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Abstrakt

Androgenni receptor (AR) patii mezi nejvyznamnéjsi transkripéni faktory v lidském téle a je
jednim z kritickych bodl pro vznik rakoviny prostaty. Jakékoliv naruSeni jeho signalizace
latkami exogenniho piivodu mize mit vazné disledky na lidské zdravi.Mezi studovanymi
latkami byli: mykofenolat mofetil (MYC), imunosupresivni 1é¢ivo; bisfenol S, analog
znamého endokrinniho disruptoru bisfenolu A, ktery je stile Castéji uzivan v chemickém
primyslu a v malych davkach se nachdzi v potravé; berberin, alkaloid pouzivany i jako
potravni dopln€k, a jako posledni studovanou ldtkou byl grafen oxid, materidl ktery naléza
stale SirSi vyuziti snad ve vsSech oblastech primyslu, medicinské aplikace nevyjimaje.
Sledoval jsem vliv vSech ctyf latek na aktivitu androgenniho receptoru pomoci metody
s reportérovym genem, kvantitativni PCR v redlném case a metody western blottingu.
Celkove jsem dosel ke zjisténi, Ze MYC ovliviiuje signalizaci v linii 22Rv1 pomoci indukce
JNKS54 a JNK46 a navic zvySuje jejich citlivost vici inhibitorim JNK. Bisfenol S potencuje
aktivitu AR, ale neovliviiuje expresi cilového genu AR, KLK3 mRNA. Berberin potencoval
aktivitu AR a slabé moduloval hladinu KLK3 mRNA a proliferaci 22Rv1, ale jeho ucinky
byly pozorovatelné ve fyziologicky relevantnich koncentracich. Grafen oxid potlacoval
indukovanou expresi KLK3 a moduloval translokaci AR. Ziskand data mohou mit

toxikologicky i klinicky vyznam.
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Abstract

The androgen receptor (AR) is one of the most important transcription factors in the human
body and is one of the critical factors in the development of prostate cancer. Disruption of its
signaling by compounds of exogenous origin can have serious consequences for human
health. Among studied compounds were: Mycophenolate mofetil (MYC), an is
immunosuppressive drug; bisphenol S, an analogue of the known endocrine disruptor
bisphenol A, which is increasingly used in the chemical industry and can be found in small
quantities in the diet; berberine, an alcaloid used as a food supplement as well as the last
studied compound, was graphene oxide, a material that is increasingly used in all areas of
industry, medical aplications being no exception. I analyzed the effect of all four compounds
on the androgen receptor activity using the reporter gene assay, quantitative real-time PCR
and western blotting. I demonstrate that MYC affects 22Rv1 signaling by inducing JNK54
and JNK46 and, in addition, increases their sensitivity to JNK inhibitors. Bisphenol S
potentiates AR activity but does not affect the target gene of AR, KLK3 mRNA. I showed
that Berberine potentiated AR activity and it was a weak modulator of KLK3 mRNA and
22Rv1 proliferation. However, its effects were observable at physiologically relevant
concentrations. Graphene oxide attenuated inducible KLK3 mRNA and modulate

translocation of AR. The data obtained may have toxicological and clinical implications.
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1 Uvod:

Androgenni receptor (AR) je ligandem aktivovany transkripcni faktor nezbytny pro
spravny vyvoj a fungovani lidského téla. Bylo prokdzéno, ze samotny receptor ovliviiuje
expresi vice nez tisice genu a je dulezitym faktorem pii vyvoji rakoviny prostaty [1]. Jeho
hlavnimi aktivdatory jsou androgeny, hormony produkované v lidském téle, z cehoz
nejvyznamngj$i je metabolit testosteronu, dihydrotestosteron, ktery se na AR vaze a spousti
kaskadu d&ji. Nicméné, signalizace AR miize byt narusena mnoha exogennimi latkami
(bisfenol A, DDT, metoxychlor,...) [2], coz vede k nezadoucim projeviim a v kone¢ném
disledku mohou tyto latky napomoci rakovin¢ prostaty. Jelikoz na rakovinu prostaty a
nasledky s ni spojené umirda mnoho dospélych lidi (jen ve Svédsku témét 10% viech piipada
rakoviny) [3] je pfinosné prozkoumat mozné efekty latek pisobicich na androgenni receptor.

V chemickém priimyslu, potravinaistvi a u véci se kterymi denné ptichdzime do styku
1ze nalézt fadu latek u nichz nebyly zjistovany jejich G€inky na lidsky organizmus nebo ptimo
na jaderné receptory. Piipadné byly testovany pouze v omezené miie. Je proto nezbytné zjistit
jejich mozné uc¢inky na organizmus a piedejit tak riziku onemocnéni, které¢ by z toho mohlo
plynout. Jedna ze Siroce pouzivanych latek je bisfenol S (BPS), nahrada za bisfenol A (BPA),
byla prokézana toxicita a jeho schopnost endokrinni disrupce nékolika jadernych receptort
v mnoha publikacich [4], ale studie jeho derivatu, BPS, jsou pouze v omezené mife. To stejné
plati pro imunosupresivum mykofenolat mofetil, pfirodni alkaloid berberin a ¢im dal Cast&ji
pouzivanou primyslovou slouc¢eninu grafen oxid. Studie zabivajici se Uc¢inky téchto latek na
jaderné receptory, a prevazné na androgenni receptor, jsou pouze limitujiciho charakteru.

Z vyse zminénych divodl je tedy velmi dilezité sledovat mozné nezddouci efekty
pouzivanych latek na lidsky organizmus. VSechny latky, které jsou testovany v této
publikaci, jsou denné¢ v kontaktu s miliony lidi a jejich produkce se celosvétové zvySuje s tim,
jak se rozviji primysl. Tato studie tedy piispéje k lepSimu pochopeni interakci danych latek a

v v

nahrazeni jinymi.
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2 Cil prace:

Hlavnim cilem této prace je analyzovat vliv riznych xenobiotik na aktivitu
androgenniho receptoru. Jednou z téchto latek je i bisfenol S, znamy endokrinni disruptor
narusujici signalizaci estrogenniho receptoru, ktery je Siroce pouzivany v pramyslu. Dalsi
z vybranych latek je berberin (pfirodni latka vyskytujici se v jidle a slouzici jako prekurzor ve
farmaceutickém prumyslu), latka mykofenolat mofetil (Siroce pouzivané imunosupresivum) a
grafen oxid (jeden z derivath grafenu, ktery je stale €astéji vyuzivan v primyslu). Specifické

cile prace jsou:
A) Zjistit vliv téchto latek na transkripcni aktivitu androgenniho receptoru.

B) Pokusit se objasnit mechanizmus jejich plsobeni na androgenni receptor v ptipadé, ze

bude nalezen jejich efekt na receptor.
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3 Androgenni receptor

3.1 Struktura androgenniho receptoru

Androgenni receptor (AR, NR3C4) je ligandem aktivovany transkripcni faktor a patii
mezi Cleny rodiny receptori pro steroidni hormony, do podrodiny 3C spolecné
s glukokortikoidni (GR), mineralokortikoidnim (MR) a progesteronovym receptorem (PR)
[5]. Vyskytuje se v sirokém spektru tkani jako napft.: srdce [6], mozek [7], gastrointestindlni
trakt [8], ktize [9], kosterni svalstvo [10], kostni buniky [11], placenta [12], genitourindrni
trakt [13] a dokonce i v tukové tkéani [14] a slzném apardtu [15]. Pii spravném fungovani
napomédhad AR muzské sexudlni diferenciaci a produkci spermii a je také vyznamnym
faktorem v nervovém systému [7, 16], podporuje rast svalii 1 hustotu kosti [17, 18], je dulezity
pro fungovani neutrofili a imunitniho sytému [19, 20] a také kardiovaskuldrniho systému
[20].

Lidsky gen pro AR je lokalizovdn na chromozomu X (ql1-12) a zaujima pfiblizné
180kb, pficemz obsahuje 8 exontl, 7 introni a 5 skrytych exonti (CE-cryptic exons, uplatiuji
se u alternativnich variant AR), které po translaci a transkripci umozni vznik 110 kDa (920
aminokyselin) proteinu [21-23]. Pocet aminokyselin muze v literatufe oscilovat, jelikoz
celkovy protein obsahuje glutaminové a glycinové repetice kédované v exonu 1. Od roku
2012 (predtim meéla referencni sekvence 919 aminokyselin) je jako referen¢ni sekvence
v NCBI uvadéna NM 000044.2, ktera obsahuje 23 glutamind 1 glycinti a celkové ma 920
aminokyselin [24, 25]. Vysledny protein, pokud se jedna a jeho pln€ funk¢ni variantu a ne
verzi upravenou alternativnim sestiihem, mé 4 zakladni funkéni oblasti a to NTD (N-koncova
doména), DBD (DNA-vazebnd doména), pantovou oblast a LBD (ligand-vazebnd doména)

[22] viz obrazek €. 1.
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AE-1 | I AF-2
FQNLF WHTLF NLS RKLKK  NES

N-koncova doména Sekvence 23 glutamini

o |

DNA vazebna doména Sekvence 9 prolint

B B ]
[o

Pantova oblast EI Sekvence 23 glycini

. Ligand vazebna doména

Obrazek ¢. 1: Struktura androgenniho receptoru. Sestavend podle informaci z informaci publikaci v kapitole
,,3.1 Struktura androgenniho receptoru®. Nejdulezitéj$i domény a ¢asti receptoru jsou vyznaceny. Zobrazena je
plnd verze AR (AR-FL) s 920 AMK. Obrazek ¢. 1 sestaven na zakladé informaci z kapitoly ,,3.1 Struktura

androgenniho receptoru®.

N-koncovd doména (aminokyseliny 1-538) je tvofena exonem 1 a je nezbytnd pro
transaktivaci AR, coz prokazaly pokusy na mutantnich receptorech [26]. Ve své Casti
obsahuje tf1 repetitivni mista, z nichZ nejvyznamnégjsi je polyglutaminova ¢ast zacinajici na
kodonu 58 (glutamin je tu kédovan tripletem CAG). V piipadé, Ze je tato oblast vyraznéji
zkracena (primérné obsahuje 23 glutaminl), dochazi ke zvySovani transkripcni aktivity
receptoru a také je zvysené riziko rakoviny prostaty [25, 27]. Uplna delece této oblasti vede az
ke ¢tyfnasobnému zvyseni aktivity mutantniho AR v porovnédni s normdlnim receptorem [28].
Naopak prodluZovani repetice (na 40 aZ 62 opakovani) zpisobuje, kromé& sniZené transkripcni
aktivity, Kennedyho nemoc (degenerativni onemocnéni postihujici pfevazné spinalni a
bulbarni periferni motoneurony coZ vede ke svalové atrofii) [27]. Dalsi repetitivni sekvenci
v AR genu je GGC kodon, ktery kéduje glycin a stejné jako v predeslém ptipad¢€, pokud je
sekvence pfili§ kratkd (primémé 23 glycinll) dochazi ke zvySeni rizika rakoviny prostaty i
samotného mnozstvi AR, ale nikoliv k jeho v¢tsi transaktivaci [29]. Mezi glutaminovymi a

glycinovymi oblastmi lezi, na pozicich 373-380, posledni repetitivni oblast androgenniho
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receptoru a to sekvence deviti prolinti u kterych vSak nebyly zaznamendny variace v délce
[25, 30].

Déle se tu nachézi oblast oznacovana jako aktiva¢ni funkce 1 (AF-1), sloZzena ze dvou
podjednotek a to na ligandu zdvislé TAU-1 (transkripéni aktivacni jednotka, aminokyseliny
101-360) a na ligandu nezdvislé TAU-5 (aminokyseliny 360-528), které jsou nezbytné pro
aktivitu AR [21]. Samotnd AF-1 funguje jako konstantni aktivator AR bez pfitomnosti
ligandu a je zodpovédna za vétSinu jeho aktivity. Ale pouze po interakci s ¢asti oznaCovanou
jako aktivacni funkce 2 (AF-2), nachdzejici se v LBD, je umoZnéna plna transaktivace
receptoru [21, 31]. Kousek pfed TAU-1 podjednotkou se nachdzi motiv FQNLF (AMK 23-
27), ktery poméha zprostfedkovavat interakci s AF-2 a spole¢n¢ s motivem WHTLF (AMK
433-437, nalezejici pod TAU-5) interaguji s LBD a pomadhaji stabilizovat komplex receptoru
s navazanym ligandem a zpomaluji jeho disociaci [32]. Tato vazba mezi NTD a LBD se
oznacuje jako N/C interakce a je nezbytnd pro regulaci nékterych androgeny regulovanych
gent, nikoliv vSak vSech [32, 33].

Na konec NTD navazuje DNA vazebnd doména (aminokyseliny 539 — 625) tvofena
exony 2 a 3, vykazujici silnou homologii s DBD ostatnich receptoril pro steroidni hormony a
zprostifedkovavajici vazbu AR do DNA. Stejné jako ostatni receptory pro steroidni hormony 1
AR nasedd jako homodimer (AR/AR) do specifické oblasti na DNA oznacované jako
androgen responzivni element (ARE), coz jsou dvé hexamerické sekvence (5'-AGAACA-3")
oddélené od sebe tfemi bazemi a uspofadané jako prevracené repetice (IR3, nazyvany jako
klasicky ARE) nebo piimé repetice (DR3, nazyvana jako selektivni ARE) [34, 35]. Pravé za
vazbu do této sekvence je zodpoveédna struktura oznacovana jako zinkové prsty, coz jsou dva
utvary (N-koncovy a C-koncovy) vazajici v sobé zinkovy iont pies Ctyii cysteiny. N-koncovy
zinkovy prst interaguje ptimo s ARE v DNA a za spravné rozpozndni responzivniho elementu
je zodpovédny P box (nasedd do velké drazky), coz je oblast péti aminokyselin (GSCKV),
které jsou identické i u PR, GR a MR [36, 37]. V druhém zinkovém prstu se nachézi tzv. D-
box, ktery pomahd zprostfedkovat dimerizaci s druhym receptorem (sekvence ARSND) a
udrZzet jejich vazbu po nasednuti do DNA [37].

Za DBD se nachazi kratkd pantova oblast (aminokyseliny 626 — 667, tvofena Casti
exonu 4), kterd slouzi ke konforma¢nim zménam AR a je v ni umistén jaderny lokaliza¢ni
signdl (NLS, sekvence RKLKK) nachazejici se mezi aminokyselinami 629 aZz 633 vcetné.
Tato sekvence je rozpozndna proteinem importinem-a, ktery funguje jako receptor

rozpozndavajici NLS sekvenci, na kterou se vaZe a napomaha pak transportu proteinu do jadra.
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Mutace uvnitt této sekvence jsou spojeny s rakovinou, snizenym transportem AR do jadra,
Spatnou vazbou koaktivatorii a rozdilnou transkripéni aktivitou mutantnich receptort [38, 39].

Posledni oblasti v AR je ligand vazebnd doména (aminokyseliny 668 az 920, tvofena
zbytkem exonu 4 a exony 5-8) do které se vdzou jak endogenni tak exogenni ligandy AR a
byla dobfe charakterizovana pomoci krystalografie v roce 2000. Diky tomu vime, ze tfi-
dimenziondlni struktura LBD AR se skldda z jedendcti alfa Sroubovic a dvou antiparalelnich
beta-skladanych listd (viz databdze PDB (http://www.rcsb.org/): 1E3G pro AR LBD
v komplexu s metribolonem, 1137 pro dihydrotestosteron a 2AMA pro ligand testosteron)
[40-42] a po vazbé& ligandu dochazi ke konformac¢nim zméndm v LBD, kdy vysoce flexibilni
alfa Sroubovice 12 je stabilizovdna v poloze piekryvajici ligand vazebnou kapsu. Tato
konformacéni zména zptisobi vytvotreni hydrofobni drazky (pomoci Sroubovic 3, 4, 5 a 12),
kterd nasledn€ interaguje s motivem LXXLL (L-leucin, X-ndhodnd aminokyselina)
ptitomnych u nékterych koaktivator (RIP-140, SRC-1 nebo CBP) a napoméhd zahdjeni
transaktivace AR [43, 44]. Oblast, kterd reaguje s AF-1 v NTD se nazyva aktivac¢ni funkce 2
(AF-2). Ta po navazéni ligandu a vySe popsanych konformacnich zménach interaguje
s motivem FQNLF s stabilizuje tak cely komplex [45]. Posledni dulezitou ¢asti ve struktufe
androgenniho receptoru je jaderny exportni signdl (NES) na pozicich 742-817, ktery je
potlacen v pritomnosti ligandu a po disociaci ligandu se stava aktivnim a smétuje AR zpét do
cytoplazmy. Nicméné piesny mechanizmus neni doposud znam, ale bylo prokdzano ze se
jednd o drdhu nezdvislou na CRM1 (Chromosome region maintenance 1 coZ je hlavni

receptor pro exportovani proteind pry€ z jadra a ktery se vaze do NES) [46].
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3.2 Modulace aktivity androgenniho receptoru

3.2.1 Signalni draha androgenniho receptoru

Androgenni receptor je ligandem aktivovany transkripéni faktor a v ptipadé
nepfitomnosti ligandii se nachédzi pfevazné v cytoplazmé, zlstava neaktivni a je vazan
v heterokomplexu obsahujici proteiny teplotniho Soku (HSP90, HSP70, HSP56 a HSP27),
chaperony a proteiny s tetratrikopeptidovou doménou (TPR; obsahuje ji naptiklad protein
SGTA — maly na glutamin bohaty TRP ). Zvlasté diilezity pro aktivaci receptoru je HSP27,
ktery po navéazani ligandu na AR podstupuje fosforylaci na pozici S78 a S82
zprosttedkovanou kindzou p38. V disledku této fosforylace dochéazi k disociaci HSP90 a
celkové translokaci AR do jadra. V ptipadé¢ inhibice fosforylace nebo pfi pouziti OGX-427
(inhibitor HSP27) dochazi ke zvysené degradaci AR pomoci proteazomu, snizené transkripéni
aktivité a zvysené apoptoze v pripade rakovinné linie LNCaP [47-49].

Po navazani ligandu a disociaci nepotfebnych proteinit se AR spojuje s dalSim AR
do homodimeru a podstupuje translokaci do jaddra a dochdzi k jedné ze Ctyf mozZnosti
(zobrazeno na obrazku ¢. 2). Bud’ se homodimer vdze na sekvenci ARE, pficemz dochdzi
k vazbé dalSich koaktivatort jako tfeba SRC, Vav3, E2FI, Tip60, ATAD2 nebo JunD [50].
Nasledné¢ dochdzi k remodelaci chromatinu jeho rozvolnénim a tim i1 moZnosti vazby
obecnych transkripénich faktorti (TFIIA, TFIIB,...) a Pol II ¢imZ je umoZnéna transkripce
cilovych genii [22]. Dalsi akei po navazani ligandu na AR muze byt také vazba korepresord,
které znemozni vazbu AR na DNA ovlivnénim ptimo DBD (kalretikulin, ARRI9, DJBP,
HBOI), ptipadné mohou zablokovat jiné ¢asti AR (ARA67/PATIL, DAX-1, PAK6, SMRT,
HDACI, TGIF) a tim sniZit expresi cilovych genli AR. Také existuje mnoho korepresort,
které sice neinteraguji ptimo s AR, ale pferuSuji jeho interakci s koaktivatory (SHP, Akt,
Cyklin DI, Smad3/Smad4) a tim vedou ke sniZeni transkripéni aktivité receptoru [51].
Celkové bylo identifikovano piiblizné 170 proteinli fungujicich jako koregulatory AR [52].
Treti moznosti je, Ze receptor se sice piimo nevdZze do ARE, ale interaguje s dal$imi
transkripénimi faktory a moduluje jejich aktivitu [22]. Existuje ovSem jeSt€¢ moznost
mimojaderné drahy. AR po vazbé¢ ligandu nevstupuje do jadra, ale interaguje s kindzami (Akt,
SRC), coz vede ke spusténi signalizacni kaskady a ovlivnéni jinych transkripénich faktord,

bez jakékoliv vazby receptoru do DNA [22, 53].
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Cytoplazma .

Testosteron 5a-DHT 1,

Obrazek ¢. 2: Mechanizmy akce AR. AR je pfitomen v cytoplazmé ve vazb¢ s proteiny (HSP, chaperony,...)
které zabranuji jeho degradaci. Po vazb& Sa-dyhydrotestosteronu (pfeménéného Sa-reduktazou z testosteronu)
nebo jiného ligandu dochdzi k jeho disociaci z komplexu proteinti a translokaci do jadra, kde reguluje cilové
geny mnoha zpiisoby. 1 - AR se vaze do ARE a interaguje s koaktivatory (KoA), poté je umoznéna interakce se
zakladnimi transkripénimi faktory a RNA Pol II zacina transkripci, ¢im z AR pusobi jako pozitivni regulator na
transkripci genu. 2 - AR se vaze do ARE a interaguje s korepresory (KoR) a tim inhibuje transkripci cilovych
genll. 3 — AR se vaze na ostatni transkripéni faktory (TF), interaguje s dal§imi KoA a umoznuje tak transkripci
geni. 4 — AR interaguje s kindzami, ¢imz spousti celou kindzovou kaskadu vedouci k fosforylaci dalSich
transkripcnich faktort a ovlivnéni gent. Obrazek ¢. 2 sestaven na zakladé informaci z kapitoly 3.2.1 ,,Signalni

drdha androgenniho receptoru a prace Shafi A. ef al. [22].

Nejznaméj§im ligandem AR je Sa-dihydrotestosteron (DHT), ktery vznika
vnitrobunéénou konverzi z testosteronu Sa-reduktdzou (kédovanou genem SRDS5A, typ 1 a 2)
v cilovych orgénech jako je prostata, kize nebo jatra. Sice samotny testosteron je také
agonistou AR, ale s daleko mensi potenci nez DHT a je dilezity hlavné€ pro svoji cirkulaci
v téle, aby byl pfitomen v cilovych buiikach, kde dochézi k jeho pfeméné na DHT. Tohoto se
vyuziva v ptipad¢ benigni hypertrofie prostaty (BPH), ktera se 1é¢i podavanim inhibitort Sa-
reduktazy. Cirkulujici testosteron sice vstupuje do buiiky, ale vétSina enzymu je blokovéana a
jeho pteména na DHT je snizend a AR je aktivovan pouze slab¢, ¢imz dochdzi ke snizeni
velikosti a funkce prostaty [54, 55]. Krom¢ testosteronu a DHT se muze na AR vdazat

mnozstvi dalSich syntetickych ligandl, z nichz nékteré se vyuzivaji v terapii jako tfeba
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bikalutamid (nejvice efektt je zprostfedkovano jeho R-enantiomerem). Jedna se o nesteroidni
antiandrogen s dlouhym poloc¢asem eliminace v téle (pfiblizn¢ jeden tyden) z n¢hoz je po
podani vétSina (>95%) vadzand na proteiny v plazmé€. Mechanizmus ucinku jeho funkce je
vazba na AR, kde plsobi jako antagonista a zabranuje tak akcim zprosttedkovanych DHT
¢ehoz se vyuziva pii 1éCbe rakoviny prostaty [56]. Dalsi antagonisté AR se vyuzivaji pii 1€cb¢
metastatické CRPC, jako tfeba MDV3100 (enzalutamid) [57] nebo ARN-509 (apalutamid)
[58]. Krom¢ antagonistld se vyuziva i syntetickych agonisti androgenniho receptoru. Jednim
z nich je i S42, ktery se ve svalech chové jako agonista, ale v prostaté, hypofyze a jatrech jako
jeho antagonista, takZe s nim lze tk&nove specificky modulovat efekty AR [59].

Jak jiz bylo zminéno, androgenni receptor mize modulovat genovou expresi celkem
Ctyfmi zpusoby a tim ovlivnit velmi Siroké spektrum nejriznéjsich gent. Pravdépodobné
nejzndméjsi gen regulovany pravé pomoci AR v zavislosti na mnoZzstvi androgenl je
prostaticky specificky antigen (PSA nebo také kallikrein-3), coz je serinova protedza, jejiz
gen se nachazi na chromozomu 19 (19q13.4) spolecné s dalSimi 14ti ¢leny kallikreinové
rodiny [60]. Je produkovana sekrecnimi epitelidlnimi bufikami jako neaktivni 244
aminokyselinovy proenzym (proPSA). Po odStépeni sedmi aminokyselin z N-termindlniho
konce je enzym plné aktivni a je okamzit¢ cilem inhibitori protedz (pfevazné al-
antichymotrypsinu) a vylucuje se pfimo do lumenu prostaty, kde ¢ast podstupuje proteolyzu a
cirkuluje v séru jako volny PSA. V ptipad¢ rakoviny prostaty dochazi k naruseni bazalni
vrstvy buné¢k 1 procesu inaktivace enzymu a jeho uvolnéni do séra, kde mize byt detekovano
jeji zvySené mnozstvi. Pravé z toho diivodu je detekce hladiny PSA uZivano jako biomarkeru
rakoviny prostaty [61].

Dal$im znamym genem regulovanym AR je FKBPS, ktery kdduje imunofilin. Jedna se
o maly protein (51 kDa), ktery reguluje distribuci receptori pro steroidni hormony mezi
cytosolem a jadrem [62]. Stejné¢ jako v piipadé PSA je FKBPS pozitivné regulovan
mnozstvim androgent v pfipadé kultur rakoviny prostaty, ale ve své proximalni ¢asti
promotoru postradd misto pro vazbu AR. To se nachdzi az 65 kb od zacatku transkripcniho
mista v patém intronu, se kterym androgenni receptor interaguje pomoci cAMP responzivni
element vdzajictho proteinu (CBP) proteinu a dochdzi k rozvolnéni chromatinu
nasledovaného zvySenou transkripci genu. Pravé diky tomuto rozdilnému mechanizmu
regulace a Casté expresi FKBP5 mimo prostatickou tkan se jednd o zajimavy cil vyzkumu
mechanizmu aktivace AR [63].

Samotny androgenni receptor reguluje mnoZzstvi gent ale sdm je také cilem mnoha

transkripénich faktorti. Nejznaméj$i z nich je Spl, ktery je hlavnim faktorem v regulaci
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exprese AR genu a muze se vazat bud’ na sekvenci 5" GGGCGG 3’ lokalizovanou -45 az -40
bp [64] nebo do oblasti ptiblizné 90 bp rozléhajici se v promotoru AR na pozicich -150 az -
60, kde je nékolik moznosti pro jeho vazbu [65]. Po vazbé do téchto dvou nejcastéjSich mist,
piipadn¢ dalSich pfilezitostn€jSich dochazi bud’ k interakci se zakladnimi transkripnimi
faktory (TFIID) anebo vazbé Brgl (enzym modifikujici chromatin) a argininové
metyltransferdzy (PRMTS), coz zplisobuje epigenetické modifikace majici pozitivni vliv na
expresi AR a rust rakoviny prostaty [66]. Zajimava je i jista zpétnovazebna regulace, protoze
zvySené mnozstvi receptoru muze interagovat s Spl a inhibovat tak jeho transaktivaci
znemoznénim vazby do GC boxa [67]. Kdalsim transkripénim faktorGm pozitivné
regulujicim AR patii tfeba Zebl [68], Twistl [69] nebo SREBP1 [70] a k negativné
regulujicim p53 [71], Pur a [69] a také samotny AR, ktery muZze regulovat sam sebe jak
pozitivn¢ tak negativné [72].

Pro vétSinu jadernych receptorti je dilezitym regulacnim faktorem proteazom a s nim
spojena jejich degradace. Nicméné, AR neni na rozdil od jinych jadernych receptord, jako je
tteba ER, negativné regulovan svymi ligandy (ER po navazani ligandu vstupuje do jadra a
ovliviiuje genovou expresi, poté je transportovdn do cytoplazmy a degradovan proteazomem)
[73]. V jeho piipadé¢ dochazi v pfitomnosti androgeni dokonce ke zvySovani mnozZstvi
receptoru [74]. Experimenty s fluorescenéné znacenym AR (pomoci GFP- zeleného
fluorescen¢niho proteinu) prokazaly, Ze po navazani ligandu vstupuje AR do jadra (b&hem 15
— 60 minut) a ovliviiuje expresi cilovych genii. Po disociaci ligandu je transportovan zpatky
do cytoplazmy, kde mlze znovu dojit k navazani ligandu a nésledné jeho dalSiho plisobeni
v jadre, pficemz tento cyklus miize vykonat az Ctytikrat [75]. Detailni mechanizmus této akce
nebyl doposud objasnén, ale data jasné¢ ukazuji zapojeni mnoha faktord a rozli¢nych

podminek, které utvaii vysledny osud dalSiho plisobeni AR.

3.2.2 Posttransla¢ni modifikace

Stejné¢ jako ostatni jaderné receptory 1 androgenni receptor je cilem mnoha

posttransla¢nich modifikaci, které moduluji jeho aktivitu. Cilem této kapitoly neni detailné

vvvvvv

v

Pro detailngjsi informace o posttranslacnich modifikacich AR doporucuji praci od van der

Steena [76] nebo Koryakina [77].
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3.2.2.1 Fosforylace

Jedna z nejvyznamnéjsich fosforylaci na AR je serin v pozici 81 (S81p), kterd je
zprostiedkovana pomoci nékolika cyklin dependentnich kinaz (CDK) a nejcastéji se tak déje
v reakci na androgeny v prostiedi, kde zvySené mnozstvi S81p bylo zjisténo 1 po 8 hodindch
od pridani syntetického agonisty (R1881; metribolon) AR, coz vedlo ke zvySenému mnozstvi
AR a jeho transkripcni aktivity [78]. Dalsi z vlivii spojenych s S81p je zvySena proliferace
bun¢k. Bunécné linie LHS a LAPC4 s mutantnim AR (S81A) vykazovali mensi proliferaci
oproti nemutovanym buiikdm [79] a stejné¢ho vysledku bylo dosazeno i u linie CWR22Rv1
[80]. Samotnou fosforylaci pak zajistuji CDK a to konkrétné¢ CDK1 [81] CDKS5 [80] a CDKO,
u které je dokazano, ze AR fosforyluje specificky pouze na pozici 81 [79].

Tato fosforylace ovSem neni nezbytna pro transkripéni aktivitu receptoru, jak dokazaly
pokusy na mutantnim AR, ktery mél na pozici 81 alanin misto serinu, takze se zda, ze
samotna fosforylace stabilizuje receptor jinymi mechanizmy, nez piisobenim pouze na pozici
81 [81]. Navic, pokusy s inhibitory CDK na rakovinnych liniich (po pfidani inhibitoru doslo
ke snizeni exprese AR a tento efekt byl zvracen inhibitory proteazomu) a klinickymi vzorky
od pacientll naznacuji, Ze zvySend exprese a stabilita AR je jedna z odpovédi na nizkou davku
androgentl v prostfedi vedouci k ,,na kastraci rezistentni rakoviné prostaty* (CRPC, oznacuje
se tak rakovina prostaty, kterd pokracuje v ristu 1 po snizeni koncentrace testosteronu v téle)
[81, 82]. Reaktivace CRPC je tedy nejspiSe spojend s fosforylaci S81 i kdyz presné
mechanizmy nejsou Upln€ objasnéné a je pravdépodobné, Ze potenciondlni inhibitory CDK
(jako tfeba NU2058) mohu mit terapeuticky potencial [81, 82]. Stejn¢ tak napomocnd muze
byt fosforylace S51, kterou Ize vyuzit jako biomarker AR aktivity a CRPC [83].

Defosforylace S81p vede ke sniZzené translokaci AR, potlacené transkripcni aktivité a
je zplsobena proteinovou fosfatdzou 2A (PP2A), ktera kromé serinu 81 defosforyluje mnoho
dalSich mist na AR [84]. Nedavny vyzkum odhalil, ze DAB2IP (tumorovy supresor
s GTPazovou aktivitou) miize inhibovat bunéény rust zprostiedkovany AR a jeho aktivaci
transkripce jeho cilovych genil v rakoviné prostaty (a to i ucinky sestfihovych variant AR,
které ukazuji konstantni aktivaci). Jednim z mechanizmi G¢inkht DAB2IP je pravé plisobeni
na AR pies PP2A, coZ z obou proteint dé€la dalsi cile pro terapeuticky vyzkum [85].

Dalsi dtlezita fosforylace AR se nachazi na pozici 213 (S213p) a jednou z kindz, které
zpusobuji tuto modifikaci, je Akt. Po aktivaci Akt pomoci PI3K doslo k signifikantnimu
zvySeni S213p a po pouziti LY294002, coz je inhibitor PI3K, doslo k potlaceni S213p [86].

Stejného efektu bylo dosazeno i za pouziti isosilybinu B (G¢inkuje na AR svym plisobenim na
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Akt, PI3K a Mdm2), ktery kromé snizené fosforylace zpusobil i pokles transkripéni aktivity
receptoru, inhiboval bunéény rist a translokaci do jadra zplsobenou androgenem R1881.
Dalsi z ucinkt bylo snizeni polocasu zivota AR piiblizné o polovinu (z 13,8h na 6,8h), coz
ukazuje na dtlezitost S213p pro proteinovou stabilitu (tento efekt byl zvracen inhibitorem
proteazomu MG132) [87]. Druhou prokézanou kinazou fosforylujici AR v tomto misté je
PIM-1 [88]. PIM-1 ma dv¢ izoformy (L — 44 kDa a S — 33 kDa) z nichz kazda fosforyluje AR
v pozici 213, ale s rozdilnymi efekty naznacujicimi zapojenim kindz jes$t¢ v jiném misté a
s jinymi proteiny. Ob¢ kindzy fosforyluji AR na pozici S213, ale PIM-1S zéroven interaguje
s Mdm?2, ktery napomdhd degradaci AR (v zdvislosti na bunééném cyklu). Namisto toho,
PIM-1L kromé¢ fosforylace na pozici 213, fosforyluje AR i v pozici T850, coz vede k interakci
s RNF6 E3 ubiquitin ligdzou a ke zvySené transkripci cilovych genli AR v prostiedi s nizkym
vyskytem androgend. Nicméng, obé PIM-1 izoformy dokazi zvysit rlst rakoviny prostaty
v prostiedi, kde je nedostatek androgent [89]. Fosforylace S213p tedy mliZe vést k navzdjem
opacnym efektim podle toho, jakou kindzou (Akt, PIM-1) a za jakych podminek (jaka ¢ast
bunééného cyklu a mnozstvi androgenti v prostiedi) je AR fosforylovan.

Ackl je kinédza zajist'ujici fosforylaci dvou tyrosini v AR (Y267p a Y363p) a stejné
jako v ptedeslych ptipadech i tahle kindza se vyznamné podili na riistu rakoviny v prostiedi
s nizkym vyskytem androgenii. V buné¢né linii LNCaP byla exprimovéana konstantné aktivni
Ackl a v ptipad¢ absence ligandii AR dochazelo ke zvySené vazbé receptoru do promotoroveé
oblasti pro prostaticky specificky antigen (PSA) a stejného efektu bylo dosazeno 1 pfi pouziti
nizkych davek androgend, které predtim nevyvolaly Zadny efekt v linii kde Ackl nebyla
konstantné aktivni. Tyto data naznacuji, Ze Ackl zvySuje citlivost rakoviny prostaty na
androgeny a pomaha piekonat jejich nizké davky v prostfedi a je tak jednim z mechanismti,
které usnadnuji progresi rakoviny z androgen zdvislé formy na androgen nezdvisly fenotyp
[90]. Pfi pouziti anti-androgent, kdyz byla Ackl konstantné aktivni, nedoslo k ovlivnéni
transkripéni aktivity AR (coZ podporuje piedchozi teorie Ze Y267p a Y363p nejsou zavislé na
LBD) a pfipadnd terapie by teda méla cilit na samotny Ackl, jelikoZ v mutantech
neschopnych fosforylace na pozici 267 a 363 (Y267F a Y363F) nedochdzelo k vazbé AR do
genu pro PSA. Pfi pouZiti inhibitoru AIM100 (selektivni inhibitor Ackl) doslo ke sniZené
proliferaci bun¢k a oproti kontrolnimu vzorku bylo vice bun¢k v GO/G1 fazi nez v S fazi,
piicemz epidermalni rastovy faktor (EGF, fosforylace AR nastdva pomoci aktivace Ackl po

reakci na EGF) nedokazal zvratit a¢inek inhibitoru [90, 91].
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3.2.2.2 Acetylace

K dnesnimu datu byly objeveny pouze ctyii acetylaéni mista (K618, K630, K632 a
K633) na AR a tfi posledni se nachazeji v pantové oblasti. Lysin na pozici 618 je modifikovan
onkoproteinem ARD1, ktery podporuje tumorigenezi prostaty. Mechanizmus ptisobeni ARD1
je pomoci tvorby komplexu HSP90/AR/ARDI, nésledné disociaci AR od HSP90
v cytoplazmé a jeho acetylaci. Receptor s mutaci defektni na moznost acetylace (K618R) neni
schopny disociace z komplexu AR/HSP90, coz vedlo ke sniZzeni transkripcni aktivity
receptoru, rastu bunék a poklesu translokace AR do jadra, zatimco mutace mimikujici
acetylaci (K618Q) tyto efekty zvysila [92].

Za modifikaci K630, K632 a K633 odpovidd protein p300 a p/CAF jak prokizaly
experimenty se znacenym acetatem [93]. Po pfidéni dihydrotestosteronu (DHT) k buitkdm
doslo ke zvySené acetylaci AR a pti nadmérné expresi p300 byla jeho transkripéni aktivita
zvySena dokonce 9x oproti kontrole, ale po pfidani DHT k nadmérné exprimujicim bunikam
doslo k poklesu transkripéni aktivity pfiblizné o polovinu [94]. Dalsi moznosti pro modifikaci
téchto mist je Tip60 (histonova acetyltransferdza), kterd piimo acetyluje AR a pfi jeji
nadmérné expresi dochazi ke zvySenému vyskytu AR v jadie, a to dokonce bez vystaveni
bun¢k androgentim. Stejny efekt méla zaména téchto aminokyselin za glutamin, ktery
mimikoval acetylaci. Opacny efekt nastal po sniZeni exprese Tip60 nebo zadméné
aminokyselin za arginin, a to i pfi vystaveni bun¢k androgentim [95, 96]. Je tedy moZné, Ze
Tip60 bude hrat dilezitou roli pti vyvoji budoucich 1é¢iv rakoviny prostaty zvlast’, kdyz bylo

prokazano, ze je nadmérné exprimovan v CRPC [97].

3.2.2.3 Metylace

Metylac¢ni mista AR se prekryvaji s acetylacnimi, jelikoZ jsou na pozicich K630 a
K632 (tedy v sekvenci NLS). V pfipadé¢ mutace pozice 630 na neschopnost metylace (a ani
acetylace) nedoslo ke zméné transkripéni aktivity AR, coZ prokazuje, Ze jeji modifikace neni
nezbytnd, ale v pfipad¢ snizené exprese Set9 (metyltransferaza zodpovédnd za metylaci AR
na obou pozicich) doslo k inhibici vazby AR do promotorové oblasti PSA a pfi jeji nadmérné
expresi doslo k opa¢nému efektu. Navic, Set9 podporuje proliferaci a zabraiiuje apoptoze
v bunkéch rakoviny prostaty, a to v§e pravé pres metylaci lyzinu na pozici 632 [98, 99]. Za
demetylaci AR je zodpovédnda KDM4B, ale pfi zablokovani jeji exprese v linii LNCaP doslo
ke snizeni exprese cilového genu AR (PSA) o 38 % a ke snizeni hladiny mRNA doslo i u
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dalsich cilovych genii AR. Je to disledkem zvySené degradace receptoru, jelikoz KDM4B
neplni jen funkci demetyldzy, ale zaroven chrani AR pted ubiquitinaci a jeho sméfovanim do
proteazomu [100]. Tato a dalsi zjiSténi naznacuji, ze neaktivovany AR v cytoplazmé je
metylovany a chranény proti ubiquitinaci, pfiCemz po stimulaci androgenem podstupuje

demetylaci, ndslednou acetylaci a translokaci do jadra [76].

3.2.2.4 Ubiquitinace

V piipad¢ AR jsou nejdéle znamy dvé ubiquitinacni mista, kterd se nachazi v LBD na
pozicich K845 a K847 a jsou cilem E3 ligdzy RNF6 [101]. Monoubiquitinace pomoci RNF6
vede ke zvySené transkripcni aktivité AR a v pfipad¢ snizeni této ligdzy pomoci transfekce
siRNA, dochézi k signifikantné vyznamnému snizeni transkripcni aktivity AR. Opacny efekt
byl sledovan u dalSich tfi E3 ligaz, ktera cili na stejna mista v AR a to MDM3, Skp2 a CHIP,
ale na rozdil od RNF6 tyto ligazy zptisobuji polyubiquitinaci receptoru a sméiuji ho tak
k degradaci [101-104]. V nedavné dob¢ (2017) bylo objeveno tieti ubiquitinacni misto AR,
které¢ lezi mimo LBD, a to v NTD, kde na pozici K311 dochdzi k ubiquitinaci zatim
nezndmou E3 ligdzou. Tato modulace je kritickd pro transkripéni aktivitu receptoru a pokud
AR neobsahuje LBD nemutize byt v této pozici ubiquitinovan, coz ukazuje na moznou ulohu
C-konce receptoru v rozpozndni substritu pro ligdzy. Je tedy velmi pravdépodobné, Ze
existuje dal§i ubiquitinacni misto na AR nebo né&jakd specifickd cesta pro degradaci

zkracenych variant [105].

3.2.2.5 Sumoylace

Posledni posttransla¢ni modifikaci, kterd byla u AR prokazana, je sumoylace (pfidani
malého proteinu na lysin) a jsou za ni zodpovédné dvé E3 ligazy, PIAS1 a PIASxalpha [106].
V AR jsou zndmé pouze dvé sumoylacni mista, a to K386 a K520, z nichz jako diilezité;si se
zda K386. Mutace v tomto miste (at’ uz v kombinaci s druhou pozici nebo ne) vede k téméet
trojnasobnému  zvySeni transkripce v promotorech obsahujici ARE po oSetieni bunék
androgeny [107]. Opacny efekt nastal v ptipadé¢ bunééné linie VCaP a pomoci nadmérné
exprese SUMO 2 (v ptredchozim piipadé¢ se jednalo o blokaci SUMO 1 proteinu) bylo
dosazeno sedminasobné exprese mRNA pro PSA v porovnani se SUMO 1. Tyto data jasné

ukazuji, Ze zalezi na druhu SUMO, kterym je AR modifikovan a na typu bun¢k [108]
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3.2.3 Alternativni sestfih androgenniho receptoru

V kapitole 3.1 byla velmi detailné popsdna struktura plné verze androgenniho
receptoru o celkové délce 920 aminokyselin. Ovsem AR podstupuje alternativni sesttih (jako
mnoho dalSich proteinll) a existuje vice nez dvacet zkracenych verzi AR, které byli nalezeny
ve vzorcich rakoviny prostaty (PC) u rGznych pacienti [109, 110]. V této kapitole se
podivame na dvé vybrané varianty, které jsou zajimavé z hlediska své funkce a medicinské

terapie a jejich struktura je znazornéna na obrazku ¢. 3.

3.2.3.1 AR-v7

Nejznaméjsi a nejvice studovanou variantou AR je zkracend verze oznacCovana jako
AR-v7 (nékdy také jako AR3) a v porovnéni s plnou verzi receptoru dochdzi k transkripci
exonu CE3 lokalizovaného v intronu 3. Vysledny protein ma, stejn¢ jako plnd verze
receptoru, N-koncovou doménu a DBD, ale pantova oblast spole¢n¢ s LBD chybi a jsou
nahrazeny kratkou 16ti aminokyselinovou sekvenci (EKFRVGNCKHLKMTRP) tvotenou
pravé CE3 [109]. Této kratké sekvence se vyuziva pii tvorbé specifickych protilatek proti
AR-v7 a tato varianta tak slouZzi jako jeden z markeri pro diagnostiku rakoviny prostaty a jeji
nadmérna exprese je spojovana s negativni prognézou pro pacienty [111].

Navzdory tomu, Ze vyslednému proteinu chybi LBD a neni mozné jej aktivovat
pomoci androgent, zlstava tento receptor konstitutivné aktivni a reguluje expresi mnoha
genll. Mnoho z nich se ale nedokaze vratit zpatky na jejich troven exprese jako v piipadé AR-
FL v ptitomnosti androgend [112]. Nicméné, AR-v7 indukuje transkripci genii zahrnutych
v bunééném cyklu a pozitivné tak modulovat riist PC v ptipadé nedostatku ligandti AR [113].
Vyzkumy totiz naznacuji, Ze alternativni varianty AR (v pfipad¢ konstitutivné aktivnich
sestfihd receptoru) jsou vétsinou odezva PC na sniZeni androgent v prostedi, coz je jeden ze
zpusobii 1€¢by rakoviny prostaty. V piipad€ na androgenech zavislé¢ PC, miizeme vidét dvojity
efekt. Pokud je v prostiedi moc malo nebo naopak hodné androgenti je rlst bun¢k potlacen
(idedlni je stfedni koncentrace androgentl, ale koncentrace se li$i podle mnozstvi receptoru) a
dochazi tak k expresi genli regulovanych AR-v7 (UBE2C, PLKI1, BIRCS5, CDC25B,
CDC25C,...) a to tim vice, ¢im vétsi je potlateni AR-FL [113, 114].

Samotny mechanizmus akce receptoru nebyl jesté Uplné objasnén. Klasicka verze AR

se vaze do DNA ve form¢ homodimeru (AR-FL/AR-FL), ale u AR-v7 to tak zfejmé neni.
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V piipadé metastazi CRPC byly oba receptory ve spousté vzorkli nalezeny spolecné 1 kdyz
AR-v7 byl exprimovany v daleko mensi mitfe [115] a je tedy mozny jeden ze tii zptisobt jeho
aktivace, kdy se AR-v7 véaze ve formé heterodimeru AR-FL/AR-v7 do DNA. V piipadé
snizené exprese normalni varianty receptoru (tfeba v disledku 1écby, nepifitomnosti AR-FL
nebo pii pouziti specifickych inhibitorti) dochazi k homodimerizaci AR-v7/AR-v7 a vazb¢ do
DNA nebo i vazbé ve form¢é monomeru, ale pfesné mechanismy a ani podminky vzniku
jednotlivych typt vazeb nebyli zatim spolehlivé objasnény [116]. Je tedy zfejmé, Ze k plnému
pochopeni funkce a celé signalizace AR-v7 vede jest¢ dlouhd cesta, ale soucasny vyzkum
neustdle prokazuje vyznam AR-v7 v pfipadé¢ PC jako terapeutického cile, coz dokazuji i
pokusy s niclosamidem. Tento Iék byl ptivodné pouzivan jako anthelmintikum, ale byla
objevena jeho schopnost ucinné inhibovat AR-v7 [117], coz vedlo az k nékolika klinickym
testim, které posuzovaly piinos jeho poddvani v kombinaci s dal§imi léky. Nékteré z testh
jsou jiz ukonceny (niclosamid s enzalutamidem) a nevedli k pozitivnim vysledkiim, ale dalsi
z nich pouzivajici jiné 1éky nebo jiné podminky podivani budou teprve ukonceny (vétSinou

v roce 2020) [118].

3.2.3.2 AR-V3

Dalsi varianta AR, kterd je konstitutivné aktivni a pfitahuje tak pozornost mnoha
vyzkumi, je AR-v3 nebo také oznacovana jako ARG6. Stejné jako AR-v7 vznika i tato varianta
pomoci exont, které se v standardni verzi receptoru nevyskytuji. Po pfepisu exonu 1 a 2 se
piepiSe CE4, nésledovany klasickym exonem 3 a zakon¢eny CE1. Vysledna translace vytvorii
protein majici sice nezménénou NTD, ale obsahujici pouze ¢ast DBD (obsahuje pouze prvni
zinkovy prst) na jejiz konec navazuje 53 jinych aminokyselin [109]. VétSina receptorid by
v ptipadé poskozeni DBD nebyla schopna interakce s DNA, ale i pfesto tato varianta zlstava
konstantné aktivni stejn¢ jako AR-v7 a zpiisobuje rezistenci PC na 1é¢bu zalozenou na snizené
mnozstvi androgenti [119]. Jeji vyskyt v PC je piiblizné stejné Casty, co se jednotlivych
vzorkll z pacientl ty¢e jako AR-v7, ale oproti této varianté je exprimovana mén¢ asi o 50%
(mnozstvi exprese mRNA AR-v7 je pfiblizné 13% vSech AR transkriptd, zatimco v ptipadé
AR-v3 je to pouze 7%). Je zajimavé, Ze jeji exprese je krom& AR-v7 shodnd i s expresi AR-
v9, coz je také alternativni varianta AR, kterd vykazuje konstantni aktivaci. Maze tedy jit o
nekolikastupnovou ochranu pied prostiedim s neptfitomnosti androgenti, kde alternativni
varianty nahrazuji AR-FL a v pfipadé vypadku jedné znich, je jeji transkripéni aktivita

alespoii ¢astecné nahrazena jinou variantou [120].
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AR-FL

AR-V7

AR-V3

l DNA vazebna doména l CE3
D Pantova oblast l CE4

l Ligand vazebna doména l N-koncova doména

Obrazek ¢. 3: Porovnani struktury AR-v7 a AR-v3 s plnou verzi androgenniho receptoru. Ob¢ zkracené
varianty AR postrddaji LBD a pfitom jsou konstitutivné aktivni nezavisle na béznych ligandech AR. Obrazek 3

sestaven na zaklad¢ informaci z kapitoly ,,3.2.3 Alternativni sestfih androgenniho receptoru®.



3.3 Zkoumané latky

V této praci sleduji vliv nékolika latek na aktivitu androgenniho receptoru, a proto se

na tyto latky blize podivame a pfiblizime si jejich soucasny vyskyt nebo pouziti.

3.3.1 Bisfenol S

V poslednich letech se v primyslu za¢ina Castéji vyuzivat bisfenolu S (BPS), ktery ma
nahrazovat, spolecn¢ s dal$imi derivaty, bisfenol A (BPA) jelikoZz je prokazatelnym
endokrinnim disruptorem. Mimo jiné pfispiva k rozvoji rakoviny [121], obezit¢ [122],
aktivuje pregnanovy X receptor [123] a celkové zplsobuje fadu nezddoucich efekti. Ale
zaroven patii k rozsitené latce, kterd je velmi dalezitd v mnoha odvétvich a proto se hledaji
jeji derivaty, které maji podobné fyzikalné-chemické vlastnosti, ale mensi nebo zcela zadny
vliv na ¢loveéka a ptirodu. Jiz vySe zminény BPS je jednim z jeho nadéjnych derivatl, u
kterého je centrdlni propanovd skupina nahrazena sulfitovou skupinou. V soucasnosti se
pouziva v konzervovanych potravinach jako soucast polymert chranicich konzervy pied
korozi [124], také je soucasti plastl ze kterych se vyrabi détské ldhve [125], pouziva se jako
aditivum v papirenském primyslu [126] a m4d mnoho dalSich vyuziti. Kromé& toho vykazuje
vys$i teplotni stabilitu a odolnost proti slunecnimu zéafeni. Nicméné jeho velké rozsifeni a
pouzivani ve vécech denni potfeby také umoznuji, aby byli lidé vystaveni jeho expozici,
pficemz malé davky BPS byly zaznamenany v moci a matetském séru [127, 128]. A jelikoZ
stale nebyly detailnéji prozkoumany jeho efekty na vSechny jaderné receptory (je prokazanym

slabym aktivatorem ERa [129]), rozhodl jsem se jeho vlastnosti prozkoumat nejen na AR.
3.3.2 Mykofenolat mofetil

Mykofenolat mofetil je imunosupresivum, které plisobi jako selektivni, nekompetitivni
reverzibilni inhibitor inosinmonofosfatdehydrogenazy (IMPDH), kterd se podili na de novo
syntéze guanosinovych nukleotidii. Tento efekt je siln¢j$i u lymfocytl, jelikoz ma vyssi
afinitu k isoformé II, kterd je v nich vice zastoupena nez isoforma I. Toho se vyuziva
k zabranéni odmitnuti transplantatu po transplantaci [130]. Sice IMPDH patii mezi hlavni cil
mykofenolatu, tedy potazmo jeho metabolitu mykofenolové kyseliny, ve kterou se méni po

ordlnim podani, ale byla prokdzdna jeho schopnost modulovat aktivitu aryl uhlovodikového
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receptoru (AhR) a glukokortikoidniho receptoru (GR) [131]. Z tohoto divodu bylo zajimavé

sledovat jeho mozné uc¢inky na dalsi receptor.

3.3.3 Berberin

Berberin je rozsifena ptirodni slouCenina vyskytujici se tfeba v dfistalu obecném
(Berberis vulgaris), ktera se jiz velmi dlouho vyuziva v nejriznéjSim léCitelstvi. Nejstarsi
dochovany ditkkaz o jeho pouzivani je zdob Asyrské vlady vroce 650 pf. n. 1. [132].
Chemicky se jedna o kvarterni isochinolinovy alkaloid a dnes se pouziva tfeba na l1écbu
prijmu a gastroenteritidy z divodu jeho antimikrobidlnich vlastnosti [133]. Je to také dulezita
latka pro farmaceuticky primysl, kde slouzi k syntéze jeho bioaktivnich derivatt [134] a
n¢kolik studii prokazalo jeho vliv na proteiny zapojené v inhibici riistu rakoviny prostaty jako
je p53 [135] a JNK [136]. Proto jsem se rozhodl prozkoumat jeho dalSi mozné efekty na

rakovinu prostaty a androgenni receptor.

3.3.4 Grafen oxid

Latka budoucnosti, jak mnozi lidé nazyvaji grafen ma Siroké vyuziti a stale vice se
dostava do poptedi v nejriznéjSich odvétvich. Jeden zjeho nejvyznamnéjsich derivati je
grafen oxid (GO), dvoudimenziondlni struktura grafenu s hydroxylovymi a epoxidovymi
skupinami v zdkladni rovin¢ a karboxylovymi skupinami na konci molekuly, kterd zacina
nachazet vyuZziti jako potencionalni nosi¢ léciv [137]. Ale s pfipadnym pouZivanim
v medicinskych aplikacich se také zvySuje mira vystaveni lidi jeho ucinkiim. Jiz bylo
prokazano, ze GO poskozuje plazmatickou membranu bunék [138], naruSuje protein-
proteinové interakce [139], ale jeho pouziti mize byt prospésné v pfipadé zanétu [140].
Prostudovat jeho mozné dopady na dals$i metabolické drahy a transkripcni faktory je proto

vice nez zadouci.
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4 Material a metodika

4.1 Slouceniny

Dimetylsulfoxid (DMSO), S5a-dihydrotestosteron (DHT), berberin, mykofenolat
mofetil (MYC), bisfenol S (BPS), grafen oxid (763705; 2 mg/ml vodného roztoku), médium
RPMI 1640, fetdlni bovinni sérum, charcoal-stripped (CS) fetdlni bovinni sérum (CS-FBS;
F6765), kit na proliferacni assay (5-Bromo-2"-deoxy-uridine Labeling and Detection Kit III)
byly zakoupeny od Sigma-Aldrich (Praha, Ceska republika). Grafen oxid s definovanou
velikosti ¢astic (50 — 200 nm, 200 — 500 nm, >500 nm — 2mg/ml vodné roztoky; B51211,
B51221, B51231) byly zakoupeny od biomade.com. Oligonukleotidové primery pouzité
v RT-PCR byly syntetizovany v Generi Biotech (Hradec Kralové, Ceska republika). Light
Cycler 480 Probes Master a UPL proby byly zakoupeny od Roche Diagnostic Corporation
(Intes Bohemia, Ceska republika). Anexin V vazebny pufr a anexin V-CF488A konjugit byly
zakoupeny od Biotium (Fermont, USA). Mikrotitra¢ni desticky pro bunééné 3D kultury byly
zakoupeny od 300Microns (Karlsruhe, Némecko). Kit pro resazurinovou assay byl zakoupen
od Canvax (Koérdoba, Spanélsko). Kit pro chromatinovou imunoprecipitaci byl zakoupen od
Cell Signal Technology (9003; SimpleChIP Enzymatic Chromatin IP kit — Magnetic Beads).

Vsechny ostatni chemikalie byly zakoupeny v nejvys$si mozné dostupné kvalitg.

4.2 Bunécné kultury

Lidsky karcinom prostaty (LNCaP; No. 89110211) a lidsky epitelidlni karcinom
prostaty (22Rv1; No. 05092802) byly zakoupeny od Public Health England a kultivovany
v médiu RPMI 1640 obohaceného o 10% fetdlniho bovinniho séra a 2 mM L-glutamin.
Bunécna linie AIZ-AR (odvozena od 22Rvl1, detailné charakterizovana v Bartonkova et al.
[141]) byla kultivovana v médiu RPMI 1640 obohaceného o 10% fetdlniho bovinniho séra a 2
mM L-glutamin. VSechny bunécné linie byly kultivovany v 37°C, 5% CO, a absolutni

vlhkosti v inkubatoru.
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4.3 Test viability (MTT)

Bunééna linie AIZ-AR byla kultivovana se vzrustajici koncentraci MYC (0,01—
20 pg/ml) anebo s DMSO (0,1%; v/v); ptipadné se vzristajici koncentraci BER (0,01-50 uM)
anebo s DMSO (0,1%; v/v); nebo se vzrlstajici koncentraci BPS (0,1-100 uM) anebo
s DMSO (0,1%; v/v) po dobu 24h; nebo se vzristajici koncentraci GO (0,002-20 pg/ml) vzdy
po dobu 24h. Nasledné byly buiiky oplachnuty PBS, které bylo ihned poté nahrazeno PBS
s MTT (3-(4,5-dimetylthiazol-2-yl)-2,5-difenyltetrazolium bromid) v koncentraci 0,3 mg/ml.
Po 30-40 minutdch byl roztok odsat a vzniklé krystaly formazanu rozpustény v DMSO.
Absorbance byla méfena pii 570 nm pfistrojem Infinite M200(TECAN, Rakousko).
Testované koncentrace, které nezpiisobily pokles viability vétsi nez 20% byly shledany jako

netoxické.

4.4 Resazurinova assay

Bunééna linie AIZ-AR byla kultivovana se vzristajici koncentraci GO (0,002-20
ug/ml) po dobu 24h. Nasledné byly buiiky oplachnuty PBS, které bylo ihned poté nahrazeno
roztokem resazurinu v médiu RPMI 1640 (obohaceném o 10% fetalniho bovinniho séra a
2 mM L-glutamin) ve findlni koncentraci 10% v/v (900 ul roztoku média a 100 ul roztoku
resazurinu) a dédle se nechaly inkubovat 75 minut v inkubdtoru. Poté byl vysledny roztok
pfenesen do novych cernych 96ti jamkovych desticek a méfena fluorescence (530 nm pro

excitaci a 590 nm pro emisi) na ptistroji Infinite M200 (TECAN, Rakousko).

4.5 Reportérova genova assay

Pro vSechny aplikace této metody byla pouzita stabilng transfekované linie AIZ-AR vyvinutd
z linie 22Rvl, do které byli vloZeny tfi kopie androgenni responzivni oblasti (ARR)
nédsledované jednou kopii ARE z promotorové oblasti PSA [141]. Nasledn¢ byla bun&¢na linie
AIZ-AR kultivovdna 16h v 96ti jamkové desti¢ce v médiu s CS-FBS a poté se vzriistajici
koncentraci MYC (0,01-20 ug/ml), BER (0,0001-1000 nM), BPS (0,1-100 uM) nebo GO
(0,002-20 pg/ml) v pfitomnosti DMSO (0,1%; v/v, agonistické uspofadani a v pfipadé GO
vody 1%; v/v,) nebo pfitomnosti DHT (100 nM, antagonistické uspotadani). Po kultivaci byly
buniky lyzovany a byla zméfena luciferazova aktivita ptistrojem Infinite M200 (TECAN,
Rakousko).
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4.6 Proliferacni assay

Proliferacni assay byla provedena podle navodu vyrobce s drobnou modifikaci. Bunky
byly vysety na 96ti jamkové desticky (10 000 bunék na jamku, v ptipadé LNCaP byly
desticky predtim oSetfeny poly-D-lysinem) v médiu s CS-FBS a stabilizovany pfes noc.
Nésledujici den jim bylo vyménéno médium za nové, obsahujici MYC s rostouci koncentraci
(0,01 — 20 pg/ml), BER (0,0001-1000 nM), BPS (0,1-100 uM) nebo GO (0,002-20 ug/ml) a
to v kombinaci s DHT (100 nM, antagonistické uspofadani) nebo obsahovali pouze latku
samotnou v pritomnosti DMSO (0,1%; v/v, agonistické uspotadani a v ptipadé¢ GO vody 1%;
v/v, agonistické uspotfadani) a inkubovany po dobu 24h. Na konci inkubac¢ni doby byl
aplikovdn 5-Bromo-2’-deoxy-uridin (BrDu) pfimo do jamek a ponechan po dobu 3 hodin.
Nasledné se postupovalo piesné podle navodu vyrobce. Absorbance byla méfena pti 405 nm a
referen¢ni hodnota pti 495 nm pomoci Infinite M200Pro (TECAN, Rakousko). Proliferace je
dale vyjadiena jako % poméru absorbanci A4s/A49s mezi vzorky a samotnym DHT (u DHT je

proliferace nastavena na 100%).

4.7 qRT-PCR

Pro vSechny experimenty byly pouzity primery a proby z Universal Probes Library
(UPL; Roche Diagnostic Corporation, Praha, Ceska republika). PSA-UPL44, forward:
GTGCTTGTGGCCTCTCGT, reverse: CAGCAAGATCACGCTTTTGT, GAPDH-UPL60,
forward: CTCTGCTCCTCCTGTTCGAC, reverse: ACGACCAAATCCGTTGACTC;
UBE2C-UPLS, forward: GGGCAAAAGGCTACAGCAQG, reverse:
GCTCCATGGATGGTCCCTA. VSechny experimenty probéhly za nasledujicich podminek:
Celkova RNA byla izolovana pomoci TRI Reagent® (Molecular Research Center, USA) podle
pokynil vyrobce. cDNA byla syntetizovana z 1000 ng celkové RNA za pouziti M-MuLV
reverzni transkriptdzy (M0253S, New England BioLabs) v 42°C po dobu 60 min za pouZiti
nahodnych hexamerid (S1230, New England BioLabs). qRT-PCR byla provedena na pfistroji
Light Cycler 480 II (Roche Diagnostic Corporation, Praha, Ceské4 republika). Program pro
pribéh byl nastaven nasledovné: aktivaéni krok pii 95°C po dobu 10 min byl nasledovan 45
cykly PCR (denaturace pti 95°C po dobu 10 sekund, annealing a elongace 60°C po dobu 30
sekund). Méfeni bylo uspotfadano v triplikatech. Genova exprese byla normalizovdna na

glyceraldehyd-3-fosfat dehydrogenazu (GAPDH) jako housekeeping gen. Data byla
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zpracovana pomoci delta-delta metody. Vysledky jsou vyjadieny jako relativni néasobek

indukce oproti buitkam s DMSO.

4.8 SDS-PAGE a Western blotting

Celkové proteinové extrakty byly pfipraveny z 1 jamky 6ti jamkové desky. Po
inkubaci byly buiiky oplachnuty vychlazenym PBS a seSkrabnuty do Iml PBS a suspenze
byla centrifugovana (Smin, 4°C, 2300g). Pelet byl poté resuspendovdn v 150ul vychlazeného
lyza¢niho pufru (150 mM NaCl; 10 mM Tris pH 7,2; smés protedzovych a fosfatdzovych
inhibitord, 1% (v/v) Triton X-100, 5 mM EDTA). Roztok byl promichan a inkubovan 10 min
na ledu, poté centrifugovan (13 min, 4°C, 15700g). Supernatant byl odebran a pro stanoveni
koncentrace proteinii byla pouzita metoda dle Bratforda. Izolace cytosolické a nukledrni
frakce byla provedena za pouziti Nuclear extract kit (Active Motif; 40010) podle pokynti
vyrobce.

Gel pro SDS-PAGE (10%) byl pouZzit na aparatufe od firmy BioRad ptesné¢ podle
obecnych pokynil za pouziti a pro pienos proteint byla pouzita PVDF membréana. Membréana
byla saturovana 5% susenym mlékem bez tuku po dobu 1h pii pokojové teploté v 1x TBS-
Tween20 (0,5%). Bloty byly inkubovédny s ndsledujicimi protilatkami: protildtka proti AR
(mouse monoclonal, sc-7305, 441, fedéni 1:500, lot H3112 od Santa Cruz Biotechnology),
protildtka proti aktinu (mouse monoclonal, 3700S, 8H10D10, fedéni 1:1000, Lot 15 od Cell
Signaling Technology), protilatka proti p-JNK (rabbit polyclonal, 9251, lot 3, fedéni 1:1000
od Cell Signaling Technology), protilatka proti JNK (rabbit polyclonal, 9252, lot 9, fedéni
1:1000 od Cell Signaling Technology), a inkubace byla provadéna pies noc pii 4°C. Detekce
byla provedena pomoci kienové peroxidazy spojené se sekundarni protildtkou (Santa Cruz
Biotechnology) a Western Sure Premium Chemiluminiscent Substrate (C60429, LiCor).
Denzitometrickd analyza a semikvantifikace byla provedena na C-DiGit Chemiluminiscent
Western Blot Scanner (LiCor) a Image Studion Digits software (LiCor). Separace a
kvantitativni detekce PSA a UBE2C proteint byla udélana pomoci Sally Sue Simple Western
Systému (procedura detailn€ popsana v Doricakova et al. [142]). Byly pouzity nasledujici
protilatky: protildtka proti aktinu (mouse monoclonal, 3700S, 8H10D10, fedéni 1:1000, Lot
15 od Cell Signaling Technology), protilatka proti PSA (rabbit monocloal, D6B1, 53658,
fedéni 1:20, Cell Signaling Technology) a protildtka proti UBE2C (rabbit polyclonal, 14234S,
fedéni 1:20, Cell Signaling Technology).
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4.9 Méreni redukovaného a celkového glutathionu

22Rv1 byly inkubovany se vzrustajici koncentraci GO (0,2-20 pg/ml), ptipadné bez
GO po dobu 24h v médiu s CF-FBS. Pot¢é byl celkovy glutation a oxidovany glutation méteny
pomoci GSH/GSSG-Glo Assay kit (Promega, V6611) podle pokynli vyrobce a luciferdzova
aktivita byla méfena pomoci Infinite M200 (TECAN, Rakousko).

4.10 Annexin V aasay

22Rv1 byly vysety na 12ti jamkovou desticku (400 000 na jamku) v médiu RPMI
s CS-FBS. Po stabilizaci ptes noc byly buiiky inkubovany s BER (1000 nM), DHT (100 nM)
a to jak samostatn¢ tak v spolecné po dobu 24h. Poté bylo postupovéano piesné podle navodu

vyrobce pro Annexin V assay (ChemoMetec, Dansko). Analyza prob&hla na Nucleocounter

NC-3000 (ChemoMetec, Dansko).

4.11 Tomografie

Zobrazeni 3D morfologie 22Rv1 (po inkubaci s GO nebo bez néj) byla provedena
interferometrickou detekei pouzitim holotomografického 3D mikroskopu Nanolive® (3D Cell
Explorer, Lausane, Svycarsko) a vysledny obraz byl zpracovén pomoci STEVE® software

(3D Cell Explorer). Kazda barva reprezentuje rozdilny index odrazu.

4.12 Zeta potencial

Grafen oxid byl fedény ve vodé nebo médiu RPMI s FBS-CS na vyslednou
koncentraci 20 pg/ml. Zeta potencidl byl stanoven pouZzitim elektroforetické mobilni metody a
méfeny pomoci Zetasizer Nano ZS instrument (Malvern, UK). Hydrodynamicky primér byl
méfen za 24h pii 37°C a 5% CO, v atmosféie (simulujici podminky bunécnych testl)
pouzitim metody dynamického rozptylu svétla pomoci Zetasizer Nano ZS instrument

(Malvern, UK). VSechna méfeni byla provedena pii pokojovée teploté.

4.13 Chromatinova imunoprecipitace

22Rv1 nebo LNCaP byly kultivovdny na 60mm Petriho miskdch v FBS-CS RPMI pies
noc a nasledujici den inkubovany s DMSO, DHT (100 nM) nebo kombinaci DHT a GO (0,2 —
20 pg/ml) po dobu 90 min v 37°C. Nésledné bylo postupovano podle navodu vyrobce pro
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SimpleChIP Plus Enzymatic Chromatin IP Kit (Magnetic Beads; Cell Signaling Technology,
Leiden, Nizozemsko) s drobnymi modifikacemi popsanymi v Stépankova et al. [143].
Nicméné¢ i tak doslo jest¢ k dalsim drobnym modifikacim. V tomto ptipadé jsem
pouzil 20 pg nastipaného chromatinu, ktery byl resuspendovan v 500 pl ChIP pufru a
imunoprecipitace byla zahdjena ptfidanim 4 pl AR protilatky (D6F11; Cell Signaling
Technology). Dalsi den bylo ke vzorku pfidano 30 pl Protein G Magnetic Beads (roztok
magnetickych c¢astic) a inkubace probihala 1 hodinu pfi 4°C pfi neustalém michdni. Po
separaci magnetickych ¢astic pomoci Magnetic Separation Rack 14654 (Cell Signaling
Technology) a n¢kolikanasobném promyti pufry (podle navodu) byly pelety resuspendovany
ve 150 pl ChIP elu¢niho pufru a chromatin byl eluovan 30 min pii 65°C s tfepanim pfi
1200 RPM na TS-100C Thermo-Shaker (BioSan). Po separaci Castic na magnetickém
stojanku byl eluovany chromatin inkubovén s ChIP elu¢nim pufrem s 6 pl 5M NaCl a 2 pl
proteindzy K 15 min pfi 65°C na Thermo-Shaker (1200 RPM). Nésledné byla DNA vy¢isténa
pres kolonky podle ndvodu vyrobce. qPCR byla provedena na pristroji LightCycler 480
(Roche, Praha, Ceska republika) s 2 pl DNA vzorku spoleéné s PCR vodou, SYBR-Green
(LightCycler 480 SYBR Green I Master; Roche) a 5 pM simple ChIP Human KLK3
promotorovymi primery (32784; Cell Signaling Technology). Program pro PCR reakci byl
nastaven ndsledovné: enzymova aktivace pii 95°C po dobu 10 min nésledovana 40ti cykly
denaturaci s prodluzovanim pii 95°C, 15 sekund a 65°C, 60 sekund. Produkt PCR reakce byl
poté dan na elektroforetickou separaci na 4% agar6zovém gelu (pro tento piipad byla

provedena PCR pouze o 30 cyklech).

4.14 Statisticka analyza

Rozdily mezi dvéma skupinami byly porovnadvany pomoci Studentova neparového
dvojitého t-testu (Student’s unpaired two-tailed t-test). Dvoucestnd analyza variace
s Dunnetovym post hoc testem byla aplikovana v ptipad¢, Ze bylo analyzovéano vice nez dvé
skupiny. Veskera statisticka analyza byla provedena softwarem GRAPH-PAD PRISM 6
(GraphPad Software Inc., San Diego, CA, USA). Pouze v ptfipad¢ analyzy berberinu byly data
zpracovany pomoci Microsoft Excel 2010 (Paired Student’s #-test). Hodnoty P<0,05 byly

povazovany za statisticky signifikantni.
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5 Experimentalni ¢ast

5.1 Mykofenolat mofetil indukuje expresi c-Jun-N-koncovou Kkinazy

v 22Rv1: vliv na signalizaci androgenniho receptoru

5.1.1 Mykofenolat mofetil aktivuje androgenni receptor (AR)

V prvnim kroku jsem testoval netoxické koncentrace MYC (struktura na obrazku 4A),
které by §li pouzit pro dalsi experimenty. Vybral jsem rozsah, ktery odpovidal skute¢cnym
koncentracim v plazmé [144] a maximum nastavil na 20 pg/ml (62 uM). Pro testovani
cytotoxicity jsem vybral linii AIZ-AR, schopnou reagovat na aktivaci AR [141]. Pomoci
MTT testu jsem zjistil, Ze viabilita AIZ-AR neklesla pod 10% (obrdzek 4B) v Zadné pouzité
koncentraci, rozhodlo jsem se pro dal§i experimenty pouzit cely koncentracni rozsah.
V piipad¢ agonistického uspofadani dokazal MYC indukovat AR zprostiedkovanou
luciferdzovou aktivitu v rozsahu 1.4 az 1.7x (jako kontrola funkénosti systému byl pouzit
DHT 100 nM, ktery aktivitu zvedl 18ti ndsobn¢) ale tato aktivace nebyla signifikantni
(obrazek 4C). Naopak, v pfipad¢ antagonistického modu (v pfitomnosti DHT) byla
luciferazova aktivita zvednuta piiblizné o 13% pro dvé nejmensi testované koncentrace a to

statisticky vyznamné& (obrazek 4D).
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Obrazek ¢. 4: Viabilita AIZ-AR a aktivace androgenniho receptoru. (A) Struktura mykofenoldtu mofetilu
(MYC). (B) AIZ-AR byly inkubovany s mykofenoldtem mofetilem (MYC; 0,01 — 20 pg/ml) anebo s DMSO
(0,1% v/v) jako rozpoustédlem po dobu 24h. Poté byl proveden test viability pomoci MTT jak je popsano
v kapitole ,,materidl a metodika®. Data jsou primérem z 5ti nezavislych experimentd a jsou vyjadiena jako
procenta negativni kontroly (DMSO). (C) AIZ-AR byly inkubovany s MYC (0,01 — 20 pg/ml) a DHT (100 nM)
byl pouzit jako test funkénosti systému, DMSO (0,1% v/v) jako kontrola a to po dobu 24h. Poté bylo
postupovano podle reportérové genové assay popsané v kapitole ,,materidl a metodika“. Data jsou primérem
z 5ti experimentii a jsou vyjadiena jako nasobek indukce AR vici kontrole (DMSO). (D) AIZ-AR byly
inkubovany v kombinaci s MYC (0,01 — 20 pg/ml) a DHT (100 nM) po dobu 24h. Poté bylo postupovano podle
reportérové genové assay popsané v kapitole ,,materidl a metodika“. Data jsou primérem z 7mi experimentd a
jsou vyjadiena jako procenta zindukce pozitivni kontroly (DHT). *#* *** (p<0,05; 0,01; 0,001) - znaci
statisticky vyznamné odliSnou hodnotu od kontrolnich bunék (DMSO) (B) a (C) nebo od bun¢k s DHT (D).
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5.1.2 MYC moduluje expresi KLLK3 a proliferaci prostatickych bunék

Dtkaz, ze MYC zvySuje AR zprostiedkovanou luciferazovou aktivitu mé vedl
k prozkoumani nejznaméjsiho cilového genu AR a to KLK3. K tomuto ucelu jsem vybral dvé
bunécné linie. Prvni z nich je 22Rv1, od které je odvozena stabilni linie AIZ-AR [141].
Pozitivni kontrola (DHT 100 nM) v agonistickém mdédu indukovala expresi KLK3 pouze
slabé (témeft 2x, obrazek SA) ale statisticky vyznamné, zatimco mykofenolat mofetil pfiblizné
1,5x ve tfech nejvyssich koncentracich coz odpovida piiblizné 65% (obrazek 5A) indukci
exprese pomoci DHT v agonistickém moédu. V piipadé antagonistického mddu doslo ke
konzistentnimu pozorovani s luciferdzovou aktivitou (obrazek 4D) a expresi KLLK3 (obrazek
5B), kde doslo o nartst témet 25% indukce exprese KLK3 oproti DHT samotnému. Jelikoz je
prokazano, ze AR ovlivituje bunéény cyklus rakoviny prostaty, bylo zajimavé zaméfit se i na
stimuluji proliferaci 22Rv1 za 24h, ale vyssi koncentrace maji inhibi¢ni efekt (Obrdzek 5C).
Dtvodem inhibice proliferace pfi vysSich koncentracich bude pravdépodobné primarni cil
MYC a to IMPDH s naslednym dopadem na bunécny cyklus a tedy i proliferaci bunék.
Nicméné se tento efekt nepotvrdil za 48h, coz muze byt také disledek inhibice IMPDH
(Obrazek 5C).

Jelikoz 22Rv1 prokazateln¢ exprimuji dvé verze AR a to AR-FL a jeho sestfihovou
variantu (AR-V7, ktera je konstitutivné aktivni a postrada LBD) rozhodl jsem se zopakovat
experiment 1 na dal$i bunééné linii a to LNCaP, ktera exprimuje pouze AR-FL. Pozitivni
kontrola (DHT 100 nM) v tomto pfipad¢ indukovala expresi KLK3 pfiblizné 15x, zatimco
MYC zptsobil nesignifikantni indukci nejvySe 1,4x (obrazek 5D). V piitomnosti DHT
(antagonisticky mod) jde vidét opacny efekt oproti 22Rv1 bunkém a to statisticky vyznamné
snizeni mRNA KLK3 pro tii nejvysSi koncentrace a to az o témét 60% (obrazek SE).
pokles (obrazek 5F) pravdépodobné z divodu inhibice IMPDH. Z hlediska bunééné
proliferace se LNCaP projevily jako rezistentné€j$i ve srovnani s 22Rv1 (IC50 pro 22Rv1 bylo
pfiblizné 1 pg/ml zatimco pro LNCaP IC50 > 20pg/ml).
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Obrazek €. 5: Vliv mykofenolatu mofetilu na mRNA KLK3 a bunéénou proliferaci. Bunécna linie 22Rv1
nebo LNCaP byla inkubovana s mykofenolitem mofetilem (MYC; 0,01 — 20 pg/ml) po dobu 24h bez
pritomnosti DHT (A, D) nebo v kombinaci MYC a DHT (B, E) pficemz DMSO bylo pouzito jako rozpoustédlo
a negativni kontrola (A, D). (C) 22Rvl byly inkubovany s MYC (0,01 — 20 pg/ml) a DHT (100 nM) po dobu
24h nebo s MYC (0,01 a 0,1 ug/ml) a DHT (100 nM) po dobu 48h. (F) LNCaP byly inkubovany s MYC (0,01 —
20 pg/ml) a DHT (100 nM) po dobu 24h. Zpisob detekce mRNA KLK3 a provedeni detekce proliferace bun¢k
je popsan v kapitole ,,material a metodika“. Vysledky jsou vyjadfeny jako nasobek indukce (A, D) nebo jako
procenta indukce DHT (B, E) nebo procenta proliferace (C, F). Data jsou prumérem z 5ti po sobé nasledujicich
experimentll, * ** F¥* #*kx%k (p<() 05; 0,01; 0,001; 0,0001) - znaci statisticky vyznamné odlisnou hodnotu od

kontrolnich bun¢k (DMSO) (A, D), nebo od bun¢k s DHT (B, C, E, F).

5.1.3 MYC stimuluje DHT zavislou AR translokaci v buiikach 22Rv1

JelikoZ MYC stimuluje ligandem indukovanou luciferdzovou aktivitu (obrdzek 4D) a
expresi mRNA KLK3 (obrazek 5B) bylo zapotiebi blize prozkoumat tento efekt a jednim
z vysvétleni mohla byt zvySend translokace. PouZil jsem koncentraci MYC 1 pg/ml, protoze
se jednalo o nejniz8i koncentraci, ktera v pfedchozich méfenich zplisobovala né&jaky efekt.
Zjistil jsem, Ze pritomnost MYC stimuluje dihydrotestosteronem indukovanou translokaci do

jddra AR-FL za 60 minut (obrazek 6A a 6B) a zaroven snizuje (i kdyz ne statisticky
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vyznamn¢) mnozstvi AR-V7 v jadre. Jelikoz ob¢ izoformy exprimované v 22Rv1 byly lehce
zvySeny v cytosolu (obrazek 6A a 6D) a zaroven snizeny v jadie (obrazek 6A a 6C), provéril
jsem dale i moznost, ze MYC stimuluje degradaci AR proteazomem. Nicméné, inkubace

bunék spolecné i bortezomibem (inhibitorem proteazomu) neméla zadny efekt na mnozstvi

proteinu AR (obrdzek 6E a 6F).
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Obrazek ¢. 6: Vliv MYC na translokaci AR. (A-D) 22Rv1 byly inkubovéany po dobu 60 min s mykofenolatem
mofetilem (MYC; 1 pg/ml) bud’ samostatné¢ nebo v kombinaci s DHT (100 nM). (E) 22Rv1 byli inkubovany
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sMYC (1 pg/ml) samostatné nebo v kombinaci s Bortezomibem (B; 100 nM) po dobu 60 minut. Poté byla
izolovéna jadernd a cytosolické frakce a provedena detekce AR jak je popsdno v kapitole ,,materidl a metodika“.
(A, F) Reprezentativni snimek z western blotu (celkem bylo provedeno 5 experimentti (A) nebo 3 experimenty
(F)). Vysledky jsou vyjadieny jako procenta vuci kontrole DMSO (C, D) nebo DHT (B) nebo jako nasobek
indukce kontroly (E). * ** #¥* #¥¥% (p<(,05; 0,01; 0,001; 0,0001) - zna¢i statisticky vyznamné odlisnou
hodnotu od kontrolnich buné¢k (DMSO) (C, D), nebo od bunék s DHT (E).

5.1.4 MYC indukuje expresi JNK

Na zdkladé¢ pozorovani v neddvnych publikacich [131] jsem zjistil, ze MYC
moduloval AhR aktivitu v pfitomnosti jeho ligandu dioxinu. Navic, aktivita GR byla
inhibovéna v zdvislosti na koncentraci MYC v pfitomnosti ligandu dexamethasonu. Jelikoz
jedind latka dokézala ovliviiovat aktivitu tii riznych receptorl, zamétil jsem se na moznost
modulace AR skrze posttranslacni modifikace pomoci kindz. Jako vhodnou volbou se stala C-
Jun N-termindlni kindza (JNK), jelikoZ jeji inhibice pomoci MYC jiZ byla pozorovéana [145].
Inkubace bunék s MYC po dobu 30 minut vedla k nesignifikantnimu, ale reprodukovatelnému
poklesu fosforylované JNK zatimco celkovd JNK byla signifikantné zvysena (obrazek 7A).
Naopak sorbitol, prokazatelny aktivator JNK, zvysil pouze hladinu fosforylace ale nikoliv
celkové mnozstvi. Tyto data napovidaji, Ze MYC potlacuje bazalni aktivitu JNK, tim Ze
zvySuje jeji celkové mnozstvi. Abych prokazal ptivod tohoto efektu, rozhodl jsem se zaméftit
na moznou stabilizaci nebo indukci JNK. Pfi pouziti inhibitoru proteosyntézy cykloheximidu
(CHX) doslo k signifikantnimu potla¢eni mykofenolatem aktivovaného zvySeni JNK (obrazek
7B), coz prokazuje, ze se jedna o modulaci transkripce, nikoliv stabilizaci. Dal$i pozorovani
exprese JNK na trovni mRNA prokazalo sice malé, ale signifikantni zvySeni hladiny mRNA
obou JNK (JNK54 a JNK 46, obrazek 7C). Pro dalsi potvrzeni, ze JNK skute¢né ovliviiuje
transkripéni aktivitu AR, jsem inkuboval buiikky AIZ-AR spolené s aktivatorem JNK
sorbitolem nebo s inhibitory (SP600125 a JNK-IN-8). Sorbitol zvySoval luciferdzovou
aktivitu v zavislosti na jeho koncentraci, zatimco oba testované inhibitory mély pfesné opacny
efekt (obrazek 7D). Pfitom je zajimavé, ze nizké koncentrace JNK inhibitoru mély na aktivitu

AR stimulaéni Ucinek, stejné jako MYC (obrazek 4D a 7D).
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Obrazek €. 7: Vliv MYC na JNK. (A) 22Rv] byly inkubovany s mykofenolatem mofetilem (MYC; 1 pg/ml),
DMSO (0,1 % v/v) nebo sorbitolem (SOR; 0,4 M) po dobu 30 minut. Poté byly bunky lyzovany a nasledovala
detekce proteint, jak je popsano v kapitole ,,materidl a metodika“. Relativni mnozstvi fosforylovanych JNK
normalizovanych na mnozstvi celkovych JNK je v levé ¢asti a celkové mnozstvi INK normalizovanych oproti
aktinu je v pravé ¢asti. Data jsou vyjadiena jako ndsobek indukce vii¢i negativni kontrole (DMSO). Pod grafem
je zobrazen reprezentativni vysledek western blotu (vysledky jsou primérem ze 6ti nezavislych experimenti).
(B) 22Rv1 byly inkubovany s MYC (1 pg/ml), cykloheximidem (CHX; 20 pg/ml), DMSO (0,1 % v/v) nebo
v kombinaci s témito latkami po dobu 30 minut. Poté byly bunky lyzovany a nasledovala detekce proteint, jak je
popséano v kapitole ,,material a metodika“. Celkové mnozstvi JNK proteiny bylo normalizovano na aktin a data
jsou vyjadiena jako nasobek indukce vici negativni kontrole (DMSO). Pod grafem je zobrazen reprezentativni
vysledek western blotu (vysledky jsou primérem ze 4 nezavislych experimentt). (C) 22Rv1 byly inkubovany
s (MYC; 1 pg/ml) nebo DMSO (0,1 % v/v) jako negativni kontrolou. Mnozstvi mRNA MAPK9 a MAPKS bylo

po 24h detekovano podle postupu popsaného v kapitole ,,materidl a metodika“. Vysledky jsou vyjadieny jako
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nasobek indukce oproti negativni kontrole (DMSO). (D) Linie AIZ-AR byla inkubovdna s DHT (100 nM) bud’
samotnym nebo v kombinaci se sorbitolem (0,01 — 0,2 M), SP600125 (0,1 — 25 uM) a JNK-IN-8 (0,1 — 10 uM)
po dobu 24h. Poté byla méfena luciferazovd aktivita podle postupu v kapitole ,,materidl a metodika*.
w Rk Rk kR (p<0,05; 0,01; 0,001; 0,0001) - znadi statisticky vyznamné odliSnou hodnotu od kontrolnich

bun¢k (DMSO) (A, B, C), nebo od bun¢k s DHT (D).

5.1.5 MYC ma synergisticky antiproliferacni efekt v kombinaci s JNK inhibitorem
Jelikoz MYC indukuje expresi JNK proteinu, rozhodl jsem se zaméfit na moznost
ovlivnéni viability 22Rv1 pomoci inhibitoru JNK se soucasnym ovlivnénim mykofenolatem.
V piipadé MTT testu bylo zjisténo, ze JNK inhibitor (JNK-IN8) [146] mirn¢ zvySoval
viabilitu (s vyjimkou nejvyssi koncentrace) a ptritomnost testovanych koncentraci MYC ji
koncentracné zavisle sniZovala jak je vidét na obrazku €. 8A. Jako dalsi krok jsem sledoval
mozny vliv na proliferaci. 22Rv1l vykazovaly koncentraén¢ zavislou inhibici proliferace
zpisobenou JNK-IN-8 pficemz IC50 byla piiblizné¢ 1425 nM (obrazek 8B). V pfipadé Ze
doSlo k vystaveni 22Rv1 ziroven MYC a JNK-IN-8, proliferacni kiivka byla vyrazné
posunuta k niz§im hodnotdm. V tomto ptipadé byla IC50 17x niz$i (pfiblizn€¢ 84 nM) za 24h

nez pii pouziti JNK inhibitoru samotného.
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Obrazek ¢. 8: Vliv MYC a JNK inhibitoru na viabilitu a proliferaci 22Rv1. 22Rv1 byly inkubovéany s INK-
IN-8 (0,001 — 10 uM) samostatné nebo v kombinaci s MYC (1 pg/ml) nebo DMSO (0,1% v/v) a v piipadé
méfeni proliferace za pfitomnosti DHT (100 nM) po dobu 24h. Poté byla métena viabilita (A) nebo proliferace
(B) podle postupu v kapitole ,,materidl a metodika“. Vysledky jsou vyjadieny jako procenta viici DMSO (A)
nebo DHT (B) a jsou vysledkem prumeéru tii nezavislych experimentll. ** **** (p<0 0,01; 0,0001) - znaci

statisticky vyznamné odliSnou hodnotu od kontrolnich bun¢k (JNK-IN-8 s DHT).
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5.2 Modulace aktivity androgenniho receptoru bisfenolem S

5.2.1 Bisfenol S stimuluje indukovanou transkripéni aktivitu AR

Na zacatku bylo potieba zjistit moznou toxicitu bisfenolu S (BPS; struktura na
obrazku 9A), aby poté bylo mozné provést reportérovou genovou assay. Pro tento ucel jsem
provedl MTT test viability pro vzristajici koncentrace BPS za 24h. Zadnéa z testovanych
koncentraci nesniZzila viabilitu pod 80% (obrazek 9B) a proto nebyly povazovany za toxické.
Jako dalsi krok jsem pozoroval moznou aktivaci AR pomoci metody s reportérovym genem
v tzv. ,agonistické moédu“ (testovana latka pouze s rozpoustédlem ale bez pritomnosti
prokazatelného aktivatoru AR). V tomto ptipadé BPS nevykazoval Zadny efekt na AR
(obrazek 9C) zatimco DHT indukoval luciferdzovou aktivitu 20ti ndsobné oproti samotnym
buitkam. Opacény ptipad nastal v tzv. ,antagonistickém moddu®, tedy v ptipadé, kdy bunky
byly zaroven vystaveny i DHT a zkoumané latce. Jiz pfi nejmensi testované koncentraci (0,1
uM BPS) doslo k statisticky signifikantnimu zvySeni luciferazové aktivity, kterd vykazovala
koncentra¢ni zavislost a v nejvetsi koncentraci (100 uM BPS) dosahovala navyseni ptiblizné

0 25% (obrazek 9D).
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Obrazek €. 9: Vliv bisfenolu S na aktivitu AR. (A) Struktura bisfenolu S. (B) AIZ-AR a LNCaP byly
inkubovéany s bisfenolem S (0,1 — 100 uM) a DMSO (0,1% v/v) jako kontrolou po dobu 24h. Poté byla
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provedena MTT detekce viability podle postupu v kapitole ,,materidl a metodika*. Data jsou vyjadiena jako
procenta negativni kontroly. (C, D). AIZ-AR byly inkubovany s bisfenolem S (BPS; 0,1 — 100 uM) a DMSO
(0,1% v/v) jako kontrolou (C) nebo v kombinaci s DHT (100 nM) (D) po dobu 24h. Poté byla provedena
reportérova genova assay podle postupu v kapitole ,,materidl a metodika®. Data jsou vyjadiena jako nésobek
indukce oproti negativni kontrole (DMSO) (C) nebo jako procenta aktivace vzorku s pozitivni kontrolou (DHT,
100 nM) (D). *#** **%* (p<0,05; 0,01; 0,0001) - znali statisticky vyznamné odlisnou hodnotu od kontrolnich
bun¢k (DMSO) (B, C), nebo od buné¢k s DHT (D).

5.2.2 Efekt BPS na genovou expresi AR a proliferaéni aktivitu v buiikich rakoviny
prostaty

Jelikoz BPS mé synergisticky ucinek spolecné s DHT na AR (obridzek 9D), rozhodl
jsem se zjistit, jestli je tento efekt pienesen i na jeho cilovy gen KLK3. Zaméfil jsem se na
22Rv1 (ze kterych je linie AIZ-AR) odvozena a zatimco pozitivni kontrola DHT zvysila
expresi mRNA KLK3 1,9x, tak BPS nevykazoval zadny efekt (obrazek 10A) coz je v korelaci
s agonistickym moddem pro luciferdzovou aktivitu (obrdzek 9C). Nicméné, v piipade
antagonistického mddu nedoslo k zopakovani efektu (obrazek 10B) a BPS nemél Zadny vliv
na hladinu mRNA KLK3.

Protoze v bunkach 22Rv1 se vyskytuje nejen klasickd verze AR (AR-FL) ale i jeho
zkracené verze postradajici LBD a patii tedy k buitkdm na androgenech nezavislych, rozhodl
jsem se pro porovnani pouzit i linit LNCaP, kterd obsahuje pouze AR-FL. V této linii DHT
indukoval expresi mRNA KLK3 primérné 8mi ndsobné ale stejné jako v pripadé¢ 22Rv1
nemél BPS v agonistickém ani antagonistickém modu zadny pozorovatelny efekt (obrazek
10D a 10E). Prestoze se pozorovany synergismus BPS a DHT na luciferdzovou aktivitu
neprojevil na hladin¢ cilového genu AR, potfdd tu byla moZnost vlivu na proliferaci.
U androgenniho receptoru bylo prokazano zapojeni do regulace bunécného cyklu stejné tak i
jeho vliv na proliferaci bunék [147], proto jsem pouzil kit na zjiSténi proliferace pomoci
inkorporace 5-Bromo-2°-deoxyuridinu do DNA proliferuyjicich bunék. V pfipadé¢ 22Rvl
nemél BPS v kombinaci s DHT Zadny efekt na jejich proliferaci (obrazek 10C), ale u bunécné
linie LNCaP doslo ke koncentra¢né zévislému potlaceni proliferace v pfitomnosti BPS a DHT

(obrazek 10F).
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Obrazek €. 10: Vliv bisfenolu S na cilové geny AR a proliferacni aktivitu v rakoviné prostaty. 22Rv1 (A, B,
C) nebo LNCaP (D, E, F) byly inkubovany s bisfenolem S (BPS; 0,1 — 100 uM) (A, D) nebo soucasné (B, C, E,
F) s DHT (100 nM) anebo s DMSO (0,1% v/v) jako negativni kontrolou. Mnozstvi mRNA KLK3 (A, B, D, E)
byly po 24h detekovano podle postupu popsaného v kapitole ,,materidl a metodika®. Vysledky jsou vyjadieny
jako nasobek indukce oproti negativni kontrole (DMSO) (A, D) normalizované na expresi GAPDH ze tii
nezavislych experimentti. Vysledky pro D a E jsou vyjadieny jako procenta pozitivni kontroly (DHT)
normalizované na expresi GAPDH ze tfi nezavislych experimentt. Detekce proliferace (C, F) byla provedena
podle postupu popsaného v kapitole ,,materidl a metodika“ a vysledky jsou vyjadieny jako procenta DHT
proliferace, pficemz se jedna o pramér ze ¢tyt nezavislych experimenti. * ** *** (p<0,05; 0,01; 0,001) - znaci

statisticky vyznamné odliSnou hodnotu od kontrolnich bunék (DMSO) (A, D) nebo od bunék s DHT (F).
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5.3 Farmakologicky relevantni koncentrace berberinu piechodné
stimuluji dihydrotestosteronem indukovatelnou luciferazovou aktivitu

zprostiedkovanou AR v lidskych rakovinnych burikach prostaty

5.3.1 Berberin moduluje transkrip¢ni aktivitu AR a proliferaci bunék rakoviny prostaty

Jako prvni bylo potfeba urcCit netoxické koncentrace berberinu (struktura na obrazku
11A). K tomu jsem pouzil linii AIZ-AR (odvozenou od 22Rv1) a MTT test viability, pfi¢emz
za 24h koncentrace nad SuM klesly pod mnou stanovenou hranici 80% a byly tedy z dals§iho
testovani vylouceny (obrazek 11B) a maximalni pouzitd koncentrace pro dalSi experimenty
byla 1000 nM. Pomoci metody s reportérovym genem, kterd sledovala schopnost berberinu
modulovat transkripéni aktivitu AR pomoci exprese luciferazy nedoslo pfi pouziti samotného
berberinu k zadné aktivaci AR (obrazek 11C), pticemz DHT dosahoval az 20ti ndsobné
indukce oproti vzorku pouze s DMSO. Naopak v antagonistickém modu, tedy kombinaci
DHT s berberinem doslo k synergistickému tc¢inku a zvySeni transkripéni aktivity receptoru
pfiblizné o 20% (obrazek 11D).

Jako dalsi véc jsem zjistoval, jestli se tento efekt piendsi i na cilovy gen androgenniho
receptoru KLK3. Pro tyto ucely jsem pouzil 22Rv1, od kterych jsou AIZ-AR pouZzité pfi
genové reportérové assay odvozené. V tomto pripadé nemél berberin spolecné s DHT vliv na
expresi KLK3 (obrazek 11F), ale pifi jeho samotném pouziti doSlo ke statisticky
signifikantnimu poklesu hladiny mRNA KLK3 ptiblizn€ o 20% (obrazek 11E) a to jiZ pfi
Jelikoz mRNA pro KLK3 mize mit jiny ¢as degradace neZ exogenni luciferdza, sledoval jsem
1 kratsi Casy (obrazek 11G), kde se myslenka potvrdila. Doslo k signifikantni zméné hladiny
mRNA KLK3 za 6h v ptipadé kombinace berberinu s DHT. Krat$i nebo del$i ¢as nemél na
jeho hladinu Zadny efekt. Dale jsem se rozhodl, Ze kdyz berberin ovliviiuje hladinu mRNA
pro KLK3, prostudovat i jeho mozZné zapojeni do proliferace rakovinnych bunék. Zjistil jsem
maly, ale signifikantni pokles proliferace 22Rv1 pro dvé nejvyssi koncentrace (100 a 1000

nM) za 24h (obrazek 11H).
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Obrazek ¢. 11: Vliv berberinu na aktivitu androgenniho receptoru v 22Rv1 (A) Struktura berberinu (BER).
(B) AIZ-AR byly inkubovany s berberinem (BER; 0,01 — 50 uM) anebo s DMSO (0,1% v/v) jako negativni
kontrolou po dobu 24h. AIZ-AR byly inkubovédny s BER (0,01 — 1 uM) samotnym (C) nebo za piitomnosti DHT

(100 nM) (D) po dobu 24h a poté byla zméiena luciferazova aktivita podle postupu popsaného v kapitole

,,materidl a metodika®. Data jsou primérem z 5ti (C) nebo 7mi (D) nezavislych experimentii a jsou vyjadiena
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jako ndsobek aktivace AR proti negativni kontrole (DMSO) (C), nebo jako procenta pozitivni kontroly (DHT)
(D). 22Rv1 byli inkubovany s BER (0,01 — 1 uM) samotnym (E) nebo za pfitomnosti DHT (100 nM) (F) po
dobu 24h a poté byla zmétena exprese mRNA KLK3 podle postupu popsaného v kapitole ,,materidl a metodika“.
Data jsou primérem ze 4 (E, F) nezavislych experimentt a jsou vyjadfena jako ndsobek indukce mRNA KLK3
proti negativni kontrole (DMSO) (E), nebo jako procenta indukce mRNA KLK3 pozitivni kontroly (DHT) (F) a
data byla normalizovana na mnozstvi exprese mRNA pro GAPDH. (G) 22Rv1 byly inkubovany s BER (1 nM)
anebo s DHT (100 nM) piipadné v kombinaci obou latek po dobu 3, 6, 9 a 12h a DMSO bylo pouzito jako
negativni kontrola. Data jsou prumérem ze 4 nezavislych experimentd a jsou vyjadfena jako nasobek indukce
mRNA pro KLK3 oproti negativni kontrole (DMSO) a jsou normalizovana na expresi GAPDH. (H). 22Rv1 byly
inkubovany s BER (0,1 — 1000 nM) v kombinaci s DHT (100 nM) po dobu 24h a poté byla zméfena proliferace
podle postupu popsaného v kapitole ,,materidl a metodika“. Data jsou primérem ze 3 nezavislych experimentt a
jsou vyjadiena jako procenta proliferace oproti buitkdm s DHT. *, (p<0,05) - znali statisticky vyznamné
odlisnou hodnotu od kontrolnich bun¢k (DMSO) (B, C, E, G), nebo od bun¢k s DHT (D, H). #, (p<0,05) - znaci
statisticky vyznamné odli$nou hodnotu od bunék s DHT (G).

5.3.2 Vliv berberinu na aktivitu AR v LNCaP

Jelikoz vSechny ptfedchozi experimenty byly provadény v bunééné linii 22Rv1, které
krom¢ AR-FL exprimuji prokazatelné i AR-V7 a jejich aktivace AR je tedy konstantni a
nezavisla na androgenech, rozhodl jsem se otestovat pfipadny vliv berberinu i na buné¢éné linii
LNCaP, kterd exprimuje pouze AR-FL. Nicméné, zdkladni hladina mRNA KLK3 nebo
indukovana pomoci DHT nebyla berberinem ovlivnéna (obrazek 12A a 12B) stejné jako
v ptipad¢ 22Rvl. V piipad€¢ proliferace doSlo také k jejimu poklesu pro dvé nejvyssi
koncentrace (100 a 1000 nM) ptiblizné o 20% (obrazek 12C).
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Obrazek €. 12: Vliv berberinu na aktivitu androgenniho receptoru v na androgenech zavislych buiikach.
LNCaP byly inkubovany s berberinem (BER; 0,1 — 1000 nM) samotnym (A) nebo za pfitomnosti DHT (100 nM)
(B) po dobu 24h a poté byla zm&fena mRNA pro KLK3 podle postupu popsaného v kapitole ,,materidl a
metodika“. Data jsou primérem z 3 (A, B) nezavislych experimentl a jsou vyjadiena jako nasobek indukce
mRNA pro KLK3 proti negativni kontrole (DMSO) (A), nebo jako procenta indukce mRNA pro KLK3 pozitivn{
kontroly (DHT) (B) a data byla normalizovana na mnozstvi exprese mRNA GAPDH. (C) LNCaP byly
inkubovany s berberinem (BER; 0,1 — 1000 nM) a DMSO jako negativni kontrolou po dobu 24h. Poté byla
zméfena proliferace podle postupu popsaného v kapitole ,,materidl a metodika®. Data jsou primérem z 3 (C)
nezavislych experimentti a jsou vyjadfena jako procenta proliferace DHT. *, (p<0,05) - znadi statisticky

vyznamn¢ odli§nou hodnotu od kontrolnich bunék (DMSO) (A) nebo od bun¢k s DHT (C).

5.3.3 Vliv berberinu na apoptézu v 22Rv1 buiikach

V obou prostatickych rakovinnych liniich doslo k statisticky signifikantnimu snizeni
proliferace pro dvé nejvyssi pouzité koncentrace. Z diivodu mozného vysvétleni téchto
udélosti, jsem se zaméfil na prozkoumani moznosti ovlivnéni apoptozy berberinem. Sledoval
jsem intenzitu Annexinu V (detailni postup Annexin V assay je v kapitole ,materidl a
metodika“), ktery je pouZivan jako marker apoptdzy. Ve vzorcich, kde byl pfitomen berberin,

a to jak samotny (obrazek 13 ¢ast BER) nebo v kombinaci s DHT (obrazek 13 cast
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BER+DHT), doslo k vyraznéjsSimu barveni pomoci V-CF488A a posunu oproti vzorkiim
negativni kontroly (obrazek 13 ¢ast UT) a vzorku pouze s DHT (obrazek 13 cast DHT), coz
naznacuje veétsi mnozstvi brzkych apoptotickych udalosti (obrazek 13; pravy sektor v kazdém

obrazku). JelikoZ vSak tento efekt nebyl ovlivnén DHT, domnivam se, Ze v ném neni zapojen

androgenni receptor.
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Obrazek €. 13: Vliv berberinu na signal Annexinu V v 22 Rvl. 22Rv1 byly inkubovéany s berberinem (BER;

1 000 nM) samotnym (BER) nebo za pfitomnosti DHT (100 nM) (BER+DHT) po dobu 24h a poté byla méfena

Annexin V assay podle postupu popsaného v kapitole ,,materidl a metodika“. Data jsou vyjadiena jako intenzita

propium jodidu vuci intenzit¢ Annexinu V-CF488A v populaci bunék.
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5.4 Vliv grafen oxidu na signalizaci androgenniho receptoru

5.4.1 Vliv GO na viabilitu bunééné linie

Jiz n€kolikrat bylo popsano, ze GO pronikd dovniti bunék a mize ménit morfologii,
pfipadné¢ spoustét kaskadu déja [148], proto jsem se jako prvni zaméfil na ovéfeni této
informace 1 u bun¢k, které jsem se chystal pouzit. Za pomoci piistroje pro holotomografii (3D
Cell Explorel) jsem provedl vizualizaci bun¢k ve 3D a jak je vidét na obrazku ¢. 14A, oproti
kontrolnim bunkdm jsou pozorovatelné morfologické zmény a bilé tecky, které jsou
pravdépodobné shluky ¢astic GO akumulované uvnitt bunék. Jako dalsi jsme provedli méteni
zeta potencialu GO ¢astic a jejich hydrodynamického primeéru kvili jejich lepsi charakterizaci
v ramci pouzivaného média (obrazek ¢. 14B).

Nakonec bylo jesté tieba urcit moznou toxicitu GO a stanovit rozsah koncentraci pro
praci. Ktomu ucelu jsem pouzil dvé metody, MTT a resazurinovu assay, jelikoz bylo
popsano, ze GO muze spontann¢ redukovat MTT a tak ovlivnit vysledné méteni [149]. Jak je
vidét na obrazku ¢. 14C a D, nikde nedochdzi k poklesu viabilitu a pouze pro koncentraci

2ug/ml dochédzi k malému ale statisticky signifikantnimu zvySeni viability pfiblizné o 15%.

5.4.2 Vliv GO na aktivitu androgenniho receptoru

Pouzitim metody s reportérovym genem, kterd sledovala schopnost grafen oxidu
modulovat transkripéni aktivitu AR pomoci exprese luciferazy nedoslo v piipadé samotného
GO k Zadné aktivaci AR (obrazek 15A), ale pozitivni kontrola v tomto (DHT 100 nM)
dosahovala az 13ti ndsobné indukce oproti vzorku pouze s vodou. Opacny efekt nastal
v pfipadé kombinace GO s DHT, kde pro tfi nejvyssi koncentrace doSlo k signifikantnimu
snizeni DHT indukovatelné luciferazové aktivité (obrazek 15B), coz ukazuje na moznost

modulace AR pomoci GO.
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Kontrola
B Z-potencial, mV Hydrodynamicky pramér, nm
Zasobni Bunécna Zasobni roz. Bunééna linie
roz. linie (voda) {medium)
(voda) (medium)
GO (SigmaAldrich/Merck) -33.9 -6.0 65.29 5.033

MTT v AIZ-AR Resazurinova assay v AlZ-AR
1254 125+ P

3 100+ 3 100 —l_ T ==
o o
2 2
2> >
£ 759 S 751
s <
=} o
- -
5 501 £ s0-
® ®
> o
g g
< 259 < 257

0- o

uTt 0.002 0.02 0.2 2 20 ut 0.002 0.02 0.2 2 20
GO (w/mL) GO (ng/mL)

Obrazek €. 14: Vliv grafen oxidu na viabilitu bunééné linie (A) Vizualizace bun¢k pomoci holotomografie.
V piipadé¢ GO (20 ng/ml) jsou vidét shluky castic (bilé tecky oznacené Sipkami). (B) Zeta potencial pouzitych
Castic. AIZ-AR byly inkubovany s grafen oxidem (0,002-20 pg/ml) po dobu 24h a poté méfeny metodou MTT
(C) nebo resazurinovou metodou (D). Data jsou primérem ze tii experimentd a byly vyhodnoceny pomoci
jednorozmérného ANOVA testu *, (p<0,05). Chybové useCky jsou zobrazeny jako standardni odchylka od
praméru (SEM).
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15 AR zavisla luciferazova aktivita

Hkkk

12+

Nasobek indukce

uT DHT 0.002 0.02 0.2 2 20
GO (ng/mL)

120- DHT indukovatelna AR zavisla luciferazova aktivita

100+ Ty

80- *rkk

60+

40

% DHT aktivace

20+

DHT 0.002 0.02 0.2 2 20
DHT + GO (ng/mL)

Obrazek ¢. 15: Vliv grafen oxidu na aktivitu androgenniho receptoru AIZ-AR byly inkubovany s grafen
oxidem (0,002-20 pg/ml) samotnym (A) nebo za ptitomnosti DHT (100 nM) (B) po dobu 24h a poté byla
zméfena luciferazova aktivita podle postupu popsaného v kapitole ,,materidl a metodika“. Data jsou primérem
z 5ti (A a B) nezavislych experimentt a jsou vyjadiena jako nasobek aktivace AR proti negativni kontrole (voda)
(A), nebo jako procenta pozitivni kontroly (DHT) (B). ** #*#** **** (p<(0,01; 0,001; 0,0001) - znadi statisticky
vyznamn¢ odlisnou hodnotu od kontrolnich bunék (voda) (A), nebo od bun¢k s DHT (B).

5.4.3 Vliv GO na cilové geny androgenniho receptoru

JelikoZ pfi pfedchozich pokusech GO signifikantné modulovat aktivitu AR pomoci
zmény Vv indukovatelné aktivité¢ luciferdzy, rozhodnul jsem se zaméfit na cilové geny
androgenniho receptoru. Protoze v bun&fné linii 22Rvl jsou pfitomny dvé verze AR,
analyzoval jsem hladinu KLK3 (kontrolovand plnou verzi AR) a hladinu UBE2C
(kontrolovand AR-V7) [150], ale nezjistil jsem zadny efekt GO na hladinu mRNA UBE2C
(obrazek ¢. 16B). Hladina mRNA KLK3 také nebyla ovlivnéna, ale v pfipad¢ indukované
exprese KLK3 pomoci DHT doslo k jejimu signifikantnimu snizeni (obrazek ¢. 16A). Na

zéklad¢ téchto zjisténi jsem se rozhodnul sledovat mozny efekt i1 na transla¢ni urovni.
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V piipadé PSA doslo k mirnému, ale signifikantnimu poklesu proteinu (obrazek ¢. 16C leva
cast). Pokud byla hladina PSA indukovana pomoci DHT, doslo k terminaci tohoto navySeni
jiz s nejnizsi pouzitou koncentraci (obrazek ¢. 16C prava ¢ast). V ptipadé UBE2C, kde na
urovni mRNA nebyla pozorovana zadnd zmeéna (obrazek ¢. 16B) vsak doslo ptrekvapivé

k navySeni mnoZzstvi proteinu v ptitomnosti DHT (obréazek ¢. 16D).
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Obrazek ¢. 16: Vliv grafen oxidu na cilové geny androgenniho receptoru. 22Rv1 byly inkubovany s grafen
oxidem (0,2-20 pg/ml) samotnym (A a B leva ¢ast grafu) nebo za ptitomnosti DHT (100 nM) (A a B prava ¢ast
grafu) po dobu 24h a poté byla zméfena mRNA pro KLK3 nebo UBE2C podle postupu popsaného v kapitole
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,,material a metodika®. Data jsou primeérem ze 5ti (KLK3) nebo 7mi (UBE2C) nezéavislych experimentt a jsou
vyjadiena jako nasobek indukce mRNA KLK3 a UBE2C proti negativni kontrole (voda). Data byla
normalizovana na mnozstvi exprese mRNA GAPDH. (C, D) 22Rv1 byly inkubovany se vzrastajici koncentraci
grafen oxidu (0,002-20 ug/ml) (C a D leva ¢ast grafu) nebo za ptitomnosti DHT (100 nM) (C a D pravéa cast
grafu) po dobu 24h. Poté byly buiky lyzovany a nasledovala detekce proteint, jak je popsano v kapitole
,,material a metodika“ pomoci pfistroje Sally Sue. Data jsou vyjadfena jako nasobek indukce viéi negativni
kontrole (voda). (E) Reprezentativni vysledek detekce proteintt pomoci Sally Sue. Vysledky jsou primérem ze 4
nezavislych experimentl. ** *** **** (n<0,01; 0,001; 0,0001) - znaéi statisticky vyznamné odli$nou hodnotu od
kontrolnich bun€k (voda). #, ###, ##HH (p<0,05; 0,001; 0,0001) - znaci statisticky vyznamné odlisnou hodnotu
od bunék s DHT. Data byly statisticky vyhodnoceny pomoci jednorozmérného ANOVA testu.

5.4.4 Vliv GO na hladinu androgenniho receptoru v 22Rv1

Po méfeni exprese cilovych gentli obou variant AR jsem se rozhodnul analyzovat, zdali
GO ovlivituje samotny AR a tim se jeho efekt mize prenaSet i na cilové geny receptoru.
Grafen oxid slab¢, nicméné signifikantné, zvySuje mnozstvi AR-FL pfiiblizné o 50 % (obrazek
¢. 17A leva cast), ale v ptitomnosti DHT dochdzi k mirnému avSak nesignifikantnimu poklesu
pro dvé nejvyssi koncentrace (obrazek €. 17A prava cast). Zkracend verze receptoru, AR-V7,
je pouze mirn¢ zvysena pisobenim GO za ptitomnosti DHT pro nejnizsi pouzitou koncentraci
(obrazek ¢. 17B). Zbytek koncentraci (at’ uz za pritomnosti DHT nebo bez) ukazoval narist
mnozstvi AR-V7, ale nikoliv signifikantné. Spodni ¢ast obrazku €. 17 ukazuje reprezentativni

vysledek detekce proteini.

5.4.5 Modulace translokace AR-FL a AR-V7 pomoci GO v 22Rv1l

Nedilnou soucésti signalizace AR je jeho translokace do jadra a zpusténi transkripce
nebo inhibice transkripce cilovych genli. Protoze je pomoci GO pozménéna transkripce,
izoloval jsem od sebe cytosolickou a nukledrni frakci, kde jsem detekoval mnoZstvi AR. Jak
je vidét na obrazku €. 18A, samotny grafen oxid ma jen minimalni efekt na translokaci AR-
FL, ale téméf o 50% zvySuje jeho translokaci po stimulaci DHT. V cytosolu GO zvySoval
mnozstvi AR-FL az dvojnasobné v zéavislosti na pouzité koncentraci (obrazek ¢. 18B leva
Cast) a potlacoval efekt DHT obrazek ¢. 18B prava ¢ast). Mnozstvi AR-V7 v jaderné frakci
bylo jen mirn€ zvySeno pusobenim GO a tento efekt byl mirné¢ zvySen plisobenim DHT
(obrazek €. 18C). V cytosolické frakci doSlo ke koncentraéné zavislému zvySeni mnozstvi
AR-V7 po piisobeni grafen oxidu samotného (obrazek ¢. 18D leva ¢ast) a v ptipadé, ze byl

pfitomen i DHT byl tento efekt lehce stimulovan (obrazek ¢. 18D prava ¢ast).
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Semikvantifikace AR-FL - 22Rv1 Semikvantifikace AR-V7 - 22Rv1

Nasobek indukce
Nasobek indukce

TUT 02 2 20 - 02 2 20 TTuUT 02 2 20 - 02 2 20
GO (ng/mL) GO (ug/mL)
DHT (100 nM) DHT (100 nM)
- + - - - + + + DHT (100 nM)

- - 02 2 20 02 2 20 GO (pg/mL)

AR-FL — — o~ —

ARV7Z, T e KK

e S N N —

Obrazek ¢. 17: Vliv grafen oxidu na mnoZstvi AR-FL a AR-V7. 22Rv1 byly inkubovény s grafen oxidem
(0,2-20 pg/ml) samotnym (A a B leva polovina grafu) nebo za ptitomnosti DHT (100 nM) (A a B prava polovina
grafu) po dobu 24h. Poté byly bunky lyzovany a nasledovala detekce proteint, jak je popsano v kapitole
,,materidl a metodika“. Data jsou primérem ze 4 nezavislych experimenti a jsou vyjadiena jako nasobek indukce
AR-FL a AR-V7 proti negativni kontrole (voda). Data jsou normalizovana na expresi aktinu. ** *#** (p<0,01;
0,0001) - znadi statisticky vyznamné odlisnou hodnotu od kontrolnich bun¢k (voda). Pod grafy je zobrazen

reprezentativni vysledek detekce proteinti.

61



A Semikvantifikace AR-FL translokace (jaderna frakce) B Semikvantifikace AR-FL translokace (cytosolicka frakce)
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Obrazek ¢. 18: Translokace AR-FL a AR-V7. 22Rvl byly inkubovény s grafen oxidem (0,2-20 pg/ml)
samotnym (A, B, C a D leva polovina grafu) nebo za pfitomnosti DHT (100 nM) (A, B, C a D prava polovina
grafu) po dobu 24h. Poté byla izolovdna jadernd a cytosolickd frakce jak je popsdno v kapitole ,,materidl a
metodika“ a nasledovala detekce proteind, jak je popsano v kapitole ,,materidl a metodika“. Data jsou primérem
ze 8mi nezavislych experimentti a jsou vyjadiena jako nasobek indukce (B, C a D) AR-FL a AR-V7 proti
negativni kontrole (voda) nebo jako procenta indukce oproti pozitivni kontrole (DHT). Data jsou normalizovana
na expresi aktinu. *** #¥* #¥¥% (p<0,05; 0,01; 0,001; 0,0001) - znaci statisticky vyznamné odliSnou hodnotu od
kontrolnich bunék (voda). #, (p<0,05) - znaéi statisticky vyznamné odlisnou hodnotu od bun¢k s DHT. Pod grafy

je zobrazen reprezentativni vysledek detekce proteint.

5.4.6 Vliv GO na tvorbu reaktivnich forem kysliku a proliferaci

Jelikoz vlivem grafen oxidu doSlo k poklesu mRNA pro KLK3, coz koreluje 1
s poklesem hladiny proteinu (obrazek ¢. 16A a C), jedna z moznosti jak vysvétlit tento jev je
tvorba reaktivnich forem kysliku (ROS — reactive oxygen species), které by mohly ovliviiovat
stabilitu PSA. A protoze pomoci holotomografie (obrazek ¢. 16A) je GO detekovan uvnitt
bunék (jadro 1 cytosol), mize ptispivat k vytvareni oxidativniho stresu. K tomuto jsem pouzil
metodu pro méfeni mnozstvi redukované a oxidované formy glutathionu, dtleZitého
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antioxidantu, jehoz pomér se pii oxidacnim stresu zméni. Nicméné za 24h nedoslo k zadné
zméng (obrazek ¢. 19A).

DalSim zajimavym zjisténim byl nalez signifikantniho zvySeni hladiny UBE2C
proteinu v kombinaci GO a DHT (obrazek ¢. 16). Jelikoz UBE2C participuje v bunééném
dé€leni, vyvstala potfeba ovéfit, zda bude néjakym zpisobem ovlivnéna proliferace. Zatimco
morfologie bun¢k byla zménénd (obrazek ¢. 14A), samotnd proliferace 22Rv1 nebyla
ovlivnéna za 24h a vykazovala jen mirny signifikantni koncentrané zavisly pokles za 48h pro

nejvyssi pouzitou koncentraci (obrazek ¢. 19B).
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Obrazek €. 19: Proliferace 22Rvl a GSH/GSSG assay (A) 22Rv1 byly inkubovany s grafen oxidem (0,2-20
pg/ml) samotnym po dobu 24h. Poté byla provedena GSH/GSSH luciferazova assay jak je popsano v kapitole
,,materidl a metodika®. (B) 22Rv1 byly inkubovany s grafen oxidem (0,002-20 pug/ml) a DHT (100 nM) po dobu
24h nebo 48h a poté byla provedena proliferacni assay jak je popsano v kapitole ,,materidl a metodika“. . Data
jsou prumérem ze 3 (GSH/GSSH assay) nebo 4 (proliferacni assay) nezavislych experimenti a jsou vyjadfena
jako procenta negativni kontroly (A, voda) nebo jako procenta proliferace vii¢ci DHT (B). . **, (p<0,01) - znaci

statisticky vyznamné odliSnou hodnotu od kontrolnich bun¢k (voda).

5.4.7 Modulace obohaceni KLLK3 promotoru androgennim receptorem pomoci GO
Pomoci ptedchozich experimentd jsem prokdzal ze GO moduluje hladinu AR
proteinu. Dalsi z krokli v objasnéni mechanizmu bylo pouziti metody chromatinové
imunoprecipitace. Sledoval jsem moznost navySeni vazby AR do promotorové oblasti KLK3
genu, ale v pfipadé¢ bunécné linie 22Rv1 doslo jen k mirnému, nesignifikantnimu poklesu
v pfipadé¢ kombinace GO a DHT, pfi¢emz samotny DHT dokazal zvysit vazbu AR pfiblizné
2,5x (obrazek €. 20A). ProtoZe linie 22Rv1 je na androgenech nezavisla, obsahuje i variantu
AR-v7, a nevyzaduje tak pro aktivaci cilovych gent ligandy AR, rozhodl jsem se pouzit

v experimentu i linii LNCaP, kterd obsahuje pouze AR-FL a je definovdna jako na
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androgenech zavisla rakovinnd bunécna linie. Obohaceni KLLK3 promotoru v LNCaP po
pusobeni DHT bylo priimérné 5ti nasobné, ale pritomnost grafen oxidu vedla, stejné jako

v ptipad¢ 22Rv1, pouze k mirnému nesignifikantnimu sniZeni (obrazek ¢. 20B).

A B
Obohaceni na KLK3 Obohaceni na KLK3
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Obrazek €. 20: Chromatinova imunoprecipitace (A a B). 22Rv1 a LNCaP byly inkubovény s grafen oxidem
(0,2-20 pg/ml) v piitomnosti DHT (100 nM) po dobu 90 min. a nasledné byla provedena chromatinova
imunoprecipitace assay jak je popsano v kapitole ,,materidl a metodika®. . Data jsou primérem z 9ti (22Rv1)

nebo 5ti (LNCaP) nezavislych experimentd.

5.4.8 Modulace exprese cilovych genit AR v 22Rv1 a LNCaP grafen oxidem

Chromatinova imunoprecipitace neukazala Zadny vliv GO na obohaceni promotoru
KLK3 v 22Rv1 nebo LNCaP, ale jelikoz LNCaP jsou na androgenech zavisla bunécna linie,
rozhodl jsem se prozkoumat, zdali ma GO stejny efekt na cilové geny jako v pfipad¢é 22Rvl1 a
to 1 za krat$i ¢asovy interval. V pfipad€ 22Rv1 vSak nemél GO Zadny vliv na KLK3 a ani na
cilovy gen AR-v7 (UBE2C) za 4h (obrazek ¢. 21 A a B) a je tedy zfejmé, Ze zprostiedkovany
efekt trva delsi Cas. Stejnych dat bylo dosazeno 1 v piipadé bunééné linie LNCaP, kde za 4h
nebyla pozorovana zadnd zména zplUsobend GO (obrazek ¢. 21C), ale za 24h doSlo ke
slabému, avSak signifikantnimu sniZeni DHT modulované exprese mRNA KLK3 pro druhou
nejvyssi koncentraci GO (2 pg/ml) a efekt GO v LNCaP je tedy podobny jako v piipadé
22Rv1 (obrazek €. 21D a obrazek €. 16).
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Hladina KLK3 mRNA za 4 h v 22Rv1 Hladina UBE2C mRNA za 4h v 22Rv1

1.5

2.0

-
o

Nasobek indukce

0.5

Nasobek indukce

UT 02 2 20 - 02 2 20 0.0
GO (ng/mL) DHT (100 nM) +
GO (ng/mL)

utr 0.2 2 20 - 0.2 2 20

GO (png/mL) DHT (100 nM) +
GO (ng/mL)

C Hladina KLK3 mRNA za 4 h v LNCaP D Hladina KLK3 mRNA za 24 h v LNCaP

2.01 2.0

Nasobek indukce
: 3
Nasobek indukce

o
©

0.0-

uT - 0.2 2 20 ’ - 0.2 2
DHT (100 nM) + GO (pg/mL) DHT (100 nM) + GO (ug/mL)

Obrazek €. 21: Vliv grafen oxidu na cilové geny AR v 22Rv1 a LNCaP . (A a B) 22Rvl byly inkubovany
s grafen oxidem (0,2-20 pug/ml) samotnym (A a B leva ¢ast grafu) nebo za pritomnosti DHT (100 nM) (A a B
prava cast grafu) po dobu 4h a poté byla zméfena mRNA pro KLK3 nebo UBE2C podle postupu popsaného
v kapitole ,,materidl a metodika®. Data jsou primérem ze 3 nezavislych experimentli a jsou vyjadiena jako
nasobek indukce mRNA KLK3 a UBE2C proti negativni kontrole (voda). Data byla normalizovana na mnozstvi
exprese mRNA GAPDH. (C, D) LNCaP byly inkubovany se vzristajici koncentraci grafen oxidu (0,2-20 pug/ml)
za pritomnosti DHT (100 nM) po dobu 4h (C) nebo 24h (D a poté byla zméfena mRNA podle postupu
popsaného v kapitole ,,materidl a metodika“. Data jsou vyjadiena jako nasobek indukce vii¢i negativni kontrole
(voda). Vysledky jsou prumérem ze 3 nezavislych experimentl. * ** **** (p<0,05; 0,01; 0,0001) - znaci
statisticky vyznamn¢ odlisnou hodnotu od kontrolnich bunék (voda v ptipadé A a B) nebo od bun¢k s DHT (C a
D).

5.4.9 Modulace translokace androgenniho receptoru v LNCaP

Jako posledni krok detekce efektli GO na AR jsem zjiStoval, zdali grafen oxid muize
modulovat translokaci AR v LNCaP tak jako v pfipadé¢ 22Rv1. Samotna pfitomnost grafen
oxidu nevedla z zadné zméné v mnozstvi AR (obrazek ¢. 22 A a B — levd strana). Pokud byl

pritomen 1 DHT, Ize sledovat koncentracné zavisly pokles mnozstvi AR v jadie (obrazek ¢.
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22A — prava strana) coz je komplementdrni ke koncentratné zavislému potlaceni DHT

indukovatelnému poklesu AR-FL v cytosolu (obrazek ¢. 22 B — prava strana).

A B

Semikvantifikace AR-FL translokace Semikvantifikace AR-FL translokace
(nuklearni frakce) i (cytosolicka frakce)
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GO (ug/mL) DHT (100 nM) + GO (ng/mL) DHT (100 nM) +
GO (ug/mL) GO (ng/mL)

Obrazek €. 22: Translokace AR-FL v LNCaP v pfitomnosti GO (A a B) LNCaP byly inkubovény s grafen
oxidem (0,2-20 pg/ml) samotnym (A a B leva polovina grafu) nebo za pfitomnosti DHT (100 nM) (A a B prava
polovina grafu) po dobu 24h. Poté byla izolovdna jadernd a cytosolickd frakce jak je popsano v kapitole
»~materidl a metodika“ a nasledovala detekce proteintl, jak je popsano v kapitole ,,material a metodika®. Data jsou
primérem ze 4 nezavislych experimentd a jsou vyjadiena jako nasobek indukce AR-FL proti negativni kontrole
(voda). Data jsou normalizovdna na expresi aktinu. ** ***¥* (p<0,01; 0,0001) - znaéi statisticky vyznamné

odli$nou hodnotu od kontrolnich bun¢k (voda).
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6 Diskuze

V predkladané praci se zabyvam vlivem Ctyf sloucenin na aktivitu androgenniho
receptoru. Prvni z latek je imunosupresivni 1€k mykofenoldt mofetil, ktery se projevil jako
silny induktor KLK3 mRNA v na androgenech nezavislé bunééné linii 22Rv1, kdy dosahl pfi
nejvyss$i mnou pouzité koncentraci (20 pg/ml) ptiblizné 80% indukce zprostiedkované DHT,
pfirozenym ligandem AR. Nicméné tento efekt nebyl pozorovan v LNCaP, coz je na
androgenech zéavisla bunécna linie a mize tedy souviset praveé s expresi transkripcni varianty
AR-v7. V piipadé piitomnosti DHT a zarovein MYC doslo u 22Rv1 pouze k mirnému
signifikantnimu navySeni mnozstvi mRNA KLK3 (pfiblizn¢ o 25%) zatimco u LNCaP byl
pozorovan signifikantni opacny efekt, a to pokles hladiny KLK3 mRNA indukované pomoci
DHT o ptiblizné 80%. Stejny efekt mél MYC na obé bunécné linie v ptipadé proliferace, a to
jeji sniZeni, pficemz hodnota IC50 u 22Rv1 byla nizsi oproti LNCaP (cca 1 pg/ml oproti vice
jak 20 pg/ml), coz ukazuje 22Rvl jako daleko citlivéjsi na antiproliferacni efekty
mykofenoldtu. Jako mozné vysvétleni lze opét brat v potaz pritomnost AR-v7, kterd ma
povétsinou protektivni ucinky a podporuje proliferaci [151]. Pfitom podle kritérii dr. Duna
[152] patfi, podle naSich zjisténi, LNCaP mezi velmi odolné a 22Rv1 mezi stfedné citlivé co
se reakce na MYC tyce. Divodem by mohla byt pravé zkracend varianta AR, kterou linie
obsahuje. AR-v7 je hojné pfitomnd v CRPC [153].

Jako dalsi jsem zjistil, Ze MYC podporuje translokaci AR-FL do jadra v pfitomnosti
DHT, ale samostatné¢ nema zadny vliv, pfi¢emzZ translokace AR-v7 zlstdva nezménéna. Také
zvySuje expresi MAPK8 a MAPK9 (JNK46/54), coz vede k jejich zvySené hlading, ale
zarovenl ke snizenému mnozstvi jejich fosforylovanych verzi. Tyto vysledky jsou shodné
spraci Dr. Andreucciho, ktery prokéazal snizeni fosforylace NF-xkB a JNK v lidskych
ledvinovych proximalnich tubularnich buiikdch po aplikace mykofenolové kyseliny (pouziti
koncentrace MYC byla v rozmezi 16 — 160 pg/ml) [145].

Pro vysvétleni rozdilnych efektt MYC v 22Rv1l a LNCaP muize byt mnoho divodi.
Primérnim cilem MYC je IMPDH II, kde ptisobi inhibi¢né a ovliviiuje tak syntézu novych
purini a jelikoZ je stejna exprese tohoto enzymu v obou bunéénych liniich [154], je mozZné se
domnivat, Ze jde o jeden z efekti zprostfedkovanych pfimo vlivem na AR (ktery je kliCovym
v regulaci rastu rakoviny prostaty), pfipadné na jeho variantu (22Rv1 obsahuji AR-v7).

Sice je MYC pouzivan jako inhibitor syntézy purind, ale bylo prokazano, ze moduluje

mnoho bunéénych drah ovlivnénim exprese genli nebo pravé zménou fosforylace. Jednim
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z efektit MYC je snizeni mnozstvi fosforylovaného PI3K, AKT a mTOR pozorovaného
v bunééné linii AGS (odvozena od adenokarcinomu zaludku) a spole¢n€ s nimi bylo
ovlivnéno i mnoho regulatori bunécného cyklu jako CDK4, BUB1 nebo Aurora. Stejné tak
mysi, do nichZz byly vpraveny AGS xenografty méli po aplikaci MYC vyrazné nizsi nadory
[152]. Dalsim vyznamnym zjisténim je, ze mnoho kindz a fosfataz se podili na regulaci
exprese AR-v7 [155]. A jelikoz nejen tato prace potvrzuje vliv na fosforylaci dalSich proteinii
(konkrétné MAPK8 a MAPK9 v naSem piipad¢) mize pravé tohle byt vysvétleni zvysSené
citlivost 22Rv1.

Tyto data potvrzuji ptiznivé protinadorové ucCinky mykofenolatu, a navic se otevira
moznost monitorovani hladiny IMPDH II v nadorech a nasledné pouziti MYC pro 1écbu
onkologicky nemocnych pacientli (pfevazné s rakovinou prostaty), jelikoz mykofenolat je jiz
odzkouSeny lék a nejsou nutné nové klinické studie pro posouzeni bezpecnosti. Tohle
prokazuji 1 retrospektivni studie na pacientech, ktefi pouzivali mykofenoldt a méli sniZzené
riziko malignity [156]. Stejné tak by mohlo jit o novy zplsob podptirné 1éCby, kdy by se
vyuzivalo vice latek najednou. V tomto piipad¢ tedy napi. kombinace mykofenolatu a dal§iho
protinadorového 1éciva, tfeba EPI, coZ je nova slibné vyhlizejici sloucenina cilici pouze na
cast aktivacni funkce 1 androgenniho receptoru bez jakychkoliv dalSich vedlejSich efekt
[157].

Dalsi zajimavé zavéry ptinesly 1 vysledky vyzkumu provadéné na bisfenolu S coby
bezpecné nahradé¢ za svého predchidce bisfenol A (BPA). Jelikoz se jedna o Siroce
pouzivanou latku v primyslu a naneStésti je uvoliovana i do jidla a piti, bylo nutné
prozkoumat jeji efekty na jaderné receptory. Pro tuto praci jsem ovSem z ¢lanku vybral pouze
data, tykajici se androgenniho receptoru (zbytek dat na ostatnich receptorech je publikovan
v ¢lanku) [158].

Samotny BPS neaktivoval androgenni receptor, ale v kombinaci s DHT doslo ke
stimulaci aktivity AR pfiblizné o 25 % pro nejvyssi pouzitou koncentraci (100 uM).
Zajimavym faktem ovSem je, Ze BPS dokazal sice slabg, ale signifikantné stimulovat aktivitu
(0,37 ng/l coz je priblizné 1,48 nM) [159]. Tento efekt se vSak nepienesl na cilovy gen pro
AR a to jak v na androgenech nezavislé bunécné linii 22Rv1 tak na androgenech zavislé linii
LNCaP. Jediny dalsi vliv BPS byl pozorovan na proliferaci, kde v linit LNCaP doSlo ke
koncentracné zavislému snizeni proliferace, a to o vice nez 25 %. Tento jev vSak nebyl
potvrzen v linii 22Rv1, coz miZe byt dano pfitomnosti AR-v7, ktery tak mlze chranit pred

ucinky BPS. Jedno z vysvétleni, pro¢ nebyla pozorovéna z4ddnd zména v hladiné mRNA
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KLKS3 je ten, ze zatimco doSlo k modulaci aktivity AR za pfitomnosti DHT (obrazek ¢. 9D) a
stejné tak k poklesu proliferace (obrazek ¢. 10F) vysledny produkt genu KLK3 se zadnym
zpiisobem nepodili na bunééném cyklu a efekt BPS mtize smétovat k jinym gentim.

Tyto teorie navic podporuje zjisténi, ze BPS reaguje se ¢tyfmi koregula¢nimi proteiny
AR a s dalsimi dvanacti nereaguje [160] a jelikoz v LNCaP neni zadna dal$i varianta AR,
muze timto zptisobem dochazet k modulaci jeho aktivity, kterd pak ovliviiuje proliferaci této
bunécéné linie. V piipadé¢ 22Rvl i kdyz je ovlivnén AR-FL, tak AR-v7 neobsahujici ligand
vazebnou doménu mulze nahradit snizenou expresi gend, coz mé vysledky podporuji.
Zajimavym faktem také je, Ze moje zjiSténi je v rozporu s vyzkumem dr. Rosenmai [161]. Ve
své praci pouzil bunky z vajeéniku ¢inského kiecka transfekované plazmidem s AR a
reportérovym genem, piicemz nasledné zjistil ze, BPS vykazuje slabou inhibici aktivity
androgenniho receptoru. Jednim z moznych vysvétleni je nevhodnost pouZzitého systému,
jelikoz buniky kiecka jsou vice vzdalené redlnému chovani AR a BPS v lidském téle nez nami
pouzitd bunécnd linie 22Rvl. V kazdém piipadé to ale ukazuje na slabinu pouzivani
reportérovych linii, protoze i kdyz v nasem ptipadé doslo k synergistickému efektu na aktivitu
AR, tak tyto vysledky nebyly potvrzeny na cilovém genu a v ptipad¢ proliferace byl efekt
opacny. Dobrou zpravou ovsem je, ze spolecné s jeho dalSimi efekty na mnou zkoumané
jaderné receptory [158] a daty, které naméfily ostatni vyzkumné skupiny lze fici, ze BPS
vykazuje mnohem méné¢ interakci s ligandy-aktivovanymi receptory neZ BPA.

Ptedposledni studovanou slouc¢eninou v mé praci je berberin, hojné se vyskytujici
pfirodni sloucenina, s niz pfichazi do styku mnoho lidi v jidle nebo v rdmci potravinovych
doplikt a dulezity prekurzor ve farmacii. Z divodu vysoké toxicity berberinu (jiz pfi
koncentraci 5 uM dochézelo k poklesu viability o vice nez 20%) jsem pouzival koncentrace
nanomolarni, které tak 1épe odpovidaji fyziologické koncentraci jaké 1ze dosahnout. Samotny
berberin v naSem systému s reportérovym genem nedokdzal modulovat aktivitu AR zatimco
pozitivni kontrola zvysila luciferdzovou aktivitu témét 20x oproti kontrolnim bunkam.
Opacna situace vSak nastala v ptitomnosti DHT, kde dochazelo k pozitivni modulaci aktivity
androgenniho receptoru a signifikance byla zaznamendna jiz pfi 0,1 nM, pficemZ nejvyssi
pouzité koncentrace pusobili spiSe inhibi¢né (obrazek ¢. 11D). Tento efekt se ovSem
nepfenasi na cilovy gen AR KLK3 a to jak v bunétné linii 22Rvl tak v piipadé¢ LNCaP.
Jediny efekt mél berberin samotny, a to snizeni bazalni hladiny mRNA pro KLK3 v 22Rv]
piiblizn€ o 10% bez zjevného efektu zavislého na koncentraci, jelikozZ maximalni odezvy bylo
dosazeno nejspiSe jiz nejniz§i moznou koncentraci (100 pM). Nicméné proliferace byla

sniZena, sice slab¢ ale signifikantng, pro ob¢é pouZité linie coZz odpovida pozorovani, které
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provedl dr. Li, ze berberin potlacuje signalizaci AR v rakoviné prostaty a indukuje apoptozu.
Dokonce podle jeho zjisténi dochazi ke snizeni mnozstvi PSA a AR, ale pii 100 uM
koncentraci, kterd je z redlného in vivo hlediska nemozna [162]. ZvySenou apoptdzu jsem
prokazal také pomoci meéfeni intenzity Annexinu Va to ve fyziologicky mnohem
relevantnéjSich koncentracich (obrazek ¢. 13).

Dalsi vyzkumy zjistujici farmakokinetiku pracovali se skupinami dobrovolnikd, jimz
oralng podavali berberin, dosly k rozdilnym plazmatickym koncentracim (pfiblizn¢ 1000x)
[163, 164]. Je tedy otazkou, pro¢ se dosazené vysledky tak lisi a jestli vyzkumné tymy
pouzily spravnou metodiku. Dilezité také je, Ze mnoho pozitivnich vysledki, které jsou
berberinu pfisuzovany pfi pouziti v mysich xenograftech, bylo dosazeno subkutalni nikoliv
ordlni cestou, coz zajisté hraje vyznamnou roli v distribuci i metabolizmu latky [162]. Dalsi
otdzkou je, zda inhibice proliferace, stejn¢ tak zvySena apoptdza, neni jen disledkem jinych
efektl nezavislych na AR a zda tedy berberin skute¢né ovliviiuje AR (jelikoZ ovlivnéni
aktivity v naSem systému vnesen¢ho genu nemusi reflektovat realitu). Je nutné poznamenat,
ze zvyseni luciferazové aktivity neni nejvyssi pro nejvyssi pouzitou koncentraci berberinu
degradace, ale je vracena na uroven, kterou indukoval DHT. Tohle tedy spiSe podporuje
teorii, ze berberin psobi na AR pfipadné€ na proteiny ho ovliviiujici nez jako falesné pozitivni
vysledek. Jednim z vysvétleni mize byt, Zze berberin ptisobi na kindzu podobné, jako bylo
prokdzano u environmentdlniho polutantu bisfenolu A, ktery spousti expresi a fosforylaci p53
na pozici S15, coz vede k inhibici bunééného cyklu [165]. Podobna data byla naméfena 1
LNCaP, kde berberin siln¢ indukoval expresi p53, ale tento efekt nebyl pfitomen v linii PC-3,
kterd je sice také odvozena z rakoviny prostaty, ale neobsahuje zaddny AR, coz jen podporuje
teorii o pusobeni berberinu skrz AR [135]. Je tedy mozné, Ze berberin ovliviiyje aktivitu kinaz
jejichz cilem je AR, ktery je sam silné fosforylovany (viz obrazek €. 2). Pfesny mechanizmus
jsem sice neobjasnil, ale jako jeden z madla autort pracuji s fyziologicky relevantnimi
koncentracemi, které stale ukazuji mozné benefity berberinu piipadné nad¢ji pro jeho
derivaty, které by mohly vykazovat lepsi G€inky. Navic, jedna se o pfirodni latku, kterou Ize
zakoupit jako potravni dopln€k, takze v ptipadé¢ pouziti berberinu v podplirné terapii by
nebylo nutné zahajovat klinické testy pro zjisténi jeho bezpecnosti.

Poslednim cilem mého vyzkumu se stal grafen oxid, nadéjny derivat grafenu,
oznacovaného cCasto jako material budoucnosti. Diivodem pro studovani této latky bylo
potvrzeni nebo vyvraceni, zdali mize fungovat jako lipofilni nosi¢ pro androgeny a

modulovat tak signalizaci androgenniho receptoru. Podobnd modulace aktivity jaderného
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receptoru byla totiz pozorovana v piipad¢ signalizace AhR v bunécné linii PLHC-1 odvozené
z ryby zivorodénky lesklé (Poeciliopsis lucida) [166], kde GO fungoval jako nosi¢ pro
lipofilni latky a zvySoval tak signalizaci zprosttedkovanou AhR. Jedna se o dilezité zjisténi,
jelikoz mnoho polutantii ve vodnim prostfedi je zaroven i ligandy aryl uhlovodikového
receptoru a GO tak muze pfispét ke zvySeni toxicity pro nékteré vodni zivoCichy. Otazkou
tedy zlstava, zda je tohoto grafen oxid schopen i u AR a muize se tedy chovat jako endokrinni
disruptor v ptipadé signalizace zprostfedkované androgennim receptorem.

Jako prvni véc jsem stanovil vhodny koncentraéni rozsah GO pro pouziti v dalSich
exoerimentech. Vychdzel jsem z ¢lanku o vlivu grafen oxidu na AhR signalizaci, kde nejvyssi
pouzitd koncentrace byla 16 pg/ml, proto jsem koncentra¢ni rozsah pouzity v mém piipadé
zvolil v rozmezi 0,002-20 png/ml GO pro moznost posouzeni koncentratné zavislych efektt.
Krom¢ standardné pouzivané MTT metody pro stanoveni viability jsem pouzil i
resazurinovou assay, jelikoz vlivem GO muze dochazet k samovolné redukci MTT na
formazan ¢imz dochazi ke zkreslovani vysledki [149]. V. mém piipadé¢ ovSem nebyl
zaznamenan zadny rozdil mezi vysledky z obou metod (obrazek ¢. 14C a D) a dokonce doslo
k mirnému avSak signifikantnimu navyseni viability pro druhou nejvyssi pouZzitou koncentraci
(2 pg/ml). Tyhle vysledky tedy mohou poukazovat na stejnou toxicitu GO jak v piipade
lidskych bungk, tak bun¢k zivorodénky lesklé, kdy nejvyssi koncentrace vykazovaly zajimavé
efekty (potencia¢ni u€inek na indukci cytochromu CYP1A1 ligandy ahR a tim zvySeni a¢inné
koncentrace AhR agonistd, ...), ale nikoliv toxicitu, kterd by znemoziovala experimenty.
Mimojiné bylo pozorovano, Ze grafen oxid pronikéd dovnitt bun¢k A549 (plicni bunky)[148].
V mém ptipadé po pouziti holotomografického zobrazeni 3D modelu buiky je ziejmé, Ze
castice GO do bunck nejen pronikaji (obrazek €. 14A, bilé tecky oznafené Cernymi Sipkami
v jadre i1 cytoplazmé), ale celkova morfologie bun€k je zménéna oproti kontrolni skupiné, coz
ukazuje na stejné vysledky chovani ¢astic, ke kterym dosli ostatni vyzkumné skupiny.

Jako dalsi jsem zjistil, ze GO v pfitomnosti DHT zptsobuje koncentracné zavisly
pokles DHT indukované AR zprosttedkované luciferazové aktivity a tento efekt je prenasel 1
na cilovy gen pro AR-FL a to KLK3. Siln¢&jsi efekt dokonce vykazuje cilovy produkt mRNA
uroven. Opacny efekt nastava v ptipadé proteinu UBE2C, ktery je regulovan variantou AR-v7
[167], a to zvySeni jeho hladiny. Ovlivnéni genové exprese KLLK3 pomoci nanocastic je
v souladu s poznatky literatury, kde GO a GO funkcionalizovany vanilinem vykazovaly
imunomodulacni efekty v bunécné linii THP-1 skrz zménénou transkripci genli a ovlivnéni

oxida¢niho stresu [168]. Ovlivnéni genové exprese vSak bylo pozorovano i u jinych
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nanosastic, jako tieba stiibra, dosSlo ke sniZzeni produkce aflatoxinu B1 snizenim transkripce
gent [169].

Jednim z vysvétleni této skutecnosti (ovlivnéni exprese mRNA a proteinu) mize byt
ovlivnéni hladiny receptorti, ktera by v pfipadé zvysSeni nebo snizeni mohla ovlivnit i
transkripci cilovych gent. Nicméné, vysledky nepfinesli jednoznacnou odpovéd. V piipadé
AR-v7 doslo k mirnému a povétSinou nesignifikantnimu zvySeni a v pfipadé AR-FL byl
vysledek jesté slabsi, ale stale signifikantni. Je tedy pravdépodobné, Ze ovlivnéni cilovych
geni AR nebude zplsobeno zménou mnozstvi receptoru samotného. Protoze v piipadé
zvyseni jeho mnozstvi lze logicky ocekavat zvysSeni transkripce i translace, a ne potlaceni
efektu DHT az na bazalni Groven.

Dal$im z moznych vysvétleni snizené urovné cilovych mRNA a proteinti mize byt
zmeéna v translokaci receptoru a tim i ovlivnéni mnozstvi receptoru, ktery se mize vazat na
ARE. Vysledky byly vrozporu s ocekavanim, jelikoz kombinace DHT a GO naopak
translokaci zvySovala o 50% a samotny grafen oxid také stimuloval translokaci AR-FL i kdyz
nesignifikantné. Timto tedy dochdzi ke zvySovani mnozstvi receptoru v jadre, ktery se mize
vazat na pfisluSnou sekvenci v promotorové oblasti cilovych genli a nevysvétluje to mnou
pozorovany pokles hladiny cilového genu. V piipadé cytosolické frakce doSlo ke
koncentracné zéavislému zvyseni mnozstvi AR-FL, coz koreluje s jeho celkovym zvySenym
mnozstvim. Je tedy mozné, Ze podstatna cCast nové syntetizovaného AR je vlivem GO
zadrZzovano v cytoplazmé a to koncentracné zavislym zpiisobem. Zbytek je pravdépodobné
translokovan do jadra, coz se ukazuje jeho mirn¢€ zvySenym mnozstvim. Stejny efekt GO byl
pozorovan i v ptipadé AR-v7 a to navySeni jeho mnozZstvi v cytoplazmé 1 v jadie po pouziti
GO samotného nebo kombinace GO a DHT.

Jelikoz piedchozi experimenty nevysvétlily koncentracné zavisly pokles cilovych geni
AR-FL a AR-v7, zamé&fil jsem se na moznost detekce reaktivnich kyslikovych radikali (ROS)
zpusobenych GO, protoze napiiklad v ptipadé lidskych keratinocytll indukuje jejich tvorbu a
to nasledné ovliviiuje biochemizmus buniky [170] nebo miiZe zménit profil mastnych kyselin a
zpusobit poskozeni plazmatické membrany u kvasinek (Pichia pastoris) [171]. Je tedy vice
nez dost dikazl, ze GO ovliviiuje biochemické dréhy uvnitt buiiky a vliv na transkripci nebo
pfipadné stabilitu proteinu by se tu mohl vyskytovat. Nicméné, pouziti GSH/GSSG metody
pro detekci redukované a oxidované formy glutathionu nevedlo k zddnému vysledku.
Stejnych dat bylo dosazeno 1 pfi zjiSténi proliferace bunécéné linie 22Rv1 s malym rozdilem,
jelikoz za 48h pfi nejvyssi pouzité koncentraci byl zaznamenédn mirny, ale signifikantni pokles

proliferace.
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Jednim z moZnych vysvétleni je i to, Ze AR je sice do jadra translokovan a my tak
muzeme pozorovat jeho navyseni v nuklearni frakci, ale nevaze se do promotorové oblasti
cilovych genli nebo se dokonce vaze v mensim mnozstvi a tim dochazi k potlac¢eni indukce
exprese genu coz se muze z logiky véci projevit na proteinu. Chromatinova imunoprecipitace,
kterou jsem sledoval obohaceni AR v KLK3 promotoru, vSak neukdzala zadné zvySeni
obohaceni, ale naopak slabé nesignifikantni snizeni. JelikoZ experiment byl proveden na
bunécné linii 22Rvl1, ktera je na androgenech nezavisla, zopakoval jsem chromatinovou
imunoprecipitace i na linii LNCaP, kterd je na androgenech zdvisl4 a obsahuje pouze AR-FL.
Zde jsem obdrzel stejné vysledky jako v pfipadé¢ 22Rvl, pouze indukce obohaceni KLK3
promotoru pomoci DHT byla logicky vyssi (2,5x v ptipadé 22Rv1 a 5x v ptipadé LNCaP).
Nicméné, celkové nedoslo k zddnym prikaznym vysledkim v ptipadé LNCaP a méfeni
krat§ich Casti také nevedlo k néjaké zméné (obrazek ¢. 21A a C), byt jsem predpokladal ze
GO muze spoustét kaskadu rychlych déja, které Casem vymizi.

Vyse uvedena data naznacuji, Ze se nejspis jedna o ovlivnéni prevazné AR-v7, protoze
nebyla zaznamenéana zadnd zména exprese cilovych gent v linii, kterd jej neobsahuje a stejné
tak méfeni translokace v LNCaP vedlo ke opa¢nym vysledkiim jako na linii 22Rv1 (obrazek
¢. 18 a 22). Se vzrustajici koncentraci GO za pfitomnosti DHT lze vidét snizenou translokaci
AR do jadra, zatimco jeho mnozstvi se v cytosolu vraci témef na bazalni urovern.

Ziskana data nam v piipad¢ 22Rv1 z €asti poskytuji moznost povazovat grafen oxid za
lipofilniho nosice. Pokud GO skute¢né€ na sebe vaze DHT a usnadniuje jeho vstup (¢i ho piimo
koncentraci (které je pozitivné modulovano DHT), pficemz vyssi koncentrace uZ mohou
plsobit spise inhibi¢né a stejné tak 1 zvySenou translokaci do jadra (vEétsi mnoZstvi receptoru i
dostupného ligandu). Mize se tedy ¢astené jednat o stejny mechanizmus jako v pfipadé AhR
u Poeciliopsis lucida, kde GO funguje jako lipofilni nosi¢ [166]. Tato teorie je ovSem
v rozporu se ziskanymi daty na linii LNCaP, kde dochdzelo k opacnému efektu na translokaci,
a to bez ovlivnéni exprese cilového genu a stejné tak to nevysvétluje snizeni genové exprese u
22Rv1.

Vysvétlenim mizou byt dalsi pozorované efekty GO. Bylo prokazéano, ze grafen oxid
jiz za 1h dokézal indukovat fosforylaci p38 a JNK v endotelidlnich buiikach [172] a stejny
mechanizmus by se tedy mohl uplatiiovat v prostatickych bunkéach. Mimo jiné je zndmo, ze
JNK je diilezity faktor v regulaci rakoviny prostaty, podili se na apoptdze rakovinnych bunék
a fosforyluje AR na pozici S650, coz negativné reguluje jeho aktivitu [173]. Dals$i moZnosti,

jak vysvétlit ziskana data tedy mize byt, Ze GO opravdu z ¢asti funguje jako lipofilni nosic.
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V ptipadé 22Rvl je tedy navazany DHT snadnéji dostupny pro AR a my pozorujeme jeho
narust v jaderné frakci, pficemz tato modulace je snizena pro nejvyssi koncentraci, ktera zase
mize vétSinu volného DHT véazat na sebe (jelikoz se méni jenom koncentrace GO a nikoliv
DHT). Nartst celkového mnozstvi AR-FL v piitomnosti pouze GO miize byt ovlivnén dalSimi
mechanizmy, které se nepodafilo odhalit. Ovsem po vstupu AR do jadra nemusi dojit
k transkripci cilovych genti, jak je vidét po pouziti metody chromatinové imunoprecipitace.
Obohaceni na promotoru KLK3 ma spiSe sestupny charakter, avSak signifikance nebyla
prokdzéana. Nicméné samotny AR miize byt poté fosforylovan JNK na pozici S650, kterou by
aktivoval GO a tim by mohlo dochdzet k negativni regulaci cilovych gend.

Vysvétlenim, pro¢ se tato data nepodatila tak jasné zopakovat na linii LNCaP, kde
KLK3 je jen mirn¢ ovlivnén, mize byt pravé pfitomnost AR-v7 a tim i1 vétsi citlivost na GO
(stejny efekt vétsi citlivost oproti ocekdvani jsem pozoroval i v pfipadé mykofenolatu
mofetilu). Translokace v linii LNCaP také vykazovala opacny efekt, neZ byl pozorovan
v ptipadé 22Rv1, nicméné cilovy gen nebyl tak silné ovlivnén. Je tedy mozné, Ze i pies
snizené mnozstvi AR v jadre, stale zlstalo povétSinou dostacujici mnozstvi na udrzeni bazalni
1 indukované transkripcni hladiny KLK3.

Vsechna tato data ukazuji nové zjiSténi ohledné regulace transkripéni aktivity
androgenniho receptoru a poskytuji tak relevantni informace, které maji farmako-
toxikologicky charakter, ale pro jejich detailni objasnéni bude potieba jest¢ dalSich

experimentll.
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7 Z.avér

Tato prace se zabyva vlivem léku (mykofenoldt mofetil), potravniho doplitku (berberin) a
latek vyznamnych v primyslu (grafen oxid, bisfenol S) na aktivitu androgenniho receptoru.

Hlavni zjisténi plynouci z této prace jsou:

e Mykofenolat mofetil indukuje JNK 54 a JNK46 coz ovliviluje signalizaci
androgenniho receptoru v 22Rv1.

e Mykofenolat mofetil zvySuje citlivost 22Rv1 na inhibitory JNK.

e Bisfenol S neovliviiuje cilovy gen AR (KLK3) a spolecné se slabou modulaci dalSich

e Berberin ve fyziologicky relevantnich koncentracich potlacuje proliferaci nddorovych
prostatickych bunék.

e Grafen oxid potlacuje indukovanou expresi KLK3 a potencuje ligandem aktivovanou

translokaci do jadra v na androgenech nezavislé bunééné linii 22Rv1
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Abstract

Mycophenolate Mofetil (MYC) is a transplant drug used to prevent rejection in heart and kidneys
transplant patients. Inosine monophosphate dehydrogenase (IMPDH), an enzyme involved in de novo
synthesis of guanosine nucleotides, was considered as a primary target for MYC. Recently, we
described that MYC was activates aryl hydrocarbon receptor and it antagonizes glucocorticoid
receptor. Here we describe an androgen receptor (AR) as another off-target for MYC.

We found that MYC increased basal and dihydrotestosterone (DHT)-inducible AR-dependent
luciferase activity in AIZ-AR cells. In the same manner it induced or augmented mRNA level of KLK3
(prostate specific antigen; PSA) in 22Rv1 cells. Herein it displayed a hormetic effect on proliferation
activity, since it significantly stimulated proliferation in lower concentrations but inhibited in higher
(>1 pg/ml) concentrations in the presence of DHT. In contrast, MYC suppressed DHT-inducible
KLK3 mRNA expression and cell proliferation in androgen-dependent LNCaP cells. MYC
augmented DHT-inducible nuclear translocation of AR and increased the expression of MAPK8/9
(JNK46/54) resulting in the drop of their phosphorylation status. Moreover, MYC sensitized
DHT-treated 22RvI cells to JNK-IN-8 mediated growth inhibition with the drop of ICs, from 1425
nM to 84 nM within 24 hrs. In conclusion, we suggest that, castrate-resistant prostate cancers
progression might be retarded with the combination of MYC and chemical JNK inhibitors, involving
AR-dependent mechanism.

Key words: 22Rv1, LNCaP, JNK, proliferation, Mycophenolate

Introduction

Mycophenolate Mofetil (MYC) (Figure 1A) is an
immunosuppressive drug inhibiting the inosine
monophosphate dehydrogenase (IMPDH), the rate
limiting enzyme in the de novo synthesis of guanosine
nucleotides [1]. It is used in the prevention of rejection
of heart and kidney transplants due to the higher
affinity for IMPDH II isoform, which is present
primarily in lymphocytes. Mycophenolate Mofetil is
administered orally and it undergoes rapid
absorption and hydrolysis to mycophenolic acid
(MPA) by liver and plasma esterases. Thereafter, it is
almost completely metabolized to glucuronides by

UGT1A9 and UGT2B7 [2]. Intravenous or per oral
administration of 500 mg MYC resulted in statistically
indistinguishable Cmax around 10 pg/ml within
approx. 2 hrs [3]. Thus, these or actually lower
systemic concentrations can be expected in patients
treated with this immunosuppressant.

While IMPDH inhibition is probably the main
target of MYC/MPA, compounds itself probably
targets other cellular components. Recently, we found
that MYC activated aryl hydrocarbon receptor (AhR)
in dose-dependent manner and it antagonized AhR as
well as glucocorticoid receptor (GR) activation by

http://lwww.jcancer.org
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appropriate ligands in vitro [4]. Moreover, it was
described that several factors involved in cell
proliferation or cell cycle regulation are strongly
down-regulated upon MPA treatment [5]. As the
proliferation is undesirable process of cancer cells and
many tumors have up-regulated IMPDH [6, 7],
off-target use of this compound for cancer treatment
offers itself. In the study by Dun et al. it was found that
gastric adenocarcinoma (AGS), gastric carcinoma
(NCI-N87), colorectal adenocarcinoma (HCT-8),
ovarian adenocarcinoma (A2780) and pancreatic
adenocarcinoma (BxPC-3) were highly sensitive to
MYC treatment [5]. The use of MYC can be expected
for the prostate cancer treatment as another inhibitor
of IMPDH 1I, compound AVN944, was found to
induce cell cycle arrest and cell death in 4 prostate
cancer cell lines, particularly LNCaP, 22Rv1, DU145
and PC-3 [8]. Based on this and our above mentioned
observation of the action of MYC towards
ligand-activated transcription factors, the nuclear
receptors, we decided to investigate the effect of MYC
on the activity of androgen receptor (AR) in recently
established AR-responsive cell line (AIZ-AR), which
was derived from prostate cancer cell line 22Rv1 [9].
In addition, we compared this androgen-independent
(22Rv1) and androgen-dependent (LNCaP) cell lines.

A

Mycophenolate Mofetil

AR-dependent luciferase activity

20

Fold activation
w

001 041 1 10 20 DHT
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Materials and methods

Compounds and reagents

Dimethylsulfoxide (DMSO), dihydrotestosterone
(DHT), Mycophenolate Mofetil (MYC), Proliferation
assay kit (5-Bromo-2'-deoxy-uridine Labeling and
Detection Kit III) and Charcoal-stripped Fetal Bovine
Serum (CS-FBS; F6765) were purchased from
Sigma-Aldrich (Prague, Czech Republic). Oligonu-
cleotide primers used in RT-PCR reactions were
synthesized by Generi Biotech (Hradec Kralove,
Czech Republic). LightCycler 480 Probes Master was
from Roche Diagnostic Corporation (Intes Bohemia,
Czech Republic). All other chemicals were of the
highest quality commercially available.

Cell Cultures

Human Caucasian prostate carcinoma (LNCaP;
No. 89110211) and human prostate carcinoma
epithelial cell line (22Rv1l; No. 05092802) were
purchased from Public Health England and cultured
in RPMI 1640 medium supplemented with 10% of
charcoal-stripped fetal bovine serum, 2 mM
L-glutamine, 1% non-essential amino acids, and 1 mM
sodium pyruvate. Cells were maintained at 37°C and
5% COz in a humidified incubator.

MTT assay in AlZ-AR
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Figure 1: The viability of AIZ-AR cells and the activation of androgen receptor (AR) The structure of Mycophenolate Mofetil (MYC). (B) AlZ-AR cells
were treated incubated with Mycophenolate Mofetil (MYC; 0.01-20 ug/ml) and/or DMSO (0.1% v/v) as a vehicle for control for 24 h. Thereafter, MTT assay was
performed as described in Materials and Methods section. The data are the mean * SD from 5 consecutive cell passages and are expressed as % of negative control
(DMSO). AIZ-AR cells were incubated with Mycophenolate Mofetil (MYC; 0.01-20 pg/ml) in the absence (C) or presence (D) of DHT (100 nM) and/or DMSO (0.1%
viv) for 24 h. Thereafter, gene reporter assay was performed as described in Materials and Methods section. The data are the mean * SD from 5 (C) or 7 (D)
consecutive cell passages independent experiments and are expressed as fold activation of AR over DMSO-treated cells (C) or as a % of positive control (DHT) (D).
¥, Bk B _value s significantly different from untreated cells (DMSO) (C) or DHT-treated cells (D) (p < 0.05, 0.01, 0.0001).
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Cell viability assay (MTT)

Cell line AIZ-AR was treated with increasing
concentrations of MYC (0.01-20 pg/ml) and/or
DMSO (0.1%; v/ v) for 24 hrs. Thereafter, the medium
was replaced by PBS with MIT MTIT =
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) in final concentration of 0.3 mg/ml. The
solution was discarded after 30-40 minutes of
incubation and replaced by DMSO for dissolution of
the formazan crystals. Absorbance was measured at
570 nm with Infinite M200 (TECAN, Austria). Tested
concentrations causing decline in viability no greater
than 20% were considered as non-toxic for furthers
experiments.

Gene reporter assay

For the assessment of AR transcriptional activity,
we employed recently established stably transfected
gene reporter cell line AIZ-AR (derived from 22Rv1
cells) [9]. Following the plating in medium with
CS-FBS, cells were stabilized for 16 h and then treated
with MYC (0.01-20 pg/ml) in the absence (Agonist
setting) or presence (Antagonist setting) of dihydrot-
estosterone (DHT; 100 nM) and/or vehicle (DMSO;
0.1% v/v) for 24 hrs in medium with CS-FBS. After
the treatments, cells were lysed and luciferase activity
was measured with Infinite M200 (TECAN, Austria).

Quantitative reverse transcriptase polymerase
chain reaction (qQRT-PCR)

The total RNA was isolated using TRI Reagent®
(Molecular Research Center, USA). cDNA was synth-
esized from 1000 ng of total RNA using M-MuLV
Reverse Transcriptase (M0253S, New England
BioLabs) at 42 °C for 60 min in the presence of random
hexamers (S1230, New England BioLabs). qRT-PCR
was carried out on Light Cycler 480 II apparatus
(Roche Diagnostic Corporation, Prague, Czech
Republic). The levels of KLK3 and GAPDH mRNAs
were determined using primers and probes from
Universal Probes Library (UPL; Roche Diagnostic
Corporation, Prague, Czech Republic) as follows:
KLK3 (PSA) - UPL 44, forward: GTGCTTGTGGCCTC
TCGT, reverse: CAGCAAGATCACGCTTTTGT,; GAP
DH - UPL 60, forward: CTCTGCTCCTCCTGTTCG
AC, reverse: ACGACCAAATCCGTTGACTC. The
following program was used for monitoring the
expression of both genes: an activation step at 95 °C
for 10 min was followed by 45 cycles of PCR
(denaturation at 95 °C for 10 s; annealing with
elongation at 60 °C for 30 s). The measurements were
performed in triplicates. Gene expression was
normalized per glyceraldehyde-3-phosphate dehydrog-
enase (GAPDH) as a housekeeping gene. Data were
processed with the delta-delta method. Results are

expressed as fold induction over DMSO- treated cells.

Proliferation assay

Proliferation assay was used according to the
manufacturer  recommendations  with  minor
modifications. Briefly, cells were seeded at the density
of 10000 cells per well into 96-well plate (pre-coated
with poly-D-lysine for LNCaP) in medium with
CS-FBS and stabilized overnight. Next day, the cells
were treated with dihydrotestosterone (DHT) alone or
together with increasing concentrations of Mycophe-
nolate Mofetil (0.01, 0.1, 1, 10, 20 pg/ml) for 24 hrs. At
the end of treatment, solution with 5-Bromo-2'-
deoxy-uridine (BrDu) was applied directly into the
well for additional 3 hrs. Thereafter, we followed
strictly the procedure from manufacturer guide. At
the end, the absorbance at 405 nm and reference at 495
nm were measured with Infinite M200Pro (Tecan,
Austria). The proliferation capacity was expressed as
% of the ratios of absorbances A4s/ Asgs between the
sample and DHT, i.e. DHT was set to 100%.

SDS-PAGE and Western blotting

Total protein extracts were prepared from 1 well
of 6-well plate dish. Cells were washed once with
ice-cold PBS and scraped into 1 ml of PBS. The
suspension was centrifuged (2,300x g/5 min/4°C)
and the pellet was resuspended in 150 pl of ice-cold
lysis buffer (150 mM NaCl; 10 mM Tris pH 7.2;
anti-protease and anti-phosphatase cocktails, 1%
(v/v) Triton X-100; 1% (v/v) sodium deoxycholate; 5
mM EDTA). The mixture was vortexed and incubated
for 10 min on ice and then centrifuged (15,700x g/13
min/4°C). Supernatant was collected and the protein
content was determined by the Bradford reagent.

Isolation of cytosolic and nuclear extract was
performed with the use of Nuclear extract kit (Active
Motif; 40010) according to the manufacturer’s
protocol.

SDS-PAGE gels (10%) were run on a BioRad
apparatus according to the general procedure
followed by the protein transfer onto PVDF
membrane. The membrane was saturated with 5%
non-fat dried milk for 1 h at room temperature in 1x
TBS-Tween20 (0.5%). Blots were probed with primary
antibodies against AR (mouse monoclonal, sc-7305,
441, diluted 1:500, lot H3112) and actin (mouse
monoclonal, sc-47778, C4, lot K1414), both purchased
from Santa Cruz Biotechnology and with p-JNK
(rabbit polyclonal, 9251, lot 3, diluted 1:1000), JNK
(rabbit polyclonal; 9252, lot 9, diluted 1:1000), both
purchased from Cell Signaling Technology, overnight
at 4°C. Chemiluminescence detection was performed
using horseradish peroxidase-conjugated secondary
antibodies (Santa Cruz Biotechnology) and Western
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Sure Premium Chemiluminescent Substrate (C60429,
LiCor). Densitometric analyses were performed with
the C-DiGit Chemiluminescent Western Blot Scanner
and Image Studio Digits software, both from LiCor.

Statistical Analysis

Differences between the groups were compared
using the Student’s unpaired two-tailed t-test.
Two-way analysis of variance with a Dunnett’s post
hoc test was applied to the data if more than two
groups were analysed. All of the statistical analyses
were performed using GRAPH-PAD PRISM 6
software (GraphPad Software Inc., San Diego, CA,
USA). A P-value of <0.05 was considered to be
statistically significant.

Results

Mycophenolate Mofetil activates androgen
receptor

As a first step, we investigated if MYC can
activate androgen receptor in recently developed
AR-responsive cell line [9]. To this purpose, we had to
determine the non-toxic concentrations of MYC in this
cell line. We chose the range which corresponds to
plasma concentrations [3] with the maximal
concentration set to 20 ng/ml (approx. 62 pM). Since
the viability of cells was not decreased by more than
10% at highest concentrations (Figure 1B) we could
use full range of concentrations for further
experiments. In the Agonist setting, the positive
control DHT (100 nM) induced the androgen receptor
(AR)-dependent luciferase activity (18-fold) which
served as a proof of the functionality of the system.
MYC induced the activity as well (1.4-1.7 fold),
however insignificantly (Figure 1C). In the Antagonist
setting, i.e. in the presence of DHT, we observed
significant approx. 13% increase of luciferase activity
above DHT alone for 0.01 and 01 pg/ml
concentrations (Figure 1D). All other concentrations
were without significant effect.

Mycophenolate Mofetil modulates KLK3
expression and proliferation of prostate cells

The finding of increased AR-dependent
luciferase activity led us to focus on the expression of
one of the most known AR target genes, KLK3
(prostate specific antigen, PSA). First, we monitored
the expression of KLK3 mRNA in 22Rv1, which the
AlIZ-AR cell line was derived from. The positive
control (DHT) induced KLK3 mRNA significantly
(Figure 2A) but the average fold induction did not
exceed 2-fold. Mycophenolate mofetil induced
significantly KLK3 mRNA to approx. 1.5-fold for 3
highest concentrations (Figure 2A). This induction
corresponds to almost 65% of induction caused by

DHT. An interesting and consistent observation with
gene reporter assay (Figure 1D) we made when we
co-treated 22Rv1 cells with MYC and DHT. The
presence of MYC significantly stimulated the KLK3
mRNA induction over DHT alone by almost 25 % for
MYC concentration of 1 pg/ml (Figure 2B). Since the
cell cycle of prostate cancer cells is modulated by AR,
we further focused on monitoring the proliferative
activity of 22Rv1l cells. We observed that concent-
rations 0.01 and 0.1 pug/ml significantly stimulated
proliferation of cells but higher concentrations had the
inhibitory effect (Figure 2C). While two lowest
concentrations reflected the pattern observed in
DHT-inducible KLK3 mRNA expression, the other
three (starting from 1 pg/ml) are probably high
enough to inhibit the primary target of MYC, inosine
monophosphate dehydrogenase (IMPDH) with
consequent impact on short-lived proteins involved in
cell cycle, ie. the proliferation. Since two lowest
concentrations stimulated proliferation above control,
we further monitored this effect for longer period of
time, 48 hrs. However, no effect was observed for
these two concentrations (Figure 2C).

It is known that 22Rv1 cells have two forms of
AR, one being full length (AR-FL) and second one
truncated missing ligand-binding domain (AR-v7).
Therefore, we decided to compare AR-independent
cells (22Rv1l) with AR-dependent cells (LNCaP),
which lack AR-v7 isoform. Positive control induced
KLK3 mRNA in average 15-fold (Figure 2D), while
MYC slightly but insignificantly induced KLK3
1.4-fold over control cells. In the presence of DHT, we
observed opposite effect on inducible KLK3 mRNA in
contrast to 22Rv1 cells, i.e. the decrease in mRNA
level (Figure 2E). Monitoring the proliferation of
LNCaP cells revealed a pattern similar with the
inducible KLK3 mRNA. The comparison of these two
cell lines revealed lower anti-proliferative activity of
MYC in LNCaP cells (IC50 > 20 pg/ml) than in 22Rv1
cells (IC50 ~ 1.0 ng/ml) (Figure 2F, C).

Mycophenolate mofetil stimulates
DHT-dependent AR translocation in 22Rvl
cells

Since MYC stimulated DHT-mediated AR-
dependent luciferase activity (Figure 1D) as well as
KLK3 mRNA induction (Figure 2B), we decided to
further investigate this effect. We monitored AR
translocation in the presence of MYC. We used MYC
at concentration of 1 ng/ml as this was the lowest
threshold concentration causing any effect in our
previous assays. We found that the presence of MYC
stimulated DHT-induced translocation of full length
version of AR (AR-FL) into the nucleus after 60
minutes (Figure 3A, B). Moreover, MYC also reduced
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nuclear level of truncated form of AR (AR-v7) as well
(Figure 3A, C). Since AR-FL/AR-v7 isoforms were
slightly increased in cytosolic fraction upon MYC
treatment (Figure 3A, D) with simultaneous decrease
in nucleus (Figure 3A, C), we considered an idea of
MYC-stimulated degradation of AR isoforms by
proteasome. However, co-treatment of MYC with
proteasome inhibitor bortezomib had no effect on
protein level of any AR isoforms, suggesting no
involvement of proteasome in this process (Figures
3E, F).

Mycophenolate Mofetil induces JNK
expression

We based our further investigation on our recent
publication [4]. Here we found that MYC activated
and inhibited AhR activity in the presence of dioxin.
Moreover, activity of GR was inhibited
concentration-dependently by MYC in the presence of
glucocorticoid receptor ligand, dexamethasone. Since
the likelihood of one compound being a ligand of
three different receptors with limited overlapping
spectra of ligands is low in general, we focused on the
idea of ligand-independent co-stimulation of AR
activity by kinase event. We focused on c-Jun
N-terminal kinase (JNK) as similar observation for
MYC and JNK was already published [10, 11].

Treatment of 22Rv1 cells with MYC for 30 minutes
revealed mild reproducible decrease of phospho
status of JNKs while total J]NKs were elevated (Figure
4A). Sorbitol, a JNK activator significantly induced
the phosphorylation while had no effect on total JNK
protein level. This finding suggested that MYC
suppressed basal JNK activity by increasing total level
of JNK. In order to investigate the origin of this effect,
we focused on determination of either stabilization or

induction of JNKs. An experiment with
proteosynthesis  inhibitor, cycloheximide (CHX),
revealed that CHX significantly suppressed

MYC-induced increase of JNKs. This suggested
transcriptional event. Monitoring the expression at
mRNA level revealed mild but significant induction
of expression of JNK54 (MAPK9) and JNK46
(MAPKDY) (Figure 4C). To further confirm that either
activation or inhibition of JNK affects transcription
activity of AR, we treated AIZ-AR cells with JNK
activator sorbitol or JNK inhibitors (SP600125 and
JNK-IN-8). Sorbitol dose-dependently increased while
both tested inhibitors decreased the AR-dependent
luciferase activity (Figure 4D). It is worth to notice
that lower concentrations of JNK inhibitors had mild
co-stimulating effect on AR-mediated luciferase
activity similarly like MYC (Figure 1D).
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Figure 2: The effect of Mycophenolate Mofetil on KLK3 mRNA and cellular proliferation 22Rvl or LNCaP cells were treated for 24 h with
Mycophenolate Mofetil (MYC; 0.01-20 pg/ml) in the absence (A, D) or presence (B, E) of DHT (100 nM) and/or DMSO as a vehicle for negative control. Thereafter
KLK3 mRNA was determined as described in Materials and Methods section. Results are expressed as fold induction over DMSO-treated cells + SD (A) or as % of
DHT induction * SD (B). The data are mean from 5 consecutive cell passages and were normalized per GAPDH mRNA levels. *, *¥, ##% #5658k _ yalue s significantly
different from DMSO-treated cells (A, D) or DHT-treated cells (B, E) (p < 0.05, 0.01, 0.001, 0.0001). (C) 22Rv]1 cells were treated in the presence of DHT (100 nM)
for 24 hrs with MYC (0.01-20 pg/ml) or for 48 hrs with MYC (0.01, 0.1 pg/ml). (F) LNCaP cells were treated in the presence of DHT (100 nM) with MYC (0.01-20
pg/ml) for 24 hrs. Thereafter, detection of proliferation was measured as described in Materials and Methods section. Results are expressed as % of DHT proliferation
from 4 (C) and 5 (F) consecutive passages. *, ¥, ¥¥¥ #¥ _yalye is significantly different from DHT-treated cells (p < 0.05, 0.01, 0.001, 0.0001).
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Figure 3: The effect of MYC on translocation of AR (A-D) 22Rv]1 cells were treated incubated with Mycophenolate Mofetil (MYC; | pg/ml) and/or DMSO
(0.1% viv) and/or DHT (100 nM) for 60 minutes. Thereafter, cytosolic and nuclear fractions were isolated as described in Materials and Methods section;
semi-quantitation was performed with LICOR scanner. (A) One representative western blot of 5 consecutive passages is shown. (E) 22Rvl cells were treated
incubated with Mycophenolate Mofetil (MYC; | pg/ml) and/or DMSO (0.1% v/v) and/or Bortezomib (B; 100 nM) for 60 minutes. Thereafter, cytosolic and nuclear
fractions were isolated as described in Materials and Methods section; semi-quantitation was performed with LICOR scanner. (F) One representative western blot of
3 independent experiments is shown, ¥, ¥k, #¥k ¥k _yalue s significantly different from DHT-treated cells (B) or DMSO-treated cells (D, E) (p < 0.05, 0.01, 0.001,

0.0001).

Mycophenolate Mofetil has synergistic
antiproliferative effect with JNK inhibitor

Since MYC induced JNK protein, we focused on
idea of MYC-induced sensitization of 22Rv1 cells with
consequent higher impact on viability of these cells
when co-treated with JNK inhibitors. By employing

MTT assay, we observed nothing but additive effect of
tested concentrations of MYC in the presence of JNK
inhibitor, JNK-IN-8 (Figure 5A). Similar data we
obtained with reversible JNK inhibitor SP600125 (data
not shown). However, we have noticed that presence of
DHT had protective effect as increased viability was
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observed in DHT-plus rather than DHT-free medium
(data not shown). However, this protective effect of
DHT was observed for JNK activator, sorbitol, as well
(data not shown). This suggests that no matter of JNK
activation or inhibition, DHT has protective effect on
viability of 22Rv1 cells.

In the next step, we monitored the proliferation
of 22Rv1 cells co-treated with MYC and JNK inhibitor,
JNK-IN-8 [12]. Proliferation of 22Rv1l cells was

with observed IC50 approx. 1425 nM (Figure 5B).
When we combined JNK-IN-8 with MYC, the
presence of two lowest concentrations (0.01 and 0.1
pg/ml) had no effect on the proliferation (data not
shown) similarly like on the viability (Figure 5A).
However, the presence of MYC at 1 pg/ml shifted the
proliferation curve to lower values with the drop of
IC50 to approx. 84 nM within 24 hrs (Figure 5B). That
represents a 17-fold lower IC50 than for JNK inhibitor

concentration-dependently inhibited by JNK-IN-8  alone.
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Figure 4: The effect of MYC on JNKs status (A) 22Rv]1 cells were incubated with Mycophenolate Mofetil (MYC; 1 pg/ml) and/or DMSO (0.1% v/v) or Sorbitol
(SOR; 0.4 M) for 30 minutes. Thereafter, total protein lysate was isolated as described in Materials and Methods section with subsequent protein detection and
semiquantitation performed with LICOR scanner. Phosphorylated JNKs normalized to total JNKs protein (left side of A) and total JNKs normalized to actin (right side
of A). One representative western blot of 6 independent experiments is shown in lower part of A. (B) 22Rv1 cells were incubated with Mycophenolate Mofetil (MYC;
1 pg/ml), cycloheximide (CHX; 20 pg/ml) and/or DMSO (0.1% v/v) or combination of both for 30 minutes. Thereafter, total protein lysate was isolated as described
in Materials and Methods section with subsequent protein detection and semi-quantitation performed with LICOR scanner. Total JNKs were normalized to actin and
data are expressed as fold induction over negative control (DMSO). One representative western blot of 4 independent experiments is shown in lower part of B. (D)
AIZ-AR cell line was treated with DHT (100 nM) in the presence or absence of Sorbitol (0.01-0.2 M), SP600125 (0.1-25 pM), JNK-IN-8 (0.1-10 uM) for 24 hrs.
Thereafter luciferase activity was monitored as described in Materials and Methods section. *, *¥, #¥¥ #¥8k _ yalue is significantly different from DMSO-treated cells
(A,B,C) or DHT-treated cells (D) (p < 0.05, 0.01, 0.001, 0.0001). # - significant difference between two groups (p<0.05)
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Figure 5: The effect of MYC and JNK inhibitor co-treatment on
viability and proliferation 22Rv1 cells were treated JNK-IN-8 (0.001-10 uM)
and/or with Mycophenolate Mofetil (MYC; 1 pg/ml) and/or DMSO (0.1% v/v) in
the presence of DHT for 24 hrs. Thereafter, viability (A) or proliferation (B)
were performed as described in Materials and Methods section. Results are
expressed as % of viability for DMSO (A) or % of DHT proliferation (B) from 3
consecutive passages. *¥, FF¥ _ value is significantly different from
JNK-IN-8-treated cells only (p < 0.01, 0.0001).

Discussion

In the current study, we investigated the effect of
immunosuppressive drug, Mycophenolate Mofetil
(MYC) on the activity of androgen receptor (AR) in
prostate cancer cell lines. We found that MYC slightly
activated androgen receptor in
androgen-independent cells 22Rvl and induced
AR-target gene expression (KLK3 mRNA) herein
while this was not observed in AR-dependent cells
(LNCaP). The combination of MYC and DHT
synergistically stimulated KLK3 mRNA induction in
22Rv1 cells while the opposite, i.e. the suppression
was observed in LNCaP cells. Mycophenolate had
anti-proliferative effect in both cell lines with IC50s
more than 20-times lower for androgen-independent

(22Rv1) than dependent (LNCaP) cells. This finding
shows androgen-independent (but AR positive) cells
as more sensitive to anti-proliferative effect of
Mycophenolate Mofetil. Moreover, we found that
MYC stimulated DHT-inducible translocation of
AR-FL to nucleus and induced MAPKS8/9 (JNK46/54)
expression, which resulted in the decrease of JNKs’
phosphorylation status. The decline of
phosphorylation is consistent with the study
performed in proximal tubule cell line (HK-2) [10]. In
that report, the inhibition of hydrogen
peroxide-induced phosphorylation of JNK by MYC
was described in the concentration range between
50-500uM (approx. 16-160 ng/mL).

The primary molecular target of MYC was
always considered IMPDH, particularly isoform II for
which mycophenolic acid (active form of MYC) is
5-fold more potent inhibitor than for isoform I [1].
However, our recent study suggested that this
compound can affect other molecular targets like
ligand-activated transcription factors (AhR, GR) [4].
In stably transfected HeLa cells responsive for
glucocorticoid receptor, we observed strong
antagonistic behavior of MYC in the presence of
ligand dexamethasone. In addition, we observed
dose-dependent activation of AhR and synergistic
action with AhR ligand dioxin in hepatocellular
carcinoma HepG2 cells. However, probably due to
IMPDH inhibition at higher concentrations, the
dose-response curves had reversed-U shape profile
[4]. More or less the same as for AhR, we can now see
for DHT-stimulated AR activation as well as for KLK3
mRNA expression in 22Rv1 cells, an in vitro model of
castrate-resistant prostate cancer (CRPC). The reason
why KLK3 mRNA goes down at higher
concentrations of MYC is likely due to the insufficient
number of nucleotides as IMPDH inhibition takes
place.

There may be many reasons for different
behavior of LNCaP and 22Rv1l cells upon MYC
treatment. One among many would be the different
expression level of IMPDH II. Different profiles of
inducible KLK3 mRNA expression level might
suggest such a scenario. If there was higher level of
IMPDH 1II in 22Rv1 than in LNCaP cells, then the
decline in KLK3 mRNA would be faster for LNCaP
cells than 22Rv1 cells. However, this scenario is out of
question as equal levels of IMPDH II were detected in
LNCaP as well as 22Rv1 cells [8].

Among other plausible mechanisms of MYC
action belongs the ability to change the expression of
adhesion molecules. There are several studies which
investigated this phenomenon. One of the first studies
revealed MYC-triggered downregulation of E-selectin
and P-selectin expression on endothelial cell
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membranes [13]. It also significantly inhibited
lipopolysaccharide/interferon-gamma-stimulated
expression of intercellular adhesion molecule
(ICAM-1) and MHC-II on monocytes [14]. Another
important adhesion molecule NCAM (neural cell
adhesion molecule) was decreased in the presence of
MYC in neuroblastoma cells [15]. This suggested an
increased risk of tumor metastasis since several
studies revealed an inverse correlation between
NCAM expression and tumor invasiveness [16-18].
Surprisingly,  treatment of  human  colon
adenocarcinoma cell line WiDr with MYC prevented
the attachment to E-selection and blocked binding to
endothelium [19]. In DU-145 prostate cancer cell line,
MYC blocked dose-dependently (0.1-1uM ~0.04-0.4
ng/ml) adhesion of these cells in monolayer adhesion
assay probably via increased expression of betal
integrins like CD49a, CD49b, CD49e [20]. This study
indicated that MYC possessed anti-tumor activity
particularly to prostate cells. The disturbance of other
cell machinery components was already described in
prostate cancer cells after incubation with another
IMPDH inhibitor, AVN944 [8]. Here, more
pronounced induction of pro-apoptotic Bok, cyclin E
and decrease of cyclin A proteins, was observed after
2 days at 5 uM of AVN944 in 22Rv1 cells than in
LNCaP cells. While this may be partially addressed to
rapid decline in the expression of some key molecules
with short half-life in the cells due to the IMPDH
inhibition, other proteins are increased as a reaction
on the presence of MYC in order to deal with the
IMPDH inhibition.

Based on recent study by Dun et al., it is clear
that MYC affects many cellular pathways either by the
change in expression or phosphorylation status [5]. A
dramatic reduction of phosphorylated PI3K, AKT and
mTOR were observed in AGS (human Caucasian
gastric adenocarcinoma) cell line in vitro. Moreover,
many cellular regulators like CDK4, BUB1 or Aurora
A were reduced as well. Consistently, mice treated
with MYC and bearing AGS xenografts had
significantly smaller tumors [5]. These data provide a
proof of beneficial effect of MYC as anticancer drug

apparently without adverse immunosuppressive
effect, which would be expected for
immunosuppressant. This also suggests that

monitoring the IMPDH expression level in tumors
might be used as a prognostic marker for justification
the repurposing use of Mycophenolate Mofetil for
treatment of cancer patients, particularly those with
prostate cancer. Since there is a great knowledge
about this compound, no new clinical trials must be
performed in order to assess the safety of this drug.
Moreover, the retrospective studies which monitored
the treatment of patients with MYC found usually no

association with increased risk of post-transplant
malignancies in registry or multi-center studies [21,
22]. In addition, there was a trend to lower
incidence/risk of malignancies.

In our study, we show that MYC has
anti-proliferative effect on prostate cancer cells 22Rv1
and LNCaP. However, the second one seems to be
more resistant than the first one. In accordance with
criteria by Dun et al., we may consider LNCaP as very
resistant (IC50 > 20 pg/ml) and 22Rvl as
intermediately sensitive (0.5 pg/ml < IC50 < 20
pg/ml). This is quite surprising, as cell line (22Rv1)
regularly used as in vitro model of CRPC should
display quite opposite behavior, i.e. the resistance, as
pure logic suggests. Since DHT-inducible KLK3
mRNA profile was similar with that of proliferation,
we may suggest that AR-v7 variant is an important
factor standing beyond our observations in 22Rv1
cells. This variant was demonstrated to be present
commonly in CRPC samples [23, 24] and it is
considered as emerging mechanism by which prostate
cancer escapes. However, this truncated variant might
be also the Achilles heel similarly like it seems to be
the greatest advantage of CRPC. One thing which is
relatively intensively studied towards AR-v7 is the
regulation of its expression. Recent paper revealed
that multiple kinases or phosphatases may affect the
expression level of AR-v7 [25]. This is extremely
important as new therapeutic strategies against CRPC
may arise. Moreover, this also emphasizes that
inhibition of AR-v7 activity rather than AR-FL may be
more important for defeating CRCP. We contribute
with this work to this general phenomenon, where
alternative pathways should be inhibited in order to
slow down cancer progression. It is clear that in order
to defeat CRCP, one compound won’t be enough.
However, right combination of some promising
drugs, like galeterone [26] or INK-128 [27] with
Mycophenolate Mofetil might represent a viable
strategy against CRCP.

In conclusion, we demonstrate that well-known
immunosuppressant Mycophenolate Mofetil affects
androgen receptor-mediated signaling in vitro and
this differs between two types of commonly used
prostate cancer cell models. Together with many other
studies revealing general change in expression of
adhesion molecules or components of cell cycle
machinery by MYC, we suggest to consider
Mycophenolate Mofetil as a good candidate that may
be repurposed for anticancer therapy, particularly for
prostate cancer patients.
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ARTICLE INFO ABSTRACT

Keywords: Bisphenol S (BPS) is heat-stable structural analog of bisphenol A (BPA), a known endocrine disruptor. Due to the
GR effort to replace BPA with BPS, it is essential to know if BPS is suitable non-toxic replacement without reported
PXR deleterious effects of BPA. Since most of the BPA effects are ascribed to its ability to activate nuclear receptors,
AHR we screened some prominent members of this family in order to confirm or refute some recent findings.

XER We found that BPS insignificantly activated aryl hydrocarbon receptor (AhR) in reporter gene assay and no

induction of AhR target gene CYP1Al was observed in human hepatocytes (HH). BPS was able to act like an
antagonist of pregnane X receptor (PXR) in reporter gene assay, but the expression of PXR target gene CYP3A4,
was only moderately affected in HH. While BPS antagonized dexamethasone-inducible glucocorticoid receptor
(GR)-dependent luciferase activity in reporter gene assay (ICso = 52 uM), it was not able to antagonize dex-
amethasone effects on GR-target genes, including GILZ, NFKBIA and IL-6. Synergistic effect of BPS (range
0.001-100 pM) and DHT (100 nM) was observed at androgen receptor (AR) activity level only.

In conclusion, we show that BPS had only limited effect on tested nuclear receptors. Moreover, sub-
micromolar concentrations of BPS affected activated AR. Thus, due to the low levels of exposure for humans, BPS
is probably of no regulatory concern. However, further investigation should delineate possible impact on male/
female development or sexual functions.
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1. Introduction

Bisphenol S (BPS) is an alternative and more heat-stable analog of
bisphenol A (BPA), which has been demonstrated to produce some
deleterious effects, e.g. development of diabetes, atherosclerosis, tri-
glyceride accumulation or cancers (Grun and Blumberg, 2007; Keri
et al., 2007; Marmugi et al., 2012; Sui et al., 2012). This compound has
two phenolic rings joined together by sulphur in the structure (Fig. 1A).
It is already in use in canned soft drinks or canned foods as a stabilizer
(Gallart-Ayala et al., 2011; Vinas et al., 2010). However, even though it
is claimed to be safer than BPA due to the higher temperature stability
and resistance to sunlight, the concerns about its safety were arisen,
especially after it was detected in human urine (Liao et al., 2012).
Moreover, recent study detected BPS in maternal and cord sera
(0.03-0.12 ng/mL ~ 0.12-0.48 nM) (Liu et al.,, 2017). Due to the
structural similarity with BPA, the appropriate studies on its toxicity
must be carryied out. As its predecessor BPA, which has been linked to
increased risk of obesity probably due to the alteration of several me-
tabolic functions, many studies tried to identify potential impact of BPS
as well. One of the mechanisms of metabolic dysregulation is carried
out by the ligand-activated transcription factors, nuclear receptors. It is
well-known, that some of these, e.g. glucocorticoid receptor (GR),
thyroid hormone receptor (TR) or pregnane X receptor (PXR) play
significant role in glucose and lipid homeostasis (Kuo et al., 2013;
Moreau et al., 2009; Prieur et al., 2005).

Several recent studies tried to identify if BPS can affect the activities
of some nuclear receptors. Among these, many focused primarily on
estrogen receptor alpha (ERa) as many environmental pollutants pos-
sess some weak estrogenic activity. Bisphenol S is not an exception as
weak activativation of ERa was observed with similar EC50s in the
range of 1.75-4.2 uM (Grignard et al., 2012; Kuruto-Niwa et al., 2005;
Teng et al., 2013) by different studies.

In the second place, either anti- or pro-androgenic activity of en-
vironmental pollutants is in the area of interest due to the possible
impact of these compounds on development. In the case of BPS, no
effect was observed on metribolone (R1881)-activated androgen re-
ceptor (AR)-dependent luciferase activity for 10 and 30 uM con-
centrations (Teng et al., 2013). In recent study, BPS was not identified
as agonist or antagonist of AR or GR receptors in contrast to BPA or
bisphenol F (Roelofs et al., 2015). However, this study was performed
in yeast cells. Weak androgenic activity was assessed for BPS (estimated
EC50 ~ 71 uM) in PALM cells (genetically modified prostatic PC-3 cells
with stably transfected hAR and reporter) where 10 pM concentrations
reached 15% of maximal activity assayed by metribolone (Molina-
Molina et al., 2013). Another study identified BPS as a weak compound
with anti-androgenic effect with IC50 estimated nearly to 100 pM
(Rosenmai et al., 2014).

To our knowledge, no study tried to identify the effect of BPS on
activity of human thyroid hormone receptor (TR). However, inter-
ference with thyroid hormone action might be expected since the zeb-
rafish embryos exposed to BPS for 75 days had decreased plasma levels
of triiodothyronine and thyroxine (Naderi et al., 2014). These declines
were observed for 10 and 100 pug/l concentrations (equals to
0.04-0.4 uM). Moreover, the use of thyroid hormone receptor antago-
nist, amiodarone, attenuated the stimulatory action of BPS on two
neuroendocrine-related genes, kiss1r and [hf, in zebrafish during em-
bryonic and larval development (Qiu et al., 2016). Recent crystal-
lographic study revealed that BPS forms the complex with transthyretin
hormone binding sites (Zhang et al., 2016). Thus, interference with
thyroid hormone transportation was suggested.

A few studies investigated the effect of BPS on PXR since BPA was
found to activate PXR and induce CYP3A4 (Sui et al., 2012; Vrzal et al.,
2015). These studies observed no activation of human PXR by BPS up to
10 uM (Molina-Molina et al., 2013), 20 uM (Sui et al., 2012) or 100 uM
(Peyre et al., 2014) in reporter gene assays. However, nobody studied
this compound in antagonist setting, i.e. in the presence of PXR true
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ligand.

Regarding the effect of bisphenol S on vitamin D receptor (VDR)
activity, there is just one study, which screened BPS toward the ability
to activate Gal4-reporter system with ligand-binding domain of VDR
(Teng et al., 2013). No activation was observed. However, recent cross-
sectional study brought the evidence that environmental exposure to
BPS predecessor, BPA, may alter circulating level of 25-hydroxyvitamin
D [25(0OH)D] in adults (Johns et al., 2016) and negative correlation
between BPA and 25(OH)D levels was observed (Erden et al., 2014).

The objective of this study was to investigate the potential effect of
BPS on activity of selected steroid and nuclear receptors in transfected
cell lines by reporter gene assays and to confirm or refute the previous
observations, which may sometimes differ among laboratories and it is
thus difficult to draw any general conclusion. Positive findings were
further studied by PCR, western blotting or proliferation assay. Since
the effect of BPS on ER activity seems to be consistent and reproducible
among studies already published, we did not test ER activity in this
study.

2. Materials and methods
2.1. Compounds and reagents

Dimethylsulfoxide (DMSO), dihydrotestosterone (DHT), bisphenol S
(BPS), 1la,25-dihydroxycholecalciferol [1,25(OH),Ds], triiodothyr-
onine (T3), dexamethasone (DEX), Charcoal-stripped Fetal Bovine
Serum (CS-FBS; F6765) and Proliferation assay kit (5-Bromo-2’-deoxy-
uridine Labeling and Detection Kit III) were purchased from Sigma-
Aldrich (Prague, Czech Republic). 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) was from Anaways (formely known as LGC Standards).
Oligonucleotide primers used in RT-PCR reactions were synthesized by
Generi Biotech (Hradec Kralove, Czech Republic). LightCycler 480
Probes Master was from Roche Diagnostic Corporation (Intes Bohemia,
Czech Republic). All other chemicals were of the highest quality com-
mercially available.

2.2. Cell cultures

Human embryonal kidney cells Hek293T (PHE; Public Health
England — no. 85120602), AZ-GR (derived from human cervical carci-
noma cells HeLa; PHE no. 08011102), PZ-TR and AZ-AhR (derived from
human hepatocyte carcinoma cells HepG2; PHE no. 85011430) and IZ-
VDR (derivatived from human colon adenocarcninoma LS180; PHE no.
87021202) were cultured in the Dulbecco’s modified Eagle’s medium
(DMEM, Invitrogen) supplemented with 10% fetal bovine serum.
Human prostate carcinoma epithelial cell line (22Rv1; No. 05092802),
its derivative AIZ-AR and human caucasian prostate carcinoma (LNCap;
No. 89110211) were cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum, 2 mM r-glutamine, 1% non-essential
amino acids, and 1 mM sodium pyruvate. Cells were maintained at
37 °C and 5% CO, in a humidified incubator.

2.3. Human hepatocytes

Human liver tissue was obtained from two sources: (i) from multi-
organ donors LH61 (male; 64 years), LH63 (male; 68 years), LH64
(male; 73 years), LH71 (male; 58 years); tissue acquisition protocol was
in accordance with the requirements issued by local ethical commission
in the Czech Republic — the use of the of liver cells was approved by
“Ethical committee at the Faculty Hospital Olomouc”, and it was in
accordance with Transplantation law 285,/2002 Sb; “Ethical committee
at the Faculty Hospital Olomouc” waived the authors from obtaining
written consent from the next of kin, regarding human hepatocytes. We
are associated with the University Hospital and the Faculty of Medicine
Palacky University in Olomouc; (ii) short-term human hepatocytes in
monolayer Batch Hep200529 (female; 26 years), Hep200538 (female;
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Fig. 1. The effect of bisphenol S on activation of studied receptors.

A) Structure of bisphenol S; B) AZ-AhR, Hek293T, AIZ-AR, LNCaP, AZ-GR, PZ-TR and IZ-VDR cells were treated with bisphenol S (BPS; 0.1-100 uM) and/or DMSO (UT; 0.1% v/v) as a
vehicle for control for 24 h. Thereafter, MTT assay was performed as described in Materials and Methods section. The data are the mean * SD from at least 3 independent biological
experiments (minimum 4 technical replicates each sample) and are expressed as% of negative control, DMSO. C-H) the activities of receptors was monitored in appropriate cell lines (see
Materials and Methods section) with increasing concentration of BPS or apropriate activator for given receptor for 24 h. Thereafter, reporter gene assay was performed as described in
Materials and Methods section. The data are the mean * SD from at least 4 independent biological experiments (minimum 4 technical replicates each sample) and are expressed as fold
induction over DMSO-treated cells. *,**, *** **** _ yalue is significantly different from untreated cells (UT) - p < 0.05, 0.01, 0.001, 0.0001.
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Table 1
Primer sequences with appropriate UPL probe numbers.
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Gene Symbol Forward primer Reverse Primer UPL probe number
GAPDH CTCTGCTCCTCCTGTTCGAC ACGACCAAATCCGTTGACTC 60

CYP1A1 CCAGGCTCCAAGAGTCCA GATCTTGGAGGTGGCTGCT 33

CYP3A4 TGTGTTGGTGAGAAATCTGAGG CTGTAGGCCCCAAAGACG 38

KLK3 (PSA) GTGCTTGTGGCCTCTCGT CAGCAAGATCACGCTTTTGT 44

GILZ (TSC22D3) CCGTTAAGCTGGACAACAGTG ATGGCCTGTTCGATCTTGTT 36

IL6 ACCGGGAACGAAAGAGAAG GAAGGCAACTGGACCGAAG 133

NFKBIA GCTGATGTCAATGCTCAGGA ACACCAGGTCAGGATTTTGC 86

64 years) (Biopredic International, Rennes, France). Cells were plated
into collagen-coated dishes in hormonally and chemically defined
medium (Pichard-Garcia et al., 2002) consisting of the mixture of
William’s E and Ham’s F-12 [1:1(v/v)]. After seeding, cells were sta-
bilized for 24 h before the treatment in a serum-free medium. Cultures
were maintained at 37 °C and 5% CO, in a humidified incubator.

2.4. Cell viability assay (MTT)

Cell lines Hek293T, AZ-AhR, AIZ-AR, LNCaP, IZ-VDR, AZ-GR and
PZ-TR were treated with increasing concentrations of BPS (0.1-100 pM)
and/or DMSO (0.1%; v/v) for 24 h. Thereafter, the medium was re-
placed by PBS with MTT (MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide) in final concentration of 0.3 mg/ml. The
solution was discarded after 30-40 min of incubation and replaced by
DMSO for dissolution of the formazan crystals. Absorbance was mea-
sured at 570 nm with Infinite M200 (TECAN, Austria). Tested con-
centrations which decreased the viability significantly to 80% or less
were considered as toxic and were not used for furthers experiments.

2.5. Reporter gene assays

For assessment of transcriptional activities of studied receptors, the
following cell lines were used:

a) AZ-AhR, which was derived from HepG2 cells transfected with a
construct containing several AhR binding sites upstream of luci-
ferase reporter gene (Novotna et al., 2011).

b) AIZ-AR, which was derived from 22Rvl cells transfected with a
construct containing three copies of androgen response regions
(ARRs) followed by a single copy of androgen response element
(ARE) from the promoter region of human prostate specific antigen
(PSA) gene (Bartonkova et al., 2015).

c) PZ-TR, which was derived from human hepatocarcinoma HepG2
cells transfected with a construct containing two copies of tandem
thyroid responsive elements (TREs) (Illes et al., 2015).

d) AZ-GR, which was derived from HelLa cells transfected with a con-
struct containing several GR response elements upstream of a luci-
ferase reporter gene (Novotna et al., 2012).

e) IZ-VDR, which was derived from human colon adenocarcinoma
LS180 cells, stably transfected with a construct containing three
copies of vitamin D response elements VDRE-I from the human
CYP24A1 promoter (Bartonkova et al., 2016).

f) Transiently transfected human embryonal kidney Hek293T cells for
assessment of PXR transcriptional activity. A chimera p3A4-luc re-
porter construct containing the basal promoter (+362/+53) with
proximal PXR response element and the distal xenobiotic responsive
enhancer module (+7836/+7208) of the CYP3A4 gene 5’-flanking
region inserted to pGL3-Basic reporter vector was used together
with expression plasmid for human wt-PXR, pSG5-PXR (kindly
provided by Dr. S.Kliewer—University of Texas, Dallas, USA). The
plasmids were transiently transfected to Hek293T cells by lipofec-
tion (FuGENE HD) with 300 ng/well of p3A4-luc reporter and
100 ng/well of wt-PXR into 24-well plates.
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Following the plating in medium with CS-FBS (for AIZ-AR, PZ-TR,
1Z-VDR, Hek293T) or regular FBS (AZ-GR, AZ-AhR), cells were stabi-
lized for 16 h and then treated with BPS (0.1-100 uM) in the absence
(Agonist setting) or presence (Antagonist setting) of dihy-
drotestosterone (DHT; 100 nM) or triiodothyronine (T3, 20 nM) or
calcitriol (1,25(0H),D3, 75 nM) or SR12813 (10 uM) or dexamethasone
(DEX, 100 nM) or TCDD (5 nM), respectively and/or vehicle (DMSO;
0.1% v/v) for 24 h. After the treatments, cells were lysed and luciferase
activity was measured with Infinite M200 (TECAN, Austria). Effective
concentrations reaching 50% of maximum luciferase induction (EC50s)
or inhibitory concentrations (IC50s) were calculated in GraphPad Prism
6.05.

2.6. Quantitative reverse transcriptase polymerase chain reaction (qRT-
PCR)

The total RNA was isolated using TRI Reagent” (Molecular Research
Center, USA) and the quality was monitored as Apgo/Azgo ratio. cDNA
was synthesized from 1000 ng of total RNA using M-MuLV Reverse
Transcriptase (M0253S, New England BioLabs) at 42 °C for 60 min in
the presence of random hexamers (51230, New England BioLabs). qRT-
PCR was carried out on Light Cycler 480 II apparatus (Roche Diagnostic
Corporation, Prague, Czech Republic). The levels of mRNAs were de-
termined using primers and probes from Universal Probes Library (UPL;
Roche Diagnostic Corporation, Prague, Czech Republic) (Table 1). The
following program was used for monitoring the expression of both
genes: an activation step at 95 °C for 10 min was followed by 45 cycles
of PCR (denaturation at 95 °C for 10 s; annealing with elongation at
60 °C for 30 s). The measurements were performed in triplicates. Gene
expression was normalized per glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) as a housekeeping gene. Data were processed by
the delta—delta method. Results are expressed as fold induction over
DMSO- treated cells.

2.7. Proliferation assay

Proliferation assay was used according to the manufacturer re-
commendations with minor modifications. Briefly, cells were seeded at
the density of 10000 cells per well into 96-well plate (pre-coated with
poly-p-lysine for LNCaP) in RPMI with CS-FBS and stabilized overnight.
Next day, the cells were treated with dihydrotestosterone (DHT) alone
or together with increasing concentrations of Bisphenol S
(0.001-10 uM) for 24 h. At the end of treatment, the solution with 5-
Bromo-2’-deoxy-uridine (BrDu) was applied directly into the wells for
additional 3 h. Thereafter, we followed strictly the procedure from
manufacturer guide. At the end, the absorbances at 405 nm and re-
ference at 495 nm were measured with Infinite M200Pro (Tecan,
Austria). The proliferation capacity was expressed as% of the ratios of
absorbances A40s5/A495 for DHT and sample, i.e. DHT was set to 100%.

2.8. SDS-PAGE and western blotting

The complete procedure from protein extracts preparation until the
final protein detection of CYP3A4 and actin was described elsewhere
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(Vrzal et al., 2015). Primary antibodies against IkB-a (sc-203, rabbit
polyclonal; 1:500 dilution) and horseradish peroxidase-conjugated
secondary antibodies were purchased from Santa Cruz Biotechnology.
Chemiluminescence detection was performed using Western Sure Pre-
mium Chemiluminescent Substrate (C60429, LiCor). Densitometric
analyses were performed with the C-DiGit Chemiluminescent Western
Blot Scanner and Image Studio Digits software, both from LiCor.

2.9. Statistical analysis

Data were analyzed by using GraphPad Prism Version 6 (GraphPad
Software, San Diego, CA, USA). The differences in luciferase assay,
mRNA, proliferation and protein expression following incubation with
the compounds investigated compared with the respective vehicle
controls were tested by using ANOVA with Dunnett’s post hoc test;
P < 0.05 were considered significant.

3. Results

3.1. The effect of bisphenol S on nuclear receptors-mediated transcriptional
activities

At the beginning, we had to set the non-toxic concentrations range
for following gene reporter activities. To this purpose, the cell lines
were treated with increasing concentrations of BPS for 24 h and then,
MTT assay was performed. Bisphenol S decreased significantly the
viability of AZ-AhR and PZ-TR cell to less than 80% for highest con-
centration (100 uM) (Fig. 1B). Therefore, this concentration was ex-
cluded for further testing in reporter gene assays and concentration of
50 uM was used as the highest. The viabilities of other tested cell lines
were not significantly affected by 100 uM concentration of BPS
(Fig. 1B). Thus, for these cell lines, the full range of concentrations, i.e.
up to 100 uM, was used.

In the first step, we monitored the ability of Bisphenol S to activate
the appropriate receptors in so-called “Agonist setting/mode”. The lu-
ciferase activity dependent on AhR was weakly but insignificantly in-
duced by 10 and 50 uM concentrations of BPS (Fig. 1C). However, next
to positive control TCDD, it was negligible. In the case of PXR, we
observed significant decrease of PXR-dependent luciferase activity by
35 and 45% for 50 and 100 uM concentrations, respectively (Fig. 1D).
Ligand and activator of PXR, SR12813, increased the activity almost
twice. Bisphenol S did not affect basal luciferase activities dependent on
AR, GR, TR or VDR while positive controls in these systems, namely
dihydrostetosterone, dexamethasone, triiodothyronine or calcitriol in-
creased luciferase activities, respectively (Fig. 1E-H).

Since the compound can act as agonist or antagonist towards the
nuclear receptor, we further tested the ability of BPS to antagonize the
effect of true ligand for given receptor in so-called “Antagonist setting”.
In the TCDD-inducible AhR-dependent assay, there was no effect of BPS
(Fig. 2A). In the Antagonist setting for PXR, we observed the same
behavior as in the Agonist setting (Fig. 2B). There was a decrease of
SR12813-inducible PXR-dependent luciferase activity by 34 and 43%
for 50 and 100 uM concentrations, respectively. Combination of BPS
with DHT dose-dependently increased DHT-inducible AR-dependent
luciferase activity by 10-30% (Fig. 2C). This was significant for all
tested concentrations of BPS next to DHT alone. Surprisingly, dex-
amethasone-inducible GR-dependent luciferase activity was sig-
nificantly decreased by 39 and 54% with 50 and 100 uM concentrations
of BPS, respectively (Fig. 2D). The calculated IC50 was 52 uM (range
34-79 uM). The activities of two last receptors (TR, VDR) exposed to
their ligands were not affected by the presence of BPS (Fig. 2E, F).

Due to the findings in reporter gene assays, we further focused on
closer investigation of the effect of BPS on affected receptors.
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3.2. The effect of BPS on AhR- and PXR-target genes expression in human
hepatocytes

Since we observed mild induction of luciferase activity in reporter
assay driven by AhR (Fig. 1C) and decline in reporter assay driven by
PXR (Figs. 1D, 2B), we further investigated the potential impact of BPS
on expression levels of genes for biotransformation enzymes regulated
by AhR or PXR in the most appropriate in vitro cellular model, primary
culture of human hepatocytes. This model was chosen due to the a)
appropriate signaling mechanisms which are not disrupted as usually in
cancer cells; b) high expression levels of biotransformation enzymes
which may affect BPS disposition; c¢) high expression and functional
levels of AhR and especially PXR.

First, we monitored the mRNA level of the most sensitive target
gene controlled by AhR, CYP1A1. While positive control TCDD induced
CYP1A1 mRNA from 42-fold (LH63) to 832-fold (LH64), BPS did not
display any dose-related effect (Fig. 3A). The variability in the mRNA
can be ascribed to genotypic and phenotypic uniqueness of the hepa-
tocytes donors.

Second, we measured the CYP3A4 mRNA as it is controlled by PXR.
Positive control Rifampicin (RIF) induced mRNA from 10-fold (LH63)
to 47-fold (LH64) but there was no reproducible effect of BPS on
CYP3A4 mRNA in human hepatocytes (Fig. 3B). Additionally, since we
observed antagonistic behavior of BPS towards PXR (Fig. 2B), we
treated human hepatocytes with PXR ligand we used in reporter gene
asseay, SR12813, in combination with BPS. The data from three dif-
ferent cultures demonstated interindividual modulation of PXR-de-
pendent CYP3A4 mRNA expression by BPS (Fig. 3C). Similar mod-
ulatory effect was observed at CYP3A4 protein level (Fig. 3D).

3.3. The effect of BPS on AR-target genes expression and proliferation
activity in prostate cancer cells

The second interesting finding, we made in reporter gene assay, was
that of BPS synergistic effect with DHT on AR-mediated luciferase ac-
tivity (Fig. 2C). This suggested that BPS co-stimulated AR activation.
Therefore, we monitored the effect of BPS in the same Agonist as well as
Antagonist setting but at the level of expression of AR-target gene,
KLK3. Since we observed DHT-inducible AR-dependent luciferase ac-
tivity increase already at 1 and 10 nM, we excluded two highest con-
centrations (50 and 100 uM) and replaced them with the lower ones in
order to use the concentrations closer to the human exposure levels.
First, we monitored the expression of KLK3 in 22Rv1 cells, the AIZ-AR
cells were derived from. While positive control DHT increased KLK3
mRNA aprox. 1.9-times (Fig. 4A), BPS was without any effect. In con-
trast to Antagonist setting in reporter gene assay, no observable effect
was seen at DHT-inducible KLK3 mRNA (Fig. 4B). Since 22Rv1 cells are
androgen-nonsensitive due to the presence of both full-length and
truncated AR forms, we further employed the LNCaP cell line with full-
length AR only for comparison. In these cells, DHT induced KLK3
mRNA aprox. 8-times, but BPS in the Agonist setting had no effect on
KLK3 mRNA expression (Fig. 4D). In the Antagonist setting, BPS had no
effet on DHT-inducible KLK3 mRNA expression (Fig. 4E) similarly like
in the 22Rv1 cells.

Since we have observed synergistic activity of DHT and BPS in re-
porter gene assay on AR-dependent luciferase activity, we further ver-
ified if BPS could affect proliferation of prostate cell as AR is known to
regulate cell cycle, i.e. it has an impact on cell proliferation (Schiewer
et al., 2012). To this purpose, we employed assay using incorporating of
5-Bromo-2’-deoxy-uridine into the DNA of proliferating cells. First, we
monitored the effect on AR-independent cells, 22Rv1. The presence of
BPS in combination of DHT had no effect on proliferation activity of
22Rv1 cells (Fig. 4C). In contrast, BPS dose-dependently suppressed the
proliferation of androgen-sensitive LNCaP in the presence of DHT
(Fig. 4F).
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Fig. 2. The effect of bisphenol S on inducible acti-
vation of studied receptors.

Cell lines cells were treated with bisphenol S (BPS;
0.1-100 pM) and adequate ligand for given receptor,
i.e. TCDD (5nM; for AhR) or SR1213 (10 uM; for
PXR) or DHT (100 nM; for AR) or DEX (100 nM; for
GR) or T3 (10 nM; for TR) or calcitriol (75 nM; vor
VDR) for 24 h. Thereafter, reporter gene assay was
performed as described in Materials and Methods
section. The data are the mean + SD from at least 5
independent biological experiments (minimum 4
technical replicates each sample) and are expressed
as% of positive control, i.e. appropriate activator for
given assay. **, **** — value is significantly different
from appropriate ligand-treated cells - p < 0.01,
0.0001.
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3.4. The effect of BPS on GR-target gene expression in HeLa cells

One of the interesting finding from reporter gene assays was the
weak antagonistic activity of BPS on glucocorticoid receptor (GR)
(Fig. 2D). We further verified if the change in activity of GR is trans-
lated into the change of GR-target genes expression. We chose human
cervical carcinoma cells, HeLa, since AZ-GR cell were derived from this
cell line. We monitored the expression of three GR-target genes, namely
GILZ (glucocorticoid-induced leucine zipper), NFKBIA (nuclear factor
kappa B inhibitor alpha) and IL-6 (interleukin 6). Dexamethasone in-
duced GILZ mRNA in average 12-fold and the presence of BPS displayed
dual behavior since 10 uM concentration significantly decreased mRNA
to 70% of DEX (Fig. 5A), while 100 uM concentration significantly sy-
nergisted the induction. The mRNA level of IL-6 was significantly re-
pressed by DEX (to 80% of untreated control) but BPS had no further
effect (Fig. 5B). The level of NFKBIA mRNA was increased in the pre-
sence of DEX to 2.6-fold over untreated cells and the combination with
BPS had no impact except the 100 uM concentration (Fig. 5C). The

VD3 (75 nM) + Bisphenol S (uM)

protein level of IkB-a was induced in average 1.4-times after 48 h by
DEX but again, BSP had no apparent impact on protein level (Fig. 5D,
E).

4. Discussion

Bisphenol S was suggested as adequate and safe alternative for
Bisphenol A, which was demonstrated to possess estrogenic activity.
Several studies demonstrated lower activity of BPS towards several
nuclear receptors in comparison to BPA. Our intention was to either
confirm or to disproof these findings.

In the current study we investigated the effect of bisphenol S on
activity of several ligand-activated transcription factors, which regulate
plethora of genes with impact in endogenous metabolism, cell growth,
immune response, biotransformation and other cellular events. We
found that this compound insignificantly activated AhR and decreased
inducible activity of GR and PXR. Moreover, BPS co-stimulated activity
of AR in the presence of DHT and inhibited proliferation of prostate
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Fig. 3. The effect of bisphenol S on basal and inducible expression of selected cytochromes P450.
Primary cultures of human hepatocytes were treated with bisphenol S (BPS; 0.1-100 uM) and/or DMSO (UT; 0.1% v/v) or TCDD (5 nM) (A) or Rifampicin (RIF; 10 uM) (B) as a vehicles
for controls for 24 h. C) Primary cultures of human hepatocytes were treated with bisphenol S (BPS; 0.1-100 uM) and SR12813 (10 uM) for 24 h. Thereafter CYP1A1 (A), CYP3A4 (B, C)

and GAPDH (A-C) mRNAs were determined as described in Materials and Methods section. Results are expressed as fold induction over DMSO-treated cells

+

SD normalized per GAPDH

mRNA levels from 3 technical replicates. D) Three primary cultures of human hepatocytes were treated with bisphenol S (BPS; 0.1-100 pM) and SR12813 (10 puM) for 48 h. Thereafter,
cells were processed as described in Materials and Methods section. Densitometry analysis together with immunoblots is shown (each sample from 1 technical/biological replicate).

androgen-sensitive LNCaP cells. Oher receptors, TR, VDR were not af-
fected by the BPS doses tested in the study. Modulatory effect of BPS
was observed in human hepatocytes co-treated with PXR ligand,
SR12813. We observed no effect of BPS on DEX-inducible NFKBIA but
dual effect at GILZ mRNA expression in HeLa cells (Fig. 5A).

Due to the higher impact on viability of AZ-AhR, we could not use
higher than 50 uM concentration for BPS (Fig. 1). Since the statistical
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test ANOVA did not find the significance, we conclude that BPS is not
capable to activate AhR up to this concetration. This is in contrast with
bisphenol A (BPA), which we observed to activate AhR in the very same
cell line even at 10 uM (Vrzal et al., 2015). Thus, BPS is less effective
than BPA for AhR activation in this assay.

At the level of PXR, BPS displayed different behavior in contrast to
BPA, since BPS significantly decresed basal PXR activity (Fig. 1D) but
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22Rv1 (A,B,C) or LNCaP (D,E,F) cells were treated for 24 h with bisphenol S (BPS; 0.001-10 pM) in the absence (A,D) or presence (B, C, E, F) of DHT (100 nM) and/or DMSO as a vehicle
for negative control. Thereafter KLK3 and GAPDH mRNAs were determined as described in Materials and Methods section (A, B, D, E). Results are expressed as fold induction over DMSO-
treated cells = SEM normalized per GAPDH mRNA levels from et least 3 independent biological experiments (minimum 3 technical replicates each sample) (A, D). In the antagonist
setting, results are expressed as% of positive control (DHT) + SEM from at least 3 independent biological experiments (minimum 3 technical replicates each sample). Detection of
proliferation (C, F) was measured as described in Materials and Methods section. Results are expressed as% of DHT proliferation + SEM from at least 4 independent biological ex-
periments (minimum 6 technical replicates each sample). *, ***, **** _ yalue is significantly different from UT-treated cells (A,D) or DHT-treated cells (B, C, E, F) (p < 0.05, 0.001,

0.0001).

BPA activated PXR comparably with its ligand rifampicin and induced
CYP3A4 at mRNA as well as protein level (Vrzal et al., 2015). The basic
difference between this work and other studies focusing on BPS activity
towards PXR is the finding of antagonist-like behavior of BPS (Figs. 1D
and 2B). While this effect was observed in reporter gene assay, there
was only mild modulation of the PXR-driven expression of CYP3A4 in
human hepatocytes to certain extent. This is probably the result of
inter-individual variability among hepatocytes donors. Lower antago-
nist-like behavior in comparison with reporter gene assy might be at-
tributed to metabolism of BPS, as it is important to have on mind that
human hepatocytes are metabolically competent cells, unlike Hek293T
cells, where reporter gene assay with co-transfected PXR was per-
formed. Thus, metabolism of BPS might be responsible for such irre-
producible pattern. BPS was found to be conjugated to glucuronide and
sulfate in HepaRG (considered as good approximation of human he-
patocytes) (Le Fol et al., 2015) and recent study identified the UGT1A9
as the main responsible enzyme for BPS glucuronidation (Gramec
Skledar et al., 2015). Due to the lack of UGT1A9 expression in Hek293T
cells, we may anticipate that BPS metabolism in hepatocytes abolishes
its PXR-directed antagonist behavior. However, UGT1A9 inhibition or
genetic polymorphism might strengthen this antagonism of BPS. Thus,
chemical modification of hydroxy groups of BPS with non-glucor-
onidated functional groups might pave the route to true PXR antago-
nist. This would be beneficial, since PXR activation results in some
undesirable outcomes such as adverse drug interactions due to CYP
induction with consequence of transplant rejection (cyclosporine)
(Ruschitzka et al., 2000), loss of drug efficacy (Curran and Ribera,
2011), acetaminophen toxicity in a PXR-dependent manner (Guo et al.,
2004) or induction of hepatic steatosis (Hoekstra et al., 2009; Lee et al.,
2008). Thus, adverse PXR-dependent interactions might be avoided if
suitable antagonist would exist.
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Another interesting finding we observed at GR activity level, where
BPS antagonized DEX-activated GR in reporter gene assay with IC50
approx. 52 pM (Fig. 2D). This is less than for BPA, for which we found
IC50 approximately 66 uM (Vrzal et al., 2015). However, the expected
antagonism of BPS was demonstrated only partially at the level of
mRNA of one GR-controlled gene. While inducible genes, like GILZ and
NFKBIA were induced by DEX, BPS was not able to antagonize DEX
action to such an extent like in reporter gene assay (compare Figs. 2D
vs. 5A). However, while there is just couple of GREs in reporter stably
transfected to HeLa cells, there is much larger promoter region where
other factors might interact. Especially when BPS was demonstrated to
activate estrogen receptor alpha (Teng et al., 2013) up to 10 uM and
estrogens were demonstrated to downregulate GILZ (Tynan et al., 2004;
Whirledge and Cidlowski, 2013). Thus, GILZ mRNA level is in this case
combination of at least two effects, one mediated by GR and secone
mediated by ERa. However, this does not explain the synergism at
100 uM concentration. Moreover, in general we can observe the mild
strengthen effect of BPS on activated GR-controlled mRNAs of its target
genes. Possibly, some BPS-triggered cellular event outweighs its an-
tagonist-like behavior for GR.

One last thing worth of mention in this study is the stimulative
activity of BPS on DHT-induced AR activity (Fig. 2C) and the sup-
pression of proliferation in the presence of BPS observed in androgen-
sensitive cells, LNCaP (Fig. 4F). However, the first mentioned effect was
not translated into the change of AR-target gene expression, KLK3
(Fig. 4B, E). This may not be suprising since protein product of KLK3
gene, PSA, does not contribute to cell cycle progression. Nevertheless,
we may anticipate that the synergistic activity of BPS on DHT-inducible
AR-dependent luciferase activity may have promoter-specific impact on
cell cycle regulating genes which stand beyond the effect on pro-
liferation observed in LNCaP cells, especially when no cytotoxic effect
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Fig. 5. The effect of bisphenol S on inducible ex-
pression of GR-regulated genes.

Hela cells were treated with increasing concetra-
tions of bisphenol S (BPS; 1-100 uM) in the presence
of dexamethasone (DEX; 100 nM) for 24 h (mRNA)
or 48 h (protein). Thereafter GILZ, NFKBIA, IL6 and
GAPDH mRNAs were determined as described in
Materials and Methods section. Results are expressed
as fold induction over DMSO-treated cells + SEM
from at least 5 independent biological experiments
(minimum 3 technical replicates each sample). (B) or
% of DEX induction (A, C) normalized per GAPDH
mRNA levels. The data are the mean + SEM from at
least 4 independent biological experiments
(minimum 3 technical replicates each sample). *, **,
**% _ value is significantly different from DMSO —
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of BPS was observed (Fig. 1B). Moreover, recent study, which in-
vestigated the interactions of coregulatory peptides with BPS at AR
complexes using Micro Array for Real-time Coregulator Nuclear Re-
ceptor Interaction Assays provided the evidence that BPS interacts po-
sitively with 4 (AR being among them) and negatively with 12 peptides
of AR complex (Perera et al., 2017). This might explain our observation
in 22Rv1-derived (AIZ-AR) cells. The reason why we did not observe
the change in proliferation of 22Rv1 in contrast to LNCaP cells might
be, among many other things, the presence of truncated variant of
androgen receptor, AR-v7. Its dimerization ability was described to be
required for transactivation of target genes and for providing the cas-
tration-resistant cell growth (Xu et al., 2015). No effect of BPS on cell
proliferation in 22Rv1 cells, an in vitro model of castration-resistant
prostate cancer, supports our hypothesis. In addition, our finding in
reporter gene assay is in contrast to Chinese hamster ovary cells tran-
siently transfected with plasmids for AR and reporter, where weak anti-
androgenic activity was described (Rosenmai et al., 2014). Thus, our
study only emphasizes the need to confirm observations in human
cellular models as cellular background of different species with exo-
genously transfected vectors and reporters may produce quite opposite
results.

In general, bisphenol S possess weak activity towards certain re-
ceptors. However, we found co-stimulative effect of BPS on activated
androgen receptor in nanomolar range, which is comparable with the
concentrations found in some maternal and cord sera (Liu et al., 2017).
Thus, long-term low-level exposure to BPS from environment should,
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however, be investigated further in context of activated androgen re-
ceptor in order to confirm or disproof our finding and delineate effect, if
any, on male/female sexual devepment and function. Overall our data
suggest that BPS is of no regulatory concern at the current exposure
levels.
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Background: Herbal medicines containing berberine have a wide spectrum of usage. However, the effect
on androgen receptor (AR) activity at plasmatic relevant concentrations is omitted. Therefore, the effect of
berberine on AR activity in prostate cancer cell lines was investigated.

Methods: We used the reporter gene assay (RGA) and polymerase chain reaction (QPCR) for monitoring
the activity of AR. Moreover, we monitored the proliferation of two prostate cancer cell lines treated with
Berberine.

Results: Berberine significantly potentiated dihydrotestosterone (DHT)-inducible AR-dependent
luciferase activity in RGA. It also significantly decreased basal KLK3 mRNA level in 22Rv1 cells, but DHT-
inducible KLK3 mRNA was not affected in androgen-independent (22Rv1) or androgen-dependent (LNCaP)
cells. Proliferation of both cell lines was significantly inhibited by 100 and 1,000 nM concentrations in
similar manner and Berberine increased Annexin V staining, suggesting an apoptotic event.

Conclusions: Berberine inhibits proliferation of prostatic cell lines at pharmacologically reachable

concentrations but with no apparent link to androgen receptor-driven target gene expression.
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Introduction independent cells upon Berberine treatment as a result of

Berberine (Figure 14) is a quaternary isoquinoline alkaloid inhibition of cyclins expression and activation of caspases (4).

which is used as a remedy for the treatment of diarrhea and
gastroenteritis due to its anti-motility and antimicrobial

Following studies confirmed this observation and extended
the knowledge about other molecular targets involved in
the anti-growth activity of Berberine, like p53 (5) or c-Jun
N-terminal kinase (JNK) (6). Among molecular targets of
Berberine, androgen receptor (AR) was also demonstrated (7).

activities (1). It is sold as dietary supplement with content
of Berberine usually ranging from 400 to 1,000 mg per
capsule (e.g., Swanson, Dr. Whitaker, aSquared Nutrition).

Among many described biological effects, the antineoplastic
activity attracts the attention. It was described to be effective
against pancreatic cancer cells, breast cancer cells or prostate
cancer cells (2-4). One of the first studies demonstrated
the decline in the viability of androgen-dependent as well

© Translational Cancer Research. All rights reserved.
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By employing reporter gene assay, it was demonstrated that
Berberine inhibited dose-dependently ligand-independent
AR-dependent luciferase activity after 6 h for concentrations
from 25-100 pM in 22Rv1 cells and ligand-dependent AR-
dependent expression of KLLK3 mRNA (prostate specific
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antigen; PSA) in LNCaP cells after 24 h (7). Moreover,
downregulation of PSA and androgen receptor protein were
demonstrated as well.

The common thing for all these studies is relatively
high concentration of Berberine. Even though Berberine
inhibited LNCaP xenografts in nude mice after daily i.p.
injection of 5 mg/kg, the plasma concentrations in mice
were not established. Moreover, concentrations which
cause more than 20% decline in viability of cells in vitro are
difficult to be connected with AR action especially when
apoptotic events are triggered at these concentrations.
Thus, the AR-dependence in human subjects is in question.

Pharmacokinetics of Berberine was determined in rats,
where oral administration of 90 mg/kg led to Cyax equal to
29 ng/mL (corresponds to approx. 86 nM) with Ty,x 1 h,
but then it dropped down (8). Studies in human volunteers
demonstrated variable pharmacokinetic profiles. In one
study, single oral dose of 300 mg of Berberine resulted
in C,,, =394.7+155.4 pg/L (approx. 1.17£0.46 pM) with
T = 2.37£0.04 h in healthy human male volunteers (9).
In another study, 500 mg orally administered Berberine
chloride led to C,,, of 1.4 nM in healthy volunteers (10).
However, plasma levels of Berberine were higher approx.

max

3-times in hypercholesterolemic subjects after daily chronic
administration of Berberine chloride at 15 mg/kg of body
weight. Thus, with similar initial dose, concentration in
plasma may vary in 3 orders of magnitude among human
volunteers. In another study, daily administration of 1.2 g for
2 weeks resulted in average plasma concentration 0.19 mg/L
(approx. 565 nM) (11). If we accept as the upper limit the
maximal concentration from the study by Li et 4/. (9), then the
maximal reachable systemic concentration of Berberine does
not exceed 1 pM after single oral administration. Thus, higher
concentrations may not be of clinical relevance. Since there
was described that some compounds targeting steroid receptors
may display a hormetic effect (12), it is worth to know if
submicromolar concentrations of Berberine may display such a
behavior or provide regular monotonic dose-response. To this
purpose, we decided to investigate the effect of Berberine in
low submicromolar concentrations, which more reflect real in
vivo situations, on androgen receptor activity and proliferation
in prostate cancer cell lines.

Methods
Compounds and reagents

Dimethyl sulfoxide (DMSO), dihydrotestosterone (DHT),
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Berberine, proliferation assay kit (5-Bromo-2'-deoxy-uridine
Labeling and Detection Kit III), Charcoal-stripped fetal
bovine serum (FBS; F6765) were purchased from Sigma-
Aldrich (Prague, Czech Republic). Oligonucleotide primers
used in RT-PCR reactions were synthesized by Generi
Biotech (Hradec Kralove, Czech Republic). Annexin V
binding buffer and Annexin V-CF488A conjugate were from
Biotium (Fremont, USA). LightCycler 480 Probes Master
was from Roche Diagnostic Corporation (Intes Bohemia,
Czech Republic). Microtiter plates for 3D cell culture were
obtained from 300Microns (Karlsruhe, Germany). All
other chemicals were of the highest quality commercially
available.

Cell cultures

Human Caucasian prostate carcinoma (LNCaP; No.
89110211) and human prostate carcinoma epithelial cell
line (22Rv1; No. 05092802) were purchased from Public
Health England. Both cell lines and stably transfected cell
line AIZ-AR (derived from 22Rvl) were cultured in RPMI
1640 medium supplemented with 10% of charcoal-stripped
fetal bovine serum, 100 U/mL streptomycin, 100 pg/mL
penicillin, 2 mM L-glutamine, 1% non-essential amino
acids, and 1 mM sodium pyruvate. Cells were maintained at
37 °C and 5% CO, in a humidified incubator.

Cell viability assay (MTT)

Cell line ATZ-AR was treated with increasing concentrations
of BER (0.01-50 pM) and/or DMSO (0.1%; v/v) for
24 h. Thereafter, the medium was replaced by PBS
with MTT (MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) in final concentration of
0.3 mg/mL. The solution was discarded after 30-40 minutes
of incubation and replaced by DMSO for dissolution of the
formazan crystals. Absorbance was measured at 570 nm with
Infinite M200 (TECAN, Austria). Tested concentrations
causing decline in viability no greater than 20% were
considered as non-toxic for furthers experiments.

Gene reporter assay

Stably transfected gene reporter cell line AIZ-AR, which
was derived from 22Rvl1 cells transfected with a construct
containing 3 copies of androgen response regions (ARRs)
followed by a single copy of androgen response element
(ARE) from the promoter region of human PSA (KLK3)
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gene (Bartonkova, 2015). Following the plating, cells
were stabilized for 16 h and then treated with BER
(0.001-1,000 nM) in the absence (Agonist setting) or
presence of dihydrotestosterone (DHT; 100 nM) (Antagonist
setting) and/or vehicle (DMSO; 0.1% v/v) for 24 h. After
the treatments, cells were lysed and luciferase activity was
measured with Infinite M200 (TECAN, Austria).

Quantitative reverse transcriptase polymerase chain
reaction (qRT-PCR)

The total RNA was isolated using TRI Reagent® (Molecular
Research Center, USA). cDNA was synthesized from
1,000 ng of total RNA using M-MuLV Reverse
Transcriptase (M0253S, New England BioLabs) at 42 °C for
60 min in the presence of random hexamers (51230, New
England BioLabs). qRT-PCR was carried out on Light
Cycler 480 II apparatus (Roche Diagnostic Corporation,
Prague, Czech Republic). The levels of KLK3 and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNAs were determined using primers and Universal
Probes Library (UPL; Roche Diagnostic Corporation,
Prague, Czech Republic) probes as follows: KLK3 (PSA)-
UPL 44, forward: GTGCTTGTGGCCTCTCGT,
reverse: CAGCAAGATCACGCTTTTGT; GAPDH-
UPL 60, forward: CTCTGCTCCTCCTGTTCGAC,
reverse: ACGACCAAATCCGTTGACTC. The following
program was used for monitoring the expression of all
genes: an activation step at 95 °C for 10 min was followed by
45 cycles of PCR (denaturation at 95 °C for 10 s; annealing
with elongation at 60 °C for 30 s). The measurements were
performed in triplicates. Gene expression was normalized
per GAPDH as a housekeeping gene. Data were processed
by the delta-delta method. Results are expressed as fold
induction over DMSO-treated cells.

Proliferation assay

Proliferation assay was performed according to the
manufacturer recommendations with minor modifications.
Briefly, cells were seeded at the density of 10,000 cells per
well into 96-well plate (for LNCaP pre-coated with poly-D-
lysine; for 3D culture with microcavities each with 300 pm
in diameter) and stabilized overnight. Next day, the cells
were treated with dihydrotestosterone (DHT) alone or
together with increasing concentrations of Berberine
(0.1-1,000 nM) for 24 h. At the end of treatment, cells
were washed with PBS and the solution with 5-Bromo-
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2'-deoxy-uridine (BrDu) was applied for 3 h. Thereafter,
we followed strictly the procedure from manufacturer
guide. At the end, the absorbance at 405 nm and reference
495 nm were measured with Infinite M200Pro (Tecan,
Austria). The proliferation capacity was calculated as % of
the ratio of absorbances A,ys/Ays for DHT control sample
and for other samples, i.e., DHT sample was set to 100%.

Annexin V assay

Annexin V assay was performed according to the
manufacturer recommendations (ChemoMetec). Briefly,
22Rv1 cells were seeded at the density of 4x10 cells per
well into 12-well plate in RPMI medium supplemented with
Charcoal-stripped serum. After overnight stabilization, cells
were treated with dihydrotestosterone (DHT; 100 nM),
Berberine (1,000 nM), combination of both and/or DMSO
(0.1%, v/v) for 24 h. Thereafter, cells were harvested
by trypsinization, counted and approx. 3x10° cells were
resuspended in Annexin V binding buffer, to which
Annexin V-CF488A and Hoechst 33342 were added. After
incubation at 37 °C for 15 min, cells were spinned down
twice and each time the pellet was resuspended in Annexin
V binding buffer, lastly supplemented with propidium
iodide and immediately analyzed by Nucleocounter NC-
3000 (ChemoMetec; Denmark).

Statistical analysis

All values were subjected to Paired Student’s ¢-test. All
statistical analyses were performed using Microsoft Excel
2010. P<0.05 was considered statistically significant.

Results

First, we determined the non-toxic concentrations of BER
in recently developed AR-responsive cell line (AIZ-AR) (13)
for the purpose of monitoring activity of AR. The viability
significantly dropped below our personally set 80% threshold
for concentration of 5 pM within 24 h (Figure 1B). Therefore,
we further used concentrations no higher than 1,000 nM.
In reporter gene assay, there was no activation of AR by
BER next to positive control DHT (100 nM) (Figure 1C)
but there was significant approx. Twenty percent increase
of DHT-inducible AR-dependent luciferase activity above
DHT when co-incubated with BER (Figure 1D). Based
on this finding, we further focused on the expression

of AR target gene, KLK3. We used 22Rv1 cells, which
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Figure 1 The effect of Berberine on androgen receptor activity in androgen-independent cells. The structure of Berberine (BER) (A). MTT
assay performed on AIZ-AR cells treated with BER (0.01-50 pM) and/or dimethyl sulfoxide (DMSO) (0.1% v/v) as a vehicle for control for
24 h (B). Gene reporter assay of AIZ-AR cells incubated with BER (0.1-1,000 nM) in the absence (C) or presence (D) of dihydrotestosterone
(DHT) (100 nM) and/or DMSO (0.1% v/v) for 24 h. The data are the mean + SEM from 5 (C) or 7 (D) independent experiments and are
expressed as fold activation of AR over DMSO-treated cells (C) or as a % of positive control (DHT) (D). KLK3 mRNA expression in 22Rv1
cells incubated with BER (0.1-1,000 nM) in the absence (E) or presence (F) of DHT (100 nM) and/or DMSO (0.1% v/v) for 24 h. Results
are expressed as fold induction over DMSO-treated cells + SEM (E) or as % of DHT induction = SEM (F). The data are mean from at least
4 consecutive cell passages and were normalized per GAPDH mRNA levels (E,F). 22Rv1 cells were treated for 3, 6, 9 and 12 h with Berberine
(1 nM) and/or DHT (100 nM) and/or DMSO as a vehicle for positive or negative control, respectively. Results are expressed as fold
induction over DMSO-treated cells + SEM. The data are mean from at least 4 consecutive cell passages and were normalized per GAPDH
mRNA levels (G). Proliferation assay performed in 22Rv1 cells in the presence of DHT (H). Results are expressed as a % of DHT treated
cells. *, value is significantly different from DMSO-treated cells (P<0.05) (B,C,E,G) or DHT (D,H). #, value is significantly different from
DHT-treated cells (P<0.05) (G).
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Figure 2 The effect of Berberine on androgen receptor activity in androgen-dependent cells. LNCaP cells were treated for 24 h with
Berberine (0.1-1,000 nM) in the absence (A) or presence (B,C) of DHT (100 nM) and/or DMSO as a vehicle for negative control. Results
are expressed as fold induction over DMSO-treated cells + SEM (A), as % of DHT induction + SEM (B) or as % of DHT proliferation +
SEM from 3 independent cell passages. The data in A, B were normalized per GAPDH mRNA levels. *, value is significantly different from
DMSO-treated cells (A) or DHT-treated cells (P<0.05). DHT, dihydrotestosterone; DMSO, dimethyl sulfoxide.

AIZ-AR was derived from. While the positive control
DHT induced significantly KLK3 mRNA, Berberine
significantly decreased the basal level of KLK3 mRNA
about 20% independently of the dose (Figure 1E). However,
Berberine had no effect on DHT-inducible mRNA level
of KLK3 (Figure 1F). Since KLK3 mRNA may undergo
different stabilization/degradation in contrast to exogenous
luciferase in longer time, we monitored DHT-inducible
KLK3 mRNA in shorter periods of time in the presence
of Berberine (Figure 1G). We observed significantly
attenuated DHT-inducible AR-dependent KLK3 mRNA
in the presence of Berberine after 6 hrs. Shorter or longer
duration of treatment had no effect on inducible KLK3
mRNA.

Since there was mild but significant synergism of DHT
and Berberine on AR activity in reporter gene assay, we
tested if this finding can be connected to proliferation
of 22Rvl cells. We observed mild but significant decline
of proliferation for concentrations 100 and 1,000 nM
(Figure 1H). This is in contrast to expected AR co-activation.
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Due to the known observations, which suggested different
behavior of cells either in 2D or 3D culture model (14-16),
we performed the proliferation assay in the 3D culture
[technology based on the presence of microcavities
(300Microns, Germany)] plates to compare 2D and 3D
outputs. However, proliferation in 3D layout followed the
same pattern as in the case of 2D culture (data not shown).

Since all experiments so far were performed in androgen-
independent prostate cell line, we monitored the KLK3
expression and cellular proliferation in the presence of
Berberine in androgen-dependent cell line, LNCaP.
However, basal or DHT-inducible KLK3 mRNA as well as
proliferation profiles were almost identical with 22Rv1 cells
(Figure 2), i.e., no difference was observed.

In order to find a possible reason of lower proliferation
activity in the presence of Berberine, we considered a
triggering of an apoptotic event. Therefore, we further
focused on measuring the Annexin V intensity, a marker of
apoptosis. We observed that Berberine increased Annexin
V-CF488A staining next to DMSO or DHT, suggesting

Transl Cancer Res 2018;7(2):383-390
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Figure 3 The effect of Berberine on Annexin V signal in androgen-independent cells. 22Rv1 cells were treated for 24 h with Berberine
(1,000 nM) in the absence or presence of DHT (100 nM) and/or DMSO as a vehicle for negative control. Results are expressed as
propidium iodide intensity versus Annexin V-CF488A intensity of the cell population. BER, Berberine; DHT, dihydrotestosterone; DMSO,

dimethyl sulfoxide.

an early apoptotic event (Figure 3; right sector in each sub-
figure). Since this effect was unaffected by DHT, it can be
concluded that it does not involve androgen receptor.

Discussion

In the current paper we investigated the effect of
natural alkaloid Berberine at pharmacologically relevant
concentrations towards androgen receptor activity and its
relation to proliferation of prostate cancer cell lines. We
observed stimulation of dihydrotestosterone-inducible
AR-mediated luciferase activity by Berberine in the range
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of concentrations 0.1-100 nM (Figure 1D). However, the
presence of Berberine did not affect inducible level of AR-
target gene, KLK3, in androgen-dependent (LNCaP) or
independent cells (22Rv1) (Figures 1F2B). Monitoring the
proliferation revealed mild inhibition of proliferation for
100 and 1,000 nM concentrations of Berberine, which is
in accordance with literature (7). Similarly, proliferation
of 22Rvl cells in 3D cell culture displayed the same but
weaker pattern as in 2D culture (data not shown). Moreover,
we demonstrated an initiation of apoptosis, measured as
increased intensity of Annexin V staining.

Berberine is a natural compound with many biological

Trransl Cancer Res 2018;7(2):383-390
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activities, some of them beneficial for human subjects.
However, the benefits are always needed to be connected
with the dose/concentration. Two publications, which
focused on the pharmacokinetics of Berberine in human
volunteers after single oral dose administration, found
controversial results as similar orally given doses (which
can be obtained with commercially available dietary
supplements) resulted in the different maximal plasmatic
concentrations which differed approximately 1,000-times
(9,10). Thus, there is a question if orally given Berberine
can display such huge number of beneficial effects, which
are often attributed to its use, if the dose/concentration
would be in nanomolar range. Positive findings, which are
often reported for Berberine using mice with xenografts as
in vivo model close to cancer patients, usually administer
Berberine subcutaneously, which is quite different route of
exposure from oral administration and it is unlikely to be
applied for cancer patients.

The study by Li et a/. demonstrated that high doses of
Berberine (up to 100 pM) can inhibit viability of prostate
cancer cells and KLLK3 induction after 6 h (7). Moreover,
they demonstrated induction of apoptosis and decline in PSA
as well as AR protein content. However, used concentrations
were too high to have any implication on real in vivo
situation. A study, which measured pharmacokinetics of
200 mg/kg orally administered Berberine in rats, described
the higher amount of Berberine in some tissues next to
plasma (17). However, in any case the concentrations did
not exceed 1 pM and consequently any higher concentration
tested may not be of clinical relevance. Nevertheless, even
the use of submicromolar concentrations, we used in our
study, may give some relevant answers. The anticancer
effect of Berberine can happen in low concentrations as
we demonstrated by proliferation assay (Figure 1H) and by
Annexin V assay (Figure 3). Possibly, the real in vivo effect
may be stronger in longer periods and with repeated dosing,
especially for human subjects.

The main question which rises from our observation
is: Does Berberine have any significant impact on prostate
cancer in concentrations found in plasma? Based on
our data, we might conclude that the synergistic action
of nanomolar concentrations of Berberine with DHT-
inducible AR-dependent activity probably represents a false
positive result of our reporter assay. The interaction of AR
with sole response element without the remaining distal
parts as in the case of interaction with the full promoter of
KLK3 gene, can certainly give different results. Moreover,
an accumulation of luciferase enzyme unlike KLK3 mRNA
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(undergoing stabilization/degradation processes) can be one
of the plausible explanations. On the other hand, luciferase
activity statistically higher for combination of DHT and
Berberine next to DHT alone (Figure 1D) might reflect an
intracellular event, which was triggered by Berberine. Such
event might be the transient activation of extracellular signal
regulated kinase (ERK) via binding of Berberine to EGFR.
This rapid activation was observed for environmental
pollutant bisphenol A (18), which triggered expression
and phosphorylation of p53 protein at serl5 residue and
resulted in the cell cycle arrest. This is consistent with
our data from proliferation assay and with the observation
where Berberine strongly induced p53 expression in AR-
positive LNCaP cells but not in AR-negative PC-3 cells at
concentrations comparable with those used in our work (5).
Thus, there might be an interaction of Berberine-activated
kinase with AR, which we observed at AR-activity level but
not at AR-target gene expression level probably due to the
reasons mentioned above. Since AR was demonstrated to
interact with certain type of kinases at cellular membrane
and this interaction was a driving force for the development
of peptides mimicking the receptor sequences responsible
for these interactions (19), it can be speculated [in the
context of above mentioned study (5)] that Berberine would
be a suitable supportive treatment in AR-positive cancers.

In conclusion, Berberine has anti-proliferative effect on
androgen-independent as well as dependent prostate cancer
cells in nanomolar concentrations which links relevant
plasmatic concentrations found in human subjects with its
anti-cancer activity.
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Souhrn

Androgenni receptor (AR) patii mezi vyznamné transkripéni faktory v lidském téle a je
jednim z kritickych bodl pro vznik rakoviny prostaty. Jakékoliv naruseni jeho aktivity
latkami exogenniho pivodu muze mit vazné disledky na lidské zdravi. Mezi studovanymi
latkami byly: mykofenoldt mofetil (MYC), imunosupresivni lé¢ivo; bisfenol S, ndhrada
znamého endokrinniho disruptoru bisfenolu A; berberin, alkaloid pouzivany 1 jako potravni
doplnék a jako posledni studovanou litkou byl grafen oxid, materidl, ktery naléz4 stale Sirsi
vyuziti snad ve vSech oblastech primyslu, medicinské aplikace nevyjimaje. Sledoval jsem
vliv vSech ¢tyf latek na aktivitu androgenniho receptoru pomoci metody s reportérovym
genem, kvantitativni PCR v redlném case a metody western blottingu. Celkové jsem dosel ke
zjisténi, Ze MYC ovliviiyje signalizaci AR v linii 22Rv1 pomoci indukce JNK54 a JNK46 a
navic zvySuje jejich citlivost vii¢i inhibitorim JNK. Bisfenol S potencuje aktivitu AR,
ale neovliviiuje cilovy gen AR, KLK3 mRNA. Berberin potencuje aktivitu AR a slabé
moduluje hladinu KLK3 a proliferaci 22Rvl1, ale jeho ucinky byly pozorovatelné ve
fyziologicky relevantnich koncentracich. Grafen oxid potlacoval indukovanou expresi KLK3

a moduloval translokaci AR. Ziskana data mohou mit toxikologicky 1 klinicky vyznam.



Summary

The androgen receptor (AR) is one of the most important transcription factors in the human
body and is one of the critical factors in the development of prostate cancer. Disruption of its
regulation by exogenous compounds can have serious consequences for human health.
Among studied compounds were: Mycophenolate mofetil (MYC), an immunosuppressive
drug; bisphenol S, a substitute of the known endocrine disruptor bisphenol A; berberine, an
alkaloid use as a food supplement and the last studied compound was chosen graphene oxide,
a material that is increasingly used in all areas of industry, medical aplications being no
exception. I analyzed the effect of all four compounds on the androgen receptor activity using
the reporter gene assay, quantitative real-time PCR and western blotting. I demonstrated that
MYC affected AR signaling in 22Rv1 by inducing JNK54 and JNK46 and, in addition, it
increased their sensitivity to JNK inhibitors. Bisphenol S potentiated AR activity but did not
affect the target gene of AR, KLK3 mRNA. I showed that Berberine potentiated AR activity
and it was a weak modulator of KLK3 mRNA and 22Rv1 proliferation. However, its effects
were observable at physiologically relevant concentrations. Graphene oxide attenuated
inducible KLK3 mRNA and modulated translocation of AR. The data obtained may have

toxicological and clinical implications.
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1 Cile prace:

Hlavnim cilem této price je analyzovat vliv n€kolika riznych xenobiotik na aktivitu
androgenniho receptoru. Jednou z téchto latek je 1 bisfenol S, analog a ndhrada zndmého
endokrinniho disruptoru bisfenolu A (BPA), ktery narusuje signalizaci estrogenniho receptoru
a ktery je Siroce pouzivany v prumyslu. Dalsi z vybranych latek je berberin (pfirodni latka
vyskytujici se v n€kterych rostlinach a slouzici jako prekurzor ve farmaceutickém primyslu),
laitka mykofenolat mofetil (Siroce pouzivané imunosupresivum) a grafen oxid (jeden

z derivati grafenu, ktery je stale Castéji vyuzivan v pramyslu). Specifické cile prace jsou:
A) Zjistit vliv téchto latek na transkrip¢ni aktivitu androgenniho receptoru.

B) Pokusit se objasnit mechanizmus jejich pisobeni na androgenni receptor v piipadé, ze

bude nalezen jejich efekt na receptor.

2 Uvod:

Androgenni receptor (AR) je ligandem aktivovany transkripéni faktor nezbytny pro
spravny vyvoj a fungovani lidského téla. Bylo prokdzano, ze samotny receptor ovlivituje
expresi vice nez tisice genl a je dilezitym faktorem pfi vyvoji rakoviny prostaty [1]. Jeho
hlavnimi aktivatory jsou androgeny, hormony produkované v lidském téle, z ¢ehoz
nejvyznamnéjsi je metabolit testosteronu, dihydrotestosteron, ktery se na AR vaze a spousti
kaskadu dé&ji. Nicméné, signalizace AR muze byt naruSena mnoha exogennimi latkami
(bisfenol A, DDT, metoxychlor,...) [2], coz vede k nezddoucim projeviim a v konecném
disledku mohou tyto latky napomoci rakoviné prostaty. JelikoZ na rakovinu prostaty a
nasledky s ni spojené umira mnoho dospélych lidi (jen ve Svédsku téméf 10% vsech piipadi
rakoviny) [3] je pfinosné prozkoumat mozné efekty latek piisobicich na androgenni receptor.

V chemickém primyslu, potravinarstvi a u véci se kterymi denné pfichazime do styku,
lze nalézt fadu litek, u nichz nebyly zjiStovany jejich ucinky na lidsky organizmus nebo
pfimo na jaderné receptory. Pfipadné byly testovany pouze v omezené mife. Je proto
nezbytné zjistit jejich mozné ucinky na organizmus a ptedejit tak riziku onemocnéni, které by
z toho mohlo plynout. Jedna ze Siroce pouzivanych latek je bisfenol S (BPS), ndhrada za
(napt. BPS, BPF, BPAF,...). U bisfenolu A sice byla prokdzana toxicita a jeho schopnost

endokrinni disrupce né€kolika jadernych receptorti v mnoha publikacich [5], ale studie jeho
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derivatu, BPS, jsou pouze v omezené mite. To stejné plati pro imunosupresivum mykofenolat
mofetil, pfirodni alkaloid berberin a ¢im dal Castéji pouzivanou primyslovou slouceninu
grafen oxid. Studie zabivajici se U€inky téchto latek na jaderné receptory, a pfevazné na
androgenni receptor, jsou pouze limitujiciho charakteru.

Z vyse zminénych divodl je tedy velmi dulezité sledovat mozné nezadouci efekty
pouzivanych latek na lidsky organizmus. VSechny latky, které jsou testovany v této
publikaci, jsou denné v kontaktu s miliony lidi a jejich produkce se celosvétoveé zvysuje s tim,
jak se rozviji prumysl. Tato studie tedy ptisp&je k lepSimu pochopeni interakci danych latek a

wevr

nahrazenf jinymi.

3 Zkoumané latky:

V této praci sleduji vliv n€kolika latek na aktivitu androgenniho receptoru, a proto se

na tyto latky blize podivame a pfiblizime si jejich souc¢asny vyskyt nebo pouziti.

Bisfenol S

V poslednich letech se v priimyslu zacina ¢astéji vyuzivat bisfenolu S (BPS), ktery ma
nahrazovat, spole¢né s dalSimi derivaty, bisfenol A (BPA) jelikoZ je prokazatelnym
endokrinnim disruptorem. Mimo jiné pfispiva k rozvoji rakoviny [6], obezité [7] a celkove
zpiisobuje fadu nezaddoucich efektli. Ale zaroven patii k rozsifené latce, ktera je velmi dilezita
v mnoha odvétvich, a proto se hledaji jeji derivaty, které maji podobné fyzikalné-chemické
vlastnosti, ale mens$i nebo zcela Zadny vliv na ¢lovéka a ptirodu. Jiz vySe zminény BPS je
jednim z jeho nadéjnych derivati, u kterého je centralni propanova skupina nahrazena
sulfdtovou skupinou. V soucasnosti se pouzivd v konzervovanych potravindch jako soucast
polymerii chranicich konzervy pied korozi [8], také je soucasti plasti ze kterych se vyrabi
détské 1ahve [9], pouziva se jako aditivum v papirenském pramyslu [10] a ma mnoho dalSich
vyuziti. Kromé toho vykazuje vysSi teplotni stabilitu a odolnost proti slunecnimu zéteni.
Nicméné jeho velké rozsifeni a pouzivani ve vécech denni potfeby také umoznuji, aby byli
lidé vystaveni jeho expozici, pficemz malé davky BPS byly zaznamenany v moci a
matefském séru [11, 12]. A jelikoZ stale nebyly detailnéji prozkoumany jeho efekty na
vSechny jaderné receptory (je prokazanym aktivatorem ERa [13]), rozhodl jsem se jeho

vlastnosti prozkoumat nejen na AR.



Mykofenolat mofetil

Mykofenolat mofetil je imunosupresivum, které ptisobi jako selektivni, nekompetitivni
reverzibilni inhibitor inosinmonofosfat-dehydrogendzy (IMPDH), kterd se podili na de novo
syntéze guanosinovych nukleotidii. Tento efekt je siln€j$i u lymfocytl, jelikoz ma vyssi
afinitu k isoformé I, kterd je v nich vice zastoupena nez isoforma I. Toho se vyuziva
k zabranéni odmitnuti transplantatu po transplantaci [14]. Sice IMPDH patii mezi hlavni cil
mykofenolatu, tedy potazmo jeho metabolitu mykofenolové kyseliny, ve kterou se méni po
ordlnim podéni, ale byla prokdzana jeho schopnost modulovat aktivitu aryl uhlovodikového
receptoru (AhR) a glukokortikoidniho receptoru (GR) [15]. Z tohoto divodu bylo zajimavé

sledovat jeho mozné ucinky na dalsi receptor.

Berberin

Berberin je rozsifend pfirodni sloucenina vyskytujici se tfeba v dfistalu obecném
(Berberis vulgaris), kterd se jiz velmi dlouho vyuziva v nejriznéjsim lécitelstvi. Nejstarsi
dochovany diikaz o jeho pouZzivéni je z dob Asyrské vlddy v roce 650 pt. n. L. [16]. Chemicky
se jedna o kvarterni isochinolinovy alkaloid a dnes se pouziva tfeba na lécbu prijmu a
gastroenteritidy z divodu jeho antimikrobidlnich vlastnosti [17]. Je to také dulezita latka pro
farmaceuticky primysl, kde slouzi k syntéze jeho bioaktivnich derivati [18] a n¢kolik studii
prokdzalo jeho vliv na proteiny zapojené v inhibici ristu rakoviny prostaty jako je p5S3 [19] a
JNK [20]. Proto jsem se rozhodl prozkoumat jeho dal§i mozné efekty na rakovinu prostaty a

androgenni receptor.

Grafen oxid

Latka budoucnosti, jak mnozi lidé nazyvaji grafen ma Siroké vyuZiti a stile vice se
dostava do poptedi v nejriznéjSich odvétvich. Jeden zjeho nejvyznamnégjSich derivati je
grafen oxid (GO), dvoudimenziondlni struktura grafenu s hydroxylovymi a epoxidovymi
skupinami v zékladni rovin€é a karboxylovymi skupinami na konci molekuly, kterd zacina
nachazet vyuziti jako potenciondlni nosi¢ 1éc¢iv [21]. Ale s pfipadnym pouZivanim
v medicinskych aplikacich se také zvySuje mira vystaveni lidi jeho U¢inkiim. Jiz bylo
prokazano, ze GO poskozuje plazmatickou membranu bun€k [22], naruSuje protein-
proteinové interakce [23], ale jeho pouziti miize byt prospesné v pripadé¢ zanctu [24].
Prostudovat jeho mozné dopady na dal§i metabolické drahy a transkripéni faktory je proto

vice nez zadouci.



4 Material a metodika

4.1 Slouceniny

Dimetylsulfoxid (DMSO), 5a-dihydrotestosteron (DHT), berberin, mykofenolat
mofetil (MYC), bisfenol S (BPS), grafen oxid (763705; 2 mg/ml vodného roztoku), médium
RPMI 1640, fetdlni bovinni sérum, charcoal-stripped (CS) fetdlni bovinni sérum (CS-FBS;
F6765), kit na proliferacni assay (5-Bromo-2"-deoxy-uridine Labeling and Detection Kit III)
byly zakoupeny od Sigma-Aldrich (Praha, Ceska republika). Grafen oxid s definovanou
velikosti castic (50 — 200 nm, 200 — 500 nm, >500 nm — 2mg/ml vodné roztoky; B51211,
B51221, B51231) byly zakoupeny od biomade.com. Oligonukleotidové primery pouZzité
v RT-PCR byly syntetizovany v Generi Biotech (Hradec Kralové, Ceska republika). Light
Cycler 480 Probes Master a UPL proby byly zakoupeny od Roche Diagnostic Corporation
(Intes Bohemia, Ceské republika). Anexin V vazebny pufr a anexin V-CF488A konjugit byly
zakoupeny od Biotium (Fermont, USA). Mikrotitra¢ni desticky pro bunééné 3D kultury byly
zakoupeny od 300Microns (Karlsruhe, Némecko). Kit pro resazurinovou assay byl zakoupen
od Canvax (Kérdoba, Spanélsko). Kit pro chromatinovou imunoprecipitaci byl zakoupen od
Cell Signal Technology (9003; SimpleChIP Enzymatic Chromatin IP kit — Magnetic Beads).

Vsechny ostatni chemikalie byly zakoupeny v nejvyssi mozné dostupné kvalité.

4.2 Bunécné kultury

Lidsky karcinom prostaty (LNCaP; No. 89110211) a lidsky epitelidlni karcinom
prostaty (22Rv1; No. 05092802) byly zakoupeny od Public Health England a kultivovany
v médiu RPMI 1640 obohaceného o 10% fetdlniho bovinniho séra a 2 mM L-glutamin.
Bunécna linie AIZ-AR (odvozena od 22Rvl1, detailné charakterizovana v Bartonkova et al.
[25]) byla kultivovana v médiu RPMI 1640 obohaceného o 10% fetdlniho bovinniho séra a 2
mM L-glutamin. VSechny bunécné linie byly kultivovany v 37°C, 5% CO, a absolutni

vlhkosti v inkubatoru.

4.3 Test viability (MTT)

Bunécéné linie AIZ-AR byla kultivovana se vzrastajici koncentraci MYC (0,01—
20 pg/ml); ptipadné se vzristajici koncentraci BER (0,01-50 uM); nebo se vzrlstajici
koncentraci BPS (0,1-100 uM) anebo s DMSO jako negativni kontrolou (0,1%; v/v) po dobu
24h; nebo se vzrustajici koncentraci GO (0,002-20 pg/ml) vzdy po dobu 24h. Nésledné byly
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buiiky oplachnuty PBS, které¢ bylo ihned poté nahrazeno PBS s MTT (3-(4,5-dimetylthiazol-
2-yl)-2,5-difenyltetrazolium bromid) v koncentraci 0,3 mg/ml. Po 30-40 minutdch byl roztok
odsat a vznikl¢é krystaly formazanu rozpustény v DMSO. Absorbance byla métena pii 570 nm
pristrojem Infinite M200 (TECAN, Rakousko). Testované koncentrace, které nezpusobily
pokles viability vétsi nez 20% byly shledany jako netoxickeé.

4.4 Resazurinova assay

Bunécna linie AIZ-AR byla kultivovana se vzristajici koncentraci GO (0,002-20
png/ml) po dobu 24h. Nasledné byly buiiky oplachnuty PBS, které bylo ihned poté nahrazeno
roztokem resazurinu v médiu RPMI 1640 (obohaceném o 10% fetalniho bovinniho séra a
2 mM L-glutamin) ve findlni koncentraci 10% v/v (900 ul roztoku média a 100 pl roztoku
resazurinu) a dale se nechaly inkubovat 75 minut v inkubdtoru. Poté byl vysledny roztok
pfenesen do novych cernych 96ti jamkovych desticek a méfena fluorescence (530 nm pro

excitaci a 590 nm pro emisi) na pfistroji Infinite M200 (TECAN, Rakousko).

4.5 Reportérova genova assay

Pro vSechny aplikace této metody byla pouzita stabilné transfekované linie AIZ-AR
vyvinutd z linie 22Rv1, do které byli vlozeny tfi kopie androgenni responzivni oblasti (ARR)
ndsledované jednou kopii ARE z promotorové oblasti KLK3 [25]. Nasledné byla bunétna
linie AIZ-AR kultivovdna 16h v 96ti jamkové desti¢ce v médiu s CS-FBS a poté se vzristajici
koncentraci MYC (0,01-20 ug/ml), BER (0,0001-1000 nM), BPS (0,1-100 uM) nebo GO
(0,002-20 pg/ml) v ptitomnosti DMSO (0,1%; v/v, agonistické uspotadani a v ptipadé¢ GO
vody 1%; v/v,) nebo ptitomnosti DHT (100 nM, antagonistické uspofadani). Po kultivaci byly
bunky lyzovany a byla zméfena luciferdzova aktivita pfistrojem Infinite M200 (TECAN,
Rakousko).

4.6 Proliferac¢ni assay

Prolifera¢ni assay byla provedena podle ndvodu vyrobce s drobnou modifikaci. Buniky
byly vysety na 96ti jamkové desticky (10 000 bunék na jamku, v ptipadé LNCaP byly
desticky pfedtim oSetfeny poly-D-lysinem) v médiu s CS-FBS a stabilizovany pies noc.
Nésledujici den jim bylo vyménéno médium za nové, obsahujici MYC s rostouci koncentraci
(0,01 — 20 pg/ml), BER (0,0001-1000 nM) , BPS (0,1-100 uM) nebo GO (0,002-20 ug/ml) a
to v kombinaci s DHT (100 nM, antagonistické¢ uspotfddani) nebo obsahovali pouze latku

samotnou v pritomnosti DMSO (0,1%; v/v, agonistické uspotadani a v ptipadé¢ GO vody 1%;
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v/v, agonistické uspotfaddani) a inkubovany po dobu 24h. Na konci inkuba¢ni doby byl
aplikovan 5-Bromo-2’-deoxy-uridin (BrDu) pfimo do jamek a ponechdn po dobu 3 hodin.
Nasledné¢ se postupovalo piesné podle navodu vyrobce. Absorbance byla méfena pii 405 nm a
referencni hodnota pti 495 nm pomoci Infinite M200Pro (TECAN, Rakousko). Proliferace je
dale vyjadiena jako % poméru absorbanci A4os/A49s mezi vzorky a samotnym DHT (u DHT je

proliferace nastavena na 100%).

4.7 qRT-PCR

Pro vSechny experimenty byly pouzity primery a proby z Universal Probes Library
(UPL; Roche Diagnostic Corporation, Praha, Ceska republika). PSA-UPLA44, forward:
GTGCTTGTGGCCTCTCGT, reverse: CAGCAAGATCACGCTTTTGT, GAPDH-UPL60,
forward: CTCTGCTCCTCCTGTTCGAC, reverse: ACGACCAAATCCGTTGACTC;
UBE2C-UPLS, forward: GGGCAAAAGGCTACAGCAG, reverse:
GCTCCATGGATGGTCCCTA. Vsechny experimenty probéhly za nésledujicich podminek:
Celkova RNA byla izolovana pomoci TRI Reagent® (Molecular Research Center, USA) podle
pokynt vyrobce. cDNA byla syntetizovana z 1000 ng celkové RNA za pouziti M-MuLV
reverzni transkriptdzy (M0253S, New England BioLabs) v 42°C po dobu 60 min za pouziti
nahodnych hexamert (S1230, New England BioLabs). qRT-PCR byla provedena na pfistroji
Light Cycler 480 II (Roche Diagnostic Corporation, Praha, Ceské republika). Program pro
pribéh byl nastaven nésledovné: aktivacni krok pii 95°C po dobu 10 min byl nasledovéan 45
cykly PCR (denaturace pii 95°C po dobu 10 sekund, annealing a elongace 60°C po dobu 30
sekund). Méfeni bylo uspotfadano v triplikdtech. Genovd exprese byla normalizovdna na
glyceraldehyd-3-fosfat dehydrogenazu (GAPDH) jako housekeeping gen. Data byla
zpracovdna pomoci delta-delta metody. Vysledky jsou vyjadieny jako relativni ndsobek

indukce oproti butkdm s DMSO.

4.8 SDS-PAGE a Western blotting

Celkové proteinové extrakty byly pfipraveny z 1 jamky 6ti jamkové desky. Po
inkubaci byly buiiky oplachnuty vychlazenym PBS a seSkrabnuty do Iml PBS a suspenze
byla centrifugovéana (5Smin, 4°C, 2300g). Pelet byl poté resuspendovéan v 150ul vychlazeného
lyza¢niho pufru (150 mM NaCl; 10 mM Tris pH 7,2; smés protedzovych a fosfatazovych
inhibitord, 1% (v/v) Triton X-100, 5 mM EDTA). Roztok byl promichan a inkubovan 10 min
na ledu, poté centrifugovan (13 min, 4°C, 15700g). Supernatant byl odebran a pro stanoveni

koncentrace proteini byla pouzita metoda dle Bratforda. Izolace cytosolické a nukledrni

12



frakce byla provedena za pouziti Nuclear extract kit (Active Motif; 40010) podle pokynt
vyrobce.

Gel pro SDS-PAGE (10%) byl pouzit na aparatufe od firmy BioRad pfesné podle
obecnych pokyntl za pouziti a pro pienos proteinti byla pouzita PVDF membrana. Membrana
byla saturovana 5% susenym mlékem bez tuku po dobu 1h pfi pokojové teploté v 1x TBS-
Tween20 (0,5%). Bloty byly inkubovdny s ndsledujicimi protilatkami: protiladtka proti AR
(mouse monoclonal, sc-7305, 441, fedéni 1:500, lot H3112 od Santa Cruz Biotechnology),
protilatka proti aktinu (mouse monoclonal, 3700S, 8H10D10, fedéni 1:1000, Lot 15 od Cell
Signaling Technology), protilatka proti p-JNK (rabbit polyclonal, 9251, lot 3, fedéni 1:1000
od Cell Signaling Technology), protilatka proti JNK (rabbit polyclonal, 9252, lot 9, fedéni
1:1000 od Cell Signaling Technology), a inkubace byla provadéna pies noc pii 4°C. Detekce
byla provedena pomoci kienové peroxidazy spojené se sekundarni protildtkou (Santa Cruz
Biotechnology) a Western Sure Premium Chemiluminiscent Substrate (C60429, LiCor).
Denzitometrickd analyza a semikvantifikace byla provedena na C-DiGit Chemiluminiscent
Western Blot Scanner (LiCor) a Image Studion Digits software (LiCor). Separace a
kvantitativni detekce PSA a UBE2C proteint byla udélana pomoci Sally Sue Simple Western
Systému (procedura detailné¢ popsana v Doricakova et al. [26]). Byly pouzity nasledujici
protilatky: protilatka proti aktinu (mouse monoclonal, 3700S, 8H10D10, fedéni 1:1000, Lot
15 od Cell Signaling Technology), protilatka proti PSA (rabbit monocloal, D6B1, 5365S,
fedéni 1:20, Cell Signaling Technology) a protildtka proti UBE2C (rabbit polyclonal, 142348,
fedéni 1:20, Cell Signaling Technology).

4.9 Méreni redukovaného a celkového glutathionu

22Rv1 byly inkubovéany se vzristajici koncentraci GO (0,2-20 pg/ml), ptipadné bez
GO po dobu 24h v médiu s CF-FBS. Poté byl celkovy glutation a oxidovany glutation méteny
pomoci GSH/GSSG-Glo Assay kit (Promega, V6611) podle pokynt vyrobce a luciferazova
aktivita byla métena pomoci Infinite M200 (TECAN, Rakousko).

4.10 Annexin V aasay

22Rv1 byly vysety na 12ti jamkovou desticku (400 000 na jamku) v médiu s CS-FBS.
Po stabilizaci pies noc byly buiiky inkubovany s BER (1000 nM), DHT (100 nM) a to jak
samostatng, tak v spole¢né po dobu 24h. Poté bylo postupovano piesné podle ndvodu vyrobce
pro Annexin V assay (ChemoMetec, Dansko). Analyza probéhla na Nucleocounter NC-3000
(ChemoMetec, Dansko).
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4.11 Tomografie

Zobrazeni 3D morfologie 22Rv1 (po inkubaci s GO nebo bez négj) byla provedena
interferometrickou detekei pouzitim holotomografického 3D mikroskopu Nanolive® (3D Cell
Explorer, Lausane, Svycarsko) a vysledny obraz byl zpracovan pomoci STEVE® software

(3D Cell Explorer). Kazda barva reprezentuje rozdilny index odrazu.

4.12 Zeta potencial

Grafen oxid byl fedény ve vodé nebo médiu RPMI s FBS-CS na vyslednou
koncentraci 20 pg/ml. Zeta potencial byl stanoven pouzitim elektroforetické mobilni metody a
méfeny pomoci Zetasizer Nano ZS instrument (Malvern, UK). Hydrodynamicky pramér byl
méfen za 24h pii 37°C a 5% CO, v atmosféie (simulujici podminky bunécénych testl)
pouzitim metody dynamického rozptylu svétla pomoci Zetasizer Nano ZS instrument

(Malvern, UK). VSechna méteni byla provedena pii pokojové teploté.

4.13 Chromatinova imunoprecipitace

22Rv1 nebo LNCaP byly kultivovany na 60mm Petriho miskach v FBS-CS RPMI pies
noc a ndsledujici den inkubovany s DMSO, DHT (100 nM) nebo kombinaci DHT a GO (0,2 —
20 pg/ml) po dobu 90 min v 37°C. Nasledné bylo postupovano podle navodu vyrobce pro
SimpleChIP Plus Enzymatic Chromatin IP Kit (Magnetic Beads; Cell Signaling Technology,
Leiden, Nizozemsko) s drobnymi modifikacemi popsanymi v Stépankova et al. [27].

Nicméné 1 tak doSlo jesté k dalSim drobnym modifikacim. V tomto ptipadé jsem
pouzil 20 pg nastipaného chromatinu, ktery byl resuspendovan v 500 pl ChIP pufru a
imunoprecipitace byla zahijena pfidanim 4 pl AR protilaitky (D6F11; Cell Signaling
Technology). Dalsi den bylo ke vzorku ptidano 30 pl Protein G Magnetic Beads (roztok
magnetickych castic) a inkubace probihala 1 hodinu pii 4°C pfi neustdlém michani. Po
separaci magnetickych ¢astic pomoci Magnetic Separation Rack 14654 (Cell Signaling
Technology) a n¢kolikanasobném promyti pufry (podle nadvodu) byly pelety resuspendovany
ve 150 pl ChIP elu¢niho pufru a chromatin byl eluovan 30 min pii 65°C s tfepanim pfi
1200 RPM na TS-100C Thermo-Shaker (BioSan). Po separaci Céastic na magnetickém
stojanku byl eluovany chromatin inkubovén s ChIP elu¢nim pufrem s 6 ul 5SM NaCl a 2 pl
proteindzy K 15 min pii 65°C na Thermo-Shaker (1200 RPM). Nasledné byla DNA vycisténa
ptes kolonky podle navodu vyrobce. qPCR byla provedena na piistroji LightCycler 480
(Roche, Praha, Ceska republika) s 2 ul DNA vzorku spolecné s PCR vodou, SYBR-Green
(LightCycler 480 SYBR Green 1 Master; Roche) a 5 uM simple ChIP Human KLK3
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promotorovymi primery (32784; Cell Signaling Technology). Program pro PCR reakci byl
nastaven nasledovné: enzymova aktivace pii 95°C po dobu 10 min nésledovand 40ti cykly
denaturaci s prodluzovanim pii 95°C, 15 sekund a 65°C, 60 sekund. Produkt PCR reakce byl
poté dan na elektroforetickou separaci na 4% agarézovém gelu (pro tento ptipad byla

provedena PCR pouze o 30 cyklech).

4.14 Statisticka analyza

Rozdily mezi dvéma skupinami byly porovnavany pomoci Studentova neparového
dvojitého t-testu (Student’s unpaired two-tailed t-test). Dvoucestnd analyza variace
s Dunnetovym post hoc testem byla aplikovana v ptipad¢, Zze bylo analyzovano vice nez dvé
skupiny. Veskerd statistickd analyza byla provedena softwarem GRAPH-PAD PRISM 6
(GraphPad Software Inc., San Diego, CA, USA). Pouze v pfipad€ analyzy berberinu byly data
zpracovany pomoci Microsoft Excel 2010 (Paired Student’s #-test). Hodnoty P<0,05 byly

povazovany za statisticky signifikantni.
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5 Vysledky a diskuze

5.1 Mykofenolat mofetil indukuje expresi c-Jun-N-koncovou kinazy v 22Rvl: vliv na

signalizaci androgenniho receptoru

Mykofenoldt mofetil se projevil jako silny induktor KLK3 mRNA v na androgenech
nezavislé bunécné linii 22Rv1, kdy dosahl pfi nejvyssi mnou pouzité koncentraci (20 pg/ml)
ptiblizn¢ 80% indukce zprosttedkované DHT, pfirozenym ligandem AR. Nicméné tento efekt
nebyl pozorovan v LNCaP, coz je na androgenech zavisla bunécna linie a mize tedy souviset
praveé s expresi transkripéni varianty AR-v7. V pfipadé€, Zze byl zaroven ptitomen i DHT byl
efekt na cilovy gen AR (KLK3) vlivem MYC velmi maly (25% narast u 22Rvl) a u LNCaP
byl pozorovan pokles o 80%. Dale MYC pusobil inhibi€né na proliferaci obou sledovanyh
linii. Zajimavym faktem je, ze podle prace dr. Duna [28] se 22Rv1 fadi mezi odolné bunky a
v mé praci se jevili jako citlivéjsi (IC50 cca 1ug/ml oproti vice jak 20 pg/ml pro LNCaP).
Dtvodem by mohla byt pravé zkracena varianta AR (AR-v7), kterou linie obsahuje a kterd by
mohla byt cilem mykofenolétu.

Také jsem prokéazal, ze MYC napomaha translokaci AR do jadra a zvySuje celkové
mnozstvi MAPK8 a MAPK9 (JNK46/54), ale snizuje jejich fosforylovanou formu. Tyto
vysledky jsou shodné s praci Dr. Andreucciho, ktery prokéazal snizeni fosforylace NF-xB a
JNK v lidskych ledvinovych proximalnich tubularnich bunikdch po aplikace mykofenolové
kyseliny [29]. Navic, pouziti kombinace inhibitoru JNK kindz a MYC vedlo k senzitizaci
bunék a snadnéjsi inhibici jejich proliferace.

Ve vysledku jsem prokazal, ze MYC ovliviiuje signalizaci zprostiedkovanou
androgennim receptorem in vitro a to v rozdilné mife u dvou bé€zn€ pouzivanych modell
rakovinny prostaty. Spole¢n¢ s dal§imi vyzkumy lze pfedpokladat, ze mykofenolat mofetil je

dobry kandidat na na podptirnou terapii pti 1é€b¢ rakoviny prostaty.
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5.2 Modulace aktivity androgenniho receptoru bisfenolem S

Bisfenol S (BPS) je strukturnim a termostabilnim analogem bisfenolu A (BPA), ktery
patii mezi znamé endokrinni disruptory. JelikoZ je tlak na nahrazeni BPA jeho analogy, bylo
by dobré znat jejich vliv na signalizaci receptort, a protoze nejvice efektl je zprostiedkovano
prave ptes jaderné receptory, zaméfil jsem se na na prozkoumani n€kolik hlavnich ¢lenti této
superrodiny [30] a v pfedkladané préci se zaméfuji na androgenni receptor.

Nicméné, jedinym efektem BPS na androgenni receptor byl synergisticky uc¢inek na
jeho aktivitu, ktery zacinal jiz pfi koncentraci 1nM, ale vysledny efekt se nepfenesl na cilovy
gen KLK3. Pouze na androgenech zdvisla bunécna linie LNCaP vykazovala mirné snizeni
proliferace za 24h. Ve vysledku jsem tedy prokazal, Ze BPS ma pouze omezené U¢inky na

androgenni receptor a jeho uzivani se jevi jako bezpecnéjsi nez v ptipadé BPA.
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Obrazek €. 6: Vliv bisfenolu S na aktivitu AR
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5.3 Farmakologicky relevantni koncentrace berberinu prechodné stimuluji
dihydrotestosteronem indukovatelnou luciferazovou aktivitu zprostifedkovanou AR

v lidskych rakovinnych buiikach prostaty

Berberin je latkou vyskytujici se v Sirokém mnozstvi riiznych rostlinnych 1é¢iv nebo
potravnich dopliikd, ale jeho ucinek na aktivitu androgenniho receptoru neni znamy
v plazmaticky relevantnich koncentracich. Proto jsme prozkoumal jeho vliv na karcinom
prostaty.

Berberin dokazal signifikantné potencovat aktivitu androgenniho receptoru
zprostiedkovanou DHT v systému s reportérovym genem a naproti tomu cilovy gen AR,
KLK3, byl ve vysledku snizen v na androgenech nezavislé bunécné linii 22Rv1. Druha
studovana linie, na androgenech zavisla, LNCaP vSak nebyla berberinem ovlivnéna na urovni
mRNA pro KLK3 a stejny efekt nastal i v piipadé kombinace DHT a berberinu u 22Rv1. Obé
linie vSak vykazovaly zna¢nou citlivost v ptipad¢ proliferace, ktera byla siln¢ redukovana pro
nejvyssi pouzité koncentrace a to 100 a 1000 nM. Tohle snizeni proliferace bylo doprovazeno
zvySenim barvenim pomoci Anexinu V, coz naznacuje zvyseny pocet apoptotickych udalosti.

Z dosazenych dat je tedy zfejmé, ze berberin inhibuje proliferaci prostatickych
bunécnych linii ve farmakologicky dosazitelnych koncentracich, ale bez piimé vazby na

cilovy gen AR.
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5.4 Vliv grafen oxidu na signalizaci androgenniho receptoru

Grafen oxid (GO) je oxidovana forma grafenu, kterd nachazi stale SirSi uplatnéni
v riznych oblastech primyslu, medicinu nevyjimaje. V mém experimentu dokazal
koncentracn¢ zavisle snizovat aktivitu androgenniho receptoru méfenou reportérovym genem
v ptitomnosti DHT, pficemz se tento efekt pienasel i na cilovy gen KLK3 a také na protein.
Silngjsiho efektu bylo dosazeno na proteinu PSA nez na jeho mRNA, kde jiz pfi nejnizsi
pouzité koncentraci GO doslo k snizeni hladiny proteinu na bazalni uroven. Cilovy gen pro
AR-v7 (UBE2C) byl ovlivnén pouze na trovni proteinu, a nikoliv na drovni mRNA.

Jednim z vysvétleni téchto efektd GO na cilové geny AR, muze byt jeho schopnost
ovlivnit translokaci samotného AR, ktera je ovSem v rozporu s predpoklady zvysSena a stejné
tak dochdzi k mirnému zvySeni samotného mnozstvi receptoru. Nicméné¢, piestoze GO
prokazatelné¢ pronikd dovnitf buné€k a meéni jejich morfologii, méfeni oxidacniho stresu
v buiice bylo bezezmény a proliferace byla snizena jen minimalné, a to az za dobu 48h.

Chromatinova imunoprecipitace neukazala zadné obohaceni v promotorové oblasti
vyjma rozdilu mezi UT a DHT, ale nikoliv plisobenim GO a lze tedy spekulovat, zdali
navdzany receptor do promotorové oblasti transkripci spousti, ale zda ji spiSe neinhibuje.
Experimenty s na androgenech zavislou bunécnou linii pfinesli LNCaP pfinesly dikaz, ze
neni na pusobeni GO tolik citliva a pozorované efekty mohou souviset prevazné s AR-v7,
ktery je v 22Rv1 ptitomen. Hladina mRNA pro KLK3 byla v LNCaP ovlivnéna minimaln¢,

ale translokace byla sniZend koncentracné zavisle.
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Obrazek ¢.
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Obrazek ¢. 12: Vliv grafen oxidu na aktivitu androgenniho receptoru
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Obrazek ¢. 13: Vliv grafen oxidu na cilové geny androgenniho receptoru
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6 Zavér

Tato prace se zabyva vlivem léku (mykofenolat mofetil), potravniho dopliku (berberin) a
latek vyznamnych v primyslu (grafen oxid, bisfenol S) na aktivitu androgenniho receptoru.

Hlavni zjisténi plynouci z této prace jsou:

e Mpykofenolat mofetil indukuje JNK 54 a JNK46 coz ovliviiuje signalizaci AR
v 22Rv1.

e Mpykofenolat mofetil zvySuje citlivost 22Rv1 na inhibitory JNK.

e Bisfenol S neovliviiyje cilovy gen AR (KLK3) a spolecné se slabou modulaci dalSich

e Berberin ve fyziologicky relevantnich koncentracich potlacuje proliferaci nadorovych
prostatickych bunék.

e Grafen oxid potlac¢uje indukovanou expresi KLK3 a potencuje ligandem aktivovanou

translokaci do jadra v na androgenech nezavislé¢ bunécné linii 22Rv1
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