testing
(Table 2B). The rest of significant associations were observed
in only one of the evaluated sets of patients (Table 2A,B).

Transcript levels of caspases in tumor tissues did not
significantly modify the DFS of patients in the PS group
(n=77, Supplementary Figure S1A-M). However, a sub-
group of patients with lower CASP9A/B ratio than the
median (i.e. shift towards anti-apoptotic isoform) sub-
sequently treated with adjuvant chemotherapy had sig-
nificantly shorter DFS than patients with a higher ratio
(Figure 3). Transcript levels of caspases did not signifi-
cantly modify the response to the neoadjuvant treatment
in the NACT group (CASP2, p=0.888; CASP3, p=0.905;
CASP3AB, p=0.131; CASP3S, p=0.190; CASP3AB/S ratio,
p=0.968; CASP7, p=0.204; CASP8, p=0.341; CASPSL,
p=0.341; CASP9, p=0.634; CASP9A, p=0.874; CASP9B,
p=0.250; CASP9A/B ratio, p=1.000; CASP10, p=0.112).

Analysis of genetic variability in CASP2 and
CASP9

Genomic DNA samples from tumor tissues and periph-
eral blood lymphocytes of 60 breast carcinoma patients
from the PS group were used for SNP analysis of CASP2
and CASP9 genes in the exploratory SNP study. All regions
and SNPs analyzed in CASP2 and CASP9 (summarized
in Figure 1 and Supplementary Table S1) were selected
using the following criteria: (1) localization in promot-
ers, enhancers, silencers or splicing elements (according
to UCSC Genome Browser, https://genome.ucsc.edu/), (2)
previously published data (when available) [15, 22, 23], (3)
minor allele frequency in Caucasians higher or equal to
1% (Supplementary Table S1). Sequence data of the alter-
native exon 9 and In100 region of CASP2 found in periph-
eral blood lymphocytes [10] were used to supplement the
data from tumor samples obtained by this study.

No differences in DNA alterations between samples
from tumor tissues and peripheral blood lymphocytes
were observed in any of the genes (Supplementary
Table S4). Four new SNPs were found and characterized
in CASP2 promoters (Table 3).
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Figure 3: Association between CASP9A/B ratio in tumors and
disease-free survival of breast carcinoma patients.

Kaplan-Meier survival curves for patients with the intratumoral
CASP9A/B ratio below or equal the median (solid line, n=18) vs.
patients with the ratio above the median (dashed line, n=17) are
displayed. The difference in the mean DFS between the compared
groups of patients was significant (p=0.04, log-rank test).

Tumors from carriers of the GG genotype in 154645978,
the CC genotype in rs4646032, the CC genotype in
rs2020903, and the AA genotype in rs4646034 had sig-
nificantly lower CASP9 transcript levels than tumors from
carriers of the alternative alleles. Conversely, tumors from
carriers of the GG genotype in rs4661636 had significantly
higher CASP9 transcript levels than tumors from carriers
of the A allele (Table 4).

All clinical data have been analyzed against the followed
SNPs, but to retain concise style only significant values are
displayed in Tables 5, S5, and S6. From the comparison of
SNPs with clinical data in the exploratory study, the most

Table 3: Novel CASP2 SNPs found in breast carcinoma patients.

Brynychova et al.: Caspase profiling in breast carcinomas = 117

notable association was that of rs4645978-rs2020903-
1s4646034 SNPs in CASP9 with ER/PR expression (Sup-
plementary Table S5). This association seemed to reflect
the previously established links between the CASP9 tran-
script and the expression of estrogen and progesterone
receptors (Table 2) and between the CASP9 transcript
and these SNPs (Table 4). The significance of the CASP9
154645978-152020903-154646034 haplotype was therefore
further validated in peripheral blood lymphocyte DNA
samples obtained from 615 breast carcinoma patients (clini-
cal data listed in Supplementary Table S3).

Inheritance of rs2020903 SNP in CASP9 was sig-
nificantly associated with the progesterone receptor and
ERBB2 expression (but not with estrogen receptor expres-
sion, Supplementary Table S6), presence of lymph node
metastasis, and TNBC subtype of breast carcinoma (Table
5). The association of rs2020903 with the progesterone
receptor expression was observed in all genetic models
tested, and a tendency towards a decrease in the risk
of having progesterone receptor negative tumor with a
number of inherited alleles was obvious (p=0.050 for one
C allele vs. p=0.003 for both alleles, Table 5). The remain-
ing associations reached rather marginal significances
that did not pass the FDR test for multiple testing.

Discussion

Bearing in mind a critical role of apoptosis in cancer cell
survival and tumor development [4], we pursued the
hypothesis-generating screen to provide candidates for
further research of the prognostic and predictive role of
caspases (i.e. the main executors of apoptosis) in breast
carcinoma.

SNPs Location, type* Genotype n MAF, n=60
chr.7:142984918 g.4611T>C T 56 €(0.03)
TC 4
CC 0
chr.7:142985189 g.4882G>A GG 59 A(0.01)
GA 1
AA
chr.7:142986579 g.6272C>G cC 59 G (0.01)
CG 1
GG
chr.7:142986806 g.6499G>A GG 59 A(0.01)
GA 1
AA

MAF, minor allele frequency; n, number of patients. 2SNP (GRCh37 assembly) position in gene reference sequence NG_029248 from 5’ to 3’ end.
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Table 4: Significant associations of CASP9 SNPs with its transcript levels in tumors from the PS group of breast carcinoma patients.

Gene, SNP ID

Genotype

n CASP9 CASP9A

CASP9, rs4646032 cC
CTorTT

14 1.07+0.02 1.07+0.02
46 1.05+0.02 1.05+0.02
=0.018? =0.034

CASPY, rs4661636 GG
GA or AA

24 1.05+0.02
36 1.06+0.02
p=0.028"

Values of caspase expression are meantstandard deviation of the ratio of cycle threshold for a target gene to the arithmetic mean of cycle thresh-
old of all reference genes. Therefore, the lower is the ratio the higher is the respective transcript level. p-Values were calculated by the Mann-
Whitney U-test. °These results passed the Benjamini-Hochberg FDR test for multiple testing (q=0.029). CASP9 haplotype is highlighted in gray.

The observed down-regulation of the initiator
caspase-9 gene expression in both PS and NACT tumors
could be in favor of cancer cell survival generally. More-
over, despite the lack of predictive significance of the total
CASP9 transcript in NACT patients, we found association
of its splicing variants (with the reported pro-apoptotic
and anti-apoptotic functions) with prognosis in PS
patients with breast carcinoma. Namely, the patients with
a low CASP9A/B isoform expression ratio in their tumors
(i.e. over-expression of anti-apoptotic CASP9B) subse-
quently treated with adjuvant chemotherapy had signifi-
cantly shorter DFS than those with the low ratio. We have
not evaluated overall survival of the followed patients due
to the fact that it did not reach median. No significant dif-
ference in CASP9A/B ratio between NACT patients with
partial response and poor response has been found by
this study. However, we cannot exclude that this compari-
son is underestimated because the patients with complete
response could not be included to this comparison due to
the lack of tumor tissue after NACT.

CASP9B lacks a catalytic subunit and negatively
affects apoptosis, probably by competitive binding to
APAF1 (apoptotic protease activating factor 1, 602233),
which prevents the formation of functional apoptosome
[29]. Silencing of CASP9B in non-small lung carcinoma
cells led to an increased sensitivity towards several
types of anticancer drugs [15]. The deficiency of apopto-
some activity without down-regulation of caspase-9 or
Apaf- in ovarian cancer cell lines and primary tumors
has previously been linked to chemotherapy resistance

[30]. Potential role of unknown negative regulator of
caspase-9 recruitment to apoptosome in this effect has
been proposed, but the specific detection of CASP9B has
not been performed [30]. According to the present study
the CASP9A/B ratio rather than the total CASP9 transcript
deserves further study.

In order to gain further functional insight into the
mechanisms behind the observed association of CASP9
splicing variants with the prognosis of breast carcinoma
patients, we performed a study of genetic variability of
regulatory elements, including splicing sites and their
proximity in the CASP9 gene. Significant association of
CASP9 transcript levels with the genetic variability in
CASP9 regulatory elements revealed by the present study
is important from two points of view. First, three SNPs
(rs4645978-1s2020903-1s4646034) show a high linkage
disequilibrium and thus form a functionally-relevant hap-
lotype. rs4645978 lies in the CASP9 promoter, 1s2020903
is near the splice site of CASP9 (up to 100 bp distance),
and rs4646034 is in intron 3. Secondly, the expression
of progesterone receptor and ERBB2 significantly asso-
ciates not only with this CASP9 haplotype but also with
the CASP9 transcript level in tumors from both studied
groups of patients, suggesting a potential link to the clini-
cal phenotype.

An influence of hormone levels on caspase 9 expres-
sion is unclear at present. Down-regulation, but also
a lack of effect on the expression of caspase 9 has been
described in MCF-7 breast cancer cell line after estradiol
exposure in vitro [31, 32]. The down-regulation of CASP9
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Table 5: Significant associations of CASP9 rs2020903 SNP with clinical data of breast carcinoma patients in the validation study (n=615).

rs2020903 Lymph node metastasis? OR® 95% ClI° p-Value
Negative Positive
1T 74 39 Reference Reference Reference
TC 175 111 0.83 0.53-1.31 0.425
Ccc 134 52 1.36 0.82-2.25 0.233
Callele 309 163 0.99 0.65-1.54 0.997
Tallele* 249 150 0.64 0.44-0.94 0.023
PR expression®
Negative Positive
T 45 77 Reference Reference Reference
TC 81 217 0.64 0.41-0.99 0.050
CcC 41 152 0.46 0.28-0.74 0.003¢
Callele 122 369 0.57 0.37-0.86 0.008
Tallelec 126 294 1.59 1.06-2.37 0.024
ERBB2 status?®
Negative Positive
T 89 32 Reference Reference Reference
TC 220 72 1.10 0.68-1.78 0.703
cC 160 32 1.80 1.03-3.12 0.038
Callele 380 104 1.31 0.83-2.08 0.243
Tallele* 309 104 0.59 0.38-0.92 0.020
Subtype?
TNBC Other
T 20 101 Reference Reference Reference
TC 28 268 1.89 1.02-3.52 0.043
CcC 21 173 1.63 0.84-3.15 0.146
Callele 49 441 1.78 1.05-3.13 0.044
T allele* 48 369 0.93 0.54-1.61 0.803

PR, progesterone receptor; TNBC, triple negative breast carcinoma. 2Numbers of patients in the compared groups. *OR, odds ratio, 95%
Cl1=95% confidence interval. °CC genotype as reference. ‘This result passed the Benjamini-Hochberg FDR test for multiple testing (q=0.003).

Significant results in bold.

was already observed in the other hormone-sensitive
malignancies, ovarian and prostate carcinoma in compar-
ison to non-tumor tissue [33, 34]. However, studies assess-
ing expression levels or a prognostic relevance of CASP9
in these carcinomas are rare. G allele of the rs4645978 SNP
has been associated with an increased risk of breast and
pancreatic cancer [17, 35] and also with the reduced risk of
lung, gastric, colorectal, prostate, and other cancers [35].
Recent meta-analysis of rs4645978 suggested the reduced
prostate cancer risk in Caucasians, but not in Asians [35].
Nevertheless, the reason for the previously observed dis-
crepancies between different tumor types remains unre-
solved. Authors of the recent meta-analysis suggested that
heterogeneity among studies addressing these aspects
might be behind such discrepancies [35].

Moreover, the in silico analysis (HaploReg v4)
showed that rs2020903 SNP in CASP9 alters the GATA
and Nanog motifs with the previously suggested link
to the breast carcinoma development, progression, and
stemness [36, 37].

In general, the assessment of genetic variability is
an important pharmacogenetic and prognostic tool and
interesting cost-effective and less invasive alternative to
expression profiling of tissues. However, clinical utility
of each potential genetic marker should be evaluated by
assessment of the functional relevance and by validation
in the prospective clinical trial.

Thus, taken together our data shows that the question
of clinical relevance of rs4645978-rs2020903-1s4646034
CASP9 haplotype for cancer presents an attractive topic
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for amore detailed study on an independent set of patients
and in suitable model systems.

From the other associations found, the following may
attract further attention.

The previously observed over-expression of CASP2L
in tumors compared with adjacent non-malignant tissues
of both pre- and post-treatment patients [10] prompted us
to perform analysis of genetic variability in the CASP2L
promoter. We have identified four novel alterations in the
CASP2L promoter and near the first exon of the CASP2S
isoform. Functional relevance of new alterations was pre-
dicted with the help of the SNP Nexus Database (http://
www.snp-nexus.org). The SNP g.4882G>A (NG_029248)
lies inside a CpG island of the CASP2L promoter, and the
2.6499G>A is located 57 bp downstream from the 3’-end
of exon 1 of CASP2S. Due to the low MAF, the clinical
importance of these alterations should be established by
a larger study.

We confirmed the previously observed [38-40] over-
expression of the CASP3 transcript in the PS group of
patients. On the other hand, a strong down-regulation of
the caspase-3 transcript and protein in tumors compared
with non-malignant breast tissues was reported as well
[41, 42]. The isoform-specific analysis of CASP3 (A+B and
S) evaluated by the present study has shown deregula-
tion of these isoforms to a high extent compared with the
overall CASP3 transcript. Our initial protein analysis of
procaspases and their cleavage products in breast carci-
noma tumor samples (Supplementary Figure S2) has also
shown a high variability in caspase activation and protein
cleavage between samples. Thus, differences in methods
used for CASP3 expression analysis, especially uncon-
trolled splicing transcript or protein product detection,
may be among the potential reasons for the published
discrepancies. Our results do not support the previously
observed association of high CASP3S level with poor
response to the neoadjuvant therapy in breast carcinoma
patients [40].

The over-expression of CASP7 transcript in tumors
expressing hormonal receptors found by the present
study may be explained by the previously reported estro-
gen stimulation of the CASP7 expression in MCF-7 breast
cancer cells in vitro [31].

Somatic mutations in caspase genes have been
described in different types of carcinomas [16]. The lack
of discrepancies in the distribution of alterations in the
CASP2 and CASP9 genes between the peripheral lym-
phocyte and tumor DNA supports the recent finding
that somatic mutation in these caspases are uncommon
in breast carcinomas [43]. Comparison of germline and
somatic mutation spectra in CASP9 also strengthens the

DE GRUYTER

evidence for the observed association of its genotype with
transcript expression.

Conclusions

Results of this study support the hypothesis that altered
expression of alternative variants of CASP9 rather than
the total transcript may influence the prognosis of
breast carcinoma patients. This work contributes to
demonstrating the significant role of alternative splic-
ing for cancer progression as well as the importance of
detection of specific transcript variants in expression
studies. Evaluation of caspase-9 pro-apoptotic activ-
ity and expression of the caspase-9B isoform in tumor
samples presents a prerequisite step in the further
assessment of the relevance of this alternative variant
for breast cancer patients. The correlations between
caspase expression levels and hormone receptor status
may also have an influence on the apoptosis resistance
of tumor cell in hormone receptor positive versus nega-
tive patients and how they respond to chemotherapy.
Role of these caspases in the response to treatment in
each breast carcinoma subgroup has not been analyzed
in this study due to insufficient number of patients in
the subgroups.
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Microtubules are vitally important for eukaryotic cell division. Therefore, we evaluated the relevance of
mitotic kinesin KIF14, protein-regulating cytokinesis 1 (PRC1), and citron kinase (CIT) for the prognosis of
breast carcinoma patients.

Transcript levels were assessed by quantitative real-time PCR in tissues from two independent groups
of breast carcinoma patients and compared with clinical data. Tissue PRC1 protein levels were estimated
using immunoblotting, and the PRC1 tagged haplotype was analyzed in genomic DNA. A functional study
was performed in MDA-MB-231 cells in vitro.

Keywords:
Breast carcinoma
Cytokinesis

Expression KIF14, PRC1, and CIT transcripts were overexpressed in tumors compared with control tissues. Tumors
Genetic . . . Lo .
Marker without expression of hormonal receptors or high-grade tumors expressed significantly higher KIF14 and

PRC1 levels than hormonally-positive or low-grade tumors. Patients with high intra-tumoral PRC1 levels
had significantly worse disease-free survival than patients with low levels. PRC1 rs10520699 and
rs11852999 polymorphisms were associated with PRC1 transcript levels, but not with patients’ survival.
Paclitaxel-induced PRC1 expression, but PRC1 knockdown did not modify the paclitaxel cytotoxicity in

vitro.
PRC1 overexpression predicts poor disease-free survival of patients with breast carcinomas. Genetic
variability of PRC1 and the protein interaction with paclitaxel cytotoxicity do not explain this association.
© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction Cytokinesis is the final act of the cell division and occurs

immediately after mitosis [2]. Multiple mitotic kinesins and

Breast carcinoma (OMIM:114480) is the most frequent malig-
nancy in women [1]. Therefore, it is important to identify and
characterize molecular markers enabling personalized treatment
and better prognostication of breast carcinoma recurrence.
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microtubule-associated proteins act together to direct cytokinesis
[3]. Kinesins constitute a superfamily of microtubule-based motor
proteins with diverse functions including the participation in cell
division, transport of vesicles, organelles, chromosomes, protein
complexes, and regulation of microtubule dynamics [4,5].

KIF14 (OMIM:611279) translocates into the positive ends of the
microtubules [5] and plays an important role in mid-body
formation and completion of the cytokinesis [6]. Silencing of
KIF14 leads to failure of cytokinesis [7] suggesting that KIF14 is
essential for this process. Overexpression of KIF14 in the 1q
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chromosome region of genomic gain was observed in breast cancer
cells [8]. The KIF14 transcript is overexpressed in tumors and
predicts poor survival in breast carcinoma patients [9].

KIF14 interacts with protein regulating cytokinesis 1 (PRC1,
OMIM:603484) and forms a complex with citron kinase (CIT,
OMIM:605629) [6]. PRC1 promotes the formation of stable
microtubule bundles during late mitosis [10] and is required for
microtubule polarization and the recruitment of cytokinetic
factors during monopolar cytokinesis.

CIT is Rho effector kinase that phosphorylates myosin light
chain and acts as an important regulator of midbody formation
during late cytokinesis [11,12]. CIT is required for KIF14 localization
and its absence in the central spindle area correlates with failure of
cytokinesis [6].

PRC1 has been proposed to be marker of worse prognosis in
prostate, hepatocellular, and non-small lung carcinoma patients
[13-15]. We recently reported the overexpression of KIF14, PRC1,
and CIT in ovarian carcinomas versus unaffected ovarian tissues
and association of intratumoral CIT levels with the time to
progression of ovarian carcinoma patients (P < 0.0001; [16]). PRC1
(and KIF14) are grade-associated probe sets identified by PAM
(Prediction Analysis of Microarrays) in breast carcinoma [17], and
PRC1 was recently associated with prognosis of breast carcinoma
patients [18]. However, little is known about the mechanism
behind these associations. For example, genetic variability may
influence gene expression and analysis of germline polymor-
phisms presents an attractive pharmacogenetic tool. Thus, we
aimed to address this question using a haplotype-tagging approach
in the most interesting candidate from the expression study.

This study explored the prognostic significance of KIF14, PRC1,
and CIT gene expression in breast carcinoma patients. The
previously observed association of PRC1 expression with survival
of patients was validated. Therefore, its protein expression and
genetic variability were characterized in breast carcinoma
patients. The relevance of PRC1 in paclitaxel cytotoxicity in vitro
was assessed to further understand its mechanism of action.

2. Materials and methods
2.1. Patients

Present study included 188 breast carcinoma patients of
Caucasian origin diagnosed in The Motol University Hospital,
Prague and Institute for the Care for Mother and Child, Prague
between 2003 and 2010. Tumor tissues have been collected from
161 of these patients. Paired adjacent control tissues without
morphological signs of carcinoma were available for 70 patients.
The processing of the tissue samples was described elsewhere [19-
21]. Blood samples from 99 of the above described patients were
also collected. Blood samples from additional 615 patients for the
genotyping validation study were collected from patients treated
in The Faculty Hospital Motol, Institute for the Care for Mother and
Child, The Faculty Hospital Kralovske Vinohrady (Prague, Czech
Republic), and The Hospital Atlas (Zlin, Czech Republic).

Histological classification of carcinomas was performed
according to standard diagnostic procedures (Supplementary
Table S1). Mitotic counts were evaluated according to Elston and
Ellis [22]. Post-treatment group of patients (n=381) was treated by
pre-operative regimens containing 5-fluorouracil, anthracycline,
cyclophosphamide, and taxanes. Response to pre-operative
therapy was evaluated by RECIST criteria [23] based on ultraso-
nography performed before and after the treatment. The pre-
treatment group (n=107) received adjuvant chemotherapy or
hormonal therapy after surgery (for all treatments see Supple-
mentary Table S2). Disease-free survival (DFS) was defined as the
time elapsed between surgery and disease recurrence.

All patients were asked to read and sign an informed consent
and the study was approved by the Ethical Commission of the
National Institute of Public Health in Prague. The methods were
carried out in accordance with the approved guidelines.

2.2. Quantitative real-time PCR

Total RNA was isolated, characterized and transcribed to cDNA
as described previously [19]. Real-time PCR quantification (qPCR)
of target and reference genes (Supplementary Table S3) was done
essentially as previously described [19-21]. The qPCR study design
adhered to the MIQE Guidelines (Minimum Information for
Publication of Quantitative Real-Time PCR Experiments; [24]).

2.3. Genotyping

Blood samples were collected during the diagnostic procedures
using tubes with K3EDTA anticoagulant and genomic DNA was
then isolated [19].

DNA sequence covering coding exons, interspersed introns, and
sequences surrounding both 5’- and 3’-untranslated regions of
PRC1 gene (Chr15:89,310,277-89,338,808; NCBI Build 36.3 version)
was analyzed by HaploView v4.2 program with pair-wise tagging
[25]. Together 13 single nucleotide polymorphisms (SNPs) tagging
common PRC1 haplotypes at r>>0.8 and minor allele frequency
(MAF)>0.01 in HapMap CEU data set with minimally 75% genotype
data were identified (Supplementary Table S4). Additional five
SNPs were included into analyses due to potentially functional
relevance as miRNA binding or CpG site (Table S4). Oligonucleotide
primers for these analyses were designed using the Primer3
software [26] and are available from authors upon request. SNPs
were analyzed by direct DNA sequencing using Applied Biosystems
3130xI Genetic Analyzer (Applied Biosystems, Foster City, CA) and
by high resolution melting analysis using RotorGene 6000 (Corbett
Research, Sydney, Australia). Ten percent of randomly selected
samples were reanalyzed with 100% concordance of results.

PRC1 SNPs were first analyzed in a small-scale exploratory
study (n=99) and successful hits were confirmed in the large-scale
independent validation study (n=615).

2.4. Immunoblotting

Fresh frozen tissue samples from 17 breast carcinoma patients
were available for protein expression study. Immunoblotting was
performed as previously described [20,27]. Primary monoclonal
antibodies against PRC1 (dilution 1:1200, catalogue no.: NB110-
57434, Novus Biologicals Ltd. Cambridge, UK) or 3-actin (dilution
1:1000; Sigma-Aldrich) were used. Protein bands were visualized
with an enhanced chemiluminescence detection system (Thermo
Scientific Pierce Protein Research Products) by Carestream Gel
Logic 4000 PRO Imaging System (Carestream Health, CT, USA).
Densitometry was performed using the Carestream v5.2 program
(Carestream Health).

2.5. Functional in vitro study

Human breast carcinoma MDA-MB-231 cell line (without
expression of hormonal receptors and HER2, i.e., triple-negative)
was used for PRC1 induction and siRNA-mediated knockdown
experiments as previously described [27]. Cells were treated with
10, 30, or 100nM paclitaxel or untreated for comparison. PRC1
transcript and protein levels were evaluated by qPCR and
immunoblotting as described above. Cytotoxicity of paclitaxel
was followed by cell cycle analysis using flow cytometry with flow
cytometer FACSVersa (Becton, Dickinson and Company, Franklin
Lakes, NJ) [28].
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2.6. Statistical analysis

The results were evaluated by the statistical program SPSS v15.0
(SPSS, Chicago, IL) as previously described [19,27,29]. All P-values
are departures from two-sided tests. A P-value lower than 0.05 was
considered statistically significant. The correction for false
discovery rate (FDR) was applied according to Benjamini and
Hochberg [30] and q-values are provided for each comparison
except survival analyses where this analysis was not performed.
The functional relevance of the examined SNPs was analyzed in
silico by Regulome DB (http://regulome.stanford.edu), Provean,
and SIFT (both http://sift.jcvi.org) programs. Genetic variants and
their observed associations with clinical and functional phenotype
were submitted to NCBI (The National Center for Biotechnology
Information) ClinVar database (http://www.ncbi.nlm.nih.gov/clin-
var) under accession numbers SCV000167256-77.

3. Results
3.1. Study population

Clinical data of breast carcinoma patients are presented in
Supplementary Tables S1 and S2.

3.2. Differences in transcript levels between tumor and control tissues

Significantly higher transcript levels of KIF14, PRC1, and CIT
were observed in tumors than controls in the post-treatment
group. Significant overexpression of all three genes in tumors from
the pre-treatment group of patients was also demonstrated; all
results passed the FDR test (Table 1, raw data distribution in
Supplementary Fig. S1).

3.3. Associations of transcript levels in tumors with clinical
characteristics

Transcript levels of KIF14, PRC1, and CIT gradually increased
with increasing tumor grade in the post-treatment group. The
association for KIF14 and PRC1 in the same direction has also been
observed in the pre-treatment group of patients and passed the
FDR test (Table 2).

Intra-tumoral levels of all studied genes significantly associated
with the expression of hormonal receptors (especially ER) in both

Table 1
Differences in transcript levels of studied genes between tumor and control tissues
from breast carcinoma patients.

Post-treatment group of patients (n=81)

Gene Expression difference (fold change)® Tumor vs. control P-value®

KIF14 33 1 <0.001
PRC1 21 7 <0.001
CIT 18 1 0.001

Pre-treatment group of patients (n=107)

Gene Expression difference (fold change)® Tumor vs. control ~ P-value®

KIF14 14.1 T <0.001
PRC1 53 T <0.001
CIT 3.6 7 <0.001

1 =overexpression in tumors compared with control tissues.

2 Expression differences in tumors compared with control tissues calculated by
the REST2009 software (Qiagen, Hildesheim, Germany).

b p-values were calculated by the Mann-Whitney test; all results passed the
Benjamini-Hochberg FDR (q=0.017).

group of patients. Associations for KIF14 and PRC1 passed the FDR
test as well as those for CIT and ER (Table 2). Patients with the triple
negative breast carcinoma (TNBC) subtype had significantly higher
levels of KIF14, PRC1, and CIT in their tumors than the rest of the
patients in the post-treatment group. PRC1 expression was
associated with the TNBC subtype in the pre-treatment group as
well and this association passed the FDR test (Table 2).

In survival analyses, all patients were analyzed first. Patients
with higher PRC1 levels than median had worse DFS than patients
with lower PRC1 levels (mean 4+ standard error, 82.5+5.5 vs.
89.1 +4.1 months, n=146, P=0.003, Kaplan-Meier survival plot,
Fig.1). This association was also observed in a subgroup of patients
treated with chemotherapy (P=0.010), but not in patients treated
with only hormonal therapy. Multivariate analysis using the Cox
regression hazard model with pT, pN, grade, ER, PR, and HER2 as
covariates confirmed the association of high PRC1 expression with
poor DFS in all patients (hazard ratio, HR=2.27, 95% confidence
interval, 95% CI=1.06-4.76, and P=0.035).

The prognostic significance of PRC1 was further compared with
mitotic count in histological sections (by non-parametric Kruskal-
Wallis test). Gene expression of PRC1 significantly correlated with
mitotic count (P=0.003) although the trend was nonlinear. Unlike
gene expression of PRC1, mitotic count did not influence the
patients’ DFS (Supplementary Fig. S2).

Transcript levels of studied genes did not significantly modify
the response of patients to the neoadjuvant treatment in the post-
treatment group as a whole (KIF14, P=0.300; PRC1, P=0.401; CIT,
P=0.217) nor in the subgroup of patients treated by taxane-
containing regimens (KIF14, P=0.651; PRC1, P=0.687; CIT,
P=0.600; n=39).

3.4. Protein levels of PRC1 in breast tumors

Further, we aimed to determine expression levels of PRC1
protein in subset of breast carcinoma and control tissues. Intra-
tumoral protein levels of PRC1 were assessed by immunoblotting
and normalized to 3-actin as an internal control. There was a high
inter-individual variability in protein levels of PRC1 among the
tumor samples (mean +standard deviation, 0.4340.30, range
0.06-1.00, n=12; Fig. 2), but it did not correlate to the transcript
(R?=-0.181, P=0.539; Pearson correlation test). PRC1 was over-
expressed in tumors versus the paired control tissue samples
(0.894+0.95, 0.09-3.85 vs. 0.254+0.28, 0.01-0.68, n=5 pairs;
Supplementary Fig. S3).

3.5. Associations of genetic variability of PRC1 with transcript levels
and clinical characteristics of patients

We also asked whether the observed PRC1 phenotype
deregulation in breast carcinomas has some obvious genetic
background and whether PRC1 genotype associates with clinical
data of patients. Therefore, 18 SNPs tagging the haplotype of the
PRC1 gene region were genotyped in 99 breast carcinoma patients.
Four additional SNPs were found in the analyzed sequences (see
Supplementary Table S5 for all analyzed SNPs). MAFs of the studied
SNPs did not substantially differ from HapMap-CEU population.
Considering statistical power, 13 SNPs with MAF > 0.05 were used
for analysis of associations with transcript levels and patients’
clinical data. Associations of all SNPs with MAF >0.05 (n=13) with
PRC1 transcript levels were analyzed, but to retain a concise style,
only significant results are reported (Tables 3 and 4).

Tumors from carriers of the CC genotype in rs10520699 or the T
alleles in rs11852999 expressed significantly higher PRC1 tran-
script levels than tumors from carriers of the T alleles in
rs10520699 or CC genotype in rs11852999 (Table 3).
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Associations of transcript levels of the examined genes in tumors with clinical data of breast carcinoma patients.

Post-treatment group of patients

Gene Grade (n=74) PR expression (n=74) ER expression (n="74) TNBC (n=74)
1 2 3 negative positive negative positive negative positive
KIF14 1.30+0.07 1.32+0.08 1.24+0.09 1.224+0.08 1.32+0.08 1.25+0.10 1.30+0.08 1.30+0.09 1.20+£0.07
P=0.001" P <0.001" P<0.001" P=0.001"
PRC1 113 +0.03 1.10+0.05 1.07 +0.06 1.05 +0.06 111 £0.04 1.06 +0.07 1.10+0.05 1.10+0.05 1.04 +0.06
P=0.004° P=0.004° P<0.001" P=0.001"
CIT 1.11 £0.05 1.09+0.04 1.07+0.05 1.06 +0.05 1.09+0.04 1.06 +0.04 1.09+0.04 1.09+0.04 1.05+0.05
P=0.024" P=0.018" P=0.008" P=0.020"
Pre-treatment group of patients
Gene Grade (n=84) PR expression (n=87) ER expression (n=87) TNBC (n=87)
1 2 3 negative positive negative positive negative positive
KIF14 1.27 £0.08 1.22+0.07 1.19+0.07 118 +£0.07 1.25+0.07 1.20+0.08 1.25+0.07 NS
P=0.009" P=0.005° P <0.001°
PRC1 1.08 +£0.10 1.03 +0.06 1.024+0.05 1.00 + 0.05 1.06 +0.05 1.01+£0.05 1.06 + 0.06 1.04 £0.06 1.00 +£0.05
P=0.005" P <0.001" P<0.001" P=0.008"
CIT NS 1.03+£0.04 1.05+0.04 1.02 +0.04 1.05+0.04 1.05+0.04 1.02 +0.05
P=0.038" P=0.002° P=0.032¢

Values are mean + standard deviation. For analyses of associations of clinical characteristics with transcript levels in tumors, a ratio of Ct for particular target gene to
arithmetic mean of Ct for all reference genes (Target gene/REF) was calculated for each sample. Therefore, the lower is the Target gene/REF ratio the higher is the respective

target gene transcript level.

Associations of transcript levels with all clinical data were analyzed, but to retain a concise style only significant results replicated in both patient groups are reported.

NS =Not significant.
Associations observed in both groups of patients are depicted in grey tone.

2 P-values computed by the ANOVA test; results which passed the Benjamini-Hochberg FDR (q=0.009) in bold.

Carriers of the CC genotype in rs10520699 had more frequently
large (pT2-4) tumors than T allele carriers (Table 4). Patients with
the T allele in rs11852999 more frequently had tumors without
expression of ER and often manifested with the TNBC molecular
subtype in comparison with carriers of the CC genotype (Table 4).
However, none of these associations passed the FDR test.

The genetic analyses suggested that two of the 13 analyzed PRC1
SNPs were associated with PRC1 expression and patients’ clinical
data. Therefore, we carried out the validation study of these two
SNPs (rs10520699 and rs11852999) in an independent and larger
sample of breast carcinoma patients who had clinical data for
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Fig. 1. Association between transcript levels of PRC1 in tumors and disease-free
survival of all breast carcinoma patients.

Kaplan-Meier survival curves for patients with the intra-tumoral PRC1 transcript
levels above the median (solid line, n=72) vs. patients with the ratio below or equal
the median (dashed line, n=74) are displayed. The difference in the mean DFS
between the compared groups of patients was significant (P=0.003, Breslow test).

comparison (n=615, for clinical data see Supplementary Table S6).
None of the previously observed associations (Table 4) was
confirmed in this validation study (Supplementary Table S7). The
PRC1 SNPs did not significantly associate with the patients’ DFS
either.

In silico analysis by Regulome DB (http://regulome.stanford.
edu), Provean, and SIFT (both http://sift.jcvi.org) programs
revealed that the rs10520699 SNP is located close to the binding
site of transcription factors from the leucine zipper family BACH1
(OMIM: 602751), MAFF (604877), MAFK (600197), and NFE2
(601490). However, this SNP was classified as having minimal
binding evidence (score 4). The same was true for the rs11852999
SNP (score 5).
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Fig. 2. Protein levels of PRC1 in tissues from breast carcinoma patients.

PRC1 level was assessed by immunoblotting in tumor tissues. For evaluation of the
results, densitometry with normalization to (3-actin was used. Cropped areas of
blots represent protein bands with molecular weight of the corresponding antigen
according to Human Protein Atlas (www.proteinatlas.org). kDa = kilodalton (used to
describe the molecular weight of proteins), P=Patient.
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Table 3
Association of PRC1 gene polymorphisms with transcript levels of PRC1 in tumors
from breast carcinoma patients.

Genotype n Normalized PRC1 levels
in tumors (Mean +S.D.)

rs10520699

cC 55 1.08 £ 0.06

CTor TT 18 1.11 +0.04

Total 73° -

P-value 0.041*

Benjamini-Hochberg g-value 0.007

rs11852999

cC 56 110+ 0.06

CTor TT 15 1.06 +0.06

Total 71° -

P-value 0.026"

Benjamini-Hochberg g-value 0.004

Associations of all SNPs with MAF>0.05 (n=13) with PRC1 transcript levels were
analyzed, but to retain a concise style only significant results are reported.
S.D.=standard deviation, n=number of patients.

¢ Analyzed by the ANOVA test. The higher is the mean the lower is the normalized
PRC1 level (see Table 2 for explanation).

> Numbers do not add to 99 due to the missing genotypes or lack of material for
PRC1 expression analysis in some patients.

Table 4
Associations of PRC1 polymorphisms with clinical data of breast carcinoma patients.
Characteristics rs10520699* P-value®
CcC CTor TT 0.009
pT1 33 21
pT2-4 34 5
Benjamini-Hochberg g-value 0.005
Characteristics rs11852999* P-value®
CcC CTor TT 0.010
ER-positive 64 8
ER-negative 15 9
Benjamini-Hochberg g-value 0.005
Characteristics rs11852999* P-value®
CcC CTor TT 0.024
TNBC 9 6
Other 70 11
Benjamini-Hochberg g-value 0.009

Number of patients presented. Associations of all SNPs with MAF > 0.05 (n=13) with
all clinical data were analyzed, but to retain a concise style only significant results
are reported.
pT = pathological size of tumor, ER = estrogen receptor, TNBC = triple negative breast
carcinoma.

2 Numbers do not add to 99 due to missing genotypes or clinical data.

b Analyzed by the Pearson’s Chi Square test.

3.6. in vitro functional study

In order to evaluate potential interactions between PRC1
expression and cancer therapy outcome, the human triple-
negative breast carcinoma MDA-MB-231 cell line was incubated
without (control) or with 10, 30, and 100 nM paclitaxel in vitro.
PRC1 transcript and protein levels were evaluated by qPCR and
immunoblotting 12 and 24 h after addition of the drug. Paclitaxel
induced slight overexpression of both transcript and protein levels
of PRC1 (Fig. 3).

For analysis of taxane cytotoxicity, PRC1 knockdown was
performed. 10 or 20nM siRNA decreased cell proliferation and
therefore 5 nM siRNA concentration was used (Fig. 4A). However,
siRNA-directed knockdown of PRC1 transcript expression had no
substantial effect on the proliferation of MDA-MB-231 cells after
treatment with two G2/M block inducing concentrations (30 and
100 nM) of paclitaxel (Fig. 4B).

4. Discussion

Here, we followed the prognostic significance of three principal
regulators of cytokinesis [6,7,11] for breast carcinoma patients. We
observed strong association of PRC1 expression with DFS of the
patients and subsequently examined the genetic and functional
basis for this association.

The primary indication that PRC1 is a putative prognostic
marker in breast carcinoma is based on several observations. First,
its expression is increased more than two-fold in mammary
tumors compared with non-neoplastic tissues, which is consistent
with the gene expression data in Expression Atlas (https://www.
ebi.ac.uk/gxa). It gradually increases with grade suggesting
association with the aggressiveness of the disease. Moreover, its
expression is significantly higher in tumors without expression of
hormonal receptors and in tumors from TNBC patients (the worst
prognosis group). These associations were found in two indepen-
dent groups of patients and passed the FDR test for multiple
comparisons.

Associations with clinical factors of poor prognosis are
corroborated by the fact that patients with high intratumoral
PRC1 levels had significantly worse DFS than those with low levels.
This association is highly significant in both univariate and
multivariate analyses and suggests that PRC1 is independent of
clinically used prognostic factors such as stage, grade, and
expression of receptors.

It is particularly interesting that PRC1 is a part of the 70-gene
[31] and 64-gene [32] sets previously found to have a prognostic
value in breast carcinoma patients. PRC1 (and KIF14) are among the
top 264 statistically significant grade-associated probe sets
identified by PAM in breast carcinoma [17]. Our data supports
and further extends the previous study, which suggested that PRC1
together with other four genes (FGF18, OMIM:603726; BCL2,
OMIM:151430; MMP9, OMIM:120361; and SERF1A,
OMIM:603011) influences prognosis of breast carcinoma patients
[18]. In contrast with the previous study using FFPE preparations
[18], we used fresh frozen tissues and TagMan assays rather than
SYBR Green for qPCR analysis. Despite some methodical differ-
ences, this study confirmed PRC1 to be a putative prognostic
marker in breast carcinoma patients.

Protein analysis further underlined the results of our gene
expression study. The PRC1 protein overexpression in mammary
tumors has already been reported [33,34], but no study addressed
the correlation between PRC1 transcript and protein levels in
breast carcinoma specimens so far. Although, due to the sample
scarcity, the sample set for protein expression used by us is quite
small, we observed no such correlation. The reasons for the lack of
correlation between transcript and protein levels observed here
include different normalization controls for qPCR and immuno-
blotting [35], posttranscriptional processing and protein stability
issues. However, data on these PRC1 features is missing from the
literature.

All observed associations of molecular markers with clinical
data should be supported by mechanistic data. Therefore, we
further asked whether the genetic variability in PRCI gene
influences its expression and whether modulation of PRC1
expression modifies the efficacy of paclitaxel in a cell model of
triple negative breast carcinoma in vitro.

The clinical and functional significance of genetic variation in
PRC1 was completely unknown until now. We addressed this
question using a haplotype-tagging approach. Analysis of 22 SNPs
covering the whole PRC1 gene showed association of rs10520699
and rs11852999 SNPs with intra-tumoral transcript levels of PRC1.
These two SNPs also significantly associated with clinical
characteristics of breast carcinoma patients. We further aimed
to validate our results in an independent large-scale study.
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Fig. 3. Induction of PRC1 transcript and protein expression by paclitaxel.

Sample

Human breast carcinoma MDA-MB-231 cell line was incubated without (control) or with 10, 30, or 100 nM paclitaxel (PCT). PRC1 transcript (upper part) and protein (lower
part) levels were then evaluated by qPCR and immunoblotting as described in Methods. Cropped areas of blots represent protein bands with molecular weight of the
corresponding antigen according to Human Protein Atlas (www.proteinatlas.org). Two independent experiments in duplicates were performed (NS=non-significant,

*P < 0.05).

However, this validation study failed to replicate the previously
observed associations with clinical data, and it has not shown a
significant association with patient DFS values. Thus the validation
genetic study did not explain the previously suggested link
between PRC1 expression, DFS, and genotype.

Moreover, we found no confirmatory data in the Catalog
of Published Genome-Wide Association Studies at NHGRI
(www.genome.gov) and GWAS Central (www.gwascentral.org).

Additionally, no associations between PRC1 transcript levels and
its SNPs have been reported by the International HapMap Project
[36]. In silico analyses performed within the scope of the present
study also showed no functional relevance of PRC1 SNPs associated
with its expression and clinical phenotypes. This data presents
several lines of evidence that the observed association of PRC1
expression with DFS of breast carcinoma patients most likely has
no obvious genetic background.
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Fig. 4. Influence of PRC1 expression knockdown on paclitaxel cytotoxicity.

PRC1 expression was silenced by 5 nM siRNA in human breast carcinoma MDA-MB-231 cell line as documented by qPCR (a). Cells were then incubated without (control) or
with 30 or 100 nM paclitaxel (PCT) and cell cycle was analyzed by flow cytometry (b) as described in Methods. Two independent experiments in duplicates were performed.

It seemed interesting to discern effects of constitutive PRC1
level from its eventual modification by anticancer drug treatment.
This is challenging in ex vivo samples from patients due to the fact
that post-treatment surgical specimens are available several weeks
after last chemotherapy dose and thus eventually changed
expression of the marker may level off to the pre-treatment
levels. Therefore, we monitored PRC1 expression after exposure of
TNBC model MDA-MB-231 human cell line to paclitaxel (frequent-
ly used in the treatment of breast carcinoma patients) in vitro.
Paclitaxel induced both transcript and protein PRC1 levels in vitro.
This result was surprising, because paclitaxel was clearly cytotoxic
to the cells and induced formation of G2/M block, a major proof of
its mechanism of action [37]. Thus, PRC1 induction by drug
treatment may present one of defense mechanisms of TNBC tumor
cells against paclitaxel’s cytotoxicity. We thus hypothesized that
PRC1 knockdown could potentiate cytotoxic effect of paclitaxel.
However, siRNA-mediated knockdown of PRC1 in this model did
not influence cytotoxicity of paclitaxel as a G2/M block was formed
in both control and silenced cells. Thus, the above functional
evidence and the fact that the response of patients to the taxane-
containing regimens did not differ by the PRC1 expression
demonstrate that PRC1 most probably does not modify the
cytotoxic effect of taxane treatment.

Taken together, our novel data shows that the observed
association of PRC1 transcript expression with DFS of breast

carcinoma patients does not have plausible functional explanation.
It cannot be excluded that PRC1 level just correlates with the
percentage of proliferating cells that would naturally be higher in
proliferating tumor cells and even higher in poorly differentiated
ones in contrast to control tissue (both phenomena observed in the
present study). In this case, PRC1 would be an indirect marker of
proliferation without importance as predictive marker or therapy
target. In our opinion, it should be further established, e.g., by
analysis of circulating tumor cells, whether PRC1 could serve as a
marker of residual disease or expansion of aggressive tumor cell
clones.

This study also confirms the previously observed overexpres-
sion of KIF14 in mammary tumors and its association with grade,
but we have not found the published association of high KIF14
levels with poor DFS of breast carcinoma patients [9]. KIF14 has
recently been suggested to be a putative therapeutic target in TNBC
patients [38,39]. The association of KIF14 with TNBC subtype
observed here agrees with the concept that further research on the
role of KIF14 in the therapeutic outcome is needed specifically in
TNBC patients.

CIT is overexpressed in mammary tumors and significantly
associates with the ER expression of both groups of patients in the
present study. Despite reports on the association of CIT with the
time to progression of ovarian carcinoma [16] and its
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overexpression in hepatocellular carcinoma [40], no further data
on the importance of CIT for cancer progression is available.

5. Conclusions

This study shows that high intra-tumoral PRC1 expression is
marker of poor prognosis and may be an additional prognostic
classifier of breast carcinomas. Our data also shows that the
observed prognostic role of PRC1 is not linked to its genetic
variability and does not modify anticancer effects of paclitaxel. The
study has additional possible explanations of epigenetic regulation
or simple co-segregation with other molecular factors. This needs
further attention.
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Abstract

Background: This study addresses involvement of major 5-fluorouracil (5-FU) pathway genes in the prognosis of

colorectal carcinoma patients.

Methods: Testing set and two validation sets comprising paired tumor and adjacent mucosa tissue samples from
151 patients were used for transcript profiling of 15 5-FU pathway genes by quantitative real-time PCR and DNA
methylation profiling by high resolution melting analysis. Intratumoral molecular profiles were correlated with
clinical data of patients. Protein levels of two most relevant candidate markers were assessed by immunoblotting.

Results: Downregulation of DPYD and upregulation of PPAT, UMPS, RRM2, and SLC29A1 transcripts were found
in tumors compared to adjacent mucosa in testing and validation sets of patients. Low RRM2 transcript level
significantly associated with poor response to the first-line palliative 5-FU-based chemotherapy in the testing

set and with poor disease-free interval of patients in the validation set irrespective of 5-FU treatment. UPP2 was
strongly methylated while its transcript absent in both tumors and adjacent mucosa. DPYS methylation level

was significantly higher in tumor tissues compared to adjacent mucosa samples. Low intratumoral level of UPBI1
methylation was prognostic for poor disease-free interval of the patients (P=0.0002). The rest of the studied 5-FU

genes were not methylated in tumors or adjacent mucosa.

Conclusions: The observed overexpression of several 5-FU activating genes and DPYD downregulation deduce
that chemotherapy naive colorectal tumors share favorable gene expression profile for 5-FU therapy. Low RRM2
transcript and UPBT methylation levels present separate poor prognosis factors for colorectal carcinoma patients

and should be further investigated.

Keywords: Colorectal carcinoma, 5-fluorouracil, Methylation, Expression, Prognosis

Background
Colorectal carcinoma (OMIM: 114500) is the third most
common malignancy and the fourth cause of cancer-
related deaths in the adult population worldwide, with
the highest incidence recorded in Central Europe [1, 2].
Colorectal cancer treatment consists of surgical re-
moval of the tumor and, based on disease characteristics,
of chemo- and or radiotherapy. 5-Fluorouracil (5-FU) is
widely used drug in the first-line therapy of colorectal
cancer [3]. Over 80 % of administered 5-FU dose is
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rapidly degraded [4] and only 1-3 % is converted into its
active metabolite fluorodeoxyuridine monophosphate
(FAUMP [5],). FAUMP then inhibits thymidylate syn-
thase (TYMS, OMIM: 188350) and blocks deoxythymi-
dine triphosphate (dTTP) synthesis. Subsequent dTTP
depletion triggers “thymineless” death [6]. TYMS is con-
sidered as a potential prognostic marker for colorectal
cancer. Recent studies have shown that overexpression
of TYMS transcript predicts poor outcome in colorectal
cancer patients [7, 8]. However, another contemporary
study has not confirmed these observations as intratu-
moral TYMS transcript level was not predictive in
patients with colorectal cancer of stage II and III [9].
Several studies have indicated potential prognostic or
predictive role of 5-FU metabolizing enzymes expression
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for resistance to the treatment of colorectal cancer.
Colorectal cancer patients with low protein expression
of 5-FU inactivating enzyme dihydropyrimidine de-
hydrogenase (DPYD, OMIM: 612778) exhibited a longer
survival after 5-FU-treatment than those with high levels
[10]. Likewise, high DPYD transcript level was associated
with poor outcome of stage IV colorectal cancer patients
[11]. High thymidine phosphorylase (TYMP, OMIM:
131222, 5-FU activating enzyme) transcript level was as-
sociated with significantly better disease-free survival
(DES) following oral administration of 5-FU in stage III
colorectal cancer patients [12].

The resistance of the tumor cells towards 5-FU is
substantially modulated by the transport mechanisms.
Especially solute carrier transporter 29A1 (SLC29A1,
OMIM: 602193) plays a crucial role in cellular uptake
of nucleoside drugs such as cytarabine, gemcitabine, or
5-FU [13]. Results of a recent small scale functional
study suggested that high SLC29A1 mRNA levels in
colorectal cancer tumor tissue correlate with poor clinical
response to 5-FU [14].

In this study we aimed to address importance of gene
expression and methylation profile of 15 5-FU genes in
tumor and adjacent bowel mucosa tissues of colorectal
cancer patients for the patient’s prognosis and the
response to 5-FU. Genes were selected from literature and
PharmGKB database based on functional evidence from 5-
FU pharmacokinetics data (https://www.pharmgkb.org/).
Protein expression of two most relevant candidate markers
was assessed as another chain underlying 5-FU mode
of action.

Methods

Studied patients and collection of biological specimen
Tumor tissue and adjacent non-neoplastic mucosa sam-
ples were obtained from total of 151 patients with spor-
adic colorectal cancer (C18-21 according to ICD-10)
diagnosed at the Department of Surgery and Oncology,
Teaching Hospital and Medical School in Pilsen, and
General Teaching Hospital in Prague between January
2008 and November 2011. From 151 patients, 146 paired
tissue samples (tumor and control mucosa), four tumors,
and one mucosa sample were taken for analyses (for
study flow chart, see Fig. 1). Native tissue samples were
collected as described elsewhere [15, 16].

Patients represented three groups — testing set (stage
II-1IV, n=52) for gene and protein expression and
methylation analysis, validation set I (stage II, n = 67) for
gene expression analysis, and validation set II (stage II
and III, n=32) for gene expression and methylation
analysis. The lack of tissue aliquots for simultaneous
isolation of RNA and DNA necessitated the use of
two different validation sets. All patients in the test-
ing set underwent adjuvant (n = 26) or palliative (n = 26)
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chemotherapy regimens based on 5-FU (with added
leucovorin and/or oxaliplatin). In the validation sets I and
11, 24 and 17 patients were treated by such chemotherapy
regimens, respectively (Table 1 and Fig. 1).

Response to the palliative treatment was evaluated by
RECIST criteria [17] based on routine imaging tech-
niques for assessment of tumor mass (computerized
tomography with or without positron emission, magnetic
resonance or ultrasonography). Increase in tumor mass
or the appearance of new lesions in patients with pallia-
tive treatment indicated progression and thus poor re-
sponse to the treatment (PD). Good response to the
treatment was defined as a decrease of the number or
volume of metastases, i.e., complete or partial response
(CR or PR) or stabilization of the disease or (SD). In
patients treated by adjuvant therapy after radical surgical
resection RO disease-free interval (DFI) served as a
measure of the treatment outcome. DFI was defined as
the time elapsed between radical surgical RO resection
and disease recurrence.

Methylation analyses were conducted on 22 tissue
pairs from the testing set and on the whole independent
validation set II from the General Teaching Hospital,
Prague.

Isolation of total RNA and cDNA synthesis

Total RNA was isolated from frozen tissues using Trizol®
reagent (Life Technologies, Carslbad, CA), stored, and
characterized for the quantity and quality [18]. Comple-
mentary DNA (cDNA) was synthesized using 0.5 pg of
total RNA and random hexamer primers with help of
RevertAid™ First Strand cDNA Synthesis Kit (MBI
Fermentas, Vilnius, Lithuania). Quality of ¢cDNA in
terms of DNA contamination was confirmed by PCR
amplification of ubiquitin C [19].

Gene expression profiling

Quantitative real-time PCR (qPCR) was performed using
ViiA7 Real-Time PCR System, TagMan® Gene Expres-
sion Assays and TagMan® Gene Expression Master Mix
(Life Technologies). Reference genes - POLR2A (DNA-
directed RNA polymerase II subunit A, OMIM: 180660),
MRPL19 (mitochondrial ribosomal protein L19, OMIM:
611832), EIF2B1 (eukaryotic translation initiation factor
2B, subunit 1, OMIM: 606686), and PSMC4 (proteasome
26S subunit, ATPase, 4, OMIM: 602707) - were selected
by us earlier [15]. Gene Expression Assays with their
characteristics are listed in Additional file 1: Table S1.
While samples from the testing set were preamplified
using TagMan PreAmp Master Mix (Life Technologies),
c¢DNA from the validation sets was used for quantifica-
tion directly without preamplification procedure [20].
For calculating the qPCR efficiency of each assay, a
calibration curve from one non-neoplastic sample was
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prepared (six points, 5-times dilution). The non-template
control contained water instead of cDNA.

The qPCR study design adhered to the MIQE Guide-
lines (Minimum Information for Publication of Quanti-
tative Real-Time PCR Experiments [21]).

Gene expression and clinical data of all samples were
submitted to Gene Expression Omnibus (GEO) reposi-
tory under accession number GSE67111.

Promoter CpG methylation profiling

To convert unmethylated cytosines to uracils whole gen-
omic DNA was treated with sodium bisulfite using the
Epitect Bisulfite Kit (Qiagen, Hilden, Germany) following
the manufacturer’s protocol. Promoter region of every
gene of interest was determined using Genomatix
Matlnspector and Genes & Genomes software (Geno-
matix Software GmbH, Munich, Germany). CpG islands
or simple CpG sites were identified by Methyl Primer
Express Software v1.0 (Applied Biosystems, Foster City,
CA). The same software was used for design of primers
specific for sodium bisulfite converted DNA bases.
Number of CpGs in the PCR amplicon and equal primer
melting temperature (Tm) were taken into consideration
in the primer design. Real-time PCR followed by high
resolution melting (HRM) was carried out in high-
performance Eco Real-Time PCR system (Illumina, San
Diego, CA), essentially as described in [16]. PCR was ini-
tiated by incubation at 95 °C for 5 min, followed by
50 cycles at 95 °C for 10 s, annealing temperature of
specific primers (Ta) for 20 s, and 72 °C for 10 s. Primer
sequences, Tm, Ta, length, and numbers of CpGs for
each amplicon are listed in Additional file 1: Table S2.
HRM thermal profile was set up according to the

manufacturer’s recommendations (Qiagen). Fluorescence
data were converted into melting peaks by the Eco Soft-
ware (Illumina, Ver. 3.0.16.0). For each assay, a standard
dilution series of EpiTect Control DNAs (Qiagen) was
run to assess the quantitative properties and sensitivity
of the assay. Fluorescence of each sample was normalized
against 100 % methylated DNA control. Methylation data
of individual samples were subtracted from calibration
curve with positive controls of 100, 75, 50, 25, and 0 %
methylated DNA.

Immunoblotting in human colorectal cancer tissues

Tissue sample pairs from 15 patients and unpaired tumors
from two patients were selected based on tissue availabil-
ity from the testing set and used for immunoblotting.
Samples, stored at —80 °C prior to the protein isolation,
were grinded by a mortar and pestle, subsequently protein
and total RNA were isolated using 50 mM Tris—HCI,
150 mM NaCl, 10 % Triton X-100 buffer. Protein concen-
tration was determined by bicinchoninic acid assay
(Thermo Scientific Pierce Protein Research Products,
Rockford, IL). Immunoblotting was performed as de-
scribed in [20, 22]. Briefly, 10 pg of protein was used for
separation by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (10 %) and transferred onto 0.2 pm
Protran nitrocellulose membrane (Whatman, Kent, UK).
Primary antibodies against dihydropyrimidinase (DPYS,
OMIM: 613326) (dilution 1:4000), beta-ureidopropionase
(UPB1 OMIM: 606673) (dilution 1:500) (both from Aviva
System Biology, San Diego, CA), -actin (dilution 1:2000;
Sigma-Aldrich, St. Louis, MO) and the corresponding
horseradish-peroxidase-conjugated secondary antibodies
(dilution 1:10000; Sigma-Aldrich) were employed. Protein
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Table 1 Clinical-pathological characteristics of studied groups
of patients

Characteristics Testing set Validation set | Validation set Il
(h=52) (h=67) (n=32)

Gender 36/16 45/22 19/13
(male/female)
Age at diagnosis® 63.9+92 years 70.2+95 years 708+ 11.2 years
Tumor size (pT)

pT2 3 - 4

pT3 40 62 24

pT4 9 5 4
Presence of lymph node metastasis (pN)

pNO 15 67 18

pN1-2 37 - 14
Presence of distant metastasis (pM)

pMO 26 67 32

pM1 26 - -
Stage

uicc 8 67 18

uicc 18 - 14

UICC IV 26 - -
Histological grade G)P

Gl 6 9 6

GlI 39 47 19

Glll 7 8 3

Gx - 3 4
Primary localization

Colon 26 44 28

Rectosigmoideum 12 9 1

Rectum 14 14 3
Chemotherapy

5-FU-based 52 24¢ 17

None - 33¢ 15
Footnotes:

“Median + standard deviation

PGl well differentiated, GIl moderately differentiated, Gill poorly differentiated,
Gx cannot be assessed

“Numbers may not add up to 67 of available subjects because of missing
data (n=10)

bands were visualized with an enhanced chemilumin-
escence detection system (Pierce Biotechnology) by
Fc Odyssey (Licor Biotechnology, Lincoln, NE) and
quantified by densitometry (Image Studio software,
Licor Biotechnology).

Statistical analyses

Expression levels of genes were analyzed by ViiA7
System Software (Life Technologies) and statistical
analysis was performed using SPSS v16.0 Software
(SPSS Inc., Chicago, IL). Fold changes were calculated
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usig raw cycle threshold (Ct) data by the REST2009
program (Qiagen), which is routinely used for the deter-
mination of differences between different types of sample
and control groups and considers both normalization to
numerous reference genes and reaction efficiencies [23].
Then ratios of Ct values of genes of interest and mean
value of reference genes were calculated and used for
further statistical analyses. Differences in gene expression
or methylation levels between tumor and control tissues
were assessed by the nonparametric Mann-Whitney
U-test. To evaluate associations of transcript levels
with clinical data and other variables (Table 1), nonpara-
metric tests (the Kruskal-Wallis, the Mann-Whitney, and
the Spearman’s tests) were used.

DFI was evaluated by the Kaplan-Meier method and
the Log Rank test was used for evaluation of the com-
pared subgroups and combined groups of patients.
Stage-adjusted analysis was performed by the Cox re-
gression. All P-values were calculated from two-sided
tests. P-values lower than 0.05 were considered statisti-
cally significant. The correction for multiple testing was
applied according to Bonferroni.

Results

Patients’ characteristics

Summary of patient’s characteristics and clinical data
from testing and validation sets are presented in Table 1
and the study flow diagram in Fig. 1. Testing set com-
prised colorectal cancer patients with stages UICC II-1V
treated by first-line adjuvant (n =26, UICC II and III)
and palliative chemotherapy based on 5-FU (n =26,
UICC IV). Testing set served as a hypothesis generating
screen and for assessment of protein levels. Validation
set I used for validation of gene expression study in-
cluded patients with UICC II stage (1 = 67). Part of them
was treated by 5-FU-based chemotherapy (n = 24). Valid-
ation set II used for methylation study consisted of
patients with UICC II and III stage (n=32) with 17
patients treated by 5-FU-based chemotherapy. The valid-
ation set II served for validation of correlations between
DPYS and UPB1 methylation and expression levels and
clinical data, mainly DFI. Median DFI of the validation
set I was 46 + 6 months and that of the validation set II
was 39 + 3 months.

Transcript levels in tumors and non-neoplastic control
tissues

Phosphoribosylpyrophosphate amidotransferase (PPAT,
OMIM: 172450), uridine monophosphate synthetase
(UMPS OMIM: 613891), ribonucleotide reductase M2
(RRM2, OMIM: 180390), and SLC29A1 transcripts were
consistently overexpressed in tumors compared to adja-
cent mucosa in both testing and validation I sets (except
UMPS, all passed the correction for multiple testing,
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Table 2a, Additional file 1: Table S1). On the contrary,
DPYD was downregulated in tumors compared to adja-
cent mucosa (P < 0.001, both sets).

Associations of transcript levels with clinical data of
patients

We first tested associations between gene expression
levels and therapy response of stage IV patients. Patients
from the testing set with poor response to the first-line
palliative treatment with 5-FU-based regimens had
significantly lower expression of UMPS, ribonucleotide re-
ductase M1 (RRM1, OMIM: 180410), and RRM2 in adja-
cent mucosa (17 =26; P=0.024, P=0.014, and P=0.038,
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respectively; none passed the correction for multiple
testing) than good responders (Table 3). Stage IV patients
were excluded from subsequent survival analyses due to
the metastatic character of their disease, which strongly
modifies their prognosis.

For DFI analyses, transcript levels were first divided
by their median separately in testing and validation
set I and for the combined analysis these data were
put together to eliminate raw data differences be-
tween sets. Significance of RRM2 gene expression for
prognosis of colorectal cancer patients was further
corroborated in the validation set I, where patients
with intratumoral RRM2 transcript level higher than

Table 2 Differences in transcript (A) and methylation (B) levels between tumor and adjacent mucosa tissues of colorectal cancer patients

A. Transcript levels

Gene Testing set (n=52) Validation set I (n=67)
Fold change®  P-value® Fold change®  P-value”
Tumor vs mucosa Tumor vs mucosa

DPYD 0.45°¢ <0.001 0.47¢ <0.001
DPYS 0.21 0.014 ND ND
PPAT 2.21°¢ <0.001 1.95°¢ <0.001
RRM1 1.10 0.378 1.04 0.769
RRM?2 1.68°¢ <0.001 1.98°¢ <0.001
SLC29A1 2.50¢ <0.001 2.51°¢ <0.001
TK1 1.64 0.008 1.27 0.051
TYMP 1.36 0.211 1.57¢ 0.002
TYMS 1.20 0.579 1.29 0.390
UCKI1 0.86 0.126 0.75¢ <0.001
UCK2 1.17 0.355 1.01 0.680
UMPS 1.26 0.024 1.18 0.010
UPBI1 0.71 0.074 0.65 0.012
UPPI 0.86 0.107 0.71¢ <0.001
UPP2 ND ND ND ND
B. Methylation levels
Gene Testing set (n=22) ¢ P-value  Validation set I (n=32)¢  P-value

Tumor Mucosa Tumor Mucosa
DPYS 0.19+£0.14 0.08+0.04 <0.001° 028+0.16 0.20+0.13 0.010°
UPBI 0.55+0.14 0.65+0.15 0.022 0.79+0.13 0.81+0.10 0.436
UPP2 0.62+0.27 0.56+0.25 0.437 ND ND ND

Footnotes:

?Analyzed by the Mann-Whitney test
BFold changes calculated by the REST2009 program
Results, which passed correction for multiple testing

9Mean + standard deviation of percentage of sample methylation normalized to positive control (Methods)

ND not determined

Results from the testing set that have been confirmed in the validation set of patients are depicted in grey
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Table 3 Differences in transcript levels in colorectal mucosa
between poor and good responders to 5-FU-based chemotherapy.
Transcript levels of 5-FU pathway genes were compared in
mucosas of patients in the testing set divided into groups
of poor responders (n=13) and good responders (n=13) to
the first line chemotherapy regimens based on 5-FU

Gene Expression level in poor responders vs. good responders

Fold difference® Standard error® P-value®
DPYD 0.76 0.31-1.69 0.259
DPYS 091 0.10-6.89 0434
PPAT 0.88 0.20-3.63 0.086
RRM2 0.31 0.11-1.46 0.038
RRM1 0.59 0.22-1.18 0.014
SLC29A1T 076 0.17-2.73 0369
TK1 087 0.18-3.66 0.157
TYMP 0.56 0.12-2.46 0.130
TYMS 0.82 0.15-3.77 0.121
UCK1 0.85 0.23-1.96 0.369
UCK2 0.74 0.17-2.42 0.681
UMPS 0.68 0.23-1.21 0.024
UPB1 091 0.26-2.85 0479
UPP1 0.61 0.16-2.10 0.106
Footnotes:

?Analyzed by the Mann-Whitney test
PFold changes and standard error calculated by the REST2009 program
Significant results in bold

median had significantly longer DFI compared to patients
with levels below the median (7 =66, P=0.009, did not
pass the correction for multiple testing, Fig. 2a, the rest of
results in Additional file 1: Figure S2). A non-significant
association in the same direction, was observed in the
testing set (1 = 26, Additional file 1: Figure S3). Analysis of
the combined testing and validation I sets supported
the findings of the validation set I for RRM2 (n =92,
P =0.006, did not pass the correction for multiple testing,
Fig. 2b, the rest of results provided in Additional file 1:
Figure S4). This association was significant also in stage-
adjusted analysis by the Cox regression of the combined
set (=92, P=0.013, HR = 4.17, 95 % CI = 1.35-12.50, for
all results see Additional file 1: Table S3).

Then the combined set was analyzed in respect to
chemotherapy by 5-FU containing regimens (n =50).
However, in the combined analysis of 5-FU-treated
patients from the testing and validation I sets, neither
RRM2 transcript level (P=0.301) nor levels of the
rest of genes did significantly associate with DFI
(Additional file 1: Figure S5). Stage-adjusted analysis
has shown significant association between UPB1 and
DFI (P=0.047, HR=0.25, 95 % CI =0.06—0.98, for all
results see Additional file 1: Table S3), which was
not significant in the univariate analysis (P =0.098,
Additional file 1: Figure S5).
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In DFI analyses of untreated patients (1 = 32, all stage II
from the validation set 1), low level of UPB1 (P = 0.026,
did not pass the correction for multiple testing) and
TYMP (P =0.047, did not pass the correction for multiple
testing) significantly associated with worse DFI of patients
(Additional file 1: Figure S6).

Methylation levels in tumors and non-malignant adjacent
mucosa, associations with gene expression, and clinical
characteristics
Methylation of CpG islands in the regulatory regions of
all studied genes was initially studied in 22 pairs of
tumor and adjacent mucosa (testing set) and compared
with that from the independent validation set II. In the
both testing and validation II sets, methylation exceeding
the limit of quantitation was detected in DPYS, UPBI,
and uridine phosphorylase (UPP2, GenelD: 151531)
genes in both tumor and adjacent mucosa samples
(Table 2b, DPYS passed the correction for multiple test-
ing). Significantly elevated methylation level of DPYS was
recorded in tumor tissues compared to adjacent mucosa
in both sets (Table 2b). Methylation level of UPBI was
lower in tumors than in adjacent mucosa in the testing
set, but not in the validation set II. No difference in pro-
moter methylation was observed for UPP2 in the testing
set by comparing tumors with non-malignant mucosa.
Methylation levels in promoter regions of DPYS or
UPBI did not correlate with their corresponding tran-
script levels either in tumors or in adjacent mucosa sam-
ples analyzed in both sets. UPP2 transcript expression
was below the limit of quantification in both testing and
validation II sets suggesting that this gene is completely
silenced in colorectal tumors and corresponding adja-
cent mucosa tissues regardless clinical characteristics.
DPYS methylation level was associated with the tumor
stage in the testing set (P =0.010, data not shown), but
not in the validation set II. Therefore, this association is
not further discussed. On the other hand, patients with
UPB1 methylation level below the median had signifi-
cantly worse DFI than those with the methylation level
above the median in both sets evaluated separately
(Additional file 1: Figure S7) and combined (n =46,
P =0.0002, passed the correction for multiple testing,
Fig. 3). This association was significant also in the
stage-adjusted analysis by Cox regression of the combined
set (n =46, P=0.004, HR = 9.22, 95 % CI = 2.04-41.57).
Combined analysis of UPB1 methylation in 5-FU treated
patients from testing and validation II sets failed to find
significant association with DFI (n=32, P=0.653, data
not shown). For DFI analyses, patients were divided into
two groups according to the median of methylation levels
in tumors. Methylation levels of DPYS and UPP2 have not
associated with the DFI of patients (P > 0.05).
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Protein levels in tumors and adjacent non-malignant
mucosa

DPYS and UPB1 protein levels were analyzed in a subset
of the testing set used for the methylation study, enab-
ling an evaluation of the cascade of methylation, gene,
and protein expression levels in colorectal cancer sam-
ples (Fig. 4). However, DPYS and UPBI1 protein levels

did not significantly correlate either with their tran-
scripts or methylation levels (P > 0.05).

Discussion

The questions connected with prognostic importance of
molecular profile of 5-FU pathway in colorectal cancer re-
main attractive topics throughout last 15 years. Existing
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studies offered a plethora of mostly conflicting results. The
absence of complex understanding, focused on mecha-
nisms of action underlying the most promising biomarkers
precludes their translation into clinical setting. Apparently,
the final prognostic scheme will integrate clinical factors,
e.g., stage and grade of the tumor with a cascade of

molecular markers involving genetic, epigenetic, and
phenotypic factors. The present study brings completely
new insight into this area by comprehensive molecular
profiling of major 5-FU pathway genes.

The present study shows for the first time that only
three (DPYS, UPBI1, and UPP2) out of 15 evaluated 5-
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Fig. 4 Protein expression of DPYS and UPB1 in tumors of colorectal cancer patients. Protein expression of DPYS (a) and UPB1 (b) was assessed
by immunoblotting with normalization to actin in the representative set of tumors with highest and lowest methylation levels as described in
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FU genes, are subject to notable methylation in tumor
and adjacent mucosa tissues.

Association of UPBI promoter methylation with worse
prognosis of colorectal cancer patients, reported here on
two independent groups of patients and in the combined
set irrespective of 5-FU treatment, poses a completely
novel direction in pharmacogenomics of colorectal cancer.
UPBLI is an 5-FU inactivating enzyme [24], responsible for
degradation of pyrimidine bases (uracil and thymine) and
its genetic defect causes severe forms of propionic acide-
mia [25]. We hypothesized that a high UPB1 expression in
tumor cells caused by promoter demethylation could exert
a negative impact on the colorectal cancer patients re-
sponse to 5-FU. However, we did not prove such associ-
ation in the combined set of 5-FU treated patients and
moreover, UPB1 methylation level did not correlate with
either the transcript or the protein levels suggesting that its
prognostic role is most probably a complex phenomenon
involving some other factors. The lack of such correlation
may be explained by a number of effects, e.g., variation in
DNA folding in the studied region, regulation of target
gene by enhancers/silencers or by other than the followed
CpGs or control of gene expression by histone modifica-
tions. A more refined screening of CpG methylation in the
UPBI surrounding area could provide more information
about potentially linked epigenetic changes. Moreover, the
function of the above mentioned gene may also be modu-
lated by microRNA interference (e.g., hsa-miR-216a, pre-
dicted by TargetScan).

From the genetic point of view it is intriguing that re-
cent study reported a strong association between the
rs2070474 polymorphism and gastrointestinal toxicity in
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5-FU treated cancer patients [26]. It is of interest that
this polymorphism lies inside a large CpG island consist-
ing of 98 CpG sites [27] and near to the transcription
factor-binding motifs corresponding to a critical regula-
tor of the intestine, the CDX2 (caudal-type homeobox
transcription factor 2, OMIM: 600297 [28];). A potential
linkage of genetic with epigenetic changes thus should
also be considered.

On the basis of our gene expression data we may
generalize, that colorectal tumors irrespective of the stage
and localization share common downregulation of DPYD
and upregulation of PPAT, UMPS, RRM2, and SLC29A1
transcripts. RRM2 and UMPS upregulations and DPYD
downregulation in colorectal tumors comply with the previ-
ous study [29].

Interestingly, SLC29A1 was recently suggested as po-
tential co-determinant of clinical response to 5-FU [14]
and its upregulation demonstrated by the present study
further underpins the potential for targeted therapy of
colorectal cancer. On the basis of gene expression profile
we may deduce that chemotherapy-naive colorectal can-
cer patients have in general favorable expression profile
shifted towards 5-FU activation (Fig. 5). A potential
change of this profile by chemotherapy or during meta-
static process presents another interesting question that
needs to be addressed.

Moreover, promoter of the 5-FU inactivating enzyme
DPYS was found hypermethylated in colorectal tumors
by this study. We thus confirmed the previously pub-
lished DPYS hypermethylation in colon carcinomas (and
breast and prostate carcinomas) compared with paired
normal tissues from the same patients [30]. Recently, it
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was reported that differential methylation of DPYS
(and heat shock 27 kDa protein 1, HSPBI, OMIM:
602195 and cyclin D2, CCND2, OMIM: 123833) provides
independent prognostic information for prostate carcin-
oma [31]. Based on the present and earlier studies, colo-
rectal cancer-specific complex prognostic model based on
gene expression and methylation profile seems to deserve
further exploration.

Prognostic significance of low RRM2 transcript level
for poor colorectal cancer patient’s outcome observed by
the present study contradicts the previously published
data. High RRM2 level was poor survival predictor in
colorectal cancer patients [32] reflecting the established
in vitro ability of RRM2 to enhance cellular invasiveness
and genetic instability [33]. We cannot rule out that the
qPCR assay for RRM2 employed in the present study
also covered the RRM2B (OMIM: 604712) subunit
whose protein structure is 80 % identical to RRM2.
RRM2B intriguingly exerts opposite activity to RRM2
and its expression associates with a better survival of
colorectal cancer patients [34]. On the other hand,
RRM2 is 5-FU activating enzyme [24] and thus the re-
sult observed by us seems logical from this point of view
despite the fact that we have not observed a direct link
between prognostic role of RRM2 and 5-FU therapy
(perhaps due to the low number of the followed pa-
tients). Bearing in mind the issue of study size and pub-
licly available gene expression data, we analyzed the
prognostic power of RRM2 expression by SurvExpress
[35] tool using data from GSE12945 set (n=947). A
borderline significant association towards higher risk
of shorter disease-free survival of the patients with
lower expression of RRM2 was apparent (p=0.050,
Additional file 1: Figure S8).

The present study in line with other authors [9], has
not confirmed that overexpression of TYMS protein or
transcript predicts poor outcome in colorectal cancer
patients [7, 8]. Similarly, the results of studies indicating
potential prognostic role of DPYD [10, 11] or TYMP
[12] expression for survival of colorectal cancer patients
after 5-FU-treatment were not replicated.

The small sample size and small patient’s groups used
for DFI analyses, especially of patients treated with 5-FU
pose the major limitations of this study. Nevertheless, we
compared the methylation profiles with the publicly avail-
able database MethHC (Methylation and gene expression
in Human Cancer, http://methhc.mbc.nctu.edu.tw) inte-
grating gene expression, methylation, and microRNA ex-
pression data from The Cancer Genome Atlas (TCGA)
[36]. Our data complies with the results reported by this
database, i.e., the highest levels in {PP2, UPB1, and DPYS
(the rest of the genes below 25 %) and significantly higher
methylation of DPYS in tumor compared with mucosa
tissues (Additional file 1: Figure S9).
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The variability among the patient cohorts could also
explain the lack of replication of some results. On the
other hand, the use of validation sets helped to achieve
more convincing interpretation of the replicated results
and where possible the analysis of combined sets in-
creased the study power. The lack of tissue aliquots for
simultaneous isolation of RNA and DNA necessitated
the use of two different validation sets. This fact pre-
cluded us to perform the otherwise preferable combined
analyses of both validation sets. Consequently, missing
data for comparison of methylation levels with DFI may
be seen as a study limitation.

Conclusions

In this study, we addressed importance of genes involved
in the 5-FU pathway for the prognosis of colorectal
cancer patients. In conclusion, chemotherapy-naive
colorectal tumors seem to have favorable 5-FU pathway
gene expression profile. Additionally, low RRM2 gene
expression and UPB1 methylation level represent
treatment-independent poor prognostic factors for colo-
rectal carcinoma patients and should be further investi-
gated in relation to other epigenetic regulation pathways
(such as microRNAs) and in a complexity with other
relevant systems, such as DNA repair.

Additional file

Additional file 1: Table S1. Lists TagMan Gene Expression Assays used
in the study. Table S2 shows sequence of primers and PCR conditions
used for promoter CpG methylation profiling. Table S3 shows results of
stage-adjusted Cox regression of associations between transcript levels
and DFI of colorectal cancer patients from the combined testing and
validation | sets. Figure S1 depicts 5-Fluorouracil pathway gene expression
levels in the studied sets of colorectal cancer patients. Figure S2 shows
results of analysis of associations between transcript levels and disease-free
survival of colorectal cancer patients from the validation set I. Figure S3
shows results of analysis of associations between transcript levels and dis-
ease-free survival of colorectal cancer patients from the testing set.
Figure S4 shows results of analysis of associations between transcript
levels and disease-free survival of colorectal cancer patients from the
combined testing and validation | set. Figure S5 shows results of
analysis of associations between transcript levels and disease-free
survival of 5-fluorouracil-treated colorectal cancer patients from the
combined testing and validation | set. Figure S6 shows results of
analysis of associations between transcript levels and disease-free
survival of untreated colorectal cancer patients from the validation |
set. Figure S7 shows results of analysis of associations between UPBIT
methylation levels and disease-free survival of colorectal cancer patients.
Figure S8 shows analysis of association of RRM2 expression with
disease-free survival of colorectal cancer patients based on publicly
available GEO database. Figure S9 shows analysis of methylation
profiles of 5-FU pathway genes in human colorectal tumor (red boxes)
and mucosa (green boxes) tissues from publicly available MethHC database.
(DOC 1916 kb)

Abbreviations

5-FU: 5-fluorouracil; 95 % Cl: 95 % confidence interval; CCND2: Cyclin D2;
cDNA: Complementary DNA; CDX2: Caudal-type homeobox transcription
factor 2; CpG: Cytosine-phosphate-guanine; CR: Complete response;

DFI: Disease-free interval; DFS: Disease-free survival; DPYD: Dihydropyrimidine


http://methhc.mbc.nctu.edu.tw
dx.doi.org/10.1186/s12885-016-2826-8

Kunicka et al. BMC Cancer (2016) 16:795

dehydrogenase; DPYS: Dihydropyrimidinase; dTTP: Deoxythymidine
triphosphate; EIF2B1: Eukaryotic translation initiation factor 2B, subunit 1;
FDR: False discovery rate; FAUMP: Fluorodeoxyuridine monophosphate;
GEO: Gene expression omnibus; HR: Hazard ratio; HRM: High resolution
melting; HSPB1: Heat shock 27kDa protein 1; ICD-10: The international
classification of diseases, version 10; MIQE: Minimum information for
publication of gPCR experiments; MRPL19: Mitochondrial ribosomal protein
L19; OMIM: Online mendelian inheritance in man; PCR: Polymerase chain
reaction; PD: Progression of the disease; PharmGKB: The pharmacogenomics
knowledgebase; POLR2A: DNA-directed RNA polymerase Il subunit A;

PPAT: Phosphoribosylpyrophosphate amidotransferase; PR: Partial response;
PSMC4: Proteasome (prosome, macropain) 26S subunit, ATPase, 4;

gPCR: Quantitative real-time PCR; RECIST: Response evaluation criteria in solid
tumors; RRM1/2: Ribonuclease reductase subunit M1/2; SD: Stabilization of
the disease; SLC29A1: Solute carrier transporter 29A1; Ta: Annealing
temperature; TK1: Thymidine kinase; Tm: Melting temperature;

TYMP: Thymidine phosphorylase; TYMS: Thymidylate synthase; UCK1/

2: Uridine cytidine kinase 1/2; UICC: Union for international cancer control;
UMPS: Uridine monophosphate synthetase; UPB1: Beta-ureidopropionase;
UPP1/2: Uridine phosphorylase 1/2

Acknowledgements
Not applicable.

Funding

This work was supported by the Internal Grant Agency of the Czech Ministry
of Health (project no.. NT/14329-3 to V.L.), Czech Science Foundation (project
no.: P301/12/1585 to P.V), Grant Agency of Charles University in Prague
(project no. 1200314 to TK), and by the National Sustainability Program |
(NPU 1) (project no. LO1503 to P.S.).

Availability of data and materials
The datasets during and/or analyzed during the current study available from
the corresponding author on reasonable request.

Authors’ contributions

TK, PaP, IK, PB, PM, SS, and HV carried out the experimental studies,
participated in the evaluation of results, and drafted the manuscript. PS, VL,
and PP designed and coordinated the study, performed statistical analyses,
and drafted the manuscript. NP, SM, PiP, BJ and VO recruited patients,
collected clinical data, and drafted the manuscript. All authors read and
approved the final manuscript.

Authors’ information
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate

All patients, aware of the study aims, methods and potential risks, signed
consensually an informed consent form. The study was approved by the
Ethical Committees of the Medical Faculty and Teaching Hospital in Pilsen
and General Teaching Hospital in Prague, Czech Republic.

Author details

'Department of Toxicogenomics, National Institute of Public Health, Prague,
Czech Republic. “Third Faculty of Medicine, Charles University, Prague, Czech
Republic. *Biomedical Centre, Medical School Pilsen, Charles University in
Prague, Pilsen, Czech Republic. “Department of Molecular Biology of Cancer,
Institute of Experimental Medicine, Czech Academy of Sciences, Videnska
1083, 142 00 Prague 4, Czech Republic. °Deparment of Surgery, Teaching
Hospital and Medical School Pilsen, Charles University in Prague, Pilsen,
Czech Republic. ®Department of Surgery, General University Hospital in
Prague, First Medical Faculty, Charles University, Prague, Czech Republic.
7To><icogenomics Unit, National Institute of Public Health, Srobarova 48, 100
42 Prague 10, Czech Republic.

Page 11 of 12

Received: 4 January 2016 Accepted: 30 September 2016
Published online: 12 October 2016

References

1. Bray F, Ren JS, Masuyer E, et al. Global estimates of cancer prevalence for 27
sites in the adult population in 2008. Int J Cancer. 2013;132:1133-45.

2. Jemal A Bray F, Center MM, et al. Global cancer statistics. CA Cancer J Clin.
2011,61:69-90.

3. Meyerhardt JA, Mayer RJ. Systemic therapy for colorectal cancer. N Engl J
Med. 2005;352:476-87.

4. Diasio RB, Harris BE. Clinical pharmacology of 5-fluorouracil. Clin
Pharmacokinet. 1989;16:215-37.

5. Mattison LK, Soong R, Diasio RB. Implications of dihydropyrimidine
dehydrogenase on 5-fluorouracil pharmacogenetics and
pharmacogenomics. Pharmacogenomics. 2002;3:485-92.

6. Wilson PM, Danenberg PV, Johnston PG, et al. Standing the test of time:
targeting thymidylate biosynthesis in cancer therapy. Nat Rev Clin Oncol.
2014;11:282-98.

7. Donada M, Bonin S, Barbazza R, et al. Management of stage Il colon cancer
- the use of molecular biomarkers for adjuvant therapy decision. BMC
Gastroenterol. 2013;13:36.

8. LuY, Zhuo C, Cui B, Liu Z, et al. TYMS serves as a prognostic indicator to
predict the lymph node metastasis in Chinese patients with colorectal
cancer. Clin Biochem. 2013;46:1478-83.

9. LS Zhu L, Yao L, et al. Association between ERCC1 and TS mRNA levels
and disease free survival in colorectal cancer patients receiving oxaliplatin
and fluorouracil (5-FU) adjuvant chemotherapy. BMC Gastroenterol.
2014;14:154.

10.  Soong R, Shah N, Salto-Tellez M, et al. Prognostic significance of
thymidylate synthase, dihydropyrimidine dehydrogenase and thymidine
phosphorylase protein expression in colorectal cancer patients treated with
or without 5-fluorouracil-based chemotherapy. Ann Oncol. 2008;19:915-9.

11. Goto T, Shinmura K, Yokomizo K, et al. Expression levels of thymidylate
synthase, dihydropyrimidine dehydrogenase, and thymidine phosphorylase
in patients with colorectal cancer. Anticancer Res. 2012;32:1757-62.

12. Ogawa M, Watanabe M, Mitsuyama Y, et al. Thymidine phosphorylase
mMRNA expression may be a predictor of response to post-operative
adjuvant chemotherapy with S-1 in patients with stage Il colorectal cancer.
Oncol Lett. 2014;8:2463-8.

13. Clarke ML, Mackey JR, Baldwin SA, et al. The role of membrane transporters
in cellular resistance to anticancer nucleoside drugs. Cancer Treat Res. 2002;
112:27-47.

14.  Phua LC, Mal M, Koh PK; et al. Investigating the role of nucleoside
transporters in the resistance of colorectal cancer to 5-fluorouracil therapy.
Cancer Chemother Pharmacol. 2013;71:817-23.

15. Hlavata I, Mohelnikova-Duchonova B, Vaclavikova R, et al. The role of ABC
transporters in progression and clinical outcome of colorectal cancer.
Mutagenesis. 2012;27:187-96.

16.  Slyskova J, Korenkova V, Collins AR, et al. Functional, genetic, and epigenetic
aspects of base and nucleotide excision repair in colorectal carcinomas. Clin
Cancer Res. 2012;18:5878-87.

17. Therasse P, Arbuck SG, Eisenhauer EA, et al. New guidelines to evaluate the
response to treatment in solid tumors. European Organization for Research
and Treatment of Cancer, National Cancer Institute of the United States,
National Cancer Institute of Canada. J Natl Cancer Inst. 2000,92:205-16.

18. Brynychova V, Hlavac V, Ehrlichova M, et al. Importance of transcript levels
of caspase-2 isoforms S and L for breast carcinoma progression. Future
Oncol. 2013;9:427-38.

19.  Soucek P, Azenbacher P, Skoumalova |, et al. Expression of cytochrome P450
genes in CD34+ hematopoetic stem and progenitor cells. Stem Cells.
2005;23:1417-22.

20. Hlavac V, Brynychova V, Vaclavikova R, et al. The role of cytochromes P450
and aldo-keto reductases in prognosis of breast carcinoma patients.
Medicine. 2014;93:22552014.

21, Bustin SA, Benes V, Garson JA, et al. The MIQE guidelines: minimum
information for publication of quantitative real-time PCR experiments. Clin
Chem. 2009,55:611-22.

22. Hlavac V, Brynychova V, Vaclavikova R, et al. The expression profile of ATP-
binding cassette transporter genes in breast carcinoma. Pharmacogenomics.
2013;14:515-29.



Kunicka et al. BMC Cancer (2016) 16:795

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Pfaffl MW, Horgan GW, Dempfle L. Relative expression software tool (REST)
for group-wise comparison and statistical analysis of relative expression
results in real-time PCR. Nucleic Acids Res. 2002,30:e36.

Thorn CF, Marsh S, Carrillo MW, et al. PharmGKB summary: fluoropyrimidine
pathways. Pharmacogenet Genomics. 2011;21:237-42.

van Kuilenburg AB, Meinsma R, Beke E, et al. b-Ureidopropionase deficiency:

an inborn error of pyrimidine degradation associated with neurological
abnormalities. Hum Mol Genet. 2004;13:2793-801.

Fidlerova J, Kleiblova P, Kormunda S, et al. Contribution of the -
ureidopropionase (UPB1) gene alterations to the development of
fluoropyrimidine-related toxicity. Pharmacol Rep. 2012,64:1234-42.
ENCODE Project Consortium. An integrated encyclopedia of DNA elements
in the human genome. Nature. 2012,489:57-74.

Verzi MP, Shin H, He HH, et al. Differentiation-specific histone modifications
reveal dynamic chromatin interactions and partners for the intestinal
transcription factor CDX2. Dev Cell. 2010;19:713-26.

Kidd EA, Yu J, Li X, et al. Variance in the expression of 5-Fluorouracil
pathway genes in colorectal cancer. Clin Cancer Res. 2005;11:2612-9.
Chung W, Kwabi-Addo B, Ittmann M, et al. Identification of novel tumor
markers in prostate, colon and breast cancer by unbiased methylation
profiling. PLoS One. 2008;3:¢2079.

Vasiljevic N, Ahmad AS, Thorat MA, et al. DNA methylation gene-based
models indicating independent poor outcome in prostate cancer. BMC
Cancer. 2014:14:655.

Liu X, Zhang H, Lai L, et al. Ribonucleotide reductase small subunit M2
serves as a prognostic biomarker and predicts poor survival of colorectal
cancers. Clin Sci. 2013;124:567-78.

D'Angiolella V, Donato V, Forrester FM, et al. Cyclin F-mediated degradation
of ribonucleotide reductase M2 controls genome integrity and DNA repair.
Cell. 2012;149:1023-34.

Liu X, Lai L, Wang X, et al. Ribonucleotide reductase small subunit M2B
prognoses better survival in colorectal cancer. Cancer Res. 2011;71:3202-13.
Aguirre-Gamboa R, Gomez-Rueda H, Martinez-Ledesma E, et al. SurvExpress:
an online biomarker validation tool and database for cancer gene
expression data using survival analysis. PLoS One. 2013;8(9):e74250.

Huang WY, Hsu SD, Huang HY, et al. MethHC: a database of DNA
methylation and gene expression in human cancer. Nucleic Acids Res.
2015;43(Database issue):D856-61.

Page 12 of 12

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




Priloha ¢. 9:

Brynychovéa V Hlava¢ V, Ehrlichova M, Vaclavikova R, Pecha V, TrnkovdWald M,
Mrhalovd M, Kubé&kova K, Pikus T, Kodet R, Koval, Sodek P

Importance of transcript levels of caspase-2 isofons S and L for breast carcinoma
progression

Future Oncol. 2013 Mar;9(3):427-38 [IF: 3,202] 2 %

Pozn.: *) Podil autora v % na jednotlivych aspehktdita: gipraw projektu, provaghi praci,
interpretaci vysledk a giipraw publikace.



For reprint orders, please contact: reprints@futuremedicine.com

Importance of franscript levels of
cuspuse-2 isoforms S aund L for
oredst carcinomu proygression

Veronika Brynychovd'?, Viktor Hlavag'?, Marie Ehrlichovd',

Radka Vaclavikovd', Véaclav Pecha?, Markéta Trnkova*, Martin Wald®,
Marcela Mrhalové@é, Katefina Kub&&kovd’, Tomds Pikus’, Roman Kodets,
Jan Kovar® & Pavel Soucek*!

Toxicogenomics Unit, Department of Toxicology & Safety, National Institute of Public Health, Srolbbarova 48,
100 42, Prague 10, Czech Republic

“Tnird Faculty of Medicine, Charles University, Prague 10, Czech Republic

*Department of Oncosurgery, MEDICON, Prague 4, Czech Republic
‘BIOLAB Praha, Ltd, Prague 6, Czech Republic
*Department of Surgery, 2nd Faculty of Medicine, Charles University in Prague & Motol University Hospital,
Prague 5, Czech Republic
*Department of Pathology & Molecular Medicine, 2nd Faculty of Medicine, Charles University in Prague

& Motol University Hospital, Prague 5, Czech Republic

Department of Oncology & Radiotherapy, 2nd Faculty of Medicine, Charles University in Prague & Motol
University Hospital, Prague 5, Czech Republic
8Division of Cell & Molecular Biology, Third Faculty of Medicine, Charles University, Prague 10, Czech Republic
*Author for correspondence: Tel.: +420 2 6708 2711 m Fax: +420 2 6731 1236 » psoucek@szu.cz

Aim: A role of cuspuse-2 inh chemotherupy-induced upoptosis has been
sugyested. Our study uimed to evaluate the proghostic and predictive importance
of cuspuse-2 isoforms in breust cancer patients, Materials & methods: Caspuse-2L
and -2S franscript levels were determined in puired fumor and non-malighant
control tissues from 64 putients uffer heoudjuvunt chemotherupy und
100 pretreatment putients (general set) by redl-time PCR with dbsolute
guuntification. Results: Low buft statistically sighificant upregulation of caspase-2L
in fumor versus confrol tissues was observed in both sets. Signhificant associdations
of the levels of cuspuse-2L, -2S or S/L ratio with clinicul proghostic factors were
observed. However, none of these ussociutions were confirmed in both sets.
Levels of cuspuse-2 isoforms or the S/L rutio did hot significuntly associute with
proyression-free survival in the generul set or with chemotherupy response in the
neoudjuvant set. Conclusion: Our results sugyest that the role of cuspuse-2
isoforms in the proyression of breust cuncer muy considerubly differ between

pre- und post-chemotherapy patients.

Anthracyclines and taxanes are among the
most frequently used drugs for treatment of
hormonally nonresponsive breast carcinomas
in the adjuvant (post-operative) or neoadjuvant
(preoperative) setting. Taxanes inhibit tubulin
depolymerization, causing arrest of cells in mito-
sis. Apoptosis and mitotic exit are two possible
fates following mitotic arrest [1].

Researchers have intensively studied taxane
effects in tumor cell models. Both classical
(paclitaxel and docetaxel) and novel (Stony
Brook) taxanes have been involved in the induc-
tion of apoptosis in these models [2-4]. Compar-
ing resistant (NCI/ADR-RES) versus sensitive
(MDA-MB-435) tumor cells, it has been shown
that pathways of apoptosis induction by taxanes
could differ in certain key events; for example,
G,/M block, the release of cytochrome ¢ from
mitochondria and activation of caspases [2.3]. A
key role of caspase-2 [101] in apoptosis induced
by taxanes has been suggested by the current

10.2217/FON.12.200 © 2013 Future Medicine Ltd

authors [4] and others [5,6]. Moreover, a high level
of caspase-2 was associated with a lower survival
probability in patients with acute lymphoblastic
leukemia [7]. Caspases are cysteine-dependent
aspartate-directed proteases that play an essen-
tial role in the execution phase of apoptosis. Cas-
pase-2 (also known as ICH-1 or NEDD?2) is a
unique member of its family because it shares
features with both initiator and effector cas-
pases [8]. Caspase-2 is activated in response to
various apoptotic stimuli and increasing lines
of evidence indicate the nonapoptotic roles of
caspases; for example, DNA repair and cell cycle
regulation [8]. A tumor-suppressor function for
caspase-2 has also been described [9.10].
Alternative splicing of caspase-2 transcript
leads to two mRNA species encoding two
proteins (i.e., a long isoform caspase-2L and a
short isoform caspase-2S) that have antagonis-
tic effects on apoptosis [11,12]. A 100-nucleotide
sequence element, named In100, inside intron 9
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represses the inclusion of alternative exon 9
into the caspase-2L mRNA [13]. The inclusion
of the 61 bp exon leads to caspase-2S mRNA
with a premature stop codon in exon 10 due to
the frameshift. This mechanism appears to be
universal and generation of enzymatically active
versus inactive isoforms by alternative splicing
appears to provide an excellent mechanism for
fine-tuning the level of active caspases at the
post-transcriptional level [14].

The aim of our study was to: explore tran-
script levels of caspase-2L and -2S isoforms in
tumor and non-malignant control tissues from
breast cancer patients treated with anticancer
drugs, evaluate associations of transcript levels
of caspase-2L, -2S and the caspase-2L/-2S (S/L)
ratio with clinical prognostic factors and eluci-
date the implication of caspase-2 transcripts in
tumors for chemotherapy efficacy. Importance
of genetic variability in the In100 regulatory ele-
ment and adjacent exonic and intronic sequences
for expression of caspase-2 transcripts i7 vivo was
also addressed. To date none of these aspects
have been studied in breast cancer patients.

Material & methods

Subjects

In total, 164 samples of mammary carcinomas
and 81 paired adjacent non-malignant tissues
(controls) without morphological signs of car-
cinoma were obtained from incident breast
cancer patients. Cases were consecutively diag-
nosed in two hospitals in Prague during the
periods between February 2003 and December
2007 (general set, n = 100; Faculty Hospital in
Motol [Prague, Czech Republic] — described
in detail in [15]), and between July 2007 and
March 2009 (neoadjuvant set, n = 64; Medicon
Hospital [Prague, Czech Republic] — described
in detail in [16]). Blood samples from 83 patients
under study were also collected. The process-
ing of samples is described in the Surrementary
MareriaL (see online at www.futuremedicine.
com/doi/suppl/12.200). All patients were asked
to read and sign an informed consent form in
accordance with the requirements of the Ethical
Commission of the National Institute of Public
Health in Prague.

DNA isolation & mutation analysis

Blood samples were collected during the diag-
nostic procedures using tubes with K3EDTA
anticoagulant. Genomic DNA was isolated
from peripheral blood lymphocytes by the phe-
nol/chloroform extraction method [16]. Presence
of alterations in the caspase-2 region containing

Future Oncol. (2013) 9(3)

exons 8-10, splicing regulatory element In100
and adjacent intronic sequences was determined
by DNA sequencing (see SuppLEMENTARY MaTERIAL fOT
detailed protocol).

Total RNA & cDNA preparation

Tissue sections (10-20 pieces of 5 pm sections)
from the general set were directly transferred to
1 ml of Trizol® reagent (Invitrogen, CA, USA).
Frozen tissues (~2 x 2 x 2 mm blocks) from
the neoadjuvant set were first homogenized
by mechanical disruption using a Precellys
instrument (Bertin Technologies, Montigny-le-
Bretonneux, France) at a speed of 6500 rpm for
15 s. Total RNA was isolated from all samples
using Trizol reagent according to the procedure
supplied by the manufacturer and stored in 20 pl
aliquots at -80°C. No DNAse I treatment of
total RNA was performed. Quant-iT RiboGreen
RNA Quantitation Assay Kit (Invitrogen) was
used to determine the total RNA concentration
of the samples in duplicate. The RNA quality
was assessed by measuring the RNA Integrity
Number (RIN) using Agilent 2100 Bioanalyzer
and Agilent RNA 6000 Nano Assay Kit by
Agilent Technologies, Inc. (CA, USA). The RIN
value was in range (2.3-8.9) and 6.5 on average.
More than 95% of all samples had a RIN over 3.
cDNA was synthesized using 0.5 pg of total
RNA using random hexamer primers with the
help of RevertAid First Strand cDNA Synthesis
Kit (MBI Fermentas, Vilnius, Lithuania). The
quality of cDNA, in terms of DNA contamina-
tion, was then confirmed by PCR amplification
of ubiquitin C fragment discriminating between
the product from ¢cDNA (190 bp) and genomic
DNA (1009 bp) as described [17. All cDNA
samples that were free of DNA contamination
were further analyzed.

Construction of standards for absolute
quantification

Bacterial plasmids containing the respective tar-
get sequences for TagMan Assays of caspase-2L,
caspase-2S and MRPLI9 reference gene were
used as standards for absolute quantification
of gene expressions by real-time PCR. For this
purpose, PCR fragments were prepared with
the following primers: caspase-2S (see the
primers for real-time PCR), caspase-2L (for-
ward: 5'-AGCTCTTTGACAACGCCAA-3’
and reverse: 5’CAGGAACCTCGTTTGGT-
GTT-3") and MRPLI9 (forward: 5'-GTGAGC-
TAGCTGGCATGG-3" and reverse: 5-T'TC-
GACGCTTCAATTTCCTT-3", all from
Sigma-Aldrich, MI, USA), and were subcloned
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into the vector pDONR201 using gateway
cloning technology, as previously described [15).
Plasmids were serially diluted in nuclease-free
water (from 10°to 10* copies per reaction) for
construction of the calibration curve.

Quantification of transcript levels by
real-time PCR

TagMan Gene Expression Assays (Life
Technologies, CA, USA) were used for detec-
tion of transcript levels of caspase-2L isoform
(Hs00895082_m1) and reference gene MRPLI9
(Hs00608519_m1). MRPLI9 for normalization
of CASP2L and S levels was chosen based on
its highest stability among 11 genes evaluated
by quantitative PCR in benign and malig-
nant primary breast cancer tissues [18]. For
the detection of caspase-2S transcript a spe-
cific assay was designed. Primers and a probe
were designed using Primer3 software [102] and
checked for specificity by BLAST [103]. Prim-
ers or probes for quantitative PCR spanned
exon—exon boundaries to avoid amplification
of genomic DNA. The sequences of primers
and the probe for caspase-2S transcript assess-
ment (165 bp amplicon length) were forward:
5-CCGTGGAGGTGCTATTGG-3’, reverse:
5 TCGGCAACTTTTCTTTACCG-3" and
probe: 5-FAM-GTTCACTGCTGCCACC-
GCCT-NQF-3’ (Life Technologies). Specific-
ity of caspase-2L and -2S assays was tested by
real-time PCR quantification in cross reactions
containing serially diluted plasmid standards.
Both assays were specific above 50 copies per
reaction and, thus, the limit of quantification
was set to 100. Real-time PCR quantification
was carried out on ViiA™ 7 Real-Time PCR
System (Life Technologies) in a 5 pl reaction
mixture containing 1 x TagMan® Univer-
sal PCR Master Mix (Life Technologies) and
1 x TagMan Gene Expression Assay (Life Tech-
nologies) or 500 nM each of primers and probe
(caspase-2S) and 2 pl of diluted cDNA. Cycling
parameters were initial hold at 50°C for 2 min
and initial denaturation at 95°C for 10 min, fol-
lowed by 50 cycles consisting of denaturation at
95°C for 15 s and annealing/extension at 60°C
for 60 s. The nontemplate control contained
water instead of cDNA. Negative cDNA syn-
thesis controls (RNA transcribed without reverse
transcriptase) were also employed to reveal pos-
sible carry-over contamination. Samples with
variation between duplicates larger than 0.5 Cq
were reanalyzed. The efficiencies of all three
assays were between 90 and 100% and calibra-
tion curves had R? > 0.998. The quantitative
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real-time PCR study design adhered to the
Minimum Information for Publication of Quan-
titative Real-Time PCR Experiments (MIQE)

guidelines [19].

Statistical analyses

For statistical analyses, ratios of absolute levels
of caspase-2L/MRPLI9, caspase-2S/MRPLI9
and the caspase-2S/L ratio were calculated. To
determine the differences in mRNA expres-
sion between tumor and control tissues the
nonparametric paired Wilcoxon signed rank
test was used. Associations of transcript levels
with clinical data were analyzed by nonpara-
metric tests (Kruskal-Wallis, Mann—Whitney
and Spearman’s rank). The tested clinical data
were as follows: age in years; menopausal sta-
tus (pre- vs post- or peri-menopausal); stage
(I or II vs III); tumor size (pI'1-2 vs pI'3—4);
lymph node metastasis (pNO vs pN1-3); his-
tological type (ductal vs other); grade (GI vs
G2 vs G3); expression of estrogen and proges-
terone receptors, HER2, Ki-67 and p53 (nega-
tive vs positive); and response to the therapy
(complete or partial response vs stable disease
or progression). Progression-free survival (PFS)
was defined as the time elapsed between surgical
treatment and disease progression or death from
any cause. Kaplan—Meier survival plots with the
Log rank test were used for testing PFS as previ-
ously published [15]. p-values are departures from
two-sided tests. A p-value of less than 0.05 was
considered statistically significant. Statistical
analyses were performed using SPSS v15.0 soft-
ware (SPSS Inc., IL, USA).

Results

Patient characteristics

Comparison of clinical characteristics of both
studied sets is presented in Taste 1. The neoadju-
vant set was composed of patients with a younger
age at diagnosis, prevalence of premenopausal
status, larger and poorly differentiated (high-
grade) tumors and a higher number of patients
with lymph nodes affected by metastasis in
comparison with the general set. Generally, the
neoadjuvant set was composed of patients with
considerably more aggressive disease and, thus,
worse prognosis than the general set.

Expression levels of caspase-2 isoforms
in breast carcinoma

A significant upregulation of caspase-2L in
tumors versus control tissues was observed in
paired samples of the general set (p < 0.001;
n = 43; Tane2). However, no significant differences
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Table 1. Clinical characteristics of patients involved in the study.

Characteristics

Age at diagnosis

Mean age + standard deviation (years)
Menopausal status
Premenopausal
Post-menopausal

Family anamnesis

Positive

Negative

Not available

Stage

|
Il

1

[\

Not available

Tumor size

Mean size + standard deviation (mm)
Nodal status

Positive (N1-3)

Negative (NO)

Not evaluated
Histological type

Invasive duct carcinoma
Other type'

Histological grade

1

2

3

Not available

Estrogen receptor status
Positive

Negative

Progesterone receptor status
Positive

Negative

HER2 status

Positive

Negative

Not available

P53 expression status

Positive

*Other tumor types (number in general/neoadjuvant set) involved invasive lobular (9/6), mucinous (3/1), ductal in situ
(1/0), medullary (1/0), comedo (1/0), papillary (1/0), metaplastic (0/2) and solid neuroendocrine (1/1) carcinomas.

General set; n (%)

61.4+10.6

10 (10.0)
90 (90.0)

15 (15.2)
84 (84.8)
1

36 (37.4)
41 (42.8)
18 (18.8)
1(1.0)

4

19.5+11.2

42 (43.8)
54 (56.2)
4

83(83.0)
17 (17.0)

17 (17.5)
60 (61.9)
20 (20.6)
3

68 (68.0)
32 (32.0)

59 (59.0)
41 (41.0)

30(31.3)

Neoadjuvant set; n (%)

50.9+10.7

30 (46.9)
34 (53.1)

13 (22.4)
45 (77.6)
6

22 (36.0)
32 (52.5)
7 (11.5)
0

3

23.4+14.8

27 (42.2)
37 (57.8)
0

54 (84.4)
10 (15.6)

6(9.5)
28 (44.4)
29 (46.0)
1

43(67.2)
21(32.8)

44 (68.8)
20(31.2)

16 (25.4)
47 (74.6)

1

Not evaluated
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Table 1. Clinical characteristics of patients involved in the study (cont.).

Characteristics

P53 expression status (cont.)
Negative

Not available 4

Ki-67 expression status

General set; n (%)

66 (68.7)

Mean = standard deviation Not evaluated 33.4+£236
Response to neoadjuvant chemotherapy

Complete or partial response Not applicable 38 (61.3)
Stable disease or progression Not applicable 24 (38.7)
Not available Not applicable 2

"Other tumor types (number in general/neoadjuvant set) involved invasive lobular (9/6), mucinous (3/1), ductal in situ
(1/0), medullary (1/0), comedo (1/0), papillary (1/0), metaplastic (0/2) and solid neuroendocrine (1/1) carcinomas.

Neoadjuvant set; n (%)

Not evaluated

Not evaluated

were found for caspase-2S isoform and the S/L
ratio. A weak but significant upregulation of
caspase-2L in the tumor compared with the
control tissue was also observed in the neoadju-
vant set (p = 0.039; n = 38). The absolute level of
caspase-2S and the S/L ratio did not significantly
differ between the tumor and control tissue in
the neoadjuvant set. The ratios of caspase-2S/L
isoforms in tumor and paired control tissues of
both studied sets are presented in Ficure 1. Rela-
tive expression levels of CASP2L and Sin tumors
from the neoadjuvant set did not correlate with
RIN (p > 0.05, R* = 0.049 for CASP2L and
R?=0.034 for CASP2S, respectively) suggesting
that RNA quality did not significantly influence
the observed results.

Associations of transcript levels of
caspase-2 isoforms with clinical data
Absolute transcript levels of caspase-2L, -2S and
S/L ratio in tumor samples were compared with
clinical data on patients in both sets separately.
A number of associations of both caspase-2L and
-2S levels or their ratio with clinical data were

observed in both sets of patients. Significant
associations observed in at least one set of
patients are presented in Tase 3-5. For example,
transcript level of caspase-2L was significantly
higher in patients from the general set with
less advanced tumors (stages I or II) compared
with stage III tumors (Taeee 3-5). On the other
hand, patients from the neoadjuvant set with
lymph nodes affected by metastasis or without
expression of estrogen receptors in their tumors
had a significantly higher caspase-2L level than
node- or receptor-negative patients (Tasie 3-5).
Nevertheless, none of these associations found in
the general set were observed in the neoadjuvant
set and vice versa (Tasie 3-5). Moreover, patients
with a high immunohistochemical protein
level of p53 (50% cutoff) had significantly
higher caspase-2L levels than patients with
a low p53 level in the general set. However,
this association could not be evaluated in the
neoadjuvant set due to the lack of data on p53
expression. The mean PES of the general set
was 57.1 months. As expected, the established
prognostic factors significantly modified the

Research Article

Table 2. Differences in the absolute transcript levels of caspase-2L and -2S isoforms between tumor and control

tissues from breast carcinoma patients.

Tissue type Caspase-2L/MRPL19 p-value’ Caspase-2S/MRPL19, p-value’
(mean = standard deviation) (mean = standard deviation*)
General set
Tumors 0.53+£0.20 <0.001 3.88+£2.80 0.209
Controls 0.41+0.14 318+ 142
Neoadjuvant set
Tumors 1.00+0.38 0.039 6.50 + 3.32 0.072
Controls 0.86 +£0.28 549 +2.24
p-value by two-sided Wilcoxon signed rank test.
*Transcript levels of caspase-2S were multiplied 100-times to demonstrate variation.
future science group www.futuremedicine.com 431
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Figure 1. Caspase-2S/L ratios in tumor and paired control samples from both studied sets. The (A) general (n = 43) and
(B) neoadjuvant (n = 38) sets of patients.

PES of patients in the general set. Significantly
worse PFS (regardless of the type of therapy)
was observed in patients with tumors larger
than T2 versus T1 or T2 (p = 0.025), stage III
versus I or II (p = 0.040) and negative versus
positive expression of progesterone (p = 0.043)
and estrogen (p = 0.037) receptors. Menopausal
status, tumor type, grade, lymph node metastasis
and immunohistochemical expression of HER2

or p53 had no effect on PFS. Transcript levels
of caspase-2L or -2S isoforms, or their ratio
in tumor tissues of patients in the general set
did not significantly modify PES either in the
whole group (n = 88; p = 0.673, 0.955 and 0.348,
respectively) or in the subgroup of patients
treated by chemotherapy (n = 45; p = 0.912,
0.749 and 0.719, respectively). Kaplan—Meier
survival plots for CASP2L, 2§ and S/L for the
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whole group are shown in Ficure 2. Transcript
levels of caspase-2 isoforms, or the S/L ratio
in tumor tissues did not significantly modify
the response of the tumor to neoadjuvant
chemotherapy in the neoadjuvant set (p = 0.598,
0.919 and 0.795, respectively).

Genetic variability of caspase-2

& transcript levels of isoforms

By sequencing caspase-2 regions containing
exon 8, alternative exon 9, intronic splicing
regulatory element In100, adjacent intronic
sequences and exon 10, eight heterozygous car-
riers of the rs4647321 polymorphism (three in
the general set and five in the neoadjuvant set)
were identified. No other genetic alterations
in blood DNA samples of patients from both
sets were found. The observed minor allele fre-
quency for rs4647321 (minor allele frequency:
0.048; n = 83) agreed with the published Hap-
Map Utah residents (Center for the Study of
Human Polymorphisms) with northern and
western European ancestry sample (minor allele
frequency: 0.031, n = 226 [104); B36 assembly).
The presence of the rs4647321 polymorphism
did not significantly modify absolute transcript
levels of caspase-2L, -2S or S/L ratio.

Characteristics

Transcript level

(mean = standard deviation)

Age at diagnosis

Age -

Stage

lorll 0.53 +0.15
Il 0.47 £0.25

Lymph node metastasis
0.51 +£0.22
0.52 +0.13

Positive
Negative

Estrogen receptor expression

Positive 0.50 £ 0.15
Negative 0.59 +0.22
P53 expression

Positive 0.59 +0.19
Negative 0.50 £ 0.17

General set

Discussion

Poor response to chemotherapy is quite a
common phenomenon in anticancer therapy.
Numerous reasons are discussed in the literature
but molecular markers that would predict the
response are generally lacking. Previous 77 vitro
studies suggested that caspase-2 may play a key
role in apoptosis induced by anticancer drugs
(4-6]. However, the majority of current knowl-
edge was obtained using cell and animal models,
and there is a limited amount of information
about the importance of caspase-2 expression for
the prognosis of individual patients and predic-
tion of the chemotherapy efficacy. This study,
therefore, aimed at characterization of the role
of pro- and antiapoptotic caspase-2L and -2S
transcript levels in breast cancer prognosis and
therapy outcome.

The general set was composed of samples of
tumors and control tissues from unselected breast
cancer patients collected prior to any chemother-
apy. This set served for exploring the effect of
expression of caspase-2 isoforms on prognosis
of patients. Additionally, the neoadjuvant set
contained patients who underwent neoadjuvant
chemotherapy by serial 5-fluorouracil, anthra-
cycline and cyclophosphamide/5-fluorouracil,

Neoadjuvant set

n p-value’ Transcript level n
(mean = standard deviation)
100  0.004s - 64*
R?=-0.284

77 0.025 0.96 £0.35 54
19 0.84 +£0.03 7
42 0.634 1.05 +0.40 27
54 0.87 £0.26 37
68 0.069 0.88 £ 0.30 43
32 1.08 £ 0.37 21
30 0.030 Not evaluated
66 Not evaluated

Research Article

p-value’

0.1925
R?=-0.165

0.526

0.029

0.037

Only associations significant in either the general or neoadjuvant set of patients are included. Nonsignificant associations with tumor size, histological type and grade,

and expression of Ki-67 are not shown.
p-value by two-sided independent Kruskal-Wallis test.

*Number of patients for whom results of correlation between age and expression levels were available.

$p-value by Spearman rank correlation.
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Characteristics General set Neoadjuvant set
Transcript level n p-value? Transcript level n p-value’
(mean = standard deviation) (mean = standard deviation)
Age at diagnosis
Age - 100* 0.013% - 64*  0.072%
R?2=-0.248 R?2=-0.226
Menopause status
Premenopausal 5.31+4.28 10 0.030 6.62 + 3.62 30 0.223
Postmenopausal 3.39 + 1.89 90 578 +3.19 34
Lymph node metastasis
Positive 3.56 + 2.88 42 0.396 7.58 +4.01 27 0.012
Negative 3.50 + 1.61 54 5.14 + 2.46 37
Progesterone receptor expression
Positive 377 £2.42 59 0.174 5.81 +3.53 44 0.049
Negative 3.30 £ 2.07 41 6.97 £ 3.03 20
HER2/neu status
Positive 3.15+3.03 28 0.019 5.35+3.58 16 0.134
Negative 3.75+1.92 72 6.49 + 3.35 47

Only associations significant in either the general or neoadjuvant set of patients are included. Nonsignificant associations with tumor size, histological type and grade,

and expression of Ki-67 are not shown.

p-value by two-sided independent Kruskal-Wallis test.
*Number of patients for whom results of correlation between age and expression levels were available.

ép-value by Spearman rank correlation.
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epirubicin and cyclophosphamide, and taxane
(paclitaxel or docetaxel) regimen, and tumor and
control tissues were collected after chemother-
apy. The cytofluorimetric and molecular analy-
ses after exposure of DU145 and taxane-resistant
DUI145-R prostate cancer cells to doxorubicin
showed a significant increase in the expression of
caspase-2 and -8, CD3 and CD95, before mito-
chondrial membrane depolarization and cas-
pase-3 activation in both cell lines [20]. In con-
cert with the in vitro data discussed above, we
aimed to explore the relevance of caspase-2L and
-2S isoforms for response to both anthracyclines
and taxanes 77 vivo in the neoadjuvant set.
Recently, the proposed tumor suppressor
function of caspase-2 was strongly supported
[9). Caspase-2 suppressed lymphomagenesis in
response to aberrant c-Myc expression in trans-
genic mice. Moreover, the accelerated lymphoma
onset in caspase-2-lacking mice was associated
with reduced rates of p53 loss and increased
extranodal dissemination of lymphoma cells,
suggesting a role of caspase-2 in cell migra-
tion and anoikis [10]. Caspase-2 deficiency also
promoted aberrant response to DNA damage
and genetic instability in mouse embryonic
fibroblasts 7 vitro [21]. Moreover, involvement

Future Oncol. (2013) 9(3)

of caspase-2 in cell cycle checkpoint control, a
function clearly linked to cancer development,
has also been suggested [22]. However, we only
observed a small, although significant, upregu-
lation of caspase-2L transcript in tumor versus
control tissue in both sets in our study. Thus,
specifically in human breast carcinoma, we can-
not confirm the above-suggested tumor suppres-
sor role of caspase-2. Tumor-specific action of
caspase-2 in carcinogenesis cannot be ruled out
and may present future research directions.
Interestingly, treatment of the human leuke-
mic cell line U937 by various apoptotic stim-
uli, including paclitaxel, increased the ratio of
caspase-2S/L in a time-dependent manner [23].
In addition, topoisomerase I and II inhibitors,
such as camptothecin, etoposide or anthracy-
clines, seemed to drive inclusion of exon 9 to
caspase-2S transcript and decrease caspase-2L
mRNA and protein [24]. However, iz vivo stud-
ies dealing with expression patterns of both iso-
forms, especially in breast tumor tissues, were
missing until now. In our study, the ratio of
caspase-2S/L levels did not significantly differ
between tumor and control tissues of both sets.
Therefore, it seems that neoadjuvant treatment
by taxane- or doxorubicin-based chemotherapy
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does not influence the caspase-2S/L ratio
in vivo.

Caspase-2S was suggested as a candidate
for nonsense-mediated decay and low expres-
sion of caspase-2S mRNA in comparison with
the L isoform was reported in vitro [2s]. In our
experiments, the observed caspase-2L transcript
level was six- to 40-times higher than the level
of caspase-2S. Despite this fact, the caspase-2S
transcript level was unambiguously detected in
all studied samples. Caspase-2S mRNA was pre-
viously detected in all tumor and non-neoplastic
control tissue samples from patients with renal
cell carcinoma (n = 36) [2¢]. Thus, we show that
caspase-2S is also expressed in breast carcinomas.
Analysis of protein levels by specific antibodies
to both L and S isoforms may shed more light
on the discrepancy between existing 77 vitro and
in vivo data. However, the caspase-2S protein
product has yet to be conclusively detected. A
minor band corresponding in size to the pre-
dicted caspase-2S protein sporadically detected
by immunoblotting using anticaspase-2 may
have been partially processed caspase-2L, which
is expected to migrate similarly [27]. Moreover,
due to the lack of commercially available anti-
bodies specifically recognizing caspase-2S from
-2L it is currently impossible to verify these
results on the protein level.

By comparison of the associations of clinical
data with caspase-2L, -2S and S/L observed in
tumors of general and neoadjuvant sets we did
not find any common effect on the prognosis
of patients. A significantly higher level of pro-
apoptotic caspase-2L was found in tumors from

Characteristics

Transcript level

(mean = standard deviation)

Lymph node metastasis
6.56 + 2.96
6.75+ 2.58

Positive
Negative

Progesterone receptor expression

Positive 7.29+2.72
Negative 5.74 £ 2.59
HER2/neu status

Positive 5.54 +2.52
Negative 7.09 £2.75

General set

patients with less advanced disease (stage I or II;
i.e., in patients with better prognosis compared
with stage III patients in the general set). On
the contrary, a significantly higher level of cas-
pase-2L in lymph node-positive versus negative
and estrogen receptor-negative versus positive
status (i.e., with worse prognosis factors) was
found in the neoadjuvant set. High levels of the
antiapoptotic caspase-2S were associated with
the presence of lymph node metastasis and nega-
tive status of the progesterone receptor in the
neoadjuvant set. However, no such associations
were found in the general set. A significantly
higher caspase-2S/L ratio was found in patients
with versus without lymph node metastasis in
the neoadjuvant set and with positive versus
negative progesterone receptor status (p = 0.002)
and negative versus positive HER-2/neu status
(p = 0.004) in the general set. Most interestingly,
levels of caspase-2 isoforms or their ratio did not
significantly associate with PES in the general set
or with the response to chemotherapy in the neo-
adjuvant set. Taken together our results suggest
that the role of caspase-2 isoforms in prognosis
of breast cancer patients may differ considerably
between pre- and post-treatment patients.
Small numbers of patients in the compared
groups may be seen as a major limitation of our
study and, therefore, results should be inter-
preted with caution. Associations between cas-
pase-2 isoforms and clinical prognosis factors of
breast cancer patients have not been reported this
far and so comparison with data of other authors
is impossible. A larger study has to be performed
to discern the functional consequences of

Research Article

Neoadjuvant set

n p-value’ Transcript level n
(mean = standard deviation)

42 0.590 719 +2.78 27
54 579 +2.16 37
59 0.002 6.30 + 2.80 44
41 6.56 + 1.81 20
28 0.004 5.60 + 1.92 16
72 6.67 +2.68 47

p-value’

0.029

0.202

0.249

Only associations significant in either the general or neoadjuvant set of patients are included. Nonsignificant associations with tumor size, histological type and grade,

and expression of Ki-67 are not shown.
p-value by two-sided independent Kruskal-Wallis test.
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Figure 2. Kaplan—Meier survival plots for progression-free survival divided
by high and low caspase-2L, -2S and S/L expression levels in breast cancer
patients. (A) Caspase-2L, (B) -2S and (C) S/L levels in tumors of patients from the
general set (n = 88) were divided into two categories according to expression levels
based on percentiles (high: dotted line; vs low: solid line). Significance of the
differences between survival curves was evaluated by the Log rank test.

differences between both sets of patients found
here. The lack of both functional data and con-
firmation of gene expression results by protein
analysis also present a notable limitation of our
study. Immunoblotting data previously showed
asignificant (p < 0.05) decrease in the expression
of caspase-2L, -6, -8, -9 and -3 in breast tumor
tissues of different histological grades compared
with adjacent uninvolved tissues (n = 10) [28].
These results on a limited sample size seem to
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contradict our data on caspase-2L transcript
level. Thus, a detailed study comparing cas-
pase-2L protein and transcript levels is needed
in order to assess the mechanism of regulation
of expression and the potential tumor suppressor
role of caspase-2L in breast carcinoma.

A growing list of studies using different
reagents and cell types indicates a clear role for
caspase-2 in stress-mediated and p53-dependent
apoptosis [29]. We have observed a significantly
higher caspase-2L transcript level in tumors
with high p53 expression compared with tumors
expressing low p53 levels in the general set.
Thus, we may have seen a first example of such
association in human tumor specimens.

Introduced mutations of the CASP2 U/C-rich
element upstream of In100 were demonstrated
to change the caspase-2S/L transcript ratio [30].
We explored genetic variation of the In100 and
its proximity by sequencing DNA from the
blood of patients in order to discern eventual
impact on caspase-2 alternative splicing. From
our results it seems that genetic variability in the
In100 region and its proximity does not influ-
ence the transcript levels of caspase-2L, -2S and
S/L in the followed patients.

Conclusion

Our study established methods for unambiguous
screening of expression of caspase-2 isoforms by
absolute quantification. Striking differences in
the association of caspase-2 isoforms with clinical
prognostic factors between pre- and post-treat-
ment breast carcinoma patients were observed
and should be confirmed by follow-up studies.
The lack of association with chemotherapy out-
come suggests that the previously reported role
of caspase-2 isoforms in anticancer drug-induced
apoptosis may not be relevant in vivo.

Future perspective

Results of this study do not support the hypothesis
that caspase-2 isoforms can be used as universal
prognostic or predictive biomarker in breast car-
cinoma patients. We can not exclude a different
prognostic or predictive importance of caspase-2
isoforms in pre- versus post-treatment patients.
Thus, a larger follow-up study would be highly
valuable in resolving this matter. Differences
between transcript and protein levels may exist.
Due to the lack of commercially available antibod-
ies specifically recognizing caspase-2S from L we
could not address this point. It is, therefore, desir-
able to produce anti-peptide antibodies against the
C-terminus of caspase-2S and to verify our results
by protein staining in tumor specimens.
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Study objectives

Caspase-2 isoforms in breast carcinoma progression

A key role of caspase-2 in apoptosis induced by anticancer drugs was suggested in vitro.
This study examined transcript levels of caspase-2L and -2S isoforms in breast carcinoma patients and evaluated their prognostic and

predictive significance.

Methodical approach

Specific method for absolute quantification of both isoforms was established.

Major observations

Research Article

Genetic variability of the In100 element and its proximity in blood DNA did not modify levels of caspase-2 isoforms.
Caspase-2L levels were slightly but significantly higher in tumor versus control tissue in pre- and post-treatment patients, whereas

caspase-2S levels did not differ.

No clear pattern of associations of caspase-2L, -2S or their ratio with clinical prognostic factors was observed in both sets of

patients.

Caspase-2 isoforms or their ratio did not significantly associate with progression-free survival in the pretreatment patients or with
chemotherapy response in the post-treatment patients.
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