UNIVERZITA KARLOVA V PRAZE
1. LEKARSKA FAKULTA

DISERTACNI PRACE
OBOR IMUNOLOGIE

IMUNOLOGICKA A EPIGENETICKA MODULACE GENOVE
EXPRESE LEUKEMICKYCH BUNECNYCH LINIi

Mgr. Klara Elknerova

Skolitel: Doc. RNDr. Petr Stockbauer, CSc.

Pracovisté: Ustav hematologie a krevni transfuze

Praha 2011



Prohlaseni:

Prohlasuji, Ze jsem zavéreCnou praci zpracovala samostatné a ze jsem fadné
uvedla a citovala v8echny pouZzité prameny a literaturu. Sou¢asné prohlasuiji, ze

prace nebyla vyuzita k ziskani jiného nebo stejného titulu.

Souhlasim s trvalym uloZenim elektronické verze mé prace v databazi systému
meziuniverzitniho projektu Theses.cz za u€elem soustavné kontroly podobnosti

kvalifikanich praci.

V Praze, 20. 3. 2011



Identifikadni zaznam:

ELKNEROVA, Klara. Imunologickd a epigenetické modulace genové exprese
leukemickych bunécnych linii. [Immunologic and epigenetic modulation of gene
expression of human leukemia cell lines]. Praha, 2011. 169 s., 3 pfilohy.
Disertaéni prace. Univerzita Karlova v Praze, 1. lékafska fakulta, Ustav
hematologie a krevni transfuze. Vedouci zavére¢né prace Stockbauer Petr.



Pokladam za milou povinnost podékovat

Fediteldm Ustavu hematologie a krevni transfuze Prof. MUDr. Pavlu Klenerovi,
Dr.Sc, a Prof. MUDr. Marku Trnénému, CSc. za umoznéni vypracovani této
disertaCni prace. Dale bych rada podékovala predevSim svému Skoliteli
Doc. RNDr. Petru Stockbauerovi, CSc. za vedeni a podporu béhem celého
postgradualniho studia a pfi pfipravé prace. Rovnéz bych velmi rada podékovala
za cenné pfipominky a rady vedouci oddéleni bunétné biochemie
RNDr. Katefiné Kuzelové, Ph.D. M(j dik patfi také MUDr. luri Marinovovi CSc.,
Gabriele Lindnerové a Jitce Némcové. Dale bych rada podékovala svym
kolegynim Denise Myslivcové, Zuzané Lacinové a Lence Uherkové za zajem a
vytvofeni pratelského a tvuréiho prostfedi. V neposledni fadé bych velmi rada
podékovala své roding, pfedevSim svému manzelovi a mamince, za porozumeni,

trpélivost a pomoc a také své dcerce Emicce, ktera vSechno urychlila.



P o 1 o 27 o T 10
3. TERAPIE POMOCi MONOKLONALNICH PROTILATEK .....c.ccceeeeerueeneernennnn. 1
3.1 STRUKTURA PROTILATEK (SEKRETOVANYCH IMUNOGLOBULINU) .......ccccocuveere.. 11
3.2 MONOKLONALNI PROTILATKY ..ottt sssessessns 13
3.2.1 Mechanizmy ucéinku monoklonélnich protilatek................cooueoveeeiiiiiiiiieeee e 16
3.2.2 Hybridomova technologie pfipravy monoklonélnich protilatek...............ccccccoeeevennccnnncee. 19
3.2.3 Humanizace monoklonalnich ProtilGtek ...............ccccvueeeeeeeeeeseeiiiiiaee e 21
3.2.4 Monoklonalni protilatky NOVE& QENEIacCe. ..............cccccueeeeeeeeeeeesciieeieaaeeeeeecieeaaaaeeeeesine 23
3.2.4.1 Fragmenty ProtilAtek ............oooiiiiiiiiii e 23

3.2.4.2 BispeCifické ProtilatKy ..........ooi e 25

3.2.5 Prehled pouZivanych monoklonalnich protilatek v 1é¢bé nadorovych onemocnéni........ 26
3.2.5.1 Nekonjugované monoKIonalni protilatky ..., 26
3.2.5.1.1 Monoklonalni protilatky proti membranovym molekulam leukocytl ..............cccceeviieennes 27

3.3.5.1.2 Monoklonalni protilatky blokujici navazani ligandu a aktivaci pfislusné signaini drahy ..28

3.3.5.1.3 Monoklonalni protilatky s antiangiogennim GEINKEM.............cooiiiiiiiiiiiiiiie e 29

3.3.5.2. Konjugované monoklonalni protilatky .............ccccoeiiiiiiiiiie e, 30
3.3.5.3. Monoklonalni protilatky cilici leukemické kmenové bufiky ...........ccccceeevviciiiieennn..n. 31

S 0 X P 33
4.1 STRUKTURA PROTEINU ...ttt et e e st e e et e e s snae e e e snaeeeeens 33
A €1 = [ O 5 K PRSPPSO 34
4.3 FUNKCE MOLEKULY CD34 .....coiiiieiiiiiiieiee e e ettt e e e e e et ee e e e e e s s ennnteaeeeaaeeansnnnnnaeeeaens 35
4.4 EXPRESE CD34 NA JINYCH TKANICH A NADORECH .......cococviiieieeeeeeeeeeeeeeee e, 36
5. LECBA POMOCI INHIBITORU DEACETYLAZ HISTONU.........cccevemrrrnennnee. 38
5.1 EPIGENETICKY APARAT BUNKY ..ottt n e, 39
5.2 DEACETYLAZY HISTONU ...ttt n e 40
5.3 INHIBITORY DEACETYLAZ HISTONU (HDACI).......oocieeeeeeeeeeeeeeeeeeeeeeeeen e 44
5.4 APOPTOZA, SENESCENCE A JEJICH OVLIVNENI HDACI .......ccovivieieeeeeeeeeeeeeeen, 50
LR Y 0 Yo o (0 V.- I 50
5.4.1.1 VN&jSi (receptoroVa) Araha ........c..oeieiiiiiei ittt 51
5.4.1.2 Vnitfni (mitochondrialni) draha.............cccoociiiiiiie e 52
B.4.2 SOINESCEOINCE. ...t et e ettt e et e et e et a e 55
5.4.2.1 Replikativni senescence-zavisla na telomerach ...........cccooeiiiiiii i 58
5.4.2.2 Senescence nezavisla na telomerach ... 59
5.4.2.2.1 Senescence vyvolana poSKozenim DNA ..o 59
5.4.2.2.2 Senescence indukovana zmeénou na chromatinu ............cccceeeiiiiiiiiiiiiene e 60

5



5.4.2.2.3 Senescence indukovana onkogeny (OIS)........coiiiiiiiiiii e 60

5.4.2.2.4 Stres a jin€ iNAUKLOry SENESCENCE .........eeiiiiiiiieiiiee e eiiee et e e et e e s e e e aneeeeeens 62

5.4.2.3 Senescentni signalni drahy ...........coo i 62
5.4.2.3.1 p53 SIgNAINI AraNa .......oeiiiiiiiiiee e e e 63

5.4.2.3.2 p16/pRB SigNaINT ArdNa .......ccueviiiiiiiiiie e e 64

5.4.2.4 Sekrecni fenotyp spojeny se senescenci - dvoji efekt senescence ............cc......... 65

. MATERIAL A METODY ....ocoiiuieuieeisuessessessessssssssssssssssssssessesssssssssssssssssssssssssssns 67
8.1 CHEMIKALIE .......ooiieieceeeeeeeeeeceee ettt n s seas 67
LA (@ A 1 © 1 PP SUSURR 69
8.3 KULTIVACE BUNEK ...ttt ettt e et 70
6.4 DETEKCE ZIVOTNOSTI BUNEK A ZASTAVY BUNECNEHO RUSTU ..o, 71
6.4.1 Detekce Zivotnosti bunék pomoci trypanoveé modFi .............ccoccceeeeeecoiiiiiiieeeecee e 71
6.4.2 Detekce bunééného ristu (proliferace) - znadeni bunék *H-thymidinem........................ 71

6.5 ANALYZA BUNECNEHO CYKLU ..., 72
6.6 SLEDOVANI APOPTOZY POMOCI PRUTOKOVE CYTOMETRIE TESTEM TUNEL.......... 74
6.7 IMUNOFENOTYPIZACE ...ttt ettt e e e e e e st e e e e e e e seabaraeeeaaeeeeanns 75
6.8 DETEKCE SENESCENCE (SENESCENTNICH BUNEK) ......ocviiiiiieeieeeeeeeeeeee e 76
6.9 MORFOLOGICKA ANALYZA ... oottt 77
VY SLEDKY ...iiceiiteeeeestsssessssssssssassssessssssssssasesasssssssssasessssasssssssssssessssssesssssens 78
7.1 TERAPIE POMOCI MONOKLONALNICH PROTILATEK .....cocvoviicceeie e, 78

7.1.1 Antiproliferativni G¢inek monoklonalni protilatky proti molekule CD34 klonu 4H11 na
leukemiCke DUNEENE [INIE .............coooo oot 78
7.1.2 Uginek monoklonalni protilatky proti molekule CD34 na Zivotnost CD34+ a CD34-
leukemickych bUNEENYCH lINIT ..............oooueeeiieie et 80

7.1.3 Indukce apoptézy CD34+ a CD34- leukemickych bunécnych linii pisobenim

monoklonalni Protilatky @nti-CD34 ............ooo ettt 81
7.1.4 Ovlivnéni bunééného cyklu u leukemickych bunécnych linii CD34+ a CD34- ptisobenim
Protilatky proti MOIEKUIE CD34 ............ooeeeeeeeeeeee ettt e a e a e 84
7.1.5 Usinek interferonti IFN-a, IFN-8, IFN-y a monoklonalni protilatky proti molekule CD34
na proliferaci bunék leukemické linie MOLM-=-9 .............ooo e 86
7.1.6 Uginek cytokin(i a protilatky anti-CD34 na bunéény rist a diferenciaci bunék leukemické
BINHE MOLM-=9 ...ttt et ettt a e ettt e et s e nan e e e aneenne e 88
7.2 LECBA POMOCI INHIBITORU DEACETYLAZ HISTONU .....c.coiviiiiiiiiinnineieeieieieeenns 91
7.2.1 SAHA i VPA inhibuji proliferaci leukemickych bunécnych linii.................ccccoovevvveeenannn, 91
7.2.1.1 Inhibice proliferace leukemickych bunéénych linii pdsobenim inhibitord HDAC .....91
7.2.1.2 Uginek inhibitori HDAC na Zivotnost leukemickych buné&énych linii ....................... 93
7.2.2 Indukce apoptdzy leukemickych bunécnych linii pusobenim inhibitord HDAC............... 95

7.2.3 Ovlivnéni bunééného cyklu a indukce apoptozy leukemickych bunécnych linii
PUSOBENIM INRIDIOITI HDAC ............eeeeeeeeeeeeeeeeeeeee et 98



7.2.4 Indukce senescence leukemickych bunécnych linii pasobenim inhibitord HDAC......... 102

I 0] £53 (U .4 =S 107
8.1 MONOKLONALNI PROTILATKA PROTI MOLEKULE CD34 ... 107
8.2 INHIBITORY DEACETYLAZ HISTONCJ, SAHA A VP A e 111

e Y4\ Y/ == SRR 114
9.1 MONOKLONALNI PROTILATKA PROTI MOLEKULE CD34 (KLON 4H11) oo 114
9.2 EPIGENETICKE INHIBITORY HDAC - SAHA AVPA .. oooooeeeeeeeeeeeeeeeeeeeeeeeeeeeee 115

10. LITERATURA ...t eeeeeeeeeeeeeeesaaeesaseesaseesaseesassesassesaanesasnesasnesssnesssneen 116

11. POUZITE ZKRATIY .eeoeeeeeeeeeeeeeeeeeeeeeeeeeeeeesestesaseessseessssessasesaseesasnesssnesssneen 134

12. SEZNAM PUBLIKACH <. eeeeeeeeeeeeeeeeaeeessseesassessssesaseesasnesssnesssneen 137
120 PRILOHA Aot e e e e e e et e e e e e e et e e e e e e e e et e e s e seeeeeeeeseeeaeeeaeas 138
12 PRILOHA B e e e i, 148
121 PRILOHA C oo e i, 158



1. UVOD

Tato prace se zabyva studiem antiproliferativniho, proapoptotického a
diferenciacniho uacinku monoklonalni protilatky proti povrchové molekule
hematopoetickych kmenovych a progenitorovych bunék - sialomucinu CD34
(mukosialinu). Pro srovnani bylo také studovano pulsobeni nékterych
epigenetickych modulatorii genové exprese leukemickych bunék — kyseliny
valproové (VPA) a suberoylanilidu hydroxamové kyseliny (SAHA) na leukemickych
bunécnych liniich.

Molekula CD34 (mukosialin) je vysoce glykosylovany monomerni
membranovy protein |. typu o relativni molekulové hmotnosti 111-115 kDa. Je
exprimovana naprfiklad na povrchu hematopoetickych kmenovych a
progenitorovych bunék a v nékterych tkanich cévniho systému. Jeji funkce zatim
neni dostatecné znama, ale hraje roli v mezibunétné adhezi a usnadniuje
bunéfnou migraci. Buiky exprimujici CD34 (CD34+ bunky) se vyskytuji zejména
v pupecnikové krvi, v kostni dfeni, na nékterych endothelialnich bunkach cévniho
systému a na subpopulaci dendritickych bunék. Protilatky proti CD34 molekule se
pouzivaji k izolaci a kvantifikaci pluripotentnich hematopoetickych bunék. Kromé
téchto bunék ovSem s anti-CD34 protilatkou reaguje i urcité mnozstvi prekurzoru
B-lymfocytu, CD34+ megakaryocyty a také nékteré bazofily a zirné bunky, takze
pro presnou kvantifikaci pluripotentnich prekurzor se znaceni CD34 kombinuje s
negativitou v expresi jiné povrchové molekuly, CD38.

Monoklonalni protilatka proti molekule CD34 produkovana mySim
hybridomovym klonem 4H11 (APG), pfipravenym dfive v na$i laboratofi, reaguje s
proteinovym epitopem (tzv. epitopem lIl. tfidy) této molekuly na povrchu nékterych
hematopoetickych bunéénych linii (MOLM-7, MOLM-9, HEL) ustavenych od
nemocnych s leukemii. Testovala jsem antiproliferativni a proapopticky ucinek této
purifikované monoklonalni protilatky anti-CD34 (v koncentracich 16-170 ug/ml) na
leukemické bunécné linie CD34+ (MOLM-9, JURL-MK1) a CD34- (PS-1). Je
znamo, ze nékteré hematopoetické cytokiny samotné nebo v kombinaci indukuji
diferenciaci nezralych leukemickych myeloidnich bunék a také inhibuji bunécnou
proliferaci v kulturach in vitro. Z tohoto dlvodu jsem se rozhodla zjistit, zda

samotna monoklonalni protilatka proti CD34 molekule nebo v kombinaci
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s interferony nebo jinymi hematopoetickymi cytokiny (IL-3, IL-6, SCF, G-CSF,
GM-CSF) je schopna inhibovat proliferaci nebo indukovat diferenciaci leukemické
bunécéné linie MOLM-9.

Inhibitory histonovych deacetylaz (HDAC) jsou novou tfidou uc€innych
protinadorovych latek. Indukuji expresi genu, které jsou v nadorovych burkach
potlaCeny, coz vede mimo jiné k zastavé bunécného cyklu, indukci diferenciace,
apoptézy nebo senescence téchto bunék. Sledovala jsem ucinek dvou inhibitort
HDAC: suberoylanilidu hydroxamové kyseliny (SAHA) v koncentracich 0,5-10 uM
a kyseliny valproové (VPA) v koncentracich 0,5-10 mM na leukemické bunécné
linie MOLM-7, JURL-MK1, HL-60 a HEL. Zjistovala jsem, vliv téchto inhibitor( na
inhibici proliferace, indukci apoptdzy €i senescence. Dosazené vysledky ukazuiji,
Ze genovou expresi nékterych genu v bunéénych kulturach in vitro Ize modulovat
smérem k navozeni apoptézy, nekrozy nebo senescence plsobenim vhodnych
epigenetickych (VPA, SAHA) nebo imunologickych (anti-CD34) modulatoru. Tato
skute€nost je vyuzitelna pro navrzeni pfipadné i vyvoj novych cilenych terapeutik

leukemii i ostatnich malignich onemocnéni.



2. CIL PRACE

1. Prostudovat uc€inek monoklonalni protilatky proti molekule CD34 na
proliferaci, apoptézu nebo zastavu bunéfného cyklu u leukemickych
bunécénych linii CD34+ (MOLM-9, JURL-MK1) a pro kontrolu i CD34- (PS-1)
linie.

2. Zjistit, zda samotna monoklonalni protilatka proti CD34 nebo v kombinaci
s rekombinantnimi hematopoetickymi cytokiny (IL-3+IL-6+SCF+
G-CSF+GM-CSF) nebo v kombinaci s interferony je schopna inhibovat

proliferaci nebo indukovat diferenciaci leukemické bunécéné linii MOLM-9.

3. Sledovat vliv koncentrace inhibitord HDAC (SAHA a VPA) na inhibici

proliferace, indukci apoptézy nebo senescence téchto bunék.

4. Vytipovat koncentraci a €as, za jaky jsou inhibitory HDAC schopny

indukovat apoptézu nebo senescenci.
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3. TERAPIE POMOCIi MONOKLONALNICH PROTILATEK

3.1 STRUKTURA PROTILATEK
(SEKRETOVANYCH IMUNOGLOBULINU)

Vroce 1972 byla Rodneymu R. Porterovi a Geraldovi M. Edelmanovi
udélena Nobelova cena za objasnéni struktury imunoglobulind. Protilatky
(sekretované imunoglobuliny) jsou bilkovinné molekuly nalezejici do rozsahlé
rodiny imunoglobulinG (IgSF), které jsou charakteristické pfitomnosti nékolika
usekd na bilkovinném fetézci, nazyvanych imunoglobulinové domény. Do této
rodiny jsou také zahrnuty napf. receptory pro antigen na T lymfocytech, slozky
komplexu CD3 T lymfocytd, molekuly HLA 1. i Il. tfidy a nékteré adhezivni
molekuly (napf. ICAM-1) (Williams et al., 1988; Harpaz et al., 1994; Torres et al.,
2008). Z imunochemického hlediska patfi protilatky na zakladé své elektroforetické
pohyblivosti do vy frakce krevnich bilkovin, a proto také byly nazyvany
gammaglobuliny. Tvar molekuly protilatek mizeme schématicky znazornit
pismenem Y (obr.1). Jejich zakladni struktura je tvofena Ctyfmi polypeptidickymi
fetézci, usporfadanymi do dvou zrcadlové identickych paru lehkych (L, Light
chain) a tézkych retézct (H, Heavy chain). Dva tézké fetézce jsou kovalentné
spojeny disulfidovymi (cystinovymi) muistky a ke kazdému tézkému fetézci je
pfipojen cystinovym muistkem jeden lehky fetézec typu k, nebo A. Na zakladé
rozdili ve struktufe tézkych fetézcu rozliSujeme pét zakladnich typl tézkych
fetézcl, oznaCovanych malymi pismeny fecké abecedy - vy, u, a, 9, g, €imz je v
podstaté determinovana pfislusnost protilatky k jednotlivym tfidam a podtfidam
imunoglobulind (IgG, IgA, IgM, IgD, IgE). Kazdy fetézec obsahuje jednu
N-terminalni imunoglobulinovou doménu neboli variabilni doménu (oznacuji se
Vy a VL), charakterizovanou rozmanitym sloZzenim aminokyselin. Kazda V-doména
se sklada ze tfi hypervariabilnich uUsek( tzv. CDR usekd (complementarity
determining regions) urcujicich antigenni specifitu protilatek. Variabilni domény H
a L fetézcu vytvareji vazebné misto pro antigen. Kazdy fetézec obsahuje jednu
nebo vice C-terminalnich imunoglobulinovych domén, oznaCovanych také jako

konstantni domény (C), shodné u fetézcl téhoz typu. Oznadujeme je C_ u lehkého
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fetézce a Cpyl, Cuy2, Cy3 popfipadé Cud u tézkého rfetézce; Cislovani jde od
N-konce k C-konci. Konstantni domény odpovidaji za efektorové funkce protilatek,
napf. za vazbu komplementu, za interakci s Fc receptorem (Normansell, 1985).
Domény Cy1 a Cx2 jsou mezi sebou spojeny pantovym (hinge) usekem, tvofenym
disulfidickymi vazbami a prostfednictvim tohoto Useku se mulze pfizpUsobit tvar
vazebného mista na protilatce konkrétni antigenni struktufe (Schroeder et al.,
2010). Tézkeé fetézce jsou v Fc cCasti glykosylovany, coz pfispiva ke stabilité
imunoglobulinové molekuly (Arnold et al., 2007). Protilatky tfidy IgM a IgA
vytvareji polymerni struktury. Skladaji se z nékolika zakladnich podjednotek, které
jsou spojeny strukturné odliSnym polypeptidovym fetézcem oznaCovanym jako
J-fetézec (joining chain). Kazda V nebo C doména obsahuje pfiblizné 110 - 130
aminokyselin. Oba imunoglobulinové L fetézce obsahuji jednu konstantni (C)
doménu, zatimco H fetézce obsahuji 3 nebo 4 C domény. Jednotlivé domény jsou
spojeny kratkymi spojovacimi useky polypeptidového fetézce. P¥iblizna
molekulova hmotnost L fetézce je 25 kDa a H fetézce je 50 — 75 kDa (podle

konkrétni tfidy fetézce) (Schroeder et al., 2010).

Plsobenim proteolytickych enzymd na molekulu imunoglobulinl Ize ziskat
charakteristické fragmenty. Papain Stépi protilatku na dva identické Fab (Fragment
antigen binding) fragmenty, z nichz kazdy obsahuje jedno vazebné misto pro
antigen, a jeden fragment Fc (Fragment crystalizable). Fab se sklada z celého
lehkého Fetézce a z variabilni a Cy1 Casti H fetézce. Fab fragment Ize jesté Stépit
na dalSi dva fragmenty: Fv (variable fragment), skladajici se zVya V. domén, a
konstantni fragment slozeny zC_. a Cy1 domény. Plsobenim pepsinu na
protilatku, muZeme ziskat jeden dimericky F(ab‘), fragment a Fc' fragment (Smith
et al., 2004).
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Interakce antigenu - protilatky

Fab —

Glykosylace
Pdlici N-acetylglukdzamin
Kyselina sialova —/\ A
Galaktéza ..S\_!; \ 4

N-acetylglukdzamin

Mandza

— Jadro
---=Variabilni
Fukeza— -

Asn297

Obr. 1: Struktura protilatek (imunoglobulin(). Pfevzato a upraveno z Cartera et al., 2006.

3.2 MONOKLONALNI PROTILATKY

Imunitni systém predstavuje jeden ze zakladnich homeostatickych systémi
organizmu. Je zcela unikatni a nezastupitelny svou schopnosti rozpoznavat a
eliminovat bunky napadené virem nebo bakteriemi nebo nadorové transformované
burfiky od bunék vlastnich a zdravych. DuleZitou vlastnosti specifické imunity je
schopnost organizmu rozpoznat cizorody antigen a iniciovat tvorbu molekul
imunoglobulinG (monoklonalnich protilatek) s vysokou specificitou a aviditou k
rozpoznanému antigenu. Prvnim z Ffady védcu, ktefi pfispéli k pochopeni
mechanizmu specifické  imunity, byl poCatkem 20. stoleti némecky chemik a
mikrobiolog Paul Ehrlich. Do Iékafské praxe zavedl pojem imunoterapie. Jeho idea
,otravenych Sipl & magickych stfel® coby substanci schopnych neutralizovat
toxiny a bakterie byla vizionarska a pozoruhodné blizko skuteCné podstaté
protilatek (Adam et al., 2005; Ehrlich, 1906). Nicméné trvalo dalSich 100 let, nez
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se podafrilo zavést nékteré imunoterapeutické postupy do klinické praxe. Dulezitym
milnikem v imunoterapii byl rok 1975, kdy Caesar Milstein a Georges F. Kdhler
publikovali postup pfipravy monoklonalnich protilatek (jsou produkovany jednim
klonem B-bunék, maji pfesné definované vlastnosti a jsou namifeny jen proti
stejnym epitoplm), pomoci tzv. hybridom (fuzni produkty mysi nesmrtelné
myelomové buriky a imunizovaného B lymfocytu tvoficiho protilatky) (popis
metody na str. 19) (Kohler, Milstein et al., 1975). Za tento objev pak byli oba védci
v roce 1984 odménéni Nobelovou cenou. AvSak Milsteinlv a Kohlerav postup
dovoloval ziskat jen mySi monoklonalni protilatky. Do 2 — 3 tydn( po prvnim
terapeutickém podani pacientovi vyvolavaly tyto mysi protilatky tvorbu lidskych
neutralizaCnich protilatek oznaCovanych jako HAMA (human anti-mouse
antibodies), které inhibovaly biologickou uc€innost podané monoklonalni protilatky.
Nejenze znemoziovaly navazani monoklonalni protilatky na cilovy antigen, ale
také mohly zpusobit sérovou nemoc nebo anafylaxi. Z téchto divodu se usilovalo
o vyvoj technologie pfipravy lidskych monoklonalnich protilatek a chimerickych
humannich/mysSich (humanizovanych) protilatek (obsahujici €ast lidskych a €ast
mysSich sekvenci aminokyselin). Plvod protilatky pozname podle generického
nazvu - Cisté mysi (oznacuji se koncovkou -momab napf. muromomab),
chimerické (oznacuji se koncovkou -ximab, napf. rituximab), humanizované (se
zakon€enim -zumab, napf. alemtuzumab), nebo Ccisté lidské (oznaluji se
koncovkou -mumab, napf. ofatumumab) (obr. 5 ). Monoklonalni protilatky se
dlouhou dobu pouzivaly pfevazné k diagnostickym ucelim. Teprve v roce 1997
americky Ufad pro kontrolu potravin a lé&iv (FDA, Food and Drug Administration),
schvalil pouziti prvni monoklonalni protilatky (anti-CD20, rituximab, Mabthera) pro
klinické vyuziti v terapii chronické lymfatické leukemie a nehodgkinskych lymfom{
(Belada, 2008; Weiner et al., 2010).

Vyzkum a vyvoj terapeutickych monoklonalnich protilatek je velmi rychle se
rozvijejicim odvétvim. V poslednich 25 letech bylo vice nez 30 imunoglobulinG
(IgG) a jejich derivati schvaleno k uziti pro 1éEbu rdznych onemocnéni (viz. obr. 2)
(Reichert, 2010). Monoklonalni protilatky se ukazaly byt efektivnimi terapeutickymi
prostfedky v |éCbé celé Fady onemocnéni, v&etné vzrlstajiciho poctu lidskych

malignit, ale také se Siroce uplatnuji v diagnostice.
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Obr. 2: Historie a ¢asova linie schvalenych IgG monoklonalnich protilatek v poslednich 24 letech;
koncovka v nazvu protilatky oznacuje jeji puvod: -omab (mysi IgG2), -ximab (mySi-lidska

chimericka 1gG1), -zumab (humanizovana IgG1), -umab (lidska monoklonalni protilatka ziskana
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phage display technologii nebo z transgennich mysi), -cept (Fc-fuzni protein), -stim (Fc-fuzni
peptid), -axomab (trifunkeni, bispecificka mysi-krysi hybrid). C5 (protein komplementu C5), CTLA
(cytotoxic T lymphocyte antigen 4), EGFR (epidermal growth factor receptor), EPCAM (epithelial
cell adhesion molecule), HER2 (human epidermal growth factor receptor 2), | (jod), IL-6R
(interleukin-6 receptor), In (indium), LFA3 (lymphocyte function-associated antigen 3), TNFR2
(tumor necrosis factor receptor 2), RVS (respiratory syncytial virus), Y (yttrium), VEGFA (vascular

endothelial growth factor A). Pfevzato a upraveno z Beck et al., 2010.

3.2.1 Mechanizmy uc€inku monoklonalnich protilatek

Monoklonalni protilatky jsou schopny reagovat s konkrétnim antigenem,
proti kterému jsou namifeny. Tato reakce mize vést k celé fadé dalSich dé&ja, jez
mohou byt terapeuticky vyuzity (Sobotkova et al., 2008). Jak jiz bylo fe¢eno dfive,
antigenni komplementarita protilatky je vazana na variabilni useky Fab fragmentu,
zatimco Fc usek zprostfedkovava efektorové funkce protilatky. Mezi efektorové
mechanizmy uc€inku monoklonalnich protilatek, kterymi dochazi k likvidaci
nadorovych bunék, patfi fagocytéza, na protilatkach zavisla cytotoxicka reakce
(ADCC, antibody-dependent cell cytotoxicity) nebo aktivace klasické drahy
komplementu (CDC, complement-dependent cytotoxicity).

e CDC, aktivace klasické drahy komlementu

Velmi silnymi aktivatory klasické drahy komplementu jsou podtfidy 1gG,
zejména IgG1 a 1gG3. Po vazbé dvou nebo vice prisluSnych protilatek na
bakterialni, eukaryotickou nebo transformovanou nadorovou buriku dojde k vazbé
proteinu C1 (C1, slozka komplementu, sklada se z C1q, C1r a C1s podjednotek).
Tato vazba je zprostifedkovana vysoce afinitni podjednotkou C1q proteinu C1,
ktera se vaze na Fc doménu protilatky. Tim se aktivuje enzymaticka aktivita C1r
podjednotky proteinu C1 a C1 nabude proteolytické aktivity. Poté dochazi ke
kaskadovité aktivaci ostatnich slozek komplementu. Vysledkem této kaskady je
tvorba MAC komplexu (MAC-membrane attack complex) ze slozek C5b-C9
komplementu na povrchu bunky a sou¢asné se uvolnuji chemotaktické fragmenty
C3a a Cb5a. MAC pronika do membrany buriky a plsobi jeji lyzi, ¢imz ji usmrti.

Uvolnéné chemoatraktanty vedou ke kumulaci leukocytd (makrofagl, bazofild,
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eosinofill, neutrofild, zirnych bunék) a kiniciaci zanétlivé imunitni odpovédi
(Dunkelberger et al., 2010; Zipfel et al., 2009; Cwiertka et al., 2004).

e ADCC, na protilatkach zavisla cytotoxicita

Nékteré populace leukocytd (neutrofily, eozinofily, bazofily, NK burfky a
zejména makrofagy) exprimuji na svém povrchu Fc receptory a prostfednictvim Fc
konce protilatky navazané napf. na povrchu nadorové bunky rozpoznavaji a
nasledné fagocytuji tyto buriky. Nejvice studovanymi Fc receptory jsou receptory
vazajici 1gG tzv. FcyR, které nalezi do superrodiny imunoglobulind. U lidi byly
identifikovany 3 tfidy FcyR: [, Il a lll. FcyRIl a FcyRIll maji jesté dveé isoformy A a B.
FcyR jsou v rlznych stupnich exprimovany na mnoha hematopoetickych burikach,
ale také i na jinych bunkach, jako napf. na endotelidlnich bunkach. FcyR vazou
s riznou afinitou IgG, napf. FcyRI vykazuje nejvy$Si vazebnou afinitu k IgG,
zatimco FcyRIl a FcyRIll vazou IgG s niz$i afinitou. Z tohoto ddvodu FcyRI vaze
monomerickou molekulu 1gG, kdezto FcyRIl a FcyRIIl vaZzou pouze agregované
IgG nebo imunokomplexy (Schroeder et al., 2010). FcyR se také odliSuji pfenosem
signalu (signalizaCnimi cestami). Po navazani IgG na FcyR, jejichz
cytoplazmaticka strana obsahuje tzv. ITAM (immunoreceptor tyrosine-based
activation motifs) motivy nebo ITIM (immunoreceptor tyrosine-based inhibitory
motifs) motivy, se pfenaseji bud aktivacni, nebo inhibi¢ni signaly. Vysledek
interakce protilatky vazané na antigen s bunkou nesouci FcyR zavisi na poméru
mezi inhibi¢nimi a stimulacnimi signaly, na konkrétni podtfidé 1gG, konkrétnim
typu receptoru (Nimmerjahn et al., 2007). Hlavnim inhibi¢nim receptorem FcyR je
FcyRIIB (CD32), zatimco stimulacni (aktivaCni) signaly jsou pfenaseny skrze
FcyRIIA (CD32A), FcyRI (CD64) a FcyRIIIA (CD16A). FcyRI a FcyRIINIA neobsahuiji
ITAM a k pfenosu signalu potiebuji pfidruzeny adaptorovy protein (tzv. y-fetézec)
s ITAM motivem (Hamers-Casterman et al., 1993). Navazani IgG protilatek na
nadorové buriky, umozni jejich rozpoznani efektorovymi imunitnimi burikami
exprimujicimi FcyR receptory (makrofagy, DC, neutrofily, NK buriky). Propojeni
FcyR receptorl na téchto burikach indukuje ADCC a tim destrukci nadorové buriky
(obr. 3). Po destrukci (lyzi) nadorové bunky pohlti zbytky lyzovanych bunék
fagocytujici buriky (antigen-prezentujici buriky, dendritické buriky), které tyto
zbytky zpracuji a vystavi na svém povrchu komplexy MHC molekul Il. tfidy s
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antigeny (peptidy) nadorové buriky a podpofi tak CD4+ T bunéfnou odpovéd
(aktivaci). Zaroveri mohou byt nadorové peptidy prezentovany MHC molekulami I.
tfidy (cross-presentation), coz vyusti v aktivaci CD8+ cytotoxickych T bunék
(obr. 3) (Weiner et al., 2010).

e DalSim zvazovanym cytotoxickym mechanizmem, ktery mize monoklonalni
protilatka navodit, je rozvoj vlastni imunitni reakce tvorbou antiidiotypovych
protilatek (Fischer et al., 2007; Jerne, 1974; Spendlove et al., 2000) nebo indukce
apoptézy (Adams et al, 2005). Terapeuticky uCinek monoklonalnich protilatek
muze také spocivat v blokadé vazby ligandu na specificky receptor bud
neutralizaci ligandu, nebo vazbou na extracelularni doménu receptoru, kdy
monoklonalni protilatka blokuje aktivaci pfislusnych signalnich drah (Klener et al.,
2010).
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- peptidovy komplex

vychytavanl TA BTA uptake)
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Obr. 3: Mechanizmus uc€inku monoklonalnich protilatek (mAb). Monoklonalni protilatky proti
nadorovym antigendm mohou i) indukovat bunéénou smrt nebo aktivovat ii) ADCC a iii) CDC-
formace MAC komplexu, tvorbu opsoninli C3b a uvolnéni chemoatraktivnich slozek komplementu
C3a a Cbha. Kulminace téchto udalosti vede k uvolnéni Th1 specifickych cytokind, iv) formaci
komplextit monoklonalni protilatka-nadorovy antigen (TA, tumor antigen) a v) vychytavani TA a
komplexd mAb-TA antigen prezentujicimi bunkami (APC). Nakonec zralé dendritické buriky (DC)
zpracuji TA a vystavi je na svém povrchu v komplexu s HLA I. nebo Il. tfidy CD4+ a CD8+
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T lymfocytim a podpofi tvorbu TA-specifickych cytotoxickych T lymfocyta (CTL). Pfevzato a

upraveno z Campoli et al., 2010.

3.2.2 Hybridomova technologie pripravy monoklonalnich protilatek

Hybridomova technologie pfipravy monoklonalnich protilatek byla prvné
popsana v roce 1975 Caesarem Milsteinem a Georgem F. Koéhlerem (Kéhler and
Milstein, 1975). Jeji podstatou je spojeni (fuze) nadorovych (myelomovych) bunék
s B lymfocyty ziskanymi ze sleziny mysi, které byly imunizované pozadovanym
antigenem. Duvodem této fuze byla kratka Zzivotnost zralych diferencovanych
B lymfocytu, které jsou potencialnim zdrojem protilatek. Naproti tomu, myelomové
buriky jsou nadorové bunky, vzniklé maligni transformaci plazmatické bunky, maiji
nekonecny proliferacni potencial a nemusi tvofit protilatky. Po in vitro fuzi vznikaji
hybridni bunky tvofici hybrid-myelom. Takto vzniklé hybridni buriky se nazyvaji
hybridomy. Jsou schopny produkovat protilatky specifické pro pouzity antigen a
zaroven ziskaly nesmrtelnost myelomovych bunék. Proces hybridizace se sklada
z nékolika kroku (obr. 4). Nejprve je experimentalni zvife (my$) imunizovano
specifickym antigenem. Zjeho sleziny (nebo jiné tkané) je ziskdna smés
lymfocytl, z nichz nékteré tvofi protilatku proti podanému antigenu. Tyto lymfocyty
jsou poté fuzovany s myelomovymi burfikami v roztoku polyethylenglykolu (pouziva
se k urychleni spojeni bunék). Po fuzi zlUstavaji v médiu nezfuzované lymfocyty,
myelomové bunky a hybridni bunky. Proto je nutno po fuzi aplikovat selekéni
systém, ktery umozni eliminaci obou rodi€ovskych bunék a v médiu zlistanou jen
hybridni buriky. Pro selekci hybridnich bunék se pouziva tzv. HAT (hypoxanthin-
aminopterin-thymidin) médium, které obsahuje aminopterin (blokuje de novo
syntézu purinovych a pyrimidinovych bazi), hypoxantin a thymidin. Selekce
vychazi ze skutecnosti, ze lymfocyty odumiraji (postradaji schopnost rustu in vitro)
a nesfuzované myelomové buriky jsou eliminovany plsobenim HAT média, jelikoz
jsou deficientni v enzymu hypoxanthin-guanin fosforibosyltransferazy (HGPRT)
potfebného pro tvorbu purinovych nukleotidd. Myelomové buriky postradajici
(deficientni) HGPRT nejsou schopny zpracovavat hypoxantin, jediny dostupny
zdroj purinovych bazi vzhledem k pfitomnosti inhibitoru aminopterinu a proto
v HAT médiu neprezivaji. Jediné hybridni bunky prezivaji a jsou schopny mnozit

se v selekEnim médiu, protoze maji hgprt gen pochazejici od B lymfocytd a od
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myelomovych bunék ziskavaji schopnost neomezené proliferovat. Hybridni buriky
velmi rychle rostou a produkuji protilatky. V dalSich krocich se hybridni burky
selektuji a klonuji, tak aby se ziskala hybridni linie produkujici monoklonalni
protilatku proti poZzadovanému antigenu. Vyselektované varianty se analyzuji a
potiebné klony se rozmnozi. DalSim narocnym krokem hybridomové technologie,
vedle selekce a identifikace klonl hybridomd produkujicich protilatku pozadované
specifity, je pfesna charakterizace ziskanych protilatek. Musi se identifikovat
vSechny mozné kfizové reakce, zjistit pouZitelnost ve funkénich testech i stabilita a
zpusoby ¢isténi a uchovavani. Bunky hybridomu se uchovavaiji v kapalném dusiku
a monoklonalni protilatky se produkuji in vitro kultivaci hybridomovych bunék v
médiu nebo v peritoneu syngennich mysSi jako ascitické tekutiny. Monoklonalni
protilatky se z ascitické tekutiny purifikuji chromatografii (obr. 4) (Shirahata et al.,
1998; Kovar, 1999; Pirofski et al., 1990)
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Obr. 4: Hybridomova technologie pfipravy monoklondlnich protildtek. Pfevzato a upraveno ze
Sobotkova et al., 2008

3.2.3 Humanizace monoklonalnich protilatek

Jak jiz bylo feCeno dfive, prvni monoklonalni protilatky pfipravené
hybridomovou technologii byly mySiho plvodu. Terapeuticka pouzitelnost téchto
protilatek byla velmi limitovana, jelikoz po podani pacientim byly rozpoznavany
imunitnim systémem pacienta jako cizi, coz vedlo kjejich rychlé eliminaci
zpusobené tvorbou lidskych anti-mySich protilatek (HAMA). Vzhledem Kk jejich
mySimu pavodu, tyto protilatky také neinteragovaly fadné s komponentami
lidského imunitniho systému a jejich biologicka uc€innost byla velmi omezena.
K prekonani téchto nevyhod bylo vénovano znacné usili rozvoji technologii
pFipravy chimerickych a humanizovanych monoklonalnich protilatek (Yamashita et
al., 2007; Chames et al., 2009).

Chimerické monoklonalni protilatky jsou vytvofeny spojenim mysi variabilni
domény, odpovédné za vazbu k antigenu s konstantni Casti lidské protilatky
(Neuberger et al., 1985). Jsou ze 70 % lidské a obsahuji celou lidskou Fc ¢ast,
odpovédnou za interakci s lidskymi efektorovymi bunkami imunitniho systému a
komplementovou kaskadou (Chames et al., 2009). Prvni chimerickou protilatkou
schvélenou k lécbé v roce 1997 byl rituximab (anti-CD20) (Beck et al., 2010).
Presto vSak jeji variabilni oblast odvozena od mysSi protilatky vyvolava tvorbu
anti-chimerickych protilatek (HACA) (Matsuda et al., 1996). S rozvojem technik
pfipravy monoklonalnich  protilatek se protilatky dale ,humanizovaly®.
Humanizované monoklonalni protilatky jsou uz z90 % lidské a mysiho puvodu
jsou jen CDR oblasti (complementarity determining region), které reaguji
s antigennimi epitopy. Jejich pfiprava spocCiva v propojeni hybridomové a DNA
rekombinantni technologie. Nejprve se pomoci hybridomové technologie ziska
mySi monoklonalni protilatka proti poZzadovanému antigenu a nasledné se
Z hybridomu produkujici pozadovanou protilatku pfipravi mRNA a z ni reverzni
transkripci cDNA. Potom se polymerazovou fetézovou reakci amplifikuji useky
genu kodujici hypervariabilni domény CDR mysSiho imunoglobulinu a touto Casti
genetické informace se nahradi CDR lidského imunoglobulinu. Geny kédujici

humanizovanou monoklonalni protilatku jsou po té vioZzeny do vhodné savci
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buriky, ve které jsou velkokapacitné syntetizovany (Cwiertka et al, 2004). Prvni
pouzivanou humanizovanou monoklonalni protilatkou byl daclizumab (anti-CD25).
Je pouzivany v transplantologii jako ochrana pfed akutni rejekci u nemocnych po
transplantaci ledviny (Vincenti, 2005). Nicméné i proti témto protilatkam je
organizmus schopen tvofit protilatky HAHA (human anti-human antibodies). Pro
zamezeni imunogenicity chimerickych a humanizovanych protilatek doslo
v dalSich letech k vyvoji metod pfipravy Cisté lidskych monoklonalnich protilatek
(Yamashita et al., 2007). Jednou z nich je metoda ,phage display“ vyvinuta
Johnem McCaffertym a jeho kolegy v roce 1990. Principem této metody je fuze

genovych segmentl kodujicich variabilni domény protilatek s geny kodujicimi
povrchovou bilkovnu bakteriofaga. Bunky E. coli jsou infikovany bakteriofagy, do

jejichz DNA byl vpraven usek cizorodé DNA (genovy segment variabilni Casti

tézkého a lehkého fetézce protilatky). Exprimované peptidové sekvence jsou

exponovany na povrchu faga. Pro selekci interakCnich partnerll jsou fagové

Castice aplikovany na kolonu s imobilizovanym cilovym proteinem. Fagy s
exponovanym peptidem vykazujicim nejvyssi afinitu k imobilizovanému proteinu,
jsou na koloné zadrzeny, zatimco ostatni fagy jsou promyvanim uvolnény. Fagy

zachycenymi na koloné jsou infikovany bakterie, z nichz je nasledné izolovana
DNA, kodujici pfislusny peptid, ktery je sekvenovan. Pfi selekci faga se jako vzor
k ziskani humanni variabilni oblasti z fagové knihovny proteint pouzije variabilni
Cast mysi protilatky. Tim se ziska plné humanizovana protilatka, jejiz sekvence je
identicka se strukturou lidského imunoglobulinu (Mayer, 2007; Wildova et al.,
2008; Tomimatsu et al., 2009). Prvni zavedenou pIlné humanni protilatkou byl
v roce 2002 adalimumab (anti-TNF), pouzivany pro léCbu Crohnovy choroby (Beck
et al.,, 2010). DalSi metodou pfipravy plné humannich protilatek je vyuziti
transgennich mysi (Abgenix mice, Medarex mice), jejichz geny pro Ig-tézké a Igk
lehké fetézce jsou nahrazeny geny pro produkci protilatek cClovéka (Lonberg,
2005). Prikladem monoklonalni protilatky ziskané technologii z transgenni mysi
(XenoMouse) je panitumumab (anti-EGFR) uzivany pro lécbu kolorektalniho
karcinomu (Chames et al., 2009). Struktura a vyvoj monoklonalnich protilatek od

mysSich k Cisté lidskym je zobrazen na obr. 5.
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Struktura monoklonalnich protilatek (MoAb)

Hypervariabilni
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Mysi MoAb Chimerické MoAb  Humanizované MoAb Cisté lidské MoAb
..momab ..Ximab ..zumab ..mumab

Vysoka imunogenecita 0011 * Nizka imunogenecita

Obr. 5: Struktura a vyvoj monoklonalnich protilatek od mysich k Cisté lidskym. Pfevzato a upraveno
z Dalle et al., 2008.

3.2.4 Monoklonalni protilatky nové generace

3.2.4.1 Fragmenty protilatek

Terapeutické  monoklonalni  protilatky jsou velké monospecifické
makromolekuly, jejichz velky rozmér omezuje jejich prinik do nadoru, ¢imz je
limitovana jejich terapeuticka uc€innost. Maji dlouhy polo¢as zivota (serum half-life),
coz omezuje jejich pouziti v radioimunoterapii nebo v radiodiagnostice. Také jejich
vyroba je velmi slozita a velmi draha (Chames et al., 2009; Enever et al., 2009).
Z téchto dlvodu zacCal v poslednich letech také vyvoj a konstrukce derivata
protilatek tzv. fragmentu protilatek. Oproti celym imunoglobulinim jsou rychleji
odstranény z krevniho obéhu, Iépe pronikaji do tkani a jejich kratky poloCas zivota
umozniuje jejich vyuziti vimunoradioterapii, v radiodiagnostice, nebo pfi podavani
léCiv vazanych na protilatkach (Chang et al., 2002; Colcher et al., 1998). Jelikoz
neobsahuji Fc fragment postradaji efektorové funkce, jako spusténi ADCC nebo

CDC (Nieri et al., 2009). Priklady fragmenta protilatek jsou uvedeny na obr. 6.
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e Fab (fragment antigen binding) fragmenty jsou monovalentni, pfiblizné
tfikrat mensSi nez cela protilatka. Jsou slozeny z Vy+Cyq a Vi +C domén spojenych
disulfidovym mustkem na C-terminalnim konci konstantnich domén (Cyq a Cy).
Prikladem Fab fragmentu pouzivaného v klinické praxi je napf. Lucentis (VEGF-A-
binding Fab) uzivany pro |éCbu mokré makularni degenerace (Gaudreault et al.,
2005).

e scFv (single chain fragment variable) fragmenty jsou slozeny z téZkého
a lehkého Fetézce variabilni domény, spojenych flexibilnim polypeptidovym
fetézcem. Spojenim dvou scFv fragmentu se stejnou specifitou vznikaji bivalentni
monospecifické diabodies a spojenim dvou scFv fragmentd s odliSnou specifitou
vznikaji bivalentni bispecifické diabodies (Db) (Chames et al., 2009, Klener et al.,
2010). Diky jejich velmi rychlému vychytavani nadorem, ale i rychlému odstranéni
z krevniho obéhu se diabodies konjugované napf. s pozitronovymi emitory jako
®4Cu nebo ' pouzivaji pro velmi rychlou vizualizaci cizich §tépu — xenograftt
pozitronovou emisni tomografii (Robinson et al., 2008). Rekombinantnim spojenim
vice scFv mohou vznikat i multivalentni nebo multispecifické protilatky tvz.
triabodies, tetrabodies. V souCasnosti je v klinickém zkouSeni u nehodgkinskych
lymfom0 linatumomab, bispecificka scDb anti-CD19/anti-CD3 (Klener et al.,
2010).

0 o

V, doména V,, doména

(~15 kDa) (~15 kDa)

Fab scFv Diabody |
(~55 kDa) (~28 kDa) (bispecifické)
(~50 kDa)

%il © Sﬁ’ gg

_ Fat_:z. ) Bis-scFv Triabody Tetrabody
(bispecifické)  (bispecifické)  (trivalent) (tetravalent)

(~110 kDa) (~55 kDa) (~75 kDa) (~100 kDa)

Obr. 6: Priklady a struktura fragmentu protilatek. Pfevzato a upraveno z Holliger et al., 2005.

24



3.2.4.2 Bispecifické protilatky

Bispecifické monoklonalni protilatky obsahuji dva rlizné Fab fragmenty a
jsou schopny vazat dva ruzné antigeny (obr. 7). Jedna jejich antigenni specifita je
namifena proti nadorovému antigenu a druha proti vhodnému markeru
imunokompetentnich bunék (napf. CD3 na povrchu T-lymfocytd). Mohou byt
pripraveny klasickou hybridomovou technikou, &imz vznikaji tvz. trifunkéni
protilatky. Obsahuji dva odliSné Fab fragmenty a Fc fragment (Cwiertka et al,
2004; Klener et al., 2010). Prvni schvalenou trifunkéni monoklonalni protilatkou byl
v roce 2009 catumaxomab (anti-EPCAM, anti-CD3), uzivany pro Ié€bu malignich
ascitl. Jeden jeji Fab fragment je schopen vazat EPCAM (epithelial cell adhesion
molecule) na povrchu nadorovych bunék a druhy Fab fragment vaze CD3 na
povrchu T-lymfocytl, ¢imz je pfitahuje do mista nadoru. Pomoci Fc fragmentu je
navic schopna aktivovat pomocné efektorové bunky (makrofagy, NK buriky,
dendritické buriky) a indukovat ADCC (obr. 8) (Linke et al., 2010).

LR YA

Fab F(ab'), Fab'

(fragment antigen binding)

chemicky spojeny

F(ab),

bispecificka trifunkéni protilatka

Obr. 7 Struktura bispecifickych monokolonalnich protilatek. Zdroj  wikipedie

(http://en.wikipedia.org/wiki/Bispecific_monoclonal_antibody)
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nadorova buika T-lymfocyt

makrofagy, NK buiiky nebo dendritické bufiky

Obr. 8: Mechanizmus ucinku trifunkéni bispecifické monoklonaini protilatky. Zdroj wikipedie

(http://en.wikipedia.org/wiki/Bispecific_monoclonal_antibody)

DalSimi pfiklady protilatek nové generace jsou napf. imunocytokiny (fuzni
proteiny scFv fragmenti monoklonalnich protilatek s cytokiny, napf. s IL-2, IL-15,
IFN-y) (Ebbinghaus et al., 2005; Kaspar et al., 2007), peptibodies (fuzni proteiny
Fc fragmentl IgG s polypeptidy vykazujicimi vazebnou afinitu vici specifickym
molekulam, napf. ligandum, receptorim) (Klener et al., 2010) a intrabodies, tvz.
neutralizacni intracelularni protilatky namifené proti riznym antigenim pfitomnym
napf. v cytosolu, v jadfe, v endoplazmatickém retikulu, v mitochondriich nebo na

plazmatické membrané (Lo et al., 2008).

3.2.5 Prehled pouzivanych monoklonalnich protilatek v Iécbé nadorovych

onemochéni

3.2.5.1 Nekonjugované monoklonalni protilatky

Monoklonalni protilatky mohou byt pouzity bud samostatné nebo
konjugovany s radionuklidy, cytostatiky, toxiny ¢i enzymy. Mohou byt smérovany

proti epitopim konkrétnich nadorovych antigenu nebo solubilnich proteina.
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Mezi jejich nejCastéjSi cilové antigeny patfi membranové proteiny (napf. CD20,
CD33, CD52 aj.), rastové faktory (napf. VEGF), receptory (EGFR/ERBB/HER,
VEGFR), adhezivni molekuly (napt. EPCAM) a dal$i. Uginky nekonjugovanych
monoklonalnich protilatek zavisi na mife jejich kumulace v nadoru a schopnosti
navodit néktery z biologickych ucinku, jako napf. ADCC, aktivace klasické drahy
komplementu (CDC), indukce apoptozy, indukce tvorby antiidiotypovych protilatek
(viz kapitola 1.2.1.) (Cwiertka et al., 2004; Klener et al., 2010).

3.2.5.1.1 Monoklonalni protilatky proti membranovym molekulam leukocytu

Monoklonalni protilatky proti membranovym molekulam leukocytu patfily
mezi nejdfive pouzivané protilatky v klinické praxi. Pouzivaji se zejména k IéCbé
hematologickych malignit. Vazbou protilatky na pfislusny antigen na povrchu
nadorovych resp. leukemickych-lymfomovych bunék se indukuji imunologické

protinadorové mechanizmy (napf. ADCC, aktivace komplementu) (Klener, 2007).

e Rituximab (Mabthera), anti-CD20 chimericka IgG1 monoklonalni protilatka.
Molekula CD20 je exprimovana na zralych B-lymfocytech a je pfitomna na vice
nez 90 % B bunék NHL (ne-hodgkinskych lymfomd B typu) (Dalle et al., 2008).
Mechanizmus uc&inku rituximabu zahrnuje ADCC, cytotoxicitu zavislou na
komplementu (CDC) a indukci apoptozy (Dalle et al., 2008; Harjunpaa et al.,
2000). Rituximab byl v roce 1997 prvni monoklonalni protilatkou schvalenou FDA
k terapii hematologickych malignit (B-NHL). Je indikovan v monoterapii nebo
v kombinaci s chemoterapii klécbé indolentnich B-NHL, v kombinaci
s chemoterapii u folikularniho lymfomu a u difuzniho velkobunééného lymfomu z
B bunék (Klener, 2007). Léc&bou chronické lymfatické leukémie (CLL) a
malobunééného B-lymfomu vysokymi davkami rituximabu nebo v kombinaci
s chemoterapii u pacientl s relabujici CLL bylo dosazeno dobrych vysledku
(Wierda et al., 2005; O'Brien et al., 2001; Byrd et al., 2001). Kromé toho ma
rituximab uplatnéni v leCbé Waldenstromovy makroglobulinemie a nékterych

autoimunitnich chorob (Klener, 2007).
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e Ofatumumab (Arzerra), Cisté lidska anti-CD20 monoklonalni protilatka.
Vaze se na odliSny epitop nez rituximab. Nedavno byl schvalen FDA pro terapii
pacientll s CLL, ktefi neodpovidaji na lé¢bu fludarabinem a alemtuzumabem
(Horak, 2010).

e Alemtuzumab (Campath), anti-CD52 humanizovana IgG1 monoklonalni
protilatka. CD52 je exprimovan na povrchu normalnich T a B lymfocytd a na
malignich lymfocytech, ale neni exprimovan na erytrocytech nebo na destiCkach.
Anti-CD52 protilatka indukuje ADCC, CDC a apoptdzu (Rowan et al., 1998; Crowe
et al.,, 1992). Je indikovana klétbé pacientd s B-CLL, pro néz neni vhodna
chemoterapie fludarabinem. Alemtuzumab je také ucinny pro 1é¢bu B-CLL
s nejhorSi progndzou (formy s deleci 17p-) (Keating et al., 2002; Lundin et al.,
2002; Klener et al., 2010).

3.3.56.1.2 Monoklonalni protilatky blokujici navazani ligandu a aktivaci

prislusné signalni drahy

Clenové rodiny epidermalnich receptor(i ristovych faktord (EGFR), jako
EGFR (znam také jako ErbB-1 nebo HER1), HER2/Neu (ErbB-2),
ErbB-3/HER3 a ErbB-4/HER4 hraji vyznamnou roli v homeostaze normalnich
tkani a fetalniho vyvoje u riznych druhd organizmu veetné ¢lovéka. Jejich zvySena
exprese je Casto nalézana u fady karcinomd, proto je jejich ovlivnéni zadouci u
mnoha nadorovych onemocnéni (proto jsou cilem terapie pomoci monoklonalnich
protilatek) (Adam et al., 2005, Weiner et al., 2010).

e Cetuximab (Erbitux), chimericka anti-EGFR IgG1 monoklonalni protilatka,
vazajici se specificky na extracelularni doménu EGFR, zabrafiuje navazani
aktivagnich liganda (pusobi jako kompetitivni inhibitor EGFR pfirozenych ligandu:
EGF a TGF-a) a tim inhibuje dimerizaci receptoru a aktivaci EGFR-

zprostfedkované signalizacni kaskady (Sunada et al., 1986; Li et al, 2005).

e Panitumumab (Vectibix), Cisté lidska anti-EGFR 1gG2 monoklonalni

protilatka, ucinkuje podobnym mechanizmem jako cetuximab, ale nepodporuje
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ADCC. Panitumumab a cetuximab jsou uzivany klécbé metastatického

kolorektalniho karcinomu (Kim et al., 2009).

e Transtuzumab (Herceptin), anti-HER-2/neu  humanizovana I1gG1
monoklonalni protilatka, pouzivana pro IéEbu invazivni rakoviny prsu, u které je
nalezena zvySena exprese a genova amplifikace HER2/neu (Vogel et al., 2002).
ZvySena exprese HER2/neu se nachazi pfiblizné u 30 % pacientek s rakovinou
prsu, byla vSak také prokazana u karcinomu ovaria, prostaty a
gastrointestinalniho traktu. Na rozdil od EGFR nema HER2/neu znamy ligand.
Monoklonalni protilatky proti tomuto receptoru neblokuji navazani ligandu, ale
vazbou na né&j brani tvorb& homodimert nebo heterodimerud s ostatnimi receptory
zrodiny EGFR nebo jeho internalizaci. To ma za nasledek blokadu aberantné
aktivovanych MAPK a PI3K-AKT kaskad, které u nadorovych bunék stimuluji
proliferaci, invazivitu a inhibuji apoptézu (Chen et al., 2003; Klener et al., 2010).
Kromé toho transtuzumab také indukuje endocytickou destrukci receptoru a ma

imunomodulaéni ucinky (stimuluje ADCC) (Hudis, 2007).

e Pertuzumab (Omnitarg), dal$i anti-HER-2/neu humanizovana monoklonalni
protilatka, se vaze na odliSné misto nez transtuzumab a inhibuje dimerizaci

receptoru (Franklin et al., 2004).

3.3.5.1.3 Monoklonalni protilatky s antiangiogennim u€inkem

V preklinickych a klinickych zkouSkach se ukazaly byt velmi pfinosné
strategie zaméfujici se na zasadni udalosti v mikroprostfedi nadoru. Napf. mnoho
solidnich nador exprimuje vaskularni endotelialni ristovy faktor (VEGF), ktery
vazbou na svuj receptor VEGFR1 a VEGFR2 na povrchu endotelovych cévnich
bunék stimuluje angiogenezi, jez ma zasadni vyznam pro nadorové bujeni.
Angiogeneze je proces tvorby novych krevnich kapilar, pomoci nichz muze nador
stimulovat okolni tkan k rastu cév, umoznujicich jeho samostatny metabolizmus
(dodavani zivin, odstrafiovani odpadnich metabolickych produkt) (Weiner et al.,
2010; Vegh et al., 2009).

29



e Bevacizumab (Avastin), anti-VEGFA humanizovana monoklonalni
protilatka. Blokuje navazani VEGF na jeho receptory a pouziva se pro |éCbu
karcinomu prsu, kolorektalniho karcinomu v kombinaci s cytotoxickou

chemoterapii (Ellis et al., 2008).

3.3.5.2. Konjugované monoklonalni protilatky

V klinické praxi se pouzivaji protilatky konjugované s cytostatikem nebo

s radionuklidem.

e Gemtuzumab ozogamicin (GO) (Mylotarg), anti-CD33 humanizovana
monoklonalni protilatka konjugovana s protinadorovym antibiotikem
kalicheamycinem, izolovanym z Micromonospora calichensis. CD33 je exprimovan
na progenitorovych bunkach megakaryocytarni, myelomonocytarni a erytroidni
linie. Je také exprimovan na leukemickych burikach u vétSiny pacientl s akutni
myeloidni leukemii (AML) a myelodysplastickym syndromem (Bernstein, 2002).
Po navazani GO na CD33 se komplex antigen-protilatka internalizuje do
leukemické buriky, kde se kalicheamycin proteolyticky uvolni a indukuje apoptézu
(Brenstein, 2002; Bernstein, 2000). GO je v USA registrovan u pacientd s AML
v 1. relapsu. AvSak v EU v zafi 2007 Vybor pro hummani IéCivé pfipravky CHMP
vydal zamitavé stanovisko k navrhu na registraci GO pro evropsky trh z diivodu
nedostatku dikazl k prokazani jeho ucinnosti u Ié€by akutni myeloidni leukémie a
také pro jeho vedlejSi u€inky (napf. zavazné a dlouhotrvajici potlateni tvorby
krvinek kostni dfené zpusobujici nizké hodnoty bilych krvinek a desti¢ek). Vybor
CHMP uved|, Ze pfinosy GO nepfevySuji jeho rizika a proto doporucil registraci

Mylotargu zamitnout (European Medicines Agency, 2008; Klener et al., 2010).

e [|britumomab tiuxetan (Zevalin), anti-CD20 mySi 1gG1 monoklonalni
protilatka konjugovana s radionuklidem Y (Ytrium), ktery je k protilatce vazan
pomoci chelatadniho ¢&inidla tiuxetanu. *°Y je beta zafi¢ s poloéasem rozpadu
64 hodin (Weigert et al., 2006; Wagner et al., 2002; Wiseman et al., 2002).
Ibritumomab tiuxetan je indikovan klécbé pacientdt s CD20+ folikularnim

lymfomem (FL) relabujicim po pfedchozi IéEbé rituximabem a chemoterapii nebo u
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pacientt refrakternich, a to i v€etné forem transformujicich se do difuzniho B-
velkobunécného lymfomu (DLBCL) (Wiseman et al., 2002; Witzig et al., 2002;
Adam et al., 2005).

3.3.5.3. Monoklonalni protilatky cilici leukemické kmenové buriky

| kdyz je vSeobecné& znamo, zZe pfiCinou vétsiny leukémii, lymfomu a
myelomu je deregulovana proliferace leukemickych nebo nadorovych bunék, bylo
v nedavné dobé prokazano, Ze leukemické a nadorové bunky vykazuji podobnou
hiearchii sebeobnovy a diferenciace jako normalni kmenové a progenitorové
buriky tkani v€etné tkané krvetvorné (Jordan et al., 2006). Lapidot a spol. (1994),
Bonnet a Dick (1997), Bhatia a spol. (1997) a dalSi autofi prokazali, ze za pfenos
akutni myeloidni leukémie do imunodeficientnich NOD/SCID (non-obese diabetic,
severe combined immunodeficiency) mysi, je zodpovédna pouze minoritni
populace puavodnich leukemickych bunék nemocného tzv. leukemickych
kmenovych bunék (LSC, leukemic stem cells). Tato skuteCnost byla pozdéji
potvrzena i u ostatnich malignich nadord a vznikla tak teorie kmenovych bunék
nadorl, nazvana také teorii bunék iniciujicich nadory (tumor initiating cells, TIC,
cancer stem cells-CSC). Nadorové kmenové bunky maji mitoticky potencial a
schopnost asymetrického déleni, jsou schopny diferenciovat (aberantng), aktivuji
anti-apoptické drahy, maji vypuzovaci transportérovou aktivitu vuci toxickym
latkdm (rezistence ke konvencéni chemoterapii) a jsou schopny migrovat a tvofrit
metastaze (ten Cate et al., 2010; Masopust, 2008).

Na leukémie je mozno nahlizet jako na normalni hematopoetickou tkan,
ktera vznikla z malého poctu, nebo i jediné leukemické kmenové buriky. Takto
vytvofena hematopoeticka tkan prochazi deregulovanou nebo nedostatecné
regulovanou organogenezi, ktera si vSak v mnoha smérech zachovava rysy
analogické normalnim bunkam (Misaghian et al., 2009). Leukemické kmenové
bunky u akutni i chronické myeloidni leukemie vznikaji transformacni poruchou
v normalni hematopietické burice, pfipadné progenitorové burice (u AML) (Cozzio
et al., 2003). Poruch vedoucich k deregulaci hematopoetickych bunék je znamo
velké mnozstvi a stale jsou objevovany dalsi. Jsou to pfedevSim poruchy exprese

genu kodujicich transkripéni faktory regulujici hematopoezu a bunécnou
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diferenciaci nebo poruchy v aktivaci rGznych hematopoietickych ristovych faktoru
a cytokin vyvolavajicich signalizani kaskadu podilejici se na regulaci
sebeobnovy a diferenciace hematopoietickych kmenovych bunék (drahy
Hedgehog, Wnt/B-katetin, Notch, KIT nebo FLT3) (Bjerkvig et al., 2005; Mimeault
et al., 2007; Masopust, 2008). Leukemické kmenové bunky u AML i CML maji
podobny imuno-fenotyp jako hematopoietické kmenové bunky (HSC, hematopietic
stem cells) jsou CD34+ a CD38- nebo i CD34+ a CD38+ (Chan et al., 2008). Bylo
publikovano mnoho praci pokouSejich se nalézt povrchové znaky a molekuly
specifické pro LSC. Néktefi autofi poukazuji na expresi molekuly CD96 (Hosen et
al., 2007), jini na deregulovanou expresi receptoru pro GM-CSF nebo IL-3 alfa
(CD123) nebo CD44, CD13, CD43, CD47, CD90 a dalSich molekul (Krause et al.,
2006; Jin et al., 2006; Passegue et al., 2003).

Jednim z moznych pfistupl kcilené terapii leukémii a nadoru jsou
monoklonalni protilatky proti povrchovym molekulam pfevazné exprimovanym na
leukemickych a nadorovych kmenovych burnkach. V souCasnosti je jiz nékolik
takovych protilatek v preklinickych studiich. Jako pfiklad je mozné uvést protilatku
7G3 cilenou proti molekule CD123, ktera v preklinickych studiich inhibuje a
specificky eliminuje leukemické kmenové buriky u AML (Lin et al., 2009). V uvahu
pfichazi také protilatka proti CD44. Molekula CD44 patfi do rodiny bunéénych
povrchovych receptort pro kyselinu hyaluronovou a hraje roli pfi bunééné adhezi.
Monoklonalni protilatka proti molekule CD44 c&astecné eliminuje leukemické
kmenové bunky u akutni myeloidni leukemie, ale také i chronické myeloidni
leukémie. Zabranuje homingu cirkulujicich leukemickych kmenovych bunék k
L2atulku“ (niche) kmenovych bunék, podporuje terminalni diferenciaci AML blastl( a
indukuje apoptozu (Charrad et al., 1999; Gadhoum et al., 2004). Dosud pouzivana
protilatka proti molekule CD33 znaCena calicheamicinem (gemtuzumab
ozogamicin) je sice ucinna vlécbé AML, ale nemusi eliminovat vSechny
leukemické kmenové buriky, které po 1éEbé opét mohou nastartovat rozvoj relapsu
leukemie. Vyvoj monoklonalnich protilatek cilici nadorové kmenové bunky se
potyka s nékolika problémy. Jednim z problému je, Ze markery CSC jsou spole¢né
i s normalnimi kmenovymi bunkami a dalSim problémem je velmi maly pocet CSC
v nadoru. Ztohoto duvodu je identifikace a validace antigend nadorovych

kmenovych bunék stale jesté na zaCatku (Yang et al., 2008).
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4. CD34

CD34 je vysoce glykosylovany transmembranovy protein typu | o
molekulové hmotnosti 105-120 kDa. Velikost této molekuly je zavisla na
buné&ném zdroji, ze kterého je ziskana (Fina et al., 1990; Sutherland et al., 1988).
CD34 nalezi do rodiny sialomucind. Tato monomerni molekula je exprimovana
predevSim na hematopoetickych kmenovych (progenitorovych) burnkach (HSC,
hematopoietic stem cells) a tak slouzi jako selektivni marker pro identifikaci a

izolaci hematopoetickych kmenovych bunék (Katz et al., 1985).

4.1 STRUKTURA PROTEINU

Molekula CD34 se sklada z velké extracelularni domény (278
aminokyselinovych zbytkl(), transmembranové domény (22 hydrofobnich
aminokyselin) a cytoplazmatické domény (73 aminokyselin). Velké mnozstvi cukrd
(glykanu) pfipojenych v extracelularni doméné N- nebo O-vazbou jsou nezbytné
pro stabilitu, specifickou antigenitu a interakci CD34 s ligandy (obr. 9). Ackoli
cytoplazmaticka €ast proteinu nema enzymatickou katalytickou doménu, obsahuje
jedno misto pro pusobeni tyrozinové kinazy a dvé potencialni mista pro PKC
(proteinkinazu C), konkrétné Thr356, Ser362 a Tyr318. Stechiometricka
fosforylace cytoplazmatického konce CD34 proteinkinazou C v téchto mistech
koreluje se zvySenou expresi CD34 na povrchu bunky (Civin et al., 1984; Lanza,
2001).

Jak jiz bylo fe€eno, molekula CD34 obsahuje komplex sialovanych glykanu
pfipojenych N-vazbou a/nebo O-vazbou. Oba typy glykanu tvofi rdzné motivy, tzv.
antigenni determinanty neboli epitopy, které jsou zodpovédné za specifitu k
riznym (urCitym) protilatkam. Epitopy jsou déleny do tfi tfid (epitop I, epitop II,
epitop Ill) dle citlivosti ke S$tépicim enzymim, konkrétné k neuraminidaze
(sialidaze) pochazejici z Vibrio cholerea (Watt et al., 1987; Greaves et al., 1992) a

O-sialoglykoprotein endopeptidaze (OSGE, ,glykopeptidaza“) pochazejici z
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Pasterella haemolytica (Otulakowski et al., 1991). Epitopy |I. tfidy jsou citlivé jak k
neuraminidaze, tak ke ,glykopeptidaze®, epitopy II. tfidy jsou citlivé pouze ke
~glykopeptidaze“ a epitopy lll. tfidy nejsou citlivé ani k jednomu z téchto enzymu
(Sutherland et al., 1992a; Sutherland et al., 1992b).

6-sulfo sLeX na O-glycanu 6-sulfo sLe* na N-glycanu
\ [ [
6-sulfo sLe* 6-sulfo sLe*

Kyselina
Q Sialova © Manoza

I GlcNAc O Galaktoza
0 GalNAc A\ Fukéza

s SO,

Obr. 9: Struktura molekuly CD34 nalezici do rodiny sialomucind. Molekulu CD34 ,zdobi"
O-glykany a N-glykany obsahujici terminalni 6-sulfo sialyl Lewis* (Alon et al., 2007).

4.2 GEN cd34

Lidsky gen pro CD34 je lokalizovan na kratkém raménku chromozomu 1
(1932) (Molgaard et al., 1989; Tenen et al., 1990). V této oblasti se nachazeji i
geny koéduijici regulacni molekuly, které jsou zahrnuty v hematopoetické signalizaci
(napf. geny pro adhezni matrix, molekuly komplementové kaskady jako je
L-selektin/P-selektin a E-selektin, laminin B2 a genovy klastr pro RNA).
Kolokalizace genu cd34 s geny pro adhezni molekuly naznacuje potencialni

koordinovanou regulaci exprese.

Velmi zajimavé je zjisténi, ze lidsky i mySi gen jsou podobné usporadany do

8 exonu a jejich cDNA je vysoce homologni kromé N-terminalniho konce (Brown
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et al., 1991; Satterthwaite et al., 1992). Cytoplazmatické domény jsou identické ve
vice nez 90 % aminokyselinovych zbytkd, transmembranové a proximalni
extracelularni domény jsou také velmi podobné (vice nez 70 %). Terminalni
doména na N konci je identicka jen ve 45 % (Brown et al., 1991; Satterthwaite et
al., 1992). Hladiny serinovych a treoninovych zbytku v této doméné jsou podobné
vysoké a konzervované mezi jednotlivymi zivoCiSnymi druhy. Tato pozorovani
podporuji pfedpoklad, ze cukry pfipojené O-vazbou a obvzvlasté zbytky kyseliny
sialové mohou byt dullezité v modulaci funkEnich charakteristik rdzné
glykosylovanych forem CD34 antigenu (Greaves et al., 1992; Sutherland et al.,
1992a).

4.3 FUNKCE MOLEKULY CD34

Od objeveni antigenu CD34 se tato molekula stala nejvice rozSifenym
markerem lidskych hematopoetickych kmenovych bunék. Navzdory jeho
dilezitosti, zGstava funkce proteinu CD34 stale nejasna (Krause et al., 1996;
Nielsen et al., 2009). Molekula CD34 hraje roli v mezibunécné adhezi. CD34
exprimovana na endotelialnich bunkach anglicky nazyvanych ,high endothelial
venules® (HEV) interaguje s L-selektinem na naivnich lymfocytech a tim
napomaha jejich zachytavani a usnadnuje ,homing“ (usidlovani) lymfocytd do
lymfatickych uzlin (Baumhueter et al., 1993; Rosen et al., 1997). Rovnéz se podili
na zachytavani leukocytl na povrchu endotélii zanicenych tkani. Tato nizkoafinitni
vazba mezi CD34 a L-selektinem na leukocytech (tzv. rolling, kutaleni) zpomali
jejich pohyb a usnadni prinik leukocytd mezi endotelialnimi burfikami do tkané
(Butcheret al., 1996; Lasky, 1992). AvSak Nielsen et al. (2009) zjistili, Ze molekula
CD34 ma rovnéz antiadhezivni vlastnosti. CD34 exprimovana na apikalni strané
cévnich endotelialnich bunék inhibuje nespecifickou andhezi cirkulujicich
hematopoetickych buné&k a zabrafiuje interakci andhezivnich molekul na
protilenlych stranach cév, ¢imz zamezuje jejich kolapsu. Cheng et al. (1996)
zjistili, ze u mysSi s nefunkénim proteinem CD34 se neprojevily zadné vyrazné
zmény. MysSi byly Zivotaschopné, normalné vyvinuté s typickym hematopoetickym
profilem krvetvorby dospélého jedince. AvSak vyskytly se i lehké abnormality
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v hematopoéze. Hematopoeticky vyvoj v embryich téchto mysSi je zpozdén a to
predevSim v erytroidni a myeloidni diferenciaci. Hematopoetické progenitory ze
Zloutkového vaku, fetalnich jater a kostni dfené dospélého jedince jsou u mysSi
CD34” mensi a pusobenim hematopoetickych rustovych faktorti nedochazi ke
zvétSeni téchto bunék v tekuté kultufe. Tyto vysledky naznaduji, ze antigen CD34
se podili na regulaci proliferace a/nebo udrzovani progenitorovych bunék béhem
embryonalni hematopoézy i hematopoézy u dospélého jedince (Cheng et al.,
1996). Salati a kol. zjistili pomoci siRNA CD34 vyznamné zvySeni procentualniho
zastoupeni kolonii granulocytll a megakaryocytl spolecné s poklesem erytroidnich
kolonii. Tyto vysledky znacné& podporuji nazor, ze antigen CD34 by mohl byt
zahrnut v regulaci diferenciace hematopoetickych kmenovych bunék (Salati et al.,
2008).

4.4 EXPRESE CD34 NA JINYCH TKANICH A NADORECH

Antigen CD34 je exprimovan i na endotelialnich bunkach krevnich viasecnic
(Watt et al., 1987; Fina et al., 1990) a na bufkach nadort odvozenych od endotelu
(Sankley et al., 1990; Schlingemann et al., 1990). Dale je protein CD34
exprimovan na fibroblastech, stromalnich progenitorech kostni dfené, nékterych
bunkach nervové tkané plodu a dospélych, intersticialnich a rozptylenych
dermalnich dendritickych burikach podobnych fibroblastim, areolarni tkani a
tukové, somatické a visceralni kolagenni pojivové tkani (Fina et al., 1990; Lin et
al., 1995). CD34 je téz exprimovana na hematopoetickych progenitorech
odvozenych od Zzloutkového vaku plodu, embryonalnich jater a extrahepatické
embryonalni tkané, dale byla exprese CD34 zjisténa u 5 tydna starého embrya v
hematopoietickych progenitorech asociovanych s aortou (Tavian et al., 1996;
Silverman et al.,, 1997). U nadord je exprimovan u nékterych myxoidnich,
fibrovaskularnich a fibrohistiocytickych mezenchymalnich nadord, nadort tukové
tkané odvozenych od primitivnich dendritickych bunék podobnych fibroblastim
(Huyhn et al., 1995). U hematologickych malignit je CD 34 exprimovana u 40 %
bunék akutni myeloidni leukémie (AML) a 65 % buné&k B prekurzorové akutni

lymfocytarni leukémie (pre-B ALL), zatimco je pouze u 1-5 % bunék
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T- lymfocytarni akutni leukémie (T-ALL). CD34 je Casto exprimovan na blastech
pacientd s chronickou myeloidni leukémii (CML) v blastické krizi, zatimco burky
chronické faze, jiné chronické leukemie a lymfomy jsou uniformné negativni (Civin
et al., 1984; Tindle et al., 1985; Katz et al., 1985; Carlo Stella et al., 1995; Lanza et
al., 1994; Watt et al., 1987).
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5. LECBA POMOCI INHIBITORU DEACETYLAZ HISTONU

Epigenetika se zabyva pfenosem a podstatou dédicné informace, ktera
neni urCena poradim nukleotidi. Epigeneticka informace je pfenasena zjedné
generace na druhou, jak na urovni bunky, tak i na urovni organizmu a ovliviuje
frekvenci prepisu genl. Epigenetické déje se podileji na diferenciaci bunék,
morfogenezi, promeénlivosti a adaptabilité organizmu, ale neovlivriuji totipotenci
bunék. Mezi epigenetické mechanizmy patfi metylace DNA, modifikace histonu
(napf. acetylace/deacetylace) a remodelace chromatinu (SWI/SNF [switch/sucrose
non-fermentable] chromatin remodelacni komplexy) (Yoo et al., 2006; Klener,
2010).

Nadorova onemocnéni jsou charakterizovana zménou jak genetické, tak i
epigenetické struktury genomu. Epigeneticka terapie je zaméfena zejména na
aktivaci genu, které jsou u nadord utlumeny. Jednim z mechanizmu, ktery méni
regulaci genové exprese je zména v metylaci DNA. Nejprve dochazi ke globalni
hypometylaci, ktera je charakteristicka pro tumorogenezi, a poté k selektivni
hypermetylaci promotorovych oblasti genl, v€etné tumor-supresorovych genu
(Shen et al.,2002; Agrawal et al., 2007). Dals$im mechanismem je deacetylace
lyzinovych zbytk( histonl, ktera je katalyzovana histonovymi deacetylazami.
Deacetylace histonl zpusobi prostorové zhusténi chromatinu pfilehlych gent, coz
brani navazani transkripénich faktord k DNA vazebnym mistim a nasledné
transkripci. Vysledkem je utlumeni (tzv. utiSeni) genu (gene silencing) (Ma et al.;
2009). Patologicky snizena exprese fady genu (nasledkem hypermetylace Ci
deacetylace DNA) je prlvodnim znakem vétSiny nadorovych onemocnéni. DNMTi
(inhibitory DNA metyltransferaz) blokuji patologicky zvySenou metylaci DNA,
dochazi k demetylaci promotori a k obnoveni exprese celé fady patologicky
reprimovanych genl (napf. tumor supresorovych proteint). Podobné HDACI
blokuji aberantni deacetylaci histond nékterych genu, vysledkem je
hyperacetylace a opét moznost aktivni transkripce dfive nepfistupnych genl
(Klener, 2010).
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5.1 EPIGENETICKY APARAT BUNKY

Strukturu chromatinu tvofi genomicka DNA, histony a ne-histonové
proteiny. DNA eukaryotického jadra je kondenzovana do vysoce organizovaného
chromatinu. Zakladni strukturni jednotkou chromatinu je nukleozém, kulovita
Castice o pruméru 10nm. Jadro nukleozOmu ma strukturu oktameru, ktery
obsahuje vzdy po dvou kopiich ze ¢tyf riznych typu jadernych bilkovin - histond
(H4, H3, H2a a H2b) a kolem négj je obtoCena DNA o délce pfiblizné 146 paru bazi
(vytvari 1,75 levotoCivych nadSroubovicovych zavitd kolem jadra nukleozému)
(obr. 10a). Histon H1 je téz vazan na DNA, neni vSak soucasti nukleozomu, ale
spojuje sousedni nukleozémy u sebe v pravidelné se opakujicim uspofadani.
Histon H1 podporuje kompaktnost a vy$Si organizaci chromatinu. Nukleozémy se
dale skladaji do vy$Sich struktur chromatinu, které jsou pomérné dynamické.
Prochazeji znacnymi zménami, které vedou k aktivaci nebo represi transkripce.
N-terminalni konce histon tvoficich histonovy oktamer sméfuji ven z centra
oktameru a C-terminalni konec sméfuje dovnitf oktameru. Vnitfek oktameru je
hydrofobni. N-terminalni konce histonu (lysin, arginin, serin) jsou zodpovédné za
konformacéni zmény DNA (Spotswood et al., 2002; Luger et al., 1997; Jenuwein et
al., 2001). Histony jsou posttranslacné modifikovany (obr. 10b), coz pozménuje
jejich interakce s DNA a jadernymi proteiny. Kombinace modifikaci utvafi kéd, tzv.
Lhistonovy kdéd“ nebo ,epigeneticky kéd®, tj. soubor minimalné osmi moznych
specifickych kovalentnich modifikaci na histonovych koncich, a metylaci DNA.
Modifikace N-terminalnich histonovych koncu zahrnuji metylaci, acetylaci,
fosforylaci, ubikvitinylaci, sumoylaci, citrulinaci a ADP ribozylaci (acetylace lysind,
methylace lysinl a arginint, fosforylace serinu, ubiquitinace lysint) (Gregory et al.,
2001; Davie, 1998; Wolffe et al., 1999).
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Obr. 10: Usporadani histon v nukleozému. a) Jadro nukleozému ma tvar oktameru, sklada se
z paru stejnych molekul étyf riznych typu jadernych bilkovin - histond (H4, H3, H2a a H2b) a kolem
néj je obtocena DNA o délce priblizné 146 parlt bazi. b) Amino-terminalni konce histont. Lysiny (K)
na amino-terminalnich koncich histond H2a, H2b. H3 a H4 jsou potencialnimi misty pro
acetylaci/deacetylaci pomoci HAT a HDAC. A, acetyl; C, karboxylovy konec; E, kyselina
glutamova; M, metyl; N, amino-terminaini konec; P, fosfat; S, serin; Ub, ubiquitin (pfevzato z Marks
et al., 2001).

5.2 DEACETYLAZY HISTONU

Epigeneticky aparat fidi strukturu chromatinu bez zmény sekvence DNA, a
tim ovliviuje expresi genud, zejména téch, které hraji dulezitou roli pfi transkripci,
replikaci a opravé DNA (Bird, 2002; Muthna et al., 2009). Nejvice studované
posttranslacni modifikace histonu jsou acetylace a deacetylace lysinovych skupin.
Acetylace lysinovych koncu zvlasté na histonu H3 a H4 je spojena s rozvolnénim
struktury chromatinu (dochazi k neutralizaci kladného naboje bazickych lysinG a

tim se snizuje afinita jednotlivych histoni k DNA) a aktivaci transkripce (Cheung et
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al., 2000). Naopak, hypoacetylace histonu je spojena s kondenzaci chromatinu a
represi transkripce. Acetylace histond je fizena dvéma rodinami enzym:
acetylazami histond (HAT) a deacetylazami histond (HDAC). HAT katalyzuji
prenos acetylové skupiny z acetyl-koenzymu A na lysinové konce histond a

dalSich jinych proteint (obr. 11).

Acetylovany chromatin
transkripcné aktivni

HAT HDAC

Deacetylovany chromatin
transkripéné neaktivni

Obr. 11: Regulace struktury chromatinu a transkripce pomoci aktivity deacetylaz histont (HDAC) a

acetyltransferaz histont (HAT) .

Aktivita HAT je vyvaZovana aktivitou HDAC, které katalyzuji odejmuti
acetylové skupiny z lysinovych zbytk( histontd a jinych nehistonovych proteint
(Roth et al., 2001). HAT i HDAC jsou soucasti multiproteinovych komplexu, které
mohou obsahovat vice nez jednu HAT nebo HDAC. Nevazi se pfimo na DNA, ale
s DNA interaguji pfes multiproteinové komplexy zahrnujici korepresory a
koaktivatory (Deckert et al., 2001; Yang et al., 1996). Mezi proteiny, které jsou
modulovany aktivitou HDAC nepatfi jen histony, ale také i transkripéni faktory,
transkripCni regulatory, signalni transduk¢éni mediatory, DNA opravné enzymy,
chaperonové proteiny, zanétlivé mediatory, strukturalni proteiny, virové proteiny,
napf. p53, STATS3, Yin Yang transkripCni faktor, GATA1, E2F, nuklearni faktor-«B,
Hsp 90 a jiné (viz tab. 1) (Marks et al., 2004; Drummond et al., 2005; Lin et al.,
2006). Tyto substraty jsou pfimo nebo nepfimo zahrnuty v mnoha dulezitych
bunéénych dé&jich zahrnujicich kontrolu genové exprese, regulaci proliferace,

diferenciaci, migraci a bunécnou smrt (Marks et al., 2009).
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bunéé&na pohyblivost a-Tubulin,

chaperony HSP90, HSP70

transkripéni faktory a koregulatory p53, p73, GATA-1, 2 a 3, MyoD, E2F1, 2 a 3,
PLAG-1 a PLAGL-2, c-myc, BCL-2, Rb, PGC-1a

struktura chromatinu HMG-A1, B1, B2, N1 a N2, SRY

jaderné receptory (DNA) androgenni receptor, glukokortikoidni receptor,

receptor pro estrogen

signalni (signaliza¢ni) mediatory SAT3, Smad7, B-Catenin
oprava DNA Ku70, WRN

jaderny import Importin-o.7

zanétlivé mediatory HMGB1

virové proteiny E1A, L-HDAg, S-HDAg

Tab 1.: Substraty HDAC (Marks et al., 2009).

V soucCasné dobé je znamo 18 deacetylaz histonu, které rozdélujeme do
3 skupin na zakladé jejich homologie s proteiny kvasinek (Dokmanovic et al.,
2005). Skupinu HDAC 1 tvofi pfedevsim jaderné proteiny homologni s proteinem
kvasinek Rpd3 a zahrnuji HDAC 1, 2, 3 a 8 o molekulové hmotnosti 22-55 kDa.
Skupina HDAC Il je homologni s HDAC 1 v kvasinkach a zahrnuje HDAC 4, 5, 6,
7, 9 a 10 o molekulové hmotnosti 120-135 kDa. Podle struktury deacetylacni
domény rozdélujeme tuto skupinu na 2 podtfidy lla a llb (podtfida Ila zahrnuje
HDAC s jednou hlavni deacetylacni doménou, HDAC podtfidy Ilb maji dvé
domény s riznou afinitou k substratm (Drummond et al., 2005). HDAC skupiny |

jsou primarné lokalizovany v jadfe, zatimco skupina HDAC Il putuje mezi jadrem a
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cytoplazmou (Gray et al., 2001). HDAC | a Il skupiny obsahuji vysoce
konzervovanou katalytickou doménu, ktera obsahuje zinkovou kapsu, dulezZitou
pro navazani nékterych inhibitord HDAC (Miller et al., 2003). Skupina HDAC lll je
homologni s proteinem kvasinek SIR2 (silent information regulator), tyto enzymy
jsou zcela zavislé na NAD* (Drummond et al., 2005). Enzymy skupiny HDAC ||
jsou rezistentni vUCi inhibici trichostatinem A (TSA), suberoylanilidem
hydroxamové kyseliny (SAHA) a kyselinou valproovou (VPA), naopak tfidy | a Il
HDAC, obsahujici v katalytické doméné Zn2+, jsou vici jmenovanym latkam
citlivé. Je to dano schopnosti téchto slou¢enin zapadnout do enzymové kapsy
HDAC tfidy | a Il a vytvofit komplexy s Zn2+ ionty (obr. 13) (Achyra et al., 2005).
Samostatnou skupinu vytvari HDAC 11 (skupina IV), ktera ma v katalytickém
centru znaky jak tfidy I, tak tfidy Il HDAC (Voelter-Mahlknecht et al.,2005).

Rovnovaha mezi acetylaci a deacetylaci je dulezitym faktorem v regulaci genové
exprese a je spojena s kontrolou osudu buriky. V normalni burice jsou oba
pochody v rovnovaze, ale naruSeni rovnovahy mezi HDAC-HAT muze vést
k rozvoji rakoviny, zpusobené bud zvySenou aktivitou HDAC nebo sniZenou
aktivitou HAT. NarusSeni aktivity HAT nebo HDAC je asociovano s nadorovym
vyvojem (Timmermann et al.,, 2001). Mutace ve strukture HDAC spojené s
rakovinou jsou vzacné, zato jsou u nadoru Castéji nalézany poruchy v expresi,
aktivité a navazani HDAC a HAT do mista promotoru cilovych gent (Mehnert et
al., 2007). Abnormalni aktivita HDAC muze ustit v transkripéni represi specifickych
tumor-supresorovych genl, coz mulze pfispivat k tvorbé& nador( stejné jako
inaktivace HAT. ZvySeni exprese ruznych typu deacetylaz histond je
charakteristické v odliSnych nadorech. ZvySena exprese HDAC1, HDAC3, HDACG6
a SIRT7 byla nalezena napf. u rakoviny prsu, prostaty, Stitné Zlazy, Zaludku
(Lafon-Hughes et al., 2008; Bolden et al., 2006). Zména v expresi HDAC byla
nalazena také u hematologickych malignit (Dokmanovic et al., 2007). Ukazalo se,
Ze inhibice aktivity HDAC ma vliv na bunéény cyklus, bunécny rust, dekondenzaci
chromatinu, diferenciaci, apoptézu a angiogenezi u rGznych typu nadorovych
bunék (Paris et al., 2008). Z tohoto divodu se v posledni dobé vénuje velka

pozornost inhibitorim HDAC a jejich vyvoji pro terapeutické ucely.

43



5.3 INHIBITORY DEACETYLAZ HISTONU (HDACi)

V posledni dobé bylo vyvinuto mnozstvi syntetickych i pfirodnich inhibitor(
deacetylaz histond (HDACI) jako novych protinadorovych Ié€iv (Minucci et al.,
2006; Kelly et al., 2005). Inhibitory HDAC tvofi skupinu rdznorodych sloucenin,
které se liSi svou afinitou vuci jednotlivym podtypim HDAC. Na zakladé chemické

struktury rozdélujeme inhibitory deacetylaz histont do 4 zakladnich skupin:

e mastné kyseliny s kratkym fetézcem (butyrat, fenylbutyrat, fenylacetat,

kyselina valproova)
e syntetické derivaty benzamidu (MS-275, CI-994, N-acetyldinalin)
e cyklické tetrapeptidy (trapoxin, apicidin),

e derivaty kyseliny hydroxamové (trichostatin A, SAHA, panobinostat,

belinostat)

Inhibitory HDAC interaguji s katalytickou doménou HDAC a tak blokuji
rozpoznani a navazani jejich substrata, ¢imz zplsobuji rozvolnéni terciarni
struktury chromatinu a umoznuiji pfistup transkripénich faktort vyustujici v obnovu
prislusné genové exprese (Finnin et al., 2001). AvSak jejich protinadorova aktivita
nevychazi pouze ze schopnosti HDACi regulovat acetylaci histonu, ale zahrnuje i
jiné funkce vc€etné acetylace nehistonovych proteind, jako jsou p21, p53, E2F,
Rb (retinoblastoma) protein, Fas, FasL a dalSi. Do dnesni doby bylo identifikovano
vice nez 50 nehistonovych proteinu, které jsou substraty pro HDAC (Dokmanovic
et al.,, 2005). Studie sledujici procento genu, které jsou ovlivnény pusobenim
inhibitord HDAC pomoci expresniho profilovani genl, se vyrazné I[iSi v
eukaryotickém organismu. Udavaji se hodnoty >5-20 % (Starkova et al., 2008;
Peart et al., 2005). Mezi hlavni biologické funkce HDACIi patfi zastava buné¢ného
rustu, indukce diferenciace, podpora apoptozy (Mai et al., 2005) nebo senescence
(Xu et al.,, 2005) vraznych typech malignich bunék (obr.12). HDACi mohou
reaktivovat tumor-supresorové geny, jejichz aktivita byla v pribéhu neoplastickych
transformaci utlumena, napf. gen CDKN1A, ktery koduje CDK inhibitor p21
(Rosato et al., 2003). HDACi mohou aktivovat jak vnéjsi (pfes receptor smrti), tak i
vnitfni  (mitochondrialni) apoptickou signalizaCni cestu. V mnoha nadorovych

bunkach, HDACI indukuji aktivaci transkripce receptort smrti, jako Fas, DR5 a
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jejich ligandd (TRAIL-tumor necrosis factor- related apoptosis- inducing ligand a
Fas ligand) (Insinga et al., 2005). To vede k aktivaci kaspazy 8 a kaspazy 10 a
iniciaci vnéjsi apoptotické signalizacni cesty. Inhibitory deacetylaz histond indukuiji
bunénou smrt i aktivaci vnitfni (mitochondrialni) cesty a to inaktivaci
anti-apoptotickych (napf. Bcl-2, Bcl-xL) a aktivaci proapoptotickych (Bik, Bim, Bmf,
Noxa) proteint rodiny Bcl-2 (Xu et al., 2007). Napf. panobinostat (LBH 589)
snizuje expresi anti-apoptotickych proteini Bcl-2, Bcl-xL a Mcl-1 u nadorovych
bunécnych linii odvozenych od rakoviny plic (Edwards et al., 2007). Mnoho studii
ukazuje, ze témér vSechny HDAC inhibitory zastavuji bunécny cyklus v GO/G1
nebo G2/M fazi v zavislosti na bunéném typu a davce HDACi. HDACi dokazi
indukovat expresi proteinu p21 i cestou nezavislou na p53, pficemz pravé mutace
proteinu p53 je jednou z nejbéznéjSich zmén pozorovanych u nadorl. Také byla
detekovana defosforylace pRb u lidskych leukemickych linii po pusobeni LAQ 824,
HDAC inhibitoru (Rosato et al., 2006). Pusobeni HDACIi indukuje hyperacetylaci a
destabilizaci chaperonového proteinu Hsp90. V nadorovych burkach Hsp90
asociuje sfadou mutovanych, chimernich nebo nadmérné exprimovanych
signalnich proteintd (napf. mutovany p53, Bcr-Abl, Raf-1, Akt), ¢imz napomaha
k udrzeni jejich stability a funkce (Whitesell et al., 2005). Hyperacetylace Hsp90
zpusobi naruSeni jeho funkce a cilové proteiny tohoto chaperonu jsou
degradovany v proteazomu (Yu et al., 2002). Inhibice HDAC téz zvySuje tvorbu
reaktivnich kyslikovych radikalt (ROS, reactive oxygen species). ZvySeni hladiny
ROS po |é¢bé s HDACI bylo detekovano pouze u nadorovych bunék, ale ne u
bunék normalnich (Ungerstedt et al., 2005). Dale, HDACi zvysSuji citlivost
k chemoterapii nadort a inhibuji angiogenezi (Geng et al., 2006). VSechny tyto
ucinky vykazané na nadorovych bufikach jsou minimalni u normalnich bunék (Ma
et al., 2009).
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Obr. 12: Indukce zastavy bunécéného rlstu nebo smrti pomoci inhibitorll histondeacetylaz.

VEGF (vascular endothelial growth factor). Pfevzato a upraveno podle Marks et al., 2009.

V souCasnosti je v klinickych zkouSkach nékolik HDAC inhibitord jako
potencialnich protinadorovych 1éCiv, protoze vykazuji inhibi¢ni aktivitu proti
nadorim ve velmi dobfe tolerovanych davkach (nékteré z nich jsou uvedeny v
tab. 2) (Sandor et al.,, 2002; Ma et al., 2009). Nékteré z nich maji vSak kratky
poloCas Zivota a zavazné vedlejsi toxické efekty in vivo (Marks et al., 2001).
Transformované buriky jsou citlivéjSi k u€inku HDACi nez bunky normalni.
Odpovéd nadorovych bunék zavisi na typu rakoviny, struktufe, koncentraci a také
na dobé pusobeni HDACi (Ma et al., 2009). Protinadorova ucinnost HDAC
inhibitort je jiz velmi dobfe prokazana jak in vitro (linie nadorovych bunék), tak i
in vivo (zvifeci modely). Prvnim z objevenych HDACI byl butyrat sodny a prvni
prirodni HDCA inhibitor byl Trichostatin A, identifikovany v roce 1990 (Yang et al.,
2007). V soucasné dobé jedinym v klinické praxi pouzivanym HDACI je vorinostat
(Zolinza) neboli suberoylanilid hydroxamové kyseliny (SAHA), ktery americky Ufad
pro kontrolu IéCiv a potravin (Food and Drug Administration, FDA) schvalil v roce
2006 pro terapii kozniho T-bunééného lymfomu. Vorinostat je také v |. a Il. fazi
klinického testovani u jinych hematologickych malignit a solidnich nadort (Garcia-
Manero et al., 2008; Vansteenkiste et al., 2008; Galanis et al., 2009). SAHA nalezi
do skupiny derivatl kyseliny hydroxamové. ZvySuje acetylaci histond H2, H3 a H4

a také zvySuje expresi proteinl p21 a Bax, sou€asné snizuje expresi STAT6 a
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fosforylaci STAT6. VSechny tyto ucinky vedou k indukci apoptézy a i jinych forem
bunétné smrti (Piekarz et al.,, 2004). DalSim nové zavadénym HDACI je
panobinostat (LBH 589) (Faridak), testuje se u pacientd s refrakternim
Hodkinovym lymfomem a CML (Klener 2010). Kyselina valproova patfi do skupiny
mastnych kyselin s kratkym fetézcem a je jiz 30 let pouzivana v klinické praxi jako
antiepileptikum. Je testovana pro mozneé vyuziti v 1éCbé akutni promyelocytarni
leukémie a myelodysplastického syndromu, a to jak samostatné, tak v kombinaci
napf. s kyselinou retinovou (ATRA) (all-trans-retinoic acid) nebo demetylacnimi
latkami (Karagiannis et al.,, 2006). Ovliviiuje rust a diferenciaci nékterych
bunécnych typl, indukuje diferenciaci bunék neuroblastomu, inhibuje jejich rust
(Cinatl et al., 1997) a také indukuje apoptéozu u hematologickych malignit a
solidnich nadoru (Olsen et al., 2004; Tang et al., 2004).

. 5 % § Ay ”
Nazev léCiva Struktura Koncentrace Klinické zkousky (k 2009)
? ;
Vorinosat (SAHA, Zolinza) QNM "OH pmol/L FDA approved — CTCL,
H o PhII-III (p.o.)
HNTY e
Panobinostat (LBH589) i nmol/L PhI-II (p.o.), PhIl (i.v.)
\ Vs H
\__N-oH
o]
H H
Belinostat (PXD101) N\Sk A N‘OH wmol/L PhII (i.v.), Phl (p.o.)
SN
(o]
ITF-2357 i H'OH nmol/L PhI-II (p.o.)
B 0N
~~-N H
O H /
-N
{5
| Oy S %0
Romidepsin (Depsipeptide, FK228) o~ 7 S NH nmol/L PhI-II (i.v.)
My P .
Ly
Valproic acid \/I\/ mmol/L PhII-III (p.o.), Phil (top.)
0" "OH
Phenylbutyrate (VP-101, EL-532) @ Nar @ mmol/L PhIl (p.o.)
& i v \/’\)j\o- B
o] o]
Pivanex (AN-9) /\)LO/\O mmol/L PhI-II (i.v.)

Q
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Entinostat (MS-275, SNDX-275) (\/\ Ho H 2 pmol/L PhI-II (p.o.)
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& |

Tab. 2: Vybrané inhibitory HDAC v klinickych zkouSkach, jejich struktura a ucinnost in vitro (Marks

et al., 2009). * Rozsah koncentrace HDACI inhibujici deacetylazy histon( in vitro.
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Na zakladé vysledkl z preklinickych a klinickych studii se HDAC inhibitory
daji uspésné kombinovat, jak mezi sebou, tak spolu s konvenénimi cytostatiky,
anti-angiogennimi latkami, radiacni terapii, monoklonalnimi protilatkami nebo
hormonalni terapii (Bolden et al., 2006; Minucci et al., 2006; Glozak et al., 2007).
Inhibitory deacetylaz histonl se zdaji byt vhodnymi kandidaty zejména pro
terapii leukemickych onemocnéni. U téchto onemocnéni dochazi ke
vzniku specifickych onkogennich faznich proteint, které umozZfuji vazbu
histondeacetylazovych komplexti na promotory cilovych genld. Tato vazba
muze ve vysledku zpuUsobit transkripéni represi genu esencialnich pro
hematopoietickou diferenciaci. Tyto udalosti mohou tvofit hlavni krok v rozvoiji
leukémii. Napf. PML-RARa proteinovy produkt translokace t(15;17) u akutni
promyelocytarni leukémie, stejné jako AML1-ETO a CBF-MYH11 (core binding
factor leukemia gene products), tvofi s HDAC korepresorové komplexy a
pusobi jako transkripéni represofi mechanismem jejich navazani do mista
promotoru cilovych genl (Lane et al., 2009). Klinické zkousky s nékolika HDACI
zahrnuji pacienty s Sirokym spektrem hematologickych a solidnich malignit,
zahrnujicich  chronickou lymfocytarni  leukémii, Hodgkindv ~ lymfom,
myeloproliferativni choroby, B-bunélny Iymfom, akutni myeloidni leukémii,
mnohocetny myelom, rakovinu krku, mozkové nadory, melanom, rakovinu ledvin,
rakovinu vaje¢nikd, pankreaticky adenokarcinom (vice na www.clinicaltrialis.gov)
(Marks et al., 2009).
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Obr. 13: Schématické znazornéni krystalové struktury deacetylazy histonli se suberoylanilidem
hydroxamové kyseliny (SAHA), ktery se vaze do zinkové kapsy katalytické domény enzymu (Kelly
et al., 2005).
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5.4 APOPTOZA, SENESCENCE A JEJICH OVLIVNENI HDACI

Indukce bunétné smrti nebo zastavy bunéfného rustu pfi lécbé
protinadorovymi latkami souvisi s odpovédi nadoru (,tumor response®). Naproti
tomu, neuspéch v protinadorové 1é¢bé je zplsoben rezistenci nadorovych bunék
na tyto latky (Menhert, 2007). Patrné nejCastéjSi a nejlépe prozkoumanou formou
bunécné smrti je apoptdza, ovSem fada nedavnych studii ukazuje, Ze u bunék,
kde byla blokovana apoptoza, je aktivovana ne-apoptoticka bunécna smrt nebo
ireverzibilni zastava buné&ného rastu neboli senescence. Ta je oznacovana jako

dal$i z moznych tumor-supresorovych mechanism( (Minucci 2006).

5.4.1 Apoptoza

Apoptdza je evoluCné velmi stary proces programované bunécné smrti,
ktery vede k fizené eliminaci prestarlych, nefunk&nich, mutovanych, infikovanych
nebo jinak transformovanych bunék. Je to aktivni d&j vyzadujici energii ve formé
ATP. Normalni fungovani apoptdézy je nezbytné pro spravny prabéh
embryogeneze a pro udrzeni tkanové homeostazy (Fadeel, 2003). Deregulace
apoptézy vede k celé fadé patologickych stavl a je pruvodnim znakem vétSiny
nadorovych onemocnéni. V bunkach realizujicich apoptozu se vyskytuji
charakteristické morfologické a biochemické zmény, rozdilné od zmén pfi jinych
typech bunécné smrti. Dochazi ke kondenzaci chromatinu, ktery se shlukuje na
periferii jadra. Specifické endonukleazy postupné $tépi DNA nejprve na fragmenty
dlouhé 30-50 kbp a posléze na fragmenty tvofené pouze 180-200 bp. Méni se
také struktura jadra. Jadro rozpada do mnoha &asti, plsobenim proteolytickych
enzymu, které $tépi proteiny zajistujici integritu jadra a jaderného obalu. V dalSim
prubéhu apoptézy dochazi i ke zménam mitochondrii a naruSeni cytoskeletu.
Burika se smrstuje a fizené rozpada, formuji se tzv. apoptoticka téliska, ktera jsou
diky zvySené expresi fosfatidylserinu na vnéjSim listu bunéfné membrany

rozpoznavana a fagocytovana makrofagy nebo sousednimi bufikami bez
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vyznamnéjSiho rozvoje zanétlivé reakce (Lauber et al., 2001; Vanlangenakker et
al., 2008; Sawvill et al., 2000).

Centralni slozkou tohoto procesu je proteolyticky systém zahrnujici rodinu
proteaz, nazyvanou kaspazy (cysteinové proteazy), které zahajuji a vykonavaji
apoptézu. Kaspazy jsou syntetizovany jako inaktivni proenzymy a samy mohou
byt aktivovany proteolytickym Stépenim na specifickych aspartatovych zbytcich.
Délime je na iniciatorové (napf. kaspaza 8, 9, 10) a efektorové (napf. kaspaza 3,
6, 7) kaspazy (Lamkanfi et al., 2007, Kang et al., 2002). Iniciatorové kaspazy
mohou byt aktivovany pomoci dvou odliSnych cest - tzv. vnéjsi (receptorova) a
vnitini  (mitochondrialni) apoptoticka draha. Inicidtorové kaspazy aktivuji
efektorové kaspazy, které Stépi intracelularni substraty. Nasledné dochazi
k ireverzibilnim strukturalnim zménam bunécnych slozek (Stépeni aktinu, DNA
atd.) vedoucich k fizené bunécné smrti-tvorbé apoptotickych télisek (Burz et al.,
2009).

5.4.1.1 Vnéjsi (receptorova) draha

VnéjSi receptorova draha je iniciovana navazanim ligandi na jejich
transmembranové receptory, tzv. receptory smrti (death receptors), jako je napfr.
Fas receptor (nazyvany také Apo-1, CD95 receptor). Fas patfi do TNF
receptorové superrodiny. DalSimi €leny jsou TNF receptor 1 (TNF-R1, nazyvany
téz DR1, p55, p60, nebo CD120a), DR3 (znam jako Apo-3, LARD, TRAMP nebo
WSL1), TRAIL-R1 (TNF-related apoptosis-inducing ligand receptor 1, také znam
jako DR4 nebo Apo-2), TRAIL-R2 (DRS5, KILLER, nebo TRICK2), a DR6 (Suliman
et al., 2001). Tyto receptory maji extracelularni doménu, ktera obsahuje 1-5
konzervativnich motivi CRDs (,cysteine rich domains®, domén bohatych na
cystein), intracelularni doménu (DD=death domain) a centralni apoptézové

regulatory (Burz et al., 2009). Navazanim specifického ligandu na receptor smrti

(FasR/FasL, TNFR1/TNFa, DR-4/TRAIL, DR-5/TRAIL, DR3/Apo-3L/TWEAK),

dojde ke konformacnim zménam C-koncu receptorovych molekul, to vede k
oligomerizaci a vzniku makromolekularnich komplextu. Na intracelularni Casti
aktivovanych receptort smrti se vazi adaptorové proteiny FADD (Fas-associated

death domain) nebo TRADD (TNFR1-associated death domain protein) za vzniku
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multiproteinového efektorového komplexu zvaného DISC (death inducing signaling
complex). V DISC dochazi k aktivaci iniciatorovych kaspaz (CASP8 a CASP10),
které nasledné Stépi efektorové kaspazy (CASP3, CASP7) a k zahajeni $tépeni

mnoha intracelularnich proteini, coz vede k biochemickym i morfologickym

znamkam apoptozy (Burz et al., 2009).

Receptorova draha mlze byt regulovana na vice urovnich: vSechny tyto

regulaéni mechanismy mohou byt naruseny u nadorovych bunék.

zvySenou expresi tzv. ,decoy” receptorll (DcR3, TRAIL R-3/DcR1 a TRAIL
R-4/DcR2), které vazi s vysokou afinitou ligandy smrti, ale nejsou schopny
prenaset signal na cytoplazmatické adaptorové proteiny. DcR3 je zvySené
exprimovan u rtznych druhl rakoviny, jako napf. plic, zaludku (Wu et al.,
2008)

snizenou expresi receptorld smrti (exprese receptord smrti se li§i mezi
riznymi burikami). Napf. snizena exprese Fas receptoru je nalézana u

bunék hepatocelularniho karcinomu (Nagao et al., 1999).

zvysenou expresi IAP (inhibitor of apoptosis) molekul, které inhibuji aktivitu

kaspazy 3a7.

zvysenou expresi FLIP (FLICE-like inhibitory protein) molekul, které inhibuji
domény smrti FADD a tak zabranuji aktivaci kaspazy 8. FLIP je exprimovan
napfiklad pfi aktivaci T-lymfocytd. Pfestane-li byt exprimovan, buriky se
stavaji nachylnymi k apoptéze zprostfedkované Fas receptorem (Ashkenazi
et al., 1999; Falschlehner et al., 2007)

5.4.1.2 Vnitrni (mitochondrialni) draha

Vnitfni draha, byva zpravidla aktivovana signaly, jako jsou poSkozeni DNA,

poskozeni mikrotubul(, deprivace ristovych faktort, oxidativni stres, hypoxie nebo

chemoterapeutika. NejCastéjSim iniciatorem je ovSem poskozeni DNA a nasledna

aktivace proteinu p53.
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Vnitfni draha souvisi s mitochondriemi, coZ jsou vysoce specializované
organely s vysokym obsahem pro-apoptotickych molekul (napf. cytochrom c,
AlF-apoptosis inducing factor, endonukleaza G, Smac/DIABLO). Za normalnich
okolnosti jsou tyto pro-apoptotické molekuly ,uzavieny“ v intermembranovém
prostoru mitochondrie. VSechny stimuly, jez zpusobuji zmény vnitini
mitochondrialni membrany, zapfiini otevieni mitochondrialnich pérad (the
mitochondrial  permeability  transition  pore), ztratu  mitochondrialniho
transmebranového potencialu a uvolnéni  pro-apoptotickych  proteinu
z mezimebranového prostoru do cytosolu. Po uvolnéni do cytoplazmy,
cytochrom ¢ stimuluje formaci multiproteinového komplexu zvaného apoptosom,
ktery obsahuje Apaf-1 (apoptotic protease-activating factor), dATP, cytochrome ¢
a kaspazu 9. Dochazi k autoaktivaci kaspazy 9 a k nasledné aktivaci efektorovych
kaspaz (CASP3, CASP7), které Stépi své substraty, coz vede k apoptotické smrti,
stejné jako pfi vyuZiti vnéjSi apoptotické cesty. Katalyticka aktivita cytochromu c je
modulovana proteiny z rodiny IAPs (inhibitors of apoptosis proteins), které jsou
kontrolovany jinymi dvéma proteiny, Smac/Diablo a HtrA2/Omi. Ty potlacuji
schopnost IAPs inhibovat kaspazy. Proteiny IAP jsou zvySené exprimovany u

mnoha nadorl (Cory et al., 2002).

Vnitini draha je kontrolovana interakcemi mezi pro-apoptotickymi (Bax, Bak,
Bad, Bcl-XS, Bik, Bid, Bim, Hrk) a anti-apoptotickymi Cleny (Bcl-2, Bcl-XL, Bcl-W,
Bfl-1, Mcl-1) patfici do Bcl-2 proteinové rodiny. VSechny tyto proteiny jsou
charakterizovany pfitomnosti konzervovanych sekvenci zvanych Bcl-2 homologni
(BH) domény (BH1-BH4), pfitom kazda z téchto BH domén ma odliSnou funkci.
Anti-apoptotické proteiny maiji Ctyfi domény, zatimco pro-apoptotické proteiny bud
tfi nebo pouze jednu. Anti-apoptotické a pro-apoptotické proteiny vzajemné
antagonizuji své pulsobeni tim, Ze tvofi heterodimery a vysledny efekt je vice
zavisly na rovnovaze mezi nimi, nez na jejich samotném mnozstvi. Zmeény v jejich
expresi jsou nalézany u mnoha nadorl. Napf. zvySena exprese Bcl-2 proteinu je
bézné pfitomna u hematopoietickych malignit, jako akutni lymfoblasticka leukémie

nebo chronicka lymfaticka leukémie (Pepper et a., 1996).

e Pro-apoptické Bcl-2 proteiny: Bax, Bak, Bok and Bcl-xs, obsahuji BH
domény 1-3. Bax a Bak maji schopnost vytvafet péry ve vnéjsi

mitochondrialni membrané, ¢imz dochazi k uvolnéni proapoptotickych
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molekul do cytosolu a spusténi apoptdzy. Jejich ucinek je inhibovan vazbou

anti-apoptotickych Bcl-2 proteinu.

e Anti-apoptotické Bcl-2 proteiny: Bcl-2, Mcl-1, Bcl-w, Bcl-xL, obsahuiji
vSechny c&tyfi BH domény. Blokuji proapoptotické proteiny Bax a Bak tim,

Ze se na né vazi (Scorrano et al., 2003; Hossini et al., 2006; Klener, 2010).

e BH3-only Bcl-2 proteiny: Bid, Bim, Bik, Bad, Bmf, Noxa, Puma a Hrk,
pusobi jako senzory stresovych signalll z vnéjSiho prostfedi a jsou pfimymi
antagonisty Bcl-2 protein(. Vazi se na anti-apoptotické Bcl-2 proteiny, ¢imz
dojde k uvolnéni pro-apoptotickych proteini Bax a Bak. Jsou povazovany

za spojovatele signalt smrti a exeku¢ni ¢asti apoptotickych drah.
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Obr. 14: Apoptotické signalizacni drahy. Dvé hlavni drahy vedouci k apoptéze burfky: vnéjsi
receptorova draha fizena prostfednicitvim receptord smrti a jejich ligandd a vnitfni mitochondrialni

draha kontrolovana rodinou Bcl-2 proteind (Chiantore et al., 2009).

5.4.2 Senescence

Bunéfna senescence byla poprvé popsana pried vice nez 40 lety
Hayflickem a Moorheadem (Hayflick et al., 1961). Tito védci objevili, Ze normalni
lidské fibroblasty se po sérii pasazi in vitro (asi 50) pfestaly délit a poté vstoupily
do ireverzibilni zastavy bunéfného cyklu, zplsobené vycerpanim jejich
replikativniho potencialu, ktera je oznaCovana jako replikativni senescence
(Hayflick et al., 1961; Hayflick, 1965). AvSak senescence muze byt v burikach
spusténa také za jinych podminek, nez je kritické zkraceni telomer. Jedna se o

nejriznéjsi druhy strest a zmén ve struktufe DNA (viz str. 58-61).

Hlavnim znakem buné&né senescence je trvala zastava proliferace-
neschopnost sensecentni bunky vstupovat do bunécného cyklu (Di Leonardo et
al., 1994; Herbig et al.,, 2004; Ogryzko et al., 1996). Senescentni bunky se
vyznaduji fadou morfologickych zmén, které mizeme pozorovat svételnym
mikroskopem. Senescentni burika je oproti normalni proliferujici burice vétsi, ma
vétsi jadro, je plosSi a jeji cytoplazma obsahuje vice vakuol (obr. 15). Senescentni
bufky nejsou schopny replikovat DNA navzdory adekvatnim rlstovym
podminkam, to je zplsobeno expresi dominantnich buné&nych inhibitort a tvorbou
tvz. SAHF (senescence-associated heterochromatin foci)- kondenzované oblasti
heterchromatinu, které pfibyvaji béhem senescence (Campisi et al., 2007). Na
rozdil od bunék v klidové (GO0) fazi je senescentni zastava buné&ného ristu trvala,
jelikoz senescentni buriky nelze stimulovat k dalSi proliferaci Zzadnymi znamymi
fyziologickymi stimuly (Campisi et al., 2007). K zastavé bunéfného cyklu dochazi
zejména v G1 fazi, ale také i v G2/M fazi (Stein et al., 1995; Campisi et al., 2007).
Bunky téz Casto byvaji rezistentni k apoptoze (Hampel et al., 2005).

Senescentni bunky maji odliSnou expresi gend, véetné zmén v genové
expresi inhibitord nebo aktivatord bunécného cyklu (Yoon et al.,, 2004). Mezi
inhibitory bunécného cyklu Casto exprimovanymi senescentnimi bunkami patfi
inhibitory cyklin-dependentnich kinaz (CDKi) p21 (také nazyvan CDKN1a,
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p21CIP1, Waf1l nebo SDI1) a p16 (také nazyvan CDKN2a nebo p16INK4a)
(Campisi, 2001; Braig et al., 2006). Tyto CDKi jsou soucasti tumor-supresorovych
cest, které jsou Fizeny proteinem p53 a retinoblastomovym proteinem (pRB). p53 a
pRB jsou transkripénimi regulatory a cesty, které tyto proteiny fidi, jsou Casto
naru$eny u rakoviny (Sherr et al., 2002). p21CIP1 a p16™K*@ udrzuji pRB v jeho
hypofosforylované formé. Hypofosforylovany pRB dale udrzuje inaktivni
transkrip&ni faktor E2F, ktery je dllezity pro aktivaci exprese genu fidicich prostup
skrze bunécny cyklus. V senescentnich burikdch dochazi také ke zménam ve
struktufe heterochromatinu. Tvofi se tzv. SAHF, jejichz tvorbu iniciuje aktivni
nefosforylovana forma pRb (Collado et al., 2006, Schulz et al., 2005). Chromatin
v téchto doménach je kompaktnéjSi nez chromatin v normalnich interfaznich
rostoucich burfikach. SAHF obsahuji nékolik béznych markerl typickych pro
heterochromatin: hypoacetylované histony, metylovany lysin na histonu H3
(H3KOMe) a navazané HP1 proteiny (heterochromatin protein 1), avS$ak
neobsahuji jiné znaky kondenzovaného chromatinu nalézané v mitotickych
bunkach. Jejich dalS§im znakem je ubytek spojovaciho histonu H1 a zvySené
mnozstvi macroH2A (transkripéné represivni varianta H2A) a HMGA proteind.
V SAHF jsou zahrnuty geny podporujici proliferaci (proliferation-promotion genes),
napf. cyklin A, cyklin E, E2F, €¢imz dochazi kjejich ,umieni a zastaveni
proliferace. Jakmile dojde k vytvofeni SAHF, neni uz potfeba dalSiho poskozeni
DNA nebo inhibitord buné&ného cyklu k nastoleni senescentniho bunééného stavu
(Bakkenist, et al., 2004). V senescentnich bunkach je také potlaena exprese
genu kodujici proteiny, které stimuluji nebo usnadniuji progresi buné&nym cyklem,
napf. replikacné-dependentni histony, c-FOS, cyklin A, cyklin B, a PCNA
(proliferacni bunécny nuklearni antigen) (Narita et al., 2003). Ne v8echny zmény
v genove expresi v senesentnich bunkach souvisi se zastavou bunécného cyklu,
jde napf. o zvySeni exprese ruznych cytokind spojenych se zanétlivou odpovédi
(Yoon et al.,, 2004). DalSim neméné smérodatnym biomarkerem senescentnich
bunék je vysoka aktivita lyzozomalni  B-galaktozidazy  (SA- p-gal,
senescence-associated [-galaktosidase), ktera odrazi zvySenou biosyntézu
lyzozomU (Campisi, 2005; Goldstein, 1990; Dimri et al., 1995).
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> Morfologické zmény
¢ burika se stava vétsi
¢ vyznacuje se zvySenou granularitou
¢ je plossi
+ cytoplazma je vice bohata na vakuoly
» Biochemické zmény
¢ zvySena aktivita SA- B-gal
¢ ztata inkorporace BrdU odrazejici
preruseni syntézy DNA
¢ zvySeni exprese proteinl podilejicihc
se na senescenci, napf. p16INK4a,
p21CIP1, marker poskozeni DNA
(YH2AX)
» Chromatinové zmény
¢ tvorba SAHF

+ trimethylace lysinu 9 na histonu H3

Obr. 15: Znaky bunécné senescence. Prehled morfologickych zmén a typickych biochemickych
markerd senescentnich bunék (A). Ukazka proliferujicich MEF bunék (primarni mys$i embryonalni
fibroblasty) a MEF bunék, u kterych byla indukovana replikativni senescence. Senescentni MEF
jsou oproti proliferujicim MEF vétsi, zpolstélé a vykazuji zvySenou aktivitu SA-B-gal (modré
zbarveni), marker senescence. Pfevzato a upraveno z Schmitt, 2007 (A) a zdroj wikipedie:
(http://en.wikipedia.org/wiki/File:SABG_MEFs.jpg) (B).

Bunécéna senescence hraje dulezitou roli v nadorové supresi. Senescentni
buriky jsou Casto detekovany v tkanich premalignich lézi, ale uz ne v malignich
lézich. ZvySena exprese inhibitord CDK a zvySena aktivita lyzozomalni
B-galaktozidazy (SA-p-gal) byla objevena u adenomu plic, ale uz ne u
adenokarcinomu plic (Collado et al., 2005). Senescentni burnky byly téz

detekovany u prostatické intraepitelialni neoplazie a benigni prostatické
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hyperplazie (Choi et al, 2000; Majumder et al., 2008). Z téchto dat vyplyva, ze by
senescence mohla slouzit jako endogenni bariéra pfed maligni transformaci
(Ewald et al., 2010). Senescentni bunky jsou také nalézany u starSich tkani, kde
jejich pocet vzrista se starnutim organismu. To vede ke zhor$eni regenerativniho
potencialu a funkce tkani (Campisi, 2005; Herbig et al.,2006). Senescence tedy na
jednu stranu predstavuje protinadorovy mechanismus chranici organismus pfed
rakovinou, ale na druhou stranu pfispiva i ke starnuti organismu (antagonisticka
pleiotropie) (Saretzki, 2010).

5.4.2.1 Replikativni senescence-zavisla na telomerach

Replikativni senescence je pfirozeny stav v§ech bunék, které vyCerpaly sv(j
proliferaCni potencial. U naprosté vétSiny lidskych somatickych bunék je
asociovana s erozi telomer béhem bunécného déleni (Shay et al.,, 2005).
Telomery jsou specializované nukleo-proteinové struktury na koncich linearnich
chromozoml. Jsou tvorfeny tandemovymi repeticemi DNA, u obratlovcl
konzervovanymi hexametrickymi sekvencemi TTAGGG, na jejichz konce se vazou
specifické proteiny a vytvari lasovitou strukturu nazyvanou T-smycka (T-loop)
(De Lange, 2005). Tyto proteiny slouzi k ochrané a regulaci telomer a dohromady
tvofi ochrannou ,Cepi¢ku“ na koncich chromozomda. Proto je jejich hlavni funkci
ochrana a stabilizace chromozomovych koncl, jez zamezuje nestabilité
chromozom( a aktivaci odpovédi bunék na poskozeni DNA (DNA-damage
response, DDR) (ltahana et al., 2007). Standartni DNA polymerazy nemohou
kompletné doreplikovat DNA do konce telomer, tento fenomén je anglicky nazvan
end-replication problem, a tak s rostoucim stafim buriky se telomery postupné
zkracuji. Pfi kazdém déleni ztrati bunka 50-200 parG bazi telomerické DNA
(Harley et al., 1990). Pokud jsou telomery zkraceny az do urcité tzv. kritické délky
(u lidskych bunék je to vrozsahu 10-15 kb pro zarode¢né linie nebo 4-6 kb u
ostatnich typl bunék), burika zastavi nevratné sv(j rist (Hemann et al., 2001;
Martens et al., 2000). Telomerické sekvence prodluzuje enzym telomeraza
(reverzni transkriptaza) skladajici se z templatové RNA komponenty zvané TERC
(telomerase RNA component) a katalytické podjednotky TERT (telomerase
reverse transcriptase). Enzym je zodpovédny za de novo syntézu telomerickych

opakujicich se jednotek udrzujicich délku telomer (Greider et al., 1985). AvSak
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s vyjimkou bunék zarodecnych linii, kmenovych, progenitorovych a rakovinnych
bunék, vétSina lidskych somatickych bunék telomerazu neprodukuje vibec nebo ji
produkuje jen v nepatném mnozstvi (Masutomi et al., 2003). Progresivni zkraceni
telomer na koncich chromozomu je bunkou vnimano jako DNA zlomy a je
aktivovana DDR (ATM/ATR-p53 cesta) vedouci ke spusténi senescence.
Biologické zmény, které nastavaji v kultivovanych lidskych bunkach, bé&hem
replikativni senescence koresponduji se zménami spojenymi se starnutim celého
organismu. To nasvédcuje poznatku , Ze replikativni senescence u bunék v kultufre

rekapituluje proces starnuti u lidi in vivo (Campisi, 2005).
5.4.2.2 Senescence nezavisla na telomerach

Bunétna senescence mulze byt indukovana Sirokou $kalou rudznych
stresovych faktorli, zahrnujicich UV zarfeni, oxidacni stres, y-zareni, zvySenou
expresi onkogenl, demetylaci DNA a néktera chemoterapeutika (Shay et al.,
2004; Wright et al., 2002). V téchto pfipadech, kdy je senescence indukovana
vnejSimi stresovymi podnéty bez méfitelného zkraceni délky telomer, mluvime o
tvz. stresem-indukované pfedCasné senescenci (SIPS) (Chiantore et al., 2009.
SIPS muzeme rozdélit na: senescenci vyvolanou DNA poskozenim,
senescenci indukovanou onkogeny, senescenci zpusobenou chromatinovymi

zmeénami Ci senescenci indukovanou stresem a jinymi induktory.
5.4.2.2.1 Senescence vyvolana poskozenim DNA

Zavazné poskozeni DNA, které nastalo kdekoliv na genomu-zejména
poskozeni, kdy se utvofily dvoufetézcové DNA zlomy, indukuje u mnoha
bunécnych typl senescenci (Parrinello et al., 2003). Jak senescence vyvolana
poskozenim DNA, tak i replikativni senescence jsou silné zavislé na p53, a jsou
obvykle doprovazeny zvySenou expresi p21 (d'Adda di Fagagna et al., 2003;
Herbig et al., 2004). AvSak u mnoha bunék DDR a dysfunkcni telomery také
indukuji expresi p16, i kdyZz se zpozdénou kinetikou. p16 zde slouZi jako druha
ochranna bariéra, aby bunka s poSkozenou DNA ¢i dysfunk&nimi telomerami

nepokracovala dale v rustu (Jacobs et al., 2004).
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5.4.2.2.2 Senescence indukovana zménou na chromatinu

Struktura chromatinu pfrevazné udava, jaké geny maji byt v buhce
reprimovany (heterochromatin) a jaké exprimovany (euchromatin) a zavisi hlavné
na modifikaci histonl (napf. acetylaci, metylaci). Uméla inhibice deacetylaz
histonUl, ktera podporuje formaci euchromatinu, indukuje senescenci (Ogryzko et
al., 1996; Munro et al., 2004). Napf. u lidskych fibroblast inhibitory deacetylaz
histontl (HDACI) pfimo indukuji expresi p21CIP a p16™K*2, které brani fosforylaci a
inaktivaci pRB, coz vede k zastavé bunécného cyklu (Munro et al., 2004). AvSak
zjisténi, ze HDCAIi spousti senescenci, je vrozporu s roli heterochromatinu a
tvorbou SAHF pfi senescenéni zastavé rlstu (Narita et al., 2003). Senescence je
tedy spousténa jak rozpadem, tak i formaci heterochromatinu. Pravdépodobné je
to zpusobeno znaénymi, ale neuplnymi zménami v organizaci chromatinu, kde
muze dojit ke zméné v expresi rozdilnych genl a odpovéd muze byt tedy bunééné

specificka (Minucci et al., 2006).
5.4.2.2.3 Senescence indukovana onkogeny (OIS)

Onkogeny jsou mutantni varianty normalnich genu (protoonkogenu) a jsou
schopny transformovat buriky na neoplastické pfislusnymi mutacemi. Normalni
buriky odpovidaji na pusobeni onkogenu spusténim senescence. Tento fenomén
byl poprvé objeven, kdyz onkogenni forma RAS (cytoplasmaticky transduktor
mitogennich signald) byla exprimovana u normalnich lidskych fibroblastd (Serrano
et al., 1997). Indukce senescence nasleduje po aktivaci a/nebo zvySené expresi
nékolika onkogenul zahrnujicich ras, komponenty ras signalizacni cesty, E2F, myc
a cyklin E. Toto bylo potvrzeno v in vitro a in vivo mySich modelech a lidské kazi
(Di Micco et al., 2007). SpoleEnym rysem zvysSené exprese onkogenu je pocateéni
.exploze® bunécné hyperproliferace, ktera zplsobuje zmény v replikaci DNA
(masivni zvySeni poctu replikacnich poc€atku, akumulace jednofetézcu DNA) a
spousti aktivaci DDR a nasledné senescencni program (Di Micco et al., 2006).
Onkogenni forma Ras mulze téz aktivovat Raf/Mek/Erk drahu, PIK3
(fosfatidylinositol-3 kinaza) drahu a p38MAPK, coz vede k aktivaci p16INK4a/pRB
a p53 drahy a indukci senescence (obr. 16) (Bracken et al., 2007; Saab, 2010).
Nékolik studii uvadi, ze OIS nastava béhem pocatecnich stadii nadorového vyvoje
jak u mysich modelu, tak i u lidi (Michaloglou et al., 2005; Braig et al., 2005; Chen
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et al., 2005). OIS inhibuje onkogenni transformaci a je povazovana za
tumor-supresorovou ochrannou odpovéd proti onkogenni aktivaci (Lin et al.,
1998), poskytujici poCatecni bariéru pfed tumorigenesi (Michaloglou et al., 2005;
Sun et al., 2007).

Raf/
Mek/

Erk
P38MAPK \\
X

@ prollferatlvnl
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Obr. 16: Ras-indukovana senescence. PRAK (p38-regulated/activated protein kinase), DDR
(odpovéd na podkozeni DNA), ROS (reaktivni kyslikové radikaly) (Saab, 2010).
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5.4.2.2.4 Stres a jiné induktory senescence

Stres a dalsi jiné faktory (napf. tvorba kyslikovych radikalt) mohou také za

ur€itych podminek v burice navodit senescencni stav (Campisi et al., 2007).

5.4.2.3 Senescencni signalni drahy
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Obr. 17: RUzné formy stresu nebo poskozeni indukujici senescenci prostfednictvim signalnich drah

nadorovych supresorli p53 a Rb. Pfevzato a upraveno z Vergel et al., 2010 a Collado et al., 2006.
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5.4.2.3.1 p53 signalni draha

p53 je velmi dulezitym mediatorem odpovédi buriky na posSkozeni DNA.
Byva také oznacCovan jako ,strazce genomu®, jelikoz na poskozeni DNA bunky
reaguje aktivaci exprese proteinl opravujici poSkozenou DNA a pozdrzenim
bunééného cyklu v G1 kontrolnim bodé&, dokud neni DNA opravena. Anebo
v pfipadé, Zze jde o rozsahlé poSkozeni DNA a reparacni mechanismy jsou
neuspésné, aktivuje ireverzibilni zastavu bunécného cyklu-senescenci nebo
programovanou bunécnou smrt-apoptézu (Lowe et al., 2004; Vousden et al.,
2009). Je kédovany genem TP53 nachazejicim se u lidi na chromozomu 17.

Mechanismus aktivace p53 v senescentnich burikach neni prozatim zcela
objasnén. Funguje v8ak na principu rozpoznani poskozené DNA v G1-kontrolnim
bodé nebo jako reakce na jiny stres, kde se hladina p53 radikalné zvedne a p53
se v bunkach akumuluje. Jednou z cest aktivace je zvySeni exprese ARF (p14ARF
u lidi, P19ARF u mysi), coz je nadorovy supresorovy protein kddovany INK4a-ARF
lokusem. Promotor ARF je v nesenescentnich bunkach reprimovan TBX2
transkripCnim faktorem. Aktivita TBX2 klesa vlivem poskozeni DNA ¢€i nadprodukci
E2F a tim dochazi ke zvySeni exprese ARF. ARF stimuluje aktivitu p53 inhibici
HDM2 (MDM2 u mysSi), coz je E3 ubiquitin-protein ligaza, ktera vaze p53 a
zprostfedkovava jeho proteolytickou degradaci (Gil et al., 2006; Haupt, 2003).
Dalsim dualezitym aktivatorem p53 je zvySeni exprese promyelocytarniho
leukemického proteinu (PML) jako odpovéd na onkogenni RAS. PML interaguje
s dvéma acetyltransferazami-CBP (CREB binding protein) a p300 (E1A binding
protein p300) a acetylaci stabilizuji p53, jenz je tak ochranén proti degradaci
(Ferbeyre et al., 2000; Pearsonet al., 2000).

Takto aktivovany protein p53 spousti expresi genu pro protein p21"WAFCIPT,
p21CIP1 (Cip1= cyklin-dependent kinase inhibitor protein 1) je inhibitorem
cyklin-dependentnich kinaz a pfimo inhibuje aktivitu cyclin E/CDK2 a cyclin
D/CDK4 komplext. p21CIP1 pusobi jako regulator prubéhu bunééného cyklu do
S faze. p21CIP1 se vaze na komplex cyklin E/CDK2, méni tak jeho konformaci,
coz se ve vysledku projevi inhibici aktivity tohoto komplexu a dojde k aktivaci pRB

tumor supresorové cesty (Gartel et al., 2005).
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5.4.2.3.2 p16/pRB signalni draha

U vySSich eukaryot, tumor-supresorové proteiny pRb a p53 jsou
rozhodujicimi ,strazci bunééné senescence (Shay et al., 1991). Aktivita pRb a
p53 je pfisné regulovana ruznymi posttranskripénimi modifikacemi, jako je
acetylace, fosforylace, ubiquitinace (Classon et al.,, 2002). Cyklin-dependentni
kinazy (CDK) CDK2, CDK4 a CDKG®6 hraji dllezitou roli ve fosforylaci pRb. Ruzné
rustové faktory maji schopnost inaktivovat pRb tim, Ze aktivuji signalni drahy,
které vedou k jeho hyperfosforylaci a umozni tak buikam zahajit replikaci DNA
(S fazi) a prestup do G2 a M faze (Trimarchi et al., 2002). Deregulace aktivity
CDK4 a CDKa®, je Casto nalézana u rliznych nadorovych bunék, coz svédci o jejich
dulezitosti pfi kontrole bunécného cyklu (Ortega et al., 2002). Pfechody mezi
hyperfosforylovanou a hypofosforylovanou formou proteinu Rb ovliviuji CDK a
jejich inhibitory, mezi nimi p16™%*® (cyklin-dependent kinase inhibitor 2A,
CDKN2A; jehoz gen lezi na lokusu INK4 chromozomu 9), ktery inhibuje aktivitu
komplexu cyklin D/CDK4/6. Normalné neni exprimovan v dospélych tkanich (Lowe
et al.,, 2003), avSak rizné stresové stimuly jako poSkozeni DNA UV zafenim
(Pavey et al., 1999), kyslikovymi radikaly (lto etal., 2006), ionizujicim zafenim
(Meng et al., 2003), chemoterapeutiky (Robles et al., 1998), dysfunkci telomer
(Jacobs et al., 2004) nebo zvySenou expresi RAS, MAP kinaz nebo myc onkogenu
zvysuji expresi p16™“? (Serrano et al., 1997). Exprese p16™<* je kontrolovana
transkripénim faktorem Ets1 (Avian erythroblastosis virus E26 (v-ets) oncogene
homolog 1) jehoZz aktivita je negativné regulovana Id1 proteinem (inhibitor of DNA
binding 1) (Ohtani et al., 2001). V senescentnich bunkach, vSak dochazi k poklesu
Id1, &imZ se zvysi aktivita Ets1 a p16™<** zacéne byt ve vétsi mife exprimovan.
p16™“@ se vaze na cyklin D/CDK4 a cyklinD/CDK6 komplex, inhibuje je a tim
zamezuje fosforylaci Rb proteinu. Hypofosforylovana forma pRb blokuje pFestup
bunék z G1 faze do S faze tim, Ze se vaze v jadfe na transkripéni faktor E2F,
nedochazi k transkripci genu potfebnych pro vstup do S faze a bunéény cyklus je
zastaven. Aktivni pRb dale reprimuje expresi nékolika dalSich genu, jez jsou
potfebné pro progresi bunéénym cyklem, ¢imz zajistuje senescentni zastavu rastu
(Campisi, 2001). p16/pRB cesta je rozhodujici pro formaci SAHF, které umlCuji
geny potiebné pro proliferaci a pfispivaji kireverzibilnimu senescenénimu
fenotypu (Narita et al., 2003).
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5.4.2.4 Sekrecni fenotyp spojeny se senescenci - dvoji efekt senescence

Senescentni bufky v porovnani s normalnimi bufkami sekretu;ji jinou smés
faktorll do svého okolniho prostfedi (Campisi et al., 2007). Tvofi tzv. sekrec¢ni
fenotyp spojeny se senescenci (senescence-associated secretome phenotype,
SASP), nebo téz anglicky nazyvany senescence-messaging secretome (SMS).
Sekretované faktory zahrnuji komponenty Wnt signalizacni kaskady, IGF1
(insulin-like growth factor 1), TGF-B (transforming growth facor (), PAI1
(plasminogen activator inhibitor 1), interleukiny (napf¥. IL-1, IL-6), chemokiny a
jejich receptory, extracelularni proteazy, matrixové metaloproteinazy (Kuilman et
al., 2009). Nékteré z téchto faktord maji tumor-supresivni ucinky (napf. IGFBP7)
(Wajapeyee et al., 2008), posiluji senescencni fenotyp, avSak jiné mohou
podporovat tumorogenesi v okolnich nesenescentnich bufkach (Parrinello et al.,
2005). Nékteré faktory jako IL-6 a IL-8 mohou mit oba uc&inky v zavislosti na
kontextu (bunécny typ, stadium nadoru, autokrinni, parakrinni signalizace) (Acosta
et al., 2008; Ancrile et al., 2007). Napf. IL-6 mUze pulsobit jako autokrinni rlstovy
faktor pro nékteré typy nadorovych bunék (Hong et al., 2007; Kuilman et al.,
2009).

Bylo zjisténo, Ze u senescentnich bunék se vyrané liSi genova exprese
mezi fibroblasty, epitelidlnimi a nadorovymi bunikami znacici, ze kazdy bunécny
typ mize produkovat specifické faktory s rozdilnymi efekty na okolni buriky
(Coppe et al., 2008; Ewald et al., 2008; Zhang et al., 2003). Ewald a kol. provadéli
sérii pokusl s tkanovou kulturou prostatickych nadorovych bunék, kterou
oSetfovali doxorubicinem (protinadorové chemoterapeutikum). Zjistili, ze rast
nadoru nebyl ovlivnén zvySenym pocCtem doxorubicinem-indukovanych
senescentnich bunék a proliferace sousednich nadorovych bunék nebyla také

zvySena (Ewald et al., 2008).

Produkce rGznych faktor (prozanétlivych cytokinll) senescentnimi burikami
napomaha odstranéni téchto bunék nespecifickym imunitnim systémem, zejména
NK bunkami (Soriani et al., 2009).
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SENESCENTNIi BUNKA

autokrinni efekty senescence-asociované prozanétlivé cytokinoveé signalizace
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parakrinni efekty senescence-asociované prozanétlivé cytokinové signalizace

Obr. 18: RGzné formy stresu nebo poskozeni mohou vyvolat bunéénou senescenci. Nékolik
riznych intracelularnich a extracelularnich mediator(i (na obrazku) indukuje vznik senescentniho
fenotypu, charakterizovaného neschopnosti dale proliferovat, zménami v chromatinu (tvorba
SAHF) a v lyzozomech (vysoka aktivita lyzozomalni B-galaktozidazy). Senescentni stav je také
charakterizovan velkymi zménami v genové expresi. Vysledkem téchto zmén je odstranéni
senescentnich bunék imunitnim systémem, ale pokud dale v organismu pfetrvavaji, mize to
podporovat procesy, které povzbuzuji neplastickou proménu nebo nadorovou progresi sousednich
bunék (Hornsby, 2010).
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6. MATERIAL A METODY

6.1 CHEMIKALIE
e 7,5% NaHCO3;, Sevapharma (CR)

o Ethanol 100%, Sevapharma (CR)
e Glutamin, Sevapharma (CR)

e In Situ Cell Death Detection Kit, Fluorescein (TUNEL technology), Roche
Diagnostics GmbH (Germany)

e Suberoylanilid hydroxamové kyseliny (SAHA), Alexis Corporation (USA)
e Kyselina valproova (VPA), Alexis Corporation (USA)
o Kozi sekundarni protilatka, DAKO (Denmark):
e (F(ab‘), fragment konjugovany s RPE) proti mySim 1gG
e Lidské rekombinantni cytokiny, BioSource Europe, S.A (Belgie):
- interleukin-3 (IL-3)
- interleukin-6 (IL-6)
- faktor stimulujici rast granulocytarnich kolonii (G-CSF)

- faktor stimulujici rust granulocytarnich a monocytarnich kolonii
(GM-CSF)

- faktor kmenovych bunék (stem cell factor, SCF)
e Lidské rekombinantni cytokiny, Boehringer Ingelheim (Germany)::
- interferon-alfa-2c (IFN-a.)
- interferon-beta (IFN-B)
- interferon-gamma (IFN-y)

e MySi monoklonalni protilatky, eBioscience, (USA):

67



- anti-CD14 (61D3)
- anti-CD38 (HIT2)

MysSi monoklonalni protilatka proti CD34 IgG1 byla pfipravena jiz dfive na
nasem pracovisti pomoci hybridomové technologie. BALB/c mySi byly
imunizovany burfikami MOLM-7 leukemické bunécné linie (ustavené od
pacienta s CML v blastickém zvratu a CD34+) (Tsuji-Takayama, 1994). Po
fuzi mysSich bunék ze sleziny s bufikami SP2/0 mySi leukemické bunécné
linie byl ziskan hybridomovy klon, produkujici monoklonalni protilatku proti
hematopoietickym a progenitorovym burikam, klon 4H11 (APG)(70066)
tfidy IgG1. Tato protilatka reaguje s vétSinou myeloidnich progenitorovych
bunék a bunécnych linii (MOLM-6, MOLM-7, MOLM-9, HEL, JURL-MK1) a
reaguje s proteinovym epitopem (tzv. epitopem lll. tfidy) tohoto antigenu na
CD34 molekule. Specifita této protilatky byla definovana na
6. mezinarodnim workshopu lidskych leukocytarnich diferencianich
antigenl v Kobe v roce 1996 (Stockbauer et al., 2002).

MysSi monoklonalni protilatka, Wistar Institute (USA):
- anti-HLA-DR (B33.1) (darovana od Dr. Bice Perussia)
NaCl, Sigma-Aldrich (USA)
Paraformaldehyd, Sigma-Aldrich (USA)
Penicilin, Sevapharma (CR)
Propidium jodid, Sigma-Aldrich (USA)
Ribonukleaza-A, Sigma-Aldrich (USA)

Senescence [(-Galaktosidase Staining Kit, Cell Signaling Technology
(USA)

Streptomycin, Sevapharma (CR)

TritonX-100, Sigma-Aldrich (USA)
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6.2 ROZTOKY:

e PBS (pH 7,4)
136mM NacCl
5mM KCI
13,3mM NazHPO4.12H,0
2,6mM KH,PO4

¢ Vindeloviv pufr s propidium jodidem
10mM Tris pH 8,0
1mM NaCl
0,1% Triton X-100
20 pg/ml PI

10 K jednotek ribonukleazy A
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6.3 KULTIVACE BUNEK

V této praci byly pouzity tyto lidské leukemické bunécné linie:

e MOLM-9: ustavena od pacienta s chronickou myeloidni leukémii (CML)
v blastickém zvratu (CD34+)

e MOLM-7: ustavena od pacienta s CML v blastickém zvratu (CD34+)
e JURL-MK1: ustavena od pacienta s CML v blastickém zvratu (CD34+)
e HEL: ustavena od pacienta s erytroleukemii Dr. P. Martinem, Seattle, USA

e HL-60: ustavena od pacienta s akutni promyelocytarni leukemii Dr. R.C.
Gallo v NCI, Bethesda, USA (CD34-)

e PS-1: ustavena od pacienta s akutni T-lymfoblastickou leukémii (CD34-)
Dr. P. Stockbauerem v Bethesde, USA v r. 1984

Lidské leukemické linie jsme ziskali MOLM-7 a 9 od Dr. Y. Matsuo
prostfednictvim Dr. P. Stoéckbauera, JURL-MK1 z GCCM Braunschweig
prostfednictvim Dr. Z. Hrkala, HEL, HL-60, PS-1 z depositu Dr. P. Stéckbauera v
UHKT.

Burniky byly kultivovany v RPMI-1640 médiu (Sigma-Aldrich, USA), které
bylo obohaceno 10% fetalnim telecim sérem (FTS, Sigma-Aldrich, USA),
antibiotiky penicilinem (50 000 U/ml) a streptomycinem (50 mg/ml), dale
L-glutaminem (150 mg/l) a 0,18% NaHCO3. Bunécné kultury byly inkubovany pfi
37 °C a 5% CO,. Trikrat tydné se bunécné kultury pasazovaly na hustotu bunék
2- 4x10° bun&k/ml.

V experimentech byly buniky promyvany roztokem PBS. Buné&cna suspenze
byla centrifugovana pfi pokojové teploté 10 minut pfi 1200 x g. Bunécny sediment
byl poté resuspendovan v takovém objemu PBS, ktery odpovidal vychozimu

objemu bunécné suspenze.
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6.4 DETEKCE ZIVOTNOSTI BUNEK A ZASTAVY BUNECNEHO
RUSTU

K navozeni inhibice bunéfné proliferace byly pouzity tyto latky:
1. purifikovana mysi 1gG1 monoklonalni protilatka proti proteinovému epitopu
molekuly CD34, klon 4H11, 2. kyselina valproova (VPA) a 3. suberoylanilid
hydroxamové kyseliny (SAHA).

Po 24, 48 a 72 hod. pusobeni téchto induktort byla zjiStovana zivotnost
bunék obarvenim trypanovou modfi a k detekci inhibice proliferace bylo pouzito

méFeni inkorporace *H-thymidinu do DNA.

6.4.1 Detekce zivotnosti bunék pomoci trypanové modri

Procenta Zivotaschopnych bunék byla zjistovana pomoci trypanové modfi,
ktera byla pfidana k bunécné suspenzi jako 0,4% roztok v poméru 1:1. Bunky byly
pocitany v hemacytometru ve velkém ¢Ctverci o objemu 0,1 pl v mikroskopu Meopta
DN 816BI (Ceskoslovensko) pfi zvétSeni 150 x. Prdmérny podet bunék byl
nasoben Cislem 0,1 a fedénim, ¢imZ byla ziskana vysledna koncentrace bunék

(pocet bunék/ml).

6.4.2 Detekce bunééného ristu (proliferace) - znaéeni bunék *H-thymidinem

Mnozstvi délicich se bunék bylo stanoveno pomoci radioaktivné znaceného
3H-thymidinu, ktery se b&hem replikace inkorporuje do DNA. Tfi replikaty od
kazdého vzorku oSetfenych nebo kontrolnich bunék byly inkubovany s 24 kBq
*H-thymidinu (6-*H thymidin, Ustav pro vyzkum, vyrobu a vyuZiti radioizotopt,
Praha, CR) o specifické aktivité 980 GBg/mmol po dobu 4 hodin pfi 37 °C a 5%
CO,. Radioaktivita v nové syntetizované DNA byla méfena pulzné na beta

scintilacnim pfistroji (Scatron) - po&et pulzt za minutu (counts per minute, cpm).
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6.5 ANALYZA BUNECNEHO CYKLU

Prutokova cytometrie je laboratorni metoda, ktera umozfiuje soucasné
mérfeni a analyzu fyzikalné-chemickych vlastnosti bufiky nebo jinych biologickych
Castic v suspenzi béhem jejich prichodu laserovym paprskem. Ddulezitou
vlastnosti pritokové cytometrie je skuteCnost, Ze se kazda burika nebo Castice
méri zvlast. To je umoznéno tim, Ze analyzovana bunécna suspenze je rozptylena
v laminarné proudici tekutiné. Unasené bunky jsou nasledné vypuzovany
z kalibrované trysky, ktera zajisti, Ze z otvoru vytékaji vysokou rychlosti za sebou
sefazené bunécné elementy unasené v tenkém proudu tekutiny. Unasené bunky
prochazeji jednotlivé pfes laserovy paprsek a u kazdé je zméfena intenzita
rozptyleného svétla a intenzita fluorescence vybuzené laserem. Kazda z téchto
veli¢in odpovida specifickym parametrim bunék a je vyjadfena v podobé
frekvencéniho histogramu pro jednotlivé parametry nebo bodovych grafu (dotblots)
pro kombinaci dvou parametrd. Touto metodou Ize ziskat nékolik charakteristik
méfenych bunék. Tzv. ,forward scatter (FCS)- zpétny rozptyl umérny velikosti
bunék a rozptyl pod uhlem 90°, tzv. side scatter (SSC) je indikatorem bunééné
granularity. DalSim parametrem je intenzita fluorescence, ktera odrazi vlastni

interakci bunék s fluorescencnim barvivem (fluorochromem) (Ormerod, 2008).

Analyzou buné&ného cyklu pomoci pritokové cytometrie byly sledovany
frakce bunék v jednotlivych fazich bunécného cyklu. Tato metoda vyuziva
fluorescenéni barvicku, ktera se vaze k DNA, v naSem pfipadé propidium jodid, jez
emituje svétlo o vinové délce 617 nm v Cervené oblasti. Bunky v jednotlivych
fazich buné&ného cyklu obsahuji rizna mnozstvi DNA a mnozstvi navazaného
barviva je umérné mnozstvi DNA v burice. To se poté odrazi na intenzité

fluorescencéniho signalu.

Z buné&éné suspenze bylo odebrano 1x10° bun&k a Zivné médium bylo
odstfedéno na centrifuze. Buriky oSetfené SAHA, VPA nebo protilatkou proti CD34
(klon 4H11) byly po 24, 48 a 72 hodinach resuspendovany v 4,5 ml 70% etanolu,
inkubovany pul hodiny pfi 10 °C a nasledné uchovany 5 — 7 dni pfi -20 °C. Po 5-7
dnech byly vzorky promyty v PBS a inkubovany 30 minut v 1 ml modifikovaného

Videlovova pufru s propidium jodidem pfi pokojové teploté. Propidium jodid
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interkalovany do DNA emituje po ozafreni argonovym laserem (488 nm) Cervenou
fluorescenci, ktera byla méfena pomoci prutokového cytometru Coulter Epics XL
flow cytometer (USA). Histogramy byly vyhodnoceny pomoci softwaru FLOWijo
(Flow Cytometry Analysis Software). Bylo sledovano nejen mnozstvi bunék v
jednotlivych fazich bunécného cyklu (G1, G2/M a S faze), ale také mnozstvi
(procento) apoptotickych bunék, neboli procento bunék v subG1 fazi. Béhem
apoptézy dochazi k fragmentaci DNA a cCast nizkomolekularni DNA z bunék
unikne pfi permeabilizaci a nasledném oplachovani a barveni bunék. Tyto buriky
se potom barvi propidium jodidem méné nez buriky v G1 fazi buné&ného cyklu. Na

histogramu pozorujeme tzv. subG1 peak.
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6.6 SLEDOVANiI APOPTOZY POMOCIi PRUTOKOVE CYTOMETRIE
TESTEM TUNEL

Tato metoda je zalozena na znaceni fragmentd DNA pomoci terminalni
deoxynukleotidyl-transferazy (TUNEL — TdT-mediated dUTP-biotin nick end
labeling). UmozZnuje vizualizaci frakce bunék, které jsou v terminalni fazi apoptozy.
Terminalni deoxynukleotidyl-transferaza (TdT) katalyzuje polymerizaci znacenych
nukleotidd (napf. BrdUTP) k volnym 3°-OH koncim fragmentd DNA. Ty jsou
potom vizualizovany pomoci monoklonalni protilatky proti BrdUTP konjugované

s fluorochromem FITC.

Pfi detekci apoptotickych bunék se postupovalo podle pfilozeného navodu
z kitu (In Situ Cell Death Detection Kit, Fluorescein, Roche Diagnostics GmbH)
pro test TUNEL. Buriky byly oSetfeny SAHA, VPA a nebo protilatkou proti CD34
(klon 4H11). Z bun&&né suspenze bylo odebrano po 24, 48 a 72 hodinach 1x10°
bunék a médium bylo odstfedéno. Bunélny sediment byl fixovan 4% roztokem
formaldehydu v PBS po dobu 60 minut pfi pokojové teploté. Fixované buriky byly
promyty a poté permeabilizovany 100 ul permeabilizaéniho roztoku (0,1% TritonX-
100 v 0,1% citronanu sodném). Permeabilizace probihala 2 minuty pfi 2 - 8 °C.
Pro znaceni DNA fragmentld byly promyté a permeabilizované bunky inkubovany
60 minut pfi 37°C s 50 pl reakcni smési TUNEL (znacici roztok + enzymovy
roztok). Ke vzorku predstavujicimu negativni kontrolu bylo pfidano pouze 50 ul
znaciciho roztoku. Poté byly burfiky 2x promyty v PBS, nafedény na konecny
objem 500 pl a pomoci pritokové cytometrie byla méfena intenzita zelené (FITC)

fluorescence.
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6.7 IMUNOFENOTYPIZACE

Metodou pratokové cytometrie pfi barveni bunék s fluorescenénim barvivem
(fluorochromem), které je konjugovano se specifickymi protilatkami, lze urcit
pfitomnost povrchovych znakl, tzv. diferenciaénich znakd (clusters of
differentiation - CD). V nasi praci byla sledovana exprese povrchovych antigent
na leukemické bunécné linii MOLM-9, pouzitim panelu mySich monoklonalnich
protilatek proti lidskym antigenim: CD14 (61D3), CD34 (4H11), CD38 (HIT2),
HLA-DR (B33.1).
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6.8 DETEKCE SENESCENCE (SENESCENTNICH BUNEK)

Vyznamnym smérodatnym biomarkerem senescentnich bunék in vitro i
in vivo je detekce aktivity lysozomalni B-galaktozidazy spojené se senescenci
(SA-B-gal, senescence-associated B-galaktosidase). V senescentnich burikach je
aktivita SA-B-gal zvySena, jelikoZz obsahuji vice lysozoml (Campisi, 2005;
Dimri et al., 1995; Lee et al., 2006).

Pfi detekci senescentnich bunék se postupovalo podle pfiloZzeného navodu
z kitu: Senescence B-Galaktosidase Staining Kit od Cell Signaling Technology.
Pomoci kitu se u bunék v kultufe detekuje B-galaktosidazova aktivita pfi pH 6, jez
je typicka pouze pro senescentni bunky a nebyla nalezena u presenescentnich,
klidovych nebo imortalizovanych bunék. Bunky byly oSetfeny SAHA nebo VPA a
po 24, 48, 72, 96 nebo 120 hodinach byly odebrany vzorky (1x10° bunék). Buriky
byly nejprve promyty a poté 10 minut fixovany ve fixaénim roztoku
(2% formaldehyd, 0,2% glutaraldehyd). Poté byly znovu promyty a inkubovany po
dobu 24 hodin pfi 37°C s X-gal (5-bromo-4-chloro-3-indolyl B-D-galactoside)
(1 mg/ml), rozpusténé v roztoku obsahujicim 40 mM kyselinu citrénovou pH 6,5;
5 mM hexakyanoZelezitan draselny; 5 mM hexakyanozeleznatan draselny;
150 mM NaCl a 2 mM MgCl,. Po 24 hodinach se sledoval vyskyt modrého
zbarveni v cytosolu (pouze u senescentnich bunék) pod mikroskopem v rezimu

fazového kontrastu.
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6.9 MORFOLOGICKA ANALYZA

Bunky MOLM-9 byly 72 nebo 120 hodin inkubovany se smési
rekombinantnich cytokind (IL-3 1 ng/ml, IL-6 10 ng/ml, SCF 5 ng/ml, G-CSF
1 ng/ml, GM-CSF 1 ng/ml) nebo s IFN-y (0,125 ug/ml) a to bud v kombinaci s
monoklonalni protilatkou proti CD34 (klon 4H11) nebo bez ni. Poté byly vytvofeny
cytospinové preparaty na cytocentrifuze Cytospin 2, firmy Shandon, Anglie,
centrifugaci suspense Zivych bunék na mikroskopicka podlozni skla
800 otacek/minutu (rpm) po dobu 10 minut.
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7. VYSLEDKY

7.1 TERAPIE POMOCI MONOKLONALNICH PROTILATEK

V prvni Casti predkladané prace jsem studovala antiproliferativni,
proapopticky a diferenciacni u€inek monoklonalni protilatky proti proteinovému

epitopu molekuly CD34 na CD34+ a CD34- leukemickych buné&cénych liniich.

7.1.1 Antiproliferativni u€inek monoklonalni protilatky proti molekule CD34

klonu 4H11 na leukemické bunééné linie

Leukemické bunécéné linie CD34+ (MOLM-9, JURL-MK1) a CD34- (PS-1)
byly inkubovany v pfitomnosti 16-170 pg/ml purifikované mysi monoklonalni
protilatky proti antigenu CD34, tfidy IgG1, produkované klonem 4H11. K detekci
inhibice proliferace po 24, 48 a 72 hodinach pusobeni protilatky bylo pouzito
méfeni inkorporace *H-thymidinu do DNA. Radioaktivita nové syntetizované DNA
byla méfena s pouzitim beta scintilatoru. VypocCet byl proveden ze stfednich

hodnot tripletd vyjadfenych v cpm podle vzorce:
Inhibice proliferace [%] = [com (kontrolni) — com (oSetfené)] / com (kontrolni)]

Koncentrace 16 ug/ml a vy8Si vyznamné inhibovala proliferaci CD34+ linii.
V koncentracich vysSich nez 32 pg/ml vSak také dochazelo k nespecifické inhibici

proliferace u bunécnych linii CD34-. Antiproliferativni ucinek protilatky zavisel na

viiwv s

inkubace s purifikovanou protilatkou (obr. 19).
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Obr. 19: Inhibice buné&ného ristu plsobenim monoklonalni protilatky anti-CD34 (4H11)
v koncentracich 16-170 pg/ml na leukemické buné&cné linie CD34+ (MOLM-9, JURL-MK1) a CD34-
(PS-1) od 24 do 72 hodin. MnozZstvi délicich se bunék bylo stanoveno méfenim radioaktivné

znaceného 3H-thymidinu, se kterym byly bufky inkubovany po dobu 4 hodin. Hodnoty jsou udany
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jako stfedni hodnota + smérodatna odchylka ze tfi experimentu.
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7.1.2 Ugéinek monoklonalni protilatky proti molekule CD34 na zivotnost
CD34+ a CD34- leukemickych bunéénych linii

Linie byly inkubovany v pfitomnosti 16-170 ug/ml purifikované mysi
monoklonalni protilatky (IgG1 tfidy) proti glykoproteinovému epitopu molekuly
CD34 produkované hybridomovym klonem 4H11. Po 24, 48 a 72 hodinach byla

zjiStovana zivotnost bunék obarvenim trypanovou modfi. Pocet Zivych bunék

(16-32 pug/ml) byl pocet obarvenych bunék zanedbatelny (obr. 20).
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Obr. 20: Sledovani zivotnosti leukemickych bunécnych linii CD34+ (MOLM-9, JURL-MK1) a CD34-
(PS-1) po 24, 48 a 72 hodinach pusobeni monoklonalni protilatky anti-CD34 v koncentracich
16 -170 pg/ml. Zivotnost bunék byla zjistovana obarvenim trypanovou modFi. Hodnoty jsou udany
jako stfedni hodnota + smérodatna odchylka ze tfi experimentu.
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7.1.3 Indukce apoptéozy CD34+ a CD34- leukemickych bunéénych linii

pusobenim monoklonalni protilatky anti-CD34

Sledovala jsem také ucinek monoklonalni protilatky proti molekule CD34 na
indukci apoptdzy u leukemickych buné&énych linii CD34+ (MOLM-9, JURL-MK1) a
CD34- (PS-1). Za hlavni znak kulminujiciho procesu apoptdzy (terminalni faze) je
povazovana fragmentace DNA. Frakce bunék, ktera dosahla tohoto stadia, byla
detekovana pomoci metody TUNEL zaloZené na znaceni fragmenti DNA pomoci
terminalni deoxynukleotidyltransferazy. Dale jsem jiz pracovala s anti-CD34
protilatkou v koncentraci 61 pg/ml, nebot plsobenim nizSich koncentraci (napf.
32 pg/ml) na linii MOLM-9 nedoS$lo k vyrazné indukci apoptdézy a k ovlivnéni

bunééného cyklu oproti kontrolnim burikam (obr. 21).

Buniky byly oSetfeny protilatkou v koncentraci 61 ug/ml a po 24, 48 a 72
hodinach jsme méfili pomoci pratokové cytometrie procentualni zastoupeni
TUNEL-pozitivnich bunék. Procento apoptotickych bunék (TUNEL-pozitivnich) se
béhem 72 hodinové inkubace s protilatkou postupné zvySovalo, v kontrolnich
vzorcich bylo pfitom stale jen asi 2% pozitivnich bunék. Protilatka proti molekule
CD34 v koncentraci 61 ug/ml indukuje apoptézu i u CD34- leukemické bunééné
linie PS-1. Nejrychlejsi proapoptoticky ucinek protilatky anti-CD34 v koncentraci
61 pg/ml byl pozorovan u linie JURL-MK1 (obr. 23). Na obr. 22B muzZeme vidét
apoptotické buriky MOLM-9 po 24 hodinach pusobeni anti-CD34.
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Obr. 21: Analyza buné&&ného cyklu bunék MOLM-9 po 24, 48 a 72 hodinach oSetfeni protilatkou
anti-CD34 (4H11) v koncentraci 32 pg/ml. Cisla udavaji procentualni podil bunék v jednotlivych
fazich bunécného cyklu.

Obr. 22: Cytospinovy preparat bunék MOLM-9 A) neoSetfené, B) po 24 hodinach plsobeni
monoklonalni protilatky proti molekule CD34 produkované klonem 4H11 (61 pg/ml).
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Obr. 23: Indukce apoptézy u leukemickych bunéénych linii CD34+ (MOLM-9, JURL-MK1) a CD34-
(PS-1) plUsobenim monoklonalni protilatky proti molekule CD34 v koncentraci 61 pg/ml. Frakce
apoptotickych bunék (TUNEL-pozitivnich bunék) byla zjistovana pomoci testu TUNEL po 24, 48 a
72 hodinach mefenim na prutokovém cytometru. Hodnoty jsou udany jako stfedni hodnota +

smeérodatna odchylka ze tfi experimentu.
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7.1.4 Ovlivnéni bunééného cyklu u leukemickych bunéénych linii CD34+ a
CD34- pasobenim protilatky proti molekule CD34

Pomoci pritokové cytometrie s pouzitim propidium jodidu jsem sledovala,
zda oSetfeni bunék monoklonalni protilatkou proti molekule CD34 v koncentraci
61 ug/ml ovliviiuje prabéh bunécného cyklu u leukemickych bunéénych linii
CD34+ (MOLM-9, JURL-MK1) a CD34- (PS-1). Po 24, 48 a 72 hodinové inkubaci
s monoklonalni protilatkou byla plazmatickda membrana bunék permeabilizovana
70% ledovym ethanolem. Poté byla DNA permeabilizovanych bunék oznacena
propidium jodidem a na pritokovém cytometru byla zméfena C&ervena
fluorescence. Pomoci pratokové cytometrie mizeme rozliSit bunky s rozdilnou
intenzitou fluorescence v zavislosti na mnozstvi DNA v jednotlivych fazich
bunécného cyklu (G1, S, G2/M). Je také mozné sledovat buriky v zavérecné fazi

apoptézy, ve které dochazi k fragmentaci DNA (subG1 faze).

Monoklonalni protilatka proti molekule CD34 v koncentraci 61 ug/ml
indukovala zastavu bunécného cyklu v G1/GO0 fazi po 24 hodinach u linie MOLM-7
(obr. 24 A) a po 24 a i po 48 hodinach u linie JURL-MK1 (obr. 24 B). Naproti tomu
u linie PS-1 nebyla pozorovana zastava v G1/GO0 fazi (obr. 24 C), ale ani v jiné fazi
bunécného cyklu plsobenim 61 ug/ml této protilatky. Z grafi udavajicich pocet
bunék v subG1 fazi bunééného cyklu u linii MOLM-9, JURL-MK1 a PS-1 muzeme
pozorovat zvySujici se poCet bunék akumulovanych v subG1 regionu s dobou

pusobeni protilatky anti-CD34.
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Obr. 24: Analyza buné&ného cyklu leukemickych buné&&nych linii CD34+ MOLM-9 (A) a JURL-MK1
(B) a leukemické bunécné linie CD34- PS-1 (C) pomoci prutokové cytometrie. MOLM-9,
JURL-MK1 a PS-1 buriky byly inkubovany s monoklonalni protilatkou anti-CD34 v koncentraci
61 pg/ml po dobu 24, 48 a 72 hodin. Data udavaji procentualni zastoupeni bunék v G1/G0 fazi a
bunék v subG1 fazi bunééného cyklu. Hodnoty jsou udany jako stfedni hodnota + smérodatna

odchylka ze tfi experiment.
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7.1.5 Uginek interferon IFN-a, IFN-B, IFN-ya monoklonalni protilatky

proti molekule CD34 na proliferaci bunék leukemické linie MOLM-9

Linie MOLM-9 byla inkubovana bud se samotnymi interferony: IFN-o
(0.075 pg/ml) nebo IFN-B (0.375 pg/ml) nebo IFN-y(0.125 ug/ml) a nebo
v kombinaci s protilatkou proti molekule CD34 (v koncentracich 16, 32 a 61
ug/ml). Po 24, 48 a 72 hodinach kultivace bunék MOLM-9 s interferony a/nebo s
protilatkou byla sledovana inhibice proliferace méfenim inkorporace *H-thymidinu
do DNA. Jak je patrné na obrazku 25 D, interferony IFN-o i IFN-B potlacuji rist
bunék linie MOLM-9 ve srovnani s kontrolnimi bufkami. IFN-y také inhibuje
proliferaci téchto bunék, ale s dobou pusobeni antiproliferativni ucinek IFN-y klesa.
Osetieni bunék MOLM-9 samotnou protilatkou proti molekule CD34 v koncentraci
61 pg/ml (obr. 25 A) nebo 32 ug/ml (obr. 25 B) nebo 16 ug/ml (obr. 25 C) a nebo
v kombinaci s interferony ma velmi podobny prabéh. Oba typy oSetfeni (samotna
protilatka anti-CD34 nebo kombinované osetfeni) vykazuiji silngjSi antiproliferativni

efekt nez oSetfeni pouze s interferony na linii MOLM-9 (obr. 25).
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Obr. 25: Uginek IFN-a (0,075 ug/ml), IFN-B (0,375 pg/ml) nebo IFN-y (0,125 pg/ml) a monoklonalni
protilatky anti-CD34 na proliferaci bunék MOLM-9. Buriky byly inkubovany v médiu obsahujicim
IFN-a (0,075 pg/ml) nebo IFN-B (0,375 ug/ml) nebo IFN-y (0,125 ug/ml) (D), samotnou protilatku
anti-CD34 (v koncentraci 16, 32 nebo 61 pg/ml) anebo jednotlivé interferony v kombinaci s

protilatkou anti-CD34 a to bud v koncentraci 16 ug/ml (A), 32 pg/ml (B) nebo (C) 61 ug/ml.
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MnozZstvi délicich se bun&k bylo stanoveno méfenim radioaktivné znaceného 3H-thymidinu, se
kterym byly buriky inkubovany po dobu 4 hodin. Hodnoty jsou udany jako stfedni hodnota +

smérodatna odchylka ze tfi experimentd.

7.1.6 Uginek cytokini a protilatky anti-CD34 na bunéény rist a diferenciaci
bunék leukemické linie MOLM-9

Zkoumala jsem také uc€inek ruznych cytokind [smés cytokin(: IL-3
(1 ng/ml) + IL-6 (10 ng/ml) + SCF (5 ng/ml) + G-CSF (1 ng/ml) + GM-CSF
(1 ng/ml); nebo IFN-y (0,125 upg/ml)] v kombinaci s protilatkou anti-CD34
(61 ug/ml) na bunéény rust a indukci diferenciace leukemické bunécné linie
MOLM-9. Po 72 a 120 hodinach kultivace s danymi latkami byla bunééna
diferenciace vyhodnocena pomoci morfologické analyzy vytvofenim cytospinovych
preparatu. Dale jsem hodnotila indukci diferenciace pomoci pratokové cytometrie-
sledovanim exprese povrchovych membranovych molekul nachazejicich se u vice
diferenciovanych bunék, jako jsou CD14 a HLA-DR, ztratu (snizeni exprese)
molekuly CD34. Exprese jednotlivych povrchovych znakd po 72 hodinach
kultivace je znazornéna v tab. 3. Po oSetfeni IFN-y se rapidné zvySila exprese
molekul CD38, CD14, HLA-DR zatimco exprese molekuly CD34 klesla oproti
kontrolnim neoSetfenym burikdm. OSetfeni ostatnimi latkami neovlivnilo expresi
CD38, CD14 a HLA-DR (tab. 3). Pomoci morfologické analyzy (cytospinové
preparaty) nebo prutokové cytometrie jsme neobijevili Zadné znaky myeloidni nebo
lymfoidni diferenciace po oSetfeni danymi latkami. Inkubace bunék MOLM-9
se smési cytokin (IL-3+IL-6+G-CSF+GM-CSF+SCF) ze zacatku inhibuje
proliferaci, ale dobou puUsobeni (uz po 48 hodinach) antiproliferativni Gcinek
cytokinl klesa. Kombinované oSetfeni bunék MOLM-9 s cytokiny (IL-3+IL-6+
G-CSF+GM-CSF+SCF) a INF-y neovliviiovalo proliferaci bunék MOLM-9 béhem
48 hodin v porovnani s kontrolnimi burikami, ale u bunék po 72 hodinach inkubace
s cytokiny dochazi k inhibici bunééného ristu linie MOLM-9. OSetfeni bunék
MOLM-9 smési rekombinantnich cytokind (IL-3+IL-6+G-CSF+GM-CSF+SCF)
v pfitomnosti protilatky anti-CD34 (61 ug/ml) inhibovalo proliferaci bunék MOLM-9

(obr. 26). Na obr. 27 mlzeme vidét ukazkovou imunofluorescenci povrchové
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molekuly CD34 na bunkach MOLM-9 pomoci PE 2znacené anti-CD34
monoklonalni protilatky (klonu 4H11).

*|L-3/IL-6 = smés cytokiny: IL-3+IL-6+G-CSF+GM-CSF+SCF

MOLM-9 CD34 CD38 CD14 HLA-DR
IL-3/IL-6* 89 + 16 0 0 73
IL-3/IL-6* + IFN-y 91+8 0 0 417
IL-3/IL-6* + anti-CD34 76 + 14 0 0 8+3
(61 pg/ml)
IFN-y 3314 48 +5 547 63+9
anti-CD34 (61 pg/ml) 87 +10 0 0 52
kontrola 88 + 6 0 0 8+3

Tab. 3: Exprese povrchovych molekul u linie MOLM-9 po 72 hodinach plsobeni cytokiny,
protilatkou anti-CD34 nebo kombinovaném pusobeni (hodnoty jsou udany v procentualnim poctu
pozitivnich bunék detekovanych pomoci pratokové cytometrie). Hodnoty jsou udany jako stfedni

hodnota + smérodatna odchylka ze tfi experimentd.
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Obr. 26: Uginek cytokind IL-3 (1 ng/ml), IL-6 (10 ng/ml), SCF (5 ng/ml), G-CSF (1 ng/ml),
GM-CSF (1 ng/ml); nebo IFN-y (0.125 ug/ml) v kombinaci s protilatkou anti-CD34 (61 pg/ml) na
bunéény rust leukemické bunééné linie MOLM-9 béhem 24, 48 a 72 hodinové inkubace. Mnozstvi
délicich se bunék bylo stanoveno méfenim radioaktivné znaceného 3H-thymidinu, se kterym byly
bunky inkubovany po dobu 4 hodin. Hodnoty jsou udany jako stfedni hodnota + smeérodatna

odchylka ze tfi experimentd.
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Obr. 27: Imunofluorescence povrchové molekuly CD34 na linii MOLM-9 pomoci PE znalené

monoklonalni protilatky produkované klonem 4H1 (Mikroskop Olympus, zvétSeni ca 1200x).
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7.2 LECBA POMOCI INHIBITORU DEACETYLAZ HISTONU

V druhé c¢asti predkladané prace byl sledovan ucinek dvou inhibitord
deacetylaz histonl (suberoylanilid hydroxamové kyseliny, SAHA a kyseliny
valproové, VPA) na indukci apoptézy a/nebo senescence a na zastavu bunécného
ristu u leukemickych bunéénych linii MOLM-7, JURL-MK1, HL-60 a HEL.

7.2.1 SAHA i VPA inhibuji proliferaci leukemickych bunéénych linii

K navozeni inhibice bunécné proliferace bylo pouzito latky SAHA
v koncentracich 0,5-10uM a VPA v koncentracich 0,5-10 mM. K detekci Zivotnosti
bunék a inhibice proliferace byly pouzity stejné metody jako v pfipadé sledovani
antiproliferativniho u€inku monoklonalni protilatky anti-CD34. Vypocet byl taktéz

proveden ze stfednich hodnot tripletd vyjadfenych v cpm podle vzorce:

Inhibice proliferace [%] = [com (kontrolni) — com (oSetfené)] / com (kontrolni)]

7.2.1.1 Inhibice proliferace leukemickych bunécénych linii pusobenim
inhibitord HDAC

SAHA i VPA inhibuji proliferaci leukemickych buné&nych linii v zavislosti na
velikosti jejich davky-koncentraci (¢im vyS8Si koncentrace, tim silnéjSi inhibice
proliferace). Jak je vidét na obr. 28 A a B, nejsilngjSi inhibicni ucinek na linie
JURL-MK1, HL-60 a HEL mély koncentrace 2,5-10 uM pro SAHA a 2,5-10 mM pro
VPA po 72 hodinach inkubace s inhibitory HDAC. Pfi oSetfeni linie MOLM-7
inhibitory HDAC (SAHA v koncetracich 0,5-5 uM a VPA v koncentracich
0,5-1 mM) klesala inhibice proliferace s dobou pusobeni inhibitord HDAC.
Erytroleukemicka linie HEL byla nejvice citliva k oSetfeni inhibitory HDAC.
Hodnoty IC50 (koncentrace zpusobujici 50% inhibici proliferace) byly u linie HEL

0,3 uM pro SAHA a 0,3 mM pro VPA (tab. 4).
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Obr. 28: Antiproliferativni ucinek inhibitord HDAC v koncentracich 0,5-10 uM SAHA (A)

a v koncentracich 0,5-10 mM VPA (B) na liniich MOLM-7, HEL, HL-60 a JURL-MK1 od 24 do 72
hodin. Mnozstvi délicich se bunék bylo stanoveno méfenim radioaktivné znageného *H-thymidinu,
se kterym byly burky inkubovany po dobu 4 hodin. Hodnoty jsou udany jako stfedni hodnota +

smérodatna odchylka ze tfi experimentu.
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7.2.1.2 Uéinek inhibitord HDAC na Zivotnost leukemickych bunéénych linii

Linie byly inkubovany v pfitomnosti 0,5-10 uM SAHA a 0,5-10 mM VPA. Po
24, 48 a 72 hodinach byla zjisténa zivotnost bunék obarvenim trypanovou modfi.
Pocet zivych bunék postupné klesal se zvySujici se koncentraci a dobou pUsobeni
inhibitor HDAC. V pfipadé sledovani (detekce) inhibice proliferace méfenim
inkorporace 3H-thymidinu do DNA i pfi obarveni bunék trypanovou modfFi
vykazovaly inhibitory HDAC nejvétsi cytotoxicky efekt na linii HEL. Uginek

v v

(0,5-1 yM pro SAHA a 0,5-1 mM pro VPA) byl zanedbatelny (obr. 29 A, B).

IC50
24h 48h 72h
SAHA (uM) | VPA (mM) | SAHA (uM) | VPA (mM) | SAHA (uM) | VPA (mM)
HL-60 15+003 | 1,1+03 | 1,1+£0,05 | 04+0,02]| 1,3+0,1 | 0,3+0,04
HEL 0,3+0,01 | 04+002 | 02+0,02 | 0,3+003] 03+0,05 | 03+0,04
MOLM-7 12+02 | 152004 | 09+0,08 |06+003]| 3,8+02 | 1,0£0,1

Tab.4: Hodnoty IC50 (koncentrace zpUsobujici 50% inhibici proliferace) po 24, 48 a 72 hodinach
pusobeni SAHA a VPA u leukemickych linii MOLM-7, JURL-MK1 a HL-60 a HEL. Hodnoty jsou

udany jako stfedni hodnota + smérodatna odchylka ze tfi experimentd.
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Obr. 29: Sledovani zivotnosti leukemickych bunéénych linii MOLM-7, HEL, HL-60 a JURL-MK1 po
24, 48 a 72 hodinach pusobeni inhibitord HDAC v koncentracich 0,5-10 uM pro SAHA (A)
a v koncentracich 0,5-10 mM pro VPA (B). Zivotnost bunék byla zjistovana obarvenim trypanovou

modfi. Hodnoty jsou udany jako stfedni hodnota + smérodatna odchylka ze tfi experimentu.
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7.2.2 Indukce apoptézy leukemickych bunéénych linii ptisobenim inhibitort
HDAC

Vedle inhibice proliferace, jsme také sledovali, zda inhibitory HDAC indukuji
apoptoézu u leukemickych linii MOLM-7, HL-60 a JURL-MK1. Za hlavni znak
kulminujiciho procesu apoptézy (terminalni faze) je povaZovana fragmentace
DNA. Frakci apoptotickych bunék, které dosahly terminalni faze apoptézy jsme
méfili pomoci metody TUNEL zaloZzené na znaceni fragmenti DNA pomoci
terminalni  deoxynukleotidyl-transferazy.  Buriky  byly  oSetfeny = SAHA
v koncentracich 0,5-10 uM a VPA v koncentracich 0,5-10 mM. Po 24, 48 a 72
hodinach jsme pomoci pritokové cytometrie meéfili procentualni zastoupeni
VPA neindukuji apoptézu u linii JURL-MK1 a HL-60. Vy3Si koncentrace inhibitoru
HDAC vs8ak prokazatelné zvySuji poCet TUNEL-pozitivnich bunék linie JURL-MK1
a HL-60 a to az k40-60% (obr. 30 A, B). Koncentrace 0,5-10uM SAHA a
2,5-10mM VPA indukovaly fragmentaci DNA a zvySovaly poc¢et TUNEL-pozitivhich
bunék linie MOLM-7 (obr. 30 C). Stejné jako u inhibice proliferace je indukce
apoptézy <zavisla na koncentraci a dobé pusobeni inhibitord HDAC.
Na obrazku 31. mizeme vidét apoptotické bunky JURL-MK1 a MOLM-9 po
72 hodinach inkubace se SAHA a VPA.
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Obr. 30: Indukce apoptézy u leukemickych bunéénych linii JURL-MK1 (A), HL-60 (B) a MOLM-7
(C) plsobenim inhibitord HDAC (v koncentracich: 0,5-10 uM pro SAHA a 0,5-10 mM pro VPA.
Frakce apoptotickych bunék (TUNEL-pozitivnich bunék) byla zjiStovana pomoci testu TUNEL po
24, 48 a 72 hodinach mefenim na prutokovém cytometru. Hodnoty jsou udany jako stfedni hodnota

+ smérodatna odchylka ze tfi experimentu.
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Obr. 31: Cytospinové preparaty leukemickych buné&nych linii JURL-MK1 (A) a MOLM-7 (B) po 72
hodinach plGsobeni SAHA 2,5uM a VPA 2,5mM.

97



7.2.3 Ovlivnéni bunééného cyklu a indukce apoptézy Ileukemickych

bunéénych linii pasobenim inhibitord HDAC

Metodou pritokové cytometrie s pouzitim propidium jodidu jsme sledovali,
zda oSetfeni SAHA v koncentracich 0,5-10 uM a VPA v koncentracich 0,5-10 mM
ovlivnilo u bunék MOLM-7, HL-60 a JURL-MK1 prabéh bunéného cyklu.
Po 24, 48 a 72 hodinové inkubaci s inhibitory HDAC, byla plazmaticka membrana
bunék permeabilizovana 70% ledovym etanolem. Nasledné byla DNA
permeabilizovanych bunék oznacena propidium jodidem a prutokovou cytometrii
zméfena Cervena fluorescence. Pomoci pritokové cytometrie mdzeme rozlisit
buriky s rozdilnou fluorescenci v zavislosti na mnozstvi DNA v jednotlivych fazich
bunéného cyklu (G1, S, G2/M). Je také mozné sledovat buriky v zavérecné fazi

apoptozy, ve které dochazi k fragmentaci DNA (subG1 faze).

U bunééné linie JURL-MK1 vystavené uCinku 5 mM VPA dochazelo po
24 hodinach k mirné zastavé v G1/G0O fazi bunécného cyklu a po 48 hodinach
5 mM VPA indukovala rovnéz u bunék JURL-MK1 zastavu bunééného cyklu
v G1/G0 fazi. AvSak delSi dobou plsobeni (72 hodin) vySSich koncentraci VPA
dochazelo uz k rostouci akumulaci bunék v subG1 fazi bunééného cyklu. SAHA
v koncentraci 1uM indukovala po 48 a 72 hodinach mirnou zastavu v G1/GO0 fazi
bunétného cyklu (obr. 32). Plasobenim vysSich koncentraci SAHA na linii
JURL-MK1 byla spusténa apoptéza i bez zastavy bunécného cyklu, to mizeme
pozorovat ze zvySené akumulace bunék v subG1 fazi bunécného cyklu (obr. 32).
U linii HL-60 a MOLM-7 nebyla detekovana zastava buné&ného cyklu po osetreni
SAHA nebo VPA. Avsak, jak je vidét na obrazku 33 a 34, pusobenim zvySujicich
davek SAHA a VPA roste i poCet bunék akumulovanych v subG1 fazi bunécného
cyklu béhem 72 hodin pUsobeni.
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Obr. 32: Analyza bunécného cyklu leukemické bunécné linie JURL-MK1 pomoci prutokové
cytometrie. JURL-MK1 buriky byly inkubovany s inhibitory HDAC v koncentracich 0,5-10 uM SAHA
a 0,5-10 mM VPA po dobu 24, 48 a 72 hodin. (A) Data udavaji procentualni zastoupeni bunék
v G1/G0 fazi bunééného cyklu. (B) Data udavaji procentualni zastoupeni bunék v subG1 fazi
bunéé&ného cyklu. Hodnoty jsou udany jako stfedni hodnota + smérodatna odchylka ze ffi

experimenta.
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Obr. 33: Analyza bunécného cyklu leukemické linie HL-60 pomoci prutokové cytometrie. Bunky
HL-60 byly inkubovany s inhibitory HDAC v koncentracich 0,5-10 uM SAHA a 0,5-10 mM VPA po
dobu 24, 48 a 72 hodin. (A) Data udavaiji procentualni zastoupeni bunék v G1/G0 fazi bunéného
cyklu. (B) Data udavaji procentudlni zastoupeni bunék v subG1 fazi buné&ného cyklu. Hodnoty

jsou udany jako stfedni hodnota + smérodatna odchylka ze tfi experimentu.
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Obr. 34: Analyza bunécného cyklu leukemické linie MOLM-7 pomoci prutokové cytometrie. Buniky
MOLM-7  byly inkubovany sinhibitory HDAC v koncentracich 0,5-10uM SAHA a
0,5-10mM VPA po dobu 24, 48 a 72 hodin. (A) Data udavaji procentualni zastoupeni bunék
v G1/G0 fazi bunécného cyklu. (B) Data udavaji procentualni zastoupeni bunék v subG1 fazi
bunééného cyklu. Hodnoty jsou udany jako stfedni hodnota + smérodatna odchylka ze ffi

experimenta.
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7.2.4 Indukce senescence leukemickych bunécnych linii plsobenim
inhibitord HDAC

Inhibitory HDAC indukuji zastavu bunécného cyklu a apoptézy u mnoha
bunécnych typld a jak bylo nedavno popsano, jsou také schopny indukovat
senescenci u normalnich lidskych fibroblastli a nadorovych bunék (Munro et al.,
2004; Ogryzko et al., 1996). Z tohoto duvodu jsme se rozhodli zjistit, zda inhibitory
HDAC (SAHA a VPA) jsou schopny indukovat bunéCnou senescenci u
leukemickych linii MOLM-7, HL-60, JURL-MK1. Detekce senescence byla
provedena cytochemickym barvenim, které umozfiuje detekovat aktivitu
B-galaktozidazy spojené se senescenci (SA-B-gal) pfi pH 6, ktera je jednim z
biomarkerl senescence (Dimri et al., 1995). Bunky MOLM-7, HL-60 a JURL- MK1
byly inkubovany po dobu 24, 48, 72, 96 a 120 hodin se SAHA v koncentracich
1; 2,5; 5 uM a s VPA v koncentracich 1; 2,5; 5 mM. Bunky MOLM-7, HL-60 a
JURL-MK1 inkubované po dobu 24, 48, 72, 96 hodin nevykazovaly aktivitu
SA-B-gal. AvSak po 120 hodinach (5 dnech) inkubace bunék MOLM-7, HL-60 a
JURL- MK1 s inhibitory HDAC v koncentracich 1 a 2,5 uM pro SAHA a 1 a 2,5 mM
pro VPA bylo u téchto bunék detekovano modré zabarveni, prokazujici zvySenou
aktivitu SA-B-gal. U kontrolnich bunék nebyl pozorovan vyvoj modrého zabarveni
(obr. 35, 36). AvSak ve vysSich koncentracich SAHA i VPA indukovaly bunéénou

smrt (obr. 37). Nejméné citliva k indukci senescence byla linie HL-60 (obr. 38).
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MOLM-7 JURL-MK1 HL-60

Obr. 35: Indukce senescence plsobenim inhibitord HDAC u bunék MOLM-7, HL-60 a JURL-MK1.
Po 5-ti denni inkubaci bunék s inhibitory HDAC (1 uM SAHA a 1 mM VPA) byly buriky zafixovany a
inkubovany s X-gal (1 mg/ml) rozpusténé v roztoku obsahujicim 40 mM kyselinu citronovou pH 6,5;
5 mM hexakyanozelezitan draselny; 5 mM hexakyanozeleznatan draselny; 150 mM NaCl a 2 mM
MgCl,. Po 24 hodinach se sledoval vyvoj modrého zbarveni (pouze u senescentnich bunék) pod
fazovym mikroskopem (zvétSeni 100x). Zobrazeny jsou reprezentativni vysledky jednoho ze ffi
nezavislych opakovani.
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MOLM-7 JURL-MK1 HL-60

Obr. 36: Indukce senescence plsobenim inhibitord HDAC u bunék MOLM-7, HL-60 a JURL-MK1.
Po 5-ti denni inkubaci bunék s inhibitory HDAC (2,5 uM SAHA a 2,5 mM VPA) byly burky
zafixovany a inkubovany s X-gal (1 mg/ml) rozpusténé v roztoku obsahujicim 40 mM kyselinu
citrénovou pH 6,5; 5 mM hexakyanozelezitan draselny; 5 mM hexakyanozeleznatan draselny; 150
mM NaCl a 2 mM MgCl,. Po 24 hodinach se sledoval vyvoj modrého zbarveni (pouze u
senescentnich bunék) pod fazovym mikroskopem (zvétSeni 100x). Zobrazeny jsou reprezentativni

vysledky jednoho ze tfi nezavislych opakovani.
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MOLM-7 JURL-MK1 HL-60

Obr. 37: Indukce senescence plsobenim inhibitord HDAC u bunék MOLM-7, HL-60 a JURL-MK1.
Po 5-ti denni inkubaci bunék s inhibitory HDAC (5 uM SAHA a 5 mM VPA) byly buriky zafixovany a
inkubovany s X-gal (1 mg/ml) rozpusténé v roztoku obsahujicim 40 mM kyselinu citronovou pH 6,5;
5 mM hexakyanozelezitan draselny; 5 mM hexakyanozeleznatan draselny; 150 mM NaCl a 2 mM
MgCl,. Po 24 hodinach se sledoval vyvoj modrého zbarveni (pouze u senescentnich bunék) pod
fazovym mikroskopem (zvétseni 100x). Zobrazeny jsou reprezentativni vysledky jednoho ze tfi
nezavislych opakovani.

105



40

= MOLM-7
x = JURL-MK1
5 30 “ HL-60
=
=
| =
£ 20 T
@
()]
[ =
3 10
=
0 ;
kontrola 1uM SAHA 2,5uM SAHA 5uM SAHA
40
#MOLM-7
x = JURL-MK1
5 30 " HL-60
=
°o
£
< 20
2
()]
[ =
& 10
3
0 - :
kontrola 1mM VPA 2,5mM VPA 5mM VPA

Obr. 38: Indukce senescence pusobenim inhibitord HDAC (1; 2,5 a 5 uM SAHA a 5 mM VPA) u
bunék MOLM-7, HL-60 a JURL-MK1. Data udavaji procenta senescentnich bunék. Hodnoty jsou

udany jako stfedni hodnota + smérodatna odchylka ze 3 experimentu.
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8. DISKUZE

8.1 MONOKLONALNI PROTILATKA PROTI MOLEKULE CD34

Deregulované leukemické buriky prakticky vSech typl leukémii vykazuji
poruchy fyziologické rovnovahy mezi diferenciaci, proliferaci a sebeobnovou ve
prospéch proliferace (méné& zralych) progenitorovych bunék, klonalné
pochazejicich z leukemickych (u leukemie) nebo myelomovych (u myelomu)
kmenovych bunék (leukemia stem cells-LSC, myeloma stem cells-MSC). Nalezeni
specifickych povrchovych molekul exprimovanych na leukemickych kmenovych
bunikach jak AML, tak i ostatnich leukémii, myelomu a dalSich nadord ma
obrovsky vyznam pro vyvoj cilenych terapeutik, pfedevSim na bazi
monoklonalnich protilatek. Monoklonalni protilatky cilené proti témto povrchovym
molekulam mohou pfedstavovat velice ucinna terapeutika pro cilenou I1é¢bu AML,
CML i ostatnich leukemii a nadort. Jednim z pfedpokladud jejich Gcinnosti je vSak
jejich pfesné zacileni na molekuly exprimované pravé na leukemickych
kmenovych burikach, které mohou byt i v klidovém neproliferujicim stavu a tedy
rezistentni na latky inhibujici bunéény cyklus. Dosud bylo prokazano, ze
leukemické kmenové buriky u AML i CML maji membranovy fenotyp CD34+ a
CD38- nebo i CD34+ a CD38+ (Chan et al., 2008). Na zakladé téchto zjisténi by
mohla monoklonalni protilatka proti molekule CD34 slouzit k cilené eliminaci

leukemickych kmenovych bunék zodpovédnych za rozvoj leukémii.

V nasi laboratofi byla jiz dfive pomoci hybridomové technologie pfipravena
mySi monoklonalni protilatka proti molekule CD34 tfidy IgG1, klon 4H11, fuzi
slezinnych bunék mysSi imunizovanych burikami CD34+ leukemické bunécné linie
s bunkami mySi myelomové linie SP2/0. Ziskany hybridomovy klon 4H11
produkoval monoklonalni protilatku cilenou proti molekule CD34, ktera byla
pouzita ve vSech experimentech. V této praci jsem zkoumala vliv této purifikované
mySi monoklonalni protilatky na proliferaci, diferenciaci a indukci bunécné smrti u
leukemickych bunécnych linii. Jako model jsem si zvolila dvé CD34+ leukemické
bunécné linie MOLM-9 a JURL-MK1, obé ustavené od pacienta s chronickou

myeloidni leukémii (CML) v blastickém zvratu, a pro srovnani jednu CD34-
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leukemickou buné&nou linii  PS-1, ustavenou od pacienta s akutni
T-lymfoblastickou leukémii. Dale jsem sledovala vliv riznych rekombinantnich
cytokint (smési cytokinu: IL-3 + IL-6 + SCF + G-CSF + GM-CSF) nebo interferont
(IFN-a,, IFN-B nebo IFN-y) v kombinaci s nasi protilatkou anti-CD34 na bunécny

rast a indukci diferenciaci leukemické bunéc¢né linie MOLM-9.

Ke sledovani zavislosti inhibice proliferace a Zivotnosti leukemickych bunék
na koncentraci protilatky proti molekule CD34 jsem pouzivala 5 rlznych
koncentraci monoklonalni protilatky v rozmezi 16-170 pug/ml béhem 72 hodin jejiho
pusobeni na bunécné linie. Zjistila jsem, ze rist CD34+ leukemickych linii
MOLM-9 a JURL-MK1 byl inhibovan v zavislosti na vzrustajici koncentraci a dobé
pusobeni protilatky. V koncentracich vy8Sich nez 32 pnug/ml v3ak protilatka
vykazovala nespecificky antiproliferativni ucCinek i na CD34- leukemickou
buné&cnou linii PS-1 (obr. 19). Stejny ucinek byl pozorovan i na zZivotnost téchto
bunék, coz je znazornéno na obr. 20, ktery ukazuje zavislost Zivotnosti bunék na
koncentraci protilatky proti CD34. Z téchto vysledku Ize odvodit, Zze monoklonalni
protilatka proti molekule CD34 by mohla in vivo potlaCovat proliferacni expanzi
CD34+ leukemickych kmenovych i progenitorovych bunék u leukémii, pfedevsim

CML i AML, coz by mohlo byt vyuzito terapeuticky.

Jednim z moznych u€inkld terapeutickych monoklonalnich protilatek je i
pfima indukce apoptdzy (Adams et al., 2005). Z tohoto divodu jsem se rozhodla
otestovat tuto protilatku, zdali je schopna indukovat apoptézu u leukemickych
CD34+ liniich MOLM-9, JURL-MK1 a pro srovnani i u CD34- linie PS-1. Ke
sledovani proapoptického ucinku této protilatky jsem zvolila koncentraci 61 pg/ml,
nebot’ plsobenim nizSich koncetraci (napf. 32 ug/ml) na linii MOLM-9 nedoslo
k vyrazné indukci apoptozy (<10% apoptickych bunék) a k ovlivnéni buné¢ného
cyklu (obr. 21). Monoklonalni protilatka v koncentraci 61 ug/ml evidentné
indukovala apoptézu u leukemickych bunécnych linii MOLM-9 a JURL-MK1.
K vy8Simu narustu procenta apoptotickych bunék vSak dochazelo az po 72
hodinach pusobeni protilatky (obr. 23), coz bylo zfejmé zplsobeno zastavou
bunécného cyklu v G1 fazi béhem prvnich dvou dnu u linie JURL-MK1 a po 24
hodinach u linie MOLM-9 (obr. 24). Podobné vysledky zaznamenal, Zada et al.

(2003), ktery ve své praci popisuje antiproliferativni a proapoptoticky ucinek
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monoklonalni protilatky proti molekule CD44 na myeloidni leukemické bunééné
linie. Tato protilatka je v souCasnosti jiz testovana v preklinickych studiich jako
jedna z moznych monoklonalnich protilatek cilenych na leukemické kmenové
buriky u AML (Jin et al., 2006; ten Cate et al., 2010). NaSe protilatka proti molekule
CD34 v8ak neméla vyrazny vliv na jednotlivé faze bunééného cyklu u CD34- linie
PS-1, avsak jejim pusobenim dochazelo i u této linie k indukci apoptdzy (obr. 23,
24). To by mohlo byt zpusobeno tim, Ze linie PS-1 byla ustavena od pacienta s
tzv. "stem cell leukemii", ktera pochazi zleukemickych kmenovych bunék -
pravdépodobné z preurzorl pro T-lymfoidni i myeloidni fadu (Stockbauer,1986 a
2002). Prestoze jsou PS-1 bunky opakované CD34-, jak ve fluorescencni
mikroskopii, tak i v pratokové cytometrii, nelze vyloudit jejich moznou
mikropozitivitu na tento antigen. A to by mohlo byt pfi€inou nespecifické rezidualni
inhibice proliferace a indukce apoptdzy této linie ve vy8Sich koncentracich
protilatky proti CD34.

Interferony INF-a a INF- maji vyznamné ucinky v IéCbé mnoha malignich
nador( (Borden, 2005) a také se osvédcCily pfi 1écbé nékterych hematologickych
malignit, napf. u chronické myeloidni leukémie (Allan et al., 1995) a u
vlasatobunécéné leukémie (Jahagindar et al., 2001). INF-a a INF- potlacuji rast i
leukemické bunécné linie MOLM-9 (obr. 25). Benjamin et al. (2006) ve své praci
popisuje antiproliferativni uCinek IFN-o a IFN-B na sérii leukemickych bunécnych
linii odvozenych od AML. IFN-a a IFN-B inhiboval proliferaci bunék linie MOLM-9
ucinnéji nez IFN-y (obr. 25D). Protilatka proti CD34 v ruznych koncentracich (16,
32 a 61 ug/ml) potencovala antiproliferativni ucinek interferon u linie MOLM-9
(obr. 25).

Identifikace cytokinG ovliviiujicich normalni hematopoezu vznesla otazku,
zdali cytokiny indukujici diferenciaci normalnich hematopoetickych bunék, mohou
téZ indukovat diferenciaci leukemickych bunék do vice zralych nedélicich se
bunécnych stadii. Bylo prokazano, Ze hematopoetické cytokiny samotné nebo ve
vzajemnych kombinacich maiji schopnost indukovat terminaini diferenciaci ¢asto
doprovazenou i zastavou proliferace nékterych typa leukemickych bunék (Leung
et al.,, 2005; Sachs, 1996). Napf. IL-3, GM-CSF, G-CSF, M-CSF, IL-6, SCF,
indukuji diferenciaci myeloidnich leukemickych linii K562, HL-60, KG-1 a U-937
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(Bedi et al., 1995; Ward et I., 1990). Jedna z moznych funkci molekuly CD34 muze
byt pravé blokovani bunécné diferenciace kmenovych a progenitorovych bunék.
Fackle et al.,, 1995 zjistili, Ze posileni exprese mlekuly CD34 brani v diferenciaci
mySi myeloblastické bunécné linie M1. Proto jsem zvolila jako jeden ze znakl
stupné diferenciace resp. nezralosti leukemickych bunék sledovani exprese
molekuly CD34. Jako model pro indukci diferenciace jsem si vybrala bunky linie
MOLM-9, které jsem inkubovala se smési rekombinantnich cytokina (IL-3 + IL-6 +
SCF+ G-CSF + GM-CSF) nebo s INF-y nebo v kombinaci protilatky proti CD34 a
smeési cytokinl. Indukci diferenciace jsem sledovala analyzou exprese nékterych
povrchovych molekul (CD34, CD14, CD38, HLA-DR) pomoci prutokové cytometrie
(po 72 hodinach) a morfologickou analyzou cytospinovych preparatli (po 3 a 5-ti
dnech). Zjistila jsem, Ze inkubace bunék MOLM-9 s protilatkou proti CD34 nebo
se smési cytokini nebos jejich kombinaci po dobu 72 hodin, vyznamné
neovlivnila expresi povrchovych molekul oproti neoSetfenym burikam. Rovnéz
morfologickou analyzou cytospinovych preparati nebyl objeven zadny znak
diferenciace. Dale jsem zjistila, Ze IFN-y po 72 hodinach plsobeni sniZzuje expresi
antigenu CD34 (tab. 3), coZz by mohlo byt vysvétleno schopnosti IFN-y stimulovat
expresi MHC-Il a jinych povrchovych molekul vyskytujicich se u vice zralych
bunék, jako napf. CD38, CD14 a HLA-DR, v porovnani s neoSetfenymi kontrolnimi
bunfkami. AvSak morfologickym rozborem cytospinovych preparati nebyl objeven

zadny konkrétni parametr diferenciace do myeloidni nebo lymfoidni Fady.

Ackoliv pfesny mechanizmus indukce bunééné smrti a antiproliferativniho
ucinku monoklonalni protilatky proti molekule CD34 produkované nasim klonem
4H11 je zatim neznamy, mohla by tato protilatka po dalSich studiich na bunécnych
liniich a leukemickych burikach nemocnych s AML a CML a po uspésnych
preklinickych testech na laboratornich zvifatech predstavit dalSi novou alternativu
pro cilenou lé€bu leukemii. Zvlasté pak v pfipadech, kde byl neuspésné pouzivan
gemtuzumab-ozogamicin, (anti-CD33 znacena calicheamicinem) (Mylotarg), ktery
nemusi eliminovat vSechny leukemické kmenové bunky, jez mohou po Ié¢bé opét
nastartovat rozvoj relapsu leukemie a proto byl vroce 2010 stazen z indikaci
doporu¢enych FDA. Nicméné stale zUstava mnoho problémd, které musi byt
vyifeSeny. Jedna se zejména o expresi molekuly CD34 na jinych typech bunék,

pfedevSim na normalnich endotelialnich bunkach a pfipadné i na dalSich typech
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bunék zejména nehematopoetického puvodu. Rovnéz mozné posSkozeni
normalnich hematopoetickych bunék se musi brat v uvahu a peclivé prozkoumat.
V pfipadé mozného poskozeni normalnich hematopoetickych bunék, ale zarovén i
silného zniCeni leukemickych bunék, by mohla tato protilatka prfedstavovat novy
potencialni postup i pro predtransplantacni pfipravu pfed autologni i alogenni

transplantaci hematopoetickych bunék.
Vysledky této studie byly publikovany v roce 2007 v Casopise Neoplasma:

Elknerova K, Lacinova Z, Soucek J, Marinov |, Stockbauer P. Growth
inhibitory effect of the antibody to hematopoietic stem cell antigen CD34 in

leukemic cell lines. Neoplasma. 2007. 54: 311-20. (viz pfriloha A)

8.2 INHIBITORY DEACETYLAZ HISTONU, SAHA A VPA

Epigenetické mechanizmy, jako je dysregulace exprese urcitych
specifickych geni mohou mit zasadni vyznam pfi vzniku nadora (Li et al., 2005;
Ahn et al., 2008). Inhibitory histondeacetylaz mohou znovu indukovat expresi
,=uml€enych“ genl a tim inhibovat rust a pfeziti nadorovych bunék (Kouraklis et al.,
2006). Remodelace chromatinu plsobenim inhibitord HDAC mulze indukovat
odpovéd bunky na poSkozeni DNA (Gaymes et al., 2006), coz muze v konecném
disledku vyvolat zahajeni apoptézy nebo senescence (Gaymes et al., 2006; te
Poele et al., 2002). JeSté v nedavné dobé se jevilo, Ze indukce apoptdzy je
hlavnim pfijatelnym pfistupem k nadorové |éCbé. Nyni je vSak patrné, Ze nejen
vyvolani apoptdzy, ale i autofagie, mitotické katastrofy nebo senescence jsou
dalSimi potencialnimi pfistupy k terapii nadoru. Vzhledem k tomu, Zze u mnoha
nadort béhem jejich vyvoje dochazi k inaktivaci apoptotickych cest, mohla by byt
senescence indukovana terapii (TIS, therapy-induced senescence) dalSim
alternativnim pfistupem, ktery muze zlepsit stavajici protinadorovou terapii (Ewald
et al., 2010). Senescence muze byt indukovana napf. doxurubicinem,
aphidicolinem, cis-platinou, ionizaénim zarfenim nebo etoposidem a to v zavislosti

na bunééném typu a koncentraci (Chang et al., 1999). Studie ukazuji, Ze
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senescence je indukovana, kdyz je apoptdza blokovana zvySenou expresi BCL2
nebo inhibici kaspaz (Crescenzi et al., 2003; Rebbaa et al., 2003). Z vyzkum
vyplyva, ze TIS by mohla slouzit jako ,zalozni“ odpovéd na terapii nadorl, u
kterych jsou poSkozené apoptické signalizacni cesty (Schmitt et al., 2002).
Vyhodou TIS je, Ze muUze byt vyvolana jak u ranych tak i u pozdnich stadii nadoru
(Xue et al., 2007).

Sledovala jsem vliv rliznych davek inhibitord HDAC, SAHA (0,5-10 uM) a
VPA (0,5-10 mM) na sérii leukemickych bunéénych linii (MOLM-7, JURL-MK1,
HL-60, HEL). ZjiStovala jsem, pfi které davce inhibitord HDAC dochazi k indukci

zastavy bunécného cyklu, vyvolani apoptézy nebo senescence.

Antiproliferativni efekt inhibitord HDAC byl popsan u normalnich i
transformovanych bunék (Schwarze et al., 2005). Zjistila jsem, Ze inhibitory HDAC,
SAHA a VPA, inhibuji bunécény rist u vSech testovanych leukemickych bunécénych
efekt vykazovaly davky v rozmezi 2,5-10 uM SAHA a 2,5-10 mM VPA. Hodnoty
IC50 (koncentrace zpuUsobujici 50% inhibici proliferace) se u testovanych
leukemickych linii pohybovaly v rozmezi 0,2-3,8 uM pro SAHA a 0,3-1,6 mM pro
VPA béhem 72 hodinové inkubace (tab. 4). Erytroleukemicka linie HEL byla
nejvice citliva k oSetfeni inhibitory HDAC, na rozdil od myeloidni linie MOLM-7,

ktera byla k oSetfeni inhibitory HDAC nejméneé citliva.

Inhibitory HDAC indukuji apoptézu u mnoha typu nadorovych bunék.
V nasich experimentech jsme zjistili, Ze indukce apoptoézy pusobenim SAHA nebo
VPA byla rizna u kazdé testované leukemické bunécéné linie (obr. 30). U bunék
MOLM-7 se vyviji rozsahla, rychla, na koncentraci zavisla apoptéza. Tyto vysledky
jsou také potvrzeny analyzou bunéfného cyklu. Apoptéza je u téchto bunék
spusténa i bez zastavy bunécného cyklu, coz doklada zvysujici se pocCet bunék
akumulovanych v subG1 fazi bunécného cyklu béhem 72-hodinového oSetreni
inhibitory HDAC (obr. 34). Na rozdil od bunék MOLM-7, buriky JURL-MK1 i HL-60
vstupuji do apoptézy pomaleji, coz dokazuje i nizSi poCet TUNEL-pozitivnich
bunék (obr. 30). Pravdépodobné se u nich vSak spousti i jiné formy bunécné smrti
(nekréza, autofagie), jak je znazornéno na obr. 29, kde muzeme pozorovat vyssi

frakci Trypan-blue pozitivnich bunék béhem 72-hodinového osetfeni SAHA i VPA.
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Stejné jako u inhibice proliferace je i indukce apoptdzy zavisla na koncentraci a
dobé pusobeni inhibitord HDAC. NejsilnéjSi indukce apoptézy bylo dosazeno po
72 hodinach u vsSech testovanych leukemickych linii a nejsilngjSi proapoticky

ucinek vykazovaly davky 5 a 10uM pro SAHA a 5 a 10mM pro VPA.

Také byla testovana aktivita p-galaktozidazy spojené se senescenci
(SA-B-gal), ktera odliSuje senescentni bunky od ostatnich zivych i mrtvych bunék.
Ustanoveni senescenéniho fenotypu trva nékolik dni (3-7 dnd) na rozdil od
apoptézy, u které dochazi k velmi rychlé aktivaci apoptickych procesl a destrukci
bunky béhem 24 hodin (Campisi et al., 2007; Chang et al., 1999; Schwarze et al.,
2005). To potvrdily i nase vysledky, kdy k indukci senescence doslo az po 5 dnech
pusobeni inhibitord HDAC u bunéénych linii MOLM-7, JURL-MK1 a HL-60,
narozdil od apoptézy, ktera byla patrna jiz po 48 hodinach pusobeni inhibitorQ
deacetylaz histonu (obr. 30). Zda se burika rozhodne spustit apoptoticky program
bunécné smrti nebo senescenéni zastavu rlstu zavisi z ¢asti na velikosti stresu,
jemuz byla burika vystavena (Chang et al., 1999). NizSi stupen poSkozeni spousti
antiproliferativni odpovéd spojenou se senescenci bez aktivace kaskady kaspaz a
spusténi apoptického procesu. Naopak vysSi davky léciv zpusobujici vetsi
poskozeni DNA vyvolavaji apoptotickou odpovéd (Schwaze et al., 2005). To je
v souladu i s naSimi vysledky, ze kterych vyplynulo, ze vy3Si davky SAHA i VPA
indukuji vice apoptézu a naopak nizsi davky indukuji senescenci (obr. 35, 36, 37).
Toto zjiSténi by mohlo v podstaté pfispét ke zlepSeni protinadorové strategie a
redukovat nezadouci vedlejsSi efekty u mnoha IéCebnych protokoll a procedur
(Schmitt, 2007; Lechel et al., 2005).

Vysledky této studie byly publikovany v roce 2011 v Casopise Neoplasma:

Elknerova K, Myslivcova D, Lacinova Z, Marinov |, Uherkova L, Stockbauer
P. Epigenetic modulation of gene expression of human leukemia cell lines -
induction of cell death and senescence. Neoplasma. 2011. 58: 35-44. (viz
pfiloha B)
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9. ZAVER

9.1 MONOKLONALNI PROTILATKA PROTI MOLEKULE CD34
(klon 4H11)

inhibuje proliferaci a zastavuje bunéény cyklus v G1/GO fazi u CD34+

bunécnych linii
indukuje apoptdézu u CD34+ bunécnych linii

v koncentraci vySSi nez 32 ug/ml vS8ak vykazuje nespecificky
antiproliferativni a proapopticky efekt také u CD34- leukemické bunécné
linie PS-1.

potencuje antiproliferativni GCinek interferond a smési rekombinantnich

cytokinu

neindukuje myeloidni diferenciaci CD34+ leukemické linie MOLM-9
odvozené od nemocného s chronickou myeloidni leukemii v blastickém

zvratu

kombinované oSetfeni s INF-y nebo smési nékolika rekombinantnich

cytokint neindukuje diferenciaci bunééné linie MOLM-9
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9.2 EPIGENETICKE INHIBITORY HDAC - SAHA a VPA

mechanizmus pusobeni inhibitord SAHA a VPA je komplexni a vysledny
ucinek zavisi na individualnim bunétném kontextu (typu bunky),

koncentraci a dobé plisobeni HDACI
inhibitory HDAC indukuji mnohem silnéji a rychleji apoptézu nez senescenci

pro indukci senescence je potfeba delSi doby plsobeni (5 dnl) a nizSich
koncentraci inhibitord HDAC, nez pro indukci apoptozy, ktera je patrna po

48 hodinovém oSetieni vy$Simi davkami inhibitord HDAC
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11. POUZITE ZKRATKY

ADCC bunécna cytotoxicita zavisla na protilatkach

(antibody dependent cell mediated cytotoxicity)

AlF faktor indukujici apoptézu (apoptosis inducing factor)
AML akutni myeloidni leukémie

CASP kaspazy (caspases)

CDKi inhibitory cyklin-dependentnich kinaz

CDR hypervariabilni domény (complementarity determining regions)
CD clusters of differentiation

CML chronicka myeloidni leukémie

CRDs domény bohaté na cystein (cysteine rich domains)
DD doména smrti (death domain)

DDR odpovéd na poskozeni DNA (DNA-damage response)
DISC smrt indukujici signaliza&ni komplex

(death inducing signaling complex)

Fab antigen vazajici fragmenty (fragment antigen binding)

FADD s Fas spojena doména smrti (Fas-associated death domain)
Fc fragment crystalizable

FLIP FLICE-like inhibitory protein

G-CSF faktor stimulujici rast granulocytarnich kolonii

GM-CSF faktor stimulujici rist granulocytarnich a monocytarnich kolonii
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HACA
HAHA
HAMA
HAT
HDAC
HDACI
HP1
HSC
IAP
IFN-a
IFN-B
IFN-y
IL-3
IL-6
ITAM
ITIM
LSC
MAC
macroH2A
OIS

p1 g/NKda
p21CIP1

pRb

lidské anti-chimerické protilatky (human anti-chimeric antibodies)
lidské anti-lidské protilatky (human anti-human antibodies)
lidské anti-mysi protilatky (human anti-mouse antibodies)
acetylazy histon(

deacetylazy histon(

inhibitory deacetylaz histon

protein heterochromatin protein 1

hematopetické kemnové bunky (hematopietic stem cell)
inhibitor apoptdzy (inhibitor of apoptosis)

interferon-alfa

interferon-beta

interferon-gamma

interleukin-3

interleukin-6

immunoreceptor tyrosine-based activation motifs
immunoreceptor tyrosine-based inhibitory motifs
leukemické kmenové buriky (leukemia stem cells)
membrane attack complex

transkripné represivni varianta H2A

senescence indukovana onkogeny

cyklin-dependent kinase inhibitor 2A

cyklin-dependent kinase inhibitor protein 1

retinoblastoma protein
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ROS
SAHA
SAHF

SASP

SA-p-gal

SCF
scFv
SIPS
T-ALL
TIS
TRADD
TUNEL
VPA

X-gal

reaktivni kyslikové radikaly (reactive oxygen species)
suberoylanilid hydroxamové kyseliny
senescence-associated heterochromatin foci
sekre¢ni fenotyp spojeny se senescenci
(senescence-associated secretome phenotype)
-galaktosidaza spojena se senescenci
(senescence-associated p-galaktosidase)

faktor kmenovych bunék (stem cell factor)

single chain fragment variable

stresem-indukovana predCasna senescence

akutni T-lymfoblasticka leukémie

senescence indukovana terapii (therapy-induced senescence)

TNFR1-associated death domain protein
TdT-mediated dUTP-biotin nick end labeling
kyselina valproova

5-bromo-4-chloro-3-indolyl b-D-galactoside
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Growth-inhibitory and proapoptotic effects of the monoclonal antibody to CD34 molecule, clone 4H11, were tested in
CD34+ leukemic cell lines (MOLM-9, JURL-MK1, HEL) and CD34- cell lines (PS-1, ML-2 and CTV-1). We have found
that the monoclonal antibody to CD34 inhibited the proliferation and induced apoptosis of all CD34+ cell lines. We did not
observe induction of differentiation by anti-CD34 antibody, but a growth arrest of cells in the GO/G1 phase of the cell cycle
was detected in all the cell lines studied. Combinations of anti-CD34 antibody with both type I (c, ) or type II (y) interferons
did not enhance the effects on the cell growth or inhibition of cellular proliferation of the antibody alone. Our data suggest
that the monoclonal antibody to CD34 molecule prepared from clone 4H11, after sufficient experimental and preclinical
testing on laboratory animals, may provide a new basis for targeted antibody therapy of acute or chronic myeloid leukemia.

Key words: monoclonal antibody therapy, CD34 antigen, leukemia cell lines, proliferation, apoptosis, cellular senescence

The precondition for antibody therapy of tumors is the
ability of antibody to react with the specific target molecules
expressed on the surface of tumor or leukemic cells and the
ability to induce either direct or immune system mediated
cell death or inhibit the proliferation by activation of cellu-
lar differentiation program or by induction of apoptosis or
senescence. Attempts to treat tumors by antiidiotypic anti-
bodies to membrane immunoglobulins in chronic
lymphocytic leukemia (CLL) or to T-cell antigens in T-lym-
phoma were performed already in early eighties of the last
century [1, 2, 3]. Unfortunately, there were problems with
the immune response of the host to the therapeutic antibody
and with the unability of mouse antibodies to activate hu-
man complement and the effectors of the immune response.
A further problem was the antigenic modulation. Recently,
the progress in construction of both chimeric and recombi-
nant antibodies using the phage liberaries first enabled the
initiation of relevant clinical studies aimed at the targeted
therapy of human tumors including leukemias and malig-

“ This study was supported by grant No. NR 8233-3 of the Internal Grant
Agency of the Ministry of Health of the Czech Republic (IGA-MZCR)
* Corresponding author

nant lymphomas using of monoclonal antibodies. One of
the first antibodies introduced to the clinic of CLL and non-
Hodgkin’s lymphomas was the chimeric monoclonal
antibody to B-cell antigen CD20 rituximab (Mabthera). This
antibody consists of mouse Fab part and human Fc part of
immunoglobulin IgG, which is able to activate human
complement. It selectively kills cells expressing the mem-
brane antigen CD20 by induction of apoptosis, probably by
a mechanism of complement mediated cytotoxicity (CDC)
or antibody mediated cytotoxicity (ADCC). This antibody
is recently used not only in the treatment of malignant lym-
phomas and CLL of B-cell type, but also for the treatment
of autoimmune diseases, e.g. rheumatoid arthritis. Another
monoclonal antibody used in the clinic of acute myeloid leu-
kemia (AML) or promyelocytic leukemia (APL) is targeted
to the myeloid surface membrane antigen CD33. This anti-
body is conjugated to anthracyclin cytostatic agent
calicheamicin. Treatment of AML by this antibody is how-
ever limited. Therefore we concentrated our effort on the
possibilities for the development of new therapeutic anti-
bodies targeting leukemic stem cells. One of the candidates
of antibody reactive with the leukemic stem cells of some
patients with AML and CML is the antibody to the surface
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Figure 1. Inhibition of proliferation of CD34+ cell lines (MOLM-9, HEL, JURL-MK1) and CD34- cell lines (PS-1, ML-2, CTV-1) after treatment
with 4H11 antibody. Cells were incubated in the presence of 16 —170 pg/ml of purified immunoglobulin from supernatant of mouse monoclonal
antibody to CD34 molecule (clone 4H11) for up to 72 h, and the cell aliquots in quadruplicates were assayed on proliferation with H-thymidine
for 4 h. The cells were harvested and the *H-thymidine radioactivity was measured in counts/min (cpm). Results are expressed as the mean of

three experiments.
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Figure 2. Viability of CD34+ cell lines (MOLM-9, HEL, JURL-MK1) and CD34- cell lines (PS-1, ML-2, CTV-1) after treatment with 4H11
antibody. Cells were incubated in the presence of purified imunoglobulin from hybridoma cell line 4H11 (anti-CD34) in concentrations of 16 — 170
ug/ml for up to 72 h. Viability was assessed by Trypan blue exclusion test. Results are expressed as percentage of untreated control cells and

represent mean of three experiments.

molecule of normal hematopoietic stem and progenitor cells,
CD34. We have previously prepared a monoclonal antibody
to this antigen by immunization of BALB/c mice with cells
from the chronic myeloid leukemia cell line MOLM-7 [4].
After fusion of mouse spleen cells with SP2/0 mouse my-
eloma cell line, we obtained the hybridoma clone, which
produced monoclonal antibody to hematopoietic stem and
progenitor cells, clone 4H11(APG)(70066) of mouse IgG1

class. This antibody reacts with the majority of myeloid
progenitor cells and cell lines (MOLM-6, MOLM-7,
MOLM-9, HEL, KG-1) and detects the class III epitope of
the CD34 molecule. Specifity of this antibody was defined
at the 6th international workshop on the human leukocyte
differentiation antigens [6]. Our results show that this anti-
body in purified form inhibits proliferation and specifically
kills cells of CD34+ leukemic cell lines.
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Figure 3. The effect of IFN-o, IFN-B, IFN-y and purified immunoglobulin from the hybridoma clone 4H11 (anti-CD34) on the proliferation of
MOLM-9 cells assayed by *H-thymidine incorporation. The cells were incubated in the medium containing IFN-a. (0.075 pg/ml), antibody alone (61
pg/ml) and by both agent simultaneously (A), IFN-B (0.375 pug/ml), antibody alone (61 pg/ml) and by both agent simultaneously (B), IFN-y (0.125
ug/ml), antibody alone (61 pg/ml) and by both agent simultaneously (C) for up to 72 hours. The cell aliquots in triplicates were incubated in the
medium containing *H-thymidine for 4 h. The cells were harvested and the *H-thymidine radioactivity was measured. Results are expressed as the

percentage of inhibition of proliferation (mean of three experiments).

Material and methods

Reagents. Recombinant human interleukin-3 (IL-3), recom-
binant human interleukin-6 (IL-6), recombinant human
granulocyte colony stimulating factor (G-CSF), recombinant
human granulocyte-monocyte colony stimulating factor (GM-
CSF), recombinant human stem cell factor (SCF) were
purchased from BioSource Europe, S.A., Nivelles, Belgium.
Recombinant human interferon-alpha-2c (IFN-o), recombinant
human interferon-beta (IFN-f3), recombinant human interferon-
gamma (IFN-y) were purchased from Boehringer Ingelheim,
Ingelheim, Germany. Anti-human monoclonal antibodies CD14
(61D3), CD38 (HIT2) were purchased from eBioscience, San
Diego, USA. Affinity purified mouse anti-human monoclonal
antibody to CD34 molecule of IgG1 class was previously pre-
pared on Prosep-A (Bioprocessing, Ltd., Scotland) from
collected serum free culture medium of 4H11 hybridoma clone.
Mouse anti-human monoclonal antibody to HLA-DR (B33.1)
was gifted by Dr. Bice Perrusia, (Wistar Institute, Philadelphia,
USA). RPE-conjugated F(ab‘), fragment of goat anti-mouse
immunoglobulins was purchased from DAKO, Glostrup, Den-
mark. The APO-BrdU™ TUNEL assay kit was purchased from
Invitrogen, Carlsbad, California, USA.

Culture of cell lines. Myeloid (MOLM-9 [4], JURL-MK1
[5]), myelomonocytic (ML-2, CTV-1), lymphomyeloid (PS-
1) and erytroid-megakaryocytic cell lines (HEL) were
maintained in suspension culture in medium RPMI 1640 con-
taining 10% fetal bovine serum (FBS), 150 mg/1 L-glutamine,
50 000 U/ml penicillin and 50 mg/ml streptomycin at 37 °C
in a humidified atmosphere of 5% CO, in air. The culture
medium was changed three-times a week.

Detection of cell viability and proliferation. Cell lines were
seeded and allowed to reach exponential growth for 24 hours.
Cells were plated at the initial density of 2 x 10°cells/ml. Pu-
rified mouse IgG1 antibody to CD34, clone 4H11, was used
in concentrations 170 ug/ml, 117 ug/ml, 61 pug/ml, 32 ug/ml,
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Figure 4. The effect of cytokines (IL-3, IL-6, SCF,G-CSF, GM-CSF, IFN-
v) and antibody from hybridoma clone 4H11 (anti-CD34) on proliferation
of MOLM-9, cells assayed by *H-thymidine incorporation. Cells were
incubated in medium containing IL-3 (1 ng/ml), IL-6 (10 ng/ml), SCF (5
ng/ml), G-CSF (1 ng/ml), GM-CSF (1 ng/ml), IFN-y (0.175mg/ml) and
antibody from clone 4H11 (61pug/ml) for up to 72 hours. The cell aliquots
in triplicates were incubated with *H-thymidine for 4 hours.

and 16 ug/ml in culture medium. In some experiments, also
recombinant IFN-a (0.075 pg/ml), IFN-f (0.375 pug/ml), IFN-
vy (0.125 pg/ml) or a coctail of recombinant cytokines
consisting of IL-3 (1 ng/ml), IL-6 (10 ng/ml), SCF (5 ng/ml),
G-CSF (1 ng/ml), GM-CSF (1 ng/ml) were added to growing
cells to potentiate differentiation or to inhibit proliferation and
induce cell death. After 24, 48 and 72 hours of drug treat-
ment, adherent and non-adherent cells were harvested and
viable cells were counted by trypan blue dye exclusion method
(at least 200 cells were counted in each assay). Cell viability
was calculated as the percentage of values of untreated ad-
equate control cells.

Cell proliferation was assayed by measuring uptake (in-
corporation) of *H-thymidine. The treated cells as well as the
appropriate controls in triplicates were pulsed with 24 kBq
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Figure 5. Expresion of CD34, CD38, CD14 and HLA-DR determined by flow cytometry in untreated and IFN-y treated MOLM-9 cells after 72

hours of treatment.

Table 1. Expression of cell surface molecules of untreated, antibody,
cytokines or both antibody + cytokine treated cells after 72 hours of
induction (in percentage of positive cells detected by flow cytometry)

MOLM-9 CD34 CD38 CD14 HLA-DR
IL-3/IL-6* 89 0 0 7
IL-3/IL-6* + IFN-g 91 0 0 41
IL-3/IL-6* + 4H11 76 0 0 8
IFN-g 33 48 54 63
4H11 87 0 0 5
untreated control 88 0 0 8

#L-3/IL-6 = mixture of IL-3+IL-6+G-CSF+GM-CSF+SCF

(6-*H)-thymidine (Institute for Reasearch, Development and
Aplication of Radioisotopes, Prague, Czech Republic) of the
specific activity 980 (Gbg/mmol) for 4 h and the cells were
collected using Scatron cell harvester. The incorporated ra-
dioactivity into the newly synthesized DNA was measured
on the beta scintillation counter. The mean values of tripli-
cate experiments expressed in counts per minute (cpm) were
calculated. The inhibition of proliferation was expressed as
percentage of cpm of cells that were treated in relation to un-
treated cells according to the formula:

Inhibition of proliferation [%] = [cpm (untreated) — cpm
(treated)] / cpm (untreated) x 100]

Cell cycle analysis. MOLM-9, JURL-MKI1, PS-1 cells
(10° cells/ml) treated by 4H11 antibody (61 mg/ml) were
collected by centrifugation after 24, 48 and 72 hours, sus-
pended in 4.5 ml of ice-cold 70% ethanol, incubated for 30
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min at 10 °C and kept for 5-7 days at -20 °C. The samples
were then washed once in PBS and incubated for 30 min at
room temperature in 1 ml of the modified Vindelov‘s
propidium iodide buffer (10 mM Tris, pH 8, 1 mM NaCl,
0,1% Triton X-100, 20 mg/ml PI and 10 K units of ribonu-
clease A). The fluorescence excited at 488 nm was then
measured using Coulter Epics XL flow cytometer. Distribu-
tion of DNA during the treatment by 4H11 antibody was
indicated by G1/G0-G2/M transition.

Assessment of apoptosis by TUNEL assay. The tunel assay
was performed employing the APO-BrDU TUNEL Assay Kit
following the standard manufacturer’s protocol. Briefly,
MOLM-9, HEL, JURL-MK1, PS-1 cells treated with 4H11
antibody (61 pg/ml) were collected after 24, 48 and 72 hours.
The cells were washed by PBS, adjusted to a density of 1-2
x 10°cells/ml and fixed with 1% paraformaldehyde solution in
PBS for 15 min. Subsequently, the cells were pelleted and
permeabilized with the ice-cold 70% ethanol for 18 hours at -
20 °C. To label DNA strand breaks, 1-2 x 10%ml cells were
incubated with 50 pl of TUNEL reaction mixture for 60 min. at
37 °C. The extent of DNA labeling with Alexa Fluor 488 dye-
labeled anti-BrdU antibody was determined by flow cytometry.

Morphological analysis. Cytospin preparations were made
after 24, 48 and 72 hours of incubation of MOLM-9 cells
with a coctail of recombinant cytokines IL-3 (1 ng/ml), IL-6
(10 ng/ml), SCF (5 ng/ml), G-CSF (1 ng/ml), GM-CSF (1 ng/
ml) or with recombinant IFN-y (0,125 pg/ml) in combination
with 4H11 antibody or without.

Immunophenotype analysis. The expression of surface an-
tigens on MOLM-9 cell line was determined by indirect
immunofluorescence using a panel of monoclonal antibod-
ies and RPE-conjugated F(ab®), fragment of goat anti-mouse
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Figure 6. Flow cytometry analysis of MOLM-9, HEL, JURL-MKI1, PS-1 cells induced to apoptosis by 4H11 antibody (61ug/ml). Fractions of

apoptotic cells were determined by TUNEL assay after 24 h, 48 h and 72 h.
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immunoglobulin as a secondary reagent. The following mono-
clonal antibodies were used: mouse anti-human CD14 (61D3),
CD34 (4H11), CD38 (HIT2), HLA-DR (B33.1). The percent-
age of labeled cells was determined by flow cytometry.

Results

The effect of anti-CD34 antibody 4H11 on proliferation and
viability of CD34+ cell lines (MOLM-9, HEL, JURL-MK1I ) and
CD34- lines (PS-1, ML-2, CTV-1). As shown in the Fig. 1, the
concentrations of antibody at 16 mg/ml and higher strongly
inhibited the proliferation of all CD34+ cell lines. However the
growth of CD34- cell lines was also inhibited, but only in the
antibody concentrations at 32 mg/ml and higher. The strongest
growth-inhibitory effect on all cell lines was detected after 72
hours of treatment.

The number of viable cells gradually decreased with the
increasing concentration of antibody during the period of treat-
ment. The effect of the antibody at the lowest concentrations
(16-32 ug/ml) on the viability of CD34- cell lines (JURL-
MK, PS-1, CTV-1) was negligible (Fig. 2).

The effect of IFN-co, IFN-f, IFN-y and antibody 4H1I on
proliferation of MOLM-9 cell line. The effect of IFN-a, IFN-
B, IFN-y and of the antibody 4H11 alone on the growth of
MOLM-9 leukemic cell line was examined. To assess the ef-
fect of IFN-a, IFN-f3, IFN-y and 4H11 antibody on the
proliferation of MOLM-9 cells, we used *H-thymidine incor-
poration into the cellular DNA. As shown in Fig. 3, both IFN-o
or IFN-f3 alone suppressed the cell growth of MOLM-9
(around 30-40%) compared to untreated control cells. IFN-y
also inhibited the proliferation of MOLM-9 cells but the inhi-
bition of cell growth decreased (from 35% to 10%) within the
period of treatment. The course of treatment of MOLM-9 cells
by 4H11 antibody in combination with IFN-o, or IFN-§ or
IFN-y and by antibody 4H11was very similar. Both treatments
progressively suppressed the growth of MOLM-9 cells.

The effect of cytokines and antibody 4HI11 on cell growth
and differentation of MOLM-9 leukemic cell line. We investi-
gated the effect of various cytokines together with anti-CD34
antibody on cell growth of MOLM-9 cell line during the 72
hours of treatment. The possible induction of cell differentia-
tion and inhibition of cellular proliferation by treatment with
this agent alone and in combinations was also studied. Cellu-
lar differentiation was assessed by morphological analysis of
Cytospin preparations and by the loss of expression of CD34
and by the appearance of membrane molecules of more dif-
ferentiated cells such as CD14 and HLA-DR. Table 1 shows
the expression of cell surface molecules on MOLM-9 cells
after 72 hours of treatment. Levels of CD38, CD14 were
strongly increased only after treatment by IFN-y in compari-
son to untreated control cells. However, the expression of
CD34 was down-regulated by IFN-y (Fig. 5). Treatment with
other agents did not influence the expression of CD38, CD14
and HLA-DR. By morphological analysis of Cytospin prepa-
rations (Fig. 8) and by flow cytometry, we did not find signs

of either myeloid or lymphoid differentation. We observed
a relative decrease of inhibition of cell growth during the treat-
ment of MOLM-9 cells with the mixture of cytokines
(IL-3+IL-6+SCF+G-CSF+GM-CSF) and after treatment of
MOLM-9 cells by IFN-y alone. The combined treatment of
MOLM-9 cells by mixture of cytokines (IL-3+IL-6+SCF+G-
CSF+GM-CSF+IFN-y) did not influence the proliferation of
MOLM-9 cells within 48 hours of culture, compared to the un-
treated control cells. The growth of MOLM-9 cells decreased
after 48 and 72 hours of treatment. The treatment of MOLM-9
by mixture of recombinant cytokines (IL-3+IL-6+ SCF+G-
CSF+GM-CSF) in the presence of 4H11 antibody or the treatment
by 4H11 antibody alone inhibited proliferation (Fig. 4).

DNA fragmentation and Tunnel assay. We studied the ef-
fect of 4H11 antibody on the induction of apoptosis of CD34+
cell lines (MOLM-9, HEL, JURL-MK1) and CD34- cell line
(PS-1). The number of TUNEL-positive cells gradually in-
creased during 72 hours of treatment by 4H11 antibody
compared to 2% in control cells (Fig. 6). The majority of
TUNEL-positive cells (60%) was detected after 72 hours of
treatment of HEL cells. The apoptosis of MOLM-9 cells was
delayed up to 72 hours of treatment when the apoptosis of
CD34- cell line PS-1 was also detected.

Cell cycle analysis. Induction of apoptosis in leukemic cell
lines MOLM-9, JURL-MKI1 and PS-1 was also studied by
the cell cycle analysis. In the Fig. 7, a series of flow cytometry
histograms show pronounced changes of DNA distribution
that occured after treatment with 4H11 antibody. An increase
of the percentage of cells in G1 phase in comparison with
controls was detected in all cell lines treated by 4H11 anti-
body. It indicates that cells are arrested in the G1 phase of the
cell cycle. An increased fraction of cells in subG1 phase
(apoptotic cells) was detected during the treatment by 4H11
antibody compared to control cells in all the cell lines stud-
ied.

Discussion

Due to morphological and phenotypic heterogeneity ob-
served in leukemia and also in other malignant tumors, two
models of tumor etiology have been recently proposed [7,
8]. The stochastic theory postulates that cells within malig-
nant tumors are relatively homogeneous and the genetic
changes leading to the development and progression of ma-
lignancy are operative in all cells. Therapy to eradicate tumor
can be directed to the bulk of the cell population. However,
the newly proposed stem cell model (Fig. 9) postulates that
a rare population of tumor-initiating cells is biologically and
functionally distinct and only the cancer stem cell subset
has the ability to proliferate extensively and to form new
tumor cells [8, 9]. This model is substantiated by findings
of Lapidot et. al [10] and Bonnet et al [11], who have shown
that AML, like the normal hematopoietic system, is orga-
nized as a hierarchy of distinct, functionally heterogeneous
classes of cells that are ultimately sustained by a small num-

143



GROWTH INHIBITORY EFFECT OF ANTIBODY 317

(A) - MOLM-9
24 h 72 h

- - 1 -
[
" = w 1 A
2 i £
s -] £ 320
g 2 3 51%
CONTROL = Z 7
; 3 3
3 § &
16%
ECCIEE CEETES) AHA Adm nah

1dd_ 192 286 340
DYA Content

" -
3 H $
§ ano E £
4H11 7 e H :
“'[ = 19%
% W e he Mo SRS o ;Rm n(:;"‘gnril EL
(B) - JURL-MK1
24 h 48h . 72h
o AL R o " s ,
:an'  54% e [ 53% | e :
i g ;
E : i
CONTROL # z z
“| p 72% 80% ‘
i i i
4H11 Z Z
G 8 i [
24% 4% . 11% 9%

DNA Content

(C) - PS-1
24 h

_.,7.10./0 —

whier

CONTROL

LER TR S

Coll Number

MNumbor

4H11

Cell Mumber
Cell Numbor

Clatl

Figure 7. Cell cycle distribution obtained by flow cytometry analysis of MOLM-9 (A), JURL-MKI1 (B) and PS-1 cells (C) after 24,48 and 72 hours
of treatment by 4H11 antibody.

144



318 K. ELKNEROVA, Z. LACINOVA, J. SOUCEK, I. MARINOV, P. STOCKBAUER

Figure 8. Smear of MOLM-9 cells treated by anti-CD34 clone 4H11 for
24 hours. Cells in mitosis transiting to apoptosis are characterized by
chromosome and chromatin condensation.

ber of leukemia stem cells (LSCs). Also in CML, the prop-
erty of self-renewal has been recently identified within the
stem cell population of CML patients in the chronic phase
disease and within the stem cell and myeloid progenitor
population in patients in blast crisis [12]. LSCs have
a primitive immunophenotype that is similar to normal HSCs
(hematopoietic stem cells) in many respects. Both LCSs and
HSCs express CD34 molecule but not CD38 [11]. However,
Thy-1 (CD90) and c-kit (CD117) that are present on normal
HSCs are not expressed on LSCs [13, 14] and the IL-3 re-
ceptor a chain (CD123) is unique marker for LSCs [15] (Fig.
9). Therefore the targeted therapy of leukemia may be focused
and designed to specifically target these LSCs in case it effec-
tively cures and prevents disease relapse. In context with these
recent findings, we decided to target the leukemia stem cells in
AML and CML with our previously developed monoclonal
antibody to hematopoietic stem cell antigen CD34, clone 4H11,
with the aim of possible eradication of the rare population of
LSCs responsible for maintaining the disease.

In this study, we investigated the effect of purified immu-
noglobulin from hybridoma clone 4H11 of anti-CD34 alone
or in combination with one or more recombinant cytokines
(IL-3,IL-6, SCF, G-CSF, GM-CSF, IFN-a, IFN-f3, IFN-y) on
proliferation, differentiation and induction of cell death of
CD34+ and CD34- leukemic cells in the “ex vivo™ system.
The ultimate goal of this investigation is the development of
a new therapeutic agent based on the antibody to the surface
molecule of hematopoietic stem cells CD34. For this purpose,
we have chosen several CD34+ cell lines, especially Phl+
CML-derived cell lines (MOLM-9, JURL-MK1), erythroleu-
kemia-derived cell line (HEL), in comparison to CD34-
lymphomyeloid cell line (PS-1) and monocytic cell lines
(CTV-1, ML-2). The mouse monoclonal antibody to CD34

molecule of IgG1 class, clone 4H11 (APG), was previously
developed in our laboratory by fusion of mouse spleen cells
immunized with cells of CD34+ cell line MOLM-7 with
mouse myeloma cell line SP 2/0 and the purified antibody
from the resulting hybridoma clone 4H11 (APG) was used in
all experiments. This antibody inhibited proliferation and in-
duced cell death of all studied CD34+ cell lines, however in
the concentrations higher than 32 pg/ml exhibited a non-
specific antiproliferative and proapoptotic effect also on CD34-
cell lines. As is shown in the Fig.1 and 2, the antiproliferative
effect of the antibody on CD34+ cell lines is dose dependent
and the optimal concentration of antibody which efficiently
mediated inhibition of proliferation and induced the cell death
determined as the percentage of trypan blue positive cells was
at narrow range between 16 to 32 ug/ml. At concentrations
lower than 16 pug/ml the effect was diminished (not shown),
but at the antibody concentrations higher than 32 pug/ml the
nonspecific inhibitory effect of antibody was prevalent. The
cell cycle analysis revealed that after 24 hours of the antibody
treatment, cells were arrested in the G1/GO phase of the cell
cycle (Fig.7). DNA fragmentation, another feature of the pro-
cess related to apoptosis, was also detected (Fig. 6). The results
obtained on the MOLM-9 cell line are similar to the results of
Zada et al [16] who have shown the growth-inhibitory G1
arrest of anti-CD44 monoclonal antibody A3D8 or H90 on
cells of myeloid cell lines. In their study, the percentage of
apoptotic cells (cells in subG1 phase) also increased after treat-
ment with anti-CD44 antibody. Charrad et al [17] reported
induction of terminal differentiation and inbibition of prolif-
eration of myeloid leukemia cell lines HL-60, THP-1 and NB4
after treatment by anti-CD44 monoclonal antibody A3D8 or
H90.

Induction of differentation is generally associated with the
cell cycle arrest and with the prolongation of G1 phase of cell
cycle in differentiating cells. After treatment of MOLM-9 cells
with 4H11 antibody alone, we did not reveal signs of either
monocytic or granulocytic differentiation by monitoring mor-
phology (Fig. 8) and expression of the surface antigen CD14
by flow cytometry. 4H11 antibody, however, inhibited the cell
growth and arrested the cells in the G1 phase. Therefore, we
suggest that 4H11 is able to induce cell senescence, charac-
terized by cessation of cell division while retaining cell
viability. Senescent cells are typically arrested in G1 phase of
the cell cycle [18]. The mechanism of the direct cell death
induction by this antibody in CD34+ cell lines, however, re-
mains to be explained.

Type I IFNs (IFNs o/f3) have shown a considerable prom-
ise in the treatment of many malignant tumors [19] and have
been proven to be effective in several hematological malignacies
including chronic myeloid leukemia [20] and hairy cell leuke-
mia [21]. We have shown that both IFN-o. and IFN-f suppressed
the cell growth of MOLM-9 Ph!+ chronic myeloid leukemia
cells. This observation is in accordance with the finding of
Benjamin et al., who reported antiproliferative activity of IFN-
o and IFN-f against AML cell lines [22]. IFN-o (0.075 pg/ml)
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and IFN-B (0.375 ug/ml) were more effec-
tive in the antiproliferative effect than IFN-y
(0.125 pug/ml). The combination of 4H11 an-
tibody with IFN-ct or IFN-f3 or IFN-y did not
have an enhancing effect and did not result in
cell growth inhibition to a higher extent than
did 4H11 antibody alone. The decreased ex-
pression of CD34 antigen detected after
treatment by IFN-y, as shown in Fig. 5, can
be explained by the ability of IFN-y to stimu-
late the expression of MHC-II and many other
surface molecules of more mature cells such
as CD38, CD14 and HLA-DR, compared with
untreated controls. It has been shown earlier
that IFN-y inhibits proliferation and induces
monocytic differentiation of acute myeloid
leukemia cells and myeloid cell lines HL-60,
ML-1 [23]. After treatment of MOLM-9 cells
with a mixture of recombinant cytokines (IL-
3+IL-6+SCF+G-CSF+GM-CSF) and with
4H11 antibody simultaneously, the prolifera-
tion rate decreased (Fig. 4). The growth of
MOLM-9 cells in medium containing mix-
ture of recombinant cytokines was partially
inhibited, nevertheless, the growth-inhibitory
effect of recombinant cytokines in combina-
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Figure 9. Scheme of the hierarchy of normal and leukemic hematopoietic cells. Human
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tion with 4H11 antibody was the same as the ~ cells (SL-IC) [9].

treatment with 4H11 antibody alone. This

suggests that 4H11 antibody inhibits cell pro-

liferation by a different mechanism, because the cytokines alone
or combinations of 4H11 antibody with recombinant cytokines
did not show an enhanced antiproliferative effect.

In conclusion, we demonstrated that the anti-CD34 anti-
body at concentrations of 16-32 ug/ml produced by clone 4H11
exhibits a strong antiproliferative effect on myeloid (MOLM-
9, JURL-MK1) and erythroid-megakaryocytic (HEL) CD34+
cell lines, but only a weak or no antiproliferative effect was
detected on CD34- lymphomyeloid cell lines. The proapoptotic
effect of 4H11 has been observed in both CD34+ and CD34-
cell lines. These results indicate that MOLM-9, JURL-MK1,
HEL cell lines are suitable experimental models for labora-
tory studies of the mechanism(s) involved in 4H11-induced
apoptosis and growth inhibition. Our data indicate the induc-
tion of G1/GO0 arrest of MOLM-9 cells by 4H11 antibody,
however without the induction of differentation. Furthermore,
recombinant cytokines (IL-3, IL-6, SCF, G-CSF, GM-CSF,
IFN-a , IFN-B, IFN-y) do not significantly potentiate the
growth-inhibitory effect of 4H11 antibody. Despite that the
exact mechanisms of cell death induction and of the
antiproliferative effect of this antibody remains unknown, this
antibody (4H11), after sufficient preclinical testing on labo-
ratory animals, may represent a new alternative to the spectrum
of surface molecules chosen for targeted therapy of human
myeloid leukemia. It might be especially useful in cases where
therapy by gemtuzumab-ozogamicin fails, due to the late ex-

pansion of leukemic stem cells, which do not express the tar-
get antigen CD33, but do express the CD34 molecule. There
are, however, still many problems to be solved. In the first
place is the cross-reactivity of anti CD34 antibodies with other
types of cells, mainly cells of nonhematopoietic origin such
as endothelial and some neural cells. Also the possible dam-
age to normal hematopoietic cells must be considered and
carefully examined.

We gratefully acknowledge the excellent technical assistance of
Mrs. G. Lindnerovd and Mrs. J. Némcovd. We also acknowledge
many helpful ideas and comments of Dr. J. Schwarz of our Institute.

References

[1]  MILLER RA, MALONEY DG, WARNKE R, LEVY R.
Treatment of B-cell lymphoma with monoclonal anti-idio-
type antibody. N Engl J Med 1982, 306: 517-522.

[2]  MILLER RA, LEVY R. Response of cutaneous T cell lym-
phoma monoclonal antibody. Lancet 1981, 2: 226-230.

[3] PRESS OW, APPELBAUM F, LEDDBETTER JA. Mono-
clonal antibody 1F5 (anti-CD20) serotherapy of human B cell
lymphomas. Blood 1987, 69: 584-591.

4] TSUJI-TAKAYAMA K. Establishment of multiple leukemia
cell lines with diverse myeloid and/or megakaryoblastoid
characteristics from a single Ph1 positive chronic myeloge-
nous leukemia blood sample. Hum Cell 1994, 7: 167-171.

146



320

K. ELKNEROVA, Z. LACINOVA, J. SOUCEK, I. MARINOV, P. STOCKBAUER

(5]

(6]

(7]
(8]
(9]

[10]

[11]

[12]

[13]

[14]

[15]

DI NOTO R, LUCIANO L, LO PARDO C et al. JURL-MK1
(c-kit(high)/CD30-/CD40-) and JURL-MK?2 (c-kit(low)/CD30+/
CD40+) cell lines: ‘two-sided’” model for investigating leuke-
mic megakaryocytopoiesis. Leukemia 1997, 11: 1554-1564.
STOCKBAUER P, HRADCOVA M, NOVAK JT et al. Mon-
oclonal antibody to a human chronic myeloid leukaemia cell
line reacts with antigen in apoptotic cells and apoptotic bod-
ies. In: MASON D editor. Leukocyte typing VII. New York:
Oxford University Press, 2002: 63—68.

DICK JE. Breast cancer stem cells revealed. P Natl Acad Sci
USA 2003, 100: 3547-3549.

REYA T, MORRISON SJ, CLARKE MF, WEISSMAN IL.
Stem cells, cancer stem cells. Nature 2001, 414: 105-111.
WANG JCY, DICK JE. Cancer stem cells: lessons from leu-
kemia. Trends Cell Biol 2005, 15: 494-501.

LAPIDOT T, SIRARD C, VORMOOR J et al. A cell initiat-
ing human acute myeloid leukaemia after transplantation into
SCID mice. Nature 1994, 367: 645-648

BONNET D, DICK JE. Human acute myeloid leukemia is
organized as a hierarchy that originates from a primitive he-
matopoietic cell. Nat Med 1997, 3: 730-737.

JAMIESON CH, AILLES LE, DYLLA SJ. Granulocyte mac-
rofage progenitors as candidate leukemic stem cells in blast
crisis CML. N Engl J Med 2004, 351: 657-667.

BLAIR A, HOGGE DE, AILLES LE et al. Lack of expres-
sion of Thy-1 (CD90) on acute myeloid leukemia cells with
long-term proliferative ability in vitro and in vivo. Blood 1997,
89: 3104-3112.

BLAIR A, SUTHERLAND HJ. Primitive acute myeloid leu-
kemia cells with long-term proliferative ability in vitro and
in vivo lack surface expression of c-kit (CD117). Exp Hema-
tol 2000, 28: 660-671.

JORDAN CT, UPCHURCH D, SZILVASSY SJ et al. The
interleukin-3 recepror alpha chain is a unique marker for hu-
man acute myelogenous leukemia stem cells. Leukemia 2000,
14: 1777-1784.

[16]

[17]

(18]

[19]

[20]

[21]

(22]

(23]

147

ZADA AAP, SINGH SM, REDDY VA et al. Down regula-
tion of c-jun expression and cell cycle regulatory molecules
in acute myeloid leukemia cells upon CD44 ligation. Onco-
gene 2003, 22: 2296-2308.

CHARRAD RS, GADHOUM Z, QI J, GLACHANT A et al.
Effect of anti-CD44 monoclonal antibodies on differentia-
tion and apoptosis of human myeloid leukemia cell lines.
Blood 2002, 99: 290-299.

CESANO A, PIERSON G, VISONNEAU S et al. Use of
a lethally irradiated major histocompability complex nonre-
stricted cytotoxic T-cell line for effective purging of marrows
containing lysis-sensitive or — resistant leukemic targets.
Blood 1996, 87: 393-403.

BORDEN EC. Review: Milstein Award lecture: interferons
and cancer: where from here? J Interferon Cytokine Res 2005,
25: 511-527.

ALLAN NC, RICHARDS SM, SHEPHERD PC. UK Med-
ical research Council randomised, multicentre trial of
interferon-alpha nl for chronic myeloid leukaemia: im-
proved survival irrespective of cytogenetic response. The
UK Medical Research Council’s Working Parties for Ther-
apeutic Trials in Adult Leukaemia. Lancet 1995,
345:1392-1397.

JAHAGINDAR BN, MILLER JS, SHET A, VERTAILLE
CM. Novel therapies for chronic myelogenous leukemia. Exp
Hematol 2001, 29: 543-556.

BENJAMIN R, KHWAJA A, SINGH N et al. Continuous
delivery of human type I interferons (o/f3) has significant
activity against acute myeloid leukemia cells in vitro and in
a xenograft model. Blood 2006, (in press).

PERUSSIA B, DAYTON ET, FANNING V et al. Inmune
interferon and leukocyte-conditioned medium induce normal
and leukemic myeloid cells to differentiate along the mono-
cytic pathway. J Exp Med 1983, 158:2058-2080.



12.1 PRILOHA B

Neoplasma 58, 1, 2011

35

doi:10.4149/neo_2011_01_35

Epigenetic modulation of gene expression of human leukemia cell lines
- induction of cell death and senescence

K. ELKNEROVA, D. MYSLIVCOVA, Z. LACINOVA, I. MARINOV, L. UHERKOVA, P. STOCKBAUER

Institute of Hematology and Blood Transfusion, U Nemocnice 1, 128 20 Prague 2, Czech Republic e-mail: petr.stockbauer@uhkt.cz

Received June 24, 2010

Histone deacetylase inhibitors (HDACI) are emerging new class of anticancer agents that act by inhibiting cell growth,
inducing cell cycle arrest and apoptosis of various cancer cells. However, in some conditions, apoptosis can be blocked and
non apoptotic cell death and irreversible growth arrest, namely senescence, can be activated as potential tumor-suppressor
mechanism. Here we evaluated the dosage effects of HDAC inhibitors suberoylanilide hydroxamic acid (SAHA) and valproic
acid (VPA) in a series of human leukaemia cell lines. We investigated, what concentration of SAHA and VPA can optimally
induce apoptosis, growth inhibition or stress-induced premature senescence. We have found that SAHA inhibited prolifera-
tion and induced apoptosis in concentration 1000x lower than VPA. The senescence phenotype was preferentially induced
by lower dosage of HDACi and required longer incubation time (5 days) while apoptosis was induced by higher dosage and
appeared already after 24h. The optimal doses for the induction of cell death are 2,5-5 uM of SAHA and 2,5-5 mM of VPA.
These doses of HDAC] induce both apoptosis and senescence of studied leukemia cell lines.

Keywords: senescence, apoptosis, histone deacetylase inhibitors (HDACi) suberoylanilide hydroxamic acid (SAHA), valproic

acid (VPA)

Recently, the use of histone deacetylase inhibitors (HDACi) as
anti-cancer agents has received great attention. Histone deacety-
lase enzymes (HDACs) are the class of proteins that catalyze
removal of acetyl groups from lysine residues of histone or non-
histone proteins that regulate the expression of genes and proteins
essential for cell survival [1-3]. The acetylation status of histones
can alter the chromatin structure, thereby modulating the gene
expression. This process is controled by the relative activities of
histone acetyltransferases (HATs) and HDAC:s [4]. Disturbance
of the HAT-HDAC dynamics appers to result in the develop-
ment of cancer. The aberrant recruitment of HDAC is closely
associated with leukemogenesis through silencing the expression
of genes involved in the hematopoietic cell differentiation [5].
Number of a small-molecule HDAC inhibitors (HDACI) have
been developed as a new promising class of anticancer drugs [2,
6-8]. Natural and synthetic inhibitors have been characterized.
Despite the fact that these inhibitors are structurally different,
they share the capacity to induce cell differentiation [9], apoptosis
[10], growth inhibition [11] and cell cycle arrest in a variety of
malignant cells [12]. Several HDAC inhibitors are currently in
clinical trials as anti-cancer agents, because they show an inhibi-
tory activity against cancer at well-tolerated doses [13]. Some of
them, however, have a short half-life and exert a significant

toxic side effects in vivo [14]. Suberoylanilide hydroxamic acid
(SAHA, vorinostat) belongs to the hydroxamic acid-based hybrid
polar compounds and is a prototypic compound of HDACi [6].
SAHA increases the intracellular acetylation of histones H2B,
H3 and H4 and also increases the expression of p21 and Bax
while decreasing the expression of STAT6 and levels of phos-
pho-STAT6. All these actions ultimately lead to the activation
of apoptosis and other forms of cell death [15]. Valproic acid
(2-propylpentanoic acid, VPA) is a member of branched short
chain fatty acids and has been widely used in the management
of various types of epilepsy for decades. VPA affects the growth
and differentiation of some cell types. It induces differentiation
of neuroblastoma cells, inhibits their growth [16] and induces
apoptosis in selected solid tumors as well as in hematological
neoplasias[17,18].

Induction of cell death or cell growth arrest upon the
treatment with anticancer drugs correlates with the tumor
response. Recently the most extensively studied mechanisms
of cancer treatment is the induction of cell death by apoptosis,
necrosis,or autophagy, or induction of senescence. Numerous
studies have shown that in cells where apoptosis is blocked,
non-apoptotic cell death or irreversible cell growth arrest namely
senescence, can be activated as potential tumor-suppressor
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mechanism [19,20]. Senescence is the physiological program
of the irreversible terminal growth arrest occurring in both
normal and immortalized cells in response to telomeric altera-
tions, and also to sublethal stress and inappropriate oncogenic
signaling. The term “stress-induced premature senescence” is
used for senescence resulting from the stress or DNA damage
induced by the effect of chemoterapeutic drugs on cancer cells.
Senescent cells develop the characteristic phenotype, includ-
ing the enlarged, flattened morphology, prominent nucleus,
senescence-associated heterochromatin foci (SAHF), and also
the senescence-associated p-galactosidase (SAP-gal) activity
[21,22,23]. When senescence is induced in cancer cells, the up-
regulation of inflammatory cytokines triggers an innate immune
response, that targets the tumor cells [24]. Cellular senescence
prevents some cells from initiating cancer, but can paradoxically
promote cancer development in neighbouring cells [22].

Here we examine the drug dosage of SAHA or VPA, which
can optimally induce apoptosis, growth inhibition or stress-in-
duced premature senescence in leukemic cell lines JURL-MKI,
MOLM-7, HEL, HL-60. We have found that SAHA inhibited
proliferation and induced apoptosis in concentration 1000x
lower than VPA. Both SAHA and VPA can induce senescence
and apoptosis at low drug concentrations, however by longer
treatment (5 days) rather senescence than apoptosis (2 days) is
induced. The use of lower treatment concentrations can limit
the undesired side effects.

Material and methods:

Chemicals. Suberoylanilide hydroxamic acid (SAHA) was pur-
chased from Alexis Corporation (San Diego, CA, USA) and was
dissolved in DMSO as stock solution. The maximum concentra-
tion of DMSO in the experiments was less than 0,1%. Valproic acid
sodium salt was purchased from Alexis Corporation (San Diego,
CA, USA) and was dissolved in water. The APO-BrdU™ TUNEL
assay kit was purchased from Invitrogen (Carlsbad, California,
USA. The senescence 3-Galaktosidase Staining Kit was purchased
from Cell Signaling Technology, Denver, USA.

Cultivation of cell lines. Myeloid-megakaryocytic
(MOLM-7, JURL-MK1), myeloid-promyelocytic (HL-60),
erytroid-megakaryocytic cell lines (HEL) were maintained
in suspension culture in medium RPMI 1640 containing 10%
fetal bovine serum (FBS), 150 mg/1 L-glutamine, 50 000 U/ml
penicillin and 50 mg/ml streptomycin at 37°C in a humidified
atmosphere of 5% CO, in air. They were diluted to a density
of 2 to 4 x 10° cells per ml three times a week. Cells were
harvested in the exponential growth phase. Viability was
assessed by Trypan blue exclusion test.

Detection of cell viability and growth inhibition. Cell lines
were seeded and allowed to reach the exponential growth for
24 hours. Cells were plated at the initial density of 2,5 x 10°
cells/ml. SAHA was used in 0,5 to 10 pM concentrations. Val-
proic acid was used in 0,5 to 10 mM concentrations to inhibit
proliferation and induce cell death. After 24, 48 and 72 hours
of drug treatment, cells were harvested and viable cell were

counted by Trypan blue dye exclusion method (at least 200
cells were counted in each assay). Cell viability was calculated
as the percentage of values of untreated control cells.
Growth inhibitory effect of HDACi was assayed by measur-
ing the uptake (incorporation) of *H-thymidine. Shortly the
treated cells as well as the appropriate controls in triplicates
were pulsed with 24 kBq (6-’H)-thymidine (Institute for Rea-
search, Development and Aplication of Radioisotopes, Prague,
Czech Republic) of the specific activity 980 (Gbg/mmol) for 4
h and the cells were collected using Scatron cell harvester. The
incorporated radioactivity into the newly synthesized DNA was
measured on the beta scintillation counter. The mean values of
triplicate experiments expressed in counts per minute (cpm)
were calculated. The inhibition of proliferation was expressed
as the percentage of cpm of cells that were treated in relation to
untreated cells, cpm (untreated), according to the formula:

Inhibition of proliferation [%] = [cpm (untreated) - cpm
(treated)] / cpm (untreated)] * 100%

Cell cycle analysis: MOLM-7, JURL-MK1, HL-60 cells (10°
cells) treated by SAHA (concentrations 10 uM, 5 puM, 2,5 uM,
1 uM, 0,5 uM), valproic acid (concentrations 10 mM, 5 mM,
2,5mM, 1mM, 0,5 mM) were collected by centrifugation after
24,48 and 72 hours, suspended in 4.5ml of ice-cold 70% ethanol,
incubated for 30min at 10°C and kept for 5-7 days at -20°C.
The samples were then washed once in PBS and incubated for
30min at room temperature in 1ml of the modified Vindelovs
propidium iodide buffer (10 mM Tris, pH 8, 1 mM NaCl, 0,1%
Triton X-100, 20 pg/ml PTand 10K units of ribonuclease A). The
fluorescence excited at 488nm was then measured using Coulter
Epics XL flow cytometer. The histograms were analysed using
the FLOW]Jo (Flow Cytometry Analysis Software) software.

Assessment of apoptosis by TUNEL assay. The TUNEL assay
was performed employing the APO-BrDU TUNEL Assay Kit
(Invitrogen, California, USA) following the standard manu-
facturer’s protocol. Briefly, MOLM-7, JURL-MKI, HL-60 cells
treated by SAHA and VPA as indicated above. After drug treat-
ment, cells were washed in PBS, adjusted to a density of (1-2)
x 10 cells/ml and fixed with 1% paraformaldehyde solution in
PBS for 15 min. Subsequently, the cells were pelleted and per-
meabilized with the ice-cold 70% ethanol for 18 hours at -20 °C.
To label DNA strand breaks, 1-2 x 10%/ml cells were incubated
with 50 pl of TUNEL reaction mixture for 60 min at 37°C. The
extent of DNA labeling with Alexa Fluor 488 dye-labeled anti-
BrdU antibody was determined by flow cytometry.

Detection of senescent cells. MOLM-7, HL-60 and JURL-
MK1 cells were seeded in 12-well plates in culture medium
containing, SAHA (5 uM, 2,5uM, 1 uM) or VPA (5mM, 2,5mM,
1 mM) and the cells were incubated for 24h, 48h, 72h or 120 h.
SA-B-gal staining was performed using a senescence staining
kit (Cell signaling). In brief, cells were fixed for 10 min in
fixative solution (2% formaldehyde, 0,2% glutaraldehyde),
washed and incubated at 37°C with X-gal (1mg/ml), dissolved
in solution containing 40 mM citric acid pH 6,5; 5 mM potas-
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Figure 1. Effect of SAHA and VPA on the proliferation of MOLM-7, HEL, HL-60 and JURL-MKI1 leukemic cell lines. Cells were treated with various
concentrations (0,5-10 uM) of SAHA (A) and (0,5-10 mM) of VPA (B) for up to 72h.The cell aliquots in triplicates were assayed on proliferation with
*H-thymidine for 4 h. The cells were harvested and the *H-thymidine radioactivity was measured in counts/min (cpm). Results are expressed as percent-
age of untreated control cells and represent mean and standard deviation (SD) of three independent experiments.

sium ferrokyanide, 5 mM potassium ferrikyanide, 150 mM
NaCl, and 2 mM MgCl,. After 24 h incubation, photographs

were taken under the phase microscope.

Results

Both SAHA and VPA inhibited proliferation of leukemic
cell lines: We evaluated the growth-inhibitory effect of HDACi

at concentrations 0,5-10mM of VPA and/or 0,5-10mM of
SAHA on the variety of leukemic cell lines. Myeloid-megakaryo-

cytic (MOLM-7, JURL-MK1), myeloid-promyelocytic (HL-60)
and erytroid-megakaryocytic (HEL) cell lines were treated by
SAHA and by VPA for 72h. Both SAHA and VPA inhibited
the proliferation of leukemic cell lines in the dose-dependent
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manner. As shown in Fig.1.A,B the strongest growth-inhibi-
tory effect exhibited concentrations 2,5-10 uM SAHA and
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Figure 2. Viability of MOLM-7, HEL, HL-60 and JURL leukemic cell lines after treatment with SAHA (0,5-10 uM) (A) and VPA (0,5-10 mM) (B) for
up to 72h. Viability was asessed by Trypan blue exclusion test. Results are expressed as percentage of untreated control cells and represent mean and

standard deviation (SD) of three independent experiments.

2,5-10 mM VPA on JURL-MK1, HL-60 and HEL cells during
the 72h treatment. In contrast, the antiproliferative effect of
SAHA in concentrations 0,5-5 pM and VPA in concetrations
0,5-2,5 mM on MOLM-7 was weaker and decreased after the
prolonged incubation. The most sensitive leukemic cell line to
the treatment by HDACi was the erytroleukemia cell line HEL.
The 50% inhibitory concentration (IC50) of HDACi on HEL
cells was found to be 0,3 pM SAHA or 0,3 mM VPA. (Tab.1).
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The number of Trypan blue-positive cells gradually in-
creased with the increasing concentration of HDACi during
the treatment period. The effect of HDACI in the lowest
concentrations (0,5-1 mM VPA or 0,5-1 uM SAHA) on the
viability of JURL-MK1, HL-60 and MOLM-7 cells was negli-
gible (Fig. 2.A,B). The most pronounced cytotoxin effect was
observed in HEL cells for both SAHA and VPA. On the other
hand, MOLM-7 cells were the most resistent.
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Table 1. The growth inhibitory effects of SAHA and VPA on HL-60, HEL, MOLM-7 and JURL-MK1 leukemic cell lines. Cells were treated with various
concentrations (0,5-10 pM) of SAHA and (0,5-10 mM) of VPA for 24, 48 and 72 hours. Each value indicates the mean IC50. Results are expressed as the

mean and standard deviation of three independent experiments.

1C50
24h 48h 72h
Cell line name
SAHA (uM) VPA (mM) SAHA (uM) VPA (mM) SAHA (uM) VPA (mM)

HL-60 1,5+0,03 1,1£0,3 1,1 £ 0,05 0,4 £ 0,02 1,3£0,1 0,3 £ 0,04
HEL 0,3+£0,01 0,4 + 0,02 0,2 + 0,02 0,3 +£0,03 0,3 + 0,05 0,3 £ 0,04
MOLM-7 1,2+0,2 1,5+ 0,04 0,9 £ 0,08 0,6 £ 0,03 3,8+0,2 1,0+0,1
JURL-MK1 1,2+0,2 1,0 £ 0,05 1,7+0,1 0,7 +£0,1 1,1 £ 0,05 0,7 £ 0,05

DNA fragmentation and tunel assay: DNA fragmentation
is considered to be the hallmark of the culminating apoptotic
process. The cellular fraction having reached this stage of
ordered auto-destruction can be determined by the TUNEL
method based on the enzymatic fluorescence labeling of DNA
strand breaks. Our data have shown that SAHA in concentra-
tions 1 uM and lower, or VPA in concentrations 1 mM and
lower, did not induce apoptosis of JURL-MKI1 cells during
the 72 hours period of treatment. Higher doses of HDACi
(2,5-10 uM) SAHA or (2,5-10 mM) VPA caused an increase
of TUNEL-positive cells within the 72h (Fig 3.A). In HL-60
cells, the highest level of DNA fragmentation was achieved
72h after the addition of 10 uM SAHA or 10 mM VPA and
it reached 58% cells in culture. The lower concentrations of
HDACI caused an increase of the TUNEL-positive HL-60
cells to 20%-35% for SAHA and 25%-45% for VPA (Fig.3.B).
In MOLM-7 cells, concentrations 0,5-10 uM SAHA or 2,5-
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10 mM VPA induced apoptosis. The highest level of DNA
fragmentation was achieved 72h after the addition of 10 mM
VPA and it reached 70% of all cells (Fig. 3.C).

Cell cycle analysis: The fraction of cells in the individual cell
cycle phases were assessed during the incubation with SAHA
or VPA. The treatment of JURL-MKI1 cells with 2,5-10 uM
SAHA resulted in the accumulation of cells in sub-G1 phase
of the cell cycle. The concentration of 0,5 uM SAHA did not
influence the cell cycle of JURL-MKI1 cells, there was the same
distribution as in the controls (Fig.4). VPA in the concentration
(5 mM) induced G1/GO cell cycle arrest after 48h of treatment
and SAHA (1 uM) induced G1/GO cell cycle arrest after 48h
and 72h of treatment of JURL-MKI cells. During the period
of treatment (up to 72h), the highest concentration of VPA
(10 mM) showed a growing accumulation of cells in the subG1
phase. The lower concentrations of VPA (0,5-1 mM) induced the
same distribution as in controls (Fig.4). In HL-60 and MOLM-
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Figure 3. Flow cytometry analysis of JURL-MKI1 (A), HL-60 (B), MOLM-7 (C) cells induced to apoptosis by HDACi in concentrations (0,5-10 uM for
SAHA and 0,5-10 mM for VPA). Fractions of apoptic cells were determined by TUNEL assay after 24h, 48h and 72h. Data are reported as mean+SD of

three independent experiments.
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Induction of senescence. HDAC inhibitors can induce
the growth arrest and apoptosis in many cell types, and they
have been recently reported to induce a senescence-like state
in normal human fibroblasts [25,26]. Therefore, we attempted
to determine whether the HDAC inhibitors SAHA and VPA

7 cells, no cell cycle arrest in G1/GO phase was detected in the
presence of SAHA or VPA. However, an increasing number of
cells accumulated in the sub-GI region of the cell cycle during
the treatment with increasing concentrations of SAHA and VPA
was noted, as is shown in the grafs on Fig. 5,6.
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phase. Data are reported as mean+SD of three independent experiments.

can induce the cellular senescence of MOLM-7, HL-60 and
JURL-MKI leukemic cell lines. As biomarker for the cellular
senescence we used the senescence-associated-[-galaktosi-
dase (SA-f-gal) aktivity [27]. MOLM-7, HL-60, JURL- MK1
cells were cultured for 24h, 48h, 72h, 96h and 120h in 1; 2,5;
5 mM VPA and 1; 2,5; 5 uM SAHA containing medium. The
JURL-MKI1, HL-60 and MOLM-7 cells cultured for 24h, 48h,
72h, 96h in the presence of SAHA or VPA did not express
SA-(-gal activity. However, after 120h (5 days) JURL-MK1,
HL-60 and MOLM-7 cells treated by HDAC inhibitors
acquired the perinuclear staining for SA-B-gal activity and
morphology associated with senescent cells (Fig.7). Untreated
MOLM-7, HL-60 and JURL-MKI1 cells had insignificant SA-
B-gal acitivity.

Discussion

Epigenetic mechanisms may play an important role in the
initiation of tumors by dysregulation of the expression of
specific genes [28,29]. Evidence suggests, however, that his-
tone deacetylase inhibitors (HDACI) can reactivate the gene
expression and inhibit the growth and survival of tumor cells
[30]. Chromatin remodeling by HDACi can induce a DNA
damage-like response by the activation of DNA damage kinase
ATM ([31] and by the formation of DNA strand breaks [32].
The initiation of senescence or apoptosis can be the cellular
answer to the DNA damage induced by HDACi [32,33].

Senescent cells appear typically flattened, enlarged, with the
increasing cytoplasmatic granularity and display an enhanced

activity of senescence-associated P-galactosidase (SA-B-gal)
when assessed in acidic pH [27,34]. Senescent cells remain
viable, metabolically active, possess the typical transcriptional
profile which distinguishes them from quiescent cells [35].
Such cells can be easily eliminated by the innate immune
system, particulary, by natural killer (NK) cells [36].

Apoptosis is characterized by cellular blebbing, exposure of
phosphatidylserine at the cell surface, shrinkage of the cell core,
DNA condensation and formation of apoptotic bodies, which
can be rapidly phagocytized and digested by macrophages or
neighbouring cells [37].

In the present study, we evaluated the effects of dosage of
HDAC inhibitors SAHA and VPA in series of leukaemia cell
lines. We investigated what concentration of SAHA or VPA can
optimally induce the cell cycle arrest and what concentration of
either compound is able to induce apoptosis or senescence. The
mechanism which decides whether cells are driven to senes-
cence or to apoptosis is not known. It has been shown by others
that during the apoptotic treatment of tumors the resistance to
the particular agent can occur. Some senescent tumor cells can
however produce cytokines that may paradoxically initiate the
tumor growth of other cells. Nevertheless such senescent cells
may also initiate the immmune response to cancer cells. From
this point of view it is important to select the anticancer agent
which will be able to induce both apoptosis and senescence of
cancer initiating cells.

Inhibitory effect of HDACi on cell proliferation has been
described in both normal and transformed cells [38]. In our
study the growth inhibition was observed in all leukemic cell
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Figure 7. Effects of HDACi on cell senescence-like growth arrest in MOLM-7, HL-60 and JURL-MKI1 cells. After 5 days, cells were fixed, analysed for
SA-B-gal staining (a senescence marker) using a phase-contrast microscope and photographed, after 24h, at x 200 magnification. The level of SA-p-gal
staining was also determined in untreated MOLM-7, HL-60 and JURL-MK1 cells propagated in parallel (controls).

lines tested and was dose-dependent. The most inhibitory
concentration range on the proliferation of leukemic cell lines
was 2,5-10 uM SAHA and 2,5-10 mM VPA. We also revealed
IC50 at a range of 0,2-3,8 uM of SAHA and 0,3-1,6 mM of
VPA during the 72h incubation.

Several HDAC inhibitors have been reported to induce
apoptosis in many tumor cell types. In our experiments,
the induction of apoptosis of individual cell types by SAHA
and/or VPA was variable. MOLM-7 cells undergo extensive
and fast concentration dependent apoptosis. These results
were confirmed by the cell cycle analysis (Fig. 6), where the

cell cycle arrest in G1/GO phase was not detected. During the
treatment, however, the increasing number of cells accumu-
lated in the sub-GI region of the cell cycle was detected. In
contrast to MOLM-7 cells, JURL-MKI1 cell line undergoes
slower apoptosis in a lower number of cells, as is shown on the
Tunel-positive cell fraction (Fig. 3.A). Probably, they undergo
other forms of cell death (necrosis or autophagy) as is indicated
by the higher fraction of Trypan-blue positive cells during the
treatment (Fig. 2). At higher concentration range of SAHA and
the highest concentration of VPA JURL-MKI1 cells triggered
apoptosis as judged from the high cell number accumulated in
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the sub-G1 phase. However, at lower concentration of SAHA
the JURL-MKI1 cells uderwent G1/GO arrest

We also tested the activity of the senescence-associ-
ated P-galactosidase (SA-P-Gal) that distinguished the
senescent cells from other living cells. The senescence
phenotype can be induced by doxorubicin, aphidicolin,
cisplatine, ionizing radiation, cytarabine, etoposide, de-
pending on the cellular context and concentration [39].
Tumor cell senescence is also induced by differentiating
agents including sodium butyrate and retinoids [40]. Our
results indicate, that after 24h, 48h, 72h, 96h HDAC in-
hibitors did not cause senescence-like arrest process of
JURL-MKI, HL-60 and MOLM-7 cells. However, after 5 days
of treatment SAHA at concentrations 1 and 2,5 uM and VPA
at 1 and 2,5 mM induced senescence-like phenotype of JURL-
MKI1, HL-60 and MOLM-7 cells as shown by the staining of
SA-B-Gal (Fig. 7). In contrast, the higher doses of HDACi
induced more apoptosis than senescence, and this observation
is in accordance with the finding of Schwarze et al [38].

These findings indicate that the mechanism of SAHA/VPA ac-
tion is complex and the resulting effect depends on the individual
cell context. In conclusion our data demonstrate that the effect of
SAHA is stronger than VPA even in the 1000x lower concentra-
tion of SAHA used in the induction of apoptosis and inhibition of
proliferation. Nevertheless, the effect of VPA action is moderate
and it induces predominantly the proliferation arrest, but after the
prolonged treatment apoptosis was induced. HDAC inhibitors
induces more strongly and quickly apoptosis than senescence.
Longer incubation time (5 days) and lower concentration of
HDAC:I is needed for induction of senescence while apoptosis
appeared already after 24h by higher doses of HDACi (mainly by
SAHA). The ideal induction doses are 2,5-5 pM SAHA and 2,5-5
mM VPA. Both agents induce apoptosis and senescence.
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Suberoylanilide Hydroxamic Acid (SAHA) at Subtoxic
Concentrations Increases the Adhesivity of Human
Leukemic Cells to Fibronectin
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ABSTRACT

Suberoylanilide hydroxamic acid (SAHA) is an inhibitor of histone deacetylases (HDACs) which is being introduced into clinic for the
treatment of hematological diseases. We studied the effect of this compound on six human hematopoietic cell lines (JURL-MK1, K562, CML-
T1, Karpas-299, HL-60, and ML-2) as well as on normal human lymphocytes and on leukemic primary cells. SAHA induced dose-dependent
and cell type-dependent cell death which displayed apoptotic features (caspase-3 activation and apoptotic DNA fragmentation) in most cell
types including the normal lymphocytes. At subtoxic concentrations (0.5-1 wM), SAHA increased the cell adhesivity to fibronectin (FN) in all
leukemia/lymphoma-derived cell lines but not in normal lymphocytes. This increase was accompanied by an enhanced expression of integrin
B1 and paxillin, an essential constituent of focal adhesion complexes, both at the protein and mRNA level. On the other hand, the inhibition of
ROCK protein, an important regulator of cytoskeleton structure, had no consistent effect on SAHA-induced increase in the cell adhesivity. The
promotion of cell adhesivity to FN seems to be specific for SAHA as we observed no such effects with other HDAC inhibitors (trichostatin A and

sodium butyrate). J. Cell. Biochem. 109: 184-195, 2010. © 2009 Wiley-Liss, Inc.
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T he acetylation status of core histones resulting from the
antagonistic activities of histone deacetylases (HDACs) and
histone acetyltransferases (HATs) represents an important regula-
tory element of gene transcription [Monneret, 2005]. HDACs are
recruited to target genes via their association with transcription
activators and repressors, as well as their incorporation into large
multiprotein complexes. Although diminished histone acetylation at
promoter regions generally correlates with gene silencing, there is
also evidence that HDACs can activate some genes [Haberland et al.,
2009]. Deletion or inhibition of HDACs often results in the
upregulation or downregulation of approximately equivalent
percentages of genes. In addition to histones, at least 50 other
proteins with known biological function are substrates for HDACs.
The mammalian nonhiston HDAC substrates comprise transcription
factors with DNA-binding affinity (e.g., p53, c-Myc, E2F, BCL-6,
GATA), other transcription regulators (e.g., Rb protein), signal
transmitters, DNA reparating enzymes, chaperones (e.g., HSP90), or
cytoskeletal proteins (a-tubulin).

Suberoylanilide hydroxamic acid (SAHA, other names: Vorino-
stat, Zolinza) is the first member of the group of HDAC inhibitors
which has received Food and Drug Administration approval for
treating patients with cutaneous T-cell lymphoma in the USA [Duvic
and Vu, 2007; Marks and Breslow, 2007]. While it is also evaluated
in clinical trials for the treatment of other oncological and
hematological diseases [0’Connor et al., 2006; Crump et al.,
2008; Modesitt et al., 2008; Richardson et al., 2008], the mechanism
of its action is largely unexplained [Xu et al., 2007]. This is equally
true for other HDAC inhibitors which can be divided into several
structural classes including short-chain fatty acids (e.g., sodium
butyrate, valproic acid,...), hydroxamates (SAHA, trichostatin
A,.. ), cyclic peptides (trapoxin A, depsipeptid,. . .), and benzamides
(MS275,...) [Dokmanovic et al., 2007].

In a general way, HDAC inhibitors can induce proliferation arrest,
terminal differentiation, or death of transformed cells. The latter
process can resemble apoptosis, mitotic catastrophe, autophagy,
senescence, or reactive oxygen species-mediated cell death [Ruefli
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et al., 2002; Mitsiades et al., 2004; Rosato and Grant, 2004; Shao
et al, 2004; Yu et al., 2005; Lindemann et al., 2007]. The cell
response to the treatment with a HDAC inhibitor is variable
depending on the individual inhibitor, the dose, the treatment time,
and on the cell type. In any case, the effects are pleiotropic and
include activation or inactivation of multiple signaling pathways.
SAHA binds to Zn®" in the active site of individual HDACs
belonging to classes I and II and often induces mitochondrial
apoptosis governed by Bcl-2 protein family. It has been suggested
that the apoptosis can be triggered as a result of DNA damage caused
by HDAC inhibitors [Gaymes et al., 2006]. Activation of the extrinsic
apoptotic pathway has also been reported [Gillenwater et al., 2007].
The changes in the gene expression upon treatment of cell lines or
patient primary cells with SAHA have been studied prevalently
using DNA microarrays [Glaser et al., 2003; Peart et al., 2005;
Desmond et al., 2007; Tavares et al., 2008; Kumagai et al., 2009]. In
the individual reports, the transcription rate was found to be altered
in 2-10% of all expressed genes. However, the attempts to identify
the altered genes on both RNA and protein levels [Tong et al., 2008]
have given only moderate overlap among different cell systems. The
most consistent change occuring after SAHA treatment seems to be
the induction of the cell cycle regulators p21 and p27 resulting in
cell cycle arrest which protects the cell against the toxic effects of
the drug [Gui et al., 2004]. At higher SAHA concentration or as a
result of simultaneous inhibition of MEK/ERK and Akt transduction
pathways, mitochondrial apoptosis is usually triggered. The
mechanism of cell death often, but not systematically, involves
the production of reactive oxygen species [Marks and Jiang, 2005;
Xu et al., 2007; Brodska et al., 2009].

In this work, we report on changes in cellular adhesivity to
fibronectin (FN), an essential component of bone marrow extra-
cellular matrix (ECM), which were induced by SAHA in human
hematopoietic cells. We describe the effects of SAHA on the
expression of integrin 1 on the cell surface as well as on the
expression level of paxillin, a characteristic member of focal
adhesions, that is, the protein complexes which are assembled
around the cytoplasmic parts of integrins upon cell binding to the
ECM. We also studied the role of the proteins ROCK in these
processes and concluded that this regulators of actin cytoskeletal
structure are not essentially involved in the observed SAHA-
induced increase of cellular adhesivity to FN.

CHEMICALS

SAHA was supplied by Alexis (San Diego, USA). Human FN (alpha-
chymotryptic fragment, 120K) was purchased from Chemicon
International (CA, USA), anti-paxillin antibody (clone 5H11) from
Millipore (Upstate). The labeled antibodies against integrins B1
(CD29) and B2 (CD18) were from Chemicon International and
Exbio (Prague, Czech Republic), respectively. Anti-actin antibody,
FITC-labeled phalloidin, and the fluorogenic substrate Ac-DEVD-
AFC were obtained from Sigma (Prague, Czech Republic). The
inhibitor Y-27632 which inhibits ROCK1 and ROCK2 was from
Calbiochem.

CELL CULTURE AND LYMPHOCYTE PREPARATION

JURL-MK1, CML-T1, and Karpas-299 cells were purchased from
DSMZ (German Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany), K562 and HL-60 cell lines from the
European Collection of Animal Cell Cultures (Salisbury, UK). The
cells were cultured in RPMI 1640 medium supplemented with 10%
fetal calf serum, 100 U/ml penicillin, and 100 p.g/ml streptomycin at
37°C in 5% CO, humidified atmosphere.

Blood samples were prepared from buffy coats taken from healthy
volunteers or from the whole blood of patients with chronic
myelogenous leukemia (CML) or acute myeloid leukemia (AML)
following their written informed consent. Peripheral blood mono-
nuclear cells were isolated by standard density gradient centrifuga-
tion using Histopaque®-1077 (Sigma). Monocytes were depleted by
overnight culture in plastic flasks and by harvesting of nonadherent
cells. The lymphocytes were further maintained in RPMI 1640
medium as described above for the cell lines. The fraction of
CD34-positive cells in the bone marrow of CML patients was from
1% to 3%.

ADHESION ASSAY

The extent of cell adhesivity to FN was assessed by fluorometric
quantitation of cells attached to FN-coated wells of a microtitration
plate. The fraction of adherent cells was determined by comparing
the fluorescence signal arriving from FN-coated plate with that from
a reference plate containing the total cell amount. To prepare the
coated plate, 50 wl of FN solution (20 pg/ml in distilled water) was
added to each well of a Nunc Maxisorp microtitration plate which
was subsequently incubated overnight in the cold. Then, the wells
were washed three times in PBS and the remaining protein
adherence sites were blocked by 200 ul 1% BSA in PBS for at least
30min at room temperature. The plate was washed once again in
PBS and 100 pl of cell suspension at a density of 1 x 10° cells/ml
was added to the wells in quadruplicates. The cell density used in the
assay was determined as a good compromise between the need to
obtain sufficiently high fluorescent signal and the effort to minimize
the effects of cell-cell interactions on the results of the assay. The
same amount of cells was added in quadruplicates to the reference
plate. A special care was taken of frequent gentle mixing to assure
high homogenity of the suspension. The FN-coated plate was shortly
centrifuged (350¢ for 2 min) and incubated for 1 h at 37°C. Then, the
culture medium was uniformly aspirated using a multichannel
adaptor to the suction-pump (Sigma), the wells were filled with
200 pl PBS/Ca”"/Mg?" (PBS, pH 7.4, supplemented with 1 mM Ca®"
and 1mM Mg”") using a multichannel pipette, the plate was re-
aspirated and frozen at —70°C. In the meantime, the reference plate
was centrifuged at 400g for 10 min to pellet the cells, gently inverted
(bottom-up), the medium was tapped-out, the plate was shortly
blotted onto a paper towel and frozen at —70°C.

Cy-Quant Cell Proliferation Assay Kit (Molecular Probes) was
used to quantitate the samples according to manufacturer’s
instructions. Briefly, the plates were thawed (10min at room
temperature), 200 pl of dye/cell lysis solution was added to each well
including four blanks (without cells) and the plates were incubated
for 10 min in the dark. The well fluorescence (excitation at 485 nm,
emission at 520nm) was measured, the quadruplicates were
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averaged and the adherent cell fraction (ACF) was calculated as
follows:
Fen — Fp

ACF =
Frer — Fp

x 100%

where Fgy, Frer, and Fp are the average fluorescence intensities
of the wells from FN-coated plate, reference plate, and blanks,
respectively.

The standard error of quadruplicates was typically of 3-8% of the
measured value.

CASPASE-3 ACTIVITY ASSESSMENT

The activity of caspase-3 was determined by fluorometric
measurement of the kinetics of 7-amino-4-trifluoromethyl cou-
marin (AFC) release from the fluorogenic substrate Ac-DEVD-AFC
in the presence of cell lysates. The method was described in detail in
Kuzelova et al. [2007]. After the incubation with 0.5 or 2 uM SAHA
the cells were washed and lysed and aliquots of cytosolic fractions
were incubated for 30 min at 37°C with the fluorogenic substrate.
The linear increase of fluorescence intensity at 520nm was
monitored during this incubation time using Fluostar Galaxy
microplate reader (BMG Labtechnologies, Germany).

FLOW CYTOMETRY ANALYSIS
Flow cytometry measurements were performed on Coulter Epics XL
flow cytometer.

The fraction of cells containing apoptotic DNA breaks was
measured by TUNEL assay using the In Situ Cell Death Detection Kit,
Fluorescein (Roche Diagnostics GmbH, Mannheim, Germany)
following the standard manufacturer’s protocol.

To analyze the expression level of integrins on the cell surface,
the cells (5 x 10°) were washed in PBS and stained with 5 pl PE-
conjugated anti-integrin 31 or 10 wl FITC-conjugated anti-integrin
B2 antibody. After 40 min incubation at room temperature, the cells
were washed twice in PBS and the fluorescence histograms of red or
green fluorescence were recorded using the flow cytometer.

To stain the actin polymers, the cells were washed in PBS and
fixed and permeabilized using FIX&PERM cell permeabilization kit
from An Der Grub (Kaumberg, Austria). Washing steps were
performed in PBS supplemented with 1% BSA wusing short
centrifugation times (2min at 350g). FITC-labeled phalloidin
(3 1) was added to cells suspended in 50 pl PERM solution. The
samples were incubated for 40 min at room temperature, washed in
PBS + 1% BSA and the green fluorescence was measured using the
flow cytometer.

RNA EXTRACTION AND RT-PCR

The extraction of RNA from cells cultured in the absence or presence
of 0.5 wl SAHA was carried out using the RNeasy Mini Kit (Qiagen,
Inc., Valencia, CA) in accordance with the manufacturer’s
instructions. The purified RNA was stored at —75°C until use.
Semi-quantitative RT-PCR was performed using 2 pg of total RNA
and One-Step RT-PCR kit (Qiagen). The sequences of specific primers
(Invitrogen) were designed using the Primer-BLAST software
available in NCBI database as follows: integrin p1—
GCGCGGAAAAGATGAATTT (forward) and CCCCTGATCTTAATCG-

CAAA (reverse); paxillin transcription variant 2—CCATCACTGT-
GAACCAGGG (forward) and TTTCACAGTAGGGCTGTCCA (reverse).
The RT-PCR program applied on Techne Cyclogene thermocycler
(Techne, Cambridge, UK) was: 30min at 50°C for reverse
transcription, 15min at 95°C for HotStarTaq DNA polymerase
activation, Omniscript and Sensiscript reverse transcriptases
inactivation and the cDNA template denaturation followed by
20-30 cycles consisting of 1min denaturation at 94°C, 1min of
annealing at 60°C, and 2 min of extension at 72°C. The program was
terminated by a final extension of 10min at 72°C. Amplified
products were detected on electrophoretic agarose gels containing
0.5 pug/ml of ethidium bromide. The integrated intensities of
fluorescent bands were obtained using the Molecular Imager Gel
Doc XR System (Bio-Rad Laboratories, Inc., Hercules, CA) and
analyzed using AIDA 1D v. 4.08 evaluating software (Raytest GmbH,
Straubenhardt, Germany). In all experiments, a-actin was used as
the loading standard and the integrated fluorescent intensities of
studied bands were corrected to small differences in the amount of
total RNA loaded using the values from actin bands.

ELECTROPHORESIS AND WESTERN BLOTTING

The SDS electrophoresis and Western blotting were performed using
the protocols which were described previously [Kuzelova et al.,
2007]. The protein concentration was measured using a Bio-Rad
protein assay (Bio-Rad Laboratories). As a rule, 15 g total protein
was applied to each well. Actin band was used as a control of equal
protein loading.

We studied the effects of SAHA on different leukemic cell lines as
well as on lymphocytes from healthy donors. The cell lines included
three lines derived from patients with CML (JURL-MK1, K562, and
CML-T1) and lines derived from human AML (HL-60) and human T-
cell lymphoma (Karpas-299). Treatment with SAHA induced a
decrease of the cell proliferation rate, which was similar for all the
studied cell lines (data not shown) and cell death. The cytotoxic
effects were strongly dose-dependent and cell type-dependent.
Figure 1 shows the extent of DNA fragmentation, a characteristic
marker of apoptosis, after 48 h treatment of cells with SAHA at
different concentrations. DNA from control and treated cells was
analyzed using TUNEL method which consists in fluorescent
labeling of apoptotic DNA breaks. We also assessed the activation
of caspase-3, another hallmark of apoptosis, using the fluorogenic
caspase-3 substrate, Ac-DEVD-AFC. Figure 2A shows the kinetics of
caspase-3 activation in JURL-MK1 cells treated with 0.5 or 2 uM
SAHA. Similar kinetics was seen in the other cell lines. The values of
caspase-3 activity in different cell lines after 28-30 h treatment (i.e.,
time of maximal activity) with 0.5 or 2 uM SAHA are given in
Figure 2B.

Although SAHA triggers apoptosis in many cell types including
normal lymphocytes, other forms of cell death are also likely to be
induced by the treatment. Figure 3 shows the fraction of dead cells
(i.e., cells not able to exclude the Trypan-blue dye) resulting from
48 h treatment of different cell lines with 0.5 or 2 wuM SAHA. The cell
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Fig. 1. Apoptotic DNA fragmentation induced by SAHA in different leukemic
cell lines and donor lymphocytes. Cells were treated with SAHA at different
concentrations for 48 h, harvested and stained with fluorescein-dUTP using
TUNEL method to obtain the fraction of cells with apoptotic DNA breaks.
Different symbols correspond to different cell lines: K562 (open squares), HL-
60 (closed squares), JURL-MK1 (closed circles), Karpas-299 (open diamonds),
CML-T1 (closed diamonds), and donor lymphocytes (open circles).

o
=

s
=

B s
2 3

DEVD-ase activity (a. u.)
g

incubation time (h)

(fold increase)
= =4 =

caspase-3 activity w
=
T

LS
\}I%

b 5]
: & &F
@&
P

& #

&m‘ﬂ

+

Fig. 2. Caspase-3 activation in SAHA-treated leukemic cells and donor
lymphocytes. The cells were treated with 0.5 or 2 WM SAHA for different
time intervals and the activity of caspase-3 in cell lysates was assessed using
the fluorogenic caspase-3 substrate Ac-DEVD-AFC. Panel A: The kinetics
of caspase-3 activation in JURL-MK1 cells treated with SAHA at 0.5 uM
(diamonds) or 2 uM concentration (closed circles). Open circles: JURL-MK1
cells without treatment. Panel B: The maximal values of caspase-3 activity
after treatment with SAHA 0.5pM (clear bars) or 2 uM (dark bars) for
different cell lines and donor lymphocytes. The results are expressed as ratios
of caspase-3 activity in treated cells and in the controls.
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Fig. 3. Cell death induced by SAHA in different cell lines. The cells were
treated with 0.5 uM (clear bars) or 2 uM (dark bars) SAHA for 48 h and the
fraction of Trypan blue-positive cells was determined by cell counting.
The results are means and standard deviations from 4 to 15 independent
experiments.

lines Karpas-299 and K562, which are relatively resistant to SAHA-
induced apoptosis, are also damaged by 2 p.M SAHA treatment. On
the other hand, no significant toxicity was observed when SAHA
was used at 0.5 uM concentration. Although HL-60 cells are more
sensitive to SAHA-induced cell death in comparison with the other
cell types, the difference between controls and samples treated with
0.5 wM SAHA is not large (HL-60 cells display relatively high level
of spontaneous apoptosis even without treatment and the fraction of
Trypan blue-positive cells in controls is also higher compared to
controls from other cell types).

We noted during our studies on adhesion properties of leukemic
cells that SAHA alters the cell adhesivity to FN. Normal
hematopoietic cells are retained in the bone marrow until their
maturation and release into the blood circulation. The main
contribution to the attachment forces is provided by the interaction
of cellular 3 integrins, transmembrane glycoproteins, with protein
components of ECM. We performed the analysis of integrin
composition in JURL-MK1 and K562 cells using Beta Integrin-
Mediated Cell Adhesion Array kit (Fig. 4A) and compared the
interaction of these cells with different ECM proteins using
Cytomatrix Screen kit (Fig. 4B). We concluded from these results
that the most relevant interaction partners for cell attachment to
ECM are integrins 1 and 32 and FN. We thus used microtitration
plates coated with FN for subsequent study of the effects of SAHA on
cell adhesion to ECM. The protocol we adopted allows for sensitive
and reproducible determination of the cell fraction which remained
attached to FN after the plate washing (ACF). As the ACF varies
between different cell types, the results were also expressed as a ratio
of ACF values obtained from treated samples and the corresponding
controls. This representation is used in Figure 5 which shows the
effect of SAHA at different concentrations (48 h treatment) on the
adhesion of cell lines and normal lymphocytes to FN. SAHA
increased the ACF in all studied cell lines but not in normal
lymphocytes. This effect was usually maximal at 0.5-1 puM SAHA
concentration while higher SAHA doses were less effective. The only
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Fig. 4. Analysis of B-integrin expression on the surface of JURL-MK1 and
K562 cells and of the cell interaction with different ECM proteins. Panel
A: JURL-MK1 (dark bars) and K562 (clear bars) cell attachment to wells coated
with antibodies against different B-integrins was studied using Beta Integrin-
Mediated Cell Adhesion Array kit. Panel B: The fraction of JURL-MK1 (dark
bars) and K562 (clear bars) cells which adhere to wells coated with different
ECM proteins was obtained using Cytomatrix Screen kit.
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Fig. 5. Effect of SAHA on the extent of cell adhesion to fibronectin. The cells
were treated for 48 h with SAHA at different concentrations and the adherent
cell fraction (ACF) was determined using fluorometric determination of the
quantity of cells which remained attached to fibronectin-coated wells of a
microplate after the plate washing. The represented results are expressed as
ratios of ACFs from treated cells and ACFs from the appropriate controls. The
legend to symbols is the same as in Figure 1: K562 (open squares), HL-60
(closed squares), JURL-MK1 (closed circles), Karpas-299 (open diamonds),
CML-T1 (closed diamonds), and donor lymphocytes (open circles).

exception is represented by CML-T1 cells which also distinguishes
from other cell lines by markedly lower adhesivity (ACFs in controls
are 2-49% compared to about 30-40% for other cell lines). In sub-
sequent experiments, we focused on 0.5 .M SAHA which increased
the adhesivity in all cell lines without exhibiting significant toxicity
and we collected a large set of data for six cell lines (including the
previously specified ones and AML cell line ML-2) and primary
lymphocytes (Table I). The treatment time was fixed to 48 h as the
maximal effect was achieved at this time, although increase in ACF
occurred already after 24 h treatment. It follows from the statistical
analysis of these data that SAHA-induced increase in the cell
adhesivity is significant and similar for all leukemia cell lines
regardless of their origin while no effect is produced in normal
lymphocytes under the same experimental conditions. A slight but
statistically significant increase in cell adhesivity was also found in
primary cells from CML patients. We tested in addition three primary
samples from acute myelogenous leukemia (AML) patients, but the
results were inconclusive (26% increase due to SAHA in one of them
and 36%, resp. 50% decrease in two others).

As the cell interaction with FN appears to be mainly mediated by
integrin 1, we wondered if SAHA alters the expression of this
protein on the cell surface. JURL-MK1, K562, Karpas-299, CML-T1,
and HL-60 cells were thus treated with 0.5 M SAHA for 48h,
stained with fluorescently labeled anti-integrin B1 antibody and
analyzed using a flow-cytometer. Firstly, we inspected the
scattergrams, that is, plots of side-scattered light intensity (SSC),
versus forward-scattered light intensity (FSC) which were usually
not significantly altered by the treatment with SAHA. This indicates
that SAHA at 0.5 uM concentration does not induce changes in the
cell size and shape which is in agreement with the lack of toxicity
under these conditions (data not shown). In some experiments,
especially in those with HL-60 cells, a distinct cell subpopulation
was present at lower FSC and higher SSC. This probably reflects
apoptotic cell shrinkage and membrane blebbing occurring in a
small cell fraction. Subsequently, we analyzed the expression of 31
integrin on the cell surface using PE-conjugated anti-B1 integrin
antibody. Representative histograms of fluorescence intensities
obtained following the cell staining are given in Figure 6. A shift
towards higher fluorescence intensities was repeatedly observed
after treatment of JURL-MK1, K562, Karpas, and CML-T1 cells with
SAHA. The average increase in the mean fluorescence intensity
(MFI) from repeated experiments is also indicated in the figure. In
the case of HL-60 cells, no consistent change of MFI was observed
for the “intact” cells (i.e., those with unchanged scattering
properties) while the altered cell subpopulation (lower FSC, higher
SSC) displayed slightly decreased staining of B1 integrin (data not
shown). We also explored the expression of B2 integrin using a
FITC-conjugated antibody, but the fluorescence signal obtained in
this case was very weak indicating that the expression of 32 integrin
is low in comparison with that of B1 in our model systems.

In adherent cells, the engagement of integrins leads to the
formation of large multiprotein complexes, so-called focal adhe-
sions, at the cytoplasmic side of the cell membrane. Antibodies
against one characteristic component of these complexes, the
protein paxillin, are often used for staining of focal adhesions. We
used an anti-paxillin antibody to reveal possible changes in paxillin
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TABLE I. Effect of SAHA on the Cell Adhesion to Fibronectin

ACF in Average increase after Number of Significant
controls (%) SAHA (fold of control) experiments P-value difference (P < 0.05)
JURL-MK 1 38+ 19 1.7+0.4 17 <0.0001 Yes
K562 38422 1.5+0.3 11 0.0003 Yes
HL-60 26421 2.5+ 1.5 11 0.0003 Yes
Karpas-299 32+£22 1.8+0.7 9 <0.0001 Yes
ML-2 32423 2.0+ 1.0 6 0.0077 Yes
CML-T1 3.6+3 2.340.6 11 0.0012 Yes
Normal lymphocytes 35+8 1.0+0.2 10 0.3188 No
CML lymphocytes 34+ 16 1.16 £0.13 6 0.0214 Yes

The cells were treated with 0.5 WM SAHA for 48 h and subjected to adhesion assay. The values of adherent cell fraction (ACF) and of the average increase in ACF due to
SAHA are given as means and standard deviations of repeated experiments. The experiments using primary cells were completely independent (samples obtained from
different individuals). Clinical samples were obtained from previously untreated patients with chronic myelogenous leukemia (CML). P values for the difference between
controls and SAHA-treated samples were computed using the standard two-tailed paired t-test.

content resulting from the treatment of cells with SAHA. Western
blots from cell lysates show an increase in paxillin expression
following SAHA treatment for all cell lines that we tested (Fig. 7).
Moreover, an additional band at slightly higher MW which is also
recognized by anti-paxillin antibody appears as a result of SAHA
treatment in some cell lines. No change in paxillin expression was
observed in normal lymphocytes treated with SAHA.

In order to get insight into the mechanism of B1 integrin and
paxillin protein level increase by SAHA, we searched for potential
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changes at the transcriptional level using specific primers and RT-
PCR method in JURL-MK1, Karpas, and CML-T1 cell lines. We found
that integrin 31 mRNA levels corresponded well to that of protein
product and the increase in 1 expression is thus due to an
upregulation of the corresponding mRNA transcription (Fig. 8A,B).
The wused primers for paxillin should primarily detect the
transcription variant 2 (product of 417 bp) which is translated into
the ubiquitously expressed paxillin isoform «. In addition, these
primers are also able to detect the transcription variant 1 (product of
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Effect of SAHA on integrin 31 expression on the cell surface. The cells were treated with 0.5 M SAHA for 48 h, stained with PE-conjugated anti-f31 integrin antibody

and analyzed using a flow-cytometer. The fluorescence intensity from SAHA-treated cells (thicker lines) was higher in comparison with that from control cells. The records on
the left side of each panel were from negative controls (no antibody staining). The numbers below the cell line names give the average increase in mean fluorescence intensity

(MFI1) from four to six independent experiments.
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Fig. 7. Changes in paxillin expression induced by SAHA. Cells were incubated
for 24 or 48 h as indicated with (+) or without (—) 0.5 uM SAHA. No effect of
SAHA treatment was detected on anti-actin blots which were performed as
loading controls.

519 bp) coding for paxillin isoform B or v. Indeed, we observed
one dominant band whose intensity increased about 1.5-fold after
SAHA treatment and, at higher amplification, an additional band
displaying two- to threefold increase due to 24h 0.5 uM SAHA
treatment (Fig. 8A). It thus seems that the increase in paxillin
expression level is at least partly due to an upregulation of both
paxillin a and paxillin B/y mRNA.
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Focal adhesions not only assure mechanical attachment of the
cell to ECM network but represent also communication points which
transmit signals from the inside of the cell to ECM and vice versa.
The binding of the extracellular parts of integrins to their ligands
leads among others to the activation of small GTPases from Rho
family, which are considered to be important regulators of the
cytoskeleton dynamics, cell adhesion, and migration. In adherent
cells, cell adhesion to FN is regulated through the activity of RhoA
and its downstream effectors, proteins ROCK1 and ROCK2. In order
to reveal possible involvement of ROCK activity in the increase of
cell adhesion induced by SAHA, we used the inhibitor Y-27632
which should specifically block the activity of ROCK1 and ROCK2 at
5-10 uM concentration. To confirm the inhibitor efficiency, we
tested its effects on the actin polymerization state in the cells using
fluorescently labeled phalloidin which binds to actin polymers but
not to actin monomers. The treatment of JURL-MK1, K562 or
Karpas-299 cells with 10 puM Y-27632 induced a moderate, but
reproducible decrease of FITC-phalloidin fluorescence intensity
which was not further enhanced by increasing the inhibitor dose
(data not shown). This observation is in agreement with the known
action of ROCK proteins on the stabilization of actin fibers and
indicates that 10 WM Y-27632 is sufficient to inhibit ROCK activity.
No effect on the cell viability in any of the studied cell lines was
observed using this concentration of the inhibitor.

The effect of Y-27632 on the cell adhesion to FN was strongly
cell type-dependent. In CML-T1 and HL-60 cells, 18 h treatment with
Y-27632 significantly reduced ACF (Fig. 9). On the other hand, no
effect of Y-27632 on JURL-MK1 or Karpas-299 cell adhesion was
observed for up to 24 h treatment. Prolonged incubation (48 h) of
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Changes in mRNA expression levels for integrin 1 and paxillin induced by SAHA. Panel A: JURL-MKT1 cells were treated with 0.5 M SAHA for up to 24 h as indicated

and expression levels of integrin 1 and paxillin mRNA were analyzed using RT-PCR method and specific primers. The use of paxillin-specific primers allowed for the detection of

one dominant band and an additional band at higher MW, which probably correspond to transcription variants 2 and 1, the templates for paxillin alpha and beta/gamma,
respectively. Actin bands were used as loading controls. Panel B: Comparison of SAHA-induced changes in mRNA and protein levels for integrin 31 in JURL-MK1, Karpas-299,
and CML-T1 cells. Cells were treated with 0.5 .M SAHA for up to 48 h (clear bars: controls, gray bars: 24 h, dark bars: 48 h). Integrin mRNA expression level was determined
using RT-PCR method and normalized using actin mMRNA bands. Protein integrin expression on the cell surface was analyzed in parallel from the same samples using fluorescent

antibody and flow-cytometry.
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Fig. 9. Representative experiments showing the effects of Y-27632 on cell adhesion to fibronectin. Cells were treated with 0.5 .M SAHA alone or in combination with 10 .M
Y-27632 and the adherent cell fraction (ACF) was measured using the adhesion assay. Legend to bar labels: control: untreated cells, Y-27632: treated for 24 h with Y-27632,
SAHA: treated for 48 h with SAHA, SAHA +Y-27632: treated with SAHA for 48 h, Y-27632 was added for the last 24 h. The results from repeated experiments are summarized

in Table II.

control JURL-MKT1 cells with Y-27632 produced inconsistent effects
on the cell adhesion (no change, increase or decrease were observed
in multiple experiments) and we thus limited the use of the inhibitor
to 24 h treatment as the maximum. To test the influence of Y-27632
on SAHA-induced increase of ACF, the cells were either treated
simultaneously with SAHA and Y-27632 for 24 h or, alternatively,
the inhibitor was added for the last 24 of 48 h treatment with SAHA.
Similarly to the effects in control cells, the ability of Y-27632 to
reverse the increase in ACF induced by SAHA depended on the cell
type: the simultaneous use of ROCK inhibitor always reduced the
effect of SAHA in CML-T1 cells and sometimes in HL-60 cells. No
effect of Y-27632 on SAHA-induced increase in cell adhesion was

TABLE II. Effects of ROCK Inhibition on the Cell Adhesion

observed in Karpas-299 cells under the same experimental
conditions while the inhibitor even potentiated the effect of SAHA
in JURL-MK1 cells in some experiments. The effects of Y-27632 on
the cell adhesion to FN are summarized in Table II

We also tested the effects of other HDAC inhibitors, sodium
butyrate and trichostatin A, on JURL-MK1 cell adhesion to FN. It
follows from our in vitro measurements of HDAC activity in cell
lysates that the efficiency of 0.5mM sodium butyrate in HDAC
inhibition is comparable to that of 0.5 .M SAHA (in both cases, the
effect of the inhibitor reached the maximum value at this
concentration, data not shown). We also previously reported
that sodium butyrate induces erythroid differentiation without

Cell line Effect on ACF in controls Effect on SAHA-induced increase of ACF
JURL-MK1 No effect Synergy/no effect

K562 No effect No effect/synergy

Karpas-299 No effect No effect

CML-T1 Decrease Inhibition

HL-60 No effect/decrease No effect/inhibition

To test the effects of Y-27632 on the adhesion of control cells, the inhibitor was added at 10 wM concentration for 16-24 h. To analyze the interference of Y-27632 with
SAHA, the cells were treated with SAHA for 24 or 48 h and Y-27632 was added for the last 24 h of SAHA treatment. The adherent cell fraction (ACF) was then determined

using the adhesion assay.
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significant apoptosis in K562 cells at 0.6 mM concentration while it
triggers apoptosis at 2 mM concentration [Grebenova et al., 2006].
However, no increase in the cell adhesivity to FN could be detected
after K562 or JURL-MK1 cell treatment with sodium butyrate at up
to 2mM concentration. Similarly, based on the in vitro inhibition
constants, 100nM trichostatin A should have similar effect on
HDAC activity as 2 mM sodium butyrate. We found that 500 nM
trichostatin-induced cell cycle arrest, cell death, and decrease of cell
adhesion to FN in JURL-MK1 cells (data not shown). However,
no increase in JURL-MK1 adhesion to FN was detected at lower
concentrations of trichostatin A. Thus, it seems that the increase in
cell adhesion to FN is specific for SAHA.

We performed the analysis of toxic effects induced by SAHA in
different leukemic cell lines and in lymphocytes obtained from
healthy donors. The sensitivity of the individual cell types to SAHA
was variable: HL-60 cells undergo extensive and fast apoptosis
which is strongly concentration-dependent (Fig. 1). Caspase
activation (Fig. 2B) and apoptotic DNA fragmentation (Fig. 1) also
occur to a large extent in JURL-MK1 and CML-T1 cells, as well as in
donor lymphocytes. Karpas-299 cells appear to be relatively
resistant to apoptosis as judged from limited caspase-3 activation
and TUNEL-positive cell fraction but they undergo other form of cell
death as indicated by the high fraction of Trypan blue-positive cells
after 48 h treatment with SAHA (Fig. 3). On the other hand, K562
cells resist well to SAHA at up to 2 wM concentration. These findings
support the view that the mechanism of SAHA action is complex and
the resulting effect greatly depends on the individual cell context. It
appears that the variability in the responses to SAHA is not related to
the cell line origin (type of disease) as three CML-derived cell lines
(JURL-MK1, CML-T1, and K562) behave quite differently.

Despite of this different sensitivity of the individual cell types to
SAHA-induced cell death, SAHA had consistent effects on the cell
adhesion to FN when it was added at subtoxic concentration
(0.5 uM). The protocol we used to determine the ACF allows for
reliable detection of changes as small as several percent and we
show that 48 h treatment with 0.5 WM SAHA increases 1.5- to 2.5-
fold the cell adhesion to FN in six different leukemia/lymphoma-
derived cell lines but not in normal lymphocytes (Table I). For
comparison, JURL-MK1 cell treatment with phorbol-myristoylace-
tate (PMA, 50 nM, 30 min), an activator of protein kinase C which is
known to enhance the cellular adhesivity to ECM, induced
(1.8 £0.7) fold increase in the cell adhesivity to FN (mean and
standard deviation from eight experiments, data not shown) under
our experimental conditions. A slight increase in the cell adhesivity
resulting from 0.5 pM SAHA treatment was also observed in primary
samples from CML patients. The effect was weaker than for the cell
lines, probably because the peripheral blood of patients in early
stage of CML contains a mixture of normal (prevalent) and
transformed cells [Kuzelova et al., 2006].

Increasing SAHA concentration to toxic doses usually led to the
loss of elevatory effect on ACF (Fig. 5). It is known that the early
stages of apoptosis include cell rounding and detachment from the

ECM and surrounding cells [Shi and Wei, 2007; Taylor et al., 2008].
Although the mechanism of these processes is not fully elucidated,
the positive effect of SAHA on the cell adhesivity can be
counteracted by the changes related to apoptosis or other form of
cell death which is induced by SAHA at higher concentration (Figs. 1
and 3).

SAHA-induced increase in the cell adhesivity to FN can be at least
in part mediated by an increase in the expression level of integrin 31
on the cell surface which was observed in four out of five cell lines
tested (Fig. 6). The only exception is represented by HL-60 cells and
it could be due to the fact that in these cells SAHA triggers apoptosis
already at 0.5 wM concentration. This can oppose some of the effects
promoting the cell adhesion to FN. The surfacial density of integrin
molecules is not the only parameter involved in the regulation of
cellular adhesivity to FN: for example, the ability of integrins to
cluster and to initiate the formation of functional focal adhesion
complexes is of crucial importance. Nevertheless, our results suggest
that SAHA can enhance the cell adhesion to FN through the
upregulation of integrin 31 expression, which we observed both on
the transcriptional and translational level (Fig. 8).

Paxillin is an adaptor protein which directly binds to integrins
and serves as a scaffold for many other components of focal
adhesion complexes (e.g., focal adhesion kinase, FAK, or vinculin). It
can be phosphorylated at several sites, for example, by Src kinase,
and enhanced paxillin phosphorylation on tyrosines 31 and 118 is
observed upon the cell adhesion to ECM [Schaller and Schaefer,
2001]. We found that the treatment of leukemic cells with 0.5 pM
SAHA elevates the expression level of paxillin (Fig. 7). The
upregulation of paxillin was confirmed also at the transcriptional
level (Fig. 8A) although the increase in paxillin mRNA is less marked
in comparison with that of the protein level. Thus, SAHA treatment
probably also results in higher stability of paxillin protein product.
The increased availability of this essential constituent of focal
adhesions after cell treatment with SAHA can contribute to a more
efficient cell adhesion to FN. Paxillin was also shown to be cleaved
by caspases during cell apoptosis [Chay et al., 2002]. This can result
in focal adhesion disassembly and may explain the loss of SAHA
effect on the cell adhesivity at higher concentrations of the drug. In
keeping with the absence of SAHA effects on the adhesion of normal
cells, no change in paxillin expression occurred upon SAHA
addition to normal lymphocytes.

Firm adhesion of adherent cells to ECM involves the formation of
actin stress fibers, which consists of 10-30 filaments of polymeric
actin cross-linked by alpha-actinin, nonmuscle myosin, and
tropomyosins [Pellegrin and Mellor, 2007]. These cytoskeletal
structures are connected to ECM network through the focal
adhesions and help to maintain mechanical resistance of the cell
to detachment from ECM [Butler et al., 2006]. Integrin engagement
leads to the activation of small GTPase RhoA which stimulates the
formation of stress fibers and focal adhesions [Kabuyama et al.,
2006; Villalonga and Ridley, 2006]. Among the main effectors of
RhoA, the proteins ROCK1 and ROCK2 activate LIM kinase which in
turn inactivates by phosphorylation the actin depolymerizing factor
cofilin and thereby provides stabilization of actin structures
[Bernard, 2007]. On the other hand, phosphorylation of myosin
light chain also induced by ROCK proteins stimulates the
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contractility of actin-myosin fibers. ROCK is required for the
maturation of focal adhesions [Nagamatsu et al., 2008] and the
inhibition of ROCK function using pharmacological inhibitors or
expression of dominant-negative mutant results in disassembly of
stress fibers and of focal adhesions in fibroblasts and epithelial cells.
The function of RhoA/ROCK is less clear in hematopoietic cells
which do not form robust actin fibers and the relation between the
cytoskeletal arrangement and the cellular adhesivity to ECM is less
obvious. Nevertheless, the adhesion of hematopoietic cells to EN is
accompanied by changes in conformation and in lateral motility of
3 integrins and their clustering. As in the adherent cells, the
intracellular parts of integrins become the base of complex protein
structures which include small Rho GTPases and actin structure-
forming proteins [Gao et al., 2005; Butler et al., 2006]. However,
several reports indicated that RhoA and ROCK activity rather
impedes the adhesion of hematopoietic cells to ECM [Aepfelbacher,
1995; Lai et al., 2003; Lee and Chang, 2008].

We thus explored the involvement of ROCK proteins in the
increased adhesion of leukemic cells due to SAHA treatment using
the inhibitor Y-27632. The effect of Y-27632 on the amount of
polymeric actin (detected by phalloidin staining) in control cells
confirmed its efficiency in our cell lines (data not shown). The
effect of ROCK inhibition on the adhesion of control as well as of
SAHA-treated cells to FN was strongly dependent on the cell type
(Fig. 9 and Table II). While the inhibitor had no effect on the
adhesivity of Karpas-299 cells, it decreased ACF in both control and
SAHA-treated HL-60 and CML-T1 cells. On the other hand, the
inhibition of ROCK in some experiments with JURL-MK1 and K562
cells potentiated the effect of SAHA on the cell adhesion to FN. In
general, ROCK activity is thus not required for the increase of
leukemic cell adhesivity to FN induced by SAHA and, in agreement
with the above mentioned reports, the inhibition of ROCK can even
enhance the cellular adhesivity to FN in some cell types. In HL-60
and CML-T1 cells, the ability of Y-27632 to reduce ACF in SAHA-
treated cells does not obviously prove the involvement of RhoA/
ROCK pathway in the processes induced by SAHA. The inhibitor
reduces ACF also in nontreated CML-T1 and HL-60 cells and ROCK-
related and SAHA-related processes may have independent
contributions to the cellular adhesivity.

The stimulation of cell adhesivity to FN we describe in this work is
not only specific for transformed cells (no increase in ACF was
observed in normal lymphocytes) but seems also to be limited to
SAHA as we detected no change in ACF after JURL-MK1 and K562
cell treatment with sodium butyrate and even with trichostatin A
which belongs to the same structural class as SAHA. Interestingly,
both SAHA and sodium butyrate were previously reported to
upregulate the expression of proteins involved in the cell-cell
adhesion [Bordin et al., 2004]. One of the reports dealing with SAHA
effects on the gene expression mentions the integrin alpha 2 (CD49b)
among the genes with increased expression due to SAHA treatment
[Peart et al., 2005].

Our results are somewhat contradictory to that of Mahlknecht
and Schonbein [2008] who found that SAHA downregulated the
expression of VLA-4 (i.e., integrin subunit a4, CD49d) in cell lines
and primary cells derived from patients with AML and decreased the
adhesion of KG1a cells (an AML cell line) to mesenchymal stromal

cells. The authors did not observed any change in the expression of
integrin B1 (CD29) in AML cells treated with SAHA. It is possible that
the response of AML cells to SAHA is different from that of other cell
types. Indeed, the only cell line which did not display increased
integrin B 1 expression after SAHA treatment in our experiments was
an AML line (HL-60). Also, an exceptional experimental result, that
is, SAHA-induced decrease in the cell adhesivity, was obtained
only with primary cells from two (out of three) AML patients.
Nevertheless, we found no difference between AML-derived and
other cell lines in the adhesion experiments with FN (Table II). The
decrease of KGla cell adhesion to stromal cells due to SAHA
reported by Mahlknecht and Schénbein was significant at 2 pM
SAHA concentration and the authors did not examine the effect of
SAHA on KG1a cell viability. Thus, the adhesivity decrease could
also be a secondary effect of apoptosis triggered by SAHA treatment.

In addition to previously reported effects on the cell proliferation,
differentiation, and viability, SAHA also alters adhesion properties
of hematopoietic cells. The effects of SAHA on the cell adhesion
occur already at low SAHA concentrations in leukemic but not in
normal cells and seems to be specific for this particular HDAC
inhibitor. On the contrary to the other SAHA-induced processes,
which are highly cell type-dependent, the increase in the cell
adhesivity occurs consistently in different types of leukemic cells.

The ability of SAHA to increase the adhesivity of transformed
hematopoietic cells to FN should be taken into account whenever
SAHA is considered for clinical use. The in vitro doses used in our
study correspond to the lowest concentrations used in patients for
clinical studies when SAHA is used as a single agent [Mahlknecht
and Schonbein, 2008]. Our results show that low-dose SAHA,
possibly used in combination with an anticancer drug, could cause
higher retention of malignant cells in the bone marrow. It is
known that the bone marrow microenvironment offers protection
from many chemotherapeutic agents for normal and malignant
hematopoietic cells as well as for disseminating cancer cells from
epithelial tumors [Meads et al., 2008; Riethdorf et al., 2008]. Higher
fraction of transformed cells thus could escape the effects of the
anticancer treatment which would aggravate the residual disease
and increase the risk of the disease relapse.
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