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ABSTRAKT

Zmény v regulaci apoptozy a bunécného cyklu se uplatiuji pii vzniku nadoru, pii jeho
progresi i pii rezistenci k protinadorové 1é¢b¢. Cilem této prace bylo stanovit vyznam kaspaz
bunécné smrti a reguldtort cytokineze jako moznych prognostickych a prediktivnich markert
u pacientek s karcinomem prsu.

Krom¢ stanoveni transkriptu vybranych gend v nddorovych a kontrolnich tkanich
ziskanych od pacientek s karcinomem prsu jsme se zaméfili na vyznam alternativnich
sestithovych variant kaspaz a jejich potencialni geneticky podminénou regulaci. Ziskana data
jsme hodnotili v souvislosti s klinicko-patologickou charakteristikou nadori, délkou piezivani
pacientek bez néavratu onemocnéni a Sodpovédi pacientek na neoadjuvantni
chemoterapeutickou 1é¢bu. Soucésti prace bylo stanoveni expresnich hladin na proteinové
urovni a ovéfeni vyznamu vybranych kandidatl pro ucinek chemoterapie pomoci funkéni
studie.

Hladiny transkriptu kaspaz 2, 3, 7, 8, 9 a 10, specificky detekovanych sestiihovych variant
kaspaz 28, 2L, 3A a B, 3S, 9A, 9B a 8L, a hladiny transkriptu regulatora cytokineze KIF14 a
CIT v karcinomech prsu nesouvisely s délkou bezptiznakového prezivani pacientek ani
s odpovédi pacientek na neoadjuvantni lécbu. ZvySend exprese alternativni antiapoptické
varianty kaspazy 9B na tkor hlavni proapoptické varianty 9A, hodnocena jako pomér téchto
variant, souvisela s krat§i dobou bezpiiznakového piezivani pacientek léCenych nasledné
adjuvantné¢ chemoterapii. Haplotyp polymorfisml rs4645978-rs2020903-rs4646034 v genu
CASP9 navic souvisel s hladinami transkriptu kaspazy 9 a expresi receptorti pro progesteron a
HER2 v karcinomech prsu. Vysoka exprese PRC1 v karcinomech prsu souvisela s krat§im
bezptiznakovym prezivanim nijak selektovanych pacientek. Nicméné vysoké hladiny PRCI
v nadorech s nejvyssi pravdépodobnosti neovliviiuji ucinek 1écby chemoterapii zaloZenou na
taxanech.

Vysokd exprese PRC1 v karcinomech prsu je faktorem Spatné progndzy nezavisle na
podtypu karcinomu nebo 1écbé. Pomér sestithovych variant kaspazy 9 by mél byt dale

studovan jako mozny prognosticky a prediktivni faktor u pacientek 1é¢enych chemoterapii.



ABSTRACT

Changes in the regulation of apoptosis and cell cycle are involved in tumor development,
progression, and resistance to antitumor therapy. The aim of this work was to evaluate the
importance of apoptotic caspases and regulators of cytokineses as possible prognostic and
predictive markers in breast carcinoma patients.

In addition to determining the transcript levels of selected genes in tumor and control
tissues obtained from breast carcinoma patients, we have also focused on the importance of
alternative splice variants of caspases and their potential genetially determined regulation. We
analysed the obtained data in relation to the clinical-pathological characteristics of the tumors,
the progression-free survival of patients and to the response of the patients to the neoadjuvant
chemotherapeutic treatment. Part of the work was determination of protein expression levels
and verification of the importance of selected candidates for the effect of chemotherapy by
functional study.

The transcript levels of caspase 2, 3, 7, 8, 9, 10, the specifically detected splice variants
caspase 2S, 2L, 3A and B, 3S, 9A, 9B, 8L, and the transcript levels of KIF14 and CIT in
breast carcinomas were unrelated to the progression-free survival of patients, or to the
response of patients to neoadjuvant treatment. The increased expression of caspase 9B, the
alternative antiapoptic variant of caspase 9, and downregulation of major proapoptic variant
9A, evaluated as the ratio of these variants, was associated with a shorter progression-free
survival of patients treated subsequently with adjuvant chemotherapy. Moreover, the
haplotype of polymorphisms rs4645978-rs2020903-rs4646034 in the CASP9 gene was
associated with caspase 9 transcript levels and expression of recetors for progesterone and
HER?2 in breast carcinomas. High expression of PRCL1 in breast carcinomas was associated
with progression-free survival of non-selected patients. However, PRC1 most likely does not
play significant role in the effect of taxane-based chemotherapy.

High expression of PRC1 in breast carcinomas is a factor of poor prognosis, independent
of the carcinoma subtype or treatment of patients. The ratio of splice variants of caspase 9
should be further studied as potential prognostic and predictive factor in chemotherapy-treated

patients.
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1. UVOD

Karcinom prsu (ICD-10, dg. C50) je bezesporu nejvice heterogennim typem nadoru.
Rychly rozvoj molekularni biologie navic umoznil definovat fadu novych biologickych
podtypt karcinomu prsu, které se chovaji klinicky odlisné. Diky tomu je mozné ¢im dal vice
vyuzivat moznosti personalizované¢ mediciny neboli cilit konkrétni 1écbu danému pacientovi
na miru. Kromé klasickych klinickych faktori se k tomuto ucelu vyuzivaji molekularni
faktory, které pomahaji odhadnout pravdépodobny pribéh onemocnéni (prognostické faktory)
a ucinnost zvolené 1écby (prediktivni faktory).

Ptedlozena prace se zabyva piedevSim vyznamem kaspaz bunééné smrti a regulatort
cytokineze jako moznych prognostickych a prediktivnich faktorti u pacientek s karcinomem
prsu. Konkrétn¢ jsme se zaméfili hlavné€ na otdzku, zda ndmi vybrané faktory ovliviiuji uc¢inek
klasické chemoterapie, pro kterou zatim prediktivni faktory v klinické praxi chybi. Hlavni
vysledky prace jsou obsahem publikaci uvedenych jako €lanek 1-3 (1-3). Posledni pfiloZzena
prace - ¢lanek 4 (4) se zabyva moznym vyuzitim studovanych faktor pro odhad prognozy u
pacientek s karcinomem ovarii (ICD-10, dg. C56).

1.1. Epidemiologie karcinomu prsu

Karcinom prsu je celosvétové druhym nejcastéji diagnostikovanym zhoubnym
novotvarem a nejéastéj$im typem karcinomu u zen (5). Dle poslednich statistickych tdaju
bylo za rok 2012 celosvétové diagnostikovano 1,67 mil novych ptipada s vyrazné vyssi
incidenci v zemich severni Ameriky a Evropy oproti zemim Afriky ¢i Asie. PrestoZe je 1écba
tohoto karcinomu (zvlasté v ranych stadiich) velmi wspé$na, je Kkarcinom prsu bohuzel
celosvétoveé nejcastéjsi pri¢inou umrti Zen v disledku naddorového onemocnéni (celosvétove
522 tisic amrti za rok 2012).

Konkrétné v Ceské republice je od roku 2012 diagnostikovano kolem 7000 novych
ptipadd ro¢né a priblizné¢ 1500 Zen rocné tomuto onemocnéni podlehne (Obrazek 1) (6).
Nartstajici incidence a klesajici mortalita pozorovand v poslednich letech se pfipisuje

zlepSeni v€asného zachytu onemocnéni pomoci screeningovych metod a rozvoji v 1é¢bé (7).
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Obrizek 1: Incidence a mortalita zhoubnych nadori prsu u Zen v Ceské republice (A) a

V evropském srovnani (B)
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Karcinom prsu postihuje v mnohem mensi mife také muze (piiblizné 1 ptipad na 100 tisic
muzu) (5, 6). V této praci jsme se zabyvali jen piipady karcinomu prsu u Zen, proto dale

hovofime o pacientkach s karcinomem prsu.

1.2. Klasifikace karcinomu prsu

Karcinom prsu se klasifikuje na zéklad¢ urceni histologického (morfologického) typu,
rozsahu Sifeni pomoci TNM Kklasifikace, stupné diferenciace (malignity) vyjadieného gradem

a na zéklad¢ vysetfeni molekuldrnich faktort.

= Histologicky typ

Pro histologickou klasifikaci karcinomu prsu slouzi klasifikace Svétové zdravotnické
organizace (WHO), aktualn¢ jeji 4. vydani (8). Tato aktualizovana verze pozménuje a
zpiesiiuje klasifikaci z roku 2003 (9), ktera vychazela vyhradné z morfologického vzhledu
karcinomu prsu, pomoci novéjsich poznatkti z molekularni biologie.

Invazivni karcinomu prsu nespecialniho typu (NST), diive invazivni duktalni karcinom
(IDC) (9) tvoti 70-80 % vsech invazivnich forem karcinomu prsu a predstavuje relativné
nehomogenni skupinu karcinomi oproti dal§im typtim, které se oznacuji jako specidlni.
Karcinom je diagnostikovan jako IDC pokud se vylouéi specialni typ karcinomu prsu (8).
Nejcastéji se vyskytujici specidlni typy invazivniho karcinomu prsu jsou karcinomy lobuldrni,
tubuldrni, kribriformni, metaplastické, apokrinni, mucinézni, papilarni, mikropapilarni a
karcinomy medularniho nebo neuroendokrinniho typu (8, 10). Lobularni karcinom je druhym
nejcastéji zastoupenym typem karcinomu prsu tvoricim 10-15 % vSech karcinomi prsu.

Dalsich ptiblizné 5 % vSech karcinomi prsu tvoii smiSeny typ lobularniho a IDC karcinomu
(11, 12).

= TNM Klasifikace a stadium

Stadium onemocnéni se urcuje pomoci TNM (Tumour, Node, Metastases) klasifikace,
aktualn¢ dle 7. vydani TNM Kklasifikace zhoubnych novotvart, ktera v ¢eské verzi vySla v
roce 2011 (13). TNM Kklasifikace zahrnuje velikost primarniho nadoru (TO, Tis — karcinom in
situ, T1-4) a nepfitomnost ¢i pfitomnost metastatického sifeni do regionalnich (N0-3) nebo
vzdalenych miznich uzlin (M0/1). V praxi existuji vzdy dvé TNM Kklasifikace — klinicka
(pfedlécebnd) a patologicka (pooperacni). Klinicka klasifikace oznacovand jako cTNM se
stanovuje pred 1écbou a slouzi pro vybér a hodnoceni ptredoperacni 1écby, chirurgické 1écby
nebo paliativni 1écby. Patologické klasifikace oznaCovand jak pTNM je zaloZena na néalezech
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ziskanych pted 1éc¢bou, doplnénych nebo pozménénych o nalezy, které byly ziskany pfi
chirurgickém vykonu a z patologického vysetieni. pTNM se pouzivd pro vybér adjuvantni
terapie a k upfesnéni odhadu prognozy (13). Jednotliva stadia karcinomu prsu jsou obsahem
Tabulky 1.

Tabulka 1: Pi‘ehled stadii karcinomu prsu

Stadium T N M
0 Tis 0 0
1A 1 0 0
1B 0,1 Imi* 0
1A 0,1 1 0
2 0 0
11B 2 1 0
3 0 0
1A 0,1,2 2 0
3 1,2
1B 4 0,1,2 0
1H1C Jakékoli T 3 0
v Jakékoli T Jakékoli N

Pozn.:* mikrometastazy (vétsi nez 0,2 mm, a/nebo vice nez 200 bunék, ne vSak vétsi nez 2,0

mm V nejveétsim rozmeéru)

= Grade

Grade, neboli stupen diferenciace, vyjadfuje miru malignity nadoru a je uréovan dle
metody Blooma a Richardsona z roku 1957 (14) pomoci Nottinghamské klasifikace z roku

1991 (15). Grade je souhrnnym vyjadienim 3 parametrt, kterymi jsou 1) tvorba tubuli — ¢im

vvvvv

vvvvv

zvétSeni, tzn. pocet mit6z na 10 zornych poli pfi velkém zvétSeni) — ¢im vice mitdz tim vyssi

¢islo (1-3). Dle souctu cifer ziskanych z téchto kritérii se vypocte finalni grade dle Tabulky 2

vvvvv
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Tabulka 2: Nottinghamska klasifikace gradu karcinomu prsu

Grade Soucet
1 3-5
2 6-7
3 7-9

= Stanoveni molekularnich faktoru

Kromé vysSe popsanych parametrii se u karcinomu prsu provadi detekce molekularnich
faktort. Nejdéle stanovovanym molekularnim faktorem (téméf 40 let) je exprese
hormonalnich receptord (HR), estrogenového receptoru alpha (ERo, dale jako ER) a
progesteronového receptoru (PR). Hlavnim diivodem pro zavedeni stanoveni exprese HR
bylo, Ze pacientky s nadory hodnocenymi jako pozitivni na expresi ER (ER+) benefitovaly
z antihormonalni terapie (viz kapitola 1.3. Lé¢ba karcinomu prsu) na rozdil od pacientek
bez exprese ER (ER-) (16). Soucasti histopatologického vysetfeni je dale vySetfeni faktoru
HER2/neu (human EGF receptor 2/neu, dale jen HER2), na ktery je mozné cilit tzv. anti-
HER?2 1é¢bu (17). Poslednim faktorem, ktery se stal rutinné stanovovanym az v poslednich
letech je exprese proliferacniho faktoru Ki-67 (18). Vsechny tyto faktory jsou nezbytné pro
odhad prognoézy pacientek s karcinomem prsu a pro predikci ucinku terapie, jsou proto

podrobnéji probirany v kapitole 1.4. Prognostické a prediktivni faktory u karcinomu prsu.

1.3. Léc¢ba karcinomu prsu

Karcinom prsu je biologicky 1 klinicky heterogenni onemocnéni s odliSnym pfirozenym
vyvojem a tedy s riznymi lééebnymi moznostmi (19-21). Lécba karcinomu prsu zahrnuje
1é¢bu chirurgickou a radiacni, tedy lokoregiondlni terapii plisobici v misté¢ nadoru, a 1écbu
systémovou, kterou tvofi chemoterapie a cilend lé€ba. Chemoterapie obecné pusobi na
vSechny rychle délici se buniky v téle. Oproti tomu cilend (jinak také biologicka) 1écba piisobi
jen na urcité buniky s konkrétnimi znaky. Lékati pro zvoleni optiméalniho 1é¢ebného rezimu
vyuzivaji, kromé zékladnich klinickych faktorGi (stadium, grade), hlavné expresi
hormonalnich receptorti a stav HER2. Exprese téchto receptorti definuje lé€ebné moznosti
V neoadjuvantnim i adjuvantnim podani.

Zjednoduseng, pacientky s expresi HR jsou automaticky indikovany k hormonalni 1é¢bé v

samostatném rezimu nebo v kombinaci s chemoterapii u vyssich stadii onemocnéni. Pro
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pacientky s amplifikaci/zvySenou expresi HER2 je dostupna anti-HER2 terapie vétSinou
v kombinaci s chemoterapii. Pacientky bez exprese téchto receptorit mohou byt 1é¢eny jen
chemoterapii. Indikaci chemoterapie u pacientek s ¢asnym stadiem onemocnéni s expresi HR
se snazi fteSit vétSina prognostickych testi popsanych v kapitole 1.4. Prognostické a

prediktivni faktory u karcinomu prsu.

1.3.1.Chemoterapie

Chemoterapie je systémova lé¢ba na bazi cytostatik, kterych je dnes znama cela fada
(Tabulka 3). Velkou skupinou cytostatik tvofi analoga, latky strukturné podobné rtiznym
pfirozenym metabolitim, jejichz modifikace brani jejich enzymatickému zpracovani.
Z nejpouzivangjsich jsou to analoga pyrimidint, napt. 5-fluorouracil (5-FU) nebo tegafur
(Ftorafur), ptipadné capecitabin (Xeloda), ktery je mozné podavat peroralné. Vyznam pro
1é¢bu karcinomu maji také analoga kyseliny listové (Methotrexat).

Jinym mechanismem pusobeni chemoterapeutik je poskozeni nukleovych kyselin jejich
chemickou modifikaci (napf. alkylaci) nebo vmezefenim cytostatika do struktury nukleové
kyseliny (interkalace). Terciarni strukturu DNA ovliviiuji inhibitory topoizomeraz, coz jsou
proteiny, které umoznuji pomoci enzymatického Stépeni ménit (rozplétat) terciarni strukturu
DNA. Piikladem mohou byt chemoterapeutika antracykliny, ktera interkalaci do DNA a RNA
inhibuji syntézu nukleovych kyselin a zaroven inhibuji topoizomerazu II.

Tteti skupinou chemoterapeutik pouzivanych u karcinomu prsu tvoii mitotické jedy, které
brani tvorbé mikrotubuld a tim znemoznuji rozd€leni buiiky béhem mitdzy, takze se bunécné
déleni zastavuje v metafazi. Alkaloidy izolované z barvinkovce (Catharanthus roseus) jako je
vinkristin, vinblastin a vinorelbin se vazi na tubulinové podjednotky, brani dalsi polymerizaci
a nasledné dochazi k rozpadu mikrotubult. Taxany, extrahované z riznych druhi tist (Taxus
brevifolia, Taxus baccata), naopak vazbou na mikrotubuly blokuji degradaci jiz vytvofenych
vlaken a tim brani jejich znovuvytvoteni. Cyklus bunky pak kon¢i v G2/M bloku.

V adjuvantnim podani jsou vySe popsand terapeutika indikovana nejcastéji v reZimech 5-
FU + doxorubicin (Adriamycin)/epirubicin + cyclofosfamid (rezimy FAC, FEC).
V neoadjuvanci  jsou upfednostiiovany taxany vétSinou v kombinaci s dalSimi
chemoterapeutiky. Nicméné kombinace chemoterapeutik v rezimech a jejich davkovani se
v prubéhu let méni vzhledem k novym poznatkiim o rizné ucinnosti (21). Prediktivni test pro

vybér nejvhodnéjsi chemoterapeutické 1écby zatim v klinické praxi neexistuje.
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1.3.2. Hormonalni terapie

Cilem hormonalni (jinak také endokrinni nebo antihormondlni) terapie je vyfazeni
signalni drahy estrogen-ER-transkripce z funkce (viz kapitola 1.5.2. Exprese hormonalnich
receptori ER a PR). To je mozné nékolika zpisoby (Tabulka 3).

Prvnim je inhibice estrogenového receptoru prostou kompetitivni vazbou znemoziujici
nasednuti estrogenu na vazebné misto receptoru. Nejpouzivanéjsim selektivnim modulatorem
estrogennich receptori. (SERM) je tamoxifen. Kromé¢ samotné inhibice mize dany
antiestrogen podnécovat degradaci ER, coz je typické pro selektivni degradatory estrogennich
receptord (SERD), jako je fulvestrant.

Dal$i moznosti hormonalni 1écby je inhibice syntézy estrogend. U Zen po menopauze Se
pouzivaji inhibitory aromataz (napf. anastrazol, letrozol, exemestan), které blokuji enzymy
konvertujici steroidy na estron a estradiol-17 pfedev§im v nadledvinkach a ¢aste¢né v tukové
tkani a jatrech. U premenopauzalnich Zen, kdy je estrogen tvofen piedevsim vajecniky pod
kontrolou stimula¢nich u¢inkt luteiniza¢niho hormonu (LH) a folikuly stimulujiciho hormonu
(FSH), se pfistupuje bud’ k trvalému odstranéni vaje¢nikt (chirurgicka nebo radiaéni
ovariektomie) nebo k do¢asnému vyfazeni funkce pomoci medikamentt (napi. gonadoliberin
neboli Zoladex).

V adjuvantnim  podani jsou inhibitory aromataz  indikovany primarné u
postmenopauzalnich Zen s Casnym stadiem karcinomu prsu jako primarni 1é¢ba, po 2-3 letech
uzivani tamoxifenu, po skonceni pétiletého obdobi uzivani tamoxifenu nebo pii vyznamnych
nezadoucich reakcich na tamoxifen ¢i jeho neucinnosti. U premenopauzalnich Zen se
zpravidla pfistupuje k ovaridlni supresi v kombinaci stamoxifenem. Vzhledem k vysoké
vnimavosti ER+ nadorti k hormonélni 1é¢bé 1ze hormonalni terapii vyuZit i v neadjuvantnim

podani.

1.3.3. Anti-HER? terapie

Cilena terapie monoklondlnimi protilatkami proti nddorim s amplifikaci/zvySenou expresi
HER2 receptoru se pouziva uz pres deset let (22). Trastuzumab (Herceptin) a pertuzumab
(Perjeta) se podavaji adjuvantné vétSinou v kombinaci s chemoterapii. Anti-HER2 terapie ma

také velky vyznam v 1é¢bé metastatického onemocnéni (23).
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Tabulka 3: Typy chemoterapie a cilené terapie nejcastéji pouZivané u pacientek

s karcinomem prsu

Typ terapie Moznosti terapie Priklady
Chemoterapie Analoga pyrimidina 5-fluorouracil
Tegafur
Analoga kyseliny listové Capecitabin
Methotrexat

Hormonalni terapie

Anti-HER2

Alkylaéni latky
Interkalaéni latky
(antracykliny)

Inhibitory topoizomerazy I

Inhibitory topoizomerazy I1

Mitotické jedy

SERM

SERD
Inhibitory aromataz

Cyclofosfamid

Doxorubicin (Adriamycin)
Epirubicin

Topotekan
Irinotekan

Teniposid
Etoposid
Doxorubicin

Vinkristin
Vinblastin
Vinorelbin
Paclitaxel (Taxol)
Docetaxel

Tamoxifen

Fulvestrant

Anastrozol (Arimidex)
Letrozol (Femara)
Formestan (Lentaron)
Exemestan (Aromasin)

Trastuzumab (Herceptin)
Pertuzumab (Perjeta)

1.4. Prognostické a prediktivni faktory u karcinomu prsu

Prognostické

faktory ptedpovidaji

pravdépodobny pribéh (vyvoj) onemocnéni.

Prediktivni faktory pomahaji odhadnout, zda bude urc¢itd 1é€ba ti¢inna u konkrétniho pacienta

S konkrétnim typem nadoru.

V ptipad¢ karcinomu prsu je odhad progndzy nejcastéji vyjadien rizikem relapsu (navratu

onemocnéni) do péti let od diagnoézy, pripadné do 10 az 15 let pti dlouhodobych 1é¢ebnych

reZimech. Odhad prognozy zavisi na celkovém stavu pacientky a na vlastnostech nadoru.

Prakticky je odhad vzdy vztazen i k pouziti ur¢ité 1éCby (napf. riziko relapsu pii 1é¢bé

hormonalni terapii a chemoterapii Vvs. riziko relapsu jen pii 1é¢bé hormonalni terapii). Faktory

pro odhad progndzy jsou tedy vzdy ¢astecné i prediktivni. Mezi hlavni prognostické faktory
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karcinomu prsu patii v€k pii diagnoze, stddium onemocnéni, stupenn diferenciace nadoru,
exprese hormonalnich receptort, stav HERZ2 receptoru a stav proliferacniho faktoru Ki-67.
Vyzkum prediktivnich faktora spociva v odhaleni biologickych vlastnosti nadoru i dané¢ho
Cloveka, které jiz pii podani 1éCby zpilisobuji snizeni ucinku léCiva nebo vznikaji béhem lécby
jako takzvand ziskana rezistence. Cilem je tedy vcas a piesné tyto faktory odhalit a
ptizptsobit jim danou 1écbu. Jak uz zptedchozich kapitol vyplyva, jedinymi dobie
zavedenymi prediktivnimi faktory u karcinomu prsu je exprese hormonalnich receptorii
(predikujici pacientky k hormonalni terapii) a amplifikace/zvysend exprese HER2 receptoru
(predikujici k 1écbé anti-HER2 terapii). Faktory pro predikci ucinnosti klasickych

chemoterapeutik vsak v Klinické praxi stale zcela chybi.

1.4.1. Hlavni klinické faktory

Je jiz velmi dobie zdokumentovano, ze vétS§i nddory prsu jsou spojeny s vyssi
pravdépodobnosti zasazeni lymfatickych uzlin metastdzemi nezévisle na gradu a Ze mortalita
pacientek stoupa s velikosti nadoru a s pozitivnim zasazenim lymfatickych uzlin (24).
Podobné malo diferenciované nadory (vyssi grade) jsou obecné spojeny s hor$i prognézou
(15). Zeny diagnostikované pied 40 rokem Zivota maji vyssi incidenci trojité negativniho
podtypu karcinomu prsu (triple negative breast cancer, TNBC) a HER2 podtypu, které jsou
spojovany s horsi prognozou pacientek (25).

Morfologicky typ karcinomu prsu je také diskutovan v souvislosti shorsi ¢i lepsi
prognézou specialnich typt karcinomu prsu v porovnani s IDC typem (NST) (26-29). Tyto
kvili variabilité vychazejici z ménici se diagnostické Klasifikace (28). Dle praci Li et al. 2003
a 2005 mély pacientky se vSemi vzacnymi typy mensi riziko amrti oproti pacientkam s IDC
(26, 28). Davodem muze byt, Ze jednotlivé specilni typy karcinomu prsu maji spiSe mensi
vnitini variabilitu oproti IDC. Napftiklad kolem 95 % lobularnich karcinomti vykazuje expresi
hormonalnich receptord (HR+) oproti 60-70 % u IDC (29). Jednotlivé vzacné typy také spise
klastruji do jedine¢nych molekuldrnich podtypt oproti IDC, ktery klastruje do fady podskupin
(12).
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1.4.2. Exprese hormonalnich receptoriit ER a PR

ERa (kédovany genem ESR1, estrogen receptor 1) je steroidni receptor pritomny v jadie a
cytoplazmé buniky v monomernim stavu. Po navazani estrogenu (estradiol-17(, estron)
dimerizuje a jako komplex se vaze na specifické regiony (estrogen-responsive elements)
vV promotorech gent, jejichz exprese muze byt regulovana ER. Nasledn¢ za piispéni mnoha
regulatort iniciuje transkripci téchto genti (30). Estrogeny ve zdravé prsni tkani zvysuji
sekreci rtstovych hormont a tim stimuluji jeji rast. ZvySena exprese ER receptoru u
nadorovych bun¢k tedy podporuje jejich proliferaci.

Piestoze je exprese progesteronového receptoru urcovana vzdy s ER vzhledem Kk jeho
funkéni blizkosti, klinicky vyznam PR neni zcela jasny. Prediktivni schopnost PR pro
ucinnost hormonalni terapie neni tak jednozna¢na jako u ER (31). Snizeni nebo ztrata exprese
PR pii zachovani exprese ER je ale ¢ast&ji spojena s horsi prognozou pacientek (32, 33). Proto
se mira exprese PR pouziva pro stanoveni klinicko-molekularniho podtypu (viz kapitola 1.4.5.
Molekularni podtypy karcinomu prsu).

Ptiblizné 70 % nadorii prsu bez ohledu na typ vykazuje expresi estrogenového receptoru,
o néco méné¢ (kolem 65 %) expresi progesteronového receptoru. Aktualné jsou tumory
klasifikovany jako ER nebo PR pozitivni pii expresi 1 % a vySe daného receptoru
detekovaného imunohistochemicky. I takto nizka exprese predikuje dobrou wspé&Snost

hormonalni terapie.

1.4.3.HER2/neu

Receptor pro lidsky epidermalni rastovy faktor 2 (HER2, HER2/neu) kdédovany genem
ERBB2 (erb-b2 receptor tyrosine kinase 2) je transmembranovy receptor s tyrozin kinazovou
aktivitou patfici do rodiny 4 HER receptort pro epidermalni riistové faktory. HER receptory
(HER1-4, ERBB1-4) aktivuji bunécnou transformaci, proliferaci a migraci a uplatiuji se pfti
vzniku a v proliferaci nadoru (34, 35). Stavbou jsou ¢astecné homologni s EGFR receptory
(epidermal growth factor receptor), které maji rovnéz vyznam v karcinogenezi.

ERBB2 se nachazi na dlouhém raménku chromozomu 17 v oblasti q11.2-q12 a je u fady
nadorovych onemocnéni amplifikovan. U karcinomu prsu je tato genova amplifikace
detekovana piiblizn€ u 15-20 % pacientek a siln¢ koreluje se zvySenou expresi proteinu. Proto
se pro stanoveni faktoru HER2 (amplifikace/zvySend exprese) vyuziva stanoveni pomoci

fluorescenéni in situ hybridizace (FISH) a stanoveni hladiny proteinu imunohistochemicky.
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Amplifikace a s ni spojend zvysena exprese HER2 je spojena s hor§i progndzou pacientek
s karcinomu prsu (36). Nicmén¢ je u téchto pacientek mozné vyuzit 1é¢bu monoklonalni
protilatkou (napf. trastuzumab), kterd vazbou na extracelularni doménu inhibuje funkci
receptoru (37). V klinice ma tedy stanoveni faktoru HER2 vyznam pro odhad prognozy

pacientek i pro indikaci vhodné 1écby.

1.4.4.Exprese Ki-67

Ki-67 je jaderny antigen kodovany genem MKI67 (marker of proliferation Ki-67), ktery je
nezbytny pro proliferaci bun¢k. Ki-67 byl studovan jako potencidlni prognosticky a
proliferacni faktor fadu let (38), ale az od roku 2009 je jeho stanoveni doporucovano pro
spravnou indikaci 1é¢by pacientek s Casnymi stadii karcinomu prsu (39). Stanoveni exprese
Ki-67 je nezbytné pro klinické rozliSeni luminalnich podtypt karcinomu prsu (viz dalsi

kapitola).

1.4.5.Molekularni podtypy karcinomu prsu

Na pfelomu tisicileti byla poprvé navrZena taxonomie karcinomu prsu zaloZend na
odlisnostech v celkové genové expresi ziskané pomoci cDNA mikrocipu (40). Pomoci
hierarchické shlukové analyzy genové exprese stanovené u 38 vzorki (36 IDC, 2 ILC, 1
IDCIS, 1 fibroadenom, 3 vzorky normalni prsni tkdn¢) byly odliSeny 4 zékladni podtypy
karcinomu prsu - luminalni, HER2, bazalni a normal-like typ.

Nasledna rozsifena studie 78 vzorkl ziskanych od pacientek bez zasaZeni lymfatickych
uzlin (71 IDC, 5 ILC, 2 IDCIS, 3 fibroadenomy) ukazala, Ze existuji minimaln¢ dvé skupiny
lumindlniho typu karcinomu prsu, lumindlni typ A a B. Dalsi tieti skupina oznafend jako
luminalni typ C tvofila samostatny klastr podobny expresnim profilem luminalnimu podtypu
B i bazdlnimu a HER2 podtypu. Lumindlni typ C, bazalni a HER2 typ vykazovaly napf.
vysokou frekvenci mutaci TP53 (41). Tato prace ukazala jako prvni i odlisny prognosticky
vyznam jednotlivych podskupin.

Dalsi rozsitujici studie a studie na nezavislych souborech pacientek potvrdily existenci
dobte definovatelnych 4 podtypti karcinomu prsu: luminalni A a B typ, HER2 typ, a bazalni
typ (42, 43). Nejvétsi rozdil v expresi genti mezi podtypy (luminalni vs. ostatni) byl vyjadien

geny typickymi pro luminalni epitelialni buiky, vcetné exprese ESR1 genu. Bazalni typ
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vytvarel nejhomogennéjsi skupinu v porovnani s ostatnimi (jen s malou vnitini variabilitou) a

je relativné uniformni skupinou oproti vEtsi vnitini diverzité pozorované u ostatnich typt.

* Luminalni typ A

Lumindlni typ A je charakterizovan expresi gent aktivovanych ER, jejichz exprese je
typicka pro epitelidlni (luminalni) bunky duktalniho systému prsni zlazy (napi. cytokeratiny
8 a 18). Geny proliferace jsou exprimovany také, ale v mensi mife nez u bazalniho typu.
Typicka pro luminalni typ A i B je genova exprese transkripcnich faktort GATA3 (GATA
binding protein 3), XBP1 (X-box binding protein 1), HNF3 (hepatocyte nuclear factor 3) a
faktoru TFF3 (trefoil factor 3), jehoz funkce neni Gplné€ znama. Pro typ A je k tomu typicka
exprese estrogenem regulovaného transportéru SLC39A6 (solute carrier family 39 member 6,
znamy také jako LIV-1) a cyklinu D1 regulujici bunéény cyklus (40, 41). Luminalni typ A je
nejCastéji  zastoupenym podtypem s frekvenci okolo 50-60 % a podtypem s nejlepsi

prognozou.

* Luminalni typ B

Pro lumindlni typ B je stejné jako pro typ A typickd exprese ESR1 a vySe popsanych
transkrip¢nich faktor. Navic je exprimovan gen pro enzym squalen monooxigenazu (SQLE)
a LAPTM4B (lysosomal-associated transmembrane protein 4B) spojovany s rezistenci k
chemoterapii. Luminalni typ B je spojen s vyznamné horsi prognozou oproti typu A. Tomu

odpovida vyssi exprese genu proliferace, jako je MK167 a CCNBL1 (cyclin B1).

= HER2 typ

HER2 podtyp je charakterizovany amplifikaci/zvySenou expresi HER2, zvySenou expresi
gend regulovanych HER2 a nizkou expresi gent exprimovanych u lumindlnich typt. Tento
typ spolu sbazalnim typem je spojen s vyznamné kratSim piezivanim pacientek oproti

luminalnim typam (40, 41).

= Bazalni typ

Pro bazalni typ (basal-like) je typicka exprese cytokeratinti 5/6 a exprese genu dilezitych
pro proliferaci. Bazélni typ tvofi nejméné heterogenni skupinu ze vSech typi. Pfesto se
pomoci nasledné genové analyzy tohoto podtypu podafilo identifikovat minimaln€ 6 rznych
podskupin (44). Stejn¢ jako HER2 typ je bazalni typ spojen s horSi prognézou oproti

luminalnim typim. Bazalni typ se navic Castéji vyskytuje u pacientek s BRCA mutaci
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(mutace v genech BRCA1 nebo BRCAZ2), takze riziko vzniku tohoto typu muize byt ¢asteéné

geneticky podminéné (43, 45).

Ne zcela jednotny metodicky ptistup a tim zptisobené rozdily v panelech genti, kterymi se
definuji molekularni podtypy (oznafované vétSinou jako ,,intrinsic panel), vedly Kk potiebé
sjednoceni a zjednoduseni molekularni klasifikace. Hu et al. 2006 definoval panel 306 gent,
se kterym je mozné rozlisit a klasifikovat vSechny 4 podtypy nezavisle na typu pouzitého
mikro¢ipu (46). Pozdgji byl definovan panel 50 gen nazyvany PAMS50 (47), ktery je
prednostné pouzivan dalSimi studiemi (48, 49).

Druhym nedostatkem molekularni klasifikace je, Ze zatim nedokaze klasifikovat vSechny
panelti pro definici zakladnich 4 podtypt (1906 geni), avSak dokazali klasifikovat jen
ptiblizné 65 % z celkového poétu analyzovanych vzorki (47). Na tento problém navazala
prace, ktera definovala dal$i podtyp karcinomu ,,claudin-low* (48, 50). Claudin-low podtyp je
definovan nizkou expresi genli, kodujicich proteiny zodpovédné za bunéénou adhezi a
mezibunééné spoje (claudin-3, 4, 7 a E-cadherin). Zaroven tento podtyp vykazuje znaky
typické pro nadorové kmenové bunky (48). Celkovou expresi je tento podtyp nejblize

bazalnimu podtypu, ovSem s niz§i hladinou gent proliferace.

= Klinicko-molekularni podtypy

Molekularni klasifikace se tedy ukéazala jako biologicky relevantni a klinicky vyuZitelna.
Stanoveni celkového genového profilu pro diagnézu jednotlivych podtypli u kazdé pacientky
by vsak bylo finan¢né naro¢né, proto je pro stanoveni zakladnich 4 podtypti podporovano
vyuziti klinicky bézné stanovovanych faktort.

Imunohistochemicky se luminélni typ A odliSuje od bazalniho a HER2 typu pozitivni
expresi ER (Tabulka 4). Negativni exprese HER2 a exprese Ki-67 < 14 % odliSuje luminalni
typ A od luminalniho typu B (51). Relativné nedavno se pro definici luminalniho podtypu B
zaCala vyuzivat mira exprese PR (33). Pozitivni exprese HER2 bez exprese HR definuje

HER?2 typ, negativni exprese vsech tii faktort urcuje trojit¢ negativni podtyp.
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Tabulka 4. Klinicka klasifikace podtypu karcinomu prsu

Podtyp Klinicko-patologicka
definice
Luminalni typ A ER+ a PR+
HER2-
Ki-67 < 14 %
Luminélni typ B
HER2- ER+
HER-
Ki-67 > 14 % nebo
PR <20 %
HER2+ ER+
HER+
HER2 typ ER-, PR-
HER2+
TNBC typ ER-, PR-
HER2-

V praxi je tuto klasifikaci mozné velmi snadno zaclenit do klinické diagnostiky a vyuzit
pro indikaci 1écby. Presto je tfeba zdlraznit, Ze klasifikace molekularnich podtypl na zakladé
imunohistochemickych faktort neni piesnd a nemusi odpovidat molekularni klasifikaci. Napf.
z 625 vzorkll karcinomu prsu patologicky urcenych jako ER+ bylo ve skute¢nosti 73 %
vzorkl geneticky rozpoznano jako luminalni typ, 11 % jako HER2 typ, 5 % jako bazalni typ a
12 % jako normal-like typ. Obdobné z patologicky ER- karcinomu bylo 11 % urceno jako
luminélnich, 32 % jako HER2 typ, 50 % jako bazélni a 7 % jako normal-like typ. Podobné
vysledky vychazely i ze srovnani molekularni klasifikace a immunohistochemicky odvozené
klasifikace na zaklad¢ exprese HER2 (52).

1.4.6. Prognostické a prediktivni testy

Tato kapitola shrnuje nejznaméjsi prognostické a prediktivni testy pouzivané u pacientek s
karcinomem prsu. K dispozici jsou testy klinické (Adjuvant Online, Nottinghamsky
prognosticky index), klinicko-molekularni (Predict) a testy zcela na molekularni bazi

(MammaPrint, Oncotype a dalsi). Cilem téchto testd je rozd¢lit pacientky do skupin s jasné
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definovanou prognozou, at’ uz se jedna o neselektované pacientky s karcinomem prsu nebo o
urcitou podskupinu. Hlavnim cilem novéjSich molekuldrnich testl je piesnéji identifikovat
pacientky s vysokym rizikem relapsu, pro které je nutna lécba chemoterapii od pacientek s
nizkym rizikem relapsu, které se mohou 1é¢bé chemoterapii, véetné jejich nezadoucich
ucinkt, vyhnout. Ve vyétu jsou zamérné vynechany prognostické a prediktivni testy urcené
pro pacientky lécené jen hormondlni terapii, protoze problematika t¢inku 1é¢by endokrinni

terapii neni obsahem této prace.

= Adjuvant! Online

Adjuvant! Online je software umoziujici odhadnout pravdépodobnost desetiletého preziti
a pravdépodobnost vyskytu relapsu u pacientek od 35-69 let (53). K vypoctu
pravdépodobnosti vyuziva veék pii diagndze, velikost nadoru, stav lymfatickych uzlin, grade,
expresi ER a pfipadné dal$i komorbidity. Test byl nékolikrat validovan a vyuzivan ¢im dal
Castéji (54). Nicmén¢, napt. Hajage et al. 2011 ukazali, Ze rozsifeni testu o nékteré dalsi
molekularni faktory (HER2 nebo Ki-67) by vyznamné pomohlo v pfesnéj$im odhadu rizika
relapsu, ptedev§im u pacientek s agresivnéj§im typem nadord (55). Momentalné dochazi

k aktualizaci tohoto nastroje vzhledem k novéj$im poznatktim z molekularni biologie.

= Nottinghamsky prognosticky index (NPI)

NPI vyuziva kombinaci velikosti nadoru, stavu spadovych lymfatickych uzlin a gradu
(NPI = Grade+Node+0.2*Size) pro rozdéleni pacientek do 3 prognosticky odlisnych skupin s
definovanou pravdépodobnosti pteziti do 15 let od diagnézy (56). Pro kazdou skupinu
existuje doporuceni pro naslednou lécbu. Pozdéji byl NPI revidovan a aktualn€ umoznuje
rozdéleni pacientek do péti prognosticky odlisnych skupin (57) a diskutuje se i moznost

zptesnéni testu pomoci molekularnich dat (58).

= Predict

Predict je online dostupny software pro odhad pravdépodobnosti doziti v rdmci 5 a 10
letého obdobi od operace bez a s vyuzitim adjuvantni terapie (59). Matematicky model
vyuziva informace o véku pii diagnoze, velikosti nadoru, gradu, poctu spadovych uzlin

zasazenych metastazami a o stavu faktort ER, HER2 a Ki-67.
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* MammaPrint

MammaPrint byl prvnim genetickym prognostickym testem (45). V ptvodni praci byl

vyuzit soubor 98 pacientek diagnostikovanych v obdobi 1983-1986 s vékem do 55 let a
s nizkym stadiem karcinomu prsu. U 34 pacientek doslo k relapsu do péti let od diagnozy a 34
pacientek bylo v ramci pétiletého sledovani bez relapsu. Pomoci mikro¢ipi byla stanovena
exprese okolo 25000 genu, z kterych bylo nejprve vybrano 231 gent a finalné 70 gent,
jejichz exprese nejvic korelovala a byla urcujici pro rozliSeni pacientek s lepsi prognézou (bez
relapsu do 5 let) a s horsi prognézou (s relapsem do 5 let). Vysledkem testu je korelacni
koeficient expresnich hladin téchto 70 genti proti primérnému korelaénimu koeficientu
ziskanému z ptivodni skupiny pacientek s dobrou prognézou.
Test byl nasledn¢ validovan na nezavislych souborech pacientek s riznym typem véasnych
karcinomi prsu vcetné pacientek s pozitivnim a negativnim zasazenim lymfatickych uzlin
nebo lisicich se HER2 expresi (60-63). Puvodni test byl primarné validovan na Cerstvych
nebo Cerstvé zamrazenych vzorcich, velkd mira korelace byla ale dosaZena i pifi pouZiti
archivnich parafinovych (FFPE) vzorka (64).

Moznost SirSiho klinického vyuziti se aktualné testuje v klinické studii MINDACT
(Microarray In Node-negative and 1-3 node positive Disease may Avoid ChemoTherapy)
(65-67). Do studie bylo zafazeno celkem 6693 pacientek, které v obdobi 2007-2011
podstoupily operaci pro Casny karcinom prsu. Pacientky byly nésledné klasifikovany na
zaklad¢é genetického (G) MammaPrint testu a klinického (C) Adjuvant!Online testu jako
pacientky s vysokym (G-high/C-high) nebo s nizkym rizikem relapsu (G-low/C-low). Dalsi
dvé skupiny tvofily pacientky, kde se odhad obou testu lisil (G-high/C-low, G-low/C-high).
Pacientkdm s nizkym rizikem u obou testi nebyla indikovana adjuvantni chemoterapie,
naopak vSem pacientkdm s vysokym rizikem byla indikovana adjuvantni chemoterapie.
Pacientky s G-high/C-low a pacientky s G-low/C-high byly nahodné rozdéleny v ramci
indikace chemoterapie. Vice nez 94 % pacientek klasifikovanych jako G-low/C-high zistaly
v ramci pétiletého sledovani bez ptiznakt, at” uz dostaly chemoterapie ¢i ne. Vysledky byly
prozatim prezentovany v dubnu 2016 na konferencich Clinical Trials Plenary Session nebo

AACR 107th Annual Meeting 2016 (68).

= Oncotype DX

Oncotype DX je test zalozeny na genové expresi uréeny pro odhad rizika relapsu u uzce
klinicky definované skupiny pacientek s karcinomem prsu a to pacientek s expresi ER, bez

zasazeni lymfatickych uzlin metastazemi a bez amplifikace/zvysené exprese HER2 (69). Test

26



je zaroven i prediktivni, protoze udava pravdépodobnost, zda bude pro pacientku lepsi 1é¢ba
chemoterapii. Test hodnoti normalizovanou expresi 16 genli (normalizace pomoci 5
referenCnich genil) ve FFPE vzorcich a vysledkem je riziko relapsu (Recurence Score, RS)
vyjadiené Cislem 1-100. Na zakladé RS test rozdé€luje pacientky do tfi skupin s rGznym

rizikem relapsu:
Nizké riziko RS<18
Stfedni riziko RS>18 a <31
Vysoké riziko RS>31

Vyznam adjuvantni chemoterapie u pacientek ve skupiné s vysokym rizikem (RS 31 a
vice) byl potvrzen jiz né€kolikrat, napf. klinickymi studiemi NSABP B20 a SWOG 8814.
Vyznamnou probihajici prospektivni klinickou studii je TAILORX studie (The Trial
Assigning Individualized Options for Treatment, Rx), ktera zahrnuje vice jak 10 000
pacientek. Na zakladé RS byly pacientky rozdéleny do 3 skupin. Pacientky s RS skore <10
(skupina 1), pacientky s RS skore 11-25 (skupina 2) a pacientky s RS skore 26 a vice (skupina
3). Pacientky v prvni skupiné byly indikovany jen k hormonalni terapii, pacientky ve tieti
skupiné k chemoterapii ndsledovanou hormonalni terapii. Pacientky druhé skupiny byly pak
nahodné indikovany k chemoterapii a hormonalni terapii nebo jen k hormonalni terapii. Prvni,
neddvno publikované, vysledky ukazaly, Ze pravdépodobnost pieZiti do 5 let bez relapsu
karcinomu prsu u pacientek s RS skore <10 je 99,3 % (70). Pacientky se skore 10 nebo
menSim ovSem tvofily jen 16 % z prvni a druhé skupiny v ramci studie (RS 1-25). Tato
skupina je tedy minimalné Ctyfikrat mensi neZ skupina s nizkym rizikem, kterou se podafilo
identifikovat ve studii MINDACT pomoci testu MammaPrint. Az 67 % pacientek ze skupiny
2 bylo nahodné indikovano k chemoterapii s endokrinni terapii nebo jen k endokrinni terapii a

tyto pacientky jsou dale sledovany (70).

Testy MammaPrint a Oncotype DX piedstavuji dva nejznaméjsi a aktudlné nejvice
klinicky pouzivané genetické testy. Moznost jejich vyuziti je uvedena i V mezinarodnich
doporucenich St. Gallen a European Society of Medical Oncology pro 1é€bu karcinomu prsu
(20, 712).
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= DalSi molekularni testy

Z dalsich genetickych testd pro vyraznéji neselektované pacientky s karcinomem prsu je
znamy tzv. “wound-response signature”, zalozeny na expresi gent drah aktivovanych
v bunkach pii procesu hojeni (72). Test vychazi ze zjisténi, Ze reakci fibroblastti a séra (in
vitro) dochazi k aktivaci gent odpovédnych za proliferaci, buné¢nou mobilitu a angiogenezi
(“core serum response”, CSR). Tedy procesi odpovédnych za proliferaci a metastaticky
potencial rakovinnych bunék (72).

MapQuantDx™ (QIAGEN, Marseille, France) je zalozeny na profilu 97 gent, pievazné
zZ oblasti bunécného cyklu a proliferace, jejichZ exprese vyznamné korelovala v praci Sotiriou
et al. 2006 s gradem onemocnéni. Vysledkem testu je tzv. Grade-odvozeny geneticky index,
se kterym lze jednak jasné rozlisit pacientky s nizkym (1) nebo s vysokym (3) gradem, ale
predevsim je mozné 1épe klasifikovat pacientky se stfednim stupném diferenciace (grade 2) a
identifikovat v této skupiné pacientky s nizkym nebo vysokym rizikem relapsu (73).

Podobné jako Oncotype DX, i dalsi testy pro odhad prognozy byly navrzeny pro konkrétni
(selektovany) typ pacientek. Rotterdamsky profil exprese 76 genu (74) byl navrzen pro
premenopauzalni i postmenopauzalni pacientky bez zasazeni lymfatickych uzlin metastazami
a obsahuje geny z oblasti buné¢ného cyklu, proliferace, imunitni odpovédi ¢i transkripénich

faktora.

1.5. Vyzkum novych prognostickych a prediktivnich biomarkert

Sirsi znalosti o heterogenité nadori prsu umoziuji nalézt a definovat nové a presngjsi
prognostické markery. Oblast vyzkumu se zaméfuje hlavné na mechanismy, které zplisobuji
zvySenou proliferaci nadorti, které by se mohly nasledné vyuzit k nalezeni novych
protinadorovych 1é¢iv. Druhou velkou oblasti vyzkumu jsou mechanismy podporujici
odolnost (rezistenci) nadorovych bunék k protinadorové 1écbé. Tato rezistence mize vychazet
jiz z priméarnich vlastnosti nadorovych bun€k (primarni rezistence), které se projevi
necitlivosti nadorovych bun¢k k dané 1é¢bé pii prvnim podani. Nebo miize vzniknout az v
priabéhu lécby zménou vlastnosti bunky, kterd se tak postupné stane k terapii necitliva
(sekundéarni rezistence). Mezistupném téchto kategorii je pak ziskand rezistence dana
heterogenitou nadoru a moznou selekci rezistentnich bunék, které byly v primarnim nadoru

zastoupeny minoritn¢.
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Mechanismy, které se uplatiiuji ve zvysené proliferaci a 1ékové rezistenci se mohou piekryvat:
» SniZeni aktivace bunécné smrti

» Zmény v bunééném cyklu a cytokinezi

= Zmény V transportu latek vcetné l1éciv

» Zmény Vv reparaci DNA

Nekteré mechanismy jsou typické pro vznik 1ékové rezistence:
» SniZeni aktivace a zvySeni inaktivace 1é¢iv

» Zmény v cilovych molekulach Gcinku 1é¢iv

Tato prace se zabyvd hlavné moznymi zmeénami v aktivaci bunécné smrti a zménami

v cytokinezi, které budou obsahem nasledujicich kapitol.

1.5.1. Programovana bunééna smrt u nadorovych onemocnéni

Schopnost ovlivnit aktivaci bunééné smrti je jednou z hlavnich vlastnosti nadorovych
bunék, kterd jim dava moznost nekontrolované proliferace a Sifeni. Stejné tak uspéch klasické
chemoterapie, napiiklad cilené na poSkozeni DNA, je ovlivnén jak schopnosti reparace DNA,
tak schopnosti aktivovat programovanou bunéénou smrt v piipad¢, Ze oprava uz neni mozna.
Programovana bunéénd smrt je geneticky ur€eny mechanismus fizeného rozpadu
nepotiebnych nebo poskozenych bunék (75, 76). Nejdéle znamou a nejcastéj$i formou
programované bunééné smrti je apoptdza, k dalSim typlm patii autofadgie a programovana
nekroza, které 1ze morfologicky od apoptdzy odlisit (77).

Apoptoza je charakteristickd klasickymi morfologickymi zménami jako je kondenzace
cytoplasmy a svrasténi bunky, kondenzace chromatinu, rozpad jadra a nasledny rozpad buiky
na cytoplasmou ohraniena apopticka téliska, ktera jsou nakonec fagocytovana. Rizeny
rozpad bunky do apoptickych télisek brani vyliti obsahu buiiky do okoli a brani vzniku zanétu
a poSkozeni okolnich bunék. Na biochemické turovni dochazi ke St€épeni DNA a
proteolytickému Stépeni, které je zprostiedkovdno cysteinovymi proteindzami, kaspazami

(76).
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1.5.2. Kaspazy

Kaspazy (CASP, cysteine-aspartic protease) tvoii rodinu evolu¢né konzervovanych
intracelularnich proteaz uplatnujicich se v bunééné smrti, nekroze a zanétu. Spolecnym
znakem vsech kaspaz je cysteinovy zbytek v aktivnim misté a schopnost Stépit peptidovou
vazbu specificky za aspartatem na karboxylovém konci proteinu. V bufice jsou exprimovany
vétsinou ve form€ monomernich prokaspédz, v enzymaticky aktivnim stavu tvoii homodimery.
Zatim bylo popsano 12 lidskych kaspaz, kaspaza 1, 2, 3, 4, 5,6, 7, 8,9, 10, 12 a 14, které
muzeme dale délit do skupin podle struktury nebo funkce (Obrazek 2).

Kaspazy 1, 2, 4, 5, 8, 9, 10 a 12 patii do skupiny kaspdz tvorenych katalytickou Casti,
ktera se sklada z malé a velké domény, a prodomény obsahujici jednu nebo vice domén typu
CARD (caspase activation and recruitment domain) nebo DED (death effector domain). Tyto
domény jim umoznuji vazbu s dal$imi proteiny nesoucimi tzv. domény smrti DDs (death
domains). Kaspazy 3, 6, 7 a 14 nesou jen malou a velkou podjednotku tvortici katalytickou
¢ast proteinu a jsou aktivovany Stépenim ostatnich kaspaz.

Kaspazy 1, 4 a 5 se uplatiiuji pii indukei zanétu, naopak kaspaza 12 plsobi u savcil proti
zanétu. Kvili mutaci zptsobujici vznik ptedcasného stop kodonu je vSak kaspdza 12 u lidi
nefunk¢ni. Kaspaza 14 byla popsadna jen u suchozemskych savci a podili se pravdépodobné

na diferenciaci keratinocytll. Do skupiny kaspaz s prevazné apoptickou funkci se fadi kaspazy

......

kaspaza.
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Obrazek 2: Klasifikace lidskych kaspaz

Kaspazal

Kaspaza4

Zanét

Kaspaza5

L Kaspazal2

Kaspaza9

Kaspaza$8

Iniciacni

Kaspaza 10

Kaspaza2

Apoptdza

Kaspaza3

Kespizas S S8

Exekucni

Kaspaza7

Kaspaza 14

Pozn.: L=velka podjednotka (large subunit), S=mala podjednotka (small subunit)

1.5.3. Vnéjsi a vnitini drahy apoptozy

Apoptoéza mize byt aktivovana a dale probihat dvéma cestami, vnéjsi (draha receptort
kaspaz (kaspaza 9 u vnitini drahy, kaspaza 8 a 10 u vn&jsi drahy), které dale $tépi a tim
aktivuji efektorové kaspazy, coz kon¢i apoptézou. Presto, ze jsou obé drahy vétSinou
popisovany oddé€leng, existuji mezi nimi rizné ptrechody, které obé drahy propojuji a vytvari

dalsi alternativni drahy.

* Vnéjsi draha apoptézy

K aktivaci vngj$i drdhy dochdzi pfijetim vn&j$iho signdlu ve formé nckterého z
ligandli rodiny faktori nadorové nekrozy (TNF, tumor necrosis factor), napf. FAS-L
(CD95L), TNF, TRAIL (APO2L), ktery se vaze na odpovidajici membranovy receptor smrti
(FAS, TNF-R, TRAIL-R). Tato vazba iniciuje vazbu receptoru, resp. jeho domény smrti
(DDs) nachazejici se na cytoplasmatické strané receptoru, s adaptorovym proteinem FADD

(FAS associated death domain) ptipadné TRADD (TNF receptor associated death domain).
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Tyto proteiny obsahuji dalsi tzv. efektorové domény smrti (DED), prostfednictvim kterych

.....

aktivaci dale $tépi exekuéni kaspazy a dochazi k apoptoze (75, 78).

* Vnitini draha

K aktivaci vnitini drahy dochdzi po signalu jak ze samotné bunky (poskozeni DNA a
cytoskeletu, oxidac¢ni stres, apod.), tak pfijetim vné&jSiho stimulu. Tato draha je pod kontrolou
enzymu spojenych s mitochondriemi. Pfi spusSténi vnitini drahy dochazi k permeabilizaci
vnéj$i mitochondridlni membrany prostfednictvim homooligomera proteini BAX nebo BAK
zrodiny BCL-2 proteinii (odvozeno od stejnojmenného proteinu poprvé objeveného v B-
bunikdch maligniho lymfomu, B-cell lymphoma gene 2) a uvolnéni cytochromu C
Z mezimembranového prostoru mitochondrii do cytoplasmy. Cytochrom C vaze adaptorovy
protein APAF1 (adapter protein apoptotic protease activating factor-1), coz vyvola
konformaéni zmény v APAF1l a oligomerizaci tohoto proteinu do kruhového komplexu
nazyvaného apoptozom. Ve vnitini ¢asti tohoto komplexu, sloZzeného ze sedmi proteinil

.....

exekuéni kaspazy (75, 78).

= Regulace

Pro spusténi wvnitini drahy je kliCova pfedevSim permeabilizace mitochondridlni
membrany, ktera je pod kontrolou BCL-2 proteind. Kazdy z rodiny BCL-2 proteint obsahuje
aspon jednu ze 4 typtit BCL-2 homolognich domén (BH1-4) a vétSina obsahuje doménu pro
zakotveni v bunéénych membranach na svém C konci (79). Podle struktury i funkce se BCL-2
proteiny obvykle d€li na proapoptické (BAX, BAK, BOK), antiapoptické (BCL-2, BCL-XL,
BCL-W, MCL1, BCL2A1, BCL-B) a BH3-only (BIK, HRK, BIM, BAD, BID, PUMA,
NOXA, BMF).

Podle jednoho =z modeld spusténi permeabilizace mitochondridlni membrany,
proapoptické BH3-only proteiny (napt. BID, BIM) ptfimo zptisobuji zmény konformace
BAX/BAK a néslednou permeabilizaci membrany. Nicméné 1 jiné¢ proteiny nebo stimuly
pravdépodobné mohou spoustét aktivaci BAX/BAK, vcetn¢ ptimé aktivace proteinem p53
(80). Dle jiného (neptimého) modelu jsou na BAX/BAK v neaktivnim stavu vzdy navazany
antiapotické BCL-2 proteiny (napi. BCL-2, BCL-XL), které proapoptické BH3-only proteiny
vazou a tim uvolnuji a aktivuji BAX/BAK (79).
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Pfi permeabilizaci membrany dochézi k uvolnéni aktivatoru apoptézy cytochromu C a
dale proteini SMAC (second mitochondrial activator of caspases), znamého i jako DIABLO
(direct 1AP protein with low pl), HTRA2 (high temperature requirement protein A2, jinak
OMI), endonukledzy G a AIF (apoptosis-inducing factors). Endonukledza G a AIF se
uplatituji hlavné pii fragmentaci DNA. Smac/DIABLO a HTRA2/OMI inhibuji ¢innost
proteini IAPs (inhibitors of apoptosis proteins), jejichz hlavni funkci je inhibovat ¢innost
kaspaz. K nejznaméj$im IAPs proteinim patii XIAP (X-chromosome-linked 1AP), clAP

(cellular inhibitor of apoptosis protein) a survivin (79).

1.5.4. Kaspazy bunééné smrti, uloha v karcinogenezi a 1é¢bé nadori

Teoreticky existuje fada cest, jak mohou nadorové bunky inhibovat apoptéozu nebo
navodit rezistenci k apoptéze. Hlavni principy jsou 1) naruSeni rovnovahy mezi
proapoptickymi a antiapoptickymi proteiny, 2) ovlivnéni schopnosti receptort smrti piijimat a
prenaset signal a 3) snizeni funkce kaspaz. Posledni bod muize byt zptisoben snizenim exprese
kaspaz v nadorovych buiikach, mutacemi v genech kaspaz ovliviiyjici funkci enzyml nebo

deregulaci hlavnich regulatorti kaspaz.

= Kaspaza 2

Kaspéaza 2 (ICH1, NEDD?2) je nejvice evoluéné konzervovana savei kaspaza a nejblizsi
homolog kaspazy CED-3, prvni popsané kaspazy u Caenorhabditis elegant (81, 82). Ptes fadu
let, kdy byla kaspdza 2 studovana, neni jeji funkce v apoptéoze a dalSich bunécnych
mechanismech zcela jasna (83).

V ramci bunécné smrti se kaspaza 2 podili na spusténi p53 indukované apoptdzy vyvolané
poskozenim DNA, napf. pisobenim chemoterapeutik jako je 5S-FU nebo antracykliny (84). Pti
aktivaci dochazi k dimerizaci prokaspaz prostiednictvim RAIDD (R IP-associated protein with
a death domain) adaptorového proteinu diky interakci CARD domén ptitomnych v obou
proteinech. Nasleduje vazba proteini PIDD (p53-induced protein with a DD) a RAIDD
prostfednictvim DD-DD interakce a vznikd komplex prokaspdza 2-RAIDD-PIDD nazyvany
PIDDozom. Piiblizenim prokaspaz dochazi odstépenim CARD domén k jejich aktivaci a
iniciaci mitochondrialni apoptické drahy (78, 85). Alternativné muze byt kaspaza 2
aktivovana v ramci p53 indukované apoptozy i1 vazbou do komplexu DISC spolu s aktivaci
kaspazy 8 (viz nize). Kaspaza 8 s kaspazou 2 ndsledné iniciuji mitochondrialni drahu

apoptozy Stépenim proteinu BID (Olsson et al. 2009). Kaspaza 2 miize byt ale také aktivovana
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kaspazou 3 a fungovat tedy jako exekuéni kaspaza v zavislosti na typu signalu smrti a typu
bungk (86).

V poslednich letech byla kaspaza 2 studovana pomoci in vitro modelti i z hlediska mozné
role v rezistenci nadorovych bunék na taxany. Pfi inhibici kaspazy 2 v buné¢nych modelech
melanomu a mysich embryonalnich fibroblastd (MEFs) dochdzelo k vyznamné inhibici
apoptozy vyvolané docetaxelem (87, 88). U bunék karcinomu prsu byla kaspaza 2 mezi
nejvice aktivovanymi kaspazami po aplikaci paklitaxelu a jeji inhibice pomoci siRNA zvysila
exekucnich kaspaz 3 a 7 (89, 90). Kaspaza 2 ma tedy dulezitou roli v apoptdze vyvolané

taxany a mohla by fungovat jako apikalni kaspaza této drahy.

Stale vice publikaci popisuje roli kaspazy 2 v neapoptickych bunéénych procesech jako je
regulace bunééného cyklu a DNA reparace (85). Pomérné intenzivné je kaspaza 2 studovana
jako potencialni tumor supresorovy gen (91-93). Inhibice kaspazy 2 u mySich modeld ovSem
nezpusobuje vyznamnou zménu ve fenotypu a je mozné, ze vyznam kaspazy 2 se projevuje

jen za urcitych patologickych podminek (85).

Gen kodujici kaspazu 2 (CASP2) lezi v dlouhém raménku sedmého chromozomu (7934).
Alternativnim sestithem kaspazy 2 vznikd, kromé dominantniho transkriptu kodujiciho
dlouhou variantu (kaspazu 2L) alternativni varianta, ktera navic obsahuje alternativni exon 9 o
délce 61 bp. Pritomnosti této sekvence v transkriptu vznikd novy stop kodon a kratka
izoforma kaspazy 2, kaspaza 2S (82). Kaspaza 2S postrada kratkou doménu katalytické ¢asti
kaspazy a jeji zvySend exprese in Vvitro pusobi proti apoptoze (82). Regulaci alternativniho
sestiihu ovliviiuje 100 nukleotidi dlouha sekvence v intronu 9 (tzv. In100 element) (94).
V praci Logette et al. 2003 nasledné ukézali, ze ob€ varianty maji samostatny promotor a

exprese mize byt ovlivnéna uz pfi iniciaci transkripce (95).

= Kaspaza 8

vyvolané vnéj§imi signaly smrti, jejiz priabéh je popsan vyse. Pii aktivaci kaspazy 8 v ramci
komplexu DISC (death-inducing signaling complex) dochazi k dimerizaci prokaspaz pii
soucasném odstépeni DED domén a vznika katalyticky aktivni protein. DED domény funguji
jako spojovaci domény pro vazbu s adaptorovymi proteiny, ale nejspiSe i pro jiné typy

proteinti. V praci Mielgo et al. 2009 pozorovali vysokou koncentraci DED domén ve vazbé
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s mikrotubuly pfi apoptdze vyvolané taxany a zaroven zvySenou aktivaci kaspazy 8 (96). Do

této doby byla role kaspazy 8 v apoptdze indukované taxany povazovana spise za doplnujici.

Gen kodujici kaspazu 8 lezi v oblasti 2q33.1 a je pfepisovan do 8 alternativnich
transkriptti kodujicich izoformy kaspazy 8. Dominantnimi a katalyticky funk¢énimi formami
jsou kaspaza 8a a 8b, které obsahuji 2 DED domény a katalytickou jednotku (97). Minimalné
4 izoformy kaspazy 8 postradaji katalytickou jednotku a obsahuji jen DED domény s vétSim
¢1 mensim proteinovym zbytkem bez specifické funkce (97). Jedna z téchto variant (kaspaza
8L) obsahuje mezi exony 8 a 9 inzert dlouhy 136 bp, ktery v transkriptu vytvaii piedcasny
stop kodon (98). Tato forma byla identifikovana v buiikach lymfocytl a neuroblastomu, ve
kterych jeji zvySena exprese pusobila antiapopticky pravdépodobné kompetitivni vazbou do

komplexu DISC (98-100).

= Kaspaza 9
aktivace je popsana vySe. Vyznam kaspazy 9 pro vznik nadord neni zcela jasny. Inhibice
kaspazy 9 nebo Apaf-1 v mySim modelu vyznamné uspiSila vznik nadoru indukovaného
zvySenou expresi c-Myc u bunék embryonalnich fibroblastt (101). Tento efekt se vSak zda
byt specifickym jen pro ur€ity typ bunék (102, 103). Kaspaza 9 a Apaf-1 jsou nicméné

nezbytni pro apoptozu indukovanou taxany (104).

Kaspaza 9 je kodovana genem CASP9, ktery lezi v oblasti p36.21 chromozomu 1.
Alternativnim sestfihem tohoto genu pii transkripci vznikaji dvé varianty kaspazy 9 -
dominantni a proapopticka varianta 9A a alternativni varianta 9B postradajici celou
katalytickou podjednotku (105). Kaspaza 9B ptisobi negativné na apoptdzu pravdépodobné

kompeti¢ni vazbou na Apaf-1, ktera brani vytvoieni funk¢éniho apoptozomu (105).

= Kaspaza 10

Kaspéaza 10 (FLICE2, MCH4) je blizkym homologem kaspazy 8. Oba geny lezi ve stejné
oblasti chromozomu 2 (2933-34). Kaspaza 10 se ale vyskytuje jen u lidi, coz naznacuje
pravdépodobny vznik duplikaci v pribéhu evoluce. Na rozdil od kaspazy 8 je funkce kaspazy
10 vindukci apoptézy mnohem méné prostudovana. Podobné jako kaspaza 8 muze byt

aktivovana v ramci DISC komplexu, nicméné jeji schopnost plné nahradit kaspazu 8 ve vné&jsi

apoptické draze je diskutabilni (106, 107).
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= Kaspaza3,6a7

Kaspazy 3, 6 a 7 jsou efektorové kaspazy aktivované v ramci vnitini 1 vnéjs$i apoptické
dréahy. Kaspaza 3 je hlavni a nejcastéji studovanou efektorovou kaspazou, o funkci zbylych
dvou kaspdz existuje mnohem méné informaci. Vzhledem ke stejné aktivité¢ k urcitym
syntetickym proteinovym substratiim se dlouho piedpokladalo, ze kaspazy 3 a 7 jsou funkcné
zaménitelné. Walsh, Cullen (108) poprvé ukazali, ze tyto kaspazy vykazuji odliSnou aktivitu
k pfirozenym substratim (BID ¢i XIAP).

Ztrata exprese kaspazy 3 byla popsana u bunék karcinomu prsu MCF-7 jako dusledek
delece c¢asti genu (109). Obnoveni exprese kaspazy 3 u téchto bunck vedlo k vyrazngjsi
citlivosti MCF-7 bunék k doxorubicinu a etoposidu (110).

Alternativnim sestfihem genu CASP3 (4q34) vznika hlavni izoforma proteinu kodovaného
2 transkripty mRNA, kaspaza 3A a 3B (lisi se na 5’UTR konci), a kratkd varianta 3S.
Varianta 3S postrada exon 6, ktery tvofi ¢ast katalytické podjednotky (111). Umélé zvySeni
exprese vV bunééném modelu ukazalo, ze tato varianta mize fungovat jako negativni regulator
apoptozy (111). ZvySeny pomér kaspazy 3S/3 souvisel se Spatnou vnimavosti vuci

neoadjuvantni 1é¢b¢ zalozené na cyklofosfamidu u karcinomu prsu (112).

1.5.5. Uloha KIF14, PRC1 a CIT v cytokinezi, karcinogenezi a 16¢bé& nadori

Zvysena proliferace resp. nekontrolované déleni nddorovych bunék vychazi také ze zmén
v regulaci bunééného cyklu a déleni nadorovych buné€k. Vlastni déleni buiiky neboli
cytokineze nastava bezprosttedné po duplikaci a rozdéleni jaderného materialu, ale zacina jiz
béhem anafaze (113). Mezi oddélenymi chromozomy se postupné vytvoii valcovity svazek
antiparalelnich mikrotubultl, jinak také centralni svazek (central spindle, midzone microtubule
bundles), pochazejici z obou pdélia mitotického vieténka. Plsobenim fady aktivatora a
regulatori cytokineze dochazi ke vzniku aktinového kontraktilniho prstence a kK zzeni spoje
mezi bunkami az do prechodné spojky zvané telofazové télisko (midbody). Midbody v
konec¢né fazi cytokineze zanika, ¢imz dojde k oddéleni bun¢k (113). Pro iniciaci cytokineze a

vznik kontraktilniho prstence je nezbytna GTPaza RhoA a aktin vazebny protein anillin (114).

= KIF14

KIF14 (kinesin family member 14) patii do velké rodiny kinesinti, ktera zahrnuje
minimalné 640 proteinti. Kinesiny jsou molekuldrni motorové proteiny odpovédné za pienos

molekul rizného typu podél vlaken mikrotubuli z jedné oblasti bunky do druhé (pohyb
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chromozomu pii déleni bunky, pfenos neurotrasmitertt axony nervovych bungk). Kinesiny se
typicky skladaji z N-koncové motorové domény (hlavy) obsahujici dvé globularni hlavicky,
které¢ se vazi na mikrotubuly. Prostfednictvim hydrolyzy ATP pifevadi motorovd doména
uvolnénou chemickou energii na mechanickou a dochdzi k pohybu kinesinu po vlakné. C-
koncovéa doména (koncova) obsahuje vazebna mista pro pfenaSené molekuly.

KIF14 je nezbytny pro formaci centradlniho svazku, midbody komplexu a dokonceni
cytokineze (115). Protein KIF14 obsahuje vazebna mista pro PRC1 i CIT (viz dale) a je
nezbytny pro spravnou lokalizaci CIT béhem pozdni faze cytokinéze. Podle modelu
navrzeného v praci Gruneberg et al. 2006 je funkce kinesinu KIF14 béhem cytokinéze zavisla
na piitomnosti PRC1 (115).

Vyznamné zvySena exprese KIF14 byla popsana u karcinomu prsu, plic, a retinoblastomu
(116-118). Gen KIF14 se nachazi v oblasti dlouhého raménka chromozomu 1 (1931-g32),

ktera je vyznamné¢ amplifikovana u celé fady nadorovych onemocnéni (117).

= PRC1

PRC1 (protein regulator of cytokinesis 1) je protein schopny vazat mikrotubuly
(microtubule-bundling protein) a je hlavni regulatorem vytvafeni centralniho svazku béhem
cytokineze diky interakci s KIF14 a dalsimi proteiny (KIF23, KIF20A, KIF4) (115, 119).
PRC1 je nepostradatelny pro spravny pribéh cytokinéze, coz bylo ovéfeno in vitro studiemi
pomoci siRNA u klasické (119, 120) i monopolarni cytokineze (121).

Zvysena exprese PRCI byla zatim prokazana u riznych typti bunéénych linii karcinomu
prsu, ve srovnani S nizkou expresi u vétSiny normalnich lidskych tkani, kromé tkdné varlat a

§titné Zlazy (122).

= CIT

CIT (citron kinase, citron Rho-interacting kinase, CRIK) je v sav¢ich buinikach nezbytna
pro oddéleni bunék ve finalni fazi apoptdzy, pii které lokalizuje RhoA do midbody interakcei s
anillinem (114). Vyznam CIT v karcinogenezi a pro u¢inek chemoterapeutické 1é¢by nebyl

zatim vyznamné studovan.
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2. CILE

Cilem prace bylo pfispét k porozuméni vyznamu vybranych genetickych faktorti pro
prognézu a ucinnost chemoterapie u pacientek s karcinomem prsu. V této praci jsme se
soustfedili predev§im na geny bunétné smrti a faze proliferace spojené s délenim
mikrotubuld. Déle byl hodnocen vyznam alternativnich Sestiihovych variant a jejich mozny

geneticky zaklad.

» Stanovit vyznam kaspaz buné¢né smrti pro prognoézu a ucinek chemoterapie
pacientek s karcinomem prsu.
= Ovérit hypotézu, ze se zmény v expresi kaspaz 2, 3, 7, 8, 9 a 10, a sestfihovych
variant 2L a S, 3A, B a S a 8L v nadorovych tkanich karcinomu prsu podili na
progresivité nadorti a/nebo na jejich citlivosti k 1é¢bé chemoterapii.
» Stanovit vliv genetické variability v regulacnich oblastech geni CASP2 a
CASP9 na expresi a alternativni sestfih téchto gend.
» Overit prognosticky vyznam kaspazy 2, 3, 8 a 9 u pacientek s karcinomem
ovarii.
» Stanovit vyznam proteint cytokineze pro prognézu a ucinek chemoterapie pacientek
s karcinomem prsu.
= Ovétit hypotézu, ze se zmeény v expresi KIF14, PRC1 a CIT v nadorovych
tkanich karcinomu prsu podili na progresivité¢ nadort a/nebo na jejich citlivosti k
lécbe chemoterapii.
= Ovétit prognosticky vyznam KIF14, PRC1 a CIT u pacientek s karcinomem

ovarii.
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3.2. Clanek 1 - Importance of transcript levels of caspase-2 isoforms S and L

for breast carcinoma progression

Jan Kov P & Pavel Sou&ek*!

NOMIt

pre- and 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, causingarrest 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 c 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
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Aim: A role of caspase-2 in chemotherapy-induced apoptosis has been
suggested. Our study aimed to evaluate the prognostic and predictive importance
of caspase-2 isoforms in breast cancer patients. Materials & methods: Caspase-2L
and -2S transcript levels were determined in paired tumor and non-malignant
control tissues from 64 patients affer neoadjuvant chemotherapy and
100 pretreatment patients (general set) by real-time PCR with absolute
quantification. Results: Low but statistically significant upregulation of caspase-2L
in fumor versus control fissues was observed in both sets. Significant associations
of the levels of caspase-2L, -2S or S/L ratio with clinical prognostic factors were
observed. However, none of these associations were confirmed in both sefts.
Levels of caspase-2 isoforms or the S/L ratio did not significantly associate with
progression-free survival in the general set or with chemotherapy response in the
neoadjuvant set. Conclusion: Our results suggest that the role of caspase-2
isoforms in the progression of breast cancer may considerably differ between

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-
mentand adjacent exonic and intronic sequences
for expression of caspase-2 transcripts iz vivo was
also addressed. To date none of these aspects
have been studied in breast cancer patients.

IMateriol & 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 SurrLementary
Mareriar (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

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 um 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-TTC-
GACGCTTCAATTTCCTT-3%, all from
Sigma-Aldrich, MI, USA), and were subcloned
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into the vector pPDONR201 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

TaqMan 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). MRPLI19 for normalization
of CASP2L and § 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

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/MRPL19, caspase-2SIMRPLI9
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 (pT'1-2 vs pT3—4);
lymph node metastasis (pNO vs pN1-3); his-
tological type (ductal vs other); grade (G1 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 Tasie 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; Tame2). 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

11l

\Y,

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

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)

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

234 +148

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

'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.
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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 334 +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 notsignificantly
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 CASP2Land 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 tfranscript 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 Tasce 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 (Tase 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 PFS of the general set
was 57.1 months. As expected, the established
prognostic factors significantly modified the

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-valuet Caspase-2S/MRPL19, p-valuet
(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+ 1.42
Neoadjuvant set
Tumors 1.00 +0.38 0.039 6.50 + 3.32 0.072
Controls 0.86 +0.28 5.49 +2.24
p-value by two-sided Wilcoxon signed rank test.
Transcript levels of caspase-2S were multiplied 100-times to demonstrate variation.
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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.

PFS 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 IT (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 PFS 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, 25 and S/L for the
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whole group are shown in Fieure 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.

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 in 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,

Table 3. Significant associations of transcript levels of caspase-2L/MRPL19 in tumors with clinical data of breast

carcinoma patients.

and expression of Ki-67 are not shown.
p-value by two-sided independent Kruskal-Wallis test.

“p-value by Spearman rank correlation.

Characteristics General set

Transcript level n p-value’  Transcript level

(mean = standard deviation) (mean = standard deviation)
Age at diagnosis
Age - 100*  0.004¢ -

R?=-0.284

Stage
lorll 0.53 +0.15 77 0.025 0.96 +0.35
I 0.47 £ 0.25 19 0.84 + 0.03
Lymph node metastasis
Positive 0.51 £0.22 42 0.634 1.05+0.40
Negative 0.52 +0.13 54 0.87 +0.26
Estrogen receptor expression
Positive 0.50+0.15 68 0.069 0.88 +0.30
Negative 0.59 +0.22 32 1.08 £ 0.37
p53 expression
Positive 0.59 + 0.19 30 0.030 Not evaluated
Negative 0.50 + 0.17 66 Not evaluated

‘Number of patients for whom results of correlation between age and expression levels were available.

Neoadjuvant set

n

64+

54

27

37

43
21

p-value’

0.192%
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,
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Table 4. Significant associations of transcript levels of caspase-2S/MRPL19 x 102 in tumors with clinical data of

breast carcinoma patients.

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?=-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 54 514 + 2.46 37
Progesterone receptor expression
Positive 377 +242 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 0.019 535+ 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.
Sp-value by Spearman rank correlation.

epirubicin and cyclophosphamide, and taxane
(paclitaxel or docetaxel) regimen, and tumorand
control tissues were collected after chemother-
apy. The cytofluorimetric and molecular analy-
ses after exposure of DU145 and taxane-resistant
DU145-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 7z 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 7z vitro [21. Moreover, involvement

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 inhibirors,
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, /7 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 7n vitro [25]. 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 mRINA was pre-
viously detected in all tumor and non-neoplastic
control tissue samples from patients with renal
cell carcinoma (n = 36) [26]. Thus, we show that
caspase-2S isalso 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 iz vitroand
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

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 PFS 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

Table 5. Significant associations of transcript levels of caspase-2S/L ratio x 102 in tumors with clinical data of

breast carcinoma patients.

Characteristics
Transcript level

Lymph node metastasis

Positive 6.56 + 2.96
Negative 6.75 + 2.58
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

and expression of Ki-67 are not shown.
"p-value by two-sided independent Kruskal-Wallis test.

General set

(mean = standard deviation)

n p-value’  Transcript level
(mean = standard deviation)
42 0.590 719278
54 579 +2.16
59 0.002 6.30 +2.80
41 6.56 + 1.81
28 0.004 5.60 + 1.92
72 6.67 +2.68

Neoadjuvant set

n

27
37

44
20

16
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,
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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

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 CASP2U/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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Executive summary

Study objectives

predictive significance.
Methodical approach

Major observations

caspase-2S levels did not differ.

patients.

= 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

= Specific method for absolute quantification of both isoforms was established.

= 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

No clear pattern of associations of caspase-2L, -2S or their ratio with clinical prognostic factors was observed in both sets of

= 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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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-
154646034 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 (CASP10,
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]. Caspase2 (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, CASP8L, 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, Madnnedorf, 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 EIF2B1, MRPL19, and IPOS8 [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
qPCR 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 52.848.3
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)

Il 39 (44.3) 21(52.5)

1 11(12.5) 10 (25.0)

1\ 0 1(2.5)

Not assessed 4 (4.6) 1(2.5)
Average tumor size, mm+SD® 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)

“Number 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 rs4645978,
the CC genotype in rs4646032, the CC genotype in
152020903, 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 datahavebeen 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.
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notable association was that of rs4645978-rs2020903-
rs4646034 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-rs2020903-1s4646034 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 8.4611T>C T 56 C(0.03)
TC 4
cC 0
chr.7:142985189 8.4882G>A GG 59 A (0.01)
GA 1
AA
chr.7:142986579 8.6272C>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. *SNP (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

CASPY, 154646032 CC
CTorTT

14 1.07+0.02
46 1.05+0.02
=0.018*

1.0740.02
1.05£0.02
=0.034

CASP9, 154661636 GG
GA or AA

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

Values of caspase expression are mean+standard 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
Apaf1 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-rs2020903-154646034) show a high linkage
disequilibrium and thus form a functionally-relevant hap-
lotype. 154645978 lies in the CASP9 promoter, rs2020903
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).

1s2020903 Lymph node metastasis® OR® 95% CI° p-Value
Negative Positive
T 74 39 Reference Reference Reference
TC 175 111 0.83 0.53-1.31 0.425
CC 134 52 1.36 0.82-2.25 0.233
Callele 309 163 0.99 0.65-1.54 0.997
T allelec 249 150 0.64 0.44-0.94 0.023
PR expression®
Negative Positive
T 45 ¥ 47s Reference Reference Reference
TC 81 217 0.64 0.41-0.99 0.050
cc 41 152 0.46 0.28-0.74 0.003¢
Callele 122 369 0.57 0.37-0.86 0.008
Tallele® 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
Ccc 160 32 1.80 1.03-3.12 0.038
Callele 380 104 1.31 0.83-2.08 0.243
T allele* 309 104 0.59 0.38-0.92 0.020
Subtype®
TNBC Other
j i1 20 101 Reference Reference Reference
TC 28 268 1.89 1.02-3.52 0.043
€c 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. *Numbers of patients in the compared groups. "OR, odds ratio, 95%
CI=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 a more 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
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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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Supplementary Table S1 CASP2 and CASP9 SNPs analyzed in the study.

SNPs ID HGVS description ll\i/le:;rﬂence Reference population

CASP2

rs149238655 NG_029248.1:2.6377G>A 0.01 (A) 1000 Genomes

rs144511554 NG_029248.1:2.5148C>A 0.01 (A) 1000 Genomes

rs4647283 NG_029248.1:2.5887A>G 0.01 (G) 1000 Genomes

rs3181165 NG_029248.1:2.6377G>A 0.08 (A) HapMap-CEU

rs3181166 NG_029248.1:2.6591T>G 0.17 (G) HapMap-CEU

rs4647321 NG_029248.1:2.17319T>C 0.03 (C) HapMap-CEU

rs1880651 NG_029248.1:g.17551T>A 0.02 (A) pilot_1_CEU_low_coverage_panel
CASP9

rs4645978 NG_029188.1:2.4252G>A 0.47 (A) pilot_1_CEU_low_coverage_panel
rs4645981 NG_029188.1:2.4803C>T 0.04 (T) 1000 Genoms

rs4646032 NG_029188.1:2.21795C>T 0.48 (T) pilot_1_CEU_low_coverage_panel
rs2020902 NG_029188.1:2.21926T>C 0.21 (C) HapMap-CEU

rs2020903 NG_029188.1:2.21989C>T 0.48 (T) pilot_1_CEU_low_coverage_panel
rs4646034 NG_029188.1:2.22126A>G  0.48 (G) pilot_1_CEU_low_coverage_panel
rs6685648 NG_029188.1:2.31091A>G 0.24 (G) HapMap-CEU

154661636 NG_029188.1:2.33225G>A  0.40 (A) HapMap-CEU

rs4646088 NG_029188.1:2.34168C>T 0.04 (T) 1000 Genomes

rs4646089 NG_029188.1:2.34169G>A 0.05 (A) 1000 Genoms

rs4646090 NG_029188.1:2.34213T>C 0.19 (C) pilot_1_CEU_low_coverage_panel
rs4646091 NG_029188.1:2.34243A>G 0.27 (G) HapMap-CEU

*MAF = Minor allele frequency
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Supplementary Table S2 Gene expression assays and primers / probes used in the study.

Gene TagMan Assay ID Amplicon
lenght (bp)
EIF2B1 Hs00426752_ml 75
MRPLI9 Hs00608519_m1 72
IPOS Hs00183533_ml 71
CASP2 Hs00892481_m1 56
CASP3 Hs00234387_m1 100
CASP7 Hs01029847_m1 114
CASPS8 Hs01018151_ml 124
CASP9 Hs00154260_m1 71
CASPI10 Hs01017899_m1 74
CASP2L Hs00895082_ml1 76
CASP2S Hs00892491_m1 64
CASP9A Hs00154261_m1 65
Primers and TagMan probe sequences (5°- 3")
900 nM each primer, 250 nM probe
CASP3A+B Forward: ctggactgtggcattgagaca 76
Reverse: agtcggcctecactggtattt
Probe: tggtgttgatgatgacatggcgtgtc
(1]
CASP3S 2] Forward: agaagtctaactggaaaacccaaact 94
Reverse: caaagcgactggatgaacca
Probe: attattcaggttattattcttggeg
(1]
CASPSL [3] Forward: acctcggggatactgtctga 126
Reverse: ctettttgggttctacctgea
Probe: cacagcattagggacaggaatgga
CASPY9B Forward: ggatttggtgatgtcgagcag 94
Reverse: catctggctcggggttact
Probe: ttcccctgaagacgagtececetgg
(4]
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Supplementary Table S3 Clinical characteristics of studied breast carcinoma patients used
for single nucleotide polymorphism profiling (n=615).

Characteristics n (%)
Mean age at diagnosis, years = SD“ 58.1+12.0
Menopausal status

premenopausal 89 (14.5)
postmenopausal 272 (44.2)
not assessed 254 (41.3)
Histological type
invasive ductal carcinoma 479 (77.9)
other type” 131 (21.3)
not assessed 5(0.8)
Stage
0 44 (7.2)
I 255 (41.5)
II 326 (36.7)
11 57 9.2)
v 1(0.2)
not assessed 32(5.2)
Lymph node metastasis
positive (pN1-3) 201 (32.7)
negative (pNO) 382 (62.1)
pNx 32 (5.2)
Histological grade
1 140 (22.8)
2 301 (48.9)
3 151 (24.6)
not assessed 23 (3.7)
Estrogen receptor expression
positive 474 (77.1)
negative 136 (22.1)
not assessed 5(0.8)
Progesterone receptor expression
positive 444 (72.2)
negative 166 (27.0)
not assessed 5(0.8)
ERBB?2 status
positive 136 (22.1)
negative 466 (75.8)
not assessed 13 (2.1)
Molecular subtype
luminal 493 (80.1)
ERBB2 44 (7.2)
triple negative 69 (11.2)
not assessed 9 (1.5)
Treatment strategy
Neoadjuvantly treated 140 (22.8)
Adjuvantly treated 414 (67.3)
not available 61 (9.9)

Standard deviation. "Other tumor types involved invasive lobular (70), ductal in situ (19),
tubular (10), mucinous (9), medullary (8), papillary (5), metaplastic (3), solid neuroendocrine
(1), secretory (1) carcinomas and mixed forms (5)
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Supplementary Table S4 Distribution of analyzed SNPs in 60 PS carcinoma patients.

SNPs ID Genotype n MAF*

rs149238655 GG 59 C (0.01)
GA 1
AA 0

rs144511554 CcC 58 A (0.02)
CA 2
AA 0

rs4647283 AA 59 G (0.01)
AG 1
GG 0

rs3181165 GG 54 A (0.06)
GA 5
AA 1

rs3181166 T 40 G (0.21)
TG 15
GG 5

rs4647321 TT 54 C (0.05)
e 6
cC 0

rs1880651 TT 55 A (0.04)
TA 5
AA 0

rs4645978 GG 12 A (0.51)
GA 35
AA 13

rs4645981 & 60 T (0.00)
414 0
TT 0

rs4646032 e 14 T (0.49)
CT 33
il 13

1s2020902 TT 45 C (0.14)
TC 13
ce 2

1s2020903 TT 13 C (0.49)
TC 35
e 12

rs4646034 AA 12 G (0.51)
AG 35
GG 13

rs6685648 AA 33 G (0.26)°
AG 21
GG 5

rs4661636 GG 24 A (0.37)
GA 28
AA 8
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Supplementary Table S4 Continued

SNPs ID Genotype N MAF*
rs4646088 ce 57 T (0.02)°
(184 ) 2
Pr 0
rs4646089 GG 59 T (0)°
GT 0
TT 0
154646090 TT 30 C (0.28)°
TC 25
cC 4
rs4646091 AA 35 G (0.23)°
AG 21
GG 3

*DNA was isolated from peripheral blood lymphocytes and paired tumor samples of the same
patients. "Numbers do not add to 60 due to missing genotypes.
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Supplementary Table S5 Significant associations of CASP9 SNPs with clinical data of the
PS group of breast carcinoma patients (n=60)

Characteristics p-Value

CASP9, 154645978

GG GA AA
ER positive 3 26 9 0.008*
ER negative 9 9 4

GG GA AA
PR positive 3 23 9 0.032
PR negative 9 12 4

CASP9, 154646032

CcC CT TT
ER positive 5 24 9 0.049
ER negative 9 9 4

CASP9, 152020903

CC CT TT
ER positive 3 26 9 0.008"
ER negative 9 9 +

CC CT TT
PR positive 3 23 9 0.032
PR negative 9 12 4

CASPY, 154646034

AA AG GG
ER positive 3 26 9 0.008*
ER negative 9 9 4

AA AG GG
PR positive 3 23 9 0.032
PR negative 9 12 4

CASP9, 154661636

GG GA AA
ER positive 18 18 2 0.039
ER negative 6 10 6

p-Values were calculated by the Pearson Chi-square test. ER=estrogen receptor,
PR=progesterone receptor. “These results passed the Benjamini-Hochberg FDR test for
multiple testing (q=0.029). CASP9 haplotype highlighted in gray.
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Supplementary Table S6 Associations of CASP9 SNP rs2020903 with expression of

estrogen receptors in the validation study (n=615).

152020903  ER expression® OR’" 95% CI’  p-Value
negative positive
TT 34 88 reference reference  reference
TC 64 234 0.71 0.44-1.15 0.161
CC 38 155 0.63 0.37-1.08  0.093
C allele 102 389 0.68 0.43-1.07  0.093
T allele® 98 322 1.24 0.81-1.89 0.314

ER=estrogen receptor. “Numbers of patients in the compared groups.

CI=95% confidence interval. “CC genotype as reference.

70

®OR=0dds ratio, 95%



Supplementary Figure S1 Associations between transcript levels of caspases in tumors and
disease-free survival of pre-treatment breast carcinoma patients (n=77).

Kaplan—Meier survival curves for patients with the intratumoral transcript levels below or
equal the median (blue line, n=39) vs. patients with the ratio above the median (green line,
n=38) are displayed. The difference in the mean DFS between the compared groups of
patients was not significant.
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Supplementary Figure S1 Continued
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Supplementary Figure S2: Representative results immunoblotting of procaspases and
cleaved caspases in tissues from breast carcinoma patients

Procaspase-2 (A), procaspase-3 and cleaved form (B), procaspase-7 and cleaved form (C),
procaspase-8 and cleaved form (D) procaspase-9 and cleaved form (E) levels in primary
breast carcinoma tissues (T) were assessed by immunoblotting as described below.

Protein isolation and immunoblotting

Protein was isolated from tissues by AllPrep® DNA/RNA/Protein Mini Kit according
to the manufacturer’s protocol (Qiagen). Protein concentration was determined by
bicinchoninic acid assay (Pierce BCA Protein Assay Kit, Thermo Scientific Pierce Protein
Research Products, Rockford, IL). Immunoblotting was performed as previously described
[19,21] with 10 pg of protein separated by denaturing 12 % polyacrylamide gel
electrophoresis.

The following primary antibodies and dilutions were used: B-actin (catalogue no.:
A3853, dilution 1:1000) from Sigma-Aldrich (St. Louis, MO), caspase-2 (ab32021, 1:1000)
from Abcam (Cambridge, UK) and caspase-3 (9668, 1:1000), cleaved caspase-3 (9661, 1:
750), caspase-8 (9746, 1:1000), cleaved caspase-8 (9496, 1:750), caspase-9 (9502, 1:1000),
and cleaved caspase-9 (9505, 1:750), from Cell Signaling Technology (Danvers, MA).
Horseradish peroxidase-conjugated IgG (dilution 1:6600; Santa Cruz Biotechnology, Dallas,
TX) were used as secondary antibodies and protein bands were visualized with an enhanced
chemiluminescence detection system (Thermo Scientific Pierce Protein Research Products)
employing Carestream Gel Logic 4000 PRO Imaging System (Carestream Health, New
Haven, CT).
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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

Keywords: of breast carcinoma patients and compared with clinical data. Tissue PRC1 protein levels were estimated
Breast car;inoma using immunoblotting, and the PRC1 tagged haplotype was analyzed in genomic DNA. A functional study
Cytokinesis was performed in MDA-MB-231 cells in vitro.

Expression KIF14, PRC1, and CIT transcripts were overexpressed in tumors compared with control tissues. Tumors
Genetic 3 2 2 S5 g

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.

* Corresponding author at: Toxicogenomics Unit, Department of Toxicology and
Safety, National Institute of Public Health, Srobarova 48, 100 42, Prague 10, Czech
Republic.

E-mail address: pavel.soucek@szu.cz (P. Soucek).

http://dx.doi.org/10.1016/j.biopha.2016.07.047
0753-3322/© 2016 Elsevier Masson SAS. All rights reserved.

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 (PRCI,
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=81) 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
3130x!I 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. Inmunoblotting

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 B-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 100 nM paclitaxel or untreated for comparison. PRC1
transcript and protein levels were evaluated by gPCR 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 g-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 ) <0.001
PRC1 21 1 <0.001
CIT 1.8 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 1 <0.001
CIT 3.6 1 <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 CITand 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 =+ 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% Cl=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, 0.43 +0.30, 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
(0.89+0.95, 0.09-3.85 vs. 0.25+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).

78



860
Table 2

V. Brynychova et al./Biomedicine & Pharmacotherapy 83 (2016) 857-864

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 1.22:+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:+0.03 110+ 0.05 1.07 +0.06 1.05+0.06 1.11 +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 1.02 +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.

@ 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

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://siftjcvi.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. 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).

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 PRCI 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 q-value 0.007

rs11852999

CcC 56 1.10+0.06

CTor TT 15 1.06 +0.06

Total 71> -

P-value 0.026"

Benjamini-Hochberg q-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.

2 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 PRCI polymorphisms with clinical data of breast carcinoma patients.
Characteristics rs10520699" P-value”
cC CTor TT 0.009
pT1 33 21
pT2-4 34 5
Benjamini-Hochberg q-value 0.005
Characteristics rs11852999° P-value”
cC CTor TT 0.010
ER-positive 64 8
ER-negative 15 9
Benjamini-Hochberg g-value 0.005
Characteristics rs11852999* P-value”
cC CTor TT 0.024
TNBC 9 6
Other 70 1
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.

" Analyzed by the Pearson’s Chi Square test.

3.6. in vitro functional study

In order to evaluate potential interactions between PRCI
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 5nM 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.acuk/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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Supplementary Table S1: Clinical characteristics of breast carcinoma patients

Characteristics Post-treatment group'  Pre-treatment group'
Age at diagnosis, median + S.D., years 54.0+11.0 59.0+11.6
Menopausal status
premenopausal 33 (40.7) 17 (15.9)
postmenopausal 48 (59.3) 90 (84.1)
PIathologtcal stage 25 (32.9) 42 (42.4)
I 38 (50.0) 46 (46.5)
m 12 (15.8) 11 (11.1)
1(1.3) 0
v 5 8
not available
Tumor size, median + S.D., mm 20.0+15.8 17.0 £ 8.8
Lymph node metastasis
positive (pN1-3) 43 (54.4) 66 (64.7)
negative (pNO) 36 (45.6) 36 (35.3)
pNx 2 5
Histological type
invasive duct carcinoma 67 (82.7) 89 (83.2)
other type” 14 (17.3) 18 (16.8)
Histological grade
Gl 10 (12.7) 23 22°1)
G2 41 (51.9) 62 (59.6)
G3 28 (35.4) 19 (18.3)
Gx 2 3
Mitotic counts
1 27 (40.3) 51(65.4)
2 22 (32.8) 18 (23.16)
3 18 (26.9) 9(11.5)
not available 14 29
Estrogen receptor expression
positive 56 (69.1) 74 (69.2)
negative 25 (30.9) 33 (30.8)
Progesterone receptor expression
positive 58 (71.6) 65 (60.7)
negative 23 (28.4) 42 (39.3)
HER? expression
positive 19 (23.8) 25 (23.6)
negative 61 (76.7) 81 (76.4)
not available 1 1
Molecular subtype
TNBC 11 (13.6) 17 (15.9)
other 69 (86.4) 89 (84.1)
not available 1 1
Response to neoadjuvant chemotherapy not applicable
complete or partial response 38 (46.9)
stable disease or progression 24 (29.6)
not available 19 (23.5)
Footnotes:

'Number of patients with percentage in parentheses.
Other tumor types involved invasive lobular, mucinous, ductal in situ, medullary, comedo,
and solid neuroendocrine carcinomas.
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Supplementary Table S2: Chemotherapy and hormonal therapy regimens in breast
carcinoma patients

Characteristics Type N %0
Anthracycline in combination® 77 96.3
Neoadjuvant regimen (n=81) Taxane alone 1 1.2
Hormonal therapy 2 2.5
Anthracycline in combination - 78.6
Adjuvant regimen (n=56) Taxane in combination 5 8.9
CMF only® 7 12.5
Tamoxifen only 45 59.2
Hotmonal tegiitien (=76) Aromat.ase inhibitors only 15 21.0
Tamoxifen and aromatase
inhibitors 16 26.8

Footnotes:
'Information about regimen was not available in one patient from the testing group and in five
atients from the validation group.
Usually FAC/FEC or combination with taxane (AT, ED, etc.).
3CMF=cyclophosphamide/methotrexate/S-fluorouracil combination
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Supplementary Table S3: Gene expression assays used in the study

Gene Assay ID NCBI Gene ID  Gene name Amplicon
symbol length (bp)
Reference genes

IPOS Hs00183533_ml1 10526 Importin 8 71

EIF2B1 Hs00426752_ml1 Eukaryotic translation

1367 initiation factor 2B B
MRPL19  Hs00608519_ml Mitochondrial ribosomal
9801 : 72
protein L19
Target genes
KIF14 Hs00978216_ml1 9928 Kinesin family member 14 119
CIT Hs00392339_m1 1113 Citron (rho-interacting, 68
serin/threonine kinase 21)
PRCI1 Hs00187740_m1 9055 Protein regulator of 66

cytokinesis 1
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Supplementary Table S4: PRCI SNPs analyzed in the study

A/ Haplotype tagging SNPs

Analyzed SNP  SNPs covered by test HGVS description’ MAF?
rs8031684 rs8031684 NC_000015.9:2.91527451T>A  0.15
rs8028856 NC_000015.10:2.90987590A>G 0.19
rs2301826 rs2301826 NC_000015.9:2.91525197C>T  0.17
NP_001254509.1:p.Thr53Thr
rs11855081 rs11855081 NC_000015.9:2.91525414T>C  0.05
rs11857612 NC_000015.9:2.91525318C>T  0.05
rs6496742 rs6496742 NC_000015.9:2.91523036C>T  0.20
rs190852637 rs190852637 NC_000015.9:2.91522990A>G
rs10520699 rs10520699 NC_000015.9:2.91522966G>A  0.18
rs59025289 rs59025289 NC_000015.9:2.91522965C>T
rs186031385 rs 186031385 NC_000015.9:2.91522899T>C
rs12898311 rs12898311 NC_000015.9:2.91517780G>C  0.24
rs17636091 rs17636091 NC_000015.9:2.91517479G>A  0.05
rs11852999 rs11852999 NC_000015.9:2.91514760C>T  0.03
rs12911192 rs12911192 NC_000015.9:2.91513674T>C  0.07
NP_001254509.1:p.Tyr470Cys
rs12910825 rs12910825 NC_000015.9:2.91511260A>G  0.33
rs14280 rs14280 NC_000015.9:2.91509734A>G 0.12
rs7601 rs7601 NC_000015.9:2.91509592T>C  0.26
B/ Additional functionally interesting SNPs
Analyzed SNP Reason HGYVS description' MAF*
rs71463782 CpG low intragenic area ~ NC_000015.9:2.91517599_915 unknown
17600insGGCTCCCCGTTCC
ACAAGCCCCGGTCCCCGG
CTCCCCGTTCCACAAGCCC
CGGTCCCC
rs112187198  miRNA binding sequence NC_000015.9:2.91510019T>C unknown
rs3743450 miRNA binding sequence NC_000015.9:2.91509920G>T 0.05
rs112770009  miRNA binding sequence NC_000015.9:2.91509628C>T unknown
rs15172 miRNA binding sequence NC_000015.9:2.91509442C>A 0
Footnotes:

'Checked by Mutalyzer v2.0 (https://mutalyzer.nl/snp; Wildeman et al. Improving sequence
variant descriptions in mutation databases and literature using the Mutalyzer sequence

variation nomenclature checker. Hum. Mutat., 2008; 29, 6-13.
*MAF=minor allele frequency according to HapMap CEU data.
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Supplementary Table S5: Distribution of PRC/ polymorphisms in breast carcinoma patients

SNP ID/Localization Genotype N MAF'
rs11855081 TT 88 C (0.04)
intron 2 TC 6

CC |
rs11857612 CC 87 T (0.05)
intron 2 CT Ui

T 1
rs2301826 GG 64 A (0.18)
exon 2 GA 28

AA 3
rs8028856 GG 54 A (0.25)
intron 2 GA 33

AA 7/
rs8031684 TT 66 A (0.17)
intron 2 TA 23

AA 4
rs6496742 CC 62 T (0.18)
intron 6 CT 27

TT 3
rs190852637 AA 97 A (0.0)
intron 6 AG 0

GG 0
rs10520699 CC 70 T (0.16)
intron 6 CT 22

TT 5
rs59025289 CC 97 T (0.0)
intron 6 CT 0

TT 0
rs186031385 TT 97 C (0.0)
intron 6 TC 0

CC 0
rs12898311 GG 51 G (0.27)
intron 9 CG 34

CC 8
rs71463782 Wild type 96 (0.0)
intron 9 Insertion/wild 0

type 0

Insertion

rs17636091 GG 73 A (0.10)
intron 9 GA 17

AA 1
rs11852999 CC 79 T (0.09)
intron 10 CT 17

TT 0
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rs12911192 TT 83 C (0.07)

exon 10 TC 12

CC 1
rs12910825 AA 43 G (0.33)
intron 12 AG 40

GG 11
rs112187198 TT 87 C (0.0)
3'UTR TC 0

CC 0
rs3743450 TT 75 C (0.06)
3'UTR TC 13

CC 0
rs14280 TT 73 C (0.07)
3'UTR TC 9

CC 1
rs112770009 TT 82 C (0.0)
3'UTR TC 0

CC 0
rs7601 TT 44 G (0.26)
3'UTR TC 33

CC 5
rs15172 GG 80 T (0.01)
3'UTR GT 2

TT 0

Footnotes:

'"MAF=minor allele frequency.

SNPs with MAF > 0.05 were further analyzed (depicted in grey) respecting the study power.
Several samples have not been determined due to the low DNA quality or quantity.
N=number of patients
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Supplementary Table S6: Clinical characteristics of validation set of breast carcinoma
patients for genetic study (n=615)

Characteristics N (%)
Mean age at diagnosis, years = SD' 58.1+12.0
Menopausal status

premenopausal 89 (14.5)
postmenopausal 272 (44.2)
not assessed 254 (41.3)
Histological type
invasive ductal carcinoma 479 (77.9)
other type2 131 (21.3)
not assessed 5(0.8)
Stage
0 44 (7.2)
I 255 (41.5)
II 326 (36.7)
I 57 (9.2)
1AY 1(0.2)
not assessed 32 (5.2)
Lymph node metastasis
positive (pN1-3) 201 (32.7)
negative (pNO) 382 (62.1)
pNx 32 (5.2)
Histological grade
1 140 (22.8)
2 301 (48.9)
3 151 (24.6)
not assessed 23 (3.7)
Estrogen receptor expression
positive 474 (77.1)
negative 136 (22.1)
not assessed 5(0.8)
Progesterone receptor expression
positive 444 (72.2)
negative 166 (27.0)
not assessed 5(0.8)
HER? status
positive 136 (22.1)
negative 466 (75.8)
not assessed 13 (2.1)
Molecular subtype
TNBC 69 (11.2)
other 537 (87.3)
not assessed 9 (1.5)
Treatment strategy
Neoadjuvantly treated 140 (22.8)
Adjuvantly treated 414 (67.3)
not available 61 (9.9)
Footnotes:

'Standard Deviation

Other tumor types involved invasive lobular (70), ductal in situ (19), tubular (10), mucinous
(9), medullary (8), papillary (5), metaplastic (3), solid neuroendocrine (1), secretory (1)
carcinomas and mixed forms (5).

N=number of patients; TNBC=triple negative breast carcinoma
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Supplementary Table S7: Distribution of PRCI polymorphisms in the validation set of

breast carcinoma patients for genetic study (n=615)

SNP ID Genotype N MAF'

rs10520699 CcC 436 T (0.15)
cr 168
TT 8
NA? 3

rs11852999 e 500 T (0.09)
CT 101
TT 5
NAZ 9

Footnotes:

'MAF=minor allele frequency
’NA=not available due to the low quality or quantity of DNA
N=number of patients
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Supplementary Figure S2: Association between mitotic score and gene expression levels in
tumors and disease-free survival of all breast carcinoma patients

Gene expression levels were compared with mitotic score (MAI) using non-parametric
Kruskal-Wallis test (upper part). The trend for PRC1 was non-linear. Kaplan—Meier survival
curves for patients divided by MAI are displayed (lower part). The difference in the mean
DEFS between the compared groups of patients was non-significant (P=0.246, Breslow test).
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Supplementary Figure S3: PRCI level was assessed by immunoblotting in paired samples
of tumor and control tissues.
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Taxane and platinum-based chemotherapy regimens are standard treatment for advanced ovarian carcinoma.
Expression levels of putative markers of taxane resistance in carcinoma tissues and paired peritoneal samples
(n = 55) and in 16 samples of ovaries without signs of carcinoma were compared with clinical data and the pa-
tients' time to progression. KIF14, PRC1, CIT and ABCC1 genes were significantly overexpressed in carcinomas
when compared with normal ovarian tissues, while ABCBI and CASP9 expression was decreased. Associations

gf/};wr’i:nrdi"arcinom i of protein expression of the proliferation marker Ki-67 with KIF14, PRC1, ABCBI and CASP2 were found. Lastly,
Taxane it was discovered that ABCBI and CASP2 levels associated with FIGO stage and that the CIT level associated
Resistance with the time to progression of ovarian carcinoma patients (P < 0.0001).
Gene expression In conclusion, ABCB1, CASP2, KIF14, PRC1 and CIT genes seem to associate with surrogate markers of ovarian
Cytokinesis carcinoma progression and CIT gene associates with therapy outcome.

Clinical course

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Surgical tumor debulking followed by platinum-based and pacli-
taxel chemotherapy is the standard treatment for advanced ovarian
carcinoma. Objective responses to it are observed in approximately
60-80% of patients treated in the front-line setting. However, despite
the high response rate to the initial chemotherapy, the majority of pa-
tients will experience recurrence [1], with only about 44% surviving 5
years after the diagnosis [2]. The chemoresistance of ovarian carcino-
ma caused by multiple factors [3] contributes to this fact. Molecular
markers of the efficacy and resistance of taxane-based therapies in
ovarian carcinoma need to be identified and subsequently validated.

Classical taxanes paclitaxel (Taxol) and docetaxel (Taxotere) are
mitotic poisons that stimulate polymerization of microtubules and in-
hibit their depolymerization (Spencer and Faulds 1994). Mirotubules
play an important role in the correct function of mitotic spindle dur-
ing cytokinesis and cooperate with a number of proteins involved in
this process. Mitotic kinesins and microtubule-associated proteins
(MAPs) act in concert to direct cytokinesis [4]. Molecular motors

* Corresponding author at: Toxicogenomics Unit, National Institute of Public Health,
Srobarova 48, 100 42, Prague 10, Czech Republic. Fax: +420 2 6731 1236.
E-mail address: rvaclavikova@szu.cz (R. Vaclavikova).
URL: http://www.szu.cz (R. Vaclavikova).

0888-7543/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ygeno.2013.03.005

from the kinesin superfamily have acquired an increasing importance
[5] and may be considered as putative markers of taxane resistance. A
mitotic kinesin KIF14 (OMIM: 611279) targets the central spindle via
its interaction with protein-regulating cytokinesis 1 (PRC1, OMIM:
603484) and has an essential function in cytokinesis [6]. Very recent-
ly, the expression of KIF14 was found to be an independent prognostic
marker in serous ovarian carcinoma [7]. Citron kinase (CIT, OMIM:
605629), a protein required for cytokinesis and conserved from in-
sects to mammals, is currently considered a cytokinesis-specific regu-
lator of active RhoA [8]. Nevertheless, the role of KIF14-related genes
in the prognosis and chemotherapy outcome of cancer patients is not
well understood.

In previous studies we have also documented the involvement of
paclitaxel, docetaxel and experimental taxanes in the induction of
apoptosis in vitro [9,10], which is mediated by the caspase family of
proteases that act as effectors of cell death by cleaving various cellular
substrates. The effector caspase-3 (OMIM: 600636, encoded by CASP3)
has been identified as principal enzyme in the apoptotic cascade and is
often used to detect apoptotic activity [11]. Moreover, caspases-2, -8
and -9 (OMIM: 600639, 601763 and 602234) are important initiator
caspases involved in apoptosis [summarized in 11,12]. It was discovered
that caspase-3 activates procaspase-2 and caspase-2-mediated apopto-
sis requires caspase-9 [13]. Lower expression of caspase-3 is typical
for chemotherapy-resistant ovarian carcinomas [14] and may thus
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be considered as another putative marker of taxane-resistance. However,
the gene expression patterns of CASP2, 8 and 9 and their roles in ovarian
carcinoma clinical course have not been reported so far.

Finally, efflux of taxanes from tumor cells has been reported to be
associated with function of mainly two members of the ATP binding cas-
sette (ABC) membrane transporter family; ABCB1 and ABCC1 (OMIM:
171050 and 158343) [summarized in 15,16]. Studies have shown that
in ovarian carcinoma, ABCB1 gene/protein expression is associated
with multidrug resistance [17,18]. ABCC1 transcript level has also been
found to be significantly higher in ovarian carcinoma lesions compared
with cystadenomas and normal ovarian tissues [19] and seems to be
another putative taxane resistance gene.

With regard to the above-mentioned factors, the aim of this study was
to explore the role of incompletely characterized putative markers of re-
sistance to taxanes in the clinical course of ovarian carcinoma. Particular
attention was paid to the effects of KIF14 and related genes (PRC1 and
CIT), apoptotic pathway effectors/initiators (CASP2, 3, 8 and 9) and
major drug transporters (ABCB1 and ABCC1 ) on the clinical characteristics
and therapy outcome of patients.

2. Results
2.1. Characteristics of patients

The study population consisted of 55 patients with ovarian carcino-
mas and 16 patients without morphological/macroscopic signs of carci-
noma in their ovaries (uterine leiomyoma, n = 9; benign ovarian cyst,
n = 2; cervical carcinoma, n = 4; sarcoma, n = 1). Paired samples
from peritoneal epithelium without morphological/macroscopic signs
of carcinoma were available for 51 ovarian carcinoma patients. The
clinical characteristics of patients involved in the study are described
in Table 1. The median age of ovarian carcinoma patients at diagnosis
(59.7 &+ 12.0 years) did not significantly differ from the age of pa-
tients whose normal ovarian tissues were used for comparison
(57.6 &+ 12.7 years). The average Ki-67 (MKI67) expression in carci-
nomas was 38.7 + 24.4 while in the non-neoplastic ovarian tissues it
was < 1%. The majority of patients (93%) received adjuvant chemothe-
rapy with a combination of taxane (paclitaxel) and platinum derivative
(carbo-platinum or cis-platinum). Four patients (7%) received only

Table 1
Clinical characteristics of ovarian carcinoma patients.
Characteristics N (%)*
Median age at diagnosis, years 59.7 + 12.0
FIGO stage
1 3(55)
1l 6 (11.0)
1 40 (72.6)
v 5(9.1)
Not available 1(1.8)
Histological type
Serous adenocarcinoma 38 (69.1)
Mucinous adenocarcinoma 4(7.3)
Clear cell adenocarcinoma 3:(5:5)
Unspecified adenocarcinoma or other 10 (18.1)
Histological grade
1 5(9.1)
2 11 (20.0)
3 31(56.4)
4 7 (12.7)
Not available 1(1.8)
Residual tumor after surgery
Present 34 (61.8)
Absent 20 (36.4)
Not available 1(1.8)
Ki-67 protein expression
mean + S.D., % 38.7 + 244
Not available 2(3.6)

4 Number of patients with percentage in parentheses is shown.

carbo-platinum during adjuvant chemotherapy. Eight (14.5%) patients
received neoadjuvant chemotherapy with no effect on the evaluated as-
sociations (analyses with vs. without patients treated by neoadjuvant
therapy) in this study.

The median follow up was 32 + 2 months. Altogether there were
20 (41%) progressions or carcinoma-related deaths (events) among
the 49 patients who were evaluated. Five patients were excluded
from time to progression (TTP analyses as lost to follow up (n = 4)
or due to postoperative mortality (n = 1).

2.2. Transcript levels of target genes

Transcripts of the analyzed genes (Table 2) were detected by quanti-
tative real-time PCR (qPCR) in all available tissue samples included in
the study. Significantly higher transcript levels of KIF14, CIT, PRC1 and
ABCC1 in carcinoma tissues were found, when compared with either
the independent set of normal ovarian tissues (Table 3A) or the paired
peritoneal tissues (Table 3B). In contrast, ABCB1 and CASP9 levels were
significantly decreased in carcinoma tissues, when compared with
either normal ovarian tissues (Table 3A) or paired peritoneal tissues
(Table 3B). CASP2, CASP3 and CASPS8 levels were not significantly differ-
ent between carcinoma and normal ovarian tissues (Table 3A). Similarly
the CASP8 transcript levels did not differ between carcinoma and paired
peritoneal tissues either (Table 3B). However, overexpression of CASP2
and decreased expression of CASP3 were found in carcinoma compared
with paired peritoneal tissues (Table 3B). The observed differences in
transcript levels of all genes between ovarian carcinoma tissues and
normal ovarian tissues were not influenced by exclusion of two benign
ovarian cysts from analyses.

2.3. Associations between transcript levels and clinical characteristics

Transcript levels of target genes in ovarian carcinoma tissues were
evaluated for their associations with clinical characteristics and the
TTP of patients. The results of this evaluation are as follows: A negative
correlation was found between the PRC1 level in ovarian carcinoma tis-
sues and the age of patients at the time of diagnosis (P = 0.046, data not
shown). CASP2 levels were significantly higher in carcinoma tissues of
patients with the more advanced FIGO stages IIl or IV when compared
with stages [ or Il (Table 4). Conversely, the ABCB1 level was significantly
higher in patients with the less advanced FIGO stages I or Il compared
with patients in stages Ill or IV (Table 4). KIF14 and PRCT levels positively
correlated with the expression of Ki-67 (P < 0.0001 both, Table 4). There
was a negative correlation between the ABCBI level and the Ki-67 level,
whereas CASP2 correlated positively (P = 0.003 and P = 0.016, respec-
tively, Table 4). Transcript levels of CIT, ABCC1, CASP3, 8 and 9 did not
associate with any of the analyzed clinical characteristics. Similarly, the
histological type and grade of the ovarian carcinomas did not associate
with any of the studied genes. However, a strong association was
observed between CIT level and TTP (Fig. 1). In particular, patients with
the highest intratumoral CIT level (cut off 75th quartile) had significantly
better TTP than patients with low expression levels (P = <0.0001).
Neoadjuvant chemotherapy did not significantly affect any of the
evaluated associations (analyses with vs. without patients treated by
neoadjuvant therapy).

3. Discussion

Ovarian carcinoma patients are often diagnosed at the advanced
FIGO stages IIl and IV, and thus have very poor prognosis [2,20].
Currently, there are no recognized molecular markers of ovarian car-
cinoma prognosis. FIGO stage, grade and type of the tumor, residual
tumor volume after surgery, age and performance status of patients
are used clinically as prognostic markers. From experience with
other epithelial carcinomas, e.g. breast carcinoma (MammaPrint or
Oncotype DX), it is clear that genetic markers that could enable a
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Table 2

Gene expression assays used in the study.
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Gene symbol  Assay ID GenBank accession no.  Gene name Amplicon Molecular function
length (bp)
Reference genes
PPIA 4333763F NM_021130.3 Peptidylprolyl isomerase A 98 Cyclosporin binding protein
TBP Hs00920495m1 NM_003194.4 TATA box binding protein 112 General transcription factor
GUSB Hs99999908m1  NM_000181.3 Beta-glucuronidase 81 Degradation of glucuronic acid-containing
glycosaminoglycans
Target genes
KIF14 Hs00978216m1 NM_014875.2 Kinesin family member 14 119 Intracellular transport and cell division
cIr Hs00392339m1  NM_001206999.1 Citron (rho-interacting, serin/threonine kinase 21) 68 Cytokinesis
PRCI1 Hs00187740m1 NM_003981.2 Protein regulator of cytokinesis 1 66 Cytokinesis
ABCB1 Hs00184491m1  NM_000927.4 ATP-binding cassette transporter (subfamily B) 110 Transport of drugs across cellular membranes
ABCC1 Hs00219905m1 NM_004996.3 ATP-binding cassette (subfamily C) 74 Transport of drugs across cellular membranes
CASP2 Hs00234982m1 NM_032982.3 Caspase-2, apoptosis-related cysteine peptidase 56 Apoptosis-related factor
CASP3 Hs00234387m1  NM_004346.3 Caspase-3, apoptosis-related cysteine peptidase 100 Apoptosis-related factor
CASP8 Hs01018151m1  NM_001080124.1 Caspase-3, apoptosis-related cysteine peptidase 124 Apoptosis-related factor
CASP9 Hs00154260m1  NM_001229.3 Caspase-9, apoptosis-related cysteine peptidase 71 Apoptosis-related factor

more precise stratification of patients into groups with different prog-
noses may also exist for ovarian carcinoma patients. If such markers
were to be discovered, it would enable the chemotherapy regimens
for treating patients with ovarian carcinoma to be tailored to the indi-
vidual. It is mostly taxane- and platinum-based regimens that are
used for chemotherapy in patients with ovarian carcinoma. Therefore,
it is possible to study a fairly homogeneous patient group in terms
of chemotherapy. It was our aim to explore the in vivo importance
for ovarian carcinoma clinical course of in vitro well established puta-
tive molecular markers that are associated with resistance toward
taxanes.

Table 3

Differences in the relative transcript levels of target genes between ovarian carcinomas
and (A) normal ovarian tissue samples or (B) adjacent peritoneal tissue samples from
the same patients.

A)

Gene Type® Reaction Expression  P° Carcinoma vs.
efficiency  difference normal ovary

PPIA REF 93% 1.53

TBP REF 92% 0.80

GUSB REF 96% 0.83

KIF14 TRG 96% 19.75 <0.001 Overexpression

CIT TRG 100% 8.12 <0.001 Overexpression

PRC1 TRG 94% 6.44 <0.001 Overexpression

ABCB1 TRG 89% 0.37 <0.001 Decreased expression

ABCC1 TRG 89% 1.47 0.002 Overexpression

CASP2  TRG 90% 1.07 0.567

CASP3  TRG 91% 1.14 0.217

CASP8  TRG 98% 1.19 0.183

CASP9 TRG 100% 0.31 <0.001 Decreased expression

B)

Gene Type* Reaction Expression P Carcinoma vs.
efficiency  difference peritoneum

PPIA REF 93% 1.05

TBP REF 92% 0.95

GUSB REF 96% 1.00

KIF14 TRG 96% 7.06 <0.001 Overexpression

CIT TRG 100% 221 <0.001 Overexpression

PRC1 TRG 94% 3.69 <0.001 Overexpression

ABCBI TRG 92% 0.18 <0.001 Decreased expression

ABCC1 TRG 89% 1.38 <0.001 Overexpression

CASP2 TRG 90% 1.32 0.001 Overexpression

CASP3 TRG 98% 0.72 <0.001 Decreased expression

CASP8  TRG 98% 0.85 0.079

CASP9 TRG 100% 0.80 0.011 Decreased expression

? REF = reference gene, TRG = target gene.
b p-value by REST2009 software program.

Taxanes bind to tubulin and inhibit microtubule disassembly, subse-
quently resulting in cell cycle arrest in the G2/M phase and impairing the
mitotic activity of malignant cells. Members of the kinesin superfamily
appear to be important regulatory proteins in these processes [5].
Thériault et al. 7] found a genomic gain of KIF14 in 30% of serous ovarian
carcinomas and an elevation of KIF14 mRNA in 91% of carcinomas vs.
normal epithelium (defined as four normal tubal epithelium tissues
and twelve short-term cultures of primary ovarian surface epithelium
samples). It indicated that a high KIF14 transcript level in carcinomas in-
dependently predicted worse progression-free survival in patients with
serous ovarian carcinomas (P = 0.03) [7]. In agreement with these con-
clusions, our study found an almost 20-fold overexpression of KIF14
transcript in ovarian carcinoma in comparison with normal ovarian
tissues (P < 0.001). Moreover, the 7-fold overexpression in carcinoma
compared with paired peritoneal tissue from the same patients
that we observed in our study further underlined the importance
of KIF14 overexpression in ovarian carcinogenesis. The suggested prog-
nostic value of KIF14 [7] was underlined in our study by its strong asso-
ciation with the proliferation marker Ki-67 (P < 0.0001). PRC1 is a
microtubule-associated protein with an essential function for spindle
integrity during late mitosis in mammalian cells and similarly as CIT in-
teracts with KIF14 [6]. The expression of PRC1 and CIT was strongly
overexpressed in ovarian carcinoma tissues in our study and PRC1 was
significantly associated with Ki-67 expression (P < 0.0001). The expres-
sion of CIT was significantly elevated in our ovarian carcinoma patients
with better TTP (P < 0.0001). Given the previously reported lack of asso-
ciation of expression levels of CIT with the survival times of ovarian car-
cinoma patients [7] the role of CIT observed by us seems contradictory.
However, a recent study demonstrated that low-grade serous carcinoma
is less chemosensitive than its high-grade counterpart [21]. Therefore, it

Table 4
Associations between transcript levels of the investigated genes in ovarian carcinomas
and clinical-pathologic data of ovarian carcinoma patients.

Gene FIGO stage Ki-67 protein expression
lorll Il or IV Significance
ABCB1 131 + 0.03* 1.35 + 0.06 p = —0407
P = 0.021° P = 0.003¢
PRC1 p = 0485
NS P < 0.0001¢
KIF14 p = 0467
NS P <0.0001¢
CASP2 1.10 + 0.03 1.06 + 0.03 p = 0331
P = 0.020" P = 0.016°

¢ Target gene/REF values + SD.
b p-values by Kruskal-Wallis test.
€ P-values by Spearman correlation; p = Spearman'’s correlation coefficient.
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Fig. 1. Association of transcript level of CIT with time-to-progression of ovarian carcinoma patients. Kaplan-Meier survival curves are shown for two groups of patients divided by
cut-off (75th quartile) with respect to the normalized transcript levels of CIT in their carcinoma tissue. Dotted line represents the group of patients with low CIT expression level
(mean survival 16.9 + 3.5 months, n = 12) and solid line represents the group with high CIT expression level (mean survival 33.3 + 2.5 months, n = 37). The difference between
the mean TTP of patients divided by the CIT transcript level was significant (P = <0.0001, Log Rank test).

could be speculated that our observation indicating an association of CIT
with TTP may have reflected the higher chemosensitivity of high-grade
ovarian carcinomas (almost 70% grade 3 or 4 in our patients). Based on
our observations, KIF14, PRCI and CIT seem to constitute a part of a path-
way significantly associated with surrogate markers of progression
of ovarian carcinoma. Short period of the follow up of patients may be
seen as limitation of the present study. Thus, the association of CIT
with TTP of ovarian carcinoma patients should be considered as prelim-
inary and needs further evaluation.

ABC transporters are responsible for the efflux of anticancer drugs
through the cell membrane that reduces the intracellular levels of
drugs in carcinoma cells. A significant elevation of four ABC transporter
genes (ABCC1, ABCC2, ABCC3 and ABCB3) in recurrent (post-treatment,
n = 50) ovarian carcinoma lesions when compared with cystadenomas
and normal ovarian tissues (n = 50) and primary pre-treatment lesions
(n = 50) was recently reported [19]. Authors concluded that this
finding supports the concept that chemotherapy resistance in ovarian
carcinoma develops during the course of chemotherapy itself [19]. We
have observed a significant overexpression of the ABCCI transcript
level in ovarian carcinoma tissues before chemotherapy when com-
pared with paired peritoneal or independent normal ovarian tissues.
Our results are in line with the ABCCI overexpression in primary
untreated ovarian carcinomas reported by Ohishi et al. [22]. In contrast,
the ABCBI level was significantly decreased in ovarian carcinomas and
associated with FIGO stage and Ki-67 in our study. However, we did
not find an association with the TTP of ovarian carcinoma patients. Re-
cently, a lack of ABCB1 deregulation in recurrent carcinoma lesions com-
pared with normal ovaries (n = 9) and benign ovarian cystadenomas
(n = 41) was observed in Austrian patients [19]. Moreover, a study on
Italian patients found no differences in ABCB1/P-gp expression levels
between sensitive and resistant patients (n = 41) [23], which seems
to further support our results. On the other hand, ABCB1 expression sig-
nificantly elevated the risk of disease progression in ovarian carcinoma
patients before chemotherapy (n = 206) [17], even though it did not
correlate with the overall survival. Thus, a clinical relevance of ABCB1/
P-gp overexpression in ovarian carcinoma remains elusive. Interethnic

differences in frequencies of ABCB1 polymorphisms are well documented
[24] but their role in expression of the ABCBI is unknown. We may spec-
ulate that discrepancies between the results of present and previous
studies could partly be due to this fact.

Apoptosis and mitotic exit are two possible fates following mi-
totic arrest [25]. Comparing resistant (NCI/ADR-RES) vs. sensitive
(MDA-MB-435) tumor cells, we have shown that pathways of apoptosis
induction by taxanes could differ in the activation of caspases [26].
Caspases are cysteine-dependent aspartate-directed proteases playing
an essential role in the execution phase of apoptosis. A key role of
caspase-2 in apoptosis induced by taxanes frequently used for ovarian
carcinoma treatment was previously suggested in vitro [27]. In our
study, we observed an overexpression of CASP2 transcript in ovarian car-
cinoma vs. normal ovarian tissues and its association with high FIGO
stage. However, it should be emphasized that this analysis was under-
powered due to the low numbers of patients in the FIGO stage I/1I
group and thus the results should not be overestimated. On the other
hand, CASP9 functionally associated with CASP2 expression was strongly
decreased in carcinoma vs. normal ovarian tissues and did not associate
with clinical factors or the TTP of ovarian carcinoma patients. Equally,
our study was unable to detect any association of CASP8 with ovarian
carcinoma. A previous study found that cleaved caspase-3 but not
caspase-8 level was associated with improved overall and progression-
free survival in ovarian carcinoma effusions from 52 patients [28].
An increased caspase-3 expression in post-chemotherapy ovarian or
tubal carcinomas compared with pre-chemotherapy specimens has
also been observed (n = 10) [29]. In another study, patients whose
post-chemotherapy biopsies expressed active caspase-3 in less than
50% of carcinoma cells had worse overall and progression-free survival
compared with patients expressing caspase-3 in more than 50% of carci-
noma cells (n = 73) [30]. In our study, the transcript level of CASP3 did
not associate with the clinical factors or TTP of ovarian carcinoma pa-
tients, suggesting that the protein level and/or enzymatic activity of
caspase-3 rather than the transcript level may be responsible for the
previously observed association with prognosis of patients with ovarian
carcinomas. The gene expression profile of CASP2 and CASP9, important
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initiator caspases involved in apoptosis [12] of breast cancer, has not
been reported so far with regard to ovarian carcinoma.

Peritoneal tissues were collected in order to compare expression dif-
ferences between tumor and non-neoplastic epithelial tissues from the
same patients. The presence of micrometastases in peritoneal samples
could not be histologically evaluated. Therefore, non-neoplastic sam-
ples from different patient group were used for additional comparison
to minimize a potential bias. Despite the fact that we have observed a
gradient in expression of all genes except caspases with peritoneal sam-
ples between tumor and non-neoplastic ovaries, our data should be
interpreted with caution.

In conclusion, our study has revealed significant differences in
transcript levels of putative markers of resistance toward taxanes in
ovarian carcinomas compared with peritoneal or normal ovarian tis-
sues. ABCB1, CASP2, KIF14 and PRC1 associated with the established
clinical prognostic factors as FIGO stage and Ki-67 protein expression.
Furthermore, CIT associated with the TTP of ovarian carcinoma pa-
tients. The potential clinical utility of these markers needs to be eval-
uated by a larger independent follow up study.

4. Materials and methods
4.1. Patients

Tissue samples of human ovarian carcinomas were prospectively
obtained from 55 ovarian carcinoma patients diagnosed at the Faculty
Hospital Motol in Prague during the period 2009-2010. Carcinoma
samples were available from 55 patients and paired epithelial tissue
samples from peritoneum without morphological/macroscopic signs
of carcinoma presence were available for 51 patients. Samples of
ovarian tissue without histology-verified morphological/macroscopic
signs of carcinoma were obtained from 16 patients who underwent
gynecological surgery for diagnoses other than ovarian malignancy.
The tissues collected during surgery were histopathologically investi-
gated according to standard diagnostic procedures. Carcinoma speci-
mens were excised from the native tissue sample, transferred into
RNA later (Life Technologies Corp., Carlsbad, CA, USA) and stored at
4 °C until total RNA isolation. The remaining tissue that was collected
during surgery was histopathologically analyzed according to stan-
dard diagnostic procedures. The following data on patients were re-
trieved from medical records: the patient's age at diagnosis, FIGO
stage, the histological type and grade of the tumor, the type of surgi-
cal procedure, the chemotherapy regimens and the TTP in months.
Physical examinations were performed and CA-125 levels were obtained
after every chemotherapy cycle. Disease progression during follow up
was periodically monitored using physical, gynecological examinations
and CA-125 levels every 3 months, supplemented with computer to-
mography or ultrasound examination of the abdomen and pelvis every
six months for two years. All patients were asked to read and sign an
Informed Consent in accordance with the requirements of the Ethical
Commission of the National Institute of Public Health in Prague.

4.2. Isolation of total RNA and cDNA preparation

Total RNA was isolated using Trizol reagent as previously published
[31]. RNA was quantified using a Quant-iT RiboGreen RNA Assay Kit
(Invitrogen) and its quality was evaluated by measuring the RNA Integ-
rity Number (RIN) using Agilent 2100 Bioanalyzer (Agilent Technologies,
Inc., Santa Clara, California, USA). The RIN value was 6 on average (range
2-8). RNA was totally degraded in one carcinoma tissue sample and
therefore was not further evaluated. cDNA was synthesized using
0.5 pg of total RNA and its quality was confirmed by PCR amplification
of ubiquitin C fragment as described previously [31,32]. The prepared
cDNA was subsequently diluted in ratio 1:5 with Nuclease free water
(Life Technologies) and used for qPCR.

4.3. Quantitative real-time PCR

qPCR was performed in RotorGene 6000 (Corbett Research, Sydney,
Australia). Reaction mixtures contained 5 pl of TagMan® Gene Expres-
sion Master Mix (part no. 4370048, Life Technologies), 0.5 pl of specific
TagMan Gene Expression Assays (Life Technologies, assays listed in
Table 1), 2.5 pl of diluted cDNA template and water to make a final vol-
ume of 10 pl. Cycling parameters were initial hold at 50 °C for 2 min
and initial denaturation at 95 °C for 10 min, followed by 55 cycles
consisting of denaturation at 95 °C for 15 s and annealing/extension
at 60 °C for 60 s (except TBP where 60 °C for 90 s and ABCB1 and PPIA
where 58 °C for 60 s was used). Fluorescence was acquired after each
extension phase. Samples were analyzed in duplicates. Samples with
larger than 0.5 Ct variation between duplicates were reanalyzed. The
non-template control contained water instead of cDNA. Additionally,
negative cDNA synthesis controls (RNA transcribed without reverse
transcriptase) were employed to reveal possible carry-over contamina-
tion. In each run, an inter-plate calibrator was included to account for
any variations between runs. The relative standard curve was generated
from 5 log dilutions of cDNA sample used as a calibrator. Amplification
efficiencies for each reference and target gene were calculated applying
the formula E = 10'/°P¢ — 1. PPJA, TBP and GUSB (Table 1) were used
as the reference genes in accordance with the previously reported study
on ovarian tissues [33]. The qPCR study design adhered to the MIQE
Guidelines (Minimum Information for Publication of Quantitative
Real-Time PCR Experiments, [34].

4.4. Immunohistochemical analysis of Ki-67 protein expression in
histological sections

Fresh tissue samples containing the ovarian carcinoma tissue were
fixed in buffered 4% formaldehyde and embedded in paraffin. 3 um
thin histological sections were cut and the first slide was stained
with hematoxylin and eosin. The most appropriate region of carcino-
ma tissue was chosen for immunohistochemical evaluation of prolif-
eration activity. Primary antibody against Ki-67 antigen was used
(clone MIB-1, Dako, dilution 1:100). After deparaffinization and
rehydratation of tissue, the histological sections were pretreated by
heating in 10 mmol/I citrate buffer (pH 6.0) in water bath. Endoge-
nous peroxidase activity was blocked in 3% hydrogen peroxide.
Detection of primary antibody binding was performed using second-
ary biotinylated antibody, streptavidin-peroxidase complex and hy-
drogen peroxide/DAB (3,3’-diaminobenzidine tetra-hydrochloride).
The nuclear expression of Ki-67 was evaluated under a light micro-
scope. Besides the pattern of diffuse nuclear positivity of Ki-67, a relo-
cation of these proteins on the surface of chromosomes was found in
mitosis. The percentage of carcinoma cell positivity was scored

4.5. Data analysis

For statistical analyses of transcript levels, a ratio of Ct for a particular
target gene to an arithmetic mean of Ct for all reference (REF) genes
(target gene/REF) was calculated for each sample. Therefore, the lower
is the target gene/REF ratio the higher is the relative target gene tran-
script level. Mean Ct values were used for calculating of differences in
transcript levels between tissue types using REST 2009 Software (Qiagen,
Hildesheim, Germany), as published [35]. Associations of transcript
levels with clinical data - age at diagnosis in years; histological type
of ovarian carcinoma (serous vs. other); histological grade, G1 or G2 vs.
G3 or G4; FIGO stage, [ or Il vs. Il or IV and Ki-67 expression in % — was
assessed by non-parametric Kruskal-Wallis and Spearman rank tests.
TTP was defined as the time elapsed between the date of surgical treat-
ment and disease progression or cancer-related death. In the first step,
patients were divided into four groups using quartiles of the investigated
transcript levels. For these groups, the survival functions were computed
by Kaplan-Meier method. Cut-offs defined by quartiles were tested and
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the “optimal cut-off” was defined as the highest statistical significance
by log-rank test. All P-values were obtained from two-sided tests. A
P <0.05 was considered statistically significant. Statistical analyses
were performed using SPSS v16.0 software (SPSS Inc., Chicago, IL).
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3.6. Prognosticky a prediktivni vyznam kaspaz bunéfné smrti a jejich

hlavnich alternativnich sestfihovych variant u pacientek s karcinomem prsu

Zmény v regulaci apoptdzy se mohou uplatiiovat pii vzniku nadoru, pii jeho progresi i pii
rezistenci K protinadorové 1écbé. Kaspazy hraji vyznamnou ulohu v iniciaci a regulaci
apoptozy a jejich piesnéjsi vyznam pii vzniku a progresi nadoru je jiz fadu let studovan (103).
Piedeslé in vitro studie ukazaly na vyznamnou roli pfedev§im kaspazy 2 a 9 pii apotdze
nadorovych bunék vyvolané chemoterapeutiky cilenymi na DNA a cytoskelet (87-90). Jiné
prace prinesly dikazy o ¢astetném uplatnéni kaspaz vnéjsi apoptické drahy pii aktivaci
mitochondrialni drahy bunééné smrti véetné apoptoézy vyvolané taxany (96, 123). Navic u
kaspaz 2, 3, 8 a 9 byly nalezeny a popsdny alternativni varianty proteinil, které vykazuji
opa¢né (antiapoptické) ucinky (82, 98, 105, 111). Antracykliny a taxany patii k nejéastéji
podavanym chemoterapeutikim V adjuvantnim a neoadjuvantnim podani u pacientek
necitlivych k hormonalni 1é¢bé nebo u pacientek s pokrocilymi typy nddorid. Pfesto zatim neni
znam zadny prediktivni marker, ktery by pomohl odhadnout, jestli budou pacientky na danou

1é¢bu reagovat.

Cilem prace bylo ovéfit hypotézu, Zze zmény v expresi kaspdz a jejich alternativnich
variant v nadorovych tkanich karcinomu prsu se podili na progresivité nadort a/nebo na jejich
citlivosti k 1écbé chemoterapii. Dal§im cilem prace bylo stanovit vliv genetické variability
Vv regulacnich oblastech genit CASP2 a CASP9 na expresi a alternativni sestfich téchto genti.
Vysledky prace jsou obsahem pfilozenych publikaci — €lanek 1 a 2. Prognosticky vyznam
kaspazy 2, 3, 8 a 9 jsme studovali také u pacientek s karcinomem ovarii. Vysledky prace jsou

shrnuty v ¢lanku 4.

V prvni fazi studie jsme stanovili transkripéni hladiny kaspazy 2, 3, 7, 8§, 9 a 10
Vv nadorovych tkdnich karcinomu prsu a parovych vzorcich ptilehlé tkané bez morfologicky
prokazané ptitomnosti nadorovych bunék (tj. kontrolni tkan¢). Kromé stanoveni celkového
transkriptu téchto kaspaz jsme stanovili specificky také varianty L a S kaspdzy 2, varianty A,
B a S kaspazy 3, variantu L kaspazy 8 a varianty A a B kaspazy 9. Hledali jsme zmény
v expresi transkriptu jednotlivych kaspaz v nadorovych oproti kontrolnim tkanim, které by
mohly svédcit o vyznamu takto deregulovanych gent v progresi nadort.

Ziskané hladiny exprese jsme dale porovnali s klinicko-patologickymi daty pacientek,

véetné zavedenych prognostickych markert jako je stadium onemocnéni nebo grade.
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Prognosticky vyznam kaspaz jsme dale studovali v kontextu délky bezptiznakového
prezivani pacientek, které ptred operaci nebyly piedléCené Zadnou terapii a po operaci byly
dale léCeny adjuvantné¢ chemoterapii (kombinace 5-FU, antracyklin, epirubicin,
cyklofosfamid, taxan), chemoterapii v kombinaci s antihormonalni terapii, nebo C¢isté
antihormonalni terapii. V ¢lanku 1 je uvedena tato skupina pod oznacenim ,,General®,
v ¢lanku 2 figuruje pod oznacenim PS (Primary surgery) skupina.

Prediktivni vyznam kaspaz jsme hodnotili na zakladé exprese téchto genti v nadorovych
vzorcich ziskanych od pacientek, které pfed operaci prodélaly neoadjuvantni chemoterapii
(€lanek 1 - Neoadjuvant set, ¢lanek 2 — Neoadjuvant chemotherapy treated group = NACT
group). Neoadjuvantni terapie zahrnovala taxany (paclitaxel, docetaxel) nebo taxany
v kombinaci s FAC/FEC rezimy. Klinicka data k obéma skupinam jsou shrnuta v tabulce 1,
str. 43 (¢lanek 1) a v tabulce 1, str. 55 (¢lanek 2).

3.6.1.Kaspaza 2

Kaspaza 2 se vyznacuje pomérn¢ variabilnim uplatnénim v apoptdéze a tfadou dalsich
neapoptickych funkci. Kromé dominantni varianty kaspazy 2L vznik4 alternativnim sestfithem
genu CASP2 varianta kaspaza 2S vykazujici antiapoptické ucinky (82). Pti pokusu vyvolat
apoptézu u bunék lymfomu U937 pomoci rliznych stimult, véetné plsobenim paklitaxelu,
pozorovali Iwanaga et al. 2005 zménu v poméru exprese téchto dvou variant ve prospéch
antiapoptické varianty 2S (124). Podobn¢ inhibitory topoizomeraz a antracykliny (etoposid,
doxorubicin) byly mezi latkami, které in vitro stimulovaly tvorbu alternativni varianty S za
soucasného snizeni koncentrace varianty L na mRNA a proteinové tirovni (125). V nasi praci
jsme nenalezli vyznamny rozdil exprese transkriptu CASP2S v nddorovych tkanich oproti
kontrolnim tkanim u nepifedléceného souboru ani u neoadjuvantni chemoterapii piedléceného
souboru pacientek (tabulka 2, str. 44, €lanek 1). Nalezli jsme mirné ale statisticky vyznamné
zvySeni transkripénich hladin kaspazy 2L a celkového transkriptu kaspazy 2 v nadorech
pacientek nepiedléCenych terapii v porovnani s kontrolnimi tkanémi (tabulka 2, str. 44,
¢lanek 1 a obrazek 2, str. 56, ¢lanek 2). Nicméné pomér variant S/L se vyznamné nelisil
mezi nadorovymi a nenddorovymi tkanémi u obou souborl. Piestoze v nasi praci nebylo
mozné ovefit zmeény v expresi transkriptii na vzorcich pied 1écbou a po 1é¢bé ziskanych od
stejnych pacientek, dle nasich vysledki neoadjuvantni chemoterapeuticka 1é¢ba velmi

pravdépodobné neméni expresi CASP2L/S in vivo.
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Hladiny kaspazy 2L, S a pomér variant S/L jsme nasledné analyzovali v kontextu s
klinicko-patologickymi daty (tabulky 3-5, str. 46-48, €lanek 1). Nenalezli jsme vyznamnou
souvislost mezi transkripénimi variantami kaspazy 2 nebo hodnotami jejich poméru (S/L) a
délkou bezptiznakového piezivani pacientek neptfedlééeného souboru ani souvislost
s odpovédi pacientek na neoadjuvantni 1écbu u predlééeného souboru pacientek. Naopak jsme
nalezli nékolik vyznamnych vztahd transkripénich hladin CASP2L, S a poméru S/L
s jednotlivymi klinicko-patologickymi faktory. Jmenovité vyznamné vyssi hladiny CASP2L
jsme nalezli v nadorech pacientek s lokalné pokro¢ilym stadiem onemocnéni (tedy spiSe S
lepsi prognozou) U neptedlééeného souboru pacientek (tabulka 3, str. 46, ¢lanek 1). Naopak
signifikantné vyssi hladiny CASP2L v nadorech jsme detekovali u pacientek s ptitomnosti
nadorovych bun¢k ve spadovych lymfatickych uzlinach (tj. pacientky shorsi progndzou)
oproti pacientkdm bez postizenych uzlin u piedlé€en¢ho souboru pacientek. Podobné
neuniformni vysledky, v ramci porovnani obou soubort, jsme nalezli i v pfipad¢ analyz
transkriptu CASP2S a poméru S/L (tabulka 4 a 5, str. 47-48, €lanek 1). Tyto vysledky
naznauji, ze prognosticky vyznam kaspazy 2 se liSi u pacientek nepiedlécenych
neoadjuvantni chemoterapii a pacientek po neoadjuvantni terapii. V nasi studii jsme bohuzel
nem¢li dostateény pocet pacientek pro zhodnoceni bezptiznakového prezivani v kontextu
s expresi kaspazy 2 u predléCené skupiny pacientek, které by mohlo pomoci tuto otazku Iépe
objasnit.

Kaspaza 2 byla v poslednich letech intenzivné studovdna jako potencidlni tumor
supresorovy gen (91-93). Inhibice kaspazy 2 u mysiho modelu lymfomu, indukovaného
zvySenou expresi onkogenu c-Myc, vyznamn¢ uspi$ila vznik a rst nadoru (91). Pozdéji byla
role kaspazy 2 pfi vzniku lymfomt indukovanych c-Myc potvrzena nezévislou studii, kterd
navic ukazala na odliSnou funkci jednotlivych proteinit PIDDozomu, tedy Ze funkce kaspazy
2 je vtomto procesu nejspiSe nezavisla na tvorbé tohoto komplexu (92). O rok pozdé&ji
Parsons et al. (2013) ukazali na my$im modelu karcinomu prsu vyvolaného zvySenou expresi
HER2/neu, ze diskutovana tumorsupresorova funkce kaspazy 2 neni specificka jen pro vznik
lymfomu, resp. inhibice kaspazy 2 Vtéto praci uspiSila vznik HER2/neu vyvolaného
karcinomu prsu. (93). Snizena aktivita kaspazy 2 dana deleci genu, snizenou transkripci,
translaci ¢i posttranslacnimi Gpravami by tedy mohla mit vliv na vznik a vyvoj karcinomu
prsu. V nasi praci jsme nalezli vyznamné zvySenou expresi celkového transkriptu kaspazy 2
(obrazek 2, str. 56, €lanek 2) a transkriptu kaspazy 2L, dominantni proapoptické formy
kaspazy 2, v nadorovych tkanich v porovnani s kontrolnimi tkdnémi u neptedlécené skupiny

pacientek (tabulka 2, str. 44, ¢lanek 1). Tyto zmény na urovni transkriptu nepodporuji
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hypotézu o tumorsupresorové funkci CASP2 u karcinomu prsu. Nedavna studie
neuroblastomu na Th-MYCN transgennim mys$im modelu ukazala, ze inhibice kaspazy 2
zpomalila vyvoj tohoto nadoru a pacienti Snizkymi hladinami transkriptu kaspazy 2
vykazovali del§i pfezivani oproti pacientim s vy$§imi hladinami (126). Tedy
tumorsupresorova funkce kaspazy 2 je nejspiSe tkanove specifickd. NaSe pilotni vysledky
proteinové exprese celkovych kaspaz a jejich Stépnych variant, které svéd¢i o aktivaci kaspaz,
u nadorovych tkani navic ukézala variabilitu v aktivaci kaspaz mezi jednotlivymi vzorky
nadort (obrazek S2, str. 74-75, €lanek 2). Tumorsupresorova funkce kaspazy 2 in vivo by
m¢ela byt dle nasich vysledka dale studovana spiSe na urovni aktivace enzymu.

V predeslych studiich zabyvajicich se kaspazou 2S je diskutovana jeji realna biologicka
funk¢nost, protoze struktura mRNA CASP2S by méla byt cilem NMD (nonsense mediated
decay), pretransla¢niho procesu pro degradaci aberantnich transkripti (127). Kaspaza 2S byla
V nasi praci minoritnim transkriptem s 6x az 40x mensi expresi V tkanovych vzorcich oproti
kaspaze 2L. I ptes niz8i hladiny jsme transkript této varianty detekovali u vSech studovanych
vzorkd. Kaspazu 28 se jiz diive podafilo detekovat na mRNA Urovni ve vzorcich nddorové a
kontrolni tkan¢ ledvin (128). Na proteinové urovni byla kaspaza 2S detekovana mnohokrat,
ale jen nepiimo pomoci protilatek cilenych na celkovou kaspazu 2. Varianta S je takto
rozpoznavana jen dle velikosti, pfi¢emZ miZze byt zaménéna za St€pny produkt kaspazy 2L,
ktery ma podobnou velikost (83). Bohuzel zatim neexistuje specificka protilatka proti kaspaze
2S, se kterou by bylo mozné specificky ovéfit pfitomnost proteinu ve vzorcich.

V ramci studie genetické variability CASP2 jsme se zamétili na promotorovou oblast,
regulaéni oblast In100 a oblasti sestfihu varianty S (obrazek 1, str. 54, ¢lanek 2). Vycet
polymorfisma v téchto oblastech s MAF > 1 % je shrnut v tabulce S1, str. 64, ¢lanek 2.
V DNA ziskané z perifernich krevnich lymfocyti ani v DNA ziskané z nadorovych tkani od
stejnych pacientek jsme nenalezli zadné rozdily v genetické variabilité danych oblasti.
V promotoru kaspazy 2L a v blizkosti promotoru kaspazy 2S jsme nalezli 4 dosud nepopsané
jednonukleotidové zamény, z nichz dvé by na zakladé in silico predikce mohly ovliviiovat
funkci promotorti a tedy transkripci variant kaspazy 2 (tabulka 3, str. 58, ¢lanek 2).
Vzhledem k malé frekvenci téchto zamén v naSem souboru nebylo mozné dale tuto hypotézu

OVerit.
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3.6.2. Kaspaza 9

Prestoze je kaspaza 9 hlavni kaspazou vnitini apoptické drahy a existuji stovky studii
zabyvajici se funkci tohoto enzymu in vitro, o hladinach transkriptu nebo proteinu kaspazy 9
v nadorovych tkanich je k disposici jen minimum informaci. Dle vysledki exprese proteinu
v nadorovych a zdravych tkanich rtizného typu publikovanych v Atlasu lidskych proteint
(HPA, Human Protein Atlas) (129) je exprese kaspazy 9 v nadorovych tkanich variabilni.
V na$i praci jsme u obou studovanych souborii pacientek s karcinomem prsu nalezli
statisticky vyznamné sniZeni celkového transkriptu kaspazy 9 v nadorovych tkanich oproti
kontrolnim vzorkiim (obrazek 2, str. 56, {lanek 2). Pfes tadu vyznamnych vztaht
nalezenych mezi hladinou celkového transkriptu kaspazy 9 a klinicko-patologickymi daty
pacientek (tabulka 2, str. 57, €lanek 2) jsme nicméné nenalezli vyznamny vztah kaspazy 9
k bezpiiznakovému piezivani pacientek nebo k odpovédi pacientek na neoadjuvantni 1é¢bu.

Alternativnim sestfihem kaspdzy 9 vznikaji dvé varianty, dominantni a proapopticka
varianta 9A, a alternativni antiapopticka varianta 9B (105). Detekci téchto variant specificky
u pacientek s karcinomem prsu jsme zjistili, ze pacientky s nizkym pomérem CASP9A/B
(zvySena exprese antiapoptické varianty v poméru k proapoptické variant€) 1é¢ené adjuvantné
chemoterapii (rizné rezimy kombinujici antracykliny, taxany, 5-FU, cyklofosfamid)
vykazovaly vyznamné krat$i bezptiznakové piezivani nez pacientky s vysokou hodnotou
pomeéru (obrazek 3, str. 58, ¢lanek 2). Pomér CASP9A/B ma tedy podle ziskanych vysledkt
prognosticky vyznam u pacientek s karcinomem prsu léCenych chemoterapii v adjuvantnim
podani.

Dal$im cilem bylo ovéfit, zda zména poméru CASP9A/B souvisi s hor$i odpovédi
pacientek na neoadjuvantni 1écbu zaloZenou na taxanech. Nenalezli jsme ovsem vyznamny
rozdil v hodnoté tohoto poméru mezi pacientkami s ¢astecnou Vs. Spatnou odpovédi na
neoadjuvantni 1é€bu. ZvySend exprese CASPIB v porovnani s CASPY9A tedy neovliviluje
vyznamné ucinek 1é¢by zalozené na taxanech, ale mize prispivat k mensi citlivosti pacientek
na chemoterapeutickou 1é€bu obecné. Na modelu buné€k nemalobunééného karcinomu plic
vedla inhibice kaspdzy 9B ke zvySeni citlivosti téchto bun¢k kriznym typim
protinadorovych 1é¢iv (130). Podobné¢ u modelu bun¢k karcinomu ovarii rezistentniho k
chemoterapii byla zjiSténa sniZena aktivita apoptozomu bez znamek snizené exprese kaspazy
9 nebo apaf-1 a zaroven diskutovana mozna role negativniho regulatoru vazby kaspazy 9 do

apoptozému (131). Timto negativnim regulatorem by mohla byt kaspaza 9B, ktera bohuzel
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Vv této studii specificky detekovana nebyla. Z naSich i pfedchozich vysledkt tedy mj. vyplyva
dilezitost stanovovani obou variant kaspazy 9.

Vyznamné niz§i pomér CASP9A/B jsme nalezli u méné diferencovanych nadort (vyssi
grade) oproti vice diferencovanym a u nadorG typu TNBC a HER2+ oproti nadorim
luminalniho typu, tedy u pacientek s obecné hors$i prognézou. Vu et al. (2016) nedavno
identifikovali ptimou vazbu proteinu CASP9B na regulator apoptozy cIAP1 (cellular inhibitor
of apoptosis 1) u bunééného modelu nemalobunééného karcinomu plic, ktery se dale podili na
aktivaci drahy NF-xB, hlavni tumorgenni drahy u tohoto typu karcinomu (132). Deregulace
NF-xB se uplatiuje i pfi vzniku a progresi karcinomu prsu a kaspaza 9B by se teoreticky
mohla podilet na aktivaci drahy NF-kB drahy i v tomto piipad¢.

V ramci studie genetické variability kaspazy 9 a jejiho vlivu na expresi genu a na
vlastnosti nadoru jsme se zaméfili na stanoveni genetické variability oblasti promotoru
CASP9, na oblasti sestiihu CASP9B a exonové a intronové oblasti CASP9 diive
identifikované jako regulatory exprese (130). Podobné jako v ptipadé kaspazy 2 jsme
nenalezli rozdil ve variabilit¢ mezi DNA ziskanou z perifernich krevnich lymfocytii a DNA
z nadorovych tkani. Tyto vysledky jsou v souladu se zjisténimi, Ze somatické mutace téchto
kaspaz jsou u karcinomu prsu spise vyjimecné (133, 134).

V genu CASP9 jsme nalezli souvislost mezi pfitomnosti haplotypu slozeného ze tfi SNP
polymorfismil (rs4645978-rs2020903-rs4646034), hladinami transkriptu kaspazy 9 a expresi
progesteronového receptoru a HER2 receptoru (tabulka 4 a 5, str. 59-60, ¢lanek 2).
Polymorfismus rs4645978 lezi v oblasti promotoru kaspazy 9 a je spojovan s rizikem vzniku
raznych typa karcinomu (135). Pomoci in silico predikce jsme zjistili, Ze 1s2020903 méni
motivy pro vazbu transkripénich faktori GATA a Nanog, jejichz vyznam pro vznik

karcinomu prsu a jeho progresi je rovnéz diskutovan (136, 137).

3.6.3.Kaspazy 8 a 10

Kaspazy 8 a 10 jsou kaspazy aktivované v ramci vnéjsi apoptické dréhy, kaspaza 8 je

vvvvvv

v

vyznamngj$i ulohu i Vvramci aktivace mitochondrialni drahy apoptozy (96, 123, 138).

Kaspaza 8 je navic spojovana s rizikem vzniku nadorovych onemocnéni véetné nadorti prsu a

je nejéastéji mutovanou kaspazou v nadorovych bunikach rizného typu (viz dale) (133, 134).
V této praci jsme studovali celkovy transkript kaspazy 8 a jeji alternativni variantu,

kaspazu 8L, které je pfipisovana antiapopticka role, podobné jako u alternativnich variant
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kaspazy 2S a 9B (98). V nasi praci jsme nenalezli vyznamné zmény v expresi CASP8 ani
CASP8L v nadorovych tkanich oproti kontrolnim tkanim. Podle HPA se exprese kaspazy 8
v nadorovych tkanich karcinomu prsu neli$i od exprese ve zdravych tkanich ani na proteinové
urovni (129). Navic transkripéni hladiny CASP8 a varianty 8L v nadorovych tkanich
vyznamné nesouvisely s klinicko-patologickymi daty pacientek z obou soubord a nemaji tedy
pro toto onemocnéni zadny prognosticky ani prediktivni potencial.

Transkripéni hladiny kaspazy 10 rovnéz vyznamné nesouvisely s Klinicko-patologickymi
daty pacientek z obou skupin. Nicmén¢ kaspaza 10 byla vyznamné méné exprimovana
v nadorovych tkanich v porovnani s kontrolami ve skupiné nepiedlééenych pacientek
(obrazek 2, str. 56, ¢lanek 2). Snizena exprese kaspaz 8 a 10 byla zatim popsana jen u
détskych nadori jako je meduloblastom a neuroblastom (139, 140). Stejné jako u ptedeslych
kaspaz vznika sestfihem genu CASP10 nékolik alternativnich variant, z nichz nékteré ptisobi
proti bunécné smrti (139, 140). V nasi praci jsme studovali jen celkovy expresni profil
kaspazy 10, dalsi studie cilené na jednotlivé izoformy tohoto proteinu by mohly objasnit

vyznam snizené exprese kaspazy 10 u karcinomu prsu.

3.6.4.Kaspazy 3a7

Kaspézy 3 a 7 jsou hlavni exekuéni kaspazy aktivované v ramci vnitini 1 vn¢j$i apoptické
drahy. V této praci jsme stanovili celkovy transkript kaspazy 3 a 7, a specificky varianty
kodujici proapoptickou formu kaspazy 3 (3AB) a antiapoptickou formu 3S. U obou kaspaz
jsme nalezli vyznamné zvySeni exprese v tkanich karcinomu prsu v porovnani s kontrolami u
nepiedléceného souboru pacientek, v ptipadé kaspazy 3 bylo zvysSeni exprese vyznamné i u
ptedléceného souboru (obrazek 2, str. 56, ¢lanek 2). Kaspaza 3 byla ve vzorcich karcinomu
detekovana jiz nekolikrat, v n¢kterych pracich bylo zdokumentovano jeji zvyseni (112, 141,
142) a v jinych pracich naopak vyznamné snizeni (143, 144) v nadorech oproti kontrolam.
Diivodem muze byt detekce celkového transkriptu misto jednotlivych transkripénich variant
samostatné. V nasi praci byly zmény v expresi specificky detekovanych variant vice zifejmé
nez u celkového transkriptu. V ramci nasi pilotni analyzy proteinové exprese kaspazy 3 jsme
nalezli vysokou variabilitu v aktivaci kaspaz ve vzorcich karcinomu prsu s riznym
zastoupenim jednotlivych St€pnych produkta (obrazek S2, str. 74-75, €lanek 2), které by
mohly byt pii pouziti riznych protilatek dtivodem variability ve vysledcich exprese kaspazy 3

ve vzorcich karcinomu prsu.
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Hladiny transkriptu CASP3A+B byly vyznamné zvySené u nadori bez exprese
hormondlnich receptorti u neptedléeného souboru a vyznamné se liSily mezi jednotlivymi
podtypy karcinomu prsu (luminalni, HER2, TNBC) (tabulka 2, str. 57, ¢lanek 2). Naopak
expresni hladiny kaspazy 7 byly vyznamné vys$$i u nddorti exprimujicich hormonalnich
receptory (tabulka 2, str. 57, ¢lanek 2). Tyto vztahy jsme nepozorovali u predlé¢eného
souboru a nenalezli jsme ani souvislost mezi hladinami kaspdz 3 nebo 7 a délkou
bezptiznakového prezivani. Nase vysledky rovnéz nepodporuji diive nalezenou souvislost
mezi vysokou expresi CASP3S a S$patnou odpovédi pacientek s karcinomem prsu na
neoadjuvantni chemoterapii (112). Souvislost mezi vysokou expresi kaspazy 7 a expresi
hormonalnich receptorti mize odrazet schopnost estrogenu indukovat expresi kaspazy 7, coz

bylo ukazano na modelu hormonalné pozitivnich MCF-7 bunék karcinomu prsu (145).

3.6.5. Prognosticky vyznam 2, 3, 8 a 9 u pacientek s karcinomem ovarii

Prognosticky vyznam hlavnich kaspaz bunééné smrti jsme studovali také u pacientek
s karcinomem ovarii. Pacientky s karcinomem ovarii maji obecné hor§i prognézu nez
pacientky s karcinomem prsu. Hlavnim divodem je pozdni zachyt (diagnéza) onemocnéni,
protoze nador ovarii mé spiSe nespecifické ptiznaky. Prognoza pacientek s karcinomem ovarii
se tedy odviji predevsim od stadia onemocnéni pii diagnoze, dale od rezidualniho objemu
nadoru po provedené chirurgické 16¢b¢, veéku pii diagnoze a od hladin glykoproteinu CA-125
v krvi pacientek (146). Kromé chirurgického odstranéni nadoru podstupuji pacientky
s karcinomem ovaria adjuvantni chemoterapii obsahujici derivaty platiny a taxany. Tato
relativné uniformni 1é¢ba tedy umoziuje studovat nové prediktivni markery k odhaleni
rezistence nadorovych bunék k taxaniim a plating, ktera je dalsim divodem $patné progndzy
pacientek s karcinomem ovaria (146). Molekalni markery, s kterymi by bylo mozné odlisit
pacientky s odlisnou prognozou, podobné jako u pacientek s karcinomem prsu, u pacientek
s karcinomem ovarii zatim neexistuji.

V této praci jsme stanovili hladiny celkového transkriptu kaspazy 2, 3, 8 a 9 ve vzorcich
karcinomu ovaria a v kontrolnich vzorcich obdobné¢ jako ve studiich kaspaz u karcinomu prsu.
Ziskané transkripcni hladiny jsme studovali v souvislosti s kliniko-patologickymi daty a s
délkou bezpiiznakového piezivani pacientek. Klinicka data pacientek jsou shrnuta v tabulce
1, str. 97, ¢lanek 4.

Stejn¢ jako v ptipadé karcinomu prsu jsme u pacientek s karcinomem ovarii nalezli

vyznamné snizenou expresi kaspazy 9 v nadorech v porovnani s kontrolnimi vzorky ovéria
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(tabulka 3, str. 98, ¢lanek 4). Nenasli jsme ov§em vyznamny vztah transkripénich hladin této
kaspazy s klinicko-patologickymi daty pacientek ani s délkou bezptiznakového prezivani.
Teoreticky by kaspaza 9, resp. zvySena exprese alternativni sestfihové varianty CASP9B v
porovnani s klasickou variantou CASP9A, mohla mit pro prognozu pacientek s karcinomem
ovarii podobny vyznam jako pro pacientky s karcinomem prsu. Vyznam genové exprese
kaspazy 9 pro progresi karcinomu ovdria a pro ucinek 1é¢by byl do této doby studovan pouze
na modelovych buné¢nych liniich. Jak uz bylo dfive uvedeno, na bunééném modelu
karcinomu ovarii rezistentniho k chemoterapii byla zjisténa snizena aktivita apoptozému bez
snizeni exprese kaspazy 9 (131). Specifické stanoveni obou variant kaspazy 9 v tkanich
karcinomu ovaria by mohlo objasnit vyznam sniZzené exprese kaspazy 9 u tohoto typu
karcinomu v porovnani se zdravou tkani.

ZvySené hladiny transkriptu kaspazy 2 a kaspdzy 3, které¢ jsme nalezli v nddorech prsu
oproti kontrolnim vzorkam, jsme nepozorovali v pfipad¢ karcinomu ovarii, resp. exprese
kaspazy 2, 3 a 8 v karcinomech ovarii se vyznamn¢ neliSila od nadorem nezasazenych vzorku
ovarialni tkan¢ (tabulka 3, str. 98, ¢lanek 4). Vyznamné vyssi transkripéni hladiny kaspazy 2
jsme nalezli v nadorech ovarii vyssiho stadia oproti nadorim nizsiho stadia (tabulka 4, str.
98, ¢lanek 4). V piipadé karcinomu prsu jsme nenasli vztah celkového transkriptu kaspazy 2
se stadiem onemocnéni, nicméné V nadorech prsu vyssiho stadia jsme nasli vyznamné niZsi
hladiny kaspazy 2L (tabulka 3, str. 46, ¢lanek 1). Zmény v hladinach transkriptu kaspazy 2
v odlisSnych stadiich karcinomu prsu a ovaria nebyly doposud studovany a vzhledem
k niz§imu poctu pacientek se stadiem onemocnéni I a II u pacientek s karcinomem ovarii resp.
I11 a IV u pacientek s karcinomem prsu Vv nasi praci, by tyto vysledky mély byt interpretovany
vice kriticky. Jak jiz bylo diskutovano v kapitole 3.7.1. Kaspaza 2, funkce kaspazy 2 muze
byt mezi jednotlivymi typy tkani velmi variabilni. Hladiny transkriptu kaspazy 2 byly
v karcinomech prsu Vv porovnani s kontrolnimi vzorky Vnasi praci vyznamné zvySené
(obrazek 2, str. 56, ¢lanek 2), naopak v karcinomech ovarii jsme tento rozdil v ramci tumor
vs kontrolni tkan nepozorovali (tabulka 3, str. 98, ¢lanek 4). Transkrip¢ni hladiny kaspazy 2,
3 ani kaspazy 8 vyznamné nesouvisely s délkou bezpiiznakového piezivani pacientek

s karcinomem ovarii.
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3.7. Prognosticky a prediktivni vyznam KIF14, PRC1 a CIT u pacientek

s karcinomem prsu

DalSim cilem prace bylo stanovit prognosticky a prediktivni vyznam tii hlavnich
regulatort cytokineze, KIF14, PRC1 a CIT. Protokol studie byl obdobny jako v ptipad¢ studii
kaspaz (viz Material and methods, str. 77, ¢lanek 3). Hladiny transkripti jsme stanovili
Vv nadorovych a kontrolnich tkanich u dvou soubort pacientek, 1) nepfedléCenych zadnou
lécbou pied odbérem vzorku (pre-treatment group), a 2) predléCenych pacientek
neoadjuvantni chemoterapii (post-treatment group). Skupina predléenych pacientek byla Sirsi
Vv porovnani se studiemi kaspazovych gent a lécba zahrnovala 5-FU, antracykliny,
cyklofosfamid a taxany v riznych rezimech. Vysledky prace jsou obsahem ¢lanku 3.
Prognosticky vyznam KIF14, PRC1 a CIT jsme prostudovali i u pacientek s karcinomem
ovarii (€lanek 4). V této praci jsme sledovali zmény v hladinach transkriptu téchto tfi gent
v karcinomech ovaria v porovnani s kontrolnimi nenadorovymi vzorky a ziskané hladiny

studovali v souvislosti s klinicko-patologickymi daty a délkou bezptiznakového piezivani.

3.7.1.KIF14

V nasi praci jsme potvrdili vysokou expresi KIF14 v nadorovych tkanich karcinomu prsu
oproti kontrolnim tkdnim a pozitivni korelaci exprese KIF14 s gradem nadord, kterou
pozorovali jiz diive v praci Corson et al. 2005 (117). V nasi studii jsme ovSem nenasli vztah
hladin transkriptu KIF14 kdélce bezptiznakového piezivani pacientek. V nedavno
publikované praci byla exprese KIF14 oznafena za vyznamny faktor pro vznik TNBC
podtypu karcinomu prsu, zvlasté u pacientek s mutacemi v genech BRCA1 nebo BRCA2
(147). V nasi praci jsme Vv souladu s touto hypotézou nalezli vyznamné vyssi hladiny KIF14 u
TNBC pacientek (tabulka 2, str. 79, €lanek 3). Vztah s mutacemi BRCA1/2 bohuzel nebylo
mozné ovérit, vzhledem k malému zastoupeni téchto pacientek ve sledované skuping.

Nenalezli jsme ani vztah exprese KIF14 k odpovédi pacientek s karcinomem prsu na
neoadjuvantni terapii. Ve vySe zminéné praci (147) vysoka exprese KIF14 vyznamné
souvisela s horsi odpovédi podskupiny pacientek s TNBC nadory na neoadjuvantni 1é¢bu.
KIF14 by tak mohl mit vyznamnym prognostickym a prediktivnim faktorem u podskupiny
pacientek s TNBC nadory a BRCA1/2 mutacemi, pfipadn¢ i zajimavou molekulou pro

potencialni cilenou terapii U téchto pacientek s obecné Spatnou prognozou (147).
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3.7.2.PRC1

V nasi praci jsme potvrdili, Ze vysoké exprese transkriptu PRC1 je vyznamnym markrem
Spatné progndzy u pacientek s karcinomem prsu. V prvni fad¢ jsme nalezli vice jak dvakrat
zvysenou expresi PRC1 v nadorovych tkanich oproti kontrolnim tkanim u obou studovanych
souborii pacientek (tabulka 1, str. 78, €lanek 3). (tabulka 1, str. 78, ¢lanek 3). Vysoka
exprese PRC1 byla pozorovana jiz diive i na proteinové Grovni (122), ale nebyla dostupna
data o korelaci mRNA-protein PRC1. V naSem pilotnim stanoveni PRCI1 na proteinové
urovni jsme nenasli vyznamnou korelaci transkriptu s proteinem, i kdyz vysledky mohou byt
ovlivnény mensim poctem vzorkl ve studii (obrazek 2, str. 79, €lanek 3). Divodem mohou
byt rizné metody normalizace dat vyuzivané pro detekci transkriptii a proteind, stejné jako
posttranskripéni regulace nebo posttranslacni modifikace, o kterych u PRC1 zatim neni
mnoho informaci.

Vysoka exprese PRC1 déle vyznamné korelovala s nartstajicim gradem nadort a byla
nejvyssi u pacientek s TNBC nadory, tedy u podskupiny pacientek s nejhorsi prognézou
(tabulka 2, str. 79, ¢lanek 3). Navic pacientky nijak neselektované dle 1é¢by s vysokou
expresi PRC1 vnddorech vykazovaly vyznamné krat$i bezpiiznakové ptezivani oproti
pacientkdm s nizSimi hodnotami PRC1 (obrazek 1, str. 79, ¢lanek 3). Exprese PRCI1 je jiz
stanovovana v ramci genetického testu Mammaprint, ktery vyuziva stanoveni exprese 70 genti
pro odhad prognozy neselektovanych pacientek s karcinomem prsu (45). Snaha snizit tento
pocet genti a ziskat jednodussi test vedla k selekci 20 nejvice prognosticky zajimavych geni u
neselektovanych pacientek s karcinomem prsu analyzou vefejné dostupnych dat (148).
Z téchto gent byl v praci Mustacchi et al. 2013 naslednou analyzou 261 FFPE vzorki
rozdélenych jako zkuSebni a valida¢ni test vyselektovan set 5 gent jako nejptesnéjsi pro
odhad rizika relapsu: FGF18, BCL2, PRC1, MMP9 a SERF1A. Pies metodologické rozdily
V jednotlivych pracich, nase studie potvrdila vyznamnou roli PRC1 pro odhad prognézy

pacientek s karcinomem prsu.

Vzhledem k vyznamu PRCI1 pro prognézu pacientek s karcinomem prsu a vzhledem k
jeho schopnosti asociovat s mikrotubuly nas zajimalo, zda vysoka exprese PRC1 ovliviiuje
uc¢inky taxanti na buiiky karcinomu prsu. Pomoci MDA-MB-231 bunék, modelu TNBC formy
karcinomu prsu, jsme sledovali zmény exprese PRC1 v ¢asovém rozmezi po podani riznych
koncentraci taxanu in vitro (obrazek 3, str. 81, ¢lanek 3). Prekvapivé paclitaxel indukoval

expresi PRC1 na mRNA i proteinové trovni (obrazek 3, str. 81, ¢lanek 3). Paclitaxel je
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mitotickym jedem, ktery zabranuje depolymerizaci mikrotubulli, ¢imz piisobi na mitotické
vieténko délicich se bunék a zplisobuje zablokovani bunééného cyklu v G2/M bloku (149).
Navozeni exprese PRC1 by tedy mohlo byt jednim z mechanizmu, kterym se TNBC bunky
brani pusobeni paclitaxelu. Nasledné jsme sledovali vliv inhibice PRC1 na buné¢ny cyklus
MDA-MB-231 bun¢k pisobenim paclitaxelu pomoci pratokové cytometrie. Inhibice exprese
PRC1 navozena pomoci siRNA vsSak neovlivnila cytotoxicitu paclitaxelu, resp. prechod bun¢k
do G2/M bloku se nelisil u testovanych buné€k od kontrolnich (obrazek 4, str. 82, ¢lanek 3).
Vzhledem k tomu, Ze hladiny transkriptu PRC1 se vyznamné neliSily u pacientek s ¢asteénou
odpovédi ve srovnani s pacientkami se Spatnou odpovédi na neoadjuvantni 1é€bu obsahujici
taxany ¢i kombinaci taxanl v rezimech s jinymi chemoterapeutiky, 1ze konstatovat, ze PRC1
S nejvétsi pravdépodobnosti nemd vyznam pro ucinek taxant pfi [é€bé karcinomu prsu.
Kromé¢ vlivu exprese PRC1 na progndzu pacientek a G€innost chemoterapie u pacientek
s karcinomem prsu nas zajimalo, zda existuje geneticka variabilita v genu PRC1, kterd by
mohla ovlivnit jeho expresi a pfipadné funkci. Sekvenacni analyzou haplotypti genu PRC1
(celkem analyzovano 22 SNP polymorfizmi) jsme objevili, Ze variabilita dvou polymorfizmi,
rs10520699 a rs11852999, vyznamné souvisela s hladinami transkriptu PRC1 a s klinicko-
patologickymi daty na studovaném souboru 99 pacientek (tabulka 4, str. 80, ¢lanek 3).
Nosicky alely T v polymorfizmu rs11852999 mély cCastéji nadory bez exprese estrogenového
receptoru a vyznamné Casté&ji TNBC podtyp karcinomu prsu ve srovnani s pacientkami
s genotypem CC. Nasledna analyza na vyrazné vétS§im nezavislém souboru pacientek
s karcinomem prsu (N=615) vsak tyto vztahy nepotvrdila. In silico analyza pomoci programii
Regulome DB, Provean, SIFT nenaznacila funkéni vyznam téchto polymorfizmd napft. pro

vazbu transkripénich faktord apod.

3.7.3.CIT

Tretim studovanym potencialné prognostickym a prediktivnim markerem byla exprese
genu CIT. Stejn¢ jako u KIF14 a PRCI1 jsme nalezli vyznamné zvySenou expresi transkriptu
CIT v nadorovych tkanich karcinomu prsu v porovnani s kontrolnimi tkanémi u ptedléceného
i neptedléceného souboru pacientek. Podobné jako v piipadé KIF14 jsme ale nenalezli
vyznamny vztah transkripénich hladin CIT s délkou ptezivani pacientek ani s odpovédi

pacientek na neoadjuvantni 1é¢bu.
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3.7.4. Prognosticky vyznam KIF14, PRC1 a CIT u pacientek s karcinomem

ovarii

Vyznamné zvySena exprese KIF14 byla popsana u karcinomu prsu, plic a retinoblastomu
(116-118). V nasi praci jsme nalezli piiblizné dvacetkrat vys$i hladiny exprese KIF14
v tkanich karcinomu ovarii v porovnani s kontrolami (tabulka 3, str. 98, ¢lanek 4).
Vyznamné zvysenou expresi v nddorovych tkanich v porovnani s kontrolnimi jsme nalezli i
v ptipadé¢ PRC1 a CIT. Transkrip¢ni hladiny KIF14 a PRC1 pozitivné korelovaly s expresi
proliferatniho markeru Ki-67 v nadorovych tkanich, nicméné nenalezli jsme vyznamnou
souvislost mezi expresi téchto genti a délkou bezpiiznakového piezivani pacientek. Ptiblizné
rok pied opublikovanim této prace, Thériault et al. (2012) popsali vysokou expresi transkriptu
KIF14 u karcinomu ovarii v porovnani s kontrolnimi tkdnémi a ukézali, Zze vysoké hladiny
KIF14 vyznamné souvisi S krat$i dobou piezivani pacientek bez navratu onemocnéni (150).
Tento vysledek se v nasi praci nepotvrdil, nicmén¢ jsme nalezli vyznamnou souvislost vysoké
exprese CIT v nadorech ovarii s krat$i dobou bezptiznakového prezivani pacientek (obrazek

1, str. 99, €lanek 4), coz ukazuje na potiebu ovéfovani vysledkii na nezavislych souborech.
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4. ZAVER

Tato prace se zaméfila na nalezeni a charakterizaci potencialnich genetickych markert,
které by slouzily pro odhad prognozy pacientek s karcinomem prsu a pro predikci ucinku
chemoterapie u pacientek. Konkrétn¢ jsme se zaméfili na studium kaspaz bunééné smrti,
vcetné jejich alternativnich sestiihovych variant i genetického pozadi, a na studium hlavnich
regulatort cytokineze.

Hladiny celkovych transkripta kaspaz 2, 3, 7, 8, 9 a 10 v karcinomech prsu vyznamné
nesouvisely ani s délkou bezpiiznakového ptezivani pacientek ani s odpovédi pacientek
S karcinomem prsu na neoadjuvantni 1é¢bu chemoterapii zalozenou na FAC/FEC rezimy
(obvykle v kombinaci staxany). Stejny vysledek jsme ziskali i pii studiu jednotlivych
sestfihovych variant kaspazy 2L a S, 3A, BaSa8L.

Zmény V pomeru transkripénich hladin sestfihovych variant kaspazy 9, ve prospéch
alternativni antiapoptické varianty 9B na ukor hlavni proapoptické varianty 9A, detekované
ve vzorcich karcinomu prsu vyznamné souvisely s krat$i dobou bezpiiznakového piezivani
pacientek lécenych ndsledné adjuvantné chemoterapii. Navic jsme nalezli souvislost mezi
haplotypem 3 SNP polymorfismi: rs4645978, rs2020903 a rs4646034 v genu CASP9,
hladinami transkriptu kaspazy 9 v tkanich karcinomu prsu a expresi progesteronového a
HER?2 receptoru v karcinomech prsu. Vztah genotypu, exprese genu a klinického charakteru
nadoru, pokud by byl funkéné ovéfen a validovan na nezdvislém soboru, by mohl mit
diagnosticky 1 prognosticky vyznam. Exprese kaspazy 9 na transkripcni urovni byla
vyznamné snizena v tkanich karcinomu prsu 1 karcinomu ovarii oproti kontrolnim, nddorem
nazasazenym, tkanim ziskanym od stejnych pacientek. Kaspaza 9 by tedy mohla mit stejny
vyznam pro progndézu pacientek s karcinomem ovaria, u kterého jednotlivé sestiihové
varianty zatim specificky studovany nebyly.

Hladiny celkovych transkript kaspaz 2, 3, 8 a 9 ve vzorcich karcinomu ovaria vyznamné
nesouvisely ani s délkou bezptiznakového prezivani pacientek s karcinomem ovaria 1é¢enych
chemoterapii zaloZenou na taxanech a platinég.

Potvrdili jsme, Ze vysoka exprese transkriptu PRCI1 v karcinomech prsu je vyznamnym
faktorem $patné progndzy u klinicky neselektovanych pacientek s karcinomem prsu. Zjistili
jsme, Ze paclitaxel, taxan pouZivany v neoadjuvantni a adjuvantni lécbé karcinomu prsu,
indukuje expresi PRC1 in vitro u MDA-MB-231 bun¢k, modelu TNBC podtypu karcinomu
prsu. Naslednd funk¢ni studie s vyuZitim siRNA a analyza hladin PRC1 u pacientek 1é€enych

taxany v neoadjuvantnim rezimu ovSem ukazala, ze PRC1 s nejvétsi pravdépodobnosti nema
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vyznam pro ucinek taxand pfi 1é¢bé karcinomu prsu. Nepodafilo se nam potvrdit ani vliv
genetické variability genu PRC1 na expresi transkriptu tohoto genu nebo na klinicky profil
nadoru.

Hladiny transkriptt vSech tfi studovanych regulatorti cytokineze, KIF14, PRC1 a CIT,
byly vyznamné zvysSené v nadorech karcinomu prsu V porovnani s kontrolnimi tkanémi.
Transkripéni hladiny KIF14 a CIT ale vyznamné nesouvisely s délkou bezptiznakového
prezivani pacientek s karcinomem prsu a expresni hladiny ani jednoho ze studovanych gent
nesouvisely sodpovédi na neoadjuvantni 1é¢bu. Nejvyssi expresi vSech tii geni jsme
detekovali u TNBC podtypu karcinomu prsu, ktery zatim mutze byt 1éCen jen klasickou
chemoterapii a je obecné spojovan s nejhorSi prognézou v porovnani s ostatnimi podtypy.
KIF14, PRC1 a CIT by mohly byt dilezitymi prognostickymi a/nebo prediktivnimi faktory u
TNBC pacientek, pokud by tato hypotéza byla potvrzena. Vysoké exprese vSech tii genil jsme
rovnéz nalezli v nadorovych tkanich pacientek s karcinomem ovaria, u kterych vysoké
hladiny transkriptu CIT byly vyznamné spojeny s krat§i dobou pieziti bez navratu

onemocnéni, ¢cimz jsme potvrdili vysledky pfedchazejici nezavislé studie.
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