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Molecular Mechanism of Dioxin Receptor
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Toxicodynamics of Dioxin

» Wasting: weight loss/depletion of adipose tissue
* Chloracne and epidermal changes
hyperplasia, hyperkeratosis of interfollicular epidermis
* Hepatotoxicity: hepatomegaly:
increase of metabolic enzymes
e Neurotoxic (Yusho): Polyneuropathy
¢ Infertility (male)
e Immuno-suppression: loss of lymphoid tissue
decrease of humoral immunity
* Tumor promotion: 0.1-1Qu gkg TCDD
» Alterations in endocrine homeostasis:
partial agonistic or antagonistic effects
for steroid hormone receptor




Evidence for Dioxin Receptor (1)

« Induction of aryl hydrocarbon hydroxylase by TCDD
(AHH activity is catalyzed by cytochrome P450 1A1 (CYP1A1))

1. Poly aromatic hydrocarbons including TCDD, 3MC,
benzo(a)pyrene, increase transcription of
cytochrome P4501A1 gene (CYP1A1).

2. The enhancer region of CYP1A1 gene has dioxin-
responsive elements (DRE; 5'-TNGCGTG-3')

3. Specific proteins bind this dioxin-responsive elements
in response to dioxin.

4. Inbred mouse C57BL/6J (responsive), DBA/2J(nonresponsive)
(polymorphism in responsiveness to TCDD)
— cross breeding — responsive — allele Ah (dominant trait)

Regulatory Region of CYP1A1

! - 5 wl‘-
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000 <500
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Evidence for Dioxin Receptor (2)

» Characterization, purification and cloning of AhR

1.

Poland and coworkers: 3H-labeled TCDD binds a protein in cytosolic
fraction of C57BL/6 mouse liver, saturably, reversibly,

with high affinity and stereospecifically.

The TCDD bound cytosolic protein translocates to the nucleus.
Partially purified dioxin bound protein has DNA binding ability in vitro.

Purification and cloning of AhR by using '?5l-labeled
photoaffinity ligand.

Proteins that make a complex with AhR: AhR makes a complex with
90kDa protein in cytosol and with 100kDa protein in DNA bound form.

Ah gene product: intracellular receptor protein that bound [*H] TCDD
Kd=10-1 M (TCDD most potent) Toxicity is linearly related with K

Evidence for Dioxin Receptor (3)
* Factors required for activity of the AhR

Unliganded AhR immunoprecipitates with Hsp90.

Hankinson et al. have isolated variant mouse hepatoma cell lines
that fail to induce CYP1A1 by TCDD.

Study of these variant cell lines reveals that several genes
contribute to dioxin action.

a. Defect in TCDD binding — AhR defective cells

b. Defects in nuclear translocation and DRE binding of
liganded receptor (AhR) — 77

Cloning of AhR nuclear translocator (ARNT) by selecting a gene that
complements the defects variant hepatoma celis described (b)




Dioxin Receptor: Function of AhR

Cytosol

4
/ Nucleus

Roles of Hsp90 on the function of AhR

¢ Distinct roles of the molecular chaperone hsp90 in modulating dioxin

receptor function via the basic helix-loop-helix and PAS domains
C Antonsson, ML Whitelaw, J McGuire, JA Gustafsson and L Poellinger ,
Mol. Cell. Biol. (1995) 15: 756-765

In Absence of ligand:
(i) Folding of Ligand Binding Conformation
(ii) Repression by Interference with DNA Binding/Dimerization

In Presence of Ligand
(iii) Folding of DNA Binding Conformation

* Other immunophilin-like proteins, AIP (or XAP2, Ara9) bind both Hsp90
and AhR; the binding of AhR to AIP stabilizes the the
AlIP-Hsp90-AhR complex




Molecutar and Cellular Biology, August 1999, p. 5811-5822, Vol. 19, No. 8

Multiple Roles of Ligand in Transforming the Dioxin Receptor to an Active

Basic Helix-Loop-Helix/PAS Transcription Factor Complex with the Nuclear
Protein Arnt

Michael J. Lees and Murray L. Whitelaw®

Cytoplasm

Nucleus

Target DNA

The structure of bHLH-PAS proteins

Crew et al. 1998 Gene& Dev




Mechanism of Action of bHLH-PAS Proteins
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Crew et al. 1998 Gene& Dev

Structure and Function Relation
of AhR and Arnt

* HLH and PAS domains mediate dimerization between AhR
and Arnt.

* Two basic regions of AhR and Arnt make specific contact
with DRE (5'-TNGCGTG-3").

» Dimerization is required for DNA binding of AhR and Arnt.

+ PAS-B region of AhR binds to Dioxin.

* C-terminal regions of AhR and Arnt contains transactivation
domains

® Mol Cell Biol (1996)16:430-6

Dioxin-induced CYP1A1 transcription in vivo: the aromatic
hydrocarbon receptor mediates transactivation, enhancer-
promoter communication, and changes in chromatin structure.

Hyunsung P. Ko, Steven T. Okino, Qiang Ma, and James P. Whitlock., Jr.
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Structural Domains and Functional Properties of AhR
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Structural Domains and Functional Properties of Arnt

Transactivation
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Reconstitution of AhR or Arnt Defective Cells

AhR-defective
(or Arnt-defective)
mouse hepatoma cell

Retrovirus Retroviral expression vector for
infection full length or mutant AhR
(or full length or mutant Arnt)

Reconstituted cell containing
full length or mutant AhR
(or tull length or mutant Arnt)
Cotransfection
PGECAT and + TCDD + TCDOD + TCDD
PGANR or
pGAhRAC

[ Transactivation | I P4s01AT mRNA = —
ductt I |

9

Reconstitution of AhR or Arnt defective
cells with AhR and Arnt

A B

Arnt Mutants AhR Mutsnts
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CYP1A1 gene expression in reconstituted cells
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In vivo protein-DRE interaction at CYP1A1 enhancer
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In vivo protein-DRE interaction at CYP1A1 promoterel
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Coactivators for AhR/Arnt

® Gene Expr (1999)8:273-86
Nuclear receptor coactivator SRC-1 interacts with the Q-rich subdomain off

the AhR and modulates its transactivation potential.
Kumar MB, Perdew GH

® J Biol Chem (1999) 274:22155-64

Differential recruitment of coactivator RIP140 by Ah and estrogen receptor

Absence of a role for LXXLL motifs.
Kumar MB, Tarpey RW, Perdew GH

® J Biochem (Tokyo) (1997)122:703-10

CBP/p300 functions as a possible transcriptional coactivator of Ah receptd

nuclear translocator (Arnt).
Kobayashi A, Numayama-Tsuruta K, Sogawa K, Fujii-Kuriyama Y

J. Biol. Chem. (1996) 271; 21262-21267

Induction of Phosphoglycerate Kinase 1 Gene Expression by Hypoxia
- ROLES OF ARNT AND HIF1-

Hui Li, Hyunsung P. Ko and James P. Whitlock Jr.

* Purpose: To identify novel partner proteins for Arnt
. Metl11od: Yeast Two Hybrid System

822
HIF-1a IPAS Al [ PAS | CAD |
* Arnt is required in both dioxin  pgk, o ) .
and hypoxia-induced PGK1 b
expression . ‘
1. Wt hepatcic7 cell Aetin ’QQQQ'J
2. Arnt defective hepicic7 Hypoxia Sk -+ -+
3. Arnt reconstituted 'T' ';' '?'




Other Partner Proteins for Arnt

» Hypoxia-Inducible Factor-1a (HIF-1a)

J. Biol. Chem. (1996) 271; 21262-21267
Induction of Phosphoglycerate Kinase 1 Gene Expression by Hypoxia
ROLES OF ARNT AND HIF1

Hui Li , Hyunsung P. Ko and James P. Whitlock Jr.
» Sim (single-minded) :mid brain development
* Per (period) : circadian rhythm

e Trachealess: tracheal development

Hypoxia-Induced PGK
in Arnt reconstituted cells




Arnt as a Common Partner Protein

Hypoxic response Xenobiotic response

A

HIF-1a AhR

Circadian
Per — Rhythm

Sim
o

Neurogenesis Tfaﬂealess

Tracheal formation

Ligand-Induced Degradation of AhR

® J Biol Chem (1999) 274:28708-28715
Aryl hydrocarbon receptor imported into the nucleus
following ligand binding is rapidly degraded via

the cytosplasmic proteasome following nuclear export.
Davarinos NA, Pollenz RS

® J Biol Chem (2000) 275:8432-8
2,3,7,8-tetrachlorodibenzo-p-dioxin-induced degradation of
aryl hydrocarbon receptor (AhR) by the ubiquitin-proteasome
pathway. Role of the transcription activaton and

DNA binding of AhR.
Ma Q, Baldwin KT




Protein level of AhR
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AHR Concentration
(normalized densitometry units)

Davarinos & Pollenz
(1999} JBC

Inhibiotor of nuclear export (LMB) blocks the
TCDD-induced degradation of AhR

A LMB(5nM)  LMB (250M)
5 88 8 § &
3 g a8 & &8 e

AHR Concentration
(normalized densitometry units)
o0

Davarinos & Pollenz
(1999) JBC




Subcellular localization of AHR in Hepa-1 cells
exposed to LMB and TCDD.

DMSO (9hr) LMB (9hr)
TCDD (1hr) TCDD (4hr)
LMB (5hr) LMB (5hr)

+ TCDD(4hr) + TCDD(4hr)

Davarinos & PolienZ
(1999) JBC

Immunoblotting of ubiquitinated AhR

A Cell Extract B Immunoprecipitate

TCDD ~ +
| S
anti-Ubi anti-Ubi

Ma & Baldwin JBC 2000




AhR-mediated signal tranduction

Davarinos & Pollenz
(1999) JBC

Knock-out mouse of AhR

Science (1995) 268:722-726

Immune system impairment and hepatic fibrosis in mice
lacking the dioxin-binding Ah receptor.

Fernandez~-Salguero P, Pineau T, Hilbert DM, McPhail T, Lee SS, Kimura S, Nebert DW, Rudikoff S, Ward
JM, Gonzalez FJ
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Coastruct
ES oelly T1(1298vJac) R1 (129/8¢J X 129/Sv-+r+Twe Mpriiis)
Excn ddeted Exon 1 Exon2
Recipicnt CSTRL/6N CSTBLIS
Lethality
Intra-uterine Nonc None
Neonatal 40-50% Noue
Adule Normal Naormal
Growth (1-4 weeks) Slower Slower
Fertility Decreaned Decreaved
Liver
Sive 50% smaller (4 weeks) 2?’- woaler {3 woeks) (persists through life)
Lobule structure lormal
Grom pathology/Histology Poml m ﬁbm-l (€] wh) Pllc. mottled, spongy (1 week/2 weeks)
(3 weeks) far (utty metamorphosis of hepatocytes (1 week/2 weeksy
lmm of bile ducts (3 weeks) Prolonged extramodutiary hmnopoun; (1 week!3 weeks)
Eotinophilia (3 weeks) Mild portal region fibrosis (2 weeks)
Giycogen depleiion (3 weeks)
P450 cxpression/activity
Taducible
Cyplal Not inducible nls
Cypla2 Not inducible Naot inducible
Coustitutive
Cypla2 10% cxpremion 25% capression
Tpké 15% expression o/a
Inducible BROD ativity n/a Not inducible
AHR expression
Protein o/ Not present
mRNA Not present Present at predicted size
Impminology
Lymphoid histology Sinaller PALS (4 woeks) Normal
Splenocyte mumbers 20% (2-3 weeks) Normat (2-3 weeks)
150% (6 wecks)
Normai (1012 weeks)
SU% (2532 werks)
Lymphocyte subset peaportions
Spleen Normal Normal
Normal Normal
{Characteriatics of Akr mull mice are given in somp-mon -.m Alr"' fittermate controls.
“Age of mice at the time of the obecrved ‘When logy is observed at several time points, the range is indicated by a
d.m()npmoh.ynohnmdwmmmm isapp is indicatod as d i ).

’Nmncml Iynsphatic sheuttn .

ARhR vs Cell Cycle

® J Biol Chem (1998) 273:22708-13
A direct interaction between the aryl hydrocarbon receptor and

retinoblastoma protein. Linking dioxin signaling to the cell cycle.
Ge NL, Elferink CJ

® Mol Pharmacol (1998) 54:313-21
The involvement of aryl hydrocarbon receptor in the activation of
transforming growth factor-beta and apoptosis.

Zaher H, Fernandez-Salguero PM, Letterio J, Sheikh MS, Fornace AJ,
Roberts AB, Gonzalez FJ

® Genes Dev (1999) 13:1742-53
p27(Kip1) induction and inhibition of proliferation by the intracellular

Ah receptor in developing thymus and hepatoma cells.
Kolluri SK, Weiss C, Koff A, Gottlicher M




Dioxin-induced p27Kir inhibits
the phosphoryltion of Rb

TCDT—A’!R

Transcription-dependent delay of
cell cycle progression by TCDD

Kolluri ot al. 1999 Gene & Development




Induction of the p27Xirt cell cycle inhibitor during
TCDD-dependent delay of cell cycle progression.

5L BPS
A P 1P F _
Cyclin E Control (AnR+) (ANRY)

TCOD ™=+ -+ TCDD

Ht "4y 72 3 4

BP8 8P8
C TCDD (h) . G (AhR-)  (AhR+)
~ 4 8 24 0% : '
FBS TCDD
Km14 —— l i
D IP: IP:

Cyclin E Control

TCDD + +
Kip1

cdk2

Expression of Kip1 antisense RNA impairs
TCDD-induced inhibition of 5L cell proliferation

T
§ p<0.0005
A Control  Anti-Kip1 6% 30 e,
) T2
TCOD -+ -+ s§& 20-
Q.
33 10
o@
X

Q 4
- - Control  Anti-Kip1

Kolluri et al. 1999 Gene & Developmg




Tabie 1. Effect of TCDD on proliferation of liver cells in vivo and in vitro

D of (weeks) Change in Brd Urd Iabeling mdex Relerences

T vive
30 Increase Lucier et al. (1991)
2 Increase (periportal Fox ct al. (1993)

Decrease (pericentral) )

30 Incresse (marginal) Maronpot ¢t al. (1993)
Upto 17 No significant change Buchmann et al. (1994)
2, Prior to p.h.t Decrease Baumann ¢t al. {1995)
Upto 16 No significant change Stinchcombe et al. (1995)
30 Increase ‘Tritscher et al. (1995)
14 Decrease Walker et sl (1998)
30,60 Increase

Celltype Flfet ot peoliteration Relerences

Invitro
5L hepatoma cells Decrease Gotlicher and Wichel (1991)
Rat hepatocytes I or ¢k depending on ¢ t regil Schrenk et al. (1992)
Mouse hepatocytes Schrenk et al. (19%4)
Rat hepatocytes Decrease . Flushika and Greeniee (1995)
Rat hepatocytes 1 or ¢ Jding on and TCDD dose  Mimzel et al. (1996)
WB-F344 cells Kohle et al, (1999)

-ph partialbiep

Toxicology Letters 112-113 (2000) 69-77

Ah receptor ligands and tumor promotion: survival of
neoplastic cells

Michael Schwarz, Albrecht Buchmann, Stefan Stinchcombe, Arno Kalkuhl and Karl-Walter Bock

Table 2. Effect of TCDD on apoptosis of liver cells in vivo and in vitro

Speaes Tl type Apop Ellect on apor Relerences
Tnvlvo
Rat Hepatocytes “Sp i Suppressi Stinchcombe ct al. (1995)
Mowrs, TGF o ransgenic  Hepatocytes “Spontancous’ No effect Schrenk st al. (1997)
Mouse, c-myc transgenic  Hepatocytes “Sp 3 Suppreasi
(only in females) Schrenk et al. (1997)
Mouse Hepatocytes CDOS (Fas/Apo-1)  No effect Own (unpublished)
In vitro
Rat Primary bepatocytes  UV-light TGF-81 Suppresion Womer and Schrenk (1996, 1998)
No effect
Mousc Primary bepatocytes Bicomycin TGF-S1  No effect Chrisicusen e1 al. (1998)
No effect
Moux lelc7 b Ci i No effect Reiners and CUift (1999)
Rat FTO-2B hepatoma TGE-1 No effect Own (unpublished)
Human HepG2 hepatoma UVdight No effect Own (unpublished)
Human Primary keratinocy UV-light No effect Own (unpublished)




Possible mechanisms leading to suppression of
apoptosis by TCDD
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