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Abstract

The aryl hydrocarbon receptor (AhR) binds a wide range of structurally diverse compounds
such ashalogenated dibenze-dioxins, dibenzturans and biphenylahich are abundant in

the environment Activation of AhR leads to theregulation of a battery of xenobiotic
enzymes includingcytochromeP4501A1 (CYP1A1). The purely chlorinated compounds
feature in the World Health Organisation’s (WHO) evaluationdioixinlike compounds
derived from a metanalysis 6 previous potency data (toxic equivalency factors; TEFs)

which is used to calculate thatal toxic equivalence (TEQ).

The first aim of this work was to fully characterise the three most enviroahyealbbundant
mono-ortho-substitutedoolychlorinated biphengl PCBs;PCB 105, 118 and 156) including
a reevaluation of their putative antagetic effectson AhR Secondly, the effects of mixed
halogenated compounds, currently not included in the TEQ estimation, were invdsigate
AhR agonists based on their environmental exposure and potency. Quantitatitmmeeal
PCR (QRFPCR) was used to @asure the AhR mediat@aduction of CYP1A1 mRNA in rat
H41IE and human MCH cells. The three mornartho-substituted PCBs were shown to be
antagonists ofat and humarmAhRs an effect which is not currently included in the TEQ
calculation. 2bromao-3,7,8-trichlorodibenzg-dioxin (2-B-3,7,8TriCDD) was found to ban
AhR agonist that wag-fold more potent than 2,3,#8trachlorodibenzg@-dioxin (TCDD;
consideredone of the most potent in the environment). The majority ofother tested
compounds were found to be within-fiddd less potent than TCDD and could therefore have
a significant impact on the TE@. family of putative AhR agonists from AstraZencea were
investigated and one of the compounds was shown to be a highly potent AhR agoihist, 5

morepotent than TCDD at inducing CYP1A1.
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The results indicate approximately &-fbld highersensitivity of the rat cell line to th&hR
agonistscompared witlthe humancell line. It is not currently understood what confers these
differences whether it is a difference in the mechanism of activation or @geyresult of
differences irthe AhRsequenceThe mechanism of action is thought to be the same in both
species and the saciated proteins are both comparable. The amino acid sequences of the
AhR, in both human and rat are quite similar but may play a significant role in e ddes
observed between speci@herefore m order to directly compare the rat and human AhRs,
two novel cell line models were created using an inducible expression systeractoaimf
AhR-deficient mouse cell line with geplicationdefectivevirus containing either the rat or
human AhR. The AhRs were activated with various compounds to induces rGMRLAL.

The CYP1A1l mRNA was measured using gRTR but showed that the two AhR genes
were not expressed enough to produce a response detectable above the background CYP1A:

induction by the low levels of mouse AhR.

This researciasshownthat thesalioxin-like compoundsan have very different potencies

at AhRsin different species so it isot always possible to predict the potency in humans
from in vitro or ratin vivo toxicity data.Furthermoreit has identified compounds, such as
5F-203,which are significantly more potent in human compared to rat. This thesigles
information on the AhR species differences between human and rat that can be apigked to r

assessment.
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Abbreviations

7-ER 7-Ethoxyresorufin

95% CI 95% Confidence Interval

aa Amino acid residue

AHH Aryl Hydrocarbon HydroxylaséCYP1A1)

AhR Aryl HydrocarbonReceptor

AIP Aryl hydrocarbon receptor interacting protein (see XAP2)
a-NF Alpha-naphthoflavone

Arnt Aryl Hydrocarbon Receptor Nuclear Translocator
bHLH Basic HelixLoop-Helix

B-NF Betanaphthoflavone

BpRcl Taoc1BPcl AhR-defective cell line

cDMEM Complete Dulbecco’s modified Eagle’s medium
cDNA Complementary DNA

cMEM Complete minimum essential medium

Chr 2-amincisoflavones

CYP1Al1 Cytochrome P450 1A1

CYP1A2 Cytochrome P450 1A2

CYP1B1 Cytochrome P450 1B1

DMSO Dimethyl Sulfoxide

Dox Doxycycline

DR-CALUX Dioxin-Responsivezhemical Activated LUciferase gene eXpression
DRE Dioxin Response Element

ECso Concentration that gives 50% of maximal response
EROD Ethoxyresorufin-O-deethylation

GC/MS Gas chromatography/Mass spentgiry

H4IlE Rat liver cell line

HAH Halogenated aromatic hydrocarbon

HepG2 Human hepatocellular carcinoma cell line
Hepalclc7 Mouse hepatoma cell line

Hsp90 90 kDa Heat shock protein

ICs0 Half maximal inhibitory concentration

Kg Equilibrium dissociatiortonstant

Ki Equilibrium inhibition constant
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LBD
Max
MCF-7
MRNA
MMTV
MOl
MoMuLV
NIH/3T3
p23
PAH
PAS
PBS
PCB
PCDD
PCDF
PeCDF
Per
PXB
PXDD
PXDF
REP
RevT
RT
gRTPCR
Sim
SYBR
Tc
TCDD
TCDF
TEF
TEQ
TRE
WHO
XRE
XAP2

Ligand binding domain

Max Speed (centrifuge)

Human breast carcinoma cell line
Messenger RNA

Mouse mammary tumour virus
Multiplicity of infection

Moloney murine leukemia virus
mouse embryonic fibroblast cell line
Prostaglandin E synthase 3 (Hsp90 accessory protein)
Polycyclic Aromatic Hydrocarbon

Per, Arnt, AhR, Sim

Dulbecco's phosphate buffered saline
Polychlorinated biphenyl
Polychlorinated dibenzp-dioxin
Polychlorinated dibenzofuran
2,3,4,7,8- Pentachlorodibenzofuran
Drosophila circadian rhythm protein
Polyhalogenated biphenyl
Polyhalogenated dibengmdioxin
Polyhalogenated dibenzofuran
Relative potency value

Reverse Transcriptase

Room temperature (20 — %5 centrifuge)
Quantitative Realime Polymerase Chain Reaction
Drosophila neurogenic protein

SYBR green

Tetracycline
2,3,7,8-Tetracholordibenze-dioxin
2,3,7,8Tetrachlorodibenzofuran

Toxic equivalency factor

Total toxic equivalency

Tet-response element

World Health Organisation
Xenobiotic Response Element

Immunophiliniike associated protein 2 (Xssociated protein 2; see AIP
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1. Introduction
1.1 Activation of the Aryl hydrocarbon receptor (AhR)
1.1.1 Aryl hydrocarbon r eceptor AhR)

The aryl hydrocarbon eceptor (AhR) is a ligand activated transcription fa¢@key et al.,
1994)located inthe cytosoffirst identified by Dr Alan Poland (Polare al., 1976).Nebert
and ceworkers firstrecogniseda link between 3nethylchloranthrene (81C) and aryl
hydrocarbon hydroxylase (AHH) inductigiNebert and Gelboin, 19%9Previous work by
Poland ad coworkers showed &orrelation betweersome chlorinated dibengmdioxins
(PCDDs)and the subsequent inductionAifiH, showing that several of the compounds were
potent inducers of AHH (Poland and Glover, 1972). The palsethighlighted that 2,3,7;8
tetrachlorodibenzp-dioxin (TCDD) was the most potent of the compounds testadher
work showed that TCDD bound to high affinity sites in the cytosol which was fatemsto

be the AhR (Polandt al., 1976). AHH was subsequentlyeferredto ascytochrome P450

1A1 (CYP1AL).

bHLH PAS Domain O-rich
[ | [ | 1
A B
L1 | | | |
NLS Ligand and Hsp90 Transactivation

| |
AhR:Arnt:DRE Complex

formation | : |
Transformation

Figure 1.1 Structure of AhR - Adapted model of AhR structure from Denisgral. (2002). bHLH: basic helioop-helix,
NLS: Nuclear localization sequence, PAS:-Rant-Sim; A: Per A B: Per B, hsp90: heat shock prot®idKDa, AhR: Aryl

hydrocarboneceptor, Arnt: Aryl hydrocarbon Receptor Nuclear Translocator, MREin responsive element.

The structure of the AhR, which is shown in Figure 1.1, composadasiehelix-loop-helix

domain (bHLH) locatedat the nterminus of the protein. This is followed by the fPent-
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Sim protein domain (PAS). The PAS domain is madefupree protein domains, known as

Per (period circadian protein), Arnt (aryl hydrocarbon receptor nuclear trateigrotein)

and Sim (singlaninded protein). A protein domain is a part of a protein sequence that can
form and fold independently of the main protein sequence. The three domains which make up
PAS have been individually identified ia variety ofother proteins in several different
organisms but together they function aRedOxsignal sensofTaylor and Zhulin, 1999)

AhR is part of the (bHH/PAS) family of transcription factors (Gat al., 2000). The bHLH

and PAS domains are associated with ligand binding, binding to the chaperone proteins and
formation of the transcription binding complex with Aryl hydrocarbon Receptor Biucle

TranslocatofArnt).

Rat Human Mouse
Chromosome location 60916 7p15 12a3
MRNA length 2538 bp 2547 bp 2418 bp
Amino acid length 845 a 848 a 805 a
Location of LBD 234 — 4018 236 -403a 230-397a

Table 1.1: Comparison of the three AhR proteins of rat, human and mouse Data was taken from the NCBI website
(www.nchi.nim.nih.gov), accessed on 28/06/204@cation based on research Bukunagaet al., 1995 *Theroetical
positionbased on comparison with the mousdRAIBD location.aa: amino acid residue (stop codon not included)
Tablel.1shows some of the basic comparisons between rat, human and mouse AhR proteins
(a more detailedhR comparison is shown in sectidnl.2and comparison of the homology

of AhR and its chaperone proteins is shownTable 4.6). The data shows that all of the
proteins are similar size with binding domains in similar locations demongtitignhigh
homology between the three speclaesats, the AhR has been found in most tissues with the
highest concentrations found in the thymus, liver, lung and kid@eylgedt-Duke, 1979;
Carveret al., 19943. In humans, high concentrations of AhR can be found in the placenta,

lung, spleen and heart, with limited levels in liver, pancreas and kidney (Dadiratk 1993;
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Yamamotoet al., 2004).The AhR has been found in a wide range of mammalian and non
mammalan species and is highly conserveskdtion 1.1.2 Reviewed by Hahn, 1998).
Several attempts have been made to ascertain the structure of thigaitRbinding domain
(LBD) either practically (Helaly, 2011), with limited success, by computedellingof the
binding domain(Bissonet al., 2009; Denisoret al., 2002 Jacobst al., 2003; Pandinet al.,
2007; Procopicet al., 2002)or by ligand binding prediction studies (Lo Pip&tal., 2006;
Petkovet al., 2010;Waller and McKinney, 19950 estimate binding affinity and/or efficacy

of compounds based on their structure. Helaly (2011) attempted to express the
Caenorhabditis elegans (C. elegans) AhR LBD in several expression systems such as yeast
and bacteria, but wasither unable toobtain enougtprotein in its liganeboundform or
produced solubl@rotein yields too low for structural studidso Piparoet al. (2006) did a
virtual screening tgredict AhR binding and produced a model, based on the dipenzo
dioxin structure, of which parts of the ligand are important for receptor binding. They
wrongly identified 2,3,#ribromodibenzep-dioxin as the most toxic compound, as the
experimental dataetwas based on binding affinity not actual potency. However the model
did show thatpositions 4,6 and 7had an important role in the potency of the compound
(Figure1.2A). They also showed that the dibesedioxin structure of TCDD was strongly
related to the toxicity of the compound. The mouse AhR LBD has been identifiechtesd
approximately betweeamno acid residues 23021 Coumailleauet al., 1995 or 236397
(Fukunagaet al., 1995)which isjust less than 26 of the total size of the AhR protein
(Coumailleauet al., 1995. Denisonet al. (2002) and Procopi@& al. (2002) developed
theoretical mode of the mouse AhR LBD based on the structures of other proteins
belonging to the PAS family. This theoretical mouse AhR LBD is showrigare 1.2B

(Denisonet al., 2002).
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Figure 1.2 Computer generated prediction of ligand interaction and the AhR-— (A) The putative individual
contributions of one of the more toxic compounds, 2tB8bfomodibenzep-dioxin. Simplified figuretaken from Lo Piparo
et al. (2006).The colours at the red end of the spectrum reflect poor contributions whereas thosgredrihend (yellow,
greenblue and green) reflect favourable contributiqgsey has no effectB) The predicted LBD of mouse AhRuvith
TCDD interactionpased on the structures of various PAS related proteins taken direstlp&nisoret al. (2002).

The AhR has been shown to exist ancientinvertebrate evolution demonstrating its
importance for the immune system, further established by its effect on thenldvenaunity

when removed from the animal system (Fernastelelguerveet al., 1995; Hahret al., 1997;

Schmidtet al., 1996).

1.1.2 Species differences in the AhR

Ligands tend to interact with the AhR in the same way regardless of the spehiesiyia

few exceptions. The most significant difference is the level of potenaylighnd between
specis. For example, previous research has shown that most compounds are significantly
more potent at activating rat AhR than human AhR (Budireslgy., 2010; Silkworthet al.,

2005; Xuet al., 2000),with the exception of a few atypical compour{Bszziet al., 2009,

Bucklund and Ingelman-Sundberg, 2004).
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Basic helix-loop-helix

Rat M S5 GANITYASREKERREKEPVOQEKETVEP VPAEGIKSNP SKRHRDERELNTETL
Mouse M S5 GANITYASREKERRKPVOQEKTVEPIPAEGIKSNPSKERHEREDELNTETL
Human MNSS SANITYASREKERREKEPVQEKETVEPIPAEGIKSNPSKERHEDERELNTETL
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Figure 1.3: Complete amino acid sequences of mouse, rat and humamhR— Sequences were taken from the National
Centrefor Biotechnology Information website on 22/9/2011. The average PAS domain weatedtto be around 16200
aa from the start. Th@reen highlighted ardadicates the ligand binding domaiBurbachet al., 1992; Coumailleauet al.,

19%; Crewset al., 1988;Emaet al., 1994;Fukunageet al., 1995;Hahnet al., 1997).
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The mechanism of action is thought to be the same in all mammalian species and the
associated proteins suchtsp90 and Arnt are thought to be very similar (Cétea., 2006;

Hord and Perdew, 1994). The amino acid sequences of human and rat AhR share a high
idenity with the ligand binding domain and the chaperone protein interacting domains being
particularly similar(Table4.6). What small differences are left may play a significant role in

the differences in ligand potency observed between different speciesdiena., 2002;

Hahnet al., 1997).Figure1.3 compares the amino acid sequences of mouse, rat and human
showing that there is significant conservation between species. The bHLH dcemains
highly conserved with 100% between rat anduseas well as 98% between rodent and
human.Also highlighted are the LB®(based on the mouse AhR LBD; Fukunasgaal.,

1995) which show that the two rodents sh@i®6 conservation of amino acids, with both
species sharing5-8®6 idenity with the human LBD (Hahet al., 1997).The AhR protein

can be found in other nenammalian species such as the nematd#egans where it still

shares up to 46%dentity (PowellCoffmanet al., 1998).

1.1.3 Mechanism of action

When AhR is not bound to a ligand, chaperone proteins keep the binding thikere€eptor
open and in the correct shape ready for activation. This AhR complex existstesreetic
complex consistig of a heashock protein 90 (Hsp90) dimemmunophilinlike associated
protein 2 KAP2: X-associated protein 2r AIP: Aryl hydrocarbon receptor interacting
protein)and a 23KDa cehaperone protein which appears to interact more with the Hsp90
called the BP0 accessy protein p23; PTGES3:Prostaglandin E synthase Bell and
Poland, 2000Carveret al., 1994b;Carver and Bradfield, 199Kazlauskast al., 1999 Ma

and Whitlock, 1997; Meyeset al., 1998;Perdew, 1988Petrulis and Perdew, 2003hettyet

al., 2003. Hsp90 is one of themost abundanproteins expressed in cells and skow

significant conservation between specidalle 4.6, Chenet al., 2006; Southworth and
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Agard, 2008)The AhRcomplex resides in the cytoplasm of the cell until it is activated by an
AhR ligand. Successful activation of the AhR leads to translocatiotheoAhR:ligand

complex to the acleus

Cytoplasm

Q Nucleus
/

- 3
\

&

1. 2.
/
el — ak
Q¢ = AhR ligand @ -ar

* = Chaperone proteins Q = Arnt

Figure 1.4: Mechanism of liganddependant activation of the AhR— 1. Ligand binds to the AhR complér the
cytoplasm 2. AhR:ligand complex translocates to the nucleus. 3. Chaperone proteinsatisfoon AhR, allowing it to
bind to Arnt. 4. AhR:Arnt:ligand complex binds to DRE binding sites on DNA, trdrisg several xenobiotic enzymes.
Once inside the nucleus, the chaperone proteins dissociate from the AhR:ligand cmdplex
are replaced by th&rnt protein (Hankinson, 1994). This nédhR:Arnt:ligand complex then
binds to specific locations on the DNA known as dnxin responsive elements (DRES) or
xenobiotic responsive elements (XRES). These are specific locations masivganmp of the
site of transcription and have the sequence efTNKGCGTG3' (Denisonet al., 1988).
Successful binding at these sites leads to the transcription of a battery ofoxienobi
metabolism genes includingYP1Al, CYP1A2 and glutathione -ransferase (Denison and
Whitlock, 1995; Hankinson, 1995; Nebetttal., 1981, 2004; Whitlock, 199). Figure 1.4
demonstrates a simplified mechanism of action of the AtiR.AhR is activated by a variety
of endogenous and exogenous compouwmitls the most characterised beifi@DD. Theae

are no knowrendogenous ligarstf significant potencybased on their concentratiorut
there are a number afturally occurring compounds thateract with the receptor as well as

exogenous environmental pollutants such as diberdioxins, dibenzofurans and biphenyls.
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1.1.4 Cytochrome P4501A1 (CYP1A1)

Cytochrome P450 is a supmily of hemoproteins responsible for the metabolism of
thousands of endogenous and exogenous compounds (Guengerich, 198@if
Gonzalez, 198 AWhitlock, 1999. Only ectivation of the AhR will induce the transcription of
certainP450 enzymes such &yP1A1 (Behnischet al., 2001; Nebert et al., 200Q 2004
Schmidtet al., 1996; Vanden Heuvet al., 1994. The human and ra&fYP1Al gens are
located on chromosome 1(550241) and chromosome 8 (8924), respectivelyich encodes
the P450 enzym€YP1Al. CYP1Al is found at low basal levels in most tissuesn@mmals
(Benedictet al., 1973).Induction of xenobiotic enzymem the presence of xenobiotjés an
adaptive process facilitating the detoxification of the xenobiotics. CYP1Al indudbes
not necessarily imply a toxic response butesertheless usefulmarker of AhR activation
(Gonzalezet al., 1996) Increased activation of the AhR would imply a mefécacious
agonist so canhereforebe used to estimate the toxic potencyAtiR agonists. It can be
assumed that increased activation of the AhR would lead to an increased induction of
CYP1A1l which can be detected by a variety of methods. CYP1A1l induction is one of the
most characterised endpoints of AhR activation &sna highly inducible marker allowing
detection of either the CYP1AMRNA or protein Whitlock, 1999; Whyte et al., 2004).
TCDD has been shown to increase induction of CYP&RNA by up to500-fold above
basal levelg§Bazzi, 2008 Wall, 2009. CYP1A has beemdentified in a variety of species,
including rat and human, although some significaterspecies differences concentration
have been notedkgyaet al., 1989; Martignonkt al., 2006).CYP1AL1 binds to TCDD, with
high affinity, although it does not metabolise it, which could be the reason tidd Ti@s a

long half life in humans, in addition to its chemical stability (Inoetya ., 2002).
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1.1.5 Other xenobiotic metabolismgenegCYP1B1 and CYP1A2)

Activation of the AhR leads to the induction of a gene battery which includes CYP1B1 and
CYP1A2 (Hankinson, 1999wanariet al., 2002;Walkeret al., 1999; Whitlock, 1999)in the
same way as CYP1AICYP1B1 is regulatedsolely by the AhR and is induced upon
successfuAhR activationalthoughit is not as highly induced as CYP1A1 (Santostefeno

al., 1997; Walkeret al., 1998 1999. The gene and its connection with AhR activaticas

only identified relatively recently andencodes the protei@YP1B1 which is involved in
phase 1 drug metabolis(Bhattacharyyaet al., 1995;Lewis et al., 1999;Sutteret al., 1994
Walker et al., 1995). CYP1B1 is normally expressed at high levels in the adrenal gland
(Walkeret al., 1995) although CYP1B1 and CYP1A2 are expressed in various tissues at low
basal levels Prahushuket al., 1996; Edwardst al., 1998; Ilwanariet al., 2002). CYP1Al

and CYP1A2only share a 40%dentity with CYP1B1 therefore the protein was assigned to a
new CYP1 subfamily (Murragt al., 2001; Nelsoret al., 1996). CYP1B1 is highly expressed

in human tumoursthus, it may have important implications in the development of -anti
cancer drugsliehr and Ricci, 1996McFadyenet al., 2001;Murray et al., 2001).CYP1A2

is not exclusively induced by the AgRowing that it would be a nespecific biomarker of
AhR activation A wide variety of compounds have been shown to induce CYP1A2 but not
CYP1A1l (orpresumablyactivate the AhR). Caffeine was shown to induce CYR1##ch

in turn is responsible for metabolising caffeiagthe presence of CYP1A2 increased the
elimination of caffeine from the blood okild-type mice, #fold above CYP1A2 knockut

mice (Buterst al., 1996; Cheret al., 1996).CYP1A2 mRNA has been found at significantly
higher basal levels {2to 30fold) compared with CYP1A1l but is less inducibdich
redwces its sensitivity as a biomarker for AhR activafipnahushulet al., 1996; Schweikkt

al., 1993) There is als@ suggestion that CDD binds toCYP1A2 but the enzyme does not

metabolise i{Olsonet al., 1994) The protein has been found at very hig¥els in the liver
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compounding the reasons why TCDD is also found at high concentrations in the liver
(Diliberto et al., 1997. There is also suggestion that the levels of CYP1A2 are significantly
different between rat and human, which binds TCDD thusaiad the availability of the
compound to bind to the AhR possibly explaining some of the potency differences witnessed

between these speci@keyaet al., 1989; Shinkycet al., 2003).

1.2 Toxicity and AhR-mediated response

1.2.1 Toxic effects

Activation d the AhR is required tonstigatethe toxic effects of AhR agonists. This is
demonstrated in ArRull mice, which are resistant to the acute toxicity of TCDD (Gonzalez
and Fernande3alguero, 1998Lin et al., 2002 Stohs and Hassoun, 2Q1TCDD-like AhR
agonistsall undergo the same mechanism of AhR activation and thus have similar toxic
effects. TCDD induces the transcription of a diverse battery of xenobiotic enzymes irgcludin
CYP1Al and CYP1A2 as well as their dependant activities, glutathiorteasderase and
NAD(P)H quinine oxidoreductase (Safe, 1986). Neverthele¥®1A1 and CYP1A2 have

only minimal effect onTCDD metabolism(Olson et al., 1994). Some of the most notable
endpoints of TCDD toxicity include chloracne, which is an ddweeruptionof blackheads
(Tindall et al., 1985; Schulz]1968),as well as carcinogenesis (NTP -bR1, 2006; Manzt

al., 1991; Huff, 1992). TCDD is described as a reproductive toxicant (Mann, 1997) in
addition to causing hepatotoxicity, which is drug induced damégkeeoliver and thymic
atrophy, which inhibits the development of the immune system in rat offspring (Gwgbta
1973; Voset al., 1974) Wasting syndrome, where the body weight is drastically reduced
including muscle and fatty tissue mass, has been found as an effect of variomératons

of TCDD (Max and Silbergeld, 1987; Pohjanvirta and Tuomisto, 1994).
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1.2.2 Structure-activity relationships

AhR agonists have been shown to increase the risk of cancer, causertorrgproductive
issues and liver damage (Pohjanvirta and Tuomisto, 1994). Although not necessarily a
direct result of AhR interaction, it has been shown that several diffeaenlies of AhR
agonists can cause these ilinesses and that generally only successfubaativitte AhR
can lead to increased bioaccumulation and health problems (Batosén 1994; Gonzalez
and Fernande®alguero, 1998; Liret al., 2002; Stohs and Hassoun, 2011). The most
characterised of these compounds is TCDD and it is generally accepteantipatunds with

a similar shape and polarity (at least where it binds to the receptor) will have Ji@id-

like effects. Research has shown that the most persistent and prevalent compounds such a
PCDDs, polychlorinated dibenzofuran®CDF9 andpolychlorinated biphenylsPCBs) can
have very different affinity and efficacy depending on the number and locatidheof

chlorine atoms.

Figure 1.5 Overlay of TCDD, TCDF and PCB 126 — Demonstration ofthe similaritiesbetweenthe three most
characterised families of AhR agonists, TCDD (black)3,7,8tetrachlorodibenzofuran (TCDF; red) and 3,3',4,4',5
pentachlorobiphenyl (PCB 126; blue)

Figure 1.5 shows the overlay of the three most potent compounds in their families; TCDD,
2,3,7,8tetrachlorodibenzofuranTCDF) and 3,3',4,4’,.5entachlorobiphenyl RCB 126).

TCDD and TCDF both have four chlorine atoms positioned equally on the compounds at

positions 2, 3, 7 and 8. However TCDD is estimated to be abeitid®ore potent than
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TCDF (Hawset al., 2006), which is likely due to the reduced size of the dibemao
backbone as it only has one ether groly®©@R). The most potent PCB congener is PCB 126
which has five chlorines positioned 3, 3’, 4, 4 and 5. Despiteirtheease in chlorine
substituerd, the compountas the same poten@s TCDF. This may be due to the reduced

size of the biphenyl backbone structure due to the complete lack of oxygen between benzene
rings and therefore an extra chlorine atom is required for the moleculddo tha shape and

size of TCDD.

1.2.3 Describing agonism and antagonism

The initial activation of the AhR depends on two important qualities of the ligafiifyaf

and intrinsic efficacy. The affinity is the property of attraction betweelgamd and the
receptor. Intrinsic efficacy is used to describe th@perty of agonism and relates receptor
occupancy with receptactivation (Kenakin, 1997). A poteagonist is a compound which
binds to the receptor and activates it meaning it has both a strong affinity ayidedfiziacy.

A compound can have a good binding affinity for the receptor but a low efficad§ingsn

no activation of the receptor. This type of compound is known as an antagonist ancheéue to t
relatively high affinity, can prevent an agonist from binding to the same reaaptyglex,
reducng the agonist’s ability to produce a response, known as its potency. Potency is the
measure of the activity of the ligand required, in relation to concentration, to praduce
observable effect (Jenkinsoet al., 1995). A partial agonist has both agomistand
antagonistic properties. This means that some of the molecules of the compound wl bind t
the receptor and activate it, whereas other molecules will bind but the read@ptemain
dormant. One possible reason to account for this lack of activation is the orientation of the
molecule as it binds to the receptor as activation requires a perfect fit whychatmnaccur

with a partial agonist/antagonist. The effective concentration that §88sof the maximal

response (E&) can be used as a measafé¢he potency of a compound.
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1.2.4 Measuring agonism and antagonism

The putative agonism and antagonism of various compounds can be tested using bioassays
that measure a particular epdint to produce a concentratioesponse curvesigure 1.6A
shows a concentratienesponse curve of a potent agonist. TheoBfas calculated athe
concentration of agonist giving 50% of the maximal induction and can bleassa method

of comparing between compounds. In order to determine any putative antagonistitgzoper
of the compound, a concentration which produces 20% of the maximum indue€gome(
1.6A) was treated simultaneously with various concentrations of pure agbigste 1.68
shows the pure agonist the presence and absence of a putative partial agonist. At lower
concentrations of pure agonist, the partial agonist has agonistic properties whiah anduc
20% response (as shown kigure 1.6A). At higher concentrations of pure agonist, the
antagonistic properties of the partial agonist are easier to identify. Theowistafpartial
agonist) forces the pure agonist concentratesponse curve to the right, reducing the

potency of the pure agonist to induce a response.

100+ (] 1004 ; "
(] -e- Pure agonist
g % =%~ Pure agonist + partial agonist )/‘
2 801 2 801
4 3
29 o
E 60 g 604
% ECso 3
= 40 / Z 40 J
“5 o
2 8 s
<20 J 20% maximal response 20 _‘//
et Ly ¥ T T T T v T OlF—r » $ T T T o —
vCc -13 -12 -11 -10 -9 -8 -7 TC vC AC -13 -12 -11 -10 -9 -8 TC

Log[pure agonist] Log[pure agonist]

Figure 1.6. Calculating agonism and antagonism- Examples of Ajagonism and B) partial agonism. VC: vehicle control,
TC: maximal response of TCDD, AC: antagonist only (partial agonistraloftoncentration that gives 20% response).

Graphs are examples and therefore do not represent real data or give an accusataatpneof the agonism by TCDD.

The exact method of calculating the §Cis discussed in more detail in the method (section
2.4.5 but is essentially the concentration of agonist that gives 50% of the magspahse.

However in the presence of a partial agonist, thiggeStimation is slightly different. The
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ECsp is then calculated as the halfway point between the background inductiam (wh
Figurel.6B is 20%) and the maximal response (100%). All of the antagonism assays in this
thesis are calculated in this walhis method will ado be used to identify a pure antagonist,
which is a compound that binds to the receptor but not activate it simultaneously pgeaentin

pure agonistrom binding and therefore reducing the overall potency of that pure agonist.

1.3 Ligands of the AhR

1.3.1 Dibenzo-p-dioxins
1.3.1.1 TCDD

TCDD (2,3,7,8-tetrachlorodibenzmdioxin) is a potent agonist of the AhR belonging to a
family of halogenated dibenzedioxin agonists, which are environmental pollutants and are
colloquially known agdioxins In the 1970s, TCDD was a {pyoduct of plastic production

and general industrial manufacture, although this unintentional production has now reduced
due toregulations (Reviewed by Schecter, 1994). Today, the smirceof TCDD is from
incomplete burnig of wastewhich is more difficult to control. The environmental levels of

TCDD have decreased over the last 20 yeaigufe 1.7, Aylward and Hays2002; Lorber,

25
10 4 + Sampling data
s - — Absorbed dose = 0.0 p/ka/day aher 1380
o 204 = E.
= N & 84 — Absorbed dose = .02 pg/kgiday aftor 1980
*

8 a —— Ahsorbed dose = 0.04 pokgiday after 1880
= 159 " e,

g &4 % —— Absorbed dose = .08 pgikgiday after 1980
.8 \ * 3
£ * 2 N
= 10 4 ¥ 7]
2 g L ke 2 44 \\

. i [ E 4 o
= + . I = 0.08 pg/kg/day
2 5 e . z 1
5 +3 "'--__.__q_ a 29 * &
~—$t 3 S
0.0 pokgiday -~ _“—‘“-:_—__—_‘:__—_lg_:
0 T T T T T T o : 5 .
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Figure 1.7. (A) Mean lipid-adjusted TCDD levels from the general population and (B) Predictedidid-adjusted

TCDD levels from 1980 onwards- Figures taken from Aylward and Hays (2002).
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Nevertheless, due to its potency, tight controls of the levels found in food krecgtited.

Low concentrations of TCDD are found in-faintaining food, and TCDD can accumulate in
humans due to a half éifof 67 years Aylward and Hays, 2002; Papke, 19%8tkle et al.,

1989; Poiger and Schlatter, 1988)CDD is lipophilic and accumulagen adipose tissue
hence the main concentration of TCDD is located in the fatty tigliberto et al. (1995)
investgated the distribution of TCDD in rats over a time course of 35 days. The results
showed that the majority of the TCDD was concentrated in the liver and the adgsoge t
followed by minor quantities in the adrenal glands and the skin (Dilitrad., 1995).
TCDD is the most characterised and amongst the most potent ligands of thehA&R, t

making the compound ideal as a reference compound (Van deetBerd 998, 2006).

1.3.1.2 Mixed halogenated dibenzo-p-dioxins (PXDDs)

Development ofGas Chromatography/Mass Speatnetry (GC/MS) techniquesfor the
identification ofdibenzep-dioxins, dibenzturans and biphenyl$ias lead to thdiscoveryof

a variety of mixed halogenated compounds in various food salffj@esandest al., 2011).
Table 1.2 shows the concentration of several mixed halogenated compounds in several food
items, taken from Fernandesal. (2011), which were calculated using GC/MS. The table
also gives the structure of dibergalioxin and relative potencies (REPs; see sedtidiR.)
calcubted by other author§everal mixed halogenatelibenzep-dioxins have been tested
previously, producing a wide range of REPs for each compowehiiischet al., 2003;
Olsmanet al., 2007; Samarat al., 2009). These REPs were calculated in rat H4IIE sell
using ethoxyresorufu®-deethylase (EROD) an®ioxin-Responsivezhemical Activated
LUciferase gene eXpression (BRALUX) techniques. The data suggest that several of the
compounds, 2-B-3,7,8+iCDD, 2,3DiB-7,8-DiCDD and 2B-1,3,7,8TetraCDD, could have

equal or increased potency compared with TCDD.
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Soft Marine River Offal- Shellfish Composite

Concentration Milk Cheese fish fish Liver  (oysters) vegetables
2-B-7,8-DiCDD 0.007 0.021 0.123 0.066 0.045 21.634 0.078

2-B-3,7,8TriCDD 0.007 0.008 0.008 0.751 0.056 0.143 0.069

2,3-DiB-7,8-DiCDD 0.005 0.005 0.005 0.565 0.058 0.468 0.044

1-B2.3,7.8TeraCDD  0.006 0.005 0.007 0.225 0.022  0.031 0.066
2.B-1,3.7,.8TetraCcDD  0.005 0.009 0.007 0.033 0.025  0.037 0.134

Behnischet Olsmanet  Samaraet

Structure Potency al, 2003  a.,2007 al.,2009
4 6
o) 7 2,3,7TriBDD 0.033 0.081 0.0006
3 2-B-7,8DICDD i 0.061 ;
2.3,7,8TetraCDD 1 1 1
2 o 8 2.B-3,7,8TriCDD 0.67 1.93 0.72
1 9 2,3-DiB-7,8-DICDD 0.86 1.00 0.43
_ o 1-B-2,3,7,8TetraCDD 0.28 ; .
dibenzep-dioxin (DD) 2.B-1,3,7,8TetraCDD 0.37 1.52 -

Table 1.2: Examples of concentrationand potency data for mixed halogenated dibenzp-dioxins —The table shows
concentratiordata(in ng/kgfat) from food tested for mixed halogenated compouf@snandest al., 2011 supplementary
datg and potency data shown as REPs (their potency in comparison to TCD&&ctieal.4.2.1 Behnischet al., 2003;
Olsmanet al., 2007; Samarat al., 2009) was gathered from the literature. Chemical names are organised\as; /2R

7,8-DICDD = 2-bromo7,8-dichlorodibenzep-dioxin: C = Chlorine (Cl), B = Bromine (Br).

1.3.2 Mixed halogenated dbenzofurans (PXDFs)

Previous work had characterised the agonistic propertiesT@DF and 2,3,4,7,8
pentachlorodibenzofurafiPeCDF)in rat H41IE cells Bandieraet al., 1984;Wall, 2008). The
data showed they are strongedium potency agonists of the AhR with4gZCof2.02nM and
0.13 rM (Bandieraet al., 1984) respectivelyand neither of the two compounds \eany
antagonistic propertie@Vall, 2008) There is evidence of carcinogenic activity of PeCDF
(NTP TR525, 2006) especially in a mixture with TCDD (NTP -bR6, 2006) in rats.
Human exposure tdibenzdurans has been identified in a variety of food samfihsve
and Larsen, 2005; Theelehal., 1993)and even in human sampl&henet al., 2009. As of
the £'January 2012European Commission, 2011hetoxic equivalency factorsTEFs see

sectionl1.4.2.1)for TCDF and PeCDF are 0.1 and 0.3, respecti(idbwset al., 2006; Van
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den Berget al., 2006). This project looked at several mixed halogenaldzenzofurans
(PXDFs) based on the structs of TCDF and PeCDF but with bromine substitutiofilsere
is only limited potency data currently available in the literaturePlDFs Concentration
data from various food groupgFernandeset al., 2011) and REPs for severBIXDFs

calculated using rat cell based {aissaysBehnischet al., 2003; Olsmaret al., 2007; Samara

et al., 2009) are shown imablel.3.

Soft Marine River Offal- Shellfish Composite

Concentration Milk Cheese fish fish Liver  (oysters) vegetables
2-B-7,8-DICDF 0.005 0.012 0.018 0.045 0.024 0.878 0.579
3-B-2,7,8TriCDF 0.005 0.007 0.023 0.346 0.068 0.173 0.077
2-B-6,7,8TriCDF 0.005 0.009 0.03 1.031 0.016 0.605 0.075
2,3-DiB-7,8-DiCDF 0.007 0.009 0.011 0.08 0.147 0.558 0.056
1-B-2,3,7,8TetraCDF 0.013 0.005 0.005 0.034 0.052 0.049 0.078
4-B-2,3,7,8TetraCDF 0.014 0.012 0.022 0.044 2.454 2.585 0.072
1,3DiB-2,7,8TriCDF 0.007 0.011 0.006 0.023 0.045 0.043 0.004
Behnischet  Olsmanet  Samareet
Structure Potency al,2003  al,2007 al. 2009
2-B-7,8-DiCDF - 0.000037 -
4 e) 6 2,3,7,8TetraCDF 0.32 - 0.07
3-B-2,7,8TriCDF 0.74 - 0.38
3 7 2.B6,7,8TriCDF - - -
2,3DiB-7,8-DiCDF - - -
2 1 9 8 2,3,4,7,8PentaCDF 0.5 - 0.46
1-B-2,3,7,8TetraCDF - - -
Dibenzduran (DF) 4-B-2,3,7,8TetraCDF - - -

1,3DiB-2,7,8TriCDF - - -

Table 1.3: Examples of concentration and potency data for mixed halogenated dibenzofuransThe table shows
concentration datéin ng/kgfat) from food tested foPXDFs(Fernandest al., 2011 supplementary data) and potency data
shown as REPs (their potency in comparison to TCDD;seedonl1.4.2.1 Behnischet al., 2003; Olsmaret al., 2007,
Samaratt al., 2009) was gathered from the literatuBdemical names are organised as followB:2,8-DICDF = 2bromo

7,8dichlorodibenzofuran: C = Chlorine (Cl), B = Bromine (Br).
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1.3.3 Mixed halogenated lphenyls (PXBs)

1.3.3.1 Non-ortho-substituted PCBs and PXBs

Non-ortho-substituted®PXBs (including PCBs), which can be described as biphenyls that do
not have a halogenated atom on ttxho-substtuted positions on the compound (i.e.
2,2',6,6"), have the same mechanism of actiomidenzoep-dioxins. As with most PCBs, the
nonortho-substituted PCBs are associated with an increased risknoér (Hemmingt al.,
1995) Many PCBs had widespreagplications used as coolants and additives, before they
were banned in the 1970s once their toxicity andtgliti bioaccumulate were identifiebh

this studyPCB 126 will be tested as a comparison for the other, less sta@Bs.PCB 126

is the most potent and well characterised of the PCBs. Previous work has shbtstha
compound $ a potent agonist of thAhR and has no antagonistic propertiegws et al.,
2006; Wall, 2008).Based on the TEF guidelines produced on the potenajiozin-ike
compounds, PCB 126 has a value of (Hawset al., 2006; Van den Berget al., 2006),
suggesting it is approximately 0ld less potent at inducing TCDIike effects but is still a
very potent AhR agonist (Peteatsal., 2004; Sandersod al., 1996; Silkworthet al., 2005).
Levels of PXB 126 compounds have been found in a variety of food samples which,
depending on their potency, may have a significant effect on the TEQ in food (Fergandes
al., 201)); for example river fish had levels o#’-B-3,3,4,5-TetraCB PXB 126B, 1.681
ngkg), 3',4-DiB-3,4,5TriCB (PXB 126H 0.19 ndkg) and 3',4’,57riB-3,4-DiCB (PXB

126V; <0.076 ngkg). The structure ofiphenyl is shown imablel.4.

1.3.3.2 Mono-ortho-substituted PCBs and PXBs

Mono-ortho-substitutedPXBs (includingPCBg can be described as biphenyls that contain at
least on halogenated atom on tného-substituted positions on the compound (i.e. 2,2°,6,6’)
andhave beemwell studied in the past due to their abundance in the environment (Ahlborg,

1992; Fernandest al., 2008 Larebekeet al., 2001; Kalantziet al., 2004; Polderet al.,
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2008, 2008b; Safe, 1990; Safe, 1998esearch has shown that several maortbo-
substituted PCBs possess both agonistic and antagonistic properties (Chen and Bunce, 2004
Clemonset al., 1998; Suhet al., 2003).The compounds have been tested in rat H4IIE cells
(Clemonset al., 1998), troutRTL-W1 cells (Clemongt al., 1998) and fish PLHE cells

(Hestermaret al., 2000).

Composite PCB PCB PCB PCB PCB PCB PCB PCB Ortho- PCBs

sample 105 114 118 123 156 157 167 189 TEQ (ng/kg)
Sprat 799 037 2827 189 28 101 197 041 055
SeaBass 1303 060 5117 215 624 192 432 081 0.76
Wild Turbot ~ 12.95 0.65 5097 226 592 202 439 073 0.28
Wild Dogfish ~ 21.95 167 8044 295 1001 312 577 104 1.32
W"dT‘a;Ei?'a”d 528 035 1616 062 171 056 089  0.16 0.37
Wild halibut 649 049 2279 068 257 073 145  0.30 0.22
Wild Whitebait 1677 059 73.85 618 891 228 556  1.17 0.71
wild Pilchard/ 5 ea 032 4477 261 509 169 371 076 1.20

Sardines

Wild Hake 680 029 2347 129 308 111 213 044 013
FreshCrab 516 018 1859 087 244 109 203  0.42 0.26
Farmed Turbot 1496 069 5662 289 6.36 210 462 055 0.18
Farmed Halbut 12.66 044 4065 146 463 133 296 048 0.37

3,3,4,4',5PentaCB (PCB 126)
4-B-3,3',4,5TetraCB (PXB 126B)
3',4'-DiB-3,4,5TriCB (PXB 126H)

3,4',5-TriB-3,4-DiCB (PXB 126V) 5 6 6' 5'
3,3',4,4',5-PentaBB (PBB 126)
2,3,3',4,4-PentaCB (PCB 105) 4 4'
4'-B-2,3,3",4TetraCB (PXB 105)
2,3',4,4' 5PentaCB (PCB 118) 3 2 o 3

4'-B-2,3,4,5TetraCB (PXB 118)
2,3,3,4,4',5HexaCB (PCB 156)
4-B-2,3,3',4,5PentaCB (PXB 156)

Table 1.4: GC/MS analysis of fish samples detecting mopartho-substituted PCBs— GC/MS was used tmeasure the
concentrations of a variety of PCBs. Only the data for the most potentanitwesubstituted PCBs are included in this
table. Amounts are in pg/kg fat. The TEQ values have been published previerrsigrdest al., 2008), individual PCB
cone@ntrations were taken from supplementary datemical names are organised as follofsB-3,3",4,5TetraCB= 4'-

bromao3,3’,4,5tetrachlorobiphenyl: C = Chlorine (Cl), B = Bromine (Br).

Risk assessment requires both potency and exposure data to fudhgtand the associated

risk of the specific compound. A compound with a high potency can be harmless if there is
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no environmental exposure of that compound so it was important to identify which of the
more potent monortho-substituted PCB congeners wetaiadant in the environmenAs

part of a project for the Food Standards Agency, the levels of AhR ligands including mono
ortho-substitutedPCBs were measured in several species of fish from around the UK
(Fernandeset al., 2009. The analysis used GC/MS tmeasure the concentration of
contaminants in the fish samples with the data presented as g contamifenliable

1.4). A shortlist of samples, which gave the highest levels of PCB contamination, was
selected(Fernandeset al., 2008 supplementary data). The data shows th&,3',4,4'-
pentachlorobiphenylRCB 109, 2,3',4,4',5entachlorobiphenyl (PCB 1}1&nd 2,3,3',4,4',5-
hexachlorobiphenyl (PCB 1%@re the most abundant of the PCBs measured suggesting they
would have the biggest impact on the total toxic potency of a mixdantignl.4.2.). Table

1.4 also shows the structures of all of the biphenyls used in this project.
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Figure 1.8: Distribution of REP values based on previous research The REPs calculated from a variety of research was
plotted as a metanalysis to allow identification of the most appropriate TEF valbigsire was taken fromthe literature
(Van den Bergt al., 2006. The red line indicates the current TEF for all af thoneortho-substituted PCBs included in

the TEQ system.
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Figurel.8is taken from Van den Ber al. (2006) and shows the range of REdues from

the metaanalysis ofthe seven main mornartho-substituted PCBspars several orders of
magnitude.The mean RERrom each compound was used to calculate the total mean of all
of the compounds to produce a TEF of 0.00003 (van dendBalg 2006).The figure shows

that there is as much as a 100;80d difference in REP estimation depending on the
reference data it was derived from (PCB 156). There are several explanatitmsijat the
most likely explanation is that some of the samples were contaminated with ntené po
PXBs ordioxin-like compounds (Koistinest al., 1996) as even a trace amount would have
an effect compared with the weaker PCB agonistsstinenet al. (1996)found that when
conducting potency experiments to calculate the Rioihe of the PCB congeners were
contamnated with more potent compounds such as PCB 126 and TCDD. In order to confirm
thatonly the PCB congenen question is inducing CYP1A1 and renty contaminationthe
composition of the compound solutiamsed in this project will bdested using gas
chromatography with a mass spemeter attached. This wiltlentify any impurities in the
compounl solutionsas even a 1% contamination can have an effect opatemicy of these

compounds (DeVito, 2003).

1.3.4 Other AhR ligands
1.3.4.1 CH223191

An example of gpotentAhR antagonist is CH223191

CH, H
0 N~ or 2-methyl2H-pyrazole3-carboxylic acid (2
N
@N\\ I
NQN methyt4-otolylazophenylyamide Bazzi, 2008;
CH, Choi et al., 2012;Kim et al., 2006; Veldhoeret al.,

2008; Zhaoet al., 2010). CH223191 has previously been shown to have no agaustiity

up to a concentration of 10 uM and inhibited the induction of CYP1Al by TCDD at
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nanomolarconcentrations in human hepatoma (HepG2) cells (&im., 2006).Zhao and
co-workers further investigated the antagonistic properties and showetigh@irpound is
actually ahalogenated aromatic hydrocarbdiAH) specific antagonist and did not have the
same properties ipolycyclic aromatic hydrocarbo(PAH)-like compounds such dseta

naphthoflavonefl-NF; Zhaoet al., 2010).

1.3.4.2 5F203
2-(4-Amino-3-methylphenyl5-fluorobenzothiazole

= N s (5F 203) was part of a group of chemically similar
\©is\ NH;  compounds that were synthesised as antitumor
agents (Hutchinsomt al., 2001). The compounds
were expected to interact with the AhR and inhibit cancer cell line (W)C§rowth as
previously shown by -23,4-dimethoxyphenyl)-3luorobenzothiazole (GW 610 or PMX
610). Amongst the fluorinated versions of these drugs, 5F 203 was shown to have very
positive results and is subsequently involved in phase 1 clinical trials (4tedlo, 2008,
Hutchinsonet al., 2002).The compound was shown to be a partial agonist in rat H4lIE cells
and a pure agonist in human MCFcells(Bazziet al., 2009) One of the more interesting
characteristics of this compound was that it was found to be more potent in humamacells t
rat. This compound was therefore identified as a useful compound when studying the species

differences in AhR activation.
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1.3.5 Putative AhR ligands
1.3.5.1 AZFMHCs

Several compounds received from AstraZeneca were thought

A to have a higher potency tih@CDD when inducing CYP1A1
based on routine measurement@fP1ALl protein induction
conducted on the compounds by AstraZenggaurber,

N[\i/; o Personal communication). At least one of the compounds was
’ _ thought to have comparable potency to activate the Fdded
RY R?

on CYP1A1 protein measuremenEROD, data not shown).
This family of fused mesoionic heterocycle compounds (AEMHCs) was originally
developed as part of a programme by AstraZeneca researching Th2 selectivee-immu
suppressive agents (Abbettal., 2002) but are no longer in development as pharmaceuticals.
Compounds with a similar structure to these have been shown to cause chloracne (klackenzi
and Brooks, 1998Scerri et al., 1995, which is a characteristic aflioxindike toxicity

(Tindall, 1985) which suggests they undergo the same mechanism of .action

1.3.5.2 2-Amino-isoflavones (Chr)

Several compounds, similar to isoflavones, but with an
amino group on position 2, were shown in preliminary
tests, using a luciferase based assay, to have some

unusual agonistic and antagonist properties (Full

structures are shown ifable4.5 Wall et al., 2012b).

The initial screening data was conducted using two recombinantréggonsive luciferase

cell culture models, mouse H1L6.1c2 and human HG2L6.1c3 ceitprg 4.2). The
recombinant mouse (Hepalclc7) and human hepatoma (HepG2) cell lines (H1L6.1c2 and

HG2L6.1c3, respectively) contain a stably transfected plasmid (pGudLuc6.d) hsi the
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firefly luciferase gene(Photinus pyralis) under AhRresponsive control of four DREs
immediately upstream of the mouse mammary tumour virus (MMTYV) viral promoter and
luciferase gene (Aartat al., 1995; Garrisoret al., 1996; Hanet al., 2004). The <reening

data showed that Cii5 was the most potent of the ligands tested and displayed a significant
difference in induction between mouse and human however it was decided instead to focus
on agonism/antagonisnelated species differences rather tharejyuootency2-amino3-(4-
chlorophenyl)-7-methoxychromeneghe (Chfl3) was shown in the preliminary work to be

an agonist of AhR in mouse Hepa6.1.1 cells but an antagonist of AhR in human HepG26.1.1
cells (Wallet al., 2012b).The other compound which was more intenselgstigated was-6
chloro-3{4’-methoxy)phenylcoumari(Chr-19). The compound was a precursor in the
production of a group of anticoagulants and was shown in the preliminary data to be an
agonist of mouse AhR aralpartial agonist of human AhR (Watlal., 2012b).Compounds

from the coumarin family, which are similar in chemical structure, have denadile uses
including anticoagulants such as warfarin (coumadin) and edema modifiers (cousnalrin)

can still be 6und in tobacco despite being a banned additive. This leads to the hypothesis that

these compounds may also exhibit AhR activation ability.

1.4 Risk assessment

1.4.1 Food contamination

Accurately measuring the levels @ibxin-like HAH compound¢PCDDs, PCDFs anBCBSs)

is very important for the food industry and regulators, costing several mitiodollars to
properly regulate (Vanden Heuvahd Lucier, 1993). Over the last decade many countries
have monitored the levels dlioxindike compoundsn food on anad hoc basis The EU
became the first body to set extensive and comprehensive limits forctrapeunds which
first came into force in 2002 (Van den Besigal., 1998 European Commsion, 2002).

There are three tiers of risk assessment levels in flecamum levelsare set at ‘a stridiut
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feasible level in food’ in order that manufactures make continued effort to minimise the
presence ofdioxindike compoundsn food and feed. Action levelare used aan ‘early
warning’ of potentlly higher levels bdioxin-like compounds in food or feed allowing local
authorities to identify potential contamination and eliminate it prior to the maximugh lev
being reached. Target levetse in place to gradually reduce the levelsdaixin-ike
compounds in food anfeed to more acceptable levels as recommended by scientific
committees(European Commission, 2002002a). Tiere have been several cases where
higher thamnormal levels have been detected causing the food to be recalled before sale to
the general publicThere have beeseveral high profile exposurés dioxin-ike HAHs such

as therice oil contamination in Yusho, Japan in 1968. Rice bran oil was found to be
contaminated with PCBs and PCDFs affecting over 1000 people who hautossnof
chloracne (Kuratsunet al., 1972; Schecter, 1994; Yoshimura, 200B)ore recently in
December 2008, routine sampling of pork and beef samples revealed levels ugitne200
higher than the legal limits afibenzep-dioxins and PCBs (Casey al., 2010). The Irish

pork industry is worth approximately £400 million a yeaporting 50% abroad so the
impact of these findings had a significant effect on the industry (Dixon, 2@5thedyet al .,
2010).0Once thedibenzep-dioxin has been consumed by the anintahccumulates in the
fatty tissue until consumed by the general public or is removed from the anbuodlsas

waste which may be used as fertiliser for crops.

1.4.2 Prediction of risk in humans

1.4.2.1 TEF estimation

The currentinternationally recognised method oélculating the TCDElike toxicity of a
mixture based on experimental data for individual compounds has been devised by the World
Health OrganisatiolfWWHO; Van den Bergt al., 2006)in 2005and was officially initiated

on the ' January 2012 (European Comgiis, 2011) However therehave been various
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versionsof this method in the past that utilise a simifa@thodologyto estimate risk, such as
NATO I-TEFs (International toxicity equivalency factors; NATO/CCMS, 1988a, 1988b)
WHO-ECEH TEF (WHQEuropean Centre for Environment and Health TEF; Ahllebay.,
1994)and the aginal WHO TEQ methodology devised in 1998 (Van den Bergl., 1998B)
which was revised tbrm the current WHO 2005 versiohhis data has been collectedrfr
various sources each using slightly different methodolétaws et al., 2006). The relative
potency (REP) of a compound is a measure of its ability to bind and activatenke A
allowing direct comparison between compdsinand different data setREPsare also
calculated in relation to TCDD, which is set at 1, using theE@athered from
concentratiorresponse curves (Equation 1.The use of different experimental methduoes.

in vitro andin vivo) as well adifferent data analysis, to calculate the RERKkes it more
difficult to compare between different data sets. The REP is calculated ieitvigo or in
vitro and is measured by a variety of methods such as PCR and HR@Dlata was used to
calculatetoxic equivalency factaer (TEFs), which are normalised RE®based on a meta
analysis of all of previous data from the literatpreducing an average of all of the (suitable)
REPs found in the literatur@ CDF, for example, has a TEF of 0.1 because it #folDless

potent at activating the AhRan TCDD (based on a variety of REPs found in the literature).
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Compound

WHO 1998 TEF

WHO 2005 TEF

Chlorinated dibenzp-dioxins

2,3,7,8TCDD 1 1
1,2,3,7,8PeCDD 1 1
1,2,3,4,7,8HxCDD 0.1 0.1
1,2,3,6,7,8HxCDD 0.1 0.1
1,2,3,7,8,9HxCDD 0.1 0.1
1,2,3,4,6,7,8HpCDD 0.01 0.01
OCDD 0.0001 0.0003
Chlorinated dibenzofurans
2,3,7,8TCDF 0.1 0.1
1,2,3,7,8PeCDF 0.05 0.03
2,3,4,7,8PeCDF 0.5 0.3
1,2,3,4,7,8HxCDF 0.1 0.1
1,2,3,6,7,8HxCDF 0.1 0.1
1,2,3,7,8,9HxCDF 0.1 0.1
2,3,4,6,7,8HxCDF 0.1 0.1
1,2,3,4,6,7,8HpCDF 0.01 0.01
1,2,3,4,7,8, HpCDF 0.01 0.01
OCDF 0.0001 0.0003
Non-ortho-substituted PCBs
3,34,4TCB (PCB 77) 0.0001 0.0001
3,4,4'5TCB (PCB 81) 0.0001 0.0003
3,3,4,4',5PeCB (PCB 126) 0.1 0.1
3,3',4,4'5,5HxCB (PCB 169) 0.01 0.03
Mono-ortho-substituted PCBs
2,3,3',4,4PeCB (PCB 105) 0.0001 0.00003
2,3,4,4'5PeCB (PCB 114) 0.0005 0.00003
2,3,4,4',5PeCB (PCB 118) 0.0001 0.00003
2'3,4,4',5PeCB (PCB 123) 0.0001 0.00003
2,3,3',4,4',8HxCB (PCB 156) 0.0005 0.00003
2,3,3,4,4'5HXCB (PCB 157) 0.0005 0.00003
2,3,4,4'55HXCB (PCB 167) 0.00001 0.00003
2,3,3',4,4'5,5HpCB (PCB 189) 0.0001 0.00003

Table 1.5: List of WHO TEF values - Shows several examples of TEF values for a selection of chlorinated dipenzo
dioxins, dibenzturans and PCBs. Values were calculated by the world health organisadadtdl., 2006; Van den Berg
et al., 2006). The table was taken from Van den Batrg. (2006).T: Tetra; Pe: Penta; Hx: Hexa; Hp: Hepta

Table 1.5 demonstrates all of the current TEF valuesdirenzoep-dioxins, dibenzturans
and PCBs. The TEFs were recorded as half order of magnitude estimatestdmgribe
high variabiity in TEF estimation (as shown Figure 1.8). Environmentally, theséioxin-
like compounds are found in complex mixtures thereforerder to predict the total toxicity,
it is necessary to calculate tleentribution of each compound in the mixture. The FEF

weightedconcentratiorof each compoundh the mixtureis added tgetherto calculate the
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total toxic equivalency(TEQ; total TCDDlike toxicity) of the mixture Equation 1.1 The
estimatecan then be compared between laboratpakisough full analysis of the underlying

data s usually required to understand the full impact of the TEQ.

[TCDD] ECs,

= REP
[Agonist] ECs
REP? + REP?+ ... — TEF
REP* B
(TEF! x Conc.') + (TEF?xConc.?) + .. = TEQ of mixture

Equation 1.1 TEQ equation for a mixture of HAHs — REP": Relative potency for compound n; REFotal number of
Relative potencies for compountEF": Toxic equivalency factoior compound nCond: Concentration of compounin

the mixture; TEQ: Total TCDDlIike toxicity of the mixture. Equation is discussed further by the world health oagi@nis
(Hawset al., 2006; Van den berg al., 2006).

Obviously in terms of risk assessment, it is better to overestimate the risk ta health
rather than under estimate However,tight regulations and low environmental pollutant

limits in food means an increase in the costs to regulate it. It is thereford thatithese

levels are correctly established.

1.4.2.2 Advantages of the TEQ method

The TEQ method employs an additivipproachthat predicts the total TCDHike toxicity

of a mixture of TCDDlike compounds. The approach sums the potencies of all the
compounds within the mixture in a dose dependent fashion and in@@i&ds, PCDFs and
PCBs. This additivity approach assesntwo important points, firstly, that TCDlixe
toxicity is achieved by the same mechanism for each compound, and secondlyethat t
toxicity of each compound can be added together and would therefore not affectityhefabil
another agonist from activating the receptor (Van den Beal, 2006). Additivity between

TCDD-like compounds has been shown by several authors performing their own mixture
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experiments, confirming the total toxicity experimentally after prediction byathditivity
method Brown et al., 1994; Fattoreet al., 2000; Hammet al., 2003; Walkeret al., 1996).
Walker et al. (1996) tested a mixture of 14 TCBEiRe and non TCDBlike compounds in
rainbow trout. They showed that although the mixture was not completely additive, the
method wasgnore accurate than current toxicity predictions applied in ecology (Wetlkkr

1996).

The benefits of the TEQ system are that it is a simple method to calculate a potentially
complicated subject. It incorporates potency data from a huge dataigeitod andin vivo
studies allowing confidence in the TEFs used. The TEQ method incorporates individual
potency and prevalence data when calculating the TEQ allowing a more accunadteesti
toxicity. Having a universal table of TEF values allows for comparison betimesrnational
regulatory bodies and makes it easier for governmental agencies to meastompare risk

from international sources.

1.4.2.3 Disadvantages of the TEQ method

There are several disadvantages with this method of prediction whidtd it the
accuracy of the method and reduce confidence in the estimation obfarstlgt, the REP
data used to derive the TEFs is, in some cases, highly varkpled1.8), which reduces
the confidence in the TEFs used for this assessment and highlights theaintycent
estimating the TEQ.This uncertainty between laboratories is mostly like due to
contaminéion of stock solutions with more potent AhR agonists such as TCDD, TCDF or
PCB 126, which would give a higher responSecondly if an agonistwith antagonistic
properties (partial agonissection1.2.3 is in the presence of pure agonist, the overall
toxicity would decrease anthe TEQ calculated bthe additivity method wouldbe higher
thanthe actual risklowardet al., 2010;Safe, 1994; Toyshibaet al., 2004; Walkeret al.,

2005). Walkeret al. (2005) followed work by Toyoshibet al. (2004) and concluded that the
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additivity method does not accurately predict potency despite consideralsdcsiatiower

but instead requires a potency adjusted -@akhtivity approach to be used, due to the lack of
dose additivity and differences in the shape of desponse curves (Toyoshibiaal., 2004;
Walker et al., 2005). Compounds already included within the additivity scheme may be
partial agonists(Clemonset al., 1998). Certain PCBs have been found to possess both
agonistic and antagonistic properties in the presence of TCDD which would tel{ima
reduce the overall TCDIke toxicity of the mixture (Chwet al., 2001; Clemonst al.,
1998. Clemonset al. (1998) showed that several PCB ligands had athessadditive
interaction and concluded that the H4IIE bioassay could lead to lower J&gDdalent
concentration than would be determinempirically (Clemonset al., 1998). This problem
could also extend to other exogenous AhR agonists found in the enviromvhifit arenct
currently included within the TEQ methoslich as polybrominated diphenylethers (PBDEs
Darnerudet al., 200) and mixed halogenatetioxindike HAHs which, may furtrer impact

risk assessmemtf a mixture (Peteret al., 2004).

The method doesna consider the interaction between the exogenous mixture of
environmental pollutants and naturally occurring AhR ligands found in the body and foods.
Natural AhR ligands inclde; resveratrol (Caspet al., 1999 Ciolino et al., 1998 Ciolino

and Yeh,19993, bilirubin (Phelanet al., 1998), indirubin (Adachgt al., 2001), indole3-
carbinol (Bjeldanest al., 1991) and flavones (Hengt al., 1999). Suitable concentrations of
these compounds may seriously affect the TARB® toxicity of further AhR agonists by
acting asantagonists opartial agonists of the AhR. Furthermore, the presence of a natural
antagonist may reduce the overall toxioitf an exogenous mixture. Additionally, even if
natural agonists were taken into account, this assumes that the levels ofAtsRueaoniss

will be the same between different people. If irgpeecies differences were high it would be

very difficult to take these compounds into account when making a prediction.
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1.5 Background of techniques used

1.5.1 Ligand binding assay

o o Cl The ability of a compound to compete with tritiated
N'\+\ ¢ TCDD (PH]-TCDD) for binding to the AhR was
c " measured using a ligand binding assay (Beizal.,
TCAOB 2009; Bradfield and Poland, 1988). The assay used

[*H]-TCDD which competes with the compound of interest for binding to the rat cytosolic
protein containing cytosolic AhR. Two assays were conducted for each comgbutatal
binding of PH]-TCDD to all protein and2) nonspecific binding of {H]-TCDD to cytosolic
proteins other than AhR. A high affinity AhR ligand, TCAOBS34,3,4'-
tetrachloroazoxybenzenajs useds the competitor (Bazzi, 200Bplandet al., 1976. The
[*H]-TCDD is a lowenergy beta emitter which was measured using liquid scintillation
counter. The3H]-TCDD sample was suspended in scintillation fluid whighon emission

of beta radiation, emitgyght thatcan be measured by the scintillation counter.

1.5.2 Quantitative real-time PCR (QRT-PCR)

1.5.2.1 Overview

In order to measure the activation of the AhR, measurement of the induction of CYP4A1 wa
conductedn mRNA fromrat liver cells (H41IE and humarcarcinoma cis (MCF-7) using
guantitative reatime PCR(qQRT-PCR) Measurement of the induction of CYP1ARNMA by

a particular compound then allows the construction of a concentrasponse curve. A
method which can detect both the agonistic and antagonistic properties of a compound was
formulated. A standard concentratimmsponse curve will give the agonistic potency of the
compounds. Antagonism was measured by treating cells with TCDD along with a se

concentration of the antagonist.
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1.5.2.2 Cell lines

The HIIE cell line has several important advantages making it the most appromiliate c
system to use for the measurement of CYPI#RINA induction. One of the key features of
HA4IIE cells are their low basal AHKCYP1Al) levels (Benedictt al., 1973)and theirhigh
responsiveness to CYP1A1 mRNA induction by TGLK2 compounds. In addition, they
have excellent growth characteristics allowing a high thrgugh(Whyte et al., 2004).
CYP1Al induction was measured as it is a good indication of TGk&xoxicity (Whitlock,
1999), however high CYP1Al1 RNA induction doed imply high toxicity (Whyteet al.,
2004). Measurement of CYP1A1 RNA can be very robust with a high signal to noise ratio
(Whitlock, 1999). There is a significantly large quantity of research dibxin-ike
compounds in rat H4lIE cells with the majority of the data collected to caldh@t€EFS
derived from treatment of these cells allowing comparison with the litergtiaws et al.,
2006 supplementary dayaMCF-7 cells have been widely used for the measurement of AhR
activation (Bazzket al., 2009; Ciolinoet al., 1998; Coumoutt al., 2001; Krishnarand Safe
1993; LoaizaPérezet al., 2002; Panget al., 1999; Peterset al., 2004 Van Duurseret al.,
2003. HumanMCF-7 cells were useth this project becausiney have been shown to be
more sensitive at detecting AhR antagonism thtiwler human cell line&Zhanget al., 2003).
lwanari et al. (2002) showed that several of the most characterised AhR ligands, such as
TCDD and 3methylchloranthrene (B1C), showed a comparable pattern of induction of
CYP1A1 mRNA in human HepG2 and human MTIEells. The similar pattern of induction
observed with a variety of flavonoids in both human HepG2 and human-MGHs
indicatedthat there were minimal intéissue differences in response (Zhasal., 2003).
Human cells derived from human liver (to compare against rat liver H4lIE cedl® mot
used as human liver has been shown to have low levels of AhR (Dodvilk, 1993;

Yamamotoet al., 2004).
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1.5.2.3 Taqgman vs SYBR green
There are two methods of using gRCR to measure gene expression, Tagman (uses a target

specific probe) and SYBR green (binds repecifically to all DNA) which are illustrated in

Figurel.9.
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Figure 1.9 Comparison of Tagman and SYBR green methodologies (A) Tagman: 1) A fluorescent reporter (R) dye
and a quencher (Q) are attached to the 5’ and 3’ ends of a Tagman probe resp2ytiMiign the probesiintact, the
reporter dye emission is quenched. 3) During each extension cycle, the Ddepase cleaves the reporter dye from the
probe. 4) Once separated from the quencher the reporter dye emits its chtcatienescence(B) SYBR green 1) The
SYBR green Il dye fluoresces when bound to doshblanded DNA. 2) When the DNA is denatured the SYBR green dye is
released and the fluorescenceliastically reduced. 3) Duringxtension, primers anneal and PCR product is generated. 4)
When polymerisatio is complete, SYBR green dye binttsthe doublestranded product, resulting in a net increase in

fluorescence detected by the machFigure from ‘Absolute Quantitation using Standard Cu(#gplied Biosystemys
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The Tagman method of gRACR utilises grobe which is initially quenched to restrict
fluorescence. Both the primers and probe bind to specific sites on the mRNA theing
polymerisation step. As the polymerase is synthesising a copy of the mRN@éaks liown

the probe. The probe consists of a nucleotide sequence with a fluorescent reporter dye on one
end and a light quencher on the other. In the probe’s natural state, the fluorescést isepor
guenched so only a faint background lew€lfluorescence is detected. Once the probe is
broken aprt by the polymerase, the fluorescence reporter is released and in the absence of
the quencher, is detectable by the ¢gRIR fluorescence readers. SYBR green dye binds
nonspecifically to double stranded DNA and therefore does not require a spealifec phe

method is much cheaper than Tagman but is less specific. Only a single gerwe fair)

can be analysed in one reaction reducing the accuracy ahétieod over Tagman. A

diagram showing the process of Tagman and SYBR green gRT-PCR is sHegurel.9.

For both Tagman and SYBR green, the point at which the levdluofescenceis
significantly different from the backgroundiuprescencethreshold) is used to compare
between sampledhis point is called the cycle rgshold (G and is the point at which the
signal passes the fluorescence threshold. The lower tte ®hich the sample can be
identified above the backgrounithe moreanRNA is present and hence the mor@uced the
gene is.For examplea sample treated with high concentration of CDD would have
CYP1A1 mRNA levels at a higher level producing a lo@ethan a vehicle control. In this
project, two reference genes will be run alongsidd°CA1 to allow normalisation between
samples. Unlike CYP1A1l, these genes are unaffected by the treatniieatAdfR activating

compounds so are expected to give approximately the saimeery experiment.
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1.5.3 Viral infection

In this projet a retroviral expression assasasused to allow creation of @rgetcell line
expressing an exogenous gene. The gene of interest is isolated and cloned intoREpRevT
vector (via subcloning into pGENI). The vector is then transfected into a specidlise
packaging cell (PT67) which contains all of the genes required to syethesisis.The cell

line is specifically designed for easy vector transfection and has ak gfeties required to
produce a virus (containing the vector DNA). The cell then ywwed areplicatiordefective

virus which can be used to infect the target cell liffes virus can then infect other cells but
does not contain the genes necessary to replicate itself-amféatafter the initial infection
(Figure 1.10A). For successful transcription of the gene of interést,assay requires dual
vectors, one containing the gene of interest and the other containing the initiator sequenc
that would begin transcription from thiest vector. Transcription of the gene of interest in
the host cell requires both vectors. Initially a tTA (transactivator) regylaelement is
encoded from the pRevTFelff vector which binds to the Teesponse element (TRE) dmet
pRevTRE vector in the absence of tetracycline (Tc) or its derivative ddiney®ox).
Binding of the tTA to this TRE site induces transcription of the gene of intenesisa

reduced in a dose dependent manner as Tc or Dox is added to the ntedureil(10B).
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Figure 1.10: Summary of viral production and expression— (A) Mechanism of packaging of infectious, replication
incompetent, retroviral particles. The vector is transfected into the telthere it integrates into the DNA of the packaging
cell?, which contains the necessary genes required to produce a vilugefgerse transqtase, intgrase; gag: core
structural proteins; env: coat glycoproteimsyd transcription begifisViral proteins in the cell recognise the packaging
signal (y) from the vector and begin viral particle formation®. This produces an infectious but replication incompetent virus
which will be used to infect the target cell inéB) Mechanism of pRevTetOff gene expressionBoth vectors, pRevTet
Off and pReVvTRE are required to be successfullggrated into the target cell line before transcription of theegof
interest can occur. The TRE is located upstream of the viral promoter whitdgntswshen not activated by pRevTeff.

The tTA (pRevTelOff) binds the TRE anéhitiatestranscription (in the absence of doxycycline). Both figures were taken

from the RevTet System User Handbook.
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1.5.4 Measurement of concentration

1.5.4.1 Gas Chromatography (GC)

The concentration of compoundan bemeasured using Gas chromatography (GC)/Mass
spectrometry (MS). Sample (in nonane vehicle) introduction into thesGfarried out by
injection into a PTV (programmed temperature volatilisation) injector wisichitially held

a little above ambient temperature {6 and programmed for constant helium floThis
combination of temperature and pressure forces the notmneaporise, leaving the
compounds bound to the glass insert inside the injector. After removing the nonane (~3 min),
the injectoris heated to 33C-35C0C to volatilise thedioxinlike compounds. Under the
pressurised flow of helium gas the compoundstraesferred to the front of the GC column
which is initially held at 68C, a relatively cool temperature which allows faing of the
compounds for enhanced separation. When this process is completed, the temperature is
increased in programmed stage®ider to allow the compounds to traverse the length of the
GC column. The rate at which the compounds move down the column depends on the
interaction of each compound with the mobile phase of the GC column and on their
individual boiling points. Even compads of the same molecular weight will have a slightly
different boiling point depending on their molecular arrangement theref@edssible to

separate the compounds for individual analysis by MS.

1.5.4.2 Mass spectrometry (MS)

Once leaving the GC, tmmpoundsseparate by time, are sequentiallyntroducedinto the

MS via a GC/MS interface which allows transfer into the ionisation soufte MS is in a
vacuum so that the compounds can be detected without interference from molecikes in t
atmosphereThe compounds enter the ionisation chamber where they are bombarded by
electrons produced by a special filament. The electrons produced are energigednus

anion located on the opposite side of the chamber and collide with the compounds of interest
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ionising them Once an electron collides with a molexwf the compound, it breaks it,
producing a range different sized fragments of different polarities depending on the energy
imparted to the electrons. In the current application, only positively etiaogs are of
interest and must therefore be selectively progressed through the massramailye initial
stage this is done using a positively charged lens called a repeller whiatdedisitive ions

away toward the next stage of the machineaetitng negative ions in the proce$sglre

1.19).
Electro static
) filtration 2
Electro static Electromagnet
filtration 1
Magnifier and
Electrons pulled Anion which draws recorder
through the sample electrons towards it
causing collisions
From GC = which fractures the *
—> ] ( L compounds
\ Direction of

lonisation sample from GC

chamber Deflector which pushe

positively charged ions
way from it

Filament that produces
electrons

Figure 1.11: Mass spectrometer-Volatlised compound (positive ioi§ bombarded by electrons then accelerated around
the spectrometer, filtergnout any fragmentsThe chamber of a mass spectrometer has been expénelsdmple enters the
chamber, bombarded with electrons producing positive ions which are then dedl@etgtowards the recorder.

After leaving the ionisation chamber the positims are directed througla series of
focussing lenses and paswugh a narrow sliinto the mass realyser Here under the
influence ofelectrostaticand magnetic fieldshe ions accelerate through the analyser and
separatebased on their individual reaes and mass to charge (mfios. The energies
required to focus these ions are meesum order to allow computation of the accurate mass

of each fragmentVhen the identity of the compound is knows,in the present casemnare
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selective measurement process called selected ion iegasdused. In this techniqulee MS

is programmed to isolate and measure only the specified ions (which are devivethe
compounds of interest). This results in a tremendousaseré measurement sensitivity.
Sdected ions collidevith the recording unit, a photomultipliaghich magnifies the primary
signals from the ion fragments before detection on a photosensitive plate. The response pe

retention time and molecular weight is recorded.
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1.6 Aims

The main aim of this work is to improve our overall understanding of the mechanism of AhR
activation by environmental pollutants and then apply this understanding to riskressess
This includes further understanding of the struchotvity relationships of AhR ligands,
species differences in the potency of AhR ligands and how risk assessment canedetappli

other environmentally abundant AhR compounds

Calibration of a gRT-PCR-based method to detect either agonism or antagonism
Measurement of the agonistic propertiesagbutative highly potent AhR ligan@dZ1) and
characterisation of a known AhR antagonist (CH22319) wilbvallfull calibration the

measuremennethods.

Measurement of the potency of newly identifieddioxin-like compounds- Measure the
potency and investigation of the structuaetivity relationshipsof a range of mixed

halogenated dibenzm-dioxins, dibenzofurans and biphenyls, in rat and human.

Accurate measurement of the agonistic and antagonistic properties of putative paat
agonists -The agonistic and antagonist properties of theagironmentalf abundanmono

ortho-substituted PCBwill be determined as well asheir effect on th@ EQ.

Investigating structure activity relationships of AhR ligands between rat and human
The peciesspecific difference in the agonistic and antagonistic properties of neaairi>

isoflavoneswill be investigated

Investigating species differences between rat antuman with respect to agonism and
antagonism - The AhR of rat and human will be isolated and transfected intéhdh
deficient mouse cell line to directly compare betwdentworeceptorsThe new cell lines

will then be treated with TCDD and 5F 203 toistrate any differences from wilgpe cells.
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2.

Method

2.1 Materials

2.1.1 Reagents and kits

pPGEM®-T Vector system (Promega; #A3600)

RevTetoff ™ System (Clontech; #631020)

Absolutely RNA® Miniprep Kit (Stratagene #400800)

Lysis buffer-g-ME: RNaseFree DNase I:
- 0.7 Wl B-ME - 50 pl of DNase Digestion Buffer
- 100 pl Lysis Buffer - 5 pl of reconstituted RNase-Free DNase |

High capacity RNAto-cDNA kit (Applied Biosystems; #4387406)
Extensor HiFidelity PCR Master Mix (ABgene; AB792)

Tagmar? gene expression master mix (Applied Biosystems; #4369016)
Brilliant SYBR Green QPCR master mix (Stratagene; #600548)

Microamp fast optical 98vell plates (0.1 ml) with covers (Applied Biosystems
#4346906 and #4360954)

GenelJuice (Novagen; #70967-5)

QIAquick gel extraction kit (Qiagen; #28704)

Buffer PE: Buffer PB:
- 10 ml Buffer PE - 30 ml Buffer PB
- 40 ml 100% Ethanol - 120 pl pH indicator |

QIAprep Spin Miniprep kit (DNA isolation; Qiagen; #27104)

Buffer P1: Buffer PE:
- 20 ml Buffer P1 - 6 ml Buffer PE
- 200 U4 RNase A - 24 ml 100% Ethanol

- 20 J LyseBlue reagent

SallHF (Biolabs; #R3138S)
Hindlll (Biolabs; #R0104S)
10x T4 ligase (Biolabs; #M0202S)

Quick-load®1 kbp DNA ladder (Biolabs; #N0468L)
Quick-load®100 bp DNA ladder (Biolabs; #N0467L)
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2.1.2 Solutions, buffers and medium

JM109 E. coli bacterial cells (glycerol stock, Promega; #P9751)
HA4IIE rat liver cell line (ATCC; #CRL1548)

PT67 cell line (Clontech; #631510)

Tao BpRcl cell lineATCC; #CRL-2218)

Cell freezing mediurDMSO 1x (SigmaAldrich; #C6164)
e Dulbecco’s phosphate buffered saline (Sigma #D8537)

e Complete minimum essential medium (cCMEM)
- 440 ml Minimum essential medium (Sigma #M2279)
- 50 ml Fetal bovine serum (Sigma #F7524)
-5 ml 200 mM L-glutamine, 10,000 U/ml Pencillin and 10,000 pg/ml Streptomycin
solution (Final conc. 2 mM, 100 U/ml and 100 pg/ml, respectively; Sigma #G1146)
- 5 ml Non-essential amino acids (Sigma #M7145)

e Complete Dulbecco’s modified Eagle’s medium (cDMEM)
- 435 ml Dulbecco’s modified Eagle’s medium (High glucose 4.5 g/L; Sigma #D5671)
- 50 ml Tet system approved fetal bovine serum (Clontech #631101)
- 5 ml 200 mM L-glutamine, 10,000 U/ml Penicillin and 10,000 pg/ml Streptomycin
solution (Final conc. 2 mM, 100 U/ml and 100 pg/ml, respectively; Sigma #G1146)
-5 ml 200 mM L-glutamine (2 mM final concentration; Sigma #G7513)
-5 ml 100 mM Sodium pyruvate (1 mM final concentration; Sigma #S8636)

e 1xTrypsin-EDTA solution (trypsin)
- 1 ml 10X TrypsinEDTA solution (Sigm&T4174)
- 9 ml Dulbecco’s phosphate buffered saline (Sigma #D8537)

e De-proteinated water (DEPC treated water):
- 1 ml Diethyl Pyrocarbonate
- 9 ml Ethanol
- Distilled water to make up to 1 Litre (autoclaved after mixing to neutralise)

o Tibl: e Tibll:
- 0.588 gPotassium acetate (30 mM) -0.21 g MOPS (10 mM)
- 2.42 g Rubidium chloride (100 mM) - 1.1 g Calcium chloride (75 mM)
- 0.294 g Calcium chloride (10 mM) - 0.121 g Rubidium chloride (10 mM)
- 2.0 g Manganese chloride (50 mM) - 15 ml Glycerol (15% v/v)

- 30 ml Glycerol (15% v/v) - Distilled water to make volume up

- Distilled water up to 200 ml to 100 ml

(pH 5.8 with dilute acetic acid) (pH 6.5 with dilute sodium
hydroxide)
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e ALP Solution I: e ALP Solution IlI:

- 50 mM Glucose - 60 ml Potassium acetate

- 25 mM Tris. Cl (pH 8) - 11.5 ml Glacial acetic acid

- 10 mM EDTA (pH 8) - 28.5 ml dHO

(5 M acetate, 3 M potassium)

- Kept at 4C
e ALP Solution II: e Orange G 10x

- 0.2 M NaOH - 30 ml glycerol

-1% SDS -1ml1MTrispH 7.6

-0.05ml1 MEDTA
- 200mg Orange G

e TNES buffer (DNA extraction) ¢ 50 mg/ml Hygromycin B

- 18.1 mg Tris, pH 7.5 (10mM) antibiotic

- 350.6 mg NaCl (400mM) - 0.5 g Hygromycin B powder (Sigma

-3ml 0.5 M EDTA (100mM) #H3274)

- 900 pul 10% SDS (0.6%) - 10 ml DMEM (sigma #D5671 —

- Distilled water up to 15 ml without supplements)

(Filter sterilised, 0.2 uM filter)

e 10 mg/ml G418 antibiotic e 1 mg/ml Hexadimethrine

- 0.5 g G418 powder (Clontech #8056 bromide (Polybrene®)

- 35 ml DMEM (Sigma #D5671 — - 20 mg Hexadimethrine bromide

without supplements) powder (Sigma #H9268)

- 18 mg NacCl
(Note: The effective weight is 0.7 g per 1 - 20 ml distilled water
g of powder (Clontech Revtet

manual); Filter sterilised, 0.2 uM Autoclaved
filter)
¢ 50 mg/ml Doxycycline hyclate e MEN stock buffer
- 0.5 gDoxycycline hyclate powder - MN buffer
(Sigma #D9891) -1 mM EDTA.
- 10 ml distilled water (pH 7.5 at 4°C)

(Filter sterilised, 0.2 uM filter)

¢ MN stock buffer e 1x Agarose gel
- 25 mM MOPS - 0.3 gAgarose
- 0.02 % Sodium Azide. - 0.3 ml 10% SDS
(pH 7.5 at 4°C) - 30 ml 1x TBE buffer
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e MDENG stock buffer (pH 7.5, #4C) e 5x Bradford dye concentrate

- MEN buffer - 100 mg Coomassie brilliant blue
- 10 % (w/v) glycerol G-250

- 1 mM dithiothreitol (DTT). - 50 ml 95% Ethanol

(DTT is freshly supplemented to the - 100 ml Phosphoric acid

buffer before the protein preparation). - Distilled water up to 200 ml

e 10x TBE buffer e LB plates with ampicillin
- 108 g Tris -1 L LB medium
- 55 g Boric Acid -15gagar .
- 40 ml 0.5 M EDTA pH 8 - 100 pg/ml (final) Ampicillin
) D'St'l_led water to m_ake uptolL Cool below 56C before addition of
(Working concentration was 1x Amp.
dilution)
e LB medium e SOC medium
- 10 g Bacto-tryptone - 2 g Bactetryptone
- 5 g Bacteyeast extract - 0.5 g Bactoyeast extract
-5 g NaCl -1 ml 1M NacCl
- 1 L distilled water - 0.25 ml 1M KCI
-1 ml 2M Md* stock, filter
pH adjusted to 7.0 witNlaOH sterilised

- 1 ml 2M glucose, filter sterilised
- 97 ml distilled water

2.1.3 Compounds

2,3,7,8-Tetrachlorodibenzmdioxin (TCDD; purity 99%) was purchased from Cerilliant
Cambridge Isotope Laboratories (Middlesex, UK). A 155 uM top stock of TCDD \wds m
with dimethyl sulfoxide (DMSO) which was kept at room temperature and pedtéam
light. Further dilution of TCDD was done in DMSO to 10 uM which was aliquoted into
eppendorf tubes and stored -&0°C. All further dilutions of TCDD were made using
conditioned mediun{Seesection2.4.1) giving a final DMSO concentration of <0.02%.
2,3,3,4,4’-pentachlorobipheny(PCB 105; purity 98%), 2,3’,4,4’,5pentachlorobiphenyl
(PCB 118; purity 98%), 2,3,3,4,4",5hexachlorobiphenyl RCB 156; purity 98%) was
purchased from Cambridge Isotope Laboratories (Massachusetts, USA). A 16patdck

was made by dissolving the PCB in DMSO. The solution was then stored@t -20
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The mixed halogenated compounds were a kind gift from Dr Alwyn Fernandes and Dr.
Martin Rose (The Food and Environment Research Agency, Ulkgy were previously
obtained either from Wellington Laboratories Iff@ntario, Canadaor from Cambridge
Isotope LabgMassachusetts, USAJVhere required the standards were sptexchanged to
DMSO and the concentrations verified. The chemical names fd,8d,4’,5substituted
mixed halogenated biphenyls have been published previdtalgndyszet al., 2012). The

compounds were dissolved in DMSO up to a concentration oftl00r 1 mM.

2-methyt2H-pyrazole3-carboxylic acid (2methyt4-o+olylazo-phenylyamide CH22319%
purity 95.71%) was purchased from Calbiochem (Nottingham, UK). A 10 mM top stock was

made by dilution into DMSO. The solution was stored atG2ehd protected from light.

The AZFMHCs were a kind gift from Dr. Mark Furber (AstraZen&d¢dlndal, Sweden). The

full synthesis of the compounds has been published previously (Adibaitt 2002). AZ1

was dissolved in DMSO to make a concentration of 1 uM. AZ2, 3 and 4 were dissolved in

purified water at concentrations of 3 uM — 10 uM.
3-Hydroxy-2-[4-(trifluoromethyl)phenylj[1,2,3}-triazolo[1,5a]quinolinium hydroxide AZ1)
4-Methyl-3-hydroxy-2-[4-(trifluoromethyl)phenyl}[1,2,3]triazolo[1,5a]quinoxalinum hydroxide AZ2)
4-Methyl-3-hydroxy-2-[4-(methyl)phenyl}[1,2,3}riazolo[1,5a]quinolinium hydroxide AZ3)
4-Amine-3-hydroxy-2-{4-(trifluoromethyl)phenyl}[1,2,3]triazolo[1,5a]quinoxalinium hydroxide AZ4)

2-(4-Amino-3-methylphenyl)5-fluorobenzothiazole5F 203 was synthesised at the Cancer

Research Laboratories, University of Nottingham with the full synthesisspeldl previously

(Hutchinsonet al., 2001). 5F 203 was dissolved in DMSO to a concentration of 10 mM.

2-Amino-3-(4-chlorophenyl)-7-methoxychromenghe  Chr-13) and  6chloro-3{(4’
methoxy)phenylcoumarin Ghr-19) were a kind gift from Prof. Gianfranco Balboni

(University of Cagliari, Italy). Cha.3 can be purchased from Life Chemicals (Braunsahpwei
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Germany) and Cht9 was synthesised as reported by Queeadia (2010). Chr-13and Ch#

19 were prepared as 100 mM and 30 mM solutions, respectively, in DMSO.

The radieligand PH]-2,3,7,8-tetrachlorodibenzo-dioxin [*H]-TCDD) was purchased from
Chensyn Laboratories (Kansas, USA)d had a specific activity of 29.7 Ci/mma8|4,3',4'-
Tetrachloroazoxybenzen&@ CAOB) was purchased from AccuStandard, USA and dissolved
to 3 mM in MDENG buffer It may be important to note that théH[-TCDD is
approximately 70% of the originapecific activityas the compound was purchased at least 5

years ago. Therefore the compound now has a specific activity of ~20.79 Ci/mmol.

2.1.4 Gas Chromatography/Mass Spectrmetry (GC/MS) analysis

Research from o#r authors regarding the agonistic and antagonist properties of the three
PCBs has given widely different estimates of potency (Van dendBalg 1998, 2006). One
possible reason for this discrepancy is that the compounds were actually cor@drbya
other, more potent AhR agonists. Therefore the stock aliquots of the three PCBs used were
tested to confirm that they contained no contamination. Gas chromatography/mass
spectrometry (GC/MS) was conducted at FERA (Sand Hutton, York). Samples were
transferre from DMSO into Acetone then diluted again in Nonane. An aliquot was taken
from this for analysis along with the addition &IC containing dibenzep-dioxins,
dibenzdurans and PCBs to allow identification and quantitation. 10 ul of the samples (with
3C compounds) was added into the injector by an automated dispensing robot. The gas
chromatograph (HRGC, Agilent) was fitted with a 60m x 0.25mm i.d. -DEb5 column

which was temperature programmed froMi@€ 330C in 3 stages and the compounds were
separatd (see sectiot.5.4.1for more details). Compounds were then transferred to the high
resolution mass spectrometer (HRMS; Autospec Premier Series, Microm@ssyHith

characterises molecules based on their exact molecular weight and structure (see secti
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1.5.4.92. The HRMS used electron ionisation (El) mode with selected ion monitoring (SIM).
An internal control of perfluorokerosene (PFK; Fluka), which splits into knfvagments,
was used to calibrate the mass axis of the instrument. The raw data from N WS
analysed with MassLynx software to allow more accurate identification anditgtiantof

the contaminants as well as the compound itself. Toluene and nosamewy through after
the samples to remove any residual material and ensure tHaCilWS system was free of
any carryover between injections. The actual work was carried out byasfafRA (Sand

Hutton, UK) in the presence of the author.
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Figure 2.1: Graphical representation of the ratio of compounds in the PCB 156 stkc- The data was collected using a

gas chromatograph with attached mass spectrometer. The graphasimagsified view of the levels of PCB 105 and PCB

118 compared against PCB 156.

The graph inFigure2.1 shows the comparison of the amount of PCB 156 against the levels
of contaminants: PCB 105 and PCB 118. It shows that although there is contamination
present, the levels are insignificant iongparison to PCB 156. The results of this analysis
can be seen ifable 2.1 with an example of the graphical representation of the data peaks

shown inFigure2.1.
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Contaminant L~ 105 pcB118 PCB 156

(pg/ul)

PCB 77 <0.05 0.69 <0.05
PCB 81 - - -
PCB 126 - - <0.05
PCB 169 <0.05  <0.05 -
PCB 123 <0.05 - -
PCB 118 057 12142  0.26
PCB 114 <0.05 0.10 <0.05
PCB 105 116.93  <0.05 0.34
PCB 167 <0.05 <0.05  <0.05
PCB 156 0.10 0.24 188.84
PCB 157 0.14 <0.05 -
PCB 189 - <0.05  <0.05

Table 2.1: GC/MS analysis of the three PCB stock aliquots- Analysis was conducted using gas chatography with

mass spectrometryThe table shows the concentration of the most common PCBs including cowfirntdtithe
concentration of the actual PCB. Concentratiaresshown in pgd. In most cases no compound could be found or only a
small trace.

The main source of contamination that was found in the samples was actually PCB 105, PCB
118 and PCB 156. Further to this, the PCB 156 stock was found to contain tielseofev

PCB 126 (87774old lessthanPCB 126) which, according to the WHO TEF values, is more
than 3006fold more potent than PCB 1%§an den Berget al., 2006) This could therefore

have a smalimpact on the potency of PCB 156, inducing CYP1A1 mRNA above the normal
levels achievable by this compourithe other two compounds were found to be clean of
highly potent AhR agonists however the trace amounts of PCB 77, PCB 156 and PCB 157
could still have an agonist effect at the lgttoncentrations if they exhibit an additive
responseNo detectable trace of any of the most potent compounds such as TCDD, or any of

the other potent PCDD/PCDF congeners was observed during this analysis.

The two 2amincisoflavone compounds, G183 andChr-19, were also tested. The same

protocol was used but with the addition of a cleanstep before conducting the GC. The
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dibenzep-dioxin and PCB"C standards were added to the two samples. The solete

then passed through mioolumns consisting of silanised glass wool, sodium sulphate, acid
modified silica gel topped with another thin layer of sodium sulphate. Samples nszd ri
through the column using hexane. Concentrated samples were then run through the GC. The
purpose of this step was tomeve any reactants from the mixture which may bind and
damage the GC coil. CG{iQ was found to be free of contamination (or at least traces of
contamination were below the level of detection). However, a small trace of PEB 11
contamination (120 ng/m0.3 nM)was found at the highest concentration of -C8&r(100

1M). Based on the data collected on this compotiglife3.19 it was concluded that <0.3

nM PCB 118 would have no effect on the potency of Chr-13 to agonise or antagonise.

2.1.5 Gene identification

The GenBanknRNA numbers for the genes used in this study are showalle?2.2.

Rat Mouse Human
AhR NM_013149.2 NM_013464.4 NM_001621.4
Arnt NM_012780.1 NM_001037737.2 NM_001668.3
B-actin NM_031144 NM_007393 NM_001101
CYP1A1 NM_012540 NM_009992 NM_000499
CYP1A2 NM_012541 - -
CYP1B1 NM_012940 - -
Hsp90 NM_175761.2 NM_010480.5 NM_005348.3
p23 NM_001130989.1 NM_019766.4 NM_006601.5
XAP2 NM_172327.2 NM_016666.2 NM_003977.2

Table 2.2 GenBank reference numbers of all the genes discussed in this project Reference numbers were last

accessed on the 27/5/fRlouseHsp90 alpha was used for comparison

2.1.6 Cell Culture
2.1.6.1 Cell culture maintenance
Cells (described belowyvere passaged every3days ino a new25 cnt flask with fresh

cMEM or cDMEM. To passage the cells, the old medium was removed and the cells were
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washed with 2.5 ml PBS. The PBS was then removed and 1% tmipsinrEDTA was then
added to the cells and incubated for 2 min dC35% CQ to separate the cells from the
base of the flask. After the allotted time, 3.5 ml fresh complete medium was txltiee
trypsin/cell mixture to neutralisdetrypsin. A 1 ml aliquot of this was transferred to 9 ml of
fresh complete medium in a new flask. Cellsrevincubated at 8Z, 5% CQ in an incubator
(Sanyo). All work was done in a class Il Microbiological safety cabinet (Walker,
Derbyshire), using sterile equipment with work surfaces cleaned thrigene to prevent

contamination of the cells.

2.1.6.2 Freezing cells for storage

Cells were processed as discusseskrtion2.1.6.1,however, instead of being transferred to

a new flaskafter neutralisan of the trypsin the cell mixture was added to a 15 ml
centrifuge tube and centrifuged ®min atroom temperature (RR0- 25°C) andmaximum
speed (Max 14,000 rpm in an eppendorf 5417R centrifuge (used in all experiments unless
otherwise stated}o form a cell pellet. The medium was removed and the ewle re-
suspended in 1 mix cell freezing mediurRDMSO. This cell mixture was added to a
cryotube frozen ina Nalgene Cryo °C freezing containeat -80°C (-1°C/min rae of

freezing;to preventell damagepnd then storedt-196°C until required.

2.1.6.3 HA4IIE Rat liver cells

Cells reachd complete confluence within 6 days with a concentration of ~2°xcal@&well
from a starting concentration of 1 x?l¢ellswell (Wall, 2008). Cells were grown irMEM
and incubated at 8C, 5% CQ. The cells were passaged every 3 days as descrilsedtion

2.1.6.1.
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2.1.6.4 MCF7 Human breast carcinoma cells

The MCF7 human breast carcinoma cells were a kind gift from Dr Traceglgrad Centre
for Biomolecular Science, University of Nottingham). Cells have beeviqugly show to
reach confluence after 7 days starting from a concentrati@rbof 16 cellswell with total
confluence providingl x 10 cellswell (Bazzi, 2008). Cells were grown in cMEM and
incubated at I, 5% CQ. The cells were passaged every 3 days as descritsttion

2.1.6.1.

2.1.6.5 RetroPack PT67 packaging cell line

The packaging cell line, PT67, was derived frim@NIH/3T3 cell line. It contains three viral
genes from the Moloney murine leukaemia virus (MoMuLpbt, gag and env, integrated
into its genome which are necessary for virus replication and packaging. A viruggzhtika
these cells can enter the host cell in two different ways, either througtAtié Br GALV
receptors. The cells were purchased from Clontech Laboratadef/SA and upon receipt,
were grown (section2.1.6.1),separated into aliquots and stored in liquid nitrog@®&C)

for future use as previously discussedsection2.1.6.2.Cells were passaged as described
previously insection2.1.6.1 The cell line does not normally demonstrate any significant
hygromycin or G418 antibiotic resistance. The cells were grown in cDMEM andrke %o

CO, atmosphere at 3C.

2.1.6.6 Taoc1BPrc1 AhR-defective cell line

The AhRdefectiveTaoc1BPcl cell line (BpRc1;AhR-defective clone, AhFD) was creatd

in the lab of Whitlock and cavorkers (Milleret al., 1983). The clones were created using
Hepalclc7 mouse cells which in turn were derived from the -Hegl line (Hankinson,
1979). TCDD treated hepalclc? cells were shown to be induced byolPdver vehicle

control. The BpRcl cells have a basal CYP1Al level offold less than wiletype

51



Richard Wall

Hepalclc7 cells and an induced level of CYP1Al (by TCDD) whiclDi®ld less than
wild-type cells (Miller et al., 1983). The cell line was purchased from ATCC (LGC
standards). The cells were grown in cDMHEpEection 2.1.6.3) and kept in a 5% CO
atmosphere at 8C. Before experimentation, several aliquots of cells were frozen in liquid
nitrogen ¢196°C) in cell freezing mediuADMSO (1x). Pilot experiments using the two
antibiotics used for selection of vectotegrated cells, G418 and hygromycin, were
conducted on the cell line before exposure to the viruses to establish the optimal

concentrations (Sesection2.5.6.3.

2.1.6.7 NIH/3T3 mouse embryonic fibroblast cell line

The cells were first isolated from desegregated NIH Swiss mouse efitlypfaast cell line.

The cells were a kind gift from Dr Andrew Johns(®chool of Biology University of
Nottingham). The cells were grown@®MEM. It was recommended by the Johnson lab that
the cells should be grown in medium containing 1%-¢&wantial amino acids and B-ME.
Research into the cell line showed that thesetiaddl additives were not required (ATCC

cell lines). To confirm this, cells were grown ¢DMEM with the addition and absence of
non-essential amino acids angtmercaptoethanol B(ME) over a period of 9 days (3
passages). Visual inspection showed noeddifice in cell growth or health. It was therefore
concluded that the additional additives were not required. ATCC encourage the uEe of ca
bovine serum (CBS; serum taken from <20 day old calves) as opposed to fetal bovine serum
(FBS; serum taken from unborn fetus) (ATCC cell lines), however the Johnson lab
recommended FBS. Therefore the cells could be grown in exactly the same medhan a
BpRc1 cells and the PT67 packaging cells. The cells were used to estimatertbéthe
viruses produced by the stable PT67 virus producing cell lines reducing variableerbet

the three cell lines.
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2.1.6.8 JM109 E.coli cells

In order to identify successful AhR containing plasmids, JME&$herichia coli (E. coli)

chemically competent cells were transformed with the ventmri. Lysogeny broth (LB
medium) is a nutritionally rich media used for the growth of the bacteritafBet951). The
medium contains vitamins and minerals necessary for successful bactetia gnovis made
by adding 25 g LB to 1 L of purified water followed by autoclaving. The JM108 delinot
normally demonstrate ampicillin resistance. Chemically competent cells watedttgsing

the method shown in section 2.1.6.9.

2.1.6.9 Producing chemically competent JM109 bacterial cells

A single bacteria colonygrown from stock, Promega; #P9751) was grown in 1 ml LB
medium at 37C overnight with aeration. This was then addeid® m! of fresh LB medium

and incubated until the optical density (O.D.) at 595 nm waé which took about-3
hours.All the reagents were kept on ice and the procedure was done a quickly as possible.
The cells wereentrifuged (4000 g, 5 min,’@) to obfin a pellet of the bacterial cells. The
cells were resuspended id0 ml of ice cold TBF1 solutioand incubated for 5 min on ice

The cells werghen centrifuged a second time (4000 g, 5 mig)4The resulting pellet was
re-suspended id ml of TBF2 sdution then incubatean ice for 1hour. Aliquots of 150 pl

were flash frozen in liquid nitrogen and stored af@sfor future use.

2.2 General molecular biology techniques

2.2.1 Gel electrophoresis

Endpoint PCR was conducted using a PCR thermocycler with the specific conditions and
primer sequences of each reaction discussed inseationor figure legendsection2.2.8).
The X agarose gelvas made as described in the materisdstjon2.1.2. Generally a single

gel would be run however two gels were run simultaneously for extragtdg one for gel
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extraction and one for taking a photo. This was to avoid DNA damage to the PCR fragments
caused by the UV from the cameithe RNA was loaded on the gel with 1x Orange G
loading dyeand compared against a 100 bp or p RINA ladder (BioLabs, USA)The gels

were run for 70 min at 9. After electrophoresis, the gel was briefly washed then stained
with 5 pl ethidium bromide for 20 min then washed again for 30 min in distilled water. A

photo of the gel was taken using BioRad chemdoc UV tmme

2.2.2 Purification of DNA from mammalian cells

The cell DNA was isolated using the following DNA extraction method whick aseigh
salt buffer and proteinase K. The cells were pell&gdemoving the conditioned medium
after treatment and washing the gefllith 60 pl PBS. Cells were then treated with 60 pl 1x
trypsinEDTA and left to incubate for 1 min at ®7, 5% CQ. 120 ul of conditioned medium
was then added immediately to each well to dilute and neutralise the trypsin. Té@sonht
each individual well was transferred to an eppendorf tube and centrifuged;(®MmMi6000
rpm), forming a cell pellet (remove supernataBO0 pl TNES buffer and 17.5 pl proteinase
K (10 mg/ml) were added to the cell pellet which was then left to incubate owvteahigfiC.

The following day, 100 ul 5M NaCl was added and the mixture was vortexed for 15 sec. The
cell mixture wascentrifuged (5 min, RT, Max)The supernatant was transferred to a new
eppendorf tube with 420 ul 95% ethanol. This was then centrifuged (1@@inViax). The
supernatant was removed and the remaining p@istA) was washed with 100 pul 70%

ethanol centrifuged(1 min,RT, MaX), then re-suspended in 50 pl of filtered UHP water.

2.2.3 RNAse treatment

The isolated DNA was incubated at°@7for 30 min with2 pl of 10 pg/ml RNAse A. After
incubation 4 ul of 3 M sodium acetaaad 80 ul of 95% ethanolvere addedThis solution

was incubated on ice for 10 min then centrifuged (5 min, RT, Max). The supernatant was
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removed and the remaining pellet was washed with 70% ethanol. This was thengshtrifu
again (1 min, RT, Max) and the remainiBiNA pellet was resuspended in DER€eated

water. The samples were frozen2a°C.

2.2.4 Gel extraction

The product was run on a 1x agarose @elcijon2.2.]) then the band of interest was
identified using a UV transilluminator UVP, extracted and purified using ag@tk gel
extraction kit (Qiagen). Briefly, the gel fragment was dissolved in b@ifér Once bound to

the filter membrane, the DNA was washed with 0.75 ml of buffer PE and ceatti{dgmin,

RT, MaX before being eluted into an eppendorf tube. Finally 40 ul of elution buffer was

added directly to the filter, left for 1 min then centrifuged (1 rRifi, Max).

2.2.5 Ethanol precipitation of DNA

The volume of th&NA sample was measured. A volume of half the original sample volume
of 10 M NH;Acetonewas added tgive a final concentration of 3.3 Ml hen two times the
sample original volume of 100% ethanol was added and vortexed thoroughly. This was then
left at-20°C overnight. The following day, the sample was centrifuged (10 ), Max) to

form a pellet and the liquid was aspirated. 179{uf0% ethanol was then added and the
samples were centrifuged again at (1 mfi§,Max). The liquid was then aspirated again and
the sample was centrifuged (1 mifiC4 Max) and any remaining ethanol was removed. The
samples were left to air dry for 5 min theesuspended in di® and frozen at20°C for

further use.

2.2.6 DNA isolation (alkaline lysis protocol) from bacteria

Successful colonies were picked from the plate with a pipette tip and grown ith 1B m
medium overnight in an aeration incubator °@) In order to perform the alkaline lysis

protocol (ALP), an aliquot of 1.5 nthis bacteria vas centrifuged (4 min, RT, 9000 rpm).
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The supernatant was aspiratadithe cell pellet was rsuspended in 100 ul of ALP solution

I. Then 200 ul of ALP solution Il was added and the sample was mixed by inverting the
eppendorf tub®& times. 150 ul of ALP solution 11l was added to the sample. The formulation
of the three ALP solutions is shownsgaction2.1.2. The tubes were then instantly inverted to
mix the sample leaving a white curdled precipitate of protein and cellular membtase
mixture was centrifuged (5 min, RT, Max) and the supernatant was decanted into a new
eppendorf tube. 350 ul isopropanol was added to the supernatant and mixed. This was
centrifuged (5 min, RT, Max) forming a whi2NA pellet. The supernatant was removed
and the pellet was washed with 175 pl of 70% ethanol then centrifuged again (1 min, RT,
Max). The supernatant was removed and the remaining pellet was left tor dynim.

Finally the pellet was rdissolved in 40 ul of DEPC treated water and froze2@C. This

method was taken from Sambrosilal. (1989).

2.2.7 DNA isolation (Qiagen) from bacteria

Once a positive colony (containing the vectas identifiedusing the ALP methqgda
method that provides a more purifisample of DNA was usedo that sequencing could be
conducted on the DNA. The vectoeededto be sequenced to confirthat the vector
contains the correct insert. The QIAprep kit was used for a better qualitfaifaa of DNA.

Firstly, 1.5 ml of the bacterial overnight cultuigesection2.2.§ was centrifuged4 min,

RT, 9000 rpn) then the supernatant was removed and the pelletessasspended in 100l p

P1 buffer. Following this 250 ul of buffer P2 was added to the sample and mixed by
inverting the tubeb times. 350 pl of buffer N3 was then added and again the sample was
mixed by inverting the tube. A white precipitate was formed after this stepsdinfe was
centrifuged (10 min, RT, Max)forming a white pellet at the bottom of the tube. The
supernatant was carefully decanted from the eppendorf tube into a spin cahdnn

centrifuged(1 min, RT, Max). 0.5 ml of buffer PB was then added to clean the saofipl
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nuclease activity. A further wash was conducted by adding 0.75 ml of buff@hBEample
was thercentrifuged (1 min, RT, Maxand the supernatant removédnally 40 pl of buffer
EB was added directly to the filter and left for 1 min befmetrifugation (1 min, RT, Max)

The isolated samples were then frozes2@1C ready for sequencing.

2.2.8 End-point PCR

PCR was conducted using &ppendorf thermocycler (Germany). Specific primers are
shown in eaclsection The method used is the same as for the-BRR discussed igection
2.4.4.3 Briefly, a master mix containing: 21 pi 2x Tagman master mix, [l of each of the
primers (10 pM), 150200 pgcDNA, all made up to 42 pl (20 pl per well; allowing for
error). The protocol used was 1 cycle (2 min atG010 min at 98C) followed by 40 cycles

(20 sec at 9; 90 sec at 5€) unless otherwise stated in #extiontext.

2.3 Ligand binding assay

2.3.1 Overview

The method of ligandbinding was adapted from Bradfield and Poland (1988) but used
3,4,3" 4'tetrachloroazoxybenzen@ CQAOB; section2.1.3)as acompetita because it binds
with high affinity to the AhR (Polandt al., 1976). The method has been fully validated
previously (Bazzet al., 2009, Faret al., 2009,Fried et al., 2007;Jianget al., 2009). Bazzi
(2008) validated many of the key elements of the experiment so the method ussaphede

the samecontrols and calculations. All of the experiments were conducte®CatGhce the
[*H]-TCDD and compound were added to theliver cytosol,they were incubated a?@ for

16 hrs. All the experimental parameters were obtafred Bazzi (2008). The methods are

explained in more detail isection2.3.2 and 2.3.3
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2.3.2 Protein separation and calculation of dissociation constant

2.3.2.1 AhR protein preparation

The AhR protein was prepared from a rat lieéra recently culled female Charles River
Wistar rat The liver was a kind gift from Tin®mith (IBIOS Laboratory, University of
Nottingham, UK). Every care was taken to ensure the liver was kepiCato4avoid
degradation by proteases. The liver was weighed, shredded using scissdrsniogenised
in MDENG buffer at £C using a Potteelvehjem glass homogeniser fitted with a Teflon
pestle. The homogenate was centrifuged (20 nf@, #2,000x g) using 8eckmanJ21-21
centrifuge. The supernatant was then carefully removed and centrif@gechig, 4°C,
440,000x gjn an Optima Max ultracentrifug€are was taken not to disturb the lipid layers
on the top of the supernatant before removal. Aliquots of the supernatant were frozen down at

-80°C until required.

2.3.2.2 Determination of total protein concentration

A Bradford assay was performed to measure the concentration of protdia rat liver
cytosol A Bradford assay is a colorimetric protein assay based on absedbsit of a dye.
Initially protein standards were prepared from 0 to 100 pg of bovine serum albumihi(BSA

20 pl from a 10 mg/ml stock. The hepatic cytosol prepared in sezt®B.1was diluted
several times, to give several-fiddd dilutions. The 5x Bradford dye was diluted to 1x with
distilled water and filtered with a 0.45 um syringe. 1 ml of the 1x Bradford dyewdese] to

each 20 pl sampland allowed to develop for 5 min. The absorbance at 595 nm was
measuredThe concentration of the BSA versus absorbance at 595 nm was plotted and the

protein concentration of the hepatic cytosol was extrapolated.
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2.3.2.3 [BH]-TCDD binding standard

The equilibrium dissociation constant gjKwas required for *H]-TCDD to allow the
calculation of the inhibition constants for the competitors. This was done slditidgently

to the normal binding assas hstead of a fixed concentration oH|-TCDD, various
concentrations were used. This was done in the presence and absence of 200 nM TCAOB to
calculate the total binding and the rgecific binding.The protein samplesvere incubated

at £C for 16 hours upon which the reaction was terminated by the addition of 30 ul of 10
mg/ml dextrarcoated charcoal. After centrifugati¢h0 min; 4C; Max), the supernatant was
transferred into scintillation vials. The radiation produced by this supernatanneasured
using liquid scintillation spectroscopf¥he data was converted from dpm into nf#H]F
TCDD binding (Bazzi, 2008) then plotted with Graphpad Prism 5 using the ‘One Ritial

and nonspecific bindingbption This option then calculated the Kand the maximum

concentration of specific binding (By).

2.3.3 Competitive [’H]-TCDD binding assay

2.3.3.1 Total binding

The total binding was calculated by adding 1 M [*H]-TCDD to 200 pl of cytosolic
protein along with various concentrations of the compound to be tested. The assay was done
in triplicate then theaverage total binding of%f]-TCDD was plotted against log
concentration. A positive control of 1 nNH]-TCDD and 200 ptat liver cytosol was used

to show full binding of TCDD to the AhR proteifihe samples were incubated &€ 4or 16

hours upon whiclthe reaction was terminated by the addition of 30 pl of 10 mg/ml dextran
coated charcoal. Aftecentrifugation(10 min; 4C; Max), the supernatant was transferred

into scintillation vials. The radiation produced by this supernatant was measurgdiqisd

scintillation spectroscopy.
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e Control: Total binding = cytosol + 1 nMH]-TCDD

e Assay: Total binding = cytosol + 1 nMH]-TCDD + various concentrations of

compound

2.3.3.2 Non-specific binding

Non-specific binding was determined in a similar way to the {8kj-TCDD binding. 1 pl 1

nM [*H]-TCDD was added to 200 pl of cytosol in the presence of various concentrations of
the compound to be tested. In addition to this 200 nM TCAOB was added whichfisdl@00
more than the®H]-TCDD so competitively binds to thet®® completely displacingH]-
TCDD. The nonspecific binding assay was performed in triplicate. A positive control
consisting of cytosol, 1 nMf]-TCDD and 200 nM TCAOB was used to show complete
displacement ofH]-TCDD. The samples were incubated ¥E4or 16 hours upon which the
reaction was terminated by the addition of 30 ul of 10 mg/ml dextrated charcoal. After
centrifugation(10 min; 4£C; Max), the supernatant was transferred into scintillation vials.
The radiation produced by this supernatamhs measured using liquid scintillation

spectroscopy.

e Control: Non specific binding = cytosol + 1 nNH]-TCDD + 200 nM TCAOB
e Assay: Non specific binding = cytosol + 1 nNH|]-TCDD + 200 nM TCAOB +

various concentrations of compound

2.3.3.3 Specific binding and analysis of binding data

The specific binding was calculated as total binding’g]{TCDD minus the norspecific
binding of [°*H]-TCDD. This was plotted against log concentratigintest compound. A
positive control of {H]-TCDD without test compound was included as a positive control and

to indicate maximum binding.
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e Control: Specific binding = Total Non specific

e Assay: Specific binding = Total Non specific

The total binding data obtained from each concentration of compound was averaged and the
nonspecific binding was taken away from this average to give the specifiagifati each
concentration. This data was plotted with Graphpagm 5. The 1Gy (half maximal
inhibitory concentrationyas calculated by plotting thél—|]-TCDD specific binding(% of
maximal response of vehicle condrek. the concentration of the competitor (nM), then using

the ‘log(inhibitor) vs, responsebption The equilibrium inhibition constant (K was
calculated using the ‘one sitefit K option wherethe concentration off{]-TCDD was 1

nM, and the K of the PH]-TCDD was calculated as 1.24 nM (95% CI = 0.58-a190 nM

calculated irFigure3.28.

2.4 Measurement of mRNA using quantitative real time-PCR

2.4.1 Cell Treatment

The investigation utilised two different types of assay which measure tfeoetif properties

of the compounds tested. Firstly, an agonist assayp&gsrmedon each compound to
confirm that it is an agonist of the AhR and that it induces CYP1Al. Secondly, the
antagonistic property of the compound was tested by treating cells with a coorbofahe
putative partial agonist/antagonist and TCDD. The induction of CYP1Al was used as a
measure of AhR activation by treating cells with various compounds for 4 hours. The
compounds were diluted in medium to minimise the concentration of DMSO/solvent. Two
flasks were prepared for each curve. The first was used purely to seedwie# pteand

the second was for conditioning the medium. The ceksewrepared several days in
advance to allow approximately 90% confluence to odeasearch has shown that the fetal

bovine serum contains known agonists including indirubin which has been shaffect
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the background levels of CYP1A1 mRNA (Adaehal., 2001; Bazzi, 2008 It was therefore
necessary to condition the medium to remove anyepiging AhR agonists from the
medium. The cells were transferred in a volumel&0 g medium per well. The 96well

plate and flask containing the conditioned medium were left for 24 hours to allow for ~90%
confluence Agonist curves used 9 different concentrations of agonist with three biological
replicates for each concentration. Antagonistves also used 9 concentrations as well as an
‘antagonist only’ control. The controls considtof a vehicle control whictwas always
included, as well as antagonisbnly control (antagonism assay only) and a 10 nM TCDD
control. After 4 hoursof treatment, theonditionedmedium(with compound)was removed

and the cells were pelleted exactly as describesgation2.2.2.Briefly, the contents of each
individual well was transferred to an eppendorf tube (using 1x trEBIRA) and
centrifuged (5 minRT, 6000 rpm),forming a cell pelletThe supernatant was removed and

the cell pellet was frozen é20°C for further processing.

Several of the compounds weogiginally dissolved in different solvents before being
transferred into DMSO. The final concentrations of these compounds was <0.1% after
dilution in conditioned medium. Behnisolt al. (2003) transferred mixed halogenated
compounds from their original solvents (including nonane and toluene) to DMSO and found
no loss of test compound or effects from the original solventdsme has been previously
shown not to interact with the AhR or affect the growth of the cells duringmesat
(~0.02%; Villeneue et al., 1998). In this study, DMSO was used up to a maximum
concentration of <0.02% whereas it has been previously used up to concentrations of >0.04%
with no effect on the induction of the AhR or cell growth (Behngtch., 2003; Wahlet al.,

2008; Zegeret al., 2001).
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2.4.2 RNA purification

RNA purificationwas carried out using an ‘Absolutely RRAiniprep Kit' (Stratagene, The
Netherlands) but due to the small sample size several changes were made to theéamethod
reduce material loss. Initially, 100.7 ul of thelysis bufferp-ME was added to each sample,
mixed thoroughly then 100 pl 70% Ethanol was added with further mixing using the pipette.

This mixture was then added to a white spin cup and centrifuged (IRMjriViax). The
‘Appendix I: ProtocolModifications for small sample’ was followed which omitted the- pre
filtration step. The filtrate was discarded and 300 pl low salt wash buffer was then added and
centrifuged (2 min, RT, Max)intil the filter was dry. The filtrate was once again discarded
then 55ul RNase-free DNase | was addexhd incubated at 8Z, 5% CQ for 15 min. The
RNA was centrifuged (1 mirRT, Max) with 300 pl high salt wash buffer followed by 300 ul
then150 pul low salt wash buffer to remove the DNase 1. Once the filter was dry, 30 pul elution
buffer was added and left to incubate for 2 min before the sampleent&gugedin a fresh
eppendorf tube. The sample was then immediately froze® @ ready for cDNA synthesis.
Quantitative analysis of the average amount of RNA purifiegch sample was conducted
using a NanoDrop 1000 spectrophotometer (Thermo Scientific, USA). A concamio&0
ng/ul mRNA was recorded although this analysis was not conducted on every sample. A 1x
agarose gel was run to confirm the quality of the extracted RNA. The protocol for ranning

gel is discussed isection2.2.1.RNA is refered to mRNA in later sections for simplicity.

2.4.3 cDNA synthesis

cDNA was then synthesised using a ‘High capacity RN&DNA Kit' (Applied

Biosystems, USA) by adding 9 ul RNA to 11 pul of RNA-to-cDNA master mix (including 1
ul RT enzyme mix). Samples were then incubated for 60 min &C3fbllowed by 5 min at
95°C usingan Eppendorf thermocycler (Germany). A ‘n@WR containing no reverse

transcriptase and a ‘no RNA’ control were also conducted to measure for contmminat
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the reagents. cDNA samples were then immediately froze20% ready for PCR analysis

(sectin 2.4.4).

2.4.4 Quantitative Real Time-PCR

2.4.4.1 Overview

The quantitative redime polymerase chain reaction ((fRCR) was conducted using an
ABI 7500fast RFPCR machine. The method was adapted from previous work which used a
Stratagene MX4000 RIPCR machine using reagents from Stratagene (Wall, 2008). This
new machine required the same level of calibration as the original machine to coffikm P
efficiency and accurate measurementmiNA levels. CYP1AIMRNA was measured and
normalised against two reference genes, B-actin and AhR. This method meant that even if
there was a slight variation in RNA concentration or reagent quantities, theATYFRNA
could still be normalised against other samples asmiRBA levels of B-actin and AhR
would always remain the same in every sample. An internal normalisation @)eaBfoxy
X-rhodamine (ROX) dye, was usew, the dye on the B-actin probe was changed to CY5
from previous work (Bellet al., 2007; Bazzi, 2008; Wall, 2008). The probe and primer
sequences for raand human(Table 2.3) for CYP1A1, B-actin and AhR were designed
previously (Bellet al., 2007) with the exception of the C¥ dye used for the two B-actin
probes. The primers and prabéor the mouse genesrat CYP1A2 and CYP1B1 were

designed using the NCBI databak#é://www.ncbi.nlm.nih.goyand Primer3 software.

2.4.4.2 Primers and probes

Bell et al., (2007) found that the three pairs (CYP1A1l, AhR frattin) of primers for rabr
human could be run in the single multiplex reactibmmeasure the efficiency of the primers
and probes used, stand curves were conduStasidard curves were constructed for all of

the primer pairs to confirm th#tteyworked at~100% efficiency.

64



Richard Wall

Gene Sequence Dye

Rat CYP1A1 Primer (ffl CCACAGCACCATAAGAGATACAAG
Primer () CCGGAACTAGTTTGGATCAC
Probe ATAGTTCCTGGTCATGGTTAACCTGCCAC FAM-BH1

Rat AhR Primer (fl GCAGCTTATTCTGGGCTACA
Primer (r) CATGCCACTTTCTCCAGTCTTA
Probe TATCAGTTTATCCACGCCGCTGACATG HEX-BH1

Rat B-Actin Primer (fl CTGACAGGATGCAGAAGGAG

Primer () GATAGAGCCACCATCCACA

Probe CAAGATCATTGCTCCTCCTGAGCG CY-5-BH2
Rat CYP1A2 Primer (ff) CTCAACCTCGTGAAGAGCAG

Primer () CTCCTGAGGGATGAGACCAC
Rat CYP1B1 Primer (f) AGGATGTGCCTGCCACTATT

Primer () TGACGTATGGTAAGTTGGGTTG

Human CYP1A1 Primer () GTTGTGTCTTTGTAAACCAGTG
Primer () CTCACTTAACACCTTGTCGATA
Probe CAACCATGACCAGAAGCTATGGGT FAM-BH1

Human AhR Primer () ATACAGAGTTGGACCGTTTG
Primer () CTTTCAGTAGGGGAGGATTT
Probe TCAGCGTCAGTTACCTGAGAGCCA HEX-BH1

Human B-Actin Primer (ff GACATGGAGAAAATCTGGC
Primer () AGGTCTCAAACATGATCTGG
Probe ACACCTTCTACAATGAGCTGCGTGT CY-5-BH2

Mouse CYP1A1 Primer (ffl TCACCATCCCCCACAGCACCA
Primer () CGCTTGTCCAGAGTGCCGCT
Probe CCATGACCGGGAACTGTGGGG FAM-BH1

Mouse AhR Primer () GGATTTGCAAGAAGGAGAGTTC
Primer (r) TTGTGCAGAGTCTGGGTTTAGA
Probe GCTGGTTGTCACAGCAGATG HEX-BH1

Mouse B-Actin Primer (fl AGATGACCCAGATCATGTTTGA
Primer () CGTGAGGGAGAGCATAGCC
Probe GTCGTACCACAGGCATTGTG CY-5-BH2

Table 2.3 Sequences ofat, human and mouseprimers and probes— Forward (f) and Reverse (r) primers and probes are
indicated. Sequences are shown from 5’ to 3'. FAM: iscarboxy fluorescein; H&#&chlorofluorescein and C¥ 3-
deoy-5-(cyanine dye 3)uridine BtisphosphateThe reporter dye is located at the 5’ end of the probe, and the quencher dye,
Black Holel or-2 (BH1 or BH2), is found at the 3’ en@ihe nucleotide sequences fat and human: CYP1Al, AhR afd

actin were obtained from Bedt al., 2007 (with the exception of the C¥ dye used fop -actin).Primers and probes for the
mouse genes and for rat CYP1A2 and CYP1B1 were designed using the NCBI datapaseivincbi.nim.nih.gov) and

Primer3 software

65



Richard Wall

The efficieny of all of the primers and associated probe (for each species) to bind and
transcribe the target gene was calculated for each primer set. RNA and cDNAedereep

from untreated cells as described earlier. Five dilutions were thermaeder (1, 0.5, @5,
0.125, 0.062) then measured using ¢RIR. Each dilution should shift the PCR curve a set
distance to the right, indicating that there is one cycle worth of RNA lesshbarévious

dilution.
Efficiency = 10\store/ — 1

Equation 2.1 Calculation of the PCR efficiency

The PCR efficiency was calculated usigguation 2.1and are presented in the results
(Figure 3.3). The slope was calculated using Graphpad Prisithé.rat CYP1A1 primers
produced a product of 124 bp, the AhRnpttis produced a product of 133 bp and the B-actin

primers produced a product of 107 bp. The PCR product size of the CYP1B1 and CYP1A2
primers was 192 bp and 264 bp, respectively. The human CYP1A1l primers produce a PCR
product of 122 bp, the AhR primers gmed a product of 151 bp and the B-actin primers
produce a product of 139 bp. The PCR product size for mouse was: CYP1A1l was 175 bp, for
B-actin it was 168 bp and for AhR it was 233 bp. The primer and probe sequences for mouse

CYPIA1, AhR and B-actin gene are shown iffable2.3.

2.4.4.3 Measurement of mRNA induction with Tagman probes

gRT-PCR was conducted using an ABI 7000fast PCR machine. A previously calibrated
method (Wall, 2008) was adapted for use with this machine. The T&qmaster mix used

in this new method requires the activation of UFBIINA Glycosylase (UDG) and AmpliTaq
Gold® DNA polymerase; Ultra Pure (UP) enzyme activation before cycling andimesl
measurement takes place. URvens the reamplification of previously synthesised PCR

products by removing any uracil incorporated in the amplicons (Tagmastermix
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protoco| 2007). The master mix also contains a ROpéssive reference dye (ROX) which
is used to normalise between cycles. A complete master mix was prepataiog; 21 ul

2x Tagman master mix, set concentrations of primers and probes as indicasdieid.4,
150200 pg cDNA, all made up to 42 ul (20 pl per well; allowing for error). Each sampl

was first mixed in an eppendorf tube before being transferred to th® GiRTplate.

Rat Human Mouse

CYP1Al1 Primers 100 nM 200 nM 200 nM
Probe 50 nM 100 nM 100 nM

Actin Primers 200 nM 100 nM 100 nM
Probe 100 nM 50 nM 50 nM

AhR Primers 300 nM 300 nM 300 nM
Probe 150 nM 150 nM 150 nM

Table 2.4: Primer and probe concentrations for qRT-PCR — The required concentration$ all the probes and primers in
order to create the complete master mix. The initial concentration of the pmobeprimers wa$ pM and 10 uM

respectivelyand are shown ifiable2.3.

Tagman Time Temperature

1 cycle UDG activation 2 min 50°C
AmpliTaq gold, UP enzymactivation 10 min 95°C

40 cycles Denature 20 sec 95°C
Anneal/Extension 90 sec X!

SYBR green Time Temperature

1 cycle Denature 10 min 95°C

40 cycles Denature 30 sec 95°C
Anneal 1 min 58°C
Extension 1 min 72°C

Table 2.5 Thermal cycling conditions for gRT-PCR — Shows the times and temperatures for each step @RMePCR
protocol for the 7500fast RPCR machine when using Tagman gene expression master mi&&g for rat, 59C for

human 60°C for mouseand 68C for rat AhR (sectioi3.2.7).
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For UDG activation, 2 min at 8G is required followed by 10 min at @5 for AmpliTaq
gold UP enzyme activation. These two stages are critical for accurateeBGE. The full
cycling conditions are described Tiable2.5. Addition conditions for other primer pairs will

be described when stating the primer nucleotide sequences.

2.4.4.4 Measurement of mRNA induction with SYBR green dye

SYBR green dye allows the quantition of a single gene without requiring a. grobelye
binds non specifically to double stranded DNA which is the reason only a singleagehe
measured per reactio@YP1B1 and CYP1A2 were run separately using: 20 pl Brilliant
SYBR Green QPCR master mix, CYP1B1 or CYP1A2 primers (10 uM) and 150 ng cDNA,
made up tat0 pl with DEPC treated water (providing 2 x 20 pl reactionsg genes were
then normalised against AhR afehctin which were run separately as a multipkx20 pl

of each sample was added to each well of -avé&6 qRT-PCR plate. The PCR analysis was
conducted usingn Applied Biosystems 7500fast FPFICR machine and used the protocol

shown inTable2.5.

2.4.5 Data Analysis and controls

The EGp was usedd compare between compounds and was calculated as 50% of the
maximal induction with the error used being the 95% confidence interval (9h%<Lvell

as the cDNA synthesis controls (Ne@W and No RNA), each run conducted contained
several important intetun controls for normalising the data against other curves. Firstly, a
known positive control from cells treated with1® nM TCDD only and a vehicle control
cDNA was used in every experiment. These are fromepisting batches of cDNA so
should be the same for each experiment by removing theexperiment error. These two
samples will be used to normalise between curves. The next control used was 10 nM TCDD

only control which was treated the same time as the other samples in the experment. T
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control is used to normalise the data within a particular run so that the normalisedrdb&éa
graphicaly depicted with 10 nM TCDD as 100% of the maximal response. Finally, a no
template control (NTC) was performed to confirm that the complete master mikeeaof

cDNA contamination.

The software associated with the ABI 7500fast collected all of the raw fluorescatace d
from each run and provided the & which the level of RNA crossed the fluorescence
threshold. As discussed previously, the master mix contains ROX fluorescenwhityeis

used to normalise between wells in a plate and removes some of the error exbsuitiat
sample volume. The next stage of the datalysis uses gBasePlus (Hellemehal., 2007;
Vandesompelest al., 2002 which normalises the CYP1A1 RNA levels against the two
reference genggormalisation genesp-actin and AhRpB-actin mRNA was chosen because

it is in high abundance in the genome and AhR mRNA was chosen to confirm that it was
present. Furthermordyoth geneswere unaffected by the treatmen{Head and Kennedy,
2007 Laupezeet al., 2002;Walkeret al., 1999 Wu et al., 2003. An excel worksheet was
used to sort the data in to tberrect format for gBasePlus by removing errors and correcting
the certain jargon words and columns titles. The das then normalised in gBasePlus,
which assumes that the PCR efficiency for all three genes is always 108%oirhalised

data istransferred to another excel worksheet where it is initially normalisedsagaetwo
reference cDNA samples; 10 nM TCDD control and vehicle control. The same cDiAds

on each curve reducing the error of irteperiment differences. This allows naimsation
between curves in the same experiment. Finally, each curve has a 10 nM TCDDnbrdy ¢
which is automatically assigned as 100% of the maximal response for eachltus\eata is

then plotted on to an XY graph using GraphPad Prisas $% maximm response against
log[agonist] The % maximal response data was plotted using the standard deviation of the

data derived from the three replicates after gBasePlus analysis. GraphPadlPris the
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estimationof the EG of each of the curves as well m®viding the 95% confidence interval
of thisestimation The EGg can then be used to calculate the TEF by dividing thg &Ghe
agonist by the E& for TCDD alone. Curves were generated using the settings: ‘log[algonist

vs. normalised response’(Equation)2.2

Top — Bottom

Y = Bottom + 1+ 10(LogEC50—X)

Equation 2.2 Concentration-resporse curve equation- The following equation was used to calculate theE@ all of
the compounds tested using GraphPad Prism 5 (log[agonist] vs. normalised egsBotiem: lower plateau; Top: upper
plateau; X: concentration of agonist; Y: responseidfiqn assumes hill slope = 1.0.

Some of the figures show the raw (iRCR data which was shown &R, against € The R,
(normalised reporter) is the ratio of the fluorescence emission interigitye reporter dye
verses the fluorescence emission intensity of the internal ROX refergacaR), is the

normalisation of Rby subtracting the baseline fluorescence.

2.4.6 Schild regression

Schild regression is a measureanfantagonist’s potency and is used to calculate thioK

the antagonistomplex Equation 2.3Kenakin, 1997).

BEC50

Dose Ratio = m

. [B]
Dose Ratio =—+ 1
Kp

Log(Dose Ratio — 1) = Log([Antagonist]) — Log(Kg)

Equation 2.3 Schild equation — AE%: ECs, of TCDD alone,BES: ECy, of TCDD in the presence of antagonist, [B]:
Concentratiorof antagonist, K: equilibrium dissociation constaat the antagonist.

The doseatio is calculated which is a measure of the increase in agonist concentration
required to achieve the same response as the antagonist concentration is intremssdu:

calculated by dividing the Egof the agonist in the presence of an antagonist by the &C
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the agonist in the absence of an antagonist. Increasing the concentratiorgohiahtail

move the curve further to the right. Several differemhcentratiorresponse curves in the
presence of various concentrations of antagonist are required, f@€slK calculation. The
log(Dose ratiel) is plotted against log[Antagonist] for eacbncentratiofrresponse curve.

For competitive antagonism a straight line is expected, with the point at which the line
intersects the -axis equalling the Kfor that antagonist. In order to improve accuracy it is
necessary to perform several different @amtrations of antagonist to accurately predict the

position of the trend line.

2.5 Retroviral expression of AhR in a mouse cell line

2.5.1 Overview

This study and previous wotkave shown that there are significant species differences in
AhR activation between raand humanby dioxin-like compounds It is not currently
understood what confers these differena@isether it is a difference in the mechanism of
activation or purely as a result of the ligand binding potentithe@fAhR. Thissectionof the
project aimedo discover if the AhR is, at least in part, responsible for these differegces
directly comparing thectivation of rat and humamhR in a common background. This
involvedisolating the AhRs from rat and human themsfectingthem into a cell line vih

low levels of AhR. A recombinant Hepal mouse cell line with reduced levels of ABR wa
used allowing direct comparison of the two AhRgeviouslythe AhRcDNAs werecloned

into pFastBacl vectors (Fabal., 2009).pGEM-T was used to subclone the AhRdgments

out of pFastBacl and into pRevTRE retroviral vector. Retroviral expression was used to
create a stable cell line as previous research had shown direct transfectionhsdably re
introduce the AhR (Ma, personal communicatidit)e new cell lines were then treated with

TCDD and 5F 203 to see if there was a difference in compound potency and associated
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CYP1A1l inductioncompared with wiletype cells The mRNA levels of CYP1Al were

measured using qRPER as described earliesettion 2.4).

2.5.2 Preparing AhR for subcloning

2.5.2.1 Rat AhR vector

The rat AhRcDNA was isolated previously and cloned into pFastBeilescribed by Fast

al. (2009). Briefly liver mRNA from a Charles River Wistar rat was extraeradl PCR was
used to clone the AhR. The AhR PCR fragmeasthen inserted into a pFastBacl plasmid
between the Sall and Hindlll sites to make the completed AhR vector as shbigare2.2

(Fanet al., 2009).

HindllI (6633)

Reverse PCR Primer Ampicillin resistance gene

pFastbaci-Rat AhR-His

7271 bp
Rat AhR gene

Sall (4071)
Forward PCR Primer

Figure 2.2 Vector map of rat AhR in pFastBacl— The vector map shows the structure of the pFastBacl plasmid and the
location of the most important restriction sites. The vector is 7271bp in siadimgzthe AhR which is 2556bp (excluding
restriction sites). The vector was cloned previously bydtah (2009). The diagram shows the location of primer sites for
PCR of gene of interest. The vector is ampicillin resistant.

The AhRconstructcloned by Faret al. (2009) contained polyhistidinetag (Hexa histidine

tag; His-tag), containing 6 histamine amino acids, directly at the end of the AhR gene before

the stop codon and Hindlll restriction site. This tag was removed for this mvgueerio avoid
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the possibility of interference with the expression of the protein and itsigajmabind AhR

ligands. This was done using PCR and is describEdjure2.4.

2.5.2.2 Human AhR vector

The human AhRcDNA (pSporthAhR2) was a kind gift from Susan Moran (McArdle
Laboratory for Cancer Research, University of Wiscoidaudison Medical School) and was

initially cloned in a pSVSportl vector (Dolwiclet al., 1993) from human HepG2 hepatoma
cells. This was then subcloned into pFastBacl by dfab. (2009) between the Sall and

Hindlll binding sites Figure2.3).

HindIll (6643)

Reverse PCR Primer Ampicillin resistance gene

pFastbaci-Human AhR-His

281 bp
Human AhR gene

Sall (4o071)

Forward PCR Primer

Figure 2.3: Vector map of human AhR in pFastBacl- The vector map shows the structure of the pFastBacl plasmid and
the location of the most important restriction sites. The vector is 7281bp innslading the AhR which is 2566bp
(excluding the restrion sites). The vector was subcloned previously bydeah, 2009. The diagram shows the location of
primer sites for PCR of gene of interest. The vector has ampicillinaesés

A His-tag was also added directly after the AhR sequence byetFain (2009) to allow

purification of the AhR protein however for this experiment it was removed in itase

interfered with the expression and capability to bind AhR ligands.
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2.5.2.3 Removal of AhR from pFastBac1

In order to make sure both of the AhR proteins expressed properly in the mouse cell line, it
was necessary to remove thedtlgs. Two primers were designed to PCR the AhR gene out
of the pFastBacl plasmi@at or humah The reverse primer had a secondary role as it
contained an overhang forcing a stop codod arHindlll restriction site directly after the

AhR gene, bypassing the His-Tag completely. This is shown more cle&ityure2.4.

Pro Ser Gly Phe Leu His His His His His His rrk
TCACCATCACTAG

GGGTCGCCTAAGGACATCTTCGAA (Reverse Primer)

Pro Ser Gly Phe Leu *xk Hindl 1
CCCAGCGGATTCCTGTAGAAGCTT

L A A A o
GGGTCGCCTAAGGACATCTTCGAA

Figure 2.4: Primer design with restriction site and stop codon overhang for rat The figure shows the nucleotide and
amino acid sequences for rat before and after the use of the reverse primeovdeidhinia new Hindlll restriction site and
stop codor(***) . Reverse primer is shown with the overhang highlighted; Blue: stop codan:Gtiadlll restriction site.
Amino acid sequence is in bold. The primer is shown from 3’ to 5’ and the AhR sequenbethateown from 5’ to 3.
Note: this principle also applies to the human reverse primer as well as rat

PCR was conducted using ExtensorHitlielity PCR Master Mix (ABgene, UKas it has a
low copy error rateEach reaction consisted of 12.5 pl of extensortenasix (Buffer 1), 2.5

pul of 2 uM forward and reverse primers (final concentration of 200 nM), DNA to a final

concentration of 50 ng and RNA/DNA free water. See Talfiéor primer sequences.
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Gene Sequence

Human AhR vector
Primer (f) GTCGACATGAACAGCAGCA
Primer (r) AAGCTT CTACAGGAATCCACTGGATGTC

Rat AhR vector
Primer (f) GCGGAATTCAAAGGCCTAC
Primer (r) AAGCTT CTACAGGAATCCGCTGGGTGT

Table 2.6: PCR primers for rat and human AhR removal from pFastBacl- Primer sequences for rat and human AhR
removal and adjustment of restriction site locations. Sequences are ftor® 5SNucleotides in bold are the overhang; blue
stop codon, green: Hindlll restriction site. Sequences were designed sidttaase fronVectorNTI and Primer 3 software.

The Extensor master mix was used as manufacturesnstructions. A PCR thermocycler

was used with the protocol shownTiable2.7.

Step Temperature Time Number of Cycles
Initial denaturation 94°C 2 min 1 cycle
Denaturation 94°C 10 sec
Annealing 58°C 30 sec 25 cycles
Extension 68°C 2 min
Final Extention 68°C 7 min 1 cycle

Table 2.7: Times and temperatures for Extensor HiFidelity PCR to isolate AhR from pFastBact PCR was carried out

using a thermocycler. Information was taken from the Extensiiddility PCR master mix manual (ABge, UK).

PCRs product of 2569 bp and ZB bp was obtained for raBhR and humanAhR,
respectively. These products were then purified usingldaogeemove any vector debris

(section2.3.2.4) then inserted into pGEMvectors for further processing (secti®:3.3).
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2.5.2.4 Purifying the PCR fragment

The product of the PCR reaction discussedention2.5.2.3wasrun on a X agarose gel
(section2.2.7]) to remove any pFastbacl vector debris or unwanted fragments. A small
background band may also be expected at ~7hfbplue topFastBaclvectoras well as
various primer dimers. A quick load 1 kbp DNA ladder (Biolabs) was run alongside the

samples for fragment size measurement.

The band of interest was excised from the gel manually using a UV transillamuidP
and purified using a QIAquick gektraction kit (Qiagen) to remove sample from the agarose
gel (section2.2.4. The concentration of the PCR product was then measured using a Nano

drop spectrophotometer and kept at’@@eady for subcloning into pGEM-

2.5.3 Subcloning into a pGEM-T plasmid

2.5.3.1 Ligation of PCR product with pGEM-T vector

The PCR product formed by the Extensor PCR was inserted into plGEforcing in 3’
terminal Toverhang on to the PCR fragment which greatly improves the efficiency of the
ligation as described in the pGEMmanual (pGEMT Vector Systems Technical Manual,
2009).The vector contains specific binding sites and promoters for T7 and SP6 polymerase
for low error rate transcription, located either side of the multiple cloning site {norgahe

3’ T-overhangs and a wide range of restriction sitéhe vector also contairsspUC site

which allows high-copy replication i&. coli and a phage F1 region to allow rescue of single-

stranded DNA (pGEMI Vector Systems Technical Manual, 2009).
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Multiple cloning region

T7 Promoter Sall (76)

pUC binding site\\\l $P6 Promoter

Phage f1 region

pGEM-T Vector

3000 bp

N

Ampicillin resistance gene

Figure 2.5 Vector map of pGEM-T without AhR insert — pGEM-T was used to subclone the AhR fragments out of
pFastBacl and into pRevTRE retroviral vector. Two new restriction sées added, Sall and Hindlll, when inserting the
AhR PCR fragments. The AhR, either rat or human, was inserted in the multipiegcregion(3’ T-overhangs)Note:
Although the vector is shown to be circular in the above diagram, before insertithre géne with 3’ T overhangs, it is

always linear. The vector has ampicillin resistance.
The reactions were set up as describedable 2.8 using the protocol described in the
pPpGEM-T manual (pGEMT Vector Systems Technical Manual, 2009). The mixtures were

incubated overnight a4°C to obtain the maximum number of transformants. Fréeene

cycles were avoided to reduce the chance of degradation B4 tigease buffer
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Reaction Component Standgrd Positive Background
Reaction Control Control

ii);aRSipid Ligation BufferT4 DNA 5l 5l 5l
pGEM-T vector (50ng) 1 ul 1ul 1ul
PCR Product X pl* - -
Control Insert DNA - 2 ul -

T4 DNA Ligase (3 Weiss units/ul) 1l 1l 1l
Nucleasefree water to a final volume of 10 pl 10 pl 10 pl

Table 2.8 Ligation reaction volumes for pGEM-T reaction — Shows volumes required for ligation of PCR product-to p
GEM-T vector. Values taken from the@EM-T manual (0 GEMT Vector Systems Technical Manual, Promega, 2009).
*PCR pioductmasscalculated using Equatidh2 (Rat/tuman = 25(g/ul).

A simple calculationEquation 2.3) was used to calculate the amount of PCR pr(&hiet
genes; sectior2.5.2.4 required for successful ligation. A molar ratio of 5:1 (insert:vector)

was used. The pGEM-T vector was 3000 bp in sizenaassof 50 ng.

ng of vector X kbp size of insert

- X insert: vector molar ratio = ng of insert
kbp size of vector

Equation 2.4 Calculation of the concentration of insert required for ligation - Initial concentration of insert was
measured using a Naitloop spectrophotometer.

Therat and human inserts were 2569 bp and825p(including a smalkectionof upstream
region due primer bindingyespectivelywith a concentration of 250 ng/ul therefore 15 ng of
insert was added to the standard reactiable 2.8). Once the reactions were completed it

was necessary to use competent bacteria cajiotsuccessful clones.

2.5.3.2 Transformation of pGEM-T
The plasmid produced, when the insert was ligated into the cloning veatoetransformed
into the chemically competent JM109 cells to allow selection of the succgd#jalied

plasmids. 10 pl of rat or human vector formed from the ligation reaction describection
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2.5.3.1was added to 30 ul chemically competent JM109 cells and left on ice for 20 min. This
was then incubated at 42 for 1 min before being incubated on the ice again for a further 2
min. 200 pl LB medium (warmed to %7) was added to the cells and incubated &€ 3a@r

20 min. After incubation, the mixture was spread over an LB agar plate, with iampill
antibiotics and incubated overnight aP@7Two controls were also run simultaneously with

the ligation products; a positive control which consisted of an uncut vector (pRevTRE) and a
negative control of just IM109 cells with no vector, and hence, no ampicillin resisfdter

this, 45 colonieswvere selected from each plate agrdwn in anaeraton incubatorovernight

at 37C in 10 ml LB broth.

The bacteria were processed by one of two methods depending on the intended use of the
vector after isolation. A simple alkaline lysis protocol (ALP)swesed(section2.2.9 when
the purity of the DNA was not important and allows quick and efficient isolatiomkafown
colonies ready for testing by double digestion. A Qiagen miniprep DNA isolationas
used(section2.2.79) when the purity of the sample is important such as sequebcing

significantly more expensive to conduct.

2.5.3.3 Double digestion to confirm successful cloning

The concentration of DNA obtained from the transformation was measured Mahoarop
spectrophotometeGel electrophoresis walsenused to confirm the presence of the positive
clone with ligated AhR gene. The plasmid was double digested with Sall and Hindlll
restriction enzymes using the volumes describebiainle 2.9. The reaction was incubated at

37°C for 2 hours before being returned to ice.
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Component Volume
DNA 3 ul (=100 ng)
Sall enzyme 1l
Hindlll enzyme 1l
NEBuffer 2 1l
dH,O 14 pl

Table 2.9 Volumes required for double digestion of vectowith AhR insert) — The components were kept on ice until
required. The mixture was incubated af@7or 2 hours. The products formed were then run ox aghrose gel for
corformation.

The digestion products were run on a 1x agarose gel as describection2.2.1 Double
digestion of a successful clone should give fragments of 2544 bp aBdb@S6r ratAhR

and humarAhR (including removal of upstream region), respectively, as well as 300fr bp f

the pGEM-T vector. Additional single digestions with Sall and HindlIIl were conducted on
the clones for confirmationf successful insertion of the AhR gene. The putative successful
clones were then sequenced to confirm that the new restriction site and stop codomhad bee
successfully forced into the sequence. The sequencing was done at Sourcen&osci
LifeSciences (Oxford, UK) and used the stock primers T7F:
TAATACGACTCACTATAGGG and SP6 ATTTAGGTGACACTATAG. Comparison of

the known AhR sequence and the sequence of the clones was done using AlignX software
(VectorNTI). A further double digest was then conducted, run dix agarose gel and

extracted ready for ligation into pRevTR&e¢tion2.5.9.

2.5.4 Cloning into pRevTRE

2.5.4.1 Ligation of insert to pRevTRE
The gene of interest was removed from the pGEMector by double digestion with Sall
and Hindlll restriction enzymes as describedséttion2.5.3.3 This was then run on Bx

agarosgyel to separate the gene from the vegsaction2.2.1) A quick gel extraction kit
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was used to remove the digested insert as descrilbsztilon2.5.2.4 The concentration of

the insert was measured using a Nanodrop spectrophotometer.

5 MoMuSVLTR

Ampicillin resistance gene %
Xhtended Packaging Signal

pRevTRE Vector

6487 bp

Hygromycin resistance gene

3 MoMuLVLTR 1

Hin A1 {3333) TRE

Sall(z315)

Figure 2.6: Vector map of pRevTRE without AhR insert — The vector used to produce retrovirus (although specific
packaging cells are also required). Both rat and human AhRs used Sall diiti fdgtriction sites. The vector requires the
presence of the pRevTFeXf vector (without tetracycline/doxycyline) in order for transcription & ¢fene in the host cells.

At the same time the new vector, pRevTRIg(re 2.6, was also double digested with the
same enzyme@lindlll and Sall;section2.5.3.3) The mixture was then run on a 1x agarose
gel to remove the unwanted part of the ve¢section2.2.1) A gel extraction kit was used to
excise the double digested vector using the method describeéction 2.5.2.4 The
concentration of the vector was measured using a Nanodrop spectrophatdimetgouble
digested insert and vector DNA obtained from the gel extraction were catedniising an

ethanol based assésection2.2.5).
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Component Volume
Plasmid 1l
Insert 7 ul
Ligation buffer 1l
Ligase enzyme 1l

Table 2.10: Volumes of the components required for ligation of the AhRnsert with pRevTRE — The enzyme was kept

on ice at all timesThe highest concentration possible of insert was used.€Hetian was left overnight at %®.

The double digested gene and veatere then ligated together using T4 ligase overnight at
16°C. Table 2.10 shows the volumes of ligation components required for the reaction. The
enzyme was kept on ice however the buffer was warmed to room temperature ti tdlow
be mixed properly before use. The ligation products were then transformed intoathyemic

competent JIM109 cells.

2.5.4.2 Transformation of pRevTRE:insert

The pRevTRE:insert vectors were transformed into JM109 aslidiscussegreviously in
section 2.5.3.2 Briefly, the JM109 cells with vector were transformed overnight until
colonies had formed. From these plates, 4 colonies were selected and gravighbwerl0

ml LB broth. The sampk were then centrifuged to produce a bactgrelet alowing
purification using the ALP methodis previously discussed isection 2.5.3.2 The
concentration of the resulting purifiedrector was measured using a Nanodrop

spectrophotometer.

2.5.4.3 Confirmation of successful cloning

The clones were double digested with Sall and Hindlll (describeddtion2.5.3.3 and run
on alx agarose gelsgction2.2.1)to confirm that the ligation was susstul Bands would
be expectedt 2544 bp and 2553bp for the rat and human AhR inserts, respectiuadlat

6487 bp for the pRevTRE vector. Successful clones were purified from the bactdsial cel
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again using the Qiagen miniprep k#e€tion 2.2.7). Sequencing wagonductedon the
successful clones using the following primers pRevTREfor:
TCCACGCTGTTTTGACCTCC and pRevTRErev: CCCCCTTTTTCTGGAGAIL.was
necessary to concentrate the DNA in order to fulfil the requirements of the seqguen
protocols. This was conducted using ethanol precipitasectipn2.2.5). Sequencing showed

that the pRevTRE vectors contained the relevant AhR gene.

2.5.5 Creation of stable virus producing cell lines

2.5.5.1 Safety of RevTet system

Although the Moloney murine leukemia virus (MoMuLV) retrovirus is not normalpabée

of infecting human cedl the Revtet system produces a virus whihbapable of infeahg
human cells (pRéket System Handbook). Therefore all of the experiments were conducted
using Biosafety Level 2 practices and safety equipment. This involves usirggaatied
class Il laminar flow hood, protective lab attire and decontamination of pdityeitfactious
waste in Trigene disinfectant priordsposal. The AhR genes which were to be infected into

the BpRcl cells do not pose a risk to human health.

2.5.5.2 RevTet system overview

The retroviral expression was conducted using the RevTet system (ClontechwdisA
utilises the MoMuLV retrovirus to infect target cells with the gene of intefést.retrovirus
system utilises a packaging cell line to synthegis virus before infecting the host cells. In
order to start this synthesis, two vectors are required, pR&fTand pRevTRE. The gene
of interest, AhR, is inserted into the pRevTRE vector with its transcriptiarateg by the
pRevTetOff vector (Figure 2.7). Both vectors are initially treated separately using the
packaging cells creating two viruses. Both vectors, pRe@ffedand pRevTRE, contain the

viral packaging signal (y+) as well as transcription and processing elements. When the vector
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is introduced to the packaging cell, a high titer, replication incompetent infestiiussis
created which can be used to infect the host celsiseBpRcl cells (RevTeSystem
Handbool. The pRevTet syem (TetOff) requires two vectors for gene expression of the
AhR. pRevTetOff was added to initiate the transcription of the gene contained in pRevTRE.
If the pRevTetOff vector is deactivated by Dox or not present at all, the AhR gaheot

be transcribed.

5" MoMuSVY LTR

Ampicillin resistance gy %/

—___Extended packaging signal

pRevTet-Off Vector

7847 bp
3’ MoMulLV LTR \\\ :

tTA coding sequence

— . .
Neomycin resistance gene

Tcmvy promotor (Pecmv)

Figure 2.7: Vector map of pRevTetOff vector

Firstly the host cellanouseBpRcl cellsare infected with the pRevF&ff containing virus.

The pRevTeOff vector (inside the virus) containthe Neomycin gene for antibiotic
selection. Once the virus has been introduced to the host cell, a neomycin antibiotic, G418, is
added to the medium to select only successfully infected cells. The cells arnefdéuted

again with the pRevTRE virus (which contains the gene of interest). The pReorRins

a hygromycin gene for antibiotic selection. Successfully infected eebsselected in the
same way as before but this time by addiggromycin B antibiotic to the mediurthe cell

lines which will be created in thgectionare shown imable2.11.
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Cell line Main attribute Section
PT67 off \Ij;é:tlgarl%gg cell line PT67 which contains pRevDét
y PT67
i i i i cell lines;
PT67 hARR Packaging cell line PT67 which contains pRevTRE i
human vector only section
. . . . 2553
PT67rARR Packagingell line PT67 which contains pRevTRE rat
vector only
BpRcl off AhR deﬁqent mouse cell line containing the pRevTet
Off genetic material only
. : - BpRcl
AhR deficient mouse cell line containitize pRevTet  cg| jines:
BpRc1hAhR Off and the pRevTRE human genetic material (Humangection
AhR) 25.6.4
BpRC1rAhR AhR deficient mouse cell line containing the pRevTe

Off and the pReVvTRE rat genetic material (Rat AhR

Table 2.11: Summary of cell lines to be produced in thisection

2.5.5.3 Creation of stable virus-producing PT67 cell line

The virus was produced by tfactingPT67 packaging cells with either the pRevTHt
vector or the pRevTREAhR/pRevTRE:IAhR vector. Initially the PT67 cells were incubated
and passaged as discusseddntion2.1.6.1 The cells were then transfected with the vector
using a chemical transfection reagent called GeneJuice (Novagen). PT67 ceidatex on

a 35 mm dish overnight with a concentration of 2 % ddlis/cnf. Before treatment the cells
were approximately 60% confluent. 3 pl GeneJuice was added to 100 pl offesgum
DMEM and mixed thoroughly using a vortex. This mixture was then incubated at room
temperature for 5 min. 1 pg DNA was then added to the Gereadixture and mixed gently
using a pipette beforeeng further incubated for 10 min at room temperature. This allows
formation of the GeneJuice:DNA complex without the presence of fetal bovine serwm. Thi

mixture was then added to the PT67 cells whkiete in cDMEM

In order togeneratea virusproducing cell line, the packaging cells were plated in selective

medium for 67 days. The selection process started approximately 3 days after transfection
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and utilised eitheb00 pg/ml G418 (pRevTeOff) or 300 pgml hygromycin (pRevTRE)NoO
selection of individual colonies was conducted. The cells were allowed toceaithence.
Threedifferent PT67 packaging cell varianiere createdPT67 off, PT6/hAhR and PT67
rAhR. To confirm the presence of the vectorthe packaging cell lineend-pointPCR was

carried out using the primers showable2.12.

Primer name Sequence

TREFW GCCTCGATCCTCCCTTTATC
TRERV TATCCACGCCCTCCTACATC

OFFTETFW  TGAATGAACTGCAGGACGAG
OFFTETRV  ATACTTTCTCGGCAGGAGCA

Table 2.12: Primers usedto confirm the presence of either pReVet-Off and pRevTRE in PT67 and BpRc1 cell lines

End-point PCR was conducted as discusseskittion2.2.8 The resultant mRNA fragments
were then run on 4x agarose gel as described previousiysection2.2.1 Onceit was
confirmed that they possessed the required vector, the cells were storeddmiicpgen
until required or passagex$ normal. The viral titre was then calculated to confirm that the

virus is viable and to help estimate the multiplicity of infection (MOI).

2.5.6 Creation of BpRc1 cell lines

2.5.6.1 Determination of the viral titer

The viral titer was estimated using NIH/3T3 celjiéated 24 hours prior to the experiment)
and viruscontaining medium collected from the three packaging cell lines. Polybreme wa
added to the medium to give a final concentration of 4 pg/ml and filtered through |an®.45
filter. Six 10fold dilutions wereprepared using fresh medium. Cells were infected with the
dilutions then, after 48 hours, were subjected to antibiotic selegievTetOff: 0.5 mg/ml
G418, pRevTRE: 0.3 mg/ml hygromycin). The virus titer related to the number of colonies

present at thdighest dilution, which actually contains colonies, multiplied by the dilution
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factor. This gave a viral titer & x 10* recombinant virus particles per ml for PT67 affx

10* for PT67rAhR and 5 x 16for PT67 hAhR.

2.5.6.2 Estimation of optimum concentrations of antibiotics

The optimum concentration of the two selective antibiotics, G418 and hygromycin, were
calculated by dosing the BpRcl cells with various concentrations of the ansibiiogio
identifying the lowest concentration required tt &ll of the cells within 1 week. A-gvell

plate was seeded with approximately 1 % délls in 5 ml fresikkDMEM and left overnight to
settle. The medium was then aspirated @pdaced with 5 mbf new cDMEM containing 0,

50, 100, 200, 400 or 800 pg/ml of either G418 or hygromycin. The selective medium was
changed every 4 days and the cell density was checked every two days. The&moptim
concentration would be as low as possible but still kill all of the cells iwithdays. The
experiments showed that tloptimum concentrations for G418 and hygromycin w08

pg/mand 600 pg/mirespectively.

2.5.6.3 Creation of double-stable cell line

The BpRcl cells were first infected withrus-containingmedium from the PT60ff cell

line. Thewild-type BpRcl cells were platl in a 100 mm plate overnight at a concentration
that would give approximately 50% confluence at the time of infectiinis-containing
medium was collected from the PT67 off cell limce confluence had occurradd used at

the highest virus concentration possifie dilution) Polybrene was added to the medium to
give a final concentration of 4 pg/rthen it was filtered with a cellulose acetate 0.45 pM
filter. The cDMEM from BpRcl cells was then removed and replaced with the PT67 off
virus-containing mediuniThe cells were then incubated for 24 hours &C3h a 5% CQ
incubator. After 24 hours thevirus-containingmedium was replaced by fresh complete

DMEM medium. Three days after infection, the cells wereautured and subjected to 400
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pHg/ml G418 antibiotic selection for 7 days. Once visible and healthgnesof cellswere

found, they were isolated using cloning cylinders.

Figure 2.8 Photograph of cloning cylinders used for cell isolation

To isolate the colonies, the medium was first removédek cloning cylinders were gently
placed into Vaseline thepositioned aroundhe cell colony(SeeFigure 2.8). The Vaseline

was required to produce a watertight seal around the colony. The cloning cylinders, the
Vaseline and the forceps were autoclaved before use and kept sterile throughout the
experiment. Once the cylinder was secured, 2Dxtypsin EDTA was added and incubated

at 37C for 2 min. Oncehe cells weraletached from the plate, 60 pl medium was added and
the cells were transferred to a 25°cfiask (containing 10 ml of cDMEM) and grown to
confluence Aliquots were then frozen down in liquid nitrogen for future section
2.1.6.2) This produceda stable new cell line called BpRgiRevTetOff (BpRcl off) and

will be requiredo make the two AhR cell line variants.

In order to produce the BpRcell lines withrat and humai\hR, it was necessary to infect
the BpRc1l off cells with either the virus created from the RP6IR cells or from thePT67
hAhR cells. The virus from the PT67 rat cells would produce a destable cell line called

Tao BpRcl rat AhR (BpRctAhR) whereasthe virus from the PT6hAhR cells would

88



Richard Wall

produce a doubistable cell line called Tao BpRcl human AhR (BpR&hR). Infection

and selection was done basedthe same principlasfor the BpRc1l off cell line. The BpRcl
off cells were plated giving a 50% confluence at the time of infectonis-containing
medium (at maximum viral concentratiomps taken either for the PTBAhR or the PT67
hAhR cells and iftered through a 0.45 puM syringe filter. Polybrene was added to the medium
giving a final concentration of 4 pg/mhd the medium was added to the BpRc1l off cells
Cells were infected for 24 houwghereupon the edium was replacedith fresh DMEM

The cells were then sutultured in antibiotic containing medium after 3 days using 600
png/ml hygromycin for 7 days. Healthy colonies were isolated with the cloyinglers as
described previously. The chosen cells were then grownviell6plates, the in 25 cnf
flasks to reach confluencéefore being frozen down in liquid nitrogen for future use.

Confirmation of the presence of the genes was conducted usin@GR{section2.5.7).

2.5.6.4 Creation of transient expression cell line

The creation of a double stable cell line was unsuccessful after several attethptBgRcl
cells were infected to allow transient expression of the AWn&einsinstead © stable
expressioninfection of the BpRcl cell lines with thaerus from thePT67 off cell line was
conducted simultaneously with eithére virus fromthe PT67 rat or human cell lines to
create either BpRctAhR or BpRclhAhR. Virus-containing medium (at maximum viral
concentration) was taken from PT67 off and either the RABR or the PT6/ANR cells

and filtered through a 0.45 uM syringe filter. Polybrene was added to the mediwmg givi
final concentration of 4 pug/ml. The medium was added to BpRcl cells (at 80% coejfluenc
and after 24 hours of infection the cells were transferred tcvee86late and left tgyrow

for a further 24 hours. Cell treatment with compounds was conducted 48 hours after cell
infection with the pRevTREs (AhR) and pRe&f vectors(see sectior2.4.1) Cells were

treated withthe test compounds (TCDD and 5F 203) prior to confirmation that the infection
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was successfuOncesuccessfulnfection was confirmed, the concentrati@sponse curves

were processed as discussed in se@ibr8.

2.5.7 Confirmation of successful infection

2.5.7.1 Presence of cell infection of pRevTet-Off and pRevTRE

Once BPRcl cells were infected by the PT67 viruses, it was necessary to cibrfirm
presence of the vectorpRevTetOff and either pRevTREAhR or pRevTREhWANKR in the

new cell lines.Confirmation of the presence of the vectors was done in the same way as it
was for the PT67 packaging celte€tion2.5.5.3 by usingendpoint PCRwith primers that

detect either the pRevF€lff vector or the pRevTRE vectordble2.12 section2.2.8.

2.5.7.2 Confirmation of the presence of AhR DNA

It was important; not only to confirm the presence of the required vectors, bub atsafitm

only one of the AhR vectors was present in each cell line. Therefore a sxpansnent was
conductedusing primers for the rat and human AhRalgle 2.3). The level of AhR DNA
located in the cellvas required to assess the relative concentrations of the AhRs. BpRcl
wild-type, BpRc1lrAhR andBpRclhAhRcell lines were tested foat AhR, human AhR and
mouse AhR (genomic) which were normalised against m@astin (genomic). The primers

for mouse genomic AhR arfdactin are shown iffable2.13.A separate experiment showed
that the RNA had lBn successfully removed from all of the DNA samp(gsactin primers

for mMRNA gave negative results)

Primer name Sequence
AhRFWQgen CGGGCTTCCGCCAGGTGATG
AhRRVgen AGCTGCTGTGCTGTGTTTGTTCT
ActinFWgen ATGGAGGGGCCGGACTCATCG
ActinRVgen AGGGGAATCCCAGCACCCAGA

Table 2.13: Primers to measure mouse genomic AhR and B-actin.
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2.5.7.3 Absence of PT67 cell contamination

It was also required to confirm that the infected BpRc1 cell lines were niaincioiated with

PT67 cells. As only a small number of BpRcl cells were isolated afteradiatit@sistance,

of which the PT67 cells should be resistant too, there would be tingediorall number of
PT67 cells to grow to confluendérimers were designed to identify PT67 cells by binding to
the env region (gp70 SU) of the integrated Moloney murine leukemia virus genomic
structure. The primers should make a 100 bp product and should not be present in the BpRcl
cells as they donat possess the viral geneshe primer sequences were; PT67FW:
TTTTCTTCTCCCCCGGGGCCC and PT67RV: TGCACCGAGGGGTGAGGGARe to

the failure of the stable infected cell lines, this step was no longer requiredtasimation

by a limited number of PT67 cells would have no effect on the measurement of induction

from the BpRcl cells.

2.5.8 Species specific investigation measuring CYP1A1 expression

2.5.8.1 Expression of AhR mRNA

The ability of AhR mRNAto be transcribed from theRevTREvectorswas measured using
gRT-PCR. The three BpRcl cell lines (wigpe, rAhR and hAhR) were measured for rat
AhR, human AhR, mouse AhR and moysactin mRNA after 4 hours treatment with the
vehicle (0.1% DMSO). The rat AhR primers were run a6® increase their specificity as
they were bindinghon-specificallyto the mouse AhR as well. The mRNA levels for the three
AhR geneswere normalised againgtactin by normalising the Ghreshold value for all
three AhR genes. The same conditions wesed for each of the three genes (excluding the
anneal/extension temperature) and assumed that all three genes work@® affiflency.

The protocol for mMRNA preparation and gRTGR was discussl previously §ection2.4).
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2.5.8.2 Treatment with TCDD and 5F 203

The method ogRT-PCR previously discussed section2.4 was utilised to measure the
induction of CYP1AIMRNA in the genetically engineeré&pRclcells upon treatment with
various AhR agonists. After confirmation of successful infedt@ncells which were treated
eitherwith TCDD or 5F203were processed as previously discussedeantion2.4. Briefly,
the cells (plated in a 9@ell plate) were treated with various concentrationsitbiee TCDD

or 5F203 for 4 hours. Treatment used conditioned medium as discussection2.4.1 The
RNA was purified from the cells and stabgiis into cDNA. @RT-PCR was then used to
measure the levels of mouse CYP1Add mouse B-actin. The sequences of the mouse
primers and probes are shownsiction2.4.4.2.A 10 nM TCDD only control and a vehicle
only control were also conducte@oncentratiomesponse curves of TCDD and 5F 203 were

also conducted in BpRcl wiliype cells as a comparison.
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3. Results

3.1 PCR measurement of CYP1A1 mRNA induction as a measure of AhR
agonism and antagonism

3.1.1 Overview

In order to measure activation of the AhR, measurement of the induction of CYP1A1l was
conducted using RNA isolatedfrom rat liver cells (H4lIE), humabreastcarcinoma cells
(MCF-7), mouse fibroblast cells (NIH/3T3) amdouse AhRdeficient cells BpRcl) using
gRTPCR. The levels of CYP1AIMRNA were normalised agains$ivo referencegenss,

AhR and p-actin, which were unaffected by the treatmen{glead and Kennedy2007

Laupezeet al., 2002; Walkeet al., 1999; Wuet al., 2002).

3.1.2 Method optimisation

3.1.2.1 The use of conditioned medium
Bazzi (2008) showed that the fetal bovine serum (added to the cMEM/cDMEM medium)

used to treat the cells also contaiddtR ligands such as indirubin (Adaddtial., 2001).

1000
100

10

% of Maximal Response

0.1

0.01 1y
Y
> &

Q S
&OO & R
N S
c® O
Figure 3.1 Effect of conditioned vs. fresh medium- Rat H4IIE cells were treated with either 10 nM TCDDO0.1%
DMSO, fresh MEM, conditioned (24 hrs) cMEM or 1 uM CH2231810.1% DMSOfor 4 hours. Cell treatment, RNA

isolation and gRIPCR analysis was as described in method. The normalised regpomsemaximal CYP1A1 mRNA

induction by 10 nM TCDIis shownon a log scale, aneach bar represerttse mean of 3 biological replicatesSD.
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The effect of the cMEM medium on the induction of CYP1Al was confirmed in raEH4lII
cells Figure3.1). A positive control of 10 nM TCDD and a known antagonist of the AhR
(negative control), CH223191, were used to compare against values derived from the
medium samplesThe fresh medium induced CYP1A1 mRNA by 15% of the maximum
induction by 10 nM TCDD (100% or maximal induction). Conditioned medium and
CH223191 ih 0.1% DMSQ gave mRNA levels of 0.4% and 0.1%, respectively, of the
maximal response by 10 nM TCDDOhere is a 3dold difference beveen fresh and
conditioned medium. Furthermore fresh medium gives a maximum signal to noisef ratio o
only 7-fold whereas conditioned medium gives a ratio of-£80. Based on this evidence,

conditioned medium was always used when treating cells for cvatienresponse curves.

3.1.2.2 Isolated RNA quality

In order to confirm the quality of RNA purified from the rat H4lIE, human MCF7 and
mouse NIH/3T3 cells, RNA samples were run on a 1x agarose gel. IniballRNA was
isolated and purified from cells using ‘Absolutely RRIAViniprep Kit' (Stratagene,
Netherlands). The RNA samples were then run dix agarose gel for 60 min at 100
Figure 3.2 shows the gel with the three species; rat (H4IIE), human MC&d mouse

(BpRcl).
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Figure 3.2 Agarose gel of RNA quality— RNA samples of rat H4IIE23, human MCF and mouse BpRcl cells were run

on a 1x agarose gel. The 1x gel was made as descrilsedtion2.2.1and run for 60 min at 109. The gel was stained

with ethidium bromide for 20 min before being photographed wifiolRad chemdoc UV cameréA) 1 kbp Plus DNA

ladder (Invitrogen), (B) rat H4IHE3, (C) human MCF/, (D) mouse BpRcl cells and (E) Negative conffbe bands 18S

and 26S are labelled.

Figure 3.2 shows that the purified RNA is of good quality with two distinct bands seen at

28S and 18S. This aldadicatesthat the RNA has negligiblgenomic contaminatioor

RNA degradation.

3.1.2.3 Standard curves

In order to validate the primer set and probe, the PCR efficiency was measumedwA
amount of cDNA was diluted in master mix with the relevant probe and primethéeor
particular gene of interest. Thefficiency curves were produced by diluting a known

concentration of cDNA followed by measurement using ¢FCR.
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Figure 3.3: PCR efficiency for CYP1Al, p-actin and AhR measured in (A) rat H4lIE cells, (B) human MCF7 cells
and (C) mouse BpRc1l cells A 5 point dilution series of cDNA was used to produce a concentration graciE{A
quantity is plotted against the ®here the fluorescence threshold is crossed. Red: CYP1A1; green: AhR; blue: B-actin. The
initial quantity of input cDNA is shown on theaxis as a relative amount, and th€d each dilution is shown on the Y
axis, graph shows all 3 replicates separately. The fit of the data togheadidetermined by analysis, and the efficiency
of PCR was determined from the slope of the line. (D) The table shows th&atemlcefficiencies as percentage. Final

probe and primer concentrations w2300 nM.

Figure 3.3 shows the PCR efficiencies of all three genes in (A) rat, (B) human and (C)
mouse cells. The B-actin, CYP1Al and AhR PCR efficiencies are showrkigure 3.3D.
There was no interference between the three dyes used (FAM, HEX abil v@kdaing

the use of CY5 for the probe dyeThis alsoconfirms both the ability of the assay to detect

all three genes and that they all have the desired efficiency. “Thalues for B-actin,

CYP1Al and AhR in all species were >0.99 demonstrating the precision of the dilutions
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used.The PCR reactionaere run in the same well in a multipléoe all of the gaeshence

these efficiencies demonstrate the R&iitiencyin multiplex

3.1.2.4 Normalisation genes are unaffected by the treatment

An important aspect of the gRACR strategy of normalising CYP1A1 against teference
genes, f-actin and AhR, is that the two genes are unaffected by the treatmerder to test

this, rat or human cells were treated with TCDD for 4 hours as a model agonist, and gRT
PCR performed for the twieferencegenes, f-actin and AhR. This dataas normalised as

fold difference of vehicle controF{gure3.4).
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Figure 3.4: Effect of TCDD on the normalisation genes, f-actin and AhR measured in (A) rat H4IIE cells and (B)

human MCF-7 cells— Cells were treated with various concentration of TCDD. /IR was conducted to measure AhR

and B-actin mRNA levels. The graph shows the normalised -fiifference mRNA levels against vehicle control. The
graphs show thdi-actin and AhR are not affected by the treatment compolath point is the mean of three biological
replicates + S.D

Both graphshowthat the normalisation genes are not affected by the TCDD treatment and

are therefore suitable to normalise CYP1IAl mRNA. Mouse AhR and B-actin were also

unaffected by the treatmefdtata not shown).

3.1.3 Validating the method of MRNA measurement

3.1.3.1 Agonism - TCDD

The method of measuring agonism was developed previously (Bazzi, 200&; &£I2009;

Wall, 2008). Additional improvements were made during this project so the method was
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validated again. Furthermore, in order to confirm the repeatabilithe assay between
experiments and to confirm that each experiment will give the sargg &Veral TCDD
concentratiorresponse curves, which were conducted over the period of the study, were
compared Kigure 3.5. Rat H4llE and human MCF cells were treated with various
concentrations of TCDD which were then plotted against normalised CYP1A1 mRNA and

compared against a vehicle control (VC).
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Figure 3.5: Comparison of three TCDD concentrationresponse curvesn A) rat H4lIE cells and B) human MCF-7

cells - H4lIE cells or MCF7 cells were treated with the indicated concentrations of TCDD for 4 hourgrapk shows

four curves taken from various experiments and calibrations over a period tfdheConcentratiorresponse curves were
created by plottinghe % of maximal CYP1A1 mRNA induction by 10 nM TCDD against concentration of 4ggRi5-

PCR was used to measure the level of induction of CYP1AIl and compared against control genes, f-actin and AhR.
QbasePlus was used to normalise the,delid&ch was plotted using 10 nM TCDD only control as 100% of the maximal
responseEach point is the mean of three biological replicates £\8CDVehicle control.

The graph shows that a concentration of more than 1 nM, in rat, and 10 nM, in human, is
required to reach the maximal response. Furthermore the vehicle control providésness
0.5% of the maximal response in both cell lines. TheyB€the three ratell curves were
33.7 pM, 33.9 pM and 32.0 pM (Mean = 33 pM, S.D. = 1 pM) and the three hceflan
curves wee 675 pM, 633 pM and 740 pM (Mean = 683 pM, S.D. = 50 pM). This shows that

the method provides reproducible results and can therefore be used for accuratescompa

between other experiments.
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3.1.3.2 Antagonism - CH223191

CH223191 has been shown to have antagonistic activity for the AhR in mouse and human
cells, but the antagonistic activity has not been quantified @iad., 2006). Initially, an
experiment was conducted to confirm that CH223191 has no agonistic aictivétty cells.

Cells were treated with various concentrations of CH223191 up to a concentration of 1 pM.
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Figure 3.6 CH223191 has no agonistic properties and is an antagonisf TCDD induction of CYP1Al — (A)
CH223191 has no agonistic properties (compasétth a TCDD only curve). (B)Concentratiorresponse curve for
CH223191 antagonisiof CYP1A1 induction by 1 nM TCDD. For both experiments rat H4IIE cgéise treated with test
compounds for 4 hoursConcentratiofresponse curves were created by plotting %hef maximal CYP1A1 mRNA
induction by 10 nM TCDD against concentration of agorg&®T-PCR was used to measure the level of induction of
CYP1Al and copared against control genes, B-actin and AhR.Qbas®lus was used to normalise the data which was
plotted using 10 nMA) or 0.1 nM (B)TCDD only control as 100% of the maximal response. Results were compgred w

a vehicle control (VC) and a 10 nM TCDDIgi{TC). Each point is the mean of three biological replicates + S.D
Figure 3.6A shows CH223191 compared with a TCDD onbncentratiorresponse curve.
The graph demonstrates that compared W{IIDD, CH223191 has no agonistic properties
in this experiment. Aconcentratio-inhibition curve was constructed using a set
concentration of 1 nM TCDD which gave approximatelyl®0% of the maximal induction

of CYP1Al in the presence of various concentrations of CH233ERuré 3.6B). The
inhibition of 1 nM TCDD induction of CYP1A1 in the presence of increasing concentrations
of CH223191 was compared agstia vehicle control (VC) and a 10 nM TCDD only control

(TC). The 1Go was 411 nM (95%CI = 300 nM — 562 nM)In order to perform &child
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analysis, severaloncentratiorresponse curves are required to get a reliable estimate for the
Kg. Using theconcentration-inhibitioncurve in Figure 3.6B, it was possible to find the
window of measurable response where the CH223191 affected the indudBy®dAl by
TCDD. Another limiting factor was the maximum concentration of TCihat could be

used which is 10 nM. Previous work had shown that a higher concentration would not stay in
solution and could therefore provide inaccurate information. Therefore, TCDD cotioantra
response curves in the range of 1 pM to 10 nM were peefbnim the presence dbur

concentrations of CH223191; 30 nM, 100 nM, 300 nM and 1 kilyu¢e3.7A).
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E 80' w +1uM I = 2.0
-
3 60 g 15
N 40+ % 1.04
3
201 0.5
0 - 0.0 T T T T J
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Figure 3.7: Schild analysis of CH22319% (A) TCDD concentratiofresponse curves theabsence and presence of 30
nM, 100 nM, 300 nM and tM CH223191, (B) Schild plot of CH22319Cells were treated with various concentrations of
TCDD in the presence or absence of either: 30 nM, 100 nM, 300 nM or 1 uM CH2@8Whours in rat H4IIE cells
Concentratiofresponse curves were created bytpigtthe % of maximal CYP1A1 mRNA induction by 10 nM TCDD
against concentratioaf agonist.JRTPCR was used to measure the level of induction of CYP1Al and compied
control genes, B-actin and AhR. Qba&duswas used to normalise the data which wastedl using 10 nM TCDD only
control as 100% of the maximal response. Results were compared with an ah@ggrisntrol (AC), a vehicle control
(VC) and al0 nM TCDD only control (TC). Schild plot was plotted as the Log[Dose Rdtjoagainst Log[Antagaist].

Schild shift was calculated by GraphPRism5. Each point (A) is the mean of three biological replicates + S.D

Cells were treated for the particular combination of compounds for 4 hours. Amrstag
only control (AC), vehicle control (VC) and 80 nM TCDD only control (TC) were

included. The TCDD only control (TC) was included for comparison as well asasecu
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measure of the 100% maximal induction. A TCDD only curve was included as comparison
which included a vehicle control (VC). The graph shows that as the concentration of
antagonist is increased, the further to the right the curve is in comparison to tBechGD
curve. The EG for TCDD alone was 115 pM (95% CI = 89 pML47 pM), +30 nM: EG

was 313 pM (95% CI = 266 pM868 pM), +100 nM: Esowas 1.08 nM (95% CI = 933 pM

- 1.24 nM), +300 nM: Eg was 4.11 nM (95% CI = 3.34 nM5.04 nM) and +1 uM: E&

was 16.2 nM (95% CI = 12.4 nM21.0 nM). This shift to the right can be used to calculate
the Ky of CH223191 by measuring the &G of each curve and compare them with the
TCDD only curve. This analysis was done automatically by GraphPad Prism areoftle
Log[Dose ratio-1] was plotted against Log[Antagonist Dose] as showrignre3.7B. The

Kq was calculated to be 18.2 nfd5% Cl =14.1 nM to 23.6 nN The slope of the line was

1.26 + 0.03 with an’rvalue of 0.99 showing that the line fits well to the data.

3.1.4 Mixed halogenated dibenzop-dioxins

3.1.4.1 Summary of substituted-dibenzo-p-dioxins in rat H4IIE cells

Concentration data in food, combined with previous potency research, has shown that these
compounds may have a significant impact on TEQ based risk assesJrablat 1(.2).
Therefore calculating the potency of these compounds will allow a beiteagsn for risk
assessmenRat H4IIE cells were treated with varioehlorinated, brominated amnixed
halogenatd dibenzep-dioxins for 4 hours to calculate their potency based on the induction

of CYP1A1 mRNA. The structures, B and REP values calculated in this work are

summarised ifable3.1 to allow comparison.
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N 4 o R R

O O 5
R? 1 o 5 R
Rl
Structure ECs0(95% ClI) REP
2-B-7,8-DiCDD
Ri=H: R=Br: R=H: R'=Cl: R°=Cl 904 pM (710 pM-1.15nM)  0.05
2,3, 7~TriBDD
Ri=H: R=Cl: RP=Cl: R'=Br: R=H 1160 pM (813 pM—1640 pM)  0.04
TCDD

Ri=H: R=Cl: R=Cl: R=Cl: R°=Cl 47.6 pM (36.4 pM-62.2 pM) 12

2-B-3,7,8TriCDD
R'=H; R*=Br; R’=Cl; R’=Cl; R°=Cl
2,3-DiB-7,8-DiCDD
R'=H; R°=Br; R*=Br; R*=Cl; R°=Cl
1-B-2,3,7,8TetraCDD
R'=Br; R°=Cl; R®’=Cl; R*=Cl; R°=Cl

2-B-1,3,7,8TetraCDD
R'=Cl; R=Br; R=Cl; R*=Cl; R*=Cl 86.4 pM (65.3 pM-114 pM) 0.5

23.7 pM (15.4 pM-36.6 pM)  2.01
168 pM (138 pM- 206 pM) 0.28

398 pM (264 pM 599 pM) 0.12

Table 3.1: A summary of the potency ofsubstituted-dibenzo-p-dioxins as AhR agonistsin rat H4IIE cells - ECsg
values are shown with their 95% confidence intervdlsThe REP isa comparison witlthe EG, of TCDD within this
experimental group.

The results show that all of the compounds are wi@aiiold less potent than TCDD with
the exception oR-B-3,7,89riCDD which is shown to be-tbld more potent than TCDD.
The full concentration response curves are also shown hEligwre 3.8 to Figure 3.11).

Some of the compounds were also tested in human KIGHis(Figure3.9).

3.1.4.2 Tri-substituted-dibenzo-p-dioxins

The potency of two trsubstituted dibenzp-dioxins, 2B-7,8-DiCDD and 2,3,7TriBDD,
was measureth rat H4lIE cells. The compounds are structurally similar to Z[8ZDD
which is a known low potency AhR ligand (REP = 0.00BBhnischet al., 2003) butwas
not considered in the WHO TEF 2005 risk assessrfMant den Berget al., 2006) The
increase irthe levels of CYP1A1 mRNA was used as a measure for AhR activiigure

3.8 shows the potency of the two compounds compared against TCDD in lE&tciHdd.
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Figure 3.8 Potency of2-B-7,8-DiCDD and 2,3,7TriBDD as AhR agonists- Rat H4IIE cells were treated with various
concentrations of eithe2-B-7,8-DiCDD, 2,3,7TriBDD or TCDD. Concentratiofresponse curves were created by plotting
the % of maximal CYP1A1 mRNA inductidoy 10 nM TCDD against concentration of agonigRT-PCRwas used to
measure the level of induction of CYP1A1 and compared against control genes, B-actin and AhRQbasePlus wassed to
normalise the data which was plotted using 10 nM TCDD only control as 100% of theahagsponse. Results were
compared witha vehicle control (VC) and a 10 nM TCDD only control (TC). Each pisithe mearof three biological
replicates + S.D

The potenciesof 2-B-7,8DICDD (Figure 3.8A) and 2,3,7TriBDD (Figure 3.8B) were
estimatedto be1.16 nM (95% Clis shown inTable 3.1) and 904 pM, respectively. This
produced REPs of 0.04 and 0.05 ®B-7,8DiCDD and 2,3,7TriBDD, respectively.The
ECso of TCDD was calculated to BE7.6 pM (36.4 pM-62.2 pM) and was usdtiroughout

sectiors3.1.4 and 3.1.5.

3.1.4.3 Tetra-substituted-dibenzo-p-dioxins

TCDD is one of the most potent chimated congeners and is the most characterised of the
AhR ligands. Two mixed halogenateibenzep-dioxins with the saméackbone structure

as TCDD, 2B-3,7,8TriCDD and2,3DiB-7,8DICDD, were tested to investigate the effect
of substituting chlorine for bromine. All of the compounds were tested in rat HéllE c
Additionally TCDD and 2B-3,7,8-TriCDD were tested in human MEF cells to allow
species comparisorrigure 3.9shows the comparison of these two compounds in rat and

human.
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Figure 3.9: Comparison of 2B-3,7,8TriCDD and TCDD agonism of AhRin different species— (A) Rat H4IIE and (B)
human MCF7 cellstreated with 2B-3,7,8TriCDD or TCDD for 4 hoursConcentratiorresponse curves were created by
plotting the % of maximal CYP1A1 mRNA indtion by 10 nM TCDD against concentration of agongRT-PCRwas
used to measure the level of induction of CYP1A1 and compétkdontrol genes, B-actin and AhRQbasePlusvas used

to normalise the data which was plotted using 10 nM TCDD only cordrb08% of the maximal response. Results were
compared with a vehicle control (VC) and a 10 nM TCDD only control (TC). Each igainé mearof three biological
replicates + S.D

The EGos of TCDD and 2B-3,7,8TriCDD in rat Figure3.9A) were 47.6 pM and 23.7 pM,
respectively. The data shows thaB2,7,8TriCDD is 2-fold more potent than TCDD at
inducing CYP1A1 mRNA (p<0.0001). The two compounds were then tested in human
MCF-7 cells under the same experimental conditidgfigufe 3.9B). The EGes in human
were465 pM (95% Cl = 341 pM- 633 pM) for TCDD and 187 pM (95% Cl = 111 pM
319 pM) for 2B-3,7,8TriCDD. Analysis showed that-B-3,7,8TriCDD was ~2.5-fold
more potent at inducing CYP1A1 mRNA than TCDD (p<0.0@5R-3,7,8TriCDD gave a

REP of 2.01 and 2.49 in rat H4lIE and human MCeells, respectively.
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Figure 3.10: Potency of 2,3DiB-7,8-DiCDD as an AhR agonist Rat H4IIE cells were treated with 2[AB-7,8-DiCDD

or TCDD for 4 hoursConcentratiorresponse curves were created by plotting the % of maximal CYP1A1 mRNA induction
by 10 nM TCDD against concentration of agontgg/RT-PCR was used to measure the level of induction of CYP1Al and
compared against control genes, f-actin and AhRQbasePlus wagsed to normalise the data which was plotted using 10
nM TCDD only control as 100% of the maximal response. Results were comptredwehicle control (VC) and a 10 nM
TCDD only control (TC)Each poinis the mearof three biological reptiates + S.D

Investigation of the potency @3-DiB-7,8-DiCDD found an EGp of 168 pM (Figure3.10

which produced a REP of 0.28. This shows that the compound is still a potent agonist which

is ~3fold less potent than TCDD.

3.1.4.4 Penta-substituted-dibenzo-p-dioxins

A selection of pentaubstitdied halogenated dibengedioxins, 1-B-2,3,7,8FetraCDD and
2-B-1,3,7,8TetraCDD, were tested in rat H4lIE cells and compared against TCDD.
1,2,3,7,8PentaCDD is a potent AhR ligand in the same magnitude as TCDD with a TEF of

1 (Van den Bergt al., 2006).
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Figure 3.11: Potency of 1B-2,3,7,8TetraCDD and 2-B-1,3,7,8TetraCDD as AhR agonists— Rat H4IIE cells were
treated with 1B-2,3,7,8TetraCDD and 2B-1,3,7,8TetraCDD for 4 hours. TCDD was also plotted for comparison.
Concentratiofresponse curves were created by plotting the % of maximal CYP1A1 mRNAiowbgt10 nM TCDD
against concentration of agonigRT-PCR was used to measure the lefeinduction of CYP1Al and compared against
control genes, B-actin and AhRQbasePlus wagsed to normalise the data which was plotted using 10 nM TCDD only
control as 100% of the maximal response. Results were compared with a vehigdé (ME) and a 0 nM TCDD only
control (TC).Each poinis the mean of three biological replicates + S.D

According to the results iRigure 3.11A the EGo for 1-B-2,3,7,8TetraCDD was 398 pM
(whereas the E4g for TCDD was47.6 pM). This means that the compound isdlf less
potent than TCDD with a REP of 0.1R2igure3.11B shows rat H4IIE cells treated withB-
1,3,7,8TetraCDD whichgivesan EGg of 86.4 pM (95% CI = 65.3 pM- 114 pM). This

means that the compound is omlgprximately 2-fold less potent than TCDD producing a

REP of 0.55.

3.1.5 Mixed halogenated dibenzofurans

3.1.5.1 Summary of substituted-dibenzofurans in rat H41IE cells

Concentration data in food, combined with previous potency research, has shown that these
compounds mayave a significant impact on TEQ based risk assessmabte(1.3). Rat

H4IIE cells were treated with varioushlorinated, brominated or mixed halogeth

dibenzofurans for 4 hours to calculate their potency based on the induction of CYP1Al
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MRNA. The structures, B¢ and REP values calculated in this work are summarised in

Table 3.1 to allow comparison.

Structure ECs0(95% ClI) REP
Rzt Re=Br; Rt Rk Rk Ro=gr; Mg 200 PM (I00PM-ST10pM) 002
Ri=H: RE=Br: Rﬁﬁ'&iﬂﬁgzw R=Cl: R=Cl 129 nM (90.1 nM-184 nM) ~ 0.0004
R'=H; R=Cl; R=Cl; -lI;QE:=DHF; R°=H; R=Cl; R’=Cl 413 pM (196 pM-869pM) 0.12
Ri=H; Ré=Cl; Rocbr: izt FooH; RE=Cl; R=Cl 151 pM (106 pM- 214 pM) 0.32
Ri=H: F=Br: é’j’éiﬁfﬁ?@fg; R=Cl: F=Cl 80.3 pM (65.0 pM-99.1 pM) 0.59
R'=H; R*=Br; R32:I|3-|6R7“:8Ij|-rll(?:szlczil R°=Cl; R’=Cl 305 pM (214 pM-434 pM) 0.16
R'=H; R=Cl; R3=CI;IID?4€£=:[C):::; R°=H; R=Cl; R’=Cl 278pM (179pM - 433 pM) 0.17
Rt R=Cl; R=l; Ki=Br, RoH: R=Cl: =0l 150 pM (86.9 pM-260 pM) 0.2
R'=Br; R2=CI;1F-€?=%I?;’,IZ€2‘E=;L?§5S[H)!:RG=CI; R'=Cl 351 pM (275 pM-449 pM) 0.14
R'=Br; Re= C|;1§:DE;E_§<"‘Z'|E;TIQSC:[|)-|F; Re=Cl; R'=Cl 214 pM (119 pM-386 pM) 0.22

Table 3.2: A summary of the potency ofsubstituted-dibenzofurans as AhR agonistsin rat H4lIE cells - ECsy values
are shown with their 95% confidence intervals. The REP is comparisonhe&itiG, of TCDD within this experimental
group (Sedable3.1).

Theresults show that all of the compounds are wigHold less potent than TCDD with

the exception oR-B-7,8DICDF which is shown to be2700fold less potent than TCDD.

The full concentration response curves are also shown bElgur¢3.12 toFigure3.14).

3.1.5.2 Tri-substituted-dibenzofurans

The potency of B-7,8-DICDF was tested in rat H4IIE cells and compared against TCDD.

The compoundhas the samebackbone structure as 2,7T&CDF although one of the
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chlorine atoms is substituted with bromine. 2,7tBCDF has been previously tested with a
REP of 0.0015 (Behnisadt al., 2003), however the compound is not included in the WHO

TEF estimations.
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Figure 3.12: Potency of 2B-7,8-DiCDF and 2,7,8TriBDF as AhR agonists- Rat H4IIE cells were treated withE2-7,8-
DiCDF or 2,7,8TriBDF for 4 hours. TCDD was also plotted for compariséoncentratiorresponse curves were created
by plotting the% of maximal CYP1A1 mRNA induction by 10 nM TCDD against concentraifagonistgRTPCR was
used to measure the level of induction of CYP1A1 and compared against control genes, B-actin and AhRQbasePlus was
used to normalise the data which was plotted using 10 nM TCDD only control as 100% of imalmesponse. Results
were compared with a vehicle control (VC) and a 10 nM TCDD only control (E&)h pointis the mean of three
biological replcates + S.D

Figure 3.12A shows the potency of-B-7,8-DICDF which was calculated as 129 n®b6%
Cl is shown inTable3.2). This was 10,006old less potent than TCDD and gave a REP of
0.00037. This was compared with 2;f8BDF, which provided an Ef of 2.02 nM
(Figure3.12B) andwas calculated to be approximately-fold less potenthan TCDD with

a REP of 0.024.

3.1.5.3 Tetra-substituted-dibenzofurans

TCDF is one of the most potent members of difgenzduran family (TEF = 0.1; Van den
Berg et al., 2006). Two mixed halogenated versions of the compoust23¥,8-TriCDF
and 2,3DiB-7,8-DiCDF, were tested and compared alongside TCDD. The compounds were

testedn rat H4l1IE cells for 4 hours to measure the induction of CYP1A1l mRNA.
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Figure 3.13: Potency of TCDF, 3-B-2,7,8TriCDF, 2,3-DiB-7,8-DiCDF and 2-B-6,7,8TriCDF as AhR agonists- Rat

HA4IIE cells were treated with (A)CDF, (B) 3-B-2,7,8TriCDF, (C) 2,3DiB-7,8-DiCDF, (D) 2-B-6,7,8 TriCDF or TCDD

for 4 hoursConcentratiofresponse curves were created by plottingthef maximal CYP1A1 mRNA induction by 10 nM
TCDD against concentratioof agonist.gRTPCR was used to measure the level of induction of CYP1A1 and compared
against control genes, p-actin and AhRQbasePlus was used to normalise the data which was plotted using 10 nM TCDD
only control as 100% of the maximal response. Results were compared with a gehtoé (VC) and a 10 nM TCDD

only control (TC).Each poinis the mearf three biological reptiates + S.D

Previous work by this authgwhich was newly calibratebdased on GC/MS dgtaalculated
the EGp of TCDF (A) as413 M (95% CI = 196 pM- 869 pM; Wall, 2008)Figure 3.13
shows the potency of (B3-B-2,7,89riCDF, (C) 2,3DiB-7,8-DICDF and (D)2-B-6,7,8-
TriCDF compared with TCDD. The Egfor 3-B-2,7,8TriCDF was 151 pM, the Ef for

2,3DiB-7,8DICDF was 8@ pM and the Eg for 2-B-6,7,87riCDF was 305 pM. The

results show that the three mixed halogendibdnzdurars arebetween 2 andO-fold less
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potent thanTCDD (p<0.0001 for all three compounds) and the three mhadgenated
dibenzdurars are also statistically different from one anoth&ing a Ftest(p<0.005). The
REP for3-B-2,7,89riCDF, 2,3DiB-7,8-DICDF and2-B-6,7,8TriCDF was calculated to be

0.32, 0.59 and 0.1@espectively

3.1.5.4 Penta-substituted-dibenzofurans

Based on the WHO TEQ summaBeCDFis a high potency ligand approximatedyfold

less potent than TCDD (REP = 0.3; Van den Bati., 2005).
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Figure 3.14: Potency of PeCDF, 4-B-2,3,7,8TetraCDF, 1-B-2,3,7,8TetraCDF and 1,3DiB-2,7,8TriCDF as AhR
agonists- Rat H4IIE cells were treated with (&eCDF (B) 4-B-2,3,7,8TetraCDF, (C) 1B-2,3,7,8TetraCDFand (D)
1,3-DiB-2,7,8TriCDF for 4 hours.Concentratiorresponse curves were created by plotting the % of maximal CYP1Al
mRNA induction by 10 nM TCDD against concentration of agogR{T-PCRwas used to measureet level of induction

of CYP1A1 and compared against control genes, f-actin and AhR. QbasePlus wased to normalise the data which was
plotted using 10 nM TCDD only control as 100% of the maximal response. Resultsongrared with a vehicle control

(VC) and a 10 nM TCDD only control (TC). Each poimthe mean of three biological replicates + S.D
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Four pentesubstituted dibenZorans were tested including PeCI¥E3,4,7,8PeCDF)and
4-B-2,3,7,8TetraCDF which have the same structurd3-2,3,7,8TetraCDF and 1;BDiB-
2,7,8TriCDF are based on the structdr®,3,7,8PeCDF(TEF = 0.03, Van den Berg al.,
2006) which is 50-fold less potent than TCDD. The four compounds were itesgtdH411E

cells for 4 hours and compared against a concentration-response curve of TCDD.

The EGo for PECDF shown inFigure3.14A was calculatedneviouslyby this author (newly
calibrated) a278 pM(95% CI =179 gM — 433 pM; Wall, 2008), which was shown to be 5
fold less potent than TCDCFigure 3.14B shows the potency o4-B-2,3,7,8TetraCDF
compared against TCDID rat H4IIE cells which was IbpM which gave a REP of 0.32
The EG for 1-B-2,3,7,8TetraCDF was calculated te 351 pM producing a REP of 0.14.
Finally the EG for 1,3DiB-2,7,8-TriCDF was calculated tbe 214 pM giving a REP of

0.22.

3.1.6 Mixed halogenated biphenyls

3.1.6.1 Summary of substituted-biphenyls in rat H4IIE cells

Concentration data in food, combined with previous potency research, has shown that these
compounds may have a significant impact on TEQ based risk assessment {s8@idRat

H4IIE cells were treated with varioushlorinated, brominated omixed halogenated
biphenyls for 4 hours to calculate their potency based on the induction of CYP1A1 mRNA.
The structures, Efgs and REP values calculated in this work are summariseabie3.3to

allow comparison.
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Structure ECs0(95% CI) REP
RizH: R=Cl: Kodl R=Cl: K= Cl 28.9 pM (19.9 pM-41.9 pM) P

SRR s o
AT PeNE | e 0z
Al g e 200 pM (78.2 pM-513pM)  0.14
A LR e it e el 72.2 pM (48.4 pM-108 pM)  0.40
AT ey o
Rz ;zéfly_’fﬁg’fgl?tgﬁiﬁpgsz é|(;)5|26: o 1.60 UM (1.56 uM-1.63 uM)  0.000002
RZCl R e e et 2.46 UM (2.10 UM-2.90 uM)  0.00001
P LA S e 11.8 M (10.5 uM-13.2 uM)  0.000003
RZO B Ry e 775 nM (655 nM-917 nM)  0.0001
RioCl o R e e e 122 M (104 nM-144nM) ~ 0.0002
el il ol e U 139 NM (95.5 nM-203nM)  0.0002

Table 3.3: A summary of the potency ofsubstituted-biphenyls as AhR agonistsin rat H4lIE cells - EC5, values are

shown with their 95% confidence interval$: The REP iscomparison witithe EG, of TCDD within this experimental

group.

The results show that all of the nrortho-substituted biphenyls are within -ifld less
potent than TCDD. The morwtho-substituted biphenyls were shown to be at least-5000
fold less potenthan TCDD (PCB 156 andXB 156)and up to 50@004old less potent than
TCDD (PCB 105). The full concentratiomsponse curves are also shown be(fgure

3.15 toFigure 3.22). Three compounds, PCB 105, 118 and 156, were selected for further

analsis based on their high environmental abundahbese congeners may have adess

112



Richard Wall

thanadditive effect on the total TCDIike toxicity of a mixture and could therefore be
useful when studying the theory of additivity. The useqBT-PCR will be applied to
measure CYP1AImRNA induction of the compounds in the presence of TCDD to

determine if the compounds have any antagonistic properties.

3.1.6.2 3,3°,4,4’,5-substituted biphenyls (PXB 126)

PCB 126 is the most characterised and one of the most potent of the polychlorinated
biphenyls. Several congeners with the sabckbone structure but with different
substitutions were tested to see if they had equally potent properties. SevBrdl2B
congenersPXB 126B, PXB 126HPXB 126V and 3,3,4,4’,5PentaBB (PBB 126), were
tested to see if the addition of bromine had a positive impact on the ability of the compound
to elicit a AhRmediated response. These compounds were all tested in rat H4llETbells
induction of CYP1A1 mRNA by PCB 126 and PXB 126B were also tested in humar/MCF

cells to gauge the specispecific response of the compounds.

A B
§120 -A—TCDDZG l l . 1201
o T f Lol T :
g
E 80 % 804 ~ PCB 126 .
g 60 5 6o y
o 401 ;\6 40
201
VC 13 12 -11 -10 9 -8 -7 TC vC -13 12 -11 -10 9 8 7 TC

Log[agonist] Log[agonist]

Figure 3.15. Potency and pecies comparison of PXB 126B and PCB 126 as AhR agonist$A) Rat H4lIE and (B)
human MCF7 cells were treated with various concentrations of PXB 126B or PECEd2centratiorresponse curves
were created bplotting the% of maximal CYP1A1 mRNA induction by 10 nM TCDD against concentration of agonis
gRT-PCR was used to measure the level of induction of CYRfHRNA and compared against control genes, B-actin and
AhR. QbasePlus wassed to normalise the datehich was plotted using 10 nM TCDD only control as 100% of the
maximal response. Results were compared with a vehicle control (VC)l&hdM TCDD only control (TC). Each poiigt

the mean of three biological replicates + S.D
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The agonistic properties 3ICDD, PCB 126 and PXB 126B were tested in rat H4Rk(re
3.15A) and human MCH cells Figure 3.13). In rat, the EGy for TCDD was 28.9 pM
(95% Ckareshown inTable3.3), PCB 126 was 281 pM and PXB 126B was 130 pM. PCB
126 was10fold less potent than TCDD with a REP of @.This corresponds Wewith the
WHO TEF value of 0.1 (Van den Beeyal., 2006). PXB 126Bvas5-fold less potent than
TCDD and, in turn, Zold more potent than PCB 126. A REP ofDwas calculated for this
compound. The E£gs for PCB 126 and PXB 126Beresignificantlydifferent (p = 0.0006).

In humanMCF-7 cells the EGo for TCDD was 464 pM (95% CI = 341 pM — 633 pM), PCB
126 was 3.81 nM (95% CI = 2.89 nM5.02 nM) and PXB 126B was 947 pM (95% CI =
807 pM—-1.11 nM). The REP calculated for PCB 126 wa<@hich is supported by the
REP calculated in rat H4IIE cells and WHO TEF (0.1; Van den Beaj., 2006). PXB
126B is 2fold less potent than TCDD giving a REP od®and is 5fold more potent than
PCB 126 in human MCF-7 cells. TCDD and PCB 126 were shown to be 15-fold more potent
in rat than in human cells. PXB 126B was shown t@4@d more potent in rat than human
cells. Two other PXB 126 substituted compounds and PBBnE26 tested in rat H4lIE to

measure their potencies.
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Figure 3.16: Potency of PXB 126H, PXB 126V and PBB 126 as AhR agonistRat H4IIE were treated with various
concentrations of (AB’,4'-DiB-3,4,5TriCB (PXB 126H, (B) 3',4',5-TriB-3,4DiCB (PXB 126\) or (C) 3,3'4,4'5
PentaBB PBB 12§. TCDD was also plotted for comparison. (D) Comparison of REPs apg EC norortho-substituted
biphenyls (PXB 126).Concentratiofresponse curves were created by plotting ¥heof maximal CYP1A1 mRNA
induction by 10 nM TCDD against concentration of agordg®T-PCR was used to measure the level of induction of
CYP1Al and compared againsintrol genes, B-actin and AhR.QbasePlus wassed to normalise the data which was
plotted using 10 nM TCDD only control as 100% of the maximal response. Resultsongrared with a vehicle control

(VC) and a 10 nM TCDD only control (TClEach poinis the mean of three biological replicates + S.D

The potency of PXB 126H’XB 126V and PBB 126 arghown inFigure 3.16 The EGes
were200 pMfor PXB 126H, 72.2 pM for PXB 126V and 622 pgivt PBB 126. The E§; of
TCDD was shown irFigure 3.15A. This gave REPs of 0.15, @.4nd 0.05 for PXB 126H,
PXB 126V and PBB 126, respectively. All three compoundse within 2- to 20fold less

potent than TCDD in rat H4IIE cells.
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3.1.6.3 2,3,3,4,4’-substituted biphenyls (PXB 105)

PCB 105 was identified as an environmdgtabundant AhR ligand. Furthermore previous
research has suggested in may also have antagonist profdrtiesforeto investigate what
impact these properties could have on risk assessment, the agonistic and antagonistic
properties of the compound were investigated. The activation of the AhR was measured b
the subsequent induction of CYP1ARigure 3.17 shows the potency of PCB 105 and

TCDD in rat H41IE and human MCF-<ells.
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Figure 3.17: PCB 105 is a partial agonisiof rat AhR but an antagonistof human AhR — (A) Rat H4IIE or (B) human
MCF7 cells were treated with various concentrations of PCB 105. (CHRHE or (D) human MCF cells were treated

with various concentrations of TCDD in th&bsence omresence of 3 uM and 10 pM PCB 10®spectively
Concentratiofresponse curves were created by plotting%hef maximal CYP1A1 mRNA induction by 10 nM TCDD
against concentratioof agonist.gRT-PCRwas used to measure the level of induction of CYP1Al and compared against
control genes, B-actin and AhRQbasePlus wassed to normalise the data which was plotted usingMOrCDD only
control as 100% of the maximal response. Results were compared wéthicle control (VG)putative antagonist only

(AC) and a 1hM TCDD only control (TC)Each poinis the mean of three biological replicates + S.D
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Figure 3.17 shows that PCB 105 was shown to be a relatively weak agonist wifs BIC
160 uM (95% CI = 1% pM — 163 pM) in rat H4IIE cells Kigure 3.17A) and no
measurable response up to 10 uM PCB it0buman MCF7 cells Figure3.17B). TCDD
gave an Egy of 28.9 pM (95% CI = 19.9 pM- 41.9 pM) in rat H4IIE cells and 241 pM
(95% CI = 161 pM- 362 pM) in human MCH cells. The data shows that PCB 105 is
55,000¢0ld less potent at inducing CYP1A1 mRNA than TCDD in rat cells. A REP value of
0.0000018was calculated from the data in rat H4l1E cells whichSdold less than the TEF
value of 0.00003 derived by the 2005 WHO consortium (Van den &alg, 2006). The
antagonistt property of the compound was assessed by treating cells with various
concentrations of TCDD but in the presence of a set concentration of PCBigu®3.17

also shows TCDD concentratiwasponse curves irat H4llE cells(C) or human MCF/

cells (D) in the presencer absence of PCB 105. The concentration of PCB 105 added was
the concentratiomequired to produce 20% of the maximal response whih 3vuM in rat
cells based on the data kigure 3.17A. As no response was detected in human cells, the
highest possibleconcentration(10 pM) was used instead.he antagonist effects were
assessed by the ability of PCB 105 to compete with TCDD. Thg #8€C TCDD in the
presence of PCB 105 wagreased t806 pM (95% CI = 191 pM 3.39 nM)from 28.9 pM

in its absence. These results digandicate that PCB 105 has a staticaflignificant
(p<0.0001)effect on the ability of TCDDnduce CYP1A1l mRNA4ctivate the AhIR These
results, in combination witkigure 3.17A, show that PCB 105 is a partial agonist (agonist
and antagonist properties) in rat ceftggure3.17D shows human MG cells treated in the
same way. The data show that there is a significant antagonistic @ffébhe potency of
TCDD when in the presence @b uM PCB 105: he EG, for TCDD wassignificantly
(p<0.0001) increased to 16.6 nM (95% CI = 13.9 AM9.7 nM) from 28.9 pM. This

compound is therefore a partial agonist in rat and an antagonist in human.
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The effect of substituting a chlorine atom with a bromine atom was investigatedtygre

rat H411E cells with PXB 105 for 4 hours.
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Figure 3.18: PXB 105 is a partial agonistof rat AhR — (A) Agonist properties, rat H4lIE cells were treated with various
concentrations of PXB 105 for 4obrs. (B) Antagonistic properties, rat H4IIE cells were treated with various
concentrations of TCDD in the presence or absence of 1 uM PXBCH®Eentratiorresponse curves were created by
plotting the % of maximal CYP1A1 mRNA induction by 10 nM TCDD against concemrafi agonistgRT-PCR was

used to measure the level of induction of CYP1Al and compared against control genes, B-actin and AhR Results were
compared with an antagonist only control (AC), a vehicle control (VC) and a 10GDMDTonly control (TC) which is
normalised as 100% of the maximal resposeh poinis the mearf three biological replicates + S.D

Figure 3.18A shows the potency of PXB 105 in comparison with TCDD. TheoE@s
estimatedo be 2.46 uM (95% CI = 2.10 puM2.90 uM) based on the assumption that the
curve would reach 100% response. The data shows that PXB 4B65uts100,000eld less
potent at inducing CYP1A1 mRNA than TCDD with a REP of 0.00001. The compound is
also shown to beé-fold more potent than the chlorinated substiiy PCB D5. The
antagonistic properties were measured by treating rat H4lIE cells with usario
concentrations of TCDD in the presence of 1 uM PXB 105, which was shown to produce
~25% of the maximal respongeidure3.18). The EG, for TCDD in the presence of PXB
105 was 5.56 nM (95% CI = 1.60 nM19.3 nM) which is stagtically different from TCDD

alone, EGp = 28.9 pM (p <0.0001). This was a decreasgGfffold in the ability of TCDD

to induce CYP1A1 mRNA and clearly shows that PXB 105 is a partial agonist.
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3.1.6.4 2,3°,4,4’,5-substituted biphenyls (PXB 118)

The next compound to be analysed was PCB 118. This was shown to be the most
environmentally prealent PCB based on previous literatuFegure 3.19 shows rat and
human cells treated with PCB 118 or TCDD for 4 hours. CYP1A1 mRNA was measured

using gRT-PCR and normalised against 10 nM TCDD only (defined as 100% response).
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Figure 3.19: PCB 118 is a partial agonist of AhRof rat and human AhR — (A) Rat H4IIE or (B) human MCF7 cells
were treated with various concentrations of PCB 118. (CHRHE cells and (D) human MGCF cells were treated with
various concentrations of TCDD in the presence or absence of 1 pM or 10 pM PQOBshERtively All of the graphs
show a TCDDconcentratiofresponse curve for comparis@oncentratiofresponse curves were created by plotting/the
of maximal CYP1A1 mRNA induction by 10 nM TCDD against concentration of ag@R§tPCR was used to measure
the level @ induction of CYP1A1 and compared against control genes, p-actin and AhRQbasePlus wassed to normalise
the data which was plotted using 10 nM TCDD only control as 100% of the maximal redpessiés were compared with
an antagonist only control (ACh vehicle control (VC) and a 10 nM TCDD only control (TC). Each piEirihe mearof

three biological replicates + S.D

The agonistic potency of PCB 118 was measumet H41IE Figure 3.19A) and human

MCF-7 cells Figure3.19B). The EG, for PCB 118 in rat cells was 11.8 u@5% Cl= 10.5
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MM — 13.2 uM) but no accurate B&Lcould be derived from the human data. This was
compared to rat and human cells treated with TCDD. The data shows that PCB 118 is
~400,000fold less potent than TCDD in rat. No REP could be calculated fremdata
derived from the human cells but for rat the REP is 0.000003 whichf@ddL®wer than the

TEF calculated by the 2005 WHO consortium (0.00003; Van denddafg 2006). In order

to calculate the antagonistic properties of the compounds, the concentration that produced
20% of the maximal response was extrapolated from the d&igune3.19 The value for

PCB 118 in rat was 3 uM but as thevas no significant response detected in human, the
highest concentration available was used which was 10 pM. The concentratioB &flBC

was treated simultaneously with various concentrations of TCDD to dethet ¢gbtnpound

has any effect on the potgnof TCDD. Figure 3.19C shows TCDD in the presence and
absence of 3 uM PCB 118 in rat H4IIE cells. The;@@6r TCDD in the presence of PCB

118 wasincreased fron28.9 pM (p<0.001) to 306 pM (95% CI = 75.2 pM..25 nM). The

graph also shows TCDD without the addition of PCB 118. TheHE®@gs are statistically
different based on the 95% confidence intervals, with the graph showing a distinctivé shif
the TCDD curve to the right suggesting it has a reduced ability to inducdA1YH he
compound was next tested in human MCEells, shown irFigure 3.19D. The EG for

TCDD in the presence of 10 uM PCB 118 gives ago®e€10.9 nM (95% CI = 8.6 nM

13.8 nM)compared t®28.9 pM (TCDD aloneyvhich is a statistically significant shift of the
TCDD curve to the right (p <0.0001). The t##€ses are also significantly different from

one another based on their 95% confidence intervals. A concentration of 10 uM had very
little agonistic effect but mduced a measurable antagonist effect. From this combined data
it is possible to conclude that PCB 118 is a partial agonist in rat H41IE and humiaY MC

cells A mixed halogenated PXB 118 was tested, which has a chlorine atom (posjtion 4’
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Table 3.3) substituted with a bromine atom. The compound was tested in rat H4lIE cells to

measure any putative agonist and antagonist properties.
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Figure 3.20: PXB 118 is a partial agonistof AhR in rat — (A) Agonist properties, rat H4lIE cells were treated with
various concentrations of PXB 118 for 4 hours. (B) Antagonistic properties, rE lddlls were treated with various
concentrations of TCDD in the presence or absence of 300 nM PXBCbh8entratiorresponse curves were created by
plotting the % of maximal CYP1A1 mRNA induction by 10 nM TCDD against concemtrafi agonistgRTPCR was
used to measure the level of induction of CYP1A1 and compared against control genes, B-actin and AhR Results were
compared with an antagonist only control (A&@)vehicle control (VC) and a 10 nM TCDD only control (TC) which is
normalised as 100% of the maximal respoiseh poinis the mearf three biological replicates + S.D

Figure 3.20A shows the E¢, of PXB 118 in rat H4IIE cells to be 775 nM (95% CI = 655
nM —917 nM) which is25,000fold less potent than TCDD andi®+fold more potent than
PCB 118 at inducing CYP1A1 mRNA under the same conditions. The antagonist properties
were measured by treating cells with various concentrations of TCDD ingbenge of 300
nM PXB 118 Figure3.2(B) which gave an Eg of 96.2 pM (95% CI = 45.5 pM 203 pM)
compared with TCDD alone (B = 28.9 pM). The twoECs,s were shown to be
significantly different (p <0.005) with PXB 118 reducing the potency of TCDD3Hgld.
This data shows that PXB 118 is a paragonist,nearly 10fold more potent than the

structurally similar but fully chlorinated congener, PCB 128.REP of 0.00003 was

calculated for PXB 118.
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3.1.6.5 2,3,3’,4,4’,5-substituted biphenyls (PXB 156)

The final compound to be tested with ¢gRCR was PCB 156Previous research has
suggested this is the most potent of th@noortho-substituted PCBs at inducing CYP1A1
MRNA (Van den Berget al., 1998) although also the less environmentally prevalent of the
three compounds testdéigure3.21shows the potency of PCB 156 in comparison to TCDD

in rat H4lIE and human MCF-cells.

120 120
g = TCDD v I 8 - TCDD I I
£ 1001 = pcB156 v g 1001 PcB1SS
7] 7]
< 801 Y T 80
g 3
= =
% 601 £ o
= >
S 401 5 401
X X
20 204
Y Y A, A A
ol=— —_ 01—— —
vCc -13-12-11-10 9 -8 -7 -6 -5 TC vC -13-12-11-10 9 -8 -7 -6 -5 TC
Log[agonist] Log[agonist]
1204 p
) -e- TCDD only
£100{ - TCDD+30 M PCB 156 v : ¢ 3 120 - Iggg gn'z)o nM PCB 156
g Y 2 1004
o A
x 804 2
g = 801
% 601 E
> g 60
S 404 =
8 o 40 I
201 204
0- T T T T T i Ot i ? S T  r—
VCAC -13 -12 -11 -10 -9 -8 TC VC AC -13 -12 -11 -10 -9 -8 TC
Log[agonist] Log[agonist]

Figure 3.21: PCB 156 is a pure agonisof rat and human AhR — (A) Rat H4IIE or (B) human MCF7 cells were treated
with various concentrations of PCB 156. The grsplsoshow a TCDDconcentratiorresponse curves for comparison. (C)
RatHA4IIE cells or (D) human MCH cells were treated with various concentrations of TCDD in the presence or afifsence
30 nM or 300 nM PCB 156respectively Concentratiorresponse curves were created bgtting the % of maximal
CYP1A1 mRNA induction by 10 nM TCDD against concentration of agogRT-PCRwas used to measure the level of
induction of CYP1Al and compared against control genes, B-actin and AhR. Results were compared with an antagonist
only control (AC), a vehicle control (VC) and a 10 nM TCDD only control (TC) Wwhg&normalised as 100% of the

maximal responséach poinis the mearf three biological replicates + S.D
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According to the data, PCB 156 is the most po#drR agonist of the three fully chlorinated
monao-ortho-substituted PC8 with an EGy of 122 nM (95% CI = 104 nM 144 nM) in rat
(Figure 3.21A) and EGg of 3.59 uM (95% CI = 2.81 uM 4.59 uM) in humanKigure
3.21B). This clearly indicates that PCB 156 is an agonist in rat and human cell lines. The
2005 WHO TEF for PCB 156 is 0.00003 (Van den Batrg., 2006) however this data gives

a REP value of ~0003 in rat and human. This is a-fbld increase in the REP/TEF
estimation but is supported by the original 1998 WHO TEF value (0.0005; Van dertBerg
al., 1998). The data clearly shows that there is 4080 difference in the potency of PCB
156 between rat and huma&hR compared with a Xfold difference with TCDD. The
antagonistic effects were measured by treating cells with TCDD in the peeseh uM and

10 pM, respectivelyln rat H41IE cells Figure 3.21C), the EG, for TCDD with PCB 156
was 46.3 pM (95% CI = 24.8 pM86.2 pM). The 95% confidence overlap between the two
ECses shows that they aneot statisticallydifferentleading to the conclusion that PCB 156 is
not an antagonigif rat AhR (p = 0.175) Figure3.21D shows the same experiment in human
MCF-7 cells. The Eg for TCDD in the presence of 300 nM PCB 156 in human cells was
1.55 nM (95% CI = 411 pM- 5.88 nM). This shows that there is a stataty significant
difference between the E&of TCDD alone and that of TCDD with PCB 156 (p <0.005)
which signifies that this compound is a partial agoofsAhR in human MCF7 cells in

these conditions.

Another structurally similar compound, PXB 156as tested on rat H4lIE celte see if it

shared similaAhR activation characteristics with PCB 156.

123



Richard Wall

1201
1204
-« TCDD 1
2 100 = Pxeise I 3 - TCDD only ¢ 1
8 §100 = TCDD + 100 nM PXB 156 °
0
[0} 7]
x 804 2 ®
g % 80+
£ 60 £ ]
§ § 60 L v 1
° 1 = T v
< 40 § 404 4
204 204
- - Ly [—
vCc -13 -12 -11 -10 9 -8 -7 -6 TC N cAac 13 12 41 10 5 3'TC
Log[agonist] Log[agonist]

Figure 3.22. PXB 156 is a partial agonist of AhR in rat — (A) Agonist properties, rat H4lIE cells were treated with
various concentrations of PXB 156 for 4 hours. (B) Antagonistic properties, rHE ldélls were treated with various
concentrations of TCDD in the presence or absence ohlDBXB 156.Concentratiorresponse curves were created by
plotting the % of maximal CYP1A1 mRNA induction by 10 nM TCDD against concemtrafi agonistgRT-PCR was
used to measure the level of induction of CYP1A1 and compared against control genes, -adin and AhR Results were
compared with an antagonist only control (AC), a vehicle control (VC) and a 10GDDTonly control (TC) which is
normalised as 100% of the maximal respoiseh poinis the mearof three biological replicates + S.D

Figure3.22A shows that PXB 156 is an agonist of the AhR with ag BC139 nM (95% CI

= 95.5 nM- 203 nM). This wa$,000fold less potent than TCDD and of eqpalktencyto
PCB 156 based on 95% confidence intervals but statistically different based-tasta t
analysis (pvalue <0.05). A REP of 0.0002 was calculated for PXB 156 which demonstrates
that the compound has equal potency to PCB (p56.48) The antagonistic effects were
measured using cell treated with TCDD in the presence of 100 nM PXB-1Lh68€3.22B).
The TCDD EGsp wasestimatedo be 2.68 nM (95% CI = 166 pM — 43.0 nM) compared with

28.9 pM for TCDD alone and was shown todignificantly different (p=.0021). This data

shows that PXB 156 gartial agonistn rat H4IIE cells

124



Richard Wall

3.1.7 2-Amino-isoflavones

3.1.7.1 Chr-13is a partial agonist in rat and an antagonist in human

Cl The initial screeningof a library of 2amino

isoflavones with respect to their ability to agonise or

antagonise mouse or human AlRs conducted by
Dr. Michael Denison and Dr. Guochun He
(University of California, USA). Based on the results from this screening, twpaamls,
which showed unusual species differences, were selected for further anélygiRWwPCR

in rat H4IIE and hman MCF7 cells (Wallet al., 2012b). Due to the high similarities in the
ligand binding domains of the mouse and rat AhRs (Halah, 1997), it was expected that
the compounds would elicit a similar response. Measurement of CYP1A1 mRNA by gRT
PCR was ulised as it is a more accurate method of detecting AhR actividtaomluciferase
based reporter assays. TherefoBaminc3-(4-chlorophenyl)-7methoxychromes-one
(Chr-13) and6-chloro-3{4-methoxyphenyl)chromeB-one Chr-19) were chosen for further
analysis Figure3.23shows rat H4lIE cells and human MCFcells treated with either Ghr

13 or TCDD.ECses of 113 pM (95% CI = 83.0 pM 152 pM) and 661 pM (95% CI = 515
pM — 847 pM) for rat and human AhR, respectiveligre estimated for cells treated with
TCDD, showing that the potency of TCDD wadddd lower in the human MCF cell line
compared with rat H4IIE cells (p<0.0001). Furthermore, it lsarc that Chwl3 was
significantly less potent than TCDD at activating the AM®suming that Chi3 can
achieve a maximal response, thesgfor rat H4IIE cells treated with CHI3 was 41.5uM
(95% CI = 35.2uM — 49.0 M), which is comparable to the data obtained in mouse
H1L6.1c2cells where a 10 uM concentration of €% gave a 50% response (S&etion
4.4.2.3. In human MCF/ cells, no agoniswas detected even at the highest concentration

of 100 uM. These results indicate that the compound is an agonist in rat but not in human (at
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the concentrations used), and is similar to the initial screening results sitfowed Chd 3
to be agonist in mouse but not human cells €&etion4.4.2.]. This result is not surprising

given the high sequence identity of the mouse and rat AhR ligand binding domaimiPandi

et al., 2009).
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Figure 3.23: Chr-13 is a pure agonisof rat AhR and a pure antagonistof human AhR — (A) Rat H4IIE or (B) human
MCF-7 cells were treated with various concentrations of Thfor 4 hours to measure agpnist properties(C) rat H4lIE

or (D) human MCF7 cells were treated with various concentraiaf TCDD in the presence of 10 uM (rat) or 100 uM
(human) Chi13 for 4 hoursConcentratiorresponse curves were created by plotting%thef maximal CYP1A1 mRNA
induction by 10 nM TCDD against concentration of ago&T-PCR was used to measure theeleof induction of
CYP1AIl and compared against control genes, B-actin and AhR. QbasePlus was used to normalise the data which was
plotted using 10hM TCDD only control as 100% of the maximal respongehicle control (VC),an antagonist only

control (AC)and a 10 nM TCDD only control (TCEach poinis the mearf three biological replicates + S.D

Investigation of the antagonistic effects of Q¥ was performed by treating rat or human
cells with various concentrations of TCDD but in the presence of a set cotioarfaChr

13 which induces ~20% of the maximal agonistic response of 10 nM TCDB.wids
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estimated to be 1AM for the rat cells, but as no response was detected in human cells, at
concentrations up to 1Q0M Chr-13.The antagonistic effect of G113 in rat H4IIE cells is
shown in Figure 3.23C Although the screening data showed that-Thrwas not
antagonistic in the mouse H1L6.1c2 cell li(@ection4.4.2.1)it was still important to
confirm its effectin the rat H4lIE cell line. The addition of 10 uM Ch8 to the TCDD
concentratiorresponsecurve resulted in a background induction of ~25% of the maximal
induction which corresponds well with the data showRigure3.23A. The EG, for TCDD

in the presence of 10M Chr-13 was 237 pM (95% CI = 24.9 pM2.25 nM) in rat H4lIE

cells which was not significantly different (p>0.05) from thesg&for TCDD alone.The
results confirm that Cht3 has no antagonistic effecEagure 3.23D shows human MCH

cells treated with TCDD in the presence and absence of 100 pMI3CIhr concentration of

100 uM was shown ifigure3.238 to have no AhR agonistic activity consequently there is
no background of induction when treated simultaneously with TCDD. However, the data did
show a shift of the TCDD caentratioaresponse curve to the right, reducing the potency of
TCDD by 5fold compared to TCDD in the absence of -@QBr The EGy for TCDD in the
presence of 10QuM Chr-13 was 3.02 nM (95% CI = 2.55 nM 3.55 nM) which was
significantly higher (p<0.0001) than the &®f TCDD alone. Consequently, these data

show that Chr-13 is a weak antagonist in human MCF-7 and an agonist in rat H4lIE cells

3.1.7.2 Chr-19 is an agonist in rat and a partial agonist in human

Figure 3.24 shows theconcentratiofresponseurves
of Chr19 and TCDD agonism of Ahi rat H4IIE

and human MC¥H cells, as measured by gPCR

of CYP1A1 induction Rat H4IIE (Figure3.24A) and
human MCF7 cells Figure 3.28) were treated with either Gii9 or TCDD.Chr-19 was

agonistic in both rat H4llE and human MQF cells, with the compound being
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approximately 2éold more potent in rat cells (p<0.0001). Assuming that the compound will
attain maximal resp@e, the EGy for Chr-19 in rat H4IIE cells was 7.70 uM (95% CIl = 5.22
MM — 11.3 M), and in human MC¥H cells, the EG wasestimated to be 140M (95% CI

= 65.4uM - 317 M). The data showthat Chr19 is significantly less potent at activating

the AhR ad inducing CYP1A1 than TCDD.
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Figure 3.24: Chr-19 is a pure agonisbf rat AhR and a partial agonistof human AhR — (A) Rat H4IIE and (B) human
MCF-7 cells were treated with various concentrations of I8hfor 4 hours(C) Rat H4lIE and (D) human MGCF cells
were treated with various concentrations of TCDD in the presence BF @at) or 30 uM (human) Cht9 for 4 hours.
Concentratiorresponse curves were created by plotting%hef maximal CYP1A1 mRNA induction by 10 nM TCDD
against concentratioof agonist.JgRTPCR was used to measure the level of induction of CYP1A1 andacethpgainst
control genes, B-actin and AhR. Qba&tuswas used to normalise the data which was plotted uingM TCDD only
control as 100% of the maximal response separately for rat and humans Resaltompared with a vehicle contidl)

and a 10 nM TCDD only control (TC). Each pamthe mean of three biological replicates + S.D

The antagonistic effects of Gi® were examined by treating cells with TCDD in the

presence or absence of a set concentration ofL€lfr.e. that produces ~20% of maximal
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induction response). This value was found to bgM and 10uM for rat and human,
respectively.Figure 3.24 shows the analysis of antagonistic activity of -@Brin C) rat
HA4IIE cells and D) human MGF cells.It can be seen ifigure 3.24C that there was no
shift of the TCDD curve to the righthe EGo for TCDD in the presence of @M Chr-19
was 182 pM (95% CI = 31.0 pM 1.07 nM) which was not significantly different (p>0.05)
from the EGy obtained from cells treated with TCDD onlyigure 3.24D shows human
MCF-7 cells treaté with TCDD in the presence and absence of ThrAnECsy of 1.76 nM
(95% CI = 897 pM- 3.47 nM) for TCDD with 10 uM Chi9 was calculated which was
statistically significantly higher than that obtained with TCDD alon® @5). This indicates
that Chrl9, at 10 uM, reduces the potency of TCDD activation of AhR 4#gl®8 and is
hence a weak antagonist of the AhR. Combined with the data Frgure 3.24B which
showed Chil9 was an agonist of human AhR, it can be concluded that this compound is a

parial agonist in human MCF-7.

3.1.8 AZFMHCs
3.1.8.1 Overview

1 Several compounds received from AstraZeneca were thought

Py

to have a higher potency th@CDD when activating the AhR

based on medicinal research conducted on the compounds so

;\;——N were deemed suitable to test with the validateethod of
N, —0 : . L

©I measuring AhR activationA full characterisation of the
Rs/ i family was conducted, measuring the potency of the

compounds to activate the AhR based on the induction of
AZ1: Eel:CFg, R?=H, R°=C
ﬁgéf 21:8':’2 Ezzig:z Esaz'é CYP1A1l, CYP1B1 and CYP1A2 and measuring the affinity
AZ4: R'=CF;, R*=NH,, R*=N

using a competitive ligand binding assay.
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3.1.8.2 Measurement of AhR activation by mRNA induction
The fused mesoionic heterocycleompounds(AZFMHCs) were tested to measure their

agonistic and antagonistic propertiesat H4IIE cells Figure 3.25%.
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Figure 3.25: Agonistic and antagonistic properties of the AZFMHCs in comparson to TCDD — (A) Agonistic
properties were measured by treating rat H4lIE cells with various coatiemér of the compounds for 4 hours.
Concentratiofresponse curves were created by plotting the % of maximal CYP1A1 mRNAiordbgt 10 nM TCDD
against concentration of agoniResults were compared with a vehicle control (469 a 10 nM TCDD only contr@T'C).

(B) The antagonistic properties were measured by treating H4IIE celisavdibncentration that gives approximately 20%
of the maximal induction by 10 nM TCDD for that compound in the presence of 1 nM TCDBPGRTwas used to
measure the level of duction of CYP1A1 in both experiments and was compared agaimsdl genes, f-actin and AhR.
QbasePlus was used to normalise the data which was plotted using the TCDD only cot®06¥@of the maximal

response. In both casesgch point is the mean tiree biological replicates + S.D

Figure 3.25A shows thagonistic potencies of the four AZFMHCs. The sg@nd 95%
confidence intervals (95% CI) for TCDD and the four AZFMHCs were aevisil TCDD
was 25.5 pM (95% CI = 18.2 pM36.0 pM) AZ1 was 5.05 pM (95% CI = 2.81 pM9.09
pM), AZ2 was 1.17 nM (95% CI = 888 pM1.55 nM),AZ3 was 9.08 nM (95% CI1 6.01 nM

—13.7 nM) and AZ4 was 3.46 nM (95% CI = 3.07 r\MB8.90 nM). The EGs for AZ2, 3

and 4 are estimates based on the predicted mbxich&ction equal to 10 nM TCDD. AZ1

130



Richard Wall

was shown to be the only compound which was significantly more potent that TCDD

(p<0.0001) by 5-fold and was investigated further.

Figure 3.25B shows each of the four compounds in the presence of 1 nM TCDD. The data
showed thatnone of the compounds elicit an antagonist effect on TCDD induction of
CYP1A1 under these test conditions. To confirm that AZ1 induces other genes associated
with AhR activation, the induction of CYP1B1 and CYP1A2 mRNA was also measured

(Figure3.26) in rat H4IIE.
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Figure 3.26: Induction of AhR-mediated genes- (A) CYP1B1, (B) CYP1A2. Rat H4IIE were treated with various
concentrations of TCDD for 4 hours. CYP1B1 and CYP1A2 were measured sgpfomethe normalisation genes using
SYBR green gRIPCR master mixConcentratiorresponse curves were created by plotting the % of maximal CYP1B1 or
CYP1A2 mRNA induction by 10 nM TCDD against concentration of agogiRT-PCRwas used to measure the level of
induction of CYP1Al and compared against control genes, B-actin and AhR. QbasePlus was used to normalise the data
which was plotted using 10 nM TCDD only control as 100% of the maximal respRaselts were compared with a

vehicle control (VC) and a 10 nM TCDD only (T®ach point is the mean of three biological replicates + S.D

Figure 3.26A shows the levels of CYP1B1 mRNA induction in rat cells treated with either
TCDD or AZ1. The EG, for TCDD was 34.0pM (95% CI = 13.9pM 82.9pM) and AZ1
was 6.3pM (95% CI = 4.0pM 10.0pM). The data shows that AZ1 igddd more potent at
inducing CYP1B1 than TCDD in rat H4IIE cells (p<0.0001) with no overlap in the 95%

confidence intervals. The mRNA levels of CYP1A2 are showfignre3.28. The EG of

TCDD was 35.7pM (95% ClI = 17.3pM73.6pM) and AZ1 was 3.4pM (95% Cl = 1.7pM
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6.8pM). This shows thaZ1 is 10fold more potent than TCDD (p<0.0001) with no overlap
of 95% confidence intervals. TCDD and AZ1 were then tested in human™McHs to

determine if the compound has the same high potency across species.
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Figure 3.27: Concentration-response curve forAZ1 induction of CYP1A1 in human MCF7 cells— Human MCF7 cells
were treated with various concentrations of TCDD for 4 hdCosicentratiorresponse curves were created by plotting the
% of maximal CYP1A1 mRNA induction by 10 nM TCDD against concentration of agayfiSi-PCR was used to
measure the level of induction by CYP1A1 and was compared against control genes, p-actin and AhR. QbasePlus was used

to normalise the data which was plottezsing 10 nM TCDD only control as 100% of the maximal response. Results were
compared with a vehicle control (V@ach point is the mean of three biological replicates = S.D

It can be seen froigure3.27that AZ1 is 4fold more potent than TCDD in human MGF
cells as well as rat H4IHE3 cells. The E§ for AZ1 was 65.4pM (95% CI = 45.6pM
93.7pM) and the E& for TCDD was 241 pM (95% CI = 161 pM 362 pM) which are

significantly different (p<0.0001). This shows tha¥Z1 is a significantly more potent

agonist than TCDD in both rat H4lIE and human MCEells.

3.1.8.3 Saturation binding ([ H]-TCDD) and competitive binding (TCDD and AZ1)

As part of aninvestigation into the potency of AZ1, the ligand binding was measured to
confirm that the compound underwent the same mechanism of action as TCDD to induce
CYP1Al. Unlabelled TCDD was also measured and used for comparison. The method of

ligand-binding was adapted from Bradfield and Poland (1988) and Baaki(2009).A rat
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liver from a female Charles River Wistar ras homogenised and repeatedly centrifuged to
separate the cytosolic protein from the rest of the tissue. A Bradfaag assg differen
concentrations of BSA was used to calculate the protein concentration i@t tbgtosol.
This was diluted to 5 mg/ml for subsequent experimértis. Ky and Bnax Wwere calculated
using 5 mg/ml rat cytosol treated with various concentrationdf[CDD in the presence
and absence of TCAOB (sectidn5.]). Figure 3.28 shows total and nespecific binding

which were measured experimentally and the specific binding which was calculated
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Figure 3.28: (A) Total and non-specific binding of PH]-TCDD, (B) Specific binding of fH]-TCDD — (A) 200 pl of 5

mg/ml rat liver cytosol was treated with various concentration®8f-TCDD (0 nM — 2.5 nM) in the absence (total
binding) and presence (nespecific binding) of 200 nM TCAOB. Samples were incubated for 16 ACatldcubation was
terminated with the addition of 10 mg/ml dextremated charcoal. The counts per minute (cpm) were measured using a
scintillation counter then ceerted into bound®H]-TCDD in pmol/mg Data points are mean + S.D (n = 4). (B) The
specific binding was calculated from total binding minus-specific binding and plotted as meai$D. The K, and B,x

were calculated from this data using a quadratieecequation (GraphPad Prism 5)

Figure3.28shows the binding ofH]-TCDD to the rat liver cytosol. Thej&vas estimated,
using the GraphPad Prism 5 software, to be 1.24 nM (95% CI = 0.58 h®D nM). The
BmaxWas estimated to H&.9fmol/mg (95% CI =20.0fmol/mg- 33.7fmol/mg)or 0.13 nM

(95% CI = 0.10 nM — @6 nM) when incorporating the 0.2 ml volume of the reaction.

The K of unlabelled (nofradiolabelled) TCDD was calculated by competitive binding

analysis. A 200 pl aliquot of 5 mg/ml rat liver cytosol was incubated with T>HMTCDD,
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various concentrations of unlabelled TCDD and 200 nM TCAOB -gpatific binding

only). The mixture was then incubated for 16 h % .4The incubation was terminated with

10 mg/ml dextrarcoated charcoal. The counts per minute (cpm) were measured using a
scintillation counter and converted into bourtd]fTCDD (nM). The % of maximally bound
[*H]-TCDD (nM) was plotted against the concentration of unlabelled TGBgu(e3.29A).

The 1Gy (concentration that inhibits/displaces 50% #f]FTCDD) was extrapolated from

the graph, then the Kvas calculated using data obtained fr&igure 3.28 (1 nM [*H]-

TCDD with a Ky of 1.24 nM).
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Figure 3.29: Competitive binding of (A) unlabelled TCDD and (B) AZ1- Rat liver cytosol was treated with various
concentrations of TCDD in the presendd mM [°*H]-TCDD + 200 nM TCAOB. Total (without TCAOB) and napecific
(with TCAOB) binding was measured to allow the calculation of specific binding)ofFCDD or (B) AZ1 to the AhR. Rat
liver cytosol was incubated with TCDD or AZ1 and 1 nf#]-TCDD (with and without TCAOB) for 16 h at°@. The
specific binding was plotted against concentration of TCDD. This allowedureraent of the I§ and K. Data points are
mean + S.D. (n = 3ptal binding only.

The G, for unlabelled TCDD was calculated to Bed1 nM (95% CI = 1.32 nM- 3.40
nM). The K was calculated to b&.17 nM (95% CI = 729 pM- 1.88 nM). The binding
properties ofAZ1 were investigated as part of its comparison with TCDD (Véall .,
2012a). The Ig was estimated as for unlabelled TCDbBdahe Ky was calculated using

parameters calculated from sect.8.3.Figure3.29Bshows the specific binding otH]-

TCDD plotted against the concentration of the competitor, AZ1. The dCAZ1 was
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calculated to b269 pM (95% Cl= 182 pM- 396 pM)and the Kwas calculted to bel49
pM (95% CI = 101 pM- 219 pM). Thus AZ1 has statisticallysignificantly higher affinity

(~8-fold) than TCDD (p < 0.0001).

3.2 Investigation of AhR species differences

3.2.1 Overview

The AhRcDNA from rat and human were isolated and cloned into pFastbacl vectors as
discussed previously section2.5.2(Fanet al., 2009). TheAhR cDNA wereclonedinto the
pReVvTRE vector which was then subsequently used to infect AhR deficient mousg BpRc
cells. All the transfection and infection procedures were conducted in exactartie way

for rat and human AhR genes. Briefly, high fidelity PCR was tsedpy thecDNA out of

the pFastbacl vector. At the same time the-thtiswas removed and a new Hindlll
restriction site was added directly after the stop codon of the AhR gene. This &diRtpr
was ligated and subcloned into pGEMbefore being double digested out with Sall and
Hindlll and religated into pRevTRE. The pRevTRE vectors (rat and human) were
transfected into PT67 packaging cells to produce a virus along withTpR@ff. The
replicationdefectiveviruses were then used to infect the mouse BpRcl cells to produce

BpRc1lrAhR andBpRcl hAhR.

3.2.2 Preparing the pGEM-T:insert vectors

The AhR cDNA were copied from the pFastBacl vector using Hidality PCR. The
concelrations were measured using a Nanodrop spectrophotometer and diluted to 250 ng/ul.
The PCR products were run onxadgarose gel to confirm the size of the products and to
allow extraction of the AhRs from background debfise size of the fragments for human

and ratAhR were calculated to b2569 bp (rat) and 578 bp (human) in size using
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VectorNTI Advance 11™ (Invitrogen)igure 3.30 shows that there was no contamination

or other PCR products.

2569/2578 bp—»

Figure 3.30: Gel of AhR PCR products — The products of the PCR reaction which copied the AhR gene from the
pFastbacl vector were run on a 1x gel. (A)  KdNA ladder (Biolabs), (Byat AhR (C) human AhR. (D) Negative
control, which consisted of the loading dye and distilled water, wasclao of contamination. The gel was made as
described irsection2.2.1and run for 70 min at 100. The gel was stained with ethidium bromide fomai@ (and washed

for 30 min) before being photographed witBiaRad chemdoc UV camera

After extraction and purification, the PCR fragments were ligated into pGESuccessful
colonies were picked and grown overnight. After further purification, potential chyree
selected and double digested with Sall and HindlIl. Once a successful clordenti#sed, a

more detailed investigation was conducted which inclusladle digestions as well as a

double digestion.
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5.5 kbp—>

3 kbp—»
25kbp™ "

Figure 3.31: Gel of digestion products of pGEMT with ligated the A) rat AhR insert or B) human AhR insert — All

the digests were compared against kbp DNA ladder (Biolabs; A and G). (B) Double digest was conducted on the
pGEM-T with insert using Sall and Hindlll. Single digests with (C) Sall only and (D) Hiodly were also conducted. A
negative control (E) was run to confirm the loading dye and distilled watemsseftee of contamination. The pGEM

with insert was also runnathe gel uncut (F). The gel was made as described in the legEimpliaf 3.30(70 min; 90V).
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Figure 3.31 $iows pGEMT with insert digested with either Sall, Hindlll, both or neither.
The total size of the linear vector was 5.5 kbp (rat was 5569 bp and humabi@abh.

This consisted of the 3 kbp pGEMvector and the 2.5 kbp AhR insert (2544 bp for rat and
2553 bp for human). The pGEM vector does have a Sall digestion site already so Sall
should cut twiceThe two gels showthat the gene was ligated in the 5’ directibased on

the bands from Sall digestion sitegich shows that only one visible digestion has occurred
(Figure3.31) A single digestion with Hindll€ut the vector as expected but also appeared to
have experienced star activity and randomly cut in a different location to prodoee a
concentration 3 kbp product. This is a common problem with Hindlll but in this instance has
no effect on the confirmation of successful ligation. Sequencing was conducted at Source
Bioscience (Life Science, Nottingham) on both pGEMectors to confirm the presence of
the AhRand successful removal of thasHag. The sequencing data was analysed using
Align X software (\ectorNTI Advance 11™ Invitrogen) by comparing against the predicted

sequence of the pGEM and vector insert (data not shown).

3.2.3 Subcloning to pRevTRE vectors

The AhRcDNA were then cloned out of pGEM and into the viral vector, pRevTRE. The
gene was double digested out of pGHEMising Sall and Hindlll. The same confirmation
checks were also carried out on the pRevTRE: insert vectors. The digested wectorun

on a 1x agarose gel so that the pRevTRE: insert fragments could be cut out and phefied. T
gene was then ligated into the new vectigure 3.32 shows the ligation prodt digested

with either Sall, Hndlll, both or neither. The gels also show the pRevTRE vector (digested

once with Sall; lane F), the AhR gene only (E) and a negative digestion sample (G).
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6.5 kbp—™

2.5 kbp—>

Figure 3.32: Gel of digestion products of pRevTRE ligated with (A) rat AhR insertor (B) human AhR insert — All
the digests were compared against a 1 kbp DNA ladder (Biolabs; A and H). Aedtigest (B) was conducted on the
pRevTRE with insert using Sall and Hindlll. A single digest with Sall ¢@lyand Hindlll only (D) was also conducted.
Controls of AhR only and pRevTRE were run to compare against (E and F). A negatie¢ @nivas run to confirm the
loading dye and distilled water used was free of contamination. The 1x gel wasamdescribed in the legendridure

3.30(70 min; 90V).
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The two gels inFigure 3.32 show that the AhRvassuccessfully subcloned from pGEM

into pRevTRE. Single digestion (C and D) produced bands of ~9 kbp whereas double
digestion produced bands of ~6.5 kbp (pRevTRE vector) and 2.5 kbp (AhR gene). There was
no detectable contamination in the experiment (G). Sequencing was then condudted on t
purified pRevTRE: insert vectors to confirm ttBNA was present in the vector. The data
(not shown) was analysed using Align X saiter (VectorNTI Advance 11™, Invitrogen).
Alignment showed only the 3’ end of the AhR gene (Hindlll; stop codon) and clearly shows
that the Histags were successfully removed during the ffidgality PCR (whilst still

retaining the stop codon and Hindlll digestion site).

3.2.4 Producing stable virus producing PT67 cell lines

PT67 packaging cell lines were individually transfected with onéhefthree vectors to
produce three stablarus producing cell linesThe cell lines were calleBT67 df, PT67

hAhR and PT67 rAhR, which are explained furthesattion2.5.5.3 To confirm that the
vectors were stably integrated into the genomic DNA, endpoint PCR was used to confirm
either the presence or absence of the vectors. Briefly, genomic DNA wasdsitat the

cells and RNAse treated. PCR was then conducted to identipRé&eTetOff or pRevTRE
vectors.Figure3.33shows two 2x agarose gels of the PCR products formed by the pRevTet
Off or pRevTREprimers from the three virus producing cell lines. A band should form at
171 bp to indicate the presence of the pRexdfétvector and a band at 232 bp should

indicate the pRevTRE vector.
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<« 171bp
232bp >

Figure 3.33: Agarose gel confirming the presence of A)RevTet-Off vector and B) pReVTRE vector — Genomic DNA

was isolated as described in the method.-pmidt PCR was conducted: The primers were designed to detect only the
pRevTetOff vector and not the pRevTRE vector. The resultant mMRNA fragments were run @garase gel (60 mi®0

V). B: The primers were designed to detect only the pRevTRE vector (human ordraftahepRevTetOff vector. The
resultant mRNA fragments were run on a 2x agarose gel (700w, (A) ladder, (B) PT6%vild-type, (C) PT670ff, (D)
PT67hANR, (E) PT67rAhR and (F) negative control

Figure3.33A shows that only the PT67 off cell line contains the pRexdftvector.Figure
3.33Bshows the PCR products formed by the pRevTRE primers, confirming that only PT67

rAhR and PT67 hAhR contain the pRevTRE vector with a band at 232 bp.

3.2.5 Stable expression of AhR in BpRcl

The antibiotic concentrations for selection were experimentally céculfar the BpRcl
cells. BpRcl cells were treated with six different concentrations of atititbor 7 days. The
lowest concentration that killed all of the cells was then recorded. The concerstraire
found to be 400 pg/ml for G418 and 600 pg/ml iggromycin. BpRcl cells were then

infected with the PT67 viruses as discussed in the method. The related antibioticemas
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added to kill any cells that didot contain the resistance to the antibiotic (located within the
vector). The cells were left ta@v to confluence over a period of approximately 1 month at
which time the cells were harvested. After selection and growth, the BpRcivestisested

to confirm the presence of the required vectors. Each cell line shoulghRavéa etOff with

either pRevTREIAhR or pRevTRENAhR. Endpoint PCR was conducted using genomic
DNA isolated from the cells. The PCR was designed to locate either the vetter AhR

insert however the experiments produced negative results and did not produce a double
stable c# line with rat and human AhRxpressedTherefore a cell line that transiently
expresses AhR was produced by simultaneously infecting the BpRcl cilgheitwo
vectors then immediately (~48 hours) testing for AhR activation. If stzddle had been
created, a control would have been conducted to show that the BpRcl cell lines were not
contaminated with any PT67 cells which already have the vectors transfect&dmers

designed to detect the env gene in the PT67 cells would be used to identdly line.c

3.2.6 Transient expression of AhR in BpRcl

Transiently infected BpRc1 cell lines were created to allow comparison betweerdrat an
human AhR without double stable cell lines. Thegre infected for 72 hours with the
viruses then treated with either TOr 5F 203 for 4 hours. As briefly discussedattion

3.2.5 three important conformational assays were performed to: (1) conrprélsence of

the two vectors, (2) confirm the presence of the relevant AhR DNA and (3) confirm absence
of any PT67 cells or viral genes. Firstly, vector specific primers wseel to confirm the
presence of the two vectors in both of the cell lines. The system requires both teebirs
present in order to successfully transcribe the gene of interest (AhRer@iave already

been shown to be specific to the vector oRigre3.33.
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Figure 3.34: Confirmation of the presence of (A) pReVet-Off and (B) pRevTRE vectors in BpRcl- Cells were
grown as previously describe@enomic DNA was isolated and epdint PCR was conducted as describgedectiors
2.2.2and2.2.8 The resultant PCR products were run on a 1x agarose gel (70 mik?).10@0 primer pairs were used
which were designed to locgi®RevTetOff and pRevTRE. (A) 100bp Ladder, (B) BpRcl rAhR, (C) BpRcl hAhR and (D)
BpRc1 wildtype

The twogels inFigure 3.34show the two vectorpRevTetOff and pRevTRE, in the BpRcl
rAhR andBpRc1 hAhRcell lines.Figure 3.34A shows that there are distinctive bands at 171
bp for the rat and human clones showing the presengReifTetOff vectors.Figure 3.38
confirms the presence of the pRevTRE vectors with bands at 232 bp in the rat and human
clones. Confirmation of the correct AhR was conducted on genomic DNA using?GRT

as the primers are more specifitiwthe probe included. The hum&hR primers were run

as a multiplex with mouse B-actin mMRNA primers (negative control) at°89 The rat AhR

primers were run separately at°63to make binding more specific to that AhR only.

Mouse B-actin was also run separately with the rat samples as a negative control.
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Figure 3.35: Confirmation of the presence of either rat or human AhR DNAin BpRcl- (A) Rat AhR and (B) human
AhR. Genomic DNA was obtained froBpRc1 wildtype,BpRcl AhR andBpRcl hAhRcell lines. Rat and human AhR
primers were used in a multiplex with moyseactin primers (negative control). (C) Mougeactin and (D) mouse AhR.
Genomic DNA was obtained by BpRcl cell line variants using efikatin or AhR with SYBR green dye. Cells were
grown as previously describe@enomic DNA was isolated akescribed in the ntleod. The experiment was repeated to
confirm the resultsAR,, is the normalisation of Rnormalised reportef)y subtracting the baseline fluorescenceg(cficle
threshold) is the point at which the signal passes the fluorescence threshold.

Figure 3.35 shows the genomic DNA levels of rat, human and mouse AhR (with mouse
genomic B-actin as a reference gené&jgure 3.35A clearly shows that rat AhR primers
amplify the target only in BpRcfAhR cells and Figure 3.3 shows that the human AhR
primers only detected a target in BpR©AhR cells. No cross contamination of AhR genes
was identified. Furthermore mouse pf-actin mRNA primers/probevasrun with the genomic

DNA as a negative control to shaWat there was no mRNA contamination in the DNA

samplegnot shown) Figure3.35C and D show mouse p-actin and AhR, respectively, were
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induced equally in all three cell line&long with the evidence froriigure 3.34 this shows

that the AhR genes have been successfully introducedh@tdhR deficient BpRcl mouse

cell line and are at a concentration that can be measured usirRBQRTThe next step was

to confirm if the genes are being transcribed bypRevTetOff vector. Similar to the DNA
experiment, the mRNA was isolated from tmls and gRTPCR was used to detect the
levels of rat, human and/or mouse mRNA levels whigre compared againgt-actin
MRNA levels.Confirmation of PT67 cells was not conducted as an effect from accidental
contamination would have no noticeable effects on the activation of the infected AhRs in the

time frame between infection and CYP1A1 mRNA measurement.

3.2.7 Confirmation of rat/human AhR mRNA transcription

Although both thepRevTetOff and pRevTRE vectoravere successfully identified,
confirmation of the presence of AhR mRNA transcription still needed to be codfiime

the process of confirming the AhR, it was also possible to quantitate the mRNAcpd
from transcriptionFigure 3.36 show the gRTPCR analysis of mRNA isolated from BpRc1
wild-type, BpRcl AhR and BpRcl AhR. gRT-PCRwas used to improve the selectivity of
the primers by utilising a probe. Primers were used to identify AhR mRNA (ragrhand
mouse), an@d mouse B-actin mMRNA primer/probe set which was used to normalise the data.
AhR and B-actin were run as a duplex with thet@reshold normalised so that all three AhR
genes could be directly compared for quantitation purpdsgsare 3.36 shows the AhR
levels in he three cell lines. Mouse AhR mRNA was further measured in NIH/3T3 cells
(positive control) and H4IIE/MCH cells (negative control). gRPCR was conducted as it
provided more accuracy than epdint PCR due to the addition of a species specific probe.
The rat AhR primers were run at €3to stop the primers from binding to the mouse AhR

which sharesigh homology to the rat AhR.
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Figure 3.36: Confirmation of the presence of either rat or human AhR mRNAin the BpRc1 cell lines— Cells were

created as previously described and genomic DNA was isoksgetion2.5). Primers that amplify mouse f-actin mRNA

andeither,(A) rat AhR or (B) human AhRwhere used to detect the appropriate AhR ve@era multiplex reaction)C)

Mouse AhR and B-actin were measured in the three BpRc1 cell I[{iassa multiplex reaction), a positive control (NIH/3T3

cells) and two negative controls (H4IIE and MCfcells. (D and E) AhR mRNA levels were normalised against mouse -

actin mRNA and comparedR, is the normalisation of Rnormalised reporter) by stracting the baseline fluorescence.

C; (cycle threshold) is the point at which the signal passes the fluorescenbelthres

Figure 3.36 confirms thatthe two AhR genes are being transcribed by pRevTetOff

vector to produce AhR mRNAigure3.36A shows that only BpRclAhR contains rat AhR

MRNA which shows the pRevTREAhR vector is been successfully transcrib&ijure
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3.3@ shows that only BpRc1ANR has transcribed human AhR mRNA demaaitstig that

this cell line has undergone successful transcription of the pRevid&tR vector. The
levels of mouse AhR mRNA was measured in the three BpRc1l cell lines as welhas in t
three controlsKigure3.36C). The BpRcl cell lines have equal quantities of AhR mRNA as
expected. The BpRcl cell line only has deficient levelshi® so the PCR should still detect
significant levels. Another mouse celhe, NIH/3T3, was used as a positive control
producing similar quantities of mouse AhR mRNA as BpRcl cell lines. Rat HHtE
human MCF7 were used as negative controls and the figure shows that the mouse AhR
primers did not amplify any part of the ratlmrman mRNA. All of the mRNA levels were
normalised against -actin and tabulated to compare between cell lifggu(e 3.3 and

E). The levels of mouse AhR mRNA were approximately similar for all three dBpificl

cell lines and NIH/3T3 which does not confirm that the BpRcl cell line has a reduced AhR
concentration. However, as the BpRcl and NIH/3T3 come from different tissue direct

comparisons of thlevels of AhR, using B-actin as a normalisation gene was limited.

3.2.8 Species/tissue specific differences

Evidence from previous authors (Bazzi, 20B8dinskyet al., 2010; Silkworthet al., 2006;

Xu et al., 2000 and this researchas shown that many persistent organic pollutants are
significantly more potenat inducingrat AhR than humamhR. BpRcl cells were derived
from theHepalclc7 cell line which according to the literatumsan EG, of 88.5 pMwhen
treated with TCDO(Hepalclc7; Deret al., 2006). To demonstrate this, both rat and human

cells were treated with various concentrations of TCDD for 4 hours.
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Figure 3.37: TCDD concentrationresponse curve in rat H4IIE, human MCF7, mouse NIH/3T3 and mouse BpRct

(A) Rat (H4IIE), human (MCH), mouse (NIH/3T3) and mouse (BpRcl) cells were treated with various cotioestiet
TCDD for 4 hours, after which, RNA was pfied and cDNA was synthesisgdoncentratiorresponse curves were created
by plotting the % of maximal CYP1A1 mRNA induction against concentration of agqR$-PCR was used to measure
the induction of the gene of interest, CYP1A1l and the two normalisation genesndfRaetin. VC: Vehicle control, TC:

10 nM TCDD only control (in H4IIE cells)Each point is the mean of three biological replicat&R: (B) Raw gRFPCR

data showing CYP1A1 mRNA levels in mouse NIH/3T3 and BpRcl c&ls.is the normaliation of R, (normalised
reporter) by subtracting the baseline fluorescenge(cle threshold) is the point at which the signal passes the
fluorescence threshold.

Figure 3.37A showshe induction of CYP1A1 mRNA imat (H4IIE), human(MCF-7) and
mouse(BpRcl and NIH 3T3) cells treated with TCDD for 4 hours. The @ TCDD
induction of CYP1ALl irBpRc1l cells wasb5 nM (95% CI = 1.12 nM-2.44 nM) compared
with 74 pM (95% CI = 4.9 pM 110 pM)in H4IIE cellsand 675 pM (95% CI| = 524 pM

869 pM)in MCF-7 cells.This reiterates the previous finding that the potency of TCDD is
approximately 1€old higher in rat cef than in human. The same maximal response was
reached in thé&pRcl AhR, BpRcl1hAhR and BpRclwild-type cell lines but not for the
mouse (NIH/3T3) cells. CYP1A1 mRNA was not detected in NIH/3T3 cells althtg
ability of the primers to ampliffmouseCYP1A1 mRNA was confirmed in BpRcl cells.
Primers will detect either variant of the mouse CYP1A1 mRNA. This is confirmeime

3.3 which shows thaIH/3T3 does not express CYP1A1l mRNA compared with BpRcl

which did express CYP1A1l mRNA.
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3.2.9 Comparison of wild-type vs. Infected BpRc1 cells

Previous research hathownthat 5F 203 is more potent at inducing CYP1A1 mRINA
human cells than in rat cells (Bazzi, 2008) making it a useful compound for comparison
between the two species. Based on this rat and human cells were treated with various
concentrations of 5F 203 and compaweth cells treated with TCDD. 5F 2@®ncenration
response curves were conducted in the presence of a 10 nM TCDD only control to allow
normalisation of the relative mRNA levels against the TCDD only curve. All of uhees

also contained a vehicle control to show the background levels of CYPRANAnFigure

3.38shows wildtype BpRcl cells treated with TCDD or 5F 203 for 4 hours.
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Figure 3.38: Comparison of 5F 203and TCDD as AhR agonistsn mouse BpRc1 wildtype cells—Mouse BpRc1 wild
type cells were treated with various concentrations of 5F @0Bcentratiorresponse curves were created by plotting the
% of maximal CYP1A1 mRNA induction by 10 nM TCDD against concentration of ag@iR§:PCR was used to
measure the level of induction wlouseCYP1A1 and compared against control ganeusep-actin. Qbaseluswas used

to normalise the data which was péasttusing 10 nM TCDD only contrals 100% of the maximal response. Results were
compared with a vehicle control (VC) and a 10 nM TCDD only control (TC). Each igdiné mearof three biological

replicates + S.D

Figure3.38shows that th&Cs, for wild-type BpRc1l cells treated with TCDD was 1.65 nM
(95% Cl =1.12 nM — 2.44 nM) however 5F 203 did not give a recordakjevalbe.Figure
3.39 andFigure 3.40 shows rat(H4llE and BpRcl rAhR)and humanMCF-7 and hAhR)

cells, respectively, treated with 5F 203 or TCDD for 4 hours.

149



Richard Wall

120 120
I L ] I
g 100 ~ TCDD 3 S 100 ¥ TCDD
§ = 5F-203 Z = 5F-203
£ 80 2 804
g 3
£ £
% 601 % 607
> b
5 401 5 404
X =S

204 v 201

O4—— — 0d—— —
vC -13-12-11-10 9 -8 -7 6 -5 TC vC -13-12-11-10 -9 -8 -7 -6 -5 TC
Log[agonist] Log[agonist]

Figure 3.39: Comparison of 5F 203with TCDD as AhR agonistsin rat H4IIE cellsand BpRc1rAhR cells— (A) Rat
H4IIE or (B) BpRcl rAhRcells were treated with various concentrations of 5F @@Bicentratiofresponse curves were
created by plotting th&s of maximal CYP1A1 mRNA induction by 10 nM TCDD against concentration of agoist

PCR was used to measure the level of inductiomafiseCYP1A1 and compared against control ganeuse p-actin
Qbas®luswas used to normalise the data which was plotted using 10 nM TCDD only control as 100%naiitmeal
response. Results were compared with a vehicle control (VC) and a 10 nM TCDébotityl (TC). Each poiris the mean

of three biological replicates + S.D

Figure3.39A showsconcentratiofresponse curves of CYP1A1 mRNA induction by 5F 203
and TCDD in rat H4IIE cells. The Egof 5F 203 was 675 nM (95% CI = 524 nM869
nM) and TCDD was 74 pM (95% CI = 49 pML11 pM). From this analysis it is possible to
conclude that 5F 203 is a weak AhR agonist in rat cells. The same experiment was
conducted in the BpRaAhR cell line usingthe same concentrations of TCDd 5F203
(Figure3.3B). The EG for TCDD was 1.46 nM (95% CI = 1.02 nM — 2.10 nM) and for 5F
203 was 11.0 uM (95%I = 8.98 uM-13.5 uM). TCDD was shown to lawproximately
1000fold more potent than 5F 203 at inducing CYP1A1 mRNA in the BpfRtIR cells
Howeverboth TCDD and 5F 203 were 20ld more potent in the wiltype H4IIE cell line
than the BpRcIAQR cell line. Further to thisthe results from BpRcAhR were compared
against those obtained from BpRcl wijghe when treated with TCDDComparison shows
that the two EGs (BpRcl wildtype vs. BpRcl rAhRare not sigricantly different (p =

0.6133).The same experiment was then carried out in human-M@rd BpRcl hAhR

cells
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Figure 3.40: Comparison of 5F 203with TCDD as AhR agonistsin human MCF-7 cellsand BpRc1hAhR cells—(A)

Human MCF7or (B) BpRc1hAhR cells were treated with various concentrations of 5F @@8centratiorresponse curves

were created by plotting tHé of maximal CYP1A1 mRNA induction by 10 nM TCDD against @ntcationof agonist.
gRT-PCR was used to measure the level of inductionamiseCYP1A1 and compared against control geneusef-actin.
Qbas®luswas used to normalise the data which was plotted using 10 nM TCDD only control as 100%makitmel
response. Results were compared with a vehicle control (VC) and a 10 nM TCD&otityl (TC). Each poinis the mean

of three biological replicates +[3.

Figure3.40A shows that the Eggfor 5F 203 induction of CYP1A1 was 1.18 nM (95% CI =
818 pM—-1.72 nM) and for TCDD the Egwas 689 pM (95% CI = 550 pM 861 pM).

This data shows that 5F 203 is a potent agonist of human AhR and is only approximately 5
fold less potent than TCDD at inducing CYP1A1 mRNA in human cells. The two
compounds were tested in BpRicAhR cells (Figure3.4B). TCDD gave an Eg of 1.97

nM (95% CI = 1.21 nM-3.20 nM) however 5F 203 did not produce a measurable response.
The response of CDD in BpRcl hAhR was shownot to be statistically significantly
different to BpRcl wildtype (p=0.54). FurthermoreTCDD was found to be-®Ild more
potent at inducing CYP1A1 mRNA in human MZFcell line than in the BpRcl hAhR cell
line (p=0.0004).Theinduction of CYP1A1 mRNA of TCDD in BpRAd1AhR was compared

againstthe responsén BpRclrAhR cells and the two EGes were also founchot to be

statistically significantly(p=0.27).
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4. Discussion

4.1 Alternative methods

4.1.1 mRNA measurement

Recent research by Het al. (2007) showed that CYP1A1l induction is a rspecific
biomarkerof AhR activation and supports the hypothesis that CYPhagnot necessarily
berelated todioxin-like toxicity. However theiwork was conducteth vivo which is a much
more complex model to investigate compared withvitro, using potentially complex
atypical compounds which may not bind in the same binding site as the more conventional
dioxin-like AhR agonists. There is also a significant volume ofaesh thashows CYP1A1l

is a specific biomarker for AhR activation by diotike compoundgBehnischet al., 2001;
Nebertet al., 2000, 2004 Schmidtet al., 1996; Vanden Heuvet al., 1994. Another method

of mMRNA quantitation is northern blotting whitlas high specificity but low sensitivity. The
chemicals used are toxic and there is a risk of RNAse contamination. Magraaralysis
measures the expression of large numbers ofsgariéhas low resolving power. The method
is also too expensive and tlpsoject is only interested in the expression of CYP1Al (as a
measure of AhR activation). In bottorthernblot and microarray assays, large sample sizes
are required which is why qRPCR was chosen. Finallyhe use of luciferase based assays
containing AR (DRE)binding sites, has become a common method of measurement of AhR
activation as it is both quick to use and cheap to operate allowing large numberplessam
to be analysed on a buddBurke and Mayer, 1974; Sandersaral., 1996) Covered brief}

in section1.3.5.2 the luciferase cells were creatbg transfecting the fireflyPhotinus
pyralis) luciferase gene into theell genome alongvith DRE binding sitesand promoter
regionsupstream. The activateAhR binds to these DRE sstallowing transcription and
ultimately translationof the exogenousuciferase protein which can then be measured using

a luminometerHowever neasurement of CYP1A1 mRNA by gFACR was utilised for
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these studies over luciferase based asbagausat not only allows detection and a more
exacting quantitation of Ahdependent expression of an endogenous gene (CYP1Al), but it
would confirm that the responses examined were not due to selective effects osi@xpres
from the integrated luciferase reporter plasmid that might not be seen on other AhR
responsive geneglRTPCR has a large advantage over other methods of CYP1A1 mRNA
measurement in that it allows the analysis of several genes in a single exparimeéntan

be used sireference genes.

4.1.2 Protein measurement

Quantitative analysis of the activation of AhR, through measurements of CYP1NA R
critically dependent on the methodology for mRNA measurement. CYRERDD and
AHH) are induced by TCD#ike compounds (Kennegdyl1993). EROD activity has
historically been used as a measure of AhR activation (Clersorad., 1997, 1998;
Hilscherovaet al., 2001; Peterst al., 2004; Sandersost al., 1996; Schmitzet al., 1995;
Silkworth et al., 2005). EROD activity measures the rate of CYP-hAddiated deethylation

of 7-ethoxyresorufin (#ER) leading to the production of highlporescent resorufin,
measured using a plate reader. The method replaced AHH activity in the mid #8800

the increased safety and economy of EROD, compared with AHH measurementstéhe sy
also has a greater efficiency and is much more cost effective (Véhyle 2004). The
advantage of EROD, which measures the rate of deethylatiomthioXyresorufin, is that it
measures the whole mechanism of AhR activation and CYP1A1 translation unlik€eRR.
technology has allowed the measurement of CYP1A1 mRNA which provides a more
sensitive measurement of AhR activation compared with EROD (Vanden Heusk|
1994). Research has shown that certain compounds (e.g. PCBs) inhibit the EROD- enzyme
substrate reaction at high concentrations making mixture experiments impassibéasure

accurately and illustrating the generic pitfall that enzyme activity measurement can be a
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flawed measure of AhR activation (Garrisaral., 1996; Kennedt al., 1993; Petrulist al.,
1999; Sawyeet al., 1984). CYP1A1 mRNA induction is one of the most potent effects of
AhR activation so would be expected to give both the most accurate ahdsensgive
results. Measurement of resorufin requires that the cells are treatedder periods of time

to allow translation of the enzymes. Longer periods of treatment can |¢lael noetabolism

of some compounds, includingMC (Riddick et al., 19949 and TCDF (Clemongt al.,
1997). In this thesjsa method of measuring the induction of CYP1A1 was calibrated using
gRTPCR. Several variables that affect accurate measurement of CYP1A1 mRNA were
identified and optimised, yielding a methodology with ¢desable statistical power for the
determination of the potency of an agonist for inducing CYP1A1 mRNA. Staltisteger is

a prerequisite for detecting small differences in potency. Such quantitagéasunement of
induction potency enables the application of a variety of pharmacological tools togatees

the nature of agonism.

4.2 qRT-PCR method optimisation

4.2.1 Calibration of PCR method

This study required a robust method of measuring the agonistic and antagooisérties of

a variety of AhRrelated comounds. The measurement of CYP1IARNA induction was
decided to be the most accurate way to measure ligand induced AhR activation and was
therefore chosen as the marker for AhR activation. Measurement of CYIRRAIA was
conducted usingRT-PCR which required optimisation before RNA quantitation. The PCR
efficiency was measured using a dilution curve of known cDNA which foundfficeecy

of CYP1AL1, B-actin and AhR to be approximately 100% for all of the spdesed(Figure

3.3). The use of conditioned medium significantly reduced the effect of AhR ligands
contained within the cell culture medium increasing the background to noise Higime(

3.1). This demonstrates that the concentrations of the probes and primers are@atiafat
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that the assay is robust. An overlay of severnpassie TCDDconcentration-responseirves

in rat and humarcells, show that the results are reproducible and therefore comparison
between curves is possiblEigure 3.5). (RT-PCR has been shown to be a reliable tool for
measuring the differences in CYP1AMRNA between samples providing a high
discriminatory power for statistically significant differences betwemmcentratiorresponse
curves.TCDD concatrationresponse curves from rat H4llE and human MCeells were
compared to demonstrate the reproducibility of the 'R method of CYP1A1l mRNA

measurementHgure3.5).

4.2.2 CH223191 is a potent antagonist

The ability of the gRTIPCR method to detect antagonism was demonstrated using a known
antagonist, CH223191. The initial experiment confirmed that CH223191 was a pure
antagonist and showed no significant increase in CYP1Al induction compared with TCDD
which was confirmed by previous research (Kénal., 2006). Further experimentation
effectively demonstrated thantagonistic properties of CH223191 with the chosen assay. The
IC50 for antagonism of 1 nM TCDD induced CYP1A1 mRNAl{ nM) compared
favourablyto that obtained by Kinet al. (2006) despite the different cell line and protocols
used. Based on the ¢ four concentrations of the antagonist were selected to perform Schild
analysis on the TCDD concentratiogsponse curvéFigure 3.7). Cells were treatk with
TCDD in the presence @&achof the four concentrations of CH223191 to extrapolateKthe

of the antagonistvhich was calculated to be 18tfM. Choiet al. (2012) investigated a range

of compounds based on the structure of CH223191. They found that CH223191 was a potent
antagonist and gave ansf®f 10 nM-100 nM. The other compounds tested were shown to
be a range of high to low potgnantagonistsshowing that substitutions on the pyrazole
group were important for antagonistic potenéigure3.7 successfly demonstrated the shift

of the concentratiorresponse curve to the right as the concentration of antagonist was
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increased. It was also nateluring experimentation that the antagonist reduced the induction
potency of various AhR agonists present in timeonditionedcell culture medium used
hence the use of conditioned medium with significantly reduced AhR agoniss.level
Furthermore, the expiment has characterised the potency of the antagonist using five
significantly different EGys derived from the TCDD concentratiogsponse curves shown in
Figure 3.7A. More importantly this experiment has successfully shown that this method of
antagonist detection can actually detect antagonistic properties of a compound and

furthermore these properties can be quantitated.

4.3 Reliability of the results obtained

4.3.1 TCDD

TCDD is a well characterised standard when calculating the potdndipxin-like HAHs
and REPs of AhR agonists. The 4g€calculated in this work are comparedwith the
literature (erived from \arious techniques) to determine the reliability of the data obtained in

this project Table4.1)

Method TCDD EGCy Study
qRT-PCR* 33pM (1 pM) Current study
EROD 9.0 pM (* 2.1 pM) Clemonset al., 1998
CALUX" 10 pM Murk et al., 1996
ERODC! 10 pM Peterset al., 2004
EROD’ 11.8 pM (+ 3.9 pM) Clemonset al., 1997
ERODF 14 pM (+ 4 pM) Chenet al., 2001
EROD' 19.6 pM (= 5.6 pM) Sandersomt al., 1996
ERODC! 34.5 pM (+ 1.96 pM) Hilscherovaet al., 2001
gRT-PCR 40 pM (+ 13pM) Bazzi, 2008
EROD 41pM (23pM — 74 pM) Silkworth et al., 2005
EROD 50pM (£ 13 pM) Schmitzet al., 1995
EROD 50 pM (37 pM -65 pM) Zeigeret al., 2001

Table 4.1: Comparison of TCDD ECs values taken from the literature - All data wasderivedfrom H4IIE cells Values
in parentheses are 95% confidence intervals or + Standard Deviation/Standeré&lts were treated fof4 hours,’24
hours, °48 hours,®72 hours.gRT-PCR: QuantitativeReattime Polymerise Chain Reaction, EROD: Ethoxyresor@fin

deethylation CALUX: Chemical Activated LUciferase gene eXpression.
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The EGo calculated in this work corsponds well with the values found in the literature. The
majority of the values calculated previously use EROD analysis to calcuat&Gi;
however it was deemed suitable to compare directly with the values calculated in this work

(Chatyet al., 2008).

4.3.2 TCDF, PeCDF and PCB 126

REPs are based on a mixture of data derived from biochemical, receptor binding; smdcit

carcinogenicitystudies(Hawset al., 2006; Van den Berg al., 2006).

Compound Method REP Study
TCDF gRT-PCR? 0.115 Current study
EROD’ 0.03 Bolset al., 1997
EROD 0.092 Bandieraet al., 1984
AHH® 0.12 Wiebelet al., 1996
EROD 0.15 Li etal., 1999
PeCDF gRT-PCR* 0.171 Current study
AHH® 0.28 Bandieraet al., 1984
EROD 0.28 Sandersomt al., 1996
EROD’ 0.4 Bolset al., 1997
EROD 0.41 Behnischet al., 2002
Luciferasé 0.69 Sandersomt al., 1996
DR-CALUX® 0.84 Behnischet al., 2002
PCB 126 qRT-PCRa 0.103 Current study
Luciferasé 0.017 Sandersomt al., 1996
EROD 0.02 Tillitt etal., 1991
EROD 0.047 Sandersomt al., 1996
EROD 0.05 Koistinenet al., 1996
EROD’ 0.1 Bolset al., 1997
ERODF 0.1 Hanbergget al., 1990
EROD’ 0.18 Schmitzet al., 1995
EROD 0.323 Sawyerand Safe, 1982

Table 4.2 Comparison of REP values taken from the literature— Potency data shown as REPs (their potency in
comparison to TCDD; sesection1.4.2.]. All REPswere calculatedrom assays oh4lIE cells.Cells were treated fof4
hours, °48 hours, °72 hours, 924 hours. gRTPCR: Quantitative Redlme Polymerise Chain Reaction, EROD:

Ethaxyresorufin-OdeethylationLuciferase: Luciferase cell&HH: Aryl hydrocarbon hydroxylase
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TCDF, PeCDF and PCB 126 were tested in rat (H41IE or primary culturgsgvious work

by this author but the concentrations wereadgisted after they were camhed using
GC/MS. The new Eggs calculated from this adjustment were compavét the literature
(Table4.2). The WHO gavelCDF a TEF of 0.1 based on previous REPs calcuiatet/o
(DeVito and Birnbaum, 1995; Takagial., 2003; Webegt al., 1984) andn vitro models in

rat H41IE cells (Table 4.2, Haws et al., 2006). In this study, the REP for TCDF was
calculated to be 0.115 which compares well with the TEF of 0.1. The REP also compares
well with values from the literature (REPs: 0.863.15).A TEF of 0.3 was estimatefr
PeCDF fromin vivo (Fattoreet al., 2000; Johnsoet al., 2000;NTP TR-525, 2006 Pluesset

al., 1998; Wearn et al., 1995; Walkeret al., 2005) andn vitro data Table4.2, Hawset al.,

2006 supplementary data). PeCDF gave a REP of 0.171 in this work which is slightly lower
than the TEF of 0.3. It is also slightly lower than the values calculated in tladulige(REPS:

0.28 - 0.84).The reason for this difference may be due to the preparation of the compound
prior to treatment of the cellsr the contamination of the stackhe original1998 TEF for

this compound was 0.5 (Van den Bet@l., 1998) which appea to match the literature data
more closelyFinally a TEF of 0.1 was calculated for PCB 126 friomivo (Hemminget al.,
1995;NTP TR-520, 2006 Van Birgelenet al., 1994) andn vitro data Table4.2, Hawset

al., 2006 supplementary data). REP of 0.103 was calculated for PCB 126 in this work
which corresponds well with the TEF of 0.1. The literature also supports the u3&bfat

0.1 (REPs: 0.02- 0.323). This comparison shows that REPscalculated in this project
match with the predicted valuesofn the WHO consortium (Van den Beegal., 2006) and

REPs calculated iprevious literatureThe antagonistic properties tife threecompounds

have been investigated previouslgd foundthat none of the three compounds are partial

agonists in rat H411E cell@Vall, 2008).
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4.3.3 Mixed halogenated dioxin-like HAHs

One of the main aims of thigrojectwas to characterise the agonist propertieseveral
mixed halogenatedioxin-ike AhR ligands based on their ability to induce CYP1A1 mRNA.
REPs were calculated, based on thed @€ TCDD, for all of the compounds testde{DDs
Table3.1; PXDFs Table3.2, PXBs Table3.3). Severalbf the compoundtested weravell
known AhR agonistsvhich already have allocated TEFs calculated through +awesdysisof

REP datavhich corresponds well with tHREFs in this project §ecton 4.3.2).

Estimated
Compound WHO 2005 REPfrom this Difference
TEF
study*
2,3,7,8TetraCDD 1 1 =
2-B-3,7,8TriCDD 3 + 3-fold
2,3-DiB-7,8-DiCDD 0.3 - 3fold
1,2,3,7,8PentaCDD 1
1-B-2,3,7,8TetraCDD 0.1 - 10+old
2-B-1,3,7,8TetraCDD 0.3 - 34fold
2,3,7,8TetraCDF 0.1 0.1 =
3-B-2,7,8TriCDF 0.1 =
2,3-DiB-7,8-DiCDF 0.3 + 3-fold
2,3,4,7,8PentaCDF 0.3 0.3 =
4-B-2,3,7,8TetraCDF 0.3 =
1,2,3,7,8PentaCDF 0.03
1-B-2,3,7,8TetraCDF 0.1 + 3-fold
1,3DiB-2,7,8TriCDF 0.3 + 10-fold
3,3,4,4' 5PentaCB 0.1 0.1 =
4'-B-3,3',4,5TetraCB 0.3 + 3-fold
3',4'-DiB-3,4,5TriCB 0.1 =
3',4’ 5-TriB-3,4-DiCB 0.3 + 3-fold
3,3',4,4’ 5PentaBB 0.03 - 3fold
2,3,3,4,4*PentaCB 0.00003 0.000003 - 10fold
4'-B-2,3,3',4TetraCB 0.00001 - 3fold
2,3',4,4' 5PentaCB 0.00003 0.000003 - 10+old
4'-B-2,3",4,5TetraCB 0.00003 =
2,3,3,4,4",5HexCB 0.00003 0.0003 + 10-fold
4'-B-2,3,3',4,5PentaCB 0.0003 + 10Fold

Table 4.3 Estimated REPs compared with TEFs- TEFs were taken from Van den Bestgal., 2006.*REP values from

this study were rounded to the nearest half log to allow more simglistiparison with the TEFs.
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These compounds were used as controls to show reproducibility of the data and allow
comparison with REPs found in the literatui@lfle 1.2, Table 1.3, Behnischet al., 2003;
Olsmanet al., 2007; Samarat al., 2009). There was general agreement between this work
and literature for all of the compounds with a few exceptio3.728-DICDF was found to

be 10fold more potent in this project than in the literature (0.000037; Olstnan 2007),
2,7,8TriBDF was found to be 5fbld more potent in this study compared with the literature
(0.00049; Olsmaret al., 2007) and finally 2B-6,7,8TriCDF was ~25€fold more potent in

this study then compared with the literature (0.00066; Olsetaal., 2007). Previous
literature has used ¢hTEFsof only chlorinated compound@rable 1.5) for the equivalent
brominated and mixed halogged congeners in order to calculateithEEQs (Ohtaet al.,

2004; Food Standards Agen@006a, 2006b, 2006¢c; Colles al., 2008; Fernandest al.,
2008).Table4.3 compares the REPs calculated in fhegper with the TEF of thequivalent
chlorinated congeneA few compounds of notablpoteng were identified including -B-
3,7,8TriCDD which was found to b8-fold more potent than TCDD in both rat and human
cell linesandwhich has been confirmed in theerature (Olsmaret al., 2007).0Only a few

other compounds have been found to be more potent than TCDD so this is a remarkable
finding. Also identified as very potent AhR agonists wetB-2,3,7,89etraCDD and 2.3
DiB-7,8DICDF, which gave REPs dd.3 corresponding well with values found in the
literature (Behnisclet al., 20@; Olsmanet al., 2007). 2,3DiB-7,8-DiCDD was found to be
slightly less potent in this paper compared with other authors (Beletiath2003; Olsman

et al., 2007; Samaret al., 2009).

4.3.4 PCBs

The REPs calculated in this work for PCB 105 and 118 (~0.000003) wdoddlli@ss than
the TEF values calculated by the WHO (0.00003, Van den &ealg, 2006). On the other

hand, the REP for PCB 156 obtained in this work (0.0003) wdsldGnore than the value
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calculated by the WHO (0.00003, Van den Betrgl., 2006). The agonistic and antagonist
study of PCB 105 and PCB 118 showed that both compounds were partial agonagts of
AhR and PCB 105 was shown to be a pure antagonist of human AhR whereas PCB 118 was
shown to be a partial agoni€tlemonszt al. (1998)treated raH4lIE cells with TCDDin the
presence of PCB 105 and PCB 118, and demonstrated a shift adribentratiorresponse
curves to the right in comparison to TCDD alo#emonset al., (1998)also showed that

PCB 77 was partially antagonised by both PCB 105 and PCB 118 in H4IIE cellstrikash

et al. (2000) indicated that PCB 118 may be a partial agonist as opposed to a complete
antagonist. The authors also showed tR&B 105 and PCB 128 were competitive
antagonists of the AhRthe REPs for PCB 105 in rat H4IIE ceflssed to calculate the TIEEF
ranged from 0.0000075 (Tilligt al., 1991) to 0.000668 (Sawyand Safe1982). The purity

of the compound was >99% in thdlitt study but was undetermined in the majority of the
other studies. As the compound is a very weak agonist, even <1% contamination of a more
potent agonistould produce a response. In this studykmown potent agonistwere found

in the PCB 105 stockTable2.1). The REPs used to calculate PCB 118 (in rat H4IIE cells)
ranged from 0.000002 (Hanbeggal., 1990) to 0.00001 (Bolet al., 1997) in orer to create

a TEF of 0.00003 (Van den Beeyal., 2006). None of the purities of the PCB 118 s#ock
used in these studies could be confirmed so the effect of more potent agosistgpossible

to calculate.There were no significant impurities found in the PCB 118 stock used in this
project.PCB 156 was found to be a pure agonist in rat H4lIE cells and a weak partial agonist
in human MCF7. Clemonset al. (1998) also showed that PCB 156 had partial agonistic
properties in RL-W1 rainbow trout liver cellalthough Hestermaa al. (2000)found that

PCB 156 had no effect on CYP1A induction in PL-i@ish cells.A REP range of 0.0ID26
(Aartset al., 1998) to 0.1 Chenet al., 2009 in rat H41IE cells was used talculate the TEF

of PCB 156 Table4.4; Haws et al., 2006). These REPgom the literatureare almost all
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higher than the TEF applied to this compound (0.00003; démBerget al., 2006) but fit

well with the REP calculated in this project (0.00BRyure3.21). The purity of the PCB 156
stocksused to calculate these TEFs were not confirmed which could mean they are also
contaminated with more potedioxin-like HAHs (during synthesisOne interesting point is

that the range of REPs calculated for PCB Hs6yell as other morartho-substitutel PCBs

(not shown) differ widely between authors compared with the other compounds where TEFs

where calculated, showing the difficulty in measuring the potency of thedeagenists.

Method REP Study

Evidence of low REP (~0.00003)

CALUX? 0.000026 Aartset al., 1998
EROD 0.000052 Bolset al., 1997
ERODF 0.000054 Tillitt etal., 1991
EROC 0.00007 Schmitzet al., 1995
ERODF 0.0000895 Sawyerand Safe, 198:

Evidence of high REP (~0.0003)

EROD 0.0001 Hanberget al., 1990
CALUX" 0.00014 Brown et al., 2001
ERODC 0.0003 Schmitzet al., 1995
EROD’ 0.1 Chenet al., 2004

Table 4.4: Comparison of the REPs calculated for PCB 156 All REPs calculated in rdtl4l1E cells. Cells were treated

for: 28 hours, 24 hours, °72 hours,%20 hours. EROD: Ethoxyresorufi@-deethylation. Luciferase: Luciferase cells.
CALUX: Chemical Activated LUciferase gene eXpression.

Assuming the TEF is the best representation of PCB 156, the most likely explaoatioa f
high REP (0.0003) calculated in this study is that it was contaminated with low
concentrations of PCB 126sdction 2.1.4 which could have increased the agonistic
properties of PCB 156 through additivity. However based on the dataTiabhe 4.4, it is
possible to see &b the majority of the literature supports a higREP in the region of

~0.0001.
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4.3.5 AZFMHCs are AhR agonists
4.3.5.1 AZ1is a very potent AhR agonist

The AZFMHCs werepreviously identified of AhR agonists during a routine drug screening
investigation by AstraZenecaVleasurement of the ability of the AZFMHCs to induce
CYP1A1 mRNA in rat H4IIE cells showed that all of the compounds atteast medium
potencyAhR agonists. One of the compounds, AZ1, was shown to be an exceptionally potent
inducer, being Sold more potent at inducing CYP1A1 RNA compared to TCDD. AZ2, 3
and 4 were shown to be less potent inducers, at ledstdiess potent than TCDD. None of

the AZ compounds demonstrated any antagonistic properties. The ability of AZ1 to induce
two other AhRrelatedmetabolism genes, CYP1A2 and CYP1B1, provides strong evidence
that the compound does activate the AhR The ability of AZ1 to activate the AhR was not
confined to rat cells although both AZ1 and TCDD were-fel@ less potent at inducing
CYP1ALl in human MCH than in rat H4lIE cells. This finding is reminiscent of many other
studies which show that the human AhR is less responsive to ligands than is the rat AhR
(Budinskyet al., 2006; Xuet al., 2000). However, the results confirm that both substances
are pdent activators of the AhR in human, and that AZ1 is more potent than TCDD. This is
an interesting finding as TCDD is one of the most potent along with 1,2,3,7,8
pentachlorodibenzp-dioxin and some of the mixed halogenated dibgmaoxins and
dibenzofuans investigated in this study. For further analysis of the compound, it would be
useful to measure the CYP1Al protein levels using EROD in order to visusdisehble

mechanism of AhR activation by this compound.

4.3.5.2 AZ2, 3 and 4 are medium potency agonists
AZ1 was shown to be a highly potent AhR agonist however the other family members were
shown only to be medium potency agonists approximatelyl000fold less potent than

AZ1. Structurally the most important characteristic for high potency, based ofouhe

163



Richard Wall

compounds tested, is that there is no group on fhE8ition (sectior8.1.3.]. Also, the fact
that AZ3 was the least potent compound suggesit the CEgroup at R is beneficial for
high potency. All of the compounds have a very similar structure to-alphahoflavone (a-
NF) and B-NF which are also potent ligands of the AhR. a-NF is a potent antagonist but has a
strong affinity for the AR (Gasiewicz and Rucci, 1991; Santostefanal., 1993) and B-NF
has been shown to be a potent agonist of the AhR (Cheuldl., 2007). The three
AZFMHCs were significantly less potent than TCDD (AZ2 =fdkl less potent, AZ3 =
3504fold less potent and AZ4 = 136ld less potent than TCDD) and thus only AZ1 was

chosen for further investigation.

4.3.5.3 Ligand binding shows AZ1 and TCDD are high affinity ligands

In order to confirm the hypothesis that AZ1 is acting through AhR activation, thiy &bili
AZ1 to compete with TCDD for binding to the AhR was investigaiHte Ky and Byax for
[*H]-TCDD was 1.24 nM and 26.9 fmol/mgrespectively This data fits well with
measurements made by previous authors (using the 8eiR€EDD) who found the Kand
Bmaxto be 0.27 nM- 1.45 nM and 40 fmol/mg, respectively (Bazzi, 2008; Jiang, 200:8.
affinity of AZ1 and TCDD were measured using a ligand binding assay which dhbate
AZ1 (IC50 =269 pM had a 14fold higher affinity for the AhR than TCDQCso=2.11 nM)
This compares well with previous findings from other authors using the Skth& DD
and unlabelled TCDD who found thesi3o be 1.65 nMTCDD; Bazzi, 2008).This shows
that the two compounds share the same binding site on the AhR, and prow&Zlthat

agonising the AhR.
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4.4 Structure-activity relationships

4.4.1 Affinity vs. Potency
4.4.1.1 Comparison of potency and affinity of HAHs

In this project, only potency data for tHAHs was estimated howevevestigation of the
full mechanismalso requires measurement of affinity. The potency data estimated in this

study was compared against binding affinity data derived Bandieraet al. (1982, 1984).
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Figure 4.1: CYP1A1 mRNA induction vs. AhR binding in rat — The ptencydata (MRNA induction) was conducted in

this study using rat H4lIE cells and t&inity datawas takerfrom Bandieraet al. (1982, 1984)A test group containing the

five pure HAHAhR agonists (TCDDTCDF, PeCDF, PCB 126 and PCB 156) was used to plot the lirezat line Slope =

1.169 r* = 0.901.

Figure4.1 shows that there is a relationship between binding affinity @ot@ncy,
demonstrating that as affinity increases, so does the potemeyivé potent puregonists (in

rat): TCDD, TCDFPeCDF,PCB 126 and PCB 156 all have poterrejatedto affinity
whereas PCB 105 and PCB 118 do not fit the trend, as they have a low potency despite a
reasonably high affinity. This, as discussed early, is most likely dutheito
antagonisproperties (binding to receptor without activating it), leading to a high affinity

compared with the potency. The difficulty with this analysis is the lack of dataspir
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these compound®.CB 156 fits well with the data despite the fact that it is contaminated with
a potentially significant concentration of PCB 12Z6e purity of the compounds used in the
affinity study was not confirmed so they may also be equally contaminatdg.a few
researchers have conded binding affinity experiments d#AHs (Bandieraet al., 1982,
1984; Brownet al., 1994; Poland and Glover, 1978pone possible piece of further work
would be to do binding studies afi of the mixed halogenated compounds in this study to
allow a more detailed structueetivity relationship study. Even less work has been
conducted on the binding affinity of compounds interacting with the human AhR due to the
large quantities of tissue required to conduct the assay. Previous work has shown émat hum
AhR has up to 1@old lower binding affinity for TCDD than mouse, perhaps partly
explaining the differencin the potency of TCDD between the two species (Enaa, 1994
Harperet al., 1988; Ramadoss and Perdew, 200ssuming otherodents have a similar
binding affinity for dioxindike HAHs, thiscould explain differences (seen here between rat
and humapin the potency of these ligands but would require more aataman AhR
binding affinity to confirm this statemenbDirect comparison of ligand binding to the rat or

human AhR may explain the differences seen of ligand potency between rat and human.

4.4.2 Chr compounds

4.4.2.1 Luciferase induction by Chr compounds

The two recombinant AnResponsive luciferase cell culture models, mouse H1L6.1c2 and
human HG2L6.1c3 cells, were used to obtain screening data (Conducted by Prof. Michael
Denison; Wallet al., 2012) on theAhR agonist activity of all othe Chr compounds at a
single concentration (10 uM). The results from mouse and human are displayed tas direc
comparisons with the data normalised to the maximal induction response obtaihed wit
TCDD (1 nM for H1L6.1c2 celland 10 nM for HG2L6.1c3 cell§igure4.2A). The results

show that none of the compounds were particularly potent agonists especially in the human
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cdl line. However, Ch#4, 6, 7, 8, 10, 11, 13, 14, 15, 16, 17, 18 and 19 were agonists for the
mouse AhR signalling pathway and €hrl5, 16 and 19 were agonists for the human AhR;

the remaining compounds were inactive as AhR agonists in either cell system
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Figure 4.2 AhR agonist and antagonistic activity of 2amino-isoflavone derivatives in recombinant mouse and

human hepatoma cell lines— (A) Mouse H1L6.1c2 and human HG2L6.1c3 cells were incubated with 10 pM Chr
compound, TCDD (1 nM for mouse and 10 nM for human) or 0.1% DMSO control for 24 houkdo(B¥ H1L6.1c2 and

human HG2L6.1c3 cells were incubated with 10 uM Chr compound in the presence of TCDOdimdlise and 10 nM

for human cells), TCDD alone or 0.1% DMSO control for 24 holtxiferase activity was measured and normalised
against TCDD (maximal response). White bars = mouse, black bars = hummarbdEs are S.D., n = 3. *Lucifese activity

was significantly higher @value<0.05) than that of DMSO control. The figure was taken from Wadt al. (2012h.

To determine the ability of the isoflavones to antagonise mouse and human AhR atison, c
were ceincubated with TCDD (1 nM for mouse H1L6.1c2 and 10 nM for human
HG2L6.1c3) in the absence or presence of 10 uM of the indicated compound and luciferase
activity determined after 24 hours of incubatidine data Figure 4.2B) shows that while

none of the Chr compounds exerted an antagonistic effect on TCDD dependent activation of
AhR signalling in mouse H1L6.1c2 cells, a large number of the compound®(Gh4, 5, 6,

8, 9, 13, 17, 18 and 19) antagonised TC@dpendent induction of luciferase in the human
HG2L6.1c3 cellsThese results demonstrate clear species differendbs iialative potency

and agonist and/or antagonist activity of these compounds. This reduction -afepleRdent

transcription of luciferase, when the isoflavones were incubated in the presiemM€DD,
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shows that the compounds must have a relatively good affinity for the AhR and that they
have very low agonistic efficacy. Comparison of the results in bagbre 4.2A and B
suggests that CHr-does not interact with the AhR as it neither activates nor inhibits it.

From the luciferase asgs, two compounds were selected for further analysis byRER to
provide a quantitative measure of agonism and antagonisrl3las shown to be a strong
agonist (compared to the other Chr compounds) in mouse H1L6.1c2 cells but a strong
antagonist in human HG2L6.1c3 cells, indicating a significant species difeeréhe second
compound selected was Ch® which was shown to be a weak agonist in both mouse and
human cell lines, but more interestingly was also shown to be an antagonist in timecellma

line, thus demonstrating that this compound is a partial agonist in human.

4.4.2.2 Structure activity relationship of Chr compounds

The ability of the compounds to competitively affect the activity of TCDD aldbwe
measurement of the shift in potency of TCDD and hence measurement of thedinestiag
effect. The luciferase screening data for CBrmatched well with the results obtained
through gRTPCR, however for Cht9, although qualitatively the same result was obtained
there were some discrepancies. The resalitained in the screening datéigre 4.2
showed that a 10 pM concentration of aBr reduced the response to 10 nM TCDD in
human cells by 80% dhe maximal response (aféld reduction) whereas when gHPICR
was used, 10 uM CHr9 only reduced the response to 10 nM TCDD by 1Biufe3.24D).
Onre possibility that could explain these divergent results is that #vast inter-tissue
differences in the cell lines that modulate the overall Amnliated response for this
particular compound, although this remains to be determiétexhget al. (2003) previously
examined AhR activation by a variety of agonists in both HepG2 andM&His and while

most compounds showed a similar pattern of induction, they also identified several
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compounds which exhibited differences in potency between thedivbnes and this must

relate to cell specific differences as the AhR was identical.

Compound Chr- R R R?
1 H H O
2 6Cl H O
3 7Cl H O
4 H 4'-Cl O
5 6-Cl 4'-Cl O
6 7Cl 4'-Cl O
7 H 4’-OMe O
8 6Cl 4’-OMe O
9 7Cl 4’-OMe O
10 H 3" 4'(OMe), 0
11 6Cl 3" 4'-(OMe), 0
13 7OMe 4'-Cl O
14 7OMe 3'.4-(OMe), 0
15 7Cl H NH
16 6Cl H NH
17 7OMe H O
18 7OMe 4’-OMe O

Chr-19 TCDD

Table 4.5: Structures of the 2amino-isoflavones (2amino-3-phenylchromen4-one; Chr) compounds- The structures

were drawn using ChemSketch. Table was taken from &valll (2012b).
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A basic analysis of the strucedactivity relationships, based mainly on the screening data,
was conducted. Firstly, Ci& and 3 were shown to be human AhR antagonists however, if
the eéher oxygen (position ITable4.5 was substituted with a secondary amine, such as in
Chr-15 and 16, the compounds become agonists in human cells instead. Furthermore, the
position of the chlorine atom on these molecules (position 6 or 7) had no effect on the
agonistic or antagonist activity of the compounds. This is shown by compounéds &and

16 which have a chlorine atom on position 7, and Chr-6, 9 and 15 which have a chlorine atom
on position 6, yet there is no difference in the ability of these compounds to activai@ir i

the AhR (results were the same for all six compounds).

The data also suggests that a chlorine atom is required somewhere on the moleelle (C
has no effects), although based on the number of compounds tested, the precise location
(position 3, 4 or 4’) doead seem to affect the compound’s properties. The slightly reduced
ability of Chr4 as an antagonist may suggest that there needs to be a chlorine atom on
position 6 or 7 in order for it to #agonisecompletelythe AhR at a concentration of 10 uM.

The chlorine atoms would provide a high electron density which has been shown to be

important for high affinity in similar compounds (Heretyal., 1999).

Chr-13 and 19 are relatively unique in this group of compounds making it difficult to assess
what contributes to their specispecific differences in effect. A methoxy group on position

7 is the most likely explanation for why Gh8 and 17 are agonists in mouse but antagonists

in human. Furthermore as discussed earlier the chlorine on position 4’ appears to have no
effect on AhR binding or activation. The unusual partial agonistic properties €fCare

likely related to the substitution of the amino group on position 2 with a carbonyl group and
the removal of the carbonyl group from position 4. If there is a methoxy group on position 3’

it appears that the compound will simply not interact significantly with the AhReaasin
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Chr-10, 11 and 14. Using alplmaphthoflavone as the backbone strigtiGasiewiczt al.

(1996) and Henryet al. (1999) investigated the effect of chemical substituents on AhR
activity. They showed that a methoxy group in the 3’ positiononly increased affinity for
receptor binding (Gasiewic&t al., 1996; Henryet al., 1999), but was very important for
antagonist activity (Henrgt al., 1999; Luet al., 1996). The reason for the lack of effect of
Chr-1 is unclear as Cht and 7 have antagonistic properties and also have no atom or group
on the first benzene ring. Based the potency of Cht8 and 19, it would be interesting to
test other classes of compounds with similar (AhR binding) structures for i@stanc

chromones and coumarins (such as warfarin).

In terms of AhR agonism, the most potent of the compounds1&land 15) were still
10,000f0ld less potent than TCDD at activating the AhR and inducing CYP1A1 mRNA.
Their agonistic and antagonistic ability suggests they have similar potenitye mone
ortho-chlorinated polychlorinated biphenyls (PCBs) such as PCB 105 and PCHd4l@ (

3.3). Isoflavones have been shown to haveB@lues in the 10 uM range (Amakuetal .,

2003), although more potent isoflavones have been identified. Biochanin A, for example, has
a similar structure to CHf, but with hydroxyl groups on positions 5 and 7, and it was shown
to be only 10€fold less potent than TCDD (Medjakovic and Jungbauer, 2008). Daidzein, an
isoflavone which is similar in structure to GH8 but with hydroxyl groups on positions 7

and 4’ instead of methoxy groups, was shown to be a weak agonist in mouse Hepal cells at
similar concentrations as GhB (Zhanget al., 2003). Furthermore Zhangt al. (2003) also
showed that daidzein had no AhR agonistic activity in human-MGOGFHepG2 cells, similar

to Chrl8. Several compounds with flavone and isoflavone structures were tested in human
MCF-7 and mouse Hepal cells with most of the compounds having no or very limited AhR
activity. Similarly, Zhanget al. (2003) reported specispecific differences by several

flavonoid compounds relative to AhR agonist and antagonist activity.
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Quercetin and kaempferol (both flavonols) are the most abundant flavonoids found in the diet
and based on EROD analysis, Cioligbal. (1999 reported that quercetin was an AhR
agonist and that kaempferol was an antagonist in MGiells. Several other flavonoid
derivatives have also been identified as Algands including galangin, which was shown to

act as an AhR antagonist (Ciolino and Y&B99h) and chrysin, shown to be one of the
strongest flavonoid agonsstWhile chrysin is a partial agonist in human cells it produces no
antagonistic effects in ratl4llIE cells demonstrating that many compounds based on the

flavonoid structure have specisgecific differences (Van der Heideral., 2007).

4.4.3 Brominated and mixed halogenated dioxin-like HAHs

The addition of bromine had different effects on each of the three groups of compounds
(PXDDs, PXDFs and PXBs)A bromine substitution on thdibenzep-dioxin backbone
reduced the potency of the compounds, compared to the compound with Cl at the same
position(s) with the exception of-B-3,7,8-TriCDD, which may belue to the increase in the

size of the moleculés previously discussed sectionl.2.2 thedibenzep-dioxin backbone
appears to already be the perfect size for high potency comparedibethzdurans and
biphenyls, where an increase in size (substituents i.e. addition aé @&quired to get
~equivalent potencyFigure 4.3A and B compare the structures of TCDD an#&-3,7,8-
TriCDD. Thebromine atom makes the compoundjistiy largerandwas showrto improve

its ability to activate the AR presumably by having a higher affinifyhe substitution of
bromine on thedibenzduran backbone actually increased the potency of the mixed
halogenated compounds. One suggestion for this would be théib#reofurarbackbone is
slightly smaller than thelibenzoep-dioxin backbone as it only has one oxygen atom.
Increasing the size of the molecule slightly by substituting a chlorine atorardmine

appears to provide a better fit for the AhR ligand binding domain.

172



Richard Wall
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TEF =1 REP = 2.01
| “ | .
TEF =0.03 REP =0.14

REP =0.22

Figure 4.3 The space fill structure of 2,3,7,8substituted dibenzep-dioxins and 1,2,3,7,8ubstituted dibenzofurans-
A) TCDD, B) 2-B-3,7,8TriCDD, C) 1,2,3,7,8eCDFD) 1-B-2,3,7,8TetraCDF andE) 1,3DiB-2,7,8 TriCDF. TEFs were
taken from Van den Berg al. (2006) and REPs were calculated in this study.

Figure4.3C, D and E shows the structures of 1,2,3suBsituted dibenzofurans (see also
sectionl.3.9. Based on the TEF df-B-2,3,7,8TetraCDF (0.03; Van den Bergt al., 2006),
1,2,3,7,8PeCDFwas found to be-8old more potent and 1:B-2,7,8TriCDF was found to
be 10fold more potent Thereforethe potency of the compounds employs the following
order:1,2,3,7,8PeCDK1-B-2,3,7,8TetraCDF<1,3-DiB-2,7,8-TriCDF. The substitution of a
bromine at position {Table3.2) increaseshe potency of théibenzduran by 3-fold thena

bromine substitution gbosition 3increases thgotencyby a further3-fold. Futher work
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would investigate B-1,2,7,8TetraCDF to see if asinglesubstitution at position 2 @& also
increases the potency of the compogoyincreasing the longitudinal size of tbempound).

This also appears to be the same for the mhaddgenated PXB 126 congeners, with the
bromine making the molecule bigger and thus potentially a better fit for the AhR binding
domain. Risk assessment calculation of PBB 126 uses the TEF for PCB 126 howBver PB
126 was found to be-f®ld less potent than PCB 126 suggesting a reduced TEF for the
compound. The monortho-substituted PXBs were generally more potent than their
chlorinated congeners showing that the increased size of the compound allows it todgnd m
effectively to the AhR binding site. PXB 105 wasfbd and PXB 118 was 16fold more

potent than their purely chlorinated congeners showing than an increase in thé thiee
compound increases the potency. There are many more mixed halogenated compounds whick
may also be of similar abundance and potency as their chlorinated counterparts. The main
issue therevould be what to include and not include in the TEQ calculation. The use of the
chlorinated TEFs for the mixed halogenated compounds tested in this work would not be
appropriateas in a lot of cases the TEF was-faldl different from the REP calculated
experimentally. Therefore a new range of TEFs are required for toasgounds. Further to

this it would beinteresting to do affinity measurements for all of the mixed halogenated

compounds to explore any patterns between the different congeners.

4.4.4 Antagonistic effects of moneortho-substituted PCBsand PXBs

4.4.4.1 Structure of partial agonists

Several mon@rtho-substituted PCBs and PXBs were tested in rat and human cell lines and
showed that all six of the compounds investigated were partial agonists in rat defitiE

with the exception of PCB 156 which was shown to be a pure agbheste were significant
disaepancies between the REPs calculated for PCB 105, PCB 118 and PCB 156 in this paper

and those calculated by the WHO consortium. This work suggests that PCB 105 and PCB
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118 were 16old less potent than previously estimated whereas PCB 156 watdlfore
potent.In human MCF7 cells, PCB 118 and PCB 156 were shown to be partial agonists
whereas PCB 105 was shown to be a relatively potent antagonist when treated
simultaneously with TCD@although higher concentrations of PCB 105 rhayeelicitedan

agonis response in humaih tested) A concentration of 3 uM PCB 105 in rat and 10 uM
PCB 105 in human reduced the potency of TCDD byoBf). Further to this, a concentration

of 3uM PCB 118 in rat and 10 uM PCB 118 in human reduced the potency of TCDDP by 10
254old. This suggestthat the potency of a mixtumdntainingthese compoundsould be
reduced due to competition for binding to the AhR. However binding data and, tfoe K
these compounds is required to fully characterise their antagonistic praopEttiest al.
(2001)assayed TCDD in the presence of a mixture of 13 different PCBs includind. P&;B

156, 105 and 126, which has since been shown by other authors (Chen and Bunce, 2004,
Clemonset al., 1998; Suhet al., 2003; Hestermanat al., 2000) to be a mixture of agonists,
putative partial agonists and antagonists. They found that when assaying TCDD in the
presence of a low concentration of this mixture, the mixture has partial ag@nogtierties

although the data is not conclusive (Ghal., 2001).

Substitution of one of the chlorine aterfor bromine (either meta- or para-substituted)
increasd the length of the compound, which appears to have a significantly large effect on
the potency of the compound to activate the AhR (in rat HelE). This effect was seen for

PXB 105/PCB 105 however this substitution appears to have less impact on PXB 156/PCB
156. PCB 156 was shown to have very weak antagonistic properties in human and thus would
have a very limited effect on the TEQ. All ofetimoneortho-substituted PXBs were shown

to be partial antagonists in rat H4lIE cells. A concentration of 1 uM PXB 105 was show
reduce the potency of TCDD by 28@8ld showing that the compound is a more potent

antagonist than PCB 105 as a lower concentration had a larger antagonistic Affec
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concentration of 300 nM PXB 118 was shown to reduce the potency of TCDBdhy 6
making it equivalent to PCB 118 in terms of antagonistic potentigB E56 was shown to

have potent antagonigt propertiesas a @ncentration of 100 nM PXB 156 reduced the
potency of TCDD by 99old showing that the substitution of chlorine for a bromine atom
(on position 4’) had no effect on the agonistic properties of the compound but had significant

effect on the antagonistic pottial.

A

TEF = 0.00003 REP = 0.00001

Figure 4.4: The space fill structures of two mono-ortho-substituted PXBs - A) PCB 105 and B) PXB 105he TEF was
taken from Van den Berg al. (2006) and the REP was calculated in this study.

Figure 4.4 shows the structures of PCB 105 and PXB 1P&ers that investigate the
structure activity relationships of PCBs generally use the same bond leogt$ ¢f the
compounds thus removing it as a potential explanation for the partial agonistic psopertie
(Anderssoret al., 1997) therefore the only reaming variable is the energy required to rotate
between the € (between benzene rings). Anderssbral. (1997) predicted the internal
barrier of rotation (k) for all of the PCBs including the ones used in this study. The results
showed that only a W E,,; was required for the neortho-substituted PCBs obviously due to

the lack of chlorine atoms in thertho positions. On the other hand the mamtho-
substituted PCBs required nearlyti®es as much [k to rotate in tke same way due to the
effect ofthe ortho substituted chlorines. This extra energy required to rotate may mean that
the molecule is not planar in its most relaxed state but is rather twisted as sHéiguarén

4.4. The effect of this twisting of the-C (between benzene rings) appears be the reason that
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these compounds have partial agonistic properfiesfully characterise the mormtho-
substituted PCBs, several different antagonising concentrations of the compounds would be

required to do a schild analysis to calculate thgir K

4.4.4.2 Effect of partial agonists on the TEQ

The TEQ system assumes that all of the compounds undergo additivity wherebyhaill

TEFs can be added togethasbd on the exposure and potency of that particular compound.
However the method doesa take into consideration the antagonistic effects of these
compounds which may actually reduce the potency of other pure agonists as shown in the
antagonism studies this project Figure3.17. Brown et al., 1994;Safe, 1994; Toyoshibet

al., 2004; Walkeret al., 20095. As discussed irsection1.4.2.3 several authors recommend
adjusted methods which take into consideration these partial agonistic (astiayoni
properties (Howard and Webster, 2009; Howatdal., 2010; Pohjanvirtaet al., 1995;

Toyoshibaet al., 2004; Walkeet al., 20095.

4.5 Species differences

4.5.1 Comparing rat and human AhR

The potency of a variety of AhR agonists was measured in rat and human celispare

their potency aass speciesA general finding from this work and from previous literature
(Budinskyet al., 2010; Xuet al., 2000)is that these compounds are approximatehjold

less potent in human cells compared with in rat cElgure4.5 shows the direct comparison

of the EGos calculated in rat and humanCDD, 2-B-3,7,8TriCDD and PCB 126vere all

found to be ~1@old more potent in rat than in human however PXB 126B was-enfpld

more potent in rat, producing a high REP in human cells. The differing potencies are most
likely associated with subtle differences in ligand binding domathefwo AhRs (Denison

et al., 2002). Comparison of the amino acid composition of the whole AhR amino acid
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sequence show some significant differences between the two proteins howscesitoavs

only minor differences in the structure of the ligand binding domains which is not surprising
considering the receptors are exposed to the same xenobiotics. A direct compéatise
amino acids making up the ligand binding domains of several species including rat and
human has been published previoustig(re 1.3, Burbachet al., 1992; Crewst al., 1988;
Hahnet al., 1997).0One of the aims of this study was to understand the differences in AhR
ligand poteng between rat and human. This was investigated by attempting to directly
compare between the two AhR proteins as theferehces may be due to a variety of

reasons such ashR affinity or be dictated by chaperone proteins.

Log[ECs] human
n

-10A

'11 T T T T T T T 1
-12 -11 -10 9 -8 -7 -6 -5 -4
Log[ECs(] rat

Figure 4.5 Comparison of a variety of AhR agonists in rat and human- Rat and human cells were treated with various
concentrations of a variety of compounds to calculate thejssEChe EGys were then congred.The slope =1.04and the
r? = 0.993 Points are the Es £ Sandard errorThe compounds (left to right) are Ch9, PCB 156, PCB 126, PCB 126B,

TCDD, 2-B-,3,7,8TriCDD and AZ1.

Figure 4.5 shows that the human B{was on averagel5fold (7.2-fold — 29.4fold) more

potent than rat for all the compounds shdvased on the equation). The slope was 1.04 and
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the ¢ was 0.993 showing that all the compourstt®wn conform to this conclusiorEven
comparing a variety of different compounds, with varying magnitudes gf Blibws there is

a relationship between the potency of the compoahdd and humaAhR.

It is very difficult to compare levels gbroteinsbetween rat and human because they may not
havesame levels of normalisationmges. The levels of CYP1A1 or CYP1A2, which bind to
dioxin-like compounds, may have an impact on the overall potency of these compounds
different species. Accurate comparison of these proteins between speciesentdy &l
contributing factor of species differenc€ne possible way of identifying these differences
is by measuring the mRNA of these protesigminsta large number oformalisation genes

as t is difficult even to compare intigpecies/intetissuelevels of normalisation genes the

mRNA/genomic DNAlevelscan bedifferent.

4.5.2 Expression of AhR in mouse BpRcl cells

4.5.2.1 Construction of BpRc1 cells

One of the aims of thiproject was to investigate the species differences of the mechanism of
AhR activation between rat and human cell lines. In order to directly a@rigetween the

AhR proteins of rat and human it was necessary to measure them without tte aéftbe
different (rat or human) mechanisms of action. For an accurate comparison of the two
proteins they would need to be measured with the same back ground mechanism of action to
allow direct comparison. There were no issues related to the production of the AhR
confaining pRevTRE vectors howew transfection of the genestonthe PT67 cells and
infection of the virus into BpRcl cells gave considerable problems and requuedlse
attempts over many montfi®sulting in only transient expression of AhR in cell$)e main

issue was that although colonies were selected after antibiotic treatneect|dhies turned

out not to contain the vector of interest. This may be due to the vector not fully timggra
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into the genomic DNA or simply that the antibiotic was & a high enough concentration to

kill all of the cells which did not contain the vector (resistance gene).

Another consideration was thie His-tag could have been left on as an additional measure
of gene translatianThere are antibodies available #hR but they s not specific enough

to distinguish between the different specieddigtag antibody wa available and couldave
beenused to identify the infected AhR using western blottigernatively a GFP tag could
have been used but this is qudaege and may have interferedth the protein folding of the
AhR. The 7500fast software uses a threshold to calculate; tilecGmpare between samples.
The mRNA comparisorin Figure 3.36E assumes that the primers gmebbesfor the three
AhR geneswork at 100% efficiency. The threshold wieen set to the same level for all

three g@nes (mouse, rat and human AhR).

4.5.2.2 Comparison of controls for the infected BpRc1 cells

Both Clemonst al. (1998)and De Hanret al. (1996)calculated an E£ of 140 pM+ 130
for Hepalclc7 cells treated with TCDDIiller et al. (1983), who created the BpRc1l cell
line, found that the basal and induced levels of CYP1AHHA were 10% and 20%,
respectively, when treating the cells with 1 nM TCDD for 24 hours. In thdyysan EGo of
1.65 nM (95% CI = 1.12 nM 2.44 nM) was calculated whickas approximately 1&old
morethan literature values in wiltype Hepalclc7 cell8F 203 waspreviouslymeasured in
rat H411E cells by Bazzét al. (2009) who calculated an B§&of 3 uM (95% CI = 1.3uM —
7.7 M) in rat H4lIE cells which was significantly higher than the value calculated in this
study (vild-type rat H4IIE cells675 nM; 95% CI = 524 nM — 869 nMand2 nM (95% CI =
0.9 nM- 5 nM) in human MCF7 cellswhich wasjust higher than the value calculated in this
study (ild-type human MCH cells;1.18 nM; 95% CI = 818 pM- 1.72 nM. The more
interesting conclusion of this comparison of 5F 203 between rat and human is that the

compound is a relatively weak agonist in rat H4lIE cells but very potent in hurtda7M
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cells (almost equal to TCDD). This shows that this compound is a very useful tool when

investigating AhR differences between rat and human.

4.5.2.3 BpRc1rAhR

BpRc1 wildtype cells were infected with a vector containing the rat AhR gene. Although
initial infection to produce a double stable cell line was unsuccessful, it was pdssitect

cells for use in producin@g cell line that transiently expreslseat AhR. Figure 3.34 and
Figure3.35A show that the pRevTRE vect@ong with the rat AhR genaassuccessfully
infected into the cell nucleus separate experiment was conducted to show that the rat AhR
gene was transcribe#ligure 3.36 shows that thee are low levels ofat AhR mRNA but 4-

fold less tharthe mouse AhRNRNA, which itselfwasat very low levels compared to wild
type mouseAhR mRNA fromHepalclc? cellsThe BpRcl AhR cellstreated with TCDD

did not produce a statistically different &Grom the wildtype BpRcl cell lineHowever
BpRcl AhR cells treated with 5F 203 did produce a response which was not seen in the
wild-type cells.This would be substantial proof (three biological replicates with 10 nM
TCDD) that the experiment has wadkbut that the expressiasf rat AhRwas only very low
comparedwith rat H4IIE wildtype cells.Confirmatory AhR protein evidence would be

needed to substantiate this.

4.5.2.4 BpRc1 hAhR

BpRc1 cells were also infected with pRevTRE containing the human ABRwith rat,
creation of a stably expressing cell line failed but it was possible td thizcells to produce
a cell line thatransientlyexpressed human AhRigure3.34 andrigure3.33 show that the
pReVvTRE vector, along with the human AhR gemas successfully infected into the cell
nucleus. To confirnthat the human AhR gene was transcribed bypfRevTetOff vector,

measurement of CYP1A1 mRNAvas conducted using gRACR (Figure 3.36) The
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experimemn shows that human AhR was transcribed but only at very low levels (~1%)
compared with mouse AhR (whietasalso at very low levelgnd human AhR mRNA from
MCF-7 wild-type cells The BpRc1hAhR cells were treated with TCDD and 5F 203 but the
ECso valuesfor TCDD were the same as for BpRcl wilgbe cells (5F 203 gave no response
in either cell ling which shows that the levels siluman AhR were not sufficient ttave an

effector is non-responsive under these conditions.

4.5.3 Comparison of AhR-related proteins

Although the most likely reason for the experiment not working was that thesenay
enough rat or human AhBxpression in the cell lingshe ability of the mouse chaperone
proteins to interact with the rat or human ARy also have had an impact iretability of

the exogenous AhR to interact with the host mechani@me similarities of the AhR and

Arnt as well as the three chaperone proteins; Hsp90, p23 and XAP2 were abbgtareen

rat, human and mouse to see how closely related the praeteies Table4.6 shows the
similarities between the three species. The values are only estimates based om a direc

alignment of the three amino acid sequences

AhR LBD Arnt Hsp90 p23 XAP2

Human vs. Mouse 68.7% 86.7% 91.7% 98.8% 98.7% 94.2%
Rat vs. Mouse 86.1% 97.0% 94.1% 99.6% 100% 97.0%

Rat vs. Human 71.2% 85.5% 90.0% 98.9% 98.7% 94.0%

Table 4.6: Amino acid comparison— Comparison of similarities between proteins associated with the AhR activating
mechanisnbased on direct comparison of their amino acid sequences. Gene Ilds are shabie 2n2. LBD: AhR ligand
binding domainestimated from mouse AhR LBD (Fukunagal., 1995)

The similarities between the full AhR amino acid seqasraf rat and human were compared

against mouse. Human and mouse had or88.@%6 idenity compared with rat and mouse

which had an86.1% identity. Comparison of the mouse LBD with the two other species
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showed an even higher homology with 86.7% and%yfr human and rat, respectively.
However another iortant issue was the similaribetwe@ the chaperone proteins Gt

and human compared with mouse. The Arnt proteins were relatively similar bethieeea
species(90.0 - 94.1% similarity) as werghe XAP2 proteins which had a very close
homology between all the species (94.97.0% similarity). Hsp90 was highly conserved
between all three species (>98.8%23 was also highly conserved between the three species.
Rat and mouse shared a 100% similarity compared with human and mouse which had 98.7%
similarity. Several researchers have shown the importance of p23 for emhdmeiAhR
complex (Coxet al., 2004; Kazlauskast al., 2001; Shettyet al., 2002) however more recent
research from Flavergt al. (2009) used p23 null models to show that p23 was not crucial for
ligand binding or AhRrelated gene expression. It was therefore concluded that none of these
chaperone proteins would have an unusually higher effect on the BpR® cell line
compaed with the rat version. Based on this comparison, the most likely explanation for the
failure of this experimenvasthe lack of DNA successfully transfected into the cell resulting

in low human AhR expressioim order to compare the AhRs between rat lamchan, a new
method of comparison is required. The host cell line needs to be AhR null not just AhR

deficient to remove background interference.

4.5.4 Alternative method of comparing AhR

Unfortunately the stable infection of BpRcl cells was unsuccessbdt likely due to the
low viral concentrations used in the experiment. Also an issue may be thanthelignat
integrate properly with the nucleic DNA. An alternative method could have prddmnc@hR
knockout or even better a gene excha(@eetschma et al., 1987; Tarutankt al., 1997,
Urenet al., 2000; Weiss and Green, 1964) full knock-out would remove the background
levels of AhR activation to allow a higher signal to noise r&tigene exchange (knoaut)

could be produced by usimgcombirationwhich would exchange the mouse AhR gene with
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an antibiotic resistance gene along with either the rat or human AhR. Recombinati@h woul

need to occur on both chromosomes to produgena exchange

GENOME Mouse AhR gene
— H H —
5’ flanking regi% wﬂanking region
— H H H —

TARGETING CONSTRUCT Selectable marker Rat/human AhR gene

Figure 4.6: Basic example of recombination- gene of interesis cloned into a vector containing the 5’ and 3’ flanking
regions of the gene to be replacdthe vector also contains a selectable marker. Recombination takes place artbe g
interest is integrated into the genome of the mouse cell line and is then seledtedny a pur stock.

This would have used a similar method to the one used in this project. Selection weauld hav
left mouse cell lines with no mouse Ahieplaced instead with rat or human AhRere are

AhR null mice available (Fernand&algueroet al., 1995 1996 Gorzalez et al., 1995;
Lahvis and Bradfield, 1998; Vasquet al., 2003) so a primary culture could have been

conducted as a replacement for AfdR-deficient Tao BpRcl cell line.

5. Conclusion

A method of quantifying the agonistic and antagonistic properties of variousligdftls
was optimised and appligd a family of potentAhR agonists (AZFMHCs) and a known
antagonist, CH22319This studyidentified the highest known affinity, high potency ligand
of the AhR AZ1. The compound has been shown to H&5%old more potent than TCDD at
inducing CYP1ALl in two species and over several Ahgdiated genef\Z1 is a synthetic
AhR agonist and thus isot of environmental conceffalthough there is the possibility of
occupational exposure; Mackenzie and Brooks,81%®wever it could be a very useful
compound to helpadvanceour understandg of the mechanism of AhR activation and

provide further insight into thetructureactivity relationshipsThis study also successfully
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used Schild regression to characterise AinR antagonist, CH2231%howing that it is a

potent AhR antagonist.

The structureactivity relationships of several families of compounds were investigated to
improve our understanding of the requirements for bindingadrah AhR ligandto be an
agonist or antagonisMany of the novel -amincisoflavones describenh this study wee

not only active ligands (agonists/antagonists) of the AhR, but they also produce unusual
species differences in response. These analyses have shown thathevelightest
substitutions in chemical structure can significantly alter not only the potehdhe
compound but also its antagonistic potential. Both-ThandChr-19 could be useful tools
when investigating the mechanism responsible for ligdamknlent species differences in

the activation of the AhRPerhaps more relevant to risk assessmeeatPXDDsinvestigated

in this studywere found to have a lower potency than their fully chlorinated congeners
whereas thePXDFs and PXBstested were shown to be of higher potencSeveral
compounds of notable interest were identified suckBs3,7,8TriCDD which was found to

be 2fold more potent than TCDD at activating rat and human ARR-123,7,8TetraCDD

and 2,3biB-7,8-DICDF were also found to be und@-fold less potent than TCDD
demonstrating the potential impact these compounds could have on the total toxicity of a

mixture.

This data can now be used for the next generation of TEQ measurantkestimation
although further work will be required to decide which compounds should be included in the
TEQ as there are several thousand congenetioxinlike compounds when includintpe
various mixed halogenated compoundEhe potency dataogether with occurrencdata,
should help inform regulators whidompoundsshould be measured in environmental and

food samples for purposes of risk assessment which should result in better estimate
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overall exposure to AR agonists. With regards to the current WHO TERss studyhas

shown that PCB 105 and PCB 118 are essentially antagonists at all but the highest of
concentrations and therefore suggests their TEFs should be decreased. Comsgterald

be taken regarding the antagonistic properties of the PCBs and PXBs ionrétatiheir

ability to reducehte potency of other more potent AhR agonists. The TEF of PCB 156 should
be increased to take account of the increased pofeasgd on previous literaturBlit care

must be taken to measure for any contamination in the stocks of these compounds which may

impact the overall potenchefore including them in the TEF medaalysis

In terms of species differences between rat and human, an estirhditéd teduction in the
potency of these compounds to activate human AhR was observed in allcohtheunds
tested in this study. Unfortunately attempts to directly compare betweendh&hfds did
not fully succeed but the study did demonstrate the potential of thebasaskexperiment to
work, if the levels of infected exogenous AhR are high enough to havapatt on the
cellular response. The study also identified a more promising altermagtieod which
should eliminate the background mouse AhR response allowing a more accuratastompa
of the infected AhRs. During this study, 5F 203, was once again shownsigricantly
more potent in human (equal to TCDBian in rat highlightingts usefulness in species

comparison.

In conclusion, lte data derived in this study wilkelp toimprove our overall understandiog
the mechanism of AhR activation by environmental pollutants and allow more focused ris

assessment on these compounds.
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