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1. UVOD

Podle Mezinarodni agentury pro vyzkum rakoviny (IARC) je kazdému tfetimu
Evropanovi v pribéhu jeho Zivota diagnostikovano nadorové onemocnéni a kazdy
¢tvrty na néj umira. V roce 2006 bylo zjisténo témér 2,3 milionu novych pfipadl rako-
viny a vice nez milion lidi v EU této nemoci podlehlo.

V Ceské republice predstavuji nadorova onemocnéni druhou nejast&jgi pfii-
nu Umrti, podle statistickych (daji onemocni zhoubnym nadorem kazdy paty obcan.
Pfesto se v soutasné dobé imrtnost na nadorova onemocnéni ponékud sniZuje, coz
lze vysvétlit jednak rozvojem protinadorové 1&é¢by, jednak dokonalejsi diagnostikou,
ktera umoziiuje véasné odhaleni nemoci. V 1é¢hé& nadorovych onemocnéni se uplat-
fuji 4 terapeutické pristupy: chirurgicka lé¢ba, radioterapie, chemoterapie a biologic-
ka |é¢ba. Jedna létebna metoda vSak Casto nezaruéuje Gplné vyléCeni, a proto se
pfistupuje ke kombinované terapii. Zakladnim prostfedkem systémove lecby je che-
moterapie, kdy i pies intenzivni vyzkum novych cytostatik zistava klasicka chemote-
rapie nepostradatelna a pro nékteré typy nadorovych onemocnéni zcela nenahradi-
telna.

Pokroky v molekularni biologii umoznily lépe chapat patogenezi nadorového
procesu a upfesnily nade védomosti o pochodech vedoucich k transformaci normal-
nich bun&k v buriky nadorové. Tim vedly k objevu novych latek s odliSnymi mecha-
nismy protinadorového Uéinku. Rist nadoru je vysledkem celé fady schopnosti, ktere
buriky ziskavaji b&hem procesu maligni transformace a diky nimZ jsou odolné vidi
stresovym faktortim okoli, které normalni bunky zabiji. Nadorové buriky se vyzna&uji
zvy$enou proliferaci, nedokonalou diferenciaci, sniZzenou citlivosti k indukci apopto-
zy, invazivitou, zmé&nami v metabolismu a podporou angiogeneze.

Maligni nador je genetické onemocnéni, u kterého dochazi ke zménam jak
vgenomu, tak v epigenomu. Nejcastéji se vyskytujici epigenetické zmény
v nadorovych bufikach jsou alterace v methylaci DNA a deacetylaci histon(, které
maji za nasledek utlumeni exprese genll. Na rozdil od genetickych aberaci je mozné
epigenetické zmény farmakologicky zvrétit a pfispét k obnoveni funkce postizenych

genu. Proto epigenetické alterace pfedstavuji v soucasnosti jednu z nejvice zkouma-



nych oblasti v klinickém a preklinickém vyzkumu pfedevsim leukemii, a jejich hlubsi
pochopeni je nutné pro rozvoj novych strategii epigeneticke terapie.

Jeden z potencialnich Iékd pro epigenetickou terapii pfedstavuje kyselina val-
proova. Ta je jiZ témér tficet let pouZivana v praxi jako antiepileptikum s dobrou sna-
genlivosti, nas ale zajimaly jeji nedavno objevené antitumordézni vlastnosti, kterymi

se fadi mezi inihibitory histondeacetylas.



2. CiL PRACE

Cilem nasi prace bylo na molekuléarni Grovni pfispét k objasnéni Ggink( kyseli-
ny valprooveé na leukemicke bunky. Pracovali jsme s kyselinou valproovou samostat-
né nebo v kombinaci s ionizujicim zafenim a diferenciacnim agens (kyselinou afl-
frans-retinovou) u tii odlisnych leukemickych linii:

¢ MOLT-4 lidska T-lymfocytarni leukemie s funkénim proteinem p53,

¢ HL-60 lidska promyelocytarni leukemie bez funkéniho proteinu p53,

e U-937 lidsky histiocytarmni lymfom s rlzné exprimovanym fuznim genem
PML/RAR.

Zajimalo nas, zda se antitumordzni plsobeni kyseliny valproové projevi
na nadorovych burikach v terapeutickych koncentracich pouZivanych pfi leécbé epi-
lepsie, jakym zplsobem je ovlivnéna diferenciace, proliferace, bunéény cyklus nado-
rovych bunék a piedevsim jsme se zaméfili na aktivaci proteind kli¢ovych zejmena

pro zastavu bunééného cyklu, reparaci a spusténi apoptozy.



3. PREHLED SOUCASNEHO STAVU PROBLEMATIKY

3.1. GENETICKY A EPIGENETICKY APARAT BUNKY

Schopnost buriky reagovat na zmény ve vné&jSim a vnitfnim prostredi je dana
souhrou genetického a epigenetického aparatu. Geneticky aparat tvofi sekvence
nukleotid(l v DNA — DNA kéd. Epigeneticky aparat je tvofen histonovym kédem, {j.
souborem minimaln& osmi specifickych kovalentnich modifikaci na histonovych kon-
cich, a methylaci DNA. Epigeneticky aparat fidi strukturu chromatinu bez zmény sek-
vence DNA a tim ovliviiuje expresi genl (Smith et al, 2007), zejmeéna téch, které hraji
dulezitou roli pii transkripci, replikaci a reparaci DNA (Turner, 2000).

DNA eukaryotického jadra je kondenzovana do vysoce organizovaného chro-
matinu. Zakladni strukturni jednotkou chromatinu je kulovita ¢astice — nukleosom —
o priméru 10 nm. Obsahuje 146 par( bazi, které vytvafi 1,75 levotoCivych nadsrou-
bovicovych zavitii DNA kolem proteinového jadra (Marks et ai, 2000; Kouzarides,
2007). Jadro ma strukturu oktameru, sklada se vzdy ze dvou stejnych molekul Ctyf
riznych typt jadernych bilkovin — histond.

histonovy oktamer

nukdeosom

Obr. 1: Struktura nukleosomu, zakladni strukturni jednotky chromatinu

Histony H2A a H2B jsou bohaté na lysin a vytvari dimery, které se spojuji ve
vétsi oligomerni komplexy. Histony H3 a H4 s vysokym obsahem argininu vytvari
tetramery. Struktura histonl je sice mezidruhové znacné konzervativni a jejich funkce
u v8ech eukaryont( stejna, ale chromozomalni distribuce jednotlivych modifikaci se
milZze ménit jak béhem bunééného cyklu, tak mezi skupinami eukaryont (Fuchs et al,
2006). Histon H1 je obsaZen v chromatinu v pfibliZné poloviénim mnoZstvi nez ostat-

ni typy histonl a neni soucasti centralniho oktameru, nachazi se ve vnéjsi &asti



nukleosom(l. K chromatinu se vaze nejslabéji, Ize ho snadno extrahovat solnym roz-
tokem a chromatin se pak stava rozpusinym. Sestaveni nukleosomu je pravdépo-
dobné zprostiedkovano aniontovym jadernym proteinem nukleoplasminem. Nukleo-
somy se dale skladaji do vyssich struktur chromatinu, které jsou pomérné dynamické
- prochazi znacnymi zmé&nami, které vedou k aktivaci nebo represi transkripce (Mur-
ray et al, 2002).

Na silné bazickych amino-terminainich ¢astech histonll probiha cela rfada riiz-
nych modifikaci: acetylace, fosforylace, methylace, ADP-ribosylace, ubikvitinylace,
sumoylace, karbonylace, glykosylace (Fuchs et al, 2006), deiminace a isomerizace
prolinu (Kouzarides, 2007). Vazebnych mist, kde tyto modifikace probihaji, je nékolik
desitek a jejich funkce se vysvétluje dvéma zpusoby. Prvnim je prosté naruseni kon-
taktu mezi nukleosomy, coz vede krozvolnéni struktury chromatinu, druhym pak
zprostiedkovani vazby nehistonovych proteinll pfes specifické domény; konkrétné
u acetylace je to pfes bromodomeény (Kouzarides, 2007).

Z uvedenych modifikaci je nejlépe prozkoumana acetylace -~ probiha
na lysinovych zbytcich, napf. lysin 8, 12 a 16 na histonu H4, lysin 9, 14 a 23
na histonu H3 (Luo et Dean, 1999), a to pomoci tfi hlavnich skupin acetyltransferas
(GNAT, MYST, CBP/p300). Ze v8ech modifikaci pravé acetylace ma nejvétsi schop-
nost rozvolifiovat chromatin, protoZe neutralizuje kladny naboj bazickych lysind. Navic
je rychle reverzibilni, s poloasem vradu minut, coZ umoziiuje rychié zmeény
v genové expresi v zavislosti na signalech (Liu et al, 2005).

Stuperi acetylace jadernych histon( je dan pomérem aktivit opaéné plsobicich
enzymy ze skupiny histonacetyltransferas — HAT a histondeacetylas — HDAC (Bla-
heta et Cinatl, 2002). Oba typy enzym0 puUsobi na cilové geny v komplexu se sek-
venéné specifickymi transkripénimi faktory a jejich kofaktory, napi. N-CoR, Sin3,
SMRT u HDAC (Géttlicher et al, 2001; Glaser 2007) a methyl vazebnymi proteiny
jako MeCP2 (Gurvich et al, 2004). Zvy$eni acetylace histon( je spojeno s vyS8i tran-
skripéni aktivitou a obecné je acetylace dlleZitym mechanismem, kontrolujicim uspo-

fadani chromatinu a genové regulace.



3.2. HISTONACETYLTRANSFERASY A HISTONDEACETYLASY

Jako acetylom oznatujeme komplex v buiice pfitomnych HDAC, které reguluji
Fadu procesl a pfispivaji k udrZeni specifickych bun&&nych funkci (Menegola et al,
2007). HDAC katalyzuji deacetylaci aminoskupiny lysinG v N-terminalni Casti jader-
nych histon{i. V sou¢asné dobé je znamo 18 histondeacetylas, ktere rozdelujeme do
3 skupin na zakladé jejich homologie s proteiny kvasinek.

Skupinu HDAC | tvoii pfedev§im jaderné proteiny homologni s proteinem kva-
sinek Rpd3 a zahrnuji HDAC 1, 2, 3 a 8 o molekulové hmotnosti 22-55 kDa.

Skupina HDAC |l, ktera putuje mezi jadrem a cytoplazmou, je homologni
s HDA1 v kvasinkach a zahrnuje HDAC 4, 5, 6, 7, 9 a 10. Podle struktury deacety-
laé&ni domény rozdé&lujeme tuto skupinu na 2 potfidy lla a llb. Podtfida lla zahrnuje
HDAC s jednou hlavni deacetylaéni doménou, zatimco deacetylasy potfidy llb maji
dvé& domény s riiznou afinitou k substratim. Jejich molekulova hmotnost se pohybuje
od 120 do 130 kDa. Zjistilo se, Ze HDAC 4, 5 a 7 hraji kliCovou Ulohu v regulaci pro-
liferace a diferenciace svalovych bunék (Zhang et al, 2002, de Ruijter et al, 2003).
Pred diferenciaci t&chto bunék se uvedené HDAC nachazeji v jadfe. B&éhem procesu
diferenciace dochazi k jejich pfemisténi do cytosolu a po diferenciaci se HDAC4 vra-
ci znovu do jadra.

Skupina HDAC Il zahrnuje NADH zavislou Sir rodinu deacetylas, ktera je re-
zistentni vadi inhibici trichostatinem A, suberoylanilid hydroxamovou kyselinou (SA-
HA) a kyselinou valproovou (VA).

Naopak tridy | a Il HDAC obsahuji v katalytické domené Zn** a vidi jmenova-
nym agens jsou citlivé (Gui et al, 2004; Dokmanovic et Marks, 2005; Kim et al, 2006).
Vysoce specificky inhibiéni G¢inek na histondeacetylasy je dan schopnosti téchto
slouéenin zapadnout do enzymové kapsy HDAC tfidy [ a Il a tvorbou komplext se
Zn?" ionty (Deubzer et al, 2006).

Knock-out analyzy riznych typt HDAC ukazuji, Ze HDAC ze skupiny | hraji roli
v bunécném pieziti a proliferaci, zatimco HDAC skupiny Il maji tkanoveé specifickou
roli.

Samostatnou skupinu pak vytvaii HDAC 11 (skupina IV), fa ma v katalytickem
centru znaky jak tfidy [, tak tfidy Il histondeacetylas.
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HDAC 1, 2, 3, 5, 6, 7 a 10 se viceméné nachazi ve v8ech zkoumanych tka-
nich, zatimco HDAC 4, 8 a 9 jsou pfednostné exprimovany v nadorovych burikach.
Ridzné inhibitory se li§i svou afinitou vaéi jednotlivym podtyplm HDAC, zatim se ne-
prokazalo, zda je vyhodnéjsi pouzivat specificky inhibitor spiSe neZ pan-inhibitor
(Khan et al, 2007).

Inhibitory histondeacetylas (HDACI) na zakladé chemické struktury rozdélu-
jeme do 4 zakladnich skupin (Rosato et Grant, 2004):

mastné kyseliny s kratkym fetézcem (butyrat, fenylbutyrat, fenylacetat, kyseli-
na valproova),

¢ syntetické derivaty benzamidu (MS-275, CI-994, N-acetyldinalin),

s cyklicke tetrapeptidy (trapoxin, apicidin),

¢ hydroxamové kyseliny (trichostatin A, SAHA).

Inhibitory HDAC reguluji pfiblizné 2 % gen, a to predevsim geny ovliviiujici
bunéény cyklus, apoptézu a DNA syntézu (Marks et al, 2000; Blagosklonny et al,
2002; Rosato et Grant, 2004). V zastavé bunééného cyklu a ristu, diferenciaci a
apoptéze hraje hlavni roli regulace transkripce, ktera je proto oviiviiovana velkym
mnoZzstvim faktort. Jednim z nich je pravé terciarni struktura DNA, ktera je urcujici
pro piistup transkrip&nich faktor( k jejich cilovym segmenttm a tim pro prabéh tran-
skripce. HDAC jsou kli¢ové pro procesy jako je bunééné pieziti, proliferace a diferen-
ciace.

HDACi v nadorovych bunkach indukuji zastavu bunégného cyklu, zastavu
rustu, diferenciaci a/nebo apoptdzu. Jsou spojovany s inhibici jak vaskularni, tak lym-
fatické angiogeneze a inhibici reparace DNA poskozeni po chemoterapii a radiotera-
pii. V8echny tyto Udinky zaznamenané na nadorovych bunkach jsou minimalni u bu-
nék zdravych. Uginnost HDACi se pfedpoklada pro celou fadu solidnich nadord i
hematologickych malignit (Menegola et al, 2006).

Antitumorodzni aktivita HDACI nevychazi pouze z jejich schopnosti regulovat
acetylaci histon(, ale zahrnuje i jiné funkce v&etné acetylace nehistonovych proteing,
jako jsou p53, E2F, refinoblastoma protein a dal$i. Do dne$ni doby bylo identifikova-
no vice nez 50 nehistonovych proteind, které jsou substraty pro HDAC (Dokmanovic
et Marks, 2005). Rovnéz modifikace téchto substratl jsou zahrnuté v rozliénych pro-
cesech jako je regulace transkripce, proteinova degradace, umiéeni gend, DNA

oprava a pribéh bunééného cyklu (Fu et al, 2004). Daléi z hypotéz je, Ze HDACi mo-
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hou reaktivovat tumorsupresorové geny, jejichz aktivita byla v pribéhu neoplastic-
kych transformaci utiumena, napf. gen CDKN1A, ktery kdduje CDK inhibitor p21
(Rosato et Grant, 2004).

3.3. VNEJSI A VNITRNi CESTA APOPTOZY, PROTEINY p53 a p21

3.3.1. APOPTOZA

Je snahou ovliviiovat citlivost nadort a normalnich bunék k protinadorovym
latkam tak, aby doslo ke zvySeni Ucinnosti [éCby a sniZeni toxicity na normalni tkané.
Snizena schopnost nadorovych bunék umirat v uréitém &ase apoptdzou je jeden
z faktorll, ktery se podili na vzniku nador(i. Apoptéza je fizena bunétna smrt, ktera
nevyvolava destruktivni zanétovou reakci. Jeji podstatou je proteolyza intracelular-
nich bilkovin pomoci kaspas “cytosolic aspartate-specific cystein proteases” (Maso-
pust, 2003). Kaspasy jsou syntetizovany jako inaktivni proenzymy a samy mohou byt
aktivovany proteolytickym $tépenim na specifickych aspartatovych residuich. Délime
je na kaspasy iniciatorové (8, 9 a 10) a efektorové (3, 6 a 7). Iniciatorové kaspasy
mohou byt aktivovany pomoci dvou odlisnych cest — tzv. vnitfni a vnéj$i apoptoticke
cesty.

Vnéjsi cesta se spousti aktivaci receptort smrti (CD 95; CD 120 a TRAIL),
které patii do rodiny receptor TNF. Navazani ligandu na povrchovy receptor je spo-
jeno s funkénimi a morfologickymi zménami. Dochazi ke konformagnim zménam
C-koncll receptorovych molekul, které vedou k oligomerizaci a vzniku makromoleku-
larnich komplext. Na tyto komplexy se pfimo vaZe iniciaéni proteinasa kaspazové
kaskady vnéjsi cesty, kaspasa 8. Aktivni kaspasa 8 pak $tépi mnoho dalSich substra-
tli, pfedevsim prokaspasu 3, ktera je hlavni efektorovou proteinasou apoptozy.

Vnitini cesta apoptozy je spousténa na zakladé signall z vnitfniho prostiedi
bufiky jako jsou napf. volné radikaly, anoxie, plisobeni virl a cytostatik. Nej¢ast&jSim
iniciatorem je ovéem poskozeni DNA a nasledna aktivace proteinu pb3. Klicovym
momentem vnitfni cesty je zvy3eni permeability mitochondrialnich membran. Pro
transmembranovy potencial mitochondriaini membrany je uréujici pomér anti- a pro-
apoptoticky plsobicich proteinll. Proapototické faktory patii k rodiné Bcl-2 (Bax, Bad,
Bim, Bid) a nachazi se v cytosolu. Na mitochondrialni membrané jsou pak kanalové
antiapoptotické proteiny Bcl-2, Bcl-x a Mcl-1. Po pfijeti smrticiho signalu dojde ke

strukturnim zménam, pro- a antiapoptoti¢ti lenové se. setkavaji na povrchu mito-
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chondrii a tvofi homo- a heterodimery. Pii pfeviadnuti proapoptotickych faktor(i se
zméni permeabilita membrany, coZz zplsobuje nabobtnani mitochondrii. Nabobtnani
je vyraznéj8i u vnitfini membrany, ktera nasledné zpusobi ruptury vnéjsi membrany a
porudeni respiracniho fetézce s uvolnénim cytochromu ¢ z intermembranového pro-
storu. V cytosolu cytochrom c vytvafri spolu s Apaf-1 a kaspasou 9 komplex apopto-
som, ktery aktivuje hlavni efektorovou kaspasu 3.

Aktivace kaspasy 3 je sjednocujicim bodem vnitfni a vnéjsi cesty apoptozy.
Aktivni kaspasa 3 je zodpovédna za vlastni apoptoticky proces. Amplifikuje ¢innost
inicia¢nich proteinas a podili se vyznamné zejména na jednom z prvnich jevl apo-
ptozy, na fragmentaci DNA (Masopust, 2003; Krejsek a Kopecky, 2004; Rezagova,
2004).

3.3.2. PROTEIN p53

Hlavni aktivator vnitini apoptotické cesty, protein p53, je transkripcni faktor a
tumor supresorovy protein, tzv. strazce genomu. Je lokalizovany v jadie, kde kontro-
luje proliferaci a smrt buriky. Ztrata funkce p53 se povazuje za kliovou v rozvoji ra-
koviny. Zabraruje buitkam s poskozenou DNA, aby se délily se a tak udrZuje stabilitu
genetické informace. Hladina p53 signifikantné vzrista v odpovédi na poskozeni
DNA, aktivaci onkongentl a hypoxii. Ovliviiuje transkripci celé fady proteinh, hlavnimi
vysledky jeho aktivace jsou

e zastava bunééného cyklu v G1/8 fazi (pfes protein p21),

» zastava bunééného cyklu v G2/M fazi (pfes 14-3-3),

¢ indukce apoptdzy pii neschopnosti buriky opravit poSkozeni (aktiva-
ci proteini BAX, PUMA, NOXA).

Zastava bunégného cyklu poskytuje ¢as pro reparaci DNA poskozeni. Pii nem
dochazi k aktivaci proteinu p53 fosforylaci na rlznych mistech rdznymi kinasami:
cyklindependentni kinasy (Cdk) katalyzuji fosforylaci na serinu 315, kaseinkinasa |
(CKI) na serinech 6 a 9, kaseinkinasa Il {CKIl} na serinu 392, proteinkinasa C (PKC)
na serinu 378, mitogeny aktivovana kinasa (MAPK) na threoninu 73 a 83, Jun-amino
terminalni kinasa (JNK) na serinu 34, DNA-PK na serinech 15 a 37, ATM na serinu
15 a ATR na serinech 15 a 37 (Lakin et Jackson, 1999). Z posttranslaénich modifi-
kaci dochazi jednak k uvedenym fosforylacim na serinovych zbytcich 6, 9, 15, 20,
33, 37 a 392, dale k defosforylaci serinu 376 a acetylaci lysinovych zbytk 320, 373 a
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382 (Chehab et al, 1999). Aktivovany protein p53 zvySuje expresi proapoptotickych
cytosolickych faktord PUMA, NOXA a BAX.

poskozeni DNA
stres {genotoxicky, oxidativni)
hypoxie, ischémie

zastava v -
CUM fazi

cyklin B
CDK2

Obr. 2: Nejdulezitéjsi bunééné signalni drahy spusténé po aktivaci proteinu p53

Protein p53 je dllezity transkripéni faktor, jeho aktivaci dochazi k indukci nebo
inhibici exprese vice neZ 150 genl (Appella et Anderson, 2001). Protein je kodovany
genem TP53 lokalizovanym na chromozomu 17. Sklada se z 393 aminokyselin (AK),
které tvofi 7 domén: N-terminalni transkripéné-aktivaéni doména (TA1) aktivuje tran-
skripéni faktory. Druha aktivaéni doména (TA2) je dlleZita pro apoptotickou aktivitu
p53, stejné jako tfeti doména bohata na prolin. Nejvétsi ¢ast tvofi centralni DNA va-
zebna doména (DBD), tou se protein p53 jakoZto transkripéni faktor vaze na p53-
responsivni Useky DNA a spousti transkripci p53 zavislych gendi. Pro aktivitu p53 in
vivo je nutna tetramerizace proteinu, zaji$fovana homo-oligomerizacni doménou.

Cterminalni doména sniZuje vazbu p53 na DNA.



Pfes 50 % vSech nadorovych onemocnéni je spojeno s mutaci proteinu p53,
pfitemz obvykle je postizena DBD doména. K inaktivaci genu p53 dochazi zejména
v dasledku malych mutaci (missense a nonsense mutace, inzerce/delece nékolika
nukleotidd), které vedou jednak k expresi mutantniho proteinu (90 % pfipadud) nebo
nepfitomnosti proteinu (10 %). V mnoha nadorech, zejména sarkomech, je pozoro-
vana abnormalni akumulace proteinu mdm2 (murine double minute 2 protein). Inakti-
vace p53 patii ke kliCovym udalostem pfi transformaci buriky DNA viry, napf. SV40
se vaze do DNA vazebné domény p53 a znemoziuje vazbu na p53 na DNA. Stejne
je tomu u Li Fraumeniho syndromu, coz je vrozena predispozice ke vzniku nadoro-

vych onemocnéni zplsobena heterozygotni mutaci v TP53, pravé v misteé DBD.

CKH

DBD

PCAF  p300

enzymy

V jadfe je p53 udrZzovan na nizké hladiné diky negativnimu regulatoru mdmz2,
ktery zplscbuje ubikvitinylaci p53 (ma E3 ubikvitin ligasovou aktivitu), export p53
z jadra a jeho naslednou degradaci pomoci proteasomu. Vzajemnou interakci p53 a
mdm2 vyrazné ovliviiuji posttranslacni modifikace obou proteint. U p53 dochazi
k modifikacim na minimalné 18 mistech a to zejména v N-terminalni &asti, kterou tvo-
fi cca 100 AK a v C-terminalni ¢asti (cca 90 AK). N-Konec je pfedevsim fosforylova-
ny, tyto fosforylace jsou dilezité pro stabilizaci p53 a kli¢ové pro acetylaci p53, coz
v kombinaci vede k piné p53-zprostiedkované odpovédi na genotoxicky stres. Na

C-konci dochazi k fosforylacim, acetylacim a sumoylacim. Modifikace na C-konci
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inhibuji schopnost této domény negativné regulovat sekvenéné specifickou vazbu
na DNA, navic ovlivituji stabilitu, oligomerizaci, jaderny import/export a stupefi ubikvi-
tinylace p53.

Uvedené posttranslacni modifikace vznikaji v reakci na plsobeni riznych fak-
tort a vedou ke zvy3ené stabilité p53 (brani vazb& s mdm2) a zvy8ené transkripCni
aktivitd. Acetyladni mista K373/382 jsou stejna jako vazebna mista pro mdm2, takze
p53 acetylace vyrazné prodluzuje polotas p53 a sniZuje jeho ubikvitinylaci (Zhao et
al, 2006). Protein mdm2 interaguje s HDAC1 a dohromady tak zaijistuji efektivni spo-
jeni deacetylacnich a ubikvitinylaénich pochodil, které vedou k negativni regulaci
funkce p53 (lto et al, 2002). Acetylace p53 probiha pomoci p300 a CBP acetylas (lto
et al, 2001).

Dalsim dileZitym disledkem acetylace p53 je posileni vazby na p53 cilove
geny, véetné p21, coz u nich zvySuje transkripcni aktivitu po DNA poskozeni (Zhao et
al, 2008). Deacetylace p53 probiha pomoci Sir2, ktery tim padem slouZi jako inhibitor
transkripéni a proapoptotické aktivity p53 v odpovédi na podkozeni DNA. Zaroven
Sir2 miZe fungovat jako negativni regulator procesu starnuti pfes transkripcni inakti-
vaci p53 (Kim et al, 2006). Protein p53 reguluje expresi genli zahrnutych v odpovedi
na bunéény stres, v zastavé bunééného cyklu nebo v indukei apoptdzy. Ma dualeZitou
roli pro aktivaci p21; pfi indukci p53 pomoci DNA poskozujicich agens vyusti
v nahradu HDAC1 za tumor supresor na C-konci transkripéniho faktoru Sp1, zvysi

acetylaci histon(i u p21 promotoru a tim vyvola transkripéni aktivaci p21 genu.

3.3.3. PROTEIN p21

Protein p21 (také inhibitor cyklin dependentni kinasy 1A - CDKN1A) inhibuje
aktivitu cyklin-CDK2 a cyklin CDK4 komplex(, &imZ vyvoladva zastavu bunécneho
cyklu v G1/S fazi a umozni opravu poskozeni DNA. Inhibitory HDAC indukuji tran-
skripci proteinu p21 pies akumulaci acetylovanych histoni spojenych s promotorem
a kédujicimi oblastmi genu CDKNTA (Richon et al, 2000). Exprese p21 je kontrolo-
vana tumor supresorovym proteinem p53, p21 promotor obsahuje 5 vazebnych mist
pro p53. Inhibitory HDAC v8ak plsobi zesilenou expresi p21 jak p53-zavislym, tak
p53-nezavislym mechanismem (Ocker et al, 2007} a v této aktivaci jsou zahrnuty dal-
§i Getné faktory jako ATM (Ju et Muller, 2003) nebo c-myc (Zhao et al, 2006).
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Zda se, Ze hlavni cesta indukce p21 po plsobeni HDACI je p53-nezavisla a
probihda aktivaci Sp1/Sp3 cesty. Promotor p21 obsahuje 6 Sp1 vazebnych mist. Pro-
teinova rodina Sp ma u lidi 4 &leny: Sp1-Sp4; jedna se o transkripéni faktory, které se
vazi pomoci zinc-finger domén na sekvence DNA bohaté na GC. Pii poskozeni DNA
se protein p53 vaZe pfimo na Sp1 misto, na oblast kde kompetuje o vazebné misto
s HDAC1. Po terapii HDACi je HDAC1 uvolnéna z Sp1 vazebného mista na p21
promotoru, coz vede ke ztraté represe a indukci transkripce p21.

Kromé inhibice komplext cyklin/CDK p21 zarover blokuje replikaci DNA, tim
7e se vaZze na proliferaéni jaderny antigen (PCNA). O toto vazebné misto kompetuje
s DNMT1, takZze zvySena DNMT1 exprese mlZe vyvolavat disociaci p21 z PCNA
(Ocker et al, 2007). Protein p21 je specificky $tépen pomoci CASP3-like kaspas, coz
vede k dramatické aktivaci CDK2. Ma také antiapoptotické Géinky, brani vstupu bun-
ky do apoptozy, protoZe pfi translokaci z jadra do cytoplazmy tvoii komplex s kinasou

regulujici signal pro apoptozu 1 (Ask1).

3.4. HEMATOPOETICKE NADOROVE LINIE

Akutni leukemie predstavuji znatné heterogenni skupinu zhoubnych onemoc-
néni krvetvorby vznikajici maligni transformaci hematopoetické kmenové bunky.
Hlavnim defektem patologické bunééné populace je maturaéni a diferenciacni poru-
cha. Podle postizenych bunék délime akutni leukemie do dvou zakladnich skupin:
myeloblastické a lymfoblastické. Kmenova buiika pro myeloidni fadu (CFU-GEMM)
se mize diferencovat riznym smérem a v koneéném stadiu dat vznik erytrocytim,
granulocytim, monocytim a trombocytlrn. Z kmenové buiiky lymfatické fady vznikaji
postupnou diferenciaci lymfocyty T a B. To vysvétluje znagnou fenotypickou pestrost
akutnich leukemii (Klener et al, 2002).

Akutni promyelocytami leukemie (APL) je cytogeneticky charakterizovana
translokaci, ktera vzdy zahrnuje chromozom 17 se zlomem v misté koédujicim recep-
tor kyseliny retinové — RAR (Ruthard et al, 1997). Druhym chromozomem Ugastnicim
se translokace je pfiblizné v 95 % pfipadd APL chromozom 15 (gen promyelocytarni
leukemie — PML), ve zbylych pfipadech chromozom 11 — geny PLZF (PML zinc fin-
ger), NUMA (nuclear matrix-mitotic apparatus), NPM (nucleophosmin) nebo STATSb
(Melnick et Licht, 1999). Takto vzniklé hybridni geny kdduji flzni proteiny, kieré

u hematopoetickych prekurzorovych bunék blokuji schopnost podstupovat terminaini
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diferenciaci. Translokace 15;17 a 11;17 jsou primarni chromozomaini aberace a ¢as-
to jsou jedinou cytogenetickou abnormalitou u APL. AcZkoliv biasty exprimujici PML-
RARu jsou klinicky nerozlisitelné od blastl exprimujicich ostatni fizni proteiny, rGzni
se v jedné dlllezité viastnosti, a to v odpovédi na pisobeni retinové kyseliny (Phiel et
al, 2001). PML-RARa APL blasty jsou na rozdil od ostatnich APL blastl vysoce citli-
vé na farmakologické davky retinové kyseliny (RA) a u vétSiny pacientu léCenych RA
dochazi k remisi (Phiel et al, 2001).

Receptory pro kyselinu retinovou paiii mezi jaderné receptory typu il. Existuji
tfi typy RAR: «, B, v. K vazbé na DNA dochazi ve formé heterodimeru s RXR (retinoid
receptor x), ktery op&t ma ffi formy, o, B, v. Heterodimer RAR-RXR se u nékterych
gend vaze na &asti promotord, oznadované jako RARE (retinoic acid response ele-
ment). V nepfitomnosti ligandu — retinové kyseliny — vaZe heterodimer RAR-RXR
kromé& DNA korepresory SMRT a N-CoR, které jsou souéasti komplexu dalSich kore-
presor(l, véetné histondeacetylasy 1. Tak zmé&nami ve struktufe chromatinu zptsobu-
je utlumeni exprese cilovych gen(. V pfitomnosti ligandu dochazi k uvolnéni kore-
presorového komplexu a receptor se spojuje s transkripénimi kofaktory, ktere zahrnu-
ji proteiny s histonacetyltransferasovou aktivitou. Modifikace struktury chromatinu
pomoci RAR/RXR pfispiva ke kontrole transkripce. Pfesné detaily mechanismu, ktery
pfenasi RA signal z jadernych receptord do transkrip&niho procesu, nebyly dosud
na molekularni Urovni objasnény.

Fuzni protein PML/RARw zastava v APL blastech dvoji funkci, jednak pfispiva
k transformovanému fenotypu a zaroven slouzi jako mediator diferenciace indukova-
né retinoidy. Zatimco v pfitomnosti teméf fyziologickych koncentraci RA fuzni protein
PML-RAR tlumi transkripci a blokuje diferenciaci, vysoké davky RA aktivuji jim zpro-
stfedkovanou genovou transkripci a bunécénou diferenciaci (Gottlicher et al, 2004).
Fuzni protein PML/RARa antagonizuje funkce wild typu proteind PML, RARa a RXR.
Flaze zachovava funkéni v8echny domény RARa s vyjimkou domény A, coz je jedna
ze dvou domén zodpovédnych za transkripéni aktivaci. PML/RARa se tedy mlzZe
vazat na RARE mista v DNA podobné jako wild typ RAR«, vétSinou rovnéz jako he-
terodimer s RXR. PML-RARa vaze korepresory SMRT a N-CoR a dalSi asociované
proteiny véetné HDAC1, a to silngji neZ RARa. V nepfitomnosti ligandu je inhibicni
ucinek fuzniho PML-RARa vy33i nez inhibiéni O¢inek RARea. Vazebna doména pro

retinovou kyselinu je zachovana, av3ak kuvolnéni korepresorli zvazby
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na PMU/RARa je zapotfebi zhruba 1000x vy&si koncentrace RA — zatimco pro akti-
vaci RARa jsou postacujici koncentrace ATRA v fadu nmol/l, u PML-RAR« to jsou
umol/l. Tato fakta jsou v souladu s teorii, Ze PML-RAR plsobi pfi niz§ich koncentra-
cich retinoidl jako dominantni negativni receptor, ktery spotifebovava kritické kom-
ponenty a zabranuje jejich intrakci s wild typem RARa.

Terapeutické davky ATRA (umol/l) tedy prekonavaji zvy3enou afinitu
PML-RAR k represorovym proteinlim a vedou k aktivaci transkripce genli obsahuji-
cich RARE. Dochazi rovnéz k normalizaci jaderné distribuce ostatnich slozek kom-
plexu (RXR, wild-type PML, PLZF), ke zvysené degradaci PML-RAR a ke zvy3eni
exprese wild-type RARw. Inhibitory HDAC by mély potlaéit aktivitu korepresoroveho
komplexu obsahujiciho prokazatelné HDAC1 a tim zvysit u¢inek (Melnick et Licht,
1999). Zatimco schopnost blokovat hematopoetickou diferenciaci zavisi na neporu-
Sené DNA vazebné doméné, RA cilové geny pravdépodobné pfedstavuji downstre-
am efektory PML-RAR. Fuzni protein blokuje diferenciaci tlumenim RA-zavislych ge-
nd zahrnutych v kontrole diferenciace hematopoetickych prekurzorovych bunék. Stu-
die mechanismu, kterym PML-RAR reguluje transkripci, jsou limitovany skutecnosti,
Ze represe je$té nebyla analyzovana v nativhim chromatinu. V nepfitomnosti RA
PML-RAR zvysuje kondenzaci chromatinu. ProtoZe trichostatin A dokaZe tento efekt
piekonat, pfedpokladame, Ze pfi¢inou je abnormaini zvySovani HDAC aktivity (Marks
et al, 2000). PML-RAR tedy zplsobuje vy$$i kondenzaci chromatinu, ktery pak zl-
stava meéné pfistupny dokonce i v pritomnosti RA.

Bunééna linie HL-80 byla odvozena od perifernich leukocytl ziskanych leuko-
ferézou krve 36-leté pacientky s akutni promyelocytarni leukemi. Pfiblizné 10 %
HL-60 bunék spontanné diferencuje (dle European Collection of Cell Cultures), dife-
renciace mize byt stimulovana polarnimi planarnimi slou¢eninami jako je butyrat,
hypoxantin, dimethylsulfoxid, aktinomycin D a kyselina retinova (Collins et al, 1978).
Buiiky nemaiji TP53, maji normaini nebo zvySenou expresi bel-2 a minimalni expresi
bcl-X_ Jsou relativhé radiorezistentni, apoptéza je pozorovana podobné jako
u T-lymfomovych linii bez TP53 &i je s jeho mutovanou formou aZ po bloku v G2 fazi
bunééného cyklu (Vavrova et al, 2002).

Linie MOLT-4 je suspenzni kultura odvozena z periferni krve 18-letého paci-
enta s akutni lymfoblastickou leukemii v relapsu. Bunky maiji protein p53 s bodovou
mutaci G-> A na kodonu 248 TP53 (dle American Tissue Culture Collection). Jsou
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velmi citlivé k Gdinkim ionizujiciho zafeni podobné jako buiky HSB-2
pre-T-lymfomové linie s wild typem p53 (Vavrova et al, 2002).

Linie U-937 byla ziskana z pleuralni efuze pacienta s histiocytarnim lymfo-
mem. U bunék U-937 miZe byt indukovéna terminalni diferenciace do monocytl
pomoci forbolesterd, vitaminem D3, gamma interferonem, TNF a retinovou kyselinou
(dle American Tissue Culture Collection).

Velka &ast chemoterapeutickych latek a ionizujici zafeni indukuje
u hematopoetickych nadorovych bunék programovanou bunétnou smrt. Vysledkem
pUsobeni t&chto latek mlze byt aktivace kaspas plsobenim proapoptotickych mole-
kul jako je cytochrom ¢ vyplaveny z prostoru mitochondrialni membrany. U nékterych
bunéénych typl protinadorové latky méni expresi receptord smrti a timto zvysuji citli-
vost nadorovych bunék k odpovidajicimu ligandu. Obecné hematopoeticke linie jsou
citlivé k apoptdze a jejich smrt ma obvykle typické znaky apoptozy (Vavrova et al,
2002).

3.5. ZMENY V HDAC U NADOROVYCH ONEMOCNENI

v

Strukturalni mutace HDAC spojené s rakovinou jsou vzacné, zato ¢astéjsi jsou
zmény vexpresi riznych HDAC (Kim, 2003). Abnormalni aktivita HDAC Usti
v transkripéni represi specifickych tumor supresorovych gen(, coz pfispiva k tvorbé
nador( stejné jako inaktivace HAT (Karagiannis, 2006). ZvySeni exprese odlisnych
typl histondeacetylas je charakteristické v odli8nych nadorech. HDAC1 je zvysena
v nadorech prostaty a Zaludku, HDAC2 v nadorech Zaludku, HDAC3 u rakoviny plic.
HDACS8 mozna pfispiva k tumorigenezi tim, Ze reguluje aktivitu telomeras pfes in-
terakci s jeji katalytickou podjednotkou (Khan et al, 2007). U myeloidni leukemie byla
prokazana abnormalni aktivita HAT a HDAC; napf. acetyltransferasy p300 a CREB
vazebny protein, které jsou obecné& pokladany za nadorové supresory, maji naruse-
nou funkci. Naopak PML/RARa fuzni proteiny tvofi komplexy s HDAG, a tak prispivaji
k Utlumu cilovych genli (Kuendgen, 2008). U skupiny pacientd s akutni promyelocy-
tarni leukemii je necitlivost vi&i kyseliné retinové podloZend nevhodnou expresi
HDAC (Glaser et al, 2003).

Potencialni terapeutické Uéinky HDACiI maji vyjimecnou duleZitost, protoZe
dokazi indukovat protein p21 i cestou nezavislou na p53, pficemz pravé mutace pro-

teinu p53 je jednou znejbéZn&jdich zmén pozorovanych u nadorll. Mutace
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v kédujicich oblastech p21 zatim nejsou znamé, na rozdil od epigenetické inaktivace
hypermethylaci GC-bohaté oblasti promotoru v blizkosti iniciaéniho mista transkripce,
ktera je bézné pozorovana u lidskych nadort (Ocker et al, 2007).

Inhibitory histondeacetylas se zdaji byt vhodnymi kandidaty zejména
pro terapii leukemickych onemocnéni, protoZze pravé u nich dochazi ke vzniku speci-
fickych onkogennich flznich protein(, které umozZiuji vazbu histondeacetylasovym
komplexiim na promotory cilovych genit a tyto udalosti mohou tvofit hlavni krok

v rozvoji leukemii (Gaymes et al, 2006).

3.6. KYSELINA VALPROOVA JAKO INHIBITOR HISTONDEACETYLAS

Kyselina valproova, 2-propylpentanova Ky-
selina, je v klinické praxi pouzivana jiz témér
tiicet let a je lékem volby v terapii nékierych OH
druhli  epilepsie. Chemicky se jedna

o osmiuhlikatou rozvétvenou mastnou kyselinu

s antikonvuiznimi vilastnostmi, malym distri- Obr. 4: Strukturni vzorec kyseliny
buénim objemem (0,13-0,19 L/kg) a plazma- valproové (2-propylpentanové)
tickym poloCasem od 9 do 18 hodin. Biodo-
stupnost po oralnim podanti je téméf 100%, mlze byt podana i intravendzné a vazba
na bilkoviny dosahuje 80-95 % (Kuendgen et Gattermann, 2007). Kyselina valproova
potladuje generalizované a parcialni zachvaty, plsobi jako stabilizator nalady, vyuZzi-
va se vterapii bipolarnich poruch, migrény a neuropatické bolesti. Mechanismus
Géinku je komplexni, kyselina valproova zvy$uje hladinu y-aminomaseiné kyseliny
(GABA), potencuje GABAergni funkce, zeslabuje neuronalni excitaci indukovanou
NMDA-typem receptorll glutamatu a pfedpoklada se, Ze alteruje dopaminergni a se-
rotoninergni funkce (L&scher W, 1999; Perucca, 2002). Navic oviiviiuje aktivitu né-
kterych enzymi, souvisejicich s metabolismem mozkovych bunék, jako je sukcinat-
semialdehyddehydrogenasa, GABA-transaminasa a o-oxoglutarat dehydrogenasa
(Johannessen, 2000). Proto je spekirum antikonvulzni aktivity kyseliny valproové
velmi Siroké a plsobi na celou fadu zachvatd.

V poslednich letech se zajem soustfedi pfedev8im na jeji relativné nedavno
objevené antitumordzni viastnosti (Blaheta et Cinatl, 2002). Mechanismus antitu-

morézniho Gcinku je zcela odli$ny od plsobeni antiepileptického, stejné jako mecha-
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nismy vedouci k hepatotoxicité. Protinadorovym Gginkem se kyselina valproova fadi
mezi inhibitory histondeacetylas.

Nékteré inhibitory HDAC maji omezené terapeutické vyuZiti kvili nizké biodo-
stupnosti in vivo a stejné tak kvlli nezadoucim vediej$im G¢inkim pfi ucinnych dav-
kach. Oproti ostatnim mastnym kyselindm ma VA vyhodu, Ze je jiZ dlouhou dobu po-
uZivana v klinické praxi, maze byt aplikovana perorainé, nezadouci Gginky jsou vzac-
né a biologicky pologas je pfiblizné 9-18 hodin oproti 5 minutam u fenyloutyratu (Bla-
heta et Cinatl, 2002) nebo 30 minutam butyratu sodného (Camphausen et al, 2005).
Koncentrace VA se pohybuje v ustaleném stavu vrozmezi 50-100 pg/ml
(0,35 0,7 mmol/l). Hodnoty ICso byly stanoveny na 0,5 mmol/l pro bufiky neuroblas-
tomu a 1,0 mmol/l pro buiiky gliomu, z &ehoZ vyplyva, Ze terapeutické hodnoty dosa-
hované pfi lé¢bé& epilepsie jsou dostacujici pro vyvolani antitumor6zniho ucinku (Bla-
heta et Cinatl, 2002).

Pfi podani v t&hotenstvi miiZze kyselina valproové vyvolat malformace a vrozené
vady, jako napf. defekty neuralni trubice. Mechanismus teratogenity je opét odlisny
od antiepileptického plsobeni (Géttlicher et al, 2001) a zfejmé souvisi s inhibici
HDAC (Géttlicher, 2004), nebot’ podobny teratogenni G&inek byl prokazan i po tricho-
statinu A (Phiel et al, 2001). Dosud v8echny pouZivané HDACi vykazuji pfi testovani
teratogenni G&inky (Menegola et al, 2007). Zaroven se pfedpoklada vazba mezi tera-
togenitou kyseliny valproové a jejimi schopnostmi diferencovat nadorové buiky (De-
ubzer et al, 2008). Bylo popsano, ze VA mlze indukovat diferenciaci bun&cnych linii
odvozenych od neuroblastomu, gliomu, teratokarcinomu a leukemickych blastd izolo-
vanych z pacienti s nové diagnostikovanou akutni myeloidni leukemii (Gurvich et al,
2004).

Kyselina valproova je selektivni inhibitor, svym @€inkem postihuje tfidy | a i
HDAC, s vyjimkou HDAC 6 a 10 ze tfidy Il, jejichZ aktivitu neovliviiuje, a zaroven vy-
volava proteasomalni degradaci HDAC tficly Il (Kramer et al, 2003; Kostrouchova et
al, 2007). Kyselina valproova davkové zavislym zpusobem inhibuje proliferaci, indu-
kuje protein p21 a tim zvySuje procento bunék v G0/G1 fazi (Kaiser et al, 2006).
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3.7. KYSELINA VALPROOVA V KOMBINACI

Kyselina valproova ovliviiuje celou fadu signalnich cest, ma &etné biologicke
uéinky a pusobi synergicky nebo aditivné s rGznymi protinddorovymi agens, jako je
radiacni terapie, chemoterapie, terapie diferencia¢nimi agens a mnoho dalSich.

Radioterapie je Siroce pouzivanou metodou pro lé¢bu rlznych typa nadord,
celosvétové se predpoklada, ze 50 % pacientl s nadorovym onemocnénim je ozaio-
vano (Karagiannis et al, 2006). Latka, ktera by zvysila citlivost nadorovych bunék vil-
¢&i ionizujicimu zafeni bez ovlivhéni zdravych bunék, by byla velmi vitanym pfispév-
kem v terapii. Doposud Zadna takova latka nebyla schvalena, i kdyz mnohé sloude-
niny se v preklinickych studiich jevi nadéjné. Mastné kyseliny s kratkym fetézcem in
vitro zvysily citlivost nadorovych bunék tim, Ze ovliviiuji jejich schopnost reparovat
poskozeni DNA vyvolané ionizujicim zafenim. Jine inhibitory HDAC pak zesiluji radi-
aci indukovanou apoptozu, zeslabuji funkci DNA reparacnich proteinlt a zkracuji
G2/M blok vyvolany radiaci, coz vede také ke zvySené indukci apoptdzy. Trichostatin
A aplikovany pfed ozafenim snizuje preziti bunék, zvysuje apoptézu a zvySuje fosfo-
rylaci H2AX (Karagiannis et al, 2005). Fosforylace histonu H2AX miiZe byt pouZita
jako prediktivni marker odpovédi na poskozeni ionizujicim zafenim (Kim et al, 2006).
pfedstavuji dvojité zlomy DNA (DSB). Pokud selze jejich oprava, tak dochazi
k chromozomové nestabilité a akumulaci mutaci. Pfi normalné fungujicich kontrolnich
bodech burika zastavuje sv(ij cyklus, ¢imz ziska €as pro reparaci nebo pokud je po-
$kozeni neopravitelné, tak se spousti apoptdza. Pfi dalSich defektech (napf. mutaci
p53) dochazi postupné k akumulaci mutaci a nadorovému zvrhnuti buriky.

Mechanismus odpovédi na poskozeni DNA zahrnuje senzor, ktery rozpozna po-
skozeni, transdukéni kaskadu a efektorové molekuly. Na podatku v odpovédi
na dvojité zlomy DNA stoji ATM kinasa, ktera je aktivovana pfimo poSkozenim DNA.
Je produktem ATM genu, ktery je mutovany u lidského onemocnéni ata-
xia-telangiectasia. Jedna se o komplexni multisystémové onemocnéni s predispozici
k malignitam. Hlavnimi cili ATM kinasy jsou proteiny p53, mdm2, checkpoint kinasa 1
(ChK1), checkpoint kinasa 2 (ChK2), breast cancer 1 protein (Brcal) a Nijmegen
Breakage Syndrome protein (Nbs1). Diky nim aktivace ATM zastavuje proliferaci a
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dava &as pro reparaci poskozeni. Jeden z prvnich cill fosforylovanych pomoci ATM
kinasy je histon H2AX, nutny pro G&innou opravu poskozeni (Vidanes et al, 2005).
Kontrolni bod G1/S faze je fizeny pies protein p53, ATM kinasa ho aktivuje a stabili-
zuje, protoze fosforylace p53 na serinu 15 brani vazbeé s negativnim regulatorem
mdm?2. Aktivaci checkpoint kinas 1 a 2 fidi kontrolni bod G2/M faze. Aktivace BRCA1
pomoci ATM je nutna pro indukci nékterych gend, jako napf. COKNTA (Khanna et
Jackson, 2001).

Zakladnim diferenciaénim agens je kyselina all-frans-retinova (ATRA) pouZiva-
na v terapii akutni promyelocytarni leukerie, kdy vyvolava terminalni diferenciaci
APL blasti do zralych granulocytd (Minucci et al, 2001). Fuzni onkoprotein
PMLRARa se vaZe na promotory RA cilovych gend a zpusobuije jejich represi. Tyto
flzni proteiny plsobi ve formé& komplex(, které obsahuji kromé korepresorli SMRT a
N-CoR také HDAC1. V nepfitomnosti RA PML-RAR zplsobuje vys8i kondenzaci
chromatinu, ktery pak zlistava méné pfistupny. Proto terapie HDACi a RA odvraci
blok diferenciace u APL blastd in vitro a indukuje remisi onemocnéni in vivo tim, Ze
inhibuje resp. uvolfiuje HDAC-RARa flzni represorovy komplex (Ferrara et al, 2001).
ATRA receptorovy komplex je neschopny vazby na promotory cilovych geni kvdli
epigenetickym modifikacim, jako hypermethylace CpG ostrivkil, korepresory a dea-
cetylace histond (Raffoux et al, 2005). Inhibitory HDAC in vitro obnovuji RA tran-
skripdni aktivaci a indukuji diferenciaci primarnich blastl ziskanych od pacientl
s akutni myeloidni leukemii (He et al, 2001).

Zkousky in vitro i in vivo probihaji s celou fadou dal8ich kombinaci chemotera-

peutik jako je TRAIL (Rosato et al, 2003), antracyklinova antibiotika a dalsi.

3.8. KYSELINA VALPROOVA V KLINICKE PRAXI

Epigenetické alterace predstavuji v sou¢asnosti jednu z nejvice zkoumanych
oblasti v klinickém a preklinickém vyzkumu myeloidnich nadorli. Je to pfedevsim
z toho ddvodu, Ze oproti genetickym aberacim je mozné epigenetické zmény farma-
kologicky zvratit a tak obnovit funkci utlumenych gend. Studium se zaméfuje prede-
véim na dvé odlisné skupiny epigeneticky aktivnich latek: inhibitory DNA methyl-
transferas a inhibitory histondeacetylas, které jsme zkoumali v nas8i laboratofi.

Jako prvni zinhibitori HDAC se vpraxi pouzil fenylbutyrat. U pacienta

s cetnymi relapsy po terapii kyselinou retinovou doslo k remisi ocnemocnéni po leché
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fenylbutyratem. Nevyhodou je, Ze fenylbutyrat je po i.v. podani velice rychle odbou-
ravan, a proto se musi podavat ve vysokych davkach, presahujicich 400 mg/kg/den
(Géttlicher et al, 2001). Prvnim inhibitorem HDAC, ktery americky Ufad pro kontrolu
leciv a potravin (Food and Drug Administration, FDA) uznal jako lék, byl v roce 2006
vorinostat neboli kyselina suberoylanilid hydroxamova (SAHA) pro terapii kozniho
T-bunééného lymfomu. SAHA silné indukuje apoptdzu v lidskych leukemickych bun-
kach p53 nezavislou cestou, kiera je &astedné regulovana Bcl-2/Bcl-x. a p21 (Vrana
et al, 1999). SAHA vykazuje antitumordzni aktivitu jak u solidnich, tak hematologic-
kych malignit.

V souéasné dobé je 12 riznych inhibitor(l histondeacetylas ve vice nez stovce
klinickych studiich. Konkrétné kyselina valproova prochazi celou fadou zkousek jako
mozné terapeutikum pro lé¢bu akutni promyelocytarni leukemie a myelodysplastic-
kého syndromu a to jak samostatné, tak v kombinaéni terapii napf. s ATRA nebo
demethylaénimi agens (Kuendgen et Gattermann, 2007).

Pilotni Klinicka studie zahrnovala 23 pacientd s akutni myeloidni leukemii a
myelodysplastickym sydromem (MDS). Kyselina valproova byla podavana v davkach
pro dosaZeni sérové koncentrace 50-100 pl/m! a ATRA 80 mg/m? (Kuendgen et al,
2005). Vieobecna odpovéd (overall response rate) byla 35 %, ale pfekvapive u pa-
cientll [é6enych pouze VA dokonce 44 %. Naopak zadny z 5 pacientll, kteff od po-
¢atku méli kombinaéni terapii, na lIéébu neodpovidal. Odpovéd na monoterapii kyse-
linou valproovou se ukazala lepsi nez na prvofadou kombinaéni lecbu. Je mozné, Ze
pro uvolnéni represe signalni cesty kyseliny retinove je nutna inhibice HDAC. Proto
synergicky G¢inek obou lékl pravdépodobné vyZaduje pfedléCbu pomoci VA (Kuen-
dgen et al, 2004). Nasledujici Sirsi studie se 122 pacienty ukazala response rate
20 %, pfitemz odpovéd byla opét silngjsi u pacientl [eééenych pouze VA oproti kom-
binaci (Kuendgen et al, 2005).

Warell et al. pouzili u pacientky s ATRA rezistentni promyelocytarni leukemii
fenylbutyrat sodny (PB). Leukemické bufky byly eliminovany z kostni diené po
23 dnech lé¢by, kombinaci all-trans-retinové kyseliny a fenylbutyratu doslo ke klinic-
ké a cytogenni remisi (Warrell et al, 1998).

Dvacet pacientll s refraktorni AML. nebo MDS bylo lé¢eno kyselinou valproo-
vou v koncenfraci 10 mg/kg/den pro dosaZeni sérové hladiny 45-100 ug/ml. ATRA
byla pfidana v koncentraci 45 mg/m?/den, kdyz VA dosahla cilené sérové koncentra-
ce. U 30 % pacientl byl pozorovan klinicky benefit (Pilatrino et al, 2005). Stejné
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uspofadéani méla studie s 11 star8imi pacienty (median véku 82 let). Kompletni dfe-
fiova odpovéd byla u tfi z nich, z toho jedna celkova remise, u dalsich dvou doslo
k hematologickému zlepseni (Raffoux et al, 2005).

Hyperacetylace histonl byla spojena s diferenciaci leukemickych bunék, i
kdyZ v rizném rozsahu mezi pacienty, jak ukazaly zmény v morfologii blasth. Zaro-
veii byl patrny pokles nezralych bunék a soudasny narust bunék se specifickou en-
zymatickou aktivitou nebo s markery zralych bunék. Pfedpokiada se, Ze sekvencni
podavani kyseliny all-trans-retinové po valproové synergizuje odpovéd blastd. Klinic-
ka 1é&ba inhibitorem histondeacetylas indukuje hyperacetylaci cilovych genl a mizZe
obnovit citlivost k antileukemickym G&ink(rm ATRA u akutni promyelocytarni leuke-
mie. Podobna terapie by mohla byt uZitetna u jinych neoplastickych onemocneni,
kterd jsou spojena s onkogenni represi genové transkripce vlivem plsobeni histon-
deacetylas (Cimino et al, 2006). Atkoliv VA fadime mezi prvni generaci inhibitort
HDAC, pro svoje obrovské vyhody jako je peroraini aplikace, stabilni sérové koncent-
race, malo neZadoucich Uginkl a dobra tolerance, je valproova kyselina slibnym le-
kem predevsim pro kombinaéni léCbu v terapii akutni promyelocytarmni leukemie
(Kuendgen et al, 2004).
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4. MATERIAL A METODIKY

41. BUNECNE KULTURY A KULTIVACNI PODMINKY

411. MOLT -4

Bunky lidské T-lymfocytarni leukemie MOLT-4 (American Type Culture Col-
lection ATCC, Manassas, VA) byly kultivovany v Iscové& modifikaci Dulbeccova média
(Sigma-Aldrich, s.r.o., Praha, CR) s 20% obsahem fetalniho teleciho séra (FBS; PAA
Laboratories GmbH, Rakousko), glutaminem a antibiotiky (penicilin, streptomycin},
v inkubatoru pfi 37 °C a kontrolované 5% CO, atmosfefe. Kultura byla pasaZovana
kazdy druhy aZ tieti den s kone&nym fedé&nim 2.10° bunék/ml. Bufky jsme poditali
pomoci hemocytometru a integritu bunééné membrany jsme uréovali trypanovou

modfi. PouZity byly bufiky z maximalné dvacaté pasaze.

4.1.2. HL-60

Buriky lidské promyelocytarni leukemie HL-60 (Porton Down, Salisbury, GB)
byly kultivovany v Iscové modifikaci Dulbeccova media (Sigma-Aldrich, s.r.o., Praha,
CR) s 20% obsahem fetalniho teleciho séra (FBS; PAA Laboratories GmbH, Ra-
kousko), glutaminem a antibiotiky (penicilin, streptomycin), v inkubatoru pfi 37 °C a
kontrolované 5% CO, atmosféfe. Kultura byla pasazovana kazdy druhy az tfeti den
s koneénym fedénim 2.10° bunék/ml. Buriky jsme poéitali pomoci hemocytometru a
integritu buné&né membrany jsme ur¢ovali trypanovou modfi. Pouzity byly bunky

z maximalné dvacaté pasaze.

4.1.3. U-937

Buriky lidského histiocytarniho lymfomu U-937 byly kultivovany v Iscové modi-
fikaci Dulbeccova média (Sigma-Aldrich, s.r.o., Praha, C‘R) s 10% obsahem fetalniho
teleciho séra (PAA Laboratories GmbH, Rakousko), glutaminem a antibiotiky (penici-
lin, streptomycin), v inkubatoru pfi 37 °C a kontrolované 5% CO, atmosféfe. Kultura
byla pasaZovana kazdy druhy aZ tieti den s koneénym fedénim 2.10° buné&k/ml. Bufi-
ky jsme poéitali pomoci hemocytometru a integritu bunééné membrany jsme ur€ovali
trypanovou modfi. Pouzity byly bufiky z maximalné dvacaté pasaZe. Kontrolni buriky
U-937 bulk byly transfekovany pouze prazdnym vektorem PSG-MtNEOQO, k burikam
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U-937 PML/RAR jsme 24 hodin pfed experimentem pfidali siran zine&naty 50 mmol/l,
protoZe gen je exprimovan pouze v piitomnosti Zn**. Buiiky byly ziskany a pouZity se

souhlasem profesora P.G. Pelicciho (European Institute of Oncology, Milan).

4.2. FARMAKOLOGICKE OVLIVNENI(

4.2.1. KYSELINA VALPROOVA

Kyselinu valproovou (Sigma-Aldrich, sr.c., Praha, CR) jsme rozpustili
ve fosfatovém pufru (PBS), &im2 byl ziskan zasobni roztok o koncentraci 100 mmol/l,
ktery by! dale fedén kompletnim médiem na poZadovanou koncentraci. Zasobni roz-
tok byl skladovan pfi -20 °C. Exponencialné rostouci linie bunék byly suspendovany
v koncentraci 2.10%ml v kompletnim médiu obsahujicim poZadovanou koncentraci
VA (0,5-10 mmol/l). Buriky byly kultivovany po rizné Sasové intervaly pii 37 °C a 5%
CO:

4.2.2. KYSELINA ALL-TRANS- RETINOVA

Kyselina all-trans-retinova (Sigma-Aldrich, s r.o., Praha, CR) byla rozpusténa
v ethanolu, ¢imz byl ziskan zasobni roztok o koncentraci 1 mmol/l, ktery byl dale fe-
dén kompletnim médiem na poZadovanou koncentraci. Zasobni roztok byl do doby
pouziti uchovavan pfi -20 °C (nejdéle v8ak 1 mésic). Exponencialné rostouci linie
bunék byly suspendovany v koncentraci 2.10°/ml v kompletnim médiu obsahujicim
pozadovanou koncentraci ATRA (1 umol/l). Buiiky byly kultivovany po rizné Casové
intervaly pfi 37 °C a 5% COx,

4.3. OZAROVANI

Exponencialné rostouci linie bunék byla suspedovana v komplethim médiu na
koncentraci 2.10° bunék/ml. Suspenze o objemu 10 ml byla ozafena v 25 cm? kulti-
vaéni lahvidce (Nunc) pii pokojové teploté pouzitim ®°Co jako zdroje gama zafeni
s davkovym pitkonem 0,66 Gy/min. lhned po ozafeni byly lahvicky pfeneseny do in-
kubatoru a inkubovany pfi 37 °C. V urenych intervalech byla odpovidajici €ast sus-

penze odebrana a pouzita k analyze.



4.4. IN VITRO ZKOUSKA KLONOGENITY

Pro hodnoceni pusobeni kyseliny valproové byly burky kultivovany
v kompletnim médiu s rlznou koncentraci kyseliny valproové. Po 3 dnech jsme buni-
ky vyseli na 0,9% methylcelulézu v Iscové médiu se 30 % obsahem fetalniho teleciho
séra a 14 dni je kulfivovali. Pro hodnoceni kontinualni expozice kyseliné valproove
byly buriky kultivovany pfimo na 0,9% methylceluldéze v Iscové médiu se 30% obsa-
hem fetalniho teleciho séra a s rostoucimi koncentracemi kyseliny valproove. VSech-
ny pokusy na polotekutych kulturach byly délany dvakrat. Buniky HL-60 byly navic
stimulovany 10% kondiciovanym médiem z lidské linie bunék 5637 karcinomu moco-
vého méchyfe a ¢tyfmi jednotkami erythropoetinu na 1 ml média. Kolonie (obsahujici
40 a vice bunék) byly pocitany za 14 dni po inkubaci v 5% CO; a 5% O pfi 37 °C.

Pro vypocet hodnoty Dg bylo pouiito kfivek pfeziti, které byly ziskany ozare-
nim bunék stoupajici davkou zareni v rozmezi 0,5-10 Gy. Pro vypocet hodnoty ECsp
bylo pouzZito kiivek pfeZiti, které byly ziskany kultivaci bunék se stoupajici koncentra-
ci kyseliny valproové v médiu. Byly provedeny dva nezavislé experimenty (vzdy

po dvou mereni).

4.5. FLOW-CYTOMETRICKE ANALYZY

Forward scatter (FS)/side scalter (SS) — analyzovali jsme buriky pro zmeény
v intenzité rozptylu svétla FS (koreluje s bunéénym objemem) a SS (koreluje se vzni-
kem apoptotickych télisek ) a porovnavali viéi kontrole. Flow cytometrickou analyzu
jsme provadéli na Coulter Epics XL flow cytometru s 15mW argon-ion laserem
s excitacni schopnosti pfi 488 nm (Coulter Electronic, Hialeah, FL}. Pro kazdy vzorek
bylo sebrano minimalné 10 000 bunék. Ziskana data byla analyzovana za pouZiti
Epics XL Systém Il softwaru (Coulter Electronic).

Analyza obsahu DNA a bunééného cyklu — 5.10° bungk v bundéné suspenzi
bylo dvakrat promyto fosfatovym pufrem a fixovano v 70% ethanolu. Po centrifugaci
a odstranéni ethanolu byly buiky promyty ledové chladnym PBS a suspendovany
v 0,5 ml PBS a 0,5 ml citrat-fosfatového pufru a inkubovany 5 minut pfi pokojové tep-

loté pro extrakci nizkomolekularnich fragmentl DNA. Nakonec byly bufiky barveny
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v 0,5 ml Vindelova roztoku a podrobeny analyze na flow cytometru Coulter Epics XL
(Coulter Electronic, Hialeah, FL, USA). V kazdém vzorku bylo analyzovano minimal-
n& 10 000 bunék. Ziskané vysledky byly zpracovany pomoci programu Multicycle AV
(Phoenix Flow Systém, San Diego, USA) a bylo stanoveno procentualni zastoupeni
bunék v jednotlivych fazich bunééného cykiu a v apoptdze.

Analyza diferenciace pomoci exprese CD11b — pro detekci buneénych povr-
chovych marker(i jsme pouzili protilatku proti lidskemu CD11b konjugovanou

s fykoerythrinem (Immunotech, Marseille, Francie).

Detekce apoptézy — pro detekci apoptdzy jsme pouZili Apoptest-FITC kit (Da-
koCytomation, Brno, CR) dle instrukei vyrobce. B&hem apoptdzy dochazi k expozici
fosfotidylserinu na buné&ném povrchu. Annexin V je fosfolipid vazebny protein, ktery
se v pfitomnosti vépenatych ionti vaéZe selektivné a svysokou afinitou

na fosfatidylserin.

4.6. IMUNOCYTOCHEMIE

Bufiky byly fixovany v paraformaldehydu, permeabilizovany 0,2% Tritonem X-
100/PBS a blokovany 7% inaktivovanym FCS + 2% BSA/PBS. Po inkubaci s primarni
(proti histonu H2AX fosforylovanému na serinu 139; Upstate) a sekundarni protilat-
kou (osli protilatka proti mysim antigeniim konjugovana s isothiokyanatem fluoresce-
inu; Jackson Laboratory, Bar Barbor, ME) jsme ziskali vysledky pomoci Leica DM
RXA fluorescengniho mikroskopu vybaveného konfokalni jednotkou (Yokogawa, Ja-

ponsko).

4.7. ELEKTROFOREZA A WESTERN BLOTTING

V pozadovanych ¢asovych intervalech jsme pfipravili bunécné lyzaty pomoci
pufru s obsahem oktyl-B-D-glucopyranosidu (dezintegrace bunécnych membran) a
o-vanadi¢nanu sodného (inhibice fosfatas).

Obsah bilkoviny ve vzorku byl stanoven pomoci bicinchoninové kyseliny (Sig-
ma-Aldrich, s r.0, Praha, CR).

Lyzaty obsahujici stejné mnozstvi proteinu (30 pg) byly denaturovany pomoci
vzorkového pufru s obsahem SDS a B-merkaptoethanolu a jednotlivé vzorky nasaze-
ny do jamek polyakrylamidového gelu (5-15%). Po elekroforetickém rozdé&leni protei-

nd na zakladé odliSnych molekulovych hmotnosti byly proteiny pfeneseny na polyvi-
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nylidenefluoridovou (PVDF) membranu (BioRad, USA). V$e jsme provadéli v zafizeni
MiniProtean Il firmy BioRad.

Membranu jsme zablokovali v TRIS pufru s 5% obsahem miéka a inkubovali
s primarni protilatkou pfi 4 °C pfes noc za mirného tfepani (anti-acetylovany histon
H3, anti-acetylovany histon H4, anti-yH2AX — Cell Signal; anti-p53, anti-fosforylovany
p53 na serinu 392 — Exbio; anti-lamin B —~ Calbiochem; anti-p21, anti-B-aktin — Sig-
may). Druhy den jsme membranu promyli a poté hodinu inkubovali s patfi¢nou sekun-
darni protilatkou konjugovanou s kienovou peroxidazou (Dako, Dansko). Signal jsme
detekovali chemiluminiscenénim kitem (BM Chemiluminescence Blotting Substrate,
Roche Diagnostic, CR) na modrocitlivych rentgenovych filmech (Foma, CR).

Opticka hustota byla hodnocena pomoci KODAK Image Station 4000MM Digi-

tal Imaging Systém.
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5. VYSLEDKY

5.1. MOLT-4
5.1.1. KYSELINA VALPROOVA

U linie MOLT-4 jsme nejprve pomoci zkousky klonogenity stanovili hodnotu
ECso, coZ je koncentrace kyseliny valproové, kterd vyvola bunécnou smrt u 50 % bu-
nék v kultufe. Bufiky jsme 3 dny kultivovali v kompletnim médiu s kyselinou valproo-
vou o rliznych koncentracich a pak je na 14 dni vysadili na methylcelulézovy gel
s 30% obsahem fetalniho teleciho séra. Hodnota ECso byla po 14 dnech kultivace
uréena na zakladé zachované klonogenni schopnosti bunék, tzn. poéitali jsme kolo-
nie tvofené alespont 40 bufikami. Hodnota ECsp byla stanovena 1,76 mmol/l pro
3-denni preinkubaci s kyselinou valproovou. Pro hodnoceni dlouhodobého Ucinku
kyseliny valproové na burky jsme tyto kultivovali po 14 dni na methylcelulozovém
gelu s 30% obsahem fetalniho teleciho séra a v pfitomnosti rostoucich koncentraci
kyseliny vaiproové. Hodnotu ECsq jsme po 14 dnech kultivace v piitomnosti VA sta-
novili na 0,63 mmol/l. (Obr. 5)

y =0,0136x" - 0,5932x? + 5,436x2 - 36,373x + 100,34
120,00 - RE = 0,9835 120,00 4 y = 4,5384x% + 12,842x2 - 87,525x + 98,707
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= 20,00 4 Lo 20,00 4

0,00 . ‘ . + 0,00 ‘ . . ‘

0 1 2 3 4 ) 05 1 1,5 2

A koncentrace VA (mmolil) B koncentrace VA {mmoffl}

Obr. 5: A) Stanoveni hodnoty EC5, pomoci zkousky kloncgenity u bunék MOLT-4 po 3-denni
preinkubaci s kyselinou valproovou o riiznych koncentracich a nasledné hodnoceni zachova-
nych klonogennich schopnosti bunék 14 dni po vysevu na methylcelulézu. B) Stanoveni hod-
noty ECs, na zékladé zachovanych klonogennich schopnosti po 14-denni inkubaci bunék na
methylcelulézovém gelu s riznymi koncentracemi kyseliny valproové. Poditany kolonie o ale-
spoi 40 buiikdch, pokus proveden dvakrat v duplikatu {celkem 4 méieni).

Viabilitu a proliferaci bunék jsme hodnotili na zakladé& jejich barveni pomoci
trypanové modfi. Zivé burky s intaktni membranou jsou pro trypanovou modi nepro-
stupné, kdezto do mrtvych bunék barvivo vstupuje a barvi je modfe. Koncentrace
2 mmol/l vyvolava v kultufe MOLT-4 inhibici proliferace a mirnou apoptézu, zatimco

koncentrace 4 mmol/l zplUsobuje zanik bunék apoptézou a eradikaci kultury.
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Pro potvrzeni, Zze buiiky umiraji apoptdzou, jsme vyuzili elektroforézy a Western blot-
tingu. Sledovali jsme protein jaderné membrany lamin B, ktery je béhem apoptozy
§tépen kaspasami na fragmenty. Stép se objevuje 24 hodin po zadatku inkubace
s kyselinou valproovou. Plsobeni koncentrace 4 mmol/l vyvolava mnohem silngjsi

apoptotickou odpoved nez 2 mmol/l. (Obr. 6)
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Obr. 6: Vliv kyseliny valproové na viabilitu a proliferaci zivych {(nebarvicich se trypanovou mod-
fi) bunék MOLT-4. Jednotlivé body pfedstavuji primérnou hodnotu ze tif nezavislych experi-
mentd. Blot ukazuje $tép jaderné bilkoviny laminu B jakozto prikaz probihajici apoptdzy po
piisobeni kyseliny valproové o koncentraci 2 a 4 mmoli/l 24 hodin po zadatku inkubace.

Pomoci flow-cytometrické analyzy jsme stanovili procenta apoptotickych bu-
nék po pusobeni riznych koncentraci VA. Bunky, které vstupuji do apoptozy, vyka-
zuji typickou morfologii, kdy dochazi ke kondenzaci cytoplazmy, zmen3eni buriky,
svrasténi jadra a pozdéji k jeho rozpadu a tvorbé typickych apoptotickych télisek.
Pfi flow-cytometrické analyze velikost bunék koreluje s intenzitou svétla prochazeji-
cim v pfedozadnim smeéru (forward scatter), zatimco intenzita v pravém uhlu (side
scatter) koreluje s tvorbou apoptotickych télisek. Po tfidenni inkubaci bunék MOLT-4
se 4 mmol/l VA vstupuje 85 % bunék do apoptozy (oproti 27 % po 2 mmol/l VA) a
po Sestidenni inkubaci se 4 mmol/l VA je 95 % bunék apoptotickych. V pfipadé inku-
bace s 2 mmaol/l pouze 31 %. (Obr. 7)
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Obr. 7: Flow-cytometrickd analyza MOLT-4 bunék po puasobeni kyseliny valproové
v koncentraci 1-4 mmol/l za 3 a 6 dni. Intenzita svételného rozptylu ve forward sméru koreluje
s velikosti bunék, intenzita v pravém thlu-side scatter koreluje s jejich granularitou. Procenta

apoptotickych bunék jsou znazornéna éervené.

Kyselina valproova, jakoZto inhibitor histondeacetylas, vyvolava po 24 hodino-

vé inkubaci v koncentraci 4 mmol/l acetylaci u obou nami sledovanych jadernych his-

ton(t H3 (na lysinu 9) a H4 (na lysinu 12). Histon H4 je k plsobeni kyseliny valproové

citlivejsi, k jeho acetylaci je dostagujici jiz koncentrace 1 mmol/l. Histon H3 vyZaduje

koncencentraci vy$si, a to alespori 2 mmol/l. (Obr.8)
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acetylace histoni H3 a H4 po pdsobeni kyseliny
valproové (4 mmol/l; asova zavislost)
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Obr. 8: Acetylace jadernych histoni H3 (na lysinu 9) a H4 (na lysinu 12). Casova zavislost
po pusobeni kyseliny valproové o koncentraci 4 mmol/l a koncentraéni zavislost 24 hodin po
zacatku plsobeni VA.

Bunky MOLT-4 maji funkéni protein p53, k jehoZ indukci dochazi v ¢asnych
intervalech {maximalni exprese za 2-4 hodiny) po pusobeni kyseliny valproové
v koncentraci 2 a 4 mmolA. Soubé&zné dochazi k fosforylaci tohoto proteinu na serinu
392. V ¢asové navaznosti na protein p53 dochézi k aktivaci proteinu p21, ktery vyvo-
lava zastavu bunééného cykiu v G1 fazi, a tim umoziuje reparaci poskozeni. Tuto
aktivaci se nam podafilo zachytit pouze po pusobeni 2 mmol/l kyseliny valproové
v intervalu 6-24 hodin, koncentrace vy$&i (4 mmol/l) uz aktivaci nevyvolava, posko-
zeni je pravdépodobné pro bufku prili$ rozsahlé a tak vstupuje pfimo do apoptdzy
bez snahy o reparaci. Soub&zné s aktivaci proteinu p53 dochazi k fosforylaci jeho
negativniho regulatoru, proteinu mdmz2 na serinu 166. (Obr. 9)
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Dalsi z proteindl, jehoZ fosforylaci jsme sledovali, je histon H2AX. Tato fosfo-
rylace probiha ve vazbé& na aktivovanou ATM a ATR v Fadu sekund po poskozeni
DNA a slouZi jako indikator poskozeni pro reparaéni proteiny. K fosforylaci na serinu
139 dochézi po 4-hodinovém pusobeni kyseliny valproové v koncentraci 1 mmol/l a
po 24-hodinovém plisobeni koncentrace 2 mmol/l. (Obr. 10)

s 4h

'YH2AX K | 2 4 [mmolfl]
o 1mw* 24 h

2 mmoln B

Obr. 10: Fosforylace histonu H2AX na serinu 139 po pisobeni kyseliny valproové. Blot pfed-
stavuje koncentraéni zavislost fosforylace za 4 a 24 hodin po zagatku piisobeni noxy.
Imunocytochemicka analyza ukazuje fosforylaci histonu H2AX za 4 a 24 hodin po pUsobeni
kyseliny valproové o koncentraci 2 mmol/l,

5.1.2. KYSELINA VALPROOVA V¥ KOMBINACI S IONIZUJICIM ZARENIM

Pfi kombinaci kyseliny valproové a ionizujiciho zafeni dochazi
k synergickému Gé&inku obou nox na kulturu bunék MOLT-4. Samotna kyselina val-
proova o koncentraci 0,5 mmol/l vyvolava pozvolny nastup apoptozy, ktery ale pretr-
vava pomérné diouhou dobu, az 14 dni po zaéatku kultivace, zatimco samostatne
zafeni o davce 1 Gy ma naopak rychly nastup i odeznéni apoptdzy. Pii kombinaci
obou nox dochazi k synergizaci G¢inku, takZze bufky rychle vstupuji do apoptdzy

za soucasného deldiho pfetrvani udinku. (Obr. 11)
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Obr. 11: Procenta apoptotickych bunék (méfeno jako Annexin V pozitivni) po pusobeni kyseli-
ny valproové o koncentraci 0,5 mmol/l samostatné nebo v kombinaci s ionizujicim zafenim o
davce 1 Gy.

Butitky MOLT-4 jsme 24 hodin preinkubovali s kyselinou valproovou
o koncentraci 2 mmol/l a pak je ozafili davkou 0,5 a 1 Gy. Vintervalech 1, 4 a
24 hodin jsme porovnavali fosforylaci histonu H2AX na serinu 139 po plsobeni sa-
motného zafeni a kyseliny valproové proti jejich kombinaci. lonizujici zafeni vyvolava
tvorbu foZisek yH2AX 1 hodinu po ozafenl. S postupujici reparaci DSB dochazi
k poklesu poétu loZisek a 24 hodin po ozafeni davkou 0,5 i 1 Gy je poskozeni témer
reparovano. V ptitomnosti VA je reparace: dvojitych zlomi zfejmé sniZena, nebot
24 hodin po ozafeni v pfitomnosti VA pfetrvavaji v bufikach velka loZiska yH2AX.

U proteinu p53 dochazi k narlistu exprese 4 hodiny po ozafeni jak
po kombinaci s davkou 0,5, tak 1 Gy. Naopak u kombinace po 24 hodinové kultivaci
protein p53 témé&F neni exprimovany. Maximalnimu narlstu exprese proteinu pd3
odpovida i jeho fosforylace na serinu 392, ktera je nejintenzivnéjsi za 4 hodiny
po kombinovaném pulsobeni kyseliny valproové a ionizujiciho zafeni. V navaznosti
na protein p53 dochazi k indukei proteinu p21, a to jednak samostatn& po pisobeni
kyseliny valproové, ale i po kombinovaném uginku, zejména 24 hodin po ozareni
davkou 1 Gy za preinkubace s VA. (Obr. 12)
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5.2. HL-60
5.2.1. KYSELINA VALPROOVA

U linie HL-60 jsme nejprve pomoci zkousky klonogenity stanovili hodnotu
ECso. Bunky jsme 3 dny inkubovali v kultivaénim médiu s kyselinou valproovou
o rznych koncentracich a pak je na 14 dni vysadili na methylcelulozovy gel s 30%
obsahem fetalniho teleciho séra. Hodnota ECsq byla po 14 dnech kultivace stanove-
na na zakladé zachované klonogenni schopnosti bunék, tzn. poéitali jsme kolonie
tvofené alespofi 40 butikami. Hodnotu ECso pfi 3-denni preinkubaci s kyselinou val-
proovou jsme stanovili na 1,8 mmol/l. Pro hodnoceni dlouhodobého ucinku kyseliny
valproové na bufiky jsme tyto kultivovali po 14 dni na methylcelulézovém gelu s 30%
obsahem fetalniho teleciho séra a v pfitomnosti rostoucich koncentraci kyseliny val-
proové. Navic buriky HL-80 je nutné pfi dlouhodobych pokusech kuitivovat v 10%
kondiciovaném médiu z lidské linie bunék 5637 karcinomu mocového méchyie se
&tyfmi jednotkami erythropoetinu na 1 ml média. Pisobenim cytokind jsou pravdépo-
dobné bufiky chranény pfed apoptdézou a hodnota ECs po 14-denni inkubaci
s kyselinou valproovou paradoxné stoupa oproti ECs; méfené po 3 dnech
na 4,02 mmol/. (Obr.13)
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Obr.13: A) Stanoveni hodnoty ECs, pomoci zkousky klonogenity u bunék HL-60 po 3-denni pre-
inkubaci s kyselinou valproovou o riznych koncentracich a nasledné hodnoceni zachovanych
klonogennich schopnosti bunék 14 dni po vysevu na methylcelulé6zu. B) Stanoveni hodnoty
ECg, na zakladé zachovanych klonogennich schopnosti po 14-denni inkubaci bunék na methyl-
celulézovém gelu s ruznymi koncentracemi kyseliny valproové v 10% kondiciovaném meédiu.
Poéitany kolonie o alespoii 40 buiikach, pokus proveden dvakrat v duplikatu (celkem 4 méfeni).
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Viabilitu a proliferaci bunék jsme hodnotili na zakladé jejich barveni pomoci
trypanové modfi. Koncentrace 3 mmol/l vyvolava v kultufe HL-80 inhibici proliferace,
pro indukci apoptdzy je nutné daleko vy$si koncentrace nez v pfipadé bunék MOLT-
4, eradikace kuiltury nastava az po kultivaci s koncentraci 10 mmol/l. Detekovat apo-
ptézu pomoci $tépeni laminu B se nam podafilo pouze po plsobeni 2 mmol/l, a to

nejdfive za 48 hodin po zaatku jejiho plsobeni. (Obr.14)
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Obr. 14: Viiv kyseliny valproové na viabilitu a proliferaci Zivych (nebarvicich se trypanovou
modFi) bunék HL-60. Jednotlivé body predstavuji primérnou hodnotu ze tfi nezavislych expe-
rimentd. Blot ukazuje $tép jaderné bilkoviny laminu B jakoZto prikaz probihajici apoptozy po
plsobeni kyseliny valproové o koncentraci 2 rnmolfl 24 hodin po zaéatku inkubace.

Pii flow-cytometrické analyze jsrne sledovali procentualni zastoupeni bunék
v jednotlivych fazich buné&éného cykiu. Bé&hem &asnych fazi apoptdzy dochazi
k aktivaci endonukleas a $tépeni DNA na fragmenty o nizké molekulové hmotnosti,
které opousti jadro. To se na flow-cytometrickém zaznamu projevi jako vrchol sub-G1
a zaroven dochazi k redukci celkového mnozstvi DNA. Procenta apoptotickych bu-
nék po plsobeni riznych koncentraci kyseliny valproové v zavislosti na ase jsou
vyznacena Cervené. Patrny je pokles poétu bunék v S fazi, ktery je vyvolany zasta-

vou bunééného cyklu v G1 fazi. (Obr. 15)
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Obr. 15: Flow-cytometricka analyza bunééného cyklu u finie HL-60 po pldsobeni kyseliny val-
proové v koncentraci 2 a 4 mmol/l v intervalu 1-6 dni. Procenta apoptotickych bunék uréena na
zakladé sub-G1 peaku a oznatena &ervené, procenta bunék v S fazi oznaena zelené.

Za 72 hodin po zadatku inkubace s kyselinou valproovou (4 mmol/l) dochazi
k acetylaci jaderného histonu H3 na lysinu 9. Histon H4 je stejné jako v pfipadé bu-
nék MOLT-4 k acetylaci citlivéj$i, na lysinu 12 k ni dochazi jiz za 48 hodin po zacatku

inkubace s kyselinou valproovou o koncentraci 2 mmol/l. (Obr.16)
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Obr. 16: Acetylace jadernych histont H3 (lys 9) a H4 (lys 12) u bunék HL-60 po pasobeni kyse-
liny valproové o koncentraci 2 a 4 mmol/l v £asovém intervalu 1-6 dni.

| kdyz burtky HL-80 jsou p53 negativni, dochazi u nich k indukci proteinu
p21. Tato indukce je p53 nezavisla a u bunék HL-60 probiha po pusobeni jak
2 mmol/l, tak 4 mmol/l koncentrace kyseliny valproové a obecné v pozdéjSich ¢aso-
vych intervalech v porovnani s burikami MOLT-4. (Obr. 17)

VA 2 mmol/l

VA 4 mmolfl

Obr. 17: Indukce proteinu p21 u bunék HL-60 po

pusobeni kyseliny valproové v koncentraci 2 a
4 mmol/l (Easova zavislost).

p21
Lt
K 24 48 72 144u]
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5.2.2. KYSELINA VALPROOVA V KOMBINACI S IONIZUJICIM ZARENIM

Stejné jako u bunék MOLT-4 jsme u bunék HL-60 kombinovali uginek kyseli-
ny valproové v koncentraci 3 mmol/l s ionizujicim zafenim o davce 2 Gy. Kyselinu
valproovou jsme pfidavali do média po ozafeni a nasledné bufky kultivovali 1a
5 dni.

Jeden den po ozafeni dochazi k vyraznému zesileni fosforylace histonu
H2AX na serinu 139 v pfitomnosti VA v porovnani se samotnymi noxami plsobicimi
oddélené.

lonizujici zafeni nema vliv na acetylaci jaderného histonu H4, nedochazi ani
k ovlivhéni nebo zesileni U&inku pfi kombinaci obou nox v porovnani se samotnou
kyselinou valproovou. Acetylace vyvolana VA o koncentraci 3 mmol/l pfetrvava i paty
den inkubace.

Indukce proteinu p21 u bunék HL-60 je p53 nezavisla a je patrna
za 24 hodin ve stejné mife po samotné kyselingé valproové jako po kombinaci
s ionizujicim zafenim. Po 5-denni inkubaci s VA jsme jiz expresi proteinu p21 neza-

znamenali. (Obr. 18)

1 den 5 dni
fosforylovany H2AX (ser139) | s o cun U | = o
acetylovany histon H4 {lys12) . O oo
p21 Ay P
K 26y VA 2Gy+VA K 26y VA 2Gy+VA

Obr. 18: Zmény v expresi proteinti H2AX, histonu H4 a p21 1 a 5 dni po plisobeni samotné ky-
seliny valproové v koncentraci 3 mmol/l, po plisobeni ionizujiciho zafeni o davce 2 Gy a pod
vlivem kombinace obou nox.

Bunky jsme 24 hodin kultivovali s kyselinou valproovou o rGznych koncentra-
cich, ozéfili davkou 2 Gy a provedli zkousku klonogenity. Samotné zafeni sniZuje
klonogenni pfeZiti buné&k na 50 %. Pokud byly bufiky inkubovany s VA 24 hodin
pfed ozarenim davkou 2 Gy, hodnota EC+ kiesla na 1,4 mmol/l oproti 3,4 mmol/l po
pisobeni samotné VA (Obr. 19A). Kyselina valproova v koncentraci 1 mmol/l nepd-
sobi vyznamné zmény v zastoupeni bunék v riznych fazich buné&tného cyklu.
24 hodin po ozafeni davkou 2 Gy dochazi k akumulaci bunék v G2/M fazi (56 %) a
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poklesu poc¢tu bunék v S fazi (26 %). Pokud jsme buriky na 24 hodin preinkubovali
s kyselinou valproovou v koncentraci 1 mmol/l a ozafili davkou 2 Gy, tak nedoslo
k pfekonani G2/M bloku (65 %), ale pokles po&tu bunék v S fazi byl vyrazngjsi,

v porovnani s pouze ozafenymi bufikami. (Obr. 19B)
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Obr. 19: A) porovnani schopnosti tvofit kolonie u bunék HL-60 pouze inkubovanych
s kyselinou valproovou proti buiikam 24 hodin preinkuhovanym s VA a potom ozafenym dav-
kou 2 Gy. Hodnota EC70 klesa z 3,4 mmol/l na 1,4 mmol/l. Samotné ozafreni snizi kionogenni
preZiti na 50 %. B) Flow-cytometricka analyza obsahu DNA u bunék HL-60 24 hodin po ozafeni
s nebo bez 24 hodinové preinkubace s 1 mmol/l VA, Procenta predstavuji pocet bunék v S fazi
bunééného cyklu,

Inkubace bunék s kyselinou valproovou o Kkoncentraci 1 mmol/l vedla
po 12 dnech k poklesu Zivotnosti bunék na 65 %, v pfipadé koncentrace 3 mmol/l az
na 10 % oproti kontrole. Ozafeni bunék davkou 2 Gy pak vede k poklesu Zivotnosti
bunék na 76 % za stejny Casovy interval. Pokud zafeni a kyselinou valproovou apli-
kujeme zaroven, dochazi ke kumulaci U¢inku, v pfipadé kombinace VA 1 mmol/l a
zafeni 2 Gy pocet Zivych bunék klesa na 37 % kontroly, v pfipadé kombinace VA
3 mmol/l a zafeni 2 Gy, Zivé bunky jsou téméf eradikovany (Obr. 20A). Za 12 dni
po ozafeni buriky pfekonaly blok v G2/M fazi a prochazi normalnim bunéénym cyk-
lem. Kyselina valproova v koncentraci 1 mmolfl vyrazné neoviiviiuje bunéény cyklus,
zatimco v koncentraci 3 mmol/l zpUsobuje vyrazny pokles bunék v S fazi, coz odpo-

vida sniZené proliferaci. Stejné tak po kombinaci zafeni 2 Gy a kyseliny valproové
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v koncentraci 1 mmol/l nemélo pfilisny vliv na indukci apoptdzy, zatimco kombinace

3 mmol/l a 2 Gy ji vyvolavala ve vétsiné bunek. (Obr. 20B)
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Obr. 20: A) Porovnani proliferacnich schopnosti bunék HL-60 po 12 dnech kultivace
s kyselinou valproovou v koncentraci 1 a 3 mmolfl samostatné proti zafeni o davce 2 Gy a bu-
nék ozafenych a nasledné kultivovanych s uvedenymi koncentracemi VA. B) Zmény zastoupent
bunék v jednotlivych fazich bunééného cyklu 12 dni po kultivaci s kyselinou valproovou {1 a
3 mmo¥/l) samostatné a po ozafeni davkou 2 Gy a po kombinaci obou nox. Procenta oznacuji
pocet bunék v S fazi bunééného cyklu.

Kyselina valproova v koncentraci 1 mmol/l vede k diferenciaci a zvy8ené ex-
presi CD11b (u 17,8 % bunék) bez indukce apoptdzy, zatimco koncentrace 3 mmol/l
zvysuje procento CD11b pozitivnich bunék na 78,3 a apoptdza je indukovana u 65 %
bunék. Tfi dny po ozaieni davkou 2 Gy jsme pozorovali mirny narust CD11b pozitiv-

nich bunék (na 9 %) a stejné tak indukci apoptézy (11,3 % bunék). Nizsi koncentrace

kyseliny valproové v kombinaci s ionizujicim zafenim vyvolavaji predevSim narist
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diferenciace, tedy CD11b pozitivity (36,3 %), u¢inek na indukci apoptézy byl pouze
aditivni (15,4 %). Uginek vy$§i koncentrace VA spolu se zafenim byl odlisny. Dife-
renciace byla porovnatelna s U¢inkem samotné kyseliny valproové, zatimco procento
apoptotickych bunék stouplo na 76,2. Flow-cytometricky zaznam ukazuje, Ze dobie
diferencovane, CD11b pozitivni bufiky, jsou Zivé, bez pozitivity na annexin V. Jakmile
jsou bufiky annexin V pozitivni, exprese CD11b klesd, dokud nedojde ke kompletni
ztraté tohoto diferenciacniho markeru. (Obr. 21)
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Obr. 21: Flow-cytometricka analyza zmén v expresi antigenu CD11b a annexinu V u bunék HL-
60, 3 dny po ozafeni davkou 2 Gy a inkubaci s kyselinou valproovou o koncentraci 1 a
3 mmolil.
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5.3. U-937

5.3.1. KYSELINA VALPROOVA

U linie U-937 jsme pomoci zkousky klonogenity stanovili hodnotu ECso. Bun-

ky jsme 3 dny inkubovali v kultivaénim médiu s kyselinou valproovou o riznych kon-

centracich a pak je na 14 dni vysadili na methylcelulézovy gel s 30% obsahem fetal-

niho teleciho séra. Hodnota ECs byla po 14 dnech kultivace stanovena na zakladé

zachované klonogenni schopnosti bunék, tzn. byly pocitany kolonie tvofene alesporn

40 buftkami a byla stanovena jako 2,54 mmol/l. Pro hodnoceni dlouhodobého ucinku

kyseliny valproové jsme buiiky kultivovali 14 dni na methylceluldéze s rostoucimi kon-

centracemi kyseliny valproové.

pro 14-denni inkubaci. (Obr. 22)

Hodnota ECsy byla stanovena na 2,2 mmol/l
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Obr.22: A) Stanoveni hodnoty EC;, pomoci zkousky klonogenity u bunék U-937 po 3-denni prein-
kubaci s kyselinou valproovou o riiznych koncentracich a nasledné hodnoceni zachovanych
klonogennich schopnosti bunék 14 dni po vysevu na methylcelulézu. B) Stanoveni hodnoty EC5,
na zakladé zachovanych klonogennich schopnosti po 14-denni inkubaci bunék na methylcelul6-
zovém gelu s riznymi koncentracemi kyseliny valproové. Pocitany kolonie o alespofi 40 buiikach,
pokus proveden dvakrat v duplikatu (celkem 4 méfeni).
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U bunék U-937 jsme pracovali se tfemi varietami dané linie, pficemzZ pouze
jedna exprimuje fazni gen PML/RAR.
1. kontrolni bunky U-837 bulk transfekované prazdnym vektorem bez vlioZzeného ge-
nu PML/RAR,
2. bufiky U-937 s vlozenym genem PML/RAR, ale kultivované bez pfitomnosti Zn**
ktery je nezbyiny pro expresi genu,
3. butiky U-937 s vloZzenym genem PML/RAR kuitivované v pfitomnosti Zn**

U v8ech tfi variant dochazi k acetylaci jaderného histonu H3 a to nejdiive
po 8 hodinach pdsobeni VA o koncentraci 4 mmol/l. Pouze u bunék s vioZzenym
PML/RAR genem a kultivovanych v prostiedi Zn?* dochazi kacetylaci jiZ
pfi koncentraci 2 mmmol/l (Obr. 23)

VA 2 mmol/l VA 4 mmol/|
; U937
*® @B pMLRAR -Zn
acetylovany histon H3 (lys9} [ | l — Ig ,}?37 .
| o || - | U997
K 35 2 ® 1 5 A T MWRAR +Zn

Obr. 23: Acetylace jaderného histonu H3 na fysinu 9 po pasobeni kyseliny valproové
v koncentraci 2 a 4 mmeol/l v intervalu 5-72 hodin u linii neexprimujicich fazni gen PMLIRAR (U-
937 bez viozeného genu PML/RAR, s vlozenym genem PML/RAR, ale v nepfitomnosti Zn**) a u
linie exprimujici tento gen (U-937 s vloZenym genem v prostiedi Zn? ).

Histon H4 je opét citlivéj$i k plsobeni kyseliny valproové, k jeho acetylaci
dochazi jiz po phsobeni 2 mmol/l kyseliny valproové a to po 72 hodinach (s vyjimkou
bunek U-937 bez viozeného genu PML/RAR). (Obr. 24)

VA 2 mmol/l VA 4 mmolA

U937

l - - «wenlRRN | PULIRAR Zn

||
acetylovany histon H4 (lys12) | - | —— . | 3@3@;\ R 28
A -uliENRED. | U937
lu 5 u 8 7 i 5 20 % 72 IPMURAR"Z“

Obr. 24: Acetylace jaderného histonu H4 na lysinu po pusobeni kyseliny valproové
v koncentraci 2 a 4 mmol/l v intervalu 5-72 hodin u u linii neexprimujicich fazni gen PMLIRAR
(U-937 bez vlozeného genu PML/RAR, s vloZzenym genem PML/RAR, ale v nepfitomnosti Zn*') a
u linie exprimujici tento gen (U-937 s viozenym genem v prostredi Zn? *).

Burniky U-937 jsou stejné jako buiiky HL-60 p53 negativni, proto u nich do-

chazi k expresi proteinu p21 zplisobem p53 nezavislym, a to velmi vyrazné jiz
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5 hodin po zadatku inkubace s 2 i 4 mmol/l kyselinou valproovou, opét vyjma bunék
U-937 bez viozeného genu PML/RAR. (Obr.25)

VA 2 mmolil VA 4 mmol/l
gl S ”‘! o m U-937
' : ; PML/RAR -Zn
U937
p21 [— A PML/RAR -Zn
. U937 |
K o Tz MHRAR+ZN

Obr. 25; Aktivace proteinu p21 po plsobeni kyseliny valproové v koncentraci 2 a 4 mmol/l v intervalu
5-72 hodin u linii neexprimujicich fGzni gen PML/RAR (U-937 bez vioZeného genu PML/RAR,
s vlozenym genem PML/RAR, aEe v nepfitomnosti Zn*") a u linie exprimujici tento gen (U-937
s vloZzenym genem v prostiedi zZn? ).

5.3.2. KYSELINA VALPROOVA V KOMBINACI S KYSELINOU ALL-TRANS
RETINOVOU

U bunék U-937 jsme kombinovali Gcinek kyseliny valproové v koncentraci
2 mmol/l s diferenciaénim agens kyselinou all-frans-retinovou v koncentraci 1 umol/l.

V pfipadé histonu H2AX dochadzi 72 hodin po zacatku kultivace
k vyraznému zesileni fosforylace na serinu 139 pfi pouZiti kombinace obou kyselin
oproti plsobeni jednotlivych nox samostatné.

Prekvapivé, k aktivaci proteinu p21 dochazi po plsobeni této kombinace

méné ne2li po plsobeni samotné kyseliny valproové. (Obr. 26)

U937 PMLIRAR-Zn  UQ3T+PMLIRAR-Zn U937 +PHLIRAR +Zn
fosforylovany H2AX (ser139) e e |

K A ) A+ K 1 v MK A i Ay

Obr. 26: Fosforylace histonu H2AX na serinu 139 a aktivace proteinu p21 po pisobeni kyseliny
valproové v koncentraci 2 mmol/i samostatné nebo v kombinaci s kyselinou all-frans-retinovou
v koncentraci 1umol/l v intervalu 72 hodin u linii neexprimujicich fazni gen PMURAR (U-937
bez viozeného genu PML/RAR, s vlozenym genem PML/RAR, ale v nepfitomnosti Zn**) a u linie
exprimujici tento gen {U-937 s vloZzenym genem v prostiedi Zn® ).

50



6. DISKUZE

6.1. KYSELINA VALPROOVA,

Podle chemické struktury patfi kyselina valproova do skupiny karboxylovych
kyselin s kratkym fetézcem (SCFAs), stejné tak jako butyrat, fenylbutyrat a fenylace-
tat. Mezi ostatnimi inhibitory histondeacetylas, pravé SCFAs vykazuji nejniZsi Géin-
nost, s hodnotami ICso Fadové v milimolech (Qiang et al, 2004). Nami uréena hodnota
ECso pro VA se u viech tfi leukemickych linii (MOLT-4, HL-60, U-937) pohybovala
kolem 2 mmol/l po 3-i 14-denni inkubaci s kyselinou valproovou. Vyjimkou byla pou-
ze 14-denni inkubace bunék MOLT-4, kde hodnota klesla na pouhé 0,6 mmol/l, nao-
pak po 14-denni inkubaci bunék HL-60 hodnota paradoxné stoupa na 4,02 mmol/l.
Predpokiada se, Ze buikky HL-60 pii 14-denni inkubaci s VA vyZaduiji pro tvorbu ko-
lonii médium s cytokiny (IL-3, SCF, G-SCF), které maji antiapoptoticky efekt (Reza-
¢ova et al, 2006). Z literatury vyplyva, Ze u HeLa bunék byla hodnota I1Csp stanovena
na 0,4 mmol/l (Phiel et al, 2001}, u bunék lidského neuroblastomu 0,5 mmol/l a glio-
mu 1,0 mmol/l {Blaheta et Cinatl, 2002). Rozmezi plazmatickych koncentraci, které
se pouzivaji pfi 16Ebé epilepsie se pohybuje od 0,35 do 0,7 mmol/l (Phiel et al, 2001).
Proto terapeutické hodnoty VA dosahované u epileptickych pacientll jsou dostadujici
pro vyvolani protinadorové aktivity. Nékteré linie (MVV4-11, KOCL-44) byly dokonce
kompletné eradikovany po terapeutickych davkach VA (Kawagoe et al, 2002).

Kyselina valproova vyvolava diferenciaci mnoha buné&énych linii, zejména neu-
roektodermalniho a leukemického plivodu, inhibuje proliferaci a indukuje apoptozu
kultivovanych nadorovych bunék (Kostrouchova et al, 2007).

Diferenciace bunék, identifikovana narustem exprese markeru CD11b, je tzce
spjata s expresi proteinu p21 (viz dale). Buiiky U937 bez funk&niho proteinu p21 ne-
exprimuji diferenciaéni marker CD11b (Blaheta et al, 2005). V nasi praci jsme proka-
zali, Ze u bunék HL-60 dochazi 24 hodin po zacatku pdsobeni 2 mmol/l VA k masivni
aktivaci proteinu p21, ktera pretrvava do 72. hodiny. Na kongci tohoto intervalu témer
véechny bunky exprimuji CD11b (Rezadova et al, 2008). Naopak po vyssi koncent-
raci VA (4 mmol/l) uz je exprese p21 vyrazné mensi a pouze 24 hodin po zacatku

kultivace, za 72 hodin jiz neni patrna a buiiky podléhaji apoptéze (Rezaco-
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va et al, 2008). Je tedy zfejmé, Ze u bunék HL-60 je exprese proteinu p21 je spojena
se zastavou rlistu a diferenciaci bunék, nikoliv s indukci apoptozy.

U nékterych nadorovych linii pozorujeme po plsobeni VA typické znaky pro-
bihajici apoptézy: kondenzaci chromatinu, fragmentaci DNA, externalizaci fosfatidyl-
serinu (PS), uvolnéni cytochromu ¢ z mitochondrii a néslednou aktivaci kaspas 9 a 3.
VA vyvolava apoptdzu jak na kaspaséch zavislou, tak nezavislou cestou. Pfesny me-
chanismus na kaspasach nezavislé apoptotické smrti neni jasny, ale pravdépodobné
je spojena s mitochondrialnim, apoptozu indukujicim faktorem — AIF (Kawagoe et al,
2002). Daldi rozhoduijici udalosti je stimulace proapoptotickych faktorl jako je TRAIL,
receptory smrti 5 (DR5), Fas ligand a Fas a dowregulace antiapoptotickych faktor(,
ovéem tyto uginky nebyly pozorovany u preleukemickych nebo zdravych bunék
(Kuendgen et Gattermann, 2007). Jednim z hiavnich antiapoptotickych faktord, mo-
dulovanych inhibitory HDAC, je pravdépodobné survivin (Facchetti et al, 2004). Pro-
kazali jsme, Ze u bundk HL-60 dochazi nejprve k jejich diferenciaci (vzestup CD11b),
zastavé rastu a poklesu podtu bunék v S fazi. Apoptdza je indukovana az po vyssich
davkach VA (Rezaéova et al, 2006). V kuliufe MOLT-4 jsou po tfidenni inkubaci se

4 mmol/l kyselinou valproovou témér v8echny bufiky apoptoticke.

Primarnim uéinkem Kyseliny valproové na molekularni Grovni je acetylace ja-
dernych histondl H3 a H4 (Géttlicher et al, 2001). Také v nasi praci s leukemickymi
butikami jsme prokazali tuto acetylaci u v8ech sledovanych linii, ale nikdy ne
v intervalu krat$im nez 24 hodin. Histon H4 je v(ci plsobeni kyseliny valproové citli-
v&j§i nez H3, k jeho acetylaci je tfeba niZ8i koncentrace i kratsi inkubacni doba.
| kdyZ existuji rozdily mezi liniemi, v kazdém pfipadé je pro hyperacetylaci histond
nutna kontinualni expozice kyseling valproové, napf. u lidskych gliomovych linii
SF539 a U251 tento stav pietrvava pouze 3 hodiny po odmyti VA. (Camphausen et
al, 2005)

Acetylaci histon(i pfedchazela aktivace nehistonovych Castic jako jsou proteiny
p53 a p21, proto se naskyta otadzka, do jake miry je anti-tumorozni Ucinek VA zalo-
Zeny na pfimé inhibici histondeacetylas a do jaké je dan modifikaci jinych cilovych
molekul, kterych je do sougasné doby znamo vic nez 50 (Dokmanovic et al, 2007)

Zvysenou hladinu proteinu p53 a jeho fosforylaci na serinu 392 u bunék

MOLT-4 (jedina linie s p53 wild typem) jsme detekovali jiz za 2 a 4 hodiny po zacatku
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inkubace s VA, av8ak za 24 hodin, tzn. jesté pred acetylaci histon(, jiz tyto zmény
nebyly patrné. Vysledky byly shodné pro obé studované koncentrace VA (2 i
4 mmol/l). Fosforylace proteinu p53 na serinu 392 probiha pomoci kaseinkinasy I,
tato fosforylace aktivuje protein p53 jako transkripéni faktor a umoznuje jeho sek-
vencné specifickou vazbu (Sakaguchi et al, 1998). Naproti tomu fosforylace na serinu
15 a 37 pomoci DNA-PK, ATM a ATR (l.akin et Jackson, 1999) zabraiuji navazani
negativniho regulatoru proteinu mdmz2, ktery fadime mezi E3 ubikvitin ligasy. Protein
mdm2 jednak katalyzuje vazbu ubikvitinu na protein p53 a tim indukuje jeho degra-
daci v proteasomu, ale také funguje jako represor pb3 zprostiedkovane transkripce,
minimainé podporou exportu p53 z jadra (Brooks et al, 2007).

Ve stejném &asovém intervalu jako fosforylace p53 probiha u bunék MOLT-4
fosforylace mdm2 na serinu 166 (Zaskodova et al, 2006). Tu katalyzuje Akt kinasa a
tim umoZziuje prostup mdm2 do jadra (Meek et Knippschild, 2003).

Protein mdm2 navic miiZze vytvafet komplexy s HDAC1 a tak kontrolovat ace-
tylaci p53 (Ifo et al, 2002). Ta probiha na lysinech 373 a 382 pomoci acetyliransfera-
sy p300 a zvySuje profeinovou stabilitu, protoZe acetylované lysinové zbytky se kryji
s vazebnymi misty pro mdm2 a ubikvitinylaci (Zhao et al, 2006). Kromé HDAC1 dea-
cetyluje p53 i tiida Il HDAC a SIRT1, a tak sniZuji schopnost proteinu p53 tran-
skripcné aktivovat inhibitor bunééného cyklu p21 (Glozak et al, 2005).

V rlznych nadorovych bunkach, i bez funkéniho proteinu p53, dochazi
pfi plsobeni HDACI k narlstu proteinu p21 (Richon et al, 2000; Gui et al, 2004; For-
tunati et al, 2004). U bunék MOLT-4 jsme po inkubaci s 2 mmol/l VA pozorovali ex-
presi proteinu p21, a to jiz 6 hodin po zadatku kultivace. Nardst p21 dosahoval ma-
xima po 24 hodinach inkubace, za 48 hodin jiz nebyl patrmy. Expresi proteinu p21
po 4 mmol/l VA se nam nepodaiilo detekovat, diivodem je pravdépodobné senzitivi-
ta MOLT-4 bunék, kdy poskozeni jsou jiZ pfili§ rozsahla a bunka vstupuje pfimo do
apoptoézy bez zastavy bunééného cyklu a snahy o reparaci.

U linie HL-60 probiha exprese proteinu p21 nezavisle na proteinu pb3
po piisobeni kyseliny valproové v koncentraci 2 i 4 mmol/l, ale v porovnani s linii
MOLT-4 az v pozdéjSim tasovém intervaiu. Poprvé se objevuje 24 hodin po zadatku
inkubace, a v pripadé koncentrace 2 mmol/l pfetrvava az 72 hodin (coZ koreluje
s maximalni expresi diferenciaéniho markeru CD11b}, zatimco po 4 mmol/l pietrvava

pouze 24 hodin.
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U linie U-937 v pfipadé exprese proteinu p21 nachazime rozdily, kdy linie ne-
exprimujici gen PML/RAR aktivuji tento protein v intervalu 24-72 hodin po zacatku
plisobeni 2 mmol/l VA. Po plsobeni koncentrace 4 mmolfi je tato aktivace rychlejsi,
nastava jiz 5 hodin po zadatku plsobeni a pfetrvava stejnou dobu. Jina situace je
v pfipadé linie U-937 s viozenym genem PML/RAR a kultivovana v pfitomnost Zn*,
tedy exprimujici fizni onkoprotein PML/RAR. Zde dochazi k masivni aktivaci proteinu
p21 za 48 hodin po zadatku kultivace s kyselinou valproovou a pfetrvava u silngjsi
4 mmol/l koncentrace pouze v tomto intervalu, u slabsi 2 mmolfl pak mizi az po
72 hodinach.

Vyznam p21 spodiva v regulaci zastavy buné&éného cykiu v G1 fazi. Blok bu-
nék v G1 fazi je spojen s poklesem procenta bunék v S fazi, inhibici proliferace a
cytostatickym uginkem VA. Aktivace proteinu p21 miZe probihat riznymi mecha-
nismy. Po plsobeni inhibitorll histondeacetylas je to pfedevsim p53 nezavisla expre-
se pfes Sp1-vazebné misto na p21 prometoru. Navic acetylované histony H3 a H4
tésné naléhaji k promotoru p21 a tak indukuji zvy3enou p21 expresi (Zhao et al,
2008).

Pfi proteomové studii jsme prokazali, Ze kyselina valproova meni expresi
22 proteindl, z toho u 15 dochazi k downregulaci, a ty Uspésné identifikované jsou
spojeny s mikrotubularnim systémem a hnRNP rodinou (Vavrova et al, 2007). Apo-
ptéza a vyzravani pfedstavuji alternativni bunééné osudy a narugeni normalni dife-

renciace predurcuje bufky k apoptéze.

6.2. KYSELINA VALPROQVA V KOMBINACI

Bez ohledu na davkovaci schéma, kombinace kyseliny valproové a ionizujici-
ho zafeni signifikantné snizuje klonogenni pfeziti leukemickych bunék.

Pokus s kombinovanym G&inkem kyseliny valproove a ionizujiciho zafeni jsme
provadéli ve dvou opaénych schématech: v prvnim jsme buriky preinkubovali s VA,
pak ozafili y-zafenim o rlznych davkach a siedovali zmény hodnoty Dy (davka zafe-
ni, kterou prezije 37 % bunék). Titdenni preinkubace bunék MOLT-4 s 2 mmol/l VA
vedla k poklesu hodnoty Dy z 0,7 na 0,2 Gy.

Ve druhém schématu jsme bunky nejprve ozarili davkou 1 Gy a pak je 14 dni

kultivovali s VA o riznych koncentracich a sledovali pokles hodnoty EC7q (koncentra-
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ce VA, kterou pieZije 30 % bunék). B&hem této kontinualni kultivace s VA po ozareni
davkou 1 Gy se hodnota ECyp snizila z 0,97 mmol/l na 0,38 mmol/l.

Posledni ¢asti pokusu bylo sledovani viivu kombinovaného éinku na indukci
apoptézy. Pokud jsme buriky po ozafeni davkou 1 Gy kultivovali v médiu s 0,5 mmol/l
VA po dobu 14 dni, tak indukce apoptozy byla zfetelné zvySena v porovnani s pouze
ozarenymi bunkami, kde 14 dni po ozafeni davkou 1 Gy byla kultura zcela ozdrave-
na a detekovali jsme pouze Zivé buiky, zatimco v kombinaci bylo témér polovina bu-
nék apoptotickych.

Bunky HL-60 bez funkéniho proteinu p53 jiZz za 24 hodin reaguji na ionizujici
zareni dlouhym blokem v G2 fazi bunééného cyklu. Zastava bunétného cyklu jim
poskytuje ¢as pro reparaci poskozeni vyvolaného ozafenim. Tim se bunky HL-60
stavaji rezistentngjSimi nez bunky MOLT-4, které jsou p53 pozitivni a pe ozareni se
akumuluji pfedevsim v S fazi. Pri preinkubaci bunék HL-60 s 1 mmol/l VA nedochazi
k ovlivnéni G2 bloku, ale je vyznamné sniZzeno zastoupeni bunék v S fazi.

Bufky HL-60 jsme nejprve inkubovali s VA o rlznych koncentracich,
za 24 hodin ozafili a sledovali zmény hodnoty EC7y. 24-hodinova preinkubace bunék
HL-60 s VA pied ozafenim davkou 2 Gy vedia k poklesu EC+5z 3,4 na 1,4 mmol/l.

V opacnem schématu jsme nejprve bufiky ozarili a pak dlouhodobé kuitivovali
s VA. U bunék HL-80 jsme prokazali synergicky efekt VA pri dlouhodobé inkubaci
po ozafeni davkou 2 Gy. Béhem kontinualni kultivace (14 dni) s VA po ozafeni byly i
relativné malé koncentrace VA efektivni v navozeni apoptézy.

Inkubace bunék s 1 mmol/l VA ihned po ozafeni 2 Gy vede k rychlejsi diferen-
ciaci bunék (vzestup CD11b) a béhem 12 dnd dochazi k zastavé ristu a poklesu pro-
liferacénich schopnosti bunék.

Ve srovnani s kontrolni skupinou vede 12-denni kultivace se samotnou VA
k poklesu poctu Zivych bun&k na 65 % (1 mmol/l) resp. 10 % (3 mmol/l). Zafeni
o davce 2 Gy sniZilo za stejny €asovy interval poéet Zivych bunék na 76 % oproti
kontrolni skupine. Pokud kombinujeme obé noxy, tak v pfipadé inkubace bunék
s 1 mmol/l VA po dobu 12 dni od ozafeni poklesl pocet zivych bunék na 37 % a
s 3 mmol/l prakticky Zivé nebyly pfitomny. Zastoupeni bunék v bunééném cyklu se pfi
kombinovaném Uc¢inku 2 Gy a 1 mmol/l VA vyrazné neménilo, az zvySeni koncentra-
ce na 3 mmol/l vyvolalo pokles poctu bunék v S fazi.
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Pfesny mechanismus spole¢ného uginku VA a ionizujiciho zafent zlistava ne-
jasny, k zesileni odpovédi na radiaci pomoci HDACi mize dochazet na rlznych
drovnich.

Prvni z nich pfedstavuji fyzikalni zmé&ny chromatinové struktury, kdy obecne
transkripéné aktivni geny jsou citlivéjsi k cytotoxickym Gcinkim radiace a komprese
chromatinu do struktur vys8ich fadd plsobi jako ochrana DNA pfed radiaci induko-
k bunéénému pfeZiti a zachovanim integrity genomu. Tim, Ze HDACI usnadfiuji jak
relaxaci chromatinu tak genovou transkripci, mohou zesilovat cytotoxicky Uc¢inek za-
feni pres fyzikalni zmény chromatinové struktury (Chinnaiyan et al, 2003). Zmény
v chromatinové struktufe zpGsobené histonovou hyperacetylaci usti ve zvySeni poctu
radiaci indukovanych DSB (Karagiannis et EI-Osta, 2006).

Dal$i mozny mechanismus zahrnuje interakce s reparaénimi mechanismy.
Za citlivy indikator DSB se obecné povazuje fosforylace histonu H2AX, ktera se obje-
vuje u mnoha nadorovych i normalnich bunék. Tato modifikace probiha velice rychle,
v minutach po ozafeni pomoci ATM kinasy. Ta je aktivovana na zakladé zmén chro-
matinu v misté DSB. Soudasné se v mistech dvojitych zlom({ shlukuji rizné dalsi pro-
teiny a vytvafi ,ionizing radiation inducing foci~ IRIF (Vavrova et al, 2007). NejdileZi-
t&j8i funkci t&chto proteinll je oprava zafenim vyvolaného poskozeni DNA. DalSimi
substraty ATM, dilezitymi pro odpovéd na DSB, jsou p53, ktery ma klicovou roli
v kontrole bun&ného cyklu a apoptoéze, mdm2, ChK1 a ChK2, které jsou zahrnuté
v regulaci bunééného cyklu, a BRCA1 a NSB1 ddleZité pro samotnou opravu DSB.
Piesnym mistem pasobeni HDACi miZe byt pfimo ATM kinasa, ktera interaguije in vi-
vo i in vitro s HDAC1 a vytvaii komplex s HDAC aktivitou nebo dal$i senzor posko-
zeni DNA-protein 53BP1, ktery kolokalizuje s HDAC4 v DNA poskozenim indukova-
nych loZiscich. Buriky s nefunkéni HDAC4 se vyznaduji znaénou radiosenzitivitou
(Karagiannis et EI-Osta, 20086).

Béhem apoptdzy, ve fazi fragmentace DNA a chromatinové kondenzace, do-
chazi také k fosforylaci H2AX, tentokrat plsobenim DNA-dependentni protein kinasy
(Mukherjee et al, 2006). U apoptotickych bunék je tento enzym klicovy, zatimco ATM
je pro tento déj postradatelna. Inkubace bunék MOLT-4 s 2 mmol/l kyselinou vaipro-
ovou vede k lehkému narlstu apoptézy jiz po 24 hodinach a béhem 72 hodin stoupa.
Proto roste pocet bunék, které obsahuji loziska s yYH2AX 24 hodin po zacatku inku-

bace, coz je v pozdéjsich asovych intervalech spojeno spisSe s postupujici apopto-
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zou nikoliv s pfimym poskozenim DNA plsobenim VA. Fosforylovany H2AX se loka-
lizuje v mistech zafenim vyvolanych zlomi a jeho disperze je spojena s reparaci po-
Skozeni. V nasich podminkach dochazi k fosforylaci histonu H2AX 4 hodiny po pUso-
beni samotné kyseliny valproové o koncentraci 1 mmol/l (u linie MOLT-4) a
za 24 hodin po pusobeni 4 mmol/l (u linie HL-60). Camphausen et al. neprokazali
stejnou tendenci, zde pisobeni kyseliny valproové o koncentraci 1,5 a 2 mmol/l ne-
vyvolalo fosforylaci proteinu H2AX u linii U251 a SF539 (Camphausen et al, 2005).
Inkubace bunék s HDACI jako jsou MS-275, butyrat sodny (NaB) a trichostatin A
(TSA) pfed ozafenim vede ke zvySené a prodlouzené expresi radiaci indukovanych
yH2AX loZisek (Karagiannis et El-Osta, 2006). Prokazali jsme, Ze i plsobenim kyse-
liny valproové dochazi ke sniZovani reparaénich schopnosti bufiky, protoZe 24 hodin
po ozafeni v pfitomnosti VA pretrvavaji loziska yH2AX, zatimco ve stejném Easovém
intervalu po samotném ozarfeni jsou jiz poskozeni reparovana,

Reparace DSB probiha dvéma hlavnimi cestami — homologni rekombinaci
(HR) a nehomolognim spojovanim koncl (NHEJ). Tyto dva procesy se vyrazne liSi a
funguji komplementarné. Pfi HR se poskozeny chromozom spojuje s neposkozenou
DNA, se kterou sdili rozsahlou sekvenéni homologii. Naopak pii NHEJ se vzajemné
vazi DSBs a neni nutna ani sekvenéni homologie mezi DNA konci ani spojeni posko-
zené nukleové kyseliny s nepodkozenou partnerskou molekulou (Jackson, 2002).
K nejdllezitéjsim faktorGim nutnym pro reparace patfi Ku70, Ku80, které jsou v Uzké
vazbé s DNA-PK, DNA ligasou IV a komplexem Mre11-Rad50-Nbs1 (MRN komplex).
Dalsi mozny mechanismus synergického uc¢inku HDACI s IR spodiva pravé v utlume-
ni téchto proteinl. Chinnaiyan et al. prokazali, Ze SAHA sniZuje expresi DNA-PK a
tak vyfazuje klidovou cestu zahrnutou v reparaci DSB (Chinnaiyan et al, 2005). Cim
$kozeni DNA a apoptoticka odpovéd (Glaser, 2007). Inkubace s HDACI vede ke zvy-
8eni jaderného klusterinu, coz je zafenim indukovatelny protein, ktery vaze Ku-70 a
pfi pfilisné expresi v nadorovych buiikach spousti apoptozu.

Zpasob(, jakymi vysvétlit radiosenzitizujici uinek HDACI, je tedy nékolik, ale
v kazdém pfipadé jsou Uzce spjaty s molekularnimi mechanismy, které snizuji
schopnost bunék opravovat DSB zpusocbené ionizujicim zarenim, s hyperacetylaci
histond vEetné H2AX (Camphausen et al, 2005), zesilenim pro-apoptickych protein(
(Glaser, 2007), a naopak zeslabenim signalli pro pfeziti, které zajistuji radiorezisten-
ci (Chinnaiyan et al, 2005).
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U celé fady odlisnych HDACI byly popsany schopnosti zvySovat citlivost nado-
rovych bunék vidéi ionizujicimu zafeni. SAHA sniZuje expresi DNA-PK, preinkubace
bunék gliomu s TSA pravdépodobné posiluje U€inek p53 a tim jsou nadorove burky
citlivejsi (Kim et al, 2004). Po plisobeni NaB dochazi k acetylaci jaderného histonu
H4 u melanomové bunéné linie i u normalnich bunék, avsak zvy$ena citlivost vici
ionizujicimu zafeni je patrna pouze u nadorovych bunék, proto se zda, Ze radiosenzi-
tizujici Gdinek neni zavisly na stavu acetylace (Munshi et al, 2005). U obou typl bu-
né&k dochazi ke stejnym zménam v distribuci buné&&ného cyklu a expresi p21, avsak
u melanomové buné&éné linie dochazi k narustu proapoptotického proteinu Bax. NaB
sam nezplUsobuje fosforylaci H2AX, na rozdil od VA. Av8ak kdyZ jsou bufhky mela-
nomu ozafeny davkou 2 Gy po 24 hodin dlouhé preinkubaci s NaB, fosforylace histo-
nu H2AX 30 minut po ozaieni je zvy$ena a také pfetrvava déle (Munshi et al, 2005).

Naproti tomu, HDACI maji in vivo radioprotektivni 4€inky na zdravou tkan. Sni-
ZUjl expresi onkogend myc, potladuji zanétlivé cytokiny IL-1, IL-8, TNFa, TGF-B. To-
pické lékové formy HDACI byly testovany pro schopnost zlepSovat poSkozeni kiiZze a
jako ochrana pfed negativnimi pozdné radiaénimi G¢inky na kiZi. Kyselina valproova
a trichostatin A zlep$uji akutni dermatitidu, chrani pfed vyskytem fibrézy a redukuji

pozdni tumorigenezi (Chung et al, 2004).

Kromé ionizujiciho zafeni se VA nebo obecné inhibitory histondeacetylas zdaji
byt vhodnymi agens pro kombinaéni l1écbu s dalSimi chemoterapeutiky, uz jen proto,
ze zpUsobuji remodelaci chromatinu a tak zvy3uji pfistupnost [e¢iv k DNA. Obecné
pfediécba rdznych bunéénych linii s TSA nebo SAHA zvysuje senzitivitu bunék viéi
konvenéni chemoterapii VP-18, ellipticinem, doxorubicinem a cis-platinou (Karagian-
nis et al, 2008).

Soubéiné podavani terapeutickych davek ATRA a HDACI ma synergicky pro-
tinadorovy U¢inek (Epping et al, 2007), efektivné aklivuje utlumené geny regulované
kyselinou retinovou pfi terapii akutni promyelocytarni leukemie (APL), avSak podob-
né Géinky byly pozorovany u jinych typl leukemii a solidnich nador(. Smysl této
kombinaéni terapie spoCiva na dvou pfedpokladech: obé pouzité latky jsou silna dife-
renciaci indikujici ¢inidla a retinoidy U¢inkuji pfes komplex jaderného receptoru, ktery
interaguje s promotory RA-responzivnich gena (Rosaio et Grant, 2003). V APL blas-
tech dochazi k vzgjemné translokaci mezi chromozomem APL a mistem kédujicim

receptor pro RA, pfi¢emz vznikajici fizni proteiny blokuji terminalni diferenciaci he-
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matopoetickych bunék. U normainich bunék je receptor kyseliny retinové napojeny
na DNA responzivni ¢asti RA-regulovanych gen(t a zaroveri tvofi komplexy s HDAC
a dalSimi korepresory jako je SMRT a N-CoR. V této podobé jsou RA-regulované
geny utlumené. V pfitomnosti ligandu dochazi k uvolnéni korepresorového komplexu
a receptor se spojuje s transkripcnimi kofaktory, které zahrnuji proteiny s histonacety-
lasovou aktivitou (Ruthardt et al, 1997). U APL je zménény RA receptor necitlivy
k fyziologickym koncentracim RA, pro aktivaci RA-responsivnich genl je nutna ale-
spofnt 1000krat vy$Si koncentrace nez v pfipadé normalnich bunék (Melnick et Licht,
1999). Kyselina valproova indukuje diferenciaci a apoptézu v AML bunééne linii a
Cerstvych leukemickych blastech synergicky s all-trans-retinovou kyselinou, ale viabi-
litu normalnich hematopoetickych kmenovych bunék signifikantne nepostihuje, nao-
pak zvySuje jejich proliferaci (Bug et al, 2005).

Co se tyka vlivu na expresi proteint a bunéény cyklus, kyselina valproova
v koncentraci 2 mmol/l vyvolava za 72 hodin u bunék U-937 expresi proteinu p21,
mnohem mirnéjsi vzestup tohoto proteinu jsme zaznamenali po plisobeni ATRA
v koncentraci 1uymol/l. Pfi soudasném pouZziti obou nox ale nedochazi k zesileni in-
dukce p21. Stejny trend pozorovali u stromalnich bunék endometria Wu et al., kdy
soubézné podani VA a ATRA nemélo synergicky vliv a nezvySovalo expresi p21
v porovnani se samostatnym pusobenim jednotlivych nox (Wu et Guo, 2007).
Synergicky ucinek jsme naopak pozorovali pfi fosforylaci histonu H2AX, kdy soucas-
ném plsobeni obou kyselin dochazi k mnohem vyraznéjsi fosforylaci oproti plsobeni

latek samostatné.
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7. SHRNUTI NEJDULEZITEJSICH VYSLEDKU

7.1. MOLT-4

¢ hodnota ECso stanovena na 1,76 mmol/l pro 3-denni kultivaci s kyselinou val-
proovou, pfi dlouhodobé kultivaci (14 dni) klesa na resp. 0,63 mmol/l ,

s koncentrace inhibujici proliferaci stanovena na 2 mmolfi,

s pusobeni 4 mmol/ll VA po dobu 3 dni vyvolava apoptézu u 85 % bunék.
Za 6 dni je apoptotickych 94 % buneék,

o acetylace jadernych histoni H3 a H4 probiha nejdfive za 24 hodin po zacatku
inkubace s VA o koncentraci 4 mmol/i; histon H4 k plisobeni citlivéjsi,

» aktivace nehistonovych cilll pfedchazi této acetylaci. Protein p53 je aktivovan
a fosforylovan na serinu 392 jiz za 2 hodiny po zaCatku plsobeni VA
v koncentraci 2 a 4 mmol/l. Paralelné je aktivovan jeho negativni regulator
mdm2 fosforylaci na serinu 166,

e indukce proteinu p21 nasleduje aktivaci p53, ale pouze po plsobeni VA
v koncentraci 2 mmolf,

e lozZiska yH2AX 24 hodin po samotném ozafeni jiz nejsou patrna, ve stejnem
gasovém intervalu v piitomnosti VA dochazi ke snizeni repara¢nich schopnos-
ti a loziska pretrvavaji,

¢ kombinace VA (0,5 mmol/l}) a IR (1 Gy) ma za nasledek zvyS$enou indukci
apoptézy zejména v pozdnich ¢asovych intervalech, za 4 hodiny dochazi
k aktivaci a fosforylaci proteinu p53 ve zvy8ené mife po kombinaci, stejné tak

k indukci proteinu p21, ktera je zvySena i 24 hodin po ozareni.
7.2. HL-60

e hodnota ECsp stanovena na 1,8 mmol/l pro 3-denni inkubaci s kyselinou val-
proovou, pfi dlouhodobé kultivaci je nutné kondiciované médium a hodnota
paradoxné roste na 4,01 mmol/l,

¢ koncentrace inhibujict proliferaci stanovena na 3 mmol/l,

¢ plsobeni 4 mmol/l VA vyvolava po 3 dnech apoptézu u 16 % bunék. Za 6 dni
je apoptotickych 72 %,
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acetylace jadernych histonl H3 a H4 aZ v pozdéjsich intervalech pilsobeni
VA, pfedchazi ji pb3 nezavislda indukce proteinu p21 po Géinku VA
v koncentraci 2 a 4 mmolfl,

kombinaci VA (3 mmol/l) a IR (2 Gy) dochazi za 1 den k zesileni fosforylace

H2AX, indukce p21 zOstava nezménéna.

7.3. u-937

hodnota ECs; stanovena po 3 dnech kultivace sVA na 2,54 mmol/,
pfi dlouhodobé kultivaci mimé klesa na 2,2 mmol/l,

acetylace jadernych histonl nejdfive za 48 hodin po plsobeni VA
o koncentraci 4 mmol/l, po plsobeni koncentrace 2 mmol/l az za 72 hodin,
indukce proteinu p21 24 hodin po zadatku pusobeni VA o koncentraci
2 mmol/l, po plisobeni VA o koncentraci 4 mmol/l jiz za 5 hodin, nejvyraznéjsi
a s jinou dynamikou u linie exprimujici gen PML/RAR,

kombinaci VA (2 mmol/l) a ATRA (1umol/l) dochazi k zesileni fosforylace his-
tonu H2AX.
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8. ZAVER

Cilem nasi prace bylo na molekularni trovni piispét k objasnéni G&inkl kyseli-
ny valproové na tfi odlisné leukemické linie. Pomoci rlznych molekularné biologic-

kych metod jsme prokazali, Ze kyselina valproova zpdsobuje u véech uvedenych linii

¢ inhibici proliferace,

e zastavu bunééného cyklu spojenou s indukci proteinu p21 a nasledné& pokle-
sem poctu bunék ve fazi S bun&éného cyklu,

¢ indukeci diferenciace u bunék HL-60,

s indukci apoptozy.

Primarni uéinkem VA je acetylace jadernych histondl H3 a H4, pfekvapive této
acetylaci pfedchazi aktivace nehistonovych protein, které maji zasadni roli
v regulaci buné&&nych pochodi a rozhodujici vyznam pro indukci reparace poskozeni
DNA, ovlivnéni buné&ného cyklu a indukci apoptdzy. Kyselina valproova se jevi jako
vhodné agens pro kombinaéni terapie, my jsme prokazali jeji synergicky ucinek
s ionizujicim zafenim u linit MOLT-4 a HL-€0, kdy dochazi ke zvy$ené a prodiouZzené
indukci apoptdzy oproti samostatné plsobicim noxam. Na linii U-937 jsme sledovali
kombinovany Gginek VA a diferenciacniho agens kyseliny all-trans-retinove, kiery je
spojeny se zvySenou fosforylaci histonu H2AX.

Epigenetické zmény v dnesni dobé pfedstavuji intenzivné studovanou oblast
ve vyzkumu novych terapeutickych pfistupt v Ié&bé leukemii. Na rozdil
od genetickych alteraci je moZné jejich farmakologické ovlivnéni. Obrovskou vyho-
dou kyseliny valproové oproti ostatnim sloudenindm je, Ze je jiz dlouhou dobu pouZi-
vana v praxi, miiZze byt podavana peroraing, ma dobrou snasenlivost a mirné neza-
douci Uginky. Proto predstavuje se svymi vlastnostmi inhibitora histondeacetylas
slibnou slouéeninu pro terapii pfedev8im leukemickych, ale i solidnich nadorovych

onemocnéni.

62



9. ZKRATKY

AML
APL
ATP
ATRA
Do

DMSO
DNA
DSB
ECso

FCS
FS
GABA
HAT
HDAC
HDACI
HR

HU
ICs0

IR
MDS
MRN komplex

NaB
Nbs
NHEJ
PB
PBS
RA
Rb
RNA
ROS
SAHA
SS
TSA
VA

Pozn: Zkratky a nazvy genu a proteind, pro néz neexistuje ¢esky ekvivalent nejsou

uvedeny.

akutni myeloidni leukemie

akutni promyelocytarni leukemie
adenosintrifosfat
all-trans-retinova kyselina

davka zareni, kterou pieZije 37%
bunék

dimethylsulfoxid
deoxyribonukleova kyselina
dvouvlaknovy zlom DNA
efektivni koncentrace, ktera vyvolava
50% maximalniho udinku

fetalni teleci sérum

forward scatter

kyselina y-aminomaselna
histonacetyltransferasa
histondeacetylasa

inhibitor histondeacetylas
homologni rekombinace
hydroxyurea

inhibiéni koncentrace, ktera vyvola
50% maximalni inhibice
ionizujici zafeni
myelodysplasticky syndrom
Mre11-Rad50-Nbs1 proteinovy
komplex

butyrat sodny

Nijmegen Breakage Syndrome
nehomologni spojovani konct
fenylbutyrat

fosfatovy pufr

retinova kyselina

retinoblastom

ribonukleova kyselina

reaktivni formy kysliku
suberoylanilid kyseliny hydroxamovée
side scatter

trichostatin A

valproova kyselina
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VYZADANO REDAKCT

VYZNAM KYSELINY VALPROOVE V DIFERENCIACI
A INDUKCI APOPTOZY NADOROVYCH BUNEK

Darina Zéskodovi!, Martina Rezdcovd’, Jirina Vivrovd?

Univerzita Karlova v Praze, Lékafska fakulta v Hradei Kralove: Ustav lékafské bio-
chemie!; Univerzita obrany v Brng, Fakulta voienského zdravotnictvi Hradee Kralové:
Katedra radiobiclogie?

Summary: The role of valproic acid in differentintion and inductien of apoptosis in leuke-
mia cells.

A recent interest in valproic acid is concentrated on its newly discovered antitumor acti-
vitics, based on an inhibition of histondeacetylases (HDAC). Inhibitors of HDAC signi-
ficantly affect transcription of genes involved in the regulation of cell cycle, apoptosis
and DNA synthesis by changes of histone acetylation and therefore by changes of ter-
tiary structure of DNA. HDAC inhibitors induce a cell cycle arrest in G1 or G2 phase,
which is followed by differentiation and/or apoptosis. These properties can be used in
the treatment of acute promyelocytic leukemia. During 2 monotherapy with retinoic acid
a resistance and a differentiation blockade is developed in some patients. This undesir-
able effect can be possibly overcome by combined therapy with retinoic acid-and HDAC
inhibitor. The treatment targets fusion protein PML-RAR, which is responsible for the
inhibition of terminal differentiation in blast cells, but also accounts for the sensitivity
to retinoic acid treatment. From the currently tested HDAC inhibitors, valproic acid has
favorable farmacological properties, it is used in the clinical praxis for a long time, and
therefore represents a promising agent not only for the therapy of promyelocytic leuke-
mia.

Key words: Valproic acid; Inhibitors of histondeacetylases; PML-RAR fusion protein;
Apoptosis; Differentiation; Leukemia

Soulirn: V poslednich letech se zdjem o kyselinu valproovou soustfedil pfedeviim na jeji
nové objevené antitumordzni viastnosti inhibitora histondeacetylas {HDAC). Inhibitory
HDAC ovlivnénim acetylace, a tim tercigrni struktury DNA, vyrazn€ plisobi na tran-
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skripci, a to pfedeviim u genll dilezitych pro regulaci bunééného cykiu, apoptézu
a DNA syntézu, V rlizné mife vyvolavaji zastavu bunééného cykle v G1 nebo G2 fazi,
nasledovanou diferenciaci nebo apoptézoun. Tyto viastnosti jsou vyuZitelné pFedevsim pfi
168bé akutni promvelocytarnd leukémie. U uréitého procenta pacientd dochézi pfi mo-
noterapii kyselinou retinovou k rozvoji rezistence a diferencianimu bloku, ktery miiZe
byt prekonan kombinadni terapii kyseliny retinové a inhibitoru HDAC, Cilem plsobeni
je fitzni protein PML-RAR, kiery v blastech blokije terminalni diferenciaci, ale zaroven
zplisobuje citlivast bunék k terapii. Z dosud zkouSenych inhibitortt HDAC ma kyselina
valproova vhodné farmakologicke v]astnastt j& jiZ dlouhou dobu pouZivand v klinické
praxi, a proto pfedstavuje slibny 1€k v terapii negcn akutni promyelocytarni leukémie.

Kyselina valproova (VPA), 2-propylpentanovi kysefina, je osminhlikatd rozvétvend
mastnd kyselina s antikonvulznimi vlastnostmi. Je lékem volby pit 16¢b& nékterych fo-
rem epilepsie, vyuZiva se v terapii bipolarnich poruch a migrény. V poslednich letech se
zdjem soustfedil predeviim na jeji nové obievené antitumordzni vlastnosti (1).
Mechanismem antitumorozniho uéinku se kyselina valproova fadi mezi inhibitory his-
tondeacetylas { HDACT), které na zakladé chemické struktury rozdglujeme do 4 ziklad-
nich skupin:

- Mastné kyseliny s kratkym fetSzcem (napf. butyrét, fenylbutyrat, fenylacetdt, VEPA).

- Syntetické derivaty benzamidu (MS:275, C1-994, N-acetyldinalin).

- Cyklické tetrapeptidy (trapoxin, apicidin).

- Hydroxamové kyseliny (trichostatin A, suberoylanilidhydroxamova kyselina-SAHA)
(11).

Oproti ostatnim mastnym kyselindm ma VPA vyhodu, Ze je jiZ dlouhou dobu (témef
tficet let) pouZivana v klinické praxi, méZe byt aplikovana peroraing, nezidouci uéinky
jsou vzacné a biologicky pologas je 3-4krét deldi nez u fenylacetatu nebo fenylbutyratu,
Koncentrace v rovnovazném stavu se pohvbuje v rozmezi 50~100 pg/mi (0,35-0,7
mM). Hodnoty IC50 byly stanoveny na 0,5 mM pro bufiky neuroblastormu a 1,0 mM pro
bufiky gliomu, z éehoZ vyplyvi, Ze terapentické hodnoty dosahované pfi 1é€be epilepsie
jsou dostadujici pro vyvolani antitumordzniho uéinku (1). Pii podani v téhotenstvi mize
VPA vyvolat malformace a vrozené vady jako napf. defekty neurdini trubice. Mecha-
nismus teratogenity je odliZny od antiepileptického phsobeni (4). PfestoZe mechanismus
antiepileptického pusobeni VPA neni zcela piesné objasnén, velkou roli hraje zejména
ovlivnéni GABAergniho systému. VPA zvySuje hladinu yaminomaselné kyseliny
(GABA) a oviiviije aktivitu nékterych enzymi souvisejicich s metabolismem mozko-
vych bunék (succinat semialdehyd dehydrogenasa, GABA transaminasa a o-oxoghutarat
dehydrogenasa) (2). Naproti tomu teratogenita VPA zfejmé souvisi s inhibici histonde-
acetylas (HDAC), nebot podobny teratogenni Géinek byl prokazén i po trichostatinu A
(10). Piedpoklada se, Zc terapie VPA by mohla byt u€innd v 1é¢bé promyelocytarni leu-
kémie i solidnich nadort (nadory slfeva, prsu a prostaty)..

V zastavé bunééného rlistu, diferenciaci a apoptoze hraje hlavni roli regulace tran-
skripce, ktera je ovliviiovana velkym mnoZstvim faktor(. Jednim z nich je tercidrni struk-
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tura DNA, kiera je uréujici pro piistup transkripénich faktora k jejich cilovym segmen-
tant, a tim pro prabéh transkripee.

DNA eukaryotického jédra je kondenzovédna do vysoce organizovaného chromating.
Zakladni strukturni 3ednotkou, chromatinu je kulovitd &astice ~ nukleosom - o praméru
10 nm. Obsahuje 146 part bazi, které vytvaieii 1,75 levotogivych nadgroubovicovych za-
vitlh DNA kolem proteinového jadra (8). Jadro ma strukturn oktameru, sklada se vidy
ze- dvou stejnych molekul &tyF riznych typl jadernych bilkovin - histent. Histony
H2A a H2B jsou bohaté na lysin a vytvafeji dzmery, které-se spojuji ve vetsi oligomerni
komplexy. Histony M3 a H4 s vysokym obsahem argininu wtvélregl tetramery. Struktura
histonQl je mezidruhoveé znacné konzervativni, coZ znamena, Ze jejich funkce jeu viech
gukaryontii stejna. Histon H1 j je obsaZen v chromatinu v pfiblizné polcwcnun mnozstvi
nez ostatni typy histont a neni soud4sti centralniho oktameru, hachazi se ve ynéjsi &as-
1i nukleosomdl. K chromatinu se vaZe nejslabéji, 1ze ho snadno extrahovat solnym 10Z-
tokem a chromatin se pak stava rozpustnym. Sestaveni nukleosomu je pravdépodobné
zprostfedkovino jadernym protemem nukleoplasminem.

Nukleosomy se déile skladaji do vyssich- struktur chromatinu, které jsou pomcme
dynamické - prochazeji znaénymi zménami, které vedou k aktivaci: nebo represi tran-
skripce. Na silné bazickych amino-terminalnich Gastech histonti probihd 5 typh kova-
lentnich modifikaci: acetylace, fosforylace, metylace, ADPibosylace a kovalentni vazba
na jaderny protein ubikvitin. Nejlépe z nich je prozkoumané acetylace - probiha na ly-
sinovych zbytcich, napf. lysin 8 a lysin 16 na histonu H4, lysin 9 4 lysin 14 na histonu
H3 (7). Acetylace histonovych proteinit neutralizuje pozitivni naboj na lysinovych zbyt-
cich a naruSuje strukturu ‘nukleosomi, coZ usnadnu_;e pristup transkripénich faktorn
k DNA a vyvoldva zmeny v genové expresi..

Acetylace/deacetylace jadernych histont je dana pomérem :aktivit opaéné plsobi-
cich enzymft ze skupiny histonacetyltransferas (HAT) a histondeacetylas (1). Oba typy
enzym{ plisobi na cilové geny v komplexu se sekvenné specifickymi transkripénimi fak-
tory a jejich kofaktory (napf. N-CoR, SMRT) (4). V deacetylovaném stavu jsou nukleo-
somy vysoce kompaktni, nepiistupné k transkripei, a naopak. Proto-zvySeni acetylace
histon® je spojenc s vy§si transkripéni aktivitou a obecné acetylace je ditleZitym mecha-
nismem, kontrolujicim uspefadéani chromatinu a genové regulace.

Inhibitory HDAC fidi pfiblizné:2 % geni, a to predevSim geny ovliviyjici bunéény
cyklus, apoptézu a. DNA syntézu (11). Inhibice aktivity HDAC ‘probiha pravdépodobné
vazbou na katalytické misto, a tak blokadou pfistupu substratu (4). Nékteré inhibitory
HIDAC maii omezené terapeutické vyuziti kvili nizké biclogické dostupnosti in vive
a stejné tak neZddoucim vedlejiim uéinklm pii Géinnych davkach.

Antitumordzni aktivita HDAC nevychazi pouze z jejich schopnosti regulovat acety-
laci histontl, ale miiZe zahrnovat i jiné funkee vietn& acetylace nehistonovych proteint,
napf. p53, E2F retinoblastoma protein. Navie nékteré ze slouéenin nejsou specificke pou-
ze pro HDAC, ale inhibuii take fosforylaci a metylaci proteinii nebo DNA. Dalii z hy-
potéz je, Z¢c HDAC mohou . reaktivoval tumorsupresorové geny, jejichZ aktivita byla
v priibhu neoplastickych transformaci utlumena, napf. gen CDKN1A, ktery koduje
CDXK inhibitor p21 {11).
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Inhibitory HDAC vyvolavaji v rizné mife zéstavu bunécného cyklu v Gi neho G2
fazi, nasledovanou diferenciaci nebo apoptozou, Napf. indukee p21, zprostfedkovana in-
hibitory HDAC, vede k defosforylaci pRb, ktery se nasledng vaZe a inaktivuje E2F, coZ
zplisobuje represi transkripce gend, diileZitych pro pokraCovani bunééného cyklu,
a mide vylstit a7 v zastavu ristu a bunécnou diferenciaci (11). Faktory, uréujici zda né-
dorova buiika po ovlivnéni HDACI zastavi svilj cyklus, podlehne diferenciaci nebo apo-
ptoze, nejsou zatim zcela objasnény, ale ditlefiitou roli hraje typ bufiky, plsobici agens,
davka a interval podani - napf. u bunék linie U937 piisobeni SAHA v nizkych koncen-
tracich vyvolalo diferenciaci, zatimeo ve vy8§ich pak posSkozeni mitochondrii a apoptézu
(11}

Nevhodna represe genty, nutnych pro bundéneu diferenciaci, je spojena s nékterymi
druhy rakoviny, piedeviim s akutni promyelocytarni leukémii (APL). Akutni promyelo-
cylarni leukémie se Fadi mezi akutni myeloidni leukémie, tvofi z nich vice neZ 10 %,
Mortfologicky je pro ni typickd akumulace myeloidnich bunék v promyelocytarnim sta-
diu maturace (13). Geneticky je charakterizovana vzijemnou translokaci, ktera vidy za-
hrnuje chromosom 17 (fize v misté kodujicim o receptor kyseliny retinové - RARQ).
Druhym chromosomem uéastnicim s¢ translokace je pfiblizné v 95 % piipadd APL
chromosom 15 {gen promyelocytirni lenkémie ~ PML), ve zbylych piipadech chromo-
som 11 - geny PLZF (PML zinc finger), NuMA (nuclear matrix-mitotic apparatis), NPM
(nucleophosmin) nebo STATSb (9). Takto vznikié hybridni geny kdduii fuzni proteiny,
které u hematopoetickych prekurzorovych bunék blokuji schopriost podstupovat termi-
nalni diferenciaci, Translokace 15:17 a 11;17 jsou primarni chromosomaélni aberace
a Gasto jsou jedinou cytogenetickou abnormalitou u APL. A&koliv blasty exprimujici
PML-RARe: jsou Klinicky nerozlifitelné od blastd exprimuiicich ostatni fizni proteiny,
riizni se v jedné ddlezité vlastnosti, a to v odpovédi na plisobeni retinové kyseliny (RA).
PML-RARO. APL blasty jsou na rozdil od ostatnich APL blastt vysoce citlivé na far-
makologické davky RA a u vét§iny pacientd IéCenych RA dochazi k remisi (12).

Receptory pro kyselinu retinovou patii mezi jaderné receptory typu [1. Existuji tf
typy RAR: ¢, B, 7. K vazbé na DNA dochazi ve formé heterodimeru s RXR (retinoid re-
ceptor x), kiery opét ma tfi formy. @, 3, ¥. Heterodimer RAR-RXR se'u nékterych genit
vaZe na éasti promotortt, oznaéované jako RARE (retinoic acid response element). V ne-
piitomnosti ligandu - retinové kyseliny - vaZe heterodimer RAR-RXR kromé DNA
korepresory SMRT a N-CoR, které jsou souédst! komplexu dalSich korepresorn, véetné
histon-deacetylasy 1, a tak zménami ve struktufe chromatinu zplisobuje utlumeni cilovych
gend. V pFitomnosti ligandu dochazi k uvolnéni korepresorového komplexu a receptor se
spojuje s transkripénimi kofaktory, které zahrmuji proteiny s histonacetylasovou aktivi-
tou (CBP, ACTR, P/CAF). Modifikace struktury chromatinu pomoci RAR-RXR pFispl-
va ke kontrole transkripce. Piesné detaily mechanismu, ktery pfenddi RA signal
z jadernych receptorll do transkripéniho procesu, nebyly dosud na molekularni Grovni
objasnény.

Fizni protein PML-RAR( zastava v APL blastech dvoji funkei - pfispiva k trans-
formovanému fenotypu a slouZi jako mediator. diferenciace indukované retinoidy.
Zatimco v piftomnosti témér fyziologickych koncentraci RA PML-RAR tlumi tran-
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skripei a blokuje diferenciaci, vysoké.davky RA aktivuji jim zprostfedkovanon genovou
transkripei a bunéénou diferenciaci (4). Fuzni protein PML-RAR« antagomzu;e funkce
piirozenych proteini PML, RARo 2 RXR bez genetické modifikace (wild type - piro-
zeny typ). Fuze zachovava funkéni viechny domeny RARO. s vyjimkou domény A; coZ
je jedna ze dvou domén AF-1, zodpovédnych za transkrmcm aktivaci. PML-RARC se
redy mize vazat na RARE mista v DNA podobné jako RARC bez genetické modifika-
ce, vet§inou ravnez Jalm heterodlmer $ R}(R Heterodlmcry PML RAR(X!RXR vytvam
a uspésné o néj soutem 5 RAR(): PML*RAR(X vaze korcpresory SMRT a N- C‘oR a dalsu
asociované proteiny véetné HDACI, ato snlneji nez RARa. V nepfitomnosti ligandu je
inhibicni Ucinek fuzniho PML-RARw vy&i ne? inhibidni ufinek RAR. Vazebna do-
ména pro retinovou kyselinu je zachovéna, aviak k uvolnéni korepresorii z vazby na
PML-RAR je. zapotiebi zhruba 1000x vy koneentrace RA - zatimeco pro aktivaci
RAR® jsou postadujici koncentrace alltrans retinové kyseliny (ATRA) v Fadu nmol/l,
u PML-RAR®. to jsou mol/l. Tyto fakty jsou v souladu s teorif, Ze PML-RAR plisobi
pit niziich koncentracich retinoidd jako dommanmi negatwm receptor, ktery spotfebo-
vavé kritické komponenty a zabranujc jejich interakei's pfirozenym typem RARaL

Terapeutické davky ATRA (imol/l) tedy prekondvaji zvySenouw afinitu PML-RAR
k represorovym proteiniim a vedou k aktivaci transkripce genil obsahujicich RARE.
Dochézi rovnéz k normalizaci jaderne dlstl‘lbllt ¢ ostatnich slozek komplexu (RXR, pii-
rozeny PML, PLZF), ke zvySené degradaci PML -RAR a ke zvy3ené expresi pfirozené-
ho typa RARo. Inhibitory HDAC by mély potlagit rezidudlni -aktivitu korepresorového
komplexu obsahujiciho prokazatelng HDACI, a tim zvysﬂ: efekt (9). Zatimeo schopnost
blokovat hcmdlcpmeuckcu diferenciaci zavisina neporusené DNA vazebné doméné, RA
cilové geny pravdepodobnc prcdstavu]i downstream efektory PML-RAR. Fuzni protein
blokuje diferenciaci tlumenim RA-zévislych genl zahrnutych v kontmle diferenciace he-
matopostickych prekurzorovych bunék. Studie mechanismu, ktcrym PML-RAR regulu-
je transkripci, jsou limitovany skutenosti, Ze represe Jeste nebyla. analyzovéana
v nativnim chromatinu. V nepfitomnosti RA PML-RAR zvysuje kondenzaci chromati-
nu. ProtoZe trichostatin A dokéZze tento efekt piekonat, piedpokladame, Ze piicinou je
abnormalni zvySovani HDAC akuwly (13). PML-RAR tedy zpisobuje vy3si kondenzaci
chromatinu, ktery pak ziistava méné pHstupny dokonce 1 v pfitomnosti RA.

U pacientl s APL vyvolavé lécba ATRA di ouhodobou remisi u 70 % z nich. Aviak
pii opakované terapii RA dochézi pravidelné k vzniku rezistence 2 nemocny na 1é&Cbu
RA téméf nereaguje, proto se hlﬂdajl nove terapeutlcké pnstupy Z tohoto pohledu pfed-
stavuje. kombinace ATRA s: HDACI slibnou. strategil. PouZivani této kombinace je zalo-
Feno na nékolika pfedpokladech:

1. obé sloucenmy jsou silna diferenciaci induk njici Cinidla

2. retmmdy phsobi pies: Jademy receptorovy kamplex, ktery interaguje s promotory RA-
zodpovidnych gentt: Navic, HDAC podjednotka je integralni ¢asti tohoto korepreso-
rového komplexu, ktery se podili na atlumu iranskripee v ncpnmmm}sn ligandu (11).

Kombinace RA a HDAC by se tedy mohla efektivng vyuZivat v 1écbé APL, a to jak
RA-scnzitivni, tak RA-rezistentni, protoze inhibitory HDAC in vitro obnovuji tran-
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skripéni aktivaci a indukuiji diferenciact primarnich blastit u AML paciettt. HDACI maji
davkove zavislou inhibiéni aktivitu, RA taktéZ znacné inhibuje bunéény rist a jejich
kombinaci ziskdvame kombinaci latek s aditiviim inhibiénim efektem (5).

Jake prvai z inhibitorft HDAC se v praxi pouZil fenylbutyrat. U pacienta s detnymi
relapsy po terapil RA doslo k remisi onemocnéni po 165be fenylbutyratem. Nevyhodou
je, Ze fenylbutyrat je po i.v. podani velice rychle odbourdvén, a proto se musi podavat ve
vysokych davkach, pfesahujicich 400 mg/ke/den.

Dalsj z inhibitortt HDAC, SAHA se nyni nachdzi ve druhém stadiu klinickych zkou-
ek, ale pii 168bE dochdzi k projeviim leukopenie, trombocytopenie a hypotenze (3).

Prvni klinické zkousky s Kyselinou valproovou, jakoZto inhibitorem HDAC, se zada-
ly provadét v Némecku. Osmnict pacienti s myelodysplastickym syndromem (MDS)
a AML bylo lé¢eno samotnou kyselinou valproovou v dévee 346 4 693 uM (50 a 100
ug/ml) a 5 nemocnych kombinaci VPA a ATRA (80 mg/m?/den ve dvou dennich davkach;
den 1.-7., kaZdy druhy tyden). Na lé€bu monoterapii odpovidalo osm osob (tzn. 44 %),
&tyFi pacienti méli pietrvavajici obtiZe a u Sesti dochédzelo k progresi onemocnéni. V piti-
padé kombinované 1ééby doslo u jednoho nemocného ke sniZen{ poctu blastl, u jedno-
ho pacienta pretrvaval stabilni stav a u i do&lo k progresi onemocnéni. Odpovéd na
léébu VPA nesouvisela s pohlavim, vékem, potem krevnich destidek pred terapii, po-
&tem blastlh kostni dfené nebo dévkou VPA. Frekvence transfuzi éervené krevni sloiky,
které predchazely léché VPA, byla signifikantné niZsi u pacientt, ktefi na terapii reago-
vali. '

Vét&l pocet nemocnych reagoval na monoterapli VPA nez na prvofadou kombinaé-
ni lécbu. Je moiné, Ze pro uvolnéni represe signdlni cesty kyseliny retinové je nutna in-
hibice HDAC. Proto synergicky GCinek obou lékt pravdépodobné vyZaduje predlécbu
pomoci VPA. _

Ackoliv VPA fadime mezi prvni generaci inhibitort HDAC, pro svoje obrovské vy-
hody jako je peroralni aplikace, stabilni sérové koncentrace, malo nezadoucich tiéinkd
a dobra tolerance, je valproova kyselina slibnym lékem pfedeviim pro kombinaéni 1é¢-
bu v terapii akutni promyelocytarni leukémie (6).

Literatura

I. Blaheta RA, Cinatl } Jr. Anti-tumor mechanisms of valproate: a novet role for an old drug. Meg¢ Res Rev
200222(3)492-311

2. Johannessen CU. Mechanisms of action of valproate: a commentatory. Neurochem Int 2000:37(2-33:103-10,

3, Gortlicher M: Valproic acid: an old drug newly discovered as inhtbitar of histone deacetylases, Ann Hematol
2004:83(Suppl 13:591-9,

4, Goltlicher M, Minueci S, Zhu P et al. Valproic acid defines a novel class of HDAC inhibitors inducing diffe-
rentiation of transformed cells. EMBCG F 2004;20( 24 ):.6969-78;

5. He LZ, Tolentino T, Grayson F etal. Histone deacetylase infibitors induce remdssion in transgenlc models of
therapy-resistant promyelocytic leukemia. J Clin Invest 2001;108(9):1321-30. '

6. Kuendgen A, Strupp C, Avado M et al. Treatment of myelodysplastic syndromes with valproic acid glone ar
in combination with atl4rans retinoic acid. Blood 2004; 104{5):1266-53.

7. Loo RX, Dean DC. Chromatin remodeling and iransceiptional reguiation. J Natl Cancer Inst 1399,
H{13):1288-94,

8, Marks PA, Richon VM, Rilkind RA. Histone deacetyluse inhibitors: inducers of differentiation or apoptosis
of transformed cells, ] Natl Cancer Inst 2000;92{ 15):1210-8,



9. Melnick A, Licht JD. Deconstrucling a discase: RARalpha, its fusion partners, and their roles in the patho-
genesis of acute promyelocytic levkemia. Blood 1999, D3I036T-218,

1, Phiel CJ, Zhang F, Hoang EY_Gut_*.nIhe_r_MG_La?ar MA, Klein PS. Histone deacetylase is'a dircct target of
valproic acid, a potent anticonvulsant, mood stabilizer, and teratogen. }-Biol Chem 2001;276(39 %367 3441,

11, Rosato RR, Grant §, Histone deacetylase inhibitors in clinical development. Expert Opin Investiz. Drugs
2004;13(1 . 21-38;

12. Ruthard M, Testa U, Nervi C et al. Opposite effects of the scute promyelocylic leukeémia PML-retinoic acid
receptor alpha (RAR alpha) and PLZF-RAR alpha fusion proteins on retinoic acid signalling, Mol Celi Biol
199717 4859-69.

13. Segalia 5, Rinaldi L. Kilsirup-Niclsen C et al. Retinoic acid recepior alpha fusion to PML affects its tran-
scriptional and chromatinremodeling properties, Mol Cell Biol 2003;23:8795-808:

Mzgr. Duarina Zaskodovd,

Univerzita Karlova v Praze,

Lékarskd fakulta v Hradci Kitilove,

- Ustay lékariské biochemie,

S’im_kam 870, 500 38 Hradec Knilové.
e-mail: zaskodovad@lfhk.cuni.cz

173






11.2. Rezatova M, Vavrova J, Vokurkova D, Zagkodova D: |
Effect of Valproic Acid and Antiapoptotic Cytokines on Differentiation and Apop- -
tosis Induction of Human Leukemia Cells.

" General Physiology and Biophysics 2006;25:65-79






Gen. Physiol. Biophys. (2006), 25, 65—T79 65
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Abstract. This work compares effect of histondeacetylase inhibitor, valproic acid
(VA), on proliferation, differentiation and apoptosis induction in two human leuke-
mic cell lines: HL-60 (human promyleocytic leukemia, p53 negative) and MOLT-4
(human T-lymphocyte leukemia, p53 wild type). Incubation with VA caused de-
crease in percentage of cells in S phase of cell cycle. The decrease was more in-
tensive in HL-60 cells, where the cells in S phase were absent 6 days after the
beginning of incubation with VA (4 mmaol/l). 3-day-long incubation of HL-60 cells
with 4 mmol /I VA caused differentiation of these cells, marked by increase in CD11b
and co-stimulatory /adhesion molecule CD86, and induction of a significant apop-
tosis. Annexin V positive cells lost the CD11b antigen. 3-day-long incubation of
MOLT-4 cells with VA (1-2 mmol/1) inhibited proliferation and decreased percent-
age of cells in S phase of the cell cycle. 90% of MOLT-4 cells are CD7 positive. This
CD7 positivity 1s not changed during apoptosis induction (detected as Annexin V
positivity). On the other hand, CD4 marker expression decreases after incubation
with 1-2 mmol/l VA, but during apoptosis induction by 4 mmol/1 VA, most of
the apoptotic Annexin V positive cells were also CD4 positive. Using a clonogenic
survival assay ECyg for 3-day-long incubation with VA was determined. For HL-60
cells, the established ECsy was 1.84 mmol/l, for MOLT-4 cells it was 1.76 mmol/l.
Ability of VA to induce differentiation in HL-60 cells thus does not affect final cell
killing. However, the elimination of the cells was considerably affected by presence
of hematopoietic growth factors. 14-day-long incubation of HL-60 cells with VA
in conditioned medium (source of IL-3, SCF, G-CSF) caused increase in ECyq to
4 mmol/1, while in MOLT-4 cells (cultivation without conditioned medium), the
ECs5p decreased to 0.63 mmol/L.

Correspondence to: Martina Rezdgova, Department of Medical Biochemistry, Charles
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Introduction

It has been found that defects of status of histone acetylation are related to an
expression of many cellular oncogens and tumor-suppressor genes (Gottlicher 2004;
Rosato and Grant 2004; Vavrova et al. 2005). These findings have initiated an
extensive search for substances capable of histondeacetylases (HDAC) inhibition.
Among these compounds, differing greatly in their chemical structure, is a group of
short chain carboxylic acids such as butyrate or valproic acid {VA). VA or sodium
valproate is a commonly used anticonvulsant in the management of epilepsy with
good response rates and an acceptable toxicity. Aberrant recruitment of HDAC by
several acute myeloid leukemia (AML) fusion proteins is required for their capacity
to block myeloid differentiation {Minucci et al. 2001). Gottlicher et al. (2001) proved
that VA at concentrations of 0.3-1 mmol/], which are achieved in a patient serum
during the therapy of epilepsy with a daily dose of 20-30 mg/kg, acts as a potent
inhibitor of HDAC activity. They observed that myeloid differentiation, induced
when leukemic blasts of AML patients are cultured for 5 days in the presence of VA
(1 mmol/1), is comparable to that induced by all-trans retinoic acid (ATRA) and
the best results were obtained by the combination of VA and ATRA. Remarkably,
the combination of retinoic acid and VA treatment induces the appearance of cells
with metamyelocyte or neutrophil like morphology.

Trus et al. (2005) described that VA could miraic or enhance retinoid sensitivity
in the AML cell line, OCI/AMI-2, and in the clinical saunples derived from patients
with AML. Using GeneChip experiment they demonstrated that VA modulated
the expression of numerous genes, including p21, that were not affected by ATRA.
Expression of p21 is related with cell cycle arresi. Kawagoe et al. (2002) studied the
effect of VA on apoptosis induction in the leukemic line MV411 and they showed
that VA induced apoptosis by mitochondrial pathway through eytochrome c release
from mitochondrias and activation of caspases &, 9 a 3. A caspase inhibitor, zZVAD-
FMEK, inhibited the DNA fragmentation caused by VA, but not the cell death.

HL-60 cells of human promyelocytic leukemia induced to undergo maturation
by retinoic acid ultimately die by an apoptotic death, although as a relatively
late event. It becomes apparent that terminal differentiation of leukemic cells and
apoptosis are closely related processes. Rather than a differentiation, probably a
dysregulation of maturation of U937 human levkemia cells leading to apoptosis
would be induced after treatment with phorbol myristate acetate (De Vente et al.
1995). Their data suggest that the decision of a cell to undergo death or differ-
entiation in response to phorbol esters may, in part, be modulated by alterations
within the protein kinase C signal transduction pathway. Vrana et al. (1999) proved
that HDAC inhibitor suberoylanilide hydroxamic acid (SAHA) induces maturation
and apoptosis at HL-60 and U037 cells, SAHA-mediated apoptosis is associated
with decreased mitochondrial membrane potential, caspase 3 activation and poly
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(ADP-ribose) polymerase degradation and is p53 independent, but at least par-
tially regulated by Bcl-2/Bcl-XL, p21 signaling cascade. Tang et al. (2004) found
that VA induces apoptosis in AML patient cell expressing of both P-glycoprotein
and/or MDR-associated protein 1 (MRP1).

In our work we compared the effect of VA in p53 negative HL-60 cells, which are
capable of terminal differentiation after exposure to retinoic acid, and p53 wild type
cells MOLT-4 (human T-lymphocyte leukemia). We found that VA induces apop-
tosis not only through terminal differentiation of cells (HL-60}, but also directly
in ph3 wild type MOLT-4 cells, indicating that the process of apoptosis induction
catsed by HDAC inhibitors is not directly dependent on cell differentiation.

Materials and Methods

Cell culture and culture conditions

HE-60 cells were obtained from the Eurcpean Collection of Animal Cell Cultures
(Porton Down, Salisbury, UK) and MOLT-4 cells were obtained from American
Type Culture Collection (University Blvd., Manassas, USA}. The cells were cul-
tured in Iscove’s modified Dulbecco’s medinm (Sigma) supplemented with 20%
fetal call serum in humidified incubator at 37°C and contrelled 5% CQO; atmeo-
sphere. The cultures were divided every 2°¢ day by dilution to a concentration of
2 % 10° cells/ml. Cell counts were performed with a hemocytometer, cell membrane
integrity was determined using the Trypan Blue exclusion technique. Cells in the
maximal range of 20 passages were used for this study.

Incubation of cells with VA

VA (Sigma) was dissolved in phosphate buffered saline (PBS) to achieve stock
solution of 1 mol/], it was stored at —20°C until required. Two ways of exposure
of cells to VA were used:

1. Cells in exponential growth were seeded at 2—4 x 10°/ml in 25 cm? culture
Hasks and supplemented with 0.1-10 mmol/1 VA. Cells were harvested after 1-6
days of incubation, washed and used for other assay.

2. VA was added to Iscove’s medium containing 0.9% methylcellulose and
30% fetal bovine serum (FBS) (MOLT-4 cells). For HL-60 cells, 10% conditioned
medium (source of interleukine 3 (IL-3), stem cell factor (SCF) and granulocyte
colony stimulating factor (G-CSF)) from human cell line 5637 (urine vessel carci-
noma) were added to higher specified Iscove’s medium. Both cell lines were cultured
in this medium continuously for 14 days.

Cell cycle analysis

Following the incubation, the cells were washed with cold PBS, fixed by 70%
ethanol and stained with propidium iodide in Vindelov’s solution for 30 min at
37°C. Fluorescence (DNA content) was measured with Coulter Electronic (Hialeah,
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FL, USA) apparatus. A minimum of 10,000 cells analyzed in each sample served to
determine the percentages of cells in each phase of the cell cycle, using Multicycle
AV software. Three independent experiments were performed.

CD1ib, CD86, CD4 and CD7 antibody, opoptosis detection

For apoptosis detection we used Apoptest-FITC kit {DakoCytomation, Brno, Czech
Republic). During apoptosis, cells expose phosphatidylserine at the cell surface. An-
nexin V is a phospholipid binding protein which, in the presence of calcium ions,
binds selectively and with high affinity to phosphatidylserine. For detection of cell
surface markers in HL-60 cells we used PE-conjugated anti-human CD11b (Bearl,
1gG1-IM2581) and anti-human CD86 (HA5.2B7, IgG2b-IM2729) - obtained from
Immunotech (Marseille, France). For detection of cell surface markers in MOLT-4
cells we used PE-conjugated anti-human CD7-PE (8HS8.1, IgG2b-IM1429) and
anti-human CD4 (13B8.2, 1gG1-IM0449) - obtained from Immunotech (Marseille,
France).

Flow cytometric analysis

The ability of the cells to scatter light in a forward direction (FS) correlates with
cell volume, while their ability to scatter light in side direction (SS) correlates with
cell granularity. We analyzed VA-treated cells for changes in the intensity of FS and
S8 as compared to untreated control cells. Flow cytometric analysis was performed
on a Coulter Epics XL flow cytometer equipped with a 15 mW argon-ion laser
with excitation capabilities at 488 nm (Coulter Elecironic, Hialeah, FL, USA). A
mininmm of 10,000 cells was collected for each 2-colour sample in a list mode file
format. List mode data was analyzed using Epics XL System IT software (Coulter
Electronic).

In vitro clonogenic survival assay

102-10° eells were plated in Iscove’s medium containing 0.9 % methylcellulose and
30% FBS. HI-60 cells were stimulated by 10% conditioned medium of human cell
line 5637 (urine vessel carcinoma) (used only for HL-60 cells) per 1 ml of medium.
Duptlicate dishes were plated for each experiment. The cells were incubated for 14
days at 37°C in humidified atmosphere containing 5% COg and 5% Oa. Colonies
containing more than 40 cells were scored. For the clonogenic survival data, each
point is the mean from four measurements from two experiments.

Statistical analysis

The results were statistically evaluated with Student’s #test. The values represent
mean + SD (standard deviation of the mean) of three independent experiments.
Statistical significance of the differences of means between comparable sets is indi-
cated.
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Results

Cell growth and viability

Fig. 1 shows the effects of VA on the proliferation rate of the HL-60 and MOLT-4
cell lines. As can be seen from this figure, cultivation of HL-60 cells with 2 mmol/1
VA induced a slight decrease in proliferation in comparison with control cells. Cul-
tivation with 4 mmol/l VA induced high inhibition cf the HL-60 cell growth rate.
The decrease in the proliferation rate observed in HIL-60 cells after addition of 10
minol/ VA was caused by the cytotoxic effect of VA. After 6 days, all cells treated
with 10 mmol/l VA were dead.

As can be seen from the Fig. 1B, cultivation of MOLT-4 cells with 1 mmol/I
VA induced a slight decrease in proliferation in comparison with control cells. Cul-
tivation with 2 mmol/l VA induced high inhibition of the MOLT-4 cell growth rate.
The decrease in the proliferation rate observed in MOLT-4 cells after addition of
4 mmol/l VA was due to the cytotoxic effect of VA. After 6 days, all cells treated
with 4 mmol/l VA were dead.

Clonogenity

Using colony assay we established ECsg value (the concentration, after which 50%
of cells retain their clonogenic capacity and form colonies) of 3-day-long incubation
with VA for HL-60 and MOLT-4 cells. The detected ECgq value for HL-60 cells
was 1.84 mmol/1 VA and for MOLT-4 cells 1.76 mmol/] VA. We also established
ECsyp value for continuous exposure to VA, where VA was added to clonogenity
cultivation dishes {14-day-long incubation). In the case of MOLT-4 cells, the ECsp
value decreased to 0.63 mmol/l (Fig. 2B). HL-60 cells require a 10% conditioned
medium as a source of cytokines (IL-3, SCF, G-CSF) for colony formation. For
HL-60 cells cultured 14 days in presence of VA and conditioned medium, the ECsg
value increased to 4 mmol/] (Fig. 2A).

Analysis of apoptosis

Fig. 3 shows changes in MOLT-4 celis after 3-day-long incubation with VA. Induc-
tion of early apoptosis was monitored mainly by Annexin V positivity, which binds
selectively to phosphatidylserine. We also evaluated changes of forward and side
light scattering, where the intensity of light scattered in forward direction corre-
iates with cell size, and side scatter correlates with granularity. Further we observed
expression of CD7 and CD4 markers and changes in distribution of the cells in cetl
cycle phases.

A cell triggered to undergo apoptosis activates a cascade of molecular events,
which leads to its total disintegration. One of the early events is condensation of the
cytoplasm followed by a change in cell size, shape and granularity. Therefore, we
analyzed VA-treated cells for changes in the intensity of FS and SS as compared to
untreated control, Population of cells with low FS (decrease in size) and high 88 (in-
creage in granularity) appears after incubation with VA in concentration-dependent



70

Rezicova et al.

A 1000 5

number of living HL-60 cells x 10ES/mi

0.1

—uad— Contrel

= &« 4 mmolt

]2 ol

== 10 mmol/l

vy,

1000 -

100 ~

number of living MOLT-4 cetls x 10ES/mi

2 3

time (days)
—t——Contrgl === 1 mmol/l
= A= 2mmoll == 4 mmoll

8.1

time {days}

Figure 1. Kinetics of VA effect on the proliferative rate of the HL-60 and MOLT-4 cell
line. The cells were exposed to various VA concentrations {HL-60 1-10 mmol/1, part A;
MOLT-4 1-4 mmol/l, part B). Numbers of viable cells were determined by Trypan blue
staining. Each point represents mean value from at least 3 experiments &= SEM.

manners. After incubation with 4 mmol/l VA, this subpopulation represents 85%
of cells. Induction of apoptosis was confirmed by Anmexin V positivity, 90% of
control MOLT-4 cells are CD7+ and Annexin V~. The percentage of CD7t and
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Figure 2. Effect of 72 h-long and continuous treatment of HL-60 and MOLT-4 cells
with VA on colony-forming properties. In the case of HIL-60 cells, conditioned medium
providing cytokines (IL-3, SCF, G-CSF} was used. The presence of cytokines protected the
cells from apoptosis during continuous exposure to VA (part A). MOLT-4 cells colonies
were grown in standard cultivation medium {part B). Each point represents mean value
from at least 4 measurements - SEM.

Annexin V7 cells increase in concentration-dependent manners (from 8% in control
cells up to 87% in cells exposed to 4 mmol/l VA). 48% of control MOLT-4 celis
are CD471 and Annexin V. After incubation with VA, this subpopulation signif-
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Figure 3. Changes in MOLT-4 cells after 3-day-long incubation with VA. The cells were
treated with increasing concentrations of VA (from top row to bottom: control, 1 mmol/1
VA, 2 mmol/l VA, 4 mmol/1 VA) for 72 h, harvested and analyzed by flow cytometry.



Effect of VA and Cytekines on Differentiation and Apoptoesis 73
LIGHT CD11b/
SCATTER ~ ANNEXINV CDB8e
g e e ]
[ ?.} 9%
§ &
8.
B a
g O,
£ {;
& ot TR TR e
. CD86-PE
3 Teo% 6%
53 M
ﬁ w® 1%
[+R
S
B 5
2 3]
Rk
. R
1073 Ty o ™ T ot Y T e
) Annexin V-FITC DA6-PE
| Ta7% 52% ] .
5 - 81%
g w
A
§ 5
2], )
e R, —
n o 1! LY 1@y o+ 10°? .40%
Side Scatter ™ Annexin V-FITG CDB6-PE
“ Te% 8% y
] % g 89%
id
; ;
&
] = ;
Q g
9% ol .
= T iy P s e TP Jo T T i 10! 0 107 1o
Side Scatter Annexin V-FITC CD86-PE

Figure 4. Changes in HL-60 cells after 3-day-long incubation with VA. The cells were
treated with increasing concentrations of VA {from top row to bottom: control, 2 mmol/1
VA, 4 mmol/l VA, 10 munol/! VA) for 72 h, harvested and analyzed by flow cytometry.
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Figure 5. Kinetics of distribution of cells in S phase of the cell cycle after VA treat-
ment. The cells were exposed to various VA concentrations (HL-60 1-10 mmol/l, part A;
MOLT-4 1-4 mmel/], part B). Numbers of viable cells is § phase were determined using
flow cytometric DNA analysis. The graph shows percentage of cells in 5 phase from viable
cells only. Each point represents mean value from at least 3 experiments = SEM,

icantly decreases (only 12% of cells after incubation with 1 mmol/l VA). This is
accompanied by increase in CD4% /Annexin VT subpopulation (from 8% in contrel
cells up to 83% in cells exposed to 4 mmol/1 VA). It is interesting that the cells
maintain CD7 and CD4 markers even during apeptosis.

Similar analysis for changes in HL-60 cells after 3-day-long incubation with VA
is shown on Fig. 4. We evaluated changes of 'S and 8§, positivity of Annexin V
staining and expression of CD11b and CD86 markers. Population of cells with
low IS and high SS appears after incubation with VA in concentration-dependent
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Figure 6. Apoptosis and cell cycle changes after treatment by VA. The MOLT-4 and
HL-60 cells were treated with 4 mmol/l VA for 1 to 6 days, harvested and analyzed by
flow cytometric detection of DNA content. Apoptotic cells are detected as subG1 peak.
Sample results of 1 of 3 experiments.

manners. After incubation with 4 mmol/1 VA, this sabpopulation represents 81 %
of cells. 6,8% of control cells are CD11bt and Annexin V—. After incubation with
the lowest tested concentration — 2 mmol/] VA, nearly all cells are CD11b positive,
which proves ability of VA to induce differentiation of HL-60 cells. 89 % of cells were
CD11bt/Annexin V™ and 6% CDL1ib'/Annexin V. After exposure to higher
concentrations of VA, CD11b" /Annexin VT subpopulation prevails. After 3-day-
long incubation with 10 mmol/]1 VA, nearly all cells are apoptotic. Alsc expression
of CD86 increases after 3-day-long incubation with 2 ramol/1 VA (61%) and further
increases with increasing concentration of VA (10 mrooi/1 VA, 89%).

Analysis of cell eycle

In next part of our work we analyzed distribution of the cells in cell cycle phases
using flow cytometric DINA content analysis. Most significant changes were observed
in percentage of cells in S phase. The results are shown on Fig. 5. The percentage
of cells in § phase of cell cycle decreased in concentration dependent manners
and intensified with the time of incubation. The decrease in S phase in HL-60
cells was significant already after 24 h-long incubation with 4 and 10 mmol/] VA,
The decrease in S phase in MOLT-4 cells is significant, but less pronounced in
comparison to HL-60 cells. Fig. 6 shows the time course of cell cycle changes and
apoptosis detected by subG1l peak after the treatment of HL-60 and MOLT-4 cells
by VA during 6 days. Significant changes in distribution of cells in cell cycle phases
- progressive decrease in S phase cells (see alsc Fig. 5) from 24 to 144 h of VA



76 Rezddova et al.

treatment and accumulation of cells in G2/M phase after 24 h of VA treatment
could be seen in both cell lines. During first 3 days, the increase in apoptotic
subpopulation is more intensive in MOLT-4 cells, as VA in HL-60 cells induces
mainly differentiation in the beginning of the treatment.

Discussion

The results obtained in this work prove that VA stimulates differentiation of HL-
60 cells and acts as hichly potent inducer of apoptosis in human leukemia cells of
myeloid (HL-60) and T lymphocyte (MOLT-4) origin. Our data corresponds with
findings of Gottlicher et al. (2001), who proved induction of apoptosis by VA in
leukemic blasts of AML of patients after 5-day-long incubation with 1 mmel/1 VA,

It is generally accepted that there is a close relation between differentiation
and apoptosis. Almost the same ECsg value (1.8 mmol/1) was established for both
MOLT-4 and HL-60 cells after 3-day-long incubation with VA. Slow apoptosis is
also induced in the case of continuous incubation of MOLT-4 cells (on the clonogen-
ity dishes, where VA is added directly to cultivation medivm with methylcelulose]
and therefore the ECso value decreases to 0.63 mmol/1. HL-60 cells are cultured for
clonogenity determination in presence of conditioned medium providing cytokines
(IL-3, SCF, G-CSF), which have antiapoptotic effect. During continuous exposure
to VA in this model the cells were resistant to apoptosis induction and ECsg value
paradoxically increased to 4 mmol/1l. The curve exhibits a long plateau up te VA
concentration 3 mmol/! (where the loss of clonogenity was not considerable) fol-
lowed by & linear part of the curve. After exposure o concentrations 5 mmol/1 and
higher all cells lost colony-forming ability. Antiapoptic effect of cytokines (IL-3,
SCF and FLT3-ligand) on hematopoietic stem cells after #n vitro irradiation was
described by Vavrova et al. (2002}, In their work they proved that in vitro ir-
radiation of AC1337 cells isolated from peripheral blood of healthy donors after
mobilization induces apoptosis in 80% of thege cells 72 h after irradiation by 2.5
(3y. However, in presence of cytokine combination 1L-3+SCIF+FLT3-ligand, sur-
viving 20% of cells are able to divide and on 7% day after irradiation, 35% of
cells are in S phase of cell cycle. Results of our work also emphasize importance
of culture medium, as in the presence of antiapoptic cytokines, the cells treated
by VA only differentiate and apoptosis is minimal. From the clinical point of view
an important finding is (Bug ei al. 2005; De Felice et al. 2005), that VA, known
to induce differentiation or apoptosis in leukemic blasts, stimulates the prolifer-
ation of normal CD341 hematopoietic stem cells in presence of cytokine coctails
(IL-3+S8CF-+FLT3-ligand +trombopoetin) and therefore increases expansion poten-
tial of these cells.

‘We detected that incubation of HL-60 cells with VA after causes differentia-
tion, as after 3-day-long exposure to 2 mmol/l VA nearly all cells gained CD11b
positivity. In humans, integrin CD11b is strongly expressed on myeloid cells, and
weakly expressed on NK cells and some activated lymphocytes. In our previous
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work (Marekova et al. 2003) we have described differentiation and apoptosis in-
duction in HL-60 cells after incubation with ATRA. It seems that VA, similarly as
ATRA, triggers in these cells an aberrant differentiation program, a phenomenon
known to lead to apoptosis. Similar results were obtained in HL-60 cells after
3-day-long incubation with other HDAC inhibitors, such as SAHA (Vrana et al
1999) or butyrate (Maeda et al. 2000). Maeda et al. (2000) proved in AML cell lines
that sorme of HDAC inhibitors (i.e. butyrate and trichostatin A) increase expression
of CD86 and ICAM-1 molecules. They also proved that in 30 clinical AML sam-
ples, CD86 expression was significantly increased after treatment with butyrate.
CD36 (also called B7-2) is capable of binding the receptors CD28 and CTLA-4.
Tts binding to CD28 provides critical co-stimulatory signal enabling activation
of T-lymphocytes. In contrast to the stimulatory effects of CD28 ligation, CTLA-4
acts as an inhibitory receptor that is vital for down-modulation of the immune
response. In our experiments VA induced increased expression of CD86 in HL-60
cells. However, the immunomodulatory effects of HDAC inhibitors are poorly un-
derstood. These studies show that HDAC inhibitors, including VA, can enhance
expression of co-stimulatory/adhesion molecules in AML cells. It was found that
during allogenic transplantation of bone marrow, the antileukemic immune re-
sponse (graft versus leukemia) occurs and that donor T-lymphocytes play an im-
portant role in residual leuketnic cells removal. Expression of CD86 on the surface
of leukemic cells iz related to T-lymhocytes interactions and killing (Maeda et al.
2000). 1t is becoming apparent that VA in AML cells can be used as suppressor of
cellular growth, inductor of differentiation and apoptosis and also as immunother-
apeutic agent.

VA causes quick apoptosis also in MOLT-4 cells, which do not differentiate.
Interesting observation is that percentage of CD4T /Annexin V- dramatically de-
creases after exposure of MOLT-4 cells to all tested concentrations of VA, but
CD7%/Annexin V~ subpopulation is significantly affected only after the highest
VA concentration (4 mmol/1}. The fact that most of Annexin V+ MOLT-4 cells
probably recruit from CD4 positive subpopulation deserves further elucidation.
However, it is clear that apoptosis induced after incubation with VA can be initi-
ated without connection with previous differentiation of cells.

In MOLT-4 cells, the concentrations 1-2 mmol/] of VA had mostly cytostatic
effect during 6-day-long incubation. The number of cells in the S phase of cell
cycle decreased significantly, as well as the ability of the cells to form colonies, The
highest concentration studied {4 mmol/1) had cytotoxic effect. Apoptosis induction
by VA in concentration 4 mmol/1 in MOLT-4 cells was proved by presence of subG1
peak in DNA content analysis and by Annexin V binding accompanied by retained
expression of CD4 and CD7 markers. MOLT-4 cells quickly transform from early
apoptotic phase to late apoptotic phase, which is not detectable by subG1 peak,
therefore part of late apoptotic MOLT-4 cells are not analyzed by DNA content
analysis.

In both cell lines, VA inhibits proliferation of the cells which corresponds to
observed decrease in percentage of cells in S phase of cell cycle. MOLT-4 cells enter
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apoptosis more quickly. The importance of mitochondrial pathway of apoptosis
induction by VA is still in question. Our preliminary results indicate significance
of ph3 increase and its phosphorylation in MOLT-4 cells. Tuture studies should
further concentrate on molecular mechanisms important in proliferation inhibition
and apopiosis induction by HDAC inhibitors.
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ABSTRACT: Valproic acid (VA), a histone deacetylase inhibitor (HIDACT),
in vitro induces differentiation of promyelocyte leukemia cell (HL-60)
and proliferation arrest and apoptosis of various leukemia cell lines.
Iin MOLT-4 cells (human T lymphocyte leukemia) the cell cycle arrest
is caused by 2 mM VA, while 4 mM VA induces mainly apoptosis. In
our work we studied effect of VA on melecular mechanisms responsi-
ble for cell cycle arrest (2 mM VA) or apoptosis induction (4 mM VA).
The aim of our article was to evaluate a cotreatment by low (cytostatic)
concentrations of VA with ionizing radiation and an effect of this com-
bination on apoptosis induction in tumor cells MOLT-4. We prove that
24-h long incubation with VA causes acetylation of histones H3 and H4
in concentration-dependent manners. During first hours after the begin-
ning of cultivation with VA in both studied concentrations (2 and 4 mM}
an increase of p53 and its phosphorylation on serine 392 is detected, as
well as a phosphorylation of Mdm?2 on serine 166. After 8 and 24 h afier
the beginning of cultivation with 2 mM VA we detect p21, which is not
observed after exposure to 4 mM VA, Cleavage of lamin B to 46 kDa
fragment as an indicator of apoptosis was apparent after 24-h long incu-
bation with 4 mM VA. In this article we prove radiosensitizing effect of
VA. After 3-days long cultivation of cells with 2 mM VA the Dy value de-
creased from 0.7 to 0.2 Gy. Also the EC70 value fell from 0.97 to 0.38 mM
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when the cells were irradiated with a dose of 1 Gy before the contirual
cultivation with VA. Continual cultivation of MOLT-4 cells irradiated by
the dose of 1 Gy with VA caused during 14 days after irradiation signifi-
cant increase of apoptotic cells in comparison to the cells exposed to only
one factor. As a conclusion it can be postulated that continual exposure
of MOLT-4 cells to VA increases apoptosis and decreases colony-forming
capacity of the cells irradiated with small dose of radiation,

Kryworps: valproic acid; ionizing radiation; apoptosis; p53; Mdm2;
p21

INTRODUCTION

Valproic acid (VA) (2-propylpentanoic acid) is a short chain fatty acid with
anticonvulsant properties. Moreover, during the past years it has become evi-
dent that VA possesses antitumor properties of an inhibitor of histone deacety-
lases (IIDAC).!

Histone acetyltransferases and HDAC are two antagonistic enzymatic groups
responsible for chromatin remodeling. In transcriptionally silent cells, the nu-
clear histones are hypoacetylated on Iysine residues of their NH; terminal
tails, so that the chromatin forms a compact mass inaccessible for transcrip-
tion factors. Whereas the acetylation on the lysine residues neutralizes the
positive charge, which makes the chromatin unfolded and the transcription
can proceed. Histone acetylation constitutes a key mechanism controlling chro-
matin remodeling and gene regulation. Thus the histone deacetylases inhibitors
(HADCI) influence the expression of approximately 2% of genes, especially
genes important for cell cycle regulation and induction of differentiation and/or
apoptosis.

Three days long incubation of leukemic cells HL-60 and MOLT-4 with VA
inhibits proliferation, decreases number of cells in S phase of the cell cycle
and induces apoptosis.? EC50 value measured by colony-forming efficiency
is 1.8 mM VA for both leukemic cell lines.

Also ionizing radiation is an important apoptosis inductor at leukemic cell
lines MOIT-4 and HL-60. In contrary to the HL-60 cells (which are p53 neg-
ative), the MOLT-4 cells express functional p53 and exhibit greater radiosen-
sitivity.>* It is generally accepted that ionizing radiation causes double-strand
break (DSB) of DNA, which trigger Ataxia-telangiectasia mutated kinase
(ATM kinase) activation.® Activated ATM kinase triggers phosphorylation of
other targets, mainly p53, Mdm?2, Chkl, and Chk2. These phosphorylations
are followed by further processes related to cell cycle arrest and reparation
of radiation-induced damage or apoptosis induction. During the first hours
(2-6 h) after the irradiation by a high lethal dose of 7.5 Gy we proved accu-
mulation of p53 and its phosphorylation on serine 15 and serine 392. The p21
upregulation followed (4—6 h) the p53 phosphorylation process.’
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It is known from literature® that accumulation of p21 appears after treatment
of tumor cells by HDACT and that this accumulation is p53 independent, as it
was detected also at cells lacking p53.7 8 In unstressed cells, p33 is maintained
at low levels through target degradation by its key negative regulator Mdm2.”
Mdm?2 is an E3 ligase that ubiquitylates a defined set of lysine residues at the
C terminus of p53 and thus triggers its rapid degradation by proteasomes or
promotes its nuclear export.'”

It is presumed that apoptosis induced in tumor cells after exposure to HDACI
is mediated by mitochondrial pathway. Kawagoe ef al.!! described effect of VA
on apoptosis induction at leukemic cell line MV411 and they found that VA
induces apoptosis by initiation of mitochondrial pathway through cytochrome
¢ release from mitochondria and further activation of caspase 8, 9, and 3. A
caspase inhibitor, zZVAD-FMK, inhibited the DNA fragmentation by VA but
not cell death.

In our study we evaluated effect of cytostatic (2 mM) and cytotoxic (4 mM)
concentration of VA on postiranslational modifications of histones H3 and H4
and proteins p53 and Mdm2, While acetylation of H3 and H4 and phospho-
rylation of p53 and Mdm2 was detected after both concentrations, p21 was
upregulated only after cytostatic (2 mM) concentration.

Because of many tumor cells exhibit aberrant regulation of gene expres-
sion and primary activity of HDACIT is to regulate gene expression, one of
possible approaches in antitumor therapy is their combination with other anti-
tumor agents.’? Rosato and co-worker!? proved synergic interactions between
HDACI SAHA (suberoylanilide hydroxamic acid) or sodium butyrate (NaB)
and TRAIL (tumor necrosis apoptosis inducing ligand) at leukemic cell lines
HL-60, Jurkat, and U937, Simultaneous administration of TRAIL and HDACI
potently induces mitochondrial damage, caspase activation and apoptosis in hu-
man leukemia cells. Kim et al."? proved dose-dependent reduction in survival
and radiosensitization with another HDACI-—TSA (trichostatin A) treatment
in human glioblastoma cells, where TSA decreased clonogenical survival of
the cells when applied before as well as after the irradiation. Munshi ez al.'
described radiosensitizing effect of NaB at two melanoma cell lines; this ef-
fect was not observed at normal fibroblasts. Radiosensitizing effect of NaB is
caused mainly by decrease of reparation capacity of tumor cells.

The aim of our article was to determine whether low cytostatic concentra-
tions of VA can potentiate radiation-caused apoptosis induction at T lympho-
cyte cell line MOLT-4.

MATERIALS AND METHODS
Cell Cultures and Culture Conditions

The human T lymphocyte leukemia cells MOLT-4 from American Type Cul-
ture Collection (ATCC, Manassas, VA) have been cultured in Iscove’s modified
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Dulbecco’s medinm (Sigma-Aldrich s.r.o., Prague, Czech Republic) supple-
mented with a 20% fetal calf serum in a humidified incubator at 37°C and a
controlled 5% CO5 atmosphere. The cultures have been divided every second
day by a dilution to a concentration of 2 x 10° cells/mL. The cell counts have
been performed with a hemocytometer, the cell membrane integrity has been
determined by using the Trypan blue exclusion technique. The cell lines in the
maximal range of up to 20 passages have been used for this study.

Gamma Irradiation

The exponentially growing MOLT-4 cells have been suspended at a concen-
tration of 2 x 10° cells/mL in a complete medium. Aliquots of 10 mL have
been plated into 25 cm? flasks (Nunc GmbH & Co., Wiesbaden, Germany) and
irradiated using a ®°Co -y -ray source with a dose-rate of 0.4 Gy/min. After the
irradiation the flasks have been placed in a 37°C incubator with 5% CO; and
the aliquots of the cells have been removed at various times after irradiation
for analysis. The cells have been counted and cell viability was determined
with the Trypan blue exclusion assay.

VA

VA (Sigma-Aldrich) has been added into the cultivation flask for various
time (1-120 h) in a final concentration of .5-10 mM. The VA (sodium salt,
Sigma-Aldrich) was dissolved in phosphate-buffered saline solution (PBS) to
a stock concentration of 100 mM and stored at —20°C.

In Vitre Clonogenic Survival Assay

The survival curves have been generated using an in vitro clonogenic assay.
The untreated control (102/mL) and the irradiated and treated MOLT-4 cells
(10%—10°/mL) have been mixed in the Iscove’s modified Dulbecco’s medium
supplemented with a 0.9% methylcellulose, a 30% fetal calf serum. A total of
1 mL of the plating mixture has beer dispersed info 35 mm tissue culture Petri
dishes. The colenies (containing 40 or more cells) have been counted after
14 days of the incubation in 5% CQ; and 5% O at 37°C and the curves have
been generated. All semisolid cultures have been performed in duplicates. Two
independent experiments (four measurements) have been performed.

CD7 Antibody, Apopiosis Detection

For apoptosis detection we used APOPTEST-FITC (Dako, Brno, Czech Re-
public). During apoptosis, cells expose phosphatidylserine at the cell surface.
Annexin V is a phospholipid binding protein, which in the presence of cal-
cium ions binds seiectively and with high affinity to phosphatidylserine. For
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detection of cell surface markers in MOLT-4 cells we used PE-conjugated
anti-human CD7-PE (8HS. 1, IgG2b-IM1429) 49) obtained from Immunotech
(Marseille, France),

Flow Cytometric Analysis

The ability of the cells to scatter light in a forward direction (FS) correlates
with cell volume, while their ability to scatter light in side direction (88)
correlates with cell granularity. We analyzed VA-treated and irradiated cells
for changes in the intensity of FS and 85 as compared to untreated control
cells. Flow cytometric analysis was performed on a Coulter Epics XL flow
cytometer equipped with a 15mW argon-ion laser with excitation capabilities
at 438 nm (Coulter Electronic, Hialeah, FL). A minimum of 10,000 cells was
collected for each 2-color sample in a list mode file format. List mode data
was analyzed using Epics XI. System II software (Coulter Electronic).

Western Blotting

At various time after VA treatment and radiation the MOLT-4 cells have
been washed with a PBS. The lysates containing an equal amount of protein
(30 pg) have been loaded into an each lane of a polyacrylamide gel. After
electrophoresis, the protein has been transferred to a polyvinylidene fluoride
(PVDF) membrane. The membranes were blocked in Tris-buffered saline con-
taining 0.05% Tween 20 and 5% nonfat dry milk and then incubated with
primary antibody (p21-Sigma-Aldrich; acetylated histone H3 and H4, p53—
Cell Signaling Technology, Inc., Boston, MA; p53 phosphorylated at serine
392 and lamin B—Calbiochem-Merck Biosciences, Darmstadt, Germany) at
4°C overnight. After washing, the blots were incubated with secondary anti-
body (Dako) and the signal was developed with a chemiluminiscence (ECL)
detection kit (Boehringer, Boehring Ingelneim, Germany). '

Statistical Analysis
The results have been statistically evaluated with a Student’s /-test. The val-

ues represent the mean == SD (a standard deviation of the mean). The statistical
significance of the difference of means in comparable sets is indicated.

RESULTS
Clonogenity

The cells have been cultivated with 2 mM VA for 3 days before the irradiation
and 14 days later we determined the colony-forming efficiency. The Dy value
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(the dose reducing cell survival to 37%) decreased from 0.7 Gy (control) to
0.2 Gy (precedent treatment with 2 mM VA) (Fic. 1 A).

The cells were irradiated with the dose of 1 Gy and the colony-forming
efficiency in the continual presence of VA during 14 days was established. The
EC70 value (the concentration after which 70% of cells retain their clonogenic
capacity and form colonies) decreased from 0.97 mM in the case of cultivation
with alone VA to 0.38 in the case of treatment with precedent irradiation
(Fic. 1 B).
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FIGURE 1. (A) The effect of 72-h-long incubation with 2 mmol/L VA and consecutive
irradiation on clonogenic survival of MOLT-4 cells. For the clonogenic survival data, each
point is a mean of four measurements from two experiments &= SD. The clonogenicity
test has been started immediately after the end of the irradiation. Equations of generated
curves: Control; y = 119.54e~1-6%41x (g2 — (.9936); VA: y = 57.348e 237 (R? =
0.9868). (B) The effect of irradiation by the dose of 1 Gy on clonogenic survival of MOLT-
4 cells in continuous presence of VA. For the clonogenic survival data, each point is a
mean of four measurements from two experiments & SD, The clonogenicity test has been
started immediately after the end of the irradiation and the cells were cultivated in medium
containing VA. Equations of generated curves: Control: y = —0.8304x° + 9.8211x% —

37.134x + 42.75 (R2 = 1); 1 Gy: y = 4.5384%° + 12.842x? —87.525x + 98.707 (R? =
0.9921),
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FIGURE 1. Continued.

Electrophoresis and Western Blotting

FIGURE 2 shows changes in protein expression after treatment with VA, The
addition of 2 mM and 4 mM VA to MOLT-4 culture provoked in both the cases
elevated expression of protein p53 in wild form as well as its phosphorylation at
serine 392 in a short period of treatment. Elevated level of protein p53 induced
cansequently the upregulation of p21, but only after treatment with 2 mM,
when probably the injury is not lethal and the cell undergoes repair processes
during arrest in G1/S phase. After treatment with 4 mM VA we did not record
increased p21 expression, the damage is more extensive and the cell seers to
start apoptosis directly without any effort of reparation.

In a later period the acetylation of nuclear histones H3 and H4 proceeded.
Histone H4 was more sensitive to the action of VA, its acetylation occurred
already 24 h after 0.5 mM VA addition. Histone H3 required at least 2 mM con-
centration for 24 h to be acetylated (F1G. 3). The cleavage of lamin B as a proof
of apoptosis occurred after 4 mM VA treatment, a fragment with molecular
weight 46 kDa appeared 24 h after the beginning of incubation (FiG. 2).

Flow Cytometric Analysis

Both irradiation of MOLI-4 cells by the dose of 1 Gy and incubation with
0.5 mM VA caused apoptosis induction and increase of number of cells of
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FIGURE 2. The effect of VA on the expression of protein p53 (wild form as well as
phosphorylation at serine 392) and induction of protein p21. MOLT-4 cells were incubated
with 2 mM and 4 mM VA for indicated periods, washed with PBS and lysed. SDS-PAGE
and Western blotting were performed.

smaller size and increased granularity. Afier the irradiation maximal increase
of this subpopulation could be seen on days 1 and 3, during later intervals
the number of cells with low SS and high FS significantly decreased back to
control level. Incubation with VA cansed slow increase of number of apoptotic
cells with maximum on day 14. In the case of combined effect of irradiation
and VA synergic effect of both factors could be seen (FiG. 4).

It is apparent from the figure that the combination of irradiation by the
dose of 1 Gy and 0.5 mM VA had synergic effect from the point of view
of apoptosis induction. While during first 3 days after irradiation the main
inductor of apoptosis was ionizing radiation, on day 6 both factors contributed
equally to apoptosis induction and on day 14 most of the cells in group treated
by combination of 1 Gy + 0.5 mM VA were apoptotic. (FIG. 5 A and B).

DISCUSSION

in our study we proved that combination of VA and ionizing radiation de-
creases clonogenical survival of the leukemic cells when VA is applied before
as well as after the irradiation. During continuous cultivation (14 days) with VA
after the irradiation even relatively low concentrations of VA were effective.
During 14-days long cultivation of MOLT-4 cells with 0.5 mM VA after the
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FIGURE 3. The time and dose response of acetylation of nuclear histones H3 and H4.
MOLT-4 cells were treated with 4 mM VA for indicated period (time response) and with
different concentrations of VA for 24 h (dose response). Immunoblots were performed.

irradiation by the dose of 1 Gy apoptosis induction is significantly increased in
comparison to only irradiated cells, where 14 days after the irradiation by the
dose of 1 Gy only live cells are detected. Similar effect was described by Kim
et al.'? during their studies of combined effect of TSA and ionizing radiation
at glioma cells.

Mechanism of joint action of VA and ionizing radiation still remains an open
question—it can include interactions with repair mechanisms or transduction
cascade signals. VA chemically belongs to the group of short chain carboxylic
acids, such as butyrate or phenylbutyrate. Similarly as most of HDACI!® VA
causes acetylation of histones H3 and H4.'® Also in our work with leukemic
cells we proved this acetylation, but not before 24-h long incubation, while
increased levels of p53 and phosphorylation of p53 on serine 392 we detected
already 2 and 4 h after the beginning of the incubation. A total of 24 h after
the beginning of incubation the changes of p53 disappeared. Changes of p33
therefore precede changes observed on histones. These results were agreeing
for both concentrations of VA—2 and 4 mM.

Under normal circumstances p53 is quickly degraded by ubiquitination cat-
alyzed by Mdm2 protein. It seems that phosphorylations of p53 caused by
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FIGURE 4. Flow cytometric analysis of light scattering properties of MOLT-4 leukemia
cells. Intensity of light scattered in forward direction correlates with cell size, side scat-
ter correlates with granularity. Aboundance of apoptic cells reaches the maximum from
3-6 days after irradiation with the dose of 1 Gy, in cells treated with 0.5 mM VA the peak
appears later, in the case of cells treated with combination, the effects of both the two insults
are potentiated.

ionizing radiation prevent binding of Mdm2 to p53 and therefore decrease
p53 degradation and simultaneously they enable p53 acetylation. Acetylation
protects p53 from export into the cytoplasm and from degradation, as it blocks
ubiquitin binding sites.!” Pretreatment of cells with TSA presumably enhances
the p53 mechanism and radiosensitizes tumor cells.!* Contrarywise, presence
of Mdm?2 induces HDAC! activity, which cleaves acetyl residues from the ubig-
uitin binding sites, which enables p53 degradation.!® In our experiments we
evaluated activating phosphorylation of Mdm?2 on serine 166 and we obtained
similar results as in the case of phosphorylation of p53.

At different tumor cells, even those lacking functional p53, an increase of
p21 was found 6-24 h after beginning of HDACI treatment.”® Also at MOLT-4
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FIGURE 5. (A, B): Percentage of annexin V positive cells. MOLT-4 cells were irradi-
ated with 1 Gy or treated with 0,5 mM VA or with combination of both factors. In indicated
time periods cells of three groups were analyzed by flow cytometric analysis.
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cells after incubation with 2 mM VA expression of p21 was observed already
6 h after the beginning of the cultivation. The increase of p21 reached its max-
imum after 24 h of treatment, after 48 h it was normalized again, and no p21
was detected during incubation with 4 mM VA. Importance of p21 is in cell
cycle arrest in G1 phase and is therefore related to cytostatic effect VA. Longer
time of cultivation or higher doses of VA induce apoptosis, which is p21 in-
dependent. The question remains, whether the p21 expression after treatment
of leukemic cells by VA is related to increased expression and phosphoty-
lation o;f p33, as it was also proved after HDACI treatment of cells lacking
p53.181

Munshi ef a/.'* proved acetylation of histone H4 after exposure to NaB in
both, melanoma cell lines and normal fibroblasts, However, a radiosensitizing
effect of NaB they proved only at melanoma cell lines. Therefore it seems that
radiosensitizing effect is not dependent on histone acetylation status. They also
do not link radiosensitizing effect with changes of cell cycle distribution and
in p21 expression, which are apparent in both, melanoma cells (p53 mutant)
and normal fibroblasts (p53 wild type). However, in melanoma cell lines they
proved increase of proapoptic protein Bax, which indicates amplification of
mitochondrial pathway of apoptosis induction after combined effect of HDACI
and ionizing radiation.

Reparation processes proceeding in response to ionizing radiation are of
great importance in clonogenic survival of tumor cells after combined influ-
ence of HDACI and ionizing radiation. Some results suggest'* that HDACI
decrease reparative capacity of tumor cells. Phosphorylation of histone H2AX
appears very early after irradiation at many tumeor and nontumor cells. NaB
alone does not cause phosphorylation of H2ZAX, When these cells are irradiated
by the dose of 2 Gy after 24-h long preincubation with NaB, the phosphoryla-
tion of histone H2AX 30 min after irradiation is increased and also the duration
of the phosphorylation is extended,'* which proves decreased ability of the tu-
mor cells to repair DSB. Some papers prove® increase of nuclear clusterin after
incubation with HDACI. Nuclear clusterin is an ionizing radiation-inducible
protein that binds Ku-70 (protein important in nonhomologous end joining
reparation) and triggers apoptosis when overexpressed in tumor cells.”® Thus
it seems that radiosensitizing effect of HDACI is closely related to molecu-
lar mechanisms which decrease ability of the cells to repair DSB caused by
ionizing radiation.
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Abstract The effect of valproic acid (VA)} on protein
expression in  human T-lymphocytic leukemia cells
MOLT-4 was studied. VA is an inhibitor of histonede-
acetylases and has a potential use as antitumor agent in
leukemia treatment. The authors in this work prove that 4 h
long incubation with 2 mmol/l VA causes phosphorylation
of histone H2A.X and its colocalization with 53BP1 in
nuclear foci. Their co-localization is typical for DSB sig-
naling machinery. These foci were detected in cells after
4 h exposure without increase of Annexin V positive
apoptotic cells. Slight increase in apoptosis (Annexin V
positivity) after 24 h is accompanied by more intensive
increase in phosphorylation of H2ZA. X and also by forma-
tion of nuclear foci containing yH2A.X and 53BPI.
Treatment of cells with 2 mmol/1 VA resulted in induction
of apoptosis affecting about 30% of cells after incubation
for 72 h. The changes in protein expression were examined
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after cell incubation with 2 mmol/l VA for 4 h. Proteins
were separated by two-dimensional electrophoresis and
quartified using image evaluation system, Those exhibiting
significant VA-induced abundance alterations were identi-
fied by mass spectrometry. Changes in expression of
22 proteins were detected, of which 15 proteins were
down-regulated. Proteomic analysis resulted in successful
identification of three proteins inveolving alfa-tubulin 3,
tubulin-specific chaperone and heterogeneous nuclear
ribonucloprotein F. Expression of seven proteins was up-
regulated, including heterogeneous nuclear ribonuclopro-
tein A/B. Identified proteins are related to microtubular
system and hnRNP family. Suppression of microtubular
proteins and changes of balance among hnRNPs can
contribute to proliferation arrest and apoptosis induction.

Keywords Valproic acid - 2DE - Tubulin changes -
Gamma H2A.X

Introduction

Local architecture of chromatin is an important factor,
which regulates the gene expression. Actively transcribed
genes generally have highly acetylated core histones. On
the other hand, deacetylation of histones is related to gene
silencing and repression of transcription. Acetylation of
histones is regulated by two families of enzymes: histone-
acetyl-transferases (HAT) and histone-deacetylases
(HDAC). Despite the fact that inhibitors of histone-
deacetylases (HDACI) are structurally different, they cause
accumulation of acetylated histones in both, tumor and
normal cells {1]. Possible hypothesis explains their anti-
tumor effect by reactivation of expression of tumor-
suppressor genes, which are often silenced in tumor cells.

@ Springer
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Valproic acid (VA) is well established drug in treatment
of epilepsy. As other HDACI it increases acetylation of
core histones H3 and H4 [2, 3]. Tn MOLT-4 cells (human
T-lymphocyte leukemia) we detected the acetylation of H3
and H4 only 24 h after the beginning of treatment [1].
Acetylation of H4 was increased even by 0.5 mmol/l VA,
while lowest concentration of VA which increased acety-
lation of H3 was 2 mmol/l. 2 mmol/l VA has cytostatic
effect on MOLT-4 cells, after incubation for 2 h and 4 h
with 2 mmol/l VA an increase in p53 and its phosphory-
lation on serine 392, was observed followed by increase in
p21 after 8 h from the beginning of incubation [4]. These
molecular processes are then followed by the decrease in
number of cells in § phase of the cell cycle and by colony-
forming efficiency, BEC50 value calculated for 72 h long
exposure of MOLT-4 cells to VA is 1,76 mmol/l {5]. Three
days Jong incubation with 2 mmolfl VA induced the sig-
nificant apoptosis in MOLT-4 cells {detected by Annexin V
binding). 4 mmol/l VA induced the apoptosis very quickly
without previous increase of p21 and during 72 h almost ail
cells were apoptotic (binding Annexin V) {5].

Glaser et al. [6] studied gene expression at tumor cell
lines T24 bladder and MDA breast carcinoma after treat-
ment with three HDACI: SAHA, TSA and MS-275.
Despite the widely different structure of all the three
HDACIs used, the changes in gene expression were very
similar, which shows that these changes are related with
mechanism of action of the studied substances and not with
their structure. Only 13 genes (less than 10% of studied
genes) were changed — expression of five genes decreased
and eight increased. One of the genes whose expression
increased was the gene for p21. Also other regulator of cell
cycle—p27—increased in response to HDACT, Also Ragione
et al. [7] proved (using DNA micro-array method) that
HDACT affect only a small number of genes (1-7%} at
colon carcinoma cell line HT-29. They compared changes
of gene expression after exposure to two HDACT — butyrate
and TSA. They also found that both agents influence
identical gene groups, indicating the importance of the
inhibition of HDAC. Decreased expression was found only
in two genes, lactoferrin 6 and MAPKAP kinase, other 21
genes showed increased expression. A number of genes
with increased expression (tob-1, GATA-2, GADDA45,
PKC 6) controls cell cycle regulation, signal transduction,
DNA reparation and genome transcription. Expression of
two of these genes — GATA-2 and tob-1 — increased more
than 10 fold. GATA-2 is nuclear transcriptional factor,
which is released in large quantities during tissue differ-
entiation of cells, GATA protein level increase was also
confirmed after incubation with butyrate. Second analyzed
gene tob-1 is antiproliferative factor related to terminal
differentiation of muscle cells, which was also found to be
increased during osteoblasts differentiation [8].
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During experiments analyzing gene changes in response
o HDACI, it was found that some differences exist
between different HDACI. It was proved that some
MS-275-induced gene changes are different compared to
changes induced by TSA and SAHA. MS-275 does not
caunse accumulation of acetylated tubulin alpha and also has
no affect on cell cycle regulator tob-1. Acetylation of
tubulin is probably regulated by HDAC 6. Differences of
the effect of particular HDACI on this deacetylase can be
important for changes in expression of some genes {6].

In response to double strand breaks of DNA (DSB)
caused by ionizing radiation a rapid phosphorylation of
histone H2A. X on serine 139 occurs, which enables for-
mation of nuclear foci, responsible for radiation damage
repair [9]. H2A. X phosphorylation is catalyzed by ATM
kinase. DSBs are also formed during terminal phases of
apoptosis, when chromosomal DNA is cleaved to oligo-
nucleosomal fragments. Mukherjee et al. [10] proved that
while ATM kinase is degraded during apoptosis before
fragmentation of DNA, DNA-PKcs is activated by
autophophorylation on serine 2056 and catalyses phos-
phorylation of H2A.X in late phases of apoptosis.

In this study we have applied a proteomic approach to
determine quantitative changes in protein composition after
incubation of MOLT-4 cells with 2 mmol/l VA for 4 h. In
this time the formation of foci of phosphorylated H2ZA X
with 53BP1 were detected without increase of apoptic cells
positive for Annexin V (A+),

Material and methods
Cell culture and culture conditions

MOLT-4 cells were obtained from American Type Culture
Collection (University Blvd., Manassas, USA). The cells
were cultured in Tscove’s modified Dulbeceo’s medium
(Sigma) supplemented with 20% fetal calf serum (PAA
Laboratories GmbH, Austria), 2 mM glutamine (Sigma),
100 UL/ml penicillin (Sigma) and 0.1 mg/ml streptomycin
(Sigma) at 37°C, controlled 5% CO, and humidified atmo-
sphere. The cultures were divided every 2nd day by dilution
to a concentration of 2 x 10° cells/ml. Cell counts were de-
tected with a hemocytometer, cell membrane integrity was
determined using the Trypan Blue exclusion technique. Cells
in the maximal range of 20 passages were used for this study.

Incubation of cells with VA

VA (Sigma) was dissolved in phosphate buffered saline
(PBS) to achieve stock solution of 1 mol/l and stored at
—20°C until use. Cells in exponential growth were seeded
at 2-4x10°ml in 25cm® culure flasks and
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supplemented with 2 mmeol/l VA. Cells were harvested,
washed and used for other assays in desired intervals.

Flow cytometric analysis and Apoptosis detection

The ability of cells to scatter light in a forward direction
(FS) cormrelates with cell volume, while their ability to
scatter light in side direction (SS) correlates with cell
granularity. We analyzed VA-treated cells for changes in
the intensity of FS and S5 as compared to untreated control
cells. For apoptosis detection we used Apoptest-FITC kit
(DakoCytomation, Brno, Czech Republic). During apop-
tosts, cells expose phosphatidylserine at the cell surface.
Annexin V (A) is a phospholipid binding protein which, in
the presence of calcium ions, binds selectively and with
high affinity to phosphatidylserine. Cells with permeable
cell membrane (late apoptotic or necrotic) were detected by
propidinm iodide (PT} staining.

Flow cytometric analysis was performed on a Coulter
Epics XL flow cytometer equipped with a 15 mW argon-
ion laser with excitation capabilities at 488 nm (Coulter
Electronic, Hialeah, FL, USA). A minimum of 10,000 cells
was collected for each 2-colour sample in a list mode file
format. List mode data were analyzed using Epics XL
System I1 software (Coulter Electronic, Hialeah, FL, USA).

Immunocytochemistry

The cells were fixed with 4% freshly prepared parafor-
maldehyde for 10 min at room temperature (RT), rinsed
quickly in PBS, than washed 3 x 5 min in PBS, permea-
bilized in 0.2% Triton X-100/PBS for 15 min at RT, rinsed
in PBS and washed 2 X 5 min. Before incubation with
primary antibodies (overnight at 4°C), the cells were
blocked with 7% inactivated FCS + 2% bovine serum
albumin in PBS for 30 min at room temperature (RT).
Antibodies from two different hosts (rabbit and mouse)
were used in each slide to detect two different antigens in
the same nuclei. For detection of yH2ZA. X, mouse mono-
clonal anti-phospho-Histone H2A.X (Upstate) and for
detection of 53BP1 rabbit polyclonal antibody (CeliSig-
nalling) were used. Secondary antibodies: Affinity pure
donkey anti-mouse-FITC-conjugated and affinity pure
donkey anti-rabbit-Cy3-conjugated were purchased from
Jackson Laboratory, (Bar Harbor, ME). The mixture of
boih antibodies was applied to each slide (after their pre-
incubation with 5.5% of donkey serum in PBS for 30 min
at RT) and incubation for 1h in dark succeeded by
washing (3 X 5 min) in PBS. Counterstaining was per-
formed by TOPRO-3 (Molecular Probes, Eugene, OR} in
saline sodium citrate prepared fresh from the stock solu-
tion.

Images were obtained by high-resolution confocal
cytometer based on a completely automated Leica DM
RXA fluorescence microscope equipped with CSU-10a
confocal unit (Yokogawa, Japan) and a CoolSnap HQ
charged-coupled device camera (Photometrix, Melbourne,
Australia). Forty optical sections at 0.3 pm sections were
acquired for each nucleus and stored in the computer
memory, The exposition time and dynamic range of cam-
era in the red, green and blue channels were adjusted to the
same values for all slides to obtain quantitatively compa-
rable images. Integral optical density was measured using
image analysis software TmagePro 4.11 (MediaCybemet-
ics, USA).

Western blotting

MOLT-4 cells were washed with a PBS at various times
after treatment with VA, The lysates containing an equal
amount of protein (30 pg) were loaded into each lane of a
polyacrylamide gel. After electrophoresis, the separated
proteins were transferred to a PYVDF membrane, The
membranes were blocked in Tris-buffered saline contain-
ing 0.05% Tween-20 and 5% non-fat dry milk and then
incubated with primary antibody (gamma H2A.X, Cell
Signaling) at 4°C overnight. After washing, the blots were
incubated with secondary antibody (Dako) and the signal
was developed with a chemiluminiscence (ECL) detection
kit (Boehringer).

Sample preparation for 2-DE

The extraction of nuclear protein from MOLT-4 cells for
2-D sample preparation was carried out using the kit from
Pierce (Rockford, IL). Brefly, nuclear extracts were
desalted using spin columns pre-equilibrated in 2-D) sample
buffer (7 M urea, 2 M thiourea, 4% CHAPS). After des-
alting, 2 mM TBP and 1% carrier ampholytes pH 4-7 were
added to nuclear samples.

2-DE

Commercial strips with nonlinear immobilized pH 4-7
gradient were used for first dimension-IEF. The samples
containing 75 pg of nuclear proteins were loaded by in-gel
dehydration onto commercial strips. The separation was
carried out using Multiphor 1l apparatus (Amersham
Pharmacia Biotech) overnight (100 kVh, 20°C). Immedi-
ately after being focused, isofocusing gels were equili-
brated for 15 min in 6 M urea, 2% SDS, 50 mM Tris—HCl
pH 6.8, 30% v/v glycerol and 1% DTT, then for 15 min in
the same solution except that DTT was replaced with 5%
w/v iodoacetamide. In the second dimension, 9-16%
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gradient SDS-PAGE was used. The gels were cast m a
Protean™ Multi-Gel Casting Chamber and SDS-PAGE
was performed using a Protean™ 2-D Multi-Cell apparatus
(Bio-Rad, Hercules, CA) at 40 mA per gel for 5 h. Proteins
were visualized by silver staining [11], and silver-stained
gels were digitized using a CCD camera (Image Station
2000R, Eastman Kodak, Rochester, NY).

Analysis of gel images

The computerized image analysis was carried out using
Melanie 3 software package (Bio-Rad). Proteins separated
by 2-DE were quantified in terms of their relative spot
volumes (%vol) i.e., digitized staining intensity integrated
over the area of an individual spot divided by the sum of
integrated staining intensities of all spots and multiplied by
100. The quantitative data from three independently pre-
pared samples were analyzed with Student ¢-test software
for determination of significant differences at the levels of
P <005

In-gel digestion

For the micropreparative 2-DE, 500 pug of protein was
loaded on isofocusing strips. Selected spots stained with
Colloidal Blue Staining kit (Invitrogen, Carlsbad, CA)
were excised and covered with 200 ul of 100 mol/l Tris/
HCI (pH 8.3) in 50% acetonitrile for 20 min at 30°C. Then,
200 pl of equilibration buffer (50 mmol/l ammonium
bicarbonate, pH 7.8, in 5% acetonitrile) was added to the
gel pieces. The gel pieces were subsequently vacuum dried,
swollen at 4°C in a mixture consisting of 0.1 pg of
sequencing grade trypsin in 0.5 pl of 50 mM acetic acid
{Promega, Madison WI) and 4.5 pl of equilibration buffer.
After 20 min, 15 pi of equilibration buffer was added. The
tubes with gel pieces were mildly shaken overnight at
37°C.

Mass spectrometry

For each protein, 1 pl of peptide mixture was spotted onto
the target plate, air-dried and covered with 1 pl of matrix
solution (2,5-dihydroxybenzoic acid, 50 mg/ml in 33%
acetonitrile, 0.3% trifluoroacetic acid). The mass spectra
were recorded with a MALDI mass spectrometer Voyager-
DE STR (Perseptive Biosystems, Framingham, MA)
equipped with delayed extraction. External calibrations were
carried out with standards — angiotensin I, angiotensin II,
adrenocorticotropic hormone (clip 1-17) and (clip 18-39)
(Laser Bio Labs, France) covering the 1000-2500 Da mass
range. The mass spectra were evaluated by Data Explorer
program (Voyager ™ 5.1 Software with Data Explorer,
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Apphied Biosystems). Proteins were identified by peptide
mass fingerprinting using MS-FIT algorithin of ProteinPro-
spector program (Version 3.4.1., University of California,
San Francisco Mass Spectrometry Facility).

Results
Apoptosis and DNA damage

DNA. damage of MOLT-4 cells after 4h incubation with
2 mmol/l VA was detected by phosphorylation of histone
H2A.X on serine 139 by both western blot and immuno-
cytochemistry. Confocal microscopy of immunostained
phosphorylated proteins H2A. X and 53BP1 in individual
cells revealed formation of protein foci containing both of
these proteins. Their co-localization is typical for DSB
signaling machinery. Similar effects were observed in cells
incubated for 24 h (Fig. 1). The presence of these foci in
cells exposed to VA indicates effect of this agent on DNA
damage.

Using Annexin V (A", slight increase of apoptosis can
be detected after 24 h of treatment of MOLT-4 cells with
2 mmol/t VA, In control cells 8.5% was A" and 2.8% was
simultaneously A" and PI* (A*/PI"}; in cells incubated with
VA for 24 h, 162% was A* and 10.1% AY/PI"), The
number of apoptotic cells increased with time of there
exposure to VA, After 72 h 30.8% of the cells were A+ and
6.8% A+/PI+.

Proteomics analysis of VA-treated MOLT-4 cells

For proteome studies we chose cells exposed to 2 mmol/l
VA for 4 has in this interval increase of apoptosis detected
by Annexin V and PI penetration into the cell was not
observed (Control cells 8.5% A*, 2.8% AY/PI"; VA 4 h
9.7% A*, 2.3% A*/PT*).The protein patterns of these cells
and control MOLT-4 cells were compared. Protein maps
obtained by high-resolution two-dimensional electropho-
resis were evaluated using comparative image analysis.
Three parallel gels of each treatment were analyzed.
Comparative analysis of 2-D protein patterns revealed 22
protein spots exhibiting significant abundance alterations
induced by VA. The positions of these protein spots are
shown in the representative silver-stained gel in Fig, 2. Of
these 22 protein spots, 15 exhibited statistically significant
down-regulated expression and seven of them were com-
pletely inhibited by VA (boxed on Fig. 2). Additional
seven protein spots manifested significant up-regulation of
expression after exposure of MOLT-4 cells to 2 mmol/l
VA for 4 h. The relevant protein spots were isolated from
the gel and analyzed by peptide mass fingerprinting. Up to
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Fig. 1 Phosphorylation of

histone H2A. X on serine 139 in A
MOLT-4 cells incubated for 4 h
and 24 h with VA. (A) Western
blot analysis of yH2A.X in the
lysates of MOLT-4 cells treated
with VA of 2 and 4 mmol/l for 4
and 24 h. Antibody specific for
H2A.X phosphorylated on
scrine 139 was used for
detection. C- lysates from
control cells non treated with
VA. (B) Examples of nuclei of
MOLT-4 cells treated with [
2 mmoll VA for 4 and 24 h,

fixed, and co-immunostained

with antibodies against yH2A.X

and 53BPI1. Cell nuclei are

marked by solid line

VA
4h

24 h

now, only four proteins have been successfully identified
(Table 1). Peptide mass fingerprinting spectrum of one of
the successfully identified proteins is shown in Fig. 3.

Three of these proteins exhibited VA-induced decrease
in protein abundance. This group involved alpha-tubulin 3,
tubulin-specific chaperone A and heterogenous nuclear
ribonucloprotein F. Other identified protein, heterogenous
nuclear ribonucleoprotein AB, showed VA-induced
up-regulation. Representative sections of 2-DE images
showing differences in the protein expression level of spots
exhibiting significant abundance alterations after VA
treatment are shown in Fig. 4.

Discussion

Tumor cells, in comparison to normal cells, have increased
activity of HDAC. This facilitates deacetylation of histones
and transcription regulators and probably affects expres-
sion of antitumor genes, All inhibitors of HDAC shift the
balance towards acetylation of histones H3 and H4, how-
ever, their selectivity for inhibition of particular HDACs
and overall effect on protein expression are not yet fully
elucidated. Glasser et al. [6] studied effect of HDAC
inhibitors MS-275 and SAHA in vitro and they did not
prove selectivity in HDAC inhibition. Phiel et al. [12]

HZAX —>

tHeAX ——»

B yH2A.X

—— " 4h

proved that VA in vitro inhibits activity of human HDACI
in concentration IC50 = 0.4 mmol/l. For further evaluation
of affinity of VA to various HDACs, nuclear extract from
HeLa cells containing HDAC 1, 2, 3, 4 and 8 has been
used. The effect of VA on other HDACs was comparable to
inhibition of HDAC1. However, the question of in vivo
selectivity is still open. VA has teratogenic effect, which is
probably dependent on the HDAC inhibition, similarly as
teratogenic effect of TSA.

As we shown recently [3], VA in concentrations
1—2 mmol/l has mainly cytostatic effect for MOLT-4 cells
(T-lymphocyte leukemia), it inhibits proliferation rate and
reduces number of cells in S phase. Most studies [0, 7]
analyzed changes of gene expression after 24 h-long
incubation with HDAC inhibitor and found that relatively
few genes (less then 10%) are affected. In this study we
show that 24 h-long incubation of MOLT-4 cells with
2 mmol/l VA induces apoptosis, while the number of
apoptotic cells detected after shorter time of incubation
(4 h) is minimal and comparable to that in conirol cells.
However, using the immunolabeling of phosphorylated
H2A X (yH2A.X) and 53BP1, we could detect changes in
chromatin structure after this short time of incubation with
VA, similar to those induced by ionizing radiation [13].
These changes consist of foci formation in which yH2ZA.X
colocalises with 53BP1. These yH2A.X foci represent
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Fig. 2 The representative 2-D silver-stained protein pastern of human
T-lymphocyte leukemia MOLT-4 cells separated in gradient of pH 4--
7. Separation in the second dimension was performed using a
polyacrylamide gradient (9-16%). Changes in expression of 22
proteins were detected. 15 protein spots exhibiting statistically
significant changes after the exposure to 2 mM VA for 4 h are
marked by arrows (not identified) and circles (idenzified). Expression
of 7 proteins was completely inhibited by VA and therefore the
significance could not be statistically evaluated. These proteins are
boxed

reaction to DNA DSBs induced in MOLT-4 cells by VA,
This supposition is supported by our recent finding that
incubation of MOLT-4 cells with 2 mmol/l VA for 4 h
triggers phosphorylation of p53 on serine 392 and phos-
phorylation of Mdm?2 on serine 166 [4].

It has been described by many stodies [9, 14, 15] that
one of the earliest responses of eukaryotic cells to DNA

DSB induced by ionizing radiation is the phosphorylation
of histone H2A.X on serine 139. This modification occurs
in chromatin flanking DSB within minutes after the irra-
diation. H2ZA.X phosphorylation is accomplished by ATM
kinase activated by chromatin changes in the sites of DSB
[16] quickly after DNA damage and triggers down-stream
pathways of repair and/or cell death. At this time various
other proteins are recruited to these sites, forming intra-
nuclear “‘ionizing radiation inducing foci” (IRIF) [9]. The
most important function of IRIF is repair of radiation-
induced damage of DNA. Significant decrease of number
of initially formed IRIF detected by cytochemical evalua-
tion in live cells is apparent during 24 h after the irradia-
tion. However, our results show large number of cells
containing YH2A. X foci colocalizing with 53BP1 after
incubation with 2 mmol/l VA for 24 h. Phosphorylation of
H2A X in the sites of DNA fragmentation during apoptosis
was recently suggested [10]. The authors [10] show that
yH2A. X occurs simultaneously with apoptotic DNA frag-
mentation and is limited to nuclei with condensed chro-
matin, They found that H2A X phosphorylation during
apoptosis is catalyzed by DNA-PKcs, while ATM is dis-
pensable for the process.

Treatment of MOLT-4 cells with 2 mmol/l VA show
slight increase of apoptosis after 24 h of incubation, and its
further intensification during 72 h. Therefore, increasing
number of cells containing foci of yH2A X detected 24 h
after beginning incubation of cells with VA is very prob-
ably related to the progression apoptosis rather than to
direct damage of DNA by VA.

Owing to very early changes in MOLT-4 cells exposed
for 4 h to VA we suppose that the changes in proteome
found in these cells are not yet significantly influenced by
apoptosis. Using analysis of two-dimensional electropho-
retic maps we observed that down-regulation of proteins
prevailed upon up-regulation. We detected significant
decrease or complete disappearance of 15 protein spots.
Three of these proteins were identified using mass

Table 1 Identified proteins exhibiting significant alterations in abundance induced by VA

Spot  Name Accession  Sequence No. of Mw (kDa)/ Database/program Change
no. no, coverage peptides theoret. pl
20 Tubulin alpha-3 chain (Alpha-tubulin 3) Q71U36  38% 14 50.1/14.9 Swiss Prot / Protein 4
Prospector
32 Heterogeneous nuclear ribonucleoprotein F P523%7 21% 7 45.5/5.4 Swiss Prot / Protein ¢
(hnRNP F) Prospector
36 Heterogeneous nuclear ribonucleoprotein 13905354 21 % 6 30.6/7.7 NCBI / Protein T
AB, isoform b Prospector
53 Tubulin-specific chaperone A 075347 18% 4 127153 Swiss Prot / Protein 4
Prospector

The table summarises data of identified proteins, which exhibit statistically significant alterations in abundance caused by 4h-long cultivation of
MOLT-4 cells with 2Zmmol/l VA, The proteins have been successfully identified by MALDI-TOF MS
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spectrometry. Two of down-regulated proteins are related
to micotubules: alpha-tubulin 3 and tubulin-specific chap-
erone A. Tubulin is ubiquitously present in eucaryotic cells
and undergoes reversible assembly to form microtubules.
This dynamic system is esseniial for cellular functions such
as mitosis, transport and cell motility. HDAC inhibitors
have been shown to increase acetylation of tubulin. This
process is related mainly to inhibition of histone-
deacetylase 6 (HDACG) [17]. Some correlation has been
found between o-tubulin acetylation and microtubule
stability; acetylated microtubules are more likely to resist
drug-induced disassembly [18]. Blagosklonny et al. [19]
studied effect of three HDAC inhibitors: TSA, sodium
butyrate and depsipeptide on acetylation and polymeriza-
tion of tubulin. Only TSA increased acetylation of tubulin
after 1 h-long incubation. In our experiments with VA we
did not detect increased acetylation of tubulin after treat-
ment of MOLT-4 cells with VA (rot published). Tubulin-
specific chaperone A is the first component of the f-tubulin
folding pathway. It stabilizes the S-subunit and probably
acts as a reservoir of tubulin folding intermediates. Poly-
meration of tubulin is blocked by microtubular toxins, such
as tabilizer or taxanes. HDAC inhibitors studied by Blag-
osklonny et al, [19] did not affect ratio of soluble and
insoluble tubulin. However, VA in concentration above
2 mmol/l inhibits assembly of bovine brain microtubular
protein (comprised of 85% tubulin and 15% microtubule-
associated proteins) into microtubules [20]. We speculate
that down-regulation alpha-tubulin 3 and tubulin-specific
chaperone A could result in inefficient microtubule
assembly and contribute to growth inhibition of MOLT-4
cells caused by 2mmol/l VA. Tt is not yet clear whether this
process is also affected by deregulation of tubulin,

Other two identified proteins affected by VA are mem-
bers of heterogeneous nuclear ribonucleoprotein family,
These proteins bind with pre-mRNA and mRNA and par-
ticipate in a variety of mnuclear events such as

2000 2417

Mass (miz)

1166 2834

transcriptional regulation, telomere length maintenance,
immunoglobulin gene recombination, alternative splicing,
and 3"-end processing. A subset of hnRINP proteins shuttle
between the nucleus and the cytoplasm playing various
roles in mRNA export, cytoplasmic mRNA localization,
translational regulation, and cytoplasmic mRNA degrada-
tion [21]. Heterogencous nuclear ribonucleoprotein F
(hnRNP F) was down-regulated by VA, while heteroge-
neous nuclear ribonucleoprotein A/B (hnRNP A/B) was
up-regulated. Both hnRNP F and hnRNP A/B control
alternative splicing of pre-mRNA. Except splicing, hnRINP
F also regulates polyadenylation and specifically recog-
nizes poly(G) sequences. Splicing regulation executed by
hnRNP F involves numerous pre-mRNAs, among others
the Bel-x. Bel-x pre-mRNA can be alternatively 5°-spliced
to produce the anti-apoptotic Bel-x., protein or the proa-
poptotic Bel-xg isoform. It has been found by Gamneau
et al. [22] that hnRNP F facilitates production of proa-
poptotic Bel-xg isoform. At the cellular level, hnRNP F is,
with few exceptions, predominantly expressed in the
cytoplasm, while tumor tissues reveal a broad expression of
hnRNP F in the nuclei as well as in the cytoplasm [23].
They also found hnRNP F down-regulated in hepatocel-
lular carcinoma and up-regulated in gastric carcinoma.
Balasubramani et al, [24] detected up-regulation of hnRNP
F in colon cancer tissue and suggest hnRNP F expression as
potential marker of progression of colorectal carcinoma.
Out of all the member of the family, the expression profile
of hnRNP A2/Bl in cancer tissues has been the most
extensively studied, and in most tumors the expression of
hnRNP A2/B1 is up-regulated [25]. In our study we
detected decreased amount of hnRNP F and increased
amount of hnRNP A/B after 4 h-long exposure of T-lym-
phoeytic leukemia cells MOLT-4 to VA. Impairment of
balance among particular members of hnRNP family and
different splicing and transiation of various other genes can
offer a hypothesis of VA effect on proliferation and
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Control VA

Control VA

Fig. 4 Representative sectors of gels showing down-regulation of
protein spots. No. 20, identified as alpha-tubulin 3, and of three other
unidentified proteins (A); down-regulation of protein spot no. 32,
identified as heterogeneous nuclear ribonucloprotein F, and of two
other unidentifed proteins (B); and down-regulation of protein spot
no. 53, identified as tubulin-specific chaperone A (C). Expression of
protein in spot no. 36 was up-regulated by VA. (D)), and it was
identified as heterogenous nuclear ribonucleoprotein AB. Seven
protein spots completely disappeared on all three paralle]l gels after
exposure to VA. 3 of these proteins have MW about 10 kDa (E) and 4
of these proteins have MW about 90 kDa (F). We did not succeed o
identify these proteins

differentiation of tumor cells. HDAC inhibitor sodium
butyrate was also found to affect expression of mRNPAT
at colorectal carcinoma cells HCT-116 [26]. Using 2-D
electrophoresis the authors identified five protein spots
refated to hnRNPAT1, two spots, corresponding to phos-
phorylated variant of hnRNPA1 (26 kDA), were up-regu-
lated and other three (38 kDa) down-regulated. Tan et al.
[26] also proved that these changes are related to growth
inhibition and apoptosis induction cavsed by sodium
butyrate at HCT-116 cells.

@ Springer

The resuits of this work show that incubation of leuke-
mic cells with valproic acid changes expression of 22
proteins. Successfully identified proteins are related to
microtubular system and hnRNP family. Studies are cur-
rently underway to identify further protein spots exhibiting
significant abundance alterations after VA- treatment.
Suppression of microtubular proteins and changes of bal-
ance among hnRNPs can contribute to proliferation arrest
and apoptosis induction. Apoptosis induced by VA is
linked with acetylation of histone H3 and H4, condensation
of chromatin and fragmentation of DNA, which triggers
H2A.X phosphorylation and assembly of protein com-
plexes alerting the cell on this DNA damage threatening its
viability.
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ABSTRACT

Valproic acid (VA) possesses anticonvulsant as well as anticancer properties of
histondeacetylases inhibitor. Incubation of human promyelocytic leukemia cells HL-60 with
VA leads to acetylation of nuclear histones H3 and H4. Using 2 mmol/l concentration we
proved the expression of protein p21, which relates to the arrest of cell proliferation and
decrease in number of cells in S phase of cell cycle. Treatment of HL-60 cells with VA causes
their differentiation, proved as increase in CD11b expression. The most widely used method
in cancer treatment is radiotherapy. 24 hours after irradiation by the therapeutical dose of 2
Gy, 56% of HL-60 cells are accumulated in G2 phase of cell cycle. VA had no influence on
this accumulation, but 24 h-long pretreatment of cells with 1 mmol/l VA provoked higher
decrease in cell number in S phase (18%) comparing with only irradiated cells (25%). The
results of our work show that VA posseses radiosensitizing properties when applied 24 hours
prior irradiation and that during parallel long-term action of VA and IR the cells undergo
differentiation and faster apoptosis induction. Radiosensitizing effect of VA is not caused by
abrogation of G2/M cell cycle arrest, but VA induces p21 and leads to differentiation of HL-
60 cells.

Key words: apoptosis, ionizing radiation, p21, radiosensibilisation, valproic acid

DSB - double strand break; EC50 - the concentration, after which 50% of cells retain their clonogenic capacity
and form colonies; EC70 - the concentration, after which 30% of cells retain their clonogenic capacity and form
colonies; HAT - histone acetyl transferase; HDAC - histone deacetylase; HDACI - histone deacetylase inhibitor;
IR - ionizing radiation; NaB - sodium butyrate; TSA - trichostatin A; VA - valproic acid



INTRODUCTION

Histone acetylation is a posttranslational modification of the core histones that affects
chromatin structure and gene expression. Defects in both histone acetyltransferase (HAT) and
histone deacetylase (HDAC) activities have been described in a variety of cancers. Inhibitors
of HDAC activity (HDACi) induce differentiation, growth arrest and apoptosis of transformed
cells in culture and inhibit tumor growth in animals [1,2].

Radiotherapy is frequently used method in the treatement of cancer. Therapeutical
potential of radiotherapy can be increased by application of radiosensitizing agents before
irradiation. Despite intensive research of these agents, such as iodo-2-pyrimidinone-2-
deoxiuridine [3] or misonidazole [4] the radiosensitizers are not used in clinic. Radiation-
induced damage of DNA is related to chromatin structure. One of the processes involved in
chromatin remodeling is histone acetylation, regulated by HDAC; therefore HDAC inhibition
might have radiosensitizing effect. As soon as in 1985 [5] radiosensitizing effect of sodium
butyrate (NaB), short-chain fatty acid, has been proved on colon cancer cells. Biade et al.[6]
during studies of trichostatin A (TSA) linked its radiosensitizing effect with hyperacetylation
of histones. Karagiannis et al.[7] stated, that 24 hours long incubation of human chronic
myelogenous leukemia cells K562 with trichostatin A increased radiation sensitivity. Dose
modification factor ranged from 1.1 when cell were incubated with 0,1 umol/l TSA to 2.3 at 1
umol/l TSA. Camphausen et al. [8] observed maximal acetylation of nuclear histones I3 and
H4 after 24 and 48 hours long incubation of prostate carcinoma (DU145) and glioma (U251)
cells with HDAC inhibitor MS-275. The cultivation of cells with MS-275 after irradiation had
only weak effect, whereas the best results were obtained with a 48 hours long incubation prior
and continuously following the irradiation. Munshi et al. [9] compared radiosensitizing effect
of NaB in melanoma cells with normal fibroblasts. They proved NaB to reduce significantly
the expression of reparation proteins Ku70 and Ku86, but only in cancer cells, capacity of
reparation proteins in normal fibroblasts stayed unchanged. It can be concluded that
radiosensitizing effect of HDACI in melanoma cells is linked to the inhibition of reparation of
DNA damage induced by ionizing radiation (IR).

Chemical structure of valproic acid (2-propylpentanoic acid, VA) is similar to NaB.
However, NaB has a very short half-life (30 min), which makes it inconvenient for clinical
application. On the other hand, VA has well known anti-convulsant properties and it is
routinely used in treatment of epilepsy. Moreover, during the past years it has become evident

that valproic acid possesses antitumor properties related to inhibition of histone deacetylases



[10]. It has been proved by Phiel et al.[11] that antiepileptic activity of VA is not related to
inhibition of HDAC.

Three days-long incubation of leukemic cells HL.-60 and MOLT-4 with VA causes
proliferation arrest and decrease in number of cells in S phase of the cell cycle [12]. Despite
the same EC50 value determined by colony-forming assay (1.8 mmol/1) both cell lines react
differently to VA. In MOLT-4 cells VA induces primarily apoptosis, while in HL-60 cells it
leads to differentiation (increase in CD11b and CD86) and proliferation arrest. Apoptosis in
HL-60 cells was observed only after exposure to high concentrations of VA (4 mmol/l).
During long cultivation (14 days) of HL-60 cells with VA significant protective effect of
cytokines cocktail (IL-3, SCF and G-CSF) has been proved [12].

In our previous studies of VA effects in T-lymphocyte leukemia cells MOTL-4 we
proved synergic action of VA and IR. Continual exposure of MOLT-4 cells to VA increases
apoptosis and decreases colony-forming capacity of the cells irradiated with small dose of
radiation. EC70 value dropped from 0.97 to .38 mmol/l when the cells were irradiated with a
dose of 1 Gy before the continual cultivation with VA. Also 3 days-long preincubation of
MOLT-4 cells with VA before irradiation has radiosensitizing effect [13].

HIL-60 cells do not express functional protein p53 and they react to irradiation by long
cell cycle arrest in G2/M phase. During this cell cycle arrest the HL-60 cells repair radiation-
induced damage, which grants them relatively high radioresistance. Abrogation of G2/M
phase arrest by application of caffeine (inhibitor of ATM kinase) has significant
radiosensitizing effect [14]. Inhibition of cellular proliferation is result of increased
expression of protein p21.

In this study we evaluated radiosensitizing effect of VA on human promyelocyte
leukemia cells HL.-60 and the effect of irradiation combined with continuous presence of low

concentrations of VA.
MATERIALS AND METHODS

Cell cultures and culture conditions

The human promyelocyte leukemia cells HL-60 from the European Collection of Animal Cell
Cultures (Porton Down, Salisbury, UK) have been cultured in Iscove's modified Dulbecco's
medium (Sigma) supplemented with a 20% fetal calf serum in a humidified incubator at 37°C
and a controlled 5% CO, atmosphere. The cultures have been divided every 2™ day by a

dilution to a concentration of 2x10° cells/ml. The cell counts have been performed with a



hemocytometer, the cell membrane integrity has been determined by using the Trypan blue
exclusion technique. The cell lines in the maximal range of up to 20 passages have been used

for this study.

Gamma irradiation

The exponentially growing HL-60 cells have been suspended at a concentration of 2x10°
cells/ml in a complete medium. Aliquots of 10 ml have been plated into 25 cm? flasks (Nunc)
and irradiated using a ®°Co gamma-ray source with a dose-rate of 0.4 Gy/min. After the
irradiation the flasks have been placed in a 37° C incubator with 5% CO; and the aliquots of

the cells have been removed at various times after irradiation for analysis.

Valproic acid (VA)
VA (Sigma-Aldrich) has been added into the cultivation flask for various time (1 - 12 days) in
a final concentration of 0.5 - 4 mmol/l. The VA (sodium salt, Sigma) was dissolved in PBS to

a stock concentration of 100 mM and stored at -20 °C.

In vitro clonogenic survival assay

The survival curves have been generated using an in vitro clonogenic assay. The untreated
control (107 cells/ml) and the irradiated and treated HL-60 cells (10°-10° cells/ml) were plated
in Iscove’s medium containing 0.9% methylcellulose and 30% FBS. HL-60 cells were
stimulated by 10% conditioned medium of human cell line 5637 (urine vessel carcinoma) per
1 ml of medium. 1 mi of the plating mixture has been dispersed into 35 mm tissue culture
Petri dishes. The colonies (containing 40 or more cells) have been counted after 14 days of the
incubation in 5% CO, at 37°C and the curves have been generated. All semi-solid cultures
have been performed in duplicates. Two independent experiments (4 measurements) have

been performed.

Cell cycle analysis

Following the incubation, the cells were washed with cold PBS, fixed by 70% ethanol and
stained with propidium iodide (PI) in Vindelov’s solution for 30 minutes at 37°C.
Fluorescence (DNA content) was measured with Coulter Electronic (Hialeah, FL, USA)
apparatus. A minimum of 10 000 cells analyzed in each sample served to determine the
percentages of cells in each phase of the cell cycle, using Multicycle AV software. Three

independent experiments were performed.



CD11b antibody, apoptosis detection

For apoptosis detection we used APOPTEST-FITC (DakoCytomation, Brno, Czech Rep.).
For detection of cell surface markers in HL-60 cells we used PE-conjugated anti-human
CD11b (Bearl, 1gG1-IM2581) - obtained from Immunotech, Marseille, France. Flow
cytometric analysis was performed on a Coulter Epics XL flow cytometer equipped with a
15mW argon-ion laser with excitation capabilities at 488 nm (Coulter Electronic, Hialeah, FL.,
USA). A minimum of 10,000 cells was collected for each 2-colour sample in a list mode file
format. List mode data were analyzed using Epics XL System I software (Coulter Electronic,

Hialeah, FL, USA).

Western Blotting

At various time after VA freatment and irradiation the HL-60 cells have been washed with a
PBS. The lysates containing an equal amount of protein (30 ug) have been loaded into each
lane of a polyacrylamide gel. After electrophoresis, the proteins were transferred to a PVDF
membrane. The membranes were blocked in Tris-buffered saline containing (.05 % Tween 20
and 5% non-fat dry milk and then incubated with primary antibody (p21 - Sigma; acetylated
histone H3 and H4 - Cell Signaling Technologics) at 4°C overnight. After washing, the blots
were incubated with secondary antibody (Dako) and the signal was developed with a

chemiluminiscence (ECL) detection kit (Bochringer).

RESULTS

Acetylation of histones H3 a H4 and expression of p21

To characterize response of HL-60 cells to VA we studied changes in protein
expression and acetylation after treatment with 2 and 4 mmol/l VA. We proved increased
acetylation of histone H4 on lysine 12 at HL-60 cells exposed to both concentrations of VA
48-72 h after the beginning of incubation. Acetylation of histone H3 on lysine 9 was detected
only after exposure to 4 mmol/l VA, 72 h after the beginning of cultivation. Incubation of the
cells with 4 mmol/l VA caused increase in inhibitor of cyclin dependant kinases p21 as soon
as after 24 h, while after the lower concentration of VA (2 mmol/l) p21 was detected later, 48-
72 h after the beginning of the incubation. Maximal increase in p21 thus precedes maximal

acetylation of histones H3 and H4 (Figl).



Radiosensitizing effect of VA

To evaluate radiosensitizing effect of VA the HL-60 cells were cultivated 24 h in
presence of VA and then irradiated by gamma rays. The cells were exposed to increasing
concentration of VA, irradiated, and colony-forming assay was performed. 24 h-long
preincubation with VA decreases clonogenic survival of HL-60 cells only in high
concentrations. EC70 value calculated for VA alone was 3.4 mmol/l. Irradiation by the dose
of 2 Gy itself decreases clonogenic survival to 50%. When the cells were incubated with VA
24 h before the irradiation by the dose of 2 Gy, EC70 decreased to 1.4 mmol/l VA (Fig. 2A).
Figure 2B compares DNA content analysis of HL-60 cells irradiated with or without 24 h-
long preincubation with 1 mmol/d VA. VA itself in concentration 1 mmol/l does not
significantly change distribution of cells throughout the cell cycle. Irradiation of HL-60 cells
by the dose of 2 Gy causes pronounced accumulation of the cells in G2/M phase (56%) and
decrease in percentage of cells in S phase (26%) 24 h after the irradiation. When the cells
were incubated with VA 24 h before the irradiation by the dose of 2 Gy, G2/M phase arrest
was not abrogated (65% of cells in G2/M), but the percentage of the cells in S phase (18%)
was more decreased then in only irradiated cells. Radiosensitizing effect of preincubation with

VA thus cannot be explained by abrogation of G2/M phase arrest.

Concomitant effect of irradiation and VA

We studied effect of simultaneous application of VA and irradiation by gamma rays.
HL-60 cells were irradiated and continuously exposed to VA in concentration 1 and 3 mmol/1.
Figure 3A shows decrease in proliferation during 12 days of continuous incubation with VA,
which causes decrease in number of viable cells to 65% (1 mmol/l} or 10% (3 mmol/l) of
control sham treated cells after 12 days. Irradiation by the dose of 2 Gy decreased
proliferation of the cells to 76% of control. When irradiation was applied together with VA,
the effect was cumulative: in the case of 1 mmol/l VA + 2 Gy the number of viable cells
decreased to 37%, in the case of 3 mmol/l VA + 2 Gy viable cells were almost erradicated.
Changes in cell cycle distribution after 12 days are shown in Fig. 3B. At this interval the cells,
which were only irtadiated already overcome G2/M arrest and the passage of surviving cells
through the cell cycle is regenerated. VA in concentration 1 mmol/l does not significantly
alter cell cycle, but VA in concentration 3 mmol/l causes significant decrease in number of
cells in S phase, which corresponds with limited proliferation as mentioned above. Cell cycle
distribution was not significantly altered after combination of 1 mmol/l VA + 2 Gy, but the

combination of 3 mmol/l VA + 2 Gy induced massive apoptosis in majority of the cells.



Differentiation and apoptosis induction after VA and IR

Figure 4 shows changes in expression of CD11b antigen and annexin V in HL-60
cells, three days after irradiation with the dose of 2 Gy and incubation with VA, VA in
concentration of 1 mmol/l leads to cell differentiation and increase in CD11b expression
(17.75% resp. 0.9%-control) without apoptosis induction, whereas concentration of 3 mmol/l
increased CD11b to 78.3% and apoptosis is induced in 64.9% A+ cells (4.6% in control cells).
Three days after irradiation of cells with the dose of 2 Gy a slight increase of CD11b to 9% as
well as apoptosis induction (11.3% A+ cells) can be seen. Low concentration of VA (1
mmol/l) acting concomitantly with irradiation provoked mainly increase of differentiation that
means CD11b positivity (36.3%), effect on apoptosis induction was only additive (15.4% A+
cells). The effect of VA in concentration 3mmol/l applied concomitantly with 2 Gy IR was
different: The differentiation was comparable with effect of VA (3mmol/l) alone, but
percentage of apoptotic cells raised to 76.2%. Study of flow-cytometric record (Fig.4A)
shows that highly positive CD11b cells (well differentiated) are alive without annexin V
positivity. Once the cells are annexin V positive, the CD11b expression declines untill this

differentiation marker is completely lost.

DISCUSSION

It is evident from this and our previous studies [12,13,15] that both IR and VA posses
antileukemic effect in leukemia cell lines HL-60 and MOLT-4, MOLT-4 are lymphoblasts
expressing CD4 and CD7 markers, HL.-60 represent human promyelocytic leukemia cells and
are poorly differentiated - CD34-/CD33+/CD15+.

Mentioned cell lines differ in their p53 status - MOLT-4 have functional wild type
p53, which is phosphorylated promptly within hours following irradiation [16]. VA in
concentration of 2 mmol/l likewise causes phosphorylation of p53 after 2 hours long
incubation. Looking at postiranslational modifications after VA treatment, we proved
acetylation of histone H4 48 and 72 hours after beginning of cultivation. Histone H3
acetylation occurred as far as after 72 hours long incubation with 4 mmol/l VA, In MOLT-4
T-lymphocytic leukemia cells acetylation of both nuclear histones H3 and H4 occurs already
after 24 h-long incubation with 2 mmol/l VA [13].

In contrast to IR, VA in 2 mmol/l concentration does not implicate accumulation of

cells in G2 phase. The arrest of proliferation provoked at HL-60 cells by VA was



accompanied by increased expression of protein p21, an inhibitor of cyclin-dependent kinases.
Since HL-60 cells are p53 negative, increase in p21 induced by VA must be p53 independent.
Deubzer et al. [17] stated that differentiation and inhibition of HL-60 cells growth is related to
unregulated gene p21. Cyklin/dependent kinase inhibitor pS7KIP2 is frequently dowregulated
in leukemia celis by methylation of appropriate promoters. In parallel to p21 upregulation,
Yang et al. [18] proved elevated expression of p57 protein after VA treatment in MOLT-4 and
HL-60 cells.

VA acts as a differentiation agens in FHL-60 cells in contrary to the effect on MOLT-4.
Three day-long incubation with 1 mmol/l VA resulted in elevated expression of antigen
CD11b. lradiation also led to pseudo-differentiation of HIL-60 cells, 48 hours after the
irradiation with dose of 6 Gy granularity raises, cells are alive and CD11b positive. A part of
cells with low granularity and small size is CD11b negative. Those cells express AP02.7 and
are apoptotic.

Both the noxes mentioned above provoke rapid apoptosis induction in MOLT-4 cells
and their concomitant effect can be observed [13]. Induction of apoptosis is significantly
higher in MOLT-4 cells irradiated with 2 Gy and subsequently cultivated for 14 days with VA
(0.5 mmol/1) compared to only irradiated cell population.

Yang et al. [18] proved synergistic effect of 5-aza-2-deoxycitidine and VA in MOLT-4
cells in term of inhibition of proliferation, apoptosis induction and rise of antiproliferative
proteins p21 and p57. Comparing efficacy of the noxes on different cell lines, they have
proved that MOLT-4 cells are more sensitive to VA and HL-60 cells to the action of 5-aza-2-
deoxycitidine. Irrespective to upregulation of p21 and p57 they have not proved arrest in any
phase of cell cycle neither after VA alone nor after its combination with IR. Combination
treatment allows application of relatively low doses of 5-aza-2-deoxycitidine. The common
effect of noxes was application schema-independent, they can be applied concomitantly.

We proved that VA has radiosensitizing as well as synergistic effect in long-term
cultivation with 2 mmol/l VA after irradiation by 2 Gy. Similarly 24 hours long preicubation
of HL-60 cells with VA preceding 2 Gy irradiation caused diminution of EC70 value from 3.3
to 1.35 mmol/l. The number of cells in G2 arrest remained unchanged during this
precultivation, while the number of cells in S phase decreased. We proved also
radiosensitizing as well as concomitant effect of VA and IR in term of apoptosis induction.

While radiosensitizing effect of HDACi has been also reported by others, the
mechanism of it remains to be elucidated. Camphausen et al. [19] demonstrated

radiosensitizing effect of valproic acid on brain tumor lines SF539 and U251. They relate this



fact to hyperacetylation of H3 and H4 histones, chromatin release and consequently lowered
capacity of tumor cells to repair the radiation injury. Munshi et al. [20] showed that
Vorinostat (HDACI) reduced the expression of the repair-related genes Ku70, Ku80, and
Rad50 in A375 cells as detected by Western blot analysis. Another important phenomenon
linked to reparation of radiation caused injury represents the phosphorylation of H2A.X
histone, which occurs very early after irradiation in location of DSB and co-localizes with
range of others proteins |21]. 24 h-long incubation of melanoma cells with NaB followed by 2
Gy irradiation led to increased phosphorylation of H2ZAX (30 minutes post radiation) and
prolonged period of H2AX phosphorylation [20]. Both observations indicate lowered
capacity to DSB repair.

Goh et al. [22] showed that elevated apoptosis induction in tumor cells caused by 24
hours long pretreatment with phenylbutyrate prior radiation is linked to downregulation of
antiapoptotic protein bcl-xL. and DNA-PK. Cells lacking DNA-PK catalytic activity are
defective in DNA DSB repair and extremely sensitive to the effect of ionizing radiation. On
the other hand Sutheesophon et al. [23] proved, that HDACI depsipeptide (FK228) led to
down-regulation of proapoptic bel-2 and apoptosis induction through caspase 9 activation and
cytochrom c release from mitochondria in HL-60 cells.

In parallel to radiosensitizing effect of VA we studied the importance of long-term
incubation of HL-60 cells with VA. We proved mainly the differentiation and inhibition of
proliferation of cells after 12 days incubationn with 1 mmol/l VA and 2 Gy irradiation.
Differentiation plays a role in decelerating the proliferation and in ultimate phase induces
apoptosis. Despite the radiosensitizing effect of VA, the joint action of VA and IR was not so
pronounced as in MOLT-4, where VA promoted apoptosis directly without differentiation
[13].

The results of our work have shown that VA posseses radiosensitizing properties when
applied 24 hours prior irradiation and that during parallel long-term action of VA and IR the
cells undergo differentiation and faster apoptosis induction. Radiosensitizing effect of VA is
not caused by abrogation of G2/M cell cycle arrest, but VA induces p2l and leads to
differentiation of HL-60 cells.
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Figure legends

Acetylated Acetylated
histone H3 (Iys9) histone H4 {lys12)
2 mmoill wn il .
smmon - 4D e
3 TCT2 T2 C 24 48 72 144[h]
p1
2 mmolil -~
4mmol/l an :
C 24 48 72 144 (]

Fig. 1: Changes in protein expression and acetylation of histones after treatment with valproic
acid in concentration of 2 and 4 mmol/l in HL-60 cells.
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Fig. 2A: Comparison of colony forming capacity of HL-60 cells only treated with valproic
acid (EC70=3.4 mmol/l) with cells pretreated with VA for 24 h and then irradiated with the
dose of 2 Gy (EC70=1.4 mmol/l). Irradiation by the dose of 2 Gy itself decreases clonogenic
survival to 50%. Fig. 2B Flow-cytometric analysis of DNA content of HL-60 cells 24 hours
after irradiation with or without 24 h-long preincubation with 1 mmol/l VA. Percentage
represents number of cells in S-phase of cell cycle.
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Fig. 3A: Decrease in proliferation during 12 days of continous cultivation of HL-60 cells with
valproic acid in concentration of 1 and 3 mmol/l compared to HL-60 cells irradiated by the
dose of 2 Gy and consequently cultivated for 12 days with valproic acid in concentrations
mentioned above. Fig. 3B: Changes in cell cycle distribution 12 days after treatment with
valproic acid in concetration of 1 and 3 mmol/l compared to cells irradiated by the dose of 2
Gy and subsequently cultivated with valproic acid in the same concentrations. Percentage
represents number of cells in S-phase of cell cycle.
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Fig. 4:Flow-cytometric analysis of changes in expression of CD11b antigen and annexin V in
HL-60 cells, three days after irradiation with the dose of 2 Gy and incubation with valproic
acid in concentrations of 1 and 3 mmol/l.






	DP_1
	DP_2
	DP_3
	DP_4

