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Abstract 
The aryl hydrocarbon receptor (Ah-receptor) is a member of the bHLH-PAS protein family. 

The Ah-receptor is a ligand dependent transcription factor, which activates a wide range of 

genes, most notably the xenobiotica metabolising genes, CYP1A1 and CYP1A2. The 

biological function of the Ah-receptor is still unknown and an endogenous ligand has yet not 

been identified. A possible Ah-receptor ligand is 6-formylindolo[3,2-b]carbazole (FICZ). 

FICZ has a high affinity for the Ah-receptor and is rapidly metabolised by CYP1A1, CYP1A2 

and aldehydeoxidase (AOX). To try to trap FICZ or other possible endogenous Ah-receptor 

ligands, the metabolising enzymes CYP1A1, CYP1A2 and AOX were blocked. This was 

achieved through chemical blockage of CYP1A1 and CYP1A2 by ellepticin and through 

silencing with siRNA directed against CYP1A1 and CYP1A2. Successful blockage would be 

seen as an increase in Ah-receptor dependent XRE-luciferase activity. Chemical blockage of 

AOX with tungstate did not affect FICZ-dependent XRE-luciferase activation which could 

indicate that HepG2 cells lack AOX. The chemical blockage of CYP1A1 and CYP1A2 with 

ellepticin modified the XRE-luciferase response, but did not completely block Ah-receptor 

activation. In addition it is possible that ellepticin is a ligand for the Ah-receptor. The 

blockage of CYP1A1 by siRNA was successful; a silencing of CYP1A1 mRNA by at least 50 

percent was detected. However due to lack of time it was not tested if the blockage of 

CYP1A1 and CYP1A2 was sufficient to trap Ah-receptor ligands.  
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Abbreviations  
AA Arachidonic acid 

Ah-receptor Aryl hydrocarbon receptor 

AhRR Aryl hydrocarbon receptor repressor 

AOX Aldehydeoxidase 

ARNT Ah-receptor nuclear translocator 

CYP1A1 Cytochrome P450 1A1 

CYP1A2 Cytochrome P450 1A2 

CYP1B1 Cytochrome P450 1B1 

DICER Ribonuclease 

EC50 The ligand concentration when half of the maximal response is reached 

EROD Ethoxyresorufin-O-deethylase 

FICZ 6-formylindolo[3,2-b]carbazole 

HAH Halogenated aromatic hydrocarbons 

hsp90 Heat shock protein 90 

ICZ Indolo[3,2-b]carbazole 

MoCo Molybdenum cofactor 

NES Nuclear export signal 

NLS Nuclear localisation signal 

p23 Co-chaperone protein of 23kDa 

PAH Polycyclic aromatic hydrocarbons 

RISC RNA-induced silencing complex 

siRNA Short interfering RNA 

TCDD 2,3,7,8-Tetrachlorodibenzo-p-dioxin 

TK promotor Thymidine kinase promotor 

XAP2 X-associated protein 2 

XOR Xanthine oxidoreductase 

XRE Xenobiotic response element 
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Background 

Aryl hydrocarbon receptor function 

The aryl hydrocarbon receptor (Ah-receptor) belongs to the family of Per-Arnt-Sim (PAS)-

containing transcription factors, which has a basic helix-loop-helix DNA binding motif  (Gu 

et al., 2000). The Ah-receptor binds xenobiotica and induces gene expression for example of 

the CYP1A1 gene, which is the best studied gene in response to Ah-receptor activation. The 

CYP1A1 enzyme metabolises certain lipophilic compounds into more hydrophilic molecules. 

 

In the cytoplasm the Ah-receptor is bound in a complex with two molecules of heat shock 

protein 90 (hsp90), a X-associated protein 2 (XAP2) (Meyer et al., 1998) and a co-chaperon 

protein of 23kDa (p23) (Kazlauskas et al., 1999). When the Ah-receptor multiprotein complex 

binds a ligand, a conformational change takes place, resulting in an exposure of a nuclear 

localisation signal (NLS) and the translocation of the complex into the nucleus. In the nucleus 

the complex dissociates and the Ah-receptor binds to the Ah-receptor nuclear translocator 

(ARNT), converting the Ah-receptor into its DNA binding form (Figure 1) (Petrulis and 

Perdew, 2002; Gu et al., 2000; Whitlock et al., 1996).  

 

There are some data indicating that the DNA binding may require phosphorylation of the Ah-

receptor complex (Pongratz et al., 1991; Park et al., 2000; Gradin et al., 1994). The Ah-

receptor/ARNT complex binds in target promoters at specific sites, called the xenobiotic 

responsive elements (XRE). This leads to the activation of transcription of a number of genes. 

Among those genes are CYP1A1, AhRR, TGF-β, IL-1β, PAI-2, p27, jun-B and Bax (Mimura 

and Yoshiaki, 2003; Hankinson, 1995).  

 

The activity of the Ah-receptor is controlled in a number of ways, both through degradation of 

the receptor itself and through competition for ARNT and XRE binding (reviewed in Denison 

and Nagy, 2003; Denison et al., 2002; Pollenz, 2002). Ah-receptor complexes that fail to bind 

ARNT or DNA are exported from the nucleus with the help of a nuclear export sequence 

(NES) and the Ah-receptor is targeted for ubiquitination and degradation through the 26S 

protesome pathway. There is also evidence that the Ah-receptor is down-regulated after 

binding to ARNT and DNA (Figure 1). This is believed to be a way to control activation and 
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ARNT levels, since ARNT is an important protein in many other signal transduction pathways 

(Denison and Nagy, 2002; Denison et al., 2003; Pollenz, 2002).  

 

AhRR is an Ah-receptor repressor that is believed to repress Ah-receptor activation through 

forming a complex with ARNT and binding to the XRE without activating transcription. In 

this way it both competes with Ah-receptor for ARNT and also represses transcription by 

blocking the XRE sites. In addition, Ah-receptor activation results in transcription of AhRR, 

therefore functioning as a negative feedback regulator (Figure 1) (Mimura et al., 1999). 
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Figure 1.  A model of the Ah-receptor signalling pathway.  The Ah-receptor forms a complex with hsp90, XAP2 

and p23 in the cytoplasm (number 1). When the Ah-receptor complex binds its ligand, a NLS is exposed and the 

complex is transported into the nucleus. In the nucleus the Ah-receptor will bind to ARNT which leads to the 

dissociation of hsp90, XAP2 and p23. The new Ah-receptor/ARNT complex will bind to DNA on the XRE, this 

results in transcription of a number of genes such as CYP1A1, AhRR etc. If the Ah-receptor fails to bind to 

ARNT or DNA, the exposure of a NES will result in export and degradation of the Ah-receptor through the 26S 

pathway in the cytosol (number 2). The Ah-receptor/ARNT complex, bound to DNA, leads to transcription of 

AhRR, which can form a complex with ARNT and bind to XRE without giving any gene transcription. AhRR 

down regulates Ah-receptor activity in this way (number 3) (Pollenz, 2002; Gu et al., 2000; Whitlock et al., 

1996; Petrulis and Perdew, 2002). 



  Sara Petterssons degree project 
  2005-10 - 2006-03 

 6

 

The Ah-receptor is also called the dioxin receptor. It has been shown to bind dioxins with a 

high affinity and is involved in the toxic effects caused by dioxins. Toxic effects mediated by 

dioxins includes; wasting syndrome, chloracne, teratogenesis, immunosupression and tumour 

promotion. Dioxins are widespread in nature due to their persistence to degradation and 

accumulation in the food chain. In humans dioxins have a half life of approximately 10 years 

and are accumulated in fat tissue due to their lipophilicity. Dioxins are produced as by-

products in industries producing herbicides, plastic, paper and in waste incinerators 

(Pohjanvirta and Tuomisto, 1994).  

 

Studies of Ah-receptor knockout mice show that lack of Ah-receptor leads to developmental 

defects and physiological changes. Ah-receptor knockout mice have been developed by three 

different groups. All the knockout mice were born in normal Mendelian genetics but the 

growth rate was significantly decreased compared to wild type mice. As expected, the Ah-

receptor knockout mice did not show toxic responses to 2,3,7,8-tetrachlorodibenzo-p-dioxin 

(TCDD) (Mimura et al., 1997; Schmidt and Bradfield, 1996; Gonzalez and Fernendez-

Salguero, 1998). Interestingly, phenotypes described by different groups are not consistent. 

Mimura et al. (1997) describe that the liver damage seen is not as sever as reported in Schmidt 

and Bradfield (1996) and Gonzales and Fernendez-Salguero (1998); other phenotypes are not 

described in that article (Mimura et al., 1997; Schmidt and Bradfield, 1996). It was later 

described in a study by Shimizu et al. (2000) that the only phenotype observed was a slightly 

decreased growth rate during the first week of life, otherwise the mice were healthy and fertile 

(Shimizu et al., 2000). Schmidt et al. (1996) detected hepatic defects in their knockout mice 

and described that adult mice developed enlarged spleen and depressed immune system 

(reviewed in Schmidt and Bradfield, 1996). Gonzalez and Fernendez-Salguero (1998) 

detected peripheral immune system deficiency and in older mice heart hypertrophy, epidermal 

hyperplasia, dermal fibrosis, hyperproliferation of hair follicles, adenocarcinomas in the liver 

and lungs as well as hyperproliferation of blood vessels in the liver and liver fibrosis 

(Gonzalez and Fernendez-Salguero, 1998). Why the observed phenotypes differ between 

different Ah-receptor knockout mice is currently unknown and it complicates the 

understanding of the biological role of the Ah-receptor. 
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Exogenous and endogenous Ah-receptor ligands 

There are many known ligands for the Ah-receptor (reviewed in Denison et al., 2002; Denison 

and Nagy, 2003). The most well known is TCDD as mentioned above. Apart from dioxins the 

Ah-receptor can bind and be activated by a wide variety of different ligands with the 

halogenated and non-halogenated polycyclic aromatic hydrocarbons (HAH and PAH) being 

the most well defined ones (Denison et al., 2002; Denison and Nagy, 2003). 

 

So far, there are no known endogenous ligands that fully explain Ah-receptor functions but 

there are indications that endogenous Ah-receptor ligands exist. Ah-receptor/ARNT 

complexes have been detected in the nucleus of both tissues and cell lines in absence of 

ligands, which indicates that the Ah-receptor has bound an endogenous ligand and entered the 

nucleus were it heterodimerized with ARNT (Abbott et al., 1994; Singh et al., 1996; Chang 

and Puga, 1998). There is also evidence that the Ah-receptor is involved in control of the cell 

cycle in the absence of an exogenous ligand (Ma and Whitlock, 1996; Weiss et al., 1996). 

Furthermore, studies using Ah-receptor knockout mice support the existence of endogenous 

ligands. 

 

A few candidates of endogenous Ah-receptor ligands have been suggested and these can be 

divided into three groups; arachidonic acid metabolites, tetrapyroles and indoles. 

 

Arachidonic acid (AA) metabolites  

It is known that TCDD affects the AA metabolism since it induces CYP1A1 which converts 

AA to prostaglandins (reviewed in Denison and Nagy, 2003). TCDD also has an affect on AA 

metabolism through stimulating membrane lipid oxidation and phospholipase A activity. In a 

number of studies adherent cells were forced to grow in suspension, these cells showed an 

Ah-receptor mediated induction of CYP1A1 in the absence of exogenous ligands. This could 

be due to formation of an endogenous Ah-receptor ligand as a response to membrane changes 

but the Ah-receptor might also be activated without a ligand (Monk et al., 2001; Dension and 

Nagy, 2003). Many Ah-receptor ligands are hydrophobic, which makes it likely that other 

hydrophobic compounds such as lipids and steroids could also act as Ah-receptor ligands 

(Denison and Nagy, 2003). However all AA metabolites tested so far are very weak Ah-

receptor ligands or have no activity at all (Denison and Nagy, 2003). 
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Tetrapyroles 

A study by Kapitulnik and Gonzalez (1993) showed an induction of CYP1A1 expression in 

congenitally-jaundiced Gunn rats, which have high levels of bilirubin in the blood (Kapitulnik 

and Gonzalez, 1993). Bilirubin also causes a dose dependent activation of Ah-receptor and 

induces expression of Ah-receptor regulated genes (Sinal and Bend, 1997; Phelan et al., 

1998). In addition, there are data indicating that bilirubin and biliverdin might be metabolised 

to more potent Ah-receptor ligands (Phelan et al., 1998). However these more potent Ah-

receptor ligands have not been defined yet. 

 

Indoles  

Several indols have been described to be Ah-receptor ligands. Among then are; indole-3-

carbinol, indirubin, indigo, 6-formylindolo[3,2-b]carbazole (FICZ) and indolo[3,2-b]carbazole 

(ICZ). Indole-3-carbinol is derived from food and is converted in the acidic environment of 

the gut to ICZ. Many of the indoles are derivatives from the amino acid tryptophan, FICZ for 

example, is a tryptophan derived photoproduct. Indigo and indirubin are also derived from 

tryptophan and formed when tryptophan is degraded by intestinal bacteria to indole, which is 

absorbed and metabolised in the liver to indirubin and indigo (Gilliam et al., 2000; Bjeldanes 

et al., 1991).  

 

Indirubin, indigo, ICZ and FICZ are four potent Ah-receptor ligands with high affinity for the 

Ah-receptor. This has been measured as an EC50 value, which is the concentration when half 

of the maximal dose response is reached. Indirubin, ICZ and FICZ were found to have lower 

EC50 value than TCDD (Table 1 and Figure 3).  

 

Indirubin and indigo conjugates can be found in human urine which proves their existence in 

vivo. However as reviewed in Gilliam et al. (2000), whether the existence in urine is due to; 

uptake and metabolism of tryptophan, uptake from coloured clothes, metabolism by bacteria 

or spontaneous oxidation of indole-3-sulfate in urine is not clear. However, liver microsomes 

can oxidise indole to indigo and indirubin (Gilliam et al., 2000). 
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Compound EC50 values 
[M] 

TCDD 2.9 x 10-9 

ICZ 3.3 x 10-10 

FICZ 1.5 x 10-10 

Indirubin 2.0 x 10-10 

Indigo 4.6 x 10-9 

Table 1. EC50 values of TCDD, ICZ, FICZ, indirubin and indigo (Unpublished data Backlund et al.). 

 

Studies using mice exposed to UV light showed an induction of CYP1A1 in the skin. 

Induction of CYP1A1 is often seen as an indication of Ah-receptor activation and this is 

thought to be due to formation of Ah-receptor ligands in presence of UV-light (Goerz et al., 

1996). This is supported by the fact that irradiated cell culture medium turns into a potent 

stable Ah-receptor inducer. The compound causing induction was shown to derive from photo 

oxidation of amino acids. Both derivatives of oxidised histidine and tryptophan have been 

shown to posses Ah-receptor binding activity (Paine, 1976; Rannug et al., 1987; Rannug et 

al., 1995). Studies by Rannug et al. (1987, 1995) have conclusively shown that UV treatment 

of tryptophan gives rise to a number of Ah-receptor ligands of which FICZ is the most potent 

one (Rannug et al., 1987; Rannug et al., 1995). Human keratinocytes exposed to UV-light, 

showed an induction of CYP1A1. This induction was increased in the presence of tryptophan 

and was shown to be Ah-receptor dependent (Wei et al., 1999). 

 

FICZ is thought to be created in the epithelium as a result of UV-light exposure. It is quickly 

metabolised by CYP1A1, CYP1A2 and the cytosolic enzyme AOX (Figure 2) (Wincent, 

2005; Bergander, 2005). Metabolism of FICZ could differ between different compartments 

and organs in the body, since CYP1A1, CYP1A2 and AOX might not be present or inducible 

in all tissue. In liver cells FICZ is rapidly metabolised, making it difficult to prove the 

existence of endogenously formed FICZ in the liver. Ideally, the blocking of FICZ 

metabolism would result in the accumulation of endogenous FICZ, proving its formation in 

vivo. 
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Figure 2. FICZ metabolism by CYP1A1, CYP1A2 (CYP1A1/2) and AOX. Derivatives of FICZ are metabolised 

by sulfotransferase enzymes (SULT).The figure also shows metabolism of indolo[3,2-b]carbazole-6-carboxylic 

acid (CICZ) (Wincent et al. in preparation). 

 

Cytochrome P450 

Cytochrome P450 enzymes belong to a family of microsomal heme proteins responsible for 

making endobiotic and xenobiotic compounds more polar to enable transport and breakdown 

by phase II enzymes. There are 18 cytochrome P450 gene families in mammals. Cytochrome 

P450 families CYP1, CYP2 and CYP3 are mostly responsible for metabolising xenobiotic 

compounds (Ingelman-Sundberg, 2004). Usually the reaction leads to formation of an alcohol 

by monooxygenation (Figure 3), which is also the case in FICZ metabolism by CYP1A1 and 

CYP1A2 (Figure 2) (Wincent, 2005; Guengerich, 2001). The cytochrome P450 family CYP1 

has three members in mammals; CYP1A1, CYP1A2 and CYP1B1 (Ingelman-Sundberg, 

2004). 
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Figure 3. Standard reaction of cytochrome P450, RH symbolises different chemical compounds (Guengerich, 

2001). 

 

CYP1A1 metabolises benzo(a)pyrene to a pre-carcinogen, it also metabolises certain pre-

carcinogens and PAHs. Its� discovery came from the observation that PAHs induced its own 

metabolism (Whitlock, 1999; Ingelman-Sundberg, 2004). CYP1A2 metabolises aromatic 

compounds, amines, PAHs and pre-carcinogens found in cigarette smoke and aflatoxin 

B1from diet (Pasco et al., 1993; Aoyama et al., 1990). CYP1B1 metabolises 7,12-

dimethylbenz(a)anthracene (DMBA), oestradiol and some PAHs (Ingelman-Sundberg, 2004). 

 

CYP1A1 is expressed primarily in extra hepatic tissues such as; the lung, oesophagus, 

stomach, small intestine and colon. CYP1A2 is expressed in the liver, lung, oesophagus, 

stomach and colon. The basal expression of CYP1A1 and CYP1A2 is generally low. CYP1B1 

is expressed mainly in extra hepatic tissues such as; the lung, small intestine and colon (Ding 

and Kaminsky, 2003; Ingelman-Sundberg, 2004). CYP1A1, CYP1A2 and CYP1B1 are 

induced by Ah-receptor activation in the liver. CYP1A1 is inducible by PAHs in virtually all 

tissue. CYP1A2 is PAH inducible in the liver, lung, gastrointestinal tract, nasal epithelium 

and in brain (Pasco et al., 1993; Ding and Kaminsky, 2003; Nebert et al., 2004). CYP1B1 

constitutive levels are high in; vascular endothelial cells, breast, prostate, uterus, epithelial 

lining of head and neck, in some tumours, adrenal cortex and many other tissues (Nebert  

et al., 2004). 

 

CYP expression is regulated at all levels; transcriptional, mRNA, translational and post 

translational level. For CYP1A1 and CYP1A2 the induction at the transcriptional level is 

believed to be most important (Ingelman-Sundberg, 2004). CYP1A1 transcription is induced 

by the Ah-receptor/ARNT complex and both CYP1A1 and CYP1B1 have XRE sequences, 

which are functioning as enhancer elements. There is evidence that Ah-receptor/ARNT 

complex interacts with Sp1, which is another transcription factor and that this interaction 

enhances the transcription of CYP1A1. There are also indications that the binding of the Ah-

RH ROH + 2 H2O 

2 NADPH + 2H+

2 NADP+

Cytochrome P450, O2 
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receptor/ARNT complex to the XRE sequence leads to chromatin remodelling enabling Sp1 

binding to the promoter region (Figure 4) (Kobayashi et al., 1996; Ko et al., 1996; Whitlock 

et al., 1996).  
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Figure 4. CYP1A1 induction of transcription. The Ah-receptor ligand binds to the Ah-receptor which results in a 

conformational change and exposure of a NLS. The complex is translocated into the nucleus were it dimerises 

with ARNT and the complex dissociates. The new Ah-receptor/ARNT complex binds to one of the XRE on the 

CYP1A1 gene. The CYP1A1 gene is enclosed in chromatin, to enable transcription, remodelling of chromatin is 

required. It is believed that the Ah-receptor/ARNT complex recruit additional factors such as; transcription 

factors, chromatin remodelling factors, histone modification factors or co-activators to enable transcription. 

Which factors that are recruited is not known, however the DNA is thought to be bent to enable interaction 

between Ah-receptor/ARNT complex, transcription factors and TATA binding protein (TBP) at the TATA box. 

This leads to transcription of CYP1A1 mRNA which will be translated to active CYP1A1 enzyme, which will 

metabolise the ligand through monooxygenation and thus functions as a negative feedback loop (Whitlock et al., 

1996; Whitlock, 1999). 
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Aldehydeoxidase 

Aldehydeoxidases belong to a family of molybdo-flavoenzymes. They are called molybdo-

flavoenzymes since they have a molybdenum cofactor (MoCo) and a flavin cofactor 

incorporated into the protein, which are essential for an active protein. There are two members 

of the molbdo-flavoenzyme family in humans, AOX and xanthine oxidoreductase (XOR). In 

mice two homologues of AOX have been found, aldehydeoxidase homologue 1 and 

aldehydeoxidase homologue 2 while humans have one AOX gene and two pseudo genes. 

AOX is mainly expressed in the liver. It has wide substrate specificity and is important in 

drug and xenobiotic metabolism. Both XOR and AOX are induced by TCDD in mouse liver 

and AOX metabolises FICZ to CICZ (Figure 2) (Garattini et al., 2003; Rivera et al., 2005; 

Wincent et al. in prep). Molybdo-flavoenzyme activity can be inhibited by addition of 

tungstate. Tungstate inhibits molybdo-flavoenzyme activity by incorporating into the protein 

instead of molybdenum (Rivera et al., 2005). 

 

Short interfering RNA (siRNA) 

Function and use 

Short interfering RNAs (siRNAs) act on the cellular RNA interference machinery. They are 

involved in antiviral defence against RNA viruses, gene regulation, chromatin condensation, 

suppression of transposon hoping and genomic rearrangements (www.Ambion.com). 

When a double stranded mRNA is introduced into a cell a ribonuclease protein called DICER 

binds to the double stranded mRNA and cuts it into smaller pieces named siRNAs. A protein 

complex called RNA-induced silencing complex (RISC) binds to the small siRNAs and uses 

them to find complementary mRNAs in the cell. Once a complementary mRNA is found, the 

RISC complex binds to the mRNA and cuts it. This makes the mRNA accessible to 

exonucleases present in the cell which will degrade the mRNA thus silencing the gene 

expression (Figure 5) (reviewed in McManus and Sharp, 2002). 

 

siRNA processes are based on the cells own machinery as described above and it provides a 

great opportunity for research, as it enables researchers to silence specific genes. There still 

remain some difficulties mainly considering the duration of the siRNA stability and the 

delivery into the cell. siRNA is already used both in vitro and in vivo and will probably have a 
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therapeutic use in the future (McManus and Sharp, 2002; Bradbury, 2005). There are trials 

using siRNA to silence cancer promoting genes and it might become a potential therapeutic 

tool for treating cancer (Tao et al., 2005). There are also trials using siRNA to silence viruses 

(McManus and Sharp, 2002). However, as mentioned above, delivery and duration have to be 

optimised before any drug is released (Bradbury, 2005). 
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siRNA

RISC
mRNA

 
Figure 5. A schematic picture of the siRNA process (reviewed in McManus and Sharp, 2002). 
 

 

Design of siRNA 

Designing siRNA is a complex process since there are no clear rules of how to do it. However 

several different guidelines and design tools have been presented and are available on internet. 

Even though different approaches have been used to design siRNA, the research community 

now agrees on some fundamental guidelines. Those include a low G/C content as well as a 

length of 19-23 nucleotides for the siRNA and a 3� thymidine (tt) overhang (Elbashir et al., 

2001). Reynolds et al. (2004) have developed an algorithm after testing 180 different siRNAs, 

the algorithm contains eight criteria; 
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I. 30-50% G/C content 

II. At least 3 A/U bases at positions 15-19 sense strand 

III. Absence of internal repeats 

IV. An A base at position 19 sense strand 

V. An A base at position 3 sense strand 

VI. A U base at position 10 sense strand 

VII. A base other than G or C at position 19 sense strand 

VIII. A base other than G at position 13 sense strand. 

 

Kumiko et al. (2004) also published a number of rules;  

I. A/U at the 5�antisense strand end 

II. G/C at the 5�sense strand end 

III. At least five A/U residues in the 5�terminal of the antisense strand. 

IV. Absence of any GC stretch longer than nine nucleotides. 

 

With all the different guidelines and applications of siRNA, some rules on how to asses the 

efficiency of siRNA has to be developed. The editorial of the Nature journal (Editorial, 2003) 

published control requirements when using siRNA necessary for publishing in Nature. They 

demanded that the reduction of the expression is shown both at mRNA and protein level and 

if possible as a functional readout as well. They also declared that only functional readout and 

protein measurement is not enough to prove silencing since the siRNA actually could work as 

micro RNA instead and give silencing. Micro RNA can give silencing in two ways; through 

imperfect pairing with target mRNA which inhibits translation of the mRNA and through the 

same mechanism as siRNA (reviewed in Carrington and Ambros, 2003). Imperfect paring 

gives silencing on protein level but only as a result of lack of target protein and not through 

degraded mRNA (Editorial, 2003; Carrington and Ambros, 2003).  
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Hypothesis and aim 
Experiments were designed in order to block the activity of CYP1A1 and CYP1A2 to enable 

accumulation of endogenous Ah-receptor ligand. Accumulation of a ligand would result in an 

increased Ah-receptor activity, which could be measured with a gene reporter system. 

Increased Ah-receptor mediated gene transcription of the reporter gene would suggest that 

Ah-receptor ligand is created and present in cells. It was hypothesised that the endogenous 

Ah-receptor ligand could be the tryptophan photoproduct FICZ and that it could be detected 

with high-pressure liquid chromatography if the CYP1A1 and CYP1A2 activity was blocked. 

 

I) The first aim of this project was to block the metabolising activity of CYP1A1, CYP1A2 

and AOX. Two experimental approaches were chosen:  

a) To use compounds that chemically inhibits CYP1A1, CYP1A2 and AOX activity in 

HepG2 cells.  

b) To establish the siRNA technique directed against CYP1A1 and CYP1A2 in HepG2 

cells. 

II) The second aim was to use the siRNA system to trap the endogenous Ah-receptor ligand, 

which is believed to be the tryptophan photoproduct FICZ. 

 

Material and Methods 

Instruments 

Luminescence, absorbance and fluorescence were measured with a Tecan genius Pro plate 

reader. Electrophoresis of PCR products was conducted using a GNA-200 electrophoresis unit 

(Pharmacia). Electrophoresis of Western blot products was conducted on a Hoefer 

(Amersham Bioscience) or a mini protean (BioRad) electrophoresis unit. Transfer for Western 

blot was done on a Trans blot (Bio-Rad). 

 

Cells and treatments 

Human hepatoma cells, HepG2-XRE-Luc, containing a stably transfected XRE-Luc 

expressing vector were used. The XRE-Luc vector consists of two XRE followed by a 
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thymidine kinase (TK) promoter and the luciferase gene (Figure 6). The reporter system is 

used to measure Ah-receptor activity (Berghard et al., 1993; Gradin et al., 1999). 

 

 
Figure 6. XRE-Luc vector containing, two XREs followed by a TK promoter and a luciferase (Berghard et al., 

1993; Gradin et al., 1999). 

 

 

Cells were grown in RPMI media (Gibco) supplemented with 10% Fetal bovine serum (FBS) 

(Gibco), 100µg/ml streptomycin, 100U/ml penicillin (PEST) (Gibco) and 800 µg/ml Geneticin 

(Invitrogen), at 37°C degrees with 5% CO2. 

 

Cells were treated with the Ah-receptor ligands FICZ (gift from J Bergman) and TCDD (gift 

from L Poellinger) for different time periods. Cells also received tungstate (Sigma) and 

ellepticin (Sigma) in different concentrations and constellations. All combinational treatments 

and inhibitions were started at the same time point. Compounds were dissolved in dimethyl 

sulfoxide (DMSO) (Sigma), stocks were made so that the final concentration of DMSO on 

cells never exceeded 0.1%. 

 

Harvesting of cells 

HepG2-XRE-Luc cells were harvested for Western blot and EROD activity by scraping in 

PBS. Cells were centrifuged and resuspended in PEG-buffer (see below) disrupted by 

sonication, centrifuged and the supernatant was collected. For Luminescence measurement 

cells were lysed in cell culture lysis reagent (CCLR) (Promega).  

 

Determination of protein concentration 

The protein concentration was quantified according to the Bradford method as described in 

the manufactures manual (Sigma). Samples were diluted 10 times and bovine serum albumin 

(BSA) (Sigma) was used to establish a standard concentration curve. The protein content was 

measured with the Tecan spectrophotometer at 595 nm. 

 

XRE XRE TK Luciferase
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Buffers 

The following buffers were used; 

− PEG-buffer contains 50mM NaPO4 pH 7.4, 0.1mM EDTA and 10% glycerol. 

− 0.5M NaP-buffer pH 7.4 contains Na2HPO4 and NaH2PO4. 

− 0.5M NaP-buffer pH 8 contains Na2HPO4 and NaH2PO4. 

− 2.5x SDS sample buffer contains 3.1% SDS, 0.2M TrisHCL pH 6.8, 29.58% glycerol 

and 0.003% bromphenol blue. 

− 5x SDS electrophoresis buffer contains 25mM Tris base, 192mM glycine and 0.1% 

SDS. 

− 4x stacking gel buffer contains 0.5M TrisHCl pH 6.8 and 0.4% SDS. 

− 4x running gel buffer contains 1.5M TrisHCl pH 8.8 and 0.4% SDS. 

− 5x transfer buffer contains 25mM Tris base and 192mM glycine. 

− 1x TTBS contains 50mM TrisHCl, 200mM NaCl and 0.05% Tween 20.  

− 5x TBS contains 250mM TrisHCl pH 7.4 and 1M NaCl. 

 

Ethoxyresorufin-O-deethylase (EROD) activity (final protocol) 

Samples for the EROD assay were prepared in a 96 well plate. For the assay 30µg protein 

from cell lysate dissolved in PEG-buffer was used. All control samples received 30µg BSA 

solved in PEG-buffer. All wells received a total of 10µl PEG-buffer. NaP-buffer was then 

added to a final volume of 100µl. Prior to the first incubation 5µl of 10µM ethoxyresorufin 

was added to all wells. The plate was pre-incubated for 15 minutes at 37°C. Then 10µl of 

100µM NADPH was added to all wells, followed by an incubation at 37ºC for another 10-15 

minutes. Fluorescence was measured in the Tecan reader with excitation at 530nm and 

emission at 590nm, setting the gain to 70 % (Pohl and Fouts, 1980; Burke and Mayer, 1974; 

Kennedy et al., 1993; Kennedy et al., 1995).  

 

Western blot 

Cell lysate corresponding to 30µg protein was used and a total volume of 15µl PEG-buffer 

was mixed with 10µl SDS sample buffer. The samples were boiled for five minutes. The 

samples were then run on a SDS-gel at 100V. The SDS-gel consists of a stacking gel and a 
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10% running gel. The gels contain TEMED and APS for the polymerisation. A Hybond-C 

nitrocellulose membrane (Amersham bioscience) was equilibrated in 1x transfer buffer. The 

transfer was conducted at 100V for approximately one hour. Then the membrane was washed 

in TTBS and blocked in 5% milk dissolved in TTBS at 4C over night. The primary antibody 

was diluted 1:5000 in 3% milk in TTBS. The membrane was incubated for 2 hour with the 

primary antibody. Primary antibodies were used against CYP1A1 (Genetest Corporation), 

against GAPDH (Nordic Biosite) and against Erp29 (gift from Souren Mkrtchian) (Sargsyan 

et al., 2002). The membrane was washed 3 times for 15 minutes in TTBS and then incubated 

for one hour with secondary horse reddish peroxidase (HRP) antibody diluted 1:2000 in 3% 

milk dissolved in TTBS. Secondary anti-goat or anti-rabbit antibodies were used (Dako 

Cytomation). The membrane was then washed 3 times for 15 minutes in TTBS and once in 

TBS. It was then incubated in Super Signal chemiluminiscent substrate (Pierce) and detected 

with a Fuji LAS-100 luminescent image analyser. 

 

Reverse Transcriptase PCR (RT-PCR) 

RNA preparation was done according to the RNeasy mini kit (Qiagene). All reagents used for 

the RT-PCR and DNase treatment were bought from Invitrogen. 1µg RNA was treated with 

1U DNase (amplification Grade) in 1x DNase reaction buffer (20mM TrisHCl pH 8.4, 2mM 

MgCl2 and 50mM KCl). Samples were incubated for 15-30 minutes at room temperature. 

Then 2.27mM EDTA was added and the samples were incubated at 65°C for 10 minutes to 

inactivate the DNase. 

 

cDNA was prepared from 1µg RNA, to which 25µg/ml Oligo (dT) and 0.5mM dNTP was 

added. The mixtures were heated to 65°C for 5 minutes, then cooled and briefly centrifuged 

before 1x first strand buffer (50mM TrisHCl pH 8.3, 75mM KCl and 3mM MgCl2), 0.01M 

DTT and 40U RNaseOUT were added. The mixture was incubated for 2 minutes at 42°C and 

then 200U superscript II RT was added. The samples were then incubated at 42°C for 50 

minutes and inactivated by incubation at 70°C for 15 minutes. 

 

RT-PCR amplification of the genes CYP1A1 and GAPDH was preformed according to the 

following protocols. PCR reaction for CYP1A1 contained 1x PCR buffer (20mM TrisHCl pH 

8.4 and 50mM KCl), 1.5mM MgCl2, 0.2mM dNTP, 250nM primer, 1U Taq DNA polymerase 

and 2µl cDNA. The CYP1A1 forward primer sequences were, 5� 
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GAGGCCTTCATCCTGGAGACCT 3� and the reverse primer sequence were, 5� 

GTGCTCACAGCAGGCATGCTTC 3� (Invitrogen). The running protocol was 94°C for 2 

minutes one cycle, 94°C for 20 seconds, 60°C for 30 seconds and 72°C for 45 seconds 25 

cycles, 72°C for 10 minutes and 25°C for 5 minutes one cycle. 

PCR reaction for GAPDH contained 1x PCR buffer, 1.25mM MgCl2, 0.2mM dNTP, 200nM 

primer, 1U Taq DNA polymerase and 2µl cDNA. The GAPDH forward primer sequences 

were, 5� AAGGTGAAGGTCGGAGTCAACG 3� and the reverse primer sequence were,  

5� CATCACGCCACAGTTTCC 3� (Gibco BRL). The running protocol was 94°C for 3 

minutes one cycle, 94°C for 30 seconds, 60°C for 30 seconds, 72°C for 45 seconds 20 cycles, 

72°C for 10 minutes and 25°C for 5 minutes one cycle. 

All PCR products were analysed on a 1.6% agaros gel containing ethidiumbromide for 

visualisation, which was run for 1 hour and 20 minutes at 100V. 

 

Luciferase assay for analysis of Ah-receptor activation 

To access ligand binding and gene activation by the Ah-receptor, a reporter system was used. 

In this assay, XRE-Luc expressing HepG2 cells were stimulated with ligands. The ligand 

binds to the Ah-receptor complex and the ligand Ah-receptor complex is translocated to the 

nucleus. In the nucleus the Ah-receptor will bind to ARNT forming the Ah-receptor/ARNT 

complex which binds to XRE as described previously (Figure 1). Binding to XRE will give 

transcription of the XRE-luciferase vector. The transcription of Luciferase is then measured in 

a luminometer and reflects the activation of the Ah-receptor by the ligand. 

HepG2-XRE-Luc cells were treated with Ah-receptor ligands FICZ, TCDD and additional 

chemicals or siRNA. The firefly luciferase activity of the XRE-Luc vector was detected using 

Luceferin substrate and ATP substrate (Biothema). The luminescence was measured with 

Tecan genius Pro. The luciferase activity was normalised to protein to enable comparison 

between experiments.  

 

 siRNA (final protocol) 

The HepG2-XRE-Luc cells were washed twice in PBS and then trypsinised with 1ml trypsin-

EDTA (Invitrogen) for 30 seconds, then the trypsin-EDTA was poured out and the cells were 

incubate for 5 to 8 minutes at 37ºC. The cells were then resuspended in 10ml RPMI media to 
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stop the trypsinasation and transferred to a 50ml falcon tube. The 50ml falcon tube was 

centrifuged at 1000 rpm for 4 minutes, the supernatant was discarded and the cells were 

resuspended in 10ml RMPI media. 10µl cell suspension was mixed with 10µl trypan blue 

(Sigma) and counted in a bürken chamber. The cells were then diluted to 1.3x105 cells/ml and 

0.9ml was seed in each well in a 12 well plate. The cells were transfected with 2 µl NeoFX 

(Ambion) together with pre-designed siRNA against GAPDH (a housekeeping gene) or 

CYP1A1, CYP1A2 and negative control siRNA (Ambion). The amount siRNA that should be 

used is between 10nM and 20nM according to optimisation experiments and manufactures 

manuals. The media was changed 24 hours after the transfection to media containing Ah-

receptor ligands and the cells were then harvested (see cells and treatments). The siRNA 

sequences against CYP1A1 and CYP1A2 (Ambion) are summarised in table 2.  

 

CYP Target sequence 5�-3� siRNA 

1A1 

1A2 

TAAACCAGTGGCAGATCAACC   AACCAGUGGCAGAUCAACCtt 

AUUUGGUCACCGUCUAGUUGG 

1A1 AAGAACAACTACCTGAGCTAA   GAACAACUACCUGAGCUAAtt 

ttCUUGUUGAUGGACUCGAUU 
1A2 AAGTGTCGAATGACTTCTAGT   GUGUCGAAUGACUUCUAGUtt 

ttCACAGCUUACUGAAGAUCA 
Table 2. The three different siRNAs that were designed against CYP1A1 and CYP1A2. The first one is against 

both CYP1A1 and CYP1A2 (CYP1A1/1A2), it only has one �tt� overhang in the sense strand. The other two are 

only against CYP1A1 or CYP1A2 respectively, both have �tt� overhangs in the sense and anti-sense strand.  
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Results and discussion 

I a) Chemical blockage of CYP1A1 and AOX activity 

Treatment of HepG2-XRE-Luc cells with Ah-receptor ligands FICZ, TCDD, indirubin and 

indigo results in a dose- and time-dependent increase in luciferase activity (Backlund et al. 

unpublished data). At a concentration of 5nM all of these Ah-receptor ligands caused a 

maximal response between 3-6 hours. 
Figure 7. Measurement of luciferase activity in 

XRE-Luc expressing HepG2 cells stimulated 

with FICZ, TCDD, Indirubin and Indigo for 

1.5h, 3h, 6h, 12h and 24 hours. All final 

concentrations were 5nM and triplicate samples 

were made. The luciferase activity was 

measured in a two luminometer, which is why 

the scale differs between the figures.  

 

 

 

 

 

 

 

 

 

 

 

 

In these experiments a decrease in Ah-receptor activity was seen after 6 hours of treatment 

with FICZ while treatment with TCDD did not give a decrease in Ah-receptor activity at any 

point during the 24 hours time span (Figure 7). This decrease in Ah-receptor activity for FICZ 

samples could be due to metabolism of FICZ by CYP1A1, CYP1A2 and AOX (Wincent, 

2005).  
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To chemically block the enzymes responsible for the metabolism, cells were treated with 

FICZ together with ellepticin or tungstate. CYP1A1 is partly inhibited by ellepticin and 

CYP1A2 might also be inhibited by ellepticin, AOX activity is inhibited by tungstate since it 

incorporates into the molecule instead of molybdenum as mentioned above (Rivera et al., 

2005; Ahmad et al., 2000). HepG2-XRE-Luc cells were treated with 5nM FICZ together with 

either 100nM ellepticin or 100nM and 300nM tungstate for different times. The results are 

expressed as luciferase activity relative to protein content of the cells (Figure 8).  

 
Figure 8a and b.  Measurement of luciferase 

activity in XRE-Luc expressing HepG2 cells 

stimulated with 100nM ellepticin (Elli), 100nM 

tungstate (TS) and 300nM tungstate (TS) for 3h, 

6h, 9h and 24 hours. Triplicate samples were 

made. Figure 8a shows luciferase activity 

without stimulation of FICZ. Figure 8b shows 

luciferase activity with stimulation of FICZ and 

different combinations of FICZ with 100nM, 

300nM tungstate or 100nM ellepticin.  

 

 

 

 

 

 

 

 

 

 

 

The maximal luciferase activity was seen in the sample with combined treatment of ellepticin 

and FICZ at 6 hours, as this sample had a higher luciferase activity than the FICZ sample 

alone (Figure 8b). This result was unexpected as maximal response of FICZ is seen at a 

concentration of 5nM and could indicate that maximal XRE-Luciferase induction was not 

reached in this experiment. However, it could also indicate that ellepticin is an Ah-receptor 

ligand by itself. Control experiments with ellepticin alone (Figure 8a), shows that ellepticin 

induce luciferase activity about 2-fold at 6 hours. The 9 h combined ellepticin and FICZ 

sample had higher luciferase activity than the 9h FICZ sample (Figure 8b). The results 
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indicate that ellepticin inhibits CYP1A1 and CYP1A2 activity at least partially but that the 

effect of ellepticin diminishes with time. The combined tungstate 100nM and FICZ samples 

does not differ from any of the FICZ samples at any of the time points, thus indicating that 

AOX does not affect the metabolism of FICZ. The combined tungstate 300nM and FICZ 

samples shows slightly lower luciferase activity at the 6 hour time point as compared to FICZ 

samples, but no difference was seen at later time points. These data suggest that HepG2 cells 

either lack AOX or that AOX is not involved in FICZ metabolism.  

 

Another possibility is that the CYP1A1 and CYP1A2 enzymes are the major FICZ 

metabolising enzymes and that AOX will not metabolise FICZ unless the CYP1A1 and 

CYP1A2 enzyme activity are insufficient. To test this possibility an experiment was designed 

where cells were treated with 5nM FICZ together with both ellepticin and tungstate (Figure 9a 

and b). Three different concentrations of tungstate were tried, 1nM, 10nM and 100nM and the 

cells were stimulated for 3h, 6h and 24 hours.  

 
Figure 9a and b.  Measurement of luciferase 

activity in XRE-Luc expressing HepG2 cells 

treated with 5nM FICZ, 100nM ellepticin (Elli) 

and different concentrations of tungstate (TS), 

1nM, 10nM and 100nM. Cells were stimulated 

for 3h, 6h and 24 hours. Triplicate samples were 

made. 9a shows cells treated with ellepticin and 

tungstate but not whit FICZ, 9b shows cells 

treated with FICZ together with ellepticin and 

tungstate. 
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All tungstate and ellepticin samples without FICZ showed similar luciferase activity as the 

DMSO sample, the negative control. The combined FICZ and ellepticin samples together with 

1nM, 10nM or 100nM tungstate showed approximately the same level of luciferase activity at 

all time points as the FICZ sample. Only the 6h combined FICZ, ellepticin and tungstate 

sample had a slightly higher luciferase activity than the 6h FICZ sample, all other time points 

show lower or similar luciferase activity as the FICZ samples. These data (Figure 9b) together 

with previous data (Figure 8b), shows that tungstate have small or no effect on FICZ mediated 

Ah-receptor activation and the experiments with tungstate (Figure 8 and 9), suggests that the 

HepG2-XRE-Luc cells may lack AOX activity. 

 

To be sure that tungstate does not inhibit AOX when present in lower concentrations in the 

absence of ellepticin, the same concentrations of tungstate as above was tested without 

ellepticin (not shown). The result agreed with the previous results (Figure 8 and 9). All 

samples treated with tungstate regardless of combinations with FICZ and ellepticin, the 

concentration and the time point, had lower or similar luciferase activity compared to the 

FICZ samples.  

 

In conclusion these experiments suggest that the HepG2-XRE-Luc cells lack AOX and that 

AOX might not be involved in FICZ metabolism in HepG2 cells. It is also possible that 

tungstate does not inhibit AOX in these experiments.  

 

I b) Blockage of CYP1A1 and CYP1A2 by siRNAs 

CYP1A1 and CYP1A2 might be the primary enzymes that metabolise FICZ since previous 

experiments indicate that AOX is not involved in FICZ metabolism in HepG2 cells. Therefore 

siRNA was designed towards both CYP1A1 and CYP1A2. The siRNA efficiency was 

measured on both protein and mRNA levels. On the mRNA level siRNA efficiency was 

measured with RT-PCR of CYP1A1 and on the protein level it was measured with EROD 

activity and Western blot. The EROD activity gives an indication of the amount of functional 

CYP1A1 and CYP1A2 enzymes, since the ability to metabolise ethoxyresorufin is measured. 

The Western blot directly measures the target protein content by using an antibody directed 

against the CYP1A1 and CYP1A2 proteins themselves. 
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Ethoxyresorufin is metabolised mainly by CYP1A1 but also by CYP1A2 to resorufin, which 

can be detected by fluorescence when excitated at 530nm and has an emission at 590nm 

(Table 3). EROD activity has been used by several labs to quantify CYP1A1 activity in liver 

microsomes or in cells (Pohl and Fouts, 1980; Burke and Mayer, 1974; Kennedy et al., 1993; 

Kennedy et al., 1995). However, in this case the EROD activity was measured in cell lysates. 

The cell lysates were prepared in PEG-buffer to enable the use in both the EROD assay and in 

Western blots. 

  

Optimisation of the EROD method 

The pilot experiment 

A pilot experiment was made with 0.5µM ethoxyresorufin and NaP-buffer pH 7.4. The cell 

lysates were solved in PEG-buffer and a total of 30µg protein was used. The samples were 

pre-incubated for 15 minutes at 37°C and then 1mM NADPH was added. Samples were then 

incubated for another 15 minutes at 37°C. Resorufin emission was measured every 5 minutes. 

The result showed that background fluorescence of control samples containing 

ethoxyresorufin and NaP-buffer was higher than the fluorescence of the DMSO control 

samples. During the pre-incubation, with no addition of NADPH, the samples increased in 

fluorescence. After addition of NADPH the fluorescence was lowered in all samples, while 

the opposite result was expected. These unexpected results made it obvious that optimisation 

of the method was needed. The high background fluorescence should be corrected and three 

factors could be changed; 

 

1) Optimisation of the concentration of ethoxyresorufin, since ethoxyresorufin is 

excitated and the emission is close to resorufin 

2) The buffers used since they might affect the background fluorescence. 

3) Optimisation of NADPH concentration.  

 

1) Ethoxyresorufin concentration 

Three different concentrations of ethoxyresorufin were tested, 0.2µM, 0.5µM and 1µM. In the 

pilot experiment 0.5µM was tested and was found to give a high background fluorescence, 

which could be due to measurement of ethoxyresorufin emission instead of resorufin 
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emission. The florescent measurement was done on a very sensitive apparatus, which seemed 

to be able to measure both emissions. The possibility of measuring both emissions was 

supported by the literature since the excitation and emission spectra for ethoxyresorufin and 

resorufin are close (Table 3) (Burke and Mayer, 1974). 
 

Compound Excitation Emission 

Ethoxyresorufin 456nm 570nm 

Resorufin 560nm 586nm 
Table 3. The excitation and emission wavelengths for ethoxyresorufin and resorufin (Burke and Mayer, 1974). 
 

To lower the background fluorescence a lower amount of ethoxyresorufin was tried (0.2µM), 

since less ethoxyresorufin would give less emission and thus less fluorescence. However, a 

concentration of 0.2µM was too low and became limiting for the reaction. A higher amount of 

ethoxyresorufin (1µM) was tried instead. This was thought to increase the difference between 

the background fluorescence and the fluorescence of the sample since resorufin has a greater 

emission (Figure 10). This did not change the ratio between the background fluorescence and 

fluorescence of the samples. The fluorescence of the DMSO control sample were again below 

the background fluorescence of ethoxyresorufin and NaP-buffer. In conclusion none of the 

concentrations of ethoxyresorufin (0.5µM and 1µM) changed the ratio between the sample 

fluorescence and the background fluorescence. This indicated that the ethoxyresorufin 

concentration was not responsible for the high background fluorescence and 0.5µM 

ethoxyresorufin was chosen to be used for the final experiments.  

 
Figure 10. EROD activity of cell lysates from 

HepG2 cells stimulated with DMSO, 5nM FICZ 

and 5nM TCDD for 1.5 h, 3h, 12h and 24h. 

Duplicate samples were made. Reactions were 

made with 1µM ethoxyresorufin. Similar 

patterns to figure 10 was seen in all 

experiments. 
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2) Optimisation of buffer solutions 

Since the high background fluorescence seen in the pilot experiment did not result from the 

concentration of ethoxyresorufin, different buffers were tested to try to lower the background 

fluorescence. In the pilot experiment NaP-buffer pH 7.4 was used.  

In the following experiment, PEG-buffer was used since it was used as a solvent for the cell 

lysate. The PEG-buffer was compared to NaP-buffer pH 7.4 without addition of cell lysates 

but with ethoxyresorufin. The background fluorescence seen with the PEG-buffer even 

exceeded the background fluorescence seen with the NaP-buffer pH 7.4. This could be due to 

the presence of 10% glycerol in the PEG-buffer. Because of the high background fluorescence 

of the PEG-buffer another buffer had to be used. 

 

In study by Pohl and Fouts (1980) it was mentioned that a buffer with a low pH can lead to a 

reaction between ethoxyresorufin and NADPH, which may give rise to a product that 

fluorescent at the same wavelength as resorufin (Pohl and Fouts, 1980). To test if a higher pH 

of the buffer could lower the background fluorescence, NaP-buffer pH 8 was compared to the 

NaP-buffer pH 7.4. Indeed NaP-buffer pH 8 showed lower background fluorescence than 

NaP-buffer pH 7.4, however the background fluorescence was still high. 

 

It was then realised that all samples except the negative control contained protein. To test 

whether protein was lowering the fluorescence, 30µg BSA was dissolved in PEG-buffer and 

added to the negative control. This lowered the background fluorescence to the same level as 

the DMSO control samples, which have low CYP1A1 activity. The NaP-buffer pH 8 gave the 

lowest background fluorescence, therefore it was used for the final protocol. 

 

3) Optimisation of NADPH addition 

Addition of the cofactor NADPH is necessary for the metabolism of ethoxyresorufin when 

microsomes are used but cell lysates contain some cellular NADPH (Pohl and Fouts, 1980; 

Burke and Mayer, 1974; Kennedy et al., 1993; Kennedy et al., 1995). In the pilot experiment 

samples showed an increase in fluorescence during the pre-incubation period but after 

addition of NADPH a lower fluorescence was seen. This was unexpected and the questions 

that remained to be answered were whether the cellular NADPH was limiting for the reaction 

and why addition of NADPH seemed to lower the fluorescence. 

 



  Sara Petterssons degree project 
  2005-10 - 2006-03 

 29

Figure 11a
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As seen in figure 10, higher EROD activity was seen in the 24 hour TCDD sample than in the 

12 hour TCDD sample, consistent with higher CYP1A1 level in the 24 hour sample. If the 

NADPH content is insufficient the TCDD time curve would level out. However, the result 

showed that the TCDD samples continued elevating throughout the time curve, which 

indicates that the cellular NADPH levels are sufficient to drive the reaction. 

 

The experiment showing decrease in fluorescence after addition of NADPH was done on the 

low pH buffer and this could be the reason for the lowered fluorescence. Another experiment 

was designed, in which duplicate samples were prepared and only one of each duplicate 

sample received NADPH. All samples received 0.5µM ethoxyresorufin. The NaP-buffer pH 8 

was used and the samples were pre-incubated at 37°C for 15 minutes. After 15 minutes one of 

the samples in each duplicate received 1mM NADPH. The result showed that all samples 

increased in fluorescence during the first 15 minutes (not shown). After the addition of 

NADPH all samples continued increasing in fluorescence but the samples that had received 

NADPH increased more than their duplicate without NADPH, (Figure 11).  

 
Figure 11a and b. EROD activity of cell 

lysates from HepG2 cells stimulated with 

DMSO, 5nM FICZ and 5nM TCDD for 1.5 h, 

3h, 6h, 12h and 24h. Double samples were 

made and one sample received 1mM NADPH 

after 15 minutes pre-incubation. Figure 11a 

shows the duplicates that did not receive 

NADPH and figure 11b shows the duplicates 

that did received NADPH. 
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Finally, an experiment was designed in which two different concentrations of NADPH were 

tried, 1µM and 10µM, instead of 1mM. The result indicated that both concentrations were 

sufficient for optimal EROD activity. Leading to the conclusion that even lower 

concentrations of NADPH could be used. In summary, the optimal assay conditions for 

EROD activity are; 5µM Ethoxyresorufin, 1 µM NADPH, 30 µg protein and NaP-buffer pH 

8.0. 

 

Optimisation of the Western blot method 

Western blot is an immunological procedure in which proteins are first separated by 

electrophoresis and then transferred to a membrane. The membrane is incubated with a 

primary antibody against the target protein and then a secondary antibody is added that binds 

to the primary antibody. The secondary antibody has a horse reddish peroxidase (HRP) 

connected to it, which after incubation with a Super Signal chemiluminiscent substrate emits 

light that can be detected.  

 

When FICZ and TCDD samples were analysed with Western blot against CYP1A1, 

surprisingly, no proteins were detected and the procedure was repeated with the same result. 

This problem could have many possible explanations. 

 

We suspected that the proteins were insufficiently transferred to the membrane. To test the 

transfer, different times were tried; 1h, 1.5h and 2 hours, but none gave any detection of 

CYP1A1. To make sure that the transfer really took place the membrane was dyed with 

Ponceau S, which dyes all protein. This showed that the transfer was functioning. 

 
Next it was tested if the CYP1A1 antibody was non-functional. The antibody against 

CYP1A1 had been used before with success. To make sure that the amount of CYP1A1 was 

not insufficient and responsible for the lack of detected protein another antibody against the 

house-keeping gene GAPDH was tried since it is abundantly expressed in cells. The antibody 

against GAPDH could not detect any GAPDH protein on the membrane either, which 

indicated that something in the process was not functioning. The conclusion so far is that 

neither the transfer nor the antibodies or lack of protein was causing the problem. 
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Finally, although the proteins seemed to be separated the electrophoresis process itself could 

be faulty. A Hoefer SE 250 Might small II (Amersham Biosciences) was used for the 

electrophoresis. The electrophoresis took about two hours and the manual suggested it should 

take approximately one hour, which could be an indication that the Hoefer apparatus did not 

work properly. To test this, another apparatus (mini protean) was borrowed and one gel for 

each apparatus were prepared. The gels were simultaneous transferred, incubated with 

antibodies towards CYP1A1 and Erp29, a chaperon protein expressed in all cells.  

 

The result showed that the membrane from the Hoefer apparatus only detected the positive 

control, using CYP1A1 antibody. Bands for all samples using the Erp29 antibody was seen. 

By using the mini protean samples treated with TCDD for 6 hours and longer, was detected 

with the CYP1A1 antibody. In addition, all samples were detected using the Erp29 antibody 

(Figure 12). This led to the conclusion that the Hoefer apparatus was not functioning properly. 

This could be due to longer running time which could result in degradation of the proteins 

because of heat production.   

 

Unfortunately, due to lack of time the experiments could not be repeated and the experiments 

to evaluate the efficiency of the siRNA were not possible to perform. 

  

 
Figure 12a and b. Western blot of cell lysates from HepG2-XRE-Luc cells stimulated with TCDD for 1.5h, 3h, 
6h, 12h and 24h. Both membranes in figure 12a and b were processed in the same way. As a positive control a 
24h TCDD sample was used. 12a is the membrane from the Hoefer apparatus. 12b is the membrane from the 
mini protean apparatus.  

 

Design of siRNA 

The siRNA against CYP1A1 and CYP1A2 was designed according to the guidelines 

presented in Reynolds et al. (2004) and Kumiko et al. (2004). A computer program on the 
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Ambion webpage was used, based on the algorithms described by Reynolds et al. (2004) and 

Kumiko et al. (2004). The program suggested a number of sequences, one sequence for each 

gene was chosen and manually controlled against the algorithms. The program did not find a 

sequence complementary for both genes, therefore this sequence was designed manually. All 

sequences have a 3� tt overhang in both sense and anti-sense strands, this is supposed to 

increase siRNA efficiency (Elbashir et al., 2001). All siRNA sequences were tested with 

BLAST to ensure specificity for the target genes only. 

 

The siRNA sequence designed against both CYP1A1 and CYP1A2 is called CYP1A1/1A2 

and is as follows;  

 

CYP1A1 gene TAAACCAGTGGCAGATCAACC 
CYP1A2 gene TAAACCAGTGGCAGGTCAACC 
siRNA (double stranded)    AACCAGUGGCAGAUCAACCtt 

AUUUGGUCACCGUCUAGUUGG 

 

The siRNA sequence designed against both genes is completely complementary to the 

CYP1A1 gene but has one non-complementary base as compared to the CYP1A2 gene. This 

could affect the siRNA efficiency but it should not give a great affect since the non-

complementary base is in the middle of the sequence. The siRNA sequence fulfils half of the 

requirements in the Reynold et al. (2004) algorithm (described on page 15), it does not fulfil 

number II, V, VI and VII. The siRNA sequence only fulfils number IV in the Kumiko et al. 

(2004) algorithm (described on page 15) and it only has one tt overhang in the sense strand. 

The siRNA sequence was chosen despite the fact that it did not fulfil all requirements since it 

was the only possible siRNA sequence specific for both the CYP1A1 and the CYP1A2 gene. 

 

The siRNA sequence against CYP1A1 is as follows; 

 

CYP1A1 gene AAGAACAACTACCTGAGCTAA 
siRNA (double stranded)   GAACAACUACCUGAGCUAAtt 

ttCUUGUUGAUGGACUCGAUU 

 

The CYP1A1 siRNA sequence is completely complementary to the CYP1A1 gene. The 

sequence fulfils most of the Reynold et al. (2004) requirements, except VI. It also fulfils most 

of Kumiko et al. (2004) algorithm, except number III.  
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The siRNA sequence against CYP1A2 is as follows; 

 
CYP1A2 gene AAGTGTCGAATGACTTCTAGT 
siRNA (double stranded)    GUGUCGAAUGACUUCUAGUtt 

ttCACAGCUUACUGAAGAUCA 

 

The CYP1A2 siRNA sequence is completely complementary to the CYP1A2 gene. The 

sequence fulfils most of the Reynolds et al. (2004) requirements, except number IV, V and 

VI. It also fulfils most of the Kumiko et al. (2004) algorithm, except number III. 
 

Optimisation of siRNA transfection efficiency 

According to literature siRNA have been introduced into HepG2 cells by transfection with 

Oligofectamine transfection reagent (Abdelrahim et al., 2003). Therefore the first transfection 

experiment was carried out using Oligofectamine. However, this experiment did not give the 

expected results when tested with the reporter system. This could be due to either an 

unsuccessful transfection or non-functioning siRNA against CYP1A1 and CYP1A2. After this 

experiment it was decided to do a more standardised optimisation of transfection. A different 

approach was chosen since the Ambion company recommended using another method for 

transfection, the NeoFX transfection reagent. With this method the cells are both seeded and 

transfected at the same time whereas with the oligofectamine method cells have to be seeded 

24 hours before transfection. 

 

For the optimisation, siRNA against GAPDH, and a negative control siRNA was used. The 

optimisation of siRNA was done according to protocols suggested by the company. The 

maximum amount 3µl of transfection mix was used and three different amounts of siRNA; 

3nM, 10nM and 30nM. The efficiency of the siRNA transfection was determined with RT-

PCR against GAPDH. The results indicated that both 10nM and 30nM siRNA gave potent 

silencing, 3 nM siRNA gave some silencing but not as much as 10nM and 30nM siRNA. 

Therefore 10nM siRNA was chosen as the amount of siRNA to be used in the final protocol 

(Figure 13).  
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Figure 13. PCR of GAPDH. PCR amplification of GAPDH mRNA after transfection with different 

concentration of siRNA for GAPDH. From the left; PCR controls, no siRNA, 3nM siRNA, 10nM siRNA and 

30nM siRNA against GAPDH. 

 

In a next experiment different amounts of NeoFX transfection reagent, were tried; 0.5µl, 1µl, 

2µl and 3µl. The transfection efficiency was once again detected with RT-PCR against 

GAPDH. Both 2µl and 3µl of the transfection reagent were found to be efficient and gave 

maximum silencing while 0.5µl and 1µl only gave some silencing (Figure 14). 

 

 
Figure 14. PCR of GAPDH. PCR amplification of GAPDH mRNA after transfection with siRNA for GAPDH. 

The transfection was done using different concentration of NeoFX transfection mix. From the left; PCR controls, 

10nM GAPDH siRNA and four different amount of NeoFX; 3µl, 2µl, 1µl and 0.5µl.  

 

In the next experiment the siRNA against CYP1A1 and CYP1A1/1A2 was used since the RT-

PCR only detected CYP1A1 mRNA. The cells were transfected with a siRNA mix containing 

10nM CYP1A1 siRNA and 10nM CYP1A1/1A2 siRNA, called siRNA 1A1 mix from now 

on. The cells were then stimulated with FICZ and DMSO for 3h, 6h and 9 hours. The 

silencing of CYP1A1 mRNA was detected with both RT-PCR and the luciferase reporter 

system. 

 

The RT-PCR against CYP1A1 mRNA showed silencing of the CYP1A1 gene (Figure 15). 

The negative control siRNA and FICZ treated samples showed a high CYP1A1 mRNA level 

as expected. The siRNA 1A1 mix and FICZ treated samples showed a reduced much lower 

CYP1A1 mRNA content at all time points. This shows that the siRNA is functioning. The 
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negative control siRNA and DMSO treated samples showed a low constant CYP1A1 mRNA 

level as expected. The siRNA 1A1 mix and DMSO treated samples showed a much lower 

CYP1A1 mRNA content than the negative control siRNA and FICZ samples (Figure 15). 

Thus, these results indicate that siRNA against CYP1A1, decreased both basal and FICZ-

induced CYP1A1 mRNA levels. 

  

 
Figure 15. PCR of CYP1A1. PCR amplification of CYP1A1 mRNA after transfection with siRNA for CYP1A1 

and negative control. Different times of stimulation with FICZ and DMSO for 3h, 6h and 9 hours.  

 

In FICZ-treated samples higher luciferase activity was seen in the negative control siRNA 

samples than in the CYP1A1 siRNA samples. This was unexpected, as a decrease in CYP1A1 

levels would result in an increased FICZ content, due to less metabolism, and an increase in 

luciferase activity. These results were confusing but made it clear that the negative control 

siRNA could not be used in these experiments (see concluding remarks). 

 
Figure 16. Measurement of luciferase activity in 

HepG2-XRE-Luc cells stimulated with FICZ for 

3h, 6h and 12 hour. The stimulation was made 48 

hours after the transfection with CYP1A1, 

CYP1A1/1A2 siRNA mix and negative control 

siRNA. Double samples were made. 

Figure 15 
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Concluding remarks and future perspective  
During this project siRNA against CYP1A1 and CYP1A2 was designed. The RT-PCR results 

suggest that the CYP1A1, CYP1A1/1A2 siRNA designed in this project is functioning. A 

quite potent silencing was achieved, more than 50 percent. In literature only one other group 

have reported silencing of the CYP1A1 gene, Marchand et al. (2004) showed a 30 percent 

silencing of CYP1A1 activity (Marchand et al., 2004). It is possible that the inducibility of the 

CYP1A1 gene complicates the silencing process and that a more potent silencing could be 

difficult to achieve. However, if complete silencing is possible, will not be known until more 

siRNA sequences against CYP1A1, CYP1A2 have been tested. It is possible that the silencing 

presented in this study is sufficient for trapping endogenous Ah-receptor ligands. 

 

A protocol for transfection of siRNA in HepG2 cells has been established and is functioning. 

Two methods to measure the protein levels and activity of CYP1A1 and CYP1A2 has been 

optimised, Western blot and EROD activity. Unfortunately, due to lack of time the EROD 

activity was not used to analyse the silencing achieved by the CYP1A1 siRNA. Neither was 

the Western blot due to the late arrival of the antibodies. 

 

AOX might not be involved in the metabolism of FICZ in HepG2 cells, one possible reason 

for this could be that the HepG2 cells lack AOX.  

 

A problem that arose was the negative control siRNA which activated the XRE-Luc reporter 

system even though it is not supposed to recognise any mammalian mRNA. This was also 

seen in experiments using Ah-receptor siRNA (communications with Backlund). There is no 

explanation for this activation of the XRE-Luc vector by the negative siRNA control. 

However, GAPDH siRNA did not have the same effect as the negative control siRNA on the 

XRE-Luc reporter system. Therefore GAPDH siRNA or another negative control siRNA 

could be used as a negative control in experiments analysed with the XRE-Luc reporter 

system.  

 

In the future it could be tried to design new more potent siRNAs towards CYP1A1 and 

CYP1A2, a mix of potent siRNAs might be even more efficient. Another way of distributing 

the siRNA could also be tried; a vector system might have a higher expression and therefore a 
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more potent silencing. A more potent silencing could also be achieved by a combination of 

CYP1A1 siRNA together with a chemical blockage of CYP1A1 by ellepticin.  

 

The concept of silencing CYP1A1 to trap endogenous Ah-receptor ligands is in principal 

functioning. The silencing achieved could be sufficient for detection of an increase in FICZ 

amounts, if FICZ is the endogenous Ah-receptor ligand we are searching for. However, due to 

lack of time, problems with Western blot and problems with the reporter system analysis of 

siRNA, this part of the project was not commenced, but the tools to trap FICZ are now 

established and functioning. The need for a more potent silencing depends on the sensitivity 

of the instruments that measure FICZ. FICZ amounts are measured with high-pressure liquid 

chromatography and mass spectrometry, which are quite sensitive instruments. The silencing 

of CYP1A1 by siRNA should give an increase in FICZ amounts and it might at this stage be 

possible to measure this increase with the instruments available. 

 

In conclusion, in this study at least one functional siRNA for CYP1A1 was designed and a 

transfection protocol for HepG2 cells was established. Due to lack of time and occurrence of 

unexpected problems, the final aim of this project, i.e. trap of FICZ was not achieved. 

However, with the correct experimental setup it is possible that the 50 percent silencing of 

CYP1A1 is enough to detect an accumulation of FICZ in HepG2 cells.



  Sara Petterssons degree project 
  2005-10 - 2006-03 

 38

References 

Abbott BD, Perdew GH and Birnbaum LS (1994) Ah receptor in embryonic mouse palate and effects of TCDD 
on receptor expression. Toxicol Appl pharmacol, 126, 16-25 

Abdelrahim M, Smith R and Safe S (2003) Aryl hydrocarbon receptor gene silencing with small inhibitory RNA 
differentially modulates Ah-responsiveness in MCF-7 and HepG2 cancer cells. Mol Pharmacol, 63, 1373-
1381 

Ahmad M, Nicholls H, Smith J and Ahmadi M (2000) Effect of P450 iso-enzyme-selective inhibitors on in-vitro 
metabolism of retinoic acid by rat hepatic microsomes. J Pharm Pharmacol, 52, 311-314 

Aoyama T, Yamano S, Guzelian PS, Gelboin HV and Gonzalez FJ (1990) Five of 12 forms of vaccinia virus-
expressed human hepatic cytochrome P450 metabolically activate aflatoxin B1. Proc Natl Acad Sci, 87, 
4790-4793 

Berander L. Formation and metabolism of the tryptophan-derived-6-formylindolo[3,2-b]carbazole � a light-
induced Ah-receptor ligand. Doctoral thesis Stockholms university 2005 

Berghard A, Gradin K, Pongratz I, Whitelaw M and Poellinger L (1993) Cross-coupling of signal transduction 
pathways: the dioxin receptor mediates induction of cytochrome P-4501A1 expression via a protein kinase 
c-dependent mechanism. Mol Cell Biol, 13, 677-689 

Bjeldanes LF, Kim J-Y, Grose KR, Bartholomew JC and Bradfield CA (1991) Aromatic hydrocarbon 
responsiveness-receptor agonists generated from indole-3-carbinol in vitro and in vivo: Comparisons with 
2,3,7,8-tetrachlorodibenzo-p-dioxin. Proc Natl Acad Sci, 88, 9543-9547  

Bradbury J (2005) RNA interference: new drugs on the horizon. DDT, 10, news and comment 
Burke DM and Mayer RT (1974) Ethoxyresorufin: direct flourimetric assay of a microsomal o-dealkylation 

which is preferentially inducible by 3-methylcholanthrene. Drug Met Disp, 2, 583-588  
Carrington JC and Ambros V (2003) Role of microRNAs in plant and animal development. Science, 301, 336-

338 
Chang C-Y and Puga A (1998) Constitutive activation of the aromatic hydrocarbon receptor. Mol Cell Biol, 18, 

525-535 
Denison MS, Pandini A, Nagy SR, Baldwin EP and Bonati L (2002) Ligand binding and activation of the Ah 

receptor. Chem-biol interact, 141, 3-24 
Denison MS and Nagy SR (2003) Activation of the Aryl Hydrocarbon receptor by structurally diverse exogenous 

and endogenous chemicals. Annu Rev Pharmacol Toxicol, 43, 309-34 
Ding X and Kaminsky LS (2003) Human extra hepatic cytochrome P450: function in xenobiotic metabolism and 

tissue-selective chemical toxicity in the respiratory and gastrointestinal tracts. Annu Rev Pharmacol Toxicol, 
43, 149-173 

Editorial (2003) Nature cell Biol, 5, 489-490 
Elbashir SM, Martinez J, Patkaniowska A, Lendeckel W and Tuschl T (2001) Functional anatomy of siRNAs for 

mediating efficient RNAi in Drosophila melanogaster embryo lysate. EMBO J, 20, 6877-6888 
Garattini E, Mendel R, Romao MJ, Wright R and Terao M (2003) Mammalian molybdo-flavoenzymes, an 

expanding family of proteins: structure, genetics, regulation, function and pathophysiology. Biochem J, 372, 
15-32 

Gillam EMJ, Notley LM, Cai H, De Voss JJ and Guengerich FP (2000) Oxidation of indole by cytochrome P450 
enzymes. Biochem, 39, 13817-13824 

Goerz G, Barnstrof W, Winnekendonk G, Bolsen K, Fritsch C, Kalka K and Tsambaos D (1996) Influence of 
UVA and UVB irradiation on hepatic and cutaneous P450 isoenzymes. Arch Dermatol Res, 289, 46-51 

Gonzalez FJ and Fernendez-Salguero P (1998) The Aryl hydrocarbon receptor studies using the AHR-Null mice. 
Drug Met Disp, 26, 1194-1198 

Gradin K, Whitelaw ML, Toftgård R, Poellinger L and Berghard A (1994) A tyrosine kinase-dependent pathway 
regulates ligand-dependent activation of the dioxin receptor in human keratinocytes. J BioChem, 269, 
23800-23807 

Gradin K, Toftgård R, Poellinger L and Berhard A (1999) Repression of dioxin signal transduction in fibroblasts. 
J Biol Chem, 274, 13511-13518 

Gu Y-Z, Hogenesch JB and Bradfield CA (2000) The PAS superfamily: Sensors of environmental and 
developmental signals. Annu Rev Pharmacol Toxicol, 40, 519-561 

Guengerich FP (2001) Common and uncommon cytochrome P450 reactions related to metabolism and chemical 
toxicity. Chem Res Toxicol, 14, 611-650 

Hankinson O (1995) The aryl hydrocarbon receptor complex. Annu Rev Pharmacol Toxicol, 35, 307-340 
Ingelman-Sundberg M (2004) Human drug metabolising cytochrome P450 enzymes: properties and 

polymorphisms. Arch Pharmacol,369, 89-104 
Kapitulninik J and Gonzalez FJ (1993) Marked endogenous activation of the CYP1A1 and CYP1A2 genes in the 

congenitally jaundiced Gunn rat. Mol Pharmacol, 43, 722-725 



  Sara Petterssons degree project 
  2005-10 - 2006-03 

 39

Kazlauskas A, Poellinger L and Pongratz I (1999) Evidence that the co-chaperone p23 regulates ligand 
responsiveness of the dioxin (aryl hydrocarbon) receptor. J Bio Chem, 274, 13519-13524 

Kennedy SW, Lorenzen A, James CA and Collins BT (1993) Ethoxyresorufin-o-dethylase and porphyrin 
analysis in chicken embryo hepatocyte cultures with a fluorescence multiwell plate reader. Analyt Biochem, 
211, 102-112 

Kennedy SW, Jones SP and Bastein LJ (1995) Efficient analysis of cytochrome P4501A catalytic activity, 
porphyrins and total proteins in chicken embryo hepatocyte cultures with a fluorescence plate reader. Analyt 
Biochem, 226, 362-370 

Ko HP, Okino ST, Ma Q and Whitlock JP (1996) Dioxin-induced CYP1A1 transcription in vivo: the aromatic 
hydrocarbon receptor mediates transactivation, enhancer-promoter communication and changes in chromatin 
structure. Mol Cell Biol, 16, 430-436 

Kobayashi A, Sogawa K and Fujii-Kuriyama (1996) Cooperative interaction between AhRArnt and Sp1 for the 
drug-inducible expression of CYP1A1 gene. J Biol Chem, 271, 12310-12316 

Kumiko U-T, Naito Y, Takahashi F, Haraguchi T, Ohki-Hamazaki H, Juni A, Ueda R and Saigo K (2004) 
Guidelines for the selection of highly effective siRNA sequences for mammalian and chick RNA 
interference. Nucleic Acids Res, 32, 936-948 

Ma Q and Whitlock JP (1996) The aromatic hydrocarbon receptor modulates the Hepa 1c1c7 cell cycle and 
differentiated state independently of dioxin. Mol Cell Biol, 16, 2144-2150 

Marchand A, Barouki R and Garlatti M (2004) Regulation of NAD(P)H: Quinone oxidoreductase 1 gene 
expression by CYP1A1 activity. Mol Pharmacol, 65, 1029-1037 

McManus MT and Sharp PA (2002) Gene silencing in mammals by small interfering RNAs. Nature Rev Genet, 
3, 737-747 

Meyer BK, Pray-Grant MG, Vanden Heuvel JP and Perdew GH (1998) Hepatitis B virus X-associated protein 2 
is a subunit of the unliganded Aryl hydrocarbon receptor core complex and exhibits transcriptional enhancer 
activity. Mol Cell Bio, 18, 978-988  

Mimura J, Yamashita K, Nakamura K, Morita M, Takagi TN, Nakao K, Ema M, Sogawa K, Yasuda M, Katsuki 
M and Fujii-Kuriyama Y (1997) Loss of teratogenic response to 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD) in mice lacking the Ah (dioxin) receptor. Genes Cells, 2, 645-654 

Mimura J, Ema M, Sogawa K and Fujii-Kuriyama Y (1999) Identification of a novel mechanism of regulation of 
Ah (dioxin) receptor function.  Genes Devel, 13, 20-25 

Mimura and Yoshiaki F-K (2003) Functional role of Ah-receptor in the expression of toxic effects by TCDD. 
Biochimica etbiophysica Acta, 1619, 263-268 

Monk SA, Denison MS and Rice RH (2001) Transient expression of CYP1A1 in rat epithelial cells cultured in 
suspension. Arch Biochem Biophys, 393, 154-162 

Nebert DW, Dalton TP, Okey AB and Gonzalez FJ (2004) Role of aryl hydrocarbon receptor-mediated induction 
of the CYP1A enzymes in environmental toxicity and cancer. J Biol Chem, 279, 23847-23850 

Paine AJ (1976) Induction of Benzo[a]pyrene Mono-oxygenase in liver cell culture by the photochemical 
generation of active oxygen species. Biochem J, 158, 109-117 

Park S-K, Henry EC and Gasiewicz TA (2000) Regulation of DNA binding activity of the ligand-activated aryl 
hydrocarbon receptor by tyrosine phosphorylation. Arch Biochem Biophys, 381, 302-312 

Pasco DS, Boyum KW, Elbi C, Siu CS and Fagan JB (1993) Inducer-dependent transcriptional activation of the 
P4501A2 gene in vivo and in isolated hepatocytes. J Biol Chem, 268, 1053-1057 

Petrulis JR and Perdew GH (2002) The role of chaperone proteins in the aryl hydrocarbon receptor core 
complex. Chemico-Biological Interact, 141, 25-40 

Phelan D, Winter GM, Rogers WJ, Lam JC and Denison MS (1998) Activation of the Ah receptor signal 
transduction pathway by bilirubin and biliverdin. Arch Biochem Biophys, 357, 155-163 

Pohjanvirta R and Tuomisto J (1994) Short-term toxicity of 2.3.7.8-tetrachlorodibenzo-p-dioxin in laboratory 
animals: effects, mechanisms and animal models. Pharmacol rev, 46, 483-548 

Pohl R and Fouts JR (1980) A rapid method for assaying the metabolism of 7-ethoxyresorufin by microsomal 
subcellular fractions. Analyt Biochem, 107, 150-155 

Pollenz RS (2002) The mechanism of AH receptor protein down-regulation (degradation) and its impact on AH 
receptor-mediated gene regulation. Chem-Biol Interact, 141, 41-61 

Pongratz I, Strömstedt P-E, Manson G F and Poellinger Lorenz (1991) Inhibition of the specific DNA binding 
activity of the dioxin receptor by phosphatase treatment. J Bio Chem, 266, 16813-16817 

Rannug A, Rannug U, Rosenkranz HS, Winqvist L, Westerholm R, Agurell E and Grafström A-K (1987) Certain 
Photooxidised derivates of tryptophan bind with very high affinity to the Ah-receptor and are likely to be 
endogenous signal substances. J Biol Chem, 262, 15422-15427 

Rannug U, Rannug A, Sjöberg U, Li H, Westerholm R and Bergman J (1995) Structure elucidation of two 
tryptophan-derived, high affinity Ah receptor ligands. Chem & Biol,  2, 841-845 



  Sara Petterssons degree project 
  2005-10 - 2006-03 

 40

Reynolds A, Leake D, Boese Q, Scaringe S, Marshall WS and Khvorova A (2004) Rational siRNA design for 
RNA interference. Nature Biotech, 22, 326-330 

Rivera SP, Choi HH, Chapman B, Whitekus MJ, Terao M, Garattini E and Hankinson O (2005) Identification of 
aldehydeoxidase 1 and aldehydeoxidase homologue 1 as dioxin-inducible genes. Toxicol, 207, 401-409 

Sargsyan E, Baryshev M, Szekely L, Sharipo A and Mkrtchian S (2002) Identification of Erp29, an endoplasmic 
reticulum luminal protein, as a new member of the thyroglobulin folding complex. J Biol Chem, 277, 17009-
17015 

Schmidt JV and Bradfield CA (1996) Ah receptor signalling pathways. Annu Rev Cell Dev Biol, 12, 55-89 
Shimizu Y, Nakatsuru Y, Ichinose M, Takahashi Y, Kuma H, Mimura J, Fujji-Kuriyma Y and Ishikawa T (2000) 

Benzo[a]pyrene carcinogenicity is lost in mice lacking the aryl hydrocarbon receptor. Proc Natl Acad Sci 
97, 779-782 

Sinal CJ and Bend JR (1997) Aryl hydrocarbon receptor-dependent induction of CYP1a1 by bilirubin in mouse 
hepatoma hepa 1c1c7 cells. Mol Pharmacol, 52, 590-599 

Singh SS, Hord NG and Perdew GH (1996) Characterization of the activated form of the aryl hydrocarbon 
receptor in the nucleus of HeLa cells in the absence of exogenous ligand. Arch Biochem Biophys, 329, 47-55 

Tao J, Tu Y-T, Huang C-Z, Feng A-P, Wy Q, Lian Y-J, Zhang X-P and Shen G-X (2005) Inhibiting the growth 
of malignant melanoma by blocking the expression of vascular endothelial growth factor using an RNA 
interference approach. Brt J Dermatol, 153, 715-724 

Wei Y-D, Rannug U and Rannug A (1999) UV-induced CYP1A1 gene expression in human cells is mediated by 
tryptophan. Chem-Biol Interact, 118, 127-140 

Weiss C, Kolluri SK, Kiefer F and Göttlicher M (1996) Complementation of Ah receptor deficiency in hepatoma 
cells: Negative feedback regulation and cell cycle control by the Ah receptor. Exp Cell Res, 226, 154-163 

Whitlock JP, Okino ST, Dong OL, Ko HP, Clarke-katzenberg R, Ma Q and Li H (1996) Induction of cytochrome 
P4501A1: a model for analysing mammalian gene transcription. FASEB J, 10, 809-818 

Whitlock JP (1999) Induction of cytochrome P4501A1. Annu Rev Pharmacol Toxicol, 39, 103-125 
Wincent E. 6-Formylindolo[3,2-b]carbazole � a high affinity Ah receptor ligand and an excellent substrate for 

human phase I and phase II enzymes. Licentiate thesis Stockholm 2005 
 
 
 


