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1         PREDSTAVITEV PROBLEMATIKE IN HIPOTEZE 
 
 
Z vse močnejšo evtrofikacijo voda in s klimatskimi spremembami se vse pogosteje 
pojavljajo masovna cvetenja cianobakterij. V razmerah pribitka hranil cianobakterijska 
populacija tvori sekundarne metabolite, številne različne biološko aktivne snovi. Nekatere 
imajo škodljiv učinek na ljudi in živali, zato jih označujemo kot cianobakterijske strupe 
oziroma toksine (cianotoksine). Glede na glavno tarčo njihovega delovanja jih v grobem 
uvrščamo med hepatotoksine, nevrotoksine in dermatotoksine (Carmichael, 2001). V 
sladkih in brakičnih vodah po vsem svetu se najpogosteje in v najvišjih koncentracijah 
pojavljajo hepatotoksini mikrocistini (MCs), nodularin (NOD) in cilindrospermopsin 
(CYN). Ti tokisni lahko povzročajo zastrupitve pri ljudeh, ki se lahko kažejo s simptomi, 
kot sta slabost in bruhanje, ter bolezenska stanja, ki segajo od vnetja jeter (hepatoenteritis), 
želodca in prebavil (gastroenteritis) do pljučnice (Falconer s sod., 1983; Hawkins s sod., 
1985; Carmichael, 2001). Znani so številni primeri zastrupitev in poginov živali, medtem 
ko je dobro opisanih primerov zastrupitve ljudi s cianotoksini relativno malo. Razlog za to 
je verjetno v tem, da ljudje v večini primerov pridejo v stik z nizkimi koncentracijami teh 
toksinov, ki ne povzročijo dovolj opaznih simptomov. Prav nizke (neakutne) koncentracije 
in dolgotrajna izpostavljenost pa predstavljajo potencialno nevarnost za ljudi in živali, saj 
znanstveniki predvsem v zadnjem desetletju ugotavljajo, da cianotoksini lahko poškodujejo 
DNK (delujejo genotoksično) in morda tudi vplivajo na nastanek rakavih obolenj. 
 
Cvet potencialno toksičnih cianobakterij se dokaj pogosto pojavlja tudi v Sloveniji, 
predvsem v njenem SV delu, kjer je močno razvito poljedelstvo (Sedmak in Kosi, 1997). V 
Sloveniji je bilo do sedaj najdenih vsaj 12 potencialno toksičnih vrst cianobakterij (Sedmak 
s sod., 1994; Sedmak in Kosi, 1997). Najpogosteje se pojavljata predvsem vrsti 
Microcystis aeruginosa in Plantothrix rubescens (Eleršek in Kosi, 2010; Bricelj s sod., 
2012), ki sta znana proizvajalca mikrocistinov (Fastner s sod., 1999). Vsako leto opažamo 
prisotnost različnih rodov cianobakterij, ki so potencialni proizvajalci različnih 
cianotoksinov ter s kemijskimi analizami (HPLC) zaznamo prisotnost mikrocistinov v 
površinskih vodah, med drugim tudi v Blejskem jezeru (Bricelj s sod., 2012). Kljub temu 
se razen v kopalnih vodah, ki so pod nadzorom Agencije Republike Slovenije za okolje 
(ARSO), rasti cianobakterij in koncentracij toksinov v slovenskih vodah ne spremlja. 
 
Raziskav na področju genetske toksikologije cianotoksinov je relativno malo in ugotovitve 
teh raziskav ne podajo jasnih zaključkov o tem, ali ti toksini povzročajo poškodbe DNK 
neposredno in ali delujejo tudi rakotvorno (karcinogeno). Raziskave so osredotočene 
predvsem na preučevanje mikrocistina-LR (MCLR), medtem ko je zelo malo znanega o 
delovanju drugih cianotoksinov. 
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Namen raziskav, izvedenih v sklopu doktorske disertacije, je ugotoviti potencialno 
genotoksične učinke izbranih cianobakterijskih toksinov (mikrocistin-LR (MCLR), NOD 
in CYN) pri subtoksičnih koncentracijah, s posebnim poudarkom na najslabše raziskanemu 
CYN, ter ugotoviti mehanizme njihovega genotoksičnega delovanja na modelih humanih 
celic in vitro. 
 
Večino raziskav smo opravili na celicah humanega hepatoma HepG2 (Priloga A), saj so 
jetra glavni tarčni organ vseh treh izbranih cianotoksinov. Prednost celične linije HepG2 je 
v tem, da je človeškega izvora, zelo dobro okarakterizirana in je v primerjavi z večino 
drugih celičnih linij, ki se uporabljajo v in vitro raziskavah genotoksičnosti, ohranila 
določeno mero metabolne aktivnosti (Knasmüller s sod., 2004). Kot model netarčnega 
organa smo uporabili primarne humane limfocite iz periferne krvi (HPBL) (Priloga B), ki 
se pogosto uporabljajo v študijah genotoksičnosti. Z različnimi eksperimentalnimi pristopi 
smo ugotavljali, ali izbrani cianotoksini delujejo genotoksično, ter preučevali celični odziv 
na izpostavljenost CYN in njegovo presnovo z metaboličnimi encimi. 
 
 
 
Glede na problematiko zastavljene doktorske disertacije smo postavili naslednje hipoteze: 
 

• Predvidevamo, da vsi trije izbrani cianotoksini že pri necitotoksičnih koncentracijah 
povzročajo poškodbe DNK in delujejo genotoksično. 

• Glede na predhodne raziskave predvidevamo, da je glavni mehanizem  
genotoksičnosti MCLR in NOD sprožitev oksidativnega stresa,  v nasprotju z CYN, 
ki predvidoma ne povzroča oksidativnih poškodb DNK. 

• Raziskave kažejo, da je CYN pro-genotoksičen. Predvidevamo, da se presnavlja z 
metaboličnimi encimi iz družine citokrom P450 (CYP450).  

• Predvidevamo, da CYN pri izpostavljenih celicah povzroči apoptozo zaradi 
obsežnih poškodb DNK. 

• Predpostavili smo tudi,  da CYN zaradi genotoksičnega delovanja in zaviranja 
sinteze proteinov vpliva na celični cikel. 
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1.1 PREGLED OBJAV 
 
 
Genotoxicity and potential carcinogenicity of cyanobacterial toxins - a review 
 
Bojana Žegura, Alja Štraser, Metka Filipič 
 
Mutation Research/Reviews in Mutation Research, 2011, 727, 1-2: 16-41. 
 
Zaradi vse močnejše evtrofikacije voda se je bistveno povečalo pojavljanje 
cianobakterijskih cvetenj po vsem svetu. Cvetenje je nevarno za ljudi, živali in rastline, saj 
cianobakterije proizvajajo strupe (cianotoksine), ki jih lahko uvrstimo v pet različnih 
skupin: hepatotoksini, nevrotoksini, citotoksini, dermatotoksini in dražilne spojine. 
Nekateri cianotoksini so genotoksični in potencialno karcinogeni, vendar pa mehanizmi 
njihovega delovanja niso dobro poznani. Najpogostejši cianotoksini v brakičnih in sladkih 
vodah so ciklični heptapeptidi – mikrocistini (MCs) in pentapeptidi –  nodularini (NODs). 
Glavni mehanizem njihovega delovanja je zaviranje proteinskih fosfataz, ki lahko povzroči 
hiperfosforilacijo celičnih proteinov, in je najverjetneje povezano z njihovo tumor 
spodbujajočo aktivnostjo. Poleg tega povzročajo tvorbo reaktivnih kisikovih zvrsti in s tem 
oksidativne poškodbe DNK, povzročajo nastanek mikrojeder in zavirajo delovanje DNK 
popravljalnih mehanizmov, kar je zelo pomemben dejavnik karcinogenosti. Ti toksini 
povečajo izražanje TNF-α in genov takojšnjega-zgodnjega odziva, vključno s proto-
onkogeni in geni vključenimi v odziv na poškodbe DNK, ustavitev celičnega cikla in 
apoptozo. MCs in NOD so promotorji tumorske rasti, NOD pa bi lahko celo sprožil 
nastanek raka. V zadnjem času se v sladkovodnih okoljih vse pogosteje opaža prisotnost 
cianotoksina CYN. Glavni mehanizem njegovega toksičnega delovanja je ireverzibilno 
zaviranje sinteze proteinov. CYN je pro-genotoksičen in za aktivacijo potrebuje 
metabolične encime iz družine citokrom P450. V metabolično kompetentnih celicah 
povzroča poškodbe DNK in deluje klastogeno in aneugeno. CYN poveča izražanje s P53 
reguliranih genov vključenih v ustavitev celičnega cikla, DNK popravljalne mehanizme in 
apoptozo. Preliminarne študije na glodavcih kažejo, da bi lahko deloval karcinogeno. V 
letu 2010 je Mednarodna agencija za raziskave raka (IARC) razvrstila MCLR med možne 
karcinogene snovi za ljudi (skupina 2B), medtem ko za razvrstitev ostalih cianobakterijskih 
toksinov ni dovolj podatkov. V okolju se ti toksini pojavljajo v kompleksnih zmeseh, 
skupaj z drugimi antropogenimi onesnaževalci. Številne študije so pokazale, da so ekstrakti 
cianobakterijskih cvetov bolj toksični in/ali genotoksični od izoliranih toksinov. To 
pomeni, da lahko te mešanice predstavljajo večje tveganje za zdravje. Zato se moramo v 
prihodnosti osredotočiti na raziskave karcinogenega potenciala NOD, CYN in skupnega 
učinka snovi v cianobakterijskih ekstraktih ter identifikacijo morebitnih novih toksinov. 
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2         ZNANSTVENA DELA 
 
2.1 OBJAVLJENA ZNANSTVENA DELA  
 
2.1.1 Genotoksični učinki cianobakterijskega hepatotoksina cilindrospermopsina 
pri celični liniji HepG2  
 
Genotoxic effects of the cyanobacterial hepatotoxin cylindrospermopsin in the HepG2 cell 
line 
 
Alja Štraser, Metka Filipič, Bojana Žegura 
 
Archives of Toxicology, 2011, 85, 12: 1617-1626.  
With kind permission of Springer Science+Business Media  
 
 
Prisotnost cianobakterijskega alkaloida cilindrospermopsina (CYN) se vse pogosteje opaža 
v pitni vodi po vsem svetu. CYN je močan zaviralec sinteze proteinov in povzroča 
zastrupitve ljudi ter pogine živali. Objavljenih študij, ki preučujejo genotoksično delovanje 
CYN, je malo. Podatki večinoma kažejo, da je CYN pro-genotoksičen. V naši študiji smo 
preučevali genotoksičnost CYN pri celicah humanega hepatoma, HepG2, z analizo 
nastanka prelomov DNK verig, s testom komet, in analizo tvorbe mikrojeder (MNi), 
jedrnih brstov (NBUD) in nukleoplazmatskih mostičkov (NPB), s testom mikrojeder 
(CBMN). Poleg tega smo s kvantitativnim PCR v realnem času analizirali spremembe v 
izražanju genov, ki so vključeni v odziv na poškodbe DNK (P53, CDKN1A, GADD45α in 
MDM2), in genov, ki bi lahko sodelovali pri metabolični aktivaciji CYN (geni iz družine 
CYP450: CYP1A1 in CYP1A2). Necitotoksične koncentracije CYN so povzročile 
poškodbe DNK po 12 in 24 h izpostavljenosti in povišale pogostost pojavljanja MNi, 
NBUDs in NPBs po 24 h izpostavljenosti. CYN je povišal izražanje genov CYP1A1 in 
CYP1A2. Čeprav sprememb v izražanju tumor supresorskega gena P53 nismo zaznali, je 
CYN povišal izražanje s P53 reguliranih genov CDKN1A, GADD45α in MDM2. Naši 
rezultati podajajo nove dokaze o genotoksičnem delovanju CYN in kažejo, da je ta toksin 
potrebno upoštevati pri oceni tveganja za zdravje ljudi. 
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2.1.2 Cilindrospermopsin povzroča poškodbe DNK in spremembe v izražanju 
genov, vpletenih v odziv na poškodbe DNK, apoptozo in oksidativni stres 
 
Cylindrospermopsin induced DNA damage and alteration in the expression of genes 
involved in the response to DNA damage, apoptosis and oxidative stress 
 
Bojana Žegura, Goran Gajski, Alja Štraser, Verica Garaj-Vrhovac 
 
Toxicon, 2011, 58, 6-7: 471-479. 
 
Cilindrospermopsin (CYN), močan cianobakterijski citototoksin, povezan z zastrupitvijo 
ljudi in pogini živine, ki ga sintetizirajo določene sladkovodne cianobakterije, redno 
odkrivajo v vodnih zajetjih v mnogih delih sveta. V študijah, kjer so preučevali 
genotoksičnost CYN, so pokazali, da deluje genotoksično in da je pro-genotoksin. Na 
humanih limfocitih iz periferne krvi (HPBL) smo s testom komet pokazali, da CYN (0, 
0,05, 0,1 in 0,5 mg /ml) povzroča nastanek DNK prelomov. Po izpostavitvi HPBL CYN 
smo opazili statistično značilno, od koncentracije in časa odvisno, povišanje nastanka 
mikrojeder (MNI) in jedrnih brstov (NBUD), medtem ko se je število nukleoplazmatskih 
mostičkov (NPB) le rahlo povišalo. Analizirali smo tudi spreminjanje izražanja genov v 
HPBL po izpostavitvi CYN (0,5 mg/ml) z uporabo kvantitativnega PCR v realnem času. 
Izražanje genov, ki so verjetno vključeni v metabolično aktivacijo CYN (CYP1A1 in 
CYP1A2), je bilo po izpostavitvi CYN povišano. CYN je povzročil tudi spremembe v 
izražanju gena P53 in z njim reguliranih genov, vpletenih v odgovor na poškodbe DNK 
(MDM2, GADD45a) in apoptozo (BCL-2 in BAX), kot tudi v odziv na oksidativni stres 
(GPX1, SOD1, GSR, GCLC). Sprememb v izražanju genov CDKN1A in CAT nismo 
zaznali. Ti rezultati kažejo, da je treba CYN obravnavati kot genotoksično snov in da so 
lahko tudi limfociti tarča njegovega genotoksičnega delovanja. 
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2.1.3 Mikrocistin-LR povzroča poškodbe DNK pri humanih perifernih limfocitih 
 
Microcystin-LR induced DNA damage in human peripheral blood lymphocytes 
 
Bojana Žegura, Goran Gajski, Alja Štraser, Verica Garaj-Vrhovac, Metka Filipič 
 
Mutation Research, 2011, 726, 2: 116-122. 
 
Zaradi vse pogostejšega pojavljanja cianobakterijskih cvetenj, ki so posledica globalnega 
segrevanja in naraščajoče evtrofikacije voda, je izpostavljenost ljudi mikrocistinom, ki jih 
proizvajajo sladkovodne vrste cianobakterij, vse bolj zaskrbljujoče. Čeprav so mikrocistini 
znani kot hepatotoksini, lahko vplivajo tudi na druga tkiva. Dokazano je bilo, da ti toksini 
povzročajo poškodbe DNK in vitro in in vivo, vendar so mehanizmi njihove genotoksične 
aktivnosti še vedno nejasni. Pri humanih limfocitih iz periferne krvi (HPBL) so 
necitotoksične koncentracije (0, 0,1, 1 in 10 µg/ml) mikrocistina-LR (MCLR) povzročile 
od koncentracije in časa odvisno povečanje poškodb DNK, ki smo jih merili s testom 
komet. Po razgradnji DNK izoliranih HPBL, ki so bili izpostavljeni MCLR, s 
formamidopirimidin glikozilazo (Fpg), smo zaznali večje število prelomov DNK verig kot 
pri neencimsko razgrajeni DNK, kar potrjuje, da MCLR povzroča oksidativne poškodbe 
DNK. S testom mikrojeder nismo zaznali statistično značilnega povišanja MNi, NBUD ali 
NPB po 24 h izpostavljenosti HPBL MCLR. Prav tako nismo opazili sprememb na 
molekularnem nivoju, v izražanju izbranih genov, ki sodelujejo v celičnem odzivu na 
poškodbe DNK in oksidativni stres po 4 h izpostavljenosti MCLR (1 µg/ml). Po 24 h pa je 
prišlo do povišanega izražanja genov vpletenih v odziv na DNK poškodbe (P53, MDM2, 
GADD45A, CDKN1A), oksidativni stres (CAT, GPX1, SOD1, GSR, GCLC) in gena, 
vključenega v apoptozo (BAX). Ti rezultati podajajo dokaze, da je MCLR posredno 
genotoksičen agens, ki deluje preko sprožitve oksidativnega stresa, in da so tudi limfociti 
tarča toksičnih učinkov MCLR. 
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2.1.4 Cilindrospermopsin sproži odziv pri celicah humanega hepatoma HepG2 na 
transkripcijskem nivoju 
 
Cylindrospermopsin induced transcriptional responses in human hepatoma HepG2 cells 
 
Alja Štraser, Metka Filipič, Bojana Žegura 
 
Toxicology in vitro, 2013, v tisku 
 
Cianobakterijski toksin cilindrospermopsin (CYN) povzroča genotoksične učinke v 
številnih testnih sistemih. Preliminarni podatki kažejo, da bi lahko deloval celo 
karcinogeno, vendar pa je znanje o mehanizmih njegove potencialne karcinogenosti 
omejeno. Da bi dobili vpogled v mehanizme genotoksičnega in potencialno karcinogenega 
delovanja CYN, smo analizirali spremembe v izražanju izbranih genov, ki so vključeni v 
takojšnji-zgodnji odziv in celično signalizacijo, regulacijo celičnega cikla in celične 
proliferacije, popravljalne mehanizme DNK, apoptozo in celično preživetje ter 
detoksifikacijske mehanizme. Analiza izražanja genov je bila izvedena po izpostavitvi 
celic humanega hepatoma HepG2 necitotoksičnim, vendar genotoksičnim koncentracijam 
CYN (0,5 µg/ml za 12 in 24 h). CYN je povišal izražanje genov takojšnjega-zgodnjega 
odziva iz genskih družin FOS in JUN. Spremembe v izražanju tarčnih genov so kazale na 
sprožitev signalnih poti P53 in NF-κB. Močno povišanje izražanja genov, ki so inducibilni 
z DNK poškodbami (GADD45α in GADD45β), inhibitorjev od ciklinov odvisnih kinaz 
(CDKN1A in CDKN2B), kinaze kontrolne točke 1 (CHEK1) in genov, ki sodelujejo v 
popravljalnih mehanizmih DNK poškodb (XPC, ERCC4 in drugi), so nakazovali na 
ustavitev celičnega cikla, sprožitev popravljalnih mehanizmov DNK (dvoverižnih 
prelomov in nukleotidno-izrezovalnega popravljanja). Vzorci deregulacije pro- in 
antiapoptotskih genov niso dali jasnega odgovora, ali CYN povzroča apoptozo. Povišano 
izražanje metaboličnih genov I. faze (CYP1A1, CYP1B, ALDH1A2 in CES2) in II. faze 
(UGT1A6, UGT1A1, NAT1 in GSTM3) kaže na njihovo vpletenost v detoksifikacijo in 
morebitno aktivacijo CYN. Pridobljeni vzorci izražanja genov podajajo nove informacije o 
celičnem odzivu na izpostavitev CYN. 
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2.1.5 Vpliv cilindrospermopsina na povzročanje oksidativnih DNK poškodb in 
apoptoze pri celicah HepG2  
 
The influence of cylindrospermopsin on oxidative DNA damage and apoptosis induction in 
HepG2 cells 
 
Alja Štraser, Metka Filipič, Irena Gorenc, Bojana Žegura 
 
Chemosphere, 2013, 92, 1: 24-30 
 
Cianobakterijski citotoksin in močan zaviralec proteinske sinteze, cilindrospermopsin 
(CYN), se vse pogosteje pojavlja v površinskih vodah po vsem svetu. Zaradi njegove 
genotoksične aktivnosti in potencialne karcinogenosti, predstavlja potencialno nevarnost za 
ljudi. Mehanizmi njegove genotoksične aktivnosti še vedno niso dobro poznani. Da bi 
ugotovili, ali CYN povzroča poškodbe DNK preko sprožitve oksidativnega stresa, smo 
merili nastanek reaktivnih kisikovih zvrsti (ROS) s sondo DCFH-DA in nastanek 
oksidiranih purinov z modificiranim testom komet z encimom Fpg pri celicah HepG2. 
CYN je statistično značilno povišal nastajanje ROS, količina pa je postopno naraščala s 
časom izpostavitve. Kljub temu v tem času (4 h) nismo zaznali povišane ravni oksidiranih 
purinov. Po 12 in 24 h izpostavitvi je CYN povzročil povišano raven poškodb DNK ne 
glede na encimsko razgradnjo s Fpg, kar kaže na to, da oksidativni stres nima znatne vloge 
pri nastanku poškodb DNK. Poleg tega smo analizirali, ali CYN povzroči apoptozo. 
Toksin je statistično značilno povišal mitohondrijski membranski potencial (MMP) po 12 
in 24 h izpostavitve, medtem ko sprememb v aktivnosti kaspaz 3 in 7 ni povzročil. Prav 
tako nismo opazili sprememb v številu apoptotskih celic, ki smo jih določali z barvanjem z 
Annexin V in PI. Rezultati nakazujejo, da poškodbe DNK, ki jih povzroča CYN, niso 
oksidativne narave. Ugotovitev, da toksin ne povzroča apoptoze pri genotoksičnih 
koncentracijah, potencira tveganje za ljudi in živali še posebej pri dolgodobni izpostavitvi 
nizkim koncentracijam.  
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2.2  OSTALO POVEZOVALNO ZNANSTVENO DELO 
 
2.2.1 Cilindrospermopsin ustavlja celični cikel  in tako zniža celično proliferacijo 
pri celicah HepG2 
 
Decreased cell-proliferation by cell-cycle arrest induced by cylindrospermopsin in HepG2 
cells 
 
Alja Štraser, Metka Filipič, Bojana Žegura 
 
Marine Drugs (Special Issue "Compounds from Cyanobacteria"), v pregledu 
 
Cianobakterijski citotoksin cilindrospermopsin (CYN) se vse pogosteje pojavlja v 
površinskih vodah po vsem svetu. Predstavlja potencialno nevarnost za ljudi pri kronični 
izpostavitvi, saj povzroča genotoksične učinke v številnih testnih sistemih in je potencialno 
karcinogen, vendar pa mehanizmi njegovega toksičnega in genotoksičnega delovanja niso 
dobro raziskani. V naši študiji smo pokazali, da CYN po podaljšanem času izpostavitve 
(72 h) povzroča nastanek dvoverižnih prelomov DNK (DSB) pri celicah humanega 
hepatoma HepG2. Rezultati kažejo, da CYN (0,1 – 0,5 µg/ml, 24 - 96 h) povzroča 
morfološke spremembe in znižuje živost celic v odvisnosti od koncentracije in časa. Pri 
testiranih pogojih nismo zaznali statistično značilnega povišanja puščanja laktat 
dehidrogenaze (LDH), kar kaže, da je znižana živost celic po izpostavitvi CYN posledica 
znižane celične rasti in ne smrti. To smo potrdili z imunocitokemijsko analizo 
proliferacijskega kazalca Ki67. Analiza celičnega cikla s pretočno citometrijo je pokazala, 
da CYN povzroča ustavitev cikla v G0/G1 fazi po 24 h in v S fazi po podaljšanem času (72 
in 96 h) izpostavitve. Ti podatki podajajo nove dokaze, da je CYN direkten genotoksin, ki 
povzoča DSB, kar je potrebno upoštevati pri oceni tveganja za zdravje ljudi. 
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Abstract: The newly emerging cyanobacterial cytotoxin cylindrospermopsin (CYN) is 
increasingly being found in surface freshwaters, worldwide. It poses a potential threat to 
humans after chronic exposure as it was shown to be genotoxic in a range of test systems 
and is potentially carcinogenic. However the mechanisms of CYN toxicity and 
genotoxicity are not well understood. In the present study CYN induced formation of DNA 
double strand breaks (DSBs), after prolonged exposure (72 h), in human hepatoma cells, 
HepG2. CYN (0.1 - 0.5 µg/ml, 24 - 96 h) induced morphological changes and reduced cell 
viability in a dose and time dependant manner. No significant increase in LDH leakage 
could be observed after CYN exposure, indicating that the reduction in cell number was 
due to decreased cell proliferation and not due to cytotoxicity. This was confirmed by 
imunocytochemical analysis of the cell-proliferation marker ki67. Analysis of the cell-
cycle using flow-cytometry showed that CYN has an impact on the cell cycle, indicating 
G0/G1 arrest after 24 h and S-phase arrest after longer exposure (72 and 96 h). Our results 
provide new evidence that CYN is a direct acting genotoxin, causing DSBs, and these facts 
need to be considered in the human health risk assessment. 

Keywords: cylindrospermopsin, cell-cycle, cell-proliferation, double-strand breaks, HepG2 cells 
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1. Introduction 

The cyanobacterial toxin cylindrospermopsin (CYN) is synthesized by a number of 
freshwater cyanobacterial species (for review see: [1]) and is increasingly being recognized 
as a potential threat to drinking water safety, worldwide. The toxin is a stable 415 Da 
tricyclic polyketide-derived alkaloid, containing a guanido group linked at C7 to 
hydroxymethyl uracil through a hydroxyl bridge [2]. CYN was first identified as the 
probable cause of a severe case of human poisoning in Australia in 1979 [3], and was since 
then found to be implicated in several cases of human intoxications and animal mortality 
[4-6]. It was first thought to be primarily associated with liver damage, but is now 
considered a cytotoxic and genotoxic toxin, due to its effects in other organs such as the 
kidneys, lungs, thymus, spleen, adrenal glands, intestinal tract, the immune system and the 
heart [4, 7, 8], and on DNA (for review see: [9]), respectively. 

The toxin is a potent protein synthesis inhibitor [10-12], and contains several potential 
sites for reactivity that may form, protein and DNA adducts. There is evidence for its 
genotoxic activity in vitro [13-17] and in vivo [18, 19], and even carcinogenic potential of 
CYN has been indicated by preliminary results [20].  The majority of the studies show that 
CYN is a pro-genotoxin that needs to be activated by enzymes from the cytochome P450 
(CYP450) family [13, 16, 17]. However despite of its apparent hazard, the mechanisms 
involved in CYN genotoxic and especially carcinogenic activity are poorly understood. 
Therefore the U.S. Environmental Protection Agency (EPA) classified CYN on the list of 
compounds with highest priority for hazard characterization [21]. The World Health 
Organisation (WHO) included CYN in the revision of the WHO “Guidelines for Drinking-
water Quality, chemical hazards in drinking-water”, but there is still insufficient 
information for the classification of CYN as a carcinogen by the International Agency for 
Research on Cancer (IARC). 

Its protein synthesis inhibition ability and its genotoxic activity suggest that CYN has an 
impact on cell-proliferation and cell-cycle progression. The first response upon DNA 
damage is cell-cycle checkpoint activation, delaying cell-cycle progression and allowing 
cells to repair defects, thus preventing their transmission to the daughter cells [22]. Also 
the protein synthesis inhibition correlates with decrease in cellular proliferation and 
influences the onset and completion of mitosis [23-25]. Nevertheless limited data has been 
published regarding this topic in mammalian test systems. Therefore the aim of this study 
was to investigate the influence of CYN on cell-proliferation and cell-cycle progression in 
the metabolically active human hepatoma cell line, HepG2.  
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2. Results and Discussion 

It is generally accepted that CYN is genotoxic as it induces DNA damage in several in 
vitro [13-17, 26] and in vivo test systems [18, 19]. In the present study the formation of 
DNA double strand breaks (DSBs) by CYN was shown for the first time. In addition the 
influence of genotoxic CYN concentrations on the cell-cycle and cell-proliferation in 
HepG2 cells was shown.  

 
2.1 Viability of HepG2 cells after CYN exposure 
 

CYN significantly affected cell viability in a dose and time dependant manner (Fig. 1, 
A). After 24 h of exposure, significant decrease in cell viability was detected at the 
concentration 0.3 µg/ml and above, however the cell survival at the highest tested 
concentration was still more than 70 %. After longer exposure (96 h), CYN reduced cell 
viability for about 50 to up to 65% at the concentrations 0.4 and 0.5 µg/ml, respectively.  
The toxin (0.5 µg/ml) induced morphological changes that were observed under the light 
microscope (Fig.1B) especially after longer exposure (from 48 h onwards).  

There was no significant increase in LDH leakage in cells exposed to CYN at any of the 
tested time-points and concentrations, moreover a decrease in LDH leakage was observed. 
However total LDH content also decreased and was significantly different after 24 h (0.5 
µg/ml), 48 h (0.25 and 0.5 µg/ml), 72 h (0.125 and 0.5 µg/ml) and 96 h (0.5 µg/ml) of 
exposure, again indicating decreased cell number. Therefore when calculating the ratio 
between LDH leakage and total LDH content in the sample (LDH leakage/total) the ratio 
remained at the control level (Fig. 2). These findings show that the reduced cell number 
after CYN exposure is not due to cytotoxicity but rather due to decreased cell proliferation. 
This correlates with our previous study on HepG2 cells, showing no apoptosis induction 
after CYN exposure [27]. Our results are also supported by the findings from Fessard and 
Bernard [28] and Lankoff et al. [29], who reported decrease in the number of mitotic 
figures and decrease in the mitotic index and proliferation in CHO-K1 cells exposed to 
CYN, respectively. Also in lymphoblastoid WIL2-NS cells exposed to CYN, a dose-
dependent inhibition of cell division was observed [15], while in HepG2 cells [16] and in 
human peripheral blood lymphocytes (HPBLs) [17] CYN significantly decreased the 
nuclear division index. 
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Figure 1. CYN exposure reduces cell viability. HepG2 cells were incubated for 
24, 48, 72 and 96 h with CYN (0.1, 0.2, 0.3, 0.4 and 0.5 µg/ml) and cell 
viability was assessed by the MTT assay. In each experiment a vehicle control 
(VC, 0.05 % methanol) was included. (A) Relative viability of cells is shown; 
the vehicle control was regarded as 100%. Significant difference between 
CYN-treated cells and the vehicle control is indicated by (*) (p<0.05), (**) 
(p<0.01) and (***) (p<0.001). (B) Micrographs of cells from the vehicle 
control group (VC) and cells exposed to 0.5µg/ml CYN under the microscope 
(magnified 200-times) at every experimental point. Independent experiments 
were performed in multiple replicates and were repeated at least three times. 
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Figure 2. The influence of CYN on cell death. Cell death was assessed by 
lactate dehydrogenase (LDH) leakage. LDH content in the medium was 
determined spectrophotometrically using the Cytotox-ONE Homogenous 
Membrane Integrity Assay (Promega). LDH leakage after exposure to CYN 
(0.125, 0.25 and 0.5 µg/ml) for 24, 48, 72 and 96 h, and total LDH content at 
each experimental point was measured. In each experiment a vehicle control 
(VC, 0.05 % methanol) and a positive control (PC, 0.1 μM staurosporine) were 
included. The amount of the fluorescent product is proportional to the number 
of death cells. The percentage of LDH leakage from total LDH content is 
shown. Significant difference between CYN-treated cells and the vehicle 
control (VC) is indicated by (*) (p<0.05), (**) (p<0.01) and (***) (p<0.001). 
Independent experiments were performed in multiple replicates and were 
repeated at least three times. 
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2.2 Formation of DNA double strand beaks (DSBs) by CYN  
 

DSBs are the most detrimental form of DNA damage as they can lead to chromosomal 
breakage and rearrangement [30]. CYN is expected to form DSBs as it was shown to be a 
clastogenic and aneugenic agent causing micronuclei in vivo and in vitro [13, 14, 16, 17, 
19]. Induction of DSBs initiates fine-tuned networks that lead to repair by homologous 
recombination (HRR) or non-homologous end joining (NHEJ), checkpoint activation and 
cell-cycle arrest, apoptosis mostly via P53, activation of MAPKs, and the transcription 
factors AP-1 and NF-kB [31, 32]. Involvement of P53, AP-1 and NF-kB signalling in the 
cellular response to CYN was indicated in our previous study on the transcriptional 
response of HepG2 cells to CYN exposure [26]. CYN was also shown to deregulate 
several genes involved in DSB repair in HepG2 cells [26]. 

Figure 3. Induction of double strand breaks (DSB) by CYN. HepG2 cells were 
incubated for 72 h with CYN (0.125, 0.25 and 0.5 µg/ml) and the presence of 
DSB was analyzed by flow cytometry, indirectly through the detection of 
γH2A.X foci. In each experiment a vehicle control (VC, 0.05 % methanol) and 
a positive control (PC, 1µg/ml etoposide, 24 h) were included. (A) Distribution 
of the fluorescent signals of individual cells in the samples is shown. Data are 
presented as quantile box plots. The edges of the box represent the 25th and 
75th percentiles, the median is a solid line through the box, and the bars 
represent 95% confidence intervals. In each sample 104 events were recorded 
and experiments were repeated three times. Significant difference between 
CYN-treated cells and the vehicle control (0) is indicated by (*) (p<0.05), (**) 
(p<0.01) and (***) (p<0.001). (B) Representative histograms are shown. 
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DSBs induction is rapidly followed by phosphorylation of the histone, H2AX [33], 
which is a component of the histone octomer in nucleosomes [34]. The phosphorylated 
H2AX histones (γH2AX) accumulate at sites of the DSBs, forming foci that correlate to 
DSBs within a 1 : 1 ratio [34, 35], and can therefore be used as a biomarker for DSBs and 
DNA damage. The presence of DSBs was analyzed by flow cytometry, by measuring the 
fluorescent signals of individual cells, indirectly through the detection of γH2AX foci. 
After 24 h of exposure there was no increase in DSB formation (data not shown), while 
after prolonged exposure (72 h) CYN significantly induced DSBs at 0.5 µg/ml (Fig. 3). At 
0.125 µg/ml CYN significantly decreased the γH2AX signal compared to the control, the 
same was observed after 24 h of exposure to 0.125 and 0.25 µg/ml CYN (data not shown). 
This could be due to DSB repair processes or the protein synthesis inhibition by CYN; 
however it needs to be further elucidated. 
 
2.3 Influence of CYN on cell proliferation  
 

In addition to the measurement of cell viability and total LDH content the influence of 
CYN on cell proliferation inhibition was analysed by the detection of cells positive for the 
proliferation marker Ki67. CYN decreased the percentage of Ki67 positive cells at all 
exposure times (Fig. 4). After 24 and 48 h of exposure there was a statistically significant 
decrease at the highest tested concentration (0.5 µg/ml), while after longer exposure (72 
and 96 h), the decrease in Ki67 positive cells was statistically significant already at 0.25 
µg/ml. At the concentration 0.125 µg/ml CYN had no effect on the expression of Ki67 at 
any time point. The expression of the human Ki67 protein is strictly associated with cell 
proliferation as the protein is present during all active phases of the cell cycle (G1, S, G2, 
and M), and absent from resting cells (G0) [36]. Decrease in Ki67 positive cells could also 
be a direct consequence of CYN induced protein synthesis inhibition as reduction in Ki67 
staining intensity after inhibition of protein synthesis was reported before [37]. However, 
as the Ki76 expression decrease correlated with the decrease in viable cells, and number of 
cells seen under the microscope as well as the total LDH content, it probably reflects 
reduced cell proliferation. Nevertheless, contribution of the protein synthesis inhibition to 
the decreased expression of Ki67 cannot be excluded.  

 

 

 

88 
 



Štraser A. Genotoksično delovanje cianobakterijskih toksinov na humane celice v pogojih in vitro.                         
    Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniška fakulteta, 2013 
 

 
 

Figure 4. CYN influence on Ki67 expression. HepG2 cells were incubated for 
24, 48, 72 and 96 h with CYN (0.125, 0.25 and 0.5 µg/ml) and 
imunocytochemical staining of Ki67 was performed. In each experiment a 
vehicle control (VC, 0.05 % methanol) and a positive control (PC, 0.1 μM 
staurosporine) were included.  500 nuclei were counted under the fluorescent 
microscope and percentage of Ki67 positive cells was assessed (A). Significant 
difference between CYN-treated cells and the vehicle control (VC) is indicated 
by (*) (p<0.05), (**) (p<0.01) and (***) (p<0.001). Independent experiments 
were performed three times. (B) Representative fluorescent micrographs of the 
vehicle control (VC) and CYN (0.5 µg/ml) exposed cells are shown (magnified 
460-times). 
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2.4 Influence on the cell-cycle progression 
 

CYN (0.5 µg/ml) exposure affected the distribution of the cells through the cell-cycle 
(Fig. 5). After 24h CYN (0.5 µg/ml) significantly increased the amount of cells in G0/G1 
phase and decreased the percentage of cells in G2/M phase, compared to the control 
population, indicating prevention of cells from entering S phase or even committing to cell 
division in the first place. It is well known that DNA damage can induce G1 phase arrest 
through P53 and CDKN1A (for reviews see [38, 39]). Induction of G1 phase arrest after 
CYN exposure (12 and 24 h) was also indicated by gene expression studies in HepG2 cells 
[26] and the involvement of P53 signalling and CDKN1A in the cellular response to CYN, 
supporting this findings, was already indicated by the up-regulation of CDKN1A and other 
P53 downstream regulated genes in HepG2 cells [16, 26, 40], in HPBLs [17] and human 
dermal fibroblasts (HDFs) [40]. Cell cycle arrest was also observed after 48 h although to a 
lesser extent and the changes were not statistically significant.  Lower CYN concentrations 
(0.125 and 0.25 µg/ml) did not induce statistically significant changes in the cell-cycle 
distribution of cells, at any of the exposure times (data not shown). The positive control 
(STS 0.5 µM) significantly decreased the percentage of cells in the G0/G1 and increased 
the percentage of cells in the G2/M phase (G0/G1 = 35.24 ± 5.87; S = 27.88 ± 2.28; G2/M 
= 36.88 ± 3.59).  

After longer exposure, the percentage of cells in S phase started to increase in a dose 
dependent manner and was significant after 72 and 96h exposure to 0.5 µg/ml CYN (Fig. 
5). The increase of cells in S phase was accompanied by decrease in G0/G1 phase cells, 
indicating cell-cycle arrest by CYN in the S phase. There are three checkpoints in S phase: 
the replication checkpoint and the S/M checkpoint, which both respond to DNA replication 
errors, and the replication-independent intra-S-phase checkpoint that is induced in response 
to DNA double strand breaks (DSBs) [22]. It is assumed that CYN can bind to DNA as it 
contains sulphate, guanidine and uracil groups. Covalent binding of CYN or its metabolites 
to DNA in mice [18] and DNA strand breakage [19] have already been reported.  In the 
present study the formation of DSBs after prolonged exposure to CYN was shown, which 
correlated with the time point of the S phase arrest. This observations are also supported by 
the results of our previous study where CYN deregulated several  genes involved in 
nucleotide excision repair (NER), which repairs DNA adducts, and DSB repair genes in 
HepG2 cells [26]. Replication errors after CYN exposure were also indicated by several 
studies, that in addition to increased frequencies of micronuclei (MNi) [13, 15-17] reported 
appearance of other irregular DNA structures such as nucleoplasmic bridges (NPBs) and 
nuclear buds (NBUDs) [16, 17], arising from extrusions of either amplified DNA [41] or 
chromatin, whose replication has failed during S-phase [42] and DNA miss-repair, 
chromosome rearrangements or telomere end-fusions [43], respectively. 
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Figure 5. CYN influences cell-cycle phase distribution of the exposed cell 
population. HepG2 cells were incubated for 24, 48, 72 and 96 h with CYN (0.5 
µg/ml) and cell-cycle analysis was performed by flow-cytometry using 
propidium iodide (PI) staining. In each experiment a vehicle control (VC, 0.05 
% methanol) was included. The percentage of cells in G0/G1, S, and G2/M 
phases of the cell cycle were determined from FL2-A histograms using ModFit 
LT ™ (version 3.3). (A) Charts represent differences between cell distribution 
through the cell-cyle phases in CYN-treated cells and the vehicle control (VC), 
after 24, 48, 72 and 96 h. Significant difference is indicated by (*) (p<0.05) and 
(**) (p<0.01). In each sample 104 events were recorded and experiments were 
repeated three times. (B) Representative FL-2A histograms for the VC and 
CYN (0.5 µg/ml) are shown.  
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3. Experimental Section  

3.1 Chemicals  

Cylindrospermopsin (CYN) was from Enzo Life Sciences GmbH, Lausen, Switzerland. 
A 0.5 mg/ml stock solution of CYN was prepared in 50% methanol. William’s medium E, 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethylsulphoxide 
(DMSO) and staurosporine (STS) were obtained from Sigma, St. Louis, USA. 
Penicillin/streptomycin, foetal bovine serum (FBS), L-glutamine and phosphate buffered 
saline (PBS) were from PAA Laboratories, Dartmouth, USA. Trypsin was from BD-Difco, 
Le Pont-De-Claix Cedex, France. Mouse monoclonal IgG1, Anti-phospho-Histone H2A.X 
(Ser139), FITC conjugate, were from Milipore, Billerica, Massachusetts, USA.  Alexa 
Fluor® 488 Goat Anti-Rabbit antibodies were from Invitrogen™, Life Technologies, 
Carlsbad, California, USA. Rabbit anti -Ki67 polyclonal antibodies were from Abcam®, 
Cambridge, UK. All other chemical reagents were of the purest grade available and all 
solutions were made using Milli-Q water. 

3.2 Cell culture 

HepG2 cells were a gift from Dr. Firouz Darroudi (Leiden University Medical Centre, 
Department of Toxicogenetics, Leiden, The Netherlands). The cells were grown at 37°C 
and 5 % CO2 in William’s medium E containing 15 % foetal bovine serum, 2 mM l-
glutamine and 100 U/ml penicillin/streptomycin. 

3.3 Cell viability – MTT assay 

Cell viability after exposure to CYN was determined with 3-(4,5-dimethylthiazol-2-yl)-
2,5 diphenyltetrazolium bromide (MTT) according to Mosmann [44] with minor 
modifications [45]. The HepG2 cells were seeded onto 96-well microplates (Nunc, 
Naperville IL, USA) at a density of 3000 cells/well and incubated for 4 h at 37°C in 5 % 
CO2 to attach. Fresh medium containing CYN was added to the wells to gain final 
concentrations of 0.1, 0.2, 0.3, 0.4 and 0.5 μg/ml. In each experiment a vehicle control 
(0.05 % methanol) was included. Measurements were taken after 24, 48, 72 and 96 h after 
the exposure to CYN. Images of control and exposed cells were taken under the light 
microscope (Nikon, Diaphot) at each experimental point. Independent experiments were 
performed in 5 replicates and were repeated 3- times. 

3.4 Lactate Dehydrogenase (LDH) Leakage 

Lactate Dehydrogenase (LDH) Leakage was determined using CytoTox-ONE™ 
Homogeneous Membrane Integrity Assay. Cells were seeded on black 384 well plates 
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(Corning Costar Corporation, Corning, NY, USA) at the density of 3000 cells/well in 4 
replicates. After incubation at 37°C in 5 % CO2 for 24 h, the growth medium was replaced 
with fresh medium containing 0.125, 0.25 and 0.5 μg/ml CYN and cells were exposed to 
CYN for 24, 48, 72 and 96 h. In each experiment, a vehicle control (0.05 % methanol) and 
a positive control (0.1 μM STS) were included. After the exposure the assay was 
performed according to the manufacturers’ protocol with minor modifications. In brief 
cells were left to cool to room temperature for 20 min and 25 µl of the CytotoxOne reagent 
was added to each well. The cells were shaken for 30 s and incubated for 10 min at room 
temperature. After that, 12.5 µl stop solution was added to each well and after shaking for 
10 s the fluorescence was measured at 560 nm excitation and 590 nm emission, gain 55, 
using a microplate reading spectrofluorimeter (SynergyMx, BioTek). Differences in cell 
number and growth after the exposure to CYN were assessed by parallel performance of 
the maximum LDH release control, determining total LDH content after total lysis of the 
cells, as described by the manufacturer.  The maximum LDH release control was 
performed in the same way as the LDH leakage assay, with the sole difference that 0.5 µl 
of lysis solution was added in each well before the CytotoxOne reagent addition. The 
fluorescence was measured at 560 nm excitation and 590 nm emission, gain 55, using a 
microplate reading spectrofluorimeter (SynergyMx, BioTek). Independent experiments 
were performed in 5 replicates and were repeated 2-times. 

3.5 DSB detection – H2AX foci analysis 

The cells were seeded on T25 flasks at the density of 0.8 x 106 per plate, left to attach 
overnight and exposed to CYN (0.125, 0.25 and 0.5 µg/ml) for 24 (short time exposure) 
and 72 h (long time exposure). In each experiment a vehicle control (0.05 % methanol) and 
a positive control (1 µg/ml etoposide, 24 h) were included. At the end of the exposure 
floating and adherent cells were collected by trypsinization. For the fixation the cells were 
centrifuged at 800 rpm, 4°C for 5 min, washed twice with ice cold PBS, resuspended in 0.5 
ml cold PBS and ethanol (1.5 ml) was added drop wise into the cell pellet, while vortexing. 
The cells were fixed at 4°C overnight and stored at -20°C till analysis. Fixed cells were 
centrifuged at 1200 rpm for 10 min, washed twice with ice cold 1x PBS, resuspended in 
0.5 ml 1x PBS containing 2000-fold diluted anti-γH2AX antibodies, mixed and incubated 
at 4 °C for 30 min in the dark. Labelled cells were then washed twice and resuspended in 
0.3 ml of 1x PBS. Flow cytometric analysis was carried out on a FACSCalibur flow 
cytometer (BD Biosciences PharmingenTM, San Diego, CA, USA). FITC intensity, 
corresponding to DSBs, was detected in the FL1-H channel. In each sample 104 events 
were recorded. Independent experiments were repeated 3- times. For further analysis the 
raw data (FITC intensities of each cell, FL1-H intensity), obtained from the CellQuest Pro 
software (BD Biosciences), was converted from the .fcs to the .csv format, using the 
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program FCSExtract, which is available on the website: http://research.stowers-
institute.org/efg/ScientificSoftware/Utility/FCSExtract/index.htm. 

 3.6 Cell-proliferation - immunocytochemical staining of the proliferation marker Ki67 

Cell-proliferation after CYN exposure was analysed as described by Hreljac et al. [46], 
with minor modifications. Cells were seeded onto 24 well plates (Corning Costar 
Corporation, Corning, NY, USA), containing poly-L-Lysine slips, at the density of 30000 
cells/well, left to attach overnight and exposed to 0.125, 0.25 and 0.5 μg/ml CYN for 24, 
48, 72 and 96 h. In each experiment, a vehicle control (0.05 % methanol) and a positive 
control (0.1 μM STS for 24 h) were included. The cells were fixed at room temperature 
(RT) in 100% methanol for 10 min, permeabilized with 0.1% Triton-X for 10 min, and 
blocked with 4% BSA for 15 min. Polyclonal anti-Ki67 rabbit antibodies, diluted 1:500 in 
PBS, were added to the cells and incubated for 1 hr. Secondary anti-rabbit Alexa-Fluor 488 
antibodies, diluted 1:500, were added and incubated for 90 min, all at RT. Hoechst (diluted 
1:1000) was added for 5 min to stain the nuclei. Between the steps the slides were washed 
5-times in PBS. After the staining anti-fade reagent was added on the object-slides and the 
slips were mounted on them and sealed. Slides were kept at -20°C until scoring. Cells were 
scored under a fluorescence microscope (Nicon Eclipse Ti); pictures were obtained with 
FLoid® Cell Imaging Station (Life technologies). Ki67 positive nuclei were granularly 
stained with intense green fluorescence. The percentage of proliferating cells was 
calculated as the ratio between Ki67 positive nuclei and total nuclei (stained with Hoechst). 
500 cells were scored for each experimental point. Independent experiments were repeated 
3-times. 

3.7 Cell-cycle analysis by flow cytometry  

 HepG2 cells were seeded at a density of 400 000 cells/well into 6-well plates (Corning 
Costar Corporation, Corning, NY, USA). After incubation at 37°C in 5 % CO2 for 24 h, 
the growth medium was replaced with fresh medium containing 0.125, 0.25 and 0.5 μg/ml 
CYN and incubated for 24, 48, 72 and 96 h. In each experiment, a positive control (1 μM 
STS for 24 h) and a vehicle control (0.05 % methanol) were included. After the exposure, 
cells were harvested and fixed as described above (3.5 DSB detection – H2AX foci 
analysis). Fixed cells were centrifuged at 1200 rpm for 10 min, washed twice with ice cold 
1x PBS and stained with 0.5 ml propidium iodide/RNAse staining buffer  for 15 min at 
room temperature according to the manufacturer’s recommendations. Flow cytometric 
analysis was carried out on FACSCalibur (BD Biosciences PharmingenTM, San Diego, 
CA, USA). Changes in the distribution of cells through the phases of the cell cycle were 
analyzed in the FL2 channel, where 104 events were recorded for each sample. The 
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percentage of cells in G0/G1, S, and G2/M phases of the cell cycle were determined from 
FL2-A histograms using ModFit LT ™ (version 3.3, for Windows 7) Verity Software 
House, Topsham, Maine, USA. Analysis was performed on single cells, by elimination of 
cell aggregates by gating FL2-W versus FL2-A. Independent experiments were repeated 3- 
times. 

3.8 Statistical analysis 

Statistical significance between treated groups and the control was determined by One-
way analysis of variance and Dunnett's Multiple Comparison Test, using GraphPad Prism 
5 (GraphPad Software). For the γH2AX foci analysis the statistical significance between 
treated groups and the vehicle control was determined with a linear mixed-effects model. 
Calculations were done with the statistical program R [47] and its packages reshape [48], 
ggplot2 [49] and nlme [50].  

4. Conclusions  

Based on the results of the present study, we can conclude, that CYN is genotoxic for 
HepG2 cells and potentially presents a serious health risk for humans, as the toxin induced 
DNA double strand breaks at non-cytotoxic concentrations and reduced cell-proliferation 
of HepG2 cells by induction of cell cycle arrest in G0/G1 phase after 24 h of exposure and 
in S phase after prolonged exposure (72 and 96 h).  
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2.2.2 Genotoksično delovanje cianobakterijskega pentapeptida nodularina na celice  
HepG2  
 
Genotoxic effects of the cyanobacterial pentapeptide nodularin in HepG2 cells 
 
Alja Štraser, Metka Filipič, Irena Gorenc, Bojana Žegura 
 
v pripravi 
 
Cianobakterijski pentapeptid nodularin (NOD) je močan zaviralec proteinskih fosfataz PP1 
in PP2A in povzroča pogine živali. Študije, ki so na voljo, kažejo, da je NOD potencialen 
ne-genotoksičen karcinogen. Analizirali smo genotoksično delovanje NOD na celični liniji 
humanega hepatoma HepG2, z zaznavanjem nastanka oksidativnih poškodb DNK z 
modificiranim testom komet z encimom formamidopirimidin glikozilaza (Fpg). Povišan 
nastanek reaktivnih kisikovih zvrsti (ROS) po izpostavljenosti NOD smo analizirali z 
uporabo sonde DCFH-DA. Poleg tega smo analizirali spremembe v izražanju genov iz poti 
P53, vključene v odziv na poškodbe DNK (P53, CDKN1A, GADD45α, MDM2) in 
apoptozo (BAX in BCL2) s kvantitativnim PCR v realnem času. NOD je povzročal od 
koncentracije in časa odvisno povišanje ROS. Necitotoksične koncentracije NOD so 
povzročile le rahlo povišanje poškodb DNK. Vendar pa so nastale znatne statistično 
značilne oksidativne poškodbe DNK. Največ oksidativnih poškodb smo zaznali po 4 h 
izpostavitve. Opazili smo le manjše spremembe v izražanju genov, kar ni potrdilo, da NOD 
sproži signalizacijo P53. Naši rezultati nakazujejo, da je NOD posredno genotoksičen in 
deluje preko povišanja ROS že pri nizkih, necitotoksičnih, za okolje pomembnih 
koncentracijah.  
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GENOTOXIC EFFECTS OF THE CYANOBACTERIAL PENTAPEPTIDE 
NODULARINE IN HepG2 CELLS 
 
 
Alja Štraser, Metka Filipič, Irena Gorenc, Bojana Žegura 
National Institute of Biology, Department for Genetic Toxicology and Cancer Biology, 
Večna pot 111, 1000 Ljubljana, Slovenia 
 
Abstract: 
The cyanobacterial pentapeptide nodularin (NOD) is a potent inhibitor of protein 
phosphatases PPA1 and PPA2, and causes animal mortality. The few studies available 
indicate that NOD is a potential non-genotoxic carcinogen. We evaluated NOD 
genotoxicity in the human hepatoma cell line, HepG2, analyzing the induction of oxidative 
DNA damage with the modified comet assay, using the enzyme formamidopyrimidine 
glycosilase (Fpg). Reactive oxygen species (ROS) production after NOD exposure was 
analysed using the DCFH-DA probe. In addition, changes in the expression of genes from 
the P53 pathway, involved in the response to DNA damage (P53, CDKN1A, GADD45α, 
MDM2) and apoptosis (BAX and BCL2) were determined, using quantitative real-time 
PCR. NOD induced time and dose dependant increase in ROS production. Non-cytotoxic 
concentrations of NOD induced substantial oxidative DNA damage, with the highest level 
observed after 4 h of exposure. Only slight changes in gene expression were observed that 
could not confirm induction of the P53 network by NOD. Our results provide new 
evidence that NOD genotoxic effects are mediated through ROS production, already at 
low, non-cytotoxic and environmentally relevant concentrations. 
 
Keywords:  
Nodularin, HepG2, oxidative DNA damage, reactive oxygen species 
 
 
Abbreviations: 
NOD – Nodularin; MTT - 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; 
PI – propidium iodide; ROS – reactive oxygen species;  
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1 Introduction:  
The monocyclic pentapeptide nodularin (NOD) is along with the microcystins (MCs), the 
most frequently occurring and widespread cyanotoxin in brakish and fresh-water blooms, 
but is in contrast to the MCs not as extensively studied. Only 9 analogue specimens of 
NODs (one nontoxic) have been identified so far (Rzymski, Poniedziałek et al. 2011). The 
congener NOD (Fig. 1) seems to be the main component of environmental samples, with 
other variants occurring rarely and in negligible concentrations (Sivonen, Kononen et al. 
1989; Jones, Blackburn et al. 1994). The sole freshwater cyanobacterial source of NODs 
appears to be the cyanobacterial species Nodularia spumigena, which is spread across the 
world, preferably inhabiting brackish and estuarine environments (Pearson, Mihali et al. 
2010). NOD is similar in structure to MCs and has similar mechanisms of action. It contain 
the unusual C20 amino acid ADDA ((2S, 3S, 8S, 9S)-3-amino-9-methoxy-2,6,8-trimethyl-
10-phenyldeca-4,6-diene acid) (Sivonen and Jones 1999), which is found only in 
cyanobacterial peptides and is thought to be responsible for the bioactivity of these 
compounds.  
 

 
Fig. 1 chemical structure of nodularin (NOD). 
 
The principal mechanism of the toxicity of these toxins is the specific inhibition of 
eukaryotic protein serine/threonine phosphatases 1 and 2A (PP1 and PP2A) in vitro 
(Runnegar, Andrews et al. 1987; Eriksson, Toivola et al. 1990; Honkanen, Zwiller et al. 
1990; MacKintosh, Beattie et al. 1990) and in vivo (Runnegar, Kong et al. 1993), the 
consequence of which is hyperphosphorylation of cellular proteins and thereby disruption 
of many cellular processes, alteration and rearrangement of the cytoskeleton, loss of cell-
cell adhesion, and consequently disruption of the hepatic architecture, leading to 
intrahepatic hemorrhage and hepatic insufficiency  (for review see: (Chorus and Bartram 
1999; Duy, Lam et al. 2000; Hjørnevik, Fismen et al. 2012)). NOD has been implicated in 
several animal deaths, causing massive liver hemorrhage (Pearson, Mihali et al. 2010), but 
fortunately no cases of human intoxications have been reported so far. Nevertheless the 
toxin bioaccumulates and has been found in tissues of clams, shrimps and fish – all used 
for consumption (Van Buynder, Oughtred et al. 2001; Pearson, Mihali et al. 2010; Stewart, 
Eaglesham et al. 2012) and is not destroyed by cooking (Van Buynder, Oughtred et al. 
2001). Therefore chronic exposure of humans to low doses of NOD is possible and is of 
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great concern as it is a potential human carcinogen. NOD is considered to act 
predominantly as a tumor promoter through the protein phosphatase inhibition; however 
evidence is accumulating that it is also genotoxic (for review see: (Žegura, Štraser et al. 
2011)). The similarity of this toxin to microcystin-LR (MCLR), suggests that it poses at 
least the same risks to human health. On the contrary to MCLR, which has been classified 
in group 2b (possible carcinogen for humans) by the IARC, NOD has been classified as an 
»animal carcinogen but not classifiable as to its carcinogenicity to humans« (group 3), 
predominantly due to the lack of sufficient experimental data (IARC 2010). Therefore 
information on the genotoxicity and potential carcinogenicity of NOD is urgently needed.  
 
The aim of this study was to investigate the genotoxic properties of NOD in the human 
hepatoma cell line, HepG2, using the comet assay, the modified comet assay, detection of 
intracellular ROS production and toxicogenomic analysis. 
 
2 Materials and methods: 
2.1 Chemicals  
Nodularin (NOD) was from Enzo Life Sciences GmbH, Lausen, Switzerland. A 1 mg/ml 
stock solution of CYN was prepared in 50% methanol. William’s medium E, glycogen, 
ethylenediaminetetraacetic acid (EDTA), benzo[a]pyrene (BaP), 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT), tert-butyl hydroperoxide ( t-BOOH) and 
dimethylsulphoxide (DMSO) were obtained from Sigma, St. Louis, USA. 
Penicillin/streptomycin, foetal bovine serum (FBS), L-glutamine and phosphate buffered 
saline (PBS) were from PAA Laboratories, Dartmouth, USA. Trypsin was from BD-Difco, 
Le Pont-De-Claix Cedex, France. All other chemical reagents were of the purest grade 
available and all solutions were made using Mill-Q water. Triton X-100 was from Fisher 
Sciences, New Jersey, USA. Ethidium-bromide solution was from Promega, Madison, 
Wisconsin, USA. TRIzol reagent, normal melting point agarose (NMP), low melting point 
agarose (LMP) and 2',7'-dichlorfluorescein-diacetate (DCFH-DA) were from Invitrogen, 
Paisley, Scotland. Formamidopyrimidine glycosylase (Fpg) was a gift from Dr. Andrew R. 
Collins (Department of Nutrition, Faculty of Medicine, University of Oslo, Norway) and 
concentrations of the enzyme were prepared according to his protocol. cDNA High 
Capacity Archive Kit, TaqMan Universal PCR Master Mix and the Taqman Gene 
Expression Assays were from Applied Biosystems, New Jersey, USA. All other chemical 
reagents were of the purest grade available and all solutions were made using Mill-Q 
water. 
 
2.2 Cell culture 
HepG2 cells were a gift from Dr. Firouz Darroudi (Leiden University Medical Centre, 
Department of Toxicogenetics, Leiden, The Netherlands). The cells were grown at 37°C 
and 5% CO2 in William’s medium E containing 15% foetal bovine serum, 2mM l-
glutamine and 100 U/ml penicillin/streptomycin. 
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2.3 Cell viability – MTT assay 
Cell viability after exposure to NOD was determined with 3-(4,5-dimethylthiazol-2-yl)-2,5 
diphenyltetrazolium bromide (MTT) according to Mosmann (Mosmann 1983) with minor 
modifications as described before (Štraser, Filipič et al. 2011). Cells were exposed to NOD 
0, 0.01, 0.05, 0.1, 0.5, 1, 5 and 10 μg/ml for 24 h. 
 
2.4 Intracellular ROS formation 
The formation of intracellular ROS was measured using a fluorescent probe, DCFH-DA as 
described by Osseni et al. (1999) (Osseni, Debbasch et al. 1999), with minor modifications 
(Zegura, Lah et al. 2004). In brief, after 24 h of incubation at 37° C in 5% CO2, cells were 
incubated with 20 µM DCFH-DA. After 30 min, DCFH-DA was removed and cells were 
treated with NOD (0, 0.01, 0.1 and 1 mg/ml) in PBS. For kinetic analyses the dishes were 
maintained at 37° C and the fluorescence intensity was determined every 30 min using a 
microplate reading spectrofluorimeter (Tecan, Genios) at the excitation wavelength of 485 
nm and the emission wavelength of 530 nm. 
 
2.5 Comet assay 
HepG2 cells were seeded at a density of 60 000 cells/ml into 12-well plates (Corning 
Costar Corporation, Corning, NY, USA). After incubation at 37°C in 5 % CO2 for 20 h, the 
growth medium was replaced with fresh medium containing 0, 0.01, 0.1 and 1 μg/ml NOD 
and incubated for 4, 12 and 24 h. To examine the levels of oxidative damage, the modified 
comet assay was used as described by Collins et al. (1993) (Collins, Duthie et al. 1993), 
with minor modifications (Zegura, Sedmak et al. 2003). In brief, after the lysis the slides 
were washed three times for 5 min with endonuclease buffer (40 mM HEPES-KOH, 0.1 M 
KCl, 0.5 mM EDTA, 0.2 mg/ml bovine serum albumin, pH 8.0). Fifty microlitre aliquots 
formamidopyrimidine glycosylase (Fpg) were added, covered with a cover glass and 
incubated at 37°C for 45 and 30 min, respectively. The control slides received only enzyme 
buffer. The slides were then processed as described earlier. 
 
2.6 Gene expression 
Cells were seeded on T-25 flasks (Corning Costar Corporation, Corning, NY, USA) at a 
density of 106 cells/flask and incubated for 24 h at 37°C and 5 % CO2. They were exposed 
to NOD (0, 0.01, 0.1 and 1 μg/ml) and incubated for 4, 12 and 24 h. In each experiment, a 
positive control (30 μM BaP) and a vehicle control (0.05 % methanol) were included. RNA 
was isolated with TRIzol® Reagent, quantified on a NanoDrop ND-1000 
Spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA) and reverse 
transcribed to cDNA using the High Capacity cDNA Reverse Transcription Kit. All 
procedures were performed according to the manufacturer’s instructions. Gene expression 
of P53, MDM2, GADD45Α, CDKN1A, BAX and BCL was quantified using real-time 
quantitative PCR (ABI 7900 HT Sequence Detection System, Applied Biosystems, USA). 
TaqMan Universal PCR Master Mix and the following Taqman Gene Expression Assays 
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were used (all from Applied Biosystems): P53 (tumor protein p53), Hs00153349_m1; 
MDM2 (Mdm2, 'transformed 3T3 cell double minute 2', p53 binding protein gene), 
Hs00234753_m1; GADD45Α (‘growth arrest and DNA damage-inducible gene, alpha'), 
Hs00169255_m1; and CDKN1A ('cyclin-dependent kinase inhibitor 1A'), 
Hs00355782_m1; BAX (BCL2 associated X protein), Hs99999001_m1; BCL2 (B-cell 
CLL/lymphoma 2), Hs00608023_m1. Amplification of GAPDH probe was performed as 
an internal control. The conditions for PCR were 50°C for 2 min, 95°C for 10 min and 40 
cycles at 95°C for 15 s and 60°C for 1 min. The data obtained from Taqman Gene 
Expression Assays were analyzed using the ∆∆Ct algorithm. The expression levels of 
target mRNAs were normalized to the GAPDH mRNA level. Two independent 
experiments were performed each time in two parallels. 
 
2.7 Statistical analysis 
The statistical analyses were performed with GraphPad Prism 5 software. For the comet 
assay one-way analysis of variance (ANOVA) was used to analyze the differences between 
treatments within each experiment. Dunnett’s test was used for multiple comparison versus 
the control; P<0.05 was considered as statistically significant (*). Difference between 
samples in the MTT test, the ROS detection, and for the gene expression statistical 
significance between treated groups and controls was determined by Two-tailed Student t-
test comparison of the mean and P<0.05 was considered significant. Independent 
experiments were preformed in multiple replicates and were repeated at least three times. 
 
3 Results: 
3.1 NOD influence on viability of HepG2 cells 
The HepG2 cells were exposed to 0.01, 0.1 and 1 µg/ml of NOD for 24 h to assess the 
cytotoxicity of NOD. None of the tested concentrations of CYN significantly affected the 
viability of HepG2 cells. Therefore concentrations of up to 1 µg/ml were used for further 
experiments. 

 
Fig. 2 The effect of NOD on the viability of HepG2 cells. The viability was determined with the MTT assay 
after the exposure to different concentrations of NOD (0.01 - 10 μg/ml) for 24 h.  
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3.2 Induction of reactive oxygen species (ROS)  
To explore whether NOD increases the level of ROS in HepG2 cells, the fluorescent probe 
DCFH-DA was used. The probe is hydrolyzed by intracellular esterases to a non-
fluorescent product. In the presence of ROS it is rapidly oxidized to highly fluorescent 
2’,7’-dichlorofluorescein (DCF). The DCF fluorescence intensity is proportional to the 
amount of ROS formed intracellularly. H2O2 is the principle ROS responsible for the 
oxidation of DCFH-DA to DCF (LeBel, Ischiropoulos et al. 1992). A dose dependent 
statistically significant increase of DCF fluorescence intensity was observed in cells treated 
with 0.01, 0.1 and 1 µg/ml NOD (Fig. 3), which steadily increased with incubation time. 
After 5 h incubation, the fluorescence intensity at the highest dose of NOD used was about 
2.5 times higher than in the control cells, and the positive control (0.5 mM t-BOOH) was 
about 7.3 times higher. DCF fluorescence intensity increased slightly up to 5 h also in the 
control cells, suggesting that ROS were also formed in non-treated HepG2 cells under the 
experimental conditions used. 
 

 
Fig 3. NOD-induced increase of DCF fluorescence in HepG2. The HepG2 cells were pretreated with DCFH-
DA (20 µM) for 30 min, washed and then exposed to different concentrations of NOD (0, 0.01, 0.1 and 1 
µg/ml). NOD concentrations that induced significant increase in DCF-fluorescence compared to the vehicle 
control (0) are shown. Tert-butyl hydroperoxide (0.5 mM t-BOOH) was used as the positive control (PC). 
DCF fluorescence intensity was measured at 30 min intervals during the 5 h incubation. 
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3.3 Induction of oxidized purines 
Induction of oxidized purines was studied using the modified comet assay with the purified 
DNA damage specific enzyme, Fpg, which recognizes and excises oxidized purines 
(Collins, Dusinska et al. 1996). After 4 h of exposure NOD significantly increased the 
amount of Fpg sensitive sites at all concentrations tested, while no DNA damage increase 
was observed without Fpg digestion (Fig. 5). After 12 and 24 h of exposure the amount of 
Fpg-sensitive sites decreased and was significant at the concentrations 0.1 and 1 µg/ml. 
There was also minor DNA damage without Fpg digestion at these time points and 
concentrations, but was more pronounced after the enzyme digestion. These results 
indicate that DNA damage caused by NOD is probably caused by oxidative stress. 

 
Fig. 4 The level of NOD-induced DNA strand breaks without (white box plots) and with 
formamidopyrimidine glycosylase (Fpg) digestion (gray box plots). The cells were exposed to NOD (0, 0.01, 
0.1 and 1 µg/ml) for 4, 12 and 24 h, then the modified comet assay was performed. Tert-butyl hydroperoxide 
(0.5 mM ) was used as the  positive control (PC). The levels of DNA strand breaks and oxidised purines are 
expressed as percent of tail DNA (% tail DNA). Fifty cells were analyzed per experimental point in each of 
the three independent experiments. Data are presented as quantile box plots. The edges of the box represent 
the 25th and 75th percentiles, the median is a solid line through the box, and the error bars represent the 95% 
confidence intervals. Significant difference (1-way ANOVA; Dunnett’s Multiple Comparison test) between 
NOD-treated cells and the vehicle control (0), and between Fpg digested and undigested samples is indicated 
by *P < 0.05, **P < 0.01, and ***P < 0.001. 
 
3.4 Effect of NOD on changes in gene expression  
The expression of selected DNA damage responsive genes and oxidative stress responsive 
genes were analyzed after 4, 12 and 24 h exposure of HepG2 cells to 0, 0.01, 0.1and 1 
µg/ml of NOD by quantitative real-time PCR (Table 1).  
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Table 1: Changes in gene expression of genes involved in DNA damage response, oxidative stress response 
and apoptosis, after exposure of HepG2 cells to NOD (0.01 - 1 μg/ml) for 4, 12 and 24 h. The results are 
expressed as mRNA expression fold-change of the vehicle control (0) ± STD (ΔΔCt algorithm).  
 

gene 
CYN 
concentration 
(µg/ml) 

4h 12h 24 h 

P53 

0 
0.01 
0.1 
1 
PC 

1.00 ± 0.08 
0.95 ± 0.08 
0.84 ± 0.12 
0.83 ± 0.13 
0.62 ± 0.15 

1.00 ± 0.06 
1.07 ± 0.05 
1.04 ± 0.03 
0.98 ± 0.02 
1.10 ± 0.05 

1.01 ± 0.14 
0.95 ± 0.04 
0.91 ± 0.07 
0.84 ± 0.06 
 0.94 ± 0.09 

CDKN1A 

0 
0.01 
0.1 
1 
PC 

1.01 ± 0.12 
0.80 ± 0.07** 
0.78 ± 0.06** 
0.78 ± 0.04** 
 1.09 ± 0.11 

1.00 ± 0.02 
1.06 ± 0.04 
1.03 ± 0.02 
0.98 ± 0.05 
 4,57 ± 0.79*** 

1.01 ± 0.14 
1.21 ± 0.19 
1.17 ± 0.21 
1.02 ± 0.14 
 11.07 ± 4.71*** 

GADD45α 

0 
0.01 
0.1 
1 
PC 

1.00 ± 0.05 
0.83 ± 0.04*** 
0.81 ± 0.12** 
0.84 ± 0.02** 
 1.04 ± 0,15 

1.00 ± 0.01 
1.21 ± 0.08** 
1.21 ± 0.12* 
1.27 ± 0.20* 
 3.20 ± 0,90** 

1.00 ± 0.02 
1.39 ± 0.24** 
1.41 ± 0.20*** 
1.25 ± 0.20* 
 6.44 ± 1.44*** 

MDM2 

0 
0.01 
0.1 
1 
PC 

1.00 ± 0.08 
0.91 ± 0.06 
0.86 ± 0.10 
0.88 ± 0.04 
0.72 ± 0.23* 

1.00 ± 0.02 
1.01 ± 0.15 
1.03 ± 0.08 
0.92 ± 0.04 
 0.70 ± 0.11** 

1.00 ± 0.10 
1.13 ± 0.12 
1.21 ± 0.00* 
0.94 ± 0.19 
0.79 ± 0,07** 

BAX 
 

0 
0.01 
0.1 
1 
PC 

1.00 ± 0.04 
0.94 ± 0.01 
0.92 ± 0.10 
0.93 ± 0.08 
0.99 ± 0.13  

1.00 ± 0.05 
1.03 ± 0.07 
0.99 ± 0.06 
0.96 ± 0.04 
0.99 ± 0.13 

1.00 ± 0.06 
1.11 ± 0.04 
1.11 ± 0.07 
0.97 ± 0.03 
1.35 ± 0.10*** 

BCL2 
 

0 
0.01 
0.1 
1 
PC 

1.00 ± 0.13 
0.80 ± 0.14 
0.86 ± 0.07 
0.91 ± 0.13 
1.05 ± 0.30 

1.00 ± 0.02 
0.87  ± 0.24 
0.91  ± 0.22 
1.00  ± 0.26 
 0.08 ± 0.06*** 

1.01 ± 0.16 
1.50 ± 0.41 
1.61 ± 0.37* 
1.43 ± 0.29* 
  0.03 ± 0.01*** 

The asterisks denote significant differences between NOD-treated groups and the vehicle control (0) 
(Student’s t-test; (*) p<0.05, (**) p<0.01 and (***) p<0.001). PC is the positive control group (BaP 30µM). 
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Exposure to the tested concentrations of NOD did not induce any changes in the mRNA 
expression of P53 (Table 1). It caused slight though significant down-regulation of 
CDKN1A and GADD45α after 4 h of exposure. However, after 12 and 24 h it induced 
significant dose and time dependant up-regulation of GADD45α at al concentrations tested. 
There was only slight up regulation of MDM2 after 24 h of exposure to 0.1 µg/ml NOD. 
The anti-apoptotic gene BCL2 was significantly up-regulated after 24 h of exposure to 0.1 
and 1 µg/ml NOD, while there were no significant changest in the expression of the pro-
apoptotic gene BAX.  
 
4 Discussion 
In this study we describe genotoxic effects of NOD and its influence on the induction of 
oxidative stress in HepG2 cells by measuring formation of reactive oxygen species (ROS) 
and oxidative DNA damage, and transcriptional changes in genes involved in the DNA 
damage response.  
 
NOD was not cytotoxic to HepG2 cells at the tested conditions and caused only slight 
DNA strand breaks after 12 and 24 h of exposure. This is in agreement with the results of 
Lankoff et al. (2006) (Lankoff et al. 2006), who reported positive comet assay results in 
HepG2 cells only at higher NOD concentrations (5 µg /ml and 2.5 µg /ml after 6 and 12 h 
of exposure, respectively).  
 
To explore whether NOD causes increased formation of ROS in HepG2 cells the DCFH-
DA probe was applied. The results showed dose and time dependent increase of 
intracellular ROS. Our results are consistent with other publications, reporting that NOD 
induces oxidative stress (Lankoff, Banasik et al. 2002) and produces increased intracellular 
ROS, which is associated with modulation of intracellular glutathione content and lipid 
peroxidation (Bouaïcha and Maatouk 2004). NOD (2 and 10 ng/ml) was also previously 
reported to induce time and dose dependent formation of 8-oxo-dG adducts in primary 
cultured rat hepatocytes (Maatouk, Bouaďcha et al. 2004), and induction of oxidative DNA 
damage by NOD was already shown in HepG2 cells using the modified comet assay with 
the Fpg enzyme, however higher concentrations than the ones used in our study were 
applied (1, 2.5, 5 and 10 µg/ml) (Lankoff, Wojcik et al. 2006). The results of our study 
show that the highest level of oxidative DNA damage was reached already after 4 h of 
exposure to NOD, inducing significant damage already at the lowest tested concentration 
(0.01 µg/ml). The level of oxidative DNA damage remained high also after 12 and 24 h at 
higher NOD concentrations. This is in contrast to the study by Lankoff et al (2006) 
(Lankoff, Wojcik et al. 2006) who reported the highest level oxidized purines after 24 h 
exposure. In both studies DNA strand breaks level (whidhout enzymatic digestion) peaked 
at 12 h of exposure. 
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In the present study changes in the expression of P53 and its downstream target genes 
(CDKN1A, GADD45α, MDM2, BAX and BCL2) were measured, at the same NOD 
concentrations and time points as DNA damage. Toxicogenomic analysis are becoming 
widely used as a tool for hazard identification and risk assessment of genotoxic and 
carcinogenic properties of different substances, as an addition to conventional genotoxicity 
assays (Ellinger-Ziegelbauer et al. 2009). Changes in the expression of P53 and the P53-
regulated DNA-damage response genes, like CDKN1A, MDM2 and GADD45Α, can be 
considered as markers of genotoxic and carcinogenic stress (Vogelstein et al. 2000).  
 
NOD induced only minor changes in the expression of the selected genes involved in the 
DNA damage response and apoptosis. We could not detect any change in the expression of 
P53 or BAX at any tested concentration and time of exposure to NOD. After 4 h of 
exposure down-regulation of CDKN1A and GADD45α was observed, while after 12 and 24 
h NOD up-regulated GADD45α in a dose dependant manner. The tumour-suppressor gene, 
P53, plays the central role in the cellular response to agents or conditions that damage 
DNA by activating the transcription of several essential genes controlling cell cycle arrest, 
DNA repair, senescence, differentiation and apoptosis (Vogelstein et al. 2000). The 
concentration of P53 in the cell is regulated mainly through a negative feedback loop. 
Elevated levels of P53 up-regulate the expression of MDM2, which encodes MDM2, an 
ubiquitine-ligase, that mediates ubiquitination of P53, targeting it for proteosomal 
degradation (Michael and Oren 2002; Vogelstein et al. 2000). MDM2 was significantly up-
regulated only after 24 h of exposure to 0.1 µg/ml of NOD. The main target of P53 upon 
DNA damage is CDKN1A, that encodes  P21WAF1/CIP1, an inhibitor of cyclin-dependent 
kinases (CDKs), that inhibits the cell-cycle at the G1-S and the G2-M transitions (Michael 
and Oren 2002; Vogelstein et al. 2000). The observed changes in the expressions of DNA 
damage responsive genes, could not confirm induction of the P53 network by NOD, as 
there was no induction of P53 and only slight changes in the expression of its target genes 
were detected. However its induction cannot be rouled out as only a limited number of its 
target genes were analysed. In addition we could have missed the timepoint of the 
induction of the analysed genes. 
 
The GADD45Α gene can be induced through P53-dependent and -independent pathways 
(Smith et al. 1994). Its product plays important role in the control of cell cycle G2-M 
checkpoint (Jin et al. 2000; Wang et al. 1999), induction of cell death (Harkin et al. 1999; 
Takekawa and Saito 1998) and DNA repair process (Hollander et al. 2001; Smith et al. 
1994; Smith et al. 1996). Its up-regulation after NOD exposure indicates that NOD causes 
genotoxic stress in HepG2 cells, as is known that GADD45 genes are induced rapidly by a 
wide spectrum of genotoxic agents (Dickinson et al., 2004; Ellinger-Ziegelbauer et al., 
2005; Heise et al., 2012). 
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Oxidative stress is closely related to apoptotic cell death and was shown to induce 
apoptosis in several cell types (for review see (Slater et al., 1995; Dröge, 2002)). The lack 
of induction of the pro-apoptotic gene BAX and the up-regulation of the anti-apoptotic gene 
BCL2 however, indicates supression of apoptosis as the ratio of death antagonists to 
agonists determines whether a cell will respond to an apoptotic signal (Kroemer, 1997). 
 
5 Conclusions 
Based on the results of the present study, we can conclude, that oxidative stress plays a 
substantial role in the genotoxicity of NOD in HepG2 cells as the toxin induced increased 
ROS production and oxidative DNA damage already at low environmentaly relevant 
concentrations. 
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2.2.4 Testiranje presnavljanja CYN 
 
Princip metod testiranja mikrosomalne stabilnosti in stabilnost v prisotnosti primarnih 
humanih hepatocitov 
 
Kar se tiče presnove (metabolizma) ksenobiotikov, so jetra najpomembnejši organ v 
človeškem telesu. Izolirani humani hepatociti so dober in vitro model za predvidevanje 
jetrne presnove preiskovane snovi in vivo, saj vsebujejo popolni komplet tako encimov I. 
kot II. faze, ki so prisotni v intaktni celici in omogočajo predvidevanje presnove v 
prisotnosti humanih jetrnih metaboličnih encimov in določanje intrinzičnega očistka in 
vitro. Intrinzični očistek učinkovine odraža sposobnost jeter za metabolično odstranjevanje 
nevezane učinkovine. 
 
Tudi subcelične frakcije, kot so jetrni mikrosomi, predstavljajo koristne in vitro modele 
jetrnega metabolizma, saj vsebujejo večino jetrih metaboličnih encimov I. faze. Približno 
60 % vseh komercialnih spojin se presnavlja s hepatičnimi encimi I. faze, citokromi iz 
družine P450 (CYP450). Test mikrosomalne stabilnost se uporablja kot presejalni test za 
odkrivanje raznih potencialnih farmacevtikov in vitro. Omogoča določitev, ali se snov 
presnavlja v prisotnosti humanih jetrnih metaboličnih encimov I. faze in določanje 
intrinzičnega očistka in vitro. Za zmanjšanje učinka interindividualne variabilnosti je 
posamezna testna mikrosomalna frakcija sestavljena iz frakcij različnih darovalcev 
hepatocitov. 
 
Postopek 
 
Test so opravili v podjetju Cyprotex, ki zagotavlja ponovljivost, visoko kakovost podatkov 
in visoko avtomatiziranost postopka. 
 
Primarne humane hepatocite in mikrosome so inkubirali s CYN pri 37°C. Mikrosomalno 
reakcijo so sprožili z dodatkom kofaktorja, NADPH. Po koncu poizkusa so reakcijo 
ustavili z dodatkom metanola. Po centrifugiranju so supernatant analizirali s tekočinsko 
kromatografijo s tandemsko masno spektrometrijo (LC-MS/MS). Presnavljenje CYN so 
spremljali 45 minut v primeru testa mikrosomalne stabilnosti in 60 min v primeru testa 
stabilnosti v prisotnosti hepatocitov. Intrinzični očistek so izračunali po formuli (1) in 
razpolovni čas (t1/2) po formuli (2), pri čemer je k eliminacijska konstanta, ki jo predstavlja 
formula (3), V pa so izračunali po formulah (4) za test mikrosomalne stabilnosti in (5) za 
test stabilnosti v prisotnosti hepatocitov. 
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Rezultati 
 
V prisotnosti primarnih humanih hepatocitov se CYN ni presnavljal. Intrinzični očistek je 
bil zelo nizek (1,19 µl/min/106 celic) in razpolovni čas so izračunali pri 1160 min, kar 
kaže, da se CYN pri teh testnih pogojih ne presnavlja (Tabela 1). V prisotnosti 
mikrosomov je CYN imel srednje visok intrinzični očistek (16,9 µl/min/mg) in razpolovni 
čas pri 82 min (Tabela 2), kar kaže na to, da se CYN presnavlja z metaboličnimi encimi I. 
faze. 
 
 
Pregl. 1: Testiranje stabilnosti CYN v prisotnosti primarnih humanih  

Tab. 1: Stability of CYN in the presence of human primary hepatocytes 

     
 Intrinzični očistek (µL/min/106 celic) t1/2 (min) n 

CYN 1.19 1160 6 

K
at

eg
or

ija
 

oč
is

tk
a nizek < 3.5 

Tipične vrednosti za 
klasifikacijo snovi v 

skupine z nizkim, 
srednjim in visokim 

očistkom. Visok > 19.0 

 

 
Pregl. 2: Testiranje mikrosomalne stabilnosti CYN  

Tab. 2: Microsomal stability of CYN  

     
 Intrinzični očistek (µL/min/mg) t1/2 (min) n 

CYN 16.9 82.0 6 

K
at

eg
or

ija
 

oč
is

tk
a nizek < 8.6 

Tipične vrednosti za 
klasifikacijo snovi v 

skupine z nizkim, 
srednjim in visokim 

očistkom. 
Visok > 47.0 
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2.2.5 Določanje mutagenosti MCLR, NOD in CYN s testom AMES 
 
Princip metode 
 
Amesov test (ali Salmonella mikrosomalni test povratnih mutacij) je široko uporabljena 
metoda za določanje mutagenov (Maron in Ames, 1983). Pri tem testu se uporabljajo 
različni od histidina odvisni sevi bakterije Salmonella typhimurium (S. typhimurium) ali od 
triptofana odvisni sevi bakterije Escherichia coli. V doktorski disertaciji smo za testiranje 
mutagenosti MCLR, NOD in CYN uporabili bakterije S. typhimurium. Te bakterije so 
histidinski avksotrofi (His-) zaradi mutacij v različnih genih na histidinskem operonu in ne 
morejo sintetizirati aminokisline histidin ter posledično ne morejo rasti v njegovi odsotnosti. 
Nove mutacije na mestih teh predhodnih mutacij, ali v njihovi bližini, lahko ponovno 
vzpostavijo divji tip bakterij – prototrof (His+) –, ki lahko tvori kolonije v odsotnosti dodanega 
histidina. Število spontanih revertant na ploščo je relativno konstantno. V prisotnosti 
mutagenov se število povratnih mutacij poveča. Tem bolj je neka snov mutagena, tem več 
mutacij nastane, kar posledično zaznamo s povečanim številom kolonij na ploščah. 
 
Sevi bakterije Salmonella typhimurium, ki jih uporabljamo v Amesovem testu, so pridobljeni 
iz bakterije Salmonella enterica subsp. I serovar Typhimurium (S. typhimurium LT2) in imajo 
poleg mutacij v različnih genih na histidinskem operonu (his-) vnešene dodatne mutacije za 
povečanje njihove občutljivosti. Za določanje mutagenosti izbranih cianobakterijskih toksinov 
smo uporabili seva TA100 (hisG46, rfa-, ΔuvrB, R+) in TA98 (hisD3052, rfa-, ΔuvrB, R+). 
 
Kazalec hisG46 seva TA100 se uporablja za ugotavljanje mutacij, kjer pride do zamenjave 
baznih parov, primarno na GC baznih parih (zamenjava leucina (GAG/CTC) s prolinom 
(GGG/CCC)). Kazalec hisD3052 vstavljen v sev TA98 pa zaznava mutacije, kjer pride do 
delecije baznega para in posledično -1 premika bralnega okvirja blizu ponavljajoče sekvence   
-C-G-C-G-C-G-C-G-. Dodatno imata seva delecijo uvrB, mutacijo rfa in vsebujeta plazmid 
pKM101. Zaradi delecije uvrB bakterije ne morejo popravljati DNK poškodb z DNK 
izrezovalnim popravljanjem, temveč preko popravljanja z napakami (ang.: error-prone), 
kar poviša stopnjo kemične mutageneze in mutageneze povzročene z UV-svetlobo. 
Delecija uvrB se razteza preko gena za sintezo biotina, zaradi česar so bakterije odvisne 
tudi od aminokisline biotin. Mutacija rfa poveča propustnost lipopolisaharidnega ovoja, ki 
pokriva površino bakterije in je tako bolj prepusten za prehajanje večjih molekul. Plazmid 
pKM101 nosi muc gene, ki prav tako povišajo frekvenco popravljanja DNK poškodb z 
»error-prone« popravljalnim mehanizmom. Vsebuje tudi gen bla, ki kodira β-laktamazo in 
tako posreduje rezistenco na ampicilin (Ampr), Rep regijo, ki omogoča replikacijo 
plazmida, Slo regijo, ki je odgovorna za zmanjšanje celične rasti na minimalnem mediju, 
tra gene, ki omogočajo konjugacijo ter enkratni restrikcijski mesti za EcoRI in BamHI. 
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Postopek  
 
Standardni test vgradnje v ploščo 
 
Pri standardnem testu z vključitvijo na ploščo izpostavimo testni sev kemikaliji direktno na 
plošči minimalnega glukoznega gojišča (MGG). 
 
Seva TA100 in TA98 smo dan pred testom inokulirali v hranilni bujon (2,5 % Nutrient 
Broth N°2 Oxoid, 25 µg/ml ampicilin) in pustili čez noč (največ 16 h) na 37°C. Naslednji 
dan smo kulturo stresali (≈ 600 rpm, 1,5 - 2 h), tako da so bakterije prešle v eksponentno 
fazo rasti. Epruvete smo segreli na ≈ 43°C in vanje dodali 2 ml mehkega površinskega 
agarja (0,6 % agar, 0,6 % Nacl, 50 μM histidin/biotin). Pazili smo, da temperatura ni 
presegla 45°C in da bakterije niso bile predolgo na visoki temperaturi. Pripravili smo 
rečitve izbranih cianobakterijskih toksinov, tako da smo imeli na plošči končne 
koncentracije 0,01, 0,1 in 1 µg/ploščo MCLR in NOD ter 0,005, 0,05 in 0,5 µg/ploščo 
CYN. V epruvete smo dodali 100 μl ustrezne rečitve cianobakterijskih toksinov, 100 μl 
suspenzije bakterij in 500 μl fosfatnega pufra. V primeru CYN smo napravili test z 
vgradnjo v ploščo tudi z metabolično aktivacijo, kjer smo namesto fosfatnega pufra dodali 
500 μl S9 mešanice [4 % S9 – mikrosomalna frakcija podganjih jeter (Moltox, Boone, NC, 
USA)]. Zmes smo premešali in razlili na plošče MGG. Kot pozitivno kontrolo smo 
uporabili 4-nitrokinolin-N-oksid (4-NQNO, 0,5 μg/ploščo) pri testiranju brez aktivacije in 
benzo[a]piren (BaP, 10 μg/ploščo) pri testiranju z aktivacijo. Plošče smo inkubirali pri 
37°C za 2 (TA100) oziroma 3 (TA98) dni. Po končani inkubaciji smo prešteli kolonije 
revertant. Za vsako testno točko smo pripravili po tri paralelne plošče. Rezultate smo 
izrazili kot srednjo vrednost števila zraslih kolonij na treh ploščah ± SD. Za oceno 
mutagenosti smo upoštevali dva kriterija: od doze odvisno naraščanje števila induciranih 
revertant in podvojitev števila induciranihrevertant glede na število spontanih revertant pri 
vsaj eni koncentraciji.  
 
Test s predinkubacijo 
 
Test s predinkubacijo je različica standardnega testa vgradnje v ploščo, vendar je 
optimiziran za kratkoživeče mutagene metabolite, ki tako lahko bolje reagirajo z 
bakterijsko kulturo v manjšem volumnu predinkubacijske mešanice z višjimi efektivnimi 
koncentracijami S9 in kofaktorjev. 
 
Test smo izvedli enako kot standardni test vgradnje v ploščo, vendar smo pred vgradnjo v 
plošče bakterije (100 μl) inkubirali 30 minut na 37°C skupaj s 100 μl pripravljenih 
razrečitev CYN in 500 μl 4 % S9 mešanice.  
 
 

120 
 



Štraser A. Genotoksično delovanje cianobakterijskih toksinov na humane celice v pogojih in vitro.                         
    Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniška fakulteta, 2013 
 

 
 

Rezultati 
 
Pri pogojih testiranja nobeden izmed testiranih cianotoksinov (CYN, NOD in MCLR) ni 
povišal števila revertantov (F>2) (Slika 1), zato jih obravnavamo kot nemutagene v 
bakterijskem testu povratnih mutacij. Metabolična aktivacija s testom z vgradnjo v ploščo 
prav tako kot s predinkubacijo ni vplivala na število revertant induciranih s CYN (Slika 2). 
 

 
Sl. 1: Testiranje mutagenosti CYN, NOD in MCLR 
Fig. 1: Analisys of the mutagenic potential of CYN, NOD and MCLR 
Testiranje mutagenosti CYN, NOD in MCLR s sevoma Salmonella typhimurium TA100 (levo) in TA98 
(desno) s standardnim testom Ames vgradnje v ploščo brez metabolične aktivacije. K+ – pozitivna kontrola: 
4-NQNO (0,5 μg/ploščo). 
 
 

 

 
Sl. 2: Testiranje mutagenosti CYN z metabolično aktivacijo 
Fig. 2: Analisys of the mutagenic potential of CYN using metabolic activation 
Testiranje mutagenosti CYN s sevoma Salmonella typhimurium TA98 in TA100 s standardnim testom Ames 
vgradnje v ploščo (levo) in s predinkubacijo (desno). K+ – pozitivna kontrola: BaP (10 μg/ploščo). 
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3         RAZPRAVA IN SKLEPI 
 
3.1  RAZPRAVA 
 
3.1.1 Genotoksična aktivnost CYN, MCLR in NOD 
 
Cilindrospermopsin – CYN  
 
Analiza poškodb DNK s testom komet, s katerim lahko zaznamo eno- in dvoverižne 
prelome DNK in alkalno labilna mesta, je pokazala, da je CYN genotoksičen za celice 
HepG2 kot tudi za primarne humane limfocite (ang.: human peripheral blood lymphocytes, 
HPBL). CYN je pri celicah HepG2 povzročil prelome DNK po izpostavitvi celic 
necitotoksičnim koncentracijam za 12 h, le pri najvišji testirani koncentraciji (0,5 µg/ml), 
in za 24 h že pri 50-krat nižji (0,01, 0,05, 0,1 in 0,5 µg/ml). Pri HPBL je CYN povzročil 
prelome DNK že po 4 h izpostavitve najvišji koncentraciji (0,5 µg/ml). Po 24 h je bila 
količina prelomov DNK statistično značilno povišana pri koncentracijah 0,05 in 0,1 µg/ml. 
Ti rezultati se skladajo z objavama, ki sta pokazali poškodbe DNK pri primarni mišjih 
hepatocitih in vitro (Humpage s sod., 2005) in v jetrnih celicah miši in vivo (Shen s sod., 
2002).  
 
CYN je povzročil tudi od koncentracije odvisno povišanje nastajanja mikrojeder (MNi), 
jedrnih brstov (NBUD) in nukleoplazmatskih mostičkov (NPB) pri HepG2 celicah ter 
povišano nastajanje MNi in NBUD pri HPBL. Test mikrojeder je najpogosteje uporabljena 
metoda za zaznavanje nastajanja MNi, ki so posledica prelomov ali izgube celih 
kromosomov med delitvijo celice. S tem testom lahko zaznamo tudi druge genomske 
nepravilnosti, kot so NBUD, ki so kazatelji genetskih preamplifikacij, in NPB, ki so 
posledica napak pri popravljanju DNK, kromosomskih premestitev in fuzij telomer 
(Fenech, 2006). Pri celicah HepG2 smo zaznali statistično značilno povišanje MNi, celic z 
MNi in NBUD po izpostavitvi CYN za 24 h pri koncentracijah 0,05 in 0,5 µg/ml. Število 
MNi pri najvišji koncentraciji je bilo več kot 3-krat višje kot pri kontroli, število NBUD pa 
2,6-krat. Rahlo se je povišalo tudi število NPB. CYN je povzročil povišanje števila MNi in 
povišal frekvenco celic z MNi tudi pri HPBL že pri 4 h izpostavitve koncentraciji 0,5 
µg/ml. Po 24 h smo zaznali od koncentracije odvisno povišanje, ki je bilo statistično 
značilno že pri 5-krat nižji koncentraciji (0,1 in 0,5 µg/ml). Število NBUD je bilo prav tako 
povišano po 4 (0,05 in 0,1 µg/ml) in 24 h (0,1 µg/ml). Povišana frekvenca MNi po 
izpostavitvi CYN sovpada z drugimi študijami, ki so pri primerljivih koncentracijah 
pokazali povišano nastajanje MNi pri limfoblastoidni celični liniji WIL2-NS (Humpage s 
sod., 2000), kjer so pokazali klastogeno in aneugeno delovanje CYN, CaCo-2 celicah 
črevesnega izvora in diferenciranih jetrnih celicah HepaRG (Bazin s sod., 2010). 
 
 

123 
 



Štraser A. Genotoksično delovanje cianobakterijskih toksinov na humane celice v pogojih in vitro.                         
    Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniška fakulteta, 2013 
 

 
 

Glede na rezultate testa mikrojeder v naših in v drugih študijah (Shen s sod., 2002; 
Humpage s sod., 2005; Bazin s sod., 2010) je pričakovano, da CYN povzroča dvoverižne 
prelome DNK (DSB). DSB so za celico najbolj škodljiva oblika DNK poškodb, saj lahko 
vodijo v prelome kromosomov in kromosomske premestitve (Dasika s sod., 1999). Takšne 
poškodbe v celici aktivirajo različne celične procese, kot so signalizacijske poti AP-1 in 
NF-kB, aktivacija kontrolnih točk celičnega cikla, popravljanje poškodb preko HRR ali 
NHEJ in sprožitev apoptoze preko P53 (Norbury in Hickson, 2001; Habraken in Piette, 
2006). Nastanku DSB sledi fosforilacija histona H2AX, ki je sestavni del histonskega 
octomera v nukleosomih (Rogakou s sod., 1998; Sedelnikova s sod., 2002). Fosforilirni 
histoni H2AX (γH2AX) se kopičijo na mestih DSB. Fiziološka vloga tega pojava še ni 
poznana, domneva pa se, da povzroči razrahlanje kromatina na mestih DSB in tako 
omogoči dostop popravljalnim encimom (ref). Predpostavlja se, da žarrišča γH2AX v 
celicah predstavljajo DSB v razmerju 1: 1 (Rogakou s sod., 1999; Sedelnikova s sod., 
2002) in se tako uporabljajo kot kazalci za DSB. V doktorski disertaciji smo prisotnost 
DSB pri celicah HepG2, izpostavljenih CYN, analizirali s pretočno citometrijo, preko 
označevanja γH2AX z monoklonskimi flurescentno označenimi protitelesi. Po 24 h 
izpostavitve nastanka DSB nismo zaznali, medtem ko je po daljši izpostavljenosti (72 h) 
CYN povzročil DSBs pri najvišji preskušani koncentraciji (0,5 µg/ml).  
 
V obeh testnih sistemih (celicah HepG2 in HPBL) je CYN povzročil tudi spremembe v 
izražanju genov, vpletenih v odgovor na poškodbe DNK. Tako imenovane 
toksikogenomske analize se vse pogosteje uporabljajo za določanje genotoksičnih in 
karcinogenih snovi, dodatno k standardni bateriji testov genotoksičnosti (Ellinger-
Ziegelbauer s sod., 2009). Pogosto se kot kazalci genotoksičnega stresa preučujejo 
spremembe v izražanju gena P53 in z njim regulirani geni, kot so CDKN1A, GADD45a in 
MDM2, ki so vpleteni v odgovor na poškodbe DNK, kot so ustavitev celičnega cikla, 
popravljanje DNK, senescenca in apoptoza (Vogelstein s sod., 2000). P53 je tumor 
supresorski gen, ki kodira transkripcijski faktor, ki igra centralno vlogo pri celičnem 
odzivu na agense in razmere, ki poškodujejo DNK. Skoraj v vseh sesalčjih celicah je 
ustavitev celičnega cikla prvi odziv na poškodbe DNK. CDKN1A, kodira inhibitor od 
ciklina odvisnih kinaz (CDKI), ki zavira celični cikel v G1 in G2 fazah (Vogelstein s sod., 
2000). Proteinski produkt gena GADD45α prav tako vpliva na ustavitev celičnega cikla v 
G2 fazi, sprožitev popravljanja DNK poškodb in apoptoze (Smith s sod., 1994; Zhan s 
sod., 1999; Zhan, 2005). MDM2 pa kodira onkogen, ki preko negativne povratne zanke 
nadzira količino P53 proteina v celici (Wu s sod., 1993; Momand s sod., 2000). 
 
Pri HPBL po izpostavitvi CYN za 24 h smo zaznali statistično značilno povišanje izražanja 
gena P53. V nasprotju pri celicah HepG2 sprememb v izražanju P53 nismo zaznali, kar ni 
nenavadno, saj je količina aktivnega proteina P53 v večji meri odvisna od fosforilacije 
obstoječega proteina v citoplazmi preko kinaz, ki se odzivajo na poškodbe DNK, in v 
manjši meri od povišanega izražanja gena (Zhou in Elledge, 2000). Poleg tega je izražanje 
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lahko povišano le kratek čas, ki pa smo ga lahko zgrešili. Rezultati sovpadajo s študijo na 
celicah HepG2, kjer niso zaznali sprememb v izražanju gena, vendar so zaznali kopičenje 
proteina P53 po 48 h izpostavitve CYN (Bain s sod., 2007). V isti študiji so pokazali tudi, 
da CYN vpliva na izražanje CDKN1A, GADD45α, MDM2 in BAX pri celicah HepG2 in 
humanih kožnih fibroblastih (HDF). Koncentracije CYN, ki so jih uporabili so bile mnogo 
višje (1−5 μg/ml) od koncentracij, uporabljenih v naši študiji, kjer smo jih že zaznali kot 
citotoksične. Povišanje izražanja genov CDKN1A, GADD45a in MDM2 v naši študiji na 
celicah HepG2 je sovpadalo z nastankom poškodb DNK. Tako po 4 h izpostavitve nismo 
zaznali sprememb v izražanju. Pri najvišji koncentraciji CYN (0,5 µg/ml) smo po 12 h 
izpostavitvi zaznali statistično značilne spremembe v izražanju genov GADD45α in 
MDM2, po 24 h pa je bilo dodatno značilno povišano tudi izražanje CDKN1A. Tudi pri 
HPBL je CYN statistično značilno povišal izražanje genov GADD45α in MDM2 po 24. h 
izpostavitvi, medtem ko sprememb v izražanju CDKN1A nismo zaznali. 
 
Glavni tarčni organ CYN so jetra, prizadene pa lahko tudi druge organe (ledvice, pljuča, 
priželjc, vranico, nadledvično žlezo, prebavni trakt, imunski sistem in srce) (Hawkins s 
sod., 1985; Terao s sod., 1994; Falconer s sod., 1999; Humpage s sod., 2000). Kljub temu 
da limfociti niso znana tarča delovanja CYN, naši rezultati kažejo, da so tarča 
genotoksičnega delovanja CYN, čeprav je le-ta povzročil manj poškodb pri HPBL kot pa 
pri celicah HepG2. Razlog za to bi lahko bila manjša metabolična aktivnost HPBL. Drugi 
razlog bi lahko iskali v načinu izpostavitve celic, saj smo v primeru raziskave delovanja na 
HPBL toksinu izpostavili polno kri, kjer so bile prisotne tudi druge krvne celice in proteini 
plazme ter antioksidanti (GSH), zaradi česar so bili limfociti morebiti bolj zaščiteni pred 
delovanjem CYN.  
 
Domneva se, da se CYN aktivira z encimi iz družine CYP450 (Norris s sod., 2002; 
Humpage s sod., 2005; Bazin s sod., 2010; Štraser s sod., 2011; Žegura s sod., 2011) in ker 
so reakcije, ki jih katalizirajo ti encimi, pomemben endogeni vir nastajanja reaktivnih 
kisikovih zvrsti (ROS) (Parke, 1994; Olinski s sod., 2002; Klaunig in Kamendulis, 2004), 
bi CYN lahko povzročal oksidativni stres in s tem oksidativne poškodbe DNK. Poleg tega 
naj bi zaviral tudi sintezo glutationa (Runnegar s sod., 1995; Humpage s sod., 2005), ki 
igra centralno vlogo v preprečevanju oksidativnega stresa v celici. Vendar pa so si študije o 
vplivu CYN na oksidativni stres nasprotujoče. Dve novejši študiji na celicah HUVEC 
(Gutiérrez-Praena s sod., 2012) in CaCo-2 (Gutiérrez-Praena s sod., 2012) sta pokazali, da 
CYN poviša raven glutationa v celici in aktivnost encima γ-glutamilcistein sintetaze, ki je 
vpleten v njegovo sintezo, najverjetneje kot odgovor na povečano nastajanje ROS, ki so ga 
zaznali po izpostavitvi celic CYN. V nasprotju je Humpage s sod. (2005) pokazal, da 
izpostavitev mišjih hepatocitov CYN ne povzroča lipidne peroksidacije, enega od kazalcev 
oksidativnega stresa (Humpage s sod., 2005).  
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Analiza tvorbe ROS s sondo DCFH-DA na celicah HepG2 je pokazala od koncentracije in 
časa odvisen nastanek ROS po izpostavitvi celic CYN. Vendar pa kljub povečanemu 
nastanku ROS, zaradi delovanja CYN, z modificiranim testom komet nismo zaznali 
oksidativnih poškodb DNK po 4 h izpostavitve. Pri testu smo uporabili encim 
formamidopirimidin glikozilazo (Fpg), ki prepozna in izrezuje oksidirane purine (Collins s 
sod., 1993). Pri vzporednem poizkusu brez encima smo po 12 in 24 h, podobno kot v 
prejšnji raziskavi (Štraser s sod., 2011), zaznali statistično značilno povišanje poškodb 
DNK. V enaki meri smo DNK poškodbe zaznali tudi po razgradnji s Fpg. Ker je 
razgradnja s Fpg znatno dvignila nivo bazalnih poškodb, glede na obe kontroli ni bilo 
razlik med poškodbami brez in z razgradnjo s Fpg, kar kaže na to, da CYN pri celicah 
HepG2 ne povzroča oksidativnih DNK poškodb. 
 
Rezultati transkriptomske študije s QPCR čipi na celicah HepG2 so pokazali spremembe v 
izražanju genov, ki so vpleteni v odgovor na oksidativni stres (Glej 3.1.2), vendar pa lahko 
na podlagi teh rezultatov ponovno sklepamo, da CYN ni povzročil znatnega oksidativnega 
stresa pri celicah HepG2. V nasprotju smo pri HPBL zaznali povišano izražanje večine 
testiranih genov (GPX1, GSR, GCLC in SOD1), vpletenih v odziv na oksidativni stres, po 
24 h izpostavitvi CYN.  
 
Mikrocistin-LR – MCLR  
 
Najpogostejši predstavnik mikrocistinov (MCs) je mikrocistin-LR (MCLR), ki je izmed 
treh cianotoksinov, vključenih v doktorsko disertacijo, najbolje raziskan. V številnih 
študijah in vitro in in vivo so pokazali, da MCLR povzroča poškodbe DNK, ki so večinoma 
oksidativne narave in so posledica povišanega nastajanja ROS. Poleg tega poviša 
frekvenco MNi kot posledica izgube dela ali celega kromosoma (za pregled glej (Žegura s 
sod., 2011)). Pri HPBL MCLR ni povzročil povišanega nastanka MNi, NBUD ali NPB. 
Povzročil je od koncentracije odvisno povišanje poškodb DNK po 6 h (1 in 10 µg/ml) in 
24 h (pri vseh testiranih koncentracijah: 0,1, 1 in 10 µg/ml) izpostavitve necitotoksičnim 
koncentracijam. Poškodbe so bile, skladno z drugimi študijami, oksidativne narave, saj 
smo zaznali povišanje na Fpg občutljivih mest. Tudi oksidativne poškodbe smo zaznali 
šele po 6 h izpostavitve CYN, največ pa jih je bilo po 24 h. Podobne rezultate na HPBL 
izpostavljene MCLR so opisali tudi Lankoff s sod. (2004), vendar pri višjih koncentracijah 
(1, 10 in 25 µg/ml), zaradi česar bi opisane poškodbe DNK lahko pripisali citotoksičnosti 
MCLR (Lankoff s sod., 2004). Različne študije na HPBL so pokazale različno kinetiko 
nastajanja DNK poškodb, z viškom po 3 in 6 h izpostavitve (Palus s sod., 2007), 12 h 
(Mankiewicz s sod., 2002) ali 18 h (Lankoff s sod., 2004). Ti podatki se razlikujejo od 
rezultatov na celicah HepG2, kjer so bili prelomi DNK opazni po 4 h, in so bili posledica 
prehodnih prelomov, ki nastanejo med popravljanjem DNK poškodb (Žegura s sod., 2003; 
Žegura s sod., 2004). Razlike bi lahko bile posledica hitrejšega prehajanja MCLR v celicah 
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HepG2, ali manj učinkovitega popravljanja DNK poškodb pri HPBL, ki so v nasprotju z 
aktivno rastočimi celicami HepG2 v stacionarni fazi rasti.  
 
V številnih študijah, kjer so raziskovali spremembe, ki jih povzroča MCLR na 
transkripcijskem nivoju (za pregled glej (Žegura s sod., 2011)), so pokazali, da toksin 
vpliva na izražanje številnih genov, ki so vpleteni v odziv celice na poškodbe DNK, in 
številnih proto-onkogenov iz genskih družin JUN in FOS. Po drugi strani pa do sedaj ni 
nobenih podatkov o spremembah izražanja genov pri limfocitih izpostavljenih MCLR, 
prav tako ni podatkov o spremembah izražanja genov vpletenih v oksidativni stres. Pri 
HPBL po 4 h izpostavitve MCLR sprememb v izražanju genov nismo zaznali. Po 24 h 
izpostavitvi MCLR (1 µg/ml) je bilo izražanje vseh testiranih genov, vpletenih v odziv na 
poškodbe DNK (P53, CDKN1A, GADD45α MDM2 in BAX) in odziv na oksidativni stres 
(CAT, SOD1, GCLC, GSR in GPX1), statistično značilno povišano, kar dodatno kaže, da je 
v genotoksično delovanje MCLR vpleten oksidativni stres.  
  
Literaturnih podatkov o genotoksičnem delovanju MCLR je ogromno, medtem ko je manj 
zananega o delovanju drugih cianobakterijskih toksinov. Tako je bil MCLR po kriterijih 
mednarodne agencije za raziskave raka (IARC) uvrščen v skupino možnih karcinogenih 
snovi za ljudi (IARC skupina 2B), medtem ko je zaradi pomanjkanja podatkov NOD 
uvrščen med snovi s sumom na karcinogene lastnosti (IARC skupina 3) (IARC, 2010).  
 
Nodularin – NOD  
 
NOD je po strukturi in osnovnemu mehanizmu delovanja zelo podoben MCLR. Tudi zanj 
je znano, da lahko poveča nastajanje ROS (Bouaïcha in Maatouk, 2004) in s tem 
oksidativne poškodbe DNK (Bouaïcha in Maatouk, 2004; Lankoff s sod., 2006), po drugi 
strani pa poviša frekvenco MNi in vitro (Fessard s sod., 2004; Lankoff s sod., 2006).  
 
Analiza testa komet je pokazala, da NOD po 12 in 24 h izpostavitve povzroča poškodbe 
DNK le v manjši meri. Ti rezultati se ujemajo z rezultati študije Lankoff in sod. (2006) 
(Lankoff s sod., 2006), ki so pokazali poškodbe s testom komet pri celicah HepG2 šele pri 
višjih koncentracijah NOD (5 µg/ml in 2.5 µg/ml po 6 in 12 h izpostavitve). Skladno s tem 
je NOD povzročil le manjše spremembe v izražanju genov, ki se odzovejo na poškodbe 
DNK. Sprememb v izražanju P53 in BAX nismo zaznali pri nobeni od testiranih 
koncentracij in časih izpostavitve. Po 4 h izpostavitve je prišlo do znižanja v izražanju 
genov CDKN1A in GADD45α. Izražanje slednjega je bilo po 12 in 24 h izpostavitve 
povišano v odvisnosti od koncentracije. Izražanje MDM2 je bilo rahlo, vendar statistično 
značilno povišano po 24 h izpostavitvi 0,1 µg/ml NOD. Po 24 h izpostavitve je bilo 
povišano tudi izražanje antiapoptotskega gena BCL2,  kar nakazuje na zaviranje apoptoze. 
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NOD je pri celicah HepG2 povzročal nastanek ROS, kar se sklada z objavljenimi podatki 
(Lankoff s sod., 2002; Bouaïcha in Maatouk, 2004). Poročali so tudi o nastanku 
oksidativnih DNK poškodb pri primarnih mišjih hepatocitih po izpostavitvi NOD (2 in 10 
ng/ml) (Maatouk s sod., 2004). Tudi modificirani test komet z encimom Fpg je pokazal 
oksidativne poškodbe DNK pri celicah HepG2, vendar pri višjih koncentracijah (1 -10 
µg/ml) (Lankoff s sod., 2006) kot smo jih uporabili v doktorski disertaciji. Tudi kinetika 
nastajanja oksidativnih poškodb se je razlikovala. Medtem ko so Lankoff in sod. (2006) 
opazili največ poškodb po 24 h izpostavitve, naši rezultati kažejo najvišjo raven 
oksidativnih poškodb že po 4 h, kjer smo zaznali statistično značilno povišanje že pri 
najnižji testirani koncentraciji (0,01 µg/ml). Količina prelomov DNK brez encimske 
razgradnje je bila pri obeh študijah najvišja po 12 h izpostavitve. 
 
Mutagenost CYN, MCLR in NOD 
 
V sklopu standardne baterije testov genotoksičnosti se pogosto uporablja test Ames (ali 
Salmonella mikrosomalni test povratnih mutacij), ki je široko uporabljena metoda za 
določanje mutagenov (Maron in Ames, 1983). Nobena od testiranih koncentracij CYN, 
NOD in MCLR pri opisanih pogojih testiranja pri sevih S. typhimurium TA98 in TA100 ni 
povzročila povečanja števila revertant. Rezultati za MCLR se skladajo z objavljenimi 
podatki, ki kažejo da čisti MCs niso bakterijski mutageni (za pregled glej (Žegura s sod., 
2011)), medtem ko za NOD in CYN še ni bilo objavljene študije na bakterijskih testnih 
sistemih V primeru CYN, ki je domnevno progenotoksičen, smo test izvedli še z 
metabolično aktivacijo s podganjo jetrno frakcijo S9, ki pa ni imela vpliva na število s 
CYN induciranih revertant ne pri standardnem testu z vgradnjo v ploščo kot tudi ne pri 
testu s predinkubacijo. Rezultati kažejo, da noben od treh cianotoksinov ni bakterijski 
mutagen, vendar je v primeru CYN možno, da za njegovo aktivacijo S9 ne zadostuje, saj 
ne vsebuje celotnega spektra CYP450 encimov ter ne vsebuje encimov II. faze. Nekatere 
snovi se aktivirajo z encimi, ki so v S9 inaktivirani ali prisotni le v nizkih koncentracijah 
(Ku s sod., 2007). Prav tako zunajcelična presnova snovi s S9 lahko vpliva na prehajanje v 
celice. 
 
 
3.1.2 Vpliv CYN na transkriptomske spremembe celic HepG2 
 
Da bi dobili vpogled v celični odziv na izpostavitev CYN, smo izvedli analizo izražanja 
192 izbranih genov, ki se odzivajo na genotoksičen stres in so vpleteni v takojšnji zgodnji 
odziv (ang.: immediate early response), signaliziranje, celični cikel, popravljanje poškodb 
DNK, apoptozo in celično preživetje ter detoksifikacijo ksenobiotikov. Rezultati so 
pokazali številne statistično značilno spremenjene gene tako po 12 (17 %) kot 24 h (30 %) 
izpostavitvi CYN. Najpoglavitnejše in statistično relevantne spremembe so opisane v 
nadaljevanju. 
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Geni zgodnjega odziva in geni vpleteni v celično signalizacijo 
 
CYN je močno vplival na izražanje genov iz genskih družin JUN in FOS. Njihovo 
izražanje je povišal za več kot 4-krat. CYN je povišal izražanje FOS, FOSB in JUNB že po 
12 h izpostavitvi. Po 24 h je bilo povišanje še višje in povišalo se je tudi izražanje gena 
JUN. Geni zgodnjega odziva se aktivirajo hitro, njihovo izražanje je neodvisno od de novo 
sinteze beljakovin (Vogelstein s sod., 2000). Kodirajo transkripcijske faktorje oz. so del 
transkripcijskega kompleksa, aktivacijskega proteina AP-1, in regulirajo odziv na stres, ki 
je lahko ustavitev celičnega cikla, popravljanje poškodb DNK ali sprožitev apoptoze 
(Welch in Chrylogelos, 2002). Znano je, da izražanje teh genov povišajo številni 
genotoksični agensi (Hollander in Fornace, 1989; Sherman s sod., 1990). Izražanje genov iz 
družin JUN in FOS povišata tudi MCLR in NOD (za pregled glej (Žegura s sod., 2011)). 
 
Povišano je bilo tudi izražanje gena NFKB1, ki kodira podenoto proteinskega kompleksa, 
transkripcijskega faktorja NF-κB. Spremenjeno izražanje številnih transkripcijskih tarč 
tega transkripcijskega faktorja skupaj s povišanim izražanjem NFKB1, nakazuje vpletenost 
signalne poti NF-κB v odziv celic na izpostavljenost CYN. Tudi ta signalna pot se odzove 
na številne genotoksične agense, ki povzročajo DSB (Reelfs s sod., 2004; Habraken in 
Piette, 2006; Janssens in Tschopp, 2006). Da CYN povzroča DSB, nakazujejo rezultati 
analize kopičenja γH2A.X, testa mikrojeder in številne spremembe v izražanju genov, 
vpletenih v popravljanje dvoverižnih poškodb. 
 
Skladno z rezultati klasičnega kvantitativnega PCR v realnem času (QPCR) pri celicah 
HepG2 nismo zaznali sprememb v izražanju P53, vendar je spremenjeno izražanje 
njegovih številnih tarč kazalo na aktivacijo poti P53. 
 
Geni vpleteni v regulacijo celičnega cikla 
 
Transkripcijske spremembe genov vpletenih v regulacijo celičnega cikla in celične 
proliferacije so kazale na to, da CYN sproži ustavitev celičnega cikla.  
 
CYN je povišal izražanje gena CHEK1, ki kodira kinazo kontrolne točke celičnega cikla in 
se aktivira v odgovor na poškodbe DNK ter ustavlja celični cikel na prehodih iz G1 v G2 
in iz G2 v M fazo (Malumbres in Barbacid, 2009). CYN je spremenil tudi izražanje genov 
(HUS1 in RAD1), ki kodirajo komponente kompleksa 9-1-1 (ang.: 9-1-1 cell-cycle 
checkpoint response complex), ki se odzove na poškodbe DNK tako, da se veže na mesto 
poškodbe, aktivira protein CHEK1 in tako koordinira aktivacijo kontrolnih točk celičnega 
cikla in popravljanje poškodb DNK (Parrilla-Castellar s sod., 2004). 
 
Tudi produkt gena CDKN1A,  P21WAF1/CIP1, inhibitor od ciklina odvisnih kinaz (CDKI), 
ustavlja celični cikel na prehodih faz G1/G2 in G2/M (Vogelstein s sod., 2000; Michael in 
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Oren, 2002). Povišano izražanje tega gena se sklada z QPCR pri celicah HepG2  in rezultati, 
ki so jih objavili Bain s sod. (2007) (Bain s sod., 2007). V nasprotju pri HPBL povišanja 
izražanja tega gena nismo zaznali. CYN je spremenil tudi izražanje genov dveh drugih 
CDKI. Povišal je izražanje CDKN2B po 12 h izpostavitve in znižal izražanje CDKN2C po 
24 h izpostavitve. Ta dva gena kodirata proteina P15INK4B in P18INK4C, ki se vežeta in 
zavirata delovanje dveh od ciklina odvisnih kinaz (CDK) CDK4 in CDK6 (Serrano s sod., 
1993) ter preprečujeta prehod iz G1 v S fazo celičnega cikla. 
 
Zaznali smo tudi močno, od koncentracije in časa odvisno, povišanje izražanja z DNK 
poškodbami inducibilnih genov GADD45α in GADD45β. Povišano izražanje GADD45α se 
sklada z rezultati QPCR pri celicah HepG2 in HPBL in je bilo objavljeno tudi pri humanih 
kožnih fibroblastih (HDF) (Bain s sod., 2007). Znano je, da se geni GADD45 inducirajo 
hitro po izpostavitvi širokemu spektru genotoksičnih agensov (Dickinson s sod., 2004; 
Ellinger-Ziegelbauer s sod., 2005; Heise s sod., 2012). Proteinski produkti teh genov igrajo 
osrednjo vlogo pri zaviranju celične rasti tako v odvisnosti od P53 kot neodvisno od njega 
(Liebermann in Hoffman, 1998; Zhan s sod., 1999) in kot odgovor na genotoksičen stres 
aktivirajo kontrolno točko v S fazi in na prehodu G2/M (Vairapandi s sod., 2002).  
 
Izražanje gena PCNA pa se je znižalo kot odgovor na izpostavitev CYN. Protein PCNA 
(ang. proliferating cell nuclear antigen) reagira s številnimi proteini celičnega cikla, je 
glavna komponenta evkariontskega replisoma (Kelman in O'Donnell, 1995) in je vpleten v 
popravljanje DNK poškodb in regulacijo celičnega cikla (Maga in Hubscher, 2003). 
Znižalo se je tudi izražanje gena UHRF1, ki kodira UHRF1 (ang. ubiquitin-like with PHD 
and ring finger domains 1), ki reagira s proteinom PCNA (Sharif s sod., 2007) in stimulira 
prehod iz G1 v G2 fazo (Arita s sod., 2008).  
  
Povišano izražanje številnih genov, kot so CHEK1, CDKN1A, CDKN2B, GADD45α, 
GADD45β ter znižano izražanje med drugimi tudi genov PCNA in UHRF1 nakazuje 
aktivacijo kontrolnih točk celičnega cikla, njegovo ustavitev in aktivacijo popravljanja 
poškodb DNK. 
 
Geni vpleteni v popravljanje DNK poškodb 
 
Med izbranimi geni, ki so vpleteni v popravljanje DNK, smo najmočnejše povišanje 
izražanja (več kot 3-krat po obeh časih izpostavitve) zaznali za gen XPC (ang.: global 
genome nucleotide excision repair), ki je vpleten v popravljanje z izrezovanjem 
nukleotidov (NER). Povišano je bilo tudi izražanje gena ERCC4 (več kot 2,3-krat), ki je 
prav tako vpleten v NER. Povišanje teh genov nakazuje na aktivacijo tega popravljalnega 
mehanizma, ki je odgovoren za popravljanje velikih DNK aduktov (ang.: bulky DNA 
adducts) in navzkrižnih povezav med verigami (Christmann s sod., 2003). XPC je 
transkripcijska tarča proteina P53 in se inducira kot odgovor na izpostavitev UV svetlobi, 
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ionizirajočemu sevanju, alkilirajočim agensom in Benzo[a]piren diol peroksidu 
(Amundson s sod., 2002; Wang s sod., 2003). Njegov proteinski produkt je vpleten v 
prepoznavanje velikih aduktov DNK (Amundson s sod., 2002). Ti rezultati podpirajo 
hipotezo, da CYN povzroča DNK adukte, kar narekuje že sama struktura CYN (Humpage 
s sod., 2000; Falconer in Humpage, 2001). CYN ima več potencialno reaktivnih skupin 
(sulfatna skupina, gvanidin, uracil), ki bi lahko reagirale z DNK (Falconer, 2008). Zlasti 
prisotnost uracilne skupine nakazuje, da bi se CYN lahko vezal z adeninom v RNK in 
DNK (Falconer in Humpage, 2001). Nastanek DNK aduktov zaradi vpliva CYN so 
pokazali in vivo v DNK izolirani iz jeter miši, ki so jih izpostavili CYN (Shaw s sod., 
2000). 
  
Med mehanizmom NER prihaja do prehodnih prelomov verig DNK, ki jih povzročajo 
strukturno specifične DNK endonukleaze, kot je XPF, ki jo kodira gen ERCC4. Gen 
ERCC4 je bil znatno povišan tako po 12 kot po 24 h izpostavitvi CYN. Tudi ti rezultati 
skupaj z že znanimi podatki o CYN kažejo na to, da CYN povzroča adukte DNK, saj se ti 
popravljajo s pomočjo NER, pri čemer nastanejo prehodni prelomi DNK, ki jih lahko 
zaznamo s testom komet. S tem testom smo pokazali, da CYN povzroča poškodbe DNK 
pri celicah HepG2 in HPBL, test komet pa je pokazal pozitivne rezultate po izpostavitvi 
CYN tudi v številnih drugih študijah (Shen s sod., 2002; Humpage s sod., 2005; Bazin s 
sod., 2010; Bazin s sod., 2010).  
 
Največ genov s spremenjenim izražanjem, iz skupine »popravljanje DNK poškodb«, je 
bilo vpletenih v popravljanje dvoverižnih prelomov DNK (DSBR), kar sovpada z rezultati 
testa mikrojeder in analizo kopičanja γH2AX, ki kažejo, da CYN povzroča DSB. Povišalo 
se je izražanje gena (LIG4) za ligazo IV, ki je vpletena v ponovno zlepljanje DSB med 
mehanizmom NHEJ (ang.: non-homologous end joining). Spremenjeno je bilo tudi 
izražanje genov (povišano izražanje XRCC2, znižano izražanje MRE11A in RAD51), ki 
kodirajo komponente kompleksa MRE11-Rad50-NBS1, ki stimulira uspešno ponovno 
zlepljanje in je vpleten v iniciacijo homologne rekombinacije (HRR) (Maser s sod., 1997).  
 
Geni vpleteni v apoptozo in celično preživetje 
 
Rezultati transkripcijskih sprememb pro- in antiapoptotskih genov ne omogočajo razlage 
ne v prid sprožitve apoptoze in ne v prid njenega zavrtja. Spremenjeno je bilo tako 
izražanje genov, vpletenih v intrinzično kot tudi v ekstrinzično pot apoptoze, ter genov, 
vpletenih v celično preživetje. Številni med njimi so transkripcijske tarče transkripcijskih 
faktorjev P53, s proapoptotsko funkcijo in NF-κB, s praviloma antiapoptotsko funkcijo 
(Pahl, 1999).   
 
Izražanje gena TNF, ki kodira tumor nekrotizirajoči faktor α (TNFα), je bilo po 
izpostavitvi CYN od vseh izbranih genov najbolj povišano (več kot 20-krat). Vendar pa je 
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bilo to povečanje na račun dejstva, da se TNF v kontrolni populaciji ni izražal, in se je 
začel izražati v zmerni količini po izpostavitvi CYN, zaradi česar smo zaznali visoko 
relativno izražanje tega gena. TNFα je močan vnetni citokin s pomembno vlogo pri vnetnih 
procesih, regulaciji celične proliferacije, diferenciacije in v ekstrinzični apoptotski poti 
(Klefstrom s sod., 1997).  
 
Povišano je bilo tudi izražanje drugih proapoptotskih genov iz ekstrinzične apoptotske poti, 
kot so FAS in TNFRSF10A, ki kodirata člana družine TNFα receptorjev (TNFR), TRADD, 
ki kodira adaptorsko molekulo, vpleteno v s FAS inducirano pot celične smrti (Van 
Antwerp s sod., 1998), in CASP8, ki  kodira kaspazo 8, vpleteno v od mitohondrijske 
stopnje neodvisno aktivacijo kaskade efektorskih kaspaz. Vendar pa je CYN povišal tudi 
izražanje antiapoptotskega gena TNFAIP3 in znižal izražanje proapototskega gena 
TNFSF10, ki sta vpletena v to pot. Slednji pozitivno stimulira sprožitev apoptoze preko 
aktivacije receptorjev, kot sta FAS in TRAIL, in igra tudi pomembno vlogo pri intrinzični 
apoptotski poti (Brunet s sod., 1999; Dijkers s sod., 2000; Modur s sod., 2002). 
 
Intrinzična apoptotska pot je regulirana izključno s proteini iz družine BCL-2, ki lahko 
regulirajo tudi ekstrinzično apoptotsko pot preko proteina BID (Haupt s sod., 2003). CYN 
je statistično značilno spremenil izražanje 5 od 6 izbranih genov iz te družine, 
antiapoptotske gene BCL2 (znižano izražanje), BCL2L1 in MCL1 (povišano izražanje) in 
proapoptotske gene BID (znižano izražanje) in BAK1 (povišano izražanje). Izražanje 
proapoptotskega gena BAX je bilo rahlo povišano, vendar ni bilo statistično značilno, kar 
se sklada z objavljenimi rezultati, ki kažejo, da CYN statistično značilno poviša izražanje 
BAX pri celicah HepG2 in HDF šele pri višjih koncentracijah (5 µg/ml) (Bain s sod., 
2007), ki so se v naših raziskavah izkazale kot citotoksične. V nasprotju smo pri HPBL 
opazili signifikantno povišanje izražanja tako BAX kot tudi BCL2, vendar je bilo povišanje 
izražanja BCL2 močnejše od povišanja izražanja BAX. Razmerje med antagonisti (BCL-2, 
BCL-XL, MCL-1 in A-1) in agonisti apoptoze (BAX, BAK, BAD, BID in BCL-XS) naj bi 
odločalo o tem, ali se bo celica odzvala na signal s sprožitvijo apoptoze ali ne (Kroemer, 
1997), vendar naši rezultati niso pokazali jasne prevlade ne enih ne drugih. 
 
Med intrinzično potjo sprostitev citokroma C iz mitohondrijev aktivira apoptotski 
proteaze-aktivirajoči faktor-1 (APAF1), tako da nastane apoptosom, ki aktivira kaspazo 9 
in posledično kaspazno kaskado (Youle in Strasser, 2008). Skupaj s citokromom C se iz 
mitohondrijev sprosti tudi protein SMAC (ali DIABLO), ki prav tako stimulira aktivacijo 
kaspaz (Du s sod., 2000; Verhagen s sod., 2000). CYN je znižal izražanje gena APAF1 po 
24 h, vendar pa je povišal izražanje gena za kaspazo 9 (CASP9) in DIABLO po obeh časih 
izpostavitve. 
 
Vse apoptotske poti na koncu konvergirajo pri aktivaciji kaspaz (Klefstrom s sod., 1997; 
Youle in Strasser, 2008). V naši študiji je CYN poleg kaspaznih genov CASP9 in CASP8 
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povišal tudi izražanje gena za efektorsko kaspazo CASP3 po 24 h in znižal izražanje 
CASP7 po 12 h izpostavitve . 
 
Geni vpleteni v detoksifikacijo in metabolizem 
 
Encimi iz družine CYP450 igrajo pomembno vlogo pri oksidativnem metabolizmu 
ksenobiotikov in njihovi aktivaciji. CYN je vplival na izražanje številnih genov CYP450, 
kar podpira domnevo, da so vpleteni v njegovo aktivacijo. S klasičnim QPCR smo 
pokazali, da CYN poviša izražanje genov CYP1A1 in CYP1A2 pri celicah HepG2 kot tudi 
pri HPBL. V nasprotju s temi rezultati je transkriptomska analiza s PCR čipi pokazala, da 
se izražanje CYP1A1 močneje poviša po 12 h izpostavitvi, izražanje CYP1A2 pa se ni 
statistično značilno spremenilo. Možna razlaga za dobljene razlike je uporaba različnih 
sond in PCR kemije (TaqMan in Sybr Green) in pa dejstva, da je izražanje CYP1A2 v 
celicah HepG2 zelo šibko, tako da že majhne variacije lahko pomenijo veliko spremembo. 
Opazili smo tudi povišano izražanje CYP1B1 po 12 h izpostavitve, kar kaže na njegovo 
vpletenost v aktivacijo CYN. Zanimivo je, da je bilo med geni CYP450 najbolj povišano 
izražanje prav genov CYP1A1 in CYP1B1 pri celicah HepG2 tudi po izpostavitvi znanemu 
prokarcinogenu benzo[a]pirenu (BaP) (Song s sod., 2012).  
 
Številnim CYP450 genom se je po izpostavitvi CYN izražanje znižalo. Statistično značilno 
znižanje smo opazili za gene CYP2A6 (12 h), CYP2F1 (12 in 24 h), CYP2A13, CYP3A43 
in CYP3A7 (24 h). Mehanizmi vpleteni v zaviranje izražanja CYP450 niso poznani. 
Njihovo izražanje se lahko zniža po izpostavitvi številnim kemikalijam (Riddick s sod., 
2003), kot patofiziološki odziv na stresne signale, ali odziv prilagajanja oksidativnemu 
stresu (Morgan, 2001) ter med akutnimi fazami infekcij in vnetnimi procesi, pri katerih so 
vpleteni NF-κB, TNF-α in drugi vnetni citokini (Ke s sod., 2001; Morgan, 2001; Riddick s 
sod., 2004). Tako bi opaženo povišanje genov NFKB1 in TNF lahko bilo povezano z 
znižanim izražanjem CYP450 genov. 
 
CYN je spremenil tudi izražanje genov, ki kodirajo metabolične encime II. faze.  
Izpostavitev CYN je povzročila povišanje izražanja genov UGT1A6 in UGT1A1, ki 
kodirata encima UDP-glukuronozil trasferazi (12 h) in GSTM3, ki kodira glutation S-
transferazo mu 3 (12 in 24 h). Po 24 h izpostavitvi smo opazili tudi povišano izražanje 
NAT1, ki kodira N-acetil transferazo, in znižano izražanje GSTM2, GSTA2, GNMT (glicin 
N-metiltransferaza) in SULT1A1 (sulfotransferaza). Konjugacija z metaboličnimi encimi II. 
faze velja za detoksifikacijsko stopnjo metabolizma ksenobiotikov, vendar lahko v 
določenih situacijah privede do aktivacije in povišane toksičnosti (Schilter s sod., 1993; 
Hinson in Forkert, 1995; Rushmore in Tony Kong, 2002). Do sedaj ni podatkov o tem, da 
bi v aktivacijo ali detoksifikacijo CYN bili vpleteni encimi II. faze. Rezultati 
transkriptomske analize nakazujejo, da so v metabolizem oz. detoksifikacijo CYN poleg 
CYP450 encimov vpleteni tako metabolični encimi II. faze, kot tudi drugi encimi I. faze, 
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saj je CYN povišal tudi izražanje gena za aldehid dehidrogenazo 1A2 (ALDH1A2) in 
karboksilesterazo 2 (CES2) ter znižal izražanje CES1. 
 
Razen že omenjenih genov se ni spremenilo izražanje drugih izbranih genov glutation S-
transferaz (GST). GST sodelujejo v procesu detoksifikacije, ki deluje preko konjugacije 
snovi z glutationom. Če CYN, kot je bilo predpostavljeno, zavira sintezo glutationa 
(Runnegar s sod., 1995; Humpage s sod., 2005), to lahko vodi v oksidativni stres, čemur v 
prid kaže povišano izražanje gena GCLC, ki kodira poglavitni encim vpleten v de novo 
sintezo glutationa, γ-glutamilcistein sintetazo (Krzywanski s sod., 2004), in gena za 
katalazo, CAT, ki kodira encim, ki katalizira pretvorbo H2O2 v vodo. CYN je povišal tudi 
izražanje tioredoksin reduktaze (TXNRD1), ki je potrebna za efektivno vezavo 
transkripcijskih faktojev občutljivih na redoks stanje, na DNK, vključno z P53 in NF-κB 
(Hayashi s sod., 1993; Ueno s sod., 1999; Arner in Holmgren, 2006). Vendar pa 
nespremenjeno izražanje številnih drugih izbranih genov, ki se odzovejo na oksidativni 
stres (NOS2 in SOD1), in drugih genov, vpletenih v kroženje glutationa (GSTs, GSS, GSR, 
GPXs in GGT1), skupaj z negativnimi rezultati modificiranega testa komet kaže, da CYN 
ne povzroča obsežnejšega oksidativnega stresa. 
 
 
3.1.3 Metabolična aktivacija CYN 
 
Raziskave genotoksičnosti kažejo, da je CYN pro-genotoksin, kar pomeni, da so za 
njegove genotoksične lastnosti najverjetneje odgovorni njegovi metabolični produkti. 
Genotoksični učinki CYN v in vitro raziskavah so omejeni na testne sisteme, ki so 
metabolično kompetentni. Tako genotoksičnih učinkov niso opazili pri celični liniji CHO-
K1 (Fessard and Bernard 2003; Lankoff, Wojcik et al. 2007) in drugih sistemih, ki imajo 
nizko metabolično aktivnost (Fessard in Bernard, 2003; Lankoff s sod., 2007; Bazin s sod., 
2010). Domnevno so v aktivacijo CYN vpleteni metabolični encimi iz družine CYP450, 
vendar pa ni znano kateri. Vpletenost CYP450 encimov so pokazali posredno, z uporabo 
široko spektralnih zaviralcev teh encimov, ki znižajo toksične (Runnegar s sod., 1995; 
Norris s sod., 2002; Froscio s sod., 2003) in genotoksične učinke CYN (Humpage s sod., 
2005; Bazin s sod., 2010). Kot smo že omenili v prejšnjem poglavju, ni podatkov o tem, da 
bi v njegovo presnavljanje bili vpleteni tudi drugi encimi I. in II. faze. Rezultati 
transkriptomske analize pa nakazujejo, da so vpleteni številni metabolični geni.  
 
V doktorski disertaciji smo napravili dodatne teste, za potrditev domneve, da se CYN 
presnavlja. Rezultati standardne analize stabilnosti CYN v prisotnosti humanih hepatocitov 
so pokazali, da se CYN ne presnavlja pod testnimi pogoji. Rezultati niso presenetljivi, saj 
so bili hepatociti izpostavljeni CYN za največ 90 min, kar pa je prekratek čas, da bi CYN 
lahko prešel v celico. S testom mikrosomalne stabilnosti pa smo potrdili, da se CYN 
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srednje intenzivno presnavlja z encimi I. faze in ima intrinzični očistek (16,9 µl/min/mg) in 
razpolovni čas pri 82 min (Tabela 2). 
 
 
3.1.4 Vpliv CYN na apoptozo 
 
V literaturi ne najdemo veliko podatkov o vplivu CYN na sprožitev apoptoze. Tri študije 
poročajo o sprožitvi apoptoze pri CHO-K1 celicah, izpostavljenih CYN (Fessard in 
Bernard, 2003; Lankoff s sod., 2007; Gácsi s sod., 2009). V vseh treh publikacijah 
poročajo o rahlih spremembah, povezanih z apoptozo, vendar šele pri višjih 
koncentracijah, kot smo jih uporabili v doktorski disertaciji. Prav tako celice CHO-K1, kot 
smo že omenili, niso primerljive s HepG2, saj imajo nizko metabolično aktivnost. Tako je 
uporaba CHO-K1 celic za študijo mehanizmov CYN vprašljiva.  
 
Kot smo opisali v poglavju 3.1.2, rezultati transkriptomske študije kažejo na aktivacijo 
ekstrinzične kot tudi intrinzične apoptotske poti, vendar ni jasno, ali prevladujejo pro- ali 
antiapoptotski signali. 
 
Rezultati analize vpliva CYN na mitohondrijski membranski potencial (MMP) so pokazali, 
da CYN povzroča mitohondrijsko hiperpolarizacijo (MHP). MHP je najzgodnejša 
sprememba, povezana s številnimi apoptotskimi potmi, vendar je reverzibilen pojav in ni 
povezana izključno z apoptozo (Perl s sod., 2004). Po eni strani poročajo, da predstavlja 
aktivno stopnjo v procesu apoptoze (Poppe s sod., 2001), po drugi pa so predpostavili, da 
apoptozo zavira (Liang s sod., 1999; Iijima, 2006). Vloga MHP še ni poznana. Sprememba 
MMP, ki smo jo opazili, potrjuje rezultate transkriptomske analize, kjer je bilo 
spremenjeno izražanje številnih genov iz družine BCL-2, katerih proteinski produkti 
vplivajo na MMP (Adams in Cory, 2007; Chipuk in Green, 2008). 
 
CYN je povzročil tudi spremenjeno izražanje genov za kaspaze 3 in 7, vendar teh 
sprememb nismo potrdili na proteinskem nivoju, saj CYN ni povzročil statistično značilne 
spremembe aktivnosti teh dveh kaspaz. Poleg tega smo z barvanjem z Aneksinom V in 
propidijevim iodidom (PI) pokazali, da CYN ne vpliva statistično značilno na odstotek 
zgodnje apoptotskih, pozno apoptotskih ali nekrotičnih celic v populaciji. Prav tako pri 
testiranih pogojih ne povzroča nekroze, saj ni povzročil povečanega puščanja laktat 
dehidrogenaze (LDH). 
 
Vsi rezultati skupaj nakazujejo, da CYN pri celicah HepG2 povzroča stres, ki sproži 
začetne apoptotske signale, vendar apoptoze v končni fazi pri testiranih pogojih ne 
povzroča. 
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3.1.5 Vpliv CYN na celični cikel in celično proliferacijo 
 
Predpostavili smo, da CYN zaradi svoje genotoksične aktivnosti in sposobnosti 
ireverzibilnega zaviranja sinteze proteinov (Froscio et al. 2003; Humpage et al. 2005; 
Norris et al. 2002; Runnegar et al. 1995) vpliva na celični cikel.  
 
Rezultati testa MTT s podaljšano izpostavitvijo so pokazali, da CYN statistično značilno 
od koncentracije in časa odvisno zniža živost celic HepG2. Znižana živost celic, ki jo 
izmerimo s testom MTT, je lahko posledica celične smrti, zmanjšane aktivnosti celic 
(zmanjšana aktivnost mitohondrijskih dehidrogenaz) ali zmanjšane celične proliferacije.  
 
Opisane spremembe smo opazili tudi pod mikroskopom, kjer je pri celicah izpostavljenim 
CYN (0,5 µg/ml) prišlo do zmanjšane gostote celic v primerjavi s kontrolo in morfoloških 
sprememb. Po daljšem času izpostavitve (72 in 96 h) smo pri nekaterih celicah opazili 
spremembe podobne znakom apoptoze, kot so brstenje celične površine, zaokrožanje celic 
in rahlo povišanje števila plavajočih celic. 
 
S testom puščanja LDH smo izključili, da je bila zmanjšana živost celic na račun nekroze. 
Opazili smo celo zmanjšanje puščanja LDH, vendar pa se je znižala tudi količina 
celokupne LDH, tako da se razmerje ni značilno spremenilo.  
 
Rezultati kažejo, da CYN pri testiranih pogojih ni citotoksičen za celice in da je zmanjšana 
živost celic, ki smo jo izmerili s testom MTT, posledica zmanjšane celične proliferacije in 
ne celične smrti. To smo potrdili z imunocitokemijsko analizo kazalca celične proliferacije, 
proteina Ki67. Protein Ki67 je strogo povezan izključno s celično proliferacijo, saj je 
prisoten le med aktivnimi fazami celičnega cikla (G1, S, G2 in M) in ga ne najdemo v 
mirujočih celicah (G0) (Michael in Oren, 2002).  
 
Statistično značilno znižano število celic pozitivnih na Ki67 smo opazili že po 24 h 
izpostavitvi CYN pri koncentraciji 0,5 µg/ml, po daljši izpostavitvi (72 in 96 h) pa tudi pri 
nižjih koncentracijah. Glede na to, da je CYN zaviralec sinteze proteinov, bi lahko bilo 
zmanjšanje Ki67 proteina direktna posledica tega mehanizma (Bruno and Darzynkiewicz 
1992). Vendar ker je znižanje števila na Ki67 pozitivnih celic sovpadalo z znižanjem 
živosti celic in zmanjšano gostoto celic, ki smo jo opazili pod mikroskopom, najverjetneje 
odraža znižano celično proliferacijo. Prav tako ti rezultati sovpadajo z rezultati testa 
mikrojeder, kjer smo pokazali znižan jedrni delitveni indeks tako pri celicah HepG2 kot pri 
HPBL. Seveda pa doprinosa zaviranja sinteze proteinov k zmanjšanemu izražanju proteina 
Ki67 ne moremo popolnoma izključiti. 
 
Rezultati naše študije o vplivu CYN na celično proliferacijo se skladajo z rezultati drugih 
objav. Fesard in Bernard (2003) (Fessard in Bernard, 2003) in Lankoff s sod. (2007) 
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(Lankoff s sod., 2007) poročajo, da CYN povzroča zmanjšano število mitotičnih celic in 
znižan mitotični indeks ter zmanjšano proliferacijo pri celicah CHO-K1. Humpage s sod. 
(2000) (Humpage s sod., 2000) pa je opazil od koncentracije odvisno zaviranje celične 
delitve pri limfoblastoidni celični liniji WIL2-NS po izpostavitvi CYN. 
 
Analiza celičnega cikla s pretočno citometrijo je pokazala, da CYN vpliva na celični cikel 
že po 24 h izpostavitve. Opazili smo statistično značilno povišanje deleža celic v G0/G1 
fazah in znižanje deleža celic v G2/M fazah, kar bi lahko pomenilo, da CYN preprečuje 
mirujočim celicam vstop v nov cikel ali preprečuje prehod celic v S fazo. Rezultati se 
skladajo tudi s transkriptomsko analizo s QPCR čipi, kjer smo zaznali spremenjeno 
izražanje številnih genov, ki sprožijo aktivacijo kontrolnih točk in ustavitev celičnega cikla 
v G fazi (glej poglavje: 3.1.2). Že več kot desetletje je znano, da poškodbe DNK 
povzročajo ustavljanje cikla v G1 fazi preko P53 in P21WAF1/CIP1 (za pregled glej (Ko in 
Prives, 1996; Levine, 1997)), kar se prav tako sklada z rezultati transkriptomske analize. 
 
Po daljši izpostavitvi (72 in 96 h) je prišlo do statistično značilnega povišanja odstotka 
celic v S fazi, hkrati pa se je znižal odstotek v G0/G1, kar nakazuje na ustavitev celičnega 
cikla v S fazi po daljši izpostavitvi CYN. V S fazi so 3 kontrolne točke: kontrolna točka 
podvajanja in S/M kontrolna točka, ki se odzivata na napake pri podvajanju DNK, in 
kontrolna točka znotraj S faze, ki je neodvisna od podvajanja DNK in se inducira kot 
odgovor na nastanek DSB(Bartek s sod., 2004). Rezultati se skladajo z analizo kopičenja 
γH2A.X, kjer smo opazili nastajanje DSB po podaljšanem času izpostavitve (72 h). Da 
CYN povzroča DSB nakazujejo tudi rezultati transkriptomske analize in testa mikrojeder. 
Slednji je pokazal tudi povišano število nastajanja NBUD in NPB pri celicah HepG2 in 
HPBL po izpostavitvi CYN. Nastanek teh celičnih struktur je posledica amplificirane DNK 
(Shimizu s sod., 1998) ali kromatira, katerega podvajanje v S fazi ni bilo uspešno 
(Yankiwski s sod., 2000) in ga celica odstrani iz jedra, ali pa kromosomskih premestitev, 
napak pri popravljanju ali fuzij telomer (Fenech, 2000). Humpage s sod. (2000) (Humpage 
s sod., 2000Humpage s sod., 2000) je pokazal, da CYN lahko deluje tako klastogeno kot 
aneugeno, domneva, da lahko CYN med delitvijo celic deluje na delitveno vreteno ali 
centromere in tako lahko povzroči izgubo celega kromosoma. Naši rezultati in možno 
aneugeno delovanje CYN (Humpage s sod., 2000) kažejo, da lahko CYN povzroča tudi 
napake pri podvajanju DNK, ki bi prav tako lahko sprožile aktivacijo kontrolnih točk v S 
fazi. 
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3.2  SKLEPI 
 
V sklopu doktorske disertacije smo prišli do naslednjih ugotovitev: 
 

• Potrdili smo hipotezo, da vsi trije izbrani cianotoksini povzročajo poškodbe DNK pri 
necitotoksičnih koncentracijah in delujejo genotoksično. 

• CYN pri koncentracijah do vključno 0,5 µg/ml ni toksičen za celice HepG2 in 
HPBL, saj ne vpliva na živost celic po 24 h izpostavitvi, kar določamo s testom 
MTT.  

• CYN povzroča poškodbe DNK, ki jih zaznamo s testom komet pri celicah HepG2 
in HPBL.  

• CYN poviša nastajanje MNi, NBUD in rahlo poviša nastajanje NPB pri celicah 
HepG2 in HPBL ter zniža jedrni delitveni indeks. 

• CYN po podaljšanem času izpostavitve (72 h) povzroča kopičenje γH2A.X, kar 
kaže na nastanek DSB. 

• CYN (0,5 µg/ml) po 12 in 24 h izpostavitvi celic HepG2 povzroča spremembo v 
izražanju številnih izbranih genov, ki se odzivajo na genotoksični stres. 
Spremembe v izražanju nakazujejo na to, da CYN: 

• sproži takojšnji-zgodnji odziv, saj močno poviša izražanje genov iz družin 
FOS in JUN; 

• sproži aktivacijo signalnih poti P53 in NFκβ, saj vpliva na izražanje 
številnih genov, ki so tarče teh dveh transkripcijskih faktorjev; 

• sproži aktivacijo kontrolnih točk in ustavitev celičnega cikla, saj močno 
poviša izražanje genov GADD45A, GADD45B, CDKN1A, CDKN2B in 
CHEK1; 

• sproži DNK popravljalne mehanizme DSBR in NER. 

• CYN (0,5 µg/ml) po 24 h izpostavitvi pri HPBL povzroča spremembo v izražanju 
genov vpletenih v odgovor na poškodbe DNK (P53, MDM2, GADD45α), v 
regulacijo apoptoze (BAX in BCL2) in v odziv na oksidativni stres (GPX1, GSR, 
GCLC in SOD1). 
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• MCLR ni toksičen za HPBL pri nobeni od testiranih koncentracij po 24 h 
izpostavitvi do vključno 10 µg/ml. 

• MCLR pri HPBL povzroča od koncentracije in časa odvisno nastajanje DNK 
poškodb, ki jih zaznamo s testom komet.  

• MCLR ne vpliva na nastajanje MNi, NBUD in NPB pri HPBL. Prav tako ne zniža 
jedrnega delitvenega indeksa. 

• MCLR (1 µg/ml) povzroča povišano izražanje genov vpletenih v odgovor na 
poškodbe DNK (P53, MDM2, GADD45α, CDKN1A) pri HPBL po 24 h 
izpostavitve.  

• NOD ni toksičen za celice HepG2 pri nobeni od testiranih koncentracij po 24 h 
izpostavitvi  do vključno 10 µg/ml. 

• NOD povzroča poškodbe DNK, ki jih zaznamo s testom komet pri celicah HepG2 
le pri višjih koncentracijah (1 µg/ml).  

• NOD povzroča le manjše spremembe izražanja genov, vpletenih v odgovor na 
DNK poškodbe (P53, CDKN1A, GADD45α in MDM2). 

• Potrdili smo hipotezo, da oksidativni stres ni vpleten v genotoksično delovanje  CYN, 
vendar igra pomembno vlogo pri MCLR in NOD. 

• Kljub temu, da CYN pri celicah HepG2 povzroča rahlo povišanje nastajanja ROS, 
ne povzroča obsežnejših oksidativnih poškodb DNK, ki jih zaznamo z 
modificiranim testom komet z encimom Fpg in ne povzroča poglavitnih 
sprememb v izražanju genov, vpletenih v odgovor na oksidativni stres. 

• MCLR povzroča oksidativne poškodbe DNK pri HPBL že pri nizkih 
koncentracijah (0,1–1 µg/ml), vendar daljših časih izpostavitve (24 h). 

• NOD povzroča povišano nastajanje ROS in oksidativne poškodbe DNK že pri 
nizkih koncentracijah (0,01–1 µg/ml) in kratkih časih izpostavitve (4 h), s 
podaljšanim časom izpostavitve pa količina poškodb počasi upada.  

• Potrdili smo hipotezo, da se CYN presnavlja z encimi iz družine CYP450. 
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• CYN se v prisotnosti humanih hepatičnih mikrosomov presnavlja s srednjo 
vrednostjo intrinzičnega očistka in razpolovnim časom 82 min. 

• CYN povzroča povišano izražanje genov za metabolične encime CYP1A1 in 
CYP1A2 pri celicah HepG2 in HPBL, kar kaže na njihovo vključenost v 
metabolično pretvarjanje CYN.  

• Rezultati transkriptomske analize na celicah HepG2 izpostavljenih CYN za 12 in 
24 h nakazujejo vpletenost še drugih encimov [metaboličnih encimov I. (CYP1A1, 
CYP1B, ALDH1A2 in CES2) in II. faze (UGT1A6, UGT1A1, NAT1 in GSTM3)]. 

• Ovrgli smo hipotezo, da CYN povzroča apoptozo, saj apoptoze nismo zasledili pri 
genotoksičnih koncentracijah pri celicah HepG2.  

• CYN pri testiranih pogojih tudi ne povzroča nekroze, saj nismo zaznali povišanega 
puščanja LDH. 

• Potrdili smo hipotezo, da CYN vpliva na celični cikel, saj ustavlja celični cikel pri 
celicah HepG2 v G0/G1 fazi po krajšem času izpostavljenosti (24 h) in v S fazi po 
daljšem času (72 in 96 h).  

• CYN povzroča zmanjšano celično proliferacijo pri celicah HepG2, ki jo zaznamo 
posredno preko kazalca celične proliferacije, Ki67. 

• Noben od toksinov (CYN, NOD in MCLR) ni bakterijski mutagen, saj pri testiranih 
pogojih ni izpolnil kriterijev mutagenosti, kot jih določamo s testom Ames.  
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4         POVZETEK (SUMMARY) 
 
4.1 POVZETEK 
 
Cianotoksini, ki jih proizvajajo cianobakterije v površinskih vodnih zajetjih, predstavljajo 
vse bolj pereč problem po vsem svetu zaradi vse pogostejšega pojavljanja 
cianobakterijskih cvetenj kot posledice klimatskih sprememb in eutrofikacije voda. 
Preučevali smo genotoksično delovanje predstavnikov najpogostejših cianotoksinov v 
sladkih in brakičnih vodah:  MCLR,  NOD in CYN; s posebnim poudarkom na najslabše 
preučenemu cianotoksinu CYN. V raziskavi smo uporabili nizke, za okolje relevantne 
koncentracije, ki niso citotoksične za celice. 
 
Čeprav nobeden od preučevanih cianotoksinov ni bakterijski mutagen, so vsi trije toksini 
povzročali genotoksične učinke v izbranih humanih testnih sistemih. 
 
Genotoksično delovanje CYN in celični odziv na izpostavitev temu toksinu smo testirali na 
različnih celičnih nivojih. Pri celicah HepG2 smo nastanek poškodb DNK po izpostavitvi 
CYN analizirali s testom komet, s testom mikrojeder in detekcijo γH2A.X s pretočno 
citometrijo. Poleg tega smo s kvantitativnim PCR v realnem času in QPCR čipi analizirali 
spremembe v izražanju izbranih genov, ki so vključeni v odziv na poškodbe DNK in odziv 
na genotoksičen stres. Ugotovili smo, da CYN pri necitotoksičnih koncentracijah povzroča 
poškodbe DNK po 12 in 24 h izpostavljenosti, poviša pogostost MNi, NBUD in NPB po 
24 h izpostavljenosti in povzroča DSB po podaljšanem času izpostavitve (72 h). CYN je 
povišal izražanje s P53 reguliranih genov CDKN1A, GADD45α in MDM2, kar nakazuje na 
sprožitev signalizacijske poti P53. To je potrdila tudi toksikogenomska analiza izražanja 
genov s QPCR čipi. Dodatno smo ugotovili, da CYN poviša izražanje genov takojšnjega-
zgodnjega odziva iz genske družine FOS in JUN, rezultati alternacij v izražanju tarčnih 
genov pa kažejo tudi na sprožitev NF-κB signalizacije.  
 
Pri HPBL smo pokazali, da CYN povzroča nastanek DNK prelomov ter od koncentracije 
in časa povišan nastanek MNi in NBUD, medtem ko se je število NPB le rahlo povišalo. 
CYN je pri HPBL povzročil tudi spremembe v izražanju genov vpletenih v odziv na 
poškodbe DNK (P53, MDM2, GADD45a), gene vpletene v regulacijo apoptoze (BCL-2 in 
BAX)  kot tudi v odziv na oksidativni stres (GPX1, SOD1, GSR, GCLC).  
 
Prav tako je tudi MCLR pri HPBL povzročil od koncentracije in časa odvisno povišanje 
nastanka poškodb DNK, ki smo jih merili s testom komet. V nasprotju s testom mikrojeder 
nismo zaznali sprememb v pojavljanju MNi, NBUD ali NPB po 24 h izpostavitve. Pri 
izoliranih HPBL, ki so bili izpostavljeni MCLR, smo po razgradnji DNK z encimom Fpg 
zaznali večje število prelomov DNK verig kot pri neencimsko razgrajeni DNK. Ti rezultati 
potrjujejo, da MCLR povzroča oksidativne poškodbe DNK. Po 24 h izpostavitve MCLR je 

143 
 



Štraser A. Genotoksično delovanje cianobakterijskih toksinov na humane celice v pogojih in vitro.                         
    Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniška fakulteta, 2013 
 

 
 

prišlo do povišanega izražanja genov vpletenih v odziv na DNK poškodbe (P53, MDM2, 
GADD45α, CDKN1A), oksidativni stres (CAT, GPX1, SOD1, GSR, GCLC) in gena, 
vključenega v apoptozo (BAX). Ti rezultati podajajo dokaze, da je MCLR posredno 
genotoksičen agens, ki deluje preko sprožitve oksidativnega stresa, in da so tudi limfociti 
tarča toksičnih učinkov MCLR. 
 
Rezultati kažejo, da je tudi pri NOD glavni mehanizem genotoksičnosti nastanek 
oksidativnega stresa. Pri celicah HepG2 je NOD povzročal od koncentracije in časa 
odvisno povišanje  ROS, ki smo jih merili s sondo DCFH-DA. Modificiran test komet je 
pokazal, da se je število prelomov znatno povišalo po encimski razgradnji s Fpg. Najvišji 
nivo oksidativnih DNK poškodb smo opazili po 4 h izpostavitve, vendar je ostal statistično 
značilno povišan tudi po 12 in 24 h izpostavitve koncentracijama 1 in 0,1 µg/ml. V 
nasprotju smo brez razgradnje s Fpg opazili le manj obsežne poškodbe DNK po 
izpostavitvi NOD. Prav tako pa je toksin vplival na izražanje genov vpletenih v odziv na 
poškodbe DNK le v manjši meri. 
 
Da bi preverili, ali tudi CYN vsaj delno povzroča poškodbe DNK preko sprožitve 
oksidativnega stresa, smo merili nastajanje ROS in nastajanje oksidativnih DNK poškodb 
pri celicah HepG2. CYN je statistično značilno povišal nastajanje ROS. Vendar pa kljub 
nastanku ROS, po kratkem času izpostavitve (4 h), nismo zaznali povišane ravni 
oksidiranih purinov. Po 12 in 24 h izpostavitve je CYN povzročil tako povišano raven 
poškodb DNK po encimski razgradnji kot brez nje, kar kaže na to, da oksidativni stres 
nima znatne vloge pri nastanku poškodb DNK. Na to so kazali tudi toksikogenomski 
rezultati, kjer je CYN izmed številnih izbranih genov, vpletenih v odziv na oksidativni 
stres, povišal izražanje le pri genih CAT in TXNRD1. 
 
Poleg tega smo analizirali sprožitev apoptoze po izpostavitvi CYN. Vzorci deregulacije 
pro- in antiapoptotskih genov toksikogenomske študije niso podali jasnega odgovora, ali 
CYN povzroča apoptozo. Rezultati kažejo, da se sprožita intrinzična kot tudi ekstrinzična 
apoptotska pot, vendar pa je bilo spremenjeno izražanje tudi pri številnih antiapoptotskih 
genih. Toksin je pri celicah HepG2 statistično značilno povišal MMP po 12 in 24 h 
izpostavitve, kar so nakazovali tudi transkriptomski podatki. V nasprotju do spremembe v 
aktivnosti kaspaz 3 in 7 ni prišlo. Prav tako nismo opazili sprememb v številu apoptotskih 
celic, kar smo določali z barvanjem z Annexin V in PI. Zaključimo lahko, da CYN ne 
povzroča apoptoze pri genotoksičnih koncentracijah, kar poveča tveganje za ljudi in živali 
posebej pri dolgodobni izpostavitvi nizkim koncentracijam, saj poškodovane, potencialno 
škodljive celice, niso odstranjene.  
 
Po dolgotrajnejši izpostavitvi CYN smo opazili morfološke spremembe celic HepG2 in 
znižanje njihove živosti v odvisnosti od koncentracije in časa. Le rahlo in statistično 
neznačilno puščanje LDH smo opazili po podaljšanem času izpostavitve (72 in 96 h), kar 
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kaže, da je znižana živost celic po izpostavitvi CYN na račun znižane celične proliferacije 
in ne smrti. To smo potrdili z imunocitokemijsko analizo proliferacijskega kazalca Ki67. 
Opazili smo, od koncentracije in časa odvisno, znižanje celic pozitivnih na ta kazalec. 
Analiza celičnega cikla s pretočno citometrijo je pokazala, da CYN povzroča ustavitev 
celičnega cikla v G0/G1 fazi po 24 h izpostavitve in v S fazi po podaljšanem času (72 in 96 
h). S tem se skladajo tudi rezultati transkriptomske analize, kjer smo opazili močno 
povišanje izražanja genov, ki so inducibilni z DNK poškodbami (GADD45A in 
GADD45B), inhibitorjev od ciklinov odvisnih kinaz (CDKN1A in CDKN2B), kinaze 
kontrolne točke 1 (CHEK1) in genov, ki sodelujejo v popravljalnih mehanizmih DNK 
poškodb (XPC, ERCC4 in drugi), ki nakazuje na ustavitev celičnega cikla in sprožitev 
popravljalnih mehanizmov DNK (DSBR in NER).  
 
Da bi potrdili domnevo, da je CYN pro-genotoksin, smo želeli dokazati, da se presnavlja z 
metaboličnimi encimi. S testom mikrosomalne stabilnosti smo potrdili, da se CYN srednje 
intenzivno presnavlja z encimi I. faze, ima intrinzični očistek (16,9 µl/min/mg) in 
razpolovni čas pri 82 min. Rezultati standardnega QPCR so pokazali, da sta v metabolično 
aktivacijo CYN pri celicah HepG2 in HPBL vpletena encima CYP1A1 in CYP1A2, 
rezultati transkriptomske študije pa so dodatno nakazali vpletenost drugih metaboličnih 
genov I. faze (CYP1A1, CYP1B, ALDH1A2 in CES2) in II. faze (UGT1A6, UGT1A1, 
NAT1 in GSTM3). 
 
  

145 
 



Štraser A. Genotoksično delovanje cianobakterijskih toksinov na humane celice v pogojih in vitro.                         
    Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniška fakulteta, 2013 
 

 
 

  

146 
 



Štraser A. Genotoksično delovanje cianobakterijskih toksinov na humane celice v pogojih in vitro.                         
    Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniška fakulteta, 2013 
 

 
 

4.2 SUMMARY 
 
Cyanobacterial toxins produced by freshwater cyanobacteria are increasingly recognized as 
a threat to human health due to the increasing occurrence of cyanobacterial blooms as a 
result of climate change and eutrophication of water bodies worldwide. We studied the 
genotoxic effects of representative congeners of cyantoxins most commonly found in fresh 
and brackish waters, MCLR, NOD and CYN, with special emphasis on the least studied 
cyanotoxin CYN. In the experiments low environmentally relevant concentrations that are 
not cytotoxic to cells were used. 
 
Although none of the studied cyanotoxins is a bacterial mutagen, all three toxins caused 
genotoxic effects in selected human cell test systems. 
 
Genotoxic effects of CYN and the cellular response to the exposure to this toxin was 
examined at different levels. In HepG2 cells, the formation of DNA damage after CYN 
exposure was assessed by the comet assay, the micronucleus assay and flow-cytometric 
detection of γH2A.X. In addition, we analyzed changes in the expression of selected genes 
involved in the response to DNA damage and response to genotoxic stress, using 
quantitative real-time PCR and QPCR arrays. We found that non-cytotoxic CYN 
concentrations caused DNA damage after 12 and 24 hours of exposure, increased 
incidence of MNi, NBUDs and NPBs after 24 hours of exposure and caused DSBs after 
ptolonged exposure (72 h). CYN increased expression of P53 downstream-regulated genes 
CDKN1A, GADD45α and MDM2, which indicates induction of P53 signalling. This was 
also confirmed by the toxicogenomic analysis of gene expression by QPCR arrays. In 
addition, we found that CYN induced the immediate-early response genes from the FOS 
and JUN gene families, and induction of NF-κB signalling was indicated. 
 
In HPBLs CYN induced DNA breaks in a dose and time-dependent manner and increased 
the frequency of MNi and NBUD, while the number of NPB was only slightly increased. It 
caused changes in the expression of genes involved in the response to DNA damage (P53, 
MDM2, GADD45), genes involved in the regulation of apoptosis (BCL-2 and BAX), as well 
as in response to oxidative stress (GPX1, SOD1, GSR, GCLC). 
 
Also MCLR caused dose and time-dependent increase in DNA damage in HPBLs. While 
no changes in the occurrence of MNi, NBUDs or NPB were detected after 24-h exposure. 
After Fpg digestion, increased number of DNA breaks was observed, which confirms that 
MCLR caused oxidative DNA damage. After 24 hours of exposure to MCLR increased 
expression of genes involved in the response to DNA damage (P53, MDM2, GADD45α 
and CDKN1A), oxidative stress (CAT, GPX1, SOD1, GSR, GCLC) and apoptosis (BAX) 
was observed. These results provide evidence for indirect genotoxicity of MCLR, acting 
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through induction of oxidative stress, and that lymphocytes can be a target of MCLR 
genotoxic activity. 
 
Our results show that also the main mechanism of NOD genotoxicity is the induction of 
oxidative stress. In HepG2 cells, NOD caused dose and time-dependent increase in ROS 
production, which was measured using the DCFH-DA probe. The modified comet assay 
showed that the number of DNA breaks increased significantly after Fpg digestion. The 
highest level of oxidative DNA damage was observed after 4 h of exposure, but remained 
significantly elevated even after 12 and 24 h of exposure to concentrations 1 and 0.1 
µg/ml. In contrast, without Fpg digestion only slight DNA damage after exposure to NOD 
was detected, and the toxin had only slight effect on the expression of genes involved in 
the response to DNA damage. 
 
To determine whether also CYN causes DNA damage at least partly through the induction 
of oxidative stress, we measured the formation of ROS and the formation of oxidative 
DNA damage in HepG2 cells. CYN significantly increased the formation of ROS. 
However, after a short exposure time (4 h) no induction of oxidized purines was detected. 
After 12 and 24 h of exposure CYN caused elevated levels of DNA strand breaks without 
enzymatic digestion. Folowing Fpg digestion the level of DNA damage did not increase, 
showing that oxidative stress does not play a significant role the genotoxic activity of CYN 
in HepG2 cells. This correlates with the results from the toxicogenomic analysis, where 
CYN, from a number of selected genes involved in the response to oxidative stress, 
increased only the expression of CAT and TXNRD1. 
 
In addition, we analyzed the induction of apoptosis after exposure to CYN. The 
deregulation patterns of pro-and anti-apoptotic genes in the toxicogenomic study did not 
provide a clear answer, whether CYN caused apoptosis. While induction of the intrinsic 
and extrinsic apoptotic pathway was indicated, also several anti-apoptotic genes were 
differentially expressed.  CYN significantly increased MMP after 12 and 24 h of exposure 
in HepG2 cells, which was also indicated by the toxicogenomic data. No changes in the 
activity of caspases 3 and 7 were detected and there were also no changes in the number of 
apoptotic cells, determined by Annexin V and PI staining. The results showed that CYN 
did not cause apoptosis at genotoxic concentrations, which intensifies the hazard of CYN 
especially at long-term exposure to low levels, as damaged, potentially harmful cells, are 
not removed. 
 
After prolonged exposure to CYN morphological changes of HepG2 cells and dose and 
time-dependant reduction in viability were observed. Only a slight and not significant LDH 
leakage was observed after prolonged exposure (72 and 96 h), suggesting that the reduced 
cell viability after CYN exposure was the consequence of reduced cell growth and not 
death. This was confirmed by immunocytochemical analysis of the proliferation marker 
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Ki67, as we observed time and dose-dependent decrease of Ki67 positive cells. Analysis of 
the cell cycle by flow cytometry showed that CYN caused cell cycle arrest in G0/G1 phase 
after 24 h of exposure and in the S phase after a prolonged exposure (72 and 96 h). The 
results are also consistent with the toxicogenomic analysis. We observed a strong up-
regulation of DNA damage inducible genes (GADD45α and GADD45β), cyclin dependent 
kinases inhibitors (CDKN1A and CDKN2B), checkpoint kinase 1 (CHEK1) and genes 
involved in DNA damage repair mechanisms (XPC, ERCC4 and others), which indicated 
induction of cell cycle arrest and DNA damage repair mechanisms (DSBR and NER). 
 
To confirm the assumption that CYN is a pro-genotoxin, we wanted to prove that CYN 
was metabolized by metabolic enzymes. The microsomal stability assay confirmed that 
CYN is moderately metabolised by phase I enzymes, with an intrinsic clearance of 16.9 
ml/min/mg and a half-life of 82 min. The QPCR results showed that CYP1A1 and 
CYP1A2 are involved in the metabolic activation of CYN in HepG2 cells and HPBL, 
while the transcriptomic analyses have further indicated involvement of other phase I 
(CYP1A1, CYP1B, ALDH1A2 and CES2) and phase II (UGT1A6, UGT1A1, GSTM3 and 
NAT1) metabolic enzymes.  
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PRILOGA A 
 

 Celice HepG2 pod faznim kontrastom.  

 
 
Povečava 460 x. 
 

 



 

  

 



 

PRILOGA B 
 

Primarni humani limfociti iz periferne krvi (HPBL) pod svetlobnim mikroskopom. 

 
 
Povečava 400 x. (Slika: Goran Gajski) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 
  

 



 

PRILOGA C 
 

Priloga k znanstvenemu članku z naslovom: Cylindrospermopsin induced transcriptional 
responses in human hepatoma HepG2 cells. 

Supplementary data 1: List of the selected genes with the deregulation data and decription 

  
  12 h 24h       

  
gene symbol Fold-

change 
p-

value 

Fold-
chang

e 
p-value Entrez Gene Name NCBI 

Gene ID molecular function (UniProtKB/Swiss-Prot) 

Immediate-early 
response / signaling 

              

  
FOSB 4.59 2.34E-

02 8.58 3.55E-03 FBJ murine osteosarcoma viral 
oncogene homolog B 2354 interacts with Jun proteins enhancing their DNA binding activity 

  
FOS 4.61 1.70E-

02 4.59 5.80E-03 FBJ murine osteosarcoma viral 
oncogene homolog 2353 

forms a complex with the JUN/AP-1 transcription factor. forms a multimeric 
SMAD3/SMAD4/JUN/FOS complex e to regulate TGF-beta-mediated 
signaling 

  
JUNB 2.87 5.95E-

03 4.71 6.08E-04 jun B proto-oncogene 3726 transcription factor involved in regulating gene activity following the primary 
growth factor response 

  
TGFB2 2.27 9.04E-

02 2.95 1.66E-03 transforming growth factor. beta 2 7048 regulate the transcription of a subset of genes related to cell proliferation 

 

JUN  NS 2.58 1.29E-03 jun proto-oncogene 3725 
promotes activity of NR5A1 when phosphorylated by HIPK3 leading to 
increased steroidogenic gene expression upon cAMP signaling pathway 
stimulation 

  
GDF15   NS 2.46 1.64E-03 growth differentiation factor 15 9518 role in regulating inflammatory and apoptotic pathways in injured tissues and 

during disease processes 

  
NFKB1  NS 2.03 2.31E-03 

nuclear factor of kappa light 
polypeptide gene enhancer in B-
cells 1 

4790 
pleiotropic transcription factor which is present in almost all cell types and is 
involved in many biological processed such as inflammation. immunity. 
ferentiation. cell growth. tumorigenesis and apoptosis 

  
GAB1 1.84 4.78E-

02  NS GRB2-associated binding protein 1 2549 
role in intracellular signaling cascades triggered by activated receptor-type 
kinases. mediator of branching tubulogenesis and plays a central role in 
cellular growth response. transformation and apoptosis 

  
TP53  NS   NS tumor protein p53 7157 

induces growth arrest or apoptosis. involved in cell cycle regulation as a trans-
activator that acts to negatively regulate cell division by controlling a set of 
genes required for this process 

  
MDM2  NS 1.33 3.29E-04 Mdm2 p53 binding protein 

homolog (mouse) 4193 E3 ubiquitin-protein ligase that mediates ubiquitination of p53/TP53. leading 
to its degradation by the proteasome 

  
TGFA  NS 1.38 2.89E-02 transforming growth factor. alpha 7039 

mitogenic polypeptide that is able to bind to the EGF receptor/EGFR and to act 
synergistically with TGF beta to promote anchorage-independent cell 
proliferation 

  
TGFB1  NS 1.34 6.86E-03 transforming growth factor. beta 1 7040 Multifunctional protein that controls proliferation. differentiation and other 

functions in many cell types 

  
MYC  NS -1.28 4.99E-02 v-myc myelocytomatosis viral 

oncogene homolog (avian) 4609 participates in the regulation of gene transcription 

 

ATM  NS   NS ataxia telangiectasia mutated 472 DNA damage sensor. activates checkpoint signaling upon double strand breaks 
(DSBs). apoptosis and genotoxic stresses 

  
JUND  NS  NS jun D proto-oncogene 3727 Transcription factor binding AP-1 sites 

  
NR1I2  NS  NS nuclear receptor subfamily 1. 

group I. member 2 8856 
activates the transcription of multiple genes involved in the metabolism and 
secretion of potentially harmful xenobiotics. drugs and endogenous 
compounds 

  
NRG1  NS   NS neuregulin 1 3084 signaling protein that mediates cell-cell interactions and plays critical roles in 

the growth and development of multiple organ systems 

  
EGF  NS   NS epidermal growth factor 1950 stimulates the growth of various epidermal and epithelial tissues 

  
HGF UND   UND   hepatocyte growth factor 

(hepapoietin A; scatter factor) 3082 potent mitogen for mature parenchymal hepatocyte cells. seems to be an 
hepatotrophic factor. and acts as growth factor 

  
RAC1 UND   UND   

ras-related C3 botulinum toxin 
substrate 1 (rho family. small GTP 
binding protein Rac1) 

5879 
binds to a variety of effector proteins to regulate cellular responses such as 
secretory processes. phagocytosis of apoptotic cells. epithelial cell polarization 
and membrane ruffles 

  
                

cell cycle / 
proliferation 

              

  
GADD45B 3.49 2.01E-

02 4.95 1.57E-03 growth arrest and DNA-damage-
inducible. beta 4616 Involved in the regulation of growth and apoptosis 

  
GADD45A 1.68 9.66E-

03 4.10 1.52E-04 growth arrest and DNA-damage-
inducible. alpha 1647 Involved in the regulation of growth and apoptosis 

  
CDKN1A  NS 3.71 2.28E-03 cyclin-dependent kinase inhibitor 

1A (p21. Cip1) 1026 binds to and inhibits the activity of cyclin-CDK2 or -CDK4 complexes. and 
thus functions as a regulator of cell cycle progression at G1 

  
CDKN2B 2.27 1.12E-

02  NS cyclin-dependent kinase inhibitor 
2B (p15. inhibits CDK4) 1030 interacts strongly with CDK4 and CDK6. potential effector of TGF-beta 

induced cell cycle arrest 

  
HUS1 1.72 2.13E-

02 2.80 1.19E-03 HUS1 checkpoint homolog (S. 
pombe) 3364 component of the 9-1-1 cell-cycle checkpoint response complex that plays a 

major role in DNA repair 

  
CHEK1 1.38 2.05E-

03 2.42 6.49E-03 checkpoint kinase 1 1111 required for checkpoint-mediated cell cycle arrest and activation of DNA 
repair in response to the presence of DNA damage or unreplicated DNA 

  
CDK7 1.43 3.88E-

02 1.94 1.99E-02 cyclin-dependent kinase 7 1022 involved in cell cycle control and in RNA polymerase II-mediated RNA 
transcription 

  
CCNE2 1.93 4.66E-

04 1.61 2.48E-03 cyclin E2 9134 essential for the control of the cell cycle at the late G1 and early S phase 

  
E2F4  NS 1.53 5.80E-03 E2F transcription factor 4. 

p107/p130-binding 1874 transcription activator involved in cell cycle regulation or in DNA replication 

  
PCNA -1.38 3.79E-

03 -1.71 2.56E-03 proliferating cell nuclear antigen 5111 processivity factor for DNA polymerase δ /RAD6-dependent DNA repair 
pathway and DNA synthesis 

  
CDKN2C  NS -1.77 3.86E-02 cyclin-dependent kinase inhibitor 

2C (p18. inhibits CDK4) 1031 
interacts strongly with CDK6. weakly with CDK4. inhibits cell growth and 
proliferation with a correlated dependence on endogenous retinoblastoma 
protein RB 

  
CCNG1  NS -1.71 7.01E-03 cyclin G1 900 associated with G2/M phase arrest in response to DNA damage 

se nadaljuje 
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UHRF1  NS -1.71 2.27E-02 ubiquitin-like with PHD and ring 

finger domains 1 29128 
a major role in the G1/S transition by regulating topoisomerase II alpha and 
retinoblastoma gene expression. and functions in the p53-dependent DNA 
damage checkpoint 

  
TFDP1  NS -1.70 4.66E-07 transcription factor Dp-1 7027 Can stimulate E2F-dependent transcription 

  
RAD1  NS -1.69 9.79E-04 RAD1 homolog (S. pombe) 5810 Component of the 9-1-1 cell-cycle checkpoint response complex that plays a 

major role in DNA repair 

  
CDC27 1.28 4.33E-

02 1.22 1.41E-02 cell division cycle 27 homolog (S. 
cerevisiae) 996 

component of the anaphase promoting complex/cyclosome (APC/C). a cell 
cycle-regulated E3 ubiquitin ligase that controls progression through mitosis 
and the G1 phase of the cell cycle 

  
RAD9A -1.40 4.17E-

02 -1.36 1.56E-02 RAD9 homolog A (S. pombe) 5883 Component of the 9-1-1 cell-cycle checkpoint response complex that plays a 
major role in DNA repair 

  
CCND1 1.36 2.11E-

03   NS cyclin D1 595 
regulatory component of the cyclin D1-CDK4 (DC) complex that 
phosphorylates and inhibits members of the retinoblastoma (RB) protein 
family including RB1 and regulates the cell-cycle during G(1)/S transition 

  
CHEK2 -1.11 6.06E-

03  NS checkpoint kinase 2 11200 required for checkpoint-mediated cell cycle arrest. activation of DNA repair 
and apoptosis in response to the presence of DNA double-strand breaks 

  
CCNC  NS 1.28 9.29E-03 cyclin C 892 a coactivator involved in regulated gene transcription of nearly all RNA 

polymerase II-dependent genes 

  
RB1  NS 1.28 4.21E-04 retinoblastoma 1 5925 promotes G0-G1 transition. acts as a transcription repressor of E2F1 target 

genes 

  
CDC2  NS 1.20 5.74E-03 cyclin-dependent kinase 1 983 promotes G2-M transition. and regulates G1 progress and G1-S transition via 

association with multiple interphase cyclins 

  
CDKN1B  NS -1.16 9.56E-03 cyclin-dependent kinase inhibitor 

1B (p27. Kip1) 1027 important regulator of cell cycle progression. involved in G1 arrest. potent 
inhibitor of cyclin E- and cyclin A-CDK2 complexes 

  
FOXM1  NS -1.21 3.21E-02 forkhead box M1 2305 transcriptional factor regulating the expression of cell cycle genes essential for 

DNA replication and mitosis 

  
CCNA2  NS   NS cyclin A2 890 essential for the control of the cell cycle at the G1/S (start) and the G2/M 

(mitosis) transitions 

  
CCNB1  NS  NS cyclin B1 891 essential for the control of the cell cycle at the G2/M (mitosis) transition 

  
CCND2  NS  NS cyclin D2 894 

regulatory component of the cyclin D2-CDK4 (DC) complex that 
phosphorylates and inhibits members of the retinoblastoma (RB) protein 
family including RB1 and regulates the cell-cycle during G(1)/S transition 

  
CCNE1  NS  NS cyclin E1 898 essential for the control of the cell cycle at the G1/S (start) transition 

  
CDC20  NS   NS cell division cycle 20 homolog (S. 

cerevisiae) 991 required for full ubiquitin ligase activity of the anaphase promoting 
complex/cyclosome (APC/C) 

  
CDC25A  NS  NS cell division cycle 25 homolog A 

(S. pombe) 993 functions as a dosage-dependent inducer of mitotic progression 

  
CDC25C   NS  NS cell division cycle 25 homolog C 

(S. pombe) 995 functions as a dosage-dependent inducer of mitotic progression 

  
CDK2   NS  NS cyclin-dependent kinase 2 1017 involved in the control of the cell cycle 

  
CDK4   NS  NS cyclin-dependent kinase 4 1019 

component of cyclin D-CDK4 (DC) complexes that phosphorylate and inhibit 
members of the retinoblastoma (RB) protein family including RB1 and 
regulate the cell-cycle during G(1)/S transition 

  
CDKN2A   NS  NS 

cyclin-dependent kinase inhibitor 
2A (melanoma. p16. inhibits 
CDK4) 

1029 
induces cell cycle arrest in G1 and G2 phases. acts as a tumor suppressor. 
binds to MDM2 and blocks its nucleocytoplasmic shuttling by sequestering it 
in the nucleolus 

  
E2F1   NS   NS E2F transcription factor 1 1869 transcription activator involved in cell cycle regulation or in DNA replication 

  
MAD2L2   NS   NS MAD2 mitotic arrest deficient-like 

2 (yeast) 10459 component of the mitotic spindle assembly checkpoint that prevents the onset 
of anaphase until all chromosomes are properly aligned at the metaphase plate 

  
PKMYT1  NS   NS protein kinase. membrane 

associated tyrosine/threonine 1 9088 negative regulator of entry into mitosis (G2 to M transition) 

  
TFDP2   NS  NS transcription factor Dp-2 (E2F 

dimerization partner 2) 7029 can stimulate E2F-dependent transcription 

  
ANAPC10  NS  NS anaphase promoting complex 

subunit 10 10393 
component of the anaphase promoting complex/cyclosome (APC/C). a cell 
cycle-regulated E3 ubiquitin ligase that controls progression through mitosis 
and the G1 phase of the cell cycle 

  
                

DNA damage repair 
              

  
XPC 3.11 1.27E-

03 3.08 6.35E-05 xeroderma pigmentosum. 
complementation group C 7508 involved in global genome nucleotide excision repair (GG-NER) by acting as 

damage sensing and DNA-binding factor component of the XPC complex 

  

ERCC4 2.30 3.15E-
05 2.96 6.67E-04 

excision repair cross-
complementing rodent repair 
deficiency. complementation group 
4 

2072 
structure-specific DNA repair endonuclease responsible for the 5-prime 
incision during DNA repair. involved in homologous recombination that 
assists in removing interstrand cross-link 

  
LIG4 1.68 2.00E-

02 1.95 3.73E-04 ligase IV. DNA. ATP-dependent 3981 
joins single-strand breaks in a double-stranded polydeoxynucleotide in an 
ATP-dependent reaction Involved in DNA non-homologous end joining 
(NHEJ) required for double-strand break repair and V(D)J recombination 

  
MSH3  NS 1.51 1.57E-03 mutS homolog 3 (E. coli) 4437 component of the post-replicative DNA mismatch repair system (MMR) 

  
XRCC2 3.21 3.39E-

02  NS 
X-ray repair complementing 
defective repair in Chinese hamster 
cells 2 

7516 
involved in the homologous recombination repair (HRR) pathway of double-
stranded DNA. thought to repair chromosomal fragmentation. translocations 
and deletions 

  
RAD51 -2.31 3.44E-

04 -3.42 6.23E-05 RAD51 homolog (S. cerevisiae) 5888 participates in a common DNA damage response pathway associated with the 
activation of homologous recombination and double-strand break repair 

  
MRE11A  NS -2.02 1.08E-04 MRE11 meiotic recombination 11 

homolog A (S. cerevisiae) 4361 
component of the MRN complex. which plays a central role in double-strand 
break (DSB) repair. DNA recombination. maintenance of telomere integrity 
and meiosis 

  
BRCA2  NS -1.66 4.31E-02 breast cancer 2. early onset 675 transcription regulator 

  
POLB -7.22 8.31E-

03 -1.14 3.21E-02 polymerase (DNA directed). beta 5423 polymerase that plays a key role in base-excision repair 

  
NEIL1 -1.35 1.91E-

02 -1.41 5.63E-03 nei endonuclease VIII-like 1 (E. 
coli) 79661 Involved in base excision repair 

  

ERCC5 -1.37 1.47E-
02 -1.44 2.46E-03 

excision repair cross-
complementing rodent repair 
deficiency. complementation group 
5 

2073 single-stranded structure-specific DNA endonuclease involved in DNA 
excision repair 

  

ERCC2 1.18 1.45E-
02 1.11 3.45E-02 

excision repair cross-
complementing rodent repair 
deficiency. complementation group 
2 

2068 
ATP-dependent 5'-3' DNA helicase. component of the core-TFIIH basal 
transcription factor. involved in nucleotide excision repair (NER) of DNA by 
opening DNA around the damage. and in RNA transcription 

  
APEX2 1.22 2.46E-

02  NS 
APEX nuclease 
(apurinic/apyrimidinic 
endonuclease) 2 

27301 
a weak apurinic/apyrimidinic (AP) endodeoxyribonuclease in the DNA base 
excision repair (BER) pathway of DNA lesions induced by oxidative and 
alkylating agents 
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MLH1  NS 1.46 3.19E-05 mutL homolog 1. colon cancer. 

nonpolyposis type 2 (E. coli) 4292 component of the post-replicative DNA mismatch repair system (MMR) 

  
TDG  NS 1.41 7.44E-03 thymine-DNA glycosylase 6996 corrects G/T mispairs to G/C pairs 

  
RAD50  NS 1.19 2.65E-02 RAD50 homolog (S. cerevisiae) 10111 central role in double-strand break (DSB) repair. DNA recombination. 

maintenance of telomere integrity and meiosis 

  

ERCC3  NS 1.16 4.16E-02 

excision repair cross-
complementing rodent repair 
deficiency. complementation group 
3 (xeroderma pigmentosum group 
B complementing) 

2071 ATP-dependent 3'-5' DNA helicase. acts byopening DNA either around the 
RNA transcription start site or the DNA damage 

  
RAD21  NS -1.10 1.04E-02 RAD21 homolog (S. pombe) 5885 repair of DNA double-strand breaks. chromatid cohesion during mitosis 

  
OGG1  NS -1.12 4.99E-02 8-oxoguanine DNA glycosylase 4968 incises DNA at 8-oxoG residues 

  
MSH2  NS -1.27 2.01E-02 mutS homolog 2. colon cancer. 

nonpolyposis type 1 (E. coli) 4436 component of the post-replicative DNA mismatch repair system (MMR) 

  
APEX1  NS -1.27 4.15E-03 APEX nuclease (multifunctional 

DNA repair enzyme) 1 328 
functions as a apurinic/apyrimidinic (AP) endodeoxyribonuclease in the DNA 
base excision repair (BER) pathway of DNA lesions induced by oxidative and 
alkylating agents 

  
DDB1  NS -1.27 7.01E-03 damage-specific DNA binding 

protein 1. 127kDa 1642 functions in nucleotide-excision repair 

  
NEIL2  NS -1.35 2.05E-02 nei endonuclease VIII-like 2 (E. 

coli) 252969 involved in base excision repair 

  
BRCA1  NS   NS breast cancer 1. early onset 672 

E3 ubiquitin-protein ligase that specifically mediates the formation of 'Lys-6'-
linked polyubiquitin chains and plays a central role in DNA repair by 
facilitating cellular responses to DNA damage 

  

ERCC1  NS   NS 

excision repair cross-
complementing rodent repair 
deficiency. complementation group 
1 (includes overlapping antisense 
sequence) 

2067 structure-specific DNA repair endonuclease responsible for the 5'-incision 
during DNA repair 

  
LIG1  NS   NS ligase I. DNA. ATP-dependent 3978 DNA ligase that seals nicks in double-stranded DNA during DNA replication. 

DNA recombination and DNA repair 

  

MGMT  NS   NS O-6-methylguanine-DNA 
methyltransferase 4255 

involved in the cellular defense against the biological effects of O6-
methylguanine (O6-MeG) in DNA. repairs alkylated guanine in DNA by 
stoichiometrically transferring the alkyl group at the O-6 position to a cysteine 
residue in the enzyme 

  
MUTYH  NS  NS mutY homolog (E. coli) 4595 oxidative DNA damage repair 

  
NTHL1  NS   NS nth endonuclease III-like 1 (E. 

coli) 4913 apurinic and/or apyrimidinic endonuclease activity and a DNA N-glycosylase 
activity 

  
POLD1  NS   NS polymerase (DNA directed). delta 

1. catalytic subunit 125kDa 5424 DNA synthesis (polymerase) and an exonucleolytic activity 

  
PRKDC  NS   NS protein kinase. DNA-activated. 

catalytic polypeptide 5591 
sensor for DNA damage. involved in DNA nonhomologous end joining 
(NHEJ) required for double-strand break (DSB) repair and V(D)J 
recombination 

  
SMUG1  NS   NS 

single-strand-selective 
monofunctional uracil-DNA 
glycosylase 1 

23583 recognizing base lesions in the genome and initiating base excision DNA 
repair 

  
TREX1  NS  NS three prime repair exonuclease 1 11277 major 3'->5' DNA exonuclease in human cells 

  
UNG  NS   NS uracil-DNA glycosylase 7374 Excises uracil residues from the DNA 

  
XPA  NS   NS xeroderma pigmentosum. 

complementation group A 7507 involved in DNA excision repair 

  
XRCC4  NS  NS 

X-ray repair complementing 
defective repair in Chinese hamster 
cells 4 

7518 involved in DNA non-homologous end joining (NHEJ) required for double-
strand break repair and V(D)J recombination 

  
           

apoptosis / survival 
              

  
FAS 2.73 3.44E-

04 3.85 5.45E-05 Fas (TNF receptor superfamily. 
member 6) 355 receptor for TNFSF6/FASLG. formes death-inducing signaling complex 

(DISC) with FADD. performs caspase-8 proteolytic activation 

  
DIABLO 1.69 7.71E-

04 2.94 7.49E-03 diablo. IAP-binding mitochondrial 
protein 56616 promotes apoptosis by activating caspases in the cytochrome c/Apaf-

1/caspase-9 pathway 

  
TIMP1 1.97 1.29E-

02   NS TIMP metallopeptidase inhibitor 1 7076 
inhibitor of the matrix metalloproteinases (MMPs). a group of peptidases 
involved in degradation of the extracellular matrix. able to promote cell 
proliferation in a wide range of cell types 

  
BCL2L1 1.81 1.06E-

02 2.43 1.54E-04 BCL2-like 1 598 binding to it and preventing the release of the caspase activator. CYC1. from 
the mitochondrial membrane 

  

TNF 51.38 1.86E-
02 27.11 1.10E-02 tumor necrosis factor 7124 

binds to TNFRSF1A/TNFR1 and TNFRSF1B/TNFBR. can induce cell death 
of certain tumor cell lines. involved in cellular responses to stimuli such as 
cytokines and stress and plays a key role in regulating the immune response to 
infection 

  
TNFAIP3 2.04 4.36E-

02 3.41 3.04E-04 tumor necrosis factor. alpha-
induced protein 3 7128 inhibit NF-kappa B activation as well as TNF-mediated apoptosis. critical for 

limiting inflammation by terminating TNF-induced NF-kappa B responses 

  
TNFRSF10A 1.40 4.04E-

03 1.95 4.65E-04 tumor necrosis factor receptor 
superfamily. member 10a 8797 formes death-inducing signaling complex (DISC) with FADD. performs 

caspase-8 proteolytic activation 

  
MCL1   NS 1.90 2.04E-04 myeloid cell leukemia sequence 1 

(BCL2-related) 4170 regulation of apoptosis versus cell survival. and in the maintenance of viability 

  
CASP9 1.54 5.13E-

04 1.82 7.28E-05 caspase 9. apoptosis-related 
cysteine peptidase 842 involved in the activation cascade of caspases responsible for apoptosis 

execution 

  
BAK1   NS 1.81 3.59E-04 BCL2-antagonist/killer 1 578 functions to induce apoptosis. interacts with and accelerates the opening of the 

mitochondrial voltage-dependent anion channel 

  
TRADD 1.39 3.99E-

03 1.78 6.54E-04 TNFRSF1A-associated via death 
domain 8717 

a death domain containing adaptor molecule that interacts with 
TNFRSF1A/TNFR1 and mediates programmed cell death signaling and NF-
kappaB activation 

  
CASP3   NS 1.75 3.58E-02 caspase 3. apoptosis-related 

cysteine peptidase 836 involved in the activation cascade of caspases responsible for apoptosis 
execution 

  
FOXO3 1.87 1.35E-

02 1.61 1.63E-03 forkhead box O3 2309 transcriptional activator. triggers apoptosis in the absence of survival factors 

 

DDIT3   NS 1.56 2.25E-03 DNA-damage-inducible transcript 
3 1649 implicated in adipogenesis and erythropoiesis. is activated by endoplasmic 

reticulum stress. and promotes apoptosis 

  
CASP8 1.40 2.98E-

02 1.57 2.64E-03 caspase 8. apoptosis-related 
cysteine peptidase 841 involved in the activation cascade of caspases responsible for apoptosis 

execution 

  
BCL2 -3.25 9.99E-

03 -3.12 8.41E-04 B-cell CLL/lymphoma 2 596 suppresses apoptosis in a variety of cell systems. regulates cell death by 
controlling the mitochondrial membrane permeability 
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TNFSF10   NS -2.97 6.16E-04 tumor necrosis factor (ligand) 

superfamily. member 10 8743 binds to TNFRSF10A/TRAILR1. TNFRSF10B/TRAILR2. 
TNFRSF10C/TRAILR3. TNFRSF10D/TRAILR4 and induces apoptosis 

  
BID -2.25 3.68E-

04 -2.03 3.65E-05 BH3 interacting domain death 
agonist 637 death agonist that heterodimerizes with either agonist BAX or antagonist 

BCL2. mediator of mitochondrial damage induced by caspase-8 (CASP8) 

  
APAF1 -1.42 2.94E-

03 -1.73 1.19E-03 apoptotic peptidase activating 
factor 1 317 mediates the cytochrome c-dependent autocatalytic activation of pro-caspase-9 

(Apaf-3). leading to the activation of caspase-3 and apoptosis 

  
CASP7 -2.54 2.01E-

02  NS caspase 7. apoptosis-related 
cysteine peptidase 840 involved in the activation cascade of caspases responsible for apoptosis 

execution 

  
BAX   NS 1.42 9.98E-03 BCL2-associated X protein 581 accelerates programmed cell death by binding to. and antagonizing the 

apoptosis repressor BCL2 or its adenovirus homolog E1B 19k protein 

  
BAG1   NS 1.37 3.18E-03 BCL2-associated athanogene 573 inhibits the pro-apoptotic function of PPP1R15A.  has anti-apoptotic activity. 

increases the anti-cell death function of BCL2 induced by various stimuli 

  
TRIB3 -1.40 4.68E-

02 -1.41 2.01E-04 tribbles homolog 3 (Drosophila) 57761 negative regulator of NF-kappaB and can also sensitize cells to TNF- and 
TRAIL-induced apoptosis 

  
BAD   NS  NS BCL2-associated agonist of cell 

death 572 
promotes cell death. successfully competes for the binding to Bcl-X(L). Bcl-2 
and Bcl-W. thereby affecting the level of heterodimerization of these proteins 
with BAX 

  
CASP2   NS  NS caspase 2. apoptosis-related 

cysteine peptidase 835 involved in the activation cascade of caspases responsible for apoptosis 
execution 

  
FADD   NS   NS Fas (TNFRSF6)-associated via 

death domain 8772 apoptotic adaptor molecule that recruits caspase-8 or caspase-10 to the 
activated Fas (CD95) or TNFR-1 receptors 

  
                

detoxificaton response 
              

  
CAT  NS 4.59 1.59E-02 catalase 847 serves to protect cells from the toxic effects of hydrogen peroxide 

  
ALDH1A2 UND   5.53 1.36E-02 aldehyde dehydrogenase 1 family. 

member A2 8854 catalyzes the synthesis of retinoic acid (RA) from retinaldehyde 

  
CYP1A1 5.96 3.66E-

04 2.98 2.61E-02 cytochrome P450. family 1. 
subfamily A. polypeptide 1 1543 

involved in an NADPH-dependent electron transport pathway. It oxidizes a 
variety of structurally unrelated compounds. including steroids. fatty acids. and 
xenobiotics 

  
CYP1B1 3.47 3.27E-

03  NS cytochrome P450. family 1. 
subfamily B. polypeptide 1 1545 

involved in an NADPH-dependent electron transport pathway. It oxidizes a 
variety of structurally unrelated compounds. including steroids. fatty acids. and 
xenobiotics 

  
UGT1A6 6.81 9.63E-

03  NS UDP glucuronosyltransferase 1 
family. polypeptide A6 54578 

an enzyme of the glucuronidation pathway that transforms small lipophilic 
molecules. such as steroids. bilirubin. hormones. and drugs. into water-soluble. 
excretable metabolites 

  
TXNRD1 1.44 1.96E-

02 2.09 1.02E-03 thioredoxin reductase 1 7296 reduces thioredoxins as well as other substrates. and plays a role in selenium 
metabolism and protection against oxidative stress 

  
NAT1 1.34 4.84E-

03 1.94 4.84E-04 N-acetyltransferase 1 (arylamine 
N-acetyltransferase) 9 N- or O-acetylation of various arylamine and heterocyclic amine substrates 

  
GCLC 1.35 2.21E-

03 1.93 2.44E-03 glutamate-cysteine ligase. catalytic 
subunit 2729 the first rate limiting enzyme of glutathione synthesis 

  
CES2 1.39 1.58E-

02 1.77 1.84E-02 carboxylesterase 2 8824 involved in the detoxification of xenobiotics and in the activation of ester and 
amide prodrugs 

  
GSTM3 1.52 1.67E-

02 1.69 8.59E-05 glutathione S-transferase mu 3 
(brain) 2947 conjugation of reduced glutathione to a wide number of exogenous and 

endogenous hydrophobic electrophiles 

  
UGT1A1 1.67 3.28E-

02   NS UDP glucuronosyltransferase 1 
family. polypeptide A1 54658 

an enzyme of the glucuronidation pathway that transforms small lipophilic 
molecules. such as steroids. bilirubin. hormones. and drugs. into water-soluble. 
excretable metabolites 

  
CYP2A6 -3.74 1.17E-

02  NS cytochrome P450. family 2. 
subfamily A. polypeptide 6 1548 hydroxylates coumarin. and also metabolizes nicotine. aflatoxin B1. 

nitrosamines. and some pharmaceuticals 

  
CYP2A13  NS -3.72 4.00E-02 cytochrome P450. family 2. 

subfamily A. polypeptide 6 1553 
its endogenous substrate has not been determined. it is known to metabolize 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone. a major nitrosamine specific to 
tobacco 

  
CYP3A43  NS -2.48 1.52E-02 cytochrome P450. family 3. 

subfamily A. polypeptide 43 64816 xhibits low testosterone 6-beta-hydroxylase activity 

  
CYP3A7  NS -2.36 4.74E-04 cytochrome P450. family 3. 

subfamily A. polypeptide 7 1551 
involved in an NADPH-dependent electron transport pathway. It oxidizes a 
variety of structurally unrelated compounds. including steroids. fatty acids. and 
xenobiotics 

  
GSTM2 -1.40 5.18E-

03 -2.16 2.78E-04 glutathione S-transferase mu 2 
(muscle) 2946 conjugation of reduced glutathione to a wide number of exogenous and 

endogenous hydrophobic electrophiles 

  
CYP2F1 -2.43 1.10E-

03 -2.03 3.41E-03 cytochrome P450. family 2. 
subfamily F. polypeptide 1 1572 

dehydrogenates 3-methylindole. an endogenous toxin derived from the 
fermentation of tryptophan. as well as xenobiotic substrates such as 
naphthalene and ethoxycoumarin 

  
GSTA2  NS -1.76 4.24E-03 glutathione S-transferase alpha 2 2939 conjugation of reduced glutathione to a wide number of exogenous and 

endogenous hydrophobic electrophiles 

  
CES1 -1.49 2.08E-

02 -1.74 3.95E-03 carboxylesterase 1 1066 involved in the detoxification of xenobiotics and in the activation of ester and 
amide prodrugs 

  
GNMT  NS -1.63 3.76E-02 glycine N-methyltransferase 27232 catalyzes the synthesis of N-methylglycine (sarcosine) from glycine using S-

adenosylmethionine (AdoMet) as the methyl donor 

  
SULT1A1  NS -1.58 1.10E-03 sulfotransferase family. cytosolic. 

1A. phenol-preferring. member 1 6817 catalyze the sulfate conjugation of many hormones. neurotransmitters. drugs. 
and xenobiotic compounds 

  
GSR -1.37 1.43E-

04 -1.29 3.56E-03 glutathione reductase 2936 maintains high levels of reduced glutathione in the cytosol 

  
SULT1E1  NS 1.45 2.52E-02 sulfotransferase family 1E. 

estrogen-preferring. member 1 6783 transfers a sulfo moiety to and from estrone 

  
GSTA4  NS -1.17 1.53E-02 glutathione S-transferase alpha 4 2941 conjugation of reduced glutathione to a wide number of exogenous and 

endogenous hydrophobic electrophiles 

  

CYP2E1  NS -1.26 4.09E-02 cytochrome P450. family 2. 
subfamily E. polypeptide 1 1571 

metabolizes several precarcinogens. drugs. and solvents to reactive 
metabolites. Inactivates a number of drugs and xenobiotics and also 
bioactivates many xenobiotic substrates to their hepatotoxic or carcinogenic 
forms 

  
CYP2D6  NS -1.35 3.81E-02 cytochrome P450. family 2. 

subfamily D. polypeptide 6 1565 
responsible for the metabolism of many drugs and environmental chemicals 
that it oxidizes. involved in the metabolism of drugs such as antiarrhythmics. 
adrenoceptor antagonists. and tricyclic antidepressants 

  
GPX3  NS -1.49 4.13E-02 glutathione peroxidase 3 (plasma) 2878 

protects cells and enzymes from oxidative damage. by catalyzing the reduction 
of hydrogen peroxide. lipid peroxides and organic hydroperoxide. by 
glutathione 

  
CYP3A5 1.31 3.87E-

03  NS cytochrome P450. family 3. 
subfamily A. polypeptide 5 1577 

involved in an NADPH-dependent electron transport pathway. It oxidizes a 
variety of structurally unrelated compounds. including steroids. fatty acids. and 
xenobiotics 

  
GPX4 -1.21 1.78E-

02   NS glutathione peroxidase 4 
(phospholipid hydroperoxidase) 2879 

protects cells and enzymes from oxidative damage. by catalyzing the reduction 
of hydrogen peroxide. lipid peroxides and organic hydroperoxide. by 
glutathione 

  
ALDH1A1 -1.17 3.92E-

03   NS aldehyde dehydrogenase 1 family. 
member A1 216 binds free retinal and cellular retinol-binding protein-bound retinal. Can 

convert/oxidize retinaldehyde to retinoic acid (By similarity) 

  
NQO1 -1.37 3.82E-

03   NS NAD(P)H dehydrogenase. quinone 
1 1728 NAD(P)H dehydrogenase (quinone) activity 
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CYP1A2  NS  NS cytochrome P450. family 1. 

subfamily A. polypeptide 2 1544 
involved in an NADPH-dependent electron transport pathway. It oxidizes a 
variety of structurally unrelated compounds. including steroids. fatty acids. and 
xenobiotics 

  
CYP2A7  NS  NS cytochrome P450. family 2. 

subfamily A. polypeptide 6 1549 
involved in an NADPH-dependent electron transport pathway. It oxidizes a 
variety of structurally unrelated compounds. including steroids. fatty acids. and 
xenobiotics 

  
CYP2B6  NS  NS cytochrome P450. family 2. 

subfamily B. polypeptide 6 1555 
involved in an NADPH-dependent electron transport pathway. It oxidizes a 
variety of structurally unrelated compounds. including steroids. fatty acids. and 
xenobiotics 

  
CYP2C18  NS  NS cytochrome P450. family 2. 

subfamily C. polypeptide 18 1562 
involved in an NADPH-dependent electron transport pathway. It oxidizes a 
variety of structurally unrelated compounds. including steroids. fatty acids. and 
xenobiotics 

  
CYP2C19  NS  NS cytochrome P450. family 2. 

subfamily C. polypeptide 19 1557 
responsible for the metabolism of a number of therapeutic agents such as the 
anticonvulsant drug S-mephenytoin. omeprazole. proguanil. certain 
barbiturates. diazepam. propranolol. citalopram and imipramine 

  
CYP2C8  NS   NS cytochrome P450. family 2. 

subfamily C. polypeptide 8 1558 
involved in an NADPH-dependent electron transport pathway. It oxidizes a 
variety of structurally unrelated compounds. including steroids. fatty acids. and 
xenobiotics 

  
CYP2C9  NS   NS cytochrome P450. family 2. 

subfamily C. polypeptide 9 1559 
involved in an NADPH-dependent electron transport pathway. It oxidizes a 
variety of structurally unrelated compounds. including steroids. fatty acids. and 
xenobiotics 

  
CYP2S1  NS  NS cytochrome P450. family 2. 

subfamily S. polypeptide 1 29785 potential importance for extrahepatic xenobiotic metabolis 

  
CYP3A4  NS   NS cytochrome P450. family 3. 

subfamily A. polypeptide 4 1576 
involved in an NADPH-dependent electron transport pathway. It oxidizes a 
variety of structurally unrelated compounds. including steroids. fatty acids. and 
xenobiotics 

  
DPYD  NS  NS dihydropyrimidine dehydrogenase 1806 

involved in pyrimidine base degradation. atalyzes the reduction of uracil and 
thymine. also involved the degradation of the chemotherapeutic drug 5-
fluorouracil 

  
EPHX1  NS  NS epoxide hydrolase 1. microsomal 

(xenobiotic) 2052 catalyzes the hydrolysis of arene and aliphatic epoxides to less reactive and 
more water soluble dihydrodiols by the trans addition of water 

  
FMO4  NS  NS flavin containing monooxygenase 

4 2329 involved in the oxidative metabolism of a variety of xenobiotics such as drugs 
and pesticides 

  
GGT1  NS  NS gamma-glutamyltransferase 1 2678 initiates extracellular glutathione (GSH) breakdown. provides cells with a local 

cysteine supply and contributes to maintain intracelular GSH level 

  
GSS  NS   NS glutathione synthetase 2937 catalyzes the second step of glutathione biosynthesis 

  
GSTA5  NS   NS glutathione S-transferase alpha 5 221357 conjugation of reduced glutathione to a wide number of exogenous and 

endogenous hydrophobic electrophiles 

  
GSTK1  NS   NS glutathione S-transferase kappa 1 373156 conjugation of reduced glutathione to a wide number of exogenous and 

endogenous hydrophobic electrophiles 

  
GSTM1  NS   NS glutathione S-transferase mu 1 2944 conjugation of reduced glutathione to a wide number of exogenous and 

endogenous hydrophobic electrophiles 

  
GSTT1  NS   NS glutathione S-transferase theta 1 2952 conjugation of reduced glutathione to a wide number of exogenous and 

endogenous hydrophobic electrophiles 

  
MAOB  NS  NS monoamine oxidase B 4129 catalyzes the oxidative deamination of biogenic and xenobiotic amines 

  
NAT2  NS  NS N-acetyltransferase 2 (arylamine 

N-acetyltransferase) 10 N- or O-acetylation of various arylamine and heterocyclic amine substrates 

  
NOS2  NS  NS nitric oxide synthase 2. inducible 18126 Produces nitric oxide (NO) 

  
POR  NS   NS P450 (cytochrome) oxidoreductase 5447 transfer from NADP to cytochrome P450 in microsomes 

  
SOD1  NS   NS superoxide dismutase 1. soluble 6647 responsible for destroying free superoxide radicals 

  
TYMS  NS  NS thymidylate synthetase 7298 catalyzes the methylation of deoxyuridylate to deoxythymidylate using 5.10-

methylenetetrahydrofolate (methylene-THF) as a cofactor 

  
UGT1A4  NS   NS UDP glucuronosyltransferase 1 

family. polypeptide A4 54657 
an enzyme of the glucuronidation pathway that transforms small lipophilic 
molecules. such as steroids. bilirubin. hormones. and drugs. into water-soluble. 
excretable metabolites 

  
UGT1A7  NS   NS UDP glucuronosyltransferase 1 

family. polypeptide A9 54577 
an enzyme of the glucuronidation pathway that transforms small lipophilic 
molecules. such as steroids. bilirubin. hormones. and drugs. into water-soluble. 
excretable metabolites 

  
NOX4 UND     NS NADPH oxidase 4 50507 superoxide-generating NADPH oxidase 

  
CYP4B1 UND   UND   cytochrome P450. family 4. 

subfamily B. polypeptide 1 1580 
involved in an NADPH-dependent electron transport pathway. It oxidizes a 
variety of structurally unrelated compounds. including steroids. fatty acids. and 
xenobiotics 

  
FMO3 UND   UND   flavin containing monooxygenase 

3 2328 involved in the oxidative metabolism of a variety of xenobiotics such as drugs 
and pesticides 

  
GSTM5 UND   UND   glutathione S-transferase mu 5 2949 conjugation of reduced glutathione to a wide number of exogenous and 

endogenous hydrophobic electrophiles 

  
NNMT UND   UND   nicotinamide N-methyltransferase 4837 N-methylation of nicotinamide and other pyridines 

  
XDH UND   UND   xanthine dehydrogenase 7498 involved in the oxidative metabolism of purines 

  
                

other 
           

  
HDAC1  NS  NS histone deacetylase 1 3065 

deacetylation of lysine residues on the N-terminal part of the core histones 
(H2A. H2B. H3 and H4). important role in transcriptional regulation. cell cycle 
progression and developmental events 

  
ABCC5  NS   NS ATP-binding cassette. sub-family 

C (CFTR/MRP). member 5 10057 acts as a multispecific organic anion pump which can transport nucleotide 
analogs 

  
TUBA1A  NS   NS tubulin. alpha 1a 7846 major constituent of microtubules. cytoskeleton 

  
PTGS2  NS  NS 

prostaglandin-endoperoxide 
synthase 2 (prostaglandin G/H 
synthase and cyclooxygenase) 

5743 formation of prostaglandins from arachidonate 

  
SAA1  NS  NS serum amyloid A1 6288 a major acute phase protein that is highly expressed in response to 

inflammation and tissue injury 

  
GAPDH -1.29 1.70E-

02   NS 
glyceraldehyde-3-phosphate 
dehydrogenase 
 

2597 playing a role in glycolysis and nuclear functions 

 
        

Genes significantly deregulated by CYN exposure for more than 1.5-fold are indicated by bold fond.
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