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Abstrakt

Kolorektalni karcinom je jednim znejvice rozSifenych typd malignich
onemocnéni. V jeho biologii a 1éCbé je stale velké mnozstvi otaznikl a v této
praci jsme se pokusili identifikovat nové prognostické znaky, které by mohly
podat nové informace o vyvoji tohoto nadoru a pomoci rozpoznat pacienty
s t&z8im prubéhem nemoci.

V prvni Casti prace jsme se zaméfili na imunohistochemické znaceni dvou
proteint spojovanych s nadorovymi kmenovymi bufikami na vzorcich nadoru
tlustého stfeva a jeho jaternich metastaz. Cilem bylo vyhodnotit vztah mezi
hladinou sledovanych proteini CD44 a CD133 a celkovym a bezpfiznakovym
prezitim u studovaného souboru pacientd. Pozorovali jsme korelaci mezi
zvySenym mnozstvim CD133 pozitivnich nadorovych Zlazek a prodlouzenim
bezpfiznakového preziti. Tento vysledek je vrozporu s obecnym nazorem
ohledné vlivu CD133 na vyvoj nadoru. Moznym vysvétlenim je pouZziti vysoce
specifikovaného souboru pacientd a odliSny metodicky pfistup, kdy jsme
sledovali pomér CD133 pozitivhich Zlazek ke vSem nadorovym Zlazkam

v zorném poli, nikoli absolutni intenzitu znaceni.

Nasledné jsme se zaméfili na studium intenzity transkripce vybraného setu
gent v zamrazenych vzorcich od pacientl s kolorektalnim karcinomem.
Hlavnim cilem bylo detekovat rozdilnou hladinu odpovidajicich mRNA mezi
zdravou a nadorovou tkani a vliv zmény exprese na celkové i bezpfiznakové
preziti pacientl. Ve studii jsme u 53 pacientu detekovali rozdilné hladiny mRNA
u deseti genll. Pro ¢ast analyz byl soubor rozdélen na dvé Casti dle pfitomnosti
Ci nepfitomnosti vzdalené metastazy v Case primarni operace. Statisticky
vyznamneé byla s pfezivanim pacientl spojena vysSi hladina VSNL1 v nadorové
tkani, ktera indikovala prodlouzeni celkového preziti. U €asti souboru bez
vzdalené metastazy byl popsan vztah mezi vySSi hladinou SLC26A2
a prodlouzenim celkového pfeziti. Prodlouzeni bezpfiznakového preziti bylo
spojeno s nizSi hladinou VSNL71 ve zdravé tkani a vysSi hladinou SLC26A2
v tkani nadorové. Porovnani zmény urovné exprese mezi zdravou a nadorovou
tkani po statistické analyze ukazalo spojeni mezi snizenim hladiny CLDN23
a zkracenim celkového preziti u kompletniho souboru pacientt. U ¢asti pacientt
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bez vzdalené metastazy bylo prokazana vazba mezi vyraznym snizenim
hladiny SLC26A2 a ACSL5 a vyraznym zvySenim hladiny LGRS a prodlouzenim

bezpfiznakového preziti.

Jak ukazuji vysledky spojené s CD133 proteinem v prvni a LGR5 mRNA
ve druhé studii, je nutné zkoumat vlastnosti a chovani i u znaku, které se jiz
zdaji jednoznacné z pohledu jejich efektu na vyvoj nadorové tkané. Pro
spravnou interpretaci vysledkd bude vtomto pfipadé zapotiebi ziskat vice
informaci o vlastnostech obou proteint, protoZe jejich pfesna funkce ve

fyziologii i patologii bunky neni znama.

Studie transkripce vybranych genut u kolorektalniho karcinomu ukazala nové
znaky s potencialem upfesnit progndzu pacientu. Tyto znaky by mohly pomoci
s vybérem pacientl pro onkologickou Ié¢bu a rovnéz pfinaseji zprostfedkované

informace o biologii kolorektalniho karcinomu.



Abstract

Colorectal cancer is one of the most common type of malignity. Despite of the
existence of numerous studies focused on this carcinoma, there are still many
unknown features regarding its diagnosis, treatment or prognosis. In the thesis
we focused on the identification of novel prognostics markers that could be
useful for the stratification of patients based on the disease outcomes.

In the first study we immunohistochemically assessed expression of two
proteins associated with cancer stem cells in the samples of primary colorectal
cancer and matched liver metastasis. Goal of the study was to evaluate relation
among expression of CD44 and CD133 and overall survival and disease free
interval in our set of patients. We observed that increased ratio of CD133
positive compared to CD133 negative tumor glands resulted in longer disease
free interval, finding which is opposite to the general view on the CD133 role in
the cancer development. Our hypothesis is that we analyzed confined group
of patients and followed a bit different goal, where we measured ratio between
positive and negative glands in the view-field and not the intensity of staining as

the previous studies did.

Our second study was focused on the transcriptional analysis of the selected
set of twelve genes using frozen samples from colorectal cancer patients. Main
goal was to detect differentially expressed genes between healthy and tumor
tissue and relate experimental data to overall survival and disease free interval.
In this study we analyzed samples from 53 patients and identified ten genes
with altered expression. For portion of analysis we divided patients into two
groups based on presence or absence of distant metastasis at the time
of primary surgery. Statistically significant associations between gene
expression level and clinical data were found. Higher level of VSNL7 in tumor
tissue correlated with longer overall survival. In the group without metastasis we
found relation between higher level of SLC26A2 and longer overall survival,
longer disease free survival was related to lower level of VSNL1 expression in
healthy tissue and higher level of SLC26A2 in tumor tissue. Expression change
between healthy and tumor tissue showed that downregulation of CLDNZ23

in tumor tissue correlated with shorter overall survival in the complete group



of patients, in the group without distant metastasis we found that
downregulation of SLC26A2 and ACSLS and upregulation of LGRS related to

longer disease free interval.

Our data points out the need to study even markers, whose role in the tumor
development seems clear at this moment. To understand our results regarding
CD133 protein and LGR5 mRNA it is necessary to learn more about function
of these proteins in biology and pathology of the cell. In the transcription study
we showed new markers with the potential to specify prognosis in colorectal
cancer patients. These markers could help with the selection of patients for the
oncology treatment and could give us indirect insights regarding the tumor

biology.
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2 Teoreticky uvod

2.1 Epidemiologie kolorektalniho karcinomu

Kolorektalni karcinom (KRCa) je celosvétové jednim z nejCastéjSich malignich
onemocnéni. V incidenci je u celkové populace na tfetim misté za nadory plic
a prsu s vice nez 1,2 milionem pfipadd rocné (téméf 10% vSech nadorovych
onemocnéni), z pohledu mortality je KRCa na Ctvrté pozici po nadorech plic,
Zaludku a jater s celkovym poctem 600 tisic umrti (8,1% s nadory spojenych
umrti). Mezi muzi jde o tfeti nejCastéjSi nadorové onemocnéni po nadorech plic
a prostaty, u Zen jde po nadoru prsu o druhou nejCastéjSi malignitu. Mortalita
spojena s KRCa je u muzl obdobna jako v celkové populaci, zatimco u Zen je
na tfeti pozici po nadorech prsu a plic. Celkové je incidence zvySena v muzske
Casti populace v poméru 1,4:1 oproti Zenam (Ferlay et al., 2010). Celozivotni
riziko vzniku kolorektalniho karcinomu se odhaduje na 5-6% (Grady, 2003a).
Incidence i mortalita KRCa je obecné vysSi ve vyspélych zemich nez v zemich
tretiho svéta.

V Ceské republice je incidence i mortalita spojena s KRCa jednou z celosvétové
nejvysSich (Zavoral, 2009) (obrazek 1). V absolutnich hodnotach se v roce
2010 jednalo o 8265 nové diagnostikovanych pfipadd KRCa a 3991 umrti
s KRCa spojenych.

V poslednich letech se v Ceské republice incidence vSech diagnéz spadajicich
pod souhrnné oznaceni kolorektalni karcinom (C18 — zhoubny novotvar (ZN)
tlustého stfeva; C19 — ZN rektosigmoidealniho spojeni; C20 — ZN konecCniku —
rekta; C21 — ZN fiti a Ffitniho kanalu) i pfes vysoka absolutni Cisla ustalila
a mortalita mirné poklesla (obrazek 2). Tato statistika zahrnuje i diagnézu 2N fiti
a fitniho kanalu, ktera je jiz ektodermalniho, nikoliv entodermalniho puvodu.
Celkovy podil jednotlivych diagnéz z hlediska nové diagnostikovanych pfipadu
KRCa a z hlediska mortality v roce 2010 je shrnut v Tabulce 1. V pfistich letech
se oCekava ruast incidence i mortality spojené s KRCa, pfedevSim v souvislosti
s celkovym starnutim populace. VySe uvedené statistické informace pochazeji

z Narodniho onkologického registru na internetové adrese www.svod.cz.
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Obrazek 1 - Graf incidence a mortality KRCa dle dat projektu GLOBOCAN
2012. Ceskéa republika je na sedmém misté z hlediska incidence a $estém
z pohledu mortality. Zdroj http://globocan.iarc.fr/. Data normalizovana na 100
tisic obyvatel.

C18-C21 - ZN tlustého streva a konecniku
Yivoj v case

90 - Incidence

- Mortalita

Potet pripadi na 100 000 osob

Zdroj dat: 0ZIS CR
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Analyzovana data: N(inc)=216789, N(mor)=132265 http:/wuw.svod.cz
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Obrazek 2 - Vyvoj incidence a mortality KRCa v Ceské republice mezi lety 1977
az 2010. V poslednich letech doSlo k ustaleni incidence a k poklesu mortality
diky nové zavedenym postupim v IéCbé. Zdroj http://www.svod.cz.
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Tabulka 1 - Prehled podilu jednotlivych diagndz spadajicich pod oznaceni
kolorektalni karcinom na incidenci a mortalité spojené s KRCa v
absolutnich poétech pfipadl a v procentech dle dat z roku 2010.

diagnéza incidence mortalita
absolutni hodnoty % absolutni hodnoty %
C18 4908 59,4% 2245 56,3%
C19 981 11,9% 549 13,8%
C20 2247 27,2% 1140 28,6%
C21 129 1,6% 57 1,4%

2.2 Vyvoj a déleni kolorektalniho karcinomu

KRCa je dle puvodu mozné rozdélit na dédi¢né a sporadické. Dédi¢né formy
jsou zodpovédné za priblizné 20-30% pfipadd KRCa. U vétSiny dédi¢nych
pfipadu KRCa je zatim konkrétni mutace neznama, dobfe definované syndromy
tvofi 5% vSech pfipadi KRCa (Grady, 2003b). Mezi popsané dédi¢né typy
KRCa patfi napfiklad Lynchiv syndrom (téZ nazyvany hereditarni nepolypézni
kolorektalni karcinom), familiarni adenomatézni polypéza, s mutaci v genu MYH
(mutY homolog) spojena MYH-asociovanou polyp6za a syndrom hyperplasticke
polypézy (Cunningham et al., 2010; Kalady et al., 2011). NejvySSi Cetnosti
dosahuje Lynchuv syndrom a familiarni adenomatoézni polypéza, vyskyt dalSich

syndromu je minimalni.

Druhou skupinu tvofi sporadické formy KRCa, které jsou zodpovédné za
zbyvajicich 70-80% pfipadu (Lichtenstein et al., 2000; Migliore et al., 2011) a na
jejichz vyvoji se podili kombinace environmentalnich faktorl a somatickych

mutaci.

2.2.1 Lynchiv syndrom

Nej¢astéjSi hereditarni typ KRCa se vyskytuje pfiblizné u 1-3% pacientl
s KRCa (Hampel et al., 2008). Lynchav syndrom se Casto oznacuje jako
hereditarni nepolypozni kolorektalni karcinom (HNPCC). Celozivotni riziko
vzniku KRCa u pacientt s Lynchovym syndromem dosahuje 80%. Navic je toto
onemocnéni spojeno s dalSimi typy nadorud, nej¢astéji s nadorem endometria,
dale pak napfiklad s nadory vaje€nik(, Zzaludku, tenkého stfeva, slinivky
a v podobé Turcotova syndromu s nadory mozku nebo Muir-Torre syndromu

15



jako kombinace kozniho a visceralniho nadoru (Lynch et al., 2009;

Shellenberger et al., 2008). Genetickou pfi¢inou Lynchova syndromu jsou

zarodecné mutace v genech zodpovédnych za opravu DNA, nejcastéji mutace
MLH1 (mutL homolog 1) a MSH2 (mutS homolog 2). Vysledkem téchto mutaci
pak nejCastéji byva nador s typickou mikrosatelitni nestabilitou (viz Cast 2.4).

Diagnostika Lynchova syndromu probiha podle Amsterodamskych kritérii | a

(Tabulka 2) ¢i podle revidovanych kritérii z Bethesdy (Tabulka 3). Spravna

identifikace tohoto syndromu je podstatna pro pacienta samotného i jeho

rodinu, jelikoz je mozné u rizikovych osob v€asné zahdjit preventivni prohlidky

a umoznit tak detekci nadoru v raném stadiu.

Tabulka 2 - Diagnostika Lynchova syndromu podle amsterodamskych kritérii

(Plevova et al., 2009).

Amsterodamska kritéria |

V rodiné jsou alespon tfi pacienti s karcinomem tlustého stfeva, jeden z
nich je pfibuzny prvniho stupné ostatnich dvou.

Jsou postiZzeny alespon dvé generace.

Alespon jeden nemocny byl mladsi 50 let v dobé diagnozy.

Nador byl ovéfen patologem.

gk

Je vylou€ena familiarni adenomatézni polypéza.

Amsterodamska kritéria Il

-

V rodiné jsou alespon tfi pfibuzni s karcinomem sdruzenym s HNPCC
(kolorektalni karcinom, karcinom endometria, tenkého stfeva, ureteru a
ledvinové panvicky), jeden z nich je pfibuzny prvniho stupné ostatnich
dvou.

Jsou postiZzeny alespon dvé generace.

Alespon jeden nemocny byl mladsi 50 let v dobé diagnozy.

Nador byl ovéfen patologem.

o wn

Je vylou€ena familiarni adenomatézni polypéza.
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Tabulka 3 - Diagnostika Lynchova syndromu podle revidovanych kritérii
z Bethesdy (Plevova et al., 2009).
Revidovana kritéria z Bethesdy
1. | Kolorektalni karcinom diagnostikovany u pacienta mladSiho 50 let.

Pfitomnost synchronnich nebo metachronnich karcinomu stfeva nebo
jinych nadord sdruzenych s HNPCC (karcinom kolorekta, endometria,
2. | zaludku, tenkého stfeva, ovaria, pankreatu, ureteru a panvicky, biliarniho
traktu, mozku — glioblastom, kiuze — adenomy sebaceoznich Zlaz a
keratoakanthomy), bez ohledu na vék.

Kolorektalni karcinom s histologii odpovidajici vysokému stupni
mikrosatelitni nestability, diagnostikovany u pacienta mladSiho 60 let
3. | (pfitomnost tumor-infiltrujicich lymfocytd, lymfocytarni reakce podobna
Crohnové chorob&, mucinézni charakter, medularni rast, prstencové
bunky v nadoru).

Kolorektalni karcinom diagnostikovany u jednoho nebo vice pfibuznych
4. | prvniho stupné s nadorem charakteristickym pro HNPCC, jeden z nadort
je diagnostikovan pred 50. rokem véku.

Kolorektalni karcinom diagnostikovany u dvou nebo vice pfibuznych

5. | prvniho nebo druhého stupné s nadory sdruzenymi s HNPCC, bez ohledu
na vek.

2.2.2 Familiarni adenomatézni polypé6za

Zarodecna mutace v genu APC (adenomatous polyposis coli) je pfi€inou méné
nez jednoho procenta kolorektalnich karcinomd (Patel and Ahnen, 2012).
Klinickym projevem je pfitomnost vysokého mnoZstvi polypu v tlustém strevé pfi
nizkém véku pacienta, obvykle do 35 let. Benigni polypy je mozné povazovat za
prekancerdzni stadia a riziko vzniku KRCa u neléCenych pacientd s familiarni
adenomatdzni polypdzou (FAP) ve véku 50 let dosahuje 95% (Jasperson et al.,
2010). Stejné jako v pfipadé Lynchova syndromu, i u FAP se vyskytuji nadory
mimo oblast tlustého stfeva — nejCastéji karcinomy tenkého stfeva a papilarni

karcinom §titné Zlazy (Anaya et al., 2008).

Kromé plné rozvinuté formy FAP rozeznavame i atenuovanou formu FAP, ktera
se projevuje menSim mnozstvim adenoml v tlustém stfevé a nastupem

v pozdéjSim véku (Jasperson et al., 2010).
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2.2.3 Sporadicky kolorektalni karcinom

Sporadické pfipady tvofi vétSinu KRCa a jejich vznik neni vysvétlitelny
pfitomnosti nékteré ze v souCasnosti popsanych zarode¢nych mutaci. V
etiologii sporadického KRCa hraje roli velké mnozstvi faktor, od genetického
pozadi pfes somatické mutace a epigenetické regulace az po vliv vné&jSiho
prostfedi, pficemz na vzniku KRCa se vétSinou podili kombinace nékolika
faktord.

V souCasnosti uznavanou teorii vzniku a vyvoje kolorektalniho karcinomu je
model vicestuprfiové kancerogeneze, také nazyvany VogelsteinGv model
kancerogeneze. Podle n&j dochazi postupnym hromadénim mutaci k pfeméné
zdravého stfevniho epitelu na dysplastické 1éze, které se dale vyvijeji pfes
Casny a pozdni adenom az do stadia karcinomu (Fearon and Vogelstein, 1990).

Vyvoj smérem ke kolorektalnimu karcinomu je potencovan vznikem konkrétnich
somatickych mutaci. Prvni a zasadni je mutace v genu APC (podobné jako
u familiarni adenomatozni polypdzy), ktera je detekovatelna jiz v dysplastickych
lézich (Powell et al., 1992). DalSim krokem pfi vyvoji adenomu je mutace
v genu KRAS (Kirsten rat sarcoma viral oncogene homolog), ktery patfi do
rodiny malych GTP (guanosin-5‘-trifosfat) vazebnych proteind a hraje roli
v pfenosu signall od receptorl pro rastové faktory. Tato mutace je dle
nékterych studii pfitomna ve vice nez 50% KRCa (Haigis et al., 2008) a jeji
pritomnost pravdépodobné dava malignim burikam rustovou vyhodu, pfedevsim
v kombinaci s mutaci v genu APC (Haigis et al., 2008). Béhem vyvoje adenomu
z Casného k pokrocilému se objevuje delece na dlouhém raménku chromozomu
18, ktera zasahuje kondicionalni tumor supresor/proto-onkogen DCC (deleted in
colorectal carcinoma) (Lea et al., 2009). Poslednim krokem pfi pfechodu od
adenomu ke karcinomu je mutace v tumor supresorovém genu TP53 (tumor
protein p53), ktera se vyskytuje u 75% KRCa, s niz8im vyskytem u nadort
proximalni ¢asti tlustého stfeva a u Lynchova syndromu. Mutace v TP53 se jen
velmi zfidka vyskytuji v adenomech, zda se tedy, Ze jsou kliCové pro vznik
karcinomu. Pokud mutace vedou k vyfazeni funkce proteinu p53,
zpusobuji akumulaci dalSich mutaci a zablokovani p53-mediované apoptozy
(Houlston, 2001). Kromé& mutace v TP53 muze byt pfechod z adenomu na

18



karcinom provazen i mutacemi DNA (deoxyribonukleova kyselina) opravnych
genl MLH1 a MSH2, podobné jako u Lynchova syndromu (Houlston, 2001).
Sekvence typickych mutaci pfi vyvoji KRCa je shrnuta v obrazku 3.

Zdrava strevni sliznice Casny adenom Pozdni adenom Karcinom

APC, B-katenin a zmény ve Wnt signalizacni dréze

I mutace p53,BAX

| mutace SMAD4, TGFRII /

Obrazek 3 - Vyvoj sporadického kolorektalniho karcinomu. Zelené Sipky
znazoriuji inaktivaci nadorovych supresord, ¢ervené naopak zmeény v proto-
onkogenech a celkové genetické zmeény v nadorovych bunkach. Prevzato
z (Pitule et al., 2013).

OdliSnym genetickym pozadim a pfedevSim rozdilnou morfologii se
postupnému vyvoji nadoru sekvenci adenom-karcinom vymyka Cast
sporadickych KRCa vzniklych takzvanou pilovitou cestou kancerogeneze, které
tvofi celkové 10% KRCa. RozliSujeme ¢tyfi typy pilovitych 1ézi — sesilni
(prisedlé) pilovité polypy, sesilni pilovité adenomy, tradiéni pilovité adenomy
a hyperplastické polypy, které jsou pfedchozim typim podobné morfologicky,
ale maji velmi nizky maligni potencial (Yamane et al., 2014). Vyznamnou roli
v této draze hraje zvySena metylace CpG (cytosin-fosfat-guanin) oblasti
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v genomu a mikrosatelitni nestabilita doprovazena mutacemi v BRAF (v-raf
murine sarcoma viral oncogene homolog B) proto-onkogenu (Guarinos et al.,
2012).

Kromé geneticky podminénych rizikovych faktord hraji vyznamnou roli v etiologii
sporadického karcinomu i environmentalni a dalSi negenetické faktory. Za
nejvyznamnéjsi Ize povazovat vys8i vék, protoze vétdina pfipadid KRCa se
vyskytuje u osob starsich 50 let (92% pfipadu), respektive 60 let (72% pripadl).
Dale byly jako rizikové faktory popsany nizka fyzicka aktivita, nizka konzumace
ovoce a zeleniny, nizky pfijem vlakniny a dieta bohata na tuky, vysoka
hmotnost az obezita, koufeni a nadmérna konzumace alkoholu (Benito et al.,
1991; Wu et al., 1987).

2.2 4 Kolorektalni karcinom a zanétliva strevni onemocnéni

ZvySené riziko vyskytu kolorektalniho karcinomu bylo dle nékterych studii
pozorovano u osob se zanétlivymi stfevnimi onemocnénimi (IBD, Intestinal
Bowel Disease) jako jsou Crohnova choroba ¢i ulcerdzni kolitida, které se
vyskytuji u zhruba 2% pacientd s KRCa (Triantafillidis et al., 2009). Kolorektalni
karcinomy vzniklé na pozadi zanétu maji podobné procento chromozomalnich
a mikrosatelitnich nestabilit jako Cisté sporadické KRCa (Cunningham et al.,
2010), ale vyskytuji se v mladSim véku (Rhodes and Campbell, 2002). Mezi
rizikové faktory vzniku KRCa na pozadi IBD patfi chronicky zanét, pfi kterém
dochazi ke drazdéni stfevni sliznice, coz zvySuje pravdépodobnost vzniku
nadorovych bunék, dale délka trvani onemocnéni &i vék pacientu pfi propuknuti

zanétlivych stfevnich onemocnéni (Andersen and Jess, 2013).

| pfes rizikové faktory neni vliv stfevnich zanétlivych onemocnéni na riziko
vyskytu KRCa zcela jednoznacny — pacientim s IBD je totiz vénovana vysSi
péCe spojena s pravidelnymi kolonoskopiemi od casného véku, jednim
z dulezitych léCebnych zakrokl jsou CasteCné kolektomie a léEba podavana
pacientim s IBD mlze mit protektivni efekt pfi vzniku pokro€ilych neoplazii i
KRCa. Protektivni role je pfifazovana napfiklad thiopurinim, i kdyZz nedavna
meta-analyza jejich vliv na riziko vzniku KRCa neprokazala (Jess et al., 2014;
van Schaik et al., 2012). Pfestoze nékteré prace odhalily zvySené riziko vzniku
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KRCa u pacientu s IBD (Herrinton et al., 2012), dal$i studie z poslednich let
provedené na odlisné populaci nartst incidence KRCa u této skupiny pacientut
neprokazuji (Jess et al., 2012, 2013).

2.2.5 Nadorové kmenové bunky u kolorektalniho karcinomu

V soucasnosti byla u vétSiny solidnich i hematologickych nadorl identifikovana
minoritni bunécna populace nazvana nadorové kmenoveé bunky (CSC, cancer
stem cells). Tyto buriky jsou na zacCatku hierarchického usporadani nadorové
tkané, ktera byla poprvé pozorovana u akutni myeloidni leukemie v roce 1997
(Bonnet and Dick, 1997). Pozdé&ji byly podobné populace nalezeny napfiklad
i u karcinomu prsu (Al-Hajj et al., 2003), prostaty (Collins et al., 2005), tlustého
stfeva (O’Brien et al., 2007; Ricci-Vitiani et al., 2007) Ci slinivky (Li et al., 2007).

Nadorové kmenové burky sdileji velké mnozstvi svych znakl s fyziologickymi
kmenovymi burikami. Oba typy se déli asymetricky, jsou schopny sebeobnovy,
nepfiznivych podminek a maji relativné dlouhy bunécny cyklus (Aguilar-
Gallardo and Simoén, 2013). DalSi podobnosti je zvySena odolnost proti chemo-
a radioterapii, coz z nich Cini velice obtizné cile pro bézné |éCebné rezimy.
Timto jsou CSC potencialnimi zdroji pozdéjSich recidiv onemocnéni ¢i pudou
pro selekci rezistentnich kloni pomoci suboptimalnich davek onkologickych
terapeutik (Ishii et al., 2008). S rozvojem poznani o CSC se vytvareji i specialni
terapie zaloZené na prvotni indukci diferenciace CSC a naslednému pouziti
chemoterapie Ci cilené biologické |éCby k usmrceni kompletni masy nadorovych
bunék (Friedman et al., 2013).

Pro identifikaci CSC byly vyuzity ruzné, vétSinou povrchové znaky.
U kolorektalniho karcinomu byla jako prvni pouzita pozitivita znaceni protilatkou
proti proteinu CD133 (cluster of differentiation 133), kdy CD133 pozitivni bunky
vykazovaly vySsSi schopnost tvofit nadory nez buriky CD133 negativni (O’Brien
et al., 2007; Ricci-Vitiani et al., 2007). V dalSich studiich byly mezi znaky
pfidany napfiklad CD44 a CD166 (Dalerba et al., 2007), CD29, CD24 a LGRS
(leucine-rich repeat-containing G protein-coupled receptor 5) (Vermeulen et al.,
2008) &i ALDH1 (aldehyde dehydrogenase 1) (Huang et al., 2009). Rada t&chto
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znakl se ale nachazi i na normalnich kmenovych burikach tlustého stfeva, coz
komplikuje oddéleni téchto populaci, navic ani jeden z téchto znaku neuréuje
CSC s absolutni jistotou — napfiklad i mezi CD133 negativnimi burfikami existuji
kmenové bunky schopné tvofit nadory se stejnou frekvenci jako buriky CD133
pozitivni (Shmelkov et al., 2008).

Spojeni mezi fyziologickymi a nadorovymi kmenovymi bunkami je pro vyvoj
nadoru podstatné. Jelikoz vétSina stfevnich epitelialnich bunék ma rychly
Zivotni cyklus a k nahromadéni dostateCného pocCtu mutaci je zapotfebi déle
Zijicich bunék, jsou cilem mutaci pravdépodobné fyziologické kmenové bunky
stfevniho epitelu, ze kterych se nadorové kmenové bunky vyvijeji a dale
zajidtuji zachovani a rust nadoru (Vermeulen and Snippert, 2014). Na zakladé
studia nadorovych kmenovych bunék by bylo mozné pfipravit efektivnéjsi

léCebna schémata s cilem eliminovat vyvoj KRCa.

2.3 Diagnostika kolorektalniho karcinomu

Uspé&snost 1é8by pacientt s KRCa je vysoka, pokud je nemoc diagnostikovana
v Casném stadiu. Rozdil v pétiletém preziti mezi stadii | a Il a stadii lll a IV dle
starsi klasifikace UICC 2002 (Union for International Cancer Control) je enormni
- 93,2% a 82,5% pro stadia | a ll, 59,5% a 8,1% pro stadia lll a IV (O’Connell et
al., 2004). Presnost a spolehlivost diagnostickych metod je zasadni pro
zachyceni KRCa vraném stadiu a tedy pro umoznéni léCby s maximalni

efektivitou.

2.3.1 Klasifikace kolorektalniho karcinomu

Pro spravné nasazeni IéCby a odhad vyvoje KRCa je potfebné provést presnou
klasifikaci nadoru a staging na zakladé nékterého z pouzivanych klasifikacnich
systéml — v soulasnosti se vyuziva TNM systém (tumor - lymph node -
metastasis), Dukuv systém a Ciselny staging. DalSim kategorizaCnim zpusobem
je rozdéleni KRCa na zakladé urCeni dediferenciace nadoru dle grading

systému.
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TNM klasifikaci je mozné rozdélit na klinickou (pfedoperacni) a patologickou (na
zakladé patologického vySetfeni operacniho nalezu). V sou€asnosti se pouziva
nejéastsji 6. verze (UICC 2002) a 7. verze (UICC 2009) klasifikace. Cast T
charakterizuje primarni nador a jeho vlastnosti, ¢ast N popisuje pfitomnost
nadorovych bunék v mistnich lymfatickych uzlinach a ¢ast M poté pfitomnost
vzdalenych metastaz (podrobny popis 7. verze viz Tabulka 4). Dukav a Ciselny
staging systém rozdéluji nadory do nékolika kategorii dle jejich pokrocilosti
(Tabulka 5 a 6). Prevodni vztahy mezi jednotlivymi systémy jsou shrnuty
v Tabulce 7. Jednotlivé kategorie grading systému dle patologického vySetreni
shrnuje Tabulka 8.

Tabulka 4 - Jednotlivé hodnoty parametrd TNM klasifikace a jejich vyznam.

TNM staging
hodnota | popis stavu
Tx primarni nador nemuze byt ohodnocen
TO zdrava tkan bez pfitomnosti nadoru
Tis karcir)om in situ - nador neopustil epitel i invaze jen do lamina
propria
T nador invaduje do podslizni¢niho vaziva
T2 nador invaduje do sliznicni svaloviny
T3 nador invaduje skrze slizni¢ni svalovinu do okolnich tkani

T4a nador penetruje visceralni peritoneum
T4b nador penetruje &i pfiseda k dalSim organim

Nx lymfatické uzliny nemohou byt hodnoceny
NO bez metastaz v mistnich lymfatickych uzlinach
N1 1-3 metastazy v mistnich lymfatickych uzlinach

(podkategorie N1a-c)

N2 4 a vice metastaz v mistnich lymfatickych uzlinach
(podkategorie N2a-b)

MO bez vzdalenych metastaz

M1 pritomnost vzdalenych metastaz

M1a vzdalené metastazy jen v jednom organu

M1b metastazy ve vice organech Ci peritoneu
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Tabulka 5 - Hodnoty Dukova systému a jejich vyznam.

Dukuv systém

hodnota | popis stavu

A nador prorostl ke svalové vrstvé stény streva

nador invaduje skrze celou sténu stfeva, bez metastaz v
lymfatickych uzlinach

B
C detekovana metastaza v mistnich lymfatickych uzlinach
D detekovana vzdalena metastaza

Tabulka 6 - Hodnoty Ciselného stagingu a jejich vyznam na zakladé 7. vydani
UICC Klasifikace.

Ciselny staging

hodnota popis stavu

0 karcinom in situ

I nador prorostl ke svalové vrstvé stény stieva

nador invaduje skrze celou sténu stfeva, bez metastaz v

lla lymfatickych uzlinach

b nador invaduje okolni tkané, ale nedetekovany metastazy v
lymfatickych uzlinach

nador prorostl maximalné ke svaloveé vrstvé stény stfeva, ale

llla byly detekovany 1-3 metastazy v lymfatickych uzlinach

b nador invaduje skrze celou sténu stfeva ¢i do okolnich tkani, a
byly detekovany 1-3 metastazy v lymfatickych uzlinach

nador ma jakoukoliv velikost, ale byly detekovany 4 a vice

lllc metastazy v lymfatickych uzlinach a 2adna vzdalena metastaza

Va nador jgkékoliv velikosti, ale s detekovanou vzdalenou
metastazou

Vb nador jakékoliv velikosti, ale s detekovanou vzdalenou

metastazou ve vice organech
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Tabulka 7 - Pfevodni tabulka mezi jednotlivymi typy staging
systému na zakladé 7. vydani UICC klasifikace.

Ciselny Dukav

staging systém T N M
0 - Tis NO MO

| A T1 NO MO

A T2 NO MO

lla B T3 NO MO
llb B T4 NO MO
lla C T1-2 N1 MO
C T1 N2a MO

C T3-4a N1 MO

b C T2-3 N2a MO
C T1-2 N2b MO

C T4a N2a MO

llic C T3-T4a N2b MO
C T4b N1-2 MO
IVa D jakékoli T | jakékoliN | M1a
IVb D jakékoli T | jakékoliN | M1b

Tabulka 8 - Kategorie grading systému a jejich vyznam.

Grading

hodnota | popis stavu

nadoroveé bunky podobné fyziologickym burikam stfeva (dobfe
diferencované)

2 nadorové bunky vizualné abnormaini, rychlejSi bunécné déleni
nadorové burky s vysoce zménénou morfologii, rychly bunécny
cyklus, potencial k Sifeni nadoru (nediferencované bunky)

2.3.2 Zavedené screeningové a diagnostické metody

Vyvoj KRCa dle klasického modelu od zdravé sliznice pfes adenom po
karcinom (Fearon and Vogelstein, 1990) probiha obvykle velmi pomalu,
v priméru se uvadi 7-10 let (Miller and Steele, 2012). Takto dlouhy Casovy
horizont umozfiuje pouziti preventivnich screeningovych testd, které mohou
vést k Casnému zachyceni onemocnéni. Pfesto bylo v letech 2006 az 2010
v Ceské republice diagnostikovano s asnym stadiem KRCa (stadium | a 1) jen
45% pacientl, s pokroCilym KRCa (stadium Il a IV) 47% pacientd a u zbylych

8% pacientl bylo stadium neznamé (www.svod.cz).
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Plosny screening kolorektalniho karcinomu v bé&zné populaci se v Ceské
republice provadi od roku 2000. V roce 2009 byla zavedena nova pravidla,
ktera zvysila pokryti populace. Od roku 2013 se zavadi systém adresného zvani
na preventivni prohlidku s cilem pfiblizit pokryti populace k hodnotam typickym
u zapadoevropskych statl, tedy 50% cilové populace (Kral and Seifert, 2013;
Zavoral et al., 2014).

Primarni screeningovou metodou je test okultniho krvaceni ve stolici (TOKS,
v anglické literatufe Fecal Occult Blood Test, FOBT), kde jsou plvodni testy
vyuzivajici guajakovou pryskyfici postupné nahrazovany testy
imunohistochemickymi, které maji vySSi senzitivitu i specificitu (Zhu et al.,
2010). Tento test mohou zdarma absolvovat v rocnim intervalu osoby ve véku
50-54 let. Pfi dovrSeni 55 let je mozné pokraCovat v TOKS s dvouletym
intervalem, €i podstoupit primarni screeningovou kolonoskopii, kde v pfipadé
negativniho vysledku dojde na dobu deseti let k pferuSeni screeningu - zde se
vyuziva pomalého vyvoje KRCa (Kral and Seifert, 2013).

Vyhodou neinvazivnich testu je vysSi uCast pacientu a tedy kvalitn&jsi pokryti
populace. Kromé jiz zavedenych testl je ve vyvoji Siroké spektrum novych
diagnostickych metod, které by mohly senzitivitou, specificitou ¢i urCenim
konkrétnich informaci o daném nadoru prekonat sou€asny standard v podobé
testi okultniho krvaceni do stolice. Nevyhodou téchto testu je vySSi cena
a Casto i naroky na personal a vybaveni laboratofi.

Mezi dalSi metodiky, které je mozné pouzit v diagnostice KRCa patfi flexibilni
sigmoideoskopie a radiologické testy, pfedevSim irigografie a CT kolonografie
(CT, pocitaCova tomografie) (Levin et al., 2008). Ani jeden z téchto postupu ale
nedosahuje dostateCné spolehlivosti, a proto je v souCasnosti nejvyhodnéjsi
pouzit TOKS kombinovany v pfipadé pozitivniho nalezu s kompletni
kolonoskopii. Pouziti kolonoskopie umozniuje i odbér bioptického vzorku
z pripadné léze a ziskani podstatnych informaci o nadoru.
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2.3.3 Nové metodiky vyuzitelné pro diagnostiku a screening KRCa

Volna DNA ve stolici

Zajimavou alternativou ke guajakovému i imunohistochemickému TOKS je
testovani DNA (deoxyribonukleova kyselina) extrahované ze stolice. Detekce je
zaloZena na genetickych a epigenetickych zménach v nadorové tkani (Ahlquist,
2010). DNA uvolnéna z epitelialnich bunék traviciho traktu predstavuje jen
minimalni mnozstvi celkovych nukleovych kyselin ve stolici, které z vice nez
99,9% tvofi DNA bakterii stfevni mikroflory (Klaassen et al., 2003). Diky
existenci vysoce senzitivnich metod pro detekci mutaci je pfesto mozné zachytit
zmény v onkogenech, které mohou byt spojeny s pfitomnosti nadoru v travici
soustavé (Deng et al. 2012; Li et al. 2012; Zou et al. 2009). Kromé mutaci je
mozné analyzovat i metylacni profil DNA, ktery je v pfipadé nadorlu rovnéz
odliSny od bézného stfevniho epitelu. Posledni generace testi DNA ve stolici
pracuji s upravenymi panely sledovanych znakl, které zvySuji specificitu
a senzitivitu predevSim pro detekci adenomd a Casnych stadii karcinomu
kolorekta (Ahlquist et al., 2012). Pfi spravném nastaveni panelu sledovanych
znaku je mozné zachytit nadory nejen v oblasti tlustého stfeva a konec¢niku, ale
i nadory v dalSich Castech travici soustavy (slinivka, tenké stfevo Ci zaludek),
u nichz jsou testy na detekci krve ve stolici nepouzitelné (Ahlquist, 2009; Kisiel
et al., 2012). Zasadni nevyhodou testu DNA ve stolici je jeho vySSi cena

a prisnéjsi naroky na kvalitu vzorku.

Cirkulujici nadorové buriky

Buriky uvolnéné z nadorové masy karcinomu je mozné detekovat v periferni krvi
pacientl vzhledem Kk jejich odliSnym vlastnostem od bé&znych krevnich bunék.
Prvni popis cirkulujici nadorové bunky pochazi jiz z roku 1869 od australského
lékafe Thomase Ashwortha (Sleijfer et al., 2007). V poslednich letech se zaCina
vyuzivat cirkulujicich nadorovych bunék (CNB) pro diagnostiku a pfedevsim
progndézu onemocnéni (nejprve byl tento test do klinické praxe zaveden

u metastatického nadoru prsu, pozdéji i u metastatického karcinomu prostaty
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a kolorektalniho karcinomu), s vyhledem pro mozné vyuziti CNB i pro dalSi typy
malignit (Liberko et al., 2013).

NejvétSi komplikaci pfi stanoveni CNB je jejich malé mnozstvi v poméru
k fyziologickym bunkam krve. Ve vétSiné detekCnich postupu je proto prvnim
krokem obohaceni studovaného vzorku o populaci bunék, ve které se budou
s nejvySSi pravdépodobnosti CNB vyskytovat. V této €asti postupu se vyuziva
odliSného fenotypu bunék uvolnénych z epitelialniho nadoru oproti bunkam
krve. V souCasnosti jediny systém schvaleny pro klinické pouziti — CellSearch —
pouziva tfi kroky pro identifikaci CNB: obohaceni vzorku pomoci protilatky proti
EpCAM (epithelial cell adhesion molecule; povrchovy znak epitelialnich bunék),
nasledné oznacCeni protilatkami proti cytokeratindm pro identifikaci bunék
epitelialniho plvodu a protilatkou proti CD45 neboli PTPRC (protein tyrosine
phosphatase, receptor type, C) pro identifikaci bunék hematopoetického plivodu
(Riethdorf et al., 2007). Poslednim krokem je kvantifikace bunék spliujicich
parametry CNB.

Kromé systému CellSearch existuje fada dalSich metod izolace, identifikace
a kvantifikace CNB. Napfiklad systém AdnaTest funguje na zakladé detekce
nékolika epitelialnich znakd pomoci kvantitativni polymerazové fetézové reakce
(qPCR) u bunék pfedem izolovanych protilatkou proti EpCAM (Andreopoulou et
al., 2012).

Znacna cCast vyzkumu je vénovana mikrofluidnim zafizenim, které jsou na
zakladé raznych afinitnich metod schopné zachytit velké mnozstvi potencialnich
nadorovych bunék, které je nasledné mozné analyzovat. Existuji metodiky
zaloZené na prutokové cytometrii, ty se ale potykaji s nizkym mnozZstvim CNB
v krvi. Na pocatku vyzkumu CNB byla pro jejich izolaci vyuzita i odliSna velikost
oproti leukocytiim, kdy leukocyty jsou obvykle mnohem menS$i nez uvolnéné
epitelialni bufky. Nicméné CNB mohou nabyvat pomérné Siroké skaly rozméra,
coz komplikuje zisk definované populace bunék (Park et al., 2012).

Zajimavy postup pouziva pro detekci CNB mikroskopicka metoda zvana
HD-CTC (High-Definition Circulating Tumor Cell), ktera je schopna analyzovat

vSechny jaderné krevni bunky, ¢imz neni limitovana jako dalSi metody praci

s urCitou subpopulaci bunék (Marrinucci et al., 2012). Diky tomu je mozné
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zachytit i odliSné populace cirkulujicich bunék v krvi, napfiklad cirkulujici
endotelové bunky (Bethel et al., 2014), a teoreticky i CNB, které ztratily svoje
epitelialni charakteristiky napfiklad cestou epitelo-mesenchymaini tranzice. Tato
bunécna populace, pravdépodobné velmi podstatna pro vznik sekundarnich
nadord, neni pomoci klasickych testd zachycena kvili ztraté povrchovych
epitelialnich molekul, pomoci kterych dochazi k pocCateCni selekci bunék pro

naslednou charakterizaci.

Volné cirkulujici nukleové kyseliny

Do télnich tekutin se kromé intaktnich nadorovych bunék uvolfuji i nukleovée
kyseliny pochazejici z odumfelych bunék tumoru, které je tak mozné vyuzit
k diagnostice i sledovani prabéhu onemocnéni. NejCastéji se v této souvislosti
studuji volné cirkulujici kratké RNA (ribonukleova kyselina) a volna cirkulujici
DNA v plasmé Ci séru. Obé tyto nukleové kyseliny je mozné pouzit pro
neinvazivni diagnostiku KRCa. U DNA je navic moznost identifikovat mutacni Ci

metylacni stav sledovanych gena.

Kratké RNA, oznaCované jako microRNA, jsou obvykle 20 az 24 nukleotid
dlouhé, protein ne-kodujici RNA s regulaéni funkci (Jansson and Lund, 2012).
V poslednich letech se testuje vyuziti detekce jednotlivych microRNA i
komplexnich panelt v séru pro diagnostiku KRCa a prognézu onemocnéni.
Z diagnostického pohledu dokazala rozdélit pacienty s KRCa od zdravych
kontrol hladina miR-378 v plasmé (Zanutto et al., 2014) ¢i dva komplexni
panely, prvni s deviti microRNA (Luo et al., 2013) a druhy s pouzitim zméfeni
sérove hladiny Sesti microRNA (Wang et al.,, 2014). Roli v progn6ze KRCa
ukazala napriklad i miR-29c, jejiz zvySena hladina v séru korelovala s Casnym
relapsem onemocnéni (Yang et al.,, 2013), nebo miR-21, u niz byla snizena
hladina v séru spojena se zvySenym rizikem lokalni recidivy a zvySenou

mortalitou pacientl (Menéndez et al., 2013).

V pfipadé DNA mu0ze byt k diagnostice pouzito mnozstvi DNA cirkulujici v krvi,
kde pacienti s KRCa maji vysSi koncentraci volné DNA oproti zdravym

kontrolam (Schwarzenbach et al., 2008). Cirkulujici DNA lze testovat i na
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pfitomnost mutaci typickych pro KRCa, napfiklad zmény v genech KRAS
a BRAF (Spindler et al., 2013; Thierry et al., 2014).

Metabolomicky pristup

Nadorova tkan je typicka zménénym metabolismem, ktery vede k produkci
metabolitl odliSnych od tkané zdravé. Tento rozdil Ize vyuzit v diagnostice
nadorovych chorob. Metodicky se pouziva napfiklad plynova chromatografie
kombinovana s hmotnostni spektrometrii (lkeda et al., 2012), kdy vstupnim
vzorkem mulze byt krevni sérum, moc€, exkrementy &i dech. Diky tomu je
metabolomicky pfistup velice vhodny, protoZze neni invazivni a pro pacienta

nepfinasi zadna rizika (Di Lena et al., 2013).

U kolorektalniho karcinomu probéhly v poslednich letech metabolomické studie
vyuzivajici dech a sérum pacientu (Altomare et al., 2013; Nishiumi et al., 2012).
Pfi diagnostice onemocnéni ze séra bylo pomoci modelu zalozeného na Ctyfech
metabolitech dosazeno senzitivity 83,1%, specificity 81% a presnosti 82%,
navic s vyraznou schopnosti odliSit pacienty s nizkym stadiem KRCa od
pacientd zdravych (Nishiumi et al., 2012). Studie zaloZena na odliSnych
metabolitech v dechu identifikovala 15 metabolitl, jejichz pouzitim bylo
dosazeno senzitivity 86%, specificity 83% a pfesnosti 85%. U validaéni skupiny
tento systém dosahl pfesnosti 76% (Altomare et al., 2013).

Metabolomika skyta potencial pro detekci nadorovych onemocnéni, navic
s moznosti diagnézy prfesného typu nadoru, protoze ty se mezi sebou
pravdépodobné lisi rozdilnym profilem metabolitd. V sou€asnosti jiz tento
pfistup pronika do i diagnostiky a sledovani odpovédi na |éCbu u nenadorovych
chorob jako laktozové intolerance Ci cystické fibrozy (Colombo et al., 2011;
Marton et al., 2012) a vétSi rozSifeni do nadorové biologie je jen otazkou €asu.

2.4 Molekularni podtypy kolorektalniho karcinomu
Z molekularniho hlediska je kolorektalni karcinom vysoce heterogenni
onemocnéni. V souCasnosti rozeznavame tfi hlavni podtypy kolorektalniho

karcinomu, které se kromé& mechanizmu vyvoje [iSi i klinickym prabéhem
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a odpovédi na urcité typy lécby. Z genetického pohledu odliSujeme KRCa
s chromozomalni nestabilitou (CIN), s mikrosatelitni nestabilitou (MSI)
a poslednim typem jsou epigeneticky definované KRCa s vysoce metylovanymi
CpG ostravky (tzv. CpG island methylator phenotype, CIMP) (Bogaert and
Prenen, 2014; Markowitz and Bertagnolli, 2009). Procentudlni poméry mezi

jednotlivymi podtypy jsou znazornény na obrazku 4.

CIN positivni

47

Obrazek 4 - Procentualni zastoupeni jednotlivych genetickych a epigenetickych
subtypu KRCa. Chromosomalni nestabilitu (CIN positivni) vykazuje 58% KRCa,
mikrosatelitni nestabilitu (MSI high) 18% pfipadd KRCa, metylaci CpG (CIMP
high) ostrivkd 20% KRCa a negativitu ve v8ech tfech znacich 27% KRCa.
Pfevzato z (Pitule et al., 2011).

KRCa s chromosomalni nestabilitou

Chromosomalni nestabilita stoji za vyvojem nejvétsi €asti sporadickych KRCa,
u 80-85% pfipadu je mozné detekovat pfestavby chromozomu na rizné urovni
od malych zmén na urovni jednobazovych mutaci pfes zmény v poctu
chromosomu (aneuploidie) a pfestavby chromosomul az ke genové amplifikaci
(Grady and Carethers, 2008). S chromosomalni nestabilitou jsou spojeny
i ztraty heterozygosity v urCitych oblastech genomu, coz je velice efektivni
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mechanizmus fyzického odstranéni oblasti ¢asto spojenych s tumor

supresorovymi geny.

Byly popsany rGzné molekularni mechanizmy, které mohou vést k CIN,
napfiklad Spatna funkce mitotického kontrolniho bodu vedouci k porucham
segregace chromozomu (Pino and Chung, 2010; Wang, 2004), centrosomalni
abnormality (Ganem et al., 2009; Lassmann et al., 2009) Ci nestability telomer
a rozdilna aktivita telomerazy (Bertorelle et al., 2014).

Spole¢né s vyznamnymi karyotypovymi zménami nalézame u CIN typu KRCa
typické mutace, ale v souCasnosti neni zcela jasné, zda hromadéni téchto
mutaci je vysledkem CIN &i naopak (Pino and Chung, 2010). Jednotlivé mutace
velmi Casto zasahuji drahy podstatné pro vyvoj kolorektalniho karcinomu.
NejCastéji mutovanymi nadorovymi supresory jsou APC a TP53 a geny na
dlouhém raménku chromozomu 18 - SMADZ2 (SMAD family member 2), SMAD4
(SMAD family member 4) a DCC, které jsou Casto postizeny i zminénou ztratou
heterozygosity, ktera se v této oblasti vyskytuje u vice nez 70% pfipadd KRCa
(Fearon and Vogelstein, 1990). Mezi mutované proto-onkogeny patfi gen
CTNNB1 (catenin (cadherin-associated protein), beta 1, 88kDa) kddujici
B-katenin, ktery hraje podstatnou roli pfi vyvoji KRCa a bunécné proliferaci
(White et al.,, 2012), ageny KRAS a PIK3CA (phosphatidylinositol-4,5-
bisphosphate 3-kinase, catalytic subunit alpha), které hraji roli v pfezivani
a rovnéz potencuji proliferaci bunék (Samuels and Waldman, 2010). Komplex
typickych mutaci na pozadi chromozomalni nestability se nazyva

chromosomailné nestabilni draha vyvoje KRCa (Tejpar and Van Cutsem, 2002).

Z hlediska klinického pohledu jsou CIN pozitivni KRCa spojeny s horSi
progndzou nez v pfipadé KRCa s mikrosatelitni nestabilitou (Popat et al., 2005;
Walther et al., 2008). Popis drah vedoucich k vyvoji CIN je podstatny z hlediska
moznosti jejich zablokovani, coz by mohlo hrat roli pfi |é€bé pacientu s timto
typem KRCa. V souCasnosti se testuje interference s nékterymi proteiny s roli
v jednotlivych drahach vyvoje CIN pomoci nizkomolekularnich inhibitor(,
napfiklad zablokovani Aurora kinazy Ci proteinu KIF11 (kinesin family member

11), mitotického kinesinu spojeného se segregaci chromozomu (Nakai et al.,
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2009; Palani et al., 2013) (data o klinickych studiich jsou k dispozici na serveru

www.clinicaltrials.gov).

KRCa s mikrosatelitni nestabilitou

Mikrosatelitni nestabilita stoji za vznikem a vyvojem 15% pfipadd sporadického
kolorektalniho karcinomu. Mikrosatelity jsou opakujici se 1 az 6 bazove
sekvence, také oznaCované jako kratké tandemové repetice. Jednotlivé alely
genu s mikrosatelitnimi oblastmi se od sebe mohou liSit poétem opakovani dané
kratké oligonukleotidové sekvence. U sporadického kolorektalniho karcinomu je
vznik MSI spojen s inaktivaci DNA opravnych mechanismd mutaci nebo snizeni
exprese kliCovych genli pomoci hypermetylace jejich promotort (Séreide et al.,
2006). NejCastéji zménénymi geny jsou MLH1, PMS2 (PMS2 postmeiotic
segregation increased 2), MSH2 a MSH6 (mutS homolog 6) (Yim, 2012).
ZarodeCné mutace vtéchto genech jsou spojeny s dédicnym Lynchovym
syndromem. Nejb&zné&jSim zpusobem vzniku MSI pozitivnich sporadickych
KRCa je mutace MLH1 nebo MSH2 a epigeneticka inaktivace MLH1 promotoru
(Wheeler et al., 1999), které jsou dohromady zodpovédné za vice nez 90% MSI
pozitivhich sporadickych KRCa (Gryfe et al., 2000). Vysledkem téchto zmén je
hromadéni somatickych mutaci v mikrosatelitnich oblastech ovliviujicich
pfedevsim jejich délku. Pokud se repetice vyskytnou v kodujicich oblastech
genu, dochazi k posunu c&teciho ramce a tvorbé zkracenych ¢&i nefunk&nich
proteind. Timto mechanismem jsou u kolorektalniho karcinomu inaktivovany
napfiklad geny PTEN (phosphatase and tensin homolog), BAX (BCL2-
associated X protein) ¢i TGFBRII (transforming growth factor, beta receptor Il)
(lacopetta et al., 2010).

Zatimco ur€eni hlavnich typl rozvinuté chromozomalni nestability je metodicky
spolehlivé, u MSI zalezi na stanovovaném panelu znaku. Pavodni panel
obsahoval 5 sledovanych oblasti pokryvajici dvé jednonukleotidové a ffi
dvounukleotidové repetice (Boland et al., 1998), nicméné specificita panelu
nebyla dostate¢na a v fadé pfipadl dochazelo ke Spatné klasifikaci jednotlivych

nadoru (Murphy et al., 2006). V poslednich letech se prosazuji nové kombinace
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znakd v panelu, pFfedev8im analyza péti oblasti s jednonukleotidovymi
repeticemi (Suraweera et al., 2002).

Pro klinickou praxi je stanoveni MSI podstatné z prognostického pohledu,
jelikoz Fada praci ukazala na lepSi pfezivani pacientd s MSI pozitivnimi KRCa
ve stadiu Il a lll oproti pacientiim s CIN pozitivnimi &i mikrosatelitné stabilnimi
nadory (Popat et al., 2005). Prognosticky efekt mikrosatelitni stability mize byt
dale potencovan kombinaci s urCitymi mutacemi, napfiklad MSI negativita
spojena s mutaci v BRAF se ukazuje jako vysoce negativni prognosticky znak
pro délku prezivani pacientd (Pai et al., 2012). KRCa s mikrosatelitni
nestabilitou vznikaji pfevazné v proximalni oblasti tlustého stfeva a vyznacuji se
nizsi diferenciaci a vysokym poc¢tem tumor infiltrujicich lymfocytd (Boland and
Goel, 2010). Mikrosatelitni status je mozné vyuzit i jako prediktivni znak pro
léCbu zaloZenou na 5-FU (5-fluorouracil), jelikoz &ast pusobeni 5-FU vyzaduje
funk€ni mechanizmus opravy DNA, ktery je u pacientl s MSI pozitivnimi nadory
narusen. Nékteré studie ukazuji nepfitomnost benefitu pfi adjuvantni 1éCbé
5-FU u MSI pozitivnich pacientt &i dokonce zhorSeni stavu pacientd (Sargent et
al., 2010), zatimco jiné tento zavér nepotvrdily (Hemminki et al., 2000; Hutchins
et al.,, 2011).

Kolorektalni karcinom s aberantni metylaci CpG ostravku

Treti hlavni podtyp KRCa je spojen s aberantni metylaci CpG ostrivka v DNA
(Issa, 2004; Toyota et al., 1999), coz jsou useky bohaté na cytosin a guanin
lokalizované v oblastech promotord a prvniho exonu u zhruba 70% lidskych
genu (Saxonov et al., 2006). V zakladnim stavu jsou tyto oblasti vétSinou bez
metylovych skupin, aby mohla probihat transkripce jimi kédovanych genu.
Opacna situace je u CpG ostruvki mimo promotorové oblasti, které jsou
vétSinou opatfeny metylovou skupinou. Ve fyziologické situaci jsou metylovany
napfiklad promotorové CpG oblasti u imprintovanych gent & ugend na
inaktivovaném X chromosomu (Cotton et al., 2011; Reik and Lewis, 2005).
Béhem vyvoje kolorektalniho karcinomu dojde ke zméné promotorové metylace
u vice nez 5% genu (Schuebel et al., 2007), coz je vétSi mnozstvi, nez kolik je
jich v tomto onemocnéni ovlivnéno mutacemi (Wood et al., 2007).
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UrCeni CIMP statutu u kolorektalniho karcinomu komplikuje neexistence
standardizovanych paneld pro urCeni hladiny metylace. V souCasnosti se
pouzivaji dva panely zalozené na péti studovanych oblastech (Chan et al.,
2002; Weisenberger et al., 2006) a jeden zkoumajici osm oblasti (Ogino and
Goel, 2008), pfiCemz data ziskana jednotlivymi panely nelze mezi sebou
jednoznaéné srovnavat z duvodu odliSné senzitivity i specificity. Jednotlivé testy
i odliSné interpretuji ziskana data. KRCa je tak mozné délit na dvé skupiny —
CIMP pozitivni a CIMP negativni (Weisenberger et al., 2006); na tfi skupiny —
CIMP-high, CIMP-low a CIMP negativni (Shen et al., 2007); respektive skupiny
Ctyfi — CIMP high, CIMP-low a dvé skupiny CIMP negativni dle mutacniho stavu
genu TP53 (Hinoue et al., 2012).

CIMP je ve vyvoji KRCa Casto spojen s mikrosatelitni nestabilitou z divodu
metylace promotorové oblasti u MLH1. Z tohoto pohledu je pak mozné dle
CIMP a MSI stavu rozdélit KRCa na Ctyfi az Sest skupin s odliSnym klinickym
chovanim. Napfiklad CIMP-high/MSI-pozitivni nadory jsou typické lokalizaci
v proximalni oblasti stfeva, CastéjSim vyskytem u Zen, vy88im vékem pacientl
a lepsi prognozou. Naopak velice negativni prognézu maji pacienti s KRCa se
znaky CIMP-high/MSI-negativni v kombinaci s mutaci genu BRAF.

Nové zpisoby typizace kolorektalniho karcinomu

S rozvojem metodik schopnych analyzovat tisice znakd v jednom béhu, jako
jsou napfiklad ruzné typy mikroCipl pro analyzu genové exprese, se otevira
novy zpusob klasifikace KRCa. Tfi podstatné prace z minulych let rozdélily
KRCa do ftfi, ¢tyf a Sesti podtypu (Perez-Villamil et al., 2012; Sadanandam et
al., 2013; De Sousa E Melo et al., 2013).

V prvni studii byly identifikovany tfi typy KRCa dle expresnich profilt, z nichz se
dva vyrazné prekryvaly s klasickymi CIN a MSI subtypy, posledni typ pak
vykazoval vysokou stabilitu mikrosatelitd, vy38i metylaci CpG ostravkd, a dle
sveho profilu byl pfibuzny s pfisedlym pilovitym adenomem. Tento podtyp byl
spojen s negativni prognézou a Castou rezistenci k IéCbé protilatkami proti
EGFR (receptor epidermalniho rustového faktoru) a jeho identifikace je tedy
z klinického pohledu velmi podstatna (De Sousa E Melo et al., 2013).
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Pfidanou hodnotou studie rozdélujici KRCa do Sesti skupin bylo spojeni téchto
podtypl s typem l|éCby, ktery by mohl byt pro dané nadory nejvhodnégjsi. TFi
podtypy byly spojeny s vyrazné prodlouzenym bezpfiznakovym pfezitim (DFI)
po chirurgickém zakroku, a tito pacienti by tedy v pfipadé lokalizovaného
nadoru mohli byt uSetfeni nasledné zatézujici chemoterapie €i biologicke IéCby.
Dva podtypy s negativni prognézou byly spojeny s dobrou odpovédi na
adjuvantni Ié¢bu reZimem FOLFIRI, a u posledniho podtypu, rezistentniho na
lécbu anti-EGFR protilatkami, byla odhalena potencialni moznost a ucinnost
lécby inhibitory kinazy MET (MET proto-oncogene, receptor tyrosine kinase)
(Sadanandam et al., 2013).

Na zakladé charakteristickych expresnich profill se podafilo KRCa rozdélit i do
Ctyf odlisSnych podtypu, které se nachazely napfi¢ nadory od stadia | do stadia
IV. Autofi pouzili déleni na nadory s nizkym a vysokym procentem stromalni
komponenty, s imunoglobulinem spojené nadory a mucindzni nadory. Rozdilné
expresni profily byly vztazeny k odliSnym draham aktivujicim karcinogenezi
a mohou pomoci k indikaci odlisné lécby u jednotlivych nadorovych podtypu
(Perez-Villamil et al., 2012).

2.5 Lécba kolorektalniho karcinomu

Terapie kolorektalniho karcinomu sestava z kombinace chirurgické IéCby,
radioterapie, chemoterapie a cilené biologické IéCby. Jedinou metodou
zarucujici kompletni eliminaci nadoru je radikalni chirurgicky zakrok, ktery je
mozny predevSim v pfipadé lokalizovaného KRCa. Pravé casty prechod
lokalizovaného KRCa do metastatické nemoci pfedstavuje pro pacienty vyrazné
riziko — synchronni ¢i metachronni metastaza se vyskytuje az u 50% z nich
(Kindler and Shulman, 2001). Vyskyt metastatické nemoci znamena vyrazné
zkraceni pétiletého preziti. | pfes znacné pokroky souvisejici se zavedenim
novych typl léCby je dlouhodobé prezivani téchto pacientu stale velmi nizké
(Manfredi et al., 2006).

Zakladnim postupem pfi leéCbé lokalizovaného KRCa je chirurgické odstranéni
nadoru, at uz v podobé radikalni operace, pfi které dojde k odstranéni

kompletni nadorové tkané, &i v podobé paliativniho zakroku, ktery muze obnovit
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pruchodnost stieva Ci slouzit jako pfiprava pro dalsi typy IéCby (Halamkova et
al., 2013). Kromé nejbéznéjsi oteviené operace jsou v poslednich letech Castéji
zavadény i laparoskopické operacni postupy, které kladou mensSi naroky na
pacienty a jejichZ uspésnost a procento komplikaci i relapstd onemocnéni je
v soucCasnosti srovnatelné s klasickym pfistupem (Biondi et al., 2013). Operacni
zakrok je mozné doplnit celou Ffadou léCebnych schémat zaloZenych na
radioterapii, chemoterapii i cilené biologické 1é¢bé. Zakladni IéCebné schéma
lokalizovaného i metastazujiciho KRCa (mKRCa) je shrnuto na obrazku 5.

2.5.1 Radioterapeuticka lé¢ba

Radioterapie se indikuje u karcinomu rekta, zatimco u karcinomu tlustého
stfeva se v sou€asnosti nevyuziva. U nadoru rekta je pouzivana nejCasté€ji jako
predoperacni radioterapie Ci v kombinaci s chemoterapeutickymi rezimy jako
neoadjuvantni chemoradioterapie. Hlavnim cilem je zmenSeni nadoru rekta
a nasledné zvySeni operability, spojené Casto se snahou neposkodit analni
svéraCe a poskytnout tak pacientovi vyssi kvalitu zivota (Damin and Lazzaron,
2014).

V souCasné dobé je aktivni cela fada klinickych studii, které stanovuji uCinnost
jednotlivych chemoradioterapeutickych postupu, které mohou nejen usnadnit
naslednou operaci, ale v nékterych pfipadech mohou vést az k makroskopicke
remisi nadoru (Glynne-Jones et al., 2013).

V fadé pfipadld ma predoperaéni radioterapie minimalni vliv na prodlouzeni
celkového preziti (OS), ale vyrazné zvySuje kvalitu zZivota pacientl zmenSenim
rizika lokalni recidivy a nutnosti opakovat operacni zakrok (Glimelius, 2013;
Rahbari et al., 2013). Recentni studie ukazala, Ze pacienti, ktefi podstoupili
neo-adjuvantni nebo adjuvantni radioterapii, dosahuji vySSiho procenta

desetiletého preziti oproti pacientim bez radioterapie (Peng et al., 2014).
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NADOR TLUSTEHO STREVA NADOR KONECNIKU

Resekce Resekce «—— Neoadjuvantni chemoradioterapie
Casné
Stad um Adjuvantni lécba
Adjuvantni lé¢ba /
\‘ SLEDOVANi

— "\

Kompletni i
remise Me@a;tézy nebo lokalni
recidiva
Metastatické
onemocnéni
Neresekabilni Resekabilni
Metody intervenéni radiologie v Symptomaticka Paliat. chemoterapie Chemoterapie Resekce
lécbé metastaz a feSeni symptomi{  terapie + biolog. l&cba |. linie tbiologicka lécba

Paliativni chirurgické zéakroky r
Paliativni radioterapie

Progrese Stabilizace Regrese

N/

o . Pokracovani
Paliativni chemoterapie v |6EbE

+ biolog. Ié€ba Il linie,
pfi progresi lI1. linie

Progrese Stabilizace Regrese

Obrazek 5 - Zakladni schéma rozhodovani o |é¢bé u pacientd s KRCa.
Pfevzato z http://www.kolorektum.cz/index.php?pg=pro-odborniky--diagnostika-

a-lecba-kolorektalniho-karcinomu.
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2.5.2 Onkologicka lécba

Chemoterapie je nejCastéjSim zplsobem I|éCby pacientd s KRCa hned po
chirurgické intervenci. Mezi zakladni chemoterapeutika patfi 5-fluorouracil,
oxaliplatina a irinotecan. Chemoterapii Ize pouzit jako adjuvantni (zajiStovaci)
chemoterapii po kompletnim chirurgickém odstranéni nadoru (obrazek 6)
a paliativni chemoterapii, ktera je pouzita u pacientd s neresekabilnimi
primarnimi ¢i sekundarnimi nadory, &i u pacientl, u nichz nebylo mozné provést
radikalni operacni zakrok (obrazek 7 a 8). Pfi pouziti jako neoadjuvantni
chemoterapie je jejim cilem zmenSeni nadorové hmoty do stavu, ve kterém by
bylo mozné tumor odstranit chirurgickym zakrokem (nejCastéji pouzivana
u primarné inoperabilnich jaternich metastaz nebo s cilem zmenseni velikosti Ci

snizeni stagingu nadoru) (Cwiertka, 2008; Leonard et al., 2005).

NejstarSim  pouzivanym chemoterapeutikem je pyrimidinovy analog
5-fluorouracil. 5-FU patfi mezi antimetabolity a jeho hlavnim mechanismem
pusobeni je inhibice thymidylat syntazy, enzymu nezbytného pro syntézu
thymidinu (Wilson et al., 2014). Efekt maji i metabolity 5-FU - fluorodeoxyuridin
trifosfat se muze pfimo inkorporovat do DNA, kde blokuje jeji reparaci,
a fluorouridin trifosfat do syntetizované RNA, ¢imz blokuje jeji dalSi zpracovani
(Longley et al., 2003). 5-FU je Casto pouzivan v kombinaci s leukovorinem,
derivatem kyseliny listove, ktery potencuje ucinnost lécby 5-FU (Advanced
Colorectal Cancer Meta-Analysis Project, 1992). Na 5-FU je zalozen i lék
kapecitabin. Tento prekurzor 5-FU ma vyhodu v moznosti oralniho podani,
vySSi odpovédi na léCbu a nizSimu procentu komplikaci oproti infuznimu podani
u 5-FU (Twelves, 2002).

5-FU i kapecitabin se uspé&sné pouzivaji s chemoterapeutiky nové generace

v riznych kombinaénich rezimech (zakladni rezimy jsou shrnuty v Tabulce 9).

Oxaliplatina je derivat platiny, ktery se pfi léeCbé KRCa pouziva pouze
v kombinaci s dalSimi chemoterapeutiky, nejcastéji 5-FU. Spolu s karboplatinou
a cisplatinou patfi do rodiny 1éki zaloZzenych na plating, i kdyZ mechanismus
pusobeni jednotlivych medikamentd se liSi (Rixe et al., 1996). U kolorektalniho

karcinomu dosahuje oxaliplatina vysSi efektivity, nizSi toxicity a mensi urovné

39



rezistence nez cisplatina (Virag et al., 2012). Pfesto je dlouhodobé&;jsi pouziti
oxaliplatiny spojeno s chronickou neuropatii i se vznikem rezistence (Misset,
1998; Seetharam et al., 2009). Mechanizmem fungovani oxaliplatiny je tvorba
adduktl platiny s DNA, které interferuji s replikaci a transkripci a vedou
k aktivaci DNA opravnych mechanizm( ¢i spusténi apoptézy. Oxaliplatina je
kromé toho schopna aktivovat expresi fady bunénych genu, v€etné téch s roli
v drahach podstatnych pro vyvoj nadoru jako FOS (FBJ murine osteosarcoma
viral oncogene homolog) a NOTCH1 (notch 1), ale jeji celkové plsobeni na
nadorove bunky stale neni dostate¢né podrobné popsano (Alian et al., 2012).

Irinotecan je dalSim zbézné pouzivanych chemoterapeutik pro |éCbu
kolorektalniho karcinomu. Pouziva se vétSinou v kombinaci s dalSimi latkami ve
vSech liniich Ié€by KRCa. Mechanizmus jeho pusobeni je zaloZzen na inhibici
topoizomerazy | aktivhim metabolitem irinotecanu SN-38 (Pommier et al.,
2010). Topoizomeraza | je enzym zodpoveédny za rozbaleni DNA béhem jeji
replikace Ci transkripce a jeho zablokovani efektivné zastavi oba tyto procesy
(Pommier, 2013). Nevyhodou irinotecanu je jeho pomérné vysoka toxicita, ktera

se projevuje predevsim prijmem a neutropenii (Paulik et al., 2012).

Tabulka 9 - Kombinacni IéCebné rezimy u KRCa. Vypsana je pouze
kombinace IéCiv, nikoliv davkovani. Zdroj - Modra kniha Ceské onkologické
spolecnosti, 18. vydani.

rezim kombinace Iéciv
FU/FA (DeGramont)
FU/FA (Mayo) 5-fluorouracil, leukovorin
Machover
AlO
FOLFOX oxaliplatina, leukovorin, 5-fluorouracil
FLOX
FOLFIRI irinotekan, leukovorin, 5-fluorouracil
XELIRI kapecitabin, irinotecan
XELOX kapecitabin, oxaliplatina
FOLFOXIRI oxaliplatina, irinotecan, leukovorin, 5-fluorouracil
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2.5.3 Biologicka lécba

Nejnovéjsi latky v terapii pfedevSim metastatického KRCa jsou monoklonalni
protilatky (moAb) pouzivané pro cilenou biologickou IéCbu. Jako prvni byl pro
pouZziti schvalen bevacizumab, protilatka proti vaskularnimu-endotelialnimu
ristovému faktoru A (VEGF-A), nasledovaly protilatky proti EGFR cetuximab a
panitumumab. Zafazeni cilenych |éCiv do |éCebnych reziml mulze stat za
prodlouzenim OS a DFI pacientl s metastatickym KRCa béhem poslednich let
(Messori et al., 2014).

Bevacizumab je humanizovana monoklonalni protilatka, ktera je schopna
vazbou na VEGF-A blokovat angiogenezi, kterd je nezbytna pro rust nadoru.
Diky tvorb& novych cév v nadoru muze nador dale rust bez rizika pfiliSné
nekrézy v centru tumoru. Blokovani pro-angiogennich signall je tedy cestou ke
zmenSeni objemu nadorové tkané (Kubota, 2012). Pfinos bevacizumabu byl
nejprve pozorovan pfi pfidani kprvni linii [éCby chemoterapeutickymi
kombinacemi 5-FU s leukovorinem a ironotecanu s 5-FU a leukovorinem, kde
pfinesl prodlouzeni pfeziti i ¢asu do progrese a zvySeni odpovédi na léCbu
(Marshall, 2005). Nasledné byl jeho pozitivni efekt prokazan i pro dalsi rezimy
vCetné pouziti v dalSich liniich 1é€by (Pavlidis and Pavlidis, 2013). Pfes pozitivni
efekt u paliativni IéCby nebyl pozorovan zadny pfinos pfidani bevacizumabu do
adjuvantni I1éCby pacientl po operaci pokrocCilého kolorektalniho karcinomu bez
metastatické nemoci (Van Cutsem et al., 2011).

Cetuximab je chimericka protilatka (kombinace mysSi a lidské Casti) proti EGFR.
Mechanizmus plsobeni je blokace signalizace pfes EGFR, ktera pfi normalnim
prubéhu aktivuje déleni nadorovych bunék a pfispiva kjejich prezivani
(Ciardiello and Tortora, 2001). Cetuximab byl nejprve testovan v monoterapii
i jako soucCast kombinacni IéCby s irinotecanem jako dalSi linie IéCby
uirinotecan — rezistentnich pacientd a prokazal urcity benefit pfedevsim
v podobé zvySené odpovédi na lIéCbu (Cunningham et al., 2004). V soucasnosti
je pfi spravné selekci pacientd mozné pouzit cetuximab v kombinaci s fadou
chemoterapeutik, kde pomaha zvysit jejich ucinnost Ci obejit mechanizmy
resistence (Gerber and Choy, 2010), ¢i za urcitych podminek i jako monoterapie
prodluzujici pfeziti pacientld (Mekata et al., 2013). Cetuximab je rovnéz mozné
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pouzit v neo-adjuvantnim rezimu kvili jeho efektu na zmenSeni nadorl a
zvySeni jejich resekability u nadoru rekta €i u metastatického KRCa (Folprecht
et al., 2010; Gomez et al., 2013).

Panitumumab je pIné humanizovana protilatka proti EGFR. Vyhodou oproti
cetuximabu je mensi mnozstvi komplikaci pfi jeho administraci a mozZnost
aplikovat panitumumab bez nutnosti premedikace (Saif and Cohenuram, 2006).
Stejné jako v pfipadé cetuximabu je dulezita spravna selekce pacientu, ktefi
mohou profitovat z pfidani anti-EGFR protilatek do |éCebného schématu.
Panitumumab se pfi dodrzeni téchto pravidel pfi pouziti v prvni linii IéCby ukazal
jako latka prodluzujici ¢as do progrese onemocnéni i odpovéd na IéCbu ve
studii PRIME (the Panitumumab Randomized Trial in Combination with
Chemotherapy for Metastatic Colorectal Cancer to Determine the Efficacy)
(Douillard et al., 2010). Panitumumab pfinesl benefit i pfi pouziti ve druhé a treti
linii 1éCby (Hocking and Price, 2014). Pfidani panitumumabu do kombinace
s chemoterapii a bevacizumabem naopak znamenala zhorSeni stavu pacientu

a pro Ié¢bu se nedoporucuje (Hecht et al., 2008).

2.5.4 Dalsi pouzivané a perspektivni latky pro Ié¢bu KRCa

Kromé& zminénych latek jsou v soucasnosti v riznych fazich pouziti i klinického
vyzkumu dalSi latky vyuzitelné pro Ié€bu KRCa. Vyzkum jde pfedevSim smérem
k cilené l1éCbé. Mezi anti-angiogenni latky schvalené pro |éCbu patfi napfiklad
zif-aflibercept a regorafenib. Zif-aflibercept je rekombinantni protein s vysokou
afinitou k VEGF-A, VEGF-B (vaskularni-endotelialni rustovy faktor B)
a placentalnimu rustovému faktoru (PIGF). Vazbou na tyto proteiny zabrani
jejich navazani na bunécné receptory a tim efektivné zablokuje signalizaci
(Wang and Lockhart, 2012). Zif-aflibercept je mozné pouzit v kombinaci
s rezimem FOLFIRI v druhé linii IéCby KRCa, kde zlepSuje celkové preziti i Cas
do progrese onemocnéni (Van Cutsem et al., 2012).

Regorafenib je multimodalni kinazovy inhibitor, ktery blokuje angiogenezi skrze
inhibici VEGFR (kinase insert domain receptor (a type Il receptor tyrosine
kinase)) a TIE-2 (TEK tyrosine kinase, endothelial), ovliviuje nadorové stroma
blokovanim PDGFR-B (platelet-derived growth factor receptor, beta
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polypeptide) a FGFR (fibroblast growth factor receptor) a intracelularni pro-
onkogenni drahy blokovanim funkce BRAF (Khan et al., 2014). Pouziti
regorafenibu pfinasi benefit v podobé delSiho celkového preziti u pacientu
s metastastickym KRCa, u nichz selhaly vSechny dostupné rezimy léCby
(Grothey et al., 2013).

Prestoze blokace EGFR protilatkami pfinasi prospéch pro €ast pacientd,
podobny efekt nebyl pozorovan u malych tyrosin kinazovych inhibitord (TKI),
jako jsou erlotinib a gefitinib. Obé tyto latky byly zkoumany u metastatického
KRCa v mono i kombinacni terapii bez pozorovatelného efektu (Mahipal et al.,
2014). Posledni studie ale ukazuji moznost vyuziti téchto inhibitord v novych
rezimech, napfiklad jako kombinace erlotinibu s bevacizumabem v podobé
udrzovaci l1éCby (Mufioz et al., 2014).
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ADJUVANTNI SYSTEMOVA LECBA KARCINOMU TLUSTEHO STREVA

(mimo rektum)

PATOLOGICKE STADILUM ADJUVANTNI LECBA SLEDOVANS
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Tis ) o — prvni dva roky: interval 3 masice
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T2, NO, MO neni indikovana + Nadorové markery CEA a CA19-9
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i e st (Gmmt: v kfinickeé studs e
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= nebo » Nadorové markery CEA a CA19-9
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e rebo - daléi t#i roky: interval 6 mésict
Easného relapeu) it w ke nka « Zobrazovaci matody: CT plic,
nebo bficha a parve
observace pacienta, bez E&by™" - prvni tii roky: interval 1% roéné,
| | anebojedi klinicky indikovéno
- dalsi 2 roky: je-li klin. indikovano
+ Kolonoskopie
- prvni kolonoskopie
SFU/hUkWOﬁn do;__l ho roku od r 1
rr'abo. nebo do B mésici, pokud nebyla
T14, N1-2, MO — kapecitabin | phedoperatng
e - druha kolonoskopie
FOLFOX nebo FLOX nebo XELOX

ve 3. roce od resekce, pokud byla
1. kolonoskopie negativni,
v opaéném pripadé 1x roéné

- tieti a dalsi kolonoskopie
v 5. roce od resekce, pokud byla
2. kolonoskopie negativni, a dale
kazdych 5 let, v opaénych
pripadech 1x roéné

Obrazek 6 - Moznosti adjuvantni 1é€by nadoru tlustého stfeva v zavislosti na

diagnodze.

Zdroj Modra

kniha pro Zhoubny

novotvar

kolorekta

http://www.linkos.cz/informace-pro-praxi/modra-kniha/5-zhoubny-novotvar-
kolorekta-c18-20/.
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PALIATIVNI SYSTEMOVA LECBA KARCINOMU TLUSTEHO STREVA A KONECNIKU
Pacient je schopny absolvovat intenzivni Iécbhu
1. linie na bazi oxaliplatiny

INICIALNI LECBA LECBA PO PRVNI PROGRESI LECBA PO DRUHE PROGRESI LECBA PO TRETI PROGRESI
FOLFOX FOLFIRI nebo XELIRI ucast v klinické studii
*panitumumab -l nebo irinotekan . Nebo nejlepsi podpurna
(WT RAS) (2A) g + bevacizumab g péée
nebo (WT,MT RAS) (2A)* nebo
*cetuximab regorafenib
(WT RAS) (2B) - (pro wbrané
» FOLFIRI ; *
/ + aflibercept Pacienty 27
FOLFOX (WT,MT RAS) (2A)
Alosolni monoterapie cetuximab Regorafenib
WT, MT RAS) (2A ) .
e FOLFIRI [ o () »| Prowhrané pacienty
* bevacizumab \ * panitumumab nebo Loy Ll it
- . *
(WT, MT RAS) (2A) (WT RAS) (24) monoterapie i
e panitumumab
* cetuximab (WT RAS) (2A)
[wr nAs] (aA]* nebo regorafenib
(MT RAS),
(pro vybrané
pacienty 2A)*
FOLFIRI nebo irinotekan
+ cetuximab
FOLFOXIRI - (WT RAS) (2B) )
* bevacizumab (2B) g nebo Ok::g:;‘:ffﬂlbuﬁt
monoterapie cetuximab > p » B "
(WT RAS) (2B) drive (pro vybrané
o pacienty 2B)*
monoterapie
panitumumab
(WT RAS) (2B)
nebo
regorafenib
(MT RAS) (2B)*

Obrazek 7 - Moznosti paliativni 1éCby s prvni linii zalozenou na oxaliplatiné.
Zdroj Modra kniha pro Zhoubny novotvar kolorekta -
http://www.linkos.cz/informace-pro-praxi/modra-kniha/5-zhoubny-novotvar-
kolorekta-c18-20/.
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PALIATIVNI SYSTEMOVA LECBA KARCINOMU TLUSTEHO STREVA A KONECNIKU
Pacient je schopny absolvovat intenzivni lécbu
1. linie na bazi irinotekanu
LECBA PO TRETI PROGRES

LECBA PO PRVNI PROGRESI LECBA PO DRUHE PROGRESI

INICIALNI LECBA
FOLFIRI ucast v klinické studii
*cetuximab nebo
(WT RAS) (2A) nejlepsi podpurna péce
nebo regorafenib
FOLFOX nebo XELOX (pro wbrané
+ bevacizumab (2A)* pacienty 2A)*
FOLFIRI
* bevacizumab [2A) monoterapie cetuximab
XELIRI (WT RAS) (2A)
* bevacizumab (2B) nebo
irinotekan monoterapie
+ cetuximab panitumumab
(WT RAS] (2A) (WT RAS) (2A)
pokud nebyly pouzity
v predchozi linii Regorafenib
pro vybrané pacienty
/Y (2A)*
FOLFOX nebo XELOX
FOLFIRI nebo irinotekan
+ cetuximab
FOLFOXIRI .| (WTRAs28] regorafenib
* bevacizumab (2B) - nc.abo i pokud nebyl pouzit diive
monoterapie cetuximab > (pro vybrané
(WT RAS) (2B) : *
nebo pacienty (2B)
monoterapie
panitumumab
(WT RAS) (2B)
nebo
regorafenib
(MT RAS) (2B)*

Obrazek 8 - Moznosti paliativni |é€by s prvni linii zalozenou na irinotecanu.

Zdroj Modra kniha pro Zhoubny novotvar kolorekta -

http://www.linkos.cz/informace-pro-praxi/modra-kniha/5-zhoubny-novotvar-

kolorekta-c18-20/.
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2.6 Prognostické a prediktivni znaky KRCa

U kolorektalniho karcinomu podobné jako u dalSich malignit a nemoci obecné
nalézame znaky, které nas mohou informovat o prubéhu nemoci Ci efektivité
pouzité IéCby. Prvni kategorii nazyvame prognostické znaky — ty napovidaji
o dalSim prubéhu choroby, jeji agresivité a o rizicich pro pacienta. Prediktivni
znaky pak dokazi predpovédét efektivitu léCby danym pfipravkem. Obé
kategorie jsou dulezité pro klinickou praxi, jelikoz prognostické znaky mohou
napovédét o nutnosti IéCby a prediktivni o jejim typu, coZ v kombinaci pfinasi
benefit pro pacienta, ktery muzZe byt uSetfen organismus zatéZujici
a potencialné nefunkCni 1éCby. Nékteré znaky mohou nést prognostickou
i prediktivni funkci zaroven. Informace k prognostickému a prediktivnimu efektu
jednotlivych klasickych genetickych a epigenetickych subtypd KRCa byly
shrnuty v jednotlivych odpovidajicich kapitolach, v nasledujicich odstavcich se

budeme vénovat zmé&nam na urovni jednotlivych genu.

2.6.1 Prediktivni a prognostické znaky pro anti-angiogenni Ié€bu

V souCasnosti neexistuji zadné prognostické nebo prediktivni znaky pro anti-
angiogenni lécbu, napfiklad pro pouziti bevacizumabu. Vysledky ziskané na
preklinickych modelech se ve studiich s pacienty nepodafilo ovéfit (Luo and Xu,
2014).

2.6.2 Prediktivni znaky pro Ié¢bu protilatkami proti receptoru
epidermalniho rastového faktoru

V souCasné dobé jsou vcilené léecbé KRCa zaméfené proti receptoru
epidermalniho rustového faktoru pouzivané protilatky erbitux a panitumumab.

Pro obé z nich Ize do znacné miry vyuzit stejné prediktivni znaky.

EGFR

EGFR je receptor tyrosinova kinaza patfici do rodiny receptort epidermalnich
rustovych faktord (Warren and Landgraf, 2006). Jedna se o transmembranovy

glykoprotein, ktery po aktivaci specifickymi ligandy vytvafi dimer (homodimer Ci
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heterodimer s dalSimi Cleny své proteinové rodiny). Dimerizace vede k aktivaci
intracelularni kinazové domeény, ktera fosforyluje dalSi vnitrobuné&cné signalni
proteiny, z nichz majoritni je protein KRAS. Mezi signalni kaskady aktivované
EGFR patfi mitogen-aktivovana protein kinazova draha, PI3K (phosphatidyl-
inositol-3-kinaza) a AKT (v-akt murine thymoma viral oncogene homolog 3)
draha nebo Jak2/Stat3 (Janus kinase 2 / signal transducer and activator of
transcription 3 (acute-phase response factor)) draha, které vSechny hraji
vyznamnou roli v udrZzeni homeostazy uvnitf bunky (Lurje and Lenz, 2009;
Yarden and Sliwkowski, 2001) (obrazek 9). Deregulaci téchto signalizaCnich
drah muaze dojit k aberantni proliferaci bunék se vSemi jejimi dusledky (Spano
et al., 2005). Role EGFR ve vyvoji KRCa se zda byt zasadni, prestoze
fyziologicka funkce EGFR v intestinalnim epitelu neni pfiliS jasna. Podle
souCasnych informaci by mohl hrat vyznamnou ulohu pfi udrZzovani populace
intestinalnich kmenovych bunék a vobnové a ochrané stfevniho epitelu
(Nautiyal et al., 2012; Xu et al., 2011).

Exprese EGFR na nadorovych burikach byla pfi zavedeni protilatek proti EGFR
do klinické praxe nezbytnym znakem pro jejich vyuziti v IéCbé. Exprese byla
stanovovana imunohistochemicky na vzorcich primarnich a CcasteCné
i sekundarnich KRCa (Siena et al., 2009). DalSi vyzkumy ukazaly, Zze exprese
EGFR nekoreluje s odpovédi na IéCbu anti-EGFR protilatkami (Rodriguez et al.,
2010; Saltz et al., 2004) a ze i pacienti s nadory negativnimi na EGFR mohou
mit benefit z IéCby témito protilatkami (Chung et al., 2005). S nutnosti lépe
stratifikovat pacienty, ktefi by méli benefit z anti-EGFR |éCby, byly hledany nové
prediktivni faktory, a jako podstatné se ukazaly mutace v genu KRAS (Liévre et
al., 2006).

Z pohledu dalSich moznych zmén EGFR samotného jsou jeho mutace
u kolorektalniho karcinomu vzacné a jejich pfitomnost nenese prediktivni roli
pro lécbu anti-EGFR protilatkami (Tsuchihashi et al., 2005). U KRCa naopak
dochazi s vysokou frekvenci ke zmnozeni genu pro EGFR, které bylo spojeno
s lepSi objektivni odpovédi na IéCbu anti-EGFR protilatkami a celkové lepSi
progndzou pro pacienty (Jiang et al., 2013).
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Obrazek 9 - Zakladni déleni drahy od receptoru pro epidermalni ristovy faktor.
Pfevzato z (Pitule et al., 2013). Ukazka mista ucinku IéCby tyrosin kinazovymi

inhibitory a monoklonalnimi protilatkami.

KRAS

KRAS mutace se vyskytuje u 40% pacientdt (Amado et al., 2008)
a nejzasadnéjSi pro KRCa jsou mutace v kodénech 12 a 13 druhého exonu.
Zmény vtomto exonu narusSuji vnitini GTPazovou aktivitu, nedochazi tak
k degradaci vazaného guanosintrifosfatu na guanosindifosfat a protein zistava
permanentné v aktivovaném stavu. Role KRAS mutace byla zpocCatku
pozorovana v menSich retrospektivnich studiich (Lievre et al., 2008; De Roock
et al.,, 2008), poté byla potvrzena ve velkych prospektivnich studii jako
CRYSTAL (Cetuximab Combined with Irinotecan in First-line Therapy for
Metastatic Colorectal Cancer) (Van Cutsem et al., 2009), OPUS (Oxaliplatin
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and Cetuximab in First-line Treatment of Metastatic Colorectal cancer)
(Bokemeyer et al., 2009) a PRIME (Douillard et al., 2010) — dle zavérl téchto
praci vyplyva, ze benefit z pouziti monoklonalnich protilatek v Iécbé mKRCa
maji pouze pacienti s nemutovanou verzi proteinu KRAS. Tento zavér je velice
podstatny, protoze umoziuje stratifikovat pacienty dle pfitomnosti Ci
nepfitomnosti mutace a nenasazovat tak u pacientd s mutovanou verzi KRAS
léCbu, ktera by nepfinasela uzitek. DalSi prace naznacily, Ze je podstatné urcit i
konkrétni typ mutace — pacienti se zménou KRAS v 13. kodonu (p.G13D)
vykazovali ¢asteCnou odpovéd na léCbu cetuximabem na rozdil od pacientl
s KRAS mutovanym v jinych pozicich (De Roock et al., 2010a; Tejpar et al.,
2012).

Ani skupina pacientd s nemutovanym KRAS neodpovida na |éCbu moAb
homogenné a i po vyfazeni pacientd s mutovanym KRAS proteinem byla
pozitivni reakce na léCbu pozorovana jen u 20 — 40 % z nich (Vecchione et al.,
2011). Studiem ¢lenl signalizacnich drah spojenych s EGFR byly odhaleny
dalSi molekularné biologické zmény, které jsou pfiinou rezistence nadoru
a PIK3CA, zastaveni exprese proteinu PTEN, hlavniho negativniho regulatoru
PI3K drahy, a rovnéz mutace v genu NRAS (neuroblastoma RAS viral (v-ras)
oncogene homolog), ktery patfi do stejné rodiny jako gen KRAS (Grossmann
and Samowitz, 2011). NRAS je mutovan vméné nez 3% KRCa a prvotni
vysledky ukazuji, Zze by jeho mutace mohla rovnéz byt jednou z pficin

rezistence KRCa k pouziti cetuximabu (De Roock et al., 2010b).

BRAF

BRAF je jednou z kinaz v takzvané mitogen-aktivované protein kinazové draze
(Chong et al.,, 2003). Protein kédovany BRAF genem je u 10-15% KRCa
kinazové domény (Davies et al., 2002; Samowitz et al., 2005). Podobné jako
u KRAS mutace je zménéna varianta proteinu BRAF spojovana s rezistenci
nadorl na lé¢bu moAb proti EGFR (Loupakis et al., 2009; Di Nicolantonio et al.,
2008). Analyzy velkych randomizovanych studii OPUS a CRYSTAL nepfinesly
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jednoznacné zavéry o prediktivni hodnoté BRAF mutace pro IéCbu moAb,
konkrétné cetuximabem (Bokemeyer et al., 2012). Ukazaly ale prognosticky
efekt mutace V60O0E, jelikoz pacienti s nadory nesoucimi tuto zménu méli kratsi
celkové prezivani nez pacienti s nadory s nemutovanym BRAF (Bokemeyer et
al., 2012; Roth et al., 2010; Yokota et al., 2011). Vzhledem k tomu, ze KRAS
a BRAF proteiny jsou Ccleny jedné signalizacni drahy, staci k aktivaci
nadoroveého programu v bunce pouze jedna zména v dané signalizaCni draze.
Nadory s mutaci v KRAS | BRAF zaroven se nachazeji velice vzacné (Sahin et
al., 2013).

PIK3CA a PTEN

Druhou zasadni drahou vedouci od EGFR je signalni kaskada, na jejimz
zacatku stoji PI3K. Signalizace touto drahou vedouci pfes jeji zakladni uzel,
kinazu AKT, zajistuje v bunce Siroké spektrum funkci — regulaci gluk6zového
metabolismu, antiapoptotické déje nebo regulaci genové exprese (Vivanco and
Sawyers, 2002). Z celkového pohledu jde o drahu regulujici prezivani a
metabolismus bunék. S KRCa jsou spojeny dvé zmény v této signalni kaskadé,
a to mutace v katalytické jednotce PI3K a zména exprese negativniho
regulatoru drahy, proteinu PTEN. Mutace PIK3CA genu, ktery koduje p100a
katalytickou podjednotku PI3K, se vyskytuji u 15 — 25% (De Roock et al.,
2010b; Samuels et al., 2005) pfipadu KRCa a jsou rozdéleny mezi exony 9 a 20
(dle studii pfiblizné 70% mutaci v exonu 9, 30% v exonu 20). Zavéry nékolika
praci zaméfenych na prediktivni hodnotu PIK3CA mutace ve vztahu k odpovédi
na IéEbu moAb proti EGFR jsou nejednoznacné (Perrone et al., 2009; Prenen et
al., 2009; Sartore-Bianchi et al., 2009) a ukazuje se, Ze prediktivni funkce zavisi
na pfitomnosti dalSich mutaci (pfedevSim v genech KRAS a BRAF), a ze
podobné jako u genu KRAS i zde budou mit jednotlivé mutace odliSny
biologicky efekt (Mao et al., 2012; De Roock et al., 2010b).

U proteinu PTEN je problém s absenci standardizovanych metod, a proto rizné
studie dochazeji k mirné odliSnym vysledkum, pfesto je pozorovano spojeni
mezi ztratou exprese PTEN a rezistenci k EGFR cilenym Ié€ivim (Colakoglu et
al., 2008; Sawai et al., 2008; Sood et al., 2012). U PI3KCA i PTEN je nutné
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overit skuteCny efekt jejich mutaci nebo exprese pro predikci odpovédi na l1éCbu
cetuximabem v rozsahlejSi randomizované studii. Z prognostického pohledu je
role PIK3CA mutaci rovnéz neznama. Nedavna prace objevila potencialné horsi
chovani nadoru s mutaci v obou sledovanych kodonech genu PIK3CA (Liao et
al., 2012).

2.6.3 Prediktivni znaky pro Ié€bu fluoridovanymi pyrimidiny
Zakladnim prediktivnim znakem pro Ié€bu 5-FU Ci kapecitabinem je thymidylat
syntaza, enzym, pfes jehoz inhibici je zprostfedkovan hlavni ucinek téchto I&Civ.
Prediktivni hodnotu ma zvySena hladina thymidylat syntazy, které je docileno
napfiklad genovou amplifikaci ¢i zmnozZenim zesilovacich oblasti v promotoru
tohoto genu (Gibson, 2006; Marsh and McLeod, 2001; Wang et al., 2004a).
VysSSi mnozstvi thymidylat syntazy ma za nasledek nizSi odpovéd na IéCbu
5-FU, a je tedy povazovano za negativni prediktivni faktor (Kornmann et al.,
2012).

DalSim ze znakl s vlivem na Ié¢bu 5-FU je dihydropyrimidin dehydrogenaza
kédovana genem DPYD. Tento enzym je z 80% zodpovédny za katabolismus
5-FU. Alelické varianty genu DPYD mohou zpusobovat zvySené riziko toxicity
5-FU, predevsSim alela oznaCovana jako DPYD*2A, ktera vede k vynechani
jednoho exonu a nasledné syntéze proteinu se snizenou aktivitou (Wei et al.,
1996).

DalSimi studovanymi prediktivnimi znaky IéEby 5-FU jsou thymidin fosforylaza
a metylentetrahydrofolat reduktaza (MTHFR), u které jsou ale vysledky studii
jednotlivych polymorfismd nejednotné. MTHFR tak neni v sou€asnosti
vyuzitelna jako znak vhodny k predikci uCinku lécby (van Huis-Tanja et al.,
2013). Thymidin fosforylaza je posledni enzym v kaskadé prfemény
kapecitabinu na 5-FU. Jeji vysSi hladina je spojena s lepSi odpovédi na léCbu
kapecitabinem napfiklad u metastatického nadoru prsu (Andreetta et al., 2009).
U kolorektalniho karcinomu je pozorovatelné podobné spojeni mezi hladinou
thymidin fosforylazy a ucinnosti kapecitabinu (Petrioli et al., 2010).

Prediktivnim znakem pro 1éCbu 5-FU je i stabilita mikrosatelitnich oblasti DNA.
V pfipadé pozitivity na mikrosatelitni nestabilitu zpadsobenou chybégjicimi DNA
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opravnymi proteiny jako MLH1, nemaji pacienti zadny nebo pouze minimalni
benefit z IéCby. K uCinné funkci 5-FU je totiz potfebny fungujici DNA opravny
systém, ktery pak dokaze zastavit bunécné déleni v pfipadé detekce vysokého
mnozstvi DNA poskozeni (Ribic et al., 2003).

2.6.4 Prediktivni znaky pro Ié€bu oxaliplatinou

Prediktivni znaky pro pouziti oxaliplatiny jsou studovany ze dvou pohledu —
vzhledem Kk jeji toxicité predikuji ucCinnost a vedlejSi ucCinky léCby zmény
v genech spojenych s bunécnou detoxifikaci, vzhledem k jejimu mechanismu
fungovani jsou pak jako predik¢ni faktory studované prfedevSim geny spojené
s opravou DNA poskozeni.

Zastupcem prvni skupiny je glutathion-S-transferaza P1, jeden z hlavnich
detoxifikaCnich enzymu, kde je polymorfizmus 1105V spojen se zvySenym

rizikem oxaliplatinou-indukované neuropatie (Lecomte et al., 2006).

Vztah k Ié¢bé oxaliplatinou byl nalezen u polymorfizma ERCC1 a ERCC2
(excision repair cross-complementation group 1 a 2), genu s roli v nukleotidové
excizni opravé DNA. Polymorfizmy maji rozdilny efekt v zavislosti na populaci,
u asijské populace se ukazala prediktivni hodnota ERCC1 C118T, kde T alela
byla spojena se snizenou odpovédi na |écbu, krat§im obdobim do progrese
a celkovym prezitim. U evropské populace byl stejny efekt popsan pro G alelu
u ERCC2T751G (Yin et al., 2011).

Prediktivni hodnota byla spojena i s polymorfizmem genu XRCC1 (X-ray repair
complementing defective repair in Chinese hamster cells 1), ktery koduje
protein podstatny pro bazovou excizni reparaci. Zména R399Q byla popsana
jako signifikantni negativni faktor pro odpovéd na Ié€bu rezimem FOLFOX (Suh
et al., 2006), prestoze jeji skuteCny efekt bude pravdépodobné jako v pfipadé

ERCC1 a 2 limitovan typem studované populace (Huang et al., 2011).

Prediktivni hodnotu pro Ié€bu oxaliplatinou mdze mit i mutace v genu KRAS.
Pokusy na bunécnych liniich ukazaly zménu senzitivity na oxaliplatinu
v zavislosti na KRAS mutaci, ktera ovliviiuje expresni hladinu ERCC1 (Lin et al.,
2012).
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2.6.5 Prediktivni znaky pro Ié€bu irinotecanem

Podobné jako u fluorouracilu i v pfipadé irinotecanu jsou hlavnimi prediktivnimi
faktory polymorfizmy v genech spojenych s metabolismem tohoto l€Civa. Hlavni
vliv. na predikci maji alely uridin difosfat glukuronosyl transferazy 1A1
(UGT1AT1). Alela UGT1A1*28 je spojena se zvySenym rizikem neutropenie a jeji
stanoveni je doporu¢eno u pacientl s planovanym nasazenim irinotecanu do
léCby (Hoskins et al., 2007). U asijské populace ma podobny efekt i alela
UGT1A1*6 (Jada et al., 2007).

2.6.6 Prognostické znaky u KRCa

Znaky pro prognézu onemocnéni jsou podstatné predevSim pro ty pacienty,
u kterych je obtizné zhodnotit benefit terapie (chemoterapie i biologické 1€Cby)
oproti zhorSeni kvality zivota a pfipadnym komplikacim (napfiklad toxicité
lecby). U KRCa se jedna predevSim o indikaci adjuvantni chemoterapie u
pacientd s nadorem ve stadiu UICC Il (Gray et al., 2007).

Vztah k progndze byl studovan u gend typicky mutovanych u kolorektalniho
karcinomu, napfiklad TP53, u kterého je vliv na progndézu prokazatelny jen
u pokrocilych stadii onemocnéni (lacopetta et al., 2006). Podobnym pfipadem
jsou i dalsi typické zmény u KRCa, mutace genu APC a ztrata cCasti
chromozomu 18, kde je jejich prognosticky efekt nejisty. Z prognostického
hlediska byly zkoumany i mutace genl podstatnych pro predikci odpovédi
na lécbu monoklonalnimi protilatkami, ale v pfipadé nadmérné exprese EGFR
ani mutace genu KRAS nebyl pozorovan vyrazny vztah k prognoze (Walther et
al., 2009).

S prognoézou onemocnéni mohou byt spojovany i celé podtypy KRCa, kde lepSi
prognézu pozorujeme u pacientl s vysokym stupném mikrosatelitni nestability
(Popat et al., 2005). Pokud se u pacientd vyskytne kombinace mikrosatelitni
nestability a mutace genu BRAF vedouci k zaméné aminokyseliny VG0OE,
znamena to pro pacienta vysoce negativni prognézu onemocnéni (French et al.,
2008). Podobné pacienti s pritomnosti CIMP jakékoli urovné vykazuji zkraceni
OS (Juo et al., 2014).
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Pribéh onemocnéni se vklinické praxi muize sledovat pomoci hladin
nadorovych znakl CEA (karcinoembryonalni antigen) a CA19-9 (nadorovy
antigen 19-9), které jsou stanovovany ze séra Ci plazmy. Vypovidaci hodnota
téchto znaku neni pfili§ vysokd, ale v hrubych rysech mize informovat o rozvoji
onemocnéni Ci ztraté odpovédi na pouzivanou léCbu (Bystrom et al., 2012;
Duffy et al., 2014).

K prognéze onemocnéni Ize pouzit i kombinace znakdu, které mohou dohromady
pfinést vysSi senzitivitu i specificitu testu a l|épe stratifikovat pacienty.
V souCasnosti existuji testy MammaPrint a OncoTypeDX zalozené na genové
expresi pro lepsi stratifikaci pacientek po operaci nadoru prsu. Podobné snahy
existuji i v pfipadé kolorektalniho karcinomu (Jorissen et al., 2009; O’Connell et
al., 2010; Wang et al., 2004b; Yothers et al., 2013), ale z navrzenych panell se
zatim Zzadny v klinické praxi rutinné nepouziva. Pfikladem komercné
dostupnych paneld mohou byt OncoPrint a OncoTypeDX Colorectal Cancer
(Kelley and Venook, 2011).

Z prognostického pohledu jsou sledovany i imunitni bunky infiltrujici nadorovou
tkan. Jejich detekce se obvykle provadi imunohistochemicky a studované
leukocyty jsou identifikovany podle pfitomnosti typickych, nejCastéji
povrchovych znakd. Napfiklad infiltrace nadoru CD57 a CD68 pozitivnimi
bufikami je pro pacienta pozitivni informace (Chaput et al., 2013).
U metastatického KRCa byla popsana lepsi progn6éza u pacienttd s vysokou
infiltraci CD45R0O pozitivnimi burikami (Lee et al., 2013). V nasi pfedchozi studii
jsme jako pozitivni prognosticky faktor popsali i infiltraci nadoru CD57 a S100
(S100 calcium binding protein) pozitivnimi imunitnimi bunikami (Liska et al.,
2012).

U kolorektalniho karcinomu se studuje fada dalSich znakl s potencialem pfispét
k prognéze onemocnéni. Zrecentni literatury se jedna napfiklad o expresi
CD26 proteinu, jehoz zvySena hladina detekovana imunohistochemicky
v nadoroveé tkani je spojena se zhorSenou progndézou (Lam et al., 2014), Ci
zvySené mnozstvi inhibitoru bunéfné smrti survivinu, které je spojeno se

zhorSenou prognozou a metastatickym fenotypem (Krieg et al., 2013). Celou
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skupinu prognostickych znaku tvofi microRNA, z nichZ nékteré studované byly

zminény v kapitole 2.3.3.

56



3 Cile a hypotézy dizerta¢ni prace

Zakladnim cilem predkladané dizertaCni prace bylo ziskat nové poznatky
o biologickém chovani kolorektalniho karcinomu, jednoho z nej¢astéjSich typu
nadorovych onemocnéni. PfedevSim se jednalo o identifikaci znaku, které maji
potencial pfinést nové informace k prognéze pacientl v rliznych stadiich vyvoje
KRCa.

V této praci jsou soustfedény vysledky dvou projekta, které pfistupovaly
k identifikaci prognostickych znakl( odliSnym a CasteCné komplementarnim
pfistupem. Experimentalné ziskana data byla vztazena ke klinickym

a patologickym udajum a statisticky analyzovana.

Cilem prvni studie bylo vyuziti rutinné dostupné metodiky, jakou je
imunohistochemické vySetfeni nadorové tkané, ke studiu vztahu pfitomnosti
znakl nadorovych kmenovych bunék a prognézy pacienti s metastazujicim
kolorektalnim karcinomem. Imunohistochemie jako hlavni metodika byla
vybrana z duvodu jeji dostupnosti v patologickych laboratofich, v pfipadé
pozitivnich vysledkl by tedy jejimu uplatnéni v klinické praxi nebranila

dostupnost specializovanych pfistroji.

Druha studie jako hlavni metodicky princip vyuzivala kvantitativni
polymerazovou fetézovou reakci pro detekci rozdilné expresni hladiny
studované skupiny gent mezi vzorkem zdravé a nadorové tkané u pacientu
s KRCa. Diky tomuto pfistupu bylo mozné sledovat vice znaku b&éhem jednoho
experimentu. Nevyhodou tohoto pfistupu je specializovana pfiprava
a zpracovani vzorku, proto tato prace spiSe nez na rychlé zavedeni vystupu ke
klinické praxi sméfovala k ziskani novych informaci o nadorové biologii, o které

bychom se mohli opfit v dalSich navazujicich studiich.

Hypotézy:

l. Pfi imunohistochemickém stanoveni pfitomnosti CD44 a CD133 proteinu
v nadorove tkani budou identifikovany vztahy mezi expresni hladinou

v primarnim a sekundarnim nadoru z téhoz pacienta.
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Intenzita znaceni proteind CD44 a CD133 bude souviset s celkovym
a bezpfiznakovym prezitim pacienta — na zakladé pFevazujicich
literarnich udaju pfedpokladame snizeni obou ukazatell se vzristajici

intenzitou znadeni.

Analyza relativni expresni hladiny u genl zafazenych do druhé studie

ukaze rozdily mezi zdravou a nadorovou tkani.

Expresni hladina studovanych genu bude korelovat se sledovanymi
klinickymi parametry a expresni rozdil bude pouzitelny pro stanoveni

prognozy u pacientl s KRCa.
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4 Material a metody

4.1 Imunohistochemicka detekce CD44 a CD133

4.1.1 Soubor pacientu

Do studie byli zafazeni pacienti operovani mezi lety 1996 az 2010 pro primarni
kolorektalni karcinom a nasledné metastazu kolorektalniho karcinomu do jater.
Parafinové blogky byly ziskany zarchivu Siklova patologického Ustavu
Lékarské fakulty UK v Plzni a Fakultni nemocnice v Plzni. Podstatné bylo, aby
u pacientl zafazenych do studie byly k dispozici kompletni klinické udaje, které
byly ziskany z informacniho systému Fakultni nemocnice v Plzni. Z podstatnych
udaji byly sledovany predevs§im parametry TNM klasifikace a grading nadoru,
datum obou operaénich zakrokl, pohlavi pacientd a vék v dobé diagnozy.
VSechna data byla pfed dalSim zpracovanim anonymizovana. Popis
studovaného souboru v ¢ase diagnozy KRCa je k dispozici v Tabulce 10.

4.1.2 Imunohistochemické zpracovani vzorkii

Parafinové bloCky byly pfipraveny podle standardniho protokolu fixaci 8%
formaldehydem a naslednym zalitim do parafinu. TlouStka pouzitych fezl byla
5 um a jako pfehledné barveni preparatl byla zvolena kombinace hematoxylinu

a eozinu.

Pro imunohistochemickou analyzu byly pouzity protilatky CD44 (DF1485, 1:100,
Dako, Glostrup, Dansko) a CD133/1 (AC133, 1:100, Miltenyi Biotech, Bergisch
Gladbach, Némecko). Vzorky nebyly vystaveny zadné specialni aktivaci
antigenu. Primarni protilatky byly vizualizovany pomoci senzitivniho komplexu
streptavidin — biotin — peroxidaza (Biogenex, San Ramon, Kalifornie, USA).
Specificita barveni byla ovéfena potfebnymi pozitivnimi a negativnimi

kontrolami.
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Tabulka 10 - Popis souboru pacientl vstupujicich do studie.

parametr pocet

celkovy pocet 94
pohlavi (muzi/ zeny) 57137

vék v Case primarni operace (roky)
median 61,9
mezikvartilovy rozsah 12,4
vék v Case operace jater (roky)
median 63,2
mezikvartilovy rozsah 11,9
Velikost tumoru (T)

T1 3

T2 3

T3 73

T4 9

neznama 6

Lymfatické uzliny (N)

NO 27

N1 37

N2 16

neznamé 14

Vzdalena metastaza (M)
MO 45
M1 49
Grading (G)

G1 19

G2 53

G3 13

neznamy 9

4.1.3 Semikvantitativni analyza preparatt

Pro hodnoceni intenzity obarveni byla pouzita metodika na zakladé nasi
predchozi studie (Liska et al., 2012). VSechny obarvené preparaty byly
nezavisle hodnoceny tfemi vyzkumniky. Intenzita znaceni CD44 protilatkou byla
stanovena v oblasti nadorové tkané pomoci 10x objektivu na Skale 0 (negativni)
az 3 (silné pozitivni). Semikvantitativni méfitko bylo zalozeno na intenzité
signalu pozorovatelného v bunkach nadoru, nikoli v nadorovém stromatu. Byla
hodnocena pozitivita znaCeni na cytoplazmatické membrané, kde by mél byt
CD44 protein lokalizovan. Pro hodnoceni CD133 byl 40x objektivem lokalizovan

nador a v péti mikroskopickych polich bylo spocitano mnozstvi pozitivnich
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nadorovych Zlazek a mnozstvi vSech nadorovych Zlazek v daném poli. CD133
protein se vyskytuje na apikalni strané nadorovych bunék, signal byl tedy
detekovan pouze na Casti bunék sméfujicich do lumen nadorovych Zzlazek.
U vzorkl jaternich metastaz bylo pouZito pozitivni zna€eni Zlu€ovodu jako
interni kontrola a preparaty s negativnimi Zlu€ovody byly z dalSi analyzy

vylou€eny. Pfiklady hodnoceni intenzity znaceni jsou na obrazcich 10 a 11.

pritomnost CD133 (A,B) a nador pozitivni na pfitomnost CD133 proteinu (C,D).
ZvétsSeni 200x (A,C), detaily ve zvétSeni 400x (B,D).
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Obrazek 11 - ZnacCeni tkané protilatkou proti CD44. Na zvolené
semikvantitativni Skale od nuly (negativni) do tfi (nejvice pozitivni) jsou zde
ukazky intensity 0 (A), intensita 1 (B), intensita 2 (C) a intenzita 3 (D). VSechny

priklady jsou ve zvétSeni 400x.

4.1.4 Statisticka analyza

Data pro CD44 a CD133 znaceni (v pfipadé CD44 celkova pozitivita preparatu,
u CD133 pomér pozitivnich/negativnich Zldzek) od tfech vyzkumnikd byla
zprimérovana pro kazdy sledovany preparat a v pfipadé nadmérného rozptylu
odectenych hodnot doslo k opétovnému prozkoumani konkrétnich preparata.
Vysledné hodnoty se pohybovaly v rozmezi od 0 do 3 v pfipadé CD44 a od 0 do
1 v pfipadé CD133 (primérna hodnota poméru CD133 pozitivnich Zlaz ku vSem

Zlazam ve sledovanych oblastech vzorku).

Celkové preziti bylo u kazdého pacienta stanoveno dvakrat, jednou pro dobu od
primarni operace a podruhé jako doba od operace jaterni metastazy. DFI bylo
stanoveno jako doba od operace metastazy do dalSi recidivy onemocnéni.
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Skupiny pacientd pro porovnani byly definovany nezavisle pro kazdou
hodnocenou proménou rozdélenim souboru dle medianu této proménneé.
Analyzy preziti byly provedeny pomoci Kaplan-Meier kfivek s Cox-Mantel
testem. Pozitivni vysledky (p < 0,05) byly dale validovany Coxovym modelem
proporcionalnich rizik s naslednym chi-kvadrat testem. Vztahy mezi kategoriemi
TNM ¢i gradingu tumoru a CD44 ¢i CD133 pozitivitou byly hodnoceny Mann-
Whitney U testem. Korelace mezi intenzitou znaCeni obé&ma protilatkami
v KRCa a jaterni metastaze byly testovany pomoci Spearmanova koeficientu
pofadové korelace. VSechny statistické analyzy byly provedeny v softwaru
STATISTICA (StatSoft, Tulsa, OK, USA).

4.2 Expresni profil vybranych gent u kolorektalniho karcinomu
4.2.1 Vybér kandidatnich gent

Geny pro studii byly vybrany na zakladé praci vénovanych kolorektalnimu
karcinomu a vyuzivajicich mikroCipové metodiky k urCeni rozdilné abundance
MRNA (messenger RNA) ve sledovanych vzorcich (Kleivi et al., 2007; Kwong et
al., 2005). Cilem bylo ziskat set genu, u kterych byla pozorovana expresni
zména pomoci téchto postupu, ale tato zména nebyla potvrzena dalSimi
metodikami a ovéfena na definovaném setu pacientu. Ziskany set genu byl
nasledné podroben studiu literatury, kdy doSlo k vyfazeni vétSiny dobfe
prozkoumanych genud. Do experimentalni ¢asti byly zafazeny geny, které byly
shledany potencialné podstatnymi nejen dle literarnich informaci a chovani
v jinych typech malignit, ale i diky jejich funkci €&i interakénim partnerdm.
Seznam genl vstupujicich do studie shrnuje Tabulka 11.

Z celkovych 12 vybranych gend byly MAPK1 a LGRS (vysvétleni zkratek viz
Tabulka 11) do studie zafazeny jako kontrolni s jiz znamou expresni zménou
pozorovanou u kolorektalniho karcinomu, s cilem pokusit se identifikovat vztah

mezi expresni zménou a klinickymi udaji.

Referenéni geny GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
a POLRZ2A (polymerase (RNA) Il (DNA directed) polypeptide A) byly vybrany na
zakladé dat ziskanych ve spolecném projektu s nasSimi spolupracovniky
(Hlavata et al., 2012) a na zakladé vlastnich vysledku.
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Tabulka 11 - Seznam gen vstupujicich do studie. GenelD je unikatni
identifikator genu z databaze NCBI (National Center for Biotechnology
Information), stejné jako mMRNA kaod.

GenelD | zkratka nazev genu mMmRNA kéd
7447 VSNL1 visinin-like 1 NM_003385.4
11132 | CAPN10 calpain 10 NM_023083.3
1462 VCAN versican NM_004385.4

137075 | CLDN23 claudin 23 NM_194284.2
11034 DSTN destrin (actin depolymerizing NM 0068703

factor) -

154075 | SAMD3 sterile alpha motif domain | \\1 0910173732

containing 3 -
5504 MAPK 1 mltogen—actlvitgglgrotem kinase NM_002745 4

115908 | CTHRC1 |  collagen triple helix repeat NM_138455.2

containing 1 -

166968 | MIER3 mesoderm induction early NM_152622.3

response 1, family member 3 -
51703 ACSL5 acyl-CoA synthetase long-chain NM 016234.3
family member 5 -

1836 | SLC26A2 solute carrier family 26 (sulfate NM 000112.3
transporter), member 2 -

8549 LGR5 Ieucme—pch repeat-containing G NM 003667.2
protein-coupled receptor 5 -

4.2.2 Soubor pacientu

Do studie bylo zafazeno 53 pacientu, ktefi byli operovani na Chirurgické klinice
Fakultni nemocnice v Plzni mezi lety 2008 az 2010. Pacienti byli operovani pro
kolorektalni karcinom a jednalo se o pacienty bez pfedchozi chemoterapeutické
léCby. Soubor byl rozdélen do dvou skupin na pacienty paliativné operovaneé,
u kterych se v dobé primarni operace nachazela vzdalena metastaza nejCastéji
v jatrech (N=25), a radikalné operované, u kterych nebylo patrné metastatické
lozisko ve vzdalenych organech (N=28) a u nichz po operacnim zakroku
nasledovala adjuvantni onkologicka Ié€ba. Obé skupiny se mezi sebou neliSily
ve skladbé pohlavi, ve véku, vT a N stadiu TNM klasifikace, ani v gradingu
onemocnéni. Rozdily byly pozorovany v M kategorii a i v lokalizaci nadoru, kde
vétSina radikalni skupiny méla nador lokalizovany v tlustém stfevé, zatimco
u pacientt paliativni skupiny pfevazovala lokalizace v rektosigmoideu ¢i rektu.

Celkova data jsou shrnuta v Tabulce 12.
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Odbér vzorku probihal pfimo béhem operace. Od kazdého pacienta byly
odebrany vzorky tkané z nadoru a ze zdravé stfevni sliznice. Od kazdého typu
tkan& byly odebirany tfi vzorky o maximalni velikosti 1 cm® pro rychlé
zamrazeni a minimalizaci destrukce tkané. Za zdravou tkan byla povazovana
makroskopicky zdrava stfevni sliznice na okraji resekatu (obvykle ve
vzdalenosti 15 cm od nadorového loziska). Vzorky byly uchovavany
v kryozkumavkach v hlubokomrazicim boxu pfi teploté -80°C.

Klinicka data byla ziskdana ze zaznamu se zaméfenim pFedevSim na
patologické informace o nadoru (TNM, grading a histologicka examinace
nadoru) a na informace o pacientech — pohlavi, vék, datum diagndzy, datum
operacniho zakroku, datum posledni kontroly pacienta, pfipadna recidiva
a umrti. VSechna data byla ziskana zdravotnickym personalem a pfed pfedanim

vyzkumnikim a statistikim byla anonymizovana.

Studie byla schvalena Etickou komisi Lékarské fakulty a Fakultni nemocnice

v Plzni a pacienti s odbérem materialu pfedem vyjadfili svlj pisemny souhlas.

4.2.3 Izolace RNA

RNA byla ziskana ze zamraZenych tkani pomoci TRI REAGENT®RT (Molecular
Research Center, Cincinnati, OH, USA) s pouzitim standardniho protokolu
vyrobce. Ve struCnosti, tkan byla pfenesena ze zkumavky do tfeci misky
vychlazené tekutym dusikem, kde byla rozemleta na jemny prasek. Rozemleta
tkan byla pfenesena do zkumavky s 1 ml vychlazeného TRI REAGENT®RT
a lyzovana. Po pfidani 50 ul bromoanisolu a dukladném promixovani se vznikla
smés nechala centrifugovat, ¢imz se oddélily jednotlivé faze. Vrchni Cira Cast
o objemu 500 ul se smichala se stejnym objemem isopropyl alkoholu a po péti
minutové inkubaci nasledovala centrifugace a dvoji omyti ziskané pelety 70%
ethanolem. Po celkovém vysuSeni byla peleta rozpusSténa v Cisté vodé bez
RNaz a DNaz (Ambion, Carlsbad, CA, USA) v objemu odpovidajicim velikosti
pelety (obvykle v rozmezi 20-120 ul).

Mnozstvi RNA bylo stanoveno méfenim absorbance na pfistroji Infinite M200
(Tecan, Maénnendorf, Svycarsko). Kvalita RNA byla uréena pomoci
elektroforézy v agar6zovém gelu. Pouze RNA spomérem absorbance
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230nm/260nm > 1,7 a bez degradace viditelné na elektroforetickém gelu byla
pouZzita pro dalSi analyzu. U &asti vzorkl bylo navic stanoveno ,RNA integrity
number® pomoci pfistroje 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA).

Tabulka 12 - Klinické parametry studovaného souboru, uvedeny
jsou vzdy pocty pacientu zafazenych do dané kategorie.

Skupina A | Skupina B test
(paliativni) | (radikalni) | P
Pohlavi 17/8 19/9 1 | Fisheruv
(muzi/Zeny) exaktni
Vék v dobé diagndzy (roky)
Median 65 63,5 Mann-
Mezikvartilovy . 12 0,485 Whitney U
rozsah
Velikost tumoru (T)
T2 1 1 Pearsonuv
T3 19 21 0,989 Chi-
T4 5 6 kvadrat
Lymfatické uzliny (N)
NO 7 11 Pearson(v
N1 11 10 0,681 Chi-
N2 7 7 kvadrat
Vzdalena metastaza (M
MO 0 28 Fisherv
M1 25 0 <0001} oxaktni
Grading (G)
G1 4 3 Pearsonuv
G2 20 18 0,101 Chi-
G3 1 7 kvadrat
Lokalizace primarniho nadoru
Tlusté stfevo 9 19 Fisherilv
Rektosigmoideum 16 8 0,025 exakini
nebo konec€nik

4.2.4 Reverzni transkripce

K syntéze komplementarni DNA (cDNA) byl vyuzit RevertAid First Strand cDNA
Synthesis Kit (Fermentas, Waltham, MA, USA). Do kazdé reakce o objemu
20 ul vstupovalo 500 ng celkové RNA. Pfed samotnou reverzni transkripci byla

RNA inkubovana s DNazou | (Top-Bio, Vestec, Ceska republika) po dobu
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5 minut pfi pokojové teploté kvuli odstranéni potencialni kontaminace
genomickou DNA. Pro priming reverzni transkripce byla vyuzita smés
oligo(dT)18 a nahodnych hexamerl s finalni koncentraci kazdého z nich

2,5 uM. V dalSich krocich se pokracovalo dle protokolu vyrobce.

Kvalita ziskané cDNA byla otestovana pomoci PCR (polymerazova fetézova
reakce) amplifikace genu GAPDH avysledny produkt byl detekovan
v agarozovém gelu pomoci barvy SYBR Safe (Life Technologies, Carlsbad, CA,
USA). Diky wvyuziti pfislusSnych kontrol bylo mozné odhalit pfipadnou
kontaminaci izolované RNA genomickou DNA ¢i kontaminaci chemikalii

externim zdrojem nukleovych kyselin.

4.2.5 Kvantitativni real-time PCR

K designu oligonukleotidl pro detekci mnozstvi mRNA jednotlivych genl byl
vyuzit software Primer-3 scilem navrhnout oligonukleotidy s podobnymi
nasedacimi teplotami, délkou produktu a umisténim produktu na exon-exonové
rozhrani. Navrzené oligonukleotidy byly syntetizovany spoleCnosti Sigma
Aldrich (St. Louis, MO, USA). Seznam sekvenci je shrnut v Tabulce 13.

Pro detekci produktl byl zvolen Power SYBR Green PCR master mix (Life
Technologies, Carlsbad, CA, USA) kompatibilni s pouzitym pfistrojem 7500
Fast (Life Technologies, Carlsbad, CA, USA). Vzhledem k pouziti sekvencné
nespecifického barviva bylo nutné pfed analyzou urCit optimalni protokol
a nasedaci teploty pro jednotlivé dvojice oligonukleotidt, které byly stanoveny
pomoci méfeni sensitivity, specificity a efektivity jednotlivych reakci. Na zakladé
této analyzy byly geny rozdéleny do dvou skupin podle nasedaci teploty (58°C
pro CLDN23, SLC26A2, VSNL1, CAPN10, VCAN, MAPK1 a 60°C pro LGRS,
DSTN, MIER3, ACSL5, CTHRC1, SAMD3). Parametry reakci byly nasledovné:
pocCateCni zahfati 50°C po 20 s, pocateCni denaturace 95°C po 10 min
anasledné 42 cykli slozenych zdenaturace 95°C po 15 s, pfisednuti
a polymerizace pfi 58°C (60°C) po 1 min. Po skonCeni amplifikace nasledovalo
stanoveni kfivky tani v jednotlivych jamkach s cilem urcit pfipadné kontaminace

Ci nespecifické amplifikace. Vysledky byly zpracovany v softwaru dodavanému
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k pfistroji 7500 Fast a zakladni statisticka analyza provedena softwarem
REST2009 (Qiagen, Hildesheim, Némecko).

Tabulka 13 - Seznam sekvenci oligonukleotidu pouzitych pro
gPCR. tm — teplota nasedani oligonukleotidl ve stupnich Celsia
vypoctena pfi jejich navrhu, a.l. — délka amplikonu
syntetizovaného pfi pouziti dané dvojice oligonukleotida.

nazev sekvence 5- 3’ tm | a.l.
F_hVSNL1 agaactgttgagttttatcattttcg 59 90
R_hVSNLA1 caggggccagtttgctatt 60
F_hDSTN cctggcatcttggaaatcat 59 99
R_hDSTN aaagcagattacaatgtagccctaa 59
F_hSAMD3 catgcaaacagaagcagctc 59 9%
R_hSAMD3 ttttcagctggatagaaagatgg 59

F_hLGRS aatcccctgeccagtctc 60 74
R_hLGR5 cccttgggaatgtatgtcaga 59
F_hVCAN gcacctgtgtgccaggata 60 70
R_hVCAN cagggattagagtgacattcatca 60
F_hMIER3 ttgaggaaggaaataatgattggt 60 113
R_hMIER3 caccaaagtaactggtcttcgtt 59
F_hMAPK1 ccgtgacctcaagccttc 59 72
R_hMAPK1 gccaggccaaagtcacag 60
F_hSLC26A2 ggttggcagcactgtaacct 60 64
R_hSLC26A2 cacttgaaagaagcccatcg 60
F_hCLDN23 ttgcatcaatataattattgggtttt 59 66
R_hCLDN23 agtttgcatggcaaggagtt 59
F_hCAPN10 tgccagagggaggatgtg 60 73
R_hCAPN10 gctcgtaggacccatggac 60
F_hACSLS5 ttcctgtctcttgcataaaggtt 59 95
R_hACSL5 ccaattcggagatgatccac 60
F_hCTHRC1 ccaaggggaagcaaaagg 60 74
R_hCTHRCA1 cccttgtaagcacattccatta 59

4.2.6 Statisticka analyza

Ke vSem statistickym testum byl pouzit software STATISTICA (StatSoft, Tulsa,
OK, USA). Statisticka vyznamnost rozdilu mezi expresi sledovanych genu
v nadorové a zdravé tkani byla testovana pomoci Wilcoxonova paroveého testu.
DalSim krokem byla analyza preziti s cilem identifikovat vztahy mezi expresnimi
daty a celkovym a bezpfiznakovym prezitim. Vztah mezi expresni hladinou

kazdého genu a OS byl hodnocen pro cely soubor pacientu i zvlast pro
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radikalni a paliativni skupinu. U radikalni skupiny pacientt byl navic hodnocen
vztah expresnich dat a DFI po operaci primarniho nadoru. Pro kazdy sledovany
gen byly skupiny pacientl rozdéleny na zakladé medianu expresnich hodnot
daného genu a nasledné doslo k porovnani jednotlivych vzniklych podskupin.
Pro kazdou analyzu byly vytvofeny Kaplan-Meier kfivky a rozdil byl testovan

Gehan-Wilcoxon, Cox-Mantel a log-rank testem.

Vztah lokalizace tumoru a genové exprese byl stanoven pomoci Mann-Whitney
U testu poté, co byli pacienti rozdéleni do dvou skupin dle lokalizace nadoru

v tlustém strfeveé Ci v rektosigmoideu a rektu.

Korelace mezi jednotlivymi expresnimi zménami byly testovany pomoci

Spearmanova korela¢niho koeficientu.

69



5 Vysledky a diskuze

5.1 Imunohistochemicka detekce proteinti CD44 a CD133

5.1.1 Vysledky

Celkové bylo do studie zahrnuto 94 pacientl s primarnim KRCa a sekundarnim
loziskem v jaterni tkani. Vzorky s nizkou kvalitou obarveni byly z dalSiho
vyzkumu vyfazeny. Ve sledovaném souboru dosahovalo celkové preziti v 1, 3
a 5 roce po operaci jaterni metastazy 88%, 65% a 35%, u bezpfiznakového
preziti byl podil pacientu ve stejnych ¢asovych okamzicich 38%, 16% a 8%.

U CD44 intenzity nebyl pozorovan zadny vztah mezi OS nebo DFI ani
u jednoho typu vzorku (Kaplan-Meier kfivky pro DFI jsou znazornény v obrazku
12a a 12b). U CD133 znaceni v KRCa bylo pozorovano delSi DFI u pacientl
s pozitivitou nad median studovaného souboru (Cox-Mantel p = 0,0244)
(obrazek 13a), u jaterni metastazy zadny vztah znaceni k OS ani DFl
pozorovan nebyl (Kaplan-Meier graf pro DFI je na obrazku 13b). CD133
intenzita v KRCa se tak v nasem souboru pacientl chovala jako pozitivni
prognosticky faktor. Toto pozorovani bylo potvrzeno i Coxovym modelem
proporcionalnich rizik s pouzitim hodnoty CD133 pozitivity jako jediné nezavislé
proménné (chi-kvadrat p = 0,0137).

Pomér CD133 pozitivnich a negativnich zlazek se liSil v zavislosti na gradingu
nadoru, kdy v KRCa byla niZSi pozitivita u nadoru stadia G1 oproti stadiu G2
(Mann-Whitney U test p = 0,0248) (obrazek 14a) a u CD133 v jaterni metastaze
byla niz8i pozitivita u pacientu stadia G1 v porovnani s pacienty stadia G2 nebo
G3 (Mann-Whitney U test p = 0,0470) (obrazek 14b). Porovnani s TNM
klasifikaci ukazalo rozdily v CD44 intenzité, kdy vysSi intenzita byla u stadia NO
v porovnani se stadii N1 a N2 (Mann-Whitney U test p = 0,0287) (obrazek 15a)
a rovnéz pfi porovnani NO pouze se skupinou N2 (Mann-Whitney U test
p = 0,0212) (obrazek 15b).

Spearmanova korelace odhalila vztah mezi CD133 pozitivitou u KRCa a jaterni
metastazy (Spearman R = 0,5466, p = 0,00068).
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a DFI podle CD44 v primarnim tumoru
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Obrazek 12 - Kaplan-Meier kfivky porovnavajici DFI u skupin pacientl ze
studovaného souboru rozdélenych dle medianu intenzity znaceni proti CD44
v KRCa (12a) a v jaterni metastaze (12b). V obou pfipadech se porovnavané
skupiny mezi sebou signifikantné nelisily.
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Obrazek 13 - Kaplan-Meier kfivky porovnavajici DFI u skupin pacientl ze
studovaného souboru rozdélenych dle medianu intenzity znaceni proti CD133
v KRCa (13a) a v jaterni metastaze (13b). VySSi procento CD133 pozitivnich
Zlazek v KRCa bylo spojeno s prodlouzenim DFI.
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Obrazek 14 - Korelace klinickych dat s procentem CD133 pozitivnich Zlazek.
(@) rozdilné hodnoty CD133 pozitivity v KRCa dle odliSného gradingu
primarniho tumoru, (b) rozdilné hodnoty CD133 pozitivity v jaterni metastaze na

zakladé gradingu odpovidajiciho primarniho nadoru.
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Obrazek 15 - Korelace klinickych dat s intenzitou CD44 znaceni. (a) rozdilné
hodnoty CD44 intenzity u KRCa dle odliSné invaze nadoru do lymfatickych
uzlin, (b) rozdilné hodnoty CD44 intenzity u jaterni metastazy na zakladé

odlisné infiltrace uzlin odpovidajiciho primarniho nadoru.

5.1.2 Diskuze

Koncept nadorovych kmenovych bunék a jejich vyznamu pro vyvoj nadoru je
Siroce pfijimany, nicméné spojeni jednotlivych znakd CSC s klinickymi udaji je
stale velmi obtizné (Ren et al., 2013). U CD44 je problémem velké mnozstvi
sestfihovych variant s odliSnou funkci a studie vlivu CD44 na klinické chovani
nadoru vétsinou neuspély v nalezeni vztahu k OS ¢i DFI (Galizia et al., 2012;
Langan et al., 2012; Li et al., 2013). Ke stejnému vysledku dosSla i pfedlozena
studie. CD44 tedy neni mozné pouzit jako jediného znaku ke zpfesnéni
prognézy pacientl. Nicméné byl v nasi studii pozorovan pokles intenzity

barveni v primarnim nadoru v sekvenci NO — N1 — N2, tedy pacienti s nejvysSim

v v
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Vv,

CD44 — dependentni vazby na extracelularni hmotu (Galizia et al., 2012).

CD133 byl prvni znak pouzivany k identifikaci CSC u kolorektalniho karcinomu
(O'Brien et al.,, 2007; Ricci-Vitiani et al., 2007). Probléemem pfi
imunohistochemické detekci CD133 mulze byt maskovani epitopu pro protilatku
AC133/1 posttranslacni modifikaci béhem diferenciace CSC, coz muze vést ke
snizeni vazby protilatky k cilové molekule (Kemper et al., 2010). Nékteré studie
ukazuiji, ze nikoliv pouha pozitivita €i negativita, ale Ze mnozstvi CD133 proteinu
muze odlisit buriky s odliSnou rastovou kapacitou (Liao et al., 2010). Rozsahla
meta-analyza CD133 exprese v KRCa ukazala, ze zvySené mnozstvi CD133
proteinu koreluje s nékterymi klinicko-patologickymi faktory a ze je mozné
zvySené mnozstvi CD133 povazovat za negativni prognosticky znak (Chen et
al.,, 2013). V naSem uUzce vymezeném souboru pacientd byl CD133 expresi
pfifazen opacny vliv, kdy pacienti s vétSim mnozstvim CD133 pozitivnich Zlazek
méli delSi bezpfiznakové preziti. Jiz dfive byla exprese CD133 spojena spisSe
s dobfe a stfedné diferencovanymi nadory v porovnani s nediferencovanymi
KRCa, které jsou spiSe CD133 negativni (Horst et al., 2008). U metastatického
KRCa bylo zjisténo, ze CD133 jsou Castéji v G1/G0 fazi bunétného cyklu nez
vSCi G2/M fazi (Gharagozloo et al., 2012). Na zakladé téchto informaci
muzeme soudit, Zze CD133 je produkovano predevSim v pomaleji se délicich
bunikach a také zZe je spojovano spiSe s nadory s lepSi prognozou. Tato data
mohou osvétlit pozitivni prognosticky efekt CD133 pozorovany v nasi studii.

Na zakladé pozorované asociace mezi prodlouZzenim DFI a CD133 v KRCa
a nikoliv v jaterni metastaze je mozné spekulovat, ze vlastnosti primarniho

nadoru mohou byt pro recidivu onemocnéni podstatnéjSi nez charakter jaternich

metastaz.
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5.2 Expresni profil vybranych genu u kolorektalniho karcinomu

5.2.1 Vysledky

Z dvanacti studovanych genl vykazovalo deset rozdilnou expresni hladinu mezi
zdravou a nadorovou tkani v celkovém souboru 53 pacientt. U ¢tyf gend byla
detekovana vyssi exprese v nadorové tkani (LGRS, CTHRC1, VSNL1 a VCAN),
u Sesti genu byla exprese v nadoru snizena (DSTN, MIER3, ACSL5, MAPK1,
CLDN23 a SLC26A2) (obrazek 16). Obé& podskupiny pacientd (radikalni
a paliativni) kopirovaly expresni zmény zjiSténé u celého souboru s vyjimkou
genu DSTN, jehoz relativni exprese byla snizena u radikalni skupiny

a v pfipadé paliativni skupiny se mezi zdravou a nadorovou tkani neliSila.

Relativni exprese

128 —_
64
32

| B, ]
" %ﬂ %] -
R __

1/32

Expresni pomér

/64 L ~ Median
1/128 [125%-75%
1/256 T Min-Max

VSNL1 MAPK1 CLDN23 SLC26A2 CAPN10 VCAN LGR5 DSTN MIER3 ACSL5 CTHRC1 SAMD3
Gen

Obrazek 16 - Expresni zména studovanych genu pfi porovnani zdravé
a nadorové tkané. Bilé obdélniky znazoriuji geny se snizenou expresi ve
zdravé tkani, tmavé Sedé obdélniky geny se zvySenou expresni hladinou
v nadoroveé tkani a svétle Sedé obdélniky geny, u nichZz nebyla detekovana

statisticky vyznamna zména expresni hladiny.
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Ve studovaném souboru pacientl byl pozorovatelny rozdil v celkovém preziti
u pacientl zafazenych do paliativni skupiny v porovnani s pacienty v radikalni
skupiné (Cox-Mantel p = 0,016, Wilcoxon p = 0,041 a log-rank p = 0,019)
(obrazek 17).

Porovnani radikalni a paliativni skupiny
O Ukoné&ena pozorovani + Cenzorovana pozorovani
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Obrazek 17 — Porovnani celkového preziti mezi radikalni a paliativni skupinou

pacientd.

Pfi korelaci relativnich expresnich hladin s klinickymi daty nebyl u Zadného
genu prokazan vztah s vékem, parametry TNM Kklasifikace ani s gradingem

tumoru.

Celkové a bezpfiznakové preziti bylo hodnoceno z pohledu exprese
sledovanych gena v jednotlivych tkanich v porovnani s referenénimi geny
arovnéz zpohledu expresniho rozdilu mezi zdravou a nadorovou tkani.
V prvnim pfipadé byl na hladiné vyznamnosti p = 0,05 objeven vliv exprese
VSNL1 v nadorové tkani na OS v kompletnim souboru pacientl, kdy exprese
VNSL1 nad median znamenala prodlouzeni OS (Cox-Mantel p = 0,033

alog-rank p = 0,032) (obrazek 18). PFi rozdéleni pacientd do jednotlivych
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sledovanych podskupin byl u radikalni skupiny pozorovan vztah mezi expresi
SLC26A2 v nadorové tkani nad median souboru a delSim OS (Cox-Mantel
p =0,036) (obrazek 19). V pfipadé DFI bylo v radikalni skupiné pacientu
pozorovano prodlouzeni DFI pfi expresi VSNL1 ve zdravé tkani pod median
sledované populace (Cox-Mantel p = 0,022 a log-rank p = 0,020) (obrazek 20)
a pfi expresi SLC26A2 ve zdravé tkani nad median sledované populace
(Cox-Mantel p = 0,012, Wilcoxon p = 0,014 a log-rank p = 0,011) (obrazek 21).

Hodnoceni vztahu relativni exprese mezi zdravou a nadorovou tkani a OS
a DFl pfineslo celkem Ctyfi statisticky vyznamné vysledky. V kompletnim
souboru pacientd znamenalo vyrazné snizeni expresni hladiny CLDN23
zkraceni OS (Wilcoxon p = 0,045) (obrazek 22). DalSi tfi vysledky se tykaly
pouze pacientl v radikalni skupiné, kdy méné vyrazné sniZeni expresni hladiny
SLC26A2 a ACSLS znacilo delsi DFI (Wilcoxon p = 0,046, Cox-Mantel p =
0,045 a log-rank p = 0,041 pro SLC26A2, Wilcoxon p = 0,040 pro ACSLY)
(obrazek 23 a 24). U LGR5 bylo prokazano prodlouzeni DFI u pacientd
s vy$8im narustem expresni hladiny (Wilcoxon p = 0,046, Cox-Mantel p = 0,028
a log-rank p = 0,026) (obrazek 25).

U lokalizace tumoru bylo porovnani expresnich hladin vSech 12 studovanych
gent pomoci Man-Whitney U testu v nadorové tkani nesignifikantni. U zdravé
stfevni sliznice byly popsany rozdily v hladiné MAPK1 (p = 0,032), LGRS
(p = 0,003), MIER3 (p = 0,026) a CTHRC1 (p = 0,042), kdy pacienti s tumorem
lokalizovanym v tlustém stfevé vykazovali vy3Si hladinu téchto genu
v porovnani s geny referencnimi. Z pohledu relativni expresni zmény byl
pozorovan rozdil u genu VCAN, kdy pacienti stumorem v tlustém stfevé
vykazovali menSi narlst exprese v nadorové tkani oproti pacientll s tumorem

v rektosigmoideu/rektu, kde byla expresni zména vysSi (p = 0,031).
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VSNL1 v nadorové tkani
O Ukonc¢ena pozorovani + Cenzorovana pozorovani
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Obrazek 18 — Vliv VSNL1 exprese v nadorové tkani (n.t.) na OS v kompletnim

studovaném souboru.

SLC26A2 v nadorove tkani (radikalni skupina)
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Obrazek 19 — Vliv exprese SLC26A2 v nadorové tkani na OS u radikalni
skupiny.
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VSNL1 ve zdravé tkani (radikalni skupina)

O Ukon¢ena pozorovani + Cenzorovana pozorovani
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Obrazek 20 — Vliv exprese VSNL1 ve zdravé tkani (z.t.) na DFI u radikalni

skupiny.
SLC26A2 v nadorove tkani (radikalni skupina)
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Obrazek 21 — Vliv exprese SLC26A2 v nadorové tkani na DFI u radikalni
skupiny.
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Pokles CLDN23 v nadorové tkani
O Ukon¢ena pozorovani + Cenzorovana pozorovani
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Obrazek 22 — Vliv expresni zmény CLDNZ23 na OS v kompletnim studovaném

souboru.
Pokles SLC26A2 v nadorové tkani (radikalni skupina)
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Obrazek 23 — Vliv expresni zmény SLC26A2 na DFI u radikalni skupiny.
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Obrazek 24 — Vliv expresni zmény ACSL5 na DFI u radikalni skupiny.
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Obrazek 25 — Vliv expresni zmény LGRS na DFI u radikalni skupiny.
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5.2.2 Diskuze

Vzhledem k rozmanitosti studovanych gena budou vysledky u kazdého z nich
diskutovany samostatné.

VSNL1

Tento gen koduje protein pro neuronalni vapnikovy kanal a jeho funkci je
modulace aktivity adenylat cyklazy (Braunewell et al., 1997). VSNL1 byl popsan
jako prognosticky znak u Alzheimerovy choroby (Braunewell, 2012; Tarawneh
et al., 2011). V souvislosti s nadorovym onemocnéni byl VSNL1 popsan jako
inhibitor proliferace u bunék odvozenych od neuroblastomu, zarover zvySoval
jejich migracni kapacitu (Xie et al., 2007). U epitelialnich nadort byl popsan
jako supresor nemalobunécného karcinomu plic (Fu et al., 2008) a inhibitor
epitelo-mezenchymalniho pfechodu u bunék skvamoézniho karcinomu
(Schonrath et al., 2011).

V pfipadé kolorektalniho karcinomu vykazoval VSNL1 sniZzenou expresni
hladinu u bunécné kultury HCT116 po zastaveni bunéfného cyklu pomoci
selenomethioninu (Goulet et al., 2007) a byl zkouman jako potencialni znak pro
identifikaci cirkulujicich nadorovych bunék v periferni krvi (Findeisen et al.,
2008). V predchozich studiich byla popsana korelace mezi VSNL1 expresi
a infiltraci lymfatickych uzlin nadorovymi burikami (Akagi et al., 2012), v nami
studovaném souboru pacientd vztah pozorovan nebyl. Pfinosem studie byl
popis vztahu mezi vySSi expresni hladinou VSNLT1 v nadorové tkani
a prodlouzenim OS, ¢imz by bylo mozné ukazat na jeho potencialni roli jako
nadoroveho supresoru i u kolorektalniho karcinomu a doplnit tak data dostupna
z jinych typu nadort (Fu et al., 2008, 2010). Opacny efekt na zkraceni DFI
u pacientl s vySSi expresi VSNL1 ve zdravé tkani je otazkou k dalSimu

vyzkumu.
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VCAN

Protein kédovany genem VCAN je jednou z hlavnich slozek extracelularni
hmoty a hraje podstatnou roli v regulaci bunécné migrace (Zhang et al., 2012),
proliferace (Miquel-Serra et al., 2006) a adheze (Evanko et al., 2012).
V minulosti byl VCAN spojen s rdznymi malignimi onemocnénimi, napfiklad
s karcinomem zaludku (Zhang et al., 2012), pankreatu (Skandalis et al., 2006)
a kolorekta (Tsara et al., 2002).

U nami zkoumaného souboru pacientd jsme prokazali zvySeni exprese genu
VCAN v nadorové tkani, coz je v souladu se zménami na proteinové urovni
popsanymi Vv literatufe (Theocharis, 2002; Tsara et al., 2002). Rozdil ve zméné
exprese byl odliSny v zavislosti na lokalizaci tumoru (rektum/sigmoideum oproti
tlustétmu stfevu). V naSi studii zména exprese nekorelovala se zadnym ze

studovanych klinickych parametra.

LGRS

LGR5 protein je povaZzovan za jeden ze znaku fyziologickych intestinalnich
a jaternich kmenovych bunék (Becker et al., 2008; Huch et al., 2013).
Pfedchozi studie ukazuji na narust exprese LGR5 v nadorové tkani spojeny
s produkci LGRS v takzvanych nadorovych kmenovych burikach (Kleist et al.,
2011; Uchida et al., 2010).

U souboru pacientt studovaného v pfedkladané studii bylo pozorovano zvyseni
expresni hladiny v nadorové tkani a statisticka analyza ukazala na vztah mezi
prodlouzenim DFI a vy3SSi expresi LGRS5. Divodem by mohl byt vztah mezi
expresi LGR5 a bunécnou adhezi, kdy jsou potencialni nadorové kmenové
buriky s vysokou hladinou LGRS pevnéji vazany ve struktufe nadoru a bunky se
snizenou produkci LGRS jsou vice schopné migrovat (Walker et al., 2011), coz
by vysvétlovalo kratSi DFI u pacientl s niz§im mnozstvim LGRS z divodu
snazsiho rozsevu nadoru. Oproti tomu Fada pFfedchozich publikaci popsala
negativni efekt narGstu exprese LGRS u pacientl s rdznymi typy nadoru
(Nakata et al., 2013; Simon et al., 2012; Wu et al., 2012). Vzhledem k rozporim
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ohledné efektu LGR5 na prognézu KRCa pfipravujeme ovéfeni vysledkid na

nezavislém souboru pacienta.

CTHRC1

Tento gen koduje protein s popsanou roli pfi remodelaci cévniho fecisté
(Pyagay et al., 2005) a jeho expresni zména byla pozorovana v fadé typu
solidnich nadort v€etné nadoru tlustého stfeva (Palma et al., 2012; Tang et al.,
2006). Nedavno byl CTHRC1 popsan jako prediktor snizeného pfezivani u
KRCa (Tan et al.,, 2013). V nami studovaném souboru tento gen vykazal
nejvysSi narust exprese v nadorové tkani, ale jeho vztah k prognéze potvrzen
nebyl, pfestoze byl dobfe pozorovatelny trend zkraceni OS u pacientu se
zvySenou hladinou CTHRC1 v nadoru.

SLC26A2

Tento gen patfi do rodiny aniontovych vymeéniku a kanall a jeho hlavni funkci je
pfenos SO, aniontd. Zména vijeho funkci je priginou  &asti

chondrodysplastickych poruch (Alper and Sharma, 2013).

In vitro byla nizSi exprese SLC26A2 spojena s vySSi proliferaci bunécné linie
odvozené od kolorektalniho karcinomu (Yusa et al., 2010) a sniZeni exprese
bylo pozorovano i u bioptickych vzorkd (Galamb et al., 2008). V naSem souboru
pacientl bylo detekovano vyrazné snizeni expresni hladiny SLC26A2
v nadorové tkani, které znamenalo snizeni OS i DFI ve skupiné radikalné
lé€enych pacientd. Moznou pfiinou vedouci ke zkraceni OS i DFI mize byt
nepfesné usporadani extracelularni hmoty z dlvodu aberantni sulfatace
proteinu kvuli snizeni mnozstvi SLC26A2 proteinu, coz mize usnadnit migraci

nadorovych bunék skrze tkan.

CLDNZ23

Tento gen je ¢&lenem rodiny klaudinl, kterd u Clovéka Ccitd 24 zastupcl

kodujicich proteiny se Ctyfmi transmembranovymi doménami s roli ve tvorbé
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tésnych spoju mezi sousedicimi burikami (Lal-Nag and Morin, 2009). CLDN23
byl popsan jako gen se sniZzenou expresi u intestinalniho typu nadoru zaludku
(Katoh and Katoh, 2003). NasSe studie odhalila snizeni expresni hladiny
i u kolorektalniho karcinomu. Uroveri zmény korelovala s prognézou celkového
preziti. Pacienti s méné vyraznym snizenim expresni hladiny méli delSi OS
v porovnani s témi, u nichz doslo k vyraznému poklesu prepisu genu CLDNZ23.
Protein CLDN23, stejné jako dalSi ¢lenové rodiny klaudinu, hraje roli ve tvorbé
tésnych spoji mezi bunikami. Deregulace produkce klaudini byla v posledni
dobé& spojena nejen s vySSi migracni schopnosti nadorovych bunék, ale
i s epitelo-mesenchymalnim pfechodem a nadorovymi kmenovymi bunkami,
a jejich role v nadorové biologii je tedy pravdépodobné komplexnéjsi, nez se
tusilo (Kwon, 2013).

ACSLS

Proteinovy produkt tohoto genu je enzym s roli v biosyntéze lipidi a degradaci
mastnych kyselin. SniZzeni exprese ACSL5 bylo spojeno s karcinomem tenkého
stfeva (Gassler et al., 2003). U gliomu je exprese ACSL5 povazovana za faktor
zlepSujici preziti pacientd (Mashima et al., 2009). Role ACSL5 proteinu
v bunécné apoptoze je spojena s proteinem mortalinem a aktivaci p53 (Klaus et
al., 2014). V predchozi studii vénované KRCa bylo pomoci microarray dat
zjisténo zvyseni exprese v nadorove tkani (Yeh et al., 2006), v nasi studii bylo
mnozstvi ACSLS5 mRNA nizsi v nadorové tkani oproti zdravé tkani, navic jsme
pozorovali vztah mezi snizenim exprese a zkracenim DFI, kdy nejkratSi DFI
méli pacienti s nejvyraznéjSim poklesem ACSLS5. Tyto zavéry ukazuji
na pravdépodobnou protektivni funkci proteinu ASCL5 u KRCa, v souladu
s udaji dostupnymi z jinych typd nadorovych onemocnéni. U analyzy ACSL5
exprese a rovnéz funkce jsou problematické odliSné efekty jednotlivych
sestfihovych variant, kdy napfiklad ACSL5 o plné délce ma pro-apoptotickou
funkci (Gassler et al., 2007).
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Nasledujici tfi geny mély ve sledovaném souboru pacientl snizenou expresni
hladinu v nadorové tkani, ale statisticka analyza neprokazala zadné signifikantni
spojeni se sledovanymi klinickymi parametry.

DSTN

DSTN gen koduje aktin vazebny protein destrin, ktery hraje podstatnou roli
v dynamice polymerizace aktinu jako aktin depolymerizaéni faktor (Bamburg
and Wiggan, 2002). V souvislosti s nadorovym onemocnénim byla role proteinu
DSTN popsana béhem apoptdézy indukované membranovym androgenovym
receptorem u bunék nadoru prostaty (Papadopoulou et al.,, 2008) a jeho
pozitivni efekt na migracni kapacitu neuroblastomovych bunék (Lefranc et al.,
2009). Snizeni exprese DSTN bylo jednim 2z mechanismi vedoucich
k zablokovani migrace a invazivni schopnosti nadoru zaludku (Yu et al., 2013).
V nasi studii bylo pozorovano snizeni mirné expresni hladiny DSTN v nadorové

tkani bez vztahu ke klinickym parametriim

MIER3

MIER3 je velice malo studovanym genem, az vroce 2012 byl asociovan
s nadorovymi onemocnéni jako kandidatni gen u nadorl prsu (denDekker et al.,
2012) a zaroven se zaradil mezi nejCastéji mutované geny u vysoce
mutovanych podtypl kolorektalniho karcinomu (The Cancer Genome Atlas,
2012). NaSe data ukazala snizenou expresi u KRCa bez pozorovani silnych

vztahu ke klinickym datim.

MAPK1

Mitogen-aktivovana proteinova kinaza 1 je finalni kinazou MAPK drahy, ktera
ma mnoho rdznych roli vbunéfném Zzivoté vcetné regulace proliferace,
diferenciace Ci genové exprese (Zassadowski et al., 2012). V kolorektalnim

karcinomu bylo pozorovano snizeni exprese v nadorové tkani v pfedchozich

87



studiich (Wang et al., 2000), stejné tomu bylo i v naSich vzorcich, vztah ke

klinickym parametrdm pozorovan nebyl.

U dvou nasledujicich gend nebyla v naSem souboru pozorovana zména

v expresni hladiné mezi zdravou a nadorovou tkani.

SAMD3

Funkce SAMD3 je neznama, tento gen byl vybran na zakladé mozného zvysSeni
expresni hladiny béhem vyvoje KRCa (Kleivi et al., 2007) a popsané interakci
proteinu SAMD3 s proteinem FANCG (Fanconi anemia, complementation group
G) (Rual et al., 2005), ktery hraje roli v udrzovani genomickeé integrity (Fei et al.,
2005). Tato interakce by mohla mit podstatnou roli b€hem vyvoje KRCa. Diky
absenci expresni zmény SAMD3 jsme nemohli hodnotit jeho vztah ke klinickym

parametram.

CAPN10

U genu CAPN10, vapnikem aktivované cysteinova proteazy (Ono and
Sorimachi, 2012), byl dfive popsan jednonukleotidovy polymorfizmus spojeny
se susceptibilitou ke vzniku KRCa (Frances et al., 2007). V nasi studii jsme se
pokusili porovnat vztah mezi hladinou transkripce a klinickymi parametry
pacientl s KRCa, zména mnozstvi jeho mRNA mezi zdravou a nadorovou tkani

ale nebyla detekovana, a proto nebylo mozné tento vztah hodnotit.
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6 Zaveéry prace

V nasi studii bylo prokazano, Ze i Casto studované znaky spojované
s nadorovymi kmenovymi burikami, jako CD44 a CD133, mohou nést i jiny
vyznam pro chovani nadoru, nez je v soucasnosti obecné pfijimano. Napfiklad
u CD133 je mozné pozorovat pozitivni i negativni prognosticky vyznam. Nase
studie byla od pfechozich praci odliSna tim, Ze nehodnotila po€et nadorovych
kmenovych bunék ¢i intenzitu znaCeni CD133 protilatkou v jednotlivych
burikach, ale celkové mnozstvi CD133 pozitivnich Zlazek v poméru ke Zlazkam
negativnim na CD133 barveni. Tento pfistup, pokud by byl prognosticky
vyznam ovéfen na validaCni skupiné pacientt, by byl jednodu$e hodnotitelny
patology pfi rutinnim vySetfeni nadorové tkané, coz by mohlo pfinést nove

znaky podstatné pro progndézu.

Zaroven je potfeba studovat roli jednotlivych proteinl, pouzivanych jako znaky
nadorovych kmenovych bunék, v biologii nadoru. Pochopeni jejich funkce maze
pomoci s vysvétlenim pozorovanych protichudnych vlastnosti pfi korelaci
s klinickymi daty, a usnadnit tak pouziti téchto znakl pro zpfesnéni progndzy

u pacientl s kolorektalnim karcinomem.

V Casti vénované expresni hladiné vybranych genu byla na studovaném
souboru pacientl identifikovana expresni zména mezi zdravou a nadorovou
CLDN23 a celkového preziti pacientll a spojeni expresnich zmén SLC26A2,
ACSL5 a LGR5 s bezpfiznakovym pfezitim u pacientd, ktefi v dobé primarni
operace neméli vzdalenou metastazu. | pfes pomérmé maly soubor
studovanych pacientd jsou vysledky studie zajimavé, jelikoz ukazuji nové
spojitosti mezi jednotlivymi geny a prognézou u pacientd s kolorektalnim

karcinomem.

Kromé role jako prognostického faktoru mohou objevené vztahy mezi expresi
genu a DFI ¢i OS pfinést nové informace i o biologii kolorektalniho karcinomu.
Napfiklad vliv expresni zmény ACSL5 svédcCi o metabolické zméné v nadorove
tkani, u SLC26A2 zase o zméné v transportu iontd pfes membranu, pfiCemz
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o pfesném mechanizmu a vlivu téchto zmén na nadorové bunky je

v souc€asnosti mozné pouze spekulovat.

Geny, jejichz expresni zména byla spojena s klinickymi parametry, budou dale
prozkoumany na rozSifeném souboru pacientl s cilem ziskat robustné&jsi sadu
dat. Zaroven byl vliv expresnich zmén pouzit pro konstrukci matematického
modelu, ktery dokaze predpovidat prognézu pacientt na zakladé diferencialni
exprese Ctyf ze setu dvanacti studovanych genu s vySSi presnosti, nez jakou
ma progndza zaloZzena pouze na jednom genu. Tento skérovaci systém je

v souCasnosti podrobovan dalSi analyze na novém souboru pacientu.

Z hlediska pUvodnich hypotéz se nam podafilo ¢aste¢né potvrdit hypotézu |,
kdy korelace mezi primarnim nadorem a jeho metastazou byla nalezena
u CD133. Hypotéza ¢Cislo Il byla vyvracena, vztah ke klinickym datim byl
nalezen pouze u CD133 a to opacny, nez bylo pfedpokladano. Hypotéza Cislo
lll byla potvrzena, kdyz zdvanacti studovanych gent deset vykazovalo
rozdilnou hladinu transkripce mezi zdravou a nadorovou tkani. | pro hypotézu
Cislo IV bylo pozorovano nékolik pozitivnich spojeni, které jsou rozebrany

v pfedchozim textu.

Identifikace novych prognostickych znakl je podstatna z pohledu zpfesnéni
odhadu dalSiho rozvoje KRCa u jednotlivych pacientl. Prognostické znaky maji
potencial pomoci s rozdélenim pacientl nejen dle patologického vySetieni, ale
i dle molekularnich znaku. Cilem je rozlidit pacienty, u kterych je nezbytné
pouziti onkologické IéCby od téch, jejichz prognéza by podanim této léCby
nebyla ovlivnéna. Tato prace ukazuje nové znaky vyuzitelné v prognéze KRCa,
které by po jejich validaci bylo mozné zafadit do prospektivnich klinickych studii.
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Aim. The goal of this study was to semiquantitatively detect presence of cancer stem cells markers CD44 and CDI133 in
immunohistochemically stained paired samples of colorectal cancer (CRC) and colorectal liver metastases (CLM). Level of staining
intensity was compared to clinical and pathological characteristics of tumors with the aim to identify impact of CD44 or CD133
expression on tumor behavior. Patients and Methods. Formalin fixed paraffin embedded samples from 94 patients with colorectal
tumor and liver metastases were collected at Sikl’s Department of Pathology. Samples were stained by antibodies against CD44 and
CD133. Presence and intensity of staining was assessed semiquantitatively by three trained researchers. Results. Patients with higher
level of CD133 staining in CRC had longer disease free interval (Cox-Mantel P = 0.0244), whereas we found no relation between
CD44 expression and overall survival or disease free interval. CD133 expression in CRC and CLM differed based on CRC grading;
in case of CD44 we found differences in staining intensity in individual stages of tumor lymph node invasion. Conclusion. Effect of
cancer stem cell markers on prognosis of colorectal cancer can vary depending on pathological classification of tumor, and we have
shown that CDI133, generally considered to be a negative marker, can bear also clinically positive prognostic information in group
of patients with colorectal liver metastases.

1. Introduction

For a long time, tumors were considered to be unhierarchical
cell mass, sometimes with several clonal populations, where
all cells had almost the same potential for development,
growth, or secondary tumor formation. The last two decades
brought new findings and tumors have gradually become
regarded as hierarchical tissues, similarly to normal tis-
sues, with different cell populations, each having a distinct
function and characteristic within the tumor. One minor

population is of particular importance—small percentage of
tumor cells called cancer stem cells (CSCs).

Hierarchical organization of tumors was for the first time
identified in acute myeloid leukemia in 1997 [1], where cells
with CD34"*CD38" phenotype were described as primitive
leukemic stem cells with the potential to differentiate into the
leukemic blasts. Similar subpopulation with low level dif-
ferentiation was later described also in many different solid
tumors, including breast [2], prostate [3], colon [4, 5], or
pancreatic cancer [6]. Today, there are two main models
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describing involvement of CSCs in tumor development:
deterministic, according to which all tumor cells arise from
CSCs, which are dividing asymmetrically and stochastic,
which supposes the tumor cells to be randomly acquiring
mutations and undergoing clonal evolution that can result in
the formation of a clone with stem-cell properties. The latter
model assumes that the cells are dividing symmetrically [7].

Cancer stem cells share many similarities with physio-
logically normal adult stem cells. Both of these cell types
are undifferentiated with the capacity to differentiate into
hierarchical sequence of other tumor or normal cells; they
are capable of self-renewal and asymmetric division and they
have relatively long cycling times and long-term survival [8].
In addition to this, CSCs were described to be highly resistant
to chemotherapy and radiotherapy which makes them very
difficult to target and eliminates them by common therapy
regimens. This characteristic makes them a possible source
of later recurrence of the disease or therapy-driven selection
of resistant clones [9]. Several treatment regimens specifically
targeting CSCs are now emerging to overcome this problem.
One of these approaches is forced differentiation of CSCs
combined with targeted therapy [10].

During the initial attempts to identify CSCs, tumor cells
were usually separated according to the expression of a par-
ticular marker into two groups (positive and negative). The
capacity of the cells to form new tumors was then assessed
and compared between the two groups. Using this approach
in colorectal cancer, it was described that cells expressing
CD133 are more tumorigenic than CD133 negative ones [4, 5].
Later on, additional markers were described, for example,
CD44 and CDI66 [11], CD29, CD24, and Lgr5 [12], and
ALDHI [13]. Many of these markers are also expressed in
normal colonic stem cells (e.g., Lgr5, ALDHI, or CD29),
which complicates the distinction between CSCs and normal
stem cells. There are also other discrepancies regarding these
markers. It was described, for example, that cells with stem
cell capacity also exist within the CD133 negative cell popula-
tion and that CD133 negative cells can form tumors with the
same frequency as CD133 positive cells [14]. Further studies
are necessary to identify the characteristics of cancer stem
cells more precisely, because their unbiased identification and
understanding of their biology can open new options for
cancer treatment.

In the presented study, we selected two putative cancer
stem cell markers, CD44 and CDI133, to compare their expres-
sion in matched primary colorectal tumor and colorectal
liver metastases within clinically well-specified set of patients.
We evaluated the relationship between markers expression in
primary and secondary tumor and tested the impact of CD44
and CD133 positivity on clinical behavior of tumor, mainly on
overall survival and disease free interval.

2. Methods

Assessment of positivity or negativity for CD44 and CD133
was performed semiquantitatively from immunohistochem-
ically stained sections of matched primary and secondary
tumor samples from patients with colorectal carcinoma
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TaBLE 1: Description of set of patients used for the study.

Total number 94
Gender (males/females) 57/37
Age at primary surgery (years)

Median 61.9

Interquartile range 12.4
Age at liver surgery (years)

Median 63.2

Interquartile range 11.9
Tumor size (T)

T1 3

T2 3

T3 73

T4 9

Unknown 6
Lymph nodes involvement (N)

NO 27

N1 37

N2 16

Unknown 14
M classification

Mo 45

Ml 49
Grade

Gl 19

G2 53

G3 13

Unknown 9

and either synchronous or metachronous liver metastasis.
Immunohistochemical staining was selected as a method of
choice, because it is a commonly used technique in many
pathology departments and new markers can be easily imple-
mented to current protocols.

2.1. Selection of Samples. Samples used for this study were
collected from the depository of formalin fixed paraffin
embedded samples of Sikl’s Department of Pathology, Medi-
cal School and Teaching Hospital in Pilsen. We have selected
patients who underwent surgery for primary colorectal can-
cer between years 1996 and 2010 and who were afterwards
subjected to the surgery for colorectal cancer liver metastases
at Department of Surgery, Medical School and Teaching
Hospital in Pilsen.

The data required to determine overall survival and dis-
ease free interval, as well as grading and staging (TNM classi-
fication) scores, were available from the clinical information
system of Teaching Hospital in Pilsen. The patients’ data were
anonymized by authorized medical personnel before being
processed. Description of the patient sample is summarized
in Table 1.
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F1GURE 1: Expression of CD133. (a, b) Samples negative for CD133 in the lumen of tumor glands, (c, d) samples with positive CD133 staining
on the apical portions of tumor cells. Magnification 200x (a, c) and 400x (b, d) of the same samples.

2.2. Immunohistochemical Staining. Tissue samples for light
microscopy were fixed in 4% formaldehyde and embedded
in paraffin using routine procedures. Five-micrometer thick
sections were cut from the tissue blocks and stained with
hematoxylin-eosin.

For immunohistochemical staining the following pri-
mary antibodies were used: CD133/1 (AC133, 1:100, Miltenyi
Biotec, Bergisch Gladbach, Germany) and CD44 (DF1485,
1:100, Dako, Glostrup, Denmark). No special pretreatment
was used. The primary antibodies were visualized using the
supersensitive streptavidin-biotin-peroxidase complex (Bio-
genex, San Ramon, CA). Appropriate positive and negative
control slides were employed.

2.3. Semiquantitative Analysis of Slides. A method based on
previous study was used for analysis of slides [15]. All slides
stained for CD44 and CD133 were analyzed independently by
three trained researchers (Pavel Pitule, Miroslava Cedikova,
and Jan Vojtisek). Tumors were localized using 10x objective
and level of positivity on scale from 0 (negative) to 3 (highly
positive) was assessed for CD44 staining. For CD133 we
evaluated five microscopical fields using 40x objective and
the percentage of CDI33 positive tumor glands compared
to all tumor glands in the view field were assessed. Positive
staining of bile duct walls that should occur after every
successful CD133 staining was used as an internal control

of the staining process in case of liver metastasis samples.
CLM slides with unstained bile ducts were excluded from the
analysis. Examples of markers expression are summarized in
Figures 1 and 2.

2.4. Statistical Analysis. CD44 and CDI33 positivity assess-
ments provided by the three researchers were averaged for
every slide and in case of high variability of the scores the
slide was reviewed by all of the three researchers. Resulting
scores were on the scale from 0 to 3 for CD44 as described
above and from 0 to 1 for CD133 expressing an average ratio
of CD133 positive glands to all present glands.

Two overall survival (OS) times were defined for every
patient, one from the time of the CRC surgery and the other
from the time of the CLM surgery. Disease free interval (DFI)
was calculated from the time of the CLM surgery to the
time of metastases recurrence. The analyses of OS and DFI
were performed using two-sample Kaplan-Meier method
with Cox-Mantel test. The two samples (patient groups to
be compared) were formed independently for each variable
based on its median. Positive results (P < 0.05) were validated
by Cox proportional hazards model with subsequent Chi-
square test. Possible relations between tumor grading/staging
and CD44/CDI133 positivity were investigated using Mann-
Whitney U test. Correlations between CD44/CDI133 in
CRC/CLM (all combinations) were explored using Spearman
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(d)

Ficure 2: Example of samples with different levels of CD44 staining intensity. On our semiquantitative scale, samples were marked as intensity
0 (a), intensity 1 (b), intensity 2 (c), and intensity 3 (d). Magnification 400x.

DFI in groups based on CD133 in CRC
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FIGURE 3: Kaplan-Meier curves comparing the levels of CD44 (a) or CD133 (b) staining intensity in primary colorectal cancer sample to the

disease free interval.

rank-order method. Statistical analysis was performed using
the statistical software Statistica 10.0 (StatSoft, Inc. 2011, Tulsa,

OK, USA).
3. Results

We have included 94 patients with primary and secondary
CRC in our study. Samples with low quality staining were

excluded from analyses. OS after CLM surgery at 1, 3, and 5
years was 88%, 65%, and 35%,respectively, and DFI at1, 3,and
5 years was 38%, 16%, and 8%, respectively.

We did not find any statistically significant effect of CD44
expression in CRC or CLM on either OS or DFI Figure ( 3(a)).
CDI33 positivity over median in primary tumor was found
to be a positive prognostic factor of DFI (Cox-Mantel P =
0.0244) (Figure 3(b)). This finding was confirmed by Cox
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F1GURE 4: Comparison of the clinical data with the levels of markers abundance. (a) Difference of CD133 positivity in CRC based on tumor
grade, (b) difference of CD133 positivity in CLM based on primary tumor grade, (c) comparison of CD44 intensity in CRC between N0 and
N1+ N2 groups, and (d) comparison of CD44 intensity in CRC between N0 and N2 groups only.

proportional hazards model using the CD133 CRC score as a
single independent variable (Chi-square P = 0.0137). CD133
positivity in CLM was not connected to any effect on OS or
DFI (Cox-Mantel P = 0.3855). We identified differences in
markers quantity based on grading, where CD133 in CRC
was present in lower amount in GI compared to G2 (Mann-
Whitney U Test P = 0.0248) and CDI133 in CLM had lower
expression in Gl compared to combined G2 and G3 stage
(Mann-Whitney U Test P = 0.0470) (Figures 4(a) and 4(b)).
Comparison of studied markers with TNM classification
revealed differences in CD44 in CRC depending on lymph
node invasion—higher expression of CD44 was detected in

NO stage compared to combined N1 and N2 groups (Mann-
Whitney U Test P = 0.0287) as well as NO compared to N2
(Mann-Whitney U Test P = 0.0212) (Figures 4(c) and 4(d)).

Spearman correlation revealed a relationship between ex-
pression of CDI33 in primary CRC and CLM (Spearman R =
0.5466, P = 0.00068).

4. Discussion

The concept of contribution of colorectal cancer stem cells
to tumor development is widely accepted, but the relation of
individual CSC markers expression to disease prognosis is
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still not completely clear [16]. In case of CD44, various splice
variants differ in function and reports for CD44 in general
usually fail to find any correlation with DFI or OS [17-19].
This was the case also for our set of patients, suggesting that
use of CD44 as a single prognostic marker of CRC behavior
is impossible. However, we observed a difference in CD44 ex-
pression when we stratified the patients according to tumor
lymph node invasion with the data showing a decrease of
CD44 expression in CRC in sequence from NO to N2. Higher
invasiveness of tumors with lower expression of CD44 into
the lymph nodes can be related to weaker CD44 mediated
binding to extracellular matrix [17].

CD133 was used as a first marker for identification of col-
orectal CSC [4, 5]. Immunohistochemical analysis of CD133
expression and its relevance to clinical and pathological
features of CRC depends on sample type and size. Another
problem is the posttranslation modification of CD133, which
can mask ACI33 epitope, which is the target for most an-
tibodies against CD133 [20]. Some studies have shown that
not the presence or absence of CD133 is important for CSCs
identification, but that the abundance of CD133 protein can
distinguish cells with different growth capacity [21]. Pre-
sented study did not assess the role of CD133 in cancer stem
cell biology, but we wanted to find out whether it can be used
as a marker providing new information to patients’ progno-
sis. Large meta-analysis of CDI33 expression in colorectal
cancer confirmed that overexpression can be associated with
several clinicopathological factors and can be used as an
independent negative prognostic factor [22]. Surprisingly, the
level of CD133 positivity had the opposite effect in our very
confined group of patients as the statistical analysis revealed
that higher levels of CD133 were associated to longer DFL
CD133 was described to be expressed in well and moderately
differentiated tumors compared to undifferentiated tumor
buds, which tend to be CD133 negative [23]. In metastatic
CRC, CD133 expressing cells were described to be more often
in G1/GO phase of cell cycle than in S and G2/M phases [24].
Based on this information, CDI133 cells can be considered
to be those with low cycling rate and also those typical
for tumors with better clinical outcome. These facts could
be connected to positive prognostic effect of higher CD133
expression on DFI described in presented study.

Based on the described association between longer DFI
and CDI33 positivity in CRC but not in CLM, it is possible to
speculate that the primary tumor has more important role in
disease recurrence than liver metastasis.

5. Conclusion

Our study shows that in the field of cancer stem cells markers
and their role on tumor behavior there is still a large space
for further research. It seems that even commonly used CSCs
marker CD133 can bear both negative and positive prognostic
information depending on the clinical specification of studied
patients and therefore there is a need for new studies aiming
at describing the effect and role of CSCs markers in well-
defined sets of samples. Also testing of combination of
several markers can be of particular importance. It would

BioMed Research International

be of great importance to fully understand the biology of
individual proteins used as markers, because it can provide
a new point of view on the seemingly contradictory results
from individual studies. Generally, if applied with underlying
understanding mentioned above, cancer stem cell markers
can bring valuable information to patients’ prognosis and can
help to modify diagnostic and treatment strategy.
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Abstract. Aim: Colorectal cancer (CRC) is one of the
most common malignant diseases. The aim of our study was
to describe the expression status of 12 selected candidate
genes, by comparing paired samples of healthy colon
mucosa and tumour tissues and to correlate obtained data
with clinical and pathological features, with the goal of
revealing associations for individual gene expressions and
tumour behaviour. Materials and Methods: Samples from
53 patients with CRC were analyzed. Patients were divided
into two groups based on the presence or absence of distant
metastases at the time of primary tumour surgery.
Expression levels were assessed by quantitative real-time
polymerase chain reaction. Results: We found changes in
the expression of 10 out of 12 analyzed genes. Four genes
were significantly up-regulated in tumour tissues: leucine-
rich repeat-containing G protein-coupled receptor 5
(LGRS; p<0.001), collagen triple helix repeat containing 1
(CTHRCI; p<0.001), visinin-like 1 (VSNLI; p<0.001) and
versican (VCAN; p=0.001). Six genes were down-regulated:
destrin (DSTN; p=0.004), mesoderm induction early
response 1, family member 3 (MIER3; p<0.001), acyl-CoA
synthetase long-chain family member 5 (ACSLS5; p=0.002),
mitogen-activated protein kinase 1/ERK (MAPKI;
p<0.001), claudin 23 (CLDN23; p<0.001) and solute
carrier family 26 (sulfate transporter), member 2
(SLC26A2; p<0.001). We recorded longer overall survival
(OS) in the group of patients with higher expression of
VSNLI (p=0.032). Patients with more pronounced down-
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Pilsen, Czech Republic. E-mail: pitulep@seznam.cz

Key Words: Colorectal cancer, prognostic markers, gene expression.
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regulation of CLDN23 had shorter OS (p=0.045). In the
group of patients without distant metastases, longer OS and
disease-free interval (DFI) were found for patients with
higher SLC26A2 expression in tumour tissues (p=0.036 and
p=0.011, respectively). In the same group, lower expression
of VSNLI in healthy tissue corresponded to a longer DFI
(p=0.020), smaller decrease of SLC26A2 and ACSL5 meant
longer DFI (p=0.041 and p=0.040, respectively), as did
greater increase of LGRS expression (p=0.026).
Conclusion: We identified differences in the expression of
10 genes in colorectal cancer tissue compared to healthy
colon mucosa, and found prognostic significance for these
changes which could be used for the development of a
disease risk scoring system.

The incidence of colorectal cancer (CRC) is increasing and
globally, this malignant disease has the third highest
incidence (after breast and lung cancer) and the fourth
highest mortality rate (after lung, liver and stomach cancer)
(1). In the first stages of its development, CRC can be treated
by surgical intervention. In later stages, it has a high capacity
to form secondary tumours, mainly in the liver and lungs (2).
Therefore it is neccessary to combine surgery and
chemotherapy to achieve higher efficacy of treatment.

The selection for optimal treatment is also complicated by
the high heterogeneity of CRC, which can be divided into
three main subtypes: type with chromosomal instability, type
with microsatellite instability and type with CpG island
methylator phenotype (3). Individual subtypes differ in
disease prognosis and prediction, and their identification is
often crucial for the effective eradication of residual disease
by oncological treatment.

Currently, there are several chemotherapeutic regimens
and the possibility of biological treatment also exists. The
most commonly used chemotherapeutics are 5-fluorouracil,
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Table 1. Summary of genes selected for the study.

GenelD Symbol Full name mRNA RefSeq
7447 VSNLI Visinin-like 1 NM_003385.4
11034 DSTN Destrin (actin-depolymerizing factor) NM_006870.3
154075 SAMD3 Sterile alpha motif domain containing 3 NM_001017373.2
8549 LGRS Leucine-rich repeat-containing G-protein-coupled receptor 5 NM_003667.2
1462 VCAN Versican NM_004385.4
5594 MAPK1 Mitogen-activated protein kinase 1/ERK NM_0027454
1836 SLC26A2 Solute carrier family 26 (sulfate transporter), member 2 NM_000112.3
137075 CLDN23 Claudin 23 NM_194284.2
166968 MIER3 Mesoderm induction early response 1, family member 3 NM_152622.3
11132 CAPNIO Calpain 10 NM_023083.3
51703 ACSL5 Acyl-CoA synthetase long-chain family member 5 NM_016234.3
115908 CTHRCI Collagen triple helix repeat containing 1 NM_138455.2

oxaliplatin and irinotecan, usually in various combinations
(4). Biological treatment is targeted against the epidermal
growth factor receptor (EGFR) or vascular endothelial
growth factor receptor (VEGFR). Two categories of agents
acting against EGFR exist: small tyrosine kinase inhibitors
(gefitinib, erlotinib) and monoclonal antibodies
(panitumumab and cetuximab) (5). The most complicated
step in the treatment is the selection for the appropriate agent
for each patient individually.

At present, only a few predictive and prognostic markers
are used in CRC therapy and several others are in the
phase of experimental validation. Two of these predictive
markers are related to the use of biological treatment, the
expression status of the EGFR and the mutational status of
the EGFR proximal effector, the small G-protein Kirsten
rat sarcoma viral oncogene homolog (KRAS) (6, 7). Only
patients who have tumours positive for EGFR expression
and have a wild-type allele for the KRAS gene can be
treated by anti-EGFR treatment, but there is still a
substantial proportion of patients who meet the elegibility
criteria but lack treatment benefit (8). Other markers are
being studied, namely the mutational status of other RAS
family genes, v-raf murine sarcoma viral oncogene
homolog B (BRAF) and phosphatidylinositol-4,5-
bisphosphate 3-kinase (PI3K) or the expression of
phosphatase and tensin homolog (PTEN) protein (negative
regulator of the PI3K pathway) (9, 10). Markers predicting
the efficacy of classical chemotherapy are also studied, for
example the excision repair cross-complementing rodent
repair deficiency, complementation group 1 (ERCCI)
polymorphisms in the oxaliplatin treatment (11) or DNA
topoisomerase 1 (TOP1) expression level in irinotecan
treatment (12). Markers with prognostic function are of
particular interest because on their potential to inform
about disease agressiveness and for their possible
contribution to follow-up optimization.
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Despite the number of studied genes, there is still a need
to identify for novel markers whose mutation or expression
status would provide additional information that would be
useful for more precise patient selection, with the final goal
of individualized medicine. Therefore, here, we have selected
potentially interesting candidate genes according to their
known or possible function in diverse aspects of tumour
progression, i.e. angiogenesis, metabolism or cell adhesion,
and tried to relate their altered expression with clinical
behaviour of primary CRC.

Materials and Methods

Selection of studied genes. The selection of studied genes was based
on a search through the dataset from the high-throughput studies
focused on colorectal cancer (13, 14). Our aim was to find genes
whose expression change was already identified in the large-scale
analysis, but was never confirmed by different approaches. Our
search finally narrowed down 12 candidate genes whose names and
identificators are summarised in Table I.

Two of the genes - leucine-rich repeat-containing G protein-
coupled receptor 5 (LGR5) and mitogen-activated protein kinase
1/ERK (MAPKI) - were selected as control genes with known and
verified expression change in CRC. Selection of reference genes
glyceraldehyde-3-phosphate ~ dehydrogenase (GAPDH) and
polymerase (RNA) II (DNA directed) polypeptide A (POLR2A) was
based on the data from our collaborators (15) and our own
laboratory practice.

Primer design. Quantitative real-time polymerase chain reaction
(PCR) primers for the selected genes were designed using Primer-3
software (16) with focus on having similar annealing temperatures
and lengths of the PCR product. Primer sequences are listed in Table
II. Primers were synthetised by Sigma Aldrich Company (St. Louis,
MO USA) using their custom oligo synthesis service.

Collection of tissue samples. Samples for the analysis were collected

during surgery for the colorectal tumour. Within 20 min after the
removal of the tumour tissue from the patient, small samples of
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Table I1. List of primer sequences, annealing temperatures and amplicon lengths. tm, Melting temperature; a.l., amplicon length.

Name Sequence 5’-3’ tm al. Name Sequence 5°-3’ tm al.
F_hVSNLI agaactgttgagttttatcattttcg 59 90 F_hMAPKI ccgtgacctcaageettc 59 72
R_hVSNLI caggggccagtttgetatt 60 R_hMAPKI gecaggecaaagtcacag 60
F_hDSTN cctggceatcttggaaatcat 59 99 F_hSLC26A2 ggttggcageactgtaacct 60 64
R_hDSTN aaagcagattacaatgtagcectaa 59 R_hSLC26A2 cacttgaaagaagcccatcg 60
F_hSAMD3 catgcaaacagaagcagcetc 59 96 F_hCLDN23 ttgcatcaatataattattgggtttt 59 66
R_hSAMD3 ttttcagctggatagaaagatgg 59 R_hCLDN23 agtttgcatggcaaggagtt 59
F_hLGRS5 aatccectgeecagtete 60 74 F_hCAPNIO tgccagagggaggatgtg 60 73
R_hLGRS cccttgggaatgtatgtcaga 59 R_hCAPNIO getegtaggacceatggac 60
F_hVCAN geacctgtgtgecaggata 60 70 F_hACSLS ttcetgtetettgeataaaggtt 59 95
R_hVCAN cagggattagagtgacattcatca 60 R_hACSLS ccaattcggagatgatccac 60
F_hMIER3 ttgaggaaggaaataatgattggt 60 113 F_hCTHRCI1 ccaaggggaageaaaagg 60 74
R_hMIER3 caccaaagtaactggtcttcgtt 59 R_hCTHRCI cccttgtaagcacattceatta 59

tumour and healthy mucosa (anatomically the most distant tissue
which was macroscopically healthy, usually in the range of 15-20 cm
from the tumour location) were collected. Samples were immediatelly
frozen in cryotubes (Thermo Fisher Scientific, Waltham, MA, USA)
and stored at —80°C.

Isolation of RNA and quality validation. RNA was isolated from
frozen samples using the standard protocol for the RT Trisol
Reagent (Molecular Research Center, Cincinnati, OH, USA). The
tissue was removed from the cryotube and placed in liquid nitrogen
in a mortar. The tissue was pulverized and transferred into an
Eppendorf tube with 1ml of chilled Trisol RT and total RNA was
isolated according to the manufacturer’s protocol. Total isolated
RNA was dissolved in nuclease-free water (Ambion, Carslbad, CA,
USA). RNA concentration was assessed by absorbance
measurement using the Infinite M200 (Tecan, Minnedorf,
Switzerland) in the NanoQuant setting. Only samples with a 230
nm/260 nm ratio >1.7 and samples with proper bands without
degradation on agarose gel electrophoresis were used for further
analysis. Selected samples were additionally analysed by
measurement of RNA integrity number (RIN) using a 2100
Bioanalyzer (Agilent, Santa Clara, CA, USA).

Reverse transcription (DNase, PCR control). cDNA was synthetised
using 500 ng of total RNA in 20 pl reaction by RevertAid First
Strand ¢DNA Synthesis Kit (Fermentas, Waltham, MA, USA)
according to the manufacturer’s protocol. Before reverse
transcription, isolated RNA was treated for 5 min at room
temperature with DNasel (Top-Bio, Vestec, Czech Republic) to
remove potential traces of genomic DNA. For priming of reverse
trancription, we used a combination of oligo(dT);y and random
hexamer primers each at 2.5 pM final concentration. The quality of
cDNA and possible contamination by genomic DNA was assessed
by control PCR reaction (GAPDH amplification, 40 cycles) and
agarose gel electrophoresis.

Quantitative real-time PCR. For the quantitative PCR we used
Power SYBR Green PCR master mix (Life Technologies, Carslbad,
CA, USA). cDNA was diluted to final concentration of 0.5 ng/pl
and 4 pl of cDNA were used in each reaction. Optimal cycling
parameters and annealing temperatures were assessed by the

measurement of sensitivity, specificity and efficiency of individual
quantitative PCR reactions. After this initial analysis, genes were
divided into two groups based on their ideal annealing temperature
(58°C for CLDN23, SLC26A2, VSNLI, CAPNI10, VCAN and
MAPKI; 60°C for LGRS, DSTN, MIER3, ACSL5, CTHRCI and
SAMD3). The instrument used for the analysis was 7500 Fast (Life
Technologies). Cycling parameters were: initial hold at 50°C for 20
s and initial denaturation at 95°C for 10 min followed by 42 cycles
consisting of denaturation at 95°C for 15 s and annealing and
polymeration at 58°C (60°C) for one minute. Results were analysed
by the 7500 instrument software and basic statistical analysis was
carried out using the REST2009 software (Qiagen, Hildesheim,
Germany).

Collection of clinical information. Clinical data were retrieved from
the patient’s records. We focused on the pathological examination
of the samples (pTNM classification, grading and histological type
of tumour) and on the patient’s data (gender, age, date of diagnosis
and surgical intervention and date of the last follow-up examination,
recurrence, death). All data were anonymised.

Statistical analysis. Since the normality of the measured expression
levels is not certain, nor can it be reliably tested given the limited
sample size, non-parametric statistical methods, which do not
require any assumption regarding the distribution shape, were
preferred during the analysis.

First the differences in the candidate genes expressions between
tumorous and healthy tissue were tested for significance using the
Wilcoxon signed-rank test.

Then a series of two-sample survival analyses was performed in
order to investigate possible relations between the expression data
(healthy tissue expression level, tumorous tissue expression level
and tumorous/healthy tissue expression ratio for each candidate
gene) and patient survival (calculated from the day of surgery). The
two patient groups to be compared were formed independently for
each variable based on its median value. In cases where patients
were later removed from the analysis due to missing data or when
only a subset of patients was analyzed, the median value used to
divide patients into two groups was kept at its original value. The
relation between the expression variables and overall survival (OS)
time was analyzed for all the patients and also in the subsets of
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Table III. Clinical and pathological description of the analysed group.

Group A (palliative) Group B (adjuvant) p-Value Test
n=25 n=28

Gender (males/females) 17/8 19/9 1 Fisher’s exact
Age at diagnosis (years) 0.485 Mann-Whitney U
Median 65 63.,5
Interquartile range 7 12
Tumour size 0.989 Pearson Chi-square
T2 1 1
T3 19 21
T4 5 6
Lymph node involvment 0.681 Pearson Chi-square
NO 7 11
N1 11 10
N2 7 7
M Classification <0.001 Fisher’s exact
MO 0 28
M1 25 0
Grade 0.101 Pearson Chi-square
Gl 4 3
G2 20 18
G3 1 7
Primary tumour localization 0.025 Fisher’s exact
Colon 9 19
Rectosigmoideum or rectum 16 8

adjuvantly and palliatively treated patients separately. In the group
of patients treated adjuvantly, the correspondence between the
expression data and the disease-free interval (DFI) after surgery was
also investigated. The date of disease recurrence was determined as
the average of the date of the last negative and the first positive
examination if the interval between the examinations was 180 days
or less. In cases of a longer examination interval, the recurrence date
was set 90 days before the first positive examination based on
previous methodology (17). During each analysis, Kaplan-Meier
curves were plotted for the two patient groups based upon the
variable of interest and the significance of the survival (or DFI)
difference was tested by Gehan-Wilcoxon, Cox-Mantel and “log-
rank” test.

To examine the possible relation between tumour localisation and
candidate gene expression, the patients were first divided into two
groups according to tumour localization (first group with the CRC of
the colon, second group with CRC of the rectum and rectosigmoid).
The candidate gene expression levels (in both tumour and healthy
tissue) and expression ratios were then tested for significant
differences between the groups using Mann-Whitney U-test.

Correlations of expression variables were investigated using
Spearman’s correlation coefficient with appropriate significance test.

All the analyses were performed in STATISTICA (StatSoft,
Tulsa, OK, USA).

Results

In the present study, we analysed the expression of 12 genes
in a sample set of 53 patients. Patients were divided into two
groups, palliative and adjuvant (25 and 28 patients,
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respectivelly), depending on the presence or absence of
distant macrometastases at the time of surgery. Clinical and
pathological description of both groups is summarised in
Table III. Both groups differed clinically in overall survival,
with patients of the adjuvant group having longer survival
than those in the palliative group.

Different RNA expression between tumour tissue and healthy
mucosa. In the set of 12 selected genes, 10 exhibited a
difference in expression level between tumour and normal
tissue in the group of all patients. Four (LGRS, CTHRCI,
VSNLI and VCAN) were up-regulated in tumour, six (DSTN,
MIER3, ACSL5, MAPKI, CLDN23 and SLC26A2) were
down-regulated (Figure 1). Expression differences in both
subgroups were similar to those obtained for the whole set
of patients, except for DSTN, the expression of which was
not different in the palliative group, but was down-regulated
in the adjuvant group.

Correlation between candidate gene expressions and
clinical data. Dependence of clinical characteristics on
relative expression levels of candidate genes was statistically
analyzed by the tests described above. We did not find any
significant result at a p-value of 0.05 for correlation with
age, individual parameters of TNM classification and
tumour grading.
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When investigating the dependence of overall survival and
disease-free survival on relative gene expression, in the
overall group of patients, we found correlation of VSNLI
expression with OS (significantly longer OS was observed
among patients with VSNLI expression level in tumour
tissues above the median value; Cox-Mantel p=0.033 and log
rank p=0.032) (Figure 2A).

In the adjuvant group, patients with SLC26A2 expression
above the tumour tissue median had a longer OS than those
with an expression level below the median (Cox-Mantel
p=0.036) (Figure 2B). In the case of DFI, patients with VSNLI
expression in the healthy tissue below the median had a longer
DFI than patients with higher expression (Cox-Mantel
p=0.022, log-rank p=0.020) (Figure 2C). The opposite trend
was observed for SLC26A2 (Cox-Mantel p=0.012, Wilcoxon
p=0.014 and log-rank p=0.011) (Figure 2D).

Then we analyzed the OS and DFI of the patients with
respect to the difference in candidate gene expression
between healthy and tumour tissues. In the overall group of
patients, we found that the greater the down-regulation of
CLDN?23 expression in tumour, the worst the outcome for the
patient in terms of shorter OS (Wilcoxon p=0.045) (Figure
2E). In the adjuvant group, a smaller decrease of SLC26A2
and ACSL5 expression in tumour led to a longer DFI
(Wilcoxon p=0.046, Cox-Mantel p=0.045 and log-rank
p=0.041 for SLC26A2, and Wilcoxon p=0.040 for ACSLS5)
(Figure 2F and 2G) as did a greater increase of LGRS
expression (Wilcoxon p=0.046, Cox-Mantel p=0.028 and
log-rank p=0.026) (Figure 2H).

Impact of tumour location on candidate gene expression.
Patients were divided into two groups according to the
location of the primary CRC and gene expression was
analysed using the Mann-Whitney U-test. The groups did not
exhibit any significant difference in candidate gene
expression in tumour tissue, but we found differential
expression of MAPK! (p=0.032), LGR5 (p=0.003), MIER3
(p=0.026) and CTHRC1 (p=0.042) in healthy mucosa. All of
these genes were expressed more highly in the group of
patients with tumours localised in the colon. Regarding the
difference in expression, we found a significant difference in
VCAN expression change between patients with colon
localisation (smaller increase) and those with rectosigmoid/
rectum-localised tumours (greater increase) (p=0.031).

Discussion

The relationship between the change of gene expression and
potential functional effects is not usually straightforward. In
the following paragraphs, we briefly summarise present
knowledge about the individual genes analyzed here and
discuss our results with respect to current literature, focusing
on possible explanations of the role of these expression
changes on the clinical behaviour of colorectal tumours.
Because of the heterogeneity of the selected genes, we
discuss individual genes separately.

VSNLI. This gene encodes neuronal calcium sensor protein

which can modulate the activity of adenylate cyclase (18) and
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VSNL1 in tumour tissue
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has been described to be a prognostic marker in Alzheimer’s
disease (19, 20). VSNLI is also considered to be a potentiator
of invasiveness and inhibitor of proliferation of
neuroblastoma cells (21), a tumour suppressor in non-small
cell lung carcinomas (22), and an inhibitor of epithelial-to-
mesenchymal transition in squamous carcinoma cells (23).
In colon cancer, VSNLI was found to be down-regulated
after selenomethionine-induced growth arrest of the colon
cancer cell line HCT116 (24) and it was described to be a
putative marker for identification of circulating tumour cells
in peripheral blood (25). We did not observe the correlation of
VSNLI overexpression with lymph node metastasis that was
described earlier (26), but we confirmed overexpression of
VSNL! in tumour tissue compared to healthy mucosa, and,
more importantly, we found a relation between higher
expression of VSNL! in tumour tissue and longer survival of
patients, hence our results should support the possible function
of VSNLI as tumour suppressor as reported for other types of
tumour (22, 27). The opposite effect of VSNLI expression in
healthy tissue on DFI is the subject of further investigation.

VCAN. Versican protein, encoded by the VCAN gene, is one
of the major components of the extracellular matrix (ECM)
with various functions in the regulation of cell migration
(28), proliferation (29) and cell adhesion (30). VCAN was
shown to play a role in many types of cancer, including
gastric (28), pancreatic (31) and colorectal (32).

We found an up-regulation of VCAN mRNA in tumour,
which is in agreement with previously described changes of
expression on the protein level, which was accompanied by
altered post-translation modifications (32, 33). The level of
up-regulation found here was different depending on the
tumour location (colon versus rectosigmoid/rectum).

LGRS5. Leucine-rich repeat-containing G-protein-coupled

Figure 2. Kaplan-Meier curves of statistically significant associations
between gene expression and disease-free survival (DFI)/overall
survival (OS). Relation of the gene expression in the tumour (TT) and
healthy (HT) tissue to the DFI and OS (A-D). Relation of gene
expression change to the DFI and OS (E-H). Patients were divided by
the median of the expression change. In the case of ACSLS, one group
consisted of p s with sub. ial decrease of ACSLS expression and
the second group consisted of patients with slight decrease or increase
of ACSLS5 expression. Similarly, for LGRS, we grouped patients with
small increase or decrease of expression and compared them with
patients with a substantial increase in LGRS mRNA. A: Visinin-like 1
(VSNLI1); B: Solute carrier family 26 (sulfate transporter), member 2
(SLC26A2); C: Visinin-like 1 (VSNLI); D: Solute carrier family 26
(sulfate transporter), member 2 (SLC26A2); E: Claudin 23 (CLDN23);
F: Solute carrier family 26 (sulfate transporter), member 2 (SLC26A2);
G: Acyl-CoA synthetase long-chain family member 5 (ACSL5); H:
Leucine-rich repeat-containing G-protein-coupled receptor 5 (LGRS).

receptor 5 protein is a wingless-type MMTYV integration site
family (WNT) signaling target and a marker of intestinal
(34) and liver stem cells (35). Expression of LGRS is
increased in intestinal tumours, and can be found in cancer
cells with stem cell properties (36, 37).

In our study, we observed an up-regulation of LGRS
expression in tumour tissue, and a greater increase of
expression in tumour tissue compared to healthy tissue
correlated significantly with a longer DFI in adjuvantly
treated patients, which is contradictory to previously
published data, where overexpression in malignant tissue was
shown to have adverse effects on disease outcome in CRC
and other types of tumours (38, 39, 40). This finding needs
to be further evaluated.

CTHRCI1. CTHRCI exhibited the highest up-regulation in
tumour tissue among the genes we analyzed. CTHRCI gene
encodes a protein involved in vascular remodeling (41) and
an expression change has been described in many types of
solid tumours (42), including CRC (43). Recently, the
expression status of CTHRC! was identified as being a
predictor of poor prognosis in CRC patients (44). We
confirmed the expression change, but we were not able to
significantly prove the prognostic role of CTHRC1 expression
at a p-value below 0.05. Nevertheless, we identified a trend
for shorter survival of patients with higher CTHRCI
expression levels in tumour tissues.

SLC26A2. In mammals, there are 11 genes of the SLC26
family, which function as anion exchangers or channels. The
main role of SLC26A2 is to transport SO42~ anions and its
altered function was related to several types of
chondrodysplasias (45).

Lower expresion of SLC26A2 was related to enhanced
proliferation of colon cancer cells in vitro (46). A decrease
of expression was also observed in bioptic samples (47), and
we detected a severe down-regulation of SLC26A2 in tumour
tissue. Based on these data, we can conclude that SLC26A2
down-regulation is also important for tumour propagation in
vivo. The expression level of SLC26A2 was associated with
the decrease of OS and DFI in the adjuvantly treated group
of patients. A probable effect of down-regulation of
SLC26A2 is disorganisation of the ECM by improper
sulfation of ECM proteins, therefore helping tumour cells to
migrate through the tissue.

CLDN23. This gene belongs to the claudin family of 24
genes encoding proteins with four transmembrane domains
involved in formation of tight junctions among adjacent
cells (48). CLDN23 itself was described to be down-
regulated in intestinal-type gastric cancer (49), but there are
no studies focused on this gene in a larger set of patients
with colon cancer.
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In our set of patients, CLDN23 was down-regulated in
tumour tissue and we found that the level of down-regulation
correlates with the OS: a smaller difference of CLDN23
expression between tumour and normal tissue was associated
with a better prognosis. This effect can be explained by the
fact that for the migration of tumour cells, it is neccessary to
break the bonds between adjacent cells and strong down-
regulation of tight junction proteins, including CLDN23, is
one such crucial step in this proscess. Therefore, patients
with very low CLDN23 expression would be more prone to
progression of CRC.

ACSL5. This gene encodes an enzyme implicated in lipid
biosynthesis and fatty acid degradation. ACSL5 down-
regulation was associated with small intestine carcinoma
(50), but ACSL5 was found to be up-regulated in CRC by
microarray analysis (51). In gliomas, it can be considered as
a cancer survival factor (52). The function of ACSLS is
probably dependent on the particular splice variant, since the
full-length ACSLS5 is pro-apoptotic (53). Our analysis found
ACSLS5 to be down-regulated in tumour tissue, and we also
identified that the greater the decrease, the shorter the DFI
observed in the adjuvantly-treated group of patients,
assuming a protective function for ACSLS.

DSTN, MIER3 and MAPK]I. These three genes were found
to be down-regulated in tumour tissues, but in our set of
samples, we did not identify any correlation with clinical
characteristics.

The product of the DSTN gene is the actin-binding
protein destrin, also known as actin-depolymerizing
factor, which has an important function in regulation of
actin dynamics (54). Regarding the role of DSTN in
cancer development and progression, there are several
pieces of information about its role in membrane
androgen receptor-induced apoptosis of prostate cancer
cells (55), and its positive regulation of the migration of
neuroblastoma cells (56); the down-regulation of DSTN
also blocks migration and invasive capacity of gastric
cancer (57). We found a slight down-regulation in tumour
tissue, but this change did not correlate with any clinical
parameter.

MIERS3 is a practically unresearched gene, but in 2012, it was
shown that it probably plays a role in tumourigenesis because it
was described as a candidate breast cancer susceptibility gene
(58) and also a highly mutated gene in hypermutated colorectal
tumours (59). Our data suggest down-regulation in CRC, but
without strong correlations to clinical data.

Mitogen-activated protein kinase 1 is the final kinase in the
MAPK pathway, which has a pleiotropic role like regulation
of proliferation, differentiation and gene transcription (60). In
CRC, down-regulation of MAPK1 was shown in a previous
study (61), as well as in our set of samples.
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CAPNI10 and SAMD3. The function of sterile alpha motif
domain-containing 3 is unknown; this gene was selected
because of its possible up-regulation during CRC
development (13). This gene is interesting regarding its
observed interaction with Fanconi anemia, complementation
group G (FANCG) (62), which plays a role in the
maintanence of genomic integrity (63), but we did not
observe any change of its expression. This was also the case
with CAPN10, a member of the calcium activated cystein
proteases (64). Particular single nucleotide polymorphisms
in the CAPNI0 gene were shown to be associated with type
2 diabetes mellitus (65), and another was also associated
with CRC susceptibility (66).

Conclusion

We have described significant expression changes of 10
studied genes in the CRC tissue compared to healthy
mucosa. We also identified associations between different
gene expressions and overall and disease-free survival,
which could provide with useful information for disease
prognosis and patient follow-up. We identified several
putative positive prognostic factors, such as ACSL5 and
CLDN23, in tumour tissues. Our results will serve for the
development of a disease risk scoring system based on the
expression of these selected genes. This system will be
validated and evaluated on a new group of patients with
CRC. The most promising genes (mainly up-regulation of
SLC26A2 and down-regulation of CLDN23 and ACSL5)
will be further studied individualy on a larger set of
patients.
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DNA repair in blood cells was observed to be suboptimal in cancer patients at diagnosis, including colorectal cancer
(CRC). To explore the causality of this phenomenon, we studied the dynamics of DNA repair from diagnosis to 1 yr follow-
up, and with respect to CRC treatment. Systemic CRC therapy is targeted to DNA damage induction and DNA repair is thus
of interest. CRC patients were blood-sampled three times in 6-mo intervals, starting at the diagnosis, and compared to
healthy controls. DNA repair was characterized by mRNA levels of 40 repair genes, by capacity of nucleotide excision repair
(NER), and by levels of DNA strand breaks (SBs). NER and base excision repair genes were significantly under-expressed
(P<0.016) in patients at diagnosis compared to controls, in accordance with reduced NER function (P=0.008) and
increased SBs (P= 0.015). Six months later, there was an increase of NER capacity, but not of gene expression levels, in
treated patients only. A year from diagnosis, gene expression profiles and NER capacity were significantly modified in all
patients and were no longer different from those measured in controls. All patients were free of relapse at the last sampling,
so we were unable to clarify the impact of DNA repair parameters on treatment response. However, we identified a panel of
blood DNA repair-related markers discerning acute stage of the disease from the remission period. In conclusion, our results
support a model in which DNA repair is altered as a result of cancer. © 2014 Wiley Periodicals, Inc.

Key words: Colorectal cancer; DNA instability; DNA repair; biomarker; anti-cancer therapy; follow-up study

INTRODUCTION

Colorectal cancer (CRC) is one of the most
frequently occurring malignancies in Western coun-
tries. The genetic basis of hereditary forms (~6% of all

cases) is relatively well explored while for sporadic
forms (~75% of all cases) there is still a lack of
knowledge about the genetic-epigenetic-environ-
mental triggers of the disease. More importantly,
CRC has high mortality worldwide due to the
insufficient treatment efficacy and a lack of predictive
markers [1]. Only approximately half of CRC patients
will be cured using currently available therapies [2]. A
commonly used conventional regimen for CRC
treatment is based on the synergistic action of two
DNA-damaging agents: S-fluorouracil (SFU) and
oxaliplatin. In response to this treatment, cells
activate a range of resistance-promoting mechanisms
including the DNA repair pathways [3]. Some of the
optimal biomarkers might be thus found within the
DNA repair network.
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The present study represents a continuation of our
previous report, where we showed that peripheral
blood mononuclear cells (PBMCs) collected from CRC
patients at the time of diagnosis exhibited elevated
genetic instability. Specifically, they had increased
levels of DNA strand breaks (SBs) and low DNA repair
capacity accompanied by altered expression of repair
genes [4]. The suboptimal DNA repair capacity in
PBMC:s of cancer patients is now well documented
and observed in multiple cancer types [4]. Thus, there
is a large body of evidence obtained in case—control
studies supporting the association between cancer
and a decrease in the ability of blood cells to protect
against DNA damage. However, a sampling of the
patients at one time point does not bear information
about the causality of this phenomenon and so it
remains to be established whether low DNA repair is
one of the susceptibility factors for sporadic CRC, or it
is a consequential effect of the disease. On the other
hand, it is known that DNA repair capacity detectable
in PBMCs is significantly related to the repair capacity
of colorectal tissue [5,6]. These observations give more
confidence for using blood as a surrogate for cancer-
target tissue to study DNA repair involvement in CRC.
Subsequently, a few recent studies provided evidence
that tumor tissue maintains comparable base excision
repair (BER) capacity and slightly elevated capacity
of nucleotide excision repair (NER) as compared to
adjacent healthy colorectal mucosa, although there
is a differential mRNA expression of DNA repair
genes [6-8]. Impaired excision repair, thus, may not
contribute to the malignant transformation of the
colon, but rather might be involved in the treatment
response of the patients.

Conventional therapy of CRC, based on the
mutagenic properties of anticancer drugs, is expected
to be more harmful to fast growing tumor cells than
to normal cells. However, details of the effects of
radiotherapy and chemotherapy on the cellular and
molecular functions of the tumor and normal cells are
still unexplored. Almost all DNA repair pathways are
presumably involved in the cellular response to CRC
treatment. SFU-mediated DNA lesions are recognized
by the BER and the mismatch repair (MMR) sys-
tems [9]. Oxaliplatin binds to nucleobases forming
intra- and inter-strand crosslinks. The former are
eliminated mainly by the NER pathway while the
latter require NER together with cross-link repair
activity, translesion synthesis, and homologous re-
combination repair (HR) [10]. Understanding the
involvement of DNA repair processes in the response
of cancer cells to antineoplastic drugs is crucial for the
design of improved therapy regimens and for the
prediction of therapeutic response in CRC.

The present exploratory study was aimed to address
several questions: (i) Do variations in DNA repair
contribute to the risk of developing sporadic CRC, or
are they rather a consequence of the systemic disease?
(ii) Is the DNA repair response to CRC treatment
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measurable at the mRNA/functional level? (iii) Is it
induced or suppressed by the systemic genotoxic
exposure mediated by chemotherapy? In an attempt
to answer these questions, we have designed a
prospective study in which sporadic CRC patients
were blood-sampled at the diagnosis (i.e., active
disease), 6 mo, and 1 yr later (i.e., covering the tumor
resection, administration of chemotherapy, either
neoadjuvant or adjuvant, and remission) and were
compared with an healthy population. The dynamics
of DNA repair over a 1 yr period and with respect to
ongoing CRC treatment were analyzed. All main
repair pathways including excision repair (BER, NER,
and MMR), repair of double-strand breaks (HR and
non-homologous end joining), and DNA damage
response (DDR) were characterized at gene expression
levels. NER, the most deregulated pathway in patients
observed by us, was also studied using a functional
assay and through measuring SBs accumulation.

MATERIALS AND METHODS

Study Population

Incident CRC cases were recruited in the Czech
Republic between 2008 and 2010. Patients were newly
diagnosed and histologically confirmed for CRC.
Eighty-three patients were initially recruited for the
study but only 39 (47%) attended all the three
planned blood samplings. Reasons for dropout were:
(i) 7 (8%) patients died before third sampling, (ii) 10
(12%) patients moved and were treated in other
hospitals or interrupted therapy for unspecified
reasons, (iii) 19 (23%) patients missed one out of
the three samplings or did not attend regular hospital
follow-up at agreed times, or the material provided
did not meet the quality standards required, and (iv) 8
(10%) patients were excluded because they were
found not to be primary cancer cases. No other
selection of patients was performed. Forty-seven
controls were recruited among individuals who had
never been diagnosed with any cancer and did not
manifest any relevant systemic disease, nor had any
known significant exposure to potentially harmful
chemicals. Study subjects were all of Caucasian origin.
They signed a written informed consent with the
study in accordance with the Helsinki declaration.
The Ethics committees of participating hospitals
approved the study. Trained personnel interviewed
the study subjects using a structured questionnaire for
lifestyle habits, body mass index, diabetes, and
family/personal history of cancer. Expression analysis
and functional assays could not be performed on all
patients, due to various reasons, that is, viability of
PBMC:s or quality of RNA. For each analysis, the actual
number of examined cases is therefore specified.

Study Design

Blood samples were collected from patients three
times: at diagnosis, that is, before tumor resection and
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administrating any therapy (T0); 6 mo after tumor
resection, that is, approximately 6 mo from adminis-
tration of chemotherapy (T1); and after 1 yr, during
the regular follow-up appointment (T2). At T1 all
patients had completed the planned chemotherapy,
except for seven patients who received chemotherapy
for additional 1 or 2 mo. In eight patients, no therapy
was administered. At T2, all patients were free of
relapse.

Blood Processing

Blood samples were drawn into heparin and EDTA
vacutainers, and kept at 4°C until processed within
3 h. PBMC:s from EDTA tubes were isolated on Ficoll-
Paque PLUS (GE Healthcare Life Sciences, Prague,
Czech Republic) and stored in TRIzol (Invitrogen,
Carlsbad, CA) at —80°C until RNA extraction. PBMCs
from heparin tubes were isolated on Histopaque-1077
(Sigma-Aldrich, St. Louis, MO), counted, suspended
in full medium (RPMI 1640, 2mM L-glutamine, 10%
FBS, 0.2% penicillin/streptomycin, 1.5% phytohe-
magglutinin) and incubated at 37°C for 20h to
stimulate mitosis. PBMCs were then processed for
DNA damage and DNA repair analysis.

DNA Strand Breaks

The level of SBs in DNA was evaluated by the
alkaline comet assay [11]. Experimental conditions
were as follows: lysis (2.5M NaCl, 100mM EDTA,
10mM Tris, 1% TritonX-100, 10% DMSO, pH 10,
>1h, 4°C), alkali treatment (300 mM NaOH, 1 mM
EDTA, pH 13, 20 min, 4°C), electrophoresis (300 mM
NaOH, 1mM EDTA, pH 13, 20min, 4°C, 1.3 V/cm),
and neutralization (0.4M Tris-HCl, pH 7.5, 2x
10 min). Data are reported as tail DNA%, determined
as an average of 100 randomly selected comets from
two parallel slides per experimental point. Repeati-
bility of the assay was checked by repeated measuring
of 12 randomly chosen samples and obtained values
were in agreement (Spearman’s R=0.76, P=0.028).

Nucleotide Excision Repair Capacity

NER capacity was analyzed as the level of SBs
generated by the incision of (+)-anti-Benzo[a]pyrene-
7,8-dihydrodiol-9,10-epoxide (BPDE)-adducts in cul-
tured PBMCs of study participants. The detailed
protocol is described in Slyskova et al. [11]. Briefly,
PBMCs were treated with 1 wM of BPDE for 30 min at
37°C. BPDE was washed out and PBMCs were further
cultured and harvested immediately after the treat-
ment and at 1, 2, and 4h after the treatment.
Untreated PBMCs were cultured in parallel. For each
time point, the SBs level of the untreated PBMCs was
subtracted. The NER capacity was expressed as the
difference between the level of SBs measured imme-
diately after the BPDE treatment, and the highest level
of SBs detected within 4h of culturing. Data are
presented as tail DNA%. Repeatibility of the assay was
checked by repeated measuring of 16 samples and
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obtained results were in agreement (Spearman’s
R=0.61, P=0.012).

Gene Expressions

A panel of 40 genes (Supplementary Table S1) were
selected from the list of all known DNA repair
genes [12]. Total RNA was isolated using TRIzol
(Invitrogen). RNA integrity was between 8.0 and
10.0 units. cDNA was synthesized from 0.5 n.g of RNA
using the RevertAid™ First strand cDNA synthesis kit
(Fermentas, Ontario, Canada). cDNA was preampli-
fied and qPCR was performed using the BioMark™
HD System (Fluidigm) and using FAM-MGB assays
(Primer Design, Southampton, UK) as described pre-
viously [6]. TOP1 was the reference gene selected by
Normfinder using GenEx Enterprise software (MultiD,
Goteborg, Sweden). Data were converted to relative
quantities and transformed to log, scale. The repeat-
ibility of gene expression assays was calculated by
mixed ANOVA, comparing the values obtained in two
different experiments in 2 days for each assay. All assays
showed high degree of precision. The results are report-
ed in Supplementary Table S1 for each assay separately.

Data Analysis

Statistical analysis was conducted using R environ-
ment version 2.15 (open tool). Gene expression data
were pre-processed with GenEx Enterprise. DNA
damage and DNA repair capacity were consistent
with the Gaussian distribution, and so were the gene
expression data when log transformed. Student’s
t-test, paired t-test, ANOVA and Pearson’s rank
correlation coefficient were used to compare means
and calculate bivariate correlations. Statistical tests
were performed at 5% level of statistical significance.
Gene expression data are presented as fold-changes
relative to the reference samples, calculated using
linear models and the empirical Bayes method as
implemented in the “limma” package in the Bio-
conductor suite (open tool). P-values were adjusted
according to the Benjamini-Hochberg method. Prin-
cipal Component Analysis (PCA), Dynamic PCA,
Hierarchical Clustering (HCL), and Kohonen self-
organizing map analysis (SOM) of size 2 x 1, with
parameters: 0.1 learning rate, 2 neighbors, and 3000
iterations were used to analyze gene expression
profiles between patients and controls and between
different samplings in patients. The k-means algo-
rithm was used to classify genes into clusters based on
their expression profiles over the three time points,
considering the patients clinical characteristics.

RESULTS

Study Population

Patients and controls did not differ significantly for
any recorded confounders, except for family history of
cancer, which was more prevalent among patients
(P=0.01). The clinical, biological, and lifestyle
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characteristics of the study population, as well as an
overview of the administered therapies, are summarized
in Table 1. All patients underwent surgical resection
of the tumor. Eighteen patients (46%) received neo-
adjuvant therapy prior to resection. Neoadjuvant
therapy included the following regimens: two patients
received radiotherapy (6 MeV X-rays, 45-46Gy total
dose in 23-25 fractions), three patients received pre-
operative chemotherapy without radiotherapy (FOL-
FOX or capecitabine), and 13 patients received a
combined regimen. Twenty-two patients (56%) re-
ceived adjuvant systemic therapy; nine of them were
given S5FU-based therapy, while 13 received a combina-
tion of SFU and oxaliplatin. Adjuvant therapy was given
over a period of 1-8 mo. Tumor relapse after the
treatment was not detected in any of the patients. Eight
patients did not receive any systemic treatment.

Case—Control Study
DNA repair genes expression

Twenty-seven CRC cases and 38 controls were
analyzed for the expression of 40 DNA repair genes,

Table 1. Study Population Characteristics

sampled at diagnosis and before any treatment
intervention (T0). Patients had different expression
levels of BER and NER genes compared to controls:
four out of nine BER genes (APEX1, NTHL1, PARP1,
and MPG) and 10 out of 19 NER genes (RPA1, RPA2,
RPA3, CDK7, DDB1, DDB2, XPA, XPD, ERCCS8, and
RAD23B) had significantly decreased levels in pa-
tients. Only LIG3 (BER) was increased in patients as
compared to controls. Fold-changes and P values are
reported in Supplementary Table S2. The dendogram
in Figure 1, performed by HCL, discriminates between
patients and controls by expression profiles of all 40
repair genes. The same discrimination was observed
for the NER genes only (data not shown).

NER capacity and SBs

Functional assays were performed for 31 CRC cases
and 38 controls. NER capacity was significantly lower
in the CRC patients analyzed at TO compared to the
controls (mean+SD; 9.9+7.5 and 15.5+13.6, re-
spectively; t-test P=0.008; Figure 2A), and the
patients had significantly higher levels of SBs than

Characteristics Category CRC patients (n=39) Controls (n=47) P-value
Sex Female 15 24 0.25
Male 24 23
Age (years) Mean + SD 64.5+10.5 64.2+13.7 0.94
Median 65 62.5
Range 32-81 33-87
Body mass index Mean + SD 276+t44 26.1+£3.6 0.14
Median 271 25.1
Range 17.6-37.3 20.7-34.7
Smoking status Non-smoker 27 38 0.72
Smoker 7 8
Alcohol consumption No 1 17 0.74
Yes 22 29
Diabetes No 26 43 0.08
Yes 7 3
Cancer in family No 13 31 0.01
Yes 21 15
CRC in family No 28 36 0.55
Yes 3 6
Tumor localization Colon + rectosigmoideum 19 —
Rectum 20 —
TNM staging | 6 —
Il 20 —
Ml 4 —
v 9 —
Grade | 2 —
Il 25 —
il 12 —
Therapy None 8 —
Neoadjuvant 18 —
Adjuvant 22 —
Neoadjuvant + adjuvant 1 —
Regimen of adjuvant SFU 9 —
therapy SFU + oxaliplatin 13 —

Significant differences are shown in bold.

Molecular Carcinogenesis
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Figure 1. Hierarchical clustering of CRC patients sampled at the diagnosis (TO) and healthy controls according to

the expression profiles of 40 DNA repair genes.

the controls (25.6+21.4 and 13.9+13.8, t-test
P=0.015; Figure 2B).

Longitudinal Study

Changes in DNA repair genes expression during 1 yr of
follow-up

Twenty-seven patients analyzed at TO were sampled
two more times with at 6-mo intervals (T1 and T2).
Expression of the majority of the studied genes did
not change appreciably between TO and T1 but
substantially changed at T2. PCA of all 40 studied
genes revealed similar expression patterns of samples
obtained at TO and T1 while the expression at T2 had a
significantly different pattern and the samples were
organized in a distinct cluster together with controls
(Figure 3). To identify differentially expressed genes
that best discriminate both clusters, dynamic PCA in
combination with Kohenen SOM was used. Six genes
(BER: LIG3, NER: RPA3, CDK7, DDB2, HR: NBN, and
DDR: CHEK2) were found to be responsible for the
aggregation of patients into two distinct clusters

(Figure 4).

DNA repair genes expression over time in relation to
therapy

The k-means algorithm was used to correlate
the gene expression levels over time to treatment

Molecular Carcinogenesis

(untreated vs. treated patients) and to the different
regimens of adjuvant therapy (SFU vs. SFU+
oxaliplatin). Four main clusters were generated based
on the Cq delta values representing the differences
between T1-TO and T2-T1 (Supplementary Figure 1).
A trend line for the four clusters was constructed and
each cluster was also represented by a heatmap
showing for each gene the expression values over
time. The heatmap revealed great variability in the
expression dynamics of the studied genes, particularly
in the T1-T2 interval. The expression of the majority
of the genes did not differ between treated and
untreated patients, except for three genes. The BER
gene MUTYH mRNA levels increased in adjuvantly
treated patients but was reduced in untreated. POLB
(BER) and XPB (NER) had constant expression over
time in treated patients, but were upregulated from TO
to T2 in untreated patients (Supplementary Figure 1).
No differences were observed between therapy regi-
mens of SFU -+ oxaliplatin versus SFU only.

Changes in NER capacity and SBs during 1 yr of follow-up

NER capacity and SBs were compared between the
three samplings in a group of 27 patients. NER
capacity increased significantly between TO and T1,
and did not change further between T1 and T2 (TO:
9.9+7.5, T1: 15.8+13.2, T2: 11.2+6.9, ANOVA
P=0.002; Figure 2A). NER capacity at T1 and T2 did

II-6



6 SLYSKOVA ET AL.

4 [
CRC_T24 » T B
|
CRC_T1{ — 4 0.002
|
CRC_T0 #etd =
1 0.008
controls+ o -
1
° N » » ®
NER (tail DNA%)
B
|
CRC_T2+ | P — -
|
CRC_T1+ t 0.000
|
CRC_T0- - - 2
1 0.015
controls J
1
o ® ® &
DNA damage (tail DNA%)

Figure 2. NER capacity (A) and SBs (B) in CRC patients measured in
three consecutive samplings at 6-mo intervals starting from the
diagnosis (TO, T1, and T2) and of healthy controls. Figure shows
mean = SD and ANOVA P values.

not differ from that in the controls (t-test P=0.87 and
P=0.10, respectively). SBs increased gradually, with
the largest rise being observed between T1 and T2 (TO:
25.6+21.4, T1: 29.2+17.1, T2: 41.8 +12.8, ANOVA

P <0.001; Figure 2B). At all the three time points, SBs
level was significantly higher in cases than in the
controls (t-test P <0.001). P values for comparisons
between each sampling in patients computed by
paired t-test are reported in Supplementary Table S3.

NER capacity and SBs over time in relation to therapy

NER capacity increased over time in adjuvantly
treated patients (ANOVA P =0.01), while the trend in
untreated patients was not significant (ANOVA
P=0.08; Figure S5A). This trend was significant also
for patients receiving neoadjuvant treatment (AN-
OVA P=0.02). No differences in NER capacity were
seen after stratification for treatment regimen: SFU
(ANOVA P=0.07) and SFU + oxaliplatin (ANOVA
P=0.19). SBs increased over time in all patients
irrespectively of the treatment. Figure SB displays SBs
values over time in untreated (ANOVA P < 0.001) and
adjuvantly treated patients (ANOVA P=0.0S), and
the same trend of increasing SBs was observed for
neoadjuvantly treated patients (ANOVA P=0.04). By
stratifying adjuvantly treated patients, it was found
that the degree of SBs was not affected by SFU
treatment (ANOVA P=0.78), but increased with the
SFU + oxaliplatin regimen (TO: 19.0+22.4, TI:
28.6+21.6, T2: 42.4+14.1, ANOVA P=0.047).
Paired t-test P values for comparisons between each
sampling in patients stratified for different treatments
are reported in Supplementary Table S3.

DISCUSSION

The present study was focused on characterizing
differences in DNA repair between CRC patients and
cancer-free population. Subsequently, defined im-
pairment of DNA repair in cancer patients was
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Figure 3. Principal component analysis of gene expression levels of 40 DNA repair genes analyzed in CRC patients
at three time points (TO, T1, and T2) and in control population.
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Figure 4. Identification of the most significant genes responsible for division of samples into two separate clusters.
The color coding is the identical with the one in Figure 3. Kohenen self-organizing map analysis (A) and three-
dimensional principal component analysis (B) based on the mean-centered differential gene expression profiles of

LIG3, RPA3, CDK7, DDB2, NBN, and CHEKZ.

followed-up during a post-treatment period, with
samplings at 6 mo after tumor resection and
chemotherapy administration, and an additional
sample 6 mo later. This study should reflect changes

A
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Figure 5. Subgroups of untreated patients and adjuvantly treated
patients compared for changes in NER capacity (A) and DNA SBs levels
(B) as analyzed in three consecutive samplings obtained at 6-mo
intervals (TO, T1, and T2). Figure shows mean=SD and ANOVA
P values.
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in the DNA repair proficiency in patients under the
genotoxic stress of the anti-cancer treatment. We
have characterized DNA repair processes in blood
samples of CRC patients. PBMCs are considered to be
representatives of the general condition of the
organism and we have shown that their DNA repair
capacity reflects that of colonic mucosa [6]. Therefore,
PBMC:s represent potential surrogates of CRC target
tissue, with the great advantage that if repeated
biopsies are difficult to obtain, repeated blood
samplings are feasible and much better suited for
therapy monitoring.

DNA Repair in Patients Versus Controls

In the present case-control study, we have identi-
fied genes that were differentially expressed between
CRC patients at diagnosis and controls. Several BER
and the majority of the studied NER genes were under-
expressed in CRC patients. We evaluated NER also on
functional level to determine if the reduced mRNA
expression levels were concomitant with reduced
functional capacity of the pathway. Decreased NER
capacity in patients was confirmed and was accompa-
nied by increased levels of SBs. These findings are
consistent with our previous observations of CRC
patients sampled at diagnosis having lower NER
capacity and higher DNA damage than controls [4].
Alarge body of evidence is now available on impaired
NER in patients diagnosed with different types of
malignancies, as reviewed by us [4] and by [13].
However, these are case-control studies with no
further indication on causality of this phenomenon
in relation to cancer onset.

DNA Repair in Patients' Follow-Up

We designed a longitudinal study to follow up the
CRC patients from diagnosis to 1 yr in three different
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samplings obtained 6 mo apart. Interestingly, while
expression profiles at diagnosis and 6 mo later were
substantially similar for the 40 analyzed genes,
significant changes in mRNA levels were observed at
the third sampling obtained 12 mo after diagnosis. At
that time point, patients were considered “cured” and
there were no cases in the study group that relapsed.
We can hypothesize that the expression profiles
of DNA repair genes reflected the disease activity.
Indeed, patients’ expression profiles a year from
diagnosis were comparable to those of the healthy
subjects. NER capacity showed a similar tendency.
From reduced level in patients at the time of
diagnosis, NER capacity increased during the post-
treatment period between diagnosis and 1 yr later,
eventually matching the level of the healthy subjects.
Different results were obtained for the comparison of
SBs levels overtime in patients. SBs were twofold
higher in patients at diagnosis compared to controls,
and their level further increased reaching threefold
difference a year from diagnosis. This accumulation of
SBs was independent of the presence of the tumor in
the body as well as treatment with DNA-damage
inducing drugs. Possibly some other clinical or
biological parameters that we have not controlled
for may be responsible for this late effect.

The dynamics of DNA repair capacity were previ-
ously studied in healthy individuals by comparing
BER and NER activities in six repeated samplings over
a 5-mo period [14]. The values positively correlated
and the coefficient of variation (CV) was 27% for
BER and 49% for NER, respectively. Intra-individual
variability of NER capacity was evaluated also by us
in a pilot study of 16 healthy subjects sampled twice
6 mo apart. Values of two independent samplings
significantly positively correlated and the CV of 20%
was much lower than the inter-individual variability
observed in our recent study on 340 healthy individ-
uals (CV 84% for BER and 90% for NER; unpublished
data). Similar observations were also reported in the
study by Vogel et al [15]. DNA repair capacity thus
seems to be a characteristic parameter for each
individual (but having a rather high variability across
the general population). Here, we showed that this
hypothesis based on healthy population is not
applicable in cancer patients. In fact, in the present
study we showed that cancer patients undergoing
anti-cancer treatment displayed significant changes
in DNA repair overtime, between the diagnosis and
the recovery period 1 yr later.

Only a few studies have examined DNA repair
prospectively to elucidate the role of this process in
cancer development. The expression levels of DNA
repair genes OGGI, NEIL1, MUTYH, ERCC1, and XPD
were not associated with subsequent risk of getting
lung cancer, and it was proposed that mRNA levels
should be regarded as a biomarker of exposure to
oxidative stress rather than a marker of inborn DNA
repair capacity [16,17]. Quite the opposite was
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concluded by Paz-Elizur et al. [18], who analyzed
OGG1 activity in lung cancer patients at 1 yr follow-
up starting at diagnosis and reported alack of an effect
of the tumor on OGG1 activity, suggesting the
inherent characteristic of this parameter. Our study,
in contrary to previous ones, used a multivariate
approach to search for biomarkers that best charac-
terize an individuals’ DNA repair status. It is becoming
imperative to classify diseases not on the basis of a
single biomarker, but on the basis of a set of molecular
markers [19]. This is expected to be more robust and
reliable than using any single biomarker because of
their generally high variability. Changes in individual
parameters will not necessarily result in a significant
change of the entire pattern. Using this approach, we
have seen that a decreased DNA repair status was
strongly related to disease at diagnosis, but after the
follow-up was no longer detectable. We have charac-
terized a set of DNA repair-related parameters, which
blood levels could distinguish between a condition of
acute CRC versus disease in remission. The mRNA
levels of six DNA repair genes (LIG3, RPA3, CDK7,
DDB2, NBN, and CHEK?2) together with NER capacity,
if verified on a larger and independent population,
might represent a panel of CRC related biomarkers.

DNA Repair in Relation to Therapy

NER capacity was increased upon tumor resection
in all patients, but this trend was statistically
significant only in patients administered to chemo-
therapy. In this context it is noteworthy that the
P values observed for the increase in DNA repair in
untreated patients were of borderline significance.
An increase in the probability of these findings by
enlarging the study group cannot be ruled out.
Therefore, it is difficult at present to clearly distin-
guish whether the enhancement of NER capacity is a
consequence of surgical tumor elimination, a defense
reaction of normal cells against a systemic treatment,
or both. Mutagenic activity of radio- and chemo-
therapeutics poses a challenge to not only the tumor,
but also normal cells, that need to adjust their cellular
functions in order to protect their genetic integrity.
Indeed, several studies have shown that DNA repair
processes are induced by genotoxic stress [20-23]. In
our study group, an increase in the NER capacity at the
end of treatment was not accompanied by an increase
in the NER genes transcription, except for XPF and
XPG. These two might be the main activators of NER
function. In fact, endonucleases are critical compo-
nents of NER and their knockdown dramatically
reduces NER activity [24]. In this context, we cannot
neglect the role of post-transcriptional [25,26] and
post-translational [27-30] modifications in DNA
repair regulation. At the mRNA level, only 3 out
of 40 genes showed differential behavior between
treated and untreated subjects, and those were
involved again in the BER and NER pathways. BER
gene MUTYH (MutY Homolog E. coli) increased its
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expression over time in treated patients and remained
stable in untreated patients. On the contrary, POLB
(Polymerase Beta) involved in BER and NER gene XPB
(Xeroderma Pigmentosum B) showed increased
expression over time in untreated patients only.
Although these differences did not seem to have
any effect on the immediate response to therapy, it
cannot be excluded that they may play some role in
long-term survival. Above genes have been observed
to be implicated in CRC development. Aberrant
MUTYH glycosylase has been linked to one type of
CRC [31], and POLB is mutated in about 50% of
human cancers [32], including CRC [33]. Also,
therapeutic downregulation of POLB activity was
recently considered in order to meet better treatment
response [34], and its mRNA levels have been
proposed to be a prognostic indicator in CRC
treatment [35].

So far, few studies have examined DNA repair in
relation to anti-cancer therapy response and survival,
but they usually sampled patients only once before
therapy. Jewell et al. studied melanoma patients and
reported that higher mRNA levels of DNA repair genes
in biopsies were associated with a higher risk of
relapse [36]. Wang et al. [37] found that elevated DNA
repair activity in peripheral lymphocytes correlated
with shorter survival in lung cancer. Similar tenden-
cies were reported by Asakawa et al. [38] in breast
cancer biopsies in which high DNA damage response
was linked with poor response to neoadjuvant
therapy. We were unable to analyze DNA repair
parameters in relation to the patients’ response to
therapy at endpoint since no post-treatment tumor
relapse was observed in the study group. Considering
the small size of the study population, further
stratifications for specific treatments would not
reach sufficient statistical power to draw strong
conclusions.

In summary, we described the dynamics of DNA
repair in blood cells of CRC patients in a time frame of
1 yr. DNA repair downregulation in the presence of
active disease, as reflected by quantitative PCR and
functional assays, was centered on two excision repair
pathways—BER and NER. One year after the diagnosis
and successful treatment, the downregulation was
not detectable anymore, and the patients exhibited a
molecular pattern of DNA repair similar to that of
healthy controls. DNA repair markers evaluated in
blood cells can be used to distinguish between an
acute and a post-treatment cancer-free condition,
thus reflecting the disease activity in CRC patients.
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Infiltration of Colorectal Carcinoma by S100+ Dendritic
Cells and CD57+ Lymphocytes as Independent
Prognostic Factors after Radical Surgical Treatment
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Abstract. Background: S100" dendritic cells and CD57*
lymphocytes are factors reflecting the immune system’s ability
to suppress the progress of tumor growth. CD57% cells include
natural killer cells and late stages of T-effector lymphocytes.
We evaluated the relationship between the known clinical and
histological factors and tumor markers as well as the presence
of S100* and CD57* cells in the tissue of colorectal carcinoma
with the aim of detecting patients at high risk of short overall
survival (OS) or short disease-free interval (DFI) after radical
surgical treatment and we further analyzed whether S100* and
CDS57* positivity could bring on new information regarding the
treatment regimen. Materials and Methods: Data of 150
patients (97 males and 53 females) that underwent an elective
radical surgical procedure for colorectal cancer were studied.
The influence on DFI and on OS of the following parameters
was evaluated: grading, staging and positivity for S100 and
CD57 by immunohistochemical staining. We also analyzed the
relation of preoperative serum levels of the tumor markers
Carcinoembryonic Antigen (CEA), Cancer Antigen 19-9
(CA19-9), Cancer Antigen 72-4 (CA72-4), Thymidine kinase
(TK), Tissue-Specific Polypeptide Antigen (TPS) and Tissue
Polypeptide Antigen (TPA) in relation to S100 and CD57
positivity/negativity for the same patients. Results: OS at 1, 3
and 5 years was 92.2%, 76 5% and 70.2%; the DFI at 1, 3 and
5 years was 85.3%, 64.3% and 49.4%. CD57 positivity in the
tumor mass was proven as a positive prognostic factor for OS.
Risk of short OS was 2.5-fold higher in patients with low tumor
infiltration by CD57" lymphocytes. The combination of N2
stage for lymph nodes and the absence of CD57* cells was
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proven to be the strongest negative prognostic factor for OS.
No significant influence of CD57 positivity on DFI appeared.
There was no significant influence of S100 positivity on OS or
DFI; nor was there any statistical dependence of CD57 and
S100 positivity or negativity on preoperative serum levels of
CEA, CA19-9, CA72-4, TK, TPS or TPA. Both studied factors
were shown to be statistically independent factors. Conclusion:
The present study showed infiltration of colorectal cancer
tissue by CD57" cells as being an important independent
positive prognostic factor for OS.

S100* dendritic cells (DC) and CD57* lymphocytes are factors
reflecting the immune system’s ability to suppress the progress
of tumor growth. Atreya and Neurath demonstrated their role
in supression of the progress of colorectal carcinoma (1). CD57
is a glycoprotein with cell adhesion function also called human
natural killer-1 or LEU7 (2). CD57* cells include natural killer
(NK) and late stages of T-effector lymphocytes. NK cells as a
part of the cellular innate immunity are able to destroy
malignant cells (2). NK cells mediate lysis of malignant cells
but the mechanism of detection of cancer cells is different from
that of the CD8* T-lymphocytes (3); NK cells do not recognize
specific tumor-associated antigens of cancer cells as CD8*
T-lymphocytes do. NK cells lyse cancer cells that are
opsonized by surface antibodies or after stimulation by other
signals such as cytokines, produced by antigen-presenting cells
(4). A lower preoperative number of NK cells was associated
with increased postoperative recurrence of colorectal cancer
(5). The S100 antigen protein is present in many types of cells:
cells of neural crest, chondrocytes, adipocytes, myoepithilial
cells, macrophages, Langerhans cells and dendritic cells. In
particular dendritic cells (DC) (antigen-presenting cells) play a
key role in activating naive T-lymphocytes and NK cells. DC
gather antigens in their surrounding tissues, process them and
migrate to the secondary lymphoid organs to present antigens
on major histocompatibility complexes class I or class II to
CD8" cytotoxic lymphocytes or CD4* helper T-lymphocytes
(2, 6). In the majority of the available studies, increased
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Figure 1. CD57 positivity as a statistically significant prognostic factor for OS (cut-off 1 cell, p-value=0.0350).

numbers of immune cells infiltrating the tumors correlate with
an improved prognosis for cancer patients (7), but the role of
certain lymphocytes remains unclear (8). Here we evaluated the
relationship between the known clinical, histological factors
and tumor markers that are used in standard clinical follow-up
of patients and the presence of S100* and CD57* cells in the
tissue of colorectal carcinoma (CRC) with the aim of detecting
patients with a high risk of short overall survival (OS) or short
disease-free interval (DFI), after radical surgical treatment and
to analyze whether S100* and CD57* positivity could bring
new information on the treatment regimen, independently of
standard clinical examinations.

Materials and Methods

Data from 150 patiens (97 males and 53 females) in a patient cohort
that underwent an elective radical surgical procedure at the Department
of Surgery of the Teaching Hospital and Medical School in Pilsen
between 2004-2007. The influence on DFI and on OS of following
parameters was evaluated: grading, staging and positivity of S100 and
CD57 by immunohistochemical staining.

Histological and immunohistochemical analysis. Tissue for light
microscopy was fixed in 4% formaldehyde and was embedded in
paraffin. Five micrometer-thick sections were cut from the tissue
blocks and stained with hematoxylin-eosin. Three different sections of
each tumor were examined.

For the immunohistochemical investigations the following primary
antibodies were used: CD57 (clone NKI1, ready-to-use; Ventana,
Rocklin, CA, USA), and S100 (polyclonal, 1:1000; Dako, Glostrup,
Denmark). Microwave pretreatment was used in both cases. The
primary antibodies were visualized using the supersensitive
streptavidin-biotin-peroxidase complex (Biogenex, San Ramon, CA,
USA). The appropriate positive and negative control slides were
employed. The number of DCs and NK cells was evaluated in five
high power microscopical fields and was expressed as the number of
immunopositive cells per high power microscopical field.

Oncomarkers. All the blood samples for assessment of tumor markers
were obtained under standard conditions from the cubital vein during
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Figure 2. Classification and regression tree diagram presenting the
strongest negative prognostic factor ¢ for OS.

the morning hours. The serum for the assessment of routine tumor
markers was acquired through centrifugation and was stored at —20°C
until laboratory analysis. Tumor markers were assessed at the
Department of Nuclear Medicine, Faculty Hospital Pilsen with
commercial laboratory Kkits, in accordance with the manufacturers’
recommendations. The following tumor markers were assessed: CEA
(ng/ml, Immunotech, Czech Republic), carbohydrate antigen 19-9
(CA19-9, IU/, Shering-CIS Biolnternational, France), cytokeratins:
tissue-specific polypeptide antigen (TPS, kIU/1, IDL, Sweden), tissue
polypeptide antigen (TPA, kIU/1, DiaSorin, Italy). Thymidine kinase
(TK, IU/L) was measured by radioenzyme analysis (REA) using the
Immunotech (Prague, Czech Republic) assay kits.

Statistical analysis. Statistical analysis was processed by the statistical
software Statistica 9.0 (StatSoft, CA, USA). The relationships between
the variables were described by the Spearman rank correlation
coefficients. The analyses of OS and DFI were performed by Kaplan-
Meier survival functions. The influence of given covariates (clinical
and histopathological factors or tumor markers) was tested by the log-
rank test and the Wilcoxon test. The Cox regression the hazard model,
hazard ratio (HR) and the 95% confidence interval (CI) for HR were
computed for the evaluation of given clinical and histopathological
factors and tumor markers to OS or DFI. Multivariate analysis was
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Figure 3. CD57 positivity was not proven as being a statistically significant prognostic factor for DFI (cut-off 4 cells, p-value=0.3415).
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Figure 4. S100 positivity was not proven as being a statistically significant prognostic factor for OS (cut-off 2 cells, p-value=0.5877).

performed by the use of classification and regression trees (CART).
The Cox regression hazard model (stepwise regression) was applied
in order to find the predictors in CART.

Results

There were 93 males (mean age=65.27 years, median=65.94
years) and 57 females (mean=68.07 years median=67.72 years)
in studied patients cohort. No statistically significant
differences were proven regarding the age between males and
females. OS at 1, 3 and 5 years was 92.2%, 76.5% and 70.2%;
the resulting DFI at 1, 3 and 5 years was 85.3%, 64.3% and
49.4%. CD57 positivity of cells in the mass of tumor was a
statistically significant positive prognostic factor (cut-off 1 cell,
p-value=0.0350, Figure 1) of OS. Risk of short OS was 2.5-
fold higher in patients with low tumor infiltration by CD57*
lymphocytes. CART showed that the combination of N2 stage
of lymph node disease and the absence of CD57* cells was the
strongest negative prognostic factor of OS (Figure 2). No

statistically significant influence of CD57 positivity on DFI
appeared (Figure 3).

There was no statistically significant influence of S100
positivity on OS nor on DFI (Figures 4 and 5). There was no
statistical dependency or correlation of CD57 and S100
positivity or negativity on preoperative serum levels of CEA,
CA19-9, CA72-4, TK, TPS or TPA. Both studied factors were
found to be statistically independent factors.

Discussion

The role of the immunological response in controlling the
growth and relapse of CRC remains controversial and
contemporary studies have not answered all the questions about
the prognosis of patients after radical surgical treatment of CRC
(9, 10, 11, 14). We analyzed a large cohort of patients with CRC
aiming at detecting the relation between these types of immune
cells and the prognosis of patients after radical CRC surgery.
This aim was stimulated by some dilemmas in the decision for
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Figure 5. S$100 positivity was not proven as being a statistically significant prognostic factor for DFI (cut-off 2 cells, p-value=0.9173).

surgical and oncological treatment, when early recurrence
depreciates the effort of radical surgery due to a high risk of
complications and the long duration of the decreased quality of
life of the patients (3, 12). Our results support the hypothesis
that the immunological response observed in the tumor tissue
can influence the behavior of CRC and subsequently affect the
prognosis of patients (9). Tumor infiltration by NK cells seems
to be a promising positive prognostic factor reflecting the
decreased risk of patients for poor OS. Future work should
focus on the molecular-biological background of tumor
infiltration by lymphocytes to provide understanding over their
pathophysiological functions (1). The tumor markers inform us
of the negative prognosis of patients (early recurrence (DFI) or
for the poor prognosis for long OS (13). On the other hand
CD57* positivity was demonstrated as being a positive
prognostic factor for radically operated patients with CRC. This
information is more important for clinicians than a negative
factor would be, since it could modify their decision about
adjuvant oncological treatment or follow-up regimen. The
present study demonstrated the positive influence of tumor-
infiltrating CD57* cells on the prognosis of CRC. The results
could lead upon intensifying the follow-up strategy for the
patients with higher risk of early CRC reccurence.
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Worldwide, colorectal cancer (CRC) is the third most
common cancer, with the highest mortality rates occurring
in Central Europe. The use of chemotherapy to treat CRC
is limited by the inter-individual variability in drug
response and the development of cancer cell resistance.
ATP-binding cassette (ABC) transporters play a crucial
role in the development of resistance by the efflux of
anticancer agents outside of cancer cells. The aim of this
study was to explore transcript levels of all human ABCs in
tumours and non-neoplastic control tissues from CRC
patients collected before the first line of treatment by 5-
fluorouracil (5-FU)-containing regimen. The prognostic
potential of ABCs was evaluated by the correlation of
transcript levels with clinical factors. Relations between
transcript levels of ABCs in tumours and chemotherapy
efficacy were also addressed. The transcript profile of all
known human ABCs was assessed using real-time poly-
merase chain reaction with a relative standard curve. The
majority of the studied ABCs were down-regulated or
unchanged between tumours and control tissues. ABCA12,
ABCA13, ABCB6, ABCC1, ABCC2 and ABCE1 were up-
regulated in tumours versus control tissues. Transcript
levels of ABCA12, ABCC7 and ABCCS8 increased in
direction from colon to rectum. Additionally, transcript
levels of ABCB9, ABCB11, ABCGS5 and ABCGS followed
the reverse significant trend, i.e. a decrease in direction
from colon to rectum. The transcript level of ABCC10 in
tumours correlated with the grade (P = 0.01). Transcript
levels of ABCC6, ABCC11, ABCF1 and ABCF2 were
significantly lower in non-responders to palliative chemo-
therapy in comparison with responders. The disease-free
interval of patients treated by adjuvant chemotherapy was
significantly shorter in patients with low transcript levels
of ABCA7, ABCA13, ABCB4, ABCC11 and ABCD4. In
conclusion, ABCC11 may be a promising candidate
marker for a validation study on 5-FU therapy outcome.

Introduction

Worldwide, colorectal cancer (CRC) is the third most common
cancer, with an estimated 1 233 700 newly diagnosed cases
and 608 700 deaths/year in 2008. For this type, Central Europe
has repeatedly recorded the highest mortality rates (1).

Although inherited susceptibility underlies roughly 35% of
variance in CRC risk (2), germ line mutations in genes with
high penetrance account for <6% of cases (3). There is
growing evidence that lifestyle and environmental factors
contribute to the CRC development (4).

Systemic chemotherapy is an important component of the
complex treatment of CRC, with regimens based on 5-
fluorouracil (5-FU), irinotecan and/or oxaliplatin used as
standard. These drugs are often used in combination with
biological therapy in patients with advanced disease. Gener-
ally, the use of chemotherapy to treat cancers is limited by the
inter-individual variability in drug response and the develop-
ment of cancer cell resistance. Xenobiotics, including antican-
cer drugs, are extensively metabolised in the body by Phase I
(activation enzymes, e.g. cytochromes P450) and Phase II
(conjugation enzymes as glutathione S-transferases, GSTs, or
glucuronide transferases, UGTs) enzymes. Phase III of bio-
transformation represented by ATP-binding cassette (ABC)
transporters presents another important component of xenobi-
otic metabolism (5). ABC transporters play a crucial role in the
development of resistance by the efflux of anticancer agents
outside of cancer cells (6). In fact, the expression of ABCs may
significantly vary among individuals and thus affects the
efficacy of drug treatment (7).

The human ABC transporters are encoded by a large
transporter gene superfamily, which is composed of 49 members
grouped into seven subfamilies (A-G) according to the sequence
homology. ABC proteins facilitate translocation of heteroge-
neous substrates including metabolic products, lipids and sterols,
peptides and proteins, saccharides, amino acids, inorganic and
organic ions, metals and drugs across the cell membrane. To
transport these substrates across extracellular and intracellular
membranes against a concentration gradient, ABCs use energy
acquired by the hydrolysis of ATP (8). Genetic variation in these
genes causes a variety of genetic diseases and disorders (9). The
structure of ABC transporters consists of two types of domains:
ATP-binding domains, also known as nucleotide-binding folds
(NBFs) and transmembrane domains (TMDs). The NBFs
contain typical motifs: Walker A and Walker B and so-called
ABC-signature sequence. The TMDs are formed by 6-11 alpha
helices and provide the substrate specificity (10). Although all
share a similar NBF, their domains are organised in different
ways, with different numbers and localisations of TMDs (11).
Some of the ABCs behave as full transporters with two TMDs,
each with six transmembrane segments, and two NBFs. Others
are half transporters with only one TMD and become functional
after dimerisation or oligomerisation (12).
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The ABCA subfamily contains 12 members acting as full
transporters (13; supplementary Table IS, available at Muta-
genesis Online). ABCA5 mRNA was detected in poorly
differentiated colon adenocarcinoma cell lines G-112 but not in
normal colon. In contrast, ABCA2 mRNA was detected in
well-differentiated colon adenocarcinoma cell lines CX-1.
Thus, induction of ABCAS may correlate with the differenti-
ation status of human colon tumours and contribute to the
tumour development (14).

The ABCB subfamily consists of 11 members (supplemen-
tary Table IIS, available at Mutagenesis Online). Four of them
are full transporters (ABCB1, ABCB4, ABCBS and ABCB11)
and the rest is composed of half transporters. P-glycoprotein,
a product of ABCBI gene, is localised in epithelial cells of the
small and large intestine as a part of the barrier that protects
cells against xenobiotics from diet, bacterial toxins, drugs and
other biologically active compounds (15). ABCBI1 confers
MDR phenotype to cancer cells (16). ABCB1 substrates are
generally amphipathic lipid-soluble compounds including
anticancer drugs as vinca alkaloids, anthracyclines, taxanes,
epipodophyllotoxins, camptothecins or anthracenes (17).
Single-nucleotide polymorphisms (SNPs) in ABCBI have been
shown to influence its phenotype (expression, protein function
and drug response) in context with numerous diseases
[(11,18,19); supplementary Table VS, available at Mutagenesis
Online]. ABCBI1 is highly expressed in the apical membrane of
enterocytes, where it pumps xenobiotics back into the intestinal
lumen. No relationship was seen between ABCBI1 protein
expression, genotype and long-term prognosis of patients
treated by 5-FU and leucovorin (20). Hypoxia is generally
associated with chemoresistance. Ding et al. (21) suggested
that hypoxia induced the expression of hypoxia-inducible
factor, alpha subunit and ABCB1 in colon carcinoma.
Complementary DNA (cDNA) microarray analysis of cell
sublines derived from K562 leukaemia, MCF7 breast cancer
and Sl-colon cancer with acquired resistance against dauno-
rubicin, doxorubicin, vincristine, etoposide and mitoxantrone
has shown that ABCB1, ABCB4 and ABCG2 were up-
regulated in several resistant sublines (22). ABCB2 and
ABCB3 expressions were significantly associated with major
histocompatibility complex class I antigen (MHCI) expression
in 336 sporadic CRC tumours examined by immunohisto-
chemistry. Thus, the expression of key components of the
antigen-processing machinery represented by ABCB2 and
ABCB3 is linked with the density of tumour-infiltrating
lymphocytes (TILs), which are positive prognostic factors in
CRC in vivo (23).

The ABCC family contains 13 members; nine of them are
the multidrug resistance-associated proteins (MRPs; ABCC1,
ABCC2, ABCC3, ABCC4, ABCCS, ABCC6, ABCCI0,
ABCCI11 and ABCC12, supplementary Table IIIS, available
at Mutagenesis Online). In vitro ABCC transporters can
collectively confer resistance to anticancer drugs and their
conjugated metabolites, platinum compounds, folate antimeta-
bolites, nucleoside and nucleotide analogues (24). ABCCl1
and ABCC2 have been shown to act synergistically with
several Phase II enzymes including GSTs and UGTs and
this synergy conferred resistance to several drugs (25,26).
ABCC1 exports drug conjugates with glutathione and un-
conjugated drugs together with free glutathione (17). By
contrast, ABCC2 transports a wide range of unconjugated
organic anions, including e.g. methotrexate, irinotecan or
ampicillin (27). ABCC2 haplotype predicted variability in
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pharmacokinetics of irinotecan in Japanese metastatic CRC
patients treated by FOLFIRI (regimen containing 5-FU and
irinotecan) (28). mRNA expression of ABCC2 was signifi-
cantly associated with resistance to cisplatin but not 5-FU (29).
5-FU significantly suppressed ATP7B and the organic cation
transporter SLC22A2 and increased ABCC2 mRNA expres-
sion (5.8-fold) in human cells from colon adenocarcinoma
(LS180). Overexpression of ABCC2, ABCC3 and ABCG2
was demonstrated to be beneficial for the efficacy of oxaliplatin
in Madin-Darby canine kidney II cells (MDCKII). Thus, the
authors predicted that the modulation of expression of trans-
porters of both drugs could favour the synergic action of the
FOLFOX (5-FU/leucovorin/oxaliplatin) combination (30).
ABCCS protein confers resistance to 5-FU by the efflux of
monophosphate metabolites. The overexpression of ABCCS in
CRC may contribute to the resistance to 5-FU (31). In cell lines,
celecoxib induced ABCC4 and ABCCS5 expression at both
mRNA and protein levels, but no induction of ABCC1 and
ABCC2 was found. This observation suggested that the low
response rate observed in clinical trials using combinations of
celecoxib with 5-FU or irinotecan may reflex celecoxib-mediated
induction of efflux of drugs from cancer cells through the up-
regulation of ABCs (32). Interestingly, patients treated with
oxaliplatin- and 5-FU-based regimen for metastatic CRC (n =
40) had a significantly shorter progression-free survival in the
case where their circulating tumour cells (CTCs) expressed
alcohol dehydrogenase (ALDH) 1, survivin and ABCCS. Thus,
detection of survivin+/ABCC5+ CTCs from peripheral blood
may help in identifying metastatic CRC patients resistant to
standard oxaliplatin- and/or 5-FU-based regimen (33). ABCC11
shares the highest structural similarity with ABCC4 and ABCCS.
ABCCI11 was also shown to confer resistance to 5-FU and
certain fluoropyrimidines (supplementary Table IIIS, available at
Mutagenesis Online). The rs17822931 SNP in ABCC11 affects
enzyme function that determines earwax type (34).

The ABCD subfamily consists of four half transporters
localised in peroxisomes, providing thus peroxisomal transport
of long-chain fatty acids (supplementary Table IVS, available at
Mutagenesis Online). ABCE and ABCF subfamilies contain
genes that are clearly derived from ABC transporters and have
ATP-binding domains but not TMDs (35, supplementary Table
IVS, available at Mutagenesis Online). There are currently no data
available on the role of ABCD and ABCF subfamilies in CRC.

The six known members of ABCG subfamily are half
transporters that have a reversed structure. N-terminus contains
NBF and TMD is at the C-terminus (supplementary Table IVS,
available at Mutagenesis Online). ABCG2 is a multidrug
resistance enzyme that can export both unmodified drugs and
drug conjugates, including mitoxantrone, bisantrene, epipodo-
phyllotoxins (e.g. etoposide), camptothecins (topotecan and
irinotecan) or flavopiridol (17). Patients harbouring the
—19572 to 19569delCTCA mutation in ABCG2 had a signif-
icantly lower relative extent of conversion of irinotecan to its
SN-38 metabolite than patients carrying the ancestral genotype
without this deletion (P = 0.019; 36). Dietrich et al. (37)
examined 29 colon adenomas from 21 patients and 8 adenomas
from C57BL/6 Apc™™* mice. ABCG2 protein was signifi-
cantly down-regulated in both human and mice colon
adenomas. ABCG2 confers resistance to a narrower range
of anticancer agents than ABCB1 and ABCC1 or ABCC2, e.g.
anthracyclines, mitoxantrone and irinotecan. ABCG2 trans-
ports the glucuronide conjugate of SN-38, the active metabolite
of irinotecan, but with ~7-fold lower affinity than unconjugated



SN-38 (38). Dye-efflux effective side population (SP) of SW480
colon cancer cells has shown a higher resistance to 5-FU and
irinotecan, higher ABCB1 and ABCG2 expressions and
activation of the Wnt signalling pathway when compared to
non-SP containing cells. Silencing the Wnt signalling pathway
may thus present a promising strategy for targeting chemother-
apy-resistant CRC cells (39). The ABCGS5 and ABCG8 form
heterodimers and overexpression of putative stem cell marker
EpCAM with ABCGS within the buds of colorectal tumours is
frequently observed and associated with poor prognosis (40).

The current state of knowledge shows that ABCs are
functionally important for anticancer drug disposition and
efficacy. However, apart from functional data obtained using
cell and animal models, there is a limited amount of
information on the importance of ABCs for the prognosis of
individual patients and the prediction of the chemotherapy
outcome. Some of the published studies in patients suggested
that ABCs may influence not only cancer initiation but also its
progression, invasion and metastasis. The aim of our study is
to: (i) explore transcript levels of ABCs in tumour and control
tissues from CRC patients treated by substrates of ABCs, (ii)
evaluate prognostic potential of ABCs by the correlation of
transcript levels with clinical factors such as tumour size,
lymphatic node involvement and grading and (iii) elucidate
relations between transcript levels of ABCs in tumours and
chemotherapy efficacy. In our pilot study presented here, we
have addressed these points in a complex way by an
assessment of the transcript profile of all known human ABCs.
This is because some of the drugs under study are transported
by numerous and in some cases unknown transporters. The
selection and validation of candidate genetic markers identified
in the pilot study are the final goal of our current research.

Materials and methods

Materials

Phenol, chloroform, agarose and chemicals for preparation of buffers were
purchased from Sigma-Aldrich (Prague, Czech Republic). Deoxynucleotides
(dATP, dCTP, dGTP and dTTP) for polymerase chain reaction (PCR),
molecular weight standard for electrophoresis ®X174DNA-Haelll digest and
Lambda DNA EcoRI + HindIII Marker were products of New England Biolabs
Inc (Ipswich, MA, USA) and Fermentas Inc (Vilnius, Lithuania), respectively.
Taq-Purple DNA polymerase and Combi PPP Master Mix for PCR were
supplied by Top-Bio s.r.o. (Prague, Czech Republic).

Subjects

Tissue samples of primary tumour of human colorectal carcinoma and paired
distant unaffected mucosa were collected from CRC patients diagnosed and
treated at the Departments of Surgery and Oncology, at the Teaching Hospital
and Medical School in Pilsen and Charles University in Prague, both in the
Czech Republic during the period 2008-10. Native tissue samples were taken
during surgery, macrodissected, snap frozen in liquid nitrogen and stored at
—80°C until total RNA isolation. The control mucosa samples were taken from
the macroscopically unaffected resection margins of colon tissues. The
resection margins were microscopically evaluated and only samples free of
malignant cells were further analysed. Corresponding tumour tissue samples
were verified by the experienced pathologist. Only histologically verified
patients and their samples were included in this study. The following data on
patients were retrieved from medical records: age, gender, date of diagnosis,
pTNM stage according to Union for International Cancer Control (41),
histological type and grade of the tumour, type of chemotherapy and treatment
response.

The following eligibility criteria were applied to the recruitment of patients
into the study: (i) patients who were subject to surgery for CRC, (ii) no prior
chemotherapy before surgery (in order to eliminate its influence on transcript
levels), (iii) patients who received only first-line chemotherapy in either
palliative (Group A) or adjuvant (Group B) setting and (iv) patients who
received regimens based on 5-FU, leucovorin and/or oxaliplatin, e.g. FOLFOX.

Role of ABC transporters in CRC therapy

Response to the treatment was evaluated by Response Evaluation Criteria In
Solid Tumors (RECIST) criteria (42) based on routinely used imaging
techniques for assessment of tumour mass (by computer tomography, with or
without positron emission tomography, magnetic resonance or ultrasonography).

Increase in tumour mass or the appearance of new lesions in patients with
palliative treatment (Group A) indicated progression and thus no response to
the treatment. Response to the treatment was defined as a decrease of the
number or volume of metastases or stabilisation of the disease.

In patients treated by adjuvant therapy after radical surgical resection RO
(Group B), disease-free interval (DFI) served as the treatment outcome for
analyses. DFI was defined as the time elapsed between radical surgical RO
resection and disease recurrence. CRC patients treated by 5-FU and/or
oxaliplatin were monitored for adverse symptoms of treatment and toxicity was
scored according to the National Cancer Institute Common Toxicity Criteria,
Version 2, during the whole period of treatment. Grade 3 or 4 toxicity was
followed as an important factor of toxicity of the administered regimens.

All patients were informed about the study aims, methods and potential risks
and signed consensually an informed consent form in agreement with the
requirements of the Ethical Commission of the Medical Faculty and Teaching
Hospital in Pilsen, Czech Republic.

Isolation of total RNA and cDNA preparation

Methods were published (19,43) and are presented in the supplementary
Material, available at Mutagenesis Online.

Quantitative real-time PCR

The diluted amplified cDNA was used for quantitative real-time polymerase
chain reaction (QRTPCR) by the relative standard curve method performed in
7500 and ViiA7 Real-Time PCR System using TagMan Gene Expression
Assays (Life Technologies). The following criteria were applied to the selection
of TagMan Gene Expression Assays: (i) exon-exon boundaries span where
possible, in order to minimise signals from traces of contaminating DNA, (ii) as
short as possible amplicons and (iii) location near to 3'-end of the transcript to
reduce possible influence of RNA quality on qRTPCR. The list of reference
genes, genes of interest and respective assays is given in supplementary Table
VIS, available at Mutagenesis Online. Cycling parameters of gRTPCR were
initial hold at 50°C for 2 min and initial denaturation at 95°C for 10 min,
followed by 50 cycles consisting of denaturation at 95°C for 15 sec and
annealing at 60°C for 60 sec (except ABCC9, ABCG4 and ABCGS where 90
sec and ABCB1 where 58°C for 90 sec were used). Each reaction contained 2.5
ul of 20 times diluted preamplified cDNA, 5 pl of TagMan Gene Expression
Master Mix and 0.5 pl of TagMan Gene Expression Assay in a final reaction
volume of 10 pl. Fluorescence was acquired after each extension step. Each
sample was assessed in duplicate and the mean value was used for further
analyses. Samples with >15% variation between duplicates were reanalysed.
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 contamination. One sample of normal
colon mucosa was used as calibrator for preparation of standard curves for each
gene to assess reaction efficiency. For the real-time PCR reactions, preamplified
cDNA of the calibrator diluted 1:4 was used as the highest template
concentration point for construction of the standard curve. The rest of the
standard curve points were prepared by five subsequent serial five times
dilutions. The resulting standard curve was used for calculation of PCR
efficiency (E) according to the following formula: E = 10 'sope _
(supplementary Table VIS, available at Mutagenesis Online). Reference genes
were selected on the basis of our pilot study, where the TagMan Array Plates
(Life Technologies) were used to compare the stability of 24 different potential
reference genes chosen from the literature in a set of 10 pairs of human CRC
tumours and distant unaffected mucosa samples. Stability of reference genes
was analysed by geNorm version 3.5 of March 2007 (44) and NormFinder
version 19 of June 2009 (45) software programs. According to both programs,
EIF2B1, MRPL19, PSMC4, POLR2A, PPIA and HPRT1 were selected as the
most stable genes for normalisation of transcript levels of target genes. The
gRTPCR study design adhered to the MIQE Guidelines (Minimum Information
for Publication of Quantitative Real-Time PCR Experiments; 46).

Statistical analyses

Transcript levels were analysed by 7500 and ViiA7 System Software. Acquired
average Cr values were further processed by relative expression software tool
(REST) 2009 Software (47; Qiagen, Hildesheim, Germany). REST is routinely
used for the determination of differences between different types of sample and
control groups and considers both normalisation to numerous reference genes
and reaction efficiency. For statistical analyses of correlation of transcript levels
of all established genes with clinical data, the non-parametric tests as Mann—
Whitney, Kruskall-Wallis and Spearman rank tests were used according to the
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distribution of data. The mean, median, SD, variance, minimum, maximum,
quantiles, frequencies and other basic statistical measurements were computed
in the given groups and subgroups. The relations between the parameters were
computed by Spearman correlation coefficient. The DFI analyses were
performed by Kaplan-Meier Survival estimates and Cox regression hazard
model. In the first step, each of the investigated covariates were divided into
four groups using quartiles of the investigated variable. For these groups, the
Kaplan-Meier survival functions were computed. All possible cut-offs were
tested and the ‘optimal cut-off’ was defined as the highest statistical
significance in Kaplan-Meier (log-rank test). For these cut-offs, the hazard
ratios (HRs) were then computed. In order to reduce the chance of Type I and II
errors, only the cut-offs, where the DFI divided by quartiles had a similar
direction to the DFI, were used. P-values are always departures from two-sided
tests. A P-value of <0.05 was considered statistically significant. Statistical
analyses of clinical data were performed using SPSS v15.0 software (SPSS Inc,
Chicago, IL, USA).

Results

Fifty-one patients meeting the eligibility criteria were recruited
into the study (26 patients in the palliative Group A and 25
patients in the adjuvant Group B). The clinical and pathological
characteristics of the patients are listed in Table L. Patients in
both groups did not significantly differ in terms of gender, age
at diagnosis, tumour size, lymph node involvement and
grading. On the other hand, patients significantly differed in
metastatic spread of the disease (all patients in the palliative
group were M1 versus MO in all adjuvant patients) and
subsequent treatment (the palliative group was treated pre-
dominantly by more aggressive FOLFOX regimen). Tumour
localisation also significantly differed between both groups
(rectum prevailed in the palliative group versus adjuvant group,

P = 0.008). The median of follow-up was 20 months. Neither
the median overall survival nor the median DFI was reached.
Therefore, the importance of transcript levels of ABCs for
overall survival was not evaluated. DFI was evaluated as
a measure of short-term survival; 72% of censors occurred in
the course of follow-up.

Differences in transcript levels of ABCs between tumour and
control tissues

A large number of ABC transcripts were down-regulated in
tumour versus control mucosa tissues (REST 2009 software,
Table IT). Among these, ABCA1, ABCA4, ABCAS, ABCA6,
ABCAS8, ABCAY9, ABCA10, ABCB1, ABCB4, ABCBS,
ABCB11, ABCC3, ABCCS5, ABCC6, ABCC7, ABCCS,
ABCC13, ABCD2, ABCD3, ABCD4, ABCGI1 and ABCG2
transcripts were down-regulated at a very high level of
significance (P < 0.001). Contrastingly, ABCA12, ABCA13,
ABCB6, ABCC1, ABCC2 and ABCE1 were up-regulated in
tumours versus control tissues to a high extent (Table II). The
remaining ABCs did not show significant deregulation in
compared tissues. Transcript level of ABCC12 was below the
limit of detection in all samples.

Correlations between transcript levels of ABCs in tissues and
clinical data

Relative transcript levels of ABCs were first normalised to six
reference genes. Average Cr value of EIF2B1, MRPL19,
PSMC4, POLR2A, PPIA and HPRT1 transcript levels was
calculated for each sample and designated as ENDO value.

Table L Clinical characteristics of studied groups

Group A (palliative), n = 26 Group B (adjuvant), n = 25 P
Gender (males/females) 19/7 16/9 0.555 (Fisher’s exact test)
Age at diagnosis (years), median + SD 64.5 £ 9.7 63.0 £ 85 0.676 (ANOVA)
Tumour size (T) 0.798
T2 2 2
T3 19 20
T4 5 4
Lymphnodes involvement (N) 0.856
NO 7 7
N1 11 11
N2 8 7
M classification <0.001
MO 0 25
M1 26 0
Grade 0.361
Gl 4 2
G2 21 18
G3 1 5
Primary tumour localisation 0.008
Colon 8 17
Rectosigmoideum 6
Rectum 12 2
Chemotherapy 0.006 (Fisher’s exact test)
5-FU = leucovorin® 6 12
FOLFOX 20° 13
Grade 3 or 4 toxicity 1 3
Post-operative radiotherapy 3 4 0.477
Chemotherapy outcome NA
Responders/non-responders 13/13 NA
Relapse/remission NA 7/18
Footnotes:

“Analysed by Pearson chi-square test. The use of Fisher’s exact test or analysis of variance (ANOVA) is specified in brackets; NA—not applicable.
"Ten patients received deGrammonte regimen, six patients received Xeloda (capecitabin) and four patients received 5-FU and leucovorin (FUFA) combination.
“Twelve patients also received Avastin in combination. Significant differences between groups in bold.
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Table II. Differences in transcript levels of ABCs between tumour and
control tissues

Gene All patients, n Tumour versus control
= 51*
ABCAI 0.001 Down-regulation
ABCA2 NS No change
ABCA3 0.017 Down-regulation
ABCA4 0.001 Down-regulation
ABCAS <0.001 Down-regulation
ABCA6 <0.001 Down-regulation
ABCA7 NS No change
ABCA8 <0.001 Down-regulation
ABCA9 <0.001 Down-regulation
ABCAIO <0.001 Down-regulation
ABCAI2 <0.001 Up-regulation
ABCAI3 0.002 Up-regulation
ABCBI <0.001 Down-regulation
ABCB2 NS No change
ABCB3 NS No change
ABCB4 <0.001 Down-regulation
ABCBS5 <0.001 Down-regulation
ABCB6 0.004 Up-regulation
ABCB7 NS No change
ABCB8 NS No change
ABCB9 NS No change
ABCBI0 0.003 Down-regulation
ABCBI11 <0.001 Down-regulation
ABCCI <0.001 Up-regulation
ABCC2 0.001 Up-regulation
ABCC3 <0.001 Down-regulation
ABCC4 0.008 Down-regulation
ABCCS <0.001 Down-regulation
ABCC6 <0.001 Down-regulation
ABCC7 0.001 Down-regulation
ABCCS8 <0.001 Down-regulation
ABCC9Y NS No change
ABCCI0 NS No change
ABCC!11 NS No change
ABCCI3 <0.001 Down-regulation
ABCDI1 NS No change
ABCD2 <0.001 Down-regulation
ABCD3 <0.001 Down-regulation
ABCD4 <0.001 Down-regulation
ABCE1 <0.001 Up-regulation
ABCF1 NS No change
ABCF2 NS No change
ABCF3 NS No change
ABCG1 <0.001 Down-regulation
ABCG2 <0.001 Down-regulation
ABCG4 NS No change
ABCGS NS No change
ABCG8 NS No change

“Significantly deregulated genes by REST software (P-value displayed);
NS—non significant.

Then, the ratio of C; values for ABC gene/ENDO was
calculated and used for non-parametric tests as described in
Materials and methods. Thus, the higher ABC/ENDO ratios
signify lower relative ABC transcript levels. Clinical character-
istics presented in Table I were correlated with transcript levels
of ABC genes in tumour tissues. A significant inverse
correlation between ABCC10 and tumour grade was found;
the higher the grade, i.e. the more aggressive the tumour, the
lower the ABCC10 transcript level (Table III). Transcript levels
of ABCA12, ABCC7 and ABCC8 in tumour tissues had the
following significant trend in tumour localisation: colon <
rectosigmoideum < rectum. Interestingly, all three of the
above listed transcripts followed exactly the same trend in
control tissues as in tumours (Table IIT). However, ABCB9,
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ABCB11, ABCG5 and ABCGS8 followed the opposite
significant trend, i.e. a decrease in transcript levels in the
direction from colon to rectum (Table III).

Relations between transcript levels of ABCs in tumours and
chemotherapy outcome

In the group of patients with metastatic CRC, the response to
the palliative chemotherapy significantly correlated with the
transcript levels of ABCC6, ABCC11, ABCF1 and ABCF2
(Table IIT). In the group of patients with radically RO removed
tumours, the DFI after adjuvant chemotherapy was influenced
by transcript levels of several ABCs. Patients with a low
transcript level of ABCA7 (cut-off > 1.25) had a significantly
shorter DFI (P = 0.033, log-rank test) and a higher HR of
progression than patients with a high transcript level (HR =
5.09, 95% HR confidence limits = 0.97-6.7; Figure 1A).
Similarly, patients with low transcript levels of ABCA13 (cut-
off > 1.58), ABCB4 (cut-off > 1.48), ABCC11 (cut-off >
1.68) and ABCD4 (cut-off > 1.19) had a shorter DFI and
a higher HR of progression (P = 0.011, HR = 5.75, 95% HR
confidence limits = 1.25-26.37; P = 0.003, HR = 15.83, 95%
HR confidence limits = 1.72-145.92; P = 0.016, HR = 8.81,
95% HR confidence limits = 1.05-74.16; P = 0.023, HR =
5.51, 95% HR confidence limits = 1.07-28.48, respectively,
Figure 1B-E) than patients with high transcript levels.
ABCC11 was thus a significant predictor of chemotherapy
outcome in both groups of patients.

Discussion

The efflux of endogenous substrates and also xenobiotics
including anticancer drugs out of the cells presents the
principal activity of ABCs. Thus, ABCs could be important
for both CRC onset and CRC treatment outcome. A number of
monogenic disorders have been associated with ABCs, e.g.
mutations in ABCC7 gene with the onset of cystic fibrosis and
thus, the analysis of mutations in ABCs is routinely used for
genetic testing (9). Although some of the studies observed
significant associations between polymorphisms in ABCs and
the cancer risk, including CRC, there has been no validated
marker among all known 49 human ABCs for CRC prognosis
and therapy outcome prediction until now. Based on the results
of our pilot study, we propose ABC10 and ABCC11 as such
markers and targets for validation studies focused on their
confirmation or rejection.

Despite numerous published studies in animals and cell
models showing the functional impact of ABCs on multidrug
resistance, no convincing evidence of a clinical utility of ABCs
as markers for the prediction of chemotherapy outcome in
cancer patients has been published to date. The majority of
published studies deal with associations of SNPs with therapy
outcome or toxicity. However, there is limited knowledge
about the association between genotype and phenotype. The
reason may be the complexity of ABCs, which are pro-
miscuous and overlap in spectra of transported substrates. The
lack of information about gene and protein expressions and
activity of ABCs in homogenous groups of patients treated by
the same spectra of drugs further complicates the evaluation of
their importance. CRC seems to be a suitable disease for the
pharmacogenomic profiling of ABCs because it is routinely
treated by prototypical substrate of certain ABCs, 5-FU.
Therefore, we have conducted a pilot study aimed at the
evaluation of transcript profiles of all human ABCs in two
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Table IIL Significant correlations of transcript levels of ABCs with clinical data

Grade Gl (n = 6)* G2 (n = 38)" G3(n=17)7 P*
ABCCI10 1.14 &+ 0.04 1.17 &+ 0.04 1.23 £+ 0.05 0.010
Primary localisation—tumour tissue Colon Rectosigmoideum Rectum P*
(n = 24)* n = 12)* (n = 14)*
ABCA12 1.65 + 0.22 1.50 &+ 0.10 1.46 & 0.17 0.020
ABCC7 1.14 £ 0.18 1.07 £ 0.10 1.02 + 0.04 0.017
ABCC8 1.78 + 0.15 1.77 + 0.14 1.67 £+ 0.15 0.042
Primary localisation—control tissue
ABCAI12 1.76 £+ 0.14 1.64 £+ 0.10 1.59 + 0.10 0.001
ABCC7 1.04 &+ 0.08 1.01 + 0.04 0.98 + 0.04 0.005
ABCC8 1.52 4+ 0.08 1.50 &+ 0.05 1.44 £ 0.04 0.002
ABCB9 1.25 + 0.03 1.27 + 0.04 1.29 £+ 0.03 0.005
ABCBI11 1.29 +0.11 1.32 + 0.05 1.37 &+ 0.05 0.004
ABCGS5 1.52 £ 0.10 1.62 + 0.07 1.65 + 0.09 <0.001
ABCG8 1.47 £ 0.11 1.58 &+ 0.07 1.60 £ 0.10 <0.001
Response in palliative group Responders Non-responders P°
(n = 13)* (n = 13)*
ABCC6 1.23 + 0.05 1.28 + 0.06 0.033
ABCC11 1.57 &+ 0.06 1.69 + 0.06 <0.001
ABCF1 1.06 + 0.03 1.08 + 0.03 0.044
ABCF2 1.09 + 0.03 1.12 + 0.03 0.015
“Mean + SD.

"Significant differences analysed by independent Kruskal-Wallis test.

groups of CRC patients strongly differing in prognosis.
Patients who underwent the radical surgical resection of the
tumour have better prognosis than patients with the metastatic
disease. Both groups were treated by chemotherapy regimens
based on 5-FU and the short-term evaluation of response to this
treatment was available. We hypothesised that a strong effect
of potential marker(s) should be clearly visible in both groups.
As far as we are aware, this is the first complex study of the
role of ABC transporters in the tumour development and
treatment conducted on CRC patients.

The majority of the studied ABCs were down-regulated or
unchanged between tumours and non-neoplastic control tissues
in this study. ABCA12, ABCA13, ABCB6, ABCC1, ABCC2
and ABCE1 were up-regulated in tumours versus control
tissues. There are several studies on the assessment of
transcript or protein levels of the selected ABCs (usually
ABCB1, ABCG2 and members of ABCC subfamily) in the
literature of CRC. Our data comply with the previous reports
with regard to the down-regulation of ABCB1 (20) and
ABCC3 as well as the up-regulation of ABCC2 in colorectal
tumours (29). In addition, we found the up-regulation of
ABCCI that had not been previously detected (29). Moreover,
our results confirmed the previously observed down-regulation
of ABCG2. ABCG2 mRNA showed a 6-fold decrease in
colorectal tumours in comparison with control tissues (48). A
ubiquitous expression of ABCE1 mRNA in normal and tumour
colon tissues was found. Among 21 peptides with the HLA-
A2-binding motifs, two ABCEIl-derived peptides were recog-
nised by the colon cancer-reactive cytotoxic T lymphocytes in
a dose-dependent manner. The authors suggested that ABCE1
and its peptides could be target molecules in specific
immunotherapy for HLA-A2-positive CRC patients (49).
Our observation of significant up-regulation of ABCE1 in
tumour tissue of CRC patients, if confirmed by independent
study, may be relevant for targeted therapy of CRC. There are
no literature data on transcript or protein levels of other ABCs
in tumour and non-neoplastic tissues from a series of CRC
patients.

192

The analysis of the tumour localisation has identified highly
interesting trends. Transcript levels of certain ABCs increased
or declined in direction from colon to rectum in a significant
trend. Firstly, we noticed this effect in the tumour tissues. To
discern this effect from possible deregulation of mRNA
expression by the tumour pathophysiology, we analysed the
tissue distribution of transcripts of ABCs also in non-neoplastic
control tissues. The same ABCs as in tumours, namely
ABCA12, ABCC7 and ABCCS8, were found differentially
distributed in control tissues maintaining the same trend
towards localisation (increase from colon to rectum). Addi-
tionally, ABCB9, ABCB11, ABCGS5 and ABCGS followed the
opposite significant trend, i.e. a decrease in transcript levels in
direction from colon to rectum. Significant changes in gene and
protein expression along the anterior—posterior intestinal axis
were observed for solute carrier transporters in mice (50).
Moreover, mRNA expression levels of murine Abcb2, Abcb3,
Abcb9, Abcc3, Abcc6, Abcdl, AbcgS and Abcg8 displayed
significantly differential gene expression along the duodenum,
jejunum, ileum and colon (51). In human samples, the
expression of mRNA for ABCB1 and ABCC2 was highest in
jejunum and decreased towards more distal regions, whereas
ABCC1 was equally distributed in all intestinal regions (52).
We did not confirm the results of Gutmann et al. (53) who
found that mRNA expression of ABCG2 was maximal in the
duodenum and decreased continuously down to the rectum,
perhaps due to the fact that we had no access to samples from
duodenum. Moreover, human ABCs identified by us to be
differentially distributed in colorectal tissues have not been
studied in this regard yet. A possible relevance of the observed
gradient in expression of ABCs for efficacy of CRC
chemotherapy shall be further studied.

The majority of clinically associated ABCs were either
down-regulated or unchanged in tumours versus control
tissues. In terms of chemotherapy outcome, the induction of
mRNA levels of ABCs and subsequent enhancement of their
effect cannot be ruled out. In fact, the ABCG2 mRNA content
in hepatic metastases was found to be higher after an
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Fig. 1. Kaplan—Meier survival plots presenting the relation between DFI and transcript levels of ABCs. Survival curves are shown for two groups of patients divided
by cut-off (for evaluation of cut-off, see Materials and methods). Individual figures illustrate Kaplan—Meier survival plots of patients with respect to transcript levels
of ABCA7 (A, cut-off 1.25), ABCA13 (B, 1.58), ABCB4 (C, 1.48), ABCC11 (D, 1.68) and ABCD4 (E, 1.19). Dashed lines represent the group with higher
normalised values than cut-off (meaning low transcript levels of ABCs) and solid lines represent the group with lower or equal values than cut-off (high transcript
levels of ABCs).
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Fig. 2. Proposed involvement of ABCs in CRC development, progression and treatment outcome.

irinotecan-based chemotherapy than in irinotecan-naive metas-
tases (54). However, the access to post-operative liver
metastases in the studied group of patients was limited and
such analysis will be the subject of the validation study. In this
context, it seems quite interesting that, according to recent
study, synchronous or metachronous liver metastases could be
treated differently on the basis of different gene expression
signatures (55).

The transcript level of ABCC10 in tumours correlated with
the grade in our study. There are no data on ABCC10 role in
CRC in the literature. The lower ABCB1 expression was found
in poorly differentiated CRC tumours (P < 0.05; 20) in line
with the study on cell lines, where ABCB1 had a higher
expression in well-differentiated colon cancer cells, when
compared with the poorly differentiated ones (14). An
increasing expression of another member of ABCC subfamily,
ABCC3 with higher grade, i.e. the opposite trend to our
observation with ABCC10, was found in pancreatic tumours
(56). No further data on the association of other ABCs with
grading in CRC are currently available. Zhang et al. (57)
indicated that ABCB1 expression significantly correlated with
tumour localisation (P = 0.039) and gender (P = 0.043). The
intensity of immunohistochemical ABCG2 protein staining
was higher in tumours of CRC patients with lymph node
positive than in negative disease (30 versus 6.7%, respectively;
P < 0.025). Thus, it seemed that ABCG2 expression may be
important for progression and metastasis of CRC (58). Our
pilot study, however, did not confirm any of the above
published associations.

In the group of patients treated by palliative chemotherapy,
the response was analysed using RECIST criteria. Patients
were divided into two groups (responders versus non-
responders). Transcript levels of ABCC6, ABCC11, ABCF1
and ABCF2 were significantly higher in responders in
comparison with non-responders. In the group of patients
treated by the adjuvant chemotherapy after the radical surgical
resection of tumour, the relation between transcript levels of
ABCs and DFI was evaluated. DFI was significantly shorter
and HR of progression higher in patients with low transcript
levels of ABCA7, ABCA13, ABCB4, ABCC11 and ABCD4,
suggesting that these genes play a role in the therapy outcome
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of patients treated by the adjuvant chemotherapy. Thus,
ABCC11 was up-regulated in the chemotherapy-naive tumours
from patients who subsequently achieved a good response to
the chemotherapy in both palliative and adjuvant groups.
ABCCI11 was shown to be a resistance factor for fluoropyr-
imidines (34). Oguri et al. (59) discovered that expression of
the ABCCI11 is induced by 5-FU and that ABCCI11 is directly
involved in 5-FU resistance by the efflux transport of the active
metabolite FAUMP in human small-cell lung cancer cell lines.
We hypothesise that the high ABCC11 expression in tumours
before chemotherapy observed in both groups of CRC patients
studied by us may limit further induction of ABCC11 by 5-FU
treatment. However, to confirm or reject our idea, we need to
analyse post-chemotherapy samples from the same patients or
run a larger validation study.

It is also interesting that the most studied ABCs in the area
of chemoresistance, ABCB1, ABCC1-5 and ABCG2 did not
predict 5-FU therapy outcome in our CRC patients. We cannot
add more evidence to the results of the recent study reporting
that ABCC1 in CRC tissues could predict the reduced folate
level after leucovorin administration and determine the efficacy
of treatment by leucovorin (60). Schmidt et al. (61) observed
up-regulation of ABCC6 in 5-FU-resistant colon tumour cell
lines. Quite recently, ABCC3, ABCC4 and ABCCS were
found up-regulated in S5-FU-resistant pancreatic carcinoma
cells (62). Nevertheless, results obtained using rather uniform
cell line models cultured in the presence of a drug for a long
time may not reflect the real situation in such a heterogeneous
entity as colorectal tumour or a series of such tumours. As
regards, observation in cancer patients, a significant de-
regulation of gene expression in a number of ABCs was found
in breast cancer patients (n = 19) receiving preoperative
(neoadjuvant) chemotherapy regimens including 5-FU.
ABCA1, ABCA12, ABCB6, ABCCS5, ABCC11 and ABCC13
were down-regulated in patients with complete pathological
response, in comparison with patients with residual disease. In
contrast, ABCB2, ABCC7 and ABCF2 were up-regulated in
patients with complete pathological response (63). In breast
cancer patients treated with endocrine therapy, ABCF2 protein
immunopositive tumours had a longer disease-free survival
when the tumours were oestrogen receptor negative or



progesterone receptor negative (P = 0.002 and 0.005,
respectively; 64). Thus, the up-regulation of ABCF2 observed
by us in CRC patients corresponds to available data on breast
and cervical cancers. It seems obvious that ABCs have tumour-
specific expression profiles (65) and thus also different roles in
the mechanism of chemoresistance of the cancer cell
(summarised in Figure 2). Thus, further studies are needed to
evaluate the importance of the results obtained by this study.

The study of transcript levels rather than protein expression
may be seen as the major limitation of our study. The power of
protein analysis is obvious. However, the use of immunohis-
tochemical analysis is semi-quantitative and reflects only
protein level and not its activity. In addition, the issue of
availability, specificity and selectivity of the antibodies further
limits protein analysis. The correlations between transcript and
protein levels of human ABCs are mostly unknown and thus,
we shall consider transcript levels as independent markers. For
the assessment of transcript levels, we have used highly
sensitive methods based on real-time PCR, which is superior to
relative or semi-quantitative approaches. The small sample size
and absence of correction for multiple testing could be seen as
another limitation of our pilot study. Thus, all results should be
interpreted with caution and need to be confirmed by both
retrospective and prospective validation studies on a larger and
independent series of CRC patients.

In conclusion, our pilot study brings to light new and
interesting data. Transcript levels of all known human ABC
transporter genes were assessed in a series of tumour and
control tissue samples from well-characterised CRC patients.
Several genes were found deregulated in tumours compared
with control tissues and a gradient of transcript levels along the
superior—inferior axis of the large intestine was observed for
the first time. The comparison of outcomes of patients treated
by the 5-FU-based regimens suggested that ABCC11 may
present a promising candidate marker. The validation of
candidate genetic markers identified in the pilot study will be
the next goal of our current research.

Supplementary data

Supplementary Table IS-VIS and Material are available at
Mutagenesis Online.
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Summary

Many advances in understanding colorectal cancer heterogeneity and its impact on the variability of
treatment efficacy have been achieved in recent years. New methods have also been introduced in colorectal
cancer diagnosis and early detection, including molecular biology techniques as well as newly developed or
improved imaging techniques. We are currently aware of some aspects of colorectal cancer heterogeneity,
such as alterations in the epidermal growth factor receptor signalling or the different behaviours of tumours
belonging to different genetic and epigenetic subtypes. In the future, greater attention should also be focused
on other signalling circuits with the goal to treat patients individually, based on the characteristics of their
tumours. This so-called personalised medicine will bring more benefits to patients, without unnecessary
adverse side effects. Therefore, all new information regarding colorectal cancer biology brings us one step

closer to accomplishing this goal.

Key words: colorectal cancer; chromosomal instability; microsatellite instability; CpG island methylator
phenotype; EGFR pathway; circulating tumour cells; stool DNA

INTRODUCTION

Colorectal cancer (CRC) is one of the most common
malignant diseases worldwide. According to the most
recent data from the GLOBOCAN project, colorectal
cancer, with its more than 1.2 million new cases
per year, is the third most common type of tumour
and results in 600 thousand deaths per year, ranking
it fourth in terms of mortality (Ferlay et al. 2010).
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The biggest problem is the high ability of colorectal
carcinoma to form secondary tumours, particularly
in the liver and lung. Based on the different studies,
20% of patients have synchronous metastasis at the
time of primary tumour identification, and more than
30% of patients develop metachronous metastasis
during disease progression (Mejia et al. 2012).
Another complication connected to colorectal
carcinoma is the high heterogeneity of the genetic and
epigenetic changes among the individual tumours.
In the past, all colorectal cancers were treated as
the same tumour, and the only division was based
on the hereditability of this malignancy; there were
hereditary and sporadic CRCs. With the development
of molecular biology and spreading of its methods
into clinical medicine, it has become apparent that the
division of CRCs into these two groups is insufficient.
Based on the major genetic and epigenetic changes,
we started to recognise three main subtypes of CRC
displaying different clinicopathological features
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(Walther et al. 2009). Recently, the complexity of
these subtypes was further increased by the presence
or absence of specific mutations in signalling
pathways that can modify the response of tumours

Normal colon

Early adenoma

to a particular chemotherapy or monoclonal antibody
treatment. Continual development of CRC is
described on the Fig. 1.

Late adenoma Adenocarcinoma

Fig. 1. Continual development of colorectal cancer. Cells of the colon crypt accumulate mutations and start to proliferate. In the
green arrows you can see inactivation of antioncogenes, in the red arrows are mentioned most important changes in oncogenes.

Currently, surgical intervention still has an
irreplaceable role in CRC treatment because it
potentially removes the entire volume of the primary
or secondary tumour without respect to its molecular-
biological characteristics (Mulsow et al. 2011,
Kosinski et al. 2012). The subsequent oncological
treatment for the eradication of micrometastatic
disease or circulating tumour cells is highly variable.
The most common chemotherapeutics used in CRC
management are based on S-fluorouracil (5-FU) (often
in combination with leucovorin), the active derivatives
of platin (oxaliplatin) and irinotecan (an inhibitor of
the nuclear enzyme Topoisomerase I) (Ismaili 2011).
The large spectrum of chemotherapeutics was recently
enriched with the possibility of biological treatment
with the monoclonal antibodies (moAb) cetuximab
and panitumumab, which target and block the
functioning of the epidermal growth factor receptor
(EGFR), thereby stopping the signalling cascade
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important for the growth and division of cancer cells
(Wu et al. 2008, Markman et al. 2010, Garett and
Eng 2011, K&hne et al. 2012). Unfortunately, none
of these treatment types are universal for all CRC
patients, and treatment responses vary dramatically.
Additional information regarding CRC subtype,
the presence of mutations and their roles in CRC
development and maintenance is therefore crucial
for the identification of the best course of treatment
for the individual patient and for the application of
“individualised medicine”.

GENETIC AND EPIGENETIC SUBTYPES OF
CRC

There are three subtypes of CRC based on major genetic
or epigenetic changes: tumours with chromosomal
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instability (CIN), those with microsatellite instability
(MSI) and tumours with a CpG island methylator
phenotype (CIMP) (Markowitz and Bertagnolli
2009, Perea et al. 2011, Armaghany et al. 2012). The
most common subtype is CRC with chromosomal
instability, which can be found in 80-85% of CRCs
(Grady and Carethers 2008). MSI-positive tumours
comprise 10-15% of CRCs (Malesci et al. 2007),
and based on the number of altered markers, we
can further distinguish the following three subtypes:
MSI-high, MSI-low and microsatellite-stable (MSS).
The frequency of CIMP varies between 12 to 25% of
CRCs (Samowitz et al. 2005a), and we can further
divide this subtype into CIMP-high and CIMP-low
tumours, depending on the amount of methylated
markers (Zlobec et al. 2011). The individual subtypes
have different prognostic and predictive impacts
on patients and are often grouped with specific
mutations, which can further alter the prognosis and/
or response to the selected treatment. In addition,
these subtypes are not mutually exclusive, and often
CRCs present with characteristics of more than one
genetic and epigenetic subtype. Relatively common
combinations include MSI+ and CIMP+ (Kang 2011)
or MSI+ and CIN+ (Sinicrope et al. 2006). From a
clinical point of view, determination of the main
subtype can be helpful for the selection of appropriate
chemotherapeutic treatment and for an accurate
disease prognosis (Walther et al. 2009).

Chromosomal instability

The chromosomal instability pathway is the most
common mechanism leading to CRC development.
It can be described as global changes in the
chromosome number (aneuploidy) accompanied with
a loss of heterozygosity. The loss of part or all of a
chromosome leads to a physical disappearance of
25-30% of alleles (Lengauer et al. 1998). There exist
several different mechanisms for CIN development,
including defects in chromosomal segregation (Wang
et al. 2004), centrosome abnormalities (associated
with aberrant expression of the genes for Aurora and
Polo-like kinases) (Ganem et al. 2009, Lassmann et
al. 2009, Han et al. 2012) or telomere dysfunction
(O’Hagan et al. 2002, Murnane 2006, 2012). Along
with karyotypic changes, specific mutations are
found in the genomes of CIN-positive CRCs. It is
not clear whether these mutations are products of
CIN or if CIN is the product of particular mutations.
These mutations affect pathways with important
roles in CRC pathogenesis. The most frequently
mutated tumour suppressor genes are APC, whose
protein product is a major regulator of Wnt/B-
catenin signalling and the cytoskeleton (Phelps et
al. 2009), the TP53 gene, which is a regulator of
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transcription and cellular stress response (Zuckerman
et al. 2009) and three genes located on the long arm
of chromosome 18 (SMAD4, SMAD2 and DCC),
which are frequently affected by allelic loss of this
region (this loss is typical in greater than 70% of
CRCs) (Fearon and Vogelstein 1990). Among the
oncogenes, the most commonly mutated genes are
CTNNBJI, encoding the B-catenin protein, which has
a very important role in CRC tumourigenesis (White
et al. 2012), and KRAS and PIK3CA, which both
play roles in cell survival and proliferation (Samuels
and Waldman 2010). The presence of these mutations
on the CIN-positive background is referred to as the
chromosomal instability pathway of colorectal cancer
development (Tejpar and Van Cutsem 2002). Despite
an enormous effort to connect individual mutations
with prognostic outcomes, none are currently in
use as prognostic factors in clinical practice (Pino
and Chung 2010). Generally, CIN-positive tumours
are associated with less favourable outcomes than
are MSI-positive CRCs (Popat and Houlston 2005,
Walther et al. 2008). Revealing the pathways that lead
to CIN development has aided in the identification of
potential chemotherapeutic targets. The benefits of
blocking the function of proteins such as the Aurora
and Polo-like kinases or two proteins associated with
chromosomal segregation (Eg5 and CENP-E) by
small-molecule inhibitors are now being examined
in preclinical and early clinical trials (data collected
from www.clinicaltrials.com).

Microsatellite instability

Colorectal cancer with microsatellite instability
accounts for 15% of all CRCs. A major cause of MSI
development is an inactivation of DNA mismatch
repair mechanisms (MRR), either by mutation
or downregulation of repair gene expression by
promoter hypermethylation (Soreide et al. 2006).
The MMR pathway is a complex system that repairs
accidental changes in DNA that arise by replication
mistakes, thereby maintaining the integrity of
the DNA (Jun et al. 2005, Kunkel and Erie 2005,
Modrich 2006, Hsieh and Yamane 2008). The most
important proteins of this pathway are MLH1, PMS2,
MSH2 and MSH6, whose mutations play crucial
roles in the development of the hereditary form of
CRC known as Lynch syndrome. Sporadic CRCs
with MSI have, in most cases, epigenetically silenced
MLH1 promoters (Pino and Chung 2011). The
phenotype of MMR inactivation involves a change in
the length of microsatellite regions, which are mono-,
di- or tri- nucleotide repetitions found in many genes.
Inactivation of MMR leads to somatic mutations in
the genes containing microsatellite regions (mostly by
reading frame shifts and the production of shortened
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or non-functional proteins). Some of these genes,
such as PTEN, BAX and TGFpRII, are important for
CRC development (Iacopetta et al. 2010).

Difficulties in the determination of MSI status lie
in the identification of the best markers for assessing
the microsatellite region length differences. The
original marker panel, approved in 1997, contained
two mononucleotide repetitions (BAT25 and BAT26)
and three dinucleotide repetitions (D2S123, D17S250
and D5S345) (Boland et al. 1998). However, the
presence of the dinucleotide repetitions in the panel
led to a misclassification of some microsatellite-
stable tumours as tumours with low-level MSI
(MSI-L) (Murphy et al. 2006). In recent years, a new
panel with five mononucleotide repetitions (BAT25,
BAT26, NR21, NR22 and NR24) (Suraweera et al.
2002) has become preferred to the previous one.

From a clinical perspective, CRCs with MSI have
a different phenotype than other subtypes, with a
higher amount of tumour-infiltrating lymphocytes,
a tendency to arise mainly in the proximal part of
the large intestine and a lower differentiation status
(Boland and Goel 2010). MSI status is not currently
used for disease prognosis or prediction, but based
on available experimental data, patients with MSI-
positive tumours show better survival than patients
with MSI-negative or CIN-positive tumours. This
effect is further altered by the presence of other
mutations in the genome (Popat and Houlston 2005).
For example, a BRAF mutation on an MSI-negative
background is prognostically very negative (Pai et al.
2012). MSI status is not an independent predictive
marker because the results of studies are affected
by the simultaneous occurrence of CIN or CIMP
positivity. The effect of MSI status on treatment with
5-FU, irinotecan and oxaliplatin has been examined.
In the case of 5-FU, a functional MMR system
is necessary to achieve cell cycle arrest after the
incorporation of 5-FU into the DNA and subsequent
incorrect base pairing (Jo and Carethers 2006). In
some cases, detrimental effects were reported when
5-FU treatment was used in MSI-positive patients in
stage II and III of the disease (Sargent et al. 2010). In
another study, patients with MSI-positive tumours in
stage I'V showed benefits and prolonged survival after
5-FU and leucovorin treatment (Liang et al. 2002).
There are also sporadic reports indicating a higher
sensitivity of MSI-high tumour cells to treatment
by irinotecan (Fallik et al. 2003, Vilar et al. 2008).
Recent meta-analysis did not show an association
between MSI status and adjuvant chemotherapy (Des
Guetz et al. 2009).

The presence of MSI can be used as an important
marker for the screening of Lynch syndrome,
particularly in younger patients with CRC or in
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families with a known genetic burden. In the case
of early detection of MSI associated with germinal
mutations in the MMR genes, special care and
attention can be focused on these patients (Schofield
et al. 2009).

CpG island methylator phenotype

A characteristic feature of the third CRC subtype is
the presence of a CpG island methylator phenotype
resulting from the aberrant methylation of DNA CpG
islands (Toyota et al. 1999, Issa 2004). CpG islands
are regions rich in cytosine and guanine that are
situated in the promoter region or first exon of 70% of
human genes (Saxonov et al. 2006). Normally, most
of these islands are not methylated (in contrast to
the CpG dinucleotides outside of promoter regions),
except for those connected to imprinted genes or
genes located on the inactivated X chromosome (Reik
and Lewis 2005, Cotton et al. 2011). Approximately
5% of genes have aberrant methylation of CpG
islands in colorectal carcinoma compared to normal
tissue (Schuebel et al. 2007), which is a much
greater amount than the number of genes affected by
mutations (Wood et al. 2007).

Currently, there is no standard set of promoter
regions for the assessment of CIMP status. Among the
utilised panels for methylation level measurement,
two are based on five studied regions (Chan et al.
2002, Weisenberger et al. 2006) and one is based
on eight different chromosomal areas (Ogino et al.
2007). These panels have different sensitivities and
specificities and results obtained by the different panels
are not comparable between each other. Additionally,
interpretation of the results is not unified; in addition
to simple division of the tumours as CIMP-positive
or CIMP-negative (Weisenberger et al. 2006), it is
possible to divide them into three classes (CIMP-
high, CIMP-low and CIMP-negative — Shen et al.
2007) or four classes (CIMP-high, CIMP-low and
two CIMP-negative groups depending on the TP53
mutation status) (Hinoue et al. 2012), depending on
the amount of methylated promoters.

CIMP is often connected to MSI because the
majority of sporadic MSI-positive tumours arise via
the epigenetic silencing of MLHI1 gene expression,
one of the most important proteins in the MMR
pathway. Combining CIMP and MSI status, we can
divide CRC into 4 to 6 groups with different clinical
behaviours (Ogino and Goel 2008, Kang 2011). For
example, the subgroup with the CIMP-high/MSI-
positive phenotype usually has disease localised in
the proximal part of colon and is more common in
women and older patients (Kim et al. 2009, Bae et al.
2011, Hughes et al. 2012). Another important feature
is the connection of CIMP and specific mutations.
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CIMP-high CRCs correlate with mutations in BRAF
(Weisenberg 2006), while the previously described
connection between KRAS mutation and a CIMP-
low phenotype is currently controversial (Ang et
al. 2010). The most serious prognosis has been
observed in patients with a CIMP-high/MSI-negative
phenotype combined with the BRAF mutation (Lee
et al. 2008).

The role of CIMP in treatment response prediction
is unclear. Some studies have described a correlation
between a CIMP-high status and a benefit from 5-FU
adjuvant chemotherapy (Iacopetta et al. 2008, Min
et al. 2011), but this result has not been confirmed
by other groups (Jover et al. 2011) and requires more
research.

MOLECULAR MARKERS WITH ROLES IN
DISEASE PROGNOSIS AND TREATMENT
PREDICTION

In addition to the described subtypes of CRC that alter
the genotype and phenotype of cells globally, there is
a large number of mutations in individual genes that
can largely affect disease prognosis and prediction
of treatment efficacy. Despite an enormous effort to
identify new prognostic and predictive markers that
can start a new era of personalised medicine for CRC
patients, in current clinical practice, only two genes
are monitored, which modify the usage of monoclonal
antibodies blocking the function of EGFR. The
studied markers indicate expression level status of
the receptor itself and mutation status of its proximal
effector KRAS. Other genes whose functional status
should help with more precise disease prediction and
more effective use of treatments are in various phases
of experimental research. Some of them are described
in the following text.

Epidermal growth factor signalling pathways

EGFR is a receptor-tyrosine kinase belonging to the
HER-Erb2 protein family (Warren and Landgraf
2006). This single transmembrane glycoprotein can
be specifically activated by the binding of its cognate
ligand to the extracellular domain of the receptor.
After ligand binding, the receptor dimerises (there
can be homodimerisation as well as the formation
of heterodimers with other members of its family).
Dimerisation leads to activation of the intracellular
kinase domain, which phosphorylates proximal
members of signalling pathways emanating from the
EGFR receptor. The most important proximal effector
is the KRAS protein. Among the pathways activated
by EGFR signalling are the MAPK, PI3K/AKT and
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Jak2/Stat3 pathways, all of which have crucial roles
in maintaining cellular homeostasis (Yarden and
Sliwkovski 2001, Lurje and Lenz 2009) (Fig. 2).
Aberrant cell proliferation and its consequences are
one possible outcome of the dysregulation of these
pathways (Spano et al. 2005). The role of EGFR
in CRC development seems to be essential, but
the physiological function of EGFR signalling in
the intestinal epithelium is still a matter of debate.
According to current information, EGFR signalling
plays an important role in the maintenance of the
intestinal stem cell population (Sato et al. 2009, 2011,
Xu et al. 2011, Nautiyal et al. 2012).

The EGFR pathway has a unique position in
CRC treatment because it is one of the two pathways
where the indication of the targeted treatment has
been approved for patients with metastatic CRC
(Cunningham et al. 2004). There are two types of
EGFR inhibitors — small molecule tyrosine kinase
inhibitors (TKI), such as erlotinib and gefitinib,
and monoclonal antibodies, such as cetuximab and
panitumumab (Ng and Zhu 2008). TKIs function to
block the intracellular kinase domain (Takeuchi and
Ito 2001), while antibodies target the extracellular
domain and block receptor dimerisation (Okamoto
2010). When this type of treatment was introduced
in clinical practice, only a small percentage of
treated patients (approximately 10%) benefited
from monoclonal antibody usage (Cunningham et
al. 2004). Further research revealed that cellular
EGFR expression on its own is not sufficient for the
prediction of a treatment benefit. The first marker
discovered to be responsible for a lack of treatment
benefit in response to the anti-EGFR monoclonal
antibodies was the mutated KRAS protein. Mutations
resulted in its constitutive activity and consequent
independence from EGFR stimulation (Liévre et al.
2006).

KRAS mutations can be found in 40% of CRC
patients (Amado et al. 2008). The KRAS mutations
with the greatest impact are located in codons 12 and
13 in the second exon. These two changes impair
the intrinsic hydrolytic activity of the KRAS protein
and stop the degradation of GTP to GDP. The role
of the KRAS mutation was first observed in small
retrospective studies (De Roock et al. 2008, Lievre
et al. 2008) and later confirmed in large randomised
prospective studies including CRYSTAL (Cetuximab
Combined with Irinotecan in First-line Therapy
for Metastatic Colorectal Cancer; Van Cutsem
et al. 2009), OPUS (Oxaliplatin and Cetuximab
in First-line Treatment of Metastatic Colorectal
Cancer; Bokemeyer et al. 2009) and PRIME
(Panitumumab Randomized Trial in Combination
with Chemotherapy for Metastatic Colorectal Cancer
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to Determine Efficacy; Douillard et al. 2010). Based
on their conclusions, a benefit from moAb treatment
was detected only in CRC patients with wild-
type KRAS protein. This inference was essential
because it allowed the stratification of patients
based on the presence/absence of the mutation and
protected a population of the patients (those with
mutated KRAS) from the unnecessary side effects
of an ineffective therapy. Several recent reports have

survival
proliferation

disrupted part of this theory, as different authors have
shown that not only the mutation of KRAS in general
is important for treatment effect prediction, but the
particular mutation type must also be assessed. For
example, patients with a specific change in codon
13 (p.G13D) had a partial response to the cetuximab
antibody, which was unlikely to occur in patients with
mutations in other portions of the KRAS protein (De
Roock et al. 2010b, Tejpar et al. 2012).

Fig. 2. Overview of the EGFR signaling pathways. The role of EGFR signaling in colorectal cancer is crucial mainly from
the therapeutic point of view. EGFR function can be blocked by the monoclonal antibodies (moAb) affecting the extracellular
domain by inhibiting the ligand binding (L), or by the small tyrosine kinase inhibitors (TKI), affecting the kinase domain. Three
depicted pathways emanating from the EGFR are often modified in the tumour, mainly by the acquisition of different genetic/
epigenetic abberations and resulting change in the signaling capacity.

Unfortunately, even KRAS wild-type patients fail
to exhibit a homogeneous response to moAb therapy.
With the KRAS-mutated patients excluded, a positive
reaction was still only achieved in 20-40% of patients
(Vecchione et al. 2011). One possible explanation
might be the functioning of another RAS family
protein, NRAS. Nevertheless, it can be responsible
only for a minor part of the unresponsiveness because
it is mutated in only 3% of patients (De Roock et al.
2010a). Examination of other members of the EGFR
signalling cascade uncovered molecular changes in
additional genes that cause tumour resistance to moAb
therapy, particularly mutations in the genes coding
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for the BRAF and PI3K proteins and decreases in
PTEN expression levels (PTEN is the major negative
regulator of the PI3K pathway) (Grossmann and
Samowitz 2011).

BRAF is a member of the RAF kinase family and
the first kinase in the MAP kinase pathway (Chong
et al. 2003). This protein is mutated in 10-15% of
CRC patients. The point mutation V600E causes
constitutive activity of BRAF’s kinase domain
(Davies et al. 2002, Samowitz et al. 2005b). Like the
KRAS mutation, mutated BRAF has been repeatedly
connected to tumour resistance to anti-EGFR moAb
treatment (Di Nicolantonio et al. 2008, Loupakis et
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al. 2009). The large randomised studies OPUS and
CRYSTAL did not reach a clear conclusion regarding
the predictive role of BRAF mutation in the treatment
with cetuximab (Bokemeyer et al. 2012). However,
they were able to demonstrate a prognostic effect
of BRAF mutation, as the patients with the mutated
variant had shorter lengths of overall survival than
the patients with wild-type BRAF (Roth et al. 2010,
Yokota et al. 2011, Bokemeyer et al. 2012). Because
KRAS and BRAF are both members of one signalling
pathway, their mutations are mutually exclusive. For
tumour program activation in the cell, it is therefore
likely that only one mutation in the given signalling
pathway is necessary.

A second branch of EGFR signalling is the
signalling cascade commenced by phosphatidil-
inositol-3 kinase. This pathway, with the protein
kinase AKT as the main node, performs a broad range
of functions in the cell, including the regulation of
glucose metabolism, gene expression, antiapoptotic
actions and others (Vivanco and Sawyers 2002).
Generally, this pathway regulates cell survival and
metabolism. There are two changes in this pathway
that have been connected to CRC development:
mutation in the catalytic subunit of PI3K and change
in the expression of the negative regulator protein
PTEN. PIK3CA gene mutations (encoding the
pl00a catalytic subunit of PI3K) can be found in
15-25% of CRC patients (Samuels et al. 2005, De
Roock et al. 2010a) and are located in exons 9 and
20 (approximately 70% of mutations are in exon
9 and 30% are in exon 20). The results of several
studies focused on the predictive role of PIK3CA
mutations in relation to the anti-EGFR treatment are
ambiguous (Perrone et al. 2009, Prenen et al. 2009,
Sartore-Bianchi et al. 2009), and it seems that a
predictive role for these mutations is dependent upon
the presence of other mutated genes (mainly KRAS
and BRAF). Similar to the KRAS gene, each type
of PIK3CA mutation has a different biological effect
(De Roock et al. 2010a, Mao et al. 2012). In the
case of the PTEN protein, the lack of standardised
methods have caused diverse results in the individual
studies, however, a connection between the loss of
PTEN expression and resistance to the anti-EGFR-
targeted drugs was observed (Colakoglu et al. 2008,
Sawai et al. 2008, Sood et al. 2012). The roles of
PTEN and PI3K expression and mutation status in
treatment outcome prediction need to be validated
in larger studies. The situation is very similar to
the use of the PIK3CA or PTEN aberrations as
prognostic markers, but recently published data have
described potentially enhanced malignant behaviour
in tumours with doubly mutated PIK3CA (Liao et
al. 2012).
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OTHER PATHWAYS IN CRC DEVELOPMENT

Despite the importance of the EGFR pathway in
CRC development and treatment, other signalling
cascades also have high potential for use in acquiring
prognostic or predictive information or for targeting
by CRC therapy. A currently existing method in CRC
treatment is the blocking of VEGF signalling by the
anti-VEGF monoclonal antibody bevacizumab. The
VEGF pathway appears to be crucial for tumour
angiogenesis, and its blocking proved to be efficient
in a group of CRC patients (Hurwitz et al. 2004,
Giantonio et al. 2007). This pathway can also be
partially used for disease prognosis because particular
single nucleotide polymorphisms in the VEGF gene
were described to have prognostic roles (Vidauretta
et al. 2010).

Other possible pathways crucial for CRC
developmenthavebeenidentified inrecentyearsthanks
to technological advances such as whole-genome
sequencing and exome scanning. These methods
have described in higher detail the heterogenity of
individual CRC cases, but have also revealed some
common features. A recently published article from
the authors contributing to The Cancer Genome Atlas
Network focused on deep exon and whole-genome
sequencing in 276 samples (Cancer Genome Atlas
Network 2012). The authors found new types of
alterations at all levels, starting from individual gene
mutations, methylation or amplification and ending
with chromosomal deletions or translocations. One of
the most interesting results described the frequency
of aberrations in entire signalling pathways. The
most affected were the WNT, TGFp, RAS-MAPK,
PI3K and p53 pathways. Another interesting fact was
that almost all genes had changes in the MYC target
genes, demonstrating the great importance of this
oncogene in CRC development. Currently, there are
only two pathways of those described above that can
be blocked by targeted treatment against the EGFR,
RAS-MAPK and PI3K pathways. Therefore, there
is a clear need to develop new types of treatments
to target the other pathways essential for tumour
development and growth.

NON-INVASIVE DETECTION OF CRC
HETEROGENITY

In the previous paragraphs, we attempted to convey
that CRC heterogenity causes major complications
in the treatment of individual patients. In clinical
practice, the only method for assessing the subtype or
major mutations of the CRC without surgical removal
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of the tumour is by biopsy, but this intervention brings
additional stress to the patient. Therefore, in recent
years, much effort has been dedicated to developing
new, non-invasive methods that would enable us
to determine the tumour subtype, its mutations and
other characteristics, to better predict response to
treatment. Two promising options are the detection
of circulating or disseminated tumour cells, which
are released from the tumour into the blood stream or
bone marrow (Bidard et al. 2012), and the detection
and analysis of cell-free DNA from stool samples
(Miller and Steele 2012).

Circulating tumour cells

The fact that tumours release individual cells into
bodily fluids was first observed by T. R. Ashworth
almost 150 years ago (Sleijfer et al. 2007), and
since this discovery, there have been attempts to use
them for diagnostic as well as therapeutic purposes.
However, it took until the last decades to transfer
those ideas into practice, mainly because of the
development of modern methods for cell isolation,
detection and analysis.

The main complication is the low amount of
circulating tumour cells (CTC) in contrast to normal
blood or bone marrow cells. The first step in CTC
detection is sample enrichment. The most common
method is the use of positive immunoselection; other
possibilities include negative immunoselection or
centrifugation in a density gradient, which is based on
the different physical properties of CTCs and blood
cells. An overview of the individual types of CTC
enrichment has been published elsewhere (Mikulova
etal. 2011, Sunetal. 2011, Pantel and Alix-Panabiéres
2012). Because CRC is a tumour of epithelial origin,
it is possible to use characteristic epithelial markers
for CTC enrichment, for example, expression of the
cell surface protein EpCAM, or markers typical for
individual types of tumours, because these markers are
usually not present on normal blood cells, which are
mesodermal in origin (Sleijfer et al. 2007). In initial
CTC studies, lack of standardisation in the enrichment
step caused heterogeneous and incomparable results
among the individual studies. Even the type of anti-
EpCAM antibody used for positive immunoselection
could yield different results (Antolovic et al. 2010),
and individual methods had different sensitivities,
specificities and reproducibilities. This complication
was circumvented by the introduction of several
standardised systems, such as the CellSearch™
system, which was introduced in 2004 (Allard
et al. 2004). This process consists of three steps:
CTC enrichment using the anti-EpCAM antibody,
subsequent staining of the sample with an anti-
cytokeratin antibody (characteristic for epithelial
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tissue) and immunostaining with an anti-CD45
antibody, which is expressed by haematopoietic cells
and serves to control for nonspecifically selected cells.
The result of these three steps is a cell suspension
highly enriched for CTCs, which can be used for
further analysis. This system is currently widely used
and many studies employing CellSearch for CTC
quantification in different types of carcinomas have
been published (Cohen etal. 2008, Thorsteinsson et al.
2011, Munzone et al. 2012). It is also the only system
approved by the U.S. Food and Drug Administration
as a method for the ancillary diagnosis of patients
with metastatic CRC. The number of CTCs itself
was found to be a prognostic marker in patients with
metastatic CRC (Rahbari et al. 2010).

In addition to counting the CTCs in peripheral
blood, it is also possible to assess the mutational
status of the selected genes in the isolated CTCs and
to uncover information about the primary tumour.
This method is at the beginning of its development
but has already been tried in several other types of
tumours (Kirby et al. 2012, Magbanau et al. 2012,
Sakaizawa et al. 2012). In CRC, it will be possible to
focus, for example, on the mutational status of genes
in the EGFR signalling cascade or even to identify the
main genetic and epigenetic tumour subtype.

Cell-free stool DNA

Rapidly dividing epithelial tissues release large
amount of dying cells into their surroundings.
In the case of the epithelial tissue covering the
gastrointestinal tract, these cells are released into
the lumen along with their nucleic acids. DNA, in
the form of smaller fragments, passes through the
digestive system and is ultimately excreted with
the stool. This DNA can be isolated from the stool
and used for molecular biological analysis (Ahlquist
2010). The biggest challenge to this technique is
the very low ratio of epithelial DNA to other DNA
found in the stool, a major part of which originates
from gut microbiota (usually >99%) (Klaassen et al.
2003). Technological advances of recent years have
fortunately provided new methods such as BEAMing
(Beads, Emulsions, Amplification, Magnetics) (Diehl
et al. 2008) or DMC (digital melt curve) (Zou et al.
2009), which have very high sensitivities allowing
the detection of specific mutations, even if present
in only 0.1% of gene copies. Using these methods,
it is possible to assess mutations in the KRAS or
BRAF genes (Deng et al. 2012, Li et al. 2012). A
very promising alternative to mutational screening
is the identification of specific methylation in the
isolated stool DNA. Panels of markers for the best
identification of the individual gastrointestinal
malignancies are currently under development (Elliott
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et al. 2013, Kisiel et al. 2012). Stool DNA analysis is
beginning to be experimentally used as an alternative
to the classical faecal blood test, mainly for preventive
population screening and early tumour detection. In
contrast to the common faecal blood test, stool DNA
analysis has some disadvantages, including high cost
and more complicated sample handling. However, it can
also provide very useful information about the tumour,
has very high sensitivity and can also identify tumours
of the proximal regions of the gastrointestinal system
(Ahlquist 2009).

CONCLUSION

As mentioned, many tumours are very heterogeneous
and it is not an exception that morphologically identical
tumours, which have the same tissue of origin, have
developed by completely different pathways. For
colorectal cancer, this heterogeneity is applicable with
all its consequences. Rather than one homogeneous
disease, colorectal cancer is many different types of
tumours affecting one organ. However, these types are
not strictly different from each other; they rather form
a type of continuum of subtypes with many individual
changes, which provides specific characteristics to
each individual tumour. Recently, aspects of this
tremendous heterogeneity have been revealed, and the
most important ones were described in the individual
chapters above, including novel diagnostic methods and
the effects of molecular changes on patient survival.
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Souhrn

Pitule P., Liska V., TreSka V., Novik P., Cedikova M., Kralitkova M.: Pfinos molekuldrni biologie
v diagnostice a 1é¢bé kolorektalniho karcinomu — souc¢asnost a budoucnost

Kolorektéln{ karcinom, jedno z nejéast&jsich malignich onemocnéni, je i pfes pokroky moderni chirurgické a onkologické 1é¢by pro
pacienta stdle velmi zdvaznou diagnézou. PfeZiti pacienta po radikdlnim chirurgickém zékroku ovliviiuje zejména ¢asnost zdchytu one-
mocnéni a vybér vhodné onkologické 1é¢by, jejiz tspéSnost zdvisi pfedevsim na vlastnostech samotné nddorové tkéné. V poslednim de-
setileti stoupd role molekuldrné biologickych metod v obou vyse zminénych kategoriich. Genetické a molekuldrné biologické determi-
nanty umoziiuji pfedpovédét prognézu onemocnéni a rovnéZz napomoci ve vybéru nejvhodnéjsi 1éEby, kterd pacientovi pfinese kyZeny
benefit v podobé prodlouzeni bezpfiznakového a celkového preZiti. Pfedklddany pfehledny ¢ldnek popisuje nejduleZitéj$i molekuldrné-
biologické znaky s prognostickym &i prediktivnim vyznamem, které jsou vyuzivané v klinické praxi nebo se nachézeji ve vysokém
stupni klinické studie.

Kli¢ovd slova: kolorektéln{ karcinom — molekuldrné biologické metody — prognostické faktory — prediktivni faktory

Summary

Pitule P., Litka V., Treska V., Novak P., Cedikova M., Krilickova M.: Contribution of Mollecular Biology
to the Diagnosis and Therapy of Colorectal Carcinoma — The Present and Future

Colorectal cancer is one of the most frequent malignant disease and despite of the development of modern surgical and oncological
treatment, it is still a very severe diagnosis for the patient. The survival of the patient after the radical surgery is mostly affected by the
time of detection of the disease and by the selection of the appropriate oncological treatment. The effectivity of the oncological treatment
depends mainly on the features of the malignant tissue. During the last decade, the importance of the molecular biology and it’s metho-
dology have been growing for both detection of the disease and the selection of the best treatment for the individual patient. Genetic and
epigenetic characteristics of the tumours helps to predict the prognosis of the disease and also select the best treatment, which extends the
disease-free and overall survival of the patient. The presented review describes the most important molecular-biological characteristics
with the prognostic or predictive function, which are used in the clinical practice or are in the later phase of clinical study.

Key words: colorectal neoplasms — molecular biology methods — prognostic factors — predictive factors

Rozhl. Chir., 2011, roc. 90, &. 6, 5. 315-323.

UvVOoD

Kolorektélni karcinom (KRCa) je jednim z nejcastéj-
§ich malignich onemocnéni na svété a Ceskd republika
v jeho vyskytu zaujima pfedni pozici [1]. Kazdy rok je
v Ceské republice nové diagnostikovéno v priméru 8 000
novych pfipadd a 5 000 pacientii na tuto chorobu zemfe.
Nebezpeti této choroby spociva predev§im ve vysokém
poctu piipadi ¢asné recidivy a v Casté tvorbé metastdz,
predevsim v jatrech, kam mohou migrujici nddorové buii-
ky s metastatickym potencidlem snadno vcestovat diky
mezenterickému cévnimu systému.

Hlavni tdlohu v 1é€bé primdrniho KRCa i jeho jater-
nich metastdz m4 radikdlni chirurgicky zdkrok, pfi kte-
rém dojde k odstranéni masy nddoru. V kombinaci s che-
moterapii, kterd sniZuje riziko recidivy a eliminuje ne-
diagnostikovatelné mikrometastdzy, dochdzi k poklesu

poétu recidiv u radikdIn& operovanych pacientl. Nej-
star§im typem chemoterapie, vyuZivané pfi 1é€bé€ po-
kroc¢ilého karcinomu tlustého stfeva, je 5-fluorouracil
a jeho derivity v kombinaci s leucovorinem. Od konce
devadesétych let se do klinické praxe postupné dosti-
valy nové typy chemoterapeutik, napfiklad inhibitor ja-
derného enzymu topoisomerdzy I irinotecan (Campto-
sar®) ¢i platinové derivéty (oxaliplatina, Eloxatin®), kte-
ré vyrazn& zvysily mnoZstvi pacientl pozitivné reagu-
jicich na 1é¢bu a prodlouZily bezptiznakové i celkové
preziti pacientl. Posledni novinkou v oblasti 1é¢by pa-
cientd s KRCa jsou protilatky blokujici funkci protei-
ni, které jsou nezbytné pro rist nddoru. V praxi jsou jiz
pouzivané protilatky blokujici receptor epiderméalniho
ristového faktoru (EGFR) cetuximab (Erbitux®) a pa-
nitumumab (Vectibix®) a protildtka proti vaskuldrnimu-
endotelidlnimu ristovému faktoru (VEGF) bevacizumab
(Avastin®).
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V soucasné dob€ je velkym problémem zvolit nej-
vhodné;j§i kombinaci chirurgické a onkologické 1é¢by pro
jednotlivého pacienta postizeného KRCa. V této souvis-
losti se stéle Castéji vyuzivaji metodiky a poznatky mo-
lekuldrni biologie, které pfindseji nové dileZité podkla-
dy pro diagnézu, prognézu i vybér terapie, ¢imZ poma-
hajf Setfit nemalé ndklady, které jsou na 1é€bu potfebné,
a predev§im zvySuji Sanci pacienti na del§i bezpfiznako-
vé i celkové preZiti.

V nésledujicim prehledovém ¢ldnku autofi prezentuji
nejvyznamnéj§i molekuldrné biologické mechanismy, kte-
ré jsou v soucasné dob& povaZzoviny za nejdulezitéjsi pro
prognézu KRCa a jsou vyuZivany v klinické praxi nebo
probih4 jejich evaluace ve vysokém stupni klinické studie.

CIRKULUJiCI NADOROVE BUNKY

V poslednich letech velmi diskutovanym smérem vy-
zkumu v diagnéze a prognéze kolorektdlntho karcinomu,
a karcinomti obecné, je moZnost detekce a charakteriza-
ce cirkulujicich nddorovych bunék v periferni krvi, ¢i tu-
mordznich bun€k diseminovanych do kostni dfené&. Pres-
toZe myslenka samotnd sahd jiz do poloviny minulého sto-
leti, aZ vyvoj vysoce citlivych detekénich metod v po-
slednich letech umoZnil v§zkum a nésledné i aplikaci zis-
kanych poznatki do klinické praxe. Problémem byla pfe-
devsim velice nizkd koncentrace bun€k uvolnénych z tu-
moru do krve ¢i kostni dfené — fddové jednotky bun€k
v 10 ml periferni krve. Vzorek krve musi byt proto nej-
prve specificky obohacen o potencidlni nddorové buiiky
a aZ poté analyzovén. K obohacenf se nejcastéji pouzivd
centrifugace v hustotnim gradientu nebo sofistikovanéjsi
imunomagnetické obohaceni, kdy se vyuZivaji magnetic-
ké &astice konjugované s protildtkami proti proteinim,
které definuji nddorovou buiiku (v tomto piipadé€ prede-
v§im proteiny typické pro epitelidlni buiiky, naptiklad epi-
telidlni adhezivni povrchovy protein (EpCAM)). Po za-
husténi nésleduje samotnd detekce, pouzit 1ze imunocy-
tochemii kombinovanou s vysokorychlostni automatic-
kou mikroskopif, kvantitativni PCR (polymerase chain re-
action), FISH (fluorescence in-situ hybridisation), prito-
kovou cytometrii (FC, flow cytometry), ¢i nové metody
typu mikrofluidnich desti¢ek, které jsou vysoce citlivé,
ale stdle ve fazi vyvoje [2].

Z karcinomu je nejdéle rozpracovéno vyuZiti cirkulu-
jicich nadorovych bunék pfi diagnéze a prognéze one-
mocnéni u rakoviny prsu, kde je od roku 2007 jejich de-
tekce jako tumorového markeru zahrnuta v doporuceni
Americké asociace klinické onkologie (ASCO, American
Society of Clinical Oncology). U kolorektdlniho karci-
nomu je situace komplikovanéjsi, dosud provedené stu-
die zahrnovaly vét§inou malé mnoZstvi pacientd a velmi
se li§ily metodicky a to nejen typem pouZité detekce, ale
i dobou odbéru krve ¢i kostn{ dfené (preoperacni, posto-
peralni) a charakteristikami pacientl zafazenymi do stu-
die. Vysledky jednotlivych studif jsou nekonzistentni, pfe-
sto vét§inou pfifazuji cirkulujicim ¢i rozesetym tumordz-

nim buiikdm urcity prognosticky vyznam. Recentni me-
ta-analyza vSech téchto studif prokédzala signifikantni ko-
relaci mezi detekei cirkulujicich kmenovych bunék, $pat-
nou prognézou onemocnéni a zkrdcenym bezpiiznako-
vym i celkovym preZitim.

Dalsi vyzkum je nezbytny. Analyza cirkulujicich kme-
novych bunék, jejich poCtu, ale i muta¢nich a expresnich
profiléi, miZe pfinést uzite¢ny, v pfipadé periferni krve
i neinvazivni, ndstroj pro hodnoceni rizika ¢asné recidi-
vy a vzniku vzdélenych metastdz, ale i pro prib&zné sle-
dovéni i¢inku pouZivané 1é€by s mozZnosti jeji okamZité
zmény.

DETEKCE VOLNE DNA VE STOLICI

Vysokd incidence kolorektdlniho karcinomu a nemalé
finanéni nédklady na 1é¢bu pacientli v pokrocilém stadiu
onemocnéni vedou ke snaze prospektivné sledovat rizi-
kovou ¢ést populace a diagnostikovat onemocnéni v je-
ho pocétecni fdzi. Jednou z nejpouzivanéjsich metod je
detekce okultniho krvéiceni ve stolici. Metoda je neinva-
zivni, levnd a pacient je schopen provést si ji sdm bez nut-
nosti ndvitévy lékare a teprve aZ k jejimu vyhodnoceni
je zapotiebi vzorek dopravit do laboratofe. Nepfindsi si-
ce vysokou senzitivitu, pfesto jeji vyuZiti vede diky od-
haleni nemoci pfed propuknutim potiZi ke sniZeni mor-
tality spojené s kolorektadlnim karcinomem [3]. S rozvo-
jem molekuldrn{ biologie, a pfedevs§im metod pro detek-
ci mutaci pomoci PCR ¢i pifimou sekvenaci, se objevila
moznost detekovat pocinajici nddory kolorekta, ale i ji-
nych &asti gastrointestindlniho traktu, z volné DNA ve sto-
lici. Vyznam téchto testd stdle nardstd diky jejich vyso-
ké senzitivit€, nizké cen€ a vyuziti nejen pro detekci ko-
lorektdlniho karcinomu.

Vyznamnou vyhodou diagnostiky DNA tumoru opro-
ti klasickému testovani piitomnosti krve (respektive he-
moglobinu) ve stolici, je schopnost odhalit nejen karci-
nomy, ale i jejich prekurzory, jako napfiklad adenomy.
V principu lze odhalit vSechny typd nddort a premalig-
nit, ze kterych se uvoliiuji buriky do intralumindlniho pro-
storu, jelikoZ po té€chto buiikdch zdstane ve stolici &4s-
te¢n€ degradovand DNA. Problémem prvni generace tes-
ti DNA ve stolici byla niZ§{ schopnost detekce a bylo za-
potiebi, aby mutaci neslo vice neZ jedno procento vSech
kopii studovaného genu. MnoZstvi relevantni DNA ve sto-
lici je pfitom relativné malé — zbytky lidské DNA tvoii
zhruba 0,01 % veskeré DNA ve stolici, zbytek tvoii DNA
bakteridlni mikrofléry. V poslednich letech se objevily no-
vé metody zvySujici analytické schopnosti testi, jako
BEAMing (beads, emulsions, amplification, magnetics;
metoda pojmenovéana po zdkladnich principech a mate-
ridlech, které vyuzivd) a digitdlni kfivka tani struktury
DNA (DMC, digital melt curve), u kterych je zapotiebi
jen vice nez 0,1 % mutovanych kopif charakteristickych
pro malignitu.

Dalsi vyhodou testovdni DNA je vy$§i hladina detekce
néadort proximélnich &4sti tlustého stfeva, protoZe z nich
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uvolnénd krev je ve stolici jiZ t¢éméf kompletné degrado-
vand a tedy nedetekovatelnd klasickymi testy. Novd me-
todika pfind’i navic moZnost diagnostiky dal§ich nddord
gastrointestindlniho traktu, jejichZ incidence je niZ$i nez
u kolorektélntho karcinomu, a proto ve vétsiné pfipadi ne-
jsou vySetfovany pfi screeningovych vySetfenich a jsou
diagnostikovany aZ jako symptomatické a tedy v pokro-
¢ilém stadiu. Jen typem zvolenych markeri Ize ¢asné de-
tekovat celou fadu riznych malignit a pacienty tak 16Cit
jesté pfed rozvojem nemoci. To by pfineslo vyznamné sni-
Zeni ndkladd na péci o pacienty a zvySeni jejich celkové-
ho i bezpfiznakového prezivani. Experimentalné bylo vy-
uzit{ metod testovani DNA ve stolici ovéfeno naptiklad
u nddort jicnu, Zaludku, slinivky a dal§ich [4].

Technicky pokrok a stejné metodiky 1ze vyuZit i pro de-
tekci DNA neinvazivnim zpiisobem v t€lnich tekutindch,
napiiklad v krvi ¢i v mo¢i. Nové postupy jiZ byly expe-
riment4ln€ ovéfeny a v blizké dobe se ocekdva jejich za-
vedeni do klinické praxe.

MOLEKULARNI PREDIKTIVNI
A PROGNOSTICKE FAKTORY
KOLOREKTALNIHO KARCINOMU

Kolorektdlni karcinom neni homogennim onemocné-
nim. Molekuldrn{ klasifikace jednotlivych typi se stidle
vyviji a v souCasnosti 1ze rozeznat tfi zdkladni typy de-
finované podle pfitomnosti chromozomalni nestability
(CIN), mikrosatelitni nestability (MIN) ¢i metylovanych
CpG ostrivki (CIMP). Kazdy z téchto typi méd mirné
odli$né klinické projevy a jinak reaguje na 1é€¢bu. Kro-
meé rozdé€leni podle majoritnich zmén v genomu 1ze na-
1ézt celou fadu pozménénych signalizaénich drah a mu-
taci v jednotlivych genech, které se vyskytuji vZdy jen
u uritého procenta kolorektdlnich karcinomu [5]. Se
snahou co nejvice individualizovat 1é¢bu je potfeba iden-
tifikovat dal$i spolehlivé prediktivni a prognostické zna-
ky, diky kterym by bylo moZné pacientim indikovat nej-
vhodnéjsi 1é¢bu.

Prediktivni znaky jsou takové, které umoziiuji pfedpo-
védét efekt konkrétni 1€€by u individudlniho pacienta.
Znalost t&chto znakd pomiiZe pfi vybéru nejvhodn&jsi 16¢
by pro pacienta, ktery tak miZe byt uSetfen pfipadnych
nezddoucich efektl 1é¢by, kterd by u n&j nebyla G¢innd,
a naopak muze profitovat z ¢asného nasazeni efektivni
chemoterapie ¢i biologické 1€€by. Prognostické znaky na-
opak nejsou vdzadny na konkrétni typ 1é¢by, ale poskytu-
ji informaci o prognéze onemocnéni. Nekteré moleku-
larni znaky mohou byt jak prediktivni, tak prognostické,
napiiklad pfitomnost estrogenovych receptorti u rakovi-
ny prsu, ale u kolorektdlniho karcinomu zatim Zadny znak
s kombinovanou roli identifikovany nebyl.

Hleddn{ a néslednd evaluace prognostickych i predik-
tivnich znakd je b&h na dlouhou trat’. V prvnim kroku se
kandiddtn{ faktory vétSinou hledaji pomoci metod mole-
kuldrni biologie — mé&feni proteinové exprese, genové ex-
prese, hleddni mutaci v DNA apod. Poté vétSinou nésle-

duji retrospektivni a prospektivni klinické zkousky na vét-
§ich skupindch pacienti, které ovSem Casto pfindseji ne-
konzistentni vysledky, napfiklad kvili heterogenité sku-
pin pacientii zafazenych do studif ¢i odli$né metodice, kte-
rd byla pro studium daného faktoru pouZita riznymi vy-
zkumnymi tymy. Popis v souCasnosti identifikovanych
a nejvice studovanych prognostickych a prediktivnich
znakd u KRCa je uveden v nésledujicich odstavcich.

Signaliza¢ni drdha vedouci od receptoru
epidermalniho ristového faktoru

Rostouci znalosti o biologickém chovéni riznych ty-
pl tumort v poslednich deseti letech ukazovaly na pod-
statnou roli signalizaénich drah vedoucich od receptord
pro rustové faktory ve vyvoji a riistu riznych typd tumo-
ri. U KRCa se jednd pfedev§im o receptor pro epider-
mdlni ristovy faktor (EGFR), pfes ktery buiika pfijimd
signdly vedouci k pfezivani a k proliferaci. EGFR je trans-
membrinovy protein s intraceluldrni kindzovou doménou.
Extracelularni oblast, ve které se nachéz{ ligand-vazebna
doména, je vhodnym cilem pro vazbu specifickych mo-
noklonélnich protilatek, které kompetuji s ligandem o vaz-
bu k receptoru, ale nespousteji signalizaci a tedy pfenos
signdlu pfes dany receptor zablokuji.

Popsaného mechanismu vyuZivaji dvé, v 1ébé KRCa
rutinné pouZivané monoklondlni protildtky proti EGFR,
cetuximab (chimerickd protildtka izotypu IgG1) a pani-
tumumab (plné lidsk4 protilatka izotypu IgG2). Nasaze-
ni t€chto protildtek bylo v po€dtku indikovéno pro pa-
cienty s pozitivni expresi EGFR pfi imunohistochemic-
kém vysetfeni. Nésledné studie oviem ukézaly, Ze v pri-
méru pouze 10 % lé€enych EGFR-pozitivnich pacientt
reagovalo pozitivné na pfiddni monoklonélni protilatky
do 1é¢ebného rezimu [6]. Pfedpoklddanym diivodem sni-
Zené reakce nékterych pacientl byla mutace ¢&i jind zmé-
na v proteinech signdlni drdhy EGFR, a jako hlavni kan-
didat se ukdzal byt zndmy onkogen KRAS (v-Ki-ras2 Kir-
sten rat sarcoma viral oncogene homolog). Ve velkych
randomizovanych studiich, které porovnédvaly tG¢innost
1é¢by zavedenych chemoterapeutickych postupli bez
a s monoklondlni protildtkou (napfiklad OPUS,
CRYSTAL), byla opét u fady pacientil pozitivnich na ex-
presi EGFR zaznamenéna sniZend nebo Zddné reakce na
lé¢bu monoklondlni protilatkou. V pfipad€ panitumuma-
bu dokonce pouZiti protildtky u nékterych pacientd ved-
lo ke sniZzenému celkovému pfezivani. Testovani pacien-
th na pfitomnost KRAS mutace potvrdilo, Ze pozitivni
efekt monoklondlni protiltky proti EGFR je svdzén s ne-
mutovanymi alelami genu KRAS. U jedincii s mutova-
nym proteinem KRAS je nejcastéji postiZena autoinakti-
vacni funkce, protein je konstitutivné aktivni a k signali-
zaci nevyZaduje aktivaci EGFR. U pacienti s konstitu-
tivn€ aktivnim proteinem KRAS je tedy pouZiti protilat-
ky blokujici EGFR beziicelné. V soucasnosti je kromé
proteinu KRAS studovéno nékolik dal$ich proteint v sig-
nalizaéni kaskdd€ EGFR i receptor samotny. Struny pre-
hled signalizacnich kaskdd vedoucich od EGFR je za-
chycen na obrdzku 1.
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Obr. 1. Prehled zdkladnich drah vedoucich od receptoru pro epidermalni
ristovy faktor (EGFR). U kolorektélniho karcinomu hraji zdsadni roli p¥i
rozvoji malignity pfedev$im drahy aktivované proteiny PI3K a RAS (vSech-
ny jeho typy). Kromé PI3K a RAS signaliza¢ni kaskddy jsou aktivoviny
i dalsi drahy, naptiklad drédha fosfolipazy Cy ¢i rodiny transkripénich fak-
torti STAT. Cervent oznatené proteiny maji potvrzeny prediktivni & pro-
gnosticky vyznam a jsou zkoumédny béhem vybéru vhodné 1é¢by pro paci-
enta ¢i p‘i‘edpovéd’ zdvaZnosti onemocnéni. Zluté oznatené proteiny v sou-
Casnosti vyuZivdny pro prognostické ¢i prediktivni icely nejsou, ale po dal-
$im ové¥feni by jejich mutaéni ¢i expresni zmény mohly slouZit jako diile-
zité faktory pro indikaci vhodné terapie. U proteini RAS, PI3K, RAF
a PTEN jsou uvddén odhadovany procentudlni podil na rezistenci k 1é¢bé
monoklonilnimi protildtkami proti EGFR. Upraveno podle [20] a podle dat
z internetové databéze signilnich drah http://www.biocarta.com/genes/al-
IPathways.asp; mTOR = mechanistic target of rapamycin (serine/threoni-
ne kinase); PLCY = phospholipase C, gamma; STAT = signal transducer
and activator of transcription.

Fig. 1. Overview of the signaling cascades activated by the epidermal
growth factor receptor. The major role in the development of the colorec-
tal carcinoma play pathways activated by PI3K and RAS proteins. In ad-
dition to PI3K and RAS signalling cascades, EGFR signalling activates ot-
her pathways like phospholipase CY or the family of STAT transcription
factors. Red marked proteins are confirmed and used as a prognostic or
predictive factors and are impotant for the selection of appropriate treat-
ment or for the prediction of the disease outcome. Yellow marked proteins
are not at present use for the prediction or prognosis, but after the future
evaluation they can serve as a important factors for the selection of best
treatment or for the disease prognosis. In the boxes next to the RAS, PI3K,
RAF and PTEN proteins is the estimated percentage of colorectal carcino-
ma resistance to the anti-EGFR monoclonal antibody treatment caused by
the mutation in the particular protein. Modified from [20] and from the sig-
naling pathways database http://www.biocarta.com/genes/allPathways.asp;
mTOR = mechanistic target of rapamycin (serine/threonine kinase); PLCYy
= phospholipase C, gamma; STAT = signal transducer and activator of tran-
scription.

KRAS jako prediktivni a prognosticky faktor
Aktiva¢ni mutace v protoonkogenu KRAS jsou potvr-
zené jako negativni prediktivni znak 1é€by KRCa mo-
noklondlnimi protildtkami (moAb) proti EGFR. Mutace
se vyskytuji u zhruba 40 % pacienti s KRCa a ti tak mo-
hou byt po vySetfeni na KRAS muta¢ni profil uSetfeni po-
tencidlné toxické a bezvysledné 1é€by, kterd by u nich ne-

vedla k Zddnému zlep$eni stavu nemoci. Ne-
gativni efekt potvrdila fada nezévislych stu-
dii. Mutace v KRAS signifikantn€ korelova-
ly s odpovédi pacientii na 1é¢bu. Napiiklad ve
studii porovndvajici efekt panitumumabu
v porovnédni s nejlep§i podpirnou 1é&bou
(BSC, best supportive care) u pacientd,
u nichZ selhalo pouZiti klasické chemotera-
pie, odpovidalo na 1é¢bu 0 % pacientl
s KRAS mutacemi a 17 % pacienti bez
KRAS mutace. Rozdil byl vidét i v efektu pa-
nitumumabu u jednotlivych skupin pacienti
na délku obdobi bez progrese onemocnéni —
12,3 tydni u pacientti s nemutovanym KRAS
v porovnéni se 7,4 tydny u pacientd s muta-
ci (pro srovndni, u pacientli s podpimou 16&-
bou bylo obdobi bez progrese 7,3 tydne) [7].
Podobny efekt byl pozorovén i u cetuximabu.

Zatimco prediktivni role KRAS mutaci
byla spolehlivé potvrzena, o jeho roli jako
prognostického faktoru se stile diskutuje.
Velkd randomizovand studie RASCALII po-
psala prognosticky efekt mutace v KRAS,
kdy je v kodénu 12 namisto glycinu valin —
takto postiZeni pacienti méli sniZené bezpii-
znakové i celkové preziti. Podobného vy-
sledku dosdhla i studie provddénd na Chi-
rurgické klinice KN v Pardubicich, ve které
autofi na skupiné 76 pacientd potvrdili ne-
gativni vliv KRAS mutace na prognézu [8].
Nicméné jiZ zmifiovand studie vlivu panitu-
mumabu na 1é€bu KRCa neobjevila Zadny
efekt mutace KRAS na bezptiznakové pre-
Zit{ u pacientd s podptirnou 1é¢bou [7].

BRAF jako prediktivni a prognosticky faktor

1 pfes vyfazeni pacienti s KRAS mutace-
mi je odpovéd na 1é¢bu moAb pomérné niz-
kd, coz sveédci o faktu, Ze musi existovat jes-
t€ dalsi geny podilejici se na rezistenci k 1&¢-
b& moAb proti EGFR. Serin/threoninovd ki-
ndza BRAF (v-raf murine sarcoma viral on-
cogene homolog B1) je dal$im proteinem
v kaskdd€ EGFR signalizace a aktivaéni mu-
tace (V600E) v BRAF genu se vyskytuje
u 10-15 % nédort kolorekta. Vliv této mu-
tace na rezistenci k 1é€b&€ moAb potvrdila re-
trospektivni studie na 113 pacientech s me-
tastatickym KRCa lé€enych jednou z pouZzi-
vanych moAb. Autofi ur¢ili stav KRAS
a BRAF mutaci a korelovali je s odpovédi na

1é¢bu, bezpiiznakovym a celkovym preZitim. U KRAS
mutace doslo k potvrzeni pfedchozich zdvérd, u 11 paci-
entl s nemutovanym KRAS byla detekovdna mutace
BRAF. Ani jeden z téchto pacientli neodpovidal na 1é¢bu
a vSichni méli krat$i obdobi bez progrese onemocnéni
i celkové preziti. Zaroveii ani jeden z pacienti odpovi-
dajicich na 1é¢bu nenesl mutovanou BRAF alelu [9].
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BRAF mutaci V60OE lze tedy povaZovat za prediktivn{
vzhledem k odpovédi pacientl na 1é¢bu moAb. Kromé
prediktivni role byla k této mutaci pfifazena i role pro-
gnostického faktoru — porovnéni bezpiiznakového a cel-
kového pfeZziti mezi pacienty s mutovanou a nemutova-
nou alelou BRAF signifikantné prokdzalo zkrdceni obou
parametrl u pacientd s BRAF mutaci a pfekvapivé byly
oba typy preziti je§t€ niZ§i, neZ u pacientd s mutac{
v KRAS genu. I dal3i price napovidaji, Ze BRAF muta-
ce by mohla v nékterych piipadech (napiiklad v subtypu
KRCa definovaného Zddnou ¢i nizkou mikrosatelitni ne-
stabilitou) opravdu mit prognosticky vyznam. Pfes zaji-
mavé experimentdlni vysledky je potfeba prediktivni
i prognostickou roli BRAF mutace ovéfit pfi randomizo-
vanych klinickych studiich.

PI3KCA mutace a ztrdta exprese PTEN
Jako prediktivni a prognostické faktory

Phosphatidyl-inositol-3-kindza (PI3K) tvoii druhou
hlavni efektorovou vétev drahy EGFR signalizace. Jed-
né se o kindzu se specifitou pro lipidy a miZe byt akti-
vovéna nejen pfimo EGFR, ale také interakci s aktivni
formou proteinu KRAS. Hlavnim uzlem v PI3K aktivo-
vané drdze je dalsi kindza AKT (v-akt murine thymoma
viral oncogene homolog 1), kterd mé v buiice fadu roli,
od regulace metabolismu glukézy pfes blokovani funkce
pro-apoptotickych proteind aZ k regulaci genové exprese.
Aktivace drahy obecné vede k vy§§imu preZzivani buiiky
a jeji veétsi odolnosti k neptiznivému vlivu okoli. Protein
PTEN (phosphatase and tensin homolog) je hlavni nega-
tivni reguldtor funkce PI3K, jednd se o fosfatdzu, kterd
je schopné defosforylovat lipidy a tim blokovat spusténi
PI3K signaliza¢ni kaskady.

PI3K, konkrétné jeji katalytickd podjednotka oznaco-
vand pl00c (PIK3CA), je velmi ¢asto mutovand v celé
fad& riiznych typl nddord. U kolorektilntho karcinomu se
mutace v PIK3CA vyskytuje zhruba v 25 % pfipadi spo-
radickych KRCa, €ast&ji u Zen a u nddorl proximélnich
oblasti tlustého stfeva. Mutace vedou ke katalytické ak-
tivit€ i bez pfedchozi stimulace, a dochézi tak k zapnuti
drah pro pfezivéni a proliferaci buiiky. Stejny vysledny
efekt md i ztrita exprese proteinu PTEN, kterad se vysky-
tuje zhruba u 30 % pacientii s KRCa.

U kolorektalniho karcinomu probéhlo nékolik studif, kte-
ré se pokousely jednotlivim mutacim PIK3CA pfifadit pro-
gnosticky ¢i prediktivni efekt, vysledky jsou ale velmi ne-
konzistentni. Sartore-Bianchi s kolegy ukézala, Ze mutace
v PIK3CA vede ke zkrdceni bezptiznakového preziti a pa-
cienti s PIK3CA mutaci neodpovidaji na 1é€bu monoklo-
ndlnimi protildtkami cetuximabem a panitumumabem.
Efekt mutace byl v8ak pozorovatelny jen u pacientd s ne-
mutovanym proteinem KRAS. U osob s KRAS mutaci byl
vliv PIK3CA mutace neznatelny [10]. Naproti tomu Pre-
nen s kolegy nepozorovali vliv PIK3CA mutaci na 1é¢eb-
ny efekt cetuximabu (samostatné ¢i v kombinaci s irinote-
canem) u pacientl s metastatickym KRCa neodpovidaji-
cim na 1é¢bu irinotecanem samotnym [11]. Pro PI3K je jes-
t€ zapotfebi zevrubné studium jejtho vztahu ke klinickym

parametrim a jeji pouZiti jako prediktivniho &i prognos-
tického znaku v soucasnosti neni mozZné, i pfes existujici
nédznaky, Ze PIK3CA mutace by mohly byt z prediktivni-
ho hlediska povaZovany za negativni faktor indikace 1&¢-
by monoklonédlnimi protildtkami proti EGFR, stejné jako
v piipad€ proteinu KRAS, a mutace PIK3CA by mohly
ukazovat na snizené preZivani postiZzenych pacientii. Ztra-
ta exprese PTEN md poté podobné dopady, jako mutace
v PIK3CA, navic byla pozorovéna korelace mezi PTEN
expresi a lokélni recidivou KRCa. Zajimavé je, Ze stejné
jako v pifipadé mutaci v BRAF a KRAS, jsou i mutace
v PIK3CA a ztrita PTEN vzdjemné vylucné. Ke spustén{
onkogenni malformace buiiky tedy pravdépodobné staci
jen jedna zména v dané signaliza¢ni dréze.

Prediktivni a prognostické mutace a zmény v dalSich
genech EGFR drahy

Kromé vy$e zminénych hlavnich mutaci a expresnich
zmén byly zkoumény dals$i proteiny a jejich molekuldrni
zmény v jednotlivych dsecich EGFR signdlni kaskady.
Vysledky riznych studii stejného proteinu jsou &asto vel-
mi odli$né, napfiklad z diivodu odli§nych pouZitych ex-
perimentélnich technik ¢i malého po¢tu studovanych pa-
cientii. Z4dny dal¥f prediktivni & prognosticky znak ne-
byl dodnes piesvéd¢ive univerzdln€ potvrzen. Mezi nej-
zajimavéjs$i studované zmény patfi expresni hladina
EGFR, jeho ligandil (pfedev§im amphiregulin a epiregu-
lin) a efektorového transkripéniho faktoru NF-xB (nuc-
lear factor-xB), pocet genomovych kopii EGFR, mutace
a polymorfismy v EGFR, NRAS (neuroblastoma RAS vi-
ral (v-ras) oncogene homolog) a typ heteroduplexnich re-
ceptord, které EGFR tvofi po aktivaci s dal§imi ¢leny své
receptorové rodiny.

V niésledujicim textu jsou stru¢né shrnuty informace
o dal$ich zajimavych prognostickych a prediktivnich zna-
cich v EGFR signaliza¢ni kaskdd€. Samotn4 hladina ex-
prese EGFR nepfind$i prognostickou ani prediktivni in-
formaci. Vy$§i pocet genomovych kopii EGFR je spojo-
vén s del§im celkovym pfeZitim pacientl, a byla popsé-
na i prediktivni hodnota po¢tu EGFR kopii pro 1é¢bu pa-
nitumumabem v konkrétnich pfipadech KRCa [12]. Vys-
§i exprese NF-xB v nddoru vede ke sniZené odpovédi na
1é¢bu nejen protildtkami proti EGFR, ale také sniZzuje 18-
Cebny efekt radioterapie [13] a klasické chemoterapie. Na
malém vzorku pacienti bylo prokédzéno, Ze pacienti s vys-
§i expresi NF-xB maji krats$i obdobi do progrese tumoru
a niz§{ celkové preziti. Mezi pacienty se zdravym typem
KRAS proteinu se stdle nachdzi celd fada téch, ktefi ne-
maji Zadny benefit z 1écby EGFR blokujicimi protildtka-
mi. Dodateénou informaci u téchto pacientd krom& mu-
taéniho statutu gent PIK3CA a BRAF nese i gen pro pro-
tein NRAS, ktery, pokud je mutovany, sniZuje vyrazné
odpovéd na 1é¢bu anti-EGFR protildtkami [14].

Genetické subtypy KRCa (CIN, MSI, CIMP)
a jejich prognosticka hodnota

Jak jiz bylo zminéno vyse, kolorektdlni karcinom lze
z genetického a epigenetického hlediska rozdélit podle tf{
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hlavnich kritérif: podle pfitomnosti/nepfitomnosti chro-
mozomdlni nestability (chromosomal instability, CIN),
podle pfitomnosti/nepfitomnosti mikrosatelitni nestabili-
ty (microsatellite instability, MSI) a podle stupné mety-
lace DNA (CpG insland methylator phenotype, CIMP).
CIN se vyskytuje u 65-70 % pfipadi KRCa a je rozpo-
znéna jako mnohocetnd zména v ploidii ¢i struktufe chro-
mozomi. MSI je definovéna jako zména v délce repeti-
tivnich sekvenci (mikrosatelitl) a vyskytuje se zhruba
v 15 % ptipadi KRCa. CIMP je &asto asociovany s pii-
tomnosti MSI u pacientli bez vrozené mutace v genech
pro opravu DNA a je definovany jako metylace urit€ho
poctu analyzovanych oblasti v genomu. Zminéné kate-
gorie navic vzdjemnou kombinaci vytvéfeji dalsi hetero-
genitu. Pomémné zastoupeni jednotlivych typl se nachd-
zi na obrdzku 2. Molekuldrni mechanismy jednotlivych
genetickych odli§nosti pfesahuji rdimec tohoto ¢lanku, za-
jemci naleznou fadu informaci v recentnich souhrnnych
publikacich na toto téma [5].

U nékterych ze subtypit KRCa byla popsdna korelace
s prognézou onemocnéni ¢i s odpoveédi na ur€itou 1é€bu.
Pozitivita pro CIN a MSI u néddori byla podrobena roz-
sdhlym meta-analyzdm a z jejich zdvérd vyplyvi, Ze pa-
cienti s CIN pozitivnim nddorem maji hor$i prognézu
onemocnéni a pacienti s MSI pozitivnim KRCa naopak
lepsi prognézu neZ CIN &i MSI negativni. Pivodni pfed-
stava o vzdjemné neslucitelnosti CIN a MSI byla v po-
slednich letech zpochybnéna a jelikoz CIN a MSI mo-
hou nést odli§nou prognostickou informaci, je dileZité
ovéfit jejich vzdjemnou nezdvislost, aby mohly byt jako
jednoznacné prognostické faktory pouZivany.

CIMP lze rozdélit na dvé skupiny jako CIMP — high
a CIMP - low, podle po¢tu metylovanych analyzovanych
oblasti. U nddori, které jsou MSI pozitivni a maji vyso-
ky stupeni CIMP, se 1ze Casto setkat s mutaci v genu BRAF

fore

Obr. 2. Pomérné zastoupeni jednotlivych genetickych a epigenetickych sub-
typit KRCa. Chromozomalni nestabilitu (CIN positivni) vykazuje 58 %
KRCa, mikrosatelitni nestabilitu (MIN high) 18 % pfipadi KRCa, metylaci
CpG (CIMP high) ostriivkii 20 % KRCa a negativitu ve viech tfech zna-

cich 27% KRCa. Volné praveno podle [5].

Fig. 2. Proportional representation of the genetic and epigenetic subtypes
of colorectal carcinomas (CRC). Chromosomal instability (CIN positivity)
is present in 58% of CRC, microsatellite instability (MIN high) in 18% of
CRC, CpG island methylation (CIMP high) in 20% of CRC and 27% of

CRC is negative in all three criterions. Modified from [5].

a pacienti s timto typem nddoru maji lepsi prognézu. Na-
proti tomu nadory s MSI negativitou a vysokym stupném
metylace v kombinaci s BRAF mutaci maji prognézu hor-
§1 a se zvySujicim se stupném metylace CpG oblasti se
prognéza zhorSuje. Druhou epigenetickou zménou
u KRCa byvi celkovd DNA hypometylace, kterd je Cas-
to asociovédna s CIN pozitivitou, a bylo ukdzéno, Ze hy-
pometylace vede ke zhorSeni progndzy.

I pfes fadu jednotlivych ndznaki o prognostické vy-
znamnosti subtypii KRCa je potfeba prokézat podil jed-
notlivych genetickych a epigenetickych zmén na celko-
vy dopad prognézy v rdmci rozsdhlych klinickych stu-
dii, které v sou€asnosti probihaji. I proto nebyl doposud
Z4dny z t&chto znaki schvélen k vyuZiti v klinické praxi.

Prediktivni vyznam subtypii KRCa

Kazdy geneticky a epigeneticky subtyp KRCa je aso-
ciovén s celou fadou expresnich ¢i mutaénich zmén v jed-
notlivych genech. Casto jsou mutaci, kters alteruje &i ru-
§i jejich funkci, zasaZeny geny, které hraji roli pfi plso-
beni & odbourdvéni riznych chemoterapeutik. Tim do-
chazi ke zméné intenzity jejich i¢inku, v krajnich ptipa-
dech mohou byt siln€ toxické ¢i na n€ rakovinné buiiky
mohou byt rezistentni. Uréeni subtypu KRCa tedy miize
pfinést dilezité informace pro vybér 1é¢by pro konkrét-
niho pacienta.

Systém genti pro opravu nespravného parovani (mis-
match repair system, MMR) bdzi v DNA je nezbytny pro
spravnou funkci chemoterapeutik typu 5-fluorouracilu (5-
FU), které se inkorporuji do DNA a diky nespravnému
péarovani dojde ke spusténi signdlni kaskady, kterd kon¢i
zastavenim bunécného cyklu. MMR systém je nefunkéni
v pfipad€ MSI pozitivnich nddort a byl dokumentovén
nepfiznivy efekt pfi pod4dvéni 5-FU pacientim s timto
subtypem KRCa ve stadiu II a III [15], u 1é¢by pacienti
po paliativni resekci KRCa ve stadiu IV by-
la naopak odpovéd na 1é&bu 5-FU v kombi-
naci s leukovorinem lepsi. Existuji i data
o vys§i senzitivité MSI pozitivnich pacientt
k 1éEbe irinotecanem.

Kolorektilni karcinom s chromozomélni
instabilitou je prediktivni pro 1é€bu taxany,
které ovSem obecné pro 1é¢bu KRCa nejsou
vhodné, jelikoZ vyrazn€ neovliviiuji celkové
ani bezpfiznakové preZiti. Pacienti s CIN po-
zitivnim nddorem nevykazuji Zddné benefi-
ty z 1é€by témito chemoterapeutikami. Di-
vodem je nepfitomnost intaktniho délictho
vieténka v aneuploidnich buiikéch, které je
nezbytné pro senzitivitu na 1é¢bu vyuzivaji-
ci taxany, napiiklad paclitaxel (Taxol®).

Dalsi molekularné-biologické zmény

s prognostickym ¢i prediktivnim

potencidlem u KRCa

Polymorfismy v Fc gamma receptorech
Fc-yreceptory (FcyR) se podileji na efek-

tivit€¢ 1éCby monoklondlnimi protildtkami
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izotypu IgG1 mechanismem protilitkoveé zavislé bunéc-
né toxicity (ADCC - antibody dependent cell cytotoxici-
ty). Zmény v FcyR, které ovlivni afinitu receptoru k Fc ob-
lasti protilatky, tak mohou zménit i¢innost imunitni reak-
ce proti buitkdm opsonizovanym protildtkami. U KRCa
byly studovany dva polymorfismy s prognostickym vyu-
zitim. Del$i obdobi bez progrese onemocnéni (PFS) bylo
vice asociovéano s FcyRIla genotypy 131H/H nebo 131R/H
neZ u varianty 131R/R, u polymorfismu 158V/V a 158 F/V
nejsou vysledky jednotné [16]. Pro jednozna¢né ur€eni ro-
le jednotlivych alelickych variant FcyR pfi prognéze od-
povédi na 1é€bu anti-EGFR protildtkami je nutné usku-
tecnit rozsdhlej§i prospektivni studii.

Mutace v genech pro reparaci DNA

Vrozené mutace v genech pro opravu nepfesného péro-
véani v DNA jsou pfi€inou Lynchova syndromu a vyskytu-
ji se rovnéZz u 15-20 % piipadi sporadického KRCa. Z pro-
gnostického hlediska jsou mutace v té€chto genech Casto
asociovany s mikrosatelitni nestabilitou a pro pacienty ty-
to zmény znamenaji vyhodu delsiho celkového preziti.

U jednoho z gent pracujicich v drdze nukleotidové ex-
cizni opravy DNA — genu ERCCI1 (excision repair cross-

complementing rodent repair deficiency, complementa-
tion group 1) — byl popsén prediktivni charakter jeho po-
lymorfismu v kodénu 118 pro odpovéd na 1é&bu oxali-
platinou [5].

Expresni hladina topoizomerdzy I

V randomizované studii FOCUS byla jako prediktivni
biomarker studovéna expresni hladina genu Topol. Pro-
teinovy produkt toho genu se dcastni procesu stfthdni
dvouvldknové DNA pfi opravé jejich chyb a je inhibo-
vén irinotecanem. U pacient s nizkou expresi Topol ne-
bylo PFS prodlouzeno pfiddnim irinotecanu do 1é¢ebné-
ho procesu, u pacienti se stfedni ¢i vysokou expresni hla-
dinou doglo k prodlouZeni PFS [17].

Thymidyldt syntetdza

Thymidylét syntetdza (TYMS) je hlavnim cilem pG-
sobeni aktivniho derivatu 5-FU. Bylo prokdzéno, Ze vys-
§1 expresni hladina TYMS koreluje s krat$im celkovym
pfezitim pacientl. Zména exprese je zajistovdna 3 me-
chanismy: tandemovou repetici v promotorové oblasti
TYMS genu, jednonukleotidovym polymorfismem v té-
to repetici a inserénim/dele¢nim polymorfismem v 3 ne-

Tab. 1. Prehled nejdileZitéjSich prediktivnich a prognostickych faktori u kolorektdlniho karcinomu. Nésledujici pfehled
obsahuje aZ na nékolik vyjimek (napfiklad KRAS mutace v predikci odpovédi na moAb proti EGFR) znaky, které nejsou
v soucasné dob& zavedené v klinické praxi, ale Fada studii ukazuje na jejich mozny vyznam. U vétSiny z nich je v soucas-
né dobé potfeba dalsi evaluace velkymi randomizovanymi studiemi. DFI = disease-free interval; OS = overall survival

Tab. 1. Overview of the most important predictive and prognostic factors in the colorectal carcinoma. The following overview
contains, with few exceptions like KRAS mutation in the prediction of the response on the treatment by moAb again EGFR,
mainly factors which are not at present use in the clinical practice, but exist several studies which indicates their impor-
tance for the prognosis or prediction of the disease outcome. Majority of the factors need further evaluation in randomi-

sed studies. DFI = disease-free interval; OS = overall survival

Prediktivni faktory
Faktor Vliv na vybér 1é€by
EGFR pozitivita Moznost pouZiti moAb proti EGFR
KRAS aktivaéni mutace Negativni znak pro pouZiti moAb proti EGFR
BRAF aktiva¢ni mutace Negativni znak pro pouZiti moAb proti EGFR
PI3KCA mutace Hypoteticky negativni znak pro pouZziti moAb proti EGFR
PTEN ztrita exprese Negativni znak pro pouZiti moAb proti EGFR
Vy§3i exprese NF-xB SniZeni d¢inku moAb proti EGFR, radioterapie i klasické chemoterapie
NRAS aktivaéni mutace Negativni znak pro pouZiti moAb proti EGFR
MSI pozitivita Negativni faktor pro chemoterapeutika na bézi 5-FU
ERCCI1 polymorfismus Prediktivni znak pro pouZiti oxaliplatiny
Nizk4 exprese Topol Negativni prediktivni znak pro pouZziti irinotecanu
Prognostické faktory
Faktor Vliv na prognézu
Cirkulujici a diseminované nddorové buriky Horsi prognéza, zkraceni DFI i OS
KRAS mutace v kodonu 12 Zkréceni DFI i OS
BRAF aktiva¢ni mutace V600E Zkréceni DFI i OS
PTEN ztrita exprese Vy$3i riziko lokélni recidivy
ZvySeny pocet genomovych kopii EGFR Delsi OS
VyS§3i exprese NF-xB Zkréceni PFS a OS
CIN pozitivita Negativni prognosticky faktor
MSI pozitivita Pozitivni prognosticky faktor
Vysokd exprese TYMS Zkraceni OS
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preklddané oblasti. Prvni dv€ zmény vedou k vyssi ex-
presi TYMS, posledni zména vede k niZ§{ stabilizaci
TYMS mRNA a ve vysledku k niz$i expresi. Identifika-
ce viech téchto zmén miZe byt vyuZita k prognéze zvy-
Seného nebezpeli recidivy u pacienti s KRCa ve stadiu
IIalll[18].

TP53 a APC

Gen pro TP53 (tumor protein p53) se nachdzi na chro-
mozému 17p a u KRCa dochdzi velice Casto ke ztraté he-
terozygozity této oblasti. Mutace v TP53 jsou u KRCa
rovnéZz velmi Casté, ale vysledky studif hledajici vyznam
v prognéze ¢i predikci byly nejednotné, Casto zfejmé di-
ky odlisnym metodickym pfistuptim.

Mutace jednotlivych geni ve WNT (wingless-type
MMTYV integration site family) signalizacni drdze jsou
velice Castym jevem u pacientd s KRCa (aZ v 90 % pfi-
padi [19]) a nejéastéji mutovanym zdstupcem je gen
APC (adenomatous polyposis coli). APC je soucast kom-
plexu degradujici B-catenin a jeho mutace vede k dere-
gulaci bunééného cyklu. Oba tyto proteiny jsou tak Cas-
to zménény po mutaéni ¢i expresni strdnce, Ze je nelze
spolehlivé pouZit pro prognézu Ci predikci. UrCité typy
mutaci v APC mohou vést k hor$i prognéze (pfedevsim
ty, které ovlivni vazebnou doménu k B-cateninu), ale
v klinické praxi neni jednoduché vzhledem k velkému
poctu popsanych APC mutaci jednotlivé mutace pfesné
identifikovat. U B-cateninu je spiSe neZ vy$si exprese di-
lezita jeho lokalizace, kterd nese ur€itou prognostickou
hodnotu.

Ztrdita 18q

Na dlouhém raménku 18. chromozomu se nachézeji ge-
ny DCC (deleted in colorectal carcinoma), SMAD4
(SMAD family member 4) a SMAD2 (SMAD family
member 2), a ztrita heterozygosity v této oblasti je veli-
ce Castou cytogenetickou abnormalitou u KRCa. Existu-
jidaje, Ze tato ztrata vede k hor$i prognéze [5]. Ani je-
den z genl nebyl potvrzen jako nezdvisly prognosticky
faktor, protoZe ztrita 18q je asociovdna s CIN pozitivi-
tou a vliv t€chto genti na prognézu tedy miZe byt jen jed-
nim z disledkd chromozomalni nestability.

ZAVER

Molekuldrni biologie nabizi klinickym oboréim po-
dilejicim se na komplexni 1é¢b& KRCa nové mozZnosti,
které mohou ovlivnit diagnostiku a 1é€bu tohoto one-
mocnéni. V soucasné dobé tento obor spiSe zkoumd,
které z nepfebernych molekuldrné biologickych metod
mohou skute¢né a vyznamné pfispét svou prognostic-
kou nebo prediktivni hodnotou v klinické praxi. Z uve-
deného ptfehledového Elanku je ziejmé, Ze 1ze ofekd-
vat v nésledujicim obdobi zvyraznéni vyznamu mole-
kuldrni biologie a tim za¢lenéni tohoto oboru mezi obo-
ry zabyvajici se v soucinnosti diagnostikou a 1é¢bou to-
hoto onemocnéni.

Seznam zkratek

5-FU 5-fluorouracil

ADCC antibody dependent cell cytotoxicity

AKT v-akt murine thymoma viral oncogene
homolog 1

APC adenomatous polyposis coli

ASCO American Society of Clinical Oncology

BEAMing beads, emulsions, amplification,
magnetics

BRAF v-raf murine sarcoma viral oncogene
homolog B1

BSC best supportive care

CIMP metylované CpG ostrivky

CIN chromozomadlni nestabilita

DCC deleted in colorectal carcinoma

DFI disease-free interval

DMC digital melt curve

EGFR receptor epidermédlniho ristového faktoru

EpCAM epitelidlni adhezivni povrchovy protein

ERCC1 excision repair cross-complementing
rodent repair deficiency, complementation
group 1

FC priitokové cytometrie

FeyR Fc-y receptory

FISH fluorescence in-situ hybridisation

KRAS v-Ki-ras2 Kirsten rat sarcoma viral
oncogene homolog

KRCa kolorektdlni karcinom

MIN mikrosatelitni nestabilita

MMR mis-match repair system

moAb monoklonéln{ protildtka

mTOR mechanistic target of rapamycin

NF-xB nuclear factor-xB

NRAS neuroblastoma RAS viral (v-ras)

oncogene homolog
OS overall survival

PCR polymerase chain reaction
PFS obdobi bez progrese onemocnéni
PI3K phosphatidyl-inositol-3-kindza
PLCy phospholipase C, gamma
PTEN phosphatase and tensin homolog
SMAD2 SMAD family member 2
SMAD4 SMAD family member 4
STAT signal transducer and activator
of transcription
TP53 tumor protein p53
TYMS tymidylat syntetdza
VEGF vaskuldrni-endotelidlni ristovy faktor
WNT wingless-type MMTYV integration site
family
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Introduction. Glioblastoma multiforme (GBM) is the most malignant primary brain tumor in adults. Recent whole-genome studies
revealed novel GBM prognostic biomarkers such as mutations in metabolic enzyme IDH—isocitrate dehydrogenases (IDH1
and IDH2). The distinctive mutation IDH1 R132H was uncovered to be a strong prognostic biomarker for glioma patients. We
investigated the prognostic role of IDH1 R132H mutation in GBM patients in West Bohemia. Methods. The IDH1 R132H mutation
was assessed by the RT-PCR in the tumor samples from 45 GBM patients treated in the Faculty Hospital in Pilsen and was correlated
with the progression free and overall survival. Results. The IDH1 R132H mutation was identified in 20 from 44 GBM tumor samples
(45.4%). The majority of mutated tumors were secondary GBMs (16 in 18, 89.9%). Low frequency of IDH1 mutations was observed
in primary GBMs (4 in 26, 15.3%). Patients with IDH R132H mutation had longer PFS, 136 versus 51 days (P < 0.021, Wilcoxon),
and OS, 270 versus 130 days (P < 0.024, Wilcoxon test). Summary. The prognostic value of IDH1 R132H mutation in GBM patients
was verified. Patients with mutation had significantly longer PFS and OS than patients with wild-type IDH1 and suffered more likely

from secondary GBMs.

1. Introduction

Glioblastoma multiforme (GBM) is the most common and
most malignant primary brain tumor in adults with an inci-
dence of 3-4/100,000/year. The median survival of patients
with GBM is 12.1-14.6 months [1] and only 3-5% of patients
survive longer than 3 years [2, 3]. The progress in genomics
of GBM has revealed several abnormalities in signaling path-
ways and a diversity of mutated genes. One of great impor-
tance among them is isocitrate dehydrogenase (IDH) [4, 5].
Isocitrate dehydrogenases (three isoforms IDHI, IDH2, and
IDH3) catalyze the oxidative carboxylation of isocitrate to
alpha-ketoglutarate and reduce nicotinamide adenine dinu-
cleotide phosphate (NADP) to NADPH, which is necessary
for the regeneration of reduced glutathione that serves as the
main antioxidant [6]. The genes for IDHI and IDH2 carry

specific mutations in 70%-80% of low-grade gliomas, in
approximately 50% of anaplastic gliomas, and in more than
5% of glioblastomas [7, 8]. The mutations are involved in
90% single amino acid substitution—RI132H in the IDHI
active site that leads to the loss of regular enzyme function—
and are predominantly heterozygous. Mutations in IDH2
occurred rarely in brain tumors [7, 9]. The aberrant function
of mutated IDHI is the conversion of alpha-ketoglutarate to
the novel oncometabolite 2-hydroxyglutarate (2-HG), which
leads to genome-wide epigenetic changes in human gliomas
[10]. Tumors with mutated IDHI and corresponding epige-
netic changes demonstrated better prognosis than gliomas
with wild-type IDHI. This association was observed also for
GBM [4, 6, 7, 11, 12]. The aim of this study was to assess
the prognostic role of IDHI1 R132H mutation in the relation
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TaBLE 1: Glioblastoma patient demographics and clinical character-
istics.

BioMed Research International

TaBLE 2: The representation of IDH1 R132H mutation in primary
versus secondary glioblastomas.

Patient characteristics
Sex
Male to female 1
Male 22
Female 22
Age, years
Median 64.3
Range 35-87
KPS
Median 77.5
Range 30-100
Postoperative treatment
RT (+CT) 29
CT alone 1
None 15

KPS: Karnofsky performance score; RT: radiotherapy; CT: chemotherapy.

to progression-free survival (PFS) as well as overall survival
(OS) of our GBM patients in West Bohemia.

2. Patients and Methods

2.1. Patients. We performed a retrospective study of 44
patients with a diagnosis of WHO grade IV astrocytoma—
GBM (n = 44; 22 males and 22 females; mean age 64.3 years)
who were treated (total or subtotal tumor resection or tumor
biopsy, radiotherapy, and chemotherapy with temozolomide)
in the Faculty Hospital in Pilsen between the years 2009
and 2011. The study protocol was approved by the ethics
committee (Table 1).

2.2. DNA Isolation. DNA was extracted from 10 ym FFPE
sections following macrodissection of tumor tissue and
normal brain tissue using the QIAamp DNA FFPE Tissue
kit (Qiagen, Hilden, Germany). The 10 yum sections corre-
sponded to HES-representative with tumor tissue verified by
pathologist.

2.3. Mutation Detection. For detection of mutant allele IDH1
¢395G>A (p.R132H, COSMIC ID 28746), we use TagMan
Mutation Detection Assays (assay name: IDH1 28746 mu and
IDHI rf) with the TagMan Mutation Detection IPC Reagent
Kit (Life Technologies, Carlsbad, California, USA). Mutant
allele detection we performed according to recommended
procedure and reaction conditions is found in the manual.
For the amplification, we used the Stratagene Mx3000P real-
time PCR system instrument (Agilent Technologies, Inc.,
Santa Clara, CA, USA). Detection of mutant alleles was per-
formed in duplicate in a reaction volume of 20 yL. Detection
of reference gene was also performed in duplicate. The analy-
sis of the positive samples was repeated. Before analysis of our
collection of tumor samples, we analyzed samples of normal
brain tissue for detection of cut-off amplification curve. No

Glioblastoma type P ru(:a:yZCG})B M GlSB;ro(?td:rrs)
Mutation status [r]
IDHI1 R132H 4(15.3%) 16 (89.9%)
IDHI wild-type 22 (84.7%) 2 (11.1%)

Glioblastoma progression-free survival

|y
o
1

4
o
1

o
(=)
L

o
'S
1

IDH1 R132H (n = 20)

Probability of progression-free survival
o
5]
1

IDH1 wild-type
(n=24) P <0.021

T T T T T

0 500 1000 1500 2000
Days

o
=}
I

FIGURE 1: Progression-free survival of patients with glioblastoma
with (red line) or without (blue line) IDH1 R132H gene mutation.

amplification of mutant allele was present in normal brain
tissue. On the basis of these results and the shape of ampli-
fication curve of positive tumor samples, we determined the
ACt cut-off 25 value.

2.4. Statistical Analysis. Overall survival (OS) was defined
as the time between the diagnosis and death or last follow-
up. Progression-free survival (PFS) was defined as the time
between the diagnosis and recurrence or last follow-up.
Kaplan-Meier survival curves were plotted and the survival
distributions were compared with the use of the Wilcoxon
test. Reported P values are two-sided. P values of less than
0.05 were considered to indicate statistical significance.

3. Results

The examined mutation IDHI R132H was observed in 20 of
44 GBM-patient tumor samples. Therefore we identified the
IDHI1 mutation in more than 45.4% of glioblastomas. The
separation of primary and secondary glioblastomas (GBM
that progressed from the low-grade glioma) was done on the
basis of clinically relevant information, where possible. The
IDHI R132H mutation occurred in 4 of 26 primary GBMs
(15.3%), whereas the majority, 16 of 18 (89.9%) were of sec-
ondary glioblastomas mutated (Table 2). The significant rela-
tion between IDHI mutation status and clinical parameters
such as PFS and OS was also observed (Table 3). Patients with
IDHI R132H mutation had longer PFS than patients with
wild-type IDHI-136 versus 51 days (P < 0.021, Wilcoxon test)
(Figure 1). Significantly longer OS was observed as well for
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TABLE 3: Results for progression-free survival and overall survival differences in patients with GBM in relation to IDHI mutation status.

Glioblastoma results N Median [days] (95% Cl) P (Wilcoxon)
Overall survival (OS)
IDHI R132H 20 270 (139-400) 0.024
IDHI1 wild-type 24 130 (87-172) ’
Progression-free survival (PFS)
IDHI1 R132H 20 136 (22-249) 0.021
IDH]1 wild-type 24 51 (19-82) )
Glioblastoma overall survival IDH1 mutations in cancer
1.0 4 Central nervous system |
: Bone
- Biliary tract :—
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0.0 1 (n ) P <0024 FI1GURE 3: The representation of IDHI mutations in various cancers
T T T T T [14].
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FI1GURE 2: Overall survival of patients with glioblastoma with (red
line) or without (blue line) IDH1 R132H gene mutation.

patients with IDH1 R132H mutation than for patients without
the mutation-270 versus 130 days (P < 0.024, Wilcoxon test)
(Figure 2).

4. Discussion

Recurrent IDH mutations and their role in oncogenesis and
tumor progression were described for the first time in GBM
[4]. This observation has led to new insights into GBM and
cancer biology. Alterations in cancer cell metabolism are now
well accepted as one of the principal hallmarks of the can-
cerogenesis and tumor progression [13]. Mutations in IDH1
were also identified in substantial portion of other tumor
types. The data from the Sanger Institute Cancer Genome
Project-Catalogue of Somatic Mutations in Cancer revealed
the presence of IDHI mutations in more than 32% of central
nervous system tumors, 23% of bone tumors, 8% of biliary
tract tumors, 6% of thyroid cancer, and many other tumor
types [14] (Figure 3). In the primary brain tumors group,
IDHI mutations are presented mostly in diffuse astrocytomas
(64%), anaplastic astrocytomas (49%), glioblastomas (9%),
or oligodendrogliomas (2%) [14] (Figure4). The R132H
amino acid substitution is the most common form of IDH1
mutations with the prevalence of 90% among IDHI-mutant
tumors. Less common mutants such as R132C, R132G, R132S,
and RI32L are also known [7, 9].

IDHI mutations in CNS tumors
Diffuse astrocytoma
Anaplastic astrocytoma

Glioblastoma

Anaplastic
oligodendroglioma

Oligodendroglioma

Pilocytic astrocytoma

0 20 40 60 80
(%)
FIGURE 4: The representation of IDH1 mutations in various types of
central nervous system tumors [14].

The fundamental shift in the understanding of mutated
IDH and its role in cancer progression came with the obser-
vation of the neomorphic function of the mutated enzyme.
Instead of the production of alpha-ketoglutarate, mutated
IDHI produced novel oncometabolite 2-hydroxyglutarate (2-
HG) that was highly accumulated in the cancer cells [15].
It was subsequently discovered that 2-HG inhibits the func-
tions of the alpha-ketoglutarate dependent superfamily of
dioxygenases. These enzymes have diverse cellular functions
including, but not limited to, histone demethylation and
demethylation of hypermethylated DNA [16, 17]. Moreover,
IDHI mutations and 2-HG production were identified to
be sufficient steps in the process leading to glioma hyper-
methylator phenotype. That observation was important
for understanding of glioma oncogenesis and highlighted
the interplay between genomic and epigenomic changes in
human cancers [10, 18].
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Mutations in IDHI are important also for their clinical
consequences. Recent studies revealed the important role of
mutated IDHI in the assessment of astrocytoma patient
prognosis. Therefore IDHI mutations could serve in the near
future as the standard prognostic biomarkers for patients
with grade II, III, and IV astrocytomas. The differences in
OS between IDHI-mutant and IDHI wildtype GBM were 3.8
versus 1.1 years [4], 2.6 versus 1.3 years [7], 2.3 versus 1.2 years
[6], and 3 years versus 1 year in several studies [11]. Similar
OS differences in IDHI-mutant versus IDHI-WT tumors were
observed for anaplastic astrocytomas, such as 5.4 versus 1.7
years [7], 6.8 versus 1.6 years [6], and 7 versus 2 years [11]
as well as for low-grade gliomas [19]. Recent meta-analysis
also confirmed the prognostic role of IDH1/2 mutations in
gliomas [20]. These data highlight the major impact of IDH1
mutation status on glioma patient survival and support the
incorporation of this biomarker into the clinical assessments.
Mutations in IDHI/IDH2 and production of oncometabolite
2-HG could be used as well for therapeutic intervention in
the near future [21].

The results from our study also support the IDHI muta-
tion RI32H to be the strong prognostic factor for patients
with GBM. Although the differences in median PFS and OS
between patients with IDHI mutated and IDHI wild-type
tumors are not as big as in other studies, they are statistically
significant. One reason for the relatively small differences in
median PFS and OS between both groups could be the het-
erogeneity of the treatment protocols. The standard treatment
with neurosurgery and concomitant chemo-radiotherapy
with temozolomide was implemented in 29 patients and 1
patient had only radiotherapy and 15 patients were treated
neither with radiotherapy nor with chemotherapy (Table 1).
The proportion of IDHI mutated tumors is also higher in our
study than in other similar studies. The IDHI mutations in
glioblastomas were formerly identified predominantly in sec-
ondary GBM that progressed from the low grade tumors [22].
In our study, we tried to distinguish between the primary and
secondary glioblastomas on the basis of clinically relevant
information from the patient history. However, the distinc-
tion between primary and secondary GBM was not possible
exactly. Only 5 patients had previously assessed low grade
glioma (surgery in 2 cases, tumor biopsy in 3 cases). Patients
with tumor corresponding neurological symptomatology
(epileptic seizures, focal neurological deficit) present at least
6 months before the tumor diagnosis was considered as likely
secondary GBM. Moreover the primary-like glioblastomas
could be in fact secondary without the symptoms of low grade
tumors.

The recent study of mutations in telomerase reverse tran-
scriptase (TERT) gene promoter has revealed the high inci-
dence of these aberrations in a large portion of primary
GBMs (about 80%) [23]. In the perspectives of our further
research, we will use TERT promoter mutations in addition to
clinically relevant information for the separation of primary
and secondary glioblastomas. The assessment of other IDH1
mutations than R132H as well as the analysis of mutations in
IDH2 is also planned.

Despite the drawbacks of our study mentioned above,
IDHI R132H mutation still serves as a strong prognostic
biomarker for our patients with GBM.

BioMed Research International

5. Summary

The IDHI R132H mutation was observed in the interestingly
higher number of patients with GBM that was previously
published by other groups. On the other hand, the majority
of mutated GBMs in our cohort are probably secondary glio-
blastomas. The prognostic value of the IDH1 R132H mutation
was also observed. Patients with this mutation had signifi-
cantly longer PFS as well as OS than patients with wild-type
IDHI. The IDHI mutation status could be used as a strong
prognostic factor for patients with GBM, but further valida-
tion of this biomarker in large prospective clinical trials is
urgently needed.

Conflict of Interests

The authors declare that they have no conflict of interests
regarding the publication of this paper.

Acknowledgments

This work was supported by MH CZ-DRO (Faculty Hospital
in Plzen—FNP], 00669806) and the project ED2.1.00/03.0076
from European Regional Development Fund.

References

(1] D.Krex, B. Klink, C. Hartmann et al., “Long-term survival with
glioblastoma multiforme,” Brain, vol. 130, no. 10, pp. 2596-2606,
2007.

[2] T. A. Dolecek, J. M. Propp, N. E. Stroup, and C. Kruchko,
“CBTRUS statistical report: primary brain and central nervous
system tumors diagnosed in the United States in 2005-2009,
Neuro-Oncology, vol. 14, supplement 5, pp. v1-v49, 2012.

[3] J. Polivka Jr., J. Polivka, V. Rohan, O. Topolcan, and J. Ferda,
“New molecularly targeted therapies for glioblastoma multi-
forme,” Anticancer Research, vol. 32, pp. 2935-2946, 2012.

[4] D. W. Parsons, S. Jones, X. Zhang et al., “An integrated genomic
analysis of human glioblastoma multiforme,” Science, vol. 321,
no. 5897, pp. 1807-1812, 2008.

[5] R. A. Cairns and T. W. Mak, “Oncogenic isocitrate dehydroge-
nase mutations: mechanisms, models, and clinical opportuni-
ties,” Cancer Discovery, vol. 3, pp. 730-741, 2013.

[6] M. Sanson, Y. Marie, S. Paris et al., “Isocitrate dehydrogenase
1 codon 132 mutation is an important prognostic biomarker in
gliomas,” Journal of Clinical Oncology, vol. 27, no. 25, pp. 4150
4154, 2009.

[7] H. Yan, D. W. Parsons, G. Jin et al., “IDHI and IDH2 mutations
in gliomas,” The New England Journal of Medicine, vol. 360, no.
8, pp. 765-773, 2009.

[8] G.P.Dunn, O. C. Andronesi, and D. P. Cahill, “From genomics
to the clinic: biological and translational insights of mutant
IDH1/2 in glioma,” Neurosurgical Focus, vol. 34, article E2, 2013.

[9] C. Hartmann, J. Meyer, J. Balss et al,, “Type and frequency of
IDHI and IDH2 mutations are related to astrocytic and oligo-
dendroglial differentiation and age: a study of 1,010 diffuse
gliomas,” Acta Neuropathologica, vol. 118, no. 4, pp. 469-474,
2009.

VIII -5



BioMed Research International

[10] S. Turcan, D. Rohle, A. Goenka et al., “IDH1 mutation is suf-
ficient to establish the glioma hypermethylator phenotype,”
Nature, vol. 483, no. 7390, pp. 479-483, 2012.

[11] C. Hartmann, B. Hentschel, W. Wick et al., “Patients with
IDH1 wild type anaplastic astrocytomas exhibit worse prognosis
than IDHI-mutated glioblastomas, and IDH1 mutation status
accounts for the unfavorable prognostic effect of higher age:
implications for classification of gliomas,” Acta Neuropatholog-
ica, vol. 120, no. 6, pp. 707-718, 2010.

[12] J. Polivka, J. Polivka Jr., V. Rohan, and O. Topolcan, “Glioblas-
toma multiforme—a review of pathogenesis, biomarkers and
therapeutic perspectives,” Ceskd a Slovenskd Neurologie a Neu-
rochirurgie, vol. 76, no. 109, pp. 575-583, 2013.

[13] D.Hanahanand R. A. Weinberg, “Hallmarks of cancer: the next
generation,” Cell, vol. 144, no. 5, pp. 646674, 2011.

[14] S. A. Forbes, N. Bindal, S. Bamford et al., “COSMIC: mining
complete cancer genomes in the catalogue of somatic mutations
in cancer;” Nucleic Acids Research, vol. 39, no. 1, pp. D945-D950,
2011

[15] L. Dang, D. W. White, S. Gross et al., “Cancer-associated IDH1
mutations produce 2-hydroxyglutarate,” Nature, vol. 465, article
966, 2010.

[16] C.Loenarz and C. ]. Schofield, “Expanding chemical biology of
2-oxoglutarate oxygenases,” Nature Chemical Biology, vol. 4, no.
3, pp. 152-156, 2008.

[17] C.Lu, P. S. Ward, G. S. Kapoor et al., “IDH mutation impairs
histone demethylation and results in a block to cell differentia-
tion,” Nature, vol. 483, no. 7390, pp. 474-478, 2012.

[18] D. Ye, S. Ma, Y. Xiong, and K. L. Guan, “R-2-hydroxyglutarate
as the key effector of IDH mutations promoting oncogenesis,”
Cancer Cell, vol. 23, pp. 274-276, 2013.

[19] M. Weiler and W. Wick, “Molecular predictors of outcome in
low-grade glioma,” Current Opinion in Neurology, vol. 25, pp.
767-773, 2012.

[20] P. Zou, H. Xu, P. Chen et al., “IDHI/IDH2 mutations define
the prognosis and molecular profiles of patients with gliomas:
a meta-analysis,” PLoS ONE, vol. 8, Article ID e68782, 2013.

[21] J. Kim and R. ]. DeBerardinis, “Cancer. Silencing a metabolic
oncogene,” Science, vol. 340, pp. 558-559, 2013.

[22] K.Ichimura, D. M. Pearson, S. Kocialkowski et al., “IDHI1 muta-
tions are present in the majority of common adult gliomas but
rare in primary glioblastomas,” Neuro-Oncology, vol. 11, no. 4,
pp. 341-347, 2009.

[23] P J.Killela, Z. J. Reitman, Y. Jiao et al., “TERT promoter muta-
tions occur frequently in gliomas and a subset of tumors derived
from cells with low rates of self-renewal,” Proceedings of the
National Academy of Sciences of the United States of America, vol.
110, pp. 6021-6026, 2013.

VIII - 6



Priloha IX:

Liska V, Treska V, Mirka H, Benes J, Vycital O, Bruha J, Pitule P, Skalicky T,
Sutnar A, Chlumska A, Racek J, Trefil L, Finek J, Holubec L. Immediately
preoperative use of biological therapy does not influence liver regeneration after
large resection--porcine experimental model with monoclonal antibody against
epidermal growth factor. In Vivo. 2012 Jul-Aug;26(4):683-91. (IF2012=1,219)

IX-1



in vivo 26: 683-692 (2012)

Immediately Preoperative use of Biological Therapy
Does not Influence Liver Regeneration after Large
Resection - Porcine Experimental Model with
Monoclonal Antibody against Epidermal Growth Factor

V. LISKA!, V. TRESKA!, H. MIRKAZ, J. BENES3, O. VYCITAL!, J. BRUHA!, P. PITULE!,
T. SKALICKY', A. SUTNAR!, A. CHLUMSKA®#, J. RACEKS, L. TREFIL, J. FINEK® and L. HOLUBEC®

Departments of 'Surgery, 2Radiology, *Anaesthesiology and Institute of “Pathology, SBiochemistry,
6Oncology and Radiotherapy, Medical School and Teaching Hospital Pilsen,
Charles University Prague, Pilsen, Czech Republic

Abstract. Background: The aim of this work was to study the
influence of isolated biological therapy administered
immediately before extended liver resection on liver function
and regenerative capacity of future liver remnant (FLR) in a
large-animal experiment. Materials and Methods: Nineteen
piglets were included in this study (10 in the control group and
9 in the experimental group). A port-a-cath was introduced into
the superior caval vein. On days 11 and 4 before liver resection,
cetuximab was administered via this port at 400 mg/m2 of piglet
body surface. Physiological solution was applied to the control
group. Resection of the left lateral, left medial and right medial
hepatic lobes was followingly performed (reduction of 50-60%
of liver parenchyma). Blood samples were collected at different
times before the operation and after liver resection. Serum levels
of bilirubin, urea, creatinine, alkaline phosphatase, gamma
glutamyltransferase, cholinesterase, aspartate aminotransferase,
alanine aminotransferase, albumin, C-reactive protein and
transforming ~ growth  factor-1 assessed. The
ultrasonographic examinations at different time points were
performed pre-operatively and after liver resection in order 1o
assess the liver volume. The biopsies from the liver parenchyma
were examined for proliferative activity, binocluated
hepatocytes, size of hepatocytes, and the length of the lobuli.
The comparison of distribution of the studied parameters

were
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between the groups was carried out using the Wilcoxon test. The
Spearman rank correlation co-efficient was used because of the
non-Gaussian distribution of the parameter values. The whole
development of the studied parameters over time was compared
between the groups using ANOVA. Results: There were no
important complications of administration of biologic therapy
during the operation or throughout the peri-operative period.
There was no statistically significant difference in the
regeneration of FLR nor were any differences in biochemical,
immunoanalytical and histological parameters detected.
Conclusion: The achieved results of comparable liver
regeneration in both the experimental and control groups
confirms the use of biological treatment with cetuximab in the
pre-operative period for minimizing the recovery period.

Possibilities for liver surgery have been extended in recent
years by new surgical techniques, and more highly developed
procedures and skills. At present, surgery is the only curative
option for the treatment of liver metastases from primary
colorectal carcinoma. Today we are able to perform large
radical resections of malignant liver lesions. Nevertheless,
many patients with primary or secondary liver malignancies
that undergo oncologic treatment before liver surgery are not
directed to the radical surgical therapy that could extend their
chance of complete remission for the malignancy. We fear
the increased risk of acute liver failure after extended liver
resection, where the liver parenchyma could be affected by
previous chemotherapy and the liver functions could be
reduced (1-3). Many patients are indicated for neoadjuvant
oncologic treatment with the aim of down-staging and down-
sizing the liver malignancy (4-7).

The use of standard combination of chemotherapy
[oxaliplatin/5-fluorouracil (5-FU) or irinotecan/5-FU) has
increased the resection rate up to 20-40% in selected patients
(8). The addition of anti-EGFR monoclonal antibody, and
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anti VEGF mononclonal antibody therapy to doublet
chemotherapy has demonstrated consistent improvements in
the response rate in a number of randomized trials. However
the intensification of treatment can lead to an increased rate
of severe toxicity. Therefore careful selection of the patients
that will undergo intensive chemotherapy and surgical
intervention is very important (9, 10).

Oxaliplatin, irinotecan, cetuximab, and bevacuzimab are
valuable drugs. The usage of these drugs can lead to a
maximal response rate before the liver surgery; on the other
hand, the prolonged exposure to these drugs may results in
hepatotoxicity and the potential for further complications
(11). The protracted use of cytotoxic drugs can therefore lead
to progressive liver damage and surgical intervention is often
not possible afterwards (12). The usage of oxaliplatin in
neoadjuvant regimens of chemotherapy can lead to
morphological lesions involving hepatic microvasculature.
Sinusoidal obstruction, complicated by perisinusoidal fibrosis
and veno-occlusive lesion of the non-tumoral liver are the
most often adverse side-effect of to the use of oxaliplatin
(13). The hepatotoxicity of a combination of 5-FU and
levamisole in an adjuvant or palliative setting is mild and only
rarely symptomatic (14). Irinotecan regimens are associated
with a higher frequency of steatosis and steatohepatitis. Such
damage can affect post-operative mortality of patients (15).

The impact of anti-angiogenesis agents on liver
regeneration and wound healing is not yet fully understood.
The potential side-effect of bevacizumab is delayed wound
healing and possible delayed hepatic regeneration. But no
specific data are available to guide the optimal timing before
the elective surgery. The optimal time for termination of the
treatment before elective surgery is at least 4-6 weeks. A
similar delay is also seen in the timing of the continuation
of bevacizumab treatment after liver surgery (16).

A crucial end point of neoadjuvant treatment is the
achievment of a high RO resection rate (17). The efficacy of
cetuximab in patients with unresectable hepatic metastases
and wild-type KRAS was confirmed in the multicentric
randomised CELIM study.

The study enrolled a total of 111 patients with
unresectable hepatic metastases. Unresectability criteria in
this study were as follows: five and more metastatic lesions;
technical unresectability; infiltration of the hepatic vessels;
infiltration of both hepatic arteries or infiltration of both
branches of the portal vein. In these patients, a combination
therapy with (FOLFIRI) or (FOLFOX 6) was evaluated. A
significant reduction of 79% in the size and spread of
metastases, observed in patients with wild-type KRAS gene,
enabled resection of metastases in 43% of patients (radical
RO resection was achievable in 34% of patients) (18, 21).
Chemotherapy-associated hepatotoxicity has often been
described using many classical oncologic regimens (19, 20).
The question remains whether the chemotherapy can be

684

administered immediately before liver surgery, or if a
recovery period is required between the end of the
neoadjuvant chemotherapy and proper surgical procedure. A
particular question is also the use of biological treatment that
interferes with the key growth factors that are involved in
liver parenchyma regeneration and so play key roles in the
restoration of future liver remnant volume and also liver
function after extended liver resection. The most frequently
used type of biological treatment in relation to neoadjuvant
chemotherapy of secondary liver malignancies is cetuximab
(2, 22-23). Cetuximab inhibits the effects of EGF via EGFR.
The role of EGF in the promotion of hepatocyte proliferation
has also been demonstrated (24-26).

The aim of the present animal experiment was to study the
influence of cetuximab administered immediately before
extended liver resection. The results could be used in human
liver surgery to increase the number of patients who can
undergo radical extended liver resection for malignancy
because the recovery period between the chemotherapy and
liver resection could be shortened.

Materials and Methods

The performed experimental surgical and anaesthesiological
procedures and the use of piglets were certified by the Commission
for Work with Experimental Animals at the Pilsen Medical Faculty of
the Charles University, Prague, and were under the control of the
Ministry of Education of the Czech Republic. All the performed
procedures were prepared and performed under the law of the Czech
Republic, which is compatible with legislation of the European Union.

Choise of biological therapy. The most frequently used type of
biological treatment in neoadjuvant chemotherapy for secondary
liver malignancies is cetuximab (Erbitux; Merck KGaA, Germany)
that inhibits the effect of EGF via EGFR (2, 22, 23). Cetuximab
recognizes the structural epitope in the extracellular region of
EGFR. Based on the known cetuximab binding site in human
EGFR, we have compared sequences of human and porcine EGFR
using BLAST software. From 14 amino acids important for proper
binding of cetuximab to human EGFR, 10 are identical, 2 similar
and 2 different, which can reduce the affinity of antibody to porcine
EGFR, but the binding is still possible (37, 38). We have concluded
that the correspondency of domains is sufficient for inactivation of
this receptor and the use of cetuximab for this porcine experimental
model is efficient.

Surgical procedure. Nineteen piglets were included in this study (10
in the control group and 9 in the experimental group). No piglet was
excluded because of untimely death or any type of surgical
complication. The piglets were premedicated intramuscularly with 1.0
mg atropine, 200 mg ketamine (approximately 5-10 mg/kg) and 160
mg azaperon (2-8 mg/kg). Anesthesia was administered continually
through a peripheral or central venous catheter in the following total
average doses: propofol (1% mixture, 5-10 mg/kg/h) and fentanyl (1-
2 pg/kg/h). Muscle relaxation was ensured by bolus administration of
0.1-0.2 mg/kg pancuronium at the beginning of surgery. The piglets
were intubated and mechanically ventilated during the surgical
procedure and received infusion and volume substitution when needed
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[Plasmalyte (Baxter Healthcare Ltd., UK) and Gelofusine (B.Braun
Melsungen AG. Germany) respectively]. Aminopenicilline and
clavulic acid (1.2 g) was used as antibiotic prophylaxis throughout
the procedure. Monitoring of electrocardiogram, oxygen saturation
and central venous pressure was implemented. The surgical procedure
was performed under aseptic and antiseptic conditions.

Firstly a port-a-cath was introduced into the superior caval vein.
On days 11 and 4 before liver resection, cetuximab at 400 mg/m?
of piglet body surface was administered (23). Physiological solution
was applied to the control group.

Liver resection followed. Firstly, a central laparotomy was
performed. The resection of the left lateral, left medial and right
medial hepatic lobes was performed (reduction of 50-60% of liver
parenchyma). The laparotomy was closed in anatomical layers.

The animals were extubated and monitored each day for the next
14 days, with particular emphasis on the clinical examination
(attention to wound healing, infection of the port-a-cath and function
of the gastrointestinal system) to diagnose possible surgical
complications. Postoperative analgesia was provided by intramuscular
application of small dosis of Azaperon (10 mg).

Biochemistry. Blood samples were collected from the central vein
catheter: on the 14th, 11th and 4th preoperative days; immediately
before the operation, immediately after liver resection; 2 hours after
liver resection; and on the 1st, 3rd, 7th, 10th and 14th post-operative
days. Biochemical serum parameters were assessed with focus on
liver functions to detect the influence of the applied monoclonal
antibody on the animal and to recognise possible differences
between experimental and the control groups. Serum levels of
bilirubin, urea, creatinine, alkaline phosphatase (ALP),
gammaglutamyltransferase (GGT), cholinesterase (CHE), aspartate
aminotransferase (AST), alanine aminotransferase (ALT) and
albumin were assessed by an Olympus 2700 biochemical analyzer.
Serum levels of C-reactive protein (CRP) and transforming growth
factor- B1(TGF-f31) were also assessed to provide information about
the termination of liver proliferation.

Ultrasonography. Ultrasonographic examinations were performed
on the 14th and 4th preoperative days; immediately before the
operation; immediately after liver resection; on the 3rd, 7th, 10th
and 14th postoperative days (ultrasound apparatus, Medison
Sonoace 9900: convex probe with a frequency of 3.5 MHz). The
diameters of the hypertrophic lobes were measured in B-mode in all
three basic planes (axial, sagittal and coronal). The volume of the
lobes was assessed by using the standard ultrasonographic formula
that is also used in human medicine: axial x sagittal x coronal 2.
The volumes are presented as a percentage of baseline values
(immediately postoperative liver lobe volumes) to provide better
information about the changes in volumes that were achieved.

Termination of experiment. The piglets were sacrificed on the 14th
post-operative day under deep general anesthesia with a
concentrated solution of potassium chloride administered into the
central venous catheter. The piglets were dissected and measurement
of the hypertrophic liver lobes was performed. These data were
compared with the proportions estimated by ultrasonography.
Bioptic samples from the atrophic and hypertrophic liver lobes were
collected and stored in 10% formaldehyde (methanal) and also
frozen below -70°C.
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Figure 1. Comparison of hypertrophic liver lobe growth relative to these
point 4 between experimental and control groups. Time points: 4, after
liver resection; 5-8, 3rd, 7th, 10th and 14th postoperative days,
respectively.

Histology. Biopsies from the liver parenchyma were examined after
staining with hematoxylin-eosine and periodic acid-Schiff (PAS)
staining after digestion of preparations with diastase. The
proliferative activity was examined using the Ki 67 antibody (MIB1,
1:1000; DakoCytomation, Denmark). The primary antibodies were
visualised using a streptavidin- biotin-peroxidase complex
(DakoCytomation). The number of binucleated hepatocytes was
measured in 20 microscopic fields with the aid of an eyepiece
micrometer (Olympus). The size of the hepatocytes and the length
of the lobuli were examined twice using the eyepiece micrometer.

Statistical analysis. Statistical analysis was performed with the CRAN
240 and the STATISTICA (98 Edition) software. The assessed
parameters (biochemistry, ultrasonography, histology) were analyzed
by the following statistical tests: the comparison of distribution of the
studied parameters over the groups was counted using a Wilcoxon
distribution-free test. The Spearman rank correlation co-efficient was
used because of the non-Gaussian distribution of parameter values.
The development of the studied parameters over time was compared
between the groups using ANOVA.

Results

The volumes of hypertrophic liver lobes measured by
ultrasonography and physical examination were comparable
on the 14th postoperative day. The differences in absolute
volume of remnant hypertrophic lobes (right lateral and
caudate lobes) between experimental and control groups
were not statistically significant (Figure 1).
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Figure 2. Comparison of serum levels of studied biochemical parameters between experimental and control groups. Time points: 1-3, 14th, 11th
and 4th days before surgery; 4, immediately before the operation; 5,immediately after liver resection; 6, 2 hours after liver resection; 7-11, Ist,
3rd, 7th, 10th, 14th postoperative days, respectively.
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Figure 3. Comparison of the length of lobuli (cm) in hypertrophic lobes between experimental and control groups.
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Figure 4. Comparison of the frequency of binucleated hepatocytes in hypertrophic lobes between experimental and control groups. The number of
binucleated hepatocytes were d in 20 microscopic fields.

The serum levels of all the studied biochemical parameters ~ control group at each time point (Figure 2). No adverse
at the different time points are presented in Figure 2. All the  reaction to cetuximab application was observed.
studied serum biochemical parameters were comparable in The histological examination was performed on biopsies
both experimental groups and the differences were not that were conducted at the end of the experiment after the
statistically significant between the experimental and the  animals had been sacrificed, when the proliferative phase of
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Figure 5. Comparison of the size of hepatocytes (cm) in hypertrophic lobes between experimental and control groups.

liver regeneration had in fact finished. The differences in the
length of lobuli between studied groups were not statistically
significant (Figure 3). Statistical analysis also showed no
significant increase in the number of binucleated hepatocytes
in the hypertrophic liver lobes in the experimental group
(Figure 4). The size of hepatocytes was also not a statistically
significant parameter for differences between the experimental
group and the control group (Figure 5). Proliferative activity in
both experimental and control groups was greatly reduced.

Discussion

This experimental study presents the possibility of the
application of extrinsic monoclonal antibody against EGF
immediately before surgery. The regenerative capacity of liver
parenchyma was not reduced by cetuximab administration.
We demonstrated that liver functions were also not affected.
The use of large animals, especially piglets, in this
experimental surgical study is appropriate in relation to
human medicine and clinical surgery because of the similar
physiology of piglets and humans. The results of the present
study show that the recovery period could be shortened for
patients indicated for liver resection who undergo oncologic
treatment. The effect of a monoclonal antibody against EGFR
is lost rather quickly and the recovery period differs between
patients that undergo classical chemotherapy and those
patients that were treated by biological therapy (39). The
concentration (recommended dose) and timing of the

application of the monoclonal antibody selected for our study
did not reduce liver parenchyma regeneration in comparison
to the one in the control group. The secondary effects that
could be hypothesized after application of the monoclonal
antibody against the key pleiotropic growth factor (changes
in immune reactions and homeostasis) were also not
observed, neither during application nor throughout the
postoperative period. In previous experiments, we have
demonstrated that administration of cytokines of the first
phase of liver regeneration, interleukin-6 and tumor necrosis
factor—a, increase regeneration of future liver remnant (27,
39). These cytokines have pleiotropic functions, which could
be altered or changed by application of these cytokines from
an extrinsic source (28). It was our aim in this experiment to
select a monoclonal antibody against the growth factor that
plays a role during the first phase of liver regeneration. By
blocking of its receptor, we wanted to inhibit the proliferation
of hepatocytes. Nevertheless, the regenerative capacity of the
liver parenchyma was not negatively influenced by cetuximab
administrations. No statistically significant differences were
observed between serum levels of the studied biochemical
parameters at particular points in time. This also demonstrates
that there was no unsuitable effect of the applied monoclonal
antibody on liver function. These results support our choise
of a monoclonal antibody against EGFR for future clinical
studies in human liver surgery.

The broad distribution of the of binucleated hepatocytes
in the hypertrophic parenchyma of individual animals from
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both groups could be explained by incomplete liver
regeneration at the end of experiment. Because there were
practically no mitotic figures, or the number was the same
as in the normal liver parenchyma without any surgical
procedures or toxic insult, it was possible to hypothesize that
the first phase of liver regeneration was finished and the next
phase of regeneration was proceeding, namely the
remodelling phase and the phase when the liver
microstructure is restored (29).

The next objective for future studies would be the
detection of changes on the extracellular matrix during the
process of liver regeneration. The size of hepatocytes and the
length of lobuli were not statistically different between study
and control groups. The same size of hepatocytes and length
of lobuli in the bioptical samples from the hypertrophic
parenchyma could be also explained in the same way as for
the binucleated hepatocytes. This hypothesis is supported by
the restitution of all liver functions monitored by
biochemical parameters and completion of the proliferative
phase of liver regeneration at the moment of sacrificing of
the experimental animals.

The most important point for discussion among all
clinicians is the problematic recovery period which is
necessary for restoration of liver functions after
administration of classical chemotherapeutics (30). On the
other hand, we have observed that a proportion of our
patients experience progression of malignancy during this
period. This could also bring more experimental oriented
experience into the discussion of whether the administration
of biological therapy, for example bevacizumab, is associated
with increased risk of postoperative complications (31-36).
We conclude that immediate pre-operative administration of
cetuximab in the experimental model used here did not
increase this risk. The results of this experiment could be
useful to support the administration of biological therapy
until surgery in order to reduce the risk of the preoperative
progression of malignancy.

The present study describes a new usage of a monoclonal
antibody against EGFR in large-animal experimental model
of extended liver resection, which simulates the situation in
human medicine. The achieved results of comparable liver
regeneration in both experimental and control groups
confirms the use of biological treatment with cetuximab in
the preoperative period with minimal recovery period. The
experimental results could lead to a clinical study in patients
with neoadjuvant treatment with biological therapy.
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INTRODUCTION

New surgical techniques and more highly developed
procedures and skills have extended the possibilities of
liver surgery and have made it possible to perform large
radical resections of malignant liver lesions. Neverthe-
less, many patients with primary or secondary liver ma-
lignancies are not directed to the radical surgical therapy
that could extend their chance of complete remission of
the malignancy because of the increased risk of acute liv-
er failure after extended liver resection, where the liver
remnant volume is too small to sustain the liver functions
(1). Portal vein embolization could increase the future liv-
er remnant volume (FLRV) before the scheduled extend-
ed liver resection (2). The essential condition for indica-
tion of this procedure is that only one of the liver lobes is
affected by malignant diseases or that the lesions in the
remnant lobe have to be resected or destructed before
the performance of PVE (3-5). Compensatory hyperpla-
sia of the contralateral liver lobe is initiated by PVE of the
portal branch of the liver lobe afflicted by the malignan-
cy that underlies atrophy (6). Liver surgery is performed
in only 63-96% of patients after successfully performed
PVE (7,8). The main reason for resorting to liver resection
after PVE is unsuccessful hypertrophy of the FLRV or pro-
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(ALP); Alanine
Aminotransferase
(ALT); Aspartate
gression of the malignancy. Aminotransferase
In practice, portal vein ligation (PVL) could be used in- g‘;‘f{g”c;‘?"‘::i:‘:‘
stead of PVE. The differences between PVE and PVL were | er remnant
not shown to be statistically significant for the achieved volume (FLRV);
FLRV (9). However, contemporary literature has consid- Gamma-Glutamyl
ered portal vein ligation only on a murine experimental L‘:::g::‘l (GeT:
model (10). The key roles of interleukins (tumor necro- sntibody (MAB);
sis factor-q, Interleukin-6) during first phase (priming of Postoperative
hepatocytes) of liver regeneration after surgical or toxic Day (POD); Portal
insult are known (11,12). The meaning of growth factors E’;:,"E;E"F‘,:g'f\“‘l’:
(hepatocyte growth factor, transforming growth factor-a, {igrion (PVL)"
epidermal growth factor) for progression of hepatocyte Transforming
proliferation has also been shown (13). The prolifera- Growth Factor-
tive phase of liver regeneration is terminated by an in- Betal (TGF1).
creased serum level of the transforming growth factor-
betal (TGF-B1) (14).
TGF-31 plays the most important role in starting the
remodelling of the extracellular matrix and restoration of
the original structure of the liver parenchyma. TGF-B1 in-
hibits DNA synthesis and plays a pivotal role in the down-
regulation of liver regeneration as has been demonstrat-
ed in toxic models of liver regeneration (15,16). TGF-81
also down-regulates the production of the hepatocyte
growth factor that sustains hepatocyte proliferation (17).
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Increased expression of TGF-B1 prevents uncontrolled
growth during liver regeneration by the regulation of
hepatocyte transition from the G1 to the S phase of the
cell cycle (18,19). TGF-B1 helps maintain the differentia-
tion of hepatocytes and non-parenchymal liver cells. The
proposed HGF/TGF-B1 ratio could reflect the prolifera-
tion/differentiation status of hepatocytes (20). Increased
expression of TGF-B1 was also shown to be a crucial fac-
tor for the progression of hepatic fibrosis (21). This could
be explained by increased or prolonged production of the
liver extracellular matrix (22).

The aim of the present study was to accelerate and
amplify the regeneration of liver parenchyma after por-
tal vein ligation (PVL) by application of monoclonal an-
tibody against TGF-B1 and so extend first phase of liver
regeneration in a large animal experimental model that
could simulate the situation in human body. These results
could be used in humgn liver surgery to increase the num-
ber of patients undergoing radical extended liver resec-
tion for malignancy.

METHODOLOGY

The performed experimental surgical and anaesthe-
siological procedures and the use of piglets were certi-
fied by the Commission for Work with Experimental An-
imals at the Pilsen Medical Faculty of the Charles Univer-
sity, Prague and were under the control of the Ministry of
Education of the Czech Republic. All the performed pro-
cedures were prepared and performed under the law of
the Czech Republic, which is compatible with legislation
of the European Union.

Surgical procedure

Fifteen piglets were included in this study (9 in the
control group and 7 in the TGF-B1 group). No piglet was
excluded because of untimely death or any type of surgi-
cal complication. The piglets were pre-medicated intra-
muscularly with atropine 1.5mg and azaperon 1.0mg/kg.
Anaesthesia was administered continually through a cen-
tral venous catheter in the following total average dos-
es: azaperon 1.0mg/kg/hour, thiopental 10mg/kg/hour,
ketamin 5-10mg/kg/hour and fentanyl 1-2ug/kg/hour.
Muscle relaxation was ensured by bolus administration
of pancuronium 0.1-0.2mg/kg at the beginning of surgery.
The piglets were intubated and mechanically ventilated
during the surgical procedure. Monitoring of electro-
cardiogram, oxygen saturation and central venous pres-
sure was implemented. The surgical procedure was per-
formed under aseptic and antiseptic conditions. An an-
tibiotic prophylaxis was administered in a total dose of
1.2g amoxicillin with clavulanic acid divided into two dos-
es (before surgery and two hours later).

The surgical procedure was performed as described in
detail by Liska, as a new established model of partial por-
tal vein ligation (23-25). The following description will
summarise the key details of the surgical procedure. First,
a central laparotomy was performed. The portal vein
branches for the caudate, right lateral and right medial
lobes (50-60 per cent of the supposed liver parenchyma)
were prepared and ligated without injury or ligation of
the hepatic artery branches. The blood flow in the hepatic
artery branches and occlusion of the portal vein branch-
es were controlled by Doppler ultrasonography (Medison
Sonoace 9900, linear probe with frequency 7.5MHz). The
borders between atrophic and hypertrophic liver lobes
were marked by titanium staples to simplify the postop-
erative ultrasonography. The laparotomy was closed in

anatomical layers. At the end of operation the portacath
was introduced into the superior caval vein. The animals
were extubated and monitored each day for the next four-
teen days with a particular emphasis on the clinical exam-
ination (attention to wound healing, infection of the port-
acath and function of the gastrointestinal system) to diag-
nose possible surgical complications. The monoclonal an-
tibody against TGF-B1 (MAB TGF- 81, MAB1032, Chemi-
con International, Inc,, USA) in amount 40ug/kg of body
weight (TGF-B1 group) or a physiological solution (con-
trol group) were applied into the central venous catheter
24 hours after partial portal vein ligation (the start of pro-
duction of endogenous TGF-B1 according to works of Ar-
mendariz Borunda (15,26). The postoperative analgesia
was provided by intramuscular application of small dos-
es of Azaperon (10mg).

Biochemistry

Blood samples were collected from the central vein
catheter before the operation, after ligation of the last
portal branch, 30 minutes after partial portal vein liga-
tion, 2 hours after partial portal vein ligation, on the 1%
(before application of MAB TGF-B1 or the physiological
solution), 3, 7%, 10* and 14* postoperative days (POD).
Biochemical serum parameters focused on liver func-
tions to detect the influence of the applied monoclonal
antibody on the animal organism and to recognise pos-
sible differences between TGF-B1 and the control group.
Serum levels of bilirubin, urea, creatinine, alkaline phos-
phatase (ALP), gamma-glutamyl transferase (GGT), cho-
linesterase (CHE), aspartate aminotransferase (AST), ala-
ninc aminotransferase (ALT) and albumin were assessed
by the biochemical analyzer Olympus 2700.

Ultrasonography

The ultrasonographic controls were performed imme-
diately after surgical procedure and on the 3, 7%, 10% and
14* PODs (ultrasound machine Medison Sonoace 9900,
convex probe with a frequency of 3.5 MHz). The diame-
ters of the atrophic and hypertrophic lobes were meas-
ured in B-modus in all three basic planes (axial, sagittal
and coronary). The volume of the lobes was assessed by
using the standard ultrasonographic formula that is also
used in human medicine: axial x sagittal x coronary/2.
The volumes are presented as a percentage of base line
(immediately postoperative liver lobe volumes) to pro-
vide better information about the changes in volumes
that were achieved.

Termination of experiment
The piglets were sacrificed on the 14* day under deep
general anaesthesia with a concentrated solution of po-
tassium chloride administered into a central venous cath-
eter. The piglets were dissected and measurement of the
atrophic and hypertrophic liver lobes was performed.
These data were compared with the proportions estimat-
ed by ultrasonography. Bioptic samples from the atroph-
ic and hypertrophic liver lobes were taken and stored in
10% formaldehyde (methanal) and also frozen below
-70°C.

Histology

The biopsies from the atrophic and hypertrophic pa-
renchyma were examined after staining with hematoxy-
lin-eosine and periodic acid-Schiff (PAS) staining after di-
gestion of preparations with diastase. The proliferation
activity was examined using antibody Ki67 (MIB 1MW,
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used because of the non-Gaussian distribution of parame-
ter values. The whole development of the studied param-
eters over time was compared between the groups using
the ANOVA test.

RESULTS

The volumes of liver lobes measured by ultrasonog-
raphy and physical examination were compatible on the
14 POD. The absolute volume of hypertrophic lobes (left
lateral and medial lobes) grew more rapidly after appli-
cation of MAB TGF-B1, whereas the control group had a
slow but continual growth in the hypertrophic liver lobes
during the whole follow-up period. The augmentation of
growth of the hypertrophic lobes was maximal between
the 3" and 7* PODs in comparison with the control group
(p<0.05): Nevertheless this growth accelerating effect
was lost during the next ultrasonographic controls and
on the 14* POD thege were no statistically significant dif-
ferences (Figure 1). The serum levels of all studied bio-
chemical parameters and the progression of curves are
presented in Figure 2. All the studied serum biochem-
ical parameters were comparable in both experimen-
tal groups and the differences show no statistical signif-
icance between the TGF-B1 and the control group at each
time point (Figure 2). No adverse reaction on MAB appli-
cation was observed.

The histological examination was performed on biop-
sies that were conducted at the end of the experiment af-
ter the animals had been sacrificed when the proliferative
phase of liver regeneration had in fact finished. The dif-
ferences in length of lobuli were not statistically signifi-
cant (Figure 3). Statistical analysis also showed no signif-
icant increase in the quantity of binucleated hepatocytes
in the hypertrophic liver lobes in the TGF-1 group (Fig-
ure 4). We observed a larger distribution of the number
of binucleated hepatocytes per field in the hypertrophic
lobe from TGF-B1 group (1-4 binucleated hepatocytes per
field) in contrast to the control group (2-3, 5 binucleated
hepatocytes per field). The test of normality demonstrat-
ed a normal distribution of this parameter in each animal
in both experimental groups. The size of hepatocytes was
also not proved to be a statistically significant parameter
for differences between the TGF-B1 group and the con-
trol group (Figure 5). Proliferative activity in both groups
was greatly reduced.

DISCUSSION

This experimental study presents possibilities of the
application of extrinsic MAB TGF-B1 to increase the re-
quired future remnant liver volume after partial portal
vein ligation. The absolute volume of hypertrophic lobes
(left lateral and medial lobes) grew more rapidly after
application of MAB TGF-B1, whereas the control group
had a slow but continual growth in the hypertrophic liv-
er lobes during the whole follow-up period. The augmen-
tation of growth of the hypertrophic lobes was maximal
between the 3 and 7* PODs in comparison with the con-
trol group (p<0.05). Nevertheless this growth accelerat-
ing effect was lost during the next ultrasonographic con-
trols and on the 14* POD there were no statistically sig-
nificant differences. The use of large animals especial-
ly piglets in this experimental surgical study is very ap-
propriate in relation to the human medicine and clinical
surgery because of the similar physiology of piglets and
the human body. The results of the present study confirm
previous findings gained using in vitro models and in ex-
periments with small laboratory animals (15,16,26,27).
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FIGURE 5. Comparison of size of hepatocytes in hypertrophic lobes
between TGF-B1 and control groups.

The selected concentration and timing of the application
of monoclonal antibody prolonged acceleration of liv-
er parenchyma regeneration in non-occluded liver lobes
(15,26). The secondary effects that could be hypothesized
after application of the monoclonal antibody against key
pleiotropic growth factor (changes in immune reactions
and homeostasis) were not observed during application
or in the whole postoperative period. [n previous exper-
iments we have shown the importance and usefulness of
cytokines of the first phase of liver regeneration that in-
creases priming of the hepatocytes interleukine-6 and tu-
mor necrosis factor a (23,24). These cytokines have plei-
otropic functions which could be altered or changed by
application of these cytokines from an extrinsic source.
The choice of the monoclonal antibody against growth
factor that terminates this first phase of liver regenera-
tion and stimulates hepatocytes to differentiation, pro-
duction of extracellular matrix and remodelation of liver
tissue structure, imitates the same effect of these named
cytokines (18).
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No statistically significant differences were shown be-
tween serum levels of the studied biochemical parame-
ters at particular points in time. This also demonstrates
that there was no unsuitable influence of the applied cy-
tokine on the liver function. These results support our
ideas to choose monoclonal antibody against TGF-B1 for
future clinical studies in human liver surgery.

The larger distribution of the number of binucleated
hepatocytes in the hypertrophic parenchyma of TGF-B1
group in comparison with the control group could be ex-
plained by incomplete liver regeneration at the end of ex-
periment. Because there are practically no mitotic figures
or the amount is the same as in the normal liver paren-
chyma without any surgical procedures or toxic insult, it
was possible to hypothesize that the first phase of liver re-
generation was finished and the next phase of regenera-
tion was proceeding, namely the remodelling phase and
the phase when the liver microstrugture is restored (28).
The next objective for future study would be the detection
of changes to the intracellular or extracellular matrix dur-
ing the process of liver regeneration. The size of hepato-
cytes and the length of lobuli were not proved to be sta-
tistically different between study and control group. The
same size of hepatocytes and length of lobuli in the biopti-
cal samples from the hypertrophic parenchyma could be
also explained in the same way. This hypothesis is sup-
ported by the restitution of all liver functions monitored
by biochemical parameters and completion of the prolif-
erative phase of liver regeneration at the moment of sac-
rificing of the experimental animals.

This presented experimental model of liver regenera-
tion is considered to be more compatible with the human
organism and with the situation in clinical surgery than
other published models in small animals (15,16,26,27).
The performed portal vein ligature is also very similar to
PVE (9). However, contemporary literature has consid-
ered the application of MAB TGF-B1 after partial portal
vein ligation only on a murine experimental model and
we did not find any references in the literature about the
experimental verification of MAB TGF-B1 in the process
of liver regeneration on large animals and it has not been
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