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Uvod

Gastrointestinalni stromdalni tumory (GIST) tvofi skupinu me-
zenchymalnich nadord, které maji nékteré spolecné celularni ry-
sy s intersticidlnimi Cajalovymi burikami (ICC) traviciho Ustroji
a tyto buriky nebo jejich prekursory jsou povazovany za fyziolo-
gické protéjsky nadorové transformovanych bunék GIST. Toto
pozorovani je zalozeno na expresi molekul KIT (CD117) a CD34
u ICC a bunék GIST, a také na skute¢nosti, Ze mnohotné a fami-
lidrni formy GIST vznikaji v terénu difuzni hyperplazie Cajalovych
bunék.” Z molekuldrniho pohledu i po strénce exprese protein(
jsou GIST nejlépe charakterizovany expresi transmembranového
proteinu KIT (CD117).2 Exprese proteinu KIT je detekovdna az
u 95 % GIST.2 Béhem let vyzkumu se ukdazalo, Ze konstitutivni
aktivace proteinu KIT hraje vyznamnou patogenetickou ulohu pfi
vzniku nékterych nddorl, vcéetné GIST. Na patogenezi GIST se

kromé proteinu KIT podili jesté jeden receptor, a to PDGFR-a.
(platelet-derived growth factor receptor alpha). Aktivace obou
téchto receptort probihd nezavisle na pfitomnosti jejich ligandd,
prostfednictvim aktiva¢nich (gain of function) mutaci pfislusnych
genu c-kit a pdgfr-a.34

Nejcastéji (v 95 %) se setkdvame s tzv. sporadickymi GIST.
Sporadické GIST postihuji prfevazné dospélé pacienty ve stfednim
véku (nad 40 let). Mutace gend c-kit a pdgfr-o. jsou u téchto ne-
mocnych ziskané. Vzacné se mizeme setkat s familiarni formou
GIST, charakterizovanou zarode¢nymi mutacemi zminénych gend.
Mutace se pak vyskytuji jak v nddorovych burikach, tak i ve viech
ostatnich bunkach organismu.>® GIST s familidrnim vyskytem se
klinicky obvykle projevi mnohocetnym vyskytem nadoru a dalsim
charakteristickym znakem — hyperpigmentaci kdze.” V nékolika
madlo pripadech je zaznamendn vyskyt GIST v détském véku. Vznik
GIST u déti (6—14 let) a mladych dospélych (15-24 let) byva ¢asto

W obrazek 1 Schematicky prehled struktury receptorovych tyrosinkinaz KIT a PDGFR-a. a oblasti, které kéduji vysetiované exony
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spojen s jinymi syndromy, vétsinou s neurofibromatézou typu |
(von Recklinghausenova nemoc), nebo vznikaji jako soucast
Carneyho trias (GIST, chondrohamartom plice a paragangliom).
GIST postihujici déti predstavuji odlisSnou klinickopatologickou
a molekuldrni skupinu nadort s indolentnim prdbéhem onemoc-
néni a s mnohocetnymi lozisky v Zaludku. Charakteristickym zna-
kem je také absence mutaci v genech c-kit a pdgfr-o. a epiteloidni
morfologie téchto nadord.°

Receptorové tyrosinkinazy KIT a PDGFR-a

Proteiny KIT a PDGFR-a fadime mezi transmembranové re-
ceptorové tyrosinkinazy (RTK). RTK KIT a PDGFR-a jsou ¢leny ro-
diny RTK protein podobnych receptoru pro desti¢kovy rlstovy
faktor (PDGFR - plateled-derived growth factor receptor). Tato
skupina RTK je také oznacovana poradovym cislem lll. Spole¢né
s proteiny KIT a PDGFR-a patfi do této skupiny i proteiny
PDGFR-B, CSF-1 (colony-stimulating factor-1) a FLK-3 (FMS-like
tyrosine kinase-3).19-2 Zastupci této proteinové rodiny se vyzna-
Cuji strukturdlni homologii sestavajici se ze tfi zékladnich &asti:
extracelularni, transmembranové a intracelularni. Extracelularni
¢ast tvofi 5 domén podobnych molekule imunoglobulinu.
Intraceluldrni ¢ast predstavuje juxtamembrénova oblast a dvoji-
ce tyrosinkindzovych (TK) domén spojenych kratkym kindzovym
inzertem.? TK1 je mistem, kde se na intracelularni ¢ast protei-
nu vaze ATP. Za pfenos fosfatu zodpovida TK2, tzv. aktivacni
misto. Extraceluldrni ¢ast je s intraceluldrni ¢asti proteinu pro-
pojena sekvencné jednoduchym hydrofobnim transmembréno-
vym Usekem.7.13.14

Obrazek 1 poskytuje prehled struktury receptorovych tyro-
sinkindz KIT a PDGFR-a a oblasti, které kdduji vysetfované exony
genl c-kit a pdgfr-o. RTK jsou dulezitymi mediatory signalizac-
nich drah, které prenaseji extraceluldrni signaly do nitra bunék.
Vysledkem prenosu signdlu je aktivace intraceluldrnich procest,
jez kontroluji buné¢nou proliferaci, diferenciaci, prezivani a/nebo
programovanou smrt bunék. Patologické zmény gend, které ko-
duji RTK — amplifikace, delece nebo mutace — vedou ke konsti-
tutivni aktivaci receptor(l a predstavuji vyznamny mechanismus
nekontrolované RTK signalizace.

Aktivace proteind KIT a PDGFR-a probiha za fyziologickych
podminek prostfednictvim ligandd pfislusnych rdstovych fakto-
rd. Ligandem pro protein KIT je rlstovy faktor kmenovych bunék
(SCF — stem cell factor); pro protein PDGFR-a. je to rlstovy faktor
PDGF. SCF je zndmy rovnéz jako KIT-ligand nebo ristovy faktor
Zirnych bunék (mast cell growth factor).'®

Aktivovany protein KIT je nezbytny pro vyvoj a preZivani rliz-
nych typl bunék.'” Prehled bunék a tkani, které exprimuji protein
KIT, podava . Protein KIT sehravd rozhoduijici ulohu
v diferenciaci ICC. Jeho aktivita je rovnéz nutnad pro formaci
funkéni sité ICC.5 Tyto buriky se podileji na fizeni peristaltiky stfev
a na prenosu nervovych impulst mezi nervovymi burikami a buri-
kami hladké svaloviny ve sténé trdvici trubice. Podle fenotypo-
vych znak( GIST se predpoklddd, Ze tyto nadory vznikaji trans-
formaci podpurnych ICC nebo jejich prekursort ¢i kmenovych
bunék se schopnosti diferenciace v ICC.18.19

tabulka 1 P¥ehled bunéc¢nych typt a tkani exprimujicich
receptorovou tyrosinkinazu KIT (Podle 17)

Bunécné typy a tkané exprimujici protein KIT

Intersticialni Cajalovy buriky gastrointestinalniho traktu
Zirné buriky

Melanocyty

Nékteré hematopoetické kmenové buriky

Prekursory osteoklastu

Glidlni buriky

Nezralé epidermalni Langerhansovy buriky

Nékteré epitelidlni a zdrode¢né buriky

Geny c-kit a pdgfr-o

Geny c-kit a pdgfr-a jsou lokalizovany ve stejné chromoso-
malni oblasti, na dlouhém raménku 4. chromosomu (4q12).>
Onkogenetické mutace pfislusnych genl aktivuji proteiny KIT
a PDGFR-a. prostiednictvim konstitutivni fosforylace. Kontinualni,
na pfitomnosti ligandu nezavisld aktivace RTK KIT a PDGFR-a.
vede k neregulovanému spusténi signalnich drah, které podpo-
ruji proliferaci nebo prezivani bunék. Typy mutaci v genech c-kit
a pdgfr-a. jsou u GIST znacné variabilni. Zahrnuji delece, substi-
tuce (bodové mutace), duplikace (¢asto ve smyslu internich tan-
duplikace-inzerce a nové popsané delece s inzerci invertovanych
komplementarnich sekvenci, tzv. delece-inverze.'3

Mutace v genech c-kit a pdgfr-a. mtzeme rozdélit z nékolika
hledisek. Podle lokalizace mutaci v uvedenych genech rozlisujeme
mutace regula¢nich domén receptord (extraceluldrni a juxtamem-
branovd doména) a mutace enzymatickych domén (TK1 a TK2).'3

Mutace genu c-kit se vyskytuji u vice nez 80 % GIST. Gen
c-kit tvofi 21 exonl. Mutace mohou vzniknout v kterémkoliv
z téchto exond. Typicka je vSak kumulace mutaci v exonech 9,
11, 13 a 17. Exon 9 kdéduje extraceluldrni oblast proteinu KIT,
exon 11 intracelularni juxtamembrénovou oblast, exon 13 prvni
intracelularni tyrosinkindzovou doménu (TK1) a exon 17 kéduje
druhou intracelularni tyrosinkindzovou doménu (TK2).2° Prehled
topografie kddujicich oblasti je zndzornén na obrazku 1.V pre-
vazujici vétsiné pfipadld (60-70 %) postihuji mutace genu c-kit
exon 11. Jednd se o znac¢né heterogenni mutace rozdilného ty-
pu (jednoduché substituce bazi, delece, inzerce, nebo slozit&jsi
delece-inzerce, delece-substituce nebo delece-inverze). Druhym
nejc¢astéji mutovanym exonem je exon 9. Mutace jsou zde dia-
gnostikovany pfiblizné v 10 % pfipadd. Znacna &ast zjisténych
mutaci exonu 9 je vysledkem jednoho typu mutace: inzerce 6
nukleotidd, ktera vede k duplikaci dvojice aminokyselin v pozici
kodonu 502 a 503. Mutace v exonu 13 se vyskytuji vyjimecné.
Nachdazime je pfiblizné u 1 % GIST. RovnéZ mutace v exonu 17
jsou vzacné. Jejich pritomnost v nadorech zjistujeme u méné nez
1 % pripad’.2>2" V exonech 13 a 17 byly doposud detekovany
vyhradné substitu¢ni zdmény nukleotidd. Ty vedou k zdméné
aminokyselin v polypeptidovém fetézci receptoru.

U priblizné pétiny pacientl s GIST gen c-kit mutovan neni.
U 5-8 % pacientl s nemutovanym genem c-kit vznikaji mutace

GIST
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tabulka 2 P¥ehled frekvence, lokalizace a typt mutaci u pacientl s gastrointestindlnim stromalnim tumorem (Podle 24)

Gen/exon | Frekvence Lokalizace Typy mutaci
c-kit 80 %
1 60-70 % Juxtamembranova doména Delece, bodové mutace,
delece-inzerce, ITD

9 10 % Extracelularni doména Inzerce

13 1-2 % Intracelulérni tyrosinkindzové doména 1, TK1 (ATP a ADP vazebné misto) Bodové mutace

17 1% Intracelulérni tyrosinkindzovéa doména 2, TK2 Bodové mutace
pdgfr-o. 5-8 %

12 1% Juxtamembranova doména Bodové mutace

14 <1% Intraceluldrni tyrosinkindzova doména 1, TK1 (ATP a ADP vazebné misto) Bodové mutace

18 5% Intraceluldrni tyrosinkindzova doména 2, TK2 Bodové mutace, delece

Vv genu pdgfr-a.2223 Mutace genu pdgfr-a. se kumuluji v exonech
12, 14 a 18, které jsou homologni s exony 11 (juxtamembrano-
va oblast), 13 a 17 (intraceluldrni TK1, respektive TK2 domény)
genu c-kit.2% Nejcastéji (v 5 % pfipadd) se mutace vyskytuji v exo-
nu 18. Jednd se zejména o bodové mutace (pfevazuje aminoky-
selinova zdména na pozici kodonu 842) a delece. Mutace v exo-
nech 12 a 14 genu pdgfr-a. se vyskytuji vyjimecné (v 1 %, re-
spektive pod 1 % pfipadd). Zahrnuji bodové mutace, inzerce
a delece.?*

Mutace v genech c-kit a pdgfr-a. jsou vzajemné exkluzivni.
Nadory s mutacemi pfitomnymi v genu c-kit nemaji mutovan
gen pdgfr-a, a naopak.? U ¢asti nemocnych s GIST se pfitomnost
mutaci nezjisti ani v jednom z uvedenych gen(. Pfedpokladanym
vysvétlenim patogeneze skupiny GIST s nemutovanymi geny

B obrazek 2 Ptiklady analyzovanych mutaci genu c-kit

c-kit nebo pdgfr-a je vyskyt aktivacnich mutaci v genech pro jiné
RTK, které jsou analogem transmembranovych proteint KIT
a PDGFR-a, nebo v genech pro signdlni molekuly, jeZ jsou regu-
lovény signaliza¢ni kaskddou zprostfedkovanou proteiny
KIT/PDGFR-a..2° Prehled frekvence vyskytu, lokalizaci a typd mu-
taci v genech c-kit a pdgfr-a. podava .

Podle ¢asu a zpUsobu vzniku dale rozdélujeme mutace v ge-
nech c-kit a pdgfr-a. do dvou skupin — na primarni a sekundarni.
Vyse popsané primarni mutace jsou spojeny se vznikem a rozvo-
jem GIST. Diagnostikujeme je v nadorech pred zahdjenim tera-
pie. Sekundarni mutace vznikaji v pribéhu |écby pacienta s GIST
a podileji se na vzniku ziskané rezistence téchto nadort vadi te-
rapii. Sekundarni mutace se prezentuji ve formé jednoduchych
substituci.?> Cast&ji se vyskytuji v genu c-kit. Konkrétné vznikaji

A) Primarni mutace v exonu 11 genu c-kit. Interni tandemova duplikace kodonl 573 az 580 v poradi nukleotidd na 3’ konci exonu 11.
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B) Sekunddarni mutace v exonu 13 genu c-kit. Substituce baze thyminu za bazi cytosin, kterd v aminokyselinovém
poradi vede k zdméné aminokyseliny valin za aminokyselinu alanin.
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v TK doménach proteinu KIT (TK1, respektive TK2), které jsou koé-
dovany exony 13 a 17.31417 U genu pdgfr-a se s nimi setkdvame
vyjimecné. U pacientdl s primadrné nemutovanymi geny c-kit
a pdgfr-a ke vzniku sekundarnich mutaci nedochazi.

Priklad detekce primarni mutace v exonu 11 a sekundarni
mutace v exonu 13 genu c-kit poskytuje obrazek 2. Mutace
byly analyzovany ze vzorku nadoru pacienta lé¢eného imatinib
mesylatem (IM).

Histopatologické ndlezy a soucasny
stav diagnostického postupu u GIST

Zakladnim postupem pfi stanoveni diagndzy GIST je histopa-
tologické vySetfeni odebraného vzorku tkdné. Odbér tkané je
proveden zpravidla chirurgem nebo gastroenterologem.
Viy3etfeni je zaloZzeno na urceni morfologickych charakteristik
a fenotypovych znakd nadorovych bunék.26

GIST jsou nejcastéji lokalizované ve sténé travici trubice (Za-
ludku, stfeva, vzacné v jicnu a v rektu). Vzacné se mohou také
vyskytovat primarné v omentu nebo v retroperitoneu. Malé na-
dory do dvou centimetrl prdméru jsou ovalné nebo okrouhlé
a jsou obvykle zanofeny ve sténé travici trubice. Jsou zpravidla
nahodilym nalezem. Nékdy jsou GIST lokalizovany prevaznou
¢asti ve sliznici, pak se polypovité vyklenuji do lumen trubice, né-
kdy jsou lokalizovany pfevazné subserézné. Velké GIST nad 5 cm
prostupuji zpravidla celou sténou travici trubice. Sliznice nad na-
dorem byva zejména u polypdzné rostoucich nadord a u nadord
vétsich rozmér( exulcerovana. Nékteré subserézné lokalizované

B obrazek 3 Makroskopicky obraz GIST — resekovana klicka
tenkého stfeva s prevazné exofyticky rostoucim
GIST sirokou stopkou nasedajicim
na zevni sténu stfeva

W obrazek 4 Mikroskopicky obraz, barveni hematoxylin a eosin
— vietenobunéény GIST zaludku.
Nador je fascikularné usporadany a pfipomind
mikroskopicky obraz leiomyomu. V nékterych
bunkach jsou patrné drobné perinuklearni
vakuoly. Nador je uniformni, prakticky bez mit6z,
velikost 4 cm.
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GIST rostou stopkaté a exofyticky se vyklenuji do dutiny bFisni
(obrazek 3). Nador neni opouzdrfeny vlastnim pouzdrem, ale by-
va pomérné ostfe ohraniceny od ostatnich struktur (napt. svalo-
viny Zaludku/stfeva). Na fezu je bud homogenni, nebo je tvofen
lalGckovitou/uzlovitou tkani Sedorizové, nékdy i nazloutlé barvy.
Mensi nadory jsou tuzsi konzistence, velké byvaji mékké a na fe-
zu sarkomatozni — pFipominajici rybi maso. Fokdlné mohou byt
pseudocystické, s lozisky hemoragif a asi v pétiné pfipadd s lo-
Zisky koagula¢nich nekroz (zvlasté u zfetelné malignich, sarko-
matdznich variant).

Mikroskopicka struktura je variabilni a v zdsadé rozpoznava-
me varianty vietenobunécné, epiteloidni — pfipominajici az epi-
telové nadory —, a smiSené. Vietenobunécné varianty jsou nej-
Castéjsi a obecné pfipominaji nadory z hladké svaloviny — leio-
myom, popfipadé leiomyosarkom (obrazek 4). Nejcastéji jsou
bunéeéné, uniformni, témér bez atypii. Casto jsou jadra nadoro-
vych bunék sesikovéna do palisad, coz pfipomind neurogenni
nadory (neurinom). Perinuklearné jsou v nékterych GIST promi-
nentni ostfe konturované vakuoly. PFi vétSim vyskytu téchto va-
kuol n&dor pfipomina az liposarkom. U vietenobunécnych GIST
s nizkou prolifera¢ni aktivitou byvaji nddorové buriky stihlé, silné
protdhlé, stroma tvofi hojny kolagen separujici jednotlivé bunky
nebo jejich svazy od sebe. Nékdy toto stroma kalcifikuje. Nékteré
bunécné GIST vykazuji vy3si prolifera¢ni aktivitu a nadorové bun-
ky maji fokalné nebo i poviechné znaky atypii. Stroma pak byva
myxoidné prosaklé. Dosti svérdznou extracelularni strukturou
jsou tzv. skenoidni fibrily, coZ jsou depozita eozinofilni smotkovité
(skenoid) fibrilarni hmoty mezi nddorovymi burikami (obrazek 5).

Epiteloidnf varianty GIST (dfive oznac¢ované jako bizarni leio-
myom ¢i leiomyoblastom) jsou obvykle bunécné a jsou tvorené
kohezivné rostoucimi polygonalnimi burikami s nezfetelnymi bu-
nécnymi hranicemi (obrazek 6). Variacni Site projevd je i v kate-
gorii epiteloidnich GIST pomérné znac¢na. Kromé blandné vyhli-

GISTm
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W obrazek 5 Mikroskopicky obraz, barveni hematoxylin a eosin
— vietenobunécény GIST tenkého stieva s hojnymi
skenoidnimi fibrilami (silné eosinofilni
neusporadané pentlicovité struktury)

W obrazek 6 Mikroskopicky obraz, barveni hematoxylin a eosin
— epiteloidni GIST. Nador vychazel ze Zaludku.
Nejvétsi pramér nadoru 12 cm.
Prolifera¢ni aktivita > 5 mit6z/50 zornych poli.

Zejicich typU s nizkou prolifera¢ni aktivitou jsou pomérné bézné
varianty se znaky jadernych i cytoplazmatickych nepravidelnosti
a s vy3sim poctem mitdz, vCetné mitéz atypickych. Extrémem
jsou GIST s dyskohezivné rostoucimi velkymi polygondlnimi buri-
kami a s vyraznymi atypiemi.

Prognosticky se vietenobunécné a epiteloidni varianty zasad-
nim zpGsobem nelisi, v kazdé ze skupin zavisi na prolifera¢ni ak-
tivité nadoru (viz nize). Ukazuje se, Ze alespori nékteré GIST
s mutaci genu pdgfr-a. mohou mit morfologicky svérazny viete-
nobunécny a epiteloidni charakter s palisadami epiteloidnich bu-
nék, a prestoze nejde o jednoznac¢nou morfologicky definovatel-
nou kategorii, miZe tento nélez vést k cilené indikaci moleku-
larniho vysetreni.?”

Nador v naprosté vétsiné pripadd (90-95 %) exprimuje re-
ceptorovy membranovy protein KIT (CD117) (obrazek 7).

Pozitivita je jak membranova, tak cytoplazmatickd difuzni nebo
bodova v okolf jadra (obrazek 8). V naprosté vétsiné je pozitivi-
ta KIT vyraznd a povsechnd. Ve vétsiné piipadd (nad 80 %) pro-
kazujeme také molekulu jednoretézcového membranového pro-
teinu, CD34 (obrazek 9). Nadory CD117-negativni byvaiji ¢asto
i CD34-negativni a mivaji epiteloidni charakter. Takova negativi-
ta mUZe byt skutecnd, aviak vzdy je nutné snazit se vyloucit
technické obtize prikazu molekuly KIT, popfipadé chybu odbéru
pfi vySetfeni pfilis malého vzorku. Exprese dalSich molekul, které
se v ramci rutinniho vy3etfeni stanovuji, je variabilni. Nejcastéji
byva pozitivni hladkosvalovy aktin (loZiskové, nékdy i poviechné)
—do 20 % pfipadl —, vzacnéji desmin (cytoskeletalni protein sva-
lové tkané) — do 5 % —, a jasna pozitivita S100 proteinu se pro-
kdZe u méné nez 1 % GIST. Je mozné uplatiovat i dalsi marke-
ry, zejména uzite¢né pro diferencialni diagndzu, aviak vyse uve-
deny panel k diagnostickému vysetieni obvykle dostacuje. U né-
kterych GIST byla prokdzana neurosekrec¢ni aktivita (zejména pfi
ultrastrukturalnim vysetfeni) a tyto nadory se po kratkou dobu
v literatufe oznacovaly jako gastrointestindlni nadory autonom-
niho nervového systému (GANT — gastrointestinal autonomic
nerve tumor). V prdbéhu studia téchto nadord se ukazalo, Ze
maji obdobné fenotypové i genové charakteristiky jako GIST,
proto je pojem GANT v podstaté opustén a jednotka s neuro-
sekrecni diferenciaci je hodnocena v ramci GIST. V pfipadech ne-
jasné diferencialni diagndzy, napfiklad u malych endoskopickych
odbérl, Ize k vylouceni karcinomu, popfipadé lymfomu, pouzit
pfislusné spektrum protilatek.

Velmi podstatné je posouzeni prolifera¢ni aktivity nddoro-
vych bunék. Prolifera¢ni aktivita, spolu s velikosti nadoru, ma
rozhoduijici vliv na prognosticky odhad chovani GIST. Proliferacni
aktivita se mUze stanovit imunohistochemickym prakazem mo-

M obrazek 7 Mikroskopicky obraz, prehledné zvétseni
— vietenobunécny GIST Zzaludku.
Imunohistochemicky prikaz molekuly KIT
(CD117) ukazuje na silnou pozitivitu nadorovych
bunék (¢ast vpravo). Nador je ostfe ohranicen
od negativni fibrozné zménéné submukozy,
slizni¢ni svaloviny a vlastnf sliznice zaludku
(vlevo, s mirnou nespecifickou vazbou protilatky
na zalude¢ni zlazky)
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W obrazek 8 Mikroskopicky obraz, stfedné velké zvétseni
— vietenobunéény GIST. Imunohistochemicky
priikaz molekuly KIT (CD117) ukazuje na
membranovou i cytoplazmatickou pozitivitu
nadorovych bunék

W obrazek 9 Mikroskopicky obraz — epiteloidni GIST.
Imunohistochemicky priikaz molekuly CD34
se silnou membranovou a slabsi cytoplazmatickou
pozitivitou

lekuly Ki-67, avsak k zarazeni nadoru do prognostickych kate-
gorii je bézné vyuzivano pocitani mitéz v 50 zornych polich pfi
velkém zvétSeni, tj. s vyuZitim objektivu mikroskopu zvétsujiciho
40x a okularu 10x. Navrhy prognostickych kategorii GIST pocha-
zeji od raznych autort (napf. Miettinen3 ¢i Fletcher a spol.28
[tabulka 3]). Kromé primérni diagnostiky a vymezeni prognos-
tickych skupin nemocnych s GIST sleduje histopatologické vyset-
feni také zmény indukované terapii, zejména po 1écbé IM (pokud
je dostupna tkan primarniho nadoru nebo jeho metastaz k vy-
Setfeni). GIST mohou byt po terapii zafazeny jako reaguijici na te-
rapii ¢i alespon stabilni, nebo jako IM rezistentni.?® U nadorU re-
agujicich na terapii byvaji nalezy variabilni. Je patrna pyknotizace
jader nadorovych bunék, apoptdzy, snizeni proliferacni aktivity, vy-
skytuji se hypocelularni loziska s fibrotizaci stromatu az denzni

hyalinézou (ojedinéle i s tvorbou metaplastické chrupavky nebo
kosti), nekrézy a pseudocystické zmény a hemoragie. Rezistentni
nador se morfologicky nemusi zménit vibec, nebo mize zménit
charakter z plvodniho vietenobunécného typu GIST na epiteloid-
ni. Zaroven byvaji zaznamenany zmény imunofenotypu, prede-
v3im ztrata imunoreaktivity pfi prikazu proteinu KIT, popfipadé
i CD34.3° Je zaznamendna de novo exprese desminu, tedy dife-
renciace exprese proteind smérem k hladkosvalovym burikam,
a recentné i transdiferenciace smérem k rhabdomyoblasttim.3

m tabulka 3 Konsenzualnf voditko k posouzenf rizika
agresivniho chovani GIST viech anatomickych
lokalizaci (Podle 28)

Velikost nadoru Pocet mitéz
(nejveétsi rozmér)
Velmi nizké riziko <2am < 5/50 HPF
Nizké riziko 2-5cm < 5/50 HPF
Stredni riziko <5am 6-10/50 HPF
5-10 cm < 5/HPF
Vysoké riziko >5cm > 5/10 HPF
> 10 cm Bez ohledu na pocet mitéz
Jakakoliv > 10/50 HPF

Vysvétlivky: HPF — high power field/velké zvétseni (objektiv 40x, okular 10x)

Souhrnnych ¢lankl popisujicich problematiku morfologické
a imunofenotypové charakteristiky GIST je v soucasné literature
celd fada.'347.1620 \/ ¢eském pisemnictvi je dostupny text autord
Dauma a spol.”?

Histopatologickd diagnéza pro bézné posouzeni GIST zatim
dostaCuje. Ukazuje se v3ak, Ze rozsifeni diagnostické nabidky
o molekuldrni vySetfeni ma vyznam v nékolika rovinach a do bu-
doucna se stane nedilnou soucasti vySetfeni nejen nemocnych
s vy33imi rizikovymi kategoriemi GIST, ale prakticky vSech nado-
ri typu GIST nebo téch nadord, u kterych je GIST v diferencialné-
diagnostickém spektru.

Diferencialni diagnéza GIST je pomérné 3irokd.3? Je nutné
odlisit leiomyom, popfipadé vzacny leiomyosarkom — CD117-
-negativni a CD34-negativni/hladkosvalovy aktin-pozitivni
a desmin-pozitivni (v jicnu je leiomyom ¢astéjsi nez GIST). V Za-
ludku diferencidlné diagnosticky pfichdzi v Gvahu tzv. fibroidni
polyp, zanétlivy myofibroblasticky tumor (raritné, spise u déti
a mladistvych), solitarni fibrézni nador a tzv. plexiformni fibro-
myxom.33 Fibromatézu a nékteré varianty liposarkoma je tfeba
odlisit vzdy u GIST lokalizovanych mimo travici trubici. GIST mo-
hou napodobit i nékteré zanétlivé procesy. V travici trubici se
muZe vyskytnout také neurinom, v jicnu také sarkomatoidni
karcinom, popfipadé melanom, v Zaludku glomus tumor, a tyto
nadory se mohou GIST do urcité miry podobat. Rovnéz nékteré
fibroblastické procesy reaktivniho nebo nejistého pdvodu mo-
hou byt s GIST zaménény.3*

Ve druhém kroku muiZzeme morfologické vysetfeni a dia-
gnostiku GIST rozsifit o molekuldrni analyzu. Molekuldrni analy-
za mutaci umoziiuje:

1. pozvednout diagnostiku GIST na komplexni Uroven;
2. potvrdit diagndzu (v opodstatnénych p¥ipadech);

GISTm
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3. predpovédét terapeutickou odpovéd na biologickou lé¢bu IM;
4. zvolit odpovidajici terapii a vyvinout nové terapeutické pfistupy.

Ad 1. Komplexni diagnostika GIST poskytuje kromé zkva-
litnéni a ovéreni diagndzy rovnéz potvrzeni patogenetického me-
chanismu vzniku téchto nadord.

Ad 2. Potvrzeni diagnézy GIST je nutné v nejistych pfipa-
dech pfi zvaZovani jinych klinicko-patologickych jednotek s pozi-
tivitou CD117 v gastrointestindlnim traktu (GIT) nebo u CD117-
-negativnich GIST (asi 5 % vsech GIST, viz vy3e).2? Je vsak tfeba
zdlraznit, Ze i u CD117-negativnich GIST mohou byt geny c-kit
nebo pdgfr-a mutovény. Aktiva¢ni onkogenni mutace totiz ovliv-
ruji nikoliv expresi proteind, ale jejich funkci. Prikaz mutaci se
tak u téchto pacientd stdva pomocnym diagnostickym vysetre-
nim pro potvrzeni diagndzy.'3> Nepfitomnost mutaci viak dia-
gndézu GIST nevyvraci. Na druhou stranu Ize uvést, Ze ani pfi po-
zitivni expresi proteind KIT/PDGFR-a nemusi byt geny c-kit nebo
pdgfr-a. mutovany.

Ad 3. Zasadni vyznam md molekularni analyza mutaci pfi
predpovédi odezvy nddoru na terapii. Podle doposud prove-
denych klinickych a molekularnich studii terapeutickd odpovéd
pacientd s GIST souvisi s muta¢nim stavem jejich gend.3637

Ad 4. Uloha molekularni diagnostiky GIST pFi volbé terapie
nabyvd na vyznamu. Dokladaji to klinické studie zabyvajici se
strategif lécby GIST.23¢ Se snizenou odezvou na terapii IM se kro-
mé pacientd s mutacemi v TK doménach proteint setkdvame
rovnéz u pacient s mutacemi v exonu 9. Niz3i odezva na terapii
je také casto spojena i s nemutovanymi geny c-kit a pdgfr-a.38
Podle vysledkd recentnich studii mdZe navyseni davky IM (400 vs
800 mg/den) u pacientd s mutacemi v exonu 9 vyznamné odda-
lit ndstup progrese nemoci.?33¢

Rozvoj ziskané rezistence prostfednictvim vzniku sekundarnich
mutaci je dalsim faktorem ovliviiujicim terapeutickou odezvu.
Podle zminovanych doporucent je také v téchto pfipadech vhodné
zvazit podavani zvysené davky IM.3¢ Pokrokim v 1é¢bé GIST se
v Ceském pisemnictvi vénuje prispévek autorl Linkeho a spol.?°

Metodika molekularniho vysetieni
mutaci genu

Zakladnim materidlem pro molekuldrni vySetfeni mutaci ge-
nd c-kit a pdgfr-a. jsou vzorky primarnich nadord nebo nadord
recidivujicich ¢i jejich metastaz. DNA potfebnad pro molekuldrni
analyzu je izolovana ze vzorkl nadorl ve formé zmrazenych tka-
ni nebo tkani fixovanych ve formolu a zalitych do parafinu, ur-
Cenych téZ pro klasickou histopatologickou diagnostiku a typiza-
ci. Pfi molekuldrni diagnostice provadime na nasem pracovisti
nejprve amplifikaci exon 9, 11, 13 a 17 genu c-kit a exont 12,
14 a 18 genu pdgfr-o. Samotnou detekci mutaci realizujeme
prostfednictvim asymetrické sekvenacni polymerdzové retézové
reakce (PCR) s naslednym urcenim pofadi nukleotidt pomoci ka-
pilarni elektroforézy na genetickém analyzatoru. Vysledné hod-
noceni spociva v porovnani sekvence vzorkl pacienta s referenc-
nimi sekvencemi genl c-kit a pdgfr-a.. Kazda detekovand muta-
Ce je ovérena novou — opakovanou nezavislou analyzou.

Zavérecné shrnuti

V prehledu jsme chtéli poukazat na problematiku gastrointes-
tindlnich stromalnich tumord, kterd se z histopatologického
a imunofenotypiza¢niho vysetfeni postupné rozsifila na moleku-
larni analyzu. Tato vySetfeni maji vyznam diagnosticky, prognostic-
ky a terapeuticko-indika¢ni. GIST maji i pfes pokroky v histopato-
logické diagnostice nesnadno odhadnutelny pribéh, ¢asto s dlou-
hodobou latenci rozvoje progrese onemocnéni, a proto je potieb-
né hledat dalsi cesty v posuzovani biologickych vlastnosti této sku-
piny nadort a od toho se odvijejicich terapeutickych postupd.

Vysetfeni muta¢niho stavu gend c-kit a pdgfr-a ma opod-
statnéni u nemocnych, ktefi podstupu;ji 1écbu IM. Jednd se o pa-
cienty s malignimi metastazujicimi nebo recidivujicimi nadory,
popfipadé o pacienty s nadory inoperabilnimi. Po zvaZeni nasa-
zeni IM by molekuldrni diagnostika mutaci v rdmci rutinniho vy-
Setfeni méla byt provedena pred zahajenim terapie. Vysledky
analyzy v tomto pfipadé umoZzni odhadnout citlivost nadoru na
|écbu. Dalsi provedeni molekuldrni analyzy doporucujeme ve
shodé s literdrnimi Gdaji pfi selhavani lécebné odpovédi.
Odebrané vzorky z nadoru v tomto pfipadé slouzi k pfipadné de-
tekci sekunddrnich mutaci. Mimo tyto pfipady mdze molekular-
ni analyza mutaci slouzit k ovérenf histopatologické diagndzy pfi
nejistém zarazeni nadoru nebo pfi prikazu mutaci u CD117-ne-
gativnich GIST. V pfipadé detekce mutaci je pak i pacientim
s negativni expresi proteinu KIT doporucovana terapie IM.

Technické vybaveni naseho pracovisté a ziskané zkuSenosti
nam umoZznuji pokracovat ve screeningu mutaci a molekularni
diagnostice GIST. Analyzu mutaci provadime vzdy u pacientd
s morfologicky a imunohistochemicky verifikovanou diagnézou
GIST. Do programu viak Ize zafadit i ty nemocné, u kterych neni
histopatologicka diagnostika GIST snadna nebo je soucasti dife-
rencidlnédiagnostické rozvahy. Dosavadni soubor pacientl je
tvofen vzorky, které jsme ziskali z bioptického provozu Ustavu
patologie a molekuldrni mediciny 2. LF UK a Fakultni nemocnice
v Motole. DalSim zdrojem jsou vzorky zaslané z jinych pracovist
v rdmci konzultacnich biopsii nebo vzorky cilené odeslané na
molekularni vySetfeni mutac¢niho stavu. Dalezitd je tedy indikace
k molekuldrnimu vysetfeni, kterd je dana nejen zékladni histopa-
tologickou diagnostikou, ale vychazi predevsim z klinické rozva-
hy o zahdjeni terapie IM. Navazani a prohloubeni komunikace
s onkologickymi centry, kterd nemocné s GIST Ié¢i a sleduji, je
proto zcela zasadni.

Dékujeme za spolupraci Radioterapeuticko-onkologickému
oddéleni FN Motol, Fakultni Thomayerové nemocnici v Krci,
Masarykové onkologickému ustavu v Brné, Nemocnici Ceské
Budéjovice, Oblastni nemocnici Mlada Boleslav a Nemocnici
s poliklinikou v Mélnice.

Podporeno: firma Novartis s.r.o., VZ FNM MZO 2005/6704
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PREHLEDOVY CLANEK

Molekularni diagnostika gastrointestinalnich stromélnich
tumoruy ve vztahu k predikci terapeutické odpovédi
na cilenou biologickou lé¢bu

Augustinakova A., Kodet R.

Ustav patologie a molekulérni mediciny, 2. LF UK a FN Motol, Praha

SOUHRN

Cilené biologické lé¢ba zalozend na inhibici receptorovych tyrosinkindz piinesla prilom v terapii pacientt s metastatickym, recidivuji-
cim nebo inoperabilnim gastrointestinélnim stromdlnim tumorem (GIST). Aktivaéni mutace gend KIT a PDGFRA, které kéduji prislusné
receptorové fyrosinkindzy, jsou jednim z hlavnich faktort maligni transformace stromalnich bunék tréviciho Gstroji. Presnd lokalizace mu-
taci rovnéz uréuje odezvu nédoru na cilené terapeutikum. Molekulérni diagnostika primérnich mutaci se v tomto ohledu stavé dolezi-
tym ndstrojem pro uréent citlivosti respektive rezistence nédoru na terapii. Vyznam molekulérni analyzy navic spocivé v detekei sekun-
dérnich mutaci zodpovédnych za ziskanou rezistenci nadoru k biologické terapii. Mutaéni analyza v tomto pripadé umoziiuje vysvétlit
selhévéni terapie a poskytuje prileZitost pro volbu léeby alternativni.

Kli¢ova slova: GIST — receptorové tyrosinkindzy — KIT — PDGFRA - cilend biologické terapie — molekulérni analyza

Gastrointestinal stromal fumor molecular diagnostics in relation to the prediction of a therapeutic
response to targeted biological therapy

SUMMARY

Targeted therapy based on the inhibition of the receptor tyrosine kinases has improved the outcome of patients with metastatic, recur-
rent and/or unresectable gastrointestinal stromal tumors (GIST). Activating mutations of KIT and PDGFRA genes, which code for recep-
tor tyrosine kinases, play an important role in the malignant transformation of stromal cells in the gastrointestinal tract. The response to
targeted therapy is associated with the presence and type of mutations. Molecular identification of the primary mutational status beca-
me an important tool in predicting the response to therapy (sensibility/resistance). The identification of secondary mutations occurring
in patients treated with targeted therapy may explain the cause of acquired, secondary resistance of GIST. In these cases, mutational

GastrointestindIni stromélni tumory (GIST) pat¥i mezi nejéastsj-
§i mesenchymalni nadory gastrointestinalntho traktu (GIT) (1).

Morfologicky tvori heterogenni skupinu nédor@, u které se set-
kévame s odlisnostmi a rozdily v rémci jednoho nadoru, stejné jo-
ko s odlisnostmi mezi jednotlivymi nadory v rémci této skupiny one-
mocnéni. Né&dor je nejéastdji slozen z vietenitych bunék (pfiblizné
70 %). Méné &astd je epiteloidni varianta (20 %) s polygondlnimi
butikami a s relativng uniformnimi jadry kulatého a2 ovélného tva-
ru (2). Existuji i varianty smisené (10 %) (3).

GIST mohou vzniknout kdekoliv v trévici trubici od jicnu a2 po rek-
tum. Jejich nejcast&jsi lokalizaci je viak Zaludek (40-60 %) a tenké
sttevo (30-40 %). S piitomnosti nédoru v dalsich intraabdomindlnich
orgénech, fj. v jicnu, flustém stfevu, rektu nebo apendixu se setkavé-
me ojedinéle (u mén& nez 10 % pripado) (2,4). Mozny, i kdyz vzac-
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analysis represents a tool to explain failure of the therapy and provides a rationale for alternative therapeutic strategies.
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ny, je vyskyt tohoto typu néddoru ve tkénich a orgénech mimo trévici
trakt. Jednd se o tzv. extragastrointestindlni stromélni tumory (EGIST)
lokalizované v mesenteriu, refroperifoneu, v mocovém méch)’lf'i, Zlug-
niku, ic’:trech, prostaté, vaging, déloze, dle i na p|euFe.

HISTOPATOLOGICKA DIAGNOSTIKA GIST

Histopatologickd diagnostika GIST je zaloZena na stanoveni cha-
rakteristickych morfologickych a imunofenotypovych znakd nédo-
rovych bunék. Kromé jiz zmin&ného zakladniho morfologického
obrazu je typickym a diagnosticky vyznamnym znakem GIST ex-
prese transmembrdanového proteinu KIT (povrchové molekula
CD117), ktery je u GIST detekovén priblizng v 95 % (5).

Dal3imi diferenciélné diagnosticky hodnotnymi vy3et¥enimi je
imunohistochemicky prikaz exprese molekuly CD34 (60-70 %)
a markerd svalové pFipadné neuroektodermdlni diferenciace, zpra-
vidla hladkosvalového aktinu (30-40 %), proteinu S100 (5 %) a des-
minu (1-2 %). Pozitivita CD117 je obvykle silna a difozni, s cyto-
plozmatickou, membranézni nebo perinuk|eérn|’ (bodovou) distri-
buci. Nékteré pripady CD117 negativnich nédord jsou charakte-
risticky spojeny s epiteloidni morfologif, lokalizaci v zaludku, omen-
tu &i v refroperitoneu a s pfitomnosti mutaci v genu PDGFRA (3).
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Castd koexprese proteinu KIT a povrchové molekuly CD34, kte-
ré je spoleénd pro GIST i intersticialni Cajalovy butiky (ICC, inters-
titial cells of Caijal) vedla k tvahém o pravdépodobném vzniku GIST
z transformovanych ICC nebo z jejich prekurzord, tedy z tkério-
vych progenitorovych bunék diferencujicich se v ICC. V ramci GIT
maiji ICC funkci tzv. pacemarkerd (2,6). Ve sténé trévici trubice zpro-
sttedkovévaii prenos impulzd mezi nervovymi buitkami a buiikami
hladké svaloviny a podileii se na Fizeni peristaltiky strev (6,7).

Podrobngsi histopatologickou diagnostiku GIST uvadime v pie-
hledném ¢lénku vénovanému této problematice (8). Blizsi orienta-
ci lze ziskat i z dalsich &lénkd publikovanych v geském i zahranié-
nim pisemnicivi (9-14).

RECEPTOROVE TYROSINKINAZY

Jednim z dosud znédmych patogenetickych mechanizmd vzniku
GIST jsou aktivaéni mutace gend KIT a PDGFRA (plateled-derived
growth factor receptor alpha), které kéduji pfislusné receptorové
tyrosinkindzy (RTK) KIT a PDGFRA. Proteiny KIT i PDGFRA patti
do rodiny receptord podobnych receptoru pro destickovy ristovy
faktor (PDGFR), kterd je také oznacovana pofadovym Eislem lll. Mi-
mo zmifiovanych proteind KIT a PDGFRA paitti do této skupiny rov-
néz proteiny PDGFRB, CSF1 (colony stimulating factor-1) a FLT3
(FMS-like tyrosin kinase-3)(15). Pro uvedenou skupinu receptord
ie charakteristicka pitomnost péti domén podobnych molekule imu-
noglobulinu v extracelularni ¢ésti, jednoduché transmembranova
&ast a intracelulérni &ast proteinu se dvéma tyrosinkindzovymi do-
ménami (TK1 a TK2). Schématické zndzornéni struktury RTK KIT
a PDGFRA véetn& oblasti, které kéduji vy3etfované exony gent KIT
nebo PDGFRA (viz nize), poskytuje obr. 1.

RECEPTOROVE TYROSINKINAZAZY KIT a PDGFRA

-, EXTRACELULARNI CAST -

‘ Chlast regulace dimenzace (

EXON D
nternitring
TRANSMEMBRANOVA CAST
ExOn 11 i Tactwnemibrinevd dowéna | — Exon 12
X0 13— TEI doména ‘ A exon 14
X017 e TE? doména e TXON 13
INTRACELULARNI CAST -
Rodina RTK 1L (PDGFR): KIT, PDGFRA, PDGFRB, CSF-1 a FLK-3

Obr. 1. Schématicky prehled struktury receptorovych tyrosinkindz KIT
a PDGFRA a oblasti, které kéduji vySetfované exony gend KIT a PDGFRA.

RTK KIT a PDGFRA plni dolezitou funkci pii prenosu extracelu-
l&rnich signdlo do nitra bunék. Prenos signdlu se déje prostrednic-
tvim vazby odpovidajicich ligandd na extracelulérni doménu RTK.
V pripadé receptoru KIT je pislugnym ligandem rostovy faktor kme-
novych bungk (SCF, stem cell factor), u receptoru PDGFRA je to
destickovy rustovy factor PDGF (13). Vazbou ligandu na extrace-
lulérni doménu receptoru dochézi ke konforma&nim zmé&ném pro-
teinu a k aktivaci TK domén v jeho intracelulérni &ésti. Aktivované
domény TK nésledn& aktivuji dal3i signdlni molekuly v cytoplazmé
buritky a spoust&ji signaliza¢ni drahy vedouci v kone¢ném disled-
ku k ovlivnéni exprese molekul odpovédnych za proliferaci, dife-
renciaci nebo za programovanou smrt buiiky (16).

MUTACE GENU KIT a PDGFRA

Mutace v genech KIT nebo PDGFRA zpUsobuii aktivaci uvedené
signalizaéni kaskady bez pFitomnosti specifického ligandu. Vysled-
kem je neregulovand exprese molekul, kterd ve spojeni s nekon-
trolovanou zvysenou proliferaci bunék nebo se snizenou schopnos-
ti prejit do apoptézy vede k maligni transformaci bungk.

Mutace mohou byt pFitomny v kterémkoliv z exon0, vzécné
i intron(, gen® KIT nebo PDGFRA, zvysené se viak kumuluji v ur-
&itych a pro dany gen typickych mistech (tzv. hot spots). U genu
KIT jsou jimi exony 9, 11, 13 a 17, u genu PDGFRA exony 12, 14
a 18. Nejcast&ji se mutace vyskytuji v exonu 11 genu KIT (60-70
%), ktery kéduije juxtamembranovou oblast proteinu. Méné &asto se
pFitomnost mutaci zjisfuje v exonu 9 téhoz genu (10 %), ktery ké-
duje extracelularni doménu. Ojedinéle se vyskytuji mutace v exo-
nech 13 a 17, které kéduji intracelulérni TK domény (TK1, respek-
tive TK2) (1-2 %, respektive 1 %). Exony 12, 14 a 18 genu PDGFRA

RTK

membrana

Obr. 2. Mechanizmus posobent inhibitoru receptorovych tyrosinkinéz ima-
tinib mesylatu (IM).

Tab. 1. Piehled lokalizace, vyskytu, typu mutaci a odpovédi nddoru na cilenou terapii IM

GEN/EXON LOKALIZACE VYSKYT TYP MUTACI TERAPEUTICKA ODEZVA NADORU
KIT 80 %

11 juxtamembrdénové doména 60-70 % delece, BM, duplikace dobré

9 extracelulérni doména 10 % duplikace, BM stfedni

13 intraceluldrni TK1 doména 1-2% BM nizké

17 intraceluldrni TK2 doména 1% BM nizké

PDGFRA 5-8 %

12 juxtamembrénové doména 1% BM, delece dobré

14 intraceluldrni TK1 doména <1% BM nizké

18 intracelularni TK2 doména 5% BM, delece Asp842Val rezistentni

IM — imatinib mesylét, BM — bodové mutace, TK — tyrosinkinézovd
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kéduji analogické oblasti u proteinu PDGFRA jako je tomu u pro-
teinu KIT. Nejéast&ji se mutace genu PDGFRA vyskytuiji v exonu 18
(5 %), ktery kéduje doménu TK2. Vyjimecné pak v exonech 12 a 14,
které kéduji juxtamembrénovou doménu, respektive doménu TK1
(1 %, respektive <1 %) (15). Podle dosud zndmych informaci se sou-
&asny vyskyt primérnich mutaci v obou genech vzéjemné vylucuje.
Pokud jsou tedy mutace piitomny v genu KIT, nevyskytuii se v ge-
nu PDGFRA a naopak. U &ésti pacientd se pritomnost mutaci ne-
zjisti ani v jednom z vy3etfovanych gend. U skupiny GIST s nemu-
tovanymi geny KIT nebo PDGFRA je mechanizmus vzniku vysvét-
lovan pravdépodobnym vyskytem aktivaénich mutaci v genech pro
jiné RTK, funkén& pribuzné transmebranovym proteinim KIT
a PDGFRA, nebo v genech pro signélni molekuly, které jsou regu-
lovany signalizaéni kaskadou zprosttedkovanou RTK KIT nebo
PDGFRA (3). Prehled lokalizace mutaci v jednotlivych exonech ge-
nG KIT a PDGFRA, frekvence vyskytu a typl diagnostikovanych mu-
taci poskytuje tab. 1.

TERAPIE IMATINIB MESYLATEM, MECHANIZMUS UCINKU

Vyznam molekularni diagnostiky GIST a analyzy mutaéniho sta-
vu genU KIT a PDGFRA vzrostl se zavedenim cilené protinddorové fe-
rapie pomoci imatinib mesylétu (IM) (Gleevec®, Novartis Pharma,
Basel, Switzerland). IM je G&innym inhibitorem RTK KIT, PDGFRA,
PDGFRB, ABL a BCR-ABL. Vyrazné& ovliviiuje pFeziti pacientd s ino-
perabilnim, metastazujicim nebo recidivujicim GIST (17). IM byl nej-
prve Usp&$né pouZit v lécbé chronické myeloidni leukémie. Mecha-
nizmus G&inku IM v fomto pripadé spoéivé v inhibici akfivace sig-
nélnich drah vedoucich ke vzniku leukemického fenotypu buriky, kte-
ry byl navozen vznikem fozniho proteinu BCR-ABL (18). IM je niz-
komolekulovym analogem ATP. Vazbou na vazebné misto pro ATP
v cytoplazmatické doméné TK uvedenych receptord znemozni zmé-
nu konformace proteinu. Timto procesem blokuje prenos fosfatovych
skupin (P) z ATP na tyrosinové residua molekul, které pat¥i k sub-
stratim téchto proteind (19). Zminénou blokaci se zastavi aktivaéni
signélni kaskéada podilejici se na vzniku nédord (obr. 2).

VYZNAM MOLEKULARNI ANALYZY GIST

Analyza uvedenych mutaci mé pro pacienty s GIST podstupuiji-
ci biologickou 1é¢bu IM z&sadni klinicko-terapeuticky dopad. Cha-
rakter odpovédi nddoru na cilenou terapii fotiz vyrazné souvisi s pii-
tomnosti a presnou lokalizaci mutaci ve vy3etfovanych genech KIT
a PDGFRA. Na zdkladé vysledkd mutagni analyzy mizeme pied-
pokladat odpovéd’ nédoru na terapii a nésledné tedy odhadnout
i 0innost terapie IM.

Obecné se nadory s mutacemi gen KIT a PDGFRA v oblastech
kédujicich regula¢ni oblasti proteind (exon 11 u genu KIT a exon
12 u PDGFRA) povazuji za mutace s dobrou odpovédi na lécbu IM.
Naproti tomu nédory s mutacemi v exonech kédujicich enzymatické
domény receptor( (exony 13 a 17 genu KIT a exony 14 a 18 genu
PDGFRA) nebo nemutovanymi geny KIT a PDGFRA odpovidaiji na
l6Zbu IM méné, piipadné jsou primdrné rezistentni (3), vzdy viak z4-
leZi na presné lokalizaci mutace a jejim konkrétnim typu. Struény pre-
hled vztahu lokalizace mutaci k biologickému chovéni nédoru a od-
povédi nddoru na terapii IM poskytuje tab. 1.

U pacientd s mutacemi v exonech 11 a 9 genu KIT se obecné set-
kévame s nejlepsi odezvou na terapii IM. Exon 11, jak jiz bylo uve-
deno, kéduije intracelulérni juxtamembranovou doménu proteinu KIT.
Juxtamembrdanové doména plni funkci negativniho regulétoru king-
zové aktivity receptoru. Nasledkem mutaci v této doméné dojde ke
konformaénim zméném proteinu a tim k poruseni regulaéni funkce
domény (20). Exon 9 kéduje extracelularni &ast proteinu KIT, jehoz
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dimerizaci po vazbé specifického ligandu dochézi k aktivaci recep-
torové kindzy. Mutace postihujici exon 9 narusuji antidimerizagni mo-
tiv a vedou ke sponténni homodimerizaci proteinu a tim i ke konsti-
tuéni aktivaci receptoru. V obou pipadech (tj. mutacich v exonu 11
i 9) cilend inhibice RTK prostrednictvim kompetice vazby IM a ATP
vazebné misto G¢inné ovliviiuje jejich mutacemi navozenou deregu-
laci &innosti. Pri hodnoceni odezvy nédoru se viak i u mutaci v exo-
nech 11 a 9, které jsou senzitivni na IM, setkdvdme s rozd|'|y v tera-
peutické odpovédi. Parcidlni odpovéd’ nddoru s mutacemi v juxta-
membrénové doméné genu KIT (exon 11) je priblizng 84 % ve srov-
nani se 48 % pfi piitomnosti mutaci v extracelularni doméné (exon
9) (21). Podle studii z posledni doby zabyvaijicich se strategii tera-
pie IM maiji pacienti s mutacemi v exonu 9 genu KIT vyznamné pro-
dlouzenou dobu preziti bez pFiznaki onemocnéni pFi podéni akce-
lerované davky IM jiz v pocétku terapie (22).

U pacientd s mutacemi v exonech 13 a 17 genu KIT, které ké-
duji tzv. enzymatické oblasti proteinu KIT (vazebné misto pro ATP,
respektive kindzové aktivagni misto), je odpovéd’ nadoru na tera-
pii nizsi. Divodem je v prvnim piipadé neschopnost vazby IM na
mutaci zménéné vazebné misto pro ATP. V druhém pripadé spoci-
va selhéni inhibi¢niho Géinku IM v tvorbé stabilng aktivni konfor-
mace proteinu KIT. Je nutné podotknout, ze mutace v enzymatic-
kych doménach piitom nemusi vzdy postihovat presné oblasti vaz-
by IM. Zména struktury proteinu i ve vzddlengjsim misté mize to-
tiz indukovat konformagni zmény zamezujici vazbé molekuly IM.

U pacientd s GIST se setkavame jednak s primarni rezistenci na
terapii IM, jednak s rezistenci sekundarni. U pacientd s nédory pri-
marné& rezistentnimi se klinické odpovéd’ na lé¢bu neprojevi, nao-
pak nédor progreduje v probéhu prvnich 6 mésico terapie IM. Pri-
marni rezistence je mimo jiné spojena s bodovou mutaci v exonu
18 genu PDGFRA, kterd vede k zéméné aminokyseliny kyseliny as-
paragové za aminokyselinu valin (p. Asp842Val), nebo s nemuto-
vanym stavem gen0 KIT a PDGFRA. Divodem rezistence je v pFi-
padé bodové mutace v exonu 18 genu PDGFRA vznik stabilné ak-
tivni konformace proteinu. Nemutovany stav gend KIT nebo
PDGFRA a nésledné& i neaktivované RTK KIT a PDGFRA znemoz-
fiuji naproti tomu specifickou inhibici IM (1).

U nékterych primarné senzitivnich néddord dochdazi ke vzniku
sekundérni neboli ziskané rezistence. Sekundérni rezistenci defi-
nuje progrese nemoci v probghu terapie IM vznikajici 6 mésict po
zahéjeni zprvu G¢inné terapie. Mechanizmy vzniku sekundérni re-
zistence jsou rozné. Zahrnuji mimo jiné vznik sekundarnich muta-
ci v genech KIT a PDGFRA, amplifikaci genu KIT s néslednou zvy-
$enou expresi proteinu KIT, nebo aktivaci jinych RTK (23).

Navzdory znaénému prospéchu biologické léeby pacientd s GIST
predstavuje primérni a sekundérni rezistence na IM v terapii t&ch-
to nédor znagny klinicky problém. Priblizn& 4 % pacientd s GIST
na lé¢bu IM nereaguiji. Kromé toho se u asi 50 % pacientd nako-
nec vyvine rezistence na IM v pribghu lécby s medianem doby vzni-
ku resistence 24 mésicd. V 70 % je rezistence disledkem vzniku se-
kundérnich mutaci (22). Podle sou¢asnych névrhi terapeutickych
postupl se pacientdm, u kterych doslo k metastatickému rozsevu
nadoru, pacientom progredujicim na terapii nebo pacientim rezi-
stentnim na terapii, doporuéuje podavani vyssi dévky IM, a to

800mg/den misto obvyklych 400mg/den (22).

DALSi MOZNOSTI TERAPIE

Stéle se rozvijejici, dopliiovand a prepracovévand terapeutické
doporueni déle navrhuji, aby se u pacient( s neresekovatelnym ne-
bo metastatickym nédorem, u kterych byla zjig&na mutace v exonu
9 genu KIT, podavala zvysend dévka IM (800mg/den) uz pfi zahé-
jenf terapie (22). Pi progresi nemoci i na vysokodévkovaném IM
nebo pfi intoleranci IM je lékem druhé volby sunitinib malét (SM).
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Tab. 2. Prehled novych terapeutik a v sou¢asné dobé& zkousenych kom-
binaci terapie u pacientd s vyskytem metastatického gastrointestindlni-
ho stromélniho tumoru

Nova terapeutika Kombinace cilenych terapeutik

Nilotinib Nilotinib + IM
Sorafenib PKC412 + IM
Masatinib Sunitinib + IM

IM + everolimus

IM + bevacizumab

IM v kombinaci s chemoterapif
IM + doxorubicin

IPI-504 (inhibitor HSP90)

Upraveno dle (22).

Sunitinib malat (SUTENT®, Pfizer Inc., CA, USA) je tyrosinking-
zovym inhibitorem druhé generace (24). Inhibuje $ir3i spektrum RTK,
které zahrnuji receptory pro cévni endotelialni ristové faktory
(VEGFR1, VEGFR2 a VEGFR3; vascular endothelial growth factor
receptors), receptory KIT, PDGFRA, PDGFRB, FLT3, CSF1 a RET
(22,25). Efektivita SM mUze zdviset na mutaénim stavu nddoru. Jak
se ukazuje, nemutované geny KIT nebo PDGFRA nebo nédory s mu-
tacemi v exonu 9 genu KIT, vykazuji lepsi odpovéd’ nez pacienti
s mutacemi v exonu 11 genu KIT (4).

Souéasné se v rémci klinickych studii pro lé¢bu pacientd s GIST
testuje nékolik dalsich novych inhibitord receptorovych tyrosinkinaz
s predpoklédanym inhibi¢nim efektem podobnym jako je tomu u IM
nebo SM. Jednd se o terapeutika nilotinib, sorafenib nebo masa-
tinib. Nilotinib G&inkuje na aktivované RTK KIT, PDGFRA a/nebo
PDGFRB a BCR/ABL. Podévani samotného nilotinibu nebo v kom-
binaci s IM se testuje u pacientd, ktefi na 1écbé IM progreduii ne-
bo $patné sndseji terapii IM pfi dévce 800mg/den. Sorafenib pro-
kézal efektivitu u pacientd s rezistenci na IM nebo SM. Masatinib
(AB 1010), nové cilené terapeutikum RTK KIT, PDGFRA a/nebo
PDGFRB a receptoru ristového faktoru fibroblasto - FGF (fibrob-
last growth factor receptor), je v sou¢asné dobé testovén jako po-
tencidlni lék prvni linie terapie GIST (22).

S ohledem na &asty vznik ziskané rezistence GIST zpUsobené se-
kundérnimi mutacemi neni samotné podavéni inhibitord aktivova-
nych tyrosinkinaz dostacujici. Podle poslednich studii je moznym
alternativnim pfistupem blokace proteinu KIT prostfednictvim inhi-
bice ,heat shock proteinu 90” (HSP 90). HSP 90 je proteinem z ti-
dy tzv. chaperond, které chrani proteiny pred degradaci v protea-
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nace inhibitoru proteinkindzy C (PKC412) spole¢né s IM u pacien-
10, ktefi progreduji na terapii samotnym IM nebo u pokrocilych GIST
kombinace PKC412 s makrolidovym inhibitorem mTOR (mamma-
lian target of rapamycin) sirolimus (jinak té% rapamycin). U paci-
ent0, ktefi progreduji na monoterapii IM, maji metastatické posti-
Zeni, nebo u pacientd s predchozi terapeutickou zatézi se klinické
testovéni zaméFuje na zjisfovéni Géinnosti terapie v kombinacich:
IM a SM, IM a everolimus (inhibitor mTOR), IM a bevacizumab (in-
hibitor VEGF) nebo IM a chemoterapie (konkrétné IM a nizké dav-
ky doxorubicinu). Prehled standardnich postupd a pokrokd v tera-
pii GIST v &eském pisemnictvi poskytuje ¢lanek autord Linke a spol.
(26). Souhrnny prehled novych terapeutik a v sou¢asné dobé zkou-
genych kombinaci terapie u pacientd s vyskytem metastatického
GIST poskytuje tab. 2.

VYZNAM A DOPAD MOLEKULARNI ANALYZY
MUTACI U GIST

Z predchoziho textu vyplyvd i nutnost presné molekulérni analyzy
GIST, které bude mit do budoucna stéle v&fi vyznam. V souéasné
dobé jsou vysledky molekularni diagnostiky mutaci GIST vyuZivé-
ny v nésledujicich bodech:

A. Potvrzeni patogenetického mechanizmu vzniku GIST.

B. Diagnosticky vyznam: potvrzeni diagnézy GIST, zejména u tu-
mor( bez exprese povrchové molekuly CD117.

C. Prediktivni vyznam: zjisténi pfitomnosti mutaci GIST primérné
rezistentnich na IM (mutace Asp842Val v exonu 18 genu
PDGFRA), mutaci v exonech 9, 13 a 17 genu KIT, v exonech
14 a 18 genu PDGFRA nebo nemutovaného stavu gend s moz-
nosti volby dvojnésobné dévky IM nebo terapie pomoci inhi-
bitord tyrosinkindz dal3i generace.

D. Prokaz pritomnosti sekundérnich mutaci u pacientd s progresi
nemoci s moznosti volby dvojnasobné déavky IM nebo aplika-
ce inhibitord druhé &i treti generace.
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... prognéza mladych pacientek s karcinomem prsu zavisi na stej-
nych histopatologickych a molekularnich parametrech jako u pa-
cientek starsich

Karcinomy prsu u Zen mladsich 40 let jsou onkology tradiéné po-
klédany za prognosticky nepfiznivé. To odrai i véfSina standardnich
diagnosticko-terapeutickych protokold, které vék do 35 let povazuji
za indikaci k adjuvantni chemoterapii bez ohledu na ostatni cha-
rakteristiky nédoru. Dnes je dobfe znémo, Ze karcinomy prsu u mla-
dych zen vykazuji statisticky vyznamné vys3i podil prognosticky ne-
priznivych biologickych znakd (negativita steroidnich receptor(, mu-
tace gend BRCA, Her-2 amplifikace atd.). Otazku, jaké parametry
jsou prognosticky vyznamné u mladsich pacientek se pokusil podrob-
n&ji prozkoumat holandsky tym. Pro analyzu vyuZil soubory z ran-
domizovanych klinickych studii EORTC faze ll, provadénych v le-
tech 1989-1999. Zahrnovaly celkem 9938 pacientek v éasnych kli-
nickych stadiich, z toho 1192 (12 %) bylo diagnostikovéano ve véku
pod 40 let a u 549 pFipadd byl dostupny archivni parafinovy mate-
ridl. Molekularni subtypizace nador( byla pritom aproximovéna za-
jimavym zpUsobem kombinujicim imunohistologii a grade: za né-
dory lumindlni A byly povazovéany nédory ER+ nebo PR+, Her-2-
a grade 1-2; lumindlni B byly ER+ nebo PR+, Her-2+, pfipadné ER+
nebo PR+, Her-2- a grade 3. Typ Her-2 mé&l charakteristiku ER-, PR-
a Her-2+; bazalni typ ER-, PR- a Her-2-.

V jednorozmérnych analyzéch se potvrdily vesmés viechny obec-
n& zndmé prognostické parametry, v multiparametrické analyze
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aneb nemélo by vam uniknout, ze. ...

se pak ukézaly jako vyznamné velikost nadoru, uzlinové metastd-
zy a jako tieti v poradi dle vyznamnosti aproximovany molekulér-
ni subtyp. Pokud se viak hodnoceni omezilo jen na pacientky bez
uzlinovych metastaz (341 pFipads), zbstal aproximovany moleku-
lérni subtyp jedinym vyznamnym prognostickym parametrem pro
celkové preziti i preziti bez vzdélené diseminace v multiparame-
trické analyze (desetileté preziti 94 % pacientek s nadory lumindl-
ni A, nésledované 93 % u typu Her-2, 78 % s nédory lumindlni B
a 72 % u bazdlniho typu). Je zde nutno podotknout, Ze tyto paci-
entky prakticky (vzhledem k dobé& studie) nedostaly v adjuvanci
Tamoxifen ani Herceptin. Desetileté preziti pacientek s nadory gra-
de 1 bylo 92 %, pro grade 3 pak 72 %.

Studie je pou¢nd zejména pro onkology: pausélni indikace ad-
juvantni chemoterapie u pacientek bez uzlinovych metastaz s na-
dory ER pozitivnimi, Her-2 negativnimi a grade 1-2 by asi za-
slouzila prehodnoceni. N&co si z ni viak mohou odnést i patolo-
gové: pomérné primitivni kombinace zékladnich imunohistologic-
ky stanovenych parametrd s gradem déva silny prognosticky uka-
zatel. A staré blocky se nemaiji vyhazovat ...

Zdroj:

Van der Hage JA et al. Impact of established prognostic factors and mole-
cular subtype in very young breast cancer patients: pooled analysis of four
EORTC randomized controlled trials. Breast Cancer Res 2011; 13: R48.
Volng dostupnd plné verze: http://breast-cancer-research.com/con-
tent/13/3/R68.

- R. Nenutil -

Pokracovéni na str. 158
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Gastrointestinal stromal tumors (GISTs) have an unpredictable biological potential ranging from benign to malignant.
Molecular markers involved in the mechanisms of proliferation and cellular senescence may provide additional information
about biological behavior of the tumor. The aim of the present study was to investigate Ki-67, TPX2, TOP2A and hTERT mRNA
expression levels in specimens from patients with GISTs to define relationships between proliferation activity and biological
potential and progression of the disease. We measured Ki-67, TPX2, TOP2A and hTERT mRNA levels using quantitative real-
time reverse transcription PCR (RQ RT PCR). The highest Ki-67, TPX2, TOP2A and hTERT mRNA expression levels were
found in the highly proliferative BLs (18 specimens), in comparison with GISTs (137 specimens) and LMSs (9 specimens).
Patients with GISTs and adequate information about mitotic activity, tumor size and anatomical site (84 specimens) were
divided into two groups - GISTs with benign (29 patients) and with malignant (55 patients) potential. We observed associa-
tion between higher Ki-67, TPX2 and hTERT mRNA levels and the GISTs with malignant potential. Univariate analysis (57
patients with available follow-up information) of survival (Kaplan Meier curves method) revealed a correlation between
higher levels of TPX2, Ki-67 and hTERT markers and shorter event-free survival (EFS) or poorer overall survival (OS). The
results demonstrate the importance of quantitative assessment of the proliferation activity in GISTs. Proliferation markers
of Ki-67, TPX2, TOP2A and hTERT are suitable markers for detection the proliferation activity and telomerase activity of
these tumors. Furthermore, the assessment of TPX2, Ki-67 and hTERT expression levels is appropriate for determination of

malignant potential of GISTs.

Key words: gastrointestinal stromal tumors (GISTs), proliferation markers, biological behavior, prognosis

Gastrointestinal stromal tumors (GISTs) constitute a dis-
tinctive group of mesenchymal tumors of the gastrointestinal
tract, based on their morphological and immunohistochemical
(IHC) properties, molecular pathogenesis, and responsiveness
to target therapy [1, 2].

Constitutively activating mutations of KIT and PDGFRA
(platelet-derived growth factor receptor alpha) genes are cen-
tral in the oncogenesis of GISTs, resulting in an increased cell
proliferation and enhanced cell survival [2, 3].

GISTs represent a heterogenous group of tumors with an
unpredictable biological behavior ranging from benign to
malignant. Estimation of a potentially aggressive behavior of
these neoplasms has found a rationale in contemporary clas-
sification schemes but it is still difficult [1, 4, 5, 6].

Assessment of prognosis (risk of relapse or progression
of the disease) commonly takes the primary tumor size and
mitotic index into consideration. Based on these two variables,
Fletcher et al. proposed GIST related risk classification [7].
They categorized GISTs into four risk groups: very low, low,
intermediate and high risk

Another important risk factor is the primary site of the
tumor. Miettinen et al. [8] extended criteria for evaluating
the biological potential of GISTs with regard of the anatomic
location.

A final consensus on classification of GISTs into prognostic
groups has been worked out by the WHO Classification of Tu-
mours of Soft Tissue and Bone [9]. Though effective and widely
used criteria are set, estimation of the biological behavior of
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GISTs is still open to research activities. Information about
mechanisms of the tumor proliferation activity and cellular
senescence may provide additional information. In the present
work we evaluate the proliferation activity and prognosis
of GISTs investigating the activity of several molecules. We
selected molecular markers which are important regulators
of the cell cycle - Ki-67, TPX2, and topoisomerase II alpha
(TOP2A), and a marker that is associated with the mechanism
of cellular senescence - enzyme telomerase, specifically h\TERT
telomerase catalytic subunit (hWTERT).

Ki-67 is a nuclear proliferation associated antigen ex-
pressed in the growth and synthesis phases of the cell cycle
(G1, S, G2 and M), but not in the resting phase, GO. This an-
tigen provides information about the proportion of the active
cells in the cell cycle [10]. Another molecular marker, TPX2
is a microtubule-associated protein homolog. It plays an im-
portant role in mitotic spindle formation, and a segregation of
chromosomes during the cell division [11]. TPX2 is expressed
exclusively in the proliferating cells in S, G2 and M phases
of the cell cycle and its activity accurately corresponds to
proliferation activity of cells. TOP2A controls topology of the
DNA, chromosome segregation, and cell cycle progression
and is used as indicator of the cellular proliferation [12], and
moreover is used as molecular target for several anti-cancer
chemotherapeutics agents [13]. hTERT is a frequently used
marker, which is associated with the mechanism of cellular
senescence. The hTERT is an enzymatic human telomerase
reverse transcriptase catalytic subunit, one of two compo-
nents of the enzyme telomerase [14]. Telomerase activity has
been observed in 80-90% of malignant tumors (one of the
mechanisms for immortalization of tumor cells is activation
of telomerase). This fact suggesting that reactivation of the
telomerase plays an important role in the development and/
or progression of neoplastic cells [15].

In this study we have measured the expression of the prolif-
eration markers and hTERT at the mRNA level. Furthermore,
we correlated the expression of the above mentioned molecular
markers with the proliferation activity and with the biological
behavior of GISTs.

Patients and methods

Patients. The study was performed using the primary
tumor specimens diagnosed at the Department of Pathology
and Molecular Medicine. All specimens of GISTs and control
tissues samples from Burkitt lymphomas (BLs), and leio-
myosarcomas (LMSs) (137, 18, and 9 samples, respectively)
were processed in a routine way for morphological and IHC
examinations at the time of diagnosis.

According to the histopathological criteria assessed by
WHO classification [9], we assorted GISTs into two catego-
ries: GISTs with benign and malignant potential. In the group
of benign GISTs, WHO prognostic groups 1, 2, and 3a (4,
13, and 12 cases) were included. In the group of malignant
GISTs, WHO prognostic categories 3b, 5, 6a, and 6b (3, 1, 5,

and 46 cases) were gathered. To categorize patients within
the WHO specific subgroups, we did not have the cohorts of
patients large enough for statistical evaluation in individual
subgroups. Furthermore, there were no patients with GISTs
that would comply with criteria for prognostic group 4 (GISTs
with tumor size less than 2 cm and mitotic rate over 5 mitosis
in 50 high power fields, HPF). Of 137 patients with GIST, we
were able to obtain complete information about the mitotic
activity, anatomic site and tumor size in 84 cases. Of the 84
patients with complete information we analyzed 29 and 55
samples of benign and malignant GISTS, respectively (34.5%,
and 65.5%).

Follow-up information was available in 57 patients. A pe-
riod of follow-up for event free survival time (EFS) and overall
survival time (OS) ranged from 1 to 102 months, and from
1 to 124 months, respectively. Median follow-up for EFS and
OS was 16 and 41 months. Median age of the patients was 65
years (range, 22 - 91 years). There were 27 females (47%) and
30 males (53%). Clinicopathological data of the 57 patients
are summarized in Supplementary Table 1.

There were 18 patients (31.6%) in the group of GISTs with
benign potential. In the group of patients with malignant
potential there were 39 patients (68.4%).

For univariate analysis by Kaplan Meier survival we used
the Ki-67, TPX2, TOP2A, and hTERT expression levels from
the group of 57 patients with the follow-up. Expression levels
were analyzed according to two aspects: i.) mean values, and
ii.) median values. Patients were categorized as the “high risk”
group, if the molecular markers mRNA levels were greater or
equal than the mean value, and/or median value. The “low
risk” group constituted cases with the mRNA levels that were
lower than the mean value, and/or median value. Values of
each molecular marker are summarized in Table 1.

Diagnostic tumor tissues were collected and tested after an
informed consent given by patients, and with the approval by
the Ethical committee.

RNA extraction and cDNA synthesis. RNA was extracted
from the formalin fixed and paraffin embedded (FFPE) tissue
samples using High Pure RNA Paraffin Kit (Roche Diagnostic,
Mannheim, Germany). In case of frozen tissues available, RNA
was extracted using Tri-Reagent (Invitrogen Ltd., Carlsbad,
CA, USA) according to the manufacturer s instruction.

The complementary DNA (cDNA) was synthesized using
reverse transcription (RT) from 10uL isolated RNA in a total

Table 1. Summary of the distribution of Ki-67, TPX2, TOP2A, and hTERT
mRNA levels

MOLECULAR  RANGE OF VALUES MEAN MEDIAN
MARKERS (No. of copies) (No. of copies)  (No. of copies)
Ki-67 0-71.3 4.875 0.771
TPX2 0-250 23.837 7.01
TOP2A 0-10400 625.483 84
hTERT 0-71.2 2.765 0.101
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volume of 20uL. The processes of RT and cDNA quality control
were prepared as described elsewhere [16].

Quantitative Real Time Reverse Transcription PCR (RQ
RT PCR)

Plasmid Calibrators. Plasmids of Ki-67, TPX2, TOP2A,
and hTERT genes were produced from PCR products of the
respective genes that were cloned into the pCR®-2.1. TOPO
vector. Resulting constructs were transformed into TOP10
competent Escherichia coli cells using TOPO® TA cloning Kit
(Invitrogen by Life Technologies Corporation, Carlsbad, CA,
USA). Cloned plasmids were purified using Jetquick Plasmid
Miniprep Spin Kit (Genomed, Léhne, Germany) according to
the manufacturer s instructions. ABL plasmid of ABL control
gene was produced as described elsewhere [17].

RQ RT PCR . RQ RT PCR analyses were performed using
LightCycler 480 detection system (Roche Diagnostic, Man-
nheim, Germany). The assessment of the expression levels of
Ki-67, TPX2, TOP2A, and hTERT catalytic subunit transcript
were accomplished using the Universal Probe Library software
system for Human (Roche Applied Science, Indianapolis, IN,
US). The sequences of the primers and probes are listed in
Table 2. Reaction conditions were as follows: reaction mix-
ture comprised FastStart TagMan Probe Master Mix (Roche
Diagnostic, Mannheim, Germany), 500nM of each sense and
antisense primers, 100nM of LNA probe and 1uL cDNA in
a final volume of 20pL. The reaction was started with incuba-
tion at 50°C for 2 minutes, initial denaturation at 95°C for
10 minutes, followed by 55 PCR cycles: 95°C for 15 seconds
and 60°C for 1 minute.

Parameters for PCR amplification of ABL transcript: reac-
tion mix contained 2x TagMan Universal PCR Master Mix
(Life Technologies Corporation, Carlsbad, CA, US), 375nM
of each sense and antisense primer, 250nM of ABL hydrolysis
fluorescent probe and 1pL of cDNA in a final volume of 20uL.

Table 2. Sequence of probes and primers

ABL probe 5"6-FAM-CCATTT TTG GTT TGG GCT TCA CAC

CAT T-TAMRA 3

5" TGG AGA TAA CAC TCT AAG CAT AAC TAA
AGGT 3’

5" GAT GTA GTT GCT TGG GAC CCA 3’
Universal ProbeLibrary, probe No. 30°

5" GAG GTG TGC AGA AAATCC AAA 3’
5"CTG TCC CTA TGA CTT CTG GTT GT 3’
Universal ProbeLibrary, probe No. 51°

5" ACA TCT GAA CTA CGA AAG CAT CC 3’
5" GGC TTA ACA ATG GTA CAT CCCTTA 3"
Universal ProbeLibrary, probe No. 76

5" CAA CAT GCC AAT TGA GTG AAA 3’

5" ACT TGG GCC TTA AACTTC ACC 3’
hTERT probe Universal ProbeLibrary, probe No. 19

sense primer 5"GCCTTC AAG AGC CACGTC 3"

antisense primer 5" CCA CGA ACT GTC GCA TGT 3’

Roche Applied Science®

sense primer

antisense primer
Ki67 probe
sense primer
antisense primer
TPX2 probe
sense primer
antisense primer
TOP2A probe
sense primer

antisense primer

The amplification conditions of ABL transcript were derived
from those published by Willasch et al. [17]. Detection of
Ki-67, TPX2, TOP2A, hTERT and ABL copy numbers was
performed according to a standard curve method. Consequent
plasmid calibrators of each gene were using for standard curves
construction.

Standard curves of the Ki-67, TPX2, TOP2A, hTERT
mRNA transcripts and ABL housekeeping gene mRNA tran-
script were prepared from decimal diluted plasmids. Plasmids
were diluted in salmon sperm low-molecular weight DNA
(Sigma-Aldrich Corporation, St. Louis, Missouri, US). The
concentration range of the ABL housekeeping gene plasmids
was from 2.5E+07 to 2.5E+01copies per pL. Standard curves
of the mRNA transcript of molecular markers were prepared
from a followed concentration range: from 1.45E+10 to
1.45E+01 copies/pL for Ki-67, from 2.49E+09 to 2.49E+01
copies/uL for TPX2, from 7.83E+09 to 7.83E+04 copies/
uL for TOP2A, and from 1.8E+10 to 1.8E+01 copies/uL for
hTERT.

RQ RT PCR of Ki-67, TPX2, TOP2A, hTERT and ABL
plasmid dilution, non-template control, as well as the quanti-
fication of Ki-67, TPX2, TOP2A, hTERT and ABL expression
of the respective samples were performed in duplicates.

Normalized expression of Ki-67, TPX2, TOP2A, hTERT
transcripts were calculated as a ratio between the expression
levels of Ki-67, TPX2, TOP2A, hTERT and ABL housekeeping
gene expression levels.

Statistical analysis. For the statistical analysis we used JMP
IN 5.1. software (SAS Institute, Cary, NC, US). Kruskal-Wallis
nonparametric test was applied to assess differences of the
mRNA levels of the molecular markers within GISTs, BLs, and
LMSs and benign/malignant potential of GISTs. Univariate
analysis of EFS and OS with connection of benign/malignant
potential of GISTs and mRNA levels of the molecular markers
were performed by the Kaplan-Meier survival method, using
the long-rank test. P values less than 0.05 were considered
statistically significant.

Results

Expression levels of the proliferation markers and
hTERT in GISTs, BLs, and LMSs. We analyzed a cohort
of 137 patients with GISTs, control group of 18 specimens
of highly proliferative BLs, and control group of 9 samples
of LMSs to determine their proliferation activity. When we
compared the expression levels of the proliferation markers
in BLs, GISTs, and LMSs, we found the most significant dif-
ferences in the group of patients with BLs - Ki-67 (p<0.0001),
TPX2 (p<0.0001), TOP2A (p<0.0001), and hTERT (p<0.0001)
(Figure 1A, 1B, 1C, and 1D). The proliferation activity of Ki-
67, TPX2, TOP2A, and the activity of hTERT in GISTs and
LMSs was significantly lower, than the expression of those
molecular markers in BLs. Median values for the mRNA levels
of proliferation markers and hTERT of BLs, GISTs, and LMSs
are shown in Figure 1.
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Figure 1. Normalized mRNA levels of molecular markers in GISTs, BLs, and LMSs. Vertical lines of box plot graphs display mRNA levels of Ki-67 (A),
TPX2 (B), TOP2A (C), and hTERT (D) in absolute copies. Horizontal lines display individual groups of diseases. The extremities of each box show the
25th-75th percentile. The lines within the boxes represent median values. The bottom and top bars of the whiskers designate the 10th and 90th percen-
tiles. Outlying values are shown by dots. The result of non-parametric Kruskal-Wallis test was: p<0.0001 (for Ki-67), p<0.0001 (for TPX2), p<0.0001 (for
TOP2A), and p<0.0001 (for hTERT). The higher mRNA levels of Ki-67, TPX2, TOP2A, and hTERT were significantly associated with BLs.
Abbreviation: BLs - Burkitt lymphomas, GISTs - Gastrointestinal stromal tumors, LMSs - leiomyosarcomas

Median values of the Ki-67, TPX2, TOP2A, and hTERT mRNA levels in BLs, GISTs, and LMSs were follows: 49.95, 0.676, and 15.8 for Ki-67, 120, 6.88,

90 for TPX2, 355.5, 78.5, 517 for TOP2A, and 12.15, 0.0556, 0 for hTERT.

Expression levels of the proliferation markers and hTERT
in GISTs with benign and malignant potential. The results
revealed that the expression levels of Ki-67, TPX2, and hTERT
in the GISTs with malignant potential (prognostic groups
3b, 5, 6a, and 6b) closely correlate (p<0.0001, p<0.0001, and
p<0.0001, respectively). Specimens from prognostic groups
3b, 5, 6a, and 6b (GISTs with malignant potential) had higher
levels of Ki-67, TPX2, and hTERT mRNA than specimens from
prognostic groups 1, 2, and 3a (GISTs with benign potential)
(Figure 2A, 2B, and 2D). We did not find any significance in
the mRNA levels of TOP2A and benign/malignant potential
of GISTs (p<0.1910) (Figure 2C). Median values of the Ki-67,
TPX2, TOP2A, and hTERT mRNA levels are summarized in
Figure 2. Illustrative comparison of protein Ki-67 expression
(IHC method) and comparable mRNA level of Ki-67 (RQ RT
PCR) showed Figure 3.

A relationship of the benign / malignant potential of
GISTs with EFS and OS. Patients with GISTs and malignant

potential manifested a shorter EFS than patients in the group of
GISTs with benign potential (log-rank test, p<0.0040). Patients
with GISTs and malignant potential had also a shorter OS
than the patients in the group of GISTs with benign potential
(log-rank test, p<0.0263). Data not shown.

Relationship of the proliferation markers and hTERT
levels with EFS and OS in univariate analysis. Higher levels of
Ki-67 and TPX2 mRNA (stratified according to mean values)
correlated with shorter EFS and OS, p<0.0121 and p<0.0304
(for Ki-67 proliferation marker) and p<0.0003 and p<0.0030
(for TPX2 proliferation marker). If the expression levels of
molecular markers were stratified according to median values,
shorter EFS was associated with higher TPX2 and hTERT
mRNA levels (p<0.0311, and p<0.0106, respectively). Sum-
marized data are presented in Table 3. Graphical overview of
the results of EFS in connection with TPX2 (median values),
Ki-67 (mean values) and hTERT (median values) expression
levels are shown in Figure 4.
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Figure 2. Normalized mRNA levels of molecular markers and group of the GISTs with benign and malignant potential. Vertical lines display Ki-67 (A),
TPX2 (B), TOP2A (C), and hTERT (D) mRNA levels in absolute copies. Horizontal lines display groups of GISTs with benign and malignant potential.
Expression levels of Ki-67 (A), TPX2 (B), and hTERT (D) molecular markers in GISTs with malignant potential were significantly higher than in GISTs
with benign potential p<0.0001, p<0.0001, and p<0.0001, respectively (non-parametric Kruskal-Wallis test). In TOP2A (C) there was no statistical asso-
ciation between mRNA levels of TOP2A in the groups of GISTs with benign and malignant potential (p<0.1910). Median values of benign and malignant
GISTs were as follows: 0.168 and 1.05 for Ki-67, 1.89 and 11.1 for TPX2, 61.2 and 96.7 for TOP2A, and 0 and 0.193 for hTERT.

Table 3. Summary of the parameters of univariate analysis

vaALugs  MOLECULAR  SURVIVAL  UNIVARIATE ANALYSIS
MARKER TIME P VALUE
; EFS 0.0121°
Ko7 (oM 0.0304°
EFS 0.0003¢
e (oM 0.0030°
HEAN EFS 0.3435
TOP2A o 0o
EFS 0.1058
PTERT oS 0.3455
; EFS 0.1082
e (oM 0.4768
EFS 0.0311°
e (ON 0.1080
MEDIAN oS o
TOP2A s P
EFS 0.0106°
PTERT oS 0.3152

2 statistically significant

Discussion

GISTs are mesenchymal tumors with an unpredictable
biological potential ranging from benign to malignant. Many
previous studies have proven that the evaluation of prolifera-
tive indices is a most useful in distinguishing benign from
malignant GISTs [18, 19, 20]. Therefore, the aim of this study
was to investigate proliferation and telomerase activity of
GISTs to improve our understanding of their proliferation ac-
tivity and to estimate their malignant potential and prognosis
with a greater accuracy than establishing the mitotic rate.

Proliferation marker Ki-67 is a most common and widely
used marker for detection of the proliferation activity of tu-
mors using IHC investigations. Data on GISTs based on the
THC results are still controversial. Gelen et al. [19] demon-
strated that Ki-67 proliferation index is valuable in predicting
a malignant potential of GIST. Correspondingly, Di Vizio et
al. [20] published a correlation of Ki-67 overexpression (using
methods of IHC analysis) and RFS and OS in GIST patients.
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Figure 3. Illustrative picture of protein expression and mRNA levels of Ki-67. Illustrative picture of a high protein Ki-67 expression (>50%) (A), high
mRNA level of Ki-67 (1.11E4 absolute copies) (B), low protein Ki-67 expression of (<1%) (C), and low mRNA level of Ki-67 (2.67E0 absolute copies)
(D). Brown lines show amplification curves of plasmid Ki-67 standard samples, red lines display amplification curves of measured samples, and green

lines indicate amplification of NTC (no template control).

Other authors investigated, that Ki-67 index (<5, 6-8, >8%)
was an independent prognostic factor for RFS of GIST pa-
tients, and moreover that high-risk GIST patients with Ki-67
index >8% showed a poorer prognosis even with imatinib
adjuvant therapy [21]. However, other investigators did not
find any prognostic correlation between Ki-67 proliferation
index and mitotic counts, tumor risk groups and the tumor
size [22,23]. Discrepancy is most probably due to the fact that
the IHC method and semiquantitative evaluation of the results
is liable to a subjective interpretation of the microscopic find-
ings. In the present study we used data of RQ RT PCR which
determines a real amount of the target molecules, expressed
as copy numbers of molecules. We confirmed association
between Ki-67 mRNA expression levels and proliferation
activity of the tumor cells (significantly higher Ki-67 mRNA
levels in highly proliferative BLs than in GISTs and in LMSs).
We found also a statistical significance of Ki-67 expression
levels in the group of GISTs with a malignant potential when
compared with benign GISTs. Furthermore, we demonstrated
a correlation between overexpression of the Ki-67 mRNA
levels (divided according mean values) and both EFS and

OS. At the level of IHC demonstration of Ki-67, Gelen et al.
determined significant differences of Ki-67 proliferation in-
dex between three groups of GISTs (benign, borderline and
malignant) [19]. Group of GISTs with uncertain malignant
potential (a borderline group) has not been investigated in
this study. Molecular analyses of mutation state of KIT and
PDGFRA genes and mRNA levels of proliferation markers
were primarily carried out in patients with malignant po-
tential (size over 5 cm, high mitotic rate), and specifically in
metastatic, inoperable or recurrent tumors. The reason for
focusing preferably on patients with unfavorable GISTs lays
in therapy targeting potentially responsive GISTs by tyrosin
kinase inhibitors. Patients categorized in the WHO prognostic
group 4 are relatively uncommon [8, 9], and we had no such
a patient for statistical analysis. Furthermore, the aim of the
study was to ascertain whether we may separate clear polari-
ties, e.g. benign and malignant lesions by the tools utilized
in this study.

Beside establishing the proliferation activity of the tumor
by the Ki-67 index, some authors focused on the expression of
TOP2A activity. Wong et al. [24] observed that TOP2A expres-
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sion correlated with more aggressive hepatocellular carcinoma
(HCC) phenotype and patient responsiveness to doxorubicin-
based therapy. De Resende et al. [25] reported that patients
with higher expression of TOP2A presented shorter BRFS
(biochemical recurrence-free survival) in prostate cancer. Our
observation with TOP2A expression also revealed a relation
between high tumor proliferation activity and higher TOP2A
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Figure 4. Kaplan Meier survival analysis of the EFS and mRNA levels of

TPX2, Ki-67, and hTERT. EFS rates of the patients with GISTs distributed

with respect of median values of the TPX2 mRNA levels (A), EFS rates in

the connection of Ki-67 mRNA levels distributed according mean values

(B), EFS rates in the connection of hTERT mRNA levels distributed ac-
cording median values (C).

mRNA levels. In contrast with these findings we did not find
a statistical significance of TOP2A mRNA levels in connection
with benign / malignant potential of GISTs. Likewise, we did
not observe association between higher TOP2A levels and the
outcome of the patients with GISTs in EFS and OS. The results
obtained in our study may be explained at least partially by
time lapse studies of TOP2A through cell cycle by Stacey et
al. [26]. These studies indicate that the expression of TOP2A
in tumor cells is less dependent on the proliferation state of
malignant cells. Authors further reported that the cells which
remain viable but are temporarily removed from the active
cell cycle were able to become dominant and produce high
levels of TOP2A. The explanation may rest in the fact that
slowly growing cells do not actively proliferate. Therefore,
the differences of the TOP2A mRNA levels in the GISTs with
benign and malignant potential (probably comprise a majority
of slowly growing cells) are not so significant.

Reactivation of telomerase is believed to play a role in
tumor cell immortalization. Wang et al. [27] reported that
detection of telomerase activity, apoptosis and control genes
(P53 and BCL2) in GISTs will be helpful in the evaluation of
the prognosis, and discrimination between malignant and
benign GISTs. Similarly, Tominaga et al. [28] reported a strong
relationship between detection of the telomerase activity and
expression levels of hTERT in neoplastic and non-neoplastic
esophageal lesions. In our study, we measured h\TERT mRNA
levels by means of RQ RT PCT technique. A similar approach
was published by Capkova et al. [29] in bronchial mucosa
of heavy smokers. Expression of the hTERT in the tumors
of the gastrointestinal tract (cholangiocarcinoma, HCC and
GISTs), and in non-neoplastic tissues was determined by oth-
ers [30]. These authors found expression of h\TERT mRNA in
carcinomas but not in GISTs and non-neoplastic tissues. In
contrast with their results, we detected expression of hTERT
mRNA levels not only within highly proliferating tumors
such as BLs, but also in GISTs and LMSs. More importantly,
we demonstrated association of the hTERT mRNA level and
GISTs with malignant potential. Same results were reported
by Gunther et al. [31]. They compared extra-gastrointestinal
myogenic or neurogenic sarcomas and GISTs. According to
their study, malignant GISTs expressed telomerase at a sig-
nificantly higher level than LMSs and malignant peripheral
nerve sheath tumors.

TPX2 plays a pivotal role in the cell cycle promotion and
mitotic cell division. TPX2 is expressed exclusively in the
proliferating cells in S, G2 and M phases of the cell cycle and
its activity corresponds to proliferation activity of cells [32].
Because of exclusive expression of TPX2 in proliferating cells,
many studies indicate that determination of TPX2 expression
is more suitable to determine the proliferation than Ki-67 in
breast carcinoma [33], mantle cell lymphoma (MCL) [34,
35], neuroblastoma [36], colon cancer [37] and squamous
cell carcinoma of the larynx [38]. Also, the estimation of
TPX2 expression is a helpful and most precise prognostic
indicator in various other diseases [11, 39, 40, 41]. In the
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present study, the TPX2 and also Ki-67 mRNA levels were
associated not only with the proliferation activity of GISTs,
but also with their biological potential (progression and un-
favorable prognosis). Our observation suggests, that a higher
TPX2 and Ki-67 mRNA expression levels was associated with
highly proliferative tumors. Furthermore, a higher TPX2 and
Ki-67 mRNA expression levels was significantly associated
with a malignant clinical behavior of the GISTs. We also
investigated that the TPX2 and Ki-67 mRNA levels (divided
according mean values) were significantly associated with
a shorter EFS and OS in patients with GISTs. On the other
hand, only TPX2 and hTERT mRNA levels (not Ki-67 mRNA
levels) divided according median values were associated with
shorter EFS.

In conclusion, normalized mRNA expression levels of mo-
lecular markers Ki-67, TPX2, TOP2A, and hTERT are suitable
markers for detection of the proliferation activity and telomer-
ase activity of the GISTs. Our results suggest that determination
of the expression status of Ki-67, TPX2 and hTERT are helpful
for supporting the discrimination of the benign / malignant
potential of GISTs. We demonstrated that combination of the
measurement of Ki-67, TPX2 and hTERT expression by means
of RQ RT PCR appears to be a suitable tool for diagnostic and
prognostic purposes of GISTs. The assessment of Ki-67 and
TPX2 and hTERT mRNA expressions could be a candidate for
an improvement of GISTs prognostic estimation.

We confirmed that mRNA expression of Ki-67, TPX2,
and hTERT molecular markers corresponded with morpho-
logically defined groups of benign and malignant GISTs. In
a further study we will focus on a group of GIST with uncertain
malignant potential.
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Molekularni mechanizmy primarni
a sekundarni rezistence, molekularné-genetické
znaky a vlastnosti KIT/PDGFRA nemutovanych GIST

Alena Kalfusova, Roman Kodet

Ustav patologie a molekuldrni mediciny, 2. LF UK a FN Motol, Praha

SOUHRN

Gastrointestinalni stromalni nadory (GIST) tvoii nej¢astéjsi mezenchymalni nddory gastrointestindlniho traktu. Velka ¢ast z nich vznikd na zakladé aktiva¢nich
mutaci v genech KIT (75 - 85 %) nebo PDGFRA (méné nez 10 %). Identifikace aktivacnich mutaci v genech KIT a PDGFRA, které kéduji prislusné receptorové
tyrozinkinazy (RTK), znamenala vyznamny prélom v cilené terapii metastatickych, neoperabilnich nebo recidivujicich GIST. Primarni a/nebo sekundarni rezis-
tence je vyznamnym problémem biologické terapie imatinib mesylatem (IM) u pacientt s GIST. Oba typy rezistence vedou ke snizené terapeutické odpovédi
na IM, pfipadné k selhani této Ié¢by a progresi onemocnéni. Hlavnim mechanizmem sekundarni rezistence je vznik sekundarnich mutaci. Problémem progrese
onemocnéni je kromé primarni a sekundarni rezistence také selhani UpIné eradikace nadorovych bunék i pfi dlouhotrvajici terapii inhibitory RTK. GIST bez pfi-
tomnosti mutaci v genech KIT/PDGFRA tvofi u dospélych 10 - 15 %, u pediatrickych GIST je to az 85 % piipadu. KIT/PDGFRA nemutované GIST tvoii heterogenni
skupinu nadorl s nékolika molekularné-genetickymi i morfologickymi odlisnostmi. Molekularné se KIT/PDGFRA nemutované GIST lisi napt. mutacemi v genech
BRAF, KRAS, NF1 nebo defekty v sukcindt dehydrogenazovych (SDH) podjednotkach. GIST s nemutovanymi geny KIT/PDGFRA vykazuiji nizsi citlivost na cilenou
terapii IM v porovnani s mutovanymi GIST. Terapeutické moznosti se ve skupiné KIT/PDGFRA nemutovanych GIST soustfeduji na BRAF inhibitory, inhibitory PI3K
drahy (mTOR), nebo na inhibitory receptor(i IGF1R a VEGFR.

Klicova slova: GIST - primarni a sekundarni rezistence — KIT/PDGFRA nemutované GIST - SDH komplex — BRAF mutace — IGH systém

Molecular mechanisms of primary and secondary resistance, molecular-genetic features
and characteristics of KIT/PDGFRA non-mutated GISTs

SUMMARY

Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal tumors of the gastrointestinal tract. Most of them arise due to activating mutations
in KIT (75 - 85 %) or PDGFRA (less than 10 %) genes. Identification of the activating mutations in KIT and PDGFRA genes, which code for receptor tyrosine kinases
(RTKs), has improved the outcome of targeted therapy of metastatic, unresectable or recurrent GISTs. Primary and/or secondary resistance represents a signifi-
cant problem in the targeted therapy by Imatinib mesylate (IM) in patients with GIST. An important mechanism of the secondary resistance is the evolvement
of secondary mutations. Except for primary and secondary resistance, there is another problem of disease progression - a failure of tumor cells eradication even
in the long term therapy of tyrosine kinase inhibitors. GISTs without mutations in KIT/PDGFRA genes constitute 10 - 15% GISTs in adults, and a majority (85 %) of
pediatric GISTs. KIT/PDGFRA wild-type GISTs represent a heterogeneous group of tumors with several molecular-genetics and/or morphologic differences. KIT/
PDGFRA wild-type GISTs are different in their molecular features, for example in mutations in the BRAF, KRAS, NF1 genes or defects of succinate dehydrogenase
(SDH) subunits. KIT/PDGFRA wild-type GISTs are generally less sensitive to targeted therapy by tyrosine kinase inhibitors in comparison with KIT/PDGFRA muta-
ted GISTs. Inhibitors of BRAF, PI3K (mTOR) or inhibitors of IGF1R and VEGFR receptors provide alternative therapeutic strategies.

Keywords: GIST - primary and secondary resistance — KIT/PDGFRA non mutated GISTs — SDH complex — BRAF mutations — IGH system
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Vétsina gastrointestinalnich stromalnich nadord (GIST)
vznika na podkladé aktiva¢nich mutaci v genech KIT (75 - 85
%) nebo PDGFRA (méné nez 10 %). Mutace jsou navzajem
exkluzivni a casto heterozygotni. Ve vzacnych pfipadech fa-
milidrnich GIST se onemocnéni rozvine na zakladé vrozenych
autozomalné dominantnich mutaci v genech KIT nebo PD-
GFRA. Mutované GIST maji podobné charakteristiky. Morfo-
logicky jsou tvofeny vietenobunécnymi nebo epiteloidnimi
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burikami. V zastoupeni pohlavi nejsou patrné rozdily. Tyto
GIST postihuji pacienty nad 50 let véku a mohou se vyskyto-
vat kdekoliv v rdmci gastrointestinalniho traktu, méné casto
v omentu, mesenteriu, retroperitoneu nebo v oblasti malé
panve (1). Souvislost anatomické lokalizace nadoru s pfitom-
nosti nékterych mutaci v genech KIT a PDGFRA mUzeme vy-
svétlit rozdilnym pdvodem intersticidlnich Cajalovych bunék
(Interstitial cells of Cajal, ICC). Nadory s mutacemi v exonu 9
genu KIT se kupfikladu prednostné vyskytuji v tenkém strevé.
Tim se lisi od nadorl s mutacemi v exonu 18 genu PDGFRA
(D842V), které se nachazeji pouze v Zaludku, mesenteriu
a v omentu. Ddvodem je, Ze nddory s mutacemi v exonu 9
genu KIT vznikaji z odliSné podskupiny ICC bunék. Mutace
v exonu 11 genu KIT, které se vyskytuji nejcastéji, nachazime
naproti tomu v pribéhu celého gastrointestindlniho traktu
(GIT). Moznym vysvétlenim je, Ze pochdzeji z tzv. ubikvitniho
podtypu ICC bunék (2).
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PRIMARNI A SEKUNDARNI REZISTENCE

Nejvétsim prilomem v terapii GIST byl objev aktivacnich
mutaci v genu KIT (3) av genu PDGFRA (4), které koduji pfislusné
receptorové tyrozinkinazy (RTK). Spojeni téchto poznatk(l s po-
znatky Uspésné terapie chronické myeloidni leukemie (CML),
ktera je cilend na fuzni protein BCR-ABL, rovnéz s tyrozinkina-
zovou aktivitou (5), odstartovalo vyznamnou kapitolu v 1é¢bé
metastatickych, neoperabilnich nebo recidivujicich GIST. Tera-
pie je u obou klinickych jednotek zaloZend na inhibici kindzové
aktivity vazbou inhibitoru (imatinib mesylatu, IM) na ATP vazeb-
né misto proteinu. V priibéhu terapie se vak u obou typd one-
mocnéni setkavame se vznikem sekundarni rezistence. U CML
je to pfitomnost sekundarnich mutaci v kindzovych doménach
BCR-ABL fuzniho proteinu nebo amplifikace genu BCR-ABL (6,7).
U pacientl s GIST se setkavame s primarni a sekundarni rezis-
tenci (8).V domacim pisemnictvi jsme na problematiku primarni
a sekundarni rezistence GIST s progresi na terapii ve stru¢ném
prehledu jiz upozornili (9). Otazka ziskané rezistence a s ni spo-
jeného selhavani |écby je nadale aktudlnim a dllezitym téma-
tem pro feseni volby cilené biologické 1é¢by.

,Casnd” nebo také ,primarni” rezistence je definovana jako
progrese onemocnéni v pribéhu prvnich 3 - 6 mésicl od za-
Catku terapie IM. Tyka se pfiblizné 15 - 20 % pacientd. Hlavnim
dlvodem vzniku primarni rezistence je mutacni stav gend KIT
nebo PDGFRA (typ mutace a/nebo lokalizace primarni mutace)
(1,10). S primarni rezistenci nej¢astéji souvisi mutace v exonu
9 genu KIT, mutace v genu PDGFRA (zejména mutace D842V
v exonu 18), nebo naopak absence mutaci jak v genu KIT, tak
genu PDGFRA (10). Exon 9 genu KIT kéduje extracelularni domé-
nu, ktera za normalnich okolnosti inhibuje dimerizaci receptoru
KIT. Mutace v exonu 9 zpUsobi sterickou prekazku, kterd nedo-
voli IM pevné se navéazat na katalytickou doménu receptoru
(TK1 doména). V pfipadé genu PDGFRA exon 18 kéduje aktivac-
ni ,smycku” (TK2 doména). Bodova mutace D842V v exonu 18
vede k substitu¢ni zaméné na tomto misté a ke vzniku stabilné
aktivni konformace proteinu. Uvedend aktivni konformace re-
ceptoru na vazbu IM a jeho inhibi¢ni vlastnosti neodpovida.

+Ziskanad” nebo-li ,sekundarni” rezistence vznika v prabéhu
terapie u pacientq, jejichz GIST prvotné na terapii odpovidal, pri-
padné u nich doslo ke stabilizaci onemocnéni, ovsem v pribéhu
nékolika mésicl na terapii nereaguji a dochazi u nich k progresi
onemocnéni. Casové rozmezi vzniku sekundarni rezistence se
pohybuje v rozpéti 6 az 24 mésicl od zacatku terapie IM. Hlav-
nim mechanizmem vzniku ziskané rezistence je pritomnost
sekundarnich mutaci. Sekundarni mutace se vyskytuji u 50 - 70
% pacientl s progresi onemocnéni. Pfitomnost sekundarnich
mutaci zjistujeme u pacient(, ktefi méli detekovany primarni
mutace v genu KIT, v mensi mite také u téch, ktefi méli primarni
mutace lokalizovany v genu PDGFRA. Téméf vyhradné se sekun-
dérni mutace vyskytuji ve stejném genu a na stejné alele jako
primarni mutace (1). Sekundarni mutace se shlukuji ve dvou
oddélenych KIT tyrozinkinazovych doménach (TK1 a TK2). Prvni

Tabulka €. 1. Pfehled sekundarnich mutaci v exonech 13, 14 a 17 genu KIT.

Doména Sekundarni
mutace

ATP vazebni doména 654 V654A
670 14 T670I1, T670E
Aktivacni smycka 816 17 D816E, D816G
820 17 D820Y, D820E
822 17 N822K
823 17 Y823D

(upraveno dle Heinrich, 2008)
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je ATP/imatinib vazebné misto (exony 13 a 14 genu KIT), dru-
ha je kindzova aktivacni smycka (exony 17 a 18 genu KIT)(11).
Sekundarni mutace ATP vazebného mista pfimo inhibuji vazbu
IM. Sekunddrni mutace V654A (exon 13 genu KIT) vede ke sni-
Zeni vazebné aktivity IM. Sekundarni mutace v exonu 14 genu
KIT, tj. T607I, je ¢asto oznacovana jako ,strazce brany” - gatekee-
per. Tato mutace je zodpovédna za tvorbu sterické prekazky pro
vazbu IM (12). Mutace T670I je homologni s mutaci T3151 u CML
(fazniho genu BCR-ABL), kterd zpuUsobuje silnou rezistenci,
a s mutaci T790M u genu EGFR (13). Mutace v aktiva¢ni smycce
(exon 17 genu KIT) destabilizuji inaktivni formu RTK (protein KIT
je konstitutivné aktivovan)(12). Pfitomnost sekunddarnich muta-
ci doposud nebyla popsana u pacient(, ktefi nepodstoupili tera-
pii IM (14). Stru¢ny prehled mutaci zodpovédnych za sekundarni
rezistenci poskytuje tabulka ¢. 1.

Nepfiznivym znakem sekundarni rezistence je také velka
heterogenita sekundarnich (rezistentnich) mutaci. Sekundarni
mutace se mohou u jednoho pacienta lisit co do poctu nebo
typu jednak v ramci jednoho nadorového lozZiska, ¢i metastazy,
ale mohou se lisit i mezi jednotlivymi metastazami (1). Rozdilné
sekundarni mutace v rozdilnych metastazach u stejného paci-
enta poukazuji na rozdilnou klondlni evoluci (15). Heterogenita
rezistentnich (sekundérnich) mutaci ,v* jednotlivé metastaze
a,mezi” metastdzami u jednotlivych pacientd mize byt znacna.
Muize kolisat od dvou do péti sekundarnich mutaci v rozdilnych
metastazach nebo i vznikem dvou rozdilnych mutaci v jedné
metastaze (16,17). Variabilita mnozstvi i lokalizace sekundarnich
mutaci (u jednoho pacienta mohou byt pfitomny mutace v exo-
nu 13 arovnéz i v exonu 17 genu KIT) je zdvaznym problémem
pro cilenou biologickou lé¢bu s ohledem na jejich rozdilnou
senzitivitu. Molekuldrné-genetickd analyza provedend z jedno-
ho metastatického loziska tak nemusi predstavovat skutecny
mutacni stav nadoru. Sekundarni mutace v KIT kindzovych do-
ménéch nebyly detekovény u nemutovanych genl KIT/PDGFRA,
u mutovanych GIST s nezvyklou morfologii a/nebo u GIST se
ztratou exprese KIT proteinu (16).

Mezi dalsi mechanizmy sekundarni (ziskané) rezistence patfi
amplifikace genu KIT a/nebo PDGFRA a nasledujici nadmérna
exprese danych proteinl. Aktivace alternativnich RTK (napf.
AXL) je jednim z dalsich mechanizma ziskané rezistence. Mimo
uvedené mechanizmy zmény struktury nebo funkce receptort
KIT a PDGFRA, patii k dalSim mechanizmim ziskané rezistence
chromozomalni modifikace, zmény ve farmakokinetice IM, po-
piipadé diferenciace nadoru (18). Stru¢ny prehled mechanizma
sekundarni rezistence je uvedeny v tabulce ¢. 2.

Problémem progrese onemocnéni je kromé primarni
a sekundarni rezistence také selhani Uplné eradikace nado-
rovych bunék, popfipadé kmenovych bunék, které jsou jejich
prekurzory v nadorovém lozisku. Kompletni odstranéni na-
dorovych bunék selhdva i pfi dlouhotrvajici terapii inhibitory
RTK. Inhibitory RTK selhavaji pti odstranéni nadorovych bunék
v 95 - 97 % pripadl. Rozpéti redukovanych nadorovych bunék
muzZe kolisat od méné nez 10 % az po vice nez 90 %. Absolut-
niho odstranéni nadorovych bunék oviem nebylo dosazeno
nikdy (1,2). Prezivajici nddorové buriky jsou metabolicky v kli-
dovém stadiu a neproliferuji. Jejich vystup z buné¢ného cyklu
je viak reverzibilni (1). Pfetrvavani nadorovych bunék navzdo-
ry pokracujici terapii pomoci inhibitord RTK umoznuje selek-
ci klond se sekundarnimi, na terapii rezistentnimi mutacemi.
Pfezivani naddorovych bunék i u imatinib-senzitivnich mutaci
je umoznéno existenci skupiny bunék s nizkou expresi protei-
nu KIT, nebo bunék, u kterych vznikla ztrata exprese proteinu
KIT (KIT-low/KIT-). Ackoliv inhibitory RTK mohou kontrolovat
diferenciaci, prezivani ¢i proliferaci KIT+ bunék, nemohou
odstranit imatinib-rezistentni KIT-low/KIT- kmenové buriky.
Tyto buriky se néasledné stavaji zdrojem relapsu onemocnéni.

CESKO-SLOVENSKA PATOLOGIE 4 ' 2017



Tabulka ¢. 2. Mechanizmy sekundarni rezistence.

. Mechanizmy souvisejici s KIT nebo PDGFRA receptory.
a. Amplifikace genu KIT, nadmérna exprese proteinu KIT
b. Ztrata exprese proteinu KIT, aktivace alternativniho receptoru

c. Aktivace alternativni signalni molekuly v KIT aktiva¢ni signalni
draze

d. Sekundarni mutace

i) 3D konformacni zmény receptoru — sekundarni
mutace v exonu 13 genu KIT (V654A)

ii)) Strukturalni zmény receptoru - sekundarni
mutace v exonu 14 genu KIT (T6071)

iii) Konstitutivni aktivace receptoru — sekundarni
mutace v exonu 17 genu KIT (D816V, Y823D)

Il.  Mechanizmy odlisné nebo nesouvisejici s KIT/PDGFRA receptory
a. Histologickd modifikace nadoru
b. Snizeni bioavibility IM (zména farmakokinetiky IM)

c. Chromozomalni zmény

(upraveno dle Maleddu, 2009 (13))

Vznik sekundérnich mutaci rezistentnich na IM v prezivajicich
prekurzorech mdze umoznit jejich diferenciaci v KIT+ bunky
a jejich nekontrolovatelny rist. Predpokladany model procesu
pretrvavani nddorovych bunék a klonalni selekci bunék se zis-
kanymi mutacemi uvadime na obr. 1.

Po morfologické strdnce mdzeme u nadord, které jsou tera-
peuticky ovlivnény pozorovat zménu diferenciace nddorovych
bunék v jiny buné¢ny typ. Buriky se mohou transformovat v rab-
domyoblasticky, chondroidni, nebo kostni typ. Mechanizmus
transformace mdzeme vysvétlit snahou nadorovych bunék (pod
vlivem terapeutického tlaku) vyhnout se apoptéze. Programo-
vanou smrt bunky obejdou tyto bunky opusténim bunééného
cyklu a spusti expresi gend, které jsou spojené s jinym diferen-
covanym typem bunék. Nevyjasnénou otdzkou zatim zUstava
pribéh této transformace. Zdrojem mohou byt bunky, které se
po preruseni terapie vyhnuly apoptdze a opét proliferuji, nebo
jsou jejich zdrojem nadorové kmenové buriky. Ve vzacnych pfi-
padech se mlze GIST transformovat do high grade anaplastic-
kého sarkomu bez exprese CD117 povrchového proteinu (2).
Tato zména byla pozorovéna u nadorl bez terapie, ale rovnéz
i u nddord lé¢enych (19). Rabdomyoblastické burky u rezis-
tentnich GIST s progresi onemocnéni exprimuiji typicky desmin
a myogenin (20,21).
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Donedavna byl z terapeuticko-indika¢niho hlediska nejvy-
znamnéjsi a nejcastéji sledovan mutacni stav gend KIT a PD-
GFRA. Sledovani pfitomnosti a lokalizace primarnich mutaci,
vyskytu sekundarnich mutaci pfi progresi onemocnéni, a s tim
spojené primarni a/nebo ziskané rezistence na cilenou terapii
IM, byly dlouhodobé dulezitym cilem molekularné-genetické
analyzy GIST.V poslednich letech se zajimavou a z terapeutické-
ho hlediska otevienou kapitolou stavaji GIST, u kterych nebyly
zjistény mutace v téchto genech.

GIST bez pfitomnosti mutaci v genech KIT/PDGFRA tvofi u do-
spélych 10 - 15 % pfipadd, u mnohem vzacnéjsich pediatrickych
GIST je to az 85 % pfipadl. Podle mnozstvi doposud publikova-
nych studii se u tzv. wild-type (KIT/PDGFRA nemutovanych) GIST
jedna o komplex nékolika podtypU. Tyto podtypy GIST maji roz-
dilné molekuldrni znaky. Jsou jimi napf. mutace v genech BRAF,
KRAS, NF1 nebo defekty v sukcindt dehydrogenazovych (SDH)
podjednotkach (22). Rozdéleni a charakteristice KIT/PDGFRA ne-
mutovanych GIST podle jejich molekularnich vlastnosti se mimo
zahrani¢ni literaturu podrobné vénovala i domaci publikace
(23). Pro Uplnost a zpfehlednéni problematiky heterogenity KIT/
PDGFRA nemutovanych GIST slouzi obr. 2.

V kratkosti Ize uvést, Ze KIT/PDGFRA nemutované GIST m{ze-
me podle imunohistochemické (IHC) exprese SDHB podjednot-
ky rozdélit do dvou skupin. Do prvni skupiny, ,typ 1% patfi GIST
s expresi SDHB podjednotky (SDHB pozitivni, SDHB+). Druhou
skupinu, ,typ 2* tvoii SDHB negativni (SDHB-) GIST. Do prvni
skupiny spadaji GIST se somatickou inaktivaci genu NFT (ztra-
ta heterozygozity nemutované NF1 alely) a nékteré sporadické
GIST. Jak vyplyva z charakteristiky téchto GIST nemaji sporadic-
ké GIST z této skupiny mutace v genech KIT/PDGFRA. Priblizné
v 15 % pfipadl vsak mohou mit mutovany geny BRAF nebo
KRAS. GIST s mutacemi v genu NFT se bézné vyskytuji v tenkém
stfevé s typicky multifokdlnim vyskytem nédoru a neexprimuji
protein IGF1R.

Druhou skupinu GIST SDHB- m{izeme rozdélit podle IHC ex-
prese SDHA podjednotky (exprese je ovlivnéna inaktiva¢nimi
mutacemi genu SDHA) na SDHA pozitivni (SDHA+) a SDHA ne-
gativni (SDHA-). Do skupiny SDHA pozitivnich GIST patii GIST
jako soucésti Carneyovy triady, syndromu Carney-Strakatis,
a sporadické GIST. Tyto sporadické GIST opét nemaji mutovany
geny KIT/PDGFRA, maji ovsem mutované geny pro SDH komplex
(SDHB, SDHC, SDHD, méné obvykle SDHA). GIST jsou v téchto pfi-
padech bézné lokalizovany v Zaludku a je u nich zndma mensi
prevalence Zzenského pohlavi. Histologicky se ovsem podobaiji
GIST bez exprese proteinu SDHA. Ve skupiné SDHA negativnich

Obr. 1. Hypoteticky model perzistence kmenovych bunék GIST
a sekundarni rezistence.

Modré krouzky KIT-: KIT negativni kmenové buriky (nebo jejich pre-
kurzory), nesou KIT mutace senzitivni na imatinib, exprese proteinu
KIT je ale velmi slaba nebo neni pfitomna vibec (KIT-low/KIT-). Mod-
ré krouzky KIT+: KIT pozitivni buriky, vznikajici z KIT-low/KIT- (s pfi-
tomnymi mutacemi senzitivnimi na imatinib). Prazdné, bilé krouzky:
predstavuji mrtvé buriky. Svétle rGzové krouzky: KIT-low/KIT- kmeno-

IMATINIB = pay L = vé bunky nebo jejich prekurzory, které obsahuji sekundarni mutace
Tt = | PRETRVAVANI | = | SEKUNDARNI = s . y, K ) J. 'p N y . Y J N o o
SENZITIVNI = ONEMOCNENI b MUTACE = REZISTENTNI rezistentni na imatinib. Tmavé rdizové krouzky: KIT+ buriky vznikajici
GIST = = - A IMATINIE z KIT-low/KIT- prekurzor( se sekundarnimi mutacemi rezistentnimi
g = ‘f na imatinib. Modré Sipky: terapie imatinibem. Bila Sipka: ukonceni

| SET— L
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terapie imatinibem.
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Obr. 2 Schematicky pirehled KIT/PDGFRA nemutovanych GIST.

Podle imunohistochemické (IHC) exprese SDHB podjednotky délime KIT/PDGFRA nemutované GIST do dvou skupin, na
SDHB+ (zahrnuje GIST s mutacemi v genu NF1 a sporadické GIST s nebo bez pfitomnosti mutaci v genech BRAF nebo KRAS)
a na SDHB- (nebo také s defektem SDH komplexu). Skupinu SDHB- KIT/PDGFRA nemutovanych GIST podle IHC exprese
SDHA podjednotky dale délime na SDHA+ (SDHB-/SDHA+), kam patii GIST souvisici s Carney-Stratakis syndromem (vrozené
nebo somatické inaktivacni mutace v genech SDHB, SDHC, nebo SDHD), GIST jako soucast Carneyovy triady (bez pfitomnosti
mutaci v genech SDH komplexu) a sporadické GIST s vrozenymi nebo somatickymi mutacemi v genech SDH komplexu.
SDHB-/SDHA- GIST jsou charakterizovany vrozenymi nebo somatickymi inaktiva¢nimi mutacemi v genu SDHA (mladi dospé-

li/pediatricky typ GIST).

(SDHA-) GIST jsou nadory, které jsou diagnostikovany u mladych
dospélych (mladych zen). Charakteristicka je lokalizace v Zalud-
ku, s typickymi morfologickymi a fenotypovymi znaky: smise-
nym epiteloidnim nebo vietenobunécnym vzhledem, diftzni
pozitivitou povrchovych molekul KIT a DOG1 a nadmérnou ex-
presi proteinu IGF1R. Casty je u nich vyskyt metastaz v lymfatic-
kych uzlinach. Navzdory vyskytu metastaz je u téchto pacientd
prtibéh nemoci indolentni (1,22).

KIT/PDGFRA nemutované GIST s mutacemi
v genech BRAF/KRAS/PI3K

Protein BRAF patfi k serin/treoninovym proteinkindzam a jeho
funkce spociva v kontrole proliferace a diferenciace bunék pro-
stfednictvim RAS-RAF-MAPK signaini drahy. Protein BRAF je ko-
dovany stejnojmennym genem BRAF (24). S mutovanym genem
BRAF se mUzZeme setkat u Sirokého spektra nadorl od benignich
melanocytéarnich néva, hyperplastickych polypud v tenkém stre-
vé, low-grade gliomu az po melanomy, vlasatobunéénou leuke-
mii (hairy-cell leukemia, HCL), papilarni karcinomy Sstitné zlazy
a kolorektalni karcinomy (25). Pfitomnost mutaci v genu BRAF
byla detekovand i u GIST (20). Zastoupeni mutaci v genu BRAF
je u kazdé z téchto klinickych jednotek rozdilné. U HCL je muto-
vanych pfipad(i az 100 %. V pfipadé dalsich klinickych jednotek
je procentudlni zastoupeni nizsi (napf. melanom 50 %, papilarni
karcinom 3titné zlazy 45 %, low-grade gliomy 35 - 40 %, kolorek-
talni karcinom 11 %). U GIST se pocet BRAF mutovanych pfipad(
pohybuje v rozpéti 3 - 13 %.

Nejcastéji jsou mutace v genu BRAF lokalizovany v exonu 15,
ktery kéduje kindzovou doménu proteinu. Ve vétsiné pripadu
se jedna o jednoduchou substituci v kodonu 600, ktera vede
k zdméné valinu za kyselinu glutamovou (V600E). Méné casto

170

se mutace v genu BRAF vyskytuji v exonu 11. GIST s mutacemi
v genu BRAF jsou morfologicky nerozlisitelné od GIST s muta-
cemi v genech KIT/PDGFRA. Pfednostné se vyskytuji v tenkém
stfevu a u Zenského pohlavi (26). Prvotni analyzy ukazovaly,
Ze mutace v genech KIT/PDGFRA jsou s mutacemi v genu BRAF
mutacné exkluzivni (20,24). Nasledné byl oviem prokazan sou-
¢asny vyskyt mutaci v genech KIT nebo PDGFRA a BRAF u GIST
i u melanomd.

Pfitomnost mutaci v genu BRAF u KIT/PDGFRA nemutovanych
GIST ozfejmila patomechanizmus vzniku této skupiny GIST.
Mutace v genu BRAF u GIST vedou ke vzniku a predikuji primarni
rezistenci na cilenou terapii IM. V experimentech na buné¢nych
liniich se souc¢asnou expresi KIT senzitivnich mutaci a konstitu-
tivné aktivovanych proteind KRAS nebo BRAF bylo prokazano,
ze cilend terapie IM inhibuje protein KIT. Neovlivni ovsem in-
tracelularni signalni drdhu aktivovanou prostfednictvim mu-
tovanych gent BRAF/KRAS (27). Kromé primarni rezistence se
mutace v genu BRAF podileji na vzniku sekundarni rezistence.
Mutace v genu BRAF byly zjistény u nadord s progresi na terapii,
které prvotné odpovidaly na terapii a nemély sekundarni muta-
ce v genech KIT nebo PDGFRA (20).

Mutace v genu pro fosfatidyl inositol 3 kindzu (PI3K) byly
rovnéz prokazany u rezistentnich GIST s progresi na terapii.
Protein PI3K je soucasti aktivac¢ni drahy RTK KIT a PDGFRA.
Reguluje bunécny rist, proliferaci a prezivani bunék. Pacien-
ti s mutacemi v genech BRAF nebo PI3K (ovliviujici primarni
nebo sekundarni rezistenci u GIST) mohou profitovat z alter-
nativnich terapeutickych postup( (BRAF inhibitory nebo inhi-
bitory PI3K signdIni dréhy, kterymi jsou inhibitory p110a nebo
mTOR) (28). Na rozdil od mutaci v genu BRAF se mutace v ge-
nech ze skupiny RAS (NRAS, KRAS) vyskytuji u GIST ojedinéle
(20,26,29,30).
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KIT/PDGFRA nemutované GIST a SDH komplex

SDH (sukcinat dehydrogenazovy) komplex tvofi 4 proteinové
podjednotky: SDHA, SDHB, SDHC, a SDHD, které jsou kddovany
prislusnymi geny. SDH komplex je lokalizovany na vnitini mem-
brané mitochondrii a je nepostradatelny pro bunéény metaboli-
zmus. Pfitomnost inaktiva¢nich mutaci nebo poskozeni nékteré
z ¢asti SDH komplexu (SDHA, SDHB, SDHC, nebo SDHD) zpUso-
bi ztratu proteinové exprese podjednotky SDHB (31). Zatimco
ztrata proteinové exprese SDHB mUze byt ovlivnéna defektem
v kterékoliv z podjednotek SDH komplexu, proteinova exprese
podjednotky SDHA (pozitivita/negativita) je ovlivnéna zménou
pouze v genu SDHA. Ztrata proteinové exprese podjednotky
SDHA je specificky spojena s pfitomnosti inaktiva¢nich mutaci
v genu SDHA.

Zmény v SDH podjednotkach jsou z jedné poloviny pfipa-
dl ovlivnény pfitomnosti mutaci v kterémkoliv z SDHA, SDHB,
SDHC, nebo SDHD gen(. Druhd polovina mutacemi v SDH kom-
plexu ovlivnéna neni. MoZznym patomechanizmem vzniku této
skupiny poruch je epigenetické utlumeni aktivity SDH komple-
xu.V porovnani s jinymi GIST byla u GIST s defekty SDH komple-
XU pozorovana jejich znacnd hypermetylace (32). Mutace v SDH
komplexu vedou k poruse funkce mitochondridlniho komplexu
Il (v fetézci transportu elektron(l) a nasledné k naruseni oxidativ-
ni fosforylace. SDH komplex oxiduje sukcindt na fumarat. Poru-
cha oxidativni fosforylace vede k hromadéni sukcinatu a vznika
tak efekt pseudohypoxie prostfednictvim nadmérné exprese
proteint HIF (hypoxia inducible factor) (32). Sukcinat inhibu-
je degradaci HIF1a, coz nasledné vede ke zvyseni jeho hladin
a translokaci v jadre. V jadfe pak spousti transkripci rlstovych
faktor(l IGF1R a VEGFR (33,34). Zarode¢né mutace v genech
SDHB, SDHC a SDHD vedou ke vzniku syndromu Carney-Straka-
tis s familidrnim vyskytem paragangliomu a GIST.

U sporadickych GIST s nemutovanymi geny KIT/PDGFRA byly
popsany somatické mutace v genech SDH komplexu. Zahrani¢-
ni studie popisuji pfitomnost zdrode¢nych mutaci i u sporadic-
kych GIST u dospélych bez zjevné souvislosti s familidrnim vy-
skytem nebo paragangliomem. Pravdépodobnym vysvétlenim
je, ze se jedna o utlumenou formu Carney-Strakatis syndromu
nebo o nejednozna¢nou manifestaci ¢i definici tohoto syndro-
mu (35). Carneyova tridda (nefamilidrni vyskyt paragangliomd,
GIST a plicnich chondrohamartom) je rovnéz definovéna poru-
chou v SDH komplexu, ale mutace v genech SDHA, SDHB, SDHC,
nebo SDHD nebyly u této klinické jednotky zatim popsany (36).

GIST s defektem v nékteré z SDH podjednotek se vyznacuji
epiteloidni morfologii, mnohocetnym vyskytem, rezistenci na
terapii IM a charakteristickou lokalizaci v zaludku. Ve studii ¢itaji-
ci vice nez 1000 dobte definovanych GIST s defektem SDH kom-
plexu byly vSechny v zaludku (37). Na rozdil od ,klasickych” GIST,
tyto GIST metastazuji do lymfatickych uzlin a vykazuji expresi
proteinu IGF1R. Jejich prognéza se neda stanovit jen na zakladé
velikosti nadoru, lokalizace a mitotické aktivity. Pacienti mohou
i pii rozvoji jaternich metastaz dlouhodobé prezivat (34).

KIT/PDGFRA nemutované GIST a IGF1R

IGF (insulin-like growth factor) systém tvofi IGF ligandy (IGF1
alGF2), receptory (IGFR a insulinovy receptor), a 6 insulin-vazeb-
nych proteind (IGFBP1-6). Vsechny tyto slozky IGF systému hraji
vyznamnou roli v rlistu a vyvinu mnoha tkéni a reguluji celkovy
bunécny rlst (33). Receptor pro rlstovy faktor podobny insulinu,
typ 1 (insuline-like growth factor receptor 1, IGF1R), je podobné
jako RTK KIT a PDGFRA, transmembranovy receptor s tyrosin-
kindzovou aktivitou. Aktivuje signalni drdhu PI3K nebo MAPK.
Bylo prokazéno, ze IGF1R ve spolupraci s ligandy IGF1 a IGF2 se
uplatruje v transformaci nékolika onkogend. Typickym, a podle
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vseho také specifickym znakem GIST s defektem SDH komple-
xu je nadmérna exprese proteinu IGF1R (32,35,37,38). Moznym
mechanizmem nadmérné exprese IGF1R u GIST s defektem SDH
komplexu je aktivace prostfednictvim nadmérné exprese HIF1a
faktoru (33). Aktivace IGF1R signalni drahy je moznym alternativ-
nim terapeutickym cilem u GIST s defektem SDH komplexu (35).

KIT/PDGFRA nemutované GIST a NF1

Neurofibromatéza typu 1 (NF1) (von Reclinghausenova cho-
roba) je autozomdlné dominantni dédi¢né onemocnéni, cha-
rakterizované pfitomnosti mnohocetnych neurofibromd, skvrn
typu ,café-au-lait” a dalsimi mezenchymalnimi nadory. NF1
vznika jako nasledek inaktiva¢nich mutaci v genu NF1, ktery
kéduje protein neurofibromin. Neurofibromin je analogem GTP
aktivacnich proteinl (GAP), které reguluji aktivitu proteini RAS
(34,39). Priblizné u 7 % pacientt s NF1 se rozvine GIST. Pocetnost
nador( kolisé od jednoho lozZiska po jejich mnohocetny vyskyt.
Nejcastéjsi lokalizaci je tenké stievo. Velka ¢ast téchto GIST ma
nemutované geny KIT a PDGFRA, ale podle oc¢ekavani maji bud’
somatické mutace v genu NFT nebo ztratu nemutované NF1 ale-
ly. Vysledkem obou molekularnich zmén je aktivace signalnich
drah prostfednictvim MAP kinazové drahy (2). Casto jsou tyto
GIST nizkého rizika s klinicky indolentnim pribéhem (40).

PEDIATRICKE GIST

Pediatrické GIST maji mutace v genech KIT a/nebo PDGFRA
pouze v 15 - 20 %. S tim souvisi i horsi odpovéd détskych paci-
entll na cilenou terapii inhibitorem RTK. Pediatrické GIST a GIST
s nemutovanymi geny KIT/PDGFRA vykazuji ztratu proteinové
exprese podjednotky SDHB (10). Z celkového poctu GIST v po-
pulaci tvofi détské GIST (¢astéji u mladych divek) pfiblizné jen
1-2%. Pfes absenci mutaci v genech KIT/PDGFRA u vétsiny paci-
entl exprimuji tyto GIST protein KIT stejné tak jako dospéli paci-
enti (13,40). Pediatrické GIST podobné jako GIST v souvislosti se
syndromem Carney-Stratakis nebo s Carneyovou triddou vyka-
zuji podobné charakteristiky (33). Prakticky identické znaky jako
u pediatrickych GIST mUzeme najit i u pfilezitostné se vyskytuji-
cich dospélych GIST tzv.,pediatrického typu” Pravdépodobnym
vysvétlenim je pravé spole¢ny defekt v SDH komplexu (33).

Pediatrické GIST se vyskytuji vzacné, postihuji adolescentni div-
ky (medién véku 14 let), vyznacuji se multifokalnim vyskytem, epi-
teloidni morfologii, lokalizaci nadoru v Zaludku (vice nez v 90 %),
metastazami v lymfatickych uzlinach a indolentnim chovanim (41).

TERAPEUTICKE MOZNOSTI

V algoritmu cilené |é¢by u metastatickych nebo recidivujicich
GIST s mutacemi v genech KIT/PDGFRA se v prvni linii terapie do-
sud Uspésné pouziva imatinib mesylat (IM). Pacienti se vzniklou
rezistenci (primarni nebo sekundarni) na IM jsou ve druhé linii
Ié¢eni sunitinib maldtem (SM). SM silné inhibuje mutace vzniklé
v ATP vazebnim misté. Nicméné&, SM je méné ucinny v inhibici
mutaci pfitomnych v aktiva¢ni smycce (exon 17, gen KIT), které
tvofi 50 % imatinib-rezistentnich mutaci (42). Ve tfeti linii 1é¢-
by je u pacientl s metastatickym nebo recidivujicim GIST, ktefi
neodpovidaji na [é¢bu IM nebo SM schvélen regorafenib. Rego-
rafenib je dalsim tyrosinkindzovym inhibitorem (TKI), ktery pfi-
mo inhibuje protein KIT. Kromé toho inhibuje signalni molekuly
RAS, BRAF v drdze aktivace pfes RTK PDGFRB (43). Navic, na roz-
dil od IM, regorafenib inhibuje endotelové burnky prostfednic-
tvim VEGFR-2 (vascular endothelial growth factor receptor 2).
VEGFR-2 ma rozhodujici vyznam v normalni i nddorové neovas-
kularizaci. Regorafenib tak ptisobi na nékolika Urovnich inhibice
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rlstu nebo proliferace bunék. Je rovnéz mozné, ze regorafenib
inhibuje i dalsi signalni drahy (napf. fibroblast growth factor re-
ceptor 1), coz mUze prostfednictvim doposud neznamého kom-
penza¢niho mechanizmu pfispivat k rezistenci GIST (44).

U¢innost novych TKI, napf. ponatinibu (NTC 01874665) se
zkousi u pacient(, ktefi neodpovidaji ani na terapii regorafeni-
bem (43). Monoterapie IM, SM, nebo regorafenibem neumoznu-
je obsahnout celou $ifi sekundarnich mutaci (pfitomnost nékoli-
ka typt mutaci v jednom loZisku) v ATP vazebnim misté a stejné
tak v aktiva¢ni smycce (42). Potencial ponatinibu vici predchozi
terapii I, Il. a lll. linie je podpofen inhibici GIST se sekundarnimi
mutacemi v exonu 17 genu KIT.

Zajimavou kapitolu v terapii GIST tvofi pacienti s nemutova-
nymi geny KIT/PDGFRA. V porovnani s KIT/PDGFRA mutovany-
mi GIST, je odpovéd na terapii IM u nemutovanych GIST téméf
o polovinu nizsi (44 - 45 % vs. 70 - 71 %)(31). Nemutované GIST
predstavuji heterogenni skupinu klinickych jednotek s rozdil-
nym patomechanizmem vzniku a odliSnou citlivosti na cilenou
terapii. Pfikladem jsou gastrické GIST s negativitou exprese pro-
teinu SDHB a s vysokou expresi IGF1R. Prvotné neodpovidaji na
terapii IM, odpovidaji oviem na terapii SM.

Dalsi moznosti terapie pomoci inhibitort BRAF, nebo inhibitort
PI3K signalni drahy (inhibitory p110a a/nebo mTOR) se vyuZivaji
ve skupiné KIT/PDGFRA nemutovanych GIST s aktivaci BRAF nebo
PI3K signalni drahy. U KIT/PDGFRA nemutovanych GIST je slibnou
alternativni cestou lécby inhibice receptoru IGF1R. Aktualné pro-
bihaji klinické studie cilené terapie proti uvedenému receptoru
(napf. NCT01560260)(10,31). Zda se, Ze v cilené terapii GIST bude
v budoucnu vhodnéjsi a ucinnéjsi vzajemna kombinace terapie
TKI (monoterapie TKI neni dostate¢nd), spole¢né s jinymi lécivy
(napt. kombinace inhibitoru PI3K a IM - zejména u bodové muta-
ce D842V, kterad je rezistentni na IM)(43), popfipadé imunotera-
pie (ipilimumab). Moznosti ovlivnéni GIST se béhem nékolika let
znacné rozsirili a Ize ocekavat, Ze cilena terapie bude pfi kombina-
ci léciv mnohem Ucinnéjsi nez dosavadni terapeutické pfistupy.
Precizni molekuldrni diagnostika GIST bude mit i nadale svou roli
pii indikaci pfimérenych kombinaci biologickych Iéka.

MOLEKULARNI DIAGNOSTIKA GIST
- SOUCASNY STAV

Zdrojem materialu pro molekuldrni analyzu mutaéniho stavu
genU KIT a PDGFRA jsou vzorky primarnich nadord, recidiv na-
dord nebo metastaz. Kvalita DNA ma pro molekuldrné genetic-
ké vysetfovani zcela zasadni a vyznamnou roli. Nejvyssi kvalitu
izolované DNA ziskavame z nativniho bioptického materialu ve
formé zmrazZenych vzorkd. U archivnich vzorkl dochazi v pro-
cesu fixace ve formolu a zalévani do parafinu k degradaci DNA.
Modifikace primarni struktury DNA, fragmentace DNA a kiizové
vazby s proteiny znesnadnuji izolaci DNA a nasledné negativné
ovliviuji prlibéh jednotlivych molekularné genetickych analyz.
Presto lze, s urc¢itymi omezenimi molekularni analyzu provést
i z formolem fixované tkané. Kontrola kvality a integrity izolo-
vané DNA, spole¢né s volbou vhodnych reakénich podminek je
nevyhnutnou soucasti mutacni analyzy GIST.

Pritomnost primdrnich mutaci vysetfujeme v exonech 9, 11,
13,a 17 genu KIT a v exonech 12, 14, a 18 genu PDGFRA. Mutace
ve vsech uvedenych exonech analyzujeme najednou. Kazdou
detekovanou mutaci ovéfujeme opétovnou nezavislou amplifi-
kaci s naslednym zjisténim poradi nukleotidd pomoci kapilarni
elektroforézy na genetickém analyzatoru. V pfipadé, ze se v ana-
lyzovanych exonech mutace nevyskytuji, miizeme mutacni ana-
lyzu rozsifit o zjisténi pfitomnosti mutaci v exonu 8 genu KIT.
U pacienti s GIST bez mutaci v genech KIT a PDGFRA pokracuje-
me v mutacni analyze genu BRAF. Konkrétné vysetfujeme exony
11 a 15 uvedeného genu. Nejprve vysetfujeme exon 15 genu
BRAF, kde se mutace vyskytuji nejcastéji. Nasledné doplnime
mutacni analyzu o vysetfeni exonu 11 genu BRAF. U KIT/PDGFRA
nemutovanych GIST mohou byt v ojedinélych pfipadech muta-
ce pfitomny rovnéz v genech KRAS (event. NRAS) nebo PI3K.
Mutacni stav téchto genl vysetfujeme jen v piipadech GIST,
u kterych nejsou zjistény mutace gent KIT, PDGFRA a BRAF.

V mensi mife se u sporadickych GIST s nemutovanymi geny
KIT/PDGFRA, pfipadné u GIST, které tvori sou¢ast syndromu Car-
ney-Stratakis setkavame s defektem a ztratou funkce SDH kom-
plexu. Defekt SDH komplexu je zplsoben pfitomnosti mutaci
v genech SDHA, SDHB, SDHC, nebo SDHD. Na analyze mutac¢niho
stavu genl SDH komplexu spolupracujeme s Klinikou détské
hematologie a onkologie 2. LF UK a FN Motol.

U pacientl s progresi onemocnéni na terapii IM vysetiuje-
me pfitomnost sekunddrnich mutaci. Opétovné analyzujeme
vzorky, u kterych byly zjistény primarni mutace. Neprovadime
ovsem detekci mutaci ve vSech exonech genl KIT a PDGFRA.
Vysetfujeme pouze exon s pfitomnou primarni mutaci a exony
13 a 17 genu KIT, kde se sekundarni mutace vyskytuji nejcastéji.
V pripadé, ze byla primarni mutace zji$téna v nékterém z exonu
genu PDGFRA, analyzujeme pouze gen PDGFRA. Za podminky,
7ze mutace v exonech 13 a 17 nedetekujeme, rozsifujeme mutac-
ni analyzu o vysetfeni pfitomnosti mutaci v exonech 14 a 18
genu KIT. Analyzu sekundarni rezistence nadord bez pfitom-
nosti sekundérnich mutaci v exonech 13, 14, 17, a 18 genu KIT
doplhujeme o zjisténi mutacniho stavu genu BRAF. Molekularni
analyzu sekundarnich mutaci s ohledem na jejich velkou hete-
rogenitu ,v” i ,mezi” jednotlivymi metastatickymi lozisky vzdy
provadime ze viech dostupnych bioptickych vzorkd.

Spravné a precizné provedend mutacni analyza se neobejde
bez vybéru vhodného vzorku, uréeni procentudlniho zastou-
peni nddorovych bunék ve vysetiovaném materidlu, pfipadné
posouzeni nenddorové pfimési ¢i nekrotickych lozZisek, které
vyznamné ovliviuji vysledek molekularniho vysetfeni. Presnost
molekuldrni diagnostiky GIST tak velmi vyznamné zavisi na tizké
spolupraci s patologem.
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ARTICLE INFO ABSTRACT

Keywords: The most important findings revealing pathogenesis, molecular characteristics, genotyping and targeted therapy
Primary/secondary KIT/PDGFRA mutations of gastrointestinal stromal tumors (GISTs) are activated oncogenic mutations in KIT and PDGFRA genes. Imatinib
BRAF mutations mesylate (IM), which inhibits both KIT and PDGFRA receptors, significantly improved treatment of advanced
li]zgstc::c‘zlex (metastatic, recurrent, and/or inoperable) GISTs. However, in a significant number of patients the treatment fails

due to the primary or secondary resistance to targeted therapy. Most common cause of secondary resistance is a
presence of secondary mutations. Approximately 15% of adult patients with GISTs are negative for mutations in
KIT or PDGFRA genes. These so-called wild-type GISTs appear to be characterized by other oncogenetic drivers,
including mutations in BRAF, RAS, NF1 genes, and subunits of succinate dehydrogenase (SDH) complex.

In the present study we investigated 261 tumour specimens from 239 patients with GIST. Primary mutations
were detected in 82 % tumor specimens. 66 of them were in KIT, and 16 % in PDGFRA genes. Remaining 18 %
were KIT/PDGFRA wild-type. Secondary KIT mutations were detected in 10 from 133 (7 %) patients treated with
IM. We examined secondary KIT mutations in exons 13 and 17 and secondary PDGFRA mutation in exon 18 in
sixteen progressive tumors and/or metastasis (from overall 22 samples). We identified BRAF V600E point mu-
tation in 4 % of KIT/PDGFRA wild-type GIST patients. Moreover, we analysed SDH complex mutations in 4
younger patients (15, 33, 37, and 45 years old) from 44 patients without KIT, PDGFRA, and BRAF mutations.
Two patients (a 37-year old man, and a 33-year old woman) had defects of the SDH complex.

Our findings of mutational status of the primary and secondary KIT/PDGFRA mutations in patients with GIST
confirm mechanisms of primary and secondary resistance, and also intralesional and interlesional heterogeneity
of secondary mutations within and between progressive lesions. Moreover, detection of V60OE BRAF mutation
and defects of SDH complex in KIT/PDGFRA wild-type GISTs confirm their activation and allow for a selection of
targeted therapy.

1. Introduction

The most important finding contributing to identification of pa-
thogenesis, molecular characteristics, genotyping and targeted therapy
of gastrointestinal stromal tumours (GISTs) was the presence of acti-
vated oncogenic mutations in the KIT [1] and PDGFRA [2] genes.
Tyrosine kinase inhibitor (TKI) Imatinib mesylate (IM) (Glivec®/
Gleevec®, Novartis Pharma AG, Basel, Switzerland), which inhibits both
KIT and PDGFRA receptors, significantly improved treatment of

advanced (metastatic, recurrent, and/or unresectable) GIST [3]. Un-
fortunately, most patients on IM treatment will eventually develop re-
sistance to this agent as well as to other drugs such as sunitinib, re-
gorafenib — used in the 2nd and 3rd line TKI treatment. Resistance can
be divided into primary (early) and secondary (late). Approximately
10-15 % of patients with GIST fail to respond on their initial exposure
to IM [4]. Most common cause of the primary resistance to IM rests in
the tumor inherent mutations in the molecular target of the drug [4].
About 50 % of the patients who benefit initially from IM treatment
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develop eventually secondary/acquired resistance [5]. The main cause
of development of the secondary resistance (50-80 %) is a presence of
secondary mutations. Secondary mutations are single substitutions and
affect different exons than the primary mutations but on the same allele
[6-8]. Secondary mutations may arise also in a distinct receptor than
that affected by primary mutations but this phenomenon is uncommon
[9]. An unfavourable factor of the tumor resistance is a high intrale-
sional and interlesional variability of the secondary mutations [6].
Approximately 15 % of adult GISTs are negative for mutations in KIT or
PDGFRA genes. These so-called wild-type GISTs were identified with a
number of other oncogenetic drivers, including mutations in BRAF,
RAS, NF1 genes, and subunits of the succinate dehydrogenase complex
[10].

In the present study, we aimed to disclose the frequency and mu-
tational status of the primary mutations of KIT/PDGFRA, and most
importantly, secondary KIT/PDGFRA mutations in patients with GIST
analysed in our department. Mutational status of the patients with
secondary resistance was correlated with their clinical and pathologic
data.

2. Materials and methods
2.1. Patients

The study was performed using specimens of primary GISTs diag-
nosed at the Department of Pathology and Molecular Medicine. We
analysed 261 tumor specimens from 239 patients with GIST. From 239
investigated patients, 125 (52 %) were men and 114 (48 %) women.
Median age was 68 years (range, 15-100 years). The primary tumors
were predominantly in the stomach (104 tumor samples, 40 %). 46 (18
%) arose in the small intestine, 6 (2 %) in the esophagus, and 9 (3 %) in
the colon and rectum. Extragastrointestinal samples formed 6.5 % (17
cases). Within the latter group the tumors were localised in the
omentum, peritoneum, mesentery, epigastrium, and ovary. Further, we
examined 59 (23 %) metastatic specimens (in the liver, peritoneal
cavity, mesentery, and kidney). In 7.5 % of cases (20 samples) data as to
the primary or metastatic site were not available. From 261 tumor
samples, 188 (72 %) had spindle cell morphology, 48 (18 %) were
epithelioid, and 20 (8 %) tumors displayed a mixed morphology. The
results of morphological examinations in 5 cases (2 %) were not spe-
cified.

All patients enrolled in the study were processed through a standard
histopatological investigation involving immunohistochemical detec-
tion of CD117, CD34, DOG-1, smooth muscle actin, desmin, H-cal-
desmon, S100 protein, and Ki-67 (Fig. 1). The results were considered
to be a basis for a further molecular evaluation, and are not a subject
reported in this article. Molecular diagnosis focused on primary and
secondary mutations in KIT and PDGFRA genes with regards to sensi-
tivity or primary/secondary resistance to IM targeted treatment. A
group of KIT/PDGFRA wild-type GISTs is characterized by a complexity
and a high heterogeneity of molecular features, resistance to IM, and it
is a challenge for new molecular-targeted therapeutic strategies. Be-
cause of comprehensive molecular diagnosis of GISTs, we extended
mutational analysis to BRAF mutations and defects of SDH complex.

Diagnostic tumor tissues were collected and tested for mutational
status after an informed consent by the patients, and with the approval
of the Ethical committee.

2.2. Sequence analysis

We performed mutational analysis of the KIT a PDGFRA genes from
formalin-fixed, paraffin embedded (FFPE) (210 samples, 81 %) or fresh
frozen tumor (51 samples, 19 %) specimens. Total DNA for molecular
investigation from archival (FFPE) tumor tissues was extracted using
QIAamp DNA Tissue FFPE Kit (QIAGEN, Hilden, Germany). In case of
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frozen tissues, DNA was extracted using Tri-Reagent (Invitrogen Ltd.,
Carlsbad, CA, US) according to the manufacturer’s instruction. Exons 9,
11, 13, and 17 of the KIT gene and exons 12, 14, and 18 of the PDGFRA
gene were amplified using PCRBIO HS Taq Mix Red (PCR Biosystems
Ltd., London, UK) as previously described [11]. Amplification condi-
tions and sequence of primers of the BRAF gene were used as published
by Hostein et al. [12]. Amplification of the exon 14 (KIT gene) was
performed as reported by Antonescu et al. [6]. The PCR products were
purified with GEL/PCR DNA Fragments Extraction Kit (GENEAID Bio-
tech Ltd., New Taipei, Taiwan). Bidirectional DNA sequencing of the
complete exons was done with BigDye® Terminator v1.1 Cycle Se-
quencing Kit (Thermo Fisher Scientific Inc., Waltham, MA, US.). Cycle
sequencing products were purified using NucleoSEQ® Columns (Ma-
cherey-Nagel GmbH&Co. KG, Diiren, Germany) and analysed on GE-
NETIC ANALYSER 3130 capillary electrophoresis system (Thermo
Fisher Scientific Inc., Waltham, MA, US.). All sequence alterations were
confirmed by an independent PCR amplification and sequencing to
exclude PCR artefacts. The identity of the relevant nucleotide sequences
were confirmed by database search. All investigated samples, which
were analysed for presence of KIT, PDGFRA and BRAF mutations were
morphologically reviewed. All included more than 20 % of tumor cells.
Thus, we were able to use the technique of Sanger sequencing for
mutational analyses. In cases with confirmation of primary KIT muta-
tion and two different secondary KIT mutations in the same tumor
nodule, two point PDGFRA mutations in exon 14, and PDGFRA muta-
tions in exons 14 and 18, the molecular finding using the above de-
scribed techniques was confirmed by Next-generation sequencing
(NGS) - (TruSight® Tumor 26, lllumina® Inc. San Diego, CA, US.). NGS
data were analyzed using software Illumina VariantStudio™ 3.0, Illu-
mina® Inc. San Diego, CA, US.

3. Results
3.1. Primary KIT/PDGFRA mutations

Of the 261 specimens from 239 patients with GISTs we identified
primary mutations in 214 (82 %) tumor specimens from 193 (80 %)
patients. Primary mutations in the KIT gene were discovered in 173 (66
%) tumor samples from 154 patients, and in the gene PDGFRA in 41 (16
%) samples from 39 patients. The remaining 47 (18 %) specimens from
46 (20 %) patients were KIT/PDGFRA wild-type.

In 154 tumor samples from 142 patients we detected primary KIT
mutations in exon 11 (59 %). Simple deletions were found most fre-
quent (54 samples from 51 patients, 35 %). Deletions were located
between codons 551-565, and a spectrum of in-frame deletions in-
cluded 3-51 base pairs. Most commonly we detected deletions of two
codons (557-558) (19 cases). Single substitutions were discovered in 42
specimens from 40 patients (27 %). The substitutions were localized in
three codons: 557, 559 and 560, with exception of 5 cases (point mu-
tations present in codons 558, 566, and 576). Duplications (internal
tandem duplications) were third most common mutations in exon 11
(11 cases, 7 %). Simple insertions were present in 3 patients (2 %). The
inserted codons were 558 and 559 (same insertions in 2 patients).
Complex mutations (deletion-insertion, duplication-substitution, dele-
tion-substitution) were found in 44 samples (29 %). These mutations
consisted of one to several nucleotide deletion or duplication coexisting
with small insertions or substitutions, respectively. Primary mutations
in KIT exon 9 were found in 13 specimens from 10 patients (5 %). In all
of these specimens we detected identical 2 codon duplication introdu-
cing a tandem alanine-tyrosine pair (AY502-503). Single nucleotide
substitutions in KIT exon 13 were identified in 6 specimens of 2 patients
(2 %). In all these 6 specimens there were same point mutations, which
involve codon 642 (K642E). No primary KIT mutations were found in
exon 17.

Most common primary PDGFRA mutations (34 samples/32 patients,



A. Kalfusova, et al.

13 %) were localized in exon 18. A majority of PDGFRA exon 18 mu-
tations were single nucleotide substitutions in codon 842 (25 samples/
23 patients, 75 %), leading to D842 V mutation. D842 V primary mu-
tation is resistant to targeted IM therapy. Simple deletions and dele-
tions-insertions in exon 18 were detected in 9 patients (25 %).
Mutations in PDGFRA exon 12 were detected in 5 samples from 5 pa-
tients (2 %). There were missense mutations leading to D561V sub-
stitution (3 cases). However, simple deletion (one case), and in frame
deletion and insertion were also identified (one case). Mutations in
PDGFRA exon 14 are found rarely. We detected nucleotide substitutions
in two patients. One patient had two point mutations in one biopsy
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Fig. 1. GIST - histopathology findings: A.- B.
Haematoxylin-eosin staining: A. Spindle cell
GIST; B.  Epitheloid GIST; C.- H.
Immunohistochemical staining: C. CD117,
spindle cell GIST, a strong membrane and a
weaker cytoplasmatic positivity; D. CD34,
epitheloid GIST, a strong membrane positivity;
E. DOG1, spindle cell GIST, membrane and
cytoplasmatic positivity; F. DOG1, epitheloid
GIST, membrane and a weak cytoplasmatic
positivity; G. Ki-67 antigen, spindle cell GIST,
nuclear positivity in about 10% of the tumor
cell population; H. Smooth muscle actin in a
combined spindle and epitheloid GIST, a strong
cytoplasmatic positivity (relatively an un-
common feature).

Kalfusové et al.

specimen, specifically M642T and H659N (see data A in
Supplementary Table). Both cases with PDGFRA mutations in exon 14
were confirmed using NGS technique.

3.2. Secondary KIT/PDGFRAmutations

Secondary KIT mutations were detected in 10 from 133 (7 %) pa-
tients treated with IM. Overview of the secondary mutations and clin-
icopathological data are summarized in Tables 1 and 2. We investigated
16 progressive lesions (from a total 22 tumor tissue samples) and found
secondary KIT mutations in exons 13 and 17, and secondary PDGFRA
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Table 1

Summary of the primary and secondary KIT/PDGFRA mutations.

Pathology - Research and Practice

PATIENT SEX TUMOR LOCALIZATION TUMOR MORPHOLOGY TIME OF PRIMARY EXAMINETED SECONDARY
No. EXAMINATION MUTATION SAMPLES No. MUTATION
1. primary tumor spindle cell morphology, September KIT gene exon 9 1 -
(peritoneal cavity) high mitotic activity 2009 (DUP AY 502/503)
relapse of the disease specimen spindle cells with circular nucleus, April KIT gene exon 9 3 nodules D820Y exon 17
from retroperitoneum focal epithelioid cells with perinuclear 2016 (DUP AY 502/503) KIT gene
vacuolization of cytoplasm and greater nucleus -
D820Y exon 17
KIT gene
2. primary tumor spindle cells with vacuolization of cytoplasm/  June KIT gene exon 11 1 -
(stomach) in part of tumor cells with epithelioid 2006 (SUB/DEL)
appearance
relapse of the disease specimen part of tumor with spindle cells/part with April KIT gene exon 11 1 V654A exon 13
from stomach greater polygonal cells 2009 (SUB/DEL) KIT gene
tumor with necrosis and mitotic activity
3. metastasis into subcutaneous spindle cell morphology, February KIT gene exon 11 1 -
nuclear atypia and high mitotic activity 2007 (SUB/DEL)
2 samples from necropsy spindle cell morphology June KIT gene exon 11 2 nodules N822K exon 17
2008 (SUB/DEL) KIT gene
N822K exon 17
KIT gene
4. relapse of the small intestine spindle cell morphology February KIT gene exonll 1 V654A exon 13
tumor focal tumor cell vacuolization 2007 (ITD) KIT gene
5. relapse of the disease spindle cell morphology August KIT gene exon 11 1 V654A exon 13
2007 (SUB/DEL) KIT gene
6. primary tumor spindle cell morphology with focal epithelioid = October KIT gene exon 11 1 -
(peritoneal cavity) morphology 2002 (SUB)
mitotically active cells
metastasis of the liver spindle cell morphology with focal epithelioid December KIT gene exon 11 1 V654A exon 13
morphology 2008 (SUB) KIT gene
7. specimen from abdominal wall spindle cell morphology with focal nuclear October KIT gene exon 11 1 D820E exon 17
atypia 2014 (SUB) KITgene
high mitotic activity N822K exon 17
KIT gene
8. relapse of the disease polygonal cells with oval-shaped nucleus and ~ March KIT gene exon 11 1 D823Y exon 17
(colon) nucleolus 2011 (INDEL) KIT gene
relapse of the disease polyglonal cells with epithelioid morphology April KIT gene exon 11 1 D823Y exon 17
(rectum) focal mitotically active 2012 (INDEL) KIT gene
9. residuum after chemotherapy mixed morphology May KITgene exon 13 1 -
(spindle/ 2005 (SUB)
epithelioid) K642E
relapse of the disease epithelioid morphology May KIT gene exon 13 1 -
2005 (SUB)
K642E
metastasis of the abdominal wall  spindle morphology October KIT gene exon 13 1 N822K exon 17
2008 (SUB) KITgene
K642E
metastasis of the peritoneum spindle morphology October KITgene exon 13 1 D820 G exon 17
2008 (SUB) KITgene
K642E
metastasis of the retroperitoneum  spindle morphology, May KIT gene exon 13 1 D820A exon 17
slight nuclear atypia 2009 (SUB) KIT gene
high mitotic activity K642E
10. expansion in omentum epithelioid morphology with focal spindle September PDGFRA gene 1 D846H exon 18
cells, 2013 exon 14 PDGFRA gene
nuclear atypia (SUB)
mitotically active P653L

mutation in exon 18, respective. We did not find secondary KIT muta-
tions in exon 14. Nine patients died of the disease progression, one
patient with the disease (No. 9) commited suicide. In patient No. 1 we
examined three tumor tissue samples during the disease progression.
Interestingly, in two tumor samples of the latter case we detected two
identical secondary KIT mutations in codon 820 (ex 17), but a third
tumor nodule was KIT wild-type. This was the only patient with sec-
ondary mutations whose GIST also changed morphological appearance.
A thoroughly sampled tumor from September 2009 showed spindle cell
morphology; but specimen from April 2016 showed mixed spindle/
epitheloid morphology. Secondary V654A mutation (exon 13) was re-
vealed in four patients. Secondary D823Y mutation was detected in
patient No. 8. We analysed two biopsy specimens of the latter patient.
First specimen was examined on March 2011 (tissue of a progressive

tumor - recurrent GIST in the colon) and a second on April 2012 (a
tumor tissue of the rectum). Both samples showed the same primary KIT
mutation in exon 11 (insertion and deletion) and a secondary mutation
in exon 17 (D823Y). In patient No. 7 we identified two different sec-
ondary point mutations (D820E, and N822K) in the same lesion (a
needle biopsy of the neoplastic nodule from the abdominal wall). Both
secondary KIT mutations in exon 17 were confirmed using NGS tech-
nique (see data B in Supplementary Table). Patient No. 9 had three
different secondary KIT missense mutations in exon 17 (see Fig. 2), each
from a different tumor sample (metastasis in the abdominal wall, me-
tastasis in the peritoneum - both from October 2008, and metastasis in
the retroperitoneum from May 2009). We identified two point PDGFRA
mutations in patient No. 10. The first single substitution was detected in
codon 653 (specifically P653 L, exon 14) and a second mutation in
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Table 2
Summary of the clinicopathological data of patients with secondary mutations.
PATIENT DIAGNOSIS 1st LINE THERAPY PROGRESSION 2nd/3rd FOLLOW UP
No. LINE THERAPY
1. 09/09 tumor of the 10/09-10/10 05/11 relapse of the disease 12/15 2nd line: SM DOD 2017
peritoneal cavity @PM adjutant IM 07/11 palliative IM (primary progression)
04/14 escalation of IM (800mg/  04/16 relapse
day) of the disease
(partial regression) @OPM and SeM
11/15 progression 05/16 3rd line: regorafenib
5/17 progression
2. 06/06 inoperable tumor of 09/06 paliative IM 10/07 progression (PET/CT) DOD 01/2010
the stomach @PM 400 mg/day 02/09 local relapse
regression until 05/07 (radical resection) @@PM and
SeM

06/09 paliative IM (400 mg/day)
decrease IM (200 mg/day):

renal insufficiency

08/09 IM interrupted

3. 04/01 radical resection of 06/04 initial dose of IM 07/06 progression 04/07-06/07 2nd line: SM DOD 06,/2008
the tumor (jejunum and (400 mg/day) 08/06 escalation of IM (800mg/  07/07 progression on SM @OPM and SeM
ileum) 06/04-07/06 stable disease day)

02/07 metastases into
subcutaneous @PM
04/07 progression of disease

4. 06/01 surgical resection of 05/04 initial dose of IM 01/07 progression DOD 02/2007
the tumor (partial remission) 01/07 escalation of IM
(small intestine) (800 mg/day)
02/04 metastasis 02/07 relapse of the disease @PM
and SeM
5. 10/02 malignant GIST 08/03 initial dose of IM since 06/2004 loss of contact
07/03 metastasis (strong partial remission) (according last information
06/04 regression of tumor died)
investigation biopsy from 08/
07
@PM and SeM
6. 01/01 surgical resection of 01/03 IM 400 mg/day 01/05-11/05: 400 mg/day 09/06 2nd line: SM 09/2009 loss of contact
tumor 10/03 300 mg/day progression of the disease 50 mg/day (4 weeks) (according last information
(peritoneal cavity) (hepatotoxicity) 11/05-02/06: 600 mg/day 10/06 reduction of SM died)
10/02 progression in 11/03 progression of disease ~ progression of the disease 37.5mg/day (hepatotoxicity)
abdominal cavity @PM 02/06-08/06: 800 mg/day SM until 3/07 progression
progression of the disease 05/07-02/08 3rd line: nilotinib
08/06 IM interrupted 02/08 progression

03/08-04/09 IM 800 mg/day
progression of the disease
12/08 biopsy metastasis of the
liver @@ PM and SeM

05/09 chemotherapy

08/09 progression of the

disease
7. 10/06 advanced GIST of the 10/06 IM 400 mg/day 03/10 local progression 08/11 2nd line: SM 50 mg/day DOD 2014
peritoneal cavity 04/10 escalation of IM dose 05/13 progression
(with metastases in the liver) 800 mg/day 05/13 started 3rd line:
10/10 local progression regorafenib

10/13 finish regorafenib
because of progression
08/14 salvage therapy by IM
09/14 interrupted

10/14 palliative surgery

@PM and SeM
8. 03/05 resection of the tumor 06/07 IM 400 mg/day 03/11 local progression @PM and  03/13 2nd line: SM 50 mg/day DOD 11,/2013
(colon) SeM massive progression

04/12 surgical resection of tumor  3rd line: regorefenib
@OPM and SeM

11/12 remission (PET/CT)

02/13 subileosis status

03/13 kidney failure

inoperabile GIST

9. since 1991 pain of abdomen  09/06 IM 400 mg/day 05/09 surgery of the metastases 10/09 2nd line: SM Suicide 07/2012
1996 surgery of small (complete remission) ©0000PM and SeM (50 mg/day)
intestine 10/08 progression 06/09 escalation of the IM progression of the disease
04/05 2nd relapse 000/0000 (800 mg/day) 5/10 salvage IM
oPM PM and SeM/PM and SeM progression of the disease (600 mg/day)
04/06 3rd relapse
OOPM

(continued on next page)
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Table 2 (continued)
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PATIENT DIAGNOSIS 1st LINE THERAPY PROGRESSION 2nd/3rd FOLLOW UP
No. LINE THERAPY
10. 09/13 tumor of the omentum 10/13-12/13 IM progression of the disease before  palliative therapy DOD 03/2014

@OPM and SeM 400 mg/day

12/13 IM 300 mg/day

IM interrupted

(urinary inflammation and

bronchial pneumonia)

IM therapy/primary progression?

Legend: @ first molecular analysis, @@ second molecular analysis, @@@® third molecular analysis, @@@®@® forth molecular analysis, @@@®@®® fifth molecular
analysis, DOD - died on disease, IM — imatinib mesylate, SM - sunitinib malate, PM — primary mutation, SeM- secondary mutation.
Note: In each molecular analysis primary and secondary mutations were detected and verified.

codon 846 (specifically D846H, exon 18) of the PDGFRA gene (see data
C in Supplementary Table). Only one progressive tumor from the
omentum (September 2013) was available for molecular investigation.
Therefore, we were not able to distinguish whether this case had two
primary PDGFRA mutations or whether these mutations represented
one primary and one secondary PDGFRA mutation. We suppose that
missense mutation in exon 14 (P653 L) may be a primary mutation, and
point mutation in exon 18 (D846 H) a secondary mutation. All the
primary mutations were always detectable along with the secondary
mutations in each tumor.

3.3. BRAFmutations

We identified BRAF V600E point mutation in two patients (a 30-
year old woman, and a 77-year old man) out of 46 patients (4 %)
without KIT and PDGFRA mutations. Both patients had the tumor lo-
calized in the small bowel. There were differences in the morphology
and results of immunohistochemical investigations in both tumors. In
the first case, the tumor showed a spindle cell morphology, positivity of
CD117, and in the second case the tumor had a mixed spindle cell/
epitheloid morphology, and it was CD117 negative.

3.4. SDH complex mutations

In four younger (15, 33, 37 and 45-year old) patients out of 44
patients without KIT, PDGFRA, and BRAF mutations we examined DNA
for the presence of SDH complex mutations (SDHA, SDHB, SDHC and
SDHD genes). Two patients (a 37-year old man, and a 33-year old
woman) had defects in the SDH complex. Analysis of the other two
patients did not establish any defects of this complex. Defects of the
SDH complex were detected using MLPA (Multiplex ligation-dependent
probe amplification) technique. In a specimen from the 37-year old man
we found deletion of the whole SDHB gene, deletion of exons 2—4 of the
SDHC gene, and deletion of exons 2—4 of the SDHD gene. This patient
had GIST of the small intestine which presented with a number of small
tumors in a length of 100 cm in the intestine, and they all had spindle
cell morphology. Analysis of DNA sample from the 33-year old woman
showed deletion of SDHAF2 exons 1-4 and deletion of SDHD exons 1-4.
Tumor cells of this patient showed spindle cell morphology with
markedly anaplastic cells. The tumor was bulky and it was localized in
the pelvic peritoneum.

Fig. 2. Sequencing chromatogram of muta-
tional analysis of the KIT gene (patient No. 8).
A. primary KIT mutation in exon 13 (K642E),
B. secondary KIT mutation in exon 17
(N822K), biopsy specimen from metastasis of
the abdominal wall, October 2008, C. sec-

ondary KIT mutation in exon 17 (D820 G),

biopsy specimen from metastasis of the peri-

toneum, October 2008, D. secondary KIT mu-
tation in exon 17 (D820A), biopsy specimen
from metastasis of retroperitoneum, May 2009.
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4. Discussion

GISTs constitute a majority of primary mesenchymal tumors of the
gastrointestinal system [13]. The most powerful predictor of targeted
therapy efficacy of the GISTs is KIT and PDGFRA gene mutational status
[14,15]. In this study we detected primary KIT/PDGFRA mutations in 82
% of tumor tissue specimens. The vast majority of KIT mutations are
present in exon 11 [16]. Mutations in exon 11 affect autoregulatory
function of KIT protein, and promote spontaneous kinase activation [17].
KIT exon 9 mutations, characterized by A502-Y503 codon tandem du-
plications are almost exclusively localized in intestinal tract. They have
been associated with a more aggressive phenotype [16] and lead to
spontaneous receptor dimerization [17]. Primary mutation in exon 13
(K642E) encoding the ATP-binding region are rare and may be activating
by alteration of the tree-dimensional structure of the mutant protein
[18]. Mutations in exon 17 encoding the activation loop of the kinase
seem to stabilize the active conformation [17]. PDGFRA mutations are
mutually exclusive with KIT mutations. These mutations represent a
mechanism alternative to KIT mutation for pathologic activation of tyr-
osine kinase receptor signalling pathways. Mutations in PDGFRA gene
affecting the most common the activation loop (exon 18), and rarely in
juxtamembrane domain (exon 12) and kinase I domain (exon 14)
[19,20]. A majority of PDGFRA exon 18 mutations were single nucleotide
substitution in codon 842 (75 %), leading to D842 V mutation. Although
the most common D842V PDGFRA mutation is intrinsically imatinib
resistant, approximately 30 % of the PDGFRA-mutated GISTs other than
D842V, are known to be potentially imatinib sensitive [21] Mutations in
exon 12 are associated with good response to IM [20]. In exon 14 is
described one single rare mutation (N659 K) [20].

Secondary resistance to IM is a critical problem in patients with
advanced GISTs [3]. Secondary KIT mutations associated with IM re-
sistance are preferentially located in the first (TK1, encoded by KIT
exons 13 and 14), or in the second (TK2, encoded by KIT exons 17 and
18) KIT tyrosine kinase domain [14,22,23]. In the present study we
identified secondary V654A mutation (exon 13, KIT gene) in four pa-
tients (4/9). Furthermore, we found secondary KIT mutations in exon
17 in five patients (5/9). Unlike primary IM resistance, secondary re-
sistance is most often associated with expansion of the tumor clones
with secondary KIT or PDGFRA mutations. More importantly, Gramza
et al. [24] reported a clinical study of patients who progressed on IM
therapy. They revealed that approximately 70 % of patients with ac-
quired resistance had tumor clones with one or more secondary kinase
mutations. Intralesional and interlesional heterogeneity of the sec-
ondary mutations were detected by others authors either [7,23,25,26].
These authors described an occurrence of two to five different sec-
ondary mutations in separate metastases or a presence more than one
acquired mutation in the same metastasis. Furthermore, these authors
pointed out that each tumor nodule under progression developed an
individual clonal evolution. The most effective clones with regard of
proliferation will lead to the tumor progression, which may vary in
individual metastases. Beside establishing unfavourable prognosis of
patients with secondary resistance some authors focused on patients
with secondary KIT mutations in activation loop (A-loop, exon 17).
Wang et al. reported molecular mechanisms, which stabilize the open
active conformation of the A-loop [4]. They identified secondary KIT
mutations in 4/10 imatinib-resistant GIST patients (40 %). Each of
these four patients developed an identical type of secondary KIT mu-
tation, specifically D823Y (exon 17). More importantly, Guo et al. [27]
found that secondary KIT mutations in the A-loop are associated with
sunitinib resistance. Furthermore, Yeh et al. [28] investigated the effect
of targeted therapy using regorafenib (3rd line of targeted therapy) on
prolonged PFS (progression free survival) in patients with KIT sec-
ondary mutations in exon 17. The authors focused on intra-tumoral and
inter-tumoral heterogeneity which represents always a substantial
problem for therapy. GIST heterogeneity may explain different treat-
ment efficacies of regorafenib between patients with secondary KIT
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mutations. Beside establishing new therapeutic strategies in patients
with resistant or wild-type GISTs, some authors focused on alternative
therapeutics targets [29,30].

In contrast to secondary KIT kinase mutation, secondary PDGFRA
kinase mutation is much less common in imatinib-resistant GISTs [31].
In the present study, we found PDGFRA mutations in exon 14 (P653 L)
and exon 18 (D846 H) in one patient (patient No. 10 with omental
GIST, data C in Supplementary Table). Tumor cells in this case showed
epitheloid morphology. Murayama et al. [32] focused on a patient with
omental (extragastrointestinal) GIST and mutations in PDGFRA gene
and reviewed data published in the literature. Authors reported that a
majority of KIT-negative extra-gastrointestinal omental tumors is
characterized by epitheloid cell morphology, and all cases of omental
GISTs had mutations in PDGFRA gene.

Approximately 15 % of GISTs do not have detectable mutations in
either KIT or PDGFRA genes. These KIT/PDGFRA wild-type GISTs are
clinically indistinguishable from KIT/PDGFRA mutated GISTs. They
have identical morphology, express high levels of KIT protein, and
occur anywhere in the GI tract. Phosphorylated KIT is detectable in
these tumors, suggesting that KIT is still activated, but tumor cells use
alternative mechanisms of their activation [10]. Mutations of the BRAF
gene are commonly detected in diverse benign and malignant tumors,
including benign melanocytic nevi (81 %), melanomas (50-70 %),
thyroid papillary carcinomas (35-60 %), colorectal adenomas/carci-
nomas (5-20 %), and other tumors [33]. V60OE BRAF mutations were
also reported in a subset of GISTs [34]. We identified primary V60OE
BRAF mutations in 2/46 of adult KIT/PDGFRA wild-type patients (4%).
The frequency of V60OE BRAF mutations in literature varies from 3.5 to
7% of the wild-type GISTs [33-38]. Jasek et al. concluded that muta-
tional analysis of wild-type GISTs should include the BRAF gene be-
cause of their mutational status contributes to understanding of pa-
thogenesis and might be important for therapy [37]. In contrast, Huss
et al. [38] pointed out that BRAF mutations are rare events in wild-type
GISTs. However, they underline an important role of BRAF inhibition as
a therapeutic option to control the disease in advanced stages. The
BRAF mutation causes both, primary resistance to imatinib treatment,
and acquired resistance when it occurs as a secondary event in KIT/
PDGFRA-mutated GISTs relapsing under therapy [39]. The aim of the
present study was to ascertain whether secondary resistance of GIST
patients without KIT/PDGFRA secondary mutations is generated by the
presence of BRAF mutations. We analysed 76 patients under the treat-
ment of IM. No BRAF mutations were observed. In contrast with our
results, Agaram et al. [34] investigated presence of BRAF mutation in
patients with secondary IM resistance. The resistant tumor clone of the
patient harboured a primary PDGFRA mutation (deletion) and a sec-
ondary V600E BRAF mutation. Interestingly, Miranda et al. [40] re-
ported GIST with dual BRAF and KIT activating mutations in an un-
treated patient. This finding challenges the concept of the KIT/PDGFRA
and BRAF mutations are mutually exclusive in primary GISTs. None of
the patients carrying concomitant mutations of KIT and KRAS or BRAF
genes were treated with imatinib. These data suggest, that the con-
comitance of KIT and BRAF mutations might explain the resistance
phenomena observed in a fraction of patients with GISTs carrying im-
atinib-sensitive KIT mutations (about 5 %) [39]. First study of treat-
ment BRAF — mutated GIST was reported by Falchook 2013 et al. [41].
The authors described a patient with V60OE BRAF mutated GIST treated
with dabrafenib, a potent ATP-competitive inhibitor of BRAF kinase.
After 8 months of therapy they identified tumor progression. Because of
an intratumoral heterogeneity, which can be a factor in tumor adap-
tation and treatment failure, the authors analyzed three progressive
lesions. All three lesions were clonally related by identical V60OE BRAF
mutations (and an aberration in CDKN2A gene). In one of the three
lesions (lesion 1) they identified somatic gain-of-function PIK3CA mu-
tation (H1047R). Lesions 2 and 3 were PIK3CA wild-type. Somatic
PIK3CA mutation (H1047R) as well as a CDKN2A aberration may have
contributed to the eventual resistance to treatment.
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Approximately half of all wild-type GISTs show defects of SDH
complex [10]. SDH deficiency characterizes subsets of several tumors
(GISTs, paragangliomas, renal cell carcinomas, and pituitary adenomas)
[42]. GISTs with the defect of SDH complex demonstrate specific pa-
thological and clinical features, including the absence of activating
mutations of KIT and PDGFRA genes, and primary resistance to imatinib
[43]. They are always found in the stomach, show epitheloid mor-
phology and are often multiple. Moreover, in contrast to GISTs with
KIT/PDGFRA mutations, they metastasize to lymph nodes and show
activation of insulin growth factor receptor (IGFR). They have an in-
dolent course and even with liver metastases, the patients live long. A
majority of pediatric GISTs have defects of SDH complex. SDH deficient
GISTs comprise two syndromes: Carney triade and Carney-Stratakis
syndrome [42,44]. We investigated defects of SDH complex in two
patients. Interestingly, in one patient (33-year old woman), we ascer-
tained deletion of exons 1-4 of the SDHAF2 gene. SDHAF2 (succinate
dehydrogenate complex assembly factor 2) gene encodes a mitochon-
drial protein needed for the flavination of SDH complex subunit A
(SDHA) required for activity of this complex. Mutations in this gene
were described recently and they are associated with paraganglioma
[45]. No paraganglioma was found in our patient so far. Celestino et al.
[46] evaluated SDH mutations in a series of 25 primary sporadic wild-
type KIT/PDGFRA/BRAF GISTs. They detected SDHB germline muta-
tions in 12 % of the patients. All patients had no apparent personal or
familial history of paraganglioma and/or pulmonary chondroma. Same
results were reported by Janeway et al. [45]. These authors tested 34
wild-type GISTs without personal or family history of paraganglioma
and found that 12 % of the patients had germline mutations in SDHB or
SDHC genes.

According recent studies, GISTs lacking mutations in KIT, PDGFRA,
BRAF, SDH, NF1 and/or RAS signalling pathway may include other
genomic alteration, e.g. point mutations or fusions (FGFR1/HOOKS3,
FGFR1/TACC1) in FGFR1 gene, NTRK fusions (specifically ETV6/
NTRK3 fusion), mutations in TP53, MAX, MEN1, CHD4, CTDNN2,
BCOR, ARID1A and APC genes [47-50]. This small subgroup of GISTs
could represent another unique group of GIST family with alternative
therapeutic possibilities [51].

5. Conclusions

Targeted TKI therapy significantly improved prognosis of patients
with advanced GIST. Unfortunately, a vast majority of responding pa-
tients fail due to the primary or secondary resistance to targeted
therapy. Our findings of mutational status of the primary and secondary
KIT/PDGFRA mutations in patients with GIST confirm mechanisms of
primary and secondary resistance, and also confirm an intralesional and
interlesional heterogeneity of the secondary mutations within and be-
tween progressive lesions. Moreover, V6OOE BRAF mutation and defects
of SDH complex in KIT/PDGFRA wild-type GIST confirm mechanism of
their activation and allow for a selection of appropriate targeted
therapy. A growing knowledge of the complexity of primary and sec-
ondary resistance (multiple and intra/interlesional variability of sec-
ondary mutations), and molecular identifications of individual sub-
groups of KIT/PDGFRA wild-type GISTs may improve strategies of
individual targeted therapies.

Declaration of Competing Interest

The authors declare that they have no conflict of interest in this
study.

Acknowledgements
This study was supported by the project (Ministry of Health, Czech

Republic) for conceptual development of research organization
00064203 (University Hospital Motol, Czech Republic).

Pathology - Research and Practice

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.prp.2019.152708.

References

[1] S. Hirota, K. Isozaki, Y. Moriyama, K. Hashimoto, T. Nishida, S. Ishiguro,
K. Kawano, M. Hanada, A. Kurata, M. Takeda, G. Muhammad Tunio, Y. Matsuzawa,
Y. Kanakura, Y. Shinomura, Y. Kitamura, Gain-of-function mutations of c-kit gene in
human gastrointestinal stromal tumor, Science 279 (1998) 577-580.

[2] M.C. Heinrich, C.L. Corless, A. Duensing, L. McGreevey, C.J. Chen, N. Joseph,
S. Singer, D.J. Griffith, A. Haley, A. Town, G.D. Demetri, C.D. Fletcher,
J.A. Fletcher, PDGFRA activating mutations in gastrointestinal stromal tumor,
Science 299 (2003) 708-710.

[3] F. Bertucci, A. Goncalves, G. Monges, A. Madroszyk, J. Guiramant, V. Moutardier,

T. Noguchi, P. Dubreuil, H. Sobol, Acquired resistance to imatinib and secondary

KIT exon 13 mutation in gastrointestinal stromal tumour, Oncol. Rep. 16 (2006)

97-101.

W.L. Wang, A. Conley, D. Reynoso, L. Nolden, A.J. Lazar, S. George, J.C. Trent,

Mechanisms of resistance to imatinib and sunitinib in gastrointestinal stromal

tumor, Cancer Chemother. Pharmacol. 167 (Suppl 1) (2011) S15-S24.

[5] C.R. Antonescu, Gastrointestinal stromal tumors, Curr. Top. Microbiol. Immunol.

(2011).

[6] C.R. Antonescu, P. Besmer, T. Guo, K. Arkun, G. Hom, B. Koryotowski,

M.A. Leversha, P.D. Jeffrey, D. Desantis, S. Singer, M.F. Brennan, R.G. Maki,

R.P. DeMatteo, Acquired resistance to imatinib in gastrointestinal stromal tumor

occurs through secondary gene mutation, Cancer Ther. Preclin. 11 (2005)

4182-4190.

T. Nishida, T. Kanda, A. Nishitani, T. Takahashi, K. Nakajima, T. Ishikawa,

S. Hirota, Secondary mutations in the kinase domain of the KIT gene are pre-

dominant in imatinib-resistant gastrointestinal stromal tumor, Cancer Sci. 99

(2008) 799-804.

A. Maleddu, M.A. Pantaleo, M. Nannini, M. Di Battista, M. Saponara, C. Lolli,

G. Biasco, Mechanisms of secondary resistance to tyrosine kinase inhibitors in

gastrointestinal stromal tumours (Review), Oncol. Rep. 21 (2009) 1359-1366.

M. Debiec-Rychter, J. Cools, H. Dumez, R. Sciot, M. Stul, N. Mentens, H. Vranckx,

B. Wasag, H. Prenen, J. Roesel, A. Hagemeijer, A. Van Oosterom, P. Marynen,

Mechanisms of resistance to imatinib mesylate in gastrointestinal stromal tumors

and activity of the PKC412 inhibitor against imatinib-resistant mutants,

Gastroenterology 128 (2005) 270-279.

[10] C.L. Corless, Gastrointestinal stromal tumors: what do we know now? Mod. Pathol.
27 (suppl 1) (2014) S1-S16.

[11] O.Daum, P. Grossmann, T. Vanecek, R. Sima, P. Mukensnabl, M. Michal, Diagnostic
morphological features of the PDGFRA-mutated gastrointestinal stromal tumors:
molecular genetic and histologic analysis of 60 cases of gastric gastrointestinal
stromal tumors, Ann. Diagn. Pathol. 11 (2007) 27-33.

[12] I. Hostein, N. Faur, C. Primois, F. Boury, J. Denard, J.F. Emile, P.P. Bringuier,
J.Y. Scoazec, J.M. Coindre, BRAF mutation status in gastrointestinal stromal tu-
mors, Am. J. Clin. Pathol. 133 (2010) 141-148.

[13] T.W.Kim, H. Lee, Y.K. Kang, M.S. Choe, M.H. Ryu, H.M. Chang, J.S. Kim, J.H. Yook,
B.S. Kim, J.S. Lee, Prognostic significance of c-kit mutation in localized gastro-
intestinal stromal tumors, Clin. Cancer Res. 10 (2004) 3076-3081.

[14] M.M. Gounder, R.G. Maki, Molecular basis for primary and secondary tyrosine ki-
nase inhibitor resistance in gastrointestinal stromal tumor, Cancer Chemother.
Pharmacol. 67 (Suppl 1) (2011) S25-S43.

[15] M. Miettinen, W. El-Rifai, L.H. Sobin, J. Lasota, Evaluation of malignancy and
prognosis of gastrointestinal stromal tumors: a review, Human Pathol. 33 (2003)
478-483.

[16] Z. Szucs, K. Thway, C. Fisher, R. Bulusu, A. Constantinidou, C. Benson, W.T. van der
Graaf, R.L. Jones, Molecular subtypes of gastrointestinal stromal tumors and their
prognostic and therapeutic implications, Future Oncol. 13 (2017) 93-107.

[17] M. Nannini, G. Tarantino, V. Indio, G. Ravegnini, A. Astolfi, M. Urbini, A. De Leo,
D. Santini, C. Ceccarelli, E. Gruppioni, A. Altimari, P. Castellucci, S. Fanti,

V.D. Scioscio, M. Saponara, L. Gatto, A. Pession, P.L. Martelli, R. Casadio,

M.A. Pantaleo, Molecular modelling evaluation of exon 18 His845_Asn848delinsPro
PDGFRa mutation in a metastatic GIST patient responding to imatinib, Sci. Rep. 9
(2019) 2172.

[18] E. Wardelmann, I. Neidt, E. Bierhoff, N. Speidel, C. Manegold, H.P. Fisher,

U. Pfeifer, T. Pietsch, c-kit mutations in gastrointestinal stromal tumors occur
preferentially in the spindle rather than in epitheloid cell variant, Mod. Pathol. 15
(2002) 125-136.

[19] J. Lasota, A. Dansonka-Mieszkowska, L.H. Sobin, M. Miettinen, A great majority of
GISTs with PDGFRA mutations represent gastric tumors of low or no malignant
potential, Lab. Invest. 84 (2004) 874-883.

[20] L. Tornillo, L.M. Terracciano, An update on molecular genetics of gastrointestinal
stromal tumours, J. Clin. Pathol. 59 (2006) 557-563.

[21] S. Tajima, A. Ohata, K. Koda, Y. Maruyama, Myxoid epithelioid gastrointestinal
stromal tumor harboring an unreported PDGFRA mutation: report of a case and
review of the literature, Int. J. Clin. Exp. Pathol. 8 (2015) 5821-5829.

[22] C.D. Heinrich, Molecular basis for treatment of gastrointestinal stromal tumours,
EJC Suppl. 4 (2006) 10-18.

[23] E. Wardelmann, S. Merkelbach-Bruse, K. Pauls, N. Thomas, H.U. Schildhaus,

T. Heinicke, N. Speidel, T. Pietsch, R. Buettner, D. Pink, P. Reichardt,

[4

[7

[8

[9


https://doi.org/10.1016/j.prp.2019.152708
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0005
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0005
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0005
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0005
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0010
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0010
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0010
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0010
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0015
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0015
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0015
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0015
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0020
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0020
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0020
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0025
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0025
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0030
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0030
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0030
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0030
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0030
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0035
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0035
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0035
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0035
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0040
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0040
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0040
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0045
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0045
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0045
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0045
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0045
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0050
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0050
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0055
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0055
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0055
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0055
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0060
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0060
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0060
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0065
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0065
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0065
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0070
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0070
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0070
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0075
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0075
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0075
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0080
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0080
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0080
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0085
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0085
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0085
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0085
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0085
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0085
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0090
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0090
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0090
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0090
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0095
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0095
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0095
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0100
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0100
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0105
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0105
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0105
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0110
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0110
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0115
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0115

A. Kalfusova, et al.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

P. Hohenberger, Polyclonal evolution of multiple secondary KIT mutations in gas-
trointestinal stromal tumors under treatment with imatinib mesylate, Clin. Cancer
Res. 12 (2006) 1743-1749.

A.W. Gramza, C.L. Corless, M.C. Heinrich, Resistance to tyrosine kinase inhibitors in
gastrointestinal stromal tumors, Clin. Cancer Res. 15 (2009) 7510-7518.

B. Liegl, I. Kepten, C. Le, M. Zhu, G.D. Demetri, M.C. Heinrich, C.D.M. Fletcher,
C.L. Corless, J.A. Fletcher, Heterogeneity of kinase inhibitor resistance mechanisms
in GIST, J. Pathol. 216 (2008) 64-74.

J. Desai, S. Shankar, M.C. Heinrich, J.A. Fletcher, C.D. Fletcher, J. Manola,

J.A. Morgan, C.L. Corless, S. George, K. Tuncali, S.G. Silverman, A.D. Van den
Abbeele, E. van Sonnenberg, G.D. Demetri, Clonal evolution of resistance to im-
atinib in patients with metastatic gastrointestinal stromal tumors, Clin. Cancer Res.
13 (2007) 5398-5405.

T. Guo, M. Hajdu, N.P. Agaram, H. Shinoda, D. Veach, B.D. Clarkson, R.G. Maki,
S. Singer, R.P. DeMatteo, P. Besmer, C.R. Antonescu, Mechanisms of sunitinib re-
sistance in gastrointestinal stromal tumors harboring KITAY502-503ins mutations
an in vitro mutagenesis screen for drug resistance, Clin. Cancer Res. 15 (2009)
6862-6870.

C.N. Yeh, M.H. Chen, Y.Y. Chen, C.Y. Yang, C.C. Yen, C.Y. Tzen, L.T. Chen,

J.S. Chen, A phase II of regorafenib in patients with metastatic and/or a un-
resectable gastrointestinal stromal tumor harboring secondary mutations of exon
17, Oncotarget 8 (2017) 44121-44130.

W. Chen, Y. Kuang, H.B. Qiu, Z. Cao, Y. Tu, Q. Sheng, G. Eilers, Q. He, H.L. Li,
M. Zhu, Y. Wang, R. Zhang, Y. Wu, F. Meng, J.A. Fletcher, W.B. Ou, Dual targeting
of insulin receptor and KIT in imatinib-resistant gastrointestinal stromal tumors,
Cancer Res. 77 (2017) 5107-5117.

Y.M. Wang, M.L. Gu, F. Ji, Succinate dehydrogenase-deficient gastrointestinal
stromal tumors, World J. Gastroenterol. 21 (2015) 2303-2314.

K.H. Lim, M.J. Huang, L.T. Chen, T.E. Wang, C.L. Liu, C.S. Chang, M.C. Liu,

R.K. Hsich, C.Y. Tzen, Molecular analysis of secondary kinase mutations in im-
atinib-resistant gastrontestinal stromal tumors, Med. Oncol. 25 (2008) 207-213.
Y. Murayama, M. Yamamoto, R. Iwasaki, T. Miyazaki, Y. Saji, Y. Doi, H. Fukuda,
S. Hirota, M. Hiratsuka, Greater omentum gastrointestinal stromal tumor with
PDGFRA-mutation and hemoperitoneum, World J. Gastrointest. Oncol. 4 (2012)
119-124.

A. Agaimy, L.M. Terracciano, S. Dirnhofer, L. Tornillo, A. Foerster, A. Hartmann,
M.P. Bihl, V60OE BRAF mutations are alternative early molecular events in a subset
of KIT/PDGFRA wild-type gastrointestinal stromal tumors, J. Clin. Pathol. 62
(2009) 613-616.

N.P. Agaram, G.C. Wong, T. Guo, R.G. Maki, S. Singer, R.P. Dematteo, P. Besmer,
C.R. Antonescu, Novel V60OE BRAF mutations in imatinib-naive and imatinib-re-
sistant gastrointestinal stromal tumors, Genes Chromosomes Cancer 47 (2008)
853-859.

M. Daniels, I. Lurkin, R. Pauli, E. Erbstosser, U. Hildebrandt, K. Hellwig, U. Zschille,
P. Liiders, G. Kriiger, J. Knolle, B. Stengel, F. Prall, K. Hertel, H. Lobeck, B. Popp,
F. Theissig, P. Wiinsch, E. Zwarthoff, A. Agaimy, R. Schneider-Stock, Spectrum of
KIT/PDGFRA/BRAF mutations and Phosphatidylinositol-3-Kinase pathway gene
alterations in gastrointestinal stromal tumors (GIST), Cancer Lett. 312 (2011)
43-54.

S.S. Shi, X. Wang, Q.Y. Xia, Q. Rao, Q. Shen, S.B. Ye, R. Li, Q.L. Shi, Z.F. Lu,
H.H. Ma, X.J. Zhou, P16 overexpression in BRAF-mutated gastrointestinal stromal
tumors, Expert Rev. Mol. Diagn. 17 (2017) 195-201.

K. Jasek, V. Buzalkova, G. Minarik, A. Stanclova, P. Szepe, L. Plank, Z. Lasabova,
Detection of mutations in the BRAF gene in patients with KIT and PDGFRA wild-

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Pathology -

type gastrointestinal stromal tumors, Virchows Arch. 470 (2017) 29-36.

S. Huss, H. Pasternack, M.A. Ihle, S. Merkelbach-Bruse, B. Heitkotter, W. Hartmann,
M. Trautmann, H. Gevensleben, R. Buttner, H.U. Schildhaus, E. Wardelmann,
Clinicopathological and molecular features of a large cohort of gastrointestinal
stromal tumors (GISTs) and review of the literature: BRAF mutations in KIT/
PDGFRA wild-type GISTs are rare events, Hum. Pathol. 62 (2017) 206-214.

S. Rossi, M. Sbaraglia, M. Campo Dell ‘Orto, D. Gasparotto, M. Cacciatore,

E. Boscato, V. Carraro, L. Toffolatti, G. Gallina, M. Niero, E. Pilozzi, A. Mandolesi,
F. Sessa, A. Sonzogni, C. Mancini, G. Mazzoleni, S. Romeo, R. Maestro, A.P. Dei, Tos
Concomitant KIT/BRAF and PDGFRA/BRAF mutations are rare events in gastro-
intestinal stromal tumors, Oncotarget 7 (2015) 30109-30118.

C. Miranda, M. Nucifora, F. Molinari, E. Conca, M.C. Anania, A. Bordoni, P. Saletti,
L. Mazzucchelli, S. Pilotti, M.A. Pierotti, E. Tamborini, A. Greco, M. Frattini, KRAS
and BRAF mutations predict primary resistance to imatinib in gastrointestinal
stromal tumors (GIST), Clin. Cancer Res. 18 (2012) 1769-1776.

G.S. Falchook, J.C. Trent, M.C. Heinrich, C. Beadling, J. Patterson, C.C. Bastida,
S.C. Blackman, R. Kurzrock, BRAF mutant gastrointestinal stromal tumor: first re-
port of regression with BRAF inhibitor dabrafenib (GSK2118436) and whole exomic
sequencing for analysis of acquired resistance, Oncotarget 4 (2013) 310-315.

L. Tornillo, Gastrointestinal stromal tumor — an evolving concept, Front. Med.
(2014).

A. Chou, J. Chen, A. Clarkson, J.S. Samra, R.J. Clifton-Bligh, T.J. Hugh, A.J. Gill,
Succinate dehydrogenase — deficient GISTs are characterized by IGF1R over-
expression, Mod. Pathol. 25 (2012) 1307-1313.

A.J. Gill, Succinate dehydrogenase (SDH) - deficient neoplasia, Histopathology 72
(2018) 106-116.

K.A. Janeway, S.Y. Kim, M. Lodish, V. Nose, P. Rustin, J. Gaal, P.L.M. Dahia,

B. Liegl, E.R. Ball, M. Raygada, A.H. Lai, L. Kelly, J.L. Hornick, N.L.H. Pediatric, W.-
T.G.L.S.T. Clinic, M. O’Sullivan, R.R. de Krijger, W.N.M. Dinjens, G.D. Demetri,
C.R. Antonescu, J.A. Fletcher, L. Helman, C.A. Stratakis, Defects in succinate de-
hydrogenase in gastrointestinal stromal tumors lacking KIT and PDGFRA mutations,
Proc. Natl. Acad. Sci. U. S. A. 108 (2011) 314-318.

R. Celestino, J. Lima, A. Faustino, J. Vinagre, V. Maximo, A. Gouveia, P. Soares,
J.M. Lopes, Molecular alterations and expression of succinate dehydrogenase
complex in wild-type KIT/PDGFRA/BRAF gastrointestinal stromal tumors, Eur. J.
Hum. Genet. 21 (2013) 503-510.

E. Shi, J. Chmielecki, C.M. Tang, K. Wang, M.C. Heinrich, G. Kang, C.L. Corless,
D. Hong, K.E. Fero, J.D. Murphy, P.T. Fanta, S.M. Ali, M. De Siena, A.M. Burgoyne,
S. Movva, L. Madlensky, G.M. Heestand, J.C. Trent, R. Kurzrock, D. Morosini,

J.S. Ross, O. Harismendy, J.K. Sicklick, FGFR1 and NTRK3 actionable alterations in
“Wild-Type” gastrointestinal stromal tumors, J. Transl. Med. 14 (2016) 339-349.
M. Brenca, S. Rossi, F. Polano, D. Gasparotto, L. Zanatta, D. Racanelli, L. Valori,
S. Lamon, A.P. Dei Tos, R. Maestro, Transcriptome sequencing identifies ETV6 —
NTRKS3 as a gene fusion involved in GIST, J. Pathol. 238 (2016) 543-549.

M. Nannini, M. Urbini, A. Astolfi, G. Biasco, M.A. Pantaleo, The progressive frag-
mentation of the wild-type (WT) gastrointestinal stromal tumors (GIST), J. Transl.
Med. 15 (2017) 113-116.

Y. Mou, Q. Wang, B. Li, The “Wild”-type gastrointestinal stromal tumors: hetero-
geneity on molecule characteristics and clinical features, Cancer Transl. Med. 4
(2018) 75-82.

B. Ricciuti, C. Genova, L. Crino, M. Libra, G.C. Leonardi, Antitumor activity of
larotrectinib in tumors harboring NTRK gene fusions: a short review on the current
evidence, OncoTargets Ther. 12 (2019) 3171-3179.

Research and Practice


http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0115
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0115
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0115
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0120
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0120
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0125
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0125
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0125
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0130
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0130
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0130
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0130
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0130
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0135
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0135
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0135
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0135
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0135
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0140
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0140
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0140
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0140
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0145
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0145
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0145
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0145
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0150
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0150
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0155
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0155
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0155
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0160
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0160
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0160
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0160
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0165
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0165
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0165
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0165
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0170
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0170
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0170
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0170
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0175
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0175
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0175
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0175
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0175
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0175
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0180
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0180
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0180
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0185
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0185
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0185
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0190
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0190
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0190
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0190
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0190
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0195
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0195
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0195
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0195
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0195
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0200
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0200
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0200
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0200
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0205
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0205
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0205
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0205
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0210
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0210
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0215
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0215
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0215
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0220
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0220
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0225
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0225
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0225
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0225
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0225
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0225
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0230
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0230
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0230
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0230
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0235
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0235
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0235
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0235
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0235
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0240
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0240
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0240
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0245
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0245
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0245
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0250
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0250
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0250
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0255
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0255
http://refhub.elsevier.com/S0344-0338(19)31358-5/sbref0255

	1. PUBLIKACE KALFUSOVA FARMAKOTERAPIE 2010
	2. PUBLIKACE KALFUSOVA CESKOSLOVENSKA PATOLOGIE 2011
	3. PUBLIKACE KALFUSOVA NEOPLASMA 2016
	4. PUBLIKACE KALFUSOVA 2017
	5. PUBLIKACE KALFUSOVA PATHOLOGIE RESEARCH AND PRACTICE 2019
	Gastrointestinal stromal tumors – Summary of mutational status of the primary/secondary KIT/PDGFRA mutations, BRAF mutations and SDH defects
	Introduction
	Materials and methods
	Patients
	Sequence analysis

	Results
	Primary KIT/PDGFRA mutations
	Secondary KIT/PDGFRAmutations
	BRAFmutations
	SDH complex mutations

	Discussion
	Conclusions
	mk:H1_12
	Acknowledgements
	Supplementary data
	References



