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PREDHOVOR

Statiny su v sucasnosti celosvetovo najpouzivanejSou skupinou latok v liecbe
hypercholesterolémie pacientov trpiacich kardiovaskularnymi poruchami, alebo pacientov
so zvySenym rizikom rozvoja kardiovaskularnych portich. Hladinu cholesterolu znizuju
kompetitivnou inhibiciou hydroxymetylglutaryl koenzym A reduktizy, o je enzym
katalyzujaci rychlost’ limitujici krok mevalonatovej drahy, ktorej jednym z mnohych
produktov je prave cholesterol.

Problematike statinov som sa zacala venovat v roku 2005 pocas mojho
doktorandského stadia na Vysokej Skole chemicko-technologickej v Prahe pod vedenim
profesora Tomasa Rumla. Myslienku S$tidia statinov priniesol na pddu Vysokej skoly
chemicko-technologickej v Prahe v ramci spoluprace pracovisk profesor Libor Vitek. Zaujal
ho poznatok, ze dlhodobé uzivanie statinov v ulohe hypolipidemik u velkej skupiny
americkych veterdnov vyustilo v Statisticky vyznamné znizenie vyskytu onkologickych
ochoreni. Vznikla hypotéza, Ze statiny maji kanceroprotektivny t€¢inok. Okamzité zavedenie
preventivneho uZivania statinov by vSak bolo neredlne. Na jednej strane je nejednoznacny
mechanizmus kanceroprotektivneho ucinku statinov, na strane druhej cela Skala dobre
znamych neziaducich vedlajSich ucinkov statinov vyplyvajacich z ich pleiotropného
posobenia. Z mnohych vedlajSich ucinkov uvediem len, Ze inhibiciou mevalondtovej drahy
statinmi dochadza stucasne k deplécii izoprénovych jednotiek, a tym aj farnezylpyrofosfatu
a geranylgeranylpyrofosfatu, ktoré su potrebné pre spravnu posttranslaéni modifikéaciu celého
radu proteinov. V ramci mojho doktorandského Stadia som sa venovala Stadiu
protinddorovych ucinkov statinov, konkrétne statinmi sprostredkovanej inhibicii farnezylacie
proteinov Ras, ktorych tzv. aktiva¢na mutdcia sa s rézne vysokou frekvenciou objavuje
Vv jednotlivych typoch nadorov. V pripade naddorov pankreasu je uvedena mutacia pritomna az
v 90 %, ¢o ma od obycajného sledovania antiprolifera¢nych uc¢inkov statinov nasmerovalo
Kk priprave konstruktov obsahujucich gény kodujuce Ras proteiny, ato i Sobsahom uz
spomenutej aktiva¢nej mutécie. Zaujimavé bolo porovnanie vplyvu jednotlivych statinov
na lokalizdciu tranzientne exprimovaného fluorescen¢ne znaceného proteinu K-Ras
v bunkéch, ako aj poznatok, ze pridanie farnezylpyrofosfatu k bunkdm spolu so statinmi efekt
statinu eliminuje. Vysledky sme tspeSne publikovali a nasa §tidia bola v tom ¢ase unikatna
tym, ze ako jedina porovnavala antiproliferacné Ucinky, ako aj G¢inky na vnutrobunkovi
lokalizaciu K-Ras proteinu u vSetkych statinov na rovnakom experimentalnom modeli

v rovnakych koncentraciach a ¢asoch posobenia. Napriek tomu, ked’ som sa po 3,5 rokoch
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intenzivneho porovnévania rozdielov v u¢inkoch rdéznych statinov v réznych koncentraciach
a ¢asoch na modeloch réznych typov nadorovych buniek pankreasu v in vitro podmienkach,
rozhodla vysledky svojich pozorovani spisat’ do dizertacnej prace, prepadli ma pochybnosti
a nadobudla som presvedéenie, ze ziskanych vysledkov nie je dost’. Presne z tychto dovodov,
rozsirenych o osobnu potrebu peknych farebnych obrazkov do dizertacnej prace, vznikol
experiment dokazujuci zmenu mnozstva lipidovych kvapdcok v bunkach po Gcinku statinov.
Lenze zmenu sa podarilo dokdzat opacnym smerom, ako som ocakavala. Mnozstvo
lipidovych castic v bunkach vystavenych statinom neklesalo, ale stupalo. Zacalo patranie
po zdroji lipidovych c¢astic v bunkdch kultivovanych v pritomnosti simvastatinu. Pri¢ina
zostala neodhalena. Okrem nedorieSenej otdzky tykajucej sa vzniku lipidovych castic
iniciovaného simvastatinom prisla v roku 2009 pocas obhajoby mojej dizertacnej prace
od jedného zoponentov dalSia zaujimava otazka, asice ak sGfasné pridanie
farnezylpyrofosfatu a statinu eliminuje ucinok statinu na vnutrobunkovu lokalizaciu proteinu
K-Ras, eliminuje aj vsetky, alebo asponi va¢§inu zmien sposobenych statinmi?

Vdaka uvedenym nedorieSenym otazkam som v roku 2011 po nastupe na Ustav
lekarskej biologie, genetiky a klinickej genetiky Lekarskej fakulty Univerzity Komenského
v Bratislave uspela najskor so ziadostou o grant Univerzity Komenského zamerany
na stadium molekuldrnych mechanizmov U¢inku simvastatinu v in vitro podmienkach
S0 zameranim na zmeny v mnozstve lipidovych kvapdcok a o rok neskor o grant Vedeckej
grantovej agentiry MSVVaS SR a SAV so zameranim na vplyv statinov a medziproduktov
mevalonatovej drahy na vnutrobunkovy transport proteinov Ras v adenokarcindéme pankreasu.
Akonecne vroku 2015 v spolupraci s Jesseniovou lekarskou fakultou Univerzity
Komenského v Martine sa ndm podarilo ziskatt APVV grant zamerany na porovnanie u¢inkov
statinov na nenadorové, resp. kmenové bunky a bunky nadorové s vidinou moznosti aplikacie
statinov nielen v terapii nadorov, ale aj v regeneracnej medicine. InSpirdciou pre Stidium
vlastnosti statinov s moznostou ich alternativneho vyuZitia prave v regeneracnej medicine
boli nielen objavujuce sa metaanalyzy poukazujuce na pozitivny vplyv statinov
na osteogenézu a odontoneogenézu u pacientov dlhodobo lieCenych statinmi, ale aj
skutoénost’, ze velka Gast vedeckej kapacity Ustavu lekarskej biologie, genetiky a klinickej
genetiky LF UK v Bratislave je venovana prave regeneracnej medicine. A tak vznikli vel'ké
celogenomové Studie odhal'ujice zmeny expresie génov v bunkach nddorovych aj kmenovych
po ucinku vSetkych komercne dostupnych statinov, ako aj po stfasnom ucinku statinov
a medziproduktov mevalonatovej drahy. A hoci je to finan¢ne naro¢né, vo vacsine projektov

a experimentov sme sa snazili, a nad’alej snazime zachovat’ unikatnost’ nasich vysledkov tym,
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ze na ich zaklade je mozné porovnavat’ sledované deje medzi vSetkymi komeréne dostupnymi
statinmi navzajom.

Predkladana habilitacna praca je koncipovana ako stru¢ny prehlad vysledkov naSich
experimentov naznacujicich moznosti alternativneho vyuzitia statinov v lekarskej praxi.
Praca je rozdelena do troch casti, v ktorych sa postupne venujem statinom v ulohe
hypolipidemik, v tilohe kanceroprotektivnych latok a nakoniec moznému vyuzitiu statinov
v regeneracnej medicine. V prilohe st zahrnuté moje prvoautorské a poslednoautorské
publikacné¢ vystupy pojednévajice o problematike statinov, ktoré¢ boli uverejnené
Vv zahrani¢nych alebo domacich periodikach a zbornikoch.

Okrem témy statinov sa od ¢ias druhého stupna vysokoskolského stadia az do dnes
venujem testovaniu U¢inku réznych prirodnych a syntetickych latok a materidlov
na prezivanie buniek kultivovanych v podmienkach in vitro. S prichodom na Ustav lekarskej
bioldgie, genetiky a klinickej genetiky Lekarskej fakulty Univerzity Komenského v Bratislave
som sa v roku 2010 zacala zaoberat’ aj t¢émou molekulovo-genetickej analyzy polymorfizmov
spojenych s karcindmom endometria a Stadiom etioldgie preeklampsie. V uvedenych

oblastiach mam spolu 27 prac registrovanych v databazach wos alebo scopus.
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1. STATINY V ULOHE HYPOLIPIDEMIK

Inhibitory 3-hydroxy-3-metylglutarylkoenzymu A (HMG-CoA) reduktazy, bezne oznaGované
ako statiny, predstavuji v sucasnosti dominantni skupinu zluCenin na liecbu
hypercholesterolémie vd’aka ich schopnosti inhibovat’ de novo syntézu cholesterolu. Tento
ucinok statinov bol objaveny v roku 1976 a od roku 1980 sa statiny pouzivaja v Kklinickej
praxi (Endo, A. a spol., 1976a). Osem v sucasnosti existujucich statinov je komeréne
dostupnych pod nasledujicimi nazvami:

Lovastatin — e.g. Mevacor, Altocor

Pravastatin — e.g. Lipostat, Pravachol, Selektine

Simvastatin — e.g. Zocor, Lipex

Fluvastatin — e.g. Lescol, Lescol XL

Atorvastatin — e.g. Sortis, Lipitor, Torvast

Rosuvastatin — e.g. Crestor

Pitavastatin — e.g. Livalo, Pitava

Cerivastatin — e.g. Baycol, Lipobay

1.1 KLASIFIKACIA STATINOV

Existuje niekolko kritérii na klasifikdciu statinov, vratane ich Struktiry, fyzikalno-
chemickych vlastnosti, zdroja ¢i spdsobu metabolizovania v 'udskom organizme.

Zo Strukturalneho hradiska pozostavaji statiny z dvoch zakladnych cCasti. Prvou je
farmakofor (Cervend Cast, obrazok 1), ktory je zodpovedny za biologick aktivitu statinov,
za kompetitivnu inhibiciu HMG-CoA reduktazy. Druhu ¢ast’ molekuly statinov predstavuje
systém kruhov s r6znymi substituentami (obrazok 1), na zaklade ktorych sa statiny rozdel'uju
do dvoch tried. Zatial' ¢o inhibitory typu 1 (simvastatin, lovastatin, pravastatin) obsahuji
dekahydronaftalénovy kruh, inhibitory typu 2 (rosuvastatin, atorvastatin, cerivastatin,
fluvastatin, pitavastatin) obsahuju fluérfenylova skupinu, ktora v inhibitoroch typu 1 pritomna
nie je. Inhibitory typu 2 sa liSia vzhl'adom na $truktiru centradlneho kruzku; centralna kruhova
Struktara v inhibitore typu 2 rosuvastatinu je pyrimidinylova skupina (Istvan, E., 2003, Istvan,

E.S. a Deisenhofer, J., 2001).
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Obrazok 1 Chemicka $truktira statinov

Fyzikalno — chemické vlastnosti statinov vyplyvaji zich Struktiry (obrazok 1).
Atorvastatin, cerivastatin, fluvastatin, pravastatin, pitavastatin a rosuvastatin sa podavaju
v aktivnej kyslej forme. Lovastatin a simvastatin sa podavaju v inaktivnej laktonovej forme
ado aktivnych foriem su prevedené enzymatickou hydrolyzou (Blumenthal, R.S., 2000,
Kajinami, K. a spol., 2000, McTaggart, F. a spol., 2001). Bo¢né skupiny na kruhoch definuja
rozpustnost’, farmakologické a farmakokinetické vlastnosti statinov a zodpovedaju za Gc¢inky
statinov, ktoré nestvisia s ich schopnostou inhibovat HMG-CoA reduktazu. Ide
0 tzv. pleiotropné Ucinky statinov, ku ktorym patri Giprava endotelovej dysfunkcie, redukcia
oxida¢ného stresu, protrombolyticky ucinok, vplyv na funkciu trombocytov, makrofagov
a monocytov, protizapalovy u¢inok, stabilizacia aterosklerotického platu (Sorrentino, S.
a Landmesser, U., 2005), ovplyviiovanie mechanizmov bunkového cyklu, diferenciacie,
apoptozy, a tym aj procesu onkogenézy (Svoboda, M., a spol., 2005) a iné. Atorvastatin,
pitavastatin, fluvastatin, lovastatin a simvastatin st relativne lipofilné zlaCeniny, zatial’ ¢o
pravastatin a rosuvastatin st viac hydrofilné (McTavish, D. a Sorkin, E.M., 1991, McTaggart,
F. a spol., 2001). Rozdiely v lipofilicite sa odrazaji v potenciali statinov prechadzat
cez bunkové membrany neselektivne pasivnou difuziou (Serajuddin, A.T. a spol., 1991).
Napriklad polarna hydroxylova skupina pravastatinu prispieva k jeho vicsej hydrofilnosti,

a preto pravastatin vyzaduje na vstup do buniek aktivny transportny systém (Bellosta, S.
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a spol., 2004). Atorvastatin pozostava z pyrolového kruhu kovalentne spojeného s viacerymi
aromatickymi Struktirami, ktoré prispievaju k jeho vysokej lipofilnosti a ul'ah¢uji hydrofébne
interakcie s fosfolipidovymi acylovymi retazcami roznych cielovych bunkovych membran.
Fluvastatin je charakterizovany ako vysoko permeabilny liek napriek relativne vysokému
po¢tu vodikovych vizieb, ktoré sa vjeho molekule nachadzaju. Vdaka amfifilnému
charakteru moze fluvastatin vytvarat' intramolekularne vodikové vézby, ¢im zvySuje SVOju
lipofilitu a permeabilitu plazmatickej membrany (Lindahl, A. a spol., 1996). Fluvastatin,
podobne ako pravastatin, nedokazu prejst hematoencefalick( bariéru na rozdiel od lipofilnych
laktonovych molekul lovastatinu a simvastatinu (Guillot, F. a spol., 1993).

Zdroj statinov predstavuje d’alSie klasifikaéné hladisko. Mevastatin (kompaktin),
priamy predchodca statinov, bol izolovany z vlaknitej huby Penicillium brevicompactum.
Tato zluCenina inhibovala syntézu cholesterolu z acetatu, acetyl-CoA a HMG-CoA, ale
neovplyvnila premenu mevalonatu na steroly (Brown, A.G. a spol., 1976). Pravastatin je
cyklicky hydroxylovany metabolit mevastatinu, pévodne izolovany z mocu psov oSetrenych
mevastatinom. Dnes sa pravastatin vyraba mikrobialnou hydroxyl4dciou mevastatinu (Arai, M.
a spol., 1988). Niektoré statiny sa vyrabaju chemickou tpravou fermentaénych produktov,
napr. simvastatin je syntetizovany z lovastatinu nahradenim 2-metylbutanoylového bo¢ného
retazca 2, 2-dimetylbutanoylovou skupinou (Hoffmann, W.F. a spol., 1986). Na fermentacnt
produkciu statinov sa pouzivaju mikroorganizmy rodov Aspergillus, Monascus, Nocardia,
Amycolatopsis, Mucor alebo Penicillium, Streptomyces, Actinomadura, Micromonospora.
Dalsie statiny st produktmi celkovej chemickej syntézy (Kajinami, K. a spol., 2000,
McTaggart, F. a spol., 2001, Moghadasian, M.H., 1999). Prvym plne syntetickym inhibitorom
HMG-CoA reduktazy bol fluvastatin (Kathawala, F.G., 1991).

Metabolizmus vsetkych statinov prebieha v peceni. Lovastatin, simvastatin a
atorvastatin st katabolizované cytochromami P450 (CYP), 3A4 a 2C8, fluvastatin
prostrednictvom cytochromov CYP 2C9 a CYP 2D6, cerivastatin vyuziva CYP 3A4 a 2C8,
rosuvastatinu CYP 2C9 a 2C19, pitavastatinu CYP 2C9 a 2C18 (Farmer, J.A. a Torre-
Amione, G., 2000, Hanefeld, M. a spol. 1999, Kajinami, K. a spol., 2000). Zo vsetkych
statinov pravastatin vykazuje najvysSiu mieru odburania oblickami (Singhvi, S.M. a spol.,
1990). Pravastatin je tieZ jedinym inhibitorom HMG-CoA reduktdzy, ktory je eliminovany
prevazne vV nezmenenej forme. Vsetky ostatné statiny st eliminované vdésinou v podobe ich
metabolitov a s vynimkou fluvastatinu poskytuju aktivne metabolity, ktoré tiez vyznamne

prispievaju k hypolipidemickému efektu statinov (Everett, D.W. a spol., 1991).

-10 -
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Ak sa suCasne so statinmi metabolizuju aj iné zliceniny, ktoré st podrobené
degradacii prostrednictvom CYP, méze dojst k naruSeniu elimindcie statinov, ¢o vedie
k nebezpeéne vysokym hladinam statinov a zvySenému riziku vaznych vedlajSich Gcinkov.
Bezne pouzivané latky, ktoré st metabolizované prostrednictvom CYP 3A4, zahfiiaju
cyklosporin A, makrolidové antibiotikd, azolové antifungalne latky a grapefruitova Stavu.
Tieto mdZu interferovat’ s elimindciou atorvastatinu, cerivastatinu, lovastatinu a simvastatinu.
K lie¢ivam metabolizovanym prostrednictvom CYP 2C9 patria diazepam, fenytoin, warfarin,
amitriptylin, ibuprofén a omeprazol. Niektoré iné lieky, ako napriklad rifampin, zvySuju
eliminaciu statinov tym, ze indukuju pecenové enzymy. Rovnako aj porucha obliciek alebo
pecene moze s eliminaciou statinov interferovat’. U pacientov s ochorenim pecene sa moze
hromadit’ atorvastatin, pravastatin, fluvastatin a simvastatin. Ochorenie obli¢iek moze predizit

elimindciu cerivastatinu, lovastatinu a simvastatinu (Piepho, R.W., 2000).

1.2. INHIBiCIA HMG-COA REDUKTAZY

Statiny $pecificky inhibuju rychlost’ limitujuci krok mevalonatovej drahy, deacylaciu HMG-
CoA na CoA a mevalonat katalyzovani HMG-CoA reduktdzou v reakcii, ktora prebieha
nasledujicim spésobom:

NADPH+H* 2NADP*+ CoA-SH

HO HO
COOH \/ COOH

H3C H3C
S-CoA OH

(@] O
HMG-CoA Mevalonat

Vsetky statiny su kompetitivnymi inhibitormi HMG-CoA reduktdzy vzhladom na vizbu
substratu HMG-CoA. Statiny sa viazu s HMG-CoA reduktdzou priblizne 1000-nasobne
ucinnejSie ako jej prirodzeny substrat (Corsini, A. a spol., 1995), priCom vézba statinov
na enzym je reverzibilna (Endo, A. a spol., 1976b).

Mevalonatova metabolickd draha (obrazok 2) je pritomnad vo vSetkych vysSich
eukaryotoch a v mnohych baktériach. Za uz spominané pleiotropné ucinky statinov nie st
zodpovedné len ich rozli¢né postranné retazce, ale aj deplécia mnohych, pre fyziologické
fungovanie bunky nepostradatelnych molekul, ktoré st medziproduktmi, pripadne konecnymi
produktmi mevalonatovej drahy. Okrem cholesterolu, ktory je podstatnou zlozkou bunkovych

membran a podiela sa na tvorbe zlCovych kyselin, lipoproteinov a steroidnych hormoénov, je
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v dosledku inhibicie mevalonatovej drahy v bunke nedostatok dolicholu, ubichinénu,
izopentenyladeninu, geranylgeranyl pyrofosfatu (GGPP), farnezyl pyrofosfatu (FPP) a inych
latok. Ubichindn sa zacastnuje mitochondridlnej respiracie a ma doéleziti Glohu v inhibicii
peroxidacie lipidov. Pokles jeho hladiny moze viest’ k poskodeniu mitochondrii a oxida¢nému
poskodeniu bunky. Dolichol je délezitym vychytavacom volnych radikalov v bunkovych
membranach. Izopentenyladenin je nepostradatelny pre spravnu funkciu tRNA a syntézu
proteinov. GGPP a FPP maju vyznamnu rolu v posttranslacnej modifikacii bunkovych
proteinov zucastnujucich sa procesov bukového delenia a diferenciacie, expresie génov,
tvorby cytoskeletu, transportu proteinov a lipidov v bunkach, obrany proti patogénom

(Goldstein, J.L. a Brown, M.S., 1990, Tavintharan, S. a spol., 2007).

HMG-CoA
STATINY — | HMG-CoA reduktaza I

Mevalonat

-

Izopentenyl-PP

v

Geranyl-PP

-

Lanosterol «——  Skvalén «—— Farnezyl-PP — Famezylované

) proteiny
"
Cholesterol Dolicﬁol
! Geranylgeranyl-PP
W < u » S
Zltové Steroidné  Vitamin D ol A o
kyseliny hormény Karotenoidy Ubichinén

Retiﬁoidy Geranylgeranylované proteiny

Obrazok 2 Mevalonatova draha
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1.3 STATINY V HYPOLIPIDEMICKEJ LIECBE

V dosledku inhibicie HMG-CoA reduktazy dochadza k zniZeniu intracelularneho
cholesterolu. ZniZenie cholesterolu v hepatocytoch vedie k zvySeniu mnozstva hepatalnych
receptorov pre lipoproteiny s nizkou hustotou (LDL), ¢o vedie k znizeniu mnozstva
cirkulujucich LDL a ich prekurzorov (IDL — lipoproteiny so strednou hustotou, VLDL
lipoproteiny s vel'mi nizkou hustotou) (Sehayek, E. a spol., 1994). Vsetky statiny znizuja
hladinu LDL cholesterolu, ich u¢inok zavisi od podanej davky (Blum, C.B., 1994, Barter, P.J.
a spol., 2010). Tiez inhibuju syntézu apolipoproteinu (apo) B100 v hepatocytoch, ako aj
syntézu a sekrécie lipoproteinov bohatych na triglyceridy (Ginsberg, H.N. a spol., 1987).
Mierne zvySuju mnozstvo lipoproteinov s vysokou hustotou (HDL). Efektivita
hypolipidemickej lieby je pre jednotlivé statiny rozna (Wierzbicki, A.S. a spol., 2000).

1.4 STATINY A CYTOSOLICKE LIPIDOVE KVAPOCKY

Zo vsetkych dejov prebiehajucich v bunke, ktoré statiny ovplyviiujl, sa najmenej pozornosti
na molekuldrnej Grovni venuje ich vplyvu na mnozstvo tzv. cytosolickych lipidovych
kvapocok (angl. lipid droplet, LD), ¢o moze byt spdsobené i tym, Ze lipidy nie st geneticky
kodované, a teda zmeny génovej expresie odrazaju ich homeostazu len nepriamo. Okrem toho
samotné¢ LD nachédzajice sa v cytosole predstavuji nie uplne charakterizované organely,
ktoré existujui prakticky v kazdom type buniek (prokaryotickych, eukaryotickych, rastlinnych
aj zivoCiSnych). V cicav¢ich bunkach a vo viacsine bunkovych linii kultivovanych in vitro
pozostavaju lipidové kvapocky z jadra, ktoré tvoria neutrdlne lipidy, najmi triacylglyceroly
aestery cholesterolu. Jadro obkolesuje monovrstva z fosfolipidov a s nimi asociovanych
proteinov. Neutralne lipidy st skladované v jadre lipidovych kvapdcok, aby mohli byt
v pripade potreby vyuzité v metabolizme, pri syntéze membrany (fosfolipidy a cholesterol)
a syntéze steroidov. NavySe maju LD kl'a¢ovu ulohu pri uskladiiovani cholesterolu vo forme
esterov, ¢im sa zucastiuju mechanizmov zahrnutych v regulécii hladiny vnutrobunkového
vol'ného cholesterolu (Murphy, D.J., 2001). Hakuméki a Kauppinen (2000), ako aj neskor
publikované vysledky vyplyvajice z dat ziskanych metddou nuklearnej magneticke;
rezonancie (Di Vito, M. a spol., 2001), popisuji vysoko dynamicku ulohu vnatrobunkovych
LD v mnohych vyznamnych vyvojovych procesoch vratane proliferacie, inflamacie,
malignity, apoptozy, nekrozy a zastavenia bunkového cyklu. Vedomost' o molekularnych
ucinkoch statinov na mnozstvo LD v cytosole mdze poskytnit’ vysvetlenie aj pre d’alsi, zial

negativny efekt statinov. V pripade vyskytu toxického ucinku statinov na svalové tkanivo
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pacientov (aj ked” s nizkou incidenciou) bolo v 20 % z nich v tkanive po biopsii pozorované
nezvycajné akumulovanie lipidov, ktoré bolo eliminované po vysadeni lieCby statinmi

(Masters, B.A. a spol., 1995, Ucar, M. a spol., 2000, Phillips, P.S. a spol., 2002).

1.4.1 Statiny a vnutrobunkové mnozstvo lipidovych kvapocok

Pre potreby sledovania mnozstva LD v bunkach bola vyuzitd fluorescencna mikroskopia.
Bunky boli kultivované v pritomnosti simvastatinu 48 hodin v koncentracii 12 pmol.I™.
Po 48 hodinach kultivacie bolo kultivatné médium odstrdnené a bunky zafixované (4 %
paraformaldehyd, 20 minat). Aby sa predislo technickym chybam spdsobenym nespravnym
vyberom farbic¢ky, pre detekciu cytosolickych lipidovych kvapdcok boli pouzité dve rdzne
fluorescenéné proby, konkrétne Nilska ¢ervena (9-diethylamino-5H-benzo[a]phenoxazine-5-
one) a BODIPY 493/503 (4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene).
Bunky boli znacené fluorescencnymi probami podl'a odporacani vyrobcu, a to v koncentracii
10 ng / ml poéas 10 minat. Pred samotnou mikroskopiou bola nezreagovana fluorescenéna
farbicka eliminovana premytim preparatu s predchladenym PBS (fosfatovy tlmivy roztok,
pH 7,4).

V HEK 293T (nenadorova l'udska bunkova linia odvodena z oblicky embrya) bunkach
kultivovanych v kultivaénom médiu so sérom (FBS) sme pozorovali lipidové Castice, ktorych
mnozstvo vyrazne stiplo po pridani simvastatinu v koncentracii 12 pmol.It. Aby sme
zabranili moZnému transportu cholesterolu do buniek z média, kultivovali sme nasledne
bunky v médiu bez FBS (jediny zdroj cholesterolu v kultivacnom médiu), ¢o malo
za nasledok takmer Uplné vymiznutie lipidovych Castic z buniek. Po porovnani mnozstva LD
v takto kultivovanych bunkach s mnozstvom LD v bunkéach v bezsérovom médiu po pridani
simivastatinu v koncentracii 12 pumol.l? sme vSak opit pozorovali vicsie mnozstvo LD
v bunkach v pritomnosti statinu. Experiment sme paralelne realizovali aj na inom type
bunkovej linie, konkrétne na ludskej madlo diferencovanej bunkovej linii odvodenej
z adenokarcindému pankreasu s aktivaénou mutaciou v géne K-ras MiaPaCa-2. Vysledok bol
rovnaky ako v pripade buniek HEK 293T s tym rozdielom, ze efekt bol pozorovany az

po 48 hodinovej expozicii buniek simvastatinu v koncentrécii 12 pmol.1™%.

1.4.2 Statiny a expresia génov dolezitych pre funkciu lipidovych kvapécok

Pre potreby sledovania vplyvu statinov na zmeny expresie génov kddujlicich proteiny
zucCastiujiice sa zivotného cyklu LD a ich zloziek bola vyuzitd metéoda analyzy DNA

mikro¢ipov. K MiaPaCa-2 bunkam boli statiny pridané v dvoch koncentraciach, a to
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v hodnote rovnej ICso a ICsp2 stanovenych pre simvastatin po 24 hodinach pdsobenia
(Gbelcova, H. a spol., 2008). Pouzité boli zaroven dve kontroly, bunky kultivované v médiu
podla odporucani ATCC a bunky kultivované v médiu s rozptstadlom (v tomto pripade bol
simvastatin rozpusteny v metanole). Nasledne boli bunky zlyzované (RTL — lyza¢ny tlmivy
roztok obsiahnuty v RNeasy Mini Kite od Qiagen, USA) a RNA bola izolovana (RNeasy
Mini Kite, Qiagen, USA) podl'a protokolu pre potreby analyzy DNA mikroc¢ipov (Illumina
Human-6, USA). Po vyhodnoteni vysledkov (zaujimavé su také zmeny v génovej expresii,
ktoré st oproti kontrole minimalne dvakrat vicSie alebo dvakrat mensie), boli vyznamné
zmeny v génovej expresii potvrdené metddou real-time PCR. Bunky boli kultivované
a ovplyvnené simvastatinom rovnako ako pre potreby analyzy DNA mikro¢ipov.

V testovanych koncentraciach vSetky statiny s vynimkou pravastatinu a rosuvastatinu
vyznamne ovplyvnili mevalonatovl dréhu. Cerivastatin, pitavastatin a simvastatin ovplyvnili
navy$e aj Kennedyho drahu, v ktorej dochadza k syntéze fosfolipidov a glycerolipidov,
dalsich zloziek lipidovych kvapocok.

V pripade simvastatinu bol najvyznamnejSie upregulovany gén HMGCS1, ktory
koduje enzym katalyzujici kondenzaciu acetyl-CoA s acetoacetyl-CoA za vzniku HMG-CoA.
Dal§im vyznamne upregulovanym génom bol HMGCR (3-hydroxy-3-metylglutaryl-koenzym
A reduktaza), ktorého produktom je enzym (priamy ciel statinov) zodpovedny za premenu
HMG-CoA na kyselinu mevalonatovu. Gén MVD (fosfomevalonat dekarboxylaza), ktorého
transkripcia bola vplyvom simvastatinu dvojnasobna (v porovnani s kontrolou), katalyzuje
premenu mevalonat pyrofosfatu na izopentenyl pyrofosfat (Goldstein, J.L. a Brown, M.S.,
1990). Zaujimava je vyznamna upregulacia génov pre 1-acyl-sn-glycerol-3-fosfat
acyltransferazu beta a fosfatazu kyseliny fosfatidovej 1, ¢o st enzymy katalyzujiice de novo
syntézu fosfolipidov a glycerolipidov (Leung, D.W., 2001). Dal§im, vplyvom simvastatinu
vyznamne upregulovanym génom, bol gén ACSS2, ktorého produkt katalyzuje aktivaciu
mastnych kyselin a esterifikuje ich pred tym, ako podstupia oxida¢nu degradaciu, aby mohli
byt’ vyuzité pre syntézu lipidov (napriklad triacylglyceridov alebo membranovych lipidov)
(Fujino, T. aspol.,, 2001). Protein koédovany génom ABCA7 (posledny vyznamne
upregulovany vplyvom simvastatinu) je ¢lenom transmembranovych transportérov, ktoré sa

podielaju okrem iného na transporte lipidov a sterolov (Abe-Dohmae, S. a spol., 2004).
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Interpretacia ziskanych vysledkov a zaver

Vztahy medzi produktmi génov, ktorych expresia bola vplyvom simvastatinu vyznamne
ovplyvnena, st zhrnuté na obrazku 3. Inhibiciou HMG-CoA reduktazy sa hromadi v bunke
Acetyl-CoA, ktory je zaroven substratom pre syntézu mastnych kyselin a nasledne
triacylglyceridov. Tie predstavuju druhti najvyznamnejSiu zlozku lipidovych castic
po esteroch cholesterolu, ¢o mo6ze vysvetlovat zvySenie mnozstva intracelularnych

lipidovych Castic v bunkach kultivovanych v pritomnosti simvastatinu.

Acetyl-CoA
Acetyl-CoA ]
karboxylaza HMGI'}%Z’:‘—‘ HMG-CoA syntaza
Malonyl-CoA HMG-CoA

1
L . 1
Syntéza mastnych i STATINY ——1 | HMG-CoA reduktéza

kyselin
v
Mastné kyseliny Mevalonat
Glycerol-3-fosfat Mevalonat kinéza
acyltransferaza
v
Kyselina lyzofosfatidova Mevalonat-5-fosfat
1
1
1-acyl-sn-glycerol-3-fosfat : Fosfomevalonat
acyltransferaza I dekarboxylaza
v
Kyselina fosfatidova Cholesterol
Fosfataza Diacylglycerol Acetyl-CoA
kyseliny fosfatidovej kinaza acetyltransferaza
v
Diacylglyceroly Estery cholesterolu
Triacylglyceroly Fosfolipidy

Obrazok 3 Drahy ovplyvnené simvastatinom stivisiace s metabolizmom lipidov

Vysledky boli prezentované na konferencii ISCOM 2012 v Groningene v Holandsku

a publikované:

Gbelcova, H., Svéda, M., Laubertova, L., Varga, 1., Vitek, L., Kolaf, M., Strnad, H., Zelenka,
J., Bohmer, D., Ruml, T.: The effect of simvastatin on lipid droplets accumulation in human
embryonic kidney cells and pancreatic cancer cells. In: Lipids in Health and Disease
[elektronicky zdroj]. - Vol. 12, No. 1 (2013), Art. No. 126 [9 s.] [online]. - ISSN 1476-511X
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2 STATINY A NADOROVE OCHORENIA

V doésledku deplécie produktov mevalonatovej drahy maju statiny okrem hypolipidemickych
ucinkov aj rad d’alSich pleiotropnych biologickych efektov, ktoré hraji vyznamna tlohu
vV prevencii progresie niektorych ochoreni. Ide najmd o ucinky protizapalové,
imunomodula¢né, G¢inky braniace endotelovej dysfunkcii, antioxida¢né, proapoptotické c¢i
antiproliferacné ucinky (Lacerda, L. a spol., 2014, Bellosta, S. a spol., 2000). Uvedené
pleiotropné efekty ovplyviiujuice mechanizmy bunkového cyklu, diferencidciu, apoptdzu
a d’alsie fyziologické deje odkazuju na dodleziti ulohu statinov aj v procese onkogenézy
(Svoboda, M. a spol, 2005).

Vysledky lie€by zameranej na znizenie hladiny lipidov wu zvierat spociatku
poukazovali na zvySené riziko rakoviny (Newman, T.B. a Hulley, S.B., 1996). Davka statinov
pouzita v tejto Stadii vSak bola velmi vysoka a nepouzitelna pre ¢loveka (Dalen, J.E.
a Dalton, W.S., 1996). Vysledky studii tykajucich sa vyvoja rakoviny konkrétneho tkaniva
jedincov uzivajucich statiny ako hypolipidemikd boli kontroverzné. V jednej §tadii bola
pozorovana zvySena incidencia rakoviny prsnika (Sacks, F.M. a spol., 1996), ina §tadia vSak
dané zistenie nepotvrdila (Downs, J.R. a spol., 1998). Na druhej strane bol po podani statinov
zaznamenany znizeny vyskyt melanomov (Downs, J.R. a spol., 1998). Podobny prospesny
ucinok statinov bol pozorovany v suvislosti s vyvojom karcindmov hrubého ¢reva (Graaf,
M.R. a spol., 2004). Avsak vicSina tychto Stadii nebola povodne urCena na skumanie
suvislosti medzi prijmom statinov a rakovinou, ale skor medzi statinmi a kardiovaskuldrnymi
ochoreniami. V niektorych pracach bol skuto¢ne preukazany Statisticky vyznamne nizsi
vyskyt nadorovych ochoreni, a to i napriek relativne kratkej dobe sledovania a nevhodnému
vyberu chorych (tieto S$tudie si primarne zamerané na prevenciu kardiovaskularnych
ochoreni) (4S Group, 1994, Shepherd, J. a spol., 1995, Lewis, S.J. a spol., 1998, Ridker, P.M.
a spol., 1998, LIPID Study Group,1998, Athyros, V.G. a spol., 2002). Napriklad v $tudii
kolektivu Pedersena, ktori sledovali populacie vySetrované v znamej 4S studii d’alSie dva roky
za UCelom zistenia mortality a jej priciny, sa zistilo, Ze mortalita sposobend nadorovymi
ochoreniami bola v skupine lieCenej simvastatinom vyznamne nizsia (Pedersen, T.R. a spol.,
2000). V rozsiahlych Stadiach prevedenych na 500 000 americkych vojnovych veteranoch
bolo preukdzané, ze uzivanie statinov je spojené s 2 — 5 krat niz§im vyskytom karcinomu pltc
(Khurana, V. a spol., 2007), prsnika (Kochhar, R. a spol., 2005) a prostaty (Singal, R. a spol.,
2005). Na zaklade inych metaanalyz sa statiny zdaju byt obzvlast u¢inné v chemoprevencii

kolorektalneho karcinomu (Graaf, M.R. a spol., 2004, Poynter, J.N. a spol., 2005).
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Zatial’ o existuje cely rad in vitro, ako aj in vivo s§tadii priamo zameranych a potvrdzujicich
vyrazny efekt statinov na proliferaciu vel'mi rozmanitych typov nadorov, ako su napriklad
hepatocelularny karcinom (Kawata, S. a spol., 1994), karcinom pluac (Hawk, M.A. a spol.,
1996), kolorektalny karcindm (Feleszko, W. a Jakobisiak, M., 2000) a iné, klinickych $tadii
primarne zameranych na efektivitu statinov v lie¢be nadorov je len niekol’ko. Jedna z nich
ukdazala, Ze pacienti s hepatoceluldrnym karcinomom prezivali Statisticky vyznamne dlhSie, ak
im bol podavany pravastatin (Kawata, S. a spol.,, 2001). Na druhej strane jednoznacne
priaznivé Uc¢inky lovastatinu na prezivanie pacientov s multiformnym glioblastomom alebo
pokroc¢ilym adenokarcindmom zaludka pozorované neboli (Kim, W.S. a spol, 2001, Larner, J.
a spol., 1998). Zavery metaanalyz naznaCuji suvislost medzi lieCbou pravastatinom
arakovinou u starSich pacientov (Bonovas, S. a Sitaras, N.M., 2007), ale nepodporuju
potencialnu ulohu statinov pri prevencii hematologickych malignit (Bonovas, S. a spol.,

2007), ani hypotézu, ze statiny znizuju riziko rakoviny pankreasu (Bonovas, S. a spol., 2008).

2.1 VPLYV STATINOV NA PROLIFERACIU A APOPTOZU

Statiny vykazuju antiproliferacné ucinky zastavenim, a teda synchronizaciou buniek
v G1 faze a predizenim G2 fazy bunkového cyklu (Jakobisiak, M. a spol., 1991, Reed, S.I.
a spol., 1994, Naderi, S. a spol., 1999). Iné studie ukazali, ze statiny sice inhibuju rast buniek,
ich bunkovy cyklus v8ak nebol zastaveny v G1 faze a nenastala ani synchronizacia buniek
po odstraneni statinov z kultivacného média (Cooper, S., 2002). Zastavenie bunkového cyklu
statinmi je sprostredkované atenuaciou inhibitorov cyklindependentnych kinaz (CDK) p21
(Lee, S.J. a spol., 1998) a p27 (Vidal, A. a spol., 2002). Zvysenie p21/p27 je vysledkom
inhibicie RhoA, ktora zanormalnych podmienok potld¢a expresiu inhibitorov CDK
(Adnane, J. a spol., 1998). Lovastatin potlaca proliferaciu buniek prostrednictvom inhibicie
proteazomom sprostredkovanej degradacie p21 a p27 (Rao, S. aspol., 1999). Inhibi¢ny
ucinok statinov na rast a metastaticky potencial nadorovych buniek bol pozorovany in vitro aj
in vivo (Kusama, T. a spol., 2002, Sebti, S.M. a spol., 1991).

Casto sa uvadza, Ze statiny indukuju apoptézu. Najprv sa predpokladalo, Ze apoptdza
vyvolana statinmi je Specificka pre nadorové bunky (Wong, W.W. a spol., 2001, Wong, W.W.
a spol., 2002, Cafforio, P. a spol., 2005). Neskorsie proapoptotické ucinky boli pozorované aj
u primarnych endotelovych buniek hlodavcov a l'udi (Buemi, M. a spol., 1999, Kaneta, S.
aspol., 2003, Li, X. a spol., 2002). Indukcia apoptozy statinmi zavisi od ich davky a ¢asu

pOsobenia, priCom dochddza k stimuldcii mitochondridlnej drdhy apoptézy, ktord je
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charakterizovana nerovnovahou hladin proteinov Bax a Bcl aktivaciou kaspazy 9 a kaspazy 3

(Cafforio, P. a spol., 2005).

2.2 STATINY A ADHEZIVITA, INVAZIVITA A ANGIOGENEZA

Nadorové bunky v porovnani s nenadorovymi vykazuji komplexné zmeny v expresii génov,
prilnavosti k sebe navzajom alebo k extracelularnemu matrix, ako aj v pohyblivosti. Viaceré
Stadie dokazali, ze statiny interferujt s dejmi, ktoré podporuju vznik metastaz. In vitro aj in
vivo $tadie preukazali, Ze statiny inhibuju invazivnost nadorovych buniek (Denoyelle, C.
aspol., 2001, Gliemroth, J. a spol., 2003, Kort, W.J. a spol., 1989). Antiinvazivny ucinok
statinov je vysledkom koordinovanej inhibicie bunkovej motility (Mehta, N. a spol., 1998),
zmeny adhézie buniek (Niibel, T. a spol., 2004a, Niibel, T. a spol., 2004b) a zniZenej expresie
metaloproteinaz matrixu (Wang, 1.K. a spol., 2000).

Neovaskularizacia je d’alsim dolezitym faktorom, ktory ovplyviluje rast nadorov
a vznik metastdz. Boli pozorované aj proangiogénne ucinky statinov. Vplyv statinov
na angiogenézu zavisi od davky. Vysoké, pricom stdle fyziologicky relevantné, davky
statinov angiogenézu inhibuji, dalej indukuju zastavenie bunkového cyklu a zmiernuji
invazivnost, zatial’ ¢o nizke davky maju opacny ucinok a angiogenézu podporuju (Urbich, C.
a spol., 2002, Weis, M. a spol., 2002). Preklinické udaje preto naznacuju, Ze statiny mozu byt

pouziteI'né pri protinadorove;j terapii ako inhibitory metastatickych procesov.

2.3 NADORY PANKREASU A PRENYLACIA PROTEINOV RAS

Kanceroprotektivny ucinok statinov je do znacnej miery pripisovany aj ich vplyvu
na prenylaciu proteinov, z pomedzi ktorych GTP-viaZzuce Ras proteiny vyznamne reguluju
mnozstvo funkcii v bunke vratane bunkovej proliferacie. V zdravych bunkach proteiny Ras
na membranach cyklicky menia svoju konformaciu medzi neaktivnym GDP-viazucim stavom
a aktivnym GTP-viazucim stavom (Boguski, M.S. a McCormick, F., 1993). Na rozdiel
od aktivaénych mechanizmov uplatiiujicich sa za fyziologickych podmienok vSak moéze
Vv génoch ras v malignych tkanivach dochadzat’ k aktivaénym mutécidm (najcastejSie v K-ras
géne) a expresiou v tychto zmutovanych génoch dochadza k produkcii Ras proteinov, ktoré su
v neustale aktivovanom stave a nepretrZito rozbiehaju signalne kaskady stvisiace aj
s proliferaciou buniek (obrazok 6). Vysledkom je nésledny neregulovany rast bunkovych
populécii a rozvoj nadorového ochorenia. Zistilo sa, Ze u priblizne 30 % vSetkych zhubnych
nadorov cloveka sa vyskytuju aktivatné muticie génov ras a napriklad u karcindmov

pankreasu dosahuje toto ¢islo 90 % (Almoguera, C., a spol., 1988).
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Antiproliferatny ucinok statinov na nadory pankreasu bol opisany vo viacerych
stadiach (Bocci, G. a spol., 2005, Kusama, T. a spol., 2001, 2002, Mikulski, S.M. a spol,
1992, Muller, C. a spol., 1998, Ura, H. a spol., 1994, Sumi, S. a spol., 1992, 1994, Yao, C.J.
a spol., 2006). V roku 1992 bola publikovana prva stadia opisujiica zna¢ny antiproliferaény
ucinok lovastatinu na malo i dobre diferencované bunkové linie odvodené od I'udského
nadoru pankreasu v podmienkach in vitro ako aj in vivo. V in vivo stadii vsak boli aplikované
len extrémne vysoké davky lovastatinu (60 mg / kg hmotnosti za defi) (Sumi, S. aspol.,
1992). Podobny ucinok lovastatinu na nador pankreasu zaznamenal v tomto roku aj Mikulski
a jeho kolektiv (Mikulski, S.M. a spol., 1992). V d’alsej in vitro studii na piatich bunkovych
linidch nadoru pankreasu v roku 1994 Sumi a kolektiv, ako aj neskor v roku 1998 Muller
a kolektiv pozorovali inhibiciu nadorovych buniek pankreasu lovastatinom a to aj v pripade
ak v bunkach nebola pritomna aktivacna mutacia v géne K-ras (Sumi, S. a spol.,1994; Muller,
C. a spol., 1998). U¢inok statinov ako latok podpornych pri chemoterapii na experimentalnom
modely nadoru pankreasu bol rovnako opisany vo viacerych stadidch, vratane sucasného
ucinku fluvastatinu a gemcitabinu (Bocci, G. a spol., 2005), alebo lovastatinu a troglitazoénu
(Yao, C.J. aspol., 2006).

Nadory pankreasu predstavuji maligny typ nadoru, ktory je invazivny, rychlo
postupujici, vo vSeobecnosti rezistentny k Standardnej chemoterapeutickej, radiacnej c¢i
chirurgickej liecbe. LieCba je len vynimocne G¢inna v skorych $tadiach ochorenia. Prognéza
zavisi od vlastnosti nddoru v dobe diagnodzy, no vSeobecne je povazovana za nepriaznivu. Len
menej ako 5 % diagnostikovanych preziva 5 rokov od diagnozy a K Gplnému vyzdraveniu
dochadza zriedkakedy. Okolo 95 % nadorov pankreasu predstavuje adenokarciném, zvySnych
5 % zahtna iné typy nadorov exokrinnej Casti pankreasu, acinarnych ciev a neuroendokrinné
nadory pankreasu. Tieto typy nddorov sa odliSuju diagnostickym aj terapeutickym profilom
a vo vSeobecnosti maju priaznivejSiu prognézu. Avsak v porovnani s inymi typmi nadorov st
nadory pankreasu vyznamne menej zahrnuté ako do klinického, tak i do zakladného vyskumu,
nakol’ko chybaju nové metodické postupy pre liecbu nadorov pankreasu (Ghaneh, P. a spol.,
2007). Statinmi sprostredkovand inhibicia farnezylacie proteinu Ras sa zdd byt slubnym
podpornym pristupom k modifikacii bunkovej proliferacie v nadoroch pankreasu
a v nadorovych tkanivach vobec (nakol'ko farnezylacia je potrebna pre spravnu posttransla¢na
modifikaciu Ras proteinov). Je to jeden z dovodov, pre¢o sa okrem primarneho pouZitia
statinov intenzivne Studuje aj protinadorova aktivita statinov, S ¢im je spojenych aj niekol’ko

klinickych stadii (1. a II faza) (Wong, W.W. a spol., 2002).
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2.3.1 Struktiira a posttranslaéna modifikacia Ras

Tri gény ras koduju 4 proteiny Ras: H-Ras, N-Ras, K-Ras4A a K-Ras4B. K-Ras4B pozostava
z0 188 aminokyselin, zvys$né tri pozostavaju zo 189 aminokyselin (Lowy, D.R. a Willumsen,
B.M., 1993). Jedina oblast’ Ras izoforiem, ktord vykazuje znacné rozdiely v sekvenciach je
tvorend 24 zvySkami v C-termindlnej oblasti, a preto je oznaCovana ako hypervariabilny
region (HVR). HVR obsahuje dve signadlne sekvencie ovplyviiujiice transport Ras proteinov
na plazmaticki membranu. Prvou je motiv CAAX (C-cystein, A-alifatickd aminokyselina, X-
serin alebo metionin) na C-konci vsetkych proteinov Ras (Hancock, J.F. a spol., 1989,
Willumsen, B.M. a spol., 1984), pricom cystein 186 je v procese posttranslacnej modifikacie
farnezylovany (nevratny dej). Druhou signalnou sekvenciou sa proteiny Ras liSia. T4 zahina
Sest’ lyzinovych zvyskov v pozicii 175-180 v pripade K-Ras4B, alebo cystein podstupujuci
palmitoylaciu v pozicii 180 v pripade K-Ras4A, v pozicii 181 v pripade N-Ras, a cysteinov
Vv pozicii 181 a 184 v pripade H-Ras (Hancock, J.F. a spol., 1991, Lowy, D.R. a Willumsen,
B.M., 1993). Schematické znazornenie $truktiry Ras izoforiem a Ras hypervariabilnej oblasti,
ako aj posttranslacnych modifikacii Ras proteinov je na obrazkoch 4 a 5, priCom detailny opis
uvedenych skuto¢nosti, ako aj vnutrobunkového retrogradneho transportu Ras proteinov bol
spracovany do publikdcie Gbelcova, H., Rimpelova, S., Knejzlik, Z., Repiska, V., Ruml, T.,
Bohmer, D.: Proteiny Ras: kIi¢ové regulatory bunkového cyklu. In: Chemické listy. - Ro¢.
109, ¢. 5 (2015), s. 364-370. - ISSN 0009-2770.

Napriek relativnej jednoduchosti molekularnej $truktury a posttranslacnej modifikacie
Ras proteinov st ich signalizatné vlastnosti a vnutrobunkovy transport ovela
komplikovanejsie (Ashery, U. a spol., 2006a, 2006b, Elad-Sfadia, G. a spol., 2002, 2004, Jura
a spol., 2006, Philips, M.R., 2005) a dodnes nie tplne preskiimané. Ras proteiny spustaju
viaceré signalne drahy, a to, ktoré drahy s dominantne aktivované, zavisi od typu aktivneho
Ras proteinu, od typu efektorovych molekal dostupnych pocas stimulacnej periody
(Herrmann, 2003), a teda aj od ich vnutrobunkovej lokalizacie (Bivona, T.G. a spol., 2003,
2006, Chiu, V.K. a spol., 2002, Hancock, J.F., 2003, Kenworthy, A.K., 2005, Prior, L.A.
a Hancock, J.F., 2001, Waldmann, H., 2005). GTPazy su zaroven schopné podielat’ sa
na viacerych signalnych drahach v jednom case (Bar-Sagi, D., 2001). Okrem iného nie je
dodnes zname, ¢i HVR Ras proteinov je jedinou oblastou zodpovednou za ich lokalizaciu

Vv bunke alebo k tejto prispievaju aj iné domény Ras proteinov.
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hypervariabilna oblast lipidova modifikacia

HRass HKLRKLNPPDESGPGCMSCKCVLS famezylcia, paimitoylécia
N-Rass YRMKKLNSSDDGTQGCMGLPCVLM famezylcia, palmitoylécia
K-Ras4A YRLKK | SKEEKTPGCVK | KKC | | M famezylacia, palmitoylécia

K-Ras4B HKEKMSKDGKKKKKKSKTKCM | M farnezylacia
CAAX motiv
Obrazok 4 Strukttra Ras izoforiem a Ras hypervariabilnej oblasti

I _ GEF interakéna oblast, 9 — efektor/GAP interakcia, § — oblast’ viazuca efektory, © — oblast’ zodpovednd
za vézbu s guaninnukleotidom, GEF — guaninnukleotid vymenny faktor (guanine nucleotide-exchange factor),
GAP — guanozintrifosfat aktivujuci protein (guanosinetriphosphatases-activating protein), C — cystein, A —
alifaticka aminokyselina, X — serin alebo metionin

plazmaticka membrana
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Obrazok 5 Posttransla¢na modifikacia a konvenény vnatrobunkovy transport Ras proteinov

FTéza — farnezyltransferdza, ER — endoplazmatické retikulum, GA - Golgiho aparat, Iemt —
izoprenylcysteinkarboxylmetyltransferaza, Rcel — Ras meniaci enzym, Palm-CoA — palmitoyl koenzym A,
SAM - S-adenozylmetionin, RPT — ER-lokalizovana palmitoyltransferaza, PM — plazmatickd membrana
(upravené podl'a Prior, I.A. a Hancock, J.F., 2001, Midgley, R.S. a Kerr, D.J., 2002, Hancock, J.F., 2003)
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2.3.2 Regulacia aktivity proteinov Ras

V nenadorovych bunkach Ras proteiny cirkuluju medzi neaktivnym GDP - viazanym stavom
a aktivnym GTP - viazanym stavom (Boguski, M.S. a McCormick, F., 1993). Pretoze GTP je
vV bunkach pritomné za fyziologickych podmienok vo vysSej koncentracii ako GDP, Ras
proteiny prednostne viazu GTP a tvoria aktivne Ras-GTP. Rychlost’ prirodzenej hydrolyzy
viazaného GTP samotnymi Ras proteinmi (maji GTPazova aktivitu) je velmi nizka.
Ukoncenie aktivneho stavu je za fyziologickych podmienok wurychlované GTPazy
aktivujucim proteinom (GAP). Onkogénne Ras proteiny st rezistentné k aktivite GAP, ¢oho
vysledkom je ich nepretrzitd aktivita. Aby mohli byt Ras proteiny opdtovne aktivované
guaninnukleotid vymenné faktory (GEFs — guanine nucleotide-exchange factors) viazu Ras-
GDP, pricom sposobuju disocidciu viazaného GDP. Ras proteiny st tak zase pristupné vizbe

s GTP a cyklus sa uzatvara (obrazok 6).

neaktivny stav neaMtav

Cros R =
Ras
GAP GEF GAP GEF
G
Ras
aktivny stav aktivny stav

Obrazok 6 Regulacia aktivity proteinov Ras

GEF — guaninnukleotid vymenny faktor, GDP — guanozin difosfat, GTP — guanozin trifosfat, GAP — GTPazy
aktivujuci protein (upravené podla Midgley, R.S. a Kerr, D.J., 2002, Vojtek, A.B. a Der, C.J., 1998)
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2.4 MECHANIZMUS PROTINADOROVEHO UCINKU STATINOV

2.4.1 Antiprolifera¢ny vplyv statinov na nadorové bunky in vitro a in vivo

Sledovali sme vplyv vSetkych, vtom obdobi sedem (pitavastatin nebol dostupny v Cistej
forme), komer¢ne dostupnych statinov, na tri Tudské bunkové linie adenokarcinomu
pankreasu, MiaPaCa-2 (malo diferencované bunky s aktivatnou mutaciou G12C v géne
koédujiicom protein K-Ras), BXPC-3 (malo az stredne dobre diferencované bunky s divokym
typom génu kodujuceho protein K-Ras a zvysenou expresiou cyklooxygenazy 2) a CAPAN-2
(dobre diferencované bunky s aktiva¢nou mutaciou G12C v géne kodujicom protein K-Ras).
Mnozstvo buniek sme sledovali 24, 48 a 72 hodin po ovplyvneni statinmi priamym pocitanim
v Biirkerovej komorke.

Preukazali sme, ze statiny inhibuju rast pankreatickych nadorovych buniek
a pre jednotlivé statiny sme stanovili hodnoty ICso (tabulka 1). Najmenej ucinnym
inhibitorom bol pravastatin, naopak najvyznamnejSie antiprolifera¢né ucinky preukazali
cerivastatin a simvastatin. Bunky s aktivaénou mutaciou G12C v géne kodujiicom K-Ras boli
k u¢inku statinov vSeobecne citlivejSie v porovnani s bunkami nestucimi divoky typ génu

pre protein K-Ras.

Tabul’ka 1 Vplyv statinov na rast buniek odvodenych od adenokarcindmu pankreasu

ICsp (pmol.I1)
CAPAN-2 MiaPaCa-2 BxPc-3

24h 48h 72h 24h 48h 72h 24h 48h 72h
Rosuvastatin 39 30 26 36 27 20 56 50 13
Pravastatin 27 >40 >40 29 >40 >40 39 48 >40
Atorvastatin 22 7 5 27 21 10 37 33 10
Fluvastatin 21 5 5 26 12 9 29 27 7
Lovastatin 16 5 4 13 11 3 33 31 7
Simvastatin 14 6 3 12 10 5 26 23 6
Cerivastatin 12 3 2 10 9 5 22 21 8

Ziskané vysledky korespondovali s vysledkami experimentov realizovanych
na athymickych mysiach v spolupraci s prof. Vitkom (IV. Interna klinika 1 LF UK, Praha).
U tychto mysi bola umelo indukovana tvorba nadoru xenotransplantaciou bunieck CAPAN-2
anasledne (po prihojeni a inicicii rastu nadoru, 7 — 10 dni po xenotransplantacii) im boli
podavané jednotlivé statiny (vSetky okrem pitavastatinu) v dennej davke priblizne
odpovedajucej hypocholesterolemickej davke u Cloveka. Statiny boli podavané raz denne
zaludo¢nou sondou vo forme vodnej suspenzie. Primarnym parametrom bolo prezivanie mysi,

a zaroven bola analyzovana progresia nadorov meranim ich vel'kosti kazdy treti den. V tomto
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experimente bol najmenej ucinny pravastatin, doba prezivania mysi snadorom bola
porovnatelnad s dobou zivota nelieCenych mysi. Mysi lieCené simvastatinom mali tretiu

najvyssiu dobu prezitia. Najacinnejsie statiny pri liecbe mysi boli rosuvastatin a cerivastatin.

2.4.2 Vplyv statinov na génovu expresiu

Pre celogenomovu analyzu (lllumina HumanWG-6_V3 chips, Illumina, USA) sme zvolili
MiaPaCa-2 bunky. Sledovali sme vplyv statinov v dvoch koncentraciach, 6 a 12 pmol.l*
PO 24 hodinach pdsobenia. Koncentracia 12 umol.I? zodpoved4d hodnote ICso Simvastatinu
pre dant bunkovu liniu a ¢as pdsobenia. Zvolili sme ju, lebo simvastatin bol po cerivastatinu
najucinnejsi statin in vitro (tabulka 1), pricom v tej dobe bol cerivastatin stiahnuty z trhu
pre neziaduce ucinky.

Celkovy pocet génov s vyznamne zmenenou expresiou po osetreni buniek MiaPaCa-2
statinmi je uvedeny V tabul’ke 2. NajucinnejSimi statinmi v testovanych koncentraciach boli
cerivastatin a pitavastatin, zatial o pravastatin a rosuvastatin vykazovali najniz§i uc¢inok
na expresiu génov. Vo vSeobecnosti doslo vplyvom statinov castejSic K zvySeniu nez
K znizeniu génovej expresie. Vplyv statinov na expresiu génov klesal sich klesajicou
lipofilitou. V tejto stvislosti sme sa Vv spolupraci s profesorkou Hajslovou rozhodli stanovit’
mnozstvo statinov, ktoré realne prejde do buniek, pouzili sme kvapalinovi chromatografiu
s hmotnostnou spektrometriou. Hydrofilné statiny (pravastatin a rosuvastatin) prechadzali

do buniek v porovnani s lipofilnymi statinmi v $tatisticky vyznamne men$om mnozstve.

Tabulka 2 Pocet génov s vyznamne zmenenou expresiou po ucinku statinov

Koncentracia statinu

6 pmol.l? 12 pmolI?

Gényso Gényso Gényso Gényso Gényso Gényso intracelularna

ICso zvySenou zniZenou ZMeENenou zvysenou znizenou zmenenou  koncentracia

(umoLI) expresiou expresiou expresiou expresiou expresiou expresiou (nmol/100000

(pocet) (pocet) (pocet) (pocet) (pocet) (pocet) buniek)

Cerivastatin 10 235 100 335 397 268 665 146,3
Pitavastatin 20 187 138 325 344 320 664 92,6
Simvastatin 12 46 18 64 128 38 166 156,4
Fluvastatin 26 57 23 80 59 15 74 189,1
Atorvastatin 27 2 0 2 41 10 51 111,5
Lovastatin 13 8 1 9 33 5 38 301,1
Pravastatin 29 0 0 0 0 0 0 50,7
¥y Rosuvastatin 36 0 0 0 0 0 0 26,6

Sipka znazorfiuje klesanie lipofility statinov. Za vyznamne ovplyvnené boli povazované zmeny génovej expresie
sFC > 2,0 alebo < 0,5a FDR < 0.05 (FC —fold change, FDR — false discovery rate)
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V pripade viacsiny statinov sme pozorovali Statisticky vyznamnu korelaciu medzi
intracelularnym mnoZstvom statinov a mierou zmien V génovej expresii, ako aj s ich
antiproliferacnym uc¢inkom (tabul’ka 2).

Vplyv jednotlivych statinov na expresiu génov koreloval s ich antiproliferacnymi
ucinkami pozorovanymi na rakovinovych bunkach pankreasu vin vitro podmienkach.
Vynimkou bol lovastatin, ktory patri k statinom s vysSou antiproliferacnou kapacitou, ale
k statinom s menej vyznamnym 0U¢inkom na expresiu génov (tabulka 2). Statiny vo vyssej
testovanej koncentracii (12 umol.I'Y) ovplyvnili vys$§i pocet génov, vynimkou bol fluvastatin,
ktory ovplyvnil expresiu podobného poctu génov v obidvoch testovanych koncentraciach
(tabulka 2).

Interpretaciu ziskanych tdajov mikroCipovej analyzy sme zamerali na identifikaciu
a porovnanie molekularnych mechanizmov a biologickych drah suvisiacich predovSetkym
s antiproliferacnymi a protinadorovymi t¢inkami. Okrem najmenej t¢innych statinov in vitro
(pravastatin a rosuvastatin) vSetky testované statiny ovplyvnili expresiu vyznamného poctu
génov, ktorych produkty su zahrnuté v replikacii DNA a regulacii bunkového cyklu.

A ako uz bolo uvedené, v testovanych koncentraciach vsetky statiny, okrem najmenej
ucinnych (pravastatinu a rosuvastatinu), ovplyvnili mevalonatovu drahu. NajacinnejSie statiny
(cerivastatin, pitavastatin a simvastatin) ovplyvnili aj Kennedyho drahu, ¢ize syntézu
fosfolipidov a glycerolipidov, a tym aj syntézu lipidovych kvapdcok, ktoré sa podiel’aji
na mnohych biologickych procesoch vratane proliferacie, apoptozy alebo nekrozy (Hakumaki,
J.M. a Kauppinen, R.A., 2000, Di Vito, M. a spol., 2001).

Vel'mi zaujimavé bolo tiez Statisticky vyznamné zvySenie expresie génu K-ras, ktory
je vnadorovych bunkach casto mutovany a jeho produkt posttranslatne modifikovany

farnesylpyrofosfatom, ktorého je vplyvom statinov v bunkach nedostatok.

2.4.3 Remodelacia bunkového cyklu a aktinového cytoskeletu statinmi

Na zaklade predchadzajucich vysledkov svetelnej mikroskopie morfologie buniek
ovplyvnenych statinmi a mikroCipovej analyzy sme sa rozhodli vyhodnotit’ vplyv statinov
na bunkovy cyklus a aktinovy cytoskelet. Ako bunkovy model sme opit’ zvolili tri bunkové
linie odvodené z adenokarcinému pankreasu. Vplyv statinov (6 a 12 pumol.l?, 24, 48, 72
hodin) na cytoskelet sme pozorovali pomocou fluorescenéného mikroskopu po farbeni buniek
faloidinom konjugovanym s TRITC (tetrametylrodaminizotiokyanat). Na sledovanie vplyvu

statinov na bunkovy cyklus sme pouzili prietokovy cytometer.
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Vseobecne najmensi vplyv na morfoldégiu a konfluenciu buniek mali pravastatin
a rosuvastatin, najvacsi cerivastatin a pitavastatin. Tieto vysledky koreluju s udajmi hodndt
ICso pre jednotlivé bunkové linie. K statinom, ktoré cytoskelet testovanych buniek ovplyvnili
uz po 24 hodinach poOsobenia patria cerivastatin a pitavastatin, po 72 hodinach sposobili
V testovanej koncentracii uvolnenie buniek z kultivatného povrchu. Naopak pravastatin
V testovanej koncentracii neovplyvnil aktinovy cytoskelet buniek ani po 72 hodinach
posobenia. Vysledky pozorovania vplyvu statinov na aktinovy cytoskelet buniek koreluju
s pozorovaniami morfologickych zmien buniek po t¢inku statinov.

Vsetky statiny, okrem pravastatinu viac alebo menej vyznamne ovplyvnili bunkovy
cyklus, pricom vyznamnost vplyvu jednotlivych statinov sa lisila medzi jednotlivymi
bunkovymi liniami. NeliSila sa len vyznamnost’ vplyvu, ale aj spdsob, akym statiny ovplyvnili
bunkovy cyklus buniek roznych typov nadorov pankreasu. So stupajlicou mierou
diferenciacie buniek sa vyznamnost’ ucinku statinov na bunkovy cyklus buniek vSeobecne
znizila. Zaroven, ak sme u viac diferencovanych bunkovych linii efekt pozorovali, tak neslo
0 narast mnozstva buniek v G1/GO faze, ako v pripade malo diferencovanych MiaPaCa-2

buniek, ale vo faze G2/M. Vysledky korelovali s idajmi ziskanymi mikro¢ipovou analyzou.

2.4.4 Vplyv statinov na vnutrobunkovy transport proteinu K-Ras

K $tadiu vplyvu statinov na lokalizaciu proteinu K-ras v bunke nas viedli viaceré skutocnosti.
Prvou bol fakt, Ze mnohé nadory nesu aktivaéni mutaciu génu kodujuceho protein K-Ras,
ktory nasledne neustale signalizuje z plazmatickej membrany, ¢im spdésobuje nekontrolované
delenie bunky adruhou, Ze statiny inhibuju syntézu farnezylpyrofosfatu, ktory je
nepostradatelny pre spravnu posttranslaénii modifikaciu proteinu K-Ras. V hypotéze, ze
statiny nejakym sposobom ovplyviiuji proteiny K-Ras, nas utvrdili vysledky mikroc¢ipove;j
analyzy, ktoré preukézali Statisticky vyznamné zvySenie expresie génu K-ras.

Pripravili sme preto konstrukt, produktom ktorého je protein K-Ras divokého typu
fazovany so zelenym fluorescenénym proteinom (GFP). Po transfekcii buniek MiaPaCa-2
sme pozorovali lokalizdciu proteinov, produktov pripravenych konsStruktov, v bunkéach
po ovplyvneni statinmi (obrazok 7). Nasledne sme pripravili aj kons$trukt nesuci informaciu
pre produkciu proteinu K-Ras s aktiva¢nou mutaciou G12C, rovnako fizovaného s proteinom
GFP apo transfekcii sme pozorovali rovnaky vysledok ako v pripade proteinu GFP-K-Ras

divokého typu.
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faloidin

b

faloidin

bunky bez statinu atorvastatin cerivastatin fluvastatin
lovastatin rosuvastatin pravastatin simvastatin

Obriazok 7 Lokalizacia GFP-K-Ras v MiaPaCa-2 bunkach

(a) Expresia GFP alebo GFP-K-Ras v bunkach bez pritomnosti statinu farbenych faloidinom (TRITC konjugat)
pre vizualizaciu F-aktinu, ktory sa lokalizuje predovSetkym na plazmatickej membrane. (b) Vplyv statinov
(20 pmol.I', 24 hodin) na lokalizaciu GFP-K-Ras. GFP — zeleny fluorescenény protein.

Vsetky Studované statiny okrem pravastatinu spdsobovali akumulaciu GFP-K-Ras
proteinu v cytoplazme, zabranovali ich dominantnej akumulacii na plazmatickej membrane.
Preto by vplyv statinov na uplnt a spravnu posttranslacntt modifikaciu najmé Ras proteinov
s aktivacnou mutaciou, ktoré su v neustile aktivovanom stave, mohol byt vysvetlenim
kancero-protektivnych u¢inkov statinov. Pre takyto zaver a nasledni moznu aplikaciu statinov
do liecebnej praxe v tlohe chemoadjuvantov je vSak potrebné poznat okrem presnych
mechanizmov uc¢inku statinov, dnes uz na urovni jednotlivych signalnych drah, aj vplyv
nespravne] posttranslacnej modifikdcie na intracelularny transport Ras proteinov, a tym aj
naich zapajanie sa do roznych signalnych drah (stvisiacich nie len s nadorovym rastom)
V rdznej miere a roznym spdsobom.

Pripravili sme preto konstrukty nestice gény pre protein N-Ras, resp. iba pre jeho C-
koniec, v oboch pripadoch s mutaciami, ktoré simulovali inhibiciu farnezylacie, resp.
palmitoylacie. Lokalizaciu produktov pripravenych konstruktov sme sledovali v bunkach
kotransfekovanych sucasne plazmidmi, ktorych produkty sluzia ako fluorescenéné markery

Golgiho aparatu a endoplazmatického retikula (obrazok 8).
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GFP-NRas-WT DsRed-Monomer-Golgi DAPI

b
GFP-NRas-Cend-WT DsRed-Monomer-Golgi DAPI

Obrazok 8 Lokalizacia GFP-NRas-WT proteinu a jeho C-konca v bunke

HEK 293T bunky tranzientne kotransfekované a) pEGFPNrasWT kons$truktom a pDsRed-Monomer-Golgi
plazmidom (marker Golgiho aparatu), b) pEGFPNrasCendWT konstruktom (produktom je hypervariabilna
oblast’ N-Ras proteinu znadena zelenym fluorescenénym proteinom) a pDsRed-Monomer-Golgi plazmidom
(Golgi marker). Jadra st farbené s DAPI.

Pritomnost’ proteinu GFP-N-Ras-WT (obrazok 8a) na plazmatickej membrane je
v sulade s d’alSimi publikovanymi tidajmi (Choy, E. a spol., 1999), avSak Golgi je jedina
intracelularna membrana, kde bola akumuldcia GFP-N-Ras-WT proteinu pozorovana.
V pripade GFP-N-Ras-Cend-WT proteinu (obrazok 8b), je nahromadenych viac proteinov
na plazmatickej] membrane ako v Golgiho aparate. To naznacuje, Ze hypervariabilna oblast’
nie je jedina doména proteinu GFP-N-Ras, ktora je zodpovednd za jeho intracelularne
ciclenie, ale nie je jasné, ¢i tento jav je vysledkom akumulacie GFP-N-Ras-Cend-WT
na plazmatickej] membrane alebo skor vysledkom jeho ul'aheného uvolnenia z Golgiho
aparatu.

Z obrazkov 8 a 9 vyplyva, ze farnezyldcia je nevyhnutna pre cielenie na plazmatick
membranu alebo intracelularne membrany proteinov GFP-N-Ras aj GFP-N-Ras-C-end.
Okrem toho je lokalizdcia oboch proteinov s mutaciou simulujucou inhibiciu farnezylacie
(GFP-N-Ras-C186S a GFP-N-Ras-Cend-C186S) rovnaka, a je v sulade s lokalizaciou
znaeného proteinu GFP-K-Ras v bunkéch oSetrenych statinmi, ktoré inhibuju mevalonatova
drdhu, a teda aj syntézu farnezylopyrofosfatu potrebného pre farnezylaciu nie len Ras

proteinov, t.j. v cytoplazme (obrazok 9).
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GFP-NRas-C186S DAPI
GFP—NRas—Cend C186S DAPI overlay

Obrazok 9 Lokalizacia GFP-NRas-C186S proteinu a jeho C-konca v bunke

HEK 293T bunky tranzientne transfekované a) pEGFPNrasC186S konstruktom (simulacia inhibicie
farnezylacie) b) pEGFPNrasCendC186S konstruktom (produktom je hypervariabilnd oblast’ N-Ras proteinu
S mutaciou simulujicou inhibiciu farnezylacie znacena zelenym fluorescenénym proteinom). Jadra su farbené
DAPI.

Obrazok 10 naznacuje, Ze palmitoylacia cysteinu v pozicii 181 je potrebnd
predovsetkym ako signal pre odchod proteinu GFP-N-Ras z endoplazmatického retikula.
Lokalizacia proteinov GFP-N-Ras-C181S a GFP-N-Ras-Cend-C181S v bunke je rovnaka, nie
st lokalizované na plazmatickej membrane a hromadia sa na endoplazmatickom retikule.

Pre potreby sledovania vplyvu aktivacnej] mutdcie na lokalizaciu Ras proteinov
Vv bunke sme pripravili aj konStrukty nestice gény pre GFP-N-Ras protein s mutéaciou

simulujucou neustale GTP resp. GDP viaZuci stav.
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a

GFP-NRas-C181S DsRed2-ER DAPI

|

GFP NRas-Cend-C181S DsRed2-ER DAPI

ol 2ld

Obrazok 10 Lokalizacia GFP-NRas-C181S proteinu a jeho C-konca v bunke

HEK 293T bunky tranzientne kotransfekované a) pEGFPNrasC181S konstruktom (simuldcia inhibicie
palmitoylacie) a pDsRed2-ER plazmidom (marker endoplazmatického retikula), b) pEGFPNrasC181S
konstruktom (produktom je hypervariabilnd oblast N-Ras proteinu s muticiou simulujucou inhibiciu

palmitoylacie znafend zelenym fluorescenénym proteinom) a pDsRed2-ER plazmidom (marker
endoplazmatického retikula). Jadra su farbené s DAPIL.

Obrazok 11 demonstruje, ze lokalizacia GTP-viazucej formy proteinu N-Ras (GFP-N-
Ras A59T) je rovnaka ako lokalizacia divokého typu N-Ras proteinu (GFP-N-Ras WT), ktory
cirkuluje medzi GTP-viazucim a GDP-viazucim stavom. Mutacia simulujuca GDP-viazuci

stav sposobila ubytok proteinu na membrane a zvySenu akumuldciu na Golgiho aparate.

GFP-N-Ras WT GFP-N-Ras A59T GFP-N-Ras D119N

Obrazok 11 Vplyv GTP/GDP-viazaného stavu na lokalizaciu proteinu GFP-N-Ras

Bunky HEK 293T tranzientne transfekované s pEGFPNrasWT, pEGFPNrasA59T (GTP-viazuca forma proteinu
N-Ras) alebo pEGFPNrasD119N (mutant neschopny viazat GTP).
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2.4.5 Vplyv medziproduktov mevalonatovej drahy na acinok statinov

Je vSeobecne zname, ze statiny maju hypolipidemicky ucinok, ze cholesterol je
nepostradatelny pre normalne fungovanie bunky, a ze jeho nedostatok moze mat’ pre bunku
fatalne nasledky. Nase vysledky vSak navySe naznacovali, ze protinadorové UcCinky statinov
pozorované v mnohych $tadiach st spdsobené nedostatkom medziproduktov mevalonatovej
dréhy izoprénovej povahy, nakol'ko ovplyviiuji expresiu génov, ktorych produkty si zahrnuté
v mnohych vnutrobunkovych dejoch. Aby sme potvrdili, Ze protinadorovy ucinok statinov
nesuvisi s nedostatkom cholesterolu, ale s nedostatkom izoprénovych medziproduktov
mevalonatovej  drahy, sledovali sme  vplyv  mevalonatu, farnezylpyrofosfatu
a geranylgeranylpyrofosfatu podanych sucasne so statinmi, na bunkovu proliferaciu (tabul’ka

3), lokalizaciu proteinu GFP-K-Ras v bunke (obrazok 12) a génova expresiu (tabulky 4 a 5).

Tabulka 3 Vplyv mevalonatu, FPP a GGPP na antiproliferacny efekt statinov

% poctu kontrolnych buniek

CAPAN-2 MiaPaCa-2 BxPc-3

Mevalonat 17 pmol.]! 76 - -
Mevalonat 600 pmol.l- 98 92 81
FPP 103 - -
GGPP 133 - -
Pravastatin 88 91 88
Pravastatin + mevalonat 17 umol.]* 91 - -
Pravastatin + mevalonat 600 pmol.I- 98 112 87
Pravastatin + FPP 90 - -
Pravastatin + GGPP 115 - -
Atorvastatin 1 0 8
Atorvastatin + mevalonat 17 umol.I- 23 - -
Atorvastatin + mevalonat 600 pmol.l-1 91 71 79
Atorvastatin + FPP 59 - -
Atorvastatin + GGPP 76 - -
Fluvastatin 3 0 6
Fluvastatin + mevalonat 17 pmol.I1 55 - -
Fluvastatin + mevalonat 600 umol.l- 105 99 67
Fluvastatin + FPP 41 - -
Fluvastatin + GGPP 62 -

Lovastatin 6 2 9
Lovastatin + mevalonat 17 umol.1l-1 32 - -
Lovastatin + mevalonat 600 pmol.l- 86 93 90
Lovastatin + FPP 56 - -
Lovastatin + GGPP 79 - -
Simvastatin 0 0 5
Simvastatin + mevalonat 17 umol.I! 10 - -
Simvastatin + mevalonat 600 pmol.l- 78 84 85
Simvastatin + FPP 29 - -
Simvastatin + GGPP 75 - -

Bunky kultivované v pritomnosti testovanych latok 72 hodin, koncentracia statinov — 30 pmol.IY, FPP a GGPP
17 umol.I"t, FPP — farnezylpyrofosfat, GGPP — geranylgeranylpyrofosfat.
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Pridavok intermedidtov mevalondtovej drahy vyznamne znizil antiproliferacny efekt
vSetkych testovanych statinov (tabulka 3), ¢o podporilo nasu hypotézu. V pripade mevalonatu
bol antiprolifera¢ny uc¢inok statinov uplne eliminovany, len ak bol mevalonat pridany
Vv koncentracii  20-krat prevySujucej koncentraciu statinu (tabul’ka 3). Ekvimolarne
koncentracie mevalonatu, FPP a GGPP efekt statinov len ¢iasto¢ne zoslabili (tabul’ka 3).

Vsetky testované medziprodukty mevalonatovej drahy vyznamne eliminovali statinmi
navodenu delokalizaciu proteinu GFP-K-Ras v cytoplazme. Mevalonat v koncentracii
600 umol.I' obnovil lokalizaciu proteinu na plazmatickej membrane uplne, zatial' ¢o FPP
a GGPP v koncentracii 17 pmol.1"! len &iastoéne (obrazok 12). Nepozorovali sme vsak rozdiel
v efekte FPP a GGPP, hoci protein K-Ras je posttranslacne upravovany farnezylaciou.
Z literatury je vSak zname, ze v pripade nedostatku FPP je protein K-Ras alternativne

geranylgeranylovany (Whyte, D.B. a spol., 1997).

bunky bez statinu

+GGPP|

bunky so statinom

+GGPP

Obrazok 12 Vplyv mevalonatu, FPP a GGPP na statinmi vyvolant delokalizaciu GFP-K-Ras

Bunky MiaPaCa-2 tranzientne exprimujice protein GFP-K-Ras vystavené 24 hodin statinu (20 pmol.I})
v kombinacii s mevalonatom (600 pmol.I't), FPP (17 umol.1"?) alebo GGPP (17 umol.I*t). Kontrola st bunky
MiaPaCa-2 oSetrené len statinom.

Nakoniec sme sledovali vplyv FPP (17 pmol.I'Y) a GGPP (17 umol.lIY) na zmeny
génovej expresie MiaPaCa-2 buniek vyvolanych t¢inkom simvastatinu (12 umol.I). Latky
sme nechali pdsobit’ 24 hodin. Pozorovania st zhrnuté v tabul’kach 4 a 5.

Gény, ktorych expresia bola najvyraznejSie ovplyvnena vplyvom FPP, su z velkej
Casti totoZzné s génmi ovplyvnenymi simvastatinom, ich pocet bol vSak niZs§i a zmena expresie
menej vyznamna. Profil génovej expresie buniek oSetrenych sti¢asnym podanim simvastatinu
a FPP sa podobal profilu génovej expresie kontrolnych neovplyvnenych buniek. GGPP sam
génovu expresiu buniek MiaPaCa-2 neovplyvnil (tabul’ka 4). Stcasné pridanie GGPP a

simvastatinu eliminovalo takmer vSetky zmeny expresie génov sposobené vylucne
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simvastatinom. Iba 3 gény zostali exprimované vo vysSej miere, avSak vyznamnost

upregulacie sa znizila.

Tabul’ka 4 Vplyv FPP a GGPP na zmeny génovej expresie vyvolanej simvastatinom

Pocet génov s expresiou

zvySenou znizenou zmenenou
Simvastatin 127 74 201
Simvastatin + FPP 0 0 0
Simvastatin + GGPP 5 0 5
FPP 56 14 70
GGPP 0 0 0

Bunky MiaPaCa-2 vystavené simvastatinu (12 umol.l'!), FPP (17 umol.I'Y) a GGPP (12 pmol.l'1). Za vyznamne
ovplyvnené boli povazované zmeny génovej expresie s FC > 2.0 alebo < 0.5 a FDR < 0.05 (FC - fold change,
FDR - false discovery rate, FPP — farnesylpyrofosfat, GGPP — geranylgeranylpyrofosfat).

Zo vsetkych metabolickych drdh vyznamne ovplyvnenych simvastatinom bola
ucinkom FPP zmenend expresia velkého poctu génov, ktorych produkty sa podielaja
na replikacii DNA, regulacii bunkového cyklu a oprave poskodeni DNA (tabulka 5). GGPP
sdm vyznamne neovplyvnil Ziadne metabolické drahy. Pri simultdnnom podani simvastatinu a
FPP alebo GGPP zostali vyznamne ovplyvnené iba 3 metabolické drahy, a to DNA replikacia,

bunkovy cyklus a oxida¢na fosforylécia.

Tabul’ka 5 Vplyv FPP a GGPP na zmeny génovej expresie v dejoch a drahach vyvolané simvastatinom

FDR

Dej simvastatin FPP simvastatin+tFPP GGPP simvastatintGGPP
Replikacia DNA <1038 <101 <1013 - <104
Bunkovy cyklus <10 <1076 <100 - <1005
Ribozémy <1012 0 0 0 0
Korekcia parovania baz <1012 <1004 - - -
Biosyntéza steroidov < 109 - - - -
Homologicka rekombinécia <1007 - - - -
Signalna draha MAPK <10-06 - - - -
Metabolizmus pyrimidinu <10 - - - -
Endocytéza <1004 - - - -
Oxidacné fosforylacia - <1006 <1004 - <1007

Bunky MiaPaCa-2 vystavené simvastatinu (12 umol.IY), FPP (17 pmol.I'Y) a GGPP (12 umol.I'1). Za vyznamne
ovplyvnené boli povazované drahy s FDR < 0.001 (FDR - false discovery rate, FPP — farnezylpyrofosfat, GGPP —
geranylgeranylpyrofosfat, MAPK — kinaza mitogénnom aktivovaného proteinu).
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Interpretacia ziskanych vysledkov a zaver

Preukazali sme antiproliferatny ucinok vsetkych statinov in vitro na bunkovych liniach
odvodenych od adenokarcinomu pankreasu (MiaPaCa-2, BxPc-3 a CAPAN-2), ktoré sa lisili
stupniom diferenciacie a obsahom aktiva¢nej mutacie v géne pre protein K-Ras. Prave bunky
s aktivatnou mutaciou v géne K-ras boli k antiproliferaénému ucinku citlivejsie.
Najucinnej$imi statinmi boli cerivastatin a simvastatin. Vo vSeobecnosti boli lipofilné statiny
ucinnejsie ako hydrofilné (rosuvastatin, pravastatin), ¢o stivisi s mnozstvom statinov, ktoré sa
dostali do buniek. In vitro vysledky korelovali s vysledkami in vivo.

Vysledky celogendémovej analyzy buniek MiaPaCa-2 vystavenych ucinku jednotlivych
statinov korelovali s antiproliferaénymi u¢inkami jednotlivych statinov, ktoré st nasledkom
zasahu statinov do replikacie DNA, bunkového cyklu a aktinového cytoskeletu. Stcasne sme
aj na urovni DNA potvrdili vyznamny vplyv statinov na mevalonatovi drahu a Kennedyho
drahu, ktora zohrava ulohu v syntéze lipidovych kvapocok. K najvyznamnejsie ovplyvnenym
génom patril gén kddujuci protein K-Ras, jeho expresia bola vyznamne zvySena.

Vsetky statiny, okrem pravastatinu, spdsobovali akumuldciu tranzientne
exprimovaného proteinu GFP-K-Ras v cytoplazme. Tento jav moZe byt vysvetlenim zvySenej
expresie génu K-ras pozorovanej mikrocipovou analyzou. Ak sa vplyvom statinov K-Ras
protein akumuluje v cytoplazme, anie na plazmatickej membrane ainych membranach,
odkial by mal signalizovat, situacia je vyhodnotend ako nepritomnost’ proteinu K-Ras
a nasledne dochadza k d’alSej expresii génu K-ras.

St¢asnym oSetrenim MiaPaCa-2 buniek statinmi a intermediatmi mevalonatovej drahy
(mevalonat, FPP a GGPP) sme dosiahli eliminaciu vplyvu statinov na proliferaciu buniek,
na zmeny v génovej expresii 1 na lokalizaciu proteinu GFP-K-Ras v bunkach. To znamena, ze
proliferacia nadorovych buniek odvodenych od adenokarcindmu pankreasu je inhibovana
predovsetkym nedostatkom medziproduktov mevalonatovej drahy. V pripade posttranslacnej
modifikacie proteinu K-Ras sme pozorovali, Ze moéze byt v pripade nedostatku FPP
nahradeny GGPP.

Vdaka priprave konstruktov, ktorych produktami boli proteiny N-Ras fazované s GFP
simulujuce postupne inhibiciu farnezylacie a palmitoylacie, pripadne len ich s GFP fazované
C-konce, sme mohli sledovat’ vplyv nespravnej posttranslacnej modifik4cie na lokalizaciu
proteinov v bunke. Okrem potvrdenia, ze bez predchadzajlicej prenylacie sa protein Ras
Vv membrane neukotvi, sme pozorovali aj to, Zze hypervariabilna oblast’ proteinov Ras nie je

jedina oblast’ zodpovedna za ich lokalizaciu v bunke. Pripravou a pouzitim konstruktov,
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ktorych produkty simulovali GFP-N-Ras protein v neustale GTP-viazucom stave a protein
neschopny viazat GTP, sme pozorovali, ze vidzba s GTP je pre GFP-N-Ras protein
nevyhnutna pre viazbu a cytoplazmatickej membrane, zatial' o pre viazbu s Golgiho aparatom
nevyhnutnd nie je. Objasnili sme tak vplyv nespravnej posttranslacnej modifikacie Ras
proteinov na ich vnutrobunkovy transport a poukazali sme na to, ze oblast viazuca
nukleotidfosfaty prispieva k intraceluldrnej lokalizacii GFP-N-Ras proteinu podobne ako
hypervariabilnd oblast’. Preto sa statinmi sprostredkovand inhibicia farnezylacie proteinu K-
Ras s aktivacnou mutéaciou sa zda byt’ slubnym podpornym pristupom k modifikacii bunkovej
proliferacie v nadoroch pankreasu a v nadorovych tkanivach vobec.

Myslienka dalSiecho zaujimavého pristupu vznikla na konferencii v talianskych
Benatkach (Global Conference on Cancer Research and Therapy, 2018), kde profesor Hiroshi
Kobayashi z Chiba Univerzity v Japonsku predniesol vysledky pozorovania vplyvu nielen
statinov na proliferaciu roznych typov buniek pri roznom pH. Na zéklade toho rozdelil latky
na tie, ktorych uc¢inky od pH zavisia a tie, ktorych tc€inky st rovnaké bez ohl'adu na hodnotu
pH. Z komer¢ne dostupnych statinov boli do Studie zahrnuté simvastatin a lovastatin, ktorych
hodnoty ICso sa so znizenim pH (z hodnoty 7,5 — 7,7 na 6,7 — 6,8) o rad znizili. V stvislosti
s lokélne znizenym pH v tkanivach niektorych nédorov sa ukazuje d’alsi dovod vyuzitia
statinov v chemoadjuvantnej terapii v Specifickych pripadoch nadorov.

Vysledky naSich experimentov zameranych na Stidium protinadorovych uc¢inkov
statinov boli prezentované na 31. kongrese FEBS v Istanbule v Turecku (2006), na XX.
Biochemickom zjazde v Piestanoch na Slovensku (2006), na konferencii Targeting the
Kinome v Bazileji vo Svajéiarsku (2006), na konferencii Synthetic and Natural Compounds
in Cancer Therapy and Prevention v Bratislave na Slovensku (2007), na konferencii Cancer
Therapeutics: The Road Ahead na Capri v Taliansku (2007), na konferencii 2" Annual
International Conference on Health & Medical Sciences, v Aténach v Grécku (2014),
na 4. kongrese EUSTM v Prahe v Ceskej republike (2016), na 297" International Conference
on Recent Advances in Medical and Health Sciences v Prahe v Ceskej republike (2017),
na Global Conference on Cancer Research & Therapy, v Benatkach v Taliansku (2018)

ana25. ISCOM sympéziu v Cublane v Slovinsku. Vysledky boli publikované:

Gbelcova, H., Leni¢ek, M., Zelenka, J., Knejzlik, Z., Dvoiakova, G., Zadinova, M.,
Pouckova, P., Kudla, M., Balaz, P., Ruml, T., Vitek, L.: Differences in antitumor effects of
various statins on human pancreatic cancer. In: International Journal of Cancer. - Vol. 122,
No. 6 (2008), s. 1214-1221. - ISSN 0020-7136.
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3 STATINY A REGENERACNA MEDICINA

V ostatnom case sa hromadia informacie o schopnosti statinov indukovat, ako aj inhibovat
diferencidciu kmenovych buniek. Terapia prostrednictvom kmeniovych buniek sa v sucasnosti
stava alternativou rieSenia degenerativnych i nadorovych ochoreni, ktoré nie je mozné
uspokojivo rieSit’ Standardnymi postupmi. Zaroven vSak prindsa riziko neorganizovaného
rastu a delenia buniek, ¢o moze viest’ k formovaniu nadoru. Jednou z moznosti eliminacie
rizika je sucasna aplikacia statinov.

K najnovsie Studovanym pleiotropnym vlastnostiam statinov patri ich schopnost’
modulovat’ biologické charakteristiky a funkcie kmenovych buniek, ¢o mé potencidlne
vyuZzitie v regeneracnej medicine. Napriklad pri liecbe akutneho infarktu myokardu je
limitaciou pre pouzitie autolognych kmenovych buniek pokles poctu i funkcie kmenovych
buniek pacientov s ischemickou chorobou srdca, diabetes mellitus a srdcovym zlyhanim
(Vasa, M. a spol., 2001). Dalsim problémom je zhorsené prezivanie podanych kmefiovych
buniek v prostredi myokardu poskodeného infarktom, ktory uvoltiuje cytotoxické faktory.
Posobenie statinov nardzne charakteristiky kmetiovych buniek by mohlo viest’
k zefektivneniu liecby kmenovymi bunkami pri su¢asnom podavani statinov (Xu, H. a spol.,
2013). Historicky vyvoj ulohy statinov od latok schopnych znizit' hladinu cholesterolu
k latkam s protinadorovymi a diferenciatnymi u¢inkami velmi prehl'adne zmapovali

Clendening a Penn (Clendening, J.W. a Penn, L.Z., 2012).

3.1 VPLYV STATINOV NA SAMOOBNOVOVANIE A DIFERENCIACIU
KMENOVYCH BUNIEK

Pre spravny priebeh organogenézy je kliCova presnd reguldcia pomeru samoobnovovania
a diferencidcie kmenovych buniek, tkanivovej homeostazy a regeneracie. ZvySenie tohto
pomeru V prospech samoobnovovania vedie k degeneracii tkaniv, naopak nadmerna
proliferacia na ukor diferenciacie indukuje kancerogenézu (Liu, J. a spol., 2010). Statiny
mozu zvySovat' ako pocet kmenovych buniek, tak aj ich schopnost’ diferenciacie. Efekt
statinov zavisi od druhu kmenovych buniek (Assmus, B. a spol., 2003, Suzuki, G. a spol.,
2009).

Cirkulujice endotelialne progenitorové bunky (EPC) odvodené z kostnej drene sa
podielaju na reendotelizacii poskodenych ciev a neovaskularizécii ischemickych tkaniv.
Predstavuju dolezity reparaény mechanizmus, ktorym organizmus zaist'uje integritu endotelu.

U pacientov s ischemickou chorobou srdca, diabetes mellitus a metabolickym syndromom je
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vyznamne znizené mnozstvo cirkulujucich EPC (Park, A. aspol., 2016, Vasa, M. a spol.,
2001). Statiny inhibuju starnutie EPC a podporuju ich proliferaciu (Assmus, B. a spol., 2003).
Spomalenie starnutia EPC sposobuje statinmi sprostredkovana modulacia proteinov
bunkového cyklu, konkrétne upregulacia cyklinov a downreguldcia inhibitora bunkového
cyklu p27Kip1. Tento proces zavisi od pritomnosti izoprenoidov (FPP a GGPP) (Assmus, B.
aspol., 2003). Statiny moézu odd’alovat’ starnutie kmenovych buniek aj redukciou tvorby
volnych kyslikovych radikalov (Haendeler, J. a spol., 2004). Statiny dalej zvySujt
diferenciaciu EPC z Tudskych periférnych mononuklearnych buniek a CD34-pozitivnych
hematopoetickych kmenovych buniek in vitro a podporuju diferenciaciu EPC
na kardiomyocyty (Rupp, S. a spol., 2004).

Obzvlast pozitivny vplyv maju statiny na proliferdciu embryonalnych kmenovych
buniek (ESC). Ich kratkodoba expozicia statinom neinhibuje rast karyotypovo normalnych
Iudskych ESC. Naproti tomu liecba statinmi inhibuje rast nadorovych ESC a ESC s
abnormalnym karyotypom. Tato inhibi¢na aktivita je sprostredkovana zvySenim expresie
apoptickych génov. Statiny teda nemaji len protinadorové ucinky, ale supresiou rastu a
proliferacie abnormalnych ESC zaroven podporuju rast normalnych ESC in vitro
(Gauthaman, K. a spol., 2009).

Existujt in vitro a in vivo dokazy, Ze statiny potlacaji proliferacny potencial a zaroven
indukuji diferencia¢ny potencial mezenchymalnych kmemniovych buniek (MSC) (Baek,
K.H. a spol., 2005, Kupcsik, L. a spol., 2009). Simvastatin indukuje diferenciaciu MSC
na osteoblasty a zaroven inhibuje diferenciaciu MSC na adipocyty (Li, X. a spol., 2011).
Pdsobenim statinov dochddza k zmene morfologie MSC, z vretenovitého tvaru sa menia
na vel'ké splostené bunky s rozsirenou cytoplazmatickou oblast'ou. Statinmi sprostredkovana
redukcia potencidlu MSC diferencovat’ sa na makrofagy inhibuje zapalové procesy a zvySuje
stabilitu aterosklerotickych platov pacientov s kardiovaskuldrnymi chorobami. Statiny
pOsobia aj priamo na existujuce makrofagy potlatenim ich proliferanej aktivity, pripadne
indukciou apoptdzy existujucich makrofagov (lzadpanah, R. a spol., 2015). Opisané vplyvy
statinov na MSC zévisia od pouzitého statinu, pouzitého typu MSC, doby expozicie a d’alSich
faktorov.

Nadorové kmenové bunky (CSC) anenddorové kmenové bunky maji mnoho
spolo¢nych vlastnosti, ku ktorym patria samoobnovovaci potencial, vysoka proliferacna
kapacita, vysokda telomerdzova aktivita, vysoky pomer objemu jadra k objemu cytoplazmy,
moznost aktivacie rovnakych signalnych drah. ESC a niektoré l'udské nadorové bunky

vyuzivaju rovnaké vzory génovej expresie, ktoré st v nenadorovych somatickych bunkach
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potlacené (Budaj, M. a spol., 2012, limer, M. a spol., 2014). Statiny inhibuju proliferaciu ESC
supresiou ich génov kmenovosti (Gauthaman, K. a spol., 2009), rovnako m6zu suprimovat’

podobné gény kmenovosti v CSC, a tym ovplyvilovat' rast a metastazovanie nadorovych

buniek (Xu, H. a spol., 2013).

3.2 VPLYV STATINOV NA MOBILIZACIU KMENOVYCH BUNIEK

Statiny maja vplyv na mobilizaciu EPC a ul'ah¢ujt ich transport do miest cievneho
poskodenia, ich diferencidciu na epitelové bunky, a tak zlepSuji reendotelizaciu
a neovaskularizaciu (Walter, D.H. a spol., 2002, Schroeter, M.R. a spol., 2009). Vplyv
statinov na mobilizaciu EPC bol potvrdeny aj v klinickych Stadiach. Liecba statinmi zvysuje
mobilizaciu buniek CD34+ po akutnom infarkte myokardu (Leone, A.M. a spol., 2008),
zlepSuje opravu endotelidlneho poskodenia a obmedzuje progresiu aterosklerotickych zmien
rizikovych pacientov. Zaujimavé vysledky priniesla randomizovana $tadia, pocas ktorej
porovnavali efekt intenzivnej a Standardnej davky statinov na mobilizaciu EPC pacientov
po uspesnej perkutannej korondrnej intervencii. Pocet EPC pri prijati a pri prepusteni pacienta
bol v oboch skupinach podobny, ale v intenzivne lieCenej skupine pacientov bol poéet EPC
vyznamne vy$§i v priebehu sledovania po liecbe. Intenzivna statinova liecba v porovnani
so Standardnou terapiou mobilizuje EPC uéinnejSie (Leone, A.M. a spol., 2008). V pripade
pacientov s chronickym kardialnym zlyhavanim viedla liecba rosuvastatinom v davke 40 mg
denne K zvysSeniu hladin cirkulujuceho vaskularneho endotelialneho rastového faktora,
zvyseniu poctu kmenovych buniek v periférnej krvi a zvySenej schopnosti kmeniovych buniek
integrovat sa do endotelidlnych Struktar in vitro, spojenej s vySSou vaskularizaciou

Vv biopsiach kostrovych svalov (Erbs, S. a spol., 2011).

3.3 VYUZITIE STATINOV V REGENERACNEJ MEDICINE

3.3.1 Statiny a pacienti po akitnom infarkte myokardu

Kombinovana liecba statinmi a MSCs vyznamne znizuje apoptézu kardiomyocytov, redukuje
oxidacny stres a potlaa expresiu génov kodujucich zéapalové cytokiny v myokarde
po akutnom infarkte. To vedie k zvySenému prezivaniu MSCs, vyraznejSiemu funkénému
zlepSeniu myokardu a zvySenej kardiovaskularnej diferenciacii transplantovanych kmenovych
buniek. Poddvanie statinov preukéazatelne vedie k vytvoreniu lepSieho prostredia

pre prezivanie a diferenciaciu implantovanych kmenovych buniek (Yang, Y.J. a spol., 2009).
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3.3.2 Vplyv statinov na osteogenézu a odontogenézu

Dospelé mezenchymalne kmeiiové bunky boli okrem mnoZstva inych tkaniv identifikované aj
vo viacerych tkanivach ustnej dutiny a v maxilofacialnych tkanivach ako su orofacidlna kost,
zubna dren, periodontalne vizivo, zubné folikuly, slinné zI'azy a iné (Egusa, H. a spol., 2012).
Resorpcia kosti v oblasti chybajuceho zubu vo velkej miere stazuje jeho nahradenie
dentalnymi implantditmi (Darby, |. aspol., 2008), preto kmenové bunky a tkanivové
inzinierstvo predstavuju nové moznosti v regeneracii defektov alveolarnych kosti,
periodontalnych a zubnych tkaniv (Izumi, Y. aspol., 2011, Oshima a spol., 2011, lkeda, E.
aspol., 2009). V odbornej literature je podrobnejSie opisana najmi izolacia kmenovych
buniek zo zubnej drene, ako aj ich charakteristika (Suchanek, J. a spol., 2013, Gioventu, S.
aspol., 2012, Kawashima, N., 2012, Sloan, A.J. a Waddington, R.J., 2009, Gronthos, S.
a spol., 2002), ovplyvnenie diferenciacie a moznosti ich vyuZzitia v regenerativnej medicine
(Wang, X. aspol., 2012, Suzuki, T. aspol., 2011, Zhang, W. a spol., 2006). Regeneraciou
mandibuldrnej kosti u pacientov pomocou kmenovych buniek kostnej drene bola dokazana
ich schopnost’ obnovit’ tkaniva a organy (d”Aquino, R. a spol., 2009).

Pomerne dobre dostupny zdroj kmenovych buniek predstavuji kmenové bunky
zubnych folikulov (Huang, G.T. aspol., 2009). Dentadlny folikul je vak, ktory obsahuje
vyvijajuci sa zub. Kmenové bunky dentalneho folikulu exprimuji mnozstvo markerov (CD44,
CD73, CD90 a CD105) typickych pre kmenové bunky a maju schopnost’ diferencovat’ sa
narozli¢né typy buniek mezenchymalnych tkaniv (Mori, G. aspol., 2012). V literatire je
opisana najmé ich schopnost’ regenerovat’ periodontalne tkaniva (Park, B.W. a spol., 2012,
Yao, S. a spol., 2008) a ich ucast’ na obnove dentinu (Guo, W. a spol., 2009). Kmenové bunky
dentalnych folikulov su taktiez schopné diferencidcie na adipocyty, neurony (Robin, N.C.
aspol., 2013, Yao, S. a spol., 2008) a osteoblasty (Rezai Rad, M. aspol., 2015, Yao, S. a spol.,
2013, Mori, G. a spol., 2012).

V tejto suvislosti mnohé prace opisuji  poOsobenie statinov na osteogénnu
a chondrogénnu diferenciaciu mezenchymalnych kmenovych buniek, u ktorych mézu spustat’
senescenciu a apoptoézu. Po ich pdsobeni bola zaznamenana zvysena regulacia génov pl6,
pS3, kaspaz -3, -8 a -9, naopak zniZenad hladina DNA reparacnych génov XRCC4, XRCC6
aApexl (lzadpanah, R. aspol., 2015). Dalsie prace potvrdzujii indukciu osteogenézy
pOsobenim simvastatinu na mezenchymalne kmenové bunky zvySenim organizacie
aktinovych filamentov a bunkovej rigidity (Tai, I.C. a spol., 2015) a stimulovanie regeneracie

kostného tkaniva (Huang, X. a spol., 2014). Kmeniové bunky dentélnych folikulov exprimuja
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vo zvysSenej miere DMP1 (angl. dentin matrix protein 1), ktory zohrava vyznamnu ulohu v ich
osteogénnej difereciacii, je esencidlny pre maturdciu osteoblastov a mineralizaciu pevnych
tkaniv. Zablokovanim jeho expresie sa vyrazne zniZi osteogenéza a osteogénna expresia
génov kmenovych buniek zubnych folikulov (Rezai Rad, M. a spol., 2015, Suzuki, S. a spol.,
2012).

V suvislosti s vyuzitim statinov v regenera¢nej medicine sa zacal rieSit problém
systétmového podavania statinov, ktory je obmedzeny kvoli ich metabolizmu v peceni
a klirensu v zazivacom systéme. Aby sa prediSlo nizkej ucinnosti a castym vedlajsSim
ucinkom liecby vysokymi davkami statinov, zacali sa objavovat Stidie zamerané
na odburatel'né nosiCe statinov, resp. podavanie statinov Systémom nanocastic (Kim, T.H.

a spol., 2018, Soares, D.G. a spol., 2018, Zijah, V. a spol., 2017).
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3.4 VPLYV STATINOV NA KMENOVE BUNKY

Dal§im typom buniek, ktoré st vhodné pre regeneratnu terapiu najmi vd’aka Pahkému
pristupu ku tkanivu a jednoduchému izolacnému postupu (Valorani, M.G. a spol., 2012) st
mezenchymové kmenové bunky izolované z podkozného tukové tkaniva. Spoznanie
mechanizmov transformacie kmenovych buniek na nadorové, ako aj mechanizmov inhibicie
bunkovej proliferacie prispeje k presnejsej regulacii riadenej diferenciacie ¢o, umozni zasahy
vedtice k elimindcii pripadnej transformacie. Otazka ucinku statinov na kmenové bunky
tukového tkaniva je viac nez aktudlna aj z toho dévodu, ze vela I'udi, ktori statiny uzivaju

pocas lieCby hypercholesterolémie, trpi obezitou.

3.4.1 Vplyv statinov na rast kmenovych buniek tukového tkaniva

Od tukového tkaniva odvodené mezenchymalne kmenové bunky (ATCC - PCS-500-011,
ADMSC) sme kultivovali so vSetkymi komeréne dostupnymi statinmi v koneénej
koncentracii 20, 40, 50, 60, 80 a 100 umol.I"}, resp. s metanolom (rozpustadlo), ktory sluzil
ako kontrola. Po 24, 48 a 72 hodinéach kultivacie sme vyuzitim komercnej stipravy WST-1
stanovili mnozstvo buniek.

Vysledky pozorovania su graficky spracované na obrazku 13. Ziadny zo statinov,
okrem simvastatinu, po 24 hodinach poOsobenia vyznamne neovplyvnil proliferaciu
mezenchymalnych kmenovych buniek odvodenych od tukového tkaniva. Hodnotu ICso
nebolo moZné ani odhadniit’, nakol’ko je vys§ia ako 100 umol.I%, &o bola najvyssia testovana
koncentracia. Simvastatin v koncentracii 50 pmol.l' spdsobil po 24 hodinach zniZenie
mnozstva buniek viac ako o polovicu, ¢ize za hodnotu ICsp je mozné povazovat’ hodnotu
nizsiu ako 50 umol.It. Vo vyssich testovanych koncentraciach s ohl'adom na chybu merania
sposobil simvastatin smrt’” takmer vSetkych buniek. Fluvastatin a atorvastatin mali
do koncentracie 40 pmol.I mierne proliferaciu-indukujici w¢inok. V pripade vsetkych
statinov, okrem pravastatinu, bol efekt statinov Statisticky vyznamnejsi po 48 a 72 hodinach.
Efekt statinov s Casom poOsobenia priamoumerne stipal. Zaujimavy je efekt pitavastatinu
a Ciastocne 1 atorvastatinu po 72 hodindch pdsobenia, kedy so vzrastajucou koncentraciou

vzrastd 1 metabolicka aktivita buniek, ¢o naznacuje vznik rezistencie buniek.
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Obrazok 13 Vplyv statinov na proliferaciu mezenchymalnych kmenovych buniek odvedenych
z tukového tkaniva (pasaz 8) po 24, 48, 72 hodinach
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3.4.2 Statiny a génova expresia kmenovych buniek tukového tkaniva

Ked’ze z nameranych tidajov nebolo mozné urcit’ hodnoty ICsp, a zaroven aby bola intenzita
ucinkov jednotlivych statinov na nddorové bunky pankreasu a kmenové bunky porovnatel’na,
rozhodli sme sa na d’al$ie experimenty pouzit’ koncentraciu 12 pmol.1™.

Vplyv statinov na expresiu génov po 24 hodinich poésobenia na ADMSC sme
sledovali pomocou transkripénej mikroCipovej komercnej stpravy AFFIMETRIX -
Clariom™ S Assay (20000 génov, viac ako 50000 transkriptov). Biostatisticka analyza bola
realizovana pod vedenim RNDr. Michala Kolafa v ramci spoluprace s Ustavom molekularnej
genetiky AK CR. Na detekciu odlisne exprimovanych transkriptov bol pouzity t-test.
Za indikatory vyznamnej zmeny transkripcie génu bola povazovana hodnota g-value mensia
ako 0,05 a minimalne dvojnasobna zmena v expresii. GSEA (Gene set enrichment analysis)
bola realizovand pouzitim Fisherovho exaktného testu aplikovaného na skupiny génov
definovanych KEGG drdhami (KEGG) a Gene Ontology (GO). Iba tie KEGG drahy (resp.
GO termy) s hodnotou GSEA p-value < 0,001 boli vyhodnotené ako Statisticky vyznamné.

Metanol, ako rozpustadlo, nemal vdanom mnozstve vplyv na transkripciu,
transkripény profil bol rovnaky ako u kontroly. Podobne aj pravastatin vykazoval rovnaky
transkripény profil ako kontrola, bol neti¢inny. Ostatné statiny vyznamne menili transkripény
profil, znich vyznamne odlisny (slabsi) efekt mal len rosuvastatin. Pocet transkriptov
So Statisticky vyznamne zmenenou mierou transkripcie je v tabulke 6, Statinmi Statisticky

najvyznamnejsie ovplyvnené bunkové deje (podl'a KEGG) st v tabul’ke 7.

Tabulka 6 Pocet transkriptov so $tatisticky vyznamne zmenenou transkripciou vplyvom statinov

Koncentracia statinov 12 pmol.I*?

Transkripty Transkripty Transkripty
S0 zvysenou s0 zniZenou SO zmenenou
expresiou (pocet)  expresiou (pocet)  expresiou (pocet)

Simvastatin 478 1440 1918
Fluvastatin 504 1267 1771
Cerivastatin 449 1270 1719
Pitavastatin 468 1238 1706
Lovastatin 480 1090 1570
Atorvastatin 412 1141 1553
Rosuvastatin 230 955 1185
Pravastatin 0 0 0

Za §tatisticky vyznamné zmeny expresie boli povaZzované zmeny s [logFC| > 1 a q < 0,05 (FC —fold change)
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Tabulka 7 Statinmi najvyznamnejsie ovplyvnené bunkové deje

Simva- Fluva- Ceriva- Pitava- Lova- Atorva- Rosuva-

Dej p-value

Bunkovy cyklus <10 <10%® <10Y <10 <10 <107 <107
Replikacia DNA <10* <10V <10% <10%® <10 <10 <1078
Korekcia parovania baz <10%® <10%® <1098 <10%® <10%® <1007 <10
Homoldgna rekombinacia <10%® <10 <109 <10%® <10 <10 <10
Nukleotidova excizna oprava < 10%® <10 - - <10%® <10% <10%

Za S§tatisticky vyznamne ovplyvnené boli povazované KEGG drahy s odds ratio > 5, p < 0,001. Rozdiely
vo vysledkoch vychadzajucich z KEGG a z GO terms boli len v miere ovplyvnenia prislusnych biologickych
dejov.

Zarédzajuce bolo pozorovanie, Zze ziadny zo statinov vyznamne neovplyvnil gény
mevalonatovej drahy. Interpretacia typu bunkovej smrti vyvolanej statinmi sa liSila s ohladom
na typ pouzitej databazy. Zatial' ¢o podl'a KEGG databézy statiny indukuji nekroptézu, podla
GO databdzy vnuatorni apoptickii drahu. Pozorované boli aj zmeny expresie niektorych
transkriptov stvisiacich s diferenciaciou osteoklastov, ale ich diferenciacia ako taka statinmi

v danej koncentrécii a ¢ase posobenia vyznamne ovplyvnena nebola.

Interpretacia ziskanych vysledkov a zaver
Vplyv statinov na proliferaciu kmeniovych buniek odvodenych od tukového tkaniva bol
vyznamne niz$i ako na proliferaciu nadorovych buniek pankreasu, ¢o je Zziaduci jav.
Zaujimava je vSak skutocnost’, Ze hoci sme v ADMSC V testovanej koncentracii pozorovali
vyznamné zmeny V expresii transkriptov, ktorych produkty zohravaji doélezitu wlohu
v bunkovom cykle a replikdcii DNA, vyznamny zasah do mevalonatove; drdhy sme
nepozorovali. Budeme preto sledovat’ koncentracnu a ¢asovu zavislost’ statinov na expresiu
génu pre HMG-CoA reduktazu (primarny ciel statinov) v ADMSC.

Dalej nas zaujimalo, ¢i sa efekt jednotlivych statinov na proliferaciu ADMSC (ti¢inok
sme pozorovali az v koncentdciach o rad vysSich ako v pripade nadorovych buniek
pankreasu) znizenim pH zvysi. ADMSC vsak zniZzenie pH na turoven 6,8 dosiahnuté

pridavkom kyseliny mlie¢nej do média neboli schopné prezit'.

- 46 -



HELENA GBELCOV4, 2019 STATINY A REGENERACNA MEDICINA

V tejto oblasti sme zatial’ publikovali prehl'adové ¢lanky a len niektoré vysledky:

Rezndkova, S., Pris¢dkova, P., Repiskd, V., Gbelcova, H.: Vplyv statinov na diferenciaciu
a prezivanie kmenovych buniek = The effect of statins on differentiation and surviving of the

stem cells. In: Lekarsky obzor. - Ro¢. 67, ¢. 3 (2018), s. 115-119. - ISSN (print) 0457-4214

Rezndkova, S., Prisc¢akova, P., Buran, P., Repiska, V., Gbelcovd, H.: Odolnost
mezenchymalnych kmenovych buniek odvodenych od adipocytov k antiproliferaénym
ucinkom statinov. In: Z laboratéria do klinickej praxe 1. - Turany : P + M, 2018. - S. 160-163.
- ISBN 978-80-89694-41-9

Rezndkova, S., Gasparova, 1., Pris¢adkova, P., Repiska, V., Gbelcova, H.: Vplyv statinov
na samoobnovovanie a diferenciaciu kmenovych buniek. In: Biologicko-genetické aspekty
nadorovej regeneracnej mediciny. - Martin : JLF UK, 2016. - S. 42-48. - ISBN 978-80-8187-
021-7

V danej problematike pod mojim vedenim spracovavaju aj tému vplyvu statinov

na kmenové bunky svoje kvalifika¢né prace:

Bc. David Végh — diplomova praca s nazvom Charakterizacia pleiotropnych ucinkov

vybranych statinov za u¢elom uplatnenia v chemoadjuvantnej terapii zhubnych nadorov.

MUDr. Sona Rezndkovd — dizertatna praca s ndzvom Vplyv statinov na diferenciaciu

a prezivanie kmenovych buniek.

Studium moznosti vyuzitia statinov v regenera¢nej medicine ako aj napisanie tejto prace

bolo mozné vd’aka grantovej podpore APVV-15-0217.
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ZOZNAM POUZITYCH SKRATIEK

ZOZNAM POUZITYCH SKRATIEK

ADMSC
apo
CDK
CE

CoA
CSC
CYP
EPC

ER

ESC
FBS
FPP
FTaza
GA
GAP
GDP
GEF
GFP
GGPP
GTP
HDL
HMG-CoA
HMGCS
HMGCR
HVR
lcmt
IDL

LD

LDL
MAPK
MSC
MVD
PBS
VLDL

z tukového tkaniva odvodené mezenchymalne kmenové bunky
apolipoprotein

kinaza zavisla od cyklinu

estery cholesterolu

koenzym A

nadorové kmenové bunky

cytochrém P450

cirkulujuce endotelidlne progenitorové bunky
endoplazmatické retikulum

embryonalne kmenové bunky

fetalne bovinné sérum

farnezyl difosfat (farnezyl pyrofosfat)
farnezyltransferaza

Golgiho aparat

protein aktivujuci guanozintrifosfat

guanozin difosfat

guaninnukleotid vymenny faktor

zeleny fluorescencny protein

geranylgeranyl difosfat

guanozin trifosfat

lipoprotein s vysokou hustotou
3-hydroxy-3-metylglutaryl-koeznym A
3-hydroxy-3-metylglutaryl-koenzym A syntaza
3-hydroxy-3-metylglutaryl-koenzym A reduktaza
hypervariabilna oblast’
izoprenylcysteinkarboxylmetyl transferaza
lipoproteiny so strednou hustotou

lipidové kvapocky

lipoproteiny s nizkou hustotou

kindza mitogénnom aktivovaného proteinu
mezenchymalne kmenové bunky
fosfomevalonat dekarboxylaza

fosfatovy tlmivy roztok

lipoproteiny s vel'mi nizkou hustotou
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Abstract

necrosis or growth arrest.

Background: Statins (HMG-CoA reductase inhibitors) represent a major class of compounds for the treatment of
hypercholesterolemia due to their ability to inhibit de novo cholesterol synthesis. In addition to their
hypolipidemic effects, chemoprotective properties have been attributed to statins as well. These effects involve
multiple mechanisms, which, however, are not known in detail. The aim of our study was to assess in
non-malignant as well as cancer cells the impact of simvastatin on the amount of cytosolic lipid droplets (LDs)
implicated in many biological processes including proliferation, inflammation, carcinogenesis, apoptosis,

Methods: Human embryonic kidney cells HEK-293T and human pancreatic cancer cells MiaPaCa-2 were treated
with simvastatin (6 and 12 uM) for 24 and 48 hours respectively. Neutral lipid probe Nile Red was used for
detection of LDs by fluorescence microscopy. Cellular cholesterol content was determined by HPLC. Changes in
expression of genes related to lipid metabolism in simvastatin-treated MiaPaCa-2 cells were examined by DNA
microarray analysis. Validation of gene expression changes was performed using quantitative RT-PCR.

Results: The treatment of the cells with simvastatin increased their intracellular content of LDs in both
non-malignant as well as cancer cells, partially due to the uptake of cholesterol and triacylglyceroles from
medium; but in particular, due to enhanced synthesis of triacylglyceroles as proved by significant overexpression
of genes related to de novo synthesis of triacylglyceroles and phospholipids. In addition, simvastatin also
markedly influenced expression of genes directly affecting cell proliferation and signaling.

Conclusions: Simvastatin treatment led to accumulation of cytosolic LDs within the examined cells, a
phenomenon which might contribute to the antiproliferative effects of statins.

Keywords: Simvastatin, Lipid droplets, DNA microarray, Nile red, Pancreatic cancer

Background

Statins represent a major class of drugs for treatment of
hypercholesterolemia due to their ability to inhibit de novo
cholesterol synthesis, namely the rate-limiting step of
mevalonate pathway catalyzed by HMG-CoA reductase.
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The first statin was discovered in 1976, and since 1980
they have been introduced into clinical practice [1].

In addition to their hypolipidemic effects, statins
exert also numerous additional biological activities me-
diated by various products of the mevalonate pathway,
such as anti-inflammatory and immunomodulatory ac-
tivities, effects on endothelial function, anti-oxidative
effects, or effects on cell proliferation and apoptosis,
etc. [2,3].

Chemoprotective effects of statins have been attrib-
uted to their impact on protein prenylation. Among
prenylated proteins, the low molecular weight GTP-

© 2013 Gbelcova et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
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binding Ras proteins constitute central regulators of nu-
merous cellular functions including cell proliferation. In
normal, untransformed cells, the Ras proteins cycle be-
tween an inactive GDP-bound state and active GTP-
bound state at the plasma membrane (PM) [4]. Unlike
activation mechanisms under physiological conditions,
activating mutations of ras genes (mostly in K-ras gene)
occur frequently in malignant tissues.

These mutations result in a loss of GTPase activity,
which leads to permanent K-Ras protein activation and
continuous initiation of downstream signal cascades re-
lated to cell proliferation. This results in deregulated
growth of cell populations and development of cancer.
It was found that approximately 30% of all human can-
cers harbor activating mutations of ras genes. In pan-
creatic cancer, these mutations of the K-ras oncogene
are present in up to 90% of cases [5,6]. Statin-mediated
inhibition of Ras protein farnesylation thus seems to be
a promising adjuvant approach for the treatment of
pancreatic cancer and cancer in general, and this is why
the possible anticancer potential of statins is being in-
tensively studied [7-9].

The molecular mechanisms of the anticancer effects
of statins are complex and depend on many factors af-
fecting their pharmacokinetics and pharmacodynamics
[9,10]. Apart from common cellular processes affected
by statins, their impact on metabolism of cytosolic
lipid droplets (LDs) has not been studied in detail.
Cytosolic LDs, previously considered to be passive fat
deposits within the cells, are being currently regarded
as dynamic, regulated organelles with multiple bio-
logical functions [11]. The mechanisms of LDs biogen-
esis and turnover are not currently understood and
several hypotheses have been suggested [12,13]. LDs
exist virtually in any kind of cell, ranging from bacteria
to yeasts, plants, and higher mammals. In mammalian
cells and in most cultured cell lines, LDs consist of a
core of neutral lipids, predominantly triacylglyceroles
(TG) or cholesteryl esters (CE), that are surrounded by
a monolayer of phospholipids, free cholesterol and as-
sociated proteins. The neutral lipids that are stored in
LDs are used for metabolism, membrane synthesis
(phospholipids and cholesterol) and steroid synthesis
[14]. In addition, LDs have a crucial role as a deposit of
cholesterol in the form of cholesteryl esters, as part of
complex homeostatic mechanisms that are involved in
regulation of the intracellular free cholesterol levels
[14]. Di Vito and co-workers reported a highly dynamic
role of intracellular LDs in many important develop-
mental processes including proliferation, inflammation,
apoptosis, growth arrest and necrosis [15,16]. Based on
these data, the effect of statins on pancreatic cancer cell
proliferation might be caused by the changes in intra-
cellular LDs amount.
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The aim of the present study was thus to assess the
effect of simvastatin on intracellular LDs in human
healthy and pancreatic cancer cells, and to relate these
effects to antiproliferative activities of statins.

Results

Analysis of intracellular LDs content

a) HEK 293T cells

Occasional presence of LDs was observed in HEK 293T
cells cultured in the medium supplement with FBS
(Figure 1a), which increased markedly in the cells ex-
posed to simvastatin (12 uM) (Figure 1b). To eliminate
the effect of possible cholesterol uptake from the
medium, the cells were cultured in the FBS free me-
dium. The absence of FBS resulted in disappearance of
LDs from the cells not exposed to simvastatin (Figure 1c).
However, compared to simvastatin-untreated -cells
(Figure 1c), the LDs content in the cells cultured in
presence of 12 pM simvastatin in FBS free medium in-
creased again (Figure 1d) and was comparable to the
control cells (Figure 1a).

b) MiaPaCa-2 cells

Content of the LDs in the MiaPaCa-2 cells was in general
higher as compared to that in HEK-293T cells (Figure 2a
vs. Figure la). Due to very high LDs concentration in
MiaPaCa-2 cells there were not detectable changes in LDs
amounts after 24 hours of treatment. Therefore, the
MiaPaCa-2 cells were cultured in the FBS free medium
supplemented with 12 pM simvastatin for 48 hours. Even
after this prolonged exposure to simvastatin, the changes in
the LDs amount in MiaPaCa-2 cells (Figure 2b) were not as
evident as in HEK cells. Similarly, the amount of LDs was
decreased in the MiaPaCa-2 cells cultured in the FBS free
medium compared to those containing FBS (Figure 2c vs.
Figure 2a). The LDs content in the MiaPaCa-2 cells treated
with simvastatin in the FBS free medium was again slightly
higher to that in the cells cultured in the same medium in
absence of simvastatin (Figure 2d vs. Figure 2c) and sub-
stantially lower compared to that in the control cells (in the
EBS supplemented medium) (Figure 2a).

Analysis of intracellular cholesterol content

To study the composition of accumulated LDs, MiaPaCa-
2 cells were exposed to 12 uM simvastatin for 48 hours.
The cells were then harvested and cellular cholesterol
content was quantified and compared to that in the cells
cultured in the absence of simvastatin. Only free choles-
terol was detected in the analyzed samples, but no signifi-
cant differences between cholesterol content in the
control cells and those treated with simvastatin were de-
tectable (Table 1).
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control
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FBS free
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Figure 1 Intracellular lipid droplets in HEK-293T cells staining by Nile Red (10 ng/ml), a) control cells, b) simvastatin treated cells, c)
cells cultivated in FBS free medium, d) cells treated with simvastatin in FBS free medium. Simvastatin used in concentration 12 uM, 24 hrs
exposure. FBS, fetal bovine serum. Scale bar represents 10 um. Arrows indicate lipid droplets.

Gene expression analysis

a) The effect of simvastatin on expression of genes related
to lipid metabolism

Gene expression microarray analysis revealed that
6 pM concentration of simvastatin was sufficient for
up-regulation of three genes related to the enzymes of
the mevalonate pathways; this effect was pronounced by
higher concentration of simvastatin (12 uM) (Table 2).

The most upregulated gene of mevalonate pathway was
HMGCSI (Table 2) coding for an enzyme catalyzing con-
densation of acetyl-CoA with acetoacetyl-CoA to form
HMG-CoA. The other up-regulated gene, HMGCR (3-hy-
droxy-3-methylglutaryl-coenzyme A Reductase) is respon-
sible for conversion of the HMG-CoA to mevalonic acid
and it is target of statins. The MVD (mevalonate pyro-
phosphate decarboxylase), whose gene transcription was
doubled upon treatment with simvastatin, catalyzes con-
version of mevalonate pyrophosphate into isopentenyl
pyrophosphate [17].

Treatment of simvastatin also lead to significant up-
regulation of two genes coding for enzymes catalyzing
de novo synthesis of phospholipids and glycerolipids, in
particular 1-acyl-sn-glycerol-3-phosphate acyltransferase
beta (AGPAT?2) and lipid phosphate phosphohydrolase 1
(PPAP2A) (Table 2). AGPAT2 converts lysophosphatidic

acid to phosphatidic acid, the second step in de novo
phospholipid biosynthesis [18]. PPAP2A is a member of
the phosphatidic acid phosphatase (PAP) family. PAPs
convert phosphatidic acid to diacylglycerol, and func-
tion in de novo synthesis of glycerolipids as well as in
receptor-activated signal transduction mediated by
phospholipase D. This protein plays an active role in hy-
drolysis and uptake of lipids from extracellular space
and represents a key enzyme in the regulation of lipid
synthesis in general [19].

In addition, ACSS2 coding for acyl-CoA synthetase
short-chain family member 2 (the member of Acyl-CoA
synthases (thiokinases)) was also significantly upregulated
by simvastatin (Table 2). It catalyzes activation of long
chain fatty acids and esterifies them to coenzyme A, be-
fore they undergo oxidative degradation to be utilized for
synthesis of complex lipids (e.g., TG or membrane lipids),
or be attached to proteins as lipid anchors [20].

The last significantly up-regulated gene related to
cholesterol and lipid homeostasis was ABCA7 gene
(Table 2). The protein encoded by this gene is a mem-
ber of the superfamily of ATP-binding cassette (ABC)
transporters, that transport a wide variety of substrates
across extra- and intracellular membranes, including
metabolic products, lipids and sterols, and drugs [21].
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exposure. FBS, fetal bovine serum. Scale bar represents 10 pum.

Figure 2 Intracellular lipid droplets in MiaPaCa-2 cells staining by Nile Red (10 ng/ml), a) control cells, b) simvastatin treated cells, c)
cells cultivated in FBS free medium, d) cells treated with simvastatin in FBS free medium. Simvastatin used in concentration 12 pM, 48 hrs

b) The effect of simvastatin on expression of genes involved
in cell proliferation
Besides genes involved in lipid metabolism, and consistent
with reported antiproliferative effects of statins, simva-
statin treatment affected expression of a large number of
genes implicated in cell cycle regulation, DNA replication
or cell signaling, including MAP kinase signaling pathway.
Simultaneously, the genes involved in apoptosis and au-
tophagy have been found to be differentially expressed
(see Table 3, for detailed list of genes, see ArrayExpress
database, accession number E-MTAB-1501).

Validation of gene expression changes was performed
using quantitative RT-PCR (see results in Additional file 1).

Discussion
Present study demonstrates that the exposure of human
embryonic kidney cells HEK-293T as well as pancreatic

cancer cells MiaPaCa-2 to simvastatin, a competitive in-
hibitor of HMG-CoA reductase, results in increased ac-
cumulation of intracellular LDs. As LDs play role in
many important developmental processes including pro-
liferation, apoptosis, growth arrest and necrosis, our data
seems to be in line with the effect of statins on lipid me-
tabolism and cancer development [14].

It was previously described that LDs contain predomin-
antly TG and CE [14]. Based on this data, a decrease of
intracellular LDs after inhibition of mevalonate pathway
by simvastatin was expected. However, the intracellular
amount of LDs in both noncancerous HEK 293T as well
as malignant pancreatic cancer MiaPaCa-2 cells increased
after the exposure to simvastatin.

To account for this phenomenon, we quantified the
cholesterol content in studied cells. Surprisingly, the intra-
cellular cholesterol did not differ between statin-exposed

Table 1 Cholesterol content in MiaPaCa-2 exposed to simvastatin

Control Simvastatin-treated % Control P-value
Total cholesterol [nmol] 97+7 91+6 94% NS
Free cholesterol [nmol] 98+ 8 93+7 95% NS
P-value NS NS - -

Cells were exposed to simvastatin (12 pM) for 48 hrs. Data represent the mean of triplicate determinations + SD; NS, not significant.
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Table 2 The effect of simvastatin on expression of genes involved in lipid metabolism in MiaPaCa-2 cells

Fold change after simvastatin

Gene symbol Product name and related functional pathway RefSeq ID 6 M 12 uM FDR

HMGCST 3-hydroxy-3-methylglutaryl-coenzyme A synthase (EC 2.3.3.10) NM_002130.6 348 363 33x 10
Mevalonate pathway (cholesterol synthesis)

HMGCR 3-hydroxy-3-methylglutaryl-coenzyme A reductase (EC 1.1.1.34) ~ NM_000859.1 258 311 21 x10°
Mevalonate pathway (cholesterol synthesis)

MVD Mevalonate pyrophosphate decarboxylase (EC 4.1.1.33) NM_002461.1 231 239 34 %107
Mevalonate pathway (cholesterol synthesis)

PPAP2A Phosphatidic acid phosphatase 2a (EC 3.1.3.4) NM_003711.2 1.79 225 33%x107°
Kennedy pathway (triacylglycerol synthesis)

AGPAT2 1-acyl-glycerol-phosphate acyltransferase 2 (EC 2.3.1.51) NM_006412.3 1.71 201 50 % 107
Kennedy pathway (phospholipids and glycerolipids synthesis)

ACSS2 Acyl-CoA synthetase short-chain family member 2 (EC 6.2.1.1) NM_018677.2 2.16 222 17 x 10°
Activation of long chain fatty acids

ABCA7 ABC transporter sub-family A member 7 NM_019112.3 167 203 23%10°

Transporter involved in cholesterol and lipid homeostasis

Simvastatin used in concentration 6 and 12 uM, 24 hrs exposure. Presented are only transcripts with FC > 2.0 or < 0.5 and FDR < 0.05. For full list of differentially

regulated transcripts see the ArrayExpress database, accession number E-MTAB-1501.

compared to untreated cells indicating that accumulation
of other lipids must be responsible for our observation.

In fact, the expression analysis revealed up-regulation of
multiple genes involved in lipid metabolism. The up-
regulated ABCA?7 gene coding for transporter involved in
cholesterol and lipid homeostasis is likely to enhance the
cholesterol uptake from medium in the cholesterol-
depleted cells. This is consistent with the observation that
in most cell lines the numbers of LDs are largely deter-
mined by the composition of the culture medium [22].
This correlates with the fact that all nucleated cells tightly
regulate their intracellular free cholesterol concentrations
not only through the endogenous cholesterol synthesis,

Table 3 The effect of simvastatin on metabolic pathways
of human pancreatic cancer cells MiaPaCa-2

Path ID Path name FDR

hsa00100 Biosynthesis of steroids 1.1x107"
hsa04110 Cell cycle 14 %107
hsa01430 Cell communication 1.1 % 10°
hsa03030 DNA replication 12%10°
hsa04010 MAPK signaling pathway 20 x 10"
hsa00230 Purine metabolism 80 x 107
hsa03430 Mismatch repair 10x 1073
hsa00190 Oxidative phosphorylation 10x% 1073
hsa03440 Homologous recombination 10x%10°

Simvastatin used in concentration 6 and 12 uM, 24 hrs exposure. FDR < 0.001
was used as a cut-off value. Data based on KEGG pathway analysis, FDR- false
discovery rate. For detailed list of genes, see the ArrayExpress database,
accession number E-MTAB-1501.

but also through LDL-receptor and ABC transporters-
mediated cholesterol transport [23,24]. Similarly, Iwamoto
et al. concluded that cholesterol depletion induced the up-
regulation of ABCA?7 gene expression [25].

However, the amount of intracellular LDs increased also
in the cells treated with simvastatin in FBS free medium
suggesting that de novo lipid synthesis must be responsible
for this phenomenon in the cells cultured in cholesterol-
depleted cultivation medium. Our observations correlate
with the conclusion of Williams et al, who observed an
accumulation of LDs in keratinocytes cultivated in serum
free medium supplemented with lovastatin [26].

As noted before, the second major component of intra-
cellular LDs are TGs. Enhanced TGs synthesis might thus
account for the increase of intracellular LDs in the
simvastatin-treated cells in an effort to balance constant
amount of soluble cytoplasmic fatty compounds while
keeping a constant level of cholesterol.

Indeed, apart from up-regulation of ABCA7 lipid
transporter gene, simvastatin substantially induced also
genes involved in TG and phospholipid de novo biosyn-
thesis (Figure 3); which is in accord with the explan-
ation suggested above for the accumulation of LDs in
the simvastatin-treated cells.

HMG-CoA synthase, which catalyzes condensation of
acetyl-CoA with acetoacetyl-CoA to form HMG-CoA, is
up-regulated (Figure 3). The reduction of HMG-CoA to
mevalonate by HMGCR is inhibited by the simvastatin; in
turn, molecules of HMG-CoA accumulate in the cell
and inhibit HMG-CoA synthase by a feedback product in-
hibition (Figure 3). Consequently, the acetyl-CoA and
acetoacetyl-CoA accumulate in the cells providing a high
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pool of acetyl-CoA that could serve as a basic building
component of TG (Figure 3).

We have not observed changes in expression of genes en-
coding two key enzymes involved in cytosolic fatty acid bio-
synthesis; namely acetyl-CoA carboxylase (ACC), which
converts acetyl CoA to malonyl CoA and fatty acid syn-
thase (FA synthase) (Figure 3) (data not shown). However
other genes, namely PAP2a and AGPAT2, required for de
novo TG and phospholipids synthesis were upregulated
after cells treatment by higher doses of simvastatin (Table 2).
These two enzymes catalyze reactions downstream to
the rate limiting step of the mentioned routes (Figure 3).
The simvastatin induced increase of TGs and phospho-
lipids synthesis may also explain the aforementioned
up-regulation of ABCA7 gene, because ABCA7 modu-
lates not only cholesterol levels but also phospholipid
release by apolipoproteins in cell cultures [27-29].

Recently, Boren and Brindle observed that induction
of apoptosis resulted in rapid accumulation of cytoplas-
mic LDs and was accompanied by an increase of de novo
neutral lipid synthesis, most likely due to the inhibition
of mitochondrial fatty acid B-oxidation. They showed
that the formation of cytoplasmic LDs was caused by an
apoptosis-induced mitochondrial dysfunction [30], a
phenomenon affected by simvastatin also in our studies.

Simultaneously, simvastatin was able to modulate ex-
pression of a wide array of genes implicated in cell cycle

regulation and signaling. It remains to be answered
whether these effects are independent or are functionally
associated with the accumulation of LDs. As LDs are
supposed to be derived from the ER membrane [12,14]
that serves as a pool of many enzymes required for lipid
metabolism as well as the programmed cell death [30,31],
accumulated intracellular LDs in statin-treated cells might
be rather effectors of some pleiotropic effects of statins
than only by-standing phenomenon with no biological
relevance.

In conclusion, simvastatin treatment led to accumula-
tion of cytosolic LDs within both non-cancerous as well
as malignant cells, a phenomenon which might contrib-
ute to their antiproliferative effects.

Methods

Cell cultures and simvastatin treatment

Human embryonic kidney (HEK-293T) and pancreatic
cancer cells (MiaPaCa-2, both cell lines from ATCC,
Manassas, VA, USA) were maintained and grown in a
humidified atmosphere containing 5% CO, at 37°C in
DMEM supplemented with 10% fetal bovine serum. Cell
viability was assessed by 0.4% trypan blue staining. Sim-
vastatin was added at concentrations equal to its IC50
value for MiaPaCa-2 (12 uM) as reported previously [10]
24 hrs post-inoculation of the cells. For DNA microarray
analyses also 6 pM concentrations of simvastatin were
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used. For all studies, pure form of simvastatin was used
(Enzo Life Sciences, NY).

Lipid droplets staining

Two neutral lipid dyes, Nile Red (9-diethylamino-
5H-benzo[a]phenoxazine-5-one) and BODIPY® 493/503
(4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-
indacene) were used for lipid staining. The stock solutions
(1.0 mg/ml) in methanol were stored frozen (-20°C) in
dark. Staining was carried out in fixed cells (4% formalde-
hyde, 20 minutes). The dye was added directly to the fixed
cells to a final concentration of 10 ng/ml and incubated
for 10 minutes. The dye was carefully washed out using
PBS prior to microscopy. LDs were then visualized by
fluorescence microscopy using QuickPHOTO CAMERA
2.1 processing software (Olympus, Tokyo, Japan).

Quantification of cellular cholesterol content in MiaPaCa-
2 cells exposed to simvastatin

The cellular cholesterol content in MiaPaCa-2 cells ex-
posed to simvastatin (12 uM) [10] 24 hrs post-inoculation
of MiaPaCa-2 cells were quantified using isotope dilution-
gas chromatography—mass spectrometry (ID-GC-MS).
The amounts of the total (free cholesterol and cholesterol
ester) and free cholesterol were analyzed after additional
48 hrs of incubation (in triplicate) to determine the
amount and form of cholesterol present in the cells ex-
posed to simvastatin. The cell pellet was mixed with D6-
cholesterol (internal standard, 50 mg/l) (Medical Isotopes,
Inc, Pelham, AL, USA), resuspended in ethanol with 9 M
KOH and incubated at 37°C for 3 hrs for complete hy-
drolysis of cholesterol esters. The samples were then di-
luted with water and extracted into hexane. The organic
phase was evaporated at 60°C under a stream of nitrogen.
Dried samples were reconstituted in N,O-bis(trimethylsilyl)
acetamide (TMA) (Merck) and silylated 30 minutes at
room temperature. Relative concentrations of resulting
cholesterol trimethylsilylethers were determined using gas
chromatography (Agilent 6890, Agilent, USA) coupled with
a quadrupole mass detector (Agilent 5973, Agilent, USA).
Analytical conditions were: splitless injection, inlet tem-
perature 300°C, column HP 5MS, temperature gradient
from 200°C to 300°C - 10°C/min, column flow 1 ml/min,
electron impact ionization at 70 mV, single ion monitoring
at 458.4 and 464.4. Absolute intracellular cholesterol levels
were calculated from calibration curves using purified
cholesterol standard (Sigma-Aldrich, USA). The choles-
terol content of simvastatin treated MiaPaCa-2 cells was
normalized to the cell number in the sample.

Cholesterol content is expressed as mean + SD. The
differences between values acquired were evaluated by
Student’s t-test. Differences were considered statistically
significant when p values were less than 0.05.
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DNA microarray analysis

The effect of 6 and 12 uM concentrations of simvastatin
on MiaPaCa-2 pancreatic cancer cell gene expression
was investigated 24 h post-inoculation. Cells from two
parallel cultivations (10 cm?* cultivate dish) were lysed in
the stage of subconfluency using the RLT lysis buffer sup-
plied in RNeasy Mini Kit (Qiagen, USA). Total RNA was
isolated by RNeasy Micro Kit (QIAGEN, USA) according
to the procedure for animal cells. Quantity of the RNA
was measured on NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies LLC, USA). Quality of the RNA
was analyzed on Agilent 2100 Bioanalyser (Agilent
Technologies, CA, USA). The RNA samples had RIN
(RNA integrity number) above 9.

Mlumina Human-6 v2 Expression BeadChip (Illumina,
USA) was used for the microarray analysis following the
standard protocol. Total RNA (150 ng) was amplified using
[lumina TotalPrep RNA Amplification Kit (Ambion, USA)
and 15 microgram of amplified RNA was hybridized on
the chip according to the manufacturer’s protocol. All sub-
sequent analyses were done on two biological replicates.

The raw data (TIFF image files) was analyzed with
beadarray package [32] of the BioConductor within the R
environment [33]. All hybridizations passed quality con-
trol. The data was background corrected and normalized
with the probe level quantile method. Before detection of
differential expression, the probes with intensity level
lower than 95-percentile of negative controls of the
BeadChip in all samples were disregarded from the ana-
lysis. Probes with low variation across samples estimated
by the inter-quartile range irrespective of the sample
group were disregarded as well. Differential expression
was detected using the moderated t-test of the limma
package [34] on intensities that were variance-stabilized
by logarithmic transformation. Annotation of the tran-
scripts differentially expressed between simvastatin treated
and the control cultures was done using the manifest
file provided by the manufacturer (HumanWG-6_V2_
0_R2_11223189_A.bgx; Illumina, USA). The transcripts
with false discovery rate (FDR) [35] smaller than 0.05 and
fold change smaller than 0.5 or higher than 2 were
reported and used in the downstream analysis. The re-
sults were deposited to the ArrayExpress database
under accession number E-MTAB-1501. Further, we
performed the gene set enrichment analysis (GSEA) on
KEGG pathways [36] using the Fisher’s exact test and
the approach of Tian [37].

Quantitative real-time PCR

Reverse transcription was performed by QuantiTect
Reverse Transcription Kit (QIAGEN Inc., USA). The
qRT-PCR was performed on LightCycler 2.0 System
using LightCycler 480 DNA SYBR Green I Master kit
(Roche Diagnostics, Germany) and results were analyzed
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by LightCycler software. Crossing point values were fur-
ther determined using the R environment [33]. Detailed
description of the analysis and the list of amplicons/
primers of target and housekeeping genes are pro-
vided in ArrayExpress database, accession number E-
MTAB-1501.

Additional file

Additional file 1: Validation of gene expression changes performed
using quantitative real-time polymerase chain reaction (qRT-PCR).
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SOUHRN

Gbelcova H, Leni¢ek M, Zelenka J, Krechler T,
Knejzlik Z, Dvotakova G, Zadinova M, Pouckova
P, Ruml T, Vitek L. Protinddorové tcinky statinti
na experimentalnim modelu lidského adenokar-
cinomu pankreatu

Cil studie: Inhibitory HMG-CoA reduktdzy (stati-
ny) se béZné pouzivaji pro lé¢bu hypercholesterolé-
mie. Jejich inhibi¢ni G¢inek na HMG-CoA redukté-
zu vSak vede také k depleci biosyntetickych
meziprodukti uplatiiujicich se v bunééné prolifera-
ci. Cilem této studie bylo analyzovat potencialni
antiprolifera¢ni u¢inky jednotlivych statinii na ex-
perimentalni karcinom pankreatu.

Materidl a metodika: V in vitro experimentech na
ttech buné¢nych liniich lidského adenokarcinomu
pankreatu byly studovany t¢inky sedmi statint. In
vivo studie byly provedeny na athymickych mysich
xenotransplantovanych burikami lidského karcino-
mu pankreatu CAPAN-2. Zvifata byla lé¢ena jednot-
livymi statiny v denni dévce odpovidajici hypochole-
sterolemické ddvce u ¢lovéka. Sledovan byl ucinek
statind na prezivani zvifat a progresi nadort.
Vysledky: V in vitro 1 in vivo studiich byly zjistény
vyrazné protinadorové ucinky témér vSech statind.
Nejuc¢innéj$im statinem v in vitro experimentech
byl simvastatin a cerivastatin, a tyto u¢inky byly po-
tvrzeny i v in vivo studiich dle Kaplanovy-Meiero-
vy analyzy prezivani (p = 0,0006 pro oba statiny).
Podobné silné antiprolifera¢ni u¢inky byly pozoro-
vény in vivo také pro rosuvastatin (p = 0,0006) a flu-
vastatin (p = 0,0008).

SUMMARY

Gbelcova H, Lenic¢ek M, Zelenka J, Krechler T,
Knejzlik Z, Dvoidkové G, Zadinova M, Pouckova
P, Ruml T, Vitek L. Anticancer effect of statins on
experimental model of human pancreatic ade-
nocarcinoma

The aim of the study: HMG-CoA reductase inhibi-
tors (statins) are widely used for treatment of hy-
percholesterolemia. However, their inhibitory acti-
on on HMG-CoA reductase results also in depletion
of intermediates contributing importantly to the
cell proliferation. The aim of the present study was
to compare the effects of individual statins on expe-
rimental pancreatic cancer.

Material and methods: The effects of seven individual
statins on proliferation of three human pancreatic
cancer cell lines were evaluated in vitro. The in vivo
studies were performed on nude mice xenotransplan-
ted with CAPAN-2 human pancreatic cancer cells.
The mice received oral treatment either with placebo,
or statins mentioned above in a daily dose correspon-
ding to hypocholesterolemic dose in humans. The pri-
mary endpoints were a survival rate and tumor size.
Results: Substantial antiproliferative effects of all
statins were detected both in vitro and in vivo. Sim-
vastatin and cerivastatin were the most efficient
compounds in vitro and these effects were also pa-
ralleled in vivo as confirmed by Kaplan-Meier sur-
vival analysis (p=0.0006 for both statins). Similarly
potent in vivo antiproliferative effects were obser-
ved also for rosuvastatin (p = 0.0006) and fluvasta-
tin (p = 0.0008).
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Zavér: Studie poukazuje na vyznamné inhibi¢ni
inky riiznych statindi na progresi experimentalni-
ho adenokarcinomu pankreatu. Ziskané vysledky
naznacuji velky potencidl statinG pro chemo-
adjuvantn{ 1é¢bu zhoubnych nadort pankreatu.
Kli¢ovd slova: farnesylace — HMG-CoA reduktaza
— cholesterol — K-ras onkogen - karcinom pankrea-
tu - mevalonat — proliferace — statiny.

UvoD

Inhibitory hydroxymetylglutaryl koenzym A
(HMG-CoA) reduktdzy (statiny) se bézné pouzivaji
pro lé¢bu hypercholesterolémie. Utinky statint na
lidsky organizmus jsou v8ak pleiotropni a zahrnuji
inhibi¢ni plisobeni na tvorbu aterogenniho plétu,
agregaci krevnich destic¢ek, nebo zlepseni funkce
endotelu a fibrinolytické aktivity, ¢i dokonce pfimé
protektivni G¢inky statind na mortalitu u akutniho
infarktu myokardu®?. Inhibice HMG-CoA reduk-
tazy vede navic k depleci nékolika dilezitych mezi-
produktd, jako jsou farnesylpyrofosfat (FPP) a ge-
ranylgeranylpyrofosfit (GGPP), které modifikuji
nékteré intraceluldrni proteiny® uplatiujici se
v mnoha mitogennich signélné transdukénich dra-
hach®. Z téchto dtivodu se jevi inhibice farnesyla-
ce/geranylgeranylace jako moZny piistup pro lécbu
nékterych nadorovych onemocnéni. Antiprolife-
raéni Géinky statintt byly v poslednich letech po-
psény v fadé in vitro i in vivo studif s bunéénymi li-
niemi hepatocelularniho karcinomu®, karcinomu
plic®, kolorektdlniho” nebo pankreatického karci-
nomu®¥, Z tohoto pohledu je karcinom pankrea-
tu obzvld§té zajimavy, protoze vice nez 90 % téchto
nador® nese aktivaéni mutace v K-ras protoonko-
genu¥, ustici v nekontrolovanou fosforylaci mito-
gennich intraceluldrnich proteint. Pro funkci pro-
duktu K-ras protoonkogenu je nezbytna farnesylace,
coz je posttranslaéni modifikace ukotvujici tento
protein v buné¢né membrané. Inhibice farnesylace,
napiiklad statiny, se tedy jevi jako mozny terapeu-
ticky pistup pro tyto nadory.

Protinddorové ucinky statintt byly prokdzany
i v huménnich studiich zaméfenych primdrné na
posouzeni potencidlnich antiprolifera¢nich ucinkd
statini">19, stejné tak jako v nékolika dal$ich epi-
demiologickych studiich primdrné zaméfenych na
prevenci kardiovaskuldrnich chorob a jejich kom-
plikaci®-1),

Antiprolifera¢ni u¢inky byly popsany pro vsech-
ny statiny, nicméné nékteré préce naznacuji, ze jed-
notlivé statiny maji odli$ny protinddorovy poten-
cial. Wong et al.®® popsali ve studii s butikami akutni
myeloidni leukémie vyznamné vy$si inhibi¢ni ucin-

Conclusion: This study demonstrates substantial in-
hibitory effects of various statins on progression of
experimental pancreatic adenocarcinoma. These
results support great potential of statins for chemo-
adjuvant treatment of pancreatic cancer.

Key words: farnesylation - HMG-CoA reductase —
cholesterol- K-ras oncogene — pancreatic cancer —
mevalonate — proliferation - statins.

ky cerivastatinu ve srovnani s lovastatinem, ator-
vastatinem a fluvastatinem. V jiné in vitro studii na
leukemickych bunéénych liniich byl simvastatin
nejudinnéj$im statinem, zatimco pravastatin mél
Ucinek nejslabsi®?. Podobné vysledky byly demon-
strovany také u osteosarkomovych bunéénych linif
lé¢enych simvastatinem nebo pravastatinem®.
Odlisné antiprolifera¢ni G¢inky statini mohou byt
zptsobeny rozdily v jejich struktufe, farmakokine-
tice i stupni biotransformace®.

Prestoze statiny byly intenzivné studovany jako
moznd chemoterapeutika, komplexni data tykajici
se rozdild v jejich protinadorovych tcincich neexis-
tuji. Cilem na$i studie proto bylo na in vitro a in
vivo experimentélnich modelech porovnat t¢inky
riznych statin@ na rist a proliferaci karcinomu
pankreatu.

MATERIAL A METODIKA

Material

Pro in vitro studie byly pouzity chemicky ¢isté for-
my nasledujicich statint: pravastatin, atorvastatin,
lovastatin, fluvastatin, rosuvastatin, cerivastatin
(Alexis, USA) a simvastatin (MSD, USA). Mevalo-
nat, FPP, a GGPP byly ziskdny od spolecnosti Sigma
(USA). Pro in vivo studie byly pouzity komercné
dostupné terapeutické preparaty téchto statint:
pravastatin (0,5 mg/kg/d, Lipostat, Bristol-Myers
Squibb, USA), atorvastatin (0,5mg/kg/d, Sortis,
Pfizer, USA), lovastatin (1 mg/kg/d, Mevacor, MSD,
USA), simvastatin (0,5mg/kg/d, Zocor, MSD,
USA), cerivastatin (0,25 mg/kg/d, Cholstat, Labora-
tories Fournier, Francie) a fluvastatin (0,5 mg/kg/d,
Lescol, Novartis, Svycarsko).

Tkanové kultury

Pro in vitro studie byly pouzity nésledujici bunécné
kultury lidského adenokarcinomu pankreatu:
CAPAN-2 (dobfe diferencovany adenokarcinom,
ATCC, USA), Mia PaCa-2 ($patné diferencovany
adenokarcinom, ATCC), obé linie s aktivacnimi
mutacemi v kodénu 12 K-ras protoonkogenu'?,



a BxPC-3 (stfedné diferencovany adenokarcinom
bez aktivaéni mutace v K-ras protoonkogenu,
ATCC)®. Bunéc¢né linie byly kultivovany v humi-
difikované atmosfére obsahujici 5% CO, pii teploté
37 °C v nésledujicich médiich suplementovanych
10% fetdlnim hovézim sérem: MiaPaCa-2 v DMEM,
BxPC-3vRPMI 1640 médiua CAPAN-2vMcCoy's
5A médiu s L-glutaminem (1,5mM ) a bikarbona-
tem sodnym (1,5 g/1).

Pro inokulaci byla pouZita suspenze zhruba
3x10* bunék ve 2 ml média. O 24 hodin pozdéji byly
pfiddny statiny ze zdsobnich roztokd v metanolu
(20 pl na jamku) ve findlnich koncentracich 0,5; 1;
5; 20 a 50 mg/1. Pro negativni kontroly bylo pouZito
20 ul metanolu. Desti¢ky byly inkubovény po dobu
3 dnti. Po 24, 48 a 72 hodinéch inkubace se statiny
byly bunky promyty PBS, uvolnény 0,25% trypsi-
nem, sklizeny a posléze resuspendovany. Rist bu-
nék a jejich viabilita byly posuzovany pocitinim
bunék exkludujicich 0,4% trypanovou modf. VSech-
ny experimenty byly provedeny v tripletu.

Animalni studie

In vivo studie byly provedeny na athymickych my-
$ich (n = 6 v kazdé 1é¢ené skupiné) (kmen CD-1,
Charles River WIGA, Némecko) xenotransplanto-
vanych subkutdnné buiitkami lidského adenokarci-
nomu pankreatu CAPAN-2 (107 bunék). Po ptiho-
jeni a iniciaci nddorového ristu (7-10 dnt po
xenotransplanci, velikost nddoru na zacatku 1écby
0,27+0,04 cm?) byla zahéjena lé¢ba placebem (fyzio-
logicky roztok), nebo statiny pouzivanymi v hu-
manni mediciné uvedenymi vyse v denni dévce pti-
blizné odpovidajici hypocholesterolemické davce
u ¢lovéka. Statiny byly poddvany jedenkrat denné
zalude¢ni sondou ve formé vodné suspenze. Pri-
mdrnim parametrem byla doba ptezivani zvitat,
soucasné byla analyzovéna progrese nddorti méfe-
nim jejich velikosti ve dvou nejvétsich, na sebe kol-
mych primérech kazdy treti den®,

Studie na zvifatech byly schvaleny Komisi pro
préci se zvifaty 1. LF UK v Praze.

Statisticka analyza

Data jsou prezentovdna jako medidn a 25-75%
rozmezi. Utinek statinii na preZivani zvitat byl
hodnocen standardni neparametrickou analyzou
(Mann-Whitney Rank Sum test) i Kaplanovou-
-Meierovou analyzou prezivini s Holm-Sidak
post-hoc testovanim. Rozdily v primérné velikosti
nadortt byly hodnoceny variaéni analyzou
s opakovanymi méfenimi (RM ANOVA) s Holm-
Sidak post-hoc testovanim. V piipadé potteby (po-
zadavek na normalitu a stejnou variaci dat) byla
pro srovnani provedena logaritmickd transformace
dat. Rozdily byly povaZovany za statisticky vy-
znamné pri p < 0,05.

Ces a Slov Gastroent a Hepatol 2007; 61(2)

VYSLEDKY

Inhibic¢ni ucinky jednotlivych statin
na rast bunécnych linii
adenokarcinomu pankreatu

Protinddorové ucinky jednotlivych statinti byly
analyzovéany v in vitro experimentech na tfech bu-
né¢nych liniich lidského adenokarcinomu pankrea-
tu. Nejsilnéjsi inhibi¢ni aéinky byly prokdzany pro
cerivastatin a simvastatin, zatimco nejslabsi u¢inky
byly pozorovany pro pravastatin a rosuvastatin (tab.
1 a 2). Pfitomnost mevalon4tu, stejné tak jako FPP
¢i GGPP vyznamné oslabila protinddorovy ucinek
viech statind (tab. 2). Po pfidéni mevalonatu v kon-
centraci daleko ptesahujici koncentrace statint byl
jejich antiprolifera¢ni ¢inek zcela eliminovén, za-
timco ekvimoldrni koncentrace mevalonitu mély
efekt pouze ¢astecny (tab. 2).

Tab. 1. Ucinek jednotlivych statinti na rdst bunécnych linif
lidského adenokarcinomu pankreatu

Table 1. The effect of each statin on the growth of cell lines
of human pancreatic adenocarcinoma

CAPAN-2 MiaPaca-2 BxPc-3 1C50
1C50 (pmol/1) | 1C50 (umol/I) (umol/l)
rosuvastatin 39 36 56
pravastatin Z7 29 39
atorvastatin 22 27 37
fluvastatin 21 26 29
lovastatin 16 13 33
simvastatin 14 12 26
cerivastatin 12 10 22

Buriky byly kultivovany 24 hodin v pfitomnosti jednotlivych statinti.

U¢inky jednotlivych statinG na riist

a proliferaci bunék lidského
adenokarcinomu CAPAN-2 xeno-
transplantovanych atymickym mysim

Vsechny pouzité statiny signifikantné prodlouzily
prezivani mysi s xenotranplantovanym lidskym
karcinomem pankreatu. Zatimco medién piezivani
zvitat lé¢enych placebem byl 31,5 (25-75 %; 29-32)
dnfi, mysi lé¢ené pravastatinem prezivaly 39,5
(36-42) dnu (p = 0,01) ve srovnani s 39 (36-45)
(p = 0,04) a 42 (39-44) dny (p = 0,002) ve skupi-
nach léc¢enych atorvastatinem a simvastatinem.
Nejdelsi piezivani bylo pozorovdno u mysi lécenych
cerivastatinem (106,5 (47-122) dnf, p = 0,002)
a rosuvastatinem (104,5 (65-122) dnfi, p = 0,002).
Vyznamné protinadorové uc¢inky byly zaznamen4-
ny také u skupiny lé¢ené fluvastatinem (56 (42-246)
dnt, p = 0,009), kde ve dvou ptipadech doslo do-
konce ke kompletni remisi nddorového onemocné-
ni. Parcidlni regrese nadort byly pozorovany také
u nékolika mysi lé¢enych cerivastatinem a rosuvas-
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Tab 2. Efekt mevalonétu, FPP, a GGPP na antiproliferacni
Ucinky

Table 2. The effect of mevalonate, FPP and GGPP on anti-
proliferative function

CAPAN-2 MiaPaca-2 BxPc-3
(% z poctu | (% z poctu | (% z poctu
kontrolnich | kontrolnich | kontrolnich
bunék) bunék) bunék)
mevalonat 17 uM 76 = =
mevalonat 600 uM 98 92 81
FPP 103 - -
GGPP 183 - -
pravastatin 88 91 88
pravastatin + 91 = =
mevalonat 17 pM
pravastatin + 98 112 87
mevalonat 600 uM
prava + FPP 90 - -
prava + GGPP 1,15 = -
lovastatin 6 2 9
lovastatin + 32 - -
mevalonat 17 pM
lovastatin + 86 93 90
mevalonat 600 yM
lovastatin + FPP 56 - -
lovastatin + GGPP 79 - -
atorvastatin 1 0 8
atorvastatin + 23 - -
mevalonat 17 uM
atorvastatin + 91 il 79
mevalonat 600 pM
atorvastatin + FPP 59 - =
atorvastatin + GGPP 76 = -
simvastatin 0 0 5
simvastatin + 10 - -
mevalonat 17 uM
simvastatin + 78 84 85
mevalonat 600 uM
simvastatin + FPP 29 - -
simvastatin + GGPP 75 - -
fluvastatin 3 0 6
fluvastatin + 55 =
mevalonat 17 pM
fluvastatin + 105 99 67
mevalonat 600 uM
fluvastatin + FPP 41 - -
fluvastatin + GGPP 62 - -

Buniky byly kultivovany 72 hodin v pfitomnosti vyse uvedenych
latek (koncentrace statind = 30 UM, FPP, GGPP = 17 pM).

tatinem. Také Kaplanova-Meierova analyza pteZi-
vani prokdzala nejdelsi pfezivani u zvitat lécenych
rosuvastatinem, cerivastatinem, fluvastatinemasim-
vastatinem (obr. 1). I mezi témito nejucinnéjsimi
statiny byly pozorovany zna¢né rozdily v prezivani.

Stupen prezivani velmi dobie koreloval s progre-
si nadort béhem prvnich 31 dnt po zahdjeni lécby,
ktera byla zfetelné snizena u statiny lécenych zvitat
(obr. 2). Detailni analyza velikosti naddorti prokaza-
la, podobné jako u vysledkd prezivani, signifikantni
rozdily mezi jednotlivymi statiny s nejlep$imi vy-
sledky ve skupindch lé¢enych fluvastatinem a ceri-

— placebo
100 — simvastatin 0,5 mg, p = 0,0006
— lovastatin 1 mg, p=0,013
30 - — pravastatin 0,5 mg, p=0,14
—— atorvastatin 0,5 mg, p=0,014
& cerivastatin 0,25 mg, p = 0,0006
< 607 — fluvastatin 1 mg, p = 0,0008
§ — rosuvastatin 0,5 mg, p = 0,0006
N
(<
5 40
20 L
O T 1 T T T 1
0 50 100 150 200 250 300

dny

Obr. 1. Ucinek statin(i na preZivani athymickych mysi s xeno-
transplantovanym lidskym karcinomem pankreatu (bunécna
linie CAPAN-2) — davka na kg télesné vahy

Fig. 1. The influence of statins to the survival of athymic
mouse with xenotransplanted human pancreatic carcinoma
(cell line CAPAN-2) — the dose for 1 kg of body weight

vastatinem (obr. 2). Lécba cerivastatinem, rosuvas-
tatinem a fluvastatinem zastavila progresi nadoru,
zatimco ve véech dalsich lécenych skupindch byla
progrese nadord pouze zpomalena.

DISKUZE

Statiny jsou intenzivné studovanymi léky, zejména
pro jejich hypocholesterolemické ucinky. Jejich pi-
sobeni je viak pleiotropni a zahrnuje potencilné
vysoké a klinicky relevantni protinadorové tcinky.
Antiprolifera¢ni uéinky statind byly skutecné po-
pséany u celé fady experimentdlnich nadort vcetné
karcinomu pankreatu®'322, Prvni studie tykajici
se ti¢inku statint na karcinom pankreatu byla pub-
likovéna jiz v roce 1992 japonskymi autory®®, kteti
popsali vyznamné antiprolifera¢ni a¢inky lovastati-
nu na $patné i dobte diferencované buné¢né linie
karcinomu pankreatu za podminek in vitro i in vivo.
V animalni studii v8ak byly pouzity extrémné vyso-
ké koncentrace lovastatinu (60 mg/kg télesné vahy)®.
Podobné ti¢inky lovastatinu na karcinom pankrea-
tu byly popsany také ve studii Mikulského a kole-
gi® a také v dalgich dvou in vitro studiich, kde bylo
prokdzano, Ze lovastatin inhibuje proliferaci karci-
nomu pankreatu dokonce i pti absenci aktiva¢nich
mutaci v K-ras protoonkogenu®'.

Popisovana studie je prvni studii srovnévajici
rozdily v G&incich jednotlivych komer¢né dostup-
nych statinti na rist a proliferaci lidského karcino-
mu pankreatu za podminek in vitro i in vivo. Viech-
ny pouzité statiny vyznamné inhibovaly rtist vech
tiech bunéénych linii karcinomu pankreatu in vitro.
Jejich Geinnost vsak byla jednoznacné zévisld na
typu pouzitého statinu se zna¢nymi rozdily mezi
jednotlivymi léky. Tyto inhibi¢ni Géinky byly cas-
te¢né eliminovany sou¢asnym podavanim mevalo-
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Obr. 2. Velikost nddord po lé¢bé jednotlivymi statiny
Fig. 2. The tumor size after treatment by individual statins

ndtu, FPP a GGPP, coz potvrzuje ptimou souvislost
vliva statinit s proliferaci karcinomu pankreatu
v dusledku inhibice farnesylace onkogenti. Nej-
ucinnéjsdimi statiny za podminek in vitro byly ceri-
vastatin a simvastatin. Za podminek in vivo byly
podobné silné antiprolifera¢ni Gcinky zjistény také
pro fluvastatin a rosuvastatin (obr. 1). Tento vysle-
dek je velmi zajimavy, jelikoz fluvastatin je povazo-
u¢inkem®”. Zna¢né rozdily v antiproliferaénim
uc¢inku mezi jednotlivymi statiny mohou byt zpu-
sobeny mnoha faktory, jako jsou naptiklad odchyl-
ky v chemické struktute vedouci ke zméndm ve
farmakokinetice a farmakodynamice téchto slouce-
nin®. Viechny statiny s vyjimkou pravastatinu
a rosuvastatinu jsou kuptikladu lipofilnimi latka-
mi, coZ samoziejmé vyrazné ovliviuje jejich bio-
dostupnost. Neni bez zajimavosti, ze oba hydrofilni
statiny uvedené vy$e mély za podminek in vitro nej-
horéi antiprolifera¢ni uc¢inky. Déle je zndmo, Ze li-
pofilni statiny lovastatin a simvastatin inhibuji
HMG-CoA reduktézu také v perifernich bunkach,
zatimco hydrofilni pravastatin vykazuje tento u¢i-
nek pouze v hepatocytech®. Oproti tomu rosuvas-
tatin, druhy hydrofilni statin, je schopen inhibovat
HMG-CoA reduktazu v nehepatdlnich burnkach
s 0 dva fady vy$si u¢innosti®?, coz mize mimo jiné
vysvétlovat velmi dobré antiprolifera¢ni tcinky to-
hoto statinu za podminek in vivo. Navic je také zna-
mo, ze lipofilni atorvastatin, fluvastatin, lovastatin
a simvastatin maji pfimé pro-apoptotické ucin-
ky©**, zatimco pravastatin tyto tu¢inky postrdda®?.
Rozdily v biologickém chovani statinil jsou dale
podporovany skute¢nosti, Ze pravastatin ma o dva
rady nizsi antioxidacni i¢inky nez naptiklad fluva-
statin®®. Mezi dalsi faktory, které se mohou podilet

na pozorovanych rozdilech v u¢innosti jednotli-
vych statinti, patii jisté i rozdily ve vazbé na plaz-
matické bilkoviny, stejné tak jako v biologickém
polocasu®. Nage vysledky jsou také podporovény
in vitro studif na bunikdch karcinomu prsu, kde byly
také popsany rozdily v antiprolifera¢nich téincich
riznych statintl. Zajimavé je, ze i v této studii byly
nejucinnéj$imi statiny fluvastatin a simvastatin, za-
timco pravastatin nemél inhibi¢ni uc¢inek az do
koncentrace 50 uM (36).

ZAVER

Na zaklad¢ nasich vysledki stejné tako dosud publi-
kovanych dat jinych autori se inhibitory HMG-CoA
reduktazy jevi jako potencidlni litky pro chemo-
adjuvantni lé¢bu karcinomu pankreatu. Tyto zavéry
jsou podporovény také velmi slibnymi vysledky roz-
sdhlé, dosud nepublikované studie vlivu statinti na
vyskyt karcinomu pankreatu na populaci téméf piil
milionu americkych véle¢nych veterdna®”.
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Statins are widely used for the treatment of hypercholesterolemia.
However, their inhibitory action on HMG-CoA reductase also
results in the depletion of intermediate biosynthetic products,
which importantly contribute to cell proliferation. The aim of the
present study was to compare the effects of the individual com-
mercially available statins on experimental pancreatic cancer. The
in vitro effects of individual statins (pravastatin, atorvastatin, sim-
vastatin, lovastatin, cerivastatin, rosuvastatin and fluvastatin) on
the viability of human pancreatic cancer were evaluated in
CAPAN-2, BxPc-3 and MiaPaCa-2 cell lines. The in vivo experi-
ments were performed on nude mice xenotransplanted with
CAPAN-2 cells. The mice received oral treatments either with a
placebo, or with the statins mentioned earlier in a daily dose cor-
responding to a hypocholesterolemic dose in humans. The effect of
these statins on the intracellular Ras protein, trafficking in Mia-
PaCa-2 transfected cells, was also investigated. Substantial differ-
ences in the tumor-suppressive effects of all statins were detected
in both in vitro and in vivo experiments. While simvastatin exerted
the highest tumor-suppressive effects in vitro, rosuvastatin (p =
0.002), cerivastatin (p = 0.002) and fluvastatin (p = 0.009) were
the most potent compounds in an animal model. All statins (except
pravastatin) inhibited intracellular Ras protein translocation. In
summary, substantial tumor-suppressive effects of various statins
on the progression of experimental pancreatic adenocarcinoma
were demonstrated, with marked differences among individual
statins. These results support greatly the potential of statins for
the chemoadjuvant treatment of pancreatic cancer.

© 2007 Wiley-Liss, Inc.
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Inhibitors of hydroxy-methyl-glutaryl coenzyme A (HMG-
CoA) reductase (statins) are widely used for treatment of hyper-
cholesterolemia. However, the effects of statins on human tissues
are pleiotropic, involving inhibition of atherogenous plaque for-
mation, platelet aggregation, the improvement of both endothelial
function and fibrinolytic activity, or even direct protective effects
of the statins upon mortality in acute myocardial infarction."? In
addition, the inhibition of HMG-CoA reductase, a key enzyme in
the cholesterol biosynthesis, also results in the depletion of several
important intermediates, including farnesyl pyrophosphate (FPP)
and geranylgeranyl pyrophosphate (GGPP) which modify and tar-
get small GTPases to their site of action.’ Farnesylated Ras pro-
teins are associated with multiple mitogenic signal transduction
pathways in response to growth factor stimulation,” including
external signal regulating kinase 1/2 and phosphatidylinositol 3'-
kmdse/Akt signaling pathways to name the most important effec-
tors.” On the other hand, geranylgeranylated proteins of the Ras
homologous (Rho) famlly regulate signal transduction from
membrane receptors in 2 variety of cellular events related to cell
adhesion and invasion.® Accordingly, inhibition of farnesylation/
geranylgeranylation became a plausible approach to modify cell
proliferation in tumor tissues. During the last decade, the antiproli-
ferative effects of statins were demonstrated in numerous in vitro
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as well as in vivo studles on various tumor cell lines including
hepatocellular carcinoma, lung,8 colorectal” or pancreatic can-
cer.'®"® In this regard, pancreatic cancer is of particular interest,
since more than 90% of human pancreatlc cancers bear activating
mutations in the K-ras proto-oncogene.'® These mutations result
in the loss of GTPase activity (physiologically associated with the
Ras protein as a negative feedback mechanism), which leads to
protracted K-Ras activation. Suppression of this event via statin-
mediated inhibition of K-Ras farnesylation thus seems to be a
promising therapeutic approach. In fact, antitumor activities of
statins were also demonstrated in some human studies,'”'® and
also interestingly in several human epidemiological studies,
primarily focused on cardiovascular outcomes. >

The antiproliferative effects for all marketed statins have been
described. However, some data suggest certain dlfferences in the
antitumor effects of individual statins. Wong ef al.?*> demonstrated
substantially higher inhibitory effects on the growth of acute mye-
loid leukemia cells of cerivastatin, compared to lovastatin, ator-
vastatin and fluvastatin. In another in vitro study on leukemia cell
lines, simvastatin was the most effective statin; while, pravastatm
had the weakest effect.>® A similar tendency was also observed in
osteosarcoma cell lines treated with simvastatin or pravastatin,**
as well as in an in vitro breast cancer study by Mueck et al.
Based on incomplete and scattered data, it seems that individual
statins act differently on various diseases and cell populations,”
and this may be the reason for the inconclusive or controversial
epidemiologicdl data published so far. This might all result from
the differences in the statlm structure, pharmacokmetlcs and bio-
transformation rates.?® For instance, large variations in the modu-
lation of hepatic cytochrome P450 activity have been documented
among individual statins.>’

Although, as pointed out earlier, statins have been extensively
studied as possible chemotherapeutic agents, and no complex data
have as yet been provided on the differences in antitumor activ-
ities of the individual statins. Therefore, the aim of the present
study was to compare the tumor-suppressive effects of the various
statins routinely used in clinical medicine upon the growth of
human pancreatic cancer in both in vitro and in vivo experimental
models.
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Material and methods
Material

For the in vitro study, the following pure forms of statins were
used: pravastatin, atorvastatin, lovastatin, simvastatin, fluvastatin,
cerivastatin and rosuvastatin (all obtained from Alexis; San Diego,
CA except for simvastatin, kindly provided by Merck, Sharp and
Dohme, NJ). Simvastatin was either used in its native (lactone)
form (believed not to inhibit HMG-CoA reductase) or in the active
(lactam) form, prepared as described previously.?® Mevalonate,
FPP and GGPP were purchased from Sigma (St. Louis, MO).

Cell cultures

The following pancreatic cancer cell lines were used for the in
vitro studies: CAPAN-2, MiaPaCa-2 and BxPc-3 (ATCC, Mana-
ssas, VA). All cell lines were both maintained and grown in a
humidified atmosphere containing 5% CO, at 37°C, in the follow-
ing media, supplemented with 10% fetal bovine serum: MiaPaCa-
2 in DMEM, BxPc-3 in RPMI 1640 and CAPAN-2 in McCoy’s
5A medium with 1.5 mM L-glutamine containing sodium bicar-
bonate (1.5 g/l).

All statins in the in vitro study were used in the concentration
range of 0—40 pM (0; 10; 20; 30 and 40 pM). Three hundred
microliters of the cell suspension (~2.7 X 10° cells/ml) were used
for inoculation of individual wells in the 6-well plate. Two millili-
ters of medium were added to each well, and the plates were incu-
bated at 37°C in a humidified atmosphere of 5% CO, in air. Sta-
tins from stock solutions in methanol (20 pl per well) were added
24 hr later to the final concentrations, indicated earlier. Twenty
microliters of methanol were added to control wells. After 24, 48
and 72 hr of statin treatment, cells in triplicate were washed with
PBS, harvested by 0.25% trypsin and resuspended. Both cell
growth and viability were assessed by direct counting of 0.4%
trypan blue dye-excluding cells.

Ras protein translocation assay

Reverse-transcription polymerase-chain reaction. Total RNA
was isolated from HeLa (with wild type K-ras gene) and Mia-
PaCa-2 (with activation mutation in K-ras gene) cell lines by
RNeasy Kit (Qiagen, MD), and wild type; and the mutated 570-bp
K-ras cDNA genes, respectively, were amplified by reverse-tran-
scription polymerase-chain reaction (RT-PCR) using Enhanced
Avian HS RT-PCR kit (Sigma) and following primers:

5'-primer of K-ras: 5'- TTCAGATCTATGACTGAATATAA
ACTTGTGGTAGTTGGAG -3’

3'-primer of K-ras: 5'- AAGGATCCTTACATAATTACACAC
TTTGTCTTTGACTTC -3’

The PCR products were purified using QIAquick PCR Purifica-
tion Kit (250) (Qiagen).

DNA constructs Owing to the C-terminal processing of Ras,
both wild type and mutant ras DNA sequences were ligated into
pEGFP-C1 vector (Clontech, CA), downstream of the coding
sequence for the green fluorescent protein (GFP), to generate the
pEGFP-K-Ras and pEGFP-K-RasG12C vectors, respectively.
Vectors were amplified in the Escherichia coli DH5a cells (Invi-
trogen, CA) and verified by sequencing. Vectors were then used
for expression of N-terminally tagged K-Ras with GFP (GFP-K-
Ras) in MiaPaCa-2 cells.

Transfection and localization imaging MiaPaCa-2 cells were
seeded in a single 6-well cell culture plate, with sterile glass cov-
erslips 5 hr before transfection. Transfection with aforementioned
plasmids was carried out by FuGene 6 (Roche, Basel, Switzerland)
according to manufacturer instructions. After 24 hr the medium
was changed, and statins to final concentration of 20 uM were
added. After next 24 hr, cells were washed by PBS and fixed for
20 min with 4% formaldehyde in PBS. Actin filaments were
stained with TRITC phalloidine (Sigma). The pEGFP-C1 vector
was used as a control of transfection efficiency, and for observing
the localization of the GFP protein (alone, with, and without the
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drug treatments). Intracellular localization of the individual pro-
teins (GFP, GFP-K-Ras or GFP-K-RasG12C) and actin filaments
was visualized by fluorescent microscopy, using QuickPHOTO
CAMERA 2.1 processing software (Olympus, Tokyo, Japan).

Animal studies

The in vivo study was performed on nude mice (strain CD-1,
Charles River WIGA, Sulzfeld, Germany) xenotransplanted sub-
cutaneously with human pancreatic adenocarcinoma cell line
CAPAN-2 (107 cells; n = 6 for each treatment group). After initia-
tion of tumor growth (7-10 days after xenotransplantation; tumor
size at the beginning of treatment was 0.27 + 0.04 cm?), the mice
received oral treatment with a placebo (saline) or one of the fol-
lowing commercially available statins: pravastatin (Lipostat, Bris-
tol-Myers Squibb, NY), atorvastatin (Sortis, Pfizer, NY), lova-
statin (Mevacor, Merck, Sharp and Dohme), simvastatin (Zocor,
Merck, Sharp and Dohme), cerivastatin (Cholstat, Laboratories
Fournier, Paris, France) or fluvastatin (Lescol, Novartis, Basel,
Switzerland); given in a daily dose approximately corresponding
to the hypocholesterolemic dose used in humans (Fig. 3). Drugs
were administered intragastrically once daily via gastric tube. The
primary endpoint was the survival time. Simultaneously, an
assessment of tumor size was performed by measurements of the 2
greatest perpendicular diameters of the subcutaneous tumors,
measured every 3 days with a caliper.?

All aspects of the animal studies met the accepted criteria for
the care and experimental use of laboratory animals, and all proto-
cols were approved by the Animal Research Committee of the 1st
Faculty of Medicine Charles University in Prague.

Statistical analysis

Data are presented as the median and 25-75% range, or the
mean * SD. The statistical significance of differences between
variables was evaluated by the Mann—Whitney Rank Sum test.
The effect of statin treatment on the survival of animals was ana-
lyzed by a standard nonparametrical analysis (Mann—Whitney
Rank Sum test), as well as Kaplan Meier Log Rank survival analy-
sis with Holm—Sidak posthoc testing, when survival p-value was
significant. Group mean differences in tumor size were measured
by repeated measures analysis of variance (RM ANOVA) with
Holm-Sidak posthoc testing, when p value was significant. When
needed, log transform values of tumor size were used for compari-
sons to comply with normality and equal variance requirements.
Differences were considered statistically significant when p values
were less than 0.05.

Results

The in vitro inhibitory effects of statins on viability
of pancreatic adenocarcinoma cell lines

Tumor-suppressive effects of individual statins were analyzed
in vitro by experiments on pancreatic cancer-derived cell lines. In
contrast to well-differentiated adenocarcinoma cells, CAPAN-2
and MiaPaCa-2 cells are poorly differentiated. Both of these cell
lines harbor activating K-ras mutations in codon 12, prevalently
associated with pancreatic cancer.'> Generally, the presence of
statins in the growth medium dramatically reduced the numbers of
cancer cells (Figs. 1a—f, Table I). However, various statins exhib-
ited significantly different inhibitory efficacy and we have also
observed notable differences between the sensitivity among the
individual cell lines. In the CAPAN-2 and MiaPaCa-2 cell lines,
even the lowest tested concentrations (10 and 15 pM, respectively)
of cerivastatin, simvastatin and lovastatin induced a cytostatic
effect, evaluated as zero increase of the cell number, compared to
the control at the time of statin application (Figs. 1a—d, Table I).
The tumor-suppressive effect of fluvastatin and atorvastatin was
slightly lower, corresponding to a 20 puM concentration. The
tumor-suppressive effect of rosuvastatin was significantly lower
than the aforementioned statins, and was observed at a concentration
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F1Gure 1 — Growth curves of pancreatic cancer cell lines cultured with different concentrations of individual statins. (a) CAPAN-2 cells, 24-
hr incubation; (b) CAPAN-2 cells, 72-hr incubation; (¢) MiaPaCa-2 cells, 24-hr incubation; (d) MiaPaCa-2 cells, 72-hr incubation; (¢) BxPc-3
cells, 24-hr incubation; (f) BxPc-3 cells, 72-hr incubation. Gray horizontal line in each graph represents the initial cell number.

of 40 pM. Only slight cytotoxic effects (the prevalence of cell
dying) were observed at the lower tested concentrations (Fig. 1).
All statins (except pravastatin) exhibited an acute cytotoxic effect
in concentrations higher than 40 uM, manifested by release of the
cells into the growth medium and permeabilization of the plasma
membrane, which was detected by trypan blue staining (data not
shown).

BxPc-3 cells are moderately differentiated cancer cells produc-
ing the wild type K-ras proto-oncogene®® and overexpressing
cyclooxygenase-2.*' This cell line was less sensitive to the tumor-
suppressive effect of statins especially in the short-term experi-
ments (24 and 72 hr, Figs. le and 1f, Table I; data for 48 hr not
shown). This is well documented by an increase of ICs, values for
individual statin, compared to these values for the other cell lines
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TABLE I - THE EFFECT OF INDIVIDUAL STATINS ON GROWTH OF PANCREATIC CANCER

ICs0 (M)
CAPAN-2 MiaPaCa-2 BxPc-3

24 hr 48 hr 72 hr 24 hr 48 hr 72 hr 24 hr 48 hr 72 hr
Rosuvastatin 39 30 26 36 27 20 56 50 13
Pravastatin 27 >40 >40 29 >40 >40 39 48 >40
Atorvastatin 22 7 5 27 21 10 37 33 10
Fluvastatin 21 5 5 26 12 9 29 27 7
Lovastatin 16 5 4 13 11 3 33 31 7
Simvastatin 14 6 3 12 10 5 26 23 6
Cerivastatin 12 3 2 10 9 5 22 21 8

TABLE II - THE EFFECT OF MEVALONATE, FPP AND GGPP ON THE TUMOR SUPPRESSIVE ACTION OF STATINS

CAPAN-2 MiaPaCa-2 BxPc-3
(% of control cells) (% of control cells) (% of control cells)
Mevalonate 17 uM 76 - -
Mevalonate 600 pM 98 92 81
FPP 103 - -
GGPP 133 - -
Pravastatin 88 91 88
Pravastatin + mevalonate 17 pM 91 - -
Pravastatin + mevalonate 600 pM 98 112 87
Prava + FPP 90 - -
Prava + GGPP 115 - -
Lovastatin 6 2 9
Lovastatin + mevalonate 17 uM 32 - -
Lovastatin + mevalonate 600 uM 86 93 90
Lovastatin + FPP 56 - -
Lovastatin + GGPP 79 - -
Atorvastatin 1 0 8
Atorvastatin + mevalonate 17 puM 23 - —
Atorvastatin + mevalonate 600 tM 91 71 79
Atorvastatin + FPP 59 - -
Atorvastatin + GGPP 76 - -
Simvastatin 0 0 5
Simvastatin + mevalonate 17 uM 10 - -
Simvastatin + mevalonate 600 pM 78 84 85
Simvastatin + FPP 29 - -
Simvastatin + GGPP 75 - -
Fluvastatin 3 0 6
Fluvastatin + mevalonate 17 uM 55 - -
Fluvastatin + mevalonate 600 uM 105 99 67
Fluvastatin + FPP 41 - -
Fluvastatin + GGPP 62 — —

The cells were cultured for 72 hr in the presence of the substances stated above (concentration of

statins = 30 uM, FPP, GGPP = 17 uM).

tested (Table I). Interestingly, all the tested compounds (except
pravastatin) exhibited a comparable cytostatic effect for both the
BxPc-3 cells and the other cell lines, after 72-hr exposure. A high
proportion of the cell population exhibited signs of degeneration,
such as granulation of cytoplasmic material, as well as decreased
cell viability, according to trypan blue staining. A total cytostatic
effect was observed at the 60 M concentration of cerivastatin,
simvastatin, lovastatin and fluvastatin (data not shown).

The viability of cancer cells was substantially prevented by all
statins, except pravastatin, which only reduced the growth pro-
gression when administered at a high concentration (40 puM).
Although pravastatin was generally the least effective statin after
48-hr and 72-hr exposure, compared to rosuvastatin, it exhibited a
better inhibitory effect in the 24-hr experiment (Table I).

Addition of mevalonate, as well as FPP or GGPP, substantially
abrogated the inhibitory growth effect of all statins (Table II), sug-
gesting that the effect was caused by effective inhibition of farnesy-
lation and not by the possible toxicity of statins. When mevalonate
was added in a concentration far exceeding 20X that of statins,
their tumor-suppressive effect was completely eliminated, while
equimolar concentrations of mevalonate only had a partial effect
(Table II). Surprisingly, both forms of simvastatin (i.e., lactam and
lactone) were found to have similar efficacy (data not shown).

The effect of individual statins on K-Ras protein translocation

Since K-Ras proteins translocation from cytoplasm to the cell
membrane is dependent on its farnesylation, we investigated the
potential effect of statins on this cellular event in MiaPaCa-2 pan-
creatic cancer cells transfected with pEGFP-K-Ras (HeLa, wild
type) plasmids.

As demonstrated in Figure 2, all the statins tested at the 20 pM
concentration efficiently inhibited K-Ras protein trafficking from
cytoplasm to the cell membrane. The only exception was pravasta-
tin, which did not influence this process at all. Similar effect of
statins on the localization of K-ras carrying the activation muta-
tion (MiaPaCa-2 G12C) was observed. Again, pravastatin did not
have any effect (data not shown).

Antitumor effects of individual statins on human pancreatic
adenocarcinoma cell line CAPAN-2 xenotransplanted
to nude mice

All of the statins used significantly prolonged survival in mice
suffering from human pancreatic adenocarcinoma. While the me-
dian survival rate of placebo treated animals was 31.5 [29-32]
days (median [25-75%]), the mice treated with statins survived
significantly longer, depending on statin used (39—106.5 days, Fig. 3).
Compared to placebo-treated animals, mice treated with pravastatin
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FIGURE 2 — Localization of GFP-K-Ras in MiaPaCa-2 pancreatic
cancer cells. (a) Cells expressing GFP or GFP-K-Ras cultured without
statin were stained with TRITC phalloidine for visualization of actin,
localized predominantly at the cytoplasmic membrane. (b) The effect
of individual statins (20 pM) on GFP-K-Ras localization in MiaPaCa-
2 pancreatic cancer cells transfected by pPEGFP-K-Ras plasmids.

survived 39.5 [36—42] days (p = 0.01), while survival rates in the
atorvastatin and simvastatin group were 39 [36-45] (p = 0.04)
and 42 [39-44] days (p = 0.002), respectively. The highest sur-
vival rate was found in the mice treated with cerivastatin (106.5
[47-122] days, p = 0.002) and rosuvastatin groups (104.5 [65—
122] days, p = 0.002). Substantial anticancer effects were also
observed in a fluvastatin group (56 [42-246] days, p = 0.009),
where 2 complete remissions were even recorded. Partial tumor
regressions accompanied with central necrosis were also observed
in several mice treated with cerivastatin and rosuvastatin. The sig-
nificance of these results was also confirmed in a Kaplan—Meier
survival analysis, demonstrating that the longest survivals in ani-
mals were those treated with rosuvastatin, cerivastatin, fluvastatin
and simvastatin (Fig. 3). However, marked differences in the sur-
vival rate were also observed among these most effective statins.
After detailed analysis of the survival data, significant differences
among the most and the least effective statins were detected
(Table III).

The survival rate correlated well with the progression of tumor
size. The increase in volume of CAPAN-2 tumors during treat-

GBELCOVA ET AL.
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F1GURe 3 — The effect of statin therapy on survival of nude mice
xenotransplanted with human pancreatic cancer cell line CAPAN-2.
Dose = mg/kg body wt.

TABLE III - DIFFERENCES IN THE SURVIVAL RATE OF CAPAN-2
PANCREATIC CANCER-BEARING ANIMALS AMONG VARIOUS
STATIN TREATMENTS

Statin treatment p value
Rosuvastatin > pravastatin 0.0005
Rosuvastatin > atorvastatin 0.002
Rosuvastatin > simvastatin 0.013
Rosuvastatin > lovastatin 0.042
Cerivastatin > pravastatin 0.0005
Cerivastatin > atorvastatin 0.006
Cerivastatin > simvastatin 0.005
Cerivastatin > lovastatin 0.065
Fluvastatin > pravastatin 0.025
Fluvastatin > atorvastatin 0.060
Fluvastatin > simvastatin 0.165
Fluvastatin > lovastatin 0.582

Data from Kaplan—Meier Log-Rank Survival analysis.

ment was significantly depressed in the statin-treated groups (Fig.
4a). Similar to the results of the survival analysis, significant dif-
ferences were detected among the individual statins, with the best
results found in fluvastatin and cerivastatin groups (Fig. 4b).

Compared to initial values of tumor size, treatment with ceri-
vastatin and rosuvastatin did not lead to significant tumor progres-
sion, as measured by tumor size before death (p > 0.05, data not
shown); while treatment with fluvastatin resulted in a subtle, but
again insignificant, diminishing of tumors (due to 2 remissions
observed in this group). In all other treatment groups, tumor pro-
gression was delayed but not prevented.

Routine histological examination of pancreatic cancer treated
with saline and fluvastatin did not show any major difference in
any of the examined samples, despite the fact that placebo-treated
animals exhibited rapid progression of the tumors (data not shown).

Discussion

Statins have been intensively studied drugs because of their
deep impact on the human organism caused, in particular, by their
cholesterol-lowering actions. However, their effects are pleio-
tropic and include potentially remarkable and clinically relevant
antitumor effects. Indeed, the antiproliferative effects of statins
were described for various experimental tumors, including pancre-
atic cancer.'%'33273 The first study on the effect of statins upon
pancreatic cancer was published as early as 1992 by Sumi ez al.,'
who described the substantial antiproliferative effect of lovastatin
on both poorly and well-differentiated human pancreatic cancer
cell lines in vitro as well as in vivo. However, only extremely high
doses of lovastatin (60 mg/kg body wt./day) were used in vivo.
A similar effect on pancreatic cancer was also described for lova-
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FIGURE 4 — (a) Tumor size after various statin treatments. (b) Dif-
ferences in tumor size after various statin treatments. RM ANOVA
with Holm-Sidak posthoc testing was used for comparison of meas-
ured variables. Although original data are depicted in the figures, sta-
tistical analyses were performed on log transform values to comply
with normality and equal variance requirements. **p < 0.05 for the
difference between atorvastatin and pravastatin vs. the remaining
(except simvastatin) statin groups.

statin by Mikulski et al.'' In studies by Kusama er al.,'>'#
performed upon 3 human pancreatic cancer cell lines, micromolar
concentrations of fluvastatin and lovastatin inhibited EGF-induced
translocations of RhoA and cancer cell invasion in a dose-depend-
ent manner. These effects were reversed by the addition of all-
trans-geranylgeraniol, but not by the addition of all-trans-farnesol,
suggesting involvement of Rho activation, and not Ras signaling,
in the process of cancer cell invasion. In another in vitro study on
5 pancreatic cancer cell lines by Sumi ef al.,'* as well as in a study
by Muller ef al.,** lovastatin inhibited the prollferatlon of pancre-
atic cancer, even in the absence of activating point mutations in
the K-ras gene. In addition, the chemoadjuvant effect of statins on
experimentdl pancreatic cancer has been described in several stud-
ies, 1nelud1ng the beneficiary action of fluvastatin and gemcita-
bine** or lovastatin and troglitazine, a PPAR-y agonist.*

These data seem to be in contrast to recent observations on the
inducing effects of statins on the heme oxygenase-1 (HO-1),*
potent bioactive enzymatlc s;/stem supposed by some authors to
have procancerogenic role.*’*® However, opposing, i.e., protective
effects of HO-1 expressron have been demonstrated by other
authors for breast,? liver*® and colon cancers.*' In addition, both
pravastatin and simvastatin in a concentration range of 50-250 uM
were not able to anyhow modulate HO-1 activity in CAPAN-2 pan-
creatic cancer cells (unpublished data, R. Motterlini and L. Vitek).

The current study is, according to the authors’ knowledge, the
first study to have compared differences in the effects of the indi-
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vidual commercially available statins upon the viability and
growth of human pancreatic cancer in vitro and in vivo. All of the
statins used, except pravastatin, substantially inhibited the growth
of all 3 different pancreatic cell lines in vitro (Fig. 1, Table I).
However, the intensity of this effect was dependent on the type of
statin used, with marked differences among the individual com-
pounds. These inhibitory effects were partially prevented by con-
comitant addition of mevalonic acid, FPP or GGPP, indicating the
contribution of downstream intermediates in cholesterol biosyn-
thesis for growth and viability of pancreatic cancer cells (Table
II). The effect of GGPP can be related to the activation of another
protein family than Ras, i.e. the Rho family (Rho, Rac and
Cdc42), where geranylgeranylation is the predominant mecha-
nism, whereas Ras proteins are mainly farnesylated. However,
both K- and N-ras can be geranylgeranylated in the cells treated
with inhibitors of farnesyltransferase.

The most potent statin under in vitro conditions was cerivasta-
tin, followed by simvastatin and lovastatin. Slightly less effective
were fluvastatin and atorvastatin. The effect of these statins far
exceeded the effects of rosuvastatin and pravastatin. However,
these findings did not entirely parallel in vivo results, in which flu-
vastatin, cerivastatin and rosuvastatin had much better tumor-sup-
pressive responses (Fig. 3). This is very interesting, especially for
fluvastatin, if we consider that fluvastatin has the lowest hypocho—
lesterolemic effects among the statins on the market.*> Marked
differences in the impact of individual statins on cancer cell via-
bility, with the worst effects found for pravastatin, may be due to
many factors such as different chemical structures leading to
changes in their pharmacokinetics and pharmacodynamics.?®
Except for pravastatin and rosuvastatin, all statins are lipophilic
substances which certainly affect their behavior and bioavailabil-
ity for cells and tissues in the organism (where the situation is far
more complex). In fact, lipophilic statins lovastatin and simvasta-
tin were found to inhibit HMG-CoA reductase (also in the cells of
peripheral origin), while pravastatin exhibited this action only in
cultured hepatocytes. “In contrast to pravastatin, rosuvastatin, the
second hydrophilic statin, is able to inhibit HMG-CoA reductase
in nonhepatic cells with 2 orders of magnitude higher efficacy.*’
However, it should also be noted that the half-life elimination of
rosuvastatin is ~20 hr, compared to a half-life of all other statins
between 2 and 3 hr. In addition, whereas lipophilic atorvastatin,
fluvastatin, lovastatin and simvastatin were described to have
direct proapoptotic effects,*®*” pravastatin lacks this action.*’
These data are also consistent with the lack of inhibitory effects of
pravastatin on K-Ras protein translocation in pancreatic cancer
cells, as compared to other statins. Interestingly, the effect of rosu-
vastatin on K-Ras translocation, which exhibits the highest ICsq
value, was comparable to the most effective statins (Table I, Figs.
1 and 2).

Differences in the biological behavior of statins are further evi-
denced by their antioxidant effects, since it has been demonstrated
that fluvastatin exerts 2 orders of magnitude higher antioxidant
capacity (which obv1ously might be of clinical relevance) as com-
pared to pravastatin.*® Although lactone prodrugs of lovastatin
and simvastatin are ineffective for the inhibition for HMG-CoA
reductase these isomers are potent modulators of the 20S protea-
some.*” However, it is important to emphasize that both (open and
lactone) forms were identically active against tumor viability in
our in vitro experiments. Other factors, such as the aforemen-
tioned different bioavailability, protein blndlng, conversion to
metabolites, as well as elimination half-life*® may contribute to
the observed diversity.

Our data are corroborated by an in vitro breast cancer study by
Mueck er al.*> who also reported different tumor-suppressive
effects of various statins. Interestingly, in this study, fluvastatin
and simvastatin were also the most effective statins, whereas prav-
astatin had no effect up to 50 pM concentrations.”> Negligible
antitumor effects of pravastatin were also observed in other cancer
studies,”®>* as well as no antiviral effect having been demon-
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strated for pravastatin compared to the strong antiviral activity on
hepatitis C of the other tested statins.>

Genetic heterogeneity is another important factor which affects
sensitivity of particular cancer cells to antiproliferative/proapop—
totic effects of statms This has been reported in a very recent pa-
per by Wong et al.,>' who demonstrated that only half of the 17
multiple myeloma cell lines tested was sensitive to lovastatin-
induced apoptosis, while resistant cell lines had different genetic
profile. Moreover, specific adaptation mechanisms may lead to
selection of variant resistant cancer cell clones as was shown for
pravastatin-treated human breast and gastric cell lines.>* It is not
clear whether other statins are more efficient in preventing devel-
opment of statin resistance, but this may be further factor account-
ing for the weakest anticancer effects of pravastatin.

In vitro inhibitory concentrations of statins, similarly as in the
majority of previous studies, may seem biologically irrelevant and
not accounting for marked tumor-suppressive effects of much
lower doses of statins in vivo. However, it must be stressed that in
the human body statins may undergo biotransformation to become
substantially more active inhibitors. All statins are metabolized in
the liver where lovastatin, simvastatin, atorvastatin and cerivasta-
tin share a common metabolic pathway through cytochrome P-450
3A4. Simvastatin is metabolized by hepatic CYP3A4 onto its
dihydroxy acid form, whose antiproliferative effects were ~1
order of magnitude higher, compared to simvastatin with ICsq
(being 05 2.3 mg/l for 8 different pancreatic cancer cell lines
tested).>® Similar biotransformation into active hydroxyl metabo-
lites was also described for lovastatin, atorvastatin and fluva-
statin,”® which is subjected to the action of cytochrome P-450
2C9. Pravastatin has multiple metabolic pathways. Since pancre-
atic cancer cell lines are not equipped with these biotransforming
enzymes, it is not surprising that much higher doses must be used
in vitro to mimic similar in vivo effects.

In support of the tumor-suppressive effects of statins, there are
also the results of either randomized clinical trials or observational
epidemiological studies, which were the subject of recent reviews
and meta-analyses (for review, see Ref. 2). Although several epi-
demiological studies have proved the beneﬁc1al effects of statins
on cancer risk,” these recent meta-analyses® > did not confirm
cancer protection in statin users. This fact might be due to a too
short follow-up period, as well as a methodology bias of the epide-
miologic studies on cardiovascular outcomes, which were not
designed or statistically powered to appropriately evaluate any
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beneficial or detrimental effects on a relatively rare event (such as
a subsequent malignancy). This also has been recognized as a pos-
sible explanation for the slightly increased cancer incidence in el—
derly individuals taking pravastatin in the PROSPER study.’’
Moreover, based on our in vitro and in vivo results, it seems that
pravastatin has only negligible tumor-suppressive effects on pan-
creatic cancer. Interestingly, pravastatin also does not inhibit the
prohferatlon of human breast cancer cells®> or gastric carcinoma
cells in culture,”® but it does have beneficial effects on colon
tumors in an animal model.>' This may account for the negatlve
results of the meta-analytic studies mentloned earlier. In fact, in a
meta-analysis of 7 trials by Hebert et al.,>> 43% (3 out of 7) of
studies involved were those with pravastatln The same was true
for a study by Bjerre and LeLorier™ (3 of 5 studies involved),
CTT Collaborator’s study (5 of 14 studies 1nV01ved) as well as
in the most recent meta-analysis by Dale et al.>® (10 of 20 studies).
Interestingly, studies not demonstrating a drop of total cancer inci-
dence or mortality also include data showing selective protective
effects for certain types of cancer. This is true, for instance, for a
large pravastatin clinical study CARE, in Wthh a 43% decreased
incidence of colorectal cancer was detected,” consistent with the
experimental data for pravastatin mentioned earlier.”® Similar
results on the risk of colorectal cancer in patients mainly treated
by pravastatm and simvastatin were also found in the study by
Poynter et al.®

In conclusion, on the basis of our findings as well as results of
other studies, we propose that the inhibitors of HMG-CoA reduc-
tase might be of potential for the chemoadjuvant treatment of pan-
creatic cancer. Indeed, promising results of a large, very recent
study on the risk of pancreatic cancer in a population of almost
half million US veterans support this.
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modifik4cia

—

3. Vnutrobunkovy transport Ras proteinov
4. Signalne drahy zahfiajiice Ras proteiny, ich regulacia
a tloha v l'udskych chorobach
5. Zaver
1. Uvod
Od objavenia aktivatnej mutacie ras génu

v nadorovych bunkach l'udi, ktoré odstartovalo intenzivny
vyskum zamerany na pochopenie Struktury, kinetiky
a signalizacie Ras proteinov, ubehlo viac ako 30 rokov.
Pocas tohto obdobia bolo uverejnenych viac ako 40 000
odbornych publikacii popisujucich objavy stvisiace
s ras génmi alebo Ras proteinmi. A hoci by sa zdalo, ze
dana téma je vyCerpana, mesacne sa objavi 200-300 d’al-
Sich prac popisujucich skutocnosti v danej oblasti uplne
nové alebo aspon v novych suvislostiach. V tomto prehla-
dovom ¢lanku prindSame stru¢ny suhrn objavov ostatnych
troch dekad stavajlcich ras gény a Ras proteiny do tlohy
diagnostickych biomarkerov, ato nielen vo vztahu
k nddorovym ochoreniam, ale aj k menej referovanym
vrodenym chybam, ktoré si manifestované ako syndrom.
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2. Struktiira Ras proteinov a ich
posttranslacna modifikacia

Tri ras gény (K-ras, N-ras a H-ras) koduju styri Ras
proteiny (H-Ras, N-Ras, K-Ras4A a K-Ras4B), nizkomo-
lekulové guanozintrifosfatazy (GTPazy), ktoré reguluju

bunkovy rast, diferenciciu, proliferdciu, prezivanie
a bunkovii smrt”.

Okrem K-Ras4B, ktory pozostava Z0
188 aminokyselin, vSetky Ras proteiny su tvorené

zo0 189 aminokyselin®. Ras proteiny maju mimoriadne
podobntl sekvenciu v oblasti domén viazucich efektory,
vymenné faktory a guaninnukleotidy. Jedind oblast’ Ras
izoforiem, ktord vykazuje vyznamné rozdiely v sekvencii
baz, je tzv. hypervariabilny region (HVR) na C-konci pro-
teinov pozostavajuci z 24 aminokyselin. Ten obsahuje dve
signalne sekvencie spolupracujice na cieleni Ras proteinov
k plazmatickej membrane (PM). Prvou z nich je CAAX mo-
tiv (C — cystein, A — alifatickd aminokyselina, X — serin
alebo metionin)**, druhu tvori polybazicky usek Siestich
lyzinovych zvyskov (175-180) v K-Ras4B, alebo cystein
180 v K-Ras4A, 181 vN-Ras, a 181 a 184 v H-Ras™’

(obr. 1A).
Ras proteiny st syntetizované v cytoplazme
na volnych ribozomoch ako prekurzorové proteiny

s molekulovou hmotnost'ou 21 kDa. Prekurzory podstupu-
ju sériu posttranslacnych modifikacii na C-konci, ktorymi
sa zvySuje ich hydrofébnost’, ¢o umoziiuje naslednu aso-
cidciou s vnitornou stranou PM. PM je jedno z miest, kde
Ras proteiny interaguji sich aktivatormi a interakénymi
partnermi, a preto posttranslacné procesovanie Ras protei-
nov (obr. 1B) predstavuje jeden z dvoch klI'icovych dejov,
potrebnych pre ich biologickt aktivitu. Novosyntetizované
prekurzory Ras proteinov su najskor farnezylované
v cytoplazme farnezyltransferazou (FTaza), ktora pridava
farnezylovll skupinu k cysteinovému zvysku (Cys186)
v aminokyselinovom motive CAAX. Prenylacna reakcia je
nasledovana proteolytickym odstrdnenim AAX motivu
pomocou Ras meniaceho enzymu (Rcel — Ras converting
enzyme 1)’. Vzniknuta karboxylova skupina na Cys186 je
metylovana  izoprenylcysteinkarboxylmetyltransferazou
(Iemt)®. Zodpovedajuce kroky posttranslaénych modifika-
cii Ras proteinov prebichaji na cytoplazmovej strane
membrany endoplazmatického retikula (ER), kde su oba
vyss§ie zmienené enzymy lokalizované. Po metylacii st
cysteinové zvysky (Cys184 a Cys181 v H-Ras, Cysl81
v N-Ras a Cys180 v K-Ras4A) reverzibilne palmitoylova-
né pomocou palmitoyltransferazy lokalizovanej na ER’
alebo na Golgiho aparate (GA)®. K-Ras4B, ktory mé na-
miesto cysteinovych zvyskov polylyzinova sekvenciu, nie
je palmitoylovany.
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Obr. 1. A. Struktira Ras izoforiem a Ras hypervariabilnej oblasti. B. Posttranslaéna modifikicia a konvenény vniitrobunkovy

transport Ras proteinov. = — GEF interakéna oblast’,

1 — efektor/GAP interakcia, § — oblast’ viazuca efektory,

— oblast’ zodpo-

vedna za vizbu s guaninnukleotidom, GEF — guaninnukleotid vymenny faktor (guanine nucleotide-exchange factor), GAP — guanozintri-
fosfat aktivujuci protein (guanosinetriphosphatases-activating protein), C — cystein, A — alifatickd aminokyselina, X — serin alebo metio-
nin, FT4za - farnezyltransferaza, ER — endoplazmatické retikulum, GA — Golgiho aparat, Icmt — izoprenylcysteinkarboxylmetyltransfera-
za, Rcel - Ras meniaci enzym, Palm-CoA — palmitoyl koenzym A, SAM — S-adenozylmetionin, RPT — ER-lokalizovana palmitoyltran-

sferaza, PM — plazmatickd membréna (upravené podla® ")

3. Vnitrobunkovy transport

3.1. Transport Ras proteinov k plazmatickej

membrane

Farnezylacia Ras proteinov je nevyhnutna pre ich
transport k PM a ukotvenie v nej. Novosyntetizované pre-
kurzory Ras proteinov po farnezylacii v cytoplazme sme-
ruju k ER. Zatial' ¢o H-Ras, N-Ras a K-Ras4A vyzaduju
palmitoylaciu pre transport na ER a Golgiho aparat
a nasledny vezikularny transport k PM, nepalmitoylovany

365

K-Ras4B nepodstupuje konvencnii sekrecntt dréhu, ale
smeruje z ER priamo na PM doteraz presne neopisanym,
GA nezavislym spdsobom’ (obr. 1B).

Usek siestich susediacich lyzinov a pét’ dal3ich lyzi-
novych zvyskov v HVR spéjaji K-Ras4B prostrednictvom
i6novych interakcii s negativaym nébojom hlav fosfolipi-
dovych skupin v PM. Palmitat palmitoylovanych Ras pro-
teinov tiez prispieva k membranovej interakcii jeho schop-
nostou vlozit sa hlboko do lipidovej dvojvrstvy'’.
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3.2. Transport K-Ras4B z plazmatickej membréany

Za istych okolnosti je K-Ras4B transportovany z PM
k vnitrobunkovym §truktaram'"'> (obr. 2A). Interakcia
K-Ras4B s kalmodulinom (CaM - calcium modulated
protein-CaM — je maly protein viazuci vapenaté idny, kto-
ry reguluje rad klucovych procesov, vratane apoptozy,
zapalovych procesov, kontrakcie hladkého svalstva alebo
pamidt) vedie k destabilizacii interakcie K-Ras4B
s membranou, v dosledku narusenia elektrostatickej inter-
akcie medzi polybazickym regionom a negativne nabitymi

K-Ras4B” | i @ K-Ras4BJ ]
?

(Ca*Ikalmodulin) Ca®/kalmodulin
l Golgiho

e aparét} ’
P 4

mitochondrie

«

K-RasdB—

. RASo0zé6m
endozém
l Golgiho
aparat
up Ub \ Q 4 ”,?
H-Ras @—A L 5

Obr. 2. Uloha modifikacii proteinu K-Ras4B (A) a palmitoylo-
vanych proteinov Ras (B) vretrogradnom transporte
z plazmatickej membrany. | — farnezylova skupina, P — fosfato-
vé skupiny, PKC — proteinkinaza C,  — dve skupiny palmitoylu,
Ub — ubikvitin, PE — palmitoylesteraza, PDES — 8-podjednotka
fosfodiesterazy (upravené podla'®)
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fosfolipidmi v PM alebo priamou hydrofébnou interakciou
kalmodulinu s farnezylovou skupinou K-Ras4B. Disocia-
cia K-Ras4B umoZni transport ku GA alebo skorym
endozémom'*",

Serin v pozicii 181 v polybazickej doméne K-Ras4B
je cielom pre fosforylaciu proteinkinazou C, ktora podpo-
ruje rapidnu disocidciu K-Ras4B z PM a jeho asociaciu
s vnatrobunkovymi membranami vratane vonkajSej mem-
brany mitochondrii, kde indukuje bunkovu smrt’ prostred-
nictvom interakcie s mitochondridlnym proapoptickym
faktorom Bcl-XL'"'?. K-Ras4B predstavuje izoformu naj-
CastejSie spajant s l'udskymi nadormi. Preto latka podporu-
juca fosforylaciu K-Ras4B v pozicii S181 by mala byt
schopna indukovat’ apoptézu K-Ras4B transformovanych
buniek a tak slizit' ako novy protinadorovy liek'.

3.3. Transport palmitoylovanych Ras izoforiem
z plazmatickej membrany

Palmitoylované H-Ras a N-Ras proteiny viazané na
PM podstupuju depalmitoylaciu prostrednictvom palmito-
ylesterazy (PE), uvolnia sa zPM a presivaju sa ku GA
zatial' neznamym mechanizmom, ktory mdze zahinat roz-
ne proteiny vratane 6-podjednotky fosfodiesterdzy alebo
galektinu-1 (obr. 2B). Tento sposob transportu a signaliza-
cie je odlisny od endozomalneho spdsobu a je nezavisly od
endocytozy .

H-Ras podstupuje mono- a diubikvitinaciu. HVR pro-
teinu H-Ras obsahuje tri lyziny, ktoré mézu byt ubikviti-
nované. Ubikvitinacia cieli H-Ras k endozomom, stabili-
zuje asociaciu s nimi a brani jeho recirkulacii'.

Dal$im popisanym nekonvenénym transportom pal-
mitoylovanych Ras proteinov je transport pomocou mem-
branovych castic nanometrovych rozmerov (cca 80 az
100 nm; angl. rasosomes)'’, ktoré nesi viacero kopii
H-Ras alebo N-Ras, ale nie K-Ras (Co stvisi s potrebou
palmitoylovej skupiny pre interakciu s RASozomami'’),
Siria sa rychlo v cytoplazme ndhodnym pohybom nezavis-
lym od ATP. RASozomy nesi Ras proteiny v aktivnej
a neaktivnej forme'®, nekolokalizuju s endocytickymi ale-
bo exocytickymi markermi a st nezavislé od syntézy pro-
teinov a GA" (obr. 2B).

4. Signalne drahy zahrnajice Ras proteiny
a ich regulacia

Ras proteiny spustaju cely rad signalnych drah
(obr. 3A). NajintenzivnejSie z nich je Studovana mitogé-
nom aktivovana protein-kinazova signalna draha (MAPK —
mitogen-activated protein kinase) a to najma v suvislosti
s onkogenézou, nakol’ko jej deregulacia predstavuje jednu
z priméarnych pri¢in vzniku nadoru®.

V nenadorovych bunkach Ras proteiny cirkuluji me-
dzi neaktivnym GDP — viazanym stavom a aktivnym GTP
— viazanym stavom'. Pretoze GTP je v bunkéch pritomné
za fyziologickych podmienok vo vy$Sej koncentracii ako
GDP, Ras proteiny prednostne viazu GTP a tvoria aktivne
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Percentualny vyskyt mutacii

Typ nadorového tkaniva Kras Nras Hras
krvotvorné a lymfatické tkaniva 3,2 9,6 0,3
hrubé ¢revo 34,6 3,8 0,5
pankreas 57,5 0,8 0,0
koza 2,0 15,6 6,9
mocovy systém 4.4 1,1 9,6

Obr. 3. Signalne drahy zahriiujice proteiny Ras (A), regulacia aktivity proteinov Ras (B) a nadorové 'udské tkaniva s najvyssim
percentudlnym vyskytom mutacii v onkogénnoch ras (C). PLCe — fosfolipaza C, DAG — diacylglycerol, PKC — proteinkinaza C, PLD
— fosfolipaza D, IP3 — inozitol trifosfat, PIP3 — fosfatidylinozitol trifosfat, MEKK — MEK kinaza, SEK — SAPK (stresom aktivovana
protein kinaza)/JNK (Jun N-terminalna kindza) kinaza, ERK — extrabunkové signalregulujuce kinazy, p190 — GAP pre ¢lenov rodiny
Rho, p120GAP — RasGTPazy aktivujici protein, Sos — RasGEF, RalGDS — rodina GEF pre Ral, GEF — guaninnukleotid vymenny faktor,
Akt = PKB — protein kindza B, GDP — guanozin difostat, GTP — guanozin trifosfat, GAP — GTPazy aktivujuci protein, GEF — guaninnuk-

leotid vymenny faktor (upravené podla*' 24042

Ras-GTP. Rychlost’ prirodzenej hydrolyzy viazaného GTP
samotnymi Ras proteinmi (maju GTPazovu aktivitu) je
vel'mi nizka. Ukoncenie aktivneho stavu je za fyziologic-
kych podmienok urychlované GTPazy aktivujucim protei-
nom (GAP). Onkogénne Ras proteiny si rezistentné
k aktivite GAP, ¢oho vysledkom je ich nepretrzita aktivita.
Aby mohli byt’ Ras proteiny opédtovne aktivované, guanin-
nukleotid vymenné faktory (GEFs — guanine nucleotide-
exchange factors) viazu Ras-GDP, pricom spdsobuju diso-
ciaciu viazaného GDP. Ras proteiny su tak zase pristupné
pre vizbu s GTP a cyklus sa uzatvara (obr. 3B).
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Ras izoformy su najastejSie mutovanymi génmi
v nadorovych tkanivach. Frekvencia vyskytu K-ras muta-
cie je najvyssia v nadoroch pankreasu a hrubého creva,
mutovany H-ras gén bol identifikovany predovsetkym
vmocovom  systéme aN-ras muticie  dominuju
v melanémoch  a v nadoroch  lymfatického  systému
(COSMIC, Wellcome trust Sanger Institute, Cambridge,
UK)* % (obr. 3C).

Mutécie, ktoré sa vyskytuju s najvyssou frekvenciou
v géne K-ras nadorovych buniek, su lokalizované
v kodénoch 12 a 13, menej Casto v kodonoch 61, 63, 117,
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Tabul'ka I

Genetické syndromy spriahnuté s Ras/MAPK signalnou drahou

Referat

Nazov syndromu

Noonanovej syndrom

Leopard syndrom

Dedi¢né gingivalna fibromatéza

Noonaanovej neurofibromatoza typ 1

Costellov syndrém

Autoiminny lymfoproliferacny syndrom

Kardio-facio-kutanny syndrom

Legius syndrom

Syndrém kapilarnej malformacie - artériovendznej RASALI

malformacie

Geneticka podstata Kodovany protein Funkcia proteinu

PTPNI11 SHP2 fosfataza

SOS1 SOS1 RasGEF

RAF1 CRAF kinaza

KRAS KRAS GTPaza

PTPNI11 SHP2 fosfataza

RAF1 RAF1/CRAF kinaza

SOS1 SOS1 RasGEF

NF1 Neurofibromin RasGAP

HRAS HRAS GTPaza

NRAS NRAS GTPaza

BRAF BRAF kinaza

MAP2K1 MEK1 kinaza

MAP2K2 MEK2 kinaza

KRAS KRAS GTPaza

SPRED1 SPRED1 inhibitor kinaz
p120Gap RasGAP

119 al46 (cit’*?). Tieto muticie sa nachadzaju
v blizkosti miesta viazuceho GTP. Somatické zmysel me-
niace mutacie v pozicidch 12, 13, 61 a 63 sposobuji kon-
formacné zmeny proteinu K-Ras a tym aj narusenie jeho
prirodzenej GTPazovej aktivity, ¢o ma za nasledok reduk-
ciu GTP hydrolyzaénej kapacity”’. Mutacie v poziciach
116, 117, 119 a 146 redukuji nukleotidovu afinitu proteinu
K-Ras atym ovplyviiuji rychlost vymeny GDP/GTP.
Onkogénne formy Ras proteinu st zodpovedné za ovela
vys§iu prolifera¢nu aktivitu nadorovych buniek. Transfor-
macnd schopnost’ onkogénu K-ras moze byt vysledkom
nadexpresie mutovanych K-ras aliel alebo vysledkom de-
lécie divého typu K-ras alely™. Divy typ K-ras alely moze
zéroveii potladit onkogénnu funkciu mutovanej alely®.
Existuje skupina Tudskych genetickych syndromov
suhrnne zndmych ako RASopatie, ktoré st spdsobené za-
rodo¢nou mutaciou (mutdcia na urovni pohlavnych bu-
niek) v génoch kodujucich zlozky MAPK signalnej drahy.
Kazda z tychto RASopatii na jednej strane vykazuje uni-
katne fenotypové rysy, na druhej strane mnohé tieto syn-
dromy zdielaju charakteristické prekryvajuce sa rysy vra-
tane kraniofacialnej dysmorfologie, malformacie srdca
akoze, svalovokostenné aocné abnormality, sréznym
stupiiom neurokognitivnych zhorSeni, v pripade niektorych
syndromov dokonca zvySené riziko vzniku nadorového
ochorenia®. Diagnostiku jednotlivich RASopatii stazuji
prekryvajice sa klinické znaky a Siroké spektrum fenoty-
povych prejavov®'. Preto sa molekularna analyza stala
dolezitym kIaiCom k potvrdeniu klinickej diagnozy
u jednotlivych pacientov. Zoznam RASopatii spolu s ich
molekularnou charakteristikou je uvedeny v tab. I.
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5. Zaver

Enzymy katalyzujlice jednotlivé kroky posttranslacne;j
upravy Ras proteinov sa dostali na vrchol zaujmu pri vyvo-
ji novych liekov pouzitel'nych ¢i uz pri lie€be nadorovych
ochoreni s vyskytom mutovanych Ras proteinov alebo pri
eliminacii priznakov RASopatii*>. Dalsie usilie je venova-
né testovaniu latok, ktoré inhibuju jednotlivé zlozky Ras/
MAPK signélnej drihy’***. V neposlednej rade treba spo-
menut’ vyvoj inhibicie mutovanych foriem Ras proteinov
zaloZenych na elimindcii expresie Ras proteinov pouZitim
anti-sense RNA*®, anti-Ras ribozymov'**" alebo aplikova-
nim anti-Ras reoviralnej terapie®®.

Publikacia bola pripravena vdaka podpore grantovej
komisie VEGA pre lekdrske a farmaceutické vedy — cislo
projektu  1/0407/13 a za podpory projektu MSMT
CZ.1.07/2.3.00/30.0060 podporovaného Evropskymi so-
cialnimi fondy.

Zoznam skratiek

CAAX C — cystein, A — alifaticka aminokyselina, X —
serin alebo metionin

ER endoplazmatické retikulum

ERK extrabunkové signalregulujtce kinazy
FTéaza farnezyltransferaza

GA Golgiho aparat, Golgiho komplex
GAP GTP4azy aktivujuici protein

GDP guanozin difosfat
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GEFs guaninnukleotid vymenné faktory
GTP guanozin trifosfat

GTPaza guanozintrifosfatdza

HVR hypervariabilny region

Icmt izoprenylcysteinkarboxylmetyltransferaza
MAPK mitogénom aktivovana protein kinaza
MEK MAP a ERK kinaza

PE palmitoylesteraza

PM plazmatickd membrana

pl120GAP RasGTPazy aktivujuci protein

Rcel Ras meniaci enzym

Sos RasGEF
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H. Gbelcova™, S. Rimpelova®, Z. Knejzlik®
V. Repiska®, T. Ruml®, and D. Bohmer” (“ Department of
Biochemistry and Microbiology, University of Chemistry
and Technology, Prague, " Institute of Medical Biology,
Genetics and Clinical Genetics, Faculty of Medicine, Co-
menius University, Bratislava): RAS Proteins — Key Re-
gulators of Cell Cycle

RAS proteins are small guanosine triphosphatases
controlling the cell growth, differentiation, proliferation,
survival, and death. They are encoded by ras proto-
oncogenes, frequently mutated, in many cancer tissues and
in the whole group of congenital defects. Understanding
the structure, kinetics and signaling of RAS proteins allow
the use of ras genes and RAS proteins as diagnostic bio-
markers.
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ULOHA HYPERVARIABILNEJ OBLASTI RAS
PROTEINOV V ICH VNUTROBUNKOVOM
TRANSPORTE

(The role of hypervariable region of Ras proteins for their targeting)

Helena Gbelcovd', Vanda Repiskd’, Daniel Bohmer', Tomas RumF, Zdendk
Knejzlik’

" Ustav lekarskej biolégie, genetiky a klinickej genetiky, Lekdrska fakulta UK, Sasinkova 4,
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Suhrn

Ras proteiny st malé s membranou viazané GTPazy dblezité pre prenos signalov regulujucich
rast, prezitie a diferencidciu buniek. Rézne Ras izoformy (H-ras, N-ras, K-ras) sprostredkuju
rozne signaly. Za tieto biologické rozdiely je zodpovedny kratky tsek na C-konci Ras
proteinov oznacovany ako hypervariabilna oblast. Pre ukotvenie Ras proteinov v bunkovych
membranach anaslednti signalizaciu Ras proteinov je potrebnd spravna posttranslacna
modifikacia hypervariabilnej domény. Procesy suvisiace s posttranslacnou modifikaciou Ras
proteinov sa dostali na vrchol zaujmu pri dizajnovani novych liekov pouzitelnych pri liecbe
nadorovych ochoreni spajanych s mutovanymi Ras proteinmi. Aj z tohto dévodu je nutné
poznat’ presny vyznam jednotlivych krokov posttranslacnych uprav hypervariabilnej oblasti
Ras proteinov.
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Summary

Ras proteins are small membrane bound GTPases essential in transducing of the signals that
regulate cell growth, survival and differentiation. Different Ras isoforms (H-ras, N-ras, K-ras)
generate distinct signal outputs. These biological differences are accounted for the short
carboxy-terminal hypervariable domain. The correct posttranslational proccessing of
hypervariable domain is required for Ras association with the cell membranes and signaling.
Posttranslational modifications of Ras proteins dominate in designing of new drugs useful in
the treatment of cancer diseases caused by mutated Ras proteins. For this reason it is
necessary to know the exact role of each step of posttranslational modifications of the
hypervariable region of Ras proteins.
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Uvod

Ras proteiny v netransformovanych bunkach cirkulujii medzi aktivnym a neaktivnym stavom
atak reguluji bunkovy rast, delenie, diferenciaciu, prezivanie a bunkova smit’ (1). Od
objavenia takzvanej aktivatnej mutacie ras génu v nadorovych bunkach T'udi, ktoré
odstartovalo intenzivny vyskum zamerany na pochopenie Struktiry, kinetiky a signalizacie
Ras proteinov, ubehlo uz viac ako 30 rokov. Vsetky nadobudnuté poznatky viedli k vyvoju
terapii cielenych na Ras proteiny zalozenych na zabraneni aktivacie, pripadne spravnej
posttransla¢nej modifikacie Ras proteinov a tym znemozneniu plnenia ich funkcie, alebo na
priamej inhibicii transportu signalu nimi bezne sprostredkovaného. Pokroky v technologii
sekvenovania umoznili masivne mapovanie kompletného genému roznych tkaniv, vratane
jednotlivych typov nadorov. Ras izoformy sa okamzite dostali do centra pozornosti, nakol'’ko
boli najcastejSie mutovanymi génmi v nadorovych tkanivach.

Tri ras gény (K-ras, N-ras and H-ras) koduji Styri Ras proteiny (H-Ras, N-Ras, K-Ras4A
and K-Ras4B), nizkomolekulové guanozintrifosfataizy (GTPazy). Okrem K-Ras4B, ktory
pozostava zo 188 aminokyselin, vSetky Ras proteiny st tvorené zo 189 aminokyselin (2). Ras
proteiny maji mimoriadne podobnt sekvenciu v oblasti domén viazucich efektory, vymenné
faktory a guaninnukleotidy (Obr. 1). Jedina oblast’ Ras izoforiem, ktora vykazuje vyznamné
rozdiely v sekvencii baz, je tzv. hypervariabilny region (HVR) na C-konci proteinov
pozostavajuci z 24 aminokyselin (Obr. 1). Ten obsahuje dve signdlne sekvencie
spolupracujuce na cieleni Ras proteinov k plazmatickej membrane (PM). Prvou z nich je
CAAX motiv (C — cystein, A — alifaticka aminokyselina, X — serin alebo metionin) (3,4),
druhu tvori polybazicky usek Siestich lyzinovych zvyskov (175-180) v K-Ras4B, alebo
cystein 180 v K-Ras4A, 181 v N-Ras, a 181 a 184 v H-Ras (2,3,5) (Obr. 1).

hypervariahilna ablast’ lipidova modifikacia

HRas HKLRKLNPPDESGPGCMSCKCVLS famezylécia, palmitoylicia
N-Ras YRMKKLNSSDDGTQGCMGLPCVLM famezyicia, palmitoyldcia
K-ResdA YRLKK | SKEEKTPGCVK | KKC | I M famezyli4cia, paimitoylécia

KRasdB HKEKMSKDGKKKKKKSKTKCM I M famezylacia

y CAAX motiv
Obr. 1 Struktura Ras hypervariabilnej oblasti (upravené podl'a (6,7)).

Procesovanie a vnutrobunkovy transport Ras proteinov k PM je znazorneni na Obr. 2.
Farnezylacia Ras proteinov je nevyhnutna pre ich transport k PM a ukotvenie v nej. Novo
syntetizované prekurzory Ras proteinov po farnezylacii v cytoplazme smeruju k ER, kde
prebiehaju d’alsie modifikacné kroky, ktoré st pre jednotlivé Ras izoformy rozne. Zatial' ¢o
H-Ras, N-Ras a K-Ras4A vyzaduju palmitoylaciu pre transport na ER a Golgiho aparat (GA)
a nasledny vezikularny transport k PM, nepalmitoylovany K-Ras4B nepodstupuje konvencnti
sekre¢nu drahu, ale smeruje z ER priamo na PM doteraz presne neopisanym, GA nezavislym
sposobom (8,9) (Obr. 2). Usek iestich susediacich lyzinov a pit’ d’alsich lyzinovych zvyskov
v HVR spajaju K-Ras4B prostrednictvom ionovych interakcii s negativnym nabojom hlav
fosfolipidovych skupin v PM. Palmitat palmitoylovanych Ras proteinov tiez prispieva
k membranovej interakcii jeho schopnostou vlozit’ sa hlboko do lipidovej dvojvrstvy (10,11).

Procesovanie CAAX motivu zac¢ina v cytoplazme FTazou, ktora na cystein v motive pridava

farnezylovu skupinu. Dokoncenie procesovania prebieha na ER pomocou Rcel (odstranenie
AAX tripeptidu) a Iemt (metylacia pouzitim SAM ako substratu) enzymov. K-Ras je nasledne
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translokovany z ER na PM GA nezavislym sposobom. H-Ras a N-Ras, st palmitoylované
RPTazou (vyziva Palm-CoA ako substrat), a translokované klasickou sekrecnou cestou cez
GA na PM. C - cystein, A — alifatickd aminokyselina, X — serin alebo metionin, FTéaza -
farnezyltransferaza, ER — endoplazmatické retikulum, GA — Golgiho aparat, Icmt —
izoprenylcysteinkarboxylmetyltransferaza, Rcel - Ras meniaci enzym, Palm-CoA - palmitoyl
koenzym A, SAM - S-adenozylmetionin, RPT - ER-lokalizovana palmitoyltransferdza, PM —
plazmatickd membrana (upravené podla (12).

K-Ras4B N-Ras/K-Rasd4A

Plasma membrane

:J - -3
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Obr. 2 Posttranslacna modifikécia a konvenény vnutrobunkovy transport Ras proteinov.

Vdaka tomu, ze farnezylacia predstavuje klI'i¢ovy krok v spravnej posttranslacnej modifikacii
a naslednej signalizacii Ras proteinov, enzymy katalyzujuce tieto deje sa dostali na vrchol
zaujmu pri dizajnovani novych liekov pouzitelnych pri liecbe nadorovych ochoreni s
vyskytom mutovanych Ras proteinov (12). Nemala pozornost' je v stvislosti s inhibiciou
farnezylacie Ras proteinov venovana aj statinom, v stcasnosti svetovo najpouzivanejsej
skupine latok na znizenie hladiny cholesterolu v krvi. Statiny inhibuji tzv. mevalonatovi
drédhu v jej rychlost’ limitujicom kroku, ktorej medziproduktom je prave farnezylpyrofosfat
potrebny pre spravnu modifikaciu Ras proteinov. Kanceroprotektivne u¢inky statinov proti
vzniku placnych nadorov anadorov prostaty v davkach pouzivanych na liecbu
hypercholesterolémie boli popisané v retrospektivnej Studii vykonanej na skupine bez mala
500 000 americkych vojnovych veteranov (13). V klinickej praxi v tlohe protinadorovych
latok zatial' statiny nevystupuju v dosledku nepresne definovaného velkého mnoZstva
neziaducich vedlajsich ucinkov, ktoré by mohli mat’ v davkach s terapeutickym u¢inkom.

Z tohto dovodu sme pripravili konStrukty kodujuce GFP znacené N-Ras proteiny (cely a aj
jeho C-koniec) simulujice inhibiciu farnezylacie alebo palmitoylacie a sledovali vplyv tychto
mutécii na vnutrobunkovt lokalizaciu danych proteinov.
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Material a metédy
Bunky

HEK 293T — ludské primarne embryonalne bunky oblicky transformované adenovirusom

(ATCC, Manassas, VA, USA)

HeLa — l'udské epitelové bunky izolované z nadoru krcka maternice (ATCC, Manassas, VA,

USA)
Plazmidy
pEFGP-C1 (Clontech, CA, USA)

pDsRed2-ER (Clontech, CA, USA) — umoziiuje fluorescencné znacenie endoplazmatického

retikula v cicav¢ich bunkach

pDsRed-Monomer-Golgi (Clontech, CA, USA) — umoziuje fluorescenc¢né znacenie Golgiho

aparatu v cicavéich bunkach
Oligonukleotidy
+BglIl Nras

-Pst Nras
+NrasC181S
-NrasC181S
-Nras(C186S)Pst
+HVR-NRAS-Bglll
-HVR-NRAS-Pstl

Kultivacia buniek

5’- GCAAGATCTATGACTGAGTACAAACTGGTGGTGGTTGG

5’- TTTCTGCAGTTACATCACCACACATGGCAATCCCATACA

5'- GATGATGGGACTCAGGGTAGTATGGGATTGCCATGTGTG
5’- CACACATGGCAATCCCATACTACCCTGAGTCCCATCATC
5’- TGCACTGCAGTTACATCACCACACTTGGCAATCCCATACAA
5’- GAAGATCTCAGTACCGAATGAAAAAACTCAACAG
5'- ATGCACTGCAGTTACATCACCACACATGGCAATCCCAT

Bunkové linie HEK 293T a HeLa boli kultivované v termostate pri 37 °C a vlhcenej
atmosfére obsahujucej 5% CO,. Na kultivaciu bolo pouzit¢ médium DMEM (Dulbeccom
modifikované Eaglovo médium, Sigma, USA) obohatené fetalnym sérom (10%, Sigma,

USA).

Priprava DNA konstruktov

Konstrukt Primery Templat Vektor Metéda

pEGFPNrasWT +BglIl Nras HeLa total RNA pEglFP' RT-PCR
-Pst Nras

pEGFPNrasC181S +NrasC181S pEGFPNrasWT - PCR mutagenesis
-NrasC181S

pEGFPNrasC186S +BglIl Nras pEGFPNrasWT - PCR mutagenesis
-Nras(C186S)Pst

pEGFPNrasCendWT +HVR-NRAS-Bglll pEGFPNrasWT pE((:}fP- PCR
-HVR-NRAS-Pstl

pEGFPNrasCendC181S +HVR-NRAS-Bglll pEGFPNRasC181S P ngp_ PCR
-HVR-NRAS-Pstl

pEGFPNrasCendC186S +HVR-NRAS-Bglll pEGFPNRasC186S p ESFP_ PCR

-Nras(C186S)Pst

Tab. 1 Priprava DNA konstruktov
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Konstrukty kodujuce proteiny Ras boli vytvorené ligaciou fragmentov DNA (vytvorené
pomocou RT-PCR alebo PCR) a vhodnych vektorov alebo cielenou PCR mutagenézou z
vopred pripravenych konstruktov (tab.1). Spravnost’ pripravenych konstruktov bola overena
sekvenovanim DNA. Expresné produkty vsetkych konstruktov boli analyzované metddou
Western blot.

Celkova RNA bola izolovana z bunkovej linie HeLa pomocou komercnej stipravy RNeasy Kit
(Qiagen, USA). N-ras onkogén bol isolovany metodou RT-PCR pomocou komerénej stpravy
Enhanced Avian HS RT-PCR Kit (Sigma, USA). ZloZenie reakénej zmesi RT-PCR a teplotné
a Casové parametre zodpovedali odporuCaniam vyrobcu komercnej supravy. Primery pre
amplifikaciu 570-bp dlhych N-ras ¢cDNA fragmentov su uvedené vysSie. Produkty boli
precistené pomocou komercnej supravy GIAquick PCR Purification Kit (Qiagen, USA).
Lepivé konce plazmidov a DNA fragmentov boli produkované restrikénymi endonukleazami
Bglll a Pst! (New England Biolabs, USA). Linearizované¢ molekuly DNA plazmidu boli
defosforylované alkalickou fosfatazou CIP (New England Biolabs, USA).

Ligac¢na reakéna zmes obsahovala DNA (plazmid a fragmenty), T4-DNA ligazu (New
England Biolabs, USA) a tlmivy roztok pre T4-DNA ligazu (New England Biolabs, USA).
Ligovanou DNA boli transformované kompetentné bunky E. coli kmeia DH5a (Clontech,
USA).

Jednotlivé kolonie transformovanych E. coli DH5a boli prenesené do 3 ml LB (Luria-Bertani)
média (10 g/l tryptén, 5 g/l kvasni¢ny extrakt, 10 g/l NaCl, pH 7,0) a inkubovali sa cez noc
pod kanamycinovym selektivnym tlakom. Bakterialne pelety vytvorené z 1,5 ml suspenzie
boli resuspendované v 200 pl tlmivého roztoku STETL (50 mM Tris, pH 8; 50 mM EDTA;
5% Triton X-100, 8% glukdza; 0,5 mg/ml lyzozym) a inkubované vo vriacom vodnom kupeli
po dobu 30 sekund. Lyzaty boli odstredené pri 24000 g pocas 15 minut pri laboratornej
teplote. Sedimenty sa odstranili a supernatanty boli inkubované po dobu 30 mintt pri 37 °C s
1 ul RNazy A (10 mg / ml, Roche, Nemecko). Pridalo sa 200 pl izopropanolu a inkubovalo
d’alsich 15-30 mintt pri teplote -20 °C. Vyzrazané DNA boli peletované odstred’ovanim pri
24000 g pocas 5 minut pri teplote 4 °C. DNA pelety boli premyté 200 pl 70% etanolu a
resuspendované v 20 pl vody bez nukleazy.

Konstrukty majuce mutaciu v hypervariabilnej oblasti boli pripravené cielenou PCR
mutagenézou pripraveného konsStruktu pEGFPNrasWT (tab. I). Pary oligonukleotidovych
primérov boli navrhnuté tak, aby obsahovali pozadovani mutéciu priblizne vo svojom strede.
PCR reakcia obsahovala 5-50 ng DNA templatu, 250 ng zmesi oligonukleotidovych primérov,
1 pl zmesi dNTP, 5 ul 10 x reakéného tlmivého roztoku a 1ul PFU DNA polymerazy
(Promega, UK) Reakéna zmes bola doplnend vodou bez nukleaz na koneény objem 50 ul.
Parametre cielenej PCR mutagenézy PCR boli nasledovné: 1 x (95 °C - 4 mintty), 16 x (55
°C - 1 minuta, 68 °C - 10 minut, 95 °C -1 minttu).

Nereplikované molekuly DNA sa Stiepili enzymom Dpnl (New England Biolabs, USA).
Pripravené konstrukty boli preéistené pomocou komerénej supravy MiniElute Reaction
Cleanup Kit (Qiagen, USA). Nasledne nimi boli transformované bunky E. coli kmena DHS5a.

Transfekcia tkanivovych buniek a fluorescenéna mikroskopia.

Bunky boli inokulované na sterilné krycie skli¢ka umiestnené na dne 6-jamkovej dosticky pre
kultivaciu buniek 5 hodin pred transfekciou. Transfekcia bola vykonana pomocou
transfekéného Cinidla Fugen 6 (Roche, nemecko) v stlade s pokynmi vyrobcu. Po 24
hodinéch boli bunky premyté fosfatovym timivym roztokom a fixované po dobu 20 minut so
4% formaldehydom vo fosfatovom tlmivom roztoku. Po fixacii boli jadra buniek zafarbené
DAPI (Sigma, USA). Intracelularnu lokalizacia proteinov bola vizualizovana fluoresce¢nym
mikroskopom pomocou softvéru QuickPHOTO CAMERA 2.1 (Olympus, Japan).
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Vysledky a diskusia

Pre detekciu rozdielov v lokalizacii N-Ras proteinu zna¢eného pomocou GFP (zeleny
fluorescenény protein) a jeho variantov modifikovanych na C-konci boli pouzité
Fluorescenc¢né markery Golgiho aparatu a endoplasmatického retikula.

GFP-NRas-WT DsRed-Monomer-Golgi DAPI

GFF' NRas-Cand-WT DsRed-Monomer-Golgi DAPI

BRI

Obr. 3 Lokalizacia GFP-NRas-WT proteinu a jeho C-konca v bunke.

HEK 293T bunky tranzientne kotransfekované a) pEGFPNrasWT konstruktom a pDsRed-
Monomer-Golgi plazmidom (marker Golgiho aparatu), b) pEGFPNrasCendWT konstruktom
(produktom je hypervariabilnd oblast N-Ras proteinu znaCena zelenym fluorescencnym
proteinom) a pDsRed-Monomer-Golgi plazmidom (Golgi marker). Jadra st farbené s DAPI.

Pritomnost’ proteinu GFP-N-Ras-WT (obr. 3a) na plazmatickej membrane je v sulade s
d’alsimi publikovanymi udajmi (9) plazmidu, avSak Golgi je jedina intracelularna membrana,
kde bola akumulacia GFP-N-Ras-WT proteinu pozorovana. V pripade GFP-N-Ras-Cend-WT
proteinu (obr. 1b), je nahromadenych viac proteinov na PM ako v Golgiho aparate. To
naznacCuje, ze hypervariabilnd oblast’ nie je jedind doména proteinu GFP-N-Ras, ktora je
zodpovedna za jeho intracelularne cielenie, ale nie je jasné, ¢i tento jav je vysledkom
akumulacie GFP-N-Ras-Cend-WT na plazmatickej membrane alebo skor vysledkom jeho
ul'ahceného uvolnenia z Golgiho aparatu.

Ako vyplyva zobrazkov 3 a 4, farnezylacia je nevyhnutna pre cielenie na plazmaticku
membranu alebo intracelularne membrany oboch proteinov GFP-N-Ras aj GFP-N-Ras-C-end.
Okrem toho je lokalizacia oboch proteinov s mutaciou simulujucou inhibiciu farnezylacie
(GFP-N-Ras-C186S a GFP-N-Ras-Cendo-C186S) rovnaka a je v sulade s lokalizaciou
znaceného GFP K-Ras proteinu v bunkach osetrenych statinmi, ktoré inhibuji mevalonatova
drahu (14) a teda aj syntézu farnezylopyrofosfatu potrebného pre farnezylaciu nie len Ras
proteinov, tj v cytoplazme (obr. 4).
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GFP-NRas-C186S DAPI overlay

b)
GFP-NRas-Cend-C186S DAPI overlay

Obr. 4 Lokalizacia GFP-NRas-C186S proteinu a jeho C-konca v bunke — simulécia inhibicie
farnesylacie.

HEK 293T bunky tranzientne transfekované a) pEGFPNrasC186S konstruktom (simulacia
inhibicie farnezylacie) b) pEGFPNrasCendC186S konstruktom (produktom je hypervariabilna
oblast’ N-Ras proteinu s mutdciou simulujicou inhibiciu farnezyldcie znafend zelenym
fluorescenénym proteinom). Jadra st farbené s DAPI.

Obrazok 5 naznacuje, Ze palmitoylacia cysteinu v pozicii 181 je potrebna predovsetkym ako
signal pre odchod proteinu GFP-N-Ras z endoplazmatického retikula. Lokalizacia proteinov
GFP-N-Ras-C181S a GFP-N-Ras-Cend-C181S v bunke je rovnaka, nie st lokalizované na
plazmatickej membrane a hromadia sa na ER.
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a)
GFP-NRas-C181S DsRed2-ER DAPI

b)
GFP-NRas-Cend-C1818 DsRed2-ER DAPI

Obr. 5 Lokalizacia GFP-NRas-C181S proteinu a jeho C-konca v bunke — simulacia inhibicie
palmitoylacie.

HEK 293T bunky tranzientne kotransfekované a) pPEGFPNrasC181S konstruktom (simulacia
inhibicie palmitoylacie) a pDsRed2-ER plazmidom (marker endoplazmatického retiluka), b)
pEGFPNrasC181S konstruktom (produktom je hypervariabilna oblast N-Ras proteinu s
mutéciou simulujiicou inhibiciu palmitoylacie znacend zelenym fluorescenénym proteinom) a
a pDsRed2-ER plazmidom (marker endoplazmatického retiluka). Jadra su farbené s DAPIL.

Zaver

Zda sa, ze okrem hypervariabilnej oblasti existuje v Ras proteine eSte dalSia doména
zodpovedna za jeho intracelularnu lokalizaciu. AvSak tloha tejto hypotetickej d’alsej domény
je zavisla na predchadzajicej farnezylacii a palmitoylacii hypervariabilnej oblasti.
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Statins, besides being powerful cholesterol-lowering drugs, also exert potent anti-proliferative
activities. However, their anti-cancer efficacy differs among the individual statins. Thus, the aim of

this study was to identify the biological pathways affected by individual statins in an in vitro model of
human pancreatic cancer. The study was performed on a human pancreatic cancer cell line MiaPaCa-2,
exposed to all commercially available statins (12 uM, 24 h exposure). DNA microarray analysis was
used to determine changes in the gene expression of treated cells. Intracellular concentrations of
individual statins were measured by UPLC (ultra performance liquid chromatography)-HRMS (high
resolution mass spectrometer). Large differences in the gene transcription profiles of pancreatic cancer
cells exposed to various statins were observed; cerivastatin, pitavastatin, and simvastatin being the
most efficient modulators of expression of genes involved namely in the mevalonate pathway, cell
cycle regulation, DNA replication, apoptosis and cytoskeleton signaling. Marked differences in the
intracellular concentrations of individual statins in pancreatic cancer cells were found (>11 times

lower concentration of rosuvastatin compared to lovastatin), which may contribute to inter-individual
variability in their anti-cancer effects. In conclusion, individual statins exert different gene expression
modulating effects in treated pancreatic cancer cells. These effects may be partially caused by large
differences in their bioavailability. We report large differences in gene transcription profiles of pancreatic
cancer cells exposed to various statins. These data correlate to some extent with the intracellular
concentrations of statins, and may explain the inter-individual variability in the anti-cancer effects of
statins.

Statins, inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase (Fig. 1), represent the
dominant class of compounds for treatment of hypercholesterolemia due to their ability to inhibit de novo choles-
terol synthesis. In addition to their hypolipidemic effects, owing to depletion of the mevalonate pathway products,
statins also exert many other pleiotropic biological activities, preventing the progression of diseases associated
with inflammation, increased oxidative stress, and proliferation'. Since the introduction of lovastatin as the first
novel cholesterol-lowering drug in 1980’s, our understanding of the biological activities of statins has dramatically
changed. The potential anti-cancer effects of statins were experimentally demonstrated as early as 19852, Since
then, a number of experimental as well as clinical studies, demonstrating the apparent effect of statins on cell
proliferation of a variety of tumors have been published (for comprehensive reviews, see refs 1,3). Although mul-
tiple biological pathways contribute to the anti-proliferative effects of statins, inhibition of protein prenylation (a
critical event in the posttranslational modulation of proteins involved in the regulation of cell cycle progression,
proliferation, and signaling pathways) seems to be the most important*. Among many protein targets, activation
of the Ras protein via farnesylation is a key step in cell proliferation. In fact, activation mutations of the ras onco-
gene are present in about 30% of human cancers, and more than 90% of pancreatic cancers*.
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Figure 1. 3D conformers of commercially available statins. Grey - carbon, red - oxygen, blue - nitrogen,
light green - fluorine, yellow - sulphur.

The majority of clinical data on the potential anti-cancer effects of statins is based on extensive cardiovascular
studies. As far as pancreatic cancer, some of these studies have indeed demonstrated a significantly decreased
incidence of cancer among statin users, despite a relatively short observation period and improper patient selec-
tion (the studies were primarily focused on prevention of cardiovascular diseases)>®; nevertheless, other data
are not supportive’°. There are many possible reasons for these discrepancies, including methodological bias'!,
socio-economical aspects'?, as well as possible differences in the biological activities of individual statins'®. In our
previous study'®, we reported substantial differences in the anti-cancer effects of individual commercially availa-
ble statins, and speculated on the possible reasons for these observations.

The aim of this present study was to assess the gene expression profiles in human pancreatic cancer cells bear-
ing an activation mutation in the ras oncogene, which were exposed to individual statins.

Materials and Methods

Materials. Inall experiments, pure forms (>98%) of the following statins were used: atorvastatin, lovastatin,
simvastatin, fluvastatin, cerivastatin, pravastatin, rosuvastatin, and pitavastatin (Alexis; San Diego, CA, USA). All
statins were tested in 12 pM concentrations, representing the ICs, value for simvastatin after a 24 h treatment of
MiaPaCa-2 cancer cells; simvastatin was chosen as the most effective clinically used statin tested in vitro in our
previous study®. All statins were dissolved in methanol.

Cell culture. Human pancreatic cancer cell line MiaPaCa-2 (ATCC, Manassas, VA, USA), bearing an acti-
vation mutation in the ras oncogene was maintained in the exponential phase of growth in DMEM medium
supplemented with 10% fetal bovine serum in a humidified atmosphere containing 5% CO, at 37 °C. The final
concentration of methanol, which was used for dissolving statins, was below 1%. The cell line was authenticated
at ATCC by STR profiling before distribution, and also reauthenticated by the end of study by external laboratory
(Generi Biotech, Hradec Kralove, Czech Republic).

Cell growth and viability assessment. The in vitro effects of individual statins (pravastatin, atorvastatin,
simvastatin, lovastatin, cerivastatin, rosuvastatin, and fluvastatin) on the viability of human pancreatic cancer
cells were evaluated in Gbelcovd et al.'*. Here, we have assessed the potential anti-proliferative effect of pitavasta-
tin by the same procedure using MiaPaCa-2 cells. The quantity of 2.7 10° cells per mL was used for inoculation
of individual wells in 6-well plates (total media volume of 2mL). After 24 h of incubation, the cells were treated
with pitavastatin (10, 20, 30 and 40 pM concentrations) dissolved in fresh cell culture media; untreated cells and
cells only treated with the vehicle (methanol) served as controls. After 24 h, the medium was removed, the cells
were gently washed with PBS, detached from the plate surface by 0.25% trypsin-EDTA solution, and resuspended.
Cell growth and viability were determined by direct counting under an inverse microscope using the 0.4% trypan
blue exclusion test.

Determination of intracellular concentrations of statins. MiaPaCa-2 pancreatic cancer cells were
exposed to individual statins (12 M) for 24 h. The cells were then scraped and homogenized in isopropanol to
precipitate proteins. After centrifugation, an aliquot of supernatant was used for target analyte quantification
(UPLC, Dionex UltiMate® 3000 RSLC; Thermo Scientific, CA, USA), coupled to a HRMS with a Q-orbitrap mass
analyzer (Q-ExactiveTM; Thermo Scientific) with a heated electrospray ion source. An Acquity BEH C18 (1.7 pm,
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2.1 mm x 100 mm; Waters, MA, USA) separation column was used for chromatographic separation of sample com-
ponents (mobile phase A consisting of 5mM ammonium formate and 0.1% formic acid in water:methanol (95:5,
v/v); mobile phase B consisted of 5mM aqueous ammonium formate and 0.1% in 2-propanol:methanol:water
(65:30:5, v/v)). To assess the impact of the intracellular concentration of statins on the cancer cell proliferation, a
sample of the cancer cells treated with respective statin was used for determination of the intracellular concentra-
tion of statins. A parallel cancer cell sample cultured and treated under identical conditions was used to assess the
cancer cell proliferation (measured by WST-1 test, Sigma-Aldrich, St Louis, MO, USA).

The quantitation was done by external standard calibration curve (as standards, all commercially available
statins were used as described above). Lower limits of quantitation (LLOQ) ranged from 1 to 20 ng/mL, the linear
dynamic range was 1000 ng/mL for all analytes. Relative standard deviations did not exceed 11%. As a quality
control, the following procedure was used. Statin standards of a known concentration (100 ng/mL) were added
to a defined number of otherwise untreated pancreatic cancer cells, which were scraped after 30 min incubation,
processed in an identical way as described above, and individual statins were measured in each control cells.

DNA Microarray Analysis. MiaPaCa-2 pancreatic cancer cells (1.5 X 10° per mL) were used for inoculation
of three parallel cultures (10 cm? culture dish, total media volume equal to 10 mL). After 24 h of incubation the
cells were treated with statins (12 uM concentration), and dissolved in fresh cell culture media; untreated cells,
and cells treated only with the solvent (methanol) served as controls. The cells were further incubated for 24 h.
Then, the cells were lysed in the stage of subconfluency using the RLT lysis buffer supplied in the RNeasy Mini
Kit (Qiagen, CA, USA). Total RNA was isolated by RNeasy Micro Kit (Qiagen) according to the procedure for
animal cells. The quantity of the RNA was measured by a NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies LLC, DE, USA). The quality of the RNA was analyzed using an Agilent 2100 Bioanalyser (Agilent
Technologies, CA, USA). RNA samples that had a RIN (RNA integrity number) above 9 were used for further
analysis.

Mlumina HumanWG-6_V 3 Expression BeadChips (Illumina, CA, USA) were used for the microarray anal-
ysis, following the standard protocol. In brief, 150 ng of RNA was amplified with an Illumina TotalPrep RNA
Amplification Kit (Ambion, TX, USA), and 1.5 pg of labeled RNA was hybridized on the chip according to the
manufacturer’s procedure. The analysis was performed in at least two replicates per group (see Suppl. Table 1).
To control physiological consistency of the results, the additional Petri-dish replicates for two groups (control
and simvastatin) were used, and parallel experiments with 6 uM concentration for all statin groups were also
performed. In addition, the technical quality of the microarray data was controlled by technical replicates (see
Suppl. Table 1).

The raw data were preprocessed using GenomeStudio software (version 1.9.0.24624; Illumina, CA, USA), and
analyzed within the limma package of the Bioconductor as described elsewhere!. In short, the transcription pro-
files were background corrected using a normal-exponential model, quantile normalized and variance stabilized
using a base 2logarithmic transformation.

A moderated t-test was used to detect transcripts differentially expressed between the treated samples and
the controls. Those transcripts with a false discovery rate smaller than 0.05, and a fold change smaller than 0.5 or
higher than 2, were reported and used in the downstream analysis. The MIAME (Minimum Information About
a Microarray Experiment) compliant transcription data was deposited in the ArrayExpress database (accession
E-MTAB-3979). Further, we performed the gene set enrichment analysis (GSEA) on KEGG (Kyoto encyclopedia
of genes and genomes) pathways'> using the Fisher’s exact test and the approach published by Tian et al.'S.

Quantitative real-time PCR. Reverse transcription was performed using a QuantiTect Reverse
Transcription Kit (Qiagen). All experiments were performed in two replicates with all statins (except for rosu-
vastatin and pravastatin, the least efficient statins from the microarray analyses). The RT-PCR was performed on
LightCycler 2.0 System using a LightCycler 480 DNA SYBR Green I Master kit (Roche Diagnostics, Germany)
and analyzed by LightCycler software. The resulting crossing point values were normalized using reference genes
RPS9, TBP, and GAPDH. Relative fold changes of expression intensity in statin-treated against control samples
were computed under the assumption of perfect effectivity of the PCR amplification. Statistical significance was
estimated using Student’s t-test. All computations were performed within the R environment'’. The list of ampli-
cons/primers of randomly selected target and housekeeping genes are provided in Suppl. Table 2.

STITCH analysis. A functional association network predicted for all eight commercially available statins was
created using an interaction network database for small molecules and proteins (based on STRING), STITCH
4.0 (Search Tool for Interaction of Chemicals)!8. Individual input nodes were atorvastatin, cerivastatin, fluvasta-
tin, lovastatin, pitavastatin, pravastatin, rosuvastatin, and simvastatin. The action view diagrams were generated
to illustrate the known protein-chemical relationships of all connected nodes. The view of the statin associa-
tion network was generated for Homo sapiens according to known and predicted interactions including direct
(physical) and indirect (functional) associations derived from genomic contexts, high-throughput experiments,
co-expression, and literature mining. The confidence score was set to high, equal to 0.850, with a maximum of
150 interactions. The line thickness indicates the confidence score; individual colors indicate the type of the inter-
action: binding in blue (a ball), activation in green (arrow), inhibition in red (a perpendicular stripe), catalysis in
magenta (a ball), the same activity in cyan, and reaction in black (a ball). Individual nodes were clustered based
on the Markov clustering algorithm (MCL, inflation equal to 4)%.

Results
Relationships among cell viability, statin penetrance, and gene expressions in MiaPaCa-2
pancreatic cancer cells exposed to individual statins. Since IC values for individual statins differ
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Total genes i.c. concentration of Proportion of i.c. statin
1C;, studies* [24h | Gene expression | Upregulated Downregulated with changed statin [nmol/100 000 concentration to that of | Lipophilicity of

exposure, pM] studies genes (No.) genes (No.) expression (No.) cells]** lovastatin [%] stating***
Cerivastatin 10 Cerivastatin 397 268 665 Lovastatin 301.1 — Atorvastatin
Simvastatin 12 Pitavastatin 344 320 664 Fluvastatin 189.1 97 Simvastatin
Lovastatin 13 Simvastatin 128 38 166 Simvastatin 156.4 61 Pitavastatin
Pitavastatin 20 Fluvastatin 59 15 74 Cerivastatin 146.3 56 Cerivastatin
Fluvastatin 26 Atorvastatin 41 10 51 Atorvastatin 111.5 52 Fluvastatin
Atorvastatin 27 Lovastatin 33 5 38 Pitavastatin 92.6 36 Lovastatin
Pravastatin 29 Pravastatin 0 0 0 Pravastatin 50.7 25 Pravastatin
Rosuvastatin 36 Rosuvastatin 0 0 0 Rosuvastatin 26.6 18 Rosuvastatin

Table 1. The effect of individual statins on viability, cell penetrance, and gene expression in MiaPaCa-2
pancreatic cancer cells. *Data retrieved from' were combined with those of pitavastatin experiment. **i.c.
statin concentration measured at the end of 24-h incubation and recalculated to 100 000 cells to take into
account different antiproliferative potential of individual statins. ***Statins sorted from the most to the least
lipophilic compounds. Lipophilicity of ring-opened forms of statins based on partition between n-octanol
and water®!. Analyses of intracellular (i.c.) concentrations of statins were performed in duplicates after 24 h
incubation with respective statin (initial concentration was 12 pM). Differentially transcribed genes detected
in statin-treated cells (12 pM) compared to untreated control samples. Presented are only the transcripts with
FC>2.0 or <0.5 and FDR < 0.05 (FC - fold change, FDR - false discovery rate). For full list of differentially
regulated transcripts see the ArrayExpress database, accession E-MTAB-3979.

substantially®, and this is also true for pitavastatin (Table 1), we were interested in how these differences are
reflected in the changes in mRNA expressions. Overall numbers of genes with significant changes in expression
(%2 log fold change), after treatment of MiaPaCa-2 cells with individual statins at 12 pM concentrations are listed
in Table 1 (for a complete list of the differentially expressed genes see Suppl. Table 3A,B, and also Figs 2 and 3).
Consistency of the microarray results can be viewed in the ArrayExpress database, accession E-MTAB-3979 in
the heatmaps of all differentially expressed genes in all employed samples (Suppl. Figs 1 and 2). The most effective
statins were cerivastatin and pitavastatin; whereas pravastatin and rosuvastatin exhibited practically no effect. The
effectiveness of statins on the change in gene expression was lowest in the least lipophilic statins; this observation
also correlated well with the anti-proliferative effectiveness of statins on pancreatic cancer cells in vitro (Table 1,
Fig. 4)°. The only exception was lovastatin, which did not have any major effect on gene expression despite its
potent anti-proliferative activity in vitro.

To assess whether the biological effects of statins correlate with their bioavailability in the treated cells, we
determined the intracellular concentrations of statins after their exposure to MiaPaCa-2 pancreatic cancer
cells (Table 1). The bioavailability of statins differed substantially, reaching 301.1 nmol/100 000 cells for lovas-
tatin, but only 26.6 nmol/100 000 cells for rosuvastatin (the least efficient anti-proliferative statin) (Table 1,
Fig. 4). Interestingly, we were able to find a certain correlation between intracellular levels of statins and their
anti-proliferative effects. This correlation was strongest for the least efficient statins (rosuvastatin, pitavastatin and
pravastatin); whereas for the most bioavailable statins (in particular lovastatin) this correlation was not so strong
(Table 1, Fig. 4). The effects of statins on overall gene expression correlated with their effects on viability and bio-
availability only to limited extent. This was especially true for cerivastatin, but not for pitavastatin or lovastatin
(Table 1, Fig. 4), suggesting that other factors must play a role in the inter-individual differences in the effects of
statins on proliferation of the pancreatic cancer cells used.

Variability in gene expressions in MiaPaCa-2 pancreatic cancer cells exposed to individual stat-
ins. As mentioned above, except for pravastatin and rosuvastatin (the least effective statins in vitro), all tested
compounds affected the expression of a significant number of genes involved in multiple cell pathways (Table 2,
for a complete list of the differentially expressed genes see Suppl. Table 3A,B). As expected, statins significantly
modulated the expressions of genes in the mevalonate pathway in treated pancreatic cancer cells (Fig. 2a). The
most upregulated gene in this pathway was HMGCSI (3-hydroxy-3-methylglutaryl-CoA synthase 1) (Fig. 2a),
which encodes the enzyme catalyzing condensation of acetyl-CoA, with acetoacetyl-CoA forming HMG-CoA.
Another upregulated gene, HMGCR (3-hydroxy-3-methylglutaryl-coenzyme A reductase) is responsible for con-
version of HMG-CoA into mevalonic acid. MVD (mevalonate decarboxylase), encoded by the third most affected
gene of this pathway, catalyzes the conversion of mevalonate pyrophosphate into isopentenyl pyrophosphate.
The intensity of effect of statins on the expression of the above-mentioned genes, related to the mevalonate path-
way, decreased in the following order: cerivastatin, pitavastatin, simvastatin, fluvastatin, atorvastatin, lovastatin,
pravastatin, and rosuvastatin.

Moreover, cerivastatin, pitavastatin and simvastatin (the most effective anti-proliferative statins) also affected
the expression of genes involved in the Kennedy pathway (Fig. 2a) of phospholipid and glycerolipid de novo
synthesis. These are involved in many biological processes including proliferation, inflammation, carcinogene-
sis, apoptosis, necrosis, growth arrest, and lipid droplets metabolism?. It is interesting to note that pitavastatin
compared to most of the other statins affected a number of mevalonate pathway genes despite its low intracellular
concentrations (Tables 1 and 2).
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Figure 2. The effect of statins on expression of genes (a) related to lipid metabolism, and (b) encoding Ras and
Ras-related proteins in MiaPaCa-2 pancreatic cancer cells. Figure represents heatmaps of z-score of the log
expression intensities of differentially expressed genes. Presented are only the genes with statistically significant
difference (FDR < 0.05) in expression intensity in at least one comparison statin vs. control and at least two-fold
change of the expression intensity after the statin exposure.

Isoprenoids produced in the mevalonate pathway are required for posttranslational modifications of many
proteins. As we reported previously, statins affect K-Ras protein trafficking in the pancreatic cancer cells®.
Therefore, we expected a modulating effect of the statins on the expression of genes encoding the Ras and
Ras-related proteins. Indeed, we were able to demonstrate that cerivastatin, pitavastatin, simvastatin, and fluvasta-
tin significantly increased the expressions of Kras and also Rras genes (except for fluvastatin; Fig. 2b), which pro-
mote the formation of focal adhesions, cell spreading, and integrin activation?'. Moreover, upregulation of several
genes belonging to this family of growth regulators was also observed (Fig. 2b). RhoB, which was the most dra-
matically upregulated gene by all statins with the exception of rosuvastatin and pitavastatin (Fig. 2b), belongs to
the Rho protein family involved in regulating diverse cellular processes including cytoskeletal organization, gene
transcription, cell cycle progression, and cytokinesis??. Although the RhoA, upregulated by the three most effec-
tive statins, shares 86% amino acid sequence identity with RhoB, RhoB displays several distinct properties such
as subcellular localization in endosomes and the pre-lysosomal compartment??, rapid turnover of mRNA and
protein level?%, posttranslational modification by either farnesylation or geranylgeranylation?, and early upreg-
ulation by stress or growth factors®. Lastly, while most Rho proteins play a significant role in the stimulation of
cell proliferation and malignant transformation processes, RhoB appears instead to act as a negative regulator?’.

In addition, all statins, except for pravastatin and rosuvastatin, upregulated CDKNI1A (cyclin-dependent
kinase inhibitor 1A), encoding the p21 protein (Fig. 3a) related to cell cycle regulation, which binds to and inhib-
its the activity of cyclin-cyclin dependent kinases (CDK)2, -CDK1, and -CDK4/6 complexes; thus functioning
as a regulator of cell cycle progression in the G1 and S phase. But surprisingly, only two statins (cerivastatin and
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Figure 3. The effect of statins on expression of genes involved in (a) cell cycle and DNA replication, (b) cell

death, and (c) cytoskeleton signaling in MiaPaCa-2 pancreatic cancer cells. Figure represents heatmaps of
z-score of the log expression intensities of differentially expressed genes. Presented are only the genes with
statistically significant difference (FDR < 0.05) in expression intensity in at least one comparison statin vs.
control and at least two-fold change of the expression intensity after the statin exposure.
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Cerivastatin ‘ Pitavastatin | Simvastatin | Fluvastatin ‘ Atorvastatin ‘ Lovastatin | Pravastatin | Rosuvastatin

Path ID Path name False discovery rate (FDR)

hsa00100 | Steroid biosynthesis — <1077 — — — <107? — —
hsa03030 | DNA replication <107? <107? <107° <107? <10°% <107? — -
hsa04110 | Cell cycle <107? <107 <108 <107? <107 <10°¢ — —
hsa03040 | Spliceosome <107° <107° <107° <107° <1078 <107% — —
hsa03430 | Mismatch repair <107? <107 <107° — — — — —
hsa03440 | Homologous recombination <107% <1078 <107* <107* — — — —
hsa03020 | RNA polymerase <1077 — <1078 <107° <107? 1073 — —
hsa04144 | Endocytosis <107 <10°° <107% <107 <1073 — — —
hsa00240 | Pyrimidine metabolism <10-¢ <10°¢ <10°¢ <10* <1073 — — -
hsa04146 | Peroxisome <107° <103 — <1073 — — — —
hsa03018 | RNA degradation <1073 — — — — — — —
hsa03010 | Ribosome — — <107% 1073 — <10°? — —
hsa04010 | MAPK signaling pathway — — <107* — — <1073 — —
hsa04540 | Gap junction — — <107* — — — — —
hsa00230 | Purine metabolism — — <107* — — — — —
hsa03410 Base excision repair — <107? — — — — — —

Table 2. Metabolic and signaling pathways affected by statin treatment of MiaPaCa-2 pancreatic cancer
cells. KEGG pathways enriched for differentially expressed genes (DEG) as detected by GSEA. GSEA was
performed individually for each comparison of statin-treated (12 uM) and control samples. FDR < 0.001 was
used as a cut-off value.

pitavastatin), caused significant downregulation of additional genes encoding proteins involved in cell cycle reg-
ulation and DNA replication, among others: CDC2, CDC25A, SKP2, E2F2, CDC3, or origin recognition complex
(ORC)1L/6L (Fig. 3a); suggesting that cerivastatin and pitavastatin may block cell cycle progression at the S phase,
whereas the remaining statins did not exert any significant effect on the expression of these genes.

The other group of genes affected by statin treatment were those involved in apoptosis (Fig. 3b). Similar differ-
ential effects on gene expression were also observed for this group of genes, with the TNFRSF10D gene being the
most differentially expressed; its expression was significantly upregulated independently on the type of statin used
(Fig. 3b). The biological relevance of this observation is uncertain, since TNFRSF10D does not induce apoptosis.
On the other hand, the upregulation of the GABARAPL gene (also known as an early estrogen-regulated protein)
(Fig. 3b) suggests that cerivastatin, pitavastatin, simvastatin, and fluvastatin might induce cell death by a different
mechanism such as autophagy?®. Furthermore, both cerivastatin and pitavastatin also increased the expression of
the DRAM gene (Fig. 3b) implemented in the p53 tumor suppressor and autophagy pathways. Decreased tran-
scriptional expression of this gene is associated with the development of various tumors?.

The expressions of genes encoding several cytoskeletal proteins involved in cell-to-cell adhesion were also
changed by statin treatment (again, except for pravastatin and rosuvastatin, Fig. 3¢c). All effective statins upregu-
lated genes encoding keratins or cytokeratins; other genes differentially expressed upon exposure to individual
statins involved those coding for junction plakoglobin (JUP, gamma-catenin), cadherin 10 (CDH10), synemin
(desmuslin), kinesins, or ezrin (Fig. 3¢).

Quantitative PCR analysis of selected genes.  Although the comparisons of RT-PCR and microarray results
were limited by a low number of replicates in the RT-PCR analyses, quantitative PCR analysis of randomly selected
genes revealed trends in the gene expressions in agreement with the microarray data obtained (Suppl. Table 4).

Predicted interactions of statins with their known biological targets. Finally, we performed an in
silico analysis of the predicted interactions of all eight commercially available statins with their known biological
targets, using the STICH database (Fig. 5). The results were clustered according to the Markov clustering algorithm
into four groups. Interestingly, no interaction has previously been reported for pitavastatin for the set confidence
score of 0.850. The detected results were compared with the data gained from the microarray analysis. Thus, based
on the results from the microarray analysis (selected genes with changed expression in Figs 2 and 3) we extended
the information available on a number of genes, expressions of which were affected by pitavastatin treatment (see
Figs 2 and 3). The only reported/predicted (inhibition) interaction for pitavastatin so far, has been HMGCR.

Discussion

Although not all of the published data are conclusive’"!?, statins have been demonstrated in several studies to
significantly decrease risk of pancreatic cancer>*. In fact, both reduction of overall cancer as well as pancreatic
cancer-related mortality rates were reported in a recent large Danish study®'.

One of the possible reasons, which may account for the reported discrepancies in the outcomes of
statin-treated cancer patients might lie in the inter-individual differences among these compounds!?. Indeed, a
recent report showed significant differences among individual statins and their effects on the risk of lung, breast,
and hematological cancers®2. Similarly, use of simvastatin was demonstrated to be more potent, compared to the
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Figure 5. Predicted functional association networks for all statins. Individual nodes represent drugs

and genes products. Input nodes: atorvastatin, cerivastatin, fluvastatin, lovastatin, pitavastatin, pravastatin,
rosuvastatin, and simvastatin. The action view of the statin association network was generated according to
known and predicted interactions for Homo sapiens. Individual node colors indicate the type of the interaction:
binding - blue ball, activation — green arrow, inhibition - red bar, catalysis - magenta ball, same activity - cyan,
reaction - black ball. The line thickness indicates the confidence score. The complete description of the listed
genes is stated in Suppl. Table 5.

other statins in terms of the survival of pancreatic cancer patients®; simvastatin but not lovastatin improved the
survival rate in patients undergoing resection for early-stage pancreatic cancer®. On the other hand, lovastatin
was the only efficient statin in patients with colorectal cancer®. In general, lipophilic statins were superior in their
protective functions over hydrophilic compounds in patients with pancreatic®® and breast®® cancers. All of these
data indicate that statins, despite their common inhibitory effect on HMG-CoA (their major intracellular target)
exert substantial differences in their biological outcomes.

The data from our comprehensive analyses confirmed large inter-individual variability among all of the
clinically-used statins, in terms of their effects on the metabolism and signaling of pancreatic cancer cells. Indeed,
we found large differences in gene transcription profiles of pancreatic cancer cells exposed to statins with cerivas-
tatin, pitavastatin, and simvastatin, which were the most efficient modulators of gene expressions. Although to
some extent these results correlated with the intracellular concentrations of the statins, to our surprise, this cor-
relation was not as strong as expected. Apart from cerivastatin (the most efficient anti-proliferative statin, and
also having the deepest impact on the expression of a wide array of intracellular targets in pancreatic cancer cells)
the second most influential statin was pitavastatin, despite its relatively low bioavailability and only moderate
anti-proliferative efficiency. Interestingly, pravastatin and rosuvastatin, capable of reaching the intracellular com-
partment in only very low concentrations, were practically without any significant effect on gene expressions.

It should be noted that the observed results are very likely to be cell type-specific, since completely different
results in terms of anti-proliferative activities as well as intracellular concentrations of statins, were reached for
both human hepatoblastoma (HepG2) cells and human embryonic kidney cells (our own unpublished data).
This is also supported by recent data by Menter et al. who demonstrated the differential effects of pravastatin and
simvastatin on a number of malignant cell lines®.
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Apart from the expected impacts of statin treatment on the genes involved in cholesterol metabolism, our
results also indicate that some statins (namely cerivastatin and pitavastatin, and to lesser extent also other statins,
except for rosuvastatin and pravastatin) directly affect the expression of specific genes related to the Rho GTPase
signaling, and cytoskeletal regulation in the pancreatic cancer cell line used. These data are in line with the effect
of simvastatin on a similar group of genes observed in endothelial cells*®. In another DNA microarray study,
Johnson-Anuna et al. tried to identify gene expression patterns in the cerebral cortex of mice treated with oral
doses of simvastatin (50 mg-kg ™! b. wt.) once a day for 21 days. They found that simvastatin significantly reduced
the expression of the proto-oncogenic gene c-fos with simultaneously enhanced expression of both the c-myc
oncogene and antiapoptotic Bcl-2 gene®. We were not able to confirm this data in our study, presumably due to
the different experimental model and also the much lower statin dosage. In our experiments, only cerivastatin
increased the expression of a gene encoding for caspase 9 (Fig. 3b), an initiator caspase, which has been linked to
the mitochondrial death pathway. Nevertheless, as demonstrated by the analysis of the most altered functional
pathways (Table 2, Suppl. Table 3A,B), statins affected some processes related to DNA repair, such as base excision
repair (pitavastatin) or mismatch repair (cerivastatin, pitavastatin, simvastatin). It is known that failure of these
processes could be followed by programmed necrosis*’. Concurrently, cerivastatin, simvastatin, pitavastatin, and
additionally fluvastatin caused upregulation of GABARAPLI gene, related to autophagy (Fig. 3b). Out of many
end products of this pathway, ubiquinone is required in the process of ATP formation during oxidative phospho-
rylation. Interestingly, it was reported that ubiquitinated hydrophobic proteins, which are prone to aggregation,
are kept on the surface of lipid droplets (formation of lipid droplets is affected by statins?®) and subjected to auto-
phagy as well as proteasomal degradation®.

The cell cycle arrest induced by statins represents another frequently discussed, potential anti-cancer path-
way. Many reports describe the effect of individual statins on the expression of the cell cycle-related genes. For
example, changes in the expression of a number of genes related to the cell cycle in chronic myelogenous leu-
kemia K562 cells upon exposure to simvastatin were described*2. The results of flow cytometry showed that the
cell cycle was arrested in the G1 phase*2. In another study, Assmus B ef al.** performed a microarray analysis
using a primary cell line of endothelial progenitor cells treated with low concentrations of atorvastatin. Among
other studies, the expression of genes coding for cyclins and PCNA was increased after atorvastatin incubation;
whereas that of the cell cycle inhibitory protein p27 was reduced®. Similarly, the downregulation of cyclin D1,
PCNA, c-myc, as well as the upregulation of p21 and p19 were reported in human breast cancer cells treated with
cerivastatin®. In contrast to this study, the expression of genes encoding cyclins or PCNA was not affected by
atorvastatin treatment in our microarray analysis, underlining the cell specificity dependent biological varia-
bility of individual statins. In fact, only the two most effective statins (cerivastatin and pitavastatin) affected the
expression of cyclins and PCNA; with both statins inducing downregulation of the mentioned genes (Fig. 3a).
Consistent with the reported data*, the expression of the p21 gene was increased by all effective statins (Fig. 3a).
On the other hand, the genes associated with DNA replication, such as subunits of the ORC, and components of
the minichromosome maintenance complex were downregulated by cerivastatin and pitavastatin (Fig. 3a); thus
suggesting that cerivastatin and pitavastatin primarily blocked the progress of the cell cycle through the S phase.
Likewise, in our study, other proteins related to both the S phase (SKP2, E2F2) and M phase (CDCs) were down-
regulated by cerivastatin and pitavastatin, indicating that except for the G1 phase, the statins mentioned blocked
the cell cycle entry into the M phase. This is not surprising, as lovastatin is used in the cell-cycle synchronization
protocols* and as a pharmacological tool for controlling the growth of neoplastic cells*. Furthermore, lovastatin
is commercially available as an inhibitor of the cell cycle in the G1 and G2/M phase (Sigma-Aldrich). Last but
not least, cerivastatin, pitavastatin, simvastatin and fluvastatin also increased the expression of the Kras gene
implicated in multiple signaling pathways; thus accounting for the pleiotropic effects of the statins. It is likely
that upregulation of the Kras gene after statin treatment reflects the unavailability of properly posttranslationally
modified K-Ras protein for cell signaling due to inhibition of the mevalonate pathway. Similarly, this mechanism
could also explain the upregulation of other Ras and Ras-related proteins induced by statin treatment. However,
the products of the mevalonate pathway are required not only for posttranslational modifications of various pro-
teins; but also for the functional regulation of posttranslational modifications of intermediate filaments, including
nuclear lamins as well as cytoplasmic keratins, vimentin, desmin, glial fibrillary acidic protein, or neurofilaments.
In general, the pancreatic cancer cells used in this study were firmly attached to the cultivating surface, and their
detachment was very inefficient. However, the treatment of the cells with effective statins changed their shape
and facilitated their detachment (data not shown). This is consistent with the effect of statins on the expression of
genes encoding the cytoskeletal proteins (Fig. 3c).

It should also be emphasized that statins certainly have broad and variable modulatory effects on gene expres-
sions, which differ substantially among various animal models, as well as among various organs even within the
same animals*’; additionally the same phenomenon of gene expression variability dependent on cell-type speci-
ficity, was also confirmed in in vitro studies*>*.

Our study has several limitations. First, it is generally known that transcriptomics data do not always translate
into phenotype, most likely due to posttranscriptional modification of encoded proteins or their increased deg-
radation rates®’. Furthermore, only one human pancreatic cancer cell line was used in our studies, and it is likely
that the mRNA transcriptomics profiles would substantially differ even within different pancreatic cancer cells.

In conclusion, we found large differences in gene transcription profiles of pancreatic cancer cells exposed
to various statins, with cerivastatin, pitavastatin, and simvastatin being the most efficient modulators of gene
expressions. To some extent these results correlated with intracellular concentrations of statins; although this was
not the case for pitavastatin, which potently changed the expression of a wide array of genes despite its relatively
low bioavailability, and only moderate anti-proliferative efficiency. Our data may account for the inter-individual
variability in the anti-cancer effects of individual statins; although further, particularly proteomic studies, would
be required to fully uncover this phenomenon.
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prenylation modulate the biological effects
of statins on pancreatic cancer cells
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Abstract

Background: Statin treatment of hypercholesterolemia is accompanied also with depletion of the mevalonate
intermediates, including farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP) necessary for
proper function of small GTPases. These include Ras proteins, prevalently mutated in pancreatic cancer. In our
study, we evaluated the effect of three key intermediates of the mevalonate pathway on GFP-K-Ras protein
localization and the gene expression profile in pancreatic cancer cells after exposure to individual statins.

Methods: These effects were tested on MiaPaCa-2 human pancreatic cancer cells carrying a K-Ras activating
mutation (G120) after exposure to individual statins (20 uM). The effect of statins (atorvastatin, lovastatin,
simvastatin, fluvastatin, cerivastatin, rosuvastatin, and pitavastatin) and mevalonate intermediates on GFP-K-Ras
protein translocation was analyzed using fluorescence microscopy. The changes in gene expression induced in
MiaPaCa-2 cells treated with simvastatin, FPP, GGPP, and their combinations with simvastatin were examined by
whole genome DNA microarray analysis.

Results: All tested statins efficiently inhibited K-Ras protein trafficking from cytoplasm to the cell membrane of the
MiaPaCa-2 cells. The inhibitory effect of statins on GFP-K-Ras protein trafficking was partially prevented by addition
of any of the mevalonate pathway's intermediates tested. Expressions of genes involved in metabolic and signaling
pathways modulated by simvastatin treatment was normalized by the concurrent addition of FPP or GGPP. K-Ras
protein trafficking within the pancreatic cancer cells is effectively inhibited by the majority of statins; the inhibition
is eliminated by isoprenoid intermediates of the mevalonate pathway.

Conclusions: Our data indicate that the anticancer effects of statins observed in numerous studies to a large extent
are mediated through isoprenoid intermediates of the mevalonate pathway, as they influence expression of genes
involved in multiple intracellular pathways.

Keywords: Farnesyl pyrophosphate, Gene expression, Geranylgeranyl pyrophosphate, HMG-CoA reductase
inhibitors, Isoprenoids, K-Ras oncogene, Mevalonate, Pancreatic cancer, Prenylation, Statins
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Background

World-wide, statins are prescribed as hypocholesterolemic
drugs preventing cardiovascular morbidity as well as mor-
tality [1]. They lower cholesterol by inhibiting HMG-CoA
reductase, the rate-limiting enzyme of the mevalonate
pathway for de novo synthesis of cholesterol. However,
the statins’ inhibitory action on HMG-CoA reductase also
results in depletion of the downstream intermediate prod-
ucts of this pathway, such as farnesyl pyrophosphate (EPP)
and geranylgeranyl pyrophosphate (GGPP), which modify
and target small GTPases, such as Ras proteins, to their
site of action [2]. Farnesylation is also required for Ras
protein anchoring in the plasma membrane, a compart-
ment crucial for its proper signaling function [3]. Ac-
cordingly, the inhibition of prenylation (farnesylation
and geranylgeranylation), became a plausible approach
to modify tumor cell proliferation [4], but also seems to
have therapeutic potential for cardiovascular and pulmon-
ary medicine [5]. Importantly, in healthy cells, cholesterol
and exogenous isoprenoids suppress HMG-CoA reductase
via post-translational downregulation [6]. On the contrary,
tumor cells are resistant to cholesterol-mediated suppres-
sion, although they remain sensitive to dietary, tumor-
specific isoprenoid-mediated suppression of mevalonate
synthesis [7]. The K-Ras signaling pathway is of special im-
portance in pancreatic cancer, since >90% of these tumors
bear activating mutations in K-Ras oncogene [8]. This
oncogenic signaling pathway in pancreatic cancer is com-
plex and passes through three major effector branches: Raf/
Melk/Erk, PI3K/Pdk1/Akt and the Ral guanine nucleotide
exchange factor pathway [9]. Because of this widespread
effects, the K-Ras signaling pathway is a promising tar-
get in pancreatic cancer and various novel therapeutic
approaches to suppress K-Ras signaling are currently
under investigation. However, despite these comprehen-
sive efforts, effective anti-Ras drugs have yet to reach the
clinic [10].

Recently, we demonstrated substantial differences in the
antitumor effects of individual statins used in clinical prac-
tice in an experimental model of human pancreatic cancer
[11]. The effect of statins on the viability of pancreatic
cells was, at least partially, caused by impairment of K-Ras
protein trafficking, since all statins except for pravastatin
efficiently inhibited GFP-K-Ras protein translocation from
cytoplasm to the cell membrane [11].

Hence, the primary aim of the present study was to com-
pare the effect of the mevalonate pathway intermediates on
GFP-K-Ras protein dislocation in the pancreatic cancer
cells treated with individual statins, and assess the role of
these intermediates in the tumor-suppressive action of
statins. The observations that addition of FPP or GGPP res-
cued the viability of cancer cells treated with statins [11]
suggested that the effects of these compounds on gene
expression changes were induced by statins. Thus, we also

Page 2 of 10

aimed to screen for differential gene expression of pancre-
atic cancer cells exposed to simvastatin, and to assess the
gene expression profile after simultaneous exposure of
these cells to FPP and GGPP in the whole genome
expression array.

Methods

Materials

In each of the experiments, pure forms of the following
statins were used: atorvastatin, lovastatin, simvastatin,
fluvastatin, cerivastatin, rosuvastatin, and pitavastatin
(all obtained from Alexis; San Diego, CA, USA); meva-
lonate, FPP, and GGPP were purchased from Sigma
(St. Louis, MO, USA).

Cell cultures

The human pancreatic cancer cell line MiaPaCa-2
(ATCC, Manassas,VA, USA) carrying the activation mu-
tation in the K-Ras oncogene (G12C) was maintained in
the exponential phase of growth in a humidified atmos-
phere containing 5% CO, at 37 °C, in DMEM medium
supplemented with 10% fetal bovine serum. The final
concentration of methanol, which was used for dissolv-
ing the experimental compounds, was below 1%. The
cell line was authenticated at ATCC by STR profiling
before distribution, and also re-authenticated by the end
of the study by an external laboratory (Generi Biotech,
Hradec Kralove, Czech Republic).

Transfection and imaging of GFP-K-Ras intracellular
localization
MiaPaCa-2 cells were seeded in 6-well cell culture plates
with sterile glass coverslips 5 h before transfection.
Transfection with pEGFP-K-Ras plasmids, prepared as
previously described [11], was carried out using FuGene®
6 (Roche, Basel, Switzerland) according to the manufac-
turer’s instructions. After 24 h of incubation, the medium
was changed, and the tested compounds were added: sta-
tins to a final concentration of 20 pM, mevalonate to a
final concentration of 600 uM, and FPP or GGPP to final
concentrations of 17 pM. All experiments were performed
in triplicates and repeated 4 times for all measurements.
The tested concentrations were chosen based on our
previously published data [11], in which all the statins
tested at the 20 uM concentration efficiently inhibited
GFP-K-Ras protein accumulation in the plasma mem-
brane, while FPP and GGPP at 17 uM substantially abro-
gated the tumor cell growth inhibitory effect of all
statins tested in vitro. Simultaneously, mevalonate at the
concentration of 600 uM completely eliminated the
cytotoxic effect of all of the statins tested in vitro,
whereas the equimolar concentration of mevalonate
(17 pM) only had a partial effect [11].



Gbelcova et al. Lipids in Health and Disease (2017) 16:250

After an additional 24 h, the cells were washed with
phosphate buffered saline (PBS) and fixed with 4% for-
maldehyde in PBS for 20 min. Intracellular localization
of GFP-K-Ras protein was visualized by fluorescence
microscopy, using an Olympus IX-81 microscope and
processing with Olympus xcellence RT software
(Olympus, Tokyo, Japan).

DNA microarray analysis

The effects of 12 uM concentrations of simvastatin (cor-
responding to its ICs5o value after 24 h [11]), and 17 pM
FPP or GGPP on MiaPaCa-2 pancreatic cancer cell gene
expression were investigated 24 h post-inoculation; the
cells treated with vehicle (methanol <1%) served as con-
trol. Simvastatin was selected based on our previous
study as the statin most efficiently inhibiting pancreatic
cancer out of the clinically used statins [11].

The cells from two parallel cultures (10 cm® culture
dishes) were lysed in the stage of subconfluency using
the RLT lysis buffer supplied in a RNeasy Mini Kit
(Qiagen, USA). Total RNA was isolated by RNeasy
Micro Kit (QIAGEN, USA) according to the procedure for
animal cells. The quantity of RNA was measured by a
NanoDrop ND-1000 spectrophotometer (NanoDrop Tech-
nologies LLC, USA). The quality of the RNA was analyzed
by an Agilent 2100 Bioanalyser (Agilent Technologies, CA,
USA). Those RNA samples that had a RIN (RNA integrity
number) above 9 were used for further analysis.

An Ilumina HumanWG-6_V3 chip (Illumina, USA)
was used for the microarray analysis following the stand-
ard protocol. Total RNA (150 ng) was amplified using
an Illumina TotalPrep RNA Amplification Kit (Ambion,
USA), and 1.5 pg of the amplified RNA was hybridized
on the chips according to the manufacturer’s protocol.
The analysis was performed in two biological replicates
for the FPP, GGPP, and combination treatments, in four
biological replicates for the simvastatin treatment, and
in eight biological replicates for the control group.

The raw data was preprocessed using GenomeStudio
software (version 1.9.0.24624; Illumina, CA, USA), with
the beadarray [12] and the limma package [13] of the
Bioconductor [14] within the R environment [15]: the
transcription profiles were background corrected using a
normal-exponential model, quantile normalized, and vari-
ance stabilized using base 2 logarithmic transformation. A
moderated t-test was used to detect differentially expressed
transcripts (within limma). Storey’s q-value (q < 0.05; [16])
and a minimally twofold change in expression intensity
were required for significantly differentially transcribed
genes. Batch effects were accounted for in the statistical
model in limma, and eliminated for visualization purposes.
The MIAME compliant data has been deposited to the
ArrayExpress database (accession number E-MTAB-3263).
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Gene set enrichment analysis (GSEA) was performed
using the method of Tian et al. [17], and Fisher’s exact
test on KEGG pathways [18]. We required statistical
significance in both tests, with a false discovery rate of
FDR <0.001 in the more sensitive test of Tian, and
FDR < 0.05 in Fisher’s exact test.

Quantitative real-time PCR

The genes for quantitative real-time PCR analysis were
selected to validate DEG and their possible effect on
KEGG pathways affected by simvastatin, FPP, and
GGPP treatment. This analysis also served to validate
changes detected by the microarray technology in
general. The RNA derived from the same pool as for
microarray experiments was used for quantitative real-
time PCR analyses. Reverse transcription was per-
formed with a QuantiTect Reverse Transcription Kit
(QIAGEN Inc., USA). The RT-PCR was performed
with a LightCycler 2.0 System using a LightCycler 480
DNA SYBR Green I Master kit (Roche Diagnostics,
Germany), with the results analyzed by the LightCy-
cler software. The resulting crossing point values were
normalized using reference genes RPS9, TBP, and
GAPDH. Relative fold changes of expression intensity
in statin-treated against control samples were com-
puted under assumption of perfect effectivity of PCR
amplification. Statistical significance was estimated
using Student’s t-test. All computations were per-
formed within the R environment [15]. The list of
amplicons/primers of target and housekeeping genes
are provided in Additional file 1: Table S1.

Results

The effect of mevalonate, FPP, and GGPP on statin-
mediated GFP-K-Ras protein translocation in the MiaPaCa-
2 human pancreatic cancer cells

In our current study, we have confirmed the inhibitory ef-
fect of all clinically used statins on K-Ras protein accumu-
lation in the cell plasma membrane (Fig. 1, column A).
Pravastatin was not tested, since it failed to inhibit the
GFP-K-Ras protein trafficking from the cytoplasm to the
plasma membrane in our previous study [11]. This statin-
mediated action was completely eliminated by an excess
of mevalonate (Fig. 1, column B), indicating that this bio-
logically important effect of statins is due to the inhibition
of the mevalonate pathway.

This observation was also corroborated by the same
eliminating effects mediated by both FPP and GGPP
even at much smaller concentrations (17 uM), although
the trafficking of the GFP-K-Ras protein to the plasma
membrane was not rescued in all of the treated cells
(Fig. 1, columns C and D). We did not observe any appar-
ent differences in these effects between both isoprenoid
compounds, confirming the aforementioned statement
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untreated cells

+mevalonate
simvastatin

+mevalonate
fluvastatin

+mevalonate
lovastatin

+mevalonate
atorvastatin

alonate
cerivastatin

+mevalonate
rosuvastatin

0

+mevalonate
pitavastatin

+FPP) +GGPP)

+mevalonate

Fig. 1 The effect of mevalonate (column B), FPP (column C), and
GGPP (column D) on statin-mediated GFP-K-Ras protein translocation
in the human pancreatic cancer cells. MiaPaCa-2 human pancreatic
cancer cells expressing GFP-K-Ras were treated with statins (20 uM)
together with mevalonate (600 pM), FPP (17 uM) or GGPP (17 uM),
respectively, for 24 h. MiaPaCa-2 cells treated only with statins
(column A) were used as the control of the statins’ effect on
GFP-K-Ras protein localization. Simva = simvastatin; FPP = farnesyl
pyrophosphate; GGPP = geranylgeranyl pyrophosphate

that all of the tested statins affected the GFP-K-Ras pro-
tein translocation due to isoprenoids depletion caused by
HMG-CoA reductase inhibition.
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The effect of FPP and GGPP on simvastatin-mediated
changes in the gene expression of MiaPaCa-2 human
pancreatic cancer cells

Overall numbers of genes with significant changes in
expression after simvastatin, FPP, or GGPP treatment of
MiaPaCa-2 human pancreatic cancer cells are listed in
Additional file 2: Table S2. There were about 200 genes
affected by the simvastatin treatment. The changes in
gene expression caused by simvastatin were eliminated
by simultaneous addition of FPP with simvastatin, and
the gene expression profile of the cells treated concurrently
with simvastatin and FPP resembled control untreated cells
(Fig. 2). In particular, we observed normalization of expres-
sion of KRAS, which is directly related to pancreatic cancer
progression, and mevalonate pathway related genes
(HMGCS1, MVD, MVK, and PDSS1). FPP per se in-
fluenced gene expression of the cells and the genes,
whose expression was the most significantly affected
by FPP treatment, were largely identical to those af-
fected by the simvastatin treatment. We observed changes
in the genes involved in DNA replication (POLA2, POLD4,
PRIMI), RAS signaling related genes (RRAS, RHOB,
RABI7), and genes of the mevalonate pathway (MVD,
HMGCS1, HMGCR). However, the number of the genes
affected by FPP was smaller and their change of expression
weaker. GGPP alone did not affect gene expression of
MiaPaCa-2 human pancreatic cancer cells; nevertheless, it
eliminated almost all the changes in gene expression
caused by simvastatin when the cells were treated sim-
ultaneously with GGPP and simvastatin (Table 1).

There were eight carcinogenesis-related KEGG pathways
significantly affected by simvastatin treatment (Table 2, see
Additional file 3: Table S3 for all affected pathways).
Deregulation of these pathways was eliminated by simul-
taneous treatment of the cells with simvastatin and FPP or
GGPP. Only two pathways remained deregulated, namely
the DNA replication and cell cycle. Simultaneous treat-
ment of the MiaPaCa-2 cells with simvastatin and GGPP
eliminated the effect of simvastatin on DNA replica-
tion and cell cycle regulation more prominently than
simvastatin in combination with FPP, accounting for
better efficacy of GGPP on cancer cell viability [8].
The expression of a large number of genes implicated
in DNA replication, cell cycle regulation, and mis-
match repair were affected by FPP alone (Table 2).
While only marginally significant after treatment by
simvastatin, the genes involved in oxidative phosphor-
ylation were significantly upregulated by treatment
with FPP, simvastatin and FPP, and simvastatin and
GGPP (Table 2, Fig. 3).

Quantitative PCR analysis of selected genes revealed in
most of the gene tested satisfactory agreement with the
microarray data obtained, thus supporting their validity
(Additional file 1: Table S4).



Gbelcova et al. Lipids in Health and Disease (2017) 16:250 Page 5 of 10

Color Key
and Histogram

@ Control | Simva
m FPP @ Simva+FPP
| @ GGPP O Simva+GGPP

4 6 8 10 12
log2 expression intensity

ﬂIJ
’MIIII 1
|
kll]
| I

|
@%ﬁmmﬁ%mm
A |
l

P

Fig. 2 Heatmap illustrating log2-expression intensities of the genes that are differentially expressed after treatment of MiaPaCa-2 cells with simvastatin,
FPP, GGPP, or their combinations. Only the differentially transcribed genes with at least two-fold change in expression intensity and g < 0.05 are shown.
The list and sequence of the genes correspond to those stated in the Additional file 1: Table S4. Simva = simvastatin; FPP = farnesyl pyrophosphate;
GGPP = geranylgeranyl pyrophosphate

Table 1 Genes with significantly changed expression after simvastatin, FPP, and GGPP treatment of MiaPaCa-2 human pancreatic

cancer cells
Simva (S) FPP (F) Overlap Simva + FPP GGPP Simva + Overlap
(S) and (F) GGPP (SG) (S) and (5G)
Upregulated genes (No.) 127 56 34 0 0 5 3
Downregulated genes (No.) 72 14 12 0 0 0 0
Differentially expressed genes (No.) 199 70 46 0 0 5 3

Number of genes differentially transcribed between samples treated with simvastatin (12 uM), FPP (17 uM) or GGPP (17 pM) compared to control samples of
untreated cells, as well as for each combination of simvastatin and an inhibitor. Only the transcripts with a minimally two-fold change in expression intensity and
q < 0.05 were counted. See Fig. 2 and Additional file 1: Table S4 for more details

Simva simvastatin, FPP farnesyl pyrophosphate, GGPP geranylgeranyl pyrophosphate
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Table 2 Signaling and metabolic pathways enriched by genes that change expression intensity after simvastatin, FPP, and GGPP

treatment of MiaPaCa-2 human pancreatic cancer cells

KEGG Path ID Path name Simva FPP Simva + FPP GGPP Simva + GGPP
hsa03030 DNA replication + + + - +
hsa04110 Cell cycle + + - +
hsa03430 Mismatch repair + + - - -
hsa00100 Steroid biosynthesis + - - - -
hsa03440 Homologous recombination + - - - -
hsa04010 MAPK signaling pathway + - - - -
hsa00240 Pyrimidine metabolism + - - - -
hsa00190 Oxidative phosphorylation (=) + + - +

Gene set enrichment analysis (GSEA) performed on KEGG signaling and metabolic pathways reveals the pathways enriched for genes that are differentially
transcribed after simvastatin (12 pM) treatment, and the modulatory effects of FPP (17 pM) and GGPP (17 pM)

+ GSEA FDR < 0.001; — GSEA FDR > 0.001; (-) oxidative phosphorylation was only marginally significant in GSEA analysis by Tian with FDR < 0.05

Simva simvastatin, FPP farnesyl pyrophosphate, GGPP geranylgeranyl pyrophosphate, FDR false discovery rate

Discussion
Although prenylated proteins are estimated to con-
stitute ~ 2% of the total mammalian proteome [19]
(including key intracellular signaling proteins involved in
carcinogenesis [20]), and many pre-clinical and clinical
studies have implicated the role of protein prenylation in
various human pathologies (such as certain cancers,
cardiovascular, and/or neurodegenerative diseases), the
therapeutic potential of isoprenoid synthesis inhibitors, in-
cluding statins, still awaits to be explored in more detail
[21]. In fact, various approaches to suppress K-Ras signaling
are currently under investigation, although effective treat-
ment is still far from the clinical application [10]. In this re-
spect, it should be noted that statin use has been reported
to significantly improve prognosis of pancreatic cancer in
several [22—24], although not all clinical studies [25].
Consistent with this data, we previously observed that
the inhibitory effects of statins on the viability of pancre-
atic cancer cells were partially prevented by concomitant
addition of mevalonate, FPP, or GGPDP, indicating the con-
tribution of isoprenoids for growth and viability of pancre-
atic cancer cells [11]. Concurrently, Cafforio et al. have
shown that the addition of mevalonate, GGPP, or FPP to
cerivastatin-treated cells derived from human leukemia
and myeloma resulted in complete recovery of both cell
viability and proliferation; while no effect was observed by
squalene supplementation [26]. However, other studies on
the role of FPP and GGPP in the biology of various
tumor-derived cells including cervical as well as head and
neck squamous cell carcinomas [27], acute myeloid
leukemia [28], or colon cancer [29] have produced differ-
ent results. While in these studies FPP supplementation
was shown to have had only a partial effect on statin-
induced cancer cell apoptosis, that of GGPP was markedly
higher. Even more so, in another in vitro study on human
leukemia cells, inhibition of geranylgeranyl pyrophosphate
synthase, leading to GGPP depletion with simultaneous

FPP accumulation, led to enhanced statin-induced apop-
tosis of leukemia cells, while depletion of both isoprenoids
resulted in the vanishing of the apoptotic effect [30]
suggesting superiority of GGPP over FPP in the process of
apoptosis in this particular model. A similar disparate ef-
fect was also demonstrated for colon cancer cells in a
study by Agarwal et al,, in which addition of GGPP pre-
vented lovastatin-induced apoptosis, whereas FPP, even in
high concentrations had no such effect [31]. These data
apparently suggest different roles of both isoprenoids in
carcinogenesis, and may also explain the discordant effects
of these compounds on the gene expression profiles of the
pancreatic cancer cells observed in our study.

We also demonstrated, that all the statins (except prava-
statin) effectively eliminated the GFP-K-Ras protein traf-
ficking to the cell membrane [11], suggesting that
depletion of FPP caused by statin-mediated inhibition of
the mevalonate pathway disables proper posttranslational
modification and trafficking of the GFP-K-Ras protein. Our
data extend previous observations by other researchers
demonstrating the inhibitory effect of lovastatin on K-Ras
protein translocation in mesothelioma [32] or NIH-3 T3
cells [33]. As proven in our current study, the localization
of GFP-K-Ras protein has been effectively rescued with
both FPP and GGPP supplementation, which is consistent
with their rescue effect on the pancreatic cancer cell viabil-
ity observed in our previous study [11]. The fact that both
FPP and GGPP comparably rescued GFP-K-Ras protein
trafficking to the cell plasma membrane (as suggested by
Fig. 1) is likely to be the result of the cross-prenylation
phenomenon [34]. The K-Ras protein preferentially under-
goes farnesylation [34], but may also be geranylgeranylated,
as demonstrated in cancer cells treated with farnesyltrans-
ferase inhibitors [35, 36].

Although both FPP and GGPP eliminated the block of
GFP-K-Ras protein posttranslational modification caused
by statins, the gene expression profiles after exposure of
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Fig. 3 Heatmap illustrating log2-expression intensities of the genes that are involved in oxidative phosphorylation (KEGG pathway hsa00190). The
list and sequence of the genes correspond to those stated in the Additional file 1: Table S4. Simva = simvastatin; FPP =farnesyl pyrophosphate;
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the simvastatin-treated cells to FPP and GGPP differed
substantially. Genes whose expressions were most sig-
nificantly affected by FPP treatment are largely identical
with those affected by simvastatin treatment. This simi-
larity was probably caused by the same inhibitory poten-
tial of FPP for HMG-CoA reductase, as reported for
simvastatin [7, 37]. Nevertheless, this negative feedback
was not observed for GGPP (Table 1), consistent with
the fact that the excess of GGPP does not have an
inhibitory effect on HMG-CoA reductase [38].

The observed data on gene expression in the pancreatic
cancer cells treated with statin and isoprenoids might be
explained by some complex regulatory activity, which FPP

and GGPP exert on HMG-CoA reductase and other intra-
cellular signaling pathways. These involve transcriptional
(via modulation of sterol regulatory element-binding pro-
tein (SREBP) transcription factors), posttranscriptional (by
accelerating protein acceleration, as described for statins),
as well as posttranslational regulation [39]. In particular,
changes could be seen in SREBP transcription factor regu-
lated genes such as MVD, FDFT1, HMGCS1, and LSS, as
well as RAS-related genes RRAS, RABI7, and RHOB. In
addition, FPP and GGPP may directly (and specifically for
each isoprenoid) influence the expression of Ras and Ras-
related proteins [40]. Last but not least, both isoprenoids
can directly modulate the activities of certain nuclear
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receptors. For instance, FPP can stimulate peroxisome
proliferator-activated receptors (PPARs) [41], thyroid,
estrogen, and glucocorticoid receptors [42], while GGPP
itself has been shown to act as an antagonist of liver X re-
ceptor (LXR) [43]. Collectively, all this data demonstrates
the multifaceted regulatory system exerted by isoprenoids.
With a few exceptions, farnesylation and geranylgeranyla-
tion processes are highly substrate specific [19], further ac-
counting for the observed changes in the gene expression
profiles observed in our study.
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We also observe an interesting effect of GGPP on those
genes involved in the oxidative phosphorylation pathway. It
is known that ubiquinone synthesis is blocked by the in-
hibitory action of statins [44], leading to the lack of ubi-
quinone in the mitochondria, with a consequent block of
oxidative phosphorylation in the statin-treated cells. This,
however, cannot be overcome by concomitant addition of
GGPP or FPP, due to a lack of isopentenyl-PP (the FPP and
GGPP upstream metabolites of the mevalonate pathway),
which are also necessary for ubiquinone synthesis (Fig. 4).
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Fig. 4 Scheme of the mevalonate pathway and isoprenoid synthesis. The mevalonate pathway (also known as the isoprenoid pathway) is an essential
metabolic pathway in a human body producing a five-carbon building block called isopentenyl pyrophosphate (IPP). IPP is used to make fully functional
biomolecules belonging into a large group of isoprenoids. Two intermediates in this pathway, FPP and GGPP, play also an immense role
in post-translational modification of signaling proteins involved in a wide array of cellular functions including proliferation, and also
carcinogenesis. The whole mevalonate pathway begins with acetyl-CoA, the rate limiting enzymatic step is catalyzed by HMG-CoA
reductase (a therapeutic target of statins), whose inhibition leads to depletion signaling isoprenoids. Continuous and dashed lines
represent one and multistep reaction, respectively. HMG-CoA reductase can be blocked by statins (in red)
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However, the results of the microarray analysis demon-
strated that the process of the oxidative phosphorylation
was only slightly affected by simvastatin, and was not
affected by GGPP; however, the simultaneous treatment of
cells with simvastatin and GGPP significantly changed the
expression of genes encoding proteins of mitochondrial
oxidative phosphorylation (Table 2, Fig. 3). In most of the
cancer cell lines, the mitochondrial oxidative phos-
phorylation system is deficient, and the energy for
growth (ATP production) is almost exclusively derived
via glycolysis [45]. Whereas expressions of the genes
involved in glycolysis were not affected in any of our
experiments (data not shown), it seems that the anti-
tumor effect of simvastatin on pancreatic cancer cells
may also involve the inhibition of the mitochondrial oxi-
dative phosphorylation, a phenomenon also described for
simvastatin-treated prostate cancer cells [46].

One limitation of our study is high concentration of
statins used. Since the clinical data on chemoadjuvant
effects of clinically relevant doses of statins on pancre-
atic cancer are promising, it is apparent that further
studies focused on determination of statins and isopre-
noids in blood or even pancreatic cancer tissue might
confirm our experimental data. In fact, such analytical
methods are currently available [47] and are being
used in our current studies [48]. Interestingly, gram
doses of statins have already been used to treat cancer
patients [49, 50], nevertheless it is certain that further
clinical studies are needed to evaluate escalating doses of
statins to define the therapeutic windows in oncology set-
tings [51].

Conclusions

Our data indicate that the anticancer effects of statins
observed in numerous studies to a large extent are medi-
ated through isoprenoid intermediates of the mevalonate
pathway, as they influence expression of genes involved
in multiple intracellular pathways.

Additional files

Additional file 1: Table S1. List of primers used for quantitative real-time
PCR analyses. Table S4. Quantitative RT PCR analysis of selected genes.
(DOCX 18 kb)

Additional file 2: Table S2. Differentially expressed genes after
simvastatin, FPP, or GGPP treatment of MiaPaCa-2 human pancreatic
cancer cells. (XLS 1507 kb)

Additional file 3: Table S3. Gene set enrichment analysis on KEGG
pathways affected by simvastatin, FPP, or GGPP treatment of MiaPaCa-2
human pancreatic cancer cells. (XLSX 22 kb)
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Abstrakt

Statiny, inhibitory de novo syntézy cholesterolu, vykazuju okrem hypolipidemického ucinku cely
rad d’alSich, so znizovanim hladiny cholesterolu v krvi nesuvisiacich, G¢inkov. Tieto tzv. pleiotropné
ucinky statinov maju vyznamnu ulohu v prevencii progresie niektorych ochoreni. Ide najmé o ucinky
protizapalové, imunomodulacné, antioxidacné, proapoptotické, antiproliferacné ¢i uc€inky braniace
endotelovej dysfunkcii. V poslednych rokoch je im navySe pripisovany kanceroprotektivny ucinok. Za
ucelom uplatnenia jednotlivych statinov v chemoadjuvantnej terapii zhubnych nadorov je nutné poznat
presné molekularne mechanizmy pleiotropnych tcinkov statinov. Sledovali sme preto vplyv statinov na
cytoskelet a bunkovy cyklus pankreatickych nadorovych buniek.

KPacové slova: statiny, pankreas, bunkovy cyklus, cytoskelet

Uvod s protinadorovymi u¢inkami ostatne vel'mi
prehladne zmapovali Clendening a Penn (3).
Kanceroprotektivny ~ G¢inok  statinov  je
predstavuji  dominantni  skupinu  latok pripisovany predovSetkym ich vplyvu na
pouzivanych pri lieCbe hypercholesterolémie prenylaciu proteinov, z pomedzi ktorych GTP-
vd’aka ich schopnosti inhibovat’ de novo syntézu viazuce Ras proteiny vyznamne reguluji

Statiny  (inhibitory HMG-CoA reduktazy)

cholesterolu, tzv. mevalonatov drahu. Koncové
produkty mevalonatovej drahy (izoprénové
jednotky inkorporované do sterolovych aj
nesterolovych zlG¢enin vratane cholesterolu,
ubichinoénu, izopentenyladeninu, geranylgeranyl
difosfatu (GGPP) a farnezyl difosfatu (FPP)) st
nepostradatelné pre rozne funkcie bunky (1).
V dosledku  deplécie uvedenych produktov
mevalonatovej drahy maju statiny okrem
hypolipidemickych ucinkov aj radu dalSich
pleiotropnych biologickych efektov. Ide najma
oucinky  protizdpalové,  imunomodulacné,
antioxidacné, proapoptotické, antiprolifera¢né ¢i
ucinky braniace endotelovej dysfunkcii (2).
Historicky vyvoj ulohy statinov od latok
schopnych znizit’ hladinu cholesterolu k latkam

mnozstvo funkcii v bunke vratane bunkovej
proliferacie. Priblizne v 30 %  vSetkych
zhubnych nadorov ¢loveka sa  vyskytuju
aktivacné mutacie ras génov a napriklad
u karcindomov pankreasu dosahuje toto ¢islo
90 % (4). V porovnani s inymi typmi nadorov
su nadory pankreasu vyznamne menej zahrnuté
ako do klinického, tak i do zakladného
vyskumu, nakolko chybaju nové terapeutické
postupy pre liecbu nadorov pankreasu (5).
Statinmi sprostredkovana inhibicia farnezylacie
Ras proteinu sa zda byt sl'ubnym podpornym
pristupom k modifikacii bunkovej proliferacie v
nadoroch pankreasu a v nadorovych tkanivach
vobec. Antiproliferacny a protinddorovy u¢inok
statinov  bol  popisany na  rozlicnych
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experimentalnych modeloch nadorov, vratane
nadoru pankreasu (6-18) a inych. Je vSak nutné
spomenut, ze mnie vSetky klinické Studie
preukazali protinadorové ucinky statinov (19-
22) a zavery mnohych stadii st vo vztahu k
protinadorovym ucinkom statinov protikladné
(napriklad pre in vitro malo ucinny pravastatin)
(23,24).

Material a metédy

Pouzité bunkoveé linie

MiaPaCa-2 — l'udské malo diferencované bunky
adenokarcindému pankreasu s aktiva¢nou
mutaciou v géne kdédujicom K-Ras (G12C) —

(ATCC, USA)
BxPC-3 — Tudské malo az stredne dobre
diferencované bunky adenokarcinomu

pankreasu s divokym typom génu kodujuceho
K-Ras a zvysenou expresiou cyklooxygenazy 2
— (ATCC, USA)

Capan-2 - T'udské dobre diferencované bunky
adenokarcindmu pankreasu s aktivacnou
mutaciou v géne kodujucom K-Ras (G12V) —
(ATCC, USA)

Testované latky — statiny

Vsetkych  osem v sucasnosti  komeréne
dostupnych statinov (simvastatin, lovastatin,

fluvastatin, pravastatin, atorvastatin,
cerivastatin, pitavastatin, rosuvastatin — LKT
Laboratories, Inc.)  bolo  rozpustenych

v metanole (Sigma, USA), pitavastatin v DMSO
a po rozpusteni boli skladované pri -20 °C.
Kultivacia buniek

Bunkové linie boli kultivované v termostate
pri 37 °C a vlh¢enej atmosfére obsahujucej 5%
CO,. Na kultivaciu boli pouzité nasledujuce
média:

DMEM (Sigma, USA) obohatené¢ fetalnym
sérom (10%, Sigma, USA) pre bunky MiaPaCa-
2

RPMI (Sigma, USA) obohatené fetadlnym sérom
(10%, Sigma, USA) pre bunky BxPC-3

McCoy ((Sigma, USA) obohatené fetalnym
sérom (10%, Sigma, USA) a L-glutaminom (1,5
mM, Sigma, USA) pre bunky Capan-2.
Ovplyvnenie  jednotlivych — bunkovych  linii
statinmi

Bunky boli  inokulované  na 6-jamkové
kultivaéné platne a 24 hodin kultivované za
optimalnych podmienok. Nasledne boli 24, 48,

72 hodin pre potreby fluorescenénej
mikroskopie a 24 hodin pre potreby prietokove;j
cytometrie kultivované v pritomnosti
jednotlivych statinov v koncentraciach

zodpovedajucich hodnote ICso simvastatinu
pre jednotlivé bunkové linie (MiaPaCa-2 - 12

uM, BxPC-3 — 26 uM, Capan-2 — 14 puM).
Kontrolné bunky boli kultivované v pritomnosti
prislusného rozpustadla (metanol, DMSO).
Fluorescencna mikroskopia cytoskeletu

Po ovplyvneni boli bunky fixované 20 minut
4% roztokom formaldehydu v PBS. Po odsati
fixacného roztoku boli bunky premyté 1 ml PBS
anasledne 20 minit inkubované v roztoku
faloidinu (viaze sa na oligo- a polyméry aktinu)
konjugovaného s TRITC
(tetrametylrodaminizotiokyanat) v PBS
v pomere 1:1000. Po odstraneni faloidinu boli
bunky trikrat premyté roztokom PBS
a rovnakym roztokom prevrstvené.
Na mikroskopiu bol pouzity mikroskop ZEISS
(Nemecko).

Prietokova cytometria

Po kultivacii buniek so statinmi boli bunky (1 x
10% centrifugované (300 x g, 5 minut).
Sediment bol resuspendovany v 1 ml PBS
aznovu odstredend (300 x g, 5 minat).
Sediment resuspendovany v malom mnoZzstve
PBS bol doplneny 1 ml 'adového 70% etanolu.
Takto pripravend suspenzia buniek bola
uskladnena pri -20 °C.

Pre samotni  analyzu bunkového cyklu bola
pouzitd komeréne dostupnd suprava Muse™
Cell Cycle aanalyza prebehla po farbeni
reagenciou podla pokynov vyrobcu
na prictokovom  cytometri  Muse™  Cell
Analyzer.

Vysledky a diskusia

Vseobecne najmensi vplyv na morfoldgiu
a konfluenciu buniek mali pravstatin
a rosuvastatin, najvacsi cerivastatin
a pitavastatin. Tieto vysledky koreluju s Gdajmi
hodnét ICso pre jednotlivé bunkové linie
publikované Gbelcovou a spol. (25).

Vplyv statinov na cytoskelet buniek

Ilustracia neporusenej Struktary aktinovych
filamentov  je naobrazku la, Struktira
poruSenych aktinovych filamentov je zachytena
na obrazku 1b. K statinom, ktoré cytoskelet
testovanych  buniek ovplyvnili uz po 24
hodinach  poOsobenia  patria  cerivastatin
a pitavastatin, po 72  hodinach  sposobili
v testovanej koncentracii uvolnenie buniek
z kultivaéného povrchu. Naopak pravastatin
v testovanej koncentracii neovplyvnil aktinovy
cytoskelet buniek ani po 72 hodinach posobenia.
U najviac diferencovanej bunkovej linie Capan-
2 buniek boli zmeny cytoskeletu pozorované
po 24 hodinovej kultivacii s fluvastatinom
a pitavastatinom a v mensej miere
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so simvastatinom. Po 48 hodinach pdsobenia
bol pozorovatelny efekt vsSetkych statinov
okrem pravastatinu a rosuvastatinu. Uginok
rosuvastatinu sa prejavil az po 72 hodinach
posobenia.

Vysledky  pozorovania  vplyvu  statinov
na aktinovy  cytoskelet  buniek  koreluju
s pozorovaniami morfologickych zmien buniek

po ucinku statinov (25).

b.

Obr. 1: Vplyv statinov na Struktiuru aktinového
cytoskeletu: a) neporuseny aktinovy cytoskelet,
b) poruseny aktinovy cytoskelet.

Vplyv statinov na bunkovy cyklus

Vsetky statiny, okrem pravastatinu viac alebo
menej vyznamne ovplyvnili bunkovy cyklus,
pricom  vyznamnost'  vplyvu jednotlivych
statinov sa 1isil medzi jednotlivymi bunkovymi
liniami. Nelisila sa len vyznamnost’ vplyvu, ale
aj sposob,

akym statiny ovplyvnili bunkovy cyklus buniek
roznych typov nadorov pankreasu (obrazky 2 a-
c). Vpripade Dbunieck MiaPaCa-2 mali
najvyznamnej$i vplyv na bunkovy cyklus dva
najucinnejsie statiny — pitavastatin a cerivastatin
— zobrazku 2a je zrejmy narast mnozstva
buniek v GO/G1 faze. Porovnatel'ny uc¢inok mal
aj lovastatin, ktory je aj komer¢ne dostupny ako
latka  synchronizujuca bunky v Gl faze
bunkového cyklu inhibiciou proteazomu (26).
So stupajiicou mierou diferenciacie buniek sa

vyznamnost’ U¢inku statinov na bunkovy cyklus
buniek vSeobecne znizila. Zaroveil ak sme
uviac diferencovanych bunkovych linii efekt
pozorovali, tak neslo o narast mnozstva buniek
v G1/GO faze, ako v pripade MiaPaCa-2 buniek
ale vo faze G2/M (obrazky 2b a 2c¢).
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Obr.2: Vplyv statinov na bunkovy cyklus
buniek:

a) MiaPaCa-2, b) BxPC-3, ¢) Capan-2.

K - kontrola, C — cerivastatin, Pi — pitavastatin,
S — simvastatin, L — lovastatin, F — fluvastatin,
A — atorvastatin, Pr — pravstatin,b, R —
rosuvastatin. Koncentracia statinov - 12uM,
doba posobenia — 24 hodin.
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Zaver
Odolnost’  jednotlivych  nadorovych linif
odvodenych znadorov pankreasu stpala

s mierou ich diferencidcie, a to konkrétne
v poradi MiaPaCa-2, BxPC-3 a Capan-2. Malo
ucinné  statiny  pravastatin  a rosuvastatin
vykazovali v testovanych  koncentraciach
zanedbatel'ny u¢inok na aktinovy

cytoskelet, ako aj nabunkovy cyklus
testovanych buniek. Naopak najucinnejsie
statiny cerivastatin a pitavastatin sa vo vsetkych
experimentoch prejavili ako vel'mi G¢inné uz po
24 hodinach posobenia.

Pod’akovanie

Publikacia bola pripravena vdaka grantovej
podpore VEGA 1/0109/16, KEGA 023UK-
4/2016, APVV-15-0217, tcelovej podpore na
$pecificky  vysokogkolsky vyskum (MSMT
¢.20-SVV/ 2016) a operacného programu
Vyskum a inovéacie pre projekt: Univerzitny
vedecky  park  Univerzity = Komenského
v Bratislave — 2. faza, spolufinancovany zo
zdrojov  Europskeho  fondu regionalneho
rozvoja.

Literatara

1. Goldstein JL, Brown MS. Regulation of
the mevalonate pathway. Nature 1990;
343: 425-430.

2.  Bellosta S, Ferri N, Bernini F, Paoletti R,
Corsini A. Non-lipid-related effects of sta-
tins. Ann Med 2000; 32: 164—176.

3. Clendening JW, Penn LZ. Targeting tumor
cell metabolism with statins. Oncogene
2012; 31(48): 4967-4978.

4. Almoguera C, Shibata D, Forrester K,
Martin J, Arnheim N, Perucho M. Most
human carcinomas of the exocrine pancre-
as contain mutant c-K-ras genes. Cell
1998; 53: 549-554.

5. Ghaneh P, Costello E, Neoptolemos JP.
Biology and management of pancreatic
cancer. Gut 2007; 56: 1134-1152.

6. Altwairgi AK. Statins are potential an-
ticancerous agents (Review). Oncol Rep
2015; 33(3):1019-1039.

7. Bocci G, Fioravanti A, Orlandi P, Bernar-
dini N, Collecchi P, et.al. Fluvastatin sy-
nergistically enhances the antiproliferative
effect of gemcitabine in human pancreatic
cancer MIAPaCa-2 cells. Br J Cancer
2005; 93: 319-330.

10.

1.

12.

13.

14.

15.

16.

17.

18.

Feleszko W, Jakobisiak M. Lovastatin
augments apoptosis induced by chemothe-
rapeutic agents in colon cancer cells. Clin
Cancer Res 2000; 6:1198-1199.

Hawk MA, Cesen KT, Siglin JC, Stoner
GD, Ruch RIJ. Inhibition of lung tumor cell
growth in vitro and mouse lung tumor
formation by lovastatin. Cancer Lett 1996;
109: 217-222.

Kawata S, Nagase T, Yamasaki E, Ishi-
guro H, Matsuzawa Y. Modulation of the
mevalonate pathway and cell growth by
pravastatin andd-limonene in a human he-
patoma cell line (Hep G2). Br J Cancer
1994; 69:1015-20.

Kusama T, Mukai M, Iwasaki T, Tatsuta
M, Matsumoto Y, Akedo H, Nakamura H.
Inhibition of epidermal growth factor-
induced RhoA translocation and invasion
of human pancreatic cancer cells by 3-
hydroxy-3-methylglutaryl-coenzyme a
reductase inhibitor. Cancer Res 2001; 61:
4885-4891.

Kusama T, Mukai M, Iwasaki T, Tatsuta
M, et al. 3-Hydroxy-3-methylglutaryl-
coenzyme a reductase inhibitors reduce
human pancreatic cancer cell invasion and
metastasis. Gastroenterology 2002; 122:
308-318.

Mikulski SM, Viera A, Darzynkiewicz Z,
Shogen K. Synergism between a novel
amphibian oocyte ribonuclease and lovas-
tatin in inducing cytostatic and cytotoxic
effects in human lung and pancreatic car-
cinoma cell lines. Br J Cancer 1992; 66:
304-310.

Muller C, Bockhorn AG, Klusmeier S,
Kiehl M, Roeder C, Kalthoff H, Koch OM.
Lovastatin inhibits proliferation of pancre-
atic cancer cell lines with mutant as well as
with wild-type K-ras oncogene but has
different effects on protein phosphoryla-
tion and induction of apoptosis. Int J Oncol
1998; 12: 717-723.

Sumi S, Beauchamp RD, Townsend CM
Jr, Pour PM, et al. Lovastatin inhibits pan-
creatic cancer growth regardless of RAS
mutation. Pancreas 1994; 9: 657-661.

Sumi S, Beauchamp RD, Townsend CM,
Uchida T, et al. Inhibition of pancreatic
adenocarcinoma cell growth by lovastatin.
Gastroenterology 1992; 103: 982-989.

Ura H, Obara T, Nishino N, Tanno S,
Okanuta K, Namiki M. Cytotoxicity of
simvastatin to pancreatic adenocarcinoma
cells containing mutant ras gene. Jpn J
Cancer Res 1994; 85: 633—-638.

Yao CJ, Lai GM, Chan CF, Cheby AL,
Yang YY. Dramatic synergistic anticancer
effect of clinically achievable doses of lo-

BIOLOGICKO-GENETICKE ASPEKTY NADOROVEJ A REGENERACNEJ MEDICINY 15



REZNAKOVA S. A KOL. VPLYV STATINOV NA AKTINOVY CYTOSKELET A BUNKOVY CYKLUS PANKREATIC-
KYCH NADOROVYCH BUNIEK

vastatin and troglitazone. Int J Cancer
2006; 118:773-779.

19. Larner J, Jane J, Laws E, Packer R, Myers
C, Shaffrey M. 1998. A phase I-II trial of
lovastatin for anaplastic astrocytoma and
glioblastoma multiforme. Am J Clin On-
col, 21: 579-583.

20. Kim WS, Kim MM, Choi HJ, Yoon SS,
Lee MH, Park K, Park CH, Kang WK.
Phase II study of high-dose lovastatin in
patients with advanced Bystric adenocar-
cinoma. Incest New Drugs 2001; 19: 81-
83.

21. Bonovas S, Filioussi K, Tsantes A, Sitaras
NM. Use of statins and risk of haematolo-
gical malignancies: a meta-analysis of six
randomized clinical trials and eight obser-
vational studies. Br J Clin Pharmacol
2007; 64: 255-262.

22. Bonovas S, Filioussi K, Sitaras NM. Sta-
tins are not associated with a reduced risk
of pancreatic cancer at the population le-
vel, when taken at low doses for managing
hypercholesterolemia: evidence from a
meta-analysis of 12 studies. Am J Gastro-
enterol 2008; 103: 2646-3651.

23. Kawata S, Yamasaki E, Nagase T, Inui Y,
Ito N, Matsuda Y, Inada M, Tamura S,
Noda S, Imai Y, Matsuzawa Y. Effect of
pravastatin on survival in patients with ad-
vanced hepatocellular carcinoma. A ran-
domized controlled trial. Br J Cancer
2001; 84: 886-891.

24. Bonovas S, Sitaras NM. Does pravastatin
promote cancer in elderly patients? A me-
taanalysis. CMAJ 2007; 176: 649-654.

25. Gbelcova H, Lenicek M, Zelenka J, Knej-
zlik Z, Dvorakova G, Zadinova M, Pouc-
kova P, Kudla M, Balaz P, Ruml T, Vitek
L. Differences in antitumor effects of vari-
ous statins on human pancreatic cancer, Int
J Cancer 2008, 122: 1214-1221.

26. Rao S, Porter DC, Chen X, Herliczek T,
Lowe M, Keyomarsi K. Lovastatin-
mediated G1 arrest is through inhibition of
the proteasome, independent of hydroxy-
methyl glutaryl-CoA reductase. Proc Natl
Acad Sci USA 1999; 96:7797-802

BIOLOGICKO-GENETICKE ASPEKTY NADOROVEJ A REGENERACNEJ MEDICINY



PREHLAD

www.herba.sk 576.32/.36:547.2/.9

VPLYV STATINOV NA DIFERENCIAGIU A PREZIVANIE

KMENOVYCH BUNIEK

The effect of statins on differentiation and surviving

of the stem cells

Soiia REZNAKOVA, Petra PRISCAKOVA, Vanda REPISKA, Helena GBELCOVA

Ustav lekarskej biologie, genetiky a klinickej genetiky, Lekdrska fakulta, Univerzita Komenského v Bratislave, prednosta doc.

MUDr. Daniel Bohmer, PhD.

SUHRN

Statiny st dominantnou skupinou latok pouzivanych pri liecbe
hypercholesterolémie vdaka ich schopnosti inhibovat de novo
syntézu cholesterolu. V poslednom case sa vsak hromadia
informdcie aj o ich schopnosti indukcie, ako aj inhibicie dife-
rencidcie kmenovych buniek. Terapia prostrednictvom kme-
novych buniek sa v sti¢asnosti stdva alternativou riesenia mno-
hych degeneracnych aj nadorovych ochoreni, ktoré nemozno
uspokojivo riesit standardnymi postupmi. Zaroven vsak prina-
Sa riziko neorganizovaného rastu a delenia buniek, co moéze
viest k formovaniu ndadoru. Jednou z moznosti elimindcie rizi-
ka liecby kmenovymi bunkami je sicasnd aplikacia statinov.
Prinasame preto stru¢ny prehlad pozorovanych tcinkov stati-
nov na diferencidciu a prezivanie kmeriovych buniek.
Klucové slova: statiny, kmeriové bunky, regeneracnd terapia,
diferencidcia, proliferdcia.

Lek Obzor (Med Horizon), 67, 2018, ¢. 3-4, s. 115 - 119

SUMMARY

Statins represent a dominant group of substances used in the
treatment of hypercholesterolaemia due to their ability to in-
hibit de novo cholesterol synthesis. Recently, ability of statins
to induce and/or inhibit stem cell differentiation was obser-
ved. Stem cell therapy is alternative treatment for many dege-
nerative and tumor diseases that cannot be satisfactorily trea-
ted by standard procedures. However, stem cells based
therapy brings also the risk of aberrant proliferation and cell
division, which can lead to tumor formation. One of the po-
ssible ways of eliminating the risk of stem cells based therapy
is the application of statins. Therefore, we prepared a brief
review about the effects of statins on differentiation and sur-
vival of stem cells.

Key words: statins, stem cells, regenerative medicine, differen-
tiation, proliferation.

Lek Obzor (Med Horizon), 2018, 67(3-4), p. 115-119

Uvod

Statiny s dominantnou skupinou ldtok pouZzivanych
pri liecbe hypercholesterolémie vdaka ich schopnosti
inhibovat de novo syntézu cholesterolu. V poslednom
Case sa vSak hromadia informdcie aj o ich schopnosti
indukcie, ako aj inhibicie diferencidcie kmenovych bu-
niek. Terapia prostrednictvom kmeriovych buniek sa
v stcasnosti stdva alternativou rieSenia degeneracnych
aj nddorovych ochoreni, ktoré nemozno uspokojivo rie-
Sit standardnymi postupmi. Zdroven vsak prindsa riziko
neorganizovaného rastu a delenia buniek, ¢o moéze
viest k formovaniu nddoru. Jednou z moznosti elimind-
cie rizika je sicasnd aplikdcia statinov.

Statiny
Statiny su selektivne inhibitory 3-hydroxy-3-metylglu-
taryl koenzym A (HMG-CoA) reduktazy, kli¢ového en-
zymu de novo syntézy cholesterolu. Ich vplyv na znizo-
vanie hladiny cholesterolu v sére je zndmy od roku
1976 a od roku 1980 sa zacali pouzivat v klinickej praxi
(1). Aktudlne je komer¢ne dostupnych 8 statinov: rosu-

vastatin, atorvastatin, simvastatin, pravastatin, fluvastatin,
lovastatin, pitavastatin, cerivastatin. Prehlad najcastejSie
pouzivanych statinov v Slovenskej republike s uvedenim
distribu¢ného ndzvu je v tabulke 1.

Tabul'ka 1. NajcastejSie pouzivané statiny v Slovenskej republike.

Genericky nazov Distribuc¢ny ndzov

Atorvastatin Atoris
Sortis
Torvacard
Tulip
Fluvastatin Lescol XL 80
Lovastatin Mevacor
Medostatin
Rosuvastatin Crestor

Simvastatin Ratiopharm
Simcor
Simgal
Simvacard
Simvastatin
Vasilip
Zocor

Lek Obz, 67,2018, & 3-4, 5. 115 - 119
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Z hladiska Struktiry pozostdvajd statiny z dvoch za-
kladnych casti. Prvou je farmakofér (zvyraznend cast na
obr. 1), ktory je zodpovedny za biologickd aktivitu sta-
tinov, za kompetitivnu inhibiciu HMG-CoA reduktazy.
Druhd cast molekuly statinov predstavuje systém kru-
hov s réznymi substituentami (obr. 1), ktoré sd zodpo-
vedné za rozpustnost, farmakokinetické a farmakodyna-
mické vlastnosti a mnoho dalsich vlastnosti statinov
nezavislych od inhibicie HMG-CoA reduktazy. Ide o tzv.
pleiotropné ucinky statinov, ku ktorym patri dprava en-
dotelovej dysfunkcie, redukcia oxida¢ného stresu, pro-

trombolyticky dcinok, vplyv na funkciu trombocytov,
makrofdgov a monocytov, protizdpalovy ucinok, stabili-
zdcia aterosklerotického platu (2), ovplyvriovanie me-
chanizmov bunkového cyklu, diferencidcie, apoptdzy,
a tym aj procesu onkogenézy (3) a iné.

Za pleiotropné cinky statinov nie st zodpovedné
len ich rozli¢cné postranné retazce, ale aj deplécia mno-
hych, pre fyziologické fungovanie bunky nepostradatel-
nych molekdl, ktoré sd medziproduktmi, pripadne ko-
necnymi produktmi mevalondtovej drdhy (obr. 2).
Okrem cholesterolu, ktory je podstatnou zlozkou bun-
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kovych membrdn a podiela sa na tvorbe zl¢ovych kyse-
lin, lipoproteinov, steroidovych horménov, je v dosledku
inhibicie mevalondtovej drahy v bunke nedostatok doli-
cholu, ubichinénu, izopentenyladeninu, geranylgeranyl
pyrofosfatu (GGPP), farnezyl pyrofosfatu (FPP) a inych.
Ubichindn sa zidcastriuje na mitochondridlnej respirdcii
a md délezitd dlohu v inhibicii peroxiddcie lipidov.
Pokles jeho hladiny méze viest k poskodeniu mitochon-
drii a oxidacnému poskodeniu bunky. Dolichol je dole-
zitym vychytdvacom volnych radikdlov v bunkovych
membrdnach. lzopentenyladenin je nepostradatelny
pre spravnu funkciu tRNA a syntézu proteinov. GGPP
a FPP majd vyznamnd dlohu v posttranslacnej modifika-
cii bunkovych proteinov zicastiujdcich sa na proce-
soch bunkového delenia a diferencidcie, expresie génov,
tvorby cytoskeletu, transportu proteinov a lipidov v bun-
kdch, obrany proti patogénom (4, 5).

Statiny a kmenové bunky

K ostatnym Studovanym pleiotropickym vlastnostiam
statinov patri ich schopnost modulovat biologické cha-
rakteristiky a funkcie kmenovych buniek, ¢o md poten-
cidlne vyuzitie v regeneracnej medicine. Napriklad pri
liecbe akdtneho infarktu myokardu je limitdciou pre po-
uzitie autolégnych kmenovych buniek pokles poctu
i funkcie kmenovych buniek pacientov s ischemickou
chorobou srdca, diabetes mellitus a zlyhanim srdca (11).
Dalsim problémom je zhorsené preZivanie podanych
kmeriovych buniek v prostredi myokardu poskodeného
infarktom, ktory uvolfiuje cytotoxické faktory. Pdsobenie
statinov na ro6zne charakteristiky kmenovych buniek by
mobhlo viest k zefektivneniu liecby kmenovymi bunkami
pri si¢asnom poddvani statinov (6).

Vplyv statinov na samoobnovovanie

a diferenciaciu kmenovych buniek
Presnd reguldcia pomeru samoobnovovania a dife-
rencidcie kmenovych buniek je kldc¢ovd pre spravny
priebeh organogenézy, tkanivovej homeostdzy a rege-
nerdcie. ZvySenie tohto pomeru v prospech samoobno-
vovania vedie k degenerdcii tkaniv, naopak nadmernd
proliferdcia na dkor diferencidcie indukuje kancerogené-
zu (7). Statiny mo6zu zvySovat pocet a schopnost dife-
rencidcie kmenovych buniek. Efekt statinov sa Iisi

v zavislosti od druhu kmenovych buniek (8, 9).
Cirkulujiice endotelové progenitorové bunky (EPC)
odvodené z kostnej drene sa podielajd na reendoteliza-
cii poskodenych ciev a neovaskularizacii ischemickych
tkaniv. Predstavuji dolezity repara¢ny mechanizmus,
ktorym organizmus zabezpecuje integritu endotelu.
U pacientov s ischemickou chorobou srdca, diabetes
mellitus a metabolickym syndrémom je vyznamne zni-
Zené mnozstvo cirkulujdcich EPC (10, 11). Statiny inhi-
bujd starnutie EPC a podporuji ich proliferdciu (8).
Spomalenie starnutia EPC spdsobuje statinmi sprostred-
kovand moduldcia proteinov bunkového cyklu, konkrét-
ne ,up-reguldcia” cyklinov a ,down-reguldcia” inhibitora
bunkového cyklu p27Kip1. Tento proces zdvisi od pri-
tomnosti izoprenoidov (FPP a GGPP) (8). Statiny mdzu

oddalovat starnutie kmenovych buniek aj redukciou
tvorby volnych kyslikovych radikdlov (12). Statiny dalej
zvysuju diferencidciu EPC z [ludskych periférnych
mononuklearnych buniek a CD34-pozitivnych hemato-
poetickych kmenovych buniek in vitro a podporuji di-
ferencidciu EPC na kardiomyocyty (13).

Obzvlast pozitivny vplyv majd statiny na proliferdciu
embryonalnych kmenovych buniek (ESC). Ich krdtkodo-
bd expozicia statihom neinhibuje rast karyotypovo nor-
madlnych ludskych ESC. Naproti tomu liecba statinmi
inhibuje rast nddorovych ESC a ESC s abnormdlnym
karyotypom. Tdto inhibi¢nd aktivita je sprostredkovand
zvySenim expresie apoptickych génov. Statiny teda ne-
majd len protinddorové dcinky, ale supresiou rastu
a proliferdcie abnormdlnych ESC zdroven podporuju
rast normdlnych ESC in vitro (14).

Existujd in vitro a in vivo ddkazy, Ze statiny potldcajd
proliferacny potencidl a zdroven indukuji diferenciacny
potencidl mezenchymovych kmeriovych buniek (MSC)
(15, 16). Simvastatin indukuje diferencidciu MSC na os-
teoblasty a zdroven inhibuje diferencidciu MSC na adi-
pocyty (17). Poésobenim statinov dochddza k zmene
morfolégie MSC, z vretenovitého tvaru sa menia na
velké splostené bunky s rozsirenou cytoplazmatickou
oblastou. Statinmi sprostredkovana redukcia potencidlu
MSC diferencovat sa na makrofdgy inhibuje zdpalové
procesy a zvySuje stabilitu aterosklerotickych pldtov pa-
cientov s kardiovaskuldrnymi chorobami. Statiny pdso-
bia aj priamo na existujice makrofdgy potlacenim ich
proliferacnej aktivity, pripadne indukciou apoptézy exis-
tujicich makrofdgov (18). Opisané vplyvy statinov na
MSC Zzavisia od pouzitého statinu, pouzitého typu MSC,
doby expozicie a dalsich faktorov.

Nadorové kmeriové bunky (CSC) a nenddorové
kmeriové bunky majd mnoho spolo¢nych vlastnosti, ku
ktorym patria samoobnovovaci potencidl, vysokd proli-
feracnd kapacita, vysokd telomerdzovd aktivita, vysoky
pomer objemu jadra k objemu cytoplazmy, moznost
aktivdcie rovnakych signalnych drdh. ESC a niektoré fud-
ské nddorové bunky vyuzivajd rovnaké vzory génovej
expresie, ktoré si v nenddorovych somatickych bun-
kdch potlacené (19, 20). Statiny inhibujd proliferdciu
ESC supresiou ich génov kmenovosti (14), rovnako
moZu suprimovat podobné gény kmenovosti v CSC,
a tym ovplyviovat rast a metastdzovanie nddorovych
buniek (6).

Vplyv statinov na mobilizaciu kmenovych buniek

Statiny majd vplyv na mobilizdciu EPC a ulahc¢uju
ich transport do miest cievneho poskodenia, ich dife-
rencidciu na epitelové bunky, a tak zlepsujd reendoteli-
zdciu a neovaskularizdciu (21, 22). Vplyv statinov na
mobilizdciu EPC potvrdili aj klinické stddie. Liecba sta-
tinmi zvySuje mobilizdciu buniek CD34+ po akitnom
infarkte myokardu (23), zlepsuje opravu endotelového
poskodenia a obmedzuje progresiu aterosklerotickych
zmien rizikovych pacientov. Zaujimavé vysledky prinies-
la randomizovana $tddia, pocas ktorej porovnavali efekt
intenzivnej a Standardnej ddvky statinov na mobilizdciu
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EPC pacientov po Uspesnej perkutdnnej korondrnej in-
tervencii. Pocet EPC pri prijati a pri prepusteni pacienta
bol v oboch skupindch podobny, ale v intenzivne liece-
nej skupine pacientov bol pocet EPC vyznamne vyssi
v priebehu sledovania po liec¢be. Intenzivna statinovd
liecba v porovnani so Standardnou terapiou mobilizuje
EPC dcinnejSie (23). V pripade pacientov s chronickym
kardidlnym zlyhdvanim viedla lie¢ba rosuvastatinom
v ddvke 40 mg denne k zvySeniu hladin cirkulujdceho
vaskuldarneho endotelového rastového faktora, zvySeniu
poctu kmeriovych buniek v periférnej krvi a zvySenej
schopnosti kmeriovych buniek integrovat sa do endote-
lovych Struktdr in vitro, spojenej s vysSou vaskulariza-
ciou v biopsidch kostrovych svalov (24).

Vplyv statinov na prezivanie kmenovych buniek

Kombinovand liecba statinmi a MSCs vyznamne zni-
Zuje apoptézu kardiomyocytov, redukuje oxidacny stres
a potldca expresiu génov kédujicich zdpalové cytokiny
v myokarde po akdtnom infarkte. To vedie k zvySenému
prezivaniu MSCs, vyraznejsSiemu funkénému zlepSeniu
myokardu a zvySenej kardiovaskuldrnej diferencidcii
transplantovanych kmerovych buniek. Poddvanie stati-
nov preukdzatelne vedie k vytvoreniu lepsieho prostre-
dia pre preZivanie a diferencidciu implantovanych kme-
novych buniek (25).

Zaver

Na zdklade uverejnenych stddii sa zdd, ze poddva-

nie statinov predstavuje efektivnu metédu ulahcujdcu
terapiu kmeriovymi bunkami.*

*Dakujeme Agenttre na podporu vyskumu a vyvo-
ja za finan¢nd podporu na rieSenie projektu APVV-15-
0217 s ndzvom Molekulové mechanizmy vplyvu statinov
na inhibiciu, proliferdciu a diferencidciu vybranych kme-
novych a nadorovych buniek a ich aplikdcia v regenerac-
nej medicine.
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Abstrakt

Statiny predstavuju dominantnu skupinu latok pouzivanych pri liecbe hypercholesterolémie, vdaka ich schop-
nosti inhibovat mevalonatova drahu, prostrednictvom ktorej dochadza k de novo syntéze cholesterolu. V do-
sledku deplécie medziproduktov mevalonatovej drahy maju statiny okrem hypolipidemickych t¢inkov aj mnoho
dalsich pleiotropnych biologickych efektov, ktoré hraju vyznamnu tlohu v prevencii progresie niektorych ocho-
reni. Okrem iného bol statinom pripisovany kanceroprotektivny téinok, pri¢om ich antiproliferaény tucinok bol
preukazany na roznych typoch nadorov in vitro i in vivo. V ostatnom ¢ase sa navyse zacinaju hromadit infor-
macie o schopnosti statinov indukovat, ako aj inhibovat diferenciaciu kmenovych buniek. A kedZze terapia pro-
strednictvom kmenovych buniek prinasa riziko neorganizovaného rastu a delenia buniek a nasledného formo-
vania nadoru, sucasna aplikacia statinov sa zda byt jednou z moznosti eliminacie tohto rizika. Sledovanie
vplyvu statinov na proliferaciu a diferenciaciu kmenovych buniek je preto predmetom nasho studia.

KItaéové slova: statiny, kmenové bunky, proliferacia, WST test

Uvod

Statiny su selektivne inhibitory 3-hydroxy-3-metylglutaryl koenzym A (HMG-CoA) reduktazy, klu-
c¢ového enzymu de novo syntézy cholesterolu. V sticasnosti je komercéne dostupnych osem statinov
(obr. 1) a predstavuju dominantnu skupinu latok pouzivanych pri liecbe hypercholesterolémie. V do-
sledku deplécie medziproduktov mevalonatovej drahy, ku ktorym patria cholesterol, ubichinén, izo-
pentenyladenin, geranylgeranyldifosfat, farnezyldifosfat atd., maju statiny okrem hypolipidemickych
ucinkov aj mnoho dalsich pleiotropnych biologickych efektov, ktoré hraju vyznamnu tlohu v prevencii
progresie niektorych ochoreni. Ide najmé o u¢inky protizapalové, imunomodulacné, uc¢inky braniace
endotelovej dysfunkcii, antioxidaéné, proapoptotické ¢i antiproliferacné ucinky (Bellosta a kol., 2000;
Gauthaman a kol., 2009; Lacerda a kol., 2014). V istom obdobi bol statinom navyse pripisovany kan-
ceroprotektivny ucinok. Nasledne boli za ucelom uplatnenia statinov v chemoadjuvantnej terapii
zhubnych nadorov intenzivne studované molekularne mechanizmy ich pleiotropnych tcinkov. Anti-
prolifera¢ny uéinok statinov v onkologii bol pozorovany na rozliénych experimentalnych modeloch
nadorov (Giordano a kol., 2012; Viola a kol., 2012; Lee a kol., 2014; Salis a kol., 2014; Yilmaz a kol.,
2014; Altwairgi, 2015; Torres a kol., 2015), vratane nadoru pankreasu (Kusama a kol., 2001; Kusama
a kol., 2002; Bocci a kol., 2005; Gbelcova a kol., 2013; Yao a kol., 2013). Nie vsetky klinické Studie
vSak preukazali protinadorové u¢inky statinov a zavery mnohych studii st vo vztahu k protinadoro-
vym ucinkom statinov protikladné (Kawata a kol., 2001; Bonovas a Sitaras, 2007).

V ostatnom ¢ase sa hromadia informacie o schopnosti statinov indukovat, ako aj inhibovat dife-
renciacie kmenovych buniek (Izadpanah a kol., 2015), presny mechanizmus tohto ich ucinku vsak
zatial nie je znamy. Terapia prostrednictvom kmenovych buniek sa v sucasnosti stava alternativou
rieSenia niektorych degenerac¢nych i nadorovych ochoreni, ktoré nie je mozné uspokojivo riesit Stan-
dardnymi postupmi. Zaroven vsak prinasa riziko neorganizovaného rastu a delenia buniek, ¢o moze
viest k formovaniu nadoru (Goldtwaite, 2006; Stratton a kol., 2009). Jednou z moznosti eliminacie
rizika je su€asna aplikacia statinov. Z tohto dovodu je potrebné studium vplyvu statinov na biologické
vlastnosti, spésoby regulacie delenia ako i génov zapojené do diferenciacie kmenovych buniek.

Material a metody

Od tukového tkaniva odvodené mezenchymalne kmenové bunky (ATCC - PCS-500-011) boli
kultivované v bazalnom médiu pre tieto bunky urcenom (ATCC® PCS-500-030™) doplnenom
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sérom a komeréne dostupnym roztokom rastovych faktorov (ATCC® No. PCS-500-040) podIa od-
porucani dodavatela. Bunky boli kultivované v termostate pri 37 °C a vlh¢enej atmosfére obsa-
hujucej 5% CO,. Vsetky statiny (Merck) boli cerstvo rozpustené v metanole do koncentracie
10 mmol/1.

Bunky (pasaz 8) boli nasadené na 96-jamkové platnicky v mnozZstve 3500 buniek na jamku. Po
24 hodinach boli do média pridané statiny v konec¢nej koncentracii 20, 40, 50, 60, 80 a 100 ymol/1,
resp. metanol (rozpustadlo) ako kontrola. Po dalsich 24 hodinach bolo médium odstranené a na sta-
novenie vplyvu statinov na proliferaciu buniek bol pouzity WST-1 prolifera¢ny kit (Sigma-Aldrich)
podla pokynov vyrobcu. WST-1 reagencia bola pridana v mnoZstve 5 ul / 100 ul kultivacného média.
Po 3.5 hodinach bola pomocou spektrofotometra odmerana absorbancia pri 450 a 780 nm - meta-
bolicky aktivne bunky menia WST-1 reagenciu na farebny produkt, ktorého absorbancia je priamou-
merna mnozstvu zZivych buniek.

Vysledky

Ziadny zo statinov, okrem simvastatinu, po 24 hodinach pésobenia vyznamne neovplyvnil proli-
feraciu mezenchymalnych kmenovych buniek odvodenych od tukového tkaniva (obr.1). Hodnotu IC,
nie je mozné ani odhadnut, nakolko je vy§§ia ako 100 pumol/l, ¢o bola najvyssia testovana koncen-
tracia. Mierny antiprolifera¢ny tcinok bol pozorovany v pripade atorvastatinu s koncentraciou 100
umol/1 (obr.1).

Simvastatin v koncentracii 20 pumol/1 spdésobil po 24 hodinach zniZenie mnozZstva buniek viac ako
o polovicu, ¢ize za hodnotu ICy, je mozné povazovat hodnotu nizsiu ako 20 umol/1. Vo vysSich tes-
tovanych koncentraciach s ohladom na chybu merania spésobil simvastatin smrt takmer vSetkych
buniek (obr.1).

A M simvastatin Ofluvastatin B lovastatin Orosuvastatin
Epravastatin Matorvastatin M cerivastatin Mpitava

Absorbancia 450/750(OD)
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Obr. 1 Vplyv statinov na proliferaciu MSC odvodenych od tukového tkaniva po 24 hodinach pésobenia.

Diskusia

Odolnost mezenchymalnych kmenovych buniek odvodenych od adipocytov kultivovanych in vitro
k antiproliferaénym tc¢inkom statinov je v porovnani s ii¢inkami statinov na proliferaciu nadorovych
buniek az zarazajuca. Napriklad hodnoty ICg, jednotlivych statinov po 24 hodinach posobenia na
rozne typy pankreatickych nadorovych buniek sa pohybuju do 60 pmol/l, vo vacsine pripadov do
30 umol/I (tab.1) (Gbelcova a kol., 2008).
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Tab.1: Hodnoty IC,, statinov po 24 hodinach pésobenia na nadorové bunky pankreasu

IC;, (umol/1) po 24 hodinach
CAPAN-2 MiaPaCa-2 BxPc-3
rosuvastatin 39 36 56
pravastatin 27 29 39
atorvastatin 22 27 37
fluvastatin 21 26 29
lovastatin 16 13 oS
simvastatin 14 12 26
cerivastatin 12 10 22

Zatial ¢o antiprolifera¢ny ucinok statinov na rézne typy nadorov bol opisany v tisicoch studii,
vplyv statinov na diferenciaciu roznych typov kmenovych buniek v desiatkach, vplyv statinov na pre-
zivanie kmenovych buniek po vystaveni statinom bol publikovany len v niekolkych pracach. Navyse
zvolené vlastnosti nie st Studované u vsetkych statinov sucasne. Izadpanah R a kol, napriklad po-
zorovali vyznamné zvySenie casu zdvojenia mezenchymalnych kmenovych buniek vplyvom pravasta-
tinu a atorvastatinu uz v koncentraciach 30-60 pmol/1 (Izadpanah a kol., 2015).

Zaver

Otazka ucinku statinov na kmenové bunky izolované z podkozného tukového tkaniva je viac nez
aktudlna nielen z dévodu lahkého pristupu ku tkanivu a jednoduchému izolaénému postupu. Dalsim
dovodom je, Ze vela Tudi, ktori statiny uzivaju z indikacie hypercholesterolémie, trpi sicasne obezitou.
Pozorovanie, Ze tieto bunky odolavaju antiprolifera¢nym tuc¢inkom statinov pozorovanych na nadoro-
vych bunkach, je preto pozitivne vnimané. Dalsim ciefom je vylucit i¢inky genotoxickeé.
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