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Souhrn

Maligni gliomy se fadi mezi vysoce agresivni nadorova onemocnéni. Primeérnd doba
pieziti pacientl nepiesahuje 15 meésicli. Pfes intenzivni vyzkum se dosud nedafi nalézat
terapeutické strategie, které by vyznamnym zptisobem prodlouzily zivot postizenych timto
onemocnénim.

Jednu z oblasti vyzkumu mozného terapeutického zacileni v onkologické 1é¢bé
piedstavuji protedzy bunécného povrchu. Do této skupiny proteint patii i dipeptidylpeptidaza
IV (DPP-1V). Zména exprese DPP-IV byla prokazana v riznych typech nadorovych
onemocnéni a také v malignich gliomech. Poznani role DPP-IV v biologickych procesech
tohoto maligniho onemocnéni mize prispét k rozvoji novych terapeutickych modalit.

Cilem této dizertani prace bylo zavést xenograftovy ortotopicky model gliomu a
geneticky modifikovany model gliomu (genetically engeneered model, GEM). Dale jsme
zkoumali vliv DPP-IV na rist experimentalniho gliomu a zaméfili se na rozliSeni podilu jejiho
katalytického a nekatalytického mechanismu v tomto procesu. V GEM modelu jsme sledovali
enzymovou aktivitu a distribuci DPP-IV. Pro intraexperimentalni sledovani dynamiky rtstu
experimentalnich gliomd jsme testovali vhodnost neinvazivni fluorescenéni zobrazovaci
metody.

Vysledky prace ukézaly, ze DPP-IV negativné ovlivilovala rist gliomu
v xenograftovém ortotopickém modelu. Tento vliv se uplatioval bez ohledu na jeji
katalytickou funkci. V transgennim modelu gliomu jsme pozorovali zvySenou DPP-IV-
podobnu aktivitu oproti kontrolni tkani, ale nartst kanonické DPP-1V nebyl statisticky
vyznamny. V tumorech transgenniho modelu jsme ukazali, ze oproti zdravé mozkové tkani
doSlo v nadorové tkani ke zméné distribuce DPP-IV. Zatimco ve zdravé tkdni byla DPP-IV
exprimovana na cévach a kapilarach, novotvorené dysplastické nadorové kapilary ji
neexprimovaly. V nadorové tkani byla DPP-IV exprimovana individualnimi bunikami
nachazejicimi se predev§im v okoli cév. Pii validaci neinvazivni fluorescencni zobrazovaci
metody jsme zjistili, Ze neni vhodna pro pfesny odhad objemil experimentalnich tumord, ale
miZze byt vyuzivana pro semikvantitativni detekci rlistu tumort.

Ptestoze je DPP-IV ve zvySené mife exprimovana ve vysoce malignich glidlnich
nadorech, naSe prace vsouladu svysledky jinych autort ukéazala, ze DPP-IV ma
pravdépodobné  kompenzatorni  antitumorigenni  U€inky. Experimenty s vyuZzitim
xenograftového modelu ukazaly, ze mensi rust tumorti spojeny se zvysSenou transgenni

expresi DPP-IV transformovanych glidlnich bunék nezéavisi na enzymové aktivit¢ DPP-IV.



V GEM modelu byla DPP-1V spontanné exprimovana pfevazné stromalnimi buiikami. Tato
pozorovani nasveédcuji, ze biologicka role DPP-IV v jednotlivych kompartmentech nadoru
muze byt rizna.

Nase vysledky rozsifuji znalosti o roli DPP-IV v onkogenezi, jejiz pochopeni je

piedpokladem jak dalSiho vyuziti, tak 1 pfipadnych rizik terapeutického cileni této molekuly.



Summary

Malignant gliomas belong to a highly aggressive class of tumours. Average patient
survival time generally does not exceed 15 months. Despite intensive research, no therapeutic
strategies capable of significantly extending the lives of those affected by the disease have
been established to date.

One potentially viable area of research into possible therapeutic targets in cancer
therapy focuses on cell surface proteases. This group of proteins includes dipeptidyl peptidase
IV (DPP-1V). Changes to DPP-IV expression have been established in the case of various
cancer types including malignant gliomas. Understanding the role of DPP-1V in the biological
processes of this malignant disease may thus contribute to the development of new therapeutic
modalities.

This thesis is therefore dedicated to establishing an orthotopic xenograft model as well
as a genetically engineered model (GEM) of the glioma. The effects of DPP-IV on the growth
of an experimental glioma were subsequently examined, as was the ratio of catalytic and non-
catalytic mechanisms in this process. The GEM model was used for monitoring enzymatic
activity and DPP-IV distribution. Non-invasive fluorescence imaging was employed in order
to monitor the intraexperimental dynamics of experimental gliomas.

The results indicated that DPP-IV negatively influences glioma growth in the
orthotopic xenograft model. This influence was found to be independent of its catalytic
function. While the transgenic glioma model produced evidence of increased DPP-IV-like
activity in comparison with control tissue, the growth of canonical DPP-1IV was not
statistically significant. The transgenic model indicated that while no changes took place in
healthy brain tissue, changes in DPP-IV distribution occurred in model tumours. While DPP-
IV was expressed in blood vessels and capillaries in healthy tissue, it was not expressed in
newly formed dysplastic tumour capillaries. DPP-IV was expressed in individual tumour
tissue cells located especially in the vicinity of blood vessels. When validating non-invasive
fluorescence imaging, we found that this technique was not suitable for providing accurate
estimates of experimental tumour volumes, but that it may be used for the semi-quantitative
detection of tumour growth.

Although DPP-1V was increasingly expressed in highly malignant glial tumours, our
work has shown that — in accordance with previous studies — DPP-IV likely exerts
compensatory antitumour effects. Experiments employing the xenograft model indicate that

less extensive tumour growth associated with the high transgenic expression of DPP-IV in



transformed glial cells does not depend on its enzymatic activity. In the GEM model, DPP4
was spontaneously expressed primarily by stromal cells. These observations suggest that the
biological role of DPP-1V in various tumour compartments may differ.

Our results expand the existing body of knowledge regarding the role of DPP-IV in
oncogenesis; understanding these processes is a prerequisite for its further utilization as well

as for the recognition of the potential risks posed by the therapeutic uses of this molecule.



1. Uvod

Podstatou nadorového onemocnéni je transformace normalni buiky na bunku
nadorovou. Transformované buniky se od netransformovanych bunék odliSuji tadou
regulac¢nich mechanismi, v¢etné regulaci proliferace, bunécné smrti, diferenciace, schopnosti
migrovat do okolni tkané a adherovat K bunéénym i nebunéénym strukturam tkanového
mikroprostiedi. Na zmén¢ biologickych vlastnosti bunék souvisejicich s jejich transformaci se
podili fada protedz. Vyzkumy poslednich let ukazuji, ze jejich plisobeni vyznamnou mérou
ptispiva k propagaci maligniho chovani nadorovych onemocnéni (Kessenbrock a kol., 2010).
Vyznamnou skupinu proteaz zapojenych v biologickych procesech nddorové buiky
predstavuji proteazy bunééného povrchu (Mentlein, 2004). Pro tyto proteazy je
charakteristické, Ze jsou ukotveny do cytoplazmatické membrany tak, Ze se jejich
proteolytické aktivita uplatituje na vné&jsi strané bunééné membrany. Nékteré z téchto protedz
maji rovnéz svou solubilni formu, kterd je uvoliiovana do okoli bunék a/nebo do télnich
tekutin. Lze je proto chapat jako nastroj pro interakci buiky s vn&j§im prostiedim. Je znamo,
ze funkce mnoha biologicky aktivnich peptidi, které se podileji na mezibunécné komunikaci,
nebo modifikuji extracelularni matrix, a tak ovliviuji tkanovou architekturu, je specificky
regulovana praveé témito proteazami (Wild-Bode a kol., 2001; Levicar a kol., 2003; Van Lint a
Libert, 2007).

Studium vyskytu a plisobeni povrchovych protedz v nadorovych tkdnich ma vyznam
pfi hledani novych onkologickych markert a terapeutickych cilti (Heissig a kol., 2015). Jednu
ze skupin protedz, ktera ma potencialni vyznam pro klinické vyuziti, pfedstavuji tak zvané
molekuly DASH - (Dipeptidylpeptidaze IV Aktivitou a/nebo Strukturou Homologni
molekuly*). Kanonickym reprezentantem, odn¢&jz je tato skupina odvozena, je
dipeptidylpeptidaza IV (DPP-1V) (Scharpe a De Meester, 2001; Busek a kol., 2004; Busek a

kol., 2008; Vincenzo a kol., 2014).
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Dysregulace exprese a proteolytické aktivity DPP-IV, popsand u mnoha typtu
malignich nadord, vyvolava otazky o jejim biologickém ptisobeni a iloze v rozvoji a progresi
nadorového bujeni. To plati i v pfipadé vysoce maligniho glidlntho nddoru mozku -
multiformniho glioblastomu, u kterého byla prokazana zvySena exprese této proteazy
(Stremenova a kol., 2007; Mares a kol., 2012). Odhaleni biologické role DPP-IV v rozvoji
tohoto zévazného onemocnéni miize poskytnout nové informace pro zlepSeni vcasné

diagnostiky a terapii (Davies a kol., 2015).

1.1. DPP-1V a jeji biologicky vyznam

1.1.1. Molekularni charakterizace DPP-I1V

DPP-1V (CD26, EC 3.4.14.5) je transmembranova serinova protedza, jejiz primarni
strukturu tvofi 766 aminokyselin (Obrazek 1). ZSesti aminokyselin se sklada kratka
cytoplazmaticka doména, 22 aminokyselin tvoti hydrofobni transmebranovou doménu a 738
zbytkd piedstavuje extracelularni ¢ast molekuly. Dominantni prvky extracelularni ¢asti DPP-
IV piedstavuji alfa/beta hydrolazova doména a beta-vrtulova doména. Katalyticky funk¢ni
protein je homodimer (Hopsu-Havu a Glenner, 1966).

Alfa/beta hydrolazova doména obsahuje aktivni misto enzymu, které se sklada
z katalytické triady tvorené aspartatem 708, histidinem 740 a serinem 630. Charakteristikou
hydrolazové aktivity DPP-IV je vysoce specifické odstépovani N-termindlniho dipeptidu ze
substratd, které ve druhé pozici od N-konce obsahuji prolin nebo alanin (Mentlein, 1999).

Tento motiv se vyskytuje v primarni struktuie velkého mnozstvi biologicky aktivnich
oligopeptidi a je vysoce evolu¢né konzervovan. Pfiblizné jedna tietina znamych lidskych
chemokini obsahuje X-ProNH koncovy dipeptidovy motiv. Nekteré z téchto peptidi jsou

potvrzenymi substraty DPP-IV a o dalSich se piedpoklada, ze jimi na zakladé své sekvence
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mohou byt (Wolf a kol., 2008). Poznatky o biologickém plsobeni DPP-IV potvrzuji, ze
enzymova aktivita tohoto proteinu hraje vyznamnou roli vfadé fyziologickych a
patologickych d&jich (Vanhoof a kol., 1995).

Beta-vrtulovd doména DPP-IV se skladd z osmi skladanych listd. Nachézeji se v ni
dvé charakteristické oblasti. Prvni oblast obsahuje vysoky pocet glykosylovanych zbytkl a
druha se vyznacuje vysokym poctem cysteinu (Weihofen a kol., 2004). Tyto vlastnosti
ptedurcuji DPP-IV pro vazebné nehydrolytické interakce s proteiny extracelularniho prostoru
(Piazza a kol., 1989; Loster a kol., 1995).

Krom¢ transmebranové formy DPP-IV byly také popsany solubilni formy této

molekuly, které jsou krat§i o 30 nebo 39 aminokyselin od N-konce proteinu (Durinx a kol.,

2000).
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Obrazek 1. Dipeptidylpeptidaza IV (CD26, EC 3.4.14.5)
(A) Priméarni a kvartérni struktura DPP-1V. (B) Pohled shora na beta-vrtulovou doménu s osmi

skladanymi listy zahrnujici oblast s vysokym obsahem cysteinu a oblast s glykosylovanymi zbytky.
Pievzato a upraveno z (Klemann a kol., 2016).
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1.1.2. Priklady biologickych ucinku katalytického a nekatalytického piisobeni DPP-1\/

Funkéni efekty podminéné katalytickym a nekatalytickym mechanismem uc¢inku
DPP-1V byly popsany v fadé biologickych jevi. Rozliseni téchto funkénich mechanismi ma
vyznam pro pochopeni vlivu DPP-IV na konkrétni biologické déje, véetné onkogeneticky
vyznamnych procesi a tedy i moznost navrhu piipadné terapeutické intervence DPP-1V.

Katalyticky DPP-IV napiiklad ovliviiuje celou fadu imunoregula¢nich mechanismu
(Klemann a kol., 2016). Prostiednictvim S§tépeni neuropeptidu Y, které méni jeho
receptorovou preferenci tak, ze zvysSuje angiogenni aktivitu endotelialnich bun¢k a zaroven
ovliviluje proliferaci a konstrikéni aktivitu bunc¢k hladkého svalu, se DPP-IV uplatiluje
v regulaci angiogeneze. N¢které prace naznacuji, ze takto mize DPP-IV ovliviiovat pribéh
ischemickych a rovnéZ onkologickych onemocnéni (Zukowska-Grojec a kol., 1998; Kitlinska
a kol., 2003; Frerker a kol., 2007).

Enzymova funkce DPP-IV také sehrava roli v procesu piihojovani (engraftment) a
cileni (homing) kmenovych bunék kostni diené. Kontrola pohybu a cileni téchto bunék je
ovliviiovana signalizaci receptoru CXCR4 a jeho ligandu CXCL12, ktery je hydrolyticky
Stépen a tim inaktivovan DPP-IV. Pfi experimentalni inhibici enzymové aktivity DPP-1V
dochazelo k vyznamnému posileni cileni a ptihojovani kmenovych bun¢k do kostni diené
(Christopherson a kol., 2006; Tian a kol., 2006).

Hydrolyticka aktivita DPP-IV sehrava roli 1 v metabolickych regulacich, vcetné
ovlivnéni gluk6zové homeostazy. Proinzulinogenni peptid GLP-1 je substratem DPP-1V,
ktera ho Stépenim inaktivuje. Specifické inhibitory DPP-IV jsou proto v soucasnosti
vyuzivany v 1é¢b¢ diabetu mellitu I1. typu (Nauck, 2016).

Nekatalytické funkce DPP-1V jsou realizovany vazebnymi interakcemi s dal§imi

molekuldrnimi partnery.
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Nehydrolytické funkce DPP-IV jsou zprostiedkovany jejimi vazebnymi interakcemi
s dalsimi molekularnimi partnery. Popsana byla interakce DPP-1V s adenosindeaminazou
(ADA) (Schrader a kol., 1990; Gorrell a kol., 2001). Exprese DPP-IV a jeji asociace s ADA
mize mit vyznam pro regulaci koncentrace adenosinu v mezibunééném mikroprostedi. Timto
mechanismem muze exprese DPP-IV ovliviiovat proliferaci T-lymfocytt, a tim zasahovat do
imunitnich déju (Kameoka a kol., 1993; Ben-Shooshan a kol., 2002).

Ohnuma ve své praci dokazuje, ze caveolin-1 pfitomny na membrané antigen
prezentujicich bun¢k vazebné interaguje s DPP-IV na T-lymfocytech. Tato interakce se
Vv kone¢ném dusledku podili na jejich aktivaci (Ohnuma a kol., 2004). Dale byly jako
membranové ligandy DPP-IV popsany receptor pro tromboxan A2, CXCR 4 a Na'/H*
transportér proximalnich tubuli ledvin (Girardi a kol., 2001; Weihofen a kol., 2005).

Ze skupiny proteinti extracelularni matrix byly popsany vazebné interakce DPP-1V s
fibronektinem a kolagenem typu | (Bauvois, 1988; Piazza a kol., 1989).

Interakce bunék zprostfedkované vazbami DPP-IV s membranovymi proteiny
okolnich bun€k nebo proteiny extracelularni matrix mohou ovliviiovat jak chovani okolnich
bun€k, tak i adhezivni vlastnosti, migraci, invazivitu ¢i schopnost bun¢k exprimujicich
DPP-IV metastazovat. Tyto interakce tak mohou pfedstavovat vyznamny mechanismus
biologického ptsobeni DPP-IV ve fyziologickych a patologicky zménénych tkanich (Cheng a

kol., 2003; Demuth a Berens, 2004).
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1.1.3. DPP-1V a jeji fyziologicky vyskyt v organismech

Dipeptidylpeptidaza IV byla poprvé popsana Glennerem a Hopsu-Havu Vv roce 1966
(Hopsu-Havu a Glenner, 1966). Je pfitomna Vv fad¢ tkani, bunék a télnich tekutin za
fyziologickych stavll a Casto jeji exprese i pritomnost doznava zmén za patologickych stavi
(Busek a kol., 2006).

DPP-IV se vyskytuje na tfadé populaci imunitniho systému, zejména ovSem na
aktivovanych T lymfocytech, u nichz zprostfedkovava kostimulacni signalizaci a reguluje
transendotelialni migraci (De Meester a kol., 1995; Iwata a Morimoto, 1999; Kahne a kol.,
1999).

Pfitomnost DPP-IV byla dale prokazana na vyb&Zcich podocyti, buikach
proximalnich tubuld ledvin a v kartaovém lemu tenkého stieva (Schrader a Pollara, 1978;
Mentlein, 1999). Jeji vyskyt byl popsan v jatrech, plicich, krevnich cévach, thymu a
melanocytech. Lze ji detekovat v pankreatu v bunkach duktt a je také exprimovana A
bunkami Langerhansovych ostravku (Busek a kol., 2014; Omar a kol., 2014).

DPP-IV-podobna proteolyticka aktivita je pfitomna v krevni plazmé a semindlni
tekuting. 95 % této aktivity v krevni plazmé je tvotreno aktivitou solubilni formy kanonické
DPP-1V (Durinx a kol., 2000).

Ve zdravém lidském a potkanim mozku exprese DPP-IV identifikovdna nebyla
(Schrader a kol., 1987).

Exprese DPP-IV rlznymi bunénymi typy a relativné Siroka distribuce v lidském
organismu napovida, ze DPP-IV zasahuje do tady fyziologickych procest. Podrobnéjsi

poznani této molekuly piineslo studium jeji biologické role v patologickych procesech.
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1.1.4. DPP-1V a jeji vyskyt v nadorovych tkanich

Rada studii prokazuje, ze exprese a proteolyticka aktivita DPP-IV ve zdravych tkanich
se odlisuje od exprese a aktivity v nadorovych tkanich. Ve vétsiné piipadti malignit se aktivita
a genova exprese DPP-IV oproti zdravym tkanim zvysuje, ackoliv ve vlastnich nadorovych
bunkach to mize byt naopak. (Wesley a kol., 1999; Sedo a kol., 2008).

Nartst exprese a aktivity DPP-IV v biopsiich lidskych nadorti ve vétSin€ ptipadi
pozitivn¢ koreluje se stupném malignity téchto nadori. To plati naptiklad pro nékteré typy
hematologickych malignit, vychéazejicich z T-lymfocyti, u nichz se zvySend exprese DPP-1V
omezovala na agresivngjsi formy téchto onemocnéni (Carbone a kol., 1995). Podobn¢ tomu je
1 u nékterych solidnich tumort, napiiklad u gastrointestinalnich stromdlnich nadord, nadorii
Stitné Zlazy nebo melanomu. Agresivni tumory z folikularnich bunék S§titné Zlazy vysoce
exprimuji DPP-1V, naproti tomu u benignich 1ézi nartst aktivity ani genové exprese zjistén
nebyl (Hirai a kol., 1999; Yamaguchi a kol., 2008). Analogicky maligni melanom Vv radialni
ristové fazi zvySené exprimuje DPP-1V, ale u benignich 1ézi je tento jev vzacny (Van den
Oord, 1998).

V ptipadé¢ mozkovych nadorG vysokostupfiové astrocytdrni tumory a také
meningeomy vykazuji zvySenou aktivitu a genovou expresi DPP-IV v porovnani S méné
malignimi a vice diferencovanymi formami téchto onemocnéni (Stremenova a kol., 2010;

Mares a kol., 2012) (Ptiloha 3).
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1.1.5. Biologické puisobeni DPP-1V v onkogenezi

Zvyseni exprese DPP-1V, popsané v fad¢ typt nadorovych tkani, vyvolava otazku, zda
DPP-IV hraje v onkogenezi protumorigenni nebo antitumorigenni roli (Hirai a kol., 1999;
Stremenova a kol., 2007; Mares a kol., 2012). Narast exprese DPP-IV pozorovany piedev§im
u vyssich stupiiti malignity nadorG nepiimo napovida, ze DPP-IV ma spiSe protumorigenni
ucinek. Nékteré prace ale ukazuji, ze efekt DPP-IV neni v tomto smyslu jednozna¢ny (Iwata a
Morimoto, 1999; Busek a kol., 2008). Studie zabyvajici se biologickym ptsobenim DPP-1V
in vitro, a také v modelech tumort in vivo, piinaseji vysledky potvrzujici antitumorigenni
pusobeni DPP-1V (Kajiyama a kol., 2002; Wesley a kol., 2004; Arscott a kol., 2009; Busek a
kol., 2012) (Ptiloha 2).

Dosavadni experimentalni prace studujici vysledny biologicky efekt DPP-1V na
onkogenezu nabizeji né€kolik alternativnich odpovédi pii wuziti rdznych druht
experimentalnich pfistupd.

V prvnim pfistupu je zkoumdno plsobeni DPP-IV bez zaméfeni na rozliSeni
mechanismi, kterymi DPP-IV plsobi. Transgenné¢ vyvolana stabilni exprese DPP-IV
v bunéénych liniich odvozenych z ovariadlniho nadoru navodila morfologickou zménu téchto
bun¢k ve sméru vyssi bunééné diferenciace. Zaroven doslo ke sniZeni invazivity a migracni
aktivity takto zménénych bunék. V pokusech in vivo z bungk stabilné exprimujicich DPP-IV
na rozdil od kontrol bez exprese DPP-IV tumory nevznikaly (Kajiyama a kol., 2002). Zména
vlastnosti bun¢k navozena expresi DPP-IV byla dana do souvislosti se zvysenim produkce
E-cadherinu a pfirozenych inhibitorii matrix metaloprotedz. Pri¢inny mechanismus pisobeni
DPP-IV na zvySeni produkce téchto molekul vsak nebyl osvétlen (Kajiyama a kol., 2003).
V jiném experimentalnim pfistupu sniZzeni exprese DPP-IV navozené prolongovanym
vystavenim bunék kolorektalniho karcinomu zvySenym koncentracim adenosinu in vitro

navodilo protumorigenni chovani téchto bun¢k. Jako mechanizmus tohoto efektu byl navrzen
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pokles vazebné interakce bunky s fibronektinem v dusledku deplece DPP-IV, vedouci ke
snizené adhezivité bun¢k (Tan a kol., 2004).

Druhé skupina studii sleduje vliv DPP-IV na rGzné druhy transformovanych bunék, ale
navic se pokousi odlisit, zda jsou pozorované efekty zavislé na enzymové aktivit¢ DPP-IV ¢i
nikoliv. Pro experimentalni feSeni tohoto problému byly zvoleny dva pfistupy. Prvni vyuziva
inhibici katalytické aktivity DPP-IV pomoci specifickych inhibitorti a druhy je zalozen na
vyfazeni enzymové aktivity pomoci bodové mutace v aktivnim misté enzymu. ZvySeni
exprese DPP-IV  navozené pomoci inducibilni exprese navodilo diferenciaci
neuroblastomovych bungk, inhibici migrace, snizeni jejich invazivity a potlaceni angiogeneze
in vitro. Tento efekt byl eliminovan pfidanim inhibitoru enzymové aktivity DPP-1V
diprotininu A. Jako pfimy mechanismus tumorsupresorového efektu up-regulace DPP-IV bylo
zjisténo Stépeni chemokinu SDF-1 a zaroven potlaceni exprese jeho receptoru CXCR4
(Arscott a kol., 2009). V jiném experimentalnim uspotfadani podani diprotininu A in vitro
navodilo zvyseni proliferace a migrace u bunék odvozenych z karcinomu tlustého stfeva, coz
V tomto systému sveéd¢i pro antitumorigenni efekt DPP-IV. Za mechanismus pisobeni DPP-
IV bylo navrzeno proteolytické Sté€peni inkretinu GLP-2, ktery je v nestépeném stavu silnym
induktorem migra¢ni aktivity bunék (Yusta a kol., 2000; Masur a kol., 2006). Diprotinin A
rovnéz zvySoval invazivitu bunénych linii odvozenych z choriokarcinomu (Sato a kol.,
2002). Za pozornost stoji skuteCnost, Ze vysledky studii, vV nichz byla v experimentalnim
ptistupu inhibice DPP-1V realizovana nikoli inhibitorem, ale mutaci jejiho aktivniho mista,
nepfinesly podobné¢ jednoznacné vysledky.

Indukce exprese enzymaticky aktivni formy DPP-IV navodila diferenciaci, snizila
proliferaci a potlacila tumorigenicitu transformovanych melanocytt in vivo. ZvySeni exprese
bodové mutované formy DPP-IV bez enzymové aktivity ve stejném typu bunck tento efekt jiz

nenavodilo (Wesley a kol., 1999). V pracich Pethiyagody i Buska zvySeni DPP-IV také
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potlacovalo tumorigenni vlastnosti bunék odvozenych z melanomu a gliomu, ale na rozdil od
vysledkt Wesleyové byl tento efekt pozorovan jak u enzymaticky aktivni tak enzymaticky
neaktivni formy DPP-IV (Wesley a kol., 1999; Pethiyagoda a kol., 2000; Yu a kol., 2011;
Busek a kol., 2012) (Priloha 2). Zavéry téchto praci naznacuji, ze nejen enzymaticka aktivita
DPP-IV  sehrdava roli v mechanismech jejiho tumorsupresorového piisobeni, ale
pravdépodobné se zapojuji i mechanismy nekatalytické.

Komplexita funkéniho potencidlu DPP-IV je dokumentovana dal§imi studiemi,
zabyvajicimi se specifickymi mezimolekularnimi interakcemi této molekuly v ramci
nadorového mikroprostiedi primarniho, ale i metastatického nadoru. Interakce DPP-IV
s plazminogenem navozovala u transformovanych bun¢k prostaty zvyseni jejich migracni
aktivity (Gonzalez-Gronow a kol., 2001). U bun¢k odvozenych z karcinomu prsu vazebné
interakce DPP-IV s fibronektinem piispivaly organové specifickému metastazovani téchto
bunék do plic. DPP-IV exprimovana endoteliemi plicnich kapilar zde puisobila jako vazebny
protein pro metastatické bunky exprimujici fibronektin (Cheng a kol., 2003).

Vétsina autordl v soucasnosti tedy predpoklada spiSe antitumorigenni Géinky zvysené
exprese DPP-IV ve vétsing systémd in vitro a také in vivo, ale odlisuji se v zavérech, do jaké
miry, a ve kterych nadorech zavisi jeji u€inky na jeji enzymové aktivite.

Presnéjsi rozliSeni mechanismi, kterymi DPP-IV v onkogenezi ptsobi, nabyva na
vyznamu predev§im v kontextu soucasného klinického uzivani specifickych inhibitort DPP-
IV v1écbe diabetu mellitu II. typu. Dlouhodoba inhibice katalytické aktivity DPP-1V
s efektem na funkce imunitniho systému a angiogenezi muze byt provazena vedlejSimi

nezadoucimi ucinky (Stulc a Sedo, 2010; Tseng a kol., 2015).
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1.1.6. DPP-1V v gliomagenezi

Maligni gliomy tvofi asi 50 % néadort vychézejicich z centralniho nervového systému
u dospélych jedinch. Primérna doba pieziti u pacientl postizenych témito novotvary
nepfesahuje 15 mésict. Jednou z piicin Spatné prognoézy je rychly rast a vysoka invazivita
nadoru do okolni zdravé tkén€. Intenzivni vyzkum patobiologie glialnich nadort dosud
neposkytl dostatek informaci vedoucich k vytvoreni efektivni terapie, kterd by vyznamnym
zpusobem zlepsila dosud infaustni prognoézu postizenych pacienti. Novy vhled do biologie
glialnich nadort piinasi studie zabyvajici se rolemi extracelularnich proteaz v tumorigenezi.
Mezi né patii i DPP-1V ze skupiny DASH molekul.

Prace Stremenové popisuje, ze exprese i enzymova aktivita DPP-IV je vyznamné
zvySena u glidlnich astrocytarnich tumori a meningeomi. V obou piipadech ke zvySeni
exprese 1 aktivity dochazi predevsim u nadort vysokého stupné malignity (Stremenova a kol.,
2007; Stremenova a kol., 2010) (Ptiloha 3).

Mares a kol. ve své praci uvadéji, ze narust DPP-IV- podobné aktivity mize byt
projevem obecné adaptivni odpovédi transformovanych astrocyti na oxida¢ni a metabolicky
stres. Pfedpoklada, ze DPP-IV zprostiedkovava kompenzatorni protionkogenni efekty, jako
inhibici migrace a proliferace prostfednictvim S$t€peni proonkogenich peptidi, SDF-la a
substance P, nebo zptsobuje zvySeni adheze bunék prostiednictvim vazby na fibronektin a
kolagen. Protirtistovy efekt DPP-IV-podobné aktivity u glioblastomu naznacuje inverzni
korelace mezi DPP-IV-podobnou aktivitou a proliferacnim indexem Ki-67 a zaroven i kratsi
doba ptezivani pacientt s glioblastomy s nizsi DPP-1V-podobnou aktivitou (Mares a kol.,

2012).

20



1.2. In vivo modely experimentdlnich gliomii

Pouziti vhodného experimentalniho modelu v biologickych studiich je kritické pro
ziskani interpretovatelnych vysledki. Dosavadni prace zabyvajici se roli DPP-IV
Vv gliomagenezi kromé in vitro a ex vivo experimentl vyuzivaji modely zalozené na hetero- ¢i
ortotopické implantaci dlouhodob¢ kultivovanych bunéénych linii odvozenych z
lidskych glialnich nadoru (Busek a kol., 2012) (Ptiloha 2).

Komplexni in vivo modely gliomi v soucasnosti vyuzivaji tii zakladnich
experimentalnich strategii. Prvni pfistup, historicky nejstar§i, vyuziva ke vzniku
experimentalniho gliomu chemickou indukci alkylaénim ¢inidlem N-nitrosomethylureou
(Druckrey a kol., 1965; Schmidek a kol., 1971). Druhy piistup pro modelovani tumoru zavadi
orto- ¢i hetro- implantaci syngennich nebo heterolognich gliomovych bunék do zvifeciho
modelu a tieti pfistup vyuziva indukce tumoru in situ pomoci cilené onkogenni genetické
modifikace experimentalnich zvifat a cilovych tkani (Lyustikman a Lassman, 2006;
Hambardzumyan a kol., 2011).

Vyhodnym parametrem modelu chemické indukce gliomid na rozdil od
xenotransplantaéniho modelu je existence funkéniho imunitniho systému. Nevyhodou je nizka
incidence tumort, znacna mezinadorova morfologickd heterogenita a piedev§im vysoka
odliSnost histologického obrazu od lidskych glioml. V pfipad¢ uzivani syngennich linii
mysich glioblastomovych bunék derivovanych zchemicky indukovanych nadorG bylo
prokazano riziko jejich ¢aste¢ného odhojovani (Parsa a kol., 2000; Barth a Kaur, 2009).

Nevyhody modelu zaloZzeného na chemické indukci glioml vedly k vytvofeni
xenotransplantaéniho modelu. Ten byl po dlouhou dobu zlatym standardem experimentélni
gliomageneze a ptinesl fadu poznatkl o rozvoji, riistu a progresi glidlnich nadorti. Vyhodnymi
vlastnostmi xenotransplantacniho modelu jsou vysoka incidence tumorti pfi pouziti linii

gliomovych bunc¢k kultivovanych v sérovém médiu, interexperimentalni histologicka
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podobnost modelovych nadori a moznost genetické modifikace implantovanych bunék
(Lamour a kol., 2015).

NarGst poznatkli o genetickém pozadi lidskych gliom prokazal omezeni tohoto
modelu pro nékteré experimentalni aplikace (Phillips a kol., 2006; Verhaak a kol., 2010;
Jones a Holland, 2011). Studie zabyvajici se srovnanim genové exprese a zménami genomu
mezi dlouhodobé kultivovanymi buitkami a bunikami z bioptickych vzorkt lidskych glidlnich
nadorii prokazaly vyrazné rozdily jak na Grovni genotypu, tak tirovni fenotypu téchto bunék.
(Romer a Curran, 2005; Lee a kol., 2006; Li a kol., 2008; Ernst a kol., 2009). Bunécné
gliomové linie uzivané v xenotransplantatnich modelech tak postradaji nékteré vlastnosti
bunék vyskytujicich se v realném nadorovém mikroprostiedi (Westphal a Meissner, 1998).
Dlouhodoba kultivace v médiich s pridavkem séra navozuje jejich diferenciaci a vede
k vyrazné klonalni selekci. Navic zna¢né odlisnosti ve fenotypu i genotypu byly pozorovany
nejen mezi bunkami primarnich kultur a buiikami dlouhodobé kultivovanymi v sérovych
médiich, ale také v ramci jednotlivych typti bunéénych linii (Torsvik a kol., 2014).

Kromé prokazanych genotypovych a fenotypovych rozdili mezi zminénymi bunikami
existuji také vyrazné morfologické odlisnosti v histologickych obrazech lidskych glioma a
experimentalnich tumora vzniklych pfi ortotopické implantaci gliomovych linii (Finkelstein a
kol., 1994). Obecné lze fici, Ze experimentalni tumory odvozené z gliomovych bunéénych
linii sice vykazuji znamky probihajici angiogeneze, ale na rozdil od lidskych glioblastomt se
vV zavislosti na bunécné linii vyznacuji vice ¢i méné ohraniCenym rlistem s 0mezenou
invazivitou. Jako pfiklad lze uvést velmi €asto uZivanou bunécnou linii U87, kterd v mysi
mozkové tkani vytvari ostfe ohrani¢ené kulovité tumory bez znamek invaze do okolni tkané.
Tumory z téchto bun¢k se tak spiSe podobaji implantatnim metastdizam neZz invazivnimu
gliomu (Zhao a kol., 2012). V histologickém obrazu xenografti pak zcela chybi typické

charakteristiky lidskych glioma vysokého stupné malignity. Nejsou pozorovany specifické
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nekrézy obklopené pseudopalisddami bunck, pfitomnost rozdilnych bunéénych typl ci
jednobunééna infiltrace do protilehlé hemisféry (Huszthy a kol., 2012).

Vyznamny posun v experimentalnim modelovéani obrazu lidského gliomu pfineslo na
poli xenotransplanta¢niho modelu zavedeni pfistupi, jez jsou zaloZzeny na implantaci bun¢k
kultivovanych v bezsérovych médiich nebo pasazovanych in vivo. Buiky ziskané
z bioptickych vzorkil jsou vtomto pfipad¢ kultivovany jako neurosféry a zachovavaji si
charakter nddorovych kmenovych bunék nebo jsou odvozeny jako sféroidy s vice bunéénymi
populacemi a nasledné pasdzovany v mozku nebo podkozi zvifete. Tumory vznikajici t€émito
pristupy na rozdil od xentransplantati ze sérovych bunécnych linii vykazuji znacnou
genotypickou, fenotypickou i histologickou podobnost s lidskymi glioblastomy, z nichZ byly
odvozeny (Taillandier a kol., 2003; Giannini a kol., 2005; Lee a kol., 2006). Problematickymi
aspekty tohoto pfistupu jsou vyraznd heterogenita mezi jednotlivymi experimentalnimi
tumory, dlouhé, v priméru 4 mési¢ni, intervaly inicialnich pasazi in vivo, které znesnadnuji
planovani experimentt a zt€zuji potiebnou standardizaci experimentalnich postupt (Wang a
kol., 2009). Vyznamnym nedostatkem vSech typd xenotransplantacnich modelt je chybéni
reakce imunitniho systému imunodeficientniho zvifete (Hussain a kol., 2006; Rolle a kol.,
2012).

Nejnové€jsi  pfistup, jehoz zavedeni se snazi redukovat problematické prvky
chemického 1 xenotransplantatniho modelu, je zaloZen na modelovani glioml pomoci
geneticky modifikovanych mysi (GEM). Vznik gliomt je v téchto modelech navozen umélou
indukci exprese specifickych onkogenli nebo uml¢enim tumor supresorovych gent, piipadné

kombinaci obojiho. Ke vzniku tumoru dochazi in situ z ptesné¢ definovanych bunéénych

populaci (Macleod a Jacks, 1999; Talmadge a kol., 2007; Hambardzumyan a kol., 2009).

vztahy mezi transformovanymi a stromalnimi elementy tumoru a to pfi zachovani vSech
slozek imunitniho systému.
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Vyraznymi pfednostmi GEM modelt jsou relativné vysoka tspéSnost vzniku nadort,
homogenita genetického pozadi, histologicka podobnost s lidskymi gliomy 1 mezi
jednotlivymi tumory v experimentalni skupiné. Tyto vlastnosti umoznuji charakterizaci
modelu a standardizaci experimentilnich podminek. Specificky vyznam GEM modeld
spo¢iva ve schopnosti simulovat genetické aberace, které se s vysokymi frekvencemi
vyskytuji v lidskych glioblastomech. Rada z dosud publikovanych modelti napodobuje
genetické abnormality vychézejici z molekularné biologické klasifikace jednotlivych subtypti
multiformniho glioblastomu (Phillips a kol., 2006; Jones a Holland, 2011). Existuji tak
modely z genetického hlediska napodobujici proneuralni, klasicky, mezenchymalni ptipadné
neuralni subtyp glioblastomu (Verhaak a kol., 2010). Rada studii zabyvajicich se
modelovanim jednotlivych subtypti glioblastomu potvrdila vyznamnou roli jednotlivych typt
molekularnich zmén v rozvoji glioblastomu, ale také ukézala na vyraznou histopatologickou
podobnost mezi molekularnimi subtypy lidskych glioblastomli a jejich mySimi modely

(Hambardzumyan a kol., 2009).

1.2.1. Modelovdni gliomageneze in vivo pomoci RCAS/tv-a technologie

RCAS/tv-a systém (Replication-Competent ASLV long terminal repeat with a Splice
acceptor) predstavuje jeden ztady dosud vyvinutych pristupi modelovani glioblastomut
pomoci GEM. Vznik gliomu je v tomto systému indukovan pomoci stabilni in vivo transfekce
definovanych somatickych bunék konkrétnim onkogenem (Federspiel a kol., 1994) (Obrazek
2). Hostitelsky organismus muze byt navic nositelem transgenni somatické mutace
pozadovaného onkosupresorového genu. Kombinace transgenné navozeného zvyseni exprese
onkogenu a somaticky knockout tumorsupresorového genu zvySuje incidenci vzniku
modelovych nadort (Hambardzumyan a kol., 2009). V naSem pfipadé¢ uzivame zvifata
s transgennim uml¢enim genu Ink4a/ARF (Ueki a kol., 1996; Nozaki a kol., 1999; Fulci a

kol., 2000).
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In vivo transfekce onkogenem se realizuje prostiednictvim infekce retrovirovymi
vektory odvozenymi z ptaciho viru Rousova sarkomu. Infekce definovanych typa bunék je
zajisténa prostiednictvim transgenni exprese specifického receptoru (tv-a) pro dany virovy
vektor. Exprese receptoru je fizena promotorem genu pro stanoveny bunécny ¢i diferenciacni
marker. Pro modelovani glioblastomu v RCAS/tv-a jsou vyuzivany promotory pro GFAP
nebo Nestin (Uhrbom a kol., 1998; Fisher a kol., 1999).

Nereplikovatelnost virovych Castic v sav¢ich bunkach zajistuje indukci glioblastomu
vV pifesné definovaném misté, a také umoznuje sukcesivni transfekci riznymi genovymi
inzerty (Macleod a Jacks, 1999; Talmadge a kol., 2007). Diky této vlastnosti lze studovat
zmény navozené expresi vice proteinovych produktl v jednom zviteti. V ptipad¢€, ze virovy
vektor obsahuje informaci pro interferencni RNA molekuly, je mozné sledovat i efekty
umlcovani specifickych gent (Harpavat a Cepko, 2006; Talmadge a kol., 2007).

Vzhledem Kktomu, Ze se experimentalni tumory v RCAS/tv-a systému rozvijeji
postupné od pocatecni transformace normalnich bunék po rozsahly infiltrativni rist, umoziuje
tento systém studium biologickych zmén probihajicich v jednotlivych fazich rozvoje
glioblastomu. Simulace tohoto parametru je jen obtizné proveditelna v xenotransplantaénim
modelu, v némz tumory vznikaji na zaklad¢é injekce vétsiho poctu jiz transformovanych
bunék.

Vyznamnym aspektem RCAS/tv-a modelu glioblastomu je pfitomnost pln¢ funkéniho
imunitniho systému. Tento parametr hraje dalezitou roli pfedevsim v souvislosti se stale
rostoucimi poznatky o existenci imunitnich surveillance-escaping (dohledovych-unikovych)
mechanizmu a jejich dulezité roli pti vzniku a progresi glioblastomu (Jackson a kol., 2011;
Vauleon a kol., 2012; Doucette a kol., 2013). V ptipadé¢ molekul, jako je DPP-IV, potencialné
zapojenych v regulaci imunitnich reakci, je vyznam pfitomnosti funkéniho imunitniho

vvvvvv

chceme RCAS/tv-a model vyuzivat pro studium role i dal§ich membranovych proteaz.
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Obrazek 2. Model gliomageneze in vivo pomoci RCAS/tv-a techologie

(A) Kufeci embrionalni fibroblasty DF-1 jsou transfekovany RCAS plazmidem obsahujicim inzert
onkogenu (PDGFB-HA). Buiikky ve vysokych koncentracich produkuji virové castice, které
prostfednictvim t-va receptoru infikuji dalsi DF-1 bunky v kultufe. (B) Sav¢i transgenné modifikované
mys$i bunky exprimuji t-va receptor pod tkanové specifickym promotorem a stavaji se susceptibilnimi
infekci virovymi ¢asticemi. Virova DNA vznikla reverzni transkrypci je inkorporovana do hostitelské
buriky a onkogen PDGFB-HA (protein X) je vysoce exprimovan infikovanou bufikou. Ostatni
proteiny virového genomu jsou produkovany v nizkych koncentracich. Sav¢i buniky na rozdil od
kutecich bunék neprodukuji infekéni virové Castice. (C) Geneticky modifikované mysi s vyfazenym
tumorsupresorovym genem (Ink4a -/-) exprimuji t-va receptor na bunikach exprimujicich nestin nebo
GFAP. Pouze tyto buiky jsou infikovatelné virovymi ¢asticemi RCAS nesoucimi onkogen PDGFB-
HA. K infekci bun€k dochazi po ortotopické implantaci DF-1 bun¢k produkujicich RCAS virus nebo
injikovanim zakoncentrovaného viru. Produkce onkogenu zpUsobuje transformaci bunék a vznik
gliomu. Systém dale umoniuje nasobnou infekci/transfekci primarnich kultur nadorovych bunék in
vitro a reimplantaci takto modifikovanych bunék do syngenniho organismu. Upraveno dle (Fisher a
kol., 1999).
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1.3. Validace neinvazivni fluorescencni zobrazovaci metody pro analyzu dynamiky ristu
xentransplantacniho ortotopického modelu gliomu

Vyhodou experimentalnich modelti tumort in vivo oproti modelim in vitro je vyssi
mira komplexity blizici se redlnym podminkdm nadorového mikroprostfedi. Nevyhodou
téchto modelll je znac¢na technicka obtiznost sledovani dynamiky procesti odehravajicich se v
experimentu v realném case a naro¢nost analyzy vysledka (Dong a kol., 1994; Fidler a kol.,
1994; Killion a kol., 1998).

Dlouhodobé kvantitativni sledovani rustu xenograftu v mozku neni mozné bez
usmrcovani velkého poctu experimentalnich zvitfat. Urcité feSeni tohoto problému pfineslo
zavedeni neinvazivnich zobrazovacich metod pro mala experimentalni zvitata.

V soucasnosti existuje nékolik technik neinvazivniho sledovani dynamiky ristu
(PET), bioluminiscen¢ni zobrazovani (BLI) a fluorescencni zobrazovani (FLI). Pro pouZzivani
systému vyuzivajicich detekci svétla BLI a FLI v porovnani s MR a PET hovoii jejich
relativné nizka finan¢ni naro¢nost a ekonomicka dostupnost (Mook a kol., 2008). Nevyhodou
pro piesnou analyzu dynamiky ristu objemu tumoru je dvourozmérny obraz, ktery jsou tyto
systémy schopny poskytnout. Naproti tomu existuji studie popisujici vysokou korelaci mezi
vysledky ziskanymi pomoci MR a BLI (Szentirmai a kol., 2006; Dinca a kol., 2007;
Hashizume a kol., 2010). Validace FLI metody pro stanoveni dynamiky rustu ortotopického
modelu gliomu vSak popsana nebyla.

Jednim z davodi tohoto stavu mohlo byt chybéni vyhovujicich flourescencnich
repotéri. Ke zméné vsSak dochazi s nastupem tak zvanych red-shifted flourescencnich
proteind (Hoffman, 2008). Technickou vyhodou téchto proteind je maximum excitace pfi
vlnovych délkach svétla okolo 590 nm a emise svétla o vlnové délce nad 600 nm. Tyto

vlastnosti dramaticky snizuji absorpci a rozptyl emisniho svételného signalu okolnimi
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tkanémi, a také redukuji jejich autofluorescenci (Troy a kol., 2004; Tung a kol., 2004). Proto
je v porovnani s klasickym zelenym fluorescen¢nim proteinem (GFP) jejich detekovatelnost
ve tkanich pfiblizné o dva tady vyssi (Shcherbo a kol., 2007; Deliolanis a kol., 2008;
Shcherbo a kol., 2009). Prestoze se vybér fluorescencnich proteinti s témito parametry
roz§itfuje, doposud nebyl popsan vztah mezi morfometricky métenymi hodnotami velikosti
xenografti a hodnotami ziskanymi pomoci fluorescencniho zobrazovani. Pro neinvazivni
studium dynamiky rstu xenografti exprimujicich DPP-IV jsme experimentalné¢ ovétili
vhodnost metody dvojrozmérného fluorescencniho zobrazovani v epiiluminaénim nastaveni

pfi pouziti Red-shifted fluorescenéniho proteinu s nazvem mKate2 (Ptiloha 1).
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2. Hypotézy

2.1. Studie zabyvajici se biologickym vyznamem DPP-IV pro transformované buiiky riznych
typti malignich nador provadéné in vitro ukazaly, ze experimentalné zvySena exprese DPP-
IV potlacila tumorigenni chovani téchto bun¢k. Vysledky in vitro experimentli provedenych
V nasi laboratofi potvrdily stejny efekt u bunécnych linii odvozenych z gliomi. Na zaklad¢
téchto vysledkt ptredpoklddame, ze navozeni experimentalniho zvySeni exprese DPP-1V
V podminkach in vivo bude pusobit antitumorigenné jako v podminkach in vitro.
Ptedpoklddame, ze experimentdlni zvySeni exprese povede ke sniZzeni rlstu ortotopickych

xenograftl vytvotrenych z gliomové bunécné linie.

2.2. DPP-IV proteolyticky stépi tfadu biologicky aktivnich peptidii s protumorigennimi
ucinky. Tim reguluje jejich plsobeni. Pfedpoklddame, ze antitumorigenni U¢inky DPP-IV
prokazané v tadé studii se uplatiuji prostfednictvim mechanismu katalytického plsobeni

DPP-IV.

2.3. Analyza DPP-IV ve vzorcich lidskych astrocytarnich tumorli a meningeomii prokézala
zvySeni jeji exprese a enzymové aktivity v t€chto nadorech. Exprese 1 enzymova aktivita
DPP-IV wvzrustala se stupném malignity obou onemocnéni (Stremenova a kol., 2007;
Stremenova a kol., 2010; Mares a kol., 2012) (Ptiloha 3). Na zaklad¢ téchto pozorovani
ptedpokladdme, Ze mysi model glioblastomu vykazujici podobné histologické rysy jako
glioblastomy lidské, bude vykazovat zvySenou aktivitu DPP-IV ve srovnani se zdravou

mozkovou tkani.

2.4. Na zaklad¢ vysledk studii, které dokazuji vysokou korelaci mezi morfometricky
stanovenymi objemy tumorti a hodnotami ziskanymi pomoci zobrazovaci metody vyuzivajici
chemiluminiscenci, predpokladame, ze morfometrické stanoveni objemt implantacnich
tumorit bude vysoce korelovat s méfenimi ziskanymi pomoci metody fluorescenéniho

zobrazovani.
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3. Cile

3.1. Zavedeni ortotopického xenotransplnta¢niho modelu gliomu;

3.2. Zavedeni GEM modelu gliomageneze in vivo;

3.3. Ovefeni antitumorigenniho efektu experimentalniho zvyseni exprese DPP-1V u bunécné

linie odvozené z lidského gliomu v podminkach ortotopického modelu glioblastomu in vivo;

3.4. Ovéfeni vlivu katalytické aktivity DPP-IV na rust xenograftu in vivo;

3.5. Ovéfeni piitomnosti enzymové aktivity DPP-IV v experimentalnich tumorech vzniklych

v GEM modelu;

3.6. Ovéfeni vhodnosti fluorescencni zobrazovaci metody s pouzitim fluorescenc¢niho proteinu

mKate2 pro neinvazivni sledovani dynamiky rustu ortotopickych modeld gliomd in vivo.
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4. Metody

3.1. Bunécéné linie odvozené 7 astrocytarnich tumorit a jejich transfektanty

Bunééné linie U373MG odvozené z lidského gliomu, podle WHO Kklasifikace stupen
I1l, byly ziskdny z American Type Culture Collection (ATCC). Kultivace bunék byla
provadéna ve tkanovém plastiku (NUNC, Dénsko) pii 37 °C, 90% relativni vlhkosti a
vzdus$né atmosféfe obsahujici 5 % CO,. Kultivaéni médium obsahovalo DMEM (Sigma-
Aldrich Chemie, Némecko) a fetalni bovinni sérum (FCS) (Sigma-Aldrich Chemie, Némcko)
v poméru 9:1. Bunky byly nasazeny Kk transfekci v rozmezi 5-25 pasazi po rozmrazeni ze
zasobni kultury. Inzerty kompletni cDNA nemutované lidské DPP-IV a bodové mutované
formy DPP-1V (S630A substituce) byly naklonovany do Tet-on a pGene vektort Tet-on
Advanced (Invitrogen, USA) a Gen Switch (Invitrogen, USA) expresnich systémi. Klony
bunék U373MG s indukovatelnou transgenni nemutovanou (U373MG CD26 wild) a
mutovanou formou DPP-IV (U373MG CD26 mut) byly vytvoieny transfekci regulac¢nich
vektorli a pTet-on a pGen vektori do bunéénych linii U373MG za pouziti Lipofectaminu
(Invitrogen, USA) dle instrukci vyrobce. Stabilné transfekované klony byly selektovany
antibiotiky Zeocin (Invitrogen, USA) a Hygromycin (Invitrogen, USA). Z divodu vysoké
pfitomnosti bunék bez inducibilnich forem DPP-1V a rezistentnich na pouZita antibiotika byly
pocatecni klony selektovany metodou magnetické extrakce MACS (magnetic activated cell
sorting) za pouziti anti-DPP-IV protilatky (MA261 Acris, Némecko) dle instrukci vyrobce.
(Dynal, Invitrogen, USA). Pro validaci fluorescen¢ni zobrazovaci metody byly stabilné
transfekovany buitky U373MG CD26 mut expresnim vektorem pcDNA4 obsahujici genovy
inzert fluorescenéniho proteinu mKate2. (dar z laboratoie Doc. Konvalinky, UOCHAB —
Akademie véd CR) Transfekci bundk regulaénimi systémy provedla vramci svého

postgradudlniho studia a dizerta¢ni prace RNDr. Jana Trylcova.
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3.2. In vivo implantace gliomovych bunék do mozku mysi

Experimentalni uziti zvifat bylo schvaleno dle platné legislativy Odbornou komisi pro
praci s laboratornimi zvifaty 1. LF UK a Ministerstvem $kolstvi, mladeZe a t&lovychovy CR.
Ve vsSech experimentech byli pouziti dospéli mySi samci kmene NOD.129S7(B6)-
Ragltm1Mom/J (The Jackson Laboratory, USA) vazici ptiblizné¢ 25 g. Pfed vykonem byla
zvifata uspana injekci roztoku Ketaminu (100 mg/kg) a Xylazinu (20 mg/kg) i.m. Kize
v operacni oblasti byla depilovana, desinfikovana Betadine lig. Nasledné¢ byl proveden
medialni kozni fez o délce 5 mm v oblasti budouci trepanace. Po provedeni fezu byla hlava
zvifete umisténa do stereotaktického pfistroje (Stoelting, USA) a provedena trepanace lebky
kulickovou frézou o priméru 0,4 mm a koordinatach 1,2 mm pied bregmatickym Svem a 2,5
mm sagitalné od stfedniho lebe¢niho Svu. Injekéni stfikackou typu Hamilton 10 pl bylo
injikovano do hloubky 3 mm od povrchu mozku 5 pl bunéné suspenze o koncentraci 200
000 bune¢k/lul DMEM (Sigma-Aldrich Chemie, Némecko). Injektaz bunck probihala
rychlosti 1pl/s pomoci mikropumpy (Harward Instruments, USA), po ukonceni injektdze byla
jehla ponechana na misté po dobu 2 minut, a po té byla pomalu vytaZena.

Trepanacni otvor byl bezprostfedné uzavien kostnim voskem a provedena sutura kozni
incize dvéma stehy. OSetfeni rany bylo provedeno pomoci sol Novikov a zvitata ulozena do

vyhtivanych kleci do probrani z anestezie.

3.3. Transgenni indukce gliomu in vivo

Indukce gliomu in vivo byla provedena pomoci ortotopické implantace kufecich
embryonalnich fibroblasti DF1 produkujicich retrovirovy vektor RCAS PDGFB-HA (dar
prof. Lene Uhrbomové, Upssala University, Svédsko). Piitomnost exprese PDGFB-HA na

urovni proteinu byla ovéfena imunofluorescenéné (data neuvedena). Pfi implantaci byla
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pouzita buné¢na suspenze o koncentraci 50 000 bb/1ul v celkovém mnozstvi 2 pl na jednu
mys. Koordinaty implantace byly 0 mm od bregmatického $vu, 1,2 mm sagitaln¢ od stfedniho
lebecniho Svu a v hloubce 1,5 mm od povrchu mozku. Ostatni parametry implantace byly
identické s vySe popsanym postupem. Pro indukci tumoru byli pouziti jedinci transgennich
mySich kment G-tva Ink4a -/-, PTEN flox, LSL EGFRIII a N-tva Ink4a Arf -/- , (Becher a

kol., 2010) stafi 4-6 tydnu. (dar prof. Erika Hollanda, Washington univerzity, USA)

3.4. Kvantifikace objemu tumorii

Zvitata byla 43 dnti po implantaci bunééné suspenze dekapitovana v hluboké anestezii,
mozky byly vynaty z lebky a zamrazeny pii teplot¢ —20 °C v zamrazovacim mediu (Leica
Microsystems, Némecko). Dale byly zhotoveny sériové koronarni fezy o tloustce 10 um pfi
teploté — 20 °C za pouziti kryotomu (Bright Instruments, UK). Kazdy paty fez byl obarven
Hematoxylinem a Eosinem (Sigma-Aldrich Chemie, Némecko) a digitalizovan pii 20
nasobném zvétseni. Kvantifikace objemu byla provedena Cavallieriho metodou (Becher a

kol., 2010).

3.5. In vivo fluorescenéni zobrazovdni riistu tumoru

Detekce fluorescenéniho signalu byla provadéna na zafizeni iBox® Scientia Small
Animal Imaging System, (UVP, USA) vybaveném CCD-kamerou BioChemi HR 400 (UVP,
USA). Zobrazovaci zatizeni bylo vybaveno 150 W halogenovou zarovkou, excita¢nim filtrem
0 propustnosti 533-587 nm a emisnim filtrem o propustnosti 607-682 nm. Vzdalenost zvifete
od ¢oCky kamery byla 25 cm. U vSech zvitat byl fluorescen¢ni signal focen Vv tydennich
intervalech po dobu 6 tydni od implantace bun¢k. Po poslednim foceni in vivo byly mozky

vynaty z lebky a ex vivo vyfoceny. Pied kazdym focenim byla provedena chemicka depilace
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snimané oblasti hlavy. VeSkeré manipulace se zvifaty byly provadény v anestezii. Analyza
digitalnich fotografii byla provedena pomoci volné dostupného software Image J (National
Institute of Health, USA). Ke statistické analyze byla pouzita primérnad hodnota intenzit

fluorescence detekovanych v arbitrarné zvolené jednotkové kruhové plose. (Ptiloha 1)

3.6. Analyza relativniho zeslabeni fluorescencniho signdlu v mozkové tkani

Pro méfeni vlivu masy mozkové tkané¢ na zeslabeni fluorescencniho signalu byl
fluorescenéni xenograft simulovan 5 pl kapkou Matrigelu (Matrigel Matrix™ BD Biosciences,
USA) obsahujici 10° U373MG CD26 mut bungk exprimujicich mKate2. Gelatinozni
fluorescenéni bolus byl umistén na 3 mm Silny koronarni fez mysiho mozku a focen pti
nastaveni expozicniho ¢asu potfebného k téméf maximalni saturaci ¢ipu kamery (30s). Dalsi
foceni pii stejném expoziénim Case bylo provedeno po pfikryti bolusu 1 mm silnym
koronarnim fezem mySiho mozku. Tato procedura byla opakovana do celkového zakryti
bolusu vrstvou 3 mm mozkové tkané. Apertura, ostfeni a vzdalenost modelu xenograftu byly
ve stejném nastaveni pii kazdém foceni. Excitace fluorescence byla provadéna v

epiilumina¢nim modu.

3.7. Imunofluorescencni detekce antigenii

Detekce DPP-1V, Ki-67, CD31, GFAP, PDGFB

Imunofluorescen¢ni detekce vSech antigeni byla provedena dle stejného protokolu pfi
pouziti specifickych protilatek pro dany antigen.
Zmrzl¢é fezy mozkl 10 pum silné nebo sklicka s adherovanymi buiikami byly fixovany ve 4%
paraformaldehydu po dobu 10 min. pf#i 25 °C a po té byly oplachnuty v PBS pufru (137 mM

NaCl; 4 mM NayHPO,. 2,68 mM KCI; 1,7 mM KH,PO,) 2 x 5 min. Dale byla provedena
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permeabilizace 0,1% vodnym roztokem detergentu Tritonu X-100 (Sigma-Aldrich Chemie,
Némecko) po dobu 5 min. pii teploté 25 °C. Pro blokaci nespecifickych antigennich epitopti
byly fezy inkubovany v bloka¢nim roztoku z TBS obsahujicim 10% FCS a 1% BSA (Bovine
Serum Albumine) (Sigma-Aldrich Chemie, Némecko) po dobu 30 min. pii 25 °C.
Neoplachnuté preparaty byly ve vlhké komirce inkubovany po dobu 16 hodin pfi teploté 4 °C
S danou primarni protilaitkou fedénou v 1% roztoku BSA a TBS. (fedéni viz tabulka 1)
V dalsim kroku byly fezy oplachnuty v 0,03% roztoku Tritonu X-100 v TBS 2x 5 min. a
inkubovany 60 min. pfi teploté 25 °C v ptislusné sekundarni protilatce fedéné v 1% roztoku
BSA v TBS. (fedéni viz tabulka 1) Pro dobarveni buné¢nych jader byl do roztoku sekundarni
protilatky ptidan interkalac¢ni fluorescencni fluorofor bisbenzimid H 33258 (Sigma-Aldrich
Chemie, Némecko) tak, aby vyslednd koncentrace byla 1:100 000. Na zavér byly fezy
oplachnuty v TBS 3x 5 min. a deionizované vodé 30 s a zamontovany do montovaciho média
Polymount (Polysciences, USA). Fluorescen¢ni mikroskopie byla provedena na mikroskopu
Olympus X-80 vybaveného ¢ernobilou CCD kamerou Olympus 300. Procentualni zastoupeni
bunék exprimujicich Ki-67 bylo stanoveno ze tii reprezentativnich fezti kazdého tumoru a

6-7 vizualnich poli z daného fezu.

Protilatka Zdroj Klonalita Redéni Kéd Vyrobce
primarni protilatky
anti - DPP-IV potkan  monoklonalni 1:50 E-19 Vitatex
anti — Ki-67 kralik polyklonalni 1:800 Ab 15580 Abcam
anti - CD31 potkan  monoklondlni  1:100  NB100-1642 _ NOVUS-
Biologicals
anti - GFAP kralik polyklonalni 1:5000 Ab7260 Abcam
. (1 1. . Sigma
anti - PDGFB kralik polyklonalni 1:250 HPA011972 Aldrich
sekundarni protilatky
anti-rabbit 1gG - Alexa Fluor 546  koza polyklonalni 1:500 A11010 Invitrogen
anti-rabbit 1gG - Alexa Fluor 488  koza polyklonalni 1:500 A11034 Invitrogen
anti-rat 19G - Alexa Fluor 488 osel polyklonalni 1:500 A21208 Invitrogen

Tabulka 1. Protilatky pro imunofluorescenéni histochemii
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3.8. Katalyticka histochemie

Katalyticka aktivita DPP-IV v tumorech s indukovanou expresi transgenni DPP-IV
byla analyzovana pomoci metody katalytické histochemie dle Lojdy. (Lojda, 1981) Zmrzlé
fezy o sile 10 um byly fixovany v roztoku acetonu a chloroformu v poméru 1:1 dvé min. pfi
4 °C a po té oplachnuty v PBS po dobu 1 min. Reakéni smés pro vizualizaci enzymové
aktivity DPP-IV byla pfipravena rozpusténim 18 mg Gly-Pro 4-methoxy-p-naftylamid
hydrochloridu (Sigma-Aldrich Chemie, Némecko) a 21 mg Fast blue B salt (Sigma-Aldrich
Chemie, Némecko) v 60 ml PBS. pH reakéni smési bylo korigovano na hodnotu 7,2 —7,4.
Fixované fezy byly inkubovany v reakéni smési po dobu 16 hodin pii teploté 4 °C a nasledné
oplachnuty ve vodé. V poslednim kroku byly fezy ponofeny do 4% paraformaldehydu po

dobu 6 hodin pfi teploté 25 °C a zamontovany do roztoku PBS a glycerinu v poméru 1:1.

3.9. Kombinované stanoveni enzymové aktivity DPP-1V a exprese CD31

Pro ovéfeni lokalizace mySi DPP-IV na endotelidlnich buiikich v transgennim modelu
gliomageneze byly zkombinovany metody katalytické histochemie a imunochemické barveni
kfenovou peroxidazou pro marker endotelialnich buné¢k CD31. 10 um silné zmrzlé fezy byly
nejprve barveny podle protokolu pro katalytickou histochemii a dale zpracovany nasledovné.
Po 10 minutové inkubaci v 4% paraformaldehydu byly oplachnuty v PBS 2x 5 min. a
permeabilizovany 5 min. pfi 25 °C v 0,01% vodném roztoku Tritonu X-100. Nasledoval
oplach v PBS 2x 5 min. a blokace endogenni peroxidazy pomoci Peroxidase blocking solution
(Dako, Dansko) po dobu 30 min. pii 25 °C. Po té byla provedena blokace nespecifickych
antigennich epitopti bloka¢nim roztokem z TBS obsahujicim 10 % FCS a1l % BSA po dobu
30 min. pii 25 °C. Neoplachnuté preparaty byly ve vlhké komurce inkubovany po dobu 16
hodin pfi teploté 4 °C v primarni potkani monoklonalni protilatce anti-CD31 (viz tabulka 1)

fedénou v 1% roztoku BSA a TBS. V dalsim kroku byly fezy oplachnuty v 0,03% roztoku
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Tritonu x-100 v TBS 2x 5 min. a inkubovany 60 min. pfi teploté 25 °C v sekundarni protilatce
anti-rat ab6733 (Abcam, UK) konjugované s biotinem o objemu 100 pl, fedéni 1:250 v 1%
roztoku BSA v TBS. Nasledoval oplach v TBS 2x 5 min. a inkubace 30 min. pii 25 °C
v ImMmPACT ™ DAB SK-4105 (Vector Laboratories, USA). Po oplachu v TBS 2x 5min.
provedena inkubace v roztoku substratu ImmPACT DAB (Vector Laboratories, USA) po
dobu nezbytnou pro vizualizaci endotelii. Reakce substratu byla zastavena oplachem vodou
z kohoutku. Bunéc¢na jadra byla dobarvena Hematoxilinem (Sigma-Aldrich Chemie,
Némecko) a preparat zamontovan do roztoku PBS a glycerinu v poméru 1:1. Mikroskopie

byla provedena na mikroskopu Olympus X-80 vybaveného fotoaparatem Olympus E-410.

3.10. Biochemické stanoveni DPP-1\/- podobné enzymové aktivity

Vzorky tkané transgenn¢ indukovaného glioblastomu a kontrolni mozkové tkan¢ byly
po odbéru okamzit¢ zmrazeny v tekutém dusiku a uchovany pii teplot¢ — 75 °C.
Homogenizace vzorkt byla provedena pii 4 °C v 25mM homogeniza¢nim pufru pH 6 (2 mM
Na;HPOQO4; 0,6 mM KH,PO4; 22,4 mM NaCl) za pouziti homogeniza¢ni sondy SEN-5G a
homogenizatoru Ultra — Turax. (IKA, Némecko) Vysledny podil tkané v homogenatu tvotil
15 % hmotnosti.

DPP-IV-podobna aktivita homogenatu byla stanovena kinetickou metodou jako
prirtstek fluorescenéniho signalu emitovaného Stépenim substratu H-7-(glycyl-L-prolyl-
amido)-4-methylkumarinu (H-Gly-Pro-AMC) (Bachem, Svycarsko). Koncentrace substratu v
reakci byla 50umol/l. Reakce probihala pii 37 °C v PBS pufru pH 7,4 pii fedéni homogenatu
1:100. Aktivita byla stanovovana z homogenatu bez piidavku detergentu, s ptidavkem 10%
roztoku detergentu Triton X-100 (1:100) a pfi inhibici enzymové aktivity DPP-IV. Inhibice
enzymové aktivity pro DPP-IV byla provedena vysoce specifickym inhibitorem DPP-IV

Sitagliptinem o koncentraci 50 nM v reakci. Méfeni bylo provedeno pomoci fluorimetru
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(Horiba Jobin Yvon, USA) za pouziti excita¢niho svétla o vinové délce 380 nm a snimanim

emisniho svétla o vlnové délce 460 nm.

3.11. Stanoveni celkového proteinu
Stanoveni koncentrace celkového proteinu v homogenatu bylo provedeno metodou dle

Lowryho a jako standard byl pouzit albumin hovéziho séra. (Lowry a kol., 1951)

3.12. Statisticka analyza
Statisticka analyza byla provadéna v programu Statistica 12.0 (statSoft, USA). Rozdily
mezi jednotlivymi skupinami jsou hodnoceny pomoci Mann-Whittneyho U-testu. Korelace

byly analyzovany pomoci Spearmanova korelacniho koeficientu.
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4. Vysledky

4.1. Zavedeni ortotopického xenotransplantacniho modelu gliomu

Pro ustaveni vhodného ortotopického xenograftového modelu jsme testovali tfi
gliomové bunécné linie T98G, US7TMG a U373MG. Bunécnad linie T98G byla v naSich
podminkach netumorigenni, tumory po implantaci nevznikaly v zadném z ptipadt (data
neuvedena). Po implantaci bunééné linie US7MG do mozku zvifete sice tumory vznikaly ve
vSech ptipadech, ale vykazovaly ostfe ohraniceny rist bez invaze transformovanych bunék do
okolni tkan¢ (data neuvedena). V piipadé bunééné linie U373MG vznikaly experimentalni
tumory také ve 100 % ptipadd. V histologickém obrazu byla navic pfitomna zietelnd invaze
transformovanych bunék do okolni tkané¢ (Obrazek 4). Tuto bunéfnou linii jsme nasledné
pouzivali ve vSech experimentech. V dalsim kroku jsme provedli kontrolni experiment
ovéfujici  vliv  indukénich ¢inidel (doxycyklin, mifepriston) na rast xenograftu
Z netransfekovanych U373MG in vivo. Tyto latky jsou vyuzivany pro regulovanou indukci
exprese proteinu v systémech Tet-on a Gene Switch a potencialné mohou piimo ovliviiovat
rast xenograftu (Pinski a kol., 1993; Ramaswamy a kol., 2012; Llaguno-Munive a kol., 2013;
Wau a kol., 2014). Morfometricka analyza prokazala, Ze ani jedno z téchto ¢inidel neovliviiuje

v nami uzivanych koncentracich velikost tumorti z implantovanych bunék (Obrazek 3).

39



objem tumoru (mm?)
o - N w B oo ® N @ ©
objem tumoru (mm3)

DOX = DOX + MIFE - MIFE+

Obrazek 3. Vliv indukénich ¢inidel mifepristonu a doxycyklinu na rist U373MG xenograftu in
VIVO

(A) Experimentalni skupiné zvifat (n=10) byl podavan doxycyklin hyklat v pitné vodé 2 mg/ml ad
libitum od prvniho dne implantace. Kontrolni skupiné zvifat (n=10) byla podavana pouze voda ad
libitum. Zvifata byla utracena 33 dn@i po implantaci 10° bungk. Mann-Whitney U test: p=1; (B)
Experimentalni skupiné zvitat (MIFE+) (n=10) byl podavan mifepriston 270 pg/kg i.p. rozpustény
v sezamovém oleji tiikrat tydné. Kontrolni skupiné zvitat (MIFE-) (n=10) bylo podavano 100 pl
sezamového oleje i.p. tfikrat tydng. Zvifata byla utracena 34 dnii po implantaci 10° bungk. Mann-
Whitney U test: p=0,67; ¢tvereCky: mediany; krabice: 25-75 %; svorky: minimalni a maximalni
hodnoty.

4.2. VIiv experimentdlné zvySené exprese katalyticky aktivni DPP-1V na rist ortotopického
xenograftu.

Pro zhodnoceni vlivu katalyticky aktivni DPP-IV na rlst ortotopického xenograftl
in vivo jsme pouzili dva rizné klony transfekovanych glidlnich bunék U373MG. Prvni klon
exprimoval katalyticky aktivni transgenni lidskou DPP-IV pomoci systému Tet-on Advanced
po indukci doxycyklinem. Druhy klon exprimoval katalyticky aktivni DPP-IV pomoci
systtmu Gen Switch po indukci mifepristonem. Klony vykazovaly 20 nasobny rozdil
v dosazené expresi transgenni DPP-IV, coz umoznilo posoudit, zda pozorovany vliv DPP-IV
na rast tumoru zavisi na mife jeji exprese.

Tumory z bun¢k U373MG vykazovaly neohrani¢eny rist s infiltraci bun¢k do okolni
mozkové tkané. Overexprese DPP-IV a zvySend enzymova aktivita v tumoru byla potvrzena

imunofluorescen¢ni metodou a katalytickou histochemii (Obrazek 4).
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Nase vysledky prokazaly, ze tumory s indukovanou expresi transgenni DPP-1V byly
statisticky vyznamné mensi nez kontrolni tumory, u nichz exprese DPP-IV indukovana
nebyla. Hodnota medianu objemu tumor exprimujicich DPP-IV byla pfiblizné¢ o 50 %
mensi, nez hodnota medianu objemu tumort u kontrolni skupiny. Tento rozdil byl patrny u
obou kloni transfekovanych riznymi expresnimi systémy a nezavisel na kvantité exprese.

(Obrazek 5).

A

Obrazek 4. Tumory z bunék lidského glioblastomu U373MG CD26 wild v my$im mozku

(A) Pichledny snimek tumoru s indukovanym zvySenim exprese DPP-IV. (B) Detail infiltrace
nadorovych bunék do trakti bilé hmoty mozkové, ¢ernad Sipka — invadujici buriky. (C) Kontrolni
tumor bez indukce transgenni exprese DPP-1V a (D) detail invaze bunék kontrolniho tumoru do okolni
tkané. Zobrazeni pomoci katalytické histochemie na zmrzlych fezech silnych 10 pum, jadra barvena
HE. Métitka 1000 pm a 100 pm.
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Obrazek 5. VIiv zvySené exprese katalyticky aktivni DPP-1V na rist xenograftu in vivo. (A)
Exprese transgenni DPP-IV Vv systému Tet-on byla v experimentalni skupiné zvifat (n=10) indukovana
podavanim hyklat doxycyklinu (2 mg/ml) v pitné vodé ad libitum od prvniho dne po implantaci.
Kontrolni skuping zvitat (n=9) byla podavana pitna voda ad libitum. Zvifata byla utracena 48 dnil po
ortotopické implantaci 10° bunék. Mann-Whitney U test: p=0,001; (B) Exprese transgenni DPP-IV
vsystému Gen-Switch byla v experimentalni skupiné¢ zvifat (n=10) indukovana podavanim
mifepristonu 270 pg/kg i.p. tiikrat tydné rozpusténém v sezamovém oleji. Kontrolni skupiné zvitat
(n=10) bylo podavano 100 pl sezamového oleje i.p. tfikrat tydné. Zvitata byla utracena 42 dnt po
implantaci 10° bungk. Mann-Whitney U test: p=0,03; &tveredky: mediany; krabice: 25-75 %; zavorky:
minimalni a maximalni hodnoty.

4.3. Vliv zvySené exprese katalyticky neaktivni DPP-1V na riist ortotopického xenograftu

K odliseni katalyticky nebo nekatalyticky zprostfedkované¢ho t¢inku DPP-IV na rist
tumoru in vivo jsme pouzili dva odlisné klony transfekovanych gliomovych bun¢k U373MG
s indukovatelnou expresi transgenni mutované (enzymov¢ neaktivni) formy DPP-IV. Exprese
mutované formy DPP-IV byla v obou klonech navozena pomoci systému Tet-on Advanced
system pii pouziti doxycyklinu, jako induk¢niho Ccinidla. Jeden z klonii navic stabilné
exprimoval fluorescen¢ni protein mKate2 jako reporterovy systém pro moznost intravitalniho
zobrazovani xenograftu pomoci FLI.

Vysledky prokazaly, ze tumory z glialnich bunék, které po indukci transgenni exprese
zvysen¢ exprimovaly enzymové neaktivni formu DPP-IV byly statisticky vyznamné mensi,

nez kontrolni tumory, u nichZ exprese transgenu nebyla navozena. Hodnota medianu objemu
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tumorti exprimujicich enzymové neaktivni DPP-IV  byla, podobné jako v experimentech
s indukovanou expresi nativni formy DPP-1V, pfiblizné o 50 % mensi, nez hodnota medianu
objemu tumord u kontrolni skupiny. Tento rozdil byl patrny u obou klon glidlnich bun¢k. Na
zékladé téchto vysledkl Ize predpoklddat, ze mensi objem tumord byl navozen

nekatalytickym mechanismem DPP-IV (Obrazek 6).
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Obrazek 6. Vliv zvySené exprese katalyticky neaktivni DPP-IV na rist xenograftu in
vivo. Exprese transgenni mutované formy DPP-1V byla v experimentalnich skupinach zvifat
(n=10) indukovana podavanim hyklat doxycyklinu (2 mg/ml) v pitné vodé ad libitum od
prvniho dne po implantaci. Kontrolni skupiné zvifat (n=10) byla podévana pitnd voda ad
libitum. (A) Buné&cny klon U373MG CD26mut, zvitata byla utracena 47 dnii po implantaci
10° bungk; Mann-Whitney U test: p=0,01; (B) Bun&ny klon U373MG CD26 mut mKate2,
zvifata byla utracena 44 dnl po implantaci 10® bun&k; Mann-Whitney U test: p=0,0006;
ctverecky: medidny; krabice: 25-75 %; zavorky: minimalni a maximalni hodnoty.

4.4. Analyza indexu proliferace Ki-67

Pro posouzeni vlivu exprese DPP-IV na proliferaci gliomovych bun€k in situ jsme
stanovili index proliferace Ki-67 v xenografech z bunék zvysené exprimujicich katalyticky
aktivni DPP-IV a v kontrolnich xenograftech. Rozdil v medidnech indexu Ki-67 mezi

skupinou s indukovanou expresi DPP-IV a kontrolni skupinou ¢inil 4,5 % (Obrazek 7).
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Obrazek 7. Srovnani indexu proliferace Ki-67 u tumori s indukovanou transgenni expresi DPP-
IV. (A) Index Ki-67 v experimentalni skupiné (n=10) a kontrolni skupiné¢ (n=10), (B) exprese
markeru Ki-67 v tumorech s transgenné indukovanou DPP-IV. Exprese transgenni DPP-IV v systému
Gen-Switch byla v experimentalni skupiné zvitat (n=10) idukovana podavanim mifepristonu 270
ng’kg i.p. trikrat tydné rozpusténém v sezamovém oleji. Kontrolni skupiné zvifat (n=10) bylo
podavano 100 pl sezamového oleje i.p. tiikrat tydn&. Zvifata byla utracena 42 dnii po implantaci 10°
bunék. Mann-Whitney U test: p=0,002; ¢tverecky: mediany; krabice:25-75 %; zavorky: minimalni a
maximalni hodnoty. Imunofluorescen¢ni barveni ve zmrzlych fezech. Modie: jadra; cervené: Ki-67,
metitko 50pum

4.5. Indukce tumorii pomoci retrovirového vektoru RCAS PDGFB-HA

Pro indukci tumort bylo pouzito 10 mysi transgenniho kmene G-tva a 10 jedinc N-
tva. Neurologické symptomy indikujici rist tumort byly pozorovany v rozmezi 5-7 tydnt po
implantaci bun€k produkujicich retrovirovy vektor RCAS PDGFB-HA. V piipad¢ kmene N-
tva vznikl tumor ve 100 % ptipadt. V ptipadé kmene G-tva vznikl tumor u 50 % jedinc.
Vzniklé tumory vykazuji histopatologické rysy charakteristické pro lidsky multiformni
glioblastom. Lze pozorovat pfitomnost cetnych nekréz s typickymi psedopalisadami
(Obrazek 8 A,B,C). V tumorech se vyskytuji rizné bunécné typy - bunky s malymi kulatymi
hyperchromnimi jadry, buniky s vyraznou jadernou pleomorfii a vietenovité buiky
ptipominajici buiiky hladké svaloviny tvofici pruhy prostupujici nadorovou masou (Obrazek 8
D, E). Nadorova tkan vykazuje silnou fokalni pozitivitu pro GFAP, vyskytujici se v oblasti

celého tumoru (Obrazek 9).

44



Obrazek 8. Morfologicky obraz tumori transgenné indukovanych vektorem RCAS PDGFB-HA
(A) Prehledny snimek s Cetnymi nekrozami, =» serpigindzni nekréza, métitko 200 um; (B), (C)
Detaily nekroz s pseudopalisadami; méfitko S0 pm; D) Detail morfologicky odlisnych bunék: = -
vietenovité butiky, = - buriky s hyperchromnimi kulatymi jadry, =» - buiiky s pleomorfnimi jadry,
méfitko 50 um; (E) Tumory obsahuji pruhy s vietenovitymi bufikami, pfipominajici mezenchymalni
proliferaci glioblastomu; méfitko 50 um; zmrazené fezy tumorem 10 um silné, barveni HE.
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Obrazek 9. Exprese GFAP v tumorech transgenné indukovanych vektorem RCAS PDGFB-HA
Detail fokalni pozitivity GFAP. Exprese GFAP je fokaln€ pfitomna v celém tumoru, zelena — bunky
pozitivni pro GFAP; modra — bunécna jadra; zmrazené fezy 10 pm silné; méfitko 100 pm.

4.6. Piitomnost DPP-1\ enzymové aktivity v tumorech transgenné indukovanych
retrovirovym vektorem

Pro zjisténi vzorce distribuce DPP-IV v modelovém systému byla uzita metoda
katalytické histochemie ve zmrzlych fezech mozkové tkané s experimentilnim tumorem
pomoci chromogenniho substratu (Obrazek 10 A). Po aplikaci Sitagliptinu, vysoce
specifického inhibitoru enzymové aktivity DPP-IV, byla veskera aktivita v fezu eliminovana
(Obrazek 11 B). Aktivita je pfitomna na vnitini strané¢ cév a kapilar v ¢asti mozku
nepostizen¢ho rlstem tumoru. V oblasti tumoru aktivitu vykazuji sporadicky se vyskytujici
individudlni buiikky nebo shluky bunék vyskytujici se kolem cév, pfipadné v pruzich
formovanych vietenovitymi buitkami (Obrazek 10 B, C). Metoda detekujici aktivitu DPP-1V a
soucasné expresi antigenu CD31 ukézala, Ze na rozdil od fyziologickych kapilar zdravého
mozku endotel dysplastickych kapilar enzymovou aktivitu specifickou pro DPP-IV

neobsahuje (Obrazek 12).
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Obrazek 10. Enzymova aktivita DPP-1V v tumorech transgenné indukovanych vektorem RCAS
PDGFB-HA

(A) Piehledny snimek distribuce enzymové aktivity DPP-IV v tumoru, métitko 200 um; (B) a (C)
detail lokalizace DPP-IV enzymové aktivity ve shlucich bunék a kolem cévnich Gtvart, métitko 50
pum; Zzobrazeni pomoci katalytické histochemie na zmrzlych fezech silnych 10 pm, jadra barvena HE.
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Obrazek 11. Inhibice enzymové aktivity DPP-1V vtumorech transgenné indukovanych
vektorem RCAS PDGFB-HA

(A) Detail struktury s DPP-IV enzymovou aktivitou, =» — DPP-IV pozitivni buriky. (B) Detail stejné
struktury v nasledujicim paralelnim fezu s pfidanim specifického inibitoru enzymové aktivity DPP-IV
Sitagliptinu. Zobrazeni pomoci katalytické histochemie na zmrzlych fezech 10 pum silnych; méfitko 20
um

Obrazek 12. Lokalizace DPP-1V a CD31 v tumorech transgenné indukovanych vektorem RCAS
PDGFB-HA

(A) Ve zdravé mozkové tkani jsou DPP-IV a CD31 exprimovany v cévnich kapilarach. (B)
V nadorové tkani neni DPP-IV exprimovana na novotvoienych kapilarach. =» — dysplastické kapilary;
=» - DPP-IV exprimujici buiky; dvoji barveni pomoci imunohistochemické metody s kienovou
peroxidazou (CD31) a katalytické histochemie (DPP-IV); jadra barvena HE; zmrazené fezy 10 um
silné; méfitko 50 um.
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4.7. Kvantifikace enzymové aktivity kanonické DPP-1V v tumorech transgenné
indukovanych retrovirovym vektorem RCAS PDGFB-HA

Kvantifikace enzymové aktivity ukéazala, Ze hodnota medidnu DPP-IV-podobné
enzymové aktivity byla pfiblizné 1,3 nasobné vyssi nez hodnota v kontrolni tkani (Mann-
Whitney U test: p=0,047) (Obrazek 13 A). Hodnota medianu DPP-1V-podobné aktivity po
inhibici Sitagliptinem byla v nadorové tkani také 1,3 nasobné vyssi nez v kontrolni tkani
(Mann-Whitney U test: p= 0,021) (Obrazek 13 B). Rozdil enzymové aktivity kanonické DPP-1V

V obou tkanich byl statisticky nevyznamny (Mann-Whitney U test: p=0,4) (Obrazek 13 C).
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Obrazek 13. Enzymova aktivita DPP-1V v tumorech transgenné indukovanych vektorem RCAS
PDGFB-HA a kontrolnich tkanich

(A) DPP-IV-podobna enzymova aktivita v nadorové a kontrolni tkani; Mann-Whithney U test:
p=0,047. (B) DPP-1V-podobna aktivita v nadorové a kontrolni tkani po inhibici Sitagliptinem; Mann-
Whitney U test: p= 0,021 (C) Aktivita kanonické DPP-IV v nadorové a kontrolni tkani; Mann-
Whitney U test: p=0,4. Experimentalni skupina (n=5), kontrolni skupina (n=5), étverecky: mediany;
krabice: 25-75 %; svorky: minimalni a maximalni hodnoty; bod: odlehlé hodnoty
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4.8. In vivo zobrazovani

V pribehu Sesti tydnt od doby implantace xenograftti exprimujicich fluorescen¢ni protein
mKate2 byl pozorovan rostouci fluorescen¢ni signal (Obrazek 14 A, B). Hodnoty
fluorescence ziskané focenim zivych zvifat pied odebranim mozku nekorelovaly (n=19;
R=0,26; p=0,26) s hodnotami objemd tumorti ziskanych morfometrickymi metodami
(Obrazek 16 A). Narozdil od tohoto pozorovani hodnoty morfometrickych dat (Obrazek 15 A)
vyznamné korelovaly (n=19; R=0,61; p=0,0045) (Obrazek 16 B) s hodnotami dat ziskanych
skenovanim mozkia vynatych z lebky (Obrazek 15 B). U vSech zvifat byl pozorovan
vyznamny extracerebralni riist nddorové masy v epidurdlnim prostoru a lebe¢ni kosti ptilehlé
k implanta¢nimu vstupu (Obrazek 14 C, D).

Za ucelem kvantifkace poklesu detekovaného fluorescencniho signélu v zévislosti na sile
vrstvy mozkové tkané byl fluorescencni model xenograftu v podobé matrigelové kapky
obsahujici buiiky exprimujici mKate2 postupné piekryt né€kolika vrstvami mozkové tkané.
Intenzita fluorescencniho signalu poklesla o 65 % a 85 % po postupném pfikryti xenograftu

Imm a 2 mm mozkové tkan¢ (Obrazek 17) (Ptiloha 1).
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Obrazek 14. Rist tumoru zobrazeny in-vivo pomoci FLI (A) Intravitdlné meéfena
fluorescence u kontrolni skupiny (n=9) a experimentdlni skupiny v prib¢hu 6 tydenniho
obdobi po ortotopické implantaci gliomovych bun¢k U373MG exprimujicich mKate2 protein.
Data jsou prezentovana jako pramér = S.D. (B) Zobrazeni jednoho reprezentativniho zvitete.
expozi¢ni ¢as 90s; méfitko: 5 mm. (C) Distribuce nadorové masy vizualizovana
fluorescenénim zobrazenim a (D) barvenim HE. Cast tumoru rostouci mimo mozek je
oznacena Sipkami. M¢titko: 2 mm.
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Obrazek 15. Velikost tumori v xenotransplantaénim modelu gliomu

(A) Velikost tumorti stanovena morfometrickou metodou. (B) Hodnoty fluorescence
stanoveny pomoci FLI u mozkl vynatych z lebky 6 tydnii po implantaci. Kontrolni skupina
(n=9), experimentalni skupina (n=11). ¢tverecky: medidny; krabice: hodnoty v rozmezi 25-75
%; svorky: minimalni a maximalni hodnoty; p<0.05, Mann-Whitney U test.
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Obrazek 16. Korelace hodnot objemi tumori stanovenych morfometricky a hodnot
fluorescencnich intenzit

(A) Korelace morfometricky stanovené velikosti tumoru a fluorescenéni intenzity méfené in vivo v 6.
tydnu po implantaci. (B) Korelace morfometricky stanovené velikosti tumoru a fluorescenéni intenzity
méfené u mozkt vynatych z lebky. (n=20); Spearmaniv korela¢ni koeficient.
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Obrazek 17. Relativni oslabeni fluorescen¢niho signalu interferujici mozkovou tkani. (A)
Relativni fluorescence bun¢k U373MG exprimujicich mKate2 protein umisténych v Matrigel matrix a
postupné stinénych mozkovymi fezy o uvedené sile. (B) Relativni oslabeni fluorescen¢niho signalu ve
tfech nezavislych experimentech. Data uvedena jako primérné hodnoty & S.D.
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5. Diskuze

5.1. DPP-1V a jeji vliv na gliomagenezi in vivo

Studie zabyvajici se biologickym pusobenim DPP-IV v onkogenezi piinaseji
nejednoznacné vysledky tykajici se jejiho pro- ¢i antitumorigenniho ptisobeni. Zatimco vyssi
exprese DPP-IV v malignéjSich typech lidskych nadori muze byt interpretovana tak, ze jeji
ptitomnost souvisi s proonkogennimi uc¢inky, studie in vitro (Wesley a kol., 1999; Wesley a
kol., 2004; Wesley a kol., 2005; Masur a kol., 2006) popisuji pfevazujici antitumorigenni
pusobeni této molekuly. Vyznam pochopeni mechanismt pusobeni DPP-IV v kancerogenezi
vzrostl se zavedenim inhibitord enzymové aktivity do bézné praxe 1écby diabetu mellitu 2.
Podrobnéjsi poznani mechanismil, jimiz DPP-IV piisobi v procesu kancerogeneze, ma rovnéz
vyznam v analyze vyuZitelnosti DPP-IV jako mozného terapeutického cile nebo
prognostického markeru (Stulc a Sedo, 2010).

Vyzkumy realizované v nasi laboratofi poprvé prokéazaly zvysenou expresi DPP-IV a
narlst jeji enzymové aktivity v tkanich vysoce malignich nadorti vychdzejicich z glidlnich
bunék a meningeomech vyssiho stupné malignity (Stremenova a kol., 2007; Stremenova a
kol., 2010) (Prtiloha 3). Nasledné byly provedeny in vitro experimenty s transgenné zvySenou
expresi DPP-IV v gliomovych bunéénych liniich, v nichz DPP-IV navodila pokles
tumorigennich vlastnosti (Busek a kol., 2012) (Ptiloha 2).

Abychom ovéfili biologicky efekt exprese DPP-IV v mikroprostiedi nadorové tkané
in vivo, zavedli jsme ortotopicky xenograftovy model gliomu, zaloZzeny na implantaci
gliomovych bunécénych linii s regulovatelnou transgenni expresi nativni a mutované DPP-1V
do mozkl imunodeficientnich mysi kmene NOD rag (Shultz a kol., 1995; Shultz a kol., 2000).
Pro navazujici studie, zaméfené na ziskani komplexnéjsiho pohledu na ulohu DPP-IV

v gliomagenezi Vv kontextu funkéniho imunitniho systému, jsme dale zavedli model
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transgenné indukované gliomageneze, ve kterém jsme analyzovali pfitomnost DPP-IV a
kvantifikovali jeji enzymovou aktivitu.

V xenotransplantaénim modelu jsme vyuzili lidskou gliomovou bunéénou linii
U373MG, jejiz bunky se vyznacuji relativné nizkou bazalni expresi DPP-1V, ovéfili jsme
jejich tumorigenni potencial a zjistili, Ze tumory z nich vzniklé¢ dobfe reprodukuji nékteré
morfologické rysy lidského glioblastomu. Zjevnym rysem xentransplantat z bunék U373MG
bylo relativné rychlé Sifeni do extracerebralniho prostoru a agresivni proristani skrz lebe¢ni
kost do podkozi. Jiné morfologické rysy typické pro histologicky obraz lidského
glioblastomu, jako napfiklad cetné nekrozy, pseudopalisady, bunéfna pleomorfie
v experimentalnich xenograftech ptitomny nebyly. Technickou vyhodou zvoleného modelu
byla 100 % incidence vzniklych tumort.

Indukce exprese transgenni katalyticky aktivni formy DPP-1V in vivo konzistentné
IV byly ptiblizné o polovinu mensi nez tumory v kontrolni skupiné. Tyto tumory vykazovaly
snizenou bunécnou proliferaci. Median indexu Ki-67 byl pfiblizné o 4,5 % nizs$i nez v
kontrolni skuping€. Biologickou relevanci tohoto rozdilu sledovanou v nasem modelu
podporuje pozorovani, které ukazuje podobny rozdil indexu Ki-67 mezi lidskymi
astrocytarnimi tumory nizkého stupné malignity a multiformnim glioblastomem (Raghavan a
kol., 1990). Souvislost mezi potla¢enim prolifera¢ni aktivity bunék a expresi DPP-IV ukazuje
také studie MareSe a kol., ve které je popsana negativni korelace mezi zvySenou expresi DPP-
IV a indexem Ki-67 u bioptickych vzorkt tumort odebranych pacientim s diagnostikovanym
glioblastomem multiforme (Mares a kol., 2012).

Vyznamné snizeni ristu experimentalnich tumori s transgenné navozenym zvysenim

exprese DPP-IV in vivo je v souladu s vysledky ptedeslych experimentti provadénych in vitro
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(Busek a kol., 2008). Nas predpoklad o zpomaleni riistu experimentalniho gliomu pii zvysené
expresi DPP-1V v komplexnim mikroprostfedi se tak v nasich in vivo experimentech potvrdil.

Predpoklad, Ze mechanismus pisobeni DPP-IV v gliomagenezi je zalozen na
katalyticky mediované degradaci proristovych mediatort, substrati DPP-1V, nase vysledky
nepotvrdily. Transgenni exprese katalyticky neaktivni formy DPP-IV in vivo navodila stejny
efekt jako katalyticky aktivni forma DPP-IV. Experimentalni tumory jak u enzymové aktivni
tak neaktivni formy DPP-1V dosahovaly statisticky vyznamné mens$ich objemil nez tumory u
kontrolnich skupin. Rozdil medianu objemu mezi skupinami ¢inil 50 %. Nepozorovali jsme
ani morfologické rozdily mezi tumory exprimujicimi mutovanou a nemutovanou formu DPP-
IV. Z naSich pozorovani lze tedy vyvodit, Ze tumorsupresorovy efekt DPP-IV je patrné
nezavisly na jeji enzymové aktivité, pfiCemz jsme kontrolnimi experimenty rovnéz vyloucili
mozny vliv pouzitych indukénich ¢inidel (doxycyklin, mifepriston) (Pinski a kol., 1993).
Mensi velikost tumorti S indukovanou expresi DPP-IV by rovnéz mohla byt zplisobena
nespecifickym zatizenim proteosyntetického aparatu bunck pfi masivni expresi transgenu.
Tento ptedpoklad nelze v naSem modelu pomoci kontrolniho experimentu vyloucit. Nicméné
vysledky jinych experimentli provedenych v na$i laboratofi ukazuji, Ze navozeni exprese
jiného proteinu pomoci stejného transgenniho expresniho systému riist tumoru neovlivnil
(data neuvedena).

Abychom se pii studiu role DPP-IV a dalsich molekul ze skupiny DASH v rozvoji a
progresi glialnich nadord vice pfiblizili podminkam nadorového mikroprostredi, zavedli jsme
rovnéz model transgenn¢ indukované gliomageneze.

Pro nasi praci jsme zvolili RCAS/tv-a technologii. Vznik gliomu je u pokusnych zvitat
navozovan prostiednictvim transformace neuroektodermalnich mozkovych progenitorovych
bunék exprimujicich nestin nebo mozkovych bunék exprimujicich GFAP. Transformace

bunék je vyvolana transgennim umléenim genu Ink4a/ARF v somatickych buikach a
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soucasné in vivo transfekci onkogenem PDGFB. Zatimco u zvifat exprimujicich receptor pro
onkogenni vektor pod promotorem nestinu vznikaly tumory ve 100 % ptipada, u zvitrat
exprimujicich receptor pod promotorem GFAP vznikly v 50 % ptipadi. Nizk4 incidence
vzniku tumorti v piipad¢ zvifat G-tva VnaSich experimentech je v rozporu s vysledky
publikovanymi v literatufe a nenasli jsme pro ni vysvétleni (Hambardzumyan a kol., 2009).
Dalsi experimenty jsme provadéli pouze s kmenem N-tva.

Na zékladé predchozich vysledkd nasi laboratoie potvrzujicich zvySenou enzymovou
aktivitu DPP-IV v lidskych gliomech vysokého stupné malignity (Stremenova a kol., 2007)
jsme predpokladali, ze ke zvySeni oproti zdravé mysi mozkové tkani dojde také v gliomech
mySiho modelu. Zjistili jsme, Zze celkovda DPP-IV-podobnd enzymova aktivita byla
Vv experimentalni gliomové tkani oproti kontrolni tkani statisticky vyznamné zvySena asi 1,3
nasobn¢. Statisticky vyznamné bylo i zvySeni ne-kanonické DPP-1V-podobné aktivity.
Aktivita kanonické DPP-IV piekvapivé tvotila pouze 10 % z celkové aktivity jak v gliomové
tak kontrolni tkani, pficemz rozdil aktivity v nadorové tkani ve srovnani s kontrolou
nedosahoval hranici statistické vyznamnosti. Lze tedy pfedpokladat, Ze statisticky vyznamny
nartist DPP-IV-podobné aktivity, pozorovany v transgennim modelu glioblastomu, je
dusledkem hydrolytické aktivity jinych molekul ze skupiny DASH nez kanonické DPP-1V
(Busek a kol., 2008). Nase zatim nepublikované vysledky naznacuji, ze touto molekulou
muze byt fibroblastovy aktivacni protein.

Kromé narustu DPP-IV-podobné enzymové aktivity jsme v GEM pozorovali riznou
distribuci DPP-IV v nadorové a kontrolni tkani. Ve zdravé mysi mozkové tkani se DPP-1V
vyskytuje v mozkovych obalech a v endoteliich kapilar a cév. V transgenné indukovanych
tumorech DPP-IV na endotelu dysplastickych kapilar exprimovana nebyla. V nadorové tkani
aktivitu vykazovaly pfedevSim individualni bunky nebo skupiny bunék vyskytujici se

V perivaskularnim prostoru nebo pruzich pfipominajicich mezenchymalni komponentu
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tumoru. Tento obraz distribuce DPP-IV v GEM modelu se podoba lokalizaci DPP-IV
v lidskych glidlnich nadorech. Nositeli DPP-IV jsou zde pravdépodobné perivaskularni
extravazované bunky podobné mononuklearnim bunkam, jejichz fenotyp je podobny bunkam
imunitniho systému (Pro a Dang, 2004; Mares a kol., 2012). Exprese DPP-IV tak muze
souviset s aktivaci imunitnich a adhezivnich vlastnosti téchto bun¢k (Lojda, 1981; Chen a
Kelly, 2003; Kikkawa a kol., 2003). Nepiitomnost exprese DPP-IV u nadorovych
dysplastickych kapilar v GEM modelu v porovnani s krevnimi kapilarami zdravého mozku,
které ji naopak exprimuji, lze interpretovat tak, ze DPP-IV hraje inhibi¢ni roli v regulaci
angiogeneze. Tato interpretace koresponduje se zavéry praci, které ukazuji, ze DPP-IV
negativné ovliviluje angiogenezi (Poncina a kol., 2014). Napiiklad Takasawa uvadi, ze
aktivace proliferace endotelialnich bun¢k navozena prostfednictvim TNF a IL-1 vedla ke
snizeni exprese DPP-IV in vitro. Snizeni exprese DPP-IV pomoci RNA interference posililo
proliferaci takto aktivovanych endotelialnich bun¢k (Takasawa a kol., 2010). V jiné studii
inhibice enzymové aktivity DPP-IV vedla ke zvySeni proliferace endotelidlnich bunék a
posileni vaskularity u transplantovanych Langerhansovych ostravkt v my$im modelu in vivo
(Samikannu a kol., 2013). Podavani Vidagliptinu (specificky inhibitor enzymové aktivity
DPP-IV) pacientim s diabetes mellitus II. typu navodilo zlepSeni hojeni bércovych viedu
zpusobené posilenim novotvorby kapilar (Marfella a kol., 2012).

Jednim z mechanismi, kterym se mtuze DPP-IV podilet na regulaci angiogeneze je
proteolytické St€peni chemokinu SDF-1a. Tento chemokin je jejim substratem a proteolyticka
modifikace prostfednictvim DPP-IV jej efektivné inaktivuje (Proost a kol., 1998). SDF-1a se
fadi mezi angiogenni faktory, které ovliviluji proliferaci a migraci aktivovanych
endotelialnich bunék v nadorové tkani (Hanahan a Folkman, 1996). V myS$im modelu
glioblastomu bylo prokdzano, Ze SDF-la vyznamné posiluje nejen invazivitu

transformovanych bunék, ale také pozitivné ovlivituje proliferaci a migraci endotelidlnich
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bun¢k  (Mirshahi a kol., 2000; Kuhlmann a kol., 2005; Wang a kol., 2012). Inaktivace
SDF-1a prostfednictvim aktivity DPP-IV tak muze pfispivat k potlacovani proangiogennich
vlivli. V tomto ohledu mizeme nepfitomnost exprese DPP-IV na novotvoienych kapilarach
V tumorech naSeho modelu dat do spojitosti s proangiogennimi procesy, které pfispivaji
k progresi nadoru.

Zjisténi, ze DPP-IV v xenotransplanta¢nim modelu potlacuje rist tumoru bez ohledu
na jeji enzymovou aktivitu, mize vést k zavéru, ze inhibice enzymové aktivity DPP-1V
specifickymi inhibitory nebude mit vliv na jeji antitumorigenni ucinky. Je ovSem tfeba
zdiraznit, ze naSe vysledky se tykaji ptipadu, kdy je DPP-IV over-exprimovana vlastnimi
nadorovymi (transformovanymi) buikami. V GEM modelu, kde byla DPP-IV exprimovana
ojedinélymi builkkami stromatu, (a tudiz v jiném kontextu) ovSem mulze hrat enzymova
aktivita DPP-1V jinou biologickou roli. To potvrzuji i recentni poznatky o DPP-IV v praci Da
Silva, ktera ukazuje, ze inhibice DPP-IV enzymové aktivity pozitivné ovliviiovala infiltraci
modelu melanomu in vivo imunitnimi bunikami (Barreira da Silva a kol., 2015). Tyto zavéry
potvrzuji vyznam uziti modell s funk¢ni imunitou pro zkoumani vyznamu DPP-1V v procesu

gliomageneze.

5.2. Validace neinvazivni fluorescencni zobrazovaci metody

Pro posouzeni vhodnosti fluorescen¢ni zobrazovaci metody pro sledovani dynamiky
ristu tumoru v ortotopickém modelu gliomu jsme provedli zhodnoceni pfesnosti uréovani
objemu tumorti pomoci zobrazovaci metody zalozené na detekci svétla. Jako kandidat pro
vyuziti v experimentech byla zvolena fluorescenéni zobrazovaci metoda. Na rozdil od
zobrazovani pomoci chemiluminiscence neni u této metody podminkou vzniku
detekovatelného svételného signalu difuze substratu k implantovanym nadorovym bunkam.

Dostupnost substratu pro chemiluminiscencéni reakci muze byt v hetrogennim prostiedi
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xenograftu nerovnomérna, proto jsme pro na$§ model zvolili bunky stabilné exprimujici
fluorescen¢éni protein mKate2, jehoz optické parametry prekonavaji nevyhody bézné
uzivaného GFP (Shcherbo a kol., 2007). Nase méfeni ukazala, Zze detekovany fluorescenéni
signal v pouzitém modelu mél piivod predev§im v tumordzni mase nachazejici se na povrchu
mozku, v epidurdlnim prostoru a v pfilehlé lebec¢ni kosti. Fluorescence vychdzejici z
této extracerebralné rostouci nadorové bunécné masy piezatila signdl vychéazejici z hloubéji
ulozenych oblasti v mozku ulozeného nddoru. Svételny artefakt extracerebralni ¢asti tumoru
byl pti¢inou nizké korelace mezi daty ziskanymi pomoci FLI in vivo a hodnotami objemu
tumorii stanovenych post mortem pomoci morfometrickych méfeni. Nezadouci
extracerebralni rist experimentalniho tumoru by mohl byt hypoteticky omezen hlubsi
injektdzi mensich objemti bunééné suspenze. Fluorescencni svétlo emitované z hloubéji
ulozeného xenograftu je ale vice pohlceno a rozptyleno silnéjsi vrstvou okolni tkané. To by
s vysokou mirou pravdépodobnosti zapficinilo ztratu ostrosti zobrazeni (Ntziachristos, 2006).
Navic redukce poctu implantovanych bunék sniZzuje intenzitu fluorescencniho signalu, coz
v kombinaci s autofluorescenci tkané vede k nedostatecnému kontrastu, nezbytnému pro
detekci tumoru v ¢asnych fazich jeho rastu (Troy a kol., 2004).

Nase zjisténi ukazuji, Ze vysledny fluorescen¢ni signal je vyznamné ovlivnén nejen kvantitou
nadorové masy, ale také jeji ,,geometrii*, danou distribuci nadorovych bunék v prostoru.

Lze tedy konstatovat, Ze makroskopicka planarni FLI v epi-ilumina¢nim modu s
konven¢nim zdrojem excitacniho svétla je zobrazovaci metoda vhodnd spiSe pro
semikvantitativni a orienta¢ni stanovovani dynamiky rlistu tumoru, nez pro presné meéteni a
porovnavani objemu xenografti lokalizovanych hloubé&ji v mozku.

Nase data, podobn¢ jako vysledky Jostové a kol. (Jost a kol., 2007) napovidaji, Ze
neinvazivni zobrazovaci metody vyuzivajici tomograficky pfistup jsou pro in Vvivo

kvantifikaci objemu tumoru v ortotopickych modelech mozkovych nadorti vhodné;si.
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6. Zavéry

1. Transgenni zvySeni exprese DPP-IV u lidskych transformovanych glialnich bunck

Vv ortotopickém mys$im modelu negativné ovliviiuje rist experimentalnich tumord.

2. Negativni pasobeni zvySené transgenni exprese DPP-IV na rlst experimentalnich tumort
z lidskych glidlnich bunék v ortotopickém mysim modelu neni zavislé na enzymové funkci

DPP-1V.

3. Vglidlnich tumorech, vzniklych transgenni transformaci neuroektodermélnich
progenitorovych bunék in vivo, dochazi ke statisticky vyznamnému zvySeni DPP-1V-like

aktivity oproti kontrolni tkani, ale neni zptisobeno kanonickou DPP-IV.

4. Na rozdil od cév a kapilar zdravého mySiho mozku, jejichz endotel vykazuje expresi
DPP-1V, dysplastické nadorové kapilary v tumorech vzniklych transgenni indukci in vivo

DPP-1V neexprimuji.

5. Planarni fluorescencni zobrazovaci metoda v epiilumina¢nim modu neni vhodna pro

presnou kvantifikaci dynamiky rdstu intrakranidlnich modelovych tumor in vivo, ale

umoziuje semikvatitativni monitoraci ristu tumoru in vivo.
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Zkratky
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Short Communication

Limitations of Macroscopic Fluorescence Imaging for the
Estimation of Tumour Growth in an Orthotopic Glioma

Mouse Model

(in vivo fluorescence imaging / mKate2 / glioma growth)

M. HILSER. J. TRYLCOVA. P. BUSEK. A. SEDO

Institute of Biochemistry and Experimental Oncology, First Faculty of Medicine, Charles University in

Prague. Czech Republic

Abstract. Imaging methods based on light detection
are being increasingly used for the non-invasive as-
sessment of tumour growth in animal models. In con-
trast with bioluminescence imaging, there are no
studies assessing the use of macroscopic fluorescence
imaging for the longitudinal monitoring of tumour
growth in an orthotopic glioma mouse model. Glioma
cells expressing the red-shifted fluorescent protein
mKate2 were orthotopically implanted to NOD-rag
mice and the tumour size estimated by macroscopic
fluorescence imaging was compared to the tumour
volume determined morphometrically. There was no
significant correlation between the data obtained by
non-invasive macroscopic fluorescence imaging and
post mortem morphometry. In addition, the fluores-
cence imaging failed to detect a morphometrically
verified difference in tumour volume between ani-
mals with tumours expressing a potential tumour
suppressor gene and controls. The fluorescence sig-
nal was affected by the spatial pattern of tumour
growth and substantially attenuated by the interfer-
ing brain tissue. Our results indicate that the fluores-
cence signal emitted by glioma cells reflected not
only the tumour mass, but also its spatial distribu-
tion. Macroscopic planar FLI in an epi-illumination
mode and a conventional source of excitation light
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therefore appears to be more suitable for semi-quan-
titative assessment of the tumour growth especially
in the case of superficially located tumours rather
than for precise volume estimation of the xenografts
located deep within the brain tissue.

Introduction

The orthotopic brain tumour model is an important
tool that has been applied in the research of brain malig-
nancies for many years (Kobayashi et al., 1980). The
advantage of this model in comparison with the in vitro
and subcutaneous models lies in more authentic simula-
tion of the actual conditions of malignant processes in
the brain (Dong et al., 1994: Fidler et al., 1994; Killion
et al., 1998). On the other hand. longitudinal monitoring
of the tumour growth in an orthotopic model is a highly
laborious and time-consuming task requiring a large
mumber of experimental animals to be killed. To resolve
this obstacle, imaging systems such as magnetic reso-
nance imaging (MRI). positron emission tomography.
bioluminescence imaging (BLI) and fluorescence imag-
ing (FLI) have been put into practice for small animals.
Compared to the expensive and low-throughput tomo-
graphic systems (Mook et al.. 2008), the optical imaging
systems based on light detection (i.e. BLL FLI) have the
advantage of low costs and easy equipment handling.
Although two-dimensional information provided by
these methods may bias precise volumetric estimations.
several studies demonstrated high correlation of MRI
and BLI results, and thus BLI is often used for brain
fumour growth estimation (Szentirmai et al., 2006:
Dinca et al.. 2007; Hashizume et al.. 2010). In contrast
to that, the suitability of FLI for this purpose has not
been validated. probably also because of the absence of
an appropriate fluorescence reporter. The situation
could. however, change with the introduction of a new
category of red-shifted fluorescent proteins (Hoffman.
2008). Their emission wavelength beyond 600 nm dra-
matically decreases light absorption and scattering by
the suwrrounding tissues, while their excitation wave-
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length of about 590 nm produces less tissue autofluores-
cence (Troy et al.. 2004: Tung et al.. 2004). This im-
proves their detectability by at least two orders of
magnitude compared to the so far “gold standard™ green
fluorescent protein (Shcherbo et al. 2007, 2009:
Deliolanis et al., 2008). Despite these promising charac-
teristics of the red-shifted fluorescent proteins. there are
no studies to confirm the correlation between the macro-
scopic FLI results and morphometric quantification of
the brain tumour size.

The purpose of our study was to assess the reliability
of tumour volume estimation by FLI in the epi-illumi-
nation mode for the 7i7 vivo studies of molecules and in-
terventions affecting gliomagenesis. Our experiments
using orthotopically implanted glioma xenografts trans-
fected with red-shifted fluorescent protein mKate2 as a
reporter and inducibly expressing growth-suppressing
cell surface protease dipeptidyl peptidase-IV (DPP-IV.
CD26) (Busek et al., 2008) demonstrate the limitations
of the method.

Material and Methods

Cell culture

Human glioma cell line U373MG (originally derived
from WHO grade III glioma) was obtained from the
American Type Culture Collection (Rockville, MD).
Cells were grown under standard cell culture condi-
tions at 37 °C in Dulbecco’s Modified Eagle’s Medium
(DMEM. Sigma-Aldrich Chemie, Steinheim, Germany)
supplemented with 10% foetal bovine serum (FBS.
Sigma-Aldrich Chemie). under a humidified (= 90 %)
atmosphere of 5 % CO,/95 % air.

Generation of transfected glioma cells

U373MG cells inducibly expressing the full-length hu-
man DPP-IV (Tet-On Advanced Inducible Gene Expres-
sion System, Clontech, Mountain View, CA) were trans-
fected with the pcDNA4 vector (Invitrogen. Paisley. UK)
containing the full-length ¢DNA of mKate2 (Evrogen.
Moscow. RU) using Lipofectamine™ 2000 (Invitrogen)
according to the manufacturer’s instructions. Stable
clones were selected after 6-8 weeks in complete medi-
um containing 400 pg/ml Zeocin (Invitrogen).

Orthotopic xenotransplantation model

The experimental use of animals was approved by
The Commission for Animal Welfare of the First Faculty
of Medicine of Charles University in Prague and the
Ministry of Education. Youth and Sports according to
animal protection laws. Twenty adult male mice
NOD.12957(B6)-Ragltm1Mom/J (The Jackson Labo-
ratory. Bar Harbor. ME) weighing approximately 25 g
were used in the experiment. All animals were anaesthe-
tized prior to surgery with an intramuscular injection of
Ketamine (100 mg/kg) and Xylazine (20 mg/kg). The
operating area was depilated. disinfected and a 5 mm
midsagittal incision was performed. The animal’s head

was fitted into the mouse adapter of a stereotaxic device
(Stoelting, Wood Dale, IL) and a 0.4 mm borehole was
drilled in the skull at a position 1.2 mm anterior from the
bregma. 2.5 mm sagittal from the middle line. The total
volume of 6 pl of cell suspension (200 000 cells/pl n
DMEM, Sigma-Aldrich Chemie) was injected with a
Hamilton syringe.

To limit the back flow along the needle track. the nee-
dle tip was initially sunk to a depth of 3.5 mm and then
withdrawn 1 mm to a final depth of 2.5 mm. The injec-
tion time was set at 5 min. The needle was subsequently
left in place for another 3 min after which it was slowly
withdrawn. Immediately after removing the needle, the
skull trephination was sealed with bone wax and the
skin incision was closed with two surgical stitches. The
animals were placed into heated cages until they awoke
from anaesthesia. The experimental group of animals (N
= 11) received doxycycline hyclate (Sigma-Aldrich
Chemie) in drinking water (2 mg/ml) ad libitum during
the 6-week period of fumour growth in order to nduce
DPP-IV expression in the xenografted glioma cells. The
control group of animals (N = 9) received drinking wa-
ter without doxycycline.

Fluorescence imaging

For animal imaging. an iBox® Scientia Small Animal
Imaging System. (UVP, Upland, CA) coupled with a
BioChemi HR 400 CCD camera (UVP) was used. The
system in epi-illumination mode was equipped with a
150W halogen bulb and 533—-587 nm excitation filter. A
607-682 nm emission filter was placed m front of the
camera lens. The distance of the animal from the camera
lens was 25 cm. All animals were scanned (exposure
time 90 s) weekly during the 6-week period after im-
plantation. all animal manipulations were done under
anaesthesia: the scanned area was depilated prior to
every imaging session. After the last imaging sessiomn.
mice were sacrificed. the braimn was removed from the
skull within 5 min since the sacrifice and immediately
placed into the imaging system at the identical position
the live animal was previously scamned. In order to
avoid oversaturation of the camera chip. the exposure
time was reduced from 90 s to 10 s. Other settings of the
system were the same as at the previous in vivo scan-
nings. The brains were subsequently processed for mor-
phometric determination of tumour volume as detailed
bellow. Analysis of the scans was performed in the
Image] software (National Institute of Health, USA).
The means of fluorescence intensities of the arbitrary
unit area were used for statistical evaluation.

Morphometric quantification of tumour voliume

Forty-three days after cell implantation, all animals
were killed under deep anaesthesia. the brains were re-
moved from the skull, embedded in Jung Tissue Freezing
Medium (Leica Microsystems, Nussloch. Germany)
and frozen at a temperature of —70 °C. Serial frozen
coronal sections 25 pm thick were cut using a cryotome
(Bright Instruments, Huntingdon, UK) at a temperature
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Fig. 1. Intracranial tumour growth assessed by in vivo epi-illumination fluorescence imaging and demonstration of tumour
mass distribution in the brain section.
(A) Intravitally measured fluorescence in the control (N = 9) and experimental (N = 11) group during the 6-week period
after the orthotopic implantation of glioma U373MG cells expressing the mKate2 protein. Data presented as mean = S.D.
(B) Scan of one representative animal. Exposure time, 90 s: scale bar. 5 mm. (C) Distribution of the tumour mass in the
brain section visualized by fluorescence imaging and (D) by haematoxylin-eosin staining. The extracerebral portion of the
tumour is indicated with arrows. Scale bars. 2 mm.
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of =20 °C. Every fifth section was dyed with haema-
toxylin and eosin (Sigma-Aldrich Chemie) and digi-
tized. Quantification of the tumour size was done using
the Cavalieri’s method for unbiased volume estimation
(Mayhew and Olsen. 1991).

Assessment of the relative attenuation of
fuorescence signal in the brain tissue

To assess the influence of the mass of surrounding
brain tissue on the fluorescence signal detection. a fluo-
rescent xenograft was simulated with a drop of 5 pl of
Matrigel Matrix™ (BD Biosciences, Bedford, MA})
containing 10° U373MG cells expressing mKate2 on the
surface of a 3 mm thick coronal section of brain tissue.
The gelatinous fluorescent bolus was scanned with a
long exposure time (30 s) to achieve almost saturating
pixel intensities. The scanning was subsequently per-
formed with identical settings of the imaging system
after covering the bolus with 1 mm thick brain tissue

sections. This procedure was repeated until the bolus
was covered with a total of 3 mm of brain tissue.

Results and Discussion

We observed an increasing fluorescence signal in both
the control and experimental group over the six-week pe-
riod after xenograft implantation (Fig. 1A. B). There was
no statistically significant difference between the fluores-
cence intensities in the experimental group and the con-
trol group (Fig. 1A) at any time point during the study. In
stark contrast with this, tumour volume determined mor-
phometrically post mortem (week 6) was significantly
different between the two groups (Fig. 2A). The in vivo
fluorescence imaging data at week 6 showed no signifi-
cant correlation (r = 0.26: P=0.26; N = 20) with the mor-
phometrically determined tumour volumes (Fig. 3A).

In addition to the infracranial tumour mass, we ob-
served extracerebral growth of the tumours through me-
ninges into the adjacent bone in all animals (Fig. 1C, D).
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Fig. 2. Comparison of tumour size estimated morphometrically (A) and by the FLI in brains removed from the skull (B)

at week 6.

Control group (N = 9). experimental group (N = 11). Squares: medians; boxes: middle 25-75 % of measured values; bars:
minimal and maximal values: ¥ P < 0.05. Mann-Whitney U test.
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Fig. 3. Correlation of the morphometrically determined tumour volume and the corresponding fluorescence intensity
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Fig. 4. Relative attenuation of the fluorescence signal by interfering brain fissue.
(A) Relative fluorescence of U373MG cells expressing the mKate2 protein, embedded in the Mafrigel matrix. covered
with brain tissue sections of the indicated thickness. (B) Relative attenuation of the fluorescence signal. Three independ-

ent experiments: data presented as mean = S.D.

Removal of the brains from the skull and thus elimina-
tion of the signal from the overlying bone infiltrated by
glioma cells led to the improvement of the correlation
between the fluorescence signal and the morphometric
data (r = 0.61; P = 0.0045; N = 20) (Fig. 3B). In addi-
tion. only the FLI data obtained from brains removed
from the skull revealed the difference in fumour size be-
tween our two experimental groups (Fig. 2B).

In experiments simulating attenuation of the fluores-
cence signal in the brain tissue (see Material and
Methods) the signal decreased by 65 % and 85 % when
1 mm and 2 mm of the brain tissue was superimposed
over the fluorescent bolus (Fig. 4). Three mm of the su-
perimposed brain tissue reduced the signal almost to the
tissue autofluorescence values.

To the best of our knowledge, this is the first report
that evaluates the use of macroscopic fluorescence im-
aging for the longitudinal monitoring of the growth of

orthotopic gliomas in a mouse model. Our findings sug-
gest that the estimation of the tumour growth based on
the intensity of the fluorescence signal is strongly influ-
enced by the spatial distribution of the tumour mass as
well as by significant attenuation of the fluorescence
signal by the surrounding brain tissue. The variable ex-
tracranial portions of the tumour caused by the migra-
tion of glioma cells into the subarochnoid or subdural
space and eventually the adjacent bone, as well as super-
ficially located intracerebral tumour masses may be re-
sponsible for a substantial part of the 77 vivo detected
fiuorescence signal, although they represent only a small
fraction of the whole tumour mass. In our model. this is
the most likely cause of the low correlation of the FLI
data collected from living animals with the post-sacri-
fice morphometric volume estimation.

Extracerebral growth of the xenotransplanted brain
tumours represents a frequently occurring phenomenon
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(Antunes et al., 2000; Jost et al. 2007; Yang et al., 2007:
Barth and Kaur, 2009). which can be partially imited by
a deeper injection of a smaller volume of the cell sus-
pension. However. the light emitted from a more deeply
implanted tumour 1s more attenuated and scattered by
the swrrounding tissue, which causes a loss of imaging
resolution (Ntziachristos, 2006). Reduction of the num-
ber of implanted cells leads to a reduction in the emitted
signal, which. due to the interference from the tissue au-
tofluorescence, does not provide a sufficiently strong
signal to enable detection (Troy et al., 2004) at least in
the early phases of tumour growth.

Together, the fluorescence signal emitted by glioma
cells reflected not only the tumour mass, but also its spa-
tial distribution and did not correlate with the tumour
volume determined morphometrically. Macroscopic
planar FLI in an epi-illumination mode and a conven-
tional source of excitation light therefore appears to be
more suitable for semi-quantitative observations and su-
perficially located tumours rather than for precise vol-
ume estimation of the xenografts located deep within
the brain.
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Malignant gliomas exhibit abnormal expression of proteolytic enzymes that may participate in the uncon-
trolled cell proliferation and aberrant interactions with the brain extracellular matrix. The multifunctional
membrane bound serine aminopeptidase dipeptidyl peptidase (DPP)-IV has been linked to the develop-
ment and progression of several malignancies, possibly both through the enzymatic and nonenzymatic
mechanisms.

In this report we demonstrate the expression of DPP-IV and homologous proteases fibroblast activation
protein, DPP8 and DPP9 in primary cell cultures derived from high-grade gliomas, and show that the
DPP-IV-like enzymatic activity is negatively associated with their in vitro growth. More importantly, the
DPP-1V positive subpopulation isolated from the primary cell cultures using immunomagnetic separation
exhibited slower proliferation. Forced expression of the wild as well as the enzymatically inactive mutant
DPP-1V in glioma cell lines resulted in their reduced growth, migration and adhesion in vitro, as well as
suppressed glioma growth in an orthotopic xenotransplantation mouse model.

Microarray analysis of glioma cells with forced DPP-IV expression revealed differential expression of
several candidate genes not linked to the tumor suppressive effects of DPP-1V in previous studies. Gene set
enrichment analysis of the differentially expressed genes showed overrepresentation of gene ontology
terms associated with cell proliferation, cell adhesion and migration.

In conclusion, our data show that DPP-IV may interfere with several aspects of the malignant phenotype
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of glioma cells in great part independent of its enzymatic activity.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Gliomas rank among the deadliest human malignancies. The
median survival for the most common grade IV tumors (glioblas-
toma multiforme) is one year despite multimodality treatment
with surgery, chemotherapy and radiotherapy (Wen and Kesari,
2008). Disease recurrence is almost a rule due to the uncon-
trolled proliferation of glioma cells that extensively infiltrate the

Abbreviations: DPP, dipeptidyl peptidase; FAP, fibroblast activation protein;
SDF-1, stromal cell derived factor; SP, substance P; DMEM, Dulbecco’s Modified
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factor.
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surrounding brain parenchyma. In addition to genetic alterations,
deregulated expression of para- as well as autocrine mediators and
their receptors (Hoelzinger et al., 2007), components of the extra-
cellular matrix and proteolytic enzymes jointly contribute to the
malignant phenotype of glioma cells (Rao, 2003; Louis et al., 2002;
Levicar et al., 2003).

In our previous work, we detected dipeptidyl peptidase (DPP)-
IV-like enzymatic activity in permanent glioma cell lines (Sedo
et al,, 2004) as well as in astrocytic tumors in situ (Stremenova
etal.,2007).This enzymatic activity is an attribute of a limited num-
ber of proteases such as the canonical DPP-IV (CD26, EC 3.4.14.5)
and homologous proteases fibroblast activation protein (FAP), DPP8
and DPP9 belonging to the MEROPS (http://merops.sanger.ac.uk)
S9B subfamily (Sedo and Malik, 2001). The most thoroughly char-
acterized of these molecules is DPP-IV, a multifunctional plasma
membrane-bound serine dipeptidyl aminopeptidase. It is also
found as a cleaved ectodomain in body fluids (Durinx et al., 2000)
and is thought to proteolytically modify and thus fine tune the
bioavailability and receptor binding of a large number of biolog-
ically active peptides in the pericellular space (Mentlein, 1999).
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In addition to the well-studied incretins (McIntosh, 2008), the
DPP-IV substrates also include several poly- and oligopeptides
strongly associated with the malignant behavior of glioma cells,
such as the chemokine stromal cell-derived factor (CXCL12, SDF-
1) and the neuropeptide substance P (SP) (Mentlein, 1999; Bajetto
et al., 2006; Falma and Maggi, 2000). Furthermore, DFP-IV executes
several of its functions by protein-protein interactions that are
independent of its intrinsic enzymatic activity. The binding part-
ners of DPP-1V include proteins of the extracellular matrix, CD45,
caveolin-1, thrombospondin, adenosine deaminase and plasmino-
gen (Ohnuma et al., 2008; Liu et al., 2009; Gonzalez-Gronow et al.,
2008). We speculated that plasma membrane localized DPP-IV-
like enzymatic activity as well as nonproteolytic protein-protein
interactions of DPP-1V may represent an important mechanismreg-
ulating the growth properties of human glioma cells (Busek et al.,
2004, 2008).

Inthe current study we explore the role of DPP-IV in gliomagen-
esis by using primary cell cultures derived from high-grade gliomas
and glioma cell lines inducibly expressing DPP-IV. We show that the
DPP-1V-like enzymatic activity in primary cell cultures is negatively
associated with their in vitro growth and DPP-IV overexpressing
glioma cells exhibit decreased proliferation in vitro. In addition,
forced expression of both enzymatically active and enzymatically
inactive DPP-IV suppressed glioma growth in an orthotopic xeno-
transplantation mouse model.

2. Materials and methods
2.1. Glioma primary cell cultures and cell lines

Primary cell cultures were derived from tumor tissue samples
collected from patients undergoing astrocytic tumor resection at
the Department of Neurosurgery, Hospital Na Homolce in Prague,
Czech Republic. The study was approved by the Institutional ethics
committee and was conducted in accordance with the Declara-
tion of Helsinki; all biopsy donors gave full informed consent.
Each fresh tissue sample was sectioned into small pieces and
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma,
Czech Republic) supplemented with 20% fetal bovine serum (FBS,
Sigma), 100 pg/mL Streptomycin (Sigma) and 100 U/mL Penicillin
G (Sigma). After 5-7 days, the explants were removed and the
medium was replaced with DMEM supplemented with 10% FBS and
antibiotics. GFAP expression was detected with a variable inten-
sity in the majority of primary cell cultures supporting their glial
origin.

Human glioma cell lines U373, T98G and UB7 were from ATCC
(LGC Standards, Middlesex, UK) and were cultured under standard
conditions in DMEM supplemented with 10% FBS.

The CD26 positive cell subpopulation was isolated using MACS
(magnetic activated cell sorting) by incubating the cells with a
mouse anti-CD26 antibody (clone M A261, Acris, Germany) and
then Dynabeads pre-coated with anti-mouse IgG antibodies (Invit-
rogen, CA, USA). After isolation, the cells were expanded and
subcultured before ascertaining their growth properties.

2.2, Construction of vectors with enzymatically inactive mutant
DPP-IV

The catalytic Ser®*® of the full-length human DPP-1V inserted
in the pGENE or pTRE-Tight vector was mutated to Ala by site-
directed mutagenesis (Quik Change 11, Agilent Technologies, Inc.,
CA, USA) using the following primers: forward 5'-GAATTGCAAT-
TTGGGGCTGGGCATATGGAGGGTACGTAACCTC-3"  and  reverse
5 -CAGGTTACGTACCCTCCATATGCCCAGCCCCAAATTCCAATTC-37
(GeneriBioTech, Czech Republic).

The presence of the anticipated mutation was verified by DNA
sequencing using automated DNA sequencer (ABI Prism 3100, Life
Technologies Corporation, CA, USA).

2.3. Transfected cells

U373, T98G and U87 cells were transfected with DPP-IV using
the mifepristone inducible Gene Switch system (Invitrogen), as
described previously (Busek et al., 2006 ). Mifepristone (Invitrogen)
in concentrations of 0.025-5nmol/L was used to induce DPP-IV
expression. In addition, a tetracycline inducible expression system
(Clontech, CA, USA) was utilized. U373 cells were transfected with
4pg of the regulatory pTet-On-Advanced plasmid and selected
clones were co-transfected with the pTRE-Tight vector containing
either the wild-type full-length human DPP-IV or the enzymati-
cally inactive DPP-1V carrying an active site 56304 substitution, and
a linear Hygromycin marker (Clontech) using Lipofectamine 2000
(Invitrogen). Stable transfected clones inducibly expressing DPP-
IV were subsequently selected with 400 pg/mL G418 (Sigma) and
200 pg/mL Hygromycin B {Invitrogen).

24. DPP-IV-like enzymatic activity assay

The cell surface DPP-IV-like enzymatic activity was measured
in suspensions of viable cells by a continuous-rate fluorimetric
kinetic assay using a plasma membrane impermeable {Bank et al.,
2011) H-Gly-Pro-7-amino-4-methylcoumarin (Bachem, Buben-
dorf, Switzerland) as a substrate at pH7.5 and 37°C; the total
DPP-1V-like enzymatic activity was measured under the same con-
ditions after permeabilization of the cells with 0.1% Triton X-100
(Sedo et al., 1989).

2.5. Characterization of the growth properties of glioma primary
cell cultures

Cells were grown in DMEM supplemented with 10% FBS and
counted every 2-3 days using a Coulter Counter Z2 ( Beckman Coul-
ter, CA, USA). The population doubling time was determined from
the least square regression fit of the exponential part of the growth
curve. The clonogenic assay was performed by seeding cells at
a density of 50 and 150cells/cm? in triplicates and counting the
colonies after 2-5 weeks.

2.6. Growth of DPP-IV transfected cells, co-culture experiments

Glioma cells were grown in the presence of various concentra-
tions of the inducing agent mifepristone and in some experiments
together with a DPP-1V inhibitor Diprotin A (Bachem; 5 mmaol/L).

In co-culture experiments, 4000 cells/well of wild type cells,
DPP-1V transfected cells or a mixture of 1:1 wild type: DPP-IV trans-
fected U373 cells were seeded in 96-well plates. After 24h, the
medium was exchanged with or without the addition of mifepris-
tone, and the cells were allowed to grow for additional 72 h.

For quantification, cells were fixed and stained with methylene
blue (5 g/l in 50%, v/v, ethanol) at the indicated time points, lysed
with 1% sodium dodecyl sulfate and the relative cell number was
determined by reading absorbance at 630 nm using a 96-well plate
reader (Sunrise: Tecan, Minnedorf, Switzerland). In some experi-
ments, the cells were counted using a Coulter Counter Z2 (Beckman
Coulter) to verify the results of colorimetric quantification.

2.7. Cell cycle analysis
MNuclear DNA in ethanol fixed cells was stained for 1h with

50 pg/mL propidium iodide (Sigma) in PBS with 0.1% NaN; and
1 mg/mL bovine serum albumin (BSA; Sigma) in the presence of
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1 mg/mL RNAse A (Sigma). Samples were analyzed using the flow
cytometer FACS Canto Il with Diva software (Becton Dickinson) for
data acquisition. Histograms were analyzed using the Dean-Jett-
Fox model in Flow-Jo (TreeStar Inc., OR, USA).

2.8. Migration assay

6 x 10* cells in DMEM were applied to the cell culture inserts
with 8 um pores (Becton Dickinson) and allowed to migrate for
24 h. Nonmigrated cells were removed using a cotton swab; cellson
the lower surface of the inserts were fixed with 5% glutaraldehyde
in PBS and stained with methylene blue. Five microscopic fields per
insert were counted manually.

2.9. Adhesion assay

Cell adhesion was assessed in BioCoat™ Fibronectin 96-well
plates (Becton Dickinson). 5 = 10% cells were added into the wells
blocked with 0.1% BSA in DMEM for 15 min, and allowed to attach
at 37°C for the indicated times, after which the nonadherent
cells were gently removed with three PBS washes. The adhered
cells were fixed with 5% glutaraldehyde and stained with methy-
lene blue. Colorimetric quantification was performed as described
above.

2.10. Orthotopic xenograft glioma model

The experimental use of animals was approved by The Com-
mission for Animal Welfare of the First Faculty of Medicine of the
Charles University in Prague and The Ministry of Education, Youth
and Sports of the Czech Republic according to the animal protection
laws.

Male adult NOD.12957(B6)-Rag1tm1Mom/] mice (The Jackson
Laboratory, ME, USA) weighting approximately 25 g were used. All
animals were anesthetized prior to surgery. 108 DPP-IV transfected
U373 cells in 5 pL of DMEM were injected with a Hamilton syringe
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1.2 mm anterior from the bregma and 2.5 mm sagital from the mid-
line to a depth of 3 mm using a stereotactic device (Stoelting Co., IL,
USA).

The expression of DPP-IV in the experimental group was ini-
tiated with the appropriate induction agent 1-3 days after cell
implantation and maintained till the sacrification of animals.
Mifepristone in sesame oil (Sigma) was administered intraperi-
toneally at a dose of 270 pg/kg (100 pL total volume) three times a
week; the control group received 100 pL of the sesame oil alone at
the same intervals. Doxycyclin hyclate (Sigma) was administered
in drinking water at a concentration of 2mg/mL; the doxycyclin
solution was changed three times a week.

2.11. Tumor volume assessment

Serial 25 pm thick coronal sections were cut on a cryostat at
—20°C. Every fifth section was stained with hematoxylin and eosin
and digitized at 20x magnification. Photographs were used for
unbiased tumor volume estimation according to the Cavalieri prin-
ciple (Mayhew and Olsen, 1991).

2.12. Immunodetection of DPP-IV and GFAP

For flow cytometric detection of DPP-IV, cells were fixed in 2%
paraformaldehyde, stained for 30 min at room temperature with a
phycoerythrin conjugated monoclonal anti-CD26 antibody (clone
222113, 1:40, RD Systems, MN, USA); samples were analyzed using
FACS Canto Il as described above. For immunocytochemistry, cells
were grown on glass coverslips, air-dried at 4°C, blocked with 3%
heat inactivated FBS and incubated overnight at 4°C with the pri-
mary antibody (anti-CD26 [clone M A261, 1:100, Acris, Herford,
Germany]|; anti-GFAP [GF-01, 1:200, Exbio, Czech Republic]) and
then for 1h at room temperature with the corresponding Alexa
Fluor 488 conjugated secondary antibody (Invitrogen). The pri-
mary antibodies were omitted in the staining control. Slides were
mounted in Aqua Polymount (Polysciences, PA, USA) and viewed on
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Fig. 1. Dipeptidyl peptidase (DPP)-IV and homologous proteases in glioma primary cultures, (A) DPP-IV-like enzymatic activity and (B) expression of mRMNAs encoding
proteases known to exhibit the DPP-IV-like activity in primary cell cultures derived from high-grade gliomas, C5; cell surface; T: total DPP-IV-like enzymatic activity. The
expression of the investigated mRNAs was normalized to the expression of human B-actin using the ACt method. n.d.; not determined; bar graphs depict mean +50,
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the Olympus IX 70 microscope equipped with the DP20BW camera
or the Olympus IX81 confocal microscope (FluoView 300, Olympus,
Czech Republic).

2.13. DPP-IV-like catalytic histochemistry

25 pm brain sections were fixed in a 1:1 mixture of acetone
and chloroform for 2min at 4°C and incubated with 7-
(glycyl-L-prolylamido)-4-methoxy-B-naphthylamide hydrochlo-
ride (0.83 mmol/L, Sigma) as a substrate and Fast Blue B (Sigma)
in PBS (pH 7.4) at room temperature for several minutes (Lojda,
1981).

2.14. Real time RT-PCR and microarray analysis (see
supplementary methods)

The expression of DPP-IV, FAP, DPP8 and DPP9 was quantified as
described previously (Stremenova et al., 2007; Busek et al., 2008).

For the microarray analysis, 0.75 j.g of the amplified RNA from
control and induced (72h, 1 nmol/L mifepristone) DPP-IV trans-
fected U373 cells was hybridized on Illumina HumanRef-8 v3
Expression BeadChip (Illumina, CA, USA) according to the manu-
facturer's instructions. Wild type, untransfected U373 cells were
processed identically to correct for the effects of the inducing agent
itself. The data were deposited to the ArrayExpress database under
the accession number E-MTAB-583.

Functional annotation and gene set enrichment analy-
sis (GSEA) was performed on transcripts with Storey's g-
value =0.1 using the DAVID database (Huang et al., 2009,
http://david.abcc.ncifcrf.gov/summary.jsp).

2.15. Statistical analysis

All statistical analyses were performed using the Statistica soft-
ware (StatSoft CR s.r.0., Czech Republic) and a value of p<0.05 was
considered statistically significant.

3. Results

3.1. DPP-IV-like enzymatic activity is associated with slower
growth in glioma primary cell cultures

In order to study the function of DPP-IV in a model that closely
resembles the heterogeneous cell populations present in gliomas
in vivo, we examined the DPP-IV-like activity and growth proper-
ties of 16 primary cell cultures derived from high-grade gliomas.
Primary cell cultures in early passage expressed DPP-IV mRNA as
well as mRNAs encoding several proteases known to exhibit the
DPP-IV-like enzymatic activity (Fig. 1B). Expression of the canon-
ical DPP-IV was further confirmed using flow immunocytometry
and immunocytochemistry (Supplementary Fig. 1). The cell surface
DPP-IV-like enzymatic activity (Fig. 1A), probably representing the
sum of enzymatic activities of the membrane bound DPP-IV and
FAP, was variable and correlated rather poorly with the expression
of the corresponding transcripts (DPP-IV mRNA r=0.17, not signif-
icant (p=0.55), FAP mRNA r=0.51, p<0.05). mRNA expression of
the intracellularly localized DPP8 and DPP9 did not correlate with
the DPP-IV-like enzymatic activity.

There was a statistically significant negative correlation of the
cell surface DPP-IV-like enzymatic activity and the ability to form
colonies (r=-0.52, p<0.05). In addition, there was a trend for an
increase in the doubling time (median 102.5 vs. 143 h, p=0.08,
Mann-Whitney test) in primary cell cultures with high DPP-IV-like
enzymatic activity (Fig. 2). We further isolated the DPP-IV express-
ing cells using immunomagnetic separation (MACS) from some of
the primary cell cultures and assessed their growth properties. The
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Fig. 2. CGrowth properties of primary cell cultures derived from high-grade gliomas
in relation to their cell surface (CS) dipeptidyl peptidase (DPP)-IV-like enzy-
matic activity. (A) Negative correlation of the CS DPP-IV-like enzymatic activity
and the ability to form colonies (r-—0.52, p<0.05, Spearman correlation coeffi-
cient). (B) A trend for shorter population doubling time of primary cell cultures
with “low” CS DPP-IV-like enzymatic activity. An arbitrary threshold for cate-
gorizing the cells as having “low” (median-19.8 pkat/10° cells, n=8) or “high”
(median- 68.3 pkat/10F cells,n- 8) CS DPP-IV-like enzymatic activity isbased on the
median CS DPP-IV-like enzymatic activity of all investigated primary cell cultures
(30.3 pkat/106 cells).

resulting DPP-IV positive subpopulation exhibited minimal in vitro
growth or progressively lost the DPP-IV-like enzymatic activity
(Supplementary Fig. 2). These results corroborate the association
between DPP-IV and decreased growth of the primary cell cultures.

3.2. DPP-IV overexpression in glioma cells leads to decreased cell
growth and a cell cycle block

The inherent heterogeneity of primary cell cultures together
with the possible contribution of DPP-IV activity by multiple molec-
ular species precluded a precise analysis in these cells of the
effects of DPP-IV on glioma growth. We therefore utilized model
glioma cell lines, which frequently exhibited low to undetectable
endogenous DPP-IV, and transfected them with DPP-IV using a
mifepristone inducible expression system. Transfected cells exhib-
ited a concentration dependent increase of the DPP-IV enzymatic
activity (Fig. 3A) that appeared within hours after the addition of
the inducing agent mifepristone; DPP-IV expression was further
confirmed by flow immunocytometry and immunocytochemistry
(Supplementary Fig. 4A).

DPP-IV overexpressionin glioma cells led to a decreased in vitro
cell growth in different clones of T98G, U373 (Fig. 3B) and U87 cells
(not shown).

In order to analyze the mechanisms of the growth inhibitory
effect of DPP-IV, we performed the cell cycle analysis in DPP-IV
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Fig. 3. Effect of dipeptidyl peptidase (DPP)-IV on glioma cell growth and cell cycle. (A) Concentration dependent increase in DPP-IV enzymatic activity in transfected glioma
cell lines. DPP-IV enzymatic activity was measured 48 h after the addition of increasing concentrations of the inducing agent mifepristone. Bar graphs depict mean + SD. (B)
Growth curves of DPP-IV transfected U373 (left panel) and T98G (right panel) cells. DPP-IV expression was induced with various concentrations of mifepristone, cells were
fixed and stained with methylene blue followed by colorimetric quantification. *#p<0.05 for control vs. low, medium and high DPP-IV expression respectively (repeated
measurement ANOVA, Tukey post hoc test). (C) Flow cytometric analysis of the cell cycle in DPP-IV transfected U373 cells at various time points after the induction with
mifepristone. Representative histograms (vertical axis - number of cells, horizontal axis - relative fluorescence intensity) of control cells and cells with induced DPP-IV

expression are shown. Control: transfected cells not induced with mifepristone.

overexpressing cells. The proportion of the cells in the S phase
declined early after DPP-IV induction and a G2/M block developed
within 24-48h (Fig. 3C). Apoptotic cell death did not signifi-
cantly contribute to the growth inhibition as we did not observe a
significant GO/G1 subpeak or an increase in annexin V staining
(not shown). The changes were not due to the expression-inducing
agent itself since mifepristone in concentrations up to 10 nmol/L
had no effect on the growth or cell cycle in untransfected glioma
cells (Fig. 4B and data not shown) and the concentrations used were
much lower than those described to have pharmacological effects
on glioma cells (Pinski et al., 1993).

We further aimed at elucidating, whether the effects of DPP-
IV on glioma cells might be linked to an increased breakdown of
putative soluble growth factor(s) and thus depend on its intrin-
sic enzymatic activity. Culturing the DPP-IV expressing cells in the
presence of Diprotin A, an inhibitor that completely abrogated their
DPP-IV enzymatic activity at the concentrations used, only mildly
affected the growth decrease (Fig. 4A). We also observed no changes
in the growth or the morphology of the wild type, untransfected
cells when these were co-cultured with DPP-IV overexpressing
cells using cell culture inserts (Supplementary Fig. 3). In addition,
when wild type and transfected cells were seeded as a mixture
at various ratios, which allowed direct interaction of the cells, the
observed decline in cell numbers upon the addition of mifepristone
corresponded to the decreased growth of transfected cells (Fig. 4B).
Finally, expression of an enzymatically inactive mutant DPP-IV with
catalytic site S630A substitution hampered the growth and induced
a G2/M cell cycle arrest in U373 cells similarly to the wild type
DPP-IV (data not shown). Collectively, these data suggest that the
effect of DPP-IV on the growth of glioma cells in vitro is in large part
independent of its enzymatic activity.

DPP-IV was described to interact with proteins of extracellu-
lar matrix such as collagen and fibronectin (Loster et al., 1995;
Cheng et al., 2003) with possible effects on cell adhesion and
migration. However, using cell adhesion and migration assays
we observed decreased adhesion and spreading on fibronectin
(Fig. 5A) as well as decreased migration (Fig. 5B) and collagen [
induced haptotaxis (not shown) in glioma cells with high DPP-IV
expression.

To identify potential functional partners and molecular
mechanisms underlying the observed effects of DPP-IV in our
model, we compared the whole genome expression profile in
induced, DPP-IV overexpressing U373 cells and uninduced control
cells. Gene set enrichment analysis performed on differentially
expressed genes identified overrepresentation of genes linked
to cell proliferation, cell adhesion, migration and regulation of
cell development and neuron differentiation (Supplementary
Tables 1-4). Transcripts for several growth factor receptors (e.g.
PDGFRA, CALCRL, GRPR), proteins promoting cell cycle progres-
sion (e.g. CCND1, CDK6, PTP4A3) and involved in cell adhesion
(CD97, COL8A1, COL13A1, NLGN1, NLGN4X, PCDH20, SCARF2,
NrCAM) were downregulated (Supplementary Table 1). DPP-IV
overexpression also led to the elevation of several putative or
proven glioma associated tumor suppressors such as BEX2 (Foltz
et al., 2006), RAP1GAP (Zheng et al., 2009), DUSP26 (Patterson
et al., 2010), SYT13 (Jahn et al.,, 2010), TSPYL2 (Tu et al., 2007).
On the contrary, several genes typically overexpressed in gliomas
(e.g. CALCRL, COLBA1, HAS2, NES, RRM2; Cancer Genome Atlas
Research Network, http://cancergenome.nih.gov/) were downreg-
ulated. Expression of DPP-IV in glioma cells in vitro thus reverses
several changes in the expression profile typical of glioblastoma
multiforme.
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Fig. 4. Effect of dipeptidyl peptidase (DPP)-IV-like enzymatic activity inhibition on
the growth of DPP-1V overexpressing glioma cells. (A) Control uninduced U373 cells
and cells induced with 1 nmol/L mifepristone (MIFE) to achieve medium overex-
pression of DPP-1V were cultured for 72 h in the presence or absence of 5 mmaol/L
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and DPP-1V transfected (tr) U373 cells. “untr+tr” - cell suspensions of “untr” and
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“tr” without co-culture. 2.5 nmol/L mifepristone was added as indicated to induce
DPP-1V expression in transfected cells; cells were grown for 72 h. Bar graphs depict
mean £ 5D.

3.3. Forced DPP-1V expression reduces glioma growth in an
orthotopic xenograft model

To test the effect of DPP-IV on tumor growth in vivo, trans-
fected U373 cells inducibly expressing DPP-IV were orthotopically
implanted into immunodeficient mice and DPP-IV expression was
induced with mifepristone. DPP-IV induction in situ was confirmed
by enzyme catalytic histochemistry (Fig. 6B) and immunohisto-
chemistry (Supplementary Fig. 4C). Tumors developed in control
mice as well as in animals with DPP-IV expressing cells and
both exhibited features typical of high-grade gliomas, i.e. high
cellularity and infiltrative growth with occasional necrotic areas
(Supplementary Fig. 4D). The volume of tumors overexpressing
DPP-IV was decreased by 42 £ 18% (mean £ SD; p<0.05; N=16 per
experimental group) (Fig. 6A) compared to controls 5 weeks after
implantation, accompanied by a statistically significant decrease of
the Ki67 labeling index (median 23.1% vs. 18.5%, p<0.05; data not
shown).

To verify these results we used the tetracycline inducible
expression system for transgenic DPP-IV expression. Although this
expression system achieved much lower DPP-IV expression com-
pared to the mifepristone system (Supplementary Fig. 4A and
B), thus reducing the putative risk of non-specific effects of pro-
tein overexpression, we observed similar decrease in the size of
the implanted tumors. Importantly, identical results were also
obtained with U373 cells transfected with an enzymatically inac-
tive mutant DPP-IV (Fig. GA).

Neither mifepristone nor doxycycline alone affected the size of
tumors originating from untransfected U373 at the doses used for
the induction of DPP-IV expression (not shown).

These data demonstrate that DPP-IV functions as an inhibitor of
glioma cell growth in vivo and that these growth inhibitory effects
are independent of its intrinsic enzymatic activity.

4. Discussion

Several proteases were shown to participate on the promotion
of malignancies due to their involvement in the regulation of cell
proliferation, invasion into surrounding tissue or support of neo-
vascularization (Kessenbrock et al., 2010). This predominant view
of tumor associated proteases as molecules that support tumor
progression may however be oversimplified. Protease inhibitors
have so far failed in halting tumor progression in clinical trials and
several reports demonstrate that proteases may act as tumor sup-
pressors (reviewed in Lopez-Otin and Matrisian, 2007). Abnormal
expression of DPP-IV and its association with malignant transfor-
mation was demonstrated in a number of malignancies including
brain tumors (Stremenova et al., 2007). DPP-IV-like enzymatic
activity and DPP-IV expression are often increased in tumor tissue
(Sedo et al., 2008), but the clinical implications and the biolog-
ical effects of DPP-IV on transformed cells are diverse. On the
one hand, DPP-IV expression is associated with a more malig-
nant behavior in some T cell malignancies (Sato et al., 2005),
thyroid cancer (Hirai et al., 1999), gastrointestinal stromal tumors
(Yamaguchi et al., 2008), and has recently been described as a
marker of a subpopulation of colorectal cancer stem cells respon-
sible for the metastatic spread of the disease (Pang et al., 2010). On
the other hand, DPP-IV was reported to act as a tumor suppressor
in ovarian (Kajiyama et al,, 2002), prostate (Wesley et al., 2005)
as well as non-small cell lung cancer cells (Wesley et al., 2004)
and also in the tumor cells derived from neuroectoderm such as
melanoma (Wesley et al., 1999) and neuroblastoma (Arscott et al.,
2009). The underlying mechanisms of these disparate effects on
cancer cells are only scarcely understood and are likely depen-
dent on the cell type and the molecular context within the tumor
microenvironment. In neuroblastoma and prostate cancer cells,
DPP-IV may proteolytically inactivate the growth promoting and
prometastatic chemokine CXCL12 (SDF-1) (Arscott et al., 2009; Sun
et al., 2008). However, in several experimental models (Wesley
et al., 1999, 2004; Pethiyagoda et al., 2000) overexpression of a
mutant, enzymatically inactive form of DPP-IV was shown to pro-
duce similar results to the enzymatically active DPP-IV suggesting
that in addition to the inactivation of biologically active peptides,
nonproteolytic mechanisms must conftribute to its tumor suppres-
sive effects. DPP-IV overexpression in cell lines frequently triggers
profound changes in cell morphology, growth, migration or inva-
sion (Yu et al., 2010}, which may reflect the changed expression of
adhesion molecules (e.g. E cadherin, Kajivama et al., 2003), CD44
(Wesley et al., 2004), protease inhibitors (Kajiyama et al., 2003),
altered expression and subcelullar localization of bFGF (Wesley
et al., 2005) or upregulation of the related protease FAP (Wesley
etal., 1999, 2004).

We previously reported a grade dependent increase of the DPP-
IV-like enzymatic activity in the human glioma tissue (Stremenova
etal., 2007). In the present study we therefore aimed at determin-
ing the role of DPP-IV and its intrinsic enzymatic activity in the
malignant behavior of glioma cells.

We observed varying cell surface DPP-IV-like enzymatic activ-
ity and DPP-IV expression on the mRNA as well as protein level in
primary cell cultures derived from high-grade gliomas. Somewhat
surprisingly, higher DPP-IV-like enzymatic activity was associated
with slower proliferation of primary cell cultures at early passage.
Although DPP-IV mRNA expression did not correlate with the DPP-
IV-like enzymatic activity in the set of primary cell cultures at early
passage that were used in this study, we later observed a modest

88



744 P. Busek et al./ The International Journal of Biochemistry & Cell Biology 44 (2012) 738-747

A

Relative number of
adhered cells (OD630)

20 40
Time (minutes)

| -
L]

88

ST 20

53

>
Es 10
ER-
o '+|
Control High DPP-IV

Fig. 5. Effect of dipeptidyl peptidase (DPP)-IV on glioma cell adhesion and migration. (A) Cell adhesion was evaluated 20, 40 and 60 min after seeding the DPP-IV transfected
U373 cells into fibronectin-coated wells. Insets — phase contrast microphotographs of cells that were allowed to attach for 180 min without washing. *p<0.05, repeated
measurement ANOVA. (B) Cell migration was evaluated by a modified Boyden chamber assay using tissue culture inserts with 8 um pores. The assay was performed in
quadruplicates. Insets - representative microphotographs of the transmigrated cells. *p<0.05, Mann-Whitney test; bar graphs depict mean + SD.

>

B wioppiv

— *

=] 200% o Median

5 0 25%-75%

= * T range of nonremote values
E = » remote values

o  150% —®
£

a_

29

£ 100% -

s 8

£

3 50%

g L

3

§ 0%t - + - + = +
L MIFE Dox Dox

WtDPP-IV WtDPP-IV mutDPP-IV

Fig. 6. Effectofdipeptidyl peptidase (DPP)-IV on glioma growth in vivo.(A) Tumor volume in mice orthotopically implanted with U373 cells inducibly expressing enzymatically
active (WtDPP-IV) or enzymatically inactive (mutDPP-IV) DPP-1V. DPP-IV expression was induced by mifepristone (MIFE) or doxycycline (Dox) as indicated. A total of 14-19
animals per experimental group were analyzed. (B) Representative microphotographs of control and DPP-IV expressing tumors (arrows) with the detection of the DPP-IV-like
enzymatic activity by enzyme histochemistry (red); nuclei were counterstained with hematoxylin. *p <0.05, Mann-Whitney test.

89



P. Busek et al. / The International Journal of Biochemistry & Cell Biology 44 (2012) 738-747 745

correlation (r=0.56, p=0.05, n=47) in a substantially extended
panel of primary cultures (Balaziova et al., 2011). In addition to
the canonical DPP-IV (CD26), the cell surface DPP-IV-like enzy-
matic activity may in part reflect the presence of FAP. FAP was
detected on the surface of glioma cells by Mentlein et al. (2011) and
is increased in 40-60% of patients with glioblastoma (Stremenova
et al., 2007; Mentlein et al., 2011; Dolznig et al., 2005; The Cancer
Genome Atlas Research Network, 2008). So far, there are no data on
the possible effects of FAP on glioma cell proliferation and a recent
report by Mentlein et al. (2011) suggests that FAP may rather be
involved in glioma cell invasion. There is one report suggesting that
a minor fraction of the typically intracellularly localized DPP8 and
DPP9 might also be loosely bound on the cell surface of immune
cells under certain circumstances (Bank et al., 2011). However, the
washing steps preceding the enzymatic assay in our studies and
no correlation of the DPP8 and DPP9 mRNA expression with the
DPP-IV-like enzymatic activity make their putative contribution
less probable.

Importantly, the DPP-IV positive subpopulation isolated from
our primary cell cultures using immunomagnetic separation
showed decreased growth. The antiproliferative effect of CD26
binding, which was previously demonstrated for certain anti-
CD26 antibodies in renal cell carcinoma and mesothelioma cells
(Inamoto et al.,, 2006, 2007), cannot be completely ruled out.
However, the higher proliferation of the CD26 negative subpopu-
lation compared to the parental population before MACS indirectly
argues that it is rather CD26 itself than the antibody binding
that is responsible for the slower cell growth. In addition, we
routinely use the respective anti CD26 antibody for the enrich-
ment of CD26 transfected cells without significant effects on cell
proliferation.

The observed negative association of DPP-IV and glioma cell
growth is also consistent with our reports of DPP-IV upregulation
in serum withdrawal-induced differentiation and growth arrest of
glioma cells (Sedo et al., 2004; Balaziova et al., 2011).

To directly address the role of DPP-IV in glioma cells we
transfected glioma cell lines with DPP-IV using an inducible expres-
sion system. Consistently with the primary cell culture data, we
observed a diminished cell growth in cells expressing high levels
of transgenic DPP-IV, which was associated with delayed progres-
sion of the cell cycle as suggested by the decreased proportion of
cells in the S phase and a subsequently developing G2/M block.
Similarly to the previous studies in lung cancer cell lines and
melanoma (Wesley et al., 1999, 2004; Pethiyagoda et al., 2000),
the effects of DPP-IV were largely independent of its intrinsic enzy-
matic activity as demonstrated using enzymatically inactive DPP-IV
with an active site S630A substitution and coculture experiments.
These results suggested that similarly to other cancer cell types
(Arscott et al., 2009; Wesley et al., 1999, 2004, 2005), DPP-IV may
function as a negative growth regulator also in glioma cells. We
therefore tested the importance of DPP-IV for in vivo growth of
glioma induced by orthotopic implantation of glioma cells into
immunodeficient mice. Compared to the controls, tumor size was
significantly reduced in animals with the overexpression of the
transgenic DPP-IV in implanted cells. Similar results were obtained
with two different expression systems with differing levels of the
transgene expression and irrespective of the DPP-IV enzymatic
activity. This further supports specific growth inhibitory effect of
DPP-IV on glioma cells and its independence on the enzymatic
activity.

The whole genome expression profiling of glioma cells overex-
pressing DPP-IV revealed alterations of several pathways critical
for cell proliferation, as well as cell-cell and cell-extracellular
matrix interactions. In addition, DPP-IV overexpression reverted
the expression of a number genes typically overexpressed in
gliomas. Somewhat surprisingly, DPP-IV overexpression was

also accompanied by the upregulation of a number of growth
factors (e.g. BMP4, BDNF, FGF18, GPI, IL11, PDGFB, TGFB3), inva-
sion promoting genes (MMP15) and genes that may support
glioma cell survival (ACSL5; Mashima et al., 2009). These gene
expression changes may indicate activation of compensatory
mechanisms counteracting the observed growth inhibitory effects
of DPP-IV. Functional validation and determining the biological
relevance of these changes require further studies. To the best
of our knowledge, this is the first study on the changes in the
whole genome expression profile induced by DPP-IV in cancer
cells.

The growth inhibitory effects of DPP-IV in glioma cells might
seemingly be in contradiction to the observation of higher DPP-IV
expression and activity in glioma tissue homogenates (Stremenova
et al., 2007). The “net” pro- or anti-oncogenic effects of pro-
teases seems to represent an outcome of several factors including
their differing functions in individual cell populations of both the
tumor parenchyma and stroma, and varying (in)dependence of
these functions on the infrinsic enzymatic activity. For example,
forced expression of MT1-MMP was described to cause glioma
cell death, although its presence in the tumor microenvironment
promoted tumor expansion (Markovic et al., 2009). Thus, DPP-IV
may - independent of its enzymatic activity - negatively influ-
ence the proliferation of glioma cells, slowing their growth possibly
as a part of an adaptive response to the limited nutrition supply
or hypoxia (Dang et al., 2008), yet support angiogenesis or pro-
mote intratumoral deregulation of immune response through the
proteolytic processing of neuropeptides and chemokines (Ghersi
et al,, 2001; Mentlein, 1999). By degrading the chemokines such
as CXCL12 (SDF-1), DPP-IV might also impair the recruitment of
tumor suppressive neural precursor cells (Chirasani et al., 2010;
Charles et al,, 2011) and as a result promote glioma progression.
Understanding of the complex role and the molecular mech-
anisms by which DPP-IV participates on gliomagenesis would
allow its rational therapeutic targeting with the advantage of the
availability of several specific, clinically tested DPP-IV inhibitors
that are used in patients with type 2 diabetes (Neumiller et al.,
2010).

Taken together, in the present work we demonstrate a growth
inhibitory effect of DPP-IV on glioma cells. We show for the first
time that primary cell cultures derived from high-grade gliomas
express several molecules with DPP-IV-like enzymatic activity,
which is negatively associated with their proliferation. DPP-IV
overexpression in glioma cell lines does not promote their malig-
nant behavior but rather slows their growth and may decrease their
migration and adhesion. Our data also indicate that nonproteolytic
mechanisms are important for these effects of DPP-IV in glioma
cells. The whole genome expression profiling of DPP-IV overex-
pressing glioma cells revealed several candidate genes that shed
light on the molecular pathways potentially affected by DPP-IV and
will serve as a lead for further functional studies.
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Abstract. Meningiomas are tumors derived from arachnoid
cap cells that represent ~30% of all intracranial tumors. In
this study, we investigated 22 human meningiomas for the
expression of dipeptidyl peptidase (DPP)-IV activity and/or
structure homologs (DASH). including canonical DPP-IV/
CD26, fibroblast activation protein-a (FAPa), DPPS and
DPP9. DPP-IV-like enzymatic activity, including all enzyma-
tically-active DASH molecules, was found in all 18 benign
meningiomas WHO grade I and IV atypical meningiomas
WHO grade II by continuous rate fluorimetric assay in tissue
homogenates and catalytic enzyme histochemistry in sifu. In
atypical meningiomas, this activity was significantly higher
and was associated with higher cell proliferation as detected
by Ki67 antigen immunohistochemistry. The expression of
DPP-IV/CD26 and FAPu demonstrated by real-time RT-PCR
and immunohistochemistry was low. As shown histochem-
ically, it occurred most often on the surface of fibrous
bundles and whorls rich in extracellular matrix. Compared to
DPP-IV/CD26 and FAPaq, the expression of DPP8 and DPP9
was higher and, in addition. it was present also in the cells
inside these structures. Expression of CXCRA4, the receptor of
pro-proliferative chemokine stromal cell-derived factor-la
(SDF-1a). DPP-IV substrate, was found in all tumors, sug-
gesting higher values in atypical grade II samples. This is the
first report on the expression status of dipeptidyl peptidase-IV
and related molecules in meningiomas. It shows that DPPS
and DPP9 prevail over canonical DPP-IV/CD26 and FAPa in
all examined patients. In addition, the study suggests an
increase of DPP-1V-like enzymatic activity in these tumors
of WHO grade II.
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Introduction

Meningiomas are the most common non-glial brain mumors
originating from arachnoid cap cells of the brain and spinal
cord leptomeninges. They account for ~30% of all intracra-
nial human tumors and are more common in older age and
females. Among the wide variety of histological subtypes,
meningothelial. fibrous and transitional meningiomas prevail.
They are mostly benign WHO grade I or, more rarely, atypical
WHO grade II or, exceptionally, most aggressive anaplastic
WHO grade IIT tumors. Typical phenotypic markers of
meningiomas are epithelial membrane antigen (EMA,
MUCI). protein S-100. vimentin and cytokeratin although
their expression has not been explicitly related to tumor
malignancy (reviewed in refs. 1 and 2). Similarly to other
neoplasms, growth of these tumors is influenced by several
peptidases, such as matrix-metalloproteinases (3). cysteine
proteinases, e.g. cathepsins (4) and/or serine proteases, e.g.
urokinase-/tissue-plasminogen activators (5.6), acting via
cleavage of extra-cellular matrix proteins. which enhance
migration and invasiveness of the tumor cells. Other pepti-
dases, e.g. dipeptidyl peptidases, may. similarly to other
tumor types. influence invasiveness and proliferation of the
tumor cells via cleavage of a wide array of paracrine regula-
tory peptides and cytokines (7.8).

Dipeptidyl peptidase-IV (DPP-IV/CD26. EC 3.4.14.5) is a
serine protease identical with the lymphocyte differentiation
antigen CD26 (9). It specifically splits off N-terminal
dipeptides from peptide and protein substrates with the
proline or alanine residues at the penultimate position (10,11).
Molecules displaying DPP-IV-like enzymatic activity and/or
structural similarity to the canonical DPP-IV/CD26 have
been grouped to a family of “dipeptidyl peptidase-IV activity
and/or structure homologs™ (DASH) (12). The DASH group
comprises enzymatically active members. including seprase
fibroblast activation protein-a (FAPa), DPP-II/DPP7/
quiescent cell proline dipeptidase. DPP8, DPP9 and the
enzymatically inactive members, such as DPP6 and DPP10.

Enzymatic activity of DASH molecules can modify
signaling functions of a number of biological mediators, such
as incretins (e.g. glucagone-like peptide-1 and gastric inhi-
bitory polypeptide), neuropeptides (e.g. substance P and
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Table 1. Primers and TagMan probes used for the real-time RT-PCR quantitation of expression of the investigated transcripts.

GeneBank
Transcript  accession no. Sequences and final concentration of primers and TagMan probes
DPP-IV NM_001935  Forward: 5-TGGAAGGTTCTTCTGGGACTG-3', 200 nmol/1
Reverse: 5-GATAGAATGTCCAAACTCATCAAATGT-3', 200 nmol/l
TagMan probe: 5'-(6-FAM)CACCGTGCCCGTGGTTCTGCT(TAMRA)-3', 200 nmol/l
FAPa NM_004460  Forward: 5-TGCCACCTCTGCTGTGC-3', 200 nmol/1
Reverse: 5-GAAGCATTCACACTTTTCATGGT-3'. 200 nmol/
TagMan probe: 5'-(6-FAM)TGCATTGTCTTACGCCCTTCAAGAGTTC (TAMRA)-3'.
200 nmol/1
DPP8 NM_130434*  Forward: 5-CCTGTCACCGAGGGCTTAA-3", 400 nM
NM_197960°  Reverse: 5-AACCCTGAAGATATCTGACCTCTG-3'. 400 nM
TagMan probe: 5'-(6-FAM)CAGGTGGAAGGACTCCAATATCTAGCTTCTCG
(TAMRA)-3', 200 nM
DPP9 NM_139159  Forward: 5-GGTGGAGATCGAGGACCAG-3', 400 nM
Reverse: 5-TGGCCACCTTGAACACCT-3'", 400 nM
TagMan probe: 5'-(6-FAM)AAGCCATACTTCTCGGCCACGAACTG (TAMRA)-3", 200 nM
CXCR4  NM_001008540 Forward: 5-CATGGGTTACCAGAAGAAACTGA-3', 400 nmol/l
Reverse: 5 -GACTGCCTTGCATAGGAAGTTC-3', 400 nmol/l

TagMan probe: 5'-(6-FAM)CACCTGTCAGTGGCCGACCTCCT (TAMRA)-3', 200 nmol/1

B-actin NM_001101  Forward: 5'-CTGGCACCCAGCACAATG-3', 200 nmol/1
Reverse: 5-GGGCCGGACTCGTCATAC-3', 200 nmol/1
TagMan probe: 5'-(VIC)AGCCGCCGATCCACACGGAGT (TAMRA)-3', 200 nmol/l

*Transeript variant 1; "Transeript variant 3.

neuropeptide Y) and chemokines, e.g. eotaxin and stromal
cell-derived factor-la (SDF-la). Their cleavage can lead to
their inactivation or changes their receptor-binding preference
resulting in different functional effects. Therefore, DASH
may exhibit multiple, although not yet enough elucidated
functions controlling tumor growth as well as other patho-
physiological processes (8).

The present study is the first analysis of the expression
pattern of DASH molecules in human meningiomas. Additio-
nally, since SDF-la is a substrate of DPP-IV-like enzymatic
activity and has a pro-proliferative effect on meningothelial
cells in virro (13), expression of its receptor CXCR4 was
determined in meningiomas in situ.

Materials and methods

Patients, sample preparation and histological characterization.
Tumor specimens were collected from 22 patients (20 female
and 2 male) undergoing brain tumor resection (18 benign
meningiomas and 4 atypical meningiomas) at the Department
of Neurosurgery, Hospital Na Homolce, Prague. Written
informed consent was obtained from all patients entering this
study, according to the guidelines of the Institutional Ethics
Committee. Tissue samples, clear of macroscopic vessels and
necrotic segments having the fresh wet weight of ~80-150 mg,

were frozen on solid CO, and were stored at -80°C. Vascular-
isation and necrotic areas were scored microscopically on a
4-tiered scale (0 to 3 crosses).

Isolation and quantification of total RNA, real-time RT-PCR.
Total RNA was isolated using the TRIzol Reagent (Invitrogen.
UK). The concentration of total RNA was determined using
the RiboGreen RNA Quantitation Kit (Molecular Probes,
USA). The expression of DPPIV. FAPa, CXCR4, DPPS
(variants 1 and 3) and DPP9 mRNAs (target transcripts) and
(B-actin mRNA (internal reference transcript) was quantified
by a coupled real-time RT-PCR assay on the ABI PRISM
7700 Sequence Detection System (Applied Biosystems, USA)
as described previously (14). The gene coding region-specific
oligonucleotide primers and fluorogenic TagMan probes for
the coupled real-time RT-PCR assay were designed with the
program Primer Express (Applied Biosystems) and were syn-
thesized at Proligo (France) and Applied Biosystems (UK).
respectively (Table I).

The statistical difference of the $-actin mRNA-normalized
target transcript expression in tumor and normal tissues was
calculated from the linearized ACT data (i.e. 2-4CT) and the
tumor/mormal ratio of the f-actin mRNA-normalized target
transcript expression was calculated by means of the 2-44¢T
method (153).
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Table II. Characterization of the experimental cohort.
Diagnosis Gender Age p53 Ki67 Vascularisation = Necrosis

female/male

Meningiomas WHO grade I
Transitional 10/0 55(36-66) 27.2% (0-75%) 3.0% (1-5%) 0.15 (0-1) 0
Fibrous 3/0 54 (47-64)  8.7% (0-25%) 1.7% (1-2%) 0 0.33 (0-1)
Angiomatous 1/1 49 (46-52)  23.5% (2-45%) 3% (1-5%) 1.75(1.5-2) 0
Microcystic 1/0 59 40% 5% 0 0
Meningothelial 1/0 79 30% 2% 1 0
Psammeomatous 1/0 78 0% 1% 0 0
Meningiomas WHO grade II
Artypical 31 51(37-7T1)  33.8% (5-80%) 7.8% (3-12%) 0.75(0-1) 0.25 (0-1)

Values are presented as the mean: the ranges of values are shown in the brackets. Vascularisation and necrosis were scored on a 4-tiered

scale (0 to 3 crosses).

DPP-1V-like enzymatic activity biochemical assay and total
protein determination. Tissue samples were homogenized in
ice-cold 25 mM phosphate-buffered saline (PBS. 2.0 mM
Na,HPO,, 0.6 mM KH,PO,. 22.4 mM NaCl) pH 6.0, with an
Ultra-Turrax homogenizer fitted with a S8N-5G probe (IKA.
Germany) and the tissue homogenates were used for the
enzyme activity assay immediately.

The DPP-IV-like and DPP-II-like enzymatic activities
were determined by continuous rate fluorimetric assay at
37°C in PBS buffer (137 mM NaCl, 4 mM Na,HPO,, 2.68 mM
KC1, 1.76 mM KH,PO,). pH 7.4, and 0.1 M citric acid/0.2 M
Na,HPO, buffer, pH 5.5, respectively, and with 50 gmol/l of
H-7-(glycyl-L-prolyl-amido)-4-methylcoumarin (Gly-Pro-
AMC) and 50 pmol/l of H-7-(L-lysyl-L-alanyl-amido)-4-
methylcoumarin (Lys-Ala-AMC) as substrates (both from
Bachem. Switzerland), respectively (16). The release of
T-amino-4-methylcoumarin was monitored at the excitation
and emission wavelengths of 380 and 460 nm, respectively.

Based on the enzymatic activity histogram, samples were
categorized to 3-tiered scale: low = 0-4 arbitrary units, with
the median of 3.22; medium = 4-8 arbitrary units, with the
median of 6.10 and high = 8-17 arbitrary units, with the
median of 11.20.

Total protein concentration in tissue homogenates was
determined colorimetrically according to the Lowry procedure
(17) using bovine serum albumin as a standard.

DPP-IV-like catalytic enzyme histochemistry. Histochemical
demonstration of DPP-IV-like catalytic activity in sifu was
performed according to Lojda (18) in 10 gm cryostat tissue
sections cut at -20°C (Bright Instrument Company Ltd., UK).
The sections were fixed in a 1:1 mixture of acetone and chloro-
form for 2 min at 4°C and were incubated with 830 M of
H-7-(glyeyl-L-prolyl-amido)-4-methoxy-2-naphthylamide as
a substrate (Bachem, Switzerland) and Fast Blue B as a
coupler of the enzymatically released 4-methoxy-2-naph-
thylamine, in PBS pH 7.4, at 4°C. In controls, the DPP-IV
substrate was omitted from the incubation medium. The
staining intensity was scored on a 4-tiered scale (low = 1:

medium = 2, high = 3, 0 = control reaction without the enzyme
substrate), averaged from 8-10 fields, observed at a magnifi-
cation of 400-fold in several non-consecutive tissue sections.

Immunohistochemistry. Immunodetection of DPP-IV, FAPaq,
DPPS. DPP9 and CXCR4 was performed in 10 pm cryostat
tissue sections preincubated in 3% of heat-inactivated bovine
fetal serum for 20 min, followed by overnight incubation
with the respective primary antibodies at 4°C: mouse
monoclonal anti-human DPP-IV (1:100, clone M-A261,
Acris, Germany). mouse monoclonal anti-human FAPa
(1:200, clone F11-24, Alexis Biochemical, USA), rabbit
polyclonal anti-human DPP8 and anti-human DPP9 (1:150,
Abcam, UK) and rabbit polyclonal anti-human CXCR4
(1:200, Acris. Germany). This was followed by incubation
with anti-mouse- or anti-rabbit-IgG-FITC conjugates (1:200,
Sigma. USA) or anti-mouse-IgG-AlexaFluor 488 conjugate
(1:1000, Invitrogen, USA). In stamning controls, the primary
antibodies were omitted. Staining intensity was scored using
the above-mentioned 4-tiered scale. The proliferation activity
was analyzed in sift by immunohistochemical staining of
Ki67 antigen expression, using a mouse monoclonal anti-
human Ki67 antibody (clone MIB-1, Dako. Denmark). The
in situ expression of p53 protein was examined using
immunostaining with a mouse monoclonal anti-human p53
antibody (clone DO-7: Dako).

Statistical analysis. Statistica 8.0 software was used. Diffe-
rences between groups were evaluated with Kruskal-Wallis
test or Mann-Whitney test; correlations were analyzed by
means of Spearman correlation coefficient.

Results

General characteristics of tumor samples. As shown in
Table II. the smdied set of patients consisted of 18 patients
with benign meningiomas WHO grade I (including 6 histo-
logical subtype groups), and 4 patients with atypical menin-
giomas WHO grade II. The age range was 36-79 years, with
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Figure 1. The mRNA expression of DPP-IV/CD26, FAPa, DPP8 and DPP9 determuned by real-time RT-PCR normalized to human B-actin in varnious

histological types of meningiomas WHO grade I and IT.

an average of 61 years (SD+12). In this group of menin-
gioma patients, there were 20 women and 2 men. As assessed
by Ki67 immunostaining, the proliferation activity in tissue
sections ranged from 1 to 12%, with prevalence in atypical
meningiomas. The immunoexpression of p53 protein in
tissue sections varied from 0 to 80%. without an evident
relationship to WHO grade. Vascularisation was, except in
2 transitional. 2 angiomatous, 1 meningothelial and 3 atypical
meningiomas, very low. All tumors were free of necrosis.
except 1 fibrous and 1 atypical meningioma.

DASH mRNA expression. As shown by real-time RT-PCR.
(Fig. 1), DPP-IV, FAPa, DPP8 and DPP9 mRNAs were
expressed in all analyzed tumor samples. The expression
level of individual DASH molecules varied among individual
types of tumors. Compared to DPP-IV/CD26 and FAP«
mRNA expression, the scatter of DPP8 and DPP9 values was
relatively broader. There was statistically significant diffe-
rence in DPP8 mRNA expression between benign menin-
giomas grade I and atypical meningiomas grade II (p=0.039).
However, no statistical significance occurred in any DASH
mRNA expression between individual histological tumor
subtypes (p=0.05).

The expression of DPP-IV/CD26 mRNA showed a positive
correlation with FAPa mRNA expression in all examined
samples (R=0.672, p=0.001).

DPP-1V-like enzymatic activity determined biochemically
and histochemically

Biochemical appreach. Most benign meningiomas grade [
exhibited medium (14 of 18 samples, 78%) and high (2 of 18
samples, 11%) DPP-IV-like enzymatic activity measured by

fluorimetric assay using Gly-Pro-AMC as a substrate. Low
enzymatic activity occurred only in 2 of 18 benign samples
(11%). In the arypical meningioma variants grade II, all
samples had high or medium activity (4 of 4 samples, 100%.,
Table III). Moreover, in the WHO grade II group, there was
statistically significant higher activity than in WHO grade I
group (p=0.011, Fig. 2).

The enzymatic activity of tissue homogenates measured
at the acidic pH 5.5 using Lys-Ala-AMC as a substrate. was
only slightly above detection limit (mean 0.74 + SD 0.31
arbitrary units). This suggests that DPP-II does not signifi-
cantly contribute to the overall DPP-IV-like enzymatic
activity (data not shown).

In addition, higher DPP-IV-like enzymatic activity was
accompanied by higher intensity of proliferation activity as
detected by Ki67 immunohistochemistry (Fig. 3: Spearman
correlation coefficient R=0.553. p=0.008). Furthermore, the
proliferation activity was higher in atypical meningiomas
grade IT compared to the benign ones (p=0.014).

Catalvtic enzyme histochemistry. Similarly to biochemical
data, the DPP-IV-like enzymatic activity was revealed in all
examined samples. Medium or high activity occurred in 17 of
22 (77%) meningiomas, irrespective of the tumor grade
(Table IIT). The enzymatic activity greatly varied both in the
group of patients as well as in the individual tumors. The
stained cells occurred either solitary or in the nests of
different size and irregular shape scattered throughout speci-
mens. As evident in samples with low DPP-IV-like activity
staining. the enzymartic activity occurred primarily in the
perivascular cell compartment. from where stained cells were
spreading to the surrounding parenchyma (Fig. 4E and F). In

97



INTERNATIONAL JOURNAL OF ONCOLOGY 36: 351-358, 2010

355

Table ITI. Number of meningioma samples with DPP-IV-like enzymatic activity, DPP-IV, FAPa, DPPS, DPP9 and CXCR4
receptor expression defected biochemically and histochemically.

Enzymatic activity

Immunohistochemistry

Low/medium/high? No.of  Biochemical Catalytic DPP-IV/  FAPa DPP8 DPP9 CXCR4
Diagnosis cases assay histochemistry CD26
Meningiomas WHO grade I
Transitional 10 1/7/2 1/5/4 4/5/1 10/0/0 1/3/6 2/5/3 7271
Fibrous 3 0/3/0 1/1/1 3/0/0 3/0/0 0/3/0 2/1/0 3/0/0
Angiomatous 2 1/1/0 1/1/0 2/0/0 2/0/0 0/1/1 0/2/0 2/0/0
Microcystic 1 0/1/0 0/0/1 0/1/0 1/0/0 0/0/1 0/1/0 1/0/0
Meningothelial 1 0/1/0 0/1/0 1/0/0 1/0/0 0/0/1 0/0/1 0/0/1
Psammomatous 1 0/1/0 1/0/0 1/0/0 1/0/0 0/0/1 0/1/0 1/0/0
All subtypes 18 2/14/2 4/8/6 11/6/1 18/0/0  U/7/10  4/10/4 147272
Meningiomas WHO grade II
Artypical 4 0/1/3 1/2/1 4/0/0 4/0/0 0/2/2 0/3/1 2/1/1
“The scale low, medium and high is deseribed in Materials and methods.
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Figure 2. Specific DPP-IV-like enzymatic activity determined in human
meningiomas. Squares, medians; boxes, middle 25-75% of the measured
values; bars, minimal and maximal values; «, extreme value; “p=0.011;
spearman cotrelation.

fibrous and transitional meningioma subtypes. the enzymatic
activity-bearing cells wimmed fibrous bundles rich in extra-
cellular matrix at their surface or also inside their interior
(Fig. 4H). Positive staining also appeared at the swrface of
outermost as well as deeper whorl lamellas (Fig. 4G. insert).

DASH protein immunoexpression pattern. DPP-IV/CD26
immunopositivity was low in most benign grade I (11 of 18
patients, 61%) and all atypical grade II meningiomas (4 of 4
patients, 100%). Medium or high DPP-IV/CD26 immuno-
expression appeared in 7 of 18 (39%) benign meningiomas
(Table IIT). The immunostaining usually trimmed the surface
of fibrous bundles and whorls, where it was often present
only in the cells of the outermost lamellas (Fig. 41 and J.
insert). In samples with very low positivity only a few
solitary cells were stained.

DPP-IV-like enzymatic acitivity (L-M-H)

Figure 3. Relation of proliferation activity and DPP-IV-like enzymatic activity
in meningiomas WHO grade I and WHO grade II. L, low: M, medium;
H., high activity subgroups classified as described in Materials and methods:
squares, medians; boxes, middle 25-75% of measured values; bars, minimal
tesp.; maximal values; », remote values.

The immunohistochemical expression of FAPa (Fig. 4K
and L) was low in all examined meningiomas (Table III).
The tissue localization was similar to the DPP-IV/CD26
expression.

On the other hand. the immunoexpression of DPP8 was
high or medmm in 21 of 22 (95%) examined meningioma
patients (Table III. Fig. 4M and N). The immunostaining of
DPPS was similar, although its intensity was lower; it was
high or medium in 18 of 22 (82%) meningioma patients
(Table III. Fig. 40 and P). The staining tissue distribution of
both these peptidases was similar to the total DPP-IV-like
activity. It occurred in flat meningocytes over the fibrous
bundles and the whorl lamellas as well as patches scatterd in
the interspaced parenchyma (Fig. 4M-P).
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Figure 4. Histology of meningiomas WHO grade I subtypes: fibrous (A), transitional (B), psammomatous (C) and angiomatous (D). Hematoxylin-eosin
staining, original magnification x400. Catalytic DPP-IV-like activity present in solitary or grouped cells or larger irregular patches in angiomatous and fibrous
meningiomas, respectively (E and F), or trimming fibrous bundles and whorl lamellas in transitional subtypes (G and H). Low expression of DPP-IV/CD26
(T and J) and FAP« (K and L) present mainly over the surface of fibrous bundles and whorl lamellas in fibrous and transitional subtypes, respectively. High
expression of DPP8 (M and N) and DPP9 (O and P) on the surface of fibrous bundles and whorl lamellas as well as the interspaced parenchyma; original

magnification x400.
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Figure 5. Expression of CXCR4 receptor determined by real-time RT-PCR
normalized to human B-actin in various histological types of WHO grade I
and II meningiomas (A). Immunohistochemical expression of CXCR4 over
the surface of fibrous bundles and whorl lamellas; original magnification
x400 (B).

CXCR4 receptor expression. The expression of CXCR4
receptor was found by real-time RT-PCR in all meningioma
tissue samples, suggesting higher values in atypical grade II
meningiomas (p=0.05, Fig. 5A). Medium or high CXCR4
protein expression was detected in 3 of 4 (75%) atypical
grade II meningiomas, while only 4 of 18 (22%) benign
grade I tumors demonstrated medium or high CXCR4 expres-
sion (Table III). Cytologically, the immunostaining pattern
was similar to DPP-IV/CD26, except the less distinct trim-
ming of fibrous bundles (Fig. 5B).

Discussion

This study is the first analysis of the expression and relative
proportions of DASH molecules in human meningiomas. As
shown here, the DPP-IV-like enzymatic activity carried by
these molecules was detected in all 22 meningiomas.
Compared to benign grade I meningiomas, the enzymatic
activity was often higher in atypical grade II tumors. in
which also the cell proliferation was higher, as detected by
Ki67 immunostaining.

As revealed by real-time RT-PCR mRNA expression and
immunohistochemical analysis of protein expression, both
DPP8 and DPP9 are more abundantly expressed in
meningiomas as compared to DPP-IV/CD26 and FAPa. This
indicates that the total DPP-IV-like enzymatic activity in
these tumors is mainly attributable to DPP8 and DPP9, while
the contribution of DPP-IV/CD26 and FAPa is relatively
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low. This is different to the human high-grade astrocytomas.
in which the canonical DPP-IV/CD26 1s the main contributor
to the elevated DPP-IV-like enzymatic activity and is even
proposed to be an indicator of grade progression of these
tumors (14). This inter-tumor difference may reflect
distinctions in cellular phenotypes and/or embryonic origins
of astrocytic gliomas and meningiomas as well as lower
degree of malignancy of the meninges-derived tumors.
Putative mesodermal/mesenchymal expression pattern of a
spectrum of DASH molecules, in which the expression of
DPP8 and DPP9 would prevail. is suggested by immuno-
staining of meningocytes localized on the surface and inside
the fibrous bundles and whorls rich in extra-cellular matrix
secreted by these cells. Moreover, in our ongoing study.
DPP8 and DPP9 have also been found to be prevalent
contributors to the total DPP-IV-like enzymatic activity in
normal human brain meninges. Cell differentiation changes
in expression of DASH members, as another their pattern-
determining factors, was observed in male reproductive
organs (19). However, the role of DPP8 and DPP9 in the cell
metabolism and growth is still poorly understood. In contrast
to the plasma membrane-bound DPP-IV/CD26 and FAPa.
both these enzymes are cytosolic and therefore are not likely
to process extracellular growth regulators. Besides their
possible but unknown enzymatic intracellular functions, the
enzyme activity-independent role of DPP§ and DPP9 in cell-
ECM interactions has also been shown in cell culture (20).

Albeit low, the expression levels of DPP-IV/CD26 and
FAPa transcripts, showed a close correlation. Proportional
expression of both these paralogous molecules, products of
the same gene duplication (21) was observed also in
glioblastomas in situ and glioma cell cultures (14,22), and
their co-regulation on the transcriptional level has been
suggested. This fits well with the observation in fibroblast
cell cultures, in which observed DPP-IV/CD26 and FAPu
heterodimers participate in cell migration (23.24). In contrast
to the high-grade astrocytomas, no difference in the
expression of these two molecules between grade I and grade
IT meningiomas has yet been found.

It is also to be pointed out that in high-grade meningiomas.
higher expression of CXCRA4, the receptor of chemokine
SDF-la. was observed. The SDF-la-mediated signaling
stimulates cell proliferation and migration in a number of
tumor types (25-28). This mechanism was considered to be
responsible also for increased proliferation of primary menin-
gothelial cell cultures (13). Indeed, increased expression of
CXCR4 was associated with higher proliferation and the
degree of cell cycle control disruption as indicated by Ki67
and p53 protein levels in CXCR4 matched samples.

In conclusion, this study is the first report on expression
and tissue distribution of DASH molecules showing that
DPP§ and DPP9 are the main DASH representatives in non-
neuroectodermally-derived brain tumors. This is at variance
with high-grade astrocytomas, in which expression of DPP-IV/
CD26 prevails.
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