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Abstrakt

Polycyklické aromatické uhlovodiky (PAU) tvofi rozsahlou skupinu organickych sloucenin
vyskytujicich se jako polutanty ve vnéjsim ovzdusi. Kromé genotoxickych ucinkd plsobi nékteré z nich
jako kompletni karcinogeny, tzn. maji také negenotoxické a nddorové promocni vlastnosti. Ackoli jsou
ucinky mnoha individualnich PAU dobte popsdny, k expozici ¢lovéka ve vnéjsim prostredi dochazi
predevsim pusobenim komplexnich smési obsahujicich PAU a pouze nékolik malo praci se vénuje
problematice plisobeni téchto redlnych komplexnich smési.

Prvni ¢ast dizertacni prace se zabyva zménami globalni genové exprese v lidskych embryondlnich
plicnich fibroblastech po puUsobeni komplexnich smési obsahujicich PAU extrahovanych z
respirabilnich prachovych ¢astic PM, s v ovzdusi. Castice byly odebrany ve 4 lokalitach Ceské republiky
(Ostrava — Bartovice, Ostrava — Poruba, Karvind a Ttebon), které se liSi mirou i zdroji znecisténi
ovzdusi. Pro stanoveni zmén genové exprese jsme analyzovali bunky inkubované 24h se 3
subtoxickymi koncentracemi organickych extraktl castic z ovzdusi (EOM) z kazdé lokality pomoci
Cipové technologie. Pro hlubsi interpretaci dat jsme pouZili analyzu signdlnich drah s vyuZitim
databaze Kyoto Encyclopedia of Genes and Genomes (KEGG). V kazdé lokalité jsme identifikovali
deregulované signdlni dradhy a geny s nejvétsSimi prispévky. VétsSina deregulovanych drah byla
ovliviiovana v zavislosti na aktivaci arylhydrokarbonového receptoru (AhR). Nejvétsi zménu ve vsech 4
lokalitdch méla draha Metabolismus xenobiotik cytochromy P450 a gen CYP1B1, ktery nejvice
pfispival k deregulaci drahy. Analyza genové exprese prokdazala, Ze ackoli se jednotlivé lokality lisi
plvodem znecisténi ovzdusi, biologické Gcinky organickych extraktd se kvalitativné vyznamné nelisi.

Druhd cast dizertaéni prace se zaméruje na modulaéni ucinky PAU na vznik a pribéh specifického
nadorového onemocnéni prostaty. Linie androgen-senzitivnich nddorovych bunék prostaty (LNCaP)
byla pouzita pro objasnéni mechanismu prezivani bunék s poskozenou DNA a pro vysvétleni dalSich
mechanism0 vedoucich k nadorové promoci a progresi. Po inkubaci se silnymi mutageny
benzo[a]pyrenem (B[a]P) a dibenzola,l]pyrenem (DB[a,l]P) jsme pozorovali indukci cytochrom( P450,
které se ucastni metabolické aktivace PAU. Navzdory tvorbé velkého mnoZstvi DNA adukt( v burikach
LNCaP, iebyla indukovana apoptdza, zdstava bunécného cyklu, dvouretézcové zlomy ani reparace
DNA. Akumulace poskozeni DNA a neschopnost aktivace bunécné odpovédi u téchto bunék mize vést
az k rozvoji agresivnimu typu nadoru. Pro studium globalnich zmén v genové expresi bunék LNCaP
jsme vyuzili ¢ipovou analyzu genové exprese a porovnali jsme expresni profily LNCaP inkubovanych
sB[a]P a 2,3,7,8-tetrachlorodibenzo-p-dioxinem (TCDD), negenotoxickym aktivdtorem AhR. Z
vysledkl porovnani vyplyva, Ze existuje velky prekryv stejnych deregulovanych genU. Vice nez 64%
signifikantné up-regulovanych a 47% signifikantné down-regulovanych genl bylo spole¢nych po
inkubaci bunék s B[a]P i TCDD. Analyza signalnich drah ukazuje na snizeni exprese gen(l souvisejicich
s regulaci a progresi bunééného cyklu. Tyto procesy pravdépodobné souvisi s negenotoxickymi ucinky
B[a]P a vyznamnym pUlsobenim aktivovaného AhR.

Tato dizertacni prace ukazuje mozZnosti vyuZiti transkriptomiky v rlznych mechanistickych
toxikologickych studiich. Cipova analyza umoZfiuje zkoumat nejen plsobeni komplexnich smési a
jejich rozmanité ucinky, ale také odhalit detailni mechanismus pusobeni individualni slouceniny, napf.
v konkrétnim nadorovém onemocnéni a vysvétlit klicovou roli aktivace AhR pfi plisobeni PAU.
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Abstract

Polycyclic aromatic hydrocarbons (PAH) represent a large group of organic compounds occuring as
pollutants in ambient air. Besides their genotoxic effect, some of them are known to be complete
carcinogens and act via nongenotoxic and tumor promoting mechanism. Although effects of many
individual compounds are well-documented, human exposure to polycyclic aromatic hydrocarbons in
ambient air occurs through complex mixtures and only few studies describe the behavior of PAH in
real complex mixtures.

The first part of the thesis is dealing with the global gene expression changes in human embryonic
lung fibroblasts (HEL) as a consequence of the effect of complex mixtures containing PAH extracted
from the respirable airborne particles PM, 5. These particles were collected in 4 localities in the Czech
republic (Ostrava — Bartovice, Ostrava — Poruba, Karvina, Trebon) differing in the level of the air
pollution. Gene expression changes induced by three subtoxic concentrations of organic extracts
(EOM — extractable organic matter) from each locality after 24 hour incubation were examined by
microarray analysis. Pathway analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database was applied to interpret gene expression data. In each locality we identified several
deregulated signaling pathways and most contributing genes. Most of deregulated pathways were
dependent on activation of the arylhydrocarbon receptor (AhR). Among others, strongest
deregulation by EOMs from all 4 localities exhibited AhR-dependent Metabolism of xenobiotics by
cytochromes P450 and CYP1B1 as a gene with the most pronounced contribution to the pathway
deregulation. The transcriptomic data did not differ substantially among the localities, suggesting that
the air pollution originating mainly from various sources may have similar biological effect.

The second part of the thesis is focused on the effect of PAU on the specific cancer disease —
prostate cancer. We used prostatic androgen-sensitive cancer cells (LNCaP) to investigate the
mechanism of their survival with damaged DNA and further events leading to tumor promotion and
progression. After the treatment of cells by strong mutagenes, benzo[a]pyrene (B[a]P) and
dibenzo[a,l]pyrene (DB[a,l]P), induction of cytochromes P450 was observed indicating the metabolic
activation of PAH. Despite a significant amount of DNA adducts, neither apoptosis, cell-cycle arrest,
double-strand breaks nor DNA repair were induced. The accumulation of DNA damage and the
inability to activate DNA damage response may lead to the development of the aggressive cancer
phenotype. To explore global changes in gene expression in LNCaP cells, microarray analysis was
applied. We compared gene expression profiles of cells treated with B[a]P and nongenotoxic AhR
activator 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Results of the comparison showed significant
overlap of deregulated genes. Over the 64% of significantly up-regulated and 47% of significantly
down-regulated genes were similarly affected by both B[a]P and TCDD. Pathway analysis indicated
suppresed expression of genes associated with the regulation and progression of the cell cycle
suggesting a key role of activated AhR in nongenotoxic effect of B[a]P in the LNCaP cell line.

This thesis demonstrates that various applications of transcriptomics in the toxicology may be
useful for numerous mechanistic studies. Microarray analysis to helps understand effects of complex
mixtures containing many PAH as well as the detailed mechanism of action of individual compounds,
for example in specific cancer disease and explain a prominent role of AhR activation by PAH.
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ABC

AhR
AhRR
AKR
AKR1A1
AKR1C1
AKR1C4
ALDH3A1

AP-1
AR
ARE
ARNT

ATM

ATR
ATSDR

B2M
B[a]P
Bak
Bax
Bcl-2

BCL6

Bcl-XL
bHLH/PAS
Bid

BMP2
BPDE

cAMP
CCND2
cDNA
CDK2
CHK1/2
COX-2
Ct

Cy3
CYP1A1l

Regulatory proteins

ATP-binding cassette transporters
Arylhydrocarbon receptor
Arylhydrocarbon receptor repressor
Aldoketoreductases

Aldoketoreductase 1 family, member Al
Aldoketoreductase 1 family, member C1
Aldoketoreductase 1 family, member C4
Aldehyde dehydrogenase 3 family,
member Al

Activator protein 1

Androgen receptor

Antoxidant response element

Aryl hydrocarbon receptor nuclear
translocator

Ataxia telangiectasia mutated protein
kinase

Ataxia telangiectasia and Rad3 related
Agency for Toxic Substances and Disease
Registry

B2 microglobulin

Benzo[a]pyrene

Bcl-2 homologous antagonist/killer
Bcl-2—associated X protein

B-cell CLL/lymphoma 2

B-cell CLL/lymphoma 6

B-cell lymphoma-extra large
Basic-helix-loop-helix/ Per-Arnt-Sim
BH3 interacting domain death agonist
Bone morphogenetic protein 2
(+/-)-benzo[a]pyrene-7,8-diol-9,10-
expoxide

Cyclic adenosine monophosphate
Cyclin D2

Complentary DNA
Cyclin-dependent kinase 2
Checkpoint kinase 1/2
Cyclooxygenase 2

Cross threshold value

Cyanine fluorescent dye
Cytochrome P450 1A1

Regulaéni proteiny, ndzev odvozen od
migracniho vzorce (Moore a Perez,1967)
Transportni proteiny rodiny ABC
Arylhydrokarbonovy receptor

Represor arylhydrokarbonového receptoru
Rodina aldoketoreduktdz
Aldoketoreduktaza 1A1
Aldoketoreduktaza 1C1
Aldoketoreduktaza 1C4
Aldehydehydrogenaza 3A1

Aktivacni protein 1, transkrip¢ni faktor
Androgenni receptor

Vazebné misto pro antioxidanty
Jaderny prenase¢ AhR

Proteinkinaza, jejiz mutace zpUsobuje
onemocnéni Ataxia telangiectasia
Proteinkinaza spolupracujici s ATM
Agentura pro toxické Iatky a registr nemoci

B2 mikroglobulin

Benzo[a]pyren

Antagonisticky homolog Bcl-2

Protein X asociovany s Bcl 2
Anti-apoptoticky protein odvozeny od
lymfomu B bunék

Anti-apoptoticky protein odvozeny od
lymfomu B bunék

Anti-apoptoticky protein rodiny Bcl-2
Zaklad helix-smycka-helix/Per-Arnt-Sim
Pro-apoptoticky protein s BH3 doménou
Kostni morfogeneticky protein 2
(+/-)-benzo[a]pyren-7,8-diol-9,10-epoxid

Cyklicky adenosin monofosfat

Cyklin D2

Komplementarni DNA
Cyklin-dependentni kinaza 2

Kinaza kontrolniho bodu 1 a 2
Cyklooxygenaza 2

Pocet PCR cykll pti kterém fluorescence
vzorku prekroci prahovou hodnotu
Cyaninova flourescencni barva
Cytochrom P450 1A1
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CYP1A2
CYP1B1
CYP450
DB[a,l]P
DDB2

DMSO
DNA
DRE/XRE

DU-145
E-MEM
E2F1

EC SCF

EFSA
EH
EOM
ER
ERK1/2

EXO1
F-12

Fas

FBS
FEN1

FOS

FOXQ1l

GADDA45
GAPDH
GJIC

GPX3
GSH

GST
H2AX

HEL 12469
HepG2

Cytochrome P450 1A2

Cytochrome P450 1B1

Cytochrome P450

Dibenzo[a,l]pyrene

Damage-specific DNA binding protein 2

Dimethylsulfoxide

Deoxyribonucleic acid

Dioxin responsive elements/Xenobiotic
responsive elements

Prostate cancer cell line

Eagle's Minimum Essential Medium
E2F transcription factor 1

European Commission Scientific
Committees for Food

European Food Safety Authority
Epoxidhydrolase

Extractable organic matter

Estrogen Receptor

Extracellular signal-regulated kinases

Exonuclease 1
Cell culture medium
TNF receptor superfamily, member 6

Fetal bovine serum
Flap structure-specific endonuclease 1

FBJ murine osteosarcoma viral oncogene
homolog

Forkhead box Q1

Growth arrest and DNA damage proteins

Glyceraldehyde-3-phosphate
dehydrogenase
Gap junction intercellular communication

Glutathione peroxidase 3

Glutathion

Glutathion-S-transferase

H2A histone family, member X

Human embryonic lung fibroblasts
Human hepatocellular carcinoma cell line
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Cytochrom P450 1A2

Cytochrom P450 1B1

Rodina cytochrom(i P450
Dibenzo[a,l]pyren

Mala podjednotka reparac¢niho proteinu,
ktery se vaze na poskozenou DNA
Dimethylsulfoxid

Deoxyribonukleova kyselina

Vazebné misto pro dioxin/vazebné misto
pro xenobiotika

Nadorové bunky prostaty

Buné&né kultivaéni medium

Transkripcni faktor regulujici bunéény
cyklus

Védecky vybor pro potraviny Evropské unie

Evropsky Urad pro bezpecnost potravin
Epoxidhydrolaza

Extrahovatelna organickd hmota
Estrogenni receptor

Kindzy regulované mimobunécénym
signdlem (draha MAPK)

Exonukledza 1

Bunécné kultivacni medium
Transmembranovy receptor bunécéné smrti
ze skupiny TNF receptorl

Fetdlni hovézi sérum

Reparacni enzym, odstrafiuje 5" pfesahujici
konce DNA

Regulator bunécéné proliferace,
diferenciace a transformace, tvori dimer s
JUN

Protein rodiny FOX, podili se na regulaci
bunécéného cyklu, signalizaci a
tumorogenezi

Proteiny podilejici se na odpovédi na
genotoxicky Ci fyziologicky stres
Glyceraldehyd-3- fosfat dehydrogenaza

Mezibunééna komunikace
zprostfedkovana mezerovymi spoji
Glutathion peroxidaza 3

Glutathion

Glutathion-S-transferaza

Clen proteinové rodiny histon H2A
Lidské embryondlni plicni fibroblasty
Lidska jaterni nadorova linie
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HPLC/DAD
HSP90
IARC

IL-1B
JNK
JUN
LC/MS-MS
LNCaP

MAPK

MCF-7
Mcl-1

mEH
MFO
mRNA
NADPH

NaF
NE
NES
NF-kB
NKD2

NLS
NOXA

NQO1
Nrf2

p21CIP1

p27KIP1

p38

High performance liquid chromatography
with diode array detectors
Heat shock protein 90

International Agency for Research on
Cancer

Interleukin 1- B

c-Jun N-terminal kinase

Jun proto-oncogene

Liquid chromatography with tandem
mass spectrometry
Androgen-sensitive human prostate
adenocarcinoma cells
Mitogen-activated protein kinases

Breast cancer cell line (Michigan Cancer
Foundation — 7)

Myeloid cell leukemia sequence 1 (BCL2-
related)

Microsomal epoxidhydrolase

Mixed function oxidases

Messenger ribonucleic acid
Nicotinamide Adenine Dinucleotide
Phosphate

Sodium fluoride

Neuroendocrine cells
Nuclear export signal
Nuclear Factor-kB
Naked cuticle homolog 2

Nuclear localization signal

Pro-apoptotic protein (noxa = damage

in latin)

NAD(P)H:quinone oxidoreductase 1
Nuclear factor (erythroid-derived 2)-like 2

Cyclin-dependent kinase inhibitor 1A

Cyclin-dependent kinase inhibitor 1B

Mitogen-activated protein kinase 14
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Vysokouc¢inna kapalinova chromatografie s
detektorem diodového pole

Protein teplotniho Soku o velikosti 90 kDa,
chaperon

Mezindrodni agentura pro vyzkum
rakoviny

Interleukin 1- B

c-Jun N-termindlni kinaza

Reguldtor bunécné proliferace,
diferenciace a transformace, tvofi dimer s
FOS

Kapalinovd chromatografie s tandemovou
hmotnostni spektrometrii

Nadorové androgen-senzitivni buriky
prostaty

Proteinkinazy aktivované mitogenem,
reguluji bunécny vyvoj, proliferaci a
diferenciaci

Bunécna linie odvozend od nadoru prsu

Anti-apoptoticky protein rodiny Bcl-2

Mikrosomalni epoxidhydrolaza
Oxiddazy se smisenou funkci
Medidtorova ribonukleova kyselina
Nikotinamid adenin dinukleotid fosfat

Fluorid sodny, inhibitor fosfoserinovych a
fosfothreoninovych proteaz
Neuroendokrinni buriky

Jaderny exportni signal

Jaderny faktor kB, transkripc¢ni faktor
Negativni regulacni protein Wnt signalni
drahy

Jaderny lokalizacni signal
Pro-apoptoticky protein z rodiny Bcl-2

NAD(P)H:chinon oxidoreduktaza 1
Jaderny transkripcni faktor, vaze se na
geny s ARE sekvenci v promotoru
Inhibitor cyklin E-CDK2 a cyklin D-CDK4
komplexd

Inhibitor cyklin E-CDK2 a cyklin D-CDK4
komplexd
Protein rodiny MAP kinaz
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p53
p53AIP
p73
PAH
PBS
PC-3
PCA
PCB
PCDD
PCDF
PEF
PI3K
PIDD
PKC
PM;s
PMSF
POR
pRb
PTEN

PUMA
PVDF

gPCR

RNA
RPMI 1640

ROS
SDHA

SDS
SMAD3
SRM1469a

SULT
TBXAS1

Tumor protein p53

53-regulated apoptosis-inducing protein
1
Tumor protein p73

Polycyclic aromatic hydrocarbons
Phosphate buffered saline
Prostate cancer cell line

Principal component analysis
Polychlorinated biphenyls
Polychlorinated dibenzo-p-dioxins
Polychlorinated dibenzofurans
Potency Equivalency Factor
Phosphoinositide-3-kinase, catalytic,
alpha polypeptide

p53-induced death domain protein

Proteinkinase C
Particulate Matter (size < 2.5 pm)
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Uvod

1 UvoD

Znetisténé ovzdusi predstavuje v Ceské republice i celosvétové zavainy problém. Epidemiologické
studie jiz nékolik desetileti prokazuji, Ze expozice vzdusnym polutantlim, které jsou emitovany do
atmosféry, ma kratkodoby i dlouhodoby vliv na zdravi lidi. S rostouci mirou znecisténi ovzdusi se stava
prioritni vyzkum zamérujici se nejen na plivod a sloZeni vzdusnych polutantd, ale také na jejich ucinek
na lidské zdravi. Studium toxickych ucink(i ovzdusi zaznamenalo v nedavné dobé velky pokrok diky
novym pristupdm zohlednujicim komplexni plsobeni smési polutantl a diky modernim technologiim

kombinujicim toxikologické a molekularné biologické metody.

1.1 VZDUSNE POLUTANTY

Kontaminanty uvolnujici se do ovzdusi tvofi komplexni smés skladajici se ze stovek rdznych
anorganickych a organickych latek. Mezi né patfi napf. oxid uhelnaty (CO), oxid sificity (SO,), oxidy
dusiku, tékavé organické slouceniny, ozon (0O;), perzistentni organické polutanty, jako napft.
polycyklické aromatické uhlovodiky (PAU), polychlorované dibenzo-p-dioxiny a dibenzofurany (PCDD,
PCDF), polychlorované bifenyly (PCB), dédle tézké kovy a respirabilni malé ¢astice (Han and Naeher,
2006). Hlavnimi zdroji tohoto znecisténi je spalovani fosilnich paliv vyuZivané zejména pro vyrobu
energie a dopravu, ¢ast polutantl vSak vznika i z pfirodnich zdroju, jako jsou poZary a vulkany (Kampa
and Castanas, 2008).

Aerosolové ¢astice jsou kapalné nebo tuhé ¢astice rozptylené v ovzdusi a v sou¢asné dobé se radi
mezi hlavni problémy kvality ovzdusi. Jsou vyznamnym rizikovym faktorem s mnohocetnym vlivem na
lidské zdravi. Velikost a sloZeni ¢dstic jsou ovlivnény zdrojem, ze kterého castice pochazi, distribuce
v ovzdusi pak zavisi na lokalité a meteorologickych podminkach (Poschl, 2005). Prachové castice vidy
tvori smés latek s rGznymi ucinky, které zavisi na jejich velikosti, tvaru a chemickém sloZeni. Zdravotni
riziko predstavuji slouceniny, které jsou adsorbovany na povrchu prachovych c¢astic (tézké kovy,
organické slouceniny, material biologického plvodu, ionty, reaktivni plyny aj.) i samotné uhlikové
jadro. Prachové castice jsou emitovany spalovacimi procesy ve staciondrnich zdrojich (primysl,
pohonné hmoty a biopaliva, spalovny odpad aj.), ale také prirodnimi zdroji. Podle velikosti se ¢astice

déli na hrubé (> 1 um), jemné (< 1 um) a ultrajemné (< 0.1 um; Kampa and Castanas, 2008).
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Velikost ¢astic je rozhodujici pro prlinik a ukladani v dychacim traktu. Vétsi ¢astice jsou zachyceny v
hornich partiich dychaciho Ustroji, odkud jsou ¢astecné vykaslany a ¢astecné spolknuty. S ohledem na
zdravotni rizika jsou vsak dulezitéjsi malé castice do velikosti 2.5 um (PM,s). Tyto Castice jsou
vyznamné vzhledem ke své malé velikosti a schopnosti priniku do lidského organismu respiracni
cestou do dolnich cest dychacich. Z hlediska retence (ukladani ¢astic aerosolu v plicich) jsou castice
al., 2004).

Vysoké koncentrace PM, s mohou mit negativni akutni i chronicky vliv na lidské zdravi. V poslednich
desetiletich je prokazovdn vliv prachovych castic PM,s na zvySeni Umrtnosti, poctu nadorovych
onemocnéni i kardiovaskuldrnich onemocnéni, jako je aterosklerdza a hypertenze (Sram et al., 1996).

Genotoxické ucinky jemnych prachovych ¢astic jsou nejcastéji spojovany s latkami vazanymi na
jejich povrchu anebo s ¢asticemi samotnymi (Lewtas, 2007). Mezi témito latkami maji nejvétsi vyznam
z hlediska genotoxicity karcinogenni polycyklické aromatické uhlovodiky (PAU) a jejich derivaty tvorici
organickou frakci PM,s (Binkova and Sram, 2004; Binkova et al., 1999; Topinka et al., 2011).
Komplexni smés organickych polutantl vsak obsahuje i mnoho latek, které maji negenotoxické ucinky

(Andrysik et al., 2011; Upham et al., 2008).

1.2 POLYCYKLICKE AROMATICKE UHLOVODIKY (PAU)

PAU jsou velkou skupinou stabilnich organickych slou¢enin, obsahujicich dvé a vice kondenzovanych
benzenovych jader. PAU maji strukturu a uUcinky podobné heterocyklickym aromatickym
uhlovodikim, které maji zabudovany jeden nebo vice atom( kysliku, dusiku nebo siry v aromatickych
kruzich. Existuji také rGzné halogen-, amino-, sulfo-, nitro- a hydroxyderivaty, dale rGzné formy
karbonylovych a karboxylovych derivat( a chinony. Jsou velmi malo rozpustné ve vodé, ale snadno se
rozpousteji v tucich a olejich, metabolismus PAU a jejich derivatQ zavisi na polarité a lipofilité
jednotlivych sloucenin. PAU vznikaji nedokonalym spalovanim nebo pyrolyzou organického materidlu.
V atmosfére za normalni teploty jsou nizkomolekularni PAU se dvéma az tfemi aromatickymi kruhy ve
formé plynné, zatimco PAU svys$si molekulovou hmotnosti se nachazi v kondenzované formé
navazané na prachovych c¢asticich; vétSinou také tvori komplexni smési mnoha sloucenin (Ravindra et

al., 2008). PAU navazané na prachové Castice mohou prochazet rlznymi chemickymi
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a fotochemickymi transformacemi. Dochdzi k interakcim s ostatnimi polutanty SO,, NO,,
fotochemickym reakcim s kyslikem a reakcim se sekundarnimi vzdusnymi polutanty vzniklymi
fotolyzou, jako napf. s ozénem, peroxyacetylnitrdtem a hydroxylovymi a peroxylovymi radikaly
(Harvey, 1991). PAU se dale vyskytuji ve vodé, vodnich sedimentech a v pidé (ATSDR, 1995).

PAU pusobi v Zivotnim prostfedi jako kontaminanty s negativnimi Uc¢inky na ¢lovéka. Pfestoze PAU
mohou pochazet i z pfirodnich zdroju, jako jsou lesni pozary nebo vulkanicka ¢innost, rozhodujicim
faktorem pro zvysené hladiny PAU v Zivotnim prosttedi jsou antropogenni zdroje, zejména lokalni
topenisté, silni¢ni doprava, pramyslova vyroba, spalovani fosilnich paliv a spalovani odpadu (Bostrom

et al., 2002).

1.2.1 Expozice ¢lovéka

Clovék je exponovan PAU tfemi hlavnimi cestami:

. vdechovanim kontaminovaného ovzdusi dychacim Udstrojim.

Zdroje kontaminace ve vnéjSim prostredi jsou jiz zminénd lokalni topenisté, silnicni doprava a
pramyslova vyroba. Pro expozici ve vnitfnim prostfedi ma vyznam hlavné koureni, topeni difevem,
uhlim nebo plynem a oteviend topenisté pfti pfipravé pokrma. Zasadnim rizikem je aktivni koureni, ale
i pasivni vdechovani cigaretového koure vyznamné pfispiva k celkové expozici PAU (Bostrom et al.,
2002).

. tradvicim traktem pfijmem kontaminované vody nebo potravy.

Potrava tvori hlavni pfijem PAU pro clovéka. Skupiny potravin, které predstavuji pro clovéka
nejvétsi riziko, jsou ceredlie, rostlinné oleje a tuky a zelenina. Rostliny akumuluji na povrchu svych
listl prachové castice s navazanymi PAU, zachycuiji je z plidy nebo vytvari endogennimi procesy. Dale
je to konzumace ovoce, zeleniny, rybiho masa, mléka a masa upraveného uzenim a grilovdnim na
otevieném ohni (EFSA, 2008; Phillips, 1999).

. pokozkou.

K dermalnimu kontaktu a penetraci dochazi vétsSinou pti profesionalni expozici (EHC, 1998).

Nepriznivy vliv PAU byl popsan také pfi lécbé koznich onemocnéni (pemphigus vulgaris, xeroderma

pigmentosum) 1% roztokem benzo[a]pyrenu (ATSDR, 1995).
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1.2.2 Jednoduché a komplexni smési

Toxicita individualnich chemickych sloucenin je dobfe popsana v mnoha studiich, avsak existuje
malo dat o plsobeni smési riznych chemickych sloucenin, ackoliv ¢lovék ve vnéjsSim i vnitfnim
prostiedi je vidy exponovan sloZitou smési latek. Redlna expozice vzdusnym polutantiim predstavuje
pUsobeni komplexnich smési, které obsahuji latky z fady rlznych zdroji a mnoha fotochemickych
procesll probihajicich v atmosfére. Kromé plynnych latek se v atmosfére v zavislosti na zdrojich a
meteorologickych podminkach nachdzeji i prachové castice, smési pevnych a kapalnych slozek v
raznych velikostech, koncentracich a chemickém slozeni (Feron and Groten, 2002).

Chemické smési mohou byt jednoduché (10 latek a méné), u kterych je znadmé kvalitativni i
kvantitativni sloZeni. Komplexni smési pak obsahuji desitky az tisice chemikalii a presné kvalitativni a
kvantitativni sloZeni neni zndmo (Feron et al., 1998).

Pro studium toxicity a stanoveni zdravotniho rizika je nutné znat mechanismus pUlsobeni a
vzajemnych interakci individualnich slouéenin. Existuji tfi zakladni typy uc¢inkd smési:

. aditivni plGsobeni podobnych sloucenin — slouceniny s podobnym mechanismem
plUsobeni se vzajemné neovliviiuji a ve smési nedochazi k interakcim; vysledny ucinek smési je
dany souctem ucink( individudlnich sloucenin

. aditivni plsobeni odlisnych sloucenin — stejné jako aditivni plsobeni podobnych
sloucenin, ale slouceniny maji odliSny mechanismus pUsobeni, vzajemné se neovliviiuji

. interakce — predpokladaji se interakce individualnich sloucenin, vysledny uc¢inek smési
je slabsi (antagonismus) nebo silngjsi (synergismus) nez uc¢inek smési individuanich sloucenin
(Feron and Groten, 2002).

Pro stanoveni toxickych tGc¢ink( podobnych sloucenin stejné tridy se pouziva TEF (Toxic Equivalency
Factor). Tento matematicky model vyjadfuje napf. pro jednotlivé PAU relativni karcinogenni potencial
vicéi karcinogennimu potencidlu referencni slouceniny — benzo[a]pyren (B[a]P). Koncept TEF
predpoklada, Ze referencni sloucenina je dobrfe charakterizovand ve svych ucincich a ostatni
slouceniny stejné tfidy maji podobné toxické ucinky, které jsou ve smési aditivni. Hodnota TEF neni
pfesna, protoZe pracuje pouze s experimentalnimi daty, které jsou k dispozici a lisi se v zavislosti na
davce (Nisbet and LaGoy, 1992). Dalsi ukazatel karcinogennich ucinkd PAU, PEF (Potency Equivalency

Factor), zahrnuje navic data testovani karcinogenity na zvifecich modelech (Collins et al., 1998).
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Vhodnost pouziti B[a]P jako referencni slouceniny pro venkovni vzdusné polutanty je otazkou,
protoze slozeni smési je velmi odlisSné, napf. v dieselovych emisich se B[a]P nachdzi v minoritni
koncentraci oproti majoritnimu vyskytu v prlimyslovych emisich. Stanoveni TEF je také sporné,
protoze neuvazuje interakce mezi jednotlivymi slouéeninami. Ve smési se nachazi PAU
s genotoxickymi i negenotoxickymi ucinky, které se svymi ucinky mohou navzajem ovliviiovat a mize
dojit k synergistickému ¢i antagonistickému ucinku oproti ocekavanému aditivnimu. Nap¥. aktivace
arylhydrokarbonového receptoru (AhR) negenotoxickymi PAU vede kindukci biotransformacnich
enzym, které aktivuji genotoxické PAU a tim zvysuji karcinogenni potencial (Bostrom et al., 2002).
Byl popsan i opacny efekt, kdy vysledny Gcinek smési byl spiSe antagonisticky v disledku kompetitivni
inhibice enzym aktivujicich PAU na reaktivni metabolity (White, 2002). Karcinogenni potencial také

zavisi na cilové tkani expozice (Bostrom et al., 2002).

1.2.3 Toxické ucinky PAU

PAU maji fadu riznych toxickych ucinkd na Zivé organismy. Mechanismus toxicity zahrnuje interakci
s funkci bunééné membrany a s enzymovym systémem, ktery je pfitomny na membrané (Sikkema et
al., 1995). PAU jsou distribuovany témér do vSech orgadni nezavisle na cesté vstupu, zvlasté do organ(
bohatych na tukovou tkan.

Nezavisle na zplUsobu expozice, jatra predstavuji hlavni organ, kde probiha biotransformace PAU a
jejich  vyluéovani (Bostrém et al, 2002). Velka cast organickych latek absorbovana
v gastrointestinalnim traktu je eliminovdna jatry jesté pred tim, neZ se dostanou do obéhového
systému. Metabolity se z jater dostavaji do Zluci aktivnim transportem v zavislosti na molekulové
hmotnosti, naboji a jeho distribuci; slouceniny o nizsi molekulové hmotnosti a mensi polarité jsou
vylucovany spiSe ledvinami (Williams, 2000).

Hlavni cestou vstfebdvani vzdusnych polutantl je plicni bronchoalveolarni epithelium (plicni
sklipky). PAU vazané na prachovych casticich jsou zde desorbovany a prechazi do krve. Rychlost
vstrebani zavisi na lipofilité; ¢im vice je PAU lipofilni, tim pomaleji se dostava do krve. Vysoce lipofilni
latky, jako napf. B[a]P, se vstiebavaji do krve velmi pomalu a plicni epitelidlni burniky jsou exponovany
velmi vysokymi davkami. Zde probihda metabolickd pfeména na latky, které mohou byt reaktivnéjsi a

stdle vysoce lipofilni. Méné lipofilni latky lépe difunduji do krve, dochazi ke snizeni lokalni
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koncentrace a jsou transportovany do ostatnich organd. PFi nizkych expozicich PAU je tvorba
reaktivnich meziproduktl v plicich dominantni, zatimco pfi vysokych davkach jsou reaktivni
metabolity tvoreny hlavné v jatrech (Bostrom et al., 2002).

Toxické ucinky PAU zdavisi na délce expozice, mistu vstupu i strukture. PAU maji stfedni az nizkou
akutni i stfednédobou toxicitu u lidi. Antracen, benzo[a]pyren a naftalen jsou primdarnimi koZnimi
iritanty, antracen a benzo[a]pyren také zvysuji hypersenzitivitu (EHC, 1998).

Fototoxické Ucinky PAU se projevuji na kontaminované klzi exponované slunec¢nimu zafeni. PAU
mohou prochazet chemickymi reakcemi a tvofit reaktivni formy kysliku (ROS) a reaktivni
meziprodukty, které oxiduji makromolekuly. Dalsi mechanismus je tvorba fotoproduktl béhem
fotolyzy (IARC, 2010).

Reprodukcni a vyvojova toxicita zahrnuje schopnost PAU prochazet castecné pres placentarni
bariéru. DNA adukty (kovalentni slou¢eniny metabolitll PAU s nukleotidy DNA) byly nalezeny v tkani
placenty i plodu, vyznamné vyssi byly u kuracek a Zen Zijicich ve znecisténém prostredi. Mnoho studii
prokazuje nitrodélozni rlstovou retardaci plodu, snizenou délku gestace a snizenou porodni
hmotnost u déti. Expozice PAU ma vliv i na plodnost muz(i (EC, 2002; IARC, 2010)

Existuji genotoxické i negenotoxické mechanismy, kterymi PAU a jejich metabolity moduluji
signalizaci imunitnich bunék (IARC, 2010). Porucha této signalizace se projevuje jako imunosuprese,
ktera je spojena snarlistem citlivosti krozvoji infekénich a ndadorovych onemocnéni, nebo
imunopotenciace, ktera vede ke zvysené tvorbé zanétlivych cytokind a tim i zanétu. Tyto Ucinky pak
mohou podpofit tvorbu nadorl, hypersenzitivitu (alergie, kontaktni hypersenzitivita) nebo
autoimunitni poruchy (EC, 2002).

Karcinogenita individualnich PAU i jejich smési je studovana a popsana hlavné na experimentalnich
zvitecich modelech. U lidi se predpokladaji potencialni karcinogenni ucinky, které jiz byly prokazany
na zviratech. PrestoZe data o prfimém plsobeni PAU u lidi jsou pouze omezend, mnoho studii se
zabyva vztahem environmentalni expozice PAU a vyskytu rakoviny (EHC, 1998).

Karcinogenni ucinek PAU se lisi u jednotlivych sloucenin. Vétsina PAU funguje jako promutagen,
resp. prokarcinogen; pro rozvoj mutagennich a karcinogennich vlastnosti je nutna jejich metabolicka
aktivace. Bioaktivaci vznikaji z malo reaktivnich sloucenin (proximalni karcinogeny) velmi reaktivni
elektrofilni metabolity (ultimativni karcinogeny), které jsou schopné interagovat s bunécnymi
makromolekulami a vytvaret perzistentni adukty s proteiny a zejména s nukleovymi kyselinami.

Béhem metabolické aktivace PAU muze dochazet také k oxidaénimu stresu a nasledné k oxidacnimu
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poskozeni DNA. Vyznam jednotlivych pfispévkl kaZzdého mechanismu zdleZi na chemickych a
biologickych vlastnostech jednotlivych slouéenin, druhu organismu, Urovni exprese aktivacnich
enzymd{, apod. (Xue and Warshawsky, 2005).

Kromé genotoxickych ucink( vykazuji PAU také ucinky negenotoxické, které maji promocni Gcinek
na tvorbu nadord. Nékteré PAU pusobi jako kompletni karcinogeny, tzn. maji inicia¢ni i promoc¢ni
ucinek na bunku a jsou schopné indukovat tvorbu nadoru. Jiné PAU samy o sobé nevedou ke tvorbé
nadord — mohou byt vysoce mutagenni, ale vzhledem k absenci promocnich Gcinkl nejsou
karcinogenni a nebo mohou mit pouze promocni Ucinky bez iniciacni aktivity. Stanoveni mutagennich
ucinkl dané sloudeniny odrazi schopnost iniciace karcinogeneze, zatimco promocni aktivita
slouceniny je dana schopnosti vazby na AhR (Sjogren et al., 1996).

Mezindrodni agentura pro vyzkum rakoviny (IARC) fadi 7 slouc¢enin PAU mezi karcinogeny (Tab.1).

Tab. 1: Lidské karcinogenni PAU (IARC, 2010)

Struktura PAU Nazev Klasifikace

benzo[a]pyren 1 - prokazany karcinogen

dibenzo[a,h]anthracen 2A - pravdépodobny lidsky

karcinogen
benzo[a]anthracen 2B - mozny lidsky karcinogen
benzo[blfluoranthen 2B - mozny lidsky karcinogen
benzo[k]fluoranthen 2B - mozny lidsky karcinogen
chrysen 2B - mozny lidsky karcinogen
indeno[1,2,3-c,d]pyren 2B - mozny lidsky karcinogen
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1.2.4 Metabolicka aktivace a genotoxické ucinky PAU

Biotransformace je enzymatickd modifikace lipofilnich xenobiotik na latky vice rozpustné ve vodé,
které mohou byt Iépe vylouceny z téla. V prvni fazi biotransformace probihaji hydrolyzaéni, redukéni a
oxidac¢ni reakce, vysledkem je vnaseni polarnéjsich skupin do molekuly xenobiotika (—OH, —NH,, — SH
nebo —COOH) a zvySeni jejich rozpustnosti ve vodé. Druhd faze biotransformace zahrnuje
glukuronidaci, sulfataci, acetylaci, metylaci, konjugaci s glutathionem (GSH) a konjugaci s
aminokyselinami (glycin, taurin a kyselina glutamova). Kofaktory téchto reakci reaguji s funkénimi
skupinami, které jsou pfitomné na xenobiotiku nebo vznikaji b&éhem prvni faze biotransformace.
Reakce druhé faze velmi pfispivaji ke zvySeni rozpustnosti xenobiotik ve vodé a umoZiuji jejich
vylouceni z organismu (Parkinson, 2001).

Zvyseni polarity PAU v prvni fazi biotransformace vede k bioaktivaci (tvorbé reaktivnéjsich

metabolitl, neZ je plvodni slouc¢enina) a je pfi¢inou genotoxickych ucink( PAU.

1.2.4.1 Tvorba dihydrodiolepoxidi

Jednou z cest metabolické aktivace PAU je tvorba dihydrodiolepoxidi, kde maji klicovou ulohu
CYP450 (cytochromy P450). V prvnim kroku reakce této metabolické drahy jsou PAU oxidovany
CYP450 na nestabilni epoxidové meziprodukty. Nasleduje hydrolyza katalyzovana EH
(epoxidhydrolaza) a nakonec jsou tyto meziprodukty opét oxidovany CYP450 na diolepoxidy, které
jsou vysoce DNA reaktivni (Xue and Warshawsky, 2005). Tato draha je podrobné popsana na prikladu
modelového mutagenu a karcinogenu benzo[a]pyrenu. CYP450 oxiduji B[a]P na (+)-B[a]P-7,8-oxid a (—
)-B[a]P-7,8-oxid s pfednostni tvorbou (+) enantiomeru. EH hydrolyzuje oxidy na (+)- a (-)-B[a]P-7,8-
dioly a ty jsou nakonec aktivovany pomoci CYP450 na vysoce reaktivni (+)- a (-)-B[a]P-7,8-diol-9,10-
epoxidy-1 a -2 (Obr. 1; (Shimada and Fujii-Kuriyama, 2004).
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Obr. 1 Metabolicka aktivace B[a]P (upraveno podle Shimada and Fujii-Kuriyama, 2004)

Schopnost dihydrodiolepoxidl vazat se na DNA a vytvaret DNA adukty souvisi s pfitomnosti tzv.
,bay region” nebo ,fijord region” ve strukture molekuly (Obr. 2). Reaktivni metabolity s
navazanou epoxidovou skupinou sousedici s touto oblasti maji silnéjsi genotoxické ucinky, nebot se
ochotnéji vazou na DNA. Dlivodem vysoké DNA reaktivity je sféricky obtizny pfistup enzymG druhé
faze biotransformace, ktery zabranuje konjugaci s polarni skupinou a detoxifikaci metabolitu (Baird et
al., 2005). Mira persistence navazaného DNA aduktu a tvorba mutaci souvisi také s konformaci aduktu

v molekule DNA a se schopnosti reparacnich enzym( nalézt a opravit lIézi v DNA (Wu et al., 2002).
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Oblast Oblast
»bay-like”

Y

Vzrustajici karcinogenita odpovidajicich diolepoxidu

Obr. 2. Pfitomnost oblasti ,bay” , , bay-like” a ,fjord” zvySuje karcinogenni ucinky PAU (upraveno

podle Penning, 2004)

Mezi enzymy katalyzujici derivatizacni reakce xenobiotik patfi jednak enzymy mikrosomalni frakce
(subcelularni systém ziskany destrukci endoplasmatického retikula pfi homogenizaci bunék) a také
cytosolu (roztok cytoplazmy a izola¢niho pufru). Klicovym enzymovym systémem |[. faze
biotransformace je mikrosomalni systém monooxygendz se smiSenou funkci (MFO) obsahujici
cytochromy P450 (Stiborova et al., 2004).

Cytochromy P450 je skupina hem-thiolatovych monooxygendz participujicich nejen na aktivaci PAU
a dalSich cizorodych latek, ale kontrolujicich také metabolismus endogennich latek, napt. kyseliny
arachidonové, eicosanoidl, cholesterolu a Zlucovych kyselin, syntézu a metabolismus steroid( a
vitaminu D3, hydroxylaci kyseliny retinové a mnoho dalSich proces(i. Mechanismus indukce exprese
CYP450 rodiny 1 po expozici PAU probiha pres aktivaci AhR (Nebert and Dalton, 2006). Exprese
lidskych CYP1A1, CYP1A2 a CYP1B1 je tkanové specifickd, CYP1A2 je prfednostné exprimovan v jatrech,
zatimco CYP1A1l a CYP1B1 jsou predevsim extrahepatalni enzymy. Na metabolické aktivaci PAU se
nejvyznamnéji podileji CYP1A1l a zejména CYP1B1, ktery je vtvorbé toxickych a karcinogennich

metabolitd PAU Uc¢innéjsi (Shimada, 2006).

1.2.4.2 Tvorba o-chinon( a ROS

Alternativni metabolicka drdha PAU (Obr.3) spociva v aktivaci aldoketoreduktaz AKR1A1 a AKR1C1-
1C4, které v pfipadé B[a]P oxiduji (-)B[a]P-7,8-dihydrodiol vznikly po reakcich s CYP450 a
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epoxidhydroldzou na pfislusny ketol, ktery prechdzi na katechol. Katecholy jsou nestabilni v
pritomnosti kysliku a podstupuji dals$i neenzymatickou jednoelektronovou oxidaci, pti které vznika o-
semichinonovy aniontovy radikdl a peroxid vodiku. Druhou jednoelektronovou oxidaci vznika plné
oxidovany o-chinon a superoxidovy anion. O-chinony jsou schopné vstupovat do dalSich redoxnich
cykll. Dvouelektronovou redukci v pritomnosti NQO1 (NADPH-chinonoxidoreduktdza) nebo dvéma
jednoelektronovymi redukcemi v pritomnosti POR (NADPH cytochrom P450 reduktaza) se
znovuvytvari katechol, ktery se opét rozpada na o-chinon a opakované se tvofi ROS, které vyvolavaji
oxidacni poskozeni DNA vedouci k mutacim (Flowers-Geary et al., 1992; Park et al., 2005; Penning et
al., 1999; Penning et al., 1996). Vzniklé o-chinony jsou velmi reaktivni a vytvafi rGzné stabilni a

depurinacni DNA adukty (McCoull et al., 1999; Shou et al., 1993).

QK

PAU
: CYP1/Epoxidhydrolasa
v
@i( Dihydrodioldehydrogenasa /Qi konjugace
: HO
HO™ Y bR OH
katechol

OH
dihydrodiol

02 -
l CYP1 lex (

HyO0» — oxidacni poskozeni DNA

HO"" ( €0 (
OH o

dihydrodiolepoxid o-semichinonov{/ radikal

Ji(oz —e oxndacnl poskozeni
DNA adukty nebo konjugace /Qi( T ——

o-chinon PAU

Fig. 3. Metabolickd aktivace PAU pomoci aldoketoreduktdz (upraveno podle Burczynski and

Penning, 2000).
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1.2.4.3 Tvorba kationtovych radikalt

Za urcitych podminek dochdzi v molekule PAU k jednoelektronové oxidaci a vzniku kationtového
radikalu (Obr. 4), velmi silného elektrofilu, ktery reaguje s nukleofilnimi centry DNA a tvofi DNA
adukty. Tyto adukty jsou nestabilni, dochazi ke spontanni depurinaci a vzniku apurinnich mist na DNA
(Xue and Warshawsky, 2005). Na formaci radikdlovych kationtl se podileji cytosolarni
monooxygendzy a peroxidazy, které oxiduji PAU s nizkymi ioniza¢nimi potencidly (Cavalieri and
Rogan, 1990). Vtéto reakci se uplatiuji zejména extrahepatalni enzymy, jako napf. COX-2

(cyklooxygenaza 2; Eling et al., 1990).

(] (1]
Peroxidasa
)=
chemicka/elektrochemicka

oxidace

oxidant

O‘O reduktant

B[a]P kation radikal
s nabojem lokalizovanym na C6

Obr. 4. Jednoelektronova oxidace PAU a vznik kationtového radikdlu (upraveno podle Xue and

Warshawsky, 2005)

1.2.4.4 Detoxikace

Oxidované metabolity PAU prvni faze biotransformace jsou dale metabolizovany na polarnéjsi

slouceniny enzymy Il. faze. Vysledné produkty jsou vétsSinou vice rozpustné ve vodé a mohou byt
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vylouéeny zorganismu. Enzymy podilejici se na této fazi je napf. mEH (mikrosomalni
epoxidhydroldza), kterd hydrolyzuje oxidované meziprodukty PAU. Ackoli mEH je detoxikacni enzym,
podili se také na tvorbé reaktivnich diolepoxidd. GST (glutathion-S-transferaza) a UGT (UDP-
glukuronosyltransferaza) tvofi konjugaty s glutathionem, resp. s glukdzou, které jsou vétSinou méné
toxické nez plvodni sloucenina. SULT (sulfotransferaza) katalyzuje konjugaci s aktivovanym sulfatem,

ale mlze také tvofit vysoce reaktivni estery, které se vazou na DNA (Shimada, 2006).

1.3 MECHANISMUS KARCINOGENEZE

Karcinogeneze je nékolikastupriovy proces, pfi kterém dochazi k mutacim v klicovych genech
bunécéného ristu a diferenciace (protoonkogeny, tumor supresorové geny, geny zahrnuté v DNA
reparaci a apoptdze, aj.) a nasledné maligni transformaci bunék (Vogelstein and Kinzler, 2004). Pfi
vzniku nadord maji vyznamnou roli fyzikalni faktory (radioaktivni, UV, kosmické a Rentgenovo zareni,
dale nékteré typy jemnych castic, atd), biologické faktory (onkoviry, dédi¢né predispozice) a chemické
karcinogeny (Obr. 5). Podle ucink( lze chemické karcinogeny délit na genotoxické, epigenetické a
negenotoxické. Genotoxické karcinogeny se mohou déle délit podle mechanismu plsobeni na DNA
reaktivni (zplsobuji mutace) a genotoxiny nereagujici s DNA (napf. inhibitory topoisomeraz nebo
mitotického vreténka; Bolt et al.,, 2004). Epigenetické zmény na chromatinu zplsobené druhym
typem karcinogenl jsou reverzibilni (metylace DNA, acetylace histon(l) a mohou vést ke zvysené
citlivosti ke vzniku mutaci nebo ke zméné genové exprese (Dixon and Kopras, 2004). Negenotoxické
karcinogeny nereaguji s DNA, jejich ucinek na bunku mulze byt cytotoxicky nebo mitogenni
(Butterworth and Bogdanffy, 1999).

Prvni faze slozitého procesu chemické karcinogeneze je iniciace, kdy plsobenim genotoxickych
latek dochdzi k poskozeni DNA v burikach. Cést téchto poskozeni, kterd nejsou opravena reparaénim
systémem burky, mohou byt v procesu bunécného déleni fixovana jako irreverzibilni mutace. Pokud
nejsou takto iniciované bunky odstranény imunitnim systémem, pretrvavaji v organismu, je
inhibovana terminalni diferenciace, symetrickym délenim jsou mutace fixovany a vytvari se dalsi
iniciované bunky. V nasledujici promocni fazi prochazi iniciované bunky klonalni expanzi, ktera se
projevuje mohutnou tvorbou stejnych klonl nediferenciovanych bunék. Vznikaji preneoplastické léze

nebo benigni neoplasie. Klicovymi faktory promocni faze jsou predevsim epigenetické mechanismy,
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které zpUsobuji reverzibilni zmény na transkrip¢ni, transla¢ni a post-translacni Urovni jako napfr.
indukci genové exprese aktivaci transkripcnich faktord AP-1 a NF-kB, aktivaci proteinkinazy C, indukci
proliferace a diferenciace, blokaci apoptdzy a reverzibilni inhibici GJIC (Oliveira et al., 2007; Trosko,
2001; Trosko, 2003; Trosko and Upham, 2005). V této fazi se také uplatriuje oxidacni stres zplsobeny
tvorbou reaktivnich forem kysliku. Kromé mutagennich ucinkd muzZe oxidaéni stres modulovat
redoxni potencial buriky a modifikovat genovou expresi (Klaunig et al.,, 2011). V posledni fazi
karcinogeneze (progrese) je dokonéena maligni transformace bunék. Plsobenim progresor( (latky
s genotoxickymi ucinky) dochdzi k rozsahlejSimu irreverzibilnimu poSkozeni DNA. Bunécna proliferace
se stdvd nekontrolovatelnou, vytvari se vlastni cévni zdsobeni nddorovych bunék (angiogeneze) a

maligni burky infiltruji do jinych organd, kde vznikaji metastazy (Oliveira et al., 2007).

Multistep Carcinogenesis
+ Defects in terminal diffarantiation
» Defects in growth control
— Chemical - Bady * Resistance to cytotoxicity
: “\ surface » Defects in programmed cell death
>\“\ J
Deactivation ™ Excration
Selective
Genetic clona Genatic r-'—“ Genetic
= A-“ti'.p!arim change — expansion change [ change
g cl - N _ _ / _
5 / \\\‘ i ) i
o l,-' \
\,_Nudleus )
+= Inhibifion
Marmal cell b
Virus
Initiatad call Frenaoplastic Malignant Clinical ancer
lesion tumar GANGET melastasis
+ Ativation of protooncogenes
+ Inactivation of tumor-suppressor genes
+ |nactivation of genomic stability genes

Obr. 5. Faze karcinogeneze (prevzato z Kufe, 2006)
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1.3.1 Odpovéd burnky na genotoxické ucinky PAU

V primarni struktufe DNA dochazi plsobenim genotoxickych latek k tvorbé kovalentnich vazeb mezi
metabolity PAU a nukleotidy DNA, které mohou vést k rliznym typim mutaci (inzerce nukleotidu, tj.
zarazeni jednoho ¢i vice nukleotid(, delece nukleotidu, tj. ztrata jednoho ¢i vice nukleotidd nebo
substituce baze) nebo k chromozomdlnim aberacim (zména struktury nebo poc¢tu chromozomu)
(Clancy, 2008).

Organismus reaguje na poskozeni DNA komplexnim systémem odpovédi, ktery zahrnuje aktivaci
kontrolnich bodl zprostfedkovavajicich zastavu bunécného cyklu, transkripéni zmény, aktivaci
opravnych mechanism( a iniciaci apoptdzy v pfipadé neopravitelnych poskozeni.

Kontrolni body (DNA damage checkpoints) jsou aktivovany pfi posSkozeni DNA nebo pfi chybné
replikaci, aby zabranily bunce pfi pfechodu do dalsi faze bunééného cyklu a umoznily opravu DNA.
Aktivace kontrolnich bodl je spojend se zvySenou expresi genl spojenych sopravou DNA a
apoptdzou. BEéhem bunécného cyklu probihd neustala intenzivni kontrola v mistech prechodu G1 a
Sfaze, v pribéhu Sfaze a v misté prechodu G2 a M faze. Pokud je zjiSténa zvySena frekvence
poskozeni DNA, dochazi k zesileni signalu a spusténi bunécné odpovédi.

Pro G1/S, S a G2/M kontrolni body jsou spolecné kli¢ové protein kindzy ATM (ataxia telangiectesia
mutated) a ATR (AMT- and Rad3- related) a jejich efektorové kindazy Chk2 (check-point kinaza 2), resp.
Chk1 (check-point kindza 1). ATM kinaza je prednostné stimulovana latkami, které zpuUsobuji vznik
dvouretézovych zlom( (napt. ionizujici zareni, PAU), zatimco ATR kinaza rozeznava jednoretézcové
zlomy (UV zéafeni, PAU; Sancar et al., 2004).

ATM/ATR kinazy Fidi jeden z nejvice prostudovanych mechanismid odpovédi na poskozeni DNA —
aktivaci tumor supresorového proteinu p53. Tento protein funguje jako transkripcni faktor a ma
dllezitou roli v regulaci bunécného cyklu a v procesu karcinogeneze, priblizné u poloviny vSech
nadorovych onemocnéni je tento protein inaktivni (Soussi and Beroud, 2001). p53 reguluje zastaveni

"1 “inhibitoru komplexu zodpovédného

bunééného cyklu v G1/S fazi zejména aktivaci transkripce p21
za vstup do S faze. p53 se uplatiuje pfi zastaveni bunécného cyklu také v S fazi (Binkova et al., 2000;
Khan et al., 2002) a v G2 fazi prostiednictvim p21“"!, GADD45 a 14-3-30 (Taylor and Stark, 2001).
Zastava bunécného cyklu pak poskytuje prostor pro opravu poskozené DNA nebo zahdjeni

apoptotickych procesu.
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Pro apoptdzu zprostfedkovanou p53 je nezbytnd aktivace transkripce pro-apoptotickych gend.
Jednd se o geny aktivujici tzv. receptory smrti (Fas, TNF, TRAIL, PIDD), geny indukujici zmény
v mitochondriich (Bax, PUMA, NOXA, P53AIP, Bid) a stresovou drahu endoplasmatického retikula
(Bourdon et al., 2003).

Tumor supresorové proteiny p53, p21“™*

a pRb udrzuji rovnovahu mezi pro-apoptotickymi a anti-
apoptotickymi signaly, maji klicovou roli v ochrané bunky pfi poSkozeni DNA a mutace v téchto
genech mohou vést ke ztraté kontroly bunécného cyklu (Garner and Raj, 2008). PAU mohou

prednostné tvorit DNA adukty a zplsobovat mutace napf. v p53 (Smith et al., 2000).

7 7 ve

1.3.2 Odpovéd burnky na negenotoxické tucinky PAU

Vedle genotoxickych uGcink( maji PAU také negenotoxické ucinky, které prispivaji ke karcinogenité a
jsou v posledni dobé intenzivné studovany. Negenotoxické ucinky se projevuji predevsim v procesech
nadorové promoce a endokrinni disrupce.

Promocni ucinky PAU zahrnuji modulaci vnitrobunéénych signalnich drah a aktivit transkripénich
faktor(, které mohou byt spojeny s indukci bunécéné proliferace nebo modulaci bunééné diferenciace
a apoptézy (Li et al.,, 2004). Ztrata rovnovahy vtéchto procesech pak muze vyustit k expanzi
transformovanych bunék a vzniku neoplasii a dysplasii vedoucich ke karcinogenezi.

Modulaci cytokini regulujicich hematopoézu mohou PAU zpuUsobovat poskozeni imunitniho
systému (Page et al., 2004). Imunotoxicita PAU je zpUsobena také indukci apoptdzy bunék imunitniho
systému. Metabolity PAU a ROS vznikajici pfi jejich aktivaci zptisobuji napf. zmény v Ca®* homeostaze,
které vedou k apoptdze lymfoidnich bunék (Burchiel and Luster, 2001). Modulace Ca®* signalizace
pomoci PAU naopak podporuje proliferaci a mitogenezi u jinych typld bunék, napt. u epitelidlnich
bunék mlécéné 7lazy (Tannheimer et al., 1997). Zvyseni intraceluldrni hladiny Ca** vede k aktivaci PKC
signdlni drahy, kterd je asociovana s nadorovou promoci (Rasmussen et al., 1995). PAU mohou také
zpUsobovat zmény v intracelularnim pH vedouci ke zménam v proliferaci, diferenciaci a apoptdze
(Huc et al., 2007).

DualeZitym mechanismem ndadorové promoce zprostiedkované PAU je inhibice mezibunécné
komunikace (GJIC; gap junction intercellular communication). Vyznam GIJIC spociva v udrzovani

homeostazy ve tkanich — pomoci mezerovych spojli (gap junction) dochazi k neustalému vyrovnavani
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rovnovahy koncentrace Zivnych latek, iontd a tekutin mezi burikami a v Sifeni signdld regulujicich
proliferaci a diferenciaci mezi burikami. Inhibice GJIC narusuje bunécnou rovnovahu, coz vede spolu s
indukci bunécné proliferace a eventudlné inhibici apoptdzy ke klonalni expanzi preneoplastickych
bunék. PAU inhibuji GJIC s riznou intenzitou v zavislosti na strukture (Upham et al., 2008).

Vlastnosti PAU je také schopnost interakce s rlznymi nukledrnimi receptory. Nuklearni receptory
jsou aktivovany nizkomolekularnimi ligandy, které mohou byt strukturné podobné PAU (steroidni
hormony, thyroidni hormony, derivaty vitaminu A, a jiné). PAU pfispivaji k endokrinni disrupci
nejcastéji na Urovni modulace receptorl steroidnich hormon(, avsak mohou i pfimo ovliviiovat
syntézu, transport a metabolismus steroidnich hormond (JanoSek et al, 2006). Drtiva vétsina

negenotoxickych Ucinkd je spojena s aktivaci AhR (viz kapitola AhR 1.3.4. Cilové geny a procesy AhR).

1.3.3 Aktivace AhR

AhR je cytosolicky transkripcni faktor aktivovany ligandem. Spolu s dalsimi transkripénimi regulatory
patfi do bHLH/PAS (basic helix-loop-helix/Per-Arnt-Sim) rodiny transkripcnich faktord (Furness et al.,
2007). Vétsina clen( této rodiny obsahuje tfi zakladni domény - jednu bHLH doménu a dvé PAS
domény. Obvykle je bHLH doména lokalizovana v blizkosti N-konce, nasleduji ji dvé PAS domény a
slabé konzervovany C-konec. bHLH/PAS proteiny vytvareji v jadfe homodimery nebo heterodimery s
dal$imi ¢leny rodiny. Po dimerizaci dvou bHLH/PAS faktor( v jadfe, dochazi k vazbé na DNA pres
zakladni oblast bHLH domény, a tim je spusténa transkripce cilovych genl (Kewley et al., 2004).
Znacné evolu¢né konzervovana PAS oblast zahrnuje 100-120 aminokyselin, které tvofi dvé
degenerované repetice - PAS A a PAS B. PAS domény jsou zodpovédné za dimerizaci ¢lent bHLH/PAS
rodiny a navazani ligandu (Taylor and Zhulin, 1999). Kromé téchto dvou typd domén, mohou faktory
obsahovat jesté transaktivacni doménu, ktera se ucastni aktivace transkripce, nebo mohou obsahovat
doménu, ktera se podili na represi transkripce (Kewley et al., 2004).

AhR se vyskytuje v latentnim stavu v cytoplazmé v komplexu s HSP90, XAP2 a p23 (Kazlauskas et al.,
1999). Vazba HSP90 udrzuje AhR transkripéné neaktivni, maskuje NLS (Nuclear Localization Signal) a
udrzuje komplex v cytoplazmé (Kazlauskas et al., 2001). Po vazbé ligandu se cely komplex presouva

do jadra, kde AhR disociuje z HSP90 komplexu a navazZe se na Arnt (Obr. 5; Hankinson, 1995).
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Vznikly dimer AhR/ARNT se véze na specifickou DNA sekvenci, zvanou DRE/XRE (Dioxin Responsive
Elements/Xenobiotic Responsive Elements), kterd obsahuje sekvenéni motiv 5'-TNGCGTG-3‘ (Lai et
al., 1996; Swanson, 2002). Tato sekvence se vyskytuje v oblasti enhancer( fady cilovych genl AhR.

AhR signalizace mUZe byt regulovana zpétnou vazbou s AhRR (represor AhR). AhRR je lokalizovan
v jadre a je indukovan aktivovanym AhR, se kterym kompetuje o vazbu na Arnt nebo s komplexem
AhR/Arnt o vazbu na DRE/XRE sekvenci. Jeho vazba pak vede k represi transkripce (Mimura et al.,
1999).

Dalsim moZnym mechanismem regulace aktivity AhR je jeho degradace. Po navdzani ligandu je AhR
rychle degradovan. Ligandem indukovana degradace AhR v jadie probiha prostfednictvim 26S
proteazomalni drahy, kterd je kontrolovana ubiquitin ligdzou E3, jejiz identita neni zcela jasna (Ma,
2007). Inhibice AhR degradace ma za nasledek zvyseni transkripce genl indukované ligandem.
Protoze AhR obsahuje kromé NLS také NES (Nuclear Export Signal) nachdzejici se ve druhé Sroubovici
bHLH domény, je mozné, Ze degradace pres 26S proteazom je ovlivnéna subcelularni lokalizaci AhR

(Davarinos and Pollenz, 1999).

( 000 Ligand (TCDD, PAU...)

degradace

LAHRY
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/
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Obr. 5. AhR signalizace (upraveno podle Mimura and Fujii-Kuriyama, 2003).
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1.3.4 Cilové geny a procesy AhR

Aktivace AhR ovliviiuje transkripci Sirokého spektra gen( v rGznych fyziologickych bunécnych
procesech, jako napf. v proliferaci, diferenciaci a apoptdéze. Mnoho ligand( AhR stimuluje signalni
kaskady aktivaci rlstovych faktorld, hormont, neurotransmiterli a extracelularnich ligandl. Tyto
ligandy funguji jako mitogenni faktory a ovliviiuji signdlni drahy, napf. prlichod iontl pfes membranu,
zvysSovani intraceluldrniho Ca®*, cCAMP a aktivaci proteinkinaz a fosfataz (Puga et al., 2002).

Mezi nejznaméjsi cilové geny, které obsahuji sekvenci DRE/XRE v promotoru, patfi nékteré enzymy
I. a Il. fdze biotransformace — rodina cytochrom( P450 (CYP1Al1, CYP1A2 a CYP1B1l) a dalsi
biotransformacni enzymy - NQO1, ALDH3A1 a UGT1A6 (Mimura and Fujii-Kuriyama, 2003).

V proliferaci a diferenciaci ma AhR rdzny Gcinek v zavislosti na druhu ligandu a typu tkané. Po vazbé
ligandu mlze zpUsobit zastavu bunééného cyklu v G1 fazi nejen pfimou blokaci hyperfosforylace Rb
proteinu, kterd vede k represi E2F a inaktivaci genl zodpovédnych za vstup do S faze, ale také aktivaci
p21<"! a p27", které inhibuji cyklin-dependentni kinazy 2 a 4. Byl ovéem pozorovén i opaény ucinek
— aktivace genu vcasné odpovédi (immediate-early response genes; napf. geny JUN a FOS rodiny),
které jsou zodpovédné za ukoncéeni GO faze a zahajeni progrese bunécného cyklu (Puga et al., 2009).

Inhibice apoptdzy je jednim z mechanismU nadorové promoce a progrese. Podobné jako v regulaci
bunééného cyklu ma vsak AhR protichidné ucinky. K indukci apoptdzy dochazi pravdépodobné pfi
vzniku oxidac¢niho a stresu zplsobeném aktivaci cytochromd AhR ligandy (Nebert et al., 2000). Byly
popsany pro-apoptotické signaly zprostfedkované indukci E2F1 (Marlowe et al.,, 2008), ale také
aktivace anti-apoptotickych protein( (Solhaug et al., 2004).

Kromé fyziologickych procesli AhR také kontroluje fadu gend zahrnutych v odpovédi na oxidaéni
stres. Aktivace exprese enzymu |. faze biotransformace vede k tvorbé elektrofilnich produkti a ROS,
zatimco aktivované enzymy Il. faze vznikly oxidacni stres eliminuji. Produkce ROS indukuje také tvorbu
zanétlivych cytokinl a vznik prozanétlivé odpovédi (Dalton et al., 2002). Zajimavou roli ma interakce
AhR s transkripénim faktorem NF-kB, ktery hraje klicovou roli v regulaci imunitniho systému, zejména
zanétlivé odpovédi a odpovédi burniky na rlzné formy stresu. Zanétlivé cytokiny (TNFa, IL-1B) a
lipopolysacharid, které indukuji aktivaci NF-kB, méni aktivitu cytochrom( v jatrech i
v extrahepatalnich tkanich (Morgan et al., 2008). V nékterych pfipadech vede naruseni rovnovahy
cytochromU ke zméné biotransformace PAU, napf. TNFa zeslabuje aktivitu CYP1A1 a 1A2, ale naopak

zvysSuje aktivitu CYP1B1 a zvySuje tak genotoxicky potencial B[a]P (Umannova et al., 2008).
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Ligandy AhR mohou také indukovat expresi nékterych enzym( podilejicich se na regulaci zanétlivé
odpovédi, jako je napf. inducibilni COX-2 (Degner et al.,, 2009). Tento enzym katalyzuje syntézu
prostaglandin(l za pouZiti kyseliny arachidonové jako substratu. Pisobenim AhR ligand( dochazi ke
zvySené tvorbé prostaglandin( a tim také k produkci ROS (Dalton et al., 2002).

Rada detoxika¢nich a anti-oxida¢nich genl aktivovanych AhR (NQO1, UGT1A6 a GSTA1l) je téi
zavisla na transkripénim faktoru Nrf2 (Yeager et al., 2009). Nrf — ARE (antioxidant response element)
signdlni draha udrZuje redoxni rovnovahu v burice a reguluje expresi genl zodpovédnych za
detoxikaci a eliminaci ROS a reaktivnich elektrofild (Nguyen et al., 2009).

Mitogen-aktivované proteinkindzy (MAPKs) jsou intraceluldrni mediatory signdlni transdukce a
kontroluji transkripci mnoha gen( fosforylaci pfislusnych transkripénich faktor(. ERK1/2 reguluje
mitogenni a vyvojové procesy, p38 hraje roli pfi zanétlivé odpovédi, apoptdze a bunécném cyklu a
JNK se ucastni bunécné signalizace, imunitniho systému, apoptdzy, karcinogeneze a patogeneze
diabetu. Podle nejnovéjsich poznatkd funguje modulace MAPK dvéma zpUsoby. AhR ligandy mohou
zprostiedkovavat aktivaci riznych MAPK pres aktivovany AhR nebo mohou MAPK aktivovat pfimo a
dochazi pak zpétné ke kontrole funkce AhR (Henklova et al., 2008; Puga et al., 2009; Tan et al., 2002).

Vyznamnym mechanismem toxického plisobeni PAU je endokrinni disrupce. Anti-estrogenni Ucinky
PAU se projevuji vazbou na AhR, vysledkem je aktivace Sirokého spektra anti-estrogennich odpovédi
(Safe, 1995). Bylo popsano nékolik mechanisml vysvétlujicich AhR — zprostfedkovanou anti-
estrogenitu (Navas and Segner, 2000; Safe, 2001). Estrogenni ucinky PAU mohou byt zpUsobeny
pfimym plsobenim metabolitl PAU na ER (Charles et al., 2000) nebo vazbou na AhR, ktery muze
asociovat s ER (Kamiya et al., 2005). Mensi pozornost byla vénovana androgennim/anti-androgennim
ucinkdm PAU, o kterych je doposud zndmo podstatné méné. Z hlediska xeno-androgenniho plsobeni
jsou PAU predevsim povaZovany za anti-androgeny. Vyjimecné byly pozorovany také androgenni
ucinky, zejména u dibenzo[a,h]antracenu, mechanismus tohoto pUsobeni vsak doposud nebyl

objasnén (Vinggaard et al., 2000).

1.3.5 Nadorové onemocnéni prostaty

Nador prostaty je jedna z nejvice rozSifenych forem rakoviny v rozvinutém svété (ACS, 2009).

Epidemiologické studie naznacuji moZnou souvislost nadoru prostaty a dietou, napf. konzumace
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cerveného a tepelné upravovaného masa prinasi vyssi riziko, zrejmé také diky obsahu B[a]P (Sinha et
al., 2009). Dalsi studie poukazuji na souvislost mezi nadorem prostaty a profesionalni expozici PAU
(Aronson et al., 2009; Brown and Delzell, 2000).

Neuroendokrinni transdiferenciace nddoru prostaty je vyznamny proces ovliviujici tkanové
mikroprostredi a regulujici rozvoj tohoto nddorového onemocnéni. Rozvoj onemocnéni je v ¢asnych
fazich zavisly na pfitomnosti androgent, proto patfi anti-androgenni terapie mezi Uc¢inné terapeutické
pristupy. Tato terapie je vSak v mnoha pfipadech pouze pfechodnd a u pacientd dochazi k relapsu
(Denis and Murphy, 1993). Mechanismus ziskani nezavislosti na androgenech a selekce nadorového
klonu, ktery je resistentni k anti-androgenni terapii, je stale neznamy.

Neuroendokrinni (NE) buriky jsou vedle bazalnich a sekrecnich epitelidlnich bunék pfitomné
v normalni prostatické tkani a podileji se na regulaci proliferace a diferenciace epitelidlnich bunék
parakrinnim, endokrinnim a neurokrinnim mechanismem v zavislosti na androgennich faktorech.
V normalni prostatické tkani je vyskyt NE bunék velmi nizky, avSak v nadorové tkani se
v nepfitomnosti androgenniho signdlu pocet NE bunék rozrista a bunky prochazi transdiferenciacnim
procesem, kdy méni svlj genotyp a fenotyp. Bylo prokazano, Zze neuroendokrinni faktory mohou
parakrinné ¢i autokrinné aktivovat mitogenni drahy prostfednictvim mechanismu zavislém, ale i
nezavislém na funkci androgenniho receptoru. Tyto faktory pak mohou také indukovat rezistenci k
apoptoze u okolnich epitelidlnich bunék a podporovat vaskularizaci nadoru prostaty (Amorino and
Parsons, 2004; Fu et al., 2003; Zhang et al., 2003). NarGst populace koreluje s nddorovou progresi a
Spatnou progndzou (Yuan et al.,, 2007). Ktransdiferenciaci také prispivd mutace v androgennim
receptoru (AR), interakce s nékterymi cytokiny a rlstovymi hormony a aktivace receptoru nezavisle
na ligandu (Chan et al., 1998; Culig et al., 1997; Peehl et al., 1996).

PAU maji kromé karcinogennich ucink( také vyznamnou roli jako endokrinni disruptory
(Santodonato, 1997). Jednou z jejich vlastnosti je schopnost metabolitd vazat se na AR a pUsobit

antagonisticky, AhR ma anti-androgenni ucinek (Kizu et al., 2003).

1.4 GENOVA EXPRESE V TOXIKOLOGII KOMPLEXNICH SMESI

Studium genové exprese v toxikologii zaznamenalo v posledni dobé velky rozvoj. S nastupem

novych technologii se vyrazné zménil pfistup k analyze genové exprese — misto omezeného poctu
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genl lze modernimi metodami zkoumat genovou expresi simultdnné na celogenomové Urovni
v rliznych bunkach, tkanich, organech i organismech. Tzv. high-throughput (velkokapacitni)
technologie analyzy genové exprese na RNA a proteinové Urovni jsou Siroce vyuzivdny napf. ve
farmaceutickém primyslu pfi testovani a kontrole Iéciv, v Iékafstvi pfi diagnostice chorob a zejména
v toxikologii, kde funguji jako alternativa k tradi¢nim in vitro a in vivo testlim pouZivanych pro
identifikaci a testovani bezpecnosti chemikalii. Pro vyzkum ma studium expresnich profild dvoji
vyznam — prispiva objasnéni mechanisml pusobeni sledované latky a k predikci jejich toxickych
ucink( (Fielden and Zacharewski, 2001).

Mnoho toxikologickych studii se zabyvalo predevsim tGcinkem jednotlivych latek, ackoli je zfejmé, ze
Clovék je v Zivotnim prostfedi vystavovan plsobeni redlnych komplexnich smési. Pfi analyze zmén
expresnich profill po expozici komplexnimi smésmi potencidlné toxickych latek v Zivotnim prostiedi
je nepochybné mnohem obtiznéjsi se dopracovat k exaktnéjsim mechanismidm plsobeni téchto smési
na molekuldrni drovni. Predmétem mnoha studii je dlouhodobé napf. vyzkum toxickych acinkud
tabdkového koure a jeho kondenzdatu, dieselovych a koksarenskych emisi, ale existuje pouze nékolik
praci studujicich Gc¢inky komplexnich smési pochazejicich z prachovych castic v béZném vnéjsim
ovzdusi (Sen et al., 2007).

Pro studium genotoxicity komplexnich smési ¢astic z ovzdusi se pouZivd mnoho in vitro bunéénych
modeld. Toxické ucinky rGznych realnych i umélych smési, které obsahuji PAU, byly testovany napf.
na nadorovych burikdch MCF-7. Na téchto burikach byl sledovan ucdinek SRM1649a (standardni
referencni material méstského prachu), kde se prokazaly zmény v genové expresi tykajici se hlavné
DNA reparace, peroxisomové proliferace, metabolismu a zmény v onkogenech a rlistovych faktorech
(Mahadevan et al., 2005). Studium na jaternich progenitorovych burnkach potkana WB-F344 prokazalo
klicovou roli AhR aktivovaného plsobenim SRM1649a (Andrysik et al., 2011).

Lidské embryonalni plicni fibroblasty (HEL 12469) je modelovy bunécény systém vhodny pro studium
toxicity inhalovanych komplexnich smési PAU a dalSich latek (Binkova et al., 2000; Binkova and Sram,
2004). Na rozdil od nadorovych bunécnych linii, které obsahuji rlzné mutace ovliviiujici odpovéd’ na

poskozeni DNA, odpovidaji HEL vice podminkam in vivo (Di Leonardo et al., 1994).
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2 CiLE PRACE

Polycyklické aromatické uhlovodiky jsou dilezité environmentalni kontaminanty vyskytujici se ve
znedisténém ovzdusi a majici vliv na zdravi lidi.

Cilem této dizertacni prace je ukazat vyuziti transkriptomiky nejen pro studium Sirokého spektra
ucink PAU, které se vyskytuji jako polutanty v komplexnich smésich, ale i pro studium detailniho
mechanismu pusobeni individudlnich sloucenin v konkrétnim nadorovém onemocnéni. Prvni ¢ast
prace se zabyva zménami v globalni genové expresi indukovanymi ptsobenim organickych extrakt
prachovych ¢astic z ovzdusi obsahujicich PAU v lidskych plicnich burikach. Druhd c¢ast se zaméfuje na
ulohu jednotlivych PAU pfi vyvoji nadoru prostaty. Je znamo, Ze PAU se podileji na tomto
onemocnéni, avsak mechanismus tohoto pfispévku neni dosud objasnén.

Predkladanou dizerta¢ni prdci tvoti soubor 3 publikovanych praci, z nichz kazda pfispiva k reseni

nasledujicich cilt:

1. stanoveni Ucinkd komplexnich smési z ovzdusi obsahujicich PAU v plicni bunécéné linii HEL
pomoci analyzy genové exprese na celogenomové urovni, identifikace nejvice ovlivnénych

biologickych proces(i a vybér genl nejvice prispivajicich k deregulaci dané drahy

2. objasnéni mechanismu prezivani genotoxicky poskozenych prostatickych naddorovych bunék

po inkubaci s genotoxickymi slouc¢eninami B[a]P a DBI[a,|]P
3. stanoveni uc¢inkG modelovych latek B[a]JP a TCDD na zmény vgenové expresi nha

celogenomové urovni v lidskych nadorovych prostatickych liniich, porovnani expresnich

profilli genotoxického karcinogenu B[a]P a negenotoxického karcinogenu TCDD
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3 PREHLED METOD

Vybér pouZitych metod, zejména studia exprese na celogenomové Urovni, byl dan predevsim
snahou o zachyceni vSech podstatnych zmén na Urovni transkripce po plsobeni komplexnich smési i
modelovych PAU. Ostatni pouzité metodiky pak slouzily zejména ke specifikaci téchto komplexnich
smési (prvni ¢ast dizertacni prace) a dale k podpore a blizsi charakterizaci nalezenych zmén po
pUsobeni modelovych PAU na buriky nadoru prostaty (druha cast dizertacni prace). Detailni popis

viech metod je uveden v pfislusnych publikacich.

3.1 ODBER PRACHOVYCH CASTIC Z OVZDUSi A ORGANICKA EXTRAKCE

Prachové castice < 2.5 um byly odebirany vysokoobjemovymi samplery HiVol 3000 air sampler
(model ECO-HVS3000, Ecotech) s filtry Pallflex T60A20 (Pall) ve &tyfech lokalitdich Ceské republiky
s rlznym stupném znecisténi ovzdusi. Odbéry probihaly 24 h denné po dobu 30-35 dni v zimnim
obdobi 2008/2009. Organicka hmota z kazdého filtru byla extrahovana smési 60 ml dichlormetanu a 3
ml cyklohexanu po dobu 3 h. Chemickou extrakci provedla autorizovana firma ALS Ceska republika,
s.r.o. Pro in vitro experimenty byly jednotlivé extrakty odpareny, rozpustény v DMSO do vysledné

koncentrace 50 mg/ml a zamrazeny pti -80°C.

3.2 FRAKCIONACE ORGANICKYCH EXTRAKTU

Frakcionace a precisténi extraktll pro detailni chemickou analyzu bylo provedeno pomoci sloupcové
chromatografie na silikagelu ve sklenéné koloné 250 x 10 mm. VysuSené vzorky rozpusténé v 0.5 ml
hexanu byly naneseny na kolonu a postupné eluovany 20 ml hexanu (frakce FO), 20 ml smési
hexan/dichlormetan (1:1; frakce F1), 20 ml dichlormetanu (frakce F2) a 20 ml methanolu (frakce F3).
Frakce perzistentnich organickych polutantl byla pfipravena prolitim alikvotniho podilu extraktu

vzorku kolonou naplnénou silikagelem impregnovanym 40% roztokem kyseliny sirové.
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3.3 SEPARACE POMOCI HPLC/DAD, LC/MS-MS A GC/MS

Pomoci kapalinové chromatografie s detektorem diodového pole byly stanoveny PAU
s molekulovou hmotnosti 128 aZz 302 g/mol. Kapalinovd chromatografie s hmotnostnim
spektrometrem typu trojitého kvadrupdlu umoziujici specidlni rezimy detekce iontl (LC/MS-MS) byla
pouZita pro analyzu nitro-, dinitro- a oxy-PAU. Pomoci GC/MS a vyse uvedenych technik bylo ve
vzorcich stanoveno patnact skupin kontaminantl: linearni a rozvétvené alkany, PAU, alkylované
derivaty PAU, oxidované formy PAU, heterocyklické PAU s jednim heteroatomem N a jednim
heteroatomem S, estery kyseliny ftalové, sterany, terpany a triterpany, steroly a industridlni
kontaminaty. Pomoci chemické analyzy bylo ve vzorcich identifikovdno a kvantifikovdno celkem 258
sloucenin, z toho 209 bylo kvantifikovano pomoci autentickych standard(l a zbytek pomoci standard

s podobnou strukturou a molekulovou hmotnosti.

3.4 KULTIVACE BUNECNYCH LINIi

3.4.1 Lidské embryonalni plicni fibroblasty (HEL)

Lidské embryonalni plicni diploidni fibroblasty (HEL 12469, ECACC, UK) byly kultivovany v médiu E-
MEM s pridavkem 10% FBS, 2 mM L-glutaminu, 1% neesencidlnich aminokyselin, 0.2% NaHCOs;,
penicilinu (50 U/ml) a streptomycinu (50 pg/ml). Buriky rostly na kultivaénich miskach pfi 37°C a 5%
CO, do 90% konfluence, nasledné bylo vyménéno cerstvé médium s pridavkem 1% FBS. Vzorky
extraktll z jednotlivych lokalit byly rozpustény v DMSO a aplikovany do média ve tfech subtoxickych
koncentracich 10, 30 a 60 pg/ml. Bunky byly inkubovany s extrakty v triplikdtech po dobu 24h,
kontrolni buriky byly inkubovany s DMSO. Cytotoxicita extraktl na HEL bunkach byla testovana
pomoci LDH-Cytotoxicity Assay Kit (Bio Vision) pfi koncentracich 10, 30, 60 a 100 pg/ml. Vyznamna
cytotoxicita byla pozorovana pouze u koncentrace 100 pg/ml extraktu z Ostravy-Bartovic (66%) a

Treboné (17%). Pro dalsi analyzy byly proto pouzity subtoxické koncentrace 10, 30 a 60 pg/ml.
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3.4.2 Lidské prostatické nadorové bunécné linie

Prostaticka nadorova linie LNCaP (Deutsche Sammlung von Mikroorganismem und Zellkulturen
GmbH, Némecko) a DU-145 (American Type culture Collection, USA) byly kultivovany v médiu RPMI
1640 s pridavkem L-glutaminu, NaHCO; (2 g/l), 10% fetalniho teleciho séra (FBS), penicilinu (100
U/ml) a streptomycinu (100 mg/ml). Prostatickd nadorova linie PC-3 linie (American Type culture
Collection, USA) byla kultivovana v médiu F12 s pridavkem 10% FBS. Pred expozici modelovym
polutantim byla bunécna linie LNCaP nasazena do média RPMI s fenolovou cerveni a 10% FBS v a
kultivovdna v termostatu pfi teploté 37 °C 48 hodin. Po 48 hodinach bylo médium vyménéno za
médium RPMI bez fenolové cervené s 5% inaktivovanym ,charcoal treated” sérem a 24 hodin
kultivovana v termostatu.

Expozice modelovym polutantim B[a]P, DB[a,l]]P a TCDD rozpusténych v DMSO trvala 24h.
Kontrolni bunky byly inkubovany s DMSO.

3.5 IZOLACE RNA A KONTROLA KVALITY

Buniky HEL a LNCaP byly zlyzovany a z lyzatQ byla izolovand RNA (NucleoSpin RNA I, Macherey-
Nagel). Integrita RNA a stanoveni RIN (RNA Integrity Number) bylo provedeno pomoci pfistroje

Agilent 2100 Bioanalyzer (Agilent).

3.6 ANALYZA GENOVE EXPRESE NA CELOGENOMOVYCH CIPECH ILLUMINA

Pro detekci zmén v genové expresi v burikach HEL a LNCaP na celogenomové urovni byla pouZita
Cipova analyza. 200 ng RNA bylo prevedeno pomoci reverzni transkripce do cDNA a nasledné pomoci
in vitro transkripce do cRNA znacené biotinem (lllumina TotalPrep RNA Amplification Kit, Ambion).
cRNA byla dale inkubovana s komplexem streptavidin — Cy3 a hybridizovana podle manudlu vyrobce

na expresni Cipy obsahujici vice nez 48 tisic oligonukleotidovych préb pro stejny pocet transkriptt
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(HumanHT-12 v3 Expression BeadChips, lllumina). Fluorescencni signal byl detekovan pomoci skeneru

Beadstation 500GX (lllumina).

3.7 VERIFIKACE CIPOVE ANALYZY POMOCI QPCR

Genova exprese vybranych signifikantné zménénych transkriptl z ¢ipové analyzy byla ovérena
metodou gPCR. RNA vyizolovana z bunék HEL byla pouZita na syntézu cDNA (High Fidelity
Transcription Kit, Roche). Do reakce bylo pfidano 2.5 uM oligo(dT) a 10 uM ndhodnych hexameri jako
smés primerd, reakce probihala za nasledujicich teplotnich podminek: 30 min pfi 55°C a 5 min pfi
85°C. Méfeni PCR reakce bylo provadéno na pfistroji 7900HT Fast Real-Time PCR System (Applied
Biosystems) za vyuZiti specifické smési primer( s probou (PerfectProbe, Primerdesign). Reakéni
podminky byly nasledujici: 10 min pfi 95°C, nasledovalo 40 cyklG amplifikace (15 s pfi 95°C, 30 s pfi
50°C a 15 s pri 72°C). Hladiny exprese vybranych gen( byly normalizovany k expresi referencnich genl
GAPDH a SDHA.

Pro jednokrokovou detekci cilovych transkriptl bunék LNCaP pomoci qPCR s reverzni transkripci byl
pouzit QuantiTect Probe RT-PCR kit (Quiagen), primery (Generi Biotech) a specifické TagMan préby
(Universal Probe Library, Roche). Amplifikace s reverzni transkripci probihala na pfistroji 7900HT Fast
Real-Time PCR System (Applied Biosystems) za nasledujicich reakénich podminek: 20 min pfi 50°C
(reverzni transkripce), nasledovala iniciace PCR reakce 15 min pfi 95°C a dale 40 cykli amplifikace (15
s pri 95°C a 60 s pfi 60°C). Exprese cilovych genl byla normalizovana k expresi referencniho genu
B2M.

Hruba data byla analyzovana za poufZiti SDS Relative Quantification Software verze 2.3 (Applied

Biosystems) a byly stanoveny hodnoty Ct.

3.8 STATISTICKA ANALYZA

Souhrnna data z analyzy na Cipech byla pfevedena do R-statistického prostfedi (http://www.r-
project.org) a normalizovana kvantilovou metodou (programovy balik Lumi; Du 2008). Pouze préby

s pravdépodobnosti detekce p < 0.01 ve vice nez 50% analyz byly zafazeny do dalsi statistické analyzy.
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Diferencialni expresni analyza individudlnich gend byla provedena s pouZzitim programového baliku
Limma. Pro kazdy gen byl uplatnén linedrni model s pouZzitim ImFit konstrukce (Smyth 2004). Korekce
pro mnohocetné testovani byla provedena Benjamini & Hochberg metodou. Vennovy diagramy byly
vytvoreny dle (Oliveros 2007).

Pro detekci deregulovanych drah a genu pfrispivajicich k jejich deregulaci byl pouZit Goeman(v
globalni test (Goemann et al., 2004) a KEGG databdze signdlnich drah. Korekce pro mnohocetné
testovani byla provedena Holmovou metodou (Holm 1979). Pro testovani ddvkové zavislosti
jednotlivych gen( byl pouZit Jonckheere — Terprstlv test monotonicity (Bewick 2004; Jonckheere
1954).

Ct hodnoty gPCR dat byly analyzovany pomoci GenEx software, verze 5.2.7 (MultiD Analyses AB,
Svédsko). Referenéni geny byly vybrany podle stability exprese za experimentalnich podminek za

pouziti geNorm Reference Gene Selection Kit (Primerdesign).

3.9 ANALYZA DNA ADUKTU METODOU *2P-POSTLABELING

Metabolicka aktivace a genotoxické ucinky PAU byly ovéreny mnozstvim DNA adukt(l. Po expozici
testovanymi latkami byly LNCaP, Du-145 a PC-3 bunky oplachnuty PBS, pfemistény do
mikrozkumavek, zcentrifugovany a bunécny pelet byl zamrazen na -80°C. Bunécné pelety byly poté
homogenizovany v extrakénim roztoku (10 mM Tris-HCI, 100 mM EDTA a 0,5% SDS, pH 8,0). DNA byla
izolovana za pouZiti smési RNAdaz A a T1, proteindzy K a fenol/chloroform/isoamylalkoholové
precipitace (Binkova et al., 2000). Vzorky byly analyzovany metodou **P-postlabeling (Phillips and
Castegnaro, 1999; Reddy and Randerath, 1986). Znacené DNA adukty byly detekovany pomoci
dvourozmérné chromatografie na tenké vrstvé. Autoradiografie byla provedena pfti -80°C po dobu 1 a
24 hod. Radioaktivita jednotlivych skvrn byla méfena kapalinovym scintilaénim pocitatem. Ve
vzorcich bylo také urceno presné mnozstvi nukleotidli DNA pomoci HPLC s UV detekci. Hladina DNA

aduktd byla vyjadiena jako poéet aduktd na 10® nukleotidd.
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3.10 WESTERN BLOTTING A IMUNODETEKCE

Metoda byla pouZita pro sledovani akumulace nebo aktivace (fosforylace) proteint CYP1A1,
CYP1A2, p53, Chk1/2, Bcl-X,, p21, Bax, Bak, Mcl-1, H2AX, E2F1 a WNT5A u LNCaP bunék. Exponované
bunky byly sklizeny do lyzaéniho pufru (1% SDS, 10% glycerol, 100 mM Tris, 1 mM NaF, 1 mM PMSF, 1
mM NazVO,) a zamraZeny na -75°C pres noc. Poté byly lyzaty sonikovany. Koncentrace proteinll byla
uréena za poutZiti kyseliny bicinchoninové a siranu médnatého (Sigma-Aldrich). Vzorky byly upraveny
na stejnou koncentraci bilkovin a byl k nim pfidan redukujici roztok (65 mM Tris pH 6.8; 10% glycerol;
2% SDS; 5% merkaptoethanol; bromfenolova modi 50 pug/ml) v poméru 1:2. Proteiny byly rozdéleny
na standardni SDS-PAGE (Bio-Rad) a pomoci polosuchého blottingu preneseny na PVDF membranu
Hybond-F (GE Healthcare). Paralelné byly pouZity standardy molekulovych hmotnosti (Bio-Rad).
Membrany byly po zablokovdni v 2,5% roztoku odtu¢néného mléka nebo bovinniho sérového
albuminu v promyvacim pufru (20 mM Tris- HCI pH 7,4; 100 mM NacCl; 0,1% Tween-20) inkubovany s
primarni protildtkou vazajici se na cilovy protein. Inkubace s primarni protilatkou probihala ve
stejném roztoku, v jakém byly membrany blokovany. Na navdzanou primdrni protilatku se poté
navazala sekundarni protilatka, konjugovana s kfenovou peroxidazou. Pro ovéreni stejného mnozstvi
proteinu v jednotlivych jamkach byla pouZita detekce B-aktinu. Proteiny byly vizualizovdny pouzitim

chemiluminiscencniho systému ECL Plus (GE Healthcare) podle navodu vyrobce.

3.11 DETEKCE APOPTOZY

Schopnost modelovych PAU vyvolat apoptdzu byla testovana na bunécné linii LNCaP. Po expozici
testovanymi latkami byly LNCaP bunky oplachnuty PBS, trypsinizovany 0.05% trypsinem a
resuspendovany v PBS s 10% FBS v mikrozkumavkach. Po 5 minutové centrifugaci (200 g) byl
odstranén supernatant, buriky byly zafixovany ve 2 ml 70% ethanolu a skladovany pfes noc pfi teploté
4 °C. Fixované burky byly barveny DAPI v konecné koncentraci 1 pg/ml 5 min pti laboratorni teploté.
Poté byly zcentrifugovany (200 g, 5 min), smichdny s potfebnym mnozstvim roztoku Mowiolu (10%
roztok Mowiolu pfipraveny v 25% glycerolu, 100 mM Tris-HCl, pH 8,5) a preneseny na mikroskopické

sklo. S pouZitim fluorescenéniho mikroskopu bylo hodnoceno minimalné 300 jader.
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3.12 HODNOCENiIi BUNECNEHO CYKLU A PROLIFERACE

Modulace bunécného cyklu a proliferace modelovymi PAU byla sledovana na bunééné linii LNCaP.
Po expozici testovanymi latkami byly LNCaP bunky oplachnuty PBS, trypsinizovany 0.05% trypsinem a
resuspendovany v PBS s 10% FBS v mikrozkumavkdach. Bunécnd suspenze byla centrifugovana 5 minut
pfi 200 g a po odstranéni supernatantu zafixovdna ve 2 ml 70% ethanolu a skladovéna pfes noc pfi 4
°C. Po odstranéni ethanolu a promyti v PBS byly buriky barveny propidium jodidem (Vondracek et al.,
2006). Po té byla provedena analyza bunécéného cyklu pomoci pritokového cytometru FACSCalibur
(Becton Dickinson) pti emisni vinové délce 617 nm za pouziti argonového laseru (488 nm, 15 mV).
Jednotlivé faze bunécéného cyklu byly vyhodnoceny v programu ModFit LT 3.0 (Verity Software House,

Topsham).
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4 VYSLEDKY

V prvni Casti je studie (Libalova et al., 2012; Pfiloha 1) zabyvajici se celkovymi zménami v genové
expresi indukovanymi plsobenim organickych extraktl z prachovych ¢astic z ovzdusi v lidskych
embryondlnich plicnich fibroblastech (HEL).

Druha cast obsahuje prdce (Hruba et al., 2010 a Hruba et al., 2011; Ptiloha 2 a 3), které objasnuji
zmény v genové expresi po plsobeni modelovych polutantd v lidskych nadorovych prostatickych
bunkach, roli aktivovaného AhR a mechanismus prezivani téchto nadorovych bunék.

Prispévek dizertantky k jednotlivym publikacim:

Kap 4.1: Dizertantka se podilela na kultivaci bunéénych kultur, pripravé a zpracovani bunécénych
lyzatd, izolaci RNA, pripravé a provedeni microarray analyzy. Dale provadéla ovérovani genové
exprese vybranych gend metodou gPCR a statistické vyhodnoceni vysledkd. Rozhodujicim zplUsobem

se podilela na napsani a revizi rukopisu.

Kap. 4.2: Dizertantka se podilela na zpracovani bunécnych lyzatd, izolaci DNA a analyze DNA adukt(
metodou *’P-postlabeling, déle se Gcastnila analyzy genové exprese nékterych genti pomoci qPCR a
ovérovani jejich proteinovych produktl metodou Western blotting. Podilela se také na revizi a opraveé

rukopisu.

Kap. 4.3: Dizertantka se podilela na pripravé vzorkdl RNA pro microarray analyzu, dale ovérovala
genovou expresi vybranych genl metodou qPCR a provadéla statistické vyhodnocovani vysledkd.

Podilela se také na napsani a revizi rukopisu.

4.1 GLOBALNi ZMENY V GENOVE EXPRESI INDUKOVANE ORGANICKYMI
EXTRAKTYZ PRACHOVYCH CASTIC ZOVzDUSI V LIDSKYCH EMBRYONALNICH
PLICNiCH FIBROBLASTECH.

Lidské plicni embryonalni fibroblasty (HEL 12469) byly vyuZity jako model cilové tkané pro inhalaéni
expozici pro stanoveni biologickych procest zahrnutych v odpovédi na toxické plsobeni organickych

extrakt( z respirabilnich prachovych ¢astic z ovzdusi (EOM), které byly odebirany ve 4 lokalitach Ceské



Vysledky

republiky liSicimi se stupném a zdroji znecisténi ovzdusi. Buniky byly inkubovany se tfemi subtoxickymi
koncentracemi (10, 30 a 60 pug/ml) EOMU extrahovanych z prachovych ¢astic o velikosti 2.5 um. Pro
maximalni komplexnost studie jsme pouZili celogenomové expresni Cipy, které obsahuji préby pro
vice nez 48 tisic transkript.

Stanovili jsme diferencialni genovou expresi pro kazdou koncentraci EOM z kazdé lokality. Navzdory
velkym rozdildm ve zdrojich znecisténého ovzdusi mezi jednotlivymi lokalitami bylo prekvapivé
mnoho vyznamné deregulovanych genl spolecnych pro vsechny lokality (30 — 60% v zavislosti na
lokalité). Tyto vysledky potvrzuje i chemicka analyza prokazujici kvalitativné obdobné chemické
sloZeni jednotlivych extraktl a PCA analyza expresnich dat (principal component analysis; analyza
principidlnich komponent), kterd zobrazuje shluky jednotlivych vzork(l podle podobnosti expresnich
profilQl. V soudasné studii jsou zobrazeny vzorky shlukujici se podle koncentrace a ne podle lokalit.

Pro identifikaci deregulovanych signalnich drah jsme pro kazdou lokalitu pouZili Goemanav globalni
test a databdzi KEGG pathways. Celkem bylo zjisténo 6 deregulovanych signalnich drah, které byly
spolecné pro vsechny lokality. Nejvyznamnéji deregulovana draha byl Metabolismus xenobiotik
cytochromy P450 a gen nejvice pfispivajici k jeji deregulaci byl CYP1B1.

Genova exprese vybranych gen(l byla verifikovana pomoci qPCR. Ve vétsiné pfipadl vykazovala
expresni data davkovou zdvislost a vysoce korelovala s daty ziskanymi pomoci microarray analyzy (r =

0.91).

4.2 NESCHOPNOST  GENOTOXICKYCH  POLYCYKLICKYCH  AROMATICKYCH
UHLOVODIKU INDUKOVAT P53 DEPENDENTNi ODPOVED NA POSKOZENI DNA,
APOPTOZU A ZASTAVU BUNECNEHO CYKLU VLIDSKYCH PROSTATICKYCH
NADOROVYCH BUNKACH LNCAP.

B[a]P a DB[a,l]P byly pouZity jako modelové genotoxické polutanty pro objasnéni mechanismu
odpovédi na poSkozeni DNA v lidskych prostatickych nddorovych liniich.

Vliv B[a]P na tvorbu stabilnich DNA aduktl byl porovnavan ve tfech bunéénych liniich odvozenych
od nadoru prostaty — LNCaP, DU-145 a PC-3. Tvorba signifikantniho mnozstvi DNA aduktl byla
pozorovana po tfech koncentracich B[a]P (1, 10 a 25 uM) ve vSech tfech bunécnych liniich. Vysledky

potvrdila inkubace s DBJ[a,l]P, ktery také vytvarel signifikantni mnozstvi DNA aduktd.
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Pro dalsi pokusy byla vybrana pouze LNCaP bunécna linie, protoze predstavuje nddorové bunky
zavislé na androgennim signalu (Kizu et al., 2003) a obsahuje neporusenou p53 bunéénou odpovéd na
poskozeni DNA (Nelson and Kastan, 1994). Indukce biotransformacnich enzym( CYP1A1 a CYP1A2
prokazala aktivaci B[a]P a tvorbu reaktivnich metabolitl. Testovani Gcink( B[a]P na bunécny cyklus
vSak neukazalo zadny vliv B[a]P v porovnani s pozitivnimi kontrolami roscovitinem a UV zafenim,
které aktivovaly p53 odpovéd a zastavu bunécného cyklu v S fazi. Také apoptdza nebyla indukovdna
B[a]P ani DB[a,l]]P po 24h nebo 48h inkubaci, narozdil od pUsobeni roscovitinu a UV zafeni. Vliv
mutované PTEN fosfatazy a konstitutivni aktivace PI3K signalni drahy podporujici prezivani bunék byl
vyloucen pouZitim specifického inhibitoru wortmanninu. Pfidavek wortmanninu zvysil procento
apoptotickych bunék osetfenych roscovitinem a UV zarenim, avSak Zadné zvyseni se neprojevilo u
bunék inkubovanych s B[a]P a DB[a,l]P. Pomér pro-apoptotickych a anti-apoptotickych protein(
z rodiny apoptotickych reguldtor Bcl-2 byl ovéfen Western blottingem, avsak nebyl nalezen Zadny
vliv B[a]P. Neschopnost B[a]P aktivovat v LNCaP burkach apoptézu je pravdépodobné dana
nedostatecnou aktivaci p53 bunééné odpovédi. B[a]P neindukoval akumulaci a fosforylaci proteinu
p53 a zaroven byla prokazana neschopnost indukce dvouretézcovych zlom( diky nedostatecné

fosforylaci histonu H2AX. Podobné vysledky byly pozorovany u DBJ[a,l]P.

4.3 ZMENY GENOVE EXPRESE V LIDSKYCH PROSTATICKYCH NADOROVYCH
BUNKACH INKUBOVANYCH S GENOTOXICKYMI A NEGENOTOXICKYMI LIGANDY
ARYL HYDROKARBONOVEHO RECEPTORU.

Pro objasnéni vlivu B[a]P na globdlni zmény v genové expresi a stanoveni vlivu aktivovaného AhR
jsme porovnavali expresni profily LNCaP bunék inkubovanych s B[a]P a negenotoxickym aktivatorem
AhR, TCDD. Cipova analyza odhalila celkem 80 gen(, které byly signifikantné zménény po 24h inkubaci
s B[a]P a 91 genl po 24h inkubaci s TCDD. Identifikovali jsme velky prekryv genll deregulovanych po
inkubaci s B[a]P i TCDD — 59 genu bylo spolecnych pro oba polutanty. Up-regulované geny spolecné
pro obé inkubace byly zahrnuté zejména v metabolismu xenobiotik, ktery je pod kontrololu AhR.
Exprese genl CYP1A1l a CYP1A2 byla signifikantné zvySena a potvrdila tak aktivaci AhR po
aplikovanych davkach B[a]P a TCDD. Analyza signalnich drah s vyuZitim KEGG databdze prokdazala

spole¢né down-regulované drahy po inkubaci B[a]P a TCDD souvisejici s DNA reparaci, replikaci,
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progresi bunécéného cyklu a mitdézou. Procesy up-regulované po plsobeni obou sloucenin se tykaly
hlavné metabolismu. Vybrané geny byly verifikovdany pomoci gPCR.

Zvysend genova exprese Wnt5A, dlleZitého indikatoru progrese nadoru prostaty, byla prokazana na
proteinové Urovni; obé slouceniny B[a]P i TCDD signifikantné indukovaly expresi proteinu v LNCaP
bunkach. Podobné byla ovérena exprese proteinu E2F1, klicového transkripéniho faktoru bunécného
cyklu a proliferace. Snizené mnozstvi proteinu odpovida snizené genové expresi po inkubaci s B[a]P i
TCDD. Casové zavisla modulace genové exprese vybranych gentl byla stanovena pro 3 rizné ¢asové
expozice (6, 12 a 24h) B[a]P a TCDD. Exprese genl CYP1A1 a Wnt5A byla zvySena po inkubaci s B[a]P i
TCDD ve vsech tfech testovanych casech. Vysledky naznacuji pfimou regulaci aktivovaného AhR.
Oproti tomu exprese genll E2F1 a CDC2, které jsou zahrnuty v bunééném cyklu, nebyla ovlivnéna
B[a]P a TCDD po kratSich inkubacich 6 a 12h; genova exprese byla signifikantné sniZzena az po 24h
inkubaci s obéma slouceninami. Podobné vysledky byly pozorovany také pro modulaci exprese

reparacnich gen EXO1 a FEN1.
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5 DISKUZE

5.1 STUDIUM GLOBALNICH ZMEN V GENOVE EXPRESI PO PUSOBENI
ORGANICKYCH EXTRAKTU RESPIRABILNICH PRACHOVYCH CASTIC V LIDSKYCH
PLICNiICH EMBRYONALNICH FIBROBLASTECH

Ve studii Libalova et al., 2012 byly identifikovany globdlni zmény genové exprese na Urovni
individualnich genl i biologickych drah indukované organickymi extrakty z respirabilnich prachovych
Castic v ovzdusi aplikovanymi na bunécnou linii lidskych plicnich embryonalnich fibroblastd (HEL
12469). Extrakty byly odebrany ve 4 lokalitach Ceské republiky, které se lii mirou i hlavnimi zdroji
znelisténi ovzdusi. Ostrava — Bartovice je rezidencéni oblast znecisténa predevsim hutnim a
koksarenskym primyslem v blizkém okoli, v Karviné znecisténi ovzdusi také odpovida zejména
pramyslovym zdrojlim, v Ostravé — Porubé je nejvétsi prispévek ke znecisténi z dopravy a v Treboni je
znecisténi ovzdusi zplsobeno zejména lokalnimi topenisti (Topinka et al., 2011). Pro porovnani
toxickych acinklG ztéchto lokalit byly burnky HEL inkubovany s extrakty ve 3 subtoxickych
koncentracich 10, 30 a 60 pug/ml a genova exprese byla analyzovana pomoci celogenomovych Cipd
firmy Illlumina.

MnoiZstvi deregulovanych genl ve vsech lokalitach bylo pfimo Umérné davce extraktl — nejvice
genl bylo deregulovéano po inkubaci s extraktem o koncentraci 60 pg extraktu/ml. Navzdory rliznym
zdrojim znecisténi ovzdusi v rlznych lokalitdch existuje prekvapivé vysoky prekryv v seznamech
kvalitativné stejné deregulovanych genl (30 — 68%). Tento vysoky prekryv deregulovanych gen( pro
jednotlivé lokality po inkubaci s extrakty odpovida chemickému sloZeni jednotlivych extrakt(, které se
kvalitativné vyznamné nelisi. Vysledky byly potvrzeny analyzou hlavnich komponent (Principle
Component Analysis — PCA), kde se jednotlivé vzorky shlukuji podle podobnosti v expresnich
profilech. V této analyze je zfejmy trend shlukovani vzorkd podle koncentrace a ne podle lokality. Pres
velkou kvalitativni podobnost v chemickém sloZeni extraktdl vsak bylo detekovano 32%
deregulovanych genl specifickych pouze pro lokalitu Ostrava — Bartovice, coZ miZe souviset
s relativné vyssim obsahem toxickych komponent ve vzorcich z této lokality.

Pro hlubsi interpretaci zmén expresnich profild byla pouZita analyza genové exprese na urovni

biologickych drah s vyuzitim databaze Kyoto Encyklopedia of Genes and Genomes (KEGG), kterd
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zahrnuje kromé signifikantné zménénych gend s velkou zménou také geny se zménou malou, ale
koordinovanou, jejichZ individualni hodnota zmény je pod hranici statistické signifikance.

Vzhledem k relativné vysokému mnozstvi PAU, jejich derivatl a sloucenin vazanych na PM,; byla
pro extrakty ze vSech lokalit nejvyznamnéji ovlivnéna draha Metabolismus xenobiotik cytochromy
P450. Gen s nejvétSim prispévkem k deregulaci drahy, CYP1B1, byl vyznamné zvySen ve vsech
lokalitach. CYP1B1 metabolizuje zejména PAU, dale N-heterocyklické aminy, arylaminy,
aminoazobarviva a dalsi karcinogeny (Guengerich et al., 2000). Kromé metabolismu xenobiotik
CYP1B1 prispiva k metabolismu cholesterolu, steroidnich hormond, kyseliny arachidonové a dalsich
lipidl, metabolismu kyseliny retinoové a také k syntéze a metabolismu vitaminu D3 (Nebert and
Russell, 2002). Indukce CYP1B1 je pod kontrolou AhR, ktery je aktivovan rlznymi PAU. Funkce AhR
byla jiz popsana v souvislosti s toxickym plsobenim komplexnich smési, napf. SRM1469a (Andrysik et
al.,, 2011). Dalsimi enzymy zapojenymi do Metabolismu xenobiotik cytochromy P450 je skupina
glutathion-S-transferdz. MGST1 a GSTMS5 detoxifikuji reaktivni elektrofily konjugaci s redukovanym
glutathionem (Kelner et al., 1996; Xu et al., 1998) a GSTO1 pUlsobi jako glutation-dependentni thiol
transferaza a dehydroaskorbat reduktaza (Whitbread et al., 2005).

Dalsi proces vyznamné deregulovany ve vsech lokalitdch byla Bioyntéza steroidnich hormond,
vyznamny cil endokrinnich disruptord (Sanderson, 2006). Nejvétsi prispévek k deregulaci mél CYP1B1,
ktery mimo jiné hydroxyluje estrogen (Tsuchiya et al.,, 2005), dale aldoketoreduktdzy a
hydroxysteroid-B-dehydrogendazy. Bylo popsano nékolik mechanism{ modulace steroidni signalizace
chemickymi latkami pfimo nebo aktivaci AhR (Ohtake et al., 2008; Shanle and Xu, 2010). Pfedchozi
studie naznacuji, Zze aktivace AhR a AhR — dependentni zmény v genové expresi prevladaji nad
genotoxickymi a apoptotickymi procesy (Andrysik et al., 2011). Detailni chemicka analyza extrakt(
naznacuje, Ze PAU jsou zde vyznamné zastoupeny a prispivaji nejvétsi mérou k endokrinni disrupci a
deregulaci Biosyntézy steroidnich hormond, na rozdil od persistentnich organickych polutant(.

Whnt signdlni drahu, deregulovanou ve vsech lokalitach, tvofi sit protein( Ucastnicich se rlznych
vyvojovych, fyziologickych i nddorovych procestl. Nedavné studie prokazuji intetrakci Wnt/B-catenin
signdlni drahy s aktivovanym AhR (Mathew et al., 2008; Prochazkova et al., 2011). Gen NKD2, ktery
pfispiva nejvice k deregulaci drahy, funguje jako bunéény autonomni agonista kanonické Wnt signalni
drahy (Katoh, 2001). Exprese genlt WNT2 a CCND2 byla signifikantné snizena ve vsech lokalitach.

TGF-B signalni draha, kterd zahrnuje mnozstvi cytokinG regulujicich Siroké spektrum bunécénych

funkci, jako napf. bunécny rlst a proliferaci, apoptdzu, diferenciaci a migraci pomoci receptord typu |
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a Il (Shi and Massague, 2003), byla také vyznamné deregulovana ve vSech lokalitach. V této studii
nejvice prispivala k deregulaci této drahy zvySena exprese genu BMP2, antagonisty TGF-B signalizace,
ktery ma funkci v osteogenezi, bunécné diferenciaci, rlstu a invazivité (MclLean et al.,, 2011).
Soucasné prispivaly k deregulaci drahy i down-regulovany gen SMAD3, efektor TGF-B signalizace, a
transkrip¢ni faktory ID1 a ID2, které negativné reguluji bunécnou diferenciaci (Langlands et al., 1997).
V neddvné studii byl navrzen mechanismus suprese TGF-B signalizace aktivovanym AhR (Gomez-
Duran et al., 2009).

Dalsi drdha signifikantné deregulovana ve vSech lokalitich byly ABC transportéry,
transmembranové proteiny, které jsou zodpovédné za aktivni transport rGznych sloucenin pres
bunéénou membranu (Vasiliou et al.,, 2009). Vnasi studii byly nejvyznamnéji deregulovany
transportéry rodiny C (C4 a C5), které zajistuji transport iontl a toxin( a rodiny B (B6 a B9) prenasejici
zejména peptidy (Davidson et al., 2008).

Posledni draha deregulovana ve vsech lokalitdch byl Metabolismus glycerolipid(l. Diacylglycerol a
kyselina fosfatidova jsou dllezité meziprodukty této drahy, diacylglycerol funguje také jako klicova
signalni molekula pro aktivaci proteinkinaz, bunécné prezivani a proliferaci. Deregulace této drahy je
zpUsobena hlavné zvysenou expresi aldoketoreduktaz (AKR1B1) katalyzujici NADPH — dependentni
redukci rliznych sloucenin obsahujici karbonylové skupiny na pfislusné alkoholy (Nishimura et al.,
1990). Karbonylové skupiny se pravdépodobné nachazeji i v fadé sloucenin obsazenych v extraktech
z Castic PM, s ze vSech lokalit.

Mnoho dalsich drah bylo signifikantné deregulovano pouze v nékterych lokalitdch. Metabolismus
glutathionu byl deregulovan po inkubaci bunék s extraty z Ostravy-Bartovic, Ostravy-Poruby a
z Karviné; po extraktu z Treboné, zemédélské oblasti, nebyla tato drdha vyznamné ovlivnéna. Geny
tvorici drahu Metabolismu glutathionu patfi mezi enzymy Il. faze biotransformace xenobiotik a
enzymy chranici proti oxidacnimu stresu. Geny Metabolismu kyseliny arachidonové maji ulohu
v prozanétlivé odpovédi (TBXAS1, PTGS2) a ochrané proti oxidacnimu poskozeni (GPX3). Draha p53
signalizace byla deregulovana pouze po inkubaci s extraktem z Ostravy-Bartovic, nejvice znecisténé
prdmyslové oblasti. V této studii nebyla pozorovana Zadna indukce p53 cilovych gend, ktera by
odpovidala supresivni roli aktivovaného AhR (Chopra and Schrenk, 2011). Funkce genl vyznamné
prispivajici k deregulaci drahy Mezerova bunécnd spojeni je dlleZita spise pro funkci mikrotubuld,

mitézu a tésna mezibunécnd spojeni. Na zakladé chemické analyzy a expresnich dat je obtizné
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stanovit dlivod, proc jsou nékteré drahy specificky deregulované pouze v nékterych lokalitach. Tato
data mohou slouzit jako podklad pro naslednou detailnéjsi analyzu.

Tato studie jako prvni popisuje vliv redlné komplexni smési vzdusnych polutantli na genovou
expresi v embryonalnich lidskych plicnich fibroblastech na celogenomové urovni. Byly detekovany
specificky deregulované signalni drahy po puUsobeni organickych extraktl pochazejicich z r(izné
znecdisténych lokalit na bunky HEL; zasadni vliv na deregulaci vétsiny toxikologicky vyznamnych drah
ma s nejvétsi pravdépodobnosti aktivace AhR. Vysledky této studie mohou byt v budoucnosti vyuzity

pro detailnéjsi mechanistické studie zabyvajici se Glohou jednotlivych drah.

5.2 STUDIUM EXPOXICE PAU NA VYVOJ NADOROVEHO ONEMOCNENI PROSTATY

Ve studiich Hrubd et al., 2010 a Hrubd et al., 2011 jsou popsana data, kterd mohou pfispivat
k ¢astecnému objasnéni mechanismu transdiferenciace neuroendokrinnich bunék.

Studie zroku 2010 se zabyva vlivem B[a]P na vznik DNA aduktl a odpovédi na genotoxické
poskozeni ve tfech rGznych prostatickych liniich (LNCaP, DU-145 a PC-3). Pro porovnani genotoxickych
ucinkl byl kromé B[a]P pouZzit také DBJa,l]P, ktery ma silnéjsi genotoxicky potencial.

Vsechny tfi linie vykazovaly tvorbu DNA aduktd po 24 h pusobeni B[a]P v koncentracich 1, 10 a 25
vysledky poskytoval DB[a,l]P s tim rozdilem, Ze k tvorbé DNA adukt( v bunécné linii DU-145 doslo jiz
pfi 100 nM koncentraci DBJ[a,l]P.

Analyza genové exprese biotransformacnich enzym( na Urovni mRNA prokdazala u LNCaP po 24h
expozici 25 uM B[a]P zvySenou transkripci CYP1A1 a CYP1A2, zatimco exprese CYP1B1 zvySena
nebyla, ackoli ma vyznamnou roli v aktivaci B[a]P a DB[a,l]P (Topinka et al., 2008). Tato data byla
potvrzena i na proteinové Urovni a prokazuji tak tvorbu BPDE-DNA aduktl za ucasti enzym(
CYP1A1/1A2. U bunécnych linii DU-145 a PC-3 dochazi ke konstitutivni expresi CYP1A1/1A2 (Sterling
and Cutroneo, 2004), a proto mohla byt potlacena indukce CYP1B1. Pro dalsi testovani byla vybrana
linie LNCaP, kterd na rozdil od DU-145 a PC-3 predstavuje androgen-senzitivni model, kterd se vyuziva
pfi studiu anti-androgennich vlivli environmentalnich kontaminant( (Kizu et al., 2003) a obsahuje

neporuseny p53-dependentni systém odpovédi na poskozeni DNA (Nelson and Kastan, 1994).
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p53 tumor supresorovy protein je centrdlni transkripéni faktor, ktery se akumuluje pfi odpovédi na
poskozeni DNA plsobenim PAU a vzniku adukt( (Luch et al., 1999; Ramet et al., 1995). p53 protein
ma klicovou roli pfi integraci signall bunécné odpovédi na genotoxicky stres, zahrnujici regulaci
apoptdzy, zastavu bunécného cyklu, indukce DNA reparace, senescence a zachovani genomické
stability (Vousden and Lane, 2007). Bylo prokazano, ze PAU s genotoxickymi ucinky indukuji apoptézu
a zastavu bunécného cyklu v S fazi u plicnich fibroblastd (Binkova et al., 2000) i jinych typech bunék
(Chramostova et al., 2004; Khan and Dipple, 2000). V této studii vSak nebyla pozorovana akumulace a
fosforylace p53. Navzdory vysokym hodnotdm DNA aduktl u LNCaP bunék inkubovanymi s B[a]P a
DBIa,l]P nedoslo k zastavé bunééného cyklu a indukci apoptdzy. Po plsobeni 25 uM B[a]P nebyla
pozorovana zastava bunék v S fazi, mirné zvySeni poctu bunék v G1fazi nastalo pravdépodobné
v dlisledku aktivace AhR a jeho anti-androgenniho Gcéinku (Morrow et al.,, 2004). Zastava v S fazi
bunécéného cyklu byla pozorovana po plsobeni pozitivnich kontrol 25 uM roscovitinu a UV-C zafeni
(0.01 J.cm-2), jez aktivuji signalni drahu p53. Po 24h ani 48h inkubaci bunék s B[a]P a DBJa,l]P nebyla
pozorovana fragmentace jader znacici apoptdzu, zatimco 25 uM roscovitin a UV-C zareni indukovaly
statisticky vyznamné zvyseni fragmentace jader jiZz po 24h. Na transkripéni Urovni nebyla pozorovana
aktivace genové exprese u cilovych genli p53 signalni drahy, které jsou spojené se zastavou
bunééného cyklu (p21"', GADD45A), apoptdzou (PUMA, NOXA) nebo nukleotidovou excisni reparaci
(DDB2, XPC).

Konstitutivni aktivace PI3K signalni drahy v ddsledku neaktivni fosfatdzy PTEN je duleZitd pro
prezivani LNCaP bunék (Carson et al., 1999). Pro ovéreni hypotézy, zda je prezivani bunék zplsobeno
konstitutivné aktivni PI3K signalni drahou, byl pouZit specificky inhibitor PI3K drahy wortmannin. Po
30 min plsobeni 100 uM wortmanninu doslo ke zvysené indukci apoptdzy u bunék osetfenych UV-C
zarenim nebo roscovitinem, avsak u bunék inkubovanych s B[a]P nebo DB[al]P k indukci apoptdzy
nedoslo.

Prezivani nddorovych bunék muze také zpUsobit modulace apoptdzy (Yang et al., 2003). Metodou
Western blotting se neprokazala exprese pro-aptotickych (Bax, Bak) nebo anti-apoptotickych protein(
(Bcl-2, Bcl-XL, Mcl-1), zadny ztéchto proteinli nebyl plsobenim B[a]P ovlivnén. Stejné vysledky
poskytovala inkubace s modelovym aktivatorem AhR, TCDD, ktery postrada genotoxicky potencial.

V bunécné linii LNCaP ma v aktivaci p53 a indukci apoptdzy zasadni Ulohu tvorba dvouretézcovych
zlom{, zatimco jiné typy DNA poskozeni nespousti p53 bunéénou odpovéd (Nelson and Kastan, 1994).

Absence fosforylace histonu H2AX po inkubaci LNCaP bunék sB[a]P vtéto studii vysvétluje
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nepritomnost dvouretézcovych zlom( a neschopnost aktivace p53 signdlni drahy. Tuto hypotézu dale
podporuje fosforylace proteinu Chkl po 24h plsobeni 25 uM B[a]P a UV-C zareni, ktery je indukovan
pfitomnosti jednoretézcovych zlomU a vznikem DNA aduktud. K fosforylaci Chk2, ktery je indukovan
dvouretézcovymi zlomy, po plsobeni B[a]P nedoslo; tyto vysledky koreluji s absenci fosforylace
histonu H2AX. Aktivovana Chkl muze chranit buriky prfed apoptdzou a podporovat jejich prezivani
(Myers et al., 2009; Sidi et al., 2008).

RGzné typy DNA lézi, véetné O-methylovanych a N-alkylovanych DNA bazi, pyrimidinovych dimer0 a
DNA kfizovych spojeni, vedou k tvorbé dvouretézcovych zlom, indukci p53 signalni drahy a apoptdze
(Nelson and Kastan, 1994). Uvedené vysledky naznacuji, ze neschopnost B[a]P indukovat v bunécné
linii LNCaP apoptdzu, zastavu bunécéného cyklu nebo opravy mize souviset s neschopnosti indukovat
dvouretézcové zlomy a aktivovat protein p53. V dlsledku neaktivniho p53 i po plsobeni PAU dochazi

k akumulaci poskozeni DNA, prezivani bunék a rozvoji nddorového fenotypu.

Studie Hrub3 et al. z roku 2011 se zabyva negenotoxickymi Ucinky B[a]P na LNCaP bunécnou linii a
objasnuje zdsadni roli aktivace AhR. B[a]P ma Sirokou skalu toxickych ucink(l, k nadorové promoci a
progresi prispiva nejenom tvorbou DNA adukt( a oxida¢niho stresu (Hockley et al., 2007; Hockley et
al., 2008). Ackoli jsou karcinogenni Gc¢inky B[a]P pFipisovany zejména genotoxicité a mutagenité, B[a]P
se efektivné vaze na AhR (Machala et al., 2001), daleZity regulator karcinomu prostaty (Fritz et al.,
2007). Ve studii (Hrubd et al.,, 2010) bylo prokazano, Zze B[a]P nespousti v androgen-senzitivnim
modelu prostatickych bunék odpovéd na poskozeni DNA a toxické ucinky B[a]P mohou byt
zprostifedkovany aktivaci AhR. Pro studium vlivu negenotoxickych ucinkd B[a]P byla provedena
analyza celogenomové exprese a vysledky byly porovnany s modelovym negenotoxickym AhR
ligandem TCDD.

PAU jsou schopné inhibovat bunécny cyklus v androgen-senzitivnim modelu prostatickych
nadorovych bunék a maji anti-androgenni Ucinek (Kizu et al., 2003). Rzné studie prokazuji, Ze B[a]P a
jeho metabolity mohou pUsobit i nepfimo na bunécny cyklus a aktivovat rizné signdlni drahy vedouci
k jeho zastaveni (Puga et al., 2009). V nékterych nadorovych bunéénych liniich (HepG2, MCF-7) byl
popsan odlisny ucéinek B[a]P a TCDD v regulaci exprese gen0 rGznych procest (Hockley et al., 2007).
V této studii vsak byla porovnanim expresnich profild bunék LNCaP po plsobeni B[a]P a TCDD
nalezena fada stejnych down-regulovanych genl zahrnutych v procesech DNA replikace, reparace,

mitdzy a kontroly bunécéného cyklu. Deregulace cyklin(, cyklin-dependentnich kinaz a nékterych genl
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spojenych s tvorbou mitotického vieténka a mitotického kontrolniho bodu poukazuje na nepfimou
inhibici prdbéhu bunécného cyklu. Analyza casového pribéhu plsobeni B[a]P a TCDD prokazala
vyznamnou down-regulaci nékterych gend zahrnutych v bunééném cyklu (CDK2, E2F1) a DNA reparaci
(EXO1, FEN1) az po 24h oproti 6h a 12h inkubaci; zmény v téchto genech poukazuji na nepfimé
pUsobeni aktivovaného AhR.

Dalsi spole¢né down-regulované geny po expozici B[a]P a TCDD jsou zahrnuty v DNA reparaci. Ackoli
AhR ligandy mohou indukovat expresi genl zahrnutych v nukleotidové excisni reparaci nebo
homologni rekombinaci (Chan et al., 2004; Schreck et al., 2009), v této studii byly reparacni geny
down-regulovany pravdépodobné ve vztahu k inhibici bunééného cyklu.

Zasadni otazka predchozi publikace (Hruba et al., 2010) byla neschopnost B[a]P indukovat apoptézu
i pres rozsahla genotoxicka poskozeni. Byl navrzen pravdépodobny mechanismus, kdy B[a]P i pres
tvorbu DNA aduktd nezplsobuje dvouretézcové zlomy a neindukuje p53 signdlni drahu vedouci
k apoptdze. Soucasna studie odhaluje deregulaci nékolika genl zahrnutych v regulaci bunécného
cyklu a apoptdze. E2F1 transkripéni faktor je daleZity regulator bunééného cyklu, ktery je rovnéz
zahrnuty vindukci apoptdzy v odpovédi na poSkozeni DNA. Acetylace a fosforylace E2F1 vede
k aktivaci p73 a indukci apoptozy (Wu et al., 2009). Existuje i alternativni cesta p53 — dependentni
indukce apoptozy, ke které E2F1 prispiva, ale jeho presnd uloha je zatim nejasnd (Wu et al., 2009).
V této studii je E2F1 vyznamné down-regulovdn po plsobeni B[a]P i TCDD, tento mechanismus
pravdépodobné pfispiva kinhibici apoptézy a prezivani LNCaP bunék i pres vysokou hladinu DNA
adukta. Dalsi deregulovany transkript, BCL6, je negativni regulator apoptdzy, ktery prispiva k prezivani
nadorovych bunék v odpovédi na chemoterapeutika (Kurosu et al.,, 2003; Phan and Dalla-Favera,
2004). Tento gen byl vyznamné up-regulovany po plsobeni B[a]P a TCDD. Kromé neschopnosti
aktivace p53 signalni drahy je pravdépodobné, Ze deregulace E2F1 a BCL6 pfispivaji k prezivani LNCaP
bunék i pres pritomnost velkého poctu DNA adukti. Efekty vSak byly pozorovany aZz po 24h inkubaci,
proto je otazka, nakolik jsou v mechanismu inhibice apoptdzy klicové.

Uloha AhR v regulaci a vyvoji karcinomu prostaty je spojena také s proteinem WNT5A, ¢lenem
nekanonické Wnt drahy (Vezina et al., 2009). WNT5A signalizace pfispiva k vyvoji prostatické Zlazy
(Huang et al., 2009) a jeho exprese je zvySena v nadoru prostaty, prispiva k progresi onemocnéni,
metastdzim a relapsu po prostatektomii (Stanbrough et al., 2006; Yamamoto et al., 2010). Po
plsobeni B[a]P i TCDD doslo jiz po 6h inkubaci k indukci exprese mRNA i proteinu WNT5A. Zvysena

exprese WNT5A koreluje i s vysoce zvysenou expresi CYP1A1 a hladinou DNA aduktd, ktera je spojena
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s biochemickou recidivou po prostatektomii (Rybicki et al., 2008). Dalsi gen spojeny s epitelialné-
mezenchymalni tranzici a agresivitou nadoru, FOXQ1 (Qiao et al., 2011), byl rovnéz signifikantné
zvysen po inkubaci s B[a]P a TCDD.

Z uvedenych vysledk( je zfejmé, Zze model karcinogennich polycyklickych aromatickych uhlovodikd,
B[a]P, indukuje zmény v genové expresi, které jsou do znacné miry podobné jako zmény v genové
expresi vyvolané negenotoxickym modelovym AhR ligandem TCDD. Down-regulace genll zapojenych
do DNA replikace a reparace, mitdzy a progrese bunécného cyklu po inkubaci s obéma slouceninami
B[a]P i TCDD naznacuje, Ze anti-proliferativni plsobeni B[a]P mUZe souviset s AhR — dependentni
inhibici bunééného cyklu a ne s genotoxickymi Gcinky. LNCaP bunécna linie mizZe byt dobrym
modelem pro studium genotoxickych i negenotoxickych ucinkd ve vztahu k aktivaci AhR. Down-
regulace genl spojenych s DNA reparaci naznacuje, Ze PAU mohou prostfednictvim aktivace AhR
narusovat reparaci DNA aduktl, které se vytvari v dlsledku jejich genotoxického plsobeni. Dale
mohou PAU narusSovat drahy regulace bunécného cyklu a spusténi apoptdzy a pfrispivat tim
k prezivani bunék s poskozenou DNA. Schopnost PAU indukovat WNT5A a dalsi geny asociované

s nddorovou progresi poukazuje na jejich ulohu v rozvoji nddoru prostaty.

Mnoho environmentdlnich polutantl pUsobi jako endokrinni disruptory, moduluji napt. syntézu,
transformaci a transport steroidnich hormon( nebo ovlivriuji ¢innost steroidnich receptori. Vzajemna
interakce téchto receptort s jinymi jadernymi receptory, napf. AhR, pfispiva k prezivani a proliferaci
normalnich i nadorovych bunék. U&inek téchto latek mlZe byt dale ovliviiovan genotoxickym
poskozenim, které indukuje zastavu bunécného cyklu, reparaci DNA nebo apoptdzu (Pliskova et al.,
2005).

PAU byly mnoha studiemi prokazany jako endokrinni disruptory (Santodonato, 1997). Prace (Hruba
et al, 2010) vyuzivd modelové latky B[a]P a DB[a,l]P pro ziskani predstavy o mechanismu
genotoxického plsobeni v androgen-senzitivni nddorové bunécné linii LNCaP. Vysledky naznacduji, Ze i
pfes vyznamnou hladinu DNA aduktl, markerl genotoxického poskozeni, nevytvari modelové
genotoxiny dvouretézcové zlomy v DNA, neindukuji p53 bunéénou odpovéd a ndslednou zdstavu
bunécného cyklu, reparaci DNA nebo apoptdzu. Tato skutecnost prispiva k objasnéni mechanismu
preZivani androgen-senzitivnich prostatickych bunék, které v dlsledku akumulace poskozeni DNA
mohou ménit sviij fenotyp a tvofit tak nadorové buriky, které jiz neodpovidaji na androgenni signaly a

souvisejici hormonalni terapii.
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Nékteré PAU maiji fadu negenotoxickych ucinkl, napf. aktivuji AhR. Anti-androgenni ucinky PAU
v LNCaP byly prokazany ptfimym antagonistickym plsobenim aktivovaného AhR, ktery zabranuje
vazbé AR na responsivni element DNA (Kizu et al., 2003). Vliv modelového genotoxinu s prokazanymi
negenotoxickymi ucinky B[a]P na aktivaci AhR byl sledovan ve studii (Hruba et al.,, 2011). Zmény v
genové expresi, analyza signalnich drah a porovnani s ic¢inky TCDD, vyznamného AhR aktivatoru,
prokdazaly klicové zapojeni aktivovaného AhR do inhibice bunééného cyklu, proliferace, reparace DNA
a apoptdzy. Potlaceni procest souvisejicich s DNA reparaci a apoptézou mulzZe vést k prezivani
genotoxicky poskozenych bunék.

Nador prostaty je jednim z nejrozsitenéjSich nddorovych onemocnéni, avsak molekularni etiologie
tohoto onemocnéni neni pfesné zndma. V pocatecnim stadiu je rist prostatickych nadorovych bunék
zavisly na pritomnosti androgend. Anti-androgenni terapie je vtomto stadiu Géinna, ale pouze
prechodné, u vétsiny pacientll ¢asem dochazi krelapsu a rozvoji agresivhimu metastazujicimu
onemocnéni, které je resistentni na anti-androgenni IéCbu. Studie (Hruba et al., 2010; Hruba et al.,
2011) objasnuji ulohu environmentalnich polutantl PAU v tomto onemocnéni a vyznamnou mérou

prispivaji k odhaleni mechanismu vzniku rezistence androgen-senzitivnich nadorovych bunék.
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6 ZAVER

V predkladané dizertacni praci jsem ukdzala vyznam vyuZiti transkriptomiky pfi studiu sSkodlivych

ucink environmentalnich polutant(.

Analyza genové exprese na Urovni celého genomu umoznuje identifikaci vyznamné deregulovanych

drah i v tak sloZitém systému, jako je bunécna odpovéd na expozici komplexnim smésim vzdusnych

polutant(. Nasledna detailnéjsi analyza téchto drah miZe vyrazné prispét k ziskani jasnéjsi predstavy

o mechanismech pusobeni redlnych smési na lidsky organismus.

Transkriptomika je vSak pfinosna napftiklad i pro studium patogeneze konkrétnich nadorovych

onemocnéni, kde prispiva k objasnéni dil¢éich mechanism( vedoucich ke vzniku nebo vyvoji tohoto

onemocnéni. PGsobenim modelovych polutantl z ovzdusi mizeme sledovat detailni ucéinek na

vybrané procesy a s vyuZitim fady dalSich metod tak prispét ke hlubsSim poznatkim o mechanismu

onemocnéni.

Hlavni zavéry prace, které zaroven napliuji stanovené cile, jsou nasledujici:

1.

Stanovili jsme hlavni zmény v genové expresi na celogenomové urovni na modelu lidskych
embryondlnich fibroblastl a vyuZili jsme Cipovou technologii k vyhodnoceni Uéinkd realnych
komplexnich smési vzdusnych polutantl obsahujicich PAU. Identifikovali jsme nejvyznamné;jsi
biologické procesy a geny nejvice pfrispivajici k deregulaci téchto proces(. Data naznacuji, Ze
ackoli se jednotlivé lokality lisily plvodem zneciSténi ovzdusi, biologické ucinky organickych
extrakt(l se kvalitativné vyznamné nelisi. Klicovou roli v deregulaci biologickych procesu hraje

aktivovany AhR.

V rdmci objasnéni mechanismu vyvoje nadorového onemocnéni prostaty jsme sledovali
plUsobeni modelovych karcinogennich polutantl B[a]P a DB[a,l]P v prostatické nadorové
bunécné linii LNCaP. Po inkubaci s obéma slouceninami byla v téchto burnkdch pozorovdna
neschopnost indukovat p53 bunécnou odpovéd a geny regulujici apoptdzu, zastavu
bunécéného cyklu a reparaci DNA i pres vyznamné genotoxické poskozeni indukované tvorbou
DNA adukt(. Nedostatecnd odpovéd na poskozeni DNA zfejmé souvisi s omezenou
schopnosti B[a]P a DB[a,l]P tvofit dvoufetézcové zlomy. Tato skutecnost pfispiva k prezivani

genotoxicky poskozenych bunék a mize podporovat vyvoj nadoru.
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Zaveér

3.

Pomoci Cipové technologie jsme stanovili zmény v genové expresi indukované karcinogeny
B[a]P a TCDD v bunécéné linii LNCaP. Buriky LNCaP inkubované s modelovym genotoxinem
B[a]P indukovaly podobné zmény v genové expresi jako buriky inkubované s negenotoxickym
TCDD, aktivatorem AhR. Down-regulované geny byly zahrnuty zejména v replikaci DNA a
reparaci, mitéze a bunécném cyklu. Inhibice téchto procesl souvisi s negenotoxickymi a anti-
proliferativnimi ucinky B[a]P, které jsou zpUsobeny aktivovanym AhR. Tyto zmény mohou

podporovat prezivani bunék s poskozenou DNA.
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Abstract

Background: Recently, we used cell-free assays to demonstrate the toxic effects of complex mixtures of organic
extracts from urban air particles (PM2.5) collected in four localities of the Czech Republic (Ostrava-Bartovice,
Ostrava-Poruba, Karvina and Trebon) which differed in the extent and sources of air pollution. To obtain further
insight into the biological mechanisms of action of the extractable organic matter (EOM) from ambient air particles,
human embryonic lung fibroblasts (HEL12469) were treated with the same four EOMs to assess changes in the
genome-wide expression profiles compared to DMSO treated controls.

Method: For this purpose, HEL cells were incubated with subtoxic EOM concentrations of 10, 30, and 60 ug EOM/
ml for 24 hours and global gene expression changes were analyzed using human whole genome microarrays
(INumina). The expression of selected genes was verified by quantitative real-time PCR.

Results: Dose-dependent increases in the number of significantly deregulated transcripts as well as dose-response
relationships in the levels of individual transcripts were observed. The transcriptomic data did not differ
substantially between the localities, suggesting that the air pollution originating mainly from various sources may
have similar biological effects. This was further confirmed by the analysis of deregulated pathways and by
identification of the most contributing gene modulations. The number of significantly deregulated KEGG pathways,
as identified by Goeman’s global test, varied, depending on the locality, between 12 to 29. The Metabolism of
xenobiotics by cytochrome P450 exhibited the strongest upregulation in all 4 localities and CYP1B1 had a major
contribution to the upregulation of this pathway. Other important deregulated pathways in all 4 localities were
ABC transporters (involved in the translocation of exogenous and endogenous metabolites across membranes and
DNA repair), the Wnt and TGF-B signaling pathways (associated particularly with tumor promotion and
progression), Steroid hormone biosynthesis (involved in the endocrine-disrupting activity of chemicals), and
Glycerolipid metabolism (pathways involving the lipids with a glycerol backbone including lipid signaling
molecules).

Conclusion: The microarray data suggested a prominent role of activation of aryl hydrocarbon receptor-dependent
gene expression.
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Background

Considerable efforts have been made to clarify the adverse
effects of environmental pollution on human health [1].
Respirable ambient air particulate matter with an aerody-
namic diameter < 2.5 pym (PM2.5) is a complex mixture
consisting of a large number of chemicals, many of which
are toxic and/or carcinogenic [2]. The mixtures of organic
compounds to which the general population is exposed
are not completely characterized since complex chemical
analysis is very difficult. Investigations into the biological
effects of ambient air particulate matter have involved a
number of different approaches, including the study of
particle-induced genotoxicity. Although hundreds of geno-
toxic compounds have been identified in ambient air, less
than 25 of these compounds are routinely monitored [3].
Therefore, a biological approach based on specific toxic
effects, such as direct or indirect reactivity with DNA or
mutagenicity of complex mixture components might
represent a suitable alternative [4,5]. The toxic effects of
ambient air particulate matter (PM) are most frequently
associated with chemicals bound onto the surface of the
PM and/or with the particles themselves [6,7]. Some stu-
dies suggest that the genotoxic effects of PM are induced
by polycyclic hydrocarbons (PAHs) and their derivatives
forming the organic fraction of PM [1,8,9]. Other studies
indicate that some metals forming PM may catalyze the
oxidative damage of DNA [10-12]. Much less attention
has been paid to nongenotoxic mechanisms of the toxic
effects of chemicals bound onto PM2.5, although complex
mixtures of air pollutants are known to contain various
tumor promoters [13,14]. It has been repeatedly demon-
strated that some PAHs, such as benzo[a]pyrene (BaP),
form DNA adducts, after their metabolic activation by
cytochrome P450 enzymes [15-18]. However, the PAHs,
which activate aryl hydrocarbon receptor (AhR), induce
several AhR-dependent nongenotoxic effects associated
with tumor promotion [19,20]. PAHs have been reported
to contribute to antiapoptotic effect of PM via activation
of AhR in human bronchial epithelial cells [21] and AhR-
dependent induction of cell proliferation, another hallmark
of tumor promotion, after exposure to the extract of refer-
ence airborne particles has been described in liver epithe-
lial cells [14]. Moreover, another group of PAHs
(fluoranthene, pyrene) is known to exhibit tumor promot-
ing activity via inhibition of intercellular communication
[13,22].

Several attempts have been made to study the toxic
effects of both artificial and real mixtures of environmental
air pollutants, including PAHs, in various cell cultures
[23]. The recent progress of “omics” technology in toxicol-
ogy has allowed more insight into the mechanisms of the
toxic effects of complex mixtures [24]. This technology
offers the ability to query the entire genome after exposure
to a complex mixture of compounds, permitting
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characterization of the biological effects of such exposure
and the mechanisms of action involved. Significant atten-
tion has been paid to the global gene expression changes
caused by complex mixtures, such as cigarette smoke and
its condensate, diesel exhaust and carbon black. However,
only a few studies have dealt with ambient dust particles
(reviewed in [24]). The genome-wide study, dealing with
particles from urban dust (standardized SRM1649a) in a
human cell line in vitro, indicated deregulation of genes
involved in DNA repair, peroxisome proliferation, metabo-
lism and changes in tissue growth factors and oncogenes
[25]. In human aortic endothelial cells exposed to the
ambient particular matter, the modulation of gene expres-
sion included upregulation of metabolism of xenobiotics
and proinflammatory responses [26].

In this study, the toxicogenomic approach was used to
identify genes and particularly the biological pathways
involved in the action of mixtures of organic air pollu-
tants adsorbed onto respirable air particles (PM2.5). As a
model system, human embryonic lung fibroblasts (HEL)
which have been repeatedly shown to be a suitable model
for toxicity studies of individual compounds as well as
artificial and environmental mixtures, were used [9,27].
Importantly, embryonic fibroblasts have distinctive differ-
entiation status compared with other lung cell models
and therefore, unique gene expression changes might be
expected. Changes in the whole genome expression pro-
files induced by extractable organic matter (EOM) from
the PM2.5 particles in HEL cells were analyzed at sub-
toxic EOM concentrations and significantly deregulated
genes and biological processes were identified. Moreover,
changes in gene expression profiles for various localities
(differing by the sources and extent of air pollution) were
compared with the aim of identifying exclusive changes
in gene transcription profiles corresponding to the air
pollution exposure.

Results

Air sampling

The occurrence of organic compounds in the air is
dependent on their physical properties, there are present
in the gas phase, partially or completely adsorbed to the
particles present in the air. This fact complicates the pro-
cedures for air sampling and the interpretation of the
observed concentrations or toxic effects. PAHs with two
to three cycles are present in the air under normal physi-
cal conditions in the gas phase (partly but can also be
adsorbed on air particles, e.g. fluoranthene), PAHs with
four cycles (e.g., pyrene) are distributed both in the gas
and particulate phase, and PAHs with five or more cycles
(benzo[a]pyrene, benzofluoranthenes, dibenzoanthra-
cenes and dibenzopyrenes) are almost entirely adsorbed
on particles [28-30]. This study was also focused on the
determination of organic extractable compounds bound
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to the particulate matter in the air, which in terms of
genotoxicity, carcinogenicity and dioxin-like toxicity
represent the highest risk.

The basic characteristics of PM2.5 sampling such as
GPS coordinates, volume of sampled air, concentrations
of PM2.5 and EOM in all localities are summarized in
Table 1. The highest air pollution level in terms of PM2.5
was found in the industrial area of Ostrava-Bartovice
(1.5-fold and more than 3-fold higher than in Ostrava-
Poruba and Trebon, respectively).

Chemical characterization of ambient air particulate
matter

To evaluate the chemical characterization of ambient air
particulate matter (PM, 5), many classes of organic contami-
nants were analyzed (Additional file 1). The highest concen-
trations were found for n-alkanes (77.4 - 89.5 ng/m>), ten
U.S. EPA PAHs (parent PAHs prioritized by U.S. EPA, ran-
ged from 5.89 to 76.3 ng/m?), other PAHs (other parent
compounds with significant toxicological and indicatory
characteristics, 3.28 - 44.3 ng/m3 ) and oxidized PAHs (2.02
- 36.1 ng/m>) (Table 2). Assuming that traffic emitted n-
alkanes and PAHs in similar proportions, then the approxi-
mately one order of magnitude higher PAH emissions in
the hot spot site Bartovice is caused by emissions from
other, mainly local industrial sources. Like n-alkanes, other
contaminants associated with emissions from traffic (UCM,
terpanes, triterpanes and steranes) were present in the sam-
ples. In addition to these compounds, sterols (mainly of
plant origin, stigmasterol, 3-sitosterol, B-amyrin, S-amyrin
and lupeol), ubiquitous dialkyl-esthers of phthalic acid,
which is still used as a softener for plastics based on polyvi-
nyl chloride, and other industrial contaminants (bisphenol
A, benzophenone, etc.) were also found. Different, more
abundant individual U.S. EPA PAHs were found in the
sites under study. Pyrene (a marker of pyrogenic sources of
PAHs) dominated in Bartovice, Poruba and Trebon;
Indeno[1,2,3-cd]pyrene (a marker of traffic sources) pre-
vailed in the site Karvina (Table 3). The average concentra-
tion of benzo[a]pyrene ranged from 0.55 (Trebon site) to
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5.98 ng/m? (hot spot site Bartovice). The difference in B[a]
P was much higher in terms of B[a]P than in terms of
PM2.5 (3-fold higher PM2.5 levels and more than 10-fold
higher B[a]P levels in Ostrava-Bartovice and Trebon,
respectively).

Gene expression changes induced by EOMs

Gene expression profiling using the Illumina microarray
platform and pathway analysis was used to identify
deregulated genes and biological processes in HEL cells
following 24 h exposure to EOM from each locality at
three subtoxic concentrations (10, 30, 60 ug EOM/ml).
Gene expression levels were compared to control HEL
cell cultures treated with DMSO only.

Deregulated transcripts and genes

We first identified differential gene expression in each
EOM dose from all 4 localities. A full list of deregulated
genes is available as Additional file 2. The number of
deregulated transcripts with adjusted P-value < 0.05,
average expression level (AvgExp) > 4, and log, FC (fold
change) > |1|exhibiting a positive dose response for all 4
localities is shown in Figure 1. More than 1200 tran-
scripts were deregulated at the highest dose of 60 ug
EOM/ml for the heavily polluted area of Ostrava-Barto-
vice, while after the exposure to the extract sample from
Ostrava-Poruba (6 km from Ostrava-Bartovice) only
about 700 genes were deregulated. Significant overlap of
deregulated transcripts was observed between the local-
ities (Figure 2). More than 360 transcripts were deregu-
lated simultaneously in all 4 localities for EOM at the
concentration of 60 pg EOM/ml. This number repre-
sented approximately 30% of all deregulated genes for
Ostrava-Bartovice, 50% for Ostrava-Poruba, 68% for
Karvina, and 36% for Trebon sample. Despite this signif-
icant overlap, 388 transcripts (32%) were exclusively
deregulated in cells treated with EOM (60 pg/ml) from
Ostrava-Bartovice, while only 58 (8%), 37 (7%), and 178
(18%) transcripts were deregulated by samples from
Ostrava-Poruba, Karvina, and Trebon, respectively.

Table 1 Basic characteristics of PM2.5 sampling in various localities of the Czech Republic

Locality Sampling Air volume PM EOM
[GPS coordinates] period [m?] [ug/m?] [ug/m?]
Ostrava-Bartovice 1.3-44.09 29,900 36.7 13.0
[49°48'07"N, 18°20'56"E]

Ostrava-Poruba 1.3-313.09 35,200 258 8.05
[49°48'07"N, 18°20'56"E]

Karvina 14-55.09 47,400 na.x 9.16
[49°48'07"N, 18°20'56"E]

Trebon 19.11.-17.12. 08 44,700 114 415

[49°00"15"N, 14°45'56"E]

*Missing for technical reasons
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Table 2 Concentration of contaminant groups in the extracts from PM2.5 (ng/m®)

Contaminant classes Contaminant groups Ostrava-Bartovice Ostrava-Poruba Karvina Trebon

Polycyclic aromatic compounds US. EPA PAHs (10)* 76.3 136 17.1 5.89
other PAHs (29) 443 7.14 9.29 3.28
alkylated PAHs (46) 29.7 736 5.88 498
oxidized PAHs (7) 36.1 1.0 128 202
N-heterocyclic PAHs (PANHs) (13) 19.9 427 313 0.46
S-heterocyclic PAHs (PASHS) (8) 9.99 227 1.80 042
nitrated PAHs (15) 0.38 0.05 0.04 0.02
dinitrated PAHs (3) 0.00097 0.00008 0.00005 0.00005

Hydrocarbon markers n-alkanes (29) 84.4 89.5 774 89.2
UCM (unresolved complex mixture) * 20.1 153 9.19 12.7
terpanes (15) 14.8 934 5.64 414
triterpanes (13) 449 3.16 1.49 373
steranes (19) 224 268 0.85 1.76

Sterols faecal sterols (8) 0.38 0.12 0.17 0.88
phytosterols (5) 1.04 0.20 0.59 1.63

Industrial contaminants musk compounds (9) 0.01 0.003 0.003 0.06
dialkyl-phthalates (6) 0.75 0.60 0.34 2.08
bisphenol A 0.18 0.09 0.10 0.09
benzophenone 0.24 0.05 0.04 0.04
isomyristate 0.19 0.10 0.07 046

* the numbers of quantified compounds are in parentheses

** mixture of thousands cyclic and branched saturated hydrocarbons forming a characteristic hump on the GC chromatogram of the fraction of non-polar

compounds of air particulate matter

To further evaluate the differences in gene expression
profiles between localities, principal component analysis
(PCA) was performed (Figure 3). The data did not exhi-
bit any significant clustering according to the locality,
suggesting similarities in expression profiles. In contrast,
clusters separating individual EOM concentrations were
observed (ellipses in Figure 3 indicate 95% confidence
interval). Further statistical analysis of the expression
data was focused on the deregulated pathways involving
the levels of all detectable transcripts, and not only sig-
nificantly deregulated transcripts.

Deregulated pathways
To identify deregulated KEGG pathways for the individual
localities, all 3 EOM concentrations (10, 30, and 60 pg/ml)

were combined for the analysis. The main reason for that
was to identify deregulated pathways in individual local-
ities for the whole concentration range. The complete list
of significantly deregulated pathways resulting from EOM-
treated HEL 12469 cells, as identified by Goeman’s global
test, is shown in Table 4. Although the analysis on the
level of individual transcripts identified an almost 2-fold
higher number of deregulated genes for Ostrava-Bartovice
than for Ostrava-Poruba (1212 vs. 719 for 60 ug EOM/
ml), the number of deregulated pathways was higher for
Ostrava-Poruba than for Ostrava-Bartovice (29 vs. 18).
The pathway exhibiting the strongest deregulation in all 4
localities was the Metabolism of xenobiotics by cyto-
chrome P450. The main genes contributing to the deregu-
lation of this pathway included upregulation of CYPIBI,

Table 3 Selected priority U.S. EPA PAHs adsorbed on the PM2.5 collected in various localities (ng/m?)

Compound name Ostrava-Bartovice Ostrava-Poruba Karvina Trebon
Fluoranthene 1.6 248 1.72 1.00
Pyrene 139 261 1.76 1.01
Benz[alanthracene 116 162 167 0.50
Chrysene 9.06 1.96 2.19 0.89
Benzolblfluoranthene 3.89 0.55 1.03 031
Benzol[Klfluoranthene 434 0.69 1.18 032
Benzolalpyrene 598 1.31 2.26 0.55
Dibenz[a, h]anthracene 1.16 0.21 0.16 0.09
Benzol[ghilperylene 515 0.80 1.83 0.51
Indeno(1,2,3-cd]pyrene 9.67 138 3.30 0.72
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Figure 1 Number of significantly deregulated transcripts
(adjusted P-value < 0.05, average expression level (AvgExp) >
4, and log, FC (fold change) > |1]) in HEL 12469 cells treated
with various subtoxic concentrations of EOMs from PM2.5
collected in four localities of the Czech Republic. List of all
deregulated genes is available as Supplementary material.

MGST1 (2 transcripts), GSTMS5, and GSTO1 (Figure 4).
The significance of this contribution as well as the correla-
tions between transcripts are shown in Figure 5. These
results suggest a crucial role of CYPIB1 upregulation and
its correlation with the expression of other genes encoding
detoxifying enzymes. All the genes depicted in Figure 4
were upregulated. Five other pathways were significantly
deregulated in all 4 localities: Steroid hormone biosynth-
esis (driven mostly by CYP1B1 and aldo-ketoreductases),
ABC transporters, Wnt signaling pathway, TGF-B signal-
ing pathway, and Glycerolipid metabolism. The genes with

Karvina

Poruba

Bartovice Trebon

Figure 2 Venn diagram representing numbers of common and
locality-specific deregulated genes following 24-h treatment of
HEL cells with 60 g EOM/ml, relative to DMSO used as a
solvent control (adjusted P-value < 0.05, average expression
level (AvgExp) > 4, and log, FC (fold change) > |1|).
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Figure 3 Principal component analysis of the normalized gene
expression data from microarrays for all localities and EOM
concentrations. Ellipses bound clusters of the various
concentrations (95% confidence interval).

the highest contribution to the deregulation of these path-
ways at various localities are summarized in Figure 4.
Together with the pathways deregulated in all localities,
Figure 4 summarizes 5 other toxicologically important
pathways (Drug metabolism by cytochrome P450, Glu-
tathione metabolism, Gap junction, Arachidonic acid
metabolism, p53 signaling) deregulated in at least 1 of the
4 localities. For each pathway, selected genes mainly con-
tributing to pathway deregulation are shown.

Quantitative real-time PCR verification

The gene expression of 11 selected significantly deregu-
lated genes from microarray data in HEL cells was verified
by qPCR. These genes include CYPIBI, MGSTI1, NKD2,
BMP2, SMAD3, TBXASI, CCND2, PTGS2, TJP1, WNT2,
and ID2. The transcripts were selected to represent various
deregulated pathways (Figure 4). Transcript levels of each
selected gene were measured in each locality (Figure 6 A-
D). In most cases, data proved dose-dependent up- or
downregulation as indicated by Jonckheere-Terprsta
monotonicity test. With the exception of the downregula-
tion of SMAD3 gene involved in TGF-§ and Wnt signaling
pathways, all other transcripts verified by qPCR were clo-
sely correlated (Figure 7). The mean correlation across all
the transcripts and localities was r = 0.91, the mean corre-
lation without SMAD3 gene was r = 0.96 (r is the Pearson
correlation coefficient).

Discussion

This study aimed to use human embryonic lung fibro-
blasts (HEL12469) as a model of target tissue for inhala-
tion exposure, to identify biological processes and
pathways involved in the toxic effects of organic extracts
from respirable ambient air particles collected in 4 local-
ities of the Czech Republic differing in the extent and
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Table 4 Pathways significantly deregulated after EOM-treatment of HEL 12469 cells as identified by Goeman’s global

test
ID KEGG pathway Ostrava-Bartovice Ostrava-Poruba Karvina Trebon
Adj. p-value*

980 Metabolism of xenobiotics by cytochrome P450 4.06E-04 2.97E-05 4.71E-04 1.70E-03
4270 Vascular smooth muscle contraction 3.08E-04 2.06E-03 1.09E-01 2.41E-03
4310 Whnt signaling pathway 5.14E-03 1.32E-04 7.07E-03 2.88E-03
30 Pentose phosphate pathway 5.64E-03 8.84E-03 1.27E-01 3.19E-02
140 Steroid hormone biosynthesis 1.03E-02 2.58E-03 4.29E-03 3.37E-02
2010 ABC transporters 1.17E-02 1.86E-03 3.51E-02 4.34E-03
561 Glycerolipid metabolism 1.50E-02 2.63E-03 4.38E-02 5.03E-03
770 Pantothenate and CoA biosynthesis 1.64E-02 4.78E-02 3.68E-02 1.46E-01
4540 Gap junction 1.80E-02 3.50E-02 8.14E-02 3.63E-02
4350 TGF-beta signaling pathway 1.84E-02 3.07E-02 3.09E-02 1.29E-02
4115 p53 signaling pathway 2.39E-02 1.70E-01 2.74E-01 7.77E-02
520 Amino sugar and nucleotide sugar metabolism 2.58E-02 6.46E-03 1.22E-01 9.54E-02
600 Sphingolipid metabolism 2.63E-02 2.72E-01 8.92E-02 3.45E-02
52 Galactose metabolism 2.63E-02 1.97E-02 1.86E-01 7.77E-02
620 Pyruvate metabolism 2.89E-02 2.68E-02 1.00E+00 4.05E-02
982 Drug metabolism - cytochrome P450 3.01E-02 9.84E-05 1.49E-03 9.04E-02
480 Glutathione metabolism 3.08E-02 2.13E-03 7.91E-03 6.30E-02
72 Synthesis and degradation of ketone bodies 3.83E-02 2.10E-01 2.74E-01 1.00E+00
4340 Hedgehog signaling pathway 5.23E-02 2.22E-03 5.75E-02 4.33E-02
5217 Basal cell carcinoma 5.06E-02 5.04E-03 4.86E-02 5.16E-02
40 Pentose and glucuronate interconversions 6.10E-02 5.70E-03 1.59E-01 6.37E-02
4142 Lysosome 7.53E-02 5.78E-03 4.30E-01 7.05E-02
565 Ether lipid metabolism 5.47E-02 1.23E-02 1.52E-02 1.38E-02
4614 Renin-angiotensin system 5.43E-02 1.33E-02 1.22E-01 6.17E-01
590 Arachidonic acid metabolism 571E-02 1.97E-02 7.05E-02 4.70E-02
4744 Phototransduction 1.56E-01 2.07E-02 4.15E-01 2.22E-02
511 Other glycan degradation 1.09E-01 2.64E-02 5.96E-01 7.55E-02
4610 Complement and coagulation cascades 1.15E-01 2.85E-02 9.83E-01 4.56E-01
5222 Small cell lung cancer 1.48E-01 3.07E-02 4.63E-01 7.55E-02
4612 Antigen processing and presentation 4.26E-01 3.35E-02 5.52E-01 2.08E-01
5140 Leishmaniasis 1.18E-01 3.58E-02 2.20E-01 5.18E-02
4145 Phagosome 5.26E-02 4.38E-02 1.00E+00 1.16E-01
564 Glycerophospholipid metabolism 3.80E-01 1.08E-01 7.85E-01 6.10E-03
4730 Long-term depression 2.77E-01 4.64E-01 1.00E+00 7.49E-03

KEGG pathways deregulated in all localities are in bold. PM2.5 samples were collected in 4 localities of the Czech Republic, and extractable organic matters

(EOMs) were prepared as described in Materials and Methods.
*The procedure of Holm for control of the family-wise error rate [62].

sources of environmental pollution. For this purpose,
cell cultures were treated with subtoxic concentrations
of organic extracts from PM2.5 particles collected by
high volume filter sampling. To ensure the complexity
of the study, the whole genome RNA expression micro-
array covering 48 k of gene transcripts was used. The
major findings of the study suggest that multiple genes
involved in various biological pathways were deregulated
in a dose-dependent manner, and the highest number of
transcripts was deregulated in Ostrava-Bartovice, a resi-
dential part of Ostrava city which is mostly polluted by
heavy industry, such as steel works and coke ovens

located in the immediate vicinity [31]. Taking into
account substantial differences in major air pollution
sources among the localities, the high number of com-
monly deregulated genes seems to be surprising (30-68%,
depending on the locality). This is further supported by
the qualitative similarities in the chemical composition of
the organic extracts from all 4 localities (determined
more than 200 aromatic compounds), particularly by the
results from the principal component analysis of gene
expression profiles which indicated clustering according
to the EOM concentration, but not according to the
locality. However, this similarity was least for the most



Libalova et al. Particle and Fibre Toxicology 2012, 9:1
http://www.particleandfibretoxicology.com/content/9/1/1

Page 7 of 16

qPCR verification
Genes/Pathways

Locality* (up/down regulated genes)
Metabolism of xenobiotics by cytochrome P450

Drug metabolism - cytochrome P450
Steroid hormone biosynthesis
Arachidonic acid metabolism

Glutathione metabolism
Glycerolipid metabolism

TGF-beta signaling pathway
p53 signaling pathway

ABC transporters
Gap junction

Locality* [ OB

opP

I Whnt signaling pathway

(deregul.

pathways) T

X |[MGST1

X dPCR verification done

GSTO1

X genes mainly contributing to

X |X|x

GSTMS

the deregulation of the pathway

XX (XX

ALDH3B1

X |CYP1B1

[ pathway deregulation

AKR1C2

gene upregulation

XXX XXX X

CYP2s1

gene downregulation

HSD17B2

(color intensity grows

xX|X| XX

HSD11B1

with the extent of the

GPX3

deregulation)

PGD

RRM2

Locality*

XXX X

GSR

OB Ostrava-Bartovice

FMO3 X

OP Ostrava-Poruba

AOX1 X

K Karvina

TBXAS1 X

T Trebon

PTGS2 X

SMAD3

SKP1A

NKD2

WNT2

FZD1

XX XXX

BMP2

ID1

x| x| [X[X] [X[|X|Xx

1D2

TGFB3

XXX (X

ABCC4

ABCB9

ABCC5

ABCB6

XX (XX

AKR1B1

GLA

GK

PPAP2C

ALD3A2

GPAT6

XXX XX X|X

PPAP2B

ITPR3

TUBB6

X |TiP1

TUBB2B

TUBA3D

HTR2B

GUCY1A3

TUBA1A

TUBB2A

XX XXX XXX X

X |CCND2

X

CHEK2

X

Figure 4 Selected deregulated pathways and genes mainly contributing to their deregulation in various sampling localities.

polluted area of Ostrava-Bartovice, where 32% of deregu-
lated transcripts were exclusive to this locality, which was
much more than for the 3 remaining areas. Chemical
analysis revealed higher relative content of some of PAHs

and nitrated PAH derivatives, which may at least explain
a slightly different gene expression responses. However,
the major modulations of gene expression were depen-
dent on activation of aryl hydrocarbon receptor (AhR).
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Figure 5 Genes mainly contributing to deregulation of the KEGG pathway, metabolism of xenobiotics by cytochrome P450, in various
sampling localities. All depicted genes were upregulated.
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For better biological interpretation of the observed gene
expression changes, we identified deregulated pathways
without preliminary discrimination of up- and downregu-
lated genes. The data indicated that some pathways were
significantly affected by both up- and downregulated
genes. We were also interested in pathways that contained
a large number of genes whose regulation was associated
with the EOM concentration in “a small way” (still under

the significance threshold for each individual gene). There-
fore, the preliminary discrimination of up- and downregu-
lated genes may result in loss of some deregulated
pathways. Furthermore, for the purpose of pathway analy-
sis, we did not discriminate between individual EOM con-
centrations used in the treatment of HEL cells.

Taking into account the high levels of PAHs, their
derivatives and many other compounds bound to PM2.5
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Figure 6 Gene expression changes (gene expression difference log,) of 11 selected genes representing various deregulated pathways
(see Table 4) as detected by quantitative RT-PCR. HEL cells were treated with 10, 30 and 60 pg/ml of organic extracts from PM2.5 particles.
All transcripts from all localities (with the exception of SMAD 3 for Karvina and Trebon and TJP1 for Trebon) were significantly deregulated in a
dose-dependent manner (P-value of the Jonckheere-Terpstra monotonicity test was < 0.05).

[2], it is not too surprising that the strongest deregula-
tion in this study was observed for the KEGG pathway,
Metabolism of xenobiotics by cytochrome P450. Among
the many upregulated metabolic enzymes in this path-
way, CYP1BI dominated in all localities. CYPIBI is a
mixed-function monooxygenase, which metabolizes
mainly polycyclic aromatic hydrocarbons, N-heterocyclic
amines, arylamines, aminoazodyes and several other car-
cinogens [32]. Besides its role in the metabolism of
xenobiotics, CYPIBI is also involved in the metabolism

of cholesterol, steroid hormones, arachidonic acid and
other lipids, metabolism of retinoic acid as well as in
vitamin D3 synthesis and metabolism [33].

The induction of CYPIB1 by complex mixtures such as
tobacco smoke or airborne particles has been observed
[14,25,34]. It is well known that the CYPIBI gene is
under the regulatory control of the AhR and many PAHs
are known to induce CYP1BI and their own metabolism
through binding to and activation of the AhR [35]. The
ARR is a ligand-activated transcription factor which has a
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Figure 7 Correlation of the expression of selected transcripts from microarrays and quantitative real-time PCR analysis. The mean
correlation across all the transcripts and localities was r = 0.91, (Pearson correlation coefficient).
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central role in the induction of drug-metabolizing
enzymes. AhR can also interact with other pathways sug-
gesting that this activity is important in the toxicity of
exogenous compounds. AhR activation by some of its
ligands participates, among others, in pathways involved
in the oxidative stress response, cell cycle control and
apoptosis [36], cell adhesion and matrix remodeling [37]
as well as multiple developmental pathways [19]. Strong
involvement of AhR related pathways in the toxic
response of EOMs within this study are supported by
recent findings on the mechanisms of toxicity induced by
an organic extract of the urban dust standard reference
material, SRM1649a [14], also suggesting a crucial role
for AhR and PAHs as key AhR activators. Another group
of upregulated genes within the metabolism of xenobio-
tics by cytochrome P450 pathway, are glutathione S-
transferases MGST1 and GSTMS5, known to be involved
in conjugation of reduced glutathione to a wide number
hydrophobic electrophile metabolites [38,39], and
GSTO1, a glutathione-dependent thiol transferase and
dehydroascorbate reductase [40].

In this study, CYP1B1 upregulation was also a major
factor in deregulation of the second most important
deregulated KEGG pathway - Steroid hormone biosynth-
esis (SHB), which is known to be a target for endocrine-
disrupting chemicals [41]. Similar to the Metabolism of

xenobiotics by cytochrome P450, this pathway was
deregulated in all 4 localities. In addition to CYP1BI,
which is known to hydroxylate estrogens [42], aldo-keto
reductase (AKRIC2) and some hydroxysteroid -dehy-
drogenases 1 (HSD17B2, HSD11B1, HSD17B8) signifi-
cantly contributed to deregulation of the SHB pathway.
The results of the detailed chemical analysis of the
EOMs, including the analysis of the dioxin toxicity of the
fractionated crude extracts, strongly suggests that PAHs
(abundant components in all EOMs) and not persistent
organic pollutants (chlorinated dibenzo-p-dioxins, diben-
zofuranes or biphenyls) are mainly responsible for SHB
deregulation and dioxin-like toxicity. These findings are
in accordance with our previous study [14], in which the
activation of AhR and AhR-mediated gene expression
and cellular nongenotoxic events prevailed the genotoxic
and apoptotic processes. Several mechanisms on the
modulation of estrogen and androgen signaling by che-
micals directly or indirectly through cross-talk between
AhR and steroid hormone receptors have been discussed
[43,44]. Here we found a possible correlation between
the modulations of enzymes of steroidogenesis and oxi-
dative steroid metabolism and the AhR activation.

The crucial role of AhR in the toxic effects of the
EOM components is further underlined by the analysis
of the third KEGG pathway - Wnt signaling, which was
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significantly deregulated by all 4 extracts in this study.
Wnt signaling proteins are required for basic develop-
mental processes in many different organs. A recent
genomic analysis revealed functional cross-talk between
AhR and the well-established Wnt/p-catenin signal
transduction pathway [45,46]. NKD2, as an upregulated
gene mostly contributing to the deregulation of Wnt
signaling in all EOM-treated cells, is known as a cell
autonomous antagonist of the canonical Wnt signaling
pathway [47]. Accordingly, Wnt target genes, WNT?2
and CCND2 were significantly downregulated in lung
fibroblasts exposed to all 4 extracts (Figure 6).

The next KEGG pathway deregulated by EOMs from all
4 localities was the Transforming growth factor-f(TGF-f3)
signaling, which includes structurally related cytokines
regulating a wide spectrum of cellular functions such as
cell growth and proliferation, apoptosis, differentiation and
migration via receptors type I and II [48]. In our study, the
upregulation of bone morphogenic protein type-2 (BMP2),
antagonist of TGF-f involved in osteogenesis, cell differen-
tiation, growth and invasivity, is primarily responsible for
TGEF-B signaling deregulation [49]. Simultaneously, down-
regulation of SMAD3, effector of TGF-§ signaling, and
DNA-binding inhibitors 1 or 2 (ID1, ID2), transcription
factors which negatively regulate cell differentiation [50],
was observed in this study. Again, suppression of TGF-8
signaling by activated AhR has been reported [51], point-
ing out the key role of AhR activation in lung fibroblasts
exposed to complex airborne mixtures.

The ATP binding cassette (ABC transporters), as a fifth
pathway deregulated by all extracts in this study, includes
a huge number of various transmembrane proteins cap-
able of active transport of various compounds through the
cell membrane. In humans, there are 49 known ABC
transporters, which are classified into eight families [52].
In our study, the most significant deregulation was
observed for family C (C4 and C5), known to facilitate
transport of bile salt and steroid conjugates, ion transport
and toxin excretion activity, and family B (B6 and B9),
used mostly for transport of peptides [53]. Recently, AhR-
dependent upregulation of ABCC4 was reported [54]. In
eukaryotes including humans, ABC transporters serve as
pumps that extrude toxins from the cell. Some ABC pro-
teins are known to be involved in translation and DNA
repair processes. It was obvious that exposure of HEL cells
to complex mixtures of organic compounds bound to
PM2.5 induced deregulation of many ABC transporters as
a defending reaction of cells to this exposure and that
AhR induction may play a significant role in their upregu-
lation. Similar primary transcription response was
reported in mouse lung fibroblasts exposed to TCDD for
4 h [55]. TCDD-induced significant upregulation of
CYPI1BI, PTGS2, BMP2, ABCC#4 and deregulation of other
genes belonging to Metabolism of xenobiotics, ABC
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transporters, TGF-beta and Wnt signaling pathways in
mouse lung fibroblasts suggests a significant AhR-depen-
dent gene expression in the HEL cells.

The last pathway deregulated in all 4 localities was Gly-
cerolipid metabolism, which includes the chemical reac-
tions and pathways involving glycerolipids, the lipid with a
glycerol backbone. Diacylglycerol and phosphatidic acid
are key lipid intermediates of glycerolipid biosynthesis;
diacylglycerol is a key lipid signaling molecule involved in
activation of protein kinases and cell survival and prolif-
eration. The deregulation of this pathway is caused mainly
by upregulation of aldo-keto reductase 1B1 (AKRIBI) cat-
alyzing the NADPH-dependent reduction of a wide variety
of carbonyl-containing compounds to their corresponding
alcohols with a broad range of catalytic efficiencies [56]. It
is very likely that carbonyl compounds are the compo-
nents of all 4 EOMs. Importantly, genes responsible for
sphingolipid metabolism were also significantly deregu-
lated; these results suggest effects on sphingolipid signal-
ing molecules which regulate cell survival, proliferation
and apoptosis.

There were many other deregulated pathways detected
in this study (Table 5), but these were not found in all
localities, e.g. Glutathione metabolism pathway was
deregulated after the treatment with the extracts from
sampling sites Ostrava-Bartovice, Ostrava-Poruba and
Karvina but not after the exposure to extract from Trebon,

Table 5 Sequences of primers used in quantitative
RT-PCR

Symbol RefSeq ID Oligonucleotide
CYP1BT NM_000104.2 sense CACTGGAAACCGCACCTC
antisense  AGCACCGACAGGAGTAGC
MGSTT  NM_145792.1 sense CACCTGAATGACCTTGAAAATATTATT
antisense  TCCGTGCTCCGACAAATAGT
NKD2 NM_033120.2 sense GGAAGGTCACCAGGGAGGA
antisense  TTCACACGGAGGGTCTTGC
BMP2 NM_001200.2 sense GGGCATCCTCTCCACAAAAG
antisense  CCACGTCACTGAAGTCCAC
SMAD3  NM_005902.3 sense GGCTGCTCTCCAATGTCAAC
antisense  ACCTCCCCTCCGATGTAGTA
TBXAST NM_001061.2 sense ATCTTCCTCATCGCTGGCTAT
antisense  CCTTAAAAACGTCTACCTCTCCA
CCND2  NM_001759.2 sense TGGGACAATGGGTGGTGAA
antisense  GCAAAGCTGGCTCTTGAGAA
PTGS2  NM_000963.1 sense CAAATCATCAACACTGCCTCAAT
antisense  TCTGGATCTGGAACACTGAATG
TJPI NM_1756102 sense AAACAAGCCAGCAGAGACC
antisense  CGCAGACGATGTTCATAGTTTC
WNT2  NM_003391.1 sense CAAGAACGCTGACTGGACAA
antisense  CCCCAGAAAGAACCCAAAGG
D2 NM_0021664 sense CGATGAGCCTGCTATACAACA
antisense  AGGTCCAAGATGTAGTCGATGA
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the only agricultural area. The genes in the KEGG cluster
of Glutathione metabolism belong to the phase II bio-
transformation of xenobiotics and oxidative stress defense.
The genes of arachidonic metabolism are involved in
proinflammatory responses (PTGS2, TBXASI) and protec-
tion against oxidative stress (GPX3). Interestingly, the p53
signaling pathway was deregulated exclusively after the
treatment by EOM from Ostrava-Bartovice, the most pol-
luted industrial locality. It was found no induction of p53
target genes suggesting possible suppresive role of acti-
vated AhR [20]. Genes mostly involved in the deregulation
of the Gap junction pathway belong rather to microtubule
functions, mitosis and tight junction, they are not so rele-
vant for gap junctions. In conclusion, major deregulated
KEGG pathways are related to various cancer promoting
processes.

Limitations of this study

The major limitation of this study was that the compari-
son of the various localities, in terms of the gene expres-
sion profiles, should only be regarded as qualitative since
equal EOM doses used for all localities (10-60 ug EOM/
ml) did not reflect different EOM content per m> of the
sampled air. In contrast to some toxicity markers such as
stable DNA adduct formation [1], gene expression data
cannot be normalized to EOM/m?3. Therefore, to make a
quantitative comparison of the effect of organic com-
pounds bound to PM2.5 on gene expression profiles, the
EOM doses used for cell treatment should take into
account the differences in EOM/m?. Such a study is in
progress. On the other hand, using of equal EOM doses
allowed us to reveal similar gene expression profiles and
affected KEGG pathways.

For technical reasons, it was impossible to sample
PM2.5 simultaneously in all 4 localities, which is
another limitation of the study. This fact may partially
explain why the agricultural locality of Trebon sampled
in November and December (period of frequent winter
inversions) exhibited such a high number of deregulated
transcripts compared to Ostrava-Poruba and Karvina,
industrial locations sampled in March and April, respec-
tively. The effect of the winter inversions on particulate
matter and PAH air pollution is well known [57].

Conclusion

To our knowledge, this is the first study dealing with
differential gene expression in the context of real com-
plex mixtures of air pollutants at the level of the whole
genome in human lung fibroblasts. The study identified
KEGG pathways deregulated by real complex mixtures
of air pollutants collected in areas differing in the extent
and sources of air pollution and the key role of activa-
tion of AhR was found. The results of this study may be
used for future more detailed mechanistic studies
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focused on the role of individual affected pathways and
genes.

Materials and methods

Reagents

All chemical standards were purchased from Promo-
chem (Wesel, Germany), Dr. Ehrenstorfer (Augsburg,
Germany) or Midwest Research Institute (Kansas City,
MO, USA); solvents were from Merck (Darmstadt, Ger-
many) and chromatographic consumables from Sigma-
Aldrich (Prague, Czech Republic). The other compounds
and materials used were of the highest purity available
suitable for organic trace analysis. DMSO was purchased
from Merck, Darmstadt, Germany. The sources of other
specific chemicals and kits are indicated below.

PM2.5 collection, sampling sites and EOM extraction
Particulate matter < 2.5 um (PM2.5) was collected by a
HiVol 3000 air sampler (model ECO-HVS3000, Ecotech,
Australia) on Pallflex filters T60A20 (20 x 25 c¢m) in
four localities of the Czech Republic differing in the
extent and major sources of air pollution: Ostrava-Bar-
tovice (heavily polluted industrial area), Ostrava-Poruba
(high level of traffic), Karvina (industrial area) and Tre-
bon (rural area with some houses equipped with local
brown coal heating) as described by Topinka et al. [31].
Briefly, sampling was conducted for 24 h each day for
30-35 days in the winter season of 2008/2009. Each fil-
ter was extracted by 60 ml of dichloromethane and 3 ml
of cyclohexane for 3 hours. The extracts (EOMs) from
all filters with PM2.5 samples were pooled and aliquots
were used for the detailed chemical analysis and the cell
treatment. The extraction of PM2.5 was performed in
the laboratories of the certified company ALS Czech
Republic, Prague (EN ISO CSN IEC 17025). For the in
vitro experiments, EOM samples were evaporated to
dryness under a stream of nitrogen and the residue re-
dissolved in dimethylsulfoxide (DMSO). The stock solu-
tion of each EOM sample contained 50 mg of EOM/ml
DMSO. Samples were kept in the freezer at -80°C until
analysis.

Sample handling for chemical analysis

Extracts of air PM, 5 samples were used for fractionation
into four fractions using low-pressure silica gel column
chromatography. Fractionation was performed to facili-
tate the chemical analysis of complex mixtures of polar
and nonpolar contaminants of the air samples. An ali-
quot of the sample extract in dichloromethane was eva-
porated just to dryness; the residues was redissolved in
0.5 ml of hexane and applied to the top of the open
silica gel column. The silica gel (Silica gel 60, particle
size 0.063-0.2 mm, Merck, Darmstadt, Germany) was
activated for 1 hour at 200°C prior to its use. A column
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with the dimensions 250 x 10 mm was dry-packed with
10 g of activated silica gel and washed with 30 ml of
hexane prior to the application of the sample. Fractiona-
tion was done by gradual elution with 20 ml of hexane
to obtain an aliphatic fraction (this fraction was used for
alkanes, terpanes and steranes analysis), followed by
20 ml of hexane/dichloromethane (1:1, v/v) (fraction
including parent aromatic and POPs compounds), 20 ml
of dichloromethane (fraction with slightly-polar com-
pounds such as nitrated derivatives of PAHs) and finally
by 30 ml of methanol (polar compounds represented by
oxygenated derivatives of PAHs, heterocyclic PAHs with
one atom of nitrogen, esters of phthalic acid and ster-
ols). Aliquots of these fractions were redissolved in the
required volume of acetonitrile for HPLC/DAD, LC/
MS-MS and in 2,2,4-trimethylpentane for GC/MS
analysis.

HPLC, LC/MS-MS and GC/MS analysis

The HPLC system consisted of a Waters 717 plus auto-
sampler, a Waters 600 E multisolvent delivery system, a
Waters 474 scanning fluorescence detector and a Waters
996 photodiode array detector (Waters, Milford, MA,
USA). A 150 x 3 mm Supelcosil LC-PAH column with
particle diameter 5 pm (Supelco, Bellefonte, PA, USA) was
used for the separation of parent PAHs with molecular
weights (MW) ranging from 178 to 326 g/mol. A gradient
with water, methanol, acetonitrile and tetrahydrofuran was
applied to separate the analytes: 0-55 min. 40-0% water,
30% acetonitrile and 30-70% methanol, 55-72 min.
30-100% acetonitrile and 70-0% methanol, 72-100 min.
100-72% acetonitrile and 0-28% tetrahydrofuran. The flow
rate of the mobile phase was 0.6 ml/min., the column tem-
perature was set at 35°C.

The LC/MS-MS analysis of parent PAHs (178-326 MW)
and nitrated and oxygenated derivatives of PAHs was per-
formed on a TripleQuad 6410 triple quadrupole mass
spectrometer (Agilent, Santa Clara, CA, USA) equipped
with an electrospray ion source (ESI), an Agilent 1200 Bin-
ary Pump System with an autosampler and a MassHunter
software system. The ionization of the analytes was per-
formed in the positive ion mode. The analyte classes were
separated in a reverse-phase mode using a Supelcosil LC-
PAH HPLC column (150 mm x 3 mm, 5 pm - Supelco,
Bellefonte, PA, USA).

Other classes of contaminants included hydrocarbon
markers, parent PAHs (128-278 MW), alkylated, oxidized
and nitrated derivatives of PAHs and compounds with one
heterocyclic atom in the ring (PANHs, PASHs) were
determined by GC/MS. GC separation was done in a
fused silica capillary column (SLB-5 ms: 30 m x 0.20 mm
x 0.20 pm - Sigma-Aldrich, Prague, Czech Republic) with
helium as the carrier gas. A Saturn 2100 T ion trap mass
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spectrometer (Varian, Walnut Creek, CA, USA), which
operated in electron ionization and selected ion storage
modes at an electron ionization energy of 70 eV, was used
for the identification and quantification of the analytes
under study.

Cell cultures and cytotoxicity

Human embryonic lung diploid fibroblasts (HEL 12469a,
ECACC, UK) were grown in minimal essential medium E-
MEM supplemented with 10% FBS, 2 mM glutamine, 1%
non-essential amino acids, 0.2% sodium bicarbonate, 50
U/ml penicillin and 50 pg/ml streptomycin. The cells were
cultivated in plastic cell culture dishes (21 cm?) at 37°C in
5% CO,. After reaching 90% confluency, the medium was
replaced with fresh medium supplemented with 1% FBS.
EOM samples were diluted by DMSO and added to the
medium at the test concentrations: 10, 30 and 60 pg/ml.
The cells were treated for 24 h. Each concentration was
tested in triplicate including control cell cultures incu-
bated with DMSO only. The harvested cells were washed
three times in PBS and the final concentration of DMSO
did not exceed 0.1% of the total incubation volume. The
cytotoxicity of the extracts in HEL cells was tested by the
LDH-Cytotoxicity Assay Kit (Bio Vision, catalogue #K311-
400) at concentrations 10, 30, 60 and 100 ug EOM/ml.
Significant cytotoxicity was observed at the highest EOM
concentration of 100 pg/ml for extracts from Ostrava-Bar-
tovice and Trebon (66% and 17%, respectively). Therefore,
three subtoxic EOM concentrations between 10 and
60 pg/ml were used.

RNA isolation and quality control

Total RNA from lysed HEL cells was obtained using
NucleoSpin RNA II (Macherey-Nagel GmbH & Co.KG,
Diiren, Germany) according to the manufacturer’s instruc-
tions. RNA concentration was quantified with a Nanodrop
ND-1000 Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). The integrity of RNA was assessed
using an Agilent 2100 Bioanalyzer (Agilent Technologies
Inc., Santa Clara, CA, USA). All samples had an RNA
Integrity Number (RIN) above 9. Isolated RNA was stored
at -80°C until processing.

Gene expression profiling and data analysis

[Nlumina Human-HT12 v3 Expression BeadChips (Illu-
mina, San Diego, CA, USA) were used to generate expres-
sion profiles. Biotinylated cRNAs were prepared from 200
ng of total RNA using the Illumina TotalPrep RNA Ampli-
fication Kit (Ambion, Austin, TX, USA). Next, 750 ng of
biotinylated cRNA targets was hybridized to the beadchips.
The steps of hybridization and the subsequent washing,
staining and drying of the beadchips were processed
according to standard instructions from Illumina. The
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hybridized beadchips were then scanned on the Illumina
BeadArray Reader and bead level data were summarized by
[lumina BeadStudio Software v2.

Quantitative RT-PCR verification

Two thousands ng RNA from each sample was used for
cDNA synthesis using the High Fidelity cDNA synthesis
Kit (Roche, Manheim, Germany). The original protocol
was modified by using 2.5 pM oligo(dT) and 10 uM ran-
dom hexamers for priming in a 20 pl reaction volume.
c¢DNA synthesis was run according to the following condi-
tions: 30 min at 55°C and 5 min at 85°C. Quantitative PCR
measurements were performed using the 7900 HT Fast
Real-Time PCR System (Applied Biosystems, Carlsbad,
CA, USA). Each qPCR reaction was carried out in a final
volume of 14 ul containing 3.5 pl of diluted cDNA, 2.8 pl
of water and 7 pl of master mix (Primerdesign, Southamp-
ton, UK). To determine the level of each target gene,
0.7 pl of a specifically designed assay (PerfectProbe, Pri-
merdesign) was added to the reaction mixture (list of pri-
mers in Table 5). Cycling conditions were: 10 min at 95°C
followed by 40 cycles of amplification (15 s at 95°C, 30 s at
50°C and 15 s at 72°C). Raw data were analyzed with SDS
Relative Quantification Software version 2.3 (Applied Bio-
systems, USA) to assign the baseline and threshold for Ct
determination. The sequences of primers used in quantita-
tive RT-PCR are shown in Table 5.

Statistical analysis

Gene expression levels were compared with control HEL
cell cultures treated with DMSO only. Bead summary data
were imported into R statistical environment http://www.
r-project.org and normalized using the quantile method in
the Lumi package [58]. Only probes with a detection P-
value < 0.01 in more than 50% of arrays were included for
further analyses. Differential gene expression was analyzed
in the Limma package using the moderated ¢-statistic. A
linear model was fitted for each gene given a series of
arrays using ImFit function [59]. Multiple testing correc-
tion was performed using the Benjamini & Hochberg
method. A Venn diagram was prepared according to Oli-
veros [60].

Goeman'’s global test [61] and the KEGG database were
applied to identify deregulated biological pathways and
deregulated genes within these pathways. The procedure
of Holm for control of the family-wise error rate was
applied [62]. The Jonckheere - Terpstra monotonicity test
[63,64] was used to analyze the dose response of expres-
sion of selected genes.

Ct values of real-time PCR data were analyzed using
GenEx software version 5.2.7 (MultiD Analyses AB,
Goteborg, Sweden). The expression levels of the target
genes were normalized to the expression levels of the
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reference genes GAPDH and SDHA. Reference genes
were selected according to the stability of gene expres-
sion during experimental conditions using the geNorm
reference gene selection kit (Primerdesign).

Additional material

Additional file 1: Supplementary table with the list of chemical
compounds identified and quantified in EOMs from various
localities.

Additional file 2: Complete list of significantly deregulated genes in
HEL cells treated with 10, 30, and 60 pg/ml of organic extracts
from PM2.5 collected in Ostrava-Bartovice, Ostrava-Poruba, Karvina,
and Trebon. Each excel sheet contains list of deregulated transcripts
detected from the comparison of gene expression profile of cells treated
with an appropriate EOM (Table 1) and cells treated with DMSO.
Transcripts with adjusted p-value > 0.05 and average expression < 4
were filtred out.

List of abbreviations

ABC: ATP binding cassettes; AhR: aryl hydrocarbon receptor; B[a]P: benzo[al
pyrene; DCM: dichloromethane; EOM: extractable organic matter; HPLC: high
performance liquid chromatography; PAHs: polycyclic aromatic
hydrocarbons; PM2.5: particulate matter < 2.5 um; KEGG: Kyoto Encyclopedia
of Genes and Genomes; LDH: lactate dehydrogenase; qPCR: quantitative real
time PCR; RIN: RNA integrity number, TGF-(: transforming growth factor
beta; SHB: steroid hormone biosynthesis.
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1. Introduction

ABSTRACT

Exposure to polycyclic aromatic hydrocarbons (PAHs) has been positively associated with prostate can-
cer, but knowledge of the formation of PAH-DNA adducts and related genotoxic events in prostatic
cells is limited. In the present study, benzo[a]pyrene (BaP), a potent mutagenic PAH, formed signifi-
cant levels of DNA adducts in cell lines derived from human prostate carcinoma. When analyzing the
effect of BaP on the induction of CYP1 enzymes participating in the metabolic activation of PAHs in
LNCaP cells, we found that BaP induced expression of CYP1A1 and CYP1A2, but not CYP1B1 enzyme.
Despite a significant amount of DNA adducts being formed by BaP and, to a lesser extent also by another
strong genotoxin, dibenzo[a,!/]pyrene, neither apoptosis nor cell-cycle arrest were induced in LNCaP cells.
LNCaP cells were not sensitized to the induction of apoptosis by PAHs even through inhibition of the
phosphoinositide-3-kinase/Akt pro-survival pathway. The lack of apoptosis was not due a disruption of
expression of pro-apoptotic and pro-survival members of the Bcl-2 family of apoptosis regulators. In
contrast to other genotoxic stimuli, genotoxic PAHs failed to induce DNA double-strand breaks, as illus-
trated by the lack of phosphorylation of histone H2AX or checkpoint kinase-2. BaP did not activate p53,
as evidenced by the lack of p53 accumulation, phosphorylation at Ser15, or induction of p53 transcrip-
tional targets. Taken together, although genotoxic PAHs produced significant levels of DNA adducts in a
model of human prostate carcinoma cells, they did not activate the mechanisms leading to elimination
of cells with significant damage to DNA, presumably due to their failure to activate the p53-dependent
DNA damage response.

© 2010 Elsevier Ireland Ltd. All rights reserved.

Some retrospective epidemiologic studies support a possible link
between occupational exposure to polycyclic aromatic hydrocar-

Prostate carcinoma is one of the most prevalent forms of cancer
in the “developed” world. In the USA, it is the commonest cancer
among men (ACS, 2009). Epidemiologic studies suggest a possi-
ble link between diet and the carcinogenesis of prostate cancer. A
recent study indicated that red meat and processed meat may be
positively associated with prostate cancer via mechanisms involv-
ing (among other factors) benzo[a]pyrene (BaP) (Sinha et al., 2009).
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Immunotherapy, Veterinary Research Institute, 62100 Brno, Czech Republic
Tel.: +420 533331801; fax: +420 541211229.
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bons (PAHs) and the risk of prostate cancer (Aronson et al., 1996;
Brown and Delzell, 2000). BaP is listed by the International Agency
for Research on Cancer (IARC) as a group-1 carcinogen, it is i.e.,
carcinogenic to humans (IARC, 1983, 2010). Together with other
genotoxic PAHs such as dibenzo[a,l]pyrene (DBalP), BaP is known
to produce stable DNA adducts in vitro and in vivo which are related
to several genotoxic effects in target cells, leading to accumulation
and activation of p53 tumor suppressor protein, induction of cell-
cycle arrest, and apoptosis (Binkova et al., 2000; Luch et al., 1999;
Ramet et al.,, 1995; Solhaug et al., 2004; Tekpli et al., 2010; Topinka
et al., 2008). Primary cells isolated from human prostate tissues
seem to be able to bioactivate BaP, but information on the effects
of PAHs on cell lines derived from prostate tissue is limited (Grover
and Martin, 2002; Martin et al., 2002). The levels of DNA adducts
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formed by PAHs in prostate cancer seem to vary due to factors such
as metabolic clearance or the rate of DNA repair; nevertheless, a
recent study suggested that high levels of PAH-DNA adducts in
non-tumor prostate cells are strongly associated with biochemical
recurrence (i.e., rise in levels of prostate-specific antigen in serum)
after prostatectomy (Rybicki et al., 2008, 2006, 2004).

The formation of genotoxic metabolites is considered to repre-
sent an important event in the PAH-induced initiation of tumors
(Baird et al., 2005). BaP is highly mutagenic, but its effects may also
include modulations of processes contributing to tumor promo-
tion (Burdick et al., 2003; Rubin, 2001). One of the mechanisms
possibly participating in tumor promotion induced by PAHs is
activation of the aryl hydrocarbon receptor (AhR) (Sjégren et al.,
1996). This ligand-activated transcription factor regulates expres-
sion of cytochromes P450 1A1 (CYP1A1), P450 1A2 (CYP1A2) and
P450 1B1 (CYP1B1), thereby metabolizing PAHs to reactive dihy-
drodiol epoxides that can form adducts with DNA (Nebert et al.,
2004, 2000; Xue and Warshawsky, 2005). Nevertheless, apart from
being involved in metabolization of PAHs to their ultimate geno-
toxic metabolites, AhR may also participate in other toxic effects
of PAHs, such as deregulation of cell-cycle control or interactions
with other intracellular signaling pathways (Andrysik et al., 2007;
Puga et al., 2009). Activation of the AhR may also protect cells
from the induction of programmed cell death (e.g., by the E2F1-
dependent pathway), leading to apoptosis inhibition (Chopra et al.,
2009; Marlowe et al., 2008). PAHs or other AhR ligands may also
initiate anti-androgenic effects, leading to inhibition of androgen-
dependent proliferation of prostate cancer cells (Barnes-Ellerbe et
al.,2004; Kizu et al., 2003; Morrow et al.,2004). Therefore, the over-
all effect of genotoxic PAHs on prostatic epithelial cells may reflect
AhR activation and DNA damage. However, apart from identifica-
tion of PAH-DNA adducts in human prostate tissue or the formation
of DNA adducts in prostatic cells in vitro (Martin et al., 2002; Rybicki
et al., 2004), little is known about the effect of the formation of
PAH-DNA adducts on DNA damage response in prostate epithelial
cells.

In the present study, we analyzed the formation of sta-
ble adducts of anti-BaP-7,8-diol-9,10-epoxide (BPDE) in various
prostate carcinoma cell lines and then continued with the anal-
ysis of the effects of BaP on DNA damage response in LNCaP
cells. Our results suggested that, despite forming significant
levels of DNA adducts, genotoxic PAHs failed to induce the
p53-dependent DNA damage response, including transcriptional
activation of p53 target genes, induction of apoptosis, or cell-cycle
arrest.

2. Materials and methods
2.1. Reagents

BaP was purchased from Fluka (Buchs, Switzerland) and DBalP was from
Promochem GmBH (Wesel, Germany). Dimethylsulfoxide (DMSO), wortmannin,
4'-6-diamidine-2-phenyl indole (DAPI), ribonuclease A and T1, proteinase K, micro-
coccal nuclease, nuclease P1, and protein assay kit were from Sigma-Aldrich (Prague,
Czech Republic). Thin-layer chromatography (TLC) plates made of polyethylene-
imine (PEI; thickness, 0.1 mm) cellulose were from Macherey-Nagel (Diiren,
Germany). T4 polynucleotide kinase was from USB (Cleveland, OH, USA), y-32P-ATP
(3000 Ci/mmol, 10 w.Ci/wL) was from GE Healthcare (Little Chalfont, UK). Propidium
iodide was from AppliChem GmbH (Darmstadt, Germany). Roscovitine was kindly
provided by Professor Miroslav Strnad (Institute of Experimental Botany AS CR, Olo-
mouc, Czech Republic). All other reagents were from Sigma-Aldrich unless indicated
otherwise.

2.2. Cells

Human prostate carcinoma LNCaP cells (Deutsche Sammlung von Mikroorganis-
men und Zellkulturen GmbH, Braunschweig, Germany) and DU-145 cells (American
Type Culture Collection (ATCC), Manassas, VA, USA) were grown in RPMI-1640
medium (Invitrogen, Auckland, New Zealand) with 10% heat-inactivated fetal bovine
serum (FBS; Sigma-Aldrich). Human prostate carcinoma PC-3 cells (ATCC) were

grown in F12 medium supplemented with 10% heat-inactivated FBS. For the treat-
ment, LNCaP cells were maintained in modified RPMI-1640 without phenol red
(Sigma-Aldrich) supplemented with 5% charcoal-treated (CT) serum. All cell lines
were maintained in an atmosphere of 5% CO, at 37°C.

2.3. Analyses of DNA adducts by 32P-post-labeling

All cell lines were exposed to the test compounds or DMSO (0.25%; solvent
control), for 24 h. After exposure, cells were washed with cold PBS, scraped into
Eppendorf tubes, centrifuged, and cell pellets stored at —80°C. Cell pellets were
homogenized in a solution of 10mM Tris-HCl, 100mM ethylenediamine tetra-
acetic acid (EDTA), and 0.5% sodium dodecyl sulfate (SDS), pH 8.0. DNA was
isolated using RNase A and T1, and proteinase K treatment followed by the phe-
nol/chloroform/isoamylalcohol procedure as previously described (Binkova et al.,
2000). The DNA concentration was estimated by spectrophotometric means by mea-
suring the ultraviolet (UV)absorbance at 260 nm. DNA samples were stored at —80°C
until analyses. 32P-post-labeling analysis was undertaken as previously described
(Phillips and Castegnaro, 1999; Reddy and Randerath, 1986). Briefly, DNA samples
(6 ng) were digested by a mixture of micrococcal endonuclease and spleen phos-
phodiesterase for 4h at 37°C. Nuclease P1 was used for adduct enrichment. The
labeled DNA adducts were resolved by two-directional TLC on 10 cm x 10 cm PEI
cellulose plates. The solvent systems used for TLC were: D-1: 1M sodium phos-
phate, pH 6.8; D-2: 3.8 M lithium formate, 8.5M urea, pH 3.5; and D-3: 0.8 M
lithium chloride, 0.5M Tris, 8.5M urea, pH 8.0. Autoradiography was carried out
at —80°C for 1-24 h. The radioactivity of distinct adduct spots was measured using
a liquid scintillation counter. To determine the exact amount of DNA in each sam-
ple, aliquots of DNA enzymatic digest (1 ug of DNA hydrolysate) were analyzed
for nucleotide content by reverse-phase high-performance liquid chromatography
(HPLC) with UV detection, which simultaneously permitted checking of DNA purity.
Levels of DNA adduct were expressed as adducts per 108 nucleotides. The standard
of the BPDE-DNA adduct was run in triplicate in each post-labeling experiment
to check for inter-assay variability and to normalize the calculated levels of DNA
adducts.

2.4. Detection of cell death

LNCaP cells were exposed to the test compounds for 24 and 48 h. Exposure for
48 h included change of the fresh medium and the compound after 24 h. For DAPI
staining, cells fixed in 70% ethanol were incubated with 1 wg/mL DAPI (final con-
centration) for 5 min at room temperature. After incubation, cells were centrifuged
and mixed with 10-20 L of MOWIOL solution (10% MOWIOL 4-88 was prepared
in 25% glycerol, 100mM Tris-HCl, pH 8.5) and mounted for observation under a
fluorescence microscope. A minimum of 300 nuclei were counted per sample.

2.5. Assessment of distribution of the cell cycle

LNCaP cells were grown for 48 h in RPMI medium with 10% FBS. One day before
exposure, the medium was changed for RPMI medium with 5% CT serum. LNCaP
cells were exposed to test compounds dissolved in DMSO (maximal concentration,
0.1%, v/v) for 24 h. Following treatment, the medium was removed, cells harvested
by trypsinization, and then suspended in phosphate-buffered saline (PBS) with 10%
FBS. Cells were then centrifuged, and fixed in 70% ethanol at 4°C overnight. Fixed
cells were washed once with PBS and stained with propidium iodide as described
previously (Vondracek et al., 2006). Cells were then analyzed on a FACSCalibur flow
cytometer using a 488-nm (15 mW) air-cooled argon-ion laser for excitation of pro-
pidium iodide, and CELLQuest software version 5.1.1 (Becton Dickinson, San Jose,
CA, USA) for data acquisition. Aminimum of 15,000 events was collected per sample.
Data were analyzed using ModFit LT version 3.0 software (Verity Software House,
Topsham, ME, USA).

2.6. Real-time reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated from cells using the NucleoSpin RNA II kit (Macherey-
Nagel). The amplifications of samples were carried out using a QuantiTect
Probe RT-PCR kit (Qiagen GmbH, Hilden, Germany) according to manufacturer’s
specifications. All probes were labeled with the fluorescent reporter dye 6-
carboxyfluorescein (FAM) on the 5'-end, and with the Black Hole 1 (BH 1) fluorescent
quencher dye on the 3’-end. The sequences are listed in Table 1. Amplifications were
runonaLightCycler machine (Roche Diagnostics GmbH, Mannheim, Germany) using
the following program: reverse transcription at 50°C for 20 min and initial activa-
tion step at 95 °C for 15 min, followed by 40 cycles at 95 °C for 0s and 60 °C for 60's.
Relative gene expression for each sample was expressed in terms of the threshold
cycle (Ct) normalized to housekeeping genes B2M or POLR2A (ACt). The primers
and probes for the housekeeping genes were purchased as qPCR kits from Generi
Biotech (Hradec Kralové, Czech Republic). ACt values were then compared between
control samples (DMSO 0.1%) and samples treated with BaP to calculate A ACt (ACt
[BaP] — ACt [control]). The final comparison of transcript ratios between samples is
given as 2-AACt (Livak and Schmittgen, 2001). The absolute quantification of CYP1
mRNAs was done using the pCR4-ZeroBlunt-TOPO vector with inserted hCYP1A1,
hCYP1A2 and hCYP1B1 PCR products (Generi Biotech) as standards. For the absolute
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Table 1
List of sequences of primers and probes used for quantitative real-time RT-PCR.
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Gene Accession no.

Primer and probe sequences

Product length (bp)

CYP1A1 NM_000499 53

CYP1A2 NM_000761

CYP1B1 NM_000104

p21 NM_000389

GADD45A NM_001924

NM.014417

PUMA (BBC3)

NOXA NM_.021127

(PMAIPT)

XPC NM_004628

DDB2 NM_000107

HEE PRRE IRE PP Y IR IRE IR I

5'-CACCATCCCCCACAGCAC-3'
5'-TTACAAAGACACAACGCCCC-3’
5'CAAGTTTGAAAGGCTTTTTACATCCCC-3'

5'-AGACCTTCCGACACTCCTC-3’
5'-GTTTACGAAGACACAGCATTTC-3’
5'-CACCATCCCCCACAGCACAA-3’

5'-GCTTTTTCTCTTCATCTCCATC-3’
5'-TTCATTTTCGCAGGCTCATTTG-3'
5'-CTCACCAGTGCGATTTCAGGGCCAAC-3'

5'-CCGCTCTACATCTTCTGCCTTA-3’
5'-ACCTCTCATTCAACCGCCTA-3’
5'-CCGCCCCCTGCCCCCCA-3

5'-GAGCAGAAGACCGAAAGGAT-3’
5'-AGGCACAACACCACGTTATC-3’
5'-CCTCCAGGGCATCCCCCAC-3'

5'-GCACAGTACGAGCGGCGGAG-3’
5'-CCCTGGGTAAGGGCAGGAGTC-3'
5'-CAAGAGGAGCAGCAGCGGCACCGC-3’

5'-CTGTCCGAGGTGCTCCAGTT-3'
5'-TCCTGAGTTGAGTAGCACAC-3’
5'-CTCGGTTGAGCGTTCTTGCGCGC-3’

5'-GAGAAGTACCCTACAAGATGG-3’
5'-GCTGATACTCCTCTGTCTGC-3'
5'-AGGCTTTTCTAACCGTGCTCGGG-3’

5'-GGACAAACCCACCTTCATCA-3’
5'-CCATTGAGGAGGCGTAAAAC-3'
5'-GGATTGGAGCTGGAGGGAGC-3'

77

110

73

160

146

103

164

129

101

(F) forward primer; (R) reverse primer; (P) probe.

quantification, the following reaction conditions were used: reverse transcription
50°C, 20 min; denaturation 95°C, 15 min; and amplification 40 cycles—95°C, 15s;
58°C, 30s; 72°C, 30s. The total RNA content was determined using a Qubit™ fluo-
rometer and Quant-iT™ RNA Assay kit (Invitrogen).

2.7. Western blotting

LNCaP cells were exposed for 24h to BaP (1-25uwM) or to DMSO (solvent
control). Roscovitine (25 wM) and UV-Cirradiation were used as controls for the acti-
vation of DNA damage-response proteins. After the exposure, cells were harvested
with lysis buffer (1% SDS, 10% glycerol, 100 mM Tris and protease/phosphatase
inhibitors) and the samples sonicated. Protein concentrations were determined
using the bicinchonic acid (BCA) and copper sulfate (Sigma-Aldrich). For west-
ern blotting analyses, equal amounts of total protein lysates were separated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on 8.5%, 10% or 15% gels and
electrotransferred onto polyvinylidene fluoride (PVDF) membrane Hybond-P (GE
Healthcare). Pre-stained molecular-weight markers (Bio-Rad, Hercules, CA, USA)
were run in parallel. The membranes were blocked and incubated with primary
antibodies against CYP1A1 and CYP1A2 (polyclonal anti-human P450 1A1 and 1A2
antibodies and purified antigens as standards were generous gifts of Professor F.
Peter Guengerich from the Department of Biochemistry and Center of Molecular
Toxicology, Vanderbilt University School of Medicine, Nashville, TN, USA). Other
primary antibodies for the detection of the following proteins were obtained from
Cell Signaling Technologies (Danvers, MA, USA): Chk1 phosphorylated on Ser345
(#2341), Chk2 phosphorylated on Thr68 (#2661), p53 phosphorylated on Ser15
(#9284), Bcl-X, (#2762); from Santa Cruz Biotechnology (Santa Cruz, CA, USA):
Bcl-2 (sc-509) and p21 (sc-397); from Millipore Upstate (Billerica, MA, USA): Bak
(#06-536), Bax (#06-499) and H2AX phosphorylated on Ser139 (#07-143); from
BD Pharmingen (San Diego, CA, USA): Mcl-1 (#559027); from Calbiochem (San
Diego, CA, USA): total p53 (OP43); from Sigma-Aldrich (St. Louis, MO, USA): 3-actin
(A1978) and horseradish peroxidase-conjugated anti-mouse antibody IgG (A9044);
and from GE Healthcare (Little Chalfont): horseradish peroxidase-conjugated anti-
rabbit IgG (#NA934). Expression of (3-actin was used to verify equal loading. To
visualize peroxidase activity, the ECLPlus western blotting detection system (GE
Healthcare) was used.

2.8. Statistical analyses

Data were quantitatively expressed as means & S.D. and analyzed by Student’s
t-test or one-way ANOVA (analysis of variance in STATISTICA for Windows (StatSoft,
Prague, Czech Republic)) followed by the post hoc Tukey’s range test. If the variances

were not homogeneous, a non-parametric Mann-Whitney U-test was used. P<0.05
was considered significant.

3. Results
3.1. Formation of stable DNA adducts in prostate cancer cell lines

First, we investigated the effects of BaP on the forma-
tion of stable DNA adducts in three cell lines derived from
prostate carcinoma: LNCaP, DU-145 and PC-3. Similar DNA
adduct patterns, with two adduct spots representing major BaP-
derived adducts, were found for all three cell lines (Fig. 1). The
major adduct spot in Fig. 1A-C represented the most abun-
dant (+)-trans-anti-7R,8S,9S-trihydroxy-10S-(N,-deoxyguanosyl)-
7,8,9,10-tetrahydrobenzo[a]pyrene (N,-BPDE-dG). The identity of
the second minor spot is not clear without carrying out co-
chromatography with a corresponding standard. We may speculate
only that it is N6-BPDE-dA. This has been identified to be a minor
adduct in BaP- or BPDE-treated cells (Dreij et al., 2005). All three
concentrations (1, 10 and 25 wM) enabled formation of a signifi-
cant number of DNA adducts in all three cell lines tested (Table 2).
However, there was a variation among the three cell lines in
terms of the amount of DNA adducts formed by BaP treatment.
The highest level of DNA adducts was observed in DU-145 cells,
followed by LNCaP cells, and the lowest adduct quantities were
detected in the PC-3 cell line. These results were confirmed when
we used another highly potent genotoxic PAH: DBalP. The latter
was a weaker inducer of DNA adducts than BaP (particularly in
LNCaP cells and PC3 cells) whereas, in DU-145 cells, DBalP formed
DNA adducts already at 0.1 wM concentration (data not shown).
The LNCaP cell line is an androgen-sensitive model derived from
prostate carcinoma metastasis. This cell line has been frequently
used to study the anti-androgenic effects of environmental contam-
inants, including AhR ligands (Barnes-Ellerbe et al., 2004; Kizu et
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Fig. 1. Autoradiographs of thin-layer chromatograms with the DNA adduct pattern of DNA isolated from various cell lines exposed to 1 uM of BaP for 24 h: (A) LNCaP cells,
(B) DU-145 cells and (C) PC3 cells. (D) Negative control (0.25% DMSO) is shown for LNCaP cells only. DNA (5 j.g) was analyzed by 32P-post-labeling using the nuclease P1
method of sensitivity enhancement as described in Section 2. Screen-enhanced autoradiography was undertaken at —80°C for 24 (panels A, C, D) or 6 h (panel B).

al.,2003; Morrow et al., 2004) and it contains intact p53-dependent
DNA damage-response pathways (Nelson and Kastan, 1994 ). There-
fore, we selected this cell line to further study the effects of BaP on
the cellular responses to DNA damage.

BaP was a potent inducer of expression of CYP1A1 and CYP1A2
mRNA in LNCaP cells (Fig. 2A). In contrast, expression of CYP1B1
mRNA was not induced by BaP. CYP1B1 may play a prominent part
in the metabolic activation and genotoxic effects of PAHs (Uno et
al., 2006), so we next undertook the absolute quantification of CYP1
transcripts. The amount of CYP1B1 in BaP-treated cells was iden-
tical to control levels, and three orders of magnitude lower that in
the case of CYP1A1 and CYP1A2 (Table 3). CYP1A1 and CYP1A2 were
induced also at the protein level (Fig. 2B), suggesting that these two
CYP1A enzymes were responsible for BaP metabolization to BPDE.

Table 2
DNA adducts in LNCaP, DU-145 and PC-3 cells after 24h exposure to BaP.
LNCaP DU-145 PC-3
DMSO0 0.25% 0.6 +0.182 0.8 +£0.31 0.3 +£0.15
BaP 1 pM 8.4 + 132 131.5 + 12.95" 1.8 £ 027"
BaP 10 uM 13.2 + 1.58" 70.2 + 12.78" 1.9 + 0247
BaP 25 uM 15.9 + 3.78" 61.9 + 6.86" 1.9 + 043"

2 The data were expressed as a number of adducts per 108 nucleotides and
represent means +S.D. obtained from three independent experiments. Data were
analyzed by one-way ANOVA followed by post hoc Tukey’s range test.

" Statistically significant difference between DMSO-treated control and BaP-
treated samples (P<0.05).

™ Statistically significant difference between DMSO-treated control and BaP-
treated samples (P<0.01).

3.2. BaPfails to induce cell-cycle arrest or apoptosis in LNCaP cells

Genotoxic PAHs producing stable DNA adducts have been
shown to induce apoptosis and cell-cycle arrest in lung fibrob-
lasts, breast epithelial cells and liver epithelial cells, the latter one
preferentially in the S-phase of cell cycle (Binkova et al., 2000;
Chramostova et al., 2004; Khan and Dipple, 2000). Therefore, we
next tested the effects of BaP on cell-cycle distribution in LNCaP
cells. Surprisingly, BaP had no effect on the cell cycle even though
treatments inducing the accumulation and activation (roscovitine)
of p53, or significant DNA damage (UV irradiation) induced S-phase
arrest in LNCaP cells (Fig. 3A). The minor increase in the number of
G1 cells may be attributed to activation of the AhR and its sup-
posed anti-androgenic effects (Morrow et al., 2004). Importantly,
neither BaP nor DBalP caused apoptosis (which was detected as
nuclear fragmentation) in the LNCaP cell line after 24-h or 48-h
exposure (Fig. 3B; data not shown). This was in marked contrast to
the effects of either roscovitine or UV-C irradiation, both of which
already induced significant nuclear fragmentation after 24-h expo-

Table 3

Absolute numbers of copies of CYP1 transcripts in LNCaP cells.
Treatment CYP1A1 CYP1A2 CYP1B1
DMSO 1757 (+462) 3981 (+425) 396 (+285)
BaP 25 pM 190822 (+£53 872) 215855 (+60 934) 333 (£149)

Cells were treated for 24 h with 25 wM BaP or 0.25% DMSO (solvent control). Total
RNA was isolated and quantitative RT-PCR was performed as described in Section 2.
Total RNA content was determined fluorimetrically. The results are representative
of three independent experiments and are expressed as means + S.D. of number of
copies of respective genes per pg of total RNA.
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Fig. 2. Induction of expression of CYP enzymes participating in the metabolic acti-
vation of PAHs in LNCaP cells. (A) Modulation of levels of CYP1A1, CYP1A2 and 1B1
mRNA by BaP. Total RNA was isolated and quantitative RT-PCR carried out for the
detection of levels of CYP1A1, 1A2 and 1B1 mRNA. Data were normalized to expres-
sion of the POLR2A housekeeping gene. Results are means + S.D. of two independent
experiments each carried out in triplicate. (B) Induction of CYP1A1 and CYP1A2 pro-
teins. Cells were treated with the indicated concentrations of BaP or 0.25% DMSO
(solvent control) for 24 h. Cell lysates were prepared as described in Section 2 and
analyzed by western blotting for levels of CYP1A1, 1A2 and 3-actin protein (loading
control). Results are representative of three independent experiments.

sure (Fig. 3B and C). To exclude the possibility that BaP did not
induce apoptosis due to the use of mostly non-proliferating cells in
the medium with androgen-depleted serum, we also applied BaP
and DBalP to proliferating LNCaP cells in normal growth medium.
However, neither treatment increased the percentage of cells with
fragmented nuclei above that seen in controls.

It has been shown that inactivation of phosphatase and tensin
homolog deleted from chromosome 10 (PTEN) phosphatase due to
frame-shift mutation leads to an increased pro-survival signaling in
LNCaP cells (Carson et al., 1999) because of constitutive PI3K activa-
tion. To exclude the possibility that the observed lack of apoptosis
after BaP treatment may be due to increased PI3K activity, we also
used the specific PI3K inhibitor wortmannin. However, although
UV-C irradiation- and roscovitine-induced apoptosis were poten-
tiated by pre-treatment with wortmannin, it had no effect on BaP-
or DBalP-treated cells (Fig. 3C). We also did not observe any effect
of BaP itself on phosphorylation of PKB/Akt or ERK1/2 kinases, sug-
gesting that these two pro-survival pathways were not activated in
BaP-treated LNCaP cells (data not shown).

Disruption of expression levels of Bcl-2 family proteins has also
been suggested to modulate survival of prostate carcinoma cells
(Yang et al., 2003). We wanted to exclude the possibility that BaP
may change the ratio of pro-apoptotic/pro-survival members of
Bcl-2 family of apoptosis regulators, so we also undertook west-
ern blotting analyses of their protein expression. However, the
protein levels of Bax and Bak (pro-apoptotic) or Bcl-2, Bcl-X; and
Mcl-1 (pro-survival) proteins were not affected by BaP. The model
non-genotoxic Ah receptor ligand TCDD also had no effect on their
expression (Fig. 3D).

3.3. BaP fails to activate the p53-dependent response to DNA
damage in LNCaP cells

The p53 tumor suppressor is a central transcription factor accu-
mulating in cells in response to signals arising from the formation
of PAH-DNA adducts (Luch et al., 1999; Ramet et al., 1995). We
previously observed that in liver epithelial cells, its accumulation
and phosphorylation at the Ser15 residue closely correlates with
high levels of PAH-DNA adducts and the cellular response to geno-
toxic damage, including the induction of apoptosis and S-phase
arrest (Topinka et al., 2008). We therefore next investigated if the
failure of BaP to induce apoptosis in LNCaP cells may be related
to the lack of p53 activation. BaP did not induce the accumula-
tion and phosphorylation of p53 at concentrations up to 25 uM
(Fig. 4A). Similar results were also observed for DBalP (data not
shown). This was in marked contrast with the effects of roscovitine
and UV-C irradiation, which induced significant accumulation and
phosphorylation of p53. It is likely that BaP did not induce DNA
double-strand breaks, as evidenced by the lack of phosphorylation
of histone H2AX at Ser139 (Fig. 4A), which is rapidly phosphory-
lated in regions adjacent to DNA double-strand breaks and which
can be used to estimate DNA damage induced by exogenous agents
(Tanaka et al., 2007a,b). UV-C irradiation and roscovitine signifi-
cantly induced H2AX phosphorylation.

The lack of p53 activation may prevent the induction of its
transcriptional targets participating in regulation of the cell cycle,
apoptosis or DNA repair. BaP failed to induce expression of
genes playing an integral part of p53-dependent cell-cycle arrest
(p21/CDKN1A, GADD45A), p53-induced apoptosis (PUMA/BBC3,
NOXA/ PMAIP1), or in nucleotide excision repair (XPC, DDB2)
(Fig. 4B-D).

UV-C irradiation and BaP induced phosphorylation of check-
point kinase 1 (Chk1), suggesting that ATM- and Rad-3-related
(ATR) kinase (ATR)/Chk1 module, responding primarily to DNA
single-strand breaks or bulky lesions (Reinhardt and Yaffe, 2009),
was activated in LNCaP cells treated with BaP. However, BaP did
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Fig. 3. BaP does not induce cell-cycle arrest or induce apoptosis in LNCaP cells. (A) Cell-cycle distribution of LNCaP cells treated for 24 h with 0.25% DMSO (solvent control),
25 M BaP, 25 M roscovitine (positive control) or exposed to UV-C irradiation (0.01]/cm?; positive control). Cells were harvested and cell-cycle distribution using flow
cytometry with propidium iodide staining undertaken as described in Section 2. Results are means + S.D. of three independent experiments. “*’ denotes a significant difference
in the percentage of cells in the S-phase between sample treated with test compound and control sample treated with DMSO (P<0.05). (B) Representative microphotographs
of cell nuclei stained with DAPI as described in Section 2. A minimum of 300 cells were counted per sample. The numbers above each microphotograph represent the
percentage of apoptotic cells expressed as mean+S.D. of three independent experiments. (C) Effects of BaP, DBalP, roscovitine or UV-C irradiation on apoptotic nuclear
fragmentation in the presence or absence of the phosphatidylinositol 3-kinase (PI3K) inhibitor wortmannin. LNCaP cells were pre-treated with wortmannin 30 min before
exposure and then exposed to test compounds for 24 h or irradiated as in (A) and the fragmentation of nuclei (stained with DAPI) determined by fluorescence microscopy as in
(B). The percentage of apoptotic cells was expressed as means & S.D. of three independent experiments. **’ denotes a statistically significant difference between wortmannin
pre-treated cells and the respective test compound-treated sample (P<0.05). (D) BaP and the model AhR ligand TCDD had no effect on the expression of pro-apoptotic (Bak,
Bax) or pro-survival (Bcl-2, Bcl-X;, Mcl-1) members of Bcl-2 family proteins. Protein levels were analyzed by western blotting in the cell lysates of LNCaP cells treated with

25 uM BaP, 5nM TCDD or 0.25% DMSO (solvent control). 3-Actin served as a control of equal loading. Results are representative of three independent experiments.

not induce Chk2 phosphorylation (Fig. 5), suggesting that it fails to
activate the ataxia telangiectasia-mutated (ATM)-Chk2/p53 mod-
ule, which is preferentially activated by DNA double-strand breaks
(Pommier et al., 2006; Reinhardt and Yaffe, 2009). Taken together,
the present results suggest that the lack of apoptosis and cell-
cycle arrest in LNCaP cells treated with BaP could be related to
its failure to induce DNA double-strand breaks and to activate the
p53-dependent DNA damage response.

4. Discussion

PAHs are ubiquitous environmental pollutants derived mainly
from incomplete combustion processes. BaP is perhaps the most-
studied PAH due to the high levels found in the environment and its
carcinogenicity. Although several studies suggested a possible link
between exposure of BaP (or PAH) and the development of prostatic

cancer (Aronson et al., 1996; Brown and Delzell, 2000; Sinha et al.,
2009), its exact contribution to the development of prostate cancer
remains unclear. Prostate epithelial cells seem to possess sufficient
enzymatic capacity to bioactivate PAHs to their mutagenic metabo-
lites (Al-Buheissi et al., 2006; Grover and Martin, 2002; Martin et
al., 2002) and PAH-DNA adducts have been identified in prostate
tissue (Rybicki et al., 2006, 2004). However, the response of pro-
static epithelial cells to PAH-induced DNA damage has only rarely
been studied. We therefore evaluated the formation of BPDE-DNA
adducts in various cell lines derived from prostate carcinoma, and
then studied the DNA damage responses elicited by BaP in LNCaP
cells.

BaP was found to form significant levels of DNA adducts in all
three cell lines studied: LNCaP, DU-145 and PC-3. However, the lev-
els of adduct in PC-3 cells were relatively low, whereas the highest
level of BPDE-DNA adduct was found in DU-145 cells. For further
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Fig. 4. The lack of induction of apoptosis/cell-cycle arrest corresponds with the failure of BaP to induce DNA double-strand breaks or activate the p53-dependent DNA
damage response. (A) Effects of BaP, roscovitine and UV-C irradiation on histone H2A.X phosphorylation (Ser139), total p53 protein levels, p53 phosphorylation at Ser15, and
p21Wafl/Cipl Jevels, LNCaP cells were exposed to various concentrations of BaP or 25 pM roscovitine for 24 h, or to UV-C irradiation (0.01J/cm?). Cell lysates were analyzed
by western blotting as described in Section 2. B-Actin was used as a loading control. Results are representative of three independent experiments. (B)-(D) Quantitative
real-time RT-PCR analyses of mRNA levels of p53 target genes: (B) cell-cycle regulatory genes p21/CDKN1A and GADD45A; (C) pro-apoptotic BH-3-only genes PUMA/BBC3
and NOXA/PMAIPT; or (D) genes participating in the nucleotide excision repair—XPC and DDB2. LNCaP cells were treated with 25 uM BaP, 25 wM roscovitine and 0.25% DMSO
(solvent control) for 24 h or exposed to UV-C irradiation (0.01J/cm?). Total RNA was isolated and quantitative RT-PCR done as described in Section 2 and results normalized
to the B2 M housekeeping gene. Data are means + S.D. of two independent experiments, each done in triplicate. **” and “***’ denote a statistically significant difference between
vehicle-treated control and test compound-treated samples (P<0.05 and P<0.01, respectively).

investigations on DNA damage response, we selected LNCaP cells
because they have been widely used to study the (anti)-androgenic
properties of environmental contaminants (including PAHs) and,
unlike the other two cell lines, they contain wild-type p53 protein
(Barnes-Ellerbe et al., 2004; Kizu et al., 2003; Morrow et al., 2004).
We found that the bioactivation of BaP in LNCaP cells proceeded
probably via CYP1A1/1A2 induction because the levels of CYP1B1

Fig. 5. Effects of BaP on the phosphorylation of Chk1 (Ser345) and Chk2 (Thr68).
LNCaP cells were exposed to the indicated concentrations of BaP, 0.25% DMSO for
24h or to UV-C irradiation (0.01]/cm?) and total cell lysates analyzed by western
blotting as described in Section 2. 3-Actin was used as a loading control. Results are
representative of three independent experiments.

in LNCaP cells were very low and not inducible by BaP. CYP1B1
plays a major part in the metabolic activation of BaP and DBalP in
vitro and in vivo (Topinka et al., 2008; Uno et al., 2006). CYP1A1/1A2
have been reported to be constitutively expressed in DU-145 cells
and PC-3 cells (Sterling and Cutroneo, 2004), so the differential
inducibility of CYP1B1 may explain the differences between the
levels of BPDE-DNA adduct among the three cell lines studied.
Induction of programmed cell death or cell-cycle arrest have
key roles in the cellular response to DNA damage inflicted by
PAHs (Baird et al., 2005; Luch et al., 1999; Ramet et al., 1995;
Roos and Kaina, 2006; Tekpli et al., 2010). In the present study,
we found that BaP did not induce apoptosis or cell-cycle arrest in
LNCaP cells, although significant levels of BPDE-DNA adducts were
formed. LNCaP cells contain a frame-shift mutation in the PTEN
gene (Vlietstra et al., 1998), which leads to constitutive activation
of Akt/PKB (Carson et al., 1999). We therefore first hypothesized
that increased activity of this important pro-survival pathway may
be responsible for the survival of cells treated with BaP (and DBalP).
However, the use of a specific PI3K inhibitor had no effect on BaP-
treated cells, although it significantly increased apoptosis induced
by other stimuli such as UV-C irradiation or roscovitine. The pro-
survival members of the Bcl-2 family of apoptosis regulators have
been shown to promote the survival of prostate cancer cells (Yang
et al., 2003). However, in the present study, BaP did not affect the
expression of pro-apoptotic (Bax and Bak) or pro-survival (Bcl-2,
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Bcl-X; and Mcl-1) members of this family, thus excluding the pos-
sibility that changes in their ratio may lead to survival of LNCaP
cells treated with BaP. Finally, we did not observe any changes in
the levels of phosphorylation of ERK1/2 or PKB/AKkt, thus confirming
that BaP itself did not modulate these pro-survival pathways.

Taken together, these data suggested that signaling pathways
activating programmed cell death were intact in the cellular model
described herein. This, together with the fact that BaP also failed to
induce significant arrest of the cell cycle in LNCaP cells, indicated
that the lack of response to BPDE-DNA adducts may be related to a
defect in transduction of the DNA damage signal to effector signal-
ing modules activating cell-cycle checkpoints or apoptosis (Zhou
and Elledge, 2000). The p53 tumor suppressor has a key role in
the integration of cellular responses to genotoxic stress, including
regulation of apoptosis, cell-cycle arrest, induction of DNA repair,
senescence, and maintenance of genomic stability (Vousden and
Lane, 2007). It has been widely documented that in various cellu-
lar models such as lung fibroblasts, breast cancer epithelial cells,
lung carcinoma cells, liver epithelial cells and hepatoma cells that
the activation of p53 is an essential part of the cellular response to
PAH-induced genotoxic damage (Binkova et al., 2000; Hockley et
al., 2008; Chramostova et al., 2004; Khan and Dipple, 2000; Luch et
al,, 1999; Ramet et al., 1995). Strongly genotoxic PAHs and/or their
ultimate metabolites form stable DNA adducts and activate p53,
which correlates with the induction of apoptosis in various cellu-
lar models (Kwon et al., 2002; Solhaug et al., 2004; Tampio et al.,
2009; Topinka et al., 2008; Xiao and Singh, 2007). However, in the
present study, we found that BaP did not induce the accumulation
and phosphorylation of p53. This was in a marked contrast with the
other stimuli inducing apoptosis in LNCaP cells, UV-C irradiation
and roscovitine, which we used as positive controls (Mohapatra et
al.,, 2005). In the absence of p53 activation, we also did not observe
induction of the p53 transcriptional targets which are essential for
the induction of cell-cycle arrest (p21Wafl/Cip1  GADD45A), apop-
tosis (PUMA, NOXA) or nucleotide excision repair (DDB2, XPC).
The lack of p53 activation may be related to absence of the for-
mation of DNA double-strand breaks, as indicated by the absence
of histone H2AX phosphorylation in LNCaP cells treated with BaP.
It has been shown that in LNCaP cells, DNA double-strand breaks
have an essential role in the activation of p53 and induction of
apoptosis because other types of DNA lesions may not be able to
trigger a p53 response (Nelson and Kastan, 1994). This hypothesis
is further supported by the fact that BaP induced Chk1 phosphory-
lation (which can be triggered by bulky DNA adducts), whereas it
did not induce Chk2 phosphorylation (which is primarily activated
by double-strand breaks) (Reinhardt and Yaffe, 2009). As several
recent studies have suggested that Chk1 protects cells from apop-
tosis induced by e.g. replication inhibitors (Myers et al., 2009; Sidi
etal., 2008), activation of ATR-Chk1 pathway might also contribute
to survival of BaP-treated cells. PAHs may also induce other types of
DNA lesions, such as oxidative DNA damage (Xue and Warshawsky,
2005). However, the exact relationship between these lesions and
p53 activation by BaP is presently unclear. Nevertheless, various
types of DNA lesions, including O-methylated and N-alkylated DNA
bases, pyrimidine dimers and DNA crosslinks, are known to pro-
voke the formation of double-strand breaks, which is an integral
part of DNA repair processes and may lead to p53 induction and
activation of apoptosis (Nelson and Kastan, 1994; Roos and Kaina,
2006). Interestingly, increased levels of DNA repair genes have been
found in malignant prostatic cells, which may preclude efficient
repair including formation of DNA double-strand break intermedi-
ates (Fan et al., 2004).

In conclusion, in prostate epithelial cells containing wild-type
p53 protein, genotoxic PAHs failed to induce the p53-dependent
DNA damage response, including induction of expression of p53
transcriptional targets regulating apoptosis, cell-cycle arrest or

DNA repair, despite the formation of significant levels of PAH-DNA
adducts. These findings have implications for the screening of geno-
toxic effects of environmental PAHs in prostatic cells because the
induction of p53 or its transcriptional targets may not reflect the
level of formation of DNA lesions (e.g., PAH-DNA adducts) in the
absence of formation of DNA double-strand breaks. Moreover, in
the absence of p53 activation, cells affected by PAHs may survive
and accumulate DNA damage, possibly leading to the development
of a more aggressive cancer phenotype. It has been hypothesized
that defective repair of DNA may contribute to genetic instabil-
ity and progression of prostate tumors (Fan et al., 2004). The
inefficiency of the p53 response, which contributes to the elim-
ination of cells with considerable DNA damage and DNA repair,
may further enhance these processes, contributing to prostate
malignancies. Future studies should therefore establish if simi-
lar mechanisms are found in, for example, pre-cancerous prostate
epithelial cells.
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Carcinogenic polycyclic aromatic hydrocarbons (PAHs) are known as efficient mutagens and ligands of the
aryl hydrocarbon receptor (AhR), which has been suggested to play an important role in prostate carcino-
genesis. In order to evaluate the complex relationship between the genotoxicity and the AhR-mediated
activity of PAHs in prostate cells, we selected benzo[a]pyrene (BaP) and 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD), as model genotoxic and nongenotoxic AhR ligands, respectively, to explore global changes
in gene expression in LNCaP cells by microarray analysis. We identified 112 genes that were differen-
tially expressed in cells treated for 24 h with BaP, TCDD or both compounds. Our data indicated that
the impacts of BaP and TCDD on transcriptome of LNCaP cells significantly overlap, since over 64% of
significantly up-regulated genes and 47% of down-regulated genes were similarly affected by both AhR
Cell cycle ligands. This suggested that the activation of AhR played a prominent role in the nongenotoxic effects of
WNT5A BaP in the prostate carcinoma cell model LNCaP. Both AhR ligands suppressed expression of genes asso-
E2F1 ciated with cell cycle progression, DNA replication, spindle assembly checkpoint or DNA repair, which
probably occurred secondary to inhibition of cell cycle progression. In contrast, we identified Wnt5a, an
important regulator of prostate cancer progression, to be induced as early as 6 h after exposure to both
AhR ligands. The AhR ligand-induced Wnt5a upregulation, together with other observed alterations of
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gene expression, may further contribute to enhanced cell plasticity of prostate carcinoma cells.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

The prostate carcinoma is presently one of the most prevalent
forms of cancer in the developed world (ACS, 2009). Epidemiologic
studies suggest a possible link between diet and prostate carcino-
genesis, and a recent study indicated that red and processed meat
may be positively associated with prostate cancer via mechanisms
involving, among other factors, benzo[a]pyrene (BaP) (Sinha et al.,
2009). BaP has been listed by the International Agency for Research
on Cancer (IARC) as a compound carcinogenic to humans (IARC,
2010). Similar to other genotoxic polycyclic aromatic hydrocar-
bons (PAHs), BaP is known to produce stable DNA adducts and
further DNA damage, resulting in activation of cellular DNA damage
response (Binkova et al., 2000; Luch et al., 1999; Ramet et al., 1995;
Solhaug et al., 2004; Tekpli et al., 2010; Topinka et al., 2008). BaP
is also an efficient ligand of the aryl hydrocarbon receptor (AhR),
which plays a key role in the regulation of expression of enzymes,

* Corresponding author. Tel.: +420 533331801; fax: +420 541211229.
E-mail address: machala@vri.cz (M. Machala).
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which metabolize PAHs to mutagenic dihydrodiol epoxides, such
as cytochromes P450 1A1 (CYP1A1), P450 1A2 (CYP1A2) and P450
1B1 (CYP1B1) (Nebert et al., 2004; Xue and Warshawsky, 2005).
However, a number of studies have indicated that AhR itself is
directly involved in the regulation of carcinogenesis. The consti-
tutively active AhR mutant has been shown to produce tumors of
stomach and liver (Andersson et al., 2002; Moennikes et al., 2004),
while the unliganded AhR has been suggested to function as a tumor
suppressor (Fan et al., 2010). The activation of AhR might thus play
a much wider role in carcinogenesis than a simple transcriptional
control of CYP enzymes.

Interestingly, recent studies of Fritz and colleagues have indi-
cated that AhR and/or its selective ligands may inhibit prostate
carcinogenesis in TRAMP mice (Fritz et al., 2007, 2009). Among
other effects, the activated AhR has been suggested to inhibit
the androgen receptor (AR) activity and cell cycle progression in
prostate carcinoma models (Barnes-Ellerbe et al., 2004; Kizu et al.,
2003; Morrow et al., 2004). Nevertheless, AhR activity may inter-
fere also with the regulation of numerous other cellular processes
closely related to tumor promotion and progression, such as cell
differentiation, inhibition of apoptosis, cell motility and invasiv-
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ity, senescence or intercellular communication (Dietrich and Kaina,
2010; Diry et al., 2006; Kung et al., 2009; Puga et al., 2009; Ray
and Swanson, 2009). Therefore, in order to understand the whole
spectrum of toxic effects of AhR ligands in prostate cells, it is vital
to analyze the whole spectrum of changes in gene expression, not
only those related directly to AR or cell proliferation.

The LNCaP cell line is a well-characterized androgen-sensitive
model of human prostate carcinoma cells, which has been success-
fully used to analyze the impact of both PAHs and nongenotoxic AhR
ligands, such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), on AR
and/or the AR-dependent proliferation (Barnes-Ellerbe et al., 2004;
Janaetal., 1999; Kizu et al., 2003; Morrow et al., 2004 ). Importantly,
our previous study suggested that despite forming significant levels
of DNA adducts, the genotoxic PAHs, such as BaP, fail to induce the
p53-dependent DNA damage response, including transcriptional
activation of p53 target genes, induction of apoptosis or cell cycle
arrest, in LNCaP prostate carcinoma cells (Hruba et al., 2010). These
results have indicated that activation of AhR might play a more
prominent role in the toxic effects of BaP than its genotoxic impact.
Unlike TCDD, BaP and/or its principle genotoxic metabolite, anti-
BaP-trans-7,8-dihydrodiol-9,10-epoxide (BPDE) have been shown
to produce unique changes in expression of genes involved in cell
cycle regulation, apoptosis and DNA repair in human cell lines
(Hockley et al., 2007). Therefore, in order to better understand
the complex relationship between genotoxicity and AhR-mediated
activity of PAHs in prostate cells, we selected BaP and TCDD, as
model genotoxic and nongenotoxic AhR ligands, respectively, in
order to evaluate global changes in gene expression in LNCaP cells
by microarray analysis.

2. Materials and methods
2.1. Reagents

TCDD was purchased from Cambridge Isotope Laboratories (Andover, MA) and
BaP was from Fluka (Buchs, Switzerland). Both compounds were dissolved in DMSO
(Merck, Darmstadt, Germany) and stock solutions were stored in dark. All other
reagents were from Sigma-Aldrich (Prague, Czech Republic), if not indicated other-
wise. The sources of other specific chemicals and kits are indicated below.

2.2. Cells

A human prostatic carcinoma cell line LNCaP, originally derived from a lymph
node metastasis, was obtained from Deutsche Sammlung von Mikroorganismen
und Zellkulturen, Braunschweig, Germany). Cells were grown in RPMI 1640 growth
medium with L-glutamine (Gibco BRL, Rockville, MD) supplemented with 10%
heat-inactivated fetal bovine serum (Sigma-Aldrich), sodium bicarbonate (2 g/l),
penicillin (100 U/ml) and streptomycin (100 mg/1). For the treatment, LNCaP cells
were maintained in modified RPMI-1640 without phenol red (Sigma-Aldrich) sup-
plemented with 5% charcoal-treated (CT) serum. Cells were maintained in 5% CO,
at37°C.

2.3. Sample processing for microarray analysis

LNCaP cells were grown in growth medium on 60-mm-diameter cell culture
dishes at concentration 20,000 cells/cm? for 48 h. Cells were then maintained in
medium with charcoal-treated serum for one day and for duration of following 24 h-
exposure to 10 wM BaP, 5nM TCDD and DMSO (0.1%) as a solvent control. Medium
was removed, the samples were washed with PBS and total RNA was isolated from
cells using the NucleoSpin RNA II kit (Macherey-Nagel). Quantity of the RNA was
measured on NanoDrop ND-1000 (NanoDrop Technologies LLC, USA). RNA integrity
was assessed with Agilent 2100 Bioanalyser (Agilent Technologies, USA). All RNA
samples had RIN above 8.

2.4. Microarray analysis

[llumina HumanRef-8 v2.0 Expression BeadChip (Illumina Inc., USA) was used
for the microarray analysis following the standard protocol (250 ng of total RNA
was amplified with Illumina TotalPrep RNA Amplification Kit (Ambion Inc., USA)
and 750 ng of amplified RNA was hybridized on the chip according to the manu-
facturer procedure). Hybridized slides were scanned on Illumina Beadstation and
images were analyzed using Illumina BeadScan. Bead level data were summarized
by Illumina BeadStudio Software.

Bead summary data were imported into R statistical environment
(http://www.r-project.org) and normalized by quantile method in the lumi
package. Only probes with detection p-value p<0.01 on at least 2 arrays in group
were included for further analyses. Differential expression analysis was performed
using the limma package (Smyth, 2004). Linear model corrected for batch effect
was fitted for each gene given a series of arrays using ImFit function. Multiple
testing correction was performed using the Benjamini and Hochberg method.
Hierarchical clustering analysis of the samples and genes was performed using the
average linkage and Euclidean distance.

2.5. Functional analysis of microarray data

Since the fold change of expression of the individual genes across expres-
sion data can be relatively modest, the gene set enrichment analysis (GSEA) was
employed to classify microarray data at the level of groups of genes that share com-
mon biological function. GSEA evaluates the distribution of genes belonging to a
biological category in agiven sorted list of genes by computing running sum statistics
(Subramanian et al., 2005). Enrichment analysis was performed for the treatment
groups vs. control using GSEA implemented in java GSEA application, version 2.07.
Gene sets tested were taken from Molecular Signature Database v 3.0 curated from
the KEGG online database that contained genes present on the used microarray plat-
form. Number of permutations and permutation type was set to 100 and gene set,
respectively.

2.6. Real-time RT-PCR

In addition to the 24 h-exposure microarray samples, total RNA samples were
also prepared from LNCaP cells after 6, 12 and 24 h exposure to 10 wM BaP, 5nM
TCDD or DMSO (0.1%). The amplifications of the samples were carried out in a
final volume of 20 !l using QuantiTect Probe RT-PCR kit (Qiagen GmbH, Hilden,
Germany) according to manufacturer’s specifications with primers from Generi
Biotech (Hradec Kralové, Czech Republic) and specific TagMan probes from the Uni-
versal Probe Library (Roche Diagnostics GmbH, Mannheim, Germany) that are listed
in Table 1. The amplifications were run on the LightCycler (Roche Diagnostics GmbH,
Mannheim, Germany) according the following program: reverse transcription at
50°C for 20 min and initial activation step at 95 °C for 15 min, followed by 40 cycles
at 95°C for 0s and 60°C for 60s. The changes in gene expression were calculated
using the comparative threshold cycle method with B2M as a normalizing gene
(Livak and Schmittgen, 2001). The primers and probes for B2M were purchased as
qPCR kits from Generi Biotech.

2.7. Western blotting

LNCaP cells were grown and exposed to treatment compounds for 24 h, as
described above. After the exposure, cells were harvested with lysis buffer (1% SDS,
10% glycerol, 100 mM Tris and protease/phosphatase inhibitors) and the samples
were sonicated. Protein concentrations were determined using bicinchonic acid and
copper sulfate (Sigma-Aldrich). For Western blot analyses, equal amounts of total
protein lysates were separated by SDS-polyacrylamide gel electrophoresis on 10%
gel and electrotransferred onto PVDF membrane Hybond-P (GE Healthcare, Little
Chalfont, UK). Pre-stained molecular weight markers (Fermentas GmbH, St. Leon-
Rot, Germany) were run in parallel. The membranes were blocked and incubated
with primary antibodies against Wnt5a (AF645, R&D Systems, MN, USA) and E2F1
(sc-251, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and then with secondary
peroxidase-conjugated anti-goat IgG (A 5420, Sigma-Aldrich) or anti-mouse IgG (A
9044, Sigma-Aldrich) antibodies. As a positive control for Wnt5a, we used recom-
binant human/mouse Wnt5a protein (R&D Systems), or cell lysate from human
Burkittis lymphoma (sc-2234, Santa Cruz) for E2F1. Expression of 3-actin was used
to verify equal loading. To visualize peroxidase activity, the ECLPlus Western blotting
detection system (GE Healthcare, Little Chalfont, UK) was used.

2.8. Statistical analysis

Quantitative RT-PCR data were expressed as means + S.D. and analyzed by Stu-
dent’s t-test, P value of less than 0.05 was considered significant.

3. Results
3.1. Microarray analysis

In order to analyze the impact of BaP and TCDD on global gene
expression in LNCaP cells, we selected cultivation conditions based
on both our own and previously published studies evaluating the
impact of AhR ligands and carcinogenic PAHs on AR activity, cell
proliferation or induction of DNA damage (Barnes-Ellerbe et al.,
2004; Endoetal., 2003; Hrubd et al., 2010; Kizu et al., 2003; Morrow
et al., 2004). Cells were cultivated in the growth medium with
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Table 1
Sequences of primers used in quantitative RT-PCR.

Gene Accession no. Oligonucleotide

: 5'-CCAGAGGCCTATCTTTTTCTGA-3'
R: 5'-CCTGGTCAACCACTTCTCCTA-3’
:UPL#75

: 5'-TCTTGGAAGACTTGGGTCCTT-3'

: 5'-TCAAATATCCCCGCACTCTG-3'
UPL #61

: 5'-TTCCGCTACAAGGGCAAC -3’

: 5-TGCAACGATAGGGTTTCTCA-3’
UPL #5

: 5'-CCATACCTCAAGTATTTGCCATC-3’

: 5-TCCAGTCTTTCGTATTAATGATTCAG-3'
: UPL #84

1 5'-TGGATCTGAAGAAATACTTGGATTCTA-3'
: 5'-TCCAGTCTTTCGTATTAATGATTCAG-3'
UPL #79

: 5'-CATTCGCATCTGGAATGTGT-3’

: 5'-GAGACCAGAGGATGGAGCAC-3’

: UPL #57
5-CCTCCTGGGCTGCAAATA-3'

: 5'-CAGAATCTCCAGGGAATAGGG-3'

: UPL#50
5-AGCTTCAGAAGAGCACACACC-3'

: 5'-AGGCGTCCTCAAAGAGATGA-3’
UPL #41
5'-CAGGAGAGAAGGCAATATCCAA -3’
: 5'-GCATGCCTATGTCTGGCTCT -3’

1 UPL #25

: 5'-GCCAGAGAATGTTTTACTGTCATC -3’
: 5'-CTTGGAGTGCCCAAAATCAG -3’

: UPL#35

: 5'-TCCAAGAACCACATCCAGTG-3’

: 5'-CTGGGTCAACCCCTCAAG-3’

UPL #5

: 5'-GCTGTCAGTAGCCTCCAAGG-3’

: 5'-GCTGTCAGTAGCCTCCAAGG-3’
UPL #3

: 5'-GCAGGCTGCTCATTACCTAAG-3’

: 5'-TCCTTTGCCAAATTGAAAAGTT-3'

: UPL #85

: 5'- TGAGCTCTGGAAAAACTTTGG-3’

: 5- CTGGGGACAGGGGTTTCT-3'

: UPL #69

: 5'-ACCCCGAACCAAGCTTTAG-3’

: 5'-GGGCCACATCAGCAATTAGT-3'
UPL #82

: 5'-GCTGCTGAAGCCTATCAGGT-3'

: 5'-GATGTTGATGCCACACGTCTA-3'

: UPL #58

: 5'-CAGATCACAGCTACGGTGACA-3'

: 5'-TCTGTATAAATCAGCAGATCAAATGAA-3’
: UPL #59

. 5-TGGAGAACTTGGAAATGGAAA-3'

: 5'-GAACTGGTTCATTCATCTCTATGG-3'
UPL #69

: 5'-ATTGACCCAGAGCCTGTGAT-3’

: 5'-GGGGAAGCTCTACAGGTGGT-3’

: UPL #62

1 5'-GGGAATTAGTGAAGCCAAAGC-3’

: 5'-TGGTGAAACCCATTGGAACT-3’

: UPL#30

: 5-TTGTGGAAAGAAGACTTGGCTA-3'
. 5'-TGTTCATCTTGTTTTTCCTTGG-3’

: UPL#76

1 5'-ACTCGCCCACCACACAAG -3’

: 5'-CATTGCGCACGCAGTAGT -3’

: UPL #23

ADD3 NM_016824

—

AURKA

NM_198436

BCL6 NM_001706

CCNA2

NM_001237

cbc2 NM_001786

CDC20

NM.001255

CDK2 NM_001798

CENPA

NM_001042426

CHEK1

NM_.001274

CHEK2

NM_007194

E2F1 NM_005225

E2F2 NM_004091

ERCC6L

NM_017669

EXO1 NM_006027

FEN1 NM.004111

KIF15 NM.020242

MAD2L1

NM_002358

PCNA NM_182649

RAD21

NM_006265

RAD51

NM_002877

TOP2A

NM_001067

WNT5A NM_003392

charcoal-stripped FBS for 24 h prior to application of either AhR
ligand, in order to reduce the impact of endogenous androgens
present in serum. After another 24 h, total RNA was isolated and
analyzed.

Microarray analysis identified a total of 80 genes with signifi-
cantly (p<0.05) altered expression after BaP exposure and a total

uUpP

DOWN

BaP TCDD

Fig. 1. Venn diagram representing numbers of common and exclusively up-
and downregulated genes for 24-h treatment with 10 wM BaP (left) and 5nM
TCDD (right), relative to DMSO used as solvent control (—0.5 <log FC> 0.5; adj.
P-val <0.05).

of 91 genes after TCDD exposure. A full list of the affected genes is
provided in Table 2. As shown in Fig. 1, there was a significant over-
lap between BaP- and TCDD-induced changes in gene expression.
A total of 59 of the expression alterations were common to both
treatments. This trend was more obvious in case of upregulated
genes, where 25 out of 39 significantly upregulated genes (over
67%) were common to BaP and TCDD. The commonly up-regulated
genes included those in metabolism of xenobiotics, known to be
regulated by AhR (CYP1A1, CYP1A2,and ALDH3A2). Both CYP1A1 and
CYP1A2 were increased to a similar extent, thus confirming that AhR
was fully activated by the applied doses of BaP and TCDD. Further
upregulated genes included those involved in transcriptional regu-
lation related to cell cycle progression/spindle assembly checkpoint
(FOXQ1, TOB1), intracellular signaling and ion transport (KCNG1,
WNT5A, ZIC2) and other genes (ADD3, BCL6, CA12, CBLN2, CLYBL,
EDC3, GAD1, GCLC, MCCC1, MYLIP, PRG-3, PTGFR, SPRY1, ST3GAL1,
TBX3, TIPARP) - see Table 2. In contrast, BaP and TCDD specifically
downregulated expression of those genes involved in regulation
of cycle progression/spindle assembly checkpoint (AURKA, CCNA2,
CDCA3, CDC2, CDC20, CDC45L, CDK2, CENPA, CENPK, CEP55, CHEK1,
E2F1, E2F2, E2F7, ERCC6L, FAM64A, FBX05, HMMR, KIF15, MAD2L1,
NUSAP1, OIP5, UBE2 C, UHRF1, SGOL1, STIL, TOP2A, ZWILCH, ZWINT)
and replication complex and DNA repair (DNASE2B, DTL,EXO1,FENT1,
GINS1, HMGB2, KIAA0101, MCM4, MCM7, MCM10, PCNA, POLE2,
PRIM1, RFC3, RFC4, RFC5, RAD51AP1, RAD54L, RRM2, SMC2, TYMS).
Further commonly downregulated genes included KCNN2, PBK,
VRK1, ATAD2, CKAP2L, MELK, NCAPG, PBK, PGAM1, REPS2, RTN4, and
TMA4SF1.

As these data already indicated that biological processes involv-
ing cell cycle progression and DNA repair were seriously affected
by both types of AhR ligands, we further performed gene set
enrichment analysis of microarray data, using curated data sets
from Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
database.Table 3 summarizes both downregulated and upregu-
lated KEGG pathways that were significantly affected by BaP, TCDD
or both compounds. The upper part of Table 3 shows that with
exception of a single pathway related to metabolism of xenobi-
otics, the downregulation of numerous KEGG pathways, related
to DNA replication, cell cycle progression, mitosis and DNA repair,
was a common event in the effects of both BaP and TCDD on gene
expression in LNCaP cells. The KEGG pathways upregulated by both
compounds included mostly those involved in metabolism. The
basal cell carcinoma pathway was upregulated as well (Table 3),
with WNT5A, LEF1, FZD3, PTCH1, FZD1 and TP53 identified as prin-
cipal genes contributing to this process.
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Table 2
Gene transcripts differentially up- and downregulated following the exposure of LNCaP cells to BaP and TCDD (24 h), ordered according to their biological function.
Entrez Gene ID Symbol Definition Fold change
BaP TCDD

Metabolizing enzymes

224 ALDH3A2 Homo sapiens aldehyde dehydrogenase 3 family, member A2 1.45° 1.48"
(ALDH3A2), transcript variant 2, mRNA

51700 CYB5R2 Homo sapiens cytochrome b5 reductase 2 (CYB5R2), mRNA 1.48" 1.18

1543 CYP1A1 Homo sapiens cytochrome P450, family 1, subfamily A, polypeptide 4617 520"
1 (CYP1A1), mRNA

1544 CYP1A2 Homo sapiens cytochrome P450, family 1, subfamily A, 2.07" 2.30"
polypeptide 2 (CYP1A2), mRNA

51478 HSD17B7 Homo sapiens hydroxysteroid (17-beta) dehydrogenase 7 1.11 1.49°
(HSD17B7), mRNA

1728 NQO1 Homo sapiens NAD(P)H dehydrogenase, quinone 1 (NQO1), 1.69™ 1.24
transcript variant 1, mRNA

Cell cycle progression and spindle assembly checkpoint

6790 AURKA Homo sapiens aurora kinase A (AURKA), transcript variant 5, mRNA 0.67" 0.67"

259266 ASPM Homo sapiens asp (abnormal spindle) homolog, microcephaly 0.74 0.71
associated (Drosophila) (ASPM), mRNA

890 CCNA2 Homo sapiens cyclin A2 (CCNA2), mRNA 0.65" 0.61"

83461 CDCA3 Homo sapiens cell division cycle associated 3 (CDCA3), mRNA 0.66" 0.68"

983 CDC2 Homo sapiens cell division cycle 2, G1 to S and G2 to M (CDC2), 0.68" 0.62"
transcript variant 1, mRNA

991 CDC20 Homo sapiens cell division cycle 20 homolog (S. cerevisiae) (CDC20), 0.69° 0.67°
mRNA

8318 CDC45L Homo sapiens CDC45 cell division cycle 45-like (S. cerevisiae) 0.74" 0.70"
(CDC45L), mRNA

1017 CDK2 Homo sapiens cyclin-dependent kinase 2 (CDK2), transcript variant 0.73 0.72
1, mRNA

1058 CENPA Homo sapiens centromere protein A (CENPA), transcript variant 2, 0.67 0.62"
mRNA

64105 CENPK Homo sapiens centromere protein K (CENPK), mRNA 0.71° 0.70°

55165 CEP55 Homo sapiens centrosomal protein 55 kDa (CEP55), mRNA 0.71° 0.68"

1111 CHEK1 Homo sapiens CHK1 checkpoint homolog (S. pombe) (CHEK1), 0.72 0.68"
mRNA

1869 E2F1 Homo sapiens E2F transcription factor 1 (E2F1), mRNA 0.69 0.68°

1870 E2F2 Homo sapiens E2F transcription factor 2 (E2F2), mRNA 0.59” 0.56"

144455 E2F7 Homo sapiens E2F transcription factor 7 (E2F7), mRNA 0.73 0.67"

94234 FOXQ1 Homo sapiens forkhead box Q1 (FOXQ1), mRNA 1.77 1.77

10140 TOB1 Homo sapiens transducer of ERBB2, 1 (TOB1), mRNA 1617 158"

54821 ERCC6L Homo sapiens excision repair cross-complementing rodent repair 0.73 0.68"
deficiency, complementation group 6-like (ERCC6L), mRNA

54478 FAMG4A Homo sapiens family with sequence similarity 64, member A 0.70" 0.70"
(FAMG64A), mRNA

81610 FAM83D Homo sapiens family with sequence similarity 83, member D 0.71 0.67
(FAM83D), mRNA

26271 FBX05 Homo sapiens F-box protein 5 (FBX05), mRNA 0.69° 0.64"

3161 HMMR Homo sapiens hyaluronan-mediated motility receptor (RHAMM) 0.70 0.60"
(HMMR), transcript variant 2, mRNA

56992 KIF15 Homo sapiens kinesin family member 15 (KIF15), mRNA 0.67 0.68°

4085 MAD2L1 Homo sapiens MAD2 mitotic arrest deficient-like 1 (yeast) 0.69° 0.67"
(MAD2L1), mRNA

4131 MAP1B Homo sapiens microtubule-associated protein 1B (MAP1B), mRNA 132 157

79682 MLF1IP Homo sapiens MLF1 interacting protein (MLF1IP), mRNA 0.69” 0.65"

9585 MPHOSPH1 Homo sapiens M-phase phosphoprotein 1 (MPHOSPH1), mRNA 0.77 0.69°

51203 NUSAP1 Homo sapiens nucleolar and spindle associated protein 1 (NUSAP1), 0.72 0.66"
transcript variant 2, mRNA

11339 OIP5 Homo sapiens Opa interacting protein 5 (OIP5), mRNA 0.65" 0.65"

11065 UBE2C Homo sapiens ubiquitin-conjugating enzyme E2C (UBE2C), 0.70" 0.65"
transcript variant 6, mRNA

29128 UHRF1 Homo sapiens ubiquitin-like, containing PHD and RING finger 0.70° 0.74"
domains, 1 (UHRF1), transcript variant 1, mRNA

6307 SC4MOL Homo sapiens sterol-C4-methyl oxidase-like (SC4MOL), transcript 0.83 0.69°
variant 1, mRNA

151648 SGOL1 Homo sapiens shugoshin-like 1 (S. pombe) (SGOL1), transcript 0.68" 0.72"
variant C2, mRNA

6491 STIL Homo sapiens SCL/TAL1 interrupting locus (STIL), transcript variant 0.69° 0.68°
1, mRNA

7153 TOP2A Homo sapiens topoisomerase (DNA) Il alpha 170 kDa (TOP2A), 0.73° 0.67"
mRNA

55055 ZWILCH Homo sapiens Zwilch, kinetochore associated, homolog 0.73" 0.69°
(Drosophila) (ZWILCH), transcript variant 1, mRNA

11130 ZWINT Homo sapiens ZW10 interactor (ZWINT), transcript variant 3, mRNA 0.69° 0.65"

Replication complex and DNA repair

116028 C160rf75 Homo sapiens chromosome 16 open reading frame 75 (C160rf75), 0.67" 0.70"
mRNA

58511 DNASE2B Homo sapiens deoxyribonuclease Il beta (DNASE2B), transcript 071" 0.72"

variant 2, mRNA
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Entrez Gene ID Symbol Definition Fold change

51514 DTL Homo sapiens denticleless homolog (Drosophila) (DTL), mRNA 0.63° 0.60"

9156 EXO1 Homo sapiens exonuclease 1 (EXO1), transcript variant 1, mRNA 0.74" 0.68"

2237 FEN1 Homo sapiens flap structure-specific endonuclease 1 (FEN1), mRNA 0.65" 0.65"

51659 GINS2 Homo sapiens GINS complex subunit 2 (Psf2 homolog) (GINS2), 0.64™ 0.62"
mRNA

3148 HMGB2 Homo sapiens high-mobility group box 2 (HMGB2), mRNA 0.71 0.65"

9768 KIAA0101 Homo sapiens KIAA0101 (KIAA0101), transcript variant 1, mRNA 0.74' 0.70°

4173 MCM4 Homo sapiens minichromosome maintenance complex component 0.69° 0.68
4 (MCM4), transcript variant 1, mRNA

4176 MCM7 Homo sapiens minichromosome maintenance complex component 0.70" 0.73"
7 (MCM?7), transcript variant 2, mRNA

55388 MCM10 Homo sapiens minichromosome maintenance complex component 0.66"" 0.68""
10 (MCM10), transcript variant 2, mRNA

5111 PCNA Homo sapiens proliferating cell nuclear antigen (PCNA), transcript 0.69" 0.73"
variant 2, mRNA

5427 POLE2 Homo sapiens polymerase (DNA directed), epsilon 2 (p59 subunit) 0.70" 0.71"
(POLE2), mRNA

5557 PRIM1 Homo sapiens primase, DNA, polypeptide 1 (49 kDa) (PRIM1), 0.72" 0.70"
mRNA

5983 RFC3 Homo sapiens replication factor C (activator 1) 3, 38 kDa (RFC3), 0.71" 0.62"
transcript variant 1, mRNA

5984 RFC4 Homo sapiens replication factor C (activator 1) 4, 37 kDa (RFC4), 0.70" 0.68"
transcript variant 2, mRNA

5985 RFC5 Homo sapiens replication factor C (activator 1) 5, 36.5 kDa (RFC5), 0.70" 0.68"
transcript variant 1, mRNA

10635 RAD51AP1 Homo sapiens RAD51 associated protein 1 (RAD51AP1), mRNA 0.70° 0.65"

8438 RAD54L Homo sapiens RAD54-like (S. cerevisiae) (RAD54L), mRNA 0.69" 0.75"

6241 RRM2 Homo sapiens ribonucleotide reductase M2 polypeptide (RRM2), 0.66" 0.62"
mRNA

10592 SMC2 Homo sapiens structural maintenance of chromosomes 2 (SMC2), 0.75 0.70"
transcript variant 1, mRNA

7298 TYMS Homo sapiens thymidylate synthetase (TYMS), mRNA 0.68" 0.67"

Intracellular signaling and ion transport

1445 CSK Homo sapiens c-src tyrosine kinase (CSK), mRNA 1.27 1.42"

3755 KCNG1 Homo sapiens potassium voltage-gated channel, subfamily G, 1.46" 1.46"
member 1 (KCNG1), transcript variant 1, mRNA

3781 KCNN2 Homo sapiens potassium intermediate/small conductance 0.69° 0.74"
calcium-activated channel, subfamily N, member 2 (KCNN2),
transcript variant 1, mRNA

55872 PBK Homo sapiens PDZ binding kinase (PBK), mRNA 0.72 0.67

7443 VRK1 Homo sapiens vaccinia related kinase 1 (VRK1), mRNA 0.65" 0.71"

7474 WNT5A Homo sapiens wingless-type MMTV integration site family, 159" 1.62"
member 5A (WNT5A), mRNA

7546 ZIC2 Homo sapiens Zic family member 2 (odd-paired homolog, 2.18" 2.65™
Drosophila) (ZIC2), mRNA

Other genes

120 ADD3 Homo sapiens adducin 3 (gamma) (ADD3), transcript variant 3, 1.75™ 1.83™
mRNA

135 ADORA2A Homo sapiens adenosine A2a receptor (ADORA2A), mRNA 1.17 142"

29028 ATAD2 Homo sapiens ATPase family, AAA domain containing 2 (ATAD2), 0.68" 0.64"
mRNA

604 BCL6 Homo sapiens B-cell CLL/lymphoma 6 (zinc finger protein 51) 147" 1.79™
(BCL6), transcript variant 1, mRNA

220042 C11orf82 Homo sapiens chromosome 11 open reading frame 82 (C110rf82), 0.69" 0.75"
mRNA

388115 C150rf52 Homo sapiens chromosome 15 open reading frame 52 (C150rf52), 1.36 1.42°
mRNA

79098 Clorf116 Homo sapiens chromosome 1 open reading frame 116 (C1orf116), 0.67 0.85
transcript variant 1, mRNA

151963 C3orf59 Homo sapiens chromosome 3 open reading frame 59 (C30rf59), 1.70" 1.70"
mRNA

771 CA12 Homo sapiens carbonic anhydrase XII (CA12), transcript variant 1, 1.46" 1.30*
mRNA

147381 CBLN2 Homo sapiens cerebellin 2 precursor (CBLN2), mRNA 1.53" 1.43"

150468 CKAP2L Homo sapiens cytoskeleton associated protein 2-like (CKAP2L), 0.72° 0.61"
mRNA

171425 CLYBL Homo sapiens citrate lyase beta like (CLYBL), mRNA 1.84™ 1.88"™"

55789 DEPDC1B Homo sapiens DEP domain containing 1B (DEPDC1B), mRNA 0.72 0.67°

80153 EDC3 Homo sapiens enhancer of mRNA decapping 3 homolog (S. 1.617" 1.73"
cerevisiae) (EDC3), mRNA

79993 ELOVL7 Homo sapiens ELOVL family member 7, elongation of long chain 0.71 0.80
fatty acids (yeast) (ELOVL7), mRNA

2571 GAD1 Homo sapiens glutamate decarboxylase 1 (brain, 67 kDa) (GAD1), 1.62™ 1.52™

transcript variant GAD25, mRNA
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Table 2 (Continued)

Entrez Gene ID Symbol Definition Fold change

352954 GATS Homo sapiens opposite strand transcription unit to STAG3 (GATS), 1.42° 135
mRNA

2729 GCLC Homo sapiens glutamate-cysteine ligase, catalytic subunit (GCLC), 1.54" 1.55"
mRNA

2897 GRIK1 Homo sapiens glutamate receptor, ionotropic, kainate 1 (GRIK1), 1.44" 0.80°
transcript variant 2, mRNA

9208 LRRFIP1 Homo sapiens leucine rich repeat (in FLII) interacting protein 1 1.17 1.47
(LRRFIP1), mMRNA

56922 MCCC1 Homo sapiens methylcrotonoyl-Coenzyme A carboxylase 1 (alpha) 1.42" 1.52™
(MCCC1), mRNA

9833 MELK Homo sapiens maternal embryonic leucine zipper kinase (MELK), 0.72 0.69"
mRNA

29116 MYLIP Homo sapiens myosin regulatory light chain interacting protein 1.49 1.52"
(MYLIP), mRNA

64151 NCAPG Homo sapiens non-SMC condensin [ complex, subunit G (NCAPG), 0.68 0.72*
mRNA

55872 PBK Homo sapiens PDZ binding kinase (PBK), mRNA 0.72 0.67°

5223 PGAM1 Homo sapiens phosphoglycerate mutase 1 (brain) (PGAM1), mRNA 0.79" 0.69"

54886 PRG-3 Homo sapiens plasticity related gene 3 (PRG-3), transcript variant 1.72 2.02"
2, mRNA

5737 PTGFR Homo sapiens prostaglandin F receptor (FP) (PTGFR), transcript 1.46" 150"
variant 2, mRNA

9185 REPS2 Homo sapiens RALBP1 associated Eps domain containing 2 (REPS2), 0.70" 0.75
transcript variant 1, mRNA

57142 RTN4 Homo sapiens reticulon 4 (RTN4), transcript variant 3, mRNA 0.67 0.65

64116 SLC39A8 Homo sapiens solute carrier family 39 (zinc transporter), member 8
(SLC39A8), mRNA

10252 SPRY1 Homo sapiens sprouty homolog 1, antagonist of FGF signaling 147 177"
(Drosophila) (SPRY1), transcript variant 2, mRNA

6482 ST3GAL1 Homo sapiens ST3 beta-galactoside alpha-2,3-sialyltransferase 1 1.63" 177"
(ST3GAL1), transcript variant 1, mRNA

6926 TBX3 Homo sapiens T-box 3 (ulnar mammary syndrome) (TBX3), 137" 1.42"
transcript variant 1, mRNA

7053 TGM3 Homo sapiens transglutaminase 3 (E polypeptide, 1.49 1.61°
protein-glutamine-gamma-glutamyltransferase) (TGM3), mRNA

25976 TIPARP Homo sapiens TCDD-inducible poly(ADP-ribose) polymerase 1.43° 1.50"
(TIPARP), mRNA

4071 TM4SF1 Homo sapiens transmembrane 4 L six family member 1 (TM4SF1), 0.66" 0.75"
mRNA

7113 TMPRSS2 Homo sapiens transmembrane protease, serine 2 (TMPRSS2), mRNA 0.59° 0.84

114990 VASN Homo sapiens vasorin (VASN), mRNA 1.31 1.44

7450 VWF Homo sapiens von Willebrand factor (VWF), mRNA 0.67 0.74

Statistical analysis was performed as described in Section 2. All gene transcripts listed meet the following criteria: —0.5 <log FC > 0.5 and adj. p-val < 0.05 for at least one of
the compounds. The data were obtained from three independently performed microarray experiments.

" Statistical difference between control and the respective treatment at p < 0.05.
 Statistical difference between control and the respective treatment at p<0.01.
™" Statistical difference between control and the respective treatment at p<0.001.

3.2. Real-time RT-PCR verification

Quantitative RT-PCR was further used to validate the microarray
results for selected genes that were identified as being commonly
downregulated by BaP and TCDD and that are involved in cell cycle
progression, spindle assembly checkpoint, replication complex or
DNA repair. Moreover, we validated the expression of 3 selected
genes involved in oncogenic signaling and regulation of apoptosis
(ADD3, BCL6, WNT5A), which were commonly upregulated by BaP
and TCDD. As outlined in Table 4, we were able to confirm the com-
mon trend for downregulation of specific cell cycle and DNA repair
genes. Although the results of quantitative RT-PCR were not always
significant (due to a higher interassay variability), with exception
of 5 out of 18 genes, there was always a clear trend to decrease
mRNA levels of genes involved in the above mentioned cellular
processes. In addition, we determined CHEK2 being also downreg-
ulated by BaP treatment (this gene was not originally included in
the panel of significantly downregulated genes in microarray anal-
ysis). In the case of upregulated genes, there was always significant
upregulation confirmed for at least one compound and the over-
all trend was similar for both microarray and quantitative RT-PCR
data.

3.3. Modulations of Wnt5a and E2F1 proteins

Since Wnt5a protein has been suggested to be an impor-
tant determinant of prostate cancer progression and recurrence
(Stanbrough et al., 2006; Yamamoto et al., 2010), we next ana-
lyzed also protein levels of Wnt5a, in order to confirm that the
changes in its expression correspond with protein induction by BaP
and TCDD. As shown in Fig. 2A, both BaP and TCDD significantly
increased Wnt5a protein in LNCaP cells, which corresponded with
mRNA data.

In order to confirm changes in expression of the set of genes
associated with cell cycle and proliferation, we determined E2F1
protein, a key transcription factor involved in these events. The
suppression of E2F1 mRNA corresponded with a decreased level
of E2F1 protein in both BaP- and TCDD-treated cells as shown in
Fig. 2B.

3.4. Time course study of expression of selected modulated genes

The AhR-dependent inhibition of cell cycle progression and
proliferation has been a principal effect of various types of AhR lig-
ands in LNCaP cells observed in previous studies (Barnes-Ellerbe
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Table 3

Pathways significantly affected after BaP- and TCDD-treatment of LNCaP cells identified by GSEA (P value <0.05 and FDR value <0.25).
Pathway NES

BaP TCDD

Downregulated
KEGG_CELL.CYCLE -2.85 -2.82
KEGG_DNA_REPLICATION —2.68 -2.71
KEGG_HOMOLOGOUS_RECOMBINATION -2.29 -2.13
KEGG_MISMATCH_REPAIR -2.30 -2.21
KEGG_NUCLEOTIDE_EXCISION_REPAIR -2.23 -2.05
KEGG_OOCYTE_MEIOSIS -2.14 -1.96
KEGG_PROGESTERONE_MEDIATED_OOCYTE_MATURATION —2.06 -1.93
KEGG_PYRIMIDINE_.METABOLISM -2.04 -1.94
KEGG_PENTOSE_AND_GLUCURONATE_INTERCONVERSIONS n.s. -1.67
KEGG_BASE_EXCISION_REPAIR -1.82 -1.63
KEGG_PURINE_.METABOLISM -1.83 -1.64
KEGG_P53_SIGNALING_PATHWAY -1.68 -1.64
KEGG_DRUG_METABOLISM_OTHER_ENZYMES -1.58 -1.71
KEGG_SYSTEMIC_.LUPUS_ERYTHEMATOSUS ns. -1.61
KEGG_SMALL_CELL.LUNG_CANCER n.s. -1.60
KEGG_STEROID_BIOSYNTHESIS -1.57 n.s.
KEGG_PRIMARY_IMMUNODEFICIENCY ns. -1.55
KEGG_CYSTEINE_.AND_METHIONINE_.METABOLISM -1.53 n.s.
KEGG_PATHOGENIC_ESCHERICHIA_COLI_INFECTION n.s. -1.53
Upregulated
KEGG_TRYPTOPHAN_METABOLISM 2.09 2.26
KEGG_ALANINE_ASPARTATE.AND_GLUTAMATE_-METABOLISM 1.95 1.64
KEGG_BETA_ALANINE_METABOLISM 1.92 1.82
KEGG-METABOLISM_OF_XENOBIOTICS_BY_-CYTOCHROME_P450 1.89 1.86
KEGG_RETINOL_-METABOLISM 1.82 1.88
KEGG_LINOLEIC_ACID_METABOLISM n.s. 1.78
KEGG_GLYCOSAMINOGLYCAN_BIOSYNTHESIS_KERATAN_SULFATE ns. 1.73
KEGG_NEUROACTIVE_LIGAND_RECEPTOR_INTERACTION n.s. 1.67
KEGG_BUTANOATE_METABOLISM 1.70 n.s.
KEGG_GLYCOSPHINGOLIPID_BIOSYNTHESIS_.GANGLIO_SERIES 1.68 1.65
KEGG_VALINE_LEUCINE_AND_ISOLEUCINE_DEGRADATION 1.63 n.s.
KEGG_STEROID_-HORMONE_BIOSYNTHESIS 1.60 1.70
KEGG_BASAL_CELL_.CARCINOMA 1.59 1.66
KEGG-NITROGEN_METABOLISM 1.57 ns.
KEGG_GLYCOSAMINOGLYCAN_BIOSYNTHESIS_HEPARAN_SULFATE n.s. 1.59
KEGG_CALCIUM_SIGNALING_PATHWAY n.s. 1.58
KEGG_HEDGEHOG_SIGNALING_PATHWAY ns. 1.57

n.s.: not significant. Curated gene sets from KEGG pathway database, a part of Molecular Signature Database collection were tested. Normalized enrichment score (NES) is the
primary statistic for examining gene set enrichment results that accounts for differences in gene set size and in correlations between gene sets and the expression dataset.

et al.,, 2004; Morrow et al., 2004; Endo et al., 2003; Kizu et al,,
2003). Suppression of many genes related to regulation of cell
cycle/proliferation could be thus simply a secondary outcome of
cell cycle inhibition after BaP and/or TCDD exposure. Therefore,
next we determined the modulations of selected genes at three
exposure times. Both CYP1A1 and Wnt5a mRNA levels were ele-
vated after 6, 12 and 24 h exposures to BaP or TCDD, thus suggesting
that Wnt5a represents a directly regulated AhR target (Fig. 3A). In
contrast, E2F1 and CDC2 mRNAs were not affected after 6h or 12 h
exposure to BaP or TCDD and were significantly reduced only after
24 h exposure (Fig. 3B), similar to EXO1 and FEN1 genes, participat-
ing in DNA repair. Therefore, the latter mRNA alterations could be
classified as secondary changes in gene expression.

4. Discussion

BaP is a ubiquitous mutagenic environmental pollutant, which
is suspected to contribute to several types of human cancer (IARC,
2010). However, the formation of bulky DNA adducts, or induction
of further DNA damage through generation of oxidative stress, fails
to explain the full range of toxic effects of BaP contributing to tumor
promotion and progression (Hockley et al., 2007, 2008). Although
its carcinogenicity is attributed primarily to its genotoxicity and
mutagenicity, BaP is also a relatively efficient AhR ligand (Machala
et al,, 2001). AhR is an important regulator of prostate carcinoma
(Fritz et al., 2007) and androgen-sensitive prostate carcinoma cells
respond to various classes of toxic AhRligands (Barnes-Ellerbe etal.,

2004; Endo et al., 2003; Jana et al., 1999; Morrow et al., 2004).
Since our previous study has indicated that despite formation of
DNA adducts, BaP fails to activate DNA damage response (Hruba
et al., 2010), the effects of BaP in prostate carcinoma cells might
be largely due to its AhR-mediated activity. This would make these
cells a highly valuable experimental model, where the toxicity of
genotoxic AhR ligands could be studied in the absence of activa-
tion of signaling pathways related to DNA damage, such as e.g.
p53 signaling, without the need inhibit these pathway by other
potentially confounding treatments. In order to verify this hypoth-
esis, we performed microarray analysis of effects of BaP on gene
expression in LNCaP cells,and compared them to those of the model
nongenotoxic AhR ligand TCDD.

Several classes of AhR ligands have been shown to inhibit cell
cycle progression of androgen-sensitive prostate carcinoma cells.
These include dioxins (Barnes-Ellerbe et al., 2004; Morrow et al.,
2004), selective modulators of AhR activity (Morrow et al., 2004),
coplanar polychlorinated biphenyls (Endo et al., 2003) and PAHs
(Kizu et al., 2003). Their effects have been primarily attributed to
the antiandrogenic action of AhR ligands related to direct inhibi-
tion of AR-regulated transcription or AR itself (Jana et al., 1999;
Morrow et al., 2004; Ohtake et al., 2007). Nevertheless, activation of
AhR may also directly inhibit cell cycle progression, through various
mechanisms, including interference with p21WAF1/CIPT expression,
induction of p27XiP!, interactions of AhR with retinoblastoma pro-
tein or inhibition of E2F-dependent transcriptional activity (Puga
et al., 2009).
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Table 4
Quantitative real-time RT-PCR analysis of mRNA levels of the genes selected from microarray analysis.
Entrez Gene ID Symbol Definition Fold change
Microarrays qRT-PCR
BaP TCDD BaP TCDD

Cell cycle progression and spindle assembly checkpoint

6790 AURKA Homo sapiens aurora kinase A (AURKA), transcript 067" 067" 0.73" 0.70"
variant 5, mRNA

890 CCNA2 Homo sapiens cyclin A2 (CCNA2), mRNA 0.65" 0.61" 0.97 1.48°

983 CcDC2 Homo sapiens cell division cycle 2, G1 to S and G2 0.68" 0.62" 0.73 0.44"
to M (CDC2), transcript variant 1, mRNA

991 CDC20 Homo sapiens cell division cycle 20 homolog (S. 0.69 0.67 0.72 0.59"
cerevisiae) (CDC20), mRNA

1017 CDK2 Homo sapiens cyclin-dependent kinase 2 (CDK2), 0.73" 0.69° 0.72 0.61
transcript variant 1, mRNA

1058 CENPA Homo sapiens centromere protein A (CENPA), 0.67 0.62" 0.78 0.52°
transcript variant 2, mRNA

1111 CHEK1 Homo sapiens CHK1 checkpoint homolog (S. 0.72 0.68" 0.67 0.84
pombe) (CHEK1), mRNA

11200 CHEK2 Homo sapiens CHK2 checkpoint homolog (S. - - 0.60° 0.79
pombe) (CHEK2), mRNA

1869 E2F1 Homo sapiens E2F transcription factor 1 (E2F1), 0.69 0.68 0.66" 0.59"
mRNA

1870 E2F2 Homo sapiens E2F transcription factor 2 (E2F2), 0.59" 0.56" 0.48° 0.71
mRNA

56992 KIF15 Homo sapiens kinesin family member 15 (KIF15), 0.67° 0.68° 0.78 0.67"
mRNA

4085 MAD2L1 Homo sapiens MAD2 mitotic arrest deficient-like 1 0.69 0.67" 0.78 0.67
(yeast) (MAD2L1), mRNA

Replication complex and DNA repair

54821 ERCC6L Homo sapiens excision repair cross-complementing 0.73 0.68" 0.71 0.57
rodent repair deficiency, complementation group
6-like (ERCC6L), mRNA

9156 EXO1 Homo sapiens exonuclease 1 (EXO1), transcript 0.74" 0.68" 0.64 0.51"
variant 1, mRNA

2237 FEN1 Homo sapiens flap structure-specific endonuclease 0.65" 0.65" 0.51" 0.50"
1 (FEN1), mRNA

5111 PCNA Homo sapiens proliferating cell nuclear antigen 0.69" 0.73" 1.06 1.14
(PCNA), transcript variant 2, mRNA

5885 RAD21 Homo sapiens RAD21 homolog (S. pombe) (RAD21), 0.89 0.73 0.90 0.92
mRNA

5888 RAD51 Homo sapiens RAD51 homolog (RecA homolog, 0.77° 0.75 0.61 0.90
E. coli) (S. cerevisiae) (RAD51), transcript variant 1,
mRNA

7153 TOP2A Homo sapiens topoisomerase (DNA) II alpha 0.73 0.67" 1.02 1.21
170kDa (TOP2A), mRNA

Other Genes

120 ADD3 Homo sapiens adducin 3 (gamma) (ADD3), 1.717" 1.80™ 2.16" 2.31
transcript variant 1, mRNA

604 BCL6 Homo sapiens B-cell CLL/lymphoma 6 (zinc finger 147" 1.79™ 2.2 2.9
protein 51) (BCL6), transcript variant 1, mRNA

7474 WNT5A Homo sapiens wingless-type MMTV integration site 1.59” 1.62" 2.40 3.70°

family, member 5A (WNT5A), mRNA

" Statistical difference between control and the respective treatment at p<0.05.
" Statistical difference between control and the respective treatment at p<0.01.
™ Statistical difference between control and the respective treatment at p<0.001.

Although the genotoxic effects of PAHs may themselves con-
tribute to inhibition of cell cycle progression (Binkova et al., 2000;
Khanetal., 1997; Pliskova et al.,2005), we have previously observed
that in LNCaP cells, BaP does not activate the p53 pathway, which
plays a principle role in cell cycle arrest elicited by genotoxic PAHs
(Hruba et al., 2010). Nevertheless, it cannot be excluded that BaP, or
BaP metabolites, may activate also additional signaling pathways
eventually leading to cell cycle arrest. It has been reported that
BaP and TCDD induce differential sets of genes (including cell cycle
regulation, apoptosis and DNA repair) in human cancer cell lines
responsive to genotoxic effects of BaP, such as MCF-7 and HepG2
cells (Hockley et al., 2007). In the present study, both BaP and TCDD
were found to downregulate similar genes that were subsequently
identified by the gene set enrichment analysis as those involved
in DNA replication, repair, mitosis and cell cycle control. The latter
ones included several direct cell cycle regulators, such as cyclins

and cyclin-dependent kinases and the genes linked to mitotic spin-
dle formation and spindle checkpoint. These changes are likely to
occur secondary to established AhR-dependent inhibition of cell
cycle progression. Although we observed a suppression of E2F1 and
other regulators of cell cycle, spindle assembly and DNA repair at
the transcriptional level, the results of time course analysis suggest
showed that the downregulation of E2F1, CDK2, EXO1, FEN1 and
probably also other related genes, occurred first after a prolonged
(24 h) and not after 6 h or 12 h treatment (Fig. 3B). These findings
suggest that, although the suppression of the cell cycle genes was
related to AhR activation, it represents secondary changes in gene
expression.

Interestingly, the commonly downregulated genes included the
components of DNA repair. It has been proposed that AhR lig-
ands may modulate expression of genes involved in nucleotide
excision repair or to modulate DNA double strand break repair
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Fig. 2. Effects of BaP and TCDD on Wnt5a (A) and E2F1 (B) protein levels. LNCaP cells
were exposed to the indicated concentrations of BaP, TCDD and 0.1% DMSO for 24 h
and whole cell lysates were analyzed by Western blotting as described in Section
2.7. B-Actin was used as loading control. The results shown here are representative
of three independent experiments.

through upregulation of homologous recombination (Chan et al.,
2004; Schreck et al., 2009). In the present study, we did not observe
upregulation but a downregulation of several DNA repair compo-
nents, which could be related to inhibition of cell cycle progression.

One of the central questions opened by our previous study was
why the genotoxic PAHs fail to induce apoptotic response despite
eliciting serious DNA damage. We concluded that despite form-
ing significant levels of stable DNA adducts, BaP fails to produce
DNA double strand breaks, which then do not lead to activation
of p53 signaling pathway and induction of apoptosis (Hruba et al.,
2010). Nevertheless, the present study also suggests that BaP dereg-
ulated several important transcripts coding proteins involved in
the regulation of apoptosis. E2F transcription factor 1 (E2F1), an
important cell cycle regulator, has been implicated also in the
induction of apoptosis following the DNA damage. E2F1 activa-
tion through phosphorylation and acetylation leads to activation
of p73, a member of p53 family, and induction of apoptosis (Wu
et al., 2009). Moreover, through alternative signaling pathways,
E2F1 has been also shown to contribute to the induction of p53-
dependent apoptosis. The role of other activator E2Fs in regulation
of apoptosis/cell survival is presently unclear (Wu et al., 2009). Our
results showed that E2F1 mRNA was significantly downregulated
in response to BaP and TCDD, which mechanism might further
contribute to the inhibition of apoptosis in prostate cells with
significant levels of BPDE-DNA adducts. Moreover, we found that B-
cell CLL/lymphoma 6 (BCL6) transcript was significantly increased
by AhR ligands in LNCaP cells. This protein has been proposed to act
as negative regulator of apoptosis, which may contribute to survival
of cancer cells in response to chemotherapeutic agents (Kurosu
et al,, 2003; Phan and Dalla-Favera, 2004). Therefore, although the
failure to activate p53 response may explain survival of LNCaP cells
with high levels of BPDE-DNA adducts, deregulation of E2Fs and
BCL6 might further contribute to the survival of LNCaP cells affected
by the genotoxic PAHs. Nevertheless, again, it should be noted that
significant changes in E2F1 levels were first observed after 24 h
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Fig. 3. Time-dependent modulation of expression of genes identified as differen-
tially expressed after 24h treatment of LNCaP cells with both AhR ligands. (A)
Induction of Wnt5a mRNA parallels the induction of CYP1A1 mRNA levels. (B) Down-
regulation of mRNA levels of genes participating in DNA repair (EXO1, FEN1) and
cell cycle regulation (E2F1, CDC2) was first observed after 24 h exposure. Cells were
treated with 10 wM BaP, 5 nM TCDD and 0.1% DMSO as a solvent control for indicated
times. Quantitative real-time PCR was performed as described in sections 2.3 and
2.6. The results are presented as means +S.D. of three independent experiments.
Symbol “**’ denotes a significant difference between DMSO-treated control and BaP
or TCDD-treated sample (P<0.05).

exposure, and as such, are unlikely to be the key factor contributing
to the observed lack of apoptosis in BaP-treated LNCaP cells.

The role of AhR in regulation of prostate development and dis-
ease has been in part linked to its interactions with Wnt5a, a
member of non-canonical Wnt family (Vezina et al., 2009). Wnt5a
signaling contributes to the prostate gland development (Huang
et al., 2009). WNT5A gene is overexpressed in prostate carcinoma,
contributes to the progression of prostate cancer and metastasis,
and its expression has been linked to relapse after prostatec-
tomy (Stanbrough et al., 2006; Yamamoto et al., 2010). Possible
mechanisms may include increased cell plasticity and motility
associated with activation of Ca%*/calmodulin-dependent protein
kinase (Wangetal.,2010).Indeed, a forced expression of membrane
type 1 matrix metalloproteinase in LNCaP cells has been previ-
ously shown to increase Wnt5a-dependent cell migration/invasion
(Cao et al., 2008), and Wnt5a thus constitutes a possible tar-
get for prostate cancer treatment (Dai et al., 2008). We found in
the present study that both BaP and TCDD significantly increased
Wnt5a mRNA and protein. Wnt5a mRNA, similarly to CYP1A1,
was induced already after 6 h exposure to BaP or TCDD (Fig. 3A).
The observed upregulation of WNT5A expression might thus pro-
vide a partial explanation for a previous observation that high
levels of PAH-DNA adducts are strongly associated with biochem-
ical recurrence, i.e. rise in prostate-specific antigen serum levels,
after prostatectomy (Rybicki et al., 2008). In addition to WNT5A,
FOXQ1, which has been recently linked to epithelial-mesenchymal
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transition and aggressiveness of human cancers (Qiao et al., 2011;
Zhangetal.,2011), was also significantly upregulated in LNCaP cells
treated with BaP or TCDD (Table 2).

In conclusion, we found in the present study, that BaP, a
major environmental carcinogenic PAH, induces gene expression
changes, which are to a large extent similar to those elicited by
a model nongenotoxic AhR ligand TCDD. Downregulation of genes
and pathways related to DNA replication and repair, mitosis and cell
cycle progression by both BaP and TCDD indicates that antiprolifer-
ative effects of BaP could be related to AhR-dependent inhibiton of
cell cycle progression, and not to its genotoxic properties. Our data
indicated that LNCaP cells could be used as a highly interesting
model allowing to discriminate between genotoxic and nongeno-
toxic effects related to AhR activation. Downregulation of the genes
associated with DNA repair suggests that PAHs might, through their
AhR-inducing capacity, disrupt the repair of DNA lesions elicited by
their genotoxic metabolites. They might also negatively affect sig-
naling pathways associated with both cell cycle progression and
regulation of DNA damage-related apoptosis, thus further con-
tributing to survival of cells with damaged DNA. Finally, our data
suggest that the induction of Wnt5a, and perhaps other genes
related to carcinoma progression, by carcinogenic PAHs might fur-
ther contribute to the prostate cancer development.
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