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Abstrakt

Disertacni prace pojednava o rozdilnych metodickych ptistupech detekce rtiznych
genetickych alteraci u tfi typi solidnich nadort: stitné zlazy, kolorekta a slinivky biisni.
Moderni onkologicky vyzkum se na znalosti somatickych genetickych alteraci
v nddorovém lozisku zaklada. Tato znalost, krom toho, Ze védcim poskytuje predstavu o
konkrétniho nadoru, respektive pacienta. Specifické genetické alterace dokazou totiz
predpoveédét progndzu pacienta nebo umoziuji vyuzit k terapii molekularné cilenou 1écbu,
tzv. biologickou 1écbu, nejcastéji ve formé inhibitori onkoproteinti vzniklych
expresi mutovanych gend.

Dalsi urovni je pak vyuziti konkrétnich genetickych alteraci pro detekcei tzv. volné
nadorové DNA (ctDNA, z angl. circulating tumor DNA), ktera se vyskytuje v krvi
onkologickych pacienti. Analyza ctDNA v periferni krvi pacientli, oznacovana také jako
»tekutd biopsie®, je aktudlné velmi atraktivnim pfistupem, ktery umoznuje neinvazivni
sledovani prabéhu 1écby pomoci stoupajicich ¢i klesajicich hladin ctDNA, a to prakticky
kdykoliv je potieba.

V této praci se zaméfuji pouze na nejdulezitéjsi poznatky a vysledky ziskané béhem
svého plsobeni v onkologickém vyzkumu solidnich nadorl, které dokladam ptislusnymi
publikacemi.

V ramci charakterizace souboru pediatrickych pacientli s papilarnim karcinomem
S§titné Zlazy byla diky drobnému vylepSeni stavajici metodiky detekce fuznich gent
nalezena nova atypické fuze gentt RET a CCDC6, ktera byla pojmenovana RET/PTClex9.
Tato fuze byla zfejmé piic¢inou agresivniho projevu papilarniho karcinomu S§titné Zlazy u
osmiletého pacienta.

Pti vyzkumu kolorektalnich karcinomu bylo zasadnich objevi dosazeno béhem
studia ctDNA. Nejprve byla zavedena rutinni citlivd metodika detekce ctDNA a nasledné
bylo vice nez 10 let studovano jeji uplatnéni v riiznych klinickych situacich. Nejvice se
ctDNA osvédcila pti dlouhodobém monitorovani pacientll. Ukdzalo se, Ze ctDNA muze byt
citlivéjS§im markerem neZ béZn€ vyuzivané proteinové tumorové markery a ze dokdze
odhalit navrat nadorového onemocnéni (recidivu) diive nez tyto tumorové markery nebo
zobrazovaci metody. Dale je dulezitym ukazatelem pfi hodnoceni radikality provedeného

chirurgického odstranéni tumorového loziska.
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Zcela jinym metodickym pfistupem rovnéz pii studiu kolorektalnich karcinomi
bylo studium intratumorové mutacni heterogenity prekancerdznich kolorektalnich 1ézi. S
cilem co nejpodrobnéji lokalizovat a kvantifikovat zastoupeni riznych muta¢nich klona
v ramci adenomu, byly prekancerozni 1éze rozdéleny do miniaturnich vzorki o objemu cca
5 mm®. Kazdy ze vzork® se nasledné analyzoval separatng. Krom pfedstavy o pfesném
prostorovém umisténi a mnozstvi jednotlivych mutaci v prekancerdznich 1ézich se ukézalo,
ze pritomnost mutace v 7. exonu genu 7P53 je potencidlnim prediktorem brzké recidivy
onemocnéni v podob¢ vzniku novych metachronnich 1€zi.

Pfi studiu karcinomu slinivky b¥iSni doslo k vyznamnému pokroku v metodice
detekce mutaci genu KRAS, které jsou hlavnim predmétem mého vyzkumu. Ukazalo se, ze
nejvhodnéjSim materidlem pro vySetfeni mutaci je biopticky material ziskany pfi
diagnostice karcinomu pankreatu natfeny na cytologické sklicko. Diky tomu, Ze patolog pfi
cytologickém vySetieni oznaci na sklicku oblast vyskytu tumorovych bun¢k a diky izolaci
DNA pouze z této oblasti je mozné eliminovat faleSné negativni vysledky a ziskat skute¢né
relevantni zachyt KRAS mutaci. Zasadnim poznatkem pak bylo zjisténi, Ze jednotlivé typy
KRAS mutaci u karcinomu pankreatu nejsou rovnocenné a mohou ovliviiovat prognézu
pacientdi. Toho lze vyuzit pii raciondlnim planovani zptisobu 1é¢by zejména s ohledem na

kvalitu Zivota a zatéz pacienta.
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The dissertation discusses different methodological approaches for detection of
various genetic alterations in three types of solid tumors: thyroid, colorectal and pancreatic.
Modern oncological research is based on the knowledge of somatic genetic alterations in
tumor. This knowledge, besides providing scientists with an idea of the cause of the
formation of tumors, has the greatest benefit in that it can significantly influence the
treatment of a particular tumor or patient. Specific genetic alterations can predict the
prognosis of a patient or enable the use of molecularly targeted treatment, so-called
biological treatment, most often in the form of inhibitors of oncoproteins produced by
expression of mutated genes.

The next level is the use of specific genetic alterations to monitor the so-called
circulating tumor DNA (ctDNA) that occurs in the blood of oncological patients. The
investigation of genetic alterations from the blood, also referred to as "liquid biopsy", is
currently a very attractive approach that allows non-invasive monitoring of the course of
treatment using rising or falling levels of present genetic alteration, virtually whenever
needed.

In this work, I focus only on the most important findings and results obtained during
my work in oncological research of solid tumors, which I illustrate with relevant
publications.

During the characterization of a cohort of paediatric patients with papillary thyroid
cancer, a new atypical fusion of RET and CCDC6 genes, named RET/PTClex9, was found
thanks to a minor improvement in the existing methodology for detection of fusion genes.
This fusion was apparently the cause of aggressive manifestation of papillary thyroid
cancer in an eight-year-old patient.

In colorectal cancer research, major discoveries were made during the study of
ctDNA. First, a routine sensitive methodology for the detection of ctDNA was introduced
and then its application in various clinical situations was studied for more than 10 years.
CtDNA has proven most effective in long-term monitoring of patients. It has been shown
that ctDNA can be a more sensitive marker than commonly used protein tumor markers
and that it can detect cancer recurrence earlier than these tumor markers or imaging
methods. Furthermore, it is an important indicator in assessing the radicality of surgical

removal of tumor lesions.
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A completely different methodological approach was also used in the research of
colorectal carcinomas to study intratumor mutational heterogeneity of precancerous
colorectal lesions. In order to locate and quantify different mutant clones within the
adenoma in as much detail as possible, precancerous lesions were divided into miniature
samples with a volume of approximately 5 mm?>. Each of the samples was subsequently
analyzed separately. In addition to the idea of the precise spatial location and quantification
of individual mutations in precancerous lesions, it was shown that the presence of a
mutation in the 7th exon of the 7P53 gene is a predictor of early disease recurrence in the
form of new metachronous lesions.

During the research of pancreatic cancer, significant progress was made in the
methodology of detecting KRAS gene mutations, which are the main subject of my
research. It turned out that the most suitable material for the examination of mutations is
the biopsy material obtained during the diagnosis of pancreatic cancer smeared on a
cytological slide. Thanks to the fact that the pathologist during the cytological examination
marks on the slide the tumor cell area and thanks to the isolation of DNA only from this
area it is possible to eliminate false negative results and obtain a truly relevant detection of
KRAS mutations. The key finding was that the individual types of KRAS mutations in
pancreatic cancer are not equivalent and may affect the prognosis of patients. This can be
used in rational planning of treatment, especially with regard to the quality of life and

burden of the patient.



Sezam pouzitych zkratek a symboli

Seznam pouZzitych zkratek a symbolu

Zkratka | Anglicky Cesky
ALK Anaplastic Lymphoma Kinase gen pro kindzu  anaplastického
lymfomu
APC Adenomatous Polyposis Coli gen familidrni adenomatdzni polypdzy
ARTN Artemin artemin
BRAF V-raf murine sarcoma viral | virovy protoonkogen v-raf mysiho
oncogene homolog B1 sarkomu, homolog B1
CA19-9 Cancer antigen 19-9 tumorovy antigen 19-9
cDNA Complementary DNA komplementarni DNA
CEA Carcinoembryonic antigen karcinoembryonalni antigen
cfDNA Circulating cell-free DNA cirkulujici ,,volnd*“ DNA
CIMP CpG island methylator phenotype Fenotyp s hypermetylovanymi CpG
ostravky
CIN Chromosomal instability chromozomalni nestabilita
CRC Colorectal cancer kolorektalni karcinom
CT Computed tomography vypocetni tomografie
ctDNA Circulating tumor DNA cirkulujici nddorova DNA
DCC Deleted in colorectal cancer, (tumor | neptitomen u kolorektalniho
suppressor gene) karcinomu, tumor supresorovy gen
DNA Deoxyriboucleic acid deoxyribonukleova kyselina
dPCR Digital PCR digitalni PCR
EGFR Epidermal growth factor receptor gen pro receptor epidermalniho
ristového faktoru
ERK Extracellular signal-regulated gen pro kinazu regulovanou
Kinase extracelularnim signdlem
EUS endoscopic ultrasonography endoskopicka ultrasonografie
EUS — endoscopic ultrasonography — fine | endoskopickou ultrasonografiii
FN(A)B needle (aspiration) biopsy navadénd biopsie tenkou jehlou
FFPE Formalin fixed parrafin embedded | (tkan) fixovana formalinem, zalit4 do
parafinu
FN(A) B | Fine-needle (aspiration) biopsy (aspiracni) biopsie tenkou jehlou
GDN Glial Cell Line-Derived neurotroficky faktor odvozeny =z
Neurotrophic Factor gliové bunécéné linie
KRAS Kirsten rat sarcoma viral oncogene | homolog virového protoonkogenu
homolog Kirsten krysiho sarkomu
LOD Limit of detection limit detekce
LOH Loss of heterozygozyty ztrata heterozygozity
MAPK Mitogen-activated protein kinase proteinkindza aktivovana mitogeny
MEK Mitogen-activated MAPKK 1, mitogen aktivujici
protein kinase kinase 1 proteinkindza kinaza 1
MLHI Tumor suppressor gene encoding tumor supresorovy gen kodujici
DNA mismatch repair protein Mlhl | protein Mlhl pro opravu chybného
parovani DNA
MRI Magnetic resonance imaging magnetickd rezonance
MSI Microsatellite instability mikrosatelitova nestabilita
NGS Next generation sequencing sekvenovani nové generace

NRTN

Neurturin

neurturin
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NTRK Neurotrophic  tyrosine  receptor | gen pro neurotrofni tyrozinovou
kinase receptorovou kinazu

oS Overall survival celkové preziti

PanIN Pancreatic intraepithelial neoplasia | pankreatickd intraepitelidlni neoplazie

PCR Polymerase chain reaction polymerdzova fetézova reakce

PDAC Pancreatic ductal adenocarcinoma | duktalni adenokarcinom pankreatu

PSPN Persephin persefin

PET/CT Positron  emission tomography/ | pozitronova emisni

computed tomography tomografie/vypocetni tomografie

PIK3CA Phosphatidylinositol 3-kinase Gen pro fosfatidylinositol 3-kinazu

PTC Papillary thyroid cancer papildrni karcinom §titné zlazy

qPCR Quantitative PCR kvantitativni PCR v redlném case

RAS Ras sarcoma virus gene gen kodujici protein p21

RET Rearranged during transfection protoonkogen, ,,pfeskupeny béhem
transfekce*

RET/PTC | RET/PTC fusion gene fuzni gen vznikly spojenim RET genu
s jinym genem (u PTC)

RNA Ribonucleic acid ribonukleova kyselina

TP53 Tumor protein 53 gen pro tumorovy protein 53

TRK Tropomyosin Receptor Kinase gen pro tropomyosinovy receptor s
kin4dzovou aktivitou

VEGF Vascular endothelial growth factor | gen pro vaskularni endotelidlni
rustovy faktor




Obsah

VO .ottt en s 1

1.1 NAdOTOVA ONEMOCHENT ....eieiiieiiiiiieeiie e 2
1.2 ONKOZENETIKA ..ottt ettt et st e enbeeenas 3
1.3 Charakter vzorkl pro onkogenetické vySetfeni...........cceevveevvienieecieenieenieennen. 4
1.4 Karcinomy Stitné ZIAZY .........cc.oeeviiieiiieeieeeeeee e 6
1.4.1  Anatomie StINE ZIAZY .......ooeoviiieiieeiie e 6
1.42  Papilarni karcinom §titné zlazy — diagnostika a 1éCba............ccccvevviienreenennen. 8
1.43  Onkogenetika PTC ......coooviiiiiiiieieeieeee et 10
1.4.3.1 RET/PTC preskupent ........cocueeiuieiiiiiiiiiieeiieeeeee e 12
1.4.3.2 Metodika detekce exprese RET/PTC ZENU......cccccccereeveenuenieneenienieneenens 14
1.5 Kolorektalni KarcinOmY ...........cccecvvereiierieeiiienieeiieenieereesieeereesieeeveeseneensaens 16
1.5.1  Anatomie tlustého stieva a kone€niku ...........coceveeiiniiniiiiniineccieeeee 16
1.5.2  CRC — diagnostika a IeEba ........ccccovieriiniiiiiiniiiiiiiecccce e 17
1.5.3  Onkogenetika CROC .......ccooiiiiiiiriiienieeeeeeeeeee e 22
1.5.4  Intratumorova mutacni heterogenita - ITH .......c.ccoeeveiiiiiiniiiiiieieeee, 25
1.5.4.1 Metodika detekce ITH kolorektalnich prekancerdznich 1ézi ..................... 27
L.5.5  CIDINA ettt ettt 27
1.5.5.1 Metodiky detekce CtDNA..........coiiiiiiiiiceeeee e 28
1.5.5.2 Dostupnd metoda pro rutinni detekci ctDNA.........coceviiviriiniicnicneee 29
1.6 Karcinom Pankreatu..........coocoooiiiiiiiiiiiiiiiicceceeeeee e 32
1.6.1  Anatomie slinivKy bIiSni........ccociiiiiiiiiiiiieieceecceee e 32
1.6.2  Karcinom pankreatu — diagnostika a 16€ba ...........ccceevveneiiiniiniinincnennns 33
1.6.3  Onkogenetika karcinomu pankreatu............cccoecveveevierieneniienecnennieneeneenens 36
1.6.4  Charakter PDAC vzorkt pro genetickd vySetieni........ccceecveevcieeecieeceneenne, 37
Cile diSErtaCni PrACE ......cccveeeiieeeiieeeiieeeeeeeeeeetre e et e e eesreeesereeeeaaeeeneeas 39
VYSIEAKY ittt et 40

3.1 PUDIIKACE 1.t st 40
3.2 PUDIKACE 2 ...t 50
33 PUDIIKACE 3 ... 62
3.4 PUDIIKACE 4 ...ttt st 76
DISKUZE....eieteeee e e 91

SRINULT @ ZAVET...cc.eiiiiiii e e 96

Seznam PouZite IETAtUIY .......ccccviieeiieeeiie et eetee et ens 97



Uvod

1 Uvod

Cést disertatni prace vénujici se karcinomim Stitné zlazy byla vypracovana na

Oddé¢leni molekuldrni endokrinologie Endokrinologického ustavu v Praze. Vysledky této

¢asti prace jsou obsazeny v nasledujicicm clanku publikovaném v impaktovaném

zahrani¢nim periodiku, ktery je uveden v kapitole 3 Vysledky jako Publikace 1.:

1.

Halkova T, Dvorakova S, Vaclavikova E, Sykorova V, Vcelak J, Sykorova P,
Vicek P, Reboun M, Katra R, Kodetova D, Schrumpf M, van Wezel T, Morreau H,
Bendlova B. A novel RET/PTC variant detected in a pediatric patient with papillary
thyroid cancer without ionization history. Hum Pathol. 2015; 46: 1962-1969. IF =
2.7

Vyzkum tykajici se kolorektalnich karcinomli a karcinoml pankreatu byl proveden

v Centru aplikované genomiky solidnich nddori Vyzkumného ustavu Genomac v Praze.

Vysledky této ¢asti praci jsou shrnuty ve 3 publikacich zvetejnénych v impaktovanych

zahrani¢nich periodicich, ktery jsou uvedeny v kapitole 3 Vysledky jako Publikace 2-4:

2.

3.

4.

BeneSova L, Halkova T, Ptackova R, Semyakina A, Menclova K, Pudil J, Ryska
M, Levy M, Simsa J, Pazdirek F, Hoch J, Blaha M, Minarik M. Significance of
postoperative follow-up of patients with metastatic colorectal cancer using

circulating tumor DNA. World J Gastroenterol. 2019; 25: 6939-6948. IF = 4.3

Halkova T, Ptackova R, Semyakina A, Suchanek S, Traboulsi E, Ngo O,
Hejecmanova K, Majek O, Bures J, Zavoral M, Minarik M, BeneSova L. Somatic
Mutations in Exon 7 of the 7P53 Gene in Index Colorectal Lesions Are Associated
with the Early Occurrence of Metachronous Adenoma. Cancers 2022; 14: 2823. IF
=5.2

Halkova T, Bungani¢ B, Traboulsi E, Mindrik M, Zavoral M, BeneSova L.
Prognostic Role of Specific KRAS Mutations Detected in Aspiration and Liquid
Biopsies from Patients with Pancreatic Cancer. Genes 2024; 15: 1302. IF = 2.8
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1.1 Nadorova onemocnéni

Nadorova onemocnéni jsou po kardiovaskularnich onemocnénich celosvétoveé druhou
nejcastéj$i pficinou umrti. Jednotlivd nadorova onemocnéni jsou velice heterogenni a
mohou postihnout prakticky jakoukoliv tkan. VSechna nadorovd onemocnéni jsou
geneticky podminénd, protoze pii¢inou maligni transformace bun¢k je vzdy geneticka
alterace, nejcastéji mutace v DNA.

Nadory mohou byt hereditarni (familiarni, dédi¢né), a to pokud je dispozice k
jejich vzniku (mutace odpovédného genu) zdédéna ze zarodecnych bunék rodice. Jedna se
o tzv. germinalni (zdrodecné, vrozené) mutace, které jsou pak pfitomny ve vSech
buiikdch organismu a mohou byt dale pfedavany potomkim (Foretova et al. 2022).
Typicky se jednd o mutace tumor supresorovych geni (viz odstavec 1.2), které maji
recesivni charakter a k rozvoji nddorového onemocnéni tedy dochéazi az po mutaci druhé
alely genu v somatické buiice pfislusné tkané. Tato prace se vSak zaméfuje pouze na
sporadické formy nadorovych onemocnéni, kterych je naprostd vétSina. Sporadické
nadory vznikaji vlivem somatickych mutaci zdravych somatickych bunék a jejich
naslednou transformaci v bunky nadorové. Nadorové bunky se vymykaji kontrolnim
mechanismim bunééné proliferace. To vede v konecném disledku k jejich
nekontrolovanému mnoZeni a vzniku nadorové tkané (Liggett a DeGregori 2017). Pokud
zmnoZenim transformovanych bun€k vznikne pevny utvar, nazyvame ho solidnim
nadorem. Druhou skupinou nadorovych onemocnéni jsou malignity krvetvornych bunck
(leukémie) a lymfoidni malignity (lymfomy), o téch vSak tato prace nepojednava.

Maligni transformace je postupny proces a dochazi pii ni k mnoha histologickym,
morfologickym a genetickym zméndm (Zhang et al. 2024). Krom jiz zminéné
nekontrolované proliferace se nadorové buiky odliSuji od zdravych somatickych buné¢k
také ztratou kontaktni inhibice, to znamena, Ze po kontaktu s jinou builkou nezastavi sviij
rust, mohou proristat pies sebe, vytvaret vrstvy nebo shlukovité utvary. Nadorové bunky se
navic mnozi po neomezeny pocet generaci a jsou tak prakticky nesmrtelné. Nadorové
buniky nepotiebuji k ristu stimulaci ristovymi faktory. Dochazi u nich také ke zmeéné
povrchovych antigenli, ¢imz se vymykaji kontrole imunitniho systému (Gonzalez et al.

2018, Hanahan a Weinberg 2000).
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1.2 Onkogenetika

Pro maligni transformaci jsou zésadni mutace v protoonkogenech a tumor
supresorovych genech, coz jsou geny kddujici proteiny, jejichz nadmérnd aktivace
(protoonkogeny) nebo naopak ztrata funkce (tumor supresory) zpiisobi ristovou vyhodu
buniky a vede k jeji nekontrolované proliferaci (Hanahan a Weinberg 2000, Shen et al.
2024). Protoonkogeny koduji proteiny, které pozitivné reguluji bunécnou proliferaci a
diferenciaci a inhibuji apoptdzu. Patii mezi n€ napft. rastové faktory, receptory pro ristové
faktory, proteiny signalnich drah, bunééného cyklu (cykliny, cyklin-dependentni kinasy),
transkripcni faktory a inhibitory apoptdzy. Mutace v protoonkogenech nastavaji vétSinou v
tzv. hotspotech (kodony pfip. exony s Castym vyskytem mutaci). Nejcastéji se jednd o
bodové mutace, méné Casto delece, genové piestavby, nebo genové amplifikace. Je-li
protoonkogen aktivovan mutaci, stava se z n¢j onkogen. K tomu staci mutace na jedné alele
protoonkogenu — jde o tzv. dominantni mutace (Anderson et al. 1992). Typickymi
predstaviteli protoonkogenti jsou RET, KRAS, BRAF a PIK3CA.

Tumor supresorové geny negativné reguluji (tlumi) bunéénou proliferaci. Casto jsou
to geny kodujici inhibitory v signalnich drahach, negativni transkripéni faktory, aktivatory
apoptozy a DNA reparacni proteiny. K inaktivaci tumor supresorového genu je potieba tzv.
dvojiho zasahu — tedy jde o inaktivaci tzv. recesivnimi mutacemi, které inaktivuji obé
alely tumor supresoru. Nejcastéji se jedna o bodovou mutaci jako prvni zasah na jedné alele
a nasledné bodovou mutaci na druhé alele nebo jeji uplnou ztratu (LOH — z angl. losss of
heterozygosity, ztrata heterozygozity), nebo epigenetické umlceni hypermethylaci CpG
ostriivkll v promotorové oblasti genu (Lipsick 2020, Chen et al. 2020). Bodové mutace v
tumor supresorovych genech nemivaji hotspoty vyskytu, mohou nastat prakticky v
kterémkoliv exonu, aCkoliv v nékterych exonech se vyskytuji Castéji - napt. v 15. exonu
genu APC nebo v 5. - 8. exonu genu 7P53. V roce 1990 byly tumor supresorové geny
uznany za stejné kliCové pro rozvoj rakoviny jako protoonkogeny (Lipsick 2020).

Maligni transformace mtize zacit mutaci jen v jediné somatické buice (tzv.
iniciovana buiika) a jejim klondlnim zmnoZenim (klonalni expanzi) pak vznikd nadoroveé
loZisko. Behem karcinogeneze se pak vétSinou hromadi v jednotlivych klonech iniciované
bunky dalSi genetické alterace (viz také kapitola 1.5.3 a obr. 8; kapitola 1.5.4 a obr. 9),

takze ve vysledné nadorové mase miize byt pfitomno mnoho kloni rizné¢ mutovanych
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bunck. Tento jev se nazyva intratumorova mutacni heterogenita, ITH. Podrobnéji o ITH

pojednava kapitola 1.5.4.

1.3 Charakter vzorki pro onkogenetické vysetreni

Pti studiu solidnich nadort je mozné pracovat s nékolika druhy vzorkti. Nejcastéji se
jednd o zmrazenou nadorovou tkan ziskanou peroperativné nebo o bioptickou tkan
ziskanou napf. z tlustého stieva pii kolonoskopii nebo béhem ultraosonografického
vySetfeni pii diagnostice karcinomu pankreatu. Vytezky i kvalita DNA izolované z téchto
vzorkl tzv. €erstvé zmrazené nadorové tkané (angl. fresh frozen tissue) byvaji v fadech
desitek aZz stovek ng/ul a tedy zcela dostacujici pro nasledné analyzy. Vzhledem vsSak
k tomu, Ze tyto vzorky nejsou pred zmrazenim podrobeny histologickému ¢i cytologickému
zhodnoceni, je potfeba pocitat s tim, Ze zastoupeni sledovanych genetickych mutaci mize
byt nizsi nez je tomu u jinych druhii vzorki (viz dale). Diivodem je to, ze nadorové lozisko
je smési nadorovych i nenadorovych bunék a nemutovand DNA z nenadorovych bun¢k pak
snizuje zachyt genetickych mutaci. To mize byt problém zejména u bioptickych vzorki,
kde byvaji nadorové buiiky zastoupeny minoritné nebo ve vzorku mohou chybét tUplné.
Dale je potieba pocitat s ITH (viz kapitola 1.2 a 1.5.4). Pfitomnost nddorovych buné¢k s
riznymi mutacemi totiz také snizuje jejich zachyt a ztézuje interpretaci vysledki, protoze
nikdy neni jasné, zda je pritomen jeden klon bun¢k s vice mutacemi nebo vice klont s
riznymi mutacemi. Z uvedenych diivodi je tfeba u téchto vzorkl pocitat také s faleSnou
negativitou.

Piesné&jsi charakterizace vzorkil je mozna u preparati ve formé& parafinovych bloki,
tzv. FFPE blokli (z angl. formalin fixed parrafin embedded), nebo bioptickych
cytologickych natéri na mikroskopiském sklicku, které byvaji rutinné histologicky
respektive cytologicky zhodnoceny patologem a pak teprve poskytnuty pro izolaci a
analyzu DNA. Patolog tak muze vyznalit na prepardtu konkrétni oblast s vyskytem
nadorovych bunék, ze které¢ je pak izolovana DNA. Odpada tim komplikace s pfimési
nenadorovych bun¢k, zlstdva vSak problém s ITH. Vyhodou téchto archivovanych
preparatli je moznost uskladnéni pfi pokojové teploté, nevyhodou je obtiznéjsi izolace
DNA pouze z omezeného mnozstvi materidlu. Dale byva DNA z parafinovych bloka
vlivem fixace tkdn¢ ve formaldehydu fragmentovana a chemicky modifikovana, coz mtze

vést k negativnimu ovlivnéni PCR reakce.
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Dalsi moderni variantou je detekce DNA mutaci z cirkulujici nddorové DNA (ctDNA
z angl. circulating tumor DNA). Prvnim krokem je odbér krve pacienta a nasledna separace
plazmy od krevnich bunék centrifugaci. V dalSim kroku je izolovana celkovd volna
(cirkulujici) DNA z plazmy (cfDNA z angl. cell free DNA), jejiz frakci je i ctDNA.
V tomto pfipad¢ je analyza DNA zatizena stejnymi komplikacemi jako analyza Cerstvé
nadorové tkan¢, protoze se opét jedna o analyzu smési nddorové i nenddorové DNA. Navic
analyza ctDNA vyzaduje vysoce citlivou metodiku. Podrobnéji o ctDNA pojednava

kapitola 1.5.5.
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1.4 Karcinomy Sstitné Zlazy

Karcinomy S§titné zlazy jsou pomérné vzacné, tvoii priblizné 1 az 1,5 % vSech nové
diagnostikovanych karcinomil, nicméné jsou nejcastéjSi malignitou endokrinniho systému
(cca 90 %). Manifestuji se ve vSech vekovych skupinich, pfiCemz vyrazné prevazuje
vyskyt u zen v poméru 1 : 0,4 oproti muzim. Jejich incidence celosvétoveé od konce 20.
stoleti stale nartistd. V Ceské republice bylo v roce 1984 diagnostikovano 239 piipadi,
v roce 2021 bylo registrovano uz 1148 ptipadd (UZIS 2021). Nartst incidence miizeme
¢astecn¢ vysvétlit zlepSenou diagnostikou pomoci ultrasonografii navadéné biopsie tenkou
jehlou (EUS - FNAB z angl. endoscopic ultrasonography - fine needle aspiration biopsy).
Diky ultrazvukovému vysSetieni je v soucasnosti mozné detekovat i karcinomy mensi nez 1
cm, tzv. mikrokarcinomy, které byly v minulosti detekovatelné obtizné (Russell et al.
2023). Rostouci trend incidence je dale pfisuzovan zvysSené informovanosti pacientl ¢i
zptisnéni diagnostickych kritérii. Je vSak ziejmé, ze existuji i dalsi faktory, které mohou za
rostouci pocet karcinomu §titné Zlazy, zejména environmentalni polutanty, obezita a zména
mikrobioty, ¢i nadmérné vyuzivani rentgenového vysetfeni ve stomatologii (Memon et al.

2019, Kim et al. 2020, Kitahara a Schneider 2022).

1.4.1 Anatomie Stitné zlazy

Stitna Zlaza (latinsky glandula thyroidea) je endokrinni Zlaza uloZzena v piedni ¢asti
krku v oblasti hrtanu pod §titnou chrupavkou. Stitna Zlaza je vysoce cévné zasobena, ma
tmaveé Cervenou barvu, hladky povrch a je pokryta vazivovym pouzdrem (Mohebati a
Shaha 2012). Sklada se ze dvou lalokii, které jsou ve spodni Casti spojeny mistkem
(isthmus). Na zadni stran¢ §titné Z14zy jsou obvykle umistény dva pary pfistitnych télisek. Z
isthmu muze smérem k hlavé vyrGstat pyramidalni lalok (lobus pyramidalis) jakozto
poziistatek sestupu §titné z1azy béhem ontogeneze. Vzacné miize dochdzet k absenci isthmu
a zlaza pak existuje jako dva samostatné laloky (Mohebati a Shaha 2012, Khatawkar a
Awati 2015).

Stitna Zlaza je tedy tvarové pomérné variabilni — nékdy pfipomina tvar pismene U,
jindy pismene H. Nejc€astéji je vSak pfirovnavana k obrazu motyla (viz obr. 1). Diky zna¢né

velikosti obou lalokll (obvykle cca 5 x 2 x 3 cm) se S§titna zldza fadi mezi jednu z nejvétSich
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endokrinnich zlaz o vaze pfiblizné 20 g u dospélych (Pankow et al. 1985, Khatawkar a

Awati 2015).

titna _|
flaza

. i
r—y pyramidalni
' ? | ; 0\ lalok
; "'-l levy lalok

! . | isthmus
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Obr. 1 Anatomie $titné Zlazy — Zlaza pfi pohledu zepiedu.

Prevzato a upraveno dle knihy Moini J et al. Epidemiology of Endocrine Tumors, Chapter 1 - Endocrine
Glands. Dostupné z webové stranky https://www.sciencedirect.com/topics/medicine-and-dentistry/thyroid-

gland

Mikroskopicky je §titnd zlaza tvofena z folikult, dutych kulovitych méchyiki

ohranicenych jednou vrstvou folikularnich bunék (obr. 2 A, B). Folikularni bunky secernuji

dovnitt folikulu koloid obsahujici tyreoglobulin, ktery je prekurzorem hormont 3,5,3°,5-

tetrajodthyroninu (thyroxinu, T4) a 3,5,3’-trijodothyroninu (T3). Mezi folikularnimi

buiikami jsou roztrouseny parafolikularni bunky (C-buiiky) produkujici hormon kalcitonin

(obr. 2 B).

cytologickém vySetfeni.

Folikuldrni buiika

Parafolikularni buiika
Obr. 2 Folikuly Stitné zlazy A) pohled elektronovym mikroskopem, B) pohled mikroskopem pii
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1.4.2 Papilarni karcinom §titné zlazy — diagnostika a Ié¢ba

Karcinomy §titné zlazy rozdélujeme podle piivodu a stupné diferenciace. Klasifikace
nadort §titné zlazy je na zakladé novych klinicko-patologickych a molekularnich poznatki
neustale zpiesiiovana a aktualizovana (Baloch et al. 2022, Juhlin et al. 2022, Rossi a Baloch
2023).

Majoritni skupinou jsou karcinomy odvozené od folikularniho epitelu, které zahrnuji
papilarni karcinom (PTC), invazivni opouzdienou folikuldarni variantu papilarniho
karcinomu, folikularni karcinom, onkocytarni karcinom, high-grade neanaplasticky
karcinom a anaplasticky karcinom (Baloch er al. 2022). Z parafolikularnich C-bun¢k
vychazi medularni karcinom s prevalenci 2 % (Lim et al. 2017).

Nejbeéznéjsim typem je papilarni karcinom (PTC), ktery predstavuje 84 % malignit
Stitné zlazy (Lim et al. 2017), a ktery byl pfedmétem mého vyzkumu.

PTC je diagnostikovan vétSinou po ndhodném nahmaténi bulky na krku pacientem
nebo lékatem. Zékladnim vySetfenim je ultrasonografie, ktera je neinvazivni a pro pacienta
nezat¢zujici metodou. PTC se pii ultrasonografii projevuje jako hypoechogenni tutvar se
Spatn€ definovanymi okraji. Ke stanoveni kone¢né diagndzy vsak vede az cytologické
vySetieni bioptického materidlu odebraného pomoci EUS - FNAB. Pfi potvrzeni diagndzy
PTC je pacient indikovan k operaci. V Ceské republice je preferovan radikalni vykon,
totalni thyreoidektomie, jehoz vyhodou je zejména nizky vyskyt recidiv v porovnani s
méné radikdlnimi zékroky (hemithyreidektomie). Nevyhodou je nutnost trvalé
suplementace pacienta tyroxinem (Yang ef al. 2024). V soucasné dob¢ je mezi odbornou
vetejnosti vedena diskuse o méné radikalnim piistupu k 1é€bé, kdy se nazory rizni, ale
zejména odbornici z USA podporuji spiSe hemithyreoidektomii. V hodnoceni agresivity
nadoru a doporuceného rozsahu operace pomahaji molekularni markery.

K charakterizaci resekovaného PTC patologem se vyuziva TNM systém klasifikace,
kde T je charakteristikou primarniho nadorového loziska, N je charakteristikou
metastaz do prilehlych lymfatickych uzlin a M je charakteristikou vzdalenych
metastaz (viz tabulka 1). Na zakladé TNM Kklasifikace se nésledné stanovuje pokrocilost
(stddium) PTC (viz tabulka 2). TNM systém klasifikace PTC byl neddvno revidovan a
aktualné je platnd jeho 8. edice (Brierley et al. 2017). Mladsi pacienti mivaji obecné
piiznivéjsi prognodzu, proto se u nich urcuji pouze stadia I nebo I, a to na zaklad¢ absence

¢1 pritomnosti distalnich metastaz. Nejvétsi zménou v 8. edici TNM Kklasifikace je posun
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cut-off véku z pivodnich 45 let na 55 let, coz umoznuje zptesnit odhad rizika agresivity

nadoru (Nam et al. 2018, Gholami et al. 2024).

Tab. 1 TNM Klasifikace PTC (8. edice)

X nelze hodnotit

TO neni pfitomen

T1 omezen na Stitnou zlazu <2 cm

T2 omezen na Stitnou Zlazu > 2 cm a <4 cm

Charakteristika T3a omezen na Stitnou Zlazu > 4 cm
primarniho nadoru T3b makroskopicka extratyreoidalni extenze zasahujici

do pfi¢n¢ pruhované svaloviny, jakakoliv velikost

T4a postihuje podkozi, hrtan, tracheu, jicen, nebo
zvratny nerv

T4b postihuje prevertebralni fascii, cévy mediastina
nebo kréni tepnu

NX nelze hodnotit

Pritomnost metastaz NO nejsou pritomny
v reglonall.nc'h miznich Nla metastazy uzlin v centralnim kompartmentu
uzlinach
N1b metastadzy uzlin v lateralnim kompartmentu
MX nelze hodnotit
Pritomnost vzdalenych | \jo nejsou piitomny
metastaz )
Ml jsou pfitomnony

Tab. 2 Urcéovani stadia PTC podle TNM Klasifikace (8. edice)

PTC, vék <55 let

Stadium 1 jakékoliv T jakékoliv N MO

Stadium II jakékoliv T jakékoliv N MI1

PTC, vék > 55 let

Stadium I Tla, Tlb NO MO

Stadium II T2 NO MO

Stadium 1T T3 NO MO
T1, T2, T3 Nla MO

Stadium IVa T1, T2, T3 NIb MO
T4a jakékoliv N MO
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Stadium IVb T4b jakékoliv N MO
Stadium IVc jakékoliv T jakékoliv N M1

Jako poopera¢ni terapie se pacientovi podava radiojod *'I. Cilem je eliminovat

zbytky tkané a piipadné metastazy. Radiojod *'I

se podava peroralné (ve formé kapsle) s
aktivitou 3,7 GBq, pokud jsou pfitomny lokalni ¢i vzdalené metastazy, jsou aktivity vyssi
4,4 — 7.4 GBq) (VIcek 2006). Pacienti jsou dale celozivotn¢ sledovani. V ramci
dispenzarizace podstupuji pravidelné ultrasonografické vysetieni a meéfeni hladiny
tyreoglobulinu v krvi (slouzi jako marker recidivy onemocnéni), jednou za 5 — 10 let
podstupuji také celotélovou scintigrafii radiojodem. Pii zvySeni hladiny tyreoglobulinu,
nebo pfi pozitivni scintigrafii je indikovéana terapie radiojodem.

V5 - 15 % pftipadl jsou loziska karcinomu §titné zlazy refrakterni (necitliva) k 1écbé
radiojodem (Worden 2014). V takovém piipadé, stejné jako v pripadé neresekovatelného
nebo rekurentniho karcinomu §titné zlazy, mize byt pacient indikovan k biologické 1é¢bé
tyrozinkindzovymi inhibitory na zdklad¢ mutace detekované v nddorové tkani (Zhang et al.
2022, Cortas a Charalambous 2023). Konkrétni nejCastéjsi mutace jsou uvedeny v
nasledujici kapitole. Chemoterapie a radioterapie byva obecné indikovana vzacné, vétSinou
az po vycerpani vSech ostatnich lé¢ebnych modalit.

Prognéza pacientit s PTC je velmi pfizniva, coZ Gizce souvisi s v€asnou diagnostikou,
kdy vétsina PTC je diagnostikovana ve stadiu I. Pétileté preziti 1é¢enych pacientll v CR v

obdobi 2015 — 2019 dosahovalo hodnoty 98,8 % (UZIS 2021).

1.4.3 Onkogenetika PTC

V soucasné dobé€ jsou dobie znamy klicové somatické pti¢iny vzniku PTC. Zahrnuji
v cca 50 % mutaci v BRAF genu (Val600Glu), v cca 15 % mutace v RAS genech (nejcastéji
NRAS, méné Casto HRAS a KRAS) a v 15 % vznik faznich genti receptorovych tyrozinkinaz
(nejcastéji RET, méné Casto NTRK a ALK protoonkogeny) s jinymi bézné exprimovanymi
geny (napf. Nikiforov a Nikiforova 2011, Fagin ef al. 2023, Landa a Cabanillas 2024).
Vsechny tyto geny koduji signalni proteiny MAPK (angl. Mitogen-Activated Protein
Kinase, proteinkindsa aktivovana mitogeny) drahy (obr. 3), ktera hraje kli¢ovou roli
v bunécéné proliferaci, diferenciaci a apoptoze (Bahar er al. 2013, Roberts a Der 2024).

Mutace zminénych genli pak zptisobuji aktivaci MAPK drahy. U 11 % PTC se vyskytuji

10
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mutace v promotoru genu TERT, ktery koduje katalytickou podjednotku telomerazy. Tyto

mutace jsou spojeny s agresivnim chovanim nadoru (Liu et al. 2024).

Rlstovy
faktor

Receptorova
tyrosinkindsa | «— RET/PTC fluze
«— NTRK1 fuze
+— ALK faze

Ras
protein <+— RAS mutace

Raf
protein

CYTOPLAZMA

<+— BRAF mutace

Proteinkinasa
aktivovand

mitogeny
(MAPK)

JADRO Transkripéni
faktor

Obr. 3 Schematické znazornéni MAPK signalni drahy vcetné umisténi nejcastéjSich genetickych zmén

vedoucich k rozvoji PTC.

Uvedené somatické zmény se malokdy vyskytuji vtomtéz karcinomu a jsou
nalézany s riznou frekvenci v riiznych v€kovych skupinach pacientl. Naptiklad fuzni geny
RET protoonkogenu jsou pfitomny ve vétsi mife u déti neZ u dospélych, zatimco BRAF
mutace se Castéji vyskytuje v dospé€lé populaci (Alzahrani et al. 2020). Celkové, bez ohledu
na vek, lze fici, ze nékterd ze zminénych somatickych alteraci je ptitomna asi v 70 % PTC
tkani (Nikiforov a Nikiforova 2011). Ve zbyvajicich 30 % pfipadl zlstava geneticka
pfic¢ina vzniku PTC nezndma4, diky rozvoji vysoce citlivych technik molekularni biologie v
poslednich dvou desetiletich, zejména diky sekvenovani nové generace (NGS), jsou vSak
zlazy (Sykorova et al. 2015, Pekova ef al. 2020, Bulanova Pekova et al. 2023). Nalezeni
dalich genetickych markert je dulezité zejména kvuli pfesné molekularni diagnostice a

predikci chovani nadoru (Ahmadi a Landa a Cabanillas 2024). Vyskyt ur¢it¢ mutace muize

11
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byt totiz charakteristicky pro urcity fenotypovy projev onemocnéni. Napt. koincidence
mutace BRAF s mutacemi TERT genu je spojena s obrovskym synergickym efektem na
agresivitu nadoru, projevujici se vyssi recidivou a mortalitou nez mutace samotné (Liu et
al. 2014, Liu et al. 2024). Nejnovéji se ukazuje, ze agresivni charakteristiky vykazuji také
nadory s pfitomnym RET/PTC pieskupenim, kdy 75 % ptipadd je spojeno s
metastazovanim do pfilehlych lymfatickych uzlin a 19 % s pfitomnosti vzdalenych

metastdz (Bulanova Pekova et al. 2023).

Béhem vyzkumu PTC jsem se zaméfovala zejména na detekci RET/PTC

pieskupeni.

1.4.3.1 RET/PTC preskupeni

RET je protoonkogen, ktery koduje transmembranovou receptorovou tyrozinkindzu (viz
Obr 3). Je lokalizovan na dlouhém raménku 10. chromozomu (10q11.2) a obsahuje 21
exond, které koduji extracelularni (exony 1 - 11), transmembranovou (exon 12) a
intracelularni (exon 13 - 21) tyrozinkinazovou doménu RET proteinu (Hansford a Mulligan
2000, De Groot et al. 2006).

RET protein je aktivovan komplexem ligandu a koreceptoru, ktery stimuluje jeho
dimerizaci, coZ je kriticky krok pro ziskani tyrosinkindzové aktivity. V soucasné dob¢ jsou
znamy 4 ligandy RET receptoru: neurotroficky faktor odvozeny z gliové bunééné linie
(GDN), neurturin (NRTN), artimin (ARTN) a persefin (PSPN). Jejich koreceptory patii do
rodiny tzv. GDNF-family receptor o (GFRa) a jsou také 4, ptfi¢emz kazdy ligand GDNF,
NTN, ART a PSP ma sviij specificky koreceptor GFRa 1-4 (Santoro et al. 2004, Arighi et
al. 2005).

Gen pro RET receptor je bézné exprimovan v parafolikuldrnich bunkach §titné zlazy
a jeho aktivujici mutace vedou ke vzniku meduldrniho karcinomu S§titné Zlazy. Ve
folikularnich bunkach Stitné zZlazy je exprese RET naopak velmi omezena, presto vSak
muZe byt u PTC aktivovian, a to pomoci tzv. RET/PTC pieskupeni (angl.
rearrangement). RET/PTC vznika fuzi intracelularni tyrozinkinazové domény RET genu (3’
konec vzniklé fuze) a jiného genu (5’ konec vzniklé fuze), ktery je ve folikularnich
bunikach §titné zlazy normalné exprimovan a tim poskytuje RET protoonkogenu promotor

(Nikiforov 2002). Fuzni partnefi protonkogenu RET navic umozinuji homodimerizaci

12
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faznich proteini RET/PTC. Vysledkem je, Ze produkty genovych pteskupeni RET/PTC
jsou v buikéch Stitné zlazy konstitutivné aktivovany bez potieby vazby ligandu. Tim
vznikd stale aktivni chimérickd forma receptoru, kterd postradd extracelularni a
transmembranovou doménu a je proto lokalizovana v cytoplazmé.

RET/PTC pteskupeni vznikaji v disledku DNA zlom mechnismem paracentrické
inverze (viz obr. 4) dlouhého raménka chromozomu 10 (intrachromozomalni translokace),
nebo méné cCasto jako reciprocni translokace mezi 10q a jinymi chromozomy

(interchromozomalni translokace) (Pierotti et al. 1996).

o
N

|
DNA zlomy

Vlozeni
invertované

Obr. 4 Schematické znazornéni paracentrické inverze, nejcastéjSiho mechanismu vedouciho ke vzniku
RET/PTC pteskueni.

Upraveno podle U. S. National Library of Medicine, dostupné z:
https://medlineplus.gov/genetics/understanding/mutationsanddisorders/structuralchanges

Vzhledem k tomu, ze ke zlomu v DNA RET protoonkogenu dochdzi v 11. intronu,
ale konkrétni pozice se lisi, je nutné stanovovat ptitomnost RET/PTC pieskupeni z cDNA
(komplementarni DNA neobsahujici introny vznikla reverni transkripci z mRNA), viz obr.

5.

CCcDC6 RET
ex1 ex12
intl + int11
DNA:
CCDC6 RET

exl exl12

Obr. 5 Schematické znazornéni formace RET/PTCI. Intracelularni doména RET genu (12.-20. exon) je

pfipojena za promotorovou oblast (1. exon) genu CCDC6 se zlomy v 11. intronu RET a 1. intronu CCDC6.

13



Uvod

RET/PTC preskupeni je Castéjsi u nadort postihujicich déti a mladé dospé€lé a u
PTC spojenych s radia¢ni expozici (Nikiforov 2002, Romei a Elisei 2012). V soucasné
dobé je znamo nejméné 50 riznych druhtt RET/PTC pieskupeni a jejich pocet s vyuzitim
NGS rychle stoupa (Iyama et al. 2017, Bulanova Pekova et al. 2023).

Nejbéznéjsim typem je RET/PTCI (viz obr. 5) dané fuzi s genem CCDC6 (dtive
H4), které predstavuje 60 — 70 % vSech RET/PTC pteskupeni, ddle RET/PTC3 dané fuzi s
genem ELE], které ¢ita 20 — 30 % vSech pieskupeni a RET/PTC2 detekované v < 10 %
piipadt vSech pteskupeni (Bongarzone et al. 1998, Nikiforova et al. 2002). Ostatni formy
RET/PTC byly detekovany vétsinou jen v jediném piipadé.

Nedavno byly publikovany studie provedené na velké kohorté ceskych détskych a
dospé€lych pacientii s nadory stitné zlazy (Pekova et al. 2020, Bulanova Pekova et al
2023). Bylo detekovano celkem 20 riznych typi RET fuzi. Tyto fizni geny byly nalezeny
pouze u PTC (11,4 % pacienti s PTC), pficemz tfikrat Castéji u détskych a adolescentnich
pacienti (29,8 %) nez u dospélych (8,7 %). (Bulanova Pekova et al. 2023).

1.4.3.2 Metodika detekce exprese RET/PTC gent

Pti detekci exprese fuznich gent RET/PTCI a RET/PTC3 v PTC tkani se vyuziva
cDNA, jak jiz bylo feceno v ptedchozi kapitole. Primery pouZité pro PCR byvaji navrzeny
tak, aby amplifikovaly misto fuze. V ptipadé¢ RET/PTCI tedy v 1. exonu CCDC6 a 12.
exonu RET a v ptipadé RET/PTC3 v 1. exonu ELE] a 12. exonu RET. Zaroven je sledovana
1 exprese kontrolniho ubikvitarn€ exprimovaného genu, napt. GAPDH nebo f3-aktinu, aby
se overtilo, Ze reverzni transkripce RNA na cDNA byla Gspé€$na a cDNA je kvalitni. Pfi
kazdé analyze byva navic zafazena pozitivni a negativni kontrola — tedy vzorek exprimujici
a neexprimujici hledany fuzni gen. Vzorky by se mély analyzovat, pokud moZno v
duplikatech ¢i triplikatech.

Historicky se exprese fuznich genii prokazovala elektroforeticky, detekci
odpovidajiciho PCR produktu na agar6zovém gelu obarveném ethidium bromidem. Tuto
metodu nahradila rychlejsi real-time PCR, ktera je dnes pouzivana zejména pro detekci
znamych genovych fuzi. V poslednich letech se k analyze fuznich gend vyuzivaji také
vysokokapacitni pfistupy, jako je cilené RNA sekvenovani pomoci NGS (Pekova et al.

2020, Pokornd et al. 2022, Bulanova Pekova et al. 2023). Vyhodou tohoto pfistupu je
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moznost analyzy raznych typt fuznich genii najednou a také moznost identifikace novych

typut fuzi.

Pti své praci jsme k detekci RET/PTC vyuzivala real-time PCR. Ve vysledkové
¢asti disertacni prace popisuji, jak jsem diky drobné zméné v metodice — pfidanim analyzy
ktivek tani PCR produktli po skonceni real-time PCR — nalezla nové atypické preskupeni
RET/PTClex9. Popis toho pteskupeni je in extenso uveden v ¢lanku, ktery je nazvan

Publikace 1 v kapitole 3 Vysledky.
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1.5 Kolorektalni karcinomy

Pojem kolorektalni karcinomy (CRC, colorectal cancer) zahrnuje nadory tlustého
stieva (intestinum crassum) a konecniku (rectum). Tyto nadory patii mezi nejcast&jsi —
k 31. 12. 2021 zilo v Ceské republice 60 395 osob s timto onemocnénim, tj. 575,1 piipadt
na 100 000 osob. Incidence CRC v CR do roku 2002 setrvale vyrazné stoupala, po tomto
roce je patrnd stabilizace a od roku 2013 dokonce mirny kazdoro¢ni pokles. I tak bylo ale v
roce 2021 v CR diagnostikovano 6901 novych ptipadit CRC s pievahou vyskytu u muzi
(1,5 : 1 oproti Zenam), nejcast&ji ve véku nad 60 let (UZIS 2021). Pokles incidence je
pfi¢itan zejména dlouhotrvajicimu (vice nez 20 let) organizovanému celostatnimu
screeningovému programu. Klesajici trend je patrny rovnéZ u mortality, 1 zde zfejmé
zasluhou screeningovych vySetfeni, protoZze zhruba 50 % CRC byva diagnostikovano

v ranych stadiich (I a II). I tak je vak pétileté preZiti pacientd jen cca 67 % (UZIS 2021).

1.5.1 Anatomie tlustého streva a konecniku

Tlusté stievo je posledni ¢asti travici trubice, kam pfichazi kaSovita strava z tenkého
stteva, aby se zde dale zahustila. Je asi 1,5 m dlouhé a 6 - 8 cm Siroké. Tlusté stievo zacina
slepym sttevem (intestinum caecum), které je ulozeno v pravé kycelni jamée. Na jeho konci
je Cervovity ptiveések (appendix vermiformis). Na slepé stfevo navazuje hlavni ¢ast tlustého
stieva - tracnik (colon). Kolmo vzhlru po pravé strané dutiny bfiSni stoupa vzestupny
tranik (colon ascedens) az pod jatra, kde ptechdzi v jaterni ohbi (flexura hepatica,
hepatalni flexura) a odtud napii¢ do levé poloviny bficha jako pficny traénik (colon
transversum) ke slezinnému ohbi (flexura lienalis, liendlni flexura). Pod slezinou tlusté
stievo dale pokracuje kolmo dolti podél levé strany dutiny bfiSni az do levé jamy kycelni
jako sestupny tracnik (colon descendens). Na n& navazuje esovitd klicka (colon
sigmoideum, esovity tracnik) a konecnik (rectum). Vyusténim tlustého stieva je fit’ (anus)

(Kahai et al. 2023).
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Obr. 6 Anatomie tlustého stieva a koneéniku

Prevzato z ucebnich textii 1. LF UK MUDr. Jiftho Stefinka dostupnych z: https://www.stefajir.cz/tluste-
strevo-obecne-informace#tgoogle vignette

Mikroskopicky je sténa tlustého stfeva tvofena ctyimi vrstvami: sliznici (mukozou),
podslizniénim vazivem (submukozou), svalovinou tlustého stfeva a serozou (obr. 7 na str.
20, kruhova vyse¢ vpravo nahote). Mira invazivity primarniho nadoru do/ptes sténu

tlustého stieva je jednim z ukazatell pfi hodnoceni pokrocilosti (stadia) onemocnéni.

1.5.2 CRC - diagnostika a Ié¢ba

Zakladnim ptedpokladem pro uspé€snou lécbu CRC je, stejné jako u ostatnich
nadorovych onemocnéni, v€asna diagndéza umoziujici kompletni chirurgické odstranéni
nadoru a v piipad¢ jiz léCeného onemocnéni vcasnd identifikace jeho progrese. K
monitoringu CRC je v souCasné dobé vyuzivano nekolik postuptli, které ovSem maji své
limity a v praxi se proto vétS§inou kombinuji.

Nejrozsifenéjsi metodou pro screening kolorektalniho karcinomu je prikaz
okultniho krvaceni ve stolici (FOBT, zangl. fecal occult blood test). Jedna se o
neinvazivni, jednoduchy a levny test, ktery je vSak nachylny k produkei falesné pozitivnich
1 faleSné¢ negativnich vysledkli (Rosman a Korsten 2010). Dal§i metodou pro screening i

diagnostiku CRC je kolonoskopie. Je vysoce senzitivni a v pfipad¢ potieby zaroven
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umoziuje provedeni mensich terapeutickych vykont ¢i odbér bioptického vzorku pro
verifikaci néalezu. Jednd se vSak o metodu invazivni, ktera vyzaduje naroCnou piipravu
pacienta a zkuSeny personal. V Ceské republice je v ramci aktualné platného
screeningového programu nabizen pacientim ve véku 50-54 let kazdy rok test na okultni
krvéaceni do stolice s naslednou kolonoskopii v piipadé pozitivniho vysledku nebo piima
screeningova kolonoskopie v desetiletych intervalech (Grega et al. 2024, Suchanek et al.
2024). Od 55 let veku pak probiha testovani okultniho krvaceni do stolice ve dvouletém
intervalu. V Ceské republice je ro¢né provedeno piiblizné 250 000 kolonoskopickych
vySetfeni a zhruba Ctvrtina z nich je spojena s odstranénim prekancerdznich kolorektalnich
polypu.

Pomocnou metodou pro detekci CRC je stanoveni tumorovych marker,
nejcastéji CEA (carcinoembryonic antigen) a CA-19 (carbohydrate antigen 19-9) v séru
pacientli (Fernandes et al. 2005). Tumorové markery byvaji vyuzivany také v rdmci
poopera¢niho sledovani pacientd spolu se zobrazovacimi technikami, jako jsou vypocetni
tomografie (CT), pozitronova emisni tomografie (PET/CT), magneticka rezonance (MRI)
¢i rentgen (RTG). Dalsi, velmi atraktivni moZnost monitoringu CRC piedstavuje detekce
cirkulujici nadorové DNA (ctDNA) v plazmé& pacienta. Problematice ctDNA je vénovana
kapitola 1.5.5.

Pti stanoveni pokrocilosti (stddia) CRC se podobné jako u PTC ¢i karcinomu

pankreatu (viz dale) vyuzivd TNM systém hodnoceni uvedeny v tabulkach 3 a 4.

Tab. 3 TNM Kklasifikace CRC (8. edice)
X nelze hodnotit

TO neni pfitomen
Tis karcinom in situ, invaze do lamina propria mucosae
Charakteristika T1 invaze do submukozy
primarniho nadoru T2 invaze do muskuldris propria
T3 invaze pies muskularis propria
T4a nador prorlsta na visceralni peritoneum
T4b nador prorasta do okolnich orgéanii

NX nelze hodnotit
Piitomnost metastaz | NO nejsou piitomny
v regionalnich o T TP
miznich uzlinich Nla postizeni 1 regiondlni lymfatické uzliny

Nl1b postizeni 2-3 uzlin
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Nlc satelity v subser6ze, bez postizeni regionalnich uzlin
N2a postizeni 4-6 uzlin
N2b postizeni 7 a vice uzlin
MX nelze hodnotit
MO nejsou pritomny
Pritomnost Mla  metastazy 1 organu (jatra, plice, vajeénik, neregionalni
vzdalenych metastaz
lymfatické uzlina(y)), bez peritonedlnich metastaz
MIb  metastazy > 1 organu, bez peritonealnich metastaz
Mlc  metastdzy na peritoneu s nebo bez postizeni dalSich

organt

Tab. 4 Urcovani stadia CRC podle TNM Kklasifikace (8. edice)

CRC
Stadium 0 Tis NO MO
Stadium I T1/T2 NO MO
Stadium Ila T3 NO MO
Stadium IIb T4a NO MO
Stadium Ilc T4b NO MO
Stadium Illa T1/T2 N1 MO
T1 N2a MO
Stadium IIIb T3/T4a N1 MO
T2/T3 N2a MO
T1/T2 N2b MO
Stadium Illc T4a N2a MO
T3/T4a N2b MO
T4b NI1/N2 MO
Stadium IVa jakékoliv T jakékoliv N Mla
Stadium IVb jakékoliv T jakékoliv N Milb
Stadium IVc jakékoliv T jakékoliv N Milc

19




Uvod

Normalni

Krevni céva stievni sténa

Lymfaticka uzlina

Kolorektalni Seréza
karcinom

Svalovina

Stadium Il1

Sifeni do ostatnich
orgdnd

\  Stadium IV

Obr. 7 Znazornéni riznych stadii CRC a normalni stény tlustého stieva

Prevzato a  upraveno  podle  webu  Facing  Our  Risk of  Cancer  Empowered.
https://'www.facingourrisk.org/info/risk-management-and-treatment/cancer-treatment/by-cancer-
type/colorectal/stages-and-subtypes

Pro tspésnou 1écbu CRC je stézejni chirurgické odstranéni vSech karcinomovych
lozisek, co nejdiivé je to mozné. Typ a rozsah chirurgického zdkroku je indikovan
s ohledem na stddium onemocnéni a v ptipad¢ vyskytu vice loZisek s ohledem na jejich
pocet, velikost a umisténi. Pfiblizn€ pétina pacientli ma pii pocatecni diagndze jiz pfitomné
vzdalené metastazy. Metastatickym rozesevem jsou nejcastéji postizeny jatra, na druhém
misté pak plice (Mitry et al. 2010, Vatandoust et al. 2015, He et al. 2023). Bohuzel jak
plicni, tak 1 jaterni metastazy jsou mnohdy inoperabilni, coZ mé negativni dopad na
prognoézu pacientll (He et al. 2023). Mezi dals$i mista, kam miize CRC metastazovat, patii
peritoneum (pobiisnice), centralni nervova soustava a kosti. Jsou zndmé 1 piipady metastaz
v nadledvinach a slezin¢ (Vatandoust et al. 2015).

Prognéza pacientil souvisi také s radikalitou chirurgického odstranéni tumorovych
loziSek (primérniho karcinomu a/nebo metastaz CRC), kterou stanovuje patolog na zakladé
vySetieni okrajii resekovanych vzorkli. Kompletni resekce bez makroskopickych nebo
mikroskopickych rezidui tumoru jsou ozacovany jako R0O. Mikroskopicky nekompletni
resekce s piitomnosti nadorovych bun€k v okraji excize jsou oznacovany jako RI.
Makroskopicky nekompletni resekce pak jako R2 a jsou dale klasifikovany jako R2a

(makroskopicka ptitomnost rezidua primarniho tumoru), R2b (makroskopicka pfitomnost
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distalnich metastaz), R2¢ (makroskopicka ptitomnost jakéhokoli zbytku/zbytki primarniho
nadoru i distalnich metastaz) (Wittekind ez al. 2009).

U pacientl s neresekabilnim CRC je cilem maximalni zmenseni nadoru a potlaceni
jeho dalsiho rtstu a S$ifeni. Hlavnimi léCebnymi strategiemi u téchto pacienti jsou
radioterapie a chemoterapie. Ty mohou byt v n¢kterych piipadech aplikovany i pied nebo
po operaci jako neoadjuvantni nebo adjuvantni 1écba k maximalni redukci a stabilizaci
nadoru (Labianca et al. 2013, Van Cutsem et al. 2014, Messersmith 2019, Brown et al.
2019).

Cilend biologickd lécba zatim neprokdzala dostatecny benefit v 1écbé
lokalizovaného CRC, proto je vyhrazena pro 1écbu metastatického CRC. U metastatického
onemocnéni byva cilend 1écba indikovana hned v 1. linii, a to bud’ samostatn¢, nebo v
kombinaci s chemoterapii. Prvni cilené preparaty byly schvaleny k 1é€bé metastatického
CRC v roce 2004. Jedna se o monoklonélni protilditku Cetuximab (Erbitux®) cilici na
receptor pro epidermalni rustovy faktor EGFR (z angl. epidermal growth factor receptor) a
monoklonélni protilaitku Bevacizumab (Avastin®) proti vaskularnimu endotelialnimu
rustovému faktoru VEGF (z angl. vascular endothelial growth factor). V roce 2006 ptibyl
dalsi cileny anti-EGFR 1€k Panitumumab (Vectibix®), postupné vSak nariistd mnozstvi
dalsich schvalenych cilenych preparati a mnoho dalSich se testuje (Xie et al. 2020).

VEGF stimuluje rast endotelidlnich cév a je nejdulezitéjSim pro-angiogennim
faktorem ve vyvoji nddoru (Mabeta a Steenkamp 2022, Ji et al. 2024). Angiogeneze je
spusténa interakci VEGF s tyrozinkinazovymi receptory VEGFR 1 a VEGFR 2 na povrchu
endotelialnich bunck. Bevacizumab se vaze na VEGF, ¢imz zabranuje interakci s VEGF
receptory a nedochédzi tak k angiogenezi potfebné pro rist a cévni zdsobeni nadoru
(Gerriets a Kasi 2023, Ji et al. 2024). Benefit z 1écby Bevacizumabem neni vazan na
mutacni stav protoonkogentt RAS (u CRC typicky KRAS, méné Casto NRAS) ani RAF (u
CRC BRAF) na rozdil od anti-EGFR 1é¢iv, které jsou doporuCeny jen pro pacienty
exprimujici v nadorové tkédni nemutované formy protoonkogentt RAS a RAF. EGFR je
receptorova tyrosinkindza (podobné jako RET, viz kapitoly 1.4.3. a 1.4.3.1) a RAS a RAF
jsou efektory v signélni draze, kterd ptevadi signal z EGFR do jadra. Jsou-li protoonkogeny
KRAS, NRAS nebo BRAF aktivovany mutaci, je nddor rezistentni vici blokaci EGFR
protilatkami (Markman et al. 2010).
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V Ceské republice se pii 16¢bé metastatického onemocnéni nejéastéji vyuZivaji 4
cilené preparaty, krom tii jiz jmenovanych jesté¢ multikindzovy infibitor Regorafenib
(Stivarga®), ktery byva indikovan v pozdéjsich liniich 1écby (John 2020, Pacas a Lukac
2023, Kiss a Tomasek 2023) a ktery byl k 1é¢bé metastatického CRC schvalen v roce 2012
(Xie et al. 2020). Stanoveni muta¢niho stavu minimaln¢ u protoonkogentt KRAS a BRAF je
dnes jiz béznou rutinou pii volbé 1écby metastatického CRC a s pfibyvajicimi cilenymi

preparaty se i molekularné-genetické testovani neustéle rozsifuje (Redakce BOD 2024).

1.5.3 Onkogenetika CRC

Obecné lze fici, ze onemocnéni zacind tvorbou benigniho adenomu, ktery muize
postupnou pomalou transformaci piejit v invazivni karcinom. Tento proces, znamy také
jako sekvence adenom—karcinom, miize trvat az 15 let (Winawer et al. 1993), poprvé byl
popséan v roce 1990 pany Fearonem a Vogelsteinem (Fearon a Vogelstein 1990) a byl po
nich nazvan Fearon-Vogelsteiniiv model kolorektalni karcinogeneze. Je Siroce
akceptovan dodnes a byva prezentovan jako vicestupniovy proces, pii kterém se hromadi
mutacni inaktivace tumor supresorovych genl a aktivace protoonkogent (Vogelstein et al.
988, Fearon a Vogelstein 1990, Markowitz a Bertagnolli 2009, Moran et al. 2010, De Rosa
et al. 2016). Klicové genetické alterace provazejici Fearon-Vogelsteiniiv vyvoj CRC jsou
znazornény na obrazku 8. V Casné fazi kolorektalni karcinogeneze je to predevS§im mutace
v genu APC, nasledovdna mutaci v genu KRAS. Dale dochazi k mutacim a nésledné
rozsdhlym delecim v genu DCC a nakonec, ve fazi pokrocilého karcinomu, Ize detekovat
inaktiva¢ni mutace a genové delece v tumor supresorovém genu 7P53 (Fearon a Vogelstein
1990). Jako posledni se pak ptidavaji mutace v genech souvisejicich se schopnosti
metastazovat (na obrdzku neni zndzornéno) — napf. geny ucastnici se procesu epitelialng-

mezenchymalni tranzice, bunécné adheze a angiogeneze (De Rosa ef al. 2016).
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Obr. 8 Fearon-Vogelsteiniiv model kolorektalni karcinogeneze zobrazujici postupnou akumulaci
zasadnich mutaci.

Prevzato a upraveno podle disertacni prace Wielenga MCB. Between cancer and therapy: Studies of
the colon. Universiteit van Amsterdam, Nizozemsko, 2016, str 19.

S rozvojem NGS a objevem dalSich kauzanich genetickych alteraci vSak vyslo
najevo, ze k akumulaci mutaci dochazi v disledku chromosomalni nestability - CIN (z
angl. chromosomal instability) a ze existuji jesté dalSi dvé mozné molekularni drahy vzniku
CRC. Jsou to mikrosatelitova nestabilita - MSI (z angl. microsatellite instability) a
hypermethylace CpG ostriivkii promotori tumor supresorovych genii - CIMP (z angl.
CpG Island Methylator phenotype) (Minarikova 2016, De Rosa et al. 2016, Nojadeh et al.
2018).

VétSina (asi 70 %) CRC vznikd cestou CIN, ktera je charakterickd pfitomnosti
jednonukleotidovych mutaci (substituce, inzerce, delece), alelickych ztrait v tumor
supresorovych genech a dale zménami poctu chromozomu (Pino a Chung 2010). Typ CIN
tedy odpovida klasickému Fearon-Vogelsteinovu modelu kolorektalni karcinogeneze
(Moran et al. 2010). Nejcast€jSimi mutacemi charakteristickymi pro tento typ CRC jsou
mutace protoonkogentt KRAS (34 % CRC), PIK3CA (15 %) a BRAF (10 %) a tumor
supresorovych geni APC (52 %) a TP53 (47 %) (COSMIC 2024). Ve svém vyzkumu jsem
se zamétovala na detekci vSech téchto mutaci a to v DNA izolovné z riznych typi vzorka
(primarni tumory, jaterni, plicni a peritonedlni metastazy, ve formé Cerstvych zmrazenych

tkani nebo parafinovych blokii, nebo jejich detekce v ctDNA).
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CRC vzniklé MSI cestou se vyznacuji tim, ze rizné bunky v kolorektalni tkani
nesou rizny pocet opakovani kratkych repetitivnich sekvenci DNA (tzv. mikrosatelitd,
proto mikrosatelitova nestabilita). MSI je projeven nefunkéniho MMR opravného systému
(z angl. Mismatch Repair), ktery zajistuje opravy DNA pii replikaci. K jeho nefunk¢nosti
dochazi vlivem inaktivace tzv. mutatorovych geni, MMR geni (napi. MLHI, MSH?,
MSH6, PMSI, PMS2) prostiednictvim somatickych deleci, bodovych mutaci nebo
epigenetického uml&eni (Ionov et al. 1993, Thibodeau ef al. 1993). Castou piiginou MSI je
methylace promotoru genu MLHI (Boland a Goel 2010, Minarikova et al. 2016). MSI
fenotyp se vyskytuje pfiblizné€ u 15 - 20 % pacientl (Shaikh et al. 2024, Wang et al. 2024).

Posledni zminénd draha vzniku CRC, CIMP, je charakteristickdi methylaci
(Curtin et al. 2011). Nejnovéji se zda, fenotyp CIMP predisponuje k vyskytu synchronniho
CRC, tedy vyskytu vice nez jednoho loziska CRC (Weng a Huang 2024). CIMP je typicky
pro CRC vznikajici tzv. seratni drahou. Seratni drdha zacina lézemi histopatologicky
klasifikovanymi jako hyperplastické polypy, které mohou pfiejit v seratni léze a dale
v seratni ademony majici histologicky typicky pilovity vzhled az nakonec v CRC (Patai et
al. 2013, De Palma et al. 2019, Sano et al. 2020, Booth ef al. 2021). Predpoklada se, ze
touto alternativni cestou muze vzniknout > 15 % CRC (IJspeert et al. 2015). Typickou
DNA mutaci spojenou se seratni drahou je mutace v protoonkogenu BRAF a v Casti
seratnich adenomt také mutace v protoonkogenu KRAS (Patai ef al. 2013, De Palma et al.
2019, Sano et al. 2020).

Kromé rozdeleni genetickych a epigenetickych pfi¢in vzniku CRC do téchto tii
hlavnich fenotypovych skupin byly formulovany dalsi teorie a navrzeny dal§i modely pfi
studiu ITH (viz déle).

Vroce 2002 dale vysla najevo klinickopatologicka heterogenita kolorektalniho
karcinomu v zévislosti na jeho lokalizaci v pravé ¢asti traéniku (proximalni), v levé casti
tratniku (distadlni) nebo v konecniku (lacopetta 2002). Za tu mize byt zodpovédny
napiiklad odlisny embryonalni pivod proximalniho tracniku od distalniho tracniku a rekta,
jejich riizné fyziologické funkce (Minoo et al. 2010), nebo skutecnost, ze v pravém a levém
tracniku je odliSnou mérou exprimovano vice nez 1000 gend (Glebov et al. 2003). CRC
v pravém tracniku, levém tracniku a rektu ma odliSné klinické projevy, histologické
charakteristiky, je spojen s rtiznou odpovédi na terapii 1 celkovou prognoédzou, coz bylo

jednoznacéné potvrzeno ve studii s témef 58 tisici pacienty (Yang et al. 2016).
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1.5.4 Intratumorova mutac¢ni heterogenita - ITH

Jak je patrné z predchoziho odstavce, CRC je velice heterogenni onemocnéni
vyznacujici se postupnou akumulaci riznych mutaci (viz obr. 9 na dalsi stran€). Nicméné
pifesny mechanismus maligni transformace adenomt na karcinomy ani vyznam ITH v
tomto procesu stale nejsou zcela objasnény. ITH premalignich kolorektalnich 1€zi je proto
aktualné velmi slibnou oblasti vyzkumu, ktery ma jednak umoznit védciim 1épe pochopit
vznik a vyvoj CRC, a jednak pomoci lékaiim usnadit ¢i optimalizovat jeho diagnostiku
a/nebo terapii. Zakladni predstava je takova, ze vlivem rychlého dé€leni nadorovych bun¢k
dochazi v riznych buiikdch k vyskytu ndhodnych mutaci, které se hromadi a pfenaseji na
dcefinné buiky, coz mé za nasledek vznik vice subklontl s riznymi genotypy (Hu et al
2019).

ITH lze rozdélit na dva typy: intraprimarni nadorovou heterogenitu IPTH a
intraindividualni nadorovou heterogenitu IITH. Prvni se tykd pfitomnosti riznych
mutacnich klonli v primarnim nadoru a druhy poskytuje informace o rozdilech v klondlnim
slozeni primarniho nadoru a vSech metastatickych lozisek (Zheng et al. 2020). Oba typy

ITH jsou zndzornény na obr. 9.

Primarni tumor Metastaza 1

Normalni Prvni Dalsi klony s
burika  mutovany individudlnim
klon genotypem

Obr. 9 Znazornéni intratumorové mutacni heterogenity.

V nadorové tkani primarniho tumoru muze byt pfitomno mnoho klonti rizné mutovanych bunék (IPTH).
Jednotlivé klony mohu byt navic rozdilné zastoupeny v jednotlivych nadorovych loziscich. Tedy napf.
metastaza 2 muze byt tvofena klonem, ktery je v primarnim nadoru zastoupen jen minoritné¢ apod (IITH).
Prevzato a upraveno podle Caldas et al. 2012.

25



Uvod

V soucasnosti existuji dvé zakladni teorie o tom, jak k ITH dochazi. Prvni je
klasicka teorie postupné akumulace genetickych zmén v protoonkogenech a tumor
supresorovych genech v souladu s Fearon-Vogelsteinovym modelem (Fearon a Vogelstein
1990). Druha je tzv. teorie velkého tFesku navrzena v roce 2015, ktera predpoklada, ze
ITH se prakticky kompletné vyvine uz ve velmi raném stadiu kolorektalni neoplazie, v
pribéhu nékolika pocatecnich déleni buiiky. Dochazi k ¢asnému smichani subklonti a
buiiky se pak mohou rozptylit v riznych, i vzdalenych, oblastech nadoru, a proto
prostorové vztahy mezi jednotlivymi bunéénymi klony nemusi zdanlivé souviset. V
pribéhu ristu nddoru ma Sanci se prosadit (pfetrvat) pouze €asna zména. Objevuji se i
pozdé&jsi alterace (pozdné vytvorené klony), které vSak nestihnou expandovat a zaujimaji
proto mensi prostor. Takze nejvice detekovatelnd ITH a vlastn¢ i maligni potencial nadoru
je dan jiz od samého pocatku léze (Sottoriva ef al. 2015).

Kromé¢ téchto dvou klicovych teorii vzniku ITH existuje neméné zajimava studie z
roku 2005, kterd na zaklad¢ srovnani mutacnich profili ukazuje, ze Casna stadia CRC
vykazuji vétsi ITH nez pokrocila stadia (Losi et al. 2005). Zda se tedy, ze k rozvoji
karcinomu dochézi pravdépodobné pouze z nckolika subklonl pfitomnych v adenomu,
jejichz geneticky profil zarucuje nejptiznivéjsi podminky pro dalsi rist, pfeziti a obranu
proti imunitnimu systému. Jind teorie piedpokladd tzv. model paralelniho vyvoje
synchronniho adenomu a karcinomu. Byl navrZen v roce 2015 na zakladé vysledki
celoexomové sekvenacni analyzy 8 kolorektalnich 1ézi, které obsahovaly slozku adenomu a
karcinomu. Autofi predpokladaji, Ze synchronni adenom a karcinom mohou mit stejny
klonélni ptivod, ale pak se vyvijeji nezavisle na sobé (Kim et al. 2015).

Kromé ITH jsou prekancerdzni 1éze také histologicky heterogenni. Histologicky se
déli na adenomy tubularni, tubulovilézni a vilézni. V tomto potadi se také zvySuje riziko
jejich maligniho zvratu. Podle stupné dysplastickych zmén mizeme kolorektalni adenomy
dale délit na adenomy s nizkou, stiedni a téZkou dysplazii (Zavoral et al. 2013).

Samostatnou skupinou jsou pak adenomy majici histologicky pilovity vzhled, tzv.
pilovité neboli seratni adenomy vznikajici alterantivni seratni drahou, kterd byla

popséna v kapitole 1.5.3.
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1.5.4.1 Metodika detekce ITH kolorektalnich prekanceroznich 1ézi

Pro ucelenou piedstavu o rozmisténi a mnozstvi jednotlivych mutac¢nich klont
v adenomu je zéasadni rozdélit vzorek na co nejmensi ¢asti. Dulezitd je pfi tom také
dokumentace (napt. fotografickd) pivodniho adenomu a dikladné oznaceni vSech jeho
¢asti, aby bylo mozné ho po ukonceni analyz opét virtualné¢ remodelovat do ptvodni
podoby. Z kazdé casti adenomu je samostatné izolovana DNA, ve které jsou nasledné

stanoveny somatické mutace typické pro kolorektalni adenomy/karcinomy.

Svoje dosavadni zkuSenosti ziskané studiem ITH rtiznych histologickych typi
kolorektalnich 1ézi shrnuji v ¢lanku, ktery je uveden v kapitole 3 Vysledky jako Publikace
3. Zaroven tato publikace demonstruje, ze pfitomnost mutace v 7. exonu genu 7P53 je

prediktorem brzkého vzniku novych metachronnich 1ézi.

1.5.5 ctDNA

Pojmem cirkulujici nadorovda DNA (ctDNA) se rozumi DNA pochézejici z bunék
nadoru (primarniho loziska ¢i metastazy), ktera je ve formé¢ fragmentl pfitomna v krevnim
fecisti. S pouZzitim dostatecné citlivych metod je tedy mozné v plazmé detekovat somatické
genetické zmény. Vyuziti ctDNA jako tumorového markeru nabizi Sirokou Skalu uplatnéni
a je vyhodné zejména proto, ze vzorky krve jsou snadno dostupné a odbér krve pacienta
vyrazné nezatéZuje. Proto se uvazuje o vyuziti ctDNA predev§im v piipadech, kdy neni
mozné proveést biopsii tumoru (Casto je nador na téZzko piistupném misté, coz se tyka napf.
karcinomu slinivky - viz dale - nebo plicnich ¢i1 jaternich metastdz CRC) nebo tehdy, kdy je
potieba biopsii provadét opakované (Perkins et al. 2012). Z toho diivodu se o ctDNA
zacalo hovotit jako o ,,tekuté biopsii“ (angl. liquid biopsy) (Diaz et al. 2012, Bettegowda
et al. 2014, Chi 2016).

Doposud nebyl ustanoven konsensus ohledné¢ mechanismu, kterym je ctDNA do
krve uvolnovana, 1 kdyZ existuje nékolik pravdépodobnych hypotéz, jako jsou pasivni
uvoliovani apoptickymi a nekrotickymi nadorovymi buiikami, aktivni uvolfiovani Zivymi
nadorovymi buitkami skrze membranové vacky (exosomy) a lipoproteonukleotidové
komplexy (virtosomy), fagocytéza a exocytéza (Stroun et al. 2000, Jahr et al. 2001,
Thierry et al. 2016, Tivey et al. 2022). Casto akceptovana je také teorie formulovana
Diehlem a kol., podle které ctDNA pochazi z nekrotickych naddorovych bunék, které jsou
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pohlceny makrofagem a makrofag uvoliiuje fragmenty tumorové DNA do krevniho ob&hu
(Diehl et al. 2005).

ctDNA je detekovatelnd u vétSiny typd nadort a je tedy biomarkerem, ktery lze
univerzalné vyuzivat v managementu nadorovych onemocnéni. Obecné lze fici, ze hladina
ctDNA roste s pokrocilosti onemocnéni (s tumorovou masou, angl. téz tumor burden) a
nejvetsi zachyt je pozorovan u pacientti ve 4. stadiu onemocnéni. Zatimco tradicni biopsie
poskytuje informace jen o té casti karcinomu, ze které byla odebrana, ctDNA odrazi
celkovou genetickou ITH, protoze v plazmé koluji fragmenty DNA pochazejici z riiznych

¢asti tumoru, ptipadné i z metastatickych lozisek.

1.5.5.1 Metodiky detekce ctDNA

Vyuziti ctDNA v praxi ma ve srovnani s tradi¢ni tkanovou biopsii samoziejme také
nevyhody. Tou zdsadni je, Ze ctDNA je soucasti veskeré volné cirkulujici cfDNA (viz obr.
10) a vyskytuje se tedy ve velmi nizkych koncentracich. Frakce ctDNA v periferni krvi
onkologickych pacientd se pohybuje od desitek do setin procent celkové cfDNA (Diehl et
al. 2008). Pro analyzu ctDNA jsou proto potfeba velmi citlivé metody. V dnesni dob¢ je
metodika zalozena prevazné na dvou ptistupech: digitalni PCR (dPCR) a NGS.

Normalni tkan

Nadorova tkan

Plazma oddélena
@ ctDNA centrifugaci od
@+ =ciDNA krevnich bungk

Obr. 10 Schematické znazornéni puvodu ctDNA a cfDNA.

Prevzato a upraveno podle Lauer 2022.
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Pti dPCR se rozd¢luje analyzovany vzorek do tisicti az milionti reak¢nich segmentt,
coz mohou byt mikrojamky na Cipech nebo mikrokapky olejové emulze (droplet digital
PCR, ddPCR). V kazdém z reakénich segmentii jsou molekuly DNA individualné
amplifikovany klasickou PCR. Pokud je v daném segmentu pfitomna cilovda DNA, dojde k
amplifikaci a je detekovan fluorescenc¢ni signal. Pokud v daném segmentu molekula cilové
DNA neni, k amplifikaci nedojde a fluorescen¢ni signél je nulovy. Mnozstvi segmentl s
detekovanou fluorescenci pak odpovida poctu molekul cilové DNA ve smési (Taly et al.
2013). Obdobn¢ Ize vyuzit dPCR pro kvantifikaci somatickych mutaci, pokud se do reak¢ni
smési ptidaji fluorescenéni sondy specifické pro danou mutaci. Aplikaci dPCR je napiiklad
i metoda BEAMing (z angl. beads, emulsion, amplification and magnetics), ktera lze
zjednodusen¢ popsat jako zachyceni DNA na magnetické kulicky a jeji nasledna analyza
pomoci dPCR (Diehl et al. 2005). Limit detekce mutace (LOD, z angl. limit of detection)
pomoci klasické dPCR je 0,01-0,10 % (Zhang et al. 2015, Zonta et al. 2016, Rapisuwon et
al. 2016). LOD metody BEAMing je 0,01 % (Diehl et al. 2008; Taniguchi et al. 2011).
Srovnateln¢ citlivé jsou i metody zalozené na principu NGS. Napt. metoda CAPP-Seq (z
angl. CAncer Personalized Profiling by deep Sequencing) méa limit detekce 0,02 %
(Newman et al. 2014), metoda Safe-SeqS (Safe-Sequencing System) pro identifikaci
vzacnych mutaci ma citlivost 0,01-0,5 % (Belic et al. 2015).

Digital PCR 1 NGS maji vSak také nevyhody. Tou zdsadni je naro¢nost na mnozstvi
a kvalitu vzorku DNA. Napf. z cytologickych preparatii ziskdvame v na$i laboratofi
primémé 10 ng DNA a v tomto mnozstvi ani jedna z téchto analyz neni realna. Dalsi
nevyhodou je, Ze obé metodiky je mozné provadéet jen na specializovanych molekularné-
genetickych pracovistich, protoZe nemocnicni laboratofe bézné nedisponuji sekvenatory

nové generace a dPCR cyklery. Dalsi nevyhodou je stale jest¢ vysoka cena téchto analyz.

1.5.5.2 Dostupna metoda pro rutinni detekci ctDNA

Existuji dva mozné pfistupy analyzy ctDNA. Prvnim z nich je panelova analyza
nejcastéjSich mutaci charakteristickych pro dané nadorové onemocnéni piimo z cfDNA.
V soucasné dobé je vSak Castéji vyuzivan druhy pfistup, kdy je v plazmé stanovovana
tumor-specificka DNA mutace. Tento pfistup tedy vyzaduje dostupnost vzorku nadorové

tkan¢, v ni je nalezena somatickd mutace a ta je pak sledovana v plazmé¢. Pro tento tcel
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byla v nasi laboratofi vyvinuta dostateCné citliva metoda zaloZzena na klasické PCR s
naslednou tvorbou heterodulext (Levy ef al. 2012).

Princip metody spociva v separaci heteroduplexii, neboli nekomplementarnich
bazi mezi dvéma fetézci DNA, které se liSi v jednom nukleotidu (zdravd vs mutovana
DNA) pomoci denaturacni kapilarni elektroforézy (obr. 11 na dalsi stran¢). K separaci
dochdzi vlivem rozdilné denaturacni teploty, pficemz nejdiive denaturuji fragmenty
obsahujici heteroduplexy. Nejprve se dvoufetézcové fragmenty rozeviraji v misté
heteroduplexu a dale postupné ve zbytku DNA fragmentu, coz zpiisobuje zpozdéni
heteroduplexi za homoduplexy b¢hem kapilarni elektroforézy. U vzorku obsahujiciho
somatickou mutaci (zdravou i mutovanou DNA) jsou na vysledném elektroferogramu
patrné 4 piky (homoduplex nemutované DNA, homoduplex mutované DNA a 2 fragmenty
s heteroduplexy). U vzorku zdravé tkan¢ je vysledkem pouze 1 pik. Aby béhem separace
nedoslo vlivem denaturace k Gplnému oddéleni obou fetézcii DNA, byva jeden z primerii
prodlouzeny o tzv. GC clamp (GC svorku) slozeny ze 40 G a C nukleotidd. Ty diky své
vysoké denaturacni teploté zajistuji permanentni dvoutetézcové spojeni obou vlaken DNA
fragmentu v mist¢ této svorky.

Nevyhodou metody je nemoznost piimé identifikace nezndmé mutace a pomérné

malé analyzovana oblast (PCR produkty o velikosti 100 — 200 bp).

A widtype* mutant Het2 Homi Hom2

GC clamp
Teplotni
denaturace
+ —_—

Pcmale A C AT GC

HH™Y Y HE

@
-]

B Hom1 Hom2 Het! Het2
GC AT G T A\;(C

Obrazek 11: Znazornéni A - tvorby heteroduplexii a B - separace heteroduplexii pri kapilarni
elektroforéze. Hetl, Het2 — heteroduplexy, Hom1, Hom2 — homoduplexy.

Prevzato z Benesova, 2007.
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Tato metoda miize byt pouzita pro detekci somatickych muatci v nadorové tkani, ale
diky své vysoké citlivosti také v ctDNA. LOD zavisi na konkrétnim typu mutace a typicky
se pohybuje od 0,03 do 1 %. V pripadé KRAS mutace dosahujeme LOD 0,03 % (BeneSova
et al. 2022). Krom¢ citlivosti je velkou vyhodou také moznost vypocitat frekvenci
(procentudlni zastoupeni) mutantnich alel na zakladé ploch pikit homo a heteroduplex.

Tato metoda miize byt rutinné pouzivana k monitorovani uspésnosti 1écby nebo
sledovani recidivy jiz zndmého onemocnéni. Ve srovnani s NGS a dPCR je tato metodika
levnéjsi, sta¢i malé mnozstvi vorku DNA (jednotky ng) a neni potieba slozité

instrumentalni vybaveni. Proto je potencialné vyuzitelnd v bézné klinické praxi.

V kapitole 3 Vysledky této prace je uvedena Publikace 2 popisujici nejveétsi
benefity vyuziti ctDNA pii monitorovani souboru pacientll s metastatickym CRC. Tato
publikace popisuje také podrobnéji metodiku detekce ctDNA, stejné jako Publikace 4

zabyvajici se karcinomem pankreatu (viz dale).
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1.6 Karcinom Pankreatu

Duktalni adenokarcinom pankreatu (PDAC) je obavanym onkologickym
onemocnénim, které je notoricky zndmé pro svou Spatnou prognézu. Incidence PDAC
v dlouhodobém horizontu (od r. 1977 do r. 2021) neustale vzristd s obasnymi nepatrnymi
meziroénimi poklesy. K 31. 12. 2021 Zilo v CR 3 455 osob s timto onemocnénim, tj. 32,9
ptipadd na 100 000 osob. PDAC se vyskytuje u muzl i u zen srovnatelné Casto (1:1) s
typickym nastupem v pozdnim véku, v obdobi 2017 — 2021 byl v CR stiedni vék nové
nemocnych 71 let (UZIS 2021). Vzhledem k absenci nebo nespecifité piiznaktl byva vice
nez polovina onemocnéni (55 %) diagnostikovdna az v pozdnim, inoperabilnim stadiu
(klinické stadium III a IV), coz tzce souvisi s jeho nepfiznivou prognézou. PDAC miva
velice rychly a fatalni prubéh, incidence se prakticky rovna mortalité, pfiCemz vétSina
pacientli umira uz v prvnim roce od stanoveni diagnozy. Pétileté preziti 1éCenych pacientt
v letech 20152019 dosahovalo hodnoty pouze 12,6 %. Oproti obdobi 2005-2009 ptitom
doslo k nartistu o necelych 7 % (UZIS 2021).

1.6.1 Anatomie slinivky bfiSni

Slinivka bfiSni neboli pankreas (lat. panceras) je orgéan, ktery je soucasti travici
soustavy. Pankreas slouzi zejména k vyrobé pankreatické §tavy, kterd obsahuje travici
enzymy zajiStujici St€peni potravy (tzv. exokrinni funkce pankreatu). V exokrinni tkani
je dale roztrouSen asi milion Langerhansovych ostriivkii — souborii epitelialnich bun¢k
zajistujicich sekreci pankreatickych hormoni insulinu, glukagonu a somatostatinu (tzv.
endokrinni funkce pankreatu).

Pankreas je ulozen v epigastriu (mezi Zebernimi oblouky) za Zaludkem na zadni
sténé btisni a sah4 od duodena (dvanactniku) ke sleziné. U dospé€lého Clovéka méii asi 12—
18 cm a ma hmotnost 60 — 90 g (Trna et al. 2021). Pankreas je tedy uloZzen na velmi tézko
pfistupném misté, coz komplikuje diagnostiku karcinomu pankreatu, jeho bioptické
vySetieni 1 pfipadnou chirurgickou 1écbu.

Makroskopicky se pankreas d€li na 3 Casti: hlavu (caput) télo (corpus) a ocas
(cauda), pticemz karcinomy se nejCastéji vyskytuji v oblasti hlavy pankreatu (Ryska et al.

2007), jak je znazornéno na obr. 11 na dalsi stran¢.
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PDAC v hlavé
pankreatu
Zlu¢ovod
jatra ( /\ /
Zluénik } \ ¥ l slezina
dvanactnik ' [ \ g Zaludek

* \ / PANKREAS
/J? \‘/ tenké stfevo

Obr. 11 UloZeni pankreatu v lidském téle vCetné znazornéni karcinomu umisténého v hlavé pankreatu.

tlusté stirevo \ \L

Prevzato a upraveno podle Kleef et al 2016.

1.6.2 Karcinom pankreatu — diagnostika a Ié€ba

Z histologického  hlediska se karcinomy pankreatu déli na duktalni
adenokarcinomy (PDAC, z angl. pancreatic ductal adenocarcinoma), které tvoii asi 90 %
vSech karcinomi pankreatu, druhou nejpocetnéjsi skupinou jsou neuroendokrinni
karcinomy, déale cystické karcinomy, lymfomy a metastazy nadori jinych lokalizaci
(Hlavsa et al. 2008, Kleef et al. 2016). Ve svém vyzkumu jsem se zamétovala prevazné na
PDAC.

Diagnostika PDAC je velmi obtiznd a v soucCasné dobé neexistuji spolehlivé
nastroje, které by odhalily toto onemocnéni v Casnych stadiich, protoZe ta jsou vétSinou
asymptomatickd. Prvni pfiznaky byvaji nespecifické, napiiklad unava, hubnuti ¢i
bolest bficha, zad, ¢i Zloutenka zptsobena utlakem dvanactniku, byva onemocnéni jiz v
pokrocilém stadiu.

Zakladnimi metodami pro stanoveni diagndzy jsou zobrazovaci metody — CT, MRI
nebo EUS. Pii CT podezieni na karcinom pankreatu je prvni otdzkou posouzeni jeho
resekability (pfitomnost vzdalenych metastaz, v€ék pacienta, vztah nadoru k okolnim
velkym cévam). Nasledné se pfistupuje k potvrzeni diagnézy pomoci EUS-FNB
suspektniho mista pankreatu (Hlavsa et al. 2008, Nelsen et al. 2015, Cazacu et al. 2021).

EUS-FNB pankreatu je velmi narocna — pankreas je dostupny pouze pies sténu zaludku ¢i
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duodena (zalezi na lokalizaci suspektniho mista) a vyzaduje proto pfitomnost zkuSené¢ho
endoskopisty. Navic md PDAC tkan tzv. desmoplasticky chrakter, tedy je v ni pfitomno
malé mnozstvi nddorovych buné€k na pozadi velkého mnozstvi vaziva.

Diagnosticky vyznam laboratornich vySetfeni je u PDAC omezeny, u pacientii se
muZze objevit zvySena hladina bilirubinu, alkalické fosfatazy a sedimentace erytrocyti, u
tretiny nemocnych patologicka glykemicka kiivka a v pfipad€ prortstajiciho nédoru
anémie. Z nadorovych markeri se nejcastéji vySetfuji mucinové antigeny CA 19-9, CA
242, CA 50 a CA 72-4, ale vzhledem k jejich pomérné nizké specificité i1 senzitivité maji
vyznam spiSe pii sledovani progrese onemocnéni nez pii diagnostice (Jiang et al. 2004,
Riickert et al. 2010).

Jedinou lé¢ebnou metodou, ktera je v soucasné dobé potencionalné kurabilni a
muze prodlouzit Zivot nemocného, je chirurgickd resekce karcinomu nasledovand v
nékterych ptipadech adjuvatni chemoterapii gemcitabinem. Ten je podavan i v pokrocilych
stadiich, ptipadné¢ v kombinaci s radioterapii nebo cilenou biologickou 1écbou erlotinibem
(Burris et al. 2023). Krom¢ chirurgické 1é¢by maji vSak ostatni 1é¢ebné modality
(chemoterapie, radioterapie, biologicka 1écba) pouze paliativni charakter (Havlik et al.
2010). Pokud je PDAC umistén v hlav€ pankreatu, byvéa radikéalni chirurgickou resekci
proximalni pankreatoduodenektomie. Jedna se o naroc¢nou, nékolikahodinovou, rozsdhlou
operaci (D'Cruz et al. 2024), ktera byva spojena s pomérné vysokou mortalitou v ¢asném
pooperacnim obdobi (8 %) a s pooperacnimi komplikacemi, které mivéa 23,5 % nemocnych,
pfi¢emZ zhruba u poloviny z nich je potfeba provést chirurgickou revizi (Ryska et al.
2007). Navic, chirurgicky resekabilnich je asi jen 20 % pacienti z celkového poctu
diagnostikovanych (Jemal et al. 2008) a u zhruba 80 % operovanych pacientli se i tak
objevi Casna lokalni recidiva ¢i generalizace onemocnéni (Ryska et al. 2007, Kleef et al.
2016).

Pro stanoveni zavaznosti onemocnéni se i u PDAC vyuziva TNM systém hodnoceni
a nasledné stanoveni stadia na zakladé TNM charakteristik (tabulky 5 a 6). Po uspéSné
chirurgické resekci je tfileté preziti pacientil v I. stddiu onemocnéni 60 %, ve II. stadiu 29,5
%, ve IIL. stadiu 39,5 %, ve stadiu [Va 15,6 % a ve stadiu IVb pouze 10,5 % (Ryska et al.
2007).

Z uvedenych diivodl je pii volbé terapie u tohoto onemocnéni Casto zvazovan
redlny piinos 1écby zejména s ohledem na kvalitu zivota pacienta. Ve svém vyzkumu jsem

se proto priméarng soustiedila na hledani molekuarnich markert, které by umoznily zpfesnit
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progndzu pacientii nebo predikovaly jejich odpoveéd’ na 1écbu a pomohly tak klinikiim pfi

volb¢ adekvatni terapie pro daného pacienta.

Tab. 5 TNM Klasifikace PDAC (8. edice)

TO neni pfitomen
Tis karcinom in situ

TX nelze hodnotit

Tla nador < 0,5 cm v nejveétsim rozméru
o fdar > () 5 < e y
Charakteristika T1b nador > 0,5 < 1 cm v nejvetsSim rozméru
primarniho nadoru | Tlc nador > 1 <2 cm v nejvétsim rozméru
T2 nador > 2 <4 cm v nejvétsim rozmeéru
T3 nador vétsi nez 4 cm v nejveétsim rozméru
zasahuje do truncus coeliacus nebo a. meseterica
T4 superior a/nebo spole¢nou jaterni tepnu (a. hepatica
communis)
o . NO nejsou pritomnys
Pritomnost metastaz Jjsoup y
v regionalnich miznich | NX nelze hodnotit
uzlinach N1 metastazy v 1-3 regionalnich miznich uzlinach
N2 metastazy ve 4 a vice regionalnich miznich uzlinach
MO nejsou pritomny

Pritomnost vzdalenych

: MX nelze hodnotit
metastaz

M1 piitomnost

Tab. 6 Urcovani stadia PDAC podle TNM Kklasifikace (8. edice)

PDAC
Stadium 0 Tis NO MO
Stadium IA T1 NO MO
Stadium IB T2 NO MO
Stadium ITA T3 NO MO
Stadium IIB T1, T2, T3 N1 MO
Stadium III T1, T2, T3 N2 MO
T4 jakékolivN MO
Stadium IV jakékoliv T jakékolivN Ml
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1.6.3 Onkogenetika karcinomu pankreatu

Podobné jako v ptipadé kolorektalniho karcinomu, také pro karcinom pankreatu byl
navrzen model popisujici postupnou akumulaci genetickych a cytologickych zmén. Na
rozdil od CRC zde premaligni stadia neoznacujeme jako adenomy, ale jako neopléazii a
postupnd pfeména zdravych pankreatickych bun¢k v bunky naddorové je proto oznaovana
jako model pankreatické intraepitelidlni neoplazie, neboli PanIN (Hruban et al. 2000).
Na zakladé postupnych zmén epitelidlnich bun¢k pankreatu rozliSujeme 4 stupné neoplazie:
PanIN-1A a PanIN-1B piedstavuji jen lehkou atypii bunék, PanIN-2 zna¢i mirnou atypii
s tvorbou vicejadernych bunck a PanIN-3 tézkou atypii a invazivitu tkdné slinivky (obr.

11).

e N N e

g — O = = < — — ‘w_—-_.-‘—- D i .
= Normal —} PanIN-1A 4}— PanIN-1B 4 }—— PanIN-2 ——}——— PanIN-3 —8
Overexprese HER2/neu Inaktivace p16 Inaktivace p53, DPC4, BRCA2
Mutace KRAS LOH 9p LOH 18q, 17p, 6p

< < >

< >
< < <

Obr. 12 PanIN model vyvoje karcinomu pankreatu.

Prevzato a upraveno podle Hruban et al. 2000.

V souvislosti s PanIN jsou nejcastéji uvadény mutace v prototonkogenu KRAS,
tumor supresorovych genech 7P53 a CDKN2A (kdédujicim protein pl6) a delece tumor
supresorového genu SMAD4 lokalizovaného na chormozomu 18q (napt. Talar —
Wojnarowska a Malecka-Panas 2006, Salek et al. 2009, Zavoral et al. 2011, Wood et al.
2022). K mutacim KRAS dochéazi hned v pocatecnich fazich PanIN-1A a 1B, proto se
mutace KRAS vyskytuji prakticky ve vSech PDAC tkanich a jejich pfitomnost je pro PDAC
charakteristickd (Luo 2021).

Vyskyt mutaci v genech KRAS, TP53, CDKN2A a deleci SMAD4 byl u PDAC
popsan uz v 80. — 90. letech minulého stoleti (Almoguera et al. 1988, Scarpa et al. 1993,

Caldas et al. 1994, Hahn et al. 1996) a nésledné pfi prvni celoexomové sekvenacni studii
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24 PDAC tkani byl potvrzen jejich stézejni vyznam (Jones et al. 2008). Soucasné bylo
objeveno, ze PDAC tkan obsahuje v priméru 63 genetickych alteraci, vétSinou (76 %,

48/63) somatickych mutaci (Jones et al. 2008).

1.6.4 Charakter PDAC vzorku pro geneticka vysetieni

Ke studiu molekularnich markerd se v soucasné dobé vyuzivaji hlavné resekaty
PDAC ziskané peroperacné. Jak ale vyplyva z kapitoly 1.6.2, resekaty reprezentuji pouze
asi 20 % PDAC, protoZe jen 20 procentliim pacientli je diagnostikovano lokalizované
onemocnéni s moznosti kurativni resekce. Zbyléa vétSina pacientll operaci nepodstupuje a je
odkézana pouze na paliativni terapii. Molekularni analyza resekati tedy neni pro béznou
klinickou praxi pfili§ vhodnd. SpiSe je potfeba soustfedit se na prospektivni analyzy a
vyuzivat k hledani molekularnich markert vzorky tumorové tkan€ vSech pacientil, véetné
pacientli s lokaln€é pokrocilym ¢i metastatickym onemocnénim. Takovymi vzorky jsou
EUS-FNAB, které se odebiraji ze suspektni pankreatické tkané pii diagnostice PDAC a
jsou nasledné cytologicky hodnoceny (Nelsen et al. 2015, Bhatia a Varadarajulu 2017).
protoze EUS-FNAB vzorek byva maly, silné prokrvaceny, kontaminovany nenadorovou
tkani, casto malo bunéény a bunky byvaji fragmentovany. To je pravdépodobné diivod,
pro¢ vyuzivani EUS-FNAB vzorkti PDAC ke studiu molekularnich markerti neni bézné.

Pracovisté, ktera s EUS-FNAB pracuji, je vyuZzivaji nejCastéji v nativni formé -
tedy cast bioptického vzorku je vyuZita pro genetickou analyzu a dals§i ¢ast vzorku je
natfena na sklicko k cytologickému stanoveni diagnézy (napt. Wang et al. 2011, Ogura et
al. 2012, Ginesta et al. 2013, Cazacu et al. 2021). NejCastéji jsou nativni aspiraty
pouzivany k priikazu mutace KRAS ve vzorku pro zptesnéni diagnostiky PDAC, respektive
odliseni od chronické pankreatitidy (Salek e al. 2007). Vzorek nativni tkan€ je z hlediska
extrakce genetického materialu nejkvalitnéjsi, ale slabinou je, Ze bunécny material natfeny
na cytologickém sklicku a zhodnoceny patologem, nemusi byt tentyz jako v nativnim
vzorku a tudiz u n€j neni zndmo procentudlni zastoupeni nadorovych bunek (pokud viibec
n¢jaké pritomny jsou), takze detekce KRAS mutaci (i ostatni genetické analyzy) v téchto
vzorcich muze vést k falesSné negativnim vysledkiim.

Vhodnéj$i variantou je proto vyuzit ke genetické analyze tentyZ aspirat natieny
na skli¢ko, ktery hodnotil cytolog. Pak je mozné izolovat geneticky materidl pouze

z oblasti vyskytu tumorovych bunék, kterou vyznaci cytolog béhem svého hodnoceni. Tato
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metoda se na naSem pracovisti velmi osvédcila a diky ni detekujeme KRAS mutace v 90 %

bioptickych vzorkt (Benesova ef al. 2019).

Detekce KRAS mutaci z cytologickych sklicek byla vyuzita také v
recentni publikaci, kterda je pod oznacenim Publikace 4 uvedena v kapitole 3 Vysledky.

Pojednava o rozdilné prognostické roli rtiznych typti KRAS mutaci u pacienti s PDAC.
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2 Cile diserta¢ni prace

Cilem prace bylo studium genetického pozadi solidnich tumori a hledani
molekuldrnich markerti, které by byly vyuzitelné v klinické praxi pii zpiesiiovani
diagnostiky a progndzy onemocnéni.

Konkrétni cile disertacni prace:

. Detekce RET/PTCI1 a RET/PTC3 pteskupeni v souboru ¢itajicim 47 détskych pacientii
s papilarnim karcinomem §titné zlazy

Optimalizace metodiky detekce cirkulujici nadorové DNA a demonstrace jejiho vyuZiti

v klinické praxi u pacientl s pokroc¢ilym karcinomem kolorekta

Studium intratumorové mutacni heterogenity prekancerdznich kolorektalnich 1¢zi a
moznosti jejiho vyuziti v klinické praxi

Stanoveni prognostické role KRAS mutaci u pacientl s karcinomem pankreatu; porovnani

vysledku pfi detekci KRAS mutaci z cytologického materidlu a z ctDNA.
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3 Vysledky
3.1 Publikace 1

Nova varianta RET/PTCI preskupeni detekovana u chlapce
s papilarnim karcinomem §titné Zlazy bez historie ionizujiciho

ozareni

Halkova T., Dvoidkova S., Vaclavikova E., Sykorova V., Véelak J., Sykorova P., Vi¢ek P.,
Reboun M., Katra R., Kodetova D., Schrumpf M., van Wezel T., Morreau H., Bendlova B.

Uvod: Genetickou pti¢inou PTC je v péting piipadti vznik chimérniho fuzniho genu, tzv.
RET/PTC. Vznika, pokud je oblast RET protoonkogenu, kterd koduje intracelularni
katalyticky aktivni doménu, pfipojena k jinému genu poskytujicimu promotor a
umoznujicimu dimerizaci a tim aktivaci RET receptoru. Nejbéznéjsi z téchto pieskupeni je
RET/PTCI, kde 12. exon RET genu je pfipojen k 1. exonu genu CCDC6 se zlomy v 11.
intronu RET a 1. intronu CCDC6.

Metodika: Osmilety chlapec s PTC (T3m N1b MI, opakovana recidiva), bez historie
ionizujicitho ozafeni, podstoupil totalni thyroidektomii. Z nadorové tkane byla izolovana
RNA spolu s DNA pomoci komeréniho izolacniho kitu AllPrep DNA/RNA/Protein Mini
Kit (Qiagen, Venlo, Nizozemsko). RNA byla reverzni transkripci pfevedena do cDNA.
Detekce RET/PTCI pteskupeni byla provedena metodou real-time PCR s néslednou
analyzou kiivky tani. Purifikovany PCR produkt byl sekvenovan.

Vysledky: Na zdklad¢ kiivky tani odliSné od RET/PTCI pozitivni kontroly, byla nalezena
nova, dels$i varianta RET/PTCI pieskupeni. Sekvenace ¢cDNA odhalila fizi 1. exonu
CCDC6 s 9. exonem RET kédujicim cCast jeho extracelularni domény. Za 9. exonem
nasleduje hned 12. exon RET, exony 10 a 11 pfitomny nejsou.

Zavér: Byla nalezena nova, atypicka forma RET/PTC1 pieskupeni. Piekvapiva je zejména
pfitomnost ¢asti extracelularni domény RET genu (exon 9), kterd se v zaddném doposud
popsaném RET/PTC pieskupeni nevyskytuje. Moznym vysvétlenim by mohl byt nespravny
sestith RET v dasledku somatické 32 bp dlouhé delece v RET na hranici exon-intron 11.
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Podil disertantky na publikaci:

1)

2)

3)

4)
5)

100% podil na izolaci nukleovych kyselin, reverzni transkripci, detekci RET/PTC
pieskupeni pomoci real-time PCR

participace z cca 60 % na metodickych postupech pouzitych k objasnéni sekvence
nového preskupeni (Sangerovo sekvenovani, NGS, long range PCR)

zpracovani experimentalnich a klinickych dat (100 %)

vytvoreni tabulky a obrazka (100 %)

sepsani celého rukopisu (100 %)
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activation of the mitogen-activated protein kinase pathway
are the most frequent cause of PTC [1]. They comprise
mainly mutations of the genes encoding intracellular
signaling proteins B-raf and Ras as well as large-scale
chromosomal rearrangements resulting in the RET proto-
oncogene activation via formation of fused genes known as
RET/PTCs and its chimeric proteins.

Ret protein acts as a transmembrane tyrosine kinase
receptor, and RET/PTC formation results from the fusion of
the RET region encoding intracellular tyrosine kinase (TK)
domain with the part of the other gene providing the
promoter. RET/PTC rearrangements arise as a consequence
of paracentric inversion of the long arm of chromosome 10
or, less frequently, as reciprocal translocation between 10q
and other chromosomes [2]. Most recently, a novel ACBDS/
RET rearrangement resulting from the pericentric inversion
inv(10)(p12.1;q11.2) was found [3]. The occurrence of 2
DNA breakpoints is essential for the RET/PTC formation,
and 1 of the breakpoints is localized at 10q11.2, where the
RET protooncogene is mapped.

Several fusion partners of RET have been described in
thyroid cancer up to now. RET/PTCI is the most prevalent
form, where the TK domain starting in the exon 12 of RET is
fused to exon 1 of CCDC6 (H4 formerly) with breakpoints
within intron 1 of CCDC6 and intron 11 of RET. In this
article, we describe a novel longer atypical RET/PTCI
variant, which we have named RET/PTClex9. “Ex9” in the
name indicates that the intact exon 9 of the extracellular
portion of RET is involved in the rearrangement between part
of CCDC(C6 and exon 12 of RET.

2. Materials and methods

2.1. Characterization of the patient

The young male Czech patient harboring RET/PTClex9
was diagnosed by ultrasonography with a suspected node
affecting the entire left lobe of the thyroid gland and
metastases in the lymph nodes at the age of 8 years. He
underwent total thyroidectomy with left-sided neck dissec-
tion at the same age. A pathologic examination revealed a
classical variant of PTC with T3NIMI. Local metastases
were detected in 13 of 16 resected lymph nodes. Distant
metastases bilaterally in the lungs were identified immedi-
ately after surgery during the first posttherapeutic scintigra-
phy (2 months after total thyroidectomy). The therapeutic
activity of radioiodine was applied with dosage of 5.52 GBq.
Next, radioiodine treatment was applied 7, 31, 37, and 46
months after surgery with dosages of 5.55, 2.6, 4.4, and 2.96
GBq, respectively. In the period between the 7th and the 3 1st
month, radioiodine treatment was interrupted because the
patient had no evidence of the disease. After last application
of radioiodine (November 2013), scintigraphy showed no
evidence of pathologic accumulations in lungs, and ultra-

sound imaging was without any signs of local recurrence of
the primary disease. Total follow-up time frame available for
the patient is 58 months.

The patient had no history of irradiation, surgeries,
injuries, allergies, and no hereditary predisposition. His birth
parents are healthy, and there is no evidence of thyroid
disease or serious illness in the family.

The genetic examination was performed under informed
consent with participation in the study number NT 13901-4
approved by the Ethics Committee of the Institute of
Endocrinology. The purpose of this study was to detect the
most common genetic alterations in thyroid carcinomas
including RET/PTC rearrangements. Unlike routine practice,
this case was additionally subjected to Sanger sequencing
due to the presence of an atypical rearrangement. Long-range
polymerase chain reaction (PCR) and next-generation
sequencing (NGS) methods were additionally used to
confirm the atypical fused gene sequence.

2.2. DNA and RNA isolation and complementary
DNA synthesis

Tumor DNA and RNA were extracted from the fresh
frozen PTC tissue after pathologic examination using
AllPrep DNA/RNA/Protein Mini Kit (Qiagen, Venlo, The
Netherlands) according to the manufacturer’s instructions.
Tumor tissue used for isolation contained at least 70% of
tumor cells. Corresponding germ line DNA was isolated
from peripheral blood leukocytes by automated DNA
extraction according to the manufacturer’s protocol (Quick-
Gene-610L; Fujifilm, Tokyo, Japan).

Eight micrograms of total RN A was reverse transcribed into
100 pul of complementary DNA (cDNA) using random
hexamer primers and AMV reverse transcriptase (Promega,
Fitchburg, WT) according to the manufacturer’s protocol.

2.3. RET/PTC1ex9 detection

The detection of RET/PTC1 expression was performed by
quantitative real-time PCR followed by melting curve
analysis using a Light Cycler 480 instrument (Roche,
Basel, Switzerland). Real-time PCR was performed in
20-uL reaction mixture containing 2 uL of 5x diluted
cDNA, 10 uL of 2x IQ Sybr Green Supermix (Bio-Rad,
Hercules, CA), and 1 uL of 10 umol/L primers specific
for RET/PTCI amplification (5'-CGCGACCTGCG
CAAA-3', annealing in exon 1 of CCDC6 and reverse:
5'-CAAGTTCTTCCGAGGGAATTCC-3’, annealing in
exon 12 of RET). The detection was carried out in 96-well
plates under the following conditions: initial denaturation at
95°C for 5 minutes, 40 cycles of 10-second denaturation at
95°C, 10-second annealing at 60°C and 10-second elonga-
tion at 72°C, final elongation at 72°C for 10 minutes
followed by melting curves analysis (70°C-94°C; ramp rate,
0.11°C/s). The sample was analyzed in triplicate. Positive
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RET

Exon 11 of RET

Fig. 2 Detection of the partial 32-bp deletion comprising exon-intron 11 boundary in the PTC tissue (tumor DNA). A, NGS of the
5564-bp-long section of the RET protooncogene from exons 9 to 13 revealed the partial 32-bp deletion in exon-intron 11 boundary (9 bp from
exon 11 and 23 bp from intron 11) shown in the figure as black dash. This deletion was present in 26% of tumor DNA and was absent in germ
line DNA. B, Visualization of the somatic deletion by gel electrophoresis. From the left: 100-bp DNA ladder, PCR product corresponding to
RET exon 11 isolated from blood (germ line DNA) and PCR product corresponding to RET exon 11 isolated from PTC tissue (tumor DNA). In
the third well can be clearly seen the presence of partial 32-bp deletion.

and negative controls for RET/PTCI were included in the
run (in duplicate). For the cDNA quality control, expression
of housekeeping gene (f-actin) in the sample was tested
(in duplicate).

2.4. PCR and Sanger sequencing

To clarify the RET/PTClex9 sequence, the PCR was
performed using a Biometra thermocycler (Gottingen,
Germany) in a total volume of 20 uL containing 0.3 U
Gold Taq polymerase, 200 umol/L. deoxyribonucleoside
triphosphates, 1x PCR Buffer (Applied Biosystems, Foster
City, CA), 2 mmol/LL MgCl,, 0.25 umol/L of each primer
(identical to the primers used for real-time PCR), and 2 uL of
c¢DNA. Cycling conditions were as follows: initial denatur-

ation at 95°C for 10 minutes, 35 cycles consisted of
20-second denaturation (95°C), 30-second annealing
(60°C), 1-minute extension (72°C), and final extension at
72°C for 10 minutes. PCR product was visualized by 1.5%
agarose gel electrophoresis in 0.5 Tris-borate-EDTA buffer.

Subsequently, the PCR product was purified on an
Agencourt SPRIPlate Magnet Plate using an Agencourt
AMpure XP kit (Beckman Coulter, Fullerton, CA) and
sequenced using a DTCS (Dye Terminator Cycle Sequenc-
ing) Quick Start Master Mix Kit and a CleanSEQ
Dye-Terminator Removal (Beckman Coulter) according to
the manufacturer’s protocols. Sequencing was performed
using a CEQ 8000 instrument, and the data were evaluated
by CEQ 8000 software (Beckman Coulter). The primers used
for sequencing were identical to the primers used for

Fig. 1  The detection of RET/PTClex9 by melting curve analysis and identification of its cDNA sequence. A, Melting curve analysis

revealed differences between melting peaks corresponding to the RET/PTCI-positive control (first peak, analyzed in duplicate) and melting
peaks of RET/PTClex9 PCR product formed by real-time PCR (middle peak, analyzed in triplicate). Last peak corresponds to B-actin (cDNA
quality control, analyzed in duplicate), and baseline corresponds to negative control (water instead of cDNA in the reaction mixture). Sanger
sequencing—fusion points between exon | of CCDC6 and exon 9 of RET (B) and between exon 9 of RET and exon 12 of RET (C). Both PCR
products used for sequencing were separately amplified by primers designed to be specific for RET/PTC/ex9 as described in paragraph 2.4. D,
NGS—visualization of RET/PTClex9 in IGV browser after its construction in TopHat program—the fusion consists of exon | of CCDC6
gene and exons 9 and 12 of the RET protooncogene. The exons 10 and 11 of RET are nearly totally spliced as seen from coverage of each part
of the fused gene in the top of the figure.
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amplification. The cycle sequencing conditions consisted of
30 cycles of 96°C for 20 seconds, 50°C for 20 seconds, and
60°C for 4 minutes.

The presence of exon 9 of the RET protooncogene was
confirmed by 2 PCR reactions with specific primers designed
to anneal within exon 9 of RET followed by Sanger
sequencing of the products. The first product, CCDC6
exon 1-RET exon 9, was amplified using primers: forward:
5-CGCGACCTGCGCAAA-3" (annealing in exon | of
CCDC6) and reverse: 53'-GGTCTCCACAACATCG
CAGT-3" (annealing in exon 9 of RET), and the second
product, RET exon 9—-RET exon 12, was amplified using
primers: forward: 5'-CCACTGCGATGTTGTGGAGA-3’
(annealing in exon 9 of RET) and reverse: 5'-CAAG
TTCTTCCGAGGGAATTCC-3’ (annealing in exon 12
of RET).

For amplification of exon 11 of the RET in the tumor and
germ line DNA, the primers and PCR conditions were used
according to our previous article [4].

2.5. Long-range PCR

For the identification of breakpoints and any structural
changes in exons and introns of the RET protooncogene,
long PCR was performed using LongRange PCR kit
(Qiagen) according to manufacturer’s handbook. Tumor
and germ line DNA was used to amplify the 5564-bp long
region of the RET protooncogene from exon 9 to exon 13
with primers: forward: 5-CCACTGCGATGTTGTGGA
GA-3' (annealing in exon 9 of RET) and reverse: 5'-TGCA
GGCCCCATACAATTTGA-3" (annealing in exon 13 of
RET).

Table RET/PTC oncogenes

2.6. Next-generation sequencing

NGS method was applied to verify the sequence of 3
previously generated PCR products: RET/PTClex9 ampli-
fied from cDNA and region of the RET protooncogene
starting with exon 9 and ending with exon 13 amplified with
LongRange PCR from tumor and germ line DNA. Libraries
were generated using Nextera XT kit (Illumina, San Diego,
CA) according to the manufacturer’s sample preparation
protocol. Libraries with a molarity 4 pmol/L were subjected
to cluster generation on flow cell, and paired-end sequencing
for 300 cycles by a MiSeq Reagent Kit v2 in a MiSeq
sequencer platform (Tllumina) was performed.

Sequence data were analyzed by the on-instrument
software MiSeq Reporter v.2.4 (Illumina). The data were
demultiplexed, and FASTQ files were generated. Reads from
pair-end fragments were trimmed for low-quality and
duplicate reads. The MiSeq Reporter software aligned the
reads against the human reference sequence GRCH37.p5/hg19
using a Burrows-Wheeler Aligner. The variant calling for
targeted regions was performed using a Genome Analysis
Toolkit (GATK; Broad Institute, Cambridge, MA).

Secondary analysis of the data for the construction of
fusion gene was performed by the TopHat-Fusion [5]. This
software aligns reads across fusion points and is able to find a
fusion across 2 chromosomes or rearrangements within a
single chromosome. For visualization of the fusion, a TopHat
(2.0.13) splice junction mapper was used [6]. For this
purpose, a RET/PTC fusion reference sequence, which
contained exon 1 of CCDC6 gene and exons 9, 10, 11, and
12 of RET gene, was constructed. As an input files for
TopHat analysis, the FASTQ files were used and low-quality

Oncogene Fusion partner gene Chromosome Radiation induced References
RET/PTC 1 CCDC6 (H4, D10S170) 10g21 Both yes and no [15]
RET/PTC 1L CCDC6 (H4, D10S170) 10921 No [16]

Long RET/PTC 1 CCDC6 (H4, D10S170) 10921 Yes [17]
RET/PTClex9 CCDC6 (H4, D10S170) 10g21 No Current report
RET/ETGE 2 PKARIA 17923 Both yes and no [18]
RET/PTC 3 ELE] (NCOA4, RFG, ARA70) 10g22.1 Both yes and no [19-21]
RET/PTC 3r2 ELE] (NCOA4, RFG, ARA70) 10g22.1 Yes [22]
RET/PTC 3r3 ELE] (NCOA4, RFG, ARA70) 10g22.1 Yes [23]
RET/PTC 4 ELE] (NCOA4, RFG, ARA70) 10g22.1 Yes [24]
RET/PTC 5 RFG3 (GOLGIN-84, GOLGAS) 14¢32.12 Yes [25]
RET/PTC 6 TRIM24 (HTIF I, TIF1A) 7q32-34 Xes [26]
RET/PTC 7 TRIM33 (HTIFG, TIF1G, RFG7) Ipl3 Yes [26]
RET/PTC 8 KTNI (KINECTIN) 14g22.1 Yes [27]
RET/PTC 9 RFGY (KIAA1468) 18q21-22 Yes [28]
ELKS-RET ELKS (RABG6IP2) 12p13.3 No [29]
PCMI-RET PCMI 8p21-22 Yes [30]

A RFP-RET TRIM27 (RFP) 6p21.3 Yes [31]
HOOK3-RET HOOK3 8pll1.21 No [32]
ACBDS-RET ACBDS 10p12.1 Yes [3]
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and duplicate reads were trimmed away. Results were finally
visualized with an Integrative Genomics Viewer [7].

3. Results

The melting curve analysis showed an atypical fusion
gene in the sample that we have named RET/PTClex9
(Fig. 1A). The melting peak of RET/PTClex9 strongly
differed from RET/PTCI positive control which prompted us
to perform further analysis.

Subsequently, the length of RET/PTClex9 transcript was
compared with classical RET/PTCI transcript by agarose gel
electrophoresis. RET/PTC1ex9 transcript was approximately
100 bp longer than the classical RET/PTCI (results not
shown). Sanger sequencing of the RET/PTClex9 revealed
the presence of intact exon 9 of RET between exon 1 of
CCDC6 and exon 12 of RET in the rearrangement, and the
sequences of the 2 fusion points in 2 separate PCR products,
that is, CCDC6 exon 1-RET exon 9 and RET exon 9-RET
exon 12, are shown in Fig. 1B and C, respectively. RET/
PTClex9 transcript was also sequenced by NGS, and the
most possible fusion gene was constructed by the TopHat
program (Fig. 1D). There is clear evidence of sharp decrease
of coverage in the exons 10 and 11 that most probably
represent splicing of these exons.

NGS of LongRange PCR product (the 5564-bp-long
section of the RET protooncogene from exons 9 to 13) of
tumor and germ line DNA revealed the new somatic 32-bp
deletion in exon-intron 11 boundary (9 bp from exon 11 and
23 bp from intron 11) shown in Fig. 2A. This deletion was
present in part (26%) of tumor DNA and was missing in the
germ line DNA. The deletion in tumor DNA was also
confirmed by agarose gel electrophoresis of PCR product of
exon 11 of RET shown in Fig. 2B.

Extracellulardomain

ex1 int1 int8 ex9 int9
CCDC6gene N | + [ |
breakpoint breakpoint 5°splice site

ex1

CCDC6
RNA level:

4. Discussion

RET/PTC rearrangements are found in various popula-
tions and geographic regions with different frequencies. The
variability of RET/PTC prevalence depends on the age of
PTC patients, the histologic subtype of PTC, the detection
method, geographical conditions, and the patients’ history of
radiation exposure [8]. Irradiation (therapeutic or accidental)
seems to be the main risk factor for RET/PTC formation, and
high frequencies of RET/PTCs (56%-87% of PTC cases)
were especially detected in children exposed to the
radioactive fallout following the Chernobyl nuclear accident
[9-14].

At present, 13 fusion partners of RET forming 18 different
RET/PTCs have been found among thyroid cancer cases in
the world (Table). RET/PTCI and RET/PTC3 are the most
frequently found ones, whereas the other variants are
rare, mostly detected in single cases. The great majority of
RET/PTC oncogenes, except of RET/PTCIL, ELKS-RET
and HOOK3-RET, have been found in radiation-induced
thyroid tumors. All the known RET/PTC variants result from
the fusion of intracellular TK domain of RET at its 5" end and
the other gene and, therefore, lack the transmembrane and
extracellular domain of RET.

Qur RET/PTClex9 was found in the sporadic PTC of an
8-year-old male Czech patient without any evidence of
radiation exposure. From the clinical point of view, this
rearrangement seems to tend to an aggressive phenotype of
PTC and repeated recurrence. In RET/PTClex9, the fusion
occurred between exon | of CCDC6 and exon 9 of RET
instead of exon 12 of RET, as it is in classical RET/PTCI
fusion. Moreover, in RET/PTClex9, the absence of exons 10
and 11 of RET was observed, and thus, exon 9 is directly
followed by exon 12. To date, this is the single case where
involvement of the extracellular part of RET in RET/PTC

Transmembrane

domain  |ntracellulardomain

<RET protein

ex10 int10 ex11  int11 ex12

GT___AG G AG RET gene
Deletion of  3’splice site
S’splice site
X 9 ex 12

ex12
RET

Fig. 3  Schematic diagram of RET/PTClex9 and possible mechanism of its formation (int, intron; ex, exon).
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formation has been described. The question thus arises how
the presence of extracellular domain could affect the function
of the oncoprotein. All previously described RET/PTC gene
fusions give rise to constitutively active chimeric proteins
without a transmembrane domain; therefore, these oncopro-
teins are localized in the cytoplasm instead of plasma
membrane. The presence of the extracellular domain of RET
in RET/PTClex9 could probably affect the localization of
oncoprotein, for example, letting it remain in the plasma
membrane. Furthermore, the extracellular domain influences
the size of the oncoprotein. It has been shown that RET/
PTC1 dimerizes rapidly after translation and exists in
high-molecular-weight protein complexes with multiple
adaptor and effector proteins [33]. Thus, the presence of
extracellular domain could enhance or suppress the ability to
produce high-molecular-weight complexes.

The genetic analysis of RET for identification of the fusion
points and genetic changes on the level of DNA and cDNA was
performed. It seems that this rearrangement was formed by the
combination of 2 genetic changes in RET protooncogene on the
level of tumor DNA—the partial deletion of exon-intron 11
boundary and the breakpoint occurring within intron 8 and
subsequent fusion of RET with CCDC6 gene. The somatic
deletion comprising the exon-intron 11 boundary of RET could
be the reason why the exons 11 and 10 are not involved in the
rearrangement. Because the deletion is located in an important
splice site, during expression—on the level of RNA—it could
lead to incorrect splicing with skipping of exons 11 and 10 as
schematically shown in the Fig. 3. However, the mechanism of
RET/PTClex9 formation remains still not fully explained, and
there are still several questions.

In summary, this current report expands the list of the
known RET/PTC rearrangements in thyroid cancer by a
novel RET/PTClex9 variant. In contrast to the classical
RET/PTC| variant, this novel variant additionally contains
the intact exon 9 of RET, which is fused to exon 1 of CCDC6
atits 5’ end and to exon 12 of RET atits 3’ end. To the best of
our knowledge, this is the first variant among PTC cases
involving the extracellular part of RET protooncogene.
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Vyznam pooperacniho sledovani pacientii s metastatickym

kolorektalnim karcinomem pomoci cirkulujici nadorové DNA

Benesova L., Halkova T., Ptaickova R., Semyakina A., Menclova K., Pudil J., Ryska M.,
Levy M., Simsa J., Pazdirek F., Hoch J., Blaha M., Minarik M.

Uvod: Moznost sledovat ctDNA v plazmé onkologickych pacientii pfinasi zasadni klinické
benefity. CtDNA muze byt rutinn¢ pouzivana jako prostiedek pro monitorovani uspésnosti
lécby, nebo pro vcasnou identifikaci recidivy ¢i progrese onemocnéni. V této praci je
demonstrovano uplatnéni ctDNA v dlouhodobém pooperacnim sledovani pacienti
s metastatickym CRC a je zde také popsano jeji mozné vyuziti pro potvrzeni radikality
provedeného chirurgického zakroku.

Metodika: Do studie bylo zatazeno 47 pacientl indikovanych k resekci metastatického
CRC, kteti méli predoperacné detekovanou ctDNA. Standardni pooperacni sledovani
pomoci zobrazovacich technik a tumorovych markerd bylo doplnéno odbéry krve pro
detekci ctDNA. Analyza ctDNA byla provedena ptfed operaci, cca tyden po operaci a
nasledné v piiblizné tfimésicnich intervalech. Pfitomnost ctDNA byla korelovana s
radikalitou provedené chirurgické 1écby a aktualnim klinickym stavem pacienta.

Vysledky: Kurativni RO resekce korelovala s pooperacni negativitou ctDNA u 26/28 (93%)
ptipadii chirurgickych vykont. Ve zbyvajicich dvou ptipadech byla u obou pacienti
diagnostikovéna recidiva onemocnéni po 6 mésicich. U 7 pacientd, kteti podstoupili resekci
R1, byla po operaci zjisténa 4/7 (57 %) pozitivni ctDNA spojend s potvrzenou casnou
recidivou onemocnéni (po 3 az 7 meésicich). VSech 15 pacienta (15/15, 100 %)
podstupujicich R2 resekci zlistalo po celou dobu sledovani konstantné ctDNA pozitivni. Ve
22 ptipadech recidivy byla pozitivita ctDNA zjiSténa 22krat (22/22, 100 %) oproti 16/22
(73 %) recidivam dle zobrazovacich metod a 15/22 (68 %) piipadim zvySenych
tumorovych markert.

Zavér: Cirkulujici nadorovd DNA se u pacientti s metastatickym CRC osvéd¢ila jako
vysoce specificky a citlivy nastroj pro potvrzeni radikality chirurgické 1é¢by a pro predikci
¢asné recidivy onemocnéni po operacich RO/R1. Ve srovnani se zobrazovacimi metodami a

nadorovymi markery dokézala ctDNA dfive upozornit na recidivu onemocnéni.
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Podil disertantky na publikaci:

1)
2)

3)

4)

5)
6)

participace na designu studie z cca 50 %

100% dozor nad klinickou 1 laboratorni ¢asti studie, zajiSténi jejiho spravného
prabéhu, komunikace se spoluautory

cca 30 % podil na laboratorni ¢asti (izolace DNA a ctDNA, PCR s tvorbou
heteroduplexti, analyza denaturacni kapilarni elektroforézou)

vyhodnoceni a zpracovani 100 % laboratornich a klinickych dat

vytvoreni tabulek a obrazkt (100 %)

sepsani cca 40 % rukopisu
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Abstract

BACKGROUND

One of the most notable applications for circulating tumor DNA (ctDNA)
detection in peripheral blood of patients with metastatic colorectal cancer
(mCRC) is a long-term postoperative follow-up. Sometimes referred to as a
“liquid (re)biopsy” it is a minimally invasive procedure and can be performed
repeatedly at relatively short intervals (months or even weeks). The presence of
the disease and the actual extent of the tumor burden (tumor mass) within the
patient’s body can be monitored. This is of particular importance, especially
when evaluating radicality of surgical treatment as well as for early detection of
disease progression or recurrence.

AIM
To confirm the radicality of surgery using ctDNA and compare available
methods for detection of recurrence in metastatic colorectal cancer.

METHODS

6939 December 28,2019 | Volume 25 | Issued8 |
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A total of 47 patients with detected ctDNA and indications for resection of mCRC
were enrolled in the multicenter study involving three surgical centers. Standard
postoperative follow-ups using imaging techniques and the determination of
tumor markers were supplemented by ctDNA sampling. In addition to the
baseline ctDNA testing prior to surgery, a postoperative observation was
conducted by evaluating ctDNA presence up to a week after surgery and
subsequently at approximately three-month intervals. The presence of ctDNA
was correlated with radicality of surgical treatment and the actual clinical status
of the patient.

RESULTS

Among the monitored patients, the R0 (curative) resection correlated with
postoperative ctDNA negativity in 26 out of 28 cases of surgical procedures
(26/28, 93%). In the remaining cases of RO surgeries that displayed ctDNA, both
patients were diagnosed with a recurrence of the disease after 6 months. In 7
patients who underwent an R1 resection, 4 ctDNA positivities (4/7, 57%) were
detected after surgery and associated with the confirmation of early disease
recurrence (after 3 to 7 months). All 15 patients (15/15, 100%) undergoing R2
resection remained constantly ctDNA positive during the entire follow-up
period. In 22 cases of recurrence, ctDNA positivity was detected 22 times (22/22,
100%) compared to 16 positives (16,22, 73%) by imaging methods and 15 cases
(15/22, 68%) of elevated tumor markers.

CONCLUSION

ctDNA detection in patients with mCRC is a viable tool for early detection of
disease recurrence as well as for confirmation of the radicality of surgical
treatment.

Key words: Circulating tumor DNA; Metastatic colorectal cancer; Postoperative;
Radicality of resection; Follow-up; Recurrence

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Circulating tumor DNA has shown itself to be a highly specific and sensitive
tool for confirming the radicality of surgical treatment in patients with metastatic
colorectal cancer and for the potential prediction of early disease recurrence after RO/R1
surgeries. Additionally, when compared to imaging methods and tumor markers,
circulating tumor DNA more accurately indicates disease recurrence during follow-ups
that are minimally invasive and are of low burden to the patient.
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INTRODUCTION

Around 50% of patients with colorectal cancer (CRC) are found to have synchronous
liver or extrahepatic metastases at the time of diagnosis or will develop metachronous
metastases within several years after surgery!'l. It is known that radical surgical
resection - the RO resection which involves a complete removal of the diseased tissue -
is the only effective treatment option, ideally in combination with perioperative
chemotherapy!”. The 5-year survival rate for patients with surgical treatment ranges
from 41% to over 70% compared to 5% if not treated!"\.

Besides removal of metastases, postoperative patient follow-up is no less important
as it allows for the timely identification of any progression or recurrence of the disease
and prompt therapeutical response - whether by surgery or modification of
systematic therapy. The monitoring of patients with metastatic CRC is predominantly
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based on imaging techniques such as ultrasonography (US), computed tomography
(CT), positron emission tomography (PET), magnetic resonance imaging (MRI) or X-
ray imaging (XRAY), usually with assessments of serum tumor markers
carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9). Nowadays,
molecular biology techniques also play an irreplaceable role in the management of
patients with CRC, considering that the decisions on cancer therapy are ever more
supported by the knowledge of biological characteristics and genetic profile of the
diseasel’l. Most recently, the possibility for disease follow-up using circulating tumor
DNA (ctDNA) has become available in addition to already implemented mutation
profiling from tissue biopsies or resecates!.

The term ctDNA means short fragmented DNA, which has historically been
observed in blood circulation of patients suffering with metastatic stages of
cancers!”"'l. ctDNA is often referred to as cell-free DNA to emphasize its exogenous
nature in comparison to DNA originating from nuclei of the blood cells. Although the
exact mechanism of its release into circulation is still subject to debate, there are
several probable mechanisms of the ctDNA origin including: Apoptosis; necrosis;
active release through lipoproteonucleotidic complexes (virtosomes); phagocytosis;
and exocytosis!''l. Due to its exclusive origin in cancerous cells, ctDNA retains the
fundamental imprint of its cancer genome including cancer-specific aberrations such
as somatic mutations. Therefore, the ctDNA analysis has recently been promoted
using the term “liquid biopsy”!"*l. The main advantage of liquid biopsy, compared to
the “classic” biopsy of tumor tissues is its minimal invasiveness and the associated
minimal stress for the patient. Additionally, ctDNA is released to the bloodstream
from all tumor foci, and thus a single blood sample contains the complete mutation
spectrum of cancer clones present in the patient’s body!".

Besides liquid biopsy, ctDNA testing has proven to be a very promising instrument
for long-term, postoperative follow-ups of patients with CRC, particularly in
advanced stages. Being minimally invasive, it can be repeated over short periods for a
long time with no significant burden to the patient, and moreover, this test shows
high sensitivity and specificity to patients with preoperative ctDNA positivity!"'l. The
approach fundamentally relies on the applied methodology, which must be able to
capture < 0.1% of ctDNA on the background of non-tumor DNA. Accordingly, the
current techniques include dedicated approaches such as those based on digital PCR,
BEAMing or deep sequencing!"”l. In all cases, tumor-specific DNA alterations (usually
mutations) found in the tumor tissue or occurring with a certain significant frequency
in the given cancer are used as ctDNA positivity markers. However, the above
mentioned methods have their limitations, particularly in terms of higher demands on
the input DNA amount and the costs. Another sensitive, efficient, rapid and
affordable method based on the formation of heteroduplexes with subsequent
detection using denaturing capillary electrophoresis (DCE) has been used at our
center for 10 years. This method can be used to detect a mutated locus in plasma with
the sensitivity of 0.03% to 1% depending on the mutation to be determined (Table 1)
with input DNA amount of tens of pg!'“""l. The specificity of this ctDNA test is 100%,
which means that the presence of ctDNA always provides evidence that a tumor
residue or tumor cells are present. As previously shown by us, ctDNA testing using
DCE allows patient follow-up in real time, while ctDNA levels correlate very well
with the current condition of the patient!’”. As we reported in this paper about a
group of patients with metastatic CRC, ctDNA can be used in clinical practice,
particularly for the evaluation of the radicality of surgery and for the timely detection
of any progression or recurrence of the disease.

MATERIALS AND METHODS

Patients and samples

This study was conducted in cooperation with three prime surgery centers in the
Czech Republic in accordance with the Declaration of Helsinki and was approved by
ethics committees of the relevant hospitals. The forty-seven patients enrolled in the
study had undergone the resection of synchronous or metachronous colorectal cancer
metastases and tested positive for ctDNA before surgery, and were thus suitable
candidates for postoperative ctDNA follow-up. Patient characteristics are listed in
Table 2. All patients signed an informed consent form for the study. A tumor tissue
sample was surgically obtained in each case. Peripheral blood samples for ctDNA
analysis were collected in an anticoagulant solution before, 1 week after the surgery,
and subsequently in several-month intervals during their follow-ups. Clinical patient
data including tumor localization and type, surgical radicality, and CEA and CA 19-9
marker levels were also collected.

v
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Table 1 Characteristics of the markers used for the mutation analysis! - !

Marker  Exon number Target codons Size of PCR product (bp) LOD (%)  DCE separation temperature (°C)

KRAS 2) 12,13 112 0.03 50
3 59, 61 100 0.05 51
4 117, 146 150 0.05 45
TP53 b 170-187 107 0.1 58
6 187-224 169 0.5 52
7 225-261 160 0.5 52
8 262-307 151 0.03 56
APC 15 854-896 128 0.7 43
15 1275-1308 100 0.7 48
15 1290-1335 136 0.6 52
15 1389-1446 174 0.3 43
15 1430-1463 101 1 48
15 1479-1530 156 1 51
15 1539-1585 141 0.8 52
PIK3CA o 542 106 0.2 48
20 1025, 1031, 1047 136 0.3 49
BRAF 15 600 230 0.05 48
CTNNB1 3 45 152 0.4 52

bp: Base pair; DCE: Denaturing capillary electrophoresis; LOD: Limit of detection.

DNA isolation and detection of mutations

Mutation profiles were determined in DNA isolated from tumor tissues,
subsequently, the detected mutations were analyzed in plasma samples. Tumor DNA
was isolated from the samples of native frozen (-20 °C) tissues using the GenElute™
Mammalian Genomic DNA Miniprep Kit (Sigma Aldrich, St. Louis, MS, United
States). ctDNA was isolated using the NucleoSpin Plasma XS (Macherey-Nagel,
Dueren, Germany) from plasma according to the instructions of the manufacturer.
Plasma was obtained by centrifugation of blood promptly after collection, and then
immediately frozen at -20 °C. The mutations were identified using a panel for the
detection of the most commonly mutated loci in the KRAS, TP53, APC, PIK3CA, BRAF
and CTNNBI genes, which are characteristic for colorectal cancer (see Table 1 for
details). Tumor tissue and ctDNA mutations were detected using PCR with the
formation of heteroduplexes and subsequent separation using DCE. The principle of
the method has been described previously!'”.

Resection radicality and recurrence of the disease

The radicality of surgical removal of colorectal cancer metastases was determined by
the pathologist based on examination of the resected samples” margins. Complete
resections with no macroscopic or microscopic tumor residues were identified as RO.
For RO resections, the minimum distance of tumor cells from the resection line was > 0
mm. Microscopically incomplete resections, with a presence of tumor cells in the
margin detected by the pathologist, were identified as R1. Macroscopically incomplete
resections were identified as R2 and were classified as R2a (macroscopic presence of a
residue of the primary tumor), R2b (macroscopic presence of distal metastases), R2c
(macroscopic presence of any residue(s) of the primary tumor as well as of distal
metastases)!"”). The surgical radicality assessments were supplemented with an
analysis of postoperative ctDNA.

Disease recurrence was longitudinally monitored and was assessed using imaging
methods (most commonly CT, MRI, US, XRAY) and using CEA (normal levels <5
ng/mL) and CA19-9 (normal levels < 37 U/mL) tumor marker levels. Any
abnormalities detected by imaging techniques or elevated levels of at least one tumor
marker were considered recurrences. This data were correlated with the presence of
ctDNA. The ctDNA was evaluated until recurrence or during the patient’s follow-up
period.
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Table 2 Clinical patient data

Characteristics Value
Number of patients 47
Age mean, range (yr) 63.6 £12.3, 32-87
Gender Female/male 16/31
Localization of primary Rectum 13
Colon 14
Rectosigmoid 8
Sigmoid 7
Cecum 3
Others 2
Localization of metastasis Liver only 35
Liver and/or other 12
Surgical treatment
Number of surgeries’ 63
Synchronous mCRC Combined (primary and liver) 12
Primary before metastases 8
Liver first 2
Liver in the second stage 14
Metachronous mCRC Liver 24
Other metastases 3
Radicality RO 40
R1 7
R2 16
Recurrence (RO surgeries) Number” 27
Mean time to reccurence, range (mo) 9.0+51, 322

!Postoperative ctDN A was available for 50 surgeries.

2All parameters for recurrence evaluation were available for 22 R0 surgeries. mCRC: Metastatic colorectal
cancer; R0: Complete resection; R1: Microscopically incomplete resection; R2: Macroscopically incomplete
resection.

RESULTS

Detailed information on the 47 patients enrolled in the study is available in Supple-
mentary Table 1. In total, 79 tumor tissue samples (25 from the primary tumor, 6 from
lymph nodes and 48 from distal metastases) and 202 plasma samples (51 before
surgery, 39 after surgery and 112 during follow-up) were collected over the course of
the study. A detailed overview of the collected samples and mutations detected in
tumor tissue is provided in Supplementary Table 2.

Sixty-three resections were done during the study (including repeated resections
during follow-up), which comprised 40 R0, 7 R1 and 16 R2 resections. A postoperative
ctDNA sample to assess the correlation of ctDNA and surgery radicality was available
for 39 patients undergoing 50 surgeries (28 R0, 7 R1 and 15 R2) (Table 3; for detailed
information see Supplementary Table 1). Among the 28 cases of RO resection,
postoperative ctDNA tested negative in 26 cases (26/28, 93%). After the first of the
two remaining RO surgeries, a RFA of a small metastasis in the liver, the patient
continued displaying ctDNA and, subsequently, was diagnosed with disease
recurrence within the scar 6 mo after the surgery. The second case of ctDNA positivity
after RO surgery was a right-sided hemicolectomy with metastasectomy. Also, in this
case, the recurrence (two new liver metastases) was visible via imaging methods 6
months after the surgery.

In 7 cases with R1 resection, postoperative ctDNA was positive 4 times (4/7, 57%)
with disease recurrence 3, 3, 4 and 7 mo after surgery in these cases. For the remaining
3 patients with negative ctDNA after R1 surgery (3/7, 43%), two of them had
postoperative recurrence after 7 or 22 mo, and the third one has gone 5 months with
no recurrence after surgery. Postoperative ctDNA was positive in all 15 patients with
R2 resection (15/15, 100%).

Postoperative tumor recurrence was evaluated according to positive results of
ctDNA testing, imaging methods and tumor marker assessments. In our set of 32
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Table 3 Correlation of surgical radicality and postoperative circulating tumor DNA

Number State (time to recurrence or follow-up time)

RO 28

ctDNA positive 2 2 recurrence (6 mo)

ctDNA negative 26 10 no recurrence (6-36 mo), 14 recurrence (4-22 mo)’
R1 7

ctDNA positive 4 4 recurrence (3-7 mo)

ctDNA negative 3 1 no recurrence (5 mo), 2 recurrence (7 or 22 mo)
R2 15

ctDNA positive 15 12/2/1 metastasis/ primary tumor/both present
ctDNA negative 0 -

'In two ctDNA negative R0 surgeries were missing follow-up information. ctDNA: Circulating tumor DNA;
RO: Complete resection; R1: Microscopically incomplete resection; R2: Macroscopically incomplete resection.

patients undergoing RO resections of liver metastases and long-term postoperative
monitoring, 22 patients had recurrences (22/32, 69%, see Supplementary Table 1). In
17 patients, from whom all parameters for the detection of postoperative tumor
recurrence were available, a total of 22 recurrences were confirmed (3 patients had
repeated recurrences - 2 and 4 recurrences). Thirteen times (13/22, 59%) the
recurrence was simultaneously detected by ctDNA, imaging methods and tumor
markers. Seven times (7/22, 32%) the tumor markers were negative and 6 times (6/22,
27%) the imaging methods were without evidence of tumor. The ctDNA was not
negative even once (0/22, 0%), making ctDNA in our study the most sensitive tool for
detecting tumor recurrence of all three methods. In four patients (4/22, 18%) the
tumor recurrence was detected by ctDNA only, while imaging methods and tumor
markers were negative (Table 4).

DISCUSSION

Radicality of surgery is normally assessed based on histological examination of a
resected sample and based on the results of imaging methods. However, these
examinations cannot indicate any potential presence of circulating tumor cells found
in the bloodstream or lymphatic pathways due to a metastatic process or
dissemination during surgery. Potential presence of microscopic metastases cannot be
demonstrated using histology or imaging methods either. Although the follow-up of
tumor marker levels may be useful for detection, their sensitivity and specificity are
low!™l. ctDNA is a highly dynamic marker with an approximate half-life of 2 hours,
and its levels correspond to the clinical condition of patients with mCRC!""*'1, As we
have shown in this paper, a postoperative presence of ctDNA correlates very well
with surgery radicality, and its elevated levels in R0 and R1 resections may signal the
occurrence of micrometastases and thus help to identify patients with an increased
risk of early recurrence for a higher frequency of their follow-up assessments or for an
indication of adjuvant therapy!™*.

To date, only three papers have been published studying the presence of ctDNA
immediately after CRC resection. One study in 2005 focused on KRAS mutation
persistence in the plasma of patients with colorectal cancer in various stages 3 days
from radical surgery. As surprisingly indicated by the results, most patients with
preoperatively detected KRAS mutations in plasma had the same mutations detected
in plasma, also 3 days from radical surgery (7/9, 78%). Only two patients had no
mutation detected in the postoperative period (2/9, 22%)*. As mentioned in another
study, ctDNA can provide information on radicality of primary resection of colorectal
cancer, which was illustrated in the case of a patient where evidence of insufficient
radicality of the primary surgery was provided based on the presence of
postoperative ctDNA!™. The last study from 2016 showed a correlation between R0
resections and postoperative ctDNA negativity in 75% of patients (6/8) and a
correlation between R2 resection and postoperative ctDNA positivity in 67% of
patients (2/3), by presenting a set of 11 patients with preoperatively positive ctDNA
results, undergoing RO (8 times) or R2 (3 times) resection*’.

Compared to the above mentioned studies, our study presents the largest group of
patients so far with preoperatively detected ctDNA (47 in total) in whom
postoperative ctDNA correlation with surgery radicality was followed, and this study
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Table 4 Comparison of circulating tumor DNA and standard detection methods

Number of recurrences ctDNA  Imaging methods CA19-9 and/or CEA markers

13 + + +
3 = e -
2 + - +
4 + e 5

Plus and minus symbols indicate positive and negative results of screening for recurrence, respectively. CA
19-9: Carbohydrate antigen 19-9; CEA: Carcinoembryonic antigen; ctDNA: Circulating tumor DNA.

is also the first to report ctDNA correlation with R1 resection. In our group of patients
who underwent R1 resections, more than half of them were postoperative ctDNA
positive. Considering that in these patients, only a small number of tumor cells were
present in the resection margin that they are unlikely to release their DNA into the
bloodstream, ctDNA positivity could indicate that there are still other
micrometastases not detected by imaging methods. This corresponds to significantly
shorter times without recurrence (3, 3, 4 and 7 mo) compared to patients with
negative postoperative ctDNA (7 and 22 mo). The presence of micrometastases was
also probably recognized in two postoperative ctDNA-positive patients undergoing
RO resection, as their time to recurrence was also very short (6 mo both) when
compared to patients with negative R0 postoperative ctDNA (14 times recurrence
after 4-22 mo, 10 times no recurrence in surveillance 6-36 mo). Unlike other studies,
postoperative ctDNA positivity was captured in all R2 resections (15/15, 100%) in our
study, which may be due to the sensitivity of the used detection methods. Our DCE
method provides the limit of detection (LOD) of 0.03%-1% (see Table 1), while the
studies referred to above used the Temperature Gradient Gel Electrophoresis method
with LOD 1%-5%!" and the Quantitative Polymerase Chain Reaction assay based on
allele-specific PCR with LOD 1%-2%".

Liver metastatic recurrence occurs in approximately 50% of patients undergoing
hepatectomy, while 12% have a recurrence more than once. Considering that repeated
hepatectomy combined with systemic therapy may improve overall survival of these
patients”-*], efficient follow-ups for the early detection of recurrence is very
important!™,

Tumor markers are commonly used for follow-ups, but so far cannot be used alone
to diagnose recurrence, and imaging methods sometimes do not recognize small foci
(micrometastases) or, on the contrary, find abnormalities that are not cancer.
Examination of ctDNA could be another tool used during follow-up. Our detection
method enables high reliability testing (the false positive probability of ctDNA is 0%).
In our 22 cases of postoperative tumor recurrence imaging methods and tumor
marker results detected a recurrence in 16/22 (73%) and 15/22 (68%) cases,
respectively, ctDNA was present in 22/22 (100%) cases. Our results are consistent
with the findings of several similar studies that have been performed on a comparable
or smaller number of samples****-*l, Therefore, we consider our set of 22 recurrences
after curative (R0) surgical treatment recorded in our study as adequate to confirm
utility of the ctDNA test as a viable tool for the early detection of mCRC recurrence.

Compared to our overall ctDNA detection rate in patients with advanced CRC at
the time of the diagnosis (55%-75%), the detection rate in patients previously tested
positive for ctDNA is much higher. This data indicates that although the ctDNA
release rate into the bloodstream due to the presence of tumor foci differs in various
patients with mCRC, for each given patient this phenomenon is relatively stable; thus
if ctDNA is detectable in the body when tumor foci are present, it is highly probable
that after their complete removal and subsequent recurrence, ctDNA will be detected
again.

Although ctDNA detection cannot replace traditional methods used in the follow-
up scheme, it might be a useful supplementary instrument for both the prediction and
earlier detection of recurrences, particularly in patients with a higher risk of liver
metastatic recurrencel”, and thus it may actually improve the overall survival odds of
such patients.

ARTICLE HIGHLIGHTS

Research background
Around 50% of patients with colorectal cancer (CRC) are found to have synchronous liver or
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extrahepatic metastases at the time of diagnosis, or will develop metachronous metastases within
several years after surgery. It is known that radical surgical resection, the R0 resection which
involves a complete removal of the diseased tissue, is the only effective treatment option, ideally
in combination with perioperative chemotherapy. Besides removal of colorectal cancer
metastases, postoperative patient follow-up is no less important as it allows for the timely
identification of any progression or recurrence of the disease and prompt therapeutical response.
The monitoring of patients is predominantly based on imaging techniques, usually with
assessments of serum tumor markers. One of the promising tools for long-term postoperative
follow-up is the detection of circulating tumor DNA (ctDNA) in the peripheral blood. Sometimes
referred to as a "liquid (re)biopsy" it is a minimally invasive procedure and can be performed
repeatedly at relatively short intervals (months or even weeks). The presence of the disease and
the actual extent of the tumor burden (tumor mass) within the patient’s body can be monitored.
This is of particular importance, especially when evaluating radicality of surgical treatment as
well as for early detection of disease progression or recurrence.

Research motivation

Radicality of surgery is normally assessed using histological examination of a resected sample
and based on the results of imaging methods. However, these examinations cannot indicate any
potential presence of circulating tumor cells or microscopic metastases. Also, the main tools used
for postoperative patient follow-up, imaging methods and tumor markers, are often not
sufficient in early detection of disease progression or recurrence. Tumor markers have low
specificity and sensitivity so that they cannot be used alone to diagnose recurrence. Imaging
methods are known to fail to detect small foci (micrometastases) or, on the contrary, find
abnormalities that are not cancer. Moreover, they cannot be performed frequently due to the
radiation exposure. The recently introduced ctDNA testing could present a useful alternative
tool. It has proven to be very promising for long-term, postoperative follow-ups of patients with
CRC, particularly in advanced stages. Being minimally invasive, it can be repeated frequently for
a long time with no significant burden to the patient, and moreover, this test shows high
sensitivity and specificity to patients with preoperative ctDNA positivity.

Research objectives

The main objectives of the study were to confirm the radicality of surgery using ctDNA and to
compare available methods for detection of recurrence in metastatic CRC (mCRC). It is
important to verify whether ctDNA can be used in clinical practice, particularly for the
evaluation of the radicality of surgery and for the timely detection of any progression or
recurrence of the disease.

Research methods

A total of 47 patients with detected ctDNA and indications for resection of mCRC were enrolled
in the multicenter study involving three surgical centers. Standard postoperative follow-ups
using imaging techniques and the determination of tumor markers were supplemented by
ctDNA sampling. In addition to the baseline ctDNA testing prior to surgery, a postoperative
observation was conducted by evaluating ctDNA presence up to a week after surgery and
subsequently at approximately three-month intervals. The presence of ctDNA was correlated
with radicality of surgical treatment and the actual clinical status of the patient. To test ctDNA,
we performed a sensitive, efficient, rapid and affordable method based on the formation of
heteroduplexes with subsequent detection using denaturing capillary electrophoresis (DCE).
This method can be used to detect a mutated locus in plasma with the sensitivity of 0.03% to 1%
depending on the mutation to be determined with input DNA amount of tens of pg. The
specificity of this ctDNA test is 100%, which means that the presence of ctDNA always provides
evidence that a tumor residue or tumor cells are present. As previously shown by us, ctDNA
testing using DCE allows a patient follow-up in real time, while ctDNA levels correlate very well
with the current condition of the patient.

Research results

Among the monitored patients, the RO (curative) resection correlated with postoperative ctDNA
negativity in 26 out of 28 cases of surgical procedures (93%). In the remaining cases of R0
surgeries that displayed ctDNA, both patients were diagnosed with a recurrence of the disease
after 6 mo. In 7 patients who underwent an R1 resection, 4 ctDNA positivities (57%) were
detected after surgery and associated with the confirmation of early disease recurrence (after 3-7
mo). All 15 patients undergoing R2 resection remained constantly ctDNA positive during the
entire follow-up period. In 22 cases of recurrence, ctDNA positivity was detected 22 times (100%)
compared to 16 positives (73%) by imaging methods and 15 cases (68%) of elevated tumor
markers.

Research conclusions

Although ctDNA detection cannot replace traditional methods used in the follow-up scheme, it
might represent a useful supplementary instrument for both the prediction and earlier detection
of recurrences, particularly in patients with a higher risk of liver metastatic recurrence, and thus
it may actually improve the overall survival odds of such patients. And it has also been shown
that the ctDNA test is a highly specific and sensitive tool for confirming the radicality of surgical
treatment and for the potential prediction of early disease recurrence after RO/R1 surgeries.

Research perspectives
In this study, the high sensitivity of the methodology used to test ctDNA after curative mCRC
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surgical treatment and also to detect recurrence of the disease was shown. However, to confirm
this hypothesis, testing on a larger sample set is required. In particular, it is desirable to obtain a
greater number of ctDNA positive and negative results after R1 resections that could be
correlated with time to disease recurrence. Similarly, expanding the set of long-term follow-up
patients using standard approaches supplemented with ctDNA sampling is warranted.
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Pritomnost somatické mutace v 7. exonu genu 7P53 v
indexovych kolorektalnich 1ézich predikuje ¢asny vyskyt

metachronniho kolorektalniho adenomu

Halkova T., Ptackova R., Semyakina A., Suchanek S., Traboulsi E., Ngo O., Hejcmanova
K., Mgjek O., Bures J., Zavoral M., Mindrik M., BeneSova L.

Uvod: Volba optimalniho intervalu pro absolvovani kontrolni kolonoskopie u pacienti s
kolorektalnimi 1ézemi je stale aktualnim tématem. BéZznou praxi je pacienty béhem
pocatecni (indexové) kolonoskopie fadit bud’ do skupiny s vysokym nebo nizkym rizikem
recidivy na zdklad¢ charakteristik indexové 1éze (velikost, pocet, typ, stupent dysplazie).
Vysoce rizikovi pacienti pak absolvuji kontrolni kolonoskopii po tfech letech, pacienti s
nizkym rizikem recidivy po deseti letech. Navrzené intervaly vSak nejsou idealni a v realné
klinické praxi nebyvaji dodrZzovany (ze strany pacientl i 1ékaii). Nejnovéji se zda, Ze pfi
volbé vhodného intervalu pro kontrolni kolonoskopie, tedy pii predikei rizika recidivy
kolorektalnich 1ézi, by méla byt brana v potaz i1 intratumorovd mutacni heterogenita
indexovych 1ézi.

Metodika: U 120 pacientl po endoskopické terapii pokrocilé kolorektidlni neoplazie
velikosti >10 mm (indexova léze) jsme sledovali vyskyt ¢asnych metachronnich adenomi v
ramci kontrol po jednom nebo dvou letech od indexové kolonoskopie. Testovali jsme, zda
nalez metachronniho adenomu koreluje se stupném mutacni heterogenity indexové 1éze, ¢i
s ndlezem konkrétni mutace. 143 indexovych 1ézi rozdélenych do parafinovych blokii bylo

rozkrijeno do vzorkli o velikosti cca Smm?

s cilem co nejpodrobnéji zachytit
intratumorovou muta¢ni heterogenitu. Z kazdého vzorku byla izolovana DNA, provedena
detekce somatickych mutaci v jedendcti genovych lokusech a uréeno procentudlni
zastoupeni mutovanych alel. Z téchto Udaji byl urcen stupenn mutacni heterogenity
indexové léze. Dale byla provedena statistickd korelace rizika vyskytu ¢asného
metachronniho adenomu se stupném mutac¢ni heterogenity indexové léze a s jejim

mutac¢nim profilem. Statisticka analyza byla provedena pomoci analyzy pfeziti s ndslednym

srovnanim pomoci log-rank testu a multivariatniho modelu adjustovaného na pohlavi a vek.
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Vysledky: Piitomnost mutace v exonu 7 genu 7P53 v indexové 1ézi vyznamné korelovala s
¢asnym vyskytem metachronniho adenomu (log-rank test p = 0,003, pomér rizik 2,73, 95%
interval spolehlivosti 1,14-6,56). Dalsi testované parametry nebyly statisticky vyznamné
spojeny s rizikem vyskytu metachronnich adenomu.

Zavér: Mutacni profil indexovych 1ézi mlze byt potencidlnim ukazatelem rizika recidivy
kolorektalnich 1ézi. V nami testovaném souboru byla pfitomnost mutace v 7. exonu genu
TP53 v indexové 1ézi statisticky vyznamnym prediktorem vzniku ¢asného metachronniho

adenomu.

Podil disertantky na publikaci:

1) participace na designu studie z cca 60 %

2) 50% dozor nad klinickou 1 laboratorni ¢asti studie, zajiSténi jejiho spravného
prabéhu, komunikace se spoluautory

3) cca 30% podil na laboratorni ¢asti (izolace DNA, PCR s tvorbou heteroduplex,
denaturacni kapilarni elektroforéza)

4) 100% podil na vyhodnoceni a zpracovani laboratornich a klinickych dat

5) vytvoteni tabulek a obrazkt (100 %)

6) sepsani celého rukopisu (100 %)
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Simple Summary: Identifying patients with an increased risk of early recurrence of colorectal lesions
is still a problem. In our study, we focused on improving this identification by determining the
mutation profile of index lesions. We found a statistically significant association between the mutation
in exon 7 of the TP53 gene in the index lesion and the risk of early metachronous adenoma.

Abstract: (1) Background: this prospective study was focused on detailed analysis of the mutation
heterogeneity in colorectal lesions removed during baseline (index) colonoscopy to identify patients
at high risk of early occurrence of metachronous adenomas. (2) Methods: a total of 120 patients
after endoscopic therapy of advanced colorectal neoplasia size >10 mm (index lesion) with subse-
quent surveillance colonoscopy after 10-18 months were included. In total, 143 index lesions and
84 synchronous lesions in paraffin blocks were divided into up to 30 samples. In each of them, the
detection of somatic mutations in 11 hot spot gene loci was performed. Statistical analysis to correlate
the mutation profiles and the degree of heterogeneity of the lesions with the risk of metachronous
adenoma occurrence was undertaken. (3) Results: mutation in exon 7 of the TP53 gene found in the
index lesion significantly correlated with the early occurrence of metachronous adenoma (log-rank
test p = 0.003, hazard ratio 2.73, 95% confidence interval 1.14-6.56). We did not find an association
between the risk of metachronous adenomas and other markers monitored. (4) Conclusions: the
findings of this study could lead to an adjustment of existing recommendations for surveillance
colonoscopies in a specific group of patients with mutations in exon 7 of the TP53 gene in an index
lesion, where a shortening of surveillance interval may be warranted.

Keywords: colorectal cancer; colorectal adenomas; colonoscopy; index lesion; synchronous lesion;
metachronous lesion; tumor heterogeneity; TP53
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1. Introduction

It is well known that the incidence and mortality of colorectal cancer (CRC) is rising
worldwide. Predictions of incidence and mortality show a continuing increase between
years 2020 and 2040 for colon cancer by 55% and 70%, respectively, and for rectal cancer by
50% and 66%, respectively [1]. An important tool for reducing the incidence of colorectal
cancer is screening followed by removal of precancerous lesions during index or surveil-
lance colonoscopies [2]. Although there are guidelines for surveillance intervals based on
clinical and histopathological characteristics of the lesion that classify patients as high- or
low-risk, they are not optimal and are difficult to follow in practice.

In general, short surveillance intervals lead to the exceedance of the capacity of the
colonoscopic units, which is followed by a waiting time prolongation, a decrease in patients’
compliance, and an increase in the healthcare cost. Therefore, the general trend is to
extend surveillance colonoscopy intervals. On the contrary, longer intervals might increase
the risk of developing more severe colorectal neoplasia. According to current European
Society for Gastrointestinal Endoscopy (ESGE) guidelines updated in 2020 [3], surveillance
colonoscopy intervals are 10 years for patients with a low risk and 3 years for patients
with a high risk of colorectal neoplasia development. The low-risk patients have been
defined as those with 1-4 adenomas, size <10 mm with low-grade dysplasia (LGD), or
any serrated lesion size <10 mm with no dysplasia. High risk has been defined as the
presence of at least 1 adenoma sized > 10 mm and/or with high-grade dysplasia (HGD),
or >5 adenomas, or any serrated lesion sized > 10 mm or with dysplasia. However, in
addition to the classical morphological features used to estimate the risk of metachronous
lesion recurrence, the presence of somatic mutations in the index lesions could be equally
important. In recent years, research on colorectal cancer and its premalignant lesions has
increasingly progressed towards determining the presence, localization, and spread of
genetic changes, mainly somatic mutations, within the tumor [4-8]. Mutations characterize
the individual intratumor clones, especially in terms of their origin, development in space
and time, and interrelationships with the environment. Most importantly, from a clinical
point of view, mutations also determine the various biological properties of tumors. They
influence the response to various types of treatment and drug resistance [9,10], course of
the disease, recurrence, and ability to form metastases [11,12]. While the occurrence of
mutations in early and advanced CRC is well mapped, heterogeneity of mutation profiles
in index lesions is much less studied.

The major aim of our current study was to map in detail the mutational heterogeneity
of colorectal lesions detected by index colonoscopy to help better identify patients at higher
risk of early recurrence of metachronous lesions.

2. Materials and Methods
2.1. Patients

This study was focused on 120 patients with at least one colorectal lesion >10 mm re-
moved during index colonoscopy and undergoing surveillance colonoscopy after 10-18 months.
All colorectal adenomas were sporadic, not familial ones in all cases. The cohort of
120 patients included 74 men, and 46 females, aged from 34 to 75 years, mean of 61,
median of 64 years.

Detailed clinical, endoscopic, histopathological, and laboratory data were collected
from all patients, including gender, age at diagnosis, number, size, location, morpholog-
ical type, and degree of lesion dysplasia according to valid WHO criteria (World Health
Organization Classification of Tumors, 2010) and method and radicality of resection.

The study complied with the ethical standards of the World Medical Association’s
Declaration of Helsinki. All patients signed informed consent to provide their clinical
data as well as biological samples for molecular analyses. The study was approved by
the Ethics Committee of the Military University Hospital, Prague, Czech Republic (Pro-
tocol number 108/9-59/2016) and the study protocol was registered at ClinicalTrials.gov
with ID: NCT03434925. For all data obtained, all personal identification information was
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removed in compliance with the European Union Regulation 2016/679 (General Data
Protection Regulation).

2.2. Index and Surveillance Colonoscopy

Index and surveillance colonoscopies were performed at the Department of Gastroin-
testinal Endoscopy, Military University Hospital. All lesions > 10 mm (regardless of other
histopathological characteristics) found during an index colonoscopy were considered
as index lesions and removed in one piece using en-bloc resection (endoscopic polypec-
tomy, endoscopic mucosal resection, or endoscopic submucosal dissection). Other lesions
found during index colonoscopy were considered as synchronous lesions. Surveillance
colonoscopy was performed 10-18 months after index colonoscopy. All adenomas found at
surveillance colonoscopy were considered as metachronous adenomas.

2.3. Samples

Histopathological analysis was performed at the Department of Pathology, Military
University Hospital. Each index lesion was vertically cut into 2-7 parts and after formalin
fixation and paraffin-embedding photo documentation was performed. Other lesions
(synchronous and metachronous) were treated with standard procedures. All formalin-
fixed paraffin-embedded (FFPE) blocks were provided to the molecular genetics laboratory.

2.4. Molecular-Genetic Analysis

All index lesions (each cut into 2-7 paraffin blocks) and synchronous lesions (each
cut into 1-5 paraffin blocks) were provided for molecular heterogeneity analysis. In the
case of index lesions, each paraffin block was further divided into smaller parts so that
the total volume of the analyzed tissue sample corresponded to a maximum of 5 mm® in
order to capture intratumoral heterogeneity in as much detail as possible. Synchronous
lesions were subjected to less thorough analysis—each paraffin block was divided into
samples with a volume of about 20 mm?. DNA was extracted from each sample using a
Gen Elute FFPE DNA Purification kit (Sigma, St. Louis, Missouri, USA) according to the
manufacturer’s instructions.

DNA was subjected to mutation analysis using a panel of 11 target hot spot mutation
regions according to the Catalogue of Somatic Mutation in Cancer, COSMIC [13]. Specifi-
cally, it was APC exon 15—the mutation cluster region (MCR), TP53 exons 5-8, KRAS exon
2, PIK3CA exon 9, and BRAF exon 15. Details of the mutation assay were described previ-
ously [14]. The analysis was performed using the PCR-based method with heteroduplex
formation followed by their separation by denaturing capillary electrophoresis (DCE) at
an optimal temperature in ABI Prism 3100 (Applied Biosystems, Waltham, Massachusetts,
USA) as described previously [15]. This technique allows highly sensitive detection of even
a small number of mutated alleles in an excess of non-mutated alleles. The hetero-duplex
analysis results were visualized using Gene Marker v2.4.2. From the resulting electrophero-
gram, the percentage of individual mutated alleles was determined from the peak heights
as shown earlier [15].

2.5. Detection of TP53 Mutations in Metachronous Adenomas

Similarly to synchronous lesions, metachronous adenomas were divided into samples
with a volume of about 20 mm? and mutation analysis of exons 5, 6, 7, and 8 of the TP53
gene was performed in each sample using the same technique as described above.

2.6. Determination of the Degree of Heterogeneity

Based on the number and percentage of individual mutated alleles across all samples
of each index lesion, the degree of heterogeneity of the index lesions was determined
according to Table 1. The percentage difference in the mutated fractions was equal to the
difference between the parts of the lesion with the lowest and highest percentage of the
mutation. For example, if the KRAS mutation was present in three samples of a given index
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lesion at 4%, 13.5%, and 18%, the difference in the mutated fractions was 14%. If 2 or more
mutant clones were present in the lesion (2 or more different mutations were found), the
clone with the highest percentage difference in mutated fractions was used to determine
the degree of heterogeneity. Three degrees of mutation fraction differences were defined:

Table 1. Determination of the degree of heterogeneity in index lesions.

Percentage Difference in

Degree of Heterogeneity Number of Mutation Clones Mutated Fractions

I Oor1 low
I 1 middle
1 high
1 2 low
v 2 middle/high
3 low
v 3 middle/high
>3 low/middle/high
Highest—lowest percentage < 35% low difference
Highest—lowest percentage > 35% < 70% medium difference
Highest—lowest percentage > 70% high difference

2.7. Statistical Analysis

A statistical analysis to determine the correlation between the occurrence of metachronous
adenomas and the mutation profile or degree of heterogeneity of index lesion(s) was
performed on a group of patients with all available input variables. Statistical analysis of
the relationship between the mutation profile of lesions removed during index colonoscopy
and the incidence of metachronous adenomas was further extended to include synchronous
lesions. Survival curves showing the occurrence of metachronous adenomas were estimated
by the Kaplan-Meier method. Comparison of curves was conducted by the log-rank test
and by the Cox proportional hazard model adjusted for age and sex to estimate the hazard
ratio. p values < 0.05 were considered statistically significant. The data were processed in
the Stata/IC 14 software (StataCorp, College Station, TX, USA).

3. Results
3.1. Surveillance Colonoscopy Results

Of the 120 patients, 52 (43%) had no lesion on a surveillance colonoscopy. Of the re-
maining 68 patients, 15 (22%) had hyperplastic polyps and 53 (78%) adenomas (8 advanced
and 45 non-advanced). The majority of adenomas (39; 74%) were diminutive adenomas,
only 14 (26%) adenomas were larger than 5 mm. No colorectal cancer was detected.

3.2. Mutation Analyses of Index and Synchronous Lesions

In a group of 120 patients 11 patients had more than 1 index lesion—4 patients had
2 lesions, 4 patients had 3 lesions, 1 patient had 4 lesions, and 2 patients had 5 lesions. Thus,
a total of 143 index lesions (1325 samples) were analyzed. A complete mutation profile from
all samples was obtained in 104 index lesions originating from 83 patients. The number of
mutation clones in each lesion varied (see Table 2). Detailed results of mutation analysis
of index lesions in all 83 patients and results of surveillance colonoscopy are shown in
Supplementary Table S1.
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Table 2. Numbers of mutational clones found in 104 index lesions and 80 synchronous lesions.

Number of Mutation Clones ~ Number of Index Lesions (%) Synchr?ntﬂgire:ifons (%)
0 27 (26%) 44 (55%)
1 44 (42%) 30 (37.5%)
2 18 (17%) 6 (7.5%)
3 10 (10%) 0(0%)
4 3 (3%) 0(0%)
5 2 (2%) 0 (0%)

In 66 patients with 76 index lesions, the percentage of mutated fractions across all
samples was successfully determined and allowed to determine the degree of heterogeneity
within a given lesion. Thus, the lesions were classified into 5 degrees of heterogeneity
with the following representation: grade I (N = 29; 38%), grade II (N = 14; 18%), grade III
(N =5; 7%), grade IV (N = 15; 20%), and grade V (N = 13; 17%). In the remaining 28 lesions
of 17 patients, it was not possible to quantify the percentage of the mutated fractions in all
samples and thus reliably determine the degree of heterogeneity.

In this group of 66 patients, 39 patients had synchronous lesions (a total of 84, divided
into 117 samples). In 4 synchronous lesions of 4 patients, mutational analysis could not be
performed due to DNA degradation. For more details, see the flow-diagram in Figure 1.
The numbers of mutations found in the remaining 80 lesions are summarized in Table 2.
No more than 2 mutations were found in any lesion.

120 patients underwent index colonoscopy with en-block removing of all lesions > 10 mm (index lesions)

In 39 index lesions of 37 patients, a
complete mutation profile could not
be obtained from all analyzed samples

143 index lesions divided into 5mm?3 samples were tested for a presence
of somatic mutation by 11-amplicon DCE panel

In 28 index lesions of 17 patients, it
was impossible to determine the
degree of heterogeneity

104 index lesions of 83 patients were further analyzed to
determine the degree of heterogeneity

On a group of 66 patients a detailed statistical analysis was performed

84 synchronous lesions of 39/66 patients divided into 20mm?samples In 4 synchronous lesions of 4 patients
were tested for a presence of somatic mutation by 11-amplicon DCE panel g mutation analysis could not be
and included into the statistical analysis performed

Figure 1. Workflow scheme used for detailed characterization of index and synchronous colorectal lesions.

3.3. Statistical Analyses

In the same group of 66 patients, there were 36 patients with metachronous adenomas.
A statistical analysis of the association between the occurrence of metachronous adenomas
and the mutation profile of the index lesion as well as the degree of heterogeneity was
performed. The relationship between the presence of a mutation in exon 7 of the TP53 gene
in the index lesion and the occurrence of metachronous adenomas proved to be statistically
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significant (p = 0.003, log-rank test; hazard ratio 2.73, 95% confidence interval 1.14-6.56),

see Figure 2.
1.001 TP53-7 mutation negative
TP53-7 mutation positive
0.75
0.50
0.25 4
0.00
0 200 400 600 800

Figure 2. Mutations in exon 7 of the TP53 gene found in the index lesion as a predictor of
metachronous adenoma. Kaplan-Meier survival curves: observed event—detection of adenoma at
surveillance colonoscopy in patients with versus without mutation in exon 7 of the TP53 gene.

Mutations in exon 7 of the TP53 gene were found in 8 index lesions of 8 patients, all of
whom had metachronous adenomas. Interestingly, none of the metachronous adenomas in
this group of patients had any TP53 mutation. For more details see Table 3. Other tested
variables including tumor suppressors, oncogenes, individual genes, gene loci (including
other TP53 exons), as well as the degree of heterogeneity of index lesions, were not shown
to be statistically significant predictors of the risk of metachronous adenomas.

Statistical analysis of the correlation of the mutation profile and the incidence of
metachronous adenomas was further performed on a set of all lesions found in 66 patients
during index colonoscopy (index lesions + synchronous lesions). This analysis confirmed
all the results of the original analysis. Since no mutation in exon 7 of the TP53 gene was
found in any synchronous lesion of any of the 66 patients, the statistically significant
relationship between the mutation in exon 7 of the TP53 gene present in the index lesion
and the occurrence of metachronous adenoma was not modified.
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Table 3. Characteristics of patients bearing mutation in exon 7 of the TP53 gene in index lesion.
Number of Mutations. Interval to TP53 Mutations
Patient Number of Index Mutations Found Degree of S chrun;us Found in Surveillance Result of Surveillance Found in
ID/Gender Lesions in Index Lesion(s) Heterogeneity yri e Synchronous Colonoscopy Colonoscopy Metachronous
esions .
Lesion(s) (Months) Adenoma(s)
1x hyperplastic polyp BRAF 1
11/M 1x hyperplastic polyp BRAF 1
1x tubudowillous 1x sessile sermtsc.] lesion, no
adenoma, predominantly TP53-ex7 3 2 BRAF 18 dysplasia none
LGD, in one section HGD Ix tubular adenoma, LGD
1x tubulovillous
adenoma, LGD APC 2
E : TP53-ex7, TP53-ex8,
39/M 1x sessile serraten.l lesion, TP53-ex5, BRAF, 5 5 N iiEstion 12 1x tubular adem_)ma, LGD, 2x T
no dysplasia APC hyperplastic polyp
52/M Ixhyperplastic polyp.ne  ppgs 7 praF 4 5 APC 15 2x tubular adenoma, LGD none
dysplasia
3x tubular adenoma, LGD, 1x
1x tubular adenoma, LGD none 1
58/M 2 No mutation 11 lubula_r adenoma, none
p. predominantly LGD,
1x tubular adenoma, LGD TP33-ex7 1 sometimes HGD
1x sessile serrated lesion,  TP53-ex7, TP53-ex8, N
74/M 1o dysplasia TP53-ex5, BRAF 5 3 BRAF, APC 12 3x tubular adenoma, LGD none
1x tubulovillous TP53-ex7, TP53-ex8, 1x tubulovillous adenoma,
fe/M adenoma, LGD TP53-ex5, KRAS 5 g 4k 12 LGD e
1x tubulovillous TP53-ex7, TP53-ex8, 2x tubular adenoma, LGD, 1x
Lo/E adenoma, LGD APC c 3 KRAD BRAL . hyperplastic polyp HEHE
134/M Lx tubulovillous TP53-ex7 not determined 3 No mutation 15 1x tubular adenoma, LGD none

adenoma, LGD

M = male; F

= female; Ex = exon; LGD = low grade dysplasia; HGD = high grade dysplasia.

70
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4. Discussion

The number of mutations in colorectal precancerous lesions has been shown to be the
same, if not higher, than in carcinomas [16-18]. In addition, the frequency and distribution
of mutations in precancerous lesions play an important role in their development into
malignancy [19]. Therefore, there is the question of whether a detailed mutation profile of
index lesions could help identify patients at high risk of lesion recurrence.

In this study, a detailed analysis of mutation heterogeneity by systematic sampling
and genetic profiling of many areas of the same lesion was performed. The methodological
approach used was unique in three aspects. First, all lesions > 10 mm found during index
colonoscopy were examined. Secondly, the index lesions were removed only by en-bloc
resection; therefore, the specimen remained in one piece. This procedure is associated
with a low to zero risk of local recurrence in the scar. Third, patients were followed with
surveillance colonoscopy at a shorter interval than usual—from 10 to 18 months with focus
on the presence of early metachronous adenomas.

The number of mutational clones found in the index lesions varied, but most often one
(in 42% of the lesions), none (26%), or two (17%) mutation clones were found within one
index lesion. The presence of mutation clones was as we expected lower in synchronous
lesions—no mutation was detected in 55% of them, the remaining lesions had mostly
1 mutation (37.5%) and a maximum of 2 mutations (7.5%). This was due to the more
advanced stage of index lesions compared to synchronous lesions.

Mutations were found in different parts of the lesion, in different numbers of parts
of the lesion and in different percentages. For easier orientation in the mutational hetero-
geneity, a degree of heterogeneity was determined, which takes into account the “total
mutation load”—i.e., the number of mutational clones and their percentage in different
parts of the lesion. The higher the number of mutations and /or the greater the difference
in the percentage of mutated alleles, the higher the degree of heterogeneity. Surprisingly,
however, no statistical relationship was found between the degree of heterogeneity of an
index lesion and the early onset of metachronous adenoma. This seems to depend on the
presence of a particular mutation rather than on the “mutation load”.

As the results show, the mutation in exon 7 of the TP53 gene is statistically related to the
risk of metachronous adenoma, so patients harboring this mutation in index lesions likely
have a higher risk of early metachronous adenoma occurrence. Adenoma was detected in all
8 of them during a surveillance colonoscopy. In this group of patients, we did not observe
any noticeable differences from patients with other/no mutations in terms of a higher
number /size/degree of dysplasia of the lesions in our study. In fact, all 8 patients with
the TP53 exon 7 mutation are very diverse in this respect, and apart from the occurrence
of metachronous adenoma in a short time interval, we did not observe much in common.
Thus, the mutation in exon 7 of the TP53 gene itself seems to predispose individuals to the
occurrence of metachronous adenoma but by what mechanism or manner remains unclear.
For example, a mutation in exon 7 of the TP53 gene could be caused by some kind of
general molecular defect that affects the growth of metachronous lesions. Or, perhaps, there
may be a link between a mutation in exon 7 of the TP53 gene and the patient’s lifestyle,
where the finding of this mutation as well as the occurrence of metachronous adenomas
may be a manifestation of the same unhealthy behavior. Interestingly, mutations in other of
the tested exons of the TP53 gene, as well as mutations in the TP53 gene in general, were
not statistically significant predictors of the occurrence of metachronous adenoma.

We are aware of possible limits of our study. The question arises as to whether the
adenomas found in surveillance colonoscopy in patients with the TP53 exon 7 mutation
in the index lesion were fast-growing metachronous lesions or interval lesions missed
by index colonoscopy. In our cohort of 66 patients, such subsequent adenomas in one-
year surveillance colonoscopy were found in 36 of them (54.5%), which is in agreement
with another recently published study [20]. These adenomas were found in a different
location than the index lesion, so they were not considered local residual neoplasia (LRN)
in the post-resection scar. Moreover, none of the metachronous adenomas had the TP53
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exon 7 mutation detected in the original index lesion. However, the question remains
whether this mutation would not appear later in more advanced adenomas. Fully reliable,
indisputable distinction between early metachronous lesions and possible interval sporadic
colorectal neoplasia at a surveillance colonoscopy is difficult and demanding. To solve this
issue, shorter interval between index and surveillance colonoscopy (1 year instead of 3 years
recommended) were chosen. Diminutive polyps (<5 mm in size) are most probably early
metachronous lesions. Advanced polyps (>10 mm in size) might be interval lesions missed
by index colonoscopy. We did not find any interval colorectal cancer. Another possible
limit of our study is that we did not consider histopathology and left- and right-sided
neoplasia, as the subgroups would be asymmetric in numbers of subjects for appropriate
evaluation. It should further be emphasized that our analyses were performed with rather
small sample sizes. Of the entire set of 104 index lesions and 80 synchronous lesions with
complete mutation profiles, mutations in exon 7 of the TP53 gene were found in only
8 index lesions of 8 patients. It is therefore necessary to take into account the possibility
that a larger sample size could give different results.

The tumor suppressor gene TP53 is the most frequently mutated gene across 12 major
cancer types [21]. The product of the TP53 gene, the p53 protein, is a cell stress-activated
sequence-specific transcription factor that regulates gene expression in essential cellular
processes [22]. The vast majority of TP53 mutations occur in exons 5-8 in conserved regions
of the DNA binding domain and lead to a formation of a stable mutant protein that loses its
tumor suppressive activities, such as the induction of cell cycle arrest, apoptosis, senescence,
or DNA repair. In addition, mutant proteins often acquire additional oncogenic functions
that provide cells with benefits for growth, invasiveness, and survival [22-24].

Regarding colorectal cancer, previous works have shown that mutations in the TP53
gene occur early in carcinogenesis and are associated with a transition from adenomas with
low-grade dysplasia to high-grade dysplasia as well as with the transition from adenoma
to carcinoma [25-27]. We confirmed this fact in our previous study, where we detected a
mutation in the TP53 gene more than three times more often in early and late carcinomas
than in advanced adenomas [28]. It has also been suggested in the past that mutations
in different regions of the TP53 gene may have different effects on p53 protein function
and therefore have different prognostic significance in colorectal cancer patients [29,30].
Patients with mutations in exon 5 appear to have a better prognosis than patients with
mutations in exons 8 [30] or 7 [29]. However, we did not find any mention that individuals
with a mutation in a particular exon were predisposed to a tumor relapse.

For colorectal precancerous lesions, to our knowledge, a study investigating the occur-
rence of TP53 gene mutations in index lesions in relation to the incidence of metachronous
lesions has not yet been performed and the results of this work are therefore unique. Similar
results, but for mutations in the KRAS gene, were presented in a study by Judrez et al. [31].
However, we did not confirm the relationship between the presence of a mutation in the
KRAS gene in the index lesion and the risk of metachronous adenomas in this study.

There is a retrospective study by Speroni et al. that describes the association of the p53
protein expression in colorectal adenomas with the risk of relapse or coexisting adenomas,
but this study was performed in a different design to ours [32]. They used an immunohis-
tochemical assay to detect the mutated protein p53, which is based on the fact that while
wild-type p53 is present in healthy cells at low concentrations, mutant p53 proteins are often
overexpressed and accumulated in the tumor cell nucleus [33,34]. This accumulation is due
to an impaired ability to activate the expression of some target genes, e.g., MDM2, which
mediates the degradation of p53 in proteasomes in the feedback loop [35]. During the Sper-
oni study, the p53 protein accumulation due to TP53 gene mutation in 100 FFPE samples of
endoscopically resected sporadic colon adenomas from 79 patients was immunohistochem-
ically determined and correlated with the occurrence of previous adenomas/carcinomas
or coexisting adenomas. The data obtained clearly show that p53 protein expression is a
risk factor in this regard, as 52.5% of patients with p53 expressing adenomas (regardless
of the degree of dysplasia) had previous adenomas/carcinomas or coexisting adenomas.
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However, a careful interpretation of the results is warranted, given that overexpression of
nuclear p53 can sometimes occur without mutation and vice versa [36,37]. Nevertheless,
we want to address the findings of Speroni’s study in future research, which will focus on
the detailed determination of mutational heterogeneity of metachronous lesions and its
relationship to index and synchronous lesions. We also want to concentrate on explaining
the specific location of risk mutations in exon 7 of the TP53 gene (not in other exons), which
has not yet been described in connection with colorectal adenoma/carcinoma and which
may be related, for example, to a certain lifestyle of patients.

5. Conclusions

Our study utilizing extensive analysis of the mutational burden in colorectal index
lesions found a statistically significant association between the mutation in exon 7 of the
TP53 gene and the risk of metachronous adenoma. The findings of our study could lead
to an adjustment of existing recommendations for surveillance colonoscopies, possibly in
patients with this specific mutation. In this group of patients, shortening the surveillance
interval may be considered to decrease the risk of advanced neoplasia emerging after a
prolonged follow-up time.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cancers14122823 /s1, Table 51: Mutations found in index lesions
and the occurrence of early metachronous adenoma.
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Prognosticka role mutaci KRAS detekovanych v aspiracni a
tekuté biopsii pacientti s karcinomem pankreatu

Hélkova T., Bungani¢ B., Traboulsi E., Minarik M., Zavoral M., BeneSova L.

Uvod: Prognéza pacientd v pokro¢ilych stadiich duktalniho adenokarcinomu pankreatu
(PDAC) je obecné S$patnd, typicky se celkové preziti pacientii pohybuje v rozmezi dnli az
mesich od diagndzy. Existuji vSak vzacné piipady pacientil, ktefi po zahajeni 1écby
ptezivaji delsi dobu. Molekuladrni markery, které by umoznily odhad prognézy pacientt s
PDAC, by proto byly vitanym nastrojem pro racionalni planovani terapie s ohledem na
zachovani co nejlepsi kvality zivota pacienta. Potencidlnimi prognostickymi markery jsou
ruzné somatické mutace v protoonkogenu KRAS, které se celkové u PDAC vyskytuji
ptiblizne v 90 % ptipadi.

Metodika: Do studie bylo zahrnuto 118 pacientti s PDAC ve stadiu II-IV, u kterych byla
diagnéza potvrzena pomoci EUS-FNAB. DNA byla izolovana z cytologickych preparatt
po standardnim cytologickém zhodnoceni z frakce nddorovych bun€k oznacené cytologem.
CtDNA byla detekovéana ve vzorcich plazmy 45 pacientii ve IV. stadiu onemocnéni, ktefi
byli ochotni poskytnout vzorek krve. Jednotlivé typy mutaci KRAS v exonu 12 a 13 byly
v obou typech vzorkd detekovany denaturacni kapilarni elektroforézou, ktera je schopna
odhalit az 0,03 % mutované KRAS frakce. Pro vSechny nalezené typy mutaci KRAS byly
nakonec porovnany rozdily v pfezivani pacientli pomoci Kaplan-Meierovych kiivek.
Vysledky: Mutace KRAS byla detekovdna v 90 % vzorka tkané (106/118) a ve 44 %
vzorkd plazmy (20/45). VSechny mutace byly lokalizovany v exonu 2, kodonu 12.
Nejcasteji detekovanou mutaci byla G12D (GGT>GAT) ve 44 % EUS-FNAB vzorkt
(47/106) a 65 % (13/20) ctDNA, nésledovaly dalsi typy: G12V (GGT>GTT) v 31 %
(33/106) EUS-FNAB a 10 % (2/20) ctDNA, G12R (GGT>CGT) v 17 % (18/106) EUS-
FNAB a 10 % (2/20) ctDNA, G12C (GGT/TGT) v 5 % (5/106) EUS-FNAB a 0 % (0/20)
ctDNA a G12S (GGT/AGT) v 1 % (1 /106) EUS-FNAB a 5 % (1/20) ctDNA. Dva pacienti
meli dvé mutace soucasné (G12V + G12S a G12D + G12S) v obou typech vzorki (2 %,
2/106 EUS-FNAB a 10 %, 2/20 ctDNA).
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Pti detekcei z tkanovych vzorkl byl medidn pieziti pacientti s G12D mén¢ nez poloviéni ve
srovnani s ostatnimi pacienty (101 dnd, 95% CI: 80-600 vs. 228 dnt, 95% CI: 184-602) se
statisticky vyznamnym celkovym rozdilem v pteziti (P=0,0080, long-rank test) a ve
srovnani s pacienty se vSemi ostatnimi typy mutaci dohromady (101 dni, 95% CI: 80-600
vs. 210 dnt, 95% CI: 161-602, P=0,0166). Pfi stejné analyze z ctDNA byl median pteziti
Sestkrat niz$i ve srovnani s pacienty bez mutace G12D (27 dnti, 95% CI: 8-334 vs. 161 dnd,
95% CI: 107-536, P=0,0200).

Pacienti s detekovanou mutaci G12R v EUS-FNB piezivali tém¢ef dvakrat déle nez ostatni
pacienti (286 dnti, 95% CI: 70-602 vs. 162 dnti, 95% CI: 122-600, P=0,0374) nebo pacienti
s jinymi mutacemi KRAS (286 dni, 95% CI: 70-602 vs. 137 dny, 95% CI: 107-600,
P=0,0257).

Zavér: V analyzovaném souboru pacienti s PDAC v klinickém stadiu II-IV podstupujicich
chirurgickou, adjuvantni, paliativni i symptomatickou 1écbu byly identifikovany mutace
KRAS G12D a GI12R, jejichz ptitomnost v nadorové tkani nebo ctDNA ma negativni
(G12D) ¢i pozitivni (G12R) prognostickou roli. G12D se zdd byt samostatnym, na 1écbé
nezavislym, negativnim prognostickym markerem, zatimco pozitivni ucinek G12R je
nejzietelnéj$i u pacientl podstupujicich kurativni operaci. Studie byla designovana
s maximalnim ohledem na proveditelnost danych genetickych vySetfeni v redlné klinické

praxi (dostupnost vzorku, nizké persondlni, pfistrojové i finan¢ni naroky).

Podil disertantky na publikaci:

1) participace na designu studie z cca 80 %

2) 100% dozor nad klinickou i laboratorni ¢asti studie, zajisténi jejiho spravného
prib&hu, komunikace se spoluautory

3) cca 80% podil na laboratorni ¢asti (izolace DNA, ctDNA, PCR s tvorbou
heteroduplexii, denaturacni kapilarni elektroforéza)

4) vyhodnoceni a zpracovani vSech laboratornich a klinickych dat (100 %)

5) vytvoreni tabulek a obrazka (100 %)

6) sepsani celého rukopisu (100 %)
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Abstract: Background/Objectives: Although the overall survival prognosis of patients in advanced
stages of pancreatic ductal adenocarcinoma (PDAC) is poor, typically ranging from days to months
from diagnosis, there are rare cases of patients remaining in therapy for longer periods of time. Early
estimations of survival prognosis would allow rational decisions on complex therapy interventions,
including radical surgery and robust systemic therapy regimens. Understandably, there is great
interest in finding prognostic markers that can be used for patient stratification. We determined
the role of various KRAS mutations in the prognosis of PDAC patients using biopsy samples and
circulating tumor DNA. Methods: A total of 118 patients with PDAC, clinically confirmed by
endoscopic ultrasound-guided fine-needle aspiration biopsy (EUS-FNB), were included in the study.
DNA was extracted from cytological slides following a standard cytology evaluation to ensure
adequacy (viability and quantity) and to mark the tumor cell fraction. Circulating tumor DNA
(ctDNA) was extracted from plasma samples of 45 patients in stage IV of the disease. KRAS mutations
in exons 12 and 13 were detected by denaturing capillary electrophoresis (DCE), revealing a minute
presence of mutation-specific heteroduplexes. Kaplan-Meier survival curves were calculated for
individual KRAS mutation types. Results: KRAS mutations were detected in 90% of tissue (106/118)
and 44% of plasma (20/45) samples. All mutations were localized at exon 2, codon 12, with G12D
(GGT > GAT) being the most frequent at 44% (47/106) and 65% (13/20), followed by other types
including G12V (GGT > GTT) at 31% (33/106) and 10% (2/20), G12R (GGT > CGT) at 17% (18/106)
and 10% (2/20), G12C (GGT/TGT) at 5% (5/106) and 0% (0/20) and G12S (GGT/AGT) at 1%
(1/106) and 5% (1/20) in tissue and plasma samples, respectively. Two patients had two mutations
simultaneously (G12V + G125 and G12D + G125) in both types of samples (2%, 2/106 and 10%, 2/20
in tissue and plasma samples, respectively). The median survival of patients with the G12D mutation
in tissues was less than half that of other patients (median survival 101 days, 95% CI: 80-600 vs.
228 days, 95% CI: 184-602), with a statistically significant overall difference in survival (p = 0.0080,
log-rank test), and furthermore it was less than that of all combined patients with other mutation
types (101 days, 95% CI: 80-600 vs. 210 days, 95% CI: 161-602, p = 0.0166). For plasma samples,
the survival of patients with this mutation was six times shorter than that of patients without the
G12D mutation (27 days, 95% CI: 8-334 vs. 161 days, 95% CI: 107-536, p = 0.0200). In contrast,
patients with detected KRAS G12R in the tissue survived nearly twice as long as other patients
in the aggregate (286 days, 95% CI: 70-602 vs. 162 days, 95% CI: 122-600, p = 0.0374) or patients
with other KRAS mutations (286 days, 95% CI: 70-602 vs. 137 days, 95% CI: 107-600, p = 0.0257).
Conclusions: Differentiation of specific KRAS mutations in EUS-FNB and ctDNA (above all, the
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crucial G12D and G12R) is feasible in routine management of PDAC patients and imperative for
assessment of prognosis.

Keywords: KRAS; mutation type; prognosis; EUS-FNB; ctDNA; liquid biopsy; pancreatic cancer

1. Introduction

Pancreatic carcinoma, particularly the most common subtype, pancreatic ductal ade-
nocarcinoma (PDAC), is one of the most fatal malignancies. It is the 12th most common
cancer worldwide, with the highest incidence and mortality rates in advanced countries [1].
The insidious nature of PDAC consists predominantly of the absence or nonspecificity of its
symptoms, resulting in late diagnosis, usually in an inoperable stage of the disease. Most
patients are diagnosed with metastatic disease (stage IV) [2], when the disease progression
is very rapid, with survival time typically being less than 5 months from diagnosis. Only in
a minority of cases is the disease diagnosed when the tumor is surgically resectable, which,
at present provides the only chance for a cure. Even if the tumor is removed completely
and has not spread to any lymph nodes, the five-year survival does not exceed 40% [3].

As PDAC patients often exhibit a poor performance status and the effect of treatment
is negligible, systemic therapy should be carefully considered with regard to the quality
of life, especially for unresectable tumors. On the other hand, individual cases of patients
with significantly longer overall survival do exist (based on our experience, about 2%
of patients in stage IV survive for more than 1.5 years), and these patients benefit from
surgical or systemic therapy. However, no reliable prognostic biomarkers are currently
available to estimate the prognosis of patients with PDAC, and their discovery is therefore
highly desirable.

From a genetic point of view, the carcinogenesis of PDAC is usually triggered by a
mutation in the KRAS gene, which is an early and characteristic genetic event in PDAC [4].
KRAS is a proto-oncogene encoding a small G-protein, Kras, which is localized in the inner
surface of the plasma membrane and transmits signals regulating cell growth, proliferation
and survival, from the cell surface receptor into the nucleus [5]. Ras proteins cycle between
GTP-bound active and GDP-bound inactive states. Ras activation (exchange of GDP for
GTP) is initiated by guanine exchange factors (GEFs). Depending on the specific GEF
protein, activated Ras initiates RAS/RAF/MAPK, RAS/PI3K/PDK1/AKT or RAS/RAL
signal transduction pathway. Under physiological conditions, Ras is again inactivated in a
short time by the hydrolysis of GTP [5-8]. However, KRAS mutations make the hydrolysis
of GTP-bound Ras impossible, leading to permanent activity of the Ras oncoprotein, which
subsequently interacts with various effectors. Thus, its role in affected cells becomes much
more complex than the role of Ras protein in healthy cells [9].

Due to its frequent occurrence in PDAC tissue samples (about 90%), the prognostic
value of KRAS mutation status has traditionally been discussed. In previous studies, we
presented routine assessments of KRAS mutations in cytological smears of bioptic PDAC
samples [10-12], and, in agreement with investigators from other groups [13-17], we
have not observed any correlation between the presence or absence of KRAS mutation
and survival [11]. There is one older meta-analysis of 17 KRAS studies in PDAC [18]
whose results report significantly shorter overall survival (OS) for patients harboring KRAS
mutations compared to those without them. Although this work has certain limitations,
in particular the low number of patients (10 studies included fewer than 80 patients) and
the low detection of KRAS mutations (11 studies reported less than 70% detection of KRAS
mutations), it still contains several important works suggesting that KRAS mutations
certainly play some role in the prognosis of PDAC patients, but the question is to what
extent they are involved and how.

For example, as shown in a study performed in non-small cell lung cancer (NSCLC)
cell lines, not all activating KRAS mutations are clinically equivalent because various
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forms of Ras oncoproteins exhibit different types of biological behavior, have different
effects on downstream signaling pathways and thus may also have different effects on
patient prognosis [19]. More specifically, Kras G12D activates PI3K and MAPK signaling,
whereas the presence of Kras G12C or Kras G12V activates RAL signaling and reduces
growth-factor-dependent AKT activation. Depending on the specific KRAS mutation in
the tumor tissue, differences in progression free survival (PFS) were observed in the same
study. NSCLC patients with KRAS G12C and G12V had worse PFS than patients with
other KRAS mutations or wild-type KRAS [19]. However, as demonstrated in a study by
Eser et al., activation of downstream signaling molecules is not only allele-specific but
also tissue-specific. It has been shown that the Pdk1 effector from the PI3K pathway is
essential for KRAS G12D-driven PDAC but not for G12D-driven lung cancer [20]. It is
therefore possible that the role of individual KRAS mutations in downstream signaling may
differ between NSCLC and PDAC. Nevertheless, emerging scientific work supports the
assumption of different impacts of specific KRAS mutations on prognosis even in PDAC
patients [15,21,22].

In addition to tissue samples, circulating tumor DNA (ctDNA) is often studied in
PDAC patients. It is short, fragmented DNA released from the tumor mass into the
bloodstream of cancer patients. Due to its exclusive origin in cancerous cells, ctDNA
harbors cancer-specific aberrations, such as somatic mutations [23]. Therefore, the presence
of a KRAS mutation in the plasma indicates the presence of ctDNA. As ctDNA-positive
patients with various types of solid tumors, including PDAC, have worse prognosis than
ctDNA-negative patients [24,25], the presence of a KRAS mutation in ctDNA is also usually
related to a worse prognosis.

The incidence of ctDNA in plasma correlates with the stage of the disease, and typically,
it is most common in patients with metastatic disease (stage IV) [26]. Undoubtedly, the most
important advantage of ctDNA testing is non-invasive sampling, allowing for KRAS testing
without a biopsy-associated burden on the patient. Another advantage is that a single
plasma sample contains all the mutated alleles present in the tumor tissue. This does not
apply to endoscopic ultrasound-guided fine-needle aspiration biopsy (EUS-FNB) samples,
in which the collected tissue is only a minimal part of the tumor tissue and is, moreover,
inhomogeneous and pervaded with fibers, giving a highly heterogeneous representation
of the mutated cells. Although ctDNA testing is not as sensitive as the determination of
KRAS mutations from a tissue sample, it may be a useful tool in PDAC cases where the
tissue biopsy is contraindicated or when repeated sampling is required.

In the current work, we therefore verified the prognostic role of individual KRAS
mutations in our cohort of 118 PDAC patients and assessed whether individual KRAS
mutations could serve as useful prognostic markers for managing disease and guiding
rational treatment decisions that would ensure the longest survival with an adequate
quality of life. In addition, we introduced in a subgroup of 45 patients a simple and low-
cost method for KRAS mutation detection from ctDNA as a source material, including the
determination of mutation subtypes.

2. Materials and Methods
2.1. Patients and Samples

A total of 118 patients aged 67.9 + 9.4 years were prospectively enrolled in the study.
Diagnosis of PDAC was based on EUS with an FNB collection and subsequent cytological
assessment of the aspirate.

A tissue biopsy sample was obtained from each of the 118 patients at the time of
diagnosis, and additionally, a blood sample for ctDNA analysis was collected from every
patient in stage IV of the disease who agreed to the collection (45/58) at the time of diagnosis
before initiation of any treatment. All patients signed the study’s informed consent form,
and the study protocol was approved by the ethics committee of the Military University
Hospital in Prague.
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EUS was performed using a GF UCT 180 linear echoendoscope (Olympus, Tokyo,
Japan) and a sonographic system (Aloka Pro Sound Alpha 10, Tokyo, Japan). Tumor
FNBs were collected using standard 22-gauge needles (EZ Shot 2, Olympus, Tokyo, Japan)
and Expect needles (Boston Scientific, Natick, MA, USA), intended for standard cytolog-
ical assessments. The cellular material was spread on cytological slides on-site, and dry
cytological smears were examined by the pathologist after being stained using the May—
Griinwald-Giemsa technique. Furthermore, the pathologist highlighted areas with a major
incidence of tumor cells (approx. 80%) on the slides.

Plasma was separated by centrifugation from the blood samples immediately after
collection and was then frozen to —18 °C.

2.2. Nucleic Acid Extraction and Detection of KRAS Mutations

Tumor cells were dissected from the cytological preparations from areas with major
incidences of tumor cells and transferred to a microtube. DNA was extracted using a
Recover All Total Nucleic Acid isolation kit (Ambion, Austin, TX, USA), according to the
manufacturer’s instructions but specifically leaving out the first step of isolation (deparaf-
finization). ctDNA was isolated from the plasma samples using a NucleoSpin Plasma XS
kit (Macherey-Nagel, Dueren, Germany) according to the manufacturer’s instructions.

Somatic mutations in KRAS exons 12 and 13 were detected using the PCR method
followed by the formation of heteroduplexes and subsequent heteroduplex analysis using
capillary gel electrophoresis at an optimal temperature using the ABI Prism 3100 (Applied
Biosystems, Waltham, MA, USA), as in previous studies [10-12]. Details can be found in
Supplementary Materials and Methods. The heteroduplex analysis results were visualized
using Gene Marker v2.4.2, and individual types of KRAS mutations were identified by
comparing them to standard DNAs with specific mutant alleles (see Figure 1).
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Figure 1. If a mutation is present in the sample (in this case KRAS mutation), four peaks are visible in
the electropherogram: wildtype homoduplex, mutant homoduplex and two heteroduplexes (from left
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to right). The figure illustrates electropherograms of standard samples with the most commonly
detected KRAS mutations in PDAC tissues. Note that different KRAS mutations have different
positions of peaks in the electroferogram. If no mutation is present in the sample, only one peak

corresponding to the wildtype homoduplex is visible in the electropherogram.

2.3. Statistical Analysis

The mean age of the patients was calculated using the mean and standard deviation.
Survival curves were constructed using the Kaplan-Meier method and described by the
median survival and its 95% CI for all patient groups tested. Comparison of survival
curves was conducted using the log-rank test. A p value < 0.05 was considered statistically
significant. The software MedCalc v 19.1.7 was used for statistical analysis.

3. Results

Basic patient characteristics are summarized in Table 1.

Table 1. Characteristics of studied group of patients.

Monitored Characteristic

Number of Patients

All cases 118 (100%)
Age 679 +94
Male 64 (54%)
Gender Aged 44-92 years, median 69
Female 54 (46%)
Aged 44-87 years, median 66
Head 81 (69%)
Location of PDAC Body 28 (24%)
Tail 9 (8%)
I 3 (3%)
Disease stage 1 il i
v 58 (49%)
Unknown 1 (1%)
S ee
Surgery alone 11 (9%)
[reatment Chemotherapy alone 44 (37%)
Supportive care 44 (37%)
Unknown 3 (3%)

KRAS mutations were detected in 90% (106/118) of tissue samples and in 44% (20/45)
of plasma samples. All mutations were found in exon 2, codon 12 (see Table 2).

Table 2. KRAS mutation tumor tissue and plasma samples.

Result of KRAS Analysis

Tissue Sample

Plasma Sample

(n = 118) (n = 45)
KRAS wild type 12/118 (10%) 25/45 (56%)
KRAS mutant 106/118 (90%) 20/45 (44%)
GGT/GAT (G12D) 47 /106 (44%) 13/20 (65%)
GGT/GTT (G12V) 33/106 (31%) 2/20 (10%)
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Table 2. Cont.

Result of KRAS Analysis Esjllliss)ample {::a:s:; Semple
GGT/CGT (G12R) 18/106 (17%) 2/20 (10%)
GGT/TGT (G12C) 5/106 (5%) 0

GGT/AGT (G12S) 1/106 (1%) 1/20 (5%)
GGT/GTT (G12V) + GGT/AGT (G12S) 1/106 (1%) 1/20 (5%)
GGT/GAT (G12D) + GGT/AGT (G125) 1/106 (1%) 1/20 (5%)

3.1. Tumor Tissue Samples

In patients with known survival time (11 = 116), the OS of patients with detected KRAS
mutations (# = 106) was compared to that of patients with no such mutations (1 = 10). To
ensure the homogeneity of the group, individuals with two KRAS mutations (n = 2, OS
155 and 186 days) and one patient who was additionally diagnosed with a second type of
cancer (rectal cancer, OS 122 days) were excluded. Comparing the OS of patients with and
without KRAS mutation in tumor tissue, no statistically significant difference was achieved
(median OS 184 days, 95% CI: 31-474 vs. 296 days, 95% CI: 31-474, p = 0.3251, Figure 2a).

100 100 [
p=03251 p=00232
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n=103
KRAS G12D
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0 100 200 300 200 500 500 700 0 100 200 300 200 500 600 700
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Figure 2. Overall survival curves (a) according to the presence of KRAS mutations in tumor tissue
and (b) according to the presence of the three most common KRAS mutation subtypes in tumor tissue.

However, the overall survival of patients varied significantly depending on the specific
type of KRAS mutation. The median OS times of patients with the three most common
KRAS mutations, namely, G12D, G12V and G12R, were 101 days (95% CI: 80-600), 198 days
(95% CI: 134-540) and 286 days (95% CI: 70-602), respectively, p = 0.0232 (Figure 2b).

The effects of individual mutations on prognoses were determined by comparing the
OS of patients with the given mutation and patients without the given mutation (wild-type
KRAS + other KRAS mutations; Figures 3a, 4a and 5a) and by comparing the OS of patients
with the given mutation and patients with other KRAS mutations (Figures 3b, 4b and 5b).

Regarding the effect of the individual KRAS mutations, the G12D mutation was found
to correlate significantly with a worse prognosis. This was apparent in comparisons with
both the group lacking KRAS G12D (median OS 101 days, 95% CI: 80-600 vs. 228 days, 95%
CI 184-602, p = 0.0080, Figure 3a) and the group with other KRAS mutations (median OS
101 days, 95% CI: 80-600 vs. 210 days, 95% CI: 161-602, p = 0.0166, Figure 3b). In addition,
the prognosis of patients harboring KRAS G12D was significantly worse than that of other
participants regardless of whether patients underwent radical surgery (Supplementary
Figure Sla, p = 0.0075) or not (Supplementary Figure S1b, p = 0.0113).
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Figure 3. Differences in OS of (a) patients with and without KRAS G12D in tumor tissue and
(b) patients with KRAS G12D and patients with other KRAS mutations in tumor tissue.
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Figure 4. Differences in OS of (a) patients with and without KRAS G12V in tumor tissue and
(b) patients with KRAS G12V and patients with other KRAS mutations in tumor tissue.
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Figure 5. Differences in OS of (a) patients with and without KRAS GI12R in tumor tissue and
(b) patients with KRAS G12R and patients with other KRAS mutations in tumor tissue.

The G12V mutation did not correlate with prognosis, whether compared to all patients
without this mutation (median OS 198 days, 95% CI: 134-540 vs. 173 days, 95% CI: 101-602,
p = 0.6393, Figure 4a) or compared to patients with other KRAS mutations (median OS 198
days, 95% CI: 134-540 vs. 146 days, 95% CI: 98-602, p = 0.4956, Figure 4b).

In contrast, the G12R mutation correlated with better prognosis. Patients with G12R
had significantly longer median OS than patients without G12R (median OS 286 days, 95%
CI: 70-602 vs. 162 days, 95% CI: 122-600, p = 0.0374, Figure 5a) or patients with other KRAS
mutations (median OS 286 days, 95% CI: 70-602 vs. 137 days, 95% CI: 107-600, p = 0.0257,
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Figure 5b). The positive effect of GI2R on survival was also significant in patients treated
with radical surgery (Supplementary Figure S2a, p = 0.0408); however, it was suppressed in
the subset of patients who did not undergo surgery (Supplementary Figure S2b, p = 0.3090).

3.2. ctDNA Samples

Patient survival was compared based on the presence or absence of KRAS mutations in
plasma samples. In general, the presence of a KRAS mutation in ¢tDNA had no significant
effect on patient survival (median OS 74 days, 95% CI: 17-536 vs. 184 days, 95% CI: 94-228,
p =0.2715, Figure 6).
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Figure 6. Overall survival curves according to the presence of KRAS mutations in ctDNA.

Additionally, the effect of the most commonly detected mutation, G12D, on OS was
assessed. Patients with a detected G12D mutation had a significantly shorter median
survival rate than other patients (median OS 27 days, 95% CI: 8-334 vs. 161 days, 95% CI:
107-536, p = 0.0200, Figure 7a), and a similar trend was evident when compared to patients
with other KRAS mutations, although this trend lacked statistical significance (median
OS 27 days, 95% CI: 8-334 vs. 146 days, 95% CI: 74-536, p = 0.1151, Figure 7b). No other
analyses were performed, given the low number of ctDNA samples.
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Figure 7. Differences in OS of (a) patients with and without KRAS G12D in ctDNA and (b) patients
with KRAS G12D and patients with other KRAS mutations in ctDNA.

4. Discussion

KRAS mutations are found in various types of cancer, but their frequency is diverse.
Most commonly among all malignancies, KRAS is mutated in PDAC tissue (66% according
to the Catalogue of Somatic Mutations in Cancer, COSMIC [27], or 90% according to this
study and similar recent studies, e.g., [4,28,29]); furthermore, KRAS mutations are common
in colorectal tumors (33%) and lung cancer (16%) [27]. The distribution of specific types
of KRAS mutations is similarly heterogeneous. In this study, in accordance with similar
studies [15,16,21,22] and COSMIC [27], we showed that the three most common mutations
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found in PDAC tissue were G12D, G12V and G12R, unlike colorectal cancer, where the
most common mutations are G12D, G12V and G12C, and lung cancer, where G12C is
most common, followed by G12V and G12D [27]. Previously, this variability was the
subject of several studies, gradually revealing the heterogeneous behavior of individual
mutant Ras proteins. Some KRAS mutations cause tumors to behave more aggressively
than others [30,31], and the various KRAS mutations exhibit different sensitivity levels to
medications [32-34] or cause activation of different downstream signaling effectors [19].

The importance of individual mutant forms of KRAS has also recently come to light
thanks to the tremendous success of pharmacological research. After decades of rather
unsuccessful effort to find a treatment targeted against the Kras oncoprotein [35,36], an
inhibitor of Kras G12C, which occurs in 13.6% of all KRAS-mutated tumors, was found [37].
This led to the clinical validation of two targeted therapies: sotorasib and adagrasib [38—40].
This is particularly good news for the treatment of lung cancer, where G12C is the most
common KRAS subtype and accounts for about half of all KRAS mutation types [41,42].
In PDAC, unfortunately, the incidence of G12C is only about 1% [4,37] (5% in this study).
However, the importance of specific KRAS mutations, rather than just the division into
mutated and non-mutated, has become clear.

We have reported in the past that KRAS mutations detected in pancreatic masses
themselves do not show any prognostic value [11], and we confirmed this finding again in
this study with a new group of patients. We also show here that patients with KRAS G12D
mutations have significantly shorter survival rates than patients without this mutation,
irrespective of whether they have undergone surgical treatment. Similar results linking
G12D to worse OS in a single-center study have been published by several authors. Bournet
et al. [15] studied a group of patients with advanced unresectable PDAC tumors treated
with chemotherapy or supportive care. In accordance with our study, the authors reported
that the G12D KRAS mutation was an independent negative prognostic marker both
in the entire patient group and in the subgroup of patients treated with chemotherapy.
With respect to the above and to our results, the G12D mutation seems to be a therapy-
independent negative prognostic factor. In their study, Bournet et al. also used EUS-FNB
materials, although their materials took the form of fresh cellular aspirate remaining in
the needle catheter after cytological and histological examination, while in our study we
used cytological slides, which are more appropriate for determining KRAS mutations
based on our experience, particularly given their low rate of false negatives [12]. This
may explain the higher rate of KRAS mutations captured in our study vs. the study of
Bournet et al. (90% vs. 67%). Similar results were also reported by Oldani et al. [14], who
used the samples of resected PDAC tumors of elderly patients undergoing radical surgical
procedures. The authors observed a trend of a shorter survival rates in patients with the
G12D KRAS mutation, although statistical significance was not reached. Other examples of
studies reporting significantly worse OS and disease-free survival (DFS) in patients with
KRAS G12D are a recent study by Dai et al. [21] and one by McIntyre et al. [43] conducted
on PDAC surgical specimens collected during radical surgery, as well as a current large-
sample-size study by Yousef et al. [22]. In Yousef’s study, samples from 803 patients in
different stages of PDAC were retrospectively analyzed, and KRAS G12D mutant tumors
were associated with significantly worse OS. On the other hand, another recent study
reported that the KRAS G12D mutation subtype was not significantly associated with
worse survival in PDAC patients globally; only patients with resectable disease harboring
G12D had shorter median survival than other PDAC patients in the aggregate [44].

Regarding the KRAS G12R mutation, this study revealed significantly improved OS
survival in PDAC patients with this mutation. Its positive prognostic effect was reflected in
the group of all patients as well as in the subgroup of operated patients, but surprisingly,
it was not shown in the group of non-operated patients. It is therefore possible that the
improved OS of the KRAS G12R was enhanced by radical surgery. However, this hypothesis
should be tested on a larger group of patients. Similar to our results, improved OS and
progression free survival (PFS) for KRAS G12R were also reported by Diehl et al. in a group
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of patients with locally advanced or metastatic PDAC [45]. Another study supporting our
findings is the abovementioned study by Yousef et al., where patients with KRAS G12R and
wild type KRAS had improved OS compared to patients with KRAS G12D [22]. An opposite
effect of KRAS G12R was seen in an earlier study performed in the Japanese population,
where the G12D and G12R mutations were negative prognostic factors for OS [46].

In the same manner as the authors of several recent studies [17,47-55], we applied
the concept of determining the prognosis of patients with PDAC according to the KRAS
mutation type found in ctDNA. For this purpose, we used plasma samples from patients
with metastatic PDAC, who usually have the worst performance status and are therefore
most burdened by traditional biopsy. The overall rate of captured mutations was lower
with c¢tDNA than with EUS-FNB (44% vs. 90%), which is in agreement with the results
of similar studies, where it ranges between 26% [47] and 72.3% [51]. The results of the
analyses were similar to those using EUS-FNB samples, and the presence of KRAS mutation
in plasma had no considerable impact on the overall survival of the patients; however,
patients with the G12D subtype had a statistically significantly shorter OS than the other
patients. Circulating tumor DNA can thus be used as an alternative to EUS-FNB as a source
from which to determine the patient prognosis based on various KRAS mutations.

Similar studies determining KRAS mutations in the plasma of patients with PDAC
have been conducted predominantly in the Asian population [17,48-52,54,55], and their
results vary. Some authors did not observe any significant association between the presence
of a KRAS mutation and survival in agreement with our findings [49,51], but some of them
observed worse OS in patients with a detected KRAS mutation in ctDNA [52-55], while
others did not observe any effect of KRAS mutations on survival based on tissue sample
analysis but did observe significantly shorter survival in patients with a KRAS mutation
based on plasma assessment [17,48,50]. Thus far, only one pilot study has been conducted
in a European population [47]; it reports a significantly shorter OS for patients with KRAS
mutations in plasma but does not focus on individual KRAS mutations. Regarding indi-
vidual mutations, Kinugasa et al. [48] and Cheng et al. [51] observed significantly shorter
survival in patients with G12V, but Hadano et al. [50] reported no differences in OS by
KRAS subtype, whereas Guo et al. [55] observed significantly shorter OS in KRAS G12D
patients, in agreement with our study. To our knowledge, this is the first study focused on
the determination of any prognostic roles of individual KRAS mutation types in plasma
samples in the European population.

We are aware of the limitations in our study, resulting mainly from the smaller cohort
of patients and thus its division into even smaller subgroups having individual KRAS
mutations. The results may, therefore, not have sufficient statistical power and should
not be generalized. However, this is not unusual, as shown by similar works studying
KRAS mutations in PDAC patients and often reaching barely 70 tissue samples or 50
ctDNA samples [14,18]. The present study tried to maintain, as much as possible, a rational
testing procedure that could feasibly be implemented in clinical practice. We worked
with a set of real patients, eliminating only patients with no known survival time and
patients with severe comorbidity (colorectal cancer). We utilized FNB samples that are
routinely available from PDAC diagnostics and verified the potential prognostic role of a
single genetic marker, KRAS, which is routinely determined in all molecular biological and
diagnostic laboratories. Lack of information about the presence of other somatic mutations
can be seen as another limiting factor. However, wide genomic analysis of the samples was
not the aim of the study and would not even be implementable in clinical practice, given the
increased requirements for sample quantity and quality and the need for instrumentation
that is not commonly found in routine diagnostic laboratories. Moreover, with regard to
real clinical practice, blood samples were only collected from patients with stage IV disease,
in which the potential investigation of liquid biopsy instead of tissue biopsy makes the
most sense. Therefore, the number of samples for ctDNA analysis was also relatively low.
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5. Conclusions

The prognosis of PDAC patients appears to be dependent on the specific subtype of
KRAS mutation present in the tumor. In our cohort of 118 patients, G12D (GGT > GAT)
confers the worst prognosis and G12R (GGT > CGT) the best prognosis, resulting in a
shortening and prolongation of median survival by approximately half (4 months) in
patients with the G12D and the G12R mutations, respectively. KRAS testing from EUS-FNB
cytology slides, or from plasma samples in cases where tissue biopsy is contraindicated,
could represent a useful tool in the rational decision-making process of PDAC therapy.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ genes15101302 /51, Supplementary Materials and Methods,
Figure S1: Differences in OS of patients with and without KRAS Gly12Asp in tumor tissue (a) in
the subgroup of operated patients and (b) in the subgroup of non-operated patients. Figure 52:
Differences in OS of patients with and without KRAS Gly12Arg in tumor tissue (a) in the subgroup of
operated patients and (b) in the subgroup of non-operated patients.
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Diskuze

4 Diskuze

Ackoliv vSechny solidni naddory vznikaji diky genetickym zménam zdravé tkané a plati
pro n¢ obecné zakonitosti uvedené v kapitolach 1.1 - 1.3, je zaroven kazdé nadorové
onemocnéni jedinecné. U kazdého typu solidniho nédoru se fesi specifické otazky a
problémy. Proto je onkogeneticky vyzkum velmi heterogennim odvétvim, at’ uz z pohledu
klinickych ¢i genetickych charakteristik daného nadoru, nebo z pohledu metodiky, pomoci
které jsou detekovany genetické alterace specifické pro dany néador. Napiiklad, kromé
klasickych jedno ¢i vice nukleotidovych mutaci jsou PTC typické vyskytem fuznich gent,
u CRC se vyskytuji hypermethylace CpG ostrivki a u PDAC zase delece a ztraty
heterozygozyty. Déle je onkogenetiky vyzkum extrémné dynamické odvétvi. Je
obdivuhodné, kolik novych poznatkii neustdle piinadSi, zvlast€ v poslednich dvou
desetiletich, nepochybné diky rozvoji citlivych metodik, zejména NGS.

Ptikladem tohoto pokroku je geneticky vyzkum PTC, kde v roce 2015 bylo zndmo
celkem 18 riznych RET/PTC pteskupeni, véetné mnou nové objeveného RET/PTClex9
prezentované¢ho v Publikaci 1. O 10 let pozdé&ji je jich znamo vice nez 50, pficemz 20
ruznych typl bylo detekovano pouze v jediné studii pomoci NGS (Bulanova Pekova 2023).
Doslo tim mimo jin€ 1 k pfesnéjsi predstavé o prevalenci RET/PTC, jehoZ ptitomnost byla
nalezena pouze v PTC tkani, v Zddném jiném typu karcinomu S§titné zlazy ani v benignich
lézich nebylo detekovano. Behem svého studia pediatrického souboru 47 pacienti s PTC
jsem pomoci real-time PCR detekovala RET/PTC pteskupeni v 10 ptipadech (21 %,
vysledky zde nejsou prezentovany), aktudlné ve studii doktorky Bulanové Pekové jeho
vyskyt rovné€z v souboru pediatrickych pacientli stoupl na 30 % pti pouziti NGS. Zachyt
v kompletnim souboru véetné vzorka dosp€lé populace pak byl 113/993 PTC, tedy 11.4 %.
predisponuje pacienta k agresivnimu projevu onemocnéni (Xing et al. 2005, Oler et al.
2009), nyni je prediktivni vyznam této mutace ptehodnocovan (Lai et al. 2024). Z pohledu
ptreskupeni, kterd je v 75 % ptipadd spojena s metastazovanim do pfilehlych lymfatickych
uzlin a v 19 % s pfitomnosti vzdalenych metastaz (Bulanova Pekova 2023). Podobné
zavery potvrzuje dalsi recentni studie, kdy pediatrick¢é PTC pozitivni na fuzni geny byly
vyznamné asociovany s veét§i velikosti nadoru, extratyreoidalni extenzi, pfitomnosti

metastaz v lymfatickych uzlinach a v plicich a s hor$i prognézou nez PTC majici mutaci
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BRAF (Lee et al., 2021). Tim je podpofen piedpoklad, ktery uvadim v Publikaci 1, Ze
pteskupeni RET/PTClex9 bylo ziejmé ptic¢inou agresivniho projevu onemocnéni u chlapce,
v jehoz PTC tkédni bylo nalezeno (pfitomnost plicnich metastdz bilateraln¢, opakovana

recidiva onemocnéni).

Enormni metodicky rozvoj se samoziejmé tyka i vyzkumu kolorektalniho karcinomu a
karcinomu pankreatu. Zde vSak maji své nenahraditelné misto stale 1 tradi¢ni robustni
metodiky detekce genetickych alteraci. Ztejmé je to dano piedevs§im vyssi prevalenci CRC
a PDAC v porovnavi s PTC, tedy i mnohem vét§Sim poctem vzorkt a potiebnych vySetieni.
I proto je ve vSech vyzkumnych projektech tykajicich se CRC a PDAC, kterych jsem se
ucastnila, kladen diraz na racionalitu vySetfeni a uplatnéni v rutinni klinické praxi.

Naptiklad vySetfovani ctDNA pro monitoring recidivy pacientli s CRC mize byt v
klinické praxi velmi u¢innou a dokonce presnéjsi alternativou k tumorovym markeriim a
zobrazovacim metodam, jak ukazuje Publikace 2. Ackoliv fenomén cirkulujici DNA je
v onkologickém vyzkumu zndm uZ fadu let (Bendich et al. 1965, Leon et al. 1977), teprve
v poslednich letech, opét diky rozvoji vysoce citlivych metod, je mu vénovéana patficna
pozornost. Moznost vysetiovat ctDNA z krve onkologickych pacientd je dnes uz pevné
zakofenéna v obecném povédomi, je atraktivni a ze strany 1ékait Zadand. OvSem ploSnému
zavedeni vySetfeni ctDNA do praxe brani nutnost specianiho pfistrojového vybaveni, s nim
spojené naroky na vysokou kvalitu a mnozstvi vzorku, na odborné pracovniky, a také stle
jeste vysoka cena vySetieni. VSechny tyto prekazky jsou prekonany pii pouziti metodiky
zalozené na detekci mutacné specifickych heteroduplexi pomoci bézného kapilarniho
DNA analyzatoru, kterou popisuji v kapitole 1.5.5.2.

V poslednich letech piibyly dvé studie provedené na relevantnim poctu pacientd,
jejichz vysledky lze srovnavat s vysledky Publikace 2 (Tie et al. 2021, Bansal et al. 2024).
Studie Tie a kol. zahrnuje 54 pacientli s metastatickym CRC indikovanych k resekci
metastdz, znich u 46 byla pfedoperacné detekovdna ctDNA a byly tedy vhodnymi
kandidaty pro jeji poopera¢ni sledovani (versus 47 pacientli v Publikaci 2). 12 pacientt
mélo pooperacné detekovatelnou ctDNA, u vétSiny z nich (10/12, 83 %) doslo nasledné
k recidivé. V Publikaci 2 bylo v priibéhu studie provedeno celkové 50 resekci. CtDNA byla
pooperacné detekovana 21krat a vzdy (21/21, 100 %) doslo k recidivé. Dale, zatimco Tie a
kol. pozorovali recidivu onemocnéni u 30 % pacientdi, ktefi byli po operaci ctDNA
negativni, v naSem souboru to bylo 55 % (16/29). Nejnovéjsi studie podobného designu

jako Publikace 2 zahrnuje 31 pacientli a jejimi autory jsou Bansal et al. Autofi uvadi
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pooperacné detekovanou ctDNA u 19 pacientli, z nichz vSichni (19/19, 100 %) m¢éli
postupné recidivu. U 12 pacientil ctDNA pooperaéné detekovana nebyla a 58 % z nich
(7/12) nakonec meélo recidivu. Lze tedy fict, ze vysledky Publikace 2 jsou v souladu
s aktualnimi konkurenénimi vysledky. Zadna ze dvou uvedenych publikaci se viak
nezabyva korelaci radikality provedené resekce s pooperacni detekci ctDNA. V tomto

ohledu zustava Publikace 2 unikatni.

Jak je ukézano v Publikaci 4, ctDNA je mozné vyuzivat také v managementu karcinomu
pankreatu, i kdyz pro zcela odlisné ucely. Publikace 4 shrnuje vysledky studie, jejimz
smyslem bylo predevsim najit jednoduchy prognosticky marker, ktery by co nejvice
usnadnil 1ékaiim rozhodovani o tom, jaky terapeuticky rezim pro pacienta zvolit s ohledem
na zachovani co nejvyssi kvality Zivota. Vzhledem k tomu, Ze testovani mutace KRAS se
bézné provadi ve vétsiné molekularné-biologickych laboratofi k potvrzeni diagnézy PDAC,
nabizi se jako ideédlni volba studium vlivu riznych typt KRAS mutaci na progndzu
pacientql.

U PDAC neni raciondlni vyuzivat ctDNA k jakémukoliv dlouhodobému sledovani
pacienti, zkoumani dynamiky KRAS mutaci v ctDNA ani jejich korelaci s progresi
onemocnéni a odpovédi na terapii. Takové studie jsou redlné u kolorektalniho karcinomu
(napt. Publikace 2) nebo karcinomu plic (napf. BeneSova et al. 2022), bohuzel PDAC je
preziti, median celkového pieziti u pacientii s PDAC je 4 mésice. Pacienti Casto prichazeji
ve Spatném vykonnostnim stavu a nase dosavadni zkuSenosti ukazuji, Ze opakované odbéry
krve odmitaji (zejména z dlivodu opakovaného dojizdéni do nemocnice). Studii jsme proto
planovali s co nejvétSim ohledem na pacienty a ctDNA jsme vySetfovali jen pacientim ve
IV. stadiu, kde mé nejvetsi smysl piipadné zavést do klinické praxe tekutou biopsii jako
nahradu tkanové biopsie. V nasi studii 22 % (13/58) pacientli ve stddiu IV nemoci odmitlo,
byt jen jediny odbér krve.

Jesté komplikovanéji vnimame sledovani odpovédi na 1é€bu pomoci ctDNA. Napf.
v naSem souboru 118 pacienti jsme nebyli schopni spravné zvazit vSechny lécebné
modality. 37 % pacientll bylo 1é¢eno chemoterapii, 9 % chirurgicky a 11 % chirurgicky s
naslednou adjuvantni chemoterapii. Chemoterapie byla az na 2 vyjimky (Folfirinox, Folfox
4) zalozena na Gemcitabinu. Gemcitabin byl 7x kombinovan s dal$im rezimem, z toho 1x v
ramci adjuvantni terapie. Chemoterapie byla snaSena rizné¢ — od 1 davky az po 7 cykld

Gemcitabinu. Otazkou tedy je, od kolika davek je spravné pocitat chemoterapii jako
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ukoncenou. A dale, skupiny pacientli s odliSnymi mutacemi KRAS, které byly predmétem
studia, by se stratifikaci podle 1écby rozdé€lily na jest€¢ mensi skupiny s nedostatecnou
statistickou vyznamnosti. Z téchto diivoddi jsme do statistickych analyz jako jediny typ
1é¢by zahrnuli operaci, kterd miize nejvice zlepsit preziti.

Ze studie vyplynulo, stejné jako z nasi ptfedchozi studie provedené na jiném souboru
PDAC pacienti (Salek et al. 2009), ze ptitomnost ¢i neptfitomnost mutace KRAS jako
takové nema zadny vliv na prognézu pacient. Pokud ale testujeme jednotlivé typy KRAS
mutaci, je situace jind. KRAS mutace G12D (GGT > GAT) byla negativnim prediktorem
prognodzy a pacienti majici tuto mutaci méli primérnou dobu preziti o 127 dni kratsi nez
ostatni pacienti (101 vs 228 dni). Bohuzel je tato mutace u PDAC nejcastéji, v nasi studii
byla detekovdna u 44 % pacientli. Naopak pozitivnim prognostickym markerem byla
mutace G12R (GGT > CGT), protoze pacienti s touto mutaci ptezivali o 124 dni déle nez
ostatni (286 vs 162 dni). Mutace G12R byla nalezena v 17 % PDAC. Stejna situace, kdy
ruzné typy KRAS mutaci rizné ovliviiuji prognoézu, byla popséana také u rakoviny plic (Ihle
et al. 2012). Zda se tedy, Ze do budoucna nebude stacit rozliSovat jen je-li KRAS mutovany
¢i nemutovany, ale bude nutnd i1 znalost konkrétni mutace. Vyznam jednotlivych
mutantnich forem onkoproteinu KRAS nedavno vySel najevo také diky obrovskému
uspéchu farmakologického vyzkumu, kdy byl po letech spiSe netuspéSného usili nalezen
inhibitor onkoproteinu KRAS G12C, ktery se exprimuje u 13,6 % vSech nadort majicich
mutovany KRAS (Hofmann et al. 2022), bohuZel u PDAC jen minimaln€ (u 5 % pacientt
v nasi studii). Snad je jen otdzkou Casu, kdy budou nalezeny inhibitory 1 ostatnich forem a
bude mozné cilend protinadorova terapeutika plné vyuzit také v 1écbé PDAC podobné, jak

je to dnes jiz bézné u CRC.

-----

a také k nadorovym onemocnénim s nejdetailnéji popsanym genetickym pozadim, o cemzZ
sveéd¢i zéapis z letoSniho kolorektalniho sympozia na Brnénskych onkologickych dnech
(Redakce BOD 2024). Pfi tom ze studia intratumorové mutacni heterogenity kolorektalnich
prekancer6znich 1ézi v poslednich letech se zda, Zze kolorektdlni adenomy mohou byt
mutacné jesté rozmanité€jsi nez karcinomy.

Ackoliv je od roku 1990 akceptovano, ze CRC se vyviji z adenomu (Fearon a
Vogelstein 1990), byl historicky molekularné-geneticky vyzkum CRC soustfedén pievazné

na karcinomy. Na adenomy se pozornost zacala obracet az o 15 let pozdéji, kdy byla

formulovana myslenka, ze intratumorovd mutacni heterogenita ziejm¢ b&hem progrese
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v

CRC spise klesa, a to vlivem selekce jen téch mutacnich klont, které zarucuji nejptiznivé;jsi
podminky pro progresi karcinomu (Losi et al. 2005). Ukazalo se, ze pochopeni
molekularné-genetickych déjti v adenomech by mohlo byt klicem k pochopeni chovani
karcinomu a tim byly polozeny zéklady pro studium ITH prekancerdznich kolorektalnich
1ézi.

ITH kolorektalnich 1ézi se dlouhodob¢ zabyvame i na nasem pracovisti. V roce 2016
jsme publikovali vysledky studie provedené na rozsahlém souboru 159 velkych adenomi
(> 1 cm), 74 ranych karcinomu (stadium I a II) a 64 pokrocilych karcinomt (stddium III a
IV), kterd vSak klesajici ITH s pokrocilosti nadoru jednozna¢né nepotvrdila. Respektive
vzdy zélezelo na konkrétni mutaci ve vazbé na konkrétni lokalizaci nadoru. Naptiklad
vyskyt mutaci v protoonkogenech KRAS a BRAF klesal s pokrocilosti 1éze jen v levém
traniku a rektu, zatimco v pravém tracniku naopak stoupal (Minarikova et al. 2016).

Studiu ITH prekanceréznich kolorektalnich 1ézi se v jeste¢ vétsim detailu vénuje
Publikace 3. Léze > 1 cm odstranéné pii screeningové (indexové) kolonoskopii byly
zpracovany do miniaturnich vzorkid, v kazdém z nich byly stanoveny nejCastéj$i mutace
typické pro CRC, a pokud byla pfitomna mutace, bylo vypocitano jeji mnozstvi vyjadiené
jako procenta mutované frakce. Vznikl tak detailni obraz o kompletni ITH dané léze.
Publikace 3 je zamétena hlavné na moZnost vyuZiti znalosti ITH indexovych 1ézi k predikci
rizika rekurence onemocnéni. S tim uzce souvisi také volba spravného intervalu naslednych
kontrolnich kolonoskopii. V souladu s aktudlnimi doporuc¢enimi Evropské spolec¢nosti pro
gastrointestindlni endoskopii (ESGE) aktualizovanych v roce 2020 (Hassan et al. 2020)
jsou z hlediska recidivy vSechny léze vétsi nez 1 cm hodnoceny jako rizikové a doporucené
intervaly kontrolnich kolonoskopii jsou pak 3 roky. Jak ale vyplyva z Publikace 3, tento
interval mize byt pfili§ dlouhy napf. pro pacienty majici mutaci v 7. exonu tumor
supresorového genu 7P53. V naSem souboru 66 pacientl byla u 8 pacientt (8/66, 12 %)
detekovana tato mutace a u vSech 8 pacientli byl nalezen metachronni adenom (nebo
adenomy) jiz pii kolonoskopii s ronim odstupem od indexové. Ani v jednom pfipad¢ se
pfitom nejednalo o recidivu v jizve€, navic indexové 1éze byly odstranény pouze tzv. en-
block resekci, kdy 1éze zlstane v jednom kuse. Tento vykon je spojen s nizkym aZ nulovym
rizikem lokalni recidivy v jizvé.

Z publikace 3 vyplyva duleZitost studia ITH a obecné molekularnich markert v
prekancer6znich kolorektalnich 1ézich. Zd4 se, ze podobné jako ptfi 1écbé CRC, by v
budoucnu i pii stanoveni vhodnych intervali kontrolnich kolonoskopii, mohly molekuldrni

markery nalézt své uplatnéni.
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5 Shrnuti a zaveér

Onkologicky vyzkum je naro¢na komplexni disciplina kombinujici znalosti mnoha
prirodovédnych oborli, zejména mediciny, biochemie, molekularni biologie a genetiky.
Kazdy pokrok v onkologickém vyzkumu tak pfinasi i pokrok pro tyto dil¢i obory. Moji
snahou bylo, aby z pfedkladané prace vyplynula zejména diilezitost znalosti biochemie a
biochemickych metod v onkologii, coz jsem se snazila demonstrovat na ctyfech
exemplarnich publikacich. Dokladaji, Ze znalost principli biochemickych metod muze
pomoci zdokonalit stdvajici metodiky nebo vyvijet metodiky nové. Diky nim jsme pak
schopni detekovat nové genetické alterace, rychleji, s vyssi citlivosti... Znalost obecnych
biochemickych principli je zase kli¢em k pochopeni pfi¢in vzniku nadorového bujeni,

sloZitého fungovani intratumorového prostfedi 1 jeho nesmirné rozmanitosti.

V prubéhu moji prace se podatilo:

1. Detekovat novy fuzni gen RET/PTClex9 u papilarniho karcinomu §titné zlazy.

2. Optimalizovat metodiky detekce cirkulujici nddorové DNA tak, aby mohla byt
rutinn€ vyuZzivana v klické praxi.

3. Zavést na pracoviSti funkéni metodiku pro analyzu intratumorové mutacni
heterogenity kolorektalnich prekanceroznich 1ézi. Identifikovat mutaci v 7.
exonu genu 7P53 jako mozného prediktora vzniku casnych metachronnich
kolorektalnich adenomt.

4. Zoptimalizovat metodiku izolace DNA z cytologickych preparatl karcinomu
pankreatu a snizit tak mnozstvi faleSné negativnich (nemutovanych) KRAS
vzorkll. Odhalit odli$ny vyznam rtiznych KRAS mutaci pro prognézu pacientti
s karcinomem pankreatu a navrnout mozné racionalni vyuziti této skutecnosti

v klinické praxi.
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