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Per-Arnt-Sim —nadrodina proteinu PAS

environmentalni senzory, které zprostredkovavaji
transkrip¢ni odpovéd na ruzné typy stimulu:

vV cirkadianni rytmy — vnimani svételnych
podnétu;

V' vnimani hladiny kysliku;

vV sensing of toxicants;

vV vyvojové regulace — deregulovany v

nadorovych onemocneénich;

Tyto proteiny umoznuji adaptaci na rychlé
zmeny v prostredi.




PAS proteiny jsou soucasti Sirsi rodiny basic-helix-loop-
helix (bHLH) proteinu:

Existuji 3 hlavni podskupiny bHLH protein(:

(a) pouze s bHLH doménou; nebo ty, kde bHLH doména navazuje na druhou
dimerizaCni doménu:

(b) doménu leucinovych zipt (Zip) nebo

(c) PAS doménu.

I Leu-X-K-Leu-Leu

Muclear hormone p300 and CBF
helix-loop- receptor-interaction interaction domain
helix domain




PAS proteiny (rodina transkrip¢nich faktoru):

bHLH PAS Variable 100 aa

T
|
x|
&

Dioxin/Liver development AHR

ARN

C sl 9@ ]
AHR [ I |
(5T
(5T I
(=i

]

m

Hypoxia signhaling HIE 1g/t0F
EPASWMOPZ HIF2:
HIF3@

Meurogenesis ARNT2
SIMUSIME El 10 |
swan S 7]
Circadian MOPZEMAL 1/ Cycle
NPaszMOPS [T I u |
clock [T ISR & |
Perl, 2and 3 ]

I
MOPS [ N

Mammalian PAS Superfamily

Orphans neasimors [T T |
NPASIMOPS [T [ |
g s
Coactivators SR -1 Col [ e — 13 f,-"jf |
s
Tirz [ 1 I
ff i
Bac:  [EF [ il |

http://mcardle.oncology.wisc.edu/bradfield/




PAS doména

& PAS oblast obsahuje 2 sousedici opakovani ~130

aminokyselin, PAS A and PAS B.

AL

'l Tato doména je velmi stary signalizacni prostredek,
i ktery zustava zachovan v prubéhu evoluce. Byla
= identifikovana v proteinech zivocichu, bakterii, hub,

Ef kvasinek a rostlin:

»  Fada bakterii obsahuje PAS-like proteiny, které detekuji
svetlo a kyslik (Dos, Aer, FixL, PYP);

_‘ podobné proteiny vnimaji svétlo u rostlin (fytochromy
PhyA-PhyE, NPH1; faktor interagujici s fytochromem -
PIF3).




Struktura a funkce domén AhR a ARNT:

Ligand/HSP90/X AhR
AP2 binding protein

Dimerizace
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Annu Rev Pharmacol Toxicol. 2000;40:519-61.



——

. AhR =

&

l! o transkripcni faktor aktivovany ligandy;

F * zprostredkovava toxicitu rady environmentalnich
: polutantu;
- * reguluje metabolizaci xenobiotik a podili se na

bioaktivaci promutagend.




Jak byl objeven AhR?

e rUzna citlivost inbrednich mysich kmend na indukci aktivity enzym (CYP1A)

v jaternich mikrozomech po expozici TCDD a 3-methylcholanthrenu — 60. |éta;
. e autozomalné dominantni typ dédicnosti;

e izolace unikatniho proteinu; klonovani genu — 90. léta
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Evoluce a AhR;:

Organism: Name: Ligand-binding: Physiological
function:

Nematodes: AHR-1 No Neuronal development;
Caenorhabditis elegans Behavioral effects.
Insects: Spineless (Ss) No Development;
Drosophila melanogaster Regulation of homeobox

genes and dendrite
Vertebrates: AhR Yes

(AhR1, AhR2)

Neuronal
differentiation?

Circadian rhytms?




Toxické AhR ligandy:

"
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T.8-Tetrachlorodibenzo-p-dioxin

Pees

Annu. Rev. Pharmacol. Toxicol. 43:309

'4.'5-Pentachlorobiphenyl




Polycyklické aromatické uhlovodiky (PAHS)

vazny regionalni problém v CR —
» doprava; priumyslova vyroba;
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2,3,7,8-tetrachlordibenzo-p-dioxin

Clovéka:

 modelovy zastupce této skupiny, definujici jejich
toxicitu,




Dioxiny a kontaminace potravin:
VY

Langleblges Gift
Ein Dioxin-Skandal erschuttert
Deutschland:

]

Huhner, Puten und Schweine haben auf
deutschen Bauernhofen vergiftetes Futter
gefressen. Ein Futtermittelhersteller hatte
technische Fette aus der Diesel-
Produktion fur Tiernahrung genutzt. Uber
Eier oder Fleisch nehmen Menschen die
Dioxine auf, wo sie sich in Leber und
Gewebe einlagern.

[

=
|4
<

-




Dioxiny a lidskeé zdravi:

V Cervenci 1976 doslo k malé chemické tovarné zhruba 15 km
severné od Milana k explozi a zamofeni okoli 2,3,7,8-
tetrachlorodibenzo-p-dioxinem (TCDD)
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Vietnam — Agent Orange
Spolana Neratovice — pracovni
expozice




Endogenni a prirodni ligandy AhR?7??
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Jiné prirodni ligandy AhR?7??

Annu. Rev. Pharmacol. Toxicol. 43:309




Toxické ucinky dioxinu:

‘ Epithelial hyperplasia I Tumor promotion I

W,

-.'“ Induction of drug- \ Persistent thyroid hormone
N metabolizing enzymes \ / receptor activation
l_ Altered ER signaling ——— O <«—— EGF receptor down-regulation

! Porphyria ———~ <—— Lipid peroxidation

< Deregulated lipid metabolism ——» -« IImmunosuppression I

Decreased serum thyroxine ———>» <«— [nhibition of gluconeogenesis

Wasting < I Teratogenesis#’embryotoxicit}fl

R
Metabolism of arachidonic acid /7/4 ‘\Y\ Utilization of

to biologically active products brown adipose tissue

Vitamin A depletion Cardiac dysfunction

Figure I Biological responses to TCDD. A wide variety of cellular processes have been shown
to be affected by TCDD.

Schmidt & Bradfield, Annu. Rev. Cell Dev. Biol. 12:55




Aktivace AhR:
(podle Kewley et al., 2004)
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Aktivace AhR: ®®, 8, i

& ligand
QO hspso
B jmmunophilin

265 proleasome

¢ Ubiquitin

Fig. 1. Model of AHR-mediated signal transduction pathway. (1) Ligand enters cell. (2) Ligand binds
to AHR-hsp90-immunophilin complex causing conformational change and exposing the NLS domain.
(3 AHR complex is actively imported into the nucleus via NLS and nuclear import receptors. (da) If
receptor complex is in a misfolded conformation. it may be proteolytically degraded. (4) AHR
dissociates from hsp90 and immunophilin exposing HLH/PAS domain and NES. (5) AHR dimerizes
with ARNT-blocking NES sequence. (6) AHR-ARNT complex binds to XRE regions in DNAL (7)
AHR-ARNT complex dissociates from DNA and ARNT exposing NES. (8a) AHR is ubiquinated in the
nucleus and degraded or (8) AHR is exported from nucleus via CRM-1 export receptor. (9) AHR is

ubiquinated in cvtoplasm and (10} targeted to 265 proteasome for degradation. Note that the pathwayv

is linear and also note the degradation of the AHR terminal step regardless of whether it occurs within
the nucleus or cytoplasm. NLS, nuclear localization signal: CRM-1. chromosome region maintenance
protein 1 265, 265 proteasome.

Chemico-Biological Interactions 141 (2002) 41-61



Aktivace AhR:
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Geny regulované AhR

/ obsahuji v promotorove nebo enhanceroveé oblasti tzv.

xenobiotic response elements (XRE) / dioxin responsive

s elements (DRE):

E: e enzymy |. faze biotransformace - CYP 1A1, CYP 1A2, CYP
[ 1BI;

e enzymy ll. faze biotransformace - UDP-

glucuronosyltransferase, GST-Ya, NADP(H):oxidoreductase;
| * regulatory bunééného cyklu, apoptozy, diferenciace,
senescence — Bax?, p27Kirl, JunD, TGF-g,

« AhRR.




AhR deficientni mysi:

® rUstova retardace;

S ® naruSeni vyvoje jater a imunitniho systému;
® hromadéni retinoidu v jatrech;
® abnormalni vaskularizace ledvin a jater;

® fada efektu v imunitnim systému a hematopoéze;

® odolné vuci karcinogennim ucinkim BaP a teratogenité TCDD




Jaterni defekty:
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Fig. 1. Ah —/— mice have smaller hepatocytes than wild-type mice. Livers of
1-year-old mice were fixed in formalin, and 6-um sections were examined
afterstainingwith hematoxylin/ecsin. (4 and 8) Thin sections from wild-type
t4) and age-matched Ah knockout (8) mice are shown, and results of mor-
phometric analyses follow. (C) There is asignificant decrease inthe total area
of the hepatocytes of Ah —/— mice. (D and E) Whereas the cytoplasmic area
of Ah —/— hepatocytes is significantly decreased (D), the nuclear areas of Ah
+/+and Ah —/— hepatocytes are not different (£). Mean andstandard errors
generated from comparison of six 1-year-old male 4h +/+ and six age- and
sex-matchedAh —/— mice areshown; asterisks indicate significance (P = 0.05).

+/+

Amt fxneo/fxneo

Ahr’

Time

v

Walisser et al., J Biol Chem 2004;279:16326-31



BaP neni karcinogenni v AhR KO mysich:

Genotype +Hr  +- -f- ++  H- -/-

Bla]® - 4+ = * - + - -+ - #

Cyplal

Cypla2

AhR

i -Actin

Fig. 1. CypTal, Cypiaz, and AhR gene exprassion in the skin and liver of
AhR{+/+), AhR(+/=), and AhR(—/-) mice, with and without B[a]P treat-
ment. One-microgram aliquots of RNA extracted from skin and liver of control
and B[a]P-treated mice of the three genotypeswere reverse-transcribed and
analyzed by PCR using specific primers for the Cypial, Cypfal, and AhR and
B-actin genes.
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Fig. 2.

= ARR(-/- )
o AhR{s/-)
o AhR(+/+}

ARR(/-) AhR({+/+)

ABR( -~}

2 3 4 5 & 7 B 8 10 11 12 13 14 185 16 17 18

1
* ¢ Weeks
benzalahpyrens

subcutaneous tumer induction in wild-type (&) and AhR-deficient

male mice (+/—, O; —/—, C) injected with B[a]P.

Fig. 3.

Gross appearance of flank skins in AhR-wild-type mice (+/+), AhR-
heterozygous mice (+/—), and AhR-deficient mice (—/—) injected subcutane-

cusly with B[a]P.

Shimizu et al., PNAS 2000,97: 779-82



AhR a imunitni systém

Aryl hydrocarbon Receptor

expression

Seminars in Immunology 23 (2011) 99-105



AhR a imunitni systém
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AhR je nezbytny pro imunotoxické ucinky TCDD:

N Kerkvliet / International Immunopharmacology 2 (2002) 277-291

AhR™~ Chimera ARR™* Chimera C57Bl/6

O Vehicle
® TCDD

=
¥

Percent Cytotoxicity
B 8 58 2 2

10 f .

. I* "——.* * * * *

10 100 10 100 10 100
Effector : Target
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Koncepce toxickych ekvivalentnich faktort (TEF)

* vzhledem k tomu, ze latky dioxinového typu maji
spoleCny mechanismus ucCinku — aktivaci AhR, Ize
predpokladat, ze jejich schopnost aktivovat tento
receptor je umerna jejich toxicite;

« referencni toxikant — TCDD;

 TEF pro jsou definovany WHO;

Toxicita smesi - TEQ = 2[C] x TEF,




Toxické ekvivalentni faktory (TEF)

TABLE 1
Summary of WHO 1998 and WHO 2005 TEF Values

Compound WHO 1998 TEF WHO 2005 TEF
Chlorinated dibenzo-p-dioxins
2,3,7.8-TCDD 1 1
1,2.3,7.8-PeCDD 1 1
1,2,34.7,8-HxCDD 0.1 0.1
1,2.3,6,7.8-HxCDD 0.1 0.1
1,2,3,7.8,9-HxCDD 0.1 0.1
1,2,3.4,6,7.8-HpCDD 0.01 0.01
OCDhD 0.0001 0.0003
Chlorinated dibenzofurans
2.3,7.8-TCDF 0.1 0.1
1,2,3,7.8-PeCDF 0.05 0.03
2.34.7.8-PeCDF 0.5 0.3
1,2,3,4.7.8-HxCDF 0.1 0.1
1,2.3,6,7.8-HxCDF 0.1 0.1
1,2,3,7.8 9-HxCDF 0.1 0.1
2.3.4.6.,7.8-HxCDF 0.1 0.1
1,2,3,4.6,7.8-HpCDF 0.01 0.01
1,2,3.4,7,8,9-HpCDF 0.01 0.01
OCDE 0.0001 0.0003
Non-ortho—substituted PCBs
3.3".44 -tetraCB (PCB 77) 0.0001 0.0001
344" 5-tetraCB (PCB 81) 0.0001 0.0003
3.3",44" 5-pentaCB (PCB 126) 0.1 0.1
3,3".4.4' 5.5 -hexaCB (PCB 169) 0.01 0.03
Mono-ortho—substituted PCBs
2,3,3".4.4" -pentaCB (PCB 105) 0.0001 0.00003
2,344 5-pentaCB (PCB 114) 0.0005 0.00003
2,344 5-pentaCB (PCB 118) 0.0001 0.00003
2.3,44" 5-pentaCB (PCB 123) 0.0001 0.00003
2.3,3".4.4" 5-hexaCB (PCB 156) 0.0005 0.00003
233" 44" 5 -hexaCB (PCB 157) 0.0005 0.00003
2,3'.44'.5.5 -hexaCB (PCB 167) 0.00001 0.00003
23,344 5.5 -heptaCB (PCB 189) 0.0001 0.00003

Bold values indicate a change in TEF value.

van den Berg et al., Toxicol Sci, 2006,93:223-41
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AhR interaguje s radou dalSich proteinu:

TABLE 1. Interactions Between Signal Transduction Path-
ways and ARR"

Interactions References

Direct interactions with AhR
HSPS0 [79]
XAP2 [80-82]
ER, ERRa [24]
NFkB (Rel A/ pt5) [39]
Rb [44-46]
RIP 140, p300/CBP [41,51,53]
SRC-1, NCoA-2, pCIP [41,54]
ERAP 140, SMRT [49,50]
COUP-TF1 [24]
ppale [70,71]
tyrosine phosphorylation [69]

I—} Direct interactions with AhR complex proteins®

HIF-1e1, PAS proteins (ARNT) [32,35]
p300/CBP (ARNT) [52]
SRC-1, NCoA-2 (ARNT) [54]
SHP (ARNT) [78]
AhRR (ARNT) [20]
ARNT Repressor (ARNT) [21]
CK2 (XAP2) [74]
P23 (H5P0) [78]
XAP2 (H5P90) [80]

Indirect interactions (cross talk) with AhR
ER [8,25,29]
hypoxia [33,36]
NFxB [40-42)
PKC [559-66]
tyrosine kinases/ phospha tases [69,72,73]
c-niye, AP-1, CK2 [72]
TGE-p [7]
p27 (Kip 1) [43]
NEF-1 [27]
C2<eramide [47]

J.R. Petrulis. G.H. Perdew / Chemico-Biological Interactions 141 (2002) 2540

Fig. 4. Model for the arrangement of proteins found in the unliganded AhR complex.

. Hankinson | Archives of Biochemistry and Biophysicy 433 (2005) 370 386

XREs

CCAAT TATA

Fig. 3. Hypothetical model of coactivator recruitment at the Cyplal gene.

J Biochem Mol Toxicol 16:317-325, 2002;



AhR-ERo crosstalk
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Figure 3. Proposed mechanisms of inhibitory AhR—EFRa cross-
talk (125—126).

Safe et Wormke, Chem Res Toxicol, 2003;16:807-16




Vyuziti AhR-ERa crosstalk v nadorové terapii?

TABLE 1

Effects of 17B-Estradiol and TCDD on Cell Cycle
Distribution of MCF-7 Human Breast Cancer Cells?

Cell cycle phase (%)

Treatment

(time, h) G,/G, 5 G./M
Control 89.9 + 2.1 19+16 5.2 +06
L2 (12) B7.7+ 2.1 6.0+ 1.4 4.4 £0.7
E2 + TCDD (12) 87.2 £ 0.2 709+ 07 4.9 =05
TCDD {12] 80.1 + 0.8 6.7+ 0.8 4.2 0.2
E2 (24) 75.1 + 0.67 234+ 170 1.5+1.2
E2 + TCIDD {24) 81.0 £ 1.3° 15.8 + 1.8 3.2 07
TCDD (24) 90.8 £ 0.6 5.2+ 0.5 4.0 =09

C
A E2 E2:T T

| 1 | 1
Time(h) U 6 12 24 6 12 24 6 12 24

cdk4 activity-—m “muu “ﬂﬂ 4. w» GST-Rb

cdk2 activity—e-

TUMOR VOLUME (mm?) 30  TUMOR VOLUME (mm3y >

TUMOR VOLUME (mm?) O

-+ Control
-+ TAM 100 pgikg
-=- TAM 50 pglkg
== TAM 25 pglkg

10000 -

8000 -

—— Control

—— 6-MCDF 100 uafkg
—=— 6-MCDF 50 nglkg
——=§-MCDF 25 nglkg

==~ Control
-+ TAM 100 pgikg + 6-MCDF 100 pg/kg
—=-TAM 50 pg/kg + 8-MCDF 50 pglkg
——TAM 25 pg/kg + 6-MCDF 25 pgikg

s 05 7 9 o1
TREATMENT DAY

ARCHIVES OF BIOCHEMISTRY AND BIOPHYSICS 356, 239-248, 1998;

CANCER RESEARCH 61, 3902-3907, 2001



Vyuziti AhR-ERa crosstalk v nadorové terapii?
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Uloha AhR v regulaci bunééného cyklu

pRB-dephosphorylation

cyclin A/B
+ cdkl

D-cyclins
+ cdk4 / cdk6

prRB-phosphorylation

cyclin A
+ cdk2
A
Qq’ 27_| cyclin E
P + cdk2

pRB = retinoblastoma protein
cdk = cyclin-dependent kinase




Uloha AhR v regulaci bunééného cyklu
®
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‘ Figure 2.. TCDD induces growth inhibition in rat 5L hepatoma cells.

Panel A, total protein from 5L and BPB cells was fractionated by SDS-PAGE and probed tor AhR protein with an anti- AhI antibo-
dyv (Western). Analvsis of AhR expression was also performed by RT-PCRE on total ENA from 5L and BPS cells using primers spe-
cific tor rat AhR (rAhR) and GAPDH (as a control for ET-PCR),

Panel B, 51. (solid bars) and BPS {open bars) cells (2x105) were grown in the presence of 10 nM TCDD (+) or absence of TCDD (-) tor
24h or 48h and counted. The values presented are the mean £ 5D, of three independent experiments.

Progress in Cell Cycle Research, 5 (2003): 261-267
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ARNT - zakladni dimerizacni partner:

AhR

liver xenobiotic
development response

vascularisation during
organogenesis

signal
responsive ?

developmental hypoxic
role response
?
signal neural
responsive development

SIM

Fig. 4. ARNT is central to transcriptional regulation within the bHLH/PAS family of proteins. ARNT forms both homodimers and
heterodimers with the AhR, HIF-a and SIM which play roles both during mammalian development and in response to environmental
stimuli in mammals. Symbol *?" indicates where these roles have yet to be characterised.

The International Journal of Biochemistry & Cell Biology 36 (2004) 189—-204
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Table 2. HIF-1 target genes.

Funection Gene (abbreviation) Eeference

Erythrepotetin (EPO) | Semenza et al., 1991)
Erythropeiesis/  [Transfernin (Tf) i
won metabolistn  [Transfermn receptor (T) |
Cenuloplasmin f Lok and Ponka, 1999)
[Vascular endothelial growth factor (VEGE) f Levy et al., 1003)
Endocrine-gland-derved VEGE (EG-VEGF) | LeCouter et al., 2001)
4
.
!
|

Bianchi et al., 19%9)

Angiogenesis [ eptin (LEP) Grosfeld et al., 2002)

) Transformuing srowth factor-betad (TGE- [13) Scheid et al, 2007)
W [itrie oxide synthase (NOS2) Melillo et al., 1995)
- Heme oxvgenease 1 Lesetal, 1007)
) . Endothelin 1 (ET1) Hu et al., 1998)
AL Vasculartone s 4o omedulin (ADM) (Neuyen and Claycomb,
19087
'l 11 B-adrenereic receptor ) Eckhart et al.. 1857)
- [ Iatrix metalloproteinases (MMPs) ) Ben-Yosef et al., 2002)
I Matrix metabolism I:Pfﬂslsminugeu activator receptors and imhibrtorgKietzmann et al, 1999)
T Collagen prolyl bydroxylase f Takahashi et al., 20000
& A denylate kinase-3 | O'Fourke et al., 1996)
A ldolase-A.C (ALDAC) | Semenza et al., 1596)
Carbonie anhydrase-9 | Wikoff et al., 20000
Enolaze-1 (ENO1) | Semenza et al., 1596)
Glucose transporter-1,3 {GLUL,3)  Chen et al., 20017
Glhyceraldehyde  phosphate dehwdrogenasef(Graven et al., 1999)

| GAPDH)

(Clucose metabolismpy  \inase 12 (HK1.2) (Mathupala et al, 2001)
[actate dehydrogenase-A (LDHA) | Semenza et al., 1596)
Prmuvate kinase M (PEM) | Semenza et al., 1594)
Fhosphofructokinase L (PEEL) | Semenza et al., 1994)
FPhosphoglycerate kinase 1 (PGKI1) | Semenza et al., 1994)
-phosphofructo-2-kinase/ gmctose-2,6- | Minchenko ef al, 2002)

pisphosphate-3 (FEEFEB3)

[nsulin-like growth factor-2 (IGF2) | Feldser et al., 1999)
Cell proliferation/ Transforming growth factor-a (TGE- «) E}Iégiéi:llmamachary et al,
rival g renomedullin (ADM) [ComierRegard et al. Molecular Pharmacology
1998) i doi:10.1124/mol.106.0270
Bel-2/adenovirus EIB 19kD-interacting protein 3(Carrero et al., 2000) 29

Apoptosis  EMip3)
[Mip3-like prorein X (MDD [Bruick. 2000)

Eolfs et al.. ]_ggl':.':l —



ARNT — zakladni dimerizacni partner — vzajemna
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? AhR-HIF-1a crosstalk ?
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Regulace cirkadiannich rytmu
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Regulace cirkadiannich rytmu

CLOCK/BMALL heterodimer kontroluje expresi genu
zavislou na cirkadianich rytmech — PER, CRY —
zpétnévazebna regulace vlastni exprese;

Clock outputs

= Sleep-wake cycle

= Hormonal oscillations
= Body temperature

« Cell cycle

= Metabolisrn

= Feeding rhythms

Nature Rev Cancer 9 (2009): 886-896



AhR-retinoid receptors crosstalk
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FIGURE 2 Schematic representation
of the AhR/Arnt signaling pathway indicat-
ing the five steps (see text for descrip-
tions) that have been shown to be modu-
lated by specific retinoids.
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CYP1A1

J. Nutr. 133: 2775-281S, 2003.




TABLE 2
Effects of Ah Receptor Ligands on Enzyme Activities Involved in Retinoid Metabolism’

Activity Effect Tissue Reference
Retinoic acid glucuronidation i liver, kidney Bank et al. 1989
T liver Sass et al. 1994
Retinoic acid oxidation T liver Spear et al. 1988
T liver Fiorella et al. 1995
o liver Andreola et al. 1997
Retinol esterification + hepatic stellate cells Nilsson et al. 1996
T hikaess Nilsson et al. 2000
Retinyl ester hydrolysis +0 liver Nilsson et al. 2000

' TCDD was used in all studies except Sass et al. 1994 (3-methylcholanthrene) and Spear et al. 1998
(3,3',4,4' 55 -hexabromobiphenyl). All studies were on rats except Andreola et al. 1997 (mice).

JBC (2004) 279(24):25284-93.
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