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Zoznam skratiek

KRK - kolorektalny karcindbm

WHO - World Health Organization

HNPCC - Hereditary nonpolyposis colorectal cancer
MMR - mismatch repair

MSI - microsatellite instability

FAP - familiarna adenomat6zna polypo6za

AFAP - atenuovana familiarna adenomatdzna polypdza
GIT - gastrointestinalny trakt

MAP - MUTYH asociovana polypdza

PJS - Peutz-Jeghersov syndrom

JP - juvenilnd polypdza

CS - Cowdenovej syndrom

PHTS - PTEN hamartomatous tumour syndromes
UZIS CR - Ustav zdravotnickych informaci a statistiky CR
UICC - Union for International Cancer Control

LU - lymfatické uzliny

MCR - mutation cluster region

UMD - universal mutation database

CMMR-D - constitutional mismatch repair-deficiency



Uvod

Geneticka podstata nadorovych ochoreni

Je vSeobecne zname, ze nadorové ochorenie je genetické ochorenie sposobené muticiami
roznych génov. Ktorakol'vek bunka mnohobunkového organizmu, ktord unikne prisnym
regulacnym mechanizmom zabezpecujucich jej spravnu funkciu, moze byt zédkladom pre rozvoj
nadoru. Klucovymi pre rozvoj nddorov su tri skupiny génov: proto-onkogény, ktoré
Vv normalnych bunkach podporuju rast, delenie a diferenciaciu, tumor supresorové gény, ktoré
naopak potlacaju proliferaciu buniek, a reparaéné gény, ktoré sa podielaji na opravach
poskodenia DNA. Mutdcie niektorych génov v zadrodo¢nych bunkach st zodpovedné za vzéacne
dedi¢né predispozicie s réznou mierou rizika vzniku nddoru v priebehu zivota daného jedinca.
S rozvojom molekuldrno-genetickych metéd dochadza k postupnému odhalovaniu vzt'ahov
medzi muticiami jednotlivych génov a vznikom réznych nadorov. Ziskané poznatky sa vyuzivaji
hlavne pre rychlu diagnostiku a prevenciu ochorenia, ale taktiez pre vyber optimdlnej liecby.
Okrem spontanneho vzniku mutacii nezanedbatel'ni ulohu pri karcinogenéze zohravaju aj rézne

environmentalne faktory.

Dedi¢né genetické faktory u nadorovych ochoreni

Relativne mal4d skupina nddorovych ochoreni (5-10%) je podmienend mutaciami génov
v zarodo¢nych bunkach ! Zarodo&né mutacie, pokial’ nie su geneticky letalne, sa mo6zu prendsat’
z generdcie na generaciu aV zavislosti od konkrétneho génu vyrazne zvysit' riziko vzniku
roznych typov nédorov. U pacientov so zarodo¢nymi muticiami génov predisponujucich
k nadorovému ochoreniu nemusi bezpodmiene¢ne dojst’ k iniciacii karcinogenézy. K iniciacii
arozvoju nadorového ochorenia st nevyhnutné somatické mutacie d’alSich génov aich
vzajomné interakcie s faktormi zivotného prostredia, ktoré moézu cely proces ovplyvnit’ a znacne
urychlit’. Identifikacia predisponujucich génov umoziuje detekciu naddorov v pociatocnom Stadiu
a zaroven uréitt moznost' prevencie ich vzniku. V rodinach so znamou dedi¢nou genetickou
predispoziciou méZe analyza prislusSného génu odhalit’ nositel'ov zarodo¢nej mutacie eSte pred
rozvinutim ochorenia a tym poskytnit' Cas pre pripadnu prevenciu a odpovedajicu formu

starostlivosti o tychto ¢lenov rodiny. V sucasnosti je znamych niekol’ko dedi¢nych predispozicii



spojenych s roznym rizikom vzniku nadorového ochorenia. Prehl’ad tych najcastejSich je uvedeny

v Tabul’ke 1.

Syndrém OMIM Gén Frekvencia | Penetrancia’
Hereditarny nepolyp6zny 120435

kolorektalny karcindém 120436 MLH1,MSH2,MSH6,PMS2 1/400 90%
(HNPCC)

Hereditarny karcinom 113705 0
prsnika a vaje¢nikov 600185 BRCAL BRCAZ 1/500 85%
I(\Iﬁ’gigﬁbmmat"za P 1| 162200 NF1 1/3000 100%
Familiarna adenomat6zna 1/5000- 0
polypéza (FAP) 175100 APC 1/10000 100%

. , 1/13500- .
Retinoblastom 180200 RB 1/25000 90%
Mnohopocetna
endokrinna neoplazia 131100 RET 1/30000 70%
(MEN2)

, i 191100 0
Tuberdzna sklerdza 191092 TSC1, TSC2 1/30000 95-100%
VVon Hippel-Lindau _OE0
syndrém (VHL) 193300 VHL 1/36000 90-95%

) C 1/30000-

Ataxia telangiektazia 208900 ATM 1/100000 100%
iﬁ;g’ﬁbmmatoza P2 | 101000 NF2 1/30000 100%
Iljev‘.’l‘,iny bazoceluldrny | 4 5940 PTCH 1/57000 90%

arcimom
Juvenilny polypozny 174900 SMAD4, BMPR1A 1/100000 95%
syndrom (JP)
E’F?J”St;"]egherso" syndrém | 75900 STK11 1/200000 |  95-100%
fggdenovq syndrém | 4 5ea5 PTEN 1/200000 90-95%
Li-Fraumeni syndrom 151623 TP53 neznama 90-95%
Dedicnd forma 155600 CDKN2A, CDK4 neznéma 100%
melanému 1 a 2
Diftzny karcinom 137215 CDH1 neznéma 90%
zaludka

Tabulka 1. NajcastejSie nadorové predispozicie s katalogovym cislom OMIM (Online
Mendelian Inheritance in Man), kauzalnym génom a odhadovanou frekvenciou. ~Penetrancia
uvadza kumulativne riziko klinickej manifestacie (benigne aj maligne prejavy) do 70. roku
Zivota. Spracované podl’a http://www.ncbi.nlm.nih.gov/omim.




Kolorektalny karcinom

NajcCastejSie sa vyskytujicim nadorom traviaceho traktu je rakovina hrubého Ccreva
a konecnika, kolorektalny karcindm (KRK). Podl'a medzinarodnej klasifikacie ochoreni pre
onkologiu vydavanej medzinarodnou zdravotnickou organizaciou (WHO) %, ma kolorektalny
karcindm oznacenie C18-21. V Ceskej republike je incidencia tohto ochorenia mimoriadne
vysokd a vyznacuje sa vysokou mortalitou 3. Prevaznu vicinu KRK (~75%) predstavujt
sporadické pripady, kde dominantni ulohu v etiologii zohrdvaji environmentalne faktory.
Familiarne pripady, s vyskytom ochorenia v rodine ale bez znamej genetickej pri¢iny, tvoria asi
~20% vsetkych pacientov s KRK. Najmensiu skupinu (~3-5%) reprezentuji hereditarne pripady

s geneticky znamou pri¢inou vzniku ochorenia * .

Hereditarne syndromy s predispoziciou k kolorektalnemu karcin6mu

Prehl’ad tychto syndromov je uvedeny v Tabulke 2. NajcastejSim ochorenim patriacim do tejto
skupiny je hereditarny nepolyp6zny karcinom (HNPCC), nazyvany tieZ Lynchov syndréom, ktory
je zodpovedny za 2-4% vietkych pripadov KRK °. Lynchov syndrém je zapriGineny zarodo&nymi
mutdciami v jednom zo Styroch mismatch reparaénych (MMR) génov (MLH1, MSH2, MSH6
a PMS2). Vyznacuje sa skorym vznikom KRK, u Zien aj karcindmom maternice, vajecnikov resp.
d’al§imi malignitami, Casto uz pred 50. rokom Zivota J Charakteristickym znakom pacientov
s Lynchovym syndromom je pritomnost mikrosatelitovej nestability (MSI) v nadoroch
v dosledku chybnej funkcie MMR systému .

Familidlna adenomat6zna polyp6za (FAP) je d’alSim dobre popisanym dedi¢nym syndromom,
ktory je zodpovedny za <1% vSetkych pripadov KRK. Typickym znakom je masivna polypdza
(>100-1000 polypov) v gastrointestinalnom trakte (GIT) atakmer 100% riziko vzniku KRK
u nosi¢ov zarodoénej mutacie APC génu ®. Miernejsia forma FAP, s menej ako 100 polypmi, sa
oznacuje ako atenuovand FAP (AFAP). Fenotypové varianty tohto ochorenia
s extraintestinalnymi symptémami (ostedmy, epidermoidné cysty, dezmoidy, kongenitalna
hypertrofia pigmentového epitelu sietnice, hepatoblastomy a nadory S§titnej zl'azy) sa oznacuji

.8
ako Gardnerov a Turcotov syndrém °.



MUTYH asociovanad polypéza (MAP) je autozomdlne recesivne ochorenie zapriinené
bialelickymi mutaciami génu MUTYH °. Fenotyp je podobny pacientom s atenuovanou FAP -
pocet adenomatdznych polypov byva v rozmedzi 20-100 a priemerny vek v ¢ase diagndzy je 45
rokov (rozsah 12-68 rokov) '°. Strata funkcie génu MUTYH vedie k akumulécii somatickych
mutacii, hlavne G:C>A:T v gendme, vratane napr. génu APC, ¢o ma za néasledok vznik
predovietkym adenémov a KRK °.

Osobitn skupinu predstavujii vzacne autozomalne dominantné hamartomatézne polypdzne
syndromy (Tabulka 2). Tieto na rozdiel od ostatnych polypdznych syndromov, kde hlavnym
histologickym typom polypu st adenémy, sa vyznacuju vznikom predovsetkym
hamartomatéznych polypov . Spolo¢ne predstavuji menej ako 1% vietkych pripadov KRK. Do
tejto skupiny patria Peutz-Jeghersov syndrom (PJS), juvenilna polypéza (JP) a PTEN
hamartomatozny polypdzny syndrom (PHTS). PHTS zahifia Cowdenovej syndrém, Bannayan-

Riley-Ruvalcaba syndrom a vietky ostatné syndréomy so zarodoénou muticiou génu PTEN



Inci- | Dedi- | Pocet Pene- | Riziko
Syndrom Gén . . Lokalizacia| Histologia trancia | KRK Iné symptomy
dencia | ¢nost’ | polypov
(%) (%)
Adenomatézne syndromy
Hereditarny MLH1  |1:500 AD | 0az30 |hr. ¢revo |adendémy ~80 ~80 |nadory:
nepolypozny MSH2 maternice, vajecnikov,
kolorektalny MSH6 zaltdka, mocovych ciest
karcinom (HNPCC) |[PMS2 ainé
Familidlna APC 1:10000 AD >100 |hr. ¢revo  |adendmy ~100 100 |nadory: dezmoidné, ostedmy
adenomato6zna duodenum kongenitalna hypertrofia
polypdza zaltdok pigmentového epitelu sietnice,
(FAP) hepatoblastomy, $titna zl'aza
MUTYH MUTYH |<1:10000 | AR <100 |hr. ¢revo  |adendomy ~100 | 80-100 |nadory:
asociovana duodenum extraintestinalne
polypdza (MAP) zaltidok
Hamartomatézne syndromy
Peutz-Jeghersov STK11  |1:120000 | AD <20 |t. ¢revo PJS polypy vysoka 70  |mukokutanna/perioralna
syndrom hr. ¢revo pigmentacia
(PJS) zaludok nadory: GIT, prsnika, vaje¢nikov
a Sertoliho buniek
Juvenilna polypéza [SMAD4 [1:100000 | AD | ~5az |hr.¢revo |juvenilné >90 ~70 |SMAD pozitivni:
JIP) BMPR1A >100 |kone¢nik  [polypy teleangiektazie
zaludok
t.Crevo

Cowdenovej PTEN 1:200000 | AD ? t. ¢revo juvenilng, ~100 | nizke |mukokutdnne lézie
syndrém hr. ¢revo  |hyperplastické, nadory: prsnika, Stitnej zl'azy,
(CS) zaludok zapalové polypy maternice a iné

Tabul’ka 2. Hereditarne syndromy s predispoziciou k KRK
Spracované podl’a http://www.ncbi.nlm.nih.gov/omim
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Patogenéza kolorektalneho karcinomu

Kolorektalny karcindm slizi ako idealny model somatickej evolicie epitelovych nadorov
hlavne pre svoju dobri dostupnost, moznost sledovania a dobri znalost' roznych stadii
neoplastického procesu. Prvy model postupnej akumulacie roznych genetickych zmien veducich
k vzniku KRK nadrtol Kinzler a Vogelstein *?. K vzniku malignity pri tomto type nadorov (a aj u
vacsiny ostatnych solidnych nadorov) predpokladali minimalne sedem genetickych zmien, ktoré
postupnou akumulaciou vedu k transformacii normalnej epitelovej bunky traviaceho traktu az na
bunku schopnu invadovat’ vzdialené tkaniva resp. organy (Obr. 1). Iked vznik muticii je
nahodny proces, ich selekcia a poradie, v akom K danej selekcii dochadza, st javy nenahodné
a podliechaju roznym evoluénym tlakom 2. Proces karcinogenézy KRK zagina inaktivaciou
signdlnej drahy WNT B3 &asto v dosledku mutacie APC resp. CTNNB1 génu, pri ktorej dojde
k transformacii normalneho epitelu na dysplasticky/maly adeném **°. Mutacia v géne KRAS,
delécia dlhého ramienka chromozomu 18 (18q) a inaktivacia génu TP53 sa podiel’aju na premene
malého dysplastického adenému az na velky pokro€ily karcinom, priCom tato faza

u sporadickych KRK trva priblizne 17 rokov ***

. Prechod pokrocilého karcinomu do Stadia
schopného metastazovat’ je vel'mi rychly, zvy€ajne trvd menej ako 2 roky (Obr. 1) 7 Dévodom
preco je prechod zo $tadia velkého adendomu k pokrocilému karcindbmu pomaly, v porovnani ¢i
uz s prechodom normalneho epitelu na dysplasticky/maly adeném alebo s prechodom
pokrocilého karcinomu k metastdzam, je pravdepodobne zapri¢ineny nevyhnutnou akumulaciou
ovela vicsieho poctu mutécii a klondlnych selekcii ako sa doposial’ predpokladalo. Bolo zistené,
ze jedna bunka KRK moéze ziskat' az 76 bodovych mutécii a 9 velkych génovych prestavieb,
ktoré sa roznou mierou podiel’aji na karcinogenéze 18,19

Patogenéza hereditarnych KRK sa od sporadickych KRK 1i§i pritomnostou mutacie
Vv niektorom z délezitych génov uplatiiujucich sa pri vzniku nielen KRK uz v zarodo¢nej linii,
¢im sa mimoriadne zvySuje pravdepodobnost’ a skracuje ¢as potrebny k zahajeniu neoplastického
procesu. Riziko ale aj doba nevyhnutna k iniciacii karcinogenézy odpoveda ddleZitosti
konkrétneho mutovaného génu v urcitej signalnej drahe, narusenim ktorej sa cely proces zahaji.
Prikladom je FAP, kde zarodo¢né mutacie génu APC, ktory zohrava déleziti ulohu aj pri
sporadickych KRK, st spajané stakmer 100% penetranciou a priemernym vekom nastupu

maligneho ochorenia (pokial’ pacient nie je sledovany) 40 rokov (Tab.1 a 2) .
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Obrazok 1. Somaticka evolicia sporadického KRK (Prevzaté od Jones et al. 2007 ).

Aktualizovany model neoplastickej transformécie normadlnej epitelovej bunky s mutdciami
prislusnych génov a predpokladanym casom nevyhnutnym k jednotlivym prechodom roéznymi
Stadiami. Posledné dve Stadia oznacené otaznikom nie su spdjané so Ziadnymi znamymi
genetickymi aberaciami.

AT adAca - €as nevyhnutny pre prechod od pokrocilého adendmu k pokroc¢ilému karcinému

AT acamet - €as nevyhnutny pre prechod od pokro¢ilému karcindému k vzniku metastatickej bunky
ATexp - €as nevyhnutny pre expanziu metastatickej bunky
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Epidemiolégia kolorektilneho karcinému v Ceskej republike

Kolorektalny karcindém sa vyznacuje vysokou frekvenciou vyskytu a mortalitou predovsetkym
vo vyspelych krajinich v porovnani s Indiou a Afrikou ?°. Vo velkej miere je to zapriGinené
bohatstvom a s tym savisiacim Zivotnym §tylom a Zivotospravou obyvatelov tychto krajin %. Zda
sa, ze incidencia a mortalita u muzov a zien s KRK je pred 50. rokom Zivota rovnaka, avsak
neskodr sa tento pomer obracia v neprospech muzov. KRK je ochorenie vo vSeobecnosti spajané
s vy$§im vekom, priemerny vek v case diagnézy je 73 rokov % Predpoklada sa, ze do 70. roku
zivota dojde minimalne u polovice populacie vo vyspelych krajindch k rozvoju urcitej formy
kolorektalneho nadoru, od benigného polypu az po invazivny karcinom %,

Kolorektalny karciném (C18-C21) je v Ceskej republike druhym najéastejim nadorovym

ochorenim u muZov a tretim u Zien (Graf 1) %,

Number of newly Number of newty
diagnosed cases per year

Males diagnosed cases per yaar Females
0 5000 10000 0 §000 10000
other skin tumour (C44) e 7543 other skin tumou (C44) [y 7117
colon and rectum (C18-C21) === 4678 breast (C50) =0 5600
trachea, bronchus and lung (C33,C34) [ 4643 colon and rectum (C18-C21) === 3342
prostate (C61) [ 3956 uterus (C54,C55) |23 1746
biadder (C67) =3 1663 trachea, bronchus and lung (C33,C34) 21502
. ovary (C56) j=2 1235
Kidney (C64) |23 1632 :
y cervix uten (C53) [0 1039
slormach €16 J 1000 kidney (C64) 3 981
oral cavity and pharynx (C00-C14) (3909 pancreas (C25) b 838
pancreas (C25) |3 866 melanoma of the skin (C43) 3 828
melanoma of the skin (C43) [9825 stomach (C16) 3 725
leukaerria (C91-C9S) [ 657 gatbladder and bliary tract (C23,C24) n 666
non-Hodgkin's lymphoma (C82- p 595 biadder (C67) p 601
Cas5.C98) p 516 non-Hodgkins lymphoma (C82- 1 564
liver and intrahepatc bile ducts (C22p 486 C85,C96) p522
lanmx (C32)p 418 thyroid gland (C73) pS17

leukaemia (C91-C85) § 361
brain and spinal cord (CT0-C72) ) 294
liver and intrahepadc bie ducts (C22) ) 268

brain and spinal cord (C70-C72 D 414
testis (C62)h 383

oesophagus (C15) ph 43
galbladder and biiary fract (C23,024) ) 220 R s i cnpiio ] oy
Hog;‘gs'mm &’:g?; :gé tonnective and soft tissues (C47,C49) | 124
Hodgkn's oma (C81) |71
conneclive and coft issues (C47,C49) 1125 “ oe!?p':\agm Em 5; 49
thyroid gland (C73) |3 1293 lanynx (C32) 1435
other malignant neoplasms other maignant neoplasms

Source: Czech National Cancer Registry

Graf 1: Najéastej$ie nadorové ochorenia u muzov a zien v CR (2001-2005)
Zdroj: http://www.kolorektum.cz/index-en.php?pg=epidemiology--colorectal-cancer-
czech-republic
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Pocet novo diagnostikovanych pripadov neustile rastiec avroku 2006 Ceska republika
zaujimala druhé miesto v pocte vyskytu KRK (4573 muzov a 3228 zien diagnostikovanych s
KRK) Vv porovnani s ostatnymi $tatmi v ramci Eurdpy (Graf 2) 3 Posledny oficidlny zdznam
z roku 2008 uvadza absolutny pocet 4861 muzov (t.j. 95,1 pripadov na 100 tisic muzov) a 3374
Zien (tj. 63,5 pripadov na 100 tisic Zien) diagnostikovanych s KRK #. Napriek zvysujicemu sa
poctu novo diagnostikovanych pacientov s KRK ma mortalita v poslednych rokoch mierne

klesajucu tendenciu (Graf 3).

Number of cases per 100,000 population:
age-standardised (European) rate (ASR-E)
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Graf 2: Incidencia KRK v Eurdpe
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Graf 3: Incidencia a mortalita na maligny kolorektalny karcindom u muzov a zien (na 100 000
muzov/zien)

Zdroj: UZIS CR ®

Klasifikacia a liecba kolorektalneho karcinému

Klasifikécia a delenie malignych nddorov KRK ma svoj nenahraditeI'ny vyznam pri stanoveni
progndézy a planovani najucinnejSej lieCby. Velmi doéleziti tlohu pri tom zohrdva TNM
klasifikécia, vydavana zdruzenim pre medzinarodnu kontrolu rakoviny (UICC), ktord umoziiuje

%6 Okrem Kklinicko-

rozdelenie nadorov do $tadii (staging) na zaklade jednotnych kritérii
patologického stagingu sa v si€asnosti zafinaju vyuzivat' pri vybere lieCby, urceni progndzy
arychlej detekcii naddoru aj rézne genetické markery KRK 2 Doposial’ neboli zistené Ziadne
vyznamné rozdiely tykajuce sa prognézy sporadickych a hereditarnych KRK. Jedinym zndmym a
potvrdenym rozdielom je lepSia progndéza pre nddory s MSI (tyka sa hlavne HNPCC
asociovanych nadorov; ¢i to plati aj pre nadory s MSI v désledku metylacie MLH1 prométora

: y . . . . e 28
nebolo jednoznaéne overené) v porovnani s nddormi s chromozomalnou nestabilitou .
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Medzi zakladné a Casto prvé kroky lie¢by sporadickych a hereditarnych KRK patri chirurgické
odstranenie nadoru. Tento pristup sa uplatiuje predovsetkym u menej pokrocilych stadii, ale aj
pri rozvinutej§ich formach ochoreni. Dal§im krokom byva adjuvantnd chemoterapia, ktora
u pacientov s invadovanymi lymfatickymi uzlinami (LU) zniZuje mortalitu aZ o 33% %°. Naopak
zistilo sa, Ze adjuvantna chemoterapia na baze 5-fluorouracilu nezlepSuje, v niektorych
pripradoch mé4 dokonca negativny efekt pri lietbe nadorov s MSI *. Dalsou formou terapie byva
neoadjuvantna radioterapia, vyuzivajica sa pri lieCbe rakoviny konec¢nika, ktora znizuje riziko

rekurencie 0 50-60% Vv porovnani so samostatnym chirurgickym odstranenim nadoru 3
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Ciele prace

V roku 2002 bola na Ustave biologie alékaiské genetiky zahajena analyza a rieSenie
problematiky hereditarneho nepolypdzneho kolorektalneho karcindmu (HNPCC). V tom istom
roku bol zmapovany d’alsi gén (MUTYH), ktorého zarodo¢né mutacie su spajané s predispoziciou
k MUTYH asociovanej polypézy (MAP). Analyza tohto génu u pacientov, ktori nespliiiali kritéria
pre HNPCC, bola jednym z prvych cielov tejto prace. Rychly priebeh analyzy s negativnym
vysledkom a zaroven prezenticia odbornych ¢lankov tykajucich sa danej problematiky 10,32
nasmerovala dalSie S$tadium Kk pacientom spodozrenim na vzacne dedi¢né ochorenia
s predispoziciou k roznym formédm neopldzii, predovSetkym gastrointestindlnych nadorov,

a zarovenn kK molekularno-genetickej analyze sporadickych kolorektalnych karcinomov v Ceskej

populécii.

Jednotlivé ciele:

1.  Stadium genotypu a fenotypu u Cowdenovej syndromu
Cielom bolo klasifikovat s pomocou molekularno-genetickej analyzy vzacne pripady
s podozrenim na CS a detailne popisat’ ich minoritné fenotypové prejavy. Navrhnat
implementaciu menej Castych symptomov ako diferenciaénych kritérii pri inych, tazsie
identifikovateI'nych ochoreniach.

2. Stidium genotypu a fenotypu u Peutz-Jeghersovho syndromu
Cielom bolo previest’ na zaklade mutacnej analyzy u pacientov s podozrenim na Peutz-
Jeghersov syndrom korelaciou genotypu a fenotypu a u nosi¢ov zarodo¢nych mutacii génu
STK11, ktori maji vysoké riziko vzniku nadorov GIT, stanovit' pravdepodobnost’ rozvoja,
vek nastupu a zavaznost’ ochorenia v ¢eskej populécii.

3. Stadium genotypu a fenotypu u sporadickych KRK v &eskej populécii
Cielom bolo pokusit’ sa objasnit’ vysoku morbiditu a mortalitu tohto ochorenia v Ceskej
republike, identifikovat’ Specifické mutacné profily u ceskych sporadickych KRK, odhalit’
moznu asociaciu medzi genotypom (frekvenciou a spektrom mutécii jednotlivych génov a ich
kombinacii) a fenotypom (klinickymi a histopatologickymi parametrami nadorov) a pokusit
sa prostrednictvom analyzy celého génu APC identifikovat’ moznych nositel'ov zarodo¢nych

mutacii génu MUTYH, ktori neboli a nemdzu byt detegovani na zaklade rodinnej anamnézy.
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4.

Stadium genotypu a fenotypu u pacienta s atypickym KRK
Cielom bolo uskutocnit’ u tohto pacienta s osobitym mutaénym profilom nadoru kone¢nika
rozSireni mutacnu analyzu, odhalit’ pri¢inu tohto fenotypu a vyuzit' ziskané poznatky
v prospech pacienta, jeho rodiny alebo aj inych nepribuznych jedincov s podobnym
molekularnym a klinickym obrazom ochorenia pri lie¢be, prevencii alebo sledovani ich

zdravotného stavu.
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Diskusia a komentare k publikaciam

Stidium genotypu a fenotypu u Cowdenovej syndrému

Cowdenovej syndrom (Tabulka 2), napriek jasne definovanym diagnostickym kritériam *, je
Casto mimoriadne zlozité jednoznacne a spravne diagnostikovat’. Penetrancia tohto ochorenia je
U nosic¢ov zarodo¢nych mutacii variabilna, klinické symptomy st rozmanité a mukokutanne 1ézie
nepatrné a l'ahko prehliadnutelné. Frekvencia ochorenia sa od pociatocnych odhadov
(1/1000000) po zavedeni molekularno-genetickych analyz zvySila na 1/200000 ale podla
najnovsich odhadov méze dosahovat incidenciu az 2-3 pripady na 5000 I'udi *.

Vicsina pacientov s CS je diagnostikovand az v Case rozvoja maligneho ochorenia, resp.
u mnohych dané ochorenie nie je diagnostikované vobec, ¢asto z hore uvedenych dévodov ale aj
pre nedostatok praktickych sktsenosti oSetrujucich lekarov. Pri dodato¢nom komplexnom
vySetreni pacientov, prvotne indikovanych a vysetrovanych s podozrenim na iné ochorenie (napr.
karcinom prsnika, Stitnej zl'azy, polyp6zy GIT, neurologické ochorenia), byvaju zaznamenané aj
dal§ie symptomy spédjané s CS. Naslednd molekularno-genetickd analyza moéze potvrdit’ alebo
vylagit nositel'a zarododnej mutacie génu PTEN. Az 80% pacientov spinajicich diagnostické
kritéria pre CS byva nositel'om zarodo¢nej mutacie génu PTEN 3

V publikacii 1 popisujeme pripad, ktory ndzorne ilustruje tieto problémy. Jednalo sa o 36
ro¢ného pacienta s rozsiahlou polypézou GIT. Histologické vySetrenie potvrdilo hyperplastické
a hamartomat6zne polypy v Zaludku, a taktiez zapalové polypy a adendmy v hrubom creve. Na
zéklade histologickych vysledkov bola u pacienta stanovena diagndza Peutz-Jeghersov syndrom.
Masivna papilomatoza pier pozorovand pri kontrolnom vysetreni GIT (14 rokov od prvého
endoskopického vySetrenia GIT) iniciovala dalSie komplexné vySetrenie, ktoré odhalilo
glykogénnu akantézu, tri plantdrne keratozy na dlani prave] ruky a makrocefaliu.
Ultrasonografickym vySetrenim bolo ndjdenych niekol'ko benignych uzlov §titnej Zl'azy. Tieto
klinické symptomy odpovedajuce CS viedli autora prace k zavedeniu a optimalizacii
molekularno-genetickej analyzy génu PTEN, ktorad u pacienta detegovala pritomnost’ zarodo¢nej
mutacie (c.825 840del) a korigovala prvotne stanovenu diagnézu. Bol to vobec prvy pripad CS
v CR potvrdeny na molekularnej Grovni, ¢o umoznilo definitivne uréit presnti diagnézu

a nasledne zahajit odpovedajicu formu liecby.
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V publikacii 2 popisujeme 55 ro¢nu pacientku, u ktorej bolo zaznamenanych niekolko
primarnych nadorov. V priebehu jej zZivota doslo k postupnému rozvoju maligneho karcinomu
vajecCnika, Stitnej zl'azy, zalidka a hrubého Creva. Okrem tychto malignit bol u nej zaznamenany
aj rekurentny benigny meningedém a polypdza GIT. Histologické vySetrenie odhalilo pritomnost’
roznych neoplazii traviaceho traktu. Potvrdené boli hlavne hyperplastické zapalové polypy, ale
tiez tubulovilozne a vilézne adendmy. Nepatrné mukokutdnne 1ézie v podobe bradavic na
predlaktiach rak boli odhalené az po cielenom vySetreni pre podozrenie na CS. Molekularno-
genetickd analyza génu PTEN potvrdila, ze pacientka bola nositel’kou zarodo¢nej mutécie
(c.438delT).

Oba popisané pripady sa vyznacovali masivnou polyp6zou GIT, ktora v druhom pripade viedla
k rozvoju nadorového ochorenia a smrti pacienta. Podl'a medzinarodnych diagnostickych kritérii
pre CS patria gastrointestinalne hamartomatdzne polypy medzi vedl'ajSie kritéria a riziko vzniku
rakoviny GIT je u nich minimalne *. | ked z histologického hladiska by pre CS mali byt typické
hlavne hamartomatézne polypy, tento typ predstavuje asi len 25% spomedzi vsetkych
nachadzanych polypov %z literatury tieZ vyplyva, Ze pacienti s CS z europskych krajin maju
nizsi vyskyt polypov resp. polypdézy GIT v porovnani s Japonskom, ¢o vSak moze byt’ vysledkom
CastejSie vykonavanych endoskopickych vySetreni u asymptomatickych pacientov s CS 3,
Prevazna vicSina prac tykajucich sa nadorovych ochoreni u CS nezohladiuje dozivotné riziko
vzniku nadorov GIT z dovodu relativne nizkeho veku pacientov. Na zédklade naSich vysledkov

a niekol’kych prac inych autorov 36, 38, 39

predpokladame, Ze polypdza GIT je u CS relativne Casta
aj Vv eurdpskej populacii a nasledné riziko vzniku nadorov je zna¢ne zvySené, i ked s neskorSim
nastupom v porovnani s nadormi prsnika a Stitnej Zl'azy. Preto sa domnievame, Ze endoskopické
vySetrenie GIT by malo byt sti¢astou komplexného vySetrenia pacienta s podozrenim na CS
a zaroven pacienti s polypdzou GIT, u ktorych bolo vylucené iné ochorenie spajané s polypdzou
traviaceho traktu (napr. FAP, PJS a dalSie), by mali podstapit komplexné vySetrenie so
zameranim na odhalenie d’alSich symptomov typickych pre iné vzacne syndrémy. Nasa analyza
teda prispela k rozsireniu znameho spektra fenotypove;j variability CS a k diskusii o modifikacii

sucasnych indikacnych kritérii pre testovanie mutacii v géne PTEN. Obe mutécie zistené u nasich

pacientov boli nové, doposial’ u pacientov s CS nepopisané.

21



Stidium genotypu a fenotypu u Peutz-Jeghersovho syndrému

V ¢lanku 3 popisujeme pacientov s podozrenim na Peutz-Jeghersov syndréom (Tabulka 2).
Toto podozrenie bolo odvodené na zaklade diagnostickych kritérii stanovenych Tomlinsonom
a Houlstonom “°. Zarodo¢né mutécie génu STK11 boli najdené u piatich pacientov z dvoch
nepribuznych rodin, ktoré spliiiali diagnostické kritéria pre PJS. Do stboru boli zaradeni aj traja
sporadicki pacienti nespliajuci kritéria, ale perioralna pigmenticia a Vv dvoch pripadoch aj
potvrdena pritomnost’ polypov rozhodli oich zaleneni do stboru. Zarodocnd muticia génu
STK11 bola najdena len u jedného z nich. Okrem perioralnej pigmentacie a polypov bol u jednej
28 ro¢nej pozitivne testovanej pacientky zaznamenany agresivne rastiici nddor zaludka, ktory bol
pravdepodobnou pri¢inou jej predCasnej smrti.

Z dostupnej literatury vyplyva, ze spomedzi nadorovych ochoreni GIT sa rakovina zaludka
u pacientov s PJS manifestuje v priemere okolo 30. roku Zivota, nasledovana rakovinou tenkého
(priemerne v 40 rokoch) a hrubého &reva (v 48 rokoch) *!. U ostatnych pacientov v nasom stibore
nebolo zaznamenané Ziadne nadorové ochorenie, ¢o moze byt aj vysledkom nizkeho veku, lebo 4
pacienti s potvrdenou mutaciou v ¢ase diagnézy mali menej ako 20 rokov. Kumulativne riziko
pre rozne malignity do 70. roku Zivota sa odhaduje na 81% a pre nadory GIT na 57% 42 Napriek
malému poctu pacientov sme sa pokusili o koreldciu genotypu a fenotypu pacientov, priCom sme
porovnavali vysledky aj s inymi autormi. Pozorovali sme, Ze pacienti s tzv.“truncating®
mutaciami (Skracujuce protein) maju tazsi fenotypovy prejav v porovnani s deléciami celého
génu. Na rozdiel od kompletnej straty génu, kedy dojde pravdepodobne k znizenej produkcii
prislusného proteinu, pri tzv. ,truncating” mutdciach sa moze uplatnit’ dominantne negativny
efekt, vysledkom coho je zavaznejsi fenotyp. Téato hypotéza bola neddvno podporena Studiou
vacsieho poctu pacientov, u ktorych boli ,truncation® mutacie spdjané¢ so skor$im néastupom
ochorenia, va¢§im poctom polypov a nadorovych ochoreni s, Predpoklada sa, ze typ mutacie by
mohol slizit' ako jeden z dolezitych faktorov kedy a v akej forme zahgjit' pravidelny skrining
a primeranu formu liec¢by. Podl'a najnovsich vysledkov by mali pacienti s ,truncating™ mutaciou
podstapit’ prvé kolonoskopické vySetrenie v 12. roku zivota a Vv pripade pozitivneho nalezu
opakovane Vv pravidelnych ro¢nych intervaloch -, Zahajenie skriningu v mladSom veku moze
pomoct’ pri odhaleni nddorového ochorenia v rannom stadiu a zvysit’ uspesnost’ ndslednej liecby.
Aj u tohto vzacneho syndromu teda nasa analyza priniesla dolezité poznatky rozsirujuce obecnt

znalost’ 0 tomto ochorenia.
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Stidium genotypu a fenotypu u sporadickych KRK v ceskej populdcii

Hlavnym impulzom pre tato $tadiu bol vieobecne znimy fakt, ze Ceskd republika sa
vyznacuje mimoriadne vysokym poctom néadorovych ochoreni GIT v porovnani s ostanymi
krajinami Europy 3, Doposial’ vSak nebola uskutocnend ziadnd analyza na molekularno-
genetickej urovni u pacientov so sporadickym KRK, ktora by pomohla odhalit’ pripadné Specifika
alebo vlastnosti typické pre Cesku populaciu resp. mozné pri¢iny vysokého vyskytu tohto
ochorenia. Mutac¢nou analyzou niekol’kych vybranych génov v skupine 103 sporadickych KRK
ziskanych od 102 ¢eskych pacientov sme ziskali niekol’ko zaujimavych poznatkov.

K tym najpozoruhodnej$im patrilo pozorovanie odliSného spektra a rozlozenia mutacii
Vv niektorych génoch v porovnani s vysledkami inych autorov resp. muta¢nych databaz. Zistili
sme, ze mutacie v géne APC nie s lokalizované primarne v oblasti "mutation cluster region"
(MCR) *, ale su rozptylené v rozsahu celého génu. Obmedzenie mutaénej analyzy na samotnt
MCR by v naSom stbore vyrazne ovplyvnilo jednak pocet najdenych mutacii a rovnako aj ich
spektrum. Porovnavanie a interpretacia vysledkov mutaénej analyzy génu APC s obmedzenim len
na vybrani oblast preto moze viest k skreslenym a nespravnym ziverom. Dalej sme
predpokladali, ze analyzou celej kodujicej oblasti génu APC by sme mohli odhalit” “skrytych®
pacientov s MUTYH asociovanou polypozou (MAP), kedze frekvencia tohto ochorenia sa zda byt

v Ceskej republike niZsia v porovnani s ostatnymi §tatmi Eurépy 10,32

. Pretoze MAP je recesivne
ochorenie a nadory tychto pacientov sa vyznacuju charakteristickym fenotypom % tento postup
v malopocetnych rodinach (bez pozitivnej rodinnej anamnézy) sa zdal byt’ opravneny. Neodhalili
sme vSak ziadny odpovedajici genotyp, ktory by poukézal na pacienta s podozrenim na MAP
aani nasledna analyza génu MUTYH nepotvrdila pritomnost’ bialelickej mutacie. Preto sa
priklaname k nazoru, Ze frekvencia MAP je v CR v porovnani s ostatnymi krajinami nizsia.
Podrla niektorych prac mutacny profil génu TP53 moze odrazat’ expoziciu organizmu urcitym
karcinogénom “°. Porovnanim nagich vysledkov s UMD p53 Mutation Database “® sme odhalili
vyrazne odliSné zastupenie najcastejSie sa vyskytujicich mutacii v nadoroch kolorekta. Jednym
z moznych vysvetleni mézu byt Specifické diétne ndvyky typické pre Cesku populaciu (napr.
zvysena expozicia polycyklickym aromatickym uhlovodikom) * alebo populaéné odlignosti vo
frekvenciach funkénych polymorfizmov reparaénych génov, ktoré by mohli modifikovat’ riziko
vzniku KRK *. Dalsim zaujimavym zistenim bolo, ze nadory s MSI a bez metylacie promotora

MLH1 mali skor$i nastup a vyznacovali sa zavaznejSim mutacnym profilom.
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To ¢i su tieto vysledky charakteristické pre ¢esk populéciu alebo st odrazom urcitej selekcie
pri vybere nadorov (takmer 90% pacientov bolo z hlavného mesta CR a blizkeho okolia) je

nevyhnutné overit’ na d’alSom rozsirenom subore pacientov.

Stidium genotypu a fenotypu u pacienta s atypickym KRK

Tato praca nadvizuje na predchadzajucu stadiu, v ramci ktorej sme odhalili jeden nador
kone¢nika s osobitym mutaénym profilom. Tento nador 13 rocnej pacientky sa vyznacoval
nezvycCajne vysokym poctom somatickych mutécii, a preto sme pre jeho pomenovanie zvolili
nazov “supermutacny”’ fenotyp. Tato pacientka bola paralelne a nezavisle od predoslej Studie
testovana aj pre podozrenie na Lynchov syndrém. Muta¢nou a imunohistochemickou analyzou
MMR génov (MLH1, MSH2, MSH6 a PMS2) sa zistilo, Ze je nositel’kou bialelickej zarodo¢nej
mutacie génu PMS2. Bialelické zarodo¢né mutdcie MMR génov st zodpovedné za vzicne
ochorenie oznadované ako konstituény mismatch reparaény deficientny syndrom (CMMR-D) ** a
tato pacientka predstavuje vobec prvy zaznamenany a zdokumentovany pripad tohto ochorenia
vCR. I ked kauzalna pri¢ina ochorenia sa zdala byt odhalend, vysoky pocet bodovych
somatickych mutacii vo viacerych génoch bol nezvycajny a doposial u CMMR-D pacientov
s zarodo¢nou mutaciou PMS2 nepopisany. Muta¢nou analyzou DNA ziskanej z KRK d’alSich
troch pacientov, ktori boli znami ako nositelia bialelickej mutacie PMS2, sme zistili, ze absencia
proteinu PMS2 s velkou pravdepodobnostou nebude kauzilnou pri¢inou tohto osobitého
fenotypu. Na zdklade typu ndjdenych somatickych mutacii sme vSak vytipovali gény (UNG2,
SMUG1, MBD4 a TDG), ktoré by mohli byt zodpovedné za dany fenotyp. Tieto gény maju
hlavnu tlohu pri odstranovani predovSetkym chybne inkorporovaného uracilu a tyminu v DNA,
¢im minimalizuju riziko vzniku tranzicii G:C>A:T, hlavného typu mutécii pri absencii resp.
nefunkénosti niektorého zo spominanej §tvorice génov >°. Analyzou vietkych vytipovanych
génov sme nasli somaticki mutaciu v géne TDG, ktora bola lokalizovana vo vysoko
konzervativnej oblasti a pravdepodobne spdsobila nefunkcénost’ prislusného proteinu.
Imunohistochemickou analyzou sme potvrdili, Ze miera expresie proteinu TDG bola v
nadorovych bunkach v porovnani s kontrolou znizend. Tento vysledok naznacuje mimoriadnu
dolezitost TDG pri zachovani integrity genomu, avsak otazka ¢i tento supermuta¢ny fenotyp je
dosledok absencie defektu samotného TDG alebo jeho vzajomnej kooperacie s nefunkénym

MMR systémom ostava nezodpovedana.
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A novel mutation of PTEN gene in a patient with Cowden
syndrome with excessive papillomatosis of the lips, discrete
cutaneous lesions, and gastrointestinal polyposis

Peter Vasovcak® Anna Krepelova®, Alena Puchmajerova®, Julius Spicak®,
Ludek Voska®, Andrea Musilova®, Jan Mestak® and Jan Martinek®

Cowden syndrome is an inherited disease characterized by
mucocutaneous lesions, gastrointestinal hamartomatous
polyposis and an increased risk of breast, thyroid and
endometrial carcinomas. Despite well described
phenotypic expression of this disease, it is not easy to
determine correct clinical diagnosis. In this case report we
present a clinical history of a patient with Cowden
syndrome. When he was 22 years old, he was found to have
polyposis of gastrointestinal tract. The diagnosis of Peutz-
Jeghers syndrome was established. Owing to intensive
belly spasms, as a 36-year-old he was sent to another
gastroenterological department where the thorough
gastrointestinal tract examination was performed. We
found glycogenic acanthosis of the esophagus; diffuse
polyposis with large polyps within the stomach, and
polyposis with small polyps in duodenum, colon, and
rectum. We also noted the presence of excessive
mucocutaneous papillomatosis of the lips and subtle skin
lesions. Possible Cowden syndrome diagnosis was
suggested. The same year he underwent plastic operation
of the lips. During surgery, diffuse nodularity of the trachea
was also noted. After plastic operation and assessment
of Cowden syndrome as a possible diagnosis, he was
recommended for a genetic examination. Diagnosis

Introduction

The autosomal dominantly inhented hamartoma poly-
posis svadromes comprise juvenile polyposis syndrome
(JPS, OMIM 174900), Cowden syndrome (CS, QMM
158350), Bannavan-Rilev=Ruvalcaba svndrome (BRRS,
OMIM  133480). and  Peutz=Jeghers syndrome  (PJS,
OMIN 1749000 [1]. To specify the correct diagnosis,
especially because of the subrle ¢linical distinctions and
overlapping phenaotypic spectra, is a challenge. The main
common clinical feature of these syndromes is the
presence of hamartomartous polyps. CS was first described
ina 20-vear-old woman in 1963 [2]. The gene respensible
for CS was mapped tw chromosome 10¢22-23 [3], CS is
characterized by a high nsk of breast. thyrod, and
endomerrial carcinomas. Pathognomonic features of CS
patients are mucocutancous lesions presented in 99% of
affected individuals before the age of 30 years [4]. In
1997, Marsh e . found germline mutations of PTEN
gene in BRRS padents. BRRS s characrerized by
hamartomatous  polyposis, macrocephaly,  lipomartosis,

0064-891X © 2007 Lippnuott Wilkams & Wikins
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of Cowden syndrome was confirmed by sequencing
analysis of the PTEN gene (phosphatase and tensin
homolog deleted on chromosome 10). We found

‘c.825 B40delAAATACATTCTTCATA' deletion. This case
affirmed that, for establishment of a correct diagnosis,
especially for rare clinically overlapping syndromes,
molecular testing is usually the only reliable method. Eur J
Gastroenterol Hepatol 19:513-517 © 2007 Lippincott
Williams & Wilkins.
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hemangiomas, and  speckled  penis. The  mutational
spectra of BRRS and CS seem o overlap. 1t s believed
that CS and BRRS are allelic and represent a single entity
15). Ie was suggested that PTEN would be the suscept-
ibility gene for all inherited hamartomatous svndromes.
By the dennficanion of STKZL, the gene responsible for
PJS. and mapping to chromosome 19p13.3. this syndrome
wis excluded |4]. PIS is characterized by gastrointestinal
(G hamartomatous polyps, perioral pigmentation, and
risk of GI and breast cancers, The last of the hamartoma
polyposis syndromes which could be diagnosed on the
basis of genetie analysis was JPS. In the case of JPS, the
susceprbility genes are MADHE on 18q21.1 and BMPRIA
on 10g21-22, |PS 1s characterized mainly by the presence
of Gl hamartomatous polyps and an increased risk of Gl
mahignancy. The diagnosis of JPS is made onlv if features
classic for other syndromes are not present [1].

After the firse CS case was described, more than 200
single cases have been published to date. 'To facilitate
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diagnosis of CS, the International Cowden Consortium
established operational diagnostic critenia [4].

We report a case of CS, which was initially diagnosed as PJS.

Case description

The patient, a 36-vear-old man, was referred to our
zastroenterology department in 2002 as having PJS. The
reason for referral was severe belly spasms, The patient
had been followed up for 14 vears for gaseric and colonic
polyposis.

At admission, the patient was noted as having mild
mental retardation. Proband’s facher (70 vears) had had
no  clincal €S manifestation far. mother  had
committed suicide ar 33 vears, and the parient had no
siblings. The personal history was unremarkable. He was
single and had no children.

S0

On physical examination, cxcessive papillomatosis or
cobblestone appearance of the lips (Figs 1 and 2), mild
wngival papilfomas, fissured tongue, and muacrocephaly
were identified. Also, subtle skin lesions were idenrified
—we found only three acral keratoses on the dorsum of
the right palm (Fig. 3). No acral lesions on the soles were
found. Laboratory tests were normal, Imaging mechods
(chest and  abdominal  computed-tomography
abdominal sonography, and banum-contrast study of the
small bowel) were also normal. Thyroid  sonography
showed multple stationary nodules of benign appearance,
which had nor ver been puncrured.

scans,

Upper Gl endoscopy revealed diffuse esophageal nodular-
ity with small whitish nodules (Fg. 4), In the stomach,
polvposis with some polyps cven exceeding 2 em was seen
(Fig. 3). The patient was not infected by Helscabacter pylori.
We performed endoscopic polypectomices of several large
polvps. Surprisingly, only sporadic polvps (maximum 10~
13) of small size (up to 2mm) were seen in the left colon
and rectum: no polyps in the right colon were diagnosed.

Histologically, esophageal nodules showed typical glyco-
genic acanthosis. Gastne polvps were mostly hyperplastic
(Fig. 6). They contained multiple cell types including
inflammatory, lipomatous, and fibromatous cells. Colonic
polyps were mainly inflammartory and some of them were
adenomatous with low-grade dysplasia.

On the basis of those lindings, the clinical diagnosis of CS
was made. Subsequently, the generic examination was
pedformed and confirmed the diagnosis (Fig. 7).

The main complame of the patient was the excessive
papillomatosis of the lips, It made ic difficult for him o
eat and drink and, also. created important aesthertical
consequences, Therefore, he underwent plastic recon-

30

Fig. 1

Cobblestone appearance of the lips before plastic reconstruction.

Fig. 2

Two years after surgical reconstruction of the lips.

struction of his lips (Fg 2). The histology of the lips
revealed hyperplastic polyps, During intubation, diffuse
nodulanity in the truchea similar to that in the esophagus
(glveogenic acanthosis) was noted.

At present, the patient is followed up and checked
regularly for cancers at risk (breast, thyroid, and colon).
Regularly, we perform polypectomies of large gastric
polvps bue their growth 1s very slow.

Genetic examination
We performed PCR amplification of exons 1-9 of the
PTEN gene and sequenced all exons  bilaterally, In
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Fig. 3
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Flg. 5

Acral keratozes on the right paim.

Fig. 4

Dvfiuse polyposis in the stomach. The s2e of polyps ranged from 2~
3mm 1o 2 cm, Histology showed the polyps were mostly hyperplastic.

Fig. 6

Nedular aspect of esophageal mucosa, Histology showed glycogenic
acanthosis typical of Cowden syndrome,

genomic DNA of the patient. we found the heterozygous
mutation ‘¢.825 S40deAAATACATTCTTCATA in the
eighth exon (Fig. 7). "The deletion of 16 nucleotides leads
to frameshift  mutation and  premature coddon
AACSTI83 (p.GIn27665X10) in the protein,

staop

The major role of the PTEN protein s to regulate
phosphainositol-3-Kinase/AKt - signal - pathways and  to
effect G1 cell-evele arrest and apoprosis. The PTEN
protein has two major domains: the N-terminal phospha-
rase domain with catalyric acrivity and the €2 domain,

31

Hyperplastic gastric polyp with mildly ¢longated foveolar glands and
ntermingled smooth muscle in the arborescent stroma. Typical features
of hamartomatous PIS (Peutz-Jeghers syndrome) polyps were not
found.

which is associated with substrate binding. The C-
rerminal domain also contains the PEST domain, which
regulates protein stability, and PDZ domain. important in
protein=protein interactions. Although this novel mura-
tion was located downstream of the phosphatase domain
of the PTEN protein, where the majority of mutations in
CS patients were dentified, we assumed that the loss of
the C2 domamn was responsible for CS in our patient.
This observation is in accordance with other truncating
murations that were found in the C2 domain of the PTEN
ene [5-101],
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Sequencing chromatogram displaying the nove! mutation ¢.825_B40del
In the eighth exon of the PTEN gene.
Discussion

In this case report, we present a d0-vear-old patient with
some typical features charactenstic of CS, according to
the Intemacional Cowden Consortium operational criteria
[4]. CS is a rure aurosomal-dominant disorder thar 1s
characterized by mucocutancous lesions. Gl polvposis,
macrocephaly, mental retardarion, and with increased nisk
of breast, thyroid, and endometrial malignancies [4].
Most of the CS cases published until now were presenred
with discernible clinical signs. which were found to have
various germline mutations in PTEN gene. Some cases
with ambiguous symptoms were also introduced, which
caused & wrong diagnosis at first or it took a longer time
until the correct diagnosis could be determined [4.11,12].
The madence of CS was estimated to be ar least one in
200000 |7). The true incidence seems to be under-
diagnosed, owing to various reasons. First, revelation of
CS in any patient is usuvally related to rhe finding of some
neoplasia, mostlv breast cancer m women and thyroid
cancer i both sexes in middle age. Second, mucocuta-
neous marks are often  discreer and  palmoplantar
keratoses resemble benign warts, which ure relatively
common in the general populacion. Our patient was found
o have three plantar keratosis papules and no other
visible mucocutaneous lesions. In contrast, he presented
with excessive oral papillomatosis and he underwent
plastic reconstruction.

In 1988 the patient was diagnosed with PIS owing o the
presence of hamartomarous polyps. Despite repeared
attempts, the older pathology specimens from that time

32

were not available for the review. Melanin spots on the
lips, buceal mucosa, and digies. which are rvpical features
of PJS, were not present in our patient. We think that
incorrect diagnosis of PIS was established because of the
unavailability of generic examinations and because there
was little information abour CS in 1988, Thus, the
diagnosis of PIS was comprehensible ar that time,

Approximately 30 to 67% of CS patients have thyroid
abnormalitics, including goiter, adenoma, and cancer: 25
to 76% of affected women have breast lesions, including
adenocarcinoma and fibrocysric discase (two €S cases
with breast cancer in men were noted as well): and 38%
have macrocephaly [4.13]. Ultrasonography of the thyroid
gland of our patient revealed several nodules, Goiter and
carcinoma were not confirmed. Macrocephaly was deter-
mined as well. GI polyps are usually asvmpromaric, They
are more common in Japanese (> 9N¥%) than in western
(40-70%) CS patients. The reason for this is considered
to be that Gl examinations are more  frequently
performed in Japan [14]. From the histopathelogical
point of view, hamartomatous, inflammatory, hyperplastic,
juvenile, lvmphomatous, and adenomatous polyps were
found in CS patients. Gl examination of our patient
showed mostly hyperplastic and some  hamartomatous
polyps in the stomach, and inflammatory polyps and
tubular adenomas in the colon. Esophagesl glyveogenic
acanthosis was also confirmed, It was suggested that
glveogenic acanthosis is a characreristie clinical manifes-
tation of CS and should be used to dmgnose this
condition and to distinguish CS from other polyposis
syndromes [13]. In our patient, we also identificd
glveogenic acanthosis of the trachea,

Over the past few vears, progress has been made in the
knowledge of the molecular mechanisms involved in CS
and other discases. The knowledge of the different
phenotypic features also plavs an important role in the
diagnosis. Clinicians who are not familiar with pathog-
nomic mucocurancous lesions of CS will be able to
distinguish CS patients through examination of breast,
thvroid, and GI tract. As new genes that are responsible
for different syndromes with similar phenotvpic features
are contnually discovered, presympromatic genetic test-
ing of individuals at risk should be recommended.
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Abstract

development of multiple malignant and benign tumors,

Background: Cowden syndrome (CS) Is a cancer predisposition syndrome associated with Increased risk of breast,
thyroid, and endometrial cancers, and is characterized by development of benign mucocutanecus lesions.

Case presentation: Here we report on a 58-year-old woman with multiple primary malignancies and subtle
miucocutaneous lesions such as small polyps and wart-like papulas. Over a period of 23 years, she developed various
malignant neoplasms including thyroid, ovarian, stomach, and colen carcinomas, and a benign meningioma. Direct
sequencing analysis of the PTEN gene revealed a novel germline mutation (c438delT, pLeul46X),

Conclusion: This case demonstrates that Cowden syndrome is a multi-system disease that can result in the

Background

Cowden syndrome (CS, OMIM 158350) is an autosomal
dominant disorder characterized by multiple hamarto

mas, which develop in the skin, thyroid gland, breast,
gastrointestinal tract, and brain [1], Germline mutations
in the PTEN (phosphatase and tensin homolog deleted
on chromosome ten) gene have been found in 80% of
patients with CS [2], The PTEN gene encodes a dual-
specificity protein and lipid phosphatase that regulates
the phosphoinositol-3-kinase/Akt signal pathway which
can result in cell cycle arrest in the G1-phase and apop-
tosis [3]. PTEN can directly or indirectly dephosphory-
late focal adhesion kinase (FAK), resulting in inhibition
of cell migration and cell spreading [3-5].

Diagnosing CS remains a challenge due to the varia-
tions in its clinical presentation. A recent molecular-
genetic study estimated that the incidence of CS was
1/200 000, although the actual incidence is likely to be
higher [6]. The pathognomonic features of CS include
mucocutaneous wart-like lesions, which are present in
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99% of affected individuals before the age of 30 years
[3]. The other most commonly reported manifestations
are breast carcinomas, thyroid abnormalities, macroce.
phaly, hamartomatous polyps and mental retardation
|7.8]. In women with CS, the lifetime risk of breast can-
cer is estimated to be 25-50%, compared to the general
female population risk of approximately 11%. The life-
time risk of epithelial thyroid cancer can be as high as
10% in both males and females with CS. Follicular carci-
noma is the most common CS-associated thyroid can-
cer, although papillary carcinomas have also been
observed [9,10].

The present report describes the identification of a
novel PTEN germline mutation in a female CS patient
who developed multiple primary tumors and subtle skin
lesions.

Case presentation
A 55-year-old woman suspected to have CS was referred
to the Department of Biology and Medical Genetics,
University Hospital Motol, Prague, for PTEN gene ana-
lysis to confirm the diagnosis.

Her medical history was unremarkable until she devel-
oped a goiter at 34 vears of age. At 45 years of age, she
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underwent a strumectomy. A histopathological examina-
tion confirmed a macrofollicular adenoma in the left
thyroid lobe and an encapsulated thyroid tumor in
the right thyroid lobe. At 54 years of age she underwent
a total thyroidectomy due to a follicular carcinoma
(Figure Ia).

At 43 years of age she underwent a hysterectomy for
myomatosis and adnexectomy due to an adenopapilo-
carcinoma of the left ovary.

At the age of 49 years, the patient was admitted to
hospital with epileptic paroxysms. A CT scan of the
brain showed a left frontal lesion, which was the cause
of the paroxysms. The lesion was surgically removed
and histopathologically classified as a benign menin-
gioma (Figure 1b). At 53 and 57 years of age, she was
again surgically treated for meningioma recurrence and
a steadily deteriorating condition, Despite those surgical
interventions, there was a progressive decline in cogni-
tive functions and memory.

The initial brain tumor finding together with the
observed cachexia led to the suspicion of metastasis
from an unknown primary cancer. Careful endoscopic
examination revealed hundreds of polyps in the sto-
mach, duodenum and colon. There were numerous
mostly hyperplastic and hamartomatous polyps up to
10 mm in diameter in the stomach. Smaller and multi-
ple sessile polyps were found in the duodenum. The
esophagus was free of any polyps. Along the entire
length of the colon were multiple histopathologically
confirmed hyperplastic and inflammatory polyps as well
as tubulovillous or villous adenomas of 4-10 mm in dia-
meter, with low-grade dysplasia.

i LENs Ve d } s
Figure 1 Histopathologic examination of the CS patient
a) Minimally Invasive follicular carcinoma of the thyrold gland
[HRE x100). b) Meningotheliomatous meningioma (H&E x100). ©)
Gasric hyperplastic polyp with adenocarcinoma (HEE x200). d)
L Tubular adenccarcinoma of the large bowel (H&E x100)

"~
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At the age of 55 years, the patient was examined by a
clinical geneticist (MS) who observed macrocephaly, a
fissured tongue and a polyp of 0.5 cm in diameter in the
dorsal part of the oral cavity. A few wart-like papules on
the forearms and chest were classified as senile verru-
coid lesions. No other mucocutaneous lesions were
found on the face or oral mucosa. The patient’s mother,
whose medical history was unknown to us, died of
colon cancer at the age of 56 years. No other members
of the family have had signs of CS or any cancer. The
patient had one child who was negatively tested for
mutations in the PTEN gene.

Several biopsies were performed throughout the gas-
trointestinal (GI) tract over a 9-year period, and none
showed evidence of malignant lesions. Then at 57
years of age, histopathological examination of biopsy
material from a hyperplastic polyp in the stomach
revealed a well-differentiated intramucosal adenocarci-
noma of 8 mm in diameter (Figure 1¢). One year after
the gastric cancer had been detected, the patient devel-
oped an aggressively growing synchronous adenocarci-
noma of the anorectum (T3NOMO) and the sigmoid
colon {T3NOMO) (Figure 1d). Abdominoperineal sur-
gery (i.e,, the Miles’ operation) was performed. How-
ever, the patient died at post-operative 1 month due to
unmanageable complications.

Methods

This study was approved by the Ethics Committee of
the University Hospital Motol, Prague, according to the
Helsinki Principles. After receiving written informed
consent, the genomic DNA of the patient was isolated
from blood leukocytes using a Genomic DNA Purifica-
tion Kit (Gentra Systems, Minneapolis, MI, USA)
according to the manufacturer's guide. The genomic
DNA was amplified using intronic primers (sequences
are available upon request) flanking the nine exons and
a promoter region of the PTEN gene [11], The PCR pro-
ducts were purified using a SureClean PCR purification
kit (Bioline, London, UK). Bidirectional cycle sequencing
of the PCR products was performed using a BigDye Ter-
minator v3.1 Cycle Sequencing kit and an ABI 3130
Genetic Analyzer (both from Applied Biosystems, Foster
City, CA, USA).

Results and Discussion

Examination of the genomic DNA revealed a novel het-
erozygous mutation, ¢.438delT, in exon 5 (Figure 2).
That mutation is predicted to lead to a frameshift that
results in formation of a premature stop codon
(p.Leul46X) for PTEN protein translation. The mutation
is considered to be pathogenic and causative for CS
disease.
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Figure 2 DNA sequencing electropherograms. Lipper panet:
Electropherogram of the PTEN gens, excn 5, from a healthy control.
Lower panel: Eectropherogram of the PTEN gene, exon 5, from the
Cowden syrdrome patient. Note the heterozygous deletion
mutation at c438dell (arrow).

More than 80% of patients who strictly meet the
International Cowden Consortium criteria are found to
harbor a PTEN mutation [12]. Mucocutaneous lesions
are present in 99% of CS patients before the age of
30 vears [3]. However, the present patient was not
reported to have had mucocutaneous lesions until 35
years of age, when a targeted examination revealed
subtle skin lesions. The only visible wart-like papules
were found on her forearms. Such lesions are commonly
found in the general population and could therefore
have been overlooked or considered unremarkable.

The most common malignancies associated with CS
are breast and thyroid carcinomas, Benign breast lesions
(fibrocystic breast disease, fibroadenomas) and breast
adenocarcinomas develop in about 76% and 25-50% of
CS-affected females, respectively [3]. The average age of
a breast cancer diagnosis in CS patients is between 38
and 46 years [13]. Marsh et al. observed an association
between the presence of a PTEN mutation and malig-
nant breast disease [12]. In our patient, a mammo-
graphic examination at 57 years of age showed no
evidence of any breast lesions.

Benign thyroid lesions occur in as many as 60% and
thyroid cancers in up to 10% of CS patients [3,9]. Our
patient developed a follicular adenocarcinoma at 54 years
of age, despite regular follow-up and treatment since her
first admission to hospital due to a goiter at 34 years old.

Gynecological abnormalities are reported in 44% of
females with CS [7]. Endometrial cancer is a major diag-
nostic criterion for CS, with an estimated frequency of
5-10% [7]. Ovarian tumors are rare in CS, with only one
report documenting an ovarian dysgerminoma in a CS
patient [14], The hypothesis that a germline mutation of
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the PTEN gene was implicated in the formation of ovar-
ian tumors in CS patients was supported by the identifi-
cation of a somatic loss of heterozygosity (LOHJ in the
wild-type allele [14]. The present patient had myomato-
sis of the uterus and adenocarcinoma of the left ovary at
the age of 43 years. Unfortunately, ovary tumor tissue
was not available for LOH analysis.

Macrocephaly and Lhermitte-Duclos disease {dysplastic
cerebellar gangliocytoma) are also major pathognomonic
diagnostic criteria of CS [15]. Meningiomas (benign brain
tumors) have also been described in CS patients, albeit
rarely [16-19]. In our patient, the discovery of a menin-
gioma launched an intensive and thorough follow-up
which revealed additional and continually appearing
symptoms. Benign brain lesions accompanied by epileptic
paroxysms and a steadily deteriorating clinical condition
were her main health problems.

Gastrointestinal polyps (mostly classified as hamartoma-
tous, hyperplastic, inflammatory, juvenile, lymphomatous
and adenomatous} are commonly reported in CS patients,
with frequencies ranging between 35-85% and higher than
90% in Western and Japanese patients, respectively
[9,20-24]. That difference in frequency is considered to
reflect that Gl examinations are more common in fJapan
[24]. In a study involving 126 CS patients, Marra et al.,
reported that of the 42 patients who underwent a com-
plete Gl examination, 36 (85%) had GI polyps. Non-ade-
nomatous polyps that are generally asymptomatic may be
more common in CS patients, especially when Gl investi-
gations are not part of the recommended surveillance for
CS. Although an association between CS and Gl cancer
remains a topic of debate, reports describing malignant GI
tumors in CS patients have been published [9,21-23,
25-27]. Although non-adenomatous polyps have a weak or
absent malignant potential, there is evidence that carcino-
mas may arise within non-adenomatous polyps (26,28, and
the present study]. Marra et al. stated that adenomatous
polyps represent approximately 25% of CS polyps, and
have a higher malignant potential than non-adenomatous
polyps [22], During a 9-year follow-up period, the present
patient developed numerous Gl polyps with various histo-
pathological features (hyperplastic, inflammatory, hamar-
tomatous and adenomatous). Ultimately, three polyps
(a hyperplastic polyp in the stomach, and adenomatous
polyps in the rectum and the sigmoid colon) progressed to
MAaCcroscopic carcinomas.

Conclusion

Although breast and thyroid cancers are the predomi-
nant malignancies in CS patients, it should be empha-
sized that benign and/or malignant tumors may also
develop in the GI tract from pre-existing polyps, and in
the genitourinary tract or in the brain. Most of the stu-
dies that have examined cancer in CS patients do not
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report the lifetime risk of development of a malignant
neoplasm because the patients are relatively young. We
propose that meningiomas and GI tract cancers, albeit
rare, should be a component of the definition of CS.
Physicians who might encounter CS patients should be
aware of the possible neurological and/or GI tract
manifestations.

Consent
Written informed consent was obtained from the patient
for publication of this case report and for the use of the

accompanying images. A copy of the written consent
can be obtained from the Editor-in-Chief of this journal

Acknowledgements

We thank Evzen Krepela, MD PhD and Petra Hedviddkova, for crmcal reading
and editing of the manuscript.

Supported by: VZ MZ0 00064203

Author details

'Department of Biology and Medical Genetics, Charles University 2nd Faculy
of Medicine and University Haspital Motol, Prague, Ceech Republic,
*Department of Medical Genetics, Uriversity Hospital, Hradec Krdlove, Czach
Republic, Fingertand's Depanment of Pathology, Faculty of Medicine.
Hradac ¥rilowe, (zech Republic.

Authors’ contributions

PV caried out the molecular genetic study including the DNA sequencing,
and deafted the manuwcript MS identified and dizgnosed the patient. JH
prepared, read and classified the histological samples AK designed the
study and revised the manuscript. All suthaors read and approved the final
MRNUSCrips,

Competing Interests
The authors declare that they have no competing interests

Receved: 7 August 2010 Accepted: 15 March 2011
Published: 15 March 2011

References

1 Uoyd ¥ Dennis M Cowden’s disease. A possible new symptom
complex with multiple system involvement. Ann Intem Med 1963
58136-142,

2 Law D, Marsh DJ, LI J, Dahia PL, Wang 5L Zheng Z Sose 5, Call KM,

Tsou HE, Peacodke M, &f @ Germdine mutations of the PTEN gene in

Cowden disease, an inherited breast and thyrotd cancer syndrome. Not

Gener 1997, 1664567

Eng C PTEN: one gene, many syndromes. Hum Murat 2003, 22183158

Tamus M, Gu | Matsumeto K Acta 5, Parsors | Yamada KM: inhibition of

cell migration, spreading, and focal adbesions by tumor suppressor

PTEN. Science 1998, 280:1614-1617,

5 Tamura M, Gu ), Danen EM, Takino T, Myamoto S, Yamada KMt PTEN
Interactions with focal adhedon kinase and suppression of the
extracellular matnx-dependent phosphatidylinositol 3-kinase/Akt cell
survival pathway. J Biol Chem 1999, 27420693-20703.

6 Nelen MR, van Staveren WG Peoters EA, Hassel MB, Gordin RJ, Hamm H,
Lindboe CF, Fryns 1P, Sipmons BH, Woods DG, er o Germline mutations in
the PTEN/MMACT gene in patients with Cowden disease. Hum Mol Gener
1997, 6:1383-1387,

7 Ing C Will the real Cowden syndrome please stand upy revised
diagnostic criterta. J Med Gener 2000, 37:428-830,

8 Nelen MR, Padbeng GW, Peeters EA, Lin AY, van den Helm 8, Franis R,
Coulon V, Goldsten AM, van Reen MM Easton DF, er ol Localization of the
gene for Cowden disease 1o chromosome 10G22-23, Nat Genet 1996,
13014016,

&

Page 4 of 4

9 Srarnk TR, van dar Vieen JP, Arwent F, de Waal LP, de Lange GG Gilk J),
Eriksson AW The Cowden syndrome: @ clinical and genetic study in 21
patients. Ciin Genet 1986, 29:222-231,

10 Waee KA, Eng C Protean PTEN: form and function. Am J Hum Gener 2002,
TOEZFBA4

11 Zhou XP, Waite KA, Plarski R Hampe! H, Fernandez M, Bos C, Dasouki M,
Feldman GL, Greenberg LA, Ivanovich | et ob Germline PTEN peomoter
mutations and deletions in Cowden/Bannayan-Riley-Ruvalcaba
syndrome result in aberrant PTEN protein and dysregulation of the
phosphoinositol 3-kinase/Akt pathway. Am J Hum Genet 2003, 73404411,

12 Marsh DJ, Coulon V, Lunetma KL, Rocca-Serra P, Dahla PL, Zheng Z, Lisw
Caron 5 Dubouse 8, Lin AY, et ol Mutation spectrum and genotype-
phenotype analyses in Cowden disease and Bannayan-Zonana
syndrome, two hamartoma syndromes with germbine PTEN mutation.
Hum Mol Gener 1998 7507515,

13 Pileski B Eng C Wl the real Cowden syndrome please stand up
(again)? Expanding mutational and dinical spectra of the PTEN
hamartoma tumour syndrome. J Med Genet 2004, 41323-326

t4 Cho MY, Km HS, Eng C, Kim D5, Kang 51, Eom M, W Y, Bronner M2 First
report of ovarian dysgerminoma in Cowden syndrome with germiine
PTEN mutation and PTEN-related 10q boss of tumor heterczygosity. Am J
Swg Pathol 2008, 32:12568-1264

15 Gustafon 5, Zbuk KM, Scachen C Eng C Cowden syndrome. Semin Oncol
2007, 34478434

16, Lok € Viseux V, Awll MF, fichard MA, Gondry-loust C, Deramand H,
DestossezTribout € Counade 5, Debunay M, Piette 7, et at Brain magnetic
resonance Imaging In patients with Cowden syndrome. Madicine
(Baramone) 2005, B4:129-136,

17 Lyons 0, Wilson CB, Horton JC: Association between meningioma and
Cowden’s disease, Neurowogy 1993, 43:1435-1437

18 Rademaket J, Kim Y), Leibecke T, Raman SS. Voit C Cowden disease: €T
findings in theee patients, Abdom Imaging 2005, 30.204-207

19, Fimbau J, [samat F: Dysplastic gangliocytoma of the cerebellum
(Lhermitte-Duclos disease) and its relation to the multiple hamartoma
syndrome (Cowden disease). / Neurconca! 1994, 18191197

200 Chen YM, Oct DU, Wa WO Gefand OW: Cowden's disease: a case raparnt
and literature review, Gastromtest Radiol 1987, 12325329,

21 Chilow F, Zancanelia L, Perino F, Wallnoefer W, Vigh Ef, Colomberti V,
Dotwilla G: Cowden's disease with gastrointestinal polyposis, Gastromtest
Endosc 1990, 36:323-34.

22 Mama G, Armelan F, Vacdho FM, Percesepe A Anti M; Cowden's disease
with extengdve gastraintestinal polyposis. | Cin Gastroenterol 1954,
184247

23 Salem QS, Steck WD: Cowden's disease (maultiple hamartoma and
neoplasia syndrome). A case report and review of the English fiterature,
4 Am Acad Dermato! 1983, 8686-65%6

24 Sawoda T, Mammano N, Satoh H, Okada T, Takeda Y, Mabuchi H: Mutation
analysis of the PTEN/MMACT gene in Japanese patients with Cowden
diseasé, pn J Cancer Res 2000, 9%:700-705

25 Gorensek M Matho | Skralownk A, Rode W Satler |, Jutersek A
Disseminated hereditary gastrointestinal polyposis with orotutaneous
hamartomatosis (Cowden's disease). Endoscogy 1984, 165963

26 Hamby LS, Lee EY, Schwart AV Parathyroid adenoma and gastric
carcinoma as manifestations of Cowden's disease, Swgery 1995,
18115117

27 Taylor AJ, Dodds W, Stewart ET; Alimentary tract lesions in Cowden's
disease, i J Kadiol 1989, 62.890-892

28 Bosserhoft AX, Gnssendorf-Conen El, Rubben A, Rudnik-Schonebom 5,
Zewres K Buennes R Merkelbach-8ruse 5 Multiple colon carcinomas in &
patient with Cowden syndrome. In? J/ ol Med 2006, 18643647

Pre-publication history
The pre-publication histoey for this paper can be accessed here.
http/Awvan biomedcentral comy 147 1-2350V1 2738/ prepub

dof:10.1186/1471-2350-12-38

Cite this article as: Vasoviak ¢ ol Multiple prirmary malignancies and
subtle mucocutaneous lesions associated with a navel PTEN gens
mutation in a patient with Cowden syndrome: Case report. 8440 Madkeal
Ganetics 2011 1238




Publikacia 3

BNMC Medical Genetics

Research article

Mutations in STKI | gene in Czech Peutz-Jeghers patients

()

BioMed Central

Peter Vasov¢ak* !, Alena Puchmajerova!, Jan Roubalik? and Anna Kiepelova!

Address: ' Depanment of Blology and Medical Cenetics, Charles University 2nd Medical School and University Hospiial Motol, Pragee, Czech

Republic and 2Bata Hospital, Digestive Endoscopy Centre, Zlin, Czech Republic

Email: Peter Vasovddk® - pevas7s @ hotmail.com; Alena Puchmajerovd - alenapachmajerovad@ iimotol cuni.cz
Jan Roubalik - roubalik@ bnzhin <z Anna Kiepelova - anna krepelovage inmotol ¢z

* Corresponding author

Published: |9 July 2009

BMC Medical Genetics 2009, 10:69  doi:10.1186/1471.2350-10-69

This arnicle is available from: htep2//www.biomedcentral.com/ 1471-2350/10/6%
© 2009 Vasontik et al; licensee BioMed Central Ltd.

Received: 30 January 2009
Accepted: 19 July 2009

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (hespilicreativecommanz.org/licensea/by/2.0),

which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract

Background: Peutz-jeghers syndrome (PJS) is an autosomal dominant hereditary disease
characterized by mucocutaneous pigmentation and gastrointestinal hamartomatous polyposis. The
germline mutations in the serine/threonine kinase |1 (STKI//) gene have been shown to be
associated with the disease. Individuals with PJS are at increased risk for development of various
neoplasms. The aim of the present study was to characterize the genotype and phenotype of Czech
patients with PJS.

Methods: We examined genomic DNA of 8 individuals from five Czech families by sequencing
analysis of STK! [ gene, covering its promotor region, the entire coding region and the splice-site
boundaries, and by multiplex ligation-dependent probe amplification (MLPA) assay designed for the
identification of large exonic deletions or duplications of STK/ | gene.

Results: We found pathogenic mutations In STK/ ! gene In two families fulfilling the diagnostic
criteria of PJS and in one of three sporadic cases not complying with the criteria. The patient with
the frameshift mutation in STK// gene developed aggressive gastric cancer. No other studied
proband has developed a carcinoma so far.

Conclusion: Our results showed that a germline mutation of STK/ | gene can be found not only
in probands fuffilling the PJS diagnostic criteria, but also in some sporadic cases not complying with
the criteria. Moreover, we observed a new case of aggressive gastric cancer in a young patient with

a frameshift mutation of STK/ | gene.

Background

Peutz-Jeghers syndrome (PIS; OMIM 175200) is an aulo-
somal dominant disorder characterized by mucocutane-
ous pigmentation and gastrointestinal hamartomatous
polyposis with an increased risk of cancer [1-4]. The
cumulative risk of all cancers in PIS patients by the age of
60 vears is 60% and is increased approximately by 8-fold
as compared to general population |5]. Histopathologi-
cally, polyps in PIS are characterized as hamartomas.

However, adenomatous changes may occur in polyps and
they can become malignant. In addition 10 an elevated
risk of gastrointestinal cancers, it has been described an
increased risk of cancer development at other sites, partic-
ularly in the breast, ovary, uterus, cervix, pancreas, lung
and testis [3,6-9]. Testicular sex cord and Sentoli cell
tumors, leading to sexual precocity and gynecomastia | 10-
12], sex cord tumors with annular tubules and cervical
adenoma malignum [ 13| have also been reported.

38



BMC Medical Genetics 2009, 10:69

The gene responsible for PIS, denoted STK11, which
encodes a serine/threonine kinase and mapps to chromo-
some 19p13.3, acts as a tumor suppressor |4,14,15). It
plays a role in the p53-dependent apoptosis pathway, in
the vascular endothelial growth factor signaling pathway
and in the polarization of epithelial cells [16-18].

About one-third of patients with PJS are diagnosed before
the age of 10 years and up to 60% cases develop their first
clinical manifestations until the third decade of life [19].
In most cases, initial symptoms are abdominal pain due
to intussusceptions, obstruction and gastrointestinal
bleeding with anemia |20,21|. A working definition of PJS
has been suggested by Giardiello [3], where for individu-
als with a histopathologically confirmed hamartoma, the
diagnosis of definite PIS requires two of the following
three findings: a family history consistent with the auto-
somal dominant inheritance, mucocutaneous hyperpig-
mentation, or small-bowel polyposis. Tomlinson and
Houlston [22] have modified the classification criteria for
PIS for individuals without a family history of PIS, in
whom the diagnosis depends on the presence of two or
more histologically verified Peutz-Jeghers-type hamar-
tomatous polyps,

There are some differential syndromes of PIS which could
be misdiagnosed. The pigmentation of the perioral region
is an external hallmark of PIS. It is not present in other
hamartomatous  polyposis syndromes which include
Cowden syndrome (CS; OMIM 158350), Bannayan-
Riley-Ruvalcaba syndrome (BRRS; OMIM 153480) and
fuvenile polyposis syndrome  (IPS; OMIM  174900),
Laugier-Hunziker syndrome (LHS) is another differential
diagnosis of PJS characterized by benign melanotic pig-
mentation of the oral cavity and lips, associated with spot-
ted macular pigmentation of the fingerprints and
longitudinal melanonychia. LHS is known to be a benign
disease without gastrointestinal polyposis and with no
systemic manifestation |23].

We report here a clinicopathological manifestation and
mutational analysis of STK11 gene in eight PIS individuals

from five unrelated Czech families.

Table I: Clinical manifestations

http/Avww.biomedcentral.com/1471-2350/10/69

Methods

Patients

Eight patients from five unrelated families were included
in the study (table 1). Four probands from two families
fulfilled and three sporadic cases did not fulfill criteria 1o
establish the diagnosis of definite PIS [3,22]. In one indi-
vidual, we made a presumptive diagnosis of PJS due to a
first-degree relative with PIS and the presence of mucocu-
taneous hyperpigmentation. All eight patients except one
(A-2) underwent endoscopic procedures to examine the
inspectable part of GIT,

Family A includes mother (case A-1) and her daughter
(case A-2),

Case A-1 was a 29-year-old female with negative family
history. The diagnosis of P)S was made at her 10 years of
age due to hyperpigmentation of the lips, buccal mucosa,
and perinasal region. X-ray examination of abdomen did
not reveal any polyp, The patient was free from any
abdominal symptoms. At her 24 years of age she under-
went gastroscopy because of dyspepsia lasting for a few
months. A rigid mucosa of the stomach was noted, but it
was histolopathologically negative. Sixteen months later
and seven months after giving birth, two hamartomatous
polyps 4.5 cm and 1.5 cm in diameter and multiple small
polyps 1-3 mm in diameter were found in her stomach.
Colonoscopy revealed tubulous adenoma, 3 cm in diam-
eter in her caecum. Enteroclysis did not show any pathol-
ogy of the small intestine. Later on, she has been followed
up every six months. During the follow up, a tubulovil-
lous adenoma from sigmoid colon and a hamartomatous
polyp from the transverse colon were removed, and at her
27 vears of age, a well differentiated mucinous adenocar-
cinoma in her left inferior lung lobe was surgically
removed. One year later, during second gestation, adeno-
carcinoma of the stomach was found. The patient refused
termination of her pregnancy. Therefore, an operation
was performed without any previous neoadjuvant ther-
apy. Unfortunately, because of deterioration of her per-
formance state, premature birth was induced at the 30-th
week of the gestation. Three months later the patient died
of gastric cancer,

Family Caseno Sex Age at onsetladmission  Initial symptoms/signe  Histology of polyps Location Cancer Mutation
A CA-1 F [ pigmentation hamartomatous throughout GIT  lung. stomach +
A-2 F 2 pigmentation NA NA No +
B8 ‘8-1 F 36 pigmentation hamartomatous throughout GIT No *
'B-2 M 10 pigmentation hamartomatous throughout GIT No +
8-3 M 6 pigmentation hamartomatous throughout GIT No +
Cc C F 2 pigmentation adenomatous small intestine No +
D D-2 M 50 pigmentation hyperplastic colon No -
E E-3 M 10 pigmentation no polyps no polyps No -
NA - not analysed, GIT — gastrointestinal tract, * ~ fulfillment of PJS criteria
Page 2 of 8
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Case A-2, a 7-year-old girl, presented with pale brown
patches on the lower lip, which have been noted since her
2 years of age. Examination of her GIT was not performed.

The younger daughter, 4 years old, was notincluded in the
study. She was free of any symptoms typical for PJS.

Family B comprises mother (case B-1) and her two sons
(cases B-2 and B-3),

Case B-1, a 46-year-old female has presented with perioral
and buccal pigmentation, lasting since childhood. She
was found to have colonic and small intestinal hamar-
tomatous polyps already at 36 years of age. The polyps
from the stomach were histopathologically classified as
hyperplastic with diffuse mixed inflammatory infiltration
in stroma and focal epithelial metaplasia. Subsequently,
repeated colonoscopy and enteroscopy with polypectomy
have been performed. Evenually, total colectomy was
performed due to excessive polyposis and recurrent GIT
problems. Histopatholological examination of the polyps
did not reveal any malignancy. Her family history is miss-

ing.

Case B-2 represented a |7-year-old boy with perioral
brown pigmentation, mostly on the lips. At his 10 years of
age, hamartomatous polyps in small the intestine were
detected. Afterwards, he has been frequently examined by
gastroduodenoscopy and colonoscopy and polypecto-
mies have been performed. One polyp from the antrum of
the stomach, 3 mm in diameter, was classified as hyper-
plastic with stromal inflammation. Three colon polyps, 3
mm in diameter, showed the typical features of hamar-
tomatous lesions, branching strands of muscular tissue
and numerous cystic dilatations of the glandular lumens
of various sizes.

Case B-3, a 13-year-old boy, manifested with mucocuta-
neous brown to dark blue pigmentations on the lip,
mostly on the lower one. At his 6 years of age, rectal bleed-
ing due to a polyp, 55 = 35 » 20 mm, in the rectum was
noted.  Histopathological examination of the polyp
showed a tubulovillous adenoma with mild dysplasia in
the superficial colonic epithelium, Later on, he has under-
gone frequent gastroduodenoscopies and colonoscopies
with polypectomies. Three polyps were classified as
hamartomatous and one as a tubulovillous adenoma with
low-grade dysplasia, 3 mm in diameter. All four polyps
were excised from the sigmoid colon.

The remaining cases (C-1, D-1 and E-1) were sporadic,
Case C-1, a 20-year-old female has presented brown 1o

dark blue pigmentations since her 2 vears of age. At her 14
years of age, enteroclysis her small intestine showed one

40

http:/Avww.biomedcentral.com/1471-2350/10/69

adenomatous polyp. Frequent colonoscopies and ente-
roclysies with negative results have been performed. At
the time of the molecular analysis of her genomic DNA for
germline STK11 mutation, another capsule endoscopy
examination was performed. A few (less than ten) dimin-
utive polyps in the stomach and one polyp in the ileum
were found. The polyp from the ileum showed character-
istic histopathological features of adenoma. Polyps from
the stomach were not biopsied. Her family history was
negative,

Case D-1, a 50-year-old male with perioral and buccal pig-
mentation was found to have two hyperplastic polyps,
one in the sigmoideum and the other one in the colon
ascendens. Tubulovillous adenoma with low-grade dys-
plasia was excised from the ascending colon. The mother
of the patient had colon cancer in 72 vears of age and his
father, a smoker, had lung cancer in 76 years of age. They
were without hyperpigmentation.

Case E-1, a 10-year-old boy, was referred because of peri-
oral and buccal pigmentation. Examination of his GIT did
not reveal any polyp. His parents and step-siblings are
without any PIS symptoms.,

Genetic analysis

After receiving a written and signed informed consent, the
genomic DNA of the patients was isolated from blood leu-
kocytes using the Genomic DNA Purification Kit (Gentra
Systems, Minneapolis, Ml, USA) according to manufac-
turer's guide. The genomic DNA was amplified using
intronic primers [24,25] flanking the nine exons and the
promoter region of STK11 gene. PCR reactions were per-
formed in a total volume of 30 ul containing 100 ng of
genomic DNA, 50 pmols of each primer, 0.2 mM of each
dNTP, 1 « Tag buffer containing 1.5 mM MgCl, and 1 unit
of Taq polymerase (Fermentas, Vilnius, Lithuania). The
amplification was performed in 2720 Thermal cycler
(Applied Biosystems, Foster City, CA, USA) with the fol-
lowing protocol: an initial denaturation of 1 min at 95°C
was followed by 33 cycles of 1 min at 95°C, 1 min at
53°C, 1 min at 72°C, and a final extension step of 7 min
at 72°C. PCR products were purified using the SureClean
PCR purification kit (Bioline, London, UK). DNA
sequencing was performed using the purified PCR prod-
uct, the BigDye Terminator v3.1 Cycle Sequencing kit and
ABI 3130 Genetic Analyzer (both from Applied Biosys-
tem) according to the manufacturer's instructions.
Patients with negative results of DNA sequencing analysis
were further examined by means of the multiplex ligation-
dependent probe amplification (MLPA) method for the
identification of large exonic deletions or duplications,
using the P101-STK11 MLPA kit (MRC Holland, Amster-
dam, The Netherlands) and the following MLPA protocol

hup://www.mlpa.com/WebForms/WebForm
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Main.aspx?lag=wl2zCii\rCGANQgZPuTixtCpl CA L mmw]
ofFo/xHPnTgcl. Samples were run and data were analyzed
on ABI 3130 Genetic Analvzer in conjunction with Geno-
typer software (version 4.0; Applied Biosystems). Electro-
pherograms were evaluated by visual examination of peak
heights of the STKT1 fragments in relation 10 the adjacent
control fragments and in comparison with external con-
trol DNA samples,

The study was conducted with approval by central ethical
committee of Ministry of Health, Czech Republic, in
accordance with the tenets of the Helsinki declaration.

Results and discussion

Excised polyps were histopathologically classified as
hamartomatous in the cases A-1, B-1, B-2, and B-3, as ade-
nomatous in the case C-1, and as hyperplastic in the case
D-1. Case E-1 was free of any polyps (Table 1). All studied
individuals had pigmentation of the lips and buccal
mucosa, while it was most visible in the children patients.
None of the probands had pigmentation of extremities. A
positive family history of cancer was only noted in the

hitp:/fwww biomedcentral.com/1471-2350/10/69

case D-1. Mutation analysis revealed three different germ-
line mutations, In the family A, a germline mutation
(c.350dupT) in exon 2 (Fig. 1) was detected. This muta-
tion is predicted to introduce a frameshift at codon
Leul 17, 46 novel amino acid residues, and a premature
termination codon (p.Leul17PhefsX46). It was found in
heterozygosity in both examined patients (A-1 and A-2).

Individuals from the family B {cases B-1, B-2, and B-3)
harboured deletion of a part of the promoter region and
exon 1 (Fig. 2). Case C-1 was a carrier of deletion of the
whole STK11 gene (Fig. 3). In the cases D-1 and E-1, we
have not revealed any variation of STK11 gene by using
the aforementioned methods.

PIS is a relatively very well charactenized disorder with a
clear cut phenotype [22|. However, in sporadic cases, the
diagnosis of PIS may be uncertain. Although multiple
hamartomatous polyps of the GIT are pathognomonic of
the PIS, hyperplastic and adenomatous polyps are com-
monly present [17]. Recently, it has been reported that
STK11 deletions are not a rare cause of Peutz-Jeghers syn-
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the position c.350, leading to a frameshift and a premature stop codon.
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drome and account for up to 30% of patients with PJS
|26,27]. There was no difference in the clinical phenotype
between the patients with point mutations or with large
genomic deletions | 26]. However, the detailed phenotype
of patients with different types of mutations was not
reported.

Members of the family B (cases B-1, B-2, and B-3) had
almost uniform clinical symptoms with variable age of
onset of the first symptoms and detection of polyps. They
are carriers of a germline mutation (deletion of a part of
the promoter region and exon 1) of STKI1, All three
affected individuals had mucocutaneous hyperpigmenta-
tion predominantly on the lips and on the buccal mucosa,
being the most prominent in the youngest patient (B-3)
and very pale in the mother (B-1). Sons of the latter
patient, i.e. the patients B-2 and B-3, were initially classi-
fied as P)S-suspected because of striking hyperpigmenta-
tion of the lips. Both of them are under careful
surveillance, A few endoscopic examinations of the GIT
have been performed so far, with polypectomy of hamar-
tomatous polyps. This confirmed the diagnosis of definite
PIS. Polyps were localized in the small intestine and
colon. No polyps were detected in the stomach,

Deletion of the promoter region and exon 1 was reported
in three independent studies in 12 PIS families overall
|26-28]. It could be a recurrent mutation, probably a con-
sequence of an unequal recombination mediated by
repetitive Alu (SINE elements) sequences. In accord with
LICSC Genome Browser, the region of chr19:1,129,999-
1,196,665, where STK11 gene is located, is rich for these
repetitive sequences, which can be involved in large chro-
mosome rearrangements. The implication of Alu repeti-
tive clements in unequal genomic recombinations were
described for another tumor suppressor gene, MSH2,
implicated in Lynch syndrome (HNPCC) [29].

We failed to find any variation of STK11 gene in sporadic
cases D-1 and E-1, which would explain their phenotype.
On the other hand, they did not fulfill criteria for the diag-
nosis of definite PIS |3,22]|. We included these cases to the
study on the basis of the result from the case C-1. Espe-
cially in case E<1 PJS polyps could develop later on. Stud-
ies with more individuals not fulfilling PJS diagnostic
criteria were reported. None of the patients harboured a
germline mutation of STK11 gene [26,30]. Some studies
suggested there could be another locus responsible for PIS
phenotype |31,32]. Other authors stated according to
their results that another locus is unlikely and the causa-
tive variation could be in regulatory regions such as pro-
moter, enhancers, or splicing sites deep in introns, which
are not detectable by conventional methods [26,27,33].

The risk of developing various types of GIT cancers (in the
esophagus, stomach, small bowel and colon) was deter-

43

http:/ivww biomedceentral.com/1471-2350/10/69

mined in several studies [3,5,7,8,34|. The cumulative risk
for stomach cancer was 294 [8]. Amos et al. noted that
gastric polyps are very common among individuals with
PIS [30]. However, they did not specify the proportion of
patients with a detectable PJS germline mutation and the
gastric polyps/cancer. There are several case-reports and
reviews reporting gastric cancer in PIS patients |3,20,35-
44]. In our group of probands, the case A-1 had developed
gastric cancer at 28 years of age and died one year later. No
genotype-phenotype correlations were published in PIS
patients with gastric cancer [7,30,33]. Konishi et al.
reviewed 103 PJS patients with malignancy from literature
and found out that the mean age of 8 cases with gastric
cancer was 31.2 years as compared 1o 39.7 years in duode-
nal carcinoma (9 cases), and 48 years in colorectal carci-
noma (13 cases). According to the literature and our
results we suppose that gastric cancer has very aggressive
course in some individuals with PIS and despite the very
frequent endoscopic examinations with relevant treat-
ment the next course is usually poor. Therefore, more
attention should be paid to patients with molecularly
confirmed PJS, especially those who have polyposis of the
stomach. 1t would be particularly interesting to find ourt if
there is a correlation between the genotype and pheno-
type in relation to the development of gastric cancer.
There have been only two reports dealing with gastric can-
cer in PIS patients and mutational analysis of STK11 gene
so far |24,43]. Shinmura et al. described two PJS females
(sisters) with gastric cancer in whom a STKI1 germline
mutation (¢.890delG) was identified [ 24]. Takahashi et al.
reported a 14-year-old girl with sporadic PJS and early-
onset  gastric  cancer  harboring  a  frameshift
(¢.757_758insT) STK11 mutation [43]. Similarly, as in
our family A, the mutations led to a truncated protein
lacking the kinase domain. These results suggest that the
truncation mutations leading to loss of STK1!1 kinase
domain could act in a dominant negative fashion and be
responsible of tumor development. Schumacher et al.
summarized clinical and mutational data from 132 PIS
cases (83 without and 49 with cancer) to find correlation
between the type/site of mutation and cancer. They pro-
posed two different mechanisms of tumor development.
One is based on the loss of STK1 T functions due 1o trun-
cation mutations and subsequent LOH as a second hit.
This hypothesis is not in accord with findings of other
authors, where a second hit was not a requisite condition
for tumor development |24,43].

Conclusion

In summary, we found germline mutations of STK11 gene
in three families. One patient (C-1) with the germline
mutation did not fulfill the criteria for establishing the
diagnosis of PIS. Therefore, the variability in time of onset
of symptoms should be always kept in mind when estab-
lishing the diagnosis of PIS and managing this disease.

Page 6 of 8
(page number not for aifation purposes)



BMC Medical Genetics 2009, 10:69

Abbreviations

STK11: serine/threonine kinase 11; PJS: Peutz-Jeghers syn-
drome; MLPA: multiplex  ligation-dependent  probe
amplification; BRRS: Bannayan-Riley-Ruvalcaba syn-
drome; IPS: Juvenile polyposis syndrome; LHS: Laugier-
Hunziker syndrome; GI1: gastrointestinal tract; SINE:
short interspersed element; UCSC: University of Califor-
nia Santa Cruz; MSH2: mwS homologue 2; HNPCC:
hereditary nonpolyposis colon cancer; LOH: loss of heter-
ozygosity,

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

Authors' contributions

PV carried out molecular genetic studies including DNA
sequencing, MLPA analysis for all the families, and
drafted the manuscript. AP identified and diagnosed the
patients. IR performed GIT examinations and provided
histopathological information. AK designed the study and
revised the manuscript. All authors read and approved the
final manuscript.

Acknowledgements

We thank to all the partients and their families for agreeing to participate in
the study. Written consent was obtained from the patients or their relative
for publication of study. We are grateful to Iveta Nimsova for the DNA iso-
lation

Grant support: VZ MZO 00064203

References

. Jeghers H, Mc KV, Katz KH: G alized i inal polyposis and
melanin spots of the oral mucosa, lips and digits; a syndrome
of diagnostic  significance. Engl | Med 1949,
241(26):1031-1036

2. McGarrity T). Kulin HE, Zaino R|: Peutz-Jeghers syndrome. Am )
Gastroenterol 2000, 95(3):596-604,

3. Giardiello FM, Walsh SB, Hamilton SR, Offerhaus GJ, Gitealsohn AM,
Booker SV, Krush A), Yardley |H, Luk GD: Increased risk of cancer
in the Peoutz-Jeghers syndrome, N Engl | Med 1987,
316(24):1511.1514.

4. Hemminki A, Tomlinson |. Markie D, Jarvinen H. Sistonen P,
Bjorkqvist AM, Kauutila S, Salovaara R, Bodmer W, Shibata D, et al:
Localization of a susceptibility locus for Peutz-Jeghers syn-
drome to |9p using comparative g ic hybridization and
targeted linkage anal{'sls. Nat Genet 1997, 15(1):87-90.

5. Hoearle N, Schumacher V. Manko FH, Oischwang S, Boardman LA,
Gille |J, Keller J|. Westerman AM, Scote R). Lim W, et ol: Frequency
and spectrum of cancers in the Peutz-Jeghers syndrome, Cin
Cancer Res 2006, 12(10):3209-3215.

6. Gruber 58, Entius MM, Patersen GM, Laken S|, Longo PA, Boyer R,
Levin AM, Mujumdar UJ. Trent |M, Kinzler KW, et ol: Pathogenesis
of adenocarcinoma in Peutz-Jeghers syndrome. Cancer Res
1998, 58(23):5267.5270.

7. LimWw, OIsChW?r S, Keller [J, Westerman AM, Menko FH, Board-
man LA, Scott RJ, Trimbath |, Giardiello FM, Gruber $B, et al: Rela-
tive frequency and morphology of cancers in STKI | mutation
carriers, Gostroenterofogy 2004, 126(7):1788-1794.

8. Giardiello FM, Brensinger |D. Tersmette AC, Goodman SN, Petersen
GM, Booker SV, Cruz-Correa M, Offerhaus JA: Very high risk of
cancer in familial Peutz-Jeghers syndrome. Gastroenterology
2000, 119(6):1447-1453,

9. Spigelman AD, Murday V. Phillips RK: Cancer and the Peutz-Jegh-
ers syndrome. Gut 1989, 30(11):1588-1590.

44

20,

21,

22,
23.

24.

25.

26,

27.

28,

29.

http-/iwww.biomedcentral. com/1471-2350/10/69

Wilson DM, Pitts WC, Hintz RL. Rosenfeld RG: Testicular tumors
with Peutz-Jeghers syndrome. Cancer 1986, S7(11):2238.2240.
Coen P, Kulin H, Ballantine T, Zaino R, Frauenhoffer E, Boal D, Inkster
S, Brodie A, Santen R: An aromatase-producing sex-cord tumor
resulting in prepubertal gynecomastia. N Engl | Med 1991,
324(5):317-322.

Young S, Gooneratne S, Straus FH 2nd, Zeller WP, Bulun SE,
Rosenthal IM: Feminizing Sertoli cell tumors in boys with
Peutz-Jeghers syndrome. Am | Surg Pathol 1995, 19(1):50.58.
Podczaski E, Kaminski PF, Pees RC. Singapuri K, Sorosky |i: Peutz-
Jeghers syndrome with ovarian sex cord tumor with annular
tubules and cervical adenoma malignum. Gynecol Oncol 1991,
42(1):74-78,

Hemminki A, Markie D, Tomlinson |, Avazienyte E, Roth S, Loukola A,
Bignell G, Warren W, Aminoff M, Hoglund P, et ol: A serine/threo-
nine kinase gene defective in Peutz-Jeghers syndrome.
Nature 1998, 391(6663):184-187,

Jenne DE, Reimann H, Nezu ). Friedel W, Loff §, Jeschke R, Muller O,
Back W, Zimmer M: Peutz-Jeghers syndrome is caused by
mutations in a novel serine threonine kinase. Nat Geper 1998,
18(1):38-43.

Karuman P, Gozani C, Odze RD, Zhou XC, Zhu H, Shaw R, Brien TP,
Bozzute CD, Ooci D, Cantley LC, et ai: The Peutz-Jegher gene
product LKBl isar of pS3.-dependent cell death. Mol
Cofl 2001, 7(6):1307-1319.

Yikorkala A, Rassi DJ, Korsisaari N, Luukko K. Alitalo K, Henke-
meyer M, Makela TP: Vascular abnormalities and deregulation
of VEGF in Lkbl-deficient mice. Science 2001,
293(5533):1323-1326.

Martin $G, St Johnston D- A role for Drosophila LKBI in ante-
rior-posterior axis formation and epithelial polarity. Noture
2003, 421(6921):379-384,

Tovar JA. Ezaguirre |, Albert A, Jimenez | Peutz-Jeghers syn-
drome in children: re of two cases and review of the lit-
erature. | Pediotr Surg 1983, 18(1):1-6.

Utsunomiya |, Goche H. Miyanaga T, Hamaguchi E, Kashimure A:
Peutz-Jeghers syndrome: its natural course and manage-
ment. Jofins Hopkins Med | 1975, 136(2):71-82.

McGarrity T), Amos C: Peutz-Jeghers syndrome: clinicopathol-
ogy and molecular alterations. Cell Mol Ufe Sd 2006,
63(18):2135-2144,

Tomlinson IP, Houlston RS: Peutz-Jeghers syndrome. | Med Gener
1997, 34(12):1007-101 1.

Mignogna MD, Lo Muzio L, Rueppo E, Errico M, Amato M, Satriane
RA: Oral manifestations of idiopathic lenticular mucocutane-
ous pigmentation (Laugier-Hunziker syndrome): a clinical,
histopathological and ultrastructural review of |2 cases. Orol
Dis 1999, 5(1):80-86.

Shinmura K, Gote M, Tao H, Shimizu S, Otsuki Y, Kobayashi H. Ush.
ida S, Suzuki K, Tsuneyoshi T, Sugimura H: A novel STKI/ germ-
line mutation in two siblings with Peutz-Jeghers syndrome
complicated by primary gastric cancer. Cln Genet 2005,
67(1):81.86.

Hearle NC, Tomlinson |. Lim W, Murday V, Swarbrick E, lim G, Phil-
iips R, Lee P, O'Donchue ). Trembath RC, et al: nce changes
in predicted promoter elements of STKI I/LKBI are unlike!
ta contribute to Peutz-Jeghers syndrome. BMC Genomics 2005,
6(1):38.

Aretz S, Stienen D, Uhlhaas S, Loff S, Back W, Pagenstecher C.
Mcleod DR, Graham GE, Mangold E, Santer R, et al: High propor-
tion of large genomic STKI | deletions in Peutz-Jeghers syn-
drome, Hum Mutar 2005, 26(6):513.519.

Hearle NC, Rudd MF, Lim W, Murday V, Um AG, Phillips RK. Lee
PW, O'Denchue |, Morrison Pf, Norman A, et af.: Exonic STKII
deletions are not a rare cause of Peutz-Jeghers syndrome. |
Med Genet 2006, 43(4):el5.

Vaolikos E, Robinson |, Aitzomaki K, Mecklin JP, Jarvinen H, Wester-
man AM, de Rooji FW, Vogel T, Moeslein G, Launcnen V, et ol: LKB1
exonic and whole gene deletions are a common cause of
Peutz-Jeghers me. | Med Genet 2006, 43(5):c |8

Li L, McVery S, Younan R, Liang P, Du Sart D, Gordon PH, Hutter P,
Hogervorst FB, Chong G, Foulkes WD: Distinct patterns of
germ-line deletions in MLHI and MSH2: the implication of
Alu repetitive element in the genetic etiology of Lynch syn-
drome (HNPCC). Hum Mutor 2006, 27(4):388.

Page 7 0f 8

(page number not for citation pupeses)



BMC Medical Genetics 2009, 10:69

30. Amos Cl, Keitheri-Cheteri M8, Sabripour M, Wei C, McGarrity T).
Seldin MF, Nations L, Lynch PM, Fidder HH, Friedman E, et al: Gen-
otype-pheno correlations in Peutz-Jeghers syndrome. |
Med Genet 2004, 41(5):327-333.

Mehenni H, Blouin JL, Radhakrishna U, Bhardwayj S5, Bhardwaj K. Dixit
V8, Richards KF, Bermejo-Fencll A. Leal AS, Raval RC, et ol: Peutz-
Jeghers syndrome: confirmation of linkage to chromosome
19p13.3 and identification of a potential second locus, on
19q13.4. Am | Humn Gener 1997, 61(6):1327-1334.

Otschwang S, Markie D, Seal S, Neale K, Phillips R, Coutrell S. Ellis |,
Hodgsen S, Zauber P, Spigelman A, et ol: Peutz-Jeghers disease:
most, but not all, families are compatible with linkage to
19p13.3. | Med Genet 1998, 35(1):42-44.

Chow E, Meldrum C), Crooks R, Macrae F. Spigelman AD. Scort RJ:
An updated mutation spectrum in an Australian series of PJS
patients provides further evidence for only one gene locus.
Clin Genee 2006, 70(5):409-414,

Lim W, Hearle N, Shah B, Murday V. Hodgson SV, Lucassen A, Eccles
D, Talbotr |. Neale K. Lim AG, et al: Further observations on
LKBI/STKII status and cancer risk in Peutz-Jeghers syn-
drome. Br ) Cancer 2003, 89(2):308-313,
Aideyan UO. Kao SC: Gastric ad arci
the testes in Peutz-Jeghers syndrome.
24(7):496.497,

Cochet B, Carrel |. Desbaillets L, Widgren S: Peutz-Jeghers syn-
drome associated with gastrointestinal carcinoma. Report of
two cases in a family. Gur 1979, 20(2):169-175.

Dong K, U B: Peutz-Jeghers syndrome: case and
update on diagnosis and treatment. Chin | Dig Dis 2004,
5(4):160-164,

Foley TR. McGarrity T), Abt AB: Peutz-Jeghers syndrome: a clin-
icopathologic survey of the "Harrisburg family” with a 49.
year follow-up. Gastroenterofogy 1988, 95(6):1535-1540.

Halbert RE: Peutz-Jeghers syndrome with metastasizing gas-
tric adenocarcinoma. Report of a case. Arch Pathol Lob Med
1982, 106(10):517-520.

Hizawa K. lida M, Matsumoto T, Kohrogi N, Kinoshia H, Yao T,
Fujishima M: Cancer in Peutz-Joghers syndrome. Cancer |993,
72(9):2777-2781.

Payson BA, Moumgss B- Metastasizing carcinoma of the stom-
ach in Peutz-Jeghers syndrome. Ann Surg 1967, 165(1):145-151.
Taguchi T, Suita S, Taguchi §, Tanaka S: Peutz-Jeghers syndrome
in children: high recurrence rate in short-term follow-up.
Asian | Surg 2003, 26(4):221-224.

Takahashi M, Sakayori M, Takahashi S, Kato T, Kaji M, Kawahara M,
Suzuki T, Kato 5, Kato §, Shibata H, et ol A novel germline muta-
tion of the LKB! gene in a patient with Peutz-Jeghers syn-
drome with early-onset gastric cancer. | Gastroentero/ 2004,
39(12):1210-1214.

Horn RC |r, Payne WA, Fine G: The Peutz-Jeghers syndrome.
(Gastrointestinal polyposis with mucoc pigmenta
tion): report of a case terminating with disseminated gas-
trointestinal cancer. Arch Pathol 1963, 76:29-37

3L

3z

33.

34,

35, ic to

Pediatr Rodiol 1994,

36,

37,

8.

39.

40.

41,

42,

43.

44,

Pre-publication history
The pre-publication history for this paper can be accessed
here:

g:llhp,lﬁmmhmmxdumnﬂ.mummmmmwm

45

http://\www. biomedcentral. com/1471-2350/10/69

Publish with BioMed Central and every
scientist can read your work free of charge

*BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime, *
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
= available free of charge to the entire biomedical community
* peer reviewed and published immediately upon acceptance
* cited in PubMed and archived on PubMed Central
» yours -~ you keep the copyright

Subenit your manuscript hore: BioMedcentral

httpSavew biomedcentral cominfoipobishing adeasp

Page8of 8
(page number not for citation pwposes)



Publikacia 4

Molecular genetic analysis of 103 sporadic colorectal tumours

in Czech patients

Peter VVasovcak®, Kristyna Pavlikova', Zdenek Sedlacek’, Petr Skapa?, Martin Kouda®, Jiri Hoch®
and Anna Krepelova®

! Department of Biology and Medical Genetics, Charles University 2nd Faculty of Medicine and
University Hospital Motol

2 Department of Pathology and Molecular Medicine, Charles University 2nd Faculty of Medicine
and University Hospital Motol

¥ Department of Surgery, Charles University 2nd Faculty of Medicine and University Hospital
Motol

Corresponding author: Dr.Peter Vasovcak
Department of Biology and Medical Genetics,
Charles University 2nd Medical School and University Hospital Motol,
V Uvalu 84
150 06 Prague 5
Czech Republic
E-mail: pevas78@hotmail.com
Phone: 00 420/224 433 521
Fax: 00 420/ 224 433 520

46



Abstract

The Czech Republic has one of the highest incidences of colorectal cancer (CRC) in Europe. To
evaluate whether sporadic CRCs in Czech patients have specific mutational profiles we analysed
somatic genetic changes in known CRC genes (APC, KRAS, TP53, CTNNB1, MUTYH and
BRAF, loss of heterozygosity (LOH) at the APC locus, microsatellite instability (MSI), and
methylation of the MLH1 promoter) in 103 tumours from 102 individuals. The most frequently
mutated gene was APC (68.9% of tumours), followed by KRAS (31.1%), TP53 (27.2%), BRAF
(8.7%) and CTNNB1 (1.9%). Heterozygous germline MUTYH mutations in 2 patients were
unlikely to contribute to the development of their CRCs. LOH at the APC locus was found in
34.3% of tumours, MSI in 24.3% and MLH1 methylation in 12.7%. Seven tumours (6.9%) were
without any changes in the genes tested. The analysis yielded several findings possibly specific
for the Czech cohort. Somatic APC mutations did not cluster in the mutation cluster region
(MCR). Tumours with MSI but no MLH1 methylation showed earlier onset and more severe
mutational profiles compared to MSI tumours with MLH1 methylation. TP53 mutations were
predominantly located outside the hot spots, and transitions were underrepresented. Our analysis
supports the observation that germline MUTYH mutations are rare in Czech individuals with
sporadic CRCs. Our findings suggest the influence of specific ethnic genetic factors and/or

lifestyle and dietary habits typical for the Czech population on the development of these cancers.
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Introduction

Colorectal cancer (CRC) is the second most common form of cancer in Europe, and the Czech
Republic has the second highest CRC incidence and mortality among 38 European countries [1].
The reasons for this are unknown and can include both genetic and environmental factors.
Hereditary cancer susceptibility syndromes account for no more than 5% of CRC cases [2]. The
major autosomal dominant disorders with a high risk of CRC include Lynch syndrome
(hereditary non-polyposis colorectal cancer, HNPCC), familial adenomatous polyposis (FAP),
Peutz-Jeghers syndrome (PJS) and juvenile polyposis (JP) [3]. MUTYH associated polyposis
(MAP) is an autosomal recessive hereditary CRC predisposition [4]. The incidence of germline
MUTYH mutations in Czech FAP negative sporadic CRC patients is lower compared to other
European countries [5,6], and there seems to be no increased incidence of the autosomal
dominant forms either.

About 75% CRCs are sporadic, occurring in individuals with no remarkable family history of
the disease. Dietary and other lifestyle-related and environmental factors are supposed to play an
important role in the aetiology of this form of CRC. Sporadic CRCs have even more biological
variables compared to hereditary CRCs. Most sporadic CRCs have mutations in the APC gene
[7], and an increased rate of G:C>T:A transversions in APC can also reveal “hidden” MAP
patients [4]. Similarly defects in several other pathways result in other specific mutation
signatures [8]. APC negative tumours can carry CTNNB1 gene mutations [9,10]. The mutation
status of the KRAS and TP53 genes, two other key players in CRC [11], can reflect carcinogen
exposure and reveal the tumour aetiology [12]. Microsatellite instability (MSI) is found in about
15-20% of CRCs; 3-5% are associated with Lynch syndrome and the remaining are sporadic [13].
MSI is associated with MLH1 promoter methylation, somatic BRAF mutations, and has an
inverse relationship with APC mutations [14,15]. Thus, the molecular genetic landscape of CRC
is rather complex. However, its exploration is a prerequisite for personalized molecular medicine
and identification of biomarkers for early detection of tumours, risk stratification, prognosis and
prediction of treatment responses [16].

The aim of our study was to contribute to the understanding of CRC tumorigenesis by the
analysis of most genes known to be implicated in CRC, and by correlating the molecular genetic
profiles of the tumours with their clinical and histopathological data. We also focused on the

molecular genetic features of the Czech CRC patients, because we hypothesized that their high
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incidence and mortality could be accompanied by specific mutation profiles, which could reflect
possible specific ethnic, geographical, dietary or lifestyle factors. To this aim we analysed the
complete coding region of the APC gene and loss of heterozygosity (LOH) at the APC locus, the
CTNNB1, MUTYH, KRAS and TP53 genes, as well as MSI, methylation status of the MLH1
promoter, and BRAF mutations in CRCs from 102 Czech patients.

Material and methods

Ethics Statement
The study was based on informed consent and approval of the local ethics committee.

Patients

The samples were obtained from unselected consecutive patients who had undergone curative
surgical resection for primary colorectal cancer at the Department of Surgery, University Hospital
Motol, Prague, Czech Republic. Because of our focus on sporadic CRC patients, we excluded
individuals with family history of CRC disease and/or presence of polyps. Also excluded were
patients who received preoperative radiotherapy, patients with low quality of the DNA sample,
and patients in whom no matching mucosa sample was available. Finally 103 tumours and
matching normal tissues were collected from 102 CRC patients (51 males and 51 females, age at
tumour onset 13-86 years, median 64 years) at the Department of Surgery, University Hospital
Motol, Prague, Czech Republic. Fifty-six patients were from Prague and the rest were from all
regions of the Czech Republic. All tumours were fresh-frozen at -70°C at colectomy. A minimum
of 85% of neoplastic tissue was present in each resected sample as assessed by a pathologist. The
characteristics of the patients and clinical and histopathological features of their tumours are

shown in Table S1.

Mutation analysis

DNA was prepared using the Genomic DNA Purification Kit (Gentra Systems, Minneapolis,
MI, USA) according to the manufacturer instructions. APC exons 1-15, TP53 exons 2-10,
CTNNBL1 exon 3 and KRAS exons 1-2 were amplified in PCR reactions containing 20 mM Tris-
HCI (pH 8.0), 1 mM DTT, 0.1 mM EDTA, 100 mM KClI, 0.5% (v/v) Nonidet P40, 0.5% (v/v)
Tween 20, 50% (v/v) glycerol, 200 uM dNTPs, 1 U of Taq Polymerase (Fermentas, Glen Burnie,

49



MD, USA), 3 pmol of each primer, 1 pl of 10x LCGreen Plus Dye (Idaho Technology, Salt Lake
City, UT, USA) and 20 ng of DNA in a total volume of 10 ul for 1 min at 95°C, 45 cycles of 1
min at 95°C, 30 s annealing, 30 s at 72°C, and then 7 min at 72°C. Heteroduplexes were formed
by heating the PCR products to 95°C for 2 min and cooling down to 4°C, and subjected to high
resolution melting (HRM) analysis using LightScanner (Idaho Technology). BRAF exon 15 and
MUTYH exons 6-8, 12 and 13-14 were sequenced directly from PCR amplicons prepared as
above but with 10 pmol of each primer, no dye, in a total volume of 30 pul for 1 min at 95°C, 32
cycles of 1 min at 95°C, 1 min annealing, 1 min at 72°C, and then 7 min at 72°C. Annealing
temperatures, MgCl, concentrations and primer sequences are available upon request. PCR
products with suspected variations identified by HRM were purified using the SureClean PCR
purification kit (Bioline, London, UK) and sequenced in both directions using the BigDye
Terminator v3.1 Cycle Sequencing kit on an ABI 3130 Genetic Analyser (Applied Biosystems,
Foster City, CA, USA). Somatic mutations found in tumours were also analysed in the
corresponding mucosa to assess their germline status. The functional impact of APC mutations
was predicted using Polyphen [17]. Bioinformatic analysis also used the NCBI dbSNP database
(http://www.ncbi.nlm.nih.gov/snp), the UMD p53 Mutation Database (UMD,
http://p53.free.fr/Database/p53_database.html, The p53 Handbook 2.0), and the Leiden Open
Variation Database (LOVD, v.2.0 Build 29, http://www.insight-group.org/mutations/). In

tumours with 2 or more APC mutations separated by a distance of < 5 kb the phase of the

mutations was analysed using allele-specific PCR and sequencing. The primer sequences are

available upon request.

LOH analysis

LOH at the APC locus was tested using the microsatellite marker D5S346 and capillary
electrophoresis on an ABI 3130 Genetic Analyser. Allelic loss was scored if the area under one
allelic peak in the tumour was reduced by 50% or more relative to the other allele, after
correcting for the ratio of allelic peak areas in normal DNA. Samples with constitutional

homozygosity at D5S346 or showing MSI in tumours were scored as non-informative.
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MSI analysis

MSI was assessed at five microsatellite loci (Bat-25, Bat-26, D2S123, D5S346, and D175250)
as described previously [18]. Matching normal and tumour DNA samples were compared, and
tumours showing instability at one locus were scored as MSI-low (MSI-L), at two or more loci as
MSI-high (MSI-H).

DNA methylation assay

DNA methylation of the MLH1 promoter was analysed using methylation specific multiplex
ligation-dependent probe amplification (MS-MLPA). SALSA MS-MLPA Kit MEO11-Al (MRC-
Holland, Amsterdam, The Netherlands) with 6 probes in the MLH1 gene was used according to
the manufacturer instructions. PCR products were analysed using an ABI 3130 Genetic Analyser.
Data analysis was performed with the Genemapper and Coffalyser software (Applied Biosystems
and MRC-Holland, respectively). The relative peak area of the signal from a specific probe was
calculated by dividing the peak area by the combined areas of peaks of the control probes and
multiplying the value by 100. The relative peak areas of probes from the Hha | digested sample
were compared with those from the corresponding undigested sample, giving the percentage ratio
of methylation at CpG sites. The cut-off value for aberrant methylation was set to 25% or higher.

Immunohistochemistry (IHC)

A portion of each tissue sample was formalin fixed, embedded in paraffin and processed using
standard histopathologic procedures. Representative blocks containing enough of tumour and
normal tissue were cut to 4 um sections, deparaffinised and rehydrated. Target Retrieval
Solution, High pH (DakoCytomation, Glostrup, Denmark) was used for epitope retrieval at 96 °C
for 30 min. The sections were incubated overnight at 4 °C with primary monoclonal mouse anti-
human MLH1 and MSH2 antibodies (clones G168-15 and G219-1129, BD Biosciences, NJ,
USA) diluted 1:100. The MLH1 antibody complexes were visualized using the streptavidin-biotin
detection kit LSAB+, Dako REAL Detection Systems, HRP/DAB+, Rabbit/Mouse
(DakoCytomation) and 3,3 -diaminobenzidin tetrahydrochlorid (DAB, Fluka Chemie, Buchs,
Switzerland). The MSH2 antibody complexes were localised using N-Histofine Simple Stain
MAX PO (MULT]I) (Nichirei Biosciences, Tokyo, Japan) and DAB. All sections were stained

with hematoxylin, dehydrated and mounted. Nuclear staining only was considered for both
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antibodies, and the normal tissue in the same section was used as an internal positive control.
Only cases with complete negativity of all tumour cells and positivity of the internal control were
interpreted as negative and suspicious of MLH1 or MSH2 gene dysfunction. This IHC analysis

was performed in 39 tumours (see Table S1).

Statististical analyses

Statistical analyses were carried out using GraphPad InStat 3.10 (GraphPad Software, La Jolla,
CA, USA) and IBM SPSS Statistics version 18 (IBM Corporation, New York, USA). Fisher’s
exact, Chi-square or Exhaustive CHAID tests were used where appropriate. All P values were
two-tailed, and P values less than 0.05 were considered statistically significant. Mutations of the
genes tested and their combinations, LOH, MSI and MLH1 promoter methylation were correlated

with age at tumour onset, gender, location of the tumour, and its histopathological characteristics.

Results
Details of mutation profiles, LOH, MSI, DNA methylation and IHC of individual tumours are

shown in Table S1.

Distribution of genetic defects in tumours

Tumours were scored as APC mutated if they carried at least one clearly deleterious APC
mutation (mutations leading to premature termination and missense mutations found in CRC but
not in the corresponding mucosa, absent from dbSNP and predicted to be pathogenic - a total of
103 mutations). Overall, 71 tumours (68.9%) had the APC gene mutated (Table 1): 45 CRCs had
1 deleterious mutation, 23 had 2 mutations, 2 had 3 mutations and 1 had 6 mutations. Seven
additional tumours (6.8%) showed no mutation but had LOH at the APC locus. Twenty tumours
had neither a mutation nor LOH. The remaining 5 non-mutated tumours were not informative.
Three missense APC variants (R382S, N813S and A1366V) were absent from mucosa and
dbSNP but were predicted to be benign, totalling the number of somatic APC variants observed
to 106.

LOH at the APC locus was found in 35 of 90 informative tumours (38.9%). Of 63 informative
tumours with the APC gene mutated, 28 had LOH at the APC locus (44.4%). Of 43 tumours with
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only one deleterious APC mutation, 27 had LOH (62.8%), while of 20 tumours with 2 and more
mutations, only 1 had LOH (5%, P < 0.0001). Mutant allele specific amplification was possible

in 12 of 26 tumours with 2 and more APC mutations to show their phase. Fourteen other samples

could not be assessed due to a large distance between the mutations (= 10 kb, 10 tumours; = 5 kb,

4 tumours). In all 12 tumours tested the mutations were in trans configuration. Out of the 27
tumours with LOH and one APC mutation, 15 had LOH of the wildtype allele based on the
relative signal intensity of the mutated and wildtype alleles, 6 had LOH of the mutant allele and 6
cases could not be unequivocally resolved. However, any admixture of normal mucosa can partly
mask the LOH of the wildtype allele.

TP53 mutations were considered deleterious if they were absent from mucosa and dbSNP, and
were not listed as polymorphisms in UMD. Tumours with any variation in codons 12, 13 or 61 of
KRAS and in exon 15 of BRAF were classified as mutated. In contrast to APC, no tumours
contained more than one mutation in any of these 3 genes. Simultaneous occurrence of mutations
in the APC, TP53, KRAS and BRAF genes is shown in Figure 1. The most common combination
of mutated genes was APC and KRAS (35.6%), APC and TP53 (31.1%), whereas no tumours had
mutations in TP53 and KRAS only. BRAF mutations were mutually exclusive with KRAS
mutations, and four BRAF mutations were found in tumours with MSI. Fifteen tumours lacked
mutations in any of these 4 genes; however, 3 of them had LOH in APC. Of the remaining 12
tumours, 2 were not informative for LOH and 10 were lacking any detectable defect in these 4
genes.

Only 2 tumours had mutations in the CTNNB1 gene. One of them was the tumour with 6
deleterious APC mutations mentioned above. No other mutations or LOH were found in the two
CTNNB1 mutated tumours. Two other CRCs carried heterozygous MUTYH mutations which
were also present in the mucosa, thus excluding the presence of MAP patients in our cohort.

MSI was found in 25 tumours (24.3%), out of which MSI-H in 21 cases (20.4%) and MSI-L in
4 cases (3.9%). Twelve tumours with MSI (all MSI-H) had the MLH1 promoter methylated.
None of the patients with a MSI tumour had a relative with a HNPCC-related cancer. Thirteen
MSI tumours without MLH1 methylation displayed more severe mutation profiles (11 had an
APC defect, 4 KRAS, 2 CTNNB1 and 3 TP53 mutations, and only 1 showed no other genetic
defect than MSI). This contrasted to 12 tumours with MSI and MLH1 methylation, of which 7
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had no other genetic defect or a BRAF mutation (P = 0.0099). Six of 9 BRAF mutated tumours
showed MSI, and all of those had the MLH1 promoter methylated and were proximally located.

Mutation spectra

Considering all 106 variants found in APC, point substitutions (46 nonsense, 9 missense and 3
splice, 54.7%) were slightly more frequent than frameshift (FS) mutations (29 deletions, 18
insertions/duplications and 1 indel, 45.3%, Figure 2). However, in the mutation cluster region
(MCR) [7], FS mutations occurred more often than point substitutions (34 FS (64.2%) and 19
point substitutions (35.8%) out of the total of 53 mutations in MCR, P = 0.0003, Figure 2). Of the
total of 31 APC mutations in MSI tumours, 15 were FS (48.4%) and 16 point substitutions
(51.6%). This was similar to tumours without MSI, where out of the total of 72 mutations 33
were FS (45.8%) and 39 point substitutions (54.2%, P = 0.8326).

Of 28 TP53 mutations observed, 15 (53.6%) were missense and 13 (46.4%) were FS and
nonsense, which was significantly different from CRC mutations listed in UMD, where missense
mutations were highly predominant (81% missense, 19% FS and nonsense, P = 0.0005, X? test).
TP53 mutations were located in exons 4-10, with 64% of them in exons 5-8. Interestingly, only 1
TP53 mutation (4%) belonged to the 10 most common CRC mutations listed in UMD, where out
of 3584 mutations 1566 (43.7%) were in these hotspots (P = 0.004, X?test, Figure 3). Compared
to UMD, we could observe less G:C>A:T but more G:C>C:G, G:C>T:A and FS events (Figure
4).

The majority of KRAS mutations, 23 (71.9%), were found in codon 12. Codons 13 and 61 were
involved in 5 (15.6%) and 4 (12.5%) tumours, respectively. The most common substitution was
G>A (16, 50%), G>T (11, 34.4%) and A>C (3, 9.4%), while G>C and A>T substitutions were
present once each (3.1%).

No difference in tumour spectra was observed between males and females (Table S1).

Correlation of molecular findings with clinical and IHC data

APC and KRAS mutations did not show any significant correlation with tumour location, stage,
grade and lymph node involvement, age at onset or sex of the patient (Table S1). BRAF
mutations were correlated with proximal tumour location: 7 of 36 proximal (19.4%) and 2 of 58

distal (3.5%) tumours were mutated (P = 0.0323). TP53 mutations were more frequent in distal
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tumours: 21 of 60 distal tumours (35.0%) were mutated compared to only 7 of 43 proximal
tumours (16.3%, P = 0.0440), and in invading tumours: 17 of 43 invading tumours (39.5%) were
mutated compared to only 9 of 56 non-invading tumours (16.1%, P = 0.0114, 4 tumours lacked
information). Exhaustive CHAID test revealed that tumours with TP53 mutations had a tendency
to skip stage Il or progress through it very quickly to stage 111 (P = 0.002, Figure 5).

The number of CTNNB1 mutated tumours was too low for any correlation. Both were in distal
colon and showed lymphatic invasion. Concerning MUTYH, one mutation carrier was an 83 year
old woman with stage |1, grade 2, proximally localized CRC without lymphatic invasion and MSI
but with 2 FS APC mutations and one splice TP53 mutation. The other MUTYH mutation carrier
was a 58 year old man with proximally localized stage Ill, grade 3 CRC, with no lymphatic
invasion, showing MSI-H and MLH1 methylation but no other genetic defects.

Both MSI and MLH1 promoter methylation were significantly more frequent in proximal
tumours (MSI in 21 of 43 proximal tumours but only in 4 of 60 distal tumours, P = <0.0001;
MLH1 methylation in 13 of 30 proximal tumours but in none of 60 distal tumours, P = <0.0001,
Table 1). The mean age at tumour onset was similar in patients with and without MSI (62.7 and
64.7 years, respectively, P = 0.4723). However, the mean age at onset in 13 patients with MSI
without MLH1 methylation was lower (58.2 years) compared to that in 12 patients with MSI and
MLH1 methylation (67.6 years, P = 0.0894). The tumour stage was comparable in both groups.
The tumour grade was predominantly I+11 in the first group and 11l in the second (P = 0.0820).

Discussion

We analysed mutation profiles in sporadic CRCs of Czech patients, in whom CRC incidence
and mortality is one of the highest in Europe and is still increasing [1,19].

APC mutations are the key player in CRC tumorigenesis. However, mutation analysis of the
APC gene is time-consuming and expensive, and is often limited to MCR which covers about
10% of the APC coding region [7]. In several studies where the entire gene was sequenced the
frequency of mutations in CRCs was 60% [15,20], similar to our results (68.9%). If we restricted
our analysis to MCR only, we would miss 59 mutations (55.6%) including 33 mutations in 26
tumours (25.2%) which would be classified as non-mutated. Some reports indicated an
interdependence of two hits in APC both in sporadic and in FAP associated CRCs: APC
mutations in the MCR were predominantly associated with LOH while mutations outside the
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MCR with another mutation [21,22]. In our cohort, mutations in the MCR and outside the MCR
were equally associated with LOH, and many mutations outside the MCR were coupled with at
least one mutation in the MCR. Point substitutions occurred more often outside the MCR
compared to FS mutations (Figure 2), and commonly included C>T transitions at CpG sites
mainly changing arginine codons to STOP as reported previously [15,20]. The frequency of APC
defects rose to 75.7% if LOH at the APC locus was included (7 of our CRCs had LOH only).
LOH at the APC locus was reported in 30-40% of CRCs [22], similarly to our results (35%).
Significantly increased LOH in our tumours with just 1 somatic APC mutation, the trans position
of 2 pathogenic APC mutations confirmed in tumours where the mutation phase was tested, and
preferential loss of the wildtype allele in tumours with LOH and an APC mutation support the
two-hit model.

CRCs with intact APC may carry mutations in CTNNBL, a critical downstream gene of the
WNT signalling pathway [23], although these are rather rare in sporadic CRCs [9,10]. CTNNB1
mutations may be more frequent in MSI-H tumours [9]. Both our tumours with CTNNB1
mutations were MSI-H. One carried p.S45F, a likely activating mutation located in one of the
hotspots and supposed to deregulate the WNT signalling instead of APC. Indeed, this tumour
carried no APC mutation. The other CRC had the p.A20V mutation, which is not located in any
of the critical sites, does not change amino acid polarity and may not be disease-causing. This
tumour had several inactivating APC mutations.

Germline MUTYH mutations have lower incidence in the Czech Republic [5,6]. The frequency
of biallelic carriers of 2 most prevalent Caucasian mutations, p.Y179C and p.G396D, among
APC negative patients with polyposis was 2-40%, and the frequency of carriers of monoallelic
MUTYH mutations among CRC patients was 0.9-4.2% [5]. Cases of biallelic MUTYH carriers
with sporadic CRC without polyps are rare [24], and our study included primarily individuals
without polyps. Of the monoallelic MUTYH mutations observed in our patients, the p.R182H
mutation is pathogenic [25], while p.Q479L is of an unknown effect. An elevated risk of CRC
was proposed for carriers of monoallelic MUTYH mutations [26], but two large studies did not
confirm this conviction [27,28]. A retrospective analysis of pathological reports revealed 3
diminutive tubulovillous adenomas with moderate dysplasia in the carrier of the first mutation.
However, neither of the 2 CRCs in our patients had the characteristic mutation profile [4], and

therefore they were not likely caused by the germline MUTYH mutations.
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In addition to "hidden™ MAP patients the mutation analysis of the whole APC gene could also
reveal other specific mutation profiles typical for Czech patients. We identified a remarkable
patient with 8 somatic variants in the APC gene. Two of these point variants were nonsense, two
splice, three missense (one of them predicted to be benign) and one silent, and, interestingly, the
tumour was MSI-H. The patient was analysed in detail and the results will be published
separately (manuscript in preparation).

MSI can be detected in up to 15% of sporadic CRCs and in almost all HNPCC-associated
CRCs. While MSI in HNPCC tumours is caused by germline mutations in mismatch repair
(MMR) genes, MSI in sporadic tumours is often associated with MLH1 promoter methylation
and accompanied by somatic BRAF mutations [14]. These changes were rarely if ever seen in
HNPCC tumours, and may be mutually exclusive with KRAS mutations [29]. In our sample 24%
of tumours showed MSI. This higher incidence can be explained by the exclusion of rectal
tumours with neoadjuvant therapy that biased the distribution towards proximal tumours where
the MSI frequency is higher [30]. Similarly also the exclusion of tumours with no available
matching mucosa might have biased the sample against aggressive and rectal cancers. In our
cohort the frequency of MLH1 promoter methylation decreased with the distance of the tumour
from caecum, and was completely absent in tumours of the distal colon (Table S1). Rare MLH1
promoter methylation in rectal cancers was described in one study, but it was accompanied by
high rate of MMR protein deficiency, possibly due to the inclusion of Lynch-associated tumours
[31]. The rectal MSI-H tumours had worse prognosis compared to those without MSI, which
could be caused by pre-operative irradiation or chemotherapy which had no effect or might even
be harmful for MSI-H cancer patients [31]. In another study, distal MSI CRCs had lower
incidence of MLH1 methylation and worse prognosis compared to proximal MSI CRCs [32]. Our
data suggest that proximal CRCs without MLH1 methylation could have similar
clinicopathological and molecular features as distal CRCs. Although we did not perform IHC
analysis of all MMR proteins in all MSI tumours and therefore cannot exclude germline
mutations in these genes, we suppose that tumours without MLH1 methylation represent a
different subgroup. The reason for the uneven localization of the MSI tumours, differential MLH1
promoter methylation and earlier onset of MSI CRCs without MLH1 methylation is unknown and
can be caused by dietary habits, different environment (e. g. varying pH) in different parts of the
colon, different genes involved or the combination of all of the above.
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Our data confirmed the notion that BRAF mutations are frequently found in sporadic MSI
tumours [29], and support the previous observation of BRAF mutations in about 5% of CRCs
without MSI [29,33]. In accordance with other reports [34,35], we have found the inverse
association between BRAF and APC mutations. Six of 9 tumours with a BRAF mutation had no
somatic APC mutation. None of these 9 tumours had a KRAS mutation either, which is in accord
with others [33,34]. We did not observe any differences in clinicopathological features of these
tumours. MMR deficiency, irrespective of its genetic or epigenetic origin, leads to the mutator
phenotype, and FS APC mutations, predominantly in mononucleotide tracks, are more frequent in
MSI tumours [36]. The mutational spectrum of our MSI tumours was not different from that in
tumours without MSI, but FS mutations were more frequent in proximal MSI tumours without

MLH1 promoter methylation.

The increased incidence of CRC in the Czech Republic can be partly explained by the joint
effect of elevated smoking prevalence and obesity [19,37]. Mutation signatures in TP53 can
reflect DNA damage induced by specific carcinogens, ethnicity or lifestyle habits [12]. For
example, exposure to ultraviolet light is correlated with TP53 transitions at dipyrimidine sites
(CC>TT) [12]; aflatoxin B; exposure with G:C>T:A transversions in codon 249 in hepatocellular
carcinoma; and exposure to cigarette smoke with G:C>T:A transversions in lung carcinoma [12].
TP53 mutations observed in our sample included very few hotspot codons, and their pattern and
distribution was distinct from that of CRC mutations listed in UMD (Figure 3, 4). Czech CRC
patients have less G:C>A:T transitions and more FS, G:C>C:G and G:C>T:A events, although no
predominant mutational event or specific hot spot can be observed. These mutations are caused
by polycyclic aromatic hydrocarbons (PAHS) [38,39]. One of the main sources of PAHs except
tobacco smoke and environmental pollutants is high-fat diet rich for smoked red meat [40]. PAHS
are formed on the surface of meat at high temperatures [41]. Home production of smoked food
and high consumption of red meat products is characteristic of Czech households, especially in
rural areas [42]. It remains to be verified on a larger set of CRCs if these dietary habits are the
cause of the TP53 mutation signature observed. Another explanation could involve population
differences in the frequency of functional polymorphisms in DNA repair genes, which could

modify the risk of CRC [43]. Further research is needed to address this scenario.
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Frequency and spectrum of KRAS and APC mutations did not differ compared to most other
reports. This could be partly explained by the nature of mutations in these genes and their ability
to give the cell a growth advantage leading to positive clonal selection. Only KRAS mutations in
codons 12, 13, and 61 and nonsense APC mutations are considered to give such advantage, and

therefore the investigation of mutational spectra of these genes is of limited use [44].

No tumours had concurrent TP53 and KRAS mutations in context of non-mutated APC (Figure
1). Similar findings were noted in 2 other studies [15,45]. Concurrent TP53 and KRAS mutations
could be disadvantageous for tumour progression and may arise only on the APC mutation

background.

Nowadays two main independent molecular pathways of colorectal tumorigenesis have been
proposed: the conventional adenoma-carcinoma pathway characterised with the initial
inactivation of the APC gene, accumulation of mutations in other genes and chromosomal
instability [46]; and the serrated pathway with microsatellite instability, a relatively high
frequency of BRAF mutations and increased level of DNA methylation [47]. Although most of
CRCs could be clearly classified into one of these pathways, they overlap and the mutational
profile of a CRC may show evidence of both. Thus, the classification of many tumours remains
ambiguous, e.g. of MSI tumours without MLH1 promoter methylation but with severe mutational
profiles and earlier onset of the disease compared to Lynch associated tumours, as reported here
and elsewhere [31,32]. Although we cannot exclude the possibility that among 13 MSI tumours
from our cohort without MLH1 promoter hypermethylation there may be a hidden Lynch
associated tumour, the selection criteria and the relatively low percentage of true Lynch tumours
among unselected CRCs [48] stand against it.

There is an increasing effort to assess individual specific molecular alterations for personalized
diagnosis, prognosis and/or treatment. As can be seen from our results, tumours with mutations in
multiple genes often had better staging or grading compared to tumours with no or only very few
genetic defects. This implies that focusing on a single gene or defect or interpretation of the
findings using too simple rules may be misleading. Systematic sequencing of cancer genomes
reveals the diversity of cancer as to the number and pattern of mutations arising probably due to
DNA repair defects, mutagenic exposure and cellular metabolism [49]. It has been shown that a

single CRC can harbour up to 76 point mutations and 9 copy number changes, and that rather

59



whole pathways than individual genes govern the process of carcinogenesis [50,51]. High-
throughput methods like next-generation sequencing or copy number variation arrays can
therefore be more helpful in managing cancer patients.

In summary, the molecular genetic analysis of CRCs in Czech patients confirmed the data
from other studies but also yielded potentially novel findings. First, MSI tumours with
unmethylated MLH1 promoter have earlier onset and more severe mutational phenotype. Second,
the Czech pattern and distribution of TP53 mutations differ significantly from published data.
Third, mutational analysis of the whole coding region of the APC gene significantly increases the
yield of the analysis, but did not pinpoint any MAP patient, confirming that germline MUTYH

mutations are rare in the Czech population.

Supporting Information

Table S1 The characteristics and clinical features of the patients and mutation profiles, LOH,

MSI, MLH1 methylation, IHC and histopathology of their tumours.
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Table 1. Numbers of tumours with genetic defects studied

M) APC mutated KRAS mutated TP53 mutated BRAF mutated CTNNB1 mutated with MLH1 methylation with MSI
(%) (%) (%) (%) (%) (%) (%)
71 32 28 9 2 13 25
all CRC (103) (68.9) (3L.1) (27.2) 8.7) (19) (12.6) (24.3)
Sex of the patient
) 36 14 15 4 1 7 11
CRCinfemales (51) 79 g (27.5) (29.4) (7.8) @) (13.7) (21.6)
. 35 18 13 5 1 6 14
CRCinmales (52) 47 3) (34.6) (25) (9.6) (1.9) (11.5) (26.9)
Tumour location
: 26 10 I 7 0 13%* 21%*
proximal CRC (43) (60.5) (23.3) (16.3) (14.9) 0) (30.2) (48.8)
. 45 22 21% 2% 2 0* fxx
distal CRC (60) (75) (36.7) (35) (3.3) (3.3) (0) (6.7)
Tumour stage
L 18) 14 5 7 1 0 1 4
(77.8) (27.8) (38.9) (5.6) 0) (5.6) (22.2)
1 (38) 24 12 2 5 0 9 14
(63.2) (31.6) (5.3) (13.2) 0) (23.7) (36.8)
(32 23 8 12 2 2 2 4
(71.9) (25) (37.5) (6.3) (6.3) (6.3) (12.5)
v (12) 7 4 5 1 0 1 2
(58.3) (33.3) (41.7) (8.3) 0) (8.3) (16.7)
n.a. (3) 3 3 2 0 0 0 1
Lymphatic invasion
0.(56) 38 17 o 6 0 10 18
(67.9) (30.4) (16.1) (10.7) 0) (17.9) (32.1)
1 (43) 29 11 17* 3 2 3 6
(67.4) (25.6) (39.5) ) (4.7) 7) (14)
n.a. (4) 4 4 2 0 0 0 1

n.a., information not available; * significant (P<0.05); ** significant (P<0.0001, Fisher's exact)
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Figure Legends

Figure 1: Distribution of mutations in the APC, TP53, KRAS and BRAF genes in 103 tumours
studied. Nineteen tumours carried no mutations in these genes. ? this group includes 1 tumour
with a CTNNB1 mutation; ° this group includes 1 tumour with a germline MUTYH mutation; ©
this group includes 1 tumour with 8 point substitutions in APC.

Figure 2: Comparison of the type of mutations in the whole APC coding region (A), in MCR
(B), and outside of MCR (C). Light grey, FS mutations; dark grey, point substitutions. FS
mutations are more frequent in MCR while point substitutions, especially C>T resulting in
Arg>STOP, are more common outside of MCR.
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Figure 3: Comparison of the distribution of mutations along the TP53 coding region in CRCs
from the UMD database (top) and in our sample (bottom). The length of the bars reflects the
number of mutations. Seven hot spot positions (representing 10 most common substitutions in
UMD) are indicated by codon numbers. Blue colour indicates two different frequent
substitutions at the same position. In our sample, two different point substitutions were observed
in codon 245, and only one of them belonged to the 10 hot spot variants. Asterisks indicate FS
mutations in our cohort.
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Figure 4: Mutational events in the TP53 gene in CRCs listed in the UMD database (left) and
observed in our CRCs (right). The CRCs of Czech patients had more frameshift mutations and
transversions, while transitions, especially in CpG sites, were less frequent.
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Figure 5: Comparison of the stage of tumours without and with TP53 mutations. White, stage I;
light grey, stage II; dark grey, stage IllI; black, stage IV. Segments show the number and
percentage of tumours (3 tumours lacked the information). Tumours with TP53 mutations may
have a tendency to skip stage Il or progress through it very quickly compared to tumours without
TP53 mutations (P = 0.002).

all tumours without TP53 mutation with TP53 mutation
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Unique mutational profile associated with TDG expression loss in a rectal

cancer of a patient with constitutional PMS2 defect.

Vasovcak P, Krepelova A, Marra G, Puchmajerova A, Skapa P, Augustinakova A, Amann G,
Wernstedt A, Jiricny J and Wimmer K

Abstract

Germline defects of various DNA repair mechanisms have been shown to be associated with
several human cancer predisposing disorders. Absence or malfunction of the repair proteins due
to germline or somatic mutations is usually accompanied by a specific mutational signature of
selected genes critical for tumour development. We have analysed the colorectal tumour of a
patient with constitutional mismatch repair deficiency due to biallelic germline PMS2 mutations
for somatic mutations in a number of tumour suppressor genes. In addition to microsatellite
instability (MSI), the tumour contained an excess of point mutations, mostly C:G>T:A or
G:C>A:T transitions. This intriguing finding previously reported neither in hereditary nor
sporadic colorectal tumours prompted mutation analysis of the base excision repair genes UNG2,
SMUG1, MBD4, and TDG. A heterozygote mutation in the thymine-DNA glycosylase (TDG)
gene was uncovered in tumour DNA. This somatic missense mutation affecting a highly
conserved domain of the protein was associated with protein expression loss in the neoplastic
tissue. Our finding indicates that absence or malfunction of the repair enzyme TDG contributed
to the particular supermutational signature in tumour DNA of the CMMR-D patient supporting a

role of TDG in preventing mutability of 5-methylcytosin deamination in the human genome.

Introduction

Maintenance of the genomic integrity is of crucial importance for all living organisms. DNA is
constantly attacked by many various endogenous and exogenous DNA damaging agents that lead
to mispairings and other deviations from Watson-Crick base-pairing. Equally, replication errors
lead to mismatches and small nucleotide insertion/deletion loops (IDLs). Unrepaired, mispairings

and IDLs are pro-mutagenic DNA aberrations that may lead to deleterious effects. There is a
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variety of DNA repair mechanisms to prevent damage. The two main pathways implicated in the
correction of mispairings and IDLs are postreplicative mismatch repair (MMR) and base
excision repair (BER) (1). Germline mutations of genes involved in these repair processes give
rise to human hereditary conditions associated with an increased cancer risk (1). Hereditary
colorectal cancer (CRC) can be caused by defects in MMR and BER (2;3). Heterozygous
germline mutations in the MMR genes MLH1, MSH2, MSH6, and PMS2 cause an autosomal
dominant cancer predisposition syndrome named hereditary non-polyposis colorectal cancer
(HNPCC) or Lynch syndrome (2). Colorectal and endometrial cancers are the most prevalent
cancers for this syndrome (4). Lynch syndrome associated tumours display loss of the remaining
wild type MLH1, MSH2, MSH6 or PMS2 allele and, hence, somatic MMR deficiency (MMR-D).
Somatic MMR-D is also observed in 15% of sporadic CRCs mainly due to MLH1 gene silencing
by promoter hypermethylation (5). Individuals with biallelic germline mutations in one of the
MMR genes are referred to as constitutional MMR-deficiency (CMMR-D) patients. They
develop childhood malignancies, mainly haematological malignancies and/or brain tumours as
well as very early-onset CRC. Most CMMR-D patients show also some signs reminiscent of
neurofibromatosis type 1 (NF1), mainly café au lait spots (CLS) (6). The hallmark of CRCs
deficient in MMR is microsatellite instability (MSI) manifested by an accumulation of somatic
frameshift mutations in the repetitive sequences of microsatellites. Frameshift mutations are
frequently found also in the coding sequences of genes involved in tumour development such as
growth regulatory genes (TGFJRII, IGF2R, BAX) as well as in DNA repair genes (MSH3,
MSH®6) in MSI tumours. A preponderance of frameshift mutations was shown also in the APC
gene (7), a gene thought to play a central role in initiating colorectal tumorigenesis (8). Other
reports could not confirm this observation and, therefore, suggest that at least in sporadic MSI
tumours APC mutations, rather than genomic instability, are the initiating event in tumorigenesis.

Up to now, the only BER gene known to be implicated in CRC development is MUTYH.
Homozygous or compound heterozygous MUTYH germline mutations cause MUTYH-associated
polyposis (MAP) syndrome (3). A characteristic feature of MAP-associated CRC is prevalence
of somatic G:C>T:A transversions in the APC gene (3).

In this report we present a patient with biallelic germline PMS2 mutations who developed an
early-onset CRC with a particular supermutational phenotype. Intriguingly, the microsatellite

instable (MSI) tumour DNA revealed excess of somatic C:G>T:A transitions many of them at
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CpG dinucleotides but no FS mutations in several analyzed tumour suppressor genes,

particularly in the APC and NF1 gene.

Material and methods
Case report

A 13 year old female patient with a so far insignificant medical history was admitted to
hospital due to intermittent bellyache and diarrhoea. Ultrasound examination revealed
pseudotumour of the left ovary. Infiltration of a rectal tumour was found during adnexectomy.
The rectal tumour was histopathologically classified as pT3N2Mx with moderate differentiation.
After a surgical excision of the tumour the patient underwent adjuvant chemotherapy regimen
based on capecitabine plus oxaliplatin and after disease progression cetuximab plus irinotecan as
a second choice treatment was used. Finally, panitumumab was indicated, unfortunately with no
effect on disease progression. Chemotherapy was interrupted and two months later radiotherapy
was initiated. The patient received 15 doses within two weeks. Tumour growth was suppressed

and patient is 17 months in remission now.

Immunohistochemical analysis of the mismatch repair proteins MLH1, MSH2, MSH6 and PMS2
and of the base excision repair protein TDG

Expression of MSH2, MSH6, MLH1, and PMS2 was studied by immunohistochemistry as
described previously (9)

Immunohistochemical staining for TDG protein was performed on fresh excision wich were
frozen in liquid nitrogen and evaluated by a standard frozen section technique for the presence of
representative vital tumour and non-neoplastic control tissue. Following the blocking of
endogenous peroxidase activity, the 4 um thick cryosections were incubated overnight at 4 °C
with primary polyclonal rabbit anti-human TDG antibody (clone AP06727PU-N, Acris
Antibodies GmbH, Germany) diluted 1:100. The antibody complexes were visualized using the
streptavidin-biotin detection kit LSAB+, Dako REAL Detection Systems, HRP/DAB+,
Rabbit/Mouse (DakoCytomation) and 3,3’-diaminobenzidin tetrahydrochlorid (DAB, Fluka
Chemie, Buchs, Switzerland). All sections were stained with hematoxylin, dehydrated and
mounted. Nuclear and/or cytoplasmatic staining was considered for a positive result of the

immunoreactions. The non-neoplastic tissue was used as a positive control.
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Microsatellite instability analysis

Five quasi-monomorphic mononucleotide repeat markers, i.e. BAT-26, BA-T25, NR-21, NR-
24 and MONO-27 were investigated to asses microsatellite instability (MSI) employing a
fluorescence-based pentaplex-PCR assay (Ingenetix, Vienna, Austria) according to the

manufacturer’s recommendations.

Germline mutation analysis

After informed consent blood samples were obtained from the patient and her parents for
molecular analysis. Screening for MLH1 and MSH2 mutations was performed by denaturing
gradient gel electrophoresis (DGGE) as previously described (10). The MSH6 gene was analyzed
by sequencing all exons from gDNA using published primers (11). A previously described RNA-
based mutation analysis protocol (12) was used to identify mutations in the PMS2 gene. PMS2
exon 11 was amplified and subsequently sequenced with published primers (13). Improved
PMS2 MLPA was performed with SALSA kits P008-A1 and P008-X1, the latter being the beta
version of the new kit PO08-B1 (MRC-Holland, Amsterdam, The Netherlands), according to the
manufacturer's instructions using a set of six control DNAs containing each two copies of PMS2-
and two copies of PMS2CL-specific sequences (Wernstedt et al. manuscript in preparation). NF1
mutation analysis included NF1 cDNA sequencing as described in (14) and MLPA analysis
using SALSA kits P081-B1 and P082-B2 (MRC-Holland, Amsterdam, The Netherlands).

Mutation analysis in tumour tissue

DNA was extracted also from fresh frozen tumour of the index patient and corresponding
mucosa tissue at -70°C, snapped during colectomy using Genomic DNA Purification Kit (Gentra
Systems, Minneapolis, MI, USA) according to manufacturer’s recommendations. Mutation
analysis of APC, KRAS, TP53, BRAF, CTNNB1, MUTYH genes, MSI and MLH1 promoter
methylation status was performed as described previously (Vasovcak et al. submitted).
Denaturing gradient gel electrophoresis (DGGE) method was used for pre-screening of MLH1
and MSH2 genes also in tumour DNA. PCR fragments showing an aberrant profile were checked
by sequencing. The MSH6 and NF1 genes as well as the BER genes, UNG2, SMUG1, MBD4 and
TDG, were sequenced directly from tumour DNA (primers for amplification of BER genes are
listed in Supplementary Table 1). Somatic mutations found in tumour DNA were analysed also

in corresponding mucosa to exclude possibility of germline mutations.
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For mutation analysis in the three additional CMMR-D patients’ tumours DNA was isolated
from paraffin-embedded tumour tissue using Puregene Tissue Kit (Gentra Systems, Minneapolis,
M1, USA) according to the manufacturer’s recommendations. Tumour DNA was amplified using
intronic primers as published in (3;15;16) and sequenced bidirectionally.

Mutant allele-specific PCR amplification (17) was performed to show that two somatic stop
mutations are located in trans in APC exon 6. A forward primer (5
GTTTCTTGTTTTATTTTAGT 3°) with terminal 3" nucleotide specific for first mutation
(c.646C>T, p.R216X) and a reverse primer (5" CTACCTATTTTTATACCCAC 3") positioned
downstream of the second mutation (c.694C>T, p.R232X) were used for PCR and subsequent
sequencing of the generated PCR product.

Cycle sequencing was performed using the BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, Foster City, USA) and the Applied Biosystem 3130 Genetic Analyser
according to manufacturer’s instructions.

All mutations are described in accordance with the recommendations of the human genome
variation society (http://www.hgvs.org/mutnomen/). Reference sequence NM_000535 was used
for PMS2.

Results
Identification of two compound heterozygous germline PMS2 mutations in a young colorectal
cancer patient

The patient presenting with a colorectal cancer at the age of 13 years was initially suspected to
suffer from HNPCC despite of a negative family history of Lynch syndrome-associated tumours.
The tumour showed microsatellite instability (MSI) at all tested markers, but routine
immunohistochemical analysis of MLH1 and MSH2 revealed nuclear staining of both proteins.
Equally, mutation analysis performed for the MMR genes most frequently involved in Lynch
syndrome, MLH1, MSH2 and MSH6 rendered negative results. Subsequent detailed physical
examination by the clinical geneticist revealed two café au lait maculae (CALMs) on the back of
the patient raising the suspicion of CMMR-D syndrome which is frequently caused by biallelic
PMS2 germline mutations (6). This was confirmed by immunohistochemistry showing isolated
PMS2 expression loss in the tumour and in the surrounding non-neoplastic mucosa tissue (Figure

1). Direct cDNA sequencing revealed heterozygous loss of exons 12, 13 and 14
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(r.2007_2445del439) in the PMS2 transcripts and subsequently performed improved MLPA
analysis confirmed an intragenic deletion (c.2007-?_2445+?del) affecting these exons.
Furthermore, mutation ¢.1687C>T leading to the premature stop codon p.Arg563X was
identified by cDNA sequencing and subsequently confirmed by sequencing of exon 11 from
gDNA. Analysis of parental DNA confirmed that the two pathogenic mutations were located in
trans since the mother of the patient carries the stop mutation p.Arg563X and the father is
heterozygous carrier of the intragenic deletion (c.2007-?_2445+?del) affecting exons 12 to 14,
NF1 mutation analysis was negative in the blood lymphocytes of the patient who showed two
CALMs on her back.

The colorectal cancer of the CMMR-D patient has a unique mutational phenotype

Independently from the diagnostic work-up of the young colorectal cancer patient, a sample of
her tumour was included in an unselected series of 103 anonymized apparently sporadic CRCs
which were examined for the mutational profile of APC, KRAS, TP53, BRAF, CTNNB1, and
MUTYH as well as for LOH at the APC locus, MSI, and MLH1 promoter methylation status
(Vasovcak et al. submitted). Within this series, the tumour of the patient showed a unique
mutation pattern with microsatellite instability and nine somatic alterations, eight in the APC and
one in the CTNNB1 gene. Of note, none of the alterations were frameshift mutations, although
more than half of the mutations found in other sporadic MSI colorectal cancers were of this type
(Vasovcak et al. submitted). The majority (7/9) of the mutations found in the tumour of the
CMMR-D patient were C:G>T:A or G:C>A:T transitions of which six affected CpG
dinucleotides (Table 1). Two of the APC alterations are recurrent pathogenic stop mutations (see

LOVD Insight database: http://www.insight-group.org/mutations/) and were found to be located

in trans position to each other by mutant allele-specific PCR amplification and subsequent
sequence analysis showing the wildtype nucleotide at the other mutated site. LOH assessment at
the APC locus was not determined due to the uninformativity of the examined marker. Since the
tumour showed MSI, mutation analysis of the MMR genes MLH1, MSH2 and MSH6 was
initiated in the neoplastic tissue independent from the search for germline mutations in these
genes in the blood lymphocytes of the patient. Furthermore, mutation analysis of the NF1 gene,
which is a known target of MMR deficiency induced mutations (18), was performed by exon

sequencing in the neoplastic tissue. This lead to the detection of further seven C:G>T:A or
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G:C>A:T transitions five of which affected CpG dinucleotides (Table 1). Neither of the detected
somatic changes found in the tumour was present in the non-neoplastic tissue. Taken together, a
total of 16 somatic single nucleotide substitutions, 12 of them affecting Cs at CpG dinucleotides,

were identified among 34000 nucleotides analyzed.

Identification of a heterozygous TDG mutation and concomitant TDG expression loss in the
neoplastic tissue.

This mutational phenotype with an excess of C:G>T:A or G:C>A:T transitions but no
frameshift alterations in the MSI tumour of a CMMR-D patient compound heterozygous for
germline PMS2 mutations was intriguing. In the literature we found one report of a Turcot
syndrome patient (19) who developed in addition to an astrocytoma grade IV, a malignant
lymphoma and a fibroma three independent colon carcinomas and multiple adenomas at the ages
of 13 and 16 years. This patient carried an inferred biallelic PMS2 germline mutation although
only one heterozygote mutation was identified at that time. All colonic neoplasms in this patient
exhibited MSI. Analysis of the three colorectal carcinomas for the presence of somatic mutations
in the APC and TP53 genes revealed a total of 11 mutations. The tumour with the highest
number of alterations carried six mutations, four of them in the APC and two in the TP53 gene,
respectively. One of these six mutations was a frameshift mutation and five single-nucleotide
substitutions of which only one was a C:G>T:A transitions at a CpG dinucleotide. These data
from the literature indicate that colorectal cancers in CMMR-D patients with biallelic PMS2
germline mutation may have a high frequency of somatic mutations in their tumours, but do not
render evidence for a preponderance of C:G>T:A or G:C>A:T mutations as seen in the index
patient. Therefore, we aimed at analyzing more colorectal cancers of patients with germline
PMS2 defects. We analysed the APC and CTNNB1 genes in tumour DNA of three other PMS2
deficient CMMR-D patients. Since all somatic APC mutations of the index patient were found in
exons 1 to 14 and within the first ~ 5000 bp of the large exon 15, this region as well as the
critical CTNNB1 exon 3 was analyzed in the tumour of a so far unpublished patient who
developed a colonic adenocarcinoma at the age of 12 years and was found to be homozygous
carrier of a truncating PMS2 mutation (patient 2 in Table 2). This tumour showed MSI at 4/5
analyzed markers. Secondly, the tumour of a previously published CMMR-D patient (20) which

showed MSI at 5/5 analysed markers was analysed. Only a limited amount of tumour DNA was
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available from this patient (patient 3 in Table 2). Therefore, only the APC mutation cluster
region (MCR) (21) and the CTNNBL1 exon 3 could be sequenced. Finally, we were able to
investigate the tumour tissue of a patient (patient 4 in Table 2) who developed at the age of 15
years a colon cancer. Although this tumour did not display MSI, it is assumed to be a CMMR-D
patient due to a biallelic PMS2 germline mutation since the tumour showed isolated PMS2
expression loss by immunohistochemical staining. We found only a single alteration, i.e. an APC
frameshift mutation (c.4666dupA), in this latter patient while no somatic sequence change was
found in the tumours of the two other patients. Comparing the frequency of mutations per
analysed nucleotides among the four PMS2 deficient tumours analysed in this study (Table 2),
the tumour of our index case has the highest frequency in any comparison.

Since we found the unusual preponderance of C:G>T:A or G:C>A:T transitions in the somatic
mutation spectrum in the index patient, we reasoned that a defect in one of the four DNA
glycosylases, UNG2, SMUG1, MBD4, and TDG could explain this observation. These proteins
show activity against bases that arise through deamination of C (uracil) or against deaminated 5-
MeC residues (thymine) (22). Mutation analysis of these genes in the tumour DNA revealed a
heterozygote TDG gene substitution ¢.850G>T which was not present in DNA of non-neoplastic
tissue (Table 1). This substitution leads to a non-synonymous amino acid change p.D284Y which
is located in the highly conserved central domain of the protein (Figure 2) (23). It is predicted to
be damaging according to different in silico tools, i.e. Polyphen (24), SIFT (25), and Grantham
scores (26). The identification of this most likely pathogenic TDG mutation initiated
immunohistochemical (IHC) analysis with a polyclonal anti-TDG antibody in the patient’s
tumour and the tumour of CMMR-D patient 2 (see above) as control. The IHC analysis showed
reduced nuclear TDG staining in the neoplastic cells of the index patient 1 when compared to
surrounding normal mucosa as well as to the control tumour (Figure 1). This result indicates loss
of/lowered TDG expression in the tumour tissue of the patient. A second mutation in the tumour
was not found and analysis of the tumour DNA even from a microdissected sample carrying
nearly 100% neoplastic cells did not reveal loss of the wild type allele. Hence, we suspect that an
assumed second somatic TDG inactivating hit either escapes the detection by the applied
methods or that the mutation p.D284Y has a dominant negative effect reducing also the

expression of wild-type protein.

76



Discussion

We have encountered a CMMR-D patient with a constitutive PMS2 defect who’s MSI tumour
harboured 16 nucleotide substitution mutations in five of ten analysed tumour suppressor genes
and proto-oncogenes with a striking preponderance (14/16 mutations) of C/G>T/A and G/C>A/T
transitions. Of the 14 transitions 12 were located at CpG dinucleotides eight affecting a C on the
sense and two at the anti-sense strand, respectively. This mutational phenotype is unique, since it
was not observed in CRCs from three further patients with a constitutive PMS2 defect analysed
in this study for somatic APC mutations. Also, although a high somatic APC mutation rate was
previously described in three CRCs of an inferred CMMR-D patient (19), the spectrum of
somatic mutations in this patient showed no obvious preponderance of C/G>T/A and G/C>A/T
transitions. Equally, the NF1 mutation spectrum previously found in several MLH1-, MSH2- and
MSH®6- deficient cancer cell lines, primary tumours and mouse embryonic fibroblasts differed
with only one G/C>A/T transition affecting a CpG dinucleotide among 10 mutations (five being
frameshifts) from the mutational spectrum found in the here described patient (18). Hence, it
appeared unlikely, that the constitutional MMR defect due to the identified biallelic germline
PMS2 mutations (alone) is responsible for the mutation phenotype observed in the tumour of the
index patient and to which we would like to refer to as supermutational.
The MMR system processes most base-base mismatches and small insertion-deletion loops
although with different efficiency (27) and acts mainly as a backup of polymerase proofreading
with the ability to discriminate nascent from template strand to prevent accidental excision of the
correct template nucleotide (28). Somatic genetic or epigenetic inactivation of the MMR genes is
characterised by MSI in the associated tumours (5) and a prevalence of frameshift mutations in
various analysed genes which are thought play a role in tumorigenesis (7). In contrast to the
MMR system, BER enzymes act irrespective of whether a damaged or mismatched base is
located on the nascent or template strand (1). Until the discovery that inactivation of a single
BER protein, MUTYH, may increase mutational rate with specific mutation signature reflecting
its particular activity (3), the importance for keeping up genome integrity of each individual BER
genes were considered low due to their functional redundancy. Co-evolution of the four BER
proteins with similar enzymatic properties implies the existence of non-redundant exclusive
biological functions that are coordinated. The major enzyme for removal of deaminated cytosine

in replication associated repair is UNG2, with SMUG1 acting as a broad specificity back up,
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especially in non-replicating chromatin (29;30). TDG serves as the predominant G:T glycosylase
in mammalian cells, whereas MBD4 is a minor glycosylase for this type of mutational event (1).
Coordination between different repair mechanisms or enzymes of the same mechanism can be
achieved by spatiotemporal regulation (1). For example, TDG- and UNG2-dependent base
excision repair alternates throughout cell cycle, where UNG2 is active during DNA replication
and TDG functions in non-replicating DNA (31). Methylated CpG dinucleotides in mammalian
genome are hotspots for mutations. Owing to its ability to excise thymidine when mispaired with
guanine, TDG was proposed to act against the mutability of 5-methylcytosine (5-mC)
deamination in the mammalian DNA (32). The identification of a most likely pathogenic somatic
TDG mutation concomitantly with severely reduced expression of this BER gene in the index
patient’s tumour showing a supermutational phenotype appears to confirm this notion. However,
we cannot discern whether the supermutational phenotype is caused mainly or exclusively by the
absence/reduced expression of TDG or whether a defect in TDG-dependent BER and a defective
MMR system work together. Of note, TDG gene was recently shown to be critically important
for mouse embryonic development, promoting proper epigenetic modification of developmental
genes (33;34). These recent data (34) suggest that TDG may not only have a role as critical DNA
repair enzyme in the mammalian genome working especially against mutations arising from
deamination of 5-methylcytosine, but also in initiating the DNA demethylation process, thus
controlling the potentially mutagenic deaminase activity of AID and also the methylation status
of gene promoters. Hence, Cortellino et al. speculate that somatic TDG inactivation or altered
relative expression of TDG may play a role in tumour formation not only by increasing
deamination-induced transition mutations but also by promoting hypermethylation of critical
tumor suppressor gene promoters (34). It may be hypothesised that various TDG expression level
(due to a different spectrum of mutations, epigenetic modification and/or nature of mutation)
may have different impact on a mutational/epigenetic phenotype of tumour cells.

It is widely accepted that aberrant activation of the Wnt signalling pathway is considered a
common denominator in the onset of nearly all CRCs. Inactivating APC or activating CTNNB1
mutations are thought to be also the initiating event in Lynch syndrome-associated tumours
preceding somatic mismatch repair deficiency that subsequently accelerates the adenoma-
carcinoma transformation by increasing the mutation rate in pre-cancerous lesions. In contrast to

Lynch syndrome patients who develop non-polyposis colorectal cancer, the presence of multiple
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polyps/adenomas has been reported in several CMMR-D patients (6;35). It is conceivable that
genes such APC and CTNNB1 which are critical for tumour initiation are targets of the
constitutional defect in the mismatch repair system. Hence, in CMMR-D patients, not only the
transformation process of pre-cancerous lesions is accelerated but also the formation of these
lesions is increased. Of note the two clearly truncating APC mutations found to be located in
trans as well as most of the other mutation in the here described tumour are C:G>T:A transitions.
Hence, it may be speculated that in the context of this tumour, possibly also in other CRCs, TDG
has a function as a caretaker tumour suppressor that’s inactivation helped to initiate neoplastic

cell transformation by increasing the mutation rate of the APC gene.
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Table 1: Somatic mutations found in tumour DNA of the patient.

APC NF1 MLH1 MSHG6 CTNNB1 TDG
GenBank Ref.Seq GenBank Ref.Seq GenBank Ref.Seq GenBank Ref.Seq GenBank Ref.Seq  GenBank Ref.Seq
NM_000038.4 NM_000267.2 NM_000249.3 NM_000179.2 NM_001904.3 NM_003211.4

€.59C>T, p.A20V €.850G>T, p.D284Y

€.646C>T, p.R216X  ¢.862G>A, p.V288M ¢.1490G>A, p.R497Q
€.694C>T, p.R232X  ¢.1154G>A, p.R385H ¢.2040C>T, p.C680C
€.730-15A>G €.5601C>T, p.11867I
€.1242C>T, p.R414R  ¢.8245C>T, p.L2749F
€.1312+4T>G
€.3313C>T,
p.R1105W
c.4097C>T,
p.A1366V
c.4901C>T,
p.P1634L

€.2195G>A, p.R732Q

Transitions affecting CpG dinuclotides are highlighted in bold.
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Table 2: Comparison of the somatic mutations found in the colorectal cancer of the index patient and of three other PMS2-/- patients

MSI? APC 2 APC-MCR 3 CTNNB1*
Patients (~700 bp) (~300 bp)
(~7000 bp)
8
Patient 1 MSI 6x C>T/G>A 1 1
5/5 1Ix T>G 1x C>T 1x C>T
Ix A>G
. MSI
Patient 2 A5 0 0 0
. MSI
Patient 3 5/5 n.a. 0 0
. MSS 1
Patient 4 /5 (c.4666dupA) 0 n.a.

Patient 1 is the index patient, patient 2 is a so far unpublished CMMR-D patient carrying a homozygous PMS2 stop mutation, patient 3
has previously been published (20) and patient 4 is a inferred CMMR-D patient who developed at the age of 15 years a CRC which
showed isolated PMS2 expression loss.  The number of instable markers per analyzed markers is given. > Analysis of the entire coding
and flanking intronic sequences of exons 1-14 and the first 5kb of exon 15.* Analysis of only the mutation cluster region (MCR) in

APC exon 15. * Analysis of exon 3 and flanking intronic sequences.
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Figure 1. Immunohistochemical staining of colon cancers with antibodies against MLH1,
PMS2, and TDG.

(A), (B), and (C): Colon cancer of the index CMMR-D patient; (D): Colon cancer from an
unrelated patient with a homozygous germline PMS2 mutation (patient 2). While tumour cells
expressed normally MLH1 (A), the expression of the MLH1 heterodimeric partner PMS2 was
lost in the proband’s colon cancer (B). PMS2 was absent also in normal stromal cells (B) and in
the normal mucosa (not shown). (C) In the same cancer, the expression of the DNA repair
enzyme TDG was markedly reduced or completely absent in the nuclei. (The cytoplasmic
staining may be either background or residual expression of TDG in this cellular compartment.).
(D) TDG was normally expressed in the colon cancer of the unrelated CMMR-D patient (patient

2). Inset: staining of this cancer with the TDG pre-immune serum (negative control).
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Figure 2 Evolutionary conservation of the amino acid residue of TDG which was found
mutated in patient.

Comparison of the G/T glycosylase domain of the TDG protein in various organisms. The
highlighted aspartate residue at 284 in the human sequence is conserved among many organisms.

A mutation encoding the D284Y variant at this position was identified in the rectal cancer of our

patient.

Homo sapiens VMPSSSARCAQFPRAQDKVHYYIKLKDLRDQLKGIERNMDVQEVQYTFDL
Pan troglodytes VMPSSSARCAQFPRAQDKVHYYTIKLKDLRDQLKGIERNMDVQEVQYTFEFDL
Canis lupus VMPSSSARCAQFPRAQDKVHYYIKLKDLRDQLKGIERNTDVQEVQYTFDL
Bos taurus VMPSSSARCAQFPRAQDKVHYYIKLKDLRDQLKGIERNTDVQEVQYTFEDL
Rattus norvegicus VMPSSSARCAQFPRAQDKVHYYIKLKDLRDQLKGIERSTDVQEVQYTFEDL
Gallus gallus VMPSSSARCAQFPRAQDKVHYYIKLKDLRDQLKGIAPNTEVQEVQYTFDL
Danio regio LMPSSSARCAQFPRAQDKVHFYIKLRELRDQLKGVIKQKEVEEVNYTFEDL

Drosophila melanogaster VMPSSSARCAQLPRAADKVPFYAALKKFRDFLNGQIPHIDESECVEFTDQR
Schizosaccharomyces pombe GISSSGRAAGYSDEKKONLWNLFAEEVNRHREIVKHAV
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